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ABSTRACT

Intake-generated tumbling motion has been recently proposed to
enhance the turbulence level during compression stroke to promote
the combustion rate and reduce operation variations.  This study is to
investigate the quality of the tumbling motion, especially for the
engine with a bowl-in-piston.  To overcome the difficulties on the
flow visualization caused by the high-speed motion of a real engine,
a transparent water-analogy-simulation system is designed based on
similarity analysis and fabricated to model the operation of an actual
engine.  Benchmark tests including the qualitative flow visualization
and quantitative full-field measurements using a high-speed PIA
system have been conducted to study the time-varying nature of the
tumbling motion within the cylinder.  The results demonstrate the
success on experimental set-ups and the potential of using the current
system in studying the complex engine intake-generated tumbling
motion.

INTRODUCTION

In recent years, fossil fuel has been extensively
used on prime movers.  Accompanied by the economical
progress and civilization, the level of air pollution of
combustion products has been raised.  The environmen-
tal pollution becomes serious enough to be a much-
concerned issue.  The emissions of exhaust gases are
also responsible for the green house effects of the
atmosphere.  These effects lead to changes in the global
climate, which may result in a crisis of abrupt change in
the biological environment.

Among all the efforts being made to reduce the
emissions of internal combustion engines, the lean-burn
strategy has been proved effective.  However, the burn-
ing speed of a lean fuel-air mixture is slower, which
reduces the engine performance and constrains the im-

provement in engine emissions.  Therefore, spark igni-
tion engines adopting the lean-burn strategy usually
require a higher compression ratio and a more compact
combustion chamber to promote the speed of flame
propagation (Heywood, 1988).  Adopting other fuel
such as CNG is an alternative to improve engine emis-
sions (Evans and Blaszczyk, 1997).  Cummins engine
has combined both the two above-mentioned approaches
(Duggal, 1996).  Diesel engines with a bowl-in-piston
have been modified to fuel with CNG.  Air-fuel mixture
is burned at a lean ratio to improve engine emissions.

The drawbacks of lean-burn engines in the slow
combustion speed and the low engine performance may
be improved under adequate in-cylinder flow motions.
When the turbulence intensity of the in-cylinder flow
increases, the flammable range of the premixed com-
bustible gases is broadened.  Accordingly, the fuel-air
mixture becomes easier to be ignited such that the flame
propagation speed is increased and the cyclic variability
is significantly reduced.  Shortening in the combustion
duration will make the engine to possess the potential to
be operated at higher speeds and to develop higher
engine outputs.

Generation of swirling motion, which is a rota-
tional motion of inducted charge about the axis parallel
to cylinder axis, has been traditionally considered in the
engine combustion chamber designs.  Intake-generated
swirling flow may be created by special designs of
intake port or by covering up part of the peripheral valve
opening area.  Helical ports are often constructed when
the swirling flow of intake charge is to be generated
through the configurations of ports.  Other approaches
proposed are the uses of directed intake port, shrouded
inlet valve or masked cylinder head.  For the above
proposals, inducting flow is restricted in a desired di-
rection through the intake valve opening, such that
tangential flows to result in a swirling motion is gener-
ated within the cylinder.  During the earlier half of
intake process, the swirling flow within the cylinder
does not distribute uniformly.  The angular velocity
increases rapidly with the intake valve lift and the
piston speed.  The increase of swirl velocity then slows
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down in the later half of intake stroke.  The flow pattern
gradually turns close to a solid-body rotation with the
tangential velocity increasing with the increase in ra-
dius (Heywood, 1987; 1988).  As the piston motion
slows down, the flow pattern redistributed, with the
speed of swirl close to piston decreasing.  Thereafter,
the angular momentum of swirl motion gradually de-
creases due to the turbulence dissipation caused by
viscous effect.  Swirl ratio is defined as the angular
velocity of solid-body rotating flow divided by the
angular velocity of rotating crankshaft.  Swirl ratio is
proportional to the angular momentum, but inversely
proportional to the moment of inertia.  During compres-
sion stroke, swirl ratio decreases with the decay of
angular momentum.  When the piston moves close to the
top dead center (TDC), the variation of swirl ratio
depends on the shape of combustion chamber.  For disc
or wedge-typed combustion chambers with flattop piston,
swirl ratio decreases continually during compression.
For combustion chambers with bowl-in-piston, the gases
are squished into piston bowl when the piston moves
close to the TDC.  The moment of inertia decreases
abruptly, leading to the increase of swirl ratio (Belair et
al., 1983).  This increase in the large-scale flow speed
contributes to the fuel spray being spread out in diesel
engines, which accelerates the processes of the fuel-air
mixing and therefore the combustion.

Another intake-generated large-scale vortical flow
pattern is the tumbling motion.  The rotation axis of
vortex is normal to the cylinder axis, resembling the
rotation of a barrel.  Thus, tumbling motion is also
called as vertical swirl or barrel swirl.  Similar to
swirling flow, tumbling flow may be generated by spe-
cial designs of the intake port.  Utilization of a shrouded
inlet valve or a masked cylinder head may also be
proposed to generate in-cylinder tumbling flow.  To
generate a pure tumbling motion for single intake-valve
cylinders, the directional vector of intake jet should be
on the plane defined by the cylinder axis and the intake
valve axis.  A tumbling flow with both the radial and the
axial motion is therefore expected in the cylindrical
coordinate.  If an intake jet has only the tangential and
the axial components in the cylindrical coordinate, a
pure swirl flow is produced.  Tipped swirl (or called
inclined swirl/tumble) with a characteristic angle be-
tween the rotating axis and the cylinder axis is gener-
ated for the intake jet with all three components, (e.g.,
Kent et al, 1989; Arcoumanis, 1990; Khalighi and
Huebler, 1988).

Researches have been done on the tumbling mo-
tions in spark ignition engines. Kent et al. (1989) have
conducted flow visualization on the in-cylinder flow
fields during intake stroke.  It is found that the three-
dimensional flow field, with the rotation axis of the

tipped swirl inclined from cylinder axis by 30°, at the
bottom dead center (BDC) contributes to an increase in
the turbulence level during the compression process.
Conclusion was drawn that the enhancement in the
vortex generated by tumbling motion will shorten the
duration of combustion process (Kent et al, 1989).
Through LDA measurements, Arcoumanis et al. (1990)
found that a pure tumbling motion is able to produce a
42% of enhancement in turbulence intensity, while a
24% of turbulence enhancement can be achieved under
a combined tumbling/swirling vortical flow particu-
larly generated in their experiments.  The higher the
swirl velocity, the more the turbulent kinetic energy is
dissipated from the decay of the large-scale motion
during compression.  Khalighi and Huebler (1988) found
that the tumbling vortex, attained through the sole use
of an intake jet, has a radius less than half of the cylinder
bore.  With the application of a shrouded intake valve,
a strong tumbling vortex may be generated to fill the
whole cylinder steadily, which does not decay easily by
the turbulence dissipation.  They suggested that an
analog definition of the tumble ratio as the ratio of
vortex angular velocity to crankshaft angular velocity.
Khalighi (1990; 1991; 1995) further conducted the ve-
locity measurements using PIV in an analog model
engine to calculate the tumbling ratio.  It is found that,
for spark ignition engines, the tumble ratios at the BDC
are around 2.8 without changing with the engine speed.

Though there starts to see researches on in-cylin-
der tumbling motion for spark ignition engines with
flat-topped piston, there has no open literature concern-
ing the tumbling motion for engines with bowl-in-
piston.  It calls for the needs to investigate the flow
structure of the intake-generated tumbling motion and
the relationship with the turbulence produced after
compression.  This article presents the preliminary re-
sults in a series of research on the in-cylinder flow field.
During the preliminary study, an analog simulation is
performed to construct a transparent analog model
engine.  Laser flow visualization on the model engine in
conducted to study qualitatively the variations of the
tumble flow structure under different crank angles dur-
ing the intake process.  Khalighi and Huebler (1988) and
Kent et al. (1989) have demonstrated the potential of
using PIV in the studies of the in-cylinder flow fields.
Therefore, the high-speed particle image analyzer de-
veloped by Chen and Chou (1998) is also adopted in this
research for measuring the quantitative information.

MODEL ENGINE SYSTEM

Being highly time-variant, the in-cylinder flow
field would be difficult to be characterized by using a
time-averaged point-measurement technique.  A tech-
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nique with the ability of field measurement is necessary
for the study of in-cylinder flow structure.  Techniques
based on video recording should be the most convenient
methods to accomplish the task of field measurement.
However, the flow inside an actual engine is too fast to
be captured by a traditional video system.  It is therefore
necessary to build, based on the similarity analysis, a
similar engine model operating at a much lower speed.
This similar engine model bears similar average flow
characteristics to that in an actual engine.  In the
meantime, a measurement method with high image-
recording rate should be adopted.  The instrumentation
of measurement will be discussed in the next section.
The set-up of model engine system is described below in
details.  However, one must keeps in mind that only the
average flow field can be simulated by the similarity
law.  The detailed turbulence properties, which domi-
nate the mixing and combustion efficiency, must be
studied by other methods.

Similarity Analysis

Adopting an optical technique as the measurement
method, a transparent engine model is necessary for this
study.  To build a similar engine model based on the
similarity analysis, the first step is to replace the work-
ing fluid.  Due to its availability, stability and the non-
toxic characters, water is considered as the best fluid.  In
order that a water analogy system may fully simulate an
actual engine system, at least four similarity criteria
must be satisfied (Willas et al., 1966).  The geometric
similarity is automatically complied since the physical
dimensions of model engine are chosen the same as
those of an actual engine.  It should be noted that no
compression or combustion strokes are involved in the
current work.  Therefore, no thermal similarity should
be considered.  The remaining two similarity relations
are discussed below.

Dynamic similarity

Considering the flow as incompressible (will be
proved later) during the intake stroke, two important
parameters emerge as one looks into the dimensionless
form of the Navier-Stoke’s equation.  These are Reynolds
number and Strouhal number

   
Re =

U pD
vf

≈ inertia force
viscous force

, (1)

   St = D
tU p

≈
inertia force in the vortical region

inertia(convective) force
,      (2)

where Up is the averaged piston speed, D is the bore size,

vf is the kinematic viscosity of liquid and t represents a
proper time scale.  The dynamic similarity builds up
when the Reynolds and Strouhal numbers are matched
for both the model and the actual engines, that is

  
(
U pD

vf
)
engine

= (
U pD

vf
)
model

, (3)

  ( D
tU p

)
engine

= ( D
tU p

)
model

. (4)

Since the sizes of the model and the actual engines are
the same and water is adopted as the working fluid, Eqs.
(3) and (4) become

  
(
U p

vair
)
engine

= (
U p

vwater
)
model

, (5)

(tUp)engine = (tUp)model. (6)

The proper time scale t may be chosen as the cyclic
period of the crankshaft motion, which is inversely
proportional to the angular velocity of crankshaft ωc.
The similarity in Strouhal number can then be derived
as

   
(
U p

ωc
)
engine

= (
U p

ωc
)
model

, (7)

Since the averaged piston speed Up is proportional to
ωc, Eq. (7) is automatically satisfied.  The viscosity
ratio between the water and the air is around 20.  Ac-
cording to Eq. (5), this suggests that the operating speed
of model engine can be 1/20 of that of the actual engine.
The fluid velocity of the in-cylinder flow field is there-
fore significantly reduced to render the possibility of
image capture.

Kinematic similarity

The compressibility properties of the test fluid
(water) and the air are different and there seems no way
to match the kinematic similarity between each other
perfectly.  Estimation of the errors caused by the diver-
gence in kinematic properties is necessary.  It is well
known that the change in density can be approximately
examined as

   ∆ρf
ρf

≈ M2, (8)

where ρf is the density of fluid and M represents the
Mach number.  Since Mach number of the air-flow in an
actual engine during the intake stroke is around 0.2
(Heywood, 1988), the ratio of density change is less
than 5%.  The incompressibility of both fluids can be
approximately assumed (Ma et al., 1986).  In the mean
time, the pressure change for the intake air can be
estimated through the Euler number expressed as



Y.L. Jeng et al.: Studies of Tumbling Motion Generated During Intake in A Bowl-in-Piston Engine 55

(Zucrow and Haffman, 1976)

   Eu =
∆p

1
2

ρfV
2

≈ 1 + M4

4
+ M2

40
+ M2

1600
+ .... (9)

Euler number is close to unity when M (or density
change) is small.  This results in the pressure difference
for the entrained water in model engine being around
twice of that for the air entrained in an actual engine.
The variation in the flow structure due to this pressure
difference between both incompressible fluids should
be minor and can be neglected.

Construction of Analogy Simulation System

At the beginning stage of this research, a single-
cylinder horizontal 4-stroke diesel engine has been
chosen as the researching target.  The main specifica-
tions of this engine are listed in Table 1.  According to
the similarity analysis in the last section, an analogy
simulation system with transparent water cylinder is
constructed to simulate the above-mentioned engine.
The fundamental configuration of this simulation sys-
tem is drawn schematically in Fig. 1.  It includes, from
left to right in Fig. 1, the following units or parts:
driving unit, cranking mechanism, electromagnetic
clutch, test section, cylinder head, and intake/exhaust
unit.  These units and parts are described below:

Test unit

The test unit includes a transparent water-cylinder
and a transparent piston; both made of acrylic resin, a
material without optical obstructions.  Laser sheets are
projected into the test section to illuminate the flow

field in the specified direction.  Video cameras are then
applied to track the seeding particles and resolve the in-
cylinder flow fields from them.  The transparent piston
is connected to an electromagnetic clutch and a primary
piston, which in fact is the original piston of the engine.
Therefore, the transverse distance during intake stroke
is kept the same as the original engine.  The inner
diameter of the transparent water-cylinder is 90 mm,
close to the bore of the original engine.  To study the
effects on tumbling motion influenced by different geo-
metric aspect ratios of piston-bowl, the clearance vol-
umes are purposely kept the same for different transpar-
ent pistons.  Since laser sheets must pass across differ-
ent media, image distortion and measuring inaccuracy
will be encountered due to the difference in the refrac-
tive index.  This image distortion difficulty will be
especially serious for the light passing through a curved
surface such as the cylinder wall.  In order to avoid the
measuring inaccuracy caused by image distortion, a
refractive index matching technique must be applied.
The transparent water-cylinder/piston assembly is en-
closed in a rectangular box made of the transparent
acrylic.  Pure glycerin, of nearly the same refractive
index as acrylic resin, is filled in between the transpar-
ent cylinder and the enclosed acrylic box.

The incidence direction of laser sheet depends on
the interest of study of the flow motion.  To observe the
in-cylinder tumbling motion, laser sheet is projected
horizontally into the transparent cylinder on the surface
passing through the cylinder axis.  A video camera is
installed above the transparent cylinder, viewing at an
angle normal to the incidence direction of the laser
sheet.  A high-speed particle image analyzer (PIA)
system is used to analyze the recorded trails of tracking
particles and to study the variations of the tumbling
flow structure inside the transparent cylinder.

Table 1.  Specifications of the actual engine simulated

Brand/Model YANMAR TF120F

Type 4-stroke, horizontal

Number of cylinder single cylinder

Bore/Stroke 92mm / 96mm

Displacement volume 0.638 L

Compression ratio 17.1

Rated speed 2400 rpm

Number of valves 1 intake valve/1 exhaust valve

Intake valve head diameter/lift 37 mm/ 9.5mm

Exhaust valve head diameter/lift 31 mm/ 9.5mm

Intake valve timing IVO@10°BTC / IVC@33° ABC

Exhaust valve timing EVO@30°BBC / EVC@5°ATC

Fig. 1.  Schematic diagram of the test facility.



Journal of Marine Science and Technology, Vol. 7, No. 1 (1999)56

Driving unit

The driving unit includes an AC motor and a
transmission gearbox.  The AC motor is 220 volt, 3-
phase, 5HP, with a constant speed of 1750 rpm.  The
transmission gearbox reduces the rotating speed of motor
and drives the cranking mechanism.  The speed ratio of
the transmission gear box ranges from 1/84 to 1/14, so
that the rotating speed of the cranking mechanism is
reduced to the range of 20 rpm to 120 rpm.  The reduced
rotating speed has been measured by a photo-electric
speedometer (Lineseiki TM-4013 & TM-4000, accu-
racy ±0.01%).  The variation of rotating speed is only
±0.9%.  Therefore, the basic requirement of steady
rotation is fulfilled.

Cranking mechanism

The cranking mechanism is constructed by reno-
vating the above-mentioned single-cylinder horizontal
engine.  It comprises mainly a primary cylinder, a
primary piston, a connecting rod, a camshaft, and a
valve timing gear.  Driven by the driving unit, the
crankshaft rotates and the primary piston makes a recip-
rocating motion in the primary cylinder.  The camshaft
is connected to the crankshaft via a timing gear, which
reduce the rotating speed of camshaft to one half of the
crankshaft speed.

Cylinder head

The cylinder head is obtained from the above-
mentioned single-cylinder horizontal engine.  Two
lengthened push rods are installed, across the electro-
magnetic clutch and the test section, between the cam-
shaft and the cylinder head.  The opening and closing of
intake and exhaust valves are maneuvered by the
camshaft, with aids of the two push rods and the rocker
arms on the cylinder head.  The valve timing and the lift
of valve stems are therefore retained as the same as the
original engine.  The original design of engine intake
port is shaped to generate swirl motion during intake
stroke.  In order to study tumbling motion alone, the
intake port has been modified so that swirl motion may
be reduced to a minimum.  Corresponding to the study
interest, the intake valve may be shrouded to restrict the
intake flow entering the cylinder in a particular direction.

Since the transparent cylinder contains incom-
pressible water, there always exists a danger of cracking
due to unexpected high in-cylinder pressure.  A safety
valve is therefore installed on the cylinder head to
relieve excessive pressure and prevent the transparent
cylinder from cracking.  Air may be somehow entrained
into the cylinder during the intake stroke.  Some amount

of bubbles in water is desirable for the seeding purpose.
However, the size and the amount of bubbles need to be
well controlled to ensure the simulation of the flow field
inside an actual engine.  A check valve is therefore
installed on the cylinder head, such that large air bubbles
will be driven out while outside air is prevented from
entering.

Electromagnetic clutch

The primary piston drives the transparent cylinder.
As the piston of the original engine, the primary piston
undergoes all four strokes.  Due to the incompressibility
of the water, the compression and the expansion strokes
must be skipped for the transparent piston.  Therefore,
during the compression and the expansion strokes, the
connection between the primary piston and the transpar-
ent piston must be interrupted so that the transparent
piston keeps stationary while the primary piston is
moving.  During the exhaust and the intake strokes, the
connection between the primary piston and the transpar-
ent piston must be resumed to continue the cycle.  These
operat ions of  intermediate  disconnect ion and
reconnection are attained by an electromagnetic clutch,
a proximity sensor installed on the flywheel at the crank
angle of BDC, and a programmable language controller.
A maximum dragging force of 500 kgf can be sustained
for this electromagnetic clutch.  Although the magnetic
hysteresis cannot be avoided, it is within a tolerable
range.  When the primary piston moves to the BDC,
about to undergo the compression stroke, the proximity
sensor gives a signal to the controller to shut off the
power supply of the electromagnetic clutch and there-
fore disconnect the transparent cylinder.  Such that the
transparent cylinder stays at the BDC while the primary
cylinder still undergoes the compression and the expan-
sion strokes.  When the proximity sensor senses again
that the primary piston moves to the BDC, about to
undergo the exhaust stroke, the controller automatically
turns on the power supply of the electromagnetic clutch
to reconnect the transparent cylinder.  Such that the
transparent cylinder moves with the primary cylinder to
undergo the exhaust and the intake strokes.

Inlet and discharge system

The inlet and discharge system consists of a water
inlet tank and a discharge tank, both sized 0.3m by 0.3m
by 0.6m.  The intake port and the exhaust port of the
cylinder head are connected, respectively, to the inlet
tank and the discharge tank by flexible and transparent
tubes.  During the intake stroke, air bubbles may be
entrained if the increasing speed of cylinder volume is
faster than the inlet speed of water.  Two-phase flow
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then occurs in the transparent cylinder that not only
makes experimental observations difficult, but also dis-
torts the in-cylinder flow field.  The inlet tank is there-
fore placed at a level about 1m higher than the test unit
in an effort to increase the water inlet speed by the aid
of gravity.  Similarly, the discharge tank is placed at a
level about 1m lower than the test unit, to allow a faster
discharge speed of water from the transparent cylinder
to the discharge tank.  The water in the discharge tank is
pumped to the inlet tank at a higher level with a sub-
merging pump.  Thus, a circulating cycle of the working
fluid is accomplished.

EXPERIMENTS

Experimental Techniques

Laser flow visualization is adopted to qualify the
flow field and help the global understanding of the flow
structure inside the cylinder.  Particle image analyzer
(PIA) is utilized to quantify the flow information.  Laser
flow visualization is in fact a part of the particle image
analyzing technique and therefore will not be separately
discussed.  The particle image analyzer developed by
Chen and Chou (1998) is modified in the present study.

The laser source adopted is a continuous mode
laser (SP2017, 4W argon ion laser).  The laser beam
goes through an acousto optic modulator (AOM) before
being transferred by mirror sets.  A mirror is placed at
the path of the first-order-diffracted beam, which only
exits when the AOM is power supplied.  The sequential
laser pulsing can then be obtained by pulsating the
power supply to AOM.  Laser beam is then split into two
equal-intensity beams by a splitter.  These two laser
beams will be directed to both sides of the test section
through mirror sets.  Two laser sheets of the same
thickness are generated as the laser beams pass through
two sheet generators located at the opposite sides of the
test section, respectively.  Laser sheeting from one side
will usually cause the non-uniform illumination problem,
which either produces a blurring area close to the wall
or results in an insufficient light intensity in the far side.
It is found that two sheets projected from each side of
the cylinder helps significantly in resolving the illumi-
nation difficulty.  The laser sheet generator is composed
of a focus lens and two cylindrical lenses.  Laser sheet
of thickness from 1 to 10mm can be produced by adjust-
ing the distance between these two cylindrical lenses.
In the current study, a laser sheet of 2mm thickness is
projected.

The wake flow field is visualized and recorded by
a video camera.  Both a Nikon F90x series camera and
a high-resolution, 768 × 494 pixels CCD array with 30
Hz frame transfer rate are applied to perform the flow

visualization task.  The shutter speed and the f# will be
adjusted based on the engine speed for the best resolution.
A Dalsa CCD image sensor of a 226 Hz frame-transfer-
rate is utilized to capture the images for the analysis of
PIA system.  The resolution (256 × 256 pixels) of the
Dalsa CCD camera is found sufficient for the present
experimental settings.  Exposure time of the Dalsa CCD
camera has been fixed at 1/226 second, which will result
in particle images being in the “streak” form.  This
streak form is suitable for the flow visualization but will
cause difficulties in the analysis using PIA system.  The
above-mentioned AOM is applied for the accomplish-
ment of light pulsing in an effort to obtain particle
images of the fine “point” shape.  This modulator (NEOS
N-23080) is operated at 80 MHz frequency with a rise/
fall time of 100 ns and a diffraction efficiency of 80%.
A control unit is designed to function the power pulsing
to the modulator.  Output from the master clock of Dalsa
image sensor is utilized to work as the synchronization
reference.  During each pulse time a square wave of 1-
volt amplitude is generated to initialize the driver sys-
tem to power on the AOM.  Pulse width in each frame is
adjustable from 1 µs to 10 ms upon the velocity magni-
tudes to be measured and the illumination condition.  A
combination of 0.6 to 1 W laser power and 1 to 2 ms
pulse width is applied under the present test conditions.

Many tiny air bubbles present inherently in the
water-analogy engine.  These tiny bubbles of 100 µm
diameter (measured by PIA) can serve as the seed
particles.  In order to describe the liquid motion based
on the motion of tiny bubbles, the assumption of negli-
gible slip velocity between each phase must be satisfied.
According to Mei (1997), the particle response time can
be expressed as

   
t p = 2

9

(ρp / ρf + 1 / 2) a p
2

v f
, (10)

where ap is the diameter of bubble, ρp is the density of
seeding bubbles Since most of those tiny bubbles are of
less than 100 microns, the calculated particle response
time scale is at the order of 10−3 s which is much smaller
than the characteristic time scale (≈ 1/ωc ≈ 1s) of the
model engine.  It suggests that the bubble should re-
sponse quickly enough to the change of the flow.  The
amplitude of frequency response function can be calcu-
lated as (Mei, 1997)

   
H(ωs)

2
=

(1 + S)2 + (S + 2 / 3S 2)
2

(1 + S)2 + [S + 2 / 3S 2 + 4 / 9(ρp / ρf – 1)S 2]
2
,

(11)

where ωs is a fluctuation frequency and S is the Stokes
number which may be estimated as
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S =

ωca p
2

2ν f
, (12)

by assuming that the fluctuation is mainly resulted from
the motion of the piston.  It is found that S is around
0.06 and the amplitude of frequency response function
is very close to unity, which implies an excellent re-
sponse of seeding bubbles to the flow.  All of them
support that the non-slip assumption is acceptable.

A 15 × 15 cm2 field of view is chosen to cover the
entire stroke without losing the detection of the micro-
scopic flow structure.  For each stroke, there are 240 and
135 frames recorded for operations at low (400 rpm) and
high (1100 rpm) engine speeds, respectively.  An
Oculus 2048 × 1024 × 16 bit frame grabber board is
used to digitize the analog voltage.  This frame grabber
has a maximum storage ability of up to 256 frames on
board.  A PIA interrogation program is developed to
identify particle images, locate centroids of particle
images and compute displacement between image pairs.
The instantaneous velocities and accelerations of seed-
ing particles are determined from the calculation
of particle displacement in frames.  Note that the
“instantaneous” velocities are calculated based on the
movement of particles during three consecutive frame
intervals, namely, 2/226 second.  The calculated veloc-
ity vectors are then assumed as the instantaneous
ones for the first frame.  Under the current field of view,
each seeding particle will occupy around one pixel
and the uncertainty in locating the centroid can be
reasonably estimated as ±1/2 pixel.  Since most of the
detected particle displacements are over 4 pixels, the
estimated errors of velocity vectors are around 12%.
The instantaneous velocity field is displayed in a vector
form originating from the particle location in the first
frame.

The phase-averaged velocity field may correspond
to the instantaneous one as long as the change of the
flow structure in each cycle is not too significant.  For
each phase (i.e., at the same ATDC angle) under every
stroke, there will be around 15 to 25 vectors detected
after the PIA analysis.  Therefore, the velocity field for
each phase will contain at least 180 original PIA-de-
tected velocity vectors by combining data acquired
individually from 12 strokes.  By doing so, it makes the
interpolation process more realistic.  A commercially
available program, TECPLOT, is utilized for post-pro-
cessing the PIA data.  For performing the interpolation,
the recorded flow field is divided into 30 × 30 grids,
which results in a grid size of less than 3.3 × 4.2 mm2 and
an interpolation expansion ratio of 5.  The interpolation
is then executed using the Kriging algorithm.  The z-
component vorticities ω(i,j) of each grid point is calcu-
lated based on a finite difference approximation for the

interpolated velocity field as

   ω(i, j) ≈ – ∆u
∆y + ∆ν

∆x = –
u(i, j + 1) – u(i, j – 1)

2∆y
   +
v(i + 1, j) – v(i – 1,j)

2∆x
. (13)

Here u(i,j) and v(i,j) are the respective velocity
components in x and y directions at the interrogation
grid point (i,j); ∆x and ∆y are the interrogation grid
intervals in x and y direction, respectively.  In this study,
the x-y plane represents the central axial plane.  The
strength of tumbling motion, represented by the circula-
tion Γ , can be calculated from integrating those values
of vorticity over the interrogation area.  This is per-
formed by using a finite integration formula

   Γ ≈ Σ
i = 1

m

Σ
j = 1

m

ω(i, j)∆x∆y, (14)

where m and n are the total grid numbers in the x and y
directions, respectively.

Experimental Conditions

In the present study, the water analogy system are
operated at two motor speeds, 20 and 55 rpm, equivalent
to the engine speeds of 400 and 1100 rpm in an actual
engine, respectively.  Based on the same clearance
volume, piston with a cylindrical shape bowl is
constructed.  This bowl-in-piston is of 90 mm diameter,
46 mm bowl diameter and 23mm bowl high.  A piston
without bowl is also tested for comparison.  The effect
of shrouded intake valve on the formation of tumbling
motion is also under investigation.  This shroud is
extended to cover half-circular periphery of intake valve
opening area.  Tumbling motions for the inlet valve with
the shrouded side placed toward either the cylinder wall
or the center of cylinder are studied. The test conditions
are summarized in Table 2.

RESULTS AND DISCUSSION

Flow Visualization

The laser sheets are projected along the central
axial plane of cylinder and therefore the flow informa-
tion recorded is the two-dimensional projection of the
three-dimensional motion.  Components of the circula-
tion motion in this axial plane are considered to repre-
sent the tumbling motions.  The internal flow field of
engine is no doubt three-dimensional.  To resolve the
general three-dimensional flow structure needs an inte-
gration of the information extracted from many laser
sheet planes projected at different locations.  It is,
however, not the focus of the current work.
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Non-shrouded intake valve

The in-cylinder flow structure in the axial plane,
generated by a non-shrouded intake valve, during the
intake stroke is schematically shown in Figs. 2 and 3.
Figure 2 shows the typical results for a bowl-in-piston
while Fig. 3 demonstrates the flow structure for a flat
piston.  Fluid is entrained in a jet flow manner through
the gap of non-shrouded inlet valve when it is open for

the intake stroke.  At low ATDC angles, the flow is
dominated by two jet flows.  These jet flows are de-
flected by the cylinder walls before ever reaching the
piston.  In the meantime, there are two small-size vorti-
ces of opposite rotating direction generated in the area
close to the top of the bowl-in-piston.  These vortices of
small size will extend to fill up the bowl as demon-
strated in the figure.  Apparently, they are resulted from
the phenomena of secondary flow.  The large-scale
vortices will follow the downward motion of piston to
grow and well mix with each other.  Since these two
streams are apparently of the same strength, the well
mixing will result in the disappearance of the obvious
tumbling motion.  At the BDC, the flow seems doing a
three-dimensional helical motion (Fig. 2).  Note that
there is no small-scale vortices observed inside the bowl
at the BDC.  Similarly, no characteristic tumbling mo-
tion can be observed for the flow field generated by the

Table 2. Experimental conditions

Piston Equivalent engine speed Shrouded intake valve
experiments with bowl w/o bowl 1100 rpm 400 rpm no outer inner

I × × ×
II × × ×
III × × ×
IV × × ×
V × × ×
VI × × ×
VII × × ×
VIII × × ×
IX × × ×
X × × ×
XI × × ×
XII × × ×

Fig. 2. Schematic in-cylinder flow field at different crank angle (equivalent
engine speed = 1100 rpm, bowl-in-piston, non-shrouded intake
valve).

Fig. 3. Schematic in-cylinder flow field at different crank angle (equivalent
engine speed = 1100 rpm, piston without bowl, non-shrouded intake
valve).
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movement of a piston without bowl (Fig. 3).  It may be
concluded that the configuration of constructing a bowl
in piston does not help in both the generation and the
maintenance of the tumbling motion.

As the engine is operated at a low speed, the
phenomena of well mixing of two streams of opposite
circulation are not obvious.  Two deflected streams will
develop and extend to occupy the whole cylinder space
as the piston is moving downwards.  At the BDC, a weak
vortical flow with negative vorticity (rotating clockwise)
will emerge inside the bowl, which is different from
what observed (no vortex inside the bowl) for the engine
operated at a high speed.  This vortex is coming from the
secondary flow generated near the piston surface.  For
the piston without bowl, the development of two streams
of opposite vorticities seems different.  As demon-
strated in Fig. 3, especially for large ATDC angles, a
pair of vortices with opposite vorticities occupy the
bottom space of cylinder.  The vortex with positive
vorticity emerging from the intake valve is suppressed
the development of and force it to exist in the upper part
of cylinder only.  No tumbling motion with an obvious
single cell of vortex is found.  In general, no matter the
piston is with or without a bowl, the in-cylinder tum-
bling motion generated by a non-shrouded intake valve
is insignificant.

Intake valve with a shrouded outer-half-periphery

If the intake valve is shrouded for the half periph-
ery toward the cylinder wall as shown in Fig. 4, the
entrained fluid is forced to jet-flow toward the cylinder
center.  A global in-cylinder tumbling motion of beau-
tiful vortical flow pattern immediately emerges at low
crank angles.  This stream of negative vorticity will
expand directly into the bowl and fill up the whole
cylinder.  The vortical flow will descend following the
downward motion of the piston.  A small-scale vortex of
positive vorticity starts to appear in the corner near the
exhaust valve when the ATDC angle reaches 100°.  This
vortex apparently is a product of the secondary flow and
is observed to maintain the motion and the size through-
out (until the piston reaching the BDC).  The radial
expansion of the tumbling motion with negative vortic-
ity will be retarded due to the existence of this second-
ary flow in the corner.  The axial expansion of the global
tumbling motion into the bowl is also impeded due to
the secondary flow generated near the top surface of the
piston starting from the ATDC angle around 130°.  This
small-scale vortex of positive vorticity will occupy the
whole bowl and retard the downward motion of the
large-scale vortical flow.  When the engine is operated
at the low engine speed, generation of the secondary
flow near the surface of piston is promoted for small

crank angle.  In the meantime, opposite to the situation
at the high engine speed, no obvious small-scale vortex
is observed in the corner near the exhaust valve.
Therefore, the vortex of the tumbling motion can ex-
pand to occupy the whole space of cylinder.  The
expansion of this global vortical structure will render
the existence of small vortices of positive vorticity only
in the bowl space.  Especially, at the BDC, the vorticity
supplied by the secondary flow to the vortex in the bowl
seems being entirely terminated.  This observed in-
cylinder flow structure is obviously different from the
one when the engine is operated at the high speed.

Figure 5 demonstrates the in-cylinder flow struc-
ture generated for a piston without bowl schematically.
Even operating at the high engine speed, there is no
apparent small-scale vortex of positive vorticity in the
corner near the exhaust valve.  Instead, small-scale
vortical streams due to the secondary flow appear near-
ing the top surface of piston.  After the crank angle
touches 150°, this secondary stream grows fast and
retards the downward motion of the global reaching
stream.  At the BDC, these two vortices of opposite
vorticities are apparently of the similar size and strength.
As the engine is operated at the low speed, the intake-
generated vortical structure will have the time to follow
the motion of piston and expand sufficiently in both
radial and axial directions.  The secondary flow near the
surface of piston is also considerably suppressed.  Not
until the piston almost reaches the BDC will these
small-scale vortices of positive vorticity be observed.

Fig. 4. Schematic in-cylinder flow field at different crank angle (equivalent
engine speed = 1100 rpm, bowl-in-piston, intake valve with a
shrouded outer-half-periphery).
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A clear in-cylinder tumbling motion with a beautiful
vortical structure can be easily identified when the
piston is at the BDC.

The visualization result suggests that the addi-
tion of shroud to the intake valve will help the genera-
tion of large-scale in-cylinder tumbling motion.  A
small-scale vortical motion due to the secondary flow
will be plunged into the bowl in piston.  The growth of
this secondary flow is therefore retarded.  In this way,
especially for operation at the high engine speed, a
vortical structure in the axial plane can be maintained.
However, it requires further verification whether the
small-scale tumbling structure in the bowl really
benefits the generation of turbulence during the com-
pression stroke.

Intake valve with a shrouded inner-half-periphery

Since the intake valve is shrouded for the half
periphery toward the cylinder center as shown in Fig. 6,
the entrained flow is deflected to enter the cylinder
along the cylinder wall.  This makes the flow to bear
more viscous-dissipation due to the wall effect.
However, this effect does not guarantee the generation
of vortex of a single vorticity only. In fact, under the
high engine speed, the fluid will immediately split into
two major streams.  These two streams are of opposite
vorticities (Fig. 6).  The stream of positive vorticity will
expand radially toward the other half part of cylinder.
In the meantime, in the corner near the exhaust valve
starts to see streams of negative vorticity generated due
to the secondary flow phenomena.  The stream of nega-
tive vorticity coming from the intake valve will essen-
tially expand axially to quickly reach the bowl in piston.
The vortex will grow and move, as the piston is moving
downwards.  Due to the existence of this vortical stream

of negative vorticity, the axial expansion of another
stream of positive vorticity is therefore retarded and
forced to stay in the upper part of the cylinder.  The
observation of small-scale vortex in the corner near the
exhaust valve is not so apparent as the engine is oper-
ated at the low engine speed.  Since the piston is moving
at a relatively low speed, the introduced vortical stream
of positive vortex will have enough time to expand.
Therefore, it will gradually occupy the whole cylinder
space as the piston is pulling downwards.  In the
meantime, a stream of negative vorticity and much
weaker strength is generated in the vicinity of the top
surface of piston.  The expansion of the global vortical
flow will restrict the movement of this small-scale
vortex and eventually force its motion within the terri-
tory of bowl only.

The split of entrained streams of opposite vortici-
ties no longer exists in the in-cylinder flow field gener-
ated with a piston without a bowl.  The vortical flow of
positive vorticity expands steadily in both the radial and
the axial directions.  No small-scale vortices generated
by the secondary flow are observed for the ATDC angle
up to around 50°.  After this ATDC angle, small-size
vortical flow of negative vorticity appears steadily near
the top surface of piston.  No permanent small-scale
vortices are found in the region near the exhaust valve.
Note that it is opposite to that found for the flow field
generated by a bowl-in-piston.  As the engine is oper-
ated at the low speed, a tumbling motion with a solid
vortical flow pattern can be seen through all the crank
angles for the flow field generated by a piston without
bowl.  This global vortex is generated immediately after
the flow leaves the intake valve.  It grows and moves
downwards following the movement of piston.  Small-
scale vortices may be occasionally found near the ex-
haust valve or the top surface of piston.  However, it

Fig. 5. Schematic in-cylinder flow field at different crank angle (equivalent
engine speed = 1100 rpm, piston without bowl, intake valve with a
shrouded outer-half-periphery).

Fig. 6. Schematic in-cylinder flow field at different crank angle (equivalent
engine speed = 1100 rpm, bowl-in-piston, intake valve with a
shrouded inner-half-periphery).
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diminishes quickly.
Again, the addition of shroud to the intake valve

will help the generation of large-scale in-cylinder tum-
bling motion.  A small-scale vortical flow will be re-
served inside the bowl in piston.  The use of bowl-in-
piston shows no immediate help in the generation and
the maintenance of the vortical flow pattern in the axial
plane.  In fact, it appears that the tumbling motion in the
in-cylinder flow field generated by the piston without
bowl is even more prominent.

PIA Sample Results

The interpolated PIA-detected in-cylinder veloc-
ity fields with integrated streamlines and the vorticity
contours derived from the above interpolated flow field
are demonstrated in Figs. 7 and 8, respectively.  This in-
cylinder flow field is generated with a non-shrouded
intake valve under the operation at the high engine
speed (1100 rpm, equivalently).  The crank angle is

Fig. 7. Interpolated velocity field and integrated streamline pattern of the
in-cylinder flow field (equivalent engine speed = 1100 rpm, bowl-
in-piston, non-shrouded intake valve, 120° ATDC).

Fig. 8. Vorticity contours of the in-cylinder flow field (equivalent engine
speed = 1100 rpm, bowl-in-piston, non-shrouded intake valve, 120°
ATDC).

120° ATDC. Since a PIA detected vector is extracted
from the displacement of a seeding particle in three
consecutive frames, the time-period involved will be 2/
226 sec.  The crank angle involves in this short period is
around 3°.  The reflection of laser sheet is so strong in
the region near the cylinder wall that a serious image-
blurring problem is inherently resulted.  Also, the jet
flow in the region near the intake valve is highly three-
dimensional.  Therefore, the seeding particles will not
maintain their traces on the laser sheet during the period
(2/226 sec.) for capturing three images.  Additionally,
the concentration of entrained bubbles in this region is
highly intensive, which renders the capture of image
impossible.  The formation and dissipation mechanism
of the tumbling motion can be understood through thor-
ough topological study for the PIA-detected flow fields.
In Fig. 7 one finds many topological characteristics
such as the stable and the unstable foci, the saddle point,
the bifurcation lines and etc.  However, most of them
only exist for the three-dimensional flow field, which
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strongly implies that the in-cylinder flow structure is
highly three-dimensional.  The flow structure extracted
from the PIA measurements in this figure show resem-
blance to the flow visualization result shown in Fig. 2,
which support the proper set-up of PIA in the engine
research.  However, analysis of the quantitative flow
information through the PIA results is beyond the scope
of this paper.  From the contours of vorticity, it can be
known that the flow is not fully turbulent.  The vorticity
is concentrated on the location where the foci and the
saddle points being located.  The vorticity decays fast as
one moves away from the foci or the saddle points.
It also clearly shows that there is a weak vortical
flow near the top surface of piston, and that this flow
expands deeply into the bowl.  The secondary flow
phenomena are obviously demonstrated. Integrating
the vorticity of Fig. 8 using Eq. (14), one finds that the
magnitude of the circulation is nearly zero.  It implies
that the flow through the non-shrouded intake valve is
irrotational.  No obvious tumbling motion is available
for such configuration. It demonstrates that one can use
the vortex strength (i.e., circulation) to identify the
quality of the tumbling motion.  Nevertheless, a
tumbling motion of “good” quality should depend on
the contribution of generating turbulence during the
compression stroke.  This point remains further
investigation.

CONCLUDING REMARKS

The potential of using a video-based particle im-
age system in studying the in-cylinder tumbling flow
structure of an engine is demonstrated.  No significant
tumbling motion is found accompanying with the use of
a non-shrouded intake valve.  Adding a shroud to the
intake valve will help the generation of large-scale
vortical tumbling motion.  A small-scale vortex will be
reserved inside the bowl in piston.  The use of bowl-in-
piston may or may not help in the generation and the
maintenance of the tumbling flow pattern depending on
the part of intake valve shrouded.  The study of the
topological characteristics of the PIA-detected flow
fields can help significantly in the understanding of the
formation and dissipation mechanism of the tumbling
motion.  Further investigation to relate the quality of the
vortical flow in the axial plane with the generation of
turbulence during the compression stroke is strongly
recommended.
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NOMENCLATURE

ap the diameter of seeding bubble
D bore diameter
Eu Euler number
f# inverse of the relative aperture of video camera

(= focal length/aperture)
H frequency response function
M Mach number
m total grid numbers in the x direction
n total grid numbers in the y direction
p pressure
Re Reynolds number
Up average piston speed
u velocity component in the x direction
V velocity
v velocity component in the y direction
S Stokes number
St Strouhal number
t time scale
tp particle response time
x horizontal upward distance from the bottom-left

corner of image frames
y vertical right-hand distance from the bottom-left

corner of image frames
∆x interrogation grid interval in the x direction
∆y interrogation grid interval in the y direction
Γ circulation
vf kinematic viscosity of liquid
ω vorticity component in the z direction
ωc angular velocity of the crankshaft
ωs frequency of fluctuation
ρf density of liquid
ρp density of seeding bubble
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