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ABSTRACT

This paper deals with the investigations of the in-cylinder flow pattern around the intake valve of a single-cylinder
internal combustion engine using Particle Image Velocimetry (PIV) at different intake air flow rates. The intake air
flow rates are corresponding to the three engine speeds of 1000, 2000 and 3000 rev/min., at all the static intake valve
opening conditions. In this study, in-cylinder flow structure is characterized by the tumble ratio and maximum
turbulent kinetic energy of the flow fields. In addition, at two specified lines of the combustion chamber, the radial
and axial velocity profiles have been plotted. From the results, it is found that the overall airflow direction at the exit
of the intake valve does not change significantly with the air flow rate and intake valve opening conditions. The
tumble ratio increases with increase in intake valve opening and not much affected by the change in the air flow rates.
It is also found that, the variations of the velocity profiles at the two specified lines are smooth at full intake valve
opening irrespective of the air flow rate. Also, their magnitudes increase with increase in the intake valve openings at
all the air flow rates. The in-cylinder flow analysis carried out in this study may be useful for optimizing the intake
valve opening of an internal combustion engine with respect to it’s speed.
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1. INTRODUCTION

The main objective of any Internal Combustion (IC)
engine is to obtain good performance and meet the
stringent emission norms. In order to achieve this,
combustion process is very vital in the IC engines.
However, the combustion in turn is mainly affected by
the in-cylinder flow structure. In an IC engine, the air
enters the combustion chamber through the intake port
with high velocity during the intake stroke. Thus high
kinetic energy of the fluid flow during intake stroke,
later results in high turbulence.

In-cylinder fluid flows govern the flame propagation
rate in the spark ignition (SI) engines and control the
air-fuel mixing in the diesel engines (Heywood, 1988).
In addition, it controls the heat transfer to the cylinder
walls, the combustion process and finally the formation
of  emissions.  In  IC  engines,  induction  of  air  is  of
greater importance than that of fuel even though air and
fuel are vital substances in the combustion process.
Study of complex in-cylinder fluid flow structures in an
IC engine requires sophisticated instrumentation.

Previous investigations on in-cylinder flow studies in
the IC engines have reported that the large-scale fluid
flows (swirl and tumble) generated during the intake
stroke were later dissipated into turbulence during the
compression stroke (Li et al., 2002; Yasar et al., 2006;
Valentino et al., 1993; Lee et al., 1993 and Stansfield et
al., 2007). High swirl and tumble flows are known to
produce very large air velocities and high dissipation
rates (Reuss et al., 1995). Abdullah et al. (2008)
compared the in-cylinder flow structures obtained by
Particle Image Velocimetry (PIV) with that of
Computational Fluid Dynamics (CFD), and also
analyzed the combustion process and emission
characteristics in a compressed natural gas direct
injection engine. Their results showed that retarding
injection and ignition timings could reduce CO and
NOx levels significantly with good engine performance.

Engine in-cylinder flow studies using Particle Tracking
Velocimetry (PTV) reported that the combustion
control could be achieved through the turbulence in a
premixed lean burn engine and by effective air-fuel
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mixing in a gasoline direct injection (GDI) engine
(Kuwahara and Ando, 2000). Laser Doppler
Anemometry (LDA) investigations on swirling flows
through an axi-symmetric port and poppet valve
reported that the swirl alters the flow structure below
the intake valve significantly. Also, both the mean
tangential and axial velocities increase during the intake
valve opening period; reach the peak value at the time
of intake valve closure (Nadarajah et al., 1998; Zhu et
al., 1990 and Auriemma et al., 2001).

Previously many experimental and numerical
investigations by different techniques were addressed
the issues of in-cylinder flows in the IC engines.
However, still there is a good scope to study the in-
cylinder flows under different conditions. Therefore,
the present study deals with the in-cylinder flows using
PIV technique under different air flow rates
corresponding to the different engine speeds (from now
onwards stated as equivalent engine speed) with
different static intake valve opening conditions.

2. EXPERIMENTAL PROCEDURE

The PIV system and photographic view of the
experimental setup used in this study are shown in
Figs.1 and 2 respectively. In this study, in-cylinder flow
investigations were carried out at the exit of the intake
valve of a single-cylinder IC engine at different air flow
rates corresponding to the equivalent engine speeds of
1000, 2000 and 3000 rev/min., with 50, 75 and 100%
static intake valve opening conditions using PIV
technique. The intake valve of axi-symmetric type with
a maximum lift of 7.6 mm was used. An adjustable
valve opening arrangement (Fig.2) was developed and
used. To facilitate the PIV measurements, the cylinder
was made of transparent material (Plexiglass) with
inside diameter of 87.5 mm and length of 110 mm. It
was attached to the actual engine cylinder head. The
intake manifold of the test unit was connected to a
steady flow test rig, which consists of an air-blower and
a settling chamber followed by a diffuser and a
contraction. An orifice meter was used for the
measurement of air flow rate.

The PIV system consists of a double pulsed ND-YAG
laser of 200 mJ/pulse energy at 532 nm wave length, a
charge coupled device (CCD) camera of resolution
2048x2048 pixels with 14 frames per second, laser and
camera controllers, and a data acquisition system with a
software. Triggering of the laser and camera was
controlled by a LaVision DAVIS (data acquisition and
visualization) software. In this work, Di-Ethyl-Hexyl-
Sebacat (C26H50O4)  was  used  as  a  seeding  fluid  of
particle size of one micrometer diameter generated by a
particle generator and was mixed with the supplied air
in the intake manifold at an appropriate place. The laser
sheet was allowed to pass through the transparent
cylinder on a vertical plane passing through the axis of
the intake valve. Figure 3 shows a typical raw image of
the Field of View (FOV) at full intake valve opening
condition. The zone near the exit of the intake valve
was considered as the Region of Interest (ROI) to study
the flow characteristics as shown by the dotted lines in
Fig.3.  At  every  test  condition,  150  image  pairs  were

recorded. The required air flow rate at various
equivalent engine speeds were calculated by assuming
an engine volumetric efficiency of 90%. The time
interval (Δt) between the two images of an image pair
was estimated based on the air flow velocity, FOV,
pixel shift, image size and camera resolution (LaVision,
2006).

3. RESULTS AND DISCUSSION

Post processing and analysis of the data was carried out
for 150 image pairs using DAVIS software. During the
post processing, a multi-pass, cross-correlation
technique with a size of 32x32 pixel interrogation
window and 50% overlap was considered (Raffel, 1998
and LaVision, 2006). From the instantaneous velocity
vector fields, the average velocity vector fields with
streamline patterns, tumble ratio (TR), maximum
turbulent kinetic energy (TKE), and radial and axial
velocity components were evaluated, plotted and
discussed in the following sections.

3.1 In-cylinder Flow Pattern

Figures  4 to 6 show velocity vector plots for three
values of intake valve openings and three equivalent
engine speeds. From, Fig.  4, it is observed that the
overall direction of velocity vectors was almost
identical for all the three equivalent engine speeds at
full intake valve opening. Similar observations were
made with other intake valve openings also. However,
there was a noticeable reduction in tumble ratio at half
intake valve opening compared to other openings (about
62.5% reduction). Hence, the velocity vector plots for
the other intake valve openings are shown at an
equivalent engine speed of 1000 rev/min (Figs.5 and 6).

Also, from these figures, it is observed that there is a
formation of an air jet at the exit of the intake valve.
Later, this air jet interacts and mixes with the
surrounding bulk air and diffuses into it (Murali
Krishna et al., 2008). However, the magnitude of air
velocity increases with increase in equivalent engine
speed and intake valve opening.

Figure  4 shows the ensemble average velocity vectors
under full intake valve opening condition for different
intake air flow rates (equivalent engine speeds). From
Fig.4,  it  is  seen  that  a  clock  wise  (CW)  vortex  is
forming below the intake valve as expected (Heywood,
1988).  Also,  it  shows  the  presence  of  an  orderly  flow
pattern near the bottom right corner of the intake valve
with a single CW vortex. This is due to the
impingement of the high velocity air jet emerging from
the intake valve port onto the right side cylinder wall.
The emerging jet of air is deflected downwards by the
right side cylinder wall resulting in CW vortex
formation. This CW tumble vortex is shifting towards
right side with increase in the equivalent engine speed
as shown in Fig.4. Further, it is leading to the formation
of number of small and large-scale vortices at high
equivalent engine speeds.

Figure  5 shows the in-cylinder flow structure under
3/4th (75%) intake valve opening condition for an
equivalent engine speed of 1000 rev/min. From Fig.  5,
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it is observed that there is no clear vortex formation as
in the case of full intake valve opening condition. Also
from Fig. 5, it is observed that the flow is more random
in nature. However, it looks like there are many small
sized vortices in the flow field. This trend is observed
for all the air flow rates considered in this study at 75%
intake valve opening condition. This may be due to the
fact that, at 75% intake valve opening condition, intake
valve opening is comparatively less restricting the flow
of air into the cylinder. Also, the air entering the
cylinder is tending to move horizontally and striking the
right cylinder wall rather moving downwards. It is
observed by the in-cylinder flow studies that, another
reason for the formation of the CW vortex below intake
valve is the due the low pressure zone just below the
intake valve. When more amount of air flow towards
right side; it may leads to the formation of low pressure
region below the intake valve making air  to rush from
the other regions causing more randomness in the in-
cylinder air flow pattern.

Figure  6 shows the in-cylinder flow structure at half
intake vale opening (50%) condition for an equivalent
engine  speed  of  1000  rev/min.  In  this  case  also,  flow
structure is more random in nature as in the case of 75%
intake valve opening condition. This may be again due
to small opening of the intake valve causing the air to
move much horizontal almost parallel to the cylinder
head.  Also,  it  may  be  due  to  the  similar  reasons  as
stated above (75% opening case).

In this study, characterization of the in-cylinder tumble
flows has been done by the tumble ratio (TR) based on
an equation proposed by Huang et al. (2005). Figure 7
shows the variation of the tumble ratio with the intake
valve opening at different air flow rates. From Fig.7, it
is observed that TR is higher at higher intake valve
opening conditions compared to lower ones irrespective
of  the  air  flow  rates.  This  may  be  because  of  the
increased air flow rate and velocity through the intake
port at higher intake valve opening conditions. In
addition, when the intake valve opening is small, there
can be loss of pressure and velocity due to fluid friction
with the metal walls. These losses may reduce at higher
intake valve openings. At higher intake valve opening,
mass flow rate of air increases which also increases the
momentum  of  the  flow.  This  is  responsible  for
accelerating the flow into the cylinder. Along with high
air velocity, the low pressure zone below the intake
valve may also cause the formation of in-cylinder
tumble vortex.

The reduction in tumble ratio with rise in engine speed
is evident from Fig. 7. It may be due to the reduction in
the radius of single large vortex. The structure and
pattern of the in cylinder flow field, however, did not
change much with engine speed, but the center of single
large vortex moves towards right causing its radius to
reduce,  owing to higher jet  velocity.  This may cause a
slight reduction in tumble ratio with increase in engine
speed. Almost same trend is observed for tumble ratio
at other air flow rates considered. Therefore, it seems
that tumble ratio is the strong function of the intake
valve lift than the air flow rate.

Generally, for SI engines, it is suggested to have a
strong tumble motion during suction stroke with high
kinetic energy which will be later dissipated as
turbulence during the compression stroke at the point of
spark (Khalighi, 1991).  High  turbulence  is  very  much
helpful in increasing the flame speed in stratified and
direct injection SI engines.

3.2 Maximum Turbulent Kinetic Energy

In an IC engine, turbulence controls the mixing (in
direct injection engines), heat transfer and flame speed
(Kuwahara, 2000). It is quantified by the maximum
turbulent kinetic energy (TKE) of the in-cylinder flows.
Here, TKE has been calculated for various intake valve
openings  at  various  air  flow  rates  from  the  root  mean
square (rms) velocity of the average velocity vector
fields at the mid-plane of intake valve based on the
equations proposed by Reuss et al. (1995).

Figure  8 shows  the  plot  of  maximum  TKE  at  various
equivalent engine speeds at different intake valve
opening conditions. From Fig. 8, it is observed that the
maximum TKE is higher at higher equivalent engine
speed (3000 rev/min) than at lower equivalent engine
speeds irrespective of the intake valve opening.
Similarly, irrespective of the equivalent engine speed,
magnitudes of maximum TKE are increasing with
increase in intake valve opening. It may be due to high
air velocity at the intake valve exit at higher equivalent
engine speeds and intake valve openings.

3.3 Velocity Profiles

Here, radial and axial velocity components have been
estimated from the ensemble average velocity vectors at
a distance of 3 mm away from the intake valve tip on
one horizontal and one vertical line (Fig.3). These
velocity profiles are shown in Figs.9 to 11. These are
useful for the estimation of velocity gradient properties
like vorticity and strain rates which influence the
fundamental characteristics of turbulence.

From Figs. 9 to 11, it is observed that both the axial and
radial velocity profiles are smooth at higher intake
valve openings irrespective of the equivalent engine
speeds. However, the magnitudes of them are
increasing with increase in intake valve openings and
equivalent engine speeds. This may be due to the higher
air flow rates at higher equivalent engine speeds; since
the absolute velocities are higher at higher equivalent
engine speeds at a given intake valve opening. At lower
intake valve opening (at 50 and 75%), the axial and
radial velocity profiles are not so smooth. This may be
due to randomness in the in-cylinder flows as explained
above. It is known that when fluid passes over a bluff
body,  recirculation  zones  will  be  formed  around  it.  In
addition, at lower intake valve opening, the flow
velocities are less due to the fluid friction caused by
fluid and metal wall interaction. Since the inlet valve
and ports are the largest flow restrictions in the intake
system which  results  in  the  large  pressure  drop  across
the intake valve. However, these problems are less at
higher intake valve opening; may be resulting in
smooth profiles of radial and axial velocities.
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From the above discussion, it follows that in order to
have good tumble flow during intake stroke; the engine
should be operated with a large intake valve opening
irrespective of the engine speed. Since the
investigations carried out in this study are under static
intake valve opening conditions, in order to verify the
validity of the above experimental findings for actual
operating conditions, it is suggested that the in-cylinder
flow investigations under real engine conditions are to
be carried out for a set of typical operating conditions to
optimize intake valve opening.

4. CONCLUSIONS

In this study, PIV tests were performed to study the in-
cylinder tumble flow structures for various intake valve
openings at different air flow rates. Based on the
results, the following conclusions are drawn:

§ The overall air flow pattern at the exit of the intake
valve is identical for all the equivalent engine
speeds at full intake valve opening.

§ The radius of the single large vortex below intake
valve increases with increase in intake valve
opening.

§ Tumble ratio is higher at higher intake valve
opening at the given equivalent engine speed.

§ Tumble ratio is  not  much affected by the air  flow
rates (equivalent engine speed) at the given intake
valve opening.

§ The  maximum  TKE  of  the  flow  field  increases
with increase in equivalent engine and intake valve
opening.

§ The radial and axial velocities near intake valve
exit are increasing with increase in equivalent
engine speeds and intake valve opening.

On whole, the flow analysis carried in this work may be
useful in optimizing the intake valve opening.
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1. Blower, 2. Settling chamber, 3. Connecting pipe 4. Engine, 5. Camera,
6. Seeder,7. Compressor, 8. Nd -YAG Laser, 9. Laser sheet, 10. Laser controller,
11. Acquisition system, 12. Camera controller

Fig. 1. Schematic diagram of the experimental setup

Fig. 2. Photographic view of the experimental setup

Fig. 3. Typical raw image at full intake valve opening
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Equivalent engine speed = 1000 rev/min.,

Equivalent engine speed = 2000 rev/min.,

Equivalent engine speed = 3000 rev/min.,

Fig. 4. Ensemble average velocity vector fields at full intake valve opening
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Equivalent engine speed = 1000 rev/min.,

Fig. 5. Ensemble average velocity vector fields at 3/4th intake valve opening

Equivalent engine speed = 1000 rev/min.,

Fig. 6. Ensemble average velocity vector fields at half intake valve opening
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Fig. 7. Variation of tumble ratio with equivalent engine speeds and intake valve opening
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Fig. 8. Variation of maximum TKE with equivalent engine speeds and intake valve opening

Fig. 9. Profiles of radial and axial velocities for various equivalent engine speeds at full intake valve opening
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Fig. 10. Profiles of radial and axial velocities for various equivalent engine speeds at ¾th intake valve opening

Fig. 11. Profiles of radial and axial velocities for various equivalent engine speeds at half intake valve opening
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