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Abstract: The current study demonstrates an experimental investigation of the tumble flow structures
using Particle Image Velocimetry (PIV) under steady-state conditions considering the central vertical
tumble plane. The experiments were carried out on a four-valve, pent-roof Gasoline Direct Injection
(GDI) engine head at different valve lifts and with a pressure difference of 150 mmH2O across the
intake valves. Furthermore, the Proper Orthogonal Decomposition (POD) analytical technique was
applied to PIV-measured velocity vector maps to characterize the flow structures at various valve
lifts, and hence the different rig tumble values. The results show that at low valve lifts (1 to 5 mm),
48.9 to 46.6% of the flow energy is concentrated in the large (mode 1) eddies with only 8.4 to 11.46%
in mode 2 and 7.2 to 7.5 in mode 3. At high valve lifts, it can be clearly seen that some of the energy
in the large eddies of mode 1 is transferred to the smaller flow structures of modes 2 and 3. This can
be clearly seen at valve lift 10 mm where the values of the flow energy were 40.6%, 17.3%, and 8.0%
for modes 1, 2, and 3, respectively.

Keywords: GDI engine; tumble motion; PIV; flow bench; POD

1. Introduction

The automotive industry is increasingly motivated by high fuel economy demands and strict
pollutant emissions regulations, hence there is a pressing need for novel combustion systems to meet
these demands. One of the most promising internal combustion engine (ICE) designs for achieving a
major part of these goals is the Gasoline Direct Injection (GDI) engine. GDI engines potentially offer
several considerable advantages relative to port fuel injection (PFI) engines in terms of preventing the
fuel wall film in the intake port and reducing the throttling losses (pumping losses) while providing
higher thermal efficiency, higher compression ratios, lower fuel consumption, lower CO2 and HC
emissions, and higher volumetric efficiency [1,2]. GDI engines can be operated in either stratified
charge mode or homogenous charge mode. A stratified charge mode (late injection) is utilized at
lower engine speeds and loads as the fuel is injected late during the compression stroke. This mode
enables engines to burn global very lean mixtures with very high air/fuel ratios, which cannot be
achieved using multi point port fuel injection. However, more NOx emissions are generated due to
the lean burn. Therefore, exhaust gas recirculation (EGR) is used during this mode to reduce the
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NOx emissions. A homogenous charge mode (early injection) is preferred for higher loads and higher
engine speeds. The fuel is injected early during the intake stroke so more time is available for air-fuel
mixture formation. During this mode of operations, the engine operates with a near stoichiometric
mixture which, in turn, decreases NOx emissions, and thus EGR is not used [3–6]. The main issue is to
achieve these kinds of mixture modes with different in-cylinder flow structures under these operating
conditions, which control the mixture formation. Many studies were carried out to solve these issues
through the proper design of the combustion chamber, as well as the development of GDI spray systems
and injector characteristics [7–15]. Another key approach was to make practical and effective use of the
full potential of the characteristics of the in-cylinder flow field. Promoting the correct in-cylinder flow
field is considered to be an effective method for controlling the mixture preparation in order to achieve
rapid flame propagation, and hence improved engine performance [16]. In-cylinder flow structures
can be divided into two basic fluid motions: swirl and tumble. The in-cylinder flow where the flow
rotational axis is parallel to the cylinder is represented as a swirl and is usually targeted in compression
ignition engines. On the other hand, the flow with an axis perpendicular to that of the cylinder axis
is denoted as tumble and is typically targeted in pent-roof, four-valve spark ignition engines [17].
These coherent structures, either swirl or tumble, are reliant on the particulars of the bore/stroke ratio,
the intake the valve geometry, the inlet port profile, and the shape of the combustion chamber [18,19].
It is well known that one of the major issues with GDI engines is their ability to maintain stable mixture
stratification. Therefore, modern GDI engines are characterized by tumble-dominated flow fields.
The presence of a significant tumble motion early during the compression stroke is more effective in
enhancing the turbulence intensity at the time of ignition, which is essential for compensating for the
slow flame speed of a stratified mixture. This is mainly due to the breaking of the tumble motion into
small structures that have a size of the order of the turbulence length scale, which increases the rate of
transformation of kinetic energy into turbulence [20].

As a common practice, steady flow rigs have traditionally been used to determine integral flow
parameters such as tumble or swirl ratio, gulp factor, flow coefficient, discharge coefficient, etc. [21].
With the advent of more sophisticated mixture flow strategies in engines to reduce emissions, there is
a need to obtain more detailed information on flow characteristics such as turbulence structure and
turbulent kinetic energy, as these parameters have a significant effect on the mixing process. Also,
there is a pressing need for this detailed information to validate the more sophisticated modelling
techniques such as large eddy simulation (LES) [22]. Some studies have been done in optical engines
to obtain detailed flow structures but they suffered from two main drawbacks: one is that they are
dependent on the combustion chamber geometry, and therefore are not generic enough to allow an
understanding of the fundamentals; the other, and more important, point is that they suffer from cycle
to cycle variability. Thus, it is expected that the steady flow rig allows these studies independent of the
interaction of the piston geometry and simplifies the problem by eliminating the dynamic effects of the
running engine as a first step towards a deeper understanding of the flow characteristics.

Several measurement and visualization techniques have been used to study various aspects
of the in-cylinder flow, mainly during the intake, compression, and combustion strokes of the four
stroke GDI engines. In particular, the application of Particle Image Velocimetry (PIV) has seen an
increase in application as it is the only method in non-intrusive fluid velocity metrology capable of
providing a full field flow visualization and measurement of the characteristics of the unsteady complex
in-cylinder flows [23]. B.M. Krishna investigated experimentally the in-cylinder tumble motion at
different engine speeds utilizing Particle Image Velocimetry during the intake and compression
strokes. The results illustrated that the tumble ratio was significantly changed with the crank angle,
irrespective of the engine speed [24]. R.F. Huang [25] illustrated an experimental study to monitor
the evolution and the destruction processes of the tumbling motion inside an internal combustion
(IC) engine cylinder. The experiments were carried out during the intake and compression strokes
using PIV. Furthermore, an inlet deflection-valve was used to control the deflection angle of the inlet
flow. The results revealed that the strength of the tumble motion reached a maximum value between
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120◦ and 180◦ crank angles, but decayed increasingly during the compression stroke. B.M. Krishna
studied the in-cylinder flow pattern at different air flow rates under steady-state conditions and by
maximum turbulent kinetic energy (TKE) and tumble ratio [26]. The results demonstrated that the
tumble ratio increased with valve lift but was not much affected by the variation in air flow rates. It is
generally acknowledged that proper enhancements of the mixture preparation process depend on a
deep understanding of the in-cylinder flow characteristics obtained from PIV experiments. Recently,
Proper Orthogonal Decomposition (POD) has been considered as a powerful, low-dimensional analysis
technique for extracting information about the most dominant (coherent) and energetic structures of
high-dimensional systems [27]. POD was firstly presented to the turbulence research by Lumley [28].
The source data for this technique can be either experimental PIV data, or numerical simulation data.
Hanyang Zhuang implemented PIV experiments to measure the in-cylinder flow fields at different
swirl ratios. Furthermore, a quadruple POD technique was applied to decompose the velocity fields
into four parts: the dominant part, the coherent part, the turbulent part, and the noise part. The results
revealed the strong relationship between the dominant structures and their kinetic energy and swirl
ratios [29]. Tianyou Wang performed Large-eddy simulation (LES) to capture the instantaneous
flow field of the in-cylinder flow of a GDI engine with the existence of a tumble flap in the intake
port. POD decomposition was employed to gain a deep insight into the stochastic nature of the
in-cylinder flow. The results showed that the strength of tumble motion increased and the cycle
to cycle variation (CCV) decreased with the closed tumble flap compared to the open tumble flap.
They concluded that the POD composition proved to be an efficient tool for an instantaneous velocity
field decomposition [30]. Graham F. Pitcher carried out an important study to show the relation
between the tumble generated on a steady-state flow rig and that generated in the cylinder of a
motored engine using two different techniques, Laser Doppler Velocimetry (LDV) and PIV. The results
demonstrated that there was reasonable agreement between the flow structures measured by LDV
from the steady-state flow rig and the engine, and this was confirmed by a correlation coefficient.
Moreover, the transient nature of the flow in the engine appeared to have little influence on the flow
field [31].

The objective of the current paper is to characterize the in-cylinder air tumble motion under
steady-state conditions. Full velocity vector maps were acquired in the vertical tumble plane (passing
through the center of the cylinder), using PIV in a single optical cylinder, with four valves, a GDI head,
and a flat piston at valve lifts of 1 mm, 5 mm, 9 mm, and 10 mm on a flow bench. The Proper Orthogonal
Decomposition technique was implemented on the PIV data to extract the coherent structures impeded
inside the in-cylinder flow. The combination of PIV-POD was expected to offer a better understanding
of the air-fuel mixing.

2. Experimental Set Up

The experimental arrangement can be divided into two basic components: the steady-state flow
bench and the PIV system.

2.1. Steady-State Flow Bench

Schematic diagram of the modified FEV (Forschungsgesellschaft für Energietechnik und
Verbrennungsmotoren) steady-tumble rig used in the current study is shown in Figure 1.
For steady-state measurements, air is inducted by a centrifugal compressor through the intake ports,
cylindrical tube, and rotary piston gas meter. The two intake valves were manually adjusted using
a micrometer and positioned at a constant valve-lift of 1 mm to 9 mm. The measurements were
conducted at a constant pressure difference of 150 mmH2O across the intake valves. The pressure
adjustment required for different valve lift settings was achieved by a stepper motor controlled by
by-pass. The temperature and pressure of the intake air were measured by thermocouple and pressure
transducer, respectively. The tumble level was gained by measuring the rotational speed of the paddle
wheel anemometer. In the current study, a pent-roof, four valves GDI cylinder head was used, as shown
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in Figure 2. A transparent cylinder liner was made of Plexiglas, having an internal bore diameter of
92.5 mm, stroke of 116 mm, and wall thickness of 3 mm. It was used to provide optical access through
the full stroke length for PIV measurements. Two outlet ports with a recommended diameter of 35% of
the bore diameter and a distance of 67 mm from the gas face were cut at both sides of the cylinder liner.
A flat piston was placed at the bottom of the liner at the same distance of the engine stroke.

Energies 2017, 10, 1950 4 of 16 

 

the bore diameter and a distance of 67 mm from the gas face were cut at both sides of the cylinder 
liner. A flat piston was placed at the bottom of the liner at the same distance of the engine stroke. 

PLAN VIEW

PIV Experiments

Flow Bench Experiments 

1

23

4

6 810

11

12

13

14

1516

1718

19

20

7

9 5

2221

1- centrifugal compressor                            8- data acquisition system             16- laser generator
2- by pass                                                     9- stop cock                                   17- intake valves
3- steeper motor                                          10- cylinder head                            18- exhaust valves
4- air filter                                                   11- area of interest                          19- CCD-camera 
5- rotary piston flow meter                         12- optical cylinder                         20- timer box
6- micrometer                                             13- flat piston crown                       21- intake port
7- tumble cylinder liner with bearings,      14- air outlet ports                           22- exhaust port

hall sensor, shaft and paddle wheel        15- laser sheet                                 23- correction box

23

 
Figure 1. Schematic diagram for both flow bench and Particle Image Velocimetry (PIV) experiments. 

 

Figure 2. Gasoline Direct Injection (GDI) cylinder head. 

Parameters used in port performance analysis 

• Flow Coefficient 

The flow coefficient ( ) is the ratio between the experimentally obtained mass flow rate and the 
theoretical mass flow rate: =  (1) 

The real mass flow rate was measured on the flow bench: 

Figure 1. Schematic diagram for both flow bench and Particle Image Velocimetry (PIV) experiments.

Energies 2017, 10, 1950 4 of 16 

 

the bore diameter and a distance of 67 mm from the gas face were cut at both sides of the cylinder 
liner. A flat piston was placed at the bottom of the liner at the same distance of the engine stroke. 

PLAN VIEW

PIV Experiments

Flow Bench Experiments 

1

23

4

6 810

11

12

13

14

1516

1718

19

20

7

9 5

2221

1- centrifugal compressor                            8- data acquisition system             16- laser generator
2- by pass                                                     9- stop cock                                   17- intake valves
3- steeper motor                                          10- cylinder head                            18- exhaust valves
4- air filter                                                   11- area of interest                          19- CCD-camera 
5- rotary piston flow meter                         12- optical cylinder                         20- timer box
6- micrometer                                             13- flat piston crown                       21- intake port
7- tumble cylinder liner with bearings,      14- air outlet ports                           22- exhaust port

hall sensor, shaft and paddle wheel        15- laser sheet                                 23- correction box

23

 
Figure 1. Schematic diagram for both flow bench and Particle Image Velocimetry (PIV) experiments. 

 

Figure 2. Gasoline Direct Injection (GDI) cylinder head. 

Parameters used in port performance analysis 

• Flow Coefficient 

The flow coefficient ( ) is the ratio between the experimentally obtained mass flow rate and the 
theoretical mass flow rate: =  (1) 

The real mass flow rate was measured on the flow bench: 

Figure 2. Gasoline Direct Injection (GDI) cylinder head.

Parameters used in port performance analysis

• Flow Coefficient

The flow coefficient (C f ) is the ratio between the experimentally obtained mass flow rate and the
theoretical mass flow rate:

C f =

.
mreal
.

mtheor
(1)
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The real mass flow rate was measured on the flow bench:

.
mreal = Q× P1

R× T1
(2)

where: P1 is air pressure upstream of the valve, N/m2, T1 is air temperature upstream of the valve, K,
R is gas constant, J/Kg·K, and Q is measured flow rate, m3/s.

The theoretical mass flow rate (
.

mtheor) for a defined cross sectional area (ASeat) was obtained as:
.

mtheor = ASeat × ρs× Cs (3)

The flow velocity (Cs) was calculated with the formula for isentropic flow:

Cs =

√√√√2× k
k− 1

R× T1 ×
[

1−
(

P2

P1

) k−1
k
]

(4)

where: P2 is air pressure downstream of the valve, N/m2.
Likewise, the density under isentropic conditions was computed as:

ρs =
P1

R× T1
×
(

P2

P1

) 1
k

(5)

• Coefficient of Discharge

The discharge coefficient (Cd) is the ratio between the experimentally obtained mass flow rate
and the theoretical mass flow rate:

Cd =

.
mreal
.

mtheor
(6)

The theoretical mass flow rate (
.

mtheor) for a defined orifice area between valve head and seat at
different valve lifts (AV) was obtained as:

.
mtheor = AV × ρs× Cs (7)

AV = n× π × D2
seat ×

L
D
× cos∅ (1 +

L
D
× sin∅·cos∅) (8)

where: L is valve lift, m, n is the number of intake valves per cylinder, ∅ is valve seat angle valve seat
angle = 45◦, and Dseat is the intake valve seat diameter, m.

• Non-Dimensional Rig Tumble

Non-dimensional rig-tumble is an indication to the tumble motion intensity and is indicated as
a non-dimensional quantity CT/CA, where CT is the circumferential velocity of the tumble motion,
and CA is the mean axial velocity in the cylinder.

The circumferential velocity of the tumble motion could be computed as follows:

CT = 2× π × N × RMFL (9)

where: N is paddle wheel speed, RMFL (mean paddle wheel radius) = 0.36375 × B, and B is the bore
diameter, m.

The axial velocity of the air flow inside the cylinder could be calculated as follows:

CT =

.
mreal

ρcyl × AV
(10)

ρcyl =
P2

R× T2
(11)

where: ρcyl is the air density inside the cylinder, kg/m3.
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2.2. PIV System

The experimental set-up of the PIV system consists of seeding particles, illumination source,
imaging system, and PIV processor. The basic principle of PIV is to seed the flow with tracers and
illuminate the area of interest with a thin sheet of laser light. The scattered light from the particles
is recorded by means of a Charged Coupled Device (CCD) camera. If the time between the laser
pulses is known, velocity magnitudes can be calculated from the distance travelled by each individual
particle using cross correlation technique. The PIV analysis can be carried out in three different planes
depending on the nature of the in-cylinder flow to be studied. The planes which are parallel to the
cylinder axis and parallel to a line joining the inlet and exhaust valves are named tumble planes
(Figure 3a). Planes perpendicular to the cylinder axis are called swirl planes and are viewed through
the piston (Figure 3b). Finally, the planes parallel to the cylinder axis and perpendicular to the tumble
planes are identified as cross-tumble planes (Figure 3c). In this study, 2D-PIV measurements were
carried out at different valve lifts (1 mm, 5 mm, 9 mm, and 10 mm) in the mid-cylinder vertical tumble
plane, i.e., plane of symmetry, as shown in Figure 4. The air flow was seeded at the intake port with
Titanium Dioxide (TiO2) solid particles, which were generated by means of solid powder seeder.
The light source used for this study was a doubled pulsed Nd: YAG laser (Dual Power 65-15) (Litron
Lasers, Rugby, UK) with a wavelength of 532 nm, 15 Hz of maximum laser pulse frequency, and a
capacity of 400 mJ/4 ns. The flow field of interest was illuminated twice with a time interval between
pulses adjusted in the range of 125 µs. Two hundred and eight pairs of images were acquired using a
Flow Sense 2M Dantec Dynamics 8 bit digital output CCD camera with 1600 × 1200 pixels running in
double frame mode. The post processing of the acquired images was implemented using Dynamic
studio V3.41 software (Dantec Dynamics, Skovlunde, Denmark). The evaluation was carried out using
cross-correlation techniques with a 64 × 64 pixels-sized interrogation area and 50% overlapping. After
generating the raw velocity fields, a moving average validation and average filter techniques were
applied to deal with the spurious (outliers) vectors. For PIV measurements, an acrylic correction box
was designed to minimize the optical distortion caused by the curvature of the pipe, as shown in
Figure 5.

Energies 2017, 10, 1950 6 of 16 

 

2.2. PIV System 

The experimental set-up of the PIV system consists of seeding particles, illumination source, 
imaging system, and PIV processor. The basic principle of PIV is to seed the flow with tracers and 
illuminate the area of interest with a thin sheet of laser light. The scattered light from the particles is 
recorded by means of a Charged Coupled Device (CCD) camera. If the time between the laser pulses 
is known, velocity magnitudes can be calculated from the distance travelled by each individual 
particle using cross correlation technique. The PIV analysis can be carried out in three different planes 
depending on the nature of the in-cylinder flow to be studied. The planes which are parallel to the 
cylinder axis and parallel to a line joining the inlet and exhaust valves are named tumble planes 
(Figure 3a). Planes perpendicular to the cylinder axis are called swirl planes and are viewed through 
the piston (Figure 3b). Finally, the planes parallel to the cylinder axis and perpendicular to the tumble 
planes are identified as cross-tumble planes (Figure 3c). In this study, 2D-PIV measurements were 
carried out at different valve lifts (1 mm, 5 mm, 9 mm, and 10 mm) in the mid-cylinder vertical tumble 
plane, i.e., plane of symmetry, as shown in Figure 4. The air flow was seeded at the intake port with 
Titanium Dioxide (TiO2) solid particles, which were generated by means of solid powder seeder. The 
light source used for this study was a doubled pulsed Nd: YAG laser (Dual Power 65-15) (Litron 
Lasers, Rugby, UK) with a wavelength of 532 nm, 15 Hz of maximum laser pulse frequency, and a 
capacity of 400 mJ/4 ns. The flow field of interest was illuminated twice with a time interval between 
pulses adjusted in the range of 125 µs. Two hundred and eight pairs of images were acquired using 
a Flow Sense 2M Dantec Dynamics 8 bit digital output CCD camera with 1600 × 1200 pixels running 
in double frame mode. The post processing of the acquired images was implemented using Dynamic 
studio V3.41 software (Dantec Dynamics, Skovlunde, Denmark). The evaluation was carried out 
using cross-correlation techniques with a 64 × 64 pixels-sized interrogation area and 50% overlapping. 
After generating the raw velocity fields, a moving average validation and average filter techniques 
were applied to deal with the spurious (outliers) vectors. For PIV measurements, an acrylic correction 
box was designed to minimize the optical distortion caused by the curvature of the pipe, as shown in 
Figure 5. 

 

Figure 3. Particle Image Velocimetry (PIV) plane positions. (a) tumble planes; (b) swirl planes; (c) 
cross-tumble planes. 

Figure 3. Particle Image Velocimetry (PIV) plane positions. (a) tumble planes; (b) swirl planes;
(c) cross-tumble planes.



Energies 2017, 10, 1950 7 of 16
Energies 2017, 10, 1950 7 of 16 

 

 

Figure 4. Schematic for the field of view. 

 

Figure 5. Top view of 2D-PIV camera configuration showing the correction box. 

3. Proper Orthogonal Decomposition 

The main idea behind POD is to decompose a set of velocity distributions (fluctuating velocity 
field)	V ( ) = ( , ) ,  (called snapshots, k is the snapshot index and i, j are the index of grid points) 
into a linear combination of M spatial basis functions (space-dependent POD modes, denoted ) and 
their corresponding time-dependent coefficients (denoted ). The number of modes is equal to the 
number of snapshots, with the constraint that the POD modes are orthonormal to each other. The 
merit of this technique is that the most energetic coherent structures can be captured by using few 
POD modes. V ( ) = ∗   (12) 

The mathematical procedures of the method of snapshot illustrated by Sirovich [32] are shown 
as follows: 

Figure 4. Schematic for the field of view.

Energies 2017, 10, 1950 7 of 16 

 

 

Figure 4. Schematic for the field of view. 

 

Figure 5. Top view of 2D-PIV camera configuration showing the correction box. 

3. Proper Orthogonal Decomposition 

The main idea behind POD is to decompose a set of velocity distributions (fluctuating velocity 
field)	V ( ) = ( , ) ,  (called snapshots, k is the snapshot index and i, j are the index of grid points) 
into a linear combination of M spatial basis functions (space-dependent POD modes, denoted ) and 
their corresponding time-dependent coefficients (denoted ). The number of modes is equal to the 
number of snapshots, with the constraint that the POD modes are orthonormal to each other. The 
merit of this technique is that the most energetic coherent structures can be captured by using few 
POD modes. V ( ) = ∗   (12) 

The mathematical procedures of the method of snapshot illustrated by Sirovich [32] are shown 
as follows: 

Figure 5. Top view of 2D-PIV camera configuration showing the correction box.

3. Proper Orthogonal Decomposition

The main idea behind POD is to decompose a set of velocity distributions (fluctuating velocity
field) V′(k) = V′k(u, v)i,j (called snapshots, k is the snapshot index and i, j are the index of grid points)

into a linear combination of M spatial basis functions (space-dependent POD modes, denoted ϕk
m)

and their corresponding time-dependent coefficients (denoted Ck
m). The number of modes is equal

to the number of snapshots, with the constraint that the POD modes are orthonormal to each other.
The merit of this technique is that the most energetic coherent structures can be captured by using few
POD modes.

V′(k) =
M

∑
m=1

Ck
m ∗ ϕk

m (12)

The mathematical procedures of the method of snapshot illustrated by Sirovich [32] are shown
as follows:
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1- The instantaneous velocity field (V) must be decomposed firstly into two parts, the mean part (V)
and the fluctuating part ( V′), as POD analysis is carried out only on the fluctuating part.

V = V + V′ (13)

2- All fluctuating velocity components from the K snapshots are arranged in a matrix V

V =



u(1)
i=1,j=1 u(1)

i=1,j=2 . . . u(1)
i=1,j=J

...
...

...
...

u(K)
i=I,j=1 u(K)

i=I,j=2 . . . u(K)
i=I,j=J

v(1)i=1,j=1 v(1)i=1,j=2 . . . v(1)i=1,j=J
...

...
...

...

v(K)i=I,j=1 v(K)i=I,j=2 . . . v(K)i=I,j=J


(14)

where K is the total number of snapshots and I*J are the number of total grid points in the
velocity field.

3- Then, the spatial correlation matrix for velocity distributions is defined as

R =
1
K

(
UUT

)
(15)

4- The corresponding eigenvalue problem is solved

R∅m=λm∅m (16)

where λm and ∅m are corresponding eigenvalues and vectors. Solutions are ordered according to
the size of their eigenvalues, so that

λ1 > λ2 > λ3 . . . . . . . . . . . . λ3 = 0 (17)

5- The POD modes (ϕk
m) are derived after normalization by projecting correlation matrix R onto the

eigenvectors (βm, m = 1, 2 . . . M).
6- The corresponding coefficients (Ck

m) of each mode are determined by projecting the original
velocity fields onto the computed POD modes.

7- The kinetic energy captured by the mth mode is calculated by

KEm =
1
2

K

∑
k=1

(
Ck

m

)2
(18)

4. Results

4.1. Steady-State Flow Bench Results

Figure 6a shows the variation of the flow coefficient at different valve lifts. The flow coefficient
increased with valve lift since the effective flow area through the valve increased. The figure also
shows that the flow coefficient affected the engine breathing capacity significantly. In fact, the higher
valve lift caused more air flow into the engine cylinder and thus higher engine breathing capacity,
as shown in Figure 6b. The discharge coefficient, which is defined as the flow restriction made by
valves and seat lips, depends entirely on the valve lift, as can be seen in Figure 6c. Since the inlet
air jet was closed to the valve and its seat, the effect of viscous shear was prominent, especially at
low valve lift. Accordingly, the discharge coefficient decreased due to the increase in the Reynolds
number. The increase in Reynolds number could be attributed to the lower viscous effect of the jet
at this condition. On the other hand, the flow broke away and made a free jet at high valve lifts.
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This was mainly because of the fluid inertia that stopped the flow from rotating across the valve seat
wall. Figure 6d shows the effect of the valve lift on the non-dimensional rig-tumble. Negative values,
i.e., clockwise directions, were observed at lower valve lifts. These values could be explained by
the abundant air that enters through the right side of the seat. Then, a symmetric flow distribution
was observed at the valve seat area. This distribution occurred at roughly 5 mm without forming
tumble motion. The distribution trend was observed again when the flow was shifted towards exhaust
valves at high valve lifts. The deflection of the flat piston crown intensifies the distribution even more.
A strong tumbling motion formed by the jet flow was noticed inside the cylinder. This motion was of
positive values, that is, counterclockwise direction.
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Figure 6. Integral flow parameters variation versus valve lift. (a) flow coefficient; (b) air flow rate; (c)
discharge coefficient; (d) non-dimensional rig-tumble.

4.2. PIV Measurements in the Tumble Plane

The in-cylinder flow fields at the mid cylinder plane, for different valve lifts, are shown in Figure 7.
The velocity fields are represented by the vectors (arrows), whose lengths are proportional to the
ensemble average velocity, and directions are specified by the orientation of the arrows. Actually,
high tumble motion is usually achieved by using straight ports oriented in such a way that most of
the annular jet exiting the inlet valves is directed towards the exhaust side. It can be noticed from
Figure 7 that at lower valve lifts more air entered into the cylinder from the right side of the intake
valve, forming a jet almost parallel to the cylinder wall. Subsequently, the area under the intake valves
was the area where the maximum velocities were concentrated. In a similar way, a small amount
of air entered into the cylinder from the left side towards the exhaust valves and was deflected by
the cylinder wall towards the right bottom side of the cylinder, forming another jet. The right-side
jet domination might explain the rotation of the paddle wheel during steady-state experiments in a
clockwise direction, with negative lower tumble ratios until 5 mm valve lift. At 5 mm valve lift, it can
be seen that the two jets are identical due to symmetric flow coming from both sides of the intake
valves. Moreover, there was a symmetrical velocity distribution in the middle of the cylinder that
might explain the rotation stoppage of paddle wheel at this valve lift. By increasing the valve lift more,
it can be noticed that the maximum velocity concentration transferred to the left side (exhaust side)
due to more air entering from the left side. The interaction of this dominant jet with the flat piston
formed a counterclockwise vortex with a center near to the lower bottom right side. By increasing the
valve lift more, the vortex became clearer and its center shifted towards the center of the cylinder.
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Figure 7. Ensemble-averaged velocity vectors at different valve lifts.

Figure 8 illustrates the vorticity magnitudes at different valve lifts. Vorticity is the rotational rate
of the fluid. For a three dimensional vector field the vorticity is defined by:

curl V = ∇×V =

(
∂vz

∂y
−

∂vy

∂z

)→
i +

(
∂vx

∂z
− ∂vz

∂x

)→
j +

(
∂vy

∂z
− ∂vzx

∂y

)→
k

where V is the velocity vector and
→
i ,
→
j , and

→
k are the unit vectors in x, y, and z axis.

Blue area represents the clockwise rotation (negative values), while green area represents the
counterclockwise rotation (positive values). Significant differences can be found between lower and
higher valve lifts. At 2 mm valve lift, the strength of vortices was higher in clockwise direction
behind the intake valves (negative tumble motion). At 5 mm valve lift, there was balance in vorticity
magnitude between negative and positive values because of the symmetrical velocity distribution
between both jets coming from both sides of the intake valves. At high valve lifts, significant amount
of the incoming flow was directed towards the exhaust side, which made the air jet coming from
the left side of the intake valve-dominant. This led to the formation of strong tumble vortices in
counterclockwise direction, which dominated the in-cylinder flow.
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Figure 8. Vorticity magnitudes at different valve lifts.

4.3. POD Results

Figure 9 presents the energy fraction captured by the first five POD modes at different valve lifts
in order to determine the contribution of each mode to the original flow field. Only five modes were
calculated, as they mainly contain the dominant flow field structures. As can be seen from the figure
that mode 1 contained about 48.9%, 46.6%, 43.2%, and 40.6% of the turbulent kinetic energy for 1 mm,
5 mm, 9 mm, and 10 mm valve lifts, respectively. This significantly demonstrated that mode 1 was
capable of capturing the most coherent structures. It can also be seen that the contribution of first
mode for valve lift 1 was more than for valve lift 10, indicating that some of the flow energy cascaded
towards higher order modes, which represent small-scale structures.
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Figure 9. Energy fraction captured by first five Proper Orthogonal Decomposition (POD) modes at
different valve lifts.

The first two POD modes and their corresponding time-dependent coefficients for different valve
lifts are shown in Figure 10. As can be seen from the figure, each POD mode contained a particular
physical flow structure, while the magnitude of the time-dependent coefficients for a specific POD
mode illustrated to what extent this mode was dominant for every snapshot. As expected from the
steady-state experiments, the first mode for valve lift 1 mm showed the domination of a right-jet-like
structure behind the intake valves. A flow structure can also be located at the exhaust valve, while the
flow pattern in the second mode identified a large-scale coherent structure. Therefore, the combination
of the two mode structure might explain the rotation of the paddle wheel in the clockwise direction
with a negative, non-dimensional tumble-rig at lower valve lifts. Coefficients for POD modes 1 and 2
oscillated between positive and negative values and, as expected, the amplitude for coefficient mode
1 was greater than mode 2. Spatial modes combined with coefficients highlight the contribution of
the particular mode to the actual flow field. From Figure 8, it was concluded that POD spatial mode
1 and its coefficient correlate directly to the negative tumble motion. For 5 mm valve lift, the first
mode identified the flow pattern in which the velocity vectors were moving from bottom to top of the
cylinder. A large-scale coherent structure was absent in this mode, indicating the absence of tumble
motion. The higher coefficient values of mode 1 indicated a strong contribution from this spatial
mode in the corresponding snapshot. Zero coefficient value in a particular snapshot represented no
contribution. For 9 mm valve lift, the first mode identified a clockwise, rotating, large-scale, coherent
structure near the lower half of the cylinder. This mode 1 flow pattern appeared due to the formation
of a strong positive-tumble motion. The second POD mode also captured a clockwise rotating coherent
structure, but in the upper half of the cylinder. The amplitude of the coefficient of mode 1 was very
high, indicating the positive-tumble motion. It was also noticed that after half the number of snapshots,
the coefficient values for mode 1 started to become negative, whereas the coefficient of the second
mode had a lower amplitude than the first mode, indicating a smaller contribution of spatial mode 2 to
the original flow field. Finally, for 10 mm valve lift, the first POD mode captured a strong, clockwise,
rotating coherent structure in the lower half of the cylinder, indicating the strong positive-tumble
motion. Interestingly, the coefficient values for mode 1 started to increase from negative to positive
after half the number of snapshots. The important flow field feature identified in mode 2 was a region
of low (or zero) velocity vectors extending from the bottom left side to the middle of the cylinder.
It created a point of stagnation where velocity vectors coming from the left side interacted with a streak
coming from the right.
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Figure 10. Mode 1 and mode 2 structures and their corresponding coefficients at different valve lifts.

The reconstruction of the original velocity fields was performed for valve lifts 9 mm and 10 mm
using the first five dominant modes, as shown in Figure 11. The reason for selecting only the first five
modes was the fact that they contained 76.5% and 74.4% of the total energy for valve lift 9 mm and
10 mm, respectively. The reconstructed flow field for valve lift 9 mm successfully identified a dominant
coherent structure at the bottom of the cylinder and a pair of clockwise and counterclockwise rotating
coherent structures in the upper half of the cylinder. All these flow patterns were in full agreement
with the ensemble average field. The reconstruction of the velocity field for valve lift 10 mm also
identified the same flow features, as witnessed in the ensemble average velocity field. It was concluded
that the first five modes were sufficient for the reconstruction of the flow field, which also provided
validation for the POD results.
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5. Conclusions

An experimental study was carried out to characterize the in-cylinder flow of the Gasoline
Direct Injection (GDI) engine under steady-state conditions using Particle Image Velocimetry (PIV).
The experiments were carried out on a four-valve, pent-roof GDI engine head at different valve lifts
and a pressure difference of 150 mmH2O across the intake valves. Proper Orthogonal Decomposition
(POD) was applied on the PIV data in order to extract the coherent structures impeded inside the
in-cylinder flow and hence gain an understanding of the air-fuel mixing. The following conclusions
were drawn from the current study:

• The steady-state experiments illustrated that at low valve lifts, the high velocity vectors were
concentrated behind the intake valves. At about 5 mm, the valve lift of the velocity distribution
was symmetrical, resulting in no tumble motion. At high valve lifts, a significant amount of the
incoming air to the cylinder was directed towards the exhaust side, forming a strong jet from the
left side of the valve seat. The interaction of this air jet with the left cylinder wall and then with
the flat piston led, finally, to a strong tumbling motion within the cylinder, with positive values of
the non-dimensional tumble-rig.

• The PIV ensemble-average velocity distribution showed a good qualitative agreement with the
measured, steady-state-flow integral parameters.
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• POD results showed that mode 1 contained about 48.9%, 46.6%, 43.2%, and 40.6% of the turbulent
kinetic energy for the 1 mm, 5 mm, 9 mm, and 10 mm valve lifts, respectively. It was observed
that, at high valve lifts, some of the energy in the large eddies of mode 1 was transferred to the
smaller flow structures of modes 2 and 3.

• The reconstructed flow field using the first five dominant modes for both valve lifts (9 mm and
10 mm) were in agreement with the ensemble average field.

• The combination between 2-D PIV and POD provided good information about the flow structure
and the relative energy content in the various modes.
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