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Abstract Cycle-to-cycle variations (CCVs) limit the extension of the operating range by
inducing load variations and even misfire and/or knock for direct injection spark ignition
(DISI) engines and hence need to be controlled. One of the effective and flexible ways to
reduce CCV is to employ a charge motion control valve. This study is aimed to analyze the
flow characteristics and CCV using large eddy simulation (LES) and fast Fourier transform
(FFT) in a non-reacting, DISI engine equipped with a tumble flap (i.e., a specific type of
charge motion control valve) inside the intake port. The in-cylinder flow characteristics are
analyzed in detail, and the possible effects of multi-scale structures of the fluid field on
the subsequent ignition and combustion processes are also discussed. Computational results
indicate that closing the tumble flap helps enhance the intensity of the coherent structures
and increase the total integral length scale (ILS) while decreasing the Kolmogorov scale
and stabilizing the flow field by suppressing the CCV of tumble ratio and tumble center.
Furthermore, based on a newly developed FFT triple decomposition, each instantaneous
flow field is decomposed into three subfields, termed ensemble mean part and low- and
high-spatial frequency parts, respectively. It is found that switching the tumble flap position
greatly affects the first two subfields, but it has negligible effect on the last part. With the
closed tumble flap, the energy portion of the mean part increases, the rate of energy decay
reduces, and the CCV of the low- and high-spatial frequency parts decreases.
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1 Introduction

The ideal working condition in internal combustion (IC) engines is that the events of air
motion and combustion are consistent from cycle to cycle. However, cycle-to-cycle varia-
tions (CCVs) (also refer to cyclic variations) are unavoidable in practical IC engines. CCV
needs to be controlled effectively in direct injection spark ignition (DISI) engines at low
load and speed conditions in order to realize stable combustion [1]. The primary cause
of the CCV in IC engines is the variations of the flow field structures, as indicated by
Young [2] and Ozdor et al. [3]. In particular, the unstable coherent structures of the flow
field contain most of the fluctuating energy and may play a dominant role in triggering
the cyclic variations [4]. Therefore, a comprehensive understanding of the in-cylinder flow
characteristics is important to monitor and control the CCV of DISI engines.

As a large-scale organized flow with its rotation plane perpendicular to the cylinder axis,
tumble flow employed in DISI engines is not only to transport the fuel towards the spark
plug for charge stratification at partial loads but also to accelerate the burning rate with small
CCV at full loads [5]. Tumble flow has been studied in the last two decades in spark igni-
tion (SI) engines using methods including hot wire anemometry (HWA) [6], laser Doppler
velocimetry (LDV) [7, 8], particle tracking velocimetry (PTV) [9], particle image velocime-
try (PIV) [10, 11], and computational fluid dynamic (CFD) simulations [12, 13]. Many
aspects of the tumble flow have been studied previously, such as the instantaneous and bulk
velocities, the vorticity and strain rates, the formation and decay of the tumble motion, the
turbulence intensities and integral length scale (ILS), and the potential effect of the tumble
flow on the following spray and combustion.

As an estimation of the size of the largest turbulent eddies containing most of the turbu-
lence kinetic energy, the features of ILS have been investigated in several studies [8, 10, 11,
14, 15]. In many of these works, ILS was indirectly calculated based on Taylor’s hypoth-
esis [7], which is used to relate the time scales to the length scales. However, Taylor’s
hypothesis is only valid in homogeneous and stationary turbulent flows; thus, the estimation
of the in-cylinder ILS based on Taylor’s hypothesis is still questionable. Direct measure-
ments of ILS by integrating the spatial autocorrelation function were performed using the
multi-point LDV and PIV measurements. Li et al. [11, 16] carried out a series of studies
on the estimation of the in-cylinder ILS. The results showed that ILS varied not only over
the flow field but also when different components of the total fluctuating velocity were
employed. In addition, the distribution of ILS corresponding to the four different compo-
nents showed no similar features or regular behaviors, indicating that the turbulent flow was
highly anisotropic. However, Heim and Ghandhi [10] performed a study on the ILS in the
swirl plane at four engine speeds and eight engine configurations and found that the swirl
flow was highly isotropic because the horizontal ILS agreed well with the vertical one.

To realize the designed in-cylinder tumble motion, various kinds of charge motion con-
trol valves have been employed near the intake valves [17, 18] or far away from the intake
ports [19–23]. Fischer et al. [19] investigated the CCV in an optical stratified-charge gaso-
line direct injection (GDI) engine with variable tumble systems using PIV, spark emission
spectroscopy, and high-speed flame visualization. It was found that a suitable inlet flow
condition improved the flow stability during the compression stroke and further decreased
the fluctuation range of air–fuel ratio in the spark plug gap. The center and propagation of
the flame kept nearly unchanged from 1 cycle to another. Vu and Guibert [23] performed
an experimental study to assess the influence of a flap inserted upstream the inlet valve on
the CCV in a two-valve SI engine with a pent roof using proper orthogonal decomposition
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(POD). It was confirmed that the flap insertion depth inside the inlet pipe significantly
affected the in-cylinder cyclic variations. Despite significant advances in experimental tech-
niques in recent years [24], the posteriori analyses are still difficult to be applied to IC
engines [13].

With the development of CFD techniques, large eddy simulation (LES) has been increas-
ingly used for the design of advanced IC engines because it can satisfy the requirements of
computational efficiency and accuracy simultaneously compared with Reynolds-averaged
Navier–Stokes (RANS) and direct numerical simulation (DNS) [25]. Recently, many stud-
ies have been focused on studying the cycle-to-cycle velocity fluctuations and their impact
on the spray and mixing processes in realistic engine configurations based on LES [26–28].
To validate the predictions of LES, a measured velocity field from 25 cycles was employed,
and the results indicated that the multi-cycle LES was capable of capturing the transient
in-cylinder turbulence characteristics, and the predicted CCV of the flow field was consis-
tent with the PIV measurements [29]. Analysis of the comparison between the experimental
measurements and LES predictions of 50-cycle velocity field was carried out by Baumann
et al. [12] in the same engine configuration as in Ref. [29], and it was found that LES can
predict well the mean and root-mean-square (RMS) flow velocities. The LES calculation
with a relatively coarse mesh could capture the most significant fluid dynamics at a length
scale larger than the filter size in the cylinder.

To further understand the CCV of the flow field, the instantaneous in-cylinder velocity
field is often decomposed into three parts, named the mean part, the low-frequency part
referred to as the coherent part, and the high-frequency part equivalent to the incoherent
turbulent part [30]. As a widely used spatial filtering technique, fast Fourier transform (FFT)
has been introduced to separate the coherent and incoherent parts [11, 14, 31, 32]. However,
Joo et al. [31] concluded that it was difficult to determine the cutoff length (or the cutoff
frequency) in the FFT calculation for different experimental conditions. Meanwhile, the
results varied significantly with the selection of the cutoff length. POD was first introduced
by Lumley [33] in 1967 and has been used to identify the coherent structure and evaluate
the CCV of the in-cylinder turbulent flow in recent years [34–37]. Nevertheless, POD still
faced the challenge to choose the POD mode number as indicated by Roudnitzky et al.
[38] because POD was also based on the Fourier decomposition. They thought that it was
challenging to make an objective determination of the separation mode number at different
crank angles in engine simulations.

At present, the characteristics of the large- and small-scale flow structures, the corre-
sponding fluctuations, and ILS in realistic engine geometries equipped with charge motion
control valve have not been well understood, especially the tumble features. Moreover, it
is necessary to find an objective criterion to decompose the velocity field into three sub-
fields and further evaluate the effect of charge motion control valve on the in-cylinder flow
dynamics and cyclic variations associated with each subfield contribution.

In the present work, a LES without spray or combustion was conducted in a realistic
DISI engine configuration with a tumble flap (i.e., a specific type of charge motion control
valve). First, the effect of the tumble flap on the in-cylinder aerodynamics was analyzed
through the velocity fluctuation intensity and the multi-scale structures. For a compre-
hensive evaluation of the influence of the tumble flap on the cyclic variations, a newly
developed two-dimensional (2D) FFT triple decomposition with the spatially averaged ILS
as the cutoff length was further performed based on the LES data to quantify the CCV of
the in-cylinder turbulent flow.
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Fig. 1 Geometric configuration and schematic of the tumble flap

2 Geometric Configuration

This paper focuses on the flow field in a four-valve, four-stroke DISI engine with a pent
roof combustion chamber and a tumble flap. Figure 1a shows the geometric configuration,
which was generally employed in the investigations of transparent combustion chamber
(TCC) engines [34], and Fig. 1b shows the schematic plot of the tumble flap used to control
the in-cylinder tumble intensity. The closed tumble flap makes the in-cylinder air developed
into a stronger tumble flow compared with the open tumble flap. The detailed description
of the advantages of employing the tumble flap can be found in Ref. [39]. The geometric
dimensions of the main components in the configuration are listed in Table 1, and the engine
specifications and valve timings of the test engine are summarized in Table 2. In this study,
zero crank angle degree (◦CA) refers to the top dead center (TDC) at the beginning of the
intake stroke.

The tumble plane shown in Fig. 2 is chosen for data analysis. The location of the grid
points between any two crank angles is different from each other, resulting from the dynamic
mesh, and the interpolation procedure is thus necessary prior to performing data analysis.

3 Computational Setup

The commercial three-dimensional (3D) CFD code, CONVERGE [40], is employed to sim-
ulate the cyclic variations of the engine flow. It is capable of automatically generating the

Table 1 Intake and exhaust geometries

Component Diameter (mm) Length (mm)

Inlet 20.0 82.0

Intake plenum 200.0 400.0

Intake duct 39.0 394.6

Outlet 20.0 82.0

Exhaust plenum 200.0 400.0

Exhaust duct 33.4 382.2
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Table 2 Engine specifications
and valve timings Parameter name Parameter value

Bore 82.5 mm

Stroke 86 mm

Connecting rod length 168 mm

Geometric compression ratio 9.7:1

TDC clearance height 1.4 mm

Intake valve opening 714◦CA

Intake valve maximum lift 127◦CA

Intake valve closing 262◦CA

Exhaust valve opening 432◦CA

Exhaust valve maximum lift 609◦CA

Exhaust valve closing 7◦CA

Engine speed 800 rev min−1

real-time and high-quality orthogonal hexahedral meshes. Meanwhile, the technology of
adaptive mesh refinement (AMR) is employed to automatically refine the grid based on the
flow. AMR can realize the local grid refinement and hence is helpful to improve the grid
resolution with relatively low computational cost. The LES model used in this study is the
one-equation eddy viscosity model [41]. To reduce the computational cost in the near-wall
regions, the Werner and Wengle [42] wall model is introduced. The grid control strategy of
fixed embedding (see Fig. 3) is used to realize the balance between computational efficiency
and accuracy. Goryntsev et al. [43] found that the mesh size about 1 mm in the cylinder was
the minimum requirement to obtain reliable results. Therefore, the size of the base cell in the
two plenums is 8 mm, the size of most of the in-cylinder cells is 1 mm, and the finest meshes
of 0.5 mm are used in valve regions. In the near-wall region of the intake and exhaust ducts
and the intake and exhaust plenums, bound embedding used by Yang et al. [44] and Kuo
et al. [45] is employed here. The total number of cells in the whole computational domain
is about 1,000,000 at bottom dead center (BDC) and approximately 700,000 at TDC.

The working fluid is compressible air, which is solved according to a Redlich–Kwong
equation of state. The temperature of the wall in all regions is fixed at 320 K, and the initial
gas temperature is 318.2 K. As for the pressure settings, the initial pressures in the exhaust
port, the exhaust duct, and the exhaust plenum are set to be 96,300 Pa, while the pressure
in the rest of regions is set to be 101,325 Pa. Moreover, the non-slip boundary condition is
employed for all geometric surfaces except for the intake plenum inlet and exhaust plenum

Fig. 2 Coordinate system and tumble plane schematic
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Fig. 3 Computational mesh for the simulation of the DISI engine

outlet. In order to obtain the boundary conditions for the inlet and the outlet, a detailed one-
dimensional (1D) flow model in GT-Power is employed to obtain the time-varying pressure
and temperature information.

Two cases with the open and closed tumble flaps are modeled, which are referred to
hereafter as low tumble ratio case (LTRC) and high tumble ratio case (HTRC), respectively.
A simulation of 70 consecutive engine cycles is carried out, and the results of the first
10 cycles are discarded in the analysis of the computational results. More details can be
found in Ref. [39].

4 Calculation of Flow Parameters

4.1 Mean velocity and low- and high-frequency fluctuating velocities

Because of the high speed and transient characteristics of the in-cylinder flow, the flow
characteristics with large-scale structures in engines cannot be effectively studied using the
traditional phase-averaging procedure due to the periodically changing boundary conditions
caused by the piston and valve motion. It is generally accepted that the instantaneous veloc-
ity can be decomposed into three components [11, 32, 38, 46], through which the reasons
for CCV can be recognized.

A 2D transient velocity (
−→
U (θ,y,z,i)) at the (y, z) grid node in the ith cycle at crank angle θ

can be decomposed into three distinct parts including an ensemble mean part (
−→
U EA(θ,y,z)),

a low-spatial frequency (large-scale or the coherent) part (−→u LF(θ,y,z,i,λ)), and a high-spatial
frequency (small-scale or incoherent) part (−→u HF(θ,y,z,i,λ)) as

−→
U (θ,y,z,i) = −→

U EA(θ,y,z) + −→
u F(θ,y,z,i) (1)
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with
−→
u F(θ,y,z,i) = −→

u LF(θ,y,z,i,λ) + −→
u HF(θ,y,z,i,λ) (2)

where −→
u LF and −→

u HF are the function of the cutoff length (λ). The ensemble-averaged mean

velocity (
−→
U EA(θ,y,z)) can be computed based on the mean of the instantaneous velocity

values as

−→
U EA(θ,y,z,i) = 1

N

N∑

i=1

−→
U (θ,y,z,i) (3)

where N is the number of engine cycles (60 in this study).
For the triple decomposition of the velocity field, a 2D spatial filtering technique based

on FFT is used to separate the low- and high-frequency velocity fluctuations from the total
flow field. The major drawback of the triple decomposition of the velocity field based on
FFT is the uncertainties in determining the cutoff length (λ). It is worth mentioning that λ

is determined based on the spatially averaged ILS for the first time in this paper according
to the fact that the scale of the turbulent eddies is generally close to the low-frequency part
estimated by ILS.−→

U (θ,y,z,i) is first transformed into the spatial frequency domain using 2D FFT, and then
the 2D spectrum is multiplied by a Fermi–Dirac soft cutoff filter [8] as follows:

1

1 + exp((κyz − κc)/(0.1κc))
(4)

where κyz is the 2D wavenumber expressed as

κyz =
√

κ2
y + κ2

z (5)

where κy and κz correspond respectively to the Y -component and Z-component of the
spectrum field and κc is the cutoff wavenumber defined as

κc = 2π

λ
(6)

The Fourier coefficients gradually reduce from above κc to zero during the filter pro-
cess. Finally, a 2D inverse FFT is performed on the processed Fourier coefficients,
and a low-pass and spatially averaged velocity field is obtained accordingly. The low-
frequency (large-scale) part (−→u LF(θ,y,z,i,λ)) can then be obtained by subtracting the spatially

ensemble-averaged velocity (
−→
U EA(θ,y,z)) from the inverse FFT results, while the high-

frequency (small-scale) fluctuating velocity (−→u HF(θ,y,z,i,λ)) is calculated according to
Eqs. 1 and 2.

4.2 Velocity fluctuation kinetic energy

The ensemble-averaged total velocity fluctuation kinetic energy is derived from the total
velocity fluctuation intensity [11] as

EF,EA(θ,y,z) = 1

2

(
v′2

F,EA(θ,y,z) + w′2
F,EA(θ,y,z)

)
(7)

where v′
F,EA(θ,y,z) and w′

F,EA(θ,y,z) are the total velocity fluctuation intensities in the y- and
z-coordinates, respectively, which are calculated based on the RMS of the total fluctuating
velocity of components. To be specific, the instantaneous Y -component and Z-component
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of the total fluctuating velocity (−→u F(θ,y,z,i)) are vF(θ,y,z,i) and wF(θ,y,z,i), respectively. The
RMS value of vF(θ,y,z,i) represented by v′

F,EA(θ,y,z,i) is defined as

v′
F,EA(θ,y,z) =

√√√√ 1

N

N∑

i=1

v2
F(θ,y,z,i) (8)

and the total RMS value of −→
u F(θ,y,z,i) in both the Y - and Z-components is given by

vw′
F,EA(θ,y,z) =

√
v′2

F(θ,y,z) + w′2
F(θ,y,z) (9)

The spatial average of the ensemble-averaged total fluctuating kinetic energy is described as

EF,EA,SA(θ) = 1

Ng(θ)

∑
(y,z)

EF,EA(θ,y,z) (10)

where Ng(θ) is the total grid points in each velocity field at a specific crank angle.
Once the total fluctuating velocity (vF(θ,y,z,i)) is replaced by the large-scale or small-

scale fluctuating velocity, the large-scale or small-scale velocity fluctuation intensity
(i.e., v′

LF,EA(θ,y,z,λ) or v′
HF,EA(θ,y,z,λ)) can be obtained. In addition, the spatial average of

the ensemble large-scale or small-scale fluctuation kinetic energy (i.e., ELF,EA,SA(θ,λ) or
EHF,EA,SA(θ,λ)) can also be determined accordingly.

4.3 CCV of low- and high-frequency fluctuating velocities

To investigate the evolution of the CCV, the standard deviation of the instantaneous fluctu-
ating velocity, which quantifies the fluctuation of the RMS about the average, is calculated
as follows:

σvLF(θ) =

√√√√√
N∑

i=1

[∣∣vLF(θ,y,z,i,λ)

∣∣ − v′
LF,EA(θ,y,z,i,λ)

]2

N − 1
(11)

σvHF(θ) =

√√√√√
N∑

i=1

[∣∣vHF(θ,y,z,i,λ)

∣∣ − v′
HF,EA(θ,y,z,i,λ)

]2

N − 1
(12)

where σvLF(θ) and σvHF(θ) can be used to quantify the CCV of the large- and small-
scale fluctuating velocity fields along the y-axis at each crank angle [31]. The definitions
and equations for the Z-component fluctuating velocity are the same as those of the Y -
component except that vLF(θ,y,z,i,λ) and vHF(θ,y,z,i,λ) are replaced by wLF(θ,y,z,i,λ) and
wLF(θ,y,z,i,λ), respectively.

4.4 Tumble ratio

The spatially averaged tumble ratio (TR) in the x-direction at θ◦ CA in cycle i is defined as
the ratio of the angular speed of the flow about the mass center (ωx) to the angular speed of
the crankshaft (ωc) as [11]

TRx(θ,i) = ωx

ωc
=

∑
(y,z) �r(θ,y,z,i) × �u(θ,y,z,i)

ωc
∑

(y,z) �r(θ,y,z,i) · �r(θ,y,z,i)

(13)
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where ωx can be obtained by dividing the angular momentum (Lx) by the moment of inertia
(I[x]) as

ωx = Lx

I[x]
(14)

For a discrete system of cells, the angular momentum about the x-axis (Lx) can be
calculated as

Lx =
Ng(θ)∑

n=1

mn ((yn − ycm)wn − (zn − zcm)vn) (15)

where mn is the mass of each cell, yn and zn are the coordinates of each cell, vn and wn are
respectively the velocity components for each cell in the y and z-coordinates, and ycm and
zcm represent the location of the mass center.

The moment of inertia about the x-axis (Ix) for a system of cells can be expressed as

Ix =
Ng(θ)∑

n=1

mn

[
(yn − ycm)2 − (zn − zcm)2

]
(16)

The spatially averaged TR in the y- and z-directions at θ◦ CA in cycle i is defined in the
same way as above.

4.5 Integral length scale and turbulent Reynolds number

The ILS along the y-axis and z-axis can be calculated by the integral of the spatial autocor-
relation coefficient of the total fluctuating velocities in the correlation plane (ζ, η). The ILS
of a 2D velocity field have four 1D components, viz., Lyy , Lzy , Lyz, and Lzz, where the
first subscript stands for the integral velocity component and the second subscript represents
the direction of the integral. The ILS components Lyy and Lzz are taken, for example, to
describe the calculation process of ILS, and the other two ILS components can be obtained
in the same way [11, 47].

Lyy(θ,y,z) =
∫ 
ymax

0
Ry(θ,y,z,ξ,0)dξ (17)

Lzz(θ,y,z) =
∫ 
zmax

0
Rz(θ,y,z,0,η)dη (18)

where the upper limits of the integral (i.e., 
ymax and 
zmax) are the geometric dimension-
ing along the y-axis and z-axis, where the correlation coefficient is zero for the first time. In
addition, the spatial autocorrelation functions of the total fluctuating velocity of components
at point (y, z), Ry(θ,y,z,ξ,0) and Rz(θ,y,z,ξ,0), are given by

Ry(θ,y,z,ξ,0) =
1
N

N∑
i=1

vF(θ,y,z,i) · vF(θ,y+ξ,z,i)

v′
F,EA(θ,y,z) · v′

F,EA(θ,y+ξ,z)

(19)

Rz(θ,y,z,0,η) =
1
N

N∑
i=1

wF(θ,y,z,i) · wF(θ,y,z+η,i)

w′
F,EA(θ,y,z) · w′

F,EA(θ,y,z+η)

(20)
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In addition, the total ILS in the Y - and Z-coordinates denoted as Ly and Lz can be
calculated as follows:

Ly(θ,y,z) =
√

L2
yy(θ,y,z) + L2

zy(θ,y,z) (21)

Lz(θ,y,z) =
√

L2
yz(θ,y,z) + L2

zz(θ,y,z) (22)

The detailed calculation process of ILS is as follows. Because the velocity field is not
a regular rectangular region in the combustion chamber, the location of the first velocity
data point is different at different crank angles. Taking the calculation procedure of the ILS
along the z-axis for example, the first grid point in the negative y-direction located on the
boundary is set to be the starting point for each z location. At this velocity point, the distance
between the two points (ζ ) determines the step size for the autocorrelation calculations, and
the corresponding autocorrelation calculation is performed in 1-mm increments until the last
grid point reaches the same z value. After that, the next starting point for the autocorrelation
calculations is taken to be 1 mm in the positive y-direction from the previous one. The
above procedure is repeated in a similar manner with 1-mm increments and stops when the
starting point is y = 0.0 mm. From now on, the autocorrelation is computed in the negative
y-direction. For the starting points where y >0.0 mm, the autocorrelation is computed in
1-mm decrements along the negative y-direction, where the step size is still 1 mm. The
calculation procedure of ILS along the z-axis is the same as that along the y-axis, and
the autocorrelation is calculated in this way for the following two reasons. Firstly, if the
autocorrelation calculations are not reversed for y >0.0 mm, then the required step size will
compute values outside the range of the grid point. Second, the same interval of steps must
be taken to accurately compare the autocorrelation values in order to analyze various data
points in engine flow [14].

As for the smallest eddy scale, the main role of the Kolmogorov scale (Lk) is to dissi-
pate the small-scale kinetic energy via molecular viscosity. Under the assumption that the
equilibrium range has been resolved in the current grid spacing, it is possible to define a tur-
bulent Reynolds number (Returb) to describe the turbulence characteristics on the basis of
the large-Reynolds-number flow theory [1, 48]. The turbulence Reynolds number connects
the largest and smallest scales via the equation

Returb = (Lk/LILS)−4/3 (23)

where LILS is the average value of the four ILS components. Returb can also be calculated
as follows:

Returb = vw′ · LILS/υ (24)

where vw′ is the total velocity fluctuation intensity and υ is the kinematic viscosity of the
in-cylinder charge.

In a similar way, the mean-flow Reynolds number is calculated according to

Remean = V W · Lclearance/υ (25)

where VW is the mean velocity magnitude and Lclearance is the clearance between the piston
and the pent roof [11].
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5 Results and Analyses

5.1 Validation of LES results

It is necessary to validate the LES results before any further data analysis. At first, qualita-
tive comparison is performed by using the ensemble-averaged 2D velocity field of HTRC
in the tumble plane at two representative crank angles (i.e., 120◦ and 270◦CA) obtained by
PIV and LES. As shown in Fig. 4, the rectangular region of the flow field in the LES pre-
dictions corresponds to the PIV measurements. At 120◦CA (Fig. 4a, b), there is a strong
annular jet near the intake valves. At the same time, a large-scale tumble motion with its
vortex center close to the intake valves has been formed. At 270◦CA (Fig. 4c, d), the tumble
is compressed by the upward moving piston, and the closed intake valves and the friction
dissipation result in the decreased magnitude of the mean velocity. Meanwhile, the tumble
center moves to the left side close to the exhaust valves.

Both the velocity magnitude and the vortex center location agree well by comparing the
LES and PIV results at the same crank angle. However, there are still some differences in
the mean flow structures, especially at 270◦CA (see Fig. 4c, d). In order to quantitatively
compare the LES and PIV results, the relevance index (RI) proposed by Liu and Haworth
[49] is introduced as a metric to quantitatively measure the resemblance between two veloc-
ity fields. The variation range of RI is from −1 to 1. When RI = 1, it means that this two

Fig. 4 Ensemble-averaged 2D velocity vectors of HTRC. a 120◦CA from LES. b 120◦CA from PIV. c
270◦CA from LES. d 270◦CA from PIV
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Table 3 Comparison of the relevant index between the experimental and predicted mean/ fluctuating
velocity fields

Velocity name Crank angle degree (◦CA) 120° 270°

Mean velocity RMS velocity Mean velocity RMS velocity

HTRC 0.9105 0.9254 0.7938 0.8757

LTRC 0.8622 0.8739 0.7633 0.8749

velocity fields are exactly the same as each other, and when RI = −1, it indicates that they
have the same velocity magnitude but with the opposite flow direction. When RI = 0, it
indicates that they are orthogonal, indicating that the two velocity fields are totally differ-
ent. For the detailed definition, refer to Ref. [39]. The results listed in Table 3 show a high
correlation of the mean/RMS velocity fields between LES and PIV.

In order to explore whether the datasets over 60 consecutive cycles are sufficient enough
to get the converged results of the mean and RMS velocities, the variations of RI for
the mean and RMS velocities of LTRC at five typical phases versus different subsets of
cycles are plotted in Fig. 5. In addition, the PIV dataset over 100 consecutive cycles is also

Fig. 5 RI of the mean and RMS velocities for both PIV and LES at different cycle numbers for five different
phases in HTRC. a Mean velocities measured by PIV. b Mean velocities predicted by LES. c RMS velocities
measured by PIV. d RMS velocities predicted by LES
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employed to explore the difference between LES and PIV datasets. As known in the pre-
vious study [34], the more organized the in-cylinder flow, the less is the number of cycles
it needs to get the converged results. As a consequence, it is not necessary to perform the
related convergence analysis for HTRC when that of LTRC is analyzed herein. By compar-
ing Fig. 5a with Fig. 5b, it can be concluded that the predicted mean velocities are more
stable than the mean velocities measured by PIV over different subsets of cycles. At the
same time, the predicted RMS velocities vary less significantly than those of the PIV mea-
surements (see Fig. 5c, d). That implies that the simulation results converge more rapidly
than the PIV results. Meanwhile, the CCVs in LES are slightly weaker than those in PIV.
Furthermore, the mean and RMS velocities vary insignificantly once the subset of cycles
exceeds 40. It suggests that 60 consecutive cycles are ample to get converged results for the
mean and RMS velocities at the five typical phases.

In order to quantify the degree of quality of LES, the viscosity ratio [50] (IQν) is
employed here, and it is defined as

IQv = vt

v + vt
(26)

where vt is the turbulent viscosity and v is the molecular viscosity.
IQν indicates how close the LES is to the DNS limit. To be specific, when IQv = 0, the

current simulation is DNS. As IQν decreases, the mesh resolution is finer, and hence, the
LES simulation can capture more detailed in-cylinder turbulence characteristics. There is
no clear relationship between the value of IQν and the mesh resolution required by LES. As
indicated by di Mare et al. [50], if IQν is below 0.6 to a great extent, most of the energy-
relevant structures in the flow field are resolved.

Figure 6 illustrates the spatial distribution of IQν according to Eq. 26 in the valve section
plane at three different crank angles (i.e., 90◦CA, 180◦CA, and 270◦CA). Both HTRC and
LTRC results are shown, and the color scale is identical for all visualizations of this criterion.
Based on this quality index, it can be argued that generally, the viscosity ratio in HTRC
is higher than that in LTRC. Meanwhile, the mesh resolution is improved to some extent
with the globally decreased velocity magnitude during the period from the intake stroke to
the compression stroke in both cases. This is also confirmed by the 3D in-cylinder spatially
averaged IQν listed in Table 4. In addition, it can be found that the strong tumble motion
with higher velocity magnitude is adverse to the degree of resolution of turbulent kinetic
energy. To be specific, the region in proximity of the intake jets is inadequately resolved to
a larger extent compared to the other regions at 90◦CA. Hence, the more intense the intake
jets, the worse is the grid resolution. Similar results are obtained in the tumble plane.

During compression, the energy-relevant structures in the field are deemed to be mostly
resolved when values for IQν is smaller than 0.6 in the research of di Mare et al. [50]. As
the value of IQν in this paper at 270◦CA is close or even slightly larger than 0.6, we can
draw the conclusion that the grid resolution in our study roughly meets the requirement of
LES to get reliable results.

5.2 Flow field analysis

The complex turbulent flow in the cylinder is the basis of all the physical and chemical phe-
nomena in engines and therefore influences the following spray and combustion. As known,
a large-scale coherent structure plays an important role in the process of turbulence energy
generation and transportation. Therefore, the Q-criterion method [51], which calculates the
second-order invariant of the velocity gradient tensor and defines the positive values of this
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Fig. 6 Comparison of the viscosity ratio in the valve section plane between two cases at three instants. a
HTRC. b LTRC

quantity as vortex regions, is employed here to effectively analyze the evolutions of these
large-scale eddies.

Figure 7 shows the predicted transient in-cylinder flow and the corresponding vortex
visualization in both cases at three different crank angles on the purpose of better interpret-
ing the impact of the tumble flap on the flow field. It can be seen from Fig. 7a that closing
the tumble flap not only forms a single-side intake jet with higher velocity magnitude but

Table 4 Comparison of the in-cylinder spatially averaged viscosity ratio between HTRC and LTRC

Crank angle degree (◦CA) 90◦ 180◦ 270◦

HTRC 0.723 0.671 0.655

LTRC 0.715 0.637 0.630
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Fig. 7 Comparison of the in-cylinder flow field between HTRC (upper plots) and LTRC (bottom plots) at
three different crank angles: a 90◦CA (Q = 1 × 106 s−2), b 180◦CA (Q = 2 × 105 s−2), and c 270◦CA
(Q = 1 × 105 s−2)

also induces stronger coherent structures at the beginning of the intake stroke. Thereafter,
the global kinetic energy is decreased and part of the large-scale eddies are damped out with
the weakened intake jets (see Fig. 7b). What is more, through the observation of the flow
field in the valve section plane and the surface of the piston head, it can be found that the
velocity magnitude close to the boundary wall is higher in HTRC than in LTRC, indicat-
ing that a tumble motion has already been formed at this moment. After the intake valves
are closed, only the upward moving piston provides energy to the in-cylinder air motion.
Hence, the velocity magnitude and the intensity of the coherent structures in HTRC are fur-
ther decreased but still larger than that of LTRC thanks to the surviving tumble towards the
end of the compression phase (see Fig. 7c).

In order to analyze the impacts of the tumble flap on velocity fluctuation intensity, the
contour maps of the fluctuation intensities corresponding to the three components of the
2D velocity field at 180◦CA are plotted in Fig. 8. As seen, the RMS of the Z-component
fluctuating velocity is different from that of the Y -component. This means that the RMS
of the in-cylinder velocity fields strongly depends on the direction. In addition, the RMS
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Fig. 8 Comparison of the fluctuation intensities of the in-cylinder velocity fields between HTRC (upper
plots) and LTRC (bottom plots) at 180◦CA. a Y -component fluctuating velocity. b Z-component fluctuating
velocity. c Total fluctuating velocity

of the Z-component fluctuating velocity dominates the total fluctuation intensities because
of the similarity between the RMS of the total fluctuating velocity and the Z-component
fluctuating velocity.

In regard to the influence of the tumble flap on the velocity fluctuation intensities, it can
be observed from Fig. 8 that the closed tumble flap enhances the overall in-cylinder RMS
and changes the RMS distribution. Compared to LTRC, a stronger tumble flow with higher
RMS in the middle area and near the boundary is formed by HTRC because of the more
intense interaction of the intake jets with the wall and the air in the cylinder. By comparing
Fig. 8a, the RMS of the Y -component fluctuating velocity in HTRC is higher in most area
than that in LTRC due to the shearing effects of the tumble bulk flow and the impingement
of the intake jets on the cylinder wall. In contrast, the high RMS area of the Y -component
fluctuating velocity in LTRC is mainly concentrates in the lower middle part of the cylinder
due to the interaction of the intake jets from both sides of the intake valves. In addition, the
area with higher RMS of the Z-component fluctuating velocity attributes to the crash of the
upward anticlockwise tumble flow with the downward intake jets for HTRC.

In order to evaluate the impact of the tumble flap on the RMS of the Y -component, Z-
component, and total fluctuating velocities during the entire intake and compression strokes,
the comparison of the spatially averaged RMS of the three components of the fluctuating
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Fig. 9 Comparison of the RMS between HTRC (solid lines + solid symbols) and LTRC (dash lines + open
symbols) as a function of the crank angle

velocities between HTRC and LTRC is plotted in Fig. 9. It is observed that all the fluctuat-
ing intensities in the two cases increase sharply at the beginning of the intake process and
then decrease gradually due to the weakened intake jets and energy dissipation. However,
the RMS of the two components in HTRC is higher and more fluctuant than that in LTRC
over the entire working process. On the other hand, closing the tumble flap can aggravate the
discrepancy of the RMS between the Y - and Z-components since 160◦CA. During the late
period of the compression stroke, the upward moving piston depresses the fluctuating inten-
sity in the Z-coordinate for both cases. Nevertheless, the more intensive breakdown of the
tumble motion in HTRC leads to higher fluctuating intensities since 300◦CA, especially in
the Y -coordinate. In addition, the stronger tumble motion induced by the closed tumble flap
increases the fluctuating kinetic energy during the latter period of the compression phase,
while the weaker tumble motion induced by the open tumble flap apparently does not.

Figure 10 illustrates the cyclic variations of the total velocity fluctuation in the Y - and Z-
coordinates in both HTRC and LTRC. It can be found that the CCVs of the two components
for the total velocity fluctuation are different over the whole period. More specifically, the
CCVs of the total velocity fluctuation are larger in HTRC compared to LTRC at the begin-
ning of the intake stroke. Thereafter, the CCV of the total velocity fluctuation in HTRC
keeps smaller since about 150◦CA under the effect of stronger tumbler motion induced by
the closed tumble flap. In other words, the higher tumble is better to reduce CCV. At the end
of compression stroke, the CCVs of the total velocity fluctuation in the Y - and Z-coordinates
in HTRC increase more sharply but are still lower than that in LTRC because of the more
intensive breakdown of the tumble motion. As for the difference of CCV between Y - and
Z-coordinates in both cases, it can be observed that the CCVs of the total velocity fluctu-
ation in the Y -coordinate keep larger compared to the one in the Z-coordinate, indicating
that the moving piston motion has a positive effect on suppressing the cyclic variations.

5.3 Impacts of the tumble flap on integral length scale and small-scale structure

The description of the in-cylinder turbulence characteristics requires more than just the
turbulence fluctuating intensity. A cascade process of eddies generating and dissipating in
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Fig. 10 Relative standard deviations of the total velocity fluctuation for the Y - and Z-component velocity
between HTRC (solid lines + solid symbols) and LTRC (dash lines + open symbols) as a function of the
crank angle

different spatial scales exists in a turbulent flow field. Among these eddies with a wide range
of length scales, the ILS containing most of the turbulence kinetic energy can effectively
identify the size of the largest turbulent eddies. Theoretically, the ILS of low frequency
and high frequency and the total velocity fluctuations can be calculated from Eqs. 17 to
22. Nonetheless, the grid spacing is about 1 mm in the present LES simulation, which can
resolve the turbulence inertial range, but is not small enough to calculate the high-frequency
ILS. On the other hand, the low frequency and total fluctuating velocity are within a similar
magnitude and distribution. Hence, the four different ILS components are computed only
using the corresponding components of the total fluctuating velocity. It should be noted that
the actual ILS of the in-cylinder turbulence is smaller than the ILS calculated using the total
fluctuating velocity due to the cyclic variations [11].

The ILS contour maps of the four different components at 180◦CA are plotted in Fig. 11.
The discontinuity of ILS at y = 0.0 mm shown in Fig. 11a, c is due to the fact that the
autocorrelation calculations are performed in different directions once the location of the
starting point passes through the middle position. Similar situations are for the discontinu-
ity of the horizontal symmetry line of the ILS distribution in the Z-coordinate (see Fig. 8b,
d). It can be observed from Fig. 11 that all the four ILS components distribute rather dif-
ferently and randomly. Besides, the ILS components corresponding to the cross-velocity
components (i.e., Lyz and Lzy) are generally smaller than the other ILS components (i.e.,
Lyy and Lzz). The above features indicate that the in-cylinder flow field is turbulent, inho-
mogeneous, and anisotropic at a high degree [11, 52]. On the other hand, by comparing the
distributions between ILS and RMS shown in Figs. 8 and 11, it can be found that higher
RMS corresponds to larger ILS components, Lyy and Lzz. It can be deduced that the dis-
tribution and magnitude of ILS are affected by velocity fluctuation intensities which can be
changed by controlling the ensemble-averaged flow field. This can be confirmed by com-
paring the ILS contour maps between HTRC and LTRC. Switching the tumble flap which
changes the distributions and increases the magnitude of the bulk flow and RMS can further
alter the distribution and magnitude of the ILS components, Lyy and Lzz, to a larger extent
compared with the other two components (i.e., Lyy and Lzy).
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Fig. 11 Distribution of the four ILS components for HTRC (upper plots) and LTRC (bottom plots) at
180◦CA: a Lyy , b Lyz, c Lzy , and d Lzz

For the purpose of evaluating the impact of the tumble flap on the different ILS compo-
nents, the evolution of the spatially averaged ILS in the tumble plane is plotted in Fig. 12.
It can be seen from Fig. 12a, b that the four ILS components are different from each
other except at the beginning of the intake stroke, indicating that the turbulent flow field is
anisotropic. The ILS components corresponding to the cross-velocity components (i.e., Lyz

and Lzy) are always smaller than the other two ILS components (i.e., Lyy and Lzz) over all
the available phases. On the other hand, each ILS component is significantly affected by
the tumble flap. Closing the tumble flap increases not only Lzz with the maximum value of
16.4 mm during the period from 120◦CA to 270◦CA but also Lyy with the maximum value
of 16.8 mm during the period from 270◦CA to 340◦CA, while the variations of Lyz and Lzy

are roughly consistent.
Aiming to further understand the evolution of the ILS, the orthogonal combination of

the four ILS components according to Eqs. 21 and 22 is illustrated in Fig. 12c, d. It can
be found that in HTRC, the total ILS in Y - and Z-coordinates (L) has a similar pattern
with nearly the same largest length over the whole period and is larger than that with LTRC
during most of the phases from 120◦CA to 280◦CA. When the tumble flap is closed, the
total ILS in the Y -coordinate (Ly) is depressed while the total ILS in the Z-coordinate (Lz)

is strengthened over the phases from 160◦CA to 280◦CA. It is interesting to find that the
total ILS in the Y -coordinate (Ly) increases rapidly for a short time from 280◦CA in HTRC,
owing to the tumble breakup. The abnormal growth of Ly is mainly resulted from the high
fluctuating intensities in the Y -coordinate (see Fig. 9). In the late compression stroke, all
the ILS components decrease gradually due to the high-energy dissipation and the reduced
cylinder volume caused by the upward moving piston.

Since the strong mean and fluctuation flow has a positive effect on the air–fuel mixing
and the fast flame propagation, the influence of the tumble flap on the in-cylinder bulk
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Fig. 12 Spatially averaged ILS during the intake and compression strokes. a Four ILS components of HTRC.
b Four ILS components of LTRC. c The total ILS of HTRC in the Y - and Z-coordinate directions. d The
total ILS of LTRC in the Y - and Z-coordinate directions

flow and small-scale structures is further investigated by calculating the mean and turbulent
Reynolds numbers. All the following parameters of the turbulence flow are calculated at
330◦CA because it is an important moment for the charge-stratified lean-burn combustion.
The kinematic viscosity of the in-cylinder charge (υ) is assumed to be 6 × 106 m2 s−1, and
the clearance between the piston and the pent roof (Lclearance) is set to be 0.0176 m. The
relevant predicted parameters are listed in Table 5, where the turbulent Reynolds number is
calculated according to Eq. 24, the Kolmogorov scale is calculated according to Eq. 23, and
the mean Reynolds number is calculated according to Eq. 25.

It can be found that the strengthened tumble motion induced by the closed tumble flap
increases both the mean and turbulent Reynolds numbers but decreases the Kolmogorov
scale. Thus, it can be expected that closing the tumble flap can promote the following air–
fuel mixing and fast-burning process because of the high mean and fluctuation flow and can

Table 5 Mean and turbulent Reynolds numbers and Kolmogorov scales

Case name Mean velocity Total RMS Mean Reynolds Turbulent Reynolds Kolmogorov

(m s−1) (m s−1) number number scale (m)

HTRC 3.98 2.1 11,600 2300 2.0 × 10−5

LTRC 1.86 1.3 5400 1300 2.7 × 10−5
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decrease the kinetic energy dissipation resulting from the small Kolmogorov scale. Nonethe-
less, as reported by Khalighi [53] and Li et al. [11], the intensity of the in-cylinder tumble
flow should be optimized on the purpose of obtaining good turbulence during the combus-
tion process. An excessively strong tumble motion may cause misfire by blowing out the
initial flame kernel at the beginning of ignition, especially in charge-stratified lean-burn
combustion engines. The predicted mean and turbulent Reynolds numbers and Kolmogorov
scale in HTRC are totally consistent with the results of Li et al. [11].

5.4 CCV of tumble ratio and tumble center

As previously mentioned, the in-cylinder flow with tumble motion is more effective to keep
and further transfer the kinetic energy generated during the induction stroke to turbulence
compared with the one without tumble. At the same time, a stable tumble motion is highly
desirable on the purpose of decreasing the CCV, especially during the compression stroke.
The fluctuation of the tumble motion under different tumble flap positions is evaluated in
this section. The analysis is performed from 230◦CA to 320◦CA, when the tumble ratio is
at a high degree of visual contrast and its fluctuation has a more direct effect on the follow-
ing fuel injection and combustion process. In order to detect the tumble center precisely,
the predictor–corrector scheme [54] is employed. The detailed description of this scheme is
given as follows. The streamlines method (as the predictor method) is used first to find the
area containing the potential vortex centers, and then the pattern-matching algorithm using
the Hamel–Oseen model (as the correction method) is carried out to process the velocity
data in the reduced region. To avoid the interference of the small-scale fluctuation velocities,
a low-pass filtering procedure is used to process the original velocity fields, and the indi-
vidual cycle data is ignored in the following calculation if the corresponding instantaneous
velocity field does not show a tumble vertex center.

The relative deviation of the tumble ratio and tumble center over phases is depicted by
the box and whisker chart (see Fig. 13), which is a convenient way to show the difference
among the numerical data without any assumption of the underlying statistical distribution.
For the velocity field datasets, the full range and the interdecile range are employed to
demonstrate the CCV of the tumble ratio and the tumble center.

As indicated in Fig. 14, the full range and the interdecile range of the tumble ratio in
HTRC are smaller than those in LTRC at the same crank angle. Thus, it can be concluded
that a higher tumble ratio corresponds to lower CCV of the tumble ratio. It can also be

Fig. 13 Values represented in box and whisker chart
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Fig. 14 Relative deviation and the averaged tumble ratio for instantaneous velocity fields of 60 cycles in the
tumble plane versus crank angle

found that the magnitude of the tumble ratio shown in Fig. 14 is close to that in Ref. [39],
indicating that the flow field characteristics in the tumble plane can reflect the whole in-
cylinder flow dynamics approximately. However, there is no direct correlation between the

Fig. 15 Cycle-to-cycle variations of the tumble center in the Y - and Z-coordinates for low-pass-filtered
velocity fields of 60 cycles. a Y -coordinate in HTRC. b Y -coordinate in LTRC. c Z-coordinate in HTRC. d
Z-coordinate in LTRC
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relative deviation of the tumble ratio and the averaged tumble ratio over phases in each
single case through the comparison of the predictions at 240◦CA and 320◦CA in HTRC.

The CCVs of the tumble center for HTRC and LTRC are depicted in Fig. 15. As pre-
sented in Fig. 15a, b, the interdecile range of the Y -coordinate in HTRC is smaller than that
in LTRC at the same phase. The trend of the interdecile range of the Y -coordinate is well
consistent with the tumble ratio variation in HTRC, but not in LTRC. As shown in Fig. 15c,
d, the interdecile range of the Z-coordinate shrinks in both cases as the piston moves up,
and the magnitude in HTRC is smaller than that in LTRC at the same phase. The inter-
decile range of the tumble center is larger in the Y -coordinate than that in the Z-coordinate,
and this feature is consistent with the finding in Ref. [32]. In addition, the upward motion
of the piston has a positive effect on re-centering the tumble motion, thus suppressing the
fluctuation of the tumble center.

5.5 Analysis of flow decomposition

As mentioned in Section 4.1 (see Eqs. 1 and 2), the triple decomposition of the velocity field
can be realized by a 2D spatial low-pass filter by giving a reasonable cutoff length. In this
paper, the cutoff length is determined by the spatially averaged ILS for the first time based
on the fact that the ILS can effectively estimate the size of the turbulent eddies in the flow,
which is generally close to the one of the low-frequency part. In our research, the cutoff
spatial scale is set to be 7.90–12.23 mm for HTRC and 8.21–10.54 mm for LTRC over
the period from 70◦CA to 280◦CA, close to that adopted by Liu et al. [32]. Other research
studies that used a similar spatial scale can be found in references [11, 30, 55].

Figure 16 presents the results of the FFT triple decomposition at 180◦CA in cycle 50.
As well known, the inherent edge effects resulting from the 2D FFT increase the large- and
small-scale fluctuating velocities abnormally and further affect the calculated turbulence

Fig. 16 Comparison of the instantaneous velocity fields and the corresponding subfields of cycle 50 at
180◦CA between HTRC (upper plots) and LTRC (bottom plots). a Instantaneous velocity field. b Ensemble
mean part. c Low-spatial frequency part. d High-spatial frequency
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intensity and the kinetic energy in different subfields. In order to reduce the bias, five rows
and columns of data around the boundary of the non-zero velocity fields are omitted in the
following calculations.

There are obvious differences in the structures of the three subfields between the two
cases. The overall length scale in each subfield exhibits typical characteristic scales, which
are in proportion to their kinetic energy. The ensemble mean part is similar to the tran-
sient velocity field to a larger extent but without fine random vortexes compared with the
other two subfields in both cases (see Fig. 16a, b). It should be noted that this subfield is
strongly affected by the boundary conditions such as the valve arrangement, the geometry
of the combustion chamber and intake ports, and the kinds of charge motion control valve.
The low-spatial frequency part shown in Fig. 16c exhibits several vortexes with small size
and uneven distribution. For the high-spatial frequency part shown in Fig. 16d, the chaotic
distribution with the smallest homogeneous scales and a minor fraction of the fluctuating
energy is observed compared to the other two subfields.

It can also be seen from Fig. 16b that the tumble flap affects the original velocity field
and the first two subfields considerably. Closing the tumble flap not only increases the
velocity magnitude but also helps form a bulk tumble motion with a relatively stable vortex
in the center of the cylinder. Moreover, the kinetic energy in the low-spatial frequency part
increases as the tumble flap is closed. However, the position of the tumble flap has an
insignificant effect on the high-spatial frequency part except that the velocity magnitude is a
larger in HTRC as shown in Fig. 16d. This may attribute to the homogeneous and isotropic
turbulence in the high-spatial frequency subfield.

To further examine the energy cascade process, the absolute and relative energy distribu-
tions of the flow fields of the three parts in the tumble plane are plotted in Fig. 17. All the
absolute and relative energies contained in different subfields are calculated without cover-
ing the data located in the range of five-grid spacing away from the boundary of the non-zero
velocity field. It can be found in Fig. 17a, b that the ensemble part accounts for most of the
total kinetic energy (over 70 %), while the high-spatial frequency part occupies the least
kinetic energy throughout the full engine cycle. The energy in the ensemble part decreases
due to the violent impingement of the intake jets against the piston head and the cylinder
wall during the early intake stroke. The energy percentage of the ensemble part increases,
whereas the one of the low-spatial frequency part decreases during the middle intake stroke.
This may attribute to the fact that the piston moves away from TDC and the intake jets inten-
sify with the increased intake valve lift. During the late intake phase, the energy percentage
of the ensemble part falls down again since the intake jet intensity is weakened with the
decreased valve lift and the in-cylinder flow field is not yet formed in a bulk tumble motion.

Thereafter, the energy percentage taken by the ensemble part increases due to the
strengthened tumble motion by the upward moving piston over the early compression
stroke, although the intake jet has a negligible effect on stabilizing the in-cylinder flow field
when the intake valve lift decreases to zero. Finally, an evident energy cascade process can
be found in both cases during the late compression phase, and the decreasing relative energy
of the ensemble mean part corresponds to the increasing relative energy of the low-spatial
frequency part. This implies that the compression effect of the piston makes the tumble
breakdown and transfers the energy to the following parts by generating coherent structures
and small-scale eddies. In addition, the comparison of Fig. 17a with Fig. 17b indicates that
closing the tumble flap is capable of suppressing the CCV effectively because the higher the
kinetic energy fraction in the ensemble mean subfield, the more organized is the flow field.

It can be seen from Fig. 17c that the total kinetic energy of the three subfields increases
rapidly with high-speed air inducted into the cylinder and then decreases gradually due to
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Fig. 17 Comparison of the energy distribution of the three subfields between HTRC (solid lines + solid
symbols) and LTRC (dash lines + open symbols) versus crank angle. a Relative energy distribution in HTRC.
b Relative energy distribution in LTRC. c Absolute energy distribution

the weakened intake jets and the small-scale energy dissipation via molecular viscosity in
both cases. The kinetic energy of all the three subfields is higher in HTRC than in LTRC
from about 80◦CA to 360◦CA. This means that closing the tumble flap is helpful for the
generation of a more stable tumble motion by maintaining much more intake jet energy until
at TDC compared with the open tumble flap. The intensified tumble breakdown process
subsequently releases more turbulent energy, which is finally transferred to the turbulent
structures at the smallest scale (i.e., the Kolmogorov scale) in the following ignition and
combustion process. As can be expected, a fast-burning combustion with a small CCV will
be produced by closing the tumble flap.

5.6 CCV analysis based on 2D FFT

The turbulence in IC engines is strongly unsteady, compressive, rotational, and anisotropic,
so that the flow structures and energy transport of in-cylinder turbulent flows are differ-
ent from those of conventional turbulent flows. The traditional phase-averaging procedure
is unable to separate the large- and small-scale flow structures and hence is insufficient
for the corresponding CCV analysis. In this section, in-depth investigations on the cyclic
variations of in-cylinder turbulence with different spatial scales are conducted using a 2D
FFT procedure with the purpose of clarifying the spatial distribution of CCV and find out
which part contributes more to the overall CCV. In addition, the influence of the tumble
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flap on multi-scale flow structures can also be interpreted better by the virtue of the above
procedure.

In order to exhibit the CCV distribution of the low- and high-spatial frequency subfields
in the cylinder, the standard deviation of the Y - and Z-component velocity at 180◦CA is
displayed in Fig. 18. As can be observed from Fig. 18a, b (or Fig. 18c, d), the low-frequency
CCVs are generally larger than the high-frequency CCVs in both directions. The distribution
of the cyclic variations for the low-spatial frequency part in the Y -coordinate is different
from that in the Z-coordinate, indicating that the low-spatial frequency part is anisotropic
and inhomogeneous. On the other hand, the RMS distribution shown in Fig. 8 is similar to
that of the low-frequency CCV; thus, it can be concluded that higher fluctuation intensity
results in larger low-frequency CCV. However, higher fluctuation intensity in HTRC leads
to a lower CCV compared with LTRC. Therefore, it is noteworthy that the above conclusion
is only valid in the same flow field.

The high similarity of the CCV distribution between the Y - and Z-component velocities
in the high-spatial frequency part indicates that the high-spatial frequency part is isotropic
and independent of the tumble flap position but not homogeneous. It is also important to
notice that the tumble motion induced by the closed tumble flap not only suppresses the
CCV but also changes the CCV distributions of the subfields. The CCVs of the high-spatial
frequency part are higher in the central area and around the perimeter of the flow field
in HTRC. This indicates that the in-cylinder large-scale structures have been stretched,
squeezed, and sheared by both of the neighboring flow layers and the boundary wall, leading
to small-scale structures with high CCV. Moreover, the area with lower CCV corresponds
to stronger bulk flow motion. As shown in Fig. 17c, the tumble motion has a positive effect
on lowering the dissipation rate of the kinetic energy of the low- and high-frequency parts.

Fig. 18 Comparison of the cycle-to-cycle variations of the low- and high-spatial frequency subfields for the
Y - and Z-component velocity between HTRC (upper plots) and LTRC (bottom plots) at 180◦CA. a Low-
spatial frequency part of the Y -component. b High-spatial frequency part of the Y -component. c Low-spatial
frequency part of the Z-component. d High-spatial frequency part of the Z-component
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It, therefore, can be concluded that the extent to which the kinetic energy dissipates is pro-
portional to the corresponding CCVs which are in inverse proportion to the ordered degree
of the bulk flow effectively.

To quantify the cyclic variations of the low- and high-spatial frequency subfields, the
standard deviation of the spatially averaged fluctuating velocity in the Y - and Z-coordinates
is calculated and shown in Fig. 19. As can be seen in this figure, the CCVs of the low-spatial
frequency part are larger than those of the high-spatial frequency part over the whole phases.
This is consistent with the results of Young [2] and Ozdor et al. [3], in which it was found
that the unstable coherent structures containing most of the fluctuating energy may play a
dominant role in triggering the cyclic variability. For the CCV dispersion between the Y - and
Z-components, it can be found that the CCV of the high-spatial frequency subfield for the
Y - and Z-components is more consistent compared with that of the low-spatial frequency
subfield. This implies that the in-cylinder small-scale flow structures in the high-spatial
frequency subfield are mainly isotropic while the large-scale structures which dominate the
low-spatial frequency subfield are primarily anisotropic.

Furthermore, closing the tumble flap can effectively decrease the CCV of the low-spatial
frequency part to a larger extent from about 120◦CA to 300◦CA compared with the high-
spatial frequency part. It should also be noted that the high-spatial frequency part plays a
negligible role in the CCV of the integral flow fields due to its small energy percentage,
although the CCVs of the high-spatial frequency part are evident. It is also interesting to
find that the stronger tumble flow induced by the closed tumble flap leads to a higher CCV
of the low-spatial frequency part for the Y -component, which may attribute to the higher
RMS of the Y -component fluctuating velocity shown in Fig. 9 when the piston moves close
to TDC.

The above analyses have proved that the 2D FFT procedure is a useful tool to inves-
tigate the effect of the tumble flap on the in-cylinder CCV of each subfield. The results
reveal that CCV is mainly generated by large-scale structures in the low-spatial frequency
subfield, rather than small-scale structures in the high-spatial frequency subfield. When the
tumble flap is closed, a stable tumble motion is formed. It not only suppresses the CCV
but also changes the CCV distributions of the low- and high-spatial frequency subfields.

Fig. 19 Relative standard deviations of the low- and high-spatial frequency subfields for the Y - and Z-
component velocity between HTRC (solid lines + solid symbols) and LTRC (dash lines + open symbols) as
a function of the crank angle
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More specifically, the CCVs of the low-spatial frequency subfield are depressed to a larger
extent but still larger than those of the high-spatial frequency subfield under the effect of the
strong tumble motion induced by the closed tumble flap. Thus, the in-cylinder aerodynamic
dispersions can be adapted and monitored by switching the tumble flap.

6 Conclusions

In this paper, multi-cycle LES is performed to capture the instantaneous in-cylinder tur-
bulent structures in a DISI engine equipped with a specific kind of charge motion control
valve named the tumble flap in the intake port. The characteristics of the velocity fluctua-
tion intensity, multi-scale structures, the CCV of the whole flow field, and the large- and
small-scale CCV under the effect of the tumble flap are analyzed.

The effects of the tumble flap on the overall in-cylinder flow are firstly discussed. The
conclusions are summarized as follows:

1. A single-side intake jet is induced with stronger coherent structures by closing the tum-
ble flap. Besides, the intensified tumble helps maintain the velocity magnitude and the
intensity of the coherent structures at a high level towards the end of the compression
phase.

2. Closing the tumble flap not only increases the magnitude of the integral length scale
(ILS) components in the Z-coordinate during the late intake stroke and the early
compression stroke but also forms strong mean and fluctuation flow with the small
Kolmogorov scale towards the end of the compression phase.

3. The strong tumble flow induced by the closed tumble flap deceases the CCV of the
tumble ratio and the tumble center in the Y - and Z-coordinates and suppresses the
fluctuation of the tumble ratio.

Secondly, a newly developed 2D FFT triple decomposition method with the spatially aver-
aged ILS as the cutoff length is employed on the purpose of better interpreting the influence
of the tumble flap on multi-scale flow structures. The main results can be summarized as
follows:

1. The 2D FFT triple decomposition method is an efficient tool for decomposing an
instantaneous velocity field, and choosing the ILS as the cutoff length scale is
reasonable.

2. The three subfields of the velocity have their particular characteristic scales of the flow
structure while sharing a close relationship with each other. The ensemble mean part
accounts for more than 70 % of the total kinetic energy. Switching the tumble flap
greatly affects the velocity magnitude and the flow structures of the first two subfields
and decreases the rate of energy decay.

Finally, CCV analysis based on the 2D FFT procedure is performed to separate the large-
and small-scale flow structures and further investigate the corresponding CCV, respectively,
to find out which part contributes more to the overall CCV. The following conclusions are
obtained:

1. The high-spatial frequency part is isotropic and independent of the tumble flap posi-
tion but not homogeneous. Instead, the low-spatial frequency part is isotropic and
susceptible to the in-cylinder charge motion.
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2. The higher fluctuation intensity leads to the larger CCV of low frequency. The low-
spatial frequency part demonstrates a higher CCV compared with the high-spatial
frequency part. Closing the tumble flap can effectively suppress the CCV of the low
and high-spatial frequency parts.
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