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Abstract PIV data obtained in a transparent motored
Diesel engine are presented and discussed in this paper.
These data are obtained in severe thermodynamical
conditions in the cylinder during the cycle and in the
bowl at top dead center (TDC). Moreover, they are
obtained at consecutive cycles. We first consider the flow
in the middle of the compression phase. In particular,
instantaneous velocity fields are analyzed and classified
by computing circulation statistics. We show that the
structure of the swirling motion is varying very signifi-
cantly from “vortex type” to “annular type” from one
cycle to another. In-cycle and inter-cycle statistics of
these structure fluctuations are discussed. For example,
we do not find any cycle-to-cycle correlation. The cir-
culation data are then decomposed by using a proper
orthogonal decomposition of the statistical set. The
possibility of low order description of this kind of flow is
considered. Finally, we study the in-bowl flow at the
very end of the compression phase. The quantitative
analysis based on circulation statistics show that we still
detect strong structure fluctuations of the swirling flow
at TDC and that the intensity of these fluctuations have
not decreased after the squish phase.
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1 Introduction

Charge motion within diesel cylinder is known to be of
important interest. Indeed, the air motion critically af-
fects the combustion quality (Heywood 1988; Payri et al.
1996) and pollutant emissions. A specific mean flow,
called “swirl” is induced in the cylinder. The charge
rotates around an axis parallel to the cylinder axis and
evolves under the piston displacement. The idea behind
the swirl induction is to encapsulate some of the
momentum of the inlet valve air jet in a large rotating
coherent motion, which is less dissipative than turbu-
lence and hence will retain energy longer. To quantify
this swirling motion, researchers have proposed many
definitions (Reuss et al. 1989; Crnojevic et al. 1999). The
quantities obtained were most of the time based on the
solid-body rotation hypothesis or on homogeneous
motion within the cylinder.

To comply with severe pollution—reduction
requirements, the large-scale rotating air motion is
introduced into the combustion chamber so that the fuel
spray is correctly mixed during the injection process.
The angular momentum of this induced air motion must
be large enough to ensure good transport properties but
not so large that spray plumes overlap. Indeed, the
combustion process will mainly depend on the spray
characteristics and also on its interaction with the air
motion in the chamber. These features have to be the
same from one cycle to the other. Unfortunately, cyclic
variations occur most of the time in the combustion
chamber (Enotiadis et al. 1990). There exist therefore
differences between consecutive or non-consecutive cy-
cles, which are harmful to the combustion. Thus, even if
it has been argued that the energetic, penetrating fuel
spray and the simultaneous multi-point ignition process
in Diesel engines integrate or average over details of the
in-cylinder flow, engine design must take into consider-
ation the flow large-scale fields’ repeatability, since this
obviously will affect efficiency and emissions. The mixing
process will also be strongly influenced by the turbulence
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features of the flow, i.e. small-scale motions, which are
responsible for species diffusion. The knowledge of the
bulk motion in the cylinder and of the turbulence evo-
lution is thus of great importance for the improvement
of engines.

Even if the importance of in-cylinder flow was rec-
ognized quite early, one had to wait for the development
of optical diagnostic techniques and especially for laser
Doppler velocimetry (LDV) to obtain detailed mea-
surements in combustion chambers (Arcoumanis and
Whitelaw 1987; Arcoumanis et al. 1983, 1987, 1991; Hill
and Zhang 1994; Payri et al. 1996). Local measurements
of one or two components of the velocity fields are most
often obtained in chosen points and provide useful
information about the structure of the flow (Gerber
et al. 1981, 1985) and the state of turbulence. For in-
stance, phenomena such as swirl-squish interaction in a
typical diesel bowl-in piston have been investigated in
the early work of (Arcoumanis et al. 1983).

It is, however, very difficult to understand the
instantaneous spatial structure of the flow from these
data. Visualization tools and optical methods were then
adapted and used to solve complex flows and to allow a
better understanding of the physical process implied.

Particle image velocimetry (PIV) is such a comple-
mentary technique. PIV of in-cylinder flow was pio-
neered by (Reuss et al. 1989). Spatial filtering was used
in these early works to distinguish between large-scale
and small-scale features. PIV provides a clearer
description of the structure of the flow field in trans-
parent research engines. It is becoming now an efficient
investigation tool in the industry (Baby 2000). Most of
the time, PIV has been applied on gasoline engine. Due
to thermodynamical and geometrical constraints, it was
difficult to apply such techniques to Diesel engines which
have a high compression ratio. Many efforts have been
made to overcome those issues and we present in this
work PIV results obtained from one transparent Diesel
engine.

It is now well established that the assumption of a
solid body swirling flow in an engine with a piston is an
oversimplification. For example, the recent observations
(Towers et al. 2004) showed that the swirling flow in a
model GDI engine is far from having a solid rotation
velocity distribution. Moreover, spatial inhomogeneities
have also been observed in a Diesel engine with bowl-in
piston by Deslandes et al. (2004). Thus, the large
amount of information gained during those last decades
in in-cylinder aerodynamics through LDV are being
under reconsideration since the need for new structure
quantification tools is becoming a crucial preoccupation.

The research engine from which we got the results
presented here has been built by RENAULT s.a.s. in
order to improve the understanding of the flow structure
and the cyclic variations of the swirling flow. Our
objectives here are two-fold:

1. To focus our analysis on the middle of the com-
pression phase, at =270 CAD (crank angle degree)

by using the PIV data in order to illustrate the
structure of the flow. We will particularly emphasize
the repeatability and structure of the swirling flow by
computing circulation statistics.

2. To take advantage of the present set up to obtain
reliable data in the bowl even at TDC (top-dead
center), and at consecutive cycles. These data at TDC
will be analyzed in order to see if the intensive
transfer of mass (squish) occurring at the very end of
the compression has an effect on the repeatability and
structure of the swirling flow. This provides a better
understanding of the in-cylinder flow prior to fuel
injection.

The fluctuations that occur during air induction and
compression strokes are responsible for a high vari-
ability of the flow patterns. Reynolds Averaged Navier—
Stokes (RANS) decomposition used in most of the
industrial computational fluid dynamics (CFD) codes is
unable to detect those kinds of large scale variability.
This default is definitely linked with the phase averaging
procedure associated with the Reynolds statistical ap-
proach. To overcome this limitation, other kinds of
decompositions can be used (see e.g. Bonnet et al. 2002).
The main objective is then to propose an alternative way
to Reynolds statistical decomposition and to extract
from the velocity field some coherent features which may
provide a description of the large-scale motions vari-
ability of the swirling flow. By this way, cyclic variability
might be formally identified and control strategies might
be proposed.

In the context of analyzing the statistical properties
of the swirl, proper orthogonal decomposition (POD) is
thus applied to our dataset. The POD was proposed in
(Lumley 1967) to extract coherent structures from
turbulent flows. This method is unbiased since the
decomposition functions are not of pre-determined
form, but constructed through an optimization process.
It is optimal as far as the kinetic energy contained in
the successive modes is concerned. This statistical tool
is now widely applied for analyzing experimental data
obtained with PIV or rakes of hot wires. It can also be
useful for extracting relevant information from the
large amount of data obtained with direct numerical
simulation (DNS) or large eddy simulation (LES).
When most kinetic energy in the flow domain analyzed
by the POD is embedded in a large-scale rotating
structure, a common result is that low-order modes are
associated with temporal and cyclic variation of the
structure. In a well-defined rotating flow, (Graftieaux
et al. 2001) has shown that three modes are sufficient to
characterize the vortex wandering. Although there is no
really clear separation in the POD energy spectrum in
Diesel applications, extensive tests have shown that
POD could be a practical way to extract large-scale
cycle-to-cycle fluctuations from the data sets. This will
be applied to statistics of the velocity circulation and
introduced as a way to quantify structure variability in
the present flow.



2 Experimental setup and measurements
2.1 Experimental configuration

A model optical Diesel engine with a common four-
valve cylinder head, and with two directional intake
pipes, was used in this study. The whole description of
the test bench is beyond the scope of the paper. Engine
features have been summarized in Table 1.

Experimental set-up is a motored four-valve single-
cylinder engine with plate roof combustion chamber
which allows different compression ratio (from 12 to 21).
The engine rotation speed has been fixed at 1,200 rpm
during all the experiments. Except for the piston shape,
which is cylindrical, the single-cylinder engine has got
the same features as a real engine. The quartz cylinder is
completely transparent. PIV measurements through
transparent piston with a real shape are critical since
optical distortions are very strong and cannot be easily
corrected. This is why we used a simplified piston shape.
Since diesel thermodynamic conditions are higher than
spark ignition engine, developing new technologies
concerning piston management appeared as a necessity.
Piston rings with no lubrication permit to keep a correct
pressure inside cylinder without scratching glasses. Ring
material must be heatproof since the in-cylinder tem-
perature is up to 500°C. Its low coefficient of thermal
expansion avoids engine jamming and ensures a low
blow-by. Instead of a mechanical fixation for the
transparent piston, a technology using glue developed
specially by Renault s.a.s. was used. This sticking-based
technology allows a large visualization area in the cyl-
inder and it also allows visualization in bowl from all
sides. For the horizontal measurement planes, which are
perpendicular to the cylinder axis, images are recorded
via a mirror placed under the piston.

Five horizontal measurement planes have been cho-
sen at 0=270 CAD. These planes fit the bulk of an entire
quartz cylinder diameter, as presented in Fig. 1. At the
end of compression phase, at 0 =360 CAD, three planes
have been used to quantify the aerodynamical fields
within the bowl-in piston (Fig. 2).

For the vertical measurement planes (parallel to the
cylinder axis), difficulties raised in obtaining measure-
ments when the light sheet is not in the symmetry plane.
Indeed, laser illumination then results in very strong
reflections. However, considerable efforts have been
undertaken to overcome this difficulty, all the more so as

Table 1 Engine dimensions and characteristics

Bore b 80 mm Bowl depth 15 mm
Stroke S 93 mm Squish height 0.7 mm
Engine speed 1,200 rpm Maximum 550°C
temperature
at TDC
Bowl diameter d,, 38 mm Maximum 40 bars
pressure at TDC
Cylinder head 4-valve Compression ratio 20
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Fig. 2 Horizontal measurement planes for =360 CAD. The
distance between the roof and the piston crown is about 0.7 mm

Fig. 3 Vertical measurement planes. 4 Inlet valves. E Exhaust
valves. Measurements were performed for both §=270 CAD and
0=360 CAD

the knowledge of the flow patterns in those planes is
essential. Six vertical measurement planes are available

(Fig. 3).
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2.2 Visualization system

The PIV system consists in a double pulsed Nd: Yag
laser, which light sheet was adjusted to 1 mm. The laser
frequency is 10 Hz. Acquisition was carried out by a
1008x1018 pixels-size CCD camera. As all the CCD was
being imaged, the PIV image fields are about
100x100 mm? for both horizontal and vertical mea-
surement planes.

For all the measurements, the velocity vectors com-
putation conditions were fixed. Adaptive inter-correla-
tion (DANTEC Correlator ®) has been processed on
32x32 pixels-size final interrogation spots, with 50%
overlap, which gives a 62x62 vectors grid. True size
(without overlap) of the interrogation windows is A
~2.5 mm. Particle images treatment consists in using
subpixel cell shifting and deformation, allowing bias and
random error reduction (Lecordier 1997). A widely ac-
cepted estimation of the absolute displacement error
using these algorithms is 0.05 pixels.

Different thresholds including signal-to-noise ratio
(minimal value of 1.21) and velocity vector magnitude
were used as post-processing steps. Residual spurious
vectors have been detected using a comparison with the
local median of a 7x7 neighborhood for each grid points
(Westerweel 1993). The number of spurious vectors was
always low (less than 1% of the whole vectors field). No
further filtering has been applied to the velocity fields in
order to keep the whole measurement information.

Optical deformations are linked to optical access. The
horizontal measurement planes are recorded through a
cylindrical piston, which is a simplified shape compared
to those commonly used in real engine piston configu-
ration. Spherical aberration, field aberration and dis-
tortion have been estimated to give the particle position
error. The effects of these optical aberrations were weak
compared to the particle size. They were consequently
not corrected, since they do not significantly affect the
results. The cylinder shape also entails optical defor-
mations in the vertical measurement planes. Since the
PIV velocity fields discussed in this work are mainly
obtained in horizontal planes and because we are
interested in the bulk flow, the vertical velocity fields
presented in Fig. Sa—d are not corrected for image dis-
tortion due to the cylinder shape.

Synchronization with engine angular information
and operation frequencies allowed having one mea-
surement, i.e. one instantaneous velocity field, at every
engine cycle. This is particularly useful to point out
cyclic variations of the flow.

In the following, vectors will be denoted in bold. The
reference frame was set so as z is the ascendant axis and
x is the axis between the two intake ports (Fig. 3). In the
vertical PIV fields, the origin is chosen in the middle of
the cylinder head. In the horizontal fields, it was chosen
in the middle of the cylinder and corresponds to (x,
y) = (0, 0). U, V and W are the velocity component
along, respectively, x, y and z axis. The sets analyzed are
composed of 300 double-pictures at a given phase (270

CAD or 360 CAD) during the compression stroke. The
symbol { ) indicates phase averaging operator. Unless
specified, the components of the instantaneous fluctu-
ating velocity field are denoted, respectively, by (u, v, w).
POD modes will be computed in the frame of the
method of snapshots introduced in (Sirovich 1987)—see
also (Berkooz et al.1993) for more details. We appreci-
ate that M = 300 fields per phase is a rather small
number to perform a quantitative POD analysis. Nev-
ertheless, we maintain that the results illustrate very
clearly the properties of the swirling motion.

2.3 Seeding constraints

Applying PIV in a Diesel engine also entails strong
constraints on seeding material. Solid particles were
used to avoid burning the flow tracers. However, finding
a solid material that could be introduced in the cylinder
without damaging the quartz window and the piston
rings was time consuming. The time response of the flow
tracers used here in air at standard conditions (Atmo-
spheric pressure, temperature equal to 20°C) is 1, =p ,
dy*/181,=3.5x 10" “s. p  is the density of the beads, d,
their diameter. u , is the air viscosity. Note that u , is
increasing during the compression stroke (the viscosity
of the air globally evolves like the square root of the
temperature inside the chamber, according to Suther-
land’s law). Consequently, the time response of the
particles is decreasing between the bottom and the top
dead center as indicated in Table 2. Four time scales
have been compared to 7, in order to evaluate the
seeding quality for this engine flow:

. .= S/I_/p is the engine time scale. S is the piston
stroke and J}, is the mean speed of the piston. .
characterizes the rate of the flow variation imposed
by the time varying boundary conditions. 1 is indi-
cated in Table 2. We see that 7, < 7.. Seeding par-
ticles are therefore able to follow these changes.

2. 15=1 /w gis the mean swirl turn-over time scale. @ g
is an equivalent rotation rate computed classically as
w s=Ng .o where Ny is the swirl number and  the
rotation rate of the engine. At TDC, w g increases
and can be estimated by assuming that the mean
angular momentum of the flow is a constant. We see

Table 2 Particles and flow time scales according to the CAD

0=180 CAD 0=270 CAD 0=360 CAD
7,(s) 3.5x107* 3.5x1074 1.5x1074
P 2 2 2
7.(8) 2.5x10~ 2.5x10~ 2.5x10~
75(s ) 4.0x1073 4.0x1073 1.0x1073
(s ) 3.6x1073 3.6x1073 1.3x1073
7A(8) 1.2x1073 1.9x1073

7, time response of the flow tracers; 7. engine time scale;tgmean
swirl turn-over time scale; 7, turbulent turn-over time scale;t turn-
over time scale of small eddies of the size A of the PIV interrogation
window
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in Table 2 that the particles are able to follow accu-
rately the large scale swirling motion.

3. t,= L/u’ is the turbulent turn-over time scale. L is the
size of the energy containing eddies and «” is an order
of magnitude of the rms velocity associated to these
eddies. We are interested here in the global properties
of the turbulent flow in the combustion chamber.
Following Lumley (1999), we have therefore chosen
the following estimates: (0,L,u’) = (180°,5/6,V,);
(270°,b/6,V,/2); (360°, p/6, V;,/2).b is the cylinder
bore, p is the depth of the bowl and V} is the mean
piston speed. 7, is indicated in Table 2 at these three
phases. A Stokes number S,=1,/7, can be computed
and is of the order of 1/10. The particles are able to
follow the large scale fluctuations of the turbulent
velocity field.

4. 1a=1, (A/L )*? is the turn-over time scale of small
eddies of the size A of the PIV interrogation window.
A = 2.5 mm is obviously the smallest turbulent scale
that can be detected by the PIV measurements. In
Table 2, 75 was estimated at 0 =180, 270 CAD only
because this estimation is valid if the eddies of size A
belong to the inertial scales (Tennekes and Lumley
1972). The Stokes number S5 =1,/74 is of the order
of S;a = 0.3. Moreover, (A/L) =~ 1/5 at 6=180, 270
CAD and (A/L) =~ 2/5 at 6=360 CAD. This means
that the spatial filtering induced by PIV and the
temporal filtering due to the particles prevent an
accurate resolution of the turbulence spectrum in
these measurements. For example, for (A/L) ~ 1/5,
and if scale A belong to the inertial subrange, the
ratio between the kinetic energy carried by large
scales and by scales A is > (A)/u*(L) ~ [A/L 1~
34%. This is not a real problem for this study because
we will focus on the large scale variability of the flow
by introducing integral properties.

3 Analysis of the middle compression phase
3.1 Phase-averaged velocity fields

The ensemble-averaged velocity fields for each plane are
presented in Fig. 4a—e. For clarity reasons, only one out
of two velocity vectors are plotted. The highest magni-
tude observed in the chamber is U,, ~ 12 m/s, which is
quite a high level in this small domain. The flow is
effectively a “swirl” and it exhibits a zero-velocity point,
which is not located at the geometrical center of the
cylinder (x, y)=(0, 0). Moreover, the location of the
zero-velocity point is different from one plane to an-
other, revealing deformations and inhomogeneities in
the mean velocity distribution. One might be tempted to
consider the zero-mean velocity point as the center of a
coherent vortex. However, we will show in the following
that the structure of the instantaneous flow is more
complex and cannot be reduced to a single large scale
vortex. The main direction of the flow is given to be

azimuthal, as expected by the engine inlet ports archi-
tecture. Nevertheless, the non-axisymmetrical aspect of
the mean air motion is clear. This implies a non-rigid-
body like rotation while the rigid-body hypothesis is
often taken to calculate air rotation as a solid disk
rotation (total angular momentum divided by inertia).
Moreover, this swirling motion quantification is com-
puted relative to the center of the chamber, which is
shifted from the zero-mean velocity point.

The phase averaged velocity fields in the vertical
symmetry plane “2” and in the lateral plane 5 located
under the valves (see Fig. 3) are presented in Fig. 5a, b.
Data in other lateral planes are available but not pre-
sented here for brevity. For a deterministic pure solid
body rotation strictly centered on the axis of the cylinder
and compressed by the motion of the piston, we would
measure a pure vertical velocity in the symmetry plane.
The charge rotation would be detected in the lateral
plane but it is easy to check out that the angle
o = Arctg(W/U) in such plane should be a function of z
only, decreasing when one moves toward the roof of the
chamber. Such simple velocity fields are clearly not ob-
served in Fig. 5a, b. The structure of the flow is more
complex. In particular, we detect quite large mean ver-
tical velocities (of the order of 6 m/s, i.e. half of the
maximum mean azimuthal velocity) in the central region
of the chamber (Fig. 5a). This corresponds to the core
region of the swirling flow that will be considered in the
following.

At =270 CAD, the volume of the bowl is only 6%
of the in-cylinder volume. Making the assumption of a
pure vertical flow driven by the motion of a flat piston,
we easily obtain the mean vertical velocity component
(W) as:

(W) = (W) + (M) (1)

(Wy) is the mean solenoidal velocity component and
(W) is the mean velocity component induced by the
dilatation rate (Batchelor 1967). Neglecting the influence
of the bowl, the vertical velocity component {(W,) can
then be expressed as:

(M) = (W) — =z, (2)

where V7, in the instantaneous piston speed and z, the
position of the piston crown. The spatial average of (W)
computed by using the five vertical measurement planes
is (W) ~ 1,3m/s. Wy is much smaller than U, and this
is the reason why we will focus on horizontal planes in
the following. However, considering (a) the large scale
variability of the swirling motion discussed next, (b) the
fact that high vertical velocities can “burst” in the core
of the swirling motion, we see clearly that stereo-PIV
data obtained in the vertical symmetry plane would be
of great interest. This is the subject of ongoing devel-
opments. The mean solenoidal velocity field (W) is
drawn in Fig. 5c, d. The bowl is of course not under
consideration in Fig. 5c. We detect a weak tumbling



component in Fig. 5d. The solenoidal field is less
homogeneous in plane 2—see Fig. S5c. However, the
main message is again that the structure of the flow is
complex and that the phase averaged data contain only
one part of the structural information.

3.2 Quantification of structure fluctuations

It is particularly important to understand the cycle-to-
cycle variation of an engine flow. Indeed, the quality of
combustion in one given cycle is under the control of the
mixing preparation in that given cycle. PIV is a very
efficient tool to study cycle-to-cycle variations of the
flow structure. Having performed the classical compu-
tation of RANS phase averages and before using more
sophisticated statistical tools as POD, we therefore
decided to carefully consider instantaneous velocity
fields.
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As an example, the horizontal mean velocity field for
0=270 CAD and z=-15mm (Fig. 4c) is compared
with three instantaneous velocity fields in Fig. 6a—. A
material circular curve y centered on the mean zero
velocity point is also shown in these figures. The radius
(R) of y was varied from R=5 mm to R=20 mm. The
circulation (I') of the velocity field along the contour y
was then computed for all realizations of the velocity
field. I' is defined by:

u.d (3)

In the following I' () means the computation of I’
along the circle of radius R=f mm. I' is an integral
quantity. I" is equal to the integral of the vertical com-
ponent of the vorticity over the disk of radius R. Sta-
tistics of I will be used in the following.
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Note that the Fig. 6a—c were not chosen randomly. In
fact, they correspond to some instantaneous velocity
fields having a value of I' (10) equal to I" (10) = (I" (10)
> + A or (10) fromA= +2 (Flg 63.) toA=-2 (Flg 6C)
(I’ (10)) is the phase averaged value of I' (10) and & (0,

is its standard deviation: o) = ,/<F’ (R)2> with I

(R)=T (R) — ({I' (R)). Therefore, Fig. 6a corresponds to
an instantaneous velocity field having one of the high-
est values of I' (10) among the statistical set. On the
contrary, Fig. 6¢ corresponds to a flow realization
having one of the lowest values of I' (10) in this set.
Figure 6 therefore shows that the structure of the
swirling flow is varying very significantly from one cycle
to the other. A strong vortical motion is detected in the
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central region of Fig. 6a while a central low velocity
kernel surrounded by a rotating annular region is de-
tected in Fig. 6c.

Profiles of the U component of velocity along a y axis
passing through the mean zero velocity point are drawn
in Fig. 7a, b. The Fig. 7a corresponds to I' (10)=(I"
(10))+2 ar 10y (Fig. 6a) while the Fig. 7b is related to I’
(10)=(I" (10) )— 2 o (10) (Fig. 6¢). On both Fig. 7a, b,
the mean velocity profile has been superimposed (dotted
line). We see very clearly that the flow has switched
from a “vortex type”—Fig. 7a—to an “‘annular type”—
Fig. 7b—velocity field. The straight lines drawn in
Fig. 7a, b are here to emphasize this change. Note that,
for small values of R, it is possible to find negative values
of the circulation I

r(o)=(r(@o))

Fig. 6 Instantaneous horizontal velocity fields having a value of I' (10) equal to I" (10) = (I' (10) ) + Aor (10) for =270 CAD, at

z=—15mm.aA=+2,b A=0,c A=-2
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Fig. 7 Longitudinal velocity profile following y axis through the
mean zero velocity point, for §=270 CAD at z=—15mm. a
(diamond) I" (10)=(I" (10) )+ 20 (10), (...) mean velocity profile; b
(diamond) I" (10)=(I" (10))— 201 (10), (...) mean velocity profile

These observations have very strong implications for
the modeling of engine flows. First of all, phase averaged
RANS models implicitly assume a large separation of
scales between a mean flow and turbulent structures
carried by this mean flow. They cannot deal with such
structure variations. RANS/k-epsilon models will gen-
erally under-predict the measured turbulence intensity
because they do not include large-scale cycle-to-cycle
flow variations that are included in «” when it is evalu-
ated as the rms fluctuation about the many-cycle phase
or ensemble average. Therefore, URANS (“Unsteady
RANS”) or LES strategies should be proposed, even if
their cost is much higher. Second, even if the instanta-
neous large scale structure of the flow was correctly
predicted, it is very important to observe that velocity
fields of “annular type” imply a very strong stabilizing
effect on the turbulent field carried by the large scale
flow (Bradshaw 1969). We know, for example, that eddy
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viscosity models are unable to mimic such stabilizing
effects. Their application would then result in an over-
prediction of the turbulence intensity (Lumley 1999) and
of its diffusive properties. Modeling issues must be
considered very carefully in order to predict the good
energy transfer between resolved and modeled scales of
the flow.

The forcing of the swirling flow in the cylinder results
from the interaction of the intake jets with the walls of
the combustion chamber and from the mutual interac-
tion of these jets. This should result in large scale
unsteadiness during the intake phase not studied in de-
tail during this work. The question is, however: Is tur-
bulent diffusion intense enough to diffuse large scale
non-uniformity of the momentum flux that could be
induced during the intake stroke? An order of magni-
tude estimation can be obtained by following Lumley
(1999). Note that stabilizing rotation effects are not ta-
ken into account in what follows. Let «’ be the rms of the
velocity and let’s suppose that v’ ~ J}, is a good esti-
mation between =180 CAD and 0=270 CAD. The
integral length scale is estimated as / ~ b/6 (Lumley
1999). The characteristic length affected by the turbulent
diffusion of momentum is then given by é = /v, where
t is the time taken by the piston to move half way:
t~S/(2V,), where S ~ b is the piston stroke. v , is the
turbulent diffusivity: v , ~ u’ [. We then obtain
/b= 1//12 ~ 0.3. The time available for the turbulent
transport of momentum is therefore not large enough to
enable a perfect smoothing of the swirling motion.
Therefore, we feel that cycle-to-cycle differences, linked
to structure instabilities, are expected.

Statistical information concerning the distribution of
I' are synthesized in Fig. 8a—d. The radius R of the circle
y is varied from 5 to 20 mm for all the measurement
planes. Greater values of R can take account of points
which are located outside the velocity fields and smaller
values prevent from having a reasonable number of
vectors for the calculation. The Fig. 8a, b shows that the
mean value (I" ) is increasing with R. The shape of the
curves indicate a square dependence on R and the log—log
plot (Fig. 8b) confirm that the exponent is very close to
n=2. A solid body rotation would of course result in
such an evolution while a point vortex or a Lamb-Oseen
vortex of core radius much smaller than R would lead to
a constant value of {I" ). We note here that the maximum
values of “n” are found at z=-7.5mm and
z=-2.5 mm. The strength of the annular region is thus
greater in the upper region close to the cylinder head. The
radial evolutions of the standard deviation ¢ - and of the
fluctuation intensity Ir=o¢ /{I" ) are drawn in Fig. 8c, d.
Except for the lowest measurement plane close to the
bowl (z = —45 mm), the radius evolution of ¢  is first
linear and then levels off for R > 15 mm. I is very strong
for R < 10 mm. This means that zero—or even nega-
tive—values of I" occur with a non-negligible probability.
Such contours are therefore very good indicators of the
structure fluctuations of the swirling flow. I' being an
integral quality, the decrease of /I for larger radius is
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expected. I =~ 0.1 at R = 20 mm is, however, a high

value

indicative of large cycle-to-cycle variations.

Moreover, two normalized probability density functions
are presented in Fig. 9 for R=10 mm and R=20 mm.
We see that the normalized Gaussian distribution could
be a good approximation for these pdf. I' being a good

Probability density function

R=10mm

0.5

0.4

0.3

0.2

0.1

0 2 4

Normalized Circulation

global indicator of the structure fluctuations in this
swirling flow, it is interesting to note that such Gaussian
distribution was observed to fit the pdf for all the mea-
surement planes. We therefore do not observe a bimodal
distribution from “annular like” to “vortex like” struc-
ture but rather a continuous random distribution.

b R =20 mm

< o N o
o N ~ n

Probability density function

o
=

Y 2 0 2 4

Normalized Circulation

Fig. 9 Probability density function of normalized circulations for §=270 CAD, at z=—15 mm, for two radius from the mean zero
velocity point: a pdf for R=10 mm, b pdf for R = 20 mm. A normalized Gaussian distribution (/ine) is superposed to the data
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At a given engine cycle, one may wonder if the value
of the circulation at large R is correlated or not to the
value of I" at moderate value of R. Namely, we ask if the
structure of the core flow, characterized say by I" (10), is
indicative of the global amount of circulation in the gi-
ven plane at that phase. The normalized correlation
coeflicient 110120 = <F;(10) . r;(20)>/6r(10).6r(20> was
computed in the plane z=—15mm. I';/ (f)=I ; () —
(I (p)) is the fluctuating value of I' in the cycle number
i. We find Ij020 =~ 0.45. With only 300 independent
velocity fields to estimate this correlation, the statistical
uncertainty associated with this estimation is
011020 =~ 0.046 (Benedict and Gould 1996). We therefore
show that, in a given cycle, we detect a correlation be-
tween values of I' at moderate and large R in this engine.

Finally, it is important to remember that we have one
realization of the PIV velocity field per consecutive en-
gine cycle. Therefore, it is easy to check if I" values are
correlated or not. The Fig. 10a, b show the intercorre-
lation  Iy(R) = (TJ(R).T,y(R))/oryr) - Oryy(m)- N
therefore represents a systematic cycle shift. Owing to
the number of velocity fields used to compute these
evolutions, it is clear that instantaneous cycle-to-cycle
values of I' at either moderate or large radius and at
different cycles are uncorrelated. Of course, this does not
prove that I' ; (R) and I';; 5 (R) are strictly independent
quantities. However, it seems to us a strong indication of
the random nature of the structure variation of the
swirling flow in the chamber of the Diesel engine.

3.3 Use of proper orthogonal decomposition

POD modes will be computed in the frame of the
method of snapshots introduced by (Sirovich 1987). We
appreciate that 300 fields per phase is a rather moderate
number to perform a quantitative POD analysis. How-
ever, we maintain that the results, even qualitative, can
be used for the study of this swirling flow.

The two-point correlation tensor at phase 0 is
approximated by:

R(x,X) = (Un(x)Up(x)) = £ % Up(x)Un(x).
U,(x,y) is the individual event, here the instantaneous
velocity field. M is the number of independent events in
the PIV datasets. Vector multiplication denotes a Dya-
dic product. The fields are all real, and the matrices
symmetric, so that the eigenvectors and eigenvalues are
real.

M eigenfunctions ®%(x,y) and positive eigen-
values 2® (k=1,.., M) are obtained with:
@0 (x,y) = M WU, (x,y). The constants ¢ are ei-
genvectors of the matrix C=[(U,, Uy)/M] and 2 cor-
responds to the associated eigenvalues. Here, (U,, U,)
denotes the inner product (U,, Up) = Js Un (x,0) U, (x,)
dxdy.

Having solved the POD problem, each instantaneous
flow field component can be projected onto the POD
basis to obtain:

M

Un(x,y) = > alo®(x, y)
k=1

®®(x, y)[k = 1,M] are the POD modes associated to
the eigenvalues A®). The eigenvalues are real and 2* >
%D The modes form an orthonormal basis. Thus, we
have: (Q(k>,d>(l)) =0y ab) = (Uf,k),(DU‘)) are the ran-
dom reconstruction coefficients. These coefficients are
uncorrelated with (@4’ Yy=21® §,, This general sta-
tistical theory is well adapted to problems in turbulence
study as it provides a diagonal decomposition of the
correlation tensor and an optimal decomposition of the
kinetic energy [E] integrated over the flow domain ana-
lyzed with POD: E={(U,, U, ) y=>"#, i®.

This statistical decomposition is of course richer than
the Reynolds decomposition leading to E={(U,, U,)
y=(Uy, (U, ) +{(u,, u, ) ). We will apply the decom-
position to the total velocity field and not to the fluc-
tuating velocity field. Indeed, if structure variation is a
property of the flow, it seems important to us not to
subtract a priori a phase averaged field.

From the POD decomposition, some authors (see e.g.
Bonnet et al. 2002 and references therein) propose to

(4)



Do (x, ), the structure

(

n

a

instance (Graftieaux et al.

)

y

)

X

(

<l
n

An instructive model problem can be considered if we

Fig. 12. In Fig. 11, we see that modes 2, 3 and 4 have
truncate the POD decomposition using only the first
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low order modes possess significant energy content in

the core region. They should therefore be indicative of

strong fluctuations of the flow structure.
of the flow is fixed and is close to the phase averaged

off” mode number from the continuous evolution in

POD mode. With U

o
<
o
153
o
134
o
—
NNSEAT -
- =
\ te)
- \
= Z g Vot e
‘ = \ T !
AR /. ,;, Sy
EERRR N e -
0N _H.../fﬁlf — «J;/IN/ J» /Vf%//l\ ,._ o
QDY T TSSO RO AR &
AR R A DB | 7 N\t b
N /“/44, ‘. -\\.\\\a\::_.;q‘ _/r/ <
R I U A - SF A AN AV 15 R B ) N
AN SO AFEE LA s
WNOTE LT T A A Q
/P»/fl\cil“\” AT \\\\\W\\« . ]
’.."V\ll-l‘i\.\l‘lnll-\\ Fd
N . o
o =) o =) [=) =) =) oY
& & - = I3 @ <
[wnu] x
o
T T T T T T T =<3
o
@
o
I3

¥ [mm]

15 mm: a first mode; b second mode; ¢ third mode; d fourth

270 CAD at z

126

(x,y) defined as a

first POD modes:
(x,y). The main difficulty with a complex structure, much more complex than the
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projection onto the
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The four first POD modes in the plane z=—15mm 2001). In our situation, it is interesting to note that

are drawn in Fig. 11a—d. The cumulative sum of POD
eigenvalues in this decomposition is presented in

der. We will discuss this problem by using the integral
Fig. 12. The Fig. 12 shows that the first mode con-

indicators in the following.
tains the major part of the total kinetic energy E

(between 85 and 92% according to the plane). How-

ever, the convergence of the POD

spectrum is quite

slow. Moreover, it is not possible to detect any ‘‘cut-
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Fig. 11 Visualization of POD modes of the flow, for 6

mode
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Fig. 12 Cumulative sum of POD eigenvalues, representing the
percentage of the total kinetic energy of the flow, for =270 CAD
at z=—15 mm. Only 30 first modes are presented here

velocity field (compare Figs. 11a and 4c¢). The random
nature of ¢\ only influences the modulus of the velocity
everywhere in the flow. The Table 3 presents values of
the mean and standard deviation of a\” for each plane.
We note that deviations from the mean are quite strong
with 11 =0 1/(an (l)>% 5%.

If this truncated flow field is used to compute the
circulation IS ' (R), we find T (R) = alV). [ @)l
The integral of o) being a deterministic quantity, it is
then obvious to show that I} ~ 5% is equal to the
fluctuation intensity of I, ' (R) whatever the value of
R. Considering again Fig. 8d, we therefore see that I; is
much smaller than /I, particularly for moderate values
of the radius R of the circle y (R). Higher order modes
have therefore to be taken into account to describe the
structure variation of the swirling flow.

We come back to the study of the full velocity field.
The circulation data can be decomposed using the POD
decomposition (Eq. 4):

M M
I,(R) = / Updl =) a¥ / oW dl => " pHTH(R),
k=1 k=1
7 7

(5)
where b(F) = aﬁlk)/\/ 20 and TW(R) = v /l(k)fy(m o dl.

Table 3 Characteristics of the first POD mode according to the
measurement plane

Plane location 4 ,(10°) % E  {(a, ") o, I (%)
z=-25 3.7 92.5 609.3 335 55
z=-175 4.0 93.5 635.5 264 42
z=-15 23 90.7 483.1 243 50
z=-30 2.7 84.7 520.5 254 49
z=—45 1.2 86.74  344.6 203 59
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b are the normalized random coefficients with (b,(zk).
bfq”)>=5kp. Statistical moments of I', (R) can easily be
computed with (I' ,)=S"M, (b, S ® and (I' , .T
=S r (2. The fluctuation intensity Ir=op/(I" )
then simply can be written:

= Lnl) = (L) L
(T)? ;<Fn>2

It is therefore possible to determine the modes con-
tributing to the fluctuation of the circulation. The
truncated values (I',)= ™ and I " are defined by
summing only over m < M POD modes. The conver-
gences of these truncated values as a function of the
radius R of the circle y are studied in Fig. 13.

The mean value (I',)= ™ converges rapidly. Fig-
ure 13a shows that for m=1, the mean circulation can
be recovered at all values of R. The truncated value I ™
has a different behavior, since the convergence is defi-
nitely not so fast. In fact, Fig. 13b reveals that two re-
gions of the flow field have to be considered. First, for
R>12 mm, convergence can be assumed for m=5. That
means that the fluctuation of circulation for large R
might be correctly represented by the first 5 modes.
Second, for R<11 mm, convergence of I ™ is very
slow and a large number of modes are necessary to
represent the fluctuation of the circulation in the kernel
(more than 10 modes is a necessity).

Finally, one may wonder if the random coefficients
b can be used to detect easily a particular structure of
the flow field in this engine. The absolute value of the
correlation coefficient between these normalized values
can be estimated, since it can be written:

PO(R) = | (T for) 40) | = | - [T - ()] |
)

The evolution of P*® (R) as a function of the mode
number k and for R=10 mm is drawn in Fig. 14. We see
that P (R) ~ 0.5 for k=3 and k=4. The associated
clouds of points, plotted in Fig. 15a, b, indeed show that
these normalized random coefficients might be used to
detect a particular structure of the flow field in the en-
gine—for example, low values of I" should be associated
with respectively large negative values of b5’ and large
positive values of 5. The evolution of P* (R) with the
radius R is plotted in Fig. 16 for k=1 to 8. It shows that
the contributions of the third and fourth modes always
dominate.

=1 (6)

4 Analysis of the flow at the end of the compression
stroke

Around 6=330 CAD, the flow transfer from the cylin-
der bulk to the bowl is known to produce shear layers,
which are favorable to generate turbulence. Then, this
transfer induces toroidal or tumble flows in the bowl
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interacting with the swirling air motion. This interaction
between squish phenomenon and the swirling flow is
currently under investigation. We only focus the dis-
cussion here on the top dead center. In this state, the

flow is mainly confined in the cylindrical bowl, for the
separating distance between the roof and the piston
crown is about 0.7 mm. Analyses have been undertaken
in three planes, as shown in Fig. 2.
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Ao The question examined here is whether the large scale
O k=1 . . g
~z7-k=2  structure fluctuations detected at the mid-compression
:;: 1;:3 phase remain at TDC after the strong squish motion.
A-k=5 Obtaining the PIV flow fields was not an easy task be-
~<}-k=6  cause of the confinement and the severe thermodynam-
2 :3 L=%  ical conditions.
=
4.1 Mean flow analysis
First of all, we look at the global patterns of the flow
‘ within the bowl by analyzing the phase-averaged veloc-
5 10 15 20 ity fields (see Fig. 17a—c). An organized swirling struc-
R .
ture is observed for the three measurement planes.
Fig. 16 Evolution of P* (R) with R, for k=1 to k=8 However, one can distinctly see—and partic_:ular_ly in
Fig. 17a—that a mean out of plane 3D motion is ex-
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Fig. 17 Phase-averaged velocity fields at TDC, for the three measurement planes and schematic view of the toroidal motion at TDC. a
z=-2.5mm; b z=-7.5 mm; ¢ z=—-2.5 mm; d inversion of the toroidal motion in the presence of a high swirling component
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pected. To precisely prove that this observation is linked
with a three-dimensional state of the flow, the vertical
velocity gradient has been computed. Continuity equa-
tion gives:

au) o) o
w) o) o)
Ox Oy 0z
where p is the density of the air submitted to compres-

sion. At TDC, the instantaneous piston velocity is zero
and dp/dt~ 0. Thus:

.2

Consequently, the out-of-plane velocity gradient is
computed using the planar divergence of the two-
dimensional velocity field resolved by PIV. The con-
tours of (W )/dz are not presented here for brevity
but the spatial average value of 9(W)/0z in the central
region of the bowl (Disk of radius 5 mm) is listed in
Table 4. The magnitude of O(W)/0z is higher near the
roof of the cylinder and this indicates a strong 3D
motion. Moreover, the signs are the signature of an
upward mean motion of the flow in the central part of
the bowl (Fig. 17d). Squish induces toroidal motion in
the bowl, which can be inversed due to the interaction
of the squish motion with a high swirl (Arcoumanis
et al. 1983; Fansler and French 1987, 1988). The mo-
tion revealed by the signs of 9(W)/0z is typical of this
phenomenon. Figure 18a, b corresponds to the vertical
measurement in the bowl at TDC; it shows the mean
velocity field in planes 1 and 2, confiming the sketch
17d and revealing the upward mean motion in the
central zone of the bowl.

190p

= a (8)

©)

4.2 Large scale fluctuations and circulation statistics

The horizontal mean velocity field at z = —7.5 mm
(Fig. 17b) can again be compared with instantaneous
realizations of the flow in that plane displayed in
Fig. 19a, b. The Fig. 19a corresponds to an instanta-
neous velocity field having a value I' (5)={" (5) )+ 20
(s)» on the other hand, I' (5)=(I" (5) )— 201 (5 in
Fig. 19b. While Fig. 19a exhibits a strong rotating mo-
tion, a very low velocity kernel is still detected in
Fig. 19b. I' (5) is the circulation computed along the
circle of radius R=5 mm centered on the mean zero
velocity point. Note that the ratio between the cylinder
radius and the bowl is 2.1. R=5 mm at TDC would
therefore correspond geometrically to R~10 mm at 270
CAD. This important observation means that we still
detect structure fluctuations of the swirling flow at TDC
after the squish phase. The instantaneous velocity pro-
files of Fig. 20 confirm this cycle-to-cycle variation in the
flow structure. Although the shear layers induced by
squish produce turbulence, this turbulence occurs very
near TDC. The squish motion may be too late and
associated to a too weak turbulent diffusivity (v, ~ u'./)

Table 4 Average value of O(W)/0z in the central 0 region of the
bowl (Disk of radius 5 mm)

z=—15 mm z=-7.5 mm z=-2,5mm

o) oz >0 (410.58) <0 (—68.05) <0 (—298.77)

(Lumley 1999). Therefore, it cannot smooth out the
structure variations identified at the mid-compression
phase.

In order to compare with mid-compression data, (I" )
and I at both =270 CAD and at TDC are plotted in
Fig. 21a, b as a function of a normalized radius R*:
R*=2R/b is used at §=270 CAD while R*=2R d, is
used at 0=360 CAD (d,, is the diameter of the bowl). If
Kelvin theorem was valid for the mean velocity field in
the present case, we should observe a conservation of the
circulation along mean material circular lines. As the
transfer in the bowl is quasi complete at 0 =360 CAD,
we should then observe (I' (R*) Yg—360° ={I" (R*))g=270°.
The Fig. 21a shows that this is not the case. A crude
estimation indicates that the circulation in the bowl, for
the same non-dimensional radius R*, is half the circu-
lation in the cylinder. Losses due to turbulence and
transfer of mean vorticity from vertical to azimuthal
direction during the generation of the mean 3D motion
in the bowl should be responsible for such angular
momentum decrease.

z [mm]

z [mm]

27 NS o

-15 -10 -5 0 5 10 15

Fig. 18 Vertical phase-averaged velocity fields at TDC, for two
measurement planes. a plane 1; b plane 2
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The Fig. 21b is believed to be interesting. It shows
clearly that the fluctuation intensity of circulation plot-
ted as a function of R* follow a similar evolution at
0=270 CAD and 6=360 CAD. In fact, TDC data in
the plane z=-7.5 mm corresponding to the central
plane of the bowl closely follow the results discussed in
part 3. I is high for R* <0.2 and I decreases to about
I ~ 0.05 for R*>0.6. We also see in Fig. 21b that I is
significantly larger at TDC in near wall planes corre-
sponding either to the roof of the cylinder or the bottom
of the bowl. Strong confinement and flow interaction
with walls are expected to produce such structure fluc-
tuation near walls. More analysis is still required to
understand this point. A POD analysis was also per-
formed at TDC but is not repeated here for brevity. The
major conclusion of this last section is indeed that the
structure variations of the swirling flow survive up to
TDC in Diesel engines.

5 Concluding remarks

PIV data obtained in a transparent motored Diesel en-
gine were discussed in this paper. The research engine
was developed by RENAULT s.a.s. in order to improve
the understanding of the flow structure and the cyclic
variations of the swirling flow. The knowledge of the
bulk motion and of the turbulence evolution in the
cylinder is indeed of great importance for the improve-
ments of these engines.

These data were obtained in severe thermodynamical
conditions in the cylinder during the cycle and in the
bowl at TDC. Moreover, they were obtained at con-
secutive cycles. We first focused our analysis on the

middle of the compression phase at 270 CAD. Phase
averaged mean velocity fields in horizontal and vertical
planes were analyzed. Even if a mean swirl is measured,
we have shown that the structure of the mean flow is
complex and difficult to interpret because the phase
averaged data contain only one part of the structural
information. Instantaneous velocity fields at 270 CAD
were analyzed and classified by using an integral indi-
cator based on the circulation I (R) of the velocity field
along a circle of radius R centered on the mean zero
velocity point. An important result is that the structure
of the swirling flow is varying very significantly from
“vortex type” to “‘annular type” from one cycle to the
other. A physical analysis shows that such structure
variations should result from the forcing of the swirling
flow during the intake phase and that the time available
for the turbulent transport of momentum is not large
enough to enable a perfect smoothing of the swirling
motion. It is therefore important to obtain statistics of
these structure variations.

Statistics of I" (R) were analyzed. For example, the
fluctuation intensity /- of I' is very strong for 2R/b < 1/
4. Moreover, with Ir =~ 10% for 2R/b = 1/2, we show
that large cycle-to-cycle variations occur in this research
engine. Intercorrelations of in-cycle and inter-cycle data
were also computed. In particular, we do not find any
cycle-to-cycle correlation.

Sophisticated statistical decompositions, like proper
orthogonal decomposition, are often applied to engine
flows. The goal is to extract from the velocity field some
coherent features which may provide a description of the
large scale motion variability in engine flows. The POD
decomposition was applied to the statistical set of
velocity fields. The convergence of the POD spectrum is
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quite slow and it seems impossible to detect any ‘‘cut-
off” mode number from this spectrum [that is to say
from a kinetic energy criterion]. The circulation data
were then decomposed using the POD approach and we
have shown that the first and second order moments of
I' (R) are reasonably converged if more than 10 modes is
kept. Normalized random coefficients were also shown
to provide good indicators of the structure of the
instantaneous swirling flow.

Finally, we presented an analysis of the in-bowl flow
at the very end of the compression phase. The main
result is that we still detect qualitatively and quantita-
tively strong structure fluctuations of the swirling flow at
TDC after the squish phase. For example, the normal-
ized circulation fluctuation intensities follow a similar
evolution at 270 CAD and TDC. The squish motion
may be too late and associated to a too weak turbulent
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Fig. 20 Longitudinal velocity profile following y axis through the
mean zero velocity point, for 6 =360 CAD at z = —7.5 mm. a
(diamond) T' (5)=(I'" (5) )+2 or (s) (...) mean velocity profile; b
(diamond) I" (5)=(T" (5) )— 20r (5) (...) mean velocity profile

diffusivity. As a consequence, the structure variations of
the swirling flow therefore survive up to TDC in this
research Diesel engine.

The results presented here have important conse-
quences for the modeling of engine flows. In particular,
they once more show that it is not possible to assume any
separation of scales between a mean flow and turbulent
structures carried by this mean flow. They also open a lot
of questions. We believe that it is very important to im-
prove our understanding of the generation of this large
scale variability. Both numerical and experimental ap-
proaches should be combined to achieve such under-
standing. Finally, it might be possible to reduce the
statistical complexity by finding low-order descriptions of
the large scale flow during a cycle. In this, there should be
close links with methods developed for flow control
applications in external and internal aerodynamics.
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Fig. 21 Normalized circulation and fluctuation intensity as a
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6 Appendix: list of symbols
6.1 Experimental set-up

crank angle position

axis between the two intake ports
ascendant axis

stroke

mean piston velocity
instantaneous piston velocity
rotation rate of the engine
cylinder bore

depth of the bowl

diameter of the bowl

position of the piston crown
air density inside the chamber

SRS N S
W e _UY_{SN/) =

TS

6.2 Measurements

A size of the PIV interrogation window

¢y phase-averaging operator

M number of velocity fields per phase

Vi turbulent diffusivity

/ integral length scale

0 characteristic length affected by the turbulent
diffusion of momentum

t time taken by the piston to move half way

u rms velocity

Pp particles density

d, particles median diameter

Ua air viscosity inside the chamber

Wgs equivalent air rotation rate

Ng swirl number

L size of the energy containing eddies

Te engine time scale

Tp particles time response

T swirl time scale

Ty turbulent turn-over time scale

TA turn-over time scale of eddies of the size A

S, Stokes number

6.3 Physical analysis

U instantaneous velocity component along x axis
V instantaneous velocity component along y axis
w instantaneous velocity component along z axis
Un highest velocity magnitude

W solenoidal velocity component

/4 velocity component induced by dilatation rate

240 spatial average of W,

o angle between W and U components
r circulation

I’ centered circulation

A centered and reduced circulation
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or standard deviation of the circulation

Y contour used in the computation of the circu-
lation

R radius of the circle y

p length of the radius of y

Ir fluctuation intensity of the circulation

1 normalized correlation coefficient

i cycle number

ol statistical uncertainty of /7

Iy intercorrelation between cycles

N cycle shift

U, realization of the flow number (#) of the velocity
vector field

u, fluctuating part number (n) of U,

o) POD mode number (k)

POD eigenvalue number (k)

ay POD coefficient for the realization number (1)
and the mode number (k)

¢, inner product associated with the square-norm

E total kinetic energy of the flow

m truncation order of the POD decomposition

o1 standard deviation of the first POD coefficient

I fluctuation intensity of the first POD coefficient

r, circulation of the realization of the flow number
(n)

r, centered circulation number (7)

p normalized POD coefficients

po correlation coefficient between normalized cir-
culations and POD coefficients

R* normalized radius
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