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Abstract: Pollutant emission standards and, in particular, those concerning particles from an internal
combustion engine (ICE) are becoming increasingly restrictive. Thus, it is important to determine the
main factors related to the production of particulate matter. In this article, the phenomenon of oil
sweeping by the blowby gases between the rings/piston/cylinder is investigated. First, a blowby
gas simulation model based on experimental results from a Turbocharged Gasoline Direct Injection
(TGDI) is developed. From this model, it is possible to characterise the amount of oil swept by the
blowby gases. This depends on the endgap position of both the compression and sealing rings. It
also depends on the intensity of the blowby flow rate, which is highest at low rpm and high load. At
1500 rpm and full load, this flowrate exceeds 25 mg.cycle−1. From this result, it is possible to quantify
the amount of oil swept by these gases as a function of the endgap position. For θrings = 180◦, the
quantity of oil swept rises to 20 µg.cycle−1 while for θrings = 30◦, this decreases to 6 µg.cycle−1.
The oil concentration of the blowby gas has a direct impact on the particulate emissions because
the oil concentration of the backflow gas is inversely proportional to the blowby gas flowrate. As
the backflow gases return to the cylinder, the oil oxidises and produces particles. Therefore, it is
essential to control the oil concentration of the backflow gases. In addition, the simulation model
shows the blowby flowrate becomes negative and decreases to −3.4 mg. cycle−1 in idle conditions.
The amount of oil swept by the blowby is no longer directed towards the oil pan, but towards the
piston crown. This phenomenon of oil storage of the piston crown in idle condition is proportional
to the duration of the idle time. In order to confirm these results, experimental tests are carried out
on a TGDI engine. It appears that when the idling time changes from 0 s to 7 s between two strictly
identical accelerations, the level of particulate emissions is multiplied by 1.3. When the idling time
changes from 0 s to 22 s between two strictly identical accelerations, the level of particulate emissions
is multiplied by 3. These results confirm the mechanism of oil storage at idle highlighted by the
simulation model.

Keywords: particle; oil; blowby; backflow; endgap; ring; gasoline; idle

1. Introduction

Human activities have an impact on the environment by producing large quantities of
greenhouse gases and polluting emissions. In the field of transport, the main pollutants
linked to internal combustion engines are CO, NOx, unburnt hydrocarbons, and particles.
The size of these particles can be less than a few tens of nanometers and therefore they can
penetrate the bronchial tubes, reach the pulmonary alveoli, and have adverse effects on
human health. It is therefore necessary to reduce particulate emissions from an internal
combustion engine. In Europe, the Euro 6d regulation limits these emissions to 6.1011 parti-
cles by km and 4.5 mg of particles by km with the Worldwide Harmonized Light Vehicle
Test Procedure cycle (WLTP) [1], for particles larger than 23 nm. The particle formation is
a complex mechanism. It consists of a solid part composed of carbon and hydrogen con-
taining a soluble organic fraction such as unburnt hydrocarbons, oxygenated derivatives
or polyclinic aromatic hydrocarbons (PAH), or containing non-organic elements, such as
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mineral derivatives or metallic residues [2]. A particle arises from the collision between
two PAH of pyrene (C16H10). This is called nucleation [3–8]. For internal combustion
engines, the main factor generating particulate matter is the high-temperature combustion
or pyrolysis of unburnt fuel [9]. Particle fluctuation at steady-state regimes was observed
by Thawko, et al., [10] on a gasoline engine and by Swanson, et al., [11] on a diesel engine.
Berthome, et al., [12,13] found variations in particulate emissions from a TGDI engine up
to 80% on strictly identical transients. Amirante, et al., [14] found that the predicted soot
particles mass was lower than experimental values and they suggested that other sources
than fuel combustion should be considered, such as oil consumption. The main source of
particulate emissions after unburnt fuel is oil consumption [15–18]. This consumption has
several origins, such as the expulsion of oil through the piston rings into the combustion
chamber, the evaporation of the oil film, and the transport of oil through the valve guides
or via the blowby gases [19–22]. During a transient, Berthome, et al., [12,20] determined
that 57% of the particulate emissions from an ICE were related to the variation of richness,
while 31% were related to blowby, and 12% to backflow.

Blowby gases formation:
Blowby and backflow gases therefore have a very significant impact on particulate

emissions. For example, an TGDI without blowby gases reintroduced at the intake emits
1.5 times less particle emissions than the same engine in normal configuration [20]. These
gases, resulting from combustion, pass through the labyrinths of the cylinder/piston, ring,
and grooves to the oil pan. These hot gases absorb oil droplets as they pass through the
cylinder. Most engines use an oil sump. This means that the oil falls back into the crankcase
by gravity after lubricating the components such as the crankshaft bearings, camshafts,
valves, turbocharger, etc. A pump immersed in this housing sucks the oil and delivers it
to the components to be lubricated after passing through the oil filter. With this oil falling
by gravity, as well as the spray lubrication of the cylinder walls and moving parts, an oil
mist is created which is partially absorbed by the hot gases of the blowby. If nothing is
done, the pressure in the lower crankcase increases and can lead to problems with sealing,
lubrication, etc. It is therefore necessary to evacuate these gases for the proper functioning
of the engine. Since the introduction of anti-pollution standards, these gases are no longer
released into the atmosphere but are reinjected at the intake. The oil in these gases must be
removed before re-introducing them into the intake manifold [23].

The blowby oil sweep phenomenon:
Min, et al., [24] found that the blowby gases had the particularity of sweeping the

oil stored between the compression and sealing rings of a piston. The position of the first
two rings, characterized by the position of the “endgap”, influences the flow rate and oil
concentration of the blowby gases [24–27]. Thirouard, et al., [28] deduce that the amount
of oil returned to the oil pan (Qoil) depends on the blowby flow rate (Qblowby) and the
position of the “endgap” of these rings (θrings), cf., Equations (1) and (2).

Qoil=Qblowby
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where Rland is the clearance between piston radius and cylinder radius, K1 and K2 constants
are mainly related to the engine speed, and hair is the clearance between the piston and
the cylinder.

A ring is a split elastic ring made mainly of steel. This endgap is necessary to counteract
thermal deformations that cause a ring dilatation. Depending on the chemical properties
of the ring, this cutting clearance is more or less important. When the endgaps of the
compression and sealing rings are opposite each other at 180◦, the blowby gases sweep over
the entire inter-ring area, see Figure 1a. This means that a maximum amount of oil stored
in this zone is redirected to the oil pan. This phenomenon is called “blow-down effect”.
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Figure 1. Oil removed by the blowby gas vs. endgap position of rings.

The gases, reintroduced into the cylinder during the next cycle, and which will pass
through this zone again in the other way via the backflow phenomenon, will be lightly
charged with oil and, consequently, the associated level of particles will be limited. On the
other hand, if the endgap positions are close, for example, 0◦, the area swept by the gases
will be very limited and there will be a lot of oil left in this area, see Figure 1b. The backflow
gases will then recharge with oil and redirect it to the cylinder, resulting in a higher particle
level in the next cycle. Nakashima, et al., [29] and Agarwal, et al., [30] measured very
significant variations in oil flow as a function of endgap position, up to 400% depending on
the piston design.

Rings dynamic behaviour:
The ring dynamic behaviour is a complex mechanism. A piston ring rises and falls

in its groove several times per cycle. This is due to the different forces it undergoes.
Tian, et al., [31] determined that the position of the ring depended on the gas pressure
upstream and downstream of the ring, inertial forces, frictional forces, the pressure distri-
bution on the side of the ring, and the contact surface of the ring on the cylinder. However,
under special engine conditions, that is to say under heavy load and for high rotational
speed, the first two rings can sometimes move radially inwards of the piston grooves and
allow unburned gases to pass directly into the oil pan via the scraper ring [32]. Tian [33]
and Chen [34] showed that this dynamic behaviour, called radial collapse, is very sensitive
to the pressure above the ring and to the tilt angle of the ring. When the ring collapses, it
generates more blow-by. Tian [31] demonstrated that it can be limited via the shape of the
rings. Rabuté and Tian [35] found out that blow-by is sensitive to the choice of ring materi-
als. Wroblewski and Koszalka [36] measured the influence of various anti-wear coatings on
frictional losses on the rings. Wroblewski and Iskra [37] demonstrated that the asymmet-
rical shape of the rings impacts the amount of oil scraped into the combustion chamber
during the compression and exhaust stroke. Zarenbin, et al., [38] studied the impact of
piston ring mobility on the blow-by gas and determined that the movements of the rings in
the grooves noticeably affect the gas escape into the crankcase. Turnbull, et al., [39] showed
that the power losses due to gas leakage can be more important than frictional losses.

There are various singularities in the dynamics of the rings, such as axial flutter
and radial flutter, but the one that most impacts the blowby phenomenon is rotational
movement. The rotation of the rings is due to two phenomena: micro-scratches in the
cylinder, and piston oscillations. In fact, the rings do not move back and forth in a radial
direction, but by reversing them in the cylinder bore, the piston changes its support from
one cylinder wall to the other if it is on the thrust or anti-thrust side. This occurs both
at Top Dead Center (TDC) of the piston and at Bottom Dead Center (BDC). This results
in a radial displacement of the ring in its groove. This leads to the rotation of the ring in
relation to the cross pass and the honing structure. Schneider, et al., [40] and Min, et al., [24]
measured ring rotation of up to 10 rpm. This depends on the load and engine speeds [41].
Thirouard, et al., [26] studied the impact of the position of the rings and the amount of oil
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in the space between the first two rings (Land 2). It appears that when the rings are free to
rotate, the amount of oil is very unstable, whereas it remains constant when they are locked
in rotation.

Blowby gas simulation:
In order to better characterise the quantity of oil swept by the blowby gases and its

impact on particle emissions, it appears necessary to create a simulation model of these
gases. The novelty of this article is that it is possible to quantify the amount of oil swept by
these gases from a simulation model and as a function of the position of the piston rings
and the engine operating points. The first part of this paper is devoted to the calibration
and analysis of the simulation model based on experimental tests, while the second part
refers to the analysis of a particular engine operating point that is idling.

2. Materials and Method
2.1. Description of Engine Bench

The tests were carried out on a three-cylinder spark-ignition engine. It is a tur-
bocharged direct-injection engine. Its characteristics are specified in Table 1. It was
braked by a dynamic HORIBA HT 250 bench managed by a SPARC control unit. The
engine was instrumented with type K temperature sensors, 0–3 bar static pressure sen-
sors, two Kistler type 4049B dynamic pressure sensors for the intake and the exhaust
(frequency = 60 kHz), one HBM type 40 torquemeter (frequency = 10 kHz), three AVL type
ZI33 in-cylinder pressure sensors (frequency = 150 kHz), and one ETAS ES430 air-fuel ratio
sensor (frequency = 2 kHz).

Table 1. Engine main features.

Engine Main Features Main Parameters of Piston Rings

Engine 4-stroke, TGDI, 3-cylinder Piston diameter 74.45 mm

Bore × Stroke 75 mm × 90.48 mm Ring 1 axial height 1.2 mm

Displacement 1199.9 cm3 Ring 2 axial height 1 mm

Valves 12 Ring 3 axial height 2 mm

Compression ratio 10.5: 1 Ring 1 end gap 0.2 mm

Maximum Power 96 kW @ 5500 rpm Ring 2 end gap 0.4 mm

Maximum Torque 230 Nm @ 1750 rpm Ring 3 end gap 0.2 mm

The INCA Software (version 7.1.10/3) controlled the engine ECU.
All the sensors were connected to a National Instrument fast acquisition box. The

STARS software from HORIBA made it possible to automatically control the dynamic bench,
and it could create different cycles. The PR-L804 fan from Dynair cooled the engine radiator,
and the Fumex FB110 fan cooled the intake heat exchanger. Both fans were controlled by
STARS software, which modified their rotation speeds according to the speed of the vehicle
during a cycle. This equipment created test conditions close to the real ones. The pollutant
emissions CO and HC were measured with a 3200 CAPELEC device, the NOx emission
with an ECM NOxCANt sensor, and particle emission with a Pegasor Particle Sensor (PPS).
The setup is shown in Figure 2.
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Figure 2. Experimental setup.

3. Blowby Simulation in Steady State
3.1. Building a Blowby Simulation Model

As a first step, it is necessary to model the blowby gases of the engine described in
Table 1. In this way, the Gamma Technology simulation software, GT-suite 2021, which
has a “RingPack” module (specially created to model piston/cylinder/ring friction and to
model the pressures and flows of gases circulating through the rings and piston grooves)
was used. Only a single cylinder simulation model was created. Indeed, the objective was
to create a simulation model of the phenomenon of oil scavenging by the blow-by gases
according to the value of the final gap of the first two rings of one of the cylinders of the
engine used. This single cylinder has all the technical characteristics of the engine used,
such as the cylinder and piston diameters, the length of the connecting rod, the depth,
height, and location of the piston grooves and the rings. Some of these characteristics are
shown in Table 1. The input parameters required for this model were the temperature
and pressure inside the cylinder during a cycle, see Figure 3. The latter was derived from
experimental tests, while the temperature was approximated by the extensive literature
on the subject. Indeed, temperature is a key factor, as it determines the proportion of an
object that expands according to its physical properties and, in particular, its coefficient
of expansion. Piston, ring and cylinder wall temperatures are proportional to the specific
power developed by the engine and therefore depend on the engine load and speed [42].
On a single-cylinder diesel engine at 25% load and a speed of 3600 rpm, Abril, et al., [43]
measured a compression ring temperature close to 200 ◦C during the combustion and
expansion phases. On a single-cylinder, spark-ignition engine at 75% load and 3500 rpm,
Thiel, et al., [42] determined that the temperature of the compression ring could reach
210 ◦C during these same phases. Husberg, et al., [44] found piston crown temperature
variations of up to 75 ◦C between 25% and 50% load on a single-cylinder diesel engine.
Taking all these elements into account, a coefficient of thermal expansion of the compression
ring equal to 1 × 10−5 K−1 with a maximum temperature of 250 ◦C at 6000 rpm in full
load is assumed. The temperature of the compression ring changes linearly with the
engine speed.
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Figure 3. Simulation model development with GT-suite.

Model calibration:
The model calibration was based on experimental tests perform by a car manufacturer

development department. These tests were carried out under full load and steady state
on an engine strictly identical to the one used, see Table 1. The blowby rate was measured
with an AVL 442 blowby meter. This device determines a flowrate from the measurement
of a pressure difference generated by the blowby gases through a change in cross-section
in the blowby gas intake duct. The results are displayed by the device in l.min−1 for a
pressure of 1000 mbar and a temperature of 25 ◦C [45], see Table 2.

Table 2. Blowby flow measurement for the engine at full load.

Engine speed (rpm) 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000

Qv (l.min−1) 31 52 51 52 51 49 49 49 51 49 47

Qm (mg.cycle−1) 24.1 26.9 19.9 16.2 13.2 10.9 9.51 8.46 7.92 6.92 6.08

Study of the position of the compression ring under full load
Considering only the axial motion of the ring and applying the fundamental principle

of dynamics, the equation is:

m
d2h
dt2

= Fp+Fi+Ffr+Foil+Fa (3)

where m is the ring mass. The oil film pressure forces (Foil) and adhesion forces (Fa) are not
significant compared to the intensity of the forces pressure forces (Fp), inertial forces (Fi),
and friction forces (Ffr) [46]. The position of the ring in the piston groove (h) is therefore
summarised by the variation of the forces shown in Figure 4. At low rotational speeds,
i.e., between 1500 rpm and 3500 rpm, the pressure forces, Fp, are greater than the inertial
forces, Fi, and therefore the compression ring remains in a low position in the piston groove
throughout the cycle. From 4000 rpm, the inertial forces take advantage over the pressure
forces Fp, which makes the ring move in its groove.
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Figure 4. Set of Forces supported by the ring.

When the cylinder pressure is lower than the crankcase pressure, the ring may move
in its groove. This is the case at 1000 rpm, since the pressure in the cylinder is lower than
the atmospheric pressure when the exhaust gases are removed.

Study of the position of the sealing ring under full load
The same analysis can be made on this ring and, given the lower pressures involved,

it moves axially at each cycle and whatever the rotation speed.
Simplification of the calibration
Usually, the endgap value of the sealing ring is much higher than that of the compres-

sion ring. In this case, it is twice as large (0.4 mm versus 0.2 mm). As a result, the blowby
gas flow is mainly related to the position of the compression ring (Ring 1). Between 1500
rpm and 3500 rpm, the compression ring stays fixed on its base. In this speed range, the
only possible path for the blowby gases is through the endgap of the compression ring.
Therefore, the calibration was focused on this speed range and then extended to the entire
engine speed range.

Analysis at 2000 rpm and full load
Figure 5 shows the simulation results at 2000 rpm and full load. The pressures between

the rings are visible in the upper and middle graphs. The pressure above the compression
ring (Land 1) is identical to the pressure in the cylinder. Its maximum is 77 bars at 400◦ CA.

Figure 5. Evolution of the pressures and axial positions of the piston rings at 2000 rpm and full load.



Energies 2022, 15, 8772 8 of 17

The maximum pressure between the compression and sealing rings (Land 2) is 29 bars.
The pressure between the oil seal and scraper rings (Land 3) varies between 1025 mbar
and 1045 mbar, while the pressure in the crankcase was stabilised at 1025 mbar. From this
data and the inertial effects due to the speed of the piston displacement, it is possible to
characterise the axial evolution of the compression and sealing rings, which is visible on
the lower graph of Figure 5. As expected, the compression ring stays fixed on the lower
part of the groove during the whole cycle, while the sealing ring is in the upper position
of its groove during the end of the exhaust gas expulsion stroke and during the whole
intake stroke. Outside this range, it stays in contact with the lower part of its groove. The
evolution of the blowby flowrate can be seen in Figure 6. This one becomes significant
from the end of the compression stroke to the end of the expansion stroke. A maximum
was reached as 40◦ after TDC and amounted to 1.45 g.s−1. Finally, the cumulative blowby
flowrate for one cycle reached 20.26 mg.cycle−1. This result is very close to the experimental
tests where the cumulative blowby flowrate for this same operating point was measured
at 19.90 mg.cycle−1 (cf., Table 2). This simulation model allows us to better understand
the ring dynamics and to estimate the evolution of the pressures that prevail in this
ring/piston/cylinder area. Above all, thanks to the characterisation of the blowby flowrate
over a complete cycle, it is possible to determine which engine strokes are preponderant in
the phenomenon of oil sweeping towards the oil pan.

Figure 6. Evolution of blowby flowrate at 2000 rpm and full load.

Simulation over the entire engine load
From this model, and by adding different engine operating points performed on the

engine bench, it is possible to draw a complete map of the blowby flowrate as a function of
engine speed and engine load.

The result is shown in Figure 7. It is very clear that the flowrate is higher than 18
mg.cycle−1 in a restricted area, i.e., at low speed and high load. Conversely, outside this
zone, the flow rate remains below 12 mg.cycle−1.

3.2. Analysis of Oil Flow Carried by Blowby Gases

From these results and Equation (1), it is possible to determine the amount of oil swept
by the blowby gases as a function of the position of the rings. To do this, it is necessary
to estimate the amount of oil present in the Land 2. This quantity of oil depends on two
factors: the first is the thickness of the oil film deposited by the ring, which varies by a
few micrometers [47]. The second is the oil that is pumped out of the piston grooves and
back into this area. This quantity of oil depends on the engine load and inertial effects, e.g.,
the rotation speed. As an example, Thirouard [48] measured an oil film height of up to
40 µm at 3500 rpm and half load on a single cylinder spark ignition engine and 20 µm at
2800 rpm and low load on a single cylinder diesel engine. In order to quantify the results,
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it is necessary to suppose an oil film height. The characteristics of the engine used are
close to a diesel engine, therefore the assumption of an oil film of 20 µm will be retained.
Figure 8 shows the amount of oil swept by the blowby gases at 1500 rpm for two endgap
positions with an assumed oil film height of 20 µm. When the endgaps of the first two
rings are opposite, i.e., at 180◦ (cf Figure 1a), the amount of oil swept by the blowby gases
is maximum and can reach 20 µg.cycle−1.

Figure 7. Blowby flowrate as a function of engine speed and load.

Figure 8. Quantity of oil swept by the blowby gases as a function of the endgap position at 1500 rpm.

Whereas if the endgaps are close, i.e., only 30◦ apart (cf., Figure 1b), the maximum
amount of oil swept by the blowby gases can be at best 6 µg.cycle−1 for the same blowby
flowrate. The same calculation can be made for each rotation speed, assuming an oil film
height. It is therefore very clear that the oil concentration of the blowby gases is directly
related to the position of the endgap and not only to its flowrate. The more oil is swept
by the blowby gases, the less oil is returned to the cylinder via the backflow gases. This
variable phenomenon linked to the rotation of the rings is difficult to predict and is the
reason for the variations in particle emissions linked to the oxidation of the oil on strictly
identical tests [49].

3.3. Influence of Blowby on Particulate Emissions at Idle

At no load, i.e., when decelerating or idling, the pressure inside the cylinder is very
low. The maximum pressure varies between 4 bars and 10 bars. Therefore, the blowby
flowrate is very low and the oil sweeping phenomenon described by Thirouard, et al., [26]
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(Equation (1)) is minimal. In Figure 9, the pressures between rings and the ring positions
evolving at idle speed over a complete cycle are shown from the simulation. The upper
graph represents the evolution of the pressures above the compression ring and below.
The evolution of the pressures between the oil seal and oil scraper rings visible in the
middle graph is approximately equal to the pressure in the oil pan, i.e., equal to 0.98 bar.
Compared to the graph in Figure 5 at 2000 rpm and full load, the difference is very
significant. The maximum pressure reaches 8 bars for Land 1 and 3.5 bars for Land 2. The
lower graph shows the evolution of the axial position of the first two rings in relation to
their respective lower grooves. During the intake stroke and most of the compression
stroke, the compression ring (Ring 1) stays on the upper axial part of its groove. At the end
of compression and expansion strokes, the ring stays on the lower part of its groove. Then,
at the end of expansion stroke and at the beginning of the expulsion of the exhaust gases,
the ring oscillates axially to come into contact with the upper part of the groove and finally
returns into contact with the lower part of the groove at around 540◦ CA and until the end
of the cycle. The sealing ring (Ring 2) evolves with the same trend as the compression ring
with an additional oscillation between 680◦ CA and 720◦ CA.

Figure 9. Evolution of pressures and axial positions of the piston rings at idle.

From above, it appears that the blowby flowrate seen in Figure 10 is very low and
reaches its maximum of 0.28 g.s−1 at 320◦ CA and then stabilises at around 0.18 g.s−1

during the remainder of the compression stroke and the beginning of the piston expansion.
During the expulsion of the exhaust gases, the blowby flowrate is close to 0. Then, due to
the low pressure inside the cylinder during the intake stroke, the flowrate is negative and
stabilises at around −0.15 g.s−1. During this period, gases from the oil pan are redirected
to the cylinder.
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Figure 10. Evolution of blowby flowrate at idle.

In the end, the amount of blowby gas that passes through the piston to the crankcase
is zero since this accumulation is negative and amounts to −3.4 mg.cycle−1. This means
that the phenomenon is reversed and that the gases from the oil pan could be directed
towards the cylinder.

The oil sweeping effect is non-existent and the direction of the blowby flowrate tends
to retain and push the oil stored in Lands 1 and 2 back into the cylinder. In addition, the
compression and sealing rings oscillate two to three times per cycle within their respective
grooves, and this creates a phenomenon of pumping and expulsion of the oil from the
scraper ring to the crown of the piston via the sealing and compression rings. This phe-
nomenon, described in particular by Thirouard [48] and Yilmaz, et al., [50] is significant at
idle or low load.

Previous simulation results have shown that idling is conducive to an accumulation
of oil at the piston crown. During rapid acceleration, the sudden increase in pressure and
temperature in the cylinder will cause some of this oil to burn off, while some will be
returned to the crankcase via the blowby phenomenon. The duration of the idling time
between accelerations could have an impact on the amount of oil stored in the piston crown
and consequently on oil consumption and particulate emissions. It is therefore important
to study the impact of the duration of the idle time between two accelerations in order to
check whether this accumulation phenomenon revealed by our simulation model is real.
This is the subject of the following section.

4. Influence of Idling Time between Two Accelerations on Particulate Emissions
4.1. Setup

The tests were carried out on the engine mounted on a Horiba bench described in
Section 2.1. With this bench, it was possible to create some transients. In order to be close
to the real conditions of the “stop and start” system, an acceleration from idle to 2000 rpm
and 60 Nm in 5 s was selected. To reach this point, it was necessary to keep the accelerator
pedal pressed at 100% for about 2 s (part a, on the lower graph in Figure 11). Then, the
engine stayed at 2000 rpm and 60 Nm during 15 s (part b) before slowing down (part c)
and coming back in idle position (part d).

Three configurations were tested. For case 1, there was no idling time between two
accelerations. The engine slowed down to 750 rpm before accelerating for a new transient.
Case 2 consisted of an idling time of 7 s between two accelerations, while case 3 consisted
of an idling time of 22 s. The test conditions are presented in the Table 3 below.
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Figure 11. Cases description.

Table 3. Test conditions.

Pressure (mbars) Averaged Temperature (◦C)

Atmospheric Sample line
PPS Intake Cooling Oil Engine bench Exhaust Sample line

PPS

1013 1538 26 93 96 17 356 170

Figure 12 shows the evolution of engine speed, effective dynamic torque, in-cylinder
pressure, and intake manifold pressure, depending on the position of the accelerator pedal
during this transient.

Figure 12. Evolution of engine parameters during a transient.

The signal “accelerator position” represents practically the position of the engine
throttle, which means that it is in the fully open position for about 2 s before reaching
the requested point. In Figure 12 bottom right, the dynamic effective torque during this
transient is presented. The significant variations at the start are consequences of the
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important variations of the in-cylinder pressures between the cylinders. For example, for
one cylinder, the in-cylinder pressure may be 25 bars while it may still be 6 bars for another
cylinder (which is the idle in-cylinder pressure). This difference will generate a significant
variation of the engine torque.

Berthome, et al., [13] exposed that particulate emissions vary greatly from test to
test despite mastering both engine and bench parameters. It is, therefore, necessary to
accumulate data and to proceed with a statistician approach to get a trend out, and thus
evaluate the impact of the idling time between two transients. To obtain as much data as
possible, 100 accelerations (strictly identical from the point of view of the control and test
conditions) are carried out successively after reaching thermal stability and respecting a
time of idling between each test for each configuration. The demonstration of the similarity
of these transients is not the subject of this article and has already been validated in a
previous article by Berthome, et al., [13,20].

4.2. Particles Measuring Device

The particle measurement device used in this study was a “Pegasor Particles Sensor”
called a PPS, see Figure 2. The sample was not diluted, and this device measured the current
carried out by the particles. For that, the PPS uses the corona effect to ionize particles: a
corona discharge occurs when an electric current carried by a high voltage passes through
two electrodes separated by a neutral gas (air).

This electric arc creates positive ions that propagate towards the molecules of air. This
is called the ionization phenomenon. Then the ionized air mixes with the exhaust gases
containing particles. These particles absorb the positive ions. The mixture is thus composed
of free ions and ionized particles. An electric trap captures the free ions by maintaining a
positive voltage on its surface. This has the effect of pushing the positive ions towards the
external surface of the trap in order to discharge them. If the trapping voltage increases,
then the lighter ionized particles are absorbed by the trap. It is possible to choose a sample
of particles according to their size thanks to the choice of the trapping voltage. It can
vary from 0 V to 1000 V according to the manufacturer data [51]. A trapping voltage of
400 V was used to measure particles with a size above or equal to 23 nm. This trapping
voltage was selected because it corresponds to the minimum size required by the regulatory
standards [1]. This technology is very reactive because it performs measurements at the
frequency of 100 Hz. However, it is necessary to make the assumption of mean diameter,
standard deviation, and fractal dimension in order to determine the number and the mass
flow rate of the particles [52,53]. As particle emissions are higher during the transient
phases, this study is performed in such an operating mode. However, it is not possible to
know precisely the mean diameter of the particles, since it varies depending on the engine
load and rotation speed.

Therefore, in this article, a simple comparison of the current measured by the PPS was
made, because it is proportional to the particles emitted by the engine. This solution was
chosen because the acquisition frequency of the PPS is high and allows the measurement of
particle emissions during transients. Since a comparison will be made between the three
cases, a relative measurement is sufficient.

4.3. Test Results and Analysis

Figure 13 shows the evolution of the average current carried by the particles of
100 strictly identical transients and for each case. The blue dash dotted-line curve represents
the position of the accelerator pedal. At idle, the level of particulate emissions generated
by the engine is very low and amounts to about 1 pA. Then, during acceleration, the
current level rises sharply. In fact, to obtain rapid acceleration, it is necessary to increase the
equivalence ratio to counteract friction and especially inertial effects. These rapid variations
of equivalence ratio generate many particles reaching a maximum around 2.2 s. Then, from
2.5 s, the acceleration slows down, which favours stoichiometric conditions and therefore
generates fewer particles, and the current measured by the PPS decreases. Cases one and
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two have almost the same trends. The current peak reached 112 pA for case 1 and 149 pA
for case 2. However, case 3 is more important, and the current peak reached around 415 pA.

Figure 13. Evolution of particle emissions during the transient for each case.

The sum of current averaged for 100 transients (IntegI) for the three cases are shown
below, in Table 4. The percentage standard deviation (σ) is calculated from the standard
deviation of IntegI of 100 transients divided by the mean. For case 1, i.e., without an idling
phase, but only a deceleration phase between two transients (see part c Figure 11), the sum
of the current averaged per 100 transients is 105 pA. For case 2, with an idling phase of
7 s between two transients, the sum of the current averaged per 100 transients is 133 pA,
an increase of about 126% compared to case 1. For case 3, with an idling phase of 22 s
between two transients, the sum of the current averaged per 100 transients is 329 pA, an
increase of about 313% compared to case 1. The deviations between the three cases are
very large even though the transients are strictly identical (cf part 4-2). Since it is always
the same transients, the deviations in richness between each test remain very small and
are not the cause of these differences. The only fluctuating phenomenon is the idling time
between each acceleration. Consequently, it is the absence of oil sweeping by the blowby
gases and its duration that leads to an accumulation of oil towards the crown of the piston.
This oil is then projected towards the cylinder and is oxidised during strong acceleration,
causing a peak in particle emissions. Therefore, the oil accumulation on the piston crown is
proportional to the idling time between two accelerations. These experimental tests confirm
the results put forward by the blowby simulation model.

Table 4. Results.

Case Number Idling Time
(s)

IntegI
(pA)

σ

(%)

1 0 105 13

2 7 133 15

3 22 329 16

5. Conclusions

The creation of a blowby simulation model based on a TGDI engine made it possible
to characterise the quantity of oil swept by these gases. This was performed at different
engine operating points and as a function of the endgap position of both the compression
and the sealing rings. Under full load at 2000 rpm, the quantity of oil swept can be as
high as 20 µg. cycle−1. At idle speed, the sweeping intensity is close to zero and there
is a phenomenon of oil storage on the piston crown. The experimental results confirmed
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this observation and showed that the quantity of oil stored on the piston crown depended
on the idling time. For example, the evolution of the idling time from 7 s to 22 s between
two strictly identical accelerations generated three times more particles. The new Euro 7
standard should limit particulate emissions to 3 mg.km−1 and 6 × 1011 particles.km−1 on
a WLTP cycle for particles >10 nm, instead of 23 nm previously. As there are eight idling
stages with a total duration of approximately 224 s in a WLTP cycle, this phenomenon
must be taken into account. At present, it is not possible to differentiate the oil pumping
mechanism by the piston rings from the oil sweeping mechanism by the blowby gases at
idle. A future study on a single-cylinder spark ignition engine will characterise the impact
of each mechanism.
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Nomenclature

m Kg Ring mass
h m Variation of axial ring position in the groove
Fp N Pressure forces
Fi N Inertial forces
Ffr N Friction forces
Foil N Oil film pressure forces
Fa N Adhesion forces
Qblowby m3.cycle−1 Blowby flow
µair Pa.s Dynamic viscosity of air
µoil Pa.s Dynamic viscosity of oil
θrings

◦ Angle formed between the endgap of the first two rings
Rland m Clearance between piston radius and cylinder radius
hair m Clearance between piston and cylinder
K1 and K2 - Constants mainly related to the engine speed
WLTP - Worldwide Harmonized Light Vehicle Test Procedure
PAH - Polycyclic Aromatic Hydrocarbon
TGDI - Turbocharged Gasoline Direct Injection
PPS - Pegasor Particles Sensor
TDC - Top Dead Center
BDC - Bottom Dead Center
ICE - Internal Combustion Engine
Land 1 - Space between the piston top and the first ring
Land 2 - Space between the first two rings
Land 3 - Space between the second and third ring

IntegI pA 1
n

n
∑
1

∫
IdI, avec n = test number

σ - Standard deviation
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