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particulate matter is produced, which then undergoes nucleation as the exhaust gas expands through
the turbine. At the same time, the centrifugal action within the turbocharger is believed to promote
particle agglomeration and growth, and fragmentation of micro-scale particles. Experiments with
variable dilution ratio at a fixed engine test point show that changes in dilution ratio affect
repeatability of the emissions measurements only marginally. Yet, a hypothesis test on the variation of
total number count with dilution shows that PM number counts are systematically affected by changes
in dilution ratio. Furthermore, a hypothesis test also shows that the impact of the turbocharger on total
number emissions is statistically relevant regardless of the dilution ratio adopted.
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Highlights:

- Nano-scale PM from a TGDI engine is measured with a particulate spectrometer
- Hypothesis test proves statistically relevant differences in PM across the turbine

- As engine load increases PM number concentrations increase across the turbine
- Particles nucleation and agglomeration are thought to occur across the turbine

- Hypothesis test proves turbine influence regardless of exhaust gas dilution level



Graphical Abstract (for review)

3

Particulate Matter
Concentration [N/cc]

1E+09
1E+08
1E+07
1E+06
1E+05
1E+04
1E+03
1E+02

| e==PRE e==pPQOST &

T

10 100

Dp (nm)

1000



*Manuscript
Click here to view linked References

Influence of the Exhaust Gas Turbocharger on Nano-Scale
Particulate Matter Emissions from a GDI Spark Ignition Engine

Abbreviated title: Turbocharger Influence on PM Emissions

Matteo Cucchi, Stephen Samuel
Department of Mechanical Engineering and Mathematical Sciences, Oxford Brookes University, Oxford, UK

Address correspondence to Stephen Samuel, Faculty of Technology, Design & Environment, Department of Mechanical Engineering
and Mathematical Sciences, Oxford Brookes University, Wheatley Campus, OX33 1HX UK.
Phone: + 44 1865 483513; email: s.samuel@brookes.ac.uk

ABSTRACT

The influence of the exhaust gas turbocharger on nano-scale Particulate Matter (PM) number emissions from a Gasoline Direct Injected
(GDI) engine is investigated at fixed exhaust gas dilution ratio for a matrix of three engine speeds and four engine load operating points.
Experimental repeatability is assessed by means of the Coefficient of Variation (CoV) from three independent measurements for every
test point. A hypothesis test on the difference between total number count before and after the turbine shows that there are statistically
relevant variations for most operating points. A reduction in PM total number count at low load is observed, and an increment at high
load. It is conjectured that as fuel injection pressure and duration increase with load, a larger share of volatile particulate matter is
produced, which then undergoes nucleation as the exhaust gas expands through the turbine. At the same time, the centrifugal action
within the turbocharger is believed to promote particle agglomeration and growth, and fragmentation of micro-scale particles.
Experiments with variable dilution ratio at a fixed engine test point show that changes in dilution ratio affect repeatability of the
emissions measurements only marginally. Yet, a hypothesis test on the variation of total number count with dilution shows that PM
number counts are systematically affected by changes in dilution ratio. Furthermore, a hypothesis test also shows that the impact of the
turbocharger on total number emissions is statistically relevant regardless of the dilution ratio adopted.

KEYWORDS: particulate matter number emissions, turbocharger, gasoline direct-injection engine, differential mobility spectrometer

NOMENCLATURE

Cl Compression Ignited

CMD Count Mean Diameter

CoV Coefficient of Variation

dcup, CMD of the k-th discretised size class

DMS Differential Mobility Spectrometer

AN/cc Change in particulate matter number concentration across the turbine

AN/cciog Logarithmic variation in particulate matter number concentration across the turbine

D, d, Particle aerodynamic diameter

DR Dilution Ratio

GDI Gasoline Direct Injection

ny Number concentration of the k-th discretised size class

PM Particulate Matter

PMP Particulate Measurement Programme

preTC Suffix identifying a variable being measured before the turbocharger (at the turbine entry)
postTC Suffix identifying a variable being measured after the turbocharger (at the turbine outlet)
SOF Soluble Organic Fraction

Vem Particulate matter volume
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1. INTRODUCTION

In an attempt to improve the efficiency, to increase the performance and to limit the fuel consumption and emissions of modern
automobiles, the use of an exhaust gas turbocharger in Gasoline Direct Injected (GDI) engines has become a popular solution that has
been adopted by numerous automotive manufacturers [ll]. On the other hand, though, direct injection leaves a much shorter time for
thorough fuel vaporisation and for mixture preparation, which results in higher Particulate Matter (PM) emissions [2I8]. Given this
substantial increment, and considering the impact of PM on human health 4], PM emissions from GDI engines need to be studied
closely.

In the recent years, research has focused its attention on the contribution on PM emissions of some exhaust after-treatment devices
along the exhaust line. For GDI engines in particular, the catalytic converter was shown to have a profound influence on the particle
size distributions of PM measured at its inlet and outlet. Research by Whelan et al. [B] proved that particle agglomeration and growth
are phenomena which can alter the PM population balance in devices which handle particle-laden gases. These considerations acquire
even further significance if the Euro-VI Emission Regulations for the European Market are accounted for. For the first time in Europe
these Standards will introduce stringent limits on PM number emissions from GDI engines, on a par with the maximum levels allowed to
Compression Ignited (Cl) engines, in addition to the already existing limits in terms of PM mass emissions - Unlike mass, PM
number count is not conserved [@], hence engine manufacturers will need to pay careful attention to the optimisation of engine design
and calibration in order to meet the new tailpipe-out requirements. Recent studies showed that the current GDI technology allows to
meet the PM mass limits but the PM number count limits are often exceeded

The exhaust gas turbocharger, being a high-speed rotating device which interferes directly with the exhaust gas from the engine, can
itself have a substantial impact on the size distributions of PM as the exhaust gas flows through, potentially altering the tailpipe-out PM
number count of the engine it is matched to. Despite this, little is known to-date about how PM emissions are affected by this device.
Abbass et al. [[l@] recorded a reduction in PM mass emissions from a turbocharged Cl engine with respect to a comparable naturally
aspirated engine, but no measurements were taken in terms of number count and size of the particles, which will be crucial parameters
for the new Euro-VI limits. Furthermore, research has drawn attention on the role of dilution of the exhaust gas prior to measurement on
PM number count. Dilution during sampling of the exhaust gas is required in order to avoid the clogging of the instrument, and to
replicate dilution as this gas leaves the tailpipe and is dispersed in the atmosphere [flB]. Nonetheless, dilution of exhaust gas can have
an impact on PM number concentrations because of phenomena like fragmentation and/or agglomeration . heteromolecular
nucleation of Soluble Organic Fraction (SOF) onto ashes, sulphuric acid and water vapour [flBl, and electrostatic interactions due to
residual ionisation charges from combustion, enhancing particle interactions [B]. As a result, the PM particle size distributions may
change not because of engine combustion or due to the influence of gas-handling devices along the exhaust line, but because of
additional processes along the sampling lines which are unrelated with the vehicular installation. This as well has the potential to over-
or under-estimate the emission characteristics of an engine during emission testing and Type Approval.

Hence, the main goal of this work is to analyse the influence of the exhaust gas turbocharger on nano-scale PM number count from a
GDI engine by comparing the number concentration emissions before and after the turbine. Comparison of these measurements will
enable to understand the impact of the turbocharger on PM number count, on particle sizes, and on total PM volume, over a wide range
of engine operating conditions. In parallel, the influence of exhaust dilution ratio over the PM emissions measurements will be
investigated, and the impact of the turbocharger will also be assessed as dilution conditions are changed.

2. EXPERIMENTAL APPARATUS
2.1 Engine

A Euro-IV compliant, 1.6-L, four-cylinder in-line, wall-guided GDI, turbocharged and intercooled spark ignition engine is used in this
study. The maximum fuel injection pressure is 120 bar. The engine is always operated in homogeneous charge mode for all the test
points under analysis. Detailed specifications of the engine are listed in [fable 1. The engine is installed on a Schenck W150 eddy
current dynamometer with a CADET V12 engine dynamometer control system, which maintains the engine speed within £2 rpm and the
engine load within £1 Nm in order to allow accurate steady state measurements. The engine was fuelled with commercially-available
unleaded gasoline, and fuel consumption is monitored by means of a gravimetric fuel measuring system. Fuel from the same batch is
used for all experiments. In-cylinder pressure is measured by means of a piezoelectric pressure transducer, and combustion is
monitored with AVL IndiCom software. Figure 1 represents a schematic of the experimental apparatus and layout.

TABLE 1



FIGURE 1

2.2 Particulate Measuring System

The engine test cell is equipped with a fast-response Differential Mobility particle Spectrometer (DMS) Cambustion DMS-500 for
engine-exhaust nano-scale particle measurement. It provides a particle size distribution spectrum, i.e. a number concentration
spectrum as a function of particle size, for both solid and non-solid particles for diameters between 5 and 1000 nm - A complete size
range scan takes 300 ms, hence the instrument can be used for real-time exhaust measurements. Integration of the spectrum provides
the total PM number count per unit volume of raw exhaust gas. For the purposes of this study the size range was split into two separate
categories, for particles between 5 and 50 nm, and for those between 50 and 1000 nm. Such classification was chosen to represent the
two main modes of engine PM emission, i.e. nucleation and accumulation modes respectively. Two sampling locations are present
along the engine exhaust line, one before the turbocharger inlet, and one right at the turbocharger outlet. A heated selector switch
valve, maintained at 190 T, allows the user to cho ose the sampling location, pre- or post-turbocharger.

Within the DMS-500 there are two dilution stages. Primary Dilution Ratio (DR1) is kept constant at 5, while the secondary dilution (DR2)
at constant temperature can be varied between 20 and 500, or turned off to 1. In order to reduce the likelihood of vapour condensation
and nucleation, the sampling line is operated at constant partial vacuum (250 mbar) and heated at high temperature (150 C). The
exhaust gas sample is hence rapidly taken to the measurement temperature, reducing the likelihood of thermophoresis . The
tendency of PM to agglomerate along the sampling line is minimised by the fact that the first dilution is performed directly at the
sampling point, thus the particulate concentration is decreased from the beginning, and a rapid transition time along the line reduces
the residence time, thus lowering the chances for agglomeration further. In addition, issues related to static electricity are prevented
using electrically conductive tubes in the sampling lines. The DMS was traceably calibrated by the equipment manufacturer for size and
number against span aerosols with standard polystyrene latex spheres, SOF and soot through comparison with a differential mobility
analyser for several aerosol concentrations. A traceable standard electrometer was used for number calibration using the methodolo
that is recommended for condensation particle counter calibration in the European Particulate Measurement Programme (PMP)
Measured PM number concentrations always fell within the instrument calibration range.

3. METHODOLOGY

All experiments are performed at steady state after a complete warm-up which lasts for 20 minutes to allow for oil and coolant
temperatures stabilisation (363K for the water and 378K for the oil approximately) - PM number count measurements are taken
sequentially before and after the turbocharger for every test point. The measurement duration is chosen in order to capture the natural
variability of PM number emissions from the engine, for a minimum test duration of 5 minutes. The particle size distribution is then
averaged over the duration of the measurement to yield a plot of mean spectral concentration versus particle diameter. For repeatability
analysis, three independent measurements are taken at both sampling locations (before and after the turbocharger) on separate days
for each test point. In line with the PMP, the Coefficient of Variation (CoV) on total number count is used to quantify repeatability

3.1 Fixed Dilution Conditions Experiments

A matrix of 12 operating points was tested, at a fixed dilution ratio of 125 (DR1 = 5, DR2 = 25). Three engine speeds, 1500, 2500, and
3500 rpm, and four engine loads, 20, 50, 80, and 110 Nm, were chosen. The actual test sequence was randomised in factorial
experiments in order to minimise parasitic or inter-relation effects - For all test conditions, whether there are statistically-relevant
differences between pre- and post-turbocharger is assessed by means of a hypothesis test on the differences between pre- and post-
turbocharger particle size distributions at a 95% confidence interval [B8]. The particle size distributions are discretised in 38 bins or
ranges for particle sizes. The hypothesis test is therefore implemented on the differences between the number concentrations from
homologous size classes. The variations in emission characteristics across the turbocharger are then quantified in terms of the total
number concentration, of the Count Mean Diameter (CMD), and of PM volume. These parameters are related by
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where the summation extends to all k = 38 size classes within the DMS output, n, is the number concentration per class, and d¢yp, is
the CMD per class. A study by Symonds et al. [28] comparing PM from Cl and GDI engines showed that particles from GDI engines are
more spherical than those emitted by Cl engines, hence the adoption of d%MDk to estimate the PM volume. By assigning a reference
constant density to the particles, the estimate of PM volume can be turned into a mass estimate, since most of the mass emissions are
due to the larger soot particles, which are in the solid phase.

3.2 Variable Dilution Conditions Experiments

For the 1500 rpm, 80 Nm engine operating condition, further tests were performed at both sampling locations before and after the
turbocharger while varying exhaust dilution, at 5 (DR1 =5, DR2 = 1) and 100 (DR1 =5, DR2 = 20). These two experiments add to the
test from the fixed dilution experiments for the same operating condition at DR = 125 (DR1 = 5, DR2 = 25). The same hypothesis test
on differences is performed twice. The first test checks whether the use of different dilution ratios induces variations in the PM number
count that are measured at the same sampling location. To do this, pair-wise comparisons on particle size distributions from the same
sampling point with different dilutions are made for both pre- and post-turbocharger locations. The second test aims at checking
whether the detected differences across the turbocharger are significant regardless of the dilution conditions, and it is implemented on
particle size distributions before and after the turbocharger with the same dilution.

4. RESULTS AND DISCUSSION
4.1 Fixed Dilution Conditions

Repeatability for the fixed dilution experiments is expressed as the CoV on the total PM number count from three independent
repetitions of every point of the matrix and for both sampling locations. On average for fixed dilution experiments, CoV of 17.7% is
obtained, well in line with results from other researchers in the recent years ﬁ The hypothesis test on differences between
particle size distributions measured before and after the turbocharger for all operating conditions at fixed dilution aimed at
understanding whether it is possible to reject the null hypothesis of equal emission spectra at the two sampling locations. The results
from this test are shown in [Table 2. For most cases, a positive outcome is obtained; hence we can reject the null hypothesis of equal
PM number counts and believe at a 95% confidence level that the turbocharger does have a statistically relevant influence on PM
number emissions. Furthermore, when a negative output is obtained it is because there is not a substantial change between total
emissions across the turbocharger, but a minor variation in the shape of the particle size distribution functions. In other words, the size-
dependent number counts are different across the turbocharger, but the total emissions do not differ substantially.

TABLE 2

Figure 2 shows the percentage variation (post-turbine with respect to pre-turbine) in total number count (z-axis) as a function of engine
speed (x-axis) and load (y-axis). In this and in all successive plots, the percentage variation is calculated as

X - X
postTC preTC
%Ax = ——

)

xpreTC

where x is any parameter of interest. In terms of absolute change in number count, in order to display both positive and negative values
on a logarithmic scale, the following transformation is adopted

AN /cciog = sign(AN /cc) x log1o(JAN /cc]) (3)

which preserves both sign and order of magnitude of the change. Figure 3, in a similar fashion with respect to Figure 2, shows the
logarithmic change in total PM number concentration emissions for all test points under fixed dilution conditions.



Both plots show that there is a much stronger dependence of the variation in number count on engine load rather than engine speed.
The variation is initially negative (AN~ — 10° N/cc), indicating that fewer particles are present downstream of the turbocharger than
upstream, but as load increases, the situation is reversed and the exhaust gas after the turbine gets richer in particles (AN~ + 10° N/
cc). At low load PM levels downstream of the turbocharger are halved with respect those upstream of the turbine, while at higher load
there are almost three times more particles after the turbocharger than there were at its inlet.

The PM volume percentage variation, calculated with Equations (1) and (2), is shown in Figure 4. For this parameter as well there is a
much stronger dependence on engine load rather than speed, and there is a positive slope with respect to engine load. This graph
indicates that at higher engine load, not only are particles between 5 and 1000 nm diameter more numerous as shown in Figures 2
and 3, but they also occupy more volume after the turbine than before (+234.6%), while at low load volumes are comparable. Since a
reduction in number concentration was detected at low load in Figure 3, and a slight increase is noticed in PM volume in the same
operating range, this means that overall an increment in particle size to some extent is to be expected in order to maintain the balance.

If we translate the volume analysis into the mass domain by assuming constant reference density, this means that, within the DMS
measurement band (5 to 1000 nm), the mass of PM increases across the turbocharger with increasing engine load. For this to happen,
new particles have to be borne because of nucleation - and/or particles larger than 1000 nm have to undergo fragmentation and
become visible within the resolution of the instrument after the turbocharger. These hypotheses seem plausible because, given the
dependence of volume on dg,, as in Equation (1), the increment in volume must come mostly from the larger accumulation-mode
particles, whereas the increment in particles number must come mostly from enhanced nucleation.

FIGURE 2

FIGURE 3

FIGURE 4

A more detailed insight in the phenomena taking place can be obtained by the analysis of nucleation and accumulation modes
separately. Figure 5 shows the logarithmic variation in number emissions for both modes. Changes in nucleation-mode (5 — 50 nm)
particle concentration reflect what was seen for the total emissions in Figure 3, with a reduction in particle number
(AN~ —10° N/cc) followed by a comparable increment (AN~ + 10° N/cc) as the engine load increases. This is expected since
nucleation-mode particles account for most of the number emissions. For accumulation-mode particles (50 — 1000 nm size) instead,
apart from an individual case at 1500 rpm engine speed, 20 Nm engine load, there is a systematic increment in their number
concentration downstream of the turbocharger. In terms of CMD in Figure 6, for nucleation-mode particles the mean diameter initially
decreases with load, up to -37.9% at 2500 rpm engine speed, 80 Nm engine load, and then increases up to +19.9% at 3500 rpm
engine speed, 110 Nm engine load, while for accumulation-mode particles a slight increment (+3.6%) throughout the matrix is recorded.
In terms of PM volume in Figure 7, calculated by means of Equation (1), for nucleation-mode particles the reduction in their
concentration at low engine load, coupled with a slight reduction in their CMD, translates into a reduction in the PM volume they
occupy, with a minimum of -59.7% at 3500 rpm engine speed, 20 Nm engine load, while the volume increment at higher load follows
directly from their augmented number concentration and mean diameter, topping at +394.5% at 3500 rpm engine speed, 110 Nm
engine load. For all operating points there is an increment in volume associated to accumulation particles, and this change gets
stronger with engine load, with a maximum increase of +233.0% at 3500 rpm engine speed, 110 Nm engine load. Once again, this was
expected since accumulation-mode particles account for most of the mass emissions, hence for most of PM volume.

FIGURE 5a and 5b

FIGURE 6a and 6b

FIGURE 7a and 7b



It is thought that a series of phenomena concur in order to lead to these results. As injection pressure and duration increase with engine
load, a larger share of SOF in the exhaust is produced [BB] and as gases expand through the turbine, nucleation of SOF is promoted,
resulting in more numerous nucleation-mode particles at the turbine outlet - On the other hand, when injection pressure and
duration are smaller at low engine load, a net reduction of nucleation-mode particles is observed due to predominant particle sticking
and agglomeration driven by the centrifugal action of the turbine [28]. At the same time, for the concentration of accumulation-mode
particles to increase systematically throughout the matrix, some nucleation particles coalesce and become bigger so that they migrate
into the 50 — 1000 nm diameter spectrum. This complements the reduction in nucleation-mode number emissions and volume at low
load in Figures 5 and 7. In addition, at higher engine load some micro-scale particles (d,>1000 nm) can undergo fragmentation as they
interact with the turbine [28]. Fragmentation becomes stronger as heavier particles may not follow the gas flow 8], and so does
centrifugal agglomeration as the driving force is proportional to the angular velocity squared [B8]. The CMD for this class size in
Figure 6 shows on average a slight increment (+3.6%), which is in line with the balance given by the tendency of agglomeration into
larger clusters, and the combined effect of migration of smaller nucleation particles into the accumulation spectrum and fragmentation
of micro-scale particles.



4.2 Variable Dilution Conditions

The largest percentage variation in PM number count levels across the turbine (+296.5%) was found to occur at the engine speed of
1500 rpm and 80 Nm engine load and therefore, this operating point was chosen as a test point for evaluating the effect of variable
dilution ratio on PM number count. Two different dilution ratios were studied: DR of 5 (DR1 =5, DR2 =1) and DR of 100 (DR1 =5,
DR2 = 20), in addition from the original experiment at DR = 125 (DR1 =5, DR2 = 25). Repeatability, expressed as CoV on total
emissions from three independent repeats, has an average value of 25.4%, indicating that dispersion in total number emissions under
these test conditions is well within one order of magnitude, in line with results obtained from other researchers in the recent years

. The first hypothesis test on differences is now implemented in order to check whether the use of different dilution ratios
induces variations in the PM number emission levels that are measured at the same sampling location. To do this, pair-wise
comparisons are made for both pre- and post-turbocharger, and the results are shown in [Table 8. As most outcomes are positive, it is
possible at a 95% confidence level to reject the null hypothesis of null influence of dilution on PM number count measurements, and
believe that for most cases changes in dilution conditions have a significant impact on the measured PM number concentration levels
both before and after the turbine. For the individual test where the output was negative, once again it is the case that the size-
dependent number emissions are different across the turbocharger, but the total emissions do not differ substantially. These results are
therefore in agreement with literature discussing the influence of exhaust dilution on the magnitude of PM number emission levels

TABLE 3

The second test aimed at checking whether the detected differences across the turbocharger are significant regardless of the dilution
conditions. [Table 4 shows that indeed the influence of the turbocharger is statistically relevant at 95% confidence level independently of
the dilution ratio adopted. This is a very remarkable result because it emphasizes that despite changes in the measured emission levels
due to dilution, the impact of the turbocharger cannot be neglected.

TABLE 4

Figure 8 shows on a logarithmic y-axis the absolute PM number count, both before and after the turbine, for all dilution conditions. The
overall result is that as DR is enlarged, i.e. the exhaust gas sample becomes more diluted, the PM number count of nucleation-mode
particles is largely impacted, resulting in a net increment in their number concentration of one order of magnitude. This is in line with the
results previously obtained by Whelan et al. - An explanation for this phenomenon can be given in light of the effect of dilution on
the rate of particle nucleation. Gas dilution results in a lower surface area per unit volume for SOF condensation over existing solid
particles, and their resulting higher supersaturation leads to homogeneous nucleation of the volatile material [S8I84]. All experiments
converge on the fact that total number concentrations increase across the turbocharger and thus the turbine does influence PM number
count, as proven in [Table 4. Nonetheless, the magnitude of this influence does change with dilution and is driven by the trends for the
nucleation-mode particles, which account for most of the number population. These results stress once more the fact that dilution
conditions do have an impact on the measurements but they do not seem to alter the physical phenomena that those particles
experience across the turbocharger. The influence of the turbocharger is still significant regardless of the dilution conditions adopted.

FIGURE 8



5. CONCLUSIONS

This work investigated the influence of the exhaust gas turbocharger on nano-scale PM number emission levels from a GDI engine, and
assessed the role of exhaust dilution on PM emissions measurement. From the outcomes of the experiments that were carried out, the
following conclusions can be drawn.

1. From the tests at fixed dilution (DR = 125), repeatability on three independent measurements at both sampling locations under
fixed dilution was assessed at an average CoV of 17.7%, for both pre- and post-turbocharger locations throughout the matrix of test
points at 1500, 2500, and 3500 rpm engine speed, and 20, 50, 80 and 110 Nm engine load. This value is in line with the outcomes from
other researchers in recent years.

2. Hypothesis test on differences between total PM number count before and after the turbocharger at every operating point at
fixed dilution proved that for most cases there are indeed statistically relevant differences between the two sampling locations, at a 95%
confidence level. It is conjectured that the differences in PM number count are to be attributed to particle nucleation as the exhaust gas
expands across the turbine, particle sticking to the turbine rotor and impact-driven fragmentation, and particle agglomeration and
growth across the turbine. These phenomena would explain both the reduction in total PM particles number count at low engine load
without a corresponding reduction in volumes (limited nucleation, predominant particle sticking and agglomeration), and the increment
of both PM number emission levels and volumes at high engine load (enhanced nucleation and agglomeration, and even fragmentation
of micro-scale particles).

3. Changes in dilution ratio affect repeatability of total PM number emissions from three independent tests only to a minor extent.
Experiments at 1500 rpm engine speed, 80 Nm engine load with DR of 5, 100, and 125, at both sampling locations, show an average
CoV of 25.4% on total PM number count levels, which means that dispersion in test data is sensibly below one order of magnitude.

4. Hypothesis tests on the variable dilution conditions experiments showed that on the one hand for most cases changes in
dilution conditions result in systematically different total number concentrations observed at the same sampling location, at a 95%
confidence level. On the other hand, regardless of the changes in dilution, the impact of the turbocharger on relative pre-post PM total
number count is always significant at a 95% confidence level, hence the influence of the turbocharger on nano-scale PM number count
cannot be neglected.
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Figure 1 — Schematic layout of the test cell.

Figure 2 — Percentage variation in total PM number emissions across the turbocharger for the matrix of test points at fixed dilution.

Figure 3 — Logarithmic variation in total PM number emissions across the turbocharger for the matrix of test points at fixed dilution.

Figure 4 — Percentage variation in total PM volume across the turbocharger for the matrix of test points at fixed dilution.

Figures 5a and 5b — Logarithmic variation in nucleation-mode (a) and accumulation-mode (b) PM number emissions across the
turbocharger for the matrix of test points at fixed dilution.

Figures 6a and 6b — Percentage variation in nucleation-mode (a) and accumulation-mode (b) CMD across the turbocharger for the
matrix of test points at fixed dilution.

Figures 7a and 7b — Percentage variation in nucleation-mode (a) and accumulation-mode (b) PM volume across the turbocharger for
the matrix of test points at fixed dilution.

Figure 8 — Number concentration emissions (nucleation and accumulation modes, and total) for both pre- and post-turbocharger under
different dilution conditions.



Table 1 — GDI test engine technical specifications.

Bore 77.0 mm
Stroke 85.8 mm
Displacement 1598 cc
Compression Ratio 10.5

Rated Power

129 KW @ 6000 rpm

Rated Torque

240 Nm @ 1600 — 5000 rpm

Table 2 — Results of the hypothesis test of significant difference between particle size distributions from pre- and post-turbocharger at
fixed dilution conditions (Y = there are statistically significant differences, N = there are not relevant differences —the null hypothesis
cannot be rejected—, both at a 95% confidence interval).

Engine Load
Engine Speed 20 Nm 50 Nm 80 Nm 110 Nm
1500 rpm Y Y Y
2500 rpm Y Y Y
3500 rpm N N N Y

[Table 3 — Results of the hypothesis test of significant difference between particle size distributions from the same sampling locations for
different dilution conditions (Y = there are statistically significant differences, N = there are not relevant differences —the null hypothesis

cannot be rejected—, both at a 95% confidence interval).

Pair-wise Comparisons
DR=5 DR=5 DR =100
Sampling vs vs vs
DR =100 DR =100 DR =125
Pre-TC Y Y Y
Post-TC N Y Y

fable 4 — Results of the hypothesis test of significant difference between particle size distributions from pre- and post-turbocharger at
variable dilution conditions (Y = there are statistically significant differences, N = there are not relevant differences —the null hypothesis

cannot be rejected—, both at a 95% confidence interval).

DR =100
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Y

Y
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Figure 6a
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Figure 6b
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Figure 7b
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Figure 8
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