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Abstract

The development of an analytical tool to measure particulate pollutants from
combustion engines has been one of the major tasks within the EMIR1-
project. The intention was to use the instrument in emission research studies
and for the development of engine and exhaust after treatment systems. It
was desired that the instrument should deliver a measure complementary to
the regular mass based measurement of particulate matter, operating on a
real-time scale. Furthermore, the instrument should be physically robust,
show a high degree of analytical sensitivity and good repeatability. It should
also be cost effective and easy to operate.

The instrument thus developed measures particle number concentration by
sampling from the CVS-tunnel by hot dilution. It consists of a heated ejector
diluter followed by one or more ejector diluters in series operated at room
temperature. This set-up ensures that only non-volatile particles are
measured, preventing the measurements to be affected by highly variable
phenomenons, such as nucleation, that are essentially impossible to control.
The particle number concentration is measured by use of a Condensation
Particle Counter.

This report concerns measurements using the instrument developed within
the EMIR1-project. The instrument has been used at Scania, GM Powertrain
Sweden, and Volvo Car Corporation. The main goal with these
measurements has been to evaluate the performance of the instrument, and
the usability when performing measurements on various cars and engines
with sampling from both the CVS-dilution tunnel and tailpipe.

It has been found that the dilution ratio of both the heated ejector and the
one following is affected by the operational temperature of the first.

In order to determine the dilution ratio of the ejector diluters, it is concluded
that the calibration of these, using trace gas measurements, should be
performed in a careful manner.

A high proportion of the particles measured in the size range 10-23 nm are
associated with non-volatile material and are accordingly not removed by
heated dilution in the EMIR1-instrument.

All the participating laboratories have performed evaluations concerning the
repeatability of measurements either using manually operated vehicles or
fully automated operation of vehicles and engines. Generally, it has been
found that the instrument is able to detect small excursions in the operation
of the examined engine or vehicle. In the automated tests the repeatability in
the measurements is improved and it is thus concluded that the instrument is



a sensitive analytical tool showing good repeatability during repeated
testing. Furthermore, it has been shown that the instrument is a suitable tool
to detect minor defects in DPFs affecting the particle filtration performance.
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1 Introduction

The reduction and control of particulate pollutants from combustion engines
are important from both the perspective of human health as well as
environmental concerns. As an effect of the increasing awareness of adverse
health effects related to particulate pollutants lower particulate mass (PM)
emission limit values are gradually introduced.

The EMIR1-project (EMIssion Research) was initiated in order to develop a
real-time particle number concentration measurement procedure to generate
information for engine development and exhaust studies. The method
should be a complementary to PM measurements. The EMIR1-project also
aimed to create a forum for the exchange of knowledge and information
between participating parties (Volvo Car Corporation, Volvo Technology,
Volvo Powertrain, GM Power-train Sweden, Scania, KTH, and AVL MTC)
in the field of particulate pollutants and the measurements of these
pollutants.

1.1 The dynamic appearance of exhaust particles

Exhaust particles are typically made up by a core of agglomerated
carbonaceous spherules forming a highly branched 3-dimensional structure
with different associated components such as hydrocarbons, ash, and
sulphur species. Particles may thus be described by different characteristics
such as mass, number concentration, size distribution, surface area, or
chemical composition. However, these characteristics are affected by the
environment surrounding the particles such as particle number
concentration, the concentration of organic components or sulphur species,
and temperature. Thus, particle appearance changes with the position of
observation from the combustion chamber, the exhaust system, the
laboratory dilution tunnel, and also by the measurement system.

Coagulation is one of the processes affecting the particle population in that
particles collide with each other to generate fewer but larger particles. This
process is strongly dependent of particle concentration. Surface growth is a
process in which gas-phase molecules attach to existing particles by
adsorption changing the particles size distribution. In addition, particle
number concentrations may be largely altered through homogeneous
nucleation in which gas-phase molecules sticks to each other to form
clusters and eventually new particles. Both surface growth and nucleation
are dependent on vapour pressure of the gaseous compounds and thus
temperature.



As the particles are emitted from the tailpipe into ambient air, the dilution
ratio (DR) changes drastically (a factor of 1000 within a few seconds), and
the temperature as well as the concentration of particles and gaseous exhaust
species are reduced. Consequently, the process of coagulation and
nucleation is to a great extent halted. If however, the emissions occur in a
normal laboratory dilution tunnel system (CVS), the DR is typically in the
range from 5 to 50. Under these conditions the onset of nucleation may be
rapid which drastically changes the number concentration of particles
(Kittelson et al., 1998).

An idealised diesel particle distribution is shown in (Figure 1) illustrating
the relations between mass, number, and surface area distribution.

Figure 1 An idealised diesel exhaust particle distribution (Kittelson et al., 2002a).
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The highest particle concentration numbers are found in the nuclei mode
representing the smallest particles. However, the mass represented by this
mode in relation to the mass of the aerosol particle population is low (1-
20%). Most of the particulate mass is found in the accumulation mode with
particle diameters between 0.1 um and 1.0 um. The largest particles are
found in the coarse mode representing 5-20% of the particulate mass while
the particle numbers are very low.



Nucleation particles are usually composed by condensed volatile material.
(Matter et al. 1999) measured the effect of a diesel particulate filter (DPF)
and observed that the number of small particles downstream the DPF may
exceed the number of particles upstream the DPF at high engine loads. By
use of a thermodenuder (a heated tube that vaporises condensed material
subsequently trapped by an absorbent) they showed that particles smaller
than 100 nm to a large extent are composed by volatile matter of which a
major fraction was sulphur related.

Figure 2. Particle size distribution downstream a particle trap at different
temperatures of a thermodenuder (Matter et al., 1999).
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Similar observations have been made by, for example, (Liders et al. 1998)
and (Mayer et al. 1998) suggesting that nucleation particles are mainly
composed by volatile material as they to a great extent are removed if
thermodenuders are used at sufficiently high temperature. Thus, particles
from combustion engines have different states: solid, solid with volatile
coating, and totally volatile particles. These states may be largely altered
due to the operation of the vehicle and the conditions at which the particles
are measured. Differences in particle numbers of several decades have been
reported (Abdul-Khalek et al., 1999). Thus, a correct handling of the volatile
fraction is essential since it has been shown that volatile components may
alter the measurements through condensation and nucleation processes. It
may therefore be concluded that measurements of only number or mass at a
certain thermodynamic state will not be readily connected to any values of
either mass, surface, number, or chemistry.

1.2 Particle number concentration measurements

The legislated emission limits are gradually set at lower and lower values.
Currently, both the European Union and the United States use PM,
measured as filter weight increase during a test run, as the regulating



parameter. The Environmental Protection Agency (EPA) in the United
States is keeping PM as the measure for the new tight emission limits for the
2007 on-road heavy-duty diesel requirement. They have imposed tighter
control of the exhaust dilution and filter weighting procedures and thus
lowered the detection limit of PM for the standard CVS-system. These
enhancement will probably also be applied for the light duty vehicles. In the
EU, there is for the Euro5 regulation a wish to lower the PM limit values
such that DPF will, in practise, be mandatory. Regulators are also aiming at
introducing particle number emission limit values for which there are
several arguments. Firstly; scientific studies have revealed that both acute
and long term effects to human health are possibly of larger relevance for
fine particle size fractions rather than the coarse fraction (Nordlinder et al.,
2004). As the nucleation mode is largely masked by larger particles in a
mass measurement, a number based measurement is an attractive option in
order to obtain a more health related measure. Secondly; measurement of
particle numbers is considerably more sensitive as compared to gravimetric
measurements and may thus be a suitable tool for low emissions
measurements. Thirdly; a particle number concentration measurement may
prevent the development of filters that significantly reduces PM but allows
nuclei mode particles to pass.

In the work of engine development and vehicle construction there are
additional needs of tools that may follow transient driving cycles in ‘real-
time’. Thus, in order to attain relevant information for research and
legislative purposes new measurement and sampling techniques are needed.
The new techniques should, ideally, be stable to thermodynamic variables
such as sampling temperature, DR, and residence time in order to provide
stable and reproducible data that are comparable between different
laboratories. It is also important that the measured properties are relevant to
human health effects. The instrumentation desired should also be user
friendly to obtain relevant and stable results.

1.3 The EMIR1-project

In perspective of the above, the EMIR 1-project aimed to develop an
instrument for stable and reproducible real-time particle number
concentration measurements performed from the CVS-tunnel.
Consequently, in the measurement procedure it was necessary to suppress
the influence of condensed particulate material from the measurement of
solid state particles. The strategy was to reduce the vapour pressure and
concentration of gas-phase condensable species and to vaporise condensed
volatile material by hot dilution.
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The EMIR1-project runs in parallel with the UNECE/GRPE working group
Particulate Measurement Program (PMP) that started after the initiation of
the EMIR1-project. The PMP has proposed an amendment to Regulation 83
Annex 4 (GRPE-48-11, 2004) which includes a new particulate mass
measurement procedure as well as a procedure to measure particle number
concentrations to be measured in parallel. The PMP particle number
concentration measurements is suggested to be performed from the CVS-
tunnel using hot dilution combined with an evaporation tube (a heated open
tube to vaporise condensed material) and a particle number count
instrument. It is thus obvious that the EMIR1 and the PMP has a common
measurement approach but the two projects are also complementary to each
other since the method developed in EMIR1 under no circumstances aims to
be a certification tool but a simple, low-cost analytical tool to meet the
needs of for example engine development and emission research.

This report concerns the results generated by the three laboratories that were
engaged in the EMIR-instrument exhaust emission laboratory evaluation:
Scania, GM Powertrain Sweden, and Volvo Car Corporation. The
evaluation was performed using the EMIR-instrument in both tailpipe and
CVS-measurements. The usability as well as the performance of the
instrument was evaluated.
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2 Experimental

2.1 Instrumental set up

The particle dilution set up finally decided to be used in the EMIR-
instrument consists of a heated ejector diluter fed with heated dilution air for
the evaporation of volatile material. After the heated ejector, one or more
cold ejector diluters follow to lower the particle concentration and to reduce
the temperature in the diluted sample before entering the particle detector.
The dilution system was chosen among three candidate systems during a
session at AVL MTC earlier in this project (Annex 1). This study included
one system with a heated porous tube diluter, a system with one hot and one
cold ejector diluter in series, and a third system consisting of a rotating disc
diluter in front of an evaporation tube. The results from this study implies
more stable accumulation mode measurements for the ejector diluters as
compared to the measurements using the porous diluter or the rotating disc
diluter at the same particle concentrations (Figure 3). The ejector diluter is
simple and robust to use, and it may operate at high temperatures (up to
500°C). Furthermore, the DR may relatively easy be determined by use of a
trace gas.

Figure 3 CVS particle concentrations at idle measured with SMPS. The porous tube

and ejector diluters were operated at 300°C, and the rotating disc diluter was
operated at 150°C with the evaporation tube at 300°C.
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The temperature at the mixing point inside the first ejector was monitored
during the measurements. The temperature of the first hot dilution step was
determined during the diluter study to be set to 350°C. It was shown that at
300°C the main part of volatile fraction of the particles was evaporated. An
increase of the temperature up to 450°C did not show a further evaporation
of the volatiles. The temperature of 350°C was thus chosen.

2.2 Ejector diluter

Ejector diluters are well spread and used in many applications. In several
studies the ejector dilutor is used as a secondary dilutor (e.g. Khalek, 2000)
whereas in other studies the ejector is used as the primary and only dilutor
(Pattas et al., 1998, Green and Witze, 2000).

The ejector diluter used in this study (Dekati) is described in (Figure 4),
below. The sample is pulled and diluted as dry, particle free, and heated
pressurized air enters the first section of the ejector (the ejector cavity). The
dilution air flows tightly around a nozzle at a high flow velocity causing a
pressure drop over the nozzle and consequently the sample is pulled into the
dilutor via the sampling line connected to the nozzle. The sample is mixed
with the dilution air in the diluter by turbulence resulting in a homogeneous
dilution of gases and particles (Burtscher, 2001).

Figure 4. Schematic of an ejector diluter (Giechaskiel et al., 2004).
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The sample flow rate of this type of diluter is around 6 L/min and the
nominal DR of the diluter is around 1:8 (the DR can be varied in a relatively
narrow range, typically 1:5 to 1:10 by changing the dilution air pressure).

As the DR is dependent on the sample line pressure, dilution air pressure,
atmospheric pressure, and the temperatures of the sample and the dilution
air, control of the DR is essential by use of a suitable trace gas measured in
the CVS-tunnel and after dilution.

One or more ejectors need to be used in series with the first ejector. The first
diluter was heated by use of a heating mantel (Figure 5). The dilution air
used for this diluter was heated to the same temperature prior to injection
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into the ejector. The ejector and the dilution air temperatures were
monitored.

Ejectors connected in series to the first ejector diluter were all at room
temperature as was the dilution air to these ejectors.

Figure 5. Three ejectors in series connected to the CVS-tunnel.

i

2.3 Condensation Particle Counter

A Condensation Particle Counter (CPC) was used to determine the number
concentration of particles in the diluted exhaust flow. The CPC used in this
measurement set up was a model 3010 manufactured by TSI Inc (Figure 6).
The measurement range of this instrument covers particle sizes from 10 nm
up to 3 um. However, particles larger than 1 um is practically insignificant
in regard to a normal vehicle particle exhaust.

Upon entering the CPC, the sample passes through a saturator block, where
n-butyl alcohol evaporates into the sample stream. The flow becomes
saturated with alcohol vapor. The sample then passes into a vertical
condenser tube cooled by a thermoelectric heat pump. Here, the alcohol
vapor supersaturates and condenses onto virtually all particles larger than 10
nm, regardless of chemical composition. As droplets exit the condenser,
they pass through a thin ribbon of laser light. Light scattered by these
droplets is collected by optics and focused onto a photodetector. The
photodetector converts the light signal to an electrical pulse, which is
recorded as a particle count.

The lower particle size is decided by the difference in temperature between
warm up and cooling. In the standard set up for the TSI 3010 the
temperature difference is 17°C which corresponds to a cut point of 10 nm.
The PMP project suggest a lower cut point to be set at 23 nm, which
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according to the manufacturer corresponds to a difference in temperature of
9°C.

The upper concentration limit for TSI 3010 is 10000 particles per cubic
centimeter.

Figure 6. Schematic principal drawing of TSI 3010 Condensation Particle Counter.
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2.4 Instrumental set-up and tests performed at
participating laboratories

The instrument was used at each laboratory in order to examine the stability
and repeatability, and to evaluate the usability and handling of the
instrument. The general set-up of the EMIR-instrument is illustrated in
(Figure 7. Schematic of the instrumental set-up using trace gas
measurements for the determination of DR.. Different questions were in
focus at each laboratory and are summarised in Fel! Hittar inte
referenskalla., below.

At Volvo Car Corporation the number concentration of particles in the size
range 10 to 23 nm was determined by using two CPC 3010 simultaneously
after the ejector diluters. One CPC was used with its default set up with a
lower cut point at 10nm and the other CPC was set to a lower cut point at 23
nm. The particle number concentrations measured by the two instruments
were then used to calculate the number concentration of the size fraction of
10 to 23 nm.

The DR was determined by use of HC (e.g. propane).
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At Scania a CVS system was compared to a Mini Dilution system as the
first exhaust gas dilution.

CO2 was used to measure and control the DR, a correction from dry to wet

gases was neglected due to low water content in the diluted gas to the hot
diluter.

GM Powertrain Sweden examined the EMIR-instrument at both CV'S and
tailpipe position. At tailpipe, initial problems with condensation of water in
the tubing to the heated ejector was solved by insulation and heating of the
tubing. A temperature of 250°C was found to be sufficient.

The DR was determined by use of NO .

Figure 7. Schematic of the instrumental set-up using trace gas measurements for the
determination of DR.
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Fel! Hittar inte referenskélla. Summary of the test programme performed at the
participating laboratories.

cars/engines: Studies Test cell | Sampling Number cycle Laboratory
fuels reported type Position of
ejectors
7 cars: 1.particle chassidyn| tailpipe 4 NEDC, GM
gasoline number FTP75 Powertrain
Sweden
3 cars: 1.particle chassidy tailpipe 4 NEDC, GM
CNG, E85 number n. FTP75 Powertrain
Sweden
1 cars: 1.particle chassidy CVS 4 EUDC GM
diesel number n. Powertrain
2.repeatability Sweden
3 cars w/wo | l.particle chassidy CVS 2-4 NEDC GM
DPF or w/wo | number n. Powertrain
catalyst: Sweden
diesel
1 engine w | l.particle engine - CvVvs/ 2 ESC, Scania
DPF: number bench Mini tunnel ETC
diesel 2.CVS/mini
tunnel
3.repeatability
2 cars: 1.particle chassidy CvVs 2-3 NEDC Volvo Car
gasoline number n. FTP75 Corporation
2.repeatability
3.CPC cut-off
1 car-DPF: 1.particle chassidy CVS 2-3 NEDC Volvo Car
diesel number n. FTP75 Corporation
2.repeatability
3.CPC cut-off
1 engine-DPF: 4.so0t engine - tailpipe 4 NEDC Volvo Car
diesel accumulation in bench Corporation
DPF

DPF, Diesel Particulate Filter
NEDC, New European Driving Cycle

ESC, European Stationary Cycle

ETC, European Transient Cycle

FTP75, Federal Test Procedure-75

17




3 Results and discussion

3.1 Ejector diluters and the DR

If absolute particle concentration measurements are of interest it is
necessary to use correct DR data for the ejector diluters. In case of more
qualitative studies the absolute concentration may not be of highest priority
but stable DR is still a minimum requirement. The work presented in this
report shows that the DR for the EMIR-instrument is constant if the
conditions (sampling and dilution air temperature and pressure) are stable:
GM Powertrain Sweden reports DR 75.3+1.78 (n=6) for two diluters in
series, Scania reports DR of 8.02+0.17 (n=13) for the first diluter.

(Giechaskiel et al. 2004) shows that the DR of ejector diluters is dependent
on a series of parameters including the properties of the sample
(composition, pressure, and temperature), the dilution air, and the ejector
waste gate pressure. These parameters need to be taken into account in order
to reduce DR alterations.

Sample condition is a parameter that may change which is especially true
during a transient test. Sample temperatures from a CVS-dilution tunnel
normally ranges from 20°C to 50°C corresponding to an increase in DR by
8% (Giechaskiel et al., 2004).

Dilution air pressure is controlled by a pressure regulator and in
combination with the critical orifice integrated in the ejector diluter, and as
dilution air temperature is controlled, variations in DR caused by the
dilution air are not likely.

Waste gate exhaust from the diluter is normally ventilated into the ambient
air and as an effect of the maximum range of atmospheric low and high
pressure, variations in DR may change in the range of £5%. If, however, the
waste gate flow is restricted by for example significant lengths of tubing or
downstream instrumentation, the DR of the ejector may be drastically
increased (Giechaskiel et al., 2004).

Thus, it is obvious that the conditions of the diluters should be kept as
constant as possible and that calibration of the ejectors should be performed
at similar conditions as are experienced during measurements.

Calibration of the DR in the EMIR1-project was performed using offline
trace gases: GM Powertrain Sweden used NOx, Scania used CO2, and
Volvo Car Corporation used propane. A general conclusion that may be
drawn from this work and the observations presented above is that the trace

18



gas concentration should allow DR to be measured for at minimum two
diluters in series.

Using online measurement of combustion CO2 before and after a diluter
during actual engine test has the advantage of measuring dilution under
actual conditions. The CO2 concentration is measured in an analyzer after
drying the sample gas, which means that a dry to wet calculation has to be
made (at least for the first diluter if connected to raw exhaust gas which
contains up to 11% water in gas phase). Considering the CO2 in dilution air
and measurement precision of existing CO2-analyzers, this technique is
limited to diluter outlet CO2-concentration of about 0.1%.

Using online measurement of NOx before and after a diluter in two heated
wet analyzers (e.g. HCLD) would create the ideal condition for measuring
DR during actual test condition. In that case a heated sample line is needed
for the raw exhaust gas, and possibly after the first diluter, depending on the
moisture of the dilution air.

Finally it should be noted that since the sampling nozzle diameter in the
diluter is small (about 1 mm), build-up of deposited material or blockage
may change the flow characteristics of the nozzle and thus DR. This effect
should be especially important during tailpipe sampling and accordingly
necessary precautions should be taken into account when such
measurements are performed.

Some general recommendations may be extracted from the discussion
above:

* Ifejector operation temperature is changed calibration should be
performed.

+ Calibration trace gas concentration should allow DR to be measured for
at least two ejectors in series.

» Ejector calibration should be performed at similar conditions as are
experienced during measurements.

*  Online CO2 may be used for calibration.

+ Caution with deposition in or blockage of the ejector nozzle at raw
exhaust sampling.

3.2 CPC cut-off studies

As a comparison between the EMIR-instrument and measurements
performed following the PMP-protocol, the EMIR-instrument demands a
higher DR as compared to the PMP. This is an effect of the different CPC
cut-off used: 10 nm for the EMIR instrument, and 23 nm for the PMP.
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The Volvo Car Corporation report clearly shows that a large fraction of the
particle concentration, typically around 40% in the high speed section of the
cycle and about 60% in the low speed area are found in the size range 10 to
23 nm that is measured by the EMIR-instrument but not according to the
PMP-protocol (Figure 8). Since the first dilution step is heated to 350°C this
fraction consist of solid particles. Previous studies of the ejector diluter set
up (Annex 1) shows that no renucleation occurs at this temperature (Figure
9)

The large proportion of particles with a diameter of 10 to 23 nm has another
implication: The cut-off of the CPC is determined by the difference of the
cold and warm parts. This temperature difference is hard to measure and
control accurately which indicates that the cut-off between different
instrument can vary which means that the number will differ. Thus should it
be difficult to measure accurately according to the PMP-protocol.

Figure 8: Difference in particle numbers due to CPC cut-off
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Figure 9 No renucleation occurs at 350°C and above.
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3.3 Operational range of the EMIR-instrument

The measurement range of the CPC is from less than 1 particle/cm’ to
10000 particles/cm’. This range may be regarded as quite narrow for
particle number concentration measurements and consequently it may
constitute a limitation at some circumstances if the ambition is to use the
instrument in an optimal way meanwhile not to lose any peak values due to
“over range”.

Peak values, however short in time, may be very high as compared to the
emissions during the remainder of the test cycles. Especially for gasoline
vehicles cold start effects and high speed driving are associated with
increased emissions (clearly illustrated in for example the Volvo-report).
Diesel vehicles normally show much less of these effects but if the vehicle
is equipped with a DPF increased cold start emissions are normally
observed. In addition to this, increased particle number emissions are also
observed during DPF-regeneration. Accordingly, if DPF measurements are
performed, it may be recommended to use high enough DR in order not to
loose data.

Volvo Car Corporation observed gradually decreasing particle number
concentrations when performing measurements on DPF soot accumulation
during 50 consequent cycles. The entire measurement range of the
instrument was used for the first cycles with idle concentration at around
500 particles/cm’, while the last cycles shows single particle idle
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concentrations of up to peak concentrations of approximately
1000 particles/cm’.

3.4 Repeatability of measurements

Repeatability of the measurements is an issue that has been discussed in all
three reports. As the measurements includes an engine or a vehicle, the
reported instrumental performance also includes external factors such as:
performance of the vehicle or engine and its exhaust after treatment system,
operation of the engine or vehicle, performance of the break or the chassis
dynamometer, performance of the CVS or sampling device. Thus, the
repeatability data presented in the reports enclosed does not represent an
evaluation of the instrumental performance.

GM Powertrain Sweden reports particle concentration measurements below
200 particles/cm’ in the high speed part of the NEDC cycle showing good
agreement between particle number concentration and individual cycle
driving pattern. Cycle to cycle variation was, however, obvious and was
attributed to different drivers. When using only one driver, the repeatability
was significantly improved showing variations between the 5 cycles only in
the 120 km/h part of the cycle. These observations clearly indicate that the
cycle to cycle variation observed in the measurements is more an effect of
external parameters such as vehicle performance or driving than
measurement performance of the EMIR-instrument.

At Volvo Car Corporation, repeatability tests with particle concentrations in
the same range as for GM Powertrain Sweden have been performed. A
passenger car was used in the FTP75-cycle showing small cycle to cycle
variations (10-20% at peak emissions). As for GM Powertrain Sweden, the
repeatability measured is a function of both instrumental performance and
external parameters. Volvo also reports DPF soot accumulation
measurements performed without using a driver but fully automated thereby
greatly reducing cycle to cycle variation. Strictly, this test can not be
regarded as a repeatability test since the particle concentrations gradually
decreases due to DPF soot accumulation thereby increasing collection
efficiency. However, details from cycle to cycle are very well reproduced
showing significantly better agreement as compared to the tests involving a
driver. Thus, two conclusions may be drawn: the EMIR-instrument
performs measurements with a high degree of repeatability, and it is a very
sensitive tool able to detect small variations in vehicle or operation
performance.

Scania reports an engine test bed repeatability study for a diesel engine with
DPF in the ESC and the ETC cycles. Again, differences observed are

22



attributed to external factors including the performance of the engine or the
DPF.

For the CVS setup, the mean value and standard deviation for the ESC and
ETC cycles respectively were (6.09+1.11)* 10"%, and (4.85+0.61)*10"
particles/cycle.

The repeatability for the Mini tunnel was better than for the CVS with
emissions for the ESC of (4.53+0.42)*10'? and (4.90+0.54)*10"
particles/cycle respectively. Expressing the repeatability as Coefficient of
Variation (COV) the corresponding figures will be: 18% and 13% for the
CVS measurements, and 9% and 11% for the MTL measurements.

Furthermore, the repeatability was also examined using stationary driving
modes from the ESC cycle using a pattern of mode tests as recommended by
Ricardo. The test shows that both the engine and the EMIR-instrument
perform in a repeatable.

23



3.5 Equiment: handling , robustness and transport
manner.

Figure 10 The basic setup of the measurement system with two diluters
! L

The system components are in about sample flow order:

Sampling tube. (12 mm OD 10 mm ID stainless steel tubing)
Warm ejector diluter in heating jacket.

Cold ejector diluter.

Heater for dilution air.

Regulator for the dilution air heater.

HEPA filter for the dilution air.

Connection for trace gas measurement (6 mm Teflon tubing)
Regulator for the heating jacket

Common tubing for excess air outlet

—mDmomEmUONER

Tubing (12 mm) of black electrically conductive polymer to the CPC.
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K. CPC 3010

L. Cable for warm mixing point thermocouple.

M. Vacuum pump with vacuum gauge.

N. Shop air pressure regulator with primary air filters.

3.5.1 Handling

Generally, the equipment is to be regarded as a prototype which needs more
development. From the user side, it is desirable to have all components
mounted in one box/module with connectors to sample line, power, shop air
and vent gas.

The basic setup with two diluters can be placed on two carts with adjustable
heights (Figure 10).This setup is rather flexible and can be handled in test
cells and control rooms. If more than two diluters are needed, the setup will
be more space demanding.

When measuring on undiluted tailpipe exhaust, it is important to use heated
sample lines to avoid problems with water condensing before the first
dilutor.

Measuring dilution ratios with gas analyzers makes the total handling
procedure rather complicated, and demands personnel used to advanced
emission measurements.

3.5.2 Robustness

Once the equipment is mounted, connected to sample point and running, it
can continue working for one week (five workdays) without refill of n-butyl
alcohol. This makes it a “robust” instrument setup, though the mechanical
robustness needs to be improved.

3.5.3 Transport

The equipment on the carts in Figure 11 can be disassembled and
transported in one or two regular luggage cases.

One complication is that the CPC, containing liquid, must be transported
standing up in order to avoid wetting the optical particle counter.

3.6 Further development of the EMIR-instrument

An accurate and stable procedure to determine the DR has to be developed.
If a trace gas is used, it is important to determine the DR from
measurements performed under similar operational conditions as prevails
during the testing. It is thus important not to change pressure, temperature,
or flow conditions in the actual measure set-up. During the measurements
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within EMIR1, three different trace gases have been used; propane, NOx,
and CO;. It would have been an advantage to log the trace gas concentration
during the measurement and especially so during tailpipe measurements due
to changes in temperature and pressure.

The normal sampling rate in a modern engine test cell is often 5 Hz. During
these measurements the CPC 3010 was operated at 1 Hz. The instrument
can be operated at pulse mode thereby increasing the sample rate.

The fixed DR for the dilutors is presently regarded as a limitation in the
usability of the system. However, the DR of the ejectors may be changed by
changing the dilution air pressure. This option has not been explored further
in the present work but should be regarded for future use of the system.
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4 Conclusions

The EMIR-instrument has been used and examined for usability,
repeatability, and emission studies at three laboratories: GM Powertrain
Sweden, Volvo Car Corporation, and Scania.

Some general remarks, conclusions, and recommendations are listed below:

* The instrument is a low-cost instrument. It is easy to handle, robust and
operates without special attention over longer series of tests.

* The instrument is able to detect small excursions in the operation of the
vehicle or the engine and shows a good repeatability during repeated
testing.

» It has been found that the instrument is a suitable tool to detect minor
defects in DPF performance.
» Tailpipe sampling is associated with practical problems:
0 Condensation may occur in the probe or tubing up-stream the
heated ejector.

0 On-line calibration recommended since pressure effects may
alter DR.

0 Deposition in or blockage of the ejector nozzle may occur and
affects the DR.

0 High concentrations require high DR (i.e. many ejectors in
series).

+ Calibration of the ejector diluters requires use of a reference gas (e.g.
CO; or NOy) measured prior and after dilution. The calibration has to be
performed with special care since the diluters are sensitive to changes in
temperature and pressures.

0 If ejector operation temperature is changed calibration should
be performed.

0 Calibration should be performed at test conditions.

» High proportions of the total particle concentration are found in particle
sizes from 10 to 23 nm at idle mode. This implies that also nucleation
mode particles are associated with non-evaporative material.
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The narrow measurement range of the CPC may be regarded as a
limiting factor in order to operate the instrument in an optimal way.
High DR may be needed in order not to lose any data at high emission
events such as for example cold start or high speed driving. During the
remainder of the cycle, however, the measured concentrations can be
very low.

Bypassing one or more diluters at low emission parts of the test cycle
could be a way to increase the ratio signal/background or signal/noise.

At low exhaust particle levels, the influence of background particle
concentration must be considered. The background should be measured
with CVS running but the engine stopped. When running an engine with
particle filter, the low particle exhaust level may result in background
cycle integral becoming 30% or more of total cycle integral value.
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Appendix A:
Calculation of Cr; the corrected CPC
particle number concentration

Instrument producer TSI specifies 1.0 L/min +10% sample aerosol flowrate
into the CPC 3010. The flow rate is controlled by a critical flow orifice.
(www.tsi.com/documents/3010.pdf)

Variation in flow rate and output can be caused by different atmospheric
pressures, assuming the orifice flow is critical (i.e. suction vacuum is low
enough).

Output variation caused by different sampling temperatures is neglected
here since CPC sample conditions are normally constant in regard to
temperature.

This aerosol flow rate through the optical counter is producing a count rate
of particles. A higher flow rate of a given aerosol will result in a higher
count rate and also a higher number concentration output, as calculated by
the instrument software.

The instrument software uses flow rate of Qref= 1.0 L/min at reference
condition Tr and Pr.

It is here assumed that Tr =293 (K) and Pr = 1013 (mbar).

Measurement of actual flow rate by external flow meter in series and
calculate to reference conditions is necessary to get reliable and
reproducible results.

The correction factor for the flow rate into CPC 3010 and thus the particle
concentration is then:

Kepe = Qref/Qar = 1.00/Qar
where
Qar = Qa*(Pa/Pr)*(Tr/Ta) (L/min) according to the ideal gas law.

Variations of about -15% to + 7% in output relative to normal condition
can be caused by extreme atmospheric pressure and temperature variations.

Qa = sample flow rate (L/min) at actual air pressure Pa (mbar) and
temperature Ta (K).
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The corrected particle number concentration per reference cc = Cr is
calculated as:

Cr=Ca*Kcpc (#/cc) atPrandTr. Cais the actual instrument output
value (#/ cc).
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Appendix B:
CVS-sampling: calculation of particle
number per cycle (or time period).

Definition: Ncycle CVS = number of exhaust particles per cycle (not
weighted) #)

Gas from the CVS is led through a secondary diluter and to the EMIR-
instrument.

Measured values are saved with constant time interval dt seconds.

The DRs are based on molar flow dilution: DR = ndiluted/nundiluted ,
which equals to volume flow dilution when the volume flow is evaluated at
same P and T.

Net exhaust particle number flow in the CVS flow is:

Nt_CVS = (Cr — Crbkg)* DRtot * Vrmix*1000000 (#/5s)
where

Cr = number concentration of particles measured by CPC 3010, (#/cm3)
Corrected for CPC-flow, pressure and temperature in Appendix A.
Crbkg = number concentration of background particles (#/cm3)
Corrected for CPC-flow, pressure and temperature in Appendix A.
DRtot = total DR between CVS tunnel and CPC.

Vrmix = CVS-flow in m3/s at Proch Tr

Integration (as a sum) over the whole cycle gives the basic formula:

Nceycle CVS = SUM((Cr-Crbkg) * DRtot * Vrmix*1000000*dt ) #)
......... (B1)

Extracting the constant values from the sum gives:

Neycle CVS = DRtot * Vrmix * 1000000 * dt *SUM(Cr - Crbkg) (%)
......... (B2)

32



Nceycle CVS = DRtot * Vrmix*1000000* dt * (SUM(Cr) — SUM(Crbkg))
#) .......(B3)

So cycle values with or without background correction easily can be
calculated.

Ncycle CVS can alternatively be calculated from number concentration
averages as:

Ncycle CVS = DRtot * Vrmix*1000000* TIME * (Cravg — Crbkgavg))
# ........(B4)

where Cravg and Crbkgavg are average values during the cycle.

TIME is the total cycle time in seconds.
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Appendix C:

RAW (tailpipe) exhaust sampling:
Calculation of particle number per
cycle (or time period).

Ncycle raw = number of exhaust particles per cycle (not weighted) #
Raw exhaust gas is led through 2- 4 diluters into the EMIR-instrument.

The instantaneous net exhaust particle number flow in the raw exhaust flow
is:

Ntraw = (Cr — Crbkg)* DRtot * Vrexh*1000 (#/s)

Cr and Crbkg are defined as in Appendix A

DRtot = total DR between raw gas and CPC.

Vrexh = exhaust gas flow rate (dm’/s) at Pr och Tr (water in gas phase).

Integration (sum) over one cycle (transient or stationary) gives the basic
formula:

Ncycle raw = SUM((Cr-Crbkg) * DRtot * Vrexh*1000*dt )
(#) .....(C1)

Transient cycles:

Here it is important to synchronize the Cr, DRtot and Vrexh dataer to get a
correct cycle sum.

It is complicated to take in account variation in DRtot. One solution may be
to map the P and T for the sample, and calculate an average DR for the first
(warm) diluter. The DR for the following cold diluter(s) may be assumed
constant. Alternatively the CO, content before and after the first diluter is
logged and synchronized with Cr and Vrexh data, DRtot calculated and put
into formula (C1).

Nceycle raw TC = SUM((Cr-Crbkg) * DRtot * Vrexh*1000*dt )
#)

Cycles with stationary steps (or periods):

Here the synchronization is not as demanding as above. The DRtot is
constant during each step, but may vary between steps because of different
sample P and T. Online measurement of DR (tracing CO,) for the first
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(warm) diluter will increase the measurement precision. The DR for the
following cold diluter(s) may be assumed constant.

Evaluation in this case may be done by basic formula (C1) above or formula
(C2) or (C3) below.

When DRtot and Vrexh is constant but different during each stationary step
(or period) :

Ncycle raw SC = SUM(i =1 to n)[DRtoti * Vrexhi *1000 * dt *SUM((Cr -
Crbkg))] (#) ..(C2)

or based on average Cr-values for each step i:

Nceycle raw_SC = SUM(i =1 to n)[DRtoti * Vrexhi *1000 * t(i) *(Cravgi -
Crbkgavgi)] ..(C3)

Where n = number of steps in the stationary cycle, i = step number.

t(i) = time in each step (s) Cravgi = average Cr for step i.
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ABSTRACT

The present study includes evaluation of different dilution devices for sampling and
hot dilution of particulate pollutants from combustion engines. A diesel passenger car
was operated at idle, 50 km/h, and 120 km/h steady state modes, and in the NEDC
transient cycle. The three diluters examined include: the rotating disc dilutor in
combination with an evaporation tube, a porous diluter and ejector diluter. Sampling
was performed from the CVS-tunnel and dilution performed at temperatures ranging
from room temperature up to 450°C.

All diluters followed the NEDC very well. Only the idle mode produced nucleation
mode particles showing volatile characteristics. The ejector diluter and the rotating
disc diluter removed the nucleation particles as gradually higher dilution temperatures
were applied. The Porous diluter did not show the same potential for particle removal
as compared to the other two diluters, possibly an effect of differences in residence
time in the heated section of the different diluters. No effect to the particle size
distribution was observed for changes in dilution ratios in the range 170 to 4000 for
any of the three diluters.
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1 INTRODUCTION

Measurement and emission studies of particulate pollutants from combustion engines
are important from different perspectives. The main driver is the increasing awareness
concerning particles and health effects. For this reason, lower emission limit values
are gradually introduced for particulate pollutants and ongoing discussions are also
aiming for the introduction of new criteria to be used for emission limit values (i.e.
suggested introduction of number based particle measurements in parallel to the
present mass criteria). Measurements of particle emissions are also of value for engine
development, vehicle performance, fuel quality studies etc.

The regulations for particulate emissions are presently based upon measurements of
particulate mass (PM). However, there are good reasons also for other measures
besides PM. Firstly; scientific studies have revealed that both acute and long term
effects to human health are possibly of larger relevance for fine particle size fractions
rather than the coarse fraction (Nordlinder et al., 2004). As the fine particle mode
(<100 nm) is largely masked by larger particles in a mass measurement, a number
based measurement is an attractive option in order to obtain a more health related
measure. Secondly, measurement of particle numbers is considerably more sensitive
as compared to gravimetric measurements and may thus be a suitable tool for low
emissions measurement. However, practical problems exist for particle number
measurements: it is well known that secondary particle formation through nucleation
and coagulation processes may affect the aerosol during sampling (e.g. Abdul-Khalek
etal., 1999).

In this perspective, the EMIR1 project was initiated in year 2000 with the aim to
develop an instrument for particle number measurements. The instrumentation should
be capable of performing measurements from the CVS-tunnel in a stable and
reproducible way. It is thus necessary to suppress measurements of secondary
particles formed in the CVS-tunnel. As secondary particles are mainly formed by
condensed material one strategy is to use hot dilution, thermodenuders, or evaporation
tubes in order to remove the condensed material from the particulate phase by heating.
Another option is to introduce a lower particle size cut-off for the measurements since
these particles are typically found in particle sizes smaller than 30 nm.

The EMIR1-project runs in parallel with the ECE-GRPE working group
PMP-program (Particulate Measurement Program) that started after the initiation of
the EMIR1-project. The PMP aims to develop a new particle number based
certification method for motor vehicles, a method that shall be used in parallel with
the gravimetric filter measurement. The PMP-method is not yet finalised but, as it
stands today, sampling is suggested to be performed from the CVS-tunnel using hot
dilution combined with a heated evaporation tube and a particle number count
instrument with a defined lower particle size cut-off. It is thus obvious that the
EMIR1 and the PMP has common aims but the two projects are also complementary
to each other since the EMIR1 under no circumstances aims to be a certification tool
but aims to develop a simple, low-cost analytical tool to meet the needs of for
example engine development and emission research.

In order to decide the instrumental set-up to be used in the EMIR1, different methods
for hot dilution, with or without the use of an evaporation tube was studied in the



present work. The dilution devices that were selected for these studies included a
porous tube diluter, ejector diluters, and a rotating disc diluter. Sampling from the
CVS-tunnel was performed and the aerosol that was studied was generated from a
diesel car operated at different steady-state modes and in the NEDC cycle.

2 EXPERIMENTAL

In this project, three different dilution and sampling systems were examined. These
includes: the porous tube diluter, ejector diluter, and the rotating disc diluter. In
addition, an evaporation tube was also used and examined. The diluters were used in
different instrumental configurations with the overall description described in
Figure 1. In all configurations an SMPS (Scanning Mobility Particle Sizer) was used
to measure particle concentration and size distributions. In transient test
measurements, only a CPC (TS13010) was used.

- CVS -
eater i Evaporation tube SMPS or
diluter — » or ejector diluter *CPC
: » NO,, diluted
clean air ¢ MFC
» NOy, undiluted

Figure 1. Schematic of the instrumental set-up.
2.1  Porous tube diluter

An in-house porous diluter was used during the measurements. The porous tube was
built and delivered by Metallfilter AB. The total length of the diluter was 25 cm with
an inner diameter of 6.4 mm. Dry, particle free, and heated dilution air was added
through the wall of a 15 cm porous metal filter with a porosity of 2um. The dilution
air flow rate was controlled by a mass flow controller (MFC). The diluter was spiral-
wounded with a heating coil in order to control the diluter temperature. The diluter
was examined for temperatures ranging from 150°C to 450°C.

The dilution ratio (DR) was controlled by use of simultaneous measurements of NOy
inside the CVS-tunnel and after dilution. In the set-up used in this study, the diluter
was followed by an additional ejector diluter (described below) operated at room
temperature in order to reduce the temperature prior to measurement. The diluter was
examined for a total DR (including the ejector diluter) in the range 400 to 4000.



2.2  Ejector dilutor

The ejector diluter used in this study (Dekati) is described in Figure 2, below. The
sample is pulled and diluted as dry, particle free, and heated pressurized air enters the
first section of the ejector (the ejector cavity). The dilution air flows tightly around a
nozzle at a high flow velocity causing a pressure drop over the nozzle and
consequently the sample is pulled into the dilutor via the sampling line connected to
the nozzle. The sample is mixed with the dilution air in the diluter by turbulence
resulting in a homogeneous dilution of gases and particles (Burtscher, 2001).

compressed air

diluted out
—

nozzle, AP

. SXCESS air
mixing chamber

Figure 2. Schematic of an ejector diluter (Nussbaumer, 2001).

The sample flow rate of this diluter was around 6 L/min and the nominal dilution ratio
of the diluter was 1:8 (the DR can be varied in a relatively narrow range, typically 1:5
to 1:10 by changing the dilution air pressure). Higher dilution ratios can be obtained
by cascading ejectors.

As the DR is dependent on the sample line pressure, dilution air pressure, atmospheric
pressure, and the temperatures of the sample and the dilution air, control of the DR is
essential. In this study, the DR was controlled by use of NOx measured in the CVS-
tunnel and after dilution. The dilution system was examined for a total DR in the
range 170 to 4000.

In this study, two or more ejectors were used in series with the first ejector heated in
the range 150°C to 450°C by use of a heating mantel (Figure 3). The dilution air used
for this diluter was heated to the same temperature prior to injection into the ejector.
The ejector and the dilution air temperatures were monitored. Ejectors connected in
series to the first ejector diluter were all at room temperature as was the dilution air to
these ejectors.
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Figure 3. The ejector system mounted to the CVS-tunnel.

Ejector diluters are well spread and used in many applications. In many studies the
ejector dilutor is used as a secondary dilutor, among others in the study by Khalek
(2000). In other studies the ejector is used as primary, and only, dilutor (Pattas et al.,
1998, Green and Witze, 2000).

2.3  Rotating disc diluter and Evaporation tube

The rotating disc diluter (RD) used was a MD19 (Matter Engineering). The dilution
air was HEPA-filtered air. The long silicone tubing normally used for the RD was
replaced by a short length of insulated stainless steel tubing connecting the RD to the
evaporation tube (ET) (Figure 4). The diluter was used in combination with an ET
since the temperature of the RD is at 150°C maximum.

The ET consists of a 50 cm stainless steel tubing with an inner diameter of 4 mm that
was electrically heated and insulated. The ET was operated at temperatures in the
range 150°C to 400°C. In order to reduce the temperature for the CPC mounted down-
stream of the ET, a length of stainless steel tubing (30 cm, inner diameter 4 mm) was
connected to the ET for cooling. As the flow rate of the CPC is 1L/min, the
temperature profile of the ET, and the temperature after the tube for cooling, has been
examined at this flow rate. The characteristic of this profile is presented in
Appendix A.

The dilution ratio (DR) was controlled by use of simultaneous measurements of NOy
inside the CVS-tunnel and after dilution. In the set-up used in this study, the ET was
followed by an additional ejector diluter operated at room temperature in order to
reduce the temperature prior to measurement. The diluter was examined for a total DR
(including the ejector diluter) in the range 300 to 3000.



Rotating
disc

CVS tunnel

Flgure 4 The rotating disc system mounted to the CVS-tunnel.
2.4  Sample residence time in diluter or evaporation tube

The respective residences times (Rt) are estimated for each of the hot dilution system
examined (Table 1).

Table 1. Sample residence time within the respective hot diluters or evaporation tube
(calculated by the instrumental volume and flow rate).

Dilution system Residence time Flow rate
(s) (L/min)
Porous diluter 0.01 50
Ejector diluter 0.25 36
Rotating disc / Evaporation tube 0.09 (in ET) 3.2

25 Vehicle and fuel

The measurements were performed using a standard production Volvo V70 MYO01.
The vehicle is certified against the Euro 3 emission limit. The vehicle was run on
Swedish MK1 diesel fuel.




2.6 Chassis dynamometer

The car was tested on an electric Clayton DC500 twin 500 mm diameter roller chassis
dynamometer. The dynamometer setting was applied according to the regulation and
the vehicle type approval data.

27 TheCVS

A Constant Volume Sampler (CVS) (Horiba, CVS-9300T) is used in the study. The
CVS-tunnel has a total length of 3150 mm with an inner diameter of 250 mm and is
connected to the tailpipe via a 5m section of 110 mm diameter insulated stainless
steel transfer tube. The transfer tube is connected to the tailpipe with a 30 cm section
of flexible stainless steel tubing. At a distance of 30 cm from the tailpipe filtered and
cleaned test cell air is introduced to the transfer tube into the exhaust stream. The
CVS-tunnel flow rate is controlled by use of a 9 m*/min critical venturi.

2.8  Electrical Low Pressure Impactor

In the CVS-tunnel, 1 Hz particle number and size-distribution measurements were
performed by use of an Electrical Low-Pressure Impactor (ELPI) (Dekati). The
impactor was upgraded with a filter stage with a particle size resolution of 7 nm to
6 um. The ELPI was used with a secondary ejector dilutor unit (Dekati).

3 RESULTS AND DISCUSSION
3.1 ELPI measurements - steady state operation

The CVS particle concentration and size distribution was measured by ELPI and the
measurements for the three different steady-state driving modes are presented in
Figure 5. As expected, the highest CVS concentration is seen for the 120 km/h driving
mode while the lowest is found for the idle mode. The average total particle
concentrations for the three modes respectively are: 120 km/h 7.7x107 particles/cm?,
50 km/h 6.7x10° particles/cm®, and at idle 1.1x10° particles/cm®. However, apart form
the different particle concentrations measured all three modes shows very similar size
distribution with a peak at around 30 nm.
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Figure 5. CVS particle concentration as measured by ELPI for steady-state driving
modes.

3.2  ELPI measurements - the NEDC cycle

ELPI measurements were performed in the NEDC-cycle (Figure 6). The emission
pattern shows the typical characteristics of a diesel car in the absence of increased
cold start emissions. The resulting NEDC emissions are in the range of
10" particles/km, in good agreement with measured emissions from other diesel
passenger cars. In view of these observations it is also reasonable to assume that the
particulate emission from this vehicle poses other characteristics of diesel particle
emissions such as a relatively low fraction of volatile material.
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Figure 6. CVS total particle concentrations in the NEDC as measured by ELPI (three
replicate measurements).
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3.3 Performance of the different diluters

In the following section, the performance of different diluters is examined in both
steady-state operation and in the NEDC. The diluters examined includes: the rotating
disc, the ejector dilutor, and the porous diluter. Since no alterations in particle size-
distribution was observed for different dilution ratios, the following discussion is held
with the focus to temperature effects.

3.3.1 The rotating disc diluter in steady-state cycles
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Figure 7. Idle particle concentrations in the CVS measured with SMPS using the
rotating disc diluter at room temperature and at 150°C (“Dil temp”). The temperature
of the ET is used at the same temperatures.

Heating to 150°C does not influence the accumulation mode significantly. The small
difference could be explained by either number-losses in the rotating disc diluter or by
changes in the dilution factor or changes in car emissions. It is only particles with a
diameter less than 20 nm that are affected by heating irrespective of diluter or
evaporation tube.
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Figure 8. Idle particle concentrations in the CVS measured with SMPS using the
rotating disc diluter at 150°C (“Dil temp”). The temperature of the ET is operated at

temperatures between 150°C and 400°C.

Heating from 150°C to 400°C does not influence the accumulation mode
significantly. This shows that there are no significant temperature dependent losses in
the ET. It is only particles with a diameter less than 20 nm that are affected by
heating. The particles below 20 nm are further reduced by heating to higher

temperature than 150°C.
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SMPS using the rotating disc diluter at 150°C. The temperature of the ET is operated
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The nucleation mode peak that was observed in the idle mode is not observed in the
50 km/h and in the 120 km/h steady-states. This difference is obviously driving mode
related and is likely explained by a higher fraction of volatile material in the idle
mode, possibly an effect of the light-off temperature of the oxidation catalyst not
removing condensable species in the idle mode.

The CVS particle concentration at 120 km/h is higher than at 50 km/h as a result of
both higher emissions and lower CVS dilution ration at the higher speed. No effect is

observed for the different ET temperatures for the 50 km/h and 120 km/h driving
modes.

3.3.2 The porous tube diluter in steady-state cycles
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Figure 10. Idle particle concentrations in the CVS measured with SMPS using the
porous tube diluter at temperatures between 150°C and 450°C.

At idle, there is a clear difference for particles smaller than 20 nm diameter between
diluter temperature 150°C and for temperatures 300°C or higher. These nucleation
mode particles are removed at the higher temperatures and thus resemble the
observations from the rotating disc. The accumulation mode particles are, however,
largely unaffected by the different temperatures. Two scans at higher than 400°C
shows higher respectively lower accumulation mode particle concentrations. This is
probably due to difficulties to accurately determine the DR using NOy concentrations
and flow ratios. The ELPI shows no difference in CVS particle concentrations
between the different tests.
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Figure 11. Particle concentrations in the CVS at 50 km/h measured with SMPS using
the porous tube diluter at temperatures between 150°C and 400°C.

The nucleation mode peak for particles smaller than 20 nm observed at idle is not
observed in the 50 km/h driving mode. Heating from 150°C to 400°C does not
influence the shape of the accumulation mode significantly. The differences in
concentrations observed are again attributed to difficulties to accurately determine the
DR using NOy concentrations and flow ratios.

3.3.3 The ejector diluter in steady-state cycles
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Figure 12. Idle particle concentrations in the CVS measured with SMPS using the
ejector diluter at temperatures between 20°C and 380°C (the “Dil temp” is the
measured value).
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The nucleation mode peak (<20 nm diameter) is apparent at ejector temperature 20°C
and 150°C. Increased heating gradually suppress the nucleation peak until stable
levels are reached at temperatures 300°C or higher. In contrast, the accumulation
mode peak is not significantly altered by the different temperatures.
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Figure 13. Particle concentrations in the CVS measured with SMPS at 50 km/h and at
120 km/h using the ejector diluter at temperatures between 20°C and 380°C (the “Dil
temp” is the measured value).

The measurements show stable concentrations at two different levels for 50 km/h and
120 km/h driving modes respectively. Higher concentrations are observed for
120 km/h as an effect of both higher particle emissions and lower dilution ration in
the CVS. The accumulation mode is unaffected by the different dilution temperatures
used. There is no nucleation mode peak observed at these driving modes and
consequently there is no obvious effect by increased dilution temperature. At 50 km/h
for temperatures below 150°C, there is however a tendency towards a small peak at
between 10 and 20 nm particle diameter that is suppressed at higher dilution
temperatures.
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3.4  Comparison of the diluters
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Figure 14. Idle particle concentrations in the CVS measured with SMPS for the three
diluters at 150°C. The RD is operated with the ET at 150°C.
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Figure 15. Idle particle concentrations in the CVS measured with SMPS for the three
diluters at 300°C. The RD is operated at 150°C with the ET at 300°C.
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Porous tube diluter:  The nucleation mode peak is not fully suppressed at 300°C for
the PT. This is most likely an effect of the short residence time as compared to the
residence times for the other two dilution systems. The residence time total in the PT
should be increased in a future version of the dilution system.

Ejector diluter: The ejector dilution system shows a nucleation mode peak at
150°C that is fully suppressed at 300°C. The size distribution curve is very smooth as
compared for the two other systems. A drawback of this dilution system is that several
ejector diluters have to be used in series in order to obtain high enough DR.

Rotating disc diluter: The nucleation peak is suppressed as the ET is used at 300°C.
The size distribution curve is not as smooth as observed for the ejector diluters.
Dilution ratios from NOx measurements differ from those stated by Matter
Engineering. The reason for this could be the removal of the long tube from the
rotating cavities to our ET. This long tube will induce particle losses that are
compensated for in the original calibration.

3.5 Different diluters in the NEDC
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Figure 16. CPC particle concentration measured in the NEDC for the three diluters.

In Figure 16, three NEDC cycles, one per dilution system, are presented. The DR is
adjusted in order to keep the CPC concentration below 10000 #/cm®. In the last
seconds of the EUDC, data are however lost since the particle concentration exceeds
the measurement range of the CPC.

It appears that all three dilution systems follow the NEDC very well.
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4 SUMMARY AND CONCLUSIONS

Three different dilution devises to be used for particle measurements with sampling
from the CVS-dilution tunnel were examined in this exercise. The aim was to choose
a stable and robust dilution system to be used in the EMIR-instrument and in the
future work of the EMIR1 project. The hot dilution used should ideally produce stable
particle concentration levels and suppress volatile nucleation mode particles as these
would otherwise jeopardise the possibility to produce repeatable particle number
measurements. The diluters examined include a porous tube diluter, an ejector diluter,
and a rotating disc diluter. The rotating disc diluter was operated in combination with
an evaporation tube. The diluters were examined for different dilution temperatures
ranging from room temperature up to 450°C. Particles sampled were generated by a
diesel passenger car operated at idle, 50 km/h, and at 120 km/h.

As a general observation, the steady-state driving modes generated stable
accumulation mode size distributions, more or less unaffected by the diluters and the
different temperatures applied. The only driving mode to generate nucleation mode
particles (particle diameters <20 nm) was the idle mode. In this mode, large and
different effects were observed for the different diluters and temperatures used.
However, no effects in the size-distribution was observed for the different dilution
ratios used.

The rotating disc/evaporation tube system and the ejector diluter both showed
suppression of the nucleation mode particles to reach stable levels at dilution
temperatures of 300°C or above. The Porous tube diluter did not produce stable
nucleation mode particle levels at these or even higher temperatures. This is most
likely an effect of the much shorter residence time within the heated porous tube
diluter as compared for the two other dilution systems. The respective residences
times are: porous tube diluter 0.01 s, the ejector diluter 0.25 s, and the evaporation
tube 0.09 s. It is assumed that an increased residence time for the porous diluter most
likely would produce stable nucleation mode particle levels. This is however, an
instrumental development work that is not within the frames of the EMIR1 project
due to lack of time and funding and accordingly the porous tube diluter in the present
version is not ready to be used as an EMIRL1 dilution devise.

For the remaining two dilution systems a number of observations and experiences
may be stated:

The ejector diluter

The diluter is simple and robust to use

Easy to control the dilution ratio using NOy or CO,.

Large operational temperature range, up to 500°C

The results in this study implies more stable accumulation mode measurements as
compared to the measurements using the porous diluter or the rotating disc diluter at
the same particle concentrations.
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The rotating disc diluter

» Easy to adjust different dilution ratios

» Discrepancy between measured dilution ratios using NOx and calibration data
from the manufacturer.

» Essential to combine the diluter with an evaporation tube since the residence time
in the heated diluter is short and the operational temperature range of the rotating disc
(150°C) is not sufficient in order to suppress volatile nucleation mode particles.

e The commercially available version needs modification in order to remove the
silicone tubing transport lines for the diluted sample in order to reduce the particle
losses or other effects.

* Peristaltic pump tubing to generate the sample flow to through the diluter need
regular checking or replacement to a more stable technique.

» The rotating disc is a mechanical device and accordingly wear and the possibility
of leaks has to be taken into consideration.

For the above reasons, it was decided to use the ejector diluter in the EMIR-system.
An additional argument to select the ejector diluter is that the rotating
disc/evaporation tube system is the choice of the PMP-programme and is more or less
proscribed in the proposed legislative text (GRPE-PMP, 2004). Therefore, it is
predicted that the rotating disc diluter will be fully evaluated. However, alternative
methods to accurately sample and dilute particles are available and thus the work
within EMIR is complementary to the PMP-programme.
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Appendix A
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Figure 17. Temperature profile inside the evaporation tube at 1 L/min flow rate.

Appendix B
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Figure 18. Sample flow rate as a function of ejector diluter temperature.
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Abstract

In this study measurements of particle number have been made in the exhaust from diesel and gasoline vehicles. The first part of
the study focus on repeatability during the last phase in a European test cycle for emission legislation tests on chassis
dynamometer. The second part of the study focus on particle sampling direct from tail pipe during tests on chassis dynamometer as
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1. Inledning

1.1

Partikelemissioner och métning av antal partiklar

Gasformiga emissioner fran fordon har statt i fokus vid debatter under manga ar. Pa senare &r har flera rapporter kommit som visar
att partiklar kan paverka halsan och klimatet. Det finns dven farhagor om att mindre partiklar troligen &r farligare an stdrre. Just nu ar
regleringen av partikelnivaer i avgaser mest i fokus, framfér allt i Europa som har en stor andel dieselfordon. Tekniken med
dieselpartikelfilter (DPF) har gjort det méjligt att reducera nivderna drastiskt samtidigt som kunskapen om partiklars halsovadliga
egenskaper okat medftr att man kan forvanta sig radikalt minskade nivaer i kommande lagférslag.

Allt efter som nivaerna sjunker sa ifragasatts dagens métmetod allt mer. Idag mats partikelmassa genom att bilens avgaser spads i
en s.k. Constant Volume Sampler (CVS) under det att bilen kors i en fordefinierad kércykel. Ett delflode av det spadda flodet sugs
genom ett filter som végs fore och efter provet. Allt eftersom nivaerna gar ner sa far man mindre och mindre pa filtren vilket staller
stora krav pa vag utrustning och konditionering av filtren fore och efter provet. Forutom farhdgorna att om att mindre partiklar ar mer
farliga an storre sa finns det Aven vissa rapporter som visar att antalet ar ett battre matt pa farlighet &n den samlade massan da den
ofta domineras av de stérsta partiklarna.

Dérfor har UNECE startat en arbetsgrupp kallad Particle Measurement Program (PMP) under subgruppen GRPE. | den férsta delen
av arbetet kartlades olika instrument och metoder for att hitta [ampliga kandidater for ny lagstadgad certifieringsmetod. Resultatet
blev att man féreslog tva metoder, dels en uppgradering av av befintlig CVS metod och dels rakning av partiklar. Den senare
metoden gar ut pa att man tar ut ett delfldde ur CVS tunneln, se bild nedan, som leds via en cyklon, (PCF) och dérefter spader man
med varm luft (D1, 150 °C) for att sen vérma de utspédda gaserna till 400 °C (ET) och sedan spada ytterligare (D2). Till slut réknar
man totala antalet partiklar som har diameter stérre &n 23 nanometer (nm) med partikelréknare.
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Bild 1: Oversikt av PMP-systemet
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Vid nedkylning och kall spadning av avgaser sa kan det nybildas partiklar. De hér partiklarna ar mycket sma, typiskt mindre &n 30
nm, och de skapas av kondenserande gaser av t.ex. tunga kolvaten. Den hér nukleeringsprocessen ar oerhért snabb och variabel.
Sma forandringar i tryck eller temperatur kan fa antalet att andras med flera tiopotenser eller mer. Ovan némnda metod tar sikte pa
det har genom att anga eller torka bort alla flyktiga/kondenserbara kolvaten med varm spadning. | bilden nedan kan man se hur
storleksfordelningen andras efter uppvarmning till olika temperaturer. Observera att antalet sma partiklar gar ner med néra faktor
tusen.
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Bild 2: Storleksfordelning vid olika temperaturer

P4 bilden nedan kan man se forloppet pa ett mer schematiskt satt. Under forbréanningen i motorns cylindrar bildas smé kolpartiklar
som ar kanske ett tiotal nanometer i storlek. De hér partiklarna slas ihop till kedjeliknande partiklar. Nar sedan avgaserna kyls i
avgasroret och under spadningen i CVS tunneln sé kondenserar kolvaten pé de har kol- eller sotpartiklarna och det kan aven bildas
nya partiklar direkt fran kondenserade eller nukleerande kolvaten. Den varma spadningen angar bort de har kolvéten samtidigt som
utspadningen okar vilket forhindrar aterkondensation. Pa sé satt ser man i princip enbart sotpartiklar.

Utspadning
vid 350°C

Bild 3: Varm spadning som princip for att reducera sma partiklar
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1.2 EMIR

EMIR-projektet (Emission Research) ar ett projekt finansierat genom Vinnova inom ramen for de statliga pengarna inom Grdn Bil.
Projektet &r delat i tva delar, EMIR-1 och EMIR-2. EMIR-1 syftar bl.a till att hdja kompetensen inom omradet partikelmatning och
bidra till att en relevant matmetod for avgasrelaterade partiklar tas fram. EMIR-2 syftar till att [dpande bevaka den vetenskapliga
forskningen inom omradet partikelemissioner och halsorisker samt forse fordonsindustrin och tekniska forskare med relevant och
tillambar kunskap.

Inom EMIR-1:s industriprogram ingar att ta fram en ny matmetod for avgaspartiklar. Ovan ndmnda PMP startade efter EMIR-
projektet men det har givetvis blivit valdigt styrande eftersom debatten och den eventuella konsekvensen av PMP: s arbete ar stor
for alla fordons- och motortillverkare. De féreslagna "EMIR-systemet” liknar PMP:s metod men den &r inte identisk. Sjélva
konfigurationen av systemet valdes ur tre olika forslag som provkérdes pa en Volvo V70 hos AVLMTC i april 2004 under fasen
"Grundlaggande studier”.

| den hér rapporten presenteras resultatet fran matningar som ar utférda hos Saab Automobile Powertrain AB under tiden 2005-02-
02 - 2005-07-15. Méatningarna &r gjorda med "EMIR-systemet” pa komplett bil i emissionsprovcell.

2 Matuppstallning

2.1 EMIR-systemet

2.1.1 Komplett uppstallning emissions lab 3
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Bild 4: Oversikt pa EMIR-systemet



Bn 5502 05-08 dot

m Dokumentnamn/Document name Infoklass/Info class
P
GM Powertrain Sweden
Godkand/Approved by Telefax Lagringsdata/File Reg nr/Reg no
FLT Lennart Horberg 0520-86766 FL05018401 FLO50184
Utfardare (intern postadress, namn)/Issued by Telefon/Phone Datum/Date Utgava/lssue Sida/Page
A6-1 FLTA Bjérn Nyman 0520-483964 2005-09-27 1 8 (33)

Komplett utrustning bestéir av féljande komponenter

1.

Provet tas fran CVS tunneln i emissionsprovcell for hel bil. Den forsta varma ejektor spadaren, 350°C, ansluts till en av de
tre anslutningarna till partikelfilterhallare. Temperaturen regleras av en egen enhet och méts och loggas kontinuerligt
under proven.

Efter den varmda spédaren kopplades en till tre kalla ejektorspadare. Antal spadare bestams av den slutliga
koncentrationen i partikelraknaren. Koncentrationen i partikelraknaren kan inte méata fler an 10 000 partiklar/cm?.
Tryckluften som forsorjer spadarna var 8 Bar fran standarduttag vilket innebar att den var torkad och fri fran olja. Trycket
reglerades ner till 2 Bar innan flddet nadde HEPA filtret som tog bort alla partiklar.
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2.1.2 Spadare

Sjalva spadningen sker med hjalp av ejektorspadare fran Dekati. Funktionen &r pa foljande satt: 2 Bars tryckluft trycks in (kritisk
stromning) runt réret med de outspadda avgaserna och vidare genom en dysa vid utloppet av réret. Pa detta sétt skapas ett
undertryck som suger in avgaser i spadaren. Avgaserna spads vid dysan och i efterfoljande blandningskammare. De utspadda
gaserna fordelas darefter till restgas mot utioppet och mot ytterligare spadare eller partikelraknare.

compressed air

— ==

I7ii i mey chamiber

Bild 5: Ejektor spadare fran Dekati
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2.1.3 Partikelraknare

Partikelraknare med beteckning 3010, tillverkad av TSI Inc, anvandes under proven. Pa engelska kallas dessa partikelraknare
"Condensation Particle Counter”, forkortat till CPC vilket &r den bendmning man anvander i dagligt tal. Mat principen for
partikelraknaren &r att luft med partiklar leds in Gver en varmd reservoar av Butanol. Butanoldngorna blandas med Iuftflodet och
transporteras vidare, burna av partiklar. | en kondensor kondenserar sedan Butanolen pa partiklarna till droppar, nagon till nagra
mikrometer stora. Dessa droppar ar tillrackligt stora for att enkelt detekteras med hjalp av laserljus, se bild nedan.
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Bild 6: Principskiss partikelrdknare

2.2 Uppstallning i emissionsprovcell 3

2.2..1 Matning av spadfaktorer

Vid uppmatningen av spadfaktorer anvandes NOx gas, 4586 ppm analyserad koncentration, ansluten till den kompletta
uppsattningen med fyra spadare. Ejektorfunktionen i systemet medférde att inflodet till forsta spadaren var 4 I/min, vilket méttes med
speciell flodesmatare. Flodet fran NOx flaskan reglerades darefter in till samma flédesméngd for att simulera forhallandet da
systemet suger fran CVS tunneln.
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Bild 7: Uppstallning for matning spadfaktorer, Avg-lab 3

En NOx analysator, Horiba 9000, anslots darefter till spadarnas restgas utgang dar utspadningen beraknades mot den inkommande
koncentrationen. Varje spadare uppmattes for sig under konstanta forhallanden. Analysatorns "auto-range” Iagsta omrade ar 10
ppm vilket gav bra noggrannhet &ven efter sista spadaren dar koncentrationen var kraftigt utspadd. Under matningen av
spadfaktorer holls systemet under samma forhallande som nar prover kordes d.v.s. 4 I/min inflode, 350°C i forsta spadarens
blandningskammare och 400°C varm spadluft till forsta spadaren. Da resultaten varierade studerades aven temperaturinverkan i
spadningskammaren genom att mata spadningsfaktorer vid rumstemperatur. Se tabell 1 nedan.
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Tabell 1: Métvirden fran analys av spadfaktorer
I/min CPC 10,997 10,997 10,997 10,997 0,997 10,997 10,997
l/min NOx W4 4 4 4 4 4 4
ppm NOx 4586 4586 4586 4586 4586 4586 4586
T i1-aspad [23 348 349,5 PB51,3 |349,8 [350,3 [350,5
Eft 1-a spad 467 669,8 643 645,8 653 652,5 [651,3
Eft 2-a spad |53 64,0 60,5 60,3 60,4 60,3 60,2
Eft 3-e spad |6,84 8,2 7,68 7,7 7,65 7,6 7,61
Eft 4-e spid [0,8 1,0 0,92 0,9 0,85 0,9 0,86

Skillnaden mellan rumstemperatur och 350°C férvarmning i forsta spadarens blandningskammare ger markanta skillnader, framst
vid forsta analyspunkten. Skillnaden i fidrde spadaren syns inte lika tydligt d& koncentrationerna &r p& en mycket lag niva. Skillnaden
mellan dessa prov &r dels att manteln kring spadaren inte vrms samt att spadiuften inte forvarms. Forsta spadares funktions skiss
ses nedan i bild 8.
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Bild 8: Dekati spadare



Dokumentnamn/Document name Infoklass/Info class

P
"GM Powertrain Sweden
Godkand/Approved by Telefax Lagringsdata/File Reg nr/Reg no
FLT Lennart Horberg 0520-86766 FL05018401 FLO50184
Utfardare (intern postadress, namn)/Issued by Telefon/Phone Datum/Date Utgava/lssue Sida/Page
AG-1 FLTA Bjérn Nyman 0520-483964 2005-09-27 1 13 (33)

Bn 5502 05-08 dot

Da densiteten i blandningskammaren forandras med luftens temperatur sa forvantas aven koncentrationen NOXx variera.
Tillférs en varm och tunn luft till blandningskammaren for att blandas med en fast koncentration NOx gas sa blir den totala
volymen av hdgre koncentration NOx an om en kall och tat luft anvands i blandningskammaren.

For att visa detta pa ett mer vedertaget satt anvandes grundlaggande parametrar for flodesberakningar samt antaganden
da geometrin for spadarens kanaler, munstycken och flddeskoefficienter inte &r kanda.

Tabell 2: Konstanter och parametrar for flodesberakning

*® Kappa for luft 14

E Allman konstant for luft 1866 Jikg K
T Temperatur Kelvin
R& Densitet Ps/R*T kgim~3
Pdyn Dynamiskt tryck Pt-Ps Pa

c Formel f&r ljudhastighet VK R*T) m/s
X Gasfladesfunktionen Kl hh) = MV (L (D10 20 2 e 1A G- 1)
Hb=1) Gasfladesfunktionen wid di=1 0,6846

m tassflode vid kritisk strémn ng AT PRrit VT krit*R) kg/s
Flrit Tryck i kritiska snittetvid =1 Pstatinnan *0,5282 kPa
Tkrt Temnp i kritiska snittet vid #=1 Ttotinnan *0 8333 Kelvin

Berakningarna for massflddes &r under férutsatiningarna att Aeff, Pkritoch Tkrit 4r fiktiva di cessainte &r kinda. Grafer
necan visar endast att flédet sjunker med okande temperatur.
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Bild 9: Avtagande massfléde vid stigande temperatur

Forklaringen till den markanta andringen som noterades mellan 350°C varmd blandningskammare och rumstempererad kan alltsa
med stor sékerhet hérledas till varierande densitet . Enligt matningarna sa ligger avvikelsen pa ~ 28-30 %, vid berakningarna som
gjordes visade det sig avvika 31,4 % vilket i detta fall bor bevisa att antagandet ovan stdmmer.

o Okande temperatur innebar reducerat massflode genom kritiskt munstycke.
e Reducerat spadflode innebar hdgre koncentration analyserat varde av spargas via restgas- utslapp fran spadaren.
e  Spadfaktorn paverkas av temperaturen hos utspadningsgasen.

De analysavvikelser som noterades vid 350°C kan dock inte anses vara beroende av den temperaturvariation, 348-350,5°C, som
fanns under de olika tiliféllen da spadfaktorer uppmattes. Mellan matningar, gang for gdng mot samma analyspunkt kan kanske
variationen anses relativt liten men da systemets samtliga faktorer Idggs samman blir skillnaden betydligt storre.

2.2.2 Uppstallning for repeterbarhets studier

Under tiden 6-20 april genomférdes ett antal prover for att studera EMIR-systemets repeterbarhet vid chassi dynamometer for
emissionsprov. Provcellen som anvéandes var Avg-lab 3, GMPT-S diesel provcell.
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Bild 12: EMIR-systemet, 4 spadare

2.2.3 Repeterbarhetsprov

For att minimera inverkan fran faktorer s& som riktning av bil pa4 dynamometer, varierande kallstartsfenomen och forarberoende sa
kordes del tva av ett EC2000 prov med en och samma forare under en och samma uppsattning. Bilen varmkérdes pa dynamometer
varefter temperaturen i katalysatorn invantas sjunka till forutbestamd niva, darefter genomférdes provsekvensen. Bilen stod déarefter
kvar pa tomgang tills katalysatortemperaturen sjunkit till samma forut bestdmda niva varvid nasta provsekvens kérdes. De
instrument som anvandes var TEOM mod 1105, Vets 7000 och Horiba 9000.

I bilden nedan visas resultaten fran tre olika férare med avvikelser. Noteras kan att CPC 4 och CPC 5 (resultaten fran
partikelraknaren) avviker kraftigt i forsta accelerationsfasen mot CPC 6. Denna avvikelse kan man inte se i forarberoende da kraven
for dessa var inom godkanda nivaer.

| den andra konstantfartsdelen syns tydliga avvikelser i forarberoende, vilka ocksa registrerades som "Drivers Voilation” i Vets da
dessa var utanfor toleransnivaer. | grafen for CPC 6 sa visas dessa avvikelser som en direkt kopia av Speed 6 men inverterad. |
tredje konstantfartsdelen syns ytterligare en férarberoende avvikelse som registreras av grafen for CPC 6.
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Bild 13: Resultats variationer

Med anledning av ovan resultat beslutades att vi i repeterbarhetsstudierna anvénder en forare och férfarandet som beskrivits ovan.

2.2.4 Resultat repeterbarhet

Fem varm-prover, EC2000 del 2, kdrdes av en forare och samma uppriggning av bil under en dag. Bilen var inte férsedd med
partikelfélla (DPF). Inga forarberoende avvikelser noterades och repeterbarheten av kdrningarna var mycket bra. | bilden nedan
visas korcyklernas grafer under bendmningarna Speed 8-12, registrerad massa fran Teom 8-12 och CPC 8-12.

OBS! Tidsaxlarna for Teom och CPC &r inte korrekt synkroniserade med kdrcyklerna, kunde tyvarr inte atgérda detta i tid for dessa
prover.

Med resultaten nedan kan man klart séga att repeterbarheten hos EMIR-systemet ar mycket bra vid matning pa bil kord pa chassi

dynamometer. De variationer som registrerats under andra forutsattningar kan helt klart harledas till andra faktorer sa som bil
beroende, forarberoende, temperatur, fuktighet, fastsattning pa dynamometer mm.
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Bild 14: Resultat kor cykel vs CPC och Teom

En intressant notering ar att amplituden for Teom och CPC &r i samma harad vid punkten 200 medan den skiljer sig kraftigt vid
punken 275. Detta &r som synes repeterbart varvid slutsatsen kan vara att fler partiklar bildas vid punkten 275 till samma massa
som registrerades av Teomen vid punkten 200. Detta betyder séledes att motorn producerar en stdrre mangd sma partiklar i punkt
275 &n i punkt 200.

3 Direkt matning fran avgasror, Avg-lab 4
3.1  Uppstéllning Avg-lab 4

3.1.1 Matstos med sond for direkt matning fran avgasror

For att kunna samla avgaser under lagstadgade CVS prover direkt fran bilens avgassystem konstruerades en speciell stos att fasta
mellan bilens slutrér och CVS slangen. Bilar for emissionsprover &r utrustade med flans fér montering mot cellens stalslang,
identiska flansar svetsades pa stosen for att kunna monteras stal mot stal. Anledningen till denna utformning kommer av att man
under tidigare partikelstudier funnit att olika materiel kan ge tillskott i registrerade halter, stal har visat sig vara gynnsamt. Sondens
diameter &r 12 mm fran dess inlopp till anslutningen vid forsta spadaren. Fran dess inlopp finns en godtycklig rakstracka

for att minimera stagnationspunkt i flddet, bojningsradien ut ur stosen ar sa stor som medges.
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Bild 15: Stos med sond for direkt matning fran avgasror

Efter forsta testen, dar CPC-n bottnade, visade det sig att det fanns betydande méngder vatten kvar i det isolerade réret mellan stos
och forsta spadaren. For att undvika att vatten kondenseras ut inforskaffades en varmemantel som installerades kring réret. For att
kontrollera flddestemperaturen installerades ett termoelement vid forsta spadarens inlopp. Ett flode som haller 250°C visade sig
effektivt i avseende kondensation och /eller varma upp tidigare kondensat till gasform. Se bild nedan.

Bild 16: EMIR-system med varmd ledning fran avgasror
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Vid prov av samma bil som gav "overrange” innan noterades nu betydligt Iagre koncentrationer varvid det troliga ar att kondensat
registrerats som partiklar i CPC-n. Efter installation av varmd rérledning registrerades det inget mer vatten vid demontering av

systemet.

3.1.2 Matning av spadfaktorer vid direkt matning i provcell4

Samma forfarande som anvéndes vid tidigare spadfaktor matning genomférdes &ven i provcell 4. Enda skillnaden var att man nu
anslot NOx gasen (4586 ppm) direkt till det uppvarmda mellanréret. Vid analys av restgaskoncentrationen visade det sig att halten
NOx reducerades varfor en kompletterande matning gjordes dar gasen anslots direkt till forsta spadaren. Resultaten visade att
uppvarmningen av gasen in till spadaren paverkade koncentrationen vilket starker slutsatsen i forra avsnittet som behandlade amnet
spadning, densitetsférandring => andrad koncentration.

4 Bedomning av EMIR-systemets hanterbarhet och stabilitet

4.1 Hanterbarhet

EMIR-systemet &r inte att betrakta som ett industriellt fardigt system da det innehaller olika komponenter som tillsammans bildar
systemet. Det ar av den anledningen ofta nddvéndigt att bygga mindre rérinstallationer for att anpassa systemet vid olika
applikationer. Vid méatningar i CVS tunnel monterades forsta och andra spadare vertikalt medan resterande utrustning horisontellt.
Vid direkt matning fran avgasrdr holls samtliga ingdende komponenter i horisontellt [age.

En orsak till att systemet som sadant &r utrymmeskrévande &r att man vid vissa matningar behéver anvanda upp till fyra spadare for
att komma under CPC maximala matomrade. Dessa spadare bygger en avsevard stécka varfor redan tranga provceller kan verka
begrénsande.

CPC-ninnehaller en behallare for Butanol vilken inte far tillatas skvimpa omkring. Skulle Butanol hamna i laserenheten &r man
tvungen att demontera den for rengdrning vilket inte &r en enkel operation. CPC-n méaste darfor hanteras mycket forsiktigt da
Butanol finns i dess behallare.
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4.1.1 Stabilitet 2.2.4

Med hanvisning till stycke 2.2.4 sa bekraftas att EMIR-systemet har god repeterbarhet och stabilitet. Det maste understrykas att de
prover som genomforts har varit pa bil med mansklig forare som i sig har storre variationer an en automatiserad motorprovcell dar
provforfarandet kan upprepas till nérmast 100 %.

De métningar som gjorts i Trollhattan, spadningsfaktormatning, repeterbarhet och direktmatning fran avgasrér har visat sig ge
stabila och repeterbara resultat.

5 EMIR-systemets svaga punkter

5.1 Spéddfaktorer

| och med att EMIR-systemets partikelraknare inte har ett obegransat méatomrade s& tvingas man spada ner avgaserna till en niva
dar koncentrationen understiger 10 000 partiklar/cm®. De spadare som anvandes under proven av fabrikat Decati haller inte vad
certifikaten lovar. Dessutom verkar spadfaktorn ndra sig mellan olika installationer vilket vi under dessa prover inte kunnat utreda.

Det ar dock helt klart att spadningsfaktorerna forandras mot certifierad niva da gas temperaturen forandras. For att analysera hela
kedjan har en spargas anvants vilket i sig tillfor mét osékerhet da hela denna separata kedja med fléden, tryck, lackage och
analysator tillkommer. Detta forfarande behdver bli betydligt battre for att slutresultatet ska kannas tillfredstallande. Enligt
leverantdren sa ska dessa spadare ha ett konstant blandningsforhallande om ca 8 delar luft till 1 del gas. Enligt vara méatningar
varierar det minst mellan 7-11 delar luft till 1 del gas. Har man kontinuerlig kontroll pa denna férdelning sa ar ingen skada skedd
men om flera spadsteg dndras utan korrigering sa kan det slutliga resultatet avvika kraftigt fran det verkliga.

5.1.1 CPC

Som tidigare ndmnts i denna rapport sa ar partikelraknaren mycket kénslig att transportera da Butanol kan kontaminera
spegelarrangemanget i laserenheten. For att bli ett instrument i bilindustrin dar det ska anvandas under mer produktionsanpassade
forhallanden sa kravs att detta utvecklas vidare pa ett eller annat sét.
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5.1.2 Noteringar fran prov och oférklarliga handelser

Under provserien i proveell 3, CVS, s fallerade temperaturregleringen till forsta spadarens mantel. D4 flédet genom EMIR-systemet
ar mycket konstant och temperaturen i tunneln ocksa ar konstant sa var det inga problem att manuellt justera in lamplig procentuell
utstallning fran reglerenheten. Temperaturen i blandningskammaren hélls i klart godtagbara nivaer under proverna. Reglerenhetens
sattes konstant till 7 % med mindre justeringar vid start av systemet da viss insvangning normalt kravde tillsyn.

Nar provserien i cell 3 var avklarad flyttades systemet ill cell 4 dér det monterades for direkt matning fran bilars avgassystem. For
att halla temperaturen vid 350°C krévdes nu att reglerenheten stalldes till ca: 40-45 %. Vad som orsakade denna forandring har inte
kunnat utredas.

En annan handelse som intraffade i provcell 4 var att CPC-n under uppvarmning borjade rakna partiklar i 6kande antal. Nar
temperaturen i blandningskammaren nadde 345°C visade CPC-n "overrange”, vilket betyder mer an 10 000 partiklar/cm?, OBS! i
detta lage var inloppet till systemet anslutet mot atmosfar utan forklaring till 5kade bakgrundshalter. Varmen till manteln kopplades
ur under felsokningen vilket resulterade i att CPC-n plétsligt borjade rakna koncentration inom matomradet igen. Nar nivan kommit
ner till rimliga vérden kopplades varmemanteln till igen, samma fenomen intréffade igen. Efter att systemet statt en tid med 350°C i
blandningskammaren sa borjade nivan att sjunka, till slut naddes rimliga vérden. For att kontrollera lackage tatades inloppet till
systemet som da endast fick renad spadluft, koncentrationen gick mot 0 vilket bekraftade att systemet var aterhdmtat. Fenomenet
intraffade inte mer och vi kan inte forklara vad som orsakade det.

6 Resultat

Resultaten fran méatningar med sa kallad direktanalys pa bensinbilar & sammanfattade i stycke 6.1 av utvecklingsingenjér Bo
Karlsson. Resultaten fran métningar pa dieselbilar &r sammanfattade i stycke 6.2 av utvecklingsingenjor Svante Johansson.
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6.1 Resultat fran partikelmatning med CPC pa bensinmotorer, sammanfattning

6.1.1Provutforande

Matningarna har utforts vid kdrning pa chassidynamometer, avgaslab testcell 4, GM Powertrain Sweden, Trollhattan.

Std. CVS-utrustning anvéndes for métning av ordinarie emissioner inkl. avgasflode.

Utsignal fran CPC-instruments har loggats med 1Hz sample rate.

Sample for partikelmatning tas i stos monterad mellan bilens avgasrér och CVS-slang.

Nominell utspadning har varit 4096x.

Totalt har 10 olika bilar av olika fabrikat med varierande drivaggregat och korstrackor testats, tre bilar har dessutom korts med
alternativt drivmedel, CNG resp. E85. Sammanlagt kdrdes 19 st. matningar enligt EC-cykeln och 10 st. enligt US-cykeln.

Fore prov har bilarna preparerats och soakats enligt gangse rutin for emissionsprov, kallstart +25 gr.C.

6.1.2Utvardering

Eftersom matmetoden annu saknas gransvarde, kan utvérdering ej ske i termer av hogt — lagt, godként — underkéant.
Istallet far utvardering ske genom

karaktarisering av matresultatet, logisk koppling till motorfunktion

dynamik, max-min nivaer

relativ jamforelse mellan motorvarianter och motorindivider

inverkan av kérmonster, drivmedel etc.

| bilagor redovisas resultat som

- partikelhalt CPC-utsignal [antal partiklar/cm3 analysatorflode]

- accumulerat antal partiklar i kdrcykel [CPC-halt x avgasflode x utspadning], relativ skala ej absolutvarde.

6.1.3 Resultat

# Matmetoden verkar fungera, man kan se logiska kopplingar mellan partikelutslapp och HC-utslépp, avgasfléde, motorfunktion och
kérmode. (Bilaga 1.)

# Generell fas mest partikelemissioner i startfasen, med betydande del ocksa langre fram i kdrcyklerna t.ex. i accelerationen efter
250s i US-cykeln. (Bilaga 3, 4)

# Stor spannvidd i resultat mellan olika bilar/motorer, storleksordningen faktor 10. (Bilaga 2, 3, 4)

# Utsignal fran CPC och HC-FID har liknande dynamik och karaktér. Viss korrelation mellan totalresultat p4 HC och antal partiklar
kan ses. (Bilaga 5, 6)

# Vissa slutsatser kan dras betréffande skillnader mellan motorvarianter. Dock svart att ur denna matserie saker veta om det ar
motortyp, motorindivid eller métspridning som ger ett visst resultat.

# Ett antal fenomen (emissionspikar) har noterats som faller utanfér monstret. Kopplingar till motorns driftsfall kan anas, men exakt
forstaelse for orsaken saknas. (Bilaga 7, 8, 9)

# Flera observationer/incidenter av partikelutslapp vid gasslapp, retardation (Bilaga 7)

# Generellt sett [agre partikelutslapp vid kérning med CNG- och E85-brénsle jmfr. med samma motor i bensindrift

(Bilaga 10, 11)

# Av totalt 29 st. matningar maste 4 st. betraktas som void. En pga hang-up i CPC-instrument och 3 pga over-range.

(Bilaga 2)

6.1.4 Bilagor

1. Exempel partikelhalt i EC-cykel

2. Hogsta uppmatta partikelhalt, alla prov i EC-cykel
3. Accumulering partikelantal i US-cykeln

4, Accumulering partikelantal i EC-cykeln

5-6. Korrelation HC-FID och CPC

7-9 Incidenter (emissionspikar)

10-.1 1. Jamforelse partikelutslapp vid korning med olika drivmedel

Bilaga 1.
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Partikelhalt i EC-cykel, antal partiklar/cm3 analysatorflode, utspadning 4096x
exempel fran 4 olika bilar
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partiklar

Hogsta analysatorutslag i EC-test, antal partiklar/cm3 analysatorfléde,

utspadning 4096x
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Bilaga 3.

Accumulerat antal partiklar i CVS-test,
resultat fran 10 prov pa 8 olika bilar
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Bilaga 4
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Accumulerat antal partiklar i EC-test,
exempel fran 4 olika bilar
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. Bilaga 5. Jimférelse HC-FID och CPC-instrument, dynamik och karaktar
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6.2 Partikelmatning EMIR 1 pa dieselmotorer

6.2.1 Bakgrund

Matning av partikelantal fran en dieselmotorn har genomforts med en
CPC (Condensation Particle Counter) .

6.2.2 Provutforande

Korning pa chassidynamometer, avgaslab testcell 3, enligt EC2000 kércykel.

Fére prov har bilarna har preparerats enligt gangse procedur infor emissionmétning.
Infor vissa prov har ocksa partikelfiltret ersatts av en katalysator.

Matgas till CPC:n tas fran ett extra utag i filterhallaren.

Darefter leds gasen genom x antal spadare med en spadfaktor pa ca 8.

| den 1:spéadaren varms den utspadda gasen upp till 350°C for att forhindra att man mater kondenserad vétska.

Matskalan &r 0 — 10 000 parktiklar, vilket innbar att man far prova sig fram for respektive motorinstallation

hur manga spadare som skall anvandas.

6.2.3 Provobjekt

Tre dieselbilar har anvénts.

Tid for prov
Under maj & juni 2005

6.2.4 Resultat, sammanfattning

Vid prov med en defekt partikelfalla monterad fick man faktor 1000 mer partiklar an med en hel. Massan av partiklarna var den likvardig for
bada proven. Partikelantalet var tom stérre an utan DPF vilket kan forklaras av att sprickkanterna ligger och gnider loss material fran

partikelféllan (bilaga 1).

6.2.5 Bilagor

1. CPC data med defekt DPF

2. CPC data med hel DPF

3. CPC data utan DPF

4. Partikeljzmforelse bensin mot diesel

Bilaga 1



Bn 5502 05-08 dot

@ Dokumentnamn/Document name Infoklass/Info class
P

-GM Powertrain Sweden

Godkénd/Approved by Telefax Lagringsdata/File Reg nr/Reg no
FLT Lennart Horberg 0520-86766 FL05018401 FL050184
Utfardare (intern postadress, namn)/Issued by Telefon/Phone Datum/Date Utgavallssue Sida/Page
A6-1 FLTA Bjorn Nyman 0520-483964 2005-09-27 1 30 (33)

CPC data med defekt DPF

10000

8000

6000
[
5 CPC data defekt DPF
E —— ACT_SPEED
=
©
o

4000

2000

0
0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Bilaga 2



Bn 5502 05-08 dot

Dokumentnamn/Document name Infoklass/Info class

-GM Powertrain Sweden

Godkénd/Approved by Telefax Lagringsdata/File
FLT Lennart Horberg 0520-86766 FL05018401
Utfardare (intern postadress, namn)/Issued by Telefon/Phone Datum/Date
A6-1 FLTA Bjorn Nyman 0520-483964 2005-09-27

P
Reg nr/Reg no
FL050184
Utgavallssue Sida/Page
1 31(33)

400
380
360
340
320
300
280
260
240
220
200
180
160
140
120
100

Partikelantal

Bilaga 3

CPC data med hel DPF

CPC data hel DPF
—ACT_SPEED

\x.m_J J\,\.w«'\--/\«hmg”Nw—dﬁ,*-mwmw—w——w_m__m_a

0 100 200 300 400 500 600 700 800 900

1000 1100 1200



Bn 5502 05-08 dot

-GM Powertrain Sweden

Dokumentnamn/Document name

Infoklass/Info class

P

Godkénd/Approved by Telefax Lagringsdata/File Reg nr/Reg no
FLT Lennart Horberg 0520-86766 FL05018401 FL050184
Utfardare (intern postadress, namn)/Issued by Telefon/Phone Datum/Date Utgavallssue Sida/Page
A6-1 FLTA Bjorn Nyman 0520-483964 2005-09-27 1 32 (33)
CPC data utan DPF
5000
4500
4000
3500
3000
s
s cPC
£ 2500 —— ACT_SPEED
3

2000

1500

500 ﬁ J\ /
0 ‘.M(\U WAL WA U A

|
i

900 1000

el

1100 1200




Bn 5502 05-08 dot

m Dokumentnamn/Document name Infoklass/Info class
P

-GM Powertrain Sweden

Godkénd/Approved by Telefax Lagringsdata/File Reg nr/Reg no
FLT Lennart Horberg 0520-86766 FL05018401 FL050184
Utfardare (intern postadress, namn)/Issued by Telefon/Phone Datum/Date Utgavallssue Sida/Page
A6-1 FLTA Bjorn Nyman 0520-483964 2005-09-27 1 33(33)

Bensin och diesel partiklar
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ABSTRACT.

The project EMIR-1 (EMlIssion Research) is a joint swedish particle-emissions measurement
project with the participants Volvo Cars, Volvo Technology, SAAB-GM, Scania, KTH

and AVL-MTC. EMIR-1 is part of the “Green Car” project, initiated by the Swedish

governement and financed by its R&D organisation VINNOVA.

The purpose of the EMIR-1 project is to produce knowledge within Swedish industry how to
measure particulate emissions, especially testing instruments for measurement of particle number.

The project uses an instrument setup of a Condensation Particle Counter (CPC)

after two consecutive Dekati ejector diluters, where the first diluter is heated.

This setup was chosen by a basic study within the EMIR-1 project.

A similar instrument setup is recommended in the european “PMP” (Particulate Measurement
Programme) programme by UNECE/GRPE, using an additional evaporation tube.

The EMIR-1 instrument setup is used by a measurement campaign in three labs at the
participating companies in the order: Volvo Cars, Scania, SAAB-GM.

At Scania two primary exhaust dilution modes were compared:
A: A partial dilution AVL Smart Sampler (Mini tunnel) followed by the EMIR1-system.
B: A total dilution tunnel (CVS) followed by the EMIR1-system.

Mode A was tested week 51 year 2004 and mode B week 5 year 2005.
The test results from both modes are presented in this report:

The repeatability is considered good fér both ESC-cycles and ETC-cycles in the
CVS-mode, though not as good as for the Minitunnel-mode.

Consecutive measurements show that the used measurement chain needs

4 — 7 repeated cycles for achieving a stable measured value (figure 18).

The dilution ratio in all dilution equipment must be measured in order to calculate the
total number of particles. One suitable way is to measure CO2 before and after the
dilution equipment. It should be pointed out that an accurate and repeatable dilution
is of great importance for a reliable measurement of totalparticle number.

A continuosly measured dilution ratio using gas analysers, can lead to considerable
uncertainties because of e.g. time lag and signal rise time in the analysers.

In stationary measurements it is recommended to calculate an average of gas
concentration before calcualting the dilution ratio and total particle number.

In transient test cycles it is recommended to use a constant calculated dilution ratio for the
whole cycle. It is also recommended that if a CVS-tunnel or a minitunnel is used before a
CPC, that their dilution ratios are controlled with CO2 measurements.

The dilution ratio of the warm ejector diluter was controlled during an ESC cycle using CO2

measurement. The dilution ratio for the heated diluter was stable at a level about 0.4 units
below the value given by the producer, and is in line with the temperature dependence
mentioned by the the producer.

SV 1792 95-10
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SAMMANFATTNING

Projektet EMIR (EMlssion Research) ar ett svenskt, gemensamt partikelemissions-
matprojekt mellan Volvo Cars, Volvo Technology, SAAB, Scania, KTH och AVL MTC.
EMIR ar en del av svenska regeringens "Gréna-Bilen”-projekt och finansieras av
VINNOVA. EMIR1-projektets syfte ar att sprida kunskap inom Sverige om métning av
partikelemissioner, framst genom provning av instrument for matning av partikelantal.

En viss matinstrumentuppstallning bestdende av en Condensation Particle Counter,

CPC, och tva Dekati ejector dilutrar ar vald och undersokt i en grundlaggande studie
inom EMIR. Liknande uppstallning ar ocksa rekommenderad i ett europeiskt partikel-
matningsprojekt, UNECE/GRPE PMP (Particulate Measurement Programme).

Dessa instrument vill man nu lara sig mer om i provningar. Framfor allt &r det av
intresse for Scania att jamfora antalet partiklar efter en CVS-utspadningstunnel och
en AVL Smart Sampler, s.k. minitunnel.

Varje deltagare i EMIR-projektet ska utfora matningar med de rekommenderade
instrumenten. Scania har gjort en provning vecka 51 2004, dar méatningar med
CPC och ejector dilutrar efter minitunnel provades. Vecka 05 2005 gjordes en
provning med samma uppstallning efter CVS-tunnel samt efter en minitunnel.
Resultaten fran bada provningarna aterfinns i denna rapport.

Repeterbarheten bedémdes som god fér bade ESC-cykler och ETC-cykler i
uppstalliningen efter CVS-tunneln, dock nadgot samre an repeterbarheten i
uppstéllningen efter minitunneln.

Spadfaktorn i all spadutrustning maste matas for att kunna rakna fram det totala
partikelantalet. Ett lampligt satt &r att mata CO,, fore och efter spadutrustningen. Det
bor poangteras att en noggrann och repeterbar utspéadning ar av storsta vikt for en
tillforlitig matning av det totala partikelantalet.

En kontinuerligt méatt spadfaktor kan medféra stora osakerheter pa grund av bland
annat tidsforskjutning och responstid i analysatorerna. | stationara matningar
rekommenderas att medelvardesbilda CO, innan berdkningar av spadfaktor och
totalantal utfors. | transienta korcykler rekommenderas en konstant beraknad
spadfaktor for hela cykeln. Det rekommenderas ocksa att om CVS-tunnel eller
minitunnel anvands fére CPC, aven de kontroliméats med CO, for att fa tillforlitliga
matningatr.

Ejector dilutrarnas utspadningsfaktor kontrollmattes med CO2. Utspadningsfaktorn

var repeterbar och lag omkring 0,4 enheter under den av tillverkaren angivna. Detta
stammer 6verens med tillverkarens angivelse av temperaturberoendet.

SV 1792 95-10



i
/ \ Dokumentnamn/Document name Info klass/Info class
) SCANIA RAPPORT

—rp D-artikel/D-article L-artikel/L-article Kod/Code

M 18
Godkéand/Approved by Lagringsdata/File Reg nr/Reg. No.
NMOT Ingemar Lidén M18_368.doc M18/368
Utfardare (tjanstestéllebeteckning, namn)/Issued by Datum/Date Utgava/lssue Sida/Page
NMPS Astrid Simovits, NMOT Arne Kannel 2005-11-09 3 4 (24)
1 ALLMAN PROVNINGSINFORMATION
PA nr: 228470
Protokoll nr: 18 261 938 — 18261962 och 18 261 970 - 18261990

Projektkonto: 59-7025
Tid for provning: 2004-12-13--2004-12-17 i F8 och 2005-01-31--2005-02-05 i F4

Provniva: Erfarenhetsprov
Motortyp: DC 1101
Motornr: 5765870
Bransletyp: Euro 4-diesel MK1
Motorolja: Referensolja Scania STC.
ACEA E5 10W/30 med Noack Volatility loss 12.2%.(enl. CEC L-40-A-93)
Provingenjor: NMPS Astrid Simovits 51079, NMOT Arne Kannel 82856
Provcell: F8 och F4
Celltekniker: Nicklas Stromberg och Risto Nuutinen

1.1 Provcellskrav och matkrav
Slapbroms

Emissionsmatning fore ljuddampare/kat.
Emissionsmatning efter ljuddampare/kat.
EGR-métning

Minitunnel

Fullflodestunnel

Rékmatning

EX

EEIEIEE

1.2 Provkonstanter och viktiga variabler

| varje prov utférdes kontinuerlig matning av varvtal, moment, avgasmassfléde, tryck
och temperatur fore och efter filtret, HC, CO, CO,, NO och NOXx efter filtret. Det fanns
inte mojlighet att mata NOx och NO samtidigt, vilket gjorde att NOx mattes under
halva méattiden och NO under andra halvan.

Partiklarnas antal/cm3 mattes med en CPC (se beskrivning av instrumentet nedan).
Utspadningsfaktorn i spadutrustningen mattes med kontinuerlig CO,-méatning fére och efter
utspadningen. Spadfaktor beraknades baserad pa CO2-halt i vat avgas.

Spadutrustningen bestod av CVS-tunnel + tva Ejektor Diluter fran Dekati Ltd.

SV 1792 95-10
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2 BAKGRUND

Pa senare tid har ett intresse uppstatt av att i avgaser mata antal samt storlek pa
partiklar hos myndigheter och lagstiftare. Antalet och storleken pa partiklar ar
forknippade med en negativ effekt pa méanniskors halsa. De minsta sa kallade
nanopartiklarna anses vara farliga for halsan eftersom de tréanger in djupare i
lungorna. Det &r darfor troligt att det sa smaningom kommer lagkrav som reglerar
antal och storlek pa partiklar. Scania har féljaktligen ett behov av att kunna mata
partikelantal och partikelstorleksférdelning fran sina motorkoncept.

Projektet EMIR1 (EMIssion Research) ar ett svenskt, gemensamt partikelemissions-
matprojekt mellan bland annat Volvo Cars, SAAB, Scania, KTH och AVL MTC.
Projektets syfte ar att sprida kunskap i Sverige om métning av automotiva
partikelemissioner, framst genom en matkampan; .

En viss matinstrumentuppstallining bestdende av en Condensation Particle Counter
(CPC), och tva Dekati ejector dilutrar ar vald och undersokt i en grundlaggande
studie inom EMIR.

Dessa instrument vill man nu lara sig mer om i provningar. Utdver detta ar det
intressant for Scania att anvanda denna matuppstallning foér att bedéma om samma
resultat kan erhallas i en CVS och en AVL Smart Sampler "minitunnel”’(MTL) under
samma forhallanden. Eftersom dessa utspadningstunnlar betraktas som ekvivalenta
ar det av varde att mata om det stammer aven for partikelmétningar.

Varje deltagare i EMIR-projektet ska utféra matningar med de rekommenderade
instrumenten. Scania har gjort en provning vecka 51 2004, dar matningar med
CPC och ejector dilutrar efter minitunnel provades.

Vecka 200451 gjordes matningar med MTL och vecka 200505 gjordes provning
med samma uppstallning efter CVS-tunnel. Resultaten fran dessa provningar
aterfinns i denna rapport.

2.1 Syftet med provet

Utvardera om en CPC samt tva ejector dilutrar ar lampade att mata
partikelemissioner efter dieselmotor med partikelfilter, samt att utoka kunskapen om
partikelméatning pa Scania.

SV 1792 95-10
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3 UTRUSTNING

3.1 Motor och filter

Scania DC 1101 anvandes som provmotor. Det &r en produktionsmotor med Nox-
nivaer enligt Euro 2 (ca 7,8 g/kwWh) och partikelnivaer enligt Euro 3 (ca 0,05 g/kwh).
Efter motorn monterades ett partikelfilter, vilket tog ner partikelnivaerna till under
Euro 4 (ca 0,005 g/kwh).

3.2 Ejector dilutrar

Tva Dekati ejector diluter-spadare anvandes efter minitunneln, se figur 1 nedan. Den
forsta var isolerad med en varmeslinga monterad i isoleringen, vilket gjorde att
temperaturen i spadaren kunde regleras med en termostat. Temperaturen i varma
spadpunkten stalldes in p& 350 °C under provningen. Aven spadluften till den forsta
spadaren varmdes innan den kom in i spadaren. Spadare nummer tva holl c:a
rumstemperatur, liksom aven spadluften till denna spadaren. Enligt tillverkaren ska
utspadningsfaktorn vara 8,45 i den forsta spadaren och 8,47 i den andra. Dilutrarna
ar enkla att anvanda, sma och robusta.

Figur 1. Dekati ejector diluter

SV 1792 95-10
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3.3 CPC 3010

Continuous Particle Counter, CPC, fran TSI Inc., méater antalet partiklar i en gasstrom
och presenterar det i enheten antal/cm®. Den mater i realtid, sekund — fér — sekund.
En stor fordel med CPC &r att den kan mata partiklar ner till mycket laga nivaer, ca 1
partikel/cm?, vilket gor den till det kansligaste instrumentet for partikelantal p&
marknaden. Detta ar av stor betydelse vid matning efter partikelfilter.

CPC bygger pa en teknik dar partiklarna leds igenom en anga av butanol. Butanolen
kondenserar pa partiklarna och gor dem storre. De réaknas sedan med hjalp av optik.

En analog signal gar fran CPC:n till testcellens celldator, dar den lagras tillsammans
med Ovriga matta variabler. Celldatorn kan ta emot 10 bitars dverforing.

Figur 2. CPC 3010, TSI Inc.

3.4 Montage av matutrustning fér matning efter minitunnel (MTL).

Avgasflodet visas schematiskt nedan:

Motor Minitunnel

A\ 4

\4

Ejector diluter 1

y

Ejector diluter 2
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3.5 Montage av matutrustning foér matning efter CVS.

Motor »{ CVS »| Ejector diluter 1 »( Ejector diluter 2 » CPC
Figur 3. Partikel-flddesschema dver matningen med CPC
{ i3 ‘
-._:?-r ]
T L
= Jd ~<J
[ 7 /- .
s SR\ / / Frén prob i CVS
A\ vAS 1)
I,\ : Sekundarspadare
4 s = I: "-—-.,_ ; ) ‘/
. = AT e U paae A Anslutning till varm spadare

Uttag for CO2-matning |- &

h.-. _ _ '.L‘_M ! -
; ”’f = > I -

Spéadluftvéarmare

‘hr_._A wli e 4

e 0 ad

CPC 3010 + | Kall spadare + | Varm spéadare = EMIR-1-uppstéliningen
i varmejacka
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4 UTFORANDE

4.1 Korecykler

De korcykler som anvandes var ESC (European Stationary Cycle) och

ETC (European Transient Cycle) . Sa manga testcykler som majligt kordes for att
testa repeterbarhet. Dessutom koérdes stationara punkter (A,B,C,D) enligt en
rekommenderad mall i en rapport av RICARDO [1], se definition nedan. De stationéra
punkterna kordes i 18 minuter per punkt.

| bérjan av provningen genomfordes nagra matningar for att jamfora CPC :ns resultat
fran minitunnel och CVS-tunnel under samma spadforhallanden.

Mellan varje testcykel samt mellan uppvarmning och forsta testcykeln kdrdes en
stabiliseringspunkt pa 1500 rpm, 75 % last (1463 Nm) enligt rekommendation fran
RICARDO. Matningar i stabiliseringspunkten utférdes inte.

Tabell 1. Forteckning 6ver koérningarna (DF = dilution factor, utspadningsfaktor)

Ordningsnr | Protokollnr Datum Koércykel DF CVS Kommentar

1 18261970 2005-02-01 Punkt4 > 7 > 10i ESC - CVS; métning av r och q
2 18261971 2005-02-02 Punkt 4, 4, 10i ESC Minitunnel; samma r och g som CVS
3 18261972 2005-02-02 Punkt 7 > 10i ESC Matning av responstid i minitunnel
4 18261973 2005-02-02 ESC Minitunnel

5 18261974 2005-02-03 ESC CVS

6 18261975 2005-02-03 ESC CVs

7 18261976 2005-02-03 ESC CVS

8 18261977 2005-02-03 ESC CVS

9 18261978 2005-02-03 ESC CVS

10 18261979 2005-02-03 ESC CVS

11 18261980 2005-02-03 ESC CVS

12 18261981 2005-02-04 Maxmomentkurva CVS

13 18261982 2005-02-04 ETC CVS

14 18261983 2005-02-04 ETC CVs

15 18261984 2005-02-04 ETC CVS

16 18261985 2005-02-04 ETC CVS

17 18261986 2005-02-04 ETC CVS

18 18261987 2005-02-04 ETC CVsS

19 18261988 2005-02-04 ETC CVS

20 18261989 2005-02-05 Stationéra punkter CVS

21 18261990 2005-02-05 Stationara punkter CVS

De stationdra punkterna kérdes enligt nedan:

AAABACADABAB,BB,CB,DB

Punkt A = steg 1 i ESC (tomgang)
Punkt B = steg 4 i ESC (1500 rpm, 75 % last)
Punkt C = steg 7 i ESC (1250 rpm, 25 % last)
Punkt D = steg 10 i ESC (1800 rpm, 100 % last)
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5 RESULTAT

5.1 Allmanna erfarenheter av matuppstaliningen
Allmanna intryck av uppstalliningen &r att den mater l1aga nivaer pa partiklar utan svarighet.

CPC-instrumentet ar litet, men kraver skrymmande spadutrustning. Instrumentet far
inte lutas eftersom det innehaller butanol. Hanteringen av butanol kraver god
ventilation.

5.2 Repeterbarhet

Repeterbarheten i CPC:n bedémdes som god, se figurerna 4 och 5 nedan.
Repeterbarheten var dock samre med CVS an med minitunnel. De tva forsta
ESC:erna l&g hogre an de dvriga. Aven den sista ESC:n avvek nagot, medan de tre
ESC:erna i mitten var mycket lika.

Partiklar i CPC métt efter CVS-tunnel; jamforelse mellan ESCer

120

— 18261975 Partiklar i CPC
—— 18261976 Partiklar i CPC
18261977 Partiklar i CPC
18261978 Partiklar i CPC
—— 18261979 Partiklar i CPC
— 18261980 Partiklar i CPC

100 f

1

60

\ |
.| o
Vi

0
1 101 201 301 401 501 601 701 801 901 1001 1101 1201 1301 1401 1501 1601 1701
tid (s)

N/cm3

Figur 4. Repeterbarhet med CPC:n mellan ESC:er efter CVS

Repeterbarhet i ESCer med CPC

120

—— 18261938 Partiklar frin CPC
—— 18261940 Partiklar fran CPC
100 18261941 Partiklar fran CPC ——

18261942 Partiklar fran CPC
—— 18261943 Partiklar frin CPC
—— 18261944 Partiklar fran CPC
—— 18261945 Partiklar frin CPC
—— 18261946 Partiklar frin CPC

80

60

N/cm3

40 +

20 A

0

1 69 137 205 273 341 409 477 545 613 681 749 817 885 953 1021 1089 1157 1225 1293 1361 1429 1497 1565 1633
tid (s)

Figur 5. Repeterbarhet med CPC:n mellan ESC:er efter minitunnel
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Aven repeterbarheten i ETC:er var god, lika bra som i minitunneln, se figurerna 6 och
7 nedan. Den sista CVS- ETC:n (brun linje) 6verensstamde inte i slutet.

Partiklar i CPC matt efter CVS-tunnel; jamforelse mellan ETCer

60
—— 18261982 Partiklar i CPC
—— 18261983 Partiklar i CPC
18261984 Partiklar i CPC
50 18261985 Partiklar i CPC [
—— 18261986 Partiklar i CPC
—— 18261987 Partiklar i CPC
40 4
o |I ‘ |
5 301 (
4 ‘ ‘
i ( v |
| | ”nJ ‘
20 . h I L \ ! ‘ I
i l\
NIRRT R RA L
| {Hm I
10 | ! L
] \
,q | .' | |‘
{
0

1 71 141 211 281 351 421 491 561 631 701 771 841 911 981 1051 1121 1191 1261 1331 1401 1471 1541 1611 1681 1751
tid (s)

Figur 6. Repeterbarhet mellan ETC:er efter CVS

Partiklar i CPC, jamforelse mellan ETC:er

120

—— 18261956 Partiklar i CPC
—— 18261957 Partiklar i CPC
100 18261948 Partiklar i CPC [

18261949 Partiklar i CPC
——18261950 Partiklar i CPC
80 —— 18261952 Partiklar i CPC

| l —— 18261953 Partiklar i CPC
o l | i

I —— 18261954 Partiklar i CPC
L
40 I | II II ) ” T |
‘ 4
2] '

—— 18261955 Partiklar i CPC
501 1001 1501 2001 2501 3001 3501 4001 4501 5001 5501 6001 6501 7001 7501 8001 8501 9001

N/cm3

-20

matpunkt (var 0,2 s)

Figur 7. Repeterbarhet mellan ETC:er efter minitunnel
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5.3 Repeterbarhet stationara punkter

| de stationara punkterna &r repeterbarheten god. | synnerhet i andra provomgangen
ar vardena mycket stabila. Mode A gav mellan 3 och 7 partiklar/cm®, mode B gav ca
24 — 26 partiklar/cm®, mode C gav 9 partiklar/cm® och mode D gav ca 24 — 26
partiklar/cm®. Mode B och D I&g mycket néra varandra. Se figur 8 nedan.

Partiklar i CPC métt efter CVS-tunnel; stationdra punkter

300

—— 18261989 Partiklar i CPC
—— 18261990 Partiklar i CPC

250

200

150

N/cm3

100

50 | {

I T s T B oo W i

L 1001 2001 3001 4001 5001 6001 7001 8001 9001 10001 11001 12001 13001 14001 15001 16001 17001 18001 19001

A A A B A C A D A B A B B B C B D B

-50

tid (s)

Figur 8. Repeterbarhet mellan stationdra punkter efter CVS

Punktsekvens: A, A A, B,A,C,AD,AB,AB,B,B,C,B,D,B

En 6vergang fran tomgang (A mode) till B eller D mode ger alltid en kraftig spik i
partikelantalet. Spiken kan vara av olika hojd. A till C mode ger dock ingen spik. Det
tyder pa att ju storre skillnad mellan de olika stegen, desto svarare har motorn att
gora en stabil dvergang. Det stods av att aven andra, kontinuerligt méatta emissioner
som till exempel HC och Nox visar en spik vid kraftiga transienter.
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18261960 Partiklar fran CPC

160

——18261960 Partiklar fran CPC

140 4

120 A

100

80 A

60 - ‘
40 |

N/cm3

s | ™,

1 1001 2001 SOT 4001 5001 6001

A A A B AC B B C

Figur 9. Repeterbarhet mellan stationara punkter efter minitunnel

A D A"OB A B

Forsta omgangen: A,AA,B,A,C,A,D,A,B,AB,B,B,C,B,D,B
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5.4 Korrelation mellan HC och partikelantal

HC hade en viss, om an inte tydlig, korrelation till partikelantalet, se figur 10.
Eftersom det storsta antalet partiklar aterfinns som nanopartiklar, och dessa framst
anses besta av flyktiga kolvaten, ar det intressant att studera om en korrelation
mellan HC och partikelantal foreligger. En oxidationskatalysator tillsammans med ett
partikelfilter anses ta bort an del HC och dessutom producera sulfatpartiklar i
nanopartikelstorlek [2]. Det kan vara bade HC och sulfat som mats av CPC:n.

Jamfdrelse HC och partikelantal efter partikelfilter

70 40
—— 18261980 Partiklar i CPC
—— 18261980 HC efter filter 35

60

/ - 30
50 /
40

30 1

N/cm3

20 A M

10 ‘ ‘ ‘

1 101 201 301 401 501 601 701 801 901 1001 1101 1201 1301 1401 1501 1601 1701 1801
tid (s)

Figur 10. Jamfdrelse mellan HC (som ppmC) och partikelantal i en ESC-cykel.
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5.5 Jamfdrelse mellan r och q i CVS-tunnel och minitunnel

En jamforelse mellan CVS-tunnel och minitunnel gjordes for att kontrollera om
samma antal partiklar kunde astadkommas med samma forutsattningar i CVS-tunnel
och minitunnel. En korning i CVS-tunneln gjordes for att bestdmma dess spéadfaktor q
och dess sample ratio r vid tre ESC-punkter, punkt 4, 7 och 10. Sedan stalldes
samma forhallanden in i minitunneln. Nagra av punkterna (punkt 7 samt r i punkt 10)
kordes inte eftersom det nskade forhallandet inte gick att stélla in i minitunneln. Se

tabell nedan.

Tabell 2. Resultat fr&n jamférelse mellan CVS och minitunnel

Partiklar i CPC (#/cm®)
ESC punkt CVsS Minitunnel
4,9=7,66 31,973 36,346
4,r=0,11 31,973 41,359
10,q=5,27 32,783 29,825

Resultatet visar att det &ar svart att aterskapa exakt samma forhallanden i CVS-tunnel
och minitunnel, atminstone med avseende pa partikelantal.

Intressant nog var partikelantalet i punkt 10 i CVS-tunneln inte sarskilt stabila, se
figur 11 nedan. Detta kan bero pa att det var den forsta korningen i provomgangen
vilket i allmanhet ger varierande resultat.

70

Partiklar i CPC, CVS-korning

— Partiklar i CPC

60

50

40 +—4

N/cm3

30

20

10

0

1 201 401 601

tid (s)

Figur 11. Partikelantal efter CVS-tunnel, punkt 4, 7 och 10i ESC
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5.6 Kontroll av spadfaktor i ejector dilutrar och CVS; jamférelse med minitunnel

Spadfaktorn i forsta, varma ejector dilutern mattes med torr CO,-analysator fére och
efter dilutern i varje punkt i ESC:n. Med undantag for mode 1 i ESC-cykeln (tomgang)
lag spadfaktorn pa omkring 8, se tabell 2 nedan. Spadfaktorn beraknades pa foljande
satt:

DF =1 + (CO2-halt fore — CO,-halt efter)/(CO,-halt efter — CO,-halt spadluft)
CO.-halten i spadluften uppmaéttes till 0,039 %. Korrektionen torra -> vata gaser
forsummades eftersom vattenhalten i avgaserna till varma spadaren var lag. Kw-
faktorn enligt 1SO 16183 lag 6ver 0,99 i samtliga punkter.

Tabell 2. Spadfaktorer i forsta spadaren i en ESC. Protokollnummer 18261976 (punkt 13 fran 18261978)

ESC-punkt 1 2 3 4 5 6 7 8 9 10 11 12 13
CO2 fore (%) 0,0668 | 0,9636 | 0,6308 | 0,9184 | 0,5180 | 0,7770 | 0,3037 | 1,1578 | 0,3732 | 1,2425 | 0,4027 | 0,9506 | 0,6769
CO2 efter (%) 0,042 0,154 0,113 0,150 0,098 0,131 0,070 0,181 0,080 0,192 0,083 0,148 0,122
DF 9,27 8,04 8,00 7,92 8,12 8,02 8,54 7,88 8,15 7,87 8,27 8,36 7,69

En del punkter mattes tva eller flera ganger. Den kompletta uppsattningen
matpunkter finns i bilaga 1. Medelvardet ar 8,02, standardavvikelsen 0,17,

variationskoefficient 2 %. Medelvardet ar lagre an det angivna vardet pa spadfaktorn
fran tillverkaren (8,45 vid 25 °C och atmosfarstryck). Enligt tillverkaren @ndras
spadfaktorn beroende pa temperatur- och tryckavvikelser. Eftersom den forsta
spadaren var uppvarmd till 350 °C bor temperaturen ha en betydande inverkan pa
spadfaktorn. Spadfaktorn i den forsta ejector dilutern mattes i detta prov en gang for
varje steg i ESC:n, och inte kontinuerligt, vilket gav mer repeterbara resultat.

En kontinuerlig méatning av spadfaktorn kan ge osakra resultat beroende pa
responstiden i gasanalysatorerna, tidsforskjutning beroende pa att man mater
samtidigt pa olika stallen (fore och efter ejector) samt att man kan fa "spikar” i
spadfaktorn som ar relaterade till bransle "cut-off” vilket gor att CO,-halten gar ner till
noll och spadfaktorn inte ar definierad. Det har visats i en rapport att ett medelvéarde
pa spadfaktorn over en korcykel ger resultat som stammer battre éverens med CVS-
tunnelns spadfaktor &n en kontinuerlig matning vid samma tillfalle gjorde. [3]

Spadfaktorn i CVS-tunneln samt CVS-tunnelns sekundarspadare mattes ocksa
kontinuerligt med CO,-matning. Vid jaAmforelse med minitunnelns spadfaktor ser man
att CVS-tunneln har stabilare utspadning i ESC:er utom i tomgangssteget, dar
minitunneln ar battre (figur 12 och 13). Problemen med kontinuerligt matt spadfaktor
galler ocksa nar spadfaktorn i CVS-tunneln kontrollmats med CO,. Detta syns framfor
allt i spikar vid 6vergang mellan olika moder vilket troligen beror pa tidsforskjutning,
se figur 12. Fenomenet syns dock inte i matning av minitunnelns spadfaktor, se figur
13.

SV 1792 95-10




Dokumentnamn/Document name

RAPPORT

D-artikel/D-article

L-artikel/L-article

Godkénd/Approved by
NMOT Ingemar Lidén

Utfardare (tjanstestallebeteckning, namn)/Issued by

NMPS Astrid Simovits, NMOT Arne Kannel

Lagringsdata/File
M18_368.doc

Datum/Date

2005-11-09

Info klass/Info class

Kod/Code

M 18
Reg nr/Reg. No.

M18/368
Utgava/lssue Sida/Page

3 17 (24)

— Utspéadningsfaktor CVS
— Utspéadningsfaktor CVS

Utspadningsfaktor CVS
—— Utspéadningsfaktor CVS

Namrcsibbais
{

1 70 139 208 277 346 415 484 553 622 691 760 829 898 967 1036 1105 1174 1243 1312 1381 1450 1519 1588 1657 1726

tid (s)

Figur 12. Repeterbarhet utspadningsfaktor i CVS matt med CO, (ESC)

Repeterbarhet utspadningsfaktor i ESC matt med CO2

—DF 18261938
—— DF 18261940

DF 18261941
—— DF 18261942
—— DF 18261943
— DF 18261944
—— DF 18261945
— DF 18261946

1 101 201 301 401 501 601 701 801 901
tid (s)

1001 1101 1201 1301 1401 1501 1601

Figur 13. Repeterbarhet utspadningsfaktor i minitunnel matt med CO, (ESC)
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| ETC:erna méttes spadfaktorn enbart i den s.k. sekundarspadaren till
CVS-tunneln med CO,. Spadfaktorn i sjalva CVS-tunneln mattes genom
att mata avgasfléde och tunnelflode. Aven sekundarspadarens
spadfaktor kunde matas upp med gasfloden i stéllet fér CO,-métning.
Spadfaktorn ar stabilare an i minitunneln, se figur 14 och 15. Matningen
med gasfloden ar dock inte berord av svarigheterna med CO,-matning.

Spéadfaktor i CVSi ETC

70
——DF CVS 18261982
—— DF CVS 18261983
60 1 DF CVS 18261984 —
DF CVS 18261985
——DF CVS 18261986
50 l ——DF CVS 18261987 1
|
40 l?
30 ‘
20 | P
o] u JW WWWW
0

1 101 201 301 401 501 601 701 801 901 1001 1101 1201 1301 1401 1501 1601 1701 1801
tid (s)

Figur 14. Repeterbarhet utspadningsfaktor i ETC, sekundarspéadare och CVS, métt med gasfléden

Repeterbarhet utspadningsfaktor (DF) i ETC méatt med CO2

180

——DF 18261952

160 L ——DF 18261953

DF 18261954
— DF 18261955

140 —— DF 18261956

I — DF 18261957
| | ! | | I | |
'

120 4

100

80 -

60

40 1

20 1

l L]
1 501 1001 1501 2001 2501 3001 3501 4001 4501 5001 5501 6001 6501 7001 7501 8001 8501 9001
tid (s)

0

Figur 15. Repeterbarhet utspadningsfaktor i ETC efter minitunnel métt med CO,

SV 1792 95-10



Dokumentnamn/Document name

RAPPORT

D-artikel/D-article L-artikel/L-article
Godkéand/Approved by Lagringsdata/File
NMOT Ingemar Lidén M18_368.doc
Utfardare (tjanstestéallebeteckning, namn)/Issued by Datum/Date

NMPS Astrid Simovits, NMOT Arne Kannel 2005-11-09

Info klass/Info class

Kod/Code

M 18

Reg nr/Reg. No.
M18/368

Utgava/lssue Sida/Page

3 19 (24)

Aven i de stationara punkterna syns spikarna fran tidsforskjutningen samt variationen
i tomgangsstegen i CVS-tunnelns spadfaktor, se figur 16. | 6vrigt ar spadfaktorn
stabil och repeterbar. Aven minitunneln har stora variationer i tomgangssteget, men

inga spikar, se figur 17.

Spéadfaktor CVS i stationara punkter

100

‘ —— Utspéadningsfaktor CVS
| — Utspadningsfaktor CVS

90

80

70

60
’ w “
40

30

20 h

10

0

1 910 1819 2728 3637 4546 5455 6364 7273 8182 9091 10000 10909 11818 12727 13636 14545 15454 16363 17272 18181 19090
tid (s)

Figur 16. Repeterbarhet utspadningsfaktor i stationéra punkter efter CVS matt med CO,

Spéadfaktor minitunnel+forsta dilutern

250

—— Utspadningsfaktor minitunnel+forsta dilutern 18261960

200 A

150 1

100

50

0
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Figur 17. Utspadningsfaktor i stationdra punkter, minitunnel + férsta ejector dilutern matt med CO,
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5.7 Totalantal partiklar per cykel. F6r MTL (A) och CVS (B).
A: MTL-antal for hela cykeln = Ncycle_ MTL
Ncycle_ MTL = 100/R * Vrtot * DR1 * DR2 * SUM( Cr * dt/60) * 1000 (#/ cykel)

R = MTL sample ratio = 100 * Vrprob/Vrexhaust
DR, = spéadfaktorn i forsta ejector dilutern = 8,02 enligt kap 5.6
DR, = spéadfaktorn i andra ejector dilutern = 8,47 enligt kap 5.6

(R = 0,08 %)

(dimensionslds)
(dimensionslds)
(dimensionslds)

Vrtot = totala gasflédet i MTL (= 94.5) (I/min)
Cr = koncentration av partiklar i CPC vid Tr och Pr #/cm)
Bakgrund sattes till 0 #/cm i berékningen.
dt = loggningsperiod (mellan datapunkter) (s)
ESC- 18261938 18261940 18261941 18261942 18261943 18261944 18261945 18261946 M?del—
cykel varde
Ncycle 5.30*10" | 4.83*10" | 4.81*10" | 4.31*10% | 4.38*10"° | 4.35*10" | 4.30*10" | 3.97*10" | 4.53*10"
ETC-cykel | 18261952 18261953 18261954 18261955 18261956 18261957 Medelvarde
Ncycle 5.86*10"” | 5.15*10" | 4.86*10" | 4.47*10 | 4.50*10" | 4.53*10% 4.90*10"
MTL Medelvarde, mv Standardavvikelse, s Variationskoefficient, cov
ESC-cykel 4.53*10" 0.42*10" 0.093 (0.070 utan forsta vardet)
ETC-cykel 4.90%10" 0.54*10" 0.111 (0.063 utan sista vardet)
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B: CVS-antal for hela cykeln = Ncycle_CVS

Eftersom CO,-matningarna av CVS-tunnelns spadfaktor ar svara att utvardera,
anvandes gasflédena i CVS-tunneln samt i sekundarspadaren for att berdkna det
totala antalet partiklar 6ver en cykel. Spadfaktorn i den varma ejector dilutern anges
till 8,02 enligt CO,-matningarna i kapitel 5.6. Den kalla diluterns spadfaktor anges till
det nominella vardet 8,47. Totalt blir spadfaktorn i ejector dilutrarna 67,93.
Berakningen gors enligt foljande formel:

Ncycle_CVS = Vrmix*1000*60/(Vrprob) * Vrprob* DR__ * DR * DR * SUM(Cr * dt/60)*1000  (#/ cykel)

dar
Vrmix = gasflédet i CVS-tunneln (vid Tr = 20 C och Pr =1013 mbar) (m3/s)
Vrprob = probflddet (vid Tr och Pr) frdn CVS-tunneln till sekundarspadaren (I/min)

DRgex = spadfaktorn i sekundarspéadaren (dimensionslds)

DR; = spadfaktorn i forsta ejector dilutern = 8,02 enligt 5.6 (dimensionslos)
DR, = spéadfaktorn i andra ejector dilutern =8,47 enligt 5.6 (dimensionslos)
Cr = koncentrationen av partiklar i CPC:n vid Tr och Pr. (#/cm?®)
Bakgrund séttes till 0 #/cm i berdkningen.
dt = loggningsperiod (mellan datapunkter) (s)
ESC-cykel 18261975 | 18261976 | 18261977 | 18261978 | 18261979 | 18261980 Medelvarde
Ncycle_CVS 7.12*10% | 7.15*10" | 5.48*10" | 5.17*10" | 5.34*10% | 5.61*10% 6.09*10"
ETC-cykel 18261982 | 18261983 | 18261984 | 18261985 | 18261986 | 18261987 Medelvarde
Ncycle_CVS 4.32*10"% | 4.78*10%% | 4.54*10" | 4.51*10" | 4.91*10" | 6.01*10™ 4.85*10"
CVS: mv, s, cov | Medelvarde | Standardavvikelse Variationskoefficient
ESC-cykel 6.09*10" 1.11*10% 0.181
ETC-cykel 4.85*10" 0.61*10" 0.125

Eftersom antalet raknas ut som en integral av realtidsmatningen &r det av stor vikt att
veta var méatningen borjar och slutar. Integralen ska goras 6ver de 1680 sekunder
respektive 1800 sekunder som ESC:n och ETC:n Kkors.
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C: GRAFISK PRESENTATION AV MATVARDEN FOR DE FYRA KOMBINATIONERNA:

MSS = MTL + ESC MiniTunneL + European Steady state Cycle
MTR = MTL + ETC MiniTunneL + European Transient Cycle
CSS=CVS + ESC Constant Volume flow Sampler + European Steady state Cycle
CTR=CVS + ETC Constant Volume flow Sampler + European Transient Cycle
SCANIA results: Ncycle for MTL and CVS
10.0
9.0 —&—MSS
0
= 80 - ©- MTR
£ 70 & \ ——CSS
2 6.0 N
o
< 5.0
o
4.0
2 3.0
o
3 2.0
p
1.0
OO T T T I I I I I
0 1 2 3 4 5 6 7 8 9
Cycle sequence number for each combination

Figur 18. Matvarden fran fyra matserier; ESC och ETC med MTL respektive CVS.

Det verkar som matvéardena foér de fyra kombinationerna konvergerar.
Vid den sjatte matcykeln i varje sekvens ar spridningen liten (grén ellips).

Redan fran férsta matningen I6per MSS och MTR parallellt med en
utplaning efter fjarde matcykeln (svart streckad cirkel).

SV 1792 95-10



i
/ \ Dokumentnamn/Document name Info klass/Info class
) SCANIA RAPPORT

—rp D-artikel/D-article L-artikel/L-article Kod/Code

M 18
Godkéand/Approved by Lagringsdata/File Reg nr/Reg. No.
NMOT Ingemar Lidén M18_368.doc M18/368
Utfardare (tjanstestéllebeteckning, namn)/Issued by Datum/Date Utgava/lssue Sida/Page
NMPS Astrid Simovits, NMOT Arne Kannel 2005-11-09 3 23 (24)

6 SLUTSATS

Repeterbarheten med CVS beddmdes som god i bade ESC och ETC, dock nagot
samre an repeterbarheten med minitunneln. Ett insvangningsforlopp verkar
foreligga, vilket gor att c:a 5 — 7 konsekutiva cykler behdver matas for att visa

om hela matkedjan &r stabil (se figur 18).

Spadfaktorn i all spadutrustning maste matas for att kunna rakna fram det ospadda
partikelantalet. Ett [ampligt satt &r att mata CO, fére och efter spadutrustningen. Det boér
poangteras att en noggrann och repeterbar utspadning ar av storsta vikt for en tillforlitlig
matning av det ospadda och integrala partikelantalet.

En kontinuerligt méatt spadfaktor kan medfora stora osakerheter pa grund av bland
annat tidsforskjutning och responstid i analysatorerna. | stationara matningar/steg
rekommenderas att medelvardesbilda CO, innan berdkningar av totalantal utfors. |
transienta korcykler rekommenderas en konstant spadfaktor for hela cykeln. Det
rekommenderas ocksa att om CVS-tunnel eller minitunnel anvands , aven de
kontrollméts med CO, for att fa tillforlitig méatning av spadfaktorer.

Ejector dilutrarnas individuella utspadningsfaktor kontrollmattes med COs,.
Utspadningsfaktorn var repeterbar och lag omkring 0,4 enheter under den av
tillverkaren angivna. Detta stammer dverens med tillverkarens angivelse av
temperaturberoendet.
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Bilaga: DF_CO2_7: Spadfaktorer | ESC-cykler 2005-02-03.

DF_CO2_7: Spadfaktorn for varma EMIR-ejektorspadaren . CO2-matningar 2005-02-03.
MV= 8,02 s=0,19 COV=24%
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Métning av antal partiklar i avgaser fran bensin- och dieselbi-
lar.

Abstract

The EMIR-project (Emission Research) is a part of the Swedish Government initia-
tive "Green Car" and is financed by Vinnova and the participating companies. The
overall aim of EMIR is to increase the general competence regarding health effects
of particle emissions and measurements of vehicle exhaust particles.

One of the aims is also to develop a new measurement method more suited for en-
gine development for upcoming low particle emission limits. The Particle Measure-
ment Program (PMP) initiated by UNECE/GRPE has developed a new measure-
ment system for homologisation of particle numbers emitted by vehicles. The EMIR
system is similar to that but with a different configuration and type of diluters. The
system was designed, constructed and verified during the spring of 2004[1].

In this study the new measurement system was evaluated with regard to repeatabil-
ity and ease of use. Comparison where also done to a standard opacimeter. The
measurements were done in an emission chassis test cell equipped with a diesel di-
lution tunnel. The vehicles, two gasoline cars and one diesel car equipped with a
diesel particle filter, ran both European (NEDC) and American (FTP75) legislative
emission drive cycles. In addition to this particle number were measured during two
soot accumulation cycles using 50 and 60 NEDC cycles on a particle trap equipped
diesel engine in a dynamic engine test cell. The results show the following:

e The newly developed instrument was easy to handle and highly repeatable
but further development is needed to solve issues around the use of several
ejector diluters. For instance, more work is needed for an accurate determi-
nation of dilution factor.

e All three vehicles had an average number and mass emission close to the
tunnel background. However, there were major differences between the ve-
hicles where in the drive cycle most particles were emitted. The gasoline
engines emitted particles during the start, accelerations and high speed part
of the urban cycle. At other times the numbers of particles were more or
less zero. The diesel vehicle on the other hand generated particles (al-
though at low levels) during the whole cycle even though there was an in-
crease during the urban part. This may be explained by material coming of
the walls of the transfer hose between the car and dilution tunnel.

e There were large differences for the gasoline cars in number of particles
during the first cycle compared to the following cycle. This emphasis once
again the need to prepare the car before an emission test.

¢ The results from the soot accumulation cycles showed a continuous de-
creasing number of particles as the soot accumulated in the diesel particle
filter.



Sammanfattning

EMIR-projektet (Emission Research) ar ett projekt finansierat dels genom Vinnova
inom ramen for de statliga pengarna inom Grdna Bilen och dels genom de delta-
gande foretagen.

Inom EMIR-1:s industriprogram ingér att ta fram en ny méatmetod for avgaspartiklar.
| den héar rapporten presenteras resultatet frdn de méatningar som &r utférda hos
VCC under tiden 1-12 november 2004. Matningarna ar gjorda med "EMIR-
systemet" pa komplett bil i emissionsprovrum och i motorprovcell.

I métningarna sa har partiklar réknats i avgaser fran tva bensinbilar och en dieselbil
utrustad med partikelfalla kérda i emissionsprovcell. Vidare sa har tva sotlagrings-
cykler pa 50 respektive 60 cykler korts i ett dynamiskt motorprovrum med en
dieselmotor utrustad med partikelfélla. Resultatet visar féljande:

EMIR-systemet har visat att det ar driftsdkert och att repeterbarheten ar
jamfoért med andra partikelinstrument god. Om systemet skall anvandas péa
mer regelbunden basis s& kravs att kalibreringsrutiner fér spadarna tas
fram, inbyggnad till ett mer latthanterligt system bér géras samt att man bér
se Over loggningssystemet om man inte anvander riggen.

Totala antalet partiklar med en diameter stérre &n 23 nm fér de tva bensin-
bilarna och dieselbilen ligger nara bakgrundsnivéer i partikeltunneln. | mét-
ningarna kan man tydligt se skillnader i hur partiklarna skapas i dieselmoto-
rer (med DPF) jamfért med bensinmotorer. Férbranningen i bensinmotorer-
na &r for det mesta homogen och da har man ingen bildning av sotpartiklar.
Vid vissa koérfall som vid start och vid hogre effekter far man sotpartiklar vil-
ket troligen beror pa att férbranningen inte &r helt homogen. Dieselmotorer-
na genererar ju partiklar hela tiden och det verkar fran méatningarna att en
viss del av de har partiklarna passerar filtret hela tiden.

Emissionerna under startégonblicket fér bensinfordonen varierar betydligt.
Speciellt férsta provet visar héga nivaer jamfért efterféljande prov.
Matningarna fran sotlagringscyklerna visar pa kontinuerligt sjunkande parti-
kelnivaer efter motorns DPF allt eftersom fallan fylls upp med sot.
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Inledning

Partikelemissioner och matning av antal partiklar

Gasformiga emissioner fran fordon har statt i fokus i debatten under manga ar. Pa
senare ar har dock flera rapporter kommit som visar att partiklar kan paverka halsan
och klimatet. Det finns &ven farhdgor om att mindre partiklar troligen ar farligare &n
storre. Just nu &r reglering av partikelnivderna i avgaser mest i fokus, framfér allt i
Europa som har en stor andel dieselbilar. Tekniken med dieselpartikelfilter (DPF)
har gjort det teknisk mojligt att sdnka nivaerna vilket medfér att man kan férvanta sig
radikalt minskade nivaer i kommande lagférslag.

Allt eftersom nivaerna sjunker sa ifrdgasatts dagens matmetoden allt mer. Idag
mats partikelmassan genom att bilens avgaser spads i en s.k. Constant Volume
Sampler (CVS) under det att bilen kérs en fordefinierad kércykel. Ett delfléde av det
spadda flédet sugs genom filter som vags foére och efter provet. Allt eftersom niva-
erna gar ner sa far man mindre och mindre pa filtren vilket stéller stora krav pd vag-
utrustning och konditionering av filtren fére och efter provet. Férutom farhagorna om
att mindre partiklar &r mer farliga &n stérre sa finns det &ven vissa rapporter som vi-
sar att antalet ar ett battre matt pa farlighet &n den samlade massan da den ofta
domineras av de storsta partiklarna.

Darfér har UNECE startat en arbetsgrupp kallad Particle Measurement Program
(PMP) under subgruppen GRPE. | den férsta delen av arbetet kartlades olika in-
strument och metoder fér hitta Iampliga kandidater fér ny lagstadgad certifierings-
metod. Resultatet blev att man féreslog tva metoder, dels en uppgradering av be-
fintlig CVS-metod och dels rakning av partiklar. Den senare metoden gar ut pa att
man tar ut ett delfléde ur CVS:en, se bild nedan, som leds genom en cyklon (PCF)
och dérefter spader man med varm luft (D1, 150°C) fér att sen varma de utspadda
avgaserna ytterligare till 400°C (ET) for att sedan spada igen (D2). Till slut s& réknar
man totala antal partiklar som har en diameter stérre &n 23 nanometer (hm) med en
partikelrdknare:

Dilution air in. C__ HEPA
Humidity and T CVS Tunnel PSP
controlled
EE—
e T T T T P P P PR P PP PP
H Particle
Counter PCE
- E E ] >2.5um, < 10pm
H 3°D2 3Dlat | =

H ET
PNC with size-selective = | cools and ) >=150°C
. evaporates volatiles ; H
inlet i | diutes vaporales voal dilutes | 1
& To mass flow

controller and pump

Bild 1: Oversikt av PMP-systemet

Vid nedkylning och kall spadning av avgaser sa kan det nybildas partiklar. De har
partiklarna ar mycket sma, typiskt mindre &n 30 nm, och de skapas av kondense-
rande gaser av t.ex. tunga kolvaten. Den har nukleeringsprocessen &r oerhort
snabb och variabel. Smé férandringar av tryck eller temperatur kan f& antalet att
andras flera tiopotenser eller mer. Ovan ndmnda metod tar sikte p& det har genom
att anga eller torka bort alla flyktiga/kondenserbara kolvaten med varm spadning. |
bilden nedan kan man se hur storleksférdelningen &ndras efter uppvarmning till oli-
ka temperaturer. Observera att antalet sma partiklar gar ner med néra en faktor tu-
sen.
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Bild 2: Storleksférdelning vid olika temperaturer.

Pa bilden nedan kan man se férloppet pa ett mer schematiskt satt. Under férbran-
ningen i motorns cylindrar bildas sma kolpartiklar som &r kanske ett tiotal nanometer
i storlek. De har partiklarna slas ihop till kedjeliknande partiklar. Nar sedan avgaser-
na kyls i avgasroret och under spadningen CVS-tunneln sa kondenserar kolvaten
pa de har kol- eller sotpartiklarna och det kan &ven bildas nya partiklar direkt fran
kondenserande eller nukleerande kolvaten. Den varma spadningen angar bort de
har kolvatena samtidigt som utspadningen 6kar vilket férhindrar aterkondensation.
Pa sa satt ser man i princip enbart sotpartiklarna.

My
«

Utspiddning
vid 350°C

Bild 3: Varm spadning som princip for att reducera sma partiklar.

EMIR

EMIR-projektet (Emission Research) ar ett projekt finansierat dels genom Vinnova
inom ramen for de statliga pengarna inom Grdna Bilen och dels genom de delta-
gande foretagen. Projektet ar delat i tva delar; EMIR-1 och EMIR-2. EMIR-1 syftar
bl.a. till att héja kompetensen inom omradet avgaspartikelméatning och bidra till att
en relevant matmetod for avgasrelaterade partiklar tas fram. EMIR-2 syftar till att 16-
pande bevaka den vetenskapliga forskningen inom omradet partikelemissioner och



halsorisker samt forse fordonsindustrin och tekniska forskare med relevant och till-
lampbar kunskap.

Inom EMIR-1:s industriprogram ingar att ta fram en ny matmetod fér avgaspartiklar.
Ovan namnda PMP startade efter EMIR-projektet men det har givetvis blivit valdigt
styrande eftersom debatten och den eventuella konsekvensen av PMP:s arbete &r
stor for alla fordons- och motortillverkare. Det féreslagna "EMIR-systemet” liknar
PMP:s metod men den &r inte identisk. Sjalva konfigurationen av systemet valdes ur
tre olika forslag som provkérdes hos AVL MTC i april 2004.

| den héar rapporten presenteras resultatet frdn de méatningar som &r utférda hos
VCC under tiden 1-12 november 2004. Méatningarna ar gjorda med "EMIR-
systemet" pa komplett bil i emissionsprovrum och i motorprovcell.
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Bild 4: Oversikt pa EMIR-systemet.

Den kompletta utrustningen bestod av f6éljande komponenter:

1.

Provet togs fran antingen CVS-tunneln (emissionsprovrum) eller direkt fran
avgasrdret (motorprovcell). | fallet d& provet togs direkt fran avgasroret sa
isolerades roret mellan avgasréret och férsta spadaren.

Avgaserna leddes in i en varm ejektorspadare dar dven spadluften varm-
des. Sjalva spadaren var ocksa varmd med en mantel. Temperaturen ma-
tes i spadpunkten och reglerades till 350°C.

Efter den varma spadningen sa kopplades en till tre ejektorspadare. Antal
spadare bestdmdes av den slutgiltiga koncentrationen i partikelrdknarna ef-
tersom de bara klarar av en koncentration p4 10 000 partiklar per kubikcen-
timeter.

Efter den sista spadaren delades flédet upp till tva partikelrdknare: Den ena
partikelrdknaren (EMIR) var instélld enligt standard pa att rékna partiklar
stdrre &n 10 nm emedan den andra (TU) var instélld p& att rdkna partiklar
stOrre an 23 nm.

Tryckluften som forsérjer spadarna var 7 Bar fran standarduttag vilket inne-
bar att den ar torkad och fri frén olja. Luften reglerades sedan ner till 2 Bar
innan luften fick passera ett HEPA-filter fér att ta bort alla partiklar.

Spadare

Sjalva spadningen skedde med hjélp av ejektorspadare fran Dekati. Ejektorspadare
fungerar pa foljande satt: Tryckluft (2 Bar) trycks in runt réret med de outspadda av-
gaserna och vidare genom en dysa vid utloppet av réret. Pa sa séatt skapas ett un-
dertryck som suger in avgaser i spadaren. Avgaserna spads vid dysan och i efterfél-
jande blandningskammare. De utspadda avgaserna sugs vidare genom ett instucket
ror. Overskottsluften slapps ut.
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Bild 5: Ejektorspéadare fran Dekati.

Partikelraknare

Partikelrdknarna har modellbeteckningen 3010 och var tillverkade av TSI Inc. Pa
engelska kallas de foér Condensation Particle Counter (CPC) och oftast anvander
man bara férkortningen i dagligt tal. Matprincipen for partikelréknaren ar att luft med
partiklar leds in éver en varmd reservoar av butanol. Butanolangorna blandas med
luftflddet med partiklarna. Darefter kyls flédet snabbt i en kondensor och da kon-
denserar butanolen pa partiklarna som vaxer till droppar som &r nagon till nagra
mikrometer stora. De har dropparna ar tillréckligt stora for att man Iatt skall kunna
detektera dem med hjélp av laserljus, se bilden nedan:

Exhaust to External Vacuum Source

Critical Orifice
Flow Contral

7 Collecting Lenses

Focusing Lens

/

Laser Diode

Electrical Pul:
Collimating Lens lectrical Pulses

[Thermoelectric

Cooled Condenser Heat Pump

Aerosol Inlet
10 Litermin

Heated Saturator

Natural Convection
Heat Sink

Alcohol Resarvoir

Bild 6: Principskiss partikelrédknare.

Storleken pa de minsta partiklarna som kan raknas bestams av temperaturskillna-
den mellan varmning och kylning. | standardutférande har den har modellen en
temperaturskillnad pa 17°C vilket gor att man kan rékna partiklar ner till en diameter
av runt 10 nm. | PMP:s arbetet féreslas att man skall rdkna partiklar stérre &n 23 nm
vilket, enligt leverantdren, betyder en temperaturskillnad pa 9°C.



2.2.
2.21.

Uppstallning i EP3

Uppstillning

Prov kérdes i EP3 fran den 2-5 november 2004. Rummet ar inte utrustat med se-
naste tekniken nar det galler filtering av CVS-luften vilket innebar att bakgrundsni-
vaerna ar relativt hdga.

Bilen kopplades till CVS-tunneln med hjélp av en varmd ledning som var c:a 3 meter
lang. Kopplingen till bilens avgasrér gjordes med anslutning metall-mot-metall. Vid
slutet av den varmda ledningen var en opacimeter (AVL 439) kopplad innan avga-
serna leddes in i partikeltunnel.

EMIR-systemet kopplades till tunneln pa samma stalle dar filterhallare nummer tre
sitter i vanliga fall. Det innebar att de utspadda gaserna leddes fran mitten av CVS-
tunneln via en prob ner mot en férdelare som delade upp flédet i de tre olika filter-
hallarna. Fran uttaget vid filterhallare nummer tre leddes, de av CVS:en utspadda
avgaserna, vidare i ett 12 mm rér som var cirka 80 cm langt. Roret var béjt i 90°
(svag bdjning for att minimera forluster) sa att spadarna kunde monteras horison-
tellt, se bilden nedan.

Under forsta och andra dagen anvéandes tva stycken spadare — den forsta var
varmd sa att blandningspunkten hade en temperatur pa 350°C emedan den andra
hoéll rumstemperatur. Efterféljande tva dagar kérdes proven med tre spadare.

Bild 7: Uppstéllning i EP3.

Efter den sista spadaren kopplades en férdelare sa att flédet kunde delas upp till de
bada CPC:erna.

For matinsamling s& anvandes de analoga utgangarna pa partikelraknarna. De har
tva signalerna tillsammans med matsignalen fran opacimetern, dynamometerhas-
tigheten samt temperaturen i spadpunkten pa férsta spadaren loggades kontinuer-
ligt med 1 Hz under provet.
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2.2.2.

2.2.3.

23.

2.3.1.

2.3.2.

2.3.3.

Spadfaktorn for varje spadare métes upp med hjalp kalibrergas innehallande propan
och tv& stycken analysatorer for kolvéte. Det har gjordes med instrumentet HFR500
fran Cambustion.

Flédet genom partikelrdknare och spadsystem métes upp varje dag med en flédes-
matare (Gillibrator). Koncentrationen kompenserades fér den hér skillnaden i fléde.

Nar proven kérdes sé utnyttjades &ven ordinarie matmetod med filter enligt lagkrav
for att fa en jamforelse mot ordinarie lagkrav. Eftersom bilarna som kérdes beddm-
des som lagemissionsbilar sa kdérdes hela kdrcykeln pé ett filterpar (Pallflex T60A).
Resultaten berdknades sedan om fér hela kércykeln.

Fordon
Proven i EP3 kérdes pa foljande tre utvecklingsbilar (ej produktion):

Modell Motor Bransle

Stor 2,9L Turbo bensin Euro 95 oktan

Stor 2,5L Turbo bensin Euro 95 oktan

S40 Turbo diesel m DPF  Certifieringsdiesel
Europa

Eftersom det finns risk fér kontaminering mellan bensin- och dieselbilar sa koppla-
des analysatorn for kolvate ut ur riggen. Pa bensinbilarna svetsades ett avgasan-
slutningsrdr for att géra det méjligt att koppla avgasréret metall-mot-metall till den
varmda slangen. Dieselbilen var redan utrustad med den hér typen av avgasror. Bi-
larna kérdes ej nagon férberedande kdrcykel innan férsta provet for att preparera
dem.

Provprogram

Kontamineringsrisken medfdrde ocksa att bensin- och dieselbilar inte blandades,
det innebar att proven planerades sa att bensinbilarna kdrdes fardiga innan proven
bérjade pa dieselbilen.

FPD3

Uppstéllning

| FPD3 sa kopplades den férsta varmda spadaren direkt till avgasroret. Inuti avgas-
réret monterades en bdjd sond med éppningen mot flédesriktningen och spadare
kopplades till den har sonden med hjalp en 40 cm langt 12 mm rér i rostfritt stal. R6-
ret isolerades for att undvika termoforetiska férluster. Totalt anvandes fyra spadare i
FPD3. Matdata fran systemet loggades i riggen med en frekvens pa 10 Hz.

| provrummet fanns en opacimeter (AVL 439) som var kopplad efter partikelfallan.

Spéadfaktorn for varje spadare méates upp med hjélp kalibrergas innehallande propan
samt koldioxid och analysatorer for kolvate och koldioxid. Det har gjordes med in-
strumentet MEXA 7000 fran Horiba.

Fl6det genom partikelrdknare och spadsystem mates upp varje dag flédesmatare
(Gillibrator).

Motor

Motorn i provrummet var en dieselmotor med DPF. Branslet som anvéandes var Vol-
vo Standard Diesel (VSD).

Provprogram

Proven utgjorde omvéaxlande enstaka emissionsprov med regenerering samt tva
stycken sotlagringscykler. Data kommer har enbart presenteras fran sotlagringscyk-
lerna. De bestar av 50 stycken NEDC koérda i f6ljd. Till den férsta av cyklerna sa an-

11



3.
3.1.

3.1.1.1.

3.1.1.2

vandes en simulerad stor bil emedan den andra var kérd med en simulerad mindre
bil.

Resultat och diskussion

Resultat fran EP3

2,5LT

Nedan sa ser man den raknade koncentrationen for de tre kalla NEDC proven som
kérdes med 2,5LT. Tunnelbakgrund Ilgger strax under 10 partlklar/cm Man kan se
att under stérre delen av kércykeln sa &r antalet partiklar i princip lika med eller un-
der tunnelbakgrunden. Det ar i bérjan av kallstarten och under hégfartsdelen som
man egentligen har utslapp av partiklar. Partiklarna som mats under hdgfartsdelen
kan héarréra fran material som slapps i anslutningsslangen och/eller tunneln. | mitten
av korcykeln sa kommer enstaka toppar som kan harréras till accelerationer.

10000

9000

8000

7000

6000

5000 -

4000

Antal partiklar [utspatt #/cc]

3000

2000

1000 1

LV R U S ¥

0 200 400 600 800 1000 1200
Tid [s]

‘ ——1102_01 EGO00 Kall ——1103_02 EGOO0 kall ——1104_02 EGO00 Kall

Diagram 1: Antal partikar for NEDC med kallstart.
29LT

Den andra bensinbilen visar ocksa tydligt bilden av att emissionerna framst kommer
vid kallstart och under hégfartsdelen. Har ar dock nivderna mellan de tva episoder-
na annu lagre an for 2,5T.

Generellt kan man konstatera att bada bensinbilarna varierar betydligt i antal partik-
lar under de femtio férsta sekunderna. Under det forsta provet pa vardera bilen sa
gar antal partiklar 6ver maximala nivan pa 10 OOO partiklar per cm®. Det sista provet
visar betydligt lagre nivaer ~1000 partlklar/cm Det visar vikten av att noga prepare-
ra bilen infér varje prov sa att man far sa lika férhallanden som méjligt.

12
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Diagram 2: Antal partiklar fran NEDC med kallstart.

3.1.1.3. S40
Dieselbilen visar upp ett annat ménster:

2500

2000

1500

1000

Réknade partiklar [utspétt #/cc]

500

0 A_A_A__L_L_A‘_.\_,_» P~ PGV, SN M L

0 200 400 600 800 1000 1200
Tid [s]
——1104_03_EGO0 kall 1104_04_EGOO varm 1104_05_EGOOvarm ~ ——1105_01_EGOOkall ~——1105_02_EGOO varm

Diagram 3: Antal raknade partiklar (utspatt).

Jamfért med bensinbilarna s& kommer huvudparten enbart under hégfartsdelen av
koércykeln. Under lagfartsdelen sa finns det ett mer eller mindre lagt jamt fldde av
partiklar som ar kopplat till kérkurvan, se diagrammet nedan. Att det kommer betyd-
ligt mer partiklar under hégfartsdelen kan bero pa att det finns material lagrat i av-
gasrér och anslutningsslang som slapper nér flddet och varmen blir tillrackligt hdg.
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Diagram 4: Samma diagram som ovan fast med annan skala pa y-

axeln.

| diagrammet nedan som ar en detaljférstoring av ovanstaende diagram ett exempel
pa repeterbarhet. Eftersom repeterbarheten ar betydligt béattre for dieselbilen an for
de tva bensinbilarna sa kan man misstanka att en stor del av variationerna beror pa

bilen och korséatt.
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Diagram 5: Detalj fran NEDC i EP3.
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3.1.1.4. FTP75

200

180

160

140

120

100

80 A

60 l

Réaknade partiklar > 23 nm (utspadd konc)

40 ) .

20 \ v' '

0 500 1000 1500
Tid [s]

[ -

=—>23nm 1104_06_FTP75 DW10 Varm FTP75 ===>10 nm 1104_07_FTP75 DW10 Varm FTP75 =—=>10 nm 1105_03_FTP75 DW10 Varm FTP75

Diagram 6: Antal rdknade partiklar FTP 75 fas 1 och 2.

Det héar speciellt tydligt for FTP75 dar diagrammet ovan och nedan visar pa lite fler
exempel pa hur bra repeterbarheten kan vara.
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Diagram 7: Detalj ur ovanstaende diagram.

15



3.1.1.5.
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3.2.1.
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Diagram 8: Andel partiklar mellan 10-23 nm [%].

| ovanstaende diagram kan man se andelen partiklar mellan 10-23 nm i procent av
totala antalet stérre &n 10 nm or tre emissionscykler. Kurvan med ljusbla kryss vi-
sar totala koncentrationen partiklar fér den ena cykeln. Lila kurva ar dynohastighe-
ten. Vid tomgang ar andelen 100 % d.v.s. det finns inga partiklar ar stérre &n 23 nm
vilket kanske ar nagot éverraskande. Det ar &n mer anmarkningsvart eftersom tun-
neln har normalt en viss bakgrund som ger utslag i bada partikelrdknarna aven néar
motorn ar avsténgd.

Resultat fran filterprov

Forsta provet pa bensinfordon &r det enda provet dar partikelmassan ligger éver
bakgrundsniva for riggen. Att just det provet ligger hdgre an dvriga kan ha flera for-
klaringar. For det férsta sa har bilen ej preparerats fére det har férsta provet vilket
medfdr att det ar svart att veta vad den har varit utsatt fér innan. Dessutom s& har
bensinavgaser en renande effekt pa en dieseltunnel vilket skulle kunna medfora att
man f&r hégre mangd partiklar nar material lossnar fran anslutningsslang och even-
tuellt sjalva tunneln. En annan férklaring skulle kunna vara att mycket kolvaten 16s-
gors fran tunneln vid bensinprov. Kolvaten kan till viss del tas upp av filtermaterialet
och ge en 6kad massa. Den har férklaringen stdmmer bra med antalsméatningen
som inte visar nagra férhdjda partikelvarden. Det kan dven beror pa att stérre partik-
lar (flagor) frigérs under den forst bensinkdrningen. De har partiklarna ar troligen sa
stora och f& att de kan ge utslag viktméssigt pé filiret men syns ej partikelrédknaren
eftersom de maskeras av de héga antalet mindre partiklar. Ovriga prov visar resultat
som ligger i samma niva som nollprov i riggen.

FPD3

Sotlagringscykel 1

Under den forsta sotlagringscykeln s& kérdes 50 cykler (NEDC) och antalet partiklar
loggades Over alla de har kércyklerna. Man kan tydligt se i diagrammet nedan att
antalet partiklar sjunker for varje cykel pa grund av att DPF:en langsamt fylls med
sot vilket gbr att den tatnar mer och mer vilket i sin tur medfér att genomslapplighe-
ten minskar. Diagrammet visar antal rdknade utspadda partiklar éver alla 50 cykler-
na. Koncentrationen minskar konsekvent for varje kércykel.
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Diagram 9: Antal rdknade partiklar 50 cykler NEDC.

| diagrammet nedan visas en uppférstorad detalj fran ovan diagram. Bilden visar
koncentrationer fran all cyklar under accelerationen fran stillastdende upp till 70
km/h som sker mellan 800 till 900 sekunder in i cykeln. Koncentrationen minskar

konsekvent for varje kércykel.
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Diagram 10: Detalj ur féregaende diagram.

Diagrammet ovan ar fran samma parti som diagram 5 ovan. Man kan konstatera fol-
jande om man jamfér de tva olika figurerna. For det forsta s& har loggningssystemet
betydelse fér tidsupplésningen. | EP3 sa loggades méatdata med 1 Hz vilket ar for
daligt vilket tydligt ses i jAmférelse med proven i FPD3 dar frekvensen var 20 Hz.
For det andra sa kan man dessutom se betydligt mer detaljer i matningarna fran
FPD3 eftersom man inte har omblandning i ndgon partikeltunnel. Till sist kan man
ocksa tydligt se att FPD3 ar valdigt repeterbar i jamférelse med EP3 vilket inte &r sa
konstigt eftersom man har betydligt farre faktorer (t.ex. férare) som kan paverka re-
sultatet.
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3.2.2.

3.3.

Sotlagringcykel 2

| bilden nedan vilket ocksa ar samma detalj som i diagrammet ovan sa kan man se
resultatet fran de 60 cyklerna som kdrdes i sotlagringscykel 2. Koncentrationerna ar
konsekvent lagre for varje cykel. Nivaerna ar dock nu nagot lagre an i foregadende
prov och det beror pa att den simulerade bilen var mindre an den som anvandes vid
foregaende prov.

10000 120

9000

Utspatt antal [#/cc]

Tid [s]

Diagram 11: Sotlagringscykel 2, detal;.

Jamforelse mot opacimeter

| alla matningarna sa finns data fran opacimeter. En opacimeter &r ett instrument
som maéter dampningen av ljus som gar igenom avgaser. Instrumentet méater alltsa
en helt annan fysikalisk parameter som inte bara &r kopplade till antal partiklar utan
ocksa storlek, fuktinnehall och eventuella absorberande gaser (t.ex. NO,).

| diagrammet nedan kan man se antal partiklar (>23 nm) och opacitet plottat fran
den mindre bilen som kérdes i EP3. Man kan tydligt se korrelation mellan opaciteten
och antal partiklar fér hdga nivaer. Om man déremot férstorar upp bilden och enbart
tittar pa laga nivaer sa kan man konstatera att fér opacitet under 3% och en kon-
centration pa under 120 partiklar per cm?® sa finns ingen korrelation. Skalet till det
har var troligtvis dalig noggrannhet hos opacimetern fér de har mycket laga nivaer-
na. Motsvarande resonemang galler aven fér de andra méatningarna. Noggrannhe-
ten i matningarna vid héga nivaer ar dock inte speciellt bra ty fér varje koncentration
finns det ett ratt stort spann i data fran opacimeter. Ett skal fér att det ser ut sa héar
kan vara att opacimetern mater pa rda avgaser emedan partikelrakningen sker ut-
spatt och med modifierad partikelsammansattning eftersom en stor del av kolvatena
ar borta fran partiklarna genom den varma spadningen.
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Diagram 12: Opacitet som funktion av utspadd partikelkoncentration.

Metod och matsystemets noggrannhet

Hantering och robusthet

EMIR-systemet ar enkelt att koppla upp men det tar i sin nuvarande form réatt stor
plats eftersom det kravs tre till fyra spadare som kopplas upp i serie. Om man hade
lagt mer tid och kraft pa att bygga ett permanent instrument s hade man givetvis
kunna optimera konstruktionen mer. Ejektorspadarna ar mycket stabila om tempera-
tur och tryck fére spadaren ar stabila. Vid méatning i CVS-tunnel sa har man relativt
stabila férhallanden men vid matningar direkt i avgasroret s& kommer spadningen
variera betydligt mer pa grund av stora variationer i avgasroéret. Nackdelen &r som
sagt att spadningen ar relativt liten vilket gér att det kravs flera spadare i féljd. Ett al-
ternativt system skulle kunna vara en varmd ejektorspadare féljt av en spadare som
bygger pa principen av en roterande disk. Den hér typen av spadare har mycket
storre spadfaktor (~1000 ggr) vilket hade kunnat medféra ett enklare system.

De stora skillnaderna i koncentration gér att man i nuvarande system maste vélja
om man vill se detaljer vid lag koncentration (tvé spédare) eller att &ven kunna méta
topparna vilket kraver tre spadare.

Partikelrdknare av den hér typen &r i grund och botten valdigt robusta instrument
som kan kéras under langa tider utan service eller tillsyn. Ungefar en gang per dygn
behdver man kontrollera nivan av butanol och kanske en gang i vecka behdver man
tdbmma i gammal butanol och fylla pa ny eftersom den har en férméaga att ta upp fuk-
tighet fran luften. Det hér ar ofta ett litet problem eftersom avgaserna ofta spads
manga ganger med torkad tryckluft vilket gor att totala fuktinnehallet i matgasen blir
lagt.

Det enda man bdr vara forsiktigt med ar att transportera réknaren nar den ar fylld
med alkohol. Vatskan kan skvimpa upp i optiken och da far man ta isar instrumentet
for att rengdra det.

Repeterbarhet och matnoggrannhet

Repeterbarheten for instrumentet &r mycket hdg — genomgaende sa visar proven att
utrustningen ar mer repeterbar an sjélva riggen och det géller givetvis i EP men
aven FPD dar repeterbarhet for sjalva riggen ar mycket hog.
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3.4.3.

Den absoluta noggrannheten bestams till stor del av féljande faktorer; forluster, be-
stdmning av spadfaktorer, spadfaktorers variation pa grund av tryck och temperatur,
samt i vissa fall nybildning av partiklar och fel i signaléverféring. Jamfért med andra
spadare sa ar forlusterna sma i ejektorspadare vilket konstaterades under tidigare
forsdk inom EMIR. Det &r dock viktigt att man planerar i detalj hur anslutning till tun-
nel eller avgasrér gérs s& man minimerar forluster. Rér, med mera, skall inte bojas i
for snava krokar, ansluter man till avgasror direkt sa maste réret isoleras eller helst
varmas for att undvika att man far férluster pa grund av att temperaturen mellan rér-
vaggen och avgaserna blir for stor (s.k. termoforetiska forluster). Uttag av avgaser
ur tunnel eller avgasrér bdr aven ske med probe for att minimera férluster.

Att bestdmma noggranna spadningsfaktorer &r svart och &r en stor kélla till oséker-
het om den absoluta nivan. Ejektorspadare ar kansliga for tryck- och temperaturfor-
andringar. Kénsligheten kan minskas genom att aterkoppla slaskflédet tillbaka till
avgasrdret — det férutsatter visserligen att det inte finns ytterligare instrument ned-
strdms avgasroret som paverkas. Genom varma foérsta spadaren sa minskar man
ocksa temperaturkansligheten. Faktum kvarstar dock att det ar svart att mata upp
sjalva spadfaktorn eftersom koncentrationerna av vald spargas minskar betydligt for
varje spadsteg. Det medfér att gasanalysatorns noggrannhet styr valdigt mycket hur
stor noggrannheten blir.

Pa grund av spadarens kanslighet for tryck och temperatur sa ar det dessutom svart
att mata upp spadfaktorn individuellt fér varje spadare och sedan multiplicera dem
med varandra eftersom den faktiska uppstéliningen med aktuella fléden, temperatu-
rer och tryck paverkar varje spadare individuellt.

Matningarna i EP3 visar pa nagon typ av drift i systemet som verkar bero pa drift i
sjélva analogsignalerna mellan partikelrdknaren och det aktuella datalagringssy-
stemet. Eftersom sjélva displayen pa partikelréknaren inte &ndrades kan man miss-
tanka att driften ligger i datainsamlingen.

Utvecklingsméjligheter

Det finns ytterligare potential for forbattringar av systemet och det géller framféralit
inbyggnad och handhavande, férbattrat loggningssystem och samt féréandringar av
spadsystemet. Rutiner maste ocksa tas fram for kalibrering av systemet.

Om det skall anvandas regelbundet s& kravs givetvis en inbyggnad och mer hansyn
till anvandarvanlighet. Med en éversyn av spadsystemet sa skulle hela systemet
kunna bli mer kompakt och enklare att anvanda. Det har speciellt dd man snabbt
och enkelt vill kunna kalibrera spadarna.

Loggningssystemet bér ha en insamlingsfrekvens pa minst 10 Hz. Man skulle dven
kunna Oka tidsresponsen pa hela systemet genom att rdkna antal pulser direkt och
medelvardesbilda i matsystemet istdllet fér att anvanda pulsréknarens analogsignal
som maste kalibreras med jamna mellanrum.

Att anvanda tre eller upp till fyra spédare i rad ar inte riktigt realistiskt utan man skul-
le behdva se éver mojligheten att t.ex. ha en spadare som bygger pa en roterande
disk istallet for ejektorspadare en s.k. "Rotating disc". Man skulle da fortfarande an-
vanda en varmd ejektorspadare som priméarspadare eftersom den generellt ar
mycket stabilare och inte ar sa kénslig fér nedsmutsning.

Slutsatser

| de har matningarna s& har ett nytt instrument utvarderats med avseende pa repe-
terbarhet. partiklar réknats i avgaser fran tva bensinbilar och en dieselbil utrustad
med partikelfalla kérda i emissionsprovcell. Vidare sa har tva sotlagringscykeler pa
50 respektive 60 cykler korts i ett dynamiskt motorprovrum med en dieselmotor ut-
rustad med partikelfélla. Resultatet visar féljande:
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5.

o EMIR-systemet har visat av det ar driftsékert och att repeterbarheten ar
god. Om systemet skall anvédndas pa mer regelbunden basis s kravs att
kalibreringsrutiner fér spadarna tas fram, inbyggnad till ett mer latthanterligt
system bér géras samt att man boér se dver loggningssystemet om man inte
anvander provcellens datainsamlingssystem.

e | matningarna kan man tydligt se skillnader i hur partiklarna skapas i
dieselmotorer (med DPF) jamfért med bensinmotorer. Férbranningen i ben-
sinmotorerna ar for det mesta homogen och da har man ingen bildning av
sotpartiklar. Vid vissa korfall som vid start och vid hogre effekter far man
sotpartiklar vilket troligen beror pa att férbréanningen inte &ar helt homogen.
Dieselmotorerna genererar ju partiklar hela tiden och det verkar fran méat-
ningarna att en viss del av de har partiklarna passerar filtret hela tiden.

e Emissionerna under startdgonblicket fér bensinfordonen varierar betydligt.
Speciellt férsta provet visar hdga nivaer jamfort efterféljande prov.

e Matningarna fran sotlagringscyklerna visar pa kontinuerligt sjunkande parti-
kelnivaer efter motorns DFP allt eftersom fallan fylls upp med sot. Repeter-
barheten fér de har méatningarna i FPD3 var hog.

e Jamférelse mellan partikelrékning och opacitet visar att det finns viss korre-
lation for nivaer Gver en opacitet pa 3%.

Erkannande

Projektet har finansierats av Verket fér Innovationssystem (VINNOVA) och Volvo
Personvagnar AB inom ramen fér EMIR-1. Vi skulle &ven speciellt vilja tacka opera-
térerna, Boérje Johansson och Tommy Bergman i EP3 samt David Svensson och
Mohammed Alsharifi i FPD3, fér deras hjalp.
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