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SHRNUTI

Castice obsazené ve vyfukovych plynech spalovacich motord jsou jejich pro lidské zdravi nejvice skodlivou slozkou. Se snizujici
se celkovou hmotnosti emitovanych ¢astic se zvySuji naroky na jeji méreni, které vyZaduje plnopratocny fedici tunnel nebo
proporciondlni vzorkovac s fedénim ¢asti toku s rychlou odezvou. Pro umoznéni takovych méfeni béhem jizdy vozidla a v méné
vybavenych laboratofich bylo vytvoreno nizkonakladové zafizeni pro proporcionalni vzorkovani vyfukovych plynd. Zafizeni vyuziva
dvojici regulator hmotnostniho pritoku, z nichZ jeden dodava proménlivé mnoZstvi fediciho vzduchu do miniaturniho fediciho
tunelu, a druhy udrZuje konstantni prlitok smési fediciho vzduchu a vyfukovych plynt pres filtr, na ktery jsou Castice vzorkovany.
Vysledky namérené timto systémem béhem dynamickych jizdnich cykld jsou, po korekci systematického rozdilu, v rozmezi faktoru
dvou od vysledkl gravimetrické analyzy vzork( odebranych z klasického plnopritocného fediciho tunelu.

KLICOVA SLOVA: SPALOVACi MOTOR, VYFUKOVE EMISE, CASTICE, CELKOVA HMOTNOST CASTIC, GRAVIMETRICKA METODA,
PROPORCIONALNi VZORKOVANI, PEMS, MEREN] ZA PROVOZU, PRENOSNE ZARIZENi

ABSTRACT

Particulate matter (PM) is considered to be the most harmful component of internal combustion engine exhaust to human health.
At decreasing levels of total PM mass, its measurement is challenging, requiring either a full-flow dilution tunnel or a fast-response,
variable dilution ratio sampler.To allow for such measurements on the road and in lesser equipped laboratories, a low-cost proportional
sampling system has been developed. The system uses a pair of mass flow controllers, one of which meters filtered air into a heated
miniature partial-flow dilution tunnel, and the other one regulates the flow of diluted exhaust through a filter on which PM is
sampled. Results obtained with this system during transient tests fall, after corrections for measurement bias, within a factor of two
of measurement obtained with a full-flow dilution tunnel.

KEYWORDS: INTERNAL COMBUSTION ENGINE, EXHAUST EMISSIONS, PARTICULATE MATTER, PARTICULATE MASS,
GRAVIMETRIC METHOD, PROPORTIONAL SAMPLING, ON-BOARD MEASUREMENT, LOW-COST, PEMS

1. INTRODUCTION

As internal combustion engines are one of the principal sources
of air pollution in most urban areas, the effects of new fuels on
exhaust emissions are of concern. Both compression ignition
(diesel) and spark ignition (gasoline) engines emit particles
predominantly in the tens of nanometers (nm) range [1,2],
which, readily deposit in lungs [3,4]. Particles in lower tens of
nm range and smaller can penetrate through cell membranes

MICHAL VOJTIiSEK, MARTIN PECHOUT

into the blood, and have a wide and detrimental effect on
human health [5]. Proximity to sources of internal combustion
engine exhaust has been associated with increased risks of
various chronic health problems [6—8]. For these reasons,
emissions of particulate matter (PM), both in terms of its
regulated quantities (mass, total particle number) and its
various unregulated metrics (lung-deposited surface area,
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content of various compounds of concern such as carcinogenic
polycyclic aromatic hydrocarbons, metals, 3-nitro-benz[a]
benzanthrone, and relative toxicity) need to be considered.

The gravimetric determination of total PM mass as well as
advanced chemical analyses and toxicological assays require
collection of PM on a suitable filter media. Traditionally,
such collection has been facilitated by drawing a sample, at
a constant flow, from a constant volume sampler (CVS). This
approach has, however, some drawbacks, as with modern,
low-emitting engines, the contribution of the background is no
longer negligible. CVS systems are also large and expensive, and
except for special instrumented trailers, they can rarely be used
in real-world settings. For these reasons, partial-flow dilution
systems are gaining on popularity; an excellent overview of
various approaches is given in the engine emissions legislation,
for example, EHK 49. Of these, generally only systems with
active control of the flows of the dilution air and the diluted
sample are suitable for transient measurements, due to the
need to adapt the dilution ratio to the dynamic fluctuations
of the exhaust gas flow, so that the instantaneous flow of the
raw exhaust through the sampling system is always a constant
multiple of the total exhaust flow.

One such system has been designed by the first author at
the Czech Technical University as an attempt to add PM
measurement capabilities to an older engine test stand. The
hardware was fabricated mostly by the second author for
use as a portable on-board sampling system during on-road
measurements. Later, as transient capabilities were added
to the engine test stand [9], software control of mass flow
controllers was developed by the first author to improve the
transient response of the sampling system. This paper describes
the design consideration of the system, and preliminary results
of laboratory comparison tests during transient operation
of several engines as well as practical experiences with the
system.

2. EXPERIMENTAL

WORKING PRINCIPLE

The functional diagram of the system is given in Figure 1.
Dilution air is drawn from the outside through a HEPA filter
and is metered by a mass flow controller (MFC) to a miniature
dilution tunnel located near the sampling point and connected
with the exhaust system with a thermally insulated transfer
line. A sample is drawn from the dilution tunnel through
a sampling filter (typically a 47 mm diameter) and is metered
by a second MFC. The second MFC operates at a constant flow
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FIGURE 1: Functional schematic of the sampling system
OBRAZEK 1: Schéma vzorkovaciho zafizeni

Diluted exhaust
to sampler

FIGURE 2: Dilution tunnel as installed on Iveco Trakker heavy truck (photo
on top), internal parts and drawing (bottom).

OBRAZEK 2: Redici tunnel instalovany na nakladnim voze Iveco Trakker
(foto nahofe), vnitini ¢asti a schema fediciho tunelu (dole).
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rate, typically in the range of 20—50 grams of exhaust gas
per minute. The flow through the first MFC, providing dilution
air, is varied depending on the exhaust gas flow, so that the
flow of the raw exhaust, determined as the difference between
the flow of the sample and the flow of the dilution air, is
proportional to the instantaneous flow of the exhaust from the
engine. The practical realization of the latest dilution tunnel,
designed by Michal Voracek as his bachelor’s thesis work at TU
Liberec [10], is shown in Figure 2.

3. DILUTION RATIO AND DILUTION AIR
CONSIDERATION

The dilution air flow is about 80% to 90% of the sample flow
at the rated power, providing dilution ratios of 5:1 (80%) to
10:1 (90%), increasing to theoretically 100% of the sample
flow when the engine is stopped. In reality, when the engine
is not running or the exhaust is not sampled, the dilution flow
exceeds the sample flow, ensuring no exhaust entering the
sample. The dilution ratio at full power is practically limited
on the lower end to around 5:1 to prevent excessive formation
of secondary aerosol, and, in more extreme cases, to prevent
condensation of water vapor in the sampling line or on the
filter. On the upper end, practical limits are imposed by the
dilution ratio at lowest exhaust flow, typically at idle. If the
maximum exhaust flow is 5—10 times higher than the exhaust
flow at idle, at 5:1 dilution ratio at maximum exhaust flow, the
dilution ratio at idle is 25:1 to 50:1. At MFC accuracy of 1%,
the accuracy of exhaust flow is around 2% of the dilution air
flow, or, at 50:1 dilution ratio, around 100% of the exhaust
flow.

EXHAUST FLOW DETERMINATION

As the exhaust gas flow is rather difficult to measure directly
due to its high temperature and content of particles, the flow
of the dilution air is determined from the intake air flow, which
is either measured by a mass flow meter, or, in case of on-
board measurement, inferred from engine operating data.
The intake air mass flow is obtained from the engine control
unit via an EOBD interface, or computed from known engine
displacement, known or assumed engine volumetric efficiency
at given rpm and load, and engine rpm and intake air pressure
and temperature which were obtained from the EOBD interface,
using a formula

MAF [g/s] = 0,028967 * nvol * V [dm?] * rpm * MAP [kPa] / IAT [K]
where nvol is engine volumetric efficiency at the given

operating point, V is the engine displacement in liters, MAP
is intake manifold absolute pressure in kPa, and IAT is the
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temperature of the charge in the intake air manifold in Kelvins.
This formula is valid for the flow of the air through the engine;
any recirculated exhaust must be subtracted. EGR rate can
be obtained from the engine control unit, or determined
experimentally, for example by measuring air-fuel ratio or
concentrations of CO2 simultaneously in the intake manifold
and in the exhaust. This approach has been described in detail
in an earlier work [11].

TRANSIENT RESPONSE IMPROVEMENT

The mass flow controller used have a response time on the
order of several seconds. To improve the transient response,
without overly compromising the system stability, a fuzzy
logic algorithm was implemented to alter the requested flow
of dilution air when a transient change in engine intake air
flow was detected. For example, during a rapid acceleration of
the engine, the control system would decrease the flow of the
dilution air so that the flow of the raw exhaust drawn into the
diluted sample would increase in proportion to the increase in
engine intake air flow. The fuzzy logic algorithm would then
exaggerate the demanded change and request a considerably
lower dilution air flow, in order to accelerate the transition to
the new desired flow.

4. COMPARISON TESTS AND
REFERENCE SYSTEMS

Several series of comparison tests were conducted on
production and prototype diesel engines of various emission
levels; where non-production engines were used, no engine
information is given.

One series of tests of a prototype engine was run on
a modified World Harmonized Transient Cycle (WHTC), which
was run according to the prescribed schedule, except that
the engine throttle pedal control was set to very high gain,
forcing extremely transient operation of the engine. This
series was run to evaluate the ability of the experimental
system to cope with transients. Reference measurements for
these tests were facilited with a commercial proportional
sampling system (AVL Smartsampler). All sampling was done
on 47 mm diameter filters of fluorocarbon-coated borosilicate
glass fibers (Pall T60A20).

Additional tests were run at the transient heavy engine test
bench at the newly constructed laboratories at VTP Roztoky.
Reference measurements were taken with a system sampling
from the full-flow dilution tunnel. All measurements were
done on teflon filters (Pall TX40HI-20WW). World Harmonized
Transient Cycle (WHTC), Non-Road Transient Cycle (NRTC)
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FIGURE 3: Comparison of the actual raw exhaust gas flow into the
sampling system with the actual engine intake air flow during three
subsequent runs of the WHTC cycle.

OBRAZEK 3: Porovnani pfitoku surovych vyfukovych plynd

do vzorkovaciho zafizeni (tlusta cervena cara, leva osa) s tokem
nasavaného vzduchu (tenkd tmava Cara, prava osa) a poZzadavkem
na pfitok surovych vyfukovych plynd (tenka cara, levéa osa) béhem
vybranych casti dynamického cyklu WHTC.

and Engine Transient Cycle (ETC) tests were replicated on an
engine equipped with a diesel oxidation catalyst (DOC) and
diesel particle filter (DPF), and additional runs of WHTC test
were run with no exhaust aftertreatment devices.

Follow-up tests were run on an lveco Tector engine with no
aftertreatment devices during steady-state and transient
tests during engine test preparation on various filter media
(borosilicate glass fiber and quartz filters). The steady-state
tests included extreme modes of operation including extended
idle, and full-load after an extended idle where a temporary
substantial increase in PM emissions is observed.

In order to evaluate the performance in a moving vehicle,
a batch of tests was run on a Czech Railways 854-series
passenger rail vehicle powered by a non-road Caterpillar
3412 engine. This vehicle was tested during its regular
operation on local and express routes. During these tests, in
order to eliminate the effects of flow determination errors,
the hypothetical PM mass accumulated on each filter was
calculated by multiplying the instantaneous PM mass
concentrations determined by a semi-condensing integrating
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nephelometer by the raw exhaust sample flow reported by
the sampling system.

5. RESULTS

The alteration of the mass flow controller control signal to
achieve a fast response is demonstrated in Figure 3, showing
two segments of the WHTC test, a five-minute window on the
upper graph and a 90-second highly transient window on the
lower graph. From the graphs, it is apparent that the sampling
system maintains the flow of the raw exhaust in proportion to
the intake air flow, with a delay of approximately one second.
A potential drawback is decreased stability at steady-state
conditions, where the flow exhibits oscillations, as seen on
the upper graph at idle during first ten seconds, period from
approximately 9:46:00 to 9:46:40, and last ten seconds. At
a nominal sample flow of 24 liters per minute, and dilution air
flow rate of 23 Ipm at idle to maintain 1 Ilpm raw exhaust flow
into the sample, the fluctuations of approximately several tenths
of Ipm represent approximately 1% of the flow; such oscillations
are, however, of lesser concern when averaged over the duration
of the steady-state period.

The PM mass for the three transient cycles run with a DPF
are shown in Figure 4, span two orders of magnitude. The
reference measurement is shown on the horizontal axis, and
the measurement by the portable proportional sampling
system is shown on the vertical axis. As all transient tests
were of 30-minute duration, the results are reported in mass
per test.

The aggregate results of the follow-up tests on the lveco
Tector engine are shown in Figure 5. As the duration of these
tests spanned from minutes to tens of minutes, the results are
reported on a grams per hour basis.

The results of the diesel rail vehicle measurements are shown
in Figure 6. As the exhaust flow calculations were excluded
from the comparison to exclude related artefacts, the results
are reported as mass of PM inferred from the reference
laser-based measurement (horizontal axis) and mass of PM
determined by gravimetric analysis (vertical axis).

To check for consistency among all described series of test
runs, the results obtained with the experimental sampling
system were plotted against the respective reference
measurements in Figure 7, in mass per transient test or mass
per hour.
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FIGURE 4: Total PM mass measured by portable and reference sampling
systems during various transient tests.

OBRAZEK 4: Hmotnostni emise ¢astic pFi dynamickych zkouskach motoru
vybaveného filtrem pevnych ¢3stic: pInopritocny tunnel (vodorovnd osa)
a experimentalni zafizeni (svisld osa).

FIGURE 6: PM mass accumulated during a diesel rail vehicle tests on the
filters used by the experimental sampling system as inferred by laser-
based measurement and as weighted.

OBRAZEK 6: Hmotnostni emise &astic z motorového drazniho vozu

fady 854 béhem béZného provozu. Porovnani navazky ¢astic na filtru
navzorkvaném experimentdlnim zafizenim (svisla osa) s hypotetickou
navazkou (vodorovna osa) vypoctenou jako suma soucini okamzité
hmotnostni koncentrace ¢astic mérené rozptylem laserového paprsku

a pritoku surovych vyfukovych plynd do vzorkovaciho zafiheni.

100 F————F >

[g/h]

portable gravimetric system

0.1

0.1 1 10 100
reference measurement [g/h]

100000 ‘ ‘ ‘ —A
l l l A
<€ 10000 | - - - - ¥ L
2 AN
6 | | A I
£ 1000 T ---- TR
D | | | -
% w ! @ O DPF-WHTC
S 100 £ - - - - _,Zg‘,,,,ﬂ, A DPF-NRTC
£ ! ! ! < DPF-ETC
e ! B ! ! B WHTC high transient
2 0 e m i SWHIC
£ | | | A |veco Tector
8 | : : @ Railway
1 T T T T #
1 10 100 1000 10000 100000
reference [mg/test or mg/h]

FIGURE 5: Total PM mass measured by portable and reference
sampling systems during various transient tests. Iveco Tector engine,
no aftertreatment, different filter media.

OBRAZEK 5: Hmotnostni emise &astic pfi zkouskach motoru Iveco
Tector: plnopratocny tunnel (vodorovna osa) a experimentalni zafizeni
(svisla osa).
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FIGURE 7: Comparison of the PM mass emissions measured by the
experimental system (vertical axis) against the respective reference
measurements for all tests described here.

OBRAZEK 7: Hmotnostni emise ¢astic pfi viech popsanych zkouskach
vypoctené na zakladé méfeni pfenosnym vzorkovacim zafizenim (svisla
osa) a referen¢ni metodou (vodorovna osa).
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6. DISCUSSION

The slope of all comparisons appears to be non-unity and
shows that the portable system measurements are about twice
as high as the reference system, with substantial variability.
This deviation appears to hold regardless of the filter
material, reference system, drive cycle, or engine emissions
characteristics. The source of this discrepancy has not been
clearly identified.

One possible source of difference could be a MFC bias.
Theoretically, at the declared 1% of the 50 standard liters per
minute (slpm) range MFC accuracy, the maximum deviation
of the raw exhaust flow is 2 x 1% x 50 slpm = 1 slpm. At
30 standard liters per minute (slpm) diluted flow rate and the
dilution ratio of approximately 5:1 at full load and 30:1 at idle,
the maximum raw exhaust sampling rate error corresponds
to the desired raw exhaust sampling rate at idle. Empirical fit
of the rail vehicle data shows that unity slope between the
experimental sampling system and the reference measurement
is obtained when a discrepancy of approximately 1 slpm
is considered, that is, with both MFC set to equal flows, the
system samples approximately 1 slpm of raw exhaust. MFC
accuracy, and namely, match between both MFC, is therefore
an important limiting factor.

In aspects other than the non-unity slope, the quality of the
correlation between the measurement by the portable system
and reference measurements is subject to a discussion. Clearly,
there is a correlation spanning four orders of magnitude
representing various engine technologies and operating modes.
At post-DPF levels, the reference measurement is no longer of
absolute accuracy, and the correlation is at par with correlation
among various traditional laboratory systems [12]. Differences
were, however, observed also during operation without a DPF.

One possible source of difference could be a different retention
rate of volatile compounds between the systems. For some filters
sampled with the portable system, filter weighing records show
a decrease of filter mass over time, a sign of accumulation of
volatile matter which slowly evaporates over time, often over
days and sometimes weeks. This explanation is also consistent
with mass emissions measured by the portable system being
higher relative to the reference. The transformation of volatile
matter to PM can be reduced by increasing dilution ratios,
however, due to the exhaust sample flow rate being controlled
as the difference of dilution air and diluted sample flows, 5:1
to 10:1 at rated power represents a limit beyond which the
raw exhaust flow into the sample is difficult to effectively
control. Another possible source of error is the contact of the
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portable system sample filters with a sealing o-ring, the use
of which has been later discontinued to resolve this problem.
Another source of error is the repeatability of filter mass
measurement, which has been brought to units of micrograms,
but occasionally has fluctuated over tens of micrograms. It
is believed that the implementation of good filter weighing
practices, such as close control of temperature and humidity
and installation of a static charge neutralizer, can improve the
filter weighing accuracy and repeatability. Yet another source
of error is the response time of the system. This is a known
problem even with commercial laboratory-grade proportional
sampling systems [12], and could be more pronounced with
the system tested, which was designed for low cost and high
portability. Highest PM concentrations tend to be, however,
during accelerations, when the exhaust flow is increasing,
and slow response would result in lower than desired flow
of exhaust into the sample, and thus under-reporting of PM
emissions.

Matching the two MFC, heating of the dilution tunnel, proper
filter conditioning and weighing procedures, and other
described issues have been or are currently being resolved,
with the understanding that at some point, practical limits of
a small, low-cost system (the experimental system is a fraction
of the size and cost of commercial proportional sampling
systems) will be reached. The acceptability of the accuracy
depends on the context and goals of the measurement; in
many cases, notably during field measurement, the accuracy
might be sufficient. This is especially the case where installation
of a high accuracy system is not plausible from technical or
economical reasons.

7. CONCLUSION

The performance of an experimental low-cost, portable
proportional exhaust sampling system for collection of
a sample of particulate matter in exhaust gases from internal
combustion engines has been evaluated under transient
operation of several compression ignition engines of varying
emission levels. Testing was done on engine dynamometers
at three laboratories using ETC, WHTC and NRTC test cycles,
and on a diesel-powered rail vehicle. Preliminary results
from the initial testing appear to be promising, with room
for improvement. As with all portable and low-cost systems,
accuracy must be weighed against other design parameters.
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