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ABSTRACT

The University of Minnesota Center for Diesel Research
along with a research team including Caterpillar, Cum-
mins, Carnegie Mellon University, West Virginia Univer-
sity (WVU), Paul Scherrer Institute in Switzerland, and
Tampere University in Finland have performed measure-
ments of Diesel exhaust particle size distributions under
real-world dilution conditions.  A mobile aerosol emission
laboratory (MEL) equipped to measure particle size dis-
tributions, number concentrations, surface area concen-
trations, particle bound PAHs, as well as CO2 and NOx
concentrations in real time was built and will be
described.  The MEL was used to follow two different
Cummins powered tractors, one with an older engine
(L10) and one with a state-of-the-art engine (ISM), on
rural highways and measure particles in their exhaust
plumes. This paper will describe the goals and objectives
of the study and will describe representative particle size
distributions observed in roadway experiments with the
truck powered by the ISM engine.

INTRODUCTION

Recent studies have linked environmental exposure to
fine particles less than 2.5 µm aerodynamic diameter to
adverse health effects [1-6], although no causal mecha-
nisms have been identified.  The relationship between
fine particles and health is a logical link because the effi-
ciency of particle deposition in the respiratory tract is a
function of particle size.  Figure 1 illustrates relationships
between idealized Diesel particulate matter (DPM) num-
ber and mass weighted size distributions [7] and the alve-
olar deposition curve [8,9].  As DPM increases in size,
the deposition efficiency decreases.  

DPM follows a lognormal, trimodal size distribution with
the concentration in any size range being proportional to
the area under the corresponding curve in that range

[10-15].  Nuclei-mode particles range in diameter from
0.005 to 0.05 µm (5-50 nm). Based on physical argu-
ments, they are believed to consist of metallic com-
pounds, elemental carbon and semi-volatile organic and
sulfur compounds that form particles during exhaust dilu-
tion and cooling [13, 14, 15].  The nuclei mode typically
contains 1-20 % of the particle mass and more than 90 %
of the particle number.  The accumulation mode ranges
in size from roughly 0.05 to 0.5 µm (50-500 nm).  Most of
the mass, composed primarily of carbonaceous agglom-
erates and adsorbed materials, is found here.  The
coarse mode consists of particles larger than 1 µm and
contains 5-20 % of the DPM mass.  These relatively large
particles are formed by reentrainment of particulate mat-
ter, which has been deposited on cylinder, and exhaust
system surfaces.  Also shown in Figure 1 are size range
definitions for atmospheric particles: PM10  (diameter <
10 µm), fine particles (diameter < 2.5 µm), nanoparticles
(diameter < 0.05 µm or < 50 nm), and ultrafine particles
(diameter < 0.10 µm or < 100 nm).  

Figure 1. Typical Engine Exhaust Mass and Number 
Weighted Size Distributions Shown with 
Alveolar Deposition Fraction
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The interest in nanoparticle emissions from internal com-
bustion engines, particularly Diesel, has been recently
heightened by engine laboratory studies that showed an
increase in nanoparticle emissions from low-mass emis-
sion engines, and engines equipped with emission con-
trol technologies such as oxidation catalysts and/or traps
[16-19].   In a study funded by the Health Effects Institute
(HEI), Bagley et al. [16] compared size distributions from
a 1988 Cummins engine with those from a 1991 engine
of the same family.  Figure 2 includes two plots of the
number concentration distribution function, dN/dlog(Dp),
against particle diameter, Dp, that have been constructed
from data given in that study.  Compared to the 1988
engine, the 1991 engine showed a roughly 3 fold
decrease in mass emissions (indicated by the decrease
in dN/dlog(Dp) in the accumulation mode size range) but
a 10 to 30 fold increase in number concentration (indi-
cated by the dN/dlog(Dp) increase in the nuclei mode size
range).  This raised concerns that new, low mass emis-
sion engines might be producing a new problem in high
emissions of nanoparticles.  Although this concern about
nanoparticle emissions is new, nanoparticle emissions
are not.  High concentrations of nanoparticles have been
observed on and near roadways for many years [20-24].
Data from a 1979 roadway study [22] are also shown in
Figure 2.  These data were collected with a mobile labo-
ratory driving on a rural freeway behind a tractor-trailer
powered by Cummins engine from the same engine fam-
ily as those used in the HEI study.  The results are similar
to those observed for the 1991 engine used in the HEI
study.

The basic question is whether nanoparticle emissions
from engines are changing as technology improves and
emission standards are made more stringent.  It is an
objective of the project described here to answer this
question.  Often more than 90% of the nanoparticles
emitted by engines are formed from volatile particle pre-
cursors during exhaust dilution [25-27].  These precur-
sors are presumably the lower vapor pressure
compounds usually associated with Diesel particulate

matter, like sulfuric acid and condensable hydrocarbons.
Particle dynamics during sampling and dilution are highly
nonlinear - large changes in particle number may result
from small changes in dilution and sampling conditions.
Sampling and dilution parameters like dilution ratio, tem-
perature, humidity, and residence time strongly influence
nanoparticle formation.  Up to two orders of magnitude
difference in nanoparticle emissions were observed for
an engine running at the same steady-state condition,
but with different dilution schemes [26] as illustrated in
Figure 3.  Similar sensitivity was observed to primary
dilution ratio and primary dilution temperature [26].  

Nucleation and growth of particle precursors to form
nanoparticles during dilution are strongly influenced by
the presence of other particles [27].  When carbon is
removed from the exhaust, material that would adsorb
onto carbonaceous agglomerates nucleates and grows to
form nanoparticles.  This process is very nonlinear and
strongly dependent upon dilution conditions.  Thus, the
influence of dilution conditions may be even greater when
most of the solid carbon is removed from the exhaust.
Changes up to nearly four orders of magnitude in nano-
particle concentration with changing dilution conditions
were observed when the same engine as used in [26]
was fitted with a wall-flow exhaust particle filter [25].  

Figure 3. Typical Weighted Size Distributions from 
Abdul-Khalek, et al., [26] Showing the 
Influence of Residence Time in the First 
Stage of a Two-Stage Dilution System.  
Medium-Duty Diesel Engine Running and 
Medium Speed and Load.

As engines become cleaner, it will become increasingly
difficult to make representative measurements of exhaust
size distributions.  The Coordinating Research Council
(CRC) E-43 program, described here, is intended to
determine how to make such measurements.  This paper
is a progress report on the E-43 program, which is cur-
rently only about 25% complete.  Expect that future infor-
mation derived from this research program will
recommend which combination of primary dilution ratio,
residence time, primary dilution temperature, and other
factors will best represent real world dilution conditions.  
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OBJECTIVES OF THE CRC E-43 PROGRAM

There are four primary objectives of the CRC E-43 Pro-
gram:  

1. Measure on-road particle size distributions (number,
volume, surface area) in the exhaust plume of heavy-
duty Diesel vehicles.

2. Attempt to reproduce these results under laboratory
conditions (chassis dynamometer, wind tunnel,
engine dynamometer).

3. Model atmospheric aging and dispersion of freshly
emitted Diesel aerosols.

4. Determine size fractionated chemical composition of
Diesel particulate matter collected in the laboratory
and in a wind tunnel.

These objectives are described in more detail in [28].  A
very important fundamental goal of the project is to
understand the nature of the tailpipe to nose process as it
takes place on and near roadways.  This is where the
highest exposures to nanoparticles are likely to occur.  

The project may be divided into 7 phases:

1. On-road chase experiments with an old technology
and a new technology Cummins powered tractors, 

2. Wind tunnel tests with the new technology Cummins
powered tractor, 

3. Chassis dynamometer experiments with the two
Cummins powered tractors, 

4. Engine dynamometer tests with the engine from the
new technology Cummins powered tractor, 

5. On-road chase experiments with an old technology
and a new technology Caterpillar powered tractors, 

6. Chassis dynamometer experiments with the two Cat-
erpillar powered tractors,

7. Engine dynamometer tests with several new technol-
ogy Caterpillar engines.  

The experimental portions of phases 1 and 2 have been
completed.  A very large body of data has been collected
and partially analyzed.  This paper will describe some of
the initial results from phase 1 of the project.

EXPERIMENTAL PROCEDURE AND RESULTS

The heart of the project is the mobile emission laboratory
(MEL).  It has been designed and built to allow compari-
son of Diesel exhaust aerosol characteristics measured
in chase experiments under real world highway condi-
tions with simulations of those conditions in a wind tun-
nel, on chassis dynamometers, and on engine
dynamometers.  The MEL was installed in a cargo con-
tainer that was mounted on a Volvo container truck.  Dur-
ing the chase experiments, illustrated in Figure 4,
exhaust plumes are collected with a 3.6 m long aluminum
boom mounted over the cab of the truck.  The boom
brings the sample stream to a distribution manifold in the

interior of the MEL. A flow-regulating vane pump provides
a large bypass flow for the instruments maintains con-
stant suction at the inlet of the boom.  The primary parti-
cle-sizing instrument used in these experiments is a TSI
scanning mobility particle sizer (SMPS).  It was used to
obtain particle size distributions in the 9 to 300 nm diam-
eter range.  This instrument requires at least 30 s to com-
plete an entire size scan and is not suitable for making
measurements in the rapidly varying plume encountered
in chase experiments.  Therefore it was necessary to use
a bag sampler with the SMPS.  A portion of the aerosol
entering the sampling boom is used to fill a large plastic
bag in about 5 s to obtain a snapshot of the plume for
analysis by the SMPS. One or more size distribution
scans are run on each bag sample, each taking about 90
s. Repeated scans have shown that the bag sample pro-
cedure does not significantly change the size distribution
of the collected aerosol. Furthermore, comparisons
between direct samples (bypassing the bag) and bag
samples obtained with steady aerosols show no signifi-
cant differences.  On the other hand, all size distributions
reported here are for fresh roadway aerosols with little
atmospheric aging.  The role of aging is being addressed
in modeling effort that is a part of the E-43 program, but
has not yet been completed.

Figure 4. University of Minnesota, E-43, Mobile Aerosol 
Laboratory during a Roadway Chase 
Experiment.

The other aerosol and gas instruments in the MEL sam-
pled continuously from the distribution manifold.  The
instruments used in the Cummins chase experiments
included the following:

1. An electrostatic low pressure impactor (ELPI) to
determine particle size distributions based on the
aerodynamic aerosol diameter in the 29 to 2500 nm
range.

2. A condensation particle counter (CPC) to measure
total aerosol number concentrations for particles
larger than about 3 nm.
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3. An epiphaniometer to determine the Fuchs surface
area of the aerosol [29]. This well characterized
measuring method is the standard for the other sur-
face measuring instruments, despite its relatively
slow (5 minute) time resolution.

4. A photoelectric aerosol sensor (PAS) to measure
photoemitting substances on the surface of aerosol
particles. Diesel soot has been found to show a large
response. 

5. A diffusion charger (DC), consisting of a diffusion
charging section combined with a current sensor, to
measure the surface area concentration of the aero-
sol.  Its fast response time (0.5 s) made the instru-
ment useful as a fast plume indicator. The
combination DC/PAS has been described as a pow-
erful tool for the identification of Diesel soot [30].

6. High sensitivity CO2 and NOx analyzers to track the
plume and in conjunction with a stack sampler
mounted in the chased truck used to determine dilu-
tion ratios.

The MEL was used during on-highway, truck chase
experiments.  The following test conditions were used in
the Cummins chase experiments: idle; 55 mph cruise,
light and heavy load; and 40 – 55 mph acceleration, light
and heavy load.  We also attempted to do chase experi-
ments during decelerations but the plumes were too
weak to detect.  Two different tractors were used, a 1999
model powered by a 1999 specification ISM engine and a
1988 model powered by a 1988 L10 engine.  Two fuels
were used with the ISM engine: a standard federal fuel
and a reformulated California fuel.  Only the federal fuel
was run in the L10 tests.  The Diesel exhaust plume of
the truck being chased was captured and analyzed 1-3 s
after it was emitted from the exhaust stack.  Following
distances ranged from about 15 to 50 m.  The plume was
tracked by monitoring the DC and/or NO signal in real
time.  When a strong steady signal was observed, a bag
sample was taken.  

SMPS SIZE DISTRIBUTION MEASUREMENTS – Results
are reported here for the 1999 ISM engine running on the
California fuel under light load cruise and acceleration
conditions.  Figures 5 and 6 show results of SMPS scans
on bag samples obtained in replicate chase experiments
for cruise and acceleration conditions.  Plume and back-
ground samples are shown.  These are uncorrected mea-
surements so that the absolute concentrations are
expected to vary with the extent of dilution of the plume at
the time the sample is obtained.  The size distribution
shape similarities of Figures 5 and 6 indicate that road-
way experiments were replicated well even though a
roadway test is more difficult to control than a laboratory
test.  Each data curve in these two figures represents
slightly different dilution because roadway conditions are
not exactly the same.  Although the absolute concentra-
tions go up and  down with dilution, the shapes are quite
consistent for a given operating and sampling condition.

The plume concentrations may be converted to stack
equivalent stack concentrations using the following rela-
tionship:

Dilution ratios are being determined from stack, plume,
and background NO concentrations.  However, valida-
tions of these values are still underway.  Regardless of
whether or not the dilution ratio is known, the shape of
the size distribution is determined from the plume minus
background difference distributions.  These difference
distributions may be conveniently compared by normaliz-
ing them to a unit volume concentration of 1 µm3/cm3.
When a size distribution is normalized in this manner it
has the convenient property of giving the number emitted
per unit mass emitted because it is reasonable to
assume that the volume and mass concentrations are
proportional to one another [15].  Figure 7 shows such
normalized distributions for data obtained on two consec-
utive days.  The shapes of these size distributions are
quite similar except that the data for the cooler day sug-
gest relatively more nuclei mode particles are formed
during dilution under cooler ambient conditions.  This is
not surprising because the vapor pressures of condens-
able species like sulfuric acid and high molecular weight
hydrocarbons are lower at lower temperatures so that the
driving force for nucleation and growth of nanoparticles
will be stronger.  This is consistent with the common
observation of steam plumes behind vehicles in cold win-
ter weather.

Figure 5. Typical Chase Experiment Size Distributions.  
California Fuel, Light Load, 55 mph Cruise 
with ISM Engine Powered Truck.

We have also observed an increase in nanoparticle for-
mation during dilution under laboratory conditions
intended to simulate atmospheric dilution.  Figure 8
shows this effect using a single stage dilution tunnel
developed to simulate atmospheric dilution temperatures
and rates by Wei [31].  These experiments were done
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with a 1995 medium-duty Diesel engine designed to
meet 1994 heavy-duty standards running at medium
speed and load.  Note the effect of dilution temperature
on nanoparticle formation.  The concentration of particles
in the nuclei mode increases by nearly a factor of 10 as
the temperature is reduced from 25 to 15 C.  This sug-
gests that there could be differences in the tendency to
form volatile nanoparticles between, for example, Minne-
sota and Arizona, not because of changes in engine
emissions but because of changes in what happens in
the atmosphere.

Figure 6. Typical Chase Experiment Size Distributions. 
California Fuel, Light Load, 40-45 mph 
Acceleration with ISM Engine Powered Truck.

Figure 7. Normalized Average Difference Size 
Distributions for 2 Consecutive Days, 6 and 7 
October 1999 with Different Ambient 
Temperatures. The Results Are Normalized to 
a Unit Volume Concentration of 1 µm3/cm3. 
California Fuel, ISM Truck, Light Load.

In addition to the temperature effect observed here is the
important consideration of how long these nanoparticles
will survive in what atmospheres, under what dilution
conditions, and if, after reaching a decision of how to
most appropriately dilute, how important this temperature
effect will be at that dilution condition.  At present, the

time dimension (i.e., the lifetime) of these nanoparticles
has not been determined, and is planned as future
research.

Figure 8. Influence of Ambient Dilution Temperature 
Using a Single Stage Dilution Tunnel 
Designed to Simulate the Rate, Temperature, 
and Extent of Dilution Under Atmospheric 
Conditions. The Tunnel is Operated to Give a 
Dilution Ratio of 1000, 1 s Downstream of 
Sample Introduction.

MEASUREMENTS MADE WITH REAL TIME PARTICLE
INSTRUMENTS – The Cummins chase experiments
have yielded more than 400,000 individual records and
we have only started to analyze this vast data set.  How-
ever to give a sense for the type of data collected some
representative DC and CPC data are shown below.  It is
necessary to correct for differences in lag and response
times when comparing continuous instruments.  Their
response lag times were determined by repeatedly
switching between a sample stream and a filtered
stream.  It was found that the combined internal and
transfer line lag time of the CPC was 6 s longer than that
of the DC.  Therefore in the data shown below the CPC
response is shifted 6 s relative to the DC response.  Fig-
ure 9 shows the instantaneous variations of the DC and
CPC response during a short time window of the chase
experiments for the ISM truck, 55-mph cruise, light load,
California fuel.  Note that the instruments track very well.
Figure 10 is a plot of the DC response against the CPC
response for a more extended time period, but the same
operating conditions.  A linear regression line through the
data is also shown and has an r2 value of 0.75.  Assum-
ing that the background and stack conditions are steady,
the slope of such a plot is the ratio of the particle surface
to the particle number added by the plume, or the S/N
ratio.  This ratio may be related to the diameter of aver-
age surface, Das, through:

For the data shown in Figure 9, Das is 25 nm.

( ) 5.0

N
SDas π=
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Figure 9. Comparison between Condensation Particle 
Counter and Diffusion Charger Response for 
a Short, but Representative Time Window 
during Roadway Chase Experiments on 7 
October 1999. ISM Powered Truck, CA Fuel, 
55 mph Cruise, Light Load.

Figure 10. Comparision between Condensation Particle 
Counter and Diffusion Charger Response for 
a Time Window during Roadway Chase 
Experiments on 7 October 1999. ISM 
Powered Truck, CA Fuel, 55 mph Cruise, 
Light Load.

CONCLUSIONS AND ONGOING WORK

The experimental work for the first 2 phases of the CRC
E-43 Project, Cummins chase experiments and wind tun-
nel experiments have been completed, but analysis of the
collected data continues.  Some preliminary results of the
chase experiments have been reported here.  

The mobile emission laboratory built for this project has
performed very well in the Cummins chase experiments.
These experiments have shown that it is feasible to char-
acterize the particle emissions of Diesel powered vehi-
cles under real world conditions.  For the engine and test
conditions that we have encountered the sensitivity of
nanoparticle formation to dilution temperature suggests
that these nanoparticles are volatile and form by nucle-

ation during dilution.  Nucleation is highly nonlinear and
very sensitive to conditions.  Consequently the first step
in understanding this process, and in accessing the
nature of real world exposures, must be taken under real
world conditions.  We have found that for the engines and
conditions examined so far, the SMPS size distributions
are quite similar in shape to those found in some labora-
tory studies.  The submicron size distributions are bimo-
dal (the supermicron coarse particle mode is not
considered here) with a nuclei mode in the 10 to 20 nm
range containing 60 to 95 % of the number and an accu-
mulation mode in the 40 to 60 nm range containing 90 to
99 % of the volume (or mass).  The main chase experi-
ment sampling parameter observed to influence the size
distribution is ambient temperature, with larger relative
concentrations of nanoparticles formed during dilution at
lower ambient temperatures.

Ongoing work includes instrument and sampling system
calibration and validation as part of a quality assurance
program.  We expect to do chassis and engine dyna-
mometer tests at Cummins in April and May 2000; chase,
chassis and engine dynamometer experiments with Cat-
erpillar engines during the late spring and summer of
2000.  

In addition to these general test descriptions and loca-
tions are the more complex aerosol physics concepts that
need to be resolved.  More on-road particle size distribu-
tions will be obtained to verify data collected thus far.
The Cummins and Caterpillar tests will compare labora-
tory dilution tunnel size distributions and concentrations
with on-highway data to determine the proper laboratory
method of dilution rate, ratio and aerosol residence time.
Atmospheric aging and dispersion of freshly emitted Die-
sel aerosols will be modeled for comparison with data
obtained in these experiments.  Finally, although the low
mass of nanoparticles makes chemical analysis chal-
lenging, a limited number of chemical analyses are
planned.    
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