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ABSTRACT
A major source of particle number emissions is road traf-
fic. However, scientific knowledge concerning secondary
particle formation and growth of ultrafine particles
within vehicle exhaust plumes is still very limited. Vola-
tile nanoparticle formation and subsequent growth con-
ditions were analyzed here to gain a better understanding
of “real-world” dilution conditions. Coupled computa-
tional fluid dynamics and aerosol microphysics models
together with measured size distributions within the ex-
haust plume of a diesel car were used. The impact of soot
particles on nucleation, acting as a condensational sink,
and the possible role of low-volatile organic components
in growth were assessed. A prescribed reduction of soot
particle emissions by 2 orders of magnitude (to capture
the effect of a diesel particle filter) resulted in concentra-
tions of nucleation-mode particles within the exhaust
plume that were approximately 1 order of magnitude
larger. Simulations for simplified sulfuric acid-water vapor
gas-oil containing nucleation-mode particles show that
the largest particle growth is located in a recirculation
zone in the wake of the car. Growth of particles within the

vehicle exhaust plume up to detectable size depends cru-
cially on the relationship between the mass rate of gas-
eous precursor emissions and rapid dilution. Chassis dy-
namometer measurements indicate that emissions of
possible hydrocarbon precursors are significantly en-
hanced under high engine load conditions and high en-
gine speed. On the basis of results obtained for a diesel
passenger car, the contributions from light diesel vehicles
to the observed abundance of measured nucleation-mode
particles near busy roads might be attributable to the
impact of two different time scales: (1) a short one within
the plume, marked by sufficient precursor emissions and
rapid dilution; and (2) a second and comparatively long
time scale resulting from the mix of different precursor
sources and the impact of atmospheric chemistry.

INTRODUCTION
Two major reasons for studying ultrafine particles (UFPs:
dp � 100 nm) are their impact on the earth radiation
budget1,2 and their impact on health.3,4 Health effect
studies indicate that the particle number concentrations
to which an individual is exposed may be more important
than their mass.5–7 For this reason, and the fact that the
smallest particles contribute much to number and little to
mass emissions, it is important to study the formation of
new particles, the dilution and growth of UFPs in the
exhaust plume of vehicles, and their subsequent fate.

Diesel engines in particular are a major and persistent
source of exhaust particle (number) emissions. Diesel en-
gines primarily emit aerosol precursor gases such as sulfur
dioxide (SO2), sulfur trioxide (SO3), sulfuric acid (H2SO4),
oxides of nitrogen (NOx), water vapor (H2O), low- and
semi-volatile organic species, and soot particles. Particle
size distribution measurements made on several light die-
sel vehicle exhausts under comparable operating condi-
tions produced similar results, except for cases in which
particle formation by nucleation occurred. Measurements
revealed a consistent soot mode at a particle mobility
diameter of 50–100 nm.8 The European Commission has

IMPLICATIONS
Volatile nucleation-mode particles still dominate curbside
size distributions. In contrast to nonvolatile vehicle particle
number emission factors, the formation of volatile curbside
particle number concentrations depends on processes that
cannot be reproduced on vehicle test benches in a reason-
ably economic way. Greater understanding of formation
processes and subsequent growth, chemical composition,
and the impact of volatile precursor mix is needed to prop-
erly evaluate health effects. An integrated approach is nec-
essary when assessing emissions from different sources
and measures.

TECHNICAL PAPER ISSN:1047-3289 J. Air & Waste Manage. Assoc. 61:399–408
DOI:10.3155/1047-3289.61.4.399
Copyright 2011 Air & Waste Management Association

Volume 61 April 2011 Journal of the Air & Waste Management Association 399

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

el
si

nk
i]

 a
t 0

5:
02

 1
5 

A
ug

us
t 2

01
2 



added a particle number limit to its Euro 5/6 emission
standards for light vehicles. The proposed number emis-
sion limit is 5 � 1011 solid particles (soot-mode particles)
per kilometer driven.

Dependent on fuel composition, engine operating
conditions, exhaust aftertreatment, exhaust dilution, and
sampling methods, the size distribution can exhibit a
second highly variable nucleation mode with diameters
from 10 to 20 nm.9–11 Kittelson et al.12 investigated size
distributions and chemical composition emitted from
diesel engines in on-road and laboratory tests. Significant
differences were found. On-road measurements revealed
relatively high UFP concentrations and nucleation in all
cases, whereas laboratory measurements showed lower
UFP concentrations and often the absence of nucleation.
The so-called nucleation-mode particles often dominate
measured particle size distributions at curbsides (i.e., the
exposure to UFP).13,14 Organic compounds are considered
to determine the growth of nucleation-mode particles in
diesel exhaust plumes.12,15–17 The U.S. Environmental
Protection Agency has estimated that although more than
20,000 individual chemical compounds are emitted from
diesel-fueled vehicles, only a few hundred have been
identified so far.18

Because of the high exhaust temperatures, a key fac-
tor for volatile nanoparticle formation and growth is the
dilution of exhaust gases. During dilution, aerosol precur-
sor gases cool and the saturation ratios of semi-volatile
species may rapidly increase. This may lead to increased
condensational growth, or where critical supersaturation
ratios are reached, new particles are formed by nucleation.

The dilution conditions may be significantly different
for laboratory and on-road measurements. Real-world
within-exhaust plume measurements are rare and are lim-
ited to relatively few points within the plume.10,13 A fur-
ther major scientific challenge lies in improving under-
standing of the subsequent growth of nucleation-mode
particles up to detectable sizes in particle diameter. This
depends crucially on the conditions of dilution, available
condensable mass, and the surface area of pre-existing
particles within the exhaust plume.

The paper presented here is based on earlier work
covering the measurements of number size distributions
of exhaust particles and thermodynamic parameters un-
der real traffic conditions13 and on work modeling con-
current dilution and aerosol dynamics within a diesel car
exhaust under on-road conditions.19 The intention here is
to provide further details on volatile nanoparticle forma-
tion and subsequent growth under real-world conditions
given dilution on short temporal and spatial scales. The
interference (in the form of condensational sink) of soot
particle emissions on nucleation is also assessed. Soot
particle emissions are reduced by 2 orders of magnitude to
evaluate the reduction effect of a diesel particle filter on
particle formation. On the basis of simulations and addi-
tional measurements, the interaction of low-volatile emis-
sions and flow pattern on particle growth and the associ-
ated time scales are discussed in more detail. Additional
hydrocarbon (HC) measurements from a chassis dyna-
mometer are used as an indicator for low- and semi-
volatile organic precursor species in subsequent growth. A
general in-plume “nucleation/growth process” concept is

suggested. This is discussed with respect to volatile parti-
cle formation and growth within diesel car exhaust and
allows for a summary of the main findings. Finally, the
limitations encountered are discussed in the context of
urban driving conditions and size distribution measure-
ments near busy roads.

SIMULATION SETUP
FLUENT 6 (http://www.fluent.com) software, and the
add-on aerosol model FPM (Fine Particle Model, http://
www.aerosolmodeling.com) were used to compute
three-dimensional (3D) particle concentrations. FPM
and FLUENT together represent a full Eulerian solution of
the particle general dynamics equation. In contrast to
previous studies20–23 in which particle dynamics were
only computed along selected streamlines, use of the FPM
permitted a fully coupled Eulerian/Eulerian (flow/gas and
particle phase) simulation of the aerosol dynamics on all
grid cells. The model system is described in Uhrner et
al.19 and was validated by means of point measure-
ments (temperature, relative humidity [RH], carbon di-
oxide [CO2], scanning mobility particle sizers [SMPS],
flow velocity). Boundary conditions were chosen ac-
cording to measurements.13,19

A 3D geometry of the test car was created and placed
in a computational wind tunnel using approximately
260,000 grid cells. The grid cells range from a few milli-
meters in size at the tail pipe up to several centimeters in
size at the inflow and outflow region. A k-ε turbulence
model was used. A model system for the simulation of
H2SO4-H2O-soot particles (core-mantle) was developed.
Detailed H2SO4-H2O thermodynamics24–28 for nucleation
and growth/evaporation were used. Nucleation was cal-
culated based on Vehkamäki et al.24 The H2SO4-H2O
growth thermodynamics were calculated based on
Zeleznik et al.25 and further adapted for exhaust plume
conditions in the temperature range of 300–400 K (for
details, see Uhrner et al.l9). User-defined functions were
coded to account for H2SO4-H2O growth, simplified or-
ganic growth, and H2SO4-H2O nucleation. Important un-
derlying assumptions for the model are that

• Nucleation particles can be formed by H2SO4-
H2O nucleation and can further grow by conden-
sation or coagulation.

• To estimate the contributions of simplified or-
ganics, an additional noninteracting phase con-
sisting of gas-oil can be added.

• Soot particles are directly emitted from the ex-
haust (prescribed as a flux) and are able to grow
by coagulation and condensation of H2SO4, H2O,
and gas-oil assuming a core mantle spherical par-
ticle shape. Gas-oil is used as a “surrogate chem-
ical species” to represent a low-volatile organic
phase.

Exhaust gas flow, composition, and soot-mode particle
fluxes were prescribed based on vehicle operating condi-
tions and exhaust temperature measurements in the wake of
the test car. The emission factors (EFs) of soot-mode particles
were determined by adjusting the simulated soot-mode par-
ticle flux to obtain the best fit between simulated and mea-
sured soottj;2 particle concentrations recorded at 45 and
90 cm from the exhaust pipe.13,19 The gaseous H2SO4
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exhaust flux was used as a free parameter and was related
to fuel sulfur content (FSC) and the SO2-to-SO3 conver-
sion rate. The FSC was set to 10 ppm (in mass), and the
SO2-to-SO3 conversion rate was set to 1. The conversion
rate setting is discussed in detail in Uhrner et al.19 The
nucleation rate24 shows strong sensitivity with respect to
temperature, RH, and H2SO4. This means that the dilu-
tion processes within the exhaust plume must be pre-
sented as accurately as possible.19

MEASUREMENT SETUP
A detailed description of the measurement setup and the
measurement program is given in Wehner et al.13 Only a
brief description is given here. Inlets and sensors were
mounted on a modified bicycle rack; the measurement
equipment was placed in the trunk of the test car. The
horizontal distance of the sensors and inlets was adjust-
able in a range between 45 and 90 cm to the tailpipe. The
measurement equipment consisted of one SMPS with a
measurement range from 7 to 400 nm and a time resolu-
tion of 90 sec, two RH sensors, one Lyman-� hygrometer
to measure the absolute humidity, three thermocouples
to measure exhaust temperature and temperature at two
other points within the plume, one Prandtl pitot tube to
measure the flow speed within the plume, and one gas
emission analyzer (NO/NOx/NO2 and CO2). In addition,
an on-board diagnostic system was utilized to record car
speed, engine speed, and air mass flow. The results ob-
tained with the measurement setup were used first to
validate 3D computational fluid dynamics (CFD) calcula-
tions,19 thereafter to obtain boundary conditions for cou-
pled steady-state CFD aerosol dynamics simulations, and
then to derive EFs.13

The test car (2l-74 KW, oxidation catalyst, Euro 3) was
run with low-sulfur fuel (�10 ppm by weight), which has
been regular fuel in Germany since 2004. The test car was
equipped with an oxidation catalyst but not with a diesel
particulate filter.

Measurements were performed on a 40-km long
stretch of a new, relatively unfrequented four-lane public
freeway that traversed mainly farmland, and low back-
ground concentrations could be assumed. The freeway
section was driven several times in both directions, and
driving conditions were kept constant during any one leg
but changed from one leg to the next. The horizontal
distance of the inlet system to the tailpipe (either 45 or 90
cm) was changed once during the day.

Urban measurements on public roads were also per-
formed in the city of Leipzig (population �500,000 peo-
ple). A circuit, approximately 4 km in length with several
traffic lights, was chosen and driven several times. Be-
cause of the sampling time of the SMPS system, the focus
was placed on studying average values resulting from
highly variable car operation conditions.

RESULTS AND DISCUSSION
Taking previous research13,19 as its starting point, the
paper presented here studies and discusses further details
of nucleation and particle growth using simulation and
measurement results. An important factor related to the

formation of new particles is the pre-existing particle sur-
face area. Because of their larger size compared with nu-
cleation particles, soot particles cover most of the total
surface area within a diesel car exhaust plume. The pre-
existing particle surface area competes in the particle nu-
cleation process for condensable vapors.28,29 Nowadays,
according to diesel car manufacturer information, use of
state-of-the-art diesel particle filters (Euro 4 and higher)
reduces nonvolatile particle number emissions by up to
two orders of magnitude. The numerical setup described
in Uhrner et al.19 for 148 km/hr and 4000 rpm was used as
the control run (Ctrl) (i.e., nucleation-mode particles may
be composed of H2SO4-H2O; soot-mode particles may be
composed of H2SO4-H2O and soot cores). As described in
Uhrner et al.,19 the highest particle numbers were simu-
lated within the exhaust pipe plane at approximately
0.5–1 m for the Ctrl; the highest nucleation rates were
found in those areas where the gradients of H2SO4, tem-
perature, and H2O were strongest and dilution gradients,
as indicated by the CO2 dilution ratio, were highest. The
Ctrl was based on “real-world” measurements where high
nucleation particle concentrations (�1013 m�3) were re-
corded under high vehicle speed (�150 km/hr) and high
rpm (�4000 rpm).13,19 The boundary conditions (see
Table 1) of the Ctrl were altered to assess the impact of a
significantly reduced surface area on new particle forma-
tion. This meant that the simulated exhaust soot particle
emission of the Ctrl was reduced by a factor of 100 (see
Table 2). The boundary conditions of the Ctrl and the
numerical experiments (Exp-1 and Exp-2) are given in
Tables 1 and 2. It should be noted that although an
identical numerical setup is used in all three cases, two
important boundary conditions are changed in Exp-1 and
Exp-2. In Exp-2, an additional simplified organic phase
with the chemical properties of gas-oil was utilized,
whereas the soot-mode particle flux of the Ctrl was used
(see Table 2). The organic emissions were assumed to
consist of 1 � 10�6 kg sec�1 condensable material (gas-oil
C16H29 “surrogate”). This is assumed to correspond to
40% of the emission standard for HC Euro 3 diesel cars in
Germany 2005 (i.e., 24 mg km�1 condensable HC emis-
sions). This facilitates a simplified growth study in a rap-
idly diluting plume (see Table 2).

In contrast to the H2SO4-H2O system, information on
organic species, their thermodynamic properties, and in-
teraction is very limited. Hence, no liquid-liquid interac-
tion between the inorganic and organic phases was as-
sumed. On the basis of an estimation of Tobias et al.,16 the
equilibrium vapor pressure was set to 10�10 Pa. The dilu-
tion conditions were identical for the set of simulations.

The spatial distribution of the number concentration
of Exp-1 is shown in Figure 1. The total number of nucle-
ating particles in the exhaust wake of the car is given in
Table 3. Compared with the Ctrl, nucleation-mode parti-
cle number concentrations are increased by approxi-
mately 1 order of magnitude because of the effect of
reduced soot particles emissions. Compared with the
soot-mode particle number concentrations, nucleation
particles dominate within the plume (Exp-1). In this nu-
merical experiment (Exp-1), only the effect of a signifi-
cantly reduced condensational sink due to soot particles
was considered. However, catalytic surfaces and particle
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filters can also adsorb sulfur. At high engine speed and
related high exhaust temperatures and velocities, this
stored sulfur may lead to a considerable increase of ex-
haust H2SO4.26 This second effect may also have a signif-
icant influence on secondary particle formation by nucle-
ation. However, if particles do not grow fast enough,
particle concentrations may not reach the detection limit
(e.g., the SMPS 7-nm detection limit used here).13,19 Crit-
ical factors here are the amount of available condensable
species under rapid dilution conditions encountered at
high vehicle speed and high exhaust gas flow. In the
model runs, Ctrl and Exp-1 H2SO4-H2O growth is too slow
to reach detectable size ranges. In both runs the simulated
particle sizes are between 2 and 3 nm in diameter at
approximately 1-m distance.

However, in Exp-2 the simulated nucleation parti-
cles attain detectable size ranges (up to 15 nm). Figure
2 shows the simulated geometric mean diameter for the
nucleation mode within approximately 2.5 m of the
exhaust plume (Exp-2). Figure 3 shows the flow pattern
in the plume of the car for exactly the same section in
the same plane as the simulated particle geometric
mean diameter in Figure 2. The flow vectors in the
exhaust plane indicate a recirculation zone in the ve-
hicle wake. The largest growth is located in areas with
the lowest relative flow speeds, in particular within the
recirculation zone (Figure 3).

Within this set of numerical experiments, H2SO4 and
H2O are the triggering species for new particle formation
by nucleation. The additional condensable mass (Exp-2)
in combination with decreased plume temperature19 and
the reduced exhaust flow speed due to rapid dilution (see
Figure 3) allow for particle growth to attain the necessary
detectable range. The time scales behind the exhaust pipe,
which can be inferred from the velocity vectors shown in
Figure 3, are within tens of microseconds within the ex-
haust pipe plane and below 1 sec within the recirculation
zone.

Compared with the Ctrl, particle number concentra-
tions within the exhaust wake of the car, stated in Table 3,
are slightly smaller for Exp-2. The reason for this small
reduction is the rapidly increased surface area of the nu-
cleation particles consisting of H2SO4-H2O and gas-oil.
The additional condensable mass also leads to increased
H2SO4-H2O growth and the Kelvin effect is weakened
compared with the Ctrl. As a consequence, because of
lower saturation ratios the nucleation rate is weakened,
yielding fewer nucleation particles. However, the effect
on the actual number of nucleation-mode particles is
relatively small, giving some indication that after initial
formation by nucleation, particle growth is the crucial
process enabling nucleation particles to reach detectableTa
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Table 2. Boundary conditions for the three experiments.

Simulation Ctrl Exp-1 Exp-2

Soot-mode flux
exhaust pipe

1 � 1013 sec�1 1 � 1011 sec�1 1 � 1013 sec�1

Condensable
HC EF

0 0 1 � 10�6 kg sec�1
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size ranges. Can engine operating conditions be identified
that yield increased precursor species emissions?

Carbonaceous precursor species or HCs were not mea-
sured with the measurement setup. Thus, HC measure-
ments from a chassis dynamometer were used as an indi-
cator for low- and semi-volatile organic precursor species
in subsequent growth. In the above cited measurements,
large nucleation particle number concentrations (�1013

#m�3) were recorded only under driving conditions such
as strong acceleration or high speed (�140 km/hr) and
high revolutions per minute (�3800 rpm).19 Under such
engine operating conditions lube oil consumption is cer-
tainly increased, which could lead to higher organic and
H2SO4 precursor concentrations. Chassis dynamometer
measurement conditions (vehicle speed and engine
speed), comparable to those used in the numerical simu-
lations or the measurements described, were not avail-
able. Table 4 shows HC emissions measured on a chassis
dynamometer for four steady-state conditions for a differ-
ent medium-size car equipped with a Euro 3 1.9-L diesel
engine. Different engine power settings were reached by
selecting different gears to obtain similar car speeds but
with different engine speed. Interestingly, HC emissions
are increased by up to a factor of 5.5 at higher engine
rotations but for a similar car speed. Similar results were
obtained for lower vehicle speeds and two other cars with
different Euro 4 engine sizes (see Table 5). This gives some

indication that under high engine speed the amount of
potential precursor gases is significantly increased.

Interesting details about formation and growth can be
inferred from the set of experiments presented in Figure 4.
Figure 4 shows measured size distributions at 45 and 90
cm within the exhaust plume for three different car op-
erating conditions recorded in one experiment on the
freeway. At approximately 105 km/hr and 4000 rpm (Fig-
ure 4a) and at 150 km/hr and 3200 rpm (Figure 4b),
nucleation particles were recorded at the 45-cm distance
but significantly smaller numbers at the 90-cm distance.
The number of nucleation-mode particles recorded at the
45-cm distance is approximately 105 km/hr at 4000 rpm
and 150 km/hr at 3200 rpm more than 1 order of magni-
tude lower compared with approximately 150 km/hr at
4000 rpm. On the basis of simulation results,13,19 dilution
leads to a decline in the number of nucleation-mode
particles by a factor of 2–3 between the 45- and 90-cm
sampling points. It is inferred that between 45 and 90 cm
from the exhaust pipe no significant new particle forma-
tion takes place and the comparatively low number of
particles (order 1012 #cm�3) recorded at 45 cm is due to
dilution and to the very fast growth up to larger size
ranges (15–20 nm). Hence, a distinct nucleation mode is
no longer apparent in the size distribution at the second
measurement point (90 cm). Consequently, the nucle-
ation rate related to precursor flux and dilution is low. At
approximately 150 km/hr and 4000 rpm (Figure 4c), the
nucleation rate is apparently high and the exhaust pre-
cursor flux related to dilution is also sufficiently high to
result in large detectable nucleation particle concentra-
tions at both measurement points. Under these condi-
tions, abundant nucleation-mode particles were able to
grow to reach sizes of 7 nm or more. The size distribution
measured at 45 cm for approximately 150 km/hr and
4000 rpm (Figure 4c) indicates another interesting fea-
ture: The particle number increases toward the detection

Table 3. Simulated number of nucleation particles in a box sized
2 � 2 � 10 m behind the exhaust out.

Experiment Box Average N

Ctrl 1.8 � 1011#m�3

Exp-1 reduced soot particle flux 2.4 � 1012#m�3

Exp-2 HC emission 1.7 � 1011#m�3

Figure 1. Cross section (extent 22.5 m in length) for simulated nucleation-mode concentration (in
#m�3) in the exhaust pipe plane for the simulation with the reduced particle flux (Exp-1; velocity � 148
km/hr, 4000 rpm). Different colors represent particle number concentration ranges (i.e., red colors
represent higher values, and blue colors represent lower values). The length of the car is 4.28 m, the
height is 1.51 m, and the extent of the represented plume is �15 m.
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limit (7 nm), indicating even higher concentrations be-
low 7 nm. In this case, the nucleation rate is comparably
high in relation to the available precursors, and the time
for particles to reach detectable size ranges is simply too
short in the rapidly diluting plume (see Figure 2).

On the basis of the interpretation of those measure-
ments and the simulation results, Figure 5 schematically
summarizes these proposed interrelated mechanisms of
nucleation and subsequent growth into detectable size
ranges. The main factors related to volatile formation of
new detectable particles are the interactions concerning
various parameters such as the mass flux of low- and
semi-volatile precursor species related to rapid dilution,
the pre-existing particle surface area, and the nucleation
rate itself.

Several uncertainties and limitations encountered in
the study presented here need to be addressed. Major
uncertainties still remain concerning the nucleation rate
and the subsequent growth to detectable limits for low-
and semi-volatile precursors. There is still considerable
room for improvement concerning transient simulations,
time-varying boundary conditions, specification of pre-
cursor fluxes, and measurement strategy.

The concept of the nucleation rate used24 originates
from atmospheric studies. Over the last few years, intense
research has been undertaken to identify the precursor
species involved in the initial formation process,30–33 the
nucleation mechanisms,32,34 and the impact of ambient
atmospheric conditions on nucleation.29,30 Other re-
searchers noted that favorable atmospheric conditions,

Figure 2. Cross section (extent 3.1 � 2.4 m) for the simulated nucleation mode dgn (in m) in the
exhaust pipe plane (Exp-2; velocity � 148 km/hr, 4000 rpm). Red colors represent higher values (i.e.,
a dgn, of up to 15 nm, blue colors represent lower values [down to 1 nm]). The extent of the plume is
�2.5 m identical with Figure 2.

Figure 3. Cross section (extent 3.1 � 2.4 m) for simulated velocity vectors (in m/sec) in the exhaust
pipe plane (Ctrl, Exp-1, Exp-2; 148 km/hr, 4000 rpm) relative to car speed. The length of the car is
4.28 m, the height is 1.51 m, and the extent of the plume is �2.5 m. The different colors indicate
different ranges of the velocity magnitude (in m/sec).
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specifically turbulent mixing processes, can enhance nu-
cleation rates by up to several orders of magnitude.35–38

Hellmuth and Helmert38 pointed out that second-order
turbulence statistics should be used to represent spatio-
temporal variations acting upon the nucleation rate and
that there is a strong effect increasing the H2SO4-H2O
nucleation rate. On the basis of these findings, a second-
order turbulence closure approach was utilized in the
study presented here, and the mesh was chosen to be
smallest near the region where the strongest dilution
takes place. Remaining uncertainties relate to the interac-
tion of H2SO4-H2O with other species and its impact on
nucleation rates. Mathis et al.39 investigated the role of
organic vapors in the dilution air of diesel exhaust. Or-
ganic compounds such as alcohols, and to a lesser extent
toluene, increased the number of nucleation particles.
The exhaust H2SO4 concentration is, in addition to hu-
midity and temperature, one of the most sensitive param-
eters in the study presented here. Several studies indicated
that exhaust secondary particle formation is related to
high FSC and exhaust aftertreatment such as the use of
oxidation catalysts.9,10,40 Measurements of gaseous H2SO4

are extremely difficult to perform.41 So far, exhaust gas-
eous H2SO4 measurements have been carried out only by
Arnold et al.,42 indicating maximum SO2-to-SO3 conver-
sion of up to 90%. In conclusion, in any assessment of the
nucleation rate, there is plenty of scope for uncertainty.
In the simulations described here, 10-parts per million
(ppm) FSC and a conversion rate of 100% were used;
hence, the simulated sulfate is actually overestimated (re-
sults in higher nucleation rate). However, on the basis of
the possibility of additional sulfur contributions under
high load conditions as discussed in Uhrner et al.19 or Du
and Yu,23 it is assumed that the modeled nucleation rate

still lies within in a reasonable range, given the uncertain-
ties concerning nucleation rate parameterization.

In contrast, the subsequent growth after the initial
particle formation process is probably the most crucial
and challenging part in studying volatile nanoparticle
formation. Knowledge about nucleation particle compo-
sition, their gaseous-precursor-related functional groups,
and thermodynamic properties (e.g., activities in mix-
tures in wide temperature ranges) is very limited.16–18,39

Sakurai et al.17 analyzed nucleation-mode particles and
concluded that they are related to lube oil. Kittelson et
al.12 found most of the mass of particles in the 12- to
30-nm range to be volatile, with properties indicating the
C24–C32 n-alkane compounds typical of lubricating oil.
Moreover, species composition may even depend on the
impact of vehicle operation conditions (e.g., load, creep-
ing, idling, or cold start) on precursors within the vehicle
exhaust plume over short time periods. The HC measure-
ments presented here do in fact give some indication that
at high engine speed the amount of precursor species may
be increased. On the basis of the low-sulfur fuel used in
Uhrner et al.,19 the model simulations indicate that even
with the highest SO2-to-SO3 conversion, the recorded nu-
cleation particles must consist mainly of other volatile
and semi-volatile matter. In contrast to simulations, nu-
cleation-mode particle (size distribution) measurements

Table 4. HC EFs measured on a chassis dynamometer for a Euro 3 1.9-L
diesel car (different from the test car) at constant speed using different
gear settings in mg km�1.

HC (mg/km) 1.9 L

At 65 km/hr in fourth gear 4.3
At 65 km/hr in third gear 9.7
At 80 km/hr in fourth gear 3.3
At 80 km/hr in third gear 18.2

Table 5. HC EFs measured on a chassis dynamometer for three different
Euro 3/4 diesel engines at constant speed using different gear settings in
mg km�1 and during acceleration (i.e., high engine load).

HC (mg/km) 1.9 L 2.2 L 3.0 L

At 32 km/hr in third gear 6.2 5.2 13.2
At 35 km/hr in second gear 19.9 16.6 36.3
At 50 km/hr in fourth gear 4.4 4.9 7.2
At 50 km/hr in third gear 12.7 9.8 18.7
At acceleration 50 km/hr/35 km/hr 5.9/12.1 16.5/30.2 7.7/28.8

Notes: Acceleration situations for speed intervals ranging from 30 to 40
km/hr and 40 to 60 km/hr, yielding average mean speeds of 35 and 50 km/hr
were chosen. The mean speeds were used to convert emission results given
in g sec�1 to mg km�1.

Figure 4. Measured size distributions at 45- and 90-cm distance
behind the exhaust pipe exit for three different steady-state car
operating conditions13 of (a) velocity � 105 km hr�1 and rpm � 4000
min�1, (b) velocity � 150 km hr�1 and rpm � 3200 min�1, and (c)
velocity � 150 km hr�1 and rpm � 4000 min�1.
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generally represent the product of nucleation and subse-
quent growth up to detectable size ranges (depending on
the measurement equipment used). Thus, results9–11,39

attributed to particle formation and related to high FSC
(�300 ppm) fulfilled both conditions indicated in Figure
5 (i.e., a sufficiently high nucleation rate and enough low-
and semi-volatile precursor species, with respect to dilu-
tion, to grow particles into detectable size ranges). Du and
Yu23 concluded, based on a detailed modeling study rep-
resenting heavy-duty vehicle conditions, that vehicles
equipped with continuously regenerating diesel particle
filters (CRDPFs) using low-sulfur fuel generate nucleation
particles comparable in number to those without CRDPFs
using high-sulfur fuel (�300 ppm). However, the simu-
lated nanoparticles under CRDPF/low-sulfur fuel condi-
tions exhibited a mean size of approximately 3 nm within
45 sec of plume age, whereas under high-sulfur fuel sim-
ulations an additional “detectable” mode (mean size 10
nm) was reproduced. Therefore, high nucleation rates and
insufficient or slow growth (see Figure 5) within vehicle
exhaust plumes might be a relevant mechanism resulting
in stable particles growing during a second and compar-
atively long time scale into detectable particles. Recent
smog chamber experiments with diesel exhaust43,44 indi-
cate the significant growth potential on time scales from
tens of minutes to a few hours. Du and Yu23 estimated the
lifetime of 2- to 3-nm mean-sized nanoparticles, related to
vehicles equipped with CRDPFs using low-sulfur fuel
(�15 ppm), to approximately 300 sec. As a result of the

relatively short periods involved in nucleation particle
growth, instruments used in chasing experiments, or even
“in-plume” measurements, need to feature a low detec-
tion limit coupled with high time resolution. The as-
sumed spherical particle shape in the modeling work is a
further constraint. For example, the fractal shape of soot
particles affects condensation via surface area and coagu-
lation. This and other such effects need to be considered
in the modeling process.

The primary objective of the research work presented
here was to study new particle formation in a rapidly
diluting plume with particular focus on diesel cars. The
most meaningful results about nucleation particles were
recorded under high vehicle speed and engine speed con-
ditions. On the basis of these measurements, simulations
for constant speed conditions were performed to study
the interaction of various processes under rapid dilution.
Initially, one major motivation of this project was to
explain the nucleation mode typically monitored at road-
sides. An example is given in Figure 6. This represents an
urban street canyon site (Eisenbahnstrabe measurement
site45) passed by the test car during urban measure-
ments.13 The street canyon size distribution shows a dom-
inant nucleation mode (maximum particle number con-
centrations �2 � 1010 #m�3 at �15 nm) and a soot mode
(maximum particle number concentrations �2 � 1010

#m�3 at 50–60 nm).
Nucleation particle number concentrations (order

1011 #m�3 at �15 nm), approximately 1 order of magni-
tude lower than soot-mode particle number concentra-
tions (�4 � 1012 #m�3 at �50 nm), were recorded with
the measurement setup under urban conditions.13 The
most probable reasons for the lack of clarity concerning
results obtained for nucleation-mode particles under ur-
ban driving conditions relate to the SMPS scanning time,
the use of low-sulfur fuel, and the relatively high back-
ground particle number concentrations.13

Urban traffic with frequent acceleration and deceler-
ation cycles may result in short periods of high engine
load and engine speed operating conditions favorable for
the generation of nucleation particles and strong growth
at very short time scales within the vehicle exhaust

Figure 6. Median number size distributions from urban traffic
measurements within the plume of the diesel car and at the Eisen-
bahnstrabe measurement site45 in Leipzig on March 31, 2006.

Figure 5. Schematic interpretation based on measurements and
results from coupled CFD-aerosol model simulations to summarize
the main findings and interaction of processes for in-plume particle
nucleation and growth to detectable size ranges. “Nuc rate” denotes
the nucleation rate, and “prec” denotes low- and semi-volatile pre-
cursor species. The circles symbolize different effects in different
“regions” dependent on the nucleation rate and the precursor flux
related to dilution. In gray color, an “external” formation path outside
of the plume is indicated. Precursor species originating from other
sources or from the impact of atmospheric chemistry may convert
these 2- to 5-nm-sized nanoparticles into size ranges that may be
detectable at curbsides.
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plume. Thus, results found under steady-state conditions
for higher vehicle speeds might be transferable to some
extent to urban driving conditions. It can be seen in Table
5 that HC emissions measured on a chassis dynamometer
are increased by up to a factor of 3.2 for higher engine
rotational speed conditions at a given car speed. HC emis-
sions measured under acceleration situations at approxi-
mately 35–50 km/hr (see Table 5, last row) also increased.
On the basis of the simulations presented, the HC emis-
sions given in Table 5 must be viewed as being compara-
tively small (given the fact that not all of the mass is low-
or semi-volatile). Because of limitations concerning the
numerical approach and the missing information on
time-varying boundary conditions, it was impossible to
simulate the time-dependent interaction of dilution, nu-
cleation, and growth. Most likely, the conditions for in-
plume particle formation and growth to detectable size
ranges are suitable for short-term periods (a few seconds).
Eventually particles form but do not grow to reach detect-
able size ranges (see Figure 5). In urban street canyons in
particular, additional contributions of organic and inor-
ganic precursor gases (e.g., from other vehicles) are likely
to lead to increased condensable gaseous precursor con-
centrations. Compared with light diesel vehicles, light
gasoline vehicle HC emissions are usually significantly
higher for the same vehicle type for a given emission
standard (i.e., for the same Euro class).13 Moreover, the
influence of radiation may further generate low vapor
pressure products leading to further growth.43 For these
reasons, in Figure 5 an external formation path based on
a comparatively long time scale is also indicated. This is
likely to be important for urban conditions. When ana-
lyzed in combination, the processes may explain the
abundance of nucleation particles still recorded near busy
urban roads.

SUMMARY
The paper presented here analyzes initial UFP formation
and subsequent particle growth in the exhaust plume of a
passenger car under typical on-road dilution conditions.
CFD software and an aerosol model were used to compute
3D particle concentrations to describe the interaction of
flow, dilution of precursor species, nucleation-mode par-
ticles, and soot-mode particles as well as their aerosol
dynamics. In this connection, the interpretation of de-
tailed measurements was also undertaken.

The synopsis of measurements and simulations indi-
cates the complexity of nucleation and subsequent parti-
cle growth related to the dilution pattern, the available
condensable mass, and soot-mode particles acting as a
condensational sink. A prescribed reduction of soot par-
ticle emissions by 2 orders of magnitude resulted in ap-
proximately 1 order of magnitude larger nucleation par-
ticle concentrations within the exhaust plume. The
simulations show that the growth of nucleation particles
up to approximately 10 nm in diameter has two impor-
tant prerequisites:

(1) Favorable conditions to trigger new particle for-
mation by nucleation.

(2) Enough rapidly condensing, most likely organic,
low- and semi-volatile species.

The spatial distribution in nucleation particle size and the
flow pattern show the interaction of flow and dilution
acting upon the condensation time scale. The largest par-
ticles were simulated within the recirculation zone in the
wake of the test car. Additional chassis dynamometer HC
emission measurements indicate that low- and semi-
volatile organic precursor species are increased at high
engine speeds. Urban driving conditions may provide
temporarily suitable conditions for nucleation and parti-
cle growth within the exhaust plume of light diesel vehi-
cles using low-sulfur fuel (�10 ppm). On the basis of these
results, the contributions from light diesel vehicle ex-
haust to the observed abundance of nucleation particles
close to busy urban roads might be attributable to the
effect of two different time scales:

(1) A short one with very fast-growing particles
reaching detectable size within the plume.
Growth here is due to the interaction between
sufficient emissions of precursor species and rapid
dilution.

(2) A comparatively long time scale resulting from
nanoparticle formation (2–5 nm in size) and
slower subsequent growth, determined by the
availability of precursors from other vehicles and
the effect of atmospheric chemistry.
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