














The equation for the dilution ratio is in the form of DR =1 + 700 x t"*!* (t< s). It should be noted that the
initial mixing of the exhaust into the air may be much more complex than this simple dilution ratio
parameterization. Since nucleation is sensitive to the dilution ratios, the radial heterogeneity of the exhaust
plume will have some effect on the particle formation. The actual effect remains to be investigated. The
sensitivity studies presented in this report can be used to estimate such effect. The results presented below

represent average values.

Stage 2 starts from 1 s of plume age to t; (when exhaust is on the roadside). At this stage, low volatile
organics still condense onto the nucleated particles, and semi-volatile organics may begin to evaporate due
to the dilution (Sakurai et al. 2003). The real dilution that a single on-road vehicle plume may experience is
a very complex problem, which depends on vehicle-generated turbulence and mixing with other plumes.
Currently no established dispersion model is available to simulate this process and predict the on-road
dilution profile for a single plume. In this study, the dilution profile in the second stage was estimated
based on the ratio of CO, concentration in raw exhaust before dilution to the observed on-road ones.
Typically the dilution ratio during stage 2 (t;~ 5 s) is around 5 ~ 10, depending on traffic density, wind
speed and atmospheric stability. The third stage starts from roadside to any downwind location
perpendicular to the roadway. The aerosol processing here involves dilution and organic evaporation. The
dilution profile in this stage can be determined from CO measurements and is assumed to be 10 at 100

meters away from the roadside (Zhu et al. 2002a) in this study.

3.4. IMPACTS OF KEY PARAMETERS ON THE FORMATION OF NANOPARTICLES IN
VEHICULAR EXHAUST

3.4.1. Ambient Temperature (T,) and Relative Humidity (RH,)

Figure 3.2 illustrates N as a function of T, at four RH, at plume age of 1 s. The corresponding Els are

d>3 nm
indicated as well. It shows that NP formation in vehicular exhaust via BHN is significant under a wide
range of T, and RH, values. Lower T, and higher RH_ enhance the NP formation The effect of RH, on N,

. 1s more significant under high T, conditions. Under favorable conditions, N at plume age of 1s can

@3 m
reach 10° cm™, which corresponds to an EI of ~ 10" #/kg-fuel. Kittelson et al. (2004) showed that on-road
NP EIs on two Minnesota freeways are in the range of ~2.2 — 11 x 10" #/kg-fuel for a gasoline-dominated
vehicle fleet in wintertime conditions with T, of 274-286 K, RH, of 40% - 60% and FSC of ~330 ppm. On-
road NP Els of around 8.3x10" #/kg-fuel have been reported for Helsinki metropolitan area, Finland (Y1i-

Tuomi et al., 2005). Our simulations indicate that BHN may explain these observed high vehicular NP Els.
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Figure 3.2. Effect of ambient temperature (T,) and relative humidity (RH,) on the concentration of
particles larger than 3 nm (Ng-3 um) at exhaust plume age of 1 s (and the corresponding NP emission
index). FSC is set to be 330 ppm, & = 1%, Ns,o= 10" em™. The shaded rectangle area is the range of
on-road emission index (#/kg-fuel) from Kittelson et al. (2004).

3.4.2. Fuel Sulfur Content
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Figure 3.3. Dependence of Ny.3 ,m (at t =1 s) and NP emission index on fuel sulfur content at two T,

(273 K and 298 K) and RH,, (30% and 80%). & = 1%, Ny= 10" em™.



Figure 3.3 shows N at plume age of 1 s as a function of FSC under four different ambient conditions,

&3nm
with a fixed values of € (1.0%). Our kinetic model predicts strong sensitivity of H,SO4-H,O BHN rates to
FSC. For example at T, =298K and RH_ =80%, the nucleation rates decrease by four orders of magnitude as
FSC decreases from 400 to 200 ppm. When FSC <100 ppm, H,SO4-H,0 BHN is very small in all typical
ambient conditions. This indicates that in states such as California, in which fuel with FSC <~30 ppm is
used, or in the future when fuel with ultra-low-sulfur content (FSC<15 ppm) is used, the contribution of
binary H,SO,-H,O homogenous nucleation to new NP formation may become negligible if € does not
change. The observations of NP formation in the exhaust of engines running on ultra-low sulfur fuel
(FSC<~15 ppm) may indicate the involvement of other species, such as ions, organics, metal, or ammonia.

However, as we will show below, BHN may still be significant for fuel with ultra low sulfur if € is much

larger than 1%.

3.4.3. Sulfur to Sulfuric Acid Conversion Efficiency

Fuel sulfur to sulfuric acid conversion efficiency (%)
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Figure 3.4. Effect of fuel sulfur conversion efficiency (&) on Ng-; . (at t=1 s) and NP emission index
at three different FSCs (330 ppm, 100 ppm, 30 ppm). Ny,o= 10" cm™. T, and RH, are 283 K and 60%,

respectively.

Figure 3.4 illustrates N at plume age of 1 s as a function of €. With a given FSC, the initial [H,SO,] in

d>3 nm

the exhaust is proportional to €. From Figure 3.4 we could see that N is very sensitive to €, especially

d>3 nm

when € is small. N, increases by six orders of magnitude when € increases from 1.5 % to 4.0 % for the

d>3 nm
case of 100 ppm of FSC. Thus, it is clear that € is a critical parameter controlling NP production in engine

exhaust. Since different vehicles have different catalytic converters, engine designs, and operation



conditions, it is reasonable to expect a wide range of € for vehicles running on roadways. Obviously, more
studies on € _for vehicles and the parameters affecting € are needed. Since catalytic converters and other
exhaust after-treatment devices may play an important role in oxidizing sulfur into sulfuric acid, future
development of exhaust after-treatment devices should assess its sulfur oxidizing capacity because an

increase in € may significantly increase volatile NP emission (or the formation of volatile nucleation mode

nanoparticles in engine exhaust).

3.4.4. Effects of Soot Scavenging

10° ' - : 8.6x10"7
7 16
107 1 8.6x10
] FSC=330ppm, T=273K
% T ~..  lsex10® g
oY fTmtmrmmmmemmee e \ 2
IE 1051 FSC=330 ppm, Ta=293 K . « | s.6x10t g
N ‘\ \‘ K3
= 104 N Ygex1o® &
= . 2
' =
£10°) L | 86x10” 2
502 \ " E
z 107 L 186x10
FSC=200 ppm, Ta=293K \ %
10" . | 8.6x10"
0 \ 9
10 ' : : L.l 8.6x10
10* 10° 10° 107 108

Soot particle concentration (cn3)

Figure 3.5. Effect of soot particle number concentration on Ny.; ,, (at 7= 1 s) and NP emission index,

at four different combinations of FSCs and T,. The ambient relative humidity is 60% and & = 1%.

Figure 3.5 gives N, as a function of soot concentrations. Soot scavenging effect is small when soot
concentration is <~10" cm™ but is significant when soot concentration is >~10" cm™. Under the conditions
investigated here, a reduction of soot particle concentration from 10® to 10" cm™ increases the NP formation
via homogeneous nucleation by up to five orders of magnitude. This is consistent with some measurements,
which indicate that a reduction in soot concentration, as a result of cleaner modern engines or of using a
particulate filter, actually leads to an increase in volatile NP emissions (Bagley et al., 1996; Graves, 1999).
Nevertheless, our simulations suggest that the effect of soot emission reduction on volatile NP formation is

limited after the soot concentration in the raw exhaust is reduced to below ~ 107 cm™
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3.5. CONTRIBUTION OF ORGANIC SPECIES TO PARTICLE GROWTH IN ENGINE
EXHAUST

Schemes to simulate the condensation of organic compounds on nanoparticles at earlier stages of plume

dilution and evaporation of organic species from nanoparticles at later stages of plume dilution have been

developed. The change in the volume concentration of organic components ( C, i’o,,g) in clusters/particles

due to the condensation and evaporation of organic species is calculated using the following formulas:

-

&Ciorg 2 P4 4
P Vorgfeorrniti Vorg(Forg — Fs org Akelvin) “)
Kni
= &)
Jeorr 0.75 + Kn;
I‘I 20‘ 1_" ‘l
Agelyin = Xp — B8 (6)
L kT
where Vo, Vorgs Borg s Py org » and @, are the thermal speed, volume, vapor pressure, saturation vapor

pressure, and surface tension of condensing organic species, respectively. f..,,, is the correction factor

accounting for the transition regime (J. H. Seinfeld and Pandis 1998), and K#; is the Knudsen number.
Apeiin accounts for the Kelvin effect, and 7, is the wet radius of clusters/particles in bin i .
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Figure 3.6. Number size distributions of NP formation and evolution on and near the roadway at six
selected plume ages under high sulfur condition (FSC=330 ppm). The ambient temperature and
relative humidity are assumed to be 278 K and 60 %, respectively. The size-distributions are not

corrected with regard to dilution.
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Figure 3.7. Simulated volume size distributions of H,SQ,, semi- and low volatile organics and soot in

the particles at (a) t=1 s (a) and (b) t=10 s for the case shown in Figure 3.6.

Figure 3.6 shows the particle size distributions as a function of plume ages from 0 s to 100 s, and Figure 3.7
gives the compositions of particles as a function of particle sizes at two different plume ages (t=1 s and 10
s). Most of the nucleation happens within 0.2 s of plume age, and these nucleated particles continue to grow
as a result of sulfuric acid condensation and self-coagulation. When the particles are big enough to
overcome the Kelvin effect, both semi- and low volatile organics from fuel and lubricating oil further
condense onto them and grow them to the sizes typically observed in the atmosphere. Our simulation shows
that the time scale to form the nucleation mode is less than 1 s of plume age, which is consistent with the
observations (Ronkko et al., 2006) showing the development of the nucleation mode within ~ 0.45 s after
the exhaust left the tailpipe. The geometrical mean sizes of the nucleation mode particles range from ~ 6 to
~ 20 nm, depending on the organic concentrations in the exhaust. The sulfuric acid vapor can grow the
nucleated particles to around 3-4 nm but the organic compounds associated with unburned fuel and

lubrication oils dominate the growth of these nucleated NPs to around 10-20 nm.
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Before the plume reaches the roadside, semi-volatile organics already condensed on the NP may begin to
evaporate due to the dilution (Figure 3.7). This immediate evaporation of semi-volatile organics upon
emission has been suggested in other studies (Sakurai et al. 2003a,b; Jacobson et al. 2005; Robinson et al.,
2007). Furthermore, our simulations show that as the plume is carried further away from roadway, both low
and semi-volatile organics on the volatile NPs start to evaporate, causing the further shrinking of nucleation

mode NPs.

Our study indicates that the mass in nucleation mode particles is dominated by the low and semi-volatile
organics (Figure 3.7). The organics contribute to ~ 97 % of the mass of nucleation mode particles while
sulfuric acid accounts for ~ 3 % of the total mass. For the accumulation mode, soot agglomerates dominate
the mass. These predictions are generally consistent with the several volatilities studies of nucleation mode
particles near the roadway (Sakurai et al. 2003; Kuhn et al. 2005a,b). Figure 3.7 also shows that most of the

mass of H;SO, and organics resides in the accumulation mode.

It is also important to notice that in addition to the typically observed nucleation mode with geometrical
mean size of ~ 10 nm, our model predicts a second smaller yet high number concentration nucleation mode
with the mean size of around 2 — 3 nm. The composition analysis shows that these small particles solely
consist of H,SO,4 and H,O as a result of BHN. They are bigger than critical size and thus
thermodynamically stable. However, without enough H,SO, vapors, these particles are unable to grow
large enough to overcome the Kelvin effect and be activated by organics. Due to their small sizes, they
cannot be detected by current instruments. The coagulation kernel of those particles (~ 2 nm) with larger
soot or ambient particles (~ 100 nm) is ~3x10” ¢cm’/s at room temperature. Thus, their lifetime due to
coagulation scavenge would be ~ 300 s, assuming ambient existing particle number concentration of 10*
cm”. Thus, these particles may pose a negligible health threat to residents living hundreds of meters away
from a roadway; however, they may be of concern to on-road commuters due to the much higher mobility

and number concentration.

3.6 ROLE OF NON-VOLATILE CORES IN THE FORMATION OF NPS

If NPs are formed solely via BHN, the entire nucleation mode should be volatile, and will fully evaporate
when heated. However, Sakurai et al. (2003) observed that 12 and 30 nm particles did not completely
evaporate when heated up to 200 °C and the sizes of residual non-volatile cores were ~ 2-3 nm. Those
residual particles were suggested to be composed of refractory materials such as metal oxide or non-volatile
carbon species. Similar finding has been reported in other studies (Kuhn et al. 2005a; Biswas et al. 2007).
In their dynamometer studies of diesel acrosol, Ntziachristos et al. (2004) found that small concentrations
of sub-20 nm particles can be measured downstream of a thermo-denuder operating at 250 °C. Furthermore,

Vaaraslahti et al. (2004) found that the observed nucleation mode at low engine loads (without after-
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treatment) is independent of FSC. Kittelson et al. (2006a) observed non-volatile mode at idle condition and

proposed that this non-volatile mode may be formed by nucleation of metallic species inside the engine.
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Figure 3.8. (a) Number size distributions of NPs at four selected plume ages, and (b) volume size
distributions for different components at plume age of 1 s for the case with the presence of

nanometer-sized solid cores. T=298 K, RH =50%, FSC = 50 ppm, and &€ = 2.5 %.

It appears that non-volatile nanometer-sized particles may contribute significantly to the observed NPs in
vehicle exhausts under certain conditions. Following this thought, we simulated the NP formation and
evolution with an assumed number concentration of refractory particles. The size range of refractory
particles is assumed to be from 1.8 nm to 3 nm in diameter based on the study of Sakurai et al. (2003). The
number concentration of the refractory particles is assumed to be 10%cm™. It should be noted that the actual
size range and concentration of refractory particles are expected to depend strongly on engine operation
condition, fuel and lube oil compositions, and soot concentration. In this simulation, & is assumed to be 2.5
%. As one can see from Figure 3.8(a), in the presence of non-volatile nanometer-sized cores/particles in

vehicular plumes, a clear nucleation mode with a mean size of ~ 10 nm can be seen even with FSC= 50
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ppm and & = 2.5 (no such nucleation mode can form without the presence of the solid cores under the
assumed conditions). Due to their large Kelvin effect, organics are not able to condense onto these small
solid cores. However, sulfuric acid molecules, while not able to self-nucleate under the assumed condition,
are able to condense on these solid cores. As some particles with non-volatile cores coated with H,SO,
grow big enough, they begin to uptake the semi- and low volatile organics and can grow to ~ 10 nm within
one second. Figure 3.8(b) shows the compositions of particles of various sizes at 1 s of plume age. Organics
still contribute to the majority of the mass in the nucleation mode particles. The volume fraction of
refractory particles is comparable to that of H,SO, and it accounts for less than 2 % of total mass of
nucleation mode particles. This is consistent with the findings of Biswas et al. (2007), which showed that
non-volatile fraction accounts for less than 3 % for 20 nm particles. The size and concentration of the
nucleation mode particles depend on metal core size and concentration, the interaction between sulphuric
acid and metal core mode, and the abundance of semi-volatile organics. While the refractory particles
contribute negligibly to the nanoparticle mass, they are important to the formation of the NPs under the
conditions when BHN is insufficient. Since metal additives have been widely used as the catalyst for diesel
soot reduction and diesel particulate trap regeneration, more studies should be carried out to further

investigate their role in NP formation.
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