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A sampling system that measures volatile particles needs appropriate design, dilution conditions and counting

devices in order to capture the nucleation mode formation potential of the source (vehicle).

primary aerosol  fresh aerosol  secondary aerosol  nucleation mode  vehicle emissions

road transport  urban pollution  air quality  PMP  PEMS

1. Introduction

The measurement of volatile particles is a topic of debate, because they depend on many parameters. Small

changes can result in orders of magnitude difference in the number concentration. The next section will summarize

all these parameters and conclude with a proposal of a sampling system.

2. Sampling Conditions and (Semi)Volatile Particles

In the laboratory, the engine is connected to a dynamometer or the vehicle is placed on a chassis dynamometer. A

prescribed “cycle” is followed where the engine speed and torque vary or, respectively, the vehicle speed profile.

The whole exhaust gas is diluted in a dilution tunnel following constant volume sampling (CVS). The instruments

sample diluted exhaust gas to determine the pollutants concentrations. For the determination of particulate matter

(PM) mass emissions, a small portion of the diluted flow is extracted and passes through a filter. The filter mass

change over the complete cycle determines the PM mass emissions. The temperature of the filter, depending on

the regulatory context is maintained between 20 and 52 °C (EU light-duty) or 47 ± 5 °C (EU heavy-duty, USA). The

actual dilution ratio varies over the test cycle since total diluted flow is kept constant: the dilution is high when the

exhaust flow is low (idle and low speeds) and, vice versa, low when the exhaust flow is high (high speeds and

loads). This is the opposite to what would be experienced with atmospheric dilution. Actually, both mixing and

dilution ratio evolution until measurement differs between laboratory and atmospheric conditions. Furthermore, the

dilution ratio evolution will be different for different vehicles, different CVS flow rates and different facilities. The

influence of the dilution ratio on the PM mass has been discussed in the atmospheric science community , but

also in the automotive emissions community . It has been clearly shown that dilution ratio, temperature, and

concentration of semi-volatile species all have significant influence on the partitioning of those species between the

gas and particulate phases . For example, decreasing the concentration of organics from 1 mg/m  to 20 μg/m  at

25 °C can cause approximately half of the condensed organics to evaporate .
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PM increases at small dilution ratios (<5:1), as long as diluted exhaust temperature reaches ambient levels, due to

the relatively high concentration of semi-volatile species that preferably partition to the particulate phase .

Compared to atmospheric dilution, the CVS exposes the exhaust at low dilution ratios for prolonged residence time

before measurement, resulting in relatively high PM mass. Increasing the dilution reduces the PM mass as partial

pressures of semi-volatile species drop, while diluted exhaust temperature is not significantly affected. This

phenomenon is mostly visible with organic species. Inorganics such as sulfuric acid do not evaporate at typical

ambient conditions once they have condensed on particles, because of their low volatility .

Even though the particulate mass of inorganics is rather insensitive to dilution ratio, this may not be the same for

particle number. Actually, several studies have shown that the dilution air temperature, the dilution ratio, the relative

humidity, and the residence time at such conditions affect nucleation mode particles . The nucleation

mode number concentration and mean size depend on the sampling conditions (dilution temperature, dilution ratio,

relative humidity etc.) . For the same dilution ratio, the lower the temperature the higher the nucleation mode 

. Τhe trend was not so clear for the dilution ratio. Some studies found the maximum nucleation at the minimum

dilution ratio they tested, e.g., 4:1  or 12:1 . However, another study found higher

nucleation at 23:1  than at dilution 9:1. A modeling study found the maximum nucleation at dilution ratio 15:1 due

to the interaction of volatile precursors concentration, available soot surface and temperature . Another

exception was a study with humid air that found a higher nucleation mode with higher dilution ratios, probably due

to the contribution of the humidity to the sulfuric acid growth . Simplified calculations also estimate maximum

nucleation at dilutions between 15–30:1 . The residence (aging) time is also an important parameter because it

results in bigger sizes due to particle growth from condensation of organics and agglomeration. Theoretical and

experimental studies showed that the nucleation mode number concentration maximized at approximately 0.2 s

after initial dilution, whereas particle diameter stabilized approximately 1 s later . Other parameters might

also be equally or even more important for the potential for nucleation mode formation, e.g., turbulence and the

relative time constants for mixing and cooling , cooling of the tailpipe , presence of solid particles ,

length of sampling line, and storage/release of volatiles . In general, the dilution corrected nucleation mode

number concentration and mean size remain constant with dilutions >30:1  or 50–60:1 . Very high dilutions

(range 200:1 to 1000:1) during chasing experiments did not reveal any changes of the size distributions . Adding

a secondary dilution to the primary dilution does not seem to change the characteristics of the nucleation mode .

The nucleation mode growth during the first seconds is very rapid (15 nm/s ). Similar rates are expected in

the wake of the vehicle. Note the big difference compared to the growth of the nucleation mode in the atmosphere

(diluted) (5 nm/h ). Such laboratory studies were conducted with high concentrations of sulfur and

hydrocarbons, but newer studies with typical concentrations for modern vehicles are needed. Studies found that

the organic species condensed onto the soot particles may contribute to 20–40% of the particle volume or mass for

accumulation mode particles and up to 80% for nucleation mode particles . Studies with diesel vehicles

equipped with oxidation catalysts demonstrated that the condensed material contributed only to a few nm to the

diameter of the accumulation mode . The size changes of the accumulation mode due to condensation or

agglomeration are typically small.
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3. Laboratory vs. Real-Life Dilution

The agreement between laboratory and plume measurements for the accumulation mode is good in most studies

. The agreement in nucleation mode is not always as good . Many studies have shown that the

presence or absence of the “fresh” nucleation mode can be qualitatively reproduced in the laboratory . However,

the exact characteristics (concentration, mean size) depend on the conditions in both the atmosphere or in the

laboratory. In most cases, the laboratory number concentrations were lower, probably due to the sampling

conditions (relatively high dilution temperature, low relative humidity, lower turbulence in the diluters compared to

the wake of the vehicle) . However, nucleation mode mass may be higher in the laboratory due to the lower

dilution and longer residence time . One study showed that when ambient and laboratory conditions were

matched the nucleation mode characteristics also matched . However, to mimic the atmospheric dilution, a

partial dilution system should, in principle, produce similar turbulent intensity. Since the ambient conditions are not

constant and, even for the same vehicle, these would vary depending on the speed, mimicking any atmospheric

process in the lab does not make sense. Instead, establishing sampling and dilution conditions that are preferable

for nucleation mode formation would enable measuring the “nucleation formation potential” . As discussed

above, it is not clear whether this also could capture the secondary aerosol formation potential.

4. Desorption / Release

Nucleation mode particles have been observed at roadside measurements , chasing measurements ,

on-board the vehicle , and in the laboratory . Thus, they are a “true” vehicle exhaust component, and not a

measurement artifact. Nevertheless, storage and release of “condensable” material to/from the sampling lines, as

sampling temperature varies may produce nucleation mode particles that are not part of the vehicle exhaust. Two

cases will be discussed to clarify the existence of artifacts: (i) stored material at the lines and aftertreatment

devices of the vehicle; and (ii) stored material at the transfer lines after the vehicle tailpipe when measuring these

particles in a laboratory. In the second case the stored material might have been desorbed from previously tested

vehicles and thus not related to the specific test under evaluation; the term particle “artifact” has also been used.

The storage and release influence on the particle number emissions has been assessed by many researchers

measuring directly from the tailpipe or chasing vehicles. One study with a diesel vehicle without diesel particulate

filter (DPF) reported that going from 50 km/h to 120 km/h resulted in a clear nucleation mode that its number

concentration and mean size were decreasing over time . Another study with a diesel vehicle (no DPF) showed

that the nucleation mode at 100 and 120 km/h was different when ramping from a lower or higher speed .

Another older study with diesel engines (no DPF) showed that the nucleation mode depended on the exhaust gas

temperature . A few studies with diesel vehicles (no DPF) found that it takes some time (>25 min) to form the

nucleation mode (e.g., at 100 km/h) . It was suggested that one important parameter is the stored material at

the catalyst and the exhaust gas temperature at the catalyst that determines the SO  to SO  conversion . The

previous studies were with vehicles utilizing high sulfur fuel (300 ppm). A study with a heavy-duty vehicle with a

particulate filter and low sulfur fuel (15 ppm) also demonstrated the dependency of the nucleation mode on the
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exhaust gas temperature. A dedicated study with near zero sulfur fuel and low sulfur lubricant showed that the

sulfur stored in the diesel oxidation catalyst (DOC) was the responsible for the nucleation mode formation .

In the laboratory environment, the transfer line that connects the vehicle tailpipe to the dilution tunnel inlet has also

been shown to be a source of volatile and semi-volatile species that condense at times of decreasing temperature

and are outgassed when the temperature rises . This may lead to spontaneous nucleation in the sampling line,

which is not a true vehicle exhaust component (particle “artifact”) . In older studies with 0.7–1 m transfer lines

and with older diesel engines without any aftertreatment it took >40 min until stabilization of the nucleation mode

when the temperature increased from 200 °C to 300 °C . In addition, the rate at which outgassing and

resuspension take place is a function of the earlier operation history of the transfer line, which compromises the

repeatability of the measurement . This can affect PM mass measurements as well.

A study with a Euro 4 motorcycle found a huge nucleation mode particle number concentration during the high

speed part of the cycle when measuring from the dilution tunnel. The nucleation mode was not formed (or evident)

when some dilution took place at the tailpipe (i.e., open configuration). It was suggested that due to the lower

temperatures at the transfer tube no desorption took place in the second case. In the first case, due to the high

exhaust gas temperature, the desorbed material formed nucleation mode particles in the dilution tunnel (or pre-

existing particles grew at the measurement range of the instrument, i.e., above 5 nm) . Similarly, during DPF

regeneration events a clear nucleation mode could be measured at the dilution tunnel, but not at the tailpipe (but

with a different sampling system) .

The above mentioned phenomena refer to semi-volatile particles. For solid particles the effect is small. For a typical

6 m heated line, the solid particle number (SPN) emissions at the tailpipe and the dilution tunnel are similar within

15% . Higher differences (35%) can be found during cold start where the concentrations are higher and

agglomeration can result in lower concentrations at the dilution tunnel. However, for levels of non-DPF equipped

vehicles (>10  #/km) the effect can be significant: differences of >40% have been reported. The exact difference

between tailpipe and dilution tunnel number concentrations depends on the initial levels and the lengths of the tube

between the vehicle and the dilution tunnel .

To conclude, sampling from the tailpipe is necessary when total particles are being measured. This will not exclude

storage and release phenomena, but these will be representative of the actual vehicle emissions and not sampling

desorption artifacts.

Tailpipe measurements have some difficulties. One is that the exhaust flow measurement is needed, which

introduces one more factor of uncertainty, along with proper time alignment of the different signals . This is not a

new issue for heavy-duty engines where this information is already available, but for light-duty vehicles the

procedures (instruments, time alignment) need to be defined. One final difficulty is that sampling directly from the

tailpipe means that the sampling system and probably the instruments should be in the same room with the

vehicle, for sampling lines to be kept as short as possible. This could pose some difficulties when tests at low or

high ambient temperatures are conducted. A study showed that such measurements could be conducted with the
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measurement instruments outside of the room, without influencing the results . Systems for on board

applications, e.g., portable emissions measurement systems (PEMS) are designed for such conditions, but the

laboratory grade equipment are typically designed for typical laboratory conditions (e.g., 5–30 °C). The same

applies to altitude simulation laboratories.

5. Instrumentation (Particle Counter)

Another point that needs to be addressed is the particle counter. In the European regulation for laboratory systems

the counters are full flow condensation particle counters (CPCs). The reason is the high accuracy (i.e., no splitting

inside the CPC) and the steep detection efficiency drop at the desired cut-point (low size limit with 50% detection

efficiency) size. For 23 nm cut-point CPCs a strong effect of the particle material has been reported  on

particle detectability, and similarly for 10 nm cut-point CPCs . In general, smaller material dependency (in

absolute numbers) is expected with higher saturator-condenser temperature difference . Full flow CPCs with cut-

points down to 4–5 nm are commercially available. A low cut-point size is important to capture the nucleation mode

of modern vehicles, which might peak at small sizes. For example, one study with heavy-duty engines and low

sulfur fuel and lubricant the nucleation mode was <10 nm, even though the residence time after the primary dilution

was 3 s , also confirmed by theoretical calculations . This was also found with CNG vehicles  or

regenerating diesel vehicles .

Diffusion charging based systems are also used in PEMS as particle number counters. The reason is that diffusion

chargers are robust for on-road use, without the need for working fluids , and less sensitive to ambient

temperature differences. The size dependency is small with the new designs . Permitting this concept in

the regulation for laboratory systems would also allow real time size distribution measurements (which also include

charging of particles). For example, the engine exhaust particle sizer (EEPS) , differential mobility spectrometer

(DMS) , and electrical low pressure impactor (ELPI)  are commonly used in research . It should be

taken into account that their uncertainty is much higher than of CPCs, but in most cases it should remain at

acceptable levels (30%) , in particular when solid particles are measured . Measurements of volatile

particles with size distribution measurement instruments can, however, have high differences in particle number

concentrations (factor of 2) . Particularities of each technology then should also be considered for

regulatory measurements. For example, CPCs have a saturator temperature typically around 35–40 °C, thus

making questionable the need for dilution at much lower temperatures. The ELPI has low pressure at the final

stages for small particles, affecting the nucleation mode. ELPI measures based on aerodynamic equivalent

diameter, while EEPS and DMS based on electrical mobility equivalent diameter . When the density is not

unified, the size classification is different at the two concepts. Such analysis is outside of the scope of this paper,

but should be considered when deciding the appropriate instrumentation for regulatory purposes. Instruments

measuring sub-10 nm particles have been reviewed elsewhere, and the differences are even higher .

Other instruments could also be used for research purposes, depending on the needs of the project. For example,

an aerosol gas exchange system (AGES) could be used to separate volatiles for chemical characterization , or a

filter holder to collect material on a filter for analysis.
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6. Diluter and Particle Losses

The systems for regulatory purposes are characterized for varying losses according to particle size and these

losses are taken into account in the so-called particle number concentration reduction factor (PCRF) in the 30–100

nm range. Penetration curves of various systems can be found in the literature . In general, the agreement of

systems corrected for the 30–100 nm losses is good, within 30% or better . Such an approach does not cover

the sub-30 nm range, where the losses are significant. Thus, size distributions peaking at sizes <30 nm can have

big differences  when measured with different particle counters, even when correcting by the PCRF of each

instrument.

Regarding volatile particles, the diluter can have an effect on the nucleation mode formation. For example, a study

that compared a porous diluter at the tailpipe with the full dilution tunnel found big differences, even when the

conditions were matched . Other studies also found differences between different diluters (including ejector,

porous, mini tunnel) , partly due to losses in the diluters  or heating one of the systems . Better

agreement was found when the diluters were heated and the nucleation mode was suppressed: ejector vs. rotating

disk heated at 80 °C (no nucleation mode) ; mini tunnel vs. heated ejector . In general, ejectors have been

shown to have low particle losses in the nanometre range , but different designs can significantly affect the

micrometre concentrations .

7. Recommended System

The recommended system is plotted in Figure 1. It is based on the conclusions of the Particulates project  and a

review on measuring ultrafine particles , taking into account the current solid particle number (SPN)

methodology . Other approaches (e.g., using separate systems for solid and total particles) are also relevant

alternatives. The key characteristics of the system are discussed below.

Figure 1. Recommended setup for measurements of solid and total particles. Red temperature > 300 °C. Green

particle detectors. Dashed lines indicate optional parts. CS = catalytic stripper; PNC = particle number counter;

PND = particle number diluter; PSD = particle size distribution instrument; SPN = solid particle number; TPN = total

particle number.
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The sampling line to the cold particle number diluter (PND ) should be as short as possible (residence time < 0.1 s)

and heated at a temperature of >150 °C in order to avoid condensation, especially during cold starts. The dilution

ratio should be around 12–25:1, and the dilution air temperature around 20–30 °C. The relative humidity of dilution

air at the original setup was minimum (<5%). However, this should be re-considered as with the low sulphur fuels

and lubricants humidity is important to grow the particles in the measurement range of the instruments and a higher

value (e.g., around 50%) would be more representative of the ambient air. The diluted sample is then split in two

paths.

One path is for the measurements of total particles. After an aging tube with residence time around 1–3 s to grow

the nucleation mode within the lowest measurement size of the instruments (typically 5–10 nm), a second diluter

follows (PND ), and then a particle number counter (PNC) with appropriate lower cut-point. Optionally, using a

splitter, a particle size distribution instrument (PSD) can be used (with an appropriate diluter PND ). The

recommended cut-point size of the instruments in this path is around 5 nm, possible with both commercial PSD

and full flow PNCs . Using a 10 nm PNC for total particles has the advantage of direct comparability with the

solid path. Although sub-10 nm information will be lost, the calibration procedures are the ones already available

for existing systems. It is important, however, to ensure that the nucleation mode (if any) has to grow to the 10 nm

range.

The other path is the current Particle Measurement Programme (PMP) system for the measurement of solid

particles. After a hot dilution (PND ) at 150 °C, a catalytic stripper (CS) removes the volatile particles . A

secondary dilution (PND ) is optional, but typically needed to reduce the particle concentration and reduce

thermophoretic losses. The important is that the concentration is within the calibrated range of the particle counter

(PNC) and the temperature of the sample below the maximum allowed temperature defined by the PNC. The PNC

currently has a cut-point size of 23 nm. However, future regulations tend to lower the size to 10 nm.

The recommended system needs evaluation of PND , but also of the particle losses especially at the 5–10 nm

range, which in general is challenging. The expected reproducibility (but based on one system) was 22% 

with non-DPF vehicles at the Particulates project. Higher values are expected for particulate filter equipped

vehicles.

A simplified approach is to use PND  of a PMP system as PND  (i.e., without heating) and the current transfer lines

as aging tube. Then, the path for the measurements of solid particles passes through the catalytic stripper, while

the path for the measurement of total through the appropriate diluter and a PNC (5 nm or 10 nm). This approach

will probably need higher dilutions at the PND  than typically used in commercial systems, where the higher

dilution is achieved with PND .
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