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ARTICLE INFO

Condensation particle counters (CPCs) use light scattering to count particles after they have grown to

micron size in a supersaturated environment. In single counting mode each particle is counted depending on
whether the scattered light exceeds a threshold value or not. In photometric mode the total scattered light is
converted in particle number concentration. While for laboratory grade particle number systems, CPCs are
allowed to operate only in single counting mode, there is no such requirements for portable emissions
measurements systems (PEMS) for real-driving emissions (RDE) testing or for instruments for periodic technical
inspection (PTI) of vehicles. In this study two CPCs of the same model were assessed in single counting and
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photometric modes with silver and graphite particles with sizes ranging from 10 nm to 100 nm. The results
showed that the concentration was measured accurately enough for particles in the 25 nm to 50 nm size range,
but was underestimated and overestimated for smaller and larger particles, respectively. The key message is that
the photometric mode should be avoided or calibrated in function of concentration and particle size.
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1. Introduction

The particulate matter (PM) emissions from diesel vehi-
cles are regulated since the beginning of the 1990s in the
United States of America (USA), European Union (EU) and
Japan. Other countries, such as China and India, introduced
limits at the beginning of 2000. The method is based on (i)
testing the vehicle over a prescribed test cycle on a chassis
dynamometer; (ii) weighing of a filter that collected PM
from a diluted part of the exhaust gas. The introduction of
particulate filters at the exhaust aftertreatment of diesel
vehicles rendered the filter method unsuitable due to the
low mass of the collected PM. Furthermore, concerns that
ultrafine particles might have more adverse health effects
than bigger particles for the same mass led to assessment of
a particle counting method for regulatory purposes. This
was tasked in 2003 to the particle measurement programme
(PMP) informal group of the United Nations Economic
Commission for Europe (UNECE). Dedicated evaluations
and inter-laboratory studies confirmed the suitability of the
particle number (PN) counting method for introduction in
the regulations [1]. The PN method was introduced in the
EU regulation for light-duty diesel vehicles in 2011. The
PM and PN limits were extended to gasoline vehicles with
direct injection engines, heavy-duty engines, and non-road
mobile machinery (NRMM) [2, 3]. A similar method has
also been proposed for measurement of particles from brake
emissions [4].

A further big step in the EU regulation was the control
of vehicles on the road with portable emissions measure-
ment systems (PEMS) during real-driving emissions (RDE)
testing [5-8]. On-board vehicle testing requires small,
lightweight instruments and consequently the technical
requirements of the laboratory grade equipment were re-
laxed for PEMS. Laboratory grade systems require calibra-
tion of the thermal pre-treatment unit and the particle num-
ber counter (PNC) separately. On the other hand, PEMS

can be calibrated as a complete unit. Most importantly,
while the laboratory grade systems have condensation par-
ticle counters (CPCs) for counting the particles, PEMS can
have any detector, as long as they fulfil the counting effi-
ciency requirements. CPCs are instruments that optically
count particles using light scattering after their growth to
micron size in a supersaturated environment [9, 10]. The
CPCs of the laboratory systems have strict linearity require-
ments (£5%), while the PEMS more relaxed (£15%) [2].

The previous discussion was referring to instrumenta-
tion for the type-approval and in-service conformity (ISC)
of the vehicles, which is responsibility of the vehicle manu-
facturers. The same instrument requirements apply for the
market surveillance, which is responsibility of type-
approval authorities and the European Commission. Type-
approval, ISC or market surveillance is conducted on
a limited number of vehicles from the vehicle fleet. On the
other hand, every vehicle circulating in the market needs to
be tested for its roadworthiness every few years. This is
responsibility of the vehicle owner, who brings the vehicle
to an appropriate testing center for the periodic technical
inspection (PTI). The control of the PM is conducted with
an opacity meter only for diesel vehicles. The opacity
measurement however, is not appropriate for particulate
filters equipped vehicles, because it can hardly detect
a removed or tampered particulate filter [11, 12]. A new PN
methodology was introduced in Belgium in July 2022,
while the Netherlands, Germany and Switzerland will in-
troduce the new methodology in 2023. The sensors that are
used are handheld devices designed for garage environ-
ment. Thus, their technical specifications are even more
simplified than for PEMS. There is no requirement for the
principle of operation of the detector, and the linearity ac-
curacy requirements are £25%.

Laboratory grade CPCs have to be used in single count-
ing mode, while for PEMS or PTI devices there is no such
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requirement, and thus, the use of the photometric mode is
not excluded. In single counting mode the particle concen-
tration is determined by counting discrete events of light
scattered by a particle(s) passing through an inspection
volume. The light scattered creates an electric pulse, which
above a threshold value is considered a particle count. In-
ternal corrections such as for coincidence for older CPCs,
or dead/live time for newer CPCs are typically applied. In
photometric mode the concentration is determined by
a bulk measurement of the amount of light scattered by
a particle(s) passing through the inspection volume. Correc-
tions include functions that turn the photometric measure-
ment into a concentration. In theory, the photometric mode
could be used for single particles counting as well. Howev-
er, the accuracy is not as good as with single counting mode
because of the sixth power dependence of light scattering
intensity on particle size for particles small compared to the
wavelength of scattered light [9, 10]. Thus, the transition
between the two modes is typically done at some upper
limit, typically when the internal single counting mode
corrections reach a 10-20% value. The transition concen-
tration is between 10* #/cm? to 10° #/cm?, depending on the
CPC model. The PTI limit in Belgium and the Netherlands
is 10° #/cm?, thus a CPC with a 10:1 dilution, in principle,
could avoid the use of the photometric mode. The tailpipe
exhaust concentrations measured by PEMS can be as high
as 10° #/cm® [13]. A dilution of 1000:1 could avoid the use
of the photometric mode, but for typical dilutions of 100:1
there will be instances that the CPC measures in the photo-
metric mode.

In theory, once calibrated, the photometric mode should
remain in acceptable levels of accuracy (+20%) inde-
pendently of the original type of particles, because all parti-
cles grow in similar sizes in the micrometer range before
detection and they should have the same refractive index
due to the condensed vapor of the working fluid. However,
recently we found that small silver particles were underes-
timated at least 40% compared to soot particles [14]. There
are not many studies that have examined the photometric
mode range of CPCs, and even less any size dependency
[15]. The knowledge on the topic is based on studies on the
growth of particles in the CPCs at low particle number
concentrations [9, 16], but has not been expanded to high
concentrations. Furthermore, usually, CPCs are not accom-
panied with calibration certificates for the photometric
range and thus the true uncertainty at these high levels is
not well known. Current regulations for PEMS and PTI
devices permit the photometric mode and different materi-
als can be used for calibration. For example, for PEMS only
soot-like particles are permitted, while for PTI additionally
salt or other materials can be used. Furthermore, for PEMS
calibration is done at sizes > 45 nm, while for PTI between
70 and 80 nm. Consequently, the main questions raised are
(i) what is the uncertainty of the photometric mode and (ii)
whether the uncertainty can be kept at low levels with spe-
cific calibration requirements. In order to address these
questions, and cover this gap in the literature, in this study
we compare two identical CPCs in both single and photo-
metric counting modes with different materials (graphite,
silver) and different sizes. The results of this study are not

useful only for vehicle exhaust emission measurements
[17-19], but any other aerosol measurement field (e.g.
nanomaterials, ambient air, work exposure) [20, 21].

2. Materials and methods

Figure 1 presents the experimental setup. Two particle
generators were used to generate particles of different mate-
rials (graphite or silver) and sizes: the geometric mean
diameter (GMD) ranged from below 10 nm up to 100 nm.
Silver particles are typically small (< 20 nm) and can be
assumed that they resemble more the metal oxides from the
lubricant. Graphite particles have similarities with soot
particles from combustion engines [22, 23]. Furthermore,
vehicle exhaust regulations require the measurement of the
non-volatile (solid) particles, thus the silver and graphite
particles of this study should be representative of the results
expected with exhaust particles.

[ o
Particle /. SMPS
generator
[Je
[— CPC,
¥ Dilution
excess bridge  ONO ______________
‘ e
\ (Filter = !
SNl
Diluter DIL | ai e CePCe

Fig. 1. Experimental setup. With dotted lines we indicate instruments that
were optionally used

The concentration was further decreased in a dilution
bridge. The size distributions were determined by a scan-
ning mobility particle sizer (SMPS) with a long differential
mobility analyzer (DMA) 3081, and a 3010 butanol CPC
with 50% efficiency at 10 nm (SMPS model 3936, TSI Inc.,
Shoreview, MN, USA). Corrections for multiply charged
particles and diffusion losses were applied by the manufac-
turer’s aerosol instruments manager (AIM) software ver-
sion 9.0.0. The SMPS was evaluated before the measure-
ment campaign [14]. In parallel to the SMPS, two identical
CPCs were measuring; one of them optionally with a diluter
(DIL). The protocol included tests at different concentration
levels adjusting the dilution bridge. The SMPS due to its
lower resolution time (around 2.5 min) was not used at all
concentrations steps, but at indicative intervals. For silver
particles only part of the size distribution was captured by
the SMPS. The missing part was taken into account by
fitting the measured part (Fig. 2). The “missing” part be-
low 7.5 nm was around 28-30%, while below 4 nm around
0.5-1.5%. The correction of the particle concentration for
the “missing” part was between 1.35 and 1.55. Details for
the instruments follow.

2.1. Particle generators

The DNP 3000 (Palas GmbH, Karlsruhe, Germany)
produces graphite particles by high-voltage spark discharg-
es between two graphite electrodes in a N, flow [24]. Sub-
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sequent internal dilution with filtered air reduces the parti-
cle number concentration. The two settings used were: (i)
for GMDs 25 nm to 50 nm: medium energy 3.0 kV, cur-
rent 2 mA, N, carrier 3 dm*min, mixing air 8 dm*min; (ii)
for GMDs 60 nm to 100 nm, medium energy 3.0 kV, cur-
rent 5 mA, N, carrier 3 dm®min, mixing air 3 dm*min. The
size was adjusted by modifying the residence time in the
tubing between the generator and the instruments.

Silver particles were generated by an in-house tungsten
glowing wire generator (GWG) [25]. Accordingly, a silver
filament was placed around tungsten. The silver filament
was heated resulting in silver vapors. N, was used as carrier
gas to avoid oxidation of the tungsten wire and the silver
particles. The carrier gas was further mixed with N, to
reduce the silver particles concentration.

Silver <10 nm

k Graphite

~« 25to50 nm
~

10¢

dN / dlogD (#/cm?)

aldl

1 10 p (nm) 100

Fig. 2. Examples of particle number size distributions measured by SMPS.
Grey dotted lines present the fittings to the measured silver size distribu-
tions

2.2. Condensation Particle Counters (CPCs) model 3752

Two identical butanol CPCs (model 3752, TSI) with
50% efficiency at 4 nm were measuring the particle number
concentration [26, 27]. The CPCs were used with 1.5
dm®min flowrate. From this flow, 0.3 dm*min pass
through the optics, while the 1.2 dm*min bypass the optics.
Flow rate measurements confirmed that these flows were
within 5% of the nominal values. One of them (CPC,) was
calibrated 10 months before the measurement campaign.
The other (CPCg) was calibrated three years before the
measurement campaign. However, due to the COVID-19
lockdown, its use the last two years was limited. All cali-
bration certificates, for the initial and subsequent calibra-
tions, included only a single check in single counting mode
at 50,000 #/cm® and no information on the photometric
mode. This certificate calibration factor was taken into
account in the results.

2.3. Diluter (DIL)

One of the CPCs (CPCg) was also used downstream of
a diluter (model DDS 560, Topas GmbH, Dresden, Germa-
ny) in order to keep the concentrations in the single count-
ing mode. The principle was similar to the dilution bridge
concept (i.e. bifurcated diluter). A fixed dilution of 50:1
was used for all tests. We calibrated the diluter (DIL) at this
specific dilution 50:1 before the measurement campaign.
The penetration with silver and graphite particles is given in
Fig. 3. The procedure was according to the regulation for

particle number systems: Regulation (EU) 2017/1151. The
penetration was around 95% for 25 nm particles, 82% for
15 nm, 60% for 8 nm. Based on the fitting of the experi-
mental data and to take into account the particle losses:
a 1.05 correction was applied when 25 nm size distributions
were measured with graphite particles and 1.65 for 8 nm
size distributions with silver particles.
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Fig. 3. Penetration of diluter DIL with silver and graphite particles at
dilution ratio 50:1

3. Results

3.1. Inter-comparison of CPCs

Figure 4 plots the difference of the two CPCs at various
concentrations. The tests were conducted without any dilu-
tion upstream of the CPCs, thus the “raw” concentrations
refer to the readings of the CPC (including the certificate
calibration factors).

single counting mode X oo photometric mode
A
xX

T 0%
T‘ 10° A 10t a Eﬁlos A106 107

z A
é x Silver <10 nm o

A

Z

3_ —50% A Graphite 25 to 50 nm x
g AL
[w] A Graphite 60 to 100 nm

A Graphite 60 to 100 nm (repeat)

-100% CPC, ..., (#/cm?)

Fig. 4. Comparison of CPCa with CPCg. No dilution DIL was used up-
stream of any CPC. CPC,,, refers to the concentration measured by the
CPC, including the certificate calibration factors

Up to 10° #/cm?®, the differences were within 5%. Then
the differences followed a wavy curve: they increased up to
25% at concentrations 2-4x10° #/cm®, then they decreased
to —55% at concentrations 2-4x10° #/cm®, and then they
further increased. The behavior was independent of the
material or the size distribution. Since these are nominally
the same devices, this behavior points towards inaccurate
calibration at high concentrations. The actual correction
applied in photometric mode is not known. From this com-
parison it was not clear which CPC was the correct one, if
any of the two. It should be noted that the calibration certif-
icates of the specific CPCs included only one point in the
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single counting mode at 5x10* #/cm?, and no points in the
photometric mode.

3.2. CPC vs. SMPS

Figure 5 and Figure 6 compare CPCg and CPC,, respec-
tively, with SMPS for various materials and size distribu-
tions. The SMPS silver particle size distributions were
corrected by a factor 1.35 to 1.55 depending on the missing
part of the size distributions (see Fig. 2). The y-axis plots
the difference of the corrected CPC concentration (i.e. cer-
tificate calibration factor, dilution ratio, diluter losses) to
the SMPS. The x-axis plots the raw CPC concentration, i.e.
without dilution correction (if any).
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Fig. 5. Comparison of CPCg with SMPS. “dil.” indicates measurements
that the CPCg was used downstream of the diluter
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Fig. 6. Comparison of CPCx with SMPS

The measurements with graphite particles resulted in
a reasonable agreement with the SMPS (5% to 40%) [28]
for both CPCs up to a concentration of 10° #/cm® and up to
the maximum concentration of 10’ #/cm® for CPCa. In the
photometric mode, the two CPCs showed different trends
partly in agreement with their relative comparisons, as
presented in Fig. 4.

The comparison to the SMPS, however, revealed a con-
sistent effect of the aerosol in the CPC/SMPS correlations.
In particular, both CPCs were found to measure systemati-
cally lower concentrations of silver particles, with the dif-
ference increasing with the concentration reaching as high
as —90% at 10" #/cm? (i.e. one order or magnitude lower).

3.3. CPC, vs. CPCg downstream of a diluter
The uncertainties associated with the SMPS data inver-
sion including the external correction for the undetected

fraction of the silver particle distribution, can raise con-
cerns. Furthermore, high concentrations of charged parti-
cles, if not properly neutralized, can lead to overestimation
of the SMPS concentrations. For example, the graphite
particles can be highly charged [29] or high charges from
the glowing wire generators have been reported [30]. In
order to confirm that the findings were true and not experi-
mental errors we repeated some tests using CPCg down-
stream of the diluter as reference instrument. The CPC
concentrations, when used in single counting mode, should
be very accurate, but CPCs, do not give size information.
Figure 7 compares the readings of CPC, without any dilu-
tion to the readings of CPCg corrected with the dilution
50:1 of the upstream diluter. Thus, the concentrations
measured by CPCg were approximately 50 times lower than
those shown in the x-axis of Fig. 7 and always in single
counting mode. Furthermore, particle losses for the diluter
according to Fig. 3 were applied.

For concentration levels up to 10° #/cm? the differences
were within £5% for graphite or +£10% for silver particles.
When the two CPCs were compared to each other, their
differences were within 5% (Fig. 4). The higher variability
with silver particles (10% vs. 5%) had to do with the uncer-
tainty of the particle loss corrections for the diluter DIL.
Nevertheless, the variability is smaller than when the CPCs
were compared to the SMPS (Fig. 4 and 6).
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Fig. 7. Comparison of CPCa with CPCg downstream of diluter DIL;

CPCgcor refers to the concentration after correction with the dilution ratio

of DIL 50:1, certificate calibration factors, and losses in the diluter DIL;
CPCgaw Was always in the single particle mode

In the photometric mode, CPC, underestimated the
concentrations for silver particles. On the other hand, it
overestimated the concentration for large graphite particles
at concentrations > 10° #/cm®. Only for the 25 to 50 nm
graphite particles the differences remained within 20%.

The results were very similar to those of Fig. 6, where
the reference was a SMPS, confirming the reliability of the
data. The results and trends were also very similar with
those of CPCg (Fig. 5). However, as noted also in Fig. 4,
for concentrations > 1x10° #/cm® CPC, was measuring
much lower, or as the previous results showed, CPCg was
actually measuring much higher (overestimating). Combin-
ing the information from Fig. 5-7 it can be concluded that
the calibration of CPC, in the photometric mode was more
accurate.
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4. Discussion

This study addressed a critical question; what is the un-
certainty of the photometric mode of the CPCs. While
CPCs for laboratory grade equipment are allowed to oper-
ate only in the single counting mode, there is no such re-
quirement for PEMS and PTI. Thus, it was important to
evaluate whether the uncertainty remains within 15% for
PEMS and 25% for PTI instruments, as prescribed in the
relative regulations. It should be emphasized that the specif-
ic CPCs that we evaluated are not used for PEMS or PTI
testing, and the aim of this study was to assess the principle
of photometric mode in such applications, and not the spe-
cific CPCs per se.

The results showed that in most cases, a calibrated CPC,
can remain within 25% (Fig. 6), which includes also the
uncertainty of the reference system. This value is close to
the one typically reported as uncertainty for photometric
mode (20%) from the instrument manufacturer. The results
were confirmed using either a SMPS as reference instru-
ment or a CPC downstream of a diluter measuring in single
counting mode. However, the results also revealed that: (i)
for very small particles (around 10 nm) the concentration
was underestimated; (ii) for very large particles (> 60 nm)
the concentration can be overestimated; (iii) the deviations
depended on the concentration levels; (iv) the two CPCs
had large differences in the photometric mode.

This is one of the few studies that have examined the
high concentration (photometric) range of the CPCs, and
probably the first one that covered from very small to large
particle sizes (range at least 10 nm to 100 nm). It is also the
first study that raises concerns for the photometric mode for
large sizes. The assessment of the photometric mode (prin-
ciple) at low concentrations is not something new. The first
photoelectric instrument was developed early in 1940 [9].
The aerosol was saturated by diffusion of water vapor. The
subsequent expansion to atmospheric pressure produced
cloud by condensation. The attenuation was measured with
a photoelectric cell. Such an instrument developed in 1970s
was capable of reaching concentrations up to 10° #/cm?
[31]. A commercially available and commonly used in-
strument since the 1980s was the TSI model 3020 [32]. It
operated in the photometric mode for concentrations higher
than 1000 #/cm®. The photometric mode was based on the
scattered light by the aerosol cloud and an empirical cali-
bration. The successor was the TSI model 3022A using
butanol as a working fluid, which was replaced by model
3775 and later by 3752, the model that was assessed in our
study.

The first question would be how the photometric mode
is calibrated and which are the reported deviations reported
in the literature. Calibration of the first photoelectric coun-
ters was conducted with a “tube bridge” or dilution bridge
in mid-1940s and polydisperse aerosol, which practically
halved the aerosol concentration [33]. Since the 1970s the
preferred method was, and still is, using monodisperse
aerosol with a differential mobility analyzer (DMA) and
determination of the concentration with an electrometer [9].
Our tests were a combination of the two methods: We used
a DMA and a diluter upstream of the reference CPC. By

characterizing the diluter, it was possible to minimize the
measurement uncertainty.

One study [34] with a CPC model 3022 found a con-
stant deviation of 20-30% for concentrations up to 4x10°
#/cm?® for polydisperse 35 nm and 92 nm NaCl, 82 nm car-
bon, 111 nm and 233 nm di-ethyl-hexyl-sebacate (DEHS)
particles. However, higher concentrations were not tested.
Others have tested the transition from single counting mode
to photometric mode and noticed differences for a Grimm
5.401 CPC [35], a TSI 3022A [36] and a water CPC [37].
The only study with high concentrations, up to 107 #/cm®
[15], compared many instruments with various polydisperse
materials. The 3022A was within 5% of the average value
for concentrations up to 10° #/cm® for all materials. At
higher concentrations the deviation was much higher: -65%
at 2x10° for 7 nm silver, —=30% at 5x10° for 11 nm tungsten
oxide, —50% at 5x10° for 20 nm NaCl, but +20% at 5x10°
for 130 nm DEHS particles. However only two instruments
could measure above 10° #/cm®. The findings demonstrate
large deviations in the photometric mode, that depend on
the particle size. Thus, our results are in good agreement
with the literature.

Even though there is only one study that examined the
photometric mode experimentally and there was no “true”
reference, insight for the measured deviations can be gained
by older studies at low concentration levels. Already in the
early 1980s researchers observed that pulse heights pro-
duced by the photodetector of the TSI 3020 decreased with
decreasing particle size for particles smaller than 15-20 nm
[9]. The super-saturation that is required to activate conden-
sational growth increases as droplet sizes decrease (Kelvin
effect). Saturation ratios increase from a value of unity near
the condenser inlet to a maximum in the midsection [38—
41]. Due to the Kelvin effect, smaller particles travel further
in the condenser before their activation and therefore they
have less time to grow, resulting in lower scattered light
and pulse height. For example, when the flow rate of a TSI
3020 decreased from 300 to 200 cm®min, the counting
efficiency of 5 nm particles increased by as much as six-
fold, indicating that the particles grew more in size [42].
However, too low flowrate can result in excessive particle
losses before their growth. Particles activated near the en-
trance of the condenser reach similar final sizes and pro-
duce similar pulse heights [43].

Extrapolating the findings of the above mentioned stud-
ies from low to high particle concentrations, it can be de-
rived that the signal of the photometric mode depends on
the initial particle size when at the steep part of the count-
ing efficiency curve. Figure 8a plots the ratio of the CPC,
to the SMPS in function of the GMD of the measured size
distributions. The data are based on Fig. 6 with a correction
factor of 1.15 to bring the ratio to 100% at large sizes. The
reason of this 15% correction was not investigated in detail,
but is well within expected differences between SMPS and
CPCs [44, 45]. The same figure plots (dotted line) the ex-
pected ratio measuring polydisperse aerosol, based on the
monodisperse counting efficiencies found in the literature
for the specific CPC model [27]. Small symbols are meas-
urements in photometric mode, while big symbols in single
counting mode. Figure 8b plots the same information for
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CPCs. Although the single counting mode (large) points lay
on the expected curve, the measurements in photometric
mode of small particles are much lower. In single counting
mode the pulse height is not important because each parti-
cle is counted, as long as the pulse height is above a thresh-
old level. In photometric mode, the total scattered light is
translated into particle concentration. Since the scattered
light from each particle is lower for small particles, the total
scattered light and the resulting concentration will be lower.

The pulse height depends on the final particle size and
consequently on the saturation profile. The saturation pro-
file depends on the geometry and the operating conditions
of the CPC, which determine the heat and mass transfer
[43]. Thus, different CPC models with differences in satu-
rator temperatures will have different super-saturation rati-
os (and profiles) and thus different droplet growth [38].
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Fig. 8. Ratio of CPCs relative to SMPS for polydisperse particles in func-
tion of the geometric mean diameter (GMD). Dotted line is the expected
curve for polydisperse aerosol based on the typical counting efficiency of
the same model. Small symbols are concentrations in photometric mode,
while larger symbols are in single counting mode: (a) CPCa; (b) CPCg

The previous studies can explain why there is a lower
detection efficiency for smaller particle sizes, but they can-
not explain why this difference varies with particle concen-
tration (for the same size). Particle concentrations can also
influence pulse-heights through vapor depletion as it was
shown theoretically for the TSI 3022A [46] and for a TSI
water CPC 3785 [47]. Experimentally it was found that
pulse heights drop linearly with increasing concentration
for all particle sizes [16]. However, the pulse height differ-
ence for particles of different initial size is a very weak
function of aerosol concentration. A detailed theoretical
study clearly demonstrated that at high particle number

concentrations the super-saturation ratios decrease due to
[48]: (i) depletion of the working fluid vapor due to the
uptake by the droplets, and (ii) increase in the equilibrium
vapor pressure due to warming of the flow from condensa-
tional heat release. Thus, with increasing particle number
concentrations, the critical activation diameters increase
and the final droplet sizes are smaller [48]. The later activa-
tion also results in smaller droplets due to less time in the
condenser, as discussed previously. Concluding, the cali-
bration should be model specific and in function of the
particle concentration. Our results with the rest of the stud-
ies indicate that the calibration is valid only in the plateau
region of the CPC, and attention is needed at small particle
sizes.

Although less pronounced than for small sizes, why the
calibration was not valid for big particles is not entirely
clear. A plausible explanation is that the calibration was
done at around 50 nm, for which the pulse height was not
the maximum. Still some small differences of the final size
can be seen for bigger particles, as they are activated earli-
er, although very small to fully explain this trend [41]. The
linear pulse heights drop with increasing concentration
probably is not taken into account correctly with the inter-
nal calibration functions. Another explanation could be the
decrease of the droplet size with the temperature increase
from the condenser to the optics. We are not aware of stud-
ies discussing this, and it’s a topic that needs further inves-
tigation.

Finally, the influence of particle composition on pulse
heights was also studied by other researchers [16]. Sulfuric
acid and tungsten oxide particles had the same pulse height
dependence with size below 10 nm [16, 43], while above 10
nm the dependency was very small in function of size.
NaCl had differences at sizes < 10 nm, but they were at-
tributed to the cubic shape of NaCl particles. For the same
electrical mobility diameter, the length of the cube is 0.72
times the diameter of a sphere [16]. Thus, for the same
electrical mobility size, the cube length is smaller and the
activation more difficult. Based on these findings, the re-
searchers concluded that the pulse height is not affected by
the chemical composition, but weakly on the shape (surface
area). Differences in the counting efficiencies in the cut-off
curve have been reported by many researchers testing in the
single counting mode [49-51]. These findings justify why
there were no differences of the material in the plateau
region (25 to 50 nm range) in the photometric mode for
graphite, soot, and salt particles in our previous study [14].

Summarizing, the pulses depend on the size of particles
and the particle number concentration. The chemical com-
position probably does not have any impact in the plateau
region, but shape could have an effect at the steep part of
the efficiency curve. However, at the sub-10 nm region,
most particles are spherical so the shape impact should be
negligible for most applications in practice. The key find-
ings of this study is that the photometric mode needs de-
tailed calibration in function of (i) the concentration and (ii)
size, similar to what is done for the single counting mode
for each instrument. For one of the tested CPCs the valid
range (around 25 to 50 nm) was appropriate for PEMS
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which measure from approximately 23 nm, but not for PTI
instruments which are calibrated at 70 to 80 nm.

The key messages of this study are: (i) current calibra-
tions in the photometric mode (if any) are not sufficient.
Typically, no data are provided or in some cases a single
concentration point. The material and the size is often not
reported; (ii) more studies are necessary to confirm the
findings of this study and whether the impact of con-
centration and size can be extrapolated to other designs. At
the moment the use of the photometric mode for regulatory
PEMS and PTI tests should be avoided; (iii) future calibra-
tion certificates should cover the concentration range of the
photometric range and the size range of validity.

5. Conclusions

In this study we assessed two TSI 3752 CPCs in the
photometric mode with silver and graphite particles in the
size range of 10 nm to 100 nm. The two CPCs were within
+20% up to 10° #/cm® but had higher difference at higher
concentrations. The differences were independent from the
material indicating that one of them needed better calibra-
tion in the photometric mode. When a SMPS or a CPC
downstream of a diluter (in order to keep it in single count-
ing mode) were the reference instrument, it was found out
that the silver 10 nm particles were almost linearly underes-
timated with increasing concentration. The underestimation
was around —50% at 10° #/cm?, reaching —90% at 10’ #/cm®.
Large particles > 60 nm were overestimated around 50% at
3x10° #/cm® exceeding 100% at 10 #/cm>. Only particles
in the size range of 25 nm to 50 nm were accurately meas-
ured in the whole concentration range for one of the CPCs.

The behavior for small particles was attributed to the
different position and time of particles activation in the
condenser and consequently the different final size before
optical detection. The resulting smaller final growth of
smaller particles resulted in different scattered light and
consequently particle number concentration. The particle
concentration due to vapor depletion and condensational
heat release reduced the super-saturations, and consequent-
ly resulted in larger activation diameters and smaller final
droplet sizes. Consequently, smaller particles had an in-
creasing deviation from the reference instrument in function
of the concentration. The behavior for large particles needs
further investigation, but it could be related to the internal
calibration curve optimized for mid-sized particles. The
important message is that the photometric mode should be
avoided, and used only when its calibration remains unaf-
fected in the size range of interest for the specific applica-
tion.
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Nomenclature

AIM aerosol instruments manager
CPC condensation particle counter
DEHS di-ethyl-hexyl-sebacate

DIL diluter

DMA differential mobility analyzer
EU  European Union

GMD geometric mean diameter
GWG glowing wire generator

ISC in-service confirmity

NRMM non-road mobile machinery

PEMS portable emissions measurement system
PM  particulate matter

PN  particle number

PNC particle number counter

PTI  periodic technical inspection

RDE real-driving emissions

SMPS scanning mobility particle sizer

USA United States of America
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