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The main performance characteristics of the modernized condensation particle counter (CPC) UF-02M
were determined. We studied the particle number concentration range of the instrument and the detection ef-
ficiency as a function of the particle diameter experimentally. In order to determine a cut-size D, , the function
was fitted to the experimental data. According to the fitting, the cut-size was 4.35 nm. The determined cut-size
allows detecting the aerosol particles of the nucleation mode, giving possibilities to find many applications of
the CPC UF-02M in the investigations of the aerosol nanometre particle dynamical properties. The counting
efficiency of the CPC at high particle concentrations was experimentally investigated using silver particles of
a 20 nm diameter. The minimum measured number concentration of aerosol particles was 0.003 cm™, the
maximum was 150000 cm? with the accuracy of 20%. The operation of the CPC UF-02M was compared with
the operation of a commercially available SMPS TSI3936 under ambient conditions. The measured number
concentrations were comparable with 5% accuracy. During the testing time, both instruments detected a new
particle formation event. It was determined that the number concentration measured with the modernized
CPC was higher than that determined by the SMPS. It was explained that a new CPC had a lower cut-size and

detected smaller particles than the SMPS did.
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1. Introduction

The number concentration of aerosol particles of
nucleation mode are measured using condensa-
tion particle counters (CPCs). A working principle
of CPCs comprises three consecutive processes:
supersaturating aerosol-laden air with vapour of a
working fluid, growth of the particles by condensa-
tion of the supersaturated vapours, and optical de-
tection of the particles after their growth. The CPCs
are classified according to the technique used in
creating supersaturation: adiabatic expansion of an
aerosol-vapour mixture [Iﬂ], thermal diffusion [E],
and mixing of cool and warm saturated air flows
[E, E] . The widely used commercial CPCs (TSI3010,
TSI3022, TSI3025, TSI3007) are conductive cool-
ing instruments, and all these instruments use

alcohol to create supersaturation [E]. The instru-
ments were investigated by many authors and their
performance characteristics were published [H—E].
The modernized CPC versions appeared on the
market in the last decade. New modernized CPC
characteristics were examined and generalized by
Mordas et al. [E].

Last year, the instrument modernization was
done not only for an alcohol-based CPC, but a
new supersaturation creating technique was devel-
oped by Hering and Stolzenburg [@, @]. A new
unique design of the CPC allows using water as a
working fluid. The first produced water-based CPC
(TSI3785) was described and investigated by sev-
eral researchers [] to detect ultrafine aerosol
particles. The WCPC was later modified by man-
ufacturers and a new ultrafine water-based CPC
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TSI3786 was constructed. It is a thermally diffu-
sive, continuous, laminar-flow laminar CPC. The
condensational growth of the particles is achieved
by heating the aerosol flow in a wetted growth tube.
Due to the fact that mass diffusivity of water is high-
er than thermal diffusivity of air, a supersaturated
area is generated inside the growth tube. Thus, the
created supersaturated conditions allow promoting
a condensational growth of passed particles. The
diffusion losses of ultrafine particles are minimised
by transporting an aerosol flow to the growth tube
through a special capillary and focusing it in the
centreline of the growth tube. That determined per-
fect instrument performance characteristics [[14].

The most important characteristic of conden-
sation particle counters is the detection efficiency
as a function of the particle size, but a more prac-
tical parameter is the cut-size D, - a diameter at
which the detection efficiency drops to 50%. The
cut-size D_ depends on aerosol transport losses in
the inlet of the CPC, registration efficiency of the
optical system, and particle activation efficiency
in the CPC condenser. Stoltzenburg and McMurry
[@] showed that the cut-size mostly depended on
supersaturation conditions in the CPC condenser.
The conditions are determined according to the
temperature of the saturator, the temperature of
the condenser, the volatility properties of the con-
densed material, and the aerosol flow rate []‘
Thus, different type CPCs can be compared with
each other using the experimentally determined
cut-size D, .

The CPCs measure the total number concent-
ration of the aerosol particles, which are larger than
the CPC cut-size D, . The measured total number
concentrations are from several hundred (in the
polar cycle environment []) to a million particles
per cubic centimetre (in the urban environment
[]). Thus, the application of CPCs in different
studies is dependent on the instrument counting
efficiency. The counting efficiency determines the
CPC measured concentration range.

In this paper, we investigate the main perfor-
mance characteristics of the modernized CPC
UF-02M. The study includes the tests of stability
of working characteristics of the instrument, the
determination of the CPC detection efficiency and
the cut-size D, for silver aerosol particles, and the
investigation of the instrument counting efficien-
cy concluding the minimal and maximum meas-

ured number concentrations. In addition, the CPC
UF-02M was operated with the commercial SMPS
TSI3786 under ambient conditions. The measured
total particle number concentrations were com-
pared during a new particle formation event.

2. Methods

The operation of a condensation particle counter
relies on the activation of sampled aerosol particles
to optically detectable sizes. The smallest observ-
able particle size, i. e. the cut-off size of the CPC, is
determined as a size where 50% of incoming parti-
cles are successfully accounted for. This is the most
important parameter, which determines the suit-
ability of a given condensation particle counter for
a particular purpose. In this study, the detection ef-
ficiency D, is determined experimentally for a new
condensation particle counter UF-02M using the
measurement method presented in Scheibel and
Porstendorfer []. A scheme of the calibration in-
strumentation is presented in Fig. .

The particles generated in gas by heating bulk
material with a tube furnace and followed by cool-
ing are formed by nucleation of the produced va-
pours. The size and number concentration of the
produced particles depend on evaporated material,
heating and cooling temperatures, and the flow rate
through the furnace in which the temperature was
1100+50 °C. The evaporated material was silver,
which is used as a standard material for CPC cali-
bration. The flow rate of nitrogen passed through
the tube was set at 3.2 I/min. In this environment,
polydisperse aerosol particles of silver material
were produced. The generated particle size distri-
bution is illustrated in Fig. E

The polydisperse aerosol formed in the tube was
charged with the **'Am bipolar charger and clas-
sified using a differential mobility analyser (DMA
VIE-08, Hauke, length 10.9 cm). The DMA was op-
erated using the aerosol flow rate of 2.0 I/min and
the sheath and excess air flow rates of 20.0 I/min.
All flows in the experimental set-up were con-
trolled using needle valves. The calibration of flows
was done using a bubble flow metre (Sensidyne
Gilibrator2).

The exited monodisperse aerosol was diluted
with clean air to reduce the aerosol concentration
below 10* cm™. The diluted sample was directed
to the CPC UF-02M and the TSI3068 aerosol
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Fig. 1. Experimental set-up for determination of CPC detection efficiency and particle number concentration range.

electrometer. It allows decreasing the coincidence
problem in the optical system of the CPC. Thus, the
particle number concentration measurement accu-
racy did not exceed 2%.

The detection efficiency was determined as the
ratio of the particle number concentration meas-
ured with CPC to the particle number concent-
ration determined with the aerosol electrometer.
Since the generated particles in this study were less
than 30 nm in diameter, they were most probably
singly charged []. This justified the use of an elec-
trometer as a reference instrument.
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Fig. 2. Number concentration of generated silver parti-
cles as a function of particle diameter during our labora-
tory measurements.

Using the same experimental set-up, the con-
centration calibration was performed. The meas-
ured concentration values of the CPC UF-02M
and the TSI3068 electrometer were compared. The
measured concentration range of the certificated
electrometer was from 10* to 10’ cm™. That allows
calibrating the CPC and determining the maxi-
mum concentration limit of the counter.

The CPC UF02 was compared with the scan-
ning mobility particle sizer (SMPS) (TSI Inc. SMPS
model 3936 [RQ]). Both instruments were installed
at the atmospheric research station in Preila, Lithu-
ania. They were sampling ambient air of the coastal
environment. The comparison experiment was
performed during May 2011.

3. Results and discussions

3.1. Working characteristics of the CPC UF-02M

The performance of a CPC in a long run crucially
depends on the design of the instrument. The de-
veloped CPC design was described in an EU patent
[]. Later, the instrument was modified: the fan
geometry was changed, the used flows were fixed
by needle valves, and the temperature of the con-
denser was stabilised with a new electronic cool-
ing system. The reliability of the particle detection
rests on the stability of the temperature gradients
established inside the CPC. Furthermore, the op-
tical system counting the particles as well as the
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attached electronics should be produced with
great care in order to successfully observe parti-
cles with a rather large concentration range. In ad-
dition, the flow system has to deliver the aerosol
sample first to the supersaturated region, where
the particles are activated. The activated drop-
lets have to be then efficiently transported to the
optical detection unit. During transportation the
particle losses have to be minimised. As a result,
the modified instrument is distinguished for new
performance characteristics.

The characteristics of a UF-02M swirling flow
condensation particle counter are investigated in
this study. The modified instrument was operated
during one hour in the conditioned room where
room temperature was 20.0+0.5 °C and relative hu-
midity was 45£5%. Operating under such condi-
tions, the instrument working characteristics were
examined. The temperatures of the saturator and
the condenser were monitored with built-in tem-
perature sensors (Dallas, DS1626). The measured
temperatures were 43.0+0.1 °C and 10.0+0.1 °C for
the condenser and the saturator, respectively. Fluc-
tuations of both temperatures were smaller than
1%. The temperature of the optics had the strong-
est variation of 2% due to the fact that the pulsed
laser generated a fluctuating heat load to the sys-
tem. The stable temperatures inside the CPC pro-
vided a well-controlled supersaturation inside the
condenser. This provided a reliable and repeatable
growth of the sampled particles, which were in-
troduced to the counting optics with a steady flow
rate. The used aerosol flow rate was determined
to be 274.9+0.9 (0.3%) cm?®/min. Also, the sheath
flow through the saturator was 253.2+0.6 (0.2%)
cm’/min. The calibrated total flow rate was
199414 (0.2%) cm’/min. Thus, the flow mixing ra-
tio was 0.92. So, the flow stability was guaranteed
with the accuracy of 0.3%. The assembly of im-
provements and determined working characteris-
tics allow concluding that the instrument provides
conditions for a constant growth of aerosol parti-
cles in the supersaturated environment.

3.2. Particle number concentration range

One of the main performance characteristics of a
CPC is the range of concentration measured with
the instrument. It determines the field of instru-
ment applications. So, measuring low concentra-

tion, a CPC can be used in different mobility par-
ticle analysing systems. Traffic pollution analysers
need to have a device to measure high particle con-
centrations. In each case, different optical particle
detection schemes are used. The low concentration
measuring devices use a single particle counting
method. For high concentration, a photometric
method is applied. In our case, the single particle
counting system is installed in the CPC UF-02M.
The system detects the light scattered by the single
particles and converts it to a single short electrical
pulse. All pulses are counted electronically during
a measurement period (1s). Then, the measured
pulse number is recalculated to the particle num-
ber concentration. Thus, the CPC UF-02M can
measure a very low particle concentration. How-
ever, at a high particle concentration, the pulse
width increased due to coincidence of the elec-
trical pulses. This is a result of multiple particles
present in a measurement volume of a laser beam.
The particles are incorrectly counted as one single
particle. Thus, the determination of particle coin-
cidences was needed. The calculation results show
that for concentration of 1000 cm™3, the pulse coin-
cidence is smaller than 1%. However, at 10000 cm™
it is already (as) 11.75%. It is higher than 50% for
concentrations higher than 50000 cm™. Thus, co-
incidence increased exponentially as a function of
the aerosol number concentration after the con-
centration of 10000 cm™. To eliminate this prob-
lem, a lifetime counting method was included
in the concentration calculation algorithm. This
broadened the concentration measurement range
up to 10000 cm™. The algorithm was installed in
the microprocessor of the CPC and it was used
to calculate the particle number concentration in
all concentration ranges. Using it, the measured
concentration range was corrected automatically
by the CPC. The minimum and maximum of the
measured aerosol particle number concentration
were investigated.

The minimum detectable number concentra-
tion is determined by the false background counts
in the optics. For these investigations, a HEPA filter
was connected into the inlet of the CPC. The con-
centrations were measured during one hour. The
average number concentration of aerosol particles
during the measurement period was calculated.
The results show that when the difference of tem-
peratures was 33.0 °C, the false background was
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only 0.003 cm™. The existence of this background
can be explained by a particle production due to
homogeneous or ion-induced nucleation inside the
CPC or by the noise of the electronics.

The maximum number concentration of the
aerosol particles measured with the CPC UF-02M
was investigated comparing the values measured
with the CPC to those of the electrometer. The
experiments were performed for monodisperse
silver particles of a 20 nm diameter. The results
of a series of measurements are shown in Fig. H
Relatively large fluctuations in the ratio between
the concentrations of the two instruments are ob-
served for concentrations below 3000 cm™ and the
best correlation is in the concentration range from
3000 to 80000 cm™. For aerosol particle concen-
trations higher than 80000 cm™, the concentration
measured with the CPC UF-02M is lower than the
concentration measured with the electrometer.
The measurement accuracy is higher than 20%
for concentrations higher than 150000 cm™. At
a higher particle concentration, the coincidence
increases exponentially as a function of the par-
ticle concentration, and the measurement accu-
racy decreases. Thus, the device cannot be used
to measure aerosol number concentration larger
than 150000 cm™ accurately.

The same measurements were conducted for
the temperature differences between the saturator
and condenser of the UF-02M. The experiment
results showed that no influence of the tempera-
ture difference on the maximum measured num-
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Fig. 3. Counting accuracy of the CPC UF-02M as a
function of particle number concentration.

ber concentration was observed. Thus, all particles
grew to the optical detectable size (up to 0.3 um).

3.3. Detection efficiency

The limited detectable particle diameter of an opti-
cal counter is 0.1-0.5 um. Smaller particles cannot
be measured using optical methods. However, the
developed technologies of the CPC allow magni-
tying the aerosol particles in size by condensing a
supersaturated gas on the particle surface. Grown
particles are detectable with the optical system.
However, the particle growth process depends on
the condensed material properties, supersatura-
tion level, and aerosol flow. All these parameters
determine the instrument detection efficiency. In
this study, we investigated the CPC UF-02M de-
tection efficiency using an experimental set-up.
The experimental results are presented in Fig. @
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Fig. 4. Particle detection efficiency of the CPC UF-02M
as a function of particle size determined for silver par-
ticles.

It shows the ratio between concentrations of
UF-02M and a reference electrometer is presented
as a function of a particle diameter. The detection
efficiency reached the value of 1 at particle sizes
larger than 6 nm. The detection efficiency de-
creases rapidly and is smaller than 0.1 for particles
below 4 nm in diameter. The result shows that the
detection efficiency curve is very steep providing
a well-defined smallest observable size.

In order to determine a cut-size, i. e. the parti-
cle size when 50% of the particles were counted, a



180

G.Mordas et al. / Lith. J. Phys. 53, 175-182 (2013)

function was fitted to the experimental data. The
function had a form

A
E(D)=1-T—7b (1)
where D is the particle diameter, A, = 5.0, 1, = 3.65,
and A, = 0.32 are empirical parameters determined
based on the least-squares fitting. According to the
fitting, the cut-size D, was 4.35 nm. Thus, the de-
termined instrument cut-size of 4.35 nm allows de-
tecting the aerosol particles of the nucleation mode.
It gives possibilities to find many applications of the
CPC in the investigations of the aerosol nanoparti-

cle dynamical properties [@].

3.4. Ambient aerosol measurements

A comparison experiment of the CPC and the
SMPS was performed under ambient conditions
during May 2011. The SMPS registered a new
particle formation event, when new particles ap-
peared as a result of the gas-particle processes [é)].
This process is well illustrated by the variation of
the measured particle number size distribution in
Fig. E It can be seen that during the night-time
there were only particles of the Aitken mode in the
air. Their pick size was at 80 nm. There were no par-
ticles of the nucleation mode, and a low concent-
ration (<1000 cm™) of the accumulation mode par-
ticles was observed. Close to sunrise at 4:30 a.m.,
the particle number concentration of Aitken and
nucleation modes increased shortly. At 6:00 a.m., a
new particle formation event was seen during the

SMPS measurements: the number concentration
of the nucleation mode particles increased rapidly.
The number concentration was measured to be in-
creasing for several hours (Fig. E). While growing,
the appearing particles increased in size increasing
the number concentration of Aitken and accumu-
lation mode particles. As a result, the total number
concentration increased as well. This dynamical
process is illustrated in Fig. E During the experi-
ment, the instruments were operating at the par-
ticle concentration between 1000 and 16000 cm™.
The measurement results of two instruments are
seen to agree rather well (with the accuracy of 5%).
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Fig. 6. Comparison of the total measured number con-
centration with CPC UF-02M and SMPS TSI3936 dur-
ing 7 May 2011: (A) time variation of the total particle
number concentrations, (B) relationship between meas-
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However, during a new particle formation event,
the CPC UF-02M measured a higher particle num-
ber concentration than the SMPS system did. It can
be explained by the fact that the CPC UF-02M had
a lower cut-size. This is important when new parti-
cles of the nucleation mode are formed.

5. Conclusions

The main working characteristics (the tempera-
ture of the saturator, the temperature of the con-
denser, and the operating flow rates) of the CPC
UF-02M were studied. The studies showed that
the saturator’s temperature was 43.0+£0.1 °C, and
the condenser’s temperature was 10.0£0.1 °C.
The operating flow rates were calibrated with the
needle valves increasing the flow stability. The
fluctuations of temperatures were only 0.1 °C;
the flow rates were fixed with 0.3% accuracy. The
stability of the instrument working characteris-
tics allows improving the instrument detection
efficiency. The particle detection efficiency of the
CPC UF-02M was experimentally investigated in
a 3-10 nm particle diameter range. The cut-size
D, was determined by fitting the mathematical
function to the empirical data and it was 4.35 nm.
The experiment was performed using silver as the
particle material.

The measured particle number concentration
range was experimentally investigated using 20 nm
particles. It was determined that the minimum
detectable particle number concentration was
0.003 cm™, and the maximum was 150000 cm™ with
the accuracy of 20%. It allows stating that the CPC
can be effectively used in clean and polluted envi-
ronments to realize different scientific purposes.

The CPC UF-02M was compared with the com-
mercial SMPS TSI3936 under ambient conditions.
The measured number concentrations were com-
parable with 5% accuracy. Only, during new par-
ticle formation the CPC measured higher particle
number concentrations than the SMPS did. It can
be explained by the fact that the modernized CPC
has a smaller cut-size compared with the SMPS.
Increase in the number concentration of new for-
matted nanoparticles was registered with the CPC
UF-02M earlier than with the SMPS. Thus, the ap-
plication of the CPC UF-02M in atmospheric phys-
ics gives possibilities for better understanding of
the nanoparticle dynamical processes.
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KONDENSACINIO DALELIU SKAITIKLIO UF-02M PATIKIMUMO VERTINIMAS
LABORATORIJOS IR APLINKOS SALYGOMIS
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Santrauka

Straipsnyje pateikiami patobulinto kondensacinio
daleliy skaitiklio UF-02M eksperimentiniy tyrimy
duomenys. Nustatyti pagrindiniai skaitiklio veiki-
mo parametrai (kondensacinés kameros ir garintuvo
temperattros, aerozolio ir butanolio gary srautai).
Jvertinta aerozolio daleliy registravimo efektyvumo
priklausomybé nuo daleliy dydzio. Taikant trijy laisvy
parametry funkcijg jvertintas registravimo efektyvu-
mo ribinis dydis (Dsos), kuris yra 4,35 nm. vertintas
aerozolio daleliy skai¢iavimo efektyvumas naudojant
20 nm dydzio sidabro dalelés. Nustatytos maziausios
ir didziausios registruojamos daleliy skaitinés kon-
centracijos: atitinkamai 0,003 ir 150 000 cm™’. Atliktas

kondensacinio daleliy skaitiklio UF-02M testavimas
aplinkos salygomis matuojant Baltijos jaros pakrantés
aerozolj kartu su komerciniu aerozolio daleliy spek-
trometru TSI3936. Palyginimo rezultatai parodé, kad
matuojamos daleliy koncentracijos sutampa 5 % tiks-
lumu. Tac¢iau UF-02M registravo didesnes koncentraci-
jas naujy daleliy susidarymo metu. Tai paaiskinama
tuo, kad skaitiklio UF-02M registravimo efektyvumo
ribinis dydis yra mazesnis negu komercinio spek-
trometro TSI3936. Tikimés, kad patobulinto konden-
sacinio daleliy skaitiklio UF-02M taikymas atmosferos
fizikos tyrimams suteiks galimybe sukaupti tikslesniy ir
vertingy ziniy apie aerozolio nanometriniy daleliy dina-
minius procesus.



