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Characterization and Response Model of the PPS-M
Aerosol Sensor

Antti Rostedt,1 Anssi Arffman,1 Kauko Janka,2 Jaakko Yli-Ojanper€a,1 and Jorma Keskinen1
1Aerosol Physics Laboratory, Department of Physics, Tampere University of Technology,

Tampere, Finland
2Pegasor Oy, Tampere, Finland

The Pegasor PPS-M sensor is an electrical aerosol sensor
based on diffusion charging and current measurement without
particle collection. In this study, the role and effect of each
component in the instrument is discussed shortly and the results
from a thorough calibration measurements are presented. A
comprehensive response model for the operation of the PPS-M
sensor was developed based on the calibration results and
computational fluid dynamics (CFD) modeling results. The
obtained response model, covering the effects of the particle
charger, the mobility analyzer, and both diffusion and inertial
losses, was tested in the laboratory measurements with
polydisperse test aerosols, where a good correlation between the
model and the measured results was found.

INTRODUCTION

The concern about the health effects of the exposure to fine

particles has led to an increasing request for aerosol measure-

ment and monitoring. Aerosol concentration measurement

may be realized for various particle properties, such as particle

number, mass, surface area, and volume (Kulkarni et al.

2011). Real time aerosol concentration instruments are usually

based on the electrical or optical detection techniques. The

optical instruments typically utilize light scattering or absorp-

tion of particles, while the electrical instruments are most com-

monly based on charging of the particles and subsequent

measurement of the charge carried by the particles as an elec-

trical current.

Particle charging is usually accomplished by unipolar diffu-

sion chargers based on corona discharge, as reviewed, e.g., by

Marquard et al. (2006) and Intra and Tippayawong (2009).

Because of the simplicity, one of the most straightforward

ways to produce an electrical aerosol detector is to combine

unipolar diffusion charger with a faraday cup electrometer.

The measured quantity is electrical current, which is related to

the particle number concentration and particle size.

Ntziachristos et al. (2004) demonstrated such instrument for

the real time monitoring of active surface area of particles emit-

ted by a diesel engine. Fissan et al. (2007) introduced a similar

instrument with a varying charging efficiency for the monitor-

ing of the lung deposited particle surface area. Recent develop-

ment of these diffusion charger-based instruments has focused

on minimizing the size of the instruments to produce handheld

instruments. The AeraSense Nanotracker (Marra et al. 2009)

and Matter Aerosol DiSCmini (Fierz et al. 2011) are good

examples of such instruments, the latter being even able to pro-

vide information on the average particle size of the measured

aerosol. To make the instrument even smaller, micro-electro-

mechanical (MEMS) techniques have been used by Lee et al.

(2011).

All of the electrical instruments mentioned above are based

on the collection of the particles after charging. Lehtim€aki
(1983) demonstrated electrical aerosol instrument without par-

ticle collection, based on measuring the charge escaping the

charger with the charged particles. The idea has also been

applied by Rostedt et al. (2009b). Recently, Fierz et al. (2014)

described a non-collecting instrument based on induced cur-

rent measurement.

The Pegasor PPS-M (Pegasor Oy, Tampere, Finland) sensor

treated in this article is based on the escaping charge principle.

The basic principle of the sensor has been presented by Lanki

et al. (2011). Application of the sensor to engine exhaust

measurements has been described by Ntziachristos et al.

(2011, 2013). In this article, we present the first detailed cali-

bration of the instrument, and a comprehensive model for the

response of the instrument as a function of particle size

together with laboratory test measurements.

SENSOR COMPONENTS AND OVERALL RESPONSE

The operation of the PPS-M sensor is based on electrical

charging and detection of the charged aerosol particles. The

design combines a sheath air-assisted corona charger with an
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ejector pump (Tikkanen 2009). A schematic view of the sensor

(on the left side) and the actual sensor (on the right side) is

shown in Figure 1. The instrument design consists of the fol-

lowing main components: a pre-cut cyclone to prevent the sen-

sor from fouling, an ion source to provide charge to the

particles, an ejector pump to provide the sample flow, an ion

trap to remove the excess ions and to act as a mobility analyzer

for the particles, and an electrometer to measure the charge on

the particles.

Charging and Electrical System

The charger and ejector combination is designed so that the

flow coming out from the ion production area is mixed with

the sample and used as a pump flow in the ejector pump. In the

charging region, the particles are charged by diffusion charg-

ing. The design of the flow-assisted ion source resembles the

design presented already by Whitby (1961). This arrangement

has the advantage of keeping the discharge electrode in a clean

air flow. The volume of the charging region is rather small,

resulting in a relatively low residence time for the charging

process.

An ion trap is applied to prevent the charging ions from

escaping the instrument and contributing to the charge mea-

surement. In the present design, the trap geometry is annular

and the applied electrical field can be varied directly from the

user interface. By changing the electrical field, the cut point of

the ion trap can be changed. The trap is dimensioned so that it

is also able to collect a part of the particles, if the collection

voltage is set high enough. This makes the trap to act as a sim-

ple zeroth-order mobility analyzer, which gives the possibility

to estimate the average particle size of the measured aerosol.

For this, the shape of the size distribution must be either

known or assumed. This technique has earlier been used for

particle density measurement by Rostedt et al. (2009a).

The electrical current measurement is realized without col-

lecting the particles, by measuring the net current leaving the

instrument. As a consequence, the response of the instrument

depends on the initial charge state of the input aerosol and any

ion leakage out from the instrument. Because of this escaping

current measurement technique, the power sources for the

corona charger and ion trap are isolated from the ground. Since

the current is measured with a high sensitivity electrometer

between the isolated virtual ground and the ground potential,

both a low noise level and a high isolation resistance are

required for the isolation. The electrometer is realized using

an operational amplifier with a capacitive feedback circuit.

Because of the electrometer design, the voltage difference

between the two measurement points is well below 1 mV

(Keithley Instruments Inc. 2004). For the practical use of the

sensor, the sampling rate of the electrometer and the low pass

filtering of the measured signal can be altered to suit the appli-

cation in question.

Flow System

Computational fluid dynamics (CFD) simulation was used

for optimizing the flow system of the sensor design. It was pri-

marily used during the design process to estimate the ejector

performance and the turbulent flow patterns inside the sensor.

The CFD simulations also provided information on the diffu-

sion losses within the whole sensor. The flow fields inside the

sensor were modeled using Ansys Fluent 14.0. For the three-

dimensional simulations, SST-k-v turbulence transfer model

was employed, and the computation grid consisted of 2.3 mil-

lion cells. Boundary conditions at the flow boundaries were

pressure inlets and pressure outlets.

The design of the ejector pump was optimized for minimiz-

ing the pressurized air consumption, while still providing

enough pressure difference to provide an adequate sample

FIG. 1. Schematic view of the sensor components on the left and picture of the sensor on the right.
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flow in a practical measurement setup. The needed pressure

difference was minimized by returning the ejector outlet to the

same pressure with the sample. Practically, this means that in

the sensor there is two connections for the sample flow; one

delivering the sample into the sensor and the other returning

the sample, pump flow, and needed sheath air flows to the

same pressure where the sample is taken.

The CFD modeling indicated the flow to be turbulent in the

mobility analyzer region. The turbulence leads to less steep

collection efficiency curves, which limits the size resolution of

the analyzer. However, this is considered acceptable since the

information from the mobility analyzer is only used for esti-

mating the median size for the measured size distribution.

Sensor Response

All the sensor components contribute to the sensor response

and from a calibration point of view the combined overall

response would be enough. However, in the current design the

operation of the sensor can be altered by the user by varying

the mobility analyzer collection voltage. For this reason, more

thorough understanding on the response is required. The char-

ger charging efficiency Ech and the mobility analyzer penetra-

tion Pma are the main contributors to the overall response,

while the effect of the non-electrical components, such as iner-

tial and diffusion losses, plays a smaller role. The combined

sensor response R is a function of the particle size dp and the

mobility analyzer voltage Vma. It has the form of Equation (1),

where the diffusion and inertial losses are expressed as pene-

trations Pd and Pi, respectively:

R dp;Vma

� �DEch dp;Vma

� �
Pma dp;Vma

� �
Pd dp

� �
Pi dp
� �

[1]

Because of the complicated flow path and the integrated

nature of the sensor design, it was not possible to measure the

effect of each component individually. The term Pd describing

the diffusion losses was obtained from the CFD simulations,

while the effects of the remaining components were calculated

from the calibration results.

EXPERIMENTAL

The objective of the calibration measurements was to find

out the sensor response to particle number concentration as a

function of the particle mobility size together with the particle

collection characteristics of the mobility analyzer. The calibra-

tion measurements were started by first verifying the operation

of the integrated electrometer. For this, a reference electric

current source, providing currents from 100 fA to 40 pA, was

used. To ensure the correct current levels, the source was

first calibrated using a Keithley 6430 Remote SourceMeter

(Keithley Instruments Inc., Cleveland, OH, USA).

Sensor Response

In the response calibration, the Single Charged Aerosol Ref-

erence (SCAR; Yli-Ojanper€a et al. 2010) was used as an

aerosol generator. The main advantage of the SCAR is that it

produces a nearly monodisperse aerosol sample with particles

containing only one elemental charge each. The generated

aerosol was then classified by a differential mobility analyzer

(DMA model 3071A, TSI Inc., Shoreview, MN, USA). As a

result a truly monodispersed aerosol was obtained for the cali-

bration measurements. The DMA was used with recirculating

sheath air flow with the flow rate range of 3 to 10 lpm, while the

sample flow was varied from 1 to 2 lpm. With these flow rate

values, the particle size range for the monodisperse calibration

aerosol was 20–920 nm. Although the used sheath air to sample

flow rate ratios were not optimal for the best size resolution of

the DMA, the flow rates were chosen in order to cover a wide

particle size range and to maximize the particle output after the

classification. The flow rate of the recirculated DMA sheath

flow was monitored and controlled by a custom made flow con-

troller unit calibrated with an air flow calibrator (Gillian

FIG. 2. The measurement setup used in the calibration. The SCAR was used as an aerosol source, the DMA for size classification and the CPC acted as the

reference instrument.
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Gilibrator-2, Sensidyne, LP, St. Petersburg, FL, USA). The

whole measurement setup is shown in Figure 2.

In order to minimize the effect of the initial charge of the

particles to the sensor response, the aerosol was neutralized

using an 85Kr aerosol neutralizer (Model 3077, TSI Inc.,

Shoreview, MN, USA). To ensure proper operation of the neu-

tralizer, a small feed of pressurized air, 0.3 lpm, was intro-

duced to the sample flow before the neutralizer. This was

needed since the SCAR device produces the particles in a

nitrogen atmosphere. After the neutralizer, the excess ions

were removed by a small electrostatic precipitator (ESP).

Because the total volumetric flow rate needed for the instru-

ments was higher than the output of the classifying DMA, the

sample was diluted by a second flow of pressurized air. Both

dilution air flows were controlled with mass flow controllers

(Alicat Scientific Inc., Tucson, AZ, USA) and the second dilu-

tion air flow was set to a level, which ensured a small excess

flow from the sample line. After the dilution, a static mixer

(Kenics 37-06-110, Chemineer, Dayton, OH, USA) was added

to ensure proper mixing of the produced aerosol and dilution

air. The sample was then divided with a flow divider (Model

3708, TSI Inc., Shoreview, MN, USA) into three parts: one for

the sensor, one for a reference Condensation Particle Counter

(CPC Model 3772, TSI Inc., Shoreview, MN, USA), and one

for an excess flow. In order to ensure good accuracy in the

number concentration measurement, the detection efficiency

of the CPC used as a reference was calibrated with the method

described in Yli-Ojanper€a et al. (2012).
During the measurements, the pressure difference between

the sensor inlet and outlet flows was monitored to ensure the

correct sample flow into the sensor. During the measurements,

the differential pressure was 165 Pa, sensor inlet being in a

slightly lower pressure. This underpressure is low compared to

the maximum pressure difference of 4.7 kPa, which the sen-

sors ejector pump can supply with zero sample flow. The volu-

metric sample flow rate measured at the calibration conditions,

i.e., with the same pressure difference, was 6.40 lpm and for

the ejector pump flow a value of 3.63 lpm was measured after

the calibration. For the measurements, the electronics was set

up for 1 Hz sample rate with 3 s digital first-order low pass fil-

ter. With these settings, the short-term noise level of the mea-

suring electronics was around §1 fA. The instrument and

sample gas temperature was 296 § 3 K.

Mobility Analyzer

The measurement setup also provided the possibility to cal-

ibrate the mobility analyzer of the sensor with the help of the

singly charged particles. For the mobility analyzer calibration,

the measurement setup was almost the same described above,

only the aerosol neutralizer and the ESP were removed from

the setup. Additionally, the charger inside the sensor was

turned off. In this measurement, the singly charged particles

were collected by the mobility analyzer inside the sensor,

resulting in a current measured by the sensor electrometer.

The polarity of the current was inverted compared to the nor-

mal operation, since instead of escaping out from the sensor

the particles were collected inside the sensor. The desired

quantity from the measurement was the fraction of particles

collected by the mobility analyzer. The measured quantities

were the current caused by the collected particles and the num-

ber concentration at the sensor inlet. This means that the cur-

rent measured by the sensor needed to be converted to a

particle number. For this, the charge state of the particles must

be known. By using the SCAR as an aerosol source, all the

particles are known to have a single elementary charge with

the uncertainty of 0.16% (H€ogstr€om et al. 2011).

RESULTS

To find out a model for the sensor response, the effect of

each sensor component needs to be studied individually. For

the diffusion losses, the results from the CFD simulations were

used. For the effects of the other components, the parameters

of the model were fitted to the calibration results. The flow sys-

tem performance was also verified by measuring the sample

flow rate and the maximum pressure the ejector can produce.

These values were compared to the values obtained by CFD

simulation. SI units were used for the parameters of the model,

except for the charging efficiency and the overall response.

Those are expressed in units of fAcm3 for convenience.

Flow System Performance and Diffusion Losses

The nominal sample inlet flow was measured with minimal

pressure difference between the sample inlet and outlet. To

find out the maximum underpressure for the ejector with zero

sample flow, a differential pressure meter was connected to

the sample inlet. For the measurement, a nominal supply air

pressure of 0.15 MPa was used. The measured result together

with the corresponding results from the CFD simulations are

collected to Table 1. Although there are some differences, the

agreement between the measured values and the simulation

results is good.

Diffusion losses inside the sensor were simulated in Euler-

ian fashion. Aerosol was fed to the sensor as a component of

TABLE 1

Parameters of the ejector flow system. CFD simulation results

compared to the measured values

Parameter CFD Measured

Pump flow pressure (MPa) 0.15 0.15

Pump flow rate (lpm) 3.2 3.63

Ejector maximum underpressure (kPa) 4.3 4.7

Nominal sample flow rate (lpm) 6.9 6.70

Cyclone cut point (mm) »2.0 —
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the gas mixture. The boundary condition for aerosol concen-

tration at the wall boundaries was zero in order to calculate the

diffusion flux of particles to the sensor walls. Laminar diffu-

sion coefficient was then adjusted to match the different size

particles (Stokes–Einstein relation was used for the diffusion

coefficient; Hinds 1999). Turbulence enhances the diffusion

inside the sensor, and this was taken into account by using the

effective diffusion coefficient for the aerosol mixture compo-

nent. The effective diffusion coefficient is a sum of the laminar

and turbulent diffusion coefficients, where the turbulent coeffi-

cient is computed from the turbulent transfer model (SST-k-v)

according to the Fluent standard formulation (ANSYS 2011).

The computation grid was tetrahedral, and adapted several

times until the results were unaffected by further improve-

ments. The dimensionless wall coordinate yC was in the range

0.1–3 in the final grid. Next, a functional form of diffusion

losses was fitted to the CFD results. Despite the fact that the

flow inside the sensor is mostly turbulent, it was found that the

transport efficiency for laminar flow through a cylindrical tube

gives the best fit for the modeled diffusion losses. According

to Gormely and Kennedy (1949), the transport efficiency has

the form of Equation (2), which is a function of the particle

(laminar) diffusion coefficient Dp multiplied by a fitted param-

eter m0 D 1.79 £ 105 s/m2. The parameter m0 value corre-

sponds to diffusion losses of a 6 m long tube in laminar flow

conditions with the sample inlet flow rate. The unit for the dif-

fusion coefficient is m2/s.

Pd.Dp/D
1¡ 2:56.m0Dp/

2=3 C 1:2m0Dp C 0:177.m0Dp/
4=3

m0Dp < 0:03

0:819e¡ 3:657m0Dp C 0:097e¡ 22:3m0Dp C 0:032e¡ 57m0Dp

m0Dp � 0:03

8>>><
>>>:

[2]

Mobility Analyzer

The collection of charged particles in the cylindrical mobil-

ity analyzer in the case of turbulent plug flow is obtained using

the equation derived by Deutsch in the 1920s. The penetration

efficiency of the particles can consequently be written as

Pma.dp;Vma/D e
¡ neCc

3phgdpZ0.Vma/ [3]

The term in the exponent is the collection efficiency of the

same geometry in laminar flow conditions, which can be

expressed as the ratio of the particle electrical mobility to the

limiting electrical mobility Z0. The electrical mobility is a

function of the particle size dp. The other terms needed are the

number of charges per particle n, the elementary charge e, the

slip correction factor Cc, and the gas viscosity hg. The limiting

electrical mobility is the minimum electrical mobility that

would cause 100% collection efficiency for laminar flow con-

ditions. It is a value specific to the geometry and can be

obtained from the dimensions of the analyzer with the help of

the Equation (4). The dimensions needed are the inner and

outer diameters, si D 0.022 m and so D 0.030 m, length le D
0.032 m of the analyzer, the volumetric flow rate inside the

analyzer Qtot, and the applied voltage Vma. The flow rate Qtot

is a sum of the volumetric flow rates of the sample flow Qs and

the ejector pump flow Qp in the conditions of the mobility ana-

lyzer. As seen from Equation (4), the limiting electrical mobil-

ity in the laminar flow conditions is directly proportional to

the total flow rate and inversely proportional to the applied

voltage. All the remaining terms can be combined to a single

constant K:

Z0 Vmað ÞD
Qtotln

so

si

� �
2pVmale

) Z0 D .Qs CQp/K

Vma

[4]

The diffusion losses also contribute to the mobility analyzer

penetration efficiency and the effect was taken into account.

The fit for the PmaPd product, drawn in Figure 3, is obtained

using Equations (2)–(4) with the value K D 1.37 m¡1 for the

constant. This value gives the best fit to the measured data,

although it differs slightly from the value calculated from the

mechanical dimensions Kteor D 1.54 m¡1. As seen in Figure 3,

the penetration efficiency is over 90% for particles larger than

100 nm with all mobility analyzer collection voltages.

Charging Efficiency and Average Number of Charges

The sensor response was obtained from the ratio of the cur-

rent measured with the sensor to the number concentration

measured by the CPC. The response decreases as the mobility

analyzer voltage is increased, since increasing part of the small

FIG. 3. Ion trap acting as a mobility analyzer: particle penetration efficiencies

with different trap voltages. Open symbols are the penetration efficiencies

measured with singly charged particles and the solid line is the penetration

according to the fitted model.
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particles is collected by the mobility analyzer. For the sensor

response, a model for the charging efficiency of the charger

Ech is needed. Typically, in unipolar diffusion chargers, the

charging efficiency is approximated by a power function

described by Equation (5), where the parameters a and b are

obtained by fitting to calibration measurements (Kulkarni

et al. 2011).

Ech dp
� �D adbp [5]

Because of the ion leakage, it is not possible to have a cali-

bration measurement for the charging efficiency without the

effect of the mobility analyzer. This issue was solved by plot-

ting the sensor responses measured for different mobility ana-

lyzer voltages as a function of the applied voltage for different

particle sizes. Then the responses were extrapolated with a

cubic Hermite spline to zero voltage, resulting in an estimate

for the maximum charging efficiency without the effect of the

mobility analyzer. The plot on the left-hand side of Figure 4

shows an example of the extrapolation. In the plot, the open

markers show the measured sensor responses as a function of

the mobility analyzer voltage for selected particle sizes and

the closed markers show the extrapolated values for zero trap

voltage. The extrapolated values for different particle sizes are

collected to the plot on the right-hand side of Figure 4 as a

function of the particle size. For the extrapolation, only cali-

bration results from particle sizes below 350 nm were used in

order to exclude the effect of the inertial losses. From the

extrapolated data, the values for the parameters a and b in

Equation (5) were obtained.

The main component in the charger efficiency is the prod-

uct of the particle penetration through the charger and the

average number of elementary charges the particles acquire

during charging. Usually the value of the product is enough

for the use of the diffusion charger (Marjam€aki et al. 2000),
but in this case the average number of charges per particle is

separately needed in order to calculate the collection effi-

ciency of the mobility analyzer. The number of charges could

in principle be obtained by measuring separately the particle

charge (via electrical mobility) after the charger or the particle

penetration (of charged particles) through the charger. Since

thorough measurement of either would be laborious, the fol-

lowing approximation is used instead. The results in Figure 3

presenting the penetration efficiencies measured with charger

off for singly charged particles at different trap voltage set-

tings indicate that a constant value of 100% could be used as a

first approximation for the penetration with charger off. This

is because the experimental penetration efficiencies are nearly

100% at large particle sizes. To check that the approximation

applies also for the charger on case, the penetration was exper-

imentally determined using 100 nm monodisperse particles

for the charger on and charger off case. The penetration

through the charger for on and off cases was found to be equal

and high, over 95%. Based on this, it was assumed that the par-

ticle losses inside the charger are negligible, excluding the

separately calculated effects of the electrical collection within

the trap, the diffusion losses, and the inertial losses. The aver-

age number of elementary charges per particle was then esti-

mated to be equal to the charging efficiency divided by the

flow rate and the elementary charge. This somewhat underes-

timates the number of elementary charges of the charged par-

ticles, but is expected to be reasonable when limited to a

minimum value of one. The resulting functional form is shown

in Equation (6), where particle diameter is in meters:

nAVE.dp/D 1; dp < 1:63�10¡ 8 m

6:13�107d1:05p ; dp � 1:63�10¡ 8 m

(
[6]

It turned out that the mobility analyzer collection voltage

affects the sensor response more than can be explained by the

mobility analyzer collection efficiency. The fact that the dif-

ference was seen throughout the measured size range suggests

FIG. 4. Left: measured sensor responses (open symbols) as a function of the applied trap voltage together with the extrapolated responses (closed symbols).

Right: the extrapolated sensor response points with zero trap voltage (closed symbols) with the power function fit (line) as a function of the particle size.
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that the applied collection voltage affects slightly the particle

charging efficiency. It is possible that the ion losses in the

charging region increase with increasing collection voltage. In

order to take the effect into account, a functional form for the

parameter a was fitted. In the fitting process, calibration results

from particle sizes 200–400 nm were used in order to mini-

mize the effect of the mobility analyzer and the inertial losses.

The resulting final form for charger efficiency, Equation (7),

was obtained. The unit for the charging efficiency is fAcm3,

the unit for the voltage is V, and the unit for the particle diame-

ter is m:

Ech dp;Vma

� �D 1:05�106 ¡ 7:23�104 ln 1C 1:12�10¡ 2Vma

� �� �
d1:05p

[7]

Inertial Losses

As a final step for the sensor response, a fit for the inertial

losses in the flow system is needed. For simplicity, it is

assumed that for particles larger than 400 nm, the difference

between the measured response values and the values obtained

using Equation (7) is caused by inertial losses. A simple equa-

tion was fitted to the results as

Pi dað ÞD 1¡ 1

1C 6:36�10¡ 7m
da

� �2:06
[8]

This form has been used to describe inertial impactors

(Dzubay and Hasan 1990). Since the particle density affects

the inertial losses, the term da in the equation is the aerody-

namic particle diameter. The fitted parameters are the cut point

(636 nm) and the slope of the penetration curve (2.06). Based

on the fact that the flow field inside the sensor is turbulent, it is

possible that there are turbulence-induced impaction losses

inside the sensor. This would explain the rather low response

for the large particles.

Sensor Response

The overall sensor response is a particle size-dependent

function formed as the product of the charging efficiency

Ech, the ion trap penetration Pma, and the particle penetra-

tion after inertial and diffusion losses, described by the

two penetration terms Pi and Pd as shown in Equation (1).

The overall response describes the relation between the

inlet number concentration and the sensor output as a func-

tion of the particle size. The sensor response with different

trap voltages is plotted in Figure 5, where also the mea-

sured calibration points and the maximum charging effi-

ciency of the charger are plotted as reference. The inertial

losses in the plotted response are calculated with a density

value of 912 kg/m3, which is the density of the particles

used in the calibration measurements.

Tests with Polydisperse Aerosol

After the calibration, the sensor model was tested in labora-

tory conditions with polydisperse test aerosol. The measured

sensor signals were compared to the simulated signals calcu-

lated from the measured size distributions according to Equa-

tion (9). The simulated sensor output is obtained by

integrating the product of the sensor response R(dp,Vma) of

Equation (1) and the particle number concentration N(dp) over

the particle size. The different components of the sensor

response are given by Equations (2), (3), (7), and (8).

Isimulated D
R
R dp;Vma

� �
N dp
� �

ddp

D R
Ech dp;Vma

� �
Pma dp;Vma

� �
Pd dp

� �
£Pi dp

� �
N dp
� �

ddp

[9]

During the tests, the median size of the test aerosol was var-

ied between 35 and 120 nm, while the geometric standard

deviation (GSD) of the distribution varied from 1.4 to 1.5. Dif-

ferent mobility analyzer collection voltages were also used in

the range of 100–800 V. A scanning mobility particle sizer

(SMPS, TSI Inc., Shoreview, MN, USA) was used as the refer-

ence instrument. In the measurement setup, the pressure differ-

ence between the sensor inlet and outlet was monitored in

order to avoid too high pressure difference and the actual sen-

sor inlet flow rate was measured and compensated in the simu-

lations. Additionally, good care was taken in order to ensure

equal particle concentrations for both instruments. A correla-

tion plot of the measured and the simulated sensor signals is

shown in Figure 6. As seen from the figure, the measured sig-

nals correlate very well with the simulated signals, although

the measured signal is systematically 13% higher. The

FIG. 5. Measured calibration points (open symbols) together with the fitted

PPS-M sensor response as a function of the particle size with different trap vol-

tages (solid line). The dashed line represents the maximum charging efficiency

(Ech) of the charger. For the inertial losses a density value of 912 kg/m3 is

used.
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difference between the measured and simulated values is most

likely caused by the combined effect of the detection effi-

ciency of the SMPS and the decreased concentration measure-

ment accuracy caused by flow unbalance within the SMPS

DMA. Instead of the sheath air recirculation used in the cali-

bration measurements, the DMA flow rates were measured

separately with the integrated mass flow meters that are cali-

brated on an annual basis. While this ensures good accuracy

for the DMA total flow rate and consequently good accuracy

on the particle size measurement, it does not ensure a good

balance of the sample and monodisperse flows. This possible

unbalance leads to a decreased accuracy for the particle con-

centration measurement.

CONCLUSIONS

In this article, calibration results together with a compre-

hensive model for the response of the PPS-M sensor were pre-

sented. The sensor was calibrated with monodisperse test

aerosol, produced with the single charged aerosol reference

(SCAR) by using calibrated condensation particle counter

(CPC) as the reference instrument. The used calibration setup

provided the possibility to have a calibration also for the sen-

sors integrated mobility analyzer. CFD modeling results, used

primarily to aid the sensor design, were used as a starting point

for the sensor response model. The model covers the effects of

the charging efficiency of the charger together with the aver-

age number of elementary charges it produces to the particles,

the collection efficiency of the mobility analyzer, and both dif-

fusion and inertial losses for the particles. The obtained model

fits very well to the calibration data. Although the mobility

analyzer is not ideal for mobility classification, the mobility

analyzer part of the model is in good agreement with both the

measured collection efficiencies and the expected collection

efficiency based on the mechanical dimensions. The overall

response model was also tested in the laboratory measure-

ments with polydisperse test aerosols and the results were in

good agreement with the model.

In applications, where the particle size distribution stays

relatively stable and a good approximation can be made for

the distribution, it is possible to calculate conversion factors

with the help of the model. These factors can be used in con-

verting the sensor output to number, surface area, or mass con-

centration. The accuracy of the conversion depends on the

accuracy of the size distribution approximation. The model

brings also more insight on the instrument performance for the

data analysis.
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