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Effective density of airborne particles in a railway tunnel from field
measurements of mobility and aerodynamic size distributions
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Department of Machine Design, KTH Royal Institute of Technology, Stockholm, Sweden

ABSTRACT

The objective of this study is to investigate the particle effective density of aerosol measurements in
a railway tunnel environment. Effective density can serve as a parameter when comparing and cali-
brating different aerosol measurements. It can also be used as a proxy parameter reflecting the
source of particles. Effective density was determined using two different methods. Method one
defined it by the ratio of mass concentration to apparent volume size distribution. Method two relied
on a comparison of aerodynamic and mobility diameter size distribution measurements. The aero-
dynamic size range for method one was 0.006-10 um, and for method two, it was 10-660 nm. Using
the first method, a diurnal average value of about 1.87 g/cm® was observed for the measurements
with tapered element oscillating microbalance (TEOM) in tandem with aerodynamic particle sizer + s-
canning mobility particle sizer (SMPS), and 1.2 g/cm? for the combination of TEOM with electrical low
pressure impactor plus (ELPI+) in the presence of traffic. With method two, the effective density was
1.45 g/cm? estimated from the size distribution measurements with ELPI+ and fast mobility particle
sizer (FMPS), and 1.35g/cm?® from ELPI+in tandem with SMPS. With both calculation methods, the
effective density varied for conditions with and without traffic, indicating different sources of par-
ticles. The proportion of particles with small sizes (10-660 nm) had a significant effect on the value of
the effective density when no traffic was operating. The responses of different instruments to the rail-
way particle measurements were also compared.
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1. Introduction particles on human health, as well as their concentra-
tion, size distribution, chemical
and morphology.

The effective density, also called apparent density,

As underground railways are one of the major public composition,

transportation choices for an increasing number of
people in most metropolitan areas worldwide, air
quality in underground tunnels is of great concern.
Particulate matter (PM) is one of the main factors
influencing indoor air quality in tunnel environments.
Railway stations in tunnels have been reported to
have higher particle concentrations than those above

is a quantity that reflects the physiochemical proper-
ties of particles (e.g., their bulk density, chemical com-
position, particle shape factor, and porosity). Various
definitions of effective density can be found in the lit-
erature, resulting in different values for a given par-

ground (Kam et al. 2011; Carteni et al. 2015; Cha
et al. 2018a). The railway particles are commonly
characterized as containing metal elements (e.g., iron,
copper, manganese, zinc, and chromium) in a wide
size range. Potential detrimental health effects have
been investigated for long-term exposure to railway
particles (Karlsson et al. 2008; Klepczynska Nystrom
et al. 2010). Characterization of their effective density
is required to properly evaluate the effects of railway

ticle or a given population of particles (DeCarlo et al.
2004). One commonly used definition is the ratio of
mass to apparent volume of the particle, assuming a
spherical particle. In this case, the effective density of
particles is related to their interaction with the sur-
rounding environment and their deposition in the
human respiratory tract (Ristimaki et al. 2002).
Alternatively, the effective density can be estimated by
comparing the size distribution of aerodynamic and
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mobility diameters. Aerodynamic diameter d, is
defined as the diameter of a spherical particle of unit
density (1g/cm’) having the same settling velocity as
the actual particle. Mobility equivalent diameter dj, is
defined as the diameter of a spherical particle having
the same electrical mobility and the same bulk density
as the irregular particle in question (Kumar et al
2010). The effective density links these two types of
diameters in the second definition. For most commer-
cial aerosol instruments, the reported mass concentra-
tions are converted from the measured number
concentrations using effective density. Usually, a unit
density is assumed for simplicity either for the conver-
sion between the particle number and mass concen-
tration or for the estimation of particle deposition in
the respiratory system (Leskinen et al. 2014; Rissler
et al. 2014). These assumptions may lead to incorrect
conclusions.

In addition to studies of specific particles with
given compositions and material densities (Virtanen
et al. 2004; Zelenyuk et al. 2006), effective density has
also been used to characterize different types of aero-
sol particles with heterogeneous components. For
example, wood combustion particles were character-
ized using APS-SMPS (aerosol particle mass analyzer
and a scanning mobility particle sizer) (Leskinen et al.
2014); diesel exhaust was studied with ELPI-SMPS
(electrical low pressure impactor and SMPS)
(Virtanen et al. 2002), and with DMA-CPMA (differ-
ential mobility analyzer and centrifugal particle mass
analyzer) in terms of the size resolved effective density
(Olfert et al. 2007; Quiros et al. 2015); wear particles
generated from car brake materials were investigated
with ELPI-FMPS (ELPI and fast mobility particle
sizer) (Nosko and Olofsson 2017). Ambient air par-
ticles have been measured with DMPS-MOUDI (dif-
ferential mobility particle sizer and micro-orifice
uniform deposit impactor) (Hu et al. 2012) using
DMA-APM (DMA and aerosol particle mass analyzer)
(Rissler et al. 2014), and with DMA-UFATOFMS
(DMA with ultrafine aerosol time-of-flight mass spec-
trometer) (Spencer et al. 2007). These studies using
different methods reported different values for differ-
ent aerosols, but the common factor is that the effect-
ive density was related to particle origin
and morphology.

In a railway tunnel environment, aerosols are a
complex mixture of particles from the outdoors,
mechanical wear particles from train components
(e.g., wheel-rail, wheel-brake, and pantograph catenary
or third-rail systems), re-suspension dust, and passen-
ger-induced particles. Thus, the properties of railway
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particles can be different from those of other types of
aerosols. To date, there is no published data on the
effective density of the aerosols in a railway tunnel.
When such information is required for the evaluation
of mass concentration, it is assumed or simply esti-
mated to be 4-5 g/cm3 (Fridell et al. 2010; Cha et al.
2018a). When investigating deposition of subway par-
ticles in the human respiratory tract, a density of
2-3g/cm® was used based on an estimation of the
chemical composition of the aerosols (Martins et al.
2015). In this study, the effective density of the par-
ticles measured in a railway tunnel was evaluated
using two different methods. Method one is defined
by the ratio of mass concentration to apparent volume
size distribution; and method two is based on the
comparison of aerodynamic and mobility diameter
size distribution measurements.

2. Methodology

2.1. Algorithm for the estimation of
effective density

2.1.1. Approach 1, using mass and number concen-
tration measurements

A common definition of the effective density p, of
a single particle is the ratio of the particle mass
and apparent volume, assuming a spherical particle
(Pitz et al. 2003; DeCarlo et al. 2004). Instead of
measuring single particles, we measured particle
populations  with measurements  of
mass concentration and number concentration, as
other authors have done (Pitz et al. 2003; Nosko
and Olofsson 2017). We calculate the effective dens-
ity as the ratio between the particle mass concentra-
tion and the apparent volume concentration
calculated from the number concentrations, assum-
ing the particles to be spherically shaped, using the
following equation:

simultaneous

m
Pe= "2 (1)
§ X 2 mD;

where m is the mass concentration measured with a
TEOM; D; is the midpoint size (aerodynamic diameter
in this study) of stage i of the instruments (an ELPI
and an APS in tandem with a SMPS), and #; is the
number concentration at that stage. The expression of
the numerator (7/6 x Y mD?) is particle apparent
volume concentration (Pitz et al. 2003). Only PM10
values from TEOM are available for this study.
Hence, the effective density calculated here is an aver-
age value for particle sizes up to 10 pm.
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2.1.2. Approach 2, using mobility and aerodynamic
distribution measurements

An alternative estimate of effective density can be per-
formed by taking simultaneous measurements with
mobility and aerodynamic instruments. The theory is
described in DeCarlo et al. (2004). The connection
between effective density p,, mobility equivalent diam-
eter dp, and aerodynamic diameter d, is shown in the
following equation (Kelly and McMurry 1992)

daZCC(da)po = deCC(db)pe (2)

where C, is the slip correction factor of the correspond-
ing particle size, and p, is the unit density. The effective
density p, is affected by the particulate shape factor y
and the bulk density Pp (Ristimaki et al. 2002).

Effective density can be obtained from Equation (2)
either by simultaneously measuring the vacuum aero-
dynamic and mobility diameters of the target particles
(Dinar et al. 2006; Spencer et al. 2007) or by simultan-
eous measurements of the mobility and aerodynamic
size distributions (Ristimaki et al. 2002; Virtanen et al.
2004; Nosko and Olofsson 2017). In the current study,
the aerosol in question was measured by combining
number concentrations obtained from mobility instru-
ments (FMPS and SMPS) and an aerodynamic instru-
ment (ELPI+). The method used to determine the
effective density here is the same as that used by
Ristimaki et al. (2002), Virtanen et al. (2004), and
Nosko and Olofsson (2017). In the calculation intro-
duced by those authors, the effective density can be
obtained by fitting the mobility size distribution to
the aerodynamic size distribution. Specifically, the
ELPI+ measures real-time number concentration and
aerodynamic size distribution. The particles are first
charged in a corona charger, with charge depending
on the mobility diameter of the particles. The charged
particles are then classified according to aerodynamic
diameter into 14 impactor stages (n=14). The elec-
trical current I; (i=1, 2..., 14) carried by the charged
particles at each stage can be measured by a multi-
channel electrometer. Meanwhile, the number of
mobility size distributions #(d)) are measured using
mobility instruments, an FMPS and an SMPS. With
the help of kernel functions, the simulated electrical
current I; can be calculated from the measured
mobility size distribution n(d;), as outlined in the cal-
culation procedure given below.

First, by multiplying with the charger efficiency
function E., of ELPI+, the current distribution can be
calculated as a response function of the number size
distribution n(dp) using Equation (3). It is assumed
that the ELPI+ charger efficiency function Egy is also

a function of the mobility diameter d, and can be
expressed as Eg,(dp) (Virtanen et al. 2004).

i(dp) = n(dp) - Eqn(dy) 3)

The calculated current distribution function i(d}) is
then passed through ELPI+ impactor kernel functions
to simulate the particle collection in the impactor
(Ristimaki et al. 2002). The simulated electrical cur-
rent at each stage can be obtained from a set of inte-
gral equations in the interval (minimum dj,
maximum d,) with the help of the kernel functions,
as in the equations given below:

maxy

Igi = J ! ki(db,pe) . l(db)ddb,l = 1, 2..., n (4)
mindb

where k;(dy, p,) are the kernel functions, which are

functions of particle size and effective density and can

be calculated from the collection efficiency functions

using the following equations (Marjamaki et al. 2005):

n+1

ki[dlﬂpe] = Ei[db7pe] H (1 - E][dbv pe})v i= 17 27 ey n—1
j=i+1
ki[db7pe] = Ei[db7pe]7 i=n

(5)

The collection efficiency functions E;[dy, p,] for
each stage depend on the aerodynamic particle size
(Marjamaki et al. 2005). Therefore, the aerodynamic
particle size needs to be converted to the mobility
equivalent size using Equation (2).

The last step in the method is to minimize the error
¢ between the simulated I; calculated from Equation
(4), and the directly measured currents I; in the
ELPI + for each stage. By varying the p, value, the error
¢ can be minimized. The density yielding the minimum
error ¢ is accepted as the effective density of the studied
particles, in other words, p, = p,|, - With this
approach, the effective density is an average value for
the particle sizes in the interval of (minimum dj,, max-
imum dp), with the assumption of steady sources for
the particles being studied. This means that the effective
density obtained with this approach covers the particle
sizes depending on the measurement range of FMPS for
the ELPI - FMPS method, or SMPS for the ELPI —
SMPS measurement. Methods that are commonly used
for the fitting here include a cost function and least
squares approach (Ristimédki et al. 2002; Nosko and
Olofsson 2017). In this study, a least squares approach
was used to calculate the error &:

n I L\’
P si N i (6)
,; <271 I > 11)
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Figure 1. Deviation error ¢ as a function of density p.

Figure 1 presents an example of the result as a
function of varying the density by fitting FMPS with
ELPI+. It can be seen that the calculation converges
with only one minimum error value. The resulting
simulated current from the measurements with FMPS
and SMPS is compared to the current measured dir-
ectly with the ELPI in Figure 2. Since the simulated
current is a function of the mobility diameter meas-
ured with the FMPS or SMPS, the data for the sizes
larger than the detection upper limits of those instru-
ments are approximately zeros. It should be noted
that normalized responses were used in the fitting
procedure in Figure 2 in order to exclude the effect of
experimental errors between the instruments mainly
due to differences in the flow rates (Ristimaki
et al. 2002).

2.2. Field measurements

2.2.1. Measurement instruments

2.2.1.1. Particle mass concentration. A tapered elem-
ent oscillating microbalance (TEOM from Thermo
Fischer Inc., Waltham, MA, USA) equipped with a
PM10 inlet was used to determine PM10 level (mass
concentration of particles of 10um aerodynamic
diameter and less) every 1min. The sample flow rate
was set to 3L/min. The TEOM is a gravimetric-based
method of directly measuring particle mass concentra-
tion. It was equipped with a filter dynamics measure-
ment system (FDMS) to reduce mass loss if the
particles are composed of volatile components.
According to the manufacturer, the minimum detec-
tion limit is 5ug/m3. For PM10 measurement, the
TEOM has been approved by the United States
Environmental Protection Agency (USEPA) with an
accuracy of 10% (Cowen et al. 2001; Alberta
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Figure 2. Measured ELPI current (red rectangles) compared to
the current response from FMPS (yellow line with triangles)
and SMPS (blue line with circles); the biggest peak is at
around 0.2 pum.

Environment 2009). According to a Swedish standard
on measuring systems (Svensk standar 2014), the
TEOM is reliable that different pieces of TEOM gives
stable performance with only a few percent deviation
between each other.

2.2.1.2. Particulate number size distributions.
Particle number size distribution was measured using
aerodynamic and mobility instruments. The aero-
dynamic measurement was done with an electrical low
pressure impactor (Dekati ELPI4) and an aerodynamic
particle sizer (TSI APS 3321). Simultaneously, mobility
measurements were performed with a fast mobility par-
ticle sizer spectrometer (TSI FMPS 3091) and a scan-
ning mobility particle sizer (TSI SMPS 3080,
combining an electrostatic classifier with a condensa-
tion particle counter CPC).

The ELPI+ measures real-time number concentra-
tion and size distribution for particles between 6 nm
and 10 pm in aerodynamic diameter. Thus, in the
tandem measurement with TEOM, the effective dens-
ity can be estimated for the size range of
6nm-10 pm. The measured particles are first charged
in a corona charger, with charging depending on the
mobility diameter of the particles. The charged par-
ticles are then classified according to the aerodynamic
diameter into 14 impactor stages, and then are col-
lected on those stages for chemical analysis.
The electrical current carried by the charged particles
at each stage can be measured by a multi-channel
electrometer. Finally, particle number concentration
and size distribution are calculated from the measured
current. In order to prevent particle bounce and
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blow-off, all filter substrates were coated with DS-515
grease spray before impactor measurements. The sam-
pling flow rate was set to 10L/min with a time reso-
lution of 1min. Unlike the ELPI+, the APS counts
single particles and classifies their sizes based on the
time-of-flight for transport between two laser beams.
Due to inertia, particles with small aerodynamic dia
meters accelerate faster than larger particles and thus
have shorter time-of-flight. The APS enables the
measurement of particles in a wide aerodynamic
diameter size range of between 0.523 and 14.86 pm in
up to 48 channels. The combination of APS with a
mobility instrument is commonly used to also cover
ultrafine particles below 0.5 pm, for example using
APS + TDMPS (Pitz et al. 2008; Hu et al. 2012), or
APS + SMPS (Khlystov et al. 2004). In our study, the
APS was used in combination with an SMPS to cover
particle sizes of 0.015-9.65 pum.

The FMPS measures particles with a mobility diam-
eter size between 6 nm and 523nm in 32 size chan-
nels, while the SMPS measures particles of mobility
diameter size between 10nm and 660nm with a
higher size resolution up to 107 size channels. With
the SMPS, particles are first classified and separated
according to their mobility in an electric field pro-
duced by the electrostatic classifier and then passed to
the CPC to measure particle number concentration.
The electrical mobility size depends on the particle
cross-section, which for a spherical particle is the
same as the physical size. A single size distribution
was recorded every 2.5min. The sample flow rate was
0.3L/min. Like the SMPS, the FMPS spectrometer
classifies particle size based on differential electrical
mobility. The charged particles enter the analyzer col-
umn and are deflected radially outward and collected
on electrically isolated electrodes. The particle number
concentration is then determined by the measurement
of electrical current collected on the electrodes. The
EMPS is a fast-response instrument of the SMPS. It
enables the measurement of a single size distribution
with one-second resolution.

2.2.2. Measurement site and campaign

The stationary measurements were carried out at the
Arlanda Central (Arlanda C) station as part of a
measurement campaign supported by the Swedish
Transport Administration. Arlanda C is a railway sta-
tion completed in 1999 and located directly below
Arlanda Airport in Stockholm, Sweden. The platform
(Figure 3) on which the test apparatus was mounted
lies inside a wide tunnel with an approximate length
of 5000 m. The test instruments were placed at the

Rail .—— Measurement area Platform
lmck\

Figure 3. A diagram of the Arlanda C platform showing the
placement of the measurement instruments.

end of the platform in order to have less influence
from passengers. The tunnel ceiling is about 7.5m
above the platform level. The platform is approxi-
mately 354 m in length and 11 m in width, and is
0.5-1 m above the track level. It separates the two rail
tracks on which southbound and northbound trains
operate everyday. The traffic passing through this tun-
nel is a mix of different types of electric trains. They
are all powered by electrical pantograph-catenary sys-
tems. The brake systems used by most of those trains
are disc brakes combined with electric braking.
Normally disc brakes are the main braking system at
speeds of 30 km/h and slower. Note that there are still
type of locomotive train sets that do not use electric
braking but instead combine disc brakes and block
brakes. The main brakes on the locomotives are disc
brakes, but block brakes can also be used for drag
braking, in which a small constant load is applied to
clean and roughen the wheels during periods of low-
adhesion or to control the train speed when going
downhill. There were no mechanical ventilation and
equalization shafts on the platform at Arlanda C sta-
tion. More details on the measurement site can be
found in Cha et al. (2018b) and Gustafsson et al.
(2016, 2017).

For the purpose of determination of effective dens-
ity, an intensive stationary measurement was carried
out firstly with different types of instruments covering
aerodynamic, mobility, and gravimetrical measure-
ments, over 24h (from 20:00 on 31 January 2013 to
08:00 on 1 February 2013), at the Arlanda C station.
Aerodynamic measurements were taken with an
ELPI+and an APS and mobility measurements with
an FMPS and an SMPS, while PM10 was determined
with a TEOM, as detailed above. All of those instru-
ments were placed in the measurement area in
Figure 3 with the protection of guard fence. Separate
inlets were used for every single device, but all of
those inlets were placed at the same altitude with a
height of about 1.5 m away from the platform floor.
Additionally, in order to investigate the daily variation
of the effective density, the APS, SMPS, and TEOM
measurements were continued from 1 February 2013
until 11 February 2013. During the whole



measurement campaign, the TEOM, ELPI4, and
FMPS data were recorded every 1min, and the time
resolution of the APS was 20s the SMPS was 2.5 min.

2.3. Data quality and uncertainty

Errors may arise from various sources of uncertainty.
There were three types of uncertainties in this study:
Uncertainty 1 relates to the efficiency of the instru-
ments used to generate the data. Uncertainty 2 is
associated with the measurement conditions (e.g.,
humidity, temperature, pressure, and aerosol type
monitored). Uncertainty 3 is produced in the calcula-
tion due to simplifying assumptions; for example, the
aerosol source was assumed to be steady for each case
and thus the effective density was calculated as an
average value independent of particle diameter size. In
addition, the use of aerodynamic diameter in the cal-
culation in Equation (1) may result in underestimates
of the effective density due to larger sizes of aero-
dynamic diameter than real particles. Since many of
these uncertainties may affect the accuracy of the
effective density, the result should be considered care-
fully with due regard for the measurement sys-
tems used.

To maintain the accuracy of the instruments within
acceptable limits, the TEOM was calibrated according
to manufacturer-provided calibration procedures. The
ELPI+ was calibrated about 2 months before this
study according to the manufacturer’s standards. The
APS and SMPS were size calibrated by using polystyr-
ene latex (PSL) aerosols by the manufacturer. The
FMPS was calibrated according to the manufacturer
in the factory and it did not permit self-calibration for
sizing by changes to any settings of the device. Before
the start of the measurements, a set of cleaned filters
were prepared for the ELPI impactor. The impactor
and charger needles of the FMPS were cleaned as rec-
ommended by the manufacturer. All of the size spec-
trometers (APS, SMPS, FMPS, and ELPI+) were zero
calibrated, and the detection signals were checked
carefully to ensure the validity of the measurements.
More than 95% of the data were able to be used to
determine the hourly averaged effective density. The
outliers (<1%) occurred near the detection limit of
the TEOM (<5 pg/m’) and were regarded as invalid.

2.4. Morphology characterization

Particles collected on the size-resolved filters of the
ELPI + were further analyzed with scanning electron

microscopy  (SEM)  and  energy  dispersive
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spectrometers (EDs). All samples were gold sputter
coated to be prepared for the analysis. A conventional
high-vacuum electron microscope was used for the
SEM observations. The accelerating voltage was set to
15keV. Other observation conditions such as beam
current and magnification were selected based on the
specific requirements for different sized samples.

3. Results

3.1. Effective density of the particles by
approach 1

The effective density p,, was firstly determined with
Equation (1) by using the measurement data of mass
concentration m (from TEOM) and number size dis-
tributions n; and D; (from the combination of
APS + SMPS). The daily pattern of the effective dens-
ity is shown in Figure 4. A mean value of 1.81g/cm’
was observed for the whole period (31 January to 11
February), with some values going down to as small as
around 0.9 g/cm® or up to as large as about 3.0 g/cm”.
The value was relatively stable during traffic oper-
ation, with a level of 1.87+0.22g/cm’ (mean * stan-
dard deviation). Note that the values from the
occasions with no traffic in operation show a large
deviation from the average level. The results were
also strongly influenced by the quantity of small par-
ticles measured with the SMPS (10-660 nm). When
there was no traffic, the small particles accounted for
about 0.7-0.85 of the total population of the particles
in volume concentrations for most days, as can be
seen in Figure 4 (red line without circles) with
respect to the proportion of small particles
(10-660nm) out of the total (10nm-10pum).
Similarly, the amount of larger particles measured
with the APS dropped remarkably (Figure SI).

For comparison purposes, the effective density was
evaluated simultaneously by TEOM-ELPI+ and
TEOM-APS + SMPS for the measurements conducted
between 20:00 on 31 January 2013 and 08:00 on
1 February 2013. The mobility diameter for the SMPS
measurement was converted to aerodynamic diameter
by using an effective density of 1.35g/cm’ calculated
using approach 2 (Table 1). Thus, a size range of
aerodynamic diameter between about 0.01 and 10 um
was covered for both the ELPI and the combination
of APS with SMPS. Figure 5 shows the resulting esti-
mated effective density. An average value of 1.93g/
cm® was obtained from the TEOM-APS -+ SMPS,
which is about twice the value calculated from the
measurements with TEOM-ELPI+ (0.99 g/cm3). A
peak was observed in the time interval of 02:00-03:00
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Figure 4. Hourly average effective density evaluated from the measurements by TEOM with APS + SMPS (black line with circles),
and the proportion of small particles (10-660 nm) in volume concentration (pm3/cm3) measured with the SMPS to the total par-
ticle volume concentrations in the sizes of 0.01-10 um with APS + SMPS (red line without circles). Grey bars represent the period

without traffic operation between 00:00-06:00 each day.

Table 1. The effective density of the railway particles meas-
ured at Arlanda station using approach 2, with conditions
with traffic (20:00-00:00) and without traffic (03:00-06:00) cal-
culated separately.

Instruments Diameter size (um) Particle density g/cm3
ELPI, FMPS 0.006-0.523 (dp) 1.45 (with traffic)
1.25 (no traffic)
ELPI, SMPS 0.015-0.66 (dp) 1.35 (with traffic)
1.64 (no traffic)
35 —e—TEOM - APS+SMPS ~ —#—TEOM - ELPI
3 Mean = 1.93 g/em?®
gz.s
=
H
o 15
5
g1
=
0.5
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Figure 5. Hourly effective density of particles at Arlanda sta-
tion on 1 February 2013, calculated from the measurements
with TEOM-ELPI (mean value of 0.99g/cm® and with TEOM-
APS + SMPS (mean value of 1.93 g/cm?)

for both when there was no traffic operating. The
whole measurement period was divided into four time
intervals  (20:00-00:00;  00:00-03:00;  03:00-06:00;
06:00-08:00) to correspond to conditions with traffic,
the transition from traffic to no traffic, a steady period
without traffic, and a transition period from out of
service to in service. The corresponding effective den-
sities for these four intervals were calculated separately
and are summarized in Table 2. Factor 1 is the effect-
ive densities for the measurement by TEOM with
APS 4 SMPS, and factor 2 represents the values calcu-
lated from TEOM-ELPI + measurements.

Table 2. Average effective density for four time intervals for
measurements with TEOM-APS 4 SMPS and TEOM-ELPI.

Time interval Factor 1: TEOM-APS + SMPS Factor 2: TEOM-ELPI
20:00-00:00 1.88 1.20
00:00-03:00 2.41 1.28
03:00-06:00 1.74 0.49
06:00-08:00 1.69 0.95
Average 1.93 0.99

3.2. Effective density of the particles determined
with approach 2

Due to the interest in characterizing small particles,
approach 2 was utilized to evaluate the effective dens-
ity of those small particles. In the size range of
0.006-0.523 pm, ELPI + was used in combination with
FMPS, and in the size range 0.015-0.66 pm,
ELPI+was used in tandem with SMPS. Since the
results using approach 1 showed that the values for
effective density varied between times with and with-
out traffic, these conditions were investigated separ-
ately using approach 2. Times between 20:00-00:00
and 03:00-06:00 were chosen to correspond to the
two conditions. The estimated values of the effective
density are summarized in Table 1. With traffic, the
effective density was 1.45g/cm’ for particle sizes of
0.006-0.523 pm of mobility diameter. It appeared to
be slightly lower (1.35g/cm’) when a wider size range
was covered with the SMPS. In contrast, it was greater
with ELPI-SMPS (1.64g/cm3) than with ELPI-FMPS
(1.25 g/cm®) for conditions without traffic. This result
can be interpreted by considering the size distribu-
tions for the two conditions (Figure S2): the propor-
tion of larger particles is much greater with traffic
than without traffic for measurements with SMPS.
This will be discussed later.
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3.3. Fitting of the measurements

Figure 6 shows the PM10 levels for the measurements
with different instruments. Since a unit density is
commonly used for many instrument measurements
(Leskinen et al. 2014; Rissler et al. 2014), for compari-
son purposes the PM10 values for the measurements
with ELPI+and with APS+ SMPS were first calcu-
lated based on unit density. The results are shown in
Figure 6a. It can be seen that the ELPI result shows
good agreement with the gravimetrically determined
PM10 with the TEOM, although a slight underestima-
tion can be observed. A correlation coefficient value
R*>=0.89 was obtained. Detailed results of the linear
regression analysis are shown in Figure S3. The ELPI
measured PM10 was about 0.7-1.0 of the TEOM lev-
els for the case with traffic operation. The APS com-
bined with the SMPS underestimated even more of
the mass concentration, with a proportion of about 0.
4-0.7 of the TEOM PMI10. A strong correlation
between the APS+ SMPS and the TEOM result was
also observed (R*=0.89). The R> values were
increased if the effective densities were used for
the calculation instead. Values of R*=0.91 were
found when comparing ELPI to TEOM, and R*>=0.92
when comparing APS+ SMPS and TEOM. Figure 6b
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shows the recalibrated result. Factor 1 and factor
2 used in the recalculation are the values of
effective density estimated in Section 3.1 presented
in Table 2.

The average particle volume and number size dis-
tributions are shown in Figures 7a and b, representa-
tively, as a function of aerodynamic diameter for the
case with traffic (20:00-00:00). For volume concentra-
tion, good agreement was noted between 40 nm and
1.95um for all the instruments, with the exception of
the smallest size channel of APS. Below 40nm, the
FMPS and SMPS agreed with each other, but a higher
level was detected with the ELPI. Above 1.95 um, the
APS measured lower concentrations than the ELPI
did. For the number distribution, Figure 7b, a uni-
modal distribution was observed for the APS, a
bimodal distribution for the SMPS and ELPI measure-
ment, and a trimodal distribution for the FMPS.

4. Discussion

The effective density reflects the composition of par-
ticles and their shape factor. It is thus affected by the
processes that influence at least one of these aspects.
The PM in a railway system differs significantly from

——TEOM
—o— APS+SMPS, unit density
——ELPIL unit density

F

01/02/2013 04:48 01/02/2013 09:36

——TEOM
—o—(APS+SMPS)*factor 1
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Figure 6. PM10 values for the measurements performed with TEOM, APS, and ELPI: (a) assuming a density of unit (1 g/cm3) for
the measurements with APS+SMPS and with ELPI and (b) recalculated using the effective densities in Table 2 for ELPI

and APS + SMPS.
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Figure 7. Comparison of volume (a) and number (b) size dis-
tributions of aerodynamic diameter size d, for the measure-
ments by ELPI, FMPS, SMPS, and APS. The effective density
used for the conversion from mobility diameter to aero-
dynamic diameter for the FMPS and SMPS data is 1.45 g/cm’
and 1.35 g/cm?, respectively.

an ambient aerosol or diesel exhaust soot in terms of
the chemical composition, owing to the different con-
tributing sources. Emission sources of railway aerosol
mainly include mechanical wear processes of metal
parts, outdoor particles due to air exchange or wind
effect, and resuspension dust due to the moving of
trains and passengers (Brani 2006; Kim et al. 2008;
Cha et al. 2018b). Owing to significant contribution
from the wear of metal parts, railway aerosols are
commonly characterized by an enrichment of metals
(e.g., Fe, Mn, Cr, Ba, Cu, Zn, Ni, Mo, and so on)
used in the production of rails, wheel, brakes, and
electrical power supply systems. In terms of the shape
or structure of the railway aerosol, roughly spherical,
flaky, acicular, and curly crackled slice particles have
been reported from the wear processes of train com-
ponents (Sundh and Olofsson 2011; Liu et al. 2016;
Nosko et al. 2017). An agglomerated form is com-
monly observed in the wear particles. Different chem-
ical compositions and structures of the particles can
result in variations in the effective density. It is

instructive to consider the effect of those parameters
on the effective density.

No published literature can be found on the study
of effective density of railway particles. However,
effective density has been widely investigated for indi-
vidual particles (e.g., NaCl, Ag, and Zn), diesel
exhaust particles, urban atmosphere, and combustion
soot (McMurry et al. 2002; Ristimaki et al. 2002; Park
et al. 2003; Zelenyuk et al. 2006; Khalizov et al. 2012;
Rissler et al. 2014). Diesel emissions, which are char-
acterized by high concentrations of elemental carbon
(EC) and organic carbon (OC), have low effective
density (from ~1.2g/cm’ at 30nm-0.3g/cm’ at
300 nm) (Maricq and Xu 2004). Similar levels (roughly
1g/cm’ for small particles and down to 0.25g/cm” at
400 nm) have been shown for the combustion soot of
wood fuels, which contains high concentrations of
organic aerosol and refractory black carbon (Leskinen
et al. 2014). In a near-traffic urban environment, a
low effective density (~1.3g/cm’) was reported with
high organic content in the particles. A higher value
(~1.4-1.5g/cm’) was reported for periods with higher
concentration of inorganic content (Rissler et al.
2014). In addition to the chemical composition, par-
ticle size and shape also play important roles in the
value of the effective density. For example, different
structures of NaCl particles give different effective
densities (~2.1g/cm® for roughly spherical particles,
1.6-2.0 g/cm® for cubic particles, and 1.2-1.4 g/cm’ for
agglomerated particles) (Zelenyuk et al. 2006). For
agglomerated particles, a decreasing effective density
is commonly obtained as a function of mobility diam-
eter size (Virtanen et al. 2004). Another study on the
effective density of wear particles emitted from car
brake material presents a value of 0.75+0.2g/cm’
(Nosko and Olofsson 2017). Such a low-effective dens-
ity was found to have a stronger dependency on the
shape factor than the porosity factor by subsequent
analysis of cross-sectional images (Nosko et al. 2017).

4.1. Variation of the effective density

The daily pattern of the effective density depends on
the level of particle concentration, which is related to
traffic intensity. A stable level (average+ standard
deviation: 1.87 £0.22g/cm®) was shown with traffic
operational (08:00-00:00, see Figure 4). However,
lower levels were observed from 6-8 February. At that
time, rain and snow events were recorded and precipi-
tation was reported in the VTI report (Gustafsson
et al. 2016). It seems that the suspension of particles
inside the tunnel is affected by the outdoor



meteorological conditions and thus affects the effective
density. The minimum value during the inoperative
period without traffic between 03:00-06:00 seems to
be due to the lack of traffic. No traffic was running in
that period and the corresponding particle level was
dramatically reduced, particularly for particles above
0.6 pm using the APS measurements (Figure S1). The
aerosol was thus dominated by small particles below
0.6 um (Figure 4). An exceptional case occurred on 6
February, when the particle level of large sizes did not
decrease as much as on other days, resulting in an
increased value of the effective density. The reason for
this exceptional case is not clear, but it may be due to
maintenance work in the tunnel. The elements that
occurred most in the aerosol particles measured are
those associated with wear particles from train and
rail metal parts (Fe, Cu, Mn, Cr, Ca, and Zn) in the
mode of around 2.0 um (Figure S4). Although pub-
lished information is limited on the comparison of the
chemical components in railway particles for periods
with traffic and without traffic, those elements in the
mode of around 2pm are expected to dramatically
decrease since the mechanical wear of metal compo-
nents does not occur during the inoperative period.
Railway particles are usually not perfectly spherical.
An example is shown in the SEM image in Figure 8.
They can be flaky, angular, acicular, or roughly spher-
ical. Most of the particles are in the form of agglomer-
ate and may contain inner and outer porosities.
Therefore, their effective density can be underesti-
mated compared to the bulk density or material dens-
ity. With the result of weight% of chemical elements
for area detection with the EDs (Table S1), it is pos-
sible to simply estimate the particle density of the
bulk material by summing up the products of corre-
sponding weight% and the density of each chemical
element (Alemani et al. 2015). Particle density of the
bulk material for a particle size of 200 nm is estimated

100 nm =

x 30,000

AEROSOL SCIENCE AND TECHNOLOGY 895

to be about 2.57 g/cm’. The estimated average effective
density is smaller than this bulk density.

4.2. Comparison between the measurements with
different instruments

In addition to the effect of chemical composition and
particle shapes related to the origin of the particles on
their density, the effective density value may differ if
determined with different algorithms or different
detection systems (DeCarlo et al. 2004). It hence can
be used in return to calibrate mass concentrations of
particles measured with number-based instruments to
obtain comparable levels of the results measured sim-
ultaneously with gravimetrical methods. Commonly
used instruments for field measurements use aero-
dynamic, mobility, optical, and gravimetric techniques.
Although optical measurement were not included in
our study, further studies on effective density involv-
ing the calibration or comparison of optical size meas-
urements to aerodynamic and mobility diameter
measurements would be interesting. In this study, par-
allel measurements were performed with aerodynamic,
mobility, and gravimetrical instruments. When it
came to aerodynamic size distributions and gravita-
tional mass concentrations, similar hourly variations
in the effective density were estimated using the meas-
urements with the TEOM-ELPI and the TEOM-
APS + SMPS, except that the former shows a lower
level than the latter (Figure 5). For the comparison
between aerodynamic and mobility diameter detection
techniques, the fitting of the FMPS to the ELPI gives
a slightly higher value of effective density than that
produced by the comparison between SMPS and
ELPI. To better interpret those results, it would be
beneficial to consider the performance of the different
instruments.

100 nM  —

x 75,000

Figure 8. An example of SEM images of the collected railway particles for diameter sizes of 30nm (left panel) and 200 nm

(right panel).
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4.2.1. Aerodynamic measurements: ELPI vs.
APS + SMPS

The ELPI generally showed good agreement with the
measurement performed with the APS-+SMPS for
particle sizes between 40nm and 2um (Figure 7).
However, this agreement appeared to be poor below
40nm and above 2 pm, which may be due to the dif-
ferent efficiencies of the instrument at these sizes. The
ELPI overestimated the particle concentration at both
ends of the size range compared to the combination
of APS with SMPS, thus resulting in a lower level of
effective density. Similar comparisons have been made
between the ELPI and other instruments for different
particles (Price et al. 2014). Price showed that the
ELPI overestimated the number concentration of TiO,
particles and fumed silica particles at both the lower
and upper ends of its working range, compared to the
measurement with APS combined with SMPS. It has
been reported that the overestimation of particle levels
greater than 2.5pm can be attributed to remaining
uncertainties in regard to the collection of particles
smaller than the cut-off point and the charger effi-
ciency of the ELPI+ (Pagels et al. 2005). In addition,
particle bounce at small size bins has been identified
as causing the increase of particles at the correspond-
ing sizes (Leskinen et al. 2012). On the other hand,
the APS was found to underestimate the concentra-
tion of particles above 4 or 5 pm (Pagels et al. 2005;
Price et al. 2014). The main reason for the underesti-
mation by an APS may relate to its poor performance
with loose agglomerates (Tsai et al. 2009), which are
common in railway aerosols.

4.2.2. Mobility diameter measurements: FMPS

vs. SMPS

The FMPS size distribution measured in this study in
general correlates well with the SMPS (Figure 7), des-
pite the fact that the FMPS is considered to be less
sensitive than the SMPS (Price et al. 2014 and refer-
ence therein). Given the fact that the FMPS measure-
ment is based on unipolar charger and the measured
particle concentration is morphology dependent while
the SMPS is bipolar charger based and is morphology
independent, discrepancies can be expected from the
measurement with the FMPS compared to true par-
ticles or to the SMPS result. For the detection of rail-
way particles in this study, the FMPS estimated a
higher number concentration as compared to the
SMPS (Figure S5). A mode of 34 nm was observed for
both instruments, except that an extra mode around
10nm was shown for the FMPS. Owing to the differ-
ent working ranges for the two devices, more small
particles but fewer large particles can be measured

with the FMPS. As a consequence, the effective dens-
ity calculated based on the FMPS and the SMPS var-
ied (1.45g/cm® for the FMPS and 1.35g/cm’ for the
SMPS for the case with traffic). When there was no
traffic, the effective density decreases with the FMPS
test, but increases with the SMPS. This is due to the
greater number of larger particles above 500nm
detected with the SMPS for the period with traffic in
operation. Those particles (above 500nm) reduced
greatly when there was no traffic and thus led to the
increase in the effective density (Figure S2). Different
from the SMPS result, the particle fraction greater
than 500nm is at the end of the size range of the
FMPS, the reliability would be weaker for the FMPS
measurement at those sizes.

4.2.3. Gravimetrically mass determination: TEOM
The hourly averaged effective density was relatively
steady, with a standard deviation of +0.22g/cm’ for
the periods with traffic (Figure 4). Variations in the
levels for the period without traffic can be traced
back to the effect of instrument noise when the par-
ticle concentrations were near the detection limit of
the TEOM/FDMS system (around or below 5 ug/m3).
Unstable results can also be expected at the transition
period (00:00-03:00 when a decrease in the mass
concentration occurred). An example of the increase
in effective density is shown in Figure 5. It can be
attributed to the automatic adjustment function for
the measurement of mass change with the TEOM/
FDMS system. In other words, when the FDMS
measured a decrease of filter mass during the purging
period (every 6min), the mass decrease was added
back into the mass measurement (Wilson et al
2006). Thus, the decrease in mass concentration
determined with the TEOM/FDMS was slower than
the decrease in the number concentration measure-
ments by the APS+4+SMPS or by the ELPL
Consequently, an increase in the effective density
was obtained.

4.3. Comparison of the average value to other
studies with same instrument

Since effective density is related to particle source,
morphology, and determination methods, difficulties
arise when comparing values in different studies. To
the best of our knowledge, no similar studies have
been carried out elsewhere to investigate the effective
density of particles in a railway tunnel environment.
Instead, most of the literature focuses on the urban
environment and diesel emissions. When comparing
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our results to those from studies using the same meas-
urement system, the effective density of railway par-
ticles is found to be higher than that measured for
urban environments, and even higher than that meas-
ured for diesel exhaust. It was found that the urban
atmosphere (in Pittsburgh, PA, USA) had an effective
density of 1.5+0.26g/cm’ determined with TEOM -
APS + SMPS (Khlystov et al. 2004), while an average
diurnal value of 1.87+0.22g/cm® is achieved in our
study with the same instruments. With the method
comparing ELPI with SMPS, the aerosol in a boreal
forest environment was found to have an average
density of ~1.0g/cm’ (for particles in the size of
30-100nm) (Kannosto et al. 2008). Diesel exhaust
particles were estimated to have a density of 1.1-1.2 g/
cm® (Virtanen et al. 2002) compared to ~1.35 g/cm3
for the particles characterized by inorganic metals
from railway particles in our study. Different chemical
components could be the reason for the differences in
the values of the effective density for the differ-
ent aerosols.

5. Conclusion

The effective density of aerosol particles in an under-
ground railway tunnel was investigated using two differ-
ent methods. Method one is based on measuring mass
concentration in tandem with number size distribution
measurements, while method two is based on the com-
parison of simultaneous aerodynamic and mobility
measurements. Different results were found for the dif-
ferent methods. Deviations even arise when using the
same algorithm but different combinations of instru-
ments, owing to their different performance as regards
working size ranges. In spite of this, similar diurnal vari-
ation in the effective density was found using method
one measured by different instruments. The values of
the effective density were found to be traffic-related. A
relatively steady value (1.87+0.22g/cm’) was obtained
for the period with traffic operation, while the value
fluctuated dramatically (between 0.9 and 3 g/cm®) when
there was no traffic.

In addition, the measurement of railway particles
with different techniques (aerodynamic, mobility, and
gravimetric) was compared with respect to the per-
formance of the instruments.
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Nomenclature

d: diameter

i: current (continuous)

k: kernel function

m: mass concentration

n: number concentration

p: density

& error

1 shape factor

D: midpoint size

E: collection efficiency

I current (discrete)

Ca slip correction factor

E.: charger efficiency

APM aerosol particle mass analyzer

APS: aerodynamic particle sizer

CPMA: centrifugal particle mass analyzer

DMA: differential mobility analyzer

ELPI+: electrical low pressure impactor plus

FMPS: fast mobility particle sizer

SMPS: scanning mobility particle sizer

TEOM: tapered element oscillating microbalance

UFATOFMS: ultrafine aerosol time-of-flight mass
spectrometer

Subscripts

a: aerodynamic

b: mobility equivalent

e: effective

i stage number

p: particle

s: simulated

0: unit
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