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ABSTRACT
Differential mobility analyzers (DMAs) are widely used to determine the size of aerosol particles, and
to probe their size-dependent physicochemical properties when two are employed in tandem. A
limitation of tandem DMA (TDMA) systems is their long measuring cycle when the properties of
more than one monodisperse population of particles need to be probed. In this work, we propose a
simple modification of the classical cylindrical DMA by including three monodisperse-particle
outlets in its central electrode (namely, the 3MO-DMA), with the objective of using it as the first
DMA in TDMA systems for reducing their measuring cycle. The performance of the 3MO-DMA at
different flow conditions was evaluated using laboratory-generated aerosol particles, and compared
with theoretical predictions. The theory predicted accurately (i.e., within 3%) the geometric mean
diameters of the three distinct populations, as well as the resolutions of the first and the third outlet,
under all experimental conditions. For the second outlet, the resolution was 10% to 74% lower than
that predicted theoretically depending on the sheath-to-aerosol flow ratio. Nevertheless, the
geometric standard deviation of the monodisperse aerosol from all the outlets was less than 1.09,
which is sufficient for using the 3MO-DMA designed and tested in this work as a first DMA to
produce a monodisperse aerosol flow containing three distinct particle populations in TDMA systems.

EDITOR
Kihong Park

1. Introduction

Particle size is a key parameter to understanding the pro-
cesses through which atmospheric aerosols can affect
human health and climate. The size of the particles in
the breathing air, for instance, defines their deposition
efficiency in our respiratory systems (Schlesinger 1985).
In addition, it affects the ability of aerosols to scatter and
absorb incoming solar radiation, which in turn defines
the visibility and radiative properties of the atmosphere
(Haywood and Boucher 2000). The size of atmospheric
particles can also affect their ability to act as cloud con-
densation nuclei, thus changing the cloud properties and
indirectly affecting climate at a local, regional, and global
scale (Ogren and Charlson 1992). Measuring the vari-
ability in the size of atmospheric particles is therefore of
primary importance for understanding their environ-
mental impacts (McMurry 2000).

Early methods for sizing aerosol particles were based
on size-dependent properties such as their diffusivity
(for small particles) and inertia (for large particles). For
example, diffusion batteries are used for classifying sub-
micron particles (Cheng and Yeh 1980), while impactors
(Marple 1970) and cyclones (Leith and Mehta 1973) are
employed for segregating particles having sizes in the
micron range. While simple and easy to construct,
deploy, and maintain, these instruments exhibit limited
resolution and measureable particle size range. The dif-
ferential mobility analyzer (DMA; introduced by Hewitt
1957, and further developed by Knutson and Whitby
1975), on the other hand, provides a significant advan-
tage in sizing resolution and extends the range of particle
sizes that a single instrument can classify. DMAs, how-
ever, are more complex classifiers that exploit the motion
of charged particles in a flowing aerosol under a well-
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defined electric field for determining their electrical
mobility and thus their size.

Despite being more complex in design and construc-
tion than diffusion batteries and inertia classifiers,
DMAs are the most effective tools for sizing aerosol par-
ticles. The most popular DMA design consists of two
concentric cylindrical electrodes between which a high
potential difference is applied to establish an electrostatic
field. A particle-free sheath flow is introduced between
the two electrodes, while charged polydisperse aerosol
particles are introduced at the inner circumference of the
outer cylindrical electrode. Depending on their electrical
mobility, particles land at different positions along the
inner electrode. Particles having electrical mobilities
within a very narrow range exit the classifier through a
monodisperse outlet slit located at a distance L down-
stream of the polydisperse aerosol inlet.

For a specific DMA design, the range of particle mobi-
lities in the monodisperse flow depends on the operating
conditions (i.e., flow rates and applied voltage between
the two electrodes). The probability of particles coming
through the inlet of the DMA to exit in the monodis-
perse flow under specific operating conditions is
described by its transfer function. For large particles the
transfer function can be derived from their deterministic
trajectories inside the classification zone of the DMA
(Knutson and Whitby 1975), whereas for smaller par-
ticles the effect of Brownian motion has to be taken into
account (Stolzenburg 1988).

DMAs are employed in systems that measure the size
distribution of particles by either step-increasing (Differ-
ential Mobility Particle Sizer, DMPS; Keady et al. 1983)
or continuously scanning the potential difference
between the two electrodes (Scanning Mobility Particle
Sizer, SMPS; Wang and Flagan 1990). In addition, they
are used in tandem (i.e., tandem DMA systems; Rader
and McMurry 1986) for probing size-dependent proper-
ties of aerosol particles such as hygroscopicity (Bezanta-
kos et al. 2013), volatility (Giamarelou et al. 2016), and
charge probability (Biskos et al. 2005).

Several DMA designs have been proposed to cover a
variety of requirements and applications. The classical,
cylindrical, long DMA (TSI Model 3081 Long DMA),
which was based on the design proposed by Knutson
and Whitby (1975), can in principle classify particles
having diameters down to ca. 5 nm. Increased particle
diffusivity and losses on the walls, however, diminish
their performance in terms of resolution and transmis-
sion for particles smaller than ca. 10 nm. To improve the
resolution and reduce the diffusional losses of sub-10-
nm particles, Chen et al. (1996; 1998) developed a short
cylindrical DMA, which has also been commercialized
by TSI (Model 3085 Nano DMA). Classification of sub-

10-nm particles and atomic clusters with even higher res-
olution and transmission efficiency than that of the Nano
DMA, have also been possible using high flow DMAs (de
Juan and de la Mora 1998; Santos et al. 2009; Attoui et al.
2013; de la Mora and Kozlowski 2013; Maisser et al.
2015).

In contrast to the cylindrical design, radial DMAs that
have been proposed in the 90s (Zhang et al. 1995; Mes-
bah et al. 1997) have higher penetration efficiency and
resolution for particles ranging from 5 to 20 nm in size,
and are typically more compact and portable. In an
attempt to make DMAs even more portable and easier to
build, Barmpounis et al. (2016) proposed new
manufacturing methods (using mold casting or 3D print-
ing) for building their main body out of polyurethane or
other polymers, resulting also in a significant reduction
in their manufacturing cost and weight without sacrific-
ing the classification capabilities when compared to their
metallic counterparts. Such DMAs can open the way for
widespread use in monitoring using ground stations and
airborne platforms such as balloons and drones, thereby
providing adequate amount of spatially distributed
measurements for better understanding the environment
impacts of airborne particles.

With the objective to reduce the time needed for
scanning over the different conditions to determine the
size distributions of aerosol particles with SMPS or
DMPS systems, Chen et al. (2007) designed and charac-
terized a DMA with three monodisperse-particle outlets
located along the outer cylinder. Results from that study
were used to validate the theoretical transfer function
for DMAs with multiple monodisperse outlets (i.e.,
MMO-DMA; Giamarelou et al. 2013). Apart from being
used as a classifier in DMPS or SMPS systems, an
MMO-DMA can also serve as a first DMA in TDMAs.
The advantage of doing so is that it can allow simulta-
neous measurements of the properties of distinct mono-
disperse particle populations from the sampled
polydisperse aerosol, thereby reducing significantly the
measuring cycle of the system. Using the 3MO-DMA
design proposed by Chen et al. (2007) (i.e., with the
monodisperse outlet slits along the outer electrode) as
the first DMA in TDMA configurations, however,
would require the use of three single-monodisperse-out-
let DMAs and an equal number of condensation parti-
cle counters (CPCs; Agarwal and Sem 1980)
downstream each monodisperse-particle outlet, leading
to an expensive and bulky system.

Here, we describe a simple modification of a classical
cylindrical DMA (i.e., the TSI 3081 DMA) by including
three monodisperse outlets along its central electrode.
The resulting DMA (namely, the 3-monodisperse-outlet
DMA; 3MO-DMA) yields a single aerosol flow including
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three distinct populations of monodisperse particles,
which makes it ideal for use as a first DMA in TDMA
systems. The performance of the 3MO-DMA is tested
under different operating conditions (i.e., flows and vol-
tages) and compared with predictions using the transfer
function provided by Giamarelou et al. (2012).

2. Experimental

2.1. Design of the 3MO-DMA

The 3MO-DMA described here was designed with the
objective to use it as the first DMA (DMA-1) in a
TDMA system. The classifier was a modified TSI 3081
DMA in which we replaced the inner electrode with
one that includes three monodisperse-particle outlet
slits. As a result, all three monodisperse particle popula-
tions were included in one flow, i.e., the monodisperse
outlet flow of the TSI 3081. The position of each mono-
disperse slit along the inner electrode was selected so
that particles classified through adjacent outlets differ in
diameter by at least a factor two for the typical operat-
ing sheath flow rates (3–15 lpm) at a nominal pressure
of 1 atm and temperature of 25�C. For example, when
the 3MO-DMA is operated with a sheath flow of 3.0
lpm, an aerosol flow of 0.3 lpm, and a potential differ-
ence of 2 kV between the two electrodes, the midpoint
mobility diameters of the particles classified through the
outlets starting from the one closest to the inlet are
34.7, 99.8, and 248 nm (see the discussion further
below). This feature is necessary for distinguishing

particle populations of different hygroscopic properties
as their size distributions measured by a second single-
monodisperse-outlet DMA (i.e., DMA-2, operated at a
scanning mode) will not overlap even if their hygro-
scopic growth factors are up to ca. 2 when exposed to
typical operating relative humidity (RH) conditions of
hygroscopic TDMA systems (i.e., in the range of 90%).

Figure 1 provides a schematic layout of the 3MO-
DMA including the details of the inner electrode and the
resulting particle size distributions upstream the inlet
and downstream each of the three monodisperse-particle
outlets. The top part of the inner electrode, which
includes the sheath flow inlet, the threads for connecting
the inner electrode to the main body of the DMA and
the connection to the high voltage cable, was the same
as that of the TSI 3081 Long DMA. The inner electrode
was made out of a hollow tube having wall thickness of
3 mm and an outer radius of 10 mm (instead of
9.37 mm of the original TSI design). The three monodis-
perse outlet slits were located at 14.3, 95.0, and 397 mm
downstream of the polydisperse aerosol inlet. These dis-
tances were determined by (Giamarelou et al. 2012)

LiD
Qshi CQmið Þln R1

R2

� �
4pVZ�

pi

; ½1�

where R1 and R2 are, respectively, the inner and outer radii
of the 3MO-DMA, V is the voltage of the inner electrode,
whereas Qshi is the sheath flow and Qmi is the excess flow

Figure 1. Schematic diagram of the 3MO-DMA, showing its operating principle and details of the design (see Table 1 for additional
details).
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of each monodisperse-particle outlet i given by

Qshi D
Qsh for iD n

QmiC 1 ¡Qa for 1� i� n¡ 1
;

�
½2�

and

Qmi D
Qsh CQa ¡Qsi for iD n

QmiC 1 ¡Qsi for 1� i� n¡ 1
:

�
½3�

Here n is the total number of monodisperse-particle out-
lets. Following the notation of Giamarelou et al. (2012),
the numbering of the outlets starts from the one furthest
from the polydisperse aerosol inlet (i.e., outlet 1 is the fur-
thest while outlet #3 is the closest to the inlet). In the
equations above, Qsh and Qa are, respectively, the initial
sheath and aerosol flows (i.e., before entering the 3MO-
DMA), while Qsi is the sample flow through each mono-
disperse-particle outlet i. In Equation (1), Z�

pi
is the mid-

point particle electrical mobility (i.e., the electrical
mobility of the particles that start at the midpoint of the
inlet and reach the midpoint of the outlet; Flagan 1999)
classified through each outlet at a given set of operating
conditions (i.e., flows and voltage). Z�

pi
is associated with

the midpoint particle mobility diameter d�p i through
(Hinds 1999)

Z�
pi
D neeCc

3phd�pi
: ½4�

Here, ne and e are, respectively, the number of elementary
charges the particles carry and the electron charge,
whereas h is the air viscosity and Cc is the Cunningham
slip correction factor (see supplementary information [SI]
for details).

The flow rate through each monodisperse-particle
outlet of the 3MO-DMA is determined by the total
monodisperse flow pulled through the DMA, as well as
the number and the diameter of the holes at each outlet
through which particles pass from the classification
region to the main monodisperse flow. Each outlet slit
has 12 holes, the diameter of which were 0.55 mm for
outlet #3, 0.56 mm for outlet #2, and 0.65 mm for outlet
#1 (Figure 1). This allowed the sample flows through the
outlets to progressively decrease when moving upstream,
in order to minimize any potential flow disturbances
caused by the proximity of outlets #3 and #2 (i.e., 14.3
and 95.0 mm, respectively) to the aerosol inlet. Using
these dimensions, sample flow rates of approx. 26%,
33%, and 41% of the total monodisperse aerosol flow
were estimated for outlets #3, #2, and #1, respectively.

2.2. Characterization of the 3MO-DMA

2.2.1. Experimental setup
A tandem DMA system (Figure 2) was employed to deter-
mine the performance of the 3MO-DMA. In brief, polydis-
perse ammonium sulfate (AS) particles were produced by
atomizing (with a TSI Model 3076 atomizer) a 0.1 w/v AS
solution using N2 (99% purity) as carrier gas. The resulting
polydisperse aerosol, having particles smaller than ca.
500 nm, was dried to less than 10% RH using two silica gel
diffusion driers in series, and charge neutralized by passing
it through a 85Kr aerosol neutralizer (TSI Model 3077). A
custom-made single-monodisperse-outlet DMA (see
Table 1 for its characteristic dimensions), employing a
recirculating sheath flow system (see Biskos et al. 2006 for
details) and a commercial high voltage (HV) power supply
of negative polarity (Spellman V6A10N30), was used to
provide a monodisperse aerosol flow. The mobility distri-
butions of the monodisperse particles were then measured
by the 3MO-DMA, employing the commercially available
TSI 3080 recirculating sheath flow system and its built-in
HV power supply that was coupled with an ultrafine Con-
densation Particle Counter (uCPC; TSI Model 3025; Stol-
zenburg and McMurry 1991). In all experiments, the
voltage of the central electrode of the 3MO-DMA was
stepwise increased with each step having a duration of
50 s. The average particle number concentration at each
voltage was measured with the uCPC during the last 5 s of
each step. The first 45 s were allowed for the concentration

Figure 2. Experimental setup for determining the resolution of
the 3MO-DMA at different operating conditions.

Table 1. Characteristic dimensions of all the DMAs used in this
work.

Type Symbol Description Value Unit

Custom single
outlet DMA

Lc Effective length 374.00 mm

Rc Outer radius 19.58 mm
rc Inner radius 9.35 mm

TSI 3081 Long DMA LT Effective length 443.69 mm
RT Outer radius 19.61 mm
rT Inner radius 9.37 mm

Custom 3MO-DMA L1 Effective length outlet #1 14.30 mm
L2 Effective length outlet #2 95.00 mm
L3 Effective length outlet #3 397.00 mm
R1 Outer radius 19.61 mm
R2 Inner radius 10.00 mm
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to stabilize from that corresponding to the previous voltage
settings.

The sheath and aerosol flows of both DMAs were
measured before each experiment using a bubble flow
meter (Sensidyne Gilibrator 2) in order to confirm that
they were controlled within §1% of their set-point val-
ues. Adequate drying (i.e., to less than 10% RH) of the
polydisperse aerosol upstream the neutralizer was veri-
fied using a relative humidity and temperature sensor
(Rotronic HC2-05). The operating voltages of both
DMAs were frequently monitored to ensure that the HV
power supplies were operating with a §1% accuracy.

2.2.2. Data processing
Apart from the intrinsic properties of the sampled par-
ticles, the signals recorded by TDMA systems are pre-
dominantly defined by the size distribution of the
sampled polydisperse aerosol, the transfer functions of
the two DMAs employed, and the efficiency of the parti-
cle detector. Assuming that the number concentration of
the polydisperse aerosol upstream DMA-1, the detection
efficiency of the CPC and the particle losses in the tubing
of the entire TDMA are constant, the response of the sys-
tem can be expressed as (Li et al. 2006)

N2

N1
D

Z 1

0
V1 Zp;Z�

p1

� �
V2 Zp;Z�

p2

� �
dZpZ 1

0
V1 Zp;Z�

p1

� �
dZp

: ½5�

Here, N1 and N2 are, respectively, the particle number
concentrations upstream and downstream of DMA-2;
V1 and V2 are the transfer functions, whereas Z�

p1
and

Z�
p2

are the electrical mobilities of particles reaching the
midpoint of the outlet slit in DMA-1 and DMA-2,
respectively. The theoretical transfer function of the
cylindrical, single-monodisperse-outlet DMA (DMA-1
in this case) that takes into account the diffusivity of the
particles is given by (Stolzenburg 1988)

V1 Z
»
p1

� �
D

ffiffiffi
2

p
s1

2 b1 1¡ d1ð Þ

"
e

Z
»
p1
¡ 1Cb1ð Þffiffiffiffiffiffiffi

2s1
p

 !

C e
Z
»
p1
¡ 1¡b1ð Þffiffiffiffiffiffiffi

2s1
p

 !
¡ e

Z
»
p1
¡ 1C d1b1ð Þffiffiffiffiffiffiffi

2s1
p

 !

¡ e
Z
»
p1
¡ 1¡ d1b1ð Þffiffiffiffiffiffiffi

2s1
p

 !#
: ½6�

Here Z
»
p1
is the dimensionless particle electrical mobility

(Zp/Z�
p1
), b1 and d1 are the dimensionless flow parame-

ters, and s1 is the dimensionless diffusional broadening

parameter. Expressions of the above parameters and of
function e are provided in the SI. Equation (6) can be
extended to predict the transfer function of DMAs with
multiple monodisperse-particle outlets as follows (Gia-
marelou et al. 2012):

V2i Z
»
p2i

� �
D

ffiffiffi
2

p
s2i

2 b2i 1¡ d2ið Þ

2
4e Z

»
p2i

¡ 1C b2i
� �
ffiffiffiffiffiffiffiffi
2s2i

p
 !

C e
Z
»
p2i

¡ 1¡b2i

� �
ffiffiffiffiffiffiffiffi
2s2i

p
 !

¡ e
Z
»
p2i

¡ 1C d2ib2i
� �
ffiffiffiffiffiffiffiffi
2s2i

p
 !

¡ e
Z
»
p2i

¡ 1¡ d2ib2i
� �
ffiffiffiffiffiffiffiffi
2s2i

p
 !35; ½7�

where i denotes the different monodisperse-particle out-
lets, which are numbered starting from the one furthest
from the polydisperse aerosol inlet as discussed above.

Adjustable broadening parameters can be introduced
in Equation (7) for treating disparities between theoreti-
cal and measured transfer functions, resulting in
(Giamarelou et al. 2013)

V
0
2i Z

»
p2i

� �
D

ffiffiffi
2

p
s

0
2i

2b
0
2i 1¡ d

0
2i

� �
2
664e Z

»
p2i

¡ 1Cb
0
2i

� �
ffiffiffiffiffiffiffiffi
2s 0

2i

q
0
B@

1
CA

C e
Z
»
p2i

¡ 1¡ b
0
2i

� �
ffiffiffiffiffiffiffiffi
2s 0

2i

q
0
B@

1
CA¡ e

Z
»
p2i

¡ 1C d
0
2ib

0
2i

� �
ffiffiffiffiffiffiffiffi
2s 0

2i

q
0
B@

1
CA

¡ e
Z
»
p2i

¡ 1¡ d
0
2ib

0
2i

� �
ffiffiffiffiffiffiffiffi
2s

0
2i

q
0
B@

1
CA
3
775: ½8�

The adjustable parameters b
0
2i and d

0
2i here represent

corrections in the flow rates (see the SI), while s
0 2
2i is the

total adjusted spread parameter given by (Giamarelou
et al. 2013)

s
0 2
2i D fGis

2
2i C s2

mixi ; ½9�

where s2
mixi accounts for additional broadening of the

transfer function caused by non-ideal mixing of the flows
inside the MMO-DMA, while fGi is a factor accounting
for any errors in estimating the unique geometric- and
flow-condition-dependent parameter Gi (see the SI).
The parameter s2

mixi , together with the adjusted flow

parameters b
0
2i and d

0
2i , determines the resolution in the

non-diffusing limit, R
0
ndi
.b

0
2i ; d

0
2i ; s2

mixi/, which is defined
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as the inverse of the normalized full-width at the half
maximum (FWHM) value of the transfer function. Note
that the theoretical (i.e., without using any broadening
parameters) non-diffusing limit of the 3MO-DMA trans-
fer function is given by (Giamarelou et al. 2013)

Rnd2 i D
1

b2i 1C j d2i jð Þ : ½10�

The discrepancy between the theoretical and the mea-
sured/adjusted resolution can be expressed as

fRnd2 i D
R

0
nd2 i

Rnd2 i
: ½11�

If the measured transfer function for a specific outlet i is
broader than that predicted from theory, R

0
nd2 i

will be
smaller than Rnd2 i , and thus fRnd2 i will be lower than
unity.

The parameter fGi adjusts the asymptotic behavior of
the 3MO-DMA resolution at the diffusing limit, which
according to the theory (i.e., without using any broaden-
ing parameters) is given by (Giamarelou et al. 2013)

Rdiff2 i D
1

2
ffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p 1
s�
2i

D 1

2
ffiffiffiffiffiffiffiffiffiffiffi
2 ln 2

p
2
4 neV

kTGi ln
R1
R2

� �
3
5
16 2

:

½12�

Here, s�
2i is the total spread parameter of the transfer

function of the ith outlet corresponding to a midpoint
mobility diameter Z�

pi
, k is the Boltzmann constant, and

T is the absolute temperature. In a similar manner with
Equation (11), a factor for comparing the measured with
the theoretical resolution in the diffusing limit can be
expressed as

fRdiff 2i D
R

0
diff2 i

Rdiff 2i

: ½13�

As with fRnd2 i , if the measured transfer function of the ith
outlet is broader than that predicted by theory in the dif-
fusing limit, fRdiff 2i will be lower than unity.

Similarly to the comparison described in Giamarelou
et al. (2013), a non-linear least-square fitting algorithm
based on the interior-reflective Newton method (Cole-
man and Li 1994, 1996) was employed for comparing
the measured response of the TDMA system with the
theory (i.e., Equation (5)). The flow rates (i.e., sheath,
excess, aerosol in and sample out flow rate), the pressure
and temperature of both DMAs and the voltages of

DMA-1, were allowed to vary within §1% of the mea-
sured values, accounting for the associated experimental
uncertainties. Larger variation (up to 30%) was allowed
for the particle number concentrations upstream DMA-2
(i.e., N1), to account for any instabilities in the particle
generator. Diffusional losses of the sampled monodis-
perse particles inside the inner electrode of the 3MO-
DMA were also taken into account as they affect the
number concentration of the particles coming through
each outlet. The total adjustable spread parameter of the
transfer function s

0 2
2i was fitted once by varying fGi and

once by modifying s2
mixi . The experimental resolution of

the 3MO-DMA was expressed as the inverse of the
FWHM of the fitted transfer function, normalized by the
midpoint mobility of each outlet.

3. Results and discussion

The performance of the 3MO-DMA was evaluated at
aerosol flow rates ranging from 0.3 to 1.5 lpm and sheath
flow rates from 3.0 to 8.0 lpm (see Table 2 for more
details) using DMA-classified particles of different sizes
(see discussion below). The aerosol flow was controlled
by the uCPC, whereas the sheath flow-rate was con-
trolled by the sheath recirculating system as discussed
above (Section 2.2.1).

Figure 3 shows an example of measured size distribu-
tions and corresponding predictions by Equation (5), using
the theoretical 3MO-DMA transfer function without and
with including the broadening parameters (i.e., using
Equations (7) and (8), respectively). In the latter case, the
fitting procedure was able to reproduce the observed
mobility distributions with a normalized root mean square
error (NRMSE) of less than 3% for the majority of the
experimental data (i.e., 82% of the cases), whereas themax-
imum observed NRMSE (i.e., worst case of fitting) was ca.

Table 2. Ratio between measured and predicted resolutions of
each outlet of the 3MO-DMA at the diffusive (fRdiff2i ) and the
non-diffusive (fRnd2 i ) limit, when operated at different flow condi-
tions (Equations (11) and (13)).

Qsh (lpm) Qa (lpm) Outlet fRdiff2 fRnd2

3.0 0.3 3 1.00 0.991
2 0.490 0.461
1 0.987 0.981

6.0 0.6 3 — 0.984
2 0.553 0.526
1 1.05 0.997

8.0 0.3 3 0.992 0.978
2 0.398 0.257
1 0.939 0.970

8.0 1.5 3 — 0.998
2 0.882 0.895
1 0.987 0.996
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6.2%. The fitted sample flow rates of each outlet corrobo-
rated our design calculations based on which 24% of the
sample flow comes out of outlet #3, 33% out of outlet #2,
and 43% out of outlet #1 (Section 2.1).

As shown in Figure 4, the fitting procedure (Section 2.2.2)
reproduced the experimental results in terms of the mid-
point mobility diameters within 3% accuracy in all the cases,
even without using any broadening parameters. This sug-
gests that for a fixed geometry and operating conditions,
rearranging Equation (1) can be used to predict the mid-
point electrical mobility for each outlet. It should be noted
that agreement between predictions and measurements was
similar in preliminary tests we did using the original central
electrode of the TSI 3081 DMA (i.e., that with one
monodisperse-particle outlet; data not shown), which cor-
roborates findings reported earlier (Collins et al. 2004;
Rodrigue et al. 2007).

Figure 5 shows the measured and predicted resolution
without and with using the broadening parameters for
each outlet of the 3MO-DMA. Table 2 also provides the
median values of fRdiff 2i and fRnd2 i for each set of flow
rates, determined by dividing the resolutions obtained
from fitting the measurements to the calculations using
theoretical transfer functions of DMA-1 and the
3MO-DMA at the diffusing and non-diffusing limits,
respectively. Overall, as theory predicts, the measured
resolution of each outlet increases as the sheath to

Figure 4. Measured vs. theoretically predicted geometrical mean diameters (GMD) of particles classified through each outlet of the
3MO-DMA, when operated with sheath to aerosol flow ratios of 3 lpm/0.3 lpm (a), 6 lpm/0.6 lpm (b), 8 lpm/0.3 lpm (c), and 8 lpm/
1.5 lpm (d).

Figure 3. Measured and predicted (without and with considering
broadening parameters, i.e., using Equations (7) and (8), respec-
tively) response of the 3MO-DMA coupled with the CPC, when
using 40-nm monodisperse ammonium sulfate particles.
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aerosol ratio increases. For outlets 1 (i.e., the one furthest
from the aerosol inlet) and #3 (i.e., the one closest to the
aerosol inlet), the ratios of the measured and the theoret-
ical resolutions at the diffusing (i.e., fRdiff 2i ) and at the
non-diffusing limit (i.e., fRnd2 i) differ by less than 6%
(Table 2). This indicates that under all tested flow condi-
tions the theory can accurately predict the width of the
transfer functions and thus the resolutions of these two
3MO-DMA outlets when particles of different sizes are
classified.

In contrast, the measured resolution of outlet #2 dif-
fers significantly from that predicted theoretically. More
specifically, when the 3MO-DMA is operated with a
sheath to aerosol flow ratio of 10 (i.e., 3.0 or 6.0 lpm
sheath flow, and, respectively, 0.3 or 0.6 lpm aerosol
flow), the resolution of outlet #2 is reduced, compared to
that predicted by theory, in the non-diffusing limit by ca.
50% (Table 2). At a sheath-to-aerosol flow ratio of 26.7
(i.e., 8.0 lpm sheath flow and 0.3 lpm aerosol flow), the

measured resolution of outlet #2 deviates from predic-
tions by almost 74%. Better agreement (i.e., within 12%)
between measured and predicted resolution of outlet #2
was achieved when the 3MO-DMA was operated with a
sheath-to-aerosol flow ratio of 5.33 (i.e., 8.0 lpm sheath
flow and 1.5 lpm aerosol flow). Similar deviations were
also observed at the diffusing limit.

As discussed above, the measured resolution of out-
let #2 was significantly less than that predicted theoret-
ically and even less than that of outlet #3 in all cases,
which is also in contrast to what the theory predicts
(Giamarelou et al. 2012). The fact that the measured
resolution of outlet #2 is closer to the theoretical reso-
lution when the 3MO-DMA was operated at the lowest
sheath-to-aerosol flow ratio of 5.33 (i.e., sheath flow of
8 lpm and aerosol flow of 1.5 lpm; Figure 5d) suggests
that the deviation is not a result of significant flow dis-
turbances in the classification zone of the 3MO-DMA
around the aerosol inlet and/or the outlets. This

Figure 5. Resolution (1/FWHM) of each outlet of the 3MO-DMA, when operated with sheath-to-aerosol flow ratios of 3.0 lpm/0.3 lpm (a),
6.0 lpm/0.6 lpm (b), 8.0 lpm/0.3 lpm (c), and 8.0 lpm/1.5 lpm (d). The resolutions were estimated by convoluting the transfer functions of
the DMAs used in the experimental setup (Figure 2), using fitted adjustable broadening parameters (i.e., fGi or s

2
mixi ) for the 3MO-DMA

transfer function (i.e., Equations (8) and (9)) to match the experimental size distributions (Section 2.2.2 and Figure 3). The theoretical res-
olutions (dashed lines) of each monodisperse outlet of the 3MO-DMA are determined using Equation (7). Fitted resolutions are deter-
mined by Equation (8) using the median values of the broadening parameters obtained from each data set (i.e., corresponding to the
different sheath/aerosol flow rate ratios).
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indication was further corroborated by computation
fluid dynamics (CFD) simulations (see the SI) and
experiments during which outlet #3 was taped (data
not shown here), both of which showed that the pres-
ence of outlet #3 does not affect the performance of
outlet #2.

Despite the reduced resolution, the spread of the mea-
sured particle size distributions obtained from the mid-
dle outlet in terms of their geometric standard deviations
(sg) was sufficiently monodisperse for TDMA measure-
ments. Overall, the monodisperse samples obtained from
the three outlets at all operated conditions had distribu-
tions with sg values smaller than 1.09. At the highest
tested sheath-to-aerosol flow ratio (i.e., 26.7), for
instance, the sg values obtained for outlets #1 and #3
were 1.03, while that obtained for outlet #2 was 1.05. At
the lowest tested sheath-to-aerosol ratio (i.e., 5.33), the
sg values were 1.09 for outlet #1, 1.08 for outlet #2, and
1.06 for outlet #3.

4. Conclusions

We designed, built, and tested a cylindrical DMA
(namely, the 3MO-DMA) with the three monodisperse-
particle outlets located on its central rod, which can be
used as a first DMA in tandem DMA systems to reduce
the time of the measuring cycle. The 3MO-DMA is a TSI
3081 DMA that was modified by replacing its central
electrode with one containing three monodisperse-parti-
cle outlet slits. The locations of the outlets were selected
so that size distributions of the three monodisperse parti-
cle populations are easily distinguishable when the DMA
is operated at typical sheath flow rates.

The performance of the 3MO-DMA was tested at four
different flow conditions using a tandem DMA configu-
ration. The measurements were compared with predic-
tions using the transfer function derived by Giamarelou
et al. (2012). The results show that the theory can accu-
rately (within 3%) predict the geometric mean diameter
of the sampled particles for all the outlets. The experi-
mental resolution (i.e., the inverse FWHM) of each outlet
was estimated by fitting the theoretically predicted
response of the system (Equation (5)) to the measure-
ments, using adjustable broadening parameters for the
diffusing and non-diffusing limits of the transfer func-
tion. Both measurements and predictions show that the
resolution of each outlet increased with increasing
sheath-to-aerosol flow ratio. The measured resolutions
of the first and the third outlet were in good agreement
with theoretical predictions (i.e., less than 6% difference).
For the second outlet, however, measured resolutions
were lower than those predicted by the theory. Excluding
potential flow disturbances in the classification zone of

the 3MO-DMA associated with the inlet and outlet
flows, a possible explanation for this difference could be
local distortions of the flow or the electric field that can-
not be captured by the model. Higher deviations between
measured and predicted resolution were observed at
higher sheath-to-aerosol flow ratios. Despite these dis-
crepancies, the geometric standard deviation of the size
distributions of the particles classified through outlet #2
was not broader than 1.08, and can be considered mono-
disperse enough for tandem DMA measurements.
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