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Interpretation of Volatility Tandem Differential Mobility Analyzer (V-TDMA)
data for accurate vapor pressure and enthalpy measurement: Operational
considerations, multiple charging, and introduction to a new analysis
program (TAO)

Christopher R. Oxford , Audrey J. Dang, Charles M. Rapp, and Brent J. Williams

Department of Energy, Environmental, and Chemical Engineering, Washington University in St. Louis, St. Louis, Missouri, USA

ABSTRACT
Significant evaporation of pure aerosols in a Volatility Tandem Differential Mobility Analyzer
(V-TDMA) creates two Condensation Particle Counter (CPC) response peaks. Two hypotheses
for the observed peaks have been proposed: the existence of two phases or the separation
of the singly charged experimental size distribution from the remaining experimental size
distributions with charges greater than 1 (charge separation). To explore this observation,
we atomized pure levoglucosan aerosol and evaporated the aerosol until two peaks formed.
We used an additional classifier and neutralizer to select particles from each of the two
peaks and assessed the number of charges on the particles. The smaller diameter peak con-
tained singly charged particles, and the larger diameter peak contained the remaining
charges. The charge separation hypothesis alone accounts for the two-peak observations.
We used a new V-TDMA model named TAO and show that charge separation should occur
in other pure components as well. The TAO model was then used to display the impact of
different DMA transfer functions, different inlet size distributions, and different oven resi-
dence time distributions (RTDs) on the CPC response. Large errors are possible when direct
measurement of the RTD is not performed or when wide RTDs are used. We recommend
use of narrow transfer functions with narrow RTDs to detect charge separation. When the
singly charged CPC response is isolated (smaller diameter peak in the two peak response),
accurate estimations of vapor pressure can be recovered, assuming accurate values for gas
phase diffusivity, surface energy, particle density, etc. are used.

ARTICLE HISTORY
Received 11 June 2019
Accepted 18 December 2019

EDITOR
Pramod Kulkarni

Introduction

A Tandem Differential Mobility Analyzer (TDMA)
selects a set of monodisperse particle size distributions
from an existing polydisperse inlet size distribution,
performs an experiment that may alter the particle
sizes, and then measures the final particle size distribu-
tion with a second scanning Differential Mobility
Analyzer (DMA2) and Condensation Particle Counter
(CPC) (Rader and McMurry 1986). TDMA experiments
include hygroscopicity (Liu et al. 1978), chemical
reactivity (McMurry et al. 1983), and volatility (Rader
et al. 1987). In a Volatility-TDMA (V-TDMA), the
selected particles pass through an evaporation oven,
and a portion of the particle mass is evaporated (Bilde
et al. 2015). The peak of the inverted DMA2-CPC
response is associated with the final diameter, and this
final measured diameter can be related to the vapor

pressure of the investigated compound (Tao and
McMurry 1989). By increasing the temperature of the
oven and further evaporating the aerosol, the relation-
ship between oven temperature and vapor pressure is
investigated. This relationship allows the calculation of
the phase change enthalpy (Saleh et al. 2008; Tester and
Modell 1997). However, kinetic evaporation of a signifi-
cant amount of the aerosol creates responses that com-
plicate vapor pressure interpretation.

It will be critical to the following discussion to first
define several terms used throughout this study. The
inlet size distribution will be defined as the neutral-
ized size distribution entering the first Differential
Mobility Analyzer (DMA1). This size distribution will
be assumed log-normal throughout. The particles exit-
ing DMA1 will be called the selected size distribu-
tions. The selected size distributions are a set of size
distributions, and each size distribution within the set
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is associated with a charge. We restrict our investiga-
tion to only the first three positive charges (þ1, þ2,
þ3). The experimental size distributions are a set of
size distributions exiting the oven, and each size dis-
tribution within the set is again associated with a
positive charge. To identify a size distribution within
a set, we use the adverbs singly, doubly, or triply
charged. Each of these adverbs are associated with one
of the previously mentioned positive charges. When
speaking of the total population in a size distribution,
we use the term population. The CPC response results
from scanning DMA2 and counting particles with the
CPC. This CPC response will be expressed as the
number of particles per cubic centimeter as a function
of DMA2 mobility. Readers must remember that the
CPC does not recognize the number of charges on
each counted particle. So, the CPC response is a
superposition of all charges (þ1, þ2, þ3) present, and
inverting this total CPC response calculates the super-
position of all size distributions entering DMA2: the
experimental size distributions. Since the inverted
CPC response (and the CPC response itself) is a
superposition, the CPC response and its inversion can
be associated with an individual experimental size dis-
tribution. Thus, “singly”, “doubly”, and “triply”
charged can also be applied to the CPC response and
its inversion. Additionally, we define peak as the
diameter where the first derivative is equal to zero
(local maximum). Ideal TDMA responses contain two
inflection points (second derivative equal to zero) and
one peak. A TDMA response that contains a shoulder
has 4 inflection points and one peak. The peak and
shoulder definitions can be applied to any CPC
response or size distribution (superposition or individ-
ual). These definitions are shown graphically in the
online supplementary information (SI) S1.

Continuing with the discussion, significant evapor-
ation of pure component aerosols creates a CPC
response with multiple peaks. For example,
Emanuelsson et al. (2016) evaporated 110 nm meso-
erythritol particles at a temperature of 25 �C. At an
oven residence time of 39 s, the inverted CPC
response contained two separate peaks: a peak at
54 nm and a second peak at 94 nm. The reported
54 nm peak is 12% of the original volume, and the
94 nm peak is 62%, assuming the particles are spher-
ical and singly charged. The presence of two peaks
complicates calculation of a single vapor pressure
from the pure meso-erythritol and provides the
appearance of two disparate vapor pressures.

This two peak CPC response has been explained
either as two particle phases or as the separation of

the singly charged experimental size distribution from
the remaining experimental size distributions.
Koponen et al. (2007) reported responses with should-
ers while evaporating malonic, succinic, and glutaric
acids but did not report two peaks. The shoulder
occurred when the particles dropped below 50 nm.
Chattopadhyay and Ziemann (2005) reported CPC
responses with shoulders for glutaric and azelaic acids,
and pimelic acid exhibited two peaks. The authors
attributed the cause to more than one type of crystal
structure present. Salo et al. (2010) reported a two-
peak CPC response for pimelic acid, but the authors
did not report a shoulder or multiple peaks for suc-
cinic, glutaric, adipic, suberic, or azelaic acids. The
authors attribute the two peaks to a co-existing
amorphous phase and a crystalline phase.
Emanuelsson et al. (2016) reiterated the possibility of
multiple phases from the evaporation of meso-erythri-
tol and proposed the co-existence of subcooled liquid
and crystalline particles. In contrast, Petters (2018)
modeled the CPC response and showed that the singly
charged experimental size distribution separated from
the remaining experimental size distributions.
Although not a heated experiment, Wright et al.
(2016) also showed that the two peak CPC response
could occur during evaporation. In this document, the
two hypotheses are referred to as the multiple phase
hypothesis and the charge separation hypothesis.

The multiple phase hypothesis assumes each of the
two peaks represents a set of particles of a different
phase, each phase with a different phase change
enthalpy. Vapor pressure can be expressed as a func-
tion of enthalpy and oven temperature through the
Clausius–Clapeyron equation. The hypothesis states
that the vapor pressure at the beginning of evapor-
ation appears to be the same between the two pro-
posed phases, and the CPC response contains a single
peak. This single peak is used to calculate the vapor
pressure for both phases. After significant evaporation,
the two peaks in the inverted CPC response are used
to calculate two vapor pressures. When the logarithms
of the vapor pressures are plotted as a function of
inverse absolute temperature, two different linear
curve fits are possible. The slopes from the curve fits
relate to the phase change enthalpies, one for each
peak in the inverted two peak CPC response. If a
slight difference in final diameter (vapor pressure)
occurs, the small difference between the two phase
change enthalpies may resemble a difference in crystal
structure. If a large difference in final diameter occurs,
the resulting difference in enthalpy may resemble the
simultaneous existence of a sub-cooled liquid and
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crystalline structure. We note that the reported obser-
vations from the authors above sometimes differ (e.g.,
glutaric acid was observed as a shoulder by Koponen
et al. (2007) and Chattopadhyay and Ziemann (2005)
and observed as a single peak by Salo et al. (2010)).

The charge separation hypothesis by Petters (2018)
assumes that the singly charged experimental size dis-
tribution separates, by DMA2 mobility, from the other
experimental size distributions. The singly charged
experimental size distribution defines the smaller
(diameter) peak in the CPC response, and the CPC
response from the remaining experimental size distri-
butions (charges greater than þ1) sum to create the
larger (diameter) CPC response peak. As previously
mentioned, the CPC response is a plot of the CPC
measurement (ordinate) as a function of singly
charged diameter (abscissa). The CPC response is a
superposition of all charges, and the singly charged
diameter is the DMA2 mobility converted to diameter
assuming a singly charged, spherical particle. Thus,
for the singly charged experimental size distribution
to separate from the remaining experimental size dis-
tributions, the singly charged experimental size distri-
bution mobility must increase faster than the mobility
of the remaining experimental size distributions, dur-
ing evaporation. The evaporation model used by
Petters (2018) included gas phase diffusivity, the tran-
sition regime correction factor (which includes mass
accommodation), and vapor pressure but did not
investigate the impact of the Kelvin effect or the oven
residence time distribution. We note that the word
separate only has meaning when the abscissa is
expressed as DMA2 mobility or expressed as DMA2
diameter assuming the particles are spherical and sin-
gly charged. The experimental size distribution and
the CPC response can both be expressed in terms of
DMA2 mobility, and therefore, use of the word separ-
ate when referring to either implies that the abscissa
is DMA2 mobility or DMA2 diameter assuming the
particles are spherical and singly charged.

In this study, we investigated the two peak CPC
response using atomized pure levoglucosan. Two dif-
ferent experimental approaches were available: directly
test the multiple phase hypothesis or directly test the
charge separation hypothesis. Like Wright et al.
(2016), we chose to directly test the charge separation
hypothesis, and this decision does not disprove or
exclude future occurrences of the multiple phase
hypothesis. However, the charge separation hypothesis
explains all the two-peak observations from the evap-
oration of levoglucosan. Additionally, we used a new
model named TAO to help explain the laboratory

observations. This model includes the Kelvin effect
and the oven residence time distribution in addition
to all variables included in Petters (2018). The math-
ematics in the new model are used to compare the
relative contributions of the different variables on the
charge separation. We then use the model to demon-
strate the process of charge separation and show how
V-TDMA settings and design parameters can change
the CPC response creating two peak responses and
single peak responses from the same oven
temperatures.

Description of a new model for TDMA
analysis: TAO

TAO models the response recorded by the CPC
(#/cm3) as a function of single charge diameter using
first principal equations. The user enters the inlet size
distribution, the DMA1 and DMA2 settings, the vapor
pressure, the gas phase diffusivity, the surface energy,
and the mass accommodation to calculate the CPC
response. The intermediate size distributions (e.g.,
selected size distributions, experimental size distribu-
tions) are also saved. This model allows users to
investigate the impact of different variables (e.g., dif-
ferent DMA settings, different compounds, different
oven residence times) on the CPC response. TAO
does not invert the CPC response; rather, TAO helps
interpret difficult CPC responses by allowing the user
to propose different hypothetical situations and com-
pare the results to experimentally measured CPC
responses. For this study, TAO is used to explain the
experimental CPC responses and to demonstrate the
impact of V-TDMA settings on the response recorded
by the CPC. A general description of the TAO model
follows, and a more detailed description is found in
SI S2.

TAO uses a non-diffusing transfer function
(Stolzenburg and McMurry 2008) and assumes the
inlet size distribution is log-normal (Friedlander
2000). The user enters the parameters defining the
log-normal size distribution and parameters defining
the non-diffusing transfer function. The Cunningham
correction factor is calculated using the expression
from Kim et al. (2005), and the viscosity of air is cal-
culated using the expression from Allen and Raabe
(1985). The charging fraction is assumed to adhere to
Wiedensohler (1988) with constants from Baron
(2005). The mean free path is calculated using expres-
sions from Kim et al. (2005). By multiplying the non-
diffusing transfer function by the inlet size
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distribution and charging fraction, the DMA1 subrou-
tine calculates the selected size distributions exit-
ing DMA1.

TAO models the evaporation of all particles using
the expression from Bilde et al. (2003). The selected
size distributions calculated by the DMA1 subroutine
are passed to the evaporation subroutine. Gas phase
diffusivities are entered by the user, and in this study,
the gas phase diffusivities are calculated using expres-
sions from Bird et al. (2002) and parameters obtained
from Oxford et al. (2019). The residence time in the
oven is modeled as a distribution of residence times,
an array of times and number fractions. The residence
time distribution in the oven (described below in the
equipment section) was measured using the experi-
ment described in SI S3. The temperature in the oven
is assumed to be one value throughout all residence
times: the experimental set point.

The DMA2 subroutine integrates the resulting
product of the DMA2 non-diffusing transfer function
multiplied by the experimental size distributions cal-
culated by the evaporation subroutine. The DMA2
subroutine uses the same methods as the DMA1 sub-
routine but uses the parameters for DMA2. The out-
put from the DMA2 subroutine is the CPC response
as a function of single charge diameter at DMA2. As
will be seen in the next section, an extra classifier and
neutralizer were inserted into the V-TDMA (see
Figure 1). The extra classifier is modeled again as a
non-diffusing transfer function (Stolzenburg and
McMurry 2008), and the additional neutralizer is
again modeled using relations from Wiedensohler
(1988) and coefficients from Baron (2005). The
experimental size distributions exiting the oven are
multiplied by the extra classifier transfer function and
the charge distribution prior to DMA2 integration.

Apparatus and experiment

The V-TDMA used in this study has been previously
described (Oxford et al. 2019), and we briefly outline
how it is used here to investigate the evaporation of
pure levoglucosan aerosol. We mixed 0.1 g of levoglu-
cosan (Sigma-Aldrich 316555) with 100ml of 18 MX
deionized water. We placed this mixture into a cus-
tom atomizer and set the supply air pressure to 30 psi.
The atomizer (not shown) emitted levoglucosan aero-
sol into a diffusion drier, and the flow was then
diluted with filtered, clean dry air as shown in
Figure 1. We used a flow control valve on the dilution
line (not shown) to set the excess flow rate to 16
LPM. The diluted aerosol entered a 75.5 L equilibra-
tion tank to equilibrate the aerosol with the gas phase.
The mean residence time in the tank was 4.3min. The
characteristic water equilibration time for a wet levo-
glucosan particle was estimated to be approximately
8 s, assuming the particle phase was amorphous and
particle phase diffusion was limiting. The characteris-
tic equilibration time for levoglucosan in air was esti-
mated to be 1 ns assuming gas phase diffusion. Thus,
both characteristic times were much shorter than the
mean residence time in the tank.

A portion of the equilibrated aerosol flow exiting
the tank (1.5 LPM) supplied the V-TDMA while the
excess flow was vented to a hood through a HEPA fil-
ter. The equilibrated flow exiting the tank had a rela-
tive humidity of less than 10%. The aerosol was
neutralized using a Particle Technology Laboratory
(University of Minnesota) neutralizer case containing
two Po-210 strips (NRD 2U500). We set both DMA1
and DMA2 (2 TSI-3081 long DMAs, TSI, Inc.,
Shoreview, MN, USA) to a sheath flow rate of 15
LPM. The oven consisted of a 15.25m coil of 0.95 cm
thin wall copper tubing suspended in a 0.25m3 heated

Figure 1. The experimental apparatus used to test the charge separation hypothesis. The V-TDMA mode (blue dashed) confirms
the presence of the bimodal volatility response. The extra classifier mode (red dotted) selects a portion of the bimodal response,
re-neutralizes the classified particles, and uses DMA2 and the CPC to confirm the number of charges on the selected particles.
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oven. The oven temperature was set to 35 �C to obtain
the two-peak CPC response from levoglucosan. We
installed a manual three-way ball valve in the V-
TDMA, after the oven, to select either normal V-
TDMA operation (indicated by blue dashed line in
Figure 1) or the extra classifier mode (indicated by
red dotted line in Figure 1). When in V-TDMA
mode, the flow exiting the oven passed directly to
DMA2 and the CPC. When in extra classifier mode,
the flow exiting the oven passed through an extra
classifier (TSI-3080), which operated with a sheath
flow rate of 6 LPM. The classifier set point was either
47 nm or 78 nm to select either of the two CPC

response peaks. Once classified by the extra classifier,
the additional Kr-85 neutralizer (TSI-3077) re-neutral-
ized the aerosol. The re-neutralization process signifi-
cantly reduced the number of particles detected by the
CPC, so we increased the scan time of the instrument
to 20min in response to the reduced number
of particles.

Experimental results

We set the DMA1 diameter to 90 nm and successively
increased the oven temperature until we obtained the
two peak CPC response from levoglucosan, as shown

Figure 2. Measured CPC responses for the evaporation of levoglucosan are compared to model results, which represent the charge
separation hypothesis. Panel (a) shows the CPC response from the V-TDMA mode, while panels (b) and (c) show the resulting CPC
response when the extra classifier is included in the experimental set-up using set points of 47 nm and 78 nm, respectively. The
peaks of the populations with different charges (post-Po-210 neutralizer ! post-Kr-85 neutralizer) are indicated below
the abscissa.

414 C. R. OXFORD ET AL.



in Figure 2 panel (a). The lower peak was located at
55 nm while the upper peak was located at 72 nm.
With the locations of the two peaks known, we then
turned the ball valve to extra classifier mode. We used
two different extra classifier set points, 47 nm or
78 nm, to select one of the two existing peaks as
shown in panel (a). At this point we define the set of
size distributions exiting the extra classifier as the
extra classifier size distributions. This set of size distri-
butions contains the individual size distributions asso-
ciated with the positive charges mentioned above.

Without re-neutralization or further evaporation,
the individual extra classifier size distributions would
not change in mobility. The CPC response, derived
from scanning DMA2 under these conditions, would
have a single peak at the extra classifier set point.
Inserting the Kr-85 neutralizer after the extra classifier
alters the charges on the extra classifier size distribu-
tions and thus alters the DMA2 mobility. This change
in charge creates many more size distributions. We
identify these re-neutralized size distributions in
words using the previously mentioned charge number
adverbs followed by the words “extra classifier size
distribution re-neutralized to” and then by the specific
charge (e.g., doubly charged extra classifier size distri-
bution re-neutralized to a single charge). In Figure 2,
this phrase is identified symbolically by the original
extra classifier charge followed by an arrow followed
by the re-neutralized charge (e.g., þ2!þ1). When an
extra classifier size distribution is re-neutralized to a
single charge, the single charge mobility diameter
associated with the CPC response is correct. For
example, the doubly charged extra classifier size distri-
bution, when the extra classifier centroid is 47 nm,
would be re-neutralized to be mostly singly charged.
DMA2 would correctly measure the single charge
mobility diameter of this re-neutralized extra classifier
size distribution as 68 nm. Unfortunately, the re-neu-
tralized extra classifier size distributions will still con-
tain charges greater than 1. However, the reader
should understand that the charging function favors
singly charged particles at this size. Thus, the primary
peaks measured by DMA2 and the CPC will be the
extra classifier size distributions re-neutralized to a
single charge.

TAO reproduced the charge separation hypothesis
as previously observed by the Petters (2018) model:
the singly charged experimental size distribution is
associated with the lower (diameter) CPC response
peak and the remaining experimental size distribu-
tions create the larger (diameter) CPC response peak.
The color shaded areas display the modeled CPC

responses from TAO. No particle loss function exists
in TAO, and the model CPC response in Figure 2
panel (a) has been altered to have the same area
under the curve as the measured CPC response.
Figure 2 panels (b) and (c) are normalized using the
area under the measured CPC response curve from
Figure 2 panel (a). This normalization process retains
the shape of the modeled CPC responses and adjusts
for the lack of a particle loss function. If the charge
separation hypothesis is correct, the measured CPC
response (black asterisks) should match the modeled
response from the TAO model.

When the extra classifier was set to 47 nm, two
peaks in the CPC response were observed: a large
peak at the extra classifier set point of 47 nm and a
second smaller peak at approximately 33 nm, as shown
in Figure 2 panel (b). The 47 nm peak corresponds to
the singly charged extra classifier size distribution re-
neutralized to a single charge. The 33 nm CPC
response peak corresponds with the singly charged
extra classifier size distribution re-neutralized to two
charges. The charge separation hypothesis, as modeled
by TAO, explains all observations.

If the multiple phase hypothesis were true, all three
charges (þ1, þ2, and þ3) would be present in the
lower CPC response peak. If doubly charged particles
were present in the 55 nm CPC peak from panel (a),
they would also be present in the extra classifier size
distributions, and these doubly charged particles
would be re-neutralized to mostly a single charge. A
doubly charged particle at 47 nm would create a peak
at 68 nm after re-neutralization. A very small amount
of noise was present around 68 nm, but nothing quan-
titative was measured. If the multiple phase hypothesis
were true, the measured CPC response in panel (b)
should include a measurable peak at 68 nm (þ2) and
85 nm (þ3). The measured CPC response shows that
only singly charged particles exist in the smaller
55 nm CPC response peak shown in panel (a).

All peaks in Figure 2 panel (c), the 78 nm extra
classifier setpoint, are explained by the TAO model.
For the third charge, the largest peak from the CPC
response corresponds to 148 nm. This peak corre-
sponds to a triply charged extra classifier size distribu-
tion that was re-neutralized to a single charge. TAO’s
3rd charge extra classifier prediction, re-neutralized to
a single charge, is similar and shifted slightly to the
smaller diameter of 146 nm. The doubly charged extra
classifier size distribution, re-neutralized to a single
charge, should appear at 116 nm. The measured and
the modeled CPC response both peak at 108 nm. The
discrepancy is caused by the off-centroid doubly
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charged experimental size distribution in panel (a).
The centroid of the extra classifier is 78 nm, and the
peak of the doubly charged CPC response is 70 nm.
The doubly charged experimental size distribution,
which is centered on the þ2 line, exists only on the
left side of the 78 nm extra classifier transfer function.
This off-centroid doubly charged experimental size
distribution shifts the re-neutralized doubly charged
extra classifier size distribution (and the correspond-
ing CPC response) to smaller diameters. A third peak
appears at 73 nm creating the impression of a singly
charged extra classifier size distribution re-neutralized
to a single charge. However, the 73 nm peak is shifted
left of the extra classifier set point of 78 nm. Like the
doubly charged extra classifier size distribution re-
neutralized to a single charge, the CPC response, from
the doubly charged extra classifier size distribution re-
neutralized to two charges, is shifted left of the 78 nm
extra classifier centroid. The cause of the shift to
smaller diameters is again the off-centroid doubly
charged extra classifier size distribution. The charge
separation hypothesis explains all observations.

If the multiple phase hypothesis were true, the
larger (diameter) CPC response peak should contain
singly charged particles. The singly charged particles
should be present in greater amounts than the doubly
and triply charge particles, due to the charging func-
tion. In panel (c), the peak at 73 nm is much smaller
in population than either the doubly charged peak
(108 nm) or the triply charged peak (146 nm). The
measured CPC response suggests the absence of singly
charged particles. Panel (c) demonstrates that the
larger 72 nm peak in panel (a) does not contain singly
charged particles.

The measured CPC response from the extra classi-
fier mode confirms that the smaller 55 nm mode in
panel (a) contains singly charged particles and the
larger 72 nm mode contains the doubly and triply
charged particles. Experimental size distributions of
particles having charges greater than 3 should also be
in the second peak and in the 83 nm area of the panel
(a) plot. TAO, like the Petters (2018) model, predicted
the charge separation. Additionally, the TAO model
predicted the outcome of the extra classifier CPC
responses. From the measured CPC responses, we
conclude that the hypothesis presented by Petters
(2018) is correct: the two peak CPC response, derived
from significant evaporation of levoglucosan, is cre-
ated by the separation of the singly charged experi-
mental size distribution from the remaining
experimental size distributions. The next section will
determine whether charge separation occurs in other

pure component aerosol measurements, not just
levoglucosan.

Cause of charge separation

The cause of charge separation, following significant
particle evaporation, is multifaceted and includes: the
particle diameters, the Kelvin effect, the transition
regime correction factors, and the differing mobilities
between the experimental size distributions. The two-
peak CPC response in Figure 2 panel (a) is not unique
to levoglucosan. We have recorded this two-peak
response in a variety of pure component aerosols
including levoglucosan, all dicarboxylicacids between
malonic acid and azelaic acid, caffeine, and oleic acid.
To show that the multiple peak response is a conse-
quence of the evaporation method rather than the
compound investigated, we will use the underlying
mathematics from TAO to display the reasons for
charge separation.

Although we plot the x-axis as diameter in Figure 2
panel (a), the x-axis is derived from DMA2 mobility.
DMAs do not directly select or measure particles by
diameter; they select by mobility. Equation (1) dis-
plays the equation for mobility (Hinds 1999). In
Equation (1), Zj is the electrical mobility of a particle,
j is the number of charges, e is the charge of an elec-
tron, C(Dp) is the Cunningham correction factor as a
function of particle size, l is the viscosity of air, and
Dp is the diameter of an assumed spherical particle.
For a single DMA mobility, a set of diameters, as a
function of charge, transit the DMA. For the singly
charged experimental size distribution to separate
from the remaining experimental size distributions
during evaporation, each experimental size distribu-
tion (þ1, þ2, þ3) must move unequally along the x-
axis, which is mobility (not diameter) space. We
define single charge diameter space as the diameter of
the particle assuming the particle is spherical and has
a single charge. We will use single charge diameter
space, as is usually assumed, as the x-axis in further
plots. The reader must recognize that a multiply
charged particle does not have the diameter shown on
the x-axis.

Zj ¼
jeC Dpð Þ
3plDp

(1)

Equation (2) enables the calculation of the particle
evaporation rate and is used in conjunction with
Equation (1). In Equation (2), Dp is particle diameter,
t’ is time, Di,air is the gas phase diffusivity of the com-
ponent i in air, Mi is the molecular weight, qi is the
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aerosol particle density, R is the gas constant, T is the
evaporation temperature, F is the transition regime
correction factor (Fuchs and Sutugin 1971) as a func-
tion of Knudsen number (Kni) and accommodation
coefficient (ai), P� is the vapor pressure, and ri is the
surface tension of component i. The following varia-
bles are set for levoglucosan (C6H10O5): the molecular
weight is 162.1 g/mole, the surface energy was
assumed to be 0.022N/m (Topping et al. 2007), the
density was assumed to be 1.64 g/cm3 (Koehler et al.
2006), and the accommodation coefficient was
assumed to be unity. The diffusivity of levoglucosan
in air was calculated using Chapman–Enskog kinetic
theory (Bird et al. 2002) and is estimated to be
7.05� 10�6 m2/s at 36 �C (Oxford et al. 2019). To
show the relative evaporation rate in single charge
diameter space, an expression for the ratio of the rate
of change in diameter of the singly charged particles
to the greater charges (>1) must be developed.

dDp

dt'
¼ �4Di, airMi

qiRTDp
F Kni, aið ÞP� exp

4riMi
qiRTDp

� �
(2)

To develop an expression for the relative evaporation
rate in single charge diameter space, we divide the
singly charged version of Equation (2) by the doubly
charged version. To convert doubly charged particle
diameter to single charge diameter space, we equate
the singly and doubly charged versions of Equation
(1) and take the implicit derivative with respect to
diameter. The result of the differentiation is used to
convert the doubly charged version of Equation (2) to
single charge diameter space. The final form of the
derivation is shown as Equation (3). See SI S4 for the
complete form, derivation, and discussion of Equation
(3). In Equation (3), the subscript 1 represents the
singly charged particles, the subscript 2 represents the
doubly charged particles, and the subscript 2-1 repre-
sents the doubly charged particle diameter mapped to
the equivalent single charge diameter space. The
change in diameter in single charge diameter space is
expressed as the product of four ratios.

dDp, 1

dDp, 2�1
¼ Dp, 2ð Þ

Dp, 1ð Þ

" #
a

exp
4riMi

RTqiDp, 1

� �

exp
4riMi

RTqiDp, 2

� �
2
664

3
775
b

� F Kni, 1, ai, 1ð Þ
F Kni, 2, ai, 2ð Þ

� �
c

dDp, 2

dDp, 2�1

" #
d

(3)

The change in diameter of a singly charged particle in
single charge diameter space relative to a higher
charge (second charge shown) is the ratio of the
diameters (a ratio), the Kelvin effects (b ratio), the

transition corrections (c ratio), and the doubly
charged change in diameter divided by the doubly
charged change in diameter in single charge diameter
space (d ratio). The diffusivity, molecular weight,
density, gas constant, vapor pressure, and temperature
from Equation (2) cancel. For a single component
aerosol i, the molecular weight, surface tension, dens-
ity, and mean free path used to calculate Knudsen
number and accommodation coefficient impact both
the numerator and denominator. In further calcula-
tions, we assume that the accommodation coefficient
is not only unity but is also not a function of diam-
eter. The b ratio, expressed above as the ratio of
Kelvin effects, can also be expressed as the ratio of
exponential of the inverse diameters raised to the
power of the constant component specific variables:
surface tension, molecular weight, and density.
Therefore, the b ratio is really driven by the ratio of
the exponential of the inverse of the diameters. See
SI S4.

For a pure component aerosol measured in single
charge diameter space, the singly charged particles
shrink faster than the doubly charged particles, which
in turn shrink faster than the triply charged particles.
If we assume a 90 nm aerosol particle of levoglucosan,
the value for each ratio at the beginning of evapor-
ation is shown in Equation (4). All ratios but the tran-
sition regime correction factor, the c ratio, are greater
than 1. If the c ratio is multiplied by the ratio of the
diameters, the a ratio, the product is greater than 1
and approaches a value of 1 as the diameter
approaches 0 nm. Therefore, this product is always
greater than 1, even for low mass accommodation.
The remaining two ratios, the b ratio and the d ratio,
are both always greater than 1 for pure components
and ensure a final evaporation ratio greater than 1.
For a 90 nm aerosol particle of levoglucosan, the sin-
gly charged particles evaporates 1.79 times faster than
the doubly charged particles in single charge diameter
space. The increased evaporation ensures the singly
charged particles separate from the remaining charges.
If we extend our investigation to include the triply
charged particles, the doubly charged particles evapor-
ate 1.48 times faster than the triply charged particles
in single charge diameter space. Thus, the singly
charged particles evaporate 2.66 times faster than the
triply charged particles in single charge diameter
space, and the singly charged particles always separate
first from the remaining (for pure components). If we
were to continue to evaporate the particles measured
in Figure 2 panel (a), the singly charged CPC response
will fully separate from the remaining CPC response,
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and the doubly charged CPC response would eventu-
ally separate from the CPC response for charges
greater than 2. Therefore, multiple peaks are possible
when evaporating pure components.

dDp, 1

dDp, 2�1
¼ 1:500½ �a 1:013½ �b 0:738½ �c 1:600½ �d ¼ 1:794

(4)

Compound specific variables (like surface tension,
Knudsen number, and accommodation-) impact both
the numerator and the denominator of Equation (3),
limiting influence on charge separation. To determine
the dependency of the separation of charges on com-
pound specific variables, we explore an example com-
paring particles of levoglucosan, malonic acid, and
oleic acid. The component variables used are shown
in Table S1. The use of these example compounds
creates large variations in compound specific variables
(factor of 2 in particle density; factor of 10 in surface
tension; factor of 2 in molecular weight; and factor of

2 in diffusivity), are representative of the phenomena,
and are not comprehensive. To simplify the compari-
son, only the ratio of the change in diameter of the
singly charged particles to the doubly charged par-
ticles is evaluated (Equation (3)). Two ratios are
changed by compound specific components: the ratio
of the Kelvin effects and the ratio of the transition
correction factors. When comparing the value of the
transition correction factor ratio, the values for both
malonic acid and oleic acid are higher than levogluco-
san over the evaluated range of 5 nm to 500 nm. The
maximum increase in transition correction factor ratio
(the c ratio) for oleic acid is þ3.2% and occurs at
200 nm. This increase represents the maximum devi-
ation from levoglucosan for both components over
the evaluated range. This difference, caused by the
change in component, is small compared to the 20%
change in transition correction factor ratio caused by
the particle diameter over the same range (for a
related discussion see SI S5 and Figure S10).

Figure 3. Panel (a): The modeled CPC response from the progressive evaporation of levoglucosan using an aerosol-to-sheath ratio
of 1:10, a DMA1 set point of 90 nm, and the first size distribution (Sz Dist 1). Panel (b): The modeled CPC response using an aero-
sol-to-sheath ratio of 1:10, a DMA1 set point of 200 nm, and the first size distribution. Panel (c): The modeled CPC response using
an aerosol-to-sheath ratio of 1:4, a DMA1 set point of 90 nm, and the first size distribution. Panel (d): The modeled CPC response
using an aerosol-to-sheath ratio of 1:4, a DMA1 setpoint of 90 nm, and the second size distribution (Sz Dist 2).
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Therefore, the c ratio is a stronger function of particle
diameter than pure component composition. The
compositional impact on the Kelvin effect ratio is dif-
ferent. As the particle size approaches zero, the Kelvin
effect ratio increases exponentially. The exponent in
the Kelvin effect ratio contains the component specific
variables. The exponent strengthens the existing diam-
eter dependency in the Kelvin effect ratio enabling
charge separation. Interestingly, if the Kelvin effects
were neglected, the charges would still separate, as
shown by Petters (2018). Therefore, the Kelvin effect
does not inhibit separation. In summary, the a ratio
and the d ratio are not functions of compound tested,
and the c ratio is a stronger function of diameter than
compound. In contrast, compound identity does have
a large effect on the b ratio, and this impact is limited
to small diameters and augments the separation of the
particles. For further discussion on the behavior of
these ratios see SI S5.

Therefore, the singly charged experimental size dis-
tribution will separate from the remaining experimen-
tal size distributions first, regardless of the pure
component aerosol tested. Multiple phases are still
possible, but the reason for the peaks observed in the
diacids experiments are explained by charge separ-
ation alone, not multiple phases. If multiple phases
occurred during the evaporation of pure component
aerosols, an increase in observed peaks would occur.
The peak representing the singly charged particles
would separate into two peaks, and the 72 nm peak in
Figure 2 panel (a) may exhibit multiple peaks as well.
We observed no more than two peaks in the CPC
response during the evaporation of levoglucosan, all
dicarboxylicacids between malonic acid and azelaic
acid, caffeine, and oleic acid. Some experiments
resulted in a single CPC response peak or shoulder in
contrast to the two CPC response peaks shown above.
To explain these different shapes, we investigate V-
TDMA specific settings in the next section.

Process of charge separation

The shape of the CPC response is defined by the
DMA transfer function widths, the DMA1 diameter,
and the number populations in the sampled size dis-
tributions, as shown in Figure 3. We calculated the
CPC response in Figure 3 using data from the V-
TDMA and the TAO model. We used the V-TDMA
to determine vapor pressures as a function of tem-
perature using an aerosol-to-sheath ratio of 1:10 and a
DMA1 diameter of 90 nm. We then fit the
Clausius–Clapeyron equation to this vapor pressure

and temperature data for levoglucosan. This curve fit
was then used as an input to the TAO model to
develop the different hypothetical situations in Figure
3. In panel (a), the shape and progression of the CPC
response with increasing oven temperature is easily
seen. At 21.5 �C, a small amount of the 90 nm par-
ticles evaporates. Increasing the temperature to 28 �C
evaporates the particles further while the peak of the
CPC response drops, and the response widens. At
32 �C, the singly charged experimental size distribu-
tion is beginning to separate from the remaining
experimental size distributions, and a shoulder forms.
This results in a wide single peaked curve. At 34 �C,
two distinct peaks are observed. The singly charged
experimental size distribution constitutes the peak on
the left while the remaining experimental size distri-
butions are on the right. At 38 �C, the singly charged
experimental size distribution is nearly separated from
the remaining experimental size distributions, and a
shoulder forms on the larger (diameter) peak. The
doubly charged experimental size distribution is in the
process of separating from the experimental size dis-
tributions with charges greater than two. For our
instrument, the shape of the CPC response in panel
(a) changes from a single peak (21.5 �C), to a shoulder
(32 �C), and then to two distinct peaks (34 �C). In
panels (b) and (c), the same progression occurs, but
the shape of the progression and the temperature at
which charge separation occurs is different.

Changing the DMA transfer functions affects the
shape of the CPC response (though not the extent of
evaporation), since wider transfer functions have less
resolving power to distinguish multiple peaks. For the
same aerosol population and DMA1 setpoint diameter,
the shape of the CPC response can differ based on the
user’s choice of wider transfer functions (Figure 3 panel
(c), 1:4 aerosol-to-sheath flowrate ratio) or narrower
transfer functions (Figure 3 panel (a), 1:10 aerosol-to-
sheath flowrate ratio). For example, at 34 �C, two peaks
are observed when using a narrower transfer function,
while one peak is observed with a wider transfer func-
tion. Similarly, widening the transfer functions can also
change a shoulder to a single peak (32 �C) or change a
two peak CPC response to a shoulder (36 �C).
Although the overall CPC response peaks may slightly
change location, the location of the experimental size
distributions remain unchanged when widening the
DMA transfer functions (38 �C).

Increasing the DMA1 diameter (from 90 nm to
200 nm) also reduces the DMA2 resolution since the
transfer function is wider at larger diameters. (Figure
3 panel (a) (36 �C) and Figure 3 panel (b) (36 �C)). To
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reproduce the two-peak response in the overall DMA2
size distribution, the width of the base of the DMA2
transfer function should be narrower in diameter than
the distance between the two peaks being measured.
In Figure 3 panel (a) (36 �C), two peaks are detected,
because the distance between the two peaks in Figure
3 panel (a) (16 nm) is greater than the width of the
base of the DMA2 transfer function at 90 nm (11 nm).
For Figure 3 panel (b) (36 �C), the two peaks are
unresolved because the width between the two peaks
(18 nm) is smaller than the width of the base of the
transfer function at 200 nm (26 nm). Therefore, selec-
tion of a 200 nm particle reduces resolution inhibiting
detection of charge separation in the CPC response.
As previously discussed for Figure 3 panel (c), DMA
resolution was reduced by decreasing the aerosol-to-
sheath ratio to 1:4. Interestingly, the width of the base
of that transfer function (at 90 nm) is nearly equal to
the width of the base of the 200 nm transfer function
in panel (b). Thus, the root cause of the smoothed
shape of the responses in panels (b) and (c) is the
same, though different instrument settings are chang-
ing in the two cases (diameter in (b), aerosol-to-
sheath ratio in (c)).

In order to understand panel (d), we must first
understand the role the inlet size distribution has on
the CPC response. The populations of the sampled
size distributions exiting DMA1 define the popula-
tions of the experimental size distributions and the
peak heights in the CPC responses seen in Figure 3.
Two variables contribute to the population exiting
DMA1 at any diameter: the charging fraction and the
inlet size distribution. We explore those variables here
by developing a relationship between the singly
charged selected size distribution and the doubly
charged selected size distribution. We divide the singly
charged selected size distribution, defined by Equation
(S2), by the doubly charged selected size distribution,
also defined by Equation (S2). Both equations are
evaluated at the centroid of the DMA1 transfer func-
tion. The final developed equality is shown as
Equation (5). As in Equation (S2), the size distribu-
tion is again dN/dDp, the DMA transfer function is X,
and the fraction charged is g. However, in Equation
(5), the subscript DMA1 represents the selected size
distribution exiting DMA1, and the subscript SD rep-
resents the inlet size distribution entering DMA1. The
subscript 1c and 2c represent the value at the first and
second charge transfer function centroids, respectively.
At the centroid, the value of the transfer function (X)
is equal for both charges and is removed. The ratio of
the fraction charged is a function of neutralizer age,

neutralizer design and material, and aerosol flow rate
(Jiang et al. 2014). We assume an equilibrium charge
distribution defined by Wiedensohler (1988) through-
out. By considering different inlet size distributions,
we can evaluate the impact on the selected size distri-
bution (and thus the experimental size distribution).
Since the DMA1 set point in Figure 3 panels (c) and
(d) is the same, these two panels will be compared.
The ratio of the fraction charged for the two panels is
the same and comparing these two panels displays the
role of the inlet size distribution.

dN
dDp

h i
DMA1, 1c

dN
dDp

h i
DMA1, 2c

¼ X1c

X2c

g1c
g2c

dN
dDp

h i
SD, 1c

dN
dDp

h i
SD, 2c

¼ g1c
g2c

� � dN
dDp

h i
SD, 1c

dN
dDp

h i
SD, 2c

2
64

3
75
(5)

When the left side of Equation (5) is much greater
than 1, the sampled size distribution, at the centroid,
is primarily singly charged. For a multi-charged scen-
ario, the left side of Equation (5) must be near 1 or
less, and for this to occur, the inlet size distribution
fraction must be reduced to less than 1, assuming a
constant fraction charged. This reduction occurs when
the value of the inlet size distribution at the doubly
charged centroid is larger than the value at the singly
charged centroid. For example, if the peak (max-
imum) of the inlet size distribution occurs at the dou-
bly charged centroid, the population at all other
centroids (singly, triply) would be less than the popu-
lation at the maximum. In this case, the inlet size dis-
tribution ratio is less than 1. This can only occur
when the DMA1 set point (singly charged centroid) is
smaller (diameter) than the diameter associated with
the peak of the inlet size distribution. When this mul-
ticharged scenario occurs, the relative contribution of
the singly charged experimental size distribution to
the overall CPC response is reduced. In panel (d), the
CPC response peak, from the singly charged experi-
mental size distribution, is equal to or smaller in con-
centration than the CPC response peak from the
doubly charged experimental size distribution. The
90 nm DMA1 set point is smaller (diameter) than
the peak of the inlet size distribution; and 41% of the
selected population is singly charged, 43% of the
selected population is doubly charged, and 16% of
the selected population is triply charged. By contrast
in Figure 3 panel (c), the DMA1 set point is larger
than the peak of the log-normal size distribution (90nm
> 82nm). Under those conditions, 82% of the selected
population is singly charged. These situations are repro-
duced graphically in SI S6.
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When wide transfer functions are used with multi-
charged populations, significant changes in the shape
and the peak of the CPC response can occur. Panel
(c) and panel (d) both use wide transfer functions;
but the experimental population in panel (c) is mostly
singly charged, and the experimental population in
panel (d) is multiply charged. After significant evapor-
ation (panel (d)), the singly charged CPC response
becomes significantly wider with a shorter peak.
When this shorter peak combines with the significant
doubly and triply charged CPC response, the super-
position creates a more symmetrical CPC response.
This symmetry significantly changes the peak location,
and this peak is closer to the peak of the doubly
charged experimental size distribution. In panel (c),
the smaller (diameter) 38 �C peak occurs at 40 nm,
and the singly charged CPC response in panel (d) is
in a similar location. The 38 �C peak in panel (d)
more closely aligns with the larger (diameter) peak in
panel (c). If the peak of the inverted CPC response in
panel (d) is used, significant errors in vapor pressure
occur. Lastly, if the aerosol-to-sheath ratio were
reduced for panel (d), the previously mentioned pro-
gression (panels (a) through (c)) would be seen.
However, the smaller (diameter) CPC response peak
associated with the singly charged experimental size
distribution would appear first as a shoulder on the
left side of the CPC response for experimental size
distributions with charges greater than 1. Further
evaporation would separate the singly charged CPC
response from the remaining, and this smaller (diam-
eter) CPC response peak would be shorter than the
larger (diameter) CPC response peak associated with
charges greater than 1.

We see from these hypothetical situations above
that the progression of evaporation goes from a single
peak, to a single peak with a shoulder, to two separate
peaks. By changing the width of the DMA transfer
functions, the progression changes. This change in
DMA transfer function width can create a very differ-
ent response (single peak versus two separate peaks)
from the same oven temperature set point. Since the
peaks in panel (d) do not correspond to the peak of
the singly charged experimental size distribution, cal-
culated vapor pressures may be incorrect. We will
explore this further, but first cover additional errors
caused by the residence time distribution.

Role of the residence time distribution

The residence time in the oven contributes to the final
evaporated diameter. Due to velocity profiles in

tubing, evaporation ovens do not have a single resi-
dence time, but a set of residence times. We define
the set of residence times as the Residence Time
Distribution (RTD). A very narrow (time) set of resi-
dence times yields narrow and tall CPC responses
while a wide RTD yields wide and short CPC
responses. In both cases, asymmetries in the RTD cre-
ate asymmetrical CPC responses, as seen in Figure 2
panel (a). Changes in flow rate through the heater or
changes in heater design alter the RTD and thus the
CPC response.

We measured the RTD in our oven, and neither
the average residence time nor the calculated resi-
dence time, from the tubing diameter and length, cor-
related with the peak of the CPC response. The
correct residence time associated with the peak of the
singly charged experimental size distribution is the
residence time at the peak of the RTD. Assuming the
average residence time correlated with the CPC
response generated an error in vapor pressure of 13%,
and assuming the calculated residence time correlated
with the CPC response generated an error of nearly
30%. This underscores the importance of directly
measuring the residence time in the oven and using
the residence time corresponding with the peak of the
RTD for vapor pressure calculations.

Assuming the peak of the inverted CPC response
corresponds with the peak of the RTD may not always
hold true. When convoluting the RTD with the
DMA1 and DMA2 transfer functions using Equation
(2), the peak of the CPC response may not correlate
with the peak or average time in the RTD. Errors
approaching 50% are possible due to convolution. For
narrow RTDs, the convolution correlates well with the
peak of the residence time distribution, and therefore,
it is important to design ovens with narrow RTDs and
to use narrow DMA transfer functions. For our oven
RTD with a 1:10 aerosol-to-sheath ratio, the expected
error is 1%. See SI S7 for details.

Error associated with multi-charged
populations

To calculate vapor pressure, V-TDMA users tradition-
ally assume that the inverted CPC response peak,
before and after evaporation, is equal to the peak of
the singly charged experimental size distribution (Tao
and McMurry 1989). This assumption is only true
when the singly charged experimental size distribution
fully separates from the remaining experimental size
distributions. To display this error, we use the 28 �C
responses from both Figure 3 panel (c) and panel (d).
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These two peaks are reproduced in Figure 4. Both
responses have a single peak, and the exact location of
the singly charged CPC response peak is unable to be
determined from an overall measured CPC response
alone. We used the TAO model to define the location
of the singly charged CPC response under the total
modeled response for these two situations.

Multi-charged populations will shift the peak of the
CPC response toward larger diameters, and use of the
total inverted CPC response peak from this multi-
charged situation creates error in calculated vapor
pressure. In panel (a), the selected size distribution is
mostly singly charged; and in panel (b), the selected
size distribution is mostly associated with charges
greater than 1. The peak of the CPC response in panel
(b) is larger (diameter) than the peak in panel (a). We
see that the peak of the singly charged CPC response
resides on the left side and is in approximately the
same location in both panels. After inversion, the dif-
ference between the two peaks, in Figure 4 panel (a),
is about 1.2 nm, and the total estimated evaporation is
about 13 nm. Assuming the inverted CPC response
peak is equal to the singly charged inverted CPC
response peak results in a vapor pressure error of
about 11%. Reducing the aerosol-to-sheath ratio in
both DMA1 and DMA2 to 1:10 reduces the error to
5%. In Figure 4 panel (b), the difference between the
peak of the inverted singly charged CPC response and
the peak of the inverted CPC response is approxi-
mately 6 nm. The estimated loss in diameter for the
singly charged experimental population in panel (b) is

still 13 nm. This difference in diameter results in a
vapor pressure error of 45% compared to the 11%
from Figure 4 panel (a). As the temperature increases,
the difference between the peak of the total CPC
response and the peak attributed to the singly charged
CPC response increases. TDMA users must be aware
that large errors can occur when the CPC response
contains a single peak.

Assuming the overall CPC response peak corre-
sponds with the peak of the singly charged CPC
response can lead to inaccurately low measurements
of vapor pressure and enthalpy. Figure 5 plots the
vapor pressures derived from some of the responses
in Figure 3. The modeled CPC response peaks were
inverted using Scanning Mobility Particle Sizer
(SMPS) relations (Stolzenburg and McMurry 2008).
The peaks from the inverted CPC responses were
used in conjunction with the time at the peak of the
RTD to calculate vapor pressure. We then plotted the
calculated vapor pressures as a function of inverse
absolute temperature and fit a linear model. This pro-
cedure created the lines in Figure 5. The dashed line
in Figure 5 is the original Clausius–Clapeyron relation
used to generate the responses in Figure 3. The green
and cyan lines in Figure 5 correlate with the CPC
responses in Figure 3 panels (a) and (c), respectively.
We see that the SMPS method recovers the original
Clausius–Clapeyron model from the situations pre-
sented in Figure 3 panels (a) and (c). For the 82 nm
size distribution (size distribution 1), the error in esti-
mated enthalpy is �1% to �2% for all cases. For size

Figure 4. Modeled CPC responses for the evaporation of levoglucosan at 28 �C is shown for different size distributions (a) mean ¼
82 nm, standard deviation ¼ 1.9, N¼ 42,000; (b) mean ¼ 200 nm, standard deviation ¼ 1.5, N¼ 100,000). In both cases, the aero-
sol-to-sheath flowrate ratio is 1:4, and the DMA1 setpoint is 90 nm. The peaks for the CPC response as well as the singly charged
CPC response are indicated below the abscissa.
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distribution 2 (200 nm mean), the error in calculated
enthalpy of sublimation is �12%. The error in vapor
pressure at 296K can be calculated from the curve fits
in Figure 5. This error is approximately 3% for the
82 nm size distribution and 25% for the 200 nm size
distribution. Interestingly, both size distributions cre-
ate linear responses. If we continued to shift the mean
of the inlet size distribution to sizes larger than
200 nm, the response would continue to shift away
from the Clausius–Clapeyron relation and further
reduce the calculated enthalpy and vapor pressure. If
the singly charged experimental size distribution could
be tracked in the 200 nm inlet size distribution scen-
ario, accurate vapor pressures and enthalpies could be
recovered as illustrated by the thick purple line in
Figure 5.

Conclusions

The multiple response peaks in published CPC
responses from V-TDMA measurement likely correl-
ate with the separation of the singly charged experi-
mental size distribution from the remaining
experimental size distributions, not multiple phases.
When evaporating levoglucosan in the above experi-
ment, the smaller (diameter) peak in the CPC
response resulted from the singly charged experimen-
tal size distribution. This charge separation is pre-
dicted by the evaporation mechanics. The evaporation

mechanics from the TAO model demonstrate that the
rate of evaporation of singly charged particles exceeds
the rate of evaporation of the higher charges in single
charge diameter space. Additionally, the doubly
charged experimental size distribution begins to separ-
ate from the experimental size distributions with
charges greater than two, after the singly charged
experimental size distribution is nearly evaporated. If
multiple phases exist, many more peaks should be
present. The TAO model suggests that narrow DMA
transfer functions and narrow residence time distribu-
tions must be used to detect the two-peak
CPC response.

Heater design and proper characterization of the
RTD are critical for accurate vapor pressure measure-
ments. To use the peak of the inverted CPC response
for vapor pressure determination, an oven residence
time is needed. When we measured the oven RTD,
the correct oven residence time correlated with nei-
ther the measured average residence time nor the resi-
dence time calculated from the tubing diameter and
length. The correct residence time corresponds with
the peak of the RTD. Errors of 30% occurred when
using the residence time calculated from the tubing
diameter and length. This underscores the necessity of
directly measuring the RTD of the oven and using the
time associated with the peak of the RTD.
Additionally, the convolution of wide RTDs with wide
DMA transfer functions creates errors between the
inverted CPC response and the peak time of the RTD.
When using a wide RTD and convoluting this RTD
with the wide DMA transfer functions, TAO calcu-
lated errors in vapor pressure up to 50% from convo-
lution. To reduce convolution error, narrow RTDs
and narrow DMA transfer functions should be used.
For our RTD with a narrow DMA transfer function,
the convolution error is estimated to be 1%.

The peak of the inverted CPC response does not
necessarily correlate with the peak of the singly
charged experimental size distribution. The selected
population exiting DMA1 contains many size distribu-
tions, and each size distribution corresponds with a
number of charges. The experimental size distribu-
tions, with charges greater than one, skew the CPC
response to larger diameters. To prevent the inlet size
distribution from creating a multi-charged selected
population, DMA1 should sample diameters greater
than the diameter corresponding with the peak (max-
imum) of the inlet size distribution. In this work, an
example of a highly multi-charged selected population
created errors in vapor pressure of 25% and errors in
enthalpy of 12%.

Figure 5. Clausius–Clapeyron plots from the different modeled
situations. The dashed line is the actual Clausius–Clapeyron
relationship assumed to develop all hypothetical situations.
The multi-charged situation (size distribution 2) in combination
with the wide transfer function (sheath flow rate of 6 lpm) cre-
ates errors in both vapor pressure and enthalpy measurements
(red dotted). If the actual location of the singly charged par-
ticles is known, (for example, if instrument settings are used to
force the separation of the singly charged particles from the
multiply charged particles) then the correct relationship is
recovered (thick purple).
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Use of wide DMA transfer functions does not
necessarily create error. When the population selected
by DMA1 consists of primarily singly charged par-
ticles, the peak of the CPC response is close to the
peak of the singly charged experimental size distribu-
tion. This relationship is true regardless of transfer
function used. However, as shown in the examples
above, the fraction of singly charged particles in the
experimental population may be unknown throughout
evaporation. Thus, for reasons of both data accuracy
and quality, we recommend using narrow transfer
functions with narrow residence time distributions to
separate the CPC response into two peaks using the
evaporation process. If the singly charged CPC
response can be isolated, then accurate vapor pres-
sures and enthalpies can be reproduced, assuming
accurate measures of the input variables (e.g., surface
energy, gas phase diffusivity, particle density).
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