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Introduction 

This supplemental information document provides additional equations, parameters, and values 
needed to solve Eqs. (1) in the main document. In addition there is discussion in regards to vapor 
buildup within the differential mobility analyzer and a summary of the equilibrium hygroscopic 
growth parameterization for glycerol (GLY) and propylene glycol (PG). The document ends with 
the raw humidigrams used to generate Figure 8 in the main text.  



SI Section 1: Differential mobility analyzer (DMA) equations 

To determine the voltage that will allow for a particle with a changing electrical mobility to 
transit the DMA, the position of the particle needs to be tracked. The following equations apply 
to a column type DMA. Particle transit through the DMA is split in two components, radial (r) 
and axial (z). Radial motion is forced by the electric field while streamwise motion is forced by 
the flow field. Particle motion within the DMA is governed by the following equations. 
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where V is the voltage, r1 and r2 are the radial dimensions of the column wall and center 
electrode, respectively, e is the elementary charge,  Cc is the Cunningham correction factor, and 

a is the gas viscosity (Knutson and Whitby, 1975).  

Movement in the axial or streamwise direction (z) was found by treating the particle as a passive 
tracer within the sheath flow. As derived in Wilkes (2005; see Ch 6.5, Eq. E6.5.8), a steady, 
incompressible, laminar flow of a Newtonian fluid in an infinitely long round pipe annulus of 
inner radius ݎଵ and outer radius ݎଶ, the expression for the velocity field in the annular space in the 
pipe is: 
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Ignoring gravity and assuming a constant pressure gradient of ݀ܲ/݀ݖ, Eq. SI 1.2 can be 
integrated to get the volume flow rate: 
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where Qs is the DMA sheath flow rate. 

  



SI Section 2: Particle mass transfer equations  

The functional form of the mass transfer rate of a particle composed of i species is (Xue et al., 
2005): 

ௗ௠೔

ௗ௧
ൌ

ଶగ஽೛஽೔ெௐ೔ఉሺ௄௡,ఈ೘ሻ

ோ
ቀ
௣೔,ಮ

ಮ்
െ ௣೔

்
ቁ,       (SI 2.1) 

where ݉௜ is the mass of the i-th component, Dp is the total particle diameter, Di is the binary 

diffusion constant for species i in air, MWi is the molecular weight, ߚ൫݊ܭ,  ௠,௜൯ is the Fuchsߙ

mass flux correction term, ݊ܭ ൌ ௜ߣ2 ⁄௣ܦ  is the Knudsen number, ߣ௜ is mean free path of a gas 

phase molecule of species i in air (evaluated using the kinetic theory of gases: 

ߣ ൌ ௜ܦ3 ሾሺ8ܴܶ ⁄ܹܯߨ ሻሿଵ ଶ⁄⁄ ), m is mass accommodation coefficient corresponding to the ratio 
of molecules that collide and stick with the particle to the total number of molecules that collide 

with the particle, R is the universal gas constant, pi,and pi are the ambient partial pressure and 

equilibrium vapor pressure over the droplet surface, respectively, and T and T are the ambient 
and particle temperature, respectively. Note that Eq. 1c can be derived from Eq. SI 2.1 when the 

material dependent parameter is defined such that: ߤ௜ ൌ
ଵଶ

ோ்

஽೔ெௐ೔
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ith species. 

The Fuchs correction term is a unitless correction term that is applied to the mass transfer 
equation to modify the mass flux terms when the particle is in the transition regime (Fuchs and 
Sutugin, 1971). Several functional forms for evaluating this correction term are summarized in 
Table 1 of Xue et al. (2005) and application of these yielded minimal changes in the modeling 
results. We selected the correction term from Fuchs and Sutugin (1971). 
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Here, it is assumed that latent heat is negligible and that the particle system has reached 

temperature equilibrium with the surrounding gas so that T = T. The saturation ratio of species i 
is defined as Si = pi/pi,sat. For water vapor, ܵ ൈ 100 corresponds to the relative humidity (RH) of 

air expressed as percentage. In a dry environment, Si = 0 and thus pi,.  

The equilibrium vapor pressure over a curved drop surface is enhanced relative to that of over a 
flat surface  
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where i is the surface tension or surface free energy, i is the density, and i is the activity 
coefficient.  



Activity coefficients were obtained from bulk solution data and parameterized using the 
Margules model (Prausnitz et al., 1999): 
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where ߙ௠ and ߚ௠ are empirical fit parameters and xw is the mole fraction of water in solution.  

Diffusivity of the component particle molecules into the surrounding gas is dependent on 
component material and surrounding gas parameters and temperature. Diffusivity is estimated 
from Bird et al. (2002; Eq. 17.3-12), 
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Here p is pressure in atmospheres,  is the collision diameter, D, is the collision integral, and 
MWi and MWair are the average molecular weight of species i and air, respectively. The collision 

diameter is calculated from ߪ ൌ 1 2⁄ ሺߪ஺ ൅  ஻ሻ (Bird et al., 2002; Bilde et al., 2003), where A isߪ

the collision diameter of a molecule of the particle and B is the collision diameter of the 

surrounding gas. In the absence of experimental data for the collision diameter, A can be 
estimated from the critical volume, Vc, which in turn can be estimated using the Lyderson group 

contribution method (Lyderson, 1955; Bird et al., 2002; Bilde et al., 2003): ߪ஺ ൌ 0.841 ௖ܸ
ଵ ଷ⁄ . The 

collision integral, D, is found by first determining the critical temperature, ܶ∗ ൌ ܶ/ሺ߳/݇஻ሻ, 

where the denominator is a Lennard-Jones parameter and is evaluated as ߳/݇஻ ൌ ඥ߳஺߳஻/݇஻
ଶ . 

Here, ߳஻/݇஻ is the parameter for the surrounding gas. This Lennard-Jones parameter can be 
estimated for a particular material from the materials melting point, ߳஺/݇஻ 	ൌ 1.92	 ௠ܶ. After 
evaluating ܶ∗, Table E.1 or Eq. E2-2  in Bird et al. (2002) can be used to find the collision 
integral. Equation Eq. E2-2 and the evaluated terms needed to solve for the collision integral is 
shown here: 
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Section S3: Values and parameterizations used in this work 

Several GLY and PG vapor pressure values and parameterizations were found in literature and 
these are in general agreement (Stull 1947; Cammenga et al., 1977; CHERIC, 2015; Nageshwar 
and Mene, 1969; Curme and Johnston, 1952) and are shown in Figure S1. For compounds with 
unknown vapor pressure, psat at some reference state and enthalpy of vaporization must be 
estimated to parameterize the temperature dependence.  

 

 

 

Figure S1: The saturation vapor pressure as a function of temperature from various literature 
sources for GLY (red: circle – Cammenga et al., 1977; square – Stull, 1947; solid line – 
CHERIC, 2015) and PG (blue: solid line – CHERIC, 2015; square – Stull, 1947; circle – Curme 
and Johnston, 1952; star – The Dow Chemical Co., 2003; green dashed line – Nageshwar and 
Mene, 1969; solid black line – NIST; blue dashed line – see text). For the black and red solid 
lines, thicker portions indicate the temperature ranges for which the parameterizations were 
reported. Thinner lines indicate extrapolation beyond the reported bounds of the 
parameterizations. 

The literature values are in excellent agreement with each other. The PG curve that is not in 
agreement (blue dashed line) with the other values was a simplistic curve based on the enthalpy 
of vaporization (dH = 67 kJ mol-1, NIST), a single vapor pressure measurement at standard 
temperature (10.4 Pa, Wolfram Alpha), and the simplified form of the Clausius-Clapeyron 
relationship (݌௜ ൌ ܣ ൈ exp	ሺെΔܪ/ܴܶሻ). For this work we used the Eq. S3.1 for GLY (CHERIC, 
2015) and Eq. SI 3.2 for PG (NIST) where ݌௜,௦௔௧ is evaluated in Pa for a given temperature in K. 

−50 0 50 100 150 200
10-4

10-2

100

102

104

106

Temperature (°C)

V
ap

or
 p

re
ss

ur
e 

(P
a)



݈݊൫݌௜,௦௔௧൯ ൌ െ21.25867݈݊ሺܶሻ െ ଵ଺଻ଶ଺.ଶ଺

்
൅ 165.5099 ൅ 1.100480 ൈ 10ିହܶଶ  (SI 3.1) 

݋݈ ଵ݃଴൫݌௜,௦௔௧ 10ହ⁄ ൯ ൌ 6.07936 െ ቀଶ଺ଽଶ.ଵ଼଻
்ିଵ଻.ଽସ

ቁ       (SI 3.2) 

 

It should be noted that the selected GLY vapor pressure equation was fitted to data T > 17 °C, 
the melting point of GLY. Values below 17 °C are extrapolated.  

Using bulk humidity data for GLY and PG, the Margules fit parameters can be found. The bulk 
data consisted of measured SH2O over a flat surface and the fraction of GLY/PG versus water 
content present in the solution. The fraction of each component within the solution is then 
converted to mole fractions. Under the assumption that the water activity (aw) is the same as a 
saturation ratio over a flat surface, the activity coefficient at each SH2O is ߛ ൌ ܽ௪/ݔ௪. The 
resulting activity coefficient versus mol fraction data can now be fit to Eq. SI 2.4 to find the fit 

parameters m and m. Figure S2 shows the activity coefficient values derived from bulk data for 
GLY and PG, respectively.  

 

Figure S2: (a) GLY bulk data values. Activity coefficient data as a function of water activity. 
Data points are from literature (square – Glycerine Producers Association (1963); plus – The 
Soap and Detergent Association (1990); circle - Glycerine Producers Association (1963); star – 

Forney and Brandl, 1992; x – ASTM (1990)). Solid line is the Margules fit using [, ] = [-
0.2988, 1.312]. Shaded region is estimated error in activity coefficient data derived from the 
standard deviation of the literature data binned in 0.1 aw. (b) PG bulk data values. Data points are 

from The Dow Chemical Co. (2003). Margules fit paraemters [, ] = [-0.2305, 3.936]. No error 
region is included due to a single citation source.  
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Tables 
Table 1: Summary of parameters needed to evaluate Eq. (1), main text. 

 Glycerol Propylene glycol Water Air 
MW – Molar weight/mass (g/mol) 92.09 76.09 18.01 28.97 

i – Collision diameter (Å) 5.333 5.205 - 3.617 

߳஻ ݇஻⁄  – Lennard-Jones parameter (K) 558.62 411.17 - 97 
Sat. Vapor Pressure at T = 20 °C (Pa) 1.16e-2 19.8 2340 - 
 - Surface tension (N m-1) 0.07 0.04 0.073 – ߪ
 - Density (kg/m3) 1260 1040 1000 – ߩ

௖ܸ – Critical volume (cm3) 255 237 - - 

௠ܶ – Melting temperature (K) 290.95 214.15 - - 
ሾߙ௠,  - - ௠] – Margules fit parameters [-0.2988, 1.312] [-0.2305, 3.936]ߚ
 - ௜ – Diffusivity at T = 20 °C (cm2 s-1) 0.077 0.086 0.242ܦ
 - - ௠ - Mass accommodation coefficient 0.8 1ߙ
 

  



Section S4: Evaporation in DMA 

As the particles evaporate, the mass is transferred from the particle to the gas phase resulting in 
an increase in the partial pressure of that material over the surface. If the vapor pressure 
increases significantly this can retard particle evaporation and alter the observable kinetics of the 
particle. In the evaporating DMA the filter removes excess particles and vapor thus ensuring that 
clean air is always supplied to the DMA sheath. It is then assumed any vapor phase constituents 
are introduced by the sample stream and evaporation of the particles currently being classified by 
the DMA. As the sample stream only exists at warm temperatures for a brief period of time, the 
sample flow should be devoid of vapor phase material when entering the DMA (with the 
exception of the water vapor introduced during the humidified scans). 

This leads to the question on whether a particle moving within the DMA can sufficiently out run 
its own vapor field. Figure S3 shows the particle motion through the DMA (blue line), the vapor 
field front from the initial particle evaporation when the particle is introduced into the DMA, and 
the relative vapor field gradient from when the particle leaves the DMA. The vapor field transits 
in the radial direction due to diffusion only as there is no radial motion of the sheath flow and 

can be modeled via: Δݎ ൌ 2ඥܦ௜Δݐ. Conversely, the axial motion of the sheath fluid will 

dominate over the diffusion in the z direction and is modeled as Δݖ ൌ ܳ௦௛௘௔௧௛Δݐ. 

 

Figure S3:  Blue line is particle trajectory within the HF-DMA. Red line is the diffusional front 
corresponding to the particle transit time. Gradient indicates the relative vapor concentration. 

In this simplified case it can be seen that the particle resides near the vapor field front (red line) 
during the majority of the particle transit. Even if the GLY vapor concentration in the sample 
flow were high, the concentration experienced by the particle along the trajectory is substantially 
reduced. We note that if there was vapor buildup, this would introduce significant error and the 
incongruent results would have been observed at different sheath flow rates. This is because the 
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radial velocity leading to transmission depends on sheath flow rate, while the radial diffusion 
rate does not. Furthermore, we observed that the accommodation coefficient of GLY is near 
unity. Had vapor build-up prevented evaporation, substantially smaller ߙ௠ values should have 
been observed.  

  



Section S5: Hygroscopic growth parameterization 

The Margules fit parameters can be used to evaluate the equilibrium hygroscopic growth factors 
of pure GLY or PG particle having a dry diameter of Dpd. Detailed equations are provided in 
Petters et al. (2009) and Suda and Petters (2013). Figure S4 shows equilibrium hygroscopic 
growth factor for non-evaporating 200 nm GLY (blue) and PG (red) particles evaluated from the 
Margules parameterization of the bulk water activity data, molecular weight, and density 
provided in Table S1. The corresponding ideal hygroscopicity parameters, ߢ௜ௗ௘௔௟ (Suda and 
Petters, 2013), are 0.2465 and 0.2276 for GLY and PG, respectively. 

 

Figure S4: Equilibrium hygroscopic growth for GLY (blue) and PG (red).  
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Section S6: Measured humidigrams 

The following eight humidigrams were used to generate the data that went into Figure 8 of the 
main text. Included on each humidigram is the measured growth factor (black points), 
equilibrium growth factor profile (black line), modeled scan results (blue line), and the same 
modeled results using a 10% change in the parameterized GLY vapor pressures (blue dashed 
lines) with increased vapor pressure model results appearing below the standard modeled results.  
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