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1. ELECTRODYNAMIC BALANCE EXPERIMENTAL METHODS 

Droplets are generated from a droplet-on-demand piezoelectric dispenser, charged by an 

induction electrode and trapped within the EDB chamber <100 ms after generation. The confined 

dilute solution droplet with initial radius of 30 – 20 μm, rapidly loses water equilibrating to the 

RH of the trapping region (~20% in the measurements presented here). Time between initial 

equilibration and initiation of the condensation step was on the order of one to several minutes to 

allow the trapped particle to reach an equilibrated moisture content with the gas phase. Initially, 

the humidified nitrogen flow regulating the RH entered through the top pair of cylindrical 
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electrodes; switching the gas flow to a pre-equilibrated higher RH flow passing through the bottom 

electrode allowed a step increase in RH to be achieved in less than 0.5 s.1 Each of the two-primary 

humidified EDB flows is a mixture of two subflows: a dry flow and a moist flow humidified via 

flowing through a temperature-controlled water bath. The ratio of the flow rates for these two 

subflows was controlled via a custom LabView (National Instruments) software. At the start of 

the condensation step the two primary gas flows were switched from 20 and 200 mL min-1 to 200 

and 20 mL min-1, respectively.  

Temperature within the chamber was maintained by circulating coolant through channels present 

in the EDB structure. Coolant temperature was controlled using a circulating thermal bath (Julabo 

F32-ME). At coolant temperatures of 20 °C the actual chamber temperature has an uncertainty of 

± 1 °C of the coolant temperature, according to prior work by Davies et al.1 For measurements 

collected at coolant temperatures ≤ 0 °C, the chamber temperature was measured via a 

thermocouple (±1.5°C) placed between the main electrodes immediately prior to the experiment.  

The EDB setup has two separate droplet-on-demand generators, allowing alternate generation 

of probe and sample droplets from separate dispensers. The gas flow RH was determined by 

tracking the evaporation kinetics of a separately generated and trapped probe droplet having well-

characterized, gas diffusion-limited evaporation behavior, pure water in this case. This procedure 

is detailed in Rovelli et al.2 At all temperatures the RHs of the drier flow were nominally 20% for 

measurements with glucose, PEG-4, sodium nitrate, and sucrose droplets, and 50% for raffinose 

and trehalose droplets. The higher RH values switched to during condensation step measurements 

ranged from 60% to 90% at 20 °C. At lower temperatures all measurements utilized a nominal 

high RH flow RH of 80%. Measurements were collected for glucose and trehalose only at 20 °C, 
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while measurements were also collected for raffinose, sodium nitrate, and sucrose at temperatures 

of 0° and -7.5 °C and PEG-4 at 0 °C. 

To measure the radius of a trapped droplet, the elastically scattered light from a 532 nm (λ) laser 

(Laser Quantum Ventus CW) incident on the droplet was collected via a CCD camera with a 

central viewing angle (θ) of 45°. From the observed average angular fringe separation (Δθ) and 

knowing the refractive index (n), the radius can be estimated to within a precision of ±100 nm 

using the geometric optics approximation 3: 

 
𝑟 =

𝜆

Δ𝜃
[cos(𝜃 2⁄ ) +

𝑛 sin(𝜃 2⁄ )

√1 + 𝑛2 − 2𝑛 cos(𝜃 2⁄ )
]

−1

 (S1) 

Note the refractive index of the droplet varies during droplet growth since the solute mass 

fraction decreases as water condenses onto the droplet.  For online data collection, a constant 

refractive index of 1.335, equivalent to that of pure water at 532 nm, was assumed. In post-

processing data analysis, measured radii were corrected by accounting for these changes in 

refractive index, using the molar refraction.4 This procedure is detailed in Rovelli et al.2 and Marsh 

et al.5 

For these water condensation experiments, 5% (w/w) solutions of D-(+)-glucose (Sigma-

Aldrich, 99.5%), PEG-4 (oligomer purity > 98.5%, Sigma-Aldrich), D-(+)-raffinose pentahydrate 

(Sigma-Aldrich, ≥ 98.0%), sodium nitrate (Fisher Scientific, analytical reagent), sucrose (Sigma-

Aldrich, ≥ 99.5%), and D-(+)-trehalose dihydrate (Sigma-Aldrich, ≥ 99%) were prepared in 

HPLC-grade water (Fisher Scientific). All reagents were used as provided without additional 

purification. Chemical compounds were selected to form binary aqueous-solute aerosol droplets 

such that a broad range of initial (pre-condensation step) viscosities could be studied. 
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2. GAS DIFFUSIONAL GROWTH MODEL 

Assuming spherical geometry, isotropic mass flux and provided an experimental time resolution 

sufficiently short (0.01 s) to approximate the droplet density (ρ) as constant with respect to the 

previous measured data point, radial growth with time (t) can be described by the following 

ordinary differential equation: 

 𝑑𝑟

𝑑𝑡
= (4𝜋𝜌𝑟2)−1

𝑑𝑚

𝑑𝑡
 (S2) 

For this work, mass flux was simulated using the Kulmala diffusion model 2,6,7: 

 𝑑𝑚

𝑑𝑡
= 4𝜋𝑟(𝑆∞ − 𝑆𝑟) [

𝑅𝑇∞
𝑀𝛽𝑀𝐷𝑁𝑝0𝐴

+
𝑆𝑟𝐿

2𝑀

𝐾𝑅𝛽𝑇𝑇∞
2]

−1

(
𝑆ℎ

2
) (S3) 

where S∞ is the saturation ratio far from the particle surface (equal to the fractional ambient RH), 

Sr is the saturation ratio at the particle surface (equal to the equilibrium water activity of the droplet 

solution), R is the universal gas constant, T∞ is the temperature far from the droplet surface, p0 is 

the equilibrium vapor pressure of water at T∞, A is a correction factor for Stefan flow effects, M is 

the molecular weight of the condensing species (water in this case), DN is the gas-phase diffusion 

constant of water in nitrogen, L is the enthalpy of vaporization for liquid water, K is the thermal 

conductivity of air, βM and βT are transition regime correction factors for mass and heat transfer,8 

respectively, and Sh is the Sherwood number,9 a correction factor for enhanced mass transfer to 

the droplet due to gas flow within the EDB. The Stefan flow correction depends upon the full 

ambient air pressure (p): 

 
𝐴 = 1 +

(𝑆∞ + 𝑆𝑟)𝑝
0

2𝑝
 (S4) 

Stefan flow is a stream of air towards a condensing droplet that develops to maintain constant 

ambient air pressure near the droplet surface despite ongoing gradient diffusion of air molecules 
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away from the particle. The βM and βT terms depend upon the mass accommodation and thermal 

accommodation coefficients, respectively. Unless otherwise stated, these are assumed to be unity, 

since the size of the droplets examined in this work is >> 1 μm. The Sherwood number is calculated 

as a function of the Reynolds (Re) and Schmidt (Sc) numbers using a formulation parallel that of 

Ranz and Marshall10 for the Nusselt number, the analogous quantity of the Sherwood number for 

heat transfer:  

 2 + 0.6𝑅𝑒1 2⁄ 𝑆𝑐1 3⁄  (S5) 

Here the Kulmala mass flux equation is used to simulate water condensation events governed by 

a gas phase diffusion limitation and in order to determine the timescale of water condensation in 

absence of any bulk diffusion limitation to water transport. To apply this kinetic model, the 

following quantities must be known: 

- Initial radius (prior to condensation step), 

- Concentration of solute in the droplet at the initial radius (prior to condensation step), 

- Final RH (post condensation step), 

- Hygroscopic growth parametrisation of the sample compound, 

- Density parametrisation against water activity of the sample solutions. 

Density parametrisations for the saccharide species, sodium nitrate and PEG-4 were taken from 

the work of Cai et al.11 Hygroscopic response curves were taken from AIOMFAC-web12,13 for the 

saccharides, E-AIM14 for sodium nitrate and from the work of Marsh et al. for PEG-4.5 The 

sensitivity of the simulated condensation timescales to the used hygroscopicity parameterization 

was tested and found to have a negligible impact on the retrieved condensation timescale when 
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compared to the uncertainty on the calculated droplet size. Examples of simulations of 

condensation events are shown in Fig. S1. 

 

Figure S1. Time dependence of particle size (grey curves) along with fitted mKWW equations 

(black curves) and simulated growth curves (red curves) for representative (a) sodium nitrate and 

(b) sucrose droplet condensation experiments at 0 °C. The dashed red curves represent uncertainty 

in the simulated growth curves arising due to an assumed uncertainty of ±0.1 µm (i.e. the 

uncertainty of the geometric optics approximation sizing procedure) on the initial droplet radii. 

The dashed vertical lines are positioned at the fitted experimental characteristic times.  

  



7 

 

3. CALCULATION OF BULK MIXING TIME  

Assuming behavior consistent with Fick’s 2nd Law, the characteristic timescale for diffusional 

mixing within a particle is related to the square of radius (r)15:  

 
𝜏𝑚𝑖𝑥 =

𝑟2

𝜋2𝐷
 (S6) 

where D is the particle diffusion constant in the host medium. For water vapor in sucrose, the 

temperature- and RH-dependent diffusivity relationship of Lienhard et al.16 is utilized. Applying a 

rudimentary scale analysis to Eq. S6, characteristic intraparticle mixing time should be four orders 

of magnitude faster in a 100 nm particle than in a 10 μm one. As such, if bulk diffusional limitations 

are of limited practical concern at the latter size, they will be of even less concern at the former, 

assuming no difference in particle viscosity. Scale dependence of aerosol viscosity is currently not 

well constrained, although there is limited evidence that it is of less concern at diameters > 100 

nm17. Regardless, thermodynamic arguments by Cheng et al.18 suggest that if scale dependence is 

present, smaller particles will be less viscous and thus presumably mix even faster. Fig. S3 depicts 

characteristic bulk mixing times for aqueous sucrose aerosol as a function of radius at 20 °C and 

variable RH (between 10 – 90 %), calculated using equation S6. 
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Figure S2. Comparison of the radius dependence of the modelled bulk mixing time in 10 % RH 

increments (grey solid lines) and 25% and 78% RH (black solid lines) with modelled 

condensational growth timescales for sucrose particles at 20 °C and for an RH step from 25% to 

78% (red circles). The mean experimental timescale for a sucrose particle (~8 µm) ~25 – 75 % RH 

step at 20 °C is indicated by the red square.  

3. MASS ACCOMODATION COEFFICIENT  

 

 

Figure S3. Modeled growth curves under various assumptions of mass accommodation 

coefficient (α) for the representative sucrose condensation experiment (grey data points) from Fig. 

S1b. Thin dotted red curves correspond to modelled growth curves assuming logarithmically 

spaced values of the mass accommodation coefficient between 0.0001 and 0.01; the α = 0.1 curve 

is not visible as it is coincident with the α = 1.0 curve on the resolution of this figure.  The thicker 

dashed red line (α = 0.0025) is the value of α where the modelled characteristic time equals the 

observed experimental characteristic time of 2.2 s. 
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