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Abstract: Recent studies by Tsalikis et al. (2023, 2024) predicted that the mean free path of air (λair) could be significantly 

smaller than widely used values by a factor of ~2. Given the fundamental importance of λair, it has been a question whether an 10 

overestimation of λair would have profound influences on a number of aerosol processes. Here we assume that the newly 

proposed value of λair is accurate and examine its influences on our understanding of atmospheric aerosols. We show that for 

collisions-induced aerosol dynamics such as the condensation growth of atmospheric particles, the collision rate and hence the 

growth rate are determined by an effective mean free path for vapor and particle collision rather than λair. Similar to the cause 

of a smaller λair, the overlooked force field in pure elastic models may enhance vapor-particle collisions; however, this 15 

enhancement has been accounted for in previous studies. As a result, we find that the smaller λair does not substantially 

influence particle collisions, i.e., it does not challenge the previous understandings of particle growth in the lower troposphere. 

Other potential influences on growth involving a high excess latent heat and the uncertainties in the sub-5 nm size range are 

also addressed. 

 20 

The mean free path is a fundamental quantity in aerosol research. It is widely used to characterize the regime of particle 

motion in surrounding gases and is closely associated with particle dynamic processes such as deposition, diffusion, 

condensation, and coagulation. Recently, Tsalikis et al. (2023, 2024) investigated the mechanics and dynamics of collisions of 

air molecules (i.e., nitrogen and oxygen) and revisited the values of the mean free path of air (λair). Using a thoroughly validated 

atomistic molecular dynamics model, they proposed that the air molecules collide more frequently with each other compared 25 

to previous understandings. The force field, previously neglected in pure elastic models, was found to be the governing reason 

for the more frequent collisions. As a result, λair was predicted to be significantly smaller than the widely used values. For 

example, the newly proposed value of λair at 300 K and 1 atm is 38.5 nm, while the widely used value is 67.3 nm. However, 

the effects of this change in the value of λair remain unclear. Here we assume that the newly proposed value of λair is accurate 

and examine the influence of λair on the dynamic processes of atmospheric aerosols. 30 
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We mainly focus on the collision rate between vapor molecules and aerosol particles, and subsequently, the growth rate 

of particles. This is motivated by the importance of growth to the atmospheric and climatic influences of airborne particles 

(Kulmala et al., 2022). If particles grew faster than previously expected, they could form more cloud condensation nuclei and 

provide more surface for atmospheric physicochemical processes. However, we find that despite the significant change in the 

value of λair, it has negligible influence on particle growth and relevant processes. That is, the framework of present-day aerosol 35 

dynamic theories, especially in typical atmospheric conditions, is not challenged by the uncertainties in the value of λair. We 

also note that the growth of small nanoparticles at the kinetic limit (e.g., < 3 nm) may be affected by the uncertainties associated 

with the force field of air molecules. The reasons are given in detail below. 

The mean free path of air is the average distance an air molecule travels between its consecutive collisions with other air 

molecules. The relative size of a particle compared to λair determines the behavior of air molecules surrounding it, which can 40 

be characterized by the Knudsen number (Kn), 

𝐾𝑛air =
2𝜆air

𝑑p

(1) 

where dp is the particle diameter and the subscript air emphasizes that Eq. 1 is for air molecules. The movement of particles is 

usually classified into three dynamic regimes according to the value of Knair, i.e., the kinetic regime (or free molecular regime) 

for Knair ≫ 1, the continuum regime for Knair ≪ 1, and the transition regime between the kinetic and continuum regimes for 45 

Knair ~ 1. 

However, the use of the mean free path and its corresponding Knudsen number varies with the specific transfer process 

to particles. Fuchs and Sutugin (1971) proposed that the mean effective free path should be used and its formula differs for 

mass and heat transfer processes. For the collision between particles and condensable vapors, the mean effective free path 

characterizes the distance the vapor molecule travels before its velocity becomes independent of the initial velocity. Here we 50 

use a modified Fuchs-Sutugin expression for condensation reported in Lehtinen and Kulmala (2003), which has an improved 

accuracy for particles down to molecular sizes. The Knudsen number and mean free path are correspondingly defined as 

𝜆 =
3(𝐷v + 𝐷p)

√𝑐v
2 + 𝑐p

2
(2) 

𝐾𝑛 =
2𝜆

𝑑v + 𝑑p

(3) 

where D is the diffusion coefficient, c is thermal velocity, and the subscripts v and p indicate vapor and particle, respectively. 55 

Different from Eq. 1, the Kn in Eq. 3 is determined by the mean effective free path for vapor and particle collision, λ, instead 

of λair. 

For the convenience of illustration, we first discuss the collision between vapors and small nanoparticles at the kinetic 

limit (Kn → ∞). The collision coefficient can be expressed as 

𝐾K =
π

4
𝛼(𝑑v + 𝑑p)

2
√

8𝑘𝑇

π𝑚𝑣

+
8𝑘𝑇

π𝑚𝑝

∙ 𝐸 (
𝐴

𝑘𝑇
, ∞) (4) 60 
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where K is the collision coefficient and the subscript K indicates the kinetic limit, α is the mass accommodation coefficient 

and it is taken to be 1 in this study, m is mass, E characterizes the enhancement of intermolecular forces on the collision 

coefficient compared to pure elastic collisions, A is the Hamaker constant, and k is the Boltzmann constant, and T is 

temperature. Here the relative thermal velocity between the colliding vapor and particle is explicitly expressed by their masses. 

Equation 4 shows that the collision coefficient at the kinetic limit is governed by the collision cross-section and the relative 65 

thermal speed. While the relative thermal velocity is determined by the masses of vapor and particle, there may be uncertainties 

in the collision cross-section calculated using the vapor and particle diameters. Previous studies have shown that electrical 

mobility diameter inferred from measured electrical mobility using the Stokes-Millikan equation deviates from the mass 

diameter (Tammet 1995; Ehn et al., 2010; Larriba et al., 2011). Furthermore, as characterized by E in Eq. 4, the attractive 

component of the force field extends the time of colliding vapor and particle to stay close to each other. This is equivalent to 70 

increasing the collision cross-section for air molecules compared to pure elastic collisions. For instance, experimental evidence 

shows that van der Waals forces enhance the growth rate of newly formed particles by a factor of ~2 compared to growth by 

pure elastic collisions (Stolzenburg et al., 2020). This enhancement is also supported by molecular dynamic simulations for 

the collision between two sulfuric acid molecules (Halonen et al., 2019). Tsalikis et al. (2023, 2024) found similar influences 

of the force field on the collision cross-section of air molecules, which is the governing reason for the smaller λair predicted by 75 

molecular dynamic models compared to pure elastic models. We also note that the values of λair and λ are not used in computing 

the collision coefficient using Eq. 4; however, the influence of the force field of air molecules on the collision between vapors 

and particles remains to be further investigated. 

For collisions at the continuum and transition regimes, the collision coefficient between particles and vapors can be 

expressed as 80 

𝐾 = 2π(𝑑v + 𝑑p)(𝐷v + 𝐷p) ∙ 𝛽𝑚 ∙ 𝐸 (
𝐴

𝑘𝑇
, 𝐾𝑛) (5) 

𝛽m =
1 + 𝐾𝑛

1 + 0.377𝐾𝑛 +
4

3𝛼 𝐾𝑛(1 + 𝐾𝑛)
(6) 

where βm is the Fuchs-Sutugin semi-empirical factor. At the continuum limit (Kn → 0), βm approaches 1 and Eq. 5 can be 

simplified as 

𝐾C = 2π(𝑑v + 𝑑p)(𝐷v + 𝐷p) ∙ 𝐸 (
𝐴

𝑘𝑇
, 0) (7) 85 

where the subscript C indicates the continuum limit. At the kinetic limit (Kn → ∞), it can be verified that Eq. 5 can be simplified 

to Eq. 4, i.e., the value of K computed using Eq. 5 converges to the value of KK in Eq. 4 at the kinetic limit. 

Finally, the growth rate (ddp/dt) of monodisperse particles due to vapor condensation can be obtained by multiplying the 

collision rate and the increment of particle size per collision, yielding 

d𝑑p

𝑑𝑡
= 𝐾(𝑁v − 𝑁v

eq)∆𝑑p (8) 90 
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where Nv is the concentration of vapor molecules, Nv
eq is the equilibrium vapor concentration after considering the Kelvin 

effect and the effect of Raoult’s law, and Δdp is the increment in particle diameter after adding a vapor molecule. For spherical 

particles, Δdp can be expressed as √𝑑𝑣
3 + 𝑑𝑝

33
− 𝑑𝑝. Equations 2-8 can also be applied for coagulation processes by replacing 

the condensation vapors with particles, yet here we focus on condensation processes for the convenience of understanding. 

For the convenience of understanding, we show the particle growth rate driven by the condensation of 107  cm-3 gaseous 95 

sulfuric acid in Fig. 1. The sulfuric acid is assumed to be non-volatile, and the Hamaker constant is taken to be 4.6×10-20 J. 

According to Tsalikis et al. (2024), molecular dynamic simulation reproduced the values for the density, diffusion coefficient, 

and dynamic viscosity of air in experimental measurements or theoretical expressions well, and air velocity distribution was 

identical to classical expression. Equation 4 shows that the collision coefficient at the kinetic limit is determined by the sizes 

and thermal velocities of vapors and particles, i.e., it is not affected by λair. Similarly, Eq. 7 shows that with given diffusion 100 

coefficients and thermal velocities, λair does not influence the collision coefficient. Indeed, the diffusion coefficient of particles 

is calculated using λair; however, we will show that updating the value of λair does not practically affect particle diffusion in the 

discussion below. For the transition regime (0.1 < Kn < 10), the formulas for the kinetic and continuum limits tend to 

overestimate the collision coefficient, and the Fuchs-Sutugin factor βm needs to be used. However, λair is not used to calculate 

the value of βm for vapors and particles with given diffusion coefficients and thermal velocities (Eqs. 2, 3, and 5). As a result, 105 

updating the value of λair changes neither the particle growth rate nor the size range corresponding to kinetic, transition, and 

continuum regimes for vapor condensation (Fig. 1).  

 

Figure 1 
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The governing reason for the smaller λair predicted by molecular dynamic models compared to pure elastic models is that 

the attractive component of the force field extends the time of colliding molecules to stay close to each other. This is equivalent 

to increasing the collision cross-section for air molecules compared to pure elastic collisions. As shown in Fig. 2, the measured 

particle growth rate of sub-10 nm particles exceeds the prediction by a pure elastic model (A = 0 and hence E = 1 in Eq. 5), in 

which the condensing vapor (sulfuric acid) is assumed to be non-volatile and the growth rate is hence limited by the collision 115 

rate. This indicates a non-negligible collision enhancement by the force field between vapors and particles. With such a force 

field, the effective collision cross section is expected to be larger than that in the pure elastic model and the mean effective 

free path (λ) is correspondingly smaller than that predicted in Eq. 3. While noting that the influence of force field on λ is 

expected to be size-dependent, we arbitrarily reduce the value of λ by a constant factor of 2 and show a relatively good 

consistency between the measured and predicted sub-10 nm growth rate. 120 

 

Figure 2 
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However, previous studies have used a semi-empirical correction factor E (see Eqs. 4, 5, and 7) to account for collision 

enhancement due to the force field between vapors and particles. With a Hamaker constant of 4.6×10-20 J, the growth rate 125 

predicted using Eq. 4 can reproduce the measured data without adjusting the value of λ (Fig. S1). That is, the influence of the 

force field on vapor condensation has been accounted for in present-day particle growth studies, though this is not achieved 

by explicitly updating the value of λ. Previous studies (e.g., Stolzenburg et al., 2020) have also discussed the uncertainty in E, 

which is associated with the uncertainty in λ for growth rate calculation. Whichever method is implemented for this 

enhancement, it is important to avoid double-counting: if one uses the van-der-Waals correction factor E for the force field, 130 

one should not adjust λ and vice versa. 

The diffusion coefficient of particles is a function of the λair. The diffusion coefficient Dp can be expressed as 

𝐷p =
𝑘𝑇𝐶s

3𝜋𝜇𝑑p

 (9) 

𝐶s = 1 +  𝐾𝑛air(𝑎 + 𝑏 ∙ 𝑒−𝑐 𝐾𝑛air⁄ ) (10) 

where Cs is the Cunningham slip correction factor, μ is the viscosity of air, and a, b, and c are fitting parameters for the 

Knudsen-Weber formula for Cs. 

Equations 9-10 indicate that the value of λair influences particle diffusion by influencing Cs. However, these influences do 135 

not apply to the update of λair proposed by Tsalikis et al. (2023, 2024). This is because the values of the fitting parameters in 

Eq. 10 were obtained as the best fit to experimental results with a predetermined value of λair. Updating the value of λair 

corresponds to an update in the values of fitting parameters rather than the values of Cs. For instance, the values of a, b, and c 

reported in Allen and Raabe (1985) for spherical solid particles for λair = 67.3 nm at sea level 23°C are 1.142, 0.558, and 0.999, 

respectively. If λair is updated to 38.5 nm at the same temperature and pressure, a, b, and c should be correspondingly updated 140 

to 1.996, 0.975, and 1.746, respectively, to be consistent with experimental results from the Millikan oil-drop experiments. For 

the same reason, updating the value of λair by accounting for the force field for collisions is not expected to directly affect other 

processes relevant to the drag force of air molecules on particles at atmospheric conditions, e.g., coagulation, agglomeration, 

and electrical motion, though indirect influences may exist. It is also worth clarifying that the diffusion coefficients of vapor 

and particle in Eq. 5 cancel off with that in βm at the kinetic limit (see also Eq. 4). Consequently, the uncertainty of Eq. 9 for 145 

small nanoparticles (e.g., <3 nm) does not propagate into the value of K. 

For the rapid condensation of vapor molecules with high latent heat, the heat transfer from growing aerosol particles 

needs to be considered (e.g., Yang et al., 2019). In these situations, the temperature at the aerosol surface can be significantly 

higher than the ambient air temperature. One typical example in the atmosphere is cloud droplet formation, during which 

supersaturated water vapor condenses on cloud condensation nuclei (ca 100 nm) within a few minutes to form cloud droplets 150 

(ca 10000 nm) (e.g., Kulmala et al., 1993). Different from the Kn for vapor condensation in Eq. 3, the Knudsen number for 

heat transfer should be Knair, which is defined based on λair. However, since the heat and mass transfer for cloud droplet 

formation occurs mainly in the continuum regime, the droplet growth rate has a negligible dependence on λair. 
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In summary, we find that the smaller λair predicted by atomistic molecular dynamics than widely used values predicted 

by pure elastic collision models does not substantially influence particle growth by condensation and coagulation. This is 155 

because the collision of particles is determined by the mean effective free path of condensable vapors rather than λair, and the 

formula for the slip correction factor is fitted to experimental results with a predetermined value of λair. The influences of the 

force field of air molecules on the collision between vapors and particles may need further investigation. For rapid growth 

processes involving a high excess latent heat, a smaller λair affects growth by increasing heat transfer flux. However, this is not 

the case for atmospheric nanoparticle growth in the lower troposphere, and it has only a minor influence on cloud droplet 160 

formation. 

Code availability 

The code for the figure can be provided upon request from the corresponding author. 

Author contributions 

MK conceptualized the research; RC performed model simulations; MK and RC analyzed the results; RC wrote the 165 

manuscript with inputs from MK. 

Competing interests 

Some authors are members of the editorial board of journal AR. 

Acknowledgements 

We thank Sotiris E. Pratsinis and Claudia Mohr for their insightful discussions. 170 

Financial support 

This research has been supported by the National Natural Science Foundation of China (grant no. 22406024), ACCC 

Flagship funded by the Academy of Finland grant number 337549 (UH) and 337552 (FMI), Academy professorship funded 

by the Academy of Finland (grant no. 302958), Academy of Finland projects no. 1325656, 311932,334792, 316114, 325647, 

325681, 347782, 324259, the Strategic Research Council (SRC) at the Academy of Finland (#352431), "Quantifying carbon 175 

sink, CarbonSink+ and their interaction with air quality" INAR project funded by Jane and Aatos Erkko Foundation, "Gigacity" 

project funded by Wihuri foundation, grant VN/28414/2021 by the Ministry of Agriculture and Forestry of Finland, European 

Union (Grant no. 101059888, Climb-Forest and Grant no. 871128, eLTER PLUS), European Research Council (ERC) project 

ATM-GTP Contract No. 742206, and European Union via Non-CO2 Forcers and their Climate, Weather, Air Quality and 

Health Impacts (FOCI). 180 



7 
 

References 

Allen, M. D. and Raabe, O. G.: Slip Correction Measurements of Spherical Solid Aerosol Particles in an Improved Millikan 

Apparatus, Aerosol Science and Technology, 4, 269-286, 10.1080/02786828508959055, 2007. 

Ehn, M., Junninen, H., Petäjä, T., Kurtén, T., Kerminen, V. M., Schobesberger, S., Manninen, H. E., Ortega, I. K., Vehkamäki, 

H., Kulmala, M., and Worsnop, D. R.: Composition and temporal behavior of ambient ions in the boreal forest, Atmos. 185 

Chem. Phys., 10, 8513-8530, 10.5194/acp-10-8513-2010, 2010. 

Fuchs, N. A. and Sutugin, A. G.: Highly Disperse Aerosols, in: Topics in current aerosol research, edited by: Hidy, G. M., and 

Brock, J. R., Pergamon, New York, 10.1016/B978-0-08-016674-2.50006-6, 1971. 

Halonen, R., Zapadinsky, E., Kurtén, T., Vehkamäki, H., and Reischl, B.: Rate enhancement in collisions of sulfuric acid 

molecules due to long-range intermolecular forces, Atmospheric Chemistry and Physics, 19, 13355-13366, 10.5194/acp-190 

19-13355-2019, 2019. 

Kulmala, M., Cai, R., Stolzenburg, D., Zhou, Y., Dada, L., Guo, Y., Yan, C., Petaja, T., Jiang, J., and Kerminen, V. M.: The 

contribution of new particle formation and subsequent growth to haze formation, Environmental Science: Atmospheres, 

2, 352-361, 10.1039/d1ea00096a, 2022. 

Kulmala, M., Laaksonen, A., Korhonen, P., Vesala, T., Ahonen, T., and Barrett, J. C.: The effect of atmospheric nitric acid 195 

vapor on cloud condensation nucleus activation. Journal of Geophysical Research: Atmospheres, 98, 22949-22958, 

10.1029/93JD02070, 1993. 

Larriba, C., Hogan, C. J., Attoui, M., Borrajo, R., Garcia, J. F., and de la Mora, J. F.: The Mobility–Volume Relationship 

below 3.0 nm Examined by Tandem Mobility–Mass Measurement, Aerosol Science and Technology, 45, 453-467, 

10.1080/02786826.2010.546820, 2011. 200 

Lehtinen, K. E. and Kulmala, M.: A model for particle formation and growth in the atmosphere with molecular resolution in 

size, Atmospheric Chemistry and Physics, 3, 251–257, 10.5194/acp-3-251-2003, 2003. 

Stolzenburg, D., Simon, M., Ranjithkumar, A., Kürten, A., Lehtipalo, K., Gordon, H., Ehrhart, S., Finkenzeller, H., 

Pichelstorfer, L., Nieminen, T., He, X.-C., Brilke, S., Xiao, M., Amorim, A., Baalbaki, R., Baccarini, A., Beck, L., 

Bräkling, S., Caudillo Murillo, L., Chen, D., Chu, B., Dada, L., Dias, A., Dommen, J., Duplissy, J., El Haddad, I., Fischer, 205 

L., Gonzalez Carracedo, L., Heinritzi, M., Kim, C., Koenig, T. K., Kong, W., Lamkaddam, H., Lee, C. P., Leiminger, M., 

Li, Z., Makhmutov, V., Manninen, H. E., Marie, G., Marten, R., Müller, T., Nie, W., Partoll, E., Petäjä, T., Pfeifer, J., 

Philippov, M., Rissanen, M. P., Rörup, B., Schobesberger, S., Schuchmann, S., Shen, J., Sipilä, M., Steiner, G., Stozhkov, 

Y., Tauber, C., Tham, Y. J., Tomé, A., Vazquez-Pufleau, M., Wagner, A. C., Wang, M., Wang, Y., Weber, S. K., Wimmer, 

D., Wlasits, P. J., Wu, Y., Ye, Q., Zauner-Wieczorek, M., Baltensperger, U., Carslaw, K. S., Curtius, J., Donahue, N. M., 210 

Flagan, R. C., Hansel, A., Kulmala, M., Lelieveld, J., Volkamer, R., Kirkby, J., and Winkler, P. M.: Enhanced growth 

rate of atmospheric particles from sulfuric acid, Atmospheric Chemistry and Physics, 20, 7359-7372, 10.5194/acp-20-

7359-2020, 2020. 



8 
 

Tammet, H.: Size and mobility of nanometer particles, clusters and ions, Journal of Aerosol Science, 26, 459-475, 

10.1016/0021-8502(94)00121-E, 1995. 215 

Tsalikis, D. G., Mavrantzas, V. G., and Pratsinis, S. E.: Dynamics of molecular collisions in air and its mean free path, Physics 

of Fluids, 35, 10.1063/5.0166283, 2023. 

Tsalikis, D. G., Mavrantzas, V. G., and Pratsinis, S. E.: A new equation for the mean free path of air, Aerosol Science and 

Technology, 58, 930-941, 10.1080/02786826.2024.2333859, 2024. 

Yang, H., Drossinos, Y. and Hogan, C. J.: Excess thermal energy and latent heat in nanocluster collisional growth. The Journal 220 

of Chemical Physics 151, 224304, 10.1063/1.5129918, 2019. 

 

 

 

 225 

Figure 1: Particle growth rate by the condensation of sulfuric acid. The sulfuric acid concentration is 107 cm-3. Lines and 

open markers are theoretically predicted results using Eqs. 4-8. The shaded areas indicate the dynamic regimes for collision, 

i.e., the kinetic regime (Kn ≥ 10), the transition regime (0.1 < Kn < 10), and the continuum regime (Kn ≤ 0.1). Closed markers 

indicate the experimentally determined growth rate from chamber experiments reported by Stolzenburg et al. (2020). 
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 230 

Figure 2: Influence of the force field on particle growth rate. The growth rate is calculated for the condensation of non-

volatile sulfuric acid with a concentration of 107 cm-3. The green line (van der Waals) indicates the results calculated using Eq. 

5 with a Hamaker constant (A) of 4.6×10-20 J. The black line (hard sphere) is calculated using a pure elastic model in which 

particles and vapors are taken as hard spheres, i.e., by setting the value of A in Eq. 5 to 0. Open markers indicate the growth 

rates with λ values hypothetically divided by a factor of 2. Closed markers are from Stolzenburg et al. (2020). 235 

 


