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A B S T R A C T

As a method to experimentally study aerodynamic drag the terminal settling velocities of aerosolized silica and glass microspheres (with sizes of
1–44 μm) have been measured at various gas pressures in the range 0.6–10mbar and using various gas compositions including He, Ar, Xe, Air, CO2,
and water vapour. Within the molecular scattering regime, i.e. where the Knudsen number Kn > 10 and up to 500, reasonable agreement has been
found with the model of Epstein (1924). Values of the scattering parameter δ were observed to be within the expected range of 1–1.44 for
respectively specular/evaporative - diffuse molecular scattering processes. However, δ was seen to depend upon gas composition, specifically for
H2O; δ=0.96 ± 0.07, CO2; δ=1.16 ± 0.07, noble gasses; δ=1.25–1.44 and in the case of Air δ=1.18 ± 0.07 which is not in agreement with
that conventionally used of around 1.3–1.4. These observations imply disagreement with the concept of a general or universal model of drag for all
particle surfaces and atmospheres. Similarly, for Kn < 10 these results were not well described by conventional models such as the semi-empirical
expression of Knudsen-Weber (1911) or the general law of fall proposed by Millikan (1923b).

1. Introduction

Aerodynamic drag is a fundamental physical parameter governing the behavior of aerosols and a detailed knowledge of the
dependence of drag on particle and gas properties would be extremely useful. There exists two drag regimes which are relevant to the
aerodynamic drag of aerosol particles. In one regime aerodynamic stress is predominantly transferred through viscous exchange and
is valid at low (Re < 5) Reynolds number; =Re rUρ μ2 / , where r is the particle radius, U is its relative velocity to the gas, ρ is the gas
density and μ is the gas molecular viscosity. Here the well known Stokes law (Stokes, 1850) is seen to be an effective model for
evaluating the aerodynamic drag force (Fd);

=F πμrU6d 1

Assumptions behind the Stokes model for drag is that the fluid is continuous at the particle surface, with a definite viscosity. In
practice the determination of the gas viscosity is established from measurements of drag and therefore may be considered an em-
pirically determined parameter in this model.

For particles with size (or other length scales) which are less than the scattering length (mean free path, l) of the gas i.e. where the
Knudsen number Kn » 1 (Kn= l/r), aerodynamic drag is no longer a viscous process, but a free molecular scattering process. In this
molecular drag regime the model of Epstein (1924) has been successfully applied. In this model there is only one empirical parameter
(δ) which relates to the types of surface molecular scattering process which are occurring, see equation (2). Specifically a value of
δ=1 corresponds to either specular reflection or uniform evaporation from the surface, whereas a value of δ≈ 1.44 corresponds to
diffuse (elastic or inelastic) scattering (Mason & Chapman, 1962). Based upon experiments at that time it was anticipated that
scattering would be 90% diffuse and 10% specular, i.e. δ=1.4 (Epstein, 1924).
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Where c̄ is the mean molecular speed of the gas (not to be confused with the rms speed of the molecules), c̄ may be estimated from;
=c kT πm¯ 8 / m , where k is the Boltzmann constant, T is the temperature and mm is the molecular mass of the gas.
In the transition region between these two drag regimes (i.e. crudely where Kn= 0.1–10) applying a reliable and accurate model

is problematic. Conventionally a so called ‘slip’ correction is applied to the Stokes equation which attempts to account for the
reduction in drag due to loss of contact with the fluid during intermolecular transit. This may be called the Stokes-Cunningham factor
C;
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In Cunningham’s (1910) original formulation for this slip correction; C(Kn) = 1+ AKn where the slip parameter A was taken as a
constant. Since then this expression has been modified to include a complex (exponential) dependence of the parameter A upon the
Knudsen number (Knudsen & Weber, 1911), primarily of the form A= + −( )α β exp γ
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Here the parameters α, β and γ were originally put forward as empirical (fitting parameters), though independent of particle size
or gas density. Millikan applied this type of slip factor correction in order to establish a so called ‘Millikans law of fall’ (Millikan,
1923a,b, Millikan, 1911, Allen & Raabe, 1982, Buckley & Loyalka, 1989, Davies, 1945, Rader, 1990). This was claimed to be a
universal or general expression for drag covering the entire range of Kn and spanning both molecular and Stokes flow (Allen & Raabe,
1982). Furthermore based upon liquid drop experiments it was considered that within 2–3% accuracy this expression was also valid
for all particle and gas types. However this claim was based upon a set of assumptions which have not been experimentally verified.
Specifically the assumptions which have been made are;

1. The slip factor A varies only with Kn and not particle size or gas density
2. α + β (and therefore δ) are independent of gas composition (within around 3%)
3. α + β (and therefore δ) are independent of the particle surface properties (within around 3%)
4. α and γ may vary for different gases, though only affecting drag by< 3%

Note that for large Knudsen number (Kn » 1) the sum of α + β becomes directly related to δ; i.e. + =α β δ
9Φ

2 where Φ is a
kinematic parameter relating viscosity and scattering length ( =Φ μ

ρcl) and specifically it is typical to apply α + β ≈ 2.25/δ (Allen &
Raabe, 1982). In the universal expression of for example Rader α + β ≈ 1.647 (Eglin, 1923; Epstein, 1924; Millikan, 1923b; Rader,
1990). Although these assumptions have not been stringently tested experimentally, some have been supported by specific laboratory
studies i.e. oil drop experiments (Millikan 1923a b, Ishida, 1923, Rader, 1990, Eglin, 1923), this has been by applying empirically
altered values of α, β and γ (see Table 1).

Ishida, 1923 using Millikan's oil drop apparatus measured the slip factor and surface scattering properties in various gasses (see
Table 1), here around 87–92% diffuse scattering was determined i.e. δ around 1.38–1.40 which is also suggested by Epstein, 1924.
Millikan and coworkers also using an oil drop method (liquids such as oil, mercury and shellac) concluded that there was dependence
of scattering on both surface properties and gas composition although these were relatively minor with δ around 1.35–1.44 i.e.
80–100% diffuse scattering (Ishida, 1923; Millikan, 1923b; Rader, 1990). Rader reanalyzed Ishida's investigation and obtained a
δ≈ 1.34 and concluded also that although γ varies with gas type it is a minor effect as suggested by Millikan i.e.< 3%. Despite
extensive theoretical/modelling work having subsequently been carried out (Li & Wang, 2003; Rader, 1990) little detailed experi-
mental study has been performed (see Table 1).

Several more recent experimental studies have found disagreement with these assumptions, for example;

• Jung, Han, Mulholland, Pui, & Kim, 2013 studied solid particles of various composition (latex, SiO2 and Au) in air and found a
dependence of α + β on surface composition in disagreement with assumption 3

• Hutchins, Harper, and Felder (1995) measured settling rates of solid spheres and found a value for α + β in disagreement with
assumptions 3 and/or 2

• Kim & Fedele, 1982 observed a gas density dependence of settling velocity i.e. increasing with increasing density, in disagreement
with assumption 1

• Schmitt, 1961 studied the settling of different kinds of mineral oil drops in different gases. The results were in disagreement with
assumptions 2 and 4.

Also Li & Wang, 2003 theoretically argued that δ varied as Kn » 1 (as particle size approaches the molecular scale) violating
assumption 1. Using ion mobility techniques, it has also been experimentally shown that these assumptions are violated on the
molecular (nm) scale (Larriba et al., 2011; Larriba-Andaluz, Fernandez-Garcia, Ewing, Hogan, & Clemmer, 2015; Maißer, Thomas,
Larriba-Andaluz, He, & Hogan, 2015; Ouyang, Larriba-Andaluz, Oberreit, & Hogan, 2013).
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At present the so-called Millikan's law of fall expression (equation (4) remains that typically used by researchers when quantifying
or predicting drag of aerosol particles, although the specific parameters of α, β and γ used have been extensively adjusted essentially
empirically. In practice a variety of these parameters α, β and γ are used, although typically the values for delta (and α + β) are
around 1.30–1.39. Unfortunately in most cases these adjustments have not been on the basis of new/improved experimental data (see
Table 1).

In the work by Sorensen & Wang, 2000 (and previously by Annis, Malinauskas, & Mason, 1972) the suggestion has been made to
revert back to an expression where a constant slip factor A is used i.e. a simple linear extrapolation between Stokes and Epstein
regimes. Specifically this has been justified by treating the diffusion coefficient of the gas as a combination for the two regimes. Such
a model was claimed to be simple and of reasonable accuracy (10%) in determining drag for all values of Kn (Sorensen & Wang,
2000), it becomes essentially equation (3).

Interestingly a physically meaningful model has also been put forward which tends to Stokes drag (equation (1) as Kn → 0 and
tends to Epsteins drag expression (equation (2) for Kn → ∞ (Fuchs & Stechkina, 1962). Physically this model proposes a boundary
layer close to the particle surface (described as a ‘limiting sphere’) within which molecules do not collide (scatter) with each other
and hence the molecular regime is valid. Outside of this molecular boundary layer viscous drag becomes valid. The thickness of this
boundary layer is assumed to be approximately independent of Kn and in the case where Stokes drag becomes valid at low Kn the
radius of this limiting sphere= δ

2.25 . Here the drag force becomes (Fuchs & Stechkina, 1962) with a few % accuracy;

≈
++
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Crudely here the viscosity has been assumed to relate to the scattering length; ≈μ ρcl0.5 ¯ (based upon kinetic scattering theory
and assuming that Φ≈ 0.5). Benefits of this model are its simplicity and the fact that it (in this form) contains no empirical para-
meters other than those of the Stokes model (viscosity μ) and Epstein's model (scattering parameter δ). This model is however not
widely used.

A common use for the aerodynamic drag models presented here is to allow determination of particle size based upon mea-
surement of the settling velocity. In this case it is experimentally inconvenient to use the conventional Millikan/Knudsen/Weber
model of equation (4), since in this expression the size is not simply related to drag/settling velocity as the Knudsen number is also a
function of size.

Both the Stokes and Epstein models allow simple predictive expressions relating settling velocity to particle size with only a single
empirical parameter. It is also unfortunate and inconvenient that the Millikan/Knudsen/Weber expression has several essentially
empirical adjustable parameters (α, β and γ) over which there remains dispute regarding the values to be used and also their
dependence upon physical parameters.

In order for progress to be made it seems necessary to provide new and accurate experimental determination of aerodynamic drag
over a broad range of physical parameters such as particle type, particle size, gas composition, gas pressure (density), Kn, etc.

Table 1
A few selected Slip correction parameters for models based upon the Knudsen and Weber theorem (equation (4)), some are using Experimental data
though in several cases they present re-analysed experimental data. Where ALL appears as the gas or particle material these models have been
suggested as being universal, general or definitive. Note that in Epsteins molecular scattering model the expected values of delta = 1.40 (90%
diffuse, 10% specular/evaporative). There are abbreviations and acronyms used here for; Materials; PSL = polystyrene latex, PVT = poly-
vinyltoluene, SH=Shellac, and Techniques; NDMA=Nanometer Differential Mobility Analyser (electrical mobility), DLS = Modulated Dynamic
Light Scattering (in a Millikan type cell), SPLA = single particle laser acceleration, VR = vertical resonance. For the δ values marked with * here
Φ = 0.491 has been used, i.e. δ = 2.21/(α+β), instead of Φ = 0.499.

Author and year (/re-analysed) Experimental Method Gas type Particle Material α β γ δ

Knudsen, Weber 1911 Motion Damping Air glass 0.683 0.354 1.845 –
Millikan, 1923a b Millikan cell ALL Oil, Hg, Sh, SiO2 0.864 0.290 1.25 1.35–1.44
Millikan/Davies, 1945 Millikan cell ALL Oil 1.257 0.40 1.10 1.36
Millikan/Rader, 1990 Millikan cell ALL ALL 1.207 0.44 0.85 1.34*
Fuchs (1964) Millikan cell ALL Oil 1.246 0.42 0.87 1.35
Allen, Raabe 1982 Millikan cell Air Oil 1.155 0.471 0.596 1.36*
Allen & Raabe, 1985 Millikan cell Air PSL, PVT 1.142 0.558 0.999 1.30*
Hutchins et al., (1995) MDLS Air PSL 1.231 0.469 1.178 1.30*
Kim, Mulholland, Kukuck, and Pui (2005) NDMA Air PSL 1.165 0.483 0.997 1.34*
Jung, Mulholland, Pui, and Kim (2012) NDMA Air PSL 1.165 0.48 1.001 1.34*
Liu et al. (2003) SPLA, VR Ar Melamine-formaldehyde – – – 1.26, 1.44
Ishida/Rader, 1990 Millikan cell He Oil 1.277 0.37 2.0 1.34*
Ishida/Rader, 1990 Millikan cell Ar Oil 1.227 1.39
Ishida/Rader, 1990 Millikan cell Air Oil 1.207 0.44 0.78 1.40
Ishida/Rader, 1990 Millikan cell CO2 Oil 1.208 0.92 1.40
Schmitt (1959) Millikan cell Ar Silicone Oil, Paraffin 1.28–1.49 0.35–0.55 0.8–1.0 1.17–1.23
Schmitt (1959) Millikan cell N2 Silicone Oil 1.45 0.40 0.9 1.22
Schmitt (1959) Millikan cell CO2 Silicone Oil 1.48 0.40 1.1 1.20
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2. Materials and methods

The experimental technique employed in this study involved the aerosolization of silica micro-spheres into a voluminous low
pressure chamber such that the terminal settling velocity of individual particles could be measured using a Laser Doppler Velocimeter
(Alois et al. 2017, 2018, Merrison et al., 2012). The environmental chamber has a volume of around 35m3, (see Fig. 1), and has been
used for a variety of planetology and environmental studies (Alois et al., 2018; Holstein-Rathlou et al., 2014; Merrison, 2012).
Typically the chamber was flushed with the required gas and then evacuated to 0.06 ± 0.01mbar before being refilled to the
required pressure and with the required gas composition. Chamber pressures ranging from 0.6 to around 10mbar were used. The
temperature of the chamber was 295 ± 1 K.

The process of aerosolization involved preparing a small chamber (around 24 cm3) with the appropriate pressure and gas com-
position which was allowed to expand into the chamber through a section of tube containing a small mass (around 20mg) of micro-
spheres (see Fig. 2). Typically an overpressure of at least a factor of two was employed for the aerosolizing injections i.e. a pressure of
between 10 – 60mbar. With such an over pressure this ensured the generation of a supersonic jet within the chamber which was
anticipated to disperse the micro-particles. Within the tube a choked flow was expected. An electronically controlled pneumatic valve
was used to instigate the injection which could be time synchronized with the detection system. See Fig. 1. Specifically aerosolization
was performed by rapidly opening this valve forming a supersonic jet.

It was important in this study that the gas density was known accurately, this was achieved by controlling the gas pressure (P)
within the chamber, which can then be related to the gas density using;

=P ρkT m/ m 6

Unfortunately in the pressure range used in this study (0.1–10mbar) conventional pressure gauges are typically inaccurate such
as those used in this chamber, specifically these were a Pirani type gauge (Pfeiffer TPR280) and a capacitance type pressure gauge
(Pfeiffer APR250). In this study a technique for gas pressure control was used in which a small chamber labelled Gas Reservoir in
Fig. 1 (20.56 ± 0.08 L) was filled to 1000mbar which could be accurately determined (± <1%) using a calibrated capacitance
pressure gauge. This gas volume was then entered into the environmental chamber. Given the known volume ratio of the chambers
this allowed 0.6 mbar of gas to be accurately produced. Repeating this process thus allowed incremental pressures to be achieved for
example 16 such procedures producing an environmental chamber pressure of 9.6mbar. Uncertainty in chamber pressure de-
termination was 1–3%, with the total gas density uncertainty in the range 1.5–3.5%.

For the case of water vapour this technique of chamber gas refilling was impractical since under room temperature conditions

Fig. 1. Shows a schematic of the experimental system utilized here, including the settling atmospheric chamber (left) and (not to the same scale) a
schematic of the aerosolizing and gas re-pressurization systems used.

Fig. 2. Photographs taken using SEM of some of the silica microspheres used in this study.
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100% relative humidity corresponds to only around 25mbar. Instead the capacitance pressure sensor was used to determine the
absolute water vapour pressure with therefore somewhat elevated uncertainty (Wagner & Pruss, 1993). Confirmation of the water
pressure was also possible using a relative humidity sensor (HIH-4602) (Holstein- Rathlou et al., 2014).

The Laser Doppler Velocimeter (2D LDV Dantec Dynamics A/S) is a sensor system which can remotely measure specific velocity
components of an individual micron sized particle (see Fig. 3). This technique involves producing two coherent laser beams which
within the volume where these beams cross a reflected interference light pattern is produced which can be detected (collected) with
the same optical sensor head. The measurement volume was 1.5 m from the optical sensor head and could therefore be mounted
outside the chamber with the beams passing through a window. The detection volume of the LDV was approximately
0.4×0.4×15mm (respectively width, height and length) and a detection area of around 0.13mm2. The total laser power was
measured to be around P= 160mW (40mW per beam) and given the detection area this gives a laser intensity of around;

= ≈ ×I W m1.3 10 / .P
area

6 2 This detection volume was around 0.6m below the aerosolizing injection height (i.e. this is the fall
distance).

The particles used in this study were commercially available silica micro-spheres (Cospheric) with nominal sizes of (2r= 1–8 μm)

Fig. 3. Here various Laser Doppler Velocimeter output are presented following single aerosolization events. The plot left shows the initial (short)
high turbulence created during injection followed by the desired terminal settling, the center plot shows turbulent broadening of the settling velocity
typical for low settling velocities (small particles and higher gas density), the plot on the right is an example where several particle aggregates (with
higher fall speeds) are detected. The fine red line indicates a Gaussian fitted profile. See section 2.2. The data presented in Fig. 3 has been binned
(integrated into a bar chart), the bin sizes do not reflect the resolution of the LDA system or any uncertainty. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

Table 2
Determination of the scattering parameter δ for Air based upon the Epstein model and using the measured settling velocities. Note that for several of
the measurement series Kn is < 10 and in some cases approaches Kn=1, in these cases deviation from Epsteins molecular scattering theory would
be expected. In the cases where Kn < 10 somewhat lower values of delta (increased settling velocities) are seen. Note also that the error quoted in
the measured settling velocity (Umeas) includes only the statistical standard error of the measured values, a more significant contribution to
uncertainty in the quoted delta values is from the pressure determination.

Size 2r μm P (mbar) Kn δ Umeasured mm/s UEpstein mm/s UMillikan mm/s UFS mm/s

1.18 0.63 ± 0.02 183 1.25 ± 0.07 24.21 ± 0.15 25.53 22.71 26.24
1.18 0.64 ± 0.02 183 1.25 ± 0.08 23.95 ± 0.40 25.36 22.64 26.15
1.86 0.64 ± 0.02 115 1.22 ± 0.08 38.54 ± 0.71 39.66 35.52 40.99
1.18 1.21 ± 0.02 95.8 1.19 ± 0.07 13.29 ± 0.31 13.35 11.90 13.72
1.18 1.22 ± 0.02 95.2 1.19 ± 0.08 13.09 ± 0.44 13.22 11.83 13.64
1.86 1.22 ± 0.02 60.4 1.33 ± 0.08 18.44 ± 0.32 20.79 18.67 21.48
1.86 1.23 ± 0.02 59.6 1.29 ± 0.07 18.89 ± 0.15 20.66 18.44 21.22
3.62 0.64 ± 0.02 59.6 1.15 ± 0.07 80.11 ± 1.88 77.68 69.81 80.32
1.18 2.39 ± 0.03 48.6 1.05 ± 0.06 7.63 ± 0.10 6.76 6.07 6.97
3.62 1.21 ± 0.02 31.2 1.09 ± 0.07 44.14 ± 0.95 40.69 36.79 42.09
1.86 2.38 ± 0.03 31.0 1.09 ± 0.07 11.55 ± 0.42 10.67 9.63 11.02
3.62 1.23 ± 0.02 30.6 1.28 ± 0.07 36.95 ± 0.32 40.21 36.11 41.30
7.75 0.64 ± 0.02 27.6 1.16 ± 0.07 168.0 ± 1.7 164.9 149.2 170.5
1.18 4.70 ± 0.06 24.7 1.23 ± 0.09 3.30 ± 0.15 3.43 3.10 3.53
3.62 2.37 ± 0.03 16.0 1.00 ± 0.07 24.61 ± 1.03 20.82 19.04 21.55
1.86 4.70 ± 0.06 16.0 1.08 ± 0.06 5.94 ± 0.09 5.41 4.94 5.59
7.75 1.23 ± 0.02 14.5 1.13 ± 0.07 90.25 ± 1.34 86.39 79.18 89.39
1.18 9.33 ± 0.11 12.4 1.22 ± 0.08 1.67 ± 0.06 1.73 1.58 1.78
3.62 4.70 ± 0.06 8.06 1.26 ± 0.08 9.91 ± 0.29 10.51 9.84 10.91
1.86 9.34 ± 0.11 7.89 1.33 ± 0.09 2.42 ± 0.08 2.72 2.54 2.82
7.75 2.39 ± 0.03 7.40 1.03 ± 0.06 50.94 ± 0.47 44.23 41.58 45.93
3.62 9.36 ± 0.11 4.05 1.17 ± 0.07 5.33 ± 0.10 5.28 5.18 5.54
7.75 4.72 ± 0.06 3.75 0.88 ± 0.05 30.15 ± 0.43 22.41 22.16 23.55
44.00 1.20 ± 0.02 2.51 0.91 ± 0.04 921.2 ± 22.2 502.6 698.1 718.7
7.75 9.39 ± 0.11 1.89 0.80 ± 0.05 16.65 ± 0.32 11.27 12.33 12.35
44.00 2.35 ± 0.03 1.28 0.61 ± 0.02 702.2 ± 11.6 255.6 410.2 395.1
44.00 4.66 ± 0.06 0.64 0.48 ± 0.02 447.1 ± 4.7 128.9 268.7 243.1
44.00 9.28 ± 0.11 0.32 0.36 ± 0.01 300.3 ± 2.6 64.75 203.1 179.1
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accurate determinations of median particle size are provided by the manufacturer, see Tables 2–7. Uncertainty in the size de-
termination of particles were quoted by the manufacturer to be 3–5% standard deviation compared to the mean, note that this is the
width of the measured distribution, sometimes referred to as CV (coefficient of variation) not the uncertainty on the mean value
which would be given by the standard error. For an extensive data set the standard error of the mean may be much smaller. Although
smaller microspheres were available (e.g. 2r= 0.5 μm and 0.25 μm) results from these microspheres were seen to be affected by
cohesion (see section 2.2). The quoted mass density of these microspheres was ρp= 1.8 g/cm3. They are considered to be porous
(though highly spherical and with a narrow size distribution) see Fig. 2. Uncertainty in the particle density quoted by the manu-
facturer was CV=3–6%, again this is the width of the measured distribution not the uncertainty on the mean value which would be
given by the standard error. The standard error of the mean due to size and particle density uncertainty was estimated from these
stated CV values. Given that the number of counted particle used in the data sets presented here was consistently in excess of 100 this
leads to a total uncertainty of< 1%. This porosity may be of significance on a sub-micron scale possibly of relevance to the scattering
properties. In addition a sample of soda lime glass microspheres (nominal size 45 μm) were also used, see Table 2, here the mean size
was determined using an optical microscope.

It should be noted that no evidence during this study was seen for variation in the mass density of the micro-particles within a
given size fraction, this would be observed as a broadening in the settling velocity distribution. Also no variation in mass density
between particle size groups was seen which would have been observed as a mismatch in linearity for example see Fig. 4.

Following aerosol injection the particles will be accelerated by gravity, but after some time (the acceleration time constant τ) they
will reach terminal velocity (U∼ τ.g) this is what is termed the settling velocity in this study. The settling velocity is simply related to
the drag force expressions (equations (1)–(5) since it is the particle velocity at which the gravitational force (Fg=mg, where m is the
particle mass) is equal to the drag force Fd. In the case of the Epstein drag model for spherical particles (i.e. =m πr ρp

4
3

3 ) the
expression for the terminal settling velocity becomes (see equation (2);

=U
ρ gr
ρcδ¯
p

7

It is important in this study that the particles have attained their terminal velocity within the detection volume for the LDV. The
time (and fall distance) required for the particles to do this may be estimated from the drag time constant (based upon Epsteins
molecular drag model); =τ

ρ r

ρcδ¯
p . For the silica microspheres used in this study this time constant becomes< 0.2 s and is therefore

short compared to the time taken to reach the detection volume i.e. the fall time> 7 s. However in the case of the more massive
44 μm soda lime glass spheres these time constants become comparable at 0.6 mbar gas pressure and therefore the lowest chamber
pressure utilized was 1.2 mbar, here the particle was expected to have reached> 95% of its terminal velocity at the detection
volume.

Benefits of this LDV system other than its ease of use are that it determines the particle velocity absolutely and to a high accuracy
of around 0.1%, i.e. no calibration should be required. Confirmation of this was made using a simple rotating wheel placed within the

Table 3
Determination of the scattering parameter δ for Helium gas based upon the Epstein model and using the measured
settling velocities (note that for the last value Kn < 10). For viscosity values see Huber & Harvey, 2011, Bich et al.,
1990.

Size 2r μm P (mbar) Kn δ

1.18 0.63 ± 0.02 523 1.53 ± 0.09
1.86 0.63 ± 0.02 332 1.59 ± 0.09
3.62 0.63 ± 0.02 171 1.56 ± 0.09
7.75 0.63 ± 0.02 79.7 1.45 ± 0.08
7.75 0.64 ± 0.02 77.8 1.61 ± 0.09
1.18 1.20 ± 0.02 274 1.42 ± 0.08
1.86 1.20 ± 0.02 174 1.35 ± 0.08
3.62 1.20 ± 0.02 89.3 1.33 ± 0.08
7.75 2.38 ± 0.03 21.0 1.16 ± 0.07
7.75 9.42 ± 0.11 5.30 1.04 ± 0.06

Table 4
Determination of the scattering parameter δ for Argon gas based upon the Epstein model and using the measured settling
velocities (note that for the last two values Kn < 10). For viscosity values see Huber & Harvey, 2011, Bich et al., 1990.

Size 2r μm P (mbar) Kn δ

7.75 0.68 ± 0.02 26.8 1.27 ± 0.08
1.18 1.23 ± 0.02 96.1 1.22 ± 0.07
1.86 1.23 ± 0.02 60.9 1.30 ± 0.08
3.62 1.23 ± 0.02 31.3 1.23 ± 0.07
7.75 2.44 ± 0.03 7.50 1.25 ± 0.07
7.75 9.47 ± 0.11 1.93 0.91 ± 0.05
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chamber which allowed the LDV to be accurately tested including the optical alignment. Note that care was taken to mechanically
stabilize the LDV such that relative movement between the chamber and sensor was avoided. Similarly care was taken with optical
alignment with respect to gravity (using a plumb line). A drawback of this LDV system is that it depends upon optical back scattering
such that detection efficiency becomes low for particles of size «1 μm.

Since the LDV system used here has the possibility for simultaneous detection of two velocity components it is possible to
determine the efficiency for detection of the microspheres which enter the detection volume by comparing the number of coincident
and non-coincident detection events. This efficiency was seen to be around 10% for the 4 μm diameter microspheres. Although this
efficiency would be reduced for the smaller microspheres this was seen to be more than compensated for by the increase in number

Table 5
Determination of the scattering parameter δ for Xenon gas based upon the Epstein model and using the measured settling
velocities. For viscosity values see Huber & Harvey, 2011, Bich et al., 1990.

Size 2r μm P (mbar) Kn δ

1.18 0.63 ± 0.02 106 1.24 ± 0.07
1.86 0.63 ± 0.02 67.0 1.27 ± 0.08
3.62 0.63 ± 0.02 34.4 1.21 ± 0.07
7.75 0.63 ± 0.02 16.1 1.29 ± 0.08

Table 6
Determination of the scattering parameter δ for CO2 gas based upon the Epstein model and using the measured settling
velocities (note that for the last two values Kn < 10). For viscosity values see Huber & Harvey, 2011, Fenghour et al.,
1998.

Size 2r μm P (mbar) Kn δ

1.18 1.20 ± 0.02 62.3 1.23 ± 0.07
1.86 1.20 ± 0.02 39.5 1.26 ± 0.07
3.62 1.20 ± 0.02 20.3 1.11 ± 0.06
7.75 0.64 ± 0.02 18.0 1.05 ± 0.06
7.75 2.40 ± 0.03 4.80 1.10 ± 0.07
7.75 9.43 ± 0.11 1.22 0.98 ± 0.06

Table 7
Determination of the scattering parameter δ for H2O vapour based upon the Epstein model and using the measured
settling velocities (note for the last two values Kn < 10). For viscosity values see Huber & Harvey, 2011, Sengers &
Kamgar-Parsi, 1984.

Size 2r μm P (mbar) Kn δ

1.18 2.9 ± 0.2 25.8 0.99 ± 0.07
1.86 2.9 ± 0.2 16.3 0.96 ± 0.07
3.62 2.9 ± 0.2 8.24 0.96 ± 0.07
7.75 2.9 ± 0.2 4.08 1.08 ± 0.07

Fig. 4. This plot presents a typical measurement series using the four nominal silica microsphere sizes of 1, 2, 4 and 8 μm taken using the same gas
pressure, in this case 0.6 mbar of Air. Also shown are the model speed predictions using Epsteins molecular scattering model i.e. equation (7) and for
δ=1 (solid line) which corresponds to the specular or uniform evaporative limit and δ=1.44 (dashed line) which corresponds to the diffuse
scattering limit.

A.B. Jakobsen, et al. Journal of Aerosol Science 135 (2019) 58–71

64



concentration of the injected mass of particles. Care was taken to clean the aerosolizer when changing particle types since adhesion of
particles within the system was typically observed.

Determination of the scattering parameter δ can be obtained by rearranging equation (7) i.e. =δ
ρ gr

ρcU¯
p . Uncertainty here was

obtained using the propagation of errors technique (Ku & October, 1966) i.e. the root-sum-of-squares. Primarily this included un-
certainty in the measured settling velocity (U), typically 1–3%, and the gas density (ρg), typically 1.5–3.5%. Other parameters were
associated with the particle properties: size and density (r and ρp), these were obtained from the manufacturer. Given a typical
number of counted particles in excess of 100 this uncertainty (standard error of the mean) was estimated to be 1% as an upper limit.
The values for g and c were calculated/obtained from literature and assumed not to contribute to absolute uncertainty of the mean.

2.1. Minor systematic factors

There were a few systematic factors which were seen to significantly affect the accuracy of the results presented here, these will be
discussed in section 2.2. However there were also a series of systematic factors which have been considered, but found not to
significantly affect this study, these will be discussed here in section 2.1.

Using this dispersion technique it is possible that many particles could be concentrated in a relatively small volume during settling
and thereby affect (shield) each other with respect to aerodynamic drag, probably reducing it. However in this case a relation would
be expected between the observed particle count rate and the measured settling velocity, no such concentration related effects were
observed. Furthermore estimation of the expected particle concentration within the aerosol dispersion cloud could be made based
upon knowing the injected mass of micro-particles and the mass per particle, it is possible to deduce that the average concentration is
several orders of magnitude lower than that required for this to be problematic. Given the high gas injection velocity it is conceivable
that particle impacts could occur resulting in particle fracture. This would be observed as the generation of smaller particles which
was not observed in this study.

In principle recoil or heating of the micro-particles might be induced by the LDV laser beams. Particle heating has been estimated
given the laser intensity (I), the particle cross sectional area, their absorption properties and ignoring cooling mechanisms. Since the
extinction coefficient for both SiO2 and soda lime glass are low (< 10−6) at the laser wavelength of around 550 nm used here (Gao,
Lemarchand, & Lequime, 2013; Rubin, 1985), little light should be absorbed by these particles and a temperature rise of « 1 K was
predicted. Acceleration of the microspheres due to radiation pressure from the LDV laser beams was also quantified based upon
previous experimental studies of micron scale particle recoil which have led to a predictive expression for the recoil force <F πr I

c
2

(Abbas et al., 2003) where c is the speed of light. This laser-induced acceleration would be most pronounced for the smallest
microspheres and in this case the predicted acceleration was found to be ≤ g1

3 i.e. comparable to gravitational settling. However, this
laser pressure induces only a horizontal velocity (in the beam direction) and would therefore not be expected to affect the measured
vertical settling velocity significantly.

In performing the aerosolization process it would be expected that cooling of the injected gas would occur due to expansion into
the low pressure chamber, this temperature fall could be by as much as 50 K if assumed to be adiabatic (Willeke, 1976). Note however
that the injected volume of gas is extremely small compared to the volume of the chamber (< 10−4%) and was therefore not expected
to significantly affect the chamber gas temperature into which the particles settle. Similarly the mass of injection gas was also smaller
than that of the mass of the particles (by more than an order of magnitude) resulting in only a<3 K temperature reduction possible
for the particles. Also the time of exposure during aerosolization was extremely short (< 0.1 s) compared to the time that the particles
were exposed to ambient gas temperature in the chamber before detection i.e. the fall time of typically> 10 s. In principle if the
observed micro particles were rotating this would be detected by the LDV as a shift in the measured particle velocity, presumably
contributing to a broadening of the observed velocity distribution, resembling turbulence (Williams, 1973). From observation this
was not seen to be significant (see section 2.2).

2.2. Major systematic factors

There were several systematic effects which were seen to affect the accuracy of the measurements and which have been quan-
titatively considered.

A drawback with the gas jet aerosolization method used here for dispersing the micro-particles into the environmental chamber is
that the injection of gas can generate observable turbulence within the chamber. However this injection generated turbulence was
seen to be at significantly shorter times than the majority of the settling particles of interest in this study. This high velocity tur-
bulence can be observed in Fig. 3a lasting a few seconds after injection. Typically such events if present were not included in analysis.

When using the smallest micro-particles and highest gas densities settling velocities as low as around 1mm/s were produced. Here
the ambient gas turbulence (or Brownian motion) within the environmental chamber becomes a significant factor increasing the
observed width of the measured settling velocity distribution (see Fig. 3b) compared to that seen at higher settling velocity where the
intrinsic particle size distribution is a dominant factor (Kim & Fedele, 1982). In fact this effect in principle constitutes a limiting factor
such that the particles may be considered suspended if the turbulent motion dominates over the settling velocity. This is not the case
for the pressure and particle sizes presented here.

From both high speed imaging of the aerosolizing jet and from LDV settling velocity measurements it is seen that, especially for
the smallest particles, full dispersion of all cohered (aggregated) particles was not achieved. Particle aggregates as large as mm scale
have been observed and from settling velocity measurements these are seen as a high velocity tail extending from the expected
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velocity distribution i.e. an asymmetry in the determined size distribution (to larger particles and larger velocity), see Fig. 3c. It was
clear in this study and from previous works (Alois et al. 2017, 2018) that even when using high pressure aerosolization complete
dispersion of these particles i.e. breakup of particle aggregates is not possible for particle sizes less than 1 μm. Apparently cohesive
forces are too large (Alois et al., 2017; Cheng, Allen, Gallegos, Yeh, & Peterson, 1988; Megaw & Wells, 1971; Stober, Berner, &
Blaschke, 1969). In this study data sets were obtained for particles of size< 1 μm, specifically 0.5 μm, 0.25 μm. However from
asymmetry in the measured settling velocity profiles it seemed clear that particle aggregates were in fact still present at significant
levels (of order 10%). In this case it became difficult to extract accurate (< 10%) single particle settling velocities. In order to
determination the average terminal fall velocity in this study a method of fitting a Gaussian distribution was employed, from this both
the mean, standard deviation and standard error could be determined (see Fig. 3b and c). It was also possible using this technique to
identify asymmetry effects due to particle aggregation.

3. Results

By directly measuring the terminal settling velocities of silica microspheres it was intended here to study aerodynamic drag for
various grain sizes, gas densities and gas compositions and to compare these to various model predictions. This experimental data is
subdivided into three sections; 3.1 Dry Air, 3.2 Noble gases (i.e. He, Ar and Xe) and 3.3 triatomic molecules H2O and CO2.

3.1. Dry air

In dry Air the settling velocities of 4 sizes of silica microspheres were measured with nominal sizes; 1, 2, 4 and 8 μm, these were
repeated in five nominal chamber pressures (0.6, 1.2, 2.4, 4.8 and 9.6mbar). These have been plotted in Fig. 5 compared to the

Fig. 5. Here are plotted the entire data set (Table 2) of measured settling velocity taken using dry air plotted against model speed which refers to the
Epstein model fall speed (equation (7) using δ=1 this is also plotted (solid line) and for δ=1.44 (dashed line). The plotted points in red correspond
to those taken where Kn < 10 and might be expected to deviate significantly from the molecular scattering model. The blue triangles correspond to
the nominal size glass sphere 45 μm, here the Knudsen number (Kn) has been written to the left of each plotted point. Also shown (blue dotted line)
is the expected Stokes settling speed to which these particles should converge for very low Kn « 1. For viscosity values see Kadoya, Matsunaga, &
Nagashima, 1985, Huber & Harvey, 2011. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

Fig. 6. Here the data set for Air has been used to determine the slip parameter A (see equation (3)) as a function of Knudsen number Kn compared to
the Stokes terminal fall speed. Here also are plotted the model prediction of Millikan, 1923b (solid line) i.e. using equation (4) with values from
Rader, 1990, see Table 1. Also plotted is the model of Sorensen & Wang, 2000 (dotted line) where A is constant.
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expected settling velocities determined using Epstein's molecular scattering theory, see equation (2) and equation (6) (Epstein 1924).
Also included in Fig. 5 are the measured settling velocities for glass spheres of size 44 μm. This data set is presented in Table 2. The
term dry air has been used here since in this case the air used to refill the chamber (and perform aerosolization) was extracted from a
commercial pressurized air flask which did not contain contaminants such as water vapour.

For Kn > 10 the measured values are within the expected range of values for the scattering parameter δ (1–1.44). As expected for
the lower Kn values increasing deviation from the molecular scattering model is seen and for values significantly less than unity
(Kn < 1) the values approach the settling velocity predicted by the Stokes drag model (i.e. independent of gas density) this is also
shown in Fig. 5. There was not seen to be a significant systematic dependence of the scattering parameter (δ) on particle size or air
pressure for Kn > 10 (see Table 2, Fig. 5). However the values of δ seen here for air are significantly lower than those determined/
expected based upon Millikans measurements/model, specifically an average value of 1.18 ± 0.09 has been obtained here (see
Table 8). This should be compared to the value expected by Epstein of around δ=1.40 or Rader/Millikan of around δ=1.34 (see
Table 1).

For Kn < 10, where models such as Millikan and Fuch and Stechkina are intended to be used, the standard deviation of these
models from the measured values are respectively around 24% and 26%, i.e. showing similarly poor agreement. In fact this is
comparable to the deviation seen from the Epstein model of around 43% where significant divergence is expected as transition into
viscous drag should occur. All three models appear to typically underestimate the settling velocity (see also Fig. 9). Note that these
sets of measurements shown in Table 2 for Kn < 10 used a series of 10 data sets with particle sizes in the range 1.9–44 μm and
pressures ranging from 1.2 – 9.4mbar.

The measured settling velocity data for air has also been used in a more conventional plot in which the slip parameter A (see
equation (3), section 1) has been plotted against Knudsen number, see Fig. 6. As can be seen despite the reasonable agreement that
has been seen with this data set compared to the molecular scattering model of Epstein (seen in Fig. 5) the conventional Millikan
model (or modified Knudsen-Weber model of equation (4)) does not give good agreement using the commonly used empirical
parameters of Rader, 1990 (see Table 1). In addition to plotting the conventional Millikan model the prediction based upon Sorensen
and Wang i.e. the more simple Cunningham model with constant A has also been plotted in Fig. 6 (equation (3).

Fig. 7. Here are plotted the entire data set for all of the noble gases helium, Argon and Xenon (Tables 3–5) showing the measured settling velocities
plotted against model speed which refers to the Epstein model fall speed (equation (7) using δ=1 this is also plotted (solid line) and for δ=1.44
(dashed line). The plotted points in red correspond to those taken where Kn < 10 and might be expected to deviate significantly from the molecular
scattering model. For viscosity values see Huber & Harvey, 2011, Bich, Millat, & Vogel, 1990. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)

Table 8
Average values of the scattering parameter δ for all particle sizes and various gasses
where Kn > 10 taken from Tables 2–7 * In most cases the stated uncertainty is the
uncertainty of the individual determinations of δ (from Tables 2–7), however for Air
and He there were enough measured values for the standard deviation to be de-
termined. In the case of air the uncertainty agrees with that expected. For He there
seems to be evidence for a pressure/gas density dependence of delta which could
explain the large variation in measured values seen here, as discussed this may be due
to gas impurities.

Gas δ Kn range

He 1.44 ± 0.15 * 21–523
Ar 1.25 ± 0.07 27–96
Xe 1.25 ± 0.07 16–106
Dry air 1.18 ± 0.09 * 12–184
CO2 1.16 ± 0.07 18–62
H2O 0.98 ± 0.07 16–26
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3.2. Noble gases (He, Ar, Xe)

The settling velocities of 4 sizes of silica microspheres, with nominal sizes; 1, 2, 4 and 8 μm were measured in three noble gasses
i.e. Helium, Argon and Xenon. In the case of Helium and Argon three chamber pressures were used; 0.6, 1.2 and 2.4 mbar whereas in
the case of Xenon only the chamber pressure of 0.6mbar was used. This data has been plotted against the expected settling velocity
based upon Epstein's molecular scattering model in Fig. 7.

For all of these gasses (for Kn > 10) there is no obvious systematic dependence of the scattering parameter on particle size (see
Tables 3–5). Typically the measured values in Tables 3–5 are not in good agreement with the value determined by Rader/Ishida of
δ=1.34 or that proposed by Millikan of δ=1.4. In the case of Argon the measured δ values have an average of; δ=1.25 ± 0.04,
this is not in reasonable agreement with the value experimentally determined by Ishida of 1.39 for Argon, see Table 1. It is however in
reasonable agreement with the values for δ determined experimentally by Schmitt, 1959 (δ=1.17–1.23) and also Liu, Goree,
Nosenko, & Boufendi, 2003 (1.26 ± 0.13, 1.44 ± 0.19) although in that case at low accuracy.

For Argon there is no obvious systematic dependence of the scattering parameter on gas pressure for Kn > 10 (see Table 4).
However in the case of Helium (for Kn > 10) there does appear to be a significant reduction in the scattering parameter with
increasing gas pressure (see Table 3) spanning almost the entire range of expected values of δ. Also for the measurements made at the
lowest atmospheric pressure the average measured δ≈ 1.55 and several of the measurements exceed the range of δ allowed in the
model (i.e. δ < 1.45) given the estimated uncertainty. This will be discussed in section 4.

Other than the case for low pressure helium there is no obvious strong dependence of scattering parameter with noble gas atomic
mass as seen in Tables 3–5 and table 8. Specifically Argon and Xenon have similar determined values for δ. As seen with other gasses,
for the rare gasses somewhat lower values of δ (increased settling velocities) are seen where Kn < 10.

Fig. 8. Here are plotted the data set for CO2 gas and H2O vapour (Tables 6 and 7) showing the measured settling velocities plotted against model
speed which refers to the Epstein model fall speed (equation (7) using δ=1 this is also plotted (solid line) and for δ=1.44 (dashed line). The
plotted points in red correspond to those taken where Kn < 10 and might be expected to deviate significantly from the molecular scattering model.
For viscosity values see Huber & Harvey, 2011, Fenghour, Wakeham, & Vesovic, 1998, Sengers & Kamgar-Parsi, 1984. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 9. Plotted here (filled circles) are the settling velocity measurements taken where Kn < 10 obtained for various gas types; Air, H2O, CO2, Ar
and He, also for various gas pressures and particle sizes (see Tables 2–4 and 6 and 7). Plotted also (open triangles) are the predicted values based
upon Millikans law of fall (equation (4), using α=1.207, β=0.44 and γ=0.85 from Rader, 1990, see Table 1) and also the predicted values (open
squares) using Fuchs and Stechkina model (equation (5) using a value of δ=1.18. The model axis used is the Epstein model velocity predicted by
Epstein with δ=1, with also plots of the Epstein limits of δ=1 and δ=1.44. For viscosity values see Huber & Harvey, 2011.
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3.3. CO2 and H2O

The settling velocities of 4 sizes of silica microspheres were measured in CO2 gas, in the case of 8 μm nominal microspheres 3 gas
pressures were used; 0.6, 2.4 and 9.6mbar. For the nominal particle sizes of 1, 2 and 4 μm a gas pressure of 1.2 mbar was used. The
settling velocities of 4 sizes of silica microspheres were measured in water vapour at a single pressure of around 2.9 mbar (see Fig. 8
and Tables 6 and 7).

In the case of CO2 (for Kn > 10) the values of scattering parameter are comparable to those for Air with an average of
δ=1.16 ± 0.10, although significantly lower than those expected and those previously determined for CO2 by Ishida, 1923, Rader,
1990 of around 1.40 (see Table 1).

In the case of water vapour (see Table 7) the values of scattering parameter are consistently at the lowest extreme of the range
allowed in the Epstein model i.e. close to δ=1. Again far lower than expected conventionally.

4. Discussion

Good agreement has been found in this study between measured microsphere settling velocities and Epstein's molecular drag
model for values of Knudsen number between Kn≈ 10–500. However the scattering parameter (δ) was seen to be dependent upon
the gas type (see Table 3) and the value of δ for air was seen to deviate from that seen for example with liquid drop experiments (see
Table 1) possibly indicating a dependence on surface structure properties. Generally, the values of δ obtained were within the
expected range (1–1.44). As expected for cases where Kn < 10 somewhat lower values of δ (increased settling velocities) are seen
with a transition into Stokes drag (see Fig. 5).

In the case of Air and CO2 the values of δ (around 1.17, see table 8) imply around 40% diffuse and 60% specular/evaporative, in
disagreement with that expected (of around 80% diffuse scattering) by Epstein, Millikan and many other workers (see Table 1). Note
here that on a molecular scale the silica microspheres are expected to be both rough and porous which might affect the surface
scattering process compared to liquid drop experiments.

In the case of water vapour values of δ were seen to be close to the lower limit (δ=1). It might be speculated here that the
scattering mechanism in this case may be that of adsorption followed by uniform evaporation in agreement with the observed δ≈ 1
(see Table 7). In the case of H20, adsorption (physi/chemi-sorption) onto the surface would be expected for silica particles
(Zhuravlev, 2000).

In the case of the noble gasses (He, Ar and Xe) diffuse scattering appears to be the dominant process, typically lying around 60%
(i.e. δ≈ 1.2–1.3), though approaching 100% for Helium (see Tables 3–5 and also table 8). For the measurements taken at the lowest
pressure (0.6 mbar) of helium gas there is, however, the possibility that gas impurity might contribute to the high values of δ
observed (see Table 3). In this particular case the low molecular mass (mm) of helium compared to typical gas impurities, such as air,
gives a greatly enhanced contribution of the gas impurity in density compared to that determined by pressure (see equation (6).
Instead of the typical few % uncertainty this may then increase the contribution to as much as 25% in the determined δ. This might
explain the unexpectedly high values of δ observed using low pressure helium which in many cases exceed that allowed in the Epstein
model (of 1.44). A more sophisticated vacuum/gas control and monitoring system would be needed in order to investigate this
possibility in detail.

The variations in δ seen here for different gasses are not in agreement with assumptions employed in Millikan's suggestion of ‘a
general law of fall’ (Millikan, 1923b; Rader, 1990) which proposes that drag is dependent upon Kn only (within around ± 2%). The
variations observed in δ in this study are as high as−34% compared to (as an example) the value of 1.34 used by Rader (and others),
see Table 1. Also for Air the results of this study do not show reasonable agreement with the conventional Millikan's law of fall and in
fact show better agreement to a simple model in which the slip parameter is constant such as that of Sorensen & Wang, 2000 (see
Fig. 6). Although such a model may seem to be crude compared to the conventional Knudsen-Weber based expression this could be
seen as a benefit since it is both simple and contains fewer empirical free parameters. It should be pointed out that despite the
observed deviation in Fig. 6 of the slip parameter A from that expected by Millikan/Rader and also Sorensen and Wang, at low
Knudsen number convergence to Stokes drag may still be ensured since as Kn decreases the contribution of A to the drag force
decreases (see equation (3).

Disappointingly neither the model of Millikan and coworkers or that of Fuchs and Stechkina show good agreement to the results
obtained here for Kn < 10 i.e. in the intermediate drag regime that they are intended for (see Table 2). This is illustrated in Fig. 9 in
which all of the settling velocity measurements for which Kn < 10 have been plotted, including the various gas types (Air, H2O, CO2,
Ar and He), the various gas pressures and the various particle sizes. In this plot the data is compared to the predicted values based
upon Millikan's law of fall (equation (4) and also a version of the Fuchs and Stechkina model (equation (5). As can be seen the
majority of the measured values are not in good agreement with predictions (i.e. significantly greater deviation than a few %).
Although this disagreement may be partially due to variation in δ there also seems to be a more rapid departure from the molecular
model of Epstein in the measurements compared to the models. In this study a ‘transition’ from molecular to viscous drag regimes has
been assumed to onset for Kn < 10, however based only upon the results presented here an experimentally significant deviation (i.e.
approximately> 6% deviation) from Epstein's model i.e. δ < 1 only occurs where Kn < 3. A deeper understanding of this transition
would require a more detailed experimental study. This seems necessary in order to form a basis upon which an effective model (valid
for Kn≈ 0.1–10) can be based.

The results of this study do not support the assumption that a ‘universal’ expression for drag spanning the molecular and viscous
regimes can be used for all gas types and particles. Although the molecular scattering model of Epstein seems to give reasonable
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agreement with the observed settling velocities it appears to be necessary to empirically determine the scattering parameter not only
for different gas compositions but possibly also for different particle surface conditions. Extensive work on nano-meter scale gas
scattering (i.e. mobility experiments) have shown values of δ which are consistently larger for heavier (polyatomic) gas molecules,
presumably involving more diffuse-like scattering, while smaller molecules (e.g. He) seem to scatter in a more specular fashion (e.g.
Larriba-Andaluz et al., 2015). This is in contrast to the results found here for micro-meter scale particles, see table 8. This implies that
scale may also be an important factor affecting the mechanisms of scattering and the values of the scattering parameter.

It should be commented that even without the application of predictive models of aerodynamic drag the measurement set ob-
tained in this study may be of direct use to researchers studying atmospheric aerosols. Specifically with regard to; the atmospheres of
Mars and the upper atmosphere of Venus (which are dominated by CO2 gas), the upper troposphere/stratosphere of Earth or the
upper atmospheres of the gas/icy giants which are dominated by hydrogen and helium. In this case extension of this study to include
hydrogen gas would be desirable.

It should be noted here that experimentally this study differs significantly from most previous experimental studies in that a
voluminous settling chamber has been used (presumably with different turbulent characteristics) and well characterized micron-scale
solid particles have been used rather than liquid drops. These conditions might be expected to be more representative of solid aerosol
particles in the atmosphere.

5. Conclusion

The terminal fall velocities of a range of micro-spheres (1–44 μm) have been measured directly using a Laser Doppler Velocimeter
in low density gases (0.6–10mbar pressure) of various composition including He, Ar, Xe, Air, CO2, and water vapour. The range of
Knudsen number covered by this data set is around 0.3–500 which includes values expected to be modelled well by molecular
scattering (Kn > 10) and those in transition to a viscous drag regime (Kn≈ 0.1–10).

For relatively high values of Knudsen number (Kn > 10) the results show reasonably good agreement with the molecular
scattering model of Epstein (1924) with the scattering parameter δ lying within the expected range, though showing a dependence on
gas composition.

In the case of the rare gasses surface interaction appeared to be dominated by diffuse scattering (50–100%), whereas for water
vapour the data was seen to be consistent with uniform evaporation (100% specular/uniform evaporative). Using Air the results
showed a significantly lower value of δ than previous determinations which were based mostly upon liquid drop experiments. This
implies less diffuse scattering (around 40%) compared to that typically expected (80–100%).

There was no indication of a dependence of the scattering parameter on particle size and in most cases no significant dependence
seen on gas pressure (density), however in the case of helium gas there appeared to be a systematic increase in δ with decreasing
pressure. Unfortunately the possibility of this being an experimental artifact could not be excluded.

For relatively low values of Kn (0.3–10) the results here did not appear to be modelled well by either the conventional model of
Knudsen/Weber adapted by Millikan/Rader or the more simple (less empirical) model of Fuchs-Stechkina (1962).

Generally these observations are in disagreement with some of the assumptions which form the basis for a general/universal law
of fall for all particles and gasses. It is hoped that this work stimulates further experimental study of particle drag within the
molecular and transition regimes.

Ueps (equation (2)) with delta= 1.18 (average values from this data set where Kn > 10.
UMilli is the Knudsen weber model (equation (4)) using values Rader, 1990 (see Table 2) i.e. implying delta= 1.34 (universal

expression).
UFS is the Fuchs and Stechkina model (equation (5)) using the average measured value for delta (1.18) note that the error quoted

in the measured settling velocity (Umeas) includes only the statistical standard error of the measured values, a more significant
contribution to uncertainty in the quoted delta values is from the pressure (density) determination and uncertainty in size. For
viscosity values see Kadoya et al., 1985, Huber & Harvey, 2011.
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