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An expression for saltation threshold — the minimum wind speed required to initially saltate particles - is ne-
cessary for modeling aeolian processes on Earth and other bodies. Analysis of a compilation of experimental data
led to the conclusion that this threshold is a function of the ratio of the density of the particle to that of the
entraining fluid (p,/p), and to a curve for the dimensionless threshold parameter, A(p,/p). Whereas data of low-
density ratio and of high-density ratio conditions show constant A values, the single dataset used to define the
transitional region of the curve shows a range of values. To revisit this transitional region, we collect new
freestream threshold data at 1-20 bars (1-20 x 10° Pa) with particles 150-1000 um in diameter and having
densities 400-3300 kg/m> using the Titan Wind Tunnel. From these new data spanning a range of intermediate
density ratios, we calculate friction wind speeds and values for A(p,,/p). We filter our threshold data for the same
conditions (particle diameter > 200 um, particle Reynolds number > 10) as in previous work and combine them
with previously published data to derive a new density ratio curve with the same form as the previous ex-
pression. This new curve of A(p,/p), with different parameter values and including uncertainties, confirms the
slope in the transitional region between low- and high-density ratios, though giving slightly higher values for A.
This work offers improved prediction of threshold wind speeds under thicker-than-terrestrial atmospheres on
other solar or extrasolar planets, while also suggesting current challenges to accurate experimental simulation of
aeolian transport under such conditions.

1. Introduction

Evidence for the geophysical processes by which granular solids are
entrained into transport across solid surfaces by flowing gas is pervasive
across the Solar System. Such aeolian movement of sediment — whether
by atmospheric, exospheric, or episodic (geysering, jetting) gas flow —
has been documented on Earth, Mars, Venus, Titan, Triton, Enceladus,
Pluto, and comets (Greeley and Iversen, 1985 and references therein;
Sagan and Chyba, 1990; Weitz et al., 1994; Porco et al., 2006; A'Hearn
et al., 2011; Lorenz and Zimbelman, 2014 and references therein; Burr

et al., 2015b and references therein; Diniega et al., 2017; Jia et al.,
2017; Telfer et al., 2018). These processes differ as a function of dif-
ferent boundary conditions, including the sizes of the grains and the
speed of the flowing gas (Bagnold, 1941), the densities of the granular
solids and the flowing gas (Greeley et al., 1980; Iversen et al., 1987),
the relative humidity of the gas and water content of the grains
(McKenna Neuman and Sanderson, 2008; Yu et al., 2017), and other
conditions (see, e.g., Rasmussen et al., 2015 and references therein).
One descriptor of aeolian processes is the minimum, or threshold,
wind speed needed to entrain sediment. Fluid or static threshold is the
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wind speed at which sediment lifting is first initiated solely through
fluid force, whereas impact threshold is the lowest wind speed at which
sediment transport, once initiated, is sustained through the combina-
tion of fluid and impact force (Bagnold, 1941). Values for threshold
wind speed and the associated threshold shear stress are fundamental to
understanding and modeling all aspects of aeolian transport, including
the onset of aeolian sediment movement (Bagnold, 1941), aeolian mass
flux (White, 1979; White, 1981), minimum aeolian erosion potential
(Sagan et al., 1977) and aeolian erosion effectiveness (Bridges et al.,
2005). Thus, they impact our analysis and understanding of phenomena
from a local scale, like ventification (Knight, 2008) and dune orienta-
tion (Rubin and Hunter, 1987), to the global scale, such as the relative
importance of various resurfacing processes (Bridges et al., 2012).
Correctly understanding these phenomena provides important in-
formation for past climate conditions and climate change (Bridges et al.,
1999; Greeley et al., 2000; Golombek et al., 2006; Ewing et al., 2015).

The quantification of threshold wind speeds was laid on a founda-
tion of terrestrial (ambient condition) wind tunnel research (Bagnold,
1941), which continues to advance our understanding through in-
creasingly sophisticated instrumentation and experiments (Holstein-
Rathlou et al., 2013; Bennett et al., 2015 and references therein;
O’Brien and McKenna Neuman, 2016; Yu et al., 2017). Planetary wind
tunnels, which simulate atmospheric density on planetary body surfaces
(Merrison et al., 2009; Burr et al.,, 2015b; Swann and Ewing, 2016;
Williams and Smith, 2017, and references therein), have enabled the
exploration of the effects on aeolian transport of extraterrestrial
boundary conditions. Early planetary wind tunnel work assumed that
gravity similitude could be attained by variations in the density of the
grains (e.g., Greeley et al., 1974), whereas the subsequent history of
research into aeolian entrainment and transport processes indicates the
need for careful matching of the similitude parameter according to the
aeolian process under examination (Burr et al., 2015a; Burr et al.,
2015b). Some degree of modeling based on wind tunnel results is ne-
cessary to account for gravitational and other differences (e.g., tem-
perature) that have not been achieved in planetary wind tunnels (al-
though see Marshall et al., 1991 for a study of aeolian attrition and
accretion under Venusian temperatures and pressures).

The Planetary Aeolian Laboratory at the NASA Ames Research
Center in Mountain View, CA, currently supports wind tunnel simula-
tion of extraterrestrial aeolian processes with air densities similar to
those at the surface of Mars in the Mars Surface Wind Tunnel
(MARSWIT; Greeley et al., 1976; Greeley et al., 1980; Swann and
Ewing, 2016; Williams and Smith, 2017). The facility also enabled si-
mulation of the atmospheric density at the surface of Venus in the
Venus Wind Tunnel (VWT; Iversen and White, 1982; Greeley et al.,
1984; Marshall and Greeley, 1992). A refurbishment of that equipment
led to the Titan Wind Tunnel (TWT; Burr et al., 2015b), which can be
used to simulate aspects of the atmosphere, such as density or kinematic
viscosity (Burr et al., 2015a), on the surface of Titan.

This simulation provides the means to investigate the effects of at-
mospheric density, pressure, or kinematic viscosity on threshold wind
speeds. Threshold wind speeds vary as a function of grain size (Bagnold,
1941), where larger grains require strong winds to overcome greater
mass (weight) and smaller grains require stronger winds to overcome
interparticle forces (Greeley and Iversen, 1985). The result is a char-
acteristic U-shaped curve for threshold velocity as a function of grain
size with an intermediate grain size having the lowest threshold speed.
Previous work in the MARSWIT and VWT yielded threshold curves for
Mars and Venus (Greeley and Iversen, 1985). Based on the high-pres-
sure VWT work, a threshold curve was also derived for Titan, but not
tested at that time against experimental data under Titan similitude
conditions.

A synopsis of planetary wind tunnel studies shows repeated mis-
matching of model output and experimental results (Burr et al., 2015b).
Modeling based on terrestrial threshold wind speeds to derive Martian
threshold wind speeds was not consistent with later MARSWIT results
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(Greeley et al., 1976), and likewise, modeling of threshold for Venus
surface conditions was not consistent with results from the VWT. To
force consistency of the Venus threshold model with the VWT results, a
term was included in the expression for threshold that accounts for the
low ratio of grain to atmospheric density on Venus (Iversen et al.,
1987). More recent modeling of saltation threshold on Titan could be
made consistent with TWT results with the inclusion of this density
ratio term (Burr et al., 2015a). This term is based on the assumed in-
fluence of grain impacts on the bed, lowering the threshold curve that
results from gas (or fluid) flow alone (Iversen et al., 1987). This as-
sumption is reasonable for the higher density ratio conditions on Earth
and Mars, under which fluid threshold is higher than impact threshold
(Kok et al., 2012), so that when threshold is observed, impacts are
necessarily important. However, numerical modeling results indicate
that the fluid threshold under both Venus and Titan conditions is lower
than the impact threshold (Kok et al., 2012). Thus, for the lower density
ratio conditions on Venus and Titan, the physical justification for the
density ratio term remains unclear. Numerical simulations by Durdn
et al. (2012) demonstrate that density ratio “is a true dimensionless
parameter of the problem” and suggest that the empirical density ratio
term employed by Iversen et al. (1987) encapsulates the physical
transition from fluid threshold to impact threshold.

These prior VWT data were collected under a single pressure and so
with a limited range of density ratios, resulting from only the variability
in the grain densities of ~3x. To investigate further the effect of the
density ratio term on threshold and its validity, we collected new data
at a larger range of gas densities and thus a larger range of density ratio
conditions than in previous recent work. These new data do not include
the extrema of density ratio values previously published, in which a
compilation of value for water and from terrestrial wind tunnels gave
low and high extreme values, respectively (Iversen et al., 1987). In-
stead, we used the TWT to focus on the transitional region occupied by
Venus and Titan conditions. We compared these new data to previously
collected data from the VWT and to the VWT portion of the threshold
curve. The results of the work presented here confirm the slope of the
curve in this region and also yield new parameter values for the curve.

2. Background
2.1. Derivation of expressions for planetary aeolian threshold

Expressions for threshold wind speeds were provided by Bagnold
(1941), in which threshold is quantified as a friction speed (us«), a
characteristic velocity that describes the magnitude of shear at the
surface. Using a conceptualized force balance at the moment of en-
trainment, Bagnold derived the threshold friction speed, u-, as:

[Py —
Uy = A, [~

\
where A is the dimensionless threshold parameter, p, is the particle
density, D, is the mean particle diameter, and g is the gravitational
acceleration. As u = V(t/p), where u is flow speed and 7 is shear stress,
A is equivalent to the square root of the Shields criterion, 8 = t/[(p,-p)
gD, for the initiation of sediment motion in a fluid flow. Bagnold
suggested that A is dependent on the particle friction Reynolds number
at threshold (Re+,), defined as:

0
gD,

(€8]

W Dp

Re,, =
W= @

where v is the kinematic viscosity (the ratio of the fluid dynamic visc-
osity to fluid density). However, by negating this dependence on Re
the interparticle force, and the lift force, A was simplified to 0.1 for all
grains with a diameter >250 um, based on terrestrial experimental
data (Bagnold, 1941).

Later experiments under ambient (terrestrial) conditions in the lowa
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(top) Expressions for A as a function of Reynolds number, with a generic formulation, followed by specific expressions for A. (bottom) Dependence of I, on D,. The
values from Iversen and White (1982) and Greeley and Iversen (1985) are also shown in the values for n and K in the rows above.

Generic formulation (Iversen et al. 1976a,b):

|2
A=C|1+ Re,
(12 -25)

Reference Re-, range

Expression for A

Greeley and Iversen (1985) 0.03 <Re; <3

Iversen and White (1982) 3 <Re;<10
Iversen and White (1982) Re« =10
Reference Dependence of I, on D,
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A= 0.120(1 + "";’f’ ) (1 = 0.0858¢l-0.0617(Rext~10)])
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25
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Origin

Iversen et al. (1976b, 1987)
Iversen and White (1982), Greeley and Iversen (1985)

I, = [0.055/(p,gD,?) 1>
I, = [0.006/(p,gD,>*) 1'?

Value of n set as 2, so I, = I, f(D,); value of K fitted to terrestrial wind tunnel data
Values of n and K fitted to MARSWIT data

State University (ISU) Wind Tunnel tested the validity of Bagnold’s
threshold equation (Eq. (1)) (Iversen et al., 1976a; Iversen et al.,
1976b). Results indicated that A is not uniquely a function of Re-, but
also depends on interparticle force (parameterized by the exponent n;
see expressions for A, Table 1). This result led to a generic equation that
describes the functional behavior of the dimensionless threshold para-
meter, A, in different flow regimes, where K is a constant having units
of g ecm ™2 sec” 2. Experiments in the MARSWIT simulating aeolian
processes in a low pressure environment yielded data that were in-
consistent with the predictions based on mathematical extrapolation
from ambient conditions (Greeley et al., 1976). Fitting the mathema-
tical expression to the data with different assumptions led to defining
different formulae for A for a given range of Re,; (Table 1). The value of
n has varied depending on whether it was set a priori to a presumed
value or fit to data. A value for n of 2.5 was derived from fitting the
MARSWIT experimental data (Table 1).

The literature states that the experiments under these low-fluid-
density conditions were considered to involve fluid (“static”) threshold
only (Greeley et al., 1977, p. 10), in which entrainment is only a
function of fluid flow. However, numerical modeling has shown that
under low-fluid-density conditions, impact threshold, with the impact
force of upwind grains contributing to entrainment, occurs at a sig-
nificantly lower wind speed than does fluid threshold (Kok, 2010).
Threshold in the MARSWIT was defined as “the movement of particles
over the entire bed” (Table 2). Such wide-spread movement was

Table 2

unlikely to have occurred simultaneously, as experiments and field data
show that initial movement occurs as individual grains or small groups
of grains (Bagnold, 1941; Nickling, 1988), and these initial grains
would have impacted the downwind bed. Thus, the observation of
threshold in the MARSWIT was likely a result of some (unobserved)
impact by upwind grains.

Using this refined threshold model derived from wind tunnel data
for relatively low-density (Martian and terrestrial) conditions, threshold
wind speeds for Venusian conditions as a function of grain size were
calculated (Iversen and White, 1982). However, data from the VWT
simulating entrainment under high pressure (Venusian) conditions
(Greeley et al., 1984) were not consistent with this calculation (Iversen
et al.,, 1987). This inconsistency was ascribed to the effect of grain
impact, which had not been accounted for in previous force-balance
equations used to derive threshold under the (likely incorrect) pre-
sumption of fluid threshold. The model was corrected to the VWT data
by introducing into the formula for A a density ratio term, f(p,/p),
where p, is the density of the particle and p is the density of the fluid
(Eq. (3)).

2.2. The density ratio term
In previous work, determining formulae for A as a function of the

density ratio involved compiling a threshold dataset over a range of
density ratio conditions, including terrestrial conditions at ISU (Iversen

Definitions of threshold movement used in previous wind tunnel studies, showing significant differences. This work, like the VWT work, investigated conditions in
the transitional region of the density ratio curve. Therefore, for our 2016 data published here, we used the stage of motion — “patches” — that approximated the

definition of threshold for the VWT work.

Reference

Wind tunnel

Threshold Definition

Bagnold (1941)

Greeley et al. (1974)
Greeley et al. (1976)

Greeley et al. (1980)

Greeley et al. (1984)
Burr et al. (2015a)

This work (definition of “patches” from Burr

et al., 2015a)

Imperial College Wind
Tunnel

Iowa State University
Martian Surface Wind
Tunnel

Martian Surface Wind
Tunnel

Venus Wind Tunnel
Titan Wind Tunnel

Titan Wind Tunnel

The point when “the grains could be seen to have gathered sufficient speed to start bouncing off
the ground.”

No definition provided

The speed at which “the movement of particles [occurred] over the entire bed, rather than the
movement of only a few individual particles.”

The speed at which “grains of a given size are set into motion over an entire bed.”

“The speed at which groups of grains began to saltate sporadically.”

The speed at which “50% of the bed [is] in motion, indicating that one-half of the grains have
exceeded threshold and the other half have not.”

The speed at which “continuous grain motion [is] occurring over less than 50% of the bed.”
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Summary table of the experimental results, including the sediment properties, boundary conditions including density ratio, u., at threshold, and the
dimensionless threshold parameter, A. Experiment numbers “T = 16-####” indicate experiments performed during 2016 in sequential (time) order.
Empty cells indicate that data could not be observed or values could not be calculated. The table shows data taken at patches (Table 2) with increasing
fan motor speed that satisfied both criteria for particle Reynolds number at threshold and grain diameter, and so may be used to derive the density
ratio expression. These data are shown plotted in Figs. 9 and 10. All collected data at all stages of motion, both increasing and decrease fan motor
speeds, regardless of satisfying the criteria in deriving the density ratio expression, are included in the Supplemental Materials,

Table3_for_Supplement.xlsx.

Experimental Parameters
i Calc. air [Kinematic i

M.aterial el [t ie I:?ewf.d density | viscosity Pa,mde Uiy |Std Div' Grain Grain  Density
Size Range | t Number (bar) | (kgm?) | (m?s?) |number (ms?) [ (ms?) | giam, density ratio (o,
(m)  (kem™) (p,/p) /ps

Walnut T-16-1294 20} 23.52  7.74E-07 117 2.46 0.08 | 0.0009 1100 47

833-1000 um T-16-1295 15§ 17.68  1.03E-06 115 3.29 0.08 | 0.0009 1100 62

T-16-1296 12.5] 14.78 1.23E-06 108 3.69 0.12 | 0.0009 1100 74

T-16-1297 8| 9.45 1.93E-06 85 4.62 0.15 | 0.0009 1100 116

T-16-1298 3] 3.52 5.17E-06 51 7.55 0.08 | 0.0009 1100 312

T-16-1299 3] 3.52 5.17e-06 51 7.63 0.07 | 0.0009 1100 312

T-16-1300 8| 9.45 1.93E-06 81 4.40 0.16 | 0.0009 1100 116

T-16-1301 12.5] 14.70  1.24€-06 110 3.81 0.10 | 0.0009 1100 75

T-16-1302 20} 23.47 7.75E-07 128 271 0.07 | 0.0009 1100 47

T-16-1303 20] 23.44  7.77€-07 145 &l 0.05 | 0.0009 1100 47

T-16-1304 15 17.71 1.03E-06 118 3.35 0.09 | 0.0009 1100 62

T-16-1305 15§ 17.63  1.03E-06 120 3.45 0.10 | 0.0009 1100 62

T-16-1306 12.5] 14.66  1.24E-06 103 3.55 0.11 | 0.0009 1100 75

T-16-1307 8| 9.45 1.93E-06 84 4.55 0.15 | 0.0009 1100 116

T-16-1308 3] 3.52 5.17E-06 49 7.26 0.11 | 0.0009 1100 312

Beach T-16-1325 20] 2334 7.80E-07” 168 3.66 0.04 | 0.0009 2500 107

T-16-1326 15§ 17.70  1.03t-06 164 4.75 0.07 | 0.0009 2500 141

833-1000 um

T-16-1327 12.5] 14.77 1.23e-06 147 5.15 0.03 | 0.0009 2500 169

T-16-1328 8| 9.49 1.92E-06 113 6.20 0.00 | 0.0009 2500 263

T-16-1329 8| 9.44  1.93E-06 113 6.22 0.00 | 0.0009 2500 265

T-16-1330 12.5] 14.71 1.24e-06 148 5.17 0.01 | 0.0009 2500 170

T-16-1331 15§ 17.62 1.03E-06 165 4.83 0.00 | 0.0009 2500 142

T-16-1332 20} 23.41 7.77e-07 224 4.92 0.14 | 0.0009 2500 107

T-16-1333 20] 23.41  7.77€-07 199 4.36 0.06 | 0.0009 2500 107

T-16-1334 15 17.65 1.03E-06 165 4.81 0.02 | 0.0009 2500 142

Basalt T-16-1344 12.5 14.70  1.24E-06 64 3.58 0.09 | 0.0006 3300 224

500-707 um | T-16-1345 8| 9.47 1.92E-06 53 4.67 0.09 | 0.0006 3300 348

T-16-1347 8| 9.39  1.94E-06 52 4.59 0.11 | 0.0006 3300 351

T-16-1348 8| 9.41 1.93E-06 59 5.27 0.12. | 0.0006 3300 351

T-16-1349 12.5] 14.70 1.24€-06 69 3.83 0.22 | 0.0006 3300 224

T-16-1350 12.5 14.68  1.24E-06 79 4.45 0.10 | 0.0006 3300 225

Charcoal T-16-1351 20} 23.38 7.79e-07 12 0.91 0.34 | 0.0003 400 17

250-300 pum T-16-1352 15§ 17.62 1.03E-06 12 125 0.06 | 0.0003 400 23

T-16-1353 12.5] 14.74  1.23E-06 1 132 0.08 | 0.0003 400 27

T-16-1360 12.5 14.65 1.24E-06 11 138 0.07 | 0.0003 400 27

T-16-1361 15 17.55  1.04E-06 13 134 0.07 | 0.0003 400 23

T-16-1362 20} 23.34 7.80E-07 16 1.23 0.09 | 0.0003 400 17

T-16-1363 20] 23.42  7.77€-07 15 118 0.10 | 0.0003 400 17

T-16-1365 12.5] 14.78 1.23e-06 12 1.44 0.06 | 0.0003 400 27

Charcoal T-16-1369 20} 23.40 7.78e-07 24 0.97 0.19 | 0.0005 400 17

425-500 um T-16-1370 15 17.71 1.03e-06 25 1.44 0.09 | 0.0005 400 23

T-16-1371 12.5 14.83  1.23t-06 25 173 0.07 | 0.0005 400 27

T-16-1372 8| 9.54 1.91E-06 18 2.01 0.06 | 0.0005 400 42

T-16-1377 8| 9.41 1.93E-06 18 2.05 0.08 | 0.0005 400 43

T-16-1378 12.5 14.65 1.24E-06 25 1.82 0.08 | 0.0005 400 27

T-16-1379 15 17.58  1.04E-06 29 1.74 0.07 | 0.0005 400 23

T-16-1380 20] 23.34  7.80E-07 37 164 0.05 | 0.0005 400 17

T-16-1381 20} 23.46  7.76E-07 37 1.62 0.08 | 0.0005 400 17

T-16-1382 15 17.78  1.02E-06 29 172 0.07 | 0.0005 400 22

T-16-1383 12.5 14.85 1.23E-06 27 1.89 0.09 | 0.0005 400 27

T-16-1384 8| 9.57 1.90E-06 18 2.02 0.21 | 0.0005 400 42

T-16-1385 3] 3.57 5.10E-06 11 3.24 0.06 | 0.0005 400 112

Charcoal T-16-1387 20} 23.30 7.81E-07 48 1.42 0.05 | 0.0007 400 17

600-707 um T-16-1388 15§ 17.71  1.03E-06 45 1.80 0.06 | 0.0007 400 23

T-16-1389 12.5] 14.80 1.23e-06 43 2.06 0.08 | 0.0007 400 27

T-16-1390 8| 9.51 1.91E-06 33 2.56 0.09 | 0.0007 400 42

T-16-1391 3] 3.53 5.16E-06 16 3.45 0.07 | 0.0007 400 113

T-16-1394 3] 3.52  5.17e-06 15 3.14 0.06 | 0.0007 400 114

T-16-1395 8| 9.39  1.94E-06 32 245 0.06 | 0.0007 400 43

T-16-1396 12.5] 14.69  1.24E-06 43 2.10 0.08 | 0.0007 400 27

T-16-1397 15 17.61 1.03E-06 50 2.02 0.08 | 0.0007 400 23

T-16-1398 20] 23.40 7.78E-07 66 2.00 0.06 | 0.0007 400 17

T-16-1399 20} 23.49 7.75E-07 62 1.86 0.05 | 0.0007 400 17

T-16-1400 15§ 17.74 1.03E-06 51 2.04 0.08 | 0.0007 400 23

T-16-1401 12.5] 14.84  1.23E-06 48 233 0.10 | 0.0007 400 27

T-16-1402 8| 9.53 1.91E-06 36 2.77 0.12 | 0.0007 400 42

T-16-1403 3] 3.57 5.10E-06 18 3.68 0.07 | 0.0007 400 112

et al., 1976b), under low pressure conditions at MARSWIT (Greeley
et al., 1980), under high pressure conditions at the VWT (Greeley et al.,
1984) and with water as the fluid (Graf, 1971). These threshold data
were then filtered so that (1) the grain diameter was >200 um, elim-
inating dependence on interparticle forces (see Iversen et al., 1976b,
Fig. 2a), and (2) Re« was >10, above which A becomes independent of
the friction threshold Reynolds number (see Iversen et al., 1987, Fig. 2).
[We also considered the condition that the roughness Reynolds number
at threshold, Re., = “*LJ, be>2.5, suggested as a criterion for

rescaled Freestream Height & (m) =0.023 Test Test Test
Particle .
Reynold Grain
Uinfinity | Std Dev. 0 s Diameter, u*, u*, for

) (ms?)| (ms?) number, ¢ (ms?) | Re*, Re*,>10
2 Ret,  (microns) >10 d>250 Both and d>250
46 3.1E-05 1.6 0.10 117 916.50 0.10 TRUE TRUE TRUE 0.10
61 3.1E-05 21 0.13 115 916.50 0.13 TRUE TRUE TRUE 0.13
73 3.1E-05 23 0.14 108 916.50 0.14 TRUE TRUE TRUE 0.14
115 3.1E-05 29 0.18, 85 916.50 0.18 TRUE TRUE TRUE 0.18
311 3.1E-05 4.6 0.29 51 916.50 0.29 TRUE TRUE TRUE 0.29
311 3.1E-05 4.7 0.29 51 916.50 0.29 TRUE TRUE TRUE 0.29
115 3.1E-05 2.8 0.17 81 916.50 0.17 TRUE  TRUE TRUE 0.17
74 3.1E-05 24 0.15 110 916.50 0.15 TRUE TRUE TRUE 0.15
46 3.1E-05 17 0.11 128 916.50 0.11 TRUE TRUE TRUE 0.11
46 3.1E-05 20 0.12 145 916.50 0.12 TRUE TRUE TRUE 0.12
61 3.1E-05 21 0.13 118 916.50 0.13 TRUE TRUE TRUE 0.13.
61 3.1E-05 22 0.14/ 120 916.50 0.14 TRUE TRUE TRUE 0.14
74 3.1E-05 22 0.14 103 916.50 0.14 TRUE TRUE TRUE 0.14
115 3.1E-05 2.8 0.18| 84 916.50 0.18 TRUE TRUE TRUE 0.18
311 3.1E-05 4.5 0.28 49 916.50 0.28 TRUE TRUE TRUE 0.28
106 3.1E-05 23 0.14/ 168 916.50 0.14 TRUE TRUE TRUE 0.14
140 3.1E-05 3.0 0.18 164 916.50 0.18 TRUE TRUE TRUE 0.18
168 3.1E-05 3.2 0.20 147 916.50 0.20 TRUE  TRUE TRUE 0.20
262 3.1E-05 3.8 0.24 113 916.50 0.24 TRUE TRUE TRUE 0.24
264 3.1E-05 3.8 0.24 113 916.50 0.24 TRUE TRUE TRUE 0.24
169 3.1E-05 3.2 0.20 148 916.50 0.20 TRUE TRUE TRUE 0.20
141 3.1E-05 3.0 0.19 165 916.50 0.19 TRUE TRUE TRUE 0.19
106 3.1E-05 2l 0.19 224 916.50 0.19 TRUE TRUE TRUE 0.19
106 3.1E-05 27 0.17 199 916.50 0.17 TRUE  TRUE TRUE 0.17
141 3.1E-05 3.0 0.19 165 916.50 0.19 TRUE TRUE TRUE 0.19
223 2E-05 23 0.13 64 603.50 0.13 TRUE TRUE TRUE 0.13
347  2E-05 29 0.17, 53 603.50 0.17 TRUE TRUE TRUE 0.17
350  2E-05 29 0.17 52 603.50 0.17 TRUE TRUE TRUE 0.17
350  2E-05 23 0.19 59 603.50 0.19 TRUE TRUE TRUE 0.19
223 2E-05 24 0.14/ 69 603.50 0.14 TRUE TRUE TRUE 0.14
224 2E-05 2.8 0.16 79 603.50 0.16 TRUE TRUE TRUE 0.16
16 9.2E-06 0.7 0.04/ 12 275.00 0.04 TRUE TRUE TRUE 0.04
22 9.2E-06 0.9 0.05 12 275.00 0.05 TRUE TRUE TRUE 0.05
26 9.2E-06 0.9 0.05 1 275.00 0.05 TRUE TRUE TRUE 0.05.
26 9.2E-06 10 0.05 11 275.00 0.05 TRUE TRUE TRUE 0.05
22 9.2E-06 0.9 0.05 13 275.00 0.05 TRUE  TRUE TRUE 0.05.
16 9.2E-06 0.9 0.05 16 275.00 0.05 TRUE TRUE TRUE 0.05.
16 9.2E-06 0.8 0.04 15 275.00 0.04 TRUE TRUE TRUE 0.04
26 9.2E-06 1.0 0.05 12 275.00 0.05 TRUE TRUE TRUE 0.05.
16 1.5E-05 0.7 0.04 24 462.50 0.04 TRUE TRUE TRUE 0.04
22 1.5E-05 1.0 0.06| 25 462.50 0.06 TRUE TRUE TRUE 0.06
26 1.5E-05 12 0.07 25 462.50 0.07 TRUE TRUE TRUE 0.07
41 1.5E-05 13 0.07, 18 462.50 0.07 TRUE  TRUE TRUE 0.07
42 1.5E-05 14 0.08| 18 462.50 0.08 TRUE TRUE TRUE 0.08
26 1.5E-05 12 0.07 25 462.50 0.07 TRUE TRUE TRUE 0.07
22 1.5E-05 12 0.07, 29 462.50 0.07 TRUE  TRUE TRUE 0.07
16 1.5E-05 11 0.06 37 462.50 0.06 TRUE TRUE TRUE 0.06
16 1.5E-05 11 0.06 37 462.50 0.06 TRUE TRUE TRUE 0.06
21 1.5-05 12 0.06| 29 462.50 0.06 TRUE TRUE TRUE 0.06
26 1.5E-05 13 0.07 27 462.50 0.07 TRUE TRUE TRUE 0.07
41 1.5E-05 i3 0.07, 18 462.50 0.07 TRUE  TRUE TRUE 0.07
111 1.5e-05 21 0.12 11 462.50 0.12 TRUE TRUE TRUE 0.12
16 2.2E-05 1.0 0.06| 43 653.50 0.06 TRUE TRUE TRUE 0.06
22 2.2E-05 12 0.07 45 653.50 0.07 TRUE TRUE TRUE 0.07
26 2.2E-05 14 0.08 43 653.50 0.08 TRUE TRUE TRUE 0.08
41 2.2E-05 17 0.10 33 653.50 0.10 TRUE TRUE TRUE 0.10
112 2.2E-05 22 0.13 16 653.50 0.13 TRUE TRUE TRUE 0.13
113 2.2E-05 20 0.12 15 653.50 0.12 TRUE TRUE TRUE 0.12
42 2.2E-05 16 0.09 32 653.50 0.09 TRUE TRUE TRUE 0.09
26 2.2E-05 14 0.08| 43 653.50 0.08 TRUE TRUE TRUE 0.08
22 2.2E-05 13 0.08| 50 653.50 0.08 TRUE TRUE TRUE 0.08
16 2.2E-05 13 0.08 66 653.50 0.08 TRUE TRUE TRUE 0.08
16 2.2E-05 iz 0.07, 62 653.50 0.07 TRUE TRUE TRUE 0.07
22 2.2E-05 13 0.08 51 653.50 0.08 TRUE TRUE TRUE 0.08
26 2.2E-05 15 0.09 48 653.50 0.09 TRUE TRUE TRUE 0.09
41 2.2E-05 18 0.10 36 653.50 0.10 TRUE TRUE TRUE 0.10
111 2.2E-05 23 0.14 18 653.50 0.14 TRUE TRUE TRUE 0.14

accurately simulating a naturally occurring boundary layer (Sutton,
1949, as cited by White, 1996). However, the physical justification for
this criterion was not clear to us. We include data filtered for this
roughness Reynolds number criterion in Supplemental Materials,
Table3_for Supplement.xlsx (columns CV and CW and last tab) for
completeness, but do not apply this filter elsewhere in this work].

The filtered data for A were plotted versus the density ratio, p,/p,
and fitted with a curve (Fig. 1), for which A is a function of interparticle
forces, Reynolds friction number, Re-, and the density ratio function, f
(pp/p). The derivation of the form of the curve in Iversen et al. (1987)
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Fig. 1. Threshold parameter A plotted as a function
of the density ratio, p,/p, where p, is the density of
the particle and p is the density of the fluid for var-
ious  fluids. The data are shown for
particles > 200 um diameter and Re- > 10, adapted
from Iversen et al. (1987) with their density ratio
curve overlain on the data. [Refitting a curve to the
Iversen et al. (1987) data indicates that the first ex-
ponential parameter is incorrectly rendered as
0.0054 instead of 0.0078]. The legend indicates the
facility or medium for the data: ISU is the Iowa State
University Wind Tunnel, VWT is the Venus Wind
Tunnel, and Water denotes experiments performed in
water. A subset of data for the same filtering condi-
tions collected from the Titan Wind Tunnel (Burr
et al., 2015a) is also plotted and shown not to fit the
curve in this transitional region, providing impetus
for this new TWT work. See Supplement Materials
Fig. 1_for-Supplemental.xlsx for the data used to
make this plot.

omits some steps and contains a typo in first exponential parameter; a the form 1/(1 + ™), which can be rewritten as:

full derivation is provided by Nield (2018). The result of the derivation

is the expression [_y ( % —1)1]
K A= af 1+B|1—-ce
A= ——
h(Re.t) + f (0,/p) ©) )
consistent with the generic form shown in Table 1. The shape of the where a, 8, v, and A are constants.
curve (Fig. 1) shows that the expression for A is sigmoidal and thus has The numerator, a, represents the upper limit of the sigmoidal

Flow
straighteners

Location of pitot

Settling
chamber

Observation
ports

A
b

Fig. 2. (a) Photograph of the Titan Wind Tunnel. (b) Sectioned layout of the Titan Wind Tunnel. For clarity, only the downwind observational ports are labeled; the

upwind port is visible in the photograph. Modified from Burr et al. (2015b).
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function for A, i.e., when the density ratio term, f(p,/p), approaches 1.
Its value of 0.2 was derived by Iversen et al. (1987) using experimental
measurements (Chepil, 1958; Coleman, 1967). The lower limit of 0.11
was derived under terrestrial conditions (Bagnold, 1941; Iversen et al.,
1976b). Substituting in these coefficients for the upper and lower limits
of the sigmoidal function yields

i .
A =02/y1 + 2.3(1 — e 00078y /e-11) (5)

(see Nield, 2018, for a full derivation).

Although its derivation was impelled by data under intermediate
density ratio (i.e., Venus Wind Tunnel) conditions, this continuous ex-
pression was intended to correct the previous formulations so as to
align with experimental results at all density ratio conditions. At den-
sity ratios > 1000, as for atmospheric conditions on Earth or Mars, the
density ratio term (f(p,/p) = EXP(—0.0078((p,/p)—1)>%®)) goes to
zero and the value for A of 0.11 as derived by Bagnold (1941) for
terrestrial conditions is recovered. At intermediate density ratios, as on
Venus (or Titan), this term increases and the expression for A corre-
spondingly increases. As the density ratio approaches 1, as experienced
in fluvial environments on Earth, the value of A approaches the limiting
value of 0.2.

2.3. Methodology: Testing the expression for A

The TWT (Fig. 2) (Burr et al., 2015b) provides an opportunity to
quantify threshold wind speeds under Titan analogue conditions. Those
data, like the data from the VWT, fall in the intermediate density ratio
space that is transitional between fluvial (water) and aeolian conditions
on Earth. Our methodology (Fig. 3) was to collect freestream TWT data
at threshold conditions for different density ratios, reduce them to
friction wind speeds, filter them to eliminate the effects of particle
friction Reynolds number and interparticle forces following Iversen
et al (1987), and compare the results to the published density ratio
curve. As a pressure vessel, the TWT is limited in size, providing limited
access to the test section interior, and instrumentation to collect
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sediment flux was not in place for these experiments.

2.4. Threshold data collection using the Titan wind tunnel

The similitude boundary condition used for these threshold ex-
periments was kinematic viscosity (Burr et al. 2015a). This choice
contrasts with that of VWT work, for which the similitude parameter
was density, but was made to provide the correct ratio of lift and drag
forces and to simulate the viscous sublayer thicknesses. The surface
atmospheric pressure on Titan is ~1.4bar (1.4 x 10°Pa), but, given
the difference in temperature between the surface of Titan and the Titan
Wind Tunnel, higher pressures were necessary in order to recreate the
kinematic viscosity conditions of Titan’s atmosphere in the wind tunnel
for current (Burr et al., 2015a, Extended Data Table 1) and past cli-
mates. For these density ratio experiments, the TWT pressure varied
from 1 to 20 bars (1 to 20 x 10° Pa) in order to achieve a greater range
of density ratio conditions. Data evaluation and filtering are explained
under Results.

The experimental materials cover a range of partile diameters
(250-1000 um) and particle densities (400 — 3300 kg/m3), which, with
the range of air densities, provided data that span the transitional
portion of the threshold curve and overlap the parameter space for the
density ratio from previous experiments. For all data collection ex-
periments, the experimental sediments were placed in the test section
where they were smoothed into a bed of a constant thickness (1 cm).
After the bed was laid down, a ruler was placed so as to be viewable
through the downwind observation port and briefly videographed for
scale. The ruler was removed, and the tunnel was sealed and pressur-
ized. The bed was then pre-conditioned by increasing the fan speed
until ~50% of the bed surface was briefly observed to be in motion, in
order to provide a more natural texture to the bed and remove any
perched grains.

The experimental threshold data were collected in August 2016.
Following the procedure developed in previous work, the fan motor
speed was incrementally increased through multiple stages of motion
(Burr et al, 2015a, Extended Data Supplemental Materials,
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Fig. 3. A flow chart outlining the generic methods used to collect and reduce the data. Under “Calibration,” the derivation of uo;p was accomplished with this same
methodology but using 8 (boundary layer heights) and z, (roughness heights) derived from individual boundary layer profiles, before the discovery of the effects of

incorrect Pitot configuration (see text for details).
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Table3_for Supplement.xlsx) as perceived by the observer, who re-
corded the time of occurrence of each observed stage. Not all stages of
motion were perceived in all experiments, particularly for fine-grained
sediments. The definition of threshold for the VWT data is “the speed at
which groups of grains began to saltate sporadically” (Greeley et al.,
1984). Of the TWT stages of motion (Burr et al., 2015a), this VWT
definition of threshold matches most closely with the stage of “pat-
ches”, defined as the speed at which “continuous grain motion [is]
occurring . . over less than 50% of the bed. Thus, for comparison be-
tween the VWT and TWT data, we used “patches” in this work as the
stage of motion to define threshold (Table 2). Three different re-
searchers (DMB, NTB, EVN) served as observers, and no observer bias
was detectable in selected analysis of the data. For comparison to data
collected during increasing fan motor speeds, data were also collected
during decreasing fan motor speeds and are provided in Supplemental
Online Material as Table3_for-Supplemental.xlsx, although not used in
this work.

During each experiment, a high-pressure transducer measured the
differential pressure between a static Pitot tube that sensed the ambient
pressure in the wind tunnel and a stagnation Pitot tube that sensed the
total pressure, that is, the sum of the ambient pressure and the dynamic
pressure due to the air flow. The measure of this differential pressure
was continuously output and recorded as voltage while the observer
recorded the time for each observed stage of motion.

Videography of different stages of motion was collected with an
Edgertronic SC1 high speed video camera positioned outside the tunnel
at the downwind side observation portal of the tunnel (Fig. 4). The
camera frame rate was set to 500 frames per minute (approximately 8
frames per second) with a field of view of 3.6 cm by 2 cm (1280 pixels
by 720 pixels). The camera was focused on the bed under the Pitot tube
in the center of the tunnel, which was illuminated by two snake lights.
Examples of these videos showing different stages of motion are pro-
vided in the Supplemental Online Material.

2.5. Data reduction

Data reduction entailed first matching the times recorded by the
observer for threshold to the corresponding voltage data from the
transducer. These voltages were then converted into dynamic pressures
using manufacturer calibration curves for a range of pressures. The

4

High-speed
video camera
lens

7

\

Downwind [
observation
port

Fig. 4. Experimental setup with the snake lights (rotated from their position in
Fig. 1) used to illuminate the grains at the downwind observation port and
position of high-speed video camera (showing zoom lens). Inset (lower left)
shows view inside of the tunnel as seen by the camera.
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Fig. 5. Images showing old and new Pitot tube configurations. (a) Old:
Configuration of the stagnation and static Pitot tubes during initial collection of
BLP data. The flat top of the static port (black circle) and its position downwind
of the stagnation port stanchion (vertical white arrow) are suspected of causing
speed-up over the static port, producing the region of anomalously fast flow
observed in the BLPs. Inset (upper left) shows the Pitot tube in the TWT with
millimeter-tick marks for scale. (b) New: Configuration of the Pitot tubes during
collection of new BLP data to correct the old BLPs, with the static port (black
circles in main image and upper left inset) located upwind of the stanchion
(vertical white arrow). In both configurations, the traversing Pitot (horizontal
white arrows) is used for BLP data collection and is stationary within the
freestream for experimental data collection.

resultant dynamic pressures, in turn, were converted to wind speeds at
threshold, u, by

P n 1/2
u= (zi) ,
0 (6)

where Pgy, is the dynamic pressure of the gas (air).

Determination of boundary layer profiles in this tunnel is compli-
cated by the pressurization cycling of the tunnel as a whole. During
pressurization and venting, significant volumes of air are forced
through the Pitot tube ports to maintain pressure equalization. Partial
or full blockage of one of the Pitot ports can lead to catastrophically
high differential pressures developing in the pressure transducer, re-
sulting in serious damage to the unit (as we have demonstrated). To
reduce this risk, the Pitot tube is now operated near the surface of the
test plate only with no loose sediments in the tunnel (Fig. 5). In the
presence of loose sediments, the wind speed is measured only at the top
of the Pitot traverse, 47 mm above the test plate and well above the
boundary layer in this tunnel (Fig. 6), providing a good measurement of
the freestream velocity, uy. This operational restriction necessitates
collecting wind profile and u, data for solving the Law of the Wall
without sediment motion and applying those data to conditions with
sediment motion.

The law of the wall (also known as the Prandtl-von Karmén equa-
tion) gives the relationship of freestream to friction wind speed as a
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Fig. 6. Plot showing BLPs over several sediments, at tunnel pressures of 8, 12.5, 15 and 20 bar (8, 12.5, 15 and 20 X 10° Pa), and fan motor speeds of 20, 25, 40, 50,
60, 75, and 100% capacity. Velocities were normalized by freestream velocity (u(z)/uc), and are offset horizontally in increments of 0.1 for clarity. Boundary layer/
freestream transition shows high uniformity between and within each sediment grouping, yielding a constant boundary layer height of § = 2.3 cm. [Note: These BLPs
taken with the old configuration (Fig. 5a) were not used to derive roughness height.]

function of the vertical distribution of freestream wind speeds, namely:

U,, 0
Uy = —In—

X Zo ()
where u,, is freestream velocity, ¢ is the boundary layer thickness, « is
the von Karmén constant (0.41), and 2, is the aerodynamic roughness
height (Bagnold, 1941). This relationship assumes that above the
boundary layer height, u,, is constant, which is supported by boundary
layer data (see Fig. 6). Rearranging the equation to solve for the friction
wind speed yields:

UK
U, = =

ll’li ' (8)
20

Thus, in addition to the freestream wind speed, the boundary layer
height, §, and the roughness height, z,, were required. The boundary
layers heights were derived from boundary layer profiles (BLPs) and the
roughness heights were approximated as the Nikuradse roughness
(Nikuradse, 1933) from the rule of z, = D,/30 (White, 2006). This
approximation, for conditions of Re, > 60, was supported by analysis of
repeated BLP data. However, the BLPs were not taken with sediment
movement (due to our concern over clogging of the Pitot), which would
sap momentum from the flow, increasing the roughness height. Thus,
BLPs without sediment movement yield minimum values as roughness
heights for the experimental conditions with sediment movement, but
with rough beds (Bauer et al., 2004). Because of this error introduced
by the difference in conditions between those of the BLPs and those of
the experiments, the approximation of z, = D,/30 in Eq. (8) would
yield minimum values for the threshold friction wind speed.

Collecting BLPs in July 2016 to derive the boundary layer thickness
entailed the construction of fixed roughness beds by gluing sieved se-
diment onto cardstock paper. To encompass and sample the relevant
experimental grain sizes while maintaining operational efficiency, five
sediments were used — 180-212 um glass beads, 180-212 um quartz
sand, 400-600um glass beads, 500-600um quartz sand, and
833-1000 um quartzofeldspathic sand. These fixed-sediment beds were
placed in the wind tunnel, the tunnel was pressurized, and the fan speed
was held constant while a stepping motor moved the Pitot tube through
a sequence of positions within the boundary layer. The Pitot tube tra-
versed 25 positions, logarithmically spaced, from 1 mm to 48 mm above

the fixed bed. Each position was held for 10 seconds while the trans-
ducer attached to the Pitot tube collected voltages. At the end of each
traverse, the Pitot was returned in the bed, the fan speed was increased
by ~10% or 25%, and another boundary layer profile was collected.
The procedure was repeated for a variety of fan motor speeds and at-
mospheric pressures for each of the three beds.

The voltages from the transducer were averaged for each of the 25
Pitot tube positions and, as for the experimental threshold data, con-
verted to dynamic pressures using manufacturer calibration curves.
These dynamic pressures were converted to freestream wind speeds
according to Eq. (6). The resultant plot of these wind speeds at each
Pitot height yielded the boundary layer profile. Boundary layer thick-
nesses were designated on these profiles as the locations at which the
curves became vertical (Fig. 6). For all five BLPs, the boundary layer
height was 2.3cm, without any detectable trend in value. Conse-
quently, we used § = 2.3 cm for reducing all experimental data.

2.6. Data correction for Pitot configuration effects

In reducing our 2016 BLPs, we discovered that on plots of u vs In(2),
the data exhibited two straight-line segments below the boundary layer,
instead of a single continuous linear segment as expected (Fig. 7). In-
vestigation suggested that this anomalous behavior was a result of the
original (2016) Pitot tube configuration (Fig. 5a), in which the static
port was located downstream of the Pitot stanchion and oriented ver-
tically, so as to produce a speed-up of air flow. Following some re-
search, we developed a new Pitot tube configuration for which the
static pressure is measured via a small hole on the side of a tube located
approximately at the same streamwise location as the stagnation Pitot
(Fig. 5b). BLP data collected in 2018 with this new configuration show
expected behavior without the previously observed segmentation and
yield consistent boundary layer heights. We used the 2018 BLP data
exclusively in our data reduction.

The experimental data from 2016 were taken with the original
(2016) Pitot configuration and thus required correction for this inferred
speed-up effect. We reduced the BLP data collected with both the ori-
ginal and new configurations, deriving u., for both configurations. The
correspondence of these BLP u,, values shows a strong linear relation-
ship (Fig. 8). The equation for this correspondence is
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Fig. 7. Boundary layer velocity profiles collected with original Pitot configuration, and with corrected static port. Test bed is 400-600 pum glass beads, tunnel pressure
15 bar (15 X 10° Pa), and 60% fan motor speed. Fig. 7A shows the logarithmic near surface velocity profiles. Fig. 7B shows the same data replotted with a logarithmic
velocity axis. The original boundary layer profile (triangles) shows a discontinuity (break) in the slope of the profile and a z, value of 8 um, orders of magnitude
smaller than expected (e.g., Nikuradse, 1933). Correction of the Pitot tube configuration (Fig. 5) corrected both issues, and also reduced the derived velocities. See
Supplement Materials Fig. 7_for-Supplemental.xlsx for the data used to make this plot.

Usongw = 0.5973Usorp + 0.1284 (R? = 0.9946). On the basis of this
correspondence between the BLP u,, values derived with the original
Pitot configuration and with the new Pitot configuration, we ar-
ithmetically adjusted the original experimental u,, values to corrected
values.

2.7. Uncertainty analysis

Uncertainty estimates were derived through a similar order of steps
as described in previous Titan Wind Tunnel work (Burr et al., 2015a).

As the same transducer was used in this as the previous work, the un-
certainty in the voltage recorded at the time of threshold, a function of
both transducer uncertainty and voltage variability, was taken to be the
same value of 2.7%. The uncertainty in conversion from voltage to
pressure using the manufacturer-supplied calibration curves is negli-
gible. The uncertainty in previous work of converting pressures mea-
sured at a fixed Pitot tube on the opposite side of the wind tunnel from
the test section to pressures in the test section was no longer relevant, as
the updated configuration allowed for collecting data in the test section
itself. The observational uncertainty in the freestream wind speed was

Correction equation for freestream threshold data

2018 Freestream wind speed (m/s)

0 1 2 3 -

y =0.5973x + 0.1284 L
R?=0.9946
Q. o

sog’
® New freestream wind speed
® High speed or pressure: Removed
@ One bar: Removed

5 6 7 8 9 10

2016 Freestream wind speed (m/s)

Fig. 8. Data used to derive correlation to convert original freestream wind speeds to corrected values. The data were collected in 2016 with the old configuration
(Fig. 5a) and 2018 with the new configuration (Fig. 5b) over 180-212 um quartz sand, and at 1, 3, 8, 12.5 and 15 bar (1, 3, 8, 12,5, and 15 X 10° Pa). Poor correlation
of all data collected at 1 bar, as well as the data collected at the highest velocities and pressures (100% FMS at 12.5 bar, and 75% and 100% at 15 bar), suggest flow
effects, and were excluded from our correlation, yielding a strong linear relationship. The equation on the plot was applied to the experimental friction wind speed
values (as shown on Fig. 3 in the box labeled Calibration) to correct for enhanced flow over the vertical stagnation port (Fig. 5a). See Supplement Materials

Fig. 8_for_Supplemental.xlsx for the data used to make this plot.
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derived as the standard derivation of the measurements, provided in the
Supplement Materials Table Table3_for-Supplemental.xlsx. We used a
single value for the boundary layer height in the law of the wall to
convert freestream to friction wind speed (Eq. (8)).

Our use of a single value for the roughness height (2o = D,/30;
Nikuradse, 1933) links numeric uncertainties in that parameter to the
unknown distribution of particle sizes within in the sieve size bins.
However, arithmetic inspection shows that the result of uncertainty in
the natural logarithm expression has minimal influence on the derived
friction threshold values.

3. Results

Out of 193 experiments (summarized in Table3 for-
Supplemental.xlsx), we obtained a total of 174 values for u+. In the
remaining 19 experiments, ‘patches’ — the stage of motion used as
threshold in this work — was not observed. Of these 174 experiments, 65
meet both conditions set by Iversen et al. (1987) for deriving the den-
sity ratio curve, namely, Re. > 10 and D, > 200 um (summarized in
Table 3; the smaller number of results provided in Nield, 2018, is su-
perseded by the present work).These new u+. data of 0.099 to 0.290 m/
s (A values o 0.154 to 0.173) are shown in conjunction with the
threshold data from Iversen et al. (1987) to recreate their plot of di-
mensionless threshold parameter (A) as a function of particle friction
Reynolds number (Re-,). Threshold data from Burr et al. (2015a) were
not included because the definition of threshold in that work is 50% bed
motion instead of patches. This plot (Fig. 9) indicates, as concluded by
Iversen et al. (1987), that at Re+, > 10, A is independent of Re-, within
an individual dataset, whereas at Resless than 10, the data show sig-
nificant spread. At the same time, for Re: > 10, A values differ for
different experimental conditions. For Re: > 10, A values for data
collected in water range from 0.16 (possibly an outlier) to 0.25,
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whereas for VWT data, they range from 0.13 to 0.20, and for TWT data
they range from 0.11 to 0.24. For terrestrial conditions, which have the
highest density ratio, the A values for Re+, > 10 are the most self-con-
sistent and the lowest, ranging from 0.11 to 0.12. Thus, the A values
from the TWT data show the most scatter, approximating the extrema
of the other datasets.

3.1. New fit with uncertainties to density ratio function

To investigate our main question as to the effect of density ratio on
threshold, these filtered TWT values for A are plotted against density
ratio (Fig. 10a). As observed in the plot of particle friction Reynolds
number (Re-,), the results show that our data are generally consistent
with the previous data, but have greater variability and tend toward
higher values of A. We compute new parameters for Eq. (4) including
these new TWT data using non-linear least squares fitting. The resulting
updated parameters are: o = 0.214 = 0.005 f =2.84 = 0.24,
y = 0.014 + 0.003, and \. = 0.68 = 0.04. The uncertainties are derived
from a Monte Carlo analysis in which 10,000 trials were run randomly
varying the data points within a normal distribution described by their
1-sigma uncertainties. No uncertainties were provided in Iversen et al.
(1987) for the data points presented in that paper. Here, we binned
those data into groups of low, intermediate, and high-density ratios (p,/
pless than12, 12 < p,/pless than 700, and p,/p > 700, respectively),
based on similarity of experimental conditions under which each da-
taset was derived, and assigned each data point an uncertainty equal to
the standard deviation of the points in its group. A separate analysis
using the standard deviation of the seven closest neighbors to each data
point produced statistically indistinguishable results. The updated
density ratio curve and its corresponding uncertainty envelope are
shown in Fig. 10a.

Threshold parameter A as a function of particle Reynolds number
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Fig. 9. Threshold parameter A as a function of particle Reynolds number at threshold for a range of fluids and/or pressures. The plot illustrates the independence of
friction Reynolds number on A at Re*t> ~10. Above this value, the TWT data are consistent with the VWT data, although they describe a slightly greater range of
values for A. The A values for water at Re*t> ~10 tend to plot above the wind tunnel values. See Supplement Materials Fig. 9_for Supplemental.xlsx for the data

used to make this plot, including the TWT data shown in Table 3.
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Fig. 10. a) Threshold parameter A, derived from various sources (Iversen et al.,
1987), plotted as a function of the density ratio for various fluids for
Dy, > 200 um diameter and Re« > 10. Grey triangles are from Iversen et al.
(1987), with uncertainties derived as described in the text. The colored points
are the new TWT data presented here. The grey dashed line is the fit from
Iversen et al. (1987) with the first exponential parameter corrected as above.
The red dashed line is the new fit including the TWT data (data in Table 3) and
the Iversen et al. data points. The red dotted lines mark the uncertainty en-
velope represented by the 3-0 spread in the Monte Carlo fits. See Supplement
Materials Fig. 10_for_Supplemental.xIsx for the data used to make this plot. b)
TWT data for a limited range of Re, to further isolate density ratio dependence,
as described in the text. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

4. Discussion

The variability within and among the datasets of A vs Re-, (Fig. 9)
and A vs density ratio (p,/p) (Fig. 10) likely has multiple causes, such as
the variable shapes (angularity) of the grains within and between ex-
periments and different definitions of threshold between experiments.
Of particular interest here and the focus of discussion is the comparison
of the two experimental intermediate density ratio datasets that con-
strain the transitional portion of the curve for the threshold parameter,
A.

4.1. Similar negative slopes for the two intermediate density ratio datasets

The two intermediate datasets, from VWT and TWT experiments,
exhibit similar negative slopes for A vs density ratio (Fig. 10). This
finding confirms the presence and slope of a gradual transition regime,
previously derived experimentally from the VWT dataset alone (Iversen
et al., 1987), between high dimensionless threshold values for low
density ratio conditions and low dimensionless threshold values for
high density ratio conditions.
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4.2. Sources of the offset between intermediate density ratio data from the
VWT and the TWT

Although the two datasets in this transition region show similar
negative slopes for A vs density ratio, they also exhibit an apparent
offset. This offset could be a consequence of different definitions of
threshold both between those two aeolian datasets (Table 2). The de-
finition of threshold for the VWT data as “the speed at which groups of
grains began to saltate sporadically” (Greeley et al., 1984) might imply
temporally intermittent, as well as spatially limited, saltation. The de-
finition of threshold used for the TWT, namely, “the speed at which
continuous grain movement occurred in discrete patches over less than
50% of the bed”, likewise implies spatially limited saltation, but con-
trariwise implies temporally consistent saltation. If correctly inter-
preted, this threshold criterion using for the VWT experiments of both
temporally and spatially intermittent grain motion would be reached at
lower wind speeds than the TWT criterion of spatially limited but
temporally continuous grain motion. Thus, these two slightly different
definitions could yield systematically higher values for the TWT data
than for the VWT data as an experimental artifact without a physical
difference.

An alternative or additional possible cause for the offset in these
intermediate density ratio datasets could be the different values of ki-
nematic viscosity. The use of density as the similitude parameter for the
VWT threshold experiments results in a kinematic viscosity of
2.3 x 10~ 7 m?/s (approximately one-half that on the surface of Venus,
as noted by Greeley et al. 1984), whereas the use of kinematic viscosity
as the similitude parameter for the TWT threshold work resulted in a
value of 1.2 x 10~® m?/s. This order of magnitude difference in this
boundary condition might account for (some portion of) the offset be-
tween the VWT and TWT data.

One way that kinematic viscosity could have influenced the results
is through its influence on the development of the boundary layer with
distance along the test plate. Sufficient test section length is necessary
in sedimentary wind tunnel experiments to allow full development of
the boundary layer and maturation of the sediment-fluid interactions
(e.g., White, 1996; McKenna Neuman et al., 2013). The VWT threshold
experiments were performed at a pressure of 30bar (30 x 10°Pa;
Greeley et al., 1984), whereas the TWT experiments were performed at
12bar (12 x 10° Pa). One measure of a minimum test length, L, needed
to achieve a turbulent boundary layer is L = 0.89(8"! g/v*)%, where g
is gravity (Iversen, 1991, citing Cermak 1982). For these TWT data
collected between 3 and 15 bars (3 and 15 x 10° Pa), with a kinematic
viscosity of 1.2 x 10°m?/s and a boundary layer height of ~2.3 cm
(Fig. 6), this minimum length ranges from ~0.14m to ~0.21 m. Al-
though boundary layer heights are not available in the data available
for the VWT work, using the calculated kinematic viscosity for the 30-
bar pressure of those experiments and assuming the same height as for
the TWT experiments yields similar values. Compared to the ~1m
distance along the wind tunnel test section at the downwind observa-
tion port (Burr et al. 2015b), these values would suggest that this
minimum wind tunnel length criterion was met for both the VWT and
TWT experiments.

At the same time, our experimental data are qualitatively consistent
with, though not uniquely diagnostic of, the possibility that the
boundary layer for the TWT experiments was not fully developed. In
wind tunnel experiments to investigate the effects of a developing
boundary layer, values of threshold friction wind speed were found to
span an unexpectedly wide range (Williams et al., 1994). Under in-
creasing wind speeds close to threshold, the grains moved in episodic
flurries, consistent with entrainment by burst-sweep events, and
threshold speeds decreased from the leading edge of the plate down-
wind. In TWT threshold experiments at 12 bar (12 x 10° Pa; Burr et al.,
2015a), observations at the upwind and downwind ports (e.g., run T-
12-143) suggested that entrainment was occurring preferentially at the
upwind port. The post-experimental appearance of the test plate



D.M. Burr, et al.

showed that volumetrically more entrainment had occurred at the up-
wind edge, although the shape of the upwind scour marks pointed to
vortex shedding as a dominant cause. TWT experiments with sub-sand
grain sizes (60 um; T-12-166 to T-1-168) exhibited episodic motion,
consistent with entrainment by burst-sweep events inferred in the de-
veloping boundary layer experiments of Williams et al. (1994), though
episodic motion might also be a potential effect of enhance interparticle
force at small grain sizes. The lack of a fully developed turbulent
boundary layer is consistent with a shifting of the TWT data to higher —
and more varied — values than derived from the higher-pressure (30 bar
or 30 X 10° Pa) VWT work, for which the tunnel was hydrodynamically
longer. A longer and/or more fully instrumented test section would
provide data to test this interpretation.

4.3. Other possible physical interpretations of the density ratio data

A re-evaluation of the dependencies of A on various physical para-
meters yields the conclusion, in agreement with Iversen et al. (1987),
that dependencies on the particle friction Reynolds number (Re-) and
particle cohesion are primary (Lu et al. 2005). However, these authors
suggest a secondary dependence on turbulent velocity variations within
the flow, as characterized by the flow Reynolds number (Re; = u..5/v),
in addition to a density ratio effect. Other recent work also points out a
possible contribution to entrainment of velocity variations due to flow
turbulence (Péhtz et al. 2018). Both of those previous works show that
the Re, contribution could lead to a dependence on boundary layer
height, if the other flow properties and conditions were similar. As il-
lustrated in Fig. 6, 8 was ~ 2.3 cm for all of experiments presented here,
so the observed trend of decreasing A with increasing density ratio in
these data is not likely due to a dependence on & alone.

Nevertheless, v and u, do vary in these TWT experiments, leading to
a range of Re, from ~200 to ~6000. Selecting a narrow range of Re,
(1900 to 2300), shown as red filled circles in Fig. 10b, the scatter at a
given density ratio is decreased and the trend between A and density
ratio is even more apparent. Lu et al. (2005) state that, when all other
parameters (e.g., Re,) are held constant, their model does show a de-
pendence of A on density ratio. The scatter that we see in our data in
Fig.10a could, therefore, indicate the dependence on Re, that they
suggest. It could also explain the single medium density ratio datum in
Iversen et al. (1987), ice tea grains measured at 1 bar (1 X 10° Pa), that
Péhtz et al. (2019) point out has a lower A than values from the TWT
and VWT at similar density ratio (Burr et al., 2015a, Iversen et al. 1987;
note that this Iversen et al. datum does not satisfy the Re_>10 criterion
we impose). We include on Fig. 10b all of our new TWT measurements
for which Re; > 1500 (blue squares). Although they show somewhat
more scatter than the more tightly selected red circles, they still illus-
trate the trend of A with density ratio; the additional scatter could
potentially be a consequence of the suggested Re, dependence.

Burr et al. (2015) used kinematic viscosity (v) as the similitude
parameter for conducting TWT experiments as analogs for sediment
entrainment on Titan. If the second-order flow effects due to turbulent
fluctuations proposed by Lu et al. (2005) are important, it is possible
that Re, may be a better similitude parameter for future analog
threshold experiments. Pdhtz et al. (2018) suggest experiments in the
TWT at ambient (i.e., 1 bar) conditions to test the role of turbulent
fluctuations in the flow. At one bar, the fan in the TWT can produce
winds sufficient to move only very low-density materials, so 1 bar ex-
periments at high density ratios (>a few hundred) are not currently
possible. Improved capabilities and instrumentation of the TWT would
both support this suggestion and enable a quantitative understanding of
the turbulence occurring during experiments and so provide data for
assessing the turbulence similitude to natural conditions.

Initiated by the mismatch between previous TWT data (Burr et al.
2015a) and the density ratio curve based on VWT data (Iversen et al.,
1987), this research aimed to investigate the validity of, and physical
mechanisms for, the density ratio parameter. The introduction of the
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density ratio into the expression for A (Eq. (5)) in order to fit the ex-
pression to VWT data causes A to tend toward 0.11 at high values of
density ratio, recovering the threshold expression from low atmo-
spheric density conditions (as on Earth and Mars). The additional
consideration of density ratio was justified on the basis of the reduced
effect of impact under higher atmospheric density conditions (Iversen
et al., 1987), and this reduced effect of impact has since been reaffirmed
in numeric modeling (Kok et al., 2012). Initial analysis of the high-
speed video collected as part of this experimental work points to dif-
ferent physical mechanisms for entrainment under different density
ratio conditions (Sutton et al., 2018a,b). These low-ejection angle me-
chanisms include rotational, translations, and skipping motions, instead
of the wide range of post-image ejection angles up to near-vertical
under ambient Earth conditions (e.g., O’Brien and McKenna Neuman,
2016). We speculate that these unusual entrainment mechanisms result
from a difference in the relative importance of the fluid threshold,
where grain entrainment is primarily due to fluid flow, and impact
threshold, where grains are entrained primarily due to impact by grains
in transport. By increasing the effective surface roughness, active
saltation increases the effective u. for a given freestream wind speed
(Eq. (7); e.g., Raupach et al., 1993), which adds complication to the
accurate identification of threshold. Quantifying the prevalence of these
different mechanisms under different density ratio conditions, along
with high spatial and temporal resolution data of conditions within the
wind tunnel, would provide information to test these preliminary
findings, as well as assess the influence of boundary conditions on the
quantitative threshold data.

Numerical simulations by Duran et al. (2012) indicate that density
ratio is a controlling factor in entrainment and grain transport. Those
simulations show a transition between fluid threshold at p,/p < 10 and
impact threshold at p,/p > a few hundred, in agreement with experi-
mental results shown in Fig. 9. Those numerical results might therefore
suggest that entrainment in the transition region, where the TWT data
lie, involves a combination of fluid and impact processes. Although in
qualitative agreement with data, the slope of A vs density ratio in their
numerical work does not match the slope of the TWT or VWT data, nor
do the numerical results quantitatively agree with A for the fluid or
impact endmembers in Fig. 9. This lack of quantitative agreement of
their model with other physical measurements was noted by Duran
et al. (2012) and attributed to assumption and simplifications (e.g., 2D
nature) of their model. Nevertheless, the qualitative agreement is
physically instructive and may indicate that the density ratio depen-
dence is a natural transition in entrainment mechanism due to a de-
creasing influence of impacts with decreasing density ratio.

5. Conclusions

As aeolian processes throughout the Solar System become increas-
ingly apparent (e.g., Lorenz and Zimbelman, 2014 and references
therein; Burr et al., 2015b and references therein; Diniega et al., 2017;
Jia et al., 2017; Telfer et al., 2018), understanding the controlling
physics under this wide range of boundary conditions becomes in-
creasingly important. The results of this investigation into the effect of
the density ratio on grain entrainment within the transition region are
consistent with the previously derived curve for dimensionless
threshold parameter vs density ratio, although more variable and
slightly offset to higher values. Thus, we find that the slope of these new
data confirms the previous single dataset in this transitional region,
while also considering whether the dimensions of the wind tunnel
might, at these intermediate fluid densities, introduce unknown arti-
facts. The updated empirical formulation includes uncertainties for
estimating threshold wind speed over a range of density ratios and
planetary atmospheric conditions. This work highlights the unique
opportunity provided by planetary wind tunnels to explore and un-
derstand aeolian processes in our planetary system and likely in others,
while at the same time reinforcing the idea that accurate simulation of
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planetary boundary conditions is both vital to achieving robust results
(e.g., Burr et al. 2015b) and a continued challenge with current facil-
ities. Aeolian in situ data from the on-going Mars Science Laboratory
and InSIGHT landed missions (Banfield et al., 2020) enable comparison
with results from the MARSWIT, as will the future Mars 2020 lander
(e.g., Chojnacki et al. 2018), and proposed aeolian missions to Mars
would strongly augment these in situ data (Newman et al., 2019).
Likewise, in situ data from the Dragonfly mission (Turtle et al., 2018)
will yield values for comparison to these TWT results. More broadly,
planetary surface data will provide information for assessing the results
of wind tunnel studies, augmenting and strengthening their usefulness
as a foundation for understanding extraterrestrial aeolian processes.

6. Data availability

Examples of the videos showing different stages of motion are
provided in the Supplemental Online Material, along with a spreadsheet
(from which Table 3 is summarized) showing the data collected at both
increasing and decreasing wind speeds. Other data, including the raw
data collection sheets, experimental data reduction spreadsheets and
BLP data reduction spreadsheets (with manufacturer calibration curves)
and complete experimental videography cannot be made available due
to their size as Supplemental Material on an Elsevier website or on a
publicly accessible website such as Mendeley. However, they are freely
available from the lead author; please contact them to arrange for
transfer of the data associated with this publication.
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