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Abstract. In this paper, we summarize the recent advances on the electrification of wind-blown sand.
Some of the outstanding questions, such as the interpretation of the electrification of wind-blown sand,
measurements on and models of the features of the wind-blown sand FE-fields, as well as their effect on
the wind-blown sand flux and electromagnetic wave propagation, are reviewed. We end by highlighting the

challenges that remain.

1 Introduction

In natural granular flows, such as wind-blown sand flows
[1,4,5], snowstorms [2,6], volcanic plumes [3,7] etc., the
existence of electrostatic charges has been widely acknowl-
edged and has become an increasingly active area of re-
search in recent years. Electric fields in wind-blown sand
flows, dust storms and dust evils could be as strong as sev-
eral kilovolts per metre which may introduce flashover and
breakdown of transmission lines [8], attenuation (or even
interruption) of electromagnetic wave propagation [9],
etc. The electrification of wind-blown sands and dusts
brought the “corona effect” to military helicopters oper-
ating in desert conditions, generating distinctive glowing
rings along the metal rotor blades (fig. 1a) and thus mak-
ing the aircraft more visible to the enemy [10]. On other
planets, such as Mars, electric dust devils could make the
particles on the surface saltate or leave the surface with
little force in the wind, and also significantly affect the
work of the Mars Exploration Rover [11,12]. Similarly,
electric ash plumes over erupting volcanoes (figs. 1b and ¢)
have been known to generate lightning flashes which could
pose a risk to air traffic [13,14]. Due to the wide range of
spatial scales, the complex surface conditions, the diver-
sity of particle sizes and the geometric shapes involved
in these phenomena, the electrification of sand particles,
combined with wind-blown sand flows, is still poorly un-
derstood. Therefore, it is important to make in-depth in-
vestigations into the mechanism and influence of the elec-
trification of wind-blown sand, so as to effectively prevent
resultant damage.

Since the beginning of the last century, numerous
scholars have attempted to understand the mystery of
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the electrification of wind-blown sand utilizing a vari-
ety of methods and aspects, including field and wind-
tunnel measurements, theoretical analysis on the particle-
charging mechanism, and quantitative predictions derived
from theoretical models. A general consensus has been
reached that the F-field of wind-blown sand is produced
by moving sand particles with opposite electric polarity,
where the polarity is somehow related to the size of the
sand particles [4,15-17]. However, owing to the complex
mechanism and the influence of the electrification of wind-
blown sand [18], a number of issues remain poorly under-
stood. These include: 1) why sand particles get charged
during wind-blown sand movements; 2) how many elec-
tric charges a sand particle acquires; 3) why the electric
polarity of sand particles is related to the particles’ size;
4) what the change law of wind-blown sand E-fields is,
and 5) how to predict the intensity and influence of wind-
blown sand E-fields. The difficulties in understanding may
arise on the one hand from unclear recognition of the fea-
tures of the turbulent flows in the atmospheric boundary
layer (which has a high Reynolds number up to 10°), and
on another hand from the complexity generated by vari-
ous modes of sand particle motions with diverse particle
sizes on/above different surface conditions, such as col-
lision, splash, creep, saltation and suspension, etc. More
importantly, all of these motions are directly related to
wind field, atmospheric conditions, geographical environ-
ment, biological vegetation, physical-chemical factors, etc.
Therefore, the electrification of wind-blown sand is a typ-
ical complex system characterised by nonlinearity, ran-
domness, multi-field coupling between thermal diffusion,
E-fields and sand movements, as well as trans-scale pro-
cesses with multi-phase media.

This paper attempts to introduce and review the fun-
damental laws of the electrification of wind-blown sand
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Fig. 1. Electric phenomena associated with dusty environments: (a) the “corona effect” along metal rotor blades of military
helicopters when landing/slowing down near to the ground in deserts, the numerous small sparks can be explained by grains
of sand striking a normally operating rotor blade (photos by Michael Yon) [10]; (b) and (c): lightning flashes generated by
an electric ash plume over erupting volcanoes in Puyehue-Cordon Caulle, Chile and Reykjavik, Iceland, respectively [13,14].
Figures reprinted from Michael Yon, (©) Reuters, and Oli Haukur Myrdal, with kind permission.

and their influence, with later discussion directed to the
challenges remaining in this field. It will begin with a brief
review of existing experimental measurements and the
contact charging mechanism of sand particles in sect. 2;
sect. 3 summarises experimental and theoretical studies
on the E-fields generated by wind-blown sand movements;
sect. 4 describes the influence of the F-fields produced by
charged sands, with particular emphasis on the influence
of wind-blown sand flux and the propagation of electro-
magnetic waves; and finally, sect. 5 attempts to delineate
the prospects for future progress and some challenging is-
sues that remain poorly understood.

2 Experimental measurements and contact
charging mechanism of sand particles

2.1 Experimental measurements
C.E.S. Phillips is perhaps the first scholar who conducted

experimental studies on the contact charging of sand par-
ticles. His experiments found that when sand particles

sampled from the Sahara Desert slid down an inclined
tin-plane, sand-plane and wood-plane respectively, they
became negatively charged while the inclined planes all ex-
hibited a net positive charge [19]. Later on, W.A.D. Rudge
found that larger sand particles were positively charged
and smaller particles were negatively charged when the
sand particles were sputtered with an air jet [20]. Other
scientists verified this result [4,16,21,22]. It is interest-
ing that in snowstorms, larger snow particles are also
found to be positively charged and smaller ones nega-
tively charged [2,23]. Similarly, when water drops collide
with an ice surface, the splashed water droplets acquire
negative charges while the ice surface becomes positively
charged [24]. Tt should be noted that the conclusion con-
cerning the charge polarity is based on statistical analysis
and that the charge-to-mass ratio used to characterise the
charges of the sand particles is the average charge per unit
mass. Generally, the charge-to-mass ratio can be obtained
by measuring the total charges and mass during a certain
period of time. Sand particles are collected using a Fara-
day cage (cup) or similar equipment, then the total charge
and mass of the collected particles can be measured using
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Table 1. Experimental results of charge-to-mass ratios in wind-blown sand flux.

Charge-to-mass ratio Diameter Wind velocity
Reference L ) )

(1C kg™") () (height) (m s~
Schmidt et al. [5] (Field) 66 250 7 (1.5m)
Zheng et al. [15] (Wind-tunnel) —124 +0.95 0 -+ 1000 7+ 20 (0.45m)
Qu et al. [29] (Wind-tunnel) —304 = 158 80 + 315 8 +22 (0.3m)
Zhang et al. [31] (Wind-tunnel) —24.3 +65.8 100 = 600 8 +22 (0.3m)
Fuerstenau and Wilson [25] (Field) —3.5x 10" +3.8 x 107 0.4 +50 —

an electrometer and a balance, respectively [5,16,25,26].
Table 1 lists recent experimental results of charge-to-mass
ratios which vary over a wide range. In addition, it also
implies that particle size and wind velocity have a strong
influence on the charge-to-mass ratio. In general, smaller
particles exhibit larger charge-to-mass ratios, ranging up
to 107 u Ckg~! for particles of 0.4+50 ym [25]. This is be-
cause small particles have small mass while the charges are
equal during charge transfer between large and small par-
ticles in wind-blown sand flows. Moreover, it has been re-
ported that the charge-to-mass ratio increases with wind-
velocity at the same height, but decreases with height at
the same velocity [15]. This observation could be explained
by the decrease of the average grain size and concentration
with height at the same velocity, and their increase with
wind velocity at the same height. Certainly, this discus-
sion is based on the assumption that when large and small
particles contact and separate, the generated charges are
the same in magnitude but opposite in polarity [4,15,17,
18,27]. Furthermore, wind-tunnel data show that near the
surface, the charge-to-mass ratio is positive when the wind
velocity is anywhere up to 20 ms~?! [15], which agrees with
field experiments [5]. This may be due to the increase of
the percentage of large particles lifted into the saltation
layer due to the increase of wind velocity. The changing
laws of the charge-to-mass ratio with wind velocity and
height are not only suitable for a “uniform” sand bed (the
size distribution is very narrow), but also for a “mixed”
sand bed (the size distribution is relatively wide). How-
ever, the measured charge-to-mass ratio of a “mixed” sand
bed is much bigger than that of a “uniform” sand bed [15].
This might be caused by charge segregation depending on
the relative size difference between particles [28].
Another unanswered question is whether there exists
a critical particle size for sand particles’ charge polarity.
NASA scientists gave a critical diameter of 60 ym derived
from wind-tunnel experiments [21]. Zheng et al. [15] re-
ported quite a different result about the sign of electric
charges based on experiments in a field environmental
wind-tunnel with a “uniform” sand bed sampled from a
sand dune at the southeastern edge of the Tengger Desert,
viz. negative charge is gained when the diameter is smaller
than 250 um and positive charge is gained if the diame-
ter is larger than 500 pm. Therefore it would appear that
there exists a critical range rather than a particular value
of particle size for the charge polarity, in statistical sense.
Recently, Forward et al. [22] provided experimental evi-
dence for Zheng et al.’s conclusion that i) the size of neg-
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Fig. 2. Particle size distribution of negatively charged (red)
and positively charged (blue) particles (edited from Forward
et al. [22]).

atively charged (red) and positively charged (blue) par-
ticles follows a single-peak distribution and ii) the size
of negatively charged particles tends to be smaller than
the positively charged particles (as shown in fig. 2). Of
course, the critical particle size for the charge polarity of
sand particles is related to the incoming wind velocity,
height from sand surface and particle size, as well as the
size distribution of the sample particles.

Difference may also arise from the measuring method,
since in traditional experiments a Faraday cup is used
as a sand tray to collect positive and negative charged
sand particles together, which might underestimate the
charges for a long-time run due to the charge neutrali-
sation within the Faraday cup. As an improvement, the
author’s group designed a real-time measurement system
including a Faraday cup to receive sand particles, an elec-
trometer to record real-time electric charges and a bar-
rel to measure the weight. Such an instrument offers a
promising means of more accurate measurement of the
real-time charge-to-mass ratio in field observations and
wind-tunnel experiments. Figure 3 shows the real-time re-
sults of charge-to-mass ratios measured at 5cm above the
ground in field observations, which are higher than the
wind-tunnel data [15].

Even so, the problem of charge neutralisation still ex-
ists. Due to the resolution of instruments and the difficulty
of capturing an undisturbed single sand particle, most of
existing studies on the electric charge and polarity of sand
particles in wind-blown sand flux are based on some sort
of inference together with a few experimental results of
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Fig. 3. A comparison between field observational and wind-

tunnel data [15]. Insert image demonstrates the average charge-
to-mass ratio evolving with time.

the electricity and polarity of sand grains after a single
collision. For example, based on the theoretical analysis
of the attenuation of electromagnetic wave propagation in
dust storms, Zhou et al. [30] inferred that the suspending
sand particles have negative charges which are partially
distributed on the sand surface. However, charge trans-
fer after a single collision has a distinct character from
that observed in wind-blown sand flux. Therefore, more
convincing experimental evidence relating to the charges
and polarity of a single particle moving in a wind-blown
sand flux, as well as accurate measurement methods and
apparatus, are needed to fully resolve this issue.

2.2 Contact charging mechanism

In addressing the question of why the charge polarity is
related to the particle’s size, Latham [23] and Henry [32]
gave an asymmetric collision explanation, that is, the dif-
ference of the contact area during a collision between
a small and a large particle results in a temperature-
gradient between the small particle and the larger one,
which impels charge transfer between them. Some schol-
ars suggested that the transfer ion species might be HT
and OH™ provided by the “water bridge” (as shown in
fig. 4), and humidity and atmospheric pressure could af-
fect the electric charge on the insulating surface [33-35].
The temperature-gradient theory can also be applied to
explain the electrification of snow particles whose elec-
tric charges also depend on particle size [2,27]. However,
as a theoretical interpretation of particle-size-dependent
bipolar charging, the temperature-gradient theory has not
been verified by experiments due to the difficulty of mea-
suring the instantaneous temperature difference between
the contact particles. Moreover, it remains to be veri-
fied whether the instantaneous temperature difference is
enough to impel the ion transfer between sand particles.

Because of the difficulty of directly and precisely mea-
suring the electrification of sand particles, the contact
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charging mechanism still remains at the speculations and
hypothesis stage, which can be generally divided into 7
classes (as listed in table 2) [36]. They include: 1) cleavage/
fractoelectrification; 2) bombardment charging (photons,
charging particles); 3) pyroelectric charging; 4) piezoelec-
tric and electret effect charging; 5) polarization by Earth’s
atmospheric electric field; 6) triboelectric charging and 7)
contact electrification.

Conjectures 1)-5) are plausible, but they may play a
non-definitive role in sand particles’ charging. Firstly, in
conjecture 1), cleavage of sand particles requires large im-
pact energy to break a sand particle, which cannot be
provided during the sand bed collisions process in wind-
blown sand flux. Secondly, sand particles may be charged
due to solar wind bombardment or photoelectron ejection
from a sunlit surface [37,38], but speculation 2) cannot
explain why larger sand particles acquire positive charges
and smaller ones acquire negative charges. Thirdly, for
speculations 3) and 4), the temperature gradient caused
by heating can lead to the Thomson effect, however this
is a second-order effect that can be negligible [39]. Mean-
while, Peterson [40] pointed out that the piezo-electric
contribution to the charging of a sand particle is less than
20 percent of its total charges, therefore the piezo-electric
effect is not an important factor; For speculation 5), the
electric charges polarised by Earth’s atmospheric electric
field could be very tiny since the fair weather electric field
is only 120 Vm~!, and this effect could therefore also be
negligible. Therefore, the most likely mechanisms are con-
jectures 6) and 7), i.e., tribo-electrification and contact
electrification. It should be noted that friction and colli-
sion are two different types of contact types between sand
particles’ surfaces [8]. For friction, the frictional distance
affects the electric charges more than the friction veloc-
ity [41,42]. Lowell and Rose-Innes [43] pointed out that
rubbing is not necessary, and mere contact is sufficient to
cause the transfer of considerable charge. Therefore, spec-
ulations 6) and 7) together are thought to be the contact
electrification mechanism of sand particles’ charging, and
have attracted increasing interests from researchers in the
field [17,18,44-48].

For the contact electrification mechanism, there are
two kinds of contact charging models that explain the
electrification of sand particles, i.e., the asymmetric con-
tact charging model and the contact potential differ-
ence model. The former has been established based on
work function theory [15,17,49], for instance, Kok and
Renno [16] proposed an effective contact potential differ-
ence between pairs of similar composition but different
sizes, and explained why larger particles are charged pos-
itively and smaller particles are charged negatively. The
latter is based on the high-energy trapped charged species
theory [41], with the assumption that there are two sur-
face states in the insulator surfaces, i.e. high-energy and
low-energy states. As illustrated in fig. 5, when two par-
ticles come into contact with each other, charged species
may be trapped in the high-energy states on one surface
and relaxed to low-energy states on the other surface, and
after the species relax to their low-energy states they do
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Fig. 4. Schematic view of the exchange of H" and OH™ ions during asymmetric collision (edited from L.S. McCarty and G.M.

Whitesides [35]).

Table 2. Seven mechanisms recognised as potentially contributing to electric charges on sand particles.

No. Mechanism Interpretation

1) Cleavage/fractoelectrification Charges are generated on sand particles as a result of cleavage
or fracture.

2) Bombardment charging Sand particles are charged due to solar wind bombardment
or photoelectron ejection from sunlit surface.

3) Pyroelectrification When a crystal is heated, electric charges will occur at the two ends
of the crystal.

4) Piezoelectrification A crystal acquires charges when pressure is applied.

5) Polarisation by Earth’s Sand particles in the atmospheric electric field, as a kind

atmospheric electric field

of dielectric material, are polarised and the excess charges

are repelled to the two sides of a sand particle.

6) Triboelectrification

7) Contact electrification

Two neutral sand particles are charged by rubbing each other.

Particles comprising of different materials contact each other

and gain charges when they are separate.

not transfer again. Lowell and Truscott [41] pointed out
that the charged species are electrons, and the electrons
trapped in high-energy states remain there for periods
of days to centuries, which has been verified by phos-
phorescence and thermo-luminescence measurements [50,
51]. Except for electrons [19,46,48], the charged species
can be generalised as ions (positive or negative) [52,53]
and holes [48].

It is worth noting that quite a few researchers have
adopted the asymmetric contact charging model to ex-
plain the electrification and charge transfer of sand and

other insulating particles [18,22,44,46,48,52,53]. Kok and
Lacks [46] deemed the charged species to be electrons
and proposed a charging scheme for granular systems of
identical insulators. Assuming that the initial densities of
high-energy trapped surface states of particle ¢ and j are
both equal to py, then the number of electrons trapped
in high-energy states tunneling from particle ¢ to j is
Ni; = mpuedoRi(2R; + o) /(R; + R;), where &y is the tun-
neling distance and e is the elementary charge. After parti-
cle i and j separate, the net charge transfer Ag; of particle

iis N — Ny, that is, Ag; = pumedd(R; — R;)/(R; + R;).
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in which the charged species are holes formed by dangling bonds

on the glassy particles’ surfaces (SiO2) (edited based on L. Skuja et al. [54]).

Therefore, when R; < R;, Ag; < 0 which can explain why
“larger particles tend to be positively charged and smaller
particles tends to be negatively charged” [22]. Hu et al. [18]
considered the grain-grain collisions as elastic solid contact
processes described using the soft-sphere contact model,
and demonstrated that the number of electrons trapped in
the high-energy states tunneling from particle ¢ to particle
7 is B; times larger than the hard-sphere contact presented
in Kok and Lack’s work, and that the net transfer charge
of particle i is Ag; = B;Nj; — B; N};, where the coefficient
B; is related to the relative impact velocity, the relative
impact angle and the particle size.

Furthermore, Hu et al. [48] suggested that the charged
species should be holes for silica insulator such as sand
grains, because the surface point defects in SiOs surfaces
(i.e., glass and quartz) are mostly electrons traps, also
known as trapped-hole centres [54]. According to their ex-
periments on contact charging of single collisions between
glassy particles and a particle plane, the inversion of the
density of high-energy trapped holes is in the range of
0.15+ 0.6 nm~2, and such a density corresponds to about
3.307% =+ 13.23% of the total defects (~ 4.536 nm~2 [54])
which is consistent with the assumption that the surface
density of low-energy states is probably several orders of
magnitude larger than that of the high-energy states [41,
46]. The contact charging model based on high-energy
trapped holes transfer proposed by Hu et al. [48] can
quantitatively predict the contact charging in a single col-
lision as a function of the particle size and the impact-
ing velocity, and can also explain the phenomenon that
“larger particles tend to be positively charged and smaller
particles tend to be negatively charged”. For Terrestrial
and Martian land surfaces, SiOs is a dominant chemi-
cal species [55-58] and therefore holes can be regarded
as the charge species of the electrification of wind-blown
sand/dust systems on Earth or Mars. This includes wind-
blown sand, sand/dust storms, dust devils, etc. [4,5,16].
Moreover, contact charging processes might be accompa-
nied by mass transfer [59-61], since non-frictional contacts
result in electron and/or ion exchange, while squeezing
might produce mass transfer and bipolar charging [60]. Of

course, in non-frictional contacts rubbing could also lead
to bipolar charging [62]. Therefore, further experiments
are required to verify whether mass transfer takes place
during the contact charging process between two sand par-
ticles.

3 The electric field of wind-blown sand and
its prediction

A second important focus of research on the electrification
of wind-blown sand is the F-field, which was inspired by
several field observations and followed by the gradual de-
velopment of theoretical prediction models. This section
begins with a review of the history of the experimental
apparatus developed to measure the E-field, followed by
a discussion of recently observed results of E-fields in var-
ious dusty environments, such as wind-blown sands, dust
storms, and dust devils. Finally a summary of theoretical
studies to predict the E-fields in wind-blown sand flux will
be given.

3.1 Field observations

In 1913, Rudge measured the E-fields in three types of
weather conditions, viz. ordinary fine weather, a moderate
dust storm, and a severe dust storm at Bloemfontein, with
a radium-coated electrode electrometer. His recorded re-
sults showed that the E-field in a dust storm was upward
pointing (opposite in direction to that in fine weather),
and had a value of 5+ 10kV/m [63]. In Rudge’s exper-
iments, an electrode was placed on the ground together
with others that were mounted above the ground with cer-
tain wall-normal distances, and the F-fields were obtained
by measuring the potential differences between pairs of
electrodes. Demon et al. [64] first used the atmospheric
electric field mill to measure E-fields during a severe dust
storm in the north Sahara, Algeria. The observed E-fields
were ~ 15kV/m and downward in direction. The atmo-
spheric electric field mill works by measuring the induced
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charge, i.e., first the conductive blade (also called the
stator) which is exposed to air flow generates induced
charges due to the atmospheric electric field, and then a
motor within the probe twirls the other earth shield blades
(also called rotors) which alternatively sense the induced
charges on the stator and produce alternating signals. Fi-
nally, the electric field intensity along with the direction of
the stator can be obtained by converting the alternating
signals with a data collection system. Following this, the
two kinds of experimental apparatus were widely adopted
by many researchers to measure the E-fields in dusty en-
vironments [4,5,15,25,28,65-71]. However, both kinds of
apparatus are inevitably affected by the impact of saltat-
ing particles on the probe. Further, the accuracy of the
atmospheric electric field mill is associated with the area
of the sensor and the rotor’s speed, but a large sensor area
(with a diameter of around 8 cm) may disturb the real E-
field. Johnston et al. [72] and Renno et al. [73] designed
an improved atmospheric electric field mill where the di-
ameter had been reduced to 2 cm. However, the influence
of saltating particles still exists, which results in the ro-
tor’s speed deviating by 30% from the standard speed,
and thus affecting the accuracy. For the radium-coated
electrode electrometer, it can only give an average value
within a certain range of heights. After a series of tests,
the author’s group found that when applying an exter-
nal E-field along directions distinct from the direction of
probes or two electrodes’ connection, we can obtain mea-

sured values that deviate significantly from the real values.
This means that an F-field can only be accurately mea-
sured when the probes are aligned in the direction of the
FE-field.

Recently, the author’s group designed a vibrating-reed
mill for measuring the E-fields in wind-blown sands whose
sensor has a diameter of about 2 cm. The measuring prin-
ciple is based on the dynamic capacity, i.e., two parallel
metallic plates constitute a capacitor, where the inner po-
lar plate is hidden inside the probe and can vibrate (driven
by a motor) and the outer polar plate is fixed as a probe
surface to produce induced charges. A rounded shielding
case is mounted on the top of the probe so as to pre-
vent the influence of E-fields from the others directions.
When the motor-driven plate vibrates, the distance be-
tween the two plates changes periodically and generates
a periodic charge-discharge. Finally, the E-fields can be
calculated via a current signal processing system. Tests
show that the shielding case on top of the probe can at-
tenuate the influence of E-fields from other directions by
90%, and when calibrating the effect of the shielding case
the induction sensitivity of the outer polar plate should
be considered. With the new electric field mill, we can
achieve measurements of one- and even three-dimensional
FE-fields.

Integrating the vibrating-reed electric field mill
(VREFM) into the wind erosion measurement system
(designed by the United States Department of Agricul-
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Table 3. The measured results of E-fields in different dusty environments.
Reference Dusty environment Height (m) E-field intensity (kV/m) Direction
Rudge [63] Dust storm 0.2 5+10 Upward
Demon et al. [64] Dust storm 0 15 Downward
Harris [65] Dust storm 0 5 Upward
Kamra [26] Dust storm 1 5 Upward and Downward
Zhang et al. [31] Dust storm 16 200 Upward
Williams et al. [71] Dust storm 0 8 Upward and Downward
Freier [4] Dust devil 0 0.6kv/m Upward
Farrell et al. [70] Dust devil 0 10 Upward
Schmidt et al. [5] Wind-blown sand 0.017-2 +166 + —0.18 Upward

ture Wind Erosion and Water Conservation Unit), we
can make synchronised measurements of multi-sites, three-
dimensional wind velocities, three-dimensional FE-fields,
temperature, humidity, wind-blown sand transport inten-
sity, and dust concentration. Figure 6 shows the integrated
measurement system, where the sampling frequency is
10Hz for the three-dimensional ultrasonic anemometer,
and 1 Hz for the other apparatus.

For the E-field intensity, it has been generally accepted
that the E-field generated by wind-blown sand is much
larger than the fair weather atmospheric electric field.
For instance, measurements on a sand dune [5] showed
that the E-field was upward in direction and as large as
166 kV m~! at a height of 0.017m for a mean wind speed
of 12ms™! (at a height of 1.5m). So far, numerous E-field
measurements have been made in dusty environments, as
listed in table 3. In general, the strongest E-fields are in
dust storms, then dust devils and wind-blown sand flows.
This is mainly due to the differential space distributions
of dust concentrations in the three kinds of dusty en-
vironments. Other factors, such as surface temperature,
etc., also have an important influence on the measured
E-fields [65,66]. In wind-tunnels, more accurate measure-
ments of the E-fields generated by wind-blown sands can
be obtained [15]. For example, Zheng et al. found that for
both “uniform” and mixed sands, the magnitude of the
E-field increases gradually as the height increases (as ob-
served in field observations [5]), and also increases as the
wind velocity increases. At the same wind velocity, the
smaller the sand particle’s size is, the larger the FE-field
becomes. These results agree with the percentage profile
of small sand particles which also increases with the height
and wind velocity and, as explained above, small sand
particles have relatively high charge-to-mass ratios [15].
Meanwhile, the E-fields of mixed sands are much larger
than “uniform” sands. For a wind speed of 20m/s, the
maximum value of the former is at least 20 times higher
than the latter [15], because the charge-to-mass ratio of
mixed sands is much larger than “uniform” sands. Fur-
thermore, Zheng et al. [15] presented an opinion that the
FE-field in wind-blown sands is mainly generated by saltat-

ing particles, whereas Schmidt et al. [5] concluded that the
FE-field is mainly generated by creeping particles.

For the directions of E-fields, Freier [4] noted that
the E-field during dust devils in the Sahara Desert is
upward-pointing and much stronger than the fair weather
atmospheric field, though several researchers found that
both upward- and downward-pointing E-fields can be ob-
served in dust storms and their magnitude can reach up
to several kV/m [26,71]. Schmidt et al. [5] and Zheng et
al. [15] separately but almost simultaneously made sys-
tematic electric-field measurements in wind-blown sand
flux with the atmospheric electric field mill, where the
former were carried out in the field and the latter were
carried out in a wind-tunnel. Both results suggested that
the E-fields in wind-blown sand flux are upward-pointing.
Now it is generally accepted [8] that the electric field
in wind-blown sand is upward-pointing [4,5,16,31,65-70]
since the small particles saltating in air are usually neg-
atively charged, while the large particles creeping on the
bed surface are positively charged (for dust devils, small
particles are easier to move away from the centre of dust
devils than large particles). Using the apparatus shown in
fig. 6, the author’s group recently observed a dust storm
lasting 23 hours from its formation to its decaying stage,
and found that there exist both vertical and horizontal
FE-fields in dust storms. Figure 7 shows the measured F-
fields (0.8 m) together with wind speed (0.8 m), tempera-
ture (2m) and wind-blown sand flux (0.1 m). During the
dust storm, the horizontal E-field, which reached up to
200kV/m, was larger than the vertical E-field and up-
wind pointing.

Obviously, it is not reasonable to explain the genera-
tion of horizontal E-fields in wind-blown sand flux with
the same mechanism as vertical E-fields, which we will
discuss later. From fig. 7 we can see that at the develop-
ing and decaying stages of the dust storm, the streamwise
wind velocity is an important factor affecting vertical and
horizontal E-fields. Of course, the relationships between
E-fields and wind velocity, temperature, humidity, dust
concentration, as well as wind-blown sand transport in-
tensity are very complicated and deserve further study.
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Fig. 7. The variation of the E-field (0.8 m), wind speed (0.8 m), temperature (2m) and wind-blown sand flux (0.1 m) with time
of a dust storm passing through Mingin, China on April 20, 2011, the duration of which was about 23 hours (E,, and E. are
the streamwise and vertical E-fields, respectively, uz, is the streamwise wind velocity, g, is the wind-blown sand flux, and T is

temperature).

3.2 Theoretical predictions

As one of the earliest theoretical studies, Zheng et al. [74]
reduced the E-field generated by wind-blown sands to a
one-dimensional problem by assuming a steady state of
the wind-blown sand flow and that the mass flux or saltat-
ing particles concentration was constant in the streamwise
(x) direction, in other words, the saltating sand concen-
tration is uniform in the z-direction. In their simulations,
the F-field of a point charge was quantified by Coulomb’s
law, and the average charge-to-mass ratio of the saltat-
ing particles was assumed to be the same as that found
by Schmidt et al. [5]. Their results showed that the total
FE-field close to the bed surface could reach up to sev-
eral hundreds of kilovolts per meter in magnitude, and
decreased quickly with increasing height. Moreover, the
variation of the FE-field with height was not monotonic:
when the direction of the E-field changed from upward
(opposite to the fair-weather electric field) to downward
(same as the fair-weather electric field), the E-field inten-
sity increased from zero to several kilovolts per meter in
magnitude and then decreased to that of fair weather. In
addition, the sign of the charges acquired by the particles,
the charge-to-mass ratios of the particles, the wind veloc-
ity and the sand particles’ transport type all had obvious
influences on the E-field. The profile of the E-field induced
by saltating particles was different from that induced by
creeping particles. The E-field intensity increased with in-
creasing wind velocity and increasing charge-to-mass ra-
tio of the charged sand particles. Based on the model of
Zheng et al. [74], Kok and Renno [16] developed a physical
model by considering the charge transfer during particle
collisions and pointed out that i) the existence of elec-
trostatic forces enhanced the concentration of saltating
particles, and ii) the downward electrostatic forces had a
pronounced effect on the lower saltating particles’ trajec-
tories, thus reconciling the difference between numerical
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Fig. 8. The E-field at various heights in a dust devil when it
tends to be stabilised [75].

models and measurements. In a similar manner, Huang et
al. [75] modeled the E-fields in dust devils, as shown in
fig. 8, and the modeled results are in good agreement with
measurements by Farrell et al. [68] in the Arizona desert.

It should be noted that wind-tunnel experiments by
Shao and Raupach [76] indicated that there exists an
“overshoot” phenomenon in the evolution of wind-blown
sand flux, that is, as the streamwise distance increases,
the mass flux first rapidly increases to a maximum, and
then decreases to an equilibrium value. This implies
that the saltating mass flux or particle concentration
is non-uniform, at least during the development stage
of wind-blown sand flux. Such a phenomenon is also
confirmed by numerous field and wind-tunnel measure-
ments [76-81]. By considering the streamwise spatial
variation of the sand concentration during the evolution
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Fig. 9. The horizontal component of the FE-field in wind-
blown sand flux. (a) Height profile of the horizontal E-field.
(b) Horizontal E-field varying with streamwise distance, where
the friction velocity u. = 0.5ms~ ', and sand grain diameter
D = 0.25mm.

of wind-blown sand flux, Zhang et al. [82] made theo-
retical predictions concerning the FE-fields of wind-blown
sand. Their results showed that the horizontal E-field
could reach up to several kilovolts per metre and that the
spatial variation of the particle concentration played an
important role in the generation of the horizontal E-field.
Figure 9 displays three distinct layers of the horizontal
FE-field: near the sand surface the horizontal FE-field is
upwind and its magnitude gradually reduces with height
from several V/m to zero; then its direction reverses
and its magnitude increases with height to a maximum
value; and eventually it decreases with height to zero
at around 3m. Moreover, a similar “overshoot” of the
horizontal E-field can be identified, that is, the horizontal
FE-field first increases and then decreases with streamwise
distance, with a peak value at L/2 (L is the saturation
length of the wind-blown sand flux).

In summary, existing facilities and theoretical models
have helped to improve our understanding of the E-fields
in wind-blown sand flux. However, three-dimensional fine
measurements in the field are still inadequate, and further
efforts are required to conduct systematic measurements

Eur. Phys. J. E (2013) 36: 138

and quantitative predictions so as to draw a clearer pic-
ture of the spatio-temporal characteristics of the E-fields
in natural granular disasters, especially the streamwise F-
field and the relationship between E-fields and other fac-
tors.

4 Influence of E-fields produced by charged
sands

In strong sand storms, E-fields produced by charged sand
particles could potentially lead to many failures, such as
electric spark, electric corona and point discharge of mea-
suring instruments [21], flashover and breakdown of high-
voltage transmission lines, etc. [10]. In this section we fo-
cus on the effect of the E-fields on wind-blown sand flux
and quantitative analysis of the influence of wind-blown
sand flux on the propagation of wireless communication
signals.

4.1 On the development of wind-blown sand flux

It is well known that in wind-blown sand flux the wind
moves the sand particles in one, or a combination, of three
ways: creep or reptation, saltation and suspension [83,84].
Except for dust storms in which a relatively high propor-
tion of particles move in suspension, saltation plays the
dominant role in wind-blown sand flux near surfaces [85],
therefore most quantitative simulations of wind-blown
sand flux focus on modeling sand saltation in air flows [85—
88]. However, there have been a few attempts to incorpo-
rate the effect of charges. Owning to the difficulty of direct
measurement, answers to this question have been limited
to conjectures for a long period. For example, Greeley and
Iversen [89] inferred that charges of sand particles and the
FE-field in wind-blown sand flux may have an effect on the
initiation of sand lifting and the trajectories of saltating
sand particles. At the same time, they suggested that the
effect on the wind-blown sand movements on other plan-
ets (such as Mars, Saturn, etc.) may be more remarkable
than on Earth.

It was not until 1998 that Schmidt et al. [5] made the
first measurements of the average charge-to-mass ratios
and F-fields during a wind gust, and calculated the ef-
fect of electrostatic forces on salutation trajectories. These
measurements indicated that the trajectory lengths were
increased by 63% and reduced by 43%, respectively, for
positively and negatively charged particles when com-
pared with particles without charge moving in the E-field,
and the corresponding trajectory heights were increased
by 67% and reduced by 46%, respectively. Schmidt et al.’s
calculations did not account for the nonlinear coupling in-
teraction between sand saltation and the wind, however,
and both experiment and theory [8,83,90,91] have shown
that the counteractive effect from saltating sand particles
to air flows, i.e., the negative feedback mechanism [8],
cannot be neglected.
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Fig. 10. (a) Simulated and measured sand transport rate ver-
sus time; (b) mass flux profile versus height (¢ is the charge-
to-mass ratio).

The author’s group proposed a statistic-coupling
model [8] to achieve quantitative simulations of the for-
mation and evolution of windblown sand flux wherein the
nonlinear coupling effects due to wind field, sand motion,
FE-field and thermal diffusion were incorporated. With
this model Yue and Zheng [92] found that: for saltating
particles with positive charges, the time required for the
wind-blown sand flux to reach its steady state (satura-
tion time) was shortened by 21%, while for saltating par-
ticles with negative charges the corresponding required
time was prolonged by 6%, as shown in fig. 10a. When
sand particles are assumed to be positively charged, the
simulated results of Yue and Zheng [92] are in good agree-
ment with the experimental results obtained by Shao and
Raupach [76], with the differences for the saturation time
and the sand transport rate being only 7.4% and 8%,
respectively. Comparisons between the results given by
the stochastic-coupling model and Schmidt et al.’s cal-
culations showed that the latter overestimated the effect
of electrostatic forces on saltation trajectory lengths, but
underestimated the effect on trajectory heights. Zheng et
al. [93] also found that the vertical profile of windblown
sand flux displayed not a simple negative-exponential de-
cline but rather a stratification pattern, i.e., close to the
ground surface the mass flux first increased linearly with
height, then tended to a saturation state and reached a
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maximum value, and finally followed an exponential de-
cline, as shown in fig. 10b. Such a stratification profile pro-
vides a theoretical explanation of the phenomenon where
the most severely damaged parts of plants or buildings
standing in wind-blown sand flux are not at the root, but
at certain heights from the ground.

Following the work of Zheng et al. [15,74], Kok and
Renno [16] and Hu et al. [18] incorporated charge trans-
fer between sand particles during particle/bed collisions
into their models, and investigated the effect of charged
sands and E-fields on sand transport in wind-blown sand
flux. Kok and Renno [94] applied an external E-field on
a sand bed by placing two electrode plates above and be-
low the bed, and found that when the E-field exceeded
80kV /m the threshold shear velocity for sand entrainment
was obviously reduced. Furthermore, they concluded that
E-fields during wind-blown sand transport could enhance
the erosion of soil particles, and increase the particle con-
centration at a given wind shear velocity. Rasmussen et
al. [95] also noted that sand transport was obviously en-
hanced when the FE-fields were 160-280kV /m. Pahtz et
al. [96] explained the charging of sand particles by the po-
larisation effect due to external E-fields, i.e., when two ini-
tially electrically neutral particles collide with each other,
the pre-existing electric field results in the two particles
being repolarised with additional unit charges, therefore
providing a charge transfer mechanism for identical insu-
lators within a strong FE-field. However, in natural wind-
blown sand flux the fair weather atmospheric electric field
cannot provide such a high E-field (several tens of kilo-
volts per metre) for the initial polarisation of sand parti-
cles. The interaction between wind-blown sand transport
and F-fields can be regarded as the following process. Ini-
tially particles on the sand surface start creeping under
the act of wind force, and squeezing and rubbing lead to
charge transfer between sand particles which forms an ini-
tial E-field. This initial E-field then promotes sand lifting,
and enhances the concentration of charged sand particles.
Meanwhile, the E-field generated by saltating sand parti-
cles is strengthened. Due to the negative feedback effect
of saltating sand particles on air flows, the wind velocity
is gradually reduced until it approaches a steady state. In
other words, the positive feedback effect of charged sand
particles strengthens the wind-blown sand transport and
E-fields, while the negative feedback effect of saltating
particles leads to a steady or saturation state of wind-
blown sand flux.

It should be noted that all of the above studies have
neglected the existence of streamwise E-fields. The au-
thor’s group attempted to add a streamwise E-field term
into the model of wind-blown sand flux by considering the
interaction between saltating sand particles and air flows,
and the results showed that, when compared with vertical
E-fields, streamwise F-fields also played important roles
in wind-blown sand flux. For example, they can reduce the
mass flux and shorten the time taken for wind-blown sand
flux to reach its steady state, as shown in fig. 11. This is
because the streamwise E-fields exert a force on the sand
particles that oppose the wind and therefore reduces the
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Fig. 11. Effect of E-fields on the mass flux of wind-blown
sand transport, in which curve 1 (black) represents simulated
results without considering the effect of streamwise or vertical
E-fields, curve 2 (red) represents results that incorporate the
effect of vertical F-fields but not streamwise E-fields, and curve
3 (blue) represents results that consider both streamwise and
vertical E-fields.

streamwise velocities of the sand particles, thus lowering
the mass flux. Of course, quantitative explanations require
detailed analysis of the effect of streamwise E-fields on the
distribution of impacting velocities, particle/bed collisions
and the initiation of sand transport.

4.2 On the attenuation of electromagnetic waves

Another noteworthy issue arising from the influence of
electrification of wind-blown sand is the attenuation
of electromagnetic waves. In 1983, Haddad et al. [97]
found that when electromagnetic waves of 9.4 GHz prop-
agate through a dust storm with mass density 6 x
1075 gm/m?, the attenuation is 0.034dB/m. Meanwhile
traditional scattering theories estimated an attenuation
of 0.1dB/km [97], which is about 30 times higher than
the measured value. This large discrepancy between ex-
perimental results and theoretical estimates was not rec-
onciled until 2005, when Zhou et al. [30] put forward a
new theoretical approach in which it was assumed that
the electric charge of a sand particle is distributed par-
tially on the sand surface. Their results also indicated that
when considering the effect of charged sand particles on
attenuation, parameters including polarity, surface charge
density and electric charge distribution area were all im-
portant for the calculation of the attenuation coefficient
based on the Rayleigh approximation, as shown in fig. 12.
Further studies found that: when sand particles acquire
electric charges, the Rayleigh approximation is no longer
valid [98]. A possible means of resolving this problem is
the generalized Mie scattering theory, based on which the
extinction efficiency of a granular system with partially
distributed charges can be derived. An implication from
this theoretical scheme is that the effect of sand parti-
cles with partially distributed charges is more important
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Fig. 12. (a) Schematic view of a sand particle with the electric
charge distributed on a spherical cap (indicated by the black
domain) with angle 6y and density of surface charge o, E;
and Fs represent the incident and scattering electromagnetic
wave penetrating in the spherical sand particle, respectively.
(b) Characteristic curves of the attenuation coefficient vary-
ing with angle 6y of electric charge distribution for different
densities of surface charges 0. Measured value: attenuation co-
efficient A =0.034dB/m [30].

than the multiple scattering effect among sand particles
for dust storms with visibility larger than 1 m, though the
latter effect might increase with the sand concentration of
dust storms.

The influence of charged sand/dust particles on the
propagation of electromagnetic waves poses a problem
for the accuracy of satellite remote sensing, which is
known to be affected by dust storms. Until now, the
spatial-temporal distribution of dust storms has been sur-
veyed using the information extracted from remote sens-
ing data [99]. For example, AMSR-E is used to monitor
the radiation energy of a dust storm in terms of brightness
temperature through 6 bands of microwaves with 12 chan-
nels [100], in which the difference between the horizontal
and vertical polarised brightness temperatures is a key pa-
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rameter used to judge the existence of dust storms [101],
and to further identify the dust concentration [102]. How-
ever, the calculated brightness temperature [103] is about
10 K higher than the value given by remote sensing data,
moreover, the brightness temperature of dusty weather is
larger than that of fair weather, which is the reverse of the
result of remote sensing data. The author’s group inves-
tigated this issue and attributed the attenuation of elec-
tromagnetic waves to dust charges which nonlinearly de-
creased with the frequency of the electromagnetic waves.
This implies that the attenuation is most pronounced for
electromagnetic waves with low frequencies, for example
below 10 GHz. Note that for electromagnetic waves with
high frequencies, for example above 100 GHz, especially
for optical frequency electromagnetic waves, the effect of
sand charges can be ignored [104]. Therefore the reason
for the discrepancy between the calculated results of Ge
et al. [103] and the measured data can be attributed to
the low-frequency electromagnetic waves used in the cal-
culations. More precisely, the calculation scheme, which
assumes the calculated radiation brightness temperature
is equal to the remote sensing data for 6.9 GHz electromag-
netic waves, overestimates the number of dust particles,
which results in the calculated radiation brightness tem-
perature being higher than the remote sensing data when
using 89 GHz electromagnetic waves.

Whether considered in terms of the aspect of wind-
blown sand flux or the propagation of electromagnetic
waves, the F-fields produced by charged sand particles
play a significant role that directly influences our pre-
dictions and related applications. Therefore, identification
and quantitative predictions of the influence become a fun-
damental task when dealing with dusty or granular cases.

5 Issues for future research

Many important studies have been carried out in the field
of electrification of wind-blown sand and notable advances
have been achieved, particularly in exploring the charg-
ing mechanism of sand particles, and investigating the
laws and influence of the E-field produced by charged
sands. However, many challenges remain in experimental
techniques (either in field or wind-tunnel measurements),
mechanism analysis, quantitative prediction, and numeri-
cal simulations.

5.1 Experimental techniques

For experimental techniques, it is necessary to develop
an integrated non-contact measurement system which can
not only perform a real-time and synchronous measure-
ment of electric charges, charge-to-mass ratios of sand par-
ticles and the direction and intensity of 3D FE-fields but
also provide simultaneous information pertaining to the
wind velocity, temperature, humidity, particle size distri-
bution, spatio-temporal even land surface conditions, etc.
As for the necessity of non-contact design, it is propelled
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by the fact that experimental instruments have consider-
able influence on the motions of sand/dust particles with
micron scales, and therefore reduce the accuracy of mea-
surements. In addition, the impact of moving particles also
affects instrument sensitivity, and can even cause failure.
New measuring principles (experimental methods) might
be required to resolve this difficulty. Furthermore, enhanc-
ing sampling frequency and accuracy as well as ensuring
synchronisation can provide a better understanding of the
mechanisms of sand particles’ charging and the formation
of F-fields, as well as the changing laws of the electri-
fication of wind-blown sand. For example, the number of
charges and polarity acquired by sand particles, the inten-
sity and direction of E-fields and their spatial distribution
features, as well as key factors affecting these quantities.

5.2 Quantitative analysis

For quantitative analysis, the primary task is to establish a
3D model with respect to the coupling effect between wind
field, sand motion, E-field and thermal diffusion, so that a
comprehensive understanding of the E-field in wind-blown
sand flux, especially revealing the 3D changing law of E-
fields during dust storms, and quantification of the impact
of E-fields on sand/dust transportation could be achieved.
Notably, besides the interaction between wind fields and
sand motions, there is another strong interaction effect be-
tween sand charges, F-fields and sand transport intensity
which could not be neglected when modeling wind-blown
sand flux. Therefore, a key requirement in practice when
predicting the 3D FE-fields in wind-blown sand flux is to
establish a multi- or trans-scales numerical scheme with
respect to this multi-physics coupling effect. In addition,
analysis on the effect of charged sand particles on the scat-
tering of electromagnetic wave and the attenuation of mi-
crowave propagation suggest a need to incorporate the ef-
fect of i) moving sand /dust media introduced by its spatial
random distribution, ii) the variation of electric charges
during the evolution of wind-blown sand/dust flux which
might produce oscillation current under the excitation of
electromagnetic wave and iii) the rationality of analytical
models such as the applicability of the Mie theory and the
corresponding boundary conditions.

5.3 More challenging issues

Another important issue that needs to be addressed is how
to identify and utilise the influence of the electrification of
wind-blown sand. For the former, in addition to the effect
of charged sand particles on wind-blown sand/dust flux,
another important issue that has not yet attracted enough
attentions is the calibration of equipment used in dusty en-
vironments, such as PIV, PDA, satellite remote sensing,
atmospheric temperature profiler, boundary layer wind-
profile radar, etc. All this equipment is based on direct
measurements or indirect inversions from electromagnetic-
wave scattering signals, which may include additional in-
formation due to the effect of charged sand particles.
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Therefore, it is quite necessary to effectively identify the
effect of electric charges and make suitable calibration ad-
justments when analysing the measured data. For the lat-
ter, the effect of charged sands can be positively utilised to
retrieve some not-so-easily or accurately measured quan-
tities in harsh experimental conditions, such as the dust
concentration profile during a dust storm. Indeed, more
efforts are required to understand the negative and posi-
tive effect of the electrification of wind-blown sand, even
to exploit a possible way to transform the power of strong
FE-fields in wind-blown sand flux into available energy.
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