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Intense electric fields and lightning have been observed in sandstorms. In this study, the
physical mechanisms necessary for production and sustenance of large-scale electric fields
in sandstorms are investigated. A turbulent two-phase boundary layer of sand particles
suspended in air is chosen as a model problem for sandstorms. Large-Eddy Simulations
of this problem are performed with a stretched vortex subgrid-scale model, a virtual wall
model and a recycling inflow boundary-condition procedure. Sand particles are modeled
with an Eulerian approach that includes the effect of Coulomb forces. This framework is
employed to examine transport of sand particles and to investigate the resulting levels
of electric fields in the boundary layer.

1. Introduction
Sandstorms are regular weather occurrences in arid regions like the Middle East. One
of the remarkable features that accompany sandstorms is the occurrence of lightning.
In 1850, Faraday sent a letter responding to Baddeley, a surgeon in the Bengal army
who had made several field observations of sandstorms in Lahore (former Punjab, now
Pakistan). In his response, Faraday stated: “I have received your letter respecting dust
storms... The quantity of electricity which you obtain is enormous.... That it [electricity]
accompanies them [dust storms], there is no doubt of; but then, that may be as much
in the way of effect as cause” (Baddeley 1860). Besides recognizing the unusual electric
phenomena observed in Baddeley’s measurements, Faraday cast doubts on whether that
electricity was the cause -rather than the effect- of sandstorms. Remarkably, the precise
mechanisms of intense electric fields in sandstorms remain largely unknown to date. These
electric phenomena can lead to hazardous conditions for humans and malfunctioning of
electronic equipment, including rovers and other robotic exploration devices sent to other
planets such as Mars, where duststorms are frequent (Ruf et al. 2009).
To induce lightning in a sandstorm, the electric field must exceed the breakdown
value in air, i.e., 3 MV/m. Fluctuating electric potentials of more than 20 kV have been
measured in sandstorms (Benade 1929). Wind-tunnel experiments (Zheng et al. 2003),
and field observations (Zhang et al. 2004) have provided measurements of 200 kV/m
average electric fields, with instantaneous values exceeding 2.5 MV/m that are close to
the dielectric strength of air.
Recent theoretical work and small-scale laboratory experiments in the presence of external electric fields have led to simple predictive models for electrostatic charging of
granular materials in collisional flows (Pähtz et al. 2010). These studies indicate that
inter-particle collisions are a prerequisite for charge exchange. However, it is debatable,
at least far above the ground, whether sandstorms are suspensions sufficiently dense such
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that collisions dominate the creation of electric fields required for lightning to occur. Further research is required on the causes of large-scale charge separation and self-sustaining
electric fields in sandstorms.
A physical mechanism worth studying hitherto insufficiently emphasized in the literature is the turbulent transport of sand particles and its effects on the generation of intense
electric fields observed in sandstorms. Since sand particles are polydisperse, small particles are easily carried by the flow while larger particles have larger inertia and diverge
from the air-flow streamlines. As a result, turbulent transport acts differently on small
and large particles. This mechanism is studied below as a possible source of explanation
for the observations of electric phenomena in sandstorms. A turbulent boundary layer
laden with charged sand particles is computed using Large-Eddy Simulations (LES).
Results are described for the number-density distribution of sand particles along with
electric fields generated by the interaction between sand particles and turbulence.
The remainder of this report is organized as follows. Section 2 outlines the formulation
of the problem. Numerical results are described in Section 3. Lastly, conclusions are
provided in Section 4.

2. Computational setup
Sandstorms are atmospheric turbulent flows of air laden with particles. In general,
sandstorms may take the form of complex vortical flows, including tornado-like flows
as in dust devils, and may be strongly influenced by atmospheric thermal convection. A
simpler flow configuration, which is pursued below, is that of an isothermal, atmosphericscale turbulent boundary layer laden with sand particles. Assuming typical wind speeds
in the range U∞ = 5 − 40 m/s in a boundary layer of thickness δo ∼ 100 − 300 m, the
resulting Reynolds numbers is of order Reδ = U∞ δo /ν ∼ 107 − 108 . Correspondingly, the
3/4
Kolmogorov length is of order η = δo /Reδ ∼ 0.1 − 1 mm.
Sand particles have a typical diameter of order dp ∼ 0.01 − 1 mm and a density
ρp ∼ 2650 kg/m3 . As a result, dp may be much smaller than the smallest turbulent scales
only when the Reynolds number is not too large or the boundary layer is sufficiently thick.
This particular limit, along with that of large particle-to-air density ratios, ρp /ρ  1, are
used in this study to simplify the description of the dispersed phase using a point-particle
approximation subject to a Stokesian hydrodynamic force. The resulting Stokes number
based on the Kolmogorov scales, Stη = τp /τη , with τp ∼ (1/18)(ρp /ρ)d2p /ν ∼ 1 − 1000
ms the particle relaxation time and τη = η 2 /ν ∼ 1 − 100 ms the Kolmogorov time, is
in the range 0.01 − 1000. However, due to the stringent resolutions required by realistic
conditions, the utilization of LES for simulating sandstorms imposes grid spacings ∆
much larger than the Kolmogorov length by a factor of order 104 − 105 . In this way, the
Stokes number based on the grid cutoff scales -the SGS Stokes number- is much smaller
than Stη , namely StSGS ∼ Stη (η/∆)2/3 ∼ 10−4 − 1 (Urzay et al. 2014). Therefore, the
sand particles tend to trace much of the resolved eddies, although they may interact with
the subgrid scales.
The description of the gas phase follows earlier work by Cheng & Samtaney (2014) on
LES of incompressible turbulent boundary layers. The simulations employ the stretched
spiral-vortex SGS model along with a wall model that uses an inner-scaling ansatz to
derive an ordinary differential equation for a virtual-wall velocity. The recycling method
of Lund et al. (1998) is used to generate the air inflow.
The dispersed phase is solved using the Eulerian Direct Quadrature Method of Mo-
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ments (DQMOM) in Desjardins et al. (2008). The SGS transport of particle momentum,
as well as the interactions of sand particles with SGS eddies, are neglected in the simulations and are deferred to future work. Two classes of particles, s = 1 and s = 2,
are used that correspond to diameters dp1 and dp2 . Each particle class has a different
charge, q1 and q2 , in accord with experimental observations that small particles tend
to be negatively charged and vice-versa (Zheng et al. 2003). Important modifications
are, however, required in the forces acting on the particles in comparison with regular
treatments of electrically neutral multiphase flows. Besides gravitational and aerodynamic drag forces on particles, the latter being modeled using a Stokes drag subject to
a finite-Reynolds-number correction as in Balachandar & Eaton (2010), electric interactions between charged particles need to be accounted for in the form of a Coulomb force
Fi,s = qs E i , where E i is the resolved electric field in the direction i.
The two-way coupling effect on the carrier phase is neglected by assuming that the
suspension of sand particles is infinitely dilute. This approximation breaks down very
close to the ground, where the flow is densely packed and sand particles are known to
saltate, transfer charge among themselves through collisions, and become entrained in
the air stream (McGraw 1997; Kang & Zou 2014). However, the grid resolution used here
precludes access to that near-wall zone, which is located below the virtual wall used in
the LES model. In the absence of detailed models for the entrainment of sand, in these
simulations a Dirichlet boundary condition in the form of a fixed value of the number
density is employed at the virtual wall. Two cases with different inflow profiles for the
number-density of particles are used in this study: case A, with uniform profile up to the
edge of the boundary layer where the number density decays smoothly to zero; and case
B, with an exponential decay with altitude throughout the boundary layer.
The conservation equations for the carrier and dispersed phases are solved simultaneously with the Poisson equation for the resolved electrostatic potential φ defined as
E i = −∂φ/∂xi , namely
∂2φ
n1 q1 + n2 q2
,
(2.1)
=−
∂xj ∂xj

whose right-hand side depends on the resolved number density ns of each particle class,
the corresponding charge qs , and the air permittivity . The boundary conditions for the
electrostatic potential are φ = 0 at the virtual wall, and zero normal-gradient elsewhere.
Nonetheless, further research is required to model the boundary condition for φ near
the ground in wall-modeled LES, since the spatio-temporal distribution of electrostatic
potential there may be heavily influenced by unresolved charge-transfer effects occurring
in the dense region under the virtual wall as a result of saltation and collisions, as
described above.
The numerical solver is based on a fractional-step method with an energy-conserving
fourth-order finite-difference scheme on a staggered mesh (Cheng & Samtaney 2014). The
dimensional parameters of the simulation are δo = 242 m, U∞ = 7 m/s and ν = 1.7×10−5
m2 /s for the carrier phase, corresponding to a Reynolds number Reδ = 108 . Additionally,
dp1 = 250 µm and dp2 = 500 µm are the diameters of each particle class, corresponding to
SGS Stokes numbers StSGS,1 = 0.1 and StSGS,2 = 0.45, respectively. The electric charges
of the particles are q1 = −2 × 104 e− and q2 = 104 e− , where e− is the electron charge.
In both A and B cases, the number-density values n1 = 107 m−3 and n2 = 106 m−3 are
imposed at the virtual wall for small and large particles, respectively, as suggested by
observations of sand fluxes near the ground (Kang & Zou 2014). The dimensions of the
computational grid are x = 32δ0 and y = z = 3δ0 , with 256, 64 and 32 elements in the
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Figure 1. Streamwise cross-sectional contour plots of (a) mean and (b) rms values of the
number density of small particles, (c) mean and (d) rms values of the electric field modulus, (e)
normalized drag and (f) electric forces in the wall-normal direction for small particles.

x, y and z directions, respectively. The characteristic grid spacings in viscous wall units
are ∆x+ = 3 × 105 , ∆y + = 7 × 104 and ∆z + = 2 × 105 . The virtual wall is located at
y + = 2 × 104 . The resulting ratios of the wall-normal grid size to the large and small
scales of the problem are δo /∆ = 20 and ∆/η = 5 × 104 . Computations are performed
during 6 flow-through times to establish a statistically stationary flow. Data collection is
performed during an additional period of 4 flow-through times.

3. Numerical results
This section describes a brief set of numerical results obtained using the LES computational setup described above. Emphasis is made mainly on statistics for number density
and electric field. Further analyses of the results are ongoing.
The streamwise cross-sectional contour plots of n1 are shown in Figure 1(a,b) for case
B. Specifically, the mean (spanwise- and time-averaged) distribution of the particle distribution is smooth, with downstream persistence of trends of the exponentially decaying
distribution originally enforced. In fact, the resolved turbulent structures of the boundary layer influence the number-density distribution to a very limited extent due to the
relatively small SGS Stokes numbers involved, by which the particles tend to behave as
tracers for the most part. As a result, no substantial particle segregation is observed,
as shown in the root-mean-square (rms) deviations of n1 from the mean in Figure 1(b).
In particular, the characteristic fluctuations in the number density are of order 1 − 10%
close to the virtual wall, which indicates a rather mild preferential concentration effect
in resolved scales for the present range of parameters.
As a consequence of the limited relative motion, the spatial distribution of the mean
electric field tends to resemble that of the mean number density with correspondingly
small fluctuations of order 1 − 10%, as shown in Figure 1(c,d). The electric fields observed in this range of parameters are in the direction opposite to the normal Earth’s
electric field and decrease with altitude in both cases. The wall-normal components of
2
the drag and electric forces normalized by mp U∞
/δo , with mp = (1/6)πρp d3p , are shown
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Figure 2. Altitude variations of the mean and rms values of (a) number densities and (b)
electric field modulus.

in Figure 1(e,f). For small particles, both forces are of the same order of magnitude in the
boundary layer. Results not shown here indicate that the drag force tends to dominate
the force balance for large particles.
Mean and rms profiles in the wall-normal direction at x/δo = 24 are shown in Figure 2(a,b) for the number density and electric field. For case A, the peak in the numberdensity fluctuations of both particle classes is located near the boundary-layer edge as
a result of the turbulent ejection of air there. These fluctuations are accompanied by
departures in the electric field of order 1 − 4 kV/m from mean values of order 30 − 50
kV/m, both of which are far from the breakdown value required to initiate lightning in
air. Qualitatively similar results are observed in the electric-field fluctuations for case B,
although in this case the number-density fluctuations penetrate deeper in the boundary
layer.
The instantaneous electric field at a point located near the ground at x/δ0 = 24 in
the middle of the span of the computational domain is shown Figure 3. The LES results
show some degree of qualitative agreement in amplitude with the field observations in
Zhang et al. (2004). The latter were taken at a desert test location for several hours
during the initial development stage of a mild sandstorm. A wider parametric study,
particularly at different charge densities and particle concentrations, is needed in order
to mimic realistic conditions. It should however be emphasized that there are multiple
uncertainties that at the moment prevent direct comparisons with field observations,
including the characterization of boundary conditions for hydrodynamic and electric
variables, which have a large effect on the solution, as evidenced in Figures 1-2.

4. Conclusions
In this study, LES of charged particle-laden turbulent boundary layers have been performed with the goal of modeling electrical phenomena in sandstorms. An EulerianEulerian framework is employed for polydisperse dilute suspensions of sand grains that
includes the effect of electric fields through a Coulomb force. The electric field is computed from a Poisson electrostatic equation that is coupled with the number-density
field.
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Figure 3. A plot comparing the variation of wall-normal electric field fluctuations (kV/m)
with time at a fixed probe location close to the wall (y/δ0 = 0.06) at x/δ0 = 24 and z/δ0 = 1.5.

Reference

Height y (m) E field intensity (kV/m) Direction

LES
13.5
Zhang et al. (2004) 16

250
200

Upward
Upward

Table 1. Comparisons of electric field fluctuations obtained by LES simulation case B and
those extracted from field observations.

The results show that the electric fields produced in sandstorm conditions are in the opposite direction to the normal Earth’s electric field and decrease with altitude. Although
the computed values qualitatively match those observed in mild sandstorms, they are
small compared with the breakdown field in air, and therefore cannot trigger lightning.
This preliminary analysis would benefit from further basic research on the effects of SGS
interactions in establishing larger electric fields. Additional investigations may necessitate
simpler flow configurations, as well as more appropriate characterizations of boundary
conditions for the carrier and dispersed phases, including those for the electric potential.
The theoretical modeling and numerical simulation of lightning in sandstorms is a
challenging problem in weather and atmospheric dynamics. Non-trivial extensions of our
current understanding of electrically neutral particle-laden turbulence, including simultaneous effects of electric fields, particle collisions, charge transfer, two-way coupling,
preferential concentration, saltation, and thermal convection, are likely required in order
to address this problem. Complete treatments of propagation of lightning may involve
additional consideration of compressibility effects and electric-discharge chemistry. The
LES work presented here is the first step of its kind in this relatively unexplored problem.
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