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VI. SUMMARY AND FUTURE DIRECTIONS

"There’s a dark cloud rising from the desert floor, I packed my
bags and I'm heading straight into the storm.”

~Bruce Springsteen

At most locales in the Mojave Desert, mountain ranges fill a
fraction of the horizon. While walking toward one of these ranges, its
appearance will evolve. Agreat distances, the mountains will seem like a
formless slab of rock. With each passing mile, however, a new level of
detail is revealed. First, one finds that the slab is rent with great
slashes. Then, as the ragged base of the range is attained, these canyons
themselves display a plethora of detail.  The three-dimensionality
becomes apparent: what was once a flat wall of rock is now an intricate
maze of passageways.

The problem of eolian sand transport has been like that mountain
range to us. Each question we answer, each small advance we make, opens
up a new facet of the system, with an attendant range of questions to be
answered. In this brief chapter, we summarize the work described in this
document, emphasizing the assumptions and conclusions, and propose

some directions for future research.
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Grain Dynamics

One of the major limitations to the use of grain dynamics
computer simulations is the computing power required to study a system
composed of a sufficient number of particles to resemble realistic
problems. We have demonstrated that it is possible to apply a new and
developing technology, the concurrent processing computer, to the study
of a problem in grain dynamics. The issue for granular simulations is
computer time, not memory, because of the complicated nature of the
particle-particle interactions. As the field evolves, and simulations of
granular materials become more sophisticated, it is likely that
researchers will continue to desire the most advanced computing
facilities available.

Our work has employed primarily circular-grain simulations. Wwe
hope to be able to estend the simulation of grain-bed impacts to
polygonal and spherical particles, using codes already in existence.
Eventually, the development of a polyhedral particle simulation program
is anticipated.

The interaction force between grains in our simulations to date

has been taken to be a damped spring in the direction normal to the plane
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of contact, and a damped spring bounded by the friction limit, opposing
the relative motion, in the shear direction. The mechanisms we have
identified as operating in grain-bed impacts and other problems have
mainly relied on geometrical effects or the gross nature of the
interparticle forces, rather than a detailed formulation of these forces.
As the store of knowledge of grain dynamics accumuiates, the
introduction of more complicated force laws, including ideas from
Hertzian contact mechanics and plasticity theory, will be appropriate.
Grain-Bed Impacts

Using the grain dynamics simulation code, we found that the
incident particle rebound could be considered separately from the
reaction of the bed grains. A model for the rebound was developed
treating the collision between incident particle and bed as a two-body
collision, with the bed grain struck by the incident grain behaving as
though it possessed an effective mass greater than its true mass (by a
factor of two in the simulations). A detailed model for the ejection of
bed grains has not been derived; however, we have identified two basic
ejection types. One is centered around the impact point, and consists of

bed grains rising nearly vertically, generally with a very small fraction of
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the incident energy (target ejection, or cratering). The other may extend
away from the impact point. Particles resting on the edge of a depression
in the surface may be preferentially ejected (brink/anti-brink ejection).
A prime goal of further research will be the development of a model to
describe the bed ejection processin quantitative detail. Also, simulating
impacts onbeds of mixed grain size with the circular grain program, and
with irreqular-shaped grains, will be of interest. Simulation of grain-bed
impacts involving spheres will give us a good idea of the differences
between two- and three-dimensions, and of whatever physics might be
missing in two dimensions.

The experiment in which we shoot single grains of sand at a sand
bed produced a variety of interesting results, beyond confirming the
general picture observedin the simulations, BB experiments (Mitha, et al.,
1986) and wind tunnel experiments with sand (Willetts and Rice, 1985a);
the data from the sand gun experiment has confirmed qualitatively our
theoretical model. We summarize these experimental results in terms of
their variation with incident velocity and incident angle. With increasing
incident velocity

(1) the rebound roughly scales,
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(2) the number of ejecta increases linearly,
(3) the mean reptation length and mean ejected vertical velocity do not
vary,
(4) the distribution of ejected angles shifts towards the vertical,
suggesting that the “crater size” in the bed has exceeded the mean
distance between roughness elements on the bed, ie., that the brink
particle ejection has "saturated.”

Our data on variation with incident angle is more sketchy, but,
with increasing incident angle
(1) the vertical velocity amplification sharply decreases, and
(2) the number of ejecta gently increases.
Specification of other angular dependences will require additional data.

This sand gun experiment compliements the work of Willetts and
Rice (1985a), in that, although we are not attempting to reproduce
conditions in Nature as closely as is possible in a wind tunnel, we are
well-equipped to study particular aspects of the physical mechanisms
operating in the grain-bed impact process. We can, for instance, prepare
the bed in a variety of ways: tightly pack it or jostle it, prior to the

impact, or shake the bed during the impact, in order to create a mobile
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surface. Characterization of the surface topography might be effected
through a variety of techniques, including the shadow technique described
for ripples in Chapter V, or other related approaches (R.S. Anderson,
1987: personal communication). In addition, it is possible to prepare the
bed with a specific type of sorting by size or shape, and to choose an
incident particle with particular characteristics. We hope to use the sand
gun to study quantitatively the ejection of dust by saltation impacts,
which may be an important mechanism operating in many dust storms
(Gillette, 1981).

The combination of controlled impact experiments, wind tunnel
experiments, and simulations should allow for a more complete
understanding of the grain-bed impact process, and the numerical
information necessary for the use in models of saltation, in which
grain-bed impacts play a critical role.

Eolian Saltation Model

Eolian saltation is a process which, on one hand, seeks to balance
the force of the wind on the moving sand grains, and, on the other hand,
seeks to ensure that arepresentative sample of grains leaving the surface

will lead to an identical set of outgoing grains, following acceleration by
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the wind and impact with the surface. In steady-state saltation, a
balance between the number of grains leaving the saltating population and
the number entrained will be achieved. By replacing gravity and the
aerodynamic drag with a conveyer belt situated above the sand surface,
the basic dynamics of the system, the journey of the system to the
steady-state, and the manner in which feedback operates in saltation
were elucidated.

we have presented an extension of Ungar and Haff's model for
steady-state saltation which incorporates a realistic grain-bed impact
(splash) function. The key components of this mode] are
(1) the bed is assumed to be flat and the saltation is taken to be uniform
in the downstream and transverse directions,
(2) the distribution of velocities of grains leaving the bed per incident
grain is related to the impact velocity and angle by a function depending
primarily onthe bed characteristics: the splash function,
(3) the mean wind profile is determined by the spatially averaged drag
forcesexerted by the grains,
(4) the grain trajectories are a function of their initial velocity, the drag

exerted on them by the wind, and gravitational forces,
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(3) the system is in steady-state, i.e., the distribution of grains leaving
an area on the bed will, through acceleration by the wind and impact with
the bed, reproduce itself,
(6) and the steady state is computed using an iterative scheme, and the
space of outgoing velocities from the bed is discretized.

The saltation model reproduces the features seen in natural
saltation, including the decrease in wind velocity near the bed (below the
focus) with increasing free-stream wind-shear velocity u* the
dependence of flux on u* and the maximum of saltating sand grain
abrasion (kinetic energy flux) appearing well above the surface. The
mode! predicts that the fluid stress on the surface will decrease with

increasing u* Also, the distribution of particle trajectories and impact

velocities are expected to be broadened as u* is increased, because grains
travelling above the focus will attain higher velocities and greater ranges
when the free-stream wind velocity is greater, and those grains moving
primarily below the focus will feel lower wind velocities at higher u¥*,
and hence will impact with lower velocity and shorter range.

The argument that fluid stresses on the surface decrease with
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increasing u* may be made on physical principies, independent of the
details of our saltation model. Thus, we have asserted that entrainment
of grains in steady-state saltation is accomplished through grain-bed
impacts. Splash functions which specify that the ability of impacting
saltating grains to “reproduce” themseives decreases with increasing
impact velocity in some region of phase space could lead to a
positive-feedback condition and oscillating behavior of the saltating
system.

A quantitative evaluation of our saltation model is lacking,
because it requires one to determine the splash function for a particular
sand, and then measure various properties of wind-blown sand over a
surface composed of this type of sand, including, perhaps, the wind
velocity and sand flux as a function of height, under controlled
conditions.  Because attention currently is being focussed on the
grain-bed impact in saltation, and at Ieast two groups are capable of
finding the splash function for sand, it would appear that such a test will
be possible in the near future.

A predictive saltation model of the type we have proposed may

have many uses. Using this model, we hope to esplore the dependence of
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saltation ona variety of parameters, including wind-shear velocity, grain
size, the grain-size sorting (which will require us to keep track of size
populations of grains, as well as to understand the splash function on a
mised-grain-size surface and the vertical sorting of the bed under
saltation impacts), and dust ejection by saltation impacts, which
necessarily requires a knowledge of the distribution of impact velocities.
The model also will be well-suited to an inquiry into the character of
saltation on Mars, and possibly Venus. Finally, we espect to extend the
model to include time-dependence, allowing us to evaluate the possibility
of non-steady behavior of saltating sustems. The inclusion of time
dependence in saltation likely will be of use in studying sediment
entrainment and transport in the expanding shell of an above-ground
nuclear detonation.
wind-blown Sand Ripples

To aid in bringing about a resolution of the long-standing
controversy surrounding the mechanism for eolian sand ripple formation,
we have sought to extend the pre-existing data base, which primarily

characterizes ripples by their wavelength and ripple index

(wavelength-to-height ratio), by introducing a technique for measuring
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ripple cross-sectional shapes easily and accurately, through recording the
terminus of the shadow cast by a straightedge oriented perpendicular to
the ripple crests. For static, mature ripples, we found that the ripple
shape can vary substantially over the surface of a single dune. Further
measurements onmature ripples are warranted. In particular, it would be
of interest to correlate mature ripple shapes with wind velocity and
surface slope at various positions ona sand dune.

An extension of the ripple-shadow technique to observing the
evolution of ripples under saltation impacts from an initially flat surface
has confirmed the findings of some previous investigators: ripples
represent an end product of a process involving growth of ripple
wavelengths to a final, stable value. In our data, we identified collisions
between ripples, and observed both proto-ripple mergers and the
repulsion between two colliding ripples. Field experiments aimed at
further quantifying the evolving surface length scale, and the shapes of
the ripples during collision, are in order.

In our picture of ripple formation, we have focussed on collisions
between proto-ripples, and taken ripple mergers to be the means of

increasing ripple wavelengths. Reptation, the movement of grains along
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the surface is taken to be driven by saltating grain-bed impacts, which, on
the average, are distributed uniformly over the horizontal plane. Ripple
motion is the result of this mode of grain transport. Computer
simulations of ripple formation have suggested that statistical
fluctuations play a role in determining the asymptotic wavelength of the
ripples formed under this picture.

We envision that a flat surface undergoing saltation impacts
quickly assumes a state of uneven topography. Small groupings of grains
(proto-ripples) on the surface will travel faster than larger groupings of
grains.  This variation of size in the proto-ripples, as well as
fluctuations in the saltation flux, will drive collisions between them. In
the collisions, the smaller ripple crawis part of the way up the back of
the larger ripple. We propose that the merger of these two ripples canbe
effected in two ways: (1) statistical fluctuations in the saltating flux
causes the upstream ripple apex to be sheared off, and (2) the shadow
zone of the upstream ripple becomes smailer in length than the mean
reptation length, leading to a runaway loss of grains to the downstream
ripple. Order of magnitude calculations of limiting ripple wavelengths,

based on these two merger mechanisms, are compatible with existing
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data.

we have identified what we believe to be the mechanisms
operating in eolian ripple formation. It remains to incorporate these
ideas into a detailed, coherent model. To accomplish this, it will be
necessary both to produce a more quantitative description of ripple
collisions, and to place the collisions within an overall mathematical
framework accounting for the evolution of the surface. Further study
with the computer simulations of ripple formation may aid in
accomplishing these tasks.
A General Model for Eolian Sediment Transport

Because of the complexity of eolian saltation, we have adopted, in
this document, the strategqy of decoupling the various processes
comprising the whole (e.g., grain-bed impacts, wind-grain interactions
and ripple formation), and analyzing them separately. In Chapter IV, we
succeeded in proposing a model of eolian saltation, which, although
somewhat simplified, contained all basic elements of the process
excluding surface evolution. Inclusion of ripple formation in a saltation
model might be approached best through computer simulations. A first

step might be to include wind and trajectory calculations in our surface
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evolution simulation where the bed grains constrained to lie on a
two-dimensional lattice. The splash function couldbe specified as a rule
dictating the movement of surface grains, much the same way as it is in
the present version. An additional extension would include actually
calculating the dynamics of the impacts, as in our grain dynamics
simulations, propagating the incident particle forward along the bed, and
adjusting the wind velocity as in our steady-state saltation algorithm.
Uitimately, performing this type of computation with three-dimensional
or irreqular grains would be desirable. However, because the minimum
fetch for such a simulation would be on the order of one-thousand grain
diameters, the availability of computing power for this “dream”
simulation lies far in the future. We may, in the meantime, content
ourselves within the voluminous array of work required to extend our

present conceptionof wind-blown sand transport.

During the period encompassing the research described above, the
author was fortunate to live as a free man in a country in which
innovation is encouraged and rewarded. Indeed, freedom, adventure, and

unfettered access to open land played a key role in these investigations,
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and contributed significantly to the ideas we have put forth. It is
unfortunate that we may be living at a time when such advantages are
slipping through our grasp. Asknowledge expands, the liberty to seek out
new areas of inquiry and to examine old problems from unusual
viewpoints must be provided; the adventure and creative stimulus so
important to human motivation must be available; otherwise, the well
from which we draw our inspiration will soonrun dry. We fear that
Bagnold’s (1935) dreary vision of future events, written over fifty years
ago, is on the horizon; and advancing; unopposed.

Perhaps a long time hence, when all the earth’s surface has been

seen and surveyed, there may be nothing left to find. Fancifully we

canpicture the excavator rummaging about with his pick in the last

yard of unexamined soil. Behind him we catcha glimpse of experts,

microscopes and notebooks, while in front, very near now, stand

the locked gates in the city’s misty walls.

The pick is withdrawn. The time has come at 1ast when the experts

can close their notebooks, for there is nothing else unfound. Wwe

see Zerzura crumbling rapidly into dust. Little birds rise from

within and fly away. A cloud moving across the sun makes the

world a dull and colourless place.

As long as our fate remains in our own hands, hope will not desert

us, for even if Bagnold's prophecy holds, beyond the bounds of Earth are

many a grand journey.
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