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ABSTRACT

A resurgence of interest in the concept of equilibrium in the aeolian
saltation system has been witnessed in the 1990's. Throughout the
aeolian field of research, i.e. wind tunnel, field and numerical models,
many highly successful individual investigations have been

conducted. Despite these data, however, the timing and location of the

mass flux equilibrium have not been quantified.

This research investigates the simultaneous downwind spatial and
temporal developments of the aeolian saltation system. Experiments
were conducted in the laboratory and the field. By unification of the
spatial and temporal dimensions in both environments one of the
major limitations of contemporary aeolian science, the inability to

relate data from different experimental environments, is addressed.

In the wind tunnel the development of the saltation system was
measured over a streamwise length of 8m. Sediment transport was
measured at Im intervals by the downwind deployment of seven
Aarhus sand traps. In the field the development of the saltation system
was monitored over distances of 10m and 20m. Mass flux was measured
by the downwind deployment of five 'total load' sand traps. In both
environments temporal wind velocity and mass flux data were
collected simultaneously at a single site. Spatial profile velocity data

were later obtained by a streamwise traverse along the experimental

aread.

The downwind spatial development of the saltation system, from a
point of initiation, in the laboratory and the field is manifest by an
overshoot in mass flux and shear velocity. It is shown that in both
environments mass flux increases with distance to a maximum at 4m
downwind. This result is in remarkable agreement with existing data

of a comparable scale. In the wind tunnel and the field experiments it
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is found that shear velocity overshoots between 2-4m downwind of the
overshoot in mass flux. The distance between the overshoot in mass

flux and the overshoot in shear velocity is termed the 'separation

distance’.

The existence of a 'separation distance' between the overshoots of mass
flux and shear velocity questions the appropriateness of traditional
mass flux formulae. It is found that conventional mass flux
relationships with shear velocity, generated from data collected
simultaneously at the same site, have the lowest predictive capability.
The greatest confidence in the ability of shear velocity to predict the
rate of mass flux is shown to occur when shear velocity data are
collected downwind of mass flux data. The critical distance between

the data collection points is demonstrated to be defined by the

'separation distance’.

The downwind spatial development of the saltation system without a
point of initiation in the laboratory and the field is influenced by sand
entering from upwind. The existence of high energy bombardment by
saltation processes throughout the experimental area is shown to
produce an accelerated development of the saltation system. It is found

that the precise downwind development of mass flux and shear

velocity are dependent on the exact rate of sand entering from

upwind.

The temporal development of the saltation system is controlled
essentially by the availability of transportable grains from the sand
bed. In both the wind tunnel and the field experiments it 1is
demonstrated that the saltation system develops through time from a
transport-limited to a supply-limited system. The depletion of the sand
bed through time limits the existence of the state of equilibrium. The

equilibrium concept is thus shown to be inappropriate for the

universal prediction of mass flux.
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CHAPTER 1
INTRODUCTION TO AEOLIAN SCIENCE

Aeolian processes 'result from the interaction of the atmosphere,
lithosphere, and wind-blown particles' (Greeley, 1986, p.195). 'A
unified study of these processes... requires a multidisciplinary
approach. The approach commonly employed (however) is not only

multidisciplinary but (also) combines field studies with laboratory

simulations and theory' (Greeley & Iversen, 1985, p.3.).

(1.1.) A BRIEF HISTORY OF AEOLIAN SCIENCE.

Aeolian (or eolian) is associated with Aeolus, the Greek God of the winds (Clark,
1985). Geographically, the term 'aeolian' relates to all the components of wind
action, i.e. wind-borne and wind-deposited sediments, as well as wind eroded
landforms. In predominantly loose sediment environments aeolian processes
dominate the geomorphology. However, aeolian processes also have a much
wider relevance, for example, hazard management (Watson, 1985; Pearce,
1992), palaeoenvironmental reconstruction (Madole, 1995; Begin et al., 199)),
archaeology (Steers, 1937, 1959), extra terrestrial studies (Greeley & Blumberg,
1995; Greeley et al., 1980, 1993) and industry (Barker & Grimson, 1990; Glennie,

1998).

The amazingly regular bedforms that form in sand (Bagnold, 1935) and the
intriguing, yet uncomfortable, experience of a sand storm, both
manifestations of the processes responsible for sand transport, have long
caught the imagination of travellers and scientists alike. R.A. Bagnold (1941)
was the founder of quantitative aeolian studies. Combining general
experiences from the Libyan desert with later wind tunnel and field

experiments, Bagnold (1941) detailed almost all of the basic principles of sand

transport by wind.



[nvestigation of aeolian sand transport over the past 50 vears has led to the
modification and development of the ideas of Bagnold (1941). Advances in
technology have facilitated many studies that would not previously have been
possible. For example: high speed photography has permitted Willetts and Rice
(1985a, 1985b, 1989) and Rice et al (1996) to detail individual grain-bed
collisions and the flight trajectories of sand grains in transport; armoured
hot-wire probes have made it possible to record near-bed velocities in both the
field and wind tunnel at high resolution even during sand transport
(Buttertield, 1991, 1993, in press); and continuously recording sand traps have
allowed the collection of sand in transport and velocity data over averaging

periods of only seconds (Butterfield, 1991; Jackson, 1996a, 1996b: Bauer &

Namikas, in press).

Complementary to the ability to collect data more rapidly has been the
development in computing power. Modern computing has provided the means
to analyse vast quantities of information. From the results of these detailed

analyses, numerical model simulations of the sand transport system have been

developed (McEwan & Willetts, 1991, 1993a, 1993b; Spies, 1996, Spies & McEwan,

in press a and b). Indeed, to date, numerical model predictions of the
behaviour of the sand transport system have advanced further than the

available physical data required for their veritication.

Despite advances in our understanding of the aeolian transport system, it is

still not yet possible to predict reliably the rate of transport of sand at any but
the most closely monitored sites (Anderson & Haff, 1991).  Originally,
discrepancies between the predicted and recorded rates of transport of sand
were attributed to inefficient equipment, both for the initial collection of data
from which the sand transport formulae were generated, and for the
collection of data for its verification. Other explanations involved the
problems of heterogeneous sand beds (Li & Martz, 1995) and the influence of

environmental parameters such as salt (Nickling, 1984) and moisture contents

(Bisal & Hsieh, 1966; Namikas & Sherman, 1995).



Continual effort has been expended in addressing the problem of predicting
the rate of transport of sediment. One recent development has been the re-

appraisal of the assumptions incorporated within the sand transport formulae.

In particular, the appropriateness of the assumption of an equilibrium

transport rate has been questioned (Sorensen, 1991; McEwan & Willetts, 1993a,
1993b, 1994).

(1.2.) EQUILIBRIUM MASS FLUX.

The rate of transport of sand by wind, or mass flux, 'is defined as the mass of
sand passing a line transverse to the transport direction through unit width,
in unit time' (McEwan & Willetts, 1994, p.1243). Existing sand transport
formulae relate mass flux to some measure of the wind velocity. The derivation
of most sand transport formulae includes the assumption of a time and space

independent rate of mass flux, i.e. a state of mass flux equilibrium.

In geomorphology, the most applicable interpretation of the term
'equilibrium’' is usually that of dynamic equilibrium. A system in dynamic
equilibrium is one in which, despite continual internal motions, the external
balance between the inputs and the outputs is maintained. With respect to the
aeolian transport system, when mass flux is in equilibrium for a unit of time,
the rate of sand entering a designated area from upwind is equal to the rate of

sand exiting the designated area downwind. Within the designated area there

is an exchange of sand grains between the wind and the bed.

In previous derivations (and verifications) of sand transport formulae, it is
assumed that sand transport is occurring over a homogenous surface at
equilibrium mass flux. In such conditions the rate of transport of sediment is
mainly velocity dependent. Data that were tume and place specific are thus

theoretically, assumed to be universally applicable. The application of these

sediment transport formulae is limited, however, 10 conditions approximating



to equilibrium. To refine and apply existing mass flux relations it is vital that

the location and timing of the mass flux equilibrium can be determined.

Bagnold (1936) was the first to allude to the concept of an equilibrium mass
flux. In wind tunnel experiments over a test bed of length 9m, Bagnold (1936,
1941) noted that mass flux developed through space. With distance downwind
the rate of transport of sediment increased. By the end of the wind tunnel a
stable rate of mass flux had apparently been achieved. Since the original
experiments of Bagnold (1936, 1941), numerous workers have investigated the
spatial development of the sand transport system. For example, in an
experiment similar to those of Bagnold (1936, 1941), Shao and Raupach (1992)

observed the development of mass flux along the 15m length of a wind tunnel.

In the field, Fryrear et al. (1991), Stout and Zobeck (1996), Stetler and Saxton
(1996) and Gillette et al. (1996) have considered the development of mass flux
over distances greater than 200m, whilst Jackson (1996a) and Greeley et al.

(1996) have considered the development of mass flux over distances less than

200m. The numerical models of Chepil (1965), Stout (1990) and Sterk and Stein
(1997), although incorporating a spatial parameter, do not simulate the
development of mass flux with distance. At present, the only model to simulate

the spatial development of mass flux is that of Spies (1996; Spies & McEwan, In

press b) covering a distance of 50m.

The temporal development of the sand transport system was first highlighted
by the numerical models of McEwan and Willetts (1991, 1993a, 1993b) and
Anderson and Haff (1991). With the ability to simulate the temporal

development of mass flux at one second intervals, previously unrecorded

variations were witnessed. Butterfield (1991) later confirmed some of the

model results in both field and laboratory investigations.

The longer term, periods of an hour or greater, temporal development of the

sand transport system has not yet been simulated by the numerical models.



Practically, it is these longer term developments of mass flux that are of more
relevance in comparison with field data. In the laboratory, the development
of mass flux through time has been monitored over periods of an hour by
Rasmussen and Mikkelsen (1991, in press). However, existing studies have yet

to consider whether the depletion of the sand bed through time and space is as

significant in the field as it is in the laboratory.

Despite existing data on both the spatial and the temporal development of the
sand transport system, very little can be stated about the timing and location of
the mass flux equilibrium. The problem does not so much stem from
contradictory results, but from the varied scales of study which make
relationships between available data sets unclear. It is unclear, in any
physical environment (field or wind tunnel), when and where equilibrium
mass flux is attained, either spatially or temporally. Indeed, it has not

conclusively been proven that equilibrium transport is ever achieved in air.

The existence (or attainment) of equilibrium mass flux is essential only for the
operation of current sediment transport formulae. Of greater overall
importance are the 'three dimensional aspects of transport rate variability’
(Butterfield, 1991, p.115). Through the continued study of the spatial and
temporal development of the saltation system it may be possible to describe a

consistent pattern of mutual development of mass flux and wind velocity.

Information on the three-dimensional development of the saltation system

may be used to: explain the current discrepancies between the predicted and

recorded mass flux results of sand transport formulae; clarify the location and

timing of equilibrium mass flux conditions, if indeed they exist; and, aid the
development of new mass transport equations that incorporate the

development of the sand transport system through time and space.

In the field, the intermittency of sand transport by the wind, in addition to its

three-dimensional nature, make the aeolian transport phenomenon extremely



made to relate the results from artificial environments to those of the natural

environment; there is little advantage in the production of data that can not be

related to the real world (McEwan & Willetts, 1991). This is especially relevant

to the concept of equilibrium.

Controlled environments such as wind tuﬁnels permit the reproducibility of
experimental conditions. The location and timing of the attainment of
equilibrium mass flux is thus constant for identical experimental conditions.
In the field, each experiment is conducted under unique environmental

conditions. The location for the attainment of equilibrium mass flux, if indeed

it is ever achieved in natural environments is, therefore, also unique.

The uncertainty of the attainment of equilibrium in the field environment
does not limit the compatibility of field and laboratory studies. Regardless of
the attainment of equilibrium, the spatial and temporal developments of the
saltation system prior to equilibrium are potentially similar in both
environments. Possibilities such as these require further investigation

because they present the opportunity to relate the Eulerian and Lagrangian

reference frames.

In general, meteorological measurements are made from fixed points in space,
i.e. the Fulerian reference system. Most of the fundamental theories of fluid
mechanics, however, are based on the Lagrangian reference system,
following the behaviour of a fluid element as 1t moves through the
atmosphere. To relate theoretical and physically-collected data, and thus, gain

a greater understanding of the aeolian transport system, it is essential that the

two reference planes are not mutually exclusive.

In order to analyse the spatial and temporal developments of the saltation

system in the research presented here, field and laboratory investigations



were conducted on comparable scales. Practically, the horizontal spatial
replication of the experimental conditions required the field experiments to be
conducted on the scale of the available wind tunnel facilities. By unifying the
horizontal spatial dimension in the two environments one of the major
variables limiting the existing data can be overcome. Furthermore,

compatibility between data generated in different physical environments can

be maximised.

(1.3.) STUDY AIMS.

The aims of this study are to:

* identify how sand transport by air flow is regulated, in space and through

time, by the mutual interactions between the evolving states of the sand
cloud, the boundary layer air flow and the state of the sand bed. This will
be achieved by exploration of the spatial and temporal developments, and
interactions between, mass flux, wind velocity and bed shear. (In the wind
tunnel an additional consideration will be the influence of upwind
artificial sand-feeding).

e conduct field and laboratory measurements (see Fig. 1.1.) on comparable
spatial and temporal scales (and, where possible, scales appropriate to
numerical models). By generating data on comparable scales trom field
and laboratory experimental procedures it may be possible to:

(a) identify the relevant spatial and temporal scales in operation in
the different experimental environments;

(b) begin to address the incompatibilities between data from various
experimental procedures, one of the main limitations of

contemporary aeolian science;

(c) decouple the effects of wind tunnel constraints (e.g. compressed

boundary layers) from the physical processes controlling the sand

transport rate;
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(d) relate the Eulerian and Lagrangian reference frames in the

measurement of the saltation system.

* produce data sets by which theoretical models can be tested and modified as

required.

(1.4.) SYNOPSIS OF THESIS.

Each chapter is introduced by a brief abstract and concluded with a summary
of the most important issues and findings. Throughout the text a standard
notation has been adopted to identify the spatial aspects of velocity and mass
flux. Point velocities are represented by U]. The super-script (y) details the
height of the velocity measurement and the sub-script (x) designates the
downwind location of the anemometer. For example, Uf(fgn’f identifies a
velocity at 0.80m in height at a downwind location of 2m from some defined
reference point. Where no sub-script is included, the data are associated with

a number of downwind locations. Temporally, the notation T . = is used to

detail the time of the data sample with respect to the start of the experiment.

Chapter Two details the physics of the aeolian sand transport system: the

development of a boundary layer; the boundary layer velocity profile; the

entrainment of sediment; the grain-bed collisions; and the mutual interaction
between the sediment in transport and the fluid flow. The concepts of

equilibrium mass flux and the spatial and temporal development of the sand

transport system are not introduced until Chapter Three.

Chapter Three is organised such that the present knowledge regarding the

from wind tunnel and field experiments, and numerical model simulations.

The factors controlling the spatial and temporal developments of the saltation

system are also discussed.



Chapters Four and Five report, respectively, the results of the laboratory and
field experiments conducted in this research. Fach chapter begins with a
detailed description of the experimental procedure and the equipment used.
The spatial and temporal results of the development of the sand transport

system are discussed initially separately. The mutual interactions of wind

velocity and mass flux are reserved for the final section of each chapter.

Laboratory wind tunnel investigations explored the development of the sand
transport system over an 8m length. Seven sand traps were located at 1m
intervals downwind along the working section of a wind tunnel. Fieldwork
was conducted over distances of 10m and 20m. Five sand traps were deployed

downwind, spaced in combinations of 2m and/or 4m intervals, to record the

mass of sand in transport.

Both field and laboratory data for mass flux are reported as five minute
averages. In both environments spatial mass flux data were measured
simultaneously at all sites throughout each experimental period. In addition,
simultaneous measurements were made of velocity and mass flux at a single

site. Following each experiment, spatial velocity data were measured adjacent

to all the mass flux sampling sites.

Chapter Six investigates the compatibility of the laboratory and field data
collected in this research. In experiments conducted with and without a point
of initiation for the saltation system, the importance of the collection of data
simultaneously in time and space is highlighted. Throughout the chapter the
experimental results obtained in this study are compared to existing theory.
Explanations are offered for any discrepancies between the results of various

researchers. To conclude, the major findings of this work are reviewed with

respect to the original aims of the study. Where appropriate, suggestions are

also made for potential future research.
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CHAPTER 2
PHYSICS OF THE SALTATION SYSTEM

Aeolian transport studies are but part of the wider study of the
transport of solid particles by fluid. Investigation of 'geomorphic
systems dominated by fluid flows and erodable surfaces requires an
understanding of the mechanics that govern the entrainment,
transport and deposition of sediment' (Bauer et al., 1992, p.453). The
numerical model of McEwan and Willetts (1991) has identified (and

reproduced) the four dominant sub-processes of the saltation system

and their mutual interactions (see Fig. 2.1.).

Beginning with the passage of clean air across the boundary surface

the model of McEwan and Willetts (1991) simulates the initiation and
development of the sand transport system. 'Bed grains are entrained
initially aerodynamically, then increasingly by the impact of saltating
grains until their numbers are limited through a decelerating wind
profile and the system reaches equilibrium' (McEwan & Willetts, 1993a,
p.102). Using a flow diagram (see Fig. 2.1.) as a basic structure, the

physics of the saltation system are reviewed.

(2.1.) THE BOUNDARY LAYER VELOCITY PROFILE.

(i) Boundary layers.

Boundary layers form due to the adhesion of real fluids to a surtace (Munn,
19606). Wwith time and distance, the boundary effects are propagated
throughout the entire air column. Due to the boundary retardation of the near

wall motion velocity increases with height. Eventually, with increasing

height, velocity asymptotically approaches the constant free-stream velocity:.

At the free-stream height the influence of the boundary surface is negligible.

11
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The depth of the boundary layer is generally defined by the height where

velocity reaches 99% of the free-stream constant value (Munn, 1966). In the
atmosphere the boundary layer is typically of the order of 1km in depth (Oke,
1978). Two regions within the atmospheric boundary layer can be identified:
the inner region where frictional drag is influential: and the outer region
where friction drag is negligible (Schlichting, 1968, see Fig. 2.2.). Only the

Inner region is of importance in aeolian studies. This inner region can be

further sub-divided into the laminar and turbulent boundary regions.

(ii) Boundary layer flow characteristics.

The laminar region of the inner boundary layer is concerned with the air
adjacent, and adhering, to the boundary surface (Oke, 1978). Within the near-
surface layer all flow is laminar; the streamlines are parallel to the surface,

each horizontal layer moving faster than the one beneath it. Velocity at any

height is proportional to the distance above the surface (Bagnold, 1941).

The turbulent region of the inner boundary layer extends from the top of the
laminar sub-layer up to approximately 100m above the surface (Greeley &
[versen, 1985). Fluid flow in the turbulent region of the boundary layer is
characterised by organised eddy structures of varying magnitude. At any

point velocity is instantaneously variable; description is possible only as an

averaged condition.

Laminar and turbulent flows are characterised by viscous and inertial forces,
respectively (Young, 1989). Above a critical velocity flow undergoes a
transition from laminar to turbulent (Tennekes & Lumley, 1972).  This
transition was first noted by Reynolds who introduced the Reynold's number
(Re), representing the ratio of viscous to inertial forces, to define the stability

of a fluid. (Laminar and turbulent flows being characterised by small and

large Reynold's numbers, respectively).
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pul
Re = — Eq.

where p = fluid density (g.cm3):
u = velocity of flow (cm.sec1):

I = dimensions of the body e.g. length, height (cm): and

v = kinematic viscosity (cm2.sec1).

At any point in time the development of turbulence is almost instantaneous.
Spatially, the transition from laminar to turbulent flow 'occurs over a finite
distance which we call the transition region' (Young, 1989, p.106, see Fig. 2.3.).
[n natural environments, however, where air flow is inherently turbulent,

this transition region is limited in extent (Kline et al., 1967).

(iii) The turbulent region of the inner boundary layer.

The main part of the turbulent region of the inner boundary layer is the
constant stress region. As implied by its name, the constant stress layer is a
region where shearing stresses are assumed to be constant with height.

Shearing stresses are generated as air is dragged across the surface. At the

surface the measure of the force per unit horizontal area applied tangentially

to the sediment is called the surface shear stress (Oke, 1978). Although surface

shear stress is fundamental to studies of sediment erosion, attempts to measure

it directly have proved problematic (Zingg, 1953; Hayashi, 1984).

In general, surface shear stress is estimated indirectly from the shearing
stresses propagated by the surface throughout the atmosphere. This is
manifest by a change in wind velocity with height (Munn, 1966). Only within
a boundary layer developed over clean air, neutral adiabatic atmospheric
conditions over a homogeneous surface, however, does the constant

distribution of shearing stresses and the resulting logarithmic velocity profile

exist (Tritton, 1988).



|

Transition region where bursts of
| turbulence are experienced. With
|
|

' |
I Stable, | |
table, laminar : , Fully turbulent
| distance downwind the turbulent
Wind boun;llzrx layer velocity fluctuations increase in I boundary
direction | ] size. | Iayer flow.
— P <
| |
- <
3 i - - -._JC
- A - - -
| L — R - it J /GHL' - -
Leading
edge |

|
> |
| |

|

Re. critical |
Reynold's \\I
number

Distance (m)

Fig. 2.3. Boundary layer flow transition from laminar to turbulent flow (over a flat plate) in the
wind tunnel. (modified from Williams, 1986, p.144).
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The full equations of motion of a viscous fluid are described in the Navier
Stokes equations. These equations are too complex for general use and
accepted boundary layer theory is founded on the work of Prandtl. Prandtl
observed that the relative thickness of the boundary layer at large Reynolds
numbers allowed simplifications to the Navier Stokes equations (Schlichting,

1968; Young, 1989). Prandtl showed that fluid flows could be described

mathematically it the frictional effects connected with the viscosity of the

fluid were considered only when essential.

By introduction of a mixing length (/ ) concept, Prandtl measured the

distances travelled by an eddy before it became totally mixed within the fluid,

i.e. the exchange of fluid momentum between a parcel of air and the

surrounding atmosphere:
[ =kz Eqg. 2.2.

where kis von Karman's constant.

The distribution of velocity with height within the constant stress region can

be described by the Prandtl-von Karman equations, collectively known as the

'Law of the Wall'.

(U, (224, -
o =\~ )m( 7 ) Eq. 2.3.

where u , 1S velocity at height z (cm.sec?);
lJ. is shear velocity (cm.sec!); and

d, is the displacement height (cm).

However, d. is insignificant compared to Z and so is generally neglected

(Jackson, 1981).

According to the 'Law of the wall' velocity is a logarithmic function of the

relative distance from the bed, thus plotting as a straight line on semi-

Shear velocity is proportional to the slope of
Bagnold (1941, p.51)

logarithmic paper (Young, 1989).

the velocity profile in the constant stress region.



demonstrates the factor of proportionality to be 5.75. Shear velocity is related

to the horizontal surface shear stress (tr) by the expression:

du

T = (M + T])-‘E Eq 2.4,

where u is the laminar eddy viscosity (cm2.sec1):

n is the turbulent eddy viscosity (cm2.sec1): and

du . .
— is the velocity gradient.

dz

or
T = pU,,,2 Eq. 2.5.

Turbulent eddy viscosity can be expressed as:

2 du

_ (7 )22 Eq. 2.6.
n=pl(l,) 7 q

[gnoring the negligible effects of laminar viscosity within the turbulent

boundary layer and substituting Eq. 2.6. into Eq. 2.4.:

d_u_ ___r Eq. 2.7.

Eq. 2.8.

Integrating the above equation yields the logarithmic wind velocity profile of

Eq. 2.3.
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(iv) The wake region of the boundary layer.

Above the constant stress region there exists, in all boundary layers, a wake
region. In natural environments the constant stress region of the boundary
layer is of sufficient vertical extent for the wake region to be inconsequential
to the collection of velocity data for particulate transport studies (McKenna

Neuman & Maljaars, 1997). Even during saltation there is a large region of

grain free air where the 'Law of the Wall' can be applied.

Originally, wind tunnel studies followed the same ideology as field studies for
the calculation of shear velocity, i.e. the application of the 'Law of the Wall' to
the whole of the constant stress region of the velocity profile during clean air
conditions, and the grain free region of the velocity profile during conditions
of sediment transport. This methodology, however, failed to acknowledge the

complexities of constrained flows.

Under certain experimental conditions in a wind tunnel the boundary layer
may be composed of both the constant stress and the wake regions (see Fig.
2.4.). In such conditions, the wind tunnel velocity protile, even in clean air, is
non-logarithmic. The deviation from the logarithmic profile at height is due

to the higher velocities associated with the wake region (Janin & Cermak, 1988;

Spies et al., 1995).

The existence of a wake region does not preclude the calculation of shear

velocity from the constant stress region of a boundary layer. In small wind

tunnels, however, the existence of a wake departure limits the vertical extent

of the constant stress region and thus the data available. During saltation,

furthermore, the constant stress region may be entirely engulfed by the

saltation layer.
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1o permit the calculation of shear velocity from velocity data collected within

the entire depth of the wind tunnel velocity profile (including data from the

wake region) Spies et al. (1995) contend that Coles (1956) 'Law of the Wake'

must be employed. The 'Law of the Wake' provides a full description of a non-
logarithmic velocity profile:

(u“)\ = lln(—-g:-) +C +-1—]—w<—y—) Eq. 2.9.

\U.] &
where y is distance from the boundary (cm):

C 1s an integration constant equivalent to the surface roughness;

. 0,
IT is Cole's boundary layer profile parameter, IT = k( 63‘”) -1;

0 is the displacement thickness (cm):

U, is the free-stream velocity (cm.sec!): and

w{-)i) is the wake function equal to 2sin” ( —I-I-) {l) :
\ & \2/\6

The dependency of the boundary layer parameter, I1, on shear velocity, the
parameter ultimately required, complicates the use of the 'Law of the Wake".
However, attempts to calculate the value of the boundary layer parameter have
been made from extrapolations of the non-dimensional velocity profile to its
intersection with the ordinate axis (Coleman, 1981; Spies et al.,, 1995). Using
this method and measurements made by Klebanoff (1954, in Spies et al., 1995),

Coles estimates IT to be 0.55 for clean air profiles with a zero pressure gradient.

(A value later confirmed by White and Mounla, 1991).

The existence of a wake deviation in wind tunnel velocity profiles is not
detected by all aeolian researchers. McKenna Neuman and Maljaars (1997) do
not record a deviation in their clean air velocity profiles. This result is
essentially due to the greater vertical extent of their wind tunnel, as compared
to the Queen Mary and Westfield wind tunnel employed by Spies et al. (1995).

Secondary influences also include the use of a suction wind tunnel (Coles,
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1956) and a marginal range of experimental velocities (Y+<4000, McKenna
Neuman & Maljaars, 1997, see Fig. 2.4.).

The existence of a wake departure in a compressed boundary layer is obviously
dependent on the design specifications of both the wind tunnel and the
experiments. In the Queen Mary and Westfield wind tunnel, the clear
deviation from the logarithmic velocity profile during clean air conditions
supports the existence of a wake region. As a result, the 'Law of the Wake' is
considered arguably the most correct method for the determination of shear

velocity from velocity profiles generated within that environment.

(2.2.) SEDIMENT TRANSPORT.

(i) Aerodynamic entrainment.

'Fundamental to sediment transport is the turbulent transfer of momentum

from the fluid to the bed' (Bauer et al., 1992, p.453). The force of the wind on a
particle at rest results in lift and drag forces. Vertical lift is generated by the
acceleration of flow over a grain (Sarre, 1987). The lower pressures

accompanying higher velocities (Bernoulli's equation) produce an upward

suction or lift (Bagnold, 1956, 1973).

Drag acts horizontally in the direction of the wind and is the main process in
operation downwind of a leading edge (Willetts et al.,, 1991). Drag includes two
components. Surface drag is the skin friction between the particles and the
air and form drag is produced by the difference in pressure between the
windward and the leeward sides of the particles. Once the forces of lift and

drag exceed the collective gravitational weight and cohesive forces of the

particle, entrainment results.

Bagnold (19-41) describes the threshold movement of particles due to the direct

pressure of the wind, for the whole bed, by:



1
I o - 2
Us, = ( . p) dg] kEq. 2.10.

A 1s a coefficient dependent on grain characteristics, a value

between 0.1 (Bagnold, 1941) and 0.17 (Lyles & Krauss, 1971)

o is the density of the sand (g.cm3):

’

d is grain diameter (cm); and

§ 1s acceleration due to gravity (cm.sec?).

The minimum threshold velocity for entrainment occurs at a grain-size of
approximately 0.08mm (see Fig. 2.5.) For grain-sizes <0.08mm, the coefficient A
is inversely proportional to grain-size due to the higher resistance of finer
material (Bagnold, 1954). The relationship between the coefficient A and

grain-size for fine material is well described by the Shields entrainment

function (Miller et al., 1977; Shaw, 1988).

Numerous equations describe the entrainment threshold for specific grain-
sizes. However, aerodynamic entrainment of particles only occurs when the
turbulent intensity of the boundary layer produces instantaneous shear

velocities (U, ) greater than the fluid threshold for the particles (U.,) (see Fig.

2.6.). Both these factors are variable in time and space.

The entrainment threshold of unimodal particles was evaluated by Williams et
al. (1990a, 1994) in a wind tunnel (downwind on a flat plate) using a single
erain depth strip of bed. Through time, at any location, the sand bed erodes
according to an inverse exponential function proceeding upwind from the

downwind edge (Williams et al, 1990b). Spatially, the threshold for particle
entrainment (U, ) decreases downwind (Williams et al., 1990b, 1994). However,

the time for total erosion of the bed strips increases downwind due to the

increased turbulence reducing the proportion of time when U, >U;,.
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(a) No entrainment

(b) Threshold conditions

P(U+j) and P(U+;), arbitrary scale

(c) Aerodynamic entrainment

Fig. 2.6. Probability distribution of the fluid threshold and transport conditions. (modified from
Williams et al., 1994, p.321).
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For any particular particle a unique fluid threshold can be defined according
to 1ts location and time (Grass, 1970). However, the range of entrainment
threshold velocities for any particular sediment is much larger than expected
(Williams et al., 1994). Practically, therefore, the spatial and temporal
variability in the aerodynamic entrainment threshold of a particle is best

described by a probability distribution function (Williams et al., 1990a, 1994).

(ii) Grain transport.

There are three main modes of transport: suspension, saltation and creep.
Fach mode of transport is differentiated approximately by grain-size
(suspension <70um, saltation 70-500um, creep >500um) but no exact distinction
exists (see Fig. 2.7.). Grains travelling in suspension follow the turbulent
motion of the air. Some distinction, however, can be made amongst suspended
particles. For example, modified saltators are grains that are sometimes heavy
enough to overcome the high turbulence of air and descend close to the
ground. Grains finer than 20um generally remain aloft indefinitely (Pye,

1987). Each mode of transport does, however, depend on the wind velocity.

'Saltation' is from the Latin word saltare meaning 'to hop' or 'to leap'.
Sediment transported in saltation is viewed as a cloud of grains bouncing
along the surface (Lancaster & Nickling, 1994). Saltating grains follow
deterministic trajectories (Anderson & Halft, 1991). A typical 'ejected’ grain

trajectory is characterised by an initially steep ascent, 40-60 degrees to the

horizontal (Nalpanis et al., 1993; Rice et al, 1995), followed by a parabolic path

such that the particle returns to the surface with a small impact angle, 10-16

degrees to the horizontal (Bagnold, 1941; Rumpel, 1985).

Within the saltation layer the density distribution of grains decreases

exponentially with height (Bagnold, 1941; Williams, 1964). Although a

saltating grain in desert environments may reach 1.50-2m (Bagnold (1941)
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most grains travel within 1-2cm of the surface (Sharp, 1963). Vertically the

grains are segregated by size (Belly, 1962, in Sarre, 1987; Stout & Zobeck, 1996
Stetler & Saxton, 1996), smaller particles tending to travel at higher levels
(Greeley et al, 1983). At any height the sediment size in transport increases

with increasing shear velocity (Williams, 1964: Gerety, 1985; Leys & McTainsh,
1996).

Creep is the movement of large particles (up to six times the size of the
saltating grains) on the surface in response to impacting ‘nudges’ from
incoming saltating grains (Rice et al., 1995). Bagnold (1937) calculated that
approximately 25% of grains in motion move by creep. The ratio between
particles in transport by creep and those by saltation does not vary with wind
speed. It does, however, vary with the size distribution of the sand bed

population, i.e. a high proportion of large particles causes more grains to

move in saltation (Bagnold, 1941).

There are no sharp distinctions between the main modes of sediment
transport, rather zones of transition. Between saltation and suspension there
are some particles, termed 'modified saltators', that display characteristics

common to both regions, i.e. semi-random particle trajectories. In the
transition between creep and saltation a population of low energy reptating

grains exist. Reptating grains, unlike saltating grains, do not have the energy

to continuously rebound (Ungar & Haff, 1987; Haff & Anderson, 1993). Both

populations of grains, however, are generated via the impact of an existing

saltating grain with the bed.

(iii) Grain/bed collisions: the ’'splash’ function.

Transport processes are initiated by direct aerodynamic entrainment (Willetts
et al.. 1991). Once the sediment has been set In motion the impact of saltating

orains with the surface act as 'seeding agents' for further dislodgements. The
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change from an aerodynamically controlled, to an impact-dominated transport

system was recorded by Bagnold (1941) in the reduction of the threshold

velocity from the fluid to the impact value (see Fig. 2.5.).

The impact threshold velocity is approximately 80% of the fluid threshold
velocity. The impact threshold can still, therefore, be described by Eq. 2.10.
but with moditication of the coefficient A from 0.10 to 0.08. The decrease in
the threshold velocity with the development of the saltation system represents

a hysteresis, less energy being required to maintain than initiate motion.

An impact of a saltating grain with the surface rarely occurs at a single site.
More commonly, the impacting grain 'ploughs through the surface grains,
hitting several on its way' (Rice et al.,, 1996, p.21). The distance a grain covers

as it hits the ground is known as the average bed contact length (Rice et al.,

1990).

On impact with a cohesionless bed of sand sized particles a saltating grain has
over a 94% chance of rebounding or being replaced by another single ejecta
(Mitha et al., 1986). When a saltating grain ricochets from the bed it retains
50-60% of its original velocity; the remaining 40% is lost in the ejection of a

number of other grains and the dissipation of energy to the surface (Rice et

al., 1990).

Grains ejected from the bed, in general, travel at one tenth the speed of the
impacting grain (Rice et al., 1990). Although ejecta can emerge at any angle
between 0-180 degrees, most travel between 40-60 degrees, faster ejecta
moving at lower angles. The number of grains ejected from a saltator impact
with the bed is termed the 'mean replacement capacity'. Fewer grains are

ejected as the average bed contact length increases (Rice et al., 1996).

In the early stages of development of the saltation system the mean

replacement capacity is large. The 'exponential growth in mass flux is only
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curtailed when the extraction of momentum from the wind is sufficient to

alter significantly the wind velocity profile, which in turn alters the Impact

velocity of the grains' (Anderson & Hatf, 1988, p.822). With time and distance,

the number of ejecta from each grain bed collision declines.

At a mean replacement capacity of unity, the wind is imparting only sufficient
energy to the grains in transport to maintain, following the grain bed
collisions, that original rate of transport of sediment. For any additionally

entrained grain, therefore, another grain must be deposited. At this state the

saltation system is technically in equilibrium.

Mathematically the grain bed collision has been described in a statistical
'splash function' (Ungar & Haff, 1987; Werner & Haff, 1988: Anderson & Haff,
1991). Incorporation of the 'splash function' into numerical models has
permitted the more physically correct generation of an artificial saltation
system. The only remaining limitation of the 'splash function' is the lack of
cross-width spatial variability. An additional related factor may also be the
need to continue to incorporate direct aerodynamic entrainment during

impact processes, especially for grains of low sphericity Rice (1991).

(2.3.) SALTATION MODIFIED WIND VELOCITY PROFILES.

(i) Extraction of momentum by the grains in transport.

The 'law of the Wall' describes the velocity profile within the constant stress
region of the boundary layer only during clean air, neutral adiabatic
atmospheric conditions, over a homogenous surface (see Ch. 2.1.(iii)). The

application of the logarithmic equation to a velocity profile measured during

saltation is not appropriate without modification.

Bagnold (1941) was the first to document the influence of the saltation cloud

on the wind. He realised that the grains were not only accelerated by the
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wind, but the wind itself was decelerated by the sand (Bagnold, 1935). In time

this reactive mechanism should lead to the attainment of equilibrium

transport conditions (see Ch. 2.2.(iii)).

bed are
less than their clean air equivalent (Gerety, 1985, see Fig. 2.8.). The deviation

Within the saltation cloud wind velocities at g given height above the

in the near-bed velocities during saltation, compared to those extrapolated
from the clean air velocities above the saltation cloud, produces a non-

logarithmic, 'kinked' velocity profile (McEwan, 1993).

Bagnold (1937, 1941) interpreted the 'kink' in the velocity profile as the height
of maximum sand transport (i.e. within 1-2cm of the bed (Sharp, 1963, Ch.

2.2.(i1))). Using the assumption of a characteristic saltation trajectory all the

grains attain the bulk of their momentum from the wind at the top of their

trajectory. It is at this height also that the grains impose the maximum drag

on the air.

The velocity dependency of the height of the 'kink' in the velocity profile
supports the hypothesis of Bagnold (1941). However, Anderson and Haff (1991)

have shown the characteristic grain trajectory proposed by Bagnold (1941) to
be an oversimplification of the saltation system. The 'kink' in the velocity

profile has, therefore, been re-addressed by McEwan (1993) from first

principles.

In all fluid flows total shear stress is constant with height. In clean air total

shear stress is simply fluid shear stress. During sand transport total shear
stress within the saltation layer is composed of two complementary

components: grain borne shear stress (Owen, 1964); and fluid shear stress

(McEwan & Willetts, 1993a, 1993Db).

If it is assumed that fluid shear stresses are constant with height, i.e. as 1In

clean air, then the 'Law of the Wall’ describes the velocity profile (see Ch.
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Z2.1.(iii)). By deduction, therefore, if the 'Law of the Wall’ does not describe the

velocity profile then it is reasonable to assume that this is because fluid

shearing stresses are no longer constant with height (McEwan, 1993).

During saltation the vertical distribution of grains within the saltation laver is
used as a surrogate for grain borne shear stress. Grain borne shear stress thus
decreases exponentially as height increases. To maintain an overall constant

total shear stress within the saltation layer, fluid shear stress is at a minimum

at the surface rising to a maximum at the top of the grain layer.

McEwan (1993) uses a hyperbolic tangent to describe the fluid shear stress
distribution (see Fig. 2.9.). Unlike the triangular fluid shear stress
distribution, similar to Raupach's (1991) distribution within vegetation, the

hyperbolic tangent distribution has no discontinuity at the top of the saltation

layer. Instead, there is a 'kink' at z=10mm on the logarithmic vertical scale

and z=5.77mm on the linear vertical scale.

Both of the velocity profiles generated from the triangular and hyperbolic

tangent fluid shear stress distribution exhibit a curvature which is convex

upwards (McEwan, 1993, p.151, Fig. 6). Mathematically a 'kink' represents the

maximum rate of change in the velocity profile from the lower gradient

segment to the higher. Only the velocity profile based on the hyperbolic
tangent fluid shear stress distribution produces a mathematically definable

'kink'. The inflection point on the hyperbolic tangent fluid shear stress

distribution may, therefore, help to explain the 'kink' in the velocity profiles.

Overall, McEwan (1993) partly confirms the original hypothesis of Bagnold
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