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University of Washington
Abstract
BEDLOAD TRANSPORT OF MIXED-SIZE SEDIMENTS BY WIND
by Susan Calder Shaw

Chairperson of the Supervisory Committee: Professor j. Dungan Smith
Department of Geological Sciences

Natural sediments contain a range of particle sizes. The physics of bedload transport of nat-
ural sediment, therefore, is complicated by variability in response to the fluid of the different grain-
size fractions in motion, and by the nature of the collisions between moving grains and particles of
disparate mass composing the sediment bed. This work presents a theoretical model capable of
predicting the mechanics of motion of poorly sorted sediments in the bedload layer and the evolu-
tion of particle-scale topography of the sediment surface. The model consists of four components
that are coupled to predict the bedload-transport rates of grain-size fractions within a mixture.
They are: (1) a computer-generated sediment bed that reproduces the grain size-frequency distri-
bution and fully characterizes the physical properties of both the bed surface and subsurface; (2)a
saltation component that describes the ballistic trajectories of moving grains; (3) a collisional al go-
rithm that treats the behavior of grain-grain interactions at the bed in the presence of fluid forces on
the grains, by tracking the position of each moving grain relative to the sediment surface, such that
the exact location and geometric configuration of the collision site is known; and, (4) a fluid-
mechanical element that predicts the extraction of momentum from the wind by each grain-size
fraction and by the entire saltating mass, as a function of position in the flow. The model can be
used to predict bedload-discharge rates for a large range of flow conditions, sediment properties,
and grain-size frequency distributions, and, thereby, permits reliable computation of sediment
fluxes beyond the range of available experimental data.

Bedload flux of the sediment mixture is determined by calculating the product of particle
velocity times grain concentration for each size fraction and integrating over the height of the bed-
load layer to yield volume discharges of each fraction; the total bedload flux is the sum of the
fluxes for each grain-size fraction. Model predictions compare well with measurements made by

Yamasaka and lkeda (1988) for the same grain-size frequency distribution. A bedload-transport



equation, derived from regressions on model-predicted, fractional transport rates, is presented for
use in calculating size-by-size and bulk sediment fluxes.

Model predictions of grain saltation parameters, including particle lift-off speeds and
angles, agree with empirical data on particle motion in granular mixtures. The model quantifies
some of the experimental observations of mixed-size sediment transport that have been discussed
qualitatively in the literature, including modifications of grain-collision behavior with variations in
surface sorting, and it lays the foundation for examination of the origin and characteristics of
colian sedimentary structures, It also predicts significant variations in transport rates and collision
histories between homogeneous and inhomogeneous sediment mixtures, particularly at low trans-
port rates. The demonstrated sensitivity of grain-bed and grain-fluid interactions to the size-fre-
quency distribution of the sediment mixture emphasizes the importance of accurately accounting

for grain-size variations in numerical models of processes involving heterogeneous sediments.
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Chapter 1:  Introduction

During the last decade, the number of studies dealing with windblown sediments has
increased dramatically and contributed to a greater understanding of the physical processes associ-
ated with erosion, transport, and deposition in eolian environments. With rising worldwide con-
cerns over desertification and the finite capacity of hydrocarbon reserves in eolian stratigraphic
traps, among other critical resource considerations, the field of eolian studies has cvolved into a
multidisciplinary one, with researchers from diverse earth- and life- science fields seeking to define
better the basic dynamics of eolian processes. The number of new books and edited conference pro-
ceedings produced in the last few years (e.g. Barndorff-Nielsen ef al., 1985a; Nickling, 1986; El-
Baz and Hassan, 1986; Frostick and Reid, 1987; Kocurek, 1988; Hesp and Fryberger, 1988; Siever,
1988; Thomas, 1989; Fryberger et al., 1990; Nordstrom, 1990; Pye and Tsoar, 1990; Barndorff-
Nielsen and Willetts, 1991) attests to the rapid expansion of basic and applied eolian research. Cov-
ered in these volumes is a broad range of topics, from the physics of sand and dust erosion, trans-
port, deposition and diagenesis, to recent advances in the sedimentology and mineralogy of
windblown deposits, geomorphology of modern bedforms and landforms on Earth and other plan-
ets, dynamics of ecological change in eolian systems, impact of human activity on natural pro-
cesses, micrometeorology of eolian environments, reconstruction of past depositional settings, and
particle-fluid dynamical interpretations of eolian sedimentary structures,

Numerical modelling of transport and deposition phenomena on a sand-particle scale has
contributed significantly to the understanding of grain motion and aerodynamics over plane beds
and individual, simple, small-scale bedforms. These studies have relied largely on wind-tunnel
measurements of grain movement and transport rates for their motivation and verification. Thus
far, physically and mathematically based models of eolian transport mechanics have characterized
sand populations in the most elemental manner possible, namely as particles of uniform size and
shape mobilized under steady, uniform aerodynamic conditions. These simplifications have been
made to resolve the fundamental nature of particle and fiuid motion prior to introduction of stochas-

tic complexities of heterogeneous sand composition, grain irregularities, and flow discontinuities



into the problem. These foundation models, however, have not yet reached a level of sophistication
necessary for entirely predicting the dynamics of granular interactions and bedform behavior
observed in field or experimental studies. One reason is that natural sediments in any transporting
environment always contain a range of grain sizes. The interaction of multiple size fractions and
their differential momentum exchange with the wind ultimately dictates: (1) the spatial and tempo-
ral variability in sediment fluxes; (2) the generation of bed-surface protrusions giving rise to bed
instabilities that form small-scale sedimentary features like ripples; and (3) the patterns of grain
sorting and packing that produce distinctive stratigraphic laminae in modern and ancient eolian
deposits. Therefore, one critical link between studies of particle-fluid energetics and the physical
interpretation of erodible-bed morphology, so far incompletely made, lies in understanding the
dynamics of heterogencous sediment mixtures.

At present, there are no comprehensive, physically based models of eolian, mixed-size sed-
iment transport that can reproduce the complex interactions between the air, the moving sand pop-
ulations, and the evolving bed topography. The work presented in this dissertation is intended as a

step in that direction,

1.1 Mixed-grain sediment-transport systems

Bedload-discharge rates in any natural eolian environment are modified by the nature of the
interactions between the solid and fluid components. As individual sand grains accelerate from the
bed surface, they extract momentum from the air, thereby modifying the wind-velocity profile near
the ground and the ability of the air to sustain energetically moving grains. In mixed-grain sediment
systems, there is no single air threshold velocity for granular transport, but rather a suite of threshold
velocities in which each value corresponds to a discrete grain-size fraction present in the sediment
mixture. Modification of the wind profile through momentum exchange varies as a function of the
number of grains in transit from cach size fraction, at successive heights above the bed surface.
Sands from an inhomogeneous sample are mobilized and transported at rates quite different than
grains of the same dimension in a uniform-sized sample, as has been shown experimentally in both

air (e.g. Bagnold, 1941; Gerety and Slingerland, 1983) and in water (e.g. Gilbert, 1914: Iscya and



Ikeda, 1987; Wilcock and Southard, 1989). In addition, the ability of a moving grain to eject others
during collision with the bed surface depends on the relative masses of the particles involved.
Hence, the degree of sorting of the particle mixture directly dictates the complexity of both the
grain-fluid and grain-grain interactions during a sediment-transport event. To describe the mechan-
ics of heterogeneous sediment transport, therefore, requires an accurate assessment of the sediment
properties of the mixture,

Eolian sediments are classified in four distinct groups (e.g. Siever, 1988), based on their
grain-size frequency distribution and dominant transport mode: lag or interdune accumulations,
dune sands, loess, and dust. Lag accumulations, interdune deposits, and sand sheets typically con-
tain poorly sorted, coarse sediments (e.g. pebbles, granules, coarse sands) that have been winnowed
of their finer fraction and might move only cpisodically by individual grains creeping or rolling
along the surface. Dune sands generally are composed of more well-sorted particles, with a median
grain size of 0.125mm to 0.50mm (i.e. fine to medium sands), which move as bedload by rolling or
hopping across the bed surface. Loess, consisting mainly of 0.01mm to 0.07mm grains (i.e. silt),
usually is transported as suspended load. Dust, which includes the finest silt and clay fractions
(<0.01mm), frequently is carried in suspension over hundreds of kilometers (Pye and TSoar, 1990).
Examples of these four sediment types are numerous throughout eolian depositional environments,
although intergradational deposits form in marginal systems, as, for example, in the high desert
environment of central Washington State where isolated dunefields merge with loess deposited
regionally during the Pleistocene glaciation. Given the abundance of eolian sands in the modern
and ancient geologic record, this dissertation treats the case of dune-size sediments.

Eolian ripples and dunes, with relatively few exceptions, are composed of grains of sand size
(i.e. 2mm to 0.063mm on the Udden-Wentworth scale). These sand particles migrate primarily by
saltation, that is, by the hopping of grains across the bed in a series of strongly asymmetric trajec-
tories. A second mode cf transport accounting for approximately one-quarter of the total bedload
flux (e.g. Bagnold, 1941; Anderson et al., 1991) is surface creep. This is the mechanism whereby
grains skip across the bed in short trajectories, rarely losing contact with its surface. The differences

between surface creep and saltation are gradational, and it can be difficult to segregate the two, espe-



cially under field or experimental observation. However, it is conjectured (e.g. Anderson ef al.,
1991) that saltating particles receive most of their forward momentum through dynamic exchange
with the horizontal component of the wind-velocity profile, while those in surface creep move for-
ward through impact with saltating grains returning to the bed. At low transport stages where the
local boundary shear stress just exceeds the critical value for initiating particle motion, grains can
roll short distances downwind along the bed surface. Rolling is a minor transport mode in sand mix-
tures, though, largely associated either with incipient motion at the onset or end of a wind gust, or
with particles dislodged by a glancing collision that imparts insufficient momentum to propel them
upward from the bed. At high transport stages where the fluid shear velocity exceeds particle sel-
tling velocities, grains may be propelled aloft through a combination of upward momentum gained
from energetic collisions with bed-surface grains, and turbulent fluctuations in the vertical compo-
nent of the wind-stream, resulting in particle suspension. This dissertation addresses the bedload
mechanics of rolling, creeping, and saltation under low to moderate transport regimes (i.e. the ratio
of the boundary shear stress to the critical shear stress for grain motion, Tk, is less than 8), the aver-
age conditions under which lower plane and impact-rippled beds develop.

The variation in particle sizes and densities across a sandy surface plays a leading role in the
evolution of bed texture (e.g. particle packing) because the bed-surface sedimentology directly con-
trols the grain-wind and grain-grain interactions responsible for the generation of texture. The
ability of wind-accelerated, saltating grains to eject particles from the sand bed through impact dis-
lodgment depends closely on the size-frequency distribution and packing geometry of grains
composing the bed, as well as the ratios of masses between a saltating grain and a stationary particle
with which it collides. Sand grains of particular sizes become selectively entrained or deposited
across a surface with irregular topography, resulting in development of particle-sorting patterns that
can vary both spatially and temporally. The effect of small particles becoming trapped in the inter-
stices between larger grains and of big grains moving nearly continuously down beds effectively
smoothed by infilling of pocket irregularities with small grains has been well-documented in wind-
tunnel motion photography.

Grain sorting patterns can vary widely in the direction of downwind transport. For example,



on a typical windward dune face, where transport occurs primarily through creep and saltation, sort-
ing patterns grade from poorly sorted, coarse sands at the base to gradually finer, better-sorted sands
up the stoss side (e.g. Bagnold, 1941; Folk, 1971). Local variations may also occur between rippled
and non-rippled surfaces on a dune face or planar bed, as well as between internal stratigraphic lam-
inae of individual secondary bedforms. Active bedload-transport zones on windward dune faces
typically contain fairly narrowly distributed, unimodal sands, from which the finer fractions (e.g.
silts, dust, clay) have been winnowed through transport. Conversely, interdune flats and other defla-
tion areas comprise broadly distributed, usually bimodal deposits of coarse lag grains and interstitial
fines that have been dropped from the suspension layer (e.g. Binda, 1983). For example, of nearly
500 inland and coastal dune samples collected worldwide (see Ahlbrandt, 1979), sands were found
to be moderately well-sorted (G sorting values of 0.5 - 0.7, where O is the inclusive graphic stan-
dard deviation) with a mean particle size in the fine-sand range (0.13mm to 0.35 mm), The best
sorting appears to occur in fine sands, as they are most easily mobilized through saltation and sur-
face creep. The sand samples modelled in this work are of similar to sli ghtly coarser sorting

characteristics than those summarized by Ahlbrandt (1979).

1.2 Need for a theoretical model to describe mixed-grain sediment transport

The purpose of this work is to formulate a theoretical model for the transport of eolian sedi-
ment mixtures as bedload. A clear understanding of the dynamics of mixed-grain-size sediment
motion is of fundamental importance to many diverse areas of geological science and engineering,
where solutions to sedimentologic and geomorphologic problems require a detailed physical
knowledge of the mechanics of erosion, dispersion, and accumulation of sediments with a variety
of compositions.

For example, sediment-transport models, coupled with bedform-generation algorithms, pro-
vide a means for reconstructing the evolution of sedimentary textures and small-scale structures
found in ancient and modern sands, as a basis for paleoenvironmental interpretations. Sedimentary
structures are valuable tools for identifying depositional environments. Fine-scale laminations or

“translatent strata", which are produced by migrating wind ripples, represent the most common



microstructure found in eolian deposits, and they have been used extensively in analyses of outcrops
and cores to discriminate between wind- and water- generated deposits (Hunter, 1977; Kocurek and
Dott, 1981; Rubin and Hunter, 1987). Each lamina is formed by a single migrating ripple that is
maintained largely by collisions of energetically moving grains with a less-energetic population of
surface grains propelled forward by these impacts. Numerical models are essential for predicting
the physics of collisions between particles of different sizes and the nature of grain ejections from
the bed surface. A model that reconstructs the depositional mechanics of sand deposits also is
applicable to the study of fluid migration through porous media. Fine laminations in eolian strata
can reduce the permeability of the rock to fluid migration across laminations, thereby affecting
hydrocarbon production in ancient eolian sandstones (Fryberger and Schenk, 1988). The degree of
bed porosity in modern sediments can also govern the dispersion of groundwater and groundwater
contaminants (Freeze and Cherry, 1979).

Another goal of eolian studies is to predict the flux rates of grain-size fractions within natu-
rally distributed mixtures, and thereby to address erosion concerns in arid and semi-arid
cnvironments. These include migration of dunefields into arable regions, soil loss to croplands, and
deflation of desert surfaces, which result in long-term ccological change. The interactions between
the wind and transported sediments, which vary depending on grain size, ultimately dictate the spa-
tial and temporal variability in sediment fluxes, Variability in the flux rates of individual size
fractions leads to lateral and vertical sorting of the sediment bed, thereby influencing the textural
and compositional characteristics of depositional surfaces. Calculating sediment fluxes in poorly
sorted sediments, therefore, necessitates accurately predicting the size-frequency distributions and
densities of sand particles that will be entrained, transported, and deposited simultaneously under
varying atmospheric conditions.

The importance of a quantitative model, moreover, lies in its ability to predict aerodynamic
and particle-transport phenomena for a spectrum of flow and sedimentological conditions that can-
not be measured adequately, if at all, in laboratory or natural setti ngs. For example, the few wind-
tunnel measurements procured of sediment-transport parameters in mixed-size materials (e.g.

grain-collision geometries, particle velocities, particle-gjection distributions, sediment fluxes) have



been necessarily limited to lower transport-stage (1.0 < T« < 3.0) conditions for which detailed
observations of near-bed particle motion could physically be made without hi gh sediment concen-
trations obscuring the near-bed ficld of view. As significant sediment erosion and accumulation
typically occur during stronger flow events, when opportunities to make field measurements are rare
and the deposits left behind present only an incomplete record of active transport processes, a phys-
ically complete, predictive model is especially useful in reconstructing the coevolution of grain

motion, bed configuration, and air flow that existed during a given transport event,

1.3 Components of the model

The mixed-grain bedload model presented in this dissertation includes four algorithms for
predicting sediment-bed packing and porosity, the characteristics of individual and composite par-
ticle motion under a variety of acrodynamic and sedimentologic conditions, the structure of the
wind-velocity profile within the saltation layer during transport, and the discharge rates of each
grain-size fraction within a sediment mixture. These components are also required of a homoge-
neous bedload-transport model. In the mixed-grain case, however, they must be treated in a
sophisticated manner to address the collision mechanics of grains of unequal mass, the effective
roughness for the flow imposed by grains of different sizes moving within the bedload layer, and
the dynamics of momentum exchange for each grain-size fraction in transport.

The building block of this modetl is a theoretical algorithm for specifying the geometric con-
figurations of inhomogeneous sediment beds, which fully characterizes the grain size-frequency
distribution and the physical properties of the bed surface and subsurface. This component is then
coupled with others for grain-bed and fluid-bed interactions to evaluate the behavior of grains of
different sizes under a range of transport conditions. This algorithms also can be used to quantify
spatial and temporal variations in grain sorting and packing during sediment movement, Two-
dimensional beds are composed of poorly sorted sediment mixtures, by randomly distributing
grains from measured grain-size frequency distributions in the manner described in Chapter 2.
Computed sediment beds are developed to any desired multi-grain-diameter thickness. They are

allowed to evolve as the size-frequency distribution of the moving particles above the bed is



adjusted automatically to accommodate eroded and deposited grains at the surface, thus accounting
for any changes in bed-surface sedimentology that result from the transport process. Computed
granular-bed configurations are compared with available measurements of grain packing and bed-
pocket geomeltries, as well as photomicrographs of experimentally developed deposits (c.g. Pryor,
1973; Beard and Weyl, 1973; Ahlbrandt, 1979; Fryberger and Schenk, 1981; Schenk, 1983) to dem-
onstrate the validity of the model.

A second component characterizes the near-bed aerodynamic conditions and the interactions
between the wind and individual grains as they begin to move and then to saltate in sequences of
trajectories across the bed. The fluid-solid dynamical component couples a collisional algorithm,
describing the mechanics of grain-bed interactions, with the equations of motion for a sediment
grain in a transporting airstream, to predict saltation behavior. The nature of successions of trajec-
tories made by individual grains as functions of time, elevation above the bed, and distance travelled
downwind are calculated using the saltation model of Wiberg and Smith (1985).

The fluid-dynamical component of the model also contains an algorithm for evaluating the
modification of the near-bed vertical profile of wind velocity as a result of momentum exchange
between the fluid and the saltating grains. This strong interaction is largely responsible for shaping
the vertical profiles of sediment concentration for each grain-size fraction and, consequently, the
bedload-flux profiles for each fraction. Hence, to predict transport rates in heterogencous sedi-
ments, it is necessary to determine the structure of the near-bed fluid velocity field under diverse
flow and sediment conditions, as well as the form of the boundary-roughness parameter (z,), which
relates the geomelry of the sediment bed to the height of the bedload layer. Methods for computing
the vertical profile of downwind velocity and the roughness parameter have not previously been for-
mulated for poorly sorted materials. Since the structure of the wind velocity profile is not known a
priori, a numerical expression is developed herein to calculate the profile shape iteratively. The cal-
culation is constrained by the fact that, in order for saltating grains to achieve equilibrium with the
flow, each grain terminating motion on the bed is replaced, on average, by a particle ejected from
the bed. Determination of the velocity profile requires a knowledge of the critical shear stress at

which momentum reduction becomes significant and below which the flow cannot sustain grain sal-



tation. This critical shear stress for initiation of saltation is dependent on grain size, as well as on
the total local fluid shear stress. The values of the critical stresses for each sediment component
also are found iteratively. Through each iteration, the sediment-concentration and fluid-velocity
profiles are calculated by individual size fraction and then summed to obtain the integrated profiles
for the particular sediment-mixture and airflow conditions. Once the modified velocity profile is
known precisely, the exact height of the saltation layer and the value of the roughness coeflicient
(z,) enhanced by sediment transport can be computed.

A third component of the model addresses collisions between moving grains and the com-
puter-generated sediment bed, in the presence of fluid forces acting on the colliding grains and
particles composing the bed surface. The ability of a grain to eject a stationary particle on the bed
surface depends on the impact angle and speed of the incoming grain, the point of collision between
grains of unequal size or between a grain and a bed-surface pocket, and the ratio of grain masses
involved in the collision. This model is modified from one developed earlier (Calder, 1987) for uni-
form-grain ballistics and is described in Chapter 4. Collisions are stochastic in nature; the exact
location of contact between saltating and stationary grains, as well as the magnitude of the impact
angle and speed, are not known at first, Posing the granular arrangement of the bed particles explic-
itly, however, permits a deterministic solution to the grain-bed collision problem. The ballistic
paths and energetics of particle trajectories are determined by the saltation algorithm; as each grain
moves across the bed, its position is traced relative to known points along the bed surface, such that
when the grain approaches the bed, its collision with the first stationary grain it meets can be calcu-
lated exactly. The characteristics of grain rebound and ejection of particles from the bed surface are
predicted by the model and depend on the geometry and energetics of the collision. This algorithm
does not rely on experimental statistics of trajectory parameters, other than for independent verifi-
cation of results. Model predictions of collision outcomes are compared with the available
empirical information for similar size-frequency distributions procured by Willeits and Rice
(1985a, 1989) and Nickling (1988).

Coupling of the sediment bed, ballistic, grain-fluid interaction, and grain-bed collisional

algorithms permits calculation of sediment fluxes for specific size fractions under flow conditions



10

of interest. The coupling of these components is addressed in Chapter 5. Fractional transport rates
are then summed to derive bedload transport rates for the entire sediment mixture. In order to test
the mixed-grain bedload model, theoretical results are compared with a unique set of high-preci-
sion, wind-tunnel data obtained by Yamasaka and Ikeda (1988). Whereas numerous empirical
studies of sediment transport in water have been conducted, the experiments of Yamasaka and Ikeda
represent the only ones for which fractional transport rates were measured. Most of the existing
modelling efforts on the mechanics of sand mixtures have been aimed at creating transport func-
tions for total bedload discharge. Although based on physical principles for the relationships
between shear velocities and total mass flux, these models (e.g. Bagnold, 1936, 1941; Chepil, 1945;
Zingg, 1953; Kawamura, 1964; Williams, 1964; Hsu, 1973,1974; White, 1979; Hsu and Blanchard,
1991) employ empirical coefficients that limit their range of applicability to those sediment-trans-
port conditions under which the data were collected. Furthermore, Sarre (1987) found in a
comparison of several of these transport equations, that they predict widely varying sand-transport
rates for single values of grain size and shear velocity (us). The advantage of this numerical model,
therefore, is that it can be used to predict bedload-discharge rates for a large range of flow condi-
tions, sediment properties, and grain-size frequency distributions, and it thereby permits reliable
computation of sediment fluxes beyond the range of available experimental data.

This bedload-transport model provides an alternative hypothesis to the grain splash-function
models of Ungar and Haff (1987), Anderson and Haff (1988, 1991), Werner (1990), McEwan and
Willetts (1991), and others, which treat grain collisions statistically, based to varying degree on
observations of grain collisions in wind tunnels. In their models, the fluid mechanics of grain
motion are decoupled from the collision process, and greater emphasis is placed on ascertaining the
numbers of grains ejected by a single collision and on calculating the contact forces between all bed
particles associated with grain impact (c.g. Haff and Anderson, 1993). Alternatively, this model
emphasizes the complex coupling of the fluid-mechanical and collisional processes, whereby colli-
sions are described in an average sense by the dominant interactions between impacting grains, the
few grains at the bed surface with which they have direct contact, and fluid forces acting on the

grains. Both modelling approaches need to approximate certain aspects of the sediment-transport
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process, so that a basic, general model can be developed. Ultimately, a numerical model that incor-
porates the full complexities of the coupled fluid-mechanical and collisional elements, without
general approximations, may be developed; however, that stage has not yet been reached.

The contribution of this work, therefore, is a unified theory for the fluid- and particle- trans-
port dynamics of sediment mixtures in wind. Necessary input information to run the computational
algorithms are the grain-size frequency distribution of the mixed sediment of interest, the fluid and
particle densities, the fluid viscosity, and the boundary shear stress. This model is not limited to any
particular fluid environment, other than those represented by quasi-steady, quasi-uniform flows.
The bed-generation algorithm accommodates unimodal and multi-modal grain-frequency distribu-
tions and, with some modifications, can be adapted readily to address very different
sedimentologies, e.g. the poorly sorted mixtures of boulders, pebbles, and sand characteristic of flu-
vial environments and eolian lag deposits. The effect of particle-scale irregularities of the bed
surface obstructing the near-bed flow can be treated following a technique derived by Wiberg and
Smith (1987a, 1991) for fluvial sediments, which has been incorporated into the fluid-mechanical
component of the mixed-grain eolian model. Furthermore, the model can be extended to analyze
the flux of particles of each size fraction into suspension, by coupling the bedload flux calculations
for each size fraction with the component equations for suspended load transport. In addition, the
model lays the basic framework for future explorations of the variations in sediment movement
associated with differences in fluid properties, as well as the effects of mixed-density particle dis-

tributions and grain shapes on heterogencous-sediment transport rates.



Chapter 2: The Sediment Bed

The size and spatial arrangement of particles composing a wind-deposited bed exert a dircct
control on sediment flux rates by governing the geometries of grain-bed collisions and, thereby, the
success of saltating particles in rebounding and ejecting immobile grains from the depositional
surface. Unless the exact configuration of the granular bed is specified, it is impossible to predict
the actual geometry of a particular collision. Furthermore, the dynamics of subsequent trajectories
of any rebounding or ejected grains are extremely sensitive to the mechanical properties of the
collision. 'To model the fundamental mechanics of grain-bed interactions, therefore, an algorithm
is required that reconstructs the basic aspects of sediment-bed morphologies.

Very few attempts have been made to model theoretically the geometries of granular-bed
configurations. Most previous work has concentrated on materials of uniform size, primarily to
make the problem more tractable from an experimental and computational standpoint (e.g.
Deresiewicz, 1958; Mitha et al., 1986; Werner and Haff, 1986, 1988; Werner, 1990; Anderson and
Haff, 1991). In mechanical and chemical engineering, numerical models of mixed-size spheres or
disks have been developed to examine the internal stress fields in mobile granular aggregates.
Serrano and Rodriguez-Ortiz (1973) and Cundall and Strack (1979) both formulated discrete-
particle models in which interactions between all spheres in a rigid-walled container were traced in
two dimensions as disturbances originating at its boundaries propagated through the interior.
Dynamic equilibrium was considered to be achieved when the internal forces of the shearing
medium were balanced. These numerical experiments were performed in the absence of fiuid flow,
for a relatively small number of weightless spheres (i.e. <500).

Recently, Jiang and Haff (1993) have introduced molecular models in the sedimentological
arena, by adding water flow as the shearing force. These PDM, or particle dynamics method, models
apply explicit Newtonian mechanics to describe intergranular contact forces (i.e. frictional, elastic),
which can be coupled with models of particle and fluid motion to investigate grain migration within
and away from the sediment bed. Jiang and Haff generated initial beds by gravitationally settling

about 100 disks of two sizes onto a solid surface and allowing them to come to rest through inter-
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granular dissipation of kinetic energy. By incorporating algorithms to describe the motion of solid
and fluid components, they were able to examine preliminarily the sorting and vertical mixing of
bed particles, as well as the behavior of particle trajectories and mass fluxes within the saltation
layer. More recently, Haff and Anderson (1993) have utilized the PDM model to investigate the
sensitivity of grain response, following eolian saltation impacts on a simulated mixed-grain bed, to
the choice of intergranular dynamical properties. Because they considered intergranular dynamics
to be independent of fluid forces, their study had no aerodynamical component. The authors’
development of test sediment beds followed the approach of Jiang and Hafl, in which they used
particles of two diameters to represent the desired distribution of grains in the simulated bed and
deposited them gravitationally between two fixed walls to create an initial accumulation. To aid in
more rapid dissipation of kinetic energy, so that particles reach a terminal velocity quickly and settle
on the growing bed, they imposed a zero-velocity condition on all particles.

Examples of granular beds shown in this work are composed in a different physical manner.
This bed-generation algorithm constructs granular beds in two dimensions from measured
frequency distributions of grain size. The use of real distributions as model input allows direct
testing of simulated-bed characteristics, such as grain spacing, packing, and sorting, against their
measured counterparts, to determine how accurately the model simulates natural sediment-bed
configurations. Grain packing and orientation directly influence bed microtopography, which, in
turn, affects the interaction between the air mass, the moving particles, and grain-bed collisions
within the near-bed region. Therefore, a bed-generation model that describes the full size
distribution of a sediment mixture is desired in a unified theory for mixed-grain bedload transport.

Particles, chosen randomly from the grain-size distribution, are arranged according to basic
arguments of Euclidcan geometry for tangency of coplanar objects, to form the initial sediment bed.
Initial beds are constructed in the absence of fluid flow, such that the model does not impose
structural and sorting patterns commonly developed by wind working of deposits. Computed
sediment beds can be employed in two modes, either as: (1) short beds with periodic boundaries, a
technique common to the sediment-bed algorithms cited above, where grains leaving the downwind

boundary are re-entered at the same speed and clevation on the upwind side to simulate continuous
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transport within one bed cross-section; and (2) "infinite" or extended beds, where the histories of
individual saltating particles and any grains they set into motion are traced downwind continuousl y.
The first approach provides computational efficiency and is appropriate particularly when
considering the evolution of bed morphology in a localized reach, wherein only a representative
sample of the bed is needed. The latter approach is advantageous for sediment-transport
calculations, particularly for comparisons with measured data, because the probability distributions
of the bed grains and, therefore, of the particles ejected into the saltation layer, are more likely to
represent the full size-frequency distribution of the mixture than found in a shorter segment of the
bed surface. The algorithm, however, is not limited computationally in the number of particles
employed, as are the PDM-based models. Multi-particle-thick beds are subsequently subjected to
fluid-imposed shear stresses of increasing strength, to quantify changes in bed topography and
grain-transport behavior from the threshold of fluid motion to full-scale, steady, horizontally
uniform airflow.

The first step in generating a computerized sediment bed is to construct a randomly
composed, granular deposit in the absence of fluid flow. Most natural sand beds possess some
inherent lateral or vertical sorting associated with antecedent transport events, upon which new
windblown grains are dispersed stochastically. The objective of creating sediment beds initially
unworked by fluid flow, however, is to observe the development of sorting patterns as the wind
begins to blow and to quantify appropriately the fluid and particle mechanics responsible for their
growth, rather than assuming some internal bed structure qualitatively or arbitrarily. Prior to
sediment-transport calculations, the bed surface is smoothed of any artificial protuberances created
by grain placement in the absence of fluid and collisional forces; this is achieved by subjecting the
bed to weak airflows below the critical shear-velocity threshold. Computer-derived sediment beds
are tested against available observations of the geometric properties and surface-roughness
characteristics of natural and laboratory-generated, unworked sediment beds. This forms the basis
for later analyses of the morphometric variation in bed configurations under marginal through

moderate sediment-transporting flows,
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2.1 Grain-size distributions

The two grain-size distributions used as examples in this work were obtained from a dune
crest in Great Sand Dunes National Monument, southern Colorado (Ahlbrandt, 1979, Fig.22c) and
from dried fluvial sands used in wind-tunnel experiments performed in Japan (Yamasaka and Ikeda,
1988, Fig. 1). The former distribution is reproduced in Figure 2.1a and the latter in Figure 2.1c.
These samples were chosen with different purposes in mind, the former to verify the bed-
construction algorithm and the latter to test the ability of the integrated transport model to predict
measured sediment-discharge rates.

The Great Sand Dunes sample represents one of a relatively few for which grain-size
frequency distributions are given in discrete size fractions and additional information on bed
packing and porosity is available. Few measurements have been reported for both bed grain-size
distributions and packing geometries of typical, well-sorted windblown deposits. Instead, most
grain-size data are presented as moment statistics (i.e. mean, sorting, skewness, kurtosis) for the
purpose of differentiating eolian-dune from beach or fluvial sands (e.g. Shepard and Young, 1961;
Folk, 1971; Bigarella, 1972; Binda, 1983; Bui ef al., 1989), and from which it is difficult to
reconstruct the original frequency distribution of each phi-size fraction. These studies generally do
not contain any detailed sedimentological analysis of the deposits from which grain samples were
taken. Several field and wind-tunnel investigations, however, have been conducted of dune-crest
sediments from Great Sand Dunes National Monument (e.g. Burford, 1961; Ahlbrandt, 1979,
Fryberger et al., 1979; Andrews, 1981; Fryberger and Schenk, 1981; Schenk, 1983; personal data),
in which grain-size frequency distributions are plotted and information on bed packing can be
obtained from measurements and photomicrographs of experimentally produced strata.

Unfortunately, bedload-transport rates were not measured in the wind-tunnel studies of Great
Sand Dunes sediment. To verify the dynamical components of the transport theory, model
predictions of bedload discharge are compared with the Japanese wind-tunnel data sets. Whereas
the morphological details of their experimentally produced sediment beds were not reported,
Yamasaka and Ikeda (1988) do present the only known published eolian data in which transport

rates of each grain-size fraction of the sediment sample were measured. Given the present lack of
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empirical, mixed-grain-size data with which to evaluate predicted flow and sediment-transport
mechanics at the level of detail necessary for testing the numerical algorithms, comparison of
measured and theoretical bedload transport rates provides one of the only means for verifying the
ability of the model to predict the transport behavior of grain mixtures.

Measurements of grain-size distributions in natural deposits are usually reported in the form
of frequency histograms or cumulative-percentage frequency curves. Conventionally, histograms
plot grain diameter, measured in millimeter or phi units, against weight percent which represents
the weight of each sediment fraction converted to a percentage of the total sample (Figure 2. 1a, b).
Size analytical techniques, such as mechanical sieving or electronic particle counters, usually
partition size fractions into 1/4 phi units. Cumulative frequency curves show the variation in weight
percentage as a continuous function of grain size, so that several meaningful statistical parameters
can be displayed graphically; for example, the sample median is that grain size (¢50) for which half
of the particles, by weight, are coarser and half are finer (Figure 2.1c, d). Traditionally, grain-size
histograms of natural eolian sediments have been approximated by Gaussian probability functions,
or log-normal probability curves when using the logarithmic phi scale. More recently,
microsedimentological analyses of natural sands (c.g. Bagnold and Barndorfl-Nielsen, 1980;
Barndorff-Nielsen, e al., 1982; Fieller et al., 1984; Flenley, 1985; Christiansen and Hartmann,
1988), have demonstrated that both eolian and subaqueous grain-size distributions conform more
closely to log-hyperbolic density functions. These studies suggest that log-normal approximations
tend to remove the true asymmetry of real sediment distributions and underestimate the low
frequencies of the extreme, or "tail", end members.

Although the computer algorithm described here can accommodate size-frequency
distributions in any statistical representation (i.e. logarithmic probability functions, cumulative
frequency curves, histograms), the use of original data is preferred over probability density
functions fit to them. Probability-distribution plots typically are employed to smooth or simplify
grain-size data so that comparisons can be made between statistical characteristics (e.g. sorting,
skewness) of different samples. The objective here, however, is to reproduce as completely as

possible the exact size-frequency distribution of a sample, so that the relationships between the
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various size fractions in producing sediment-bed packing and porosity can be evaluated. The finer
and coarser fractions, which often are under-represented even in the log-hyperbolic suite of
distributions (Flenley et al., 1987), provide the sample inhomogeneity that promotes variability in
sediment-bed morphologies.

Using weight-frequency-percent data from any measured sample as input (e.g Figure 2. 1a-
d), the computational model determines, based on the weight of each size fraction reported, the
number of grains that may exist in each size class (e.g. 1/4 phi unit). A total sample weight is
assumed unless otherwise specified; with medium sands, for example, a sample chosen to weigh
0.5-1.0 kg will yield approximately 2000-5000 particles as input to the bed-generation routine.
Since the dimensions of each grain in each size class are not known a priori, the average grain size
of each class is used to generate an initial probability distribution of grain numbers per size fraction,
The number of grains of average size that can exist in each size class is determined by comparing
the measured or estimated weight of each fraction with the calculated weight as grains are added to
the sample, until these values coincide. This method provides an initial distribution of the number
of grains that are expected in each grain-size class.

From this nonuniform distribution of expected grain numbers, an iterative routine produces
arandomly sorted sample containing grains with the full range of permitted sizes in each class. This
routine employs a multiplicative-congruential generator method (Kennedy and Gentle, 1980),
where (0,n) random numbers, representing individual sand grains, are normally distributed about a
sample mean. Because most sand-size frequency distributions are asymmetric about the mean,
however, this approach has been modified to account for sample skewness. Rather than distributing
random deviates uniformly about the mean, the left and right limbs of the sample grain-size
distribution are trcated as discrete probability functions with the same mean but different standard
deviations. Hence, an expected grain-number frequency distribution can be defined by two density-
function curves, one applied to the left asymptote of the distribution and the other to the right
asymptote. A fifth-order polynomial equation is used to compute each curve so that the low-
frequency classes and tail-end members are preserved in the distribution. In Figure 2.2a, two curve

segments A and B are shown for the Great Sand Dunes grain-size distribution [sample mean (¢),,,)
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=2.1¢]. Curves A and B have been truncated at the sample mean. Curve A represents (%)
sample variates with a standard deviation of 0.400; curve B denotes (§,,+x) variates with a standard
deviation of 0.47¢.. These curves bound the distribution of grain sizes produced by the random-
number generator.

Random numbers, representing nominal grain diameters, are added to the calculated
distribution using a modified congruential-gencrator technique (Marsaglia’s Polar Method; see
Kennedy and Gentle, 1980, p. 133-264). This method generates two independent random numbers
(ny,n,) transformed as variates (v| = 2n;-1 and v, = 2n,-1), from which values of the x-axis of the

distribution are determined:

x=vi[-2In(vi2+v2) | (v2+v2)] 2. 2.1
The grain diameter (¢) is equal to:
¢ =x (o4 - ¢m); ¢=x(op+ ¢m); (2.2)

where 0 and op are the standard deviations of probability-density functions A and B, and ¢, is
the sample mean. In addition to the weight-frequency-percent distribution, this algorithm requires
two random seeds as input variables. Random-number generation proceeds iteratively until each
size class of the distribution is filled with the appropriate number of grains to yield a sand sample
whose size fractions correspond in weight to those of the original weight-frequency-percent
distribution. Randomly produced grains are listed sequentially in a file for input to the bed-
construction algorithm.

Examples of grain-number frequency distributions of particle size calculated by the model
are plotted as histograms in Figures 2.2a and 2.3a. In both cases, curves (A, B), which were
cmployed to delimit the dispersal of generated random variates, are shown with the final model
prediction of grain-number statistics. Points on the curves represent the initially expected numbers
of grains of average size in each class, based on size-fraction weight limits. Comparison of these
values with the final number of grains in each class shows some variability between the anticipated
and predicted outcome, due to the fact that the random assortment of grains composing the fraction
contained either more coarse grains or fine grains than the expected average. Since the coarser

grains in a particular class weigh more than the finer ones, the permitted weight of each fraction
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may be achieved with relatively fewer coarse grains than expected if all the grains were of mean
size. The converse holds in size classes where the model predicted more fine grains than estimated
using the mean grain size. The final predicted grain-number frequencies correlate with the expected
frequency curves (A, B) at a 98% confidence interval.

The distribution of grain numbers per size fraction presented in Figure 2.2a was generated
from the weight-frequency-percent histogram of Great Sand Dunes fine-to-medium sands shown in
Figure 2.1a. Assuming a total weight of 20 grams, given that the original weight of the collected
sample was not reported, this sample produced approximately 2500 sand grains with a slight skew
toward the finer fraction (e.g. sorting of the finer fraction is 47% (i.e.0/m = 0.47), compared with
40% of the finer tail). Weight-frequency percents for each phi fraction calculated from this output
of randomly generated grain sizes (Figure 2.2b) correlate with the measured weight probability
densities for corresponding fractions at the 95% confidence interval. Grain statistical parameters

determined from the measured and predicted weight-frequency distributions agree closely:

measured sample calculated sample
16=2'56 [D16=017mm] 16=2'44 [D16=O.18mm]
50=2.10 [Dsg=0.23mm] s0=2.08 [Dsg=0.23mm]
84 = 1.80 [D84 = (.30mm] 84 = 1.80 [D84 =0.30mm)]

Grain statistical parameters calculated from the grain-number frequency distribution rather
than by weight, however, exhibit slightly greater sample variance, with (b 16=2.76 (D;6=0.15mm),
¢50 =2.32 (D59 =0.20mm), and ¢84 = 1.85 (Dg4 = 0.28mm). The median grain size by number of
grains weights the nominal diameter of each particle equally. Because there are many more fine
grains in a size fraction of a given weight than coarse grains in a class of comparable weight, grain-
number frequency distributions in most cases are skewed toward the finer size fractions. Hence,
grain-statistical parameters (e.g. the median) computed by number of grains for a poorly sorted
sediment sample may be considerably smaller than the corresponding statistics calculated by
weight. Originally, grain-size percentile measures were defined on the basis of grain weight (e.g.
Lindholm, 1987), although some studies prefer to report statistical parameters of particle size as a
function of grain number, perhaps resulting from the sample-collection methods used (e.g. Miller

and Byrne, 1966). Given the differences shown above in the percentiles computed by grain weight
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versus number, however, it is evident that these two statistical methods are not interchangeable, To
maintain a basis for comparison of the empirical and theoretical results of this study, sample
statistics will be given henceforth by weight percentile.

Figure 2.3 compares theorctical grain-distribution results for the sand sample used
experimentally by Yamasaka and lkeda (1988). This sample is noticeably more negatively skewed
than the previous example (e.g. compare Figures 2.1a and 2. 1b), with a fine-tail sorting of 18% and
a coarse-tail sorting of 47% (Figure 2.3a). The weight-frequency curve calculated from the
predicted grain-number probability distribution is nearly identical to the measured curve, at the 99%

confidence level. Grain statistical parameters are essentially the same:

m red sampl calculated sample
D16 =0.32mm Dl() =0.32mm
Dsgg = 0.68mm Dgp = 0.68mm
Dg4 = 1.35mm Dg4 = 1.36mm

2.2 Bed-generation algorithm

Once a size-frequency distribution by grain number has been generated from a specified
weight-percent probability distribution, particles are selected randomly from it and placed
sequentially along the evolving surface of a two-dimensional sediment bed. The initial layer of
grains is deposited on a flat surface, which serves as the foundation for successive bed layers. Ten
to 30 layers of grains typically provide a sufficiently thick, inhomogencously arrayed bed for
evaluating the mechanics of sediment transport and the subsequent topographic evolution of the bed
surface.

Particles are represented as spheres of nominal diameter (e.g. a sphere with the same volume
as the natural grain) and quartz density (p; = 2.65 x 10° kg/m>), Spherical particle shapes are a
suitable approximation in a large percentage of eolian environments, in which the asperities of sand
grains are removed over time by intergranular abrasion, fracturing during collision, and chemical
weathering (e.g. silica dissolution). Fourier-shape analyses and other computerized micrographic
evaluations of sand samples from natural deposits demonstrate that grains become particularly well-

rounded in the active sediment-transport zones of dunefields that are derived from older, weathered
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sedimentary units (Mazzullo et al., 1986; Pye and Tsoar, 1990) . Most of the sand comprising the
Great Sand Dunes system derives from Precambrian granites and Paleozoic sandstones that have
been continuously reworked and rounded by a combination of marine, fluvial, alluvial, and eolian
processes (Johnson, 1967; Andrews, 1981).

In the model, the basal layer of grains is deposited on a horizontal surface to avoid imposing
initial microtopographic irregularitics that might influence the geometric array of overlying
particles. Grains are selected sequentially from a file of particle diameters, obtained using the
previously described random-number generator routine, and placed in an appropriate geometric
configuration with other grains in the bed. In the basal layer of the bed only, this arrangement is
determined by the angle of repose ((j)o) of a given particle and its diameter (D) relative to the
average diameter of the grains composing the bed (ky); see Figure 2.4a. The particle angle of
repose, also called the friction or bed-pocket-geometry angle, is a fluid-mechanical measure of the
ability of a resting particle to move upward and out of a pocket formed by adjacent stationary grains.
At any value of the boundary shear stress, a stable bed-pocket geometry is one in which the
combined forces of effective particle weight and intergranular friction, acting to keep a particle in
its pocket, outweigh the combined, fluid-induced forces of lift and drag promoting its entrainment.
Fluid forces acting on a resting grain are reduced if its protrusion relative to the top of the pocket is
minimized.

At present, no analytical theorem exists for predicting the bed-pocket-geometry angle
between grains of disparate size, largely due to the difficulties encountered in measuring micro-
scale properties of natural beds and to the stochastic nature of grain packing and relative protrusion
in poorly sorted sediments. The bed-generation algorithm, therefore, employs the semi-empirical
method of Wiberg and Smith (1987b) to set the realistic spacing of grains at the base of the bed.
Nonetheless, the manner in which grains are distributed across the basal plane is relatively
unimportant because any topographic expressions of the basal layer are masked by successive
layers of grains comprising the bed.

Wiberg and Smith (1987b) developed a geometric expression for (1)0 from analyses of grain

angle-of-repose measurements made by Miller and Byrne (1966) for test grains of varied diameter
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positioned randomly on different types of natural sediment beds. Sediments, both dry and wetted,
were adhered to a tiltable plane, which allowed measurement of the angle at which loose, test grains
rolled from their pockets. Experiments were conducted with beds composed of angular grains
(crushed quartzite), sub-rounded grains (nearshore sands), and spheres. Wiberg and Smith re-
analyzed the empirical data to obtain the following geomelric relationship for grain angles of repose

as a function of test grain diameter (D) and the average diameter of the bed grains (k)

D, /k +z, il 23

% = “°°S[5W

where z; is the average level of the bottom of the grain residing in the bed pocket (Figure 2.4a) and
the subscript m denotes the sediment component of interest from the frequency distribution of grain
sizes. For the sub-rounded grain class, which bears the closest rescmblance to natural eolian sands,
this expression agrees most closely with the experimental data if (D /k) > 0.5 and z; = -0.02
(Figure 2.4b). For (D/k,) < 0.5, the bed-pocket angle ¢, is given by the power-law relationship
(Miller and Byrne, 1966):

0, = c,(D,/ k)P 24
where the regression coefficients ¢, = 61.5 and § = 0.3.

A representative basal bed section, composed from the Great Sand Dunes particle-frequency
distribution, is shown in Figure 2.5a. In this example, randomly chosen grains are spaced according
to the (b,, vs. Dy /k; relationship, in which the average bed-grain diameter ky = D5g=0.23mm. These
grains are denoted as dashed disks or circles in the figure; solid-lined disks signify overlying grains
of diameter Dy,

Successive layers of the bed are formed by adding grains from the calculated size-frequency
distribution and placing them in geometrically viable positions relative to the rest of the bed grains.
Each grain, D,,,, added to the developing bed surface is permitted to move from pocket to pocket,
in the downwind direction, until a stable geometric configuration (described in the next paragraph)
is encountered. Once that grain is situated, the next grain from the randomly composed distribution

list is placed in the first available downwind pocket that can accommodate it geometrically, This



0¢

‘wgz = 95 ‘srdures saunq pues 18210 *(1%91 995) sure1s Suruwioj-jaxood 3] JO UOTIBIUDLIO
pue Suideds ‘az1s oY1 01 SuoisuBWIIP ure1d Surwodur au SRR 1B WLOS[E JINSW0as3 € 0) Burp10oae ‘saponred paq usamiaq
s19320d 99)IMS Ul pansodap are sure1d asays ‘uonnqusip Asuanbay azis-uresd 9} WIOJJ UIOpUEI 1B PAIDR[RS "SYSIP paydiey
Se palouap ‘sureld Jo 10Ae| pappe ue M Inq (B) U UMOYS UONEINSYUOD paq duwes syl (q) -surei3 1oAel-[eseq a2y} uon
-1sod 01 pasn Y ‘sajonsed paq pozis-o5eIaAe oI oFe SHSIP DPausep 194k [eseq paq s se payisodop pue uonnqsip Aouanboy
9zis-urel3 € WOY UIOPUEI JB USSOYD Surels a10usp SySIp PaUL-PIOS S¥/( ‘IoroumRIp aponred-paq ageIoAe 03 I3joureIp urels Jjo
one1ay pue ‘¢ ‘esodai jo aj3ue pagq i usamiag drysuoneal sy 01 Surp1025e paseds pue 23eyns ey € uo paysodop are paq
a1p Jo Joke] [eseq oyl SUIULIO) SUTeID) (B) "UONONNSUOD JO SITeIS [BNIUI O Ul uonoss paq patersuss-1nduio) ¢z aandiy

(OSq@yx) 9sduejsiq puimumoq (%Sq@yx) 2dueysyq pummumo(
Sl ol S 0 0c Gl Ot S 0

OoOOQOOOOOO

Ot
(5q/z) 2dueIsiq [BINIIA

Gl
(5qyz) 9dueisiq [eONIIA

Gl

0c
0c

C) (®)



29

strategy effectively produces superposed layers of grains, in which pockets left vacant at one level
are filled or covered with particles from successive layers. In Figure 2.5b, particles forming the first
layer developed above the bed base are shown as hatched disks. Note that all available pockets were
not filled, because grains selected from the distribution were too large to fit within them. This
pocket selection-and-rejection behavior of particles also has been documented in photographic
analyses of incipient grain motion in wind tunnels (e.g. Bagnold, 1941; Chepil, 1959; Nickling,
1988).

The potential for a chosen grain to reside in a pocket created by surrounding bed particles
depends on its diameter relative to the size, spacing, and orientation of pocket grains. A pocket is
defined by a bed grain and any other downwind grains Dy,..n whose exposed surfaces cumulatively
form a concavity that can accommodate an incoming grain with no overlapping of particles. Stable
pocket configurations are located by positioning an introduced grain between two, coplanar bed
particles whose surfaces are exposed to the incoming particle, such that the x-coordinate of its
center lies between the upwind (x;) and downwind (x,) bed-grain centers, and the incoming grain
does not overlap with any other grains composing the sediment bed. If overlap occurs, then the
incoming grain moves to the next potential pocket formed by grains with centers [x2.zp) and [x3,23],
and so forth. Figure 2.6 illustrates a typical configuration in which two bed particles with centers
[x;,2;] and [x,z;] create a potential pocket for an incoming grain with center (x5 25]. Coordinates
[x5,25] are defined by the intersection of two circles with radii r; and r,, where r; equals the sum of
the radii of grain [x;,z;] and the incoming grain, and r, is the summed radii of grain [x,,z,] and the
incoming grain. This configuration establishes a triangle with sides of length r/, rpand p = ,_rl_xé
which can be used to solve for the center coordinates of the newly added grain. This is
accomplished by computing the magnitude of angle A and triangle lengths r;, rp d,andp = [(xz-
x1)2+(22-z 1)2 ] V2 prtp2. Lengthd, perpendicular to 7?"‘2 forms two right triangles, such that p 12

= r12-d2 and p22 = r22-d2. Solving for p; and p, in terms of r}, r,, and p gives:

g Ao .
Pl——__zp— ; Pz———Tp—- (2.
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Figure 2.6 Definition of the geometric relationships between bed grains, for determining whether
a given bed pocket can accommodate an incoming grain. Grains with center coordinates [x},z;],
[x2,25], and [x3z3] denote pocket-forming bed particles. The introduced particle has center b2l
A triangle formed by lengths p = x,x, and the summed radii of the incoming grain with the upwind
(r;) and downwind (r,) bed particles, respectively, is used to solve for the values of [xp,zp]. This
calculation also requires finding the length of triangle sides d, p;, and P2, as well as the magnitude
of angle A. The slope of x,x,relative to the bed-normal, or x-, axis is specified by angle B. Once
[xp2,] is found, the potential for overlap of the incoming grain with all other grains in the bed is
assessed; if overlap occurs, this grain is moved to the next available pocket and the new geometric
configuration is evaluated in a similar manner.
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Length d is found by substitution of (2.5) into d2 = r-p 12 = ry%py%

—

(ry+ry+p) (ry+ry=p) (ry+p—ry) (ry+p~r)) 72
d=l:12p12p21p2 21’1]' 2.6)
4p
The magnitude of angle A is:
d .
ZA = (atan (p—)+£B) if (py2d)

1

or 2.7

ZA =1~ (atan (pi)+éB) if (p,<d);
1

where ZB is the divergence of ;1?2 from the x-axis of the bed plane. The new position of the
center of the incoming grain has coordinates:

X, = (cosA-r)) tx, ; z, =(sinA-r|) £z . (2.8)
This grain will remain in its new pocket provided that it is not superimposed on other particles, in
this case with grain [x3,z3) (Figure 2.6). The only constraint imposed on this geometric formula is
that a particle added to the bed layer must touch two bed grains, not just one. One grain perched
freely on the convex surface of another is not physically realistic and, furthermore, would create a
pocket with an implausible orientation in relation to the bed-normal direction.

With this grain-geometry algorithm, sediment beds may be constructed to any specified
thickness and length. Figure 2.7 shows a typical bed section approximately 20 grain layers, or 14
D5y, thick and 30 Dsg long. The basal layer of D5 grains is excluded graphically and from the bed-
geomelry (e.g. grain packing) calculations. The resulting sediment beds exhibit irregular granular
arrangements with relatively loose packing. The grain-packing arrangement displayed in this fi gure
obtains largely from the working hypothesis of the model, in which grains are placed sequentially
in appropriate pockets, leaving some pockets empty and, thus, producing an internal structure with
open interstitial networks. An alternative hypothesis would be to fill each identified pocket with a

grain selected especially for it from the distribution, rather than randomly testing pockets and
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bypassing them if grain overlap occurs. Employing this method, however, results in very tightly
packed beds whose bed-pocket geometries and interstitial volumes compare unfavorably with

measured statistics for the same size-frequency distributions.

2.3 Characteristics of the sediment surface

The bed cross-section graphed in Figure 2.8 illustrates a characteristic of some sediment
surfaces produced by the geometric formula discussed above. Grains deposited as the final surface
layer occasionally are left perched in unnatural positions, often as the top grain of a precariously
constructed pile or cluster of particles. If bed construction were continued to greater heights above
this surface, these isolated particles would become surrounded and stabilized by other grains.
When they form the bed surface, however, they are exposed to the fluid flow, which will transport
them readily to a more sheltered bed pocket,

This phenomenon of grain perching has been reported from the initial preparation of sand
beds in wind tunnels for sediment-transport experiments, where grains laid along the tunnel floor in
the absence of a fluid flow form artificial micro-piles (Greeley et al., 1977; Nickling, 1988). These
piles result in spurious measurements of particle initial motion and typically are removed prior to
experimentation by raising the air velocity toward the threshold for particle motion and then
dropping it back to zero. In a similar manner, the computer-generated sediment bed is smoothed of
its unrealistic grain protuberances by applying a flow-induced, local boundary shear stress to its
surface and then incrementally increasing the stress until the unstably positioned grains are re-
situated. These grains, for example the solid particles shown in Figure 2.8, usually topple into more
stable bed-pocket geometries at shear stresses that are one-half to one order of magnitude below
their respective critical shear stresses for initial motion.

The bed-smoothing algorithm used to remove unbalanced surface grains contains a fluid
mechanical element that evaluates, for each incremental value of the instantaneous, local boundary
shear stress (T,), the potential for each grain to move out of the bed pocket in which it resides and
migrate downwind to the next closest stable pocket geometry. The relocated grain can be

remobilized, at the same increment of T,, if its new pocket collapses through removal of adjacent
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particles. The flow-induced stress is applied to the entire bed; grains below the first few layers
comprising the sediment surface, however, are unaffected until T, significantly exceeds the critical
value for grain motion and subsurface grains become exposed through erosion of overlying
particles.

The mechanics of grain initial motion have been formulated explicitly for subaqueous
sediment transport (Wiberg and Smith, 1985, 1987b), whereby particle initial conditions are
specified in terms of the fluid and body forces acting on individual grains, the particle angles of
repose, and the D/k; relationship. Although true initial motion is not being considered in this case,
because grains are being removed from unnatural positions at flow velocities well below those
required to propel grains into the airstream, the mechanics of particle first motion can be employed
to redistribute grains objectively and in a physically accurate manner. It has been established, both
theoretically and empirically, that the dynamical behavior of moving grains in water versus air
differs considerably, as a result of the thousand-fold decrease in fluid density. Fluid-mechanical
forces on sedimentary particles due to lift, drag, and relative acceleration scale with the fluid
density, whereas inertial forces scale with the sediment density. Consequently, collisional forces on
grains become relatively more important in air, whereas fluid-mechanical forces primarily govern
grain behavior in water. The physical mechanisms by which a grain begins to pivot upward and
eject from its bed pocket, however, are similar in both fluids. Initial motion depends largely on the
particle angle of repose, the closeness of grain packing, the immersed density of the grain, and the
upward- and outward- directed forces acting on it, which can be characterized similarly for both
water and air.

The forces acting on a sediment grain that rests on a flat bed are those of gravity (Fy); lift and
drag duc to fluid motion over the bed (Fy, and Fp); and a force resisting grain motion, acting on the
particle as a result of the bed geometry, Fp = [(Fg - Fg -Fp) tan (I)o], where the force terms in
parentheses represent the particle’s effective weight (gravity minus buoyancy and lift) and ¢, is the
particle angle of repose discussed previously (see Figure 2.9). Following the approach of Wiberg
and Smith (1987b), the point at which a sediment grain first begins to move can be quantified by

balancing the forces resisting motion against those promoting downwind acceleration:
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(Fg.—FL) tang, = Fp . 2.9)

F denotes the immersed weight of the grain, equivalent to (Fy - Fp) = (ps - p)gV, where py is the
sediment density, p is the air density, g is gravitational acceleration, and V is the grain volume,

The lift force acts on a grain as a result of normal and tangential stresses applied to the grain

surface, and is expressed as:

Fr=5000f (2 /2,) ~f(2402,) 14, . (2.10)

N —

where ¢, = 0.2 is the lift coefficient, z; and zg are the heights of the top and bottom of the grain,
respectively, as it rests on the bed, z, is the bed-roughness parameter, and A, is the cross-sectional
area of the grain in the plane normal to the lift force. Terms [f2 (z1/z,)] and [f2 (zp/2,)] are fluid
velocity-profile functions, defining the velocity gradient across the surface of the particle from top
to bottom. They obtain from the relationship of the vertical profile of downwind velocity u(z) to
the shear velocity us; i.c., f (2/z,) = u(z)/us, where us = [T, / p] 2.

The drag force, Fyy, similarly depends on the velocity-profile function Sf(2/z,), averaged over
the grain cross-section, and can be written as:

1
Fp = 5¢pT,(f*(z/2,)) A, @.11)

where cp, is the drag coefficient. The coefficient cp is calculated from the experimental relationship
for spheres as a function of the particle Reynolds number Re = [<u> D/ v], where <u> is the
vertically averaged velocity, D is the nominal grain diameter, and v is the kinematic viscosity (see
Schlichting, 1979; Wiberg and Smith, 1985). The values of ¢;, and cp used here are common in the
sediment-transport literature.

Rearrangement of equation 2.9 gives the left-hand side of the following equation, which can
be equated with the right-hand side by substituting the expressions for the immersed wei ght of the

grain, F,, and the drag force, Fp:

Fp tang, T, cp

F, “T+ung,(F,/Fy)  (p,-p)gV 2

A(fAzlz,)) . (2.12)
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A grain will begin to move from its resting position when an incremental increase in the boundary
shear stress Ty, just exceeds the value necessary to topple the grain from its pocket; this threshold
value is denoted Ty,. Ananalogous expression to (2.12) can be written for Typ,. At the stress T, =Ty,
when the grain begins to move, Ty, can be found by rearrangement of the left- and right-hand terms
in (2.12), which yields:

2 1 tang R

Da FAziz)) T+ FfFp), gy &

14
1:lh =[(ps—p)gD] AxD (C

in which the term [A,D/V] = o describes the physical properties of the moving grain; o, = 1.5 for
spheres. The threshold stress can thus be defined in terms of the grain mass and geometric
properties, the bed-pocket geometry, the drag coefficient and ratio of the lift to drag forces, and the
fluid velocity averaged over the grain cross-section. [See Wiberg and Smith, 1985, 1987b, for a
more complete derivation of these expressions, and for a discussion on data analyses performed to
derive the lift and drag coefficients. Their method has been used here without modification.]

The flow-velocity equation used in these calculations is given by:

uf

v

o]

(2.14)

u(z) =

where z denotes the height above the bed. This expression pertains to the vertical profile of velocity
within the viscous sublayer draping the bed surface, which has a linear form. Equation 2.14 is
appropriate in this instance because the flow velocities used to smooth the bed are negligible, such
that the roughness Reynolds number R+ = usk/v < 3 (i.c. hydraulically smooth flow). Typical
values of R« are between 2.5 and 4.0. Grains comprising the sediment bed are totally submerged
within the viscous sublayer, which has an average height of 6, = 11.6v/u«. The linear profile of
velocity for R« < 3 is considered valid only in the region z > 3kg; however, given 8, > ki, the near-
bed flow can be approximated by extending the linear velocity profile to the zero-velocity level of
the bed.

The value of the bed-roughness parameter z,, at which the velocity profile goes through zero,

is determined on a grain-by-grain basis. In granular arrangements where the bottom of the almost-
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moving grain lies near the average level of the centers of the grains composing the bed surface, then
Z, is taken as the center of the bed particle, kg, forming the downwind side of the pocket in which
the grain of interest resides (Figure 2.9). In other cases, however, where one or more particles
occupy the top of an unstable cluster of grains, the zero level of the bed connects the contact points
between adjacent grains supporting the pile, and calculations are performed to determine the
stability of the entire mass (see Figure 2.10). These clusters typically contain three to six particles.
The reason for this modification in the z = O reference is that grains composing the base of a pile
might be configured in an unstable array, which would collapse at a given Ty, but they can form a
stable bed-pocket geometry for a grain or grains sitting on top of them. These top grains, however,
are susceptible to the instability of the underlying cluster, and when T,>Ty, for the grains at the base,
then the whole pile collapses. Each dislocated particle then is moved downwind to the closest
available bed pocket for which T,<Ty;,.

The bed-smoothing algorithm applies only within the range of boundary shear stresses below
the critical shear stresses for initial motion of individual bed-surface particles. Once the fluid shear
is sufficient to roll or entrain particles, momentum exchange between the moving grains, the airflow,
and the bed surface begins 1o alter the fluid forces on grains at or near the bed. Hence, fully posed
fluid-mechanical and collisional forces, incorporating the dynamics of momentum exchange
between the fluid and solid components, must be included to predict the characteristics of grain
trajectories, the vertical dispersal of horizontally accelerating grains that extract momentum from
the flow, and the outcome of grains returning to and impacting the bed.

To demonstrate the scnsitivity of the bed surface to incremental increases in the local
boundary shear stress, Figure 2.11(a-h) shows a sequence of longitudinal cross-sections of a bed
segment over the range from no shear to 1.6 times the critical shear stress (T,,) for initial motion of
the Dsg surface grains. In this example, Dsg = 0.23mm, and (T ;)50 = 9.0 X 102 N/m? or [(T«)c-lso
=151X 10'2, where (Ta), = [’tc,/ (ps-p)gD] is the nondimensional, critical Shields stress. For
these and all other calculations, the sediment density pg = 2.65 X 10° kg/m3. air density = 1.20 kg/
m3, and gravitational acceleration g = 9.80 m/s?. Vertical arrows above surface grains denote

particles that will move at the next stress increment (e.g. the next diagram); solid disks specify the



Figure 2.10 Example of an unstably perched pile of surface grains, denoted as solid disks. These
particles are redistributed fluid mechanically prior to subjecting the bed to sediment-transporting
flows. The z =0 reference, at which the fluid velocity goes to zero, is given by the dashed line and
connects the contact points between bed grains that support the cluster.
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new locations of grains removed from unstable, upwind bed-pocket geometries at the specified
shear stress. Grains are allowed to move both downwind, onto and off the bed section, as well as
upwind in the case where particles on the upward slope of a multi-grain bed depression roll
backward into a more stable geometric configuration.

For Tx = ['tb/ (ps-p)gD5o] less than the critical Shields stress, the relatively few dislocated
grains are toppling from fairly obvious perched geometries. By T« =6.70 X 107 (Figure 2.11¢),
the bed has been smoothed of its most noticeable irregular bumps. At Tx = [(Te)erlpro = 1.34 X
102 (Figure 2.11e), the average height of the bed surface is fairly uniform with more regularly
arrayed particles, and isolated, dislodged grains are moving, at most, only a couple of bed pockets
downwind. This condition persists until slightly above T« = [(T¥)rl50 (e.g. Figure 2,11f), when the
sediment surface becomes considerably more mobilized,

For T« > [(T)¢l50, the number of grains dislocated downwind increases rapidly. Surface
patches of mixed-sized grains begin to develop and move downwind as multi-particle units. Once
the several grains forming the surface of a low-amplitude patch are removed from their pockets, the
underlying grains also become susceptible to erosion. In many cases, a larger dislodged grain will
move downwind and then form a trap for smaller particles travelling behind it, thereby crealing
another low-amplitude grain cluster that will eventually become destabilized by remobilization of
the trapping grain. This grain clustering at near-threshold, fluid-shear velocities might be compared
with what has been observed experimentally under marginal-transport conditions in water (Iseya
and Ikeda, 1987; Drake et al., 1988), whereby coarser size fractions of the bed surface obstruct the
transport of the finer fractions and enhance surface sorting in the downwind direction. Similar
observations in wind tunnels have not been reported, largely due to the technical difficulty, even at
the lowest measurable transport stages, in tracking an individual particle which is one of hundreds
in the field of view. The presence of surface sorting following near-threshold flow experiments (e.g.
Bagnold, 1941), however, suggests that grain clustering also develops on mixed-grain eolian beds
under marginal flow conditions.

As the fluid shear rises above the critical threshold for D5 grains and approaches that for the

Dg4 fraction, [(Ta)elgs = 1.79 X 102 (see Figure 2.11f), some grains begin to migrate across the
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entire bed section without encountering a suitable bed pocket. By T« = 2.35 X 102 (Figure 2.11h),
erosion of the surface starts to incorporate subsurface bed particles. These features, including the
formation of moving grain clusters, active erosion of the bed surface layer, and movement of grains
over distances of x 2 100 Ds, indicate that grains are interacting dynamically with the fluid and
with other particles, and may be entering creep or saltation modes. Hence, their treatment
realistically requires a more sophisticated fluid-mechanical model, with which the transitions
between marginal and full transport can be explored further.

Multiple runs of the bed-smoothing algorithm with varying grain-size frequency
distributions, under both eolian and subaqueous flow conditions, suggest that this technique for
preparing a realistic bed surface generally applies in the range of Shields stresses T < {(Tx)erl50-
Below the critical threshold for initial motion of the Dsy, fraction, no measurable sediment flux has
occurred; rather, grain movement results only in rearranging the bed surface to a more stable
geometric configuration. With coarser distributions and for poorly sorted beds in subaqueous
environments, the threshold for marginal-transport conditions lies closer 1o (Ts), for the Dg4
fraction. Sediment beds used to perform eolian bedload-transport calculations, therefore, are

prepared according to the criterion that true sediment motion occurs at the threshold Tu = [(T)e,lsg -

2.4 Comparison with measured sediment beds

Given the inherent difficulties in observing internal micro-structures of real sediment
deposits, quantitative descriptions of granular configurations must rely chiefly on field and
laboratory measurements of surface-roughness and bulk-sediment characteristics. Bed-surface
morphologies have been analyzed for a limited set of mixed-size bed compositions, primarily
through calibrated experimental measurements of bed-pocket geometry angles. Field and
laboratory assessments of bulk properties, including bed porosities and permeabilities, yield only
an average estimate of grain- to void- ratios (i.e. grain-packing densities) and no specific details
concerning the geometric arrangement of constituent bed particles. These measurements, however
limited, nevertheless provide some of the only sources of information on natural deposits, with

which to evaluate the internal morphologics of beds constructed by the theoretical algorithm
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described in this chapter.

Bulk sediment properties relate directly to the probability distribution of particle angles of
repose. Grain spacing, a measure of the ratio of grain to interstitial-pore volumes, is governed
largely by the (1),, vs. D/kg relationship, with grain shape and orientation becoming increasingly
important in more poorly sorted sediments. Particle angles of repose have been measured for an
assortment of bed-surface compositions developed in the absence of fluid flow (Chepil, 1959;
Eagleson and Dean, 1961; Miller and Byrne, 1966; Li and Komar, 1986) and under flume conditions
(Kirchner et al., 1990). These studies employed similar techniques for measuring angles, in which
sediment samples chosen to represent the bed were glued to a rigid plane that could be tilted
incrementally, allowing accurate measurement of the plane inclination at which loose test particles,
placed on the sediment surface, moved from their respective pockets. Chepil (1959) measured first
motion of the bulk sediment sample, analogous to the mass angle-of-repose, rather than that of
individual particles. The experiments of Eagleson and Dean (1961) and Miller and Byrne (1966)
investigated angles of repose for individually sized particles on a bed of uniform grain diameters,
the latter measurements made for both dry and wetted surfaces. Li and Komar (1986) used pebbles
of varying roundness to analyze the influence of grain shapc on bed-pocket geometries and
development of transport-related, bed-particle imbrication. Whereas these studies used laboratory-
prepared sediments, Kirchner er al. (1990) performed their experiments with naturally sorted
coarse-sand to gravel mixtures, documenting substantial variability in particle angle-of-repose
distributions between natural grain assortments and uniform materials, They also found a wide
range in angle-frequency distributions between water-worked and unworked sediment beds,
primarily due to more tightly packed particle arrangements in the fluid-smoothed bed case.

Experimental results appropriate for comparison with computed angle-of-repose
distributions for beds constructed in the absence of fluid flow are those of Miller and Byrne (1966)
for dry particles and Kirchner et al. (1990) for sediments prior to being subjected to flume flow. In
the latter study, the authors produced two types of sediment beds, "worked" beds generated by
sediment-transporting flume flows, and "unworked" beds initially smoothed of artificial

topographic irregularities by a weak flow of water but not exposed to sediment-transporting flows.
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In this study, propertics of the computer-generated sediment bed are compared to those of the
"unworked" flume beds. To effect the conditions under which experiments were performed, grains
composing the sediment bed produced in Figure 2.11f (i.e. where Tx = ((Tx)erls0) were “glued” or
held immobile while the loose grains on the surface were permitted to move according to their
pocket-geometry characteristics. As shown in Figure 2.12, movable grains (solid disks) occupy the
top surface pockets whose constituent particles do not impede their mobility. To obtain sufficient
statistics for comparison with measured distributions, an additional 30 bed sections were added in
the downwind direction. In each instance, the size of the surface particle D, the size of the bed-
pocket grain k,;,, and the magnitude of (!)o were recorded.

Results of the model calculations of particle angles of repose are presented in Figure 2.13,
for a sample subset of approximately 100 mixed-size grains. The bed roughness length, k, equals
the median bed-grain diameter, ksp = 0.23mm (by weight percentile). The predicted distribution of
bed-geometry angles is decomposed by percentile, where @, = (y4,....005 represents the nth
percentile of the distribution; in keeping with other sediment-bed studies cited previously, G
denotes the 16% of the distribution that is smaller than that value. This graph reveals several
important geomeltric aspects of the theoretically generated sediment beds, which are consistent with
experimental observations. First, the mean value of Q) increases as the ratio D/k; decreases, a
consequence of particle packing geometries that has been well-established in previous experimental
studies and theoretical discussions (e.g. Miller and Byrne, 1966; Wiberg and Smith, 1987b; Jiang
and Haff, 1993). Second, similar to what was first documented for water-worked mixtures by
Kirchner et al. (1990), particles on the modelled sediment surface display a wide range of repose
angles for a given D/k; value. For example, for a particle equal to the median bed-grain size (D/ksq
= 1), the angle ¢o may vary by as much as 30° as illustrated by the range between regression lines
for the 16th. and 84th. percentile angles-of-repose. Kirchner et al, conclude, on the basis of their
experiments with different surface roughnesses and grain properties (e.g. grain roughness and
angularity), that this variation in particle angles of repose results from some combination of bed-
grain spacing, grain properties, and bed-pocket characteristics. With regard to the latter, for

example, grains protrude less from a deeper, wider pocket than a more tightly confined one, such
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that the relative angle @, will be larger.

The variation in ¢, for a particular D/k; ratio has some important implications for mixed-
grain sediment transport. As the resistance to movement of a stationary bed grain is proportional
to the particle angle of repose (i.e. Fg = (Fg -Fptan ¢, equation 2.9), the initial motion of that
grain may differ considerably depending on the value of (1)0. Also, the ability of a saltating grain to
eject a particle from the bed depends directly on the morphology of its host bed pocket.

As discussed previously (e.g. equation 2.4), studies of particle angles of repose generally
have described ¢, in terms of the power-law relationship ¢, = co(D/ks)'B. where the coefficients
¢, and B are set by sediment conditions of the empirical study. Similar expressions may be obtained
for the computed results through curvilinear regression of the 16th, 50th, 84th, and 95th percentiles
of the angle-of-repose distribution, respectively. The regression equations subscribe to the general
form @, = ¢, (D/kso)y PP, where: (1) ¢, =40.29 and B, = 0.449; (2) cso=47.51 and Bs, = 0.411; (3)
Cg4 = 54.60 and PBgq = 0.311; and (4) cg5 = 62.18 and Bgs = 0.238. Regression curves are shown in
Figure 2.13. These values of ¢, and {3 fall well within the range of values obtained in other studies.
Consistent with the findings of Kirchner et al, (1990), however, Figure 2.13 demonstrates that there
is no set value for either parameter, as was suggested previously by Miller and Byrne (1966), but
rather a range of values that varies, apparently stochastically, with sediment sorting, spatial
variability of the particle-scale surface topography, and absence or presence of fluid flow,
Although the model results show a systematic increase in the magnitude of ¢, and decrease in 3,
Kirchner et al. caution, on the basis of their reanalysis of previous studies, that such relationships
are not consistent across the range of bed grain size, shape, and packing distributions, and that there
is no predictive correlation between the two fitted parameters. For example, comparison of s vs.
D/ksq between the model-generated beds and unworked-sediment surfaces of Kirchner er al. show
a25% reduction in the value of ¢sp and a 10% decrease in 5. These variations might be attributed
to the relative differences in particle-size distributions and sorting; the median grain diameter of the
Kirchner ef al. flume sediments is D5 = 4.19mm, with an inclusive graphic standard deviation of
2.94mm (i.e. corresponding to the sedimentological classification of "very poorly sorted"), whereas

in the calculations Dsg = 0.23mm with a standard deviation of 0.057mm (i.e. "well-sorted").
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Nonetheless, the regression curves displayed in Figure 2.13 are useful for demonstrating the range
in probability distributions of angles of repose for individual grains on a mixed-sediment eolian bed.

To compare the generated angle-of-repose statistics with those measured by Miller and Byrne
(1966), model results for grains residing in pockets formed by the average grain-size diameter of
the bed are plotted with experimental data for dry, rounded sand grains and dry spheres (Figure
2.14). The mean bed-grain diameter of the experimental sediments is Dy = k = 0.265mm,
determined by grain number; hence, model predictions of ¢0 as a function of k, = 0.265 £0.025mm
are shown for comparison. The Miller and Byrne experiments were performed by placing loose,
mixed-size grains on a uniform-sized sediment surface. Although the bed-roughness length k; is
similar, the model results show a wider distribution in bed-pocket geometry angles for comparable
values of D/K than the empirical data (e.g. sec Figure 2.4). The mean values of ¢o. nevertheless,
are comparable, as demonstrated by the regression curve for the predicted sample = 0.98). The
values of the regression coefficients compare very well; for the experimental sands, spheres, and
computed sample, respectively, ¢, equals 61.5, 50.0, and 58.4, while f = 0.30 for the experimental
samples and § = 0.31 for the theoretical curve. The experimental and theoretically modelled
sediment samples have similar sortings (e.g. standard deviations of 0.125mm for the experimental
case vs. 0.057mm for the computed sample), which contributes to their highly comparable
distributions of mean angles of repose,

As part of their investigation of surface roughness and critical-shear-stress variations in
water-sheared bed surfaces, Kirchner et al. (1990) experimentally analyzed the differences in bed-
pocket geomeltry angles, or so-called friction angles, between fluid-worked and unworked beds for
a poorly sorted mixture ranging from very coarse sand (1 mm) to medium gravel (12 mm)., The
unworked beds were obtained by removing adhered sections of the flume granular bed prior to
running sediment-ransporting flows over them. Figure 2.15 compares their probability
distributions of friction angle with model-predicted ones for two experimental grain-size classes, a
"large" test-grain class with a particle diameter equal to the 82nd percentile of the bed-grain size
distribution (i.e. D = kg;) and a "medium” test grain of D = kyg. The friction-angle frequency

distributions for the D = kg4 and D = kyq fractions computed from the theoretical sediment bed
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compare fairly well, despite the noted disparities in grain-size and sorting characteristics. Whereas
the D = kg, friction-angle distribution nearly predicts the experimental observations, the D = kyo
computed angles are consistently smaller, with the median friction angle varying roughly by 15°
between the empirical and predicted cases. These differences may result from the disparity in both
absolute grain size and sorting between the experimental and theoretical sediment samples. The
small number of measured friction-angle distributions, by which to compare the computed results,
unfortunately limits further testing of the relative importance of grain properties versus sorting in
controlling the bed-geometry characteristics.

Comparison of bed surface during marginal transport of medium sands versus gravel
mixtures suggests that variations in grain-packing geometries between differently sorted sediments
may exert relatively more influence on friction-angle distributions than do absolute grain-size
differences. For example, analyses of computed bed surfaces under marginal flow conditions show
that the larger grains contribute to tighter local packing of the surface, by sheltering adjacent,
smaller grains from the flow and by creating large surrounding pore spaces that eventually fill in
through entrapment of smaller moving particles. These phenomena occur regardless of whether the
large grain is a coarse sand particle on a silt- and sand-sized sediment surface or a pebble in a
mixture of sands and granules. Such clustering behavior has also been noted for coarse-sand/gravel
mixtures in motion photography of bed-surface generation (e.g. Drake and Shreve, 1987; Drake et
al., 1988). Model calculations of friction-angle distributions for differently sorted mixtures (e.g.
uniform spheres vs. sand mixtures), however, display much less variability in the very-well-sorted
case than in the moderately sorted case. Hence, the consistently smaller friction-angle distributions
predicted by the model for the D < ks fractions, compared with those measured by Kirchner et al.
(1990), may reflect the much better sorting of the eolian sands than the fluvial sand-gravel mixture,

In general, the predicted distributions of bed-surface grain friction angles compare very
favorably with experimentally procured data. The range of computed friction angles for the various
predicted combinations of surface particles, Dy,, and bed-particle size fractions, k,;,» are well within
the range of empirical observations.

With the theoretical bed-construction algorithm, it is possible to measure what cannot be
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observed in real deposits, that is, the variations in bed-pocket geometry angles and packing of the
bed interior. These statistics provide further insight into the grain-packing geometries of subsurface
particles. Using the same bed configuration (e.g. Figure 2.11f) discussed above, pocket-geometry
angles for the entire two-dimensional bed were calculated, assuming that the angle q)o is made
between the observed particle D, and the next grain downwind for which a horizontal line drawn
tangentially to its uppermost surface intersects Dy,. In the case where more than one grain fits this
criterion, the vertically uppermost grain is chosen as the particle most likely to influence the
downwind movement of Dy, Figure 2.16 shows roughly comparable bed-pocket geometry angles
between the bed interior and the bed surface, with the internal, median bed-pocket angle less than
that of the bed surface by about 7°. The bed interior, however, displays a considerably greater
standard deviation (23.29° vs. 15.22°), indicating that the internal bed-particle configurations are
more highly variable.

Furthermore, the variability in pocket-geometry angles within the bed interior confirms that
the model is not sensitive to the use of semi-empirical ¢0 vs. D/k; expressions to set the grain
spacing of the bottom-most grain layer. In fact, setting the grain spacing of the basal layer
arbitrarily, by choosing the interstitial length as a random increment of the maximum grain size,
produces similar results. Hence, several alternative methods could be employed 10 construct the
bottom layer of the bed without appreciable variation in the bed-pocket-angle distribution.

Another parameter for describing variations in bed-grain packing geometries is the bed
porosity, defined as the percentage of the total volume of a bulk sediment sample occupied by voids.
The porosity (P) of an undisturbed sample typically is estimated from the density of individual
sediment grains (ps) and the bulk sediment density (y ), where P = [1-(y ¢/ ps)]*100. The total
porosity (%) of a two-dimensional, model-generated sediment bed is calculated by enclosing the
granular array with a rectangle of specified length and height (e.g. imposing a rectangle around the
perimeter of the bed section shown in Figure 2.17). To obtain an average volume, the rectangle is
given a width of one Ds. Conceptually, the sediment bed comprises an infinite number of such
rectangles in the cross-stream direction, of which the representative sample gives an average

volume estimate. The average porosity is found by subtracting the volume within the rectangle
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occupied by grains from the total interstitial volume, divided by the volume of the rectangle. These
calculations exclude the airspace above the surface layer of grains, so that only the subsurface void
space is evaluated,

For the bed segment shown in Figure 2.17, the average total porosity is 38.8%. A bed of 40
such sections, with a downwind length of 1420 Ds, yields an average porosity of 41.2%. These
values compare very well with limited published porosities for natural and experimentally formed,
well-sorted, eolian deposits (see Table 2.1), which range from 34% to 55%. Beard and Weyl (1973)
found that total porosity can decrease by as much as 15% between extremely well-sorted and very
poorly sorted sediments, regardless of grain-size distribution within each sorting class. Pore
volume also decreases with fluid working or diagenetic compaction of the bed. Consistent with this
observation, the average porosity of the computed initial bed (e.g. prior to wind reworking) is
slightly higher than those of the fluid-worked Great Sand Dunes, Sinai dune, and beach-dune sands
summarized in Table 2.1. Computed pore volumes compare most favorably with the porosities
determined by Schenk (1983) for Great Sand Duncs sands, and Beard and Weyl (1973) for
unworked sediment beds composed of moderately to well-sorted sands (e.g. 41.0%). Although
grain shape and angularity are considered, based on theoretical analyses, to be of lesser influence
on average porosity than are grain sorting and size (e.g. see Beard and Weyl, 1973; Ahlbrandt,
1979), no experimental studies have been performed to verify this observation. Given that the
theoretical model yields porosities within the range of empirical values for sands with a variety of
shape and roundness characteristics, however, the model’s use of smooth spheres does not appear

to have any measurable influence on porosities of the computed sediment beds.

2.5 Summary

The employment of realistic sediment beds is of great importance in heterogencous
sediment-transport modelling because grain-packing arrangements and densities directly control
the small-scale topographic structure of bed surfaces and, thereby, the hydraulic roughness, the
relative protrusion of grains into the flow, and the distribution of bed-pocket geometries. In

addition, total bedload transport rates may be modified significantly by altering the bed-surface
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roughness characteristics, as mass fluxes depend on the ability of protruding particles to be
entrained initially by the fluid and subsequently through collisions of saltating particles with
stationary bed particles. The degree of relative protrusion is critical, as grains typically are ejected
through head-on collisions where the point of contact lies closer toward the equator of the bed grain
than the pole of its upper hemisphere. In situations where only the uppermost portion of a bed grain
is exposed, as is often the case in more tightly packed granular arrangements, the ballistic force is
directed primarily downward into the bed, which might result in rebound of the colliding particle
but not ejection of the bed grain. Hence, the accuracy of mixed-grain, sediment-transport modelling
depends on using real grain-size frequency distributions and sound geometric arguments for
constructing granular arrays to achieve sediment beds with physically realistic grain-packing
configurations and densities.

The sediment-bed algorithm described in this work develops granular arrays from measured
grain-size frequency distributions, using straightforward trigonometric formulae to position grains
chosen at random from this distribution. A fluid-mechanical element serves to smooth the bed
surface of any precarious grain clusters created by abruptly terminating the geometric calculations
to yield a sediment surface; these topographic artifacts collapse at shear stresses well below those
required for initial motion of particles composing the bed. Input parameters to run the model are
the grain-size frequency distribution of interest and, for the fluid mechanical component, the grain
and fluid densities, the fluid viscosity, and the coefficients of fluid lift and drag. This model difTers
from others in its use of real particle-size distributions. Employing a natural sorting permits direct
comparison of model-predicted bed parameters, such as bed-pocket geometries, with measured
values. Founded on simple geometric arguments, the algorithm develops initially unstratified beds
that can be used to investigate the mechanical processes by which grain sorting and packing evolve
as the wind begins to blow over the surface.

Comparisons of model-derived, sediment-bed properties yield good agreement with
available measurements of bed-surface friction angles and bulk sediment characteristics for
mixtures with similar size distributions and sorting patterns. At present, relatively little is known

quantitatively about the internal morphologies of natural sedimentary deposits; information is
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limited to measured profiles and friction angles for a few experimentally produced sediment
surfaces, and average porosities and permeabilities of a small number of coastal and inland dune
deposits. The utility of this model, therefore, lies in its ability to characterize internal bed
morphologies, especially sedimentological properties that are exceedingly difficult to analyze or
predict, such as grain packing, bed-pocket distributions, and their control on surface topography. In
addition, the bed-generation model has several potential applications to important geological

problems, including the hydrodynamics of fluid migration through porous sedimentary deposits,



Chapter 3:  The Fluid Mechanies of Eolian Sediment-Transporting Flows

The complex interactions between moving sand grains and the near-bed wind velocity were
described qualitatively, over fifty years ago, by Bagnold (1941). By making detailed wind-tunnel
measurements of air blowing over a mobile, unconsolidated bed, he described the feedback
mechanism between the wind and moving grains in the sediment-transport layer, whereby as the
particles are accelerated by the wind, the grains in turn force the wind to decelerate. This continual
adjustment of the vertical structure of the fluid-velocity field to its sediment load, and vice versa,
influences, among other factors, the near-bed sediment concentration regime and the sediment-flux
rates. The momentum-exchange process also governs, to large degree, the downstream distance of
particle transport, which ultimately affects the lateral and vertical sorting of bed surface
accumulations.

A number of mathematical models, developed within the last several decades, have
broadened the general understanding of the physical structure of the wind column and the
dynamics of momentum exchange between the stationary bed, moving grains, and the airflow.
Anderson et al. (1991) summarize the historical evolution of modelling efforts addressing the fluid
mechanics of sediment-transporting flows, in addition to recent advances in the understanding of
grain-wind interactions over uniform-sized granular beds.  Relatively few theoretical
investigations of fluid response to multi-grain mixtures have been reported, however, and no
dynamical model yet exists for predicting the vertical structure of the fluid flow during transport of
heterogeneous mixtures.

Empirical observations of heterogeneous particle transport provide much insight on the
complexities of grain-fluid interactions in sediment mixtures. Flume studies of moving granular
mixtures (e.g. Wilcock, 1987; Iseya and Ikeda, 1987; Dietrich et al., 1989; Wilcock and Southard,
1989; Kirchner et al. 1990; Lisle er al., 1991, 1993) and wind-tunnel experiments (e.g. Gerety,
1984; Yamasaka and lkeda, 1988) demonstrate that grains comprising a poorly sorted bed are
transported at significantly different rates than particles of the same dimension in a uniform-sized

material. Other experimental analyses (e.g. Bagnold, 1941; Williams, 1964; Chiu, 1972; Walker,
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1981; Gerety and Slingerland, 1983; Gerety, 1985) show that grains within mixtures hop to
varying heights depending on size, and that shear velocities at which coarse grain fractions reach
their maximum saltation height are greater than for smaller size fractions. These observations
suggest that, because grains of disparate size exhibit measurable variability in saltation energetics,
each grain-size fraction extracts differing amounts of momentum from the wind column during
transport events. The nature of the compounding influence of discrete size fractions on the
structure of the fluid-velocity profile, therefore, remains one of the key questions in understanding
the acrodynamics of transported, heterogencous grain mixtures.

The first published theoretical treatment of fluid forces in mixed-grain transporting flows is
that of Jiang and Haff (1993), for the case of water. They posed the near-bed fluid layer as a
uniform slab moving in the downstream direction, the thickness and bedward extent of which were
set using empirical observations. Because it assumes a constant vertical profile of velocity within
the slab, their model does not address the height-dependent dynamics of momentum exchange
between the flow, the moving grains, and the microtopography of the bed. Currently, no
quantitative methods are available for resolving the dynamical interactions between the fluid and
solid components of poorly sorted, bedload mixtures.

The mixed-grain eolian model presented here couples the bed-construction algorithm
discussed in Chapter 2 with explicit numerical expressions for a fully developed, quasi-
exponential, vertical profile of downwind velocity, the bed-roughness parameter (z,) on which it
depends, and the momentum-exchange process between the fluid and solid components. Discrete
grain-size fractions are treated individually in the calculations, and the total momentum extraction
by the moving grains from the fluid is the sum of the momentum extracted by each size fraction.
Likewise, the transport rate of the entire mixture obtains from the sum of the fractional transport
rates. A sediment bed composed from the grain-size frequency distribution used in transport-rate
measurements by Yamasaka and Ikeda (1988) is employed here, to facilitate comparisons between
empirical and model-predicted sediment fluxes. Although no fluid-velocity profiles are available
from these experiments with which to independently compare model-derived profiles, the fluid-

mechanical component of the theoretical formulation can still be cvaluated by the ability of the
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model to predict the fractional transport rates measured by Yamasaka and Ikeda. The general
structure of the model-generated wind profile, as well as the physics of the momentum-extraction
process and the saltation properties of discrete size fractions are discussed in this chapter and

reviewed in light of available experimental observations for colian sand mixtures.

3.1 Effects of bed roughness

The small-scale topography of a poorly sorted bed surface is of critical importance in a
number of sedimentologic and fluid-mechanical problems, as it influences the near-bed flow field,
the hydraulic roughness of the bed for the flow in the fluid layer away from the bed (i.e. the flow
interior), and the probability distribution of grain angles-of-repose (e.g. Nikuradse, 1933; Owen,
1964; Smith and McLean, 1977; Grant and Madsen, 1982; Dietrich, 1982; Wiberg and Rubin,
1989; Kirchner ef al., 1990). The bottom roughness might evolve from some combination of
factors, such as sediment moving within the near-bed region, the presence of obstructions or
bedforms, and the microtopography of the bed surface. The flow close to the bed is dominated by
the grain- and sediment-transport- scale roughness; when present, bedforms also dictate the flow
structure in the flow regions away from the bed.

In poorly sorted sedimentary deposits, the vertical profile of downstream fluid velocity can
be modified as a result of drag exerted on the flow by the nonmoving part of the bed, especially
where large grains or grain clusters protrude into the near-bed flow. Provided that the shear
velocities are sufficiently large, a bed element protruding into the flow can create wakes as the flow
scparates around it. The local flow resistance imposed by bed grains exposed to the fluid stream
modifies the velocity distribution and reduces the local boundary shear stress. Under steady,
horizontally uniform flow conditions, a velocity profile that varies quasi- or fully logarithmically
with flow depth is expected. When a substantial number of obstacles impede the near-bed flow,
however, the profile can diverge substantially from a logarithmic form. The magnitude of this
effect appears to be directly related to the dimensions and spacing of the roughness elements in
relation to the local flow depth. If the bed grains are large relative to the flow depth, for example,

the variation from the spatially averaged logarithmic profile might be considerable, as in the case
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where boulders emerge above the water surface of a stream. In the eolian environment, it has been
hypothesized (e.g see Bagnold, 1941; Pye and Tsoar, 1990) that the form-drag effects of sand
surfaces are minuscule because the depth of the flow relative to the scale of the roughness elements
is great. A test of this hypothesis was undertaken here to determine what effects, if any, the
particle-scale topographic irregularities exert on the near-bed airstream.

In order to evaluate the effect of bed-surface roughness on the computer-derived sediment
bed, an algorithm formulated by Wiberg and Smith (1987a, 1991) was applied, which predicts the
modified form of the spatially averaged velocity profile over the bed as a function of the sediment-
concentration profile of immobile bed grains. The sediment bed used in these calculations is
shown in Figure 3.1. Composed from the grain-size frequency distribution used in the Yamasaka
and lkeda (1988) experiments, this two-dimensional bed averages 1000 Dy, in length, where Dsg is
0.70mm, and contains nearly 11,000 grains. The bed surface has been smoothed by a weak fluid
flow, in the manner described in Chapter 2, prior to evaluating its microtopography.

The theoretical approach conforms with that of Wiberg and Smith (1991), although
modified in the manner by which concentrations of sediment in the bed are calculated. [See their
paper for a full derivation of the mathematical methods.] The total shear stress acting on the fluid
in the absence of sediment transport (Tr) is composed of a fluid stress (Tp) and a drag stress
produced by the flow around each grain exposed at the surface (Tp):

Tr(2) = 1:(2) +75(2) 3.1
as a function of height above the bed. The fluid stress is related to the vertical profile of downwind
velocity by a one-dimensional, height-dependent, turbulent eddy viscosity [K(z)], in which the
fluid-velocity scale is a local shear velocity (va)s associated with the local drag-reduced stress
field, and the length scale (L) for turbulent mixing is a concentration-weighted average of the bed-
region length scale (kz); k is von Karman’s constant (k=0.408). The vertical component of the
fluid-velocity gradient is proportional to T and inversely proportional to K(z), the latter of which
may be expressed in terms of the local shear velocity and the length scale on which it acts.

Therefore, the fluid stress is given as:
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du

du
= — = 2
1-(2) =p K(2) % p (U‘)fL 32 3.2)

where p is the fluid density. The local shear velocity can also be expressed in terms of the total and

drag-induced stress, by definition and use of equation (3.1):

1
- [T_F]% - [tT_TD]E , (3.3)
r = Lp p

(v,)

Substituting equation (3.1) into (3.2), and rearranging terms, yields an equation for the vertical
velocity gradient in terms of the total and drag-related stresses, as a function of height above the

bed:

T.~T 14 (), 1
[T DJZ___ 7[(1_5 _EQJz (3.4)
b

where T, is the boundary shear stress, T, = p(u*)Tz, and u« is the fluid shear velocity. This
derivation makes use of the fact that the total shear stress Ty (z) = T, (1- z/h) for steady,
horizontally uniform flows, where z is the height above the bed and h is the flow depth.

Solution of this equation requires a numerical expression for the length scale for turbulent
mixing (L) and the drag-induced shear stress Tp.  The equation derived by Wiberg and Smith for

the length scale is:

L=(-c)—* 6% cp (3.5)
s (I—Z/h)”z g m=m o~

The term C; is the weighted average of the concentration of each sediment component Cp,

M
represented in the bed, summed over all m such components: C; = Y .C,,» where M represents
i

m=
the largest grain size present in the grain-size frequency distribution and / the smallest. The
cocfficient oo = k = 0.408 pertains to the case where wakes dominate the zone of vertical
momentum mixing,
The drag-induced fluid stress is given by the drag force (Fp) per unit arca (Ap) affected in

the downwind, bed-paraliel plane by each D,,, summed over all sediment size fractions m. This
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yields, by definition of the drag force (see equation 2.11), an expression for Tp(z) in terms of the
concentration of each sediment component C,;,, a drag coefficient for each component (c),,, and

the square of the fluid velocity, vertically integrated from z- =z, to z+ =2, :

m=i T m=i m

M (Fp 3 “ 2 M c,C,
z

At a value of z = z,, the fluid velocity approaches zero in the bed (no-slip condition); z,, is the
height of the top of the largest grain sitting on the bed surface. Substitution of Tp into equation
(3.4) gives an equation for the vertical velocity gradient that can be solved iteratively, as will be
described shortly.

The integration of equation (3.6) requires an algorithm for establishing the z = z,, level at
which u — 0 in the bed surface, and for calculating the concentrations of D, at successive values
of z. To establish at common reference level for the vertical height scale z, Wiberg and Smith
chose the origin, z = 0, to be a flat plane such that the bottoms of all grains rest at a common zero
level. Given the irregular topographic relief of the sediment beds generated in this study, where
the local height of the surface varies by as much as 6 Dsg between the minima (i.e. bed pockets)
and maxima (i.e. tops of grain clusters or coarse grains protruding above the average bed surface),
a spatially varying zero-level is employed here. As shown in Figure 3.2, the z = 0 reference curve
follows, in general, the points of contact between adjacent grains exposed to the wind at the bed
surface. This assumes that the flow over the bed surface cannot penetrate below the solid contact
between any two grains. The reference curve has been relaxed in the relatively few cases where
the fluid-filled interstice between two grains is less than D; = 0.01mm, the smallest grain diameter
of the bed population, This relaxation was introduced primarily to smooth the curve of unrealistic,
abrupt changes in z = 0 and does not affect the calculations because these minute interstices are
well within the viscous sublayer and they typically lie in the wake of the coarser particle size
fractions (e.g. Dso or larger). The vertical height z is divided into equal increments of 0.10 D;.
Because the z = 0 reference varies spatially, however, so do the z=z,,, increments above; in order to

achieve a common level from which to sum Cy, across each level of z in the downwind direction,
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therefore, the bed is shifted locally either up or down so that the z=0 reference ultimately
represents a flat plane. Only the portion of each grain sitting above the z=0 plane is considered in
the computation of grain concentrations.

The concentration of each sediment component m within each increment of z = 0.10D; is
the sediment volume per total volume of fluid and sediment, C; = V,,(z)/ V1. Because the position
of each grain within the sediment bed is known, computation of the sediment concentration can be
treated explicitly, rather than using an analytical approach, like that offered by Wiberg and Smith
(1991) to approximate the concentration from a frequency distribution of grain sizes. The
sediment volume V,(z) is found by calculating the fraction of the volume of each sphere
belonging to size-fraction m, at a given level of z, and summing these values. The concentration of
each grain-size fraction present (e.g. Dyg, D3y, D3g ...) is the ratio of V,(2) to the total volume of
sediment and fluid in increment z.

Solving for Tp in equation (3.6) requires a knowledge of the fluid velocity u(z), which is
unknown at first. Hence, it is necessary to approximate the velocity gradient and iterate several
times through equations (3.6) and (3.4) to find the shape of the stable velocity profile. The velocity
u(z) is approximated for the first iteration in equation (3.6) by a form of the “Law of the Wall”
equation: u(z) = [u+/k In z/(zo)]. where us = (us)p = [’Cb/p] 2 The value of z,, is found from the
Nikuradse (1933) relationship for z,/k as a function of the roughness Reynold’s number: R« =
[(u«)tky/ V], in which v is the kinematic viscosity and the bed-roughness length scale, kg, is the
tenth-percentile grain diameter of the sediment bed, Dy =0.23mm. Wiberg and Smith (1991)
advocate using a smaller size fraction (e.g. Dyg) as kg; however, the choice of kg < Dsq appears to
make little difference on the resultant form of the wind-velocity profile, with the grain-size
frequency distributions used here. In equation 3.6, the drag coefficient (c;),, must also be
approximated because it depends on the nature of the velocity profile through its relationship to the
Reynolds number Rey, = [<u>;,D,/v], where <u>, is the velocity averaged over the grain of
interest. Following Wiberg and Smith, an average value of the drag coeflicient is used, (Cdavg =
(¢@)m = 0.45, which they found yiclds a preliminary velocity profile that resembles the final, stable

profile in both structure and magnitude. Their calculations show that the form of the velocity
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profile appears relatively insensitive to the choice of the drag coeflicient; the same is true in the
eolian case. In subsequent iterations on the velocity profile, the velocity gradient fromz=2,10 2
=z, determined from the previous iteration is applied to find the values of Tp. u(z), and the drag
coefficient for each sediment component, (¢ ).

The results of these calculations are shown in Figure 3.3, as the fluid velocity (u)
normalized by the shear velocity (ux), versus the log of height z. For the sediment bed composed
from the size-frequency distributions of the Yamasaka and lkeda (1988) study, there is little
variation of the velocity profile over the nonmoving bed surface from the logarithmic profile for
the flow away from the bed (i.e. the velocity profile of the flow interior), u(z) = [(u*)T/k Inz/
(z,,)T]. This also holds for similar analyses conducted with the beds constructed from the finer
sands of the Great Sand Dunes sample (e.g. Figure 2.12). This negligible variation results from the
fact that all but the largest grains (i.e. Dys) are submerged within the viscous sublayer at low to
moderate transport stages (e.g.Ts = T,/T,, < 3.0), and the flow within this region is hydraulically
smooth: R« = [(ux)¢ky/ v] < 3. The viscous sublayer comprises a band of laminar flow that has an
average height of 8 = 11.6 v/u« and often wraps around bed-surface irregularities on a scale that is
large compared to k;. The total shear stress Tr, therefore, is equal to the fluid stress Tr because the
bed grains exert no drag on the wind (i.e. see equation 3.1). Furthermore, sensitivity tests indicate
that because Dy, < &y, the velocity profile is fairly insensitive to the grain-by-grain position of the
z=0 reference curve, which might vary vertically by 0.5 Dsq with negligible effect.

These results substantiate hypotheses of Bagnold (1941) and Owen (1964) that the direct
influence of particle-scale surface topography on the near-bed velocity profile is negligible and can
be ignored in most eolian settings. Both of the sediment bed examples described here consist of
fairly well-sorted sands. However, the effects of bed roughness on the local, near-bed wind regime
might be more consequential in more poorly sorted mixtures, in which the sediment surface
exhibits considerably more microtopographic variability, or for the case where distinct patchiness
in grain sorting of the surface layers has developed.

Observations of subaqueous flows over mixed-grain beds and analyses of experimental data

(e.g. Leopold er al., 1964; Wiberg and Smith, 1991; Whiting and Dietrich, 1990; Kirchner et al.,
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Figure 3.3  Velocity profile calculated using the algorithm for flow over the nonmoving, poorly
sorted bed (“model profile”), compared with the logarithmic profile for the far-field flow in the
absence of sediment transport, u(z) = [(us)1/k In 2/(z,)r]. The fluid velocity (u) is normalized by
the shear velocity (u+) and the height z(cm) is logarithmic. The profile is spatially averaged over
the nonmoving sediment bed shown in Figure 3.1; Dsg = 0.70mm, k, = D4 = 0.23mm, T+« = [T,/
Ter) = 3.0, Ru = 3.54, and 8, = 0.175mm.
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1990) have demonstrated that Dgg4 is the dominant length scale for the hydraulic roughness of
water-lain heterogeneous surfaces. Applying this criterion to the mixed-grain eolian beds, for
moderate shear velocities (.. (us)T < 2.0 m/s) in the absence of sediment transport, indicates that
the drag-corrected fluid velocity approaches zero in the bed at a value of (z,)cgr = 0.28 Dg4 for the
Yamasaka and Ikeda size distribution and (z,).;; = 0.57 Dgy4 for the Great Sand Dunes size
distribution. Little information in the eolian literature can be found with which to evaluate these
results for heterogeneous sediment beds, largely because it has proved difficult to measure flow
velocities in the absence of sediment motion; even at the critical shear-velocity threshold, the
smallest grain size fractions will begin to saltate (e.g. Willetts and Rice, 1985a). Thus far, studies
of z, in either laboratory or field settings have been conducted in the presence of sediment
transport and/or bedforms (e.g. Mulligan, 1988; Greeley er al., 1991, Iversen et al., 1991;
Lancaster et al., 1991; Rassmussen and Mikkelsen, 1991; Sherman, 1992). Interestingly, however,
the calculated values of (z,).¢r compare with ones calculated for beds submerged in water. For
example, Whiting and Dietrich (1990) found that the roughness parameter (z,)4q was equal to 0.1
Dg4 for two natural, flat stream beds, one sandy and one gravel-bedded. In an analysis of
empirical data from gravel-bedded streams, Wiberg and Smith (1991) determined a value of (z,)¢
=0.09 Dgg4.

While the values of (z,)qfr as a function of Dgy are roughly similar between water and air,
the role of the bed roughness in modifying the velocity profile is quite different. Under moderate
shear velocities in water, reduction of fluid momentum is more likely to occur from grain-
roughness effects than from grain saltations (e.g. Whiting and Dietrich, 1990), whereas the
converse exists in air. Because water and sand are about three orders of magnitude more dense
than air, grain-fluid interactions dominate in water and grain saltations at lower flow regimes
typically are not very energetic. In air, however, inertial forces dominate and substantially greater
numbers of energetic saltations occur, such that momentum extraction from the flow by the
moving grains is considerable. The geometry of grain collisions with irregularly arrayed
stationary particles on the eolian bed governs the successful ejection of grains into the saltation

layer, and it is in this context that the roughness properties of colian beds exert the greatest control
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on modifying the wind profile.

3.2 Form of the wind-velocity profile

As described in the preceding section, the viscous sublayer at the bed reduces the near-bed
wind velocity substantially more than the bed-surface roughness elements. Below &, viscous
forces dominate over forces acting to accelerate the fluid, and the vertical profile of fluid velocity
is approximately linear. The presence of a viscous sublayer influences the fluid-velocity profile
above 8,, where the flow downwind increases logarithmically with distance from the bed. In this
near-bed region, fluid shear stresses dominate over viscous shear stresses, and the fluid stress Ty =
(Toy = p(u*)nz, where 1 represents the clevation of the nonmoving portion of the bed (e.g. the
fluid-mechanical surface, z = 0, shown in Figure 3.2). Above 8, but still near the bed, the profile
obeys the “Law of the Wall”, u(z) = [(us)y/k In 2/(z,)x], with (z,)y = k¢/30 for hydraulically rough
flow and (z,)y = V/(9us+) for hydraulically smooth flow; between these two flow regimes (i.e.
hydraulically transitional flow, where 3 < R+ < 100), z, is a function of R«, as formulated by
Nikuradse (1933; see Smith, 1977). The flow within this logarithmic region is intermittently to
fully turbulent, depending on the value of Rs, as eddies created in the fully turbulent zone above
penetrate the near-bed region. The boundary between the viscous sublayer and the near-bed
logarithmic flow is gradational, owing to the effect of passing turbulent eddies (e.g. see
Schlichting, 1979; Middleton and Southard, 1984; for a discussion of the viscous - turbulent
transition zone). A suitable, well-tested equation that provides a smooth transition between the
linear profile for z << 3, and the logarithmic profile for z >> §, is that of Reichardt (1951; see

Schlichting, 1979, p. 601 for comparison with flow measurements):

1 Ryz 1 R*zo
ll(Z) = Uy (’Izln(l+kk—s)—z(1”T+l”k))
-z R. z R, Rz
(1 _exp(k_s) (m) - (k_s) (m)e-\?’ (‘0-33 T )) . 3.7

5

where ux = (ux)y, 2, = (2,)n, and kg = Dsp. Wiberg and Smith (1987a) employed this modified
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form of the near-bed velocity profile in their numerical algorithm for calculating critical shear
stresses for initial motion of heterogeneous sediments in water (see their paper for discussion), and
they found that it also provides a good approximation of the velocity profile under hydraulically
transitional flow conditions (i.e. 3 < R« < 100).

To evaluate the effects of a viscous sublayer on the wind-velocity profile above the
computer-generated sediment beds, equation (3.7) was applied in the absence of sediment
transport, with kg =D ;g = 0.23mm, Ts = [Ty/T<] = 3.0, and R« = 3.54. Figure 3.4 demonstrates that
accounting for the presence of the viscous sublayer reduces the roughness parameter z,, (i.e. where
u — O at the bed) by about 40% from that of the profile over the fixed bed with no viscous-sublayer
correction.

The fluid layer described by equation (3.7) occupies one of three intergrading but distinctly
defined zones comprising the vertical velocity profile (see Figure 3.5). This layer nearest the bed
extends vertically to a height of &, which is the base of the fully turbulent layer in which the bulk
of energetically saltating grains is transported, in this case, 7 = 5.0 X 104 cm. The top of the
saltation layer lies at 8g, above which lies the flow interior described by the logarithmic “Law of
the Wall” relationship with ux = (u«)y and z, = (z,)7. In this region, the total shear stress Ty is
equal to the total fluid stress T because there are no saltating grains to exert a drag on the wind.
The roughness parameter (z,)t is enhanced by the extraction of momentum by the grains from the
fluid below 8, such that the bed becomes effectively rougher to the flow than is the case when no
particles are moving. During saltation, (z,) is related to the height of the bedload transport layer,
dp.

In the main saltation layer between 8, and &g, the total stress imposed on the fluid is
composed of the stress of the fluid on other fluid particles, plus the stress of the fluid on the
sediment particles: T = T ff+ T, Partitioning of the total stress in this manner was introduced by
Bagnold (1954) and subsequently incorporated in sediment-transport models of Owen (1964),
Tsuchiya and Kawata (1972), Jensen and Sorensen (1982), Ungar and Haff (1987), Wiberg (1987),
Anderson and Haff (1938), and Werner (1990), among others. The shape of the velocity profile in

this flow region depends on the magnitude of the shear stress transferred by the fluid to each
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Figure 3.4 The vertical profile of wind velocity calculated with the Reichardt correction (see
equation 3.7) to account for viscous sublayer effects over the nonmoving sediment bed. The mod-
ified profile is compared with the log and model profiles shown previously in Figure 3.3. The fluid
velocity (u) is normalized by the shear velocity (u«) and the height z(cm) is logarithmic. The pro-
file is spatially averaged over the nonmoving sediment bed shown in Figure 3.1; Dsg = 0.70mm, k;
=D =0.23mm, T« = [T,/T] = 3.0, R« = 3.54, and §, = 0.175mm.
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Figure 3.5 Calculated vertical profiles of wind velocity, plotted as the spatially averaged hori-
zontal velocity (u) and the log distance from the bed (log z). The thin solid line is the velocity pro-
file through the viscous sublayer (8,) and the overlying logarithmic layer, calculated with the
Reichardt correction (equation 3.7); the dashed line is the logarithmic velocity profile above the
saltation layer (8p), extrapolated toward the sediment bed; and the heavy solid curve represents the
actual velocity profile through the bedload-transport layer that accounts for the extraction of
momentum by saltating grains. For the case of Dgg = 0.70mm, Tr=8.22 X 107! N/m?, and (us)y =
6.34 x 10°! m/s, where 1 represents the bed surface.
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sediment component m in transit, (Tg),,, which is proportional to the concentration of sediment
component m times the drag force, (Cy),,(Fp)y,. Consequently, the velocity profile through the
saltation layer is neither linear nor logarithmic, but follows a curve that smoothly connects the
near-bed velocity profile with the logarithmic profile of the flow interior.

In Figure 3.5, velocity profiles have been calculated independently for: (1) the near-bed flow
region in the absence of sediment transport, using the Reichardt correction (equation 3.7); (2) the
flow in the bedload-transport region modified by momentum extraction during grain saltation,
using the velocity-profile equation discussed in the following chapter sections; and (3) the interior
flow region, using the “Law of the Wall” equation. Calculations were made for a representative
case where Dsg = 0.70mm, Tt = 8.22 X 10! N/m?, and (us)y = 6.34 X 10! m/s. This figure
illustrates that an extrapolation of the logarithmic profile for the flow interior through the near-bed
flow region extracts too much momentum from the saltation layer (z < 8g). Conversely, an
extrapolation of the profile for the near-bed flow into the flow interior overpredicts momentum
exchange in the saltation region, The actual velocity profile during sediment transport (heavy
solid line) follows the lincar profile through the viscous sublayer, the logarithmic profile in the
flow interior above Og, and smoothly connects the two profiles through the saltation layer.
Sorensen (1985) has also described the divergence of the profile through the saltation layer from a
purely logarithmic form, based on wind-tunnel measurements of velocity profiles during sediment
transport which he compared with calculated logarithmic wind profiles for the same shear
velocities (e.g. see his Figure 7.3). Hence, the magnitude of the divergence of the velocity profile
from a logarithmic form within the saltation layer depends on the amount of momentum

exchanged between the moving grains and the transporting fluid.

3.3 Momentum extraction from the wind by mixed-size grains

The dominant mechanism for extracting momentum from the wind column over
heterogeneous beds of the type described here is that due to grain motion, which includes grain
saltation, as well as particle rolling and creep along the bed surface. The dynamics of momentum

exchange have been described explicitly in a number of quantitative models for eolian transport of
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uniform-sized sand (e.g. Ungar and Haff, 1987; Anderson and Haff, 1988, 1991; Werner, 1990;
Sorensen, 1991; McEwan and Willetts, 1991; McEwan, 1993) and characterized experimentally
by many workers (e.g. Bagnold, 1941; Chepil, 1945; Horikawa and Shen, 1960; Belly, 1964;
Walker, 1981; Gerety and Slingerland, 1983), but have not been treated quantitatively in the case
of mixed-size, eolian sediments. The basic mechanics of momentum exchange between the wind
and moving grains within a heterogeneous mixture, however, are known conceptually and have
been investigated experimentally (e.g. Gerety, 1984). Mixed-grain transporting flows can be

described by two general governing equations, one for the sediment components:

(u-")m ~
(py),, (€, —= = Vo (tg), - (p) (C) & (3.82)
and one for the fluid component:
duf .
pfcf—dT = Vo, - prjg (3.8b)

where pg and pp are the sediment and fluid densities, respectively, g is the gravitational
acceleration term, (Cy)p, is the concentration of sediment components, and Cy is the concentration
of fluid parcels. There are m vector equations for each constituent grain size in a sediment
mixture. Each equation for the sediment and fluid phases contains in it a term for the divergence
of the stress tensor, Ve T, The stress due to the sediment components, (T can be partitioned
into two components, as can that for the fluid stress Tp:
T(2) = T, (2) +7,.(2) (3.92)
and
T(2) = ‘cff(z) +‘cfs(z) , (3.9b)
as a function of height above the bed. When a sediment grain leaves the bed and is accelerated by
the downwind component of the fluid stress, it exerts a stress on the fluid (Tsp. The grain also
exerts stress on other grains through collisions with the stationary grains on the sediment bed (Tg).

If sufficiently energetic, these collisions propel other particles into the flow. The moving grain
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extracts momeatum from the fluid, which reduces the local shear stress of the fluid parcels on other
fluid parcels in the path of the moving grain (Tg). The fluid also exerts a stress on the moving
grain (Ty,), causing it to accelerate in the downwind direction.

In heterogencous transporting systems, each grain follows a unique trajectory to a given
height according to its dynamic interactions with particles comprising the bed and with the wind
column, and it extracts a measurable amount of momentum from the airstream at each increment
of height it attains. The integrated trajectories of all grains cumulatively act to modify the wind
profile, and the thickness of the saltation layer is prescribed by the maximum hop heights achieved
by grains within the mixture. Hop heights are dictated by the angle and speed of each grain’s lift-
off from the bed, which, in turn, depend on the geometries and the momentum transfer of
intergranular collisions that result in the rebound of saltating grains and/or the ejections of
stationary grains forming the bed surface. Characterizing the momentum-extraction process,
therefore, requires quantifying the ballistic and collisional dynamics of the transported grains.

Describing such a system numerically requires an algorithm for accommodating the
differential momentum extraction of individual grains or grain-size fractions. The magnitude of
the momentum extracted by all grains at each increment of height above the nonmoving portion of
the bed then can be calculated as the sum of the momentum extracted by each sediment
component. The method presented here builds on a similar model developed previously for
uniform grain sizes in air (Calder, 1987) and provides a new technique for quantitatively resolving

the form of the modified wind-velocity profile for mixed-grain systems.

3.4 Numerical modelling approach. I: Saltation of mixed-sized grains

To predict the structure of the fluid velocity profile over a mixed-grain sediment bed, this
model makes use of four, coupled dynamical components: the computer-generated sediment bed,
like that shown in Figure 3.1; a deterministic saltation component that describes the initial motion,
ballistic trajectories, and the relative accelerations of the sediment parcels in the moving fluid; a
stochastic, collisional component that resolves the geometric arrangements and energetics between

moving particles and the grains composing the bed; and a numerical, fluid-mechanical component
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that predicts the extraction of momentum from the fluid by the moving grains. Calculations of
grain movement proceed forward in time and space, such that the position of each grain along its
trajectory, relative to the irregular sediment surface, and the exact geometry of each grain-bed
collision are identified precisely. This section discusses the fluid-mechanical elements of the
model; the dynamics of grain collisions are discussed in Chapter 4.

The grain-saltation component of the model shares a common approach with several other
algorithms available in the literature for air (e.g.Tsuchiya, 1970; Tsuchiya and Kawata, 1972;
Reizes, 1978; Jensen and Sorensen, 1982; Hunt and Nalpanis, 1985; Iversen, 1985; Anderson and
Hallet, 1986; Ungar and Haff, 1987; Werner, 1990; McEwan and Willetts, 1991), for water (e.g.
Tsuchiya, 1969; Wiberg and Smith, 1985), and for snow (e.g. Pomeroy and Gray, 1990), that
derive a set of theoretical equations to characterize saltation trajectories based on the forces acting
on a particle in a fluid flow. The method used here is that of Wiberg and Smith (1985) for initial
motion and saltation of particles in water. Bccause the mechanisms by which particles begin
motion, enter the transporting flow, and trace ballistic-like trajectories within the flow are similar
on flat beds in air or water, the mechanical derivation of the algorithm is not critical, providing that
the fluid viscosity, densities of the solid and fluid phases, grain sizes, and boundary shear stresses
can be stated explicitly. The Wiberg and Smith model was selected for its mechanically based,
predictive capability in computing the parameters of full, individual hop trajectories, including
their initial and terminal particle velocities and angles.

Numerous studies have addressed the dynamics of fluid forces acting on eolian grains,
beginning with experimental work in the 1930’s (e.g. Bagnold, 1941; Chepil, 1945; Owen, 1964).
In the Wiberg and Smith model, grain motion is initiated from a bed in the absence of bedforms by
fluid mechanical forces (i.e. hydrodynamic entrainment) when the downstream- and upward-
oriented forces acting on a grain exceed the forces keeping it in contact with the bed. The forces
acting on a sediment grain at the bed are those of gravity (Fy), lift and drag due to fluid motion
over the bed (Fj, and Fp), buoyancy (Fg), and a balancing force (Fg) acting to resist particle
motion, all of which have been described previously in Chapter 2 (sce Figure 2.9; equations 2.9 -

2.13). When the boundary shear stress (T,) overcomes the critical shear stress (T.;) necessary to
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dislodge the sand particle from its pocket, a grain will begin to roll up, or pivot around, the next
adjacent grain downstream. As the centrifugal force of the grain exceeds the inward radial
component of the gravitational force acting on the particle, it will be ejected into the flow, The

critical shear stress for each sediment component m is given by :

D Vi 2
(Tcr),n = [((ps)m —pf)g ] l:(Ax) Dm:“:(cd)m:l

m

1 tang,
2 - (3.10)
(FAz/z)) || [1+ (FL/Fp), tang ]

where pg and py are the grain and fluid densities, respectively; V, is the grain volume and A, is the
cross-sectional area of the grain [V/A,D = 1.5 for spheres]; cq is the drag coefficient; <f2(7/zo)> =
<u(z)/us> is the velocity-profile function averaged vertically over the grain cross-section, where
us = [Ty/p]'2; and ¢, is the bed-pocket geometry angle formed by the pivoting grain and the
particle over which it rolls (see Wiberg and Smith, 1985, 1987a, for the physical derivation). The
value of ¢, is determined directly for each grain resting on the bed, in the manner described in
Chapter 2, based on its geometric arrangement with other grains in the computer-generated
sediment bed. Wiberg and Smith employ the Reichardt form of the velocity profile (equation 3.7)
in their study; here, the velocity profile modified by momentum extraction is used. Critical shear
stresses, as well as launch velocities and angles, thereby are calculated theoretically. The number
of grains leaving the bed at any time is determined by the bed-geometry arrangement and the fluid-
mechanical force balance on each particle as described above.

The numerical solutions for incremental changes in grain position along a trajectory, as
functions of time and height above the nonmoving bed, are derived from the equations for
turbulent flow near a boundary and for acceleration of a particle in an incompressible flow of
moderate- to high- Reynolds number (e.g. Re > 1). The forces acting on a grain once it begins to
move are the fluid forces of lift, drag, and relative acceleration; the effective grain weight; and the
inertial force associated with grain acceleration. Particle spin is neglected. The height of a grain

hop, and consequently its acceleration in the downstream direction, is governed primarily by the
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forces acting on the grain the instant before it loses contact with the bed. The general form of the

governing equation for grain motion in a flow, as derived by Wiberg and Smith (1985), is:

d{(u,) ) duy (¢, (Ap)
(ps),,, V,,,Tm = pfvmg+ pfvm dtf +pf 1"2 - luAIuA
Auy  (c) (A)
2 2
+ vam (Cm)m ot + pf '"2 - [(HA) T ("A) B:IeL B (Ps) m V”‘g G.10)

where the vectors ug and ug are the fluid velocity and particle velocity, respectively; u, denotes the
difference between the fluid and particle velocities, each averaged over the volume occupied by
the grain, [<up> - <(ug),>]; the coefficients ¢, ¢g, and ¢, are those of lift, drag, and relative
acceleration; A, and Ap indicate the cross-sectional area of the grain in the directions of lift and
drag; V is the particle volume; ey, is a unit vector in the direction of shear (i.e. normal to the flow);
and subscripts T and B refer to the top and bottom of the grain. For spheres, c,, = 0.5 and ¢ =02
the drag coefficient is calculated as described in Chapter 2. This equation applies to any natural
flow of dilute grain and fluid mixtures,

Solutions to the differential equations for each grain trajectory yield a full history of its
movement from initial motion, whether acrodynamically entrained or ejected from the bed by
grain impact, through all successive hops downwind, to its termination on the bed. An example
trajectory is shown in Figure 3.6, where an aerodynamically entrained particle of diameter Dy =
0.70mm leaves the bed, travels about 60Dsy downwind, collides with a stationary grain on the bed
surface (dark grain), and rebounds downwind. The position of the grain along its trajectory at
cqual increments in time is illustrated by a grain image; the distance between successive images
indicates the relative acceleration of the particle per unit time. In this figure, for example, the grain
is travelling much slower at its outset than toward the end of its trajectory. The Wiberg and Smith
(1985) algorithm has been extended here to account for grain position in space, as well as time, so
that the saltation trajectories are coupled directly with the sediment bed. The model predicts the
angle and speed with which the grain leaves the bed, its maximum hop height and length, and its

return speed and angle. Furthermore, because the bed is specified, the dynamics of the grain
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impact with a bed-surface clement are deterministic and the propertics of its rebound or
termination are calculable. The model traces multi-hop sequences forward in time and space until
the grain is captured by the bed through some geometrically unfavorable collision or is deposited
as aresult of a drop in the shear velocity below that capabie of sustaining its motion,

The method employed here for calculating the parameters of saltation trajectories provides
an alternative to other quantitative, eolian-saltation algorithms in the manner by which grain
launch and termination angles and velocities are determined, and in its use of a computer-
generated, mixed-grain-size sediment bed as an anchor to the calculations. Recent eolian saltation
models have departed from the earlier concepts of uniform hop trajectories (e.g. Owen, 1964) by
considering a range of hop dimensions with a spectrum of ejection and approach behaviors, as is
observed in wind-tunnel experiments (e.g. Willetts and Rice, 1985a, 1989). Ungar and Haff
(1986) presented an alternative model that subscribed to one particle trajectory whose vertical lift-
off velocity and net acceleration remained constant regardless of changes in the shear velocity
acting on the bed. Sorensen (1985) introduced a theoretical approach that calculated a range of
trajectory heights, lengths, and lift-off angles, and subsequent modelling efforts, supported by a
number of experimental advances in techniques for observing near-bed saltation behavior (e.g.
Nalpanis, 1985; Rumpel, 1985; Nickling, 1988; Willetts et al., 1991), have pursued this concept.
Many saltation models have made use of wind-tunnel measurements to characterize lift-ofl
behavior directly or to estimate the dislodgment rate and the probability distribution of lift-off
velocities and angles from observed transport-rate profiles (e.g. Hunt and Nalpanis, 1985; Iversen,
1985; Sorensen, 1985, 1991; White, 1985; Anderson and Hallet, 1986; Ungar and Haft, 1987;
McEwan and Willetts, 1991). In these models, continuous saltation sequences are effected by
choosing the number of grain ejecta, the lift-off velocities, and the lift-off angles from probability
distributions constructed from empirical observations of the relationship between impact and lift-
off velocities (e.g. the “splash function” of, for example, Ungar and Haff, 1987). Inputs to the
splash function typically include observed impact angles and speeds, bed slope, and grain mass.
Werner (1990) and Anderson and Haff (1988; 1991) broadened the utility of the splash function by

combining experimental observations with computer simulations of grains striking a uni-sized
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granular bed at chosen angles and speeds known from experiments to be characteristic of airborne
grain trajectories, from which lift-off angles and speeds could be derived. Their approaches
differed in the way that the test beds were constructed; Werner used a well-packed bed of regularly
arrayed grains, while Anderson and Haff developed a less uniform deposit by gravitationally
settling grains into a fixed-walled receptacle (i.e. the approach of Jiang and Haff, 1993, and Haff
and Anderson, 1993, for grain mixtures of two sizes). These simulations have expanded the
understanding of grain-trajectory characteristics past what could be observed experimentally in
low or high shear-velocity flows. None of these studies employing splash functions has yet
addressed the problem of mixed-grain sediment transport.

The relative importance of aerodynamic entrainment versus impact-driven launch of grains
in the total sediment flux remains controversial, largely because of the difficulties in observing this
phenomenon experimentally. Employing the splash function derived from computer simulations
of grain impacts to a dynamical model of grain saltation, Werner (1990) concluded that impact-
propelled grain ¢jections greatly dominate over fluid entrainment in the steady-state problem, His
findings are consistent with wind-tunnel studies of Williams et al. (1990). Based on this, and
other, studies, some workers (e.g. McEwan and Willetts, 1991; Sorensen, 1991) have neglected
fluid entrainment in their models, as have most earlier modelling efforts. Others (e.g. Anderson
and Haff, 1988, 1991) account for fluid-mechanical initiation of grains by setting the entrainment
rate proportional to the excess shear stress [N = o(T,- o)), where the constant of proportionality
is assumed such that the grains leave the bed with velocities just sufficient to propel them a
distance of one grain diameter from the bed. Others argue for a greater role of fluid-entrainment
processes in low and moderate shearing flows on the basis of wind-tunnel experiments (Willetts et
al., 1991).

To address the initiation of sediment transport over computer-generated sediment beds, the
following methodological algorithm is used. The model is run in such a manner that the first grain
to move with increasing shear velocity is entrained acrodynamically. If sufficiently energetic, this
grain ejects other grains through collisions with the stationary grains on the bed, which, in turn,

eject additional grains. The population of moving grains, then, is composed primarily of grains
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initiated by collision, with the exception of the first grain. In the case of very weak flows, several
more grains may be initiated by fluid mechanical forces before ejections are produced; in this case,
successive, randomly chosen grains are entrained fluid mechanically until one produces grain
ejections from the bed. Similar to what has been observed experimentally (e.g. Bagnold, 1941;
Iversen, 1985; Nalpanis, 1985), the model predicts that the first few grains to eject from, or roll
across, the bed generally promote a cascading effect in the number of grains propelled into motion,
such that most low- to moderate- shear velocities readily create an impact-driven saltating
population.

In mixed-grain systems in which the microtopographic relief is created by nonuniform
arrangements of disparate grain sizes, rather than bedforms, the irregularities of the surface and
bed-pocket geometry angles directly govern the ejection angle of bed grains and greatly influence
the exchange of momentum between colliding and resting particles. Hence, the ability of the grain
to rapidly reach the higher-velocity zones of the windfield are influenced directly by the bed.
Knowing the exact geometric configuration of the bed in relation to the particle trajectory
parameters, therefore, becomes very important in the momentum-extraction problem for

heterogeneous grain mixtures.

3.5 Numerical modelling approach. II: Setting the boundary conditions

Owen (1964) first described theoretically how a self-equilibrating system is created between
the grains and the wind. As the local wind velocity increases, progressively more grains begin to
move, The grain concentration gradient, however, soon reaches a level at which the sediment
components extract sufficient momentum that the near-bed flow velocity diminishes. The
transport capacity of the wind drops, and the sediment concentration at successive levels above the
bed has to adjust to this new transport regime. The concentration of particles in the saltation layer
is limited by the condition that the local fluid shear stress (Tg) progressively decreases, in the
direction of the bed, to a critical value just capable of initiating saltation.

To determine the magnitude of Tr. at this threshold, and the length scale setting the velocity

profile in the saltation layer and above, an appropriate boundary condition must be formulated.
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Owen (1964) closed the problem by setting the fluid stress equal to the stress necessary to sustain
saltations by impact (e.g. the “impact” stress threshold of Bagnold, 1941, and Chepil, 1945); the
magnitude of this stress is smaller than the critical Shield’s stress for initiation of grain movement
(Tg = T¢), which forces the boundary shear stress T, back to the threshold for grain rolling, not for
saltation. In the neighborhood of T, few grains are saltating, and this boundary condition is
insufficient for a developed saltation layer. Ungar and Haff (1987), followed by Werner (1990),
applied the stress profile for the interior flow [Tp = Ty = p(u*)z] to the saltation layer, arguing that
the cnergetics of grain saltation are independent of Tp at the bed. Other models (e.g. Sorensen,
1985; Anderson and Hallet, 1986) have employed shear velocities derived from time-averaged
velocity measurements to constrain the value of T = p(um)2 at the bed. More recent analyses (e.g.
Gerety, 1985; Anderson and Haff, 1991; McEwan, 1993) have questioned the accuracy with which
shear velocities can be calculated from measured wind velocities, as well as the validity of
assuming a logarithmic profile through the saltation region as a basis for the calculations.
Recognizing that the momentum-extraction process results in a wind-velocity profile that can
diverge considerably from a purely logarithmic form, others (e.g. Calder, 1987; Anderson and
Haff, 1991; McEwan and Willetts, 1991; McEwan, 1993) defined a local fluid shear stress whose
profile form is modified by the magnitude of momentum extraction as a function of height above
the bed. A common modelling approach (e.g. Anderson and Haff, 1991; McEwan and Willetts,
1991) has been to set the local fluid-shear velocity in the near-bed region initially by a value
corresponding to the logarithmic wind profile [’L’b = p(u*)z] of the flow interior, and then to iterate
on a modified velocity-gradient expression to find a stable solution for the wind profile in the
saltation layer.

The theory for determining the local shear-stress threshold in mixed-grain transporting
systems departs from that of the uniform-grained models above in that not one value of Ty, but a
range of values for each grain-size fraction present, must be found. Following an approach
developed for eolian transport of uniform sizes (Calder, 1987; Calder and Smith, 1989), the critical
threshold at which the local fluid shear stress reaches a minimum during sediment transport is

given by a shear stress that relates to the initiation of grain saltation (Tgp)y, rather than initiation of
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grain rolling. Hereafter, this term is denoted simply as Ty, where 1} denotes the nonmoving part of
the bed. For each sediment component m in a granular mixture, (Tm > (T however, the
value of (Ty)y, differs considerably between grain sizes because of the particle-force dependence
on grain volume Vp, and bed-pocket angle geometry ¢, (i.e. in the force resisting particle motion:
Fr = [(ps- P)2Vmtan ¢,1). In heterogencous sediments, therefore, setting the boundary condition
for the local, effective fluid shear stress associated with the saltation layer requires treating each
grain-size fraction separately, as will be discussed shortly.

The boundary condition for the fluid-velocity profile modified by the presence of grains of
different sizes at the bed and in the bedload layer is that the velocity approaches zero at a height
equal to the bed-roughness scale (z,). In the near-bed flow region, z, as a function of the local
sediment-bed topography and thickness of the viscous sublayer is set initially by the Nikuradse
(1933) relationship for flow over a fixed, non-sediment-transporting bed. The Nikuradse length
scale (z,)y for the flow before sediment transport occurs is a function of the shear velocity (usdy,
the characteristic bed-length scale kg, and the fluid viscosity v; for hydraulically transitional flows
(3= R« £100), (o) = f{ R« = [(us)nky/v]}, and for hydraulically rough flows (R« > 100), (z,)y=
k¢/30. Nikuradse derived these relationships for a planar surface of spheres with uniform sizes and
packing, and others (e.g. see Sherman, 1992) have suggested that z, = 2Ds(/30 is more
representative of irregular, mixed-grain bed surfaces. It was demonstrated previously (i.e. section
3.1) that the particle-scale topographic irregularities of the computer-generated sediment beds used
here have little effect on the form of the vertical velocity profile in the absence of sediment
transport and that at low- to moderate- transport stages, most grains likely are submerged within
the viscous sublayer. Because the relationship between grain size and roughness length generally
is unclear, however, a further test of the effect of varying the characteristic length scale ks on the
form of the near-bed velocity profile was conducted. In three different scenarios, using the
Reichardt equation for the near-bed, vertical velocity profile (equation 3.7) and (ue)y =7.58 X 10
m/s, ks was taken to be the median grain diameter (Dsq); twice the median grain diameter (2Dsg),
which is approximately equivalent to Dg4 of this size-frequency distribution; and the average

diameter of the bed-surface grain (Dy,) lying at each increment of distance x = 10Dsg downwind,
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which corresponds to the average wavelength of microtopographic bed irregularities (e.g. bumps
formed by grain clusters; see Figure 3.1). In the latter case, the vertical velocity profile was
calculated at increments of (x/Dsg) and spatially averaged over the length of the sediment bed. In
each case, z, was positioned spatially above the elevationally varying z=0 reference line shown in
Figure 3.2. There was negligible variation among the three calculated profiles and the Reichardt-
modified velocity profile shown in Figure 3.4. Hence, z, for the near-bed flow is taken as
originally posed by Nikuradse with k; = Dsg and is spatially anchored to the z=0 reference line at
successive points in the downwind direction.

As sediment motion ensues, however, the effective bed roughness Z, is enhanced by moving
sediment above the fluid-solid interface. Owen (1964) postulated that the particles travelling
within the saltation layer create a roughness to the non-sediment-transporting flow above by
shedding wakes that introduce local turbulences in the flow. He also hypothesized that the
magnitude of the bed-roughness parameter is proportional to the height of the bedload layer (8p),
which he estimated by balancing the kinetic energy of a grain leaving the bed with an initial
vertical velocity comparable to the shear velocity (us), against the potential energy of the particle
at the top of its trajectory. Owen showed this dependence of the roughness parameter on the shear
velocity in his formulation of (z,),, = (x(u*2/2g). where o0 = 2.07 X 102, Some have followed this
approach (e.g. Anderson and Hallet, 1986; Rasmussen and Mikkelsen, 1991). Others (e.g.
Anderson and Haff, 1988, 1991; McEwan and Willetts, 1991) have set the initial sediment-
transport roughness, (z,),, equivalent to the Nikuradse value for hydraulically rough flow (i.c. Z,=
D/30) and iterated on the velocity profile as it gradually adjusts to the momentum-gxchange
regime of the steady-state, sediment-transporting flow, thereby deriving a new value of (z,), as the
height above the bed where u = 0. Anderson and Haff (1991) further refined the initial Nikuradse-
type roughness parameter by setting z, = 2D/30 [i.e. 2D = 0.1mm is about the mean height of
impact craters developed by saltating grains impacting the surface and driving other grains from
the local impact locus; this concept originates from experimental observations of Bagnold (194 1)].
Ungar and Haff (1987) set z, = D/30 for each iteration and then adjusted the magnitude of the

velocity at this height until the velocity profile was consistent with the impact velocity of the



96

representative saltation trajectory used in their calculations. Werner (1990) assumed u=0at z, =
D/30 above the tops of grains ejected from the bed, arguing that a variation in the roughness
parameter, on the order of a fraction of a grain diameter, had littie effect on the saltation
trajectories and, hence, on the mean vertical profile of wind velocity. Sorensen (1991) set z,
corresponding to a value calculated for flow over small sand ripples, also suggesting that the
roughness parameter exerts little influence on the wind profile,

This model employs an iterative technique to resolve the form of the wind profile modified
by grain-induced momentum extraction and to obtain a correct value of (z,),. In the mixed-grain
problem, this calculation must be carried out for each sediment component until the momentum
distribution between the fluid and all moving grains equalizes for a given local shear stress. The
iteration scheme, described more fully later on, incorporates a numerical expression for Z, that
depends on the concentration of grains moving as bedload, the thickness of the saltation layer &g,
and the shear velocity. The form of this equation is derived at the end of this chapter section. The
numerically derived values of (z,)5; for mixed-size sediments correspond most closely to those
calculated with the analytical expression developed by Sherman (1992), who re-parameterized
Owen’s expression specifically to describe roughness resulting from saltation. He argued that
Owen’s relationship did not isolate the sediment-transport roughness from skin-friction roughness
and that, to do so, the shear velocity (u«) in Owen's equation should be replaced by the excess
shear velocity required to initiate sediment transport [us - (us),,], and the skin-friction roughness
(2D5¢/30) should be subtracted from the equation. The resulting equation of Sherman is (z,)q =
{[a(u* - (u*)cr)z]/g - 2D50/3()}, where o0 = 2.52 X 102 This equation gives roughness-
parameter values within a factor of 2 of those predicted by the model, whereas Owen's
relationship yields values that in some cases are an order of magnitude higher.

The method derived here for calculating the local fluid shear stress differs from published
colian models for uniform grain sizes in that Ty is calculated explicitly for each grain size within a
mixture. The value of the critical shear stress (or shear velocity) for grain saltation for each grain
size in a mixture is determined by initiating the motion of grains fluid mechanicall y, allowing them

to hop continuously downwind, recording their trajectory sequences, and determining their mode
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of transport at incremental increases in Ty, > (T¢;),,. Transport modes can be determined directly
from the model both visually, by graphing the position of each grain as it moves along its
trajectory (e.g. Figure 3.6), and quantitatively, by calculating the distance between the centers of
the moving grain and every grain that it passes over on the bed surface. Grain “rolling” is defined
here as grain motion in which the particle never loses contact with stationary particles on the bed.
Grain “saltation” refers to any particle that physically clears the next grain downwind without
touching it; typically, once a grain is airborne, it will travel at least over the next several grains
downwind. For the purposes of this shear-stress analysis, the definition of saltation includes creep,
reptation, full saltation, and the rest of the class of terms (e.g. sec discussion in Pye and Tsoar,
1990) used to describe grain motion other than rolling. This distinction is made to differentiate
between particles that enter the airstream and exchange momentum with the near-bed flow above
the viscous sublayer, versus those grains that are wholly to partially submerged in the viscous
sublayer and whose forward momentum is complicated by continual contact with the bed-surface
irregularities. For each grain-size fraction (e.g. Dyg, Dy, ...) present in the computer-generated
sediment bed plotted in Figure 3.1, the transport mode of each grain moving at a particular value of
the boundary shear stress is evaluated. At least 300 grain trajectories are analyzed at each
increment of Ty,. Grains are allowed to hop or roll continuously downwind until some unfavorable
collision geometry terminates their movement. It is also possible to determine which grains
absorb momentum transferred by the incoming particle but are not ejected from the bed; these
particles vibrate in their bed pockets without being launched.

The ratio of the number of grains rolling to that saltating is calculated at increments of the
transport stage [(Te)y = Ty/(Ter)n] equal 10 0.10Ts. Results of the analysis are shown in Figure
3.7 as a function of the transport stage and the percent of rolling versus saltating grains, for seven
grain-size fractions within the mixture. Figure 3.7 demonstrates that the range of transport stages
between when only 50% of the grains are saltating and when 100% of the grains are saltating is
small in the finer size fractions (e.g. D < Dyg, where D4 = 0.50mm). For the median and coarser
size fractions (D 2 Dsg), however, the transport stage at which 100% of the grains saltate is about

15% greater than for the case where 50% of the particles saltate. In order to define Tms
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consequently, it is necessary to determine what constitutes a “significant” percentage of each grain
size saltating into the airstream, for the local fluid stress field to be appreciably altered by the
moving sediment.

The solution to the question of significant saltation requires testing each value of (Ty)in With
the model to evaluate which criterion (e.g. 50% vs. 100% saltation) leads to a stable, steady-state
saltation regime for each sediment component. Steady-state saltation is achieved when the
population of moving grains is self-replicating, that is, when each terminated hop sequence is
replaced, on average, by a newly initiated one. The conceptual theory of self-regulation within the
saltation layer has been reviewed by others (e.g. Pye and Tsoar, 1990; Anderson and Haff, 1991).
Self-replication does not imply that only one grain will be ejected per hop sequence; many hop
sequences result in no replacement ejections, while others might eject numerous grains into the
moving sediment load. For the bed to be neither eroded nor aggraded over time requires that this
condition hold.

The appropriate value of (Tn)m for each of the sediment components m was evaluated by
selecting a particular grain-size fraction (e.g. Dy, Dyg ...), initiating hop trajectories of grains from
that size class from random positions on the bed surface, allowing them to proceed downwind until
they terminated, and determining whether each size fraction maintained an average equivalent of
grain ejections and terminations over time (i.c. sclf-replication of the saltating population). Only
grains of the selected size class were allowed to hop down the bed, so that the momentum
exchange between that size fraction and the wind-velocity profile could be evaluated. The fluid
shear stress was raised incrementally over a range of low to moderate transport stages (eg.l1 <
(T+);y, £6), and (’II,])m variced until self-replication was achieved at each increment of the transport
stage. This test was conducted with at least 300 hop sequences for each grain-size fraction. These
analyses employed the fully posed bedload-transport model, including the collisional and
momentum-extraction algorithms yet to be discussed. In addition to achieving self-replication, the
calculations required stabilization of the wind-velocity profile and the momentum exchange
between moving grains of the given size class and the fluid. Simultaneous solutions for the

unknown value of (Tn)m. the effective bed roughness (z,) enhanced by grain-fluid interactions
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during sediment transport, and the structure of the velocity profile modified in response to the
moving concentration of sediment components (Cy),, were obtained by iteration. This test was
repeated for each grain-size fraction individually, such that an appropriate value of the critical
shear stress for saltation (Ty),, was found for each size fraction in the mixture. Results of this
analysis are shown in Figure 3.7b for six grain-size fractions.

Figures 3.7a and 3.7b demonstrate that the critical shear stress necessary for saltation of
cach size fraction (Ty)y, depends strongly on the transport stage. Furthermore, the manner in
which (Tn)m varies systematically with transport stage appears to be independent of grain size. At
lower transport stages [e.g. (T+), < 3], the appropriate value of (Ty)m for cach sediment
component corresponds to the 100% saltation criterion. At higher transport stages [e.g. (T«),, 2 3],
('t,])m decreases, such that at a transport stage of (T«),, = 6, the critical shear stress for grain
saltation (Ty)yy, is reduced to a value corresponding to when only 75% of the particles saltate. This
predicted relationship is shown in Figure 3.8a, in which the logarithm of the transport stage [In
(T+)p] is plotted against the percentage of saltating grains, for any grain-size fraction (D). A
reduction in Ty, with increasing transport stage was predicted in the case of uniform-grain sizes
also, although the decrease in the fluid stress with increasing transport stage occurred more rapidly
(e.g. at a stress corresponding to 50% of the grains saltating at (T«),,, = 6, versus 75% for the
mixed-grain case). One explanation for this behavior is that as the boundary shear stress rises,
grains become increasingly energetic and collide rigorously with the bed, some ¢jecting many
more than one particle during the course of their multiple-hop path downwind. For self-replication
to be maintained, however, the fluid flow must adjust to the increasing concentration of
encrgetically moving grains such that they extract relatively less momentum from the flow, lose
forward acceleration, and impart less momentum to stationary grains during collision with the bed.
This is achieved through decreasces in the fluid shear stress acting on the bed (Ty). Therefore, as
the transport stage increases above (Tx),, = 3, the critical shear stress for saltation of each size
fraction drops proportionately.

This reduction in Ty, agrees, in general, with wind-tunnel observations that the fluid velocity

in the bed region, as a function of the sediment-transport Z, and (ux)y, drops with incremental
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increases in the boundary shear stress Ty, (c.g. Bagnold, 1941; Chepil and Woodruff, 1963). The
results shown in Figure 3.8, however, differ from those obtained from published uniform-grain-
size models. For example, some authors (e.g. Werner, 1990, Anderson and Haff, 1991; Sorensen,
1991) concluded that the steady-state fluid shear stress at the base of the saltation layer falls below
the threshold required for aerodynamic entrainment (i.c. Ty < Tep) irrespective of transport stage,
consistent with Bagnold’s (1941, 1973) theory of an impact threshold below the fluid-entrainment
threshold, whereas others (e.g. McEwan and Willetts, 1991) have argued that the shear stress at the
bed is approximately equal to that required for sustaining acrodynamic entrainment (’Cn = T¢p)s at
all values of the transport stage. The variance in results might be due to the manner in which grain
saltations and sediment concentrations were calculated in the various models, which drives the
momentum-extraction computation and, hence, the determination of the local fluid shear stress
associated with sediment transport. Anderson and Haff (1991) confined their calculations to a
subset of grains with ten distinct impact velocities and their associated probability distributions of
grain-cjection frequencies and lift-off velocities, while McEwan and Willetts (1991) employed a
splash function based on wind-tunnel measurements of observable grain-saltation properties and
grain-cjection frequencies.  Sorensen (1991) and McEwan (1993) developed analytical
expressions for the shear-stress and fluid-velocity profiles, which essentially yielded results
similar to those obtained numerically; this is consistent with the fact that both authors based their
analytical approximations on the splash functions of Anderson and Haff (1988; e.g. in the case of
Sorensen) and McEwan and Willetts (1991; e.g. in the case of McEwan). Gerety and Slingerland
(1983), however, speculate on the basis of wind-tunnel experiments with heterogeneous sands that
threshold shear velocities deviate according to grain size from those given by Bagnold’s impact
law for uniform materials. The threshold stresses necessary to maintain saltation of coarse grains
are higher than predicted by the impact-threshold theory, whereas those of smaller grains would be
expected to be lower than the impact threshold. This variation arises from the unequal probability
of various grain sizes being mobilized through collision on an irregularly arrayed, heterogenous
bed, whereby exposure of the bed particles to bombardment by moving grains differs substantially.

Model predictions of a variation in Ty, with grain size and transport stage are most consistent with
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those of the empirical study, although the drop in the entrainment thresholds of the smaller size-
fractions below their corresponding impact thresholds was not predicted. Model results establish
that, for the sediment mixtures used, the fluid shear stress at a transport stage of (Ts), = 6 still
exceeds the threshold for fluid-mechanical initiation of grain motion [(Ty)m > (Ter)y,] by as much
as 1.5 times. At transport stages much greater than (T¥), = 6, outside the realm of those studied
here, however, the fluid shear stresses for saltation of each grain-size fraction might well fall into
or below the range of those necessary for sustaining aerodynamic entrainment.

Figure 3.8 summarizes the predicted values of the fluid shear stress for each grain-size
fraction during sediment transport, necessary to set the boundary conditions for the fluid-velocity
profile at the bed as a function of grain size and transport stage. Figure 3.8a gives the appropriate
grain-saltation criteria as a function of transport stage (T/T,,), which is independent of grain size.
Based on the selected criteria (e.g. 75% vs. 100% grain saltation), a correct value of the grain-
modified, fluid-shear stress can be obtained from Figure 3.8b, which shows the relationship
between grain size (Dy,) and the critical shear stress for saltation of that grain size [T, = (Tm
/(Ter)im» Or the ratio of the critical shear stress for grain saltation and that for initial grain motion].
For Dy, 2 Ds5g=0.7mm, these curves approach asymptotes, as the magnitude of the shear stress
required to initiate grain saltation, over that for initiation of grain rolling, becomes proportionately
higher.

While the computational methods described here apply to any mixed-grain sediment bed,
the values of the local fluid shear stress given in Figures 3.7 and 3.8 pertain to the sediment
mixture of this study, as well as to others with a similar grain-size frequency distribution. For
substantially different grain-size frequency distributions, it would be desirable to carry out a
complementary set of calculations to verify the relationship between grain size, transport stage,
and transport mode. Comparisons of the fluid shear stress for each size fraction in the mixed-grain
case with those predicted for each grain size over a like-sized sediment bed indicate that the local
fluid shear stress must be reduced significantly more in the latter case. This suggests that grains
hopping over a mixed-grain bed are relatively less energetic and extract less momentum from the

flow on average than in uni-sized deposits at the same transport stage. As hop heights are
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governcd in part by the magnitude and direction of grain lift-off angles and velocities in relation to
the bed, which are, in turn, influenced by the topographic irregularities of the sediment deposit, the
effects of the mixed-grain bed on the structure of the momentum-extraction profile are indirect but

critically important,

3.6 Numerical modelling approach. III: Quantifying momentum extraction

The momentum exchange between the fluid and sediment, resulting in particle acceleration
downwind, is accomplished primarily through the horizontal component of the drag force [(Fp)mlx
acting on each sediment component m. Owing to the rapid decrease in concentration of moving
grains with distance from the bed, which has been documented experimentally and theoretically
(e.g. see summary by Pye and Tsoar, 1990), the momentum-extraction process is most sensitive to
the concentration field nearest the bed. The magnitude of the stress exerted by the fluid on the
moving particles at successive heights above the bed, therefore, becomes a function of [(Fp)nlx
multiplied by the sediment concentration at each level. This relationship has been made use of in
several models addressing uniform grain-size materials (e.g. Sorensen, 1985, 1991; Ungar and
Haff, 1987; Werner, 1990; Anderson and Haff, 1991, McEwan and Willetts, 1991; McEwan,
1993). These authors described the dynamics of the momentum-exchange process through
applying a body force per unit volume acting in the upwind direction; the vertical profile of the
cumulative drag force acting within the saltation layer was then calculated by summing the
magnitude of the body forces on all particles present at each level above the bed. In their models,
the concentration of moving grains was set by the number of grains permitted by a splash function
to leave a given bed area per unit time,

Momentum extraction is calculated similarly in the mixed-grain case by quantifying the
product of the drag force per unit sediment volume and the concentration of each sediment
component (Cp,) at successive heights above the bed. In this model, the concentration of moving
grains is predicted by the saltation model. The product (Fp),Cy, is summed over all such
components at each level, from which the momentum extracted by each size fraction at ¢ach level

can be determined. The total momentum reduction of the fluid by the grains at each increment of
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height above the nonmoving part of the bed is the sum of the momentum extracted by cach
sediment component: (FpC)) "”=,,,AE:1 (Fp) ,,,Cm'

The stress of fluid-solid interactions, (Tg,), can be expressed as a force per unit area. The
unit area over which the drag force on each grain acts is represented as the downwind distance
between any two like-sized grains (L) times the grain diameter (D,;,). The two grains can appear at
any height in the fluid. The distance (L) obtains from the definition of sediment concentration,
which is the ratio of the sediment volume to the total volume of fluid and sediment combined [C
= (1 Dy /6)(LDy%)!]. Rearranging this expression, LD, = [r D 2/16C,] = [V,/C, 1D,
where V,, is the volume of the sediment grain. This technique has also been applied to uniform
grain-size transport in air (Calder, 1987) and in water (Wiberg, 1987; Wiberg and Smith, 1989).

The stress of the fluid acting on a sediment component m, therefore, is the horizontal
component of the drag force [(Fp),,lx per unit area (LD,,), which can be rewritten as a function of

the grain concentration Cy,, based on the geometric argument above:

[(FD) ’"]x (FD)m
(Tfs)m = LD = [ V J

m m

¢,.D,, . (3.12)
X

where Fpy = (p/2) chDIuAI Uy 5 Uy is the difference between the air and grain velocity, A, is
the cross-sectional area of the grain normal to the drag force, and Cq is the drag coefficient. The
total stress of the fluid in the saltation region, T = Tp, acting on any sediment component m is
partitioned into the stress of the fluid acting on each sediment component (Tg,),,, and the fluid-
borne stress in the path of each moving particle Trr, which for clarification is denoted here as
(Tepm- Hence, (T, = (Tdm + (Ti)yy,. following this notation. Substituting equation 3.12 into
this expression yields:

(FD)m
(TT)m = (Tff)m + vV CmDm * (3.13)
X

m

where (Tp)p, is the total local shear stress affected by sediment component m. There are m such
equations representing each grain-size fraction within the mixture.

Manipulation of equation 3.13 yields explicit expressions for both the local fluid stress and
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the concentration of each grain-size fraction at the bed. At the local bed surface (1), the local fluid
shear stress is equal to the critical shear stress for initiation of grain saltation [T = (’Crf)n], as
discussed in the previous section (3.5). Evaluating equation 3.13 at the bed and rearranging gives
an expression for the total fluid stress at the bed in terms of the momentum exchange between the

fluid and any given grain-size fraction:

m Jy

(FD)I)X
(), ~ L1 = [( v )C,,,D,,,L- (3.14)

An expression for the concentration of moving sediment components m at the bed also derives
from rearrangement of equation 3,14, written for each grain-size fraction in terms of the total shear
stress, the critical shear stress for the initiation of saltation [[(‘Cff)n]m = (T by convention], the
drag force per unit volume on a sediment grain just above the nonmoving portion of the bed, and

the grain diameter:

(1), = ()

(Cy = 1 GRwAAR (3.15)

m

The sediment concentration of component m at any level within the saltation layer may be
expressed as its magnitude relative to that at the bed; consequentiy, (Cx),, is defined here as the
concentration of component m normalized by the concentration of component m at the bed: C, =
(Cm)n(C*)m. Likewise, (Fs),, represents the drag force per unit volume of component m,
normalized by its value at the bed: [(Fp),/Vn] = [(FD),,.‘/V,,,]n (F+);n. These nondimensional
parameters (Fu)y, and (C+),,, both go to unity at the nonmoving bed surface.

An expression for the local fluid stress on each sediment component can now be written in

terms of these nondimensional parameters in a rearrangement of equation 3.13:

(), = (%), = (F.C), [(Fp), /V,] G, D, (3.16)

= (TT )m - [(tT)m - (Tﬂ)m ] (Fu Cy )m ’ (3.16b)
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which is solved for each sediment cotaponent m at a level z above the bed, in terms of the known
critical shear stress for initiation of saltation Ty the total local shear stress (Tp)y, affected by
sediment component m, and the momentum reduction associated with the moving grains (F+Cx)y,.

A numerical expression for the fluid velocity gradient as a function of height above the bed
is derived by applying the turbulent mixing-length hypothesis to equation 3.16b above. Within the
saltation layer, the local fluid stress Ty is proportional to the vertical variation in fluid velocity and

the height-dependent, turbulent eddy viscosity, approximated as K = k(us)gz:
du
Ty = pk(u,,)Tza—z (3.17)

where k = 0.408 is von Karman'’s constant, (us)7 is the total local shear velocity, and p is the fluid
density. The use of a mixing-length model to close the governing equation (i.e. equation 3.8b) is in
common with numerous uniform-grain-size, sediment-transport theories (e.g. Sorensen, 1985;
Calder, 1987; Wiberg, 1987; Ungar and Haff, 1987; Werner, 1990; Anderson and Haif, 1991;
McEwan and Willetts, 1991; Raupach, 1991; Sorensen, 1991; McEwan, 1993). Rewriting

equation 3.16b in terms of the local shear velocity (ue)s gives:

), 15 (t),, = (1) !
N [1_(:_*_u)(w,,,]z 619

[ (ll*) ] p (TT)m

f m

and substituting into equation 3.17 yields an equation for the velocity gradient as a function of

momentum reduction associated with each sediment component m:

[ ()] (Tt — () 1
du T T Wi 5
[EJ B [l_( (t) J(F*C*),,,] : (3.19)

m

Integration of equation 3.19 produces a numerical expression for the vertical profile of fluid
velocity for each sediment component m over the region extending from the z=0 reference line in

the sediment bed to any level within the saltation layer (z < 8g):
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[(w) ] 2 (tp),, - (1) ]
w(m) = _kL'" f [l—(__TWF_’")(F*C,)m]Z[%]dz : (3.20)
T/

(z,) y

where (z,)y is the effective roughness of the surface before sand transport, spatially adjusted to the
z=0 reference line of Figure 3.2. Hence, for any value of the transport stage [(To)y, = ’tT/(’tc,)m].
the fluid velocity at height z above the bed, modified by transport of a given sediment component
m at that level, depends on the excess total local fluid stress [ST = (TTT,])/TT] and the magnitude
of the momentum extracted from the flow by the moving grains (F+C+),;;. This equation poses the
velocity profile for any sediment component m as a function of height z above the bed, in terms
calculable with the sediment-transport model described herein.  The values of the critical shear
stress for initiation of saltation for each sediment component (Ty are derived with the numerical
theory presented in section 3.5. The remaining unsolved term, therefore, is (FxCx)p,; @ method for
calculating the momentum-extraction parameter is now discussed.

Similar to methods introduced by others for uniform-sized sediments (e.g. Sorensen, 1985;
Anderson, 1986; Ungar and Haff, 1987; Wiberg, 1987; Werner, 1990; Anderson and Haff, 1991;
McEwan and Willetts, 1991), the horizontal component of the drag force (Fp), for each sediment
component m is calculated by the saltation model for successive increments of height z above the
bed, along its entire trajectory. Quantifying the sediment concentration follows Wiberg (1987; see
Wiberg and Smith, 1989) and Calder (1987); this approach differs from the uniform-grain eolian
models cited above, which derive the number of grains ejected per unit area of the bed per unit
time from simulations involving experimental observations and which assume either identical
grain trajectories (c.g. Ungar and Haff, 1987) or employ a selected subset of trajectory possibilities
(e.g. Sorensen, 1985; Anderson, 1986; Werner, 1987, 1990; Anderson and Haff, 1991; McEwan
and Willetts, 1991).

In this model, a large number of continuous particle-hop sequences (e.g. 200) are computed
via the saltation algorithm described in section 3.4, coupled with the predictive collisional
component (Chapter 4). Each grain rebounds in a series of unique trajectories whose lift-off

angles and velocities depend on the predicted dynamical and geometric properties of its random
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collision with stationary particles on the mixed-grain bed. The sediment concentration is
equivalent to the probability of each particle occupying a spot in the flow at a given instant in time;
hence, Cy;, is proportional to the time (At) that each component particle spends in an increment Z;=
0Dy, where o = 0.10 (i.e. Az = z;,1-z;). For a single grain s, C¢(z) ~ (AV Az). The magnitudes of
the drag force [(Fp)l,. the flight time per increment (At/Az), and the product [(Fp)sl,(At/Az), on
both the upgoing- and downgoing- limbs of individual trajectories are summed. The product of
the drag force times sediment concentration is determined by grain-size fraction (e.g. Dyg, D3,
...), such that its value for any component m at a particular flow height z is the sum for all grains
within that grain-size class; therefore, [(FD)m ]x(AtlAz) m = :;)f’l” [ (FD)S ]x(At/Az). The
true value of the sediment concentration for each component Cn(2) is obtained from the
previously described relationship: Cp(z) = [(Cm)n(C*)m](z), where (Cm),] is found from equation
3.15. Because the probability distribution of like-sized grains in motion is dictated by the
frequency distribution of that particle size in the bed surface, the number of grain trajectories
summed to yield any component product [(Fp),,1sC,, may vary from 100 for the tail members of
the distribution to 1000 for the median class. The momentum-extraction profile for each
component is normalized by dividing (Fp)y,C,,, at each level of z by its respective value at the bed:
ExCom = [(FdnConl [Fp)nCrly-

Figure 3.9 shows representative normalized profiles for the sediment concentration,
horizontal component of the drag force, and the product (F«Ca),, for the case of Dsg = 0.70mm,
(T+)s0 = 3.0, and n = 1276 hop trajectories. As expected, the concentration profile (Figure 3.9a)
displays a quasi-exponential decrease in the mass of moving particles with distance from the bed,
similar to profiles constructed from wind-tunnel measurements of sediment discharge (e.g.
Williams, 1964; Sorensen, 1985). The drag-force profile (Figure 3.9b) confirms that the greatest
cumulative, instantaneous force acting on particles of a given size fraction occurs near the bed at
the outset of particle trajectories, where the relative velocities between the moving fluid and the
slower-moving particles are the greatest. The curve drops back in the vicinity of the origin
because many particles are moving faster than the wind and, therefore, the horizontal component

of the drag force acting on these grains becomes negative shortly before collision with the bed. As
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Figure 3.9  Smoothed vertical profiles of the sediment concentration, horizontal component of
the drag force, and product of the drag force times concentration, as functions of height above the
bed (z) nondimensionalized by the median grain diameter (Dsg). (@) sediment concentration non-
dimensionalized by its value at the bed, C+. (b) drag force normalized by the value at the bed, Fu.
(c) product of the drag force times sediment concentration (F«Cx) normalized by its value at the
bed. (d) analytical solution to the near-bed profile, (FxCu)y, = [1-2/(8),,], valid to a height of & =
7Dsq. For the steady-state case in which the flow is in equilibrium with moving grains from all
represented size fractions; Dsg = 0.70mm, (T«)sq = 3.0, and n = 1276. The height of the saltation
layer (8p) is 222.4 Dsj, set by the maximum hop height of the D, g size fraction.
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demonstrated in Figure 3.9c¢, the shape of the momentum-extraction curve (F+Cs)yy is dominated
by the form of the concentration profile. The structure of this curve remains the same regardless of
the grain size (Dy,) or the transport stage (Tv),,. The curve shifts laterally for each grain-size
fraction, depending on the relative numbers of grains extracting momentum from the flow and the
energetics of the saltation trajectories, which define the thickness of the bedload layer. A
stabilized curve, however, reproduces itself because the population of moving grains equilibrates
with the wind profile, such that the distribution of hop heights and lengths remains uniform and the
thickness of the saltation layer becomes constant. The momentum-extraction curve retains its
shape but shifts vertically depending on the grain-size fraction; this derives from the fact that the
smaller fractions tend to hop higher and more energetically than the coarser fractions at a given
transport stage, an observation that has been verified experimentally (e.g. Gerety and Slingerland,
1983; Barndorff-Nielsen er al., 1985b).

Through the flow-transition region between the viscous sublayer near the bed surface and a
level in the saltation layer corresponding to 14Dy, the momentum-extraction profile for each
grain-size fraction is linearly decreasing (e.g. Figure 3.9d). This observation applies to all grain-
size fractions within a mixture and at all transport stages studied. Consequently, the (F+Cx),, curve
for cach sediment component m in this flow region may be approximated lincarly. This
approximation facilitates an analytical solution to the modified velocity profile in the flow-
transition region (i.e. z << 8y, as indicated in Figure 3.5). Hence, below the level of o = 14D,

the momentum-extraction profile is defined as:

(81)111 —Z 4
(FiC),y = 5y = [I_TST),T] =1-¢, . (321)

This approximation applies only (o the near-bed region. Above some height (8,),, (see Figure
3.9d), which is less than (8)y, [e.8. (8= 7Dy, the (FuCy),, curve is calculated numerically
through equation 3,20,

The equation for the modified fluid-velocity gradient (3.19) can now be rewritten by

substituting the analytical expression for (F+Cx),, (equation 3.21) as it pertains (o the near-bed
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region, z < (85,

1

0 [ )y ] (P, = (%), 1

[a_ﬂ ) —kzr—[' - (_TT)_’])“ -, | (3.22a)
[ (g 1

= kz - [1+ (Sn)m F’In] 172 (3.22b)

where [(uply = [(Tm /p]'2, and Sy, = {ltD)- (Tm)/ (Tn)m} is the nondimensional
excess shear stress defined in terms of the critical shear stress for initiation of motion of each
sediment component m. The integral form of equation 3.22b, from (z,)y where & = (&n)N, to any

height z above the bed, is:

[(uady ]m E [1+ (S Gl 172

u(m) = (3.23a)
k
(én)w gm
[(lt,..)n ] [+ (STI) ngnx] 12— 1 -
=201+ (5,) &1 +n ! (3.23b)
k m >m [1_'_(5)&]1/2_*_1
Wm 2m I(& )
NN

by integral definition. Integration yields the analytical form of the modified fluid-velocity profile
for the lower part of the saltation layer, appropriate for each sediment component /1, as a function
of height above the bed surface, the critical shear velocity for initiation of saltation [(us)yy ], and

the excess shear stress related to the saltation threshold:

[ (u#)n ]

u(m) = —Tn‘, 2[1+ (S'q)m §IN] 172 —2[1 + (Sﬂ)ln (gn)m] o

[1+ (ST])nx &,,,] 12 1 [l + (Sn)m (éﬂ)m]l/z-*- !
in 1/2 1/2
[T+ (S,) g ] +1 [1 + (Sn)m (én)m] -1

N “m
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where & = [2/ ()], Eqdin = [(2o)N /(801n). and (8)y, = 14D,,,. This expression collapses to the
familiar “Law of the Wall” equation for I(Sn)m!‘;ml << L

Equation 3.24 may be modified further to account explicitly for viscous effects in the region
of the bed. As discussed earlier in this chapter, the presence of a viscous sublayer draping the
granular surface has a measurable effect on the bed-roughness parameter (z,) under weak flow
regimes. Incorporating the Reichardt correction described in section 3.2 (equation 3.7) yields
smooth transitions between the linear velocity profile within the viscous sublayer, 3, = 11.6v/
(ux)y, the near-bed flow region whose profile is approximated linearly, dy <z < &, and the quasi-
logarithmic profile of the transition zone between the viscous and fully turbulent layers o7, which
lies somewhere between 8, and §, = 14D, for low- to moderate- transport regimes. Combining

equations 3.7 and 3.24 yields the following:

u{m)=
[ (1) ] Ruz, ([[1+Sq), 8,172 =11+ Sy, (&), 1'%+ 1]
-~ Inj 1+
€ 2-5/(5 [[[1 + (STl)m gl"] l/2+ l] [[l + (S"\)m ’l m ] v l]J

Ruz, R, z. R
+|:-In 3 +2.3”: exp( )(“6) (k)(llﬁ)exP(

%)

+5|:[l + (S )Ill gIH] 1/2 [1 + (S )I)l (én n ] 1/2] E (3‘25)

where Rx =[[(u*)n]mks/v], ks = Dgq, and z,, = (z,)n-

Above the saltation layer (z > 8p), the fluid-velocity profile is given by:

e, 3.26
u —T 'lrz—o; . (- )

As described earlier, the bed-roughness parameter (z,)y = (z,), is governed by the extraction of



s

momentum within the saltation layer. The magnitude of (z,)t for the wind profile modified by
each airborne sediment component m is found by first integrating equation 3.19 for the velocity
gradient through the saltation layer above (), The magnitude of the fluid velocity at (&), is
obtained through equation 3.25, which can also be applied at (8g),, to calculate the velocity
difference between (), and (8g),,. The velocity difference is then added to the magnitude of the
velocity at (85), to obtain the wind velocity at the top of the saltation layer u[(6g),]. Substituting

u[(8g)y] and z = (8g),, into equation 3.26 gives:

ul(3p),1
g ] (327

[ (ZO)T]m B 68 “p l:-k_[—(uT)T_]——

m

The shape of the velocity curve above (6;),, and the value of (z,)t must be found iteratively for

each grain-size fraction in the saltation layer, because ihie velocity profile depends on (F«Ca),,, but
(F+«C+)y, depends on the velocity profile through the drag-force term.

The vertical profile of fluid flow during sediment transport over heterogeneous beds, thus,
comprises three separate layers whose velocities are matched at the boundaries of each zone. The
near-bed velocity profile between z = 0 and z = ; corresponds to equation 3.25, in which the linear
profile within the viscous sublayer smoothly connects with the profile in the transition zone [§; =
O(871)] between the viscous sublayer below and the turbulent flow above. Within the main
saltation layer, &; < z < dg, the velocity-profile equation is given by equation 3.20, in which the
magnitude of momentum extraction is calculated as the horizontal component of the drag force on
grains times the concentration of moving particles. Above the saltation layer, z > &g, the velocity
profile is calculated by the “Law of the Wall” equation (3.27), where the magnitude of the
sediment-transport-enhanced, bed-roughness parameter (z,)r depends on the momentum-modified
velocity profile through the saltation region and must, consequently, be found through iteration.
The convergence of the unified velocity profile with each subsequent iteration is oscillatory in
nature, as extraction of too much momentum in one step generates a population of moving grains
that is too energetic in the next step. These fluctuations occur systematically, though, and their

magnitudes are predictable, such that the curves can be weighted as a function of z by the fraction
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of F+C+ under- or over- predicted. A stable solution typically results after three to five iterations.
Because the velocity profile depends on F«Cx, which, in turn, depends on the volume of each
sediment size in motion, the response of the velocity profile to each airborne grain-size fraction
must be calculated separately. Hence, the total momentum defect at each level in the flow
comprises the sum of the momentum extracted by each sediment component, resulting in a unique

relationship of each grain size to the velocity profile of the windstream.

3.7 Calculated momentum-extraction profiles

Mixed-grain sediment-transport theory is complicated by the existence of three, interrelated
unknown quantities: the magnitude of momentum extracted by each sediment component from the
flow, the relative influence of the momentum exchanged by each size fraction on the net
momentum-extraction profile, and the form of the vertical profile of downwind fluid velocity.
Hence, the numerical scheme developed to quantify the momentum deficit in the vertical profile of
wind velocity comprises a series of iterative steps. The following two paragraphs summarize this
procedure,

The first iteration requires an initial velocity profile which, in turn requires an initial
momentum-extraction profile. The latter may be characterized by a set of curves, one for each
fraction of the grain-size frequency distribution that, when summed, yield the profile of
momentum extracted by all grains of the sediment mixture. Because the relative proportion of the
momentum transferred between the fluid and the various grain sizes is unknown, a suitable
hypothesis for their relationship must be established. This is achieved by calculating the
momentum-extraction curve generated when only grains of a particular size class are in motion.
This calculation is repeated not only for each grain-size fraction present, but also for ecach
incremental increase in the boundary shear stress. There are several mechanisms for deriving the
initial profile of fluid velocity, including guesswork. The method chosen here was to impose the
previously calculated velocity profile, for the same relative grain diameter, from the uniform-sized
sediment case (Calder, 1987). Iterations are performed to find the stable forms of the velocity and

momentum-extraction profiles for each grain size.
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The second series of iterations uses these initial momentum-extraction and fluid-velocity
profiles as input to calculate the full sediment-transport problem, in which grains of all sizes are
permitted to move from the bed. For the flux of the mixture to be self-replicating under steady-
state conditions, the momentum exchange between the wind and each size fraction should
equilibrate with time. Iterations are required to stabilize the velocity and fractional momentum-
extraction profiles. A stable solution for the wind profile during transport of a granular mixture
yields a total bedload flux in which each grain deposited on the bed is replaced on average by an
egjected grain of any size.

No empirical data yet exist with which to test the ability of this fluid-mechanical algorithm
to quantify the momentum exchange between the fluid and each sediment component during
heterogeneous bedload transport; in fact, measurements of the fluid velocity as it responds
discretely to each grain-size concentration in a moving mixture would be very diflicult to procure.
Measured mass-flux profiles, however, provide an avenue for back-calculating many important
dynamical properties of transporting systems, including the mean local shear velocities and the
concentration gradients of moving grains as a function of height. Empirical bedload-transport
rates also have been used extensively by others to verify theoretical predictions of the magnitude
of the wind-grain momentum feedback. Typically, mass-flux measurements of sediment mixtures
have been presented as one curve representing total bedload discharge, rather than as a suite of
constituent curves for the range of grain-size fractions present.  Whereas the magnitude of
momentum extraction in uniform-sized sediments can be evaluated, in an average sense, against
such a curve, the mixed-grain problem requires the fractional mass-flux profiles to verify that the
momentum exchange between the fluid and each size class has been accounted for adequately.
Consequently, the grain mixture of the Yamasaka and Ikeda (1988) experiments is employed here,
so that a comparison between measured and experimental fractional-transport rates can be made.

Calculating the initial form of the momentum-extraction profile for each grain-size fraction
proceeds by aerodynamically initiating a grain from a given size class into motion, at the specified
boundary shear stress, and allowing it to travel downwind until it lodges in the bed surface. Grains

hop or roll, depending on their kinetic energy, and execute one to many (e.g. 100) rebounding
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trajectories until some geometric grain configuration of the bed surface, or particle momentum
insufficient to propel them over a bed element, terminates forward movement, The latter typically
occurs when the bulk of grain-borne momentum is transferred to stationary grains of disparate size
on the bed surface. Depending on the geometry of a collision, particles also rebound in the upwind
direction and collide with the bed before resuming hop sequences downwind (i.e. trajectories in
the negative x-direction), as has been observed experimentally (e.g. Willetts; see comments in
Anderson and Haff, 1991). The sediment bed shown in Figure 3.1 is assigned periodic boundaries,
so that any grains travelling farther than 1000 Dso downwind are re-entered at the upwind
boundary with the same particle velocity and ballistic characteristics that propelled them from the
downwind edge. Following aerodynamic entrainment of the first particle, all other grains are
cjected by impact. Only those ejected particles belonging to the specified size class are permitted
o move from the bed. An average of 300 grain trajectories are computed for each grain-size
fraction. The momentum-extraction and fluid-velocity profiles generated from the first iteration
are employed in the second iteration, and so on, until the profiles from successive iterations
converge on a single, stable form. The vertical profile of downwind velocity for each subsequent
iteration is calculated as described in section 3.6 (equations 3.25, 3.20, and 3.26), with the
appropriate local fluid shear stress associated with the grain-saltation threshold (Figure 3.8).
Consistent with the format of the Yamasaka and Ikeda (1988) data, the grain-size frequency
distribution is divided into seven size fractions: Ds = 0.20mm, D 18 = 0.35mm, D 4o = 0.50mm, Dsq
= 0.70mm, D7y = 1.0mm, Dg¢ = 1.4mm, and Dgs = 1.8mm. For each of these size fractions, a
stable momentum-extraction profile is derived at a specified transport stage. These calculations
are repeated for five transport stages in the low to moderate range, i.c. 1 £ (T«), < 6. This
procedure yields a suite of momentum-extraction curves that then can be used as input to the full
transport model (i.e. the realistic case where all grains of all sizes are permitted to move into the
airstream).

The momentum-extraction term (F+C4),, is computed as described in the previous section
(3.6), whereby the magnitude at each level above the bed, in increments of z = 0. 10Dsg, is the sum

of the up- and down- going limbs of any of the trajectories crossing that bin level. Because the z=0
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reference is non-planar (e.g. Figure 3.2), the initiation point of every trajectory is shifted either up
or down from a common plane, so that each increment in height z is horizontally uniform in the
downwind direction and all values of (F+C+), as a function of z are binned appropriately. This
calibration is analogous to taking all the grains forming the bed surface and positioning them with
their bottoms along a flat plane. Whereas the initiation points of all trajectories now coincide at a
common origin, the termination points of some trajectories might lie above or below the ori gin, by
a fraction of the difference between the largest and smallest grain diameter present (¢.g. 1.5 mm =
2Dsg). This disparity proves to be insignificant in that the dominant momentum extractors in the
saltation layer are those highly energetic grains moving faster than the wind within 2Dsq of the
bed; consequently, they are not extracting momentum from the flow and their trajectory tails, a
fraction above or below the origin, can be neglected. For the few less-energetic grains still being
accelerated by the wind near their termini, and whose trajectory tails lie above the calibrated origin
(e.g. usually < 5% of the moving sand population), the magnitude of (F+Cx«),, in the last bin is
applied to all remaining bins between it and the origin, so that an artificial decay in the
momentum-extraction profile at the bed is not created through missing data points.

Figure 3.10 shows a representative momentum-extraction curve for the case of D, =
0.20mm and transport stage (Te)y, = [Ty/(Ter)m] = 3.0, plotted as F+Ca for that size fraction versus
the height above the bed, nondimensionalized by D,,. The actual profile exhibits the expected
monotonic decay with increasing height, although with numerous positive momentum spikes.
These spikes signify the tops of individual trajectories, or multiple (rajectories with uniform
heights, and exist because there were an insufficient number of trajectories in the sample to mask
the effects of singular trajectories. The momentum maxima typically correspond to grains that
spent a relatively long period of time near the tops of their trajectories. With fewer statistics than
used here (n = 380), the frequency of the spikes increases; the converse holds for a greater number
of data points (e.g. 2000-5000), The number of statistics gathered here is suflficient, however, for
delineating the trend of the curve for the first iteration, and greater numbers provide no appreciably
different net result. When iterating, these excursions from the average trend can exacerbate the

oscillatory nature of the final profile convergence. A smoothing routine, therefore, is used to
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dampen the influence of individual trajectory spikes. The uniform, solid curve in Figure 3.10 is
the smoothed profile for this case. Curve smoothing is performed using a robust, locally weighted
regression (e.g. see Cleveland, 1979), in which the fitted value at (F+Ca),, is the value of a
polynomial fit to the calculated curve using weighted least squares. The weight for [(FsCa)yy. (@
D] is large if (FaCa)y, is close to the fitted value and small if it lies farther away. This method is
used for smoothing all other momentum-extraction curves presented here.

The results of iterating to find stable momentum-extraction curves, as input to the full
bedload-transport calculations, are plotted in Figure 3.11 for a transport stage of (T«),, = 3.0. The
curves for four representative grain-size classes, spanning the frequency distribution of the
sediment mixture, are grapied as a function of the nondimensional momentum exchange for each
component m, (F+Cs)p,, and nondimensionalized height above the bed, z/Dy,, where Dy, =
0.20mm, 0.35mm, 0.7mm, and 1.4mm, respectively. Each profile, as a function of grain size and
height above the bed, represents an initial hypothesis as to the relative magnitude of momentum
extracted from the flow by grains of a given size fraction, independent of the compounding
influences of other simultaneously moving size fractions. When the vertical axis is normalized by
a factor of (Dy/Dsp), these four profiles collapse to essentially the same curve, as indicated by
Figure 3.12. The suite of curves may now be represented by one F.Ca profile, that for the Dsg
case, as a function of (z/Dy,)(D,,/Dsg) = (z/Dsg). Normalization demonstrates that the constituent
momentum-extraction curves for a range of grain sizes possess the same curvature and vary
straightforwardly in magnitude by the ratio of the selected grain size Dy, to the median grain size
for the distribution Dsp. This functional relationship can now be introduced in the full transport
calculations for the sediment mixture. Subsequent iterations on the momentum-extraction profiles
during simultaneous transport of all sizes prove that while the absolute magnitude of momentum
extraction for each constituent might vary from that of the initial iteration, the relative proportion
between size fractions remains the same. The relationship between size fractions, embodied in
Figure 3.12, thus holds for the range of grain sizes and transport stages investigated here.

With a mechanism for generalizing the momentum-extraction relationship between size

fractions, the bedload transport of the grain mixture now can be addressed. Because the FiCx
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profile for the median grain size adequately represents each sediment component (D) when
multiplied by (Dsg/D,,,), an initial velocity profile for the saltation layer during full transport can
be derived through equations 3.20 and 3.25, with (FsCs)i = (FsCys)sp. This fluid-velocity profile
is called by the computer program; then, for any grain at any level in the flow, the appropriate
value of the forward fluid velocity as it responds to that grain may be found by multiplying by a
factor of (Dso/Dy,), yielding a suite of curves for the grain-size fractions like those shown in
Figure 3.11. This result is useful for two reasons. First, it simplifies the technical method, such
that one velocity-profile equation, with (FsCo)y = (FsCas)sq, input to the model can be
reconstituted within the program through the scaling factor (Dso/Dyy,) thereby reducing the number
of necessary equations. More importantly, because the component momentum-extraction curve
for the Dsg fraction represents an average of the curves for all fractions within the mixture, jt
appears that the appropriate length scale for momentum exchange between sediment grains and the
transporting fluid is Dsq.

As described previously, bedload-transport calculations proceed by aerodynamically
initiating the first grain and generating a population of moving grains from any particles it ejects
through subsequent collisions with the bed surface, and so on. For the full bedload-transport case,
any grains ejected from the bed are allowed to move. All ejecta are accounted for, to determine
what mode of transport (e.g. rolling, creep, saltation) they exhibit, how many grains of any
particular size they eject, what trajectory characteristics (e.g. lift-off and impact behaviors) they
display, how they interact dynamically with the flow (c.g. the magnitude of momentum transfer as
a function of height above the bed), and what causes their termination.

The total momentum extracted by grains of all size classes moving at a particular height in
the airflow is determined by summing the magnitudes of momentum extracted by each size
fraction: F, C, (2) = gl (F, C,.)m (z) . Figure 3.13 shows the momentum-extraction profiles
for four grain-size frac{;lo—ns obtained through iteration of the initial velocity profile. The vertical
axis z is normalized by D5 to provide a common reference for all curves. Summing these curves
produces a new momentum-extraction profile for the sediment mixture from which the modified

form of the wind-velocity profile may be calculated for the subsequent iteration.
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Figure 3.13 again demonstrates that the average momentum extracted by all grain sizes at a
given height (z/Ds) is represented by the component momentum-extraction profile for the D5
fraction. This figure also shows that the coarser size-fraction, Dgg = 1.40mm, extracts relatively
less momentum from the fluid-grain mixture than the finer size fractions, Ds = 0.20mm and Dg =
0.35mm. Experimental analyses (e.g. Williams, 1964; Gerety and Slingerland, 1983) and ficld
studies (e.g. De Ploey, 1980; Draga, 1983) of sand transport have concluded that particles from the
smaller size fractions in a mixture generally tend to hop higher on average than coarser grains;
consequently, the thickness of the saltation layer is defined by the maximum hop heights of the
smaller particles. Model results are consistent with these observations. In the case of (T = 3.0,
the maximum trajectory height achieved by the smallest size fraction (Ds = 0.20mm) is 60%
higher than that for the coarser size fraction (Dgg = 1.4mm). The differences in inertial mass
between the two size fractions largely are responsible for this variation; the critical shear stress
required (o initiate saltation is an order of magnitude higher for the Dgg fraction than for the Ds
class (e.g. 9.14 x 10! N/m? compared with 8.64 X 102 N/m?), Consequently, at a given shear
velocity, the smaller grains are accelerating more rapidly relative to the fluid near the bed than are
the larger ones. They possess comparatively more kinetic energy, which propels them higher into
the flow than the coarser particles. The faster-moving, smaller grains, therefore, extract
proportionately more momentum from the flow than do the coarser particles on average, leading to
the range of momentum-extraction profiles observed here.

The condition of steady-state bedload transport requires that the sediment bed is neither
croding nor aggrading through time. Hence, self-replication of the moving sand population must
be achieved, such that every grain terminating motion at the bed is replaced, on average, by an
ejected grain of any size. The sediment-transport calculation thereby is constrained in the model
by the criterion of self-replication, Momentum-extraction and {luid-velocity profiles thus are
considered to be converged on a final form when the moving population is in equilibrium with the
wind, and successive iterations yield no change in the structure of the fluid-velocity profile,

Examination of the converged momentum-extraction profiles for a series of transport-stage

conditions yields an unexpected result. The proportion of each grain-size fraction composing the
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sediment bed is similar to that in the sediment-transport layer. Therefore, not only is each
terminated grain replaced, on average, by another grain of any size, but the mean replacement of
terminated grains of a given size class is by grains from the same class. For example, 4% of the
sediment bed is composed of the finest size fraction. For the range of transport stages investi gated,
the finest fraction averages 4% of the size-frequency distribution of grains transported by the flow.
The grain-size probability distributions of the sediment bed and bedload layer are not identical in
all cases, but typically correspond to within 5%. It is not entirely clear why this should be the case,
although the size frequency distribution of the bedload-transport layer ultimately is controlled by
the number of grains of each size fraction available in the surface layers of the bed. Hence, stable
forms of the momentum-transfer and fluid-velocity profiles for sand mixtures appear to be
achicved only when the grain-size frequency distribution of the bedload comes to equilibrium with
the distribution of grain sizes residing in the bed.

Stabilized momentum-extraction profiles for the entire frequency distribution of moving
particles (F«Cx) are shown in Figure 3.14 for two transport stages, (Tx)sg = [T/(Tep)s0] = 3.0 and
(T+)sp = 6.0, as a function of height z nondimensionalized by the median grain diameter Dsg =
0.70mm. These graphs demonstrate the oscillatory behavior of the iterative process. Five
iterations were required to achieve convergence for the lower transport stage [(Tx)sq = 3.0]; the
final form of the momentum-extraction profile, yiclding an equilibrated wind-velocity profile, is
graphed as a heavy, solid line and overlies two curves of the same shape and magnitude (i.e. the
two preceding iterations) that, consequently, are not visible in the figure. In the case of (Tw)sg =
6.0, four iterations were required to find a stable solution, The iterative process appears to be more
stable at the higher transport stages, resulting in lower-amplitude oscillations in the iterative
process than observed in the lower transport-stage cases; possible reasons for the greater stability
of the momentum-extraction profile at higher shear velocities are described later in this chapter.

In a similar manner, the profiles of momentum transfer between all grains and the fluid at
successive heights above the bed, F«C«(2), may be calculated for a number of transport stages.
Figure 3.15 illustrates the variation in magnitude of momentum extraction as a function of height

2/Dsq, for a range of transport stages in the low- to moderate- transport regime (1.0 < (Tw)s50 < 6.0).
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As expected, the higher shear-velocity flows transfer proportionately more momentum to the
higher-energy saltating populations. The maximum height of the saltation layer varies between dp
= 153Dsq for (T+)so = 1.5 and 8p = 232Dsq for (T«)sg = 6.0, as grains of all sizes become
increasingly energetic through momentum exchange with the fluid and with other grains during
collisions with the bed surface.

Momentum-extraction profiles for the range of transport stages (1.0 < (T«)sg < 6.0) collapse
to roughly one curve of the same shape and magnitude, when the vertical axis (z/Dsp) in Figure
3.15 is normalized by the height of the bedload layer (85/Dsg), such that (z/8g) = [(z/Dsp)(Dsy/
8p)]. The normalized F+Cs profiles, as a function of 2/8p, are shown in Figure 3.16a for the three
representative transport stages of the previous figure. These results support the theory, first stated
by Owen (1964) for uniform-grain eolian transport, that the magnitude of momentum exchange
between mixed-size grains and the airflow during heterogeneous bedload transport is scaled by the
height of the saltation layer, and vice versa. Furthermore, (F«Cx) versus Sp varies in a predictable
manner with increasing transport stage. Gerety and Slingerland (1983) similarly remarked that
small grains tended to hop higher than larger grains in their experiments, but that the difference
between average jump heights for the fine and coarse size fractions decreased with increasing
boundary shear stress.

Consistent with empirical observations, the mixed-grain model predicts, as shown in Figure
3.16b, that 8p increases linearly with transport stage, to a value of (T+)s50 = 3.0, at which 8p varies
minimally with increasing transport stage. The predicted values of dp for five transport stages
were used to construct this graph. The plateau in the curve coincides with that shown for the
variation in the grain-size-dependent, critical shear stress for initiation of saltation (T as a
function of transport stage (e.g. Figure 3.8a), in which the values of (’l:n)m reach their maximum at
(T¥)m = 3.0, followed by a rapid decline toward the higher transport regimes. Together, these
results suggest that the fluid flow reaches a threshold around T« = 3.0, at which the saltation layer
is saturated with energetically saltating grains that are extracting proportionately the maximum
amount of momentum from the flow, at the maximum values of (Ty)m. that the fluid can sustain.

As flow velocities increase, the wind regime must adjust to the greater surficial roughness created
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by the increasing concentration of moving grains at all levels in the flow. To moderate the stress
exerted on the flow by the grains that would tend to reduce fluid momentum within the saltation
layer, the local fluid shear stress diminishes by an amount necessary to keep each grain-size
fraction saltating but sufficient to maintain flow velocities. A balance is achieved between
incremental increases in the flow velocity with transport stage and corresponding decreases in the
local fluid shear velocities necessary to sustain saltations. As Bagnold (1941) found from wind-
tunnel measurements, the mean flow velocities of the saltation layer actually decrease as the
velocities of the flow interior increase. The near-bed decrease in flow velocities corresponds to a
reduction of (Ty)y,, which causes the grains to be accelerated less by the fluid. This, in turn,
decreases their potential energy for ejecting other grains into the saltation layer, which meters the
concentration of moving grains, as well as the energetics of rebounding grains. As the height of the
saltation layer depends on the kinetics of moving grains, which rely on both the momentum-
exchange process and dynamics of collisions with the bed, its magnitude varies in proportion to
the magnitude of momentum transfer to grains with increasing transport stage.

The normalization in Figure 3.16 provides a strong computational advantage because it can
be used to predict the stable form of the momentum-extraction profile (F+Cx) without having to go
through the lengthy iterative process. For any transport stage (Ts)sq < 6, the height of the saltation
layer (8g) may be obtained from Figure 3.16b. The momentum-extraction profile for that transport
stage then is found by scaling the average F+Cs profile in Figure 3.16a (e.g. the profile
corresponding to (T«)sq = 3.0) by 2/8p.

Comparison of the total momentum-extraction profiles for heterogeneous sediment
transport (F«Cx) with those predicted for uniform-grain bedload transport yields another
interesting trend. Figure 3.17 shows the correlative profiles for three transport stages, for the case
where the uniform grain diameters are equivalent to the median of the grain mixture (i.e. D = Dsg
= 0.70mm). At the lowest transport stage shown [(Tx)sq = 1.5], the magnitude of momentum
transfer between grains and the fluid is considerably lower for the mixed-grain than the uniform
case, whereas the magnitudes are virtually identical at the higher transport stage [(T«)50 = 6.0].

The reason for this convergence at higher transport stages lies primarily in the nature of grain
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collisions with the bed. At lower transport stages, when the majority of grains that dominate the
momentum-transfer process above the mixed-grain bed surface comprise the finer fractions of the
size distribution, characteristics of the bed surface play a strong role in dictating grain motion. In
heterogeneous sedimentary deposits, the smaller grains have a lesser probability of being exposed
to either fluid- or impact- generated entrainments because they often occupy pockets between
larger grains. In addition, their frequency distributions of lift-off velocities and angles display a
greater range, depending on the diameter of the grain that they must pivot over to launch from the
bed. In contrast, the probability and behavior of grain lifi-off are more uniform in like-sized
deposits. Therefore, relatively more grains enter the higher-velocity regions of the flow. At a
transport stage of (T«)sg = 1.5 (e.g. Figure 3.17a), fewer grains of the heterogeneous mixture are
achieving the heights of particles ejected from the uniform-sized bed; the thickness of the saltation
layer is 110Dsgq for the former and 149Ds for the latter case. At higher transport stages, however,
the larger grains are mobilized encrgetically and smaller grains in the grain interstices at the
surface are exposed to the flow through removal of the coarser grains. All particles are
comparatively more energetic and are able to rebound from the type of collisions that would have
caused them to lose momentum at lower transport stages (e.g. small grains colliding with large
grain pockets). Hence, the rebounding grains become less susceptible to the topographic
irregularities of the bed surface. In both the uniform and mixed-size cases at higher transport
stages (e.g. Figure 3.17¢), grain energetics become progressively metered by the reduction in the
local fluid shear stress (Tn)m» Such that the wind-velocity profile seems to react less sensitively (o
the material characteristics of the bed surface.

Sensitivity analyses of the model to the choice in the momentum-extraction profile indicate
that the form of the wind-velocity profile is not very sensitive to F«Cs. For example, the
momentum-extraction profile for the uniform-grain case in Figure 3.17b was used with the mixed-
grain frequency distribution and sediment bed to calculate the form of the velocity profile during
bedload transport.  Approximately 300 grain trajectories were tabulated. Similarly, the
momentum-extraction curve for the grain-size fraction Dgg = 1.40mm and for the grain-size

fraction Dg = 0.35mm (e.g. Figure 3.14) were tested. In each case, the component momentum-
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Figure 3.18 Calculated vertical profiles of velocity (U) through the saltation layer (z < op) ata
transport stage of (Tx)so = 3.0, employing different momentum-extraction profiles to test the sensi-
tivity of the model to the form of the F+C« curve. The vertical axis is the log of the nondimen-
sional height (z/Dsp). The mixed-grain curve is predicted by the model as the stable profile for the
mixed-grain case (i.e. Figure 3.15). The uniform-grain curve is calculated by imposing the
momentum-cxtraction profile for the uniform-grain population (Figure 3.17b) on the velocity-pro-
file equations for the mixed-grain case. The curves parallel one another above 8g (i.e. in the flow
interior).
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extraction profiles were calculated in the manner previously described (i.e. multiplying the height
factor by Dsy/D,;, to derive the appropriate curves for each component as a function of 2/D,,).
Results of the tests are shown in Figure 3.18, plotted as the vertical profile of fluid velocity (U)
versus height above the bed (In z/Dsg). The velocity profiles calculated with the momentum-
extraction profiles corresponding to D,g, Dsq, and Dgg map a tight cluster around the “mixed-
grain” curve on the graph. There appears to be negligible variation below heights of about 10Dsg
= Og; within the main saltation layer above, the curves diverge by only 7% at the tops of their
respective bedload layers (8g/Dsg). However, substantial variations occur in the mode of transport
and the bedload-flux rates between the various test scenarios. For the cases where the uniform-
grain and the Dyg curves were used, too much momentum extraction resulted in a population of
less energetic grains, in which the bedload-flux rates for all size-fractions dropped by almost an
order of magnitude from those calculated using the Dsg momentum-extraction curve as input.
Conversely, the Dgg curve extracted insufficient momentum; the coarse grain fractions showed an
increase in discharge rates of about 1.5 times that of the D5 case, and the finer fractions yielded
fractional transport rates about 2 times greater. None of the test cases produced self-replicating
populations. Imposing the average momentum-extraction profile from Figure 3.16a, on the other
hand, yields a stable, self-replicating grain population in one iteration. This suggests that small
adjustments in the magnitude of the fluid velocity with distance from the bed exact a measurable
change in the momentum transfer between the wind and the moving grains, significantly altering
the concentration and energetics of grains within the saltation layer, upon which the bedload-flux

rates and the dynamics of equilibrium saltation depend.

3.8 Summary

This chapter addresses the modification of the near-bed profile of wind velocity as a result
of momennun exchange between the fluid and moving sand grains. Methods for computing the
velocity profile have not been formulated previously for poorly sorted sediments. The model
presented here contains numerical expressions for calculating the shape of the wind profile

iteratively, including the parameters on which it depends (e.g. the local fluid shear velocities, the
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extraction of momentum from the flow by each grain-size fraction, and the roughness parameter
associated with sediment transport).

Numerical calculations of the effects of bed roughness on the flow, created by grains of
disproportionate size and by small grain clusters forming bed protuberances, indicate that the
major influence of the bed surface on the vertical profile of fluid velocity lies in controlling the
grain-size probability distribution of particles leaving the surface, the nature of grain collisions,
and the lift-off characteristics of ejected grains. The number, mass, and energetics of grains
entering the flow per unit area per unit time, through either fluid- or impact- driven entrainment,
dictates the magnitude of momentum extracted from the flow and, consequently, the local fluid-
velocity profile. The model predicts that grains composing the nonmoving sediment surface in the
absence of bedforms create negligible form drag on the near-bed velocity profile, and that the
viscous sublayer draping the bed surface exerts a measurable, but small, effect on the near-bed
airstream under weak flow conditions in the absence of sediment transport.

Stating the sediment bed explicitly permits calculating the height at which the fluid velocity
approaches zero in the bed (e.g. z = z,), as it varies in the downwind direction due to particle-scale
topographic irregularities of the surface. The vertical profile of velocity and the force balance on
moving grains also can be computed as a function of time and geographic position, so that the
trajectory of each grain is anchored to the bed, and the interactions between the grain and the
moving fluid are evaluated as a function of height above the topographically varying surface.
Coupling the sediment-bed component with grain-trajectory and grain-bed collision algorithms
permits calculation of individual trajectories, including the angle and speed of grain impacts with
the bed, the lift-off angles and speeds of ejected and rebounding particles, the path of moving
grains through the bedload layer, and the particle drag-force and grain- concentration terms
necessary to compute the extraction of momentum by each moving grain,

A local fluid shear stress is identified as the appropriate stress for the near-bed flow during
sediment transport, rather than the total fluid stress of the flow interior. Unlike that described in
uniform-grain models (e.g. Anderson and Haff, 1991; McEwan and Willetts, 1991; McEwan,

1993), the local shear stress is defined as that necessary to initiate particle saltation (Tg = T,) and
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is shown to be dependent not only on grain size (D) but also on transport stage [(T*)m = Ty/
(Tepm]. For (T¥)i < 3.0, the stress increases almost exponentially with transport stage. For (Ton
> 3.0, this term varies semi-logarithmically with increasing transport stage and reduces uniformly
for all grain sizes. At a transport stage of (T«), = 6.0 (i.e. the highest transport stage analyzed in
this study), the critical shear stress for initiating saltation is still higher than that required to initiate
grain motion (i.e. the critical Shield’s stress). These results are fairly consistent with observations
of Gerety and Slingerland (1983) for wind-tunnel transport of heterogencous sands.

A set of equations is derived to quantify numerically the vertical profile of downwind
velocity during sediment transport, as a function of the critical shear stress for initiating saltation
(Ty)m and a nondimensional term (F«Cs)p, representing the momentum exchange between each
grain-size fraction and the transporting fluid. Because the form of the wind-velocity profile is
dependent on the magnitude of momentum extracted by each sediment component n1, there are m
such component equations that must be summed to yield the momentum-extraction curve of the
entire sediment mixture. The fluid-velocity profile is calculated in the viscous sublayer and
transition zone between the viscous and turbulent fluid layers above by an analytical expression
that accounts for the effects of the viscous sublayer and the extraction of momentum by grains
moving nearest the bed. The profile transitions smoothly to a numerical expression that applies in
the bedload transport layer (i.e. z < 8g), in which the magnitude of momentum extracted by each
particle within each mobilized grain-size fraction is calculated. The value of the momentum
deficit at each height above the bed (FxCi)p(2) is the sum of the momentum extracted by each
sediment component. The “Law of the Wall” equation is employed for the flow interior above the
saltation layer, with a numerically solved expression for the bed-roughness parameter (z,)t
cnhanced by sediment transport. Because the structure of the wind-velocity and momentum-
extraction profiles must be solved simultaneously, calculations are iterative.

Predicted momentum-extraction profiles for the grain-size fractions composing the
sediment mixture scale by the median grain size Dso. For each transport stage considered, the
momentum-extraction curve for the Dsg fraction represents an average of the momentum extracted

by all grains from the flow, with the coarser grain-size fractions extracting relatively less
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momentum and the finer fractions extracting relatively more. The component profiles, therefore,
can be normalized in the vertical axis by z/Dsg, such that they collapse to a single profile. This
yields a straightforward mechanism for computing the vertical profile of wind velocity; the profile
in response to each moving grain can be calculated by scaling the F«Cx term in the velocity
equation by a factor of Dy,/Dsq. For each successive iteration required to converge the velocity
profile, the component momentum-extraction profiles can be treated similarly. The iterations are
oscillatory and generally converge in less than six iterations.

The vertical profile of wind velocity generally stabilizes when the conditions of self-
replication are achieved. Model results show that not only is each terminated grain replaced, on
average, by an ejected one, but that the grain-size frequency distributions of grains in the bedload-
transport layer match those of the sediment bed. Hence, each grain-size fraction within the sand
mixture is self-regulating,

The profiles of momentum extracted by all grains F«Cx as a function of height above the
bed, for a range of transport stages, collapse to roughly the same curve when the height term z is
nondimensionalized by the height of the bedload layer dg. The interdependence of the
momentum-exchange process and the maximum height to which grains hop, therefore, can be
quantified at incremental increases in the transport stage. The fluid-mechanical algorithm predicts
a linear increase in &g with transport stage T« < 3.0; thereafter, the saltation-layer thickness
increases minimally with increasing transport stage, for the range of transport stages investigated
here (e.g. T+« < 6.0). Hence, it appears that the fluid-velocity profile reaches a threshold in the
neighborhood of T« = 3.0, at which the flow increasingly begins to moderate grain ballistics by
progressively lowering the value of (Ty)m for cach size fraction.

The height of the bedload layer is a sensitive indicator of changes in the grain-fluid
interactions within the near-bed flow region. The critical stress (’tn)m depends on the probability
distribution of grain ejections, which, in turn, depends on the sizes of grains and the topographic
irregularities forming the bed surface, The critical link between the properties of the sediment bed
and the momentum-extraction process, therefore, is the mechanics of grain collisions with the

granular surface. This is the subject of the next chapter.



Chapter 4: Grain Collisions with the Bed

The principal influence of the sediment bed on the wind-velocity profile in mixed-grain,
colian systems like that represented here lies in controlling the mechanics of grain collisions with
particles comprising the deposit. Model investigations of aerodynamic roughness, described in the
previous chapter, have shown that the airstream above the bed is relatively immune to form drag
associated with individual surface-roughness elements and to minor variations in skin friction. In
the absence of bedforms, the energetics, ballistic properties, and numbers of grains entering the
flow are governed largely by the size, sorting, and geometric arrangement of particles within the
bed. The ability of a grain to reach the higher-velocity regions of the wind column, and thereby
extract measurable momentum from the flow, depends on the angle and speed with which it
launches from the bed. The ballistic properties of grain lift-off, in turn, are dictated by its bed-
pocket angle geometry and relative protrusion into the flow, which are factors of the packing and
sorting characteristics of the grain-size frequency distribution of the deposit. Bed-pocket angle
geometries also govern the pathway by which energy and momentum are transferred to stationary
bed grains when impacted by particles saltating across the bed surface. A critical link in under-
standing bedload-transport dynamics of heterogeneous mixtures, therefore, involves the process of
grain-grain interactions at the bed.

Grain-bed collisions have been investigated extensively over the past several decades, both
experimentally and theoretically. Increasingly sophisticated equipment deployed in wind tunnels
has opened the near-bed region to analysis, including high-speed motion photography (e.g. White
and Schulz, 1977; White, 1982; Willetts, 1983; Nalpanis, 1985; Willetts and Rice, 1985a, 1986a,
1986b, 1988, 1989; Mitha et al., 1986; Willetts ef al., 1991; Willetts and McEwan, 1993) and
laser-monitoring devices (Nickling, 1988). These studies have contributed the bulk of trajectory
statistics on which many theoretical models of the collision process rely. Theoretical algorithms
have enhanced the physical interpretation of grain-impact dynamics considerably by addressing
bedload-transport conditions under which experimental observations of the bed region are difficult

to procure (e.g. high transport-stage, high particle-concentration flows and marginal transport-
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stage flows).

Numerical models of intergranular-collision phenomena have dealt almost exclusively with
materials of uniform size, primarily for computational tractability. In addition, the relative sizes of
particles ejected during wind-tunnel experiments are indistinguishable photographically, and
numerical algorithms employing “splash functions” that treat the collision process statistically
(e.g. Jensen and Sorensen, 1986; Ungar and Haff, 1987; Werner and Haff, 1988; Werner, 1990;
Anderson and Haff, 1991; McEwan and Willetts, 1991; McEwan et al., 1992; Willetts and
McEwan, 1993) do not include the effects of mixed-size grains. Analytical models that possess a
collisional component (e.g. Sorensen, 1991; McEwan, 1993) employ uniform-sized materials for
the same reason, in that splash-function results are used to tailor the derivation of analytical
expressions for particle-gjection velocities, angles, and rates.

Recently, Haff and Anderson (1993) introduced mixed-size grains to the arena of eolian
grain-collision studies. They extended their splash function numerically to incorporate the effects
of mixtures of two grain sizes in an investigation of the interparticle forces created between grains
during collisions. Because their model focuses on particle-particle dynamics, they include no bal-
listic or fluid-mechanical component in their calculations. A primary conclusion of their work is
that grain-ejection behavior appears to be governed largely by the particle-scale microtopographic
irregularities of the mixed-size sediment surface in the absence of bedforms, a finding that is sup-
ported by the results of this study.

The numerical algorithm presented here expands the collisional component of a uniform-
grain model formulated previously (Calder, 1987), to quantify the interactions between grains in a
heterogeneous sand mixture. Coupled with the ballistic and fluid-mechanical elements introduced
earlier, this model traces each particle in space and time as it approaches the sediment bed with a
speed and angle predicted by the saltation trajectory and the dynamical interactions of the particle
with the wind. Unlike its predecessor model, which contained a random element to predict the
exact location of the stochastic collision between uniform-sized grains, this collisional algorithm
quantifies the mechanics of collisions deterministically by calculating each point along the grain

trajectory relative to the horizontal bed distance, such that the locus of impact on the computer-
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generated bed can be predicted exactly. The stochastic nature of real grain-bed collisions is pre-
served by the model, in that the exact site of the collision is not known a priori but, rather, is
encountered by the grain as it completes its ballistic trajectory. Collisions between the incoming
grain and the stationary bed particle it strikes are partially elastic, and the vector of momentum
transfer to the bed is prescribed by the geometry of the collision and the relative masses of the
involved grains. The grain rebounds and ejects its target particle depending on the magnitude of
momentum exchanged, their respective inertial masses, and the topographic characteristics of the
adjacent bed surface. The bed-pocket angle geometry constrains motion of the potentially ejected
grain, while the success of the rebound depends on the geometry of the collision, the local bed
slope, and the presence of bed pockets or protruding grains that could obstruct its launch route. All
of these factors determine the initial conditions for the subsequent grain hop. Grain motion ceases
when the particle is captured by a pocket in the surface of the sediment bed.

Although no statistics on collisional parameters are available for the grain-size frequency
distributions used here, the results of model-predicted impact behavior can be evaluated in a gen-
eral sense with data on mixed-grain populations collected by others (e.g. Willetts and Rice, 19854,
1989). The mixed-grain collisional algorithm provides an opportunity to quantify the dynamics of
grain-bed interacticns between simultaneously transported, grain-size fractions in a mixture,
which has not been possible yet under experimental conditions. Additionally, comparisons
between the predicted collisional statistics of uniform and heterogeneous mixtures display consid-
erable variation in the behavior and outcome of grain-grain impacts, resulting from the differences
in bed roughness, which lead to large-scale variations in bedload discharge rates. A discussion of
collision statistics follows the derivation of a general algorithm for grain-bed interactions in

mixed-size sedimentary deposits.

4.1 Numerical model of mixed-grain collisions
The collisional algorithm comprises two components. The first characterizes the geometric
relationships between the position of the incoming grain relative to the first particle it strikes on the

bed surface, the position of the impacted grain relative to other grains composing the bed (e.g. the
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bed-pocket angle geometry), which governs the pathway of momentum exchange between the col-
liding grain and the granular bed, and the positions of both rebounding and ejected grains relative
to local bed irregularities that potentially obstruct their departure from the surface. The second
component partitions the impact momentum of the incoming grain among the disparate-sized par-
ticles comprising the bed in the vicinity of the collision site.

An example grain-bed collision is shown in Figure 4.1, for a particle of diameter Dy, =
0.83mm (stippled disk) striking a stationary grain (D, = 0.86mm) on the computer-generated sed-
iment bed. Collisions occur in two dimensions (i.e. in a vertical plane parallel to the flow direc-
tion), a conceptual approach shared with most uniform-size eolian models. Although the
possibility of grains striking more than one stationary particle in the down- and cross- stream
directions has been noted (e.g. Rumpel, 1985; McEwan et al., 1992), grain-rebound statistics pro-
duced by computer simulations in which the incoming grain strikes only a single bed grain have
been shown to agree with empirical observations. For example, McEwan et al. (1992) tested the
single or “target” grain hypothesis by comparing the results of a simple collisional model with
high-speed film images of grain-bed contacts procured by Willetts and Rice (1985a). The actual
grain-bed collisions were not observable on film because the grains disappeared from view into
bed pockets, or splash craters created by one to several grain collisions, before rebounding.
Hence, McEwan er al. compared the average time between observed grain disappearance and
rebound re-emergence with an algorithm predicting the duration of collisions between uniform
spheres on the basis of known impact and rebound velocities, and the distance travelled by a grain
between its exit from and return to the field of view. In their model, the impact momentum could
be partitioned between numerous bed particles. They found, however, that the best agreement
between observed and calculated collision durations obtained from the single-grain impact hypoth-
esis. It might be concluded from these numerical experiments, as well as from observations of the
range of bed-pocket geometry angles, that the probability of an incoming grain hitting one grain
squarely is greater than it striking two or more grains with comparable force. Hence, the grain’s
forward momentum probably is transmitted principally to one grain and then redistributed among

other grains composing the subsurface layers of the bed.
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(a)

Figure 4.1 Collision geometry between an incoming grain (stippled) and mixed-size grains com-
posing the sediment bed. (a) angles: o is the impact angle of the colliding grain of mass mg; ¢ is
the critical angle of particle rebound; ¢p and ¢p” are the angles of lift-off for the ejected grains of
mass m; and mg, providing, in the latter case, that the next downwind particle (my) is removed;
and v, v,, and y3 are angles used in the coordinate-axis rotations to calculate the velocity-vector
components for each grain.
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(b)

wy rebound

Figure 4.1 continued. Collision geometry of an incoming grain (stippled) and mixed-size grains
composing the sediment bed. (b) components of grain velocity: the impact velocity (U) has
components u, and w,, from which can be calculated the rebound velocity components of grain of
mass mg (u; and wy), the ejection velocity components of grain mass m, (u,’ and w,’) and grain
mass m3 (u3” and w3”). Grains of mass my, represent the immobile portion of the sediment bed.
Velocity components uj,, w,, us, and wj are used in the coordinate-axis rotations about Xo and z,
to calculate the velocity-vector components for each grain.
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The mixed-grain collision model presented here assumes that one to several grains conceiv-
ably may be ejected from the bed surface. In Figure 4.1, for example, two grains of mass m, and
mass m3 potentially are dislodged, and the remainder of the sedimentary deposit is treated as a
rigid bed of infinite mass (m;,). Exactly how many grains are propelled from the bed during a sin-
gle impact, and how the so-called “mean replacement capacity” (Anderson et al., 1991) depends
on the microtopographic characteristics of natural sediment beds and the local shear velocities, are
topics of ongoing experimentation and numerical investigation.

Early quantitative analyses of uniform sediments (e.g. Owen, 1964; Tsuchiya, 1972; Reizes,
1978; Rumpel, 1985) disregarded grain ejections altogether, and later work has followed two
approaches. The first involves developing probability distributions of the number of ejecta per
impact event based on wind-tunnel observations (e.g. Anderson and Hallet, 1986; Sorensen, 1985;
Werner, 1990). Others (e.g. McEwan and Willetts, 1991; McEwan et al. 1992; McEwan, 1993)
have calculated the number of ejecta based on the experimentally measured differences in magni-
tude between a particle’s incoming and rebounding velocities, and the number of partitions among
bed grains necessary to achieve the observed level of momentum dissipation. Experimental
accounts of particle-gjection numbers have ranged from 1-3 particles (e.g. Willetts and Rice,
1985a, 1986a) for well-sorted grain mixtures at moderate shear velocities to on the order of 10 par-
ticles (e.g. Mitha er al., 1986) for uniform spheres (BB’s) at high shear velocities. The second
approach derives ejection statistics by computer simulation of the impact process. Ungar and Haff
(1987) introduced the concept of a “splash function”, in which the number of ¢jections was taken
to be proportional to the square of the impact velocity. Later workers (e.g. Werner, 1990) pointed
out that their function did not account for the coexistence of a high-energy rebounding population
and a lower-cnergy group of ejected particles. Subsequently, Werner and Haff (1986, 1988) inves-
tigated grain-impact behavior by applying the particle-dynamics method (i.e. analyzing all body
and contact forces acting on grains within the bed) to simulated, regularly arrayed, densely packed
beds of uniform-sized particles. They calculated an average of 6 ejections per impact, which could
be high given the fact that closely packed, aligned particles respond differently to local distur-

bances than irregularly arrayed deposits with packing more typical of eolian sand beds. Anderson
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and Haff (1988, 1991) relaxed the packing in their uniform-size, computer-generated beds and pro-
duced large numbers of grain-impact statistics to extend the splash function into the range of flow
conditions in which wind-tunnel measurements are difficult to procure, such as when the sediment
bed is obscured to view by dense concentrations of moving particles. Their results are consistent
with the conclusions of Willetts and Rice (1985a, 1989) and Werner (1990) that the number of
ejecta increases approximately linearly with the impact speed of the incoming grain. They predict
on the order of 5 ejecta at lower impact velocities (e.g. 1 m/s) and in the neighborhood of 20 ejec-
tions at higher impact velocities (e.g. 8 m/s). McEwan and Willetts (1991), on the other hand,
record many fewer ejections at comparable impact velocities in their numerical simulations of uni-
form-size grains (e.g. an average of 5 grains). In numerical experiments with their two-grain-size
beds, Haff and Anderson (1993) found that coarse grains (0.32mm) striking a bed of finer grains
(0.23mm) at 8 m/s released as many as 50 ejecta, while fine grains impacting a bed of coarse parti-
cles at comparable speeds ejected only 5 grains. They attribute the tenfold decrease in ejecta num-
bers to the differences in particle mass,

A resolution to the problem of characterizing the ejection frequency distribution with
respect to impact velocities could be facilitated by further examination of the outcome of multiple
gjections. Of greater importance than the absolute numbers of grain ejecta per impact is the per-
centage of dislodged grains that actually produce viable hop trajectories. The grains that modify
the saltation regime most effectively are those that reach higher levels in the flow where the wind-
grain momentum exchange becomes significant. As shown earlier, the population of grains of any
size moving at low energies along the bed surface have relatively less impact on the structure of
the wind-velocity profile. The ability of a saltating grain to propel more than a few grains energet-
ically into the flow is limited, and empirical studies have shown that energetic collisions producing
multiple ejections typically result in a few energetic ejections and relatively more low-energy par-
ticle displacements (e.g. Willetts and Rice, 1985a, Mitha ef al., 1986). In the case of mixed-grain
sizes, the dynamics of grain collisions are complicated further by the particle-mass frequency dis-
tribution of the bed surface, as well as the substantial variability in surface roughness leading to

increased exposure of some grains on topographic highs and decreased exposure of others in bed
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pockets. It is interesting that the lowest numbers of ejecta were recorded from the mixed-grain
experimental studies of Willetts and Rice (1985a, 1989) using natural sands with a size-frequency
distribution comparable to the Great Sand Dunes sample described in Chapter 2 (e.g. Figure 2.1).
Willetts and McEwan (1993) and Williams ef al. (1990) attribute the considerable disparity (e.g.
factor of 3) between dislodgment rates calculated from empirical observations of mixed-size sedi-
ments (e.g. Willetts and Rice, 1989) and those derived experimentally or theoretically for uniform
sediments (e.g. Williams et al., 1990; Anderson and Haff, 1991; McEwan and Willetts, 1991) to
the surface irregularities of the heterogeneous sediment bed.

The approach chosen here is to allow a maximum of two ejections per impact, the exact
number and physical behavior (e.g. kinetic energy) of which depend on the magnitude of momen-
tum transfer and the bed-pocket characteristics of the collision site. This formulation most closely
approximates the results of the Willetts and Rice studies. Furthermore, this same approach was
taken in the previous study of uniform sizes (Calder, 1987) and, because the calculated particle-
transport rates compared very well with wind-tunnel measurements, it is considered a viable
hypothesis for the mixed-grain case. The underlying assumption is that if multiple ejections occur,
only a few grains potentially will gain sufficient momentum through impact to leave the bed sur-
face encrgetically. As a test of this hypothesis, the model was modified in such a manner that
many grains in the bed were free to move; at moderate Shields stresses [e.g.(’t*)so =4.52X 10%
(Tx)so = 3.0], multiple ejections in which more than one particle instigated a new hop sequence
were found to be rare, regardless of the relative masses of the impacting and stationary particles.
This assumption undoubtedly breaks down in the case of large grains striking a bed of smaller par-
ticles at high Shields stresses; energetic coarse grains are known to drive smaller grains from the
collision site when they collide with sufficient force to form craters in the bed surface (e.g. Bag-
nold, 1941; this has also been observed for uniform materials by Mitha er al., 1986). These high
Shield‘s stress environments, however, are not treated in this work. Also the effects of a three-
dimensional bed on the nature of mixed-grain collisions might shed a different light on this work-
ing hypothesis. For now, though, the more tractable case involving collisions on a two-dimen-

sional bed is pursued.
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The numerical model predicts that, at moderate Shields stresses, grain collisions commonly
occur between the incoming grain and a pocket formed between two bed grains. In this situation,
the potential for mobilizing both grains is greatest when a coarse grain collides with finer grains.
Conversely, a fine grain typically is not able to dislocate either particle forming the pocket. In the
former case, it was found that allowing both grains to move results in energetic ejection of the
grain on the downwind side of the pocket and more feeble motion of the upwind grain (i.e. they
generally did not move more than 1Dso upwind). This observation is consistent with the fact that
the momentum vector of the incoming grain is oriented principally in the forward, rather than the
upwind, direction.

As depicted in Figure 4.1a, the primary momentum transfer between the incoming grain and
the particles on the bed occurs along a curve defined by the lines-of-centers of subjacent grains.
This approach has been used previously for uniform-sized materials (e.g. Rumpel, 1985; Calder,
1987; McEwan er al., 1992). Incoming grains may strike a bed grain at any position along its
exposed surface, both in the upwind and downwind quadrants of its upper hemisphere. The impul-
sive force transmitted by the colliding grain drives bed grains downward, primarily along this vec-
tor, and particles several layers below the surface are inhibited from appreciable horizontal motion
because, in order to do so, they would have to displace layers of grains at depth within the bed. The
results of model-derived collisions suggest that motion of the bed grains is inhibited even in the
near-surface layers in mixed-size deposits. For example, grain of mass (my) in the diagram would
have to be displaced by mass () in order for the latter to be ejected from the bed. Such a dis-
placement would require that mass (m3) receive sufficient momentum through the collision to
move a grain three times its mass from a stable bed-pocket geometry. In the range of transport
stages investigated (i.e. 1 < (T4), < 6), this does not happen. At greater depths in the bed, dis-
turbed grains must push other grains ahead of them along trajectories through the bed. As this is
physically plausible only at high transport stages when all grains in successively deeper layers
within the bed are mobilized (e.g during bed erosion; see Bagnold, 1941), momentum is trans-
ferred back in the direction of the surface along these same momentum vectors. The dissipation of

collisional energy increases with the number of contacts along this pathway. Such energy damping
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might result in grains being jostled on the surface adjacent to the point of collision, as has been
observed experimentally (e.g. Mitha et al., 1986), but the magnitude of momentum exchange must
be considerable to pop these grains from the surface into the airstream.

The lines-of-centers connecting the incoming grain with bed grains in the collision site (e.g.
heavy solid lines in Figure 4.1a) represents the primary reference line for calculating the impact
geometry because it is defined on the basis of known variables: the impact angle (o), relative to the
horizontal plane of the bed surface, and the vector velocity (17 s) of the colliding grain, The lift-off
angles of the rebounding grain (mass mg) and the ejected particles (masses m, and my) are calcu-
lated as a function of the trigonometric relationships between the colliding grain and the first grain
it contacts on the bed (mass mg), and the bed-pocket angle geometries of the bed particles. The
incoming grain rebounds at an angle ¢ = (90°- o — ), where 7 is a function of the impact angle
and the geometry of the collision. Mass my, is cjected into the flow at an angle ¢ prescribed by its
bed-pocket angle geometry (see Chapter 2 for discussion). Likewise, mass ms is launched at an
angle ¢p’ based on its bed-pocket angle geometry defined by its relationship with the downwind
grain of mass my. Angles ¥, and y; pertain to the coordinate-axis rotations necessary to calculate
the velocity components of the potentially ejected grains.

Factors governing the velocity with which a grain rebounds from the bed include its linear
momentum at the instant before impact and the degree of elasticity of its collision with a stationary
grain on the bed surface. Only a small fraction of the internal energy of a saltating system is rota-
tional; therefore, the effects associated with particle spin can be neglected. Linear momentum just
prior to impact is determined by the speed and angle of the incoming grain. It is assumed that
under steady, horizontally uniform flow conditions, the small perturbations in the particle trajec-
tory associated with turbulent fluctuations as it nears the bed negligibly affect particle forward
momentum and, hence, the exact location of grain contact with the bed.

The degree of elasticity of a collision between spherical particles commonly has been char-
acterized by a coefficient of restitution (B) (e.g. Tsuchiya, 1972; Reizes, 1978; Werner and Haff,
1986, 1988), which represents the average percent of kinetic energy or linear momentum trans-

ferred during impact to the bed in the absence of interstitial fluid. Models employing splash func-
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tions or experimental observations of collisions between uniform-sized grains have incorporated
an analogous term to describe the efficiency of the collision; this term appears as the constant of
proportionality in the linear relationship of grain impact velocity to rebound velocity (e.g.
McEwan and Willetts, 1991; McEwan et al., 1992).

As applied here, the coefficient of restitution signifies the average percent of kinetic energy
(Bp) or linear momentum (By) that would be transferred in a vacuum during a collision between
two similar-density sand grains of natural sphericity and angularity, and unequal size. Restitution
coefficients are lower for natural sediment particles than for spheres of the same material proper-
ties because irregularities of the grain surface create local stresses, producing substantially greater
inelastic deformation. Limited information exists on the magnitude of B for natural sand grains;
typically, coefficients of restitutia are given as constants derived from analysis of numerical colli-
sion data and are usually on the order of 0.40 - 0.85. The restitution coefficient in this model is a
function of impact-grain momentum and increases as the velocity of the impacting grain
approaches zero (e.g. Goldsmith, 1960; Tatara and Moriwaki, 1982; Lun and Savage, 1986); at
low impact speed, the collision is purely elastic and 8 = 1. As B is independent of the properties
of the interstitial medium, the form of the restitution coefficient employed by Wiberg and Smith
(1985) is used: B = [0.87 - 0.083(In(p,U,))], where U, is the grain impact speed, p, is the sedi-
ment density, and the constants are set by empirical data. The term f is multiplied in the equations
of particle momentum and velocity by the ratio of grain masses, so that the differences in mass
between the colliding grain and the particle it impacts are taken into account. This formulation of
the restitution coefficient differs from that employed by Haff and Anderson (1993) in their two-
grain-size collision algorithm, in that it describes momentum transfer during impact of one grain
with one other grain rather than momentum exchange between all grains in the continuum.

Collisions are treated in a momentum- and energy- conserving manner, with momentum and
energy (ransfer to the bed through particle-particle interaction accounted for by the coefficient of
restitution. Momentum and energy are conserved about coordinate axes normal and tangential to
the point of contact between the incoming grain of mass mg and the first grain (mass m,) it strikes

on the bed (i.e. axes x, and z, in Figure 4.1b). At the instant before collision, the momentum of
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the colliding grain equals the product of its mass times velocity (mgy U s). Following the collision,
this momentum is reduced by the inelasticity of the impact and redistributed, as shown in Figure
4.1b, among: (1) the grain as it rebounds, (2) the one to several ejected grains (m, and m3), and,
(3) the population of grains comprising the remainder of the sediment bed (my). For mixed-size
grains in a two-dimensional perspective, the scalar equations for conservation of linear momentum
are:
Bumottg = mou, + myu, + myltz + ...+ myu, (4.1a)
and
[3Mmow0 = mow +myw, + maywa+ ... +m,w, 4.1b)
where the mass (m) of the incoming grain is assumed to remain constant during the collision (i.e.
mg = m,); u and w are the components of velocity along, and perpendicular to, the lines-of-centers
connecting the grains; and By denotes the coefficient of restitution for linear momentum. Addi-
tional free grains (my, ... my) can be added to the problem, if desired.
The energy balance between the rebounding grain and all sediment grains within the bed is
given by:

m m m
2,..2 2, .2 2,2, 2 3,2, 2 b, 2, 2
B%(uo+w0) = ul+w1+% (uy+w3) +F0(u3+w3) +...+%(ub+wb) , (@.2)

where BEZ is the square of the restitution coefficient for kinetic energy. For two isotropic, non-
rotating spheres subjected to a head-on collision, Bg? = BnmZ = B2 (Symon, 1971), which is
assumed to be valid for rounded sand grains as well.

The system of equations represented by (4.1) and (4.2) are simplified by noting that the
cumulative mass of the many grains composing the rigid bed at depth is very large compared to the
mass of each grain in the deforming layer above this level; therefore, m; = mj is of the same order
as mg, but my, >>myg. At the instant of impact, the bed grains all must have the same velocity com-
ponents along the lines-of-centers as impact momentum is transferred downward from the colli-
sion site, and the corresponding velocity components for each of the potentially ejected grains

must be of the same order of magnitude. Each velocity component is determined through a coordi-
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nate axis rotation about x, and z,; for example, uz in the pre-impact coordinate system becomes
u,” through axis rotation into the reference frame of m, and u; becomes u3" (see Figure 4.1b). In
addition, the curvature of the lines-of-centers, and thereby the angle for each of the (n-1) coordi-
nate rotations, is relatively small. Consequently, all of the center-to-center velocity components,
except ug and uy, are the same order of magnitude, for the range of grain sizes investigated here,
As aresult, Impuyl, Imzusl, ..., Imyu,| are all much less than IBmgugl, and Impuy| is on the order of
IBmouol. Therefore, uy, << ug. With these constraints, equation 4.1a simplifies to:
Bmgu, = mau, + myu, 4.3)
Moreover, as long as the rotation angles are small, lmywol, Imaws|, ..., Imyu,l << [Bmowyl, and:
Bmgwy = mgw, +myw, . (4.4)

Equations (4.2), (4.3), and (4.4) combine to give:

mb

2, ) my, 5 m,
(’_"—o (up+wy) = Buo(n—zoub +2Bw, %wb . 4.5)

Rearrangement of equation 4.5 leads to an expression for the velocity component parallel to the

lines-of-centers of the incoming and impacted grains at the instant of collision. It is:

WaW
0"b
lloub
2

w m .
(2)6)
ub "lo

The unknown velocity components for the moving grains can now be computed in terms of

(4.6)

u, = 2Bu,

Ug, Wo, and uy,. Momentum transfer between grains in the bed follows a curved path, so the
unknown velocity components can be related to these known velocities only if a series of coordi-
nate-axis rotations is performed about angles that can be defined on the basis of the known impact
position ¢, and impact angle .. The launch of grain with mass m, is accomplished through the

velocity component wz' and is determined by a coordinate axis rotation of u; and w; about angle

Ya2:
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u 1,COSY, — W, Sin (4.73)
2 2C0SY, — w,sIny,

’

Wy

W,C0SY, + i, Siny,. (4.7v)

Likewise, the velocity component w3' governs the ejection of grain with mass ms;

uy' = uy cosy, — wysiny, (4.82)

w3’ = wycosy, + u, siny,. (4.8b)

With four unknown velocity components, equations (4.8) and (4.9) must be solved simulta-
ncously. Consequently, another coordinate-axis rotation is invoked, which redefines u3 and wj in
terms of the vector between m; and mj3, and u, and w,, in terms of the vector between mj3 and the
first grain mass my, beneath it. This permits applying the boundary condition that my, has no com-

ponent of vertical velocity. Rotating the velocity components of mj3 and my, though v, gives:

u3” = uz3c08Y, ~ wy siny, (4.9a)
wy" = 1w,y COSY, + Uy siny, (4.9b)
iy = 1,c08Y, — wysiny, (4.9¢)
wy'” = wycosy, +uy, siny,. (4.9d)

At the instant of impact: (1) w3’ = w3, @) uy’ = uy’, (3) w3” = w;,”, and (@) us”’ = u,”’. By
incorporating these constraints in equations (4.9a-d) above, solutions are obtained for each veloc-
ity component involved in these rotations. Applying the boundary condition to equation (4.9d)
that the bed is immobile and the vertical component of bed velocity (wb”') is zero, yields an equa-
tion for wy:

Wy, = -u, (tany;) . (4.10)
Component uj derives from substitution in equation (4.9a) of u3" =u,” and rearrangement;
uy = 1 (1 +tan2'y3) +watany, . 4.11)
Substitution in equation (4.8a) of u2' = u3' and substitution of u; from equation (4.11) gives:
Uy = uy (1+ lanzya) +wstany; — tany, (w; —w,) , 4.12a)
which can be simplified further for the case where y; # 0 and [my/mg] >> 1, to:
iy = wy (tany, - tany,) +w,tany, (4.12b)
since the term containing uy, becomes negligible compared with the other terms in (4.12a).

In order to close the problem, an assumption must be made regarding the magnitude of the



155

vertical velocity component of the rebounding grain, wy. If linear momentum is conserved in a
collision, then the incoming grain likely behaves the same at impact as it does in rebound; that is,
if the impact is 30% elastic, then the grain will retain 30% of its momentum on rebound. There-

fore, w; = Bwo. Equation (4.1b) can then be rewritien as;

m m m m
b 2 3 b-1
—W, = | —Wy+—wy+...+ Wy _4 4.13)
myg my my my

At the instant of collision, the momentum of mass m, equals that of ms, such that

m, my
—W, = —W;. Therefore,

my mg nsy
Wy, = —W, . 4.14
2 "12 3 ( )

Finally, substituting equation (4.14) into (4.13) yields:

1 my

Wy = iub'—’;; tany, . 4.15)

With some further substitution and rearrangement, the general equations for all velocity
components of the rebounding mass (mg) and two potentially ejected grains (m, and mj) are
derived. The components of lift-off velocity of each grain now are posed in terms of known quan-
tities: the velocity components of the incoming grain, ug and wy, predicted by the saltation-trajec-
tory algorithm described earlier, and the angles of impact (o), rebound (¢,), ejection (¢g of mass
m; and ¢g’ of mass m3), and the coordinate-axis rotations (y, and v3). These equations apply to
all collision geometries between moving grains and the heterogencous sediment bed, and the num-

ber of equations may be increased by similar arguments to include a greater number of ejecta.

They are:
0 Wo
1 - —tan — —tan
5 ) 1, & ]y iy " ( )
u, = -Pu, —— |- 1 |+ —| ———— [tanY, (tany, — tany.
: 1+tan 273 M3 1+tan 273 3 3 2
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W Wy

0
1- 74; tany, 1- ;;)— tany, .
——— [tanvy, tany, + | —————— [tan 4.16a
1 +tan 273 T I +tan 273 ¥ ( ‘
w, = PBw, (4.16b)
Wo
my|* "y 2
0 0
u, = Buy| — | ————— |[tany, (tany, - tany,)
M3l 1+ tan 273 3 3 *2

Wy
1 - —tany,
. mg u,
— [ ————— [tan¥;tany, 4.16c)

M| 1+ tan?y,

Mg 7
wy = Bug—

——— — |tan 4.16d
M| 1+ tan?y, s (@160

Hp— | ———5— |tany, (4.16¢)

———— |tan 4.16
my 1+tanzy3 E (@160

w, = w2cosy2+uzsiny2 (4.16g)

<
w
I

= W3C0S8Y; + U,siny, (4.16h)
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The angles v, and 3 are found trigonometrically. For ¢g = ¢, Y2 = (¢ - ) and for ¢g < ¢,
Y2= (90 — &~ ¢). For ¢p’ < e, v3= (9. - ¢p) and for ¢p’> ¢, 13 = (¢ - ¢g). The launch veloc-
ity of mass mj is given by the magnitude and direction of vector wz’gz', and the potential launch
velocity of mass m3 by w3"’e,””. In the particular collision scenario illustrated in Figure 4.1(a,b),
however, the model predicts that the second mass mj3 does not eject because mass my obstructs its
lift off from the bed. Hence, the ability of mj to leave the bed subsurface depends directly on the

relative mass of my and the bed-pocket angle geometry formed by m3 and my,

4.2 Model predictions of collisional dynamics

Results of coupling the collisional algorithm with the previously described sediment-bed
and saltation-trajectory model elements yield some intriguing views of the bed region during trans-
port events. The model possesses some advantages over wind-tunnel experiments, in that it is pos-
sible to follow each moving grain forward in time and space across a sediment bed whose physical
characteristics are known in great detail. This permits calculation of the dynamical interaction of
the grain with the fluid flow and the exact nature of each particle collision with the sediment bed.
In addition, the relative masses of the moving and impacted grains are known, making it possible
to evaluate the collision mechanics of mixed-size particles with a heterogenous and topographi-
cally varying sediment surface. The model also predicts the cause of grain termination and the
characteristics of the bed depression in which the grain temporarily or ultimately comes to rest.

For the purposes of the collisional analysis described here, the model permits only one grain
to be ejected per collision, in addition to the impacting (rebounding) grain. This is the simplest
working hypothesis, as discussed earlier, that grain-bed collisions yield a single ejection more
cnergetic than any others from one collision site. Because these secondary ejecta from a single
collision contribute relatively little to bedload transport rates and to modification of the vertical
profile of wind velocity, it is assumed that their effect can be neglected in the flat bed, mixed-grain
problem. To produce collision statistics, the outcome of each impact is noted and any grain that is
gjected from the bed is pursued to record its flight and collision histories. Grains that hop off the

downwind side of the sediment bed (Figure 3.1) are recirculated to the upwind side, to effect a bed
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of infinite length.

The purpose of these calculations is to quantify the collisional and fluid-dynamical proper-
ties of mixed-grain sediment transport, rather than the sedimentological details of bed evolution
during transport events. Hence, the geometric configuration of the bed surface is held uniform.
Sites vacated by ejected grains are filled with particles of comparable size, such that no net erosion
of the surface occurs. Although the bed model is designed to accommodate the addition and
removal of grains, so that the evolution of the bed surface over time can be examined, this feature
is omitted from these calculations to reduce the level of bookkeeping required to run the model for
the bedload-transport problem. Additionally, posing the model in this manner facilitates analysis
of the fundamental behavior of particles over unsorted, mixed-grain sediment beds without the
complicating effects of sorting and surface armoring.

Of interest in the study of eolian surface processes is the mode of grain transport, e.g. what
percentages of the moving grain population energetically saltate and what percentages travel in
weakly energelic trajectories near the bed surface. Saltating grains typically travel many grain-
diameters’ distance above the bed for much of their flight time, extracting significant amounts of
momentum from the flow. Because the weakly energetic grains relocate in short, low-energy
Jjumps across the bed, they contribute relatively little to the modification of the near-bed flow
regime over flat beds in the range of transport stages considered here. However, these low-energy
ejecta, variously termed “creep” (e.g. Bagnold, 1941; Greeley and Iversen, 1985), “splash” (e.g.
Mitha et al., 1986), and “reptations” (e.g. Ungar and Haff, 1987), play a considerably greater role
in the formation of eolian ripples and other small-scale bedforms (e.g. Sharp, 1963; Ellwood et al.,
1975; Walker, 1981; Anderson, 1987), and for this reason many have perceived a need for distin-
guishing between classes of grain motion  As yet, numerical models based on the splash-function
approach have not been able to differentiate classes of grain ejecta because the relationships
between particle dislodgment rates, lift-off velocities, rebound probabilities, and the properties of
the sediment bed that limit grain motion are not understood fully and have proven difficult to mea-
sure experimentally (e.g. see discussion in Anderson ez al., 1991; Willetts and McEwan, 1993).

For example, of the photographed grain ejections used as an observational base for constructing
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splash functions (e.g. Willctts and Rice, 1985a), little is known about how many ejecta success-
fully rebounded downwind to dislodge other particles, what their trajectory heights and Iengths
were, and for what values of the lift-off velocity particles did not rebound,

The model presented here offers some additional insight to these problems. As described
previously, grains ejected from the computer-generated sediment bed have lift-off velocities and
angles predicted by the geometric configuration of the local bed surface and the collision-induced
transfer of momentum between grains of unequal size. Thus, the probability of grain rebound or
cjection can be quantified for each grain. Any particle disturbed by collision is analyzed by the
model, to determine whether its motion is confined to the bed pocket in which it resides or whether
the grain is propelled some distance in the upwind or downwind direction. A comparison of com-
puter-generated hop trajectories for the suite of rebounding and ejected particles suggests that the
moving population may be separated into three transport modes, as shown in Figure 4.2, based on
particle dynamics and statistical arguments.

Three classes of grain transport are identified: high-energy saltations, impact-induced grain
rolling, and low-energy saltations, the latter including creep, splash, reptations, and the host of
terms (e.g. see Pye and Tsoar, 1990; Anderson et al., 1991) used to describe grains that lose con-
tact with the sediment bed only for fleeting intervals but are not capable of gjecting other particles.
An example of a highly energetic saltation sequence is shown in Figure 4.2a, wherein the grain
travels tens of grain diameters above the bed and hundreds of grain diameters downwind in succes-
sive trajectories, and is capable of ejecting other grains that will enter the saltation layer success-
fully. In Figure 4.2a, a grain (D, = 0.44mm) finer than the median bed size (Dsy = 0.70mm)
approaches the bed at a low impact angle (6.2°) and with a high impact velocity (11.7 m/s) relative
to wind speed (4.69 m/s). The low angle of approach relative to the horizontal, the relative protru-
sion of the bed grain it strikes, and the similar mass of the impacted grain, allow the incoming
grain to collide directly with the exposed upwind side of the bed particle and propel it from its bed
pocket. Because the pocket is unobstructed by other protruding bed grains, the ejected grain enters
the free stream (shown as an arrow). Although the colliding grain loses almost 85% of its terminal

velocity via impact, the collision orientation is such that the grain rebounds with sufficient kinetic
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energy to propel it away from the bed. Its component of vertical velocity is twice that of its hori-
zontal velocity the instant following the collision, which is typical of rebounds from energetic col-
lisions of this geometric arrangement,

At the opposite end of the energy spectrum is grain rolling, in which the grain moves down-
wind without losing contact with the bed. Rolling may be induced either aerodynamically or by
grain-grain collision. In Figure 4.2a, a large grain (D, = 1.22mm) is driven from its exposed bed
pocket by a moving grain of comparable size (not shown) and rolls across other grain surfaces
before reaching a bed pocket whose orientation impedes its downwind progress. The grain contin-
uously loses momentum to stationary particles it rolls over, although an insufficient amount to
eject other bed particles. Large grains, under low and moderate flow conditions, are observed to
roll several tens of grain diameters’ distance downwind over locally smooth bed sections (e.g.
where finer grains have collected preferentially), similar to what has been observed in flume exper-
iments (e.g. Iseya and lkeda, 1987; Whiting er al., 1988). These grains possess insufficient for-
ward momentum to rebound from the bed surface into the flow; in addition, the absence of bed-
grain protrusions comparable to the size of the rolling particle reduces its potential for ejecting bed
particles.

The class of particles moving between energetic saltation and rolling occupy a terminologi-
cally grey zone, in which the lowest energy trajectories might be classified as grain rolling and the
higher energy particles might be included with the energetic saltations. Figure 4.2b illustrates such
a series of low-cnergy saltations, in which the grain varies between rolling and short, low hops.
The distinction between these and higher-energy saltations is that no grains are cjected by the
moving particle and that the grains are influenced more by mechanical forces of frequent contact
with the topographic irregularities of the bed than by fluid-mechanical forces. This is a function of
the weak momentum transfer and the geometry of each grain collision. As the particle travels in
short hops, it impinges the bed at angles closer to 20°, such that it impacts the uppermost surfaces
of exposed bed grains in glancing collisions, rather than head-on impacts. Consequently, the grain
proceeds downwind in a series of glancing collisions with the tops of exposed bed particles, This

collision orientation is unfavorable for ejecting grains, since the pathway of momentum transfer
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along the lines-of-centers of the colliding grains is directed more vertically into the bed than later-
ally or away from the bed, as is the case with head-on collisions. Grazing collisions result in low
lift-off angles and particle rebound speeds with higher components of horizontal velocity than ver-
tical velocity. In this example, grain impact velocities of the hop series average 0.45 m/s and lift-
off velocities average 0.17 m/s, with an average 38% reduction in particle velocity between impact
and rebound.

Some workers have differentiated grain saltations as belonging to the rebound population or
to the low-energy group of ejecta that splash from the bed via impact but do not rebound after
landing (e.g. Ungar and Haff, 1987, Sorensen, 1991), Anderson et al. (1991) have further decom-
posed the low-energy saltation spectrum into a surface-creep component, which conceptually
refers to those ejected grains that rearrange the sediment surface primarily through contact forces
between surface grains. These distinctions become even more difficult to quantify in grain mix-
tures because the irregularities of the bed surface ultimately control the progress of all particles
downwind. For example, the mixed-grain model shows that energetically ejected particles may
execute a long, high jump but then become trapped on the first rebound by striking the bed unfa-
vorably. Unfavorable collisions, which often do not produce additional ejections, include striking
a bed pocket or a larger grain close to its equator, such that the colliding grain rebounds horizon-
tally upwind and terminates within the confines of the bed depression. Also, ejecta might execute
a low-energy, non-rebounding hop only a few grain diameters’ distance downwind but knock
another precariously perched grain from a bed pocket with negligible momentum loss, Further-
more, the pattern of hop sequences varies from grain to grain, due to the microtopographic varia-
tions of the bed surface. Model results show that sequences of downwind trajectories executed by
one grain can fluctuate between the three modes of transport, depending on the outcome of each
collision. This behavior has been photographed in wind-tunnel experiments with sand mixtures
(e.g. Barndorff-Nielsen et al., 1985b; Willetts and Rice, 1985b). Therefore, a grain might energet-
ically rebound from several downwind collisions, then lose momentum through collision with bed
irregularities or larger grains and execute a serics of low-energy hops. Thus, the grain might be

contributing to several aspects of bed dynamics and bedform construction during its travel, and
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defining its mode of transport becomes arbitrary.

A statistical distinction between high-energy and low-energy saltations can be made by
plotting the model-predicted, particle impact speeds against their lift-off speeds. This relationship
has been used by others (e.g. Anderson and Haff, 1988, 1991; McEwan and Willetts, 1991;
McEwan et al., 1992) to predict lift-off speeds for uniform-sized grains from numerical collision
data, where the magnitudes of particle lift-off velocities are linearly related to the magnitudes of
impact velocities through a collision coefficient: U,epoung = €Ujmpact » With € ranging from 0.50 to
0.80. In Figure 4.3a, the relationship between impact and lift-off velocities for the mixed-grain
saltating population is given for two transport stages, (T+),, = 3.0 and (Tx),, = 6.0; both the lift-off
velocities of the rebounding and ejected grains are included in the graph. A linear least-squares fit
of the point scatter in the (Ts«), = 3.0 case demonstrates that the predicted collision outcomes can
be decomposed into two groups represented by fit lines of different slope and intercept (dashed
lines); they arc the dense cluster of points representing low-impact-speed, low-launch-speed
grains, and the diffuse scatter of grains with higher impact and launch velocities. The same trend
is seen for the transport stage of (T«),, = 6.0. A non-linear weighted regression of all points dem-
onstrates that the best fit for the population of moving grains is curvilinear, as indicated by the
heavy, solid curves in both graphs, which smoothly connect the regression lines fit to low-velocity
and higher-velocity grains.

These results show that particles of all sizes with impact speeds less than about 1.0 m/s and
rebound speeds Iess than 0.3 m/s form a fairly distinct subset of the moving-grain population, both
statistically and mechanically. These are the grains that travel one to several short, low hops from
the collision site, rarely ejecting particles into the windstream, and whose downwind progress ulti-
mately is influenced more by the topographic features of the bed than by fluid forces. They con-
trast with the subset of higher-velocity particles, which are sufficiently energetic to dislodge other
particles from the bed during impact and whose contact with the bed is fleeting. These low-veloc-
ity grains comprise about 28% to 30% of the moving population (198 of 690 observations at (T
= 3.0 and 152 of 507 observations at (T«), = 6.0), which compares with the observations of Bag-

nold (1941), Willetts and Rice (1985b), and others that the low-energy group of moving grains rep-
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resents about 25% of the total bedioad.

Further decomposition of the point scatter in Figure 4.3a by grain-size fraction shows that
the larger grains retain a higher percentage of their impact speed than do the smaller grains. Figure
4.3b plots impact speed versus lift-off speed of the rebounding and ejected grains, for the fine frac-
tion (Dy,, < 0.5mm), medium fraction (0.5mm < D;;, < 1.0mm), and coarse fraction (D, 2 1.0mm).
Willetts and Rice (1989) conclude, from their collisional experiments with a finer, more well-
sorted sand mixture (Dsg = 0.35mm), that rebounding grains, regardless of size, retain about 60%
of their impact speed on average. These model results suggest that grains colliding with the
mixed-grain bed retain even less than 60% of their pre-collision speed, with values generally rang-
ing from 55% to 15% depending on the geometric characteristics of the collision and the ratio of
grain masses involved in the impact. The lift-off velocities of the ejected grains average 15% of
the impacting-grain velocities, which compares with the value of 10% obtained from the Willetts
and Rice experiments. Correlation coefficients for the size fractions at (Tx),, = 3.0 are: (1) 0.33 for
the coarse fraction [0.34 at (Tx),, = 6.0]; (2) 0.25 for the medium fraction [0.23 at (T, = 6.0];
and 0.20 for the fine fraction [0.18 at (Ts),, = 6.0]. The difference between the empirical and the-
oretical results for saltating and ejected grains might be due, in part, to the absence in the measured
data of low-energy grains which could not be observed clearly in the experiments. Graphs of the
empirical results (e.g. McEwan et al., 1992, Fig. 7) indicate that the subset of low-energy grains
predicted by the model are missing from the empirical observations. The measured and calculated
ratios of impact to lifi-off velocities are comparable if the subset of low-energy particles is
removed from the latter results.

There appears to be little dependency of the results on transport stage. This might reflect the
fact that the momentum extraction by the saltating grains from the airflow scales with transport
stage (e.g. Figure 3.8); between the transport stages of (Ts),, = 3.0 and (T+), = 6.0, the moving
grains must compensate for the near-bed reduction in fluid-shear velocities, so that the maximum
grain speeds for each size fraction approach an asymptote at the higher transport stages. This was
seen previously with respect to saltation heights (e.g. Figure 3.16).

Model results for continuous saltation sequences across the mixed-size bed demonstrate that
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particles tend to eject others of their own relative size. Figure 4.4 illustrates some of the more
common collision scenarios predicted by the mixed-grain model. The upper diagram in the figure
shows three types of collisions between a coarse grain (Dgg = 1.5mm) and grains of unequal size
on the sediment bed at a transport stage of (Tx), = 3.0. The lower diagram contrasts collisions
between a small grain (D49 = 0.50mm) and particles on the same bed surface. For reference, the
saltating grains are represented as stippled disks and the grains they eject as solid disks. Only the
portions of the continuous grain trajectories near the bed surface are shown; the direction of the
incoming trajectory is given by a curve connecting grain positions computed as a function of time,
whereas, the outgoing trajectories are shown by grain position only. Variations in impact angle
and speed of the incoming grain, the relative masses of the involved grains, the position of colli-
sion across the upper surface of the impacted grain, and the geometry of the bed pocket in which
the impacted particle sits create a different collision outcome in each case. In the first case,
labelled (1) in Figure 4.4, the coarse grain approaches the bed from upwind at an angle of 7.2° and
speed of 1.74 m/s. It collides with a particle about half its size (Dy, = 0.65mm) along its upwind,
exposed surface, driving it from the bed. The colliding particle rebounds with approximately a
third of its velocity an instant before impact. In the second case (2), the Dy, = 1.5mm particle
strikes a D4p = 0.50mm close to its upper pole. Perched on the edge of a bed depression, this grain
is driven forward and down into the depression. With insufficient momentum necessary to drive it
over the coarse, stationary bed particle in its path, the ejected grain jostles in the depression before
coming to rest. The glancing collision imparts relatively greater forward velocity to the saltating
particle than vertical velocity, so that it rebounds parallel to the bed in the downwind direction and
strikes another grain. Having gained little forward momentum in this short hop, the particie loses
momentum further through the collision and settles upwind into an adjacent bed pocket. Collision
(3) demonstrates the situation in which a large grain strikes one or several fine grains (Dyg =
0.35mm). Given that very little surface area of a small grain is exposed to the flow, by virtue of its
packing configuration with other grains, the top of this bed grain is the only feasible point of colli-
sion with the saltating particle. The line connecting the centers of the colliding and impacted

grains, hence, is oriented downward from the sediment surface, and the collision drives the smaller
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particle into the bed surface, such that it cannot eject into the airstream. Striking the bed with a
relatively high impact angle (36°) and low impact speed (0.78 m/s), the particle rebounds with low
velocity into the flow and executes one more hop before coming to rest. Although coarse grains
are more likely to eject grains with a range of masses than are smaller grains, their potential for
ejecting grains and rebounding energetically into the flow is greatest when they collide with grains
of their own relative mass.

In the second diagram of Figure 4.4, three types of collisions are shown for a grain from the
finer tail of the size-frequency distribution (Dgg = 0.50mm). In collision (4), the grain collides
with the upwind surface of a stationary particle twice its size (i.e. the ratio of their masses is my/
m; = 0.15) and rebounds in a high trajectory that initially curves upwind before the grain is accel-
crated downwind by the flow. The relative masses of the grains and the nature of the bed pocket in
which the larger grain resides (i.e. partially buried by other surface grains) inhibits motion of the
impacted grain. Collision (5) illustrates the energetic collision between the particle and one of
identical mass. This is the same particle dislodged by the coarser grain in collision (2); however,
in this instance, the point of collision occurs closer to the upwind equator of the bed grain than
near its top, so that the momentum impulse transmitted by the incoming grain is oriented more lat-
erally than downward. Therefore, the bed particle launches at a fairly high angle (41°) and saltates
downwind, as does the rebounding particle. Collision (6) illustrates a frequent outcome, in which
the incoming grain strikes near the equator on the upwind side of a stationary particle and
rebounds upwind. In this instance, the rebounding grain (i.e. movement shown by hatched disks)
collides with another grain forming the lip of an upwind bed depression and ricochets back into the
depression before coming to rest. The collision orientation is favorable for ejection of the initially
struck grain, which replaces the incoming grain in the saltation layer,

Table 4.1 summarizes the outcomes of 1275 grain collisions at a transport stage of (Ty),, =
3.0. The results are given in terms of the percent of grains of a particular size fraction Dy, (rows)
ejecting grains from each of six size fractions in the mixture (columns). The statistics include any
grain that moves from its bed pocket via collision, regardless of its mode of transport (e.g rolling

vs. saltating). Grains eject other grains their own size in approximately 50% of their collisions
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with the bed. The finest fraction (D, < 0.35mm) primarily ejects grains of only the smallest mass
but, with a favorable collision geometry, will dislodge particles twice their mass by glancing
impacts with a perched bed particle that can be knocked readily from its pocket (e.g. the mass of a
0.35mm grainis 1.0 X 104 gm, compared with 2.0 X 104 gm for a 0.50mm particle). As the size
of the saltating grain increases, the range of ejectable particle sizes spreads, although particles as
large as the median grain diameter (Dsg = 0.70mm) infrequently dislodge particles more than
twice their mass. The coarsest fractions (e.g. D, 2 1.0mm) dislodge the broadest range of particle
sizes. These results reflect the dependency of the components of particle lift-off velocity (e.g.
equations 4.16) on the ratio of the incoming mass to the mass of the impacted grain (mg/m,). The
probability of small grains ejecting grains much larger than themselves is reduced by the fact that
the mass ratio is much less than unity, whereas the ratio is greater than or equal to unity for the
coarsest grain sizes in the mixture. Collisions in which an incoming grain ejects a bed particle
more than twice its mass (e.g. the 10% of grains greater than 1.4mm ejected by the D, = 0.7mm
fraction) are facilitated greatly by the geometry of the impact; these collisions typically involve
grazing collisions with large grains prominently perched in small bed pockets, in which the
momentum transfer required to prod the bed particle from its pocket is minimal. On the other
hand, the probability of coarse particles dislodging more than a small percentage of the finer grains
(e.g. 5% in Table 4.1) is greatly reduced by the fact that the small particles are protected in the
interstices between larger grains. Bagnold (1941) witnessed that as the transport stage rises, the
likelitood of grains moving others of more disparate size increases, particularly in the case of
grains being knocked from exposed positions. The results for a transport stage of (Tw), = 6.0 are
not appreciably different from those presented for (Tx),, = 3.0, however, which suggests that if
such events occur, they must happen at higher transport stages than studied here.

Heterogenous sand mixtures affect the mechanics of grain-grain collisions, therefore, in two
principal ways. One is by modifying the energetics and momentum of particle lift-off, resulting to
large degree from differences in the masses of particles involved in the collision. This observation
is not a new one, as it has been discussed conceptually in the literature since Bagnold’s (1941) ear-

liest experiments and surmised from transport studies of mixed-size sediments (e.g. Williams,
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1964; Gerety and Slingerland, 1983). The other important influence of the particle-size distribu-
tion is that it governs the bed-pocket geometries and relative protrusions of the stationary grains
and, therefore, the ability of the incoming particle to dislodge bed grains in the direction of the
fluid flow. As can be seen in Figure 4.4, the grains most likely to be ejected are those whose
upwind surfaces, between their equators and upper poles, are exposed to the flow. On the flat bed,
this precludes a fair number of grains from being ejected, until their upwind surfaces are exhumed
by the removal of adjacent grains. This observation only applies to moderate flow conditions in
which bed cratering does not occur.

Inspection of the geometries of collisions summarized in Table 4.1 suggests that the posi-
tion of impact most favorable for ejecting a bed particle of roughly the same size as the incoming
grain is along the lower portion of the upwind, exposed surface of the grain. This was also
observed for model-predicted collisions in uniform-sized sediments. In the latter case, a series of
300 collisions were calculated at three different transport stages [(T+),, = 3.0, 4.0, 6.0], in which
the impact angles, impact speeds, and points of grain contact were allowed to vary between colli-
sions. The outcomes of these grain-grain impacts were analyzed with respect to the position of
grain contact. Figure 4.5 describes the range of collisional outcomes for an equidimensional-grain
configuration in which the particle angle of repose is 60°, typical of well-sorted, natural sediments.
The diagram shows two bed-pocket grains supporting the impacted grain (i.e. “target” grain; col-
liding grain not shown). Positions of impact (r) across the upper hemisphere of the stationary
grain range in the downwind direction from 0° < r < 180°. If sufficiently energetic, impacts occur-
ring in the arc of contact positions r < 30° will eject the target grain (i.e. below the line-of-centers
between bed grains formed by the bed-pocket geometry angle ¢0). Similarly, saltating grains that
rebound upwind and impact the stationary grain on its downwind side at symmetrically identical
positions (r 2 150°), may also eject the target grain, If the point of collision occurs within the
range 30° < r < 150°, however, the target particle will not eject. Figure 4.5 also summarizes the
ranges of possible outcomes for the colliding (rebounding) grain in terms of the position of contact
(r) with the bed grain.

In the mixed-grain case, the variability in bed-pocket geometry angles created by the juxta-
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Figure 4.5 Diagram of possible outcomes following a collision between an incoming grain and
the equidimensional particles composing the sediment bed. In this two-dimensional configura-
tion, the particle angle of repose ¢° is 60°% impact positions (r) between the moving particle and
bed grain range in the downwind direction from 0° < r < 180°. Model calculations show that the
incoming grain rarely ejects the bed particle if it strikes anywhere across the grain surface from
30° <r < 150° (i.e. above the line of centers formed by ¢,). In the range 0° <r < 30° and 150°
<1 < 180°, the bed grain may be ejected by a downwind-saltating grain or upwind-rebounding
grain, respectively. Outcomes (labelled A - F) are identified above and occur over the regions of
the grain surface as shown.
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Figure 4.6 Range of collision possibilities for grains of unequal size. Compared with the range of
contact points between equidimensional grains, disparate-sized particles have relatively more
opportunity (a), or less potential (b, c), for contacting the surface of a given bed particle. The
wider the bed-pocket geometry angle (¢o), the less surface area of the bed grain is exposed to the
incoming particle (stippled) and the lower the potential for a collision to eject the particle. In col-
lision (a), the ejection potential is low, due to the disparity in grain masses, but the range of

rebound possibilities is large.
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position of grains of disparate size leads to a substantially wider range of collisional outcomes. As
shown in Figure 4.6a, the surface area of a bed grain with which an incoming grain may collide is
relatively greater for the finer fractions than for the coarser fractions, resulting in a wider array of
rebound possibilities. The disparity in particle masses, however, prevents the bed particle from
being ejected. Collisions occurring below the equator of the bed grain generally lead to particle
terminations in the upwind direction. For coarse grains colliding with smaller particles (Figure
4.6b), the point of collision is narrowed to a small fraction of the upwind surface of the bed grain,
As the bed-pocket geometry angle increases, the amount of surface area exposed to the incoming
grain decreases, and the potential for ejecting grains decreases (Figure 4.6 c).

Comparisons of collision statistics between the uniform-grain population and the grain mix-
ture demonstrate the degree of variability resulting from the nonuniformity of particle mass and
topographic inhomogeneities of the sediment bed in the mixed-grain case. Figures 4.7 through
4.12 plot the predicted impact speeds and angles, lift-off speeds and angles, and hop heights and
lengths for a uniform population of D = 0.35mm grains saltating over a similar-sized bed, con-
trasted with statistics for the D;g = 0.35mm fraction over a mixed-grain bed, in which Dsq =
0.70mm, at a transport stage of (Tx),, = 3.0. The same comparison is made for D = 0.70mm uni-
form grains and the Dsg = 0.70mm fraction of the mixture. Statistics were computed in the same
manner for the uniform and mixed-grain cases; grains were allowed to hop down a sediment bed
until they terminated through unfavorable collision with a bed particle. Results are graphed as the
statistical parameter (e.g. impact speed in Figure 4.7) versus the cumulative percent of the number
of grains, where 50% signifies the median observation,

Thesc results show that, in general, the D;g = 0.35mm fraction of the mixture collides more
encrgetically and travels greater distances downwind than similar-sized particles (D = 0.35mm)
over a uniform bed. Conversely, the median (Dsg = 0.70mm) and coarse (Dsg > 0.70mm) frac-
tions, in general, travel less far and possess lower pre- and post- collision velocities than do their
unidimensional counterparts. In Figure 4.7, the D;g= 0.35mm fraction averages 60% greater max-
imum impact speeds than the D = 0.35mm uniform grains. In contrast, the Dso = 0.70mm fraction

averages about 50% lower maximum impact speeds than the D = 0.70mm uniform grains. The
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same trend is seen in the particle lift-off speeds, although the variance is less great (Figure 4.8).
Maximum particle hop heights are a factor of two greater for the D;g = 0.35mm fraction than the D
= (.35mm uniform grains, whereas the D5 = 0.70mm particles in the mixture tend, as a whole, to
hop half as high as the uniform-sized grain population (Figure 4.9). As particle trajectory lengths
are a function of hop height, the results for hop length are comparable with trajectory height,
although for the D = Dsg = 0.70mm grains, the maximum grain-trajectory length appears to be
similar between the two cases (Figure 4.10). The model predicts that the long trajectories of the
energetically saltating grains tend to have lower angles of approach to the bed than do shorter sal-
tations in which the grain rises from the bed and returns abruptly without being accelerated appre-
ciably in the downwind direction. Higher jumps lead to greater particle acceleration away from
the bed, which promotes greater particle speeds, longer trajectories, and lower angles of approach
with the bed. Hence, the Dyg = 0.35mm particles in the mixture average lower impact angles than
do the unifoim grains because approximately 50% of the grains are travelling greater distances
downwind (Figure 4.10). Figure 4.11 demonstrates that the difference in particle impact angles is
relatively greater for the D;g = 0.35mm fraction compared with the D = 0.35mm uniform grains,
than for the D5 = 0.70mm fraction compared with the D = 0.70mm uniform grains, In the latter
case, the impact angles are nearly comparable between the mixed and uniform grains, because the
hop lengths of the particles are more identical. Finally, the grain lift-off angles of the mixed-size
and uniform grains (Figure 4.12) demonstrate the same range of values, although for the Dg =
0.35mm grains within the mixture, a smaller percentage of the grains achieve high launch angles
above about 60°. Lift-off angles of the Dsg = 0.70mm fraction are more nearly identical to the D =
0.70mm uniform grains, as were the lift-off speeds. Similar analyses conducted with coarser parti-
cles (e.g. Dgg = D = 1.4mm) suggest that the grains of the mixture are even less energetic by com-
parison than observed in the D = Dgg = 0.70mm case.

Particles saltating over a mixed-grain bed, therefore, exhibit considerably different colli-
sional histories than is the case for grains saltating over a uniform-sized bed. The variance
increases as the ratio of the particle size to the characteristic bed-particle size (i.e. D,,/Dsg) drops

below about 0.75 or rises above about 1.25 for the sediment mixtures used in this analysis. The
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D;g = 0.35mm grains in the mixture may achieve higher saltation trajectories, and hence greater
impact speeds, than D = 0.35mm grains on a uniform bed because of their access to a greater range
of collision sites along the exposed surfaces of the bed grains than is possible for a similar-sized
grain colliding with an irregular array of uniform particles. Also, fine grains primarily collide
with particles larger than themselves, which they are incapable of ejecting, whereas particles of the
same diameter on a uniform bed are more likely to expend energy ejecting particles from the sur-
face. The median fraction of the mixture behaves more similarly to the uniform-size population,
because the bed surface is dominated by particles of that fraction, and the collisional geometries
are more comparable to that of uniform granular arrays. The coarsest particles of the mixture, on
the other hand, primarily collide with particles smaller than themselves. The potential for head-on
collisions of a coarse grain with the upwind side of bed particles, which are the most favorable for
returning saltating grains at high lift-off angles into the flow, are greatly reduced and glancing col-
lisions with the uppermost surfaces of bed grains are the more common occurrence (e.g. Figure
4.6b) with energetically saltating coarse grains.

Bedload-transport experiments with grain mixtures have shown that particle trajectory
heights are a function of grain size (c.g. Williams, 1964; Gerety and Slingerland, 1983) and that
fine fractions contain the most energetic grains within a mixture (e.g Willetts and Rice, 1985a).
Model predictions of particle behavior for discrete size fractions within the mixture are consistent
with these findings and, furthermore, permit quantitative analysis of the differences in collision
mechanics between size fractions. Figures 4.13 through 4.15 show the range of variation in
model-derived impact speeds and angles, lift-off specds and angles, and hop trajectories between
three size fractions, Dyg = 0.35mm, Dsg = 0.70mm, and Dgg = 1.4mm, at a transport stage of (T«
= 3.0. Grains of the coarsest fraction approach the bed with a maximum of 25% less impact veloc-
ity than the median fraction and 75% less velocity than the finest fraction (Figure 4.13a). Because
saltating coarse grains are less energetic on average than fine grains, due to inertial forces and the
nature of their collisions with the bed, they tend to travel closer to the sediment surface, where they
are accelerated relatively less by the fluid. The decreasing trend in mean particle velocity with

increasing grain mass also has been measured in radioactive-tracer experiments with grains of dif-
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ferent mass by Barndorff-Nielsen et al. (1985b). Consequently, coarse grains follow shorter tra-
jectories whose approach angles are steeper than those of the high-energy, long-trajectory
saltations (e.g. Figure 4.2b, compared with Figure 4.2a). Thus, the range of impact angles for the
coarse fraction is substantially greater than those of the median and fine fractions (Figure 4.13b).
The average decrease in impact angle with decreasing grain size similarly has been observed from
photographs of the trajectories of natural sands and experimental spheres (e.g. Bagnold, 1941;
Chepil, 1961; Sharp, 1963; White and Schulz, 1977; Nalpanis, 1985; Willetts and Rice, 1985a).

As the impact angle decreases, the incoming grain is more likely to collide with the upwind
surface of an exposed bed grain and rebound at a higher angle from the horizontal into the flow.
As the smaller grains on average possess smaller impact angles, access relatively more of the bed
surface area, and arrive with higher impact velocities than the coarse grains, a greater percentage
rebound with high lift-off velocities (Figure 4.14a). Given the variability in collision outcomes
with the mixed-grain bed, however, the range of lift-off speeds is not nearly as great as that of the
impact speeds. A greater percentage of the coarse grains lift off with lower velocity than the other
fractions. Because coarse grains primarily strike grains of similar or smaller mass, however, they
tend to retain a greater percentage of their impact velocity (e.g. Figure 4.3b) than do fine grains hit-
ting larger particles, such that the sediment bed moderates, to a degree, the differences in mean
particle lift-off velocity between grain sizes. The three fractions each have a few stray grains
achieving the same maximum lift-off speed; in each instance, they resulted from an energetic par-
ticle colliding with a grain of approximately the same mass. The lift-off angles (Figure 4.14b)
reflect the same trend, in which a smaller percentage of the Dgg = 1.40mm grains achieve the
higher lift-off angles, with the exception of the few energetic rebounds between like-sized grains.
In addition, as the coarse grains tend to exhibit more glancing collisions than the other fractions,
their lift-off angles are expected to be skewed toward the lower values.

The larger moving particles travel less far, on average, into the airstream because of their
lower mean lift-off velocities and angles, and their greater mass. Consequently, maximum hop
heights are approximately half those of the median fraction and three times less than trajectory

heights of the fine fraction (Figure 4.15a). An even greater range in hop lengths between the
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coarse and fine fractions is predicted (Figure 4.15b), with the fine grains averaging longer hops.
Calculated saltation trajectories are consistent with wind-tunnel and field observations of saltation
trajectories in mixed-size sediments (e.g. White and Schulz, 1977; De Ploey, 1980; Draga, 1983).

An analysis of the number of hops made by each grain transported downwind (Figure 4.16)
shows that finer grains average about 30% fewer hops per sequence than the median fraction and
60% fewer hops than coarse grains; the majority of fine grains execute less than five hops before
terminating on the bed surface, whereas coarse grains tend to make closer to twenty hops per
sequence. The difference relates to the morphology of the bed surface. Just as small grains can
rebound more readily than coarse ones from collisions with particles situated in bed depressions,
they may also become trapped by these depressions. The most common method of grain trapping
predicted by the model is for particles to strike at a low position on the upwind side of a grain bor-
dering a bed depression, rebound upwind at an almost horizontal angle, strike the upwind side of
the hollow, and jostle within its confines for some time until all particle momentum is dissipated
(e.g. collision (6) in Figure 4.4). Conversely, a coarse grain is less likely to be captured by parti-
cle-scale bed depressions due to its relative size, and it will continue to hop or roll, if sufficiently
energetic, until it lodges against a particle or cluster of particles in a stable bed-geometry arrange-
ment. The deposition of coarse grains on the surface creates local obstructions on the bed surface,
which trap additional particles. If allowed to run forward in time, the model shows that these
coarse grains begin to trap other coarse grains, creating local patches of coarsened bed surface,
while the bed interstices fill with the finer grains. This mechanical trapping of particles by bed
irregularities may lead to the development of bed coarsening, local surface armoring, and bedform
instabilitics, as has been described from ficld and wind-tunnel investigations of bed evolution (e.g.
Sharp, 1963; Ellwood et al., 1975; Schenk, 1983).

Model predictions of the total distance travelled per hop sequence by the fine (D, <
0.50mm), medium (0.50mm < D, < 1.0mm), and coarse (D, = 1.0mm) fractions of the mixture
indicate that the majority of fine particles travel farther than grains from the coarser size fractions.
Figure 4.17 shows the total distance travelled (x/Dsq) versus cumulative percent of grain number

for each fraction, for transport stages (T«),, = 3.0 and (T¥),, = 6.0. Although the small grains aver-



190

0¢
= "(*1) 98e1s podsueyy, “saouanbas doy [e19A3S SIN23X3 01 PAIBPISUOD ST “UOISI[]0D Jayoue Y3nosy) puimumop pazijiqowsl Suieq 210J9q
‘Alrerodusa) 3591 01 Sow0d e urels v (W] = 98(]) uonoely 9s1E0D puE ‘(a0 = 95q) vonoely werpawr ‘(wwgs o = 81(q) uonoey
SUY :JIMIXTUI JUSWIP3S S UL SUONILY 9ZIS 291y J0J ‘2ouanbas doy Jad sauiojoafen snonunuod jo soquinu o Jo uostredmo?) 91+ a1ndig

(u) sousnbag Jad sdop Jo Jaqunp

o€ 0¢c oL ¢ O

0

uonoelj asieod

UOIOBIJ UBIPIW

UOHOBIJ JUY == ==

08 09 Oy O0¢

(%) usdlad Uleln BAleINWNY

00t



191

09 =
(xL) Joo3e1s podsuen e 10§ (q) "¢ = "(*1) Jo a3e1s podsuen e 10y (&) *(0Sq) JoYureIp UIeI3 UBIPoW JU} Aq POZI[RUOISUSWIPUOU ‘PI[d
-Aeq} (X) Q0UBISID PUIMUMOP [B10) 3U1 SB paod "(ww('| < (1) uonoey asIe0d pue {(urwg 1 > Qg > wwpg Q) Uonodely wnpau ‘(uups o
S "@) uonJey Uy :PIUXIUI JUSWIPSS 9 UI SUORJEY JZIS 21U} JOJ ‘UreIS YIea Aq Po[oAET) FIUEISIP [E10) o Jo uosuedwo) Ly'p aInSig

uonoeJy IsIeod

UOIDBI}] WINIP3WK

UONORIJ SUY = ===

(%5@yx) peipAeay, duejSI(Y [B10], (®Sayx) pajpaeay, adue)si( [ejo],
000S 000S O o 0005t 000S O o
L 2 o m . o m
. o B
o < o <
[¢-] [¢°]
o »)
= =
g 5 g 5
\l\ vd rd
—— ﬂ «..uu
=TT g - . g
= = == o =
9= o o= o _
09 ="(x1) (@ S 0€="(x1L) (e) Q



192

age less than five hops per sequence, their very long saltation trajectories relative to those of the
coarser fractions place them almost five times farther downwind, on average, than coarse grains
saltating from the same origin. The maximum distance travelled by the 100th percentile of the fine
fraction is almost an order of magnitude greater than the coarse fraction. These results have some
backing in the literature. In wind-tunnel tracer experiments using dyed sand, Willetts and Rice
(1985b) found that particles collected in an end trap tended toward the finer size fractions,
although they expressed some reservations concerning their experimental design, largely related to
the length of their wind tunnel and the ability to produce a steady-state saltating condition.
Analysis of the variation in collision statistics for individual size fractions as a function of
increasing transport stage yields no clear trends, although it appears that the maximum impact and
rebound speeds, and maximum hop heights and lengths, increase with rising transport stage. Fig-
ure 4.18 shows, for the Dsg = 0.70mm fraction, the impact speeds and lift-off speeds, as a function
of the cumulative percent of grain number, for the transport stages of (T«)p, = 1.5, 3.0, and 6.0. It
appears that the 80th percentile of grains average roughly comparable particle speeds at impact
and take-off, and that the primary variation in collisional dynamics occurs for the remaining 20%

of particles which become relatively more energetic with increasing boundary shear stresses.

4.3 Comparison with measured statistics

The high-precision, detailed experiments of Willetts and Rice (1985a, 1986, 1989) provide
one of the only published data sets of collision statistics for grain mixtures, in which the observa-
tions were recorded by size fraction. Given that the numerical collision algorithm predicts mea-
surable variations in the collision behavior of different grain sizes within a mixture, it is important
1o test the model results by size fraction.

Willetts and Rice (1985a) obtained collision data in a wind tunnel by filming the grain-bed
interactions between particles of a particular size fraction and a sediment bed composed of all sizes
in the mixture. Sands introduced from each of three size fractions were allowed to saltate once or
twice across an immobile, roughened surface before colliding with a tray of sand; the grains were

introduced a few at a time so that high-speed photographs could be made of collisions in the sand
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tray without a dense concentration of saltating grains obscuring the field of view., Their experi-
mental sands were segregated into three fractions: coarse (0.35mm < D,;, < 0.60mm), medium
(0.25mm < Dy, < 0.35mm), and fine (0.15mm < D, < 0.25mm). Information obtained for each
size fraction from these experiments included particle impact speed and angle, rebound speed and
angle, and the lift-off angles and speeds of initially stationary particles ejected from the bed by
impact. Willetts and Rice define a dimensionless rebound velocity, which is the ratio of the grain
impact velocity to its rebound velocity, and a dimensionless ejection velocity, which is the ratio of
the grain impact velocity to the lift-off velocities of grains ejected by the collision. Their experi-
ments were conducted at an approximate transport stage of (T#)y, = 1.5 (i.e. us = 3.96 X 107! mys).

For the comparison, sediment-transport calculations were made at the same transport stage
with a sediment mixture of approximately the same grain-size frequency distribution. A com-
puter-generated sediment bed composed of the Great Sand Dunes mixture (e.g. Figure 2.1) was
employed, and a steady-state population of moving grains was achieved in the manner described in
Chapter 3. To compile the model-derived statistics, the collision predictions are divided, similar to
the experiments, into a coarse fraction (0.30mm < Dy, < 0.50mm), medium fraction (0.23mm <
Dp, < 0.30mm), and fine fraction (0.17mm < Dy, < 0.23mm), where D;g = 0.17mm, Dsg =
0.23mm, and Dg,4 = 0.30mm,

Table 4.2 compares the experimental and predicted values for the collision variables by the
mean and standard deviation of the sample, Values for the two cases are of similar order of magni-
tude (i.e. within a factor of two) and show the same relative trends with decreasing grain size, i.c. a
slight increase in the mean grain impact speed, decreases in the impact angle and the dimension-
less rebound velocity, and increase in the rebound angle. In addition, predicted mean cjection
angles are greatest for the medium fraction, and the dimensionless ejection velocity appears not to
vary substantially between fractions in either the measured or numericaily derived samples. The
model predicts mean impact velocities, for all three fractions, that are about 30% lower than the
empirical values, mean dimensionless rebound velocities that are about 35% lower, and mean
dimensionless ejection velocities that are slightly higher. In addition, the rebound and ejection

angles are 20% to 40% lower.
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Possible explanations for the differences between the measured and predicted statistics
include the fact that the sand mixtures are not identical; the wind-tunnel sample has a slightly
broader range of grain sizes than the Great Sand Dunes sands. The higher predicted ejection
speeds and lower ejection angles might be a result of the model constraint that only one ejection
occurs per collision. Willetts and Rice recorded up to ten ejections during a single collision and,
consequently, their ejection statistics include the collection of ejecta with very low velocities that
distribute from the collision site over a broad range in angles with the horizontal. On the other
hand, the model predicts a broader range in impact and rebound velocities, and a population of
low-energy rebounding saltations that were not observed experimentally. A graph of the impact
speed versus rebound speed for the three fractions looks similar to that shown for the sand popula-
tion composed from the Yamasaka and Ikeda (1988) size-frequency distribution (Figure 4.3), in
that there exists a dense concentration of points in the low-velocity spectrum, representing about
25% of the moving population. In contrast, the graph of the Willetts and Rice experimental results
of impact versus rebound speed (e.g. see McEwan et al., 1992; Fig. 7) does not show this subset of
low-energy saltations. Computational models of uniform-grain-size saltation (e.g. Anderson and
Haff, 1991) similarly predict the existence of a low-energy population of saltating grains. The dif-
ficulty in distinguishing low-energy collisions during wind-tunnel sand-transport experiments has
been discussed extensively in the literature. Despite these and other complications, however, it is
encouraging that the predicted resuits for the grain-trajectory parameters of each size fraction dis-

play the same trends and relative magnitudes as the measured data,

4.4 Summary

Recent experimental and theoretical advances in the mechanics of grain collisions have pro-
vided a more solid physical understanding of the influence of grain-bed interactions in shaping the
form of the bedload-flux profile and have provided a framework for modelling the evolution of bed
stratigraphy over time (e.g. Forrest and Haff, 1992). Thus far, numerical models principally have
focused on uniform-size materials or on mixtures of two grain sizes. The theoretical model pre-

sented here seeks to extend this base of knowledge by addressing the dynamics of grain collisions
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in naturally distributed grain-size mixtures. Empirical data on the influence of grain mass on the
dynamics of grain-grain collisions are limited, however, and the model results discussed here lie
beyond the current observational base in many respects. Nonetheless, general observations of the
dependency of grain-bed collisions on the sediment size-frequency distribution are predicted quite
well by the mixed-grain collision algorithm, which has encouraged further quantitative investiga-
tions of the differences in collision dynamics between mixed-grain and uniform sediments, as well
as the interactions of discrete size fractions within a natural mixture.

The mixed-grain collision algorithm depends on the models of the computer-generated sed-
iment bed and the fluid mechanics of eolian mixed-grain transporting flows, described in previous
chapters, for input of all variables important to the collision problem. These are: (1) the impact
speeds and angles of approach of the incoming grain, derived from the fluid-mechanical and ballis-
tic components of the model; (2) the site of collision, which can be found deterministically
because the progress of each grain downwind is located temporally and spatially with respect to
the simulated bed surface; (3) the geometry of the collision site, which is a function of the grain
impact angle, the size of the impacted bed grain relative to the incoming grain, and the geometric
properties of the bed pocket in which the impacted grain resides, given by the sediment-bed algo-
rithm; (4) the momentum transfer via collision, which depends on the geometric configuration of
the collision, the masses of the involved grains, the momentum of the incoming grain, and the laws
of conservation of linear momentum and energy for partially elastic collisions; (5) the components
of lift-off velocity for the rebounding and ejected grains, which derive from (4); and (6) the lift-off
angles of grains, which are calculated from (3). The important assumptions made are that: (1) the
effects of bed microtopography are much greater than the those of intergranular contact (i.c.
inelasticity, {riction, compressibility) during collision, which is consistent with the theoretical find-
ings of Haff and Anderson (1993); and (2) the probability of ejecting more than one grain capable
of saltating downwind is low. Although more than one ejection per collision has been observed,
the general thought is that the low-energy, secondary ejecta contribute little to the bedload flux or
modification of the wind profile under flat-bed, moderate-flow conditions. Predicted values of the

collision variables agree, in terms of general trend and magnitude, with measurements for similar
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size-frequency distributions made by Willeits and Rice (1985a, 1989). The validity of the model
and these assumptions will be tested further in Chapter 5 by comparing measured and predicted
bedload fluxes.

The numerical model quantifies two observations that have been discussed, largely concep-
tually, in the literature for several decades. The first is that there exists a definite and substantial
variation in collision behavior between grain-size fractions within a mixture. The second is that
collision outcomes vary with the grain-size distribution of the sediment bed. Calculations of colli-
sion variables for the sediment mixture (D5 = 0.70mm; e.g. Figure 3.1) over a range of transport
stages show that the particles from the finer fractions collide with the bed more energetically on
average than the median and coarse fractions, with correspondingly higher impact and rebound
speeds, higher hop heights, longer trajectories, and greater distances travelled downwind.

Collision outcomes depend on the relative sizes of particles involved. Small grains have
greater access to the surface area of bed grains exposed to the flow. Consequently, they execute
more head-on collisions than coarse grains, such that their vertical component of rebound velocity
exceeds the vertical component, and they launch upward energetically. Grains of the coarse frac-
tion cannot penetrate the smaller interstices, so that their collisions are relegated to the upper sur-
faces of exposed grains. They tend, therefore, to execute more glancing collisions than do
particles of the finer fraction, which tends to promote low-angle, forward trajectories. Variation in
hop characteristics between size fractions are also a function of mass-dependent inertial forces and
fluid forces acting on the grain as it leaves the bed. The relative masses of colliding grains dictates
the ability of incoming grains to eject bed grains, as well as the lift-off energy of each grain. Ejec-
tion statistics computed by the model show that small grains rarely eject particles greater than
about 1.5 times their size, except in those infrequent occasions when larger particles perched pre-
cariously on the surface can be knocked forward with minimal energy transfer. On the other hand,
coarse grains eject a range of particle sizes because of their mass relative to the median and smaller
percentiles of grains composing the bed. Their ability to dislodge the smallest fraction is greatly
reduced by the fact that these grains often are in bed pockets too small to be entered by the larger

grains. The model predicts, however, that grains eject like-sized grains in at least 50% of the colli-
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sions they execute.

The degree of topographic inhomogeneity of the bed surface also dictates the nature of bed
collisions. The coarser the grain mixture composing the surface, the more variable the collision
outcomes, with the greatest variation predicted for the smallest and coarsest fractions of the mix-
ture. The model predicts significant variations in collision histories between grains moving over a
same-sized bed, and the same grains moving over the mixed-size bed. Collisions of the finer frac-
tions with the heterogeneous bed are more energetic, on average, than on the uniform bed. The
median and coarse grains, however, are less energetic, resulting in lower particle velocities and
shorter hop trajectories than predicted in the uniform-grain case. For example, the model shows
that maximum impact and rebound speeds, as well as hop heights and lengths, of fine grains collid-
ing with the mixed-grain bed are almost 50% higher than values calculated for the same grains col-
liding with a bed of similar-sized grains.

The sensitivity of the mechanics of grain-bed collisions to the size-frequency distribution of
the sediment surface suggests that modelling the sediment bed as accurately as possible is a critical
ingredient to the mixed-grain, bedload-transport problem. In addition, the dependency of collision
responses on grain-size information highlights the great need for additional experiments that can
quantify the relationships between particle size and grain-bed interactions for a range of sediment

mixtures and flow conditions.



Chapter 5: Model Calculations of Mixed-Grain Bedload Transport

Most quantitative studies of eolian bedload transport have focused on the total transport rate
and its relationship to aerodynamic parameters, such as the fluid shear stress, to characterize the
sediment-moving capacity of the wind. As discussed in previous chapters, the movement of parti-
cles in a naturally distributed eolian mixture is governed by the other grains, both at the level of the
sediment bed and within the wind column, At the bed surface, small grains often are sheltered in
bed pockets from collisions with larger grains that would propel them into the flow, whereas the
coarser particles protrude from the bed surface and are more likely to be impacted by saltating par-
ticles. Once the finer grains are mobilized, however, they extract relatively more momentum from
the airflow, thereby modifying the wind’s response to all saltating particles. Inertial forces acting
on the finer grains are smaller than those acting on the moving coarse grains, such that the small
particles will be accelerated more rapidly and to greater heights above the bed surface than the
coarser particles and, hence, interact more vigorously with the wind at all levels. Because of their
mass relative to the masses of grains composing the sediment bed, however, coarse grains are
more likely to eject a range of particle sizes than are the finer fractions. As a result, each size frac-
tion in a mixture has a unique transport rate which depends on the total size-frequency distribution
of particles comprising the sediment bed.

The considerable variation in sediment size distributions among depositional environments
complicates the development of universal, predictive bedload functions for sand mixtures because
these disparities are difficult to characterize analytically and require extensive calculations if
derived numerically. Semi-empirical, sediment-transport refationships have assumed that the size-
frequency distribution follows a log-normal or Gaussian curve and typically employ the mean,
median, or Dgg4 percentile to describe the entire mixture (e.g. Bagnold, 1941; Chepil, 1945; Zingg,
1953; Horikawa and Shen, 1960; Tsuchiya, 1970; Hsu, 1973; Hsu and Blanchard, 1991). Other
rescarchers have proposed exponential laws to describe the dependence of total flux on height
above the bed (e.g. Williams, 1964; Nalpanis, 1985; White and Mounla, 1991), or bedload expres-

sions that include the shear velocity raised to some power (e.g. White, 1979; Rasmussen and
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Mikkelsen, 1991; Sorensen, 1991), which require empirical input from experiments conducted
with a specified sand mixture. Theoretical treatments of eolian bedload transport, thus far, have
dealt only with uniform-sized sediments. As discussed in Chapter 2, a large percentage of eolian
sediment distributions are skewed or bimodal, rather than log-normally distributed. Consequently,
total-bedload functions dependent on one or two grain-size parameters, or on the sediment and
flow conditions of a single study, may yield inconsistent results, For example, several researchers
(e.g. Berg, 1983; Sarre, 1988) have compared the available total-bedload equations using one set
of experimental data and have found considerable variation among the mass-flux profiles calcu-
lated with different bedload relationships.

The goal of this work, therefore, has been to develop a theoretical model for the bedload
transport of eolian mixtures capable predicting the mechanics of grain movement for individual
size fractions of naturally sorted sediments. Because the sediment size-frequency distribution is
input directly to the sediment-bed construction algorithm, the model can address any sand mixture
commonly found in coastal, inland dunefield, and eolian-fluvial transitional environments. Cou-
pling the numerical sediment bed, fluid-mechanical, and collisional algorithms yields a self-con-
tained model in which the variables necessary for predicting fractional bedload-transport rates may
be obtained directly from the theory for the dynamics of particle-fluid interactions and grain-grain
interactions between moving particles and the sediment bed. The numerical model is not depen-
dent on any set of empirical observations, other than the sedimentological characteristics of the
sand sample used; therefore, it may be tested independently with experimental data.

Very few measurements exist of fractional transport rates in eolian systems, largely because
experimental and field research has focused on total bedload transport and because constituent flux
rates of individual size fractions in a simultaneously transported mixture are difficult to measure.
The only known published data set is that of Yamasaka and Ikeda (1988). Consequently, the grain-
size frequency distribution of their experimental sands has been used throughout much of this
study, for the purpose of utilizing their data in an independent test of the model’s ability to predict
the fluid and particle dynamics of grain mixtures. In the following sections, the model calculations

of bedload transport and their comparison with the data set of Yamasaka and Ikeda are discussed.
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5.1 Theoretical calculations of bedload transport
The volume discharge of bedload sediment per unit width of airflow, Qy, is defined as:
811
Q= J.Csusdz (5.1)

n
where Cq is the sediment concentration of the mixture as a function of height z above the bed, u, is
the downwind component of sediment velocity, 1) is the elevation of the nonmoving portion of the
sediment bed, and 8y is the maximum height of the saltation layer. In mixture-transporting flows,
the total bedload flux, Q;, is the sum of the fractional volume discharges of all m sediment compo-
nents, (Qg)y, in the bedload layer:

y TG

M
QS = Z (QJ)IN = 2 J. Cmumdz (5.2)
n

m=1 m=1

where Cy, and up, are the concentration and forward particle velocity of sediment component m,
respectively, and (3p);, is the maximum height of the saltation trajectories of component m. The
volume discharge of each sediment component m may be rewritten according to the previously
defined relationship (i.e. section 3.6, Chapter 3) of the concentration at any height z to its value
normalized by the concentration at the bed: Cn= (Cm)n(C.)m. Hence, the bedload-discharge
equation for each sediment component becomes:
(85 m
Q) = (Cn [ (Cu), u,dz. (5.3)
n

The method for calculating the movement of sediment within the saltation layer has been
discussed previously and is summarized here. Input parameters required by the model are the
grain-size frequency distribution, the grain densities, the fluid density and viscosity, and the
boundary shear stress. Similar to the experimental conditions of Yamasaka and Ikeda (1988), the
grain density is ps = 2.65 X 10° kg/m? and the fluid viscosity is v = 1.50 X 10 m%s. The com-

puter algorithm for carrying out the calculations attempts to recreate as much of the natural trans-
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port process as possible. A boundary shear stress, specified by the flow conditions of interest, is
applied to the computer-generated sediment bed (see Figure 3.1; derived from the size-frequency
distribution of Yamasaka and Ikeda), and a few grains, for which the critical stress for the initiation
of grain motion has been exceeded, are entrained aerodynamically from exposed positions on the
bed surface. Once mobilized, the saltation trajectories of each grain are computed, according to
equation 3.11, as a function of time and position relative to the bed surface over which they pass.
Some of these grains collide sufficiently energetically with the bed to eject other particles, and the
sediment load develops through subsequent ejections of stationary bed particles through impact by
saltating grains. The model accounts for all moving grains as they roll, creep, or saltate from the
collision site in a single hop or series of continuous trajectories. The characteristics of grain
impact with the bed are defined by the speed and angle (with the horizontal) of the incoming grain,
the relative mass of the particle relative to that of the grain it strikes and the masses of other grains
composing the bed, the geomeltries of the collision between grains and the array of bed particles in
the vicinity of the collision site, and the magnitude of momentum transfer between grains, The
rebound and cjection characteristics of grains are calculated from the geometry of the collision and
the balance of momentum and encrgy during impact. The equations for particle launch velocity
are given in Chapter 4 (i.e. equations 4.16b, g, h). The motion of each particle is followed from
beginning to end, and any ejections it produces from its multiple impacts with the bed similarly are
accounted. Grains that hop off the downwind end of the 1000Dsq-long bed are recirculated from
the upwind edge to effect a bed of infinite length. The momentum extracted by each moving parti-
cle at each level in the flow is calculated as the product of the drag force acting on the particle
times the sediment concentration. To compare model results with the experimental data, the parti-
cles are binned into seven size fractions, such that the momentum extracted by each size fraction
as a function of height above the bed is the sum of the momentum extracted by each grain belong-
ing to that fraction. The numerical solution of the grain-fluid interaction problem requires iteration
because the nature of each particle trajectory, the unique characteristics of each grain-bed colli-
sion, the form of the vertical profile of fluid velocity, and the concentration of moving grains at

successive levels in the flow are not known at first. The first iteration requires the input of a fluid-
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velocity profile, which can be established in a number of ways; it was found in Chapter 3, how-
ever, that the velocity profile scales with the height of the bedload layer for the D5 fraction, so that
an appropriate choice for the initial form of the velocity profile modified by all moving grains is
that for the D5 fraction. Convergence of the vertical profile of fluid velocity and the concentration
profile for sediment grains in the bedload layer is obtained when all moving grains and the trans-
porting flow achieve equilibrium. For the horizontally uniform, steady-state problem, this occurs
when each terminating grain is replaced, on average, by an ejected particle and when the size-fre-
quency distribution of the moving population equals the distribution of grain sizes within the bed.
The volume discharge of each grain-size fraction in the mixture, (Qg), is obtained by mul-
tiplying the horizontal component of the particle velocity (ug,) for each particle by the nondimen-
sional grain concentration (Cs),, summed over all grains of the size fraction, over all levels in the
flow between n and (8p),. This term is then multiplied by the fractional sediment concentration at
the bed, (Cyy,)y, that is, the concentration at z = 0 of all moving grains of the specified size fraction;

therefore,
M

M
(Cnx)'l = Z (Cm)'q;(QS)m = (Cm)Tl z (C*)m Wy - (5.4)

m=1 m=1

As described in Chapter 3, the grain concentration as a function of height above the bed
Cm(2), is proportional to the time that a particle spends at that level (Az = 0.1Dsg), both on the
upward and downward limbs of its trajectory (At/Az). This term, as well as the particle velocities,
are calculated by the saltation-trajectory algorithm. The concentration of each grain size at the bed

is computed from equation 3.15, shown again here, as:

(TT)’" - (TT\)m
(Cm)n = [ (FD)m /Vm]n Dm

where [(FD)m/Vm]n is the drag force per unit volume acting on Dy, at the level of the bed, and
(’l?,])m is the critical shear stress for initiation of saltation of a grain D,,, the values of which are
derived theoretically as described in Chapter 3. For each sediment-transport calculation, the mov-

ing population consists of 200-300 grains (i.e. approximately 1200-1500 saltation trajectories),
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5.2 Comparison of calculated fluxes with bedload-transport measurements

The experiments of Yamasaka and Ikeda (1988) were conducted with the sand mixture
whose grain-size frequency distribution is shown in Figure 2.1. A discussion of their methods
appears in the 1988 paper and in Ikeda (1982a, b). The laterally inclinable, wind tunnel used in the
experiments had a working reach of 4 meters and a cross-sectional aperture of 10 cm by 30 cm. A
2-meter tunnel section upwind of the working reach allowed air passage prior to flow in the main
chamber of the tunnel, in order to develop steady, horizontally uniform flows. The airflow velocity
across the test reach was measured with a Pitot tube and a differential manometer. An unconsoli-
dated, mobile bed surface was prepared with the sand mixture and smoothed by drawing a plate
along guides attached to the wind tunnel. Sediment was introduced at the upwind end of the tun-
nel, collected at the downwind end through a filter, sieved, and weighed to calculate the flux of
each size fraction. These measurements of longitudinal flux rates over a flat bed were obtained
during a larger study investigating the mechanics of lateral sediment transport of poorly sorted
sand mixtures.

To obtain the mean bed shear stress during the experiments, Yamasaka and Ikeda measured,
by means of a static pressure tube, the longitudinal pressure gradient between two stagnant pres-
sure holes spaced 2.2 meters apart. This is equivalent to the energy slope, divdx, in their equation
for the mean boundary shear stress: T, = pg (A,/B) (dh/dx), where B is the width of the
wind tunnel and Ay, is the wind-tunnel area dynamically affected by flow adjacent to the bed. They
found Ay, to be a function of the Reynolds number for the temporal mean velocity along the central
longitudinal axis of the wind tunnel (Ikeda, 1982a), Ay, = a(Re®)A |, where A is the total cross-
sectional area of the wind tunnel and the coeflicients a and x are dependent on the size-frequency
distribution of the sand mixture,

The sediment fluxes measured by Yamasaka and Ikeda (1988) for seven grain-size fractions
are reproduced in Figure 5.1. Data are plotted logarithmically as a function of the dimensionless

Shields stress for each grain-size fraction (D), (1,) = [,/ (p,~p)gD,,], and the dimen-

m

sionless volume discharge of size fraction Dy, per unit bed width, according to its probability P
3 ] 1/

in the size distribution, (Q.), /P, = (Q), /[ (p,/p—1)gD;, 2. The grain size frac-
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tions identified by the authors are: Ds = 0.20mm, Dg = 0.35mm, Dy = 0.50mm, D5 = 0.70mm,
D70 = 1.0mm, Dgg = 1.4mm, and Dys = 1.8mm. Data for each size fraction are represented sym-

bolically, as well as described by a curve derived from the equation:

(Qu), [ [(t.),,] }"2
1— m (5.5)

- 1.5
5 = K(1,)] o

m

where K = 10 for poorly sorted sediments (see equation 9 in Yamasaka and Ikeda, 1988).

In order to make the comparison between measured and predicted fractional transport rates,
itis necessary to replot Figure 5.1 in terms of the transport stage, (T«)y, = [Tb/(’tc,)m]. because the
critical Shields stresses for each size fraction determined semi-empirically do not match those pre-
dicted by the theoretical model. Yamasaka and Ikeda took the critical Shields stress for each size
fraction to be the value for which the measured sediment transport rate was 1% of the rate calcu-
lated from a bedload power-law function: (Q.),, /P,, = 10(, )31/ 2, Their values of the criti-
cal shear stress for each size fraction are approximately equivalent, leading the authors to suggest
that the critical stresses for incipient motion of all sizes are independent of grain size and lie in the
vicinity of the impact threshold. Critical shear stresses calculated by the model (equation 3.10),
however, predict a greater sensitivity of each grain size to the particle-scale geometry of the bed
surface (i.e. Dy/ky), indicating that small particles resting in relatively larger bed pockets require
greater shear stresses to move than would be the case for larger particles occupying the same bed
pockets. Consequently, the model predicts a stronger dependence of the critical shear stress on
grain-size and bed-pocket-geometry characteristics. The range in critical shear stresses between
the empirical and theoretical study are shown in Table 5.1, as the dimensionless critical Shields
stress for each size fraction [(T«)cl,, and the critical shear stress (T,,),,. The values calculated by
the model are for the average case where the bed-pocket angle geometry is formed by the grain and
a grain of median diameter; that is, Dy /ks = Dpp,/Dsg.

The difference in the methods used to compute the boundary (Ty) and critical (T,,),,, shear
stresses obviously have a considerable influence on the compatibility of the experimental and the-

oretical results. The ratio of the dimensionless Shields stress (T+)y, to the critical Shields stress
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Figure 5.1 Fractional transport rates measured by Yamasaka and Ikeda (1988; see Fig. 2) as a
function of the dimensionless Shields stress (Tw)y, for each grain-size fraction (Dp,,) and the dimen-
sionless volumetric discharge per unit bed width (Q4),, weighted by the probability density of
each size fraction (Py,). The grain-size probability distribution is given in Figure 2.1, The figure
legend above displays the graphic symbols for each size fraction. Curves fit to the data are derived
semi-empirically through equation 5.5. The median grain diameter is Dsg = 0.70mm.
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Table 5.1 Values of the dimensionless critical Shields stress [(Tw)er)im and the critical shear stress
(Tcr)m determined semi-empirically for each grain-size fraction (Dppy) of the sand mixture by

Yamasaka and Ikeda (1988), compared with values predicted by the numerical model. See text for

discussion.

grain size empirical predicted emp u;cal P redlgted
(mm) (Weln | (Wedm |y oipm 5 | o
0.20 0.0891 0.1910 4.63 9.92
0.35 0.0515 0.1052 4.68 9.56
0.50 0.0366 0.0727 4.75 9.44
0.70 0.0253 0.0492 4.60 8.94
1.00 0.0180 0.0360 4.67 9.35
1.40 0.0132 0.0289 4.79 10.51
1.80 0.0104 0.0245 4.85 11.45
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[(T)erlm, however, varies self-consistently for the measured fractional transport rates, as do the
values predicted by the model. Hence, the ratio of the stresses, or the transport stage (T«), =
(T)/[(Tw)er)m provides a means for reducing the measurements and the predicted values of the
fractional transport rates to a common denominator. The experimental data are replotted in Figure
5.2 as a function of the transport stage, (T4, and the dimensionless sediment-transport rate,
Brackets in the figure denote the range in the experimental observations about the curves derived
for each size fraction from equation 5.5.

Model predictions of the fractional transport rates for the mixture are presented in Figure
5.3. The computed discharge rates of six size fractions, for transport stages 1.5 < (Tx),, < 6.0, are
plotted with the empirical curves and data brackets shown in the previous figure, Two principal
differences between the model and empirical results are that the model investigated bedload trans-
port at higher transport stages than those measured experimentally, and that the model did not pre-
dict transport of the largest size fraction, Dgs = 1.8mm. The computer-generated bed lacked grains
of this size fraction in its surface layers. The 5% (by weight) of the coarsest fraction present in the
simulated bed are at depths too great to have been exposed to grain-grain collisions at the bed sur-
face.

The calculated transport rates for six size fractions of the sediment mixture are in very good
agreement with the experimental data, when compared by the transport-stage versus volumetric-
discharge relationship. The predicted values as a whole are lower than the empirically derived
curves at the low end of the transport-stage range and higher at the upper end, but the calculated
values for each size fraction fall well within the bracketed range of the experimental data. The pre-
dicted fractional discharges for the (Ts),, = 1.5 case average 15% lower than the values of the
empirical curves, 10% lower for the (T¥)y, = 3.0 case, with the exception of the predicted flux for
the Dgg = 1.40mm fraction which is 10% higher than the average measured value, and 14% higher
for the (T+)p, = 6.0 case. These variations in the predicted results compared with the empirical
curves are reasonable, however, given the considerable scatter in data points to which the empiri-
cal curves are fit,

The model results are described more closely by a transport equation of a slightly different
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Figure 5.2 Experimental bedload-transport data, replotted from Figure 5.1 in terms of the trans-
port stage (Tx),, and the dimensionless sediment-transport rate (Qs),,/P,,,, where (T, is the ratio
of the boundary shear stress to the critical shear stress of each grain-size fraction, (Tm =T/
(Ter)m: The empirically derived values of Ty, and (T, m are used. Brackets about the empirical
curves derived from equation 5.5 define the range of experimental observations for each grain-size
fraction.
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Figure 5.3 Comparison of fractional transport rates predicted by the numerical model with the
best-fit curves from the experimental data of Yamasaka and Ikeda (1988). Brackets indicate the
range in the wind-tunnel data for each grain size fraction. Curves and brackets are identical to
those shown in Figure 5.2 with the experimental data points. Predicted flux rates are graphed as a
function of the transport stage (Tx), the model-calculated shear stresses (Ter)m» and the dimen-
sionless sediment discharge (Qs),,,.weighted by the grain probability density (Pp,).
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form than that given by Yamasaka and Ikeda (1988) in equation 5.5. It is:

(Qu), o T, [(x),1 1
F K (t,)} { 1.5-—_(“)"‘ J[l By ] (5.6)

in which the new value of the coefficient is K = 9 if the curves are calculated using the empirically
derived values of (Ty) and (T,,)y,, and K = 3 for the model-calculated values of (Tp) and (TP
Equation 5.6 provides a better fit to the theoretical results, especially in the low- and high- trans-
port regimes (Figure 5.4). This equation is more similar in form to the sediment-transport relation-
ship formulated by Ashida and Michiue (1972; sec Yamasaka and Ikeda, 1988) for subaqueous

flows, which Yamasaka and Ikeda modified to fit their wind-tunnel data. The equation for water is:

(Q*)m (t*)cr (T*)cr 12
2 =K(‘C*)l'5[l— = Jl-—-( T ) (5.7

in which Ashida and Michiue determined a value of 17 for the coefficient K.

The main difference between the experimentally and theoretically derived transport rela-
tionships, therefore, is an additional term that contains the critical Shields stress, which reflects the
greater dependence of the predicted grain flux on the conditions of initial motion (e.g. the bed-
pocket geometry angles and the D,/k, relationship) than observed by Yamasaka and Ikeda. They
conclude, on the basis of their observations and physical reasoning, that in the neighborhood of
(T« = 1.0 all grain sizes are saltating simultancously. As described earlier, model calculations
suggest that full saltation of all grain sizes occurs at a higher transport stage of (Tx), = 1.5 (e.g.
see Figure 3.7).

Calculations of the fractional discharge rates below the transport stage (T«), = 1.5 show
that the transport relations between the size fractions become more complex, and that the model is
very sensitive to the transport behavior of the coarser and finer size fractions at low shear veloci-
ties. The transport stage (T«), = 1.5 represents the threshold for the flow conditions in which
grains of all size fractions are extracting momentum from the wind. At this transport stage, the

largest moving grains are very nearly at the critical stress for initiation of saltation, so that these
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Figure 5.4 Model-predicted transport rates for the size fractions, fit to new curves derived with
equation 5.6 and the theoretical values of (Tp) and (T.,),,. These curves describe the calculated
transport rates in the low- and high- transport regimes slightly better than do the transport curves
given by Yamasaka and Ikeda (1988) and shown in Fi gure 5.3. Model results are plotted as a func-
tion of the transport stage (T«), and the dimensionless sediment discharge (Q+)/Pp.
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particles are rolling or moving only in short, low hops of a few grain diameter’s distance and are
interacting negligibly with the flow. As the transport stage drops to within the vicinity of (T«),, =
1.0, fewer of the grain-size fractions contain energetically saltating grains that extract momentum
from the flow. In addition, as the transport stage decreases and the finer fraction becomes less
energetic, small grains possess correspondingly lower particle impact velocities and higher impact
angles. Consequently, they tend to become trapped in bed pockets more frequently than at higher
transport stages. At fractional transport stages less than 1.5, therefore, particle motion is highly
sensitive to the distribution of bed-pocket angle geometries and the differences in particle mass
between the moving and stationary bed particles.

Although the model predictions of a threshold for simultaneous saltation have not been
described empirically for the eolian environment, similar phenomena have been witnessed in
flume studies of incipient sand motion. For example, Wilcock and Southard (1989) found that the
fine and coarse fractions of a sand mixture appear, in general, to be less mobile than the medium
fractions and that the size-dependent variation in grain mobility increases with decreasing trans-
port stage. In the water case, the finer fractions appear to be fully mobile at (T, = 1.5, whereas
the coarser fractions are not simultancously mobile. In contrast, all grains of the eolian mixture
appear to be fully mobile (i.e. simultaneously saltating) at (), = 1.5. This difference is
explained in part by the dominance of fluid forces in water versus the relatively greater importance
of the forces of intergranular collisions in air, which contribute to a more energetically moving
bedload in the low transport-stage range.

The total or bulk sediment-discharge rates predicted by the numerical model are shown in
Figure 5.5 as a function of transport stage. These resuits are compared with the model-predicted
discharge rates for the D5y = 0.70mm fraction of the mixture and for the case where grains of
diameter D = 0.70mm are saltating across a uniform-sized sediment bed (D/kg = 1). The bulk dis-
charge rate (Qx) is the sum of the fractional fluxes at a given Ty, the curve fit to the data is found
by summing the theoretically derived curves for the six size fractions (e. g. Figure 5.4). This curve
coincides with that calculated using equation 5.6, in which K = 3 and (T and [(Tw)ep)y corre-

spond to the smallest grain size present in the mixture (D; = 0.16mm; Ter= 121 N/m?). The best-
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Figure 5.5 Comparison of model-predicted curves for the bulk discharge of the mixture (D),
the fractional discharge of the median grain size (Dsp = 0.70mm), and the total discharge of uni-
form-sized sediment (D = kg = 0.70mm). Best-fit curves are calculated in the bulk-rate case by
summing the fractional curves in Figure 5.4, in the fractional-rate case by equation 5.6 with K = 3
and (T,)so = 8.94 x10°! N/m?, and in the uniform-size rate case by equation 5.5 with K = 10 and
Ter=2.74X10"1 N/m?, The curve for the bulk-rate case coincides with that obtained through equa-
tion 5.6 with K = 3 and the critical shear stress, (Tedm = 1.21 N/m?, of the smallest grain size
present, D; = 0.16mm.
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fit curve through the predicted flux rates for the uniform-sized grains obtains from equation 5.5
(i.e. the semi-empirical relationship of Yamasaka and Ikeda for uniform-size sand) with K = 10
and (T = 1.51 X 102 [or T, = 2.74x10°" N/m?). Similar to the results of the study by
Yamasaka and Ikeda (1988), the slopes of the curves for the uniform-size and mixed-size cases are
sufficiently different to warrant separate best-fit equations.

Comparison of the curves in Figure 5.5 demonstrates that for the same values of the trans-
port stage, flux rates of the sand mixture are about 1.3 orders of magnitude greater than those of the
uniform-size transport case. In addition, the flux rates of the median size fraction of the mixture
are about 40% greater than those of the uniform-size case at low to moderate transport stages
[(Tw)m < 3.0] and about 60% greater at the higher transport stages [(Tx),, > 3.0]. These results are
in keeping with observations quantified in previous chapters regarding the dynamical behavior of
inhomogencous mixtures. In Figures 4.7 through 4.12, it was shown that for grain-bed collisions
in which the ratio of the incoming to impacted masses mg/m; < 1, the rebounding grain was con-
siderably more energetic than for a similar-sized grain on a bed composed of the same grains, on
average travelling higher, faster, and farther than its counterpart. Conversely, for mg/m; > 1, the
uniform-size grains were comparatively more energetic. The mixture, however, consists of a rela-
tively higher percentage of grains with diameters less than or equal to the median size, so that the
bulk sediment-discharge rates reflect the higher fluxes of the smaller and median size fractions.
Flux rates of the uniform-grain case most closely approach the values for the Dgg = 1.40mm frac-
tion of the mixture.

Figure 5.5 bears some important implications for field and laboratory estimations of mixed-
grain sediment-transport rates. Semi-empirical equations of bedload transport typically employ
the mean or median diameter to represent the sorting characteristics of the sand mixture (e.g. Bag-
nold, 1941; Williams, 1964; Hsu, 1971; Berg, 1983; Sarre, 1988). The results of this study suggest
that using experimental or theoretical flux data for uniform sortings as estimates of bedload trans-
port in more poorly sorted mixtures yields values that are considerably low. Furthermore, employ-
ing the mean or median diameter in estimates of mixed-size transport also leads to low estimates.

Earlier it was shown that the bulk transport rates could be calculated with equation 5.6, using D =
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D; as the characteristic grain diameter. This suggests that the use of D < Dy as the characteristic
grain size in semi-empirical equations of bedload transport might result in significantly more accu-

rate results.

5.3 Summary

The sediment-transport model presented in this study differs from existing methods of cal-
culating discharge in the bedload layer in that it incorporates the full grain-size frequency distribu-
tion of a mixed-size sediment population and derives from the fundamental physics of grain-grain
and grain-fluid interactions without depending on empirical measurements. The high degree of
similarity between the theoretical bedload-transport calculations and available wind-tunnel data
lends support to the validity of the numerical model in describing the fluid and particle dynamics
of eolian mixed-grain deposits. Not only can fractional and total bedload-transport rates be pre-
dicted for a range of sediment sortings, but the collisional and fluid-mechanical behavior of grains
of unequal size can be examined in detail. This numerical model also yields a bedload-transport
relationship (i.e. cquation 5.6) that can be employed theoretically to obtain bedload-transport rates
outside the range of the current experimental database, and it provides an alternative semi-empiri-
cal equation to those published in the literature,

Comparisons of predicted bulk transport rates for mixed-grain sands with rates calculated
for a uniformly sorted population, in which D = Dsg of the mixture, highlight the sensitivity of the
particle flux rates to the sedimentological characteristics of the bed. Calculations demonstrate that
bulk transport rates of a sand mixture computed with the characteristic grain diameter D < Dyq
yield substantially more correct values than when the mean or median grain size is used, as is cus-
tomarily done in semi-empirical, eolian bedload-transport equations. These resuits underscore the
importance of accurately characterizing the grain-size frequency distributions in theoretical mod-

els of heterogeneous systems.,



Chapter 6: Summary and Conclusions

All natural sediments contain a range of particle sizes. The physics of bedload transport in
heterogeneous sedimentary deposits, therefore, is complicated by the interactions of moving parti-
cles with a sediment bed whose surface topography varies spatially due to the particle-size distri-
bution and sorting characteristics of the grain mixture. In eolian systems, grain collisions with the
bed primarily are responsible for entraining particles from the bed into the airstream, and the
dynamics of intergranular impacts are controlled largely by the differences in particle mass of the
involved grains, as well as the range of bed-pocket geometries of particles composing the bed sur-
face. Each grain-size fraction also responds differently to the fluid flow. There is no single thresh-
old fluid shear stress, as exists in the well-sorted (e.g. uniform grain) case but, rather, a unique
value for each size fraction of the mixture. Consequently, each size fraction experiences a differ-
ent mode of transport at low shear velocities, although these variations decrease with increasing
shear velocity. The magnitudes of the momentum and energy transfer to stationary particles dur-
ing collision vary depending on their mass, and mixed-size particles are ejected into the wind-
stream with differing particle velocities; hence, grains of a particular size fraction travel, on
average, to different heights in the wind column than particles of another fraction. The vertical
profile of wind velocity, therefore, responds differently to each size fraction, with some fractions
extracting relatively more momentum from the flow than others. As a result, each grain-size frac-
tion has a different effect on the wind-grain feedback process that dictates flow and particle veloc-
ities within the bedload layer. This, in turn, results in different bedload transport rates for each size
fraction in the granular mixture.

A relatively good understanding of bedload-transport dynamics in well-sorted sediments
has been achieved over the past few decades through rigorous experimental and numerical-model-
ling work. The purpose of this dissertation, therefore, has been to extend numerical theory into the
arena of mixed-size eolian sediments. Relatively fewer experimental observations of the mechan-
ics of poorly sorted sediment transport exist, providing more limited information with which to

test the validity of the mixed-grain theoretical model presented here; however, model results have
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been tested whenever possible against field and experimental understanding of heterogeneous sand
deposits.

The contribution of this work is a unified numerical theory for the fluid and particle
mechanics of sediment mixtures in wind. It yields a bedload-transport relationship that can be
used to predict the bulk discharge rates of heterogeneous sediments, as well as the fluxes of each of
its size fractions, without empirical measurements. The applications of the numerical model
include predicting the flux rates of granular mixtures, important to an understanding of erosion and
deposition in modern colian environments, and characterizing the evolution of poorly sorted sedi-
ment beds, essential for interpreting the stratigraphy of modern and ancient sand bodies. The
model comprises four dynamical components that are coupled to predict the bedload-transport
rates of grain-size fractions within a mixture: (1) a computer-generated sediment bed that fully
characterizes the size-frequency distribution of the sediment mixture of interest; (2) a deterministic
saltation component that describes the initial motion and ballistic trajectories of grains rolling or
saltating in continuous hop sequences across the bed; this algorithm follows the approach of
Wiberg and Smith (1985) for particle trajectories in Newtonian fluids; (3) a collisional algorithm
that treats the stochastic behavior of grain collisions in a deterministic manner, by calculating the
momentum transfer between particles and the geometry of the grain-grain collision from the gran-
ular configuration of the collision site and the energetics of grains as they approach the bed; and,
(4) a fluid-mechanical element that predicts the extraction of momentum from the fluid by each
grain-size fraction. The model assumes two-dimensional, steady, horizontally uniform flow condi-
tions. Input required to run the model includes the grain-size frequency of the sediment mixture,
the grain densities, and the fluid density and viscosity.

The sediment-bed algorithm presented here develops two-dimensional granular arrays from
measured grain-size frequency distributions, choosing grains of varying size at random from the
distribution and placing them in the sediment bed according to geometric arguments. A fluid-
mechanical element smooths the resulting bed surface of any precarious grain clusters created by
randomly stacking grains to form the bed, in a manner analogous to that used to plane wind-tunnel

surfaces prior to experimental flows. The initial beds, hence, are randomly sorted which allows
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investigation of the mechanical processes by which grain sorting and packing evolves during flow
events. Comparison of computer-generated bed characteristics with available measurements of
natural and experimental bulk sediment properties and bed-surface friction angles for mixtures of
similar grain-size distributions yields good agreement.

In addition to its use in the sediment-transport problem, the sediment-bed computational
algorithm may have some application to stratigraphic analyses of internal bed morphology.
Extending the model to address the three-dimensionality of sediment beds, and incorporating the
fluid and particle mechanics of bedform generation, would allow quantification of the processes by
which wind-ripple stratigraphy and other depositional features, such as surface coarsening,
develop in poorly sorted materials. It was found that the topographic relief of the computer-gener-
ated sediment surface has an established but irregular amplitude and wavelength, generally on the
order of 4-6 median grain diameters (Dsq) between the topographic lows (bed pockets) and highs
(protruding coarse grains or grain clusters) and 10-20 Dsg in the downwind direction, which is
consistent with observations of wind-tunnel beds prior to airflow (e.g. Willetts; see Anderson and
Haff, 1991). These bumps and depressions appear to serve as nuclei for development of grain sort-
ing. Bed-smoothing calculations during preparation of the computer-generated sediment beds
demonstrate that selective clustering of grains by size commences with movement of the first
grains along the surface, whereby the finer grains tend to cluster in bed pockets and topographic
lows, and the coarser grains pile up against each other when one or several grains becomes lodged
in a prominent position on the bed surface. It is suspected that these uneven, small-scale topo-
graphic perturbations might form the nuclei for development of bed patchiness and other bedform
features, even at flow stages prior to the onset of full saltation, although this theory needs to be
tested further with the fully posed sediment-transport model. A commonly held theory is that the
creeping population of lowest-energy moving grains defines the spacing and sorting of bedforms
(e.g. see discussions in Pye and Tsoar, 1990, Anderson et al., 1991; Forrest and Haff, 1992). The
model suggests that small-scale perturbations, although irregularly spaced, already exist by virtue
of the geometric packing of disproportionately sized grains forming the sediment bed.

Model calculations of the aerodynamic effects of bed-surface roughness demonstrate that,
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for sand deposits, protruding surface grains exert negligible drag on the near-bed airflow. The
major influence of the bed surface on the vertical profile of fluid velocity, therefore, lies in control-
ling the grain-size probability distribution of particles leaving the bed, which considerably affects
the concentration of each grain size in motion. Model results show that the distribution of bed-
pocket geometries and the relative masses of colliding and ejected grains govern the ability of each
particle to be propelled into the flow. Once ejected, sediment grains reach different heights in the
flow depending on the balance between mass-dependent inertial forces and drag forces acting on
the grains. The extraction of momentum by accelerating grains of a particular size fraction
depends principally on the horizontal (downwind) component of the drag force times the concen-
tration of moving grains of that size fraction, In addition to being regulated by the size-frequency
distribution of the sediment bed, the concentration of each size fraction is limited by the magnitude
of momentum available to sustain grains in the wind column. Model calculations show that even
though the central fractions contain larger absolute numbers of moving grains, due to their domi-
nance of the size-frequency distribution, the finer fractions actually extract proportionately greater
amounts of momentum from the flow. For a given flow velocity, small grains are accelerated more
by the wind than coarser ones because inertial forces acting on them are less; hence, the small
grains reach a higher maximum height in the airstream. Consequently, they extract relatively more
momentum, especially at heights above the bed not attained by the coarser fractions.

Calculation of the momentum extracted by each size fraction depends on knowing the fluid
shear stress threshold below which the flow is not capable of initiating saltation. Model results
demonstrate that particles rolling or moving in low-energy trajectories (e.g. the "creep" and
"splash” populations) extract relatively little momentum from the flow, regardless of grain size. It
is the saltating population, consequently, that dictates the form of the momentum-extraction pro-
file. The critical fluid shear stress for initiation of saltation is grain-size dependent and ranges
from 6% higher than the critical stress for initial motion (i.e. the critical Shields stress) for the fin-
est grains to 30% higher for the coarsest grains in the sand mixtures investigated. For these mix-
tures, the transport stage (ratio of the boundary to critical shear stresses) of the saltation threshold

ranges from 1.05 to 1.5, such that full saltation of the entire mixture (i.e. all grains potentially able
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to saltate) occurs at (T«),, 2 1.5. The model shows that the critical shear stress of saltation is not
only dependent on grain size, but also on transport stage. At a transport stage of (T¥)y = 3.0, the
bedload layer of the windstream is saturated with moving grains extracting momentum from the
flow, such that the near-bed flow velocity begins to decrease. Hence, the local fluid shear stress
affecting each grain size reduces to a level just sufficient to maintain saltation; this is accomplished
through reduction of the critical shear stress for saltation, which is reduced incrementally with
increases in transport stage. Model calculations clearly demonstrate that the critical shear stress
for saltation varies semi-logarithmically with transport stage above (Tx),, = 3.0, and reduces uni-
formly for all grain sizes. At a transport stage of (Tx),, = 6.0, the critical stresses for maintaining
saltation of each size fraction are still slightly greater than those for sustaining particle motion (e.g.
the critical Shields stress).

Calculations of momentum-extraction profiles for grain-size fractions within a mixture indi-
cate that the median grain diameter Dsg is an appropriate length scale for characterizing the
momentum extraction of mixtures, that is, all curves may be normalized in the vertical by 2/Dsy.
As expected, the coarser fractions extract relatively less momentum than the central fractions,
whereas the finer {ractions extract relatively more. The total momentum extracted by the moving
mixture is the sum of momentum extracted by each of its components. Furthermore, model analy-
ses demonstrate that the profiles of total momentum extraction for a range of transport stages col-
lapse to essentially one curve when the height axis is nondimensionalized by the maximum hei ght
of the saltation layer in each case. The model predicts a linear increase in the maximum height of
the saltation layer to a transport stage of 3. Again, the reduction of the local fluid stress necessary
to compensate for the high concentration of moving grains demonstrates its influence. The reduc-
tion in the critical shear stress of saltation results in a metering of the velocities of particles in all
size fractions, such that the grain trajectories of all fractions achieve a more uniform height.
Hence, above (T+),, = 3.0, the maximum thickness of the saltation layer increases asymptotically
with increasing transport stage. This effect has been discussed qualitatively by Gerety and Sling-
erland (1983) from their experiments with eolian sand mixtures, and has also been measured in

flume studies of grain mixtures (Wilcock and Southard, 1989), although the abruptness of the tran-
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sition in fluid response to increasing concentration was not witnessed in the subaqueous case.

Model results indicate that equilibrium between the flow and the moving grains is attained
when the grain-size frequency distributions of grains in the bedload layer match those of the sedi-
ment bed. This means that each terminated grain of each moving size fraction is being replaced,
on average, by a similar-sized grain. Model calculations of the grain-bed collision process predict
that grains eject like-sized grains in at least 50% of the collisions in which they are involved. The
remaining 50% of the grain replacements to the bedload layer through ejection, for a particular
grain-size fraction, occur through collisions with incoming grains that are relatively larger. Small
grains rarely eject particles larger 1.5 times their own size, except in the case where a precariously
perched grain can be knocked from its pocket with minimal momentum expended. Large grains,
on the other hand, eject a range of grain sizes, but rarely eject the finer fractions because small
grains often lie in bed pockets inaccessible to the larger grains. Hence, the finest grains are dis-
lodged primarily by like-sized particles that can penetrate the small confines of bed pockets, or
when the bed pocket is exhumed by removal of the adjacent surface grains. These observations, of
course, are only valid at low to moderately high transport stages. At high transport stages, when
the bed is actively eroding or being deformed by high-energy bombardments (e.g. bed cratering),
large grains arc more likely to impact the bed with such force to release a wide range of particle
sizes. This has been observed experimentally by a number of researchers (e.g. Bagnold, 1941;
Mitha et al., 1986).

The grain-bed collision model quantifies some of the experimental observations of mixed-
size sediment transport that have becn discussed qualitatively in the literature. These include the
variation in the mechanics and outcome of grain collisions between size fractions within a mixture,
and the modifications in grain-collision behavior with variations in sorting characteristics of the
sediment surface. The coarser the grain mixture composing the surface, the more variable the col-
lision outcomes, with the greatest variation predicted for the smallest and the coarsest fractions of
the mixture. The model predicts significant variations in collision histories between grains moving
over a uniform-sized bed and the same grains moving over a mixed-size bed. Small grains tend to

be more energetic on a mixed-grain bed, where the range of particle-collision geometries is greater
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and the grains are more likely to rebound upward from the exposed surfaces of grains that are
much larger than themselves. For example, the model shows that maximum rebound speeds, hop
heights, and trajectory lengths of fine grains colliding with the mixed-grain bed are almost 50%
higher than calculated for the same particles bouncing over a bed of like-sized particles. This
results in higher sediment discharge rates for the mixture than for the uniform-sized deposit, as has
been documented experimentally by Yamasaka and Ikeda (unpublished data; 1988).

The full bedload-transport model couples the algorithms for the sediment bed, the fluid-
mechanics of sediment-transporting flows, grain motion within the flow, and grain collisions with
bed to predict the fractional transport rates of individual size fractions within the mixture. The
model calculates the product of the forward particle velocities times the grain concentration for
cach size fraction and integrates over the height of the bedload layer to yield fractional volume dis-
charges per unit airflow width. The model predictions compare very well with measurements
made by Yamasaka and Ikeda (1988). In order to make the comparison, the simulated sediment
bed was composed from the same grain-size frequency distribution used in the experiments, and
the same environmental conditions (e.g. temperature, flow velocities) were used in the model. The
small discrepancies between the calculated and measured fractional transport rates probably are
related to the differences between the critical Shields stresses predicted by the model and those
derived from the measurement of shear stresses during the experiment. Another source of vari-
ability between the predicted and calculated values is that the model extended the range of calcula-
tions to higher values of the transport stage, which might account for the difference in slopes of the
curves fit to the measured versus the predicted fractional-transport rates.

Based on their measurements and physical reasoning, Yamasaka and Ikeda suggested that
the critical Shields stress for each fraction is independent of grain size because the incipient
motion of sand particles in air flows is assumed to be at the impact threshold, which lies below the
fluid threshold for initiation of grain motion. The model, however, predicts a strong independence
of the critical Shields stress on grain size. The effects of the difference in critical Shields stresses
were removed by comparing the discharge rates as a function of the transport stage. The measured

and predicted values differ by a slight amount in the lower and upper ranges of the transport stage.
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A set of curves fit to the predicted values yield a bedload-transport equation that accounts more
strongly for the dependence of the critical Shields stress on grain size than the equation offered by
Yamasaka and Ikeda (1988). The otherwise close agreement lends support to the validity of the
model in predicting the fluid and particle mechanics of mixed-grain bedload transport. Further
testing of the model, however, awaits further experimentation, as the Yamasaka and ITkeda data set
represents the only measurements of eolian fractional-bedload rates currently available.

The sensitivity of the model predictions of grain-fluid and grain-bed interactions to the size-
frequency distribution of the sediment mixture suggests the importance of accurately accounting
for grain-size variations in numerical modelling of heterogeneous sediments, Comparisons of
bulk transport rates, calculated from the sum of the fractional bedload-transport rates, with dis-
charge rates of uniform-size sediments in which D = Dsg demonstrate a difference of over an order
of magnitude. Similarly, bedload-transport rates for Dsg grains saltating over the mixed bed are
roughly 50% lower in magnitude than the bulk discharge rates. These results underscore the
strong influence of grain sorting on bedload discharge of natural sediment mixtures and suggest
that the use of mean and median grain sizes as the characteristic grain diameter in semi-empirical
bedload equations can result in substantially low estimates,

Model results show that the particle-flux, concentration, and momentum-extraction profiles
of each grain size are scaled by the respective profiles of the Dsgq fraction for the range of mixtures
studied here. In addition, variations in the vertical profile of fluid velocity and the total bedload
flux rate with increasing transport Stage are scaled by the height of the saltation layer. These
observations are important in that they suggest a more analytical approach to some of the bedload-
transport and fluid-velocity parameters, including the form of the momentum-extraction profile
with varying grain size and transport stage. Hence, this model lays some of the necessary ground-
work for an analytical solution to the problem of mixed-size sediment transport. While at present
the model focuses on mixed-grain transport over flat beds, it also provides the basic framework for
the logical next step, which is modelling the evolution of small-scale bedforms in poorly sorted

sediments.
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