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ABSTRACT

Flume experiments were conducted to examine both
quantitatively and observationally the similarities and
differences between the different kinds of flow-transverse
bed forms: ripples, two-dimensional dunes, and three-
dimensional dunes. A series of experiments was conducted
as a function of mean flow velocity using a medium sand
(0.51 mm) and a constant flow depth (15 cm).

The bed forms over the entire range of these
experiments appeared to be governed by basically the same
kinematics and dynamics, and the geometric properties of
the bed forms changed smoothly and systematically as
functions of mean flow velocity. No abrupt changes in bed-
form kinematics, bed-form dynamics, or bed-form size were
observed with changes in mean flow velocity. These
experiments suggest that ripples and dunes may not be two
dynamically different kinds of bed forms.

A single model for the generation and continued
existence of bed forms is presented. The proposed model is
based on the hypothesis that the nonconstant sediment
transport rate caused by the phenomenon of fluid bursting
at the base of the turbulent boundary layer results in both
the development and continued existence (lack of
attenuation) of the bed forms. In this model, the size of
the bed forms is determined by the dynamics of the
continual generation of new slipfaces and the evolution
from small scales to larger scales. The size of individual
bed forms is continally changing.

Thesis Supervisor: Dr. John B. Southard
Title: Professor of Geology
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CHAPTER 1

HISTORICAL BACKGROUND AND STATEMENT OF PURPOSE

Section 1-1
Introduction

Over a certain range of flow conditions, water flowing
over unconsolidated sediment results in the formation of
sediment waves or bed forms in the sediment bed oriented
transverse to the mean flow with gentle upstream slopes and
steep downstream slopes. Transverse bed forms have been
observed to be ubiquituous in a wide variety of natural
environments where the flow velocity is sufficient to
transport the sediment, including streams, rivers, tidal
environments, the continental shelf, and canyons on the
continental slope (Ashley et al., 1990). Flow-transverse
bed forms which develop from unidirectional flows have been
observed to range in spacing from centimeters to over 1,000
meters* The smallest bed forms are usually referred to as
ripples, while the larger bed forms have been referred to
by a variety of names including dunes, megaripples,
sandwaves, and bars. Ripples are commonly superimposed on
larger bed forms. Also, different scales of larger bed
forms have been observed superimposed on one another,
resulting in the idea of a hierarchy of bed forms each

governed by different dynamics.
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Section 1-2
Background

Various approaches have been used in the study of bed
forms developed by unidirectional flows, including (1)
systematic flume experiments, (2) empirical data analysis,
(3) theoretical modeling, and (4) observational studies.
Systematic flume experiments have delineated changes in the
bed configuration as a function of changing hydraulic
conditions. A characteristic sequence of bed forms has
been generally recognized as a function of mean flow
velocity for a constant mean flow depth. The sequence of
bed forms depends on sediment size. For very fine sands
with mean diameters less than about 0.18 mm, the sequence
with increasing mean flow velocity is ripples then upper
plane bed with sediment movement. Dunes (i.e., large-scale
bed forms) do not develop in very fine sands. For fine to
medium sands, the sequence with increasing velocity becomes
ripples, two-dimensional dunes, three-dimensional dunes,
then upper plane bed. For coarse sands with mean diameters
greater than about 0.8 mm, the sequence is lower plane bed
with sediment movement, two-dimensional dunes, three-
dimensional dunes, then upper plane bed. Ripples (i.e.,
the smallest bed forms) do not develop in coarse sands.
When the Froude number approaches 1.0 another type of bed
form, antidunes, develop regardless of the preceding type

of bed form.
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Ripples and dunes are produced by flows with Froude
numbers less than 1.0, for which the water-surface waves
are out of phase with the bed forms. The development of
these bed forms does not depend on the existence of a free
surface; these bed forms develop even if the water surface
is replaced by a planar solid upper boundary, so that the
experiment is conducted in a closed conduit (Middleton and
Southard, 1984). When the Froude number approaches 1.0
(i.e., becomes greater than about 0.8) antidunes develop
regardless of the preceding type of bed form. The
development of antidun?s is dependent on the free-water
surface: antidunes are in phase with the water surface
waves and interact strongly with the surface waves. This
study is restricted to the examination of bed forms that
develop independently of the existence of a free surface:
ripples, two-dimensional dunes, and three-dimensional
dunes.

The purpose of the present study is to examine both
quantitatively and observationally the similarities and
differences between ripples, two-dimensional dunes, and
three-dimensional dunes. A series of flume experiments was
conducted as a function of mean flow velocity using a
medium sand and a constant flow depth. The papers most
relevant to the present study, from each of the different
approaches of studying bed forms mentioned above, are

briefly summarized in the following sections.
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Section 1-3
Flume Experiments

Systematic flume experiments have delineated the
sequence of bed forms described above. Gilbert (1914)
described changes in the bed configuration as a function of
mean flow conditions. In the 1950’s and 1960’s Simons and
Richardson delineated the broad outline of the
characteristic sequence of bed forms that is generally
recognized today. They carried out an extensive series of
flume experiments in which the bed configuration was
examined for a wide variety of sediment sizes and flow
conditions. A summary of their experiments is described by
Guy et al. (1966). They outline two flow regimes with
increasing discharge: (1) the lower flow regime for fine
to medium sediment is plane bed with no sediment movement,
ripples, ripples superimposed on dunes, dunes, and
transition from dunes to rapid-flow forms and (2) the upper
flow regime is upper plane bed with sediment movement and
antidunes. They note that the change in appearance of the
sediment bed from a ripple pattern to a dune pattern is
"abrupt". They distinguish ripples from dunes primarily by
the "abrupt" change in size scale of the bed forms with
changing flow conditions. For medium sand (0.45 mm), "the
height of ripples was less than 0.10 foot (3.0 cm) and
their longitudinal spacing was less than 2.0 feet (61 cm)",

while the average height of dunes was greater than 0.15
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feet (4.6 cm) and the spacing was greater than 4.0 feet
(122 cm) (Simons et al, 1961). They note that "along with
the dunes, potholes formed that had a depth equal to the
height of the dunes."

Pratt (1972) conducted a series of flume experiments
in narrowly graded, medium sand (0.49 mm). Pratt divides
his observations into phases based on visual classification
of the bed forms and measurement of bed form dimensions.
The phases with increasing mean flow velocity defined by
Pratt are as follows:

phase 1 - flat bed with no grain movement;

phase 2A - ripples whose "wavelengths are independent
of flow depth and velocity;"

phase 2B - an unstable region where ripple crests
become less orderly;

phase 3 - initial dunes usually with superimposed
ripples;

phase 4A - dunes which increase in size as the phase
4B boundary is approached; and

phase 4B - dunes degenerating towards flat bed.

Costello and Southard (1981) conducted a series of
flume experiments using four sand sizes from medium to
coarse sand and a flow depth of about 15 cm. In medium
sand with increasing mean flow velocity they observed

ripples then dunes, while in coarser sand they observed
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lower flat bed with sediment transport, then dunes. They
divide dunes into two subphases with increasing mean flow
velocity. "Two-dimensional dunes (2D dunes), with fairly
straight, continuous, even crests and no strong localized
scour in troughs, are formed at relatively low flow
velocities; three-dimensional dunes (3D dunes), with
strongly sinuous, discontinuous, uneven crests and strong,
localized scour pits in troughs, are formed at relatively
high flow velocities. 3D dunes tend to be higher than 2D
dunes, have larger height/spacing ratios, and show less
variability in height, spacing, and migration rate." They
suggest that "dunes can be viewed as kinematic shock waves;
the differences between 2D dunes and 3D dunes lie in the
differing importance of shock-wave coupling and of sand
transport in bed-form troughs."

Allen (1982) provides a comprehensive review of the
bed-form literature. Allen cites the frequency
distributions of the wavelength and height of transverse
bed forms shaped by one-way water streams as evidence that
these bed forms do not form a continuous population and are
divided into at least two morphologically distinct classes:
ripples and dunes. He states: "The reality of a
morphologically distinct class of ripples, and the validity
of the proposed quantitative limits, is amply proved by the
frequency distributions of wavelength and height prepared

by Allen (1963, 1968) and G.E. Williams (1971) from the
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laboratory and field." The distributions appear to be
strongly bimodal. Allen indicates that ripples have
heights less than 0.04 m (4.0 cm) and lengths less than 0.6
m (60 cm). He also notes that ripples sometimes occur
superimposed on the upstream slope of dunes while secondary

ripples do not occur superimposed on ripples.

Section 1-4
Empirical Data Analysis

The empirical relationships between the different
kinds of bed forms have been examined by using dimensional
analysis and presenting the data on bed forms in
dimensionless diagrams. Allen (1982) gives a comprehensive
review of dimensionless diagrams presenting data on bed
forms. Most authors have presented data on bed forms in
two-dimensional diagrams using various combinations of two
dimensionless variables. In these diagrams there tends to
be some overlapping of stability fields of the different
kinds of bed forms. Southard (1971) presents data on bed
forms of Guy et al. (1966) in a three-dimensional diagram
using dimensionless variables which are particularly useful
in sedimentology. In this diagram the stability fields of
the different kinds of bed forms do not tend to overlap.
Southard and Boguchwal (1990) have comprehensively redone
this diagram, using data from 39 flume studies, explicitly

including the effect of water temperature-
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Section 1-5
Theoretical Modeling

Because of the complexity of the problem, there have
not been as many attempts at analytical models as other
approaches. Exner (1920) derived the sediment conservation
equation and combined it with the assumption that the
sediment discharge is a function of the mean flow velocity.
He obtained the result that with time a sinusoidal mound on
the sediment bed will become flattened and elongated, and
develop a longitudinal profile like a bed form: as the
mound is elongated, the solution eventually becomes double-

valued at the downstream end, thereby developing a
slipface. The sediment on the top of the mound is eroded
and deposited on the downstream slope, eventually resulting
in the development of a slipface at the downstream end of
the mound. However, with time the slipface migrates
downstream and the mound becomes longer and lower until it
is ultimately levelled.

Analytically, the assumption that the sediment
discharge is directly proportional to the mean flow
velocity results in bed forms being unstable. Where the
bed elevation is highest, the mean flow velocity is
greatest, and therefore the sediment erosion is greatest.
As a result, the bed form is ultimately levelled.

Since then a number of stability analyses have been

performed; for example, Kennedy (1963, 1969), Reynolds
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(1965), Smith (1970), Engelund (1970), Engelund and Fredsoe
(1974), and Richards (1980). However, the complexity of
the problem limits the usefulness of analytical approaches.
For example, in many stability analyses an artificial lag
distance between the sediment discharge and mean flow
velocity must be used in order for a disturbance on the
planar bed to grow. The need for an artificial lag
distance suggests that an essential element of the process
of bed form development has not been included in the

analysis.

Section 1-6
Observational Studies

Because of the complexitiy of the problem and the
present limitations of analytical approaches, observational
studies of bed forms have provided the most useful
information about the mechanics of bed forms. Raudkivi
(1963) observed the formation of ripples from a plane
sediment bed when the flow was only slightly beyond the
threshold of particle movement. He notes that the location
of the initial deformation of the plane bed appeared to be
"by chance" at one or more points and gradually "spread
out" downstream. He observes "the tendency for the
particles to ‘pile up’ and move intermittently when the
flow was only slightly beyond the treshold of particle

movement." One of the suggested explanations for the
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chance pile-up of grains is the intermittent system of
strong eddies in the boundary region of a turbulent flow.
Raudkivi describes the mechanism of ripple formation as
follows: "When the threshold conditions of sediment
transport are exceeded, a disturbance in the plane surface
is created by a chance piling-up. This surface disturbance
establishes an interface or surface of discontinuity in the
flow, similar to that with flow past a negative step.

Where the core of this interface meets the sand boundary it
excavates more material because of increased turbulent
agitation in the interface between the wake and main
stream. This extra material entrained cannot be supported
by flow over a plane boundary. The turbulent agitation is
a maximum where the core of the interface meets the
boundary and decreases with distance downstream. The
additional entrained material settles out as it passes
downstream, away from the stronger agitation of the core
region, leading to a new ripple face."

Southard and Dingler (1971) studied "the propagation
of sediment ripples behind mounds of sediment in uniform
flows of water over flat beds of fine sand." They
interpret propagation vs. nonpropagation "in terms of the
tentative hypothesis that ripple development is governed by
the relationship between minimum height of bed irregularity
necessary to generate ripples on an otherwise flat bed and

the maximum height of bed irregularity that can be built up
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by flow over an originally flat bed. Minimum mound height
for propagation of ripples was found to be non-zero even
when there was some sediment movement on the surrounding
flat bed, but there was no sign of spontaneous development
of ripples on the flat bed under these conditions."
Williams and Kemp (1971) extended Raudkivi’s work and
examined how small bed irregularities are formed on an
initially flat bed and how these irregularities develop
into ripples. They cite research on the structure of the
viscous sublayer indicating that despite the layer being
dominated by viscosity, there are large, three-dimensional,
unsteady velocities present within the layer. They note
that the flow pattern takes the form of high and low
velocity streaks, laterally spaced. The high-velocity
streaks result from high-velocity fluid spiralling in from
outside the viscous sublayer. The high-velocity fluid
interacts with low-velocity fluid at the boundary which is
then ejected away from the boundary as a turbulent "burst".
(The sequence of a high-velocity streak or "sweep" and the
subsequent ejection of fluid away from the boundary as a
turbulent burst is referred to as "bursting" or the burst-
sweep cycle.) Also, when high velocity fluid reaches the
bed it spreads out and causes instantaneous lateral
velocities up to 30% of the longitudinal velocities.
Williams and Kemp observed that as the flow exceeds the

conditions for grain movement, the bed texture develops a
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random streaky pattern in the direction of flow and that
ripples tend to develop where the streaks appear to run
together to form rough diagonal edges at various positions
on the bed. Ripples develop when discontinuities occur on
the downstream slope of the diagonal edges. Williams and
Kemp summarize the stages in the initiation of ripples from
a flat bed as follows: " (1) the formation of an initial
disturbance; (2) flow separation occurring from the
disturbance; amd (3) the separation eddy arresting grains

so as to amplify the disturbance and the separation eddy."

Section 1-7
Statement of Purpose

Despite the large number of studies of bed forms,
there is very little detailed, quantitative data on the
size and shape of bed forms or on the kinematics of the bed
forms. In most studies, only estimates of the mean size
are available and the sediment bed is subjectively
categorized to be a certain kind of bed form. Bed forms
are frequently treated as if the size and shape of the bed
forms for a given set of flow conditions are approximately
uniform throughout the sediment bed (i.e., on average, the
bed forms are represented by one size and shape). For
example, for the extensive series of flume experiments by
Simons, Richardson, and Albertson (1961), the wavelength of

the bed forms was "computed by dividing the overall flume

30



length, from crest to crest or trough to trough, over which
the bed configuration had been measured by the number of
dunes or ripples in that length". As a result, there is no
information about the size distributions of the bed forms
or the shape of the bed forms. However, the implicit
assumption that the size and shape of the bed forms for a
given set of flow conditions are approximately uniform may
not be justified. Pratt (1972) notes with respect to the
complexity of dune beds, the "definition of individual
dunes involved personal decisions in particular cases."
Also, although at least ripples and dunes have been
generally recognized to be morphologically distinct and
dynamically different, there are no generally accepted
models to explain the differences.

The purpose of the present study is to examine both
quantitatively and observationally the similarities and
differences between the different kinds of flow-transverse
bed forms previously delineated by other authors in flume
studies: ripples, two-dimensional dunes, and three-
dimensional dunes. The present study was designed to
obtain detailed, quantitative data on the bed geometry and
to make concurrent observations of the kinematics and
dynamics of the different kinds of bed forms. A series of
flume experiments was conducted as a function of mean flow
velocity using a medium sand and a constant flow depth:

the experiments were conducted at closely spaced velocity
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intervals over the range of mean flow velocities in which
the transitions between these three different kinds of bed
forms occur in order to document and examine these
transitions. Because of the complexity of the problem, the
observational approach supported by detailed quantitative
data on the bed geometry appeared to be potentially the

most useful approach.
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CHAPTER 2

EXPERIMENTAL EQUIPMENT AND PROCEDURES

Section 2-1.0

Experimental Equipment

The experiments were conducted in a tilting,
recirculating flume with a channel made of transparent
acrylic plastic. The dimensions of the flume are 11.5 m
long, 0.92 m wide and 0.56 m deep. The flume is the same
as that used by Costello and Southard (1981) with some
modifications to the arrangement of the return flow; more
details on the flume equipment and a diagram of the flume
are given by Costello (1974). A vertical propeller pump
recirculated both the sediment and water from the tailbox
to the headbox through two 6-inch (15.2 cm) return pipes
beneath the channel. The discharge was controlled by a
gate valve in each of the return pipes; also, any
percentage of the flow could be pumped directly from the
pump outlet back into the tailbox by means of a bypass pipe
with a gate valve, thereby bypassing the return pipes and
flume channel. The discharge was measured with a Venturi
meter in each return pipe connected to a mercury-water
manometer. The steel truss that supports the flume channel
has a pivot support near the downstream end. The slope of
the flume channel was adjusted by a hand crank. To

estimate the slope of the flume channel, the change in the
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slope of the channel per "crank turn up from level" was
determined using the still water surface as a reference
level.

An arrangement of baffles at the head of the channel
was used to make the flow more uniform across the channel.
A plywood sheet 0.61 m long and the same width as the
channel was suspended on the water surface just downstream
from the baffles to damp surface waves generated at the
inlet. The first section of the channel downstream from
the baffles was covered with a wooden false bottom 1.17 m
long and the same width as the channel to minimize scour by
the developing boundary layer.

An auxiliary system was used to pump water from the
tailbox to a settling barrel to obtain sediment-free water
to flush the bearings of the main pump. When water from
the settling barrel overflowed back into the tailbox it
passed through a fiberglass filter in the tailbox to remove
algae and fines to maintain water clarity. Algicide was
also regularly used. A cooling coil with an adjustable
volume of cold tap water was immersed in the settling
barrel to help control the water temperature. Water lost
from the flume by evaporation was continually replaced by a
drip device. The drip device consisted of a large plastic
filter flask in which a constant water level was maintained
by means of an overflow; the flask had a tap near the

bottom with a stopcock which could be adjusted to the
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desired drip rate.

A steel rod was mounted along the top of each of the
upper sidewall supports parallel to the flume bottom.
These two rods acted as rails for an instrument carriage
and are referred to as the flume rails. A point gage
attached to the instrument carriage was used to measure the
elevations of the water surface and the bed surface. The
vernier scale on the point gage could be read to the
nearest 0.1 mm. A tape measure was attached along the top
of one of the sidewall supports starting at the downstream
end of the head box and extending to the entrance of the
tailbox; the tape is 1115.5 cm long. This tape was used to
locate the position at which measurements and photography
were taken; these positions are referred to in the text.
Quantitative data on the size and shape of the bed forms
was taken in the downstream section of the flume from 500
cm to 1000 cm; this section of the flume is referred to as
the test section.

The sediment bed was leveled using a beveled board
attached at right angles to two pieces of angle steel.
This bed-leveling device could be clamped to the instrument
carriage and adjusted to the desired elevation to produce a
planar bed. The sediment discharge was measured using a
wire-mesh trap that could be installed in the tailbox at
the end of the flume channel level with the channel bottom.

The trap design is given by Costello (1974).
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The sand used for these experiments was a well-sorted
medium sand with a mean size of 0.51 mm and a geometric
standard deviation of 1.08. This sand is the same sand as
the 0.51 mm sand used by Costello and Southard (1981). The
sand came from a composite of commercially available
glacial outwash sands composed mostly of subangular quartz
with about 10% fine-grained rock fragments. More
information about the sand and sand preparation is given by

Costello (1974).

Section 2-2.0
Experimental Procedures

All of the experiments were conducted at a constant
mean flow depth of 15 cm, using the 0.51 mm sand described
above. Twelve flume runs were conducted, each at a
constant mean flow velocity; the mean flow velocity was
systematically varied from 28.6 cm/s to 47.4 cm/s.
Variations in the sediment bed configuration and water-
surface slope were examined as functions of mean flow

velocity.

Section 2-2.1

Runs 1 through 9

For the primary set of experiments, Runs 1 through 9,
the mean flow velocity was increased for successive runs in

increments of 1.4 cm/s to 3.6 cm/s from 28.6 cm/s to 47.4
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cm/s. Each flume run lasted from 6 to 11 days, with most
being six days long. During each experiment the mean flow
depth, mean flow velocity, and water temperature were
regularly monitored and adjusted to maintain approximately
constant mean flow conditions. The water-surface slope was
also regularly determined and the slope of the flume
channel was adjusted to equal the water slope. The
sediment bed was regularly observed and the bed
configuration was systematically documented using still
photography, real-time and time-lapse movie photography,
and longitudinal, centerline bed-surface profiles. The
procedure used for a standard data set for Runs 1 through 9
is outlined below. During an experiment, after the initial
data set, two data sets were usually taken each day; the
total number of data sets for each run varied from 10 to
18. For the initial and final data sets, the procedure was
modified as indicated below. The date and time were
recorded when all data and photography were taken and when

adjustments were made to the flow conditions.

A) Procedure: Initial Data Set

The sand formed a sediment bed about 8 cm thick on the
bottom of the flume channel. After the flume was filled
with water to a flow depth greater than 15 cm, the sediment
bed was carefully leveled from the edge of the exposed

false bottom downstream to the tailbox, to form a planar
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bed. The slope of the flume channel was preset to an
approximate value, estimated from data for experiments
conducted at similar flow conditions using the same sand
(Costello, 1974). A longitudinal bed-surface profile was
taken by measuring the bed-surface elevation with the point
gage along the centerline of the flume from 500 cm to 1000
cm at 50-cm intervals. After correcting the bed-surface
elevations for irregularities in the flume rails, the
least-squares fit to a straight line was calculated for the
bed-surface profile. The value of the straight line at the
midpoint of the profile, 750 cm, was used to estimate the
bed-surface elevation.

Before each experiment was started, the flume was run
very briefly at a velocity of about 22 cm/s in order to
preset the depth approximately; at this velocity there was
no sediment movement on the bed. The point gage was
positioned at 750 cm at the desired water elevation; water
was removed or added until the point gage just touched the
water surface. Before the depth was preset, the drip was
preset to compensate approximately for water evaporation.
The discharge was increased to a value slightly less than
the desired discharge and then carefully increased to the
desired value. While the discharge was being adjusted, the
point gage, positioned at 750 cm at the desired water
elevation, was used to monitor the depth. As the discharge

was increased, the depth was readjusted to approximately
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15 cm, as described above. The term "start-up" is used in
the descriptions of the bed forms to refer to the time when
the flow velocity was first adjusted upward from 22 cm/s.

For Runs 1 through 9, time-lapse movie photography of
the sediment bed was taken through the sidewall during the
entire experiment except when real-time movie photography
was being taken. The field of view of the movie camera was
centered at about 860 cm. A small clock and reference
scales were attached to the sidewall in the field of view.
The trigger for the movie camera was started before bed
forms developed in the field of view, and the trigger was
normally turned off after the flume pump was turned off at
the end of the experiment. The time interval for the
trigger of the movie camera was chosen so that major crests
were photographed many times as they migrated across the
field of view of the movie camera. As the flow velocity
was increased, the time interval was shortened; the range
of time intervals for Runs 1 through 9 was 111 seconds to
65 seconds.

The sediment bed was carefully observed as bed forms
developed from the planar bed; observations were documented
with still photography. For Runs 1 through 4, a
longitudinal bed-surface profile was taken of the bed forms
propagating downstream from the false bottom after the bed
forms had propagated more than half the length of the

sediment bed. The profile was taken by measuring the bed-
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surface elevation with the point gage from the bed-form
front upstream to the false bottom. The farthest
downstream section of the profile, where the bed forms were
relatively small, was taken at one-cm intervals; upstreanm,
two-cm intervals were used.

A water-surface profile was taken as described below
for a standard data set to determine the flow depth and the
water-surface slope; the depth was evaluated using the bed
elevation estimated from the leveled bed. Adjustments were
made in the depth and channel slope as described for a
standard data set. The room and water temperatures, flow
velocity, and movie camera were also monitored as described

for a standard data set.

B) Procedure: Standard Data Set

The procedure outlined below was the standard
procedure used to monitor the mean flow conditions and to
document the sediment bed configuration during the course
of an experiment after the initial data set was taken. The
steps of the procedure are listed in chronological order.
1) Measurements and documentation

a) The room temperature and water temperature were
recorded to the nearest 0.1 °c.

b) The manometer readings for each of the Venturi
meters were recorded to the nearest 0.005 inches (0.127 mm)

of mercury.
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c) A sequence of overlapping, plan-view color slides
was taken from above with the wide-angle lens of the full
width of the sediment bed from 500 cm to 1000 cm; for most
of the runs these slides were centered at 100-cm intervals
starting at 550 cm. Immediately following the above
sequence, slides of downstream and upstream views of the
entire sediment bed in the test section were also taken
with the wide-angle lens. Once during each experiment, a
parallel sequence of plan-view slides was taken with the
regular lens concurrently with the standard sequence
described above. These slides were centered at 50-cm
intervals starting at 525 cm and were taken in pairs
alternately with the corresponding slides of the standard
sequence. Also during each experiment, slides were taken
of both representative and unusual features, using the
wide-angle lens, the regular lens, and/or the micro lens.

For the later runs, additional still photography was
included: at least once during Runs 7, 8, and 9, the
standard sequence of slides of the sediment bed in the test
section (as described above) was repeated up to five times
at 20-minute to 100-minute intervals in order to document
changes in the bed configuration over relatively short time
periods. Also, for Runs 8 and 9, at least one sequence of
overlapping, plan-view color slides was taken with the
wide-angle lens of the entire width of the sediment bed for

the full length of the sediment bed instead of just the
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test section, to document variations in the bed forms along
the length of the sediment bed. These slides were centered
at approximately 100-cm intervals starting at about 230 cm.

d) A longitudinal, bed-surface profile was taken by
measuring the bed elevation with the point gage along the
centerline of the flume from 1000 cm to 500 cm at two-cm
intervals. The longitudinal positions of crests were
recorded to the nearest centimeter and the bed elevations
of all crests were measured.

e) A longitudinal water-surface profile was taken by
measuring the water-surface elevation with the point gage
along the centerline of the flume from 500 cm to 1000 cm at
10-cm intervals. For each longitudinal position, three
consecutive water-surface measurements were made; the mean
of the three measurements was recorded.

f) The room temperature and water temperature were
recorded as in Step a.

g) The manometer readings for the Venturi meters were
recorded as in Step b.

h) Visual observations were made of the sediment bed.

i) For Runs 7 and 9, close-up, real-time movie
photography of representative features of the sediment bed
was taken, both from above through a plexiglass sheet
suspended on the water surface and from the side through
the sidewall. The real-time movie photography was taken in

the middle of the run when it was necessary to change film
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for the time-lapse photography and/or during the final data
set. For these runs the time-lapse movie photography was
terminated near the beginning of the final data set.

2) calculations

a) After correcting the bed-surface and water-surface
profiles for irregularities in the rails, the least-squares
fit to a straight line was calculated for each profile; for
the bed-surface profile 6-cm intervals were used and for
the water-surface profile 10-cm intervals were used. The
bed-surface and water-surface slopes relative to the slope
of the flume rails were estimated by the slopes of these
straight lines. The mean flow depth was estimated by the
difference of these lines evaluated at the midpoint of the
lines, 750 cn.

b) The average evaporation rate for the time period
between the two most recent water-surface profiles was
determined using the preset drip rate and the change in
water-surface level between the starting times of these two
water-surface profiles. The water-surface level was
estimated by the least-squares fit to a straight line of
the water-surface profile, evaluated at the midpoint of the
line, 750 cm.

c) The mean flow velocity was calculated for the two
sets of manometer readings. The average of the two values
was used to estimate the mean flow velocity for the data

set.
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3) Adjustment of flow conditions and flume maintenance

a) The slope of the flume channel (i.e. the slope of
the rails) was adjusted to be approximately equal to the
water-surface slope. The channel slope was recorded in
terms of the number of "crank turns up from level";
adjustments were made to the nearest half turn.

b) The mean flow depth was adjusted to 15 cm by adding
or removing measured quantities of water to the flume.

c) The drip rate was adjusted to compensate for the
newly calculated evaporation rate.

d) The input to the cooling coil was adjusted to
maintain approximately constant water temperature.

e) Occasionally, minor adjustments were made to the
discharge to maintain the desired velocity.

f) To maintain good water clarity, algicide was added
periodically to the water in the flume, and the filter in
the tailbox was changed periodically.

g) The movie camera and the clock in the field of view
of the movie camera were wound, and the time, footage, and
frame-counter reading were recorded to check whether the

camera was advancing properly.

C) Procedure: Final Data Set

The data taken during the final data set were the same
as for a standard data set with the addition of a sediment

discharge measurement; however, the order in which the data
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were taken was changed. The following order was used:
temperature and manometer reading, water-surface profile,
visual observations, still photography, bed-surface
profile, and temperature and manometer readings.

The sediment discharge measurement was taken near the
end of an experiment to minimize the effect of the
interruption of sediment supply to the upstream end of the
flume on the sediment bed in the test section during the
experiment. The sediment discharge measurement was started
at different times during the experiment for different
runs, depending primarily on the apparent sediment
transport rate. For Runs 8 and 9, the sediment trap was
inserted in the tailbox after the final water-surface
profile was taken so that the calculated water-surface
slope would not be affected by changes in the water surface
due to the presence of the trap. For most of the lower
velocity runs, however, the sediment trap was inserted in
the tailbox at the end of the preceding data set in order
to allow sufficient time for a moderate-sized sediment
sample to accumulate in the trap before the end of the
experiment. When the sediment trap was inserted, an
equivalent volume of water was removed from the flume.
Similarly, when the trap was removed, a volume of water
roughly equivalent to the volume of the trap plus sediment
was added to the flume. The weight of the sediment samples

ranged from 3.2 to 8.5 kilograms, and the measurement
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periods ranged from 50 minutes to about 46 hours.

The still photography, bed-surface profile and final
temperature and manometer reading were taken immediately
before the flume pump was turned off, so that the final
bed-surface profile with the flume on could be directly
compared to an analagous bed-surface profile with the flume
off. Differences in these profiles indicate changes in the
bed configuration that occurred on the time scale of taking
a bed-surface profile (about 60 to 70 minutes). Comparison
of these profiles also gives an indication of how much the
profiles of individual bed forms were distorted by taking
bed-surface profiles with the flume on.

At the end of a run, the discharge in the flume
channel was gradually decreased and stopped before the
flume pump was turned off to minimize water-surface waves
in the channel and disturbance of the sediment bed. The
gate valve for the bypass pipe was opened, allowing part of
the water to recirculate directly through the tailbox
(bypassing the flume channel), and then the gate valves for
the return pipes were gradually closed. After the flume
pump was turned off, all of the auxiliary systems were
turned off, including the movie camera, the cooling coil

and the drip.
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D) Procedure: Follow-U

The procedure at the end of an experiment, after the
flume pump was turned off, is outlined below.

1) The sediment sample in the sediment trap was dried
and weighed to the nearest gram to determine the sediment
discharge.

2) At least three longitudinal water-surface profiles
were taken of the still water surface by measuring the
elevation of the water surface with the point gage from 500
cm to 1000 cm at 20-cm intervals. As for a standard data
set, each recorded water-surface elevation was the mean of
three consecutive measurements. To allow time for water-
surface waves to dissipate, these profiles were taken more
than ten hours after the flume pump was turned off. The
profiles were spaced over a time period from a few hours to
more than two days. After correcting the water-surface
elevations for irreqularities in the rails, the least-
squares fit to a straight line was calculated for each of
the profiles. The average of the slopes of the lines was
used to estimate the slope of the flume channel (i.e., the
slope of the flume rails) at the end of the experiment.
The value was compared to the channel slope estimated from
the recorded number of "crank turns up from level" at the
end of the experiment.

3) A sequence of plan-view slides of the sediment bed

in the test section and slides of downstream and upstream
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views of the sediment bed in the test section were taken as
described for a standard data set.

4) A bed-surface profile was taken as described for a
standard data set.

5) The flume was slowly drained. As bed forms began
to emerge above the water surface, slides of downstream and
upstream views of the entire length of the sediment bed
were taken with the wide-angle lens to examine
qualitatively lateral variations in the height of bed forms
and to check for possible meandering patterns in the bed
configuration.

6) After the flume had drained, another set of slides
was taken as described in Step c. In addition, using the
wide-angle lens, slides of downstream and upstream views of
the entire length of the sediment bed were taken, and
slides of the sidewall profile of the bed configuration

were taken through the sidewall.

Section 2-2.2
Runs 10, 11 and 12

Runs 10, 11 and 12 were supplementary runs, carried
out primarily to obtain plan-view, time-lapse movie
photography of both developing and fully developed bed
forms for flow velocities within the ripple, two-
dimensional dune, and three-dimensional dune stability

fields, described by Costello (1974). These runs also
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provided an opportunity to observe and compare directly bed
forms in these three different stability fields within a
relatively short time period and to obtain additional still
photography and real-time movie photography. The mean flow
velocities for Runs 10, 11, and 12 were approximately 32.3
cm/s, 38.4 cm/s, and 47.4 cm/s, respectively. Each flume
run lasted three days. In general, the mean flow
conditions were monitored and adjusted as for Runs 1
through 9. The procedure used for these runs is outlined

below.

A) Procedure: First Day

The procedure for the first day of each experiment was
the same as that described for the inital data set of Runs
1 through 9, except for the modifications noted below. The
procedure for monitoring and adjusting the flow depth was
modified because of the presence of a plexiglass sheet
suspended on the water surface in the test section when
plan-view, time-lapse movie photography was being taken.
The water-surface profile to determine and adjust the depth
was taken at the beginning of each experiment before the
plexiglass sheet was positioned in the flume instead of
near the end of the initial data set. Before each
experiment was started, the depth was roughly preset as
described for Runs 1 through 9, using the point gage

positioned at 750 cm at the desired water elevation with
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the flume running at a velocity of about 22 cm/s. For Run
10, a water-surface profile was taken and the depth was
adjusted to 15 cm, immediately after the discharge was set
and before the plexiglass sheet was positioned in the
flume. However, for Runs 11 and 12, a water-surface
profile was taken, final adjustments were made in the
depth, and the plexiglass sheet was positioned in the flume
before the discharge was set in order to document the
initial stages of the development of bed forms with time-
lapse movie photography. To compensate for the drawdown of
the water surface when the velocity was increased from 22
cm/s to the desired velocity, the depth was preset too deep
by the amount of the drawdown, which was determined before
the experiment.

For Runs 10 and 11, plan-view, time-lapse movie
photography of the full width of the sediment bed was taken
from above through a plexiglass sheet suspended on the
water surface from before bed forms developed in the field
of view until the middle of the third day of the
experiment. The field of view of the movie camera was
centered at 700 cm. A small clock and a reference scale
were attached to the plexiglass sheet in the field of view.
For Run 12, the time-lapse movie photography was not taken
continuously, but during two separate time periods; an
eleven-second time interval was used, necessitating that

the movie camera be wound every two hours. The time
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periods were chosen to document both developing and fully
developed bed forms: (1) four hours, starting immediately
before the discharge was set, and (2) six hours during the
second day, starting about 28 hours after the discharge was
set. For all three runs, a shorter time interval for the
trigger of the movie camera was used than for the previous
run at approximately the same mean flow velocity in order
to obtain more detail of the kinematics of the bed forms;
the range of the time intervals was 65 to 11 seconds.

The development of bed forms as a function of time was
carefully observed and was documented using still
photography over the full length of the sediment bed. The
still photography was more extensive than for most of the
initial data sets of Runs 1 through 9. For both Runs 10
and 11, six sequences of overlapping, plan-view color
slides were taken at 28-minute to 1l46-minute intervals with
the wide-angle lens over the length of the sediment bed
where bed forms were developing. For Run 12, repeated
slides centered at 700 cm were taken with the regular lens
at about 13-second intervals during the first five minutes
of the experiment to document the initial stages of
development of bed forms. Later, a sequence of
overlapping, plan-view color slides was taken with the
wide-angle lens of the full length of the sediment bed.

For all three runs, a variety of additional still
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photography was taken with the wide-angle lens, the regular

lens, and the micro lens.

B) Procedure: Second Da

During the second day of each experiment, one data set
was taken which was the same as a standard data set of Runs
1l through 9, except for the modifications noted below.

More extensive still photography was taken than for a
standard data set. The still photography included:

1) a sequence of overlapping, plan-view color slides
of the entire length of the sediment bed, taken with the
wide-angle lens,

2) a parallel sequence of slides of the sediment bed
in the test section only, taken with the regular lens
concurrently with the above sequence,

3) slides of downstream and upstream views of the
sediment bed in the test section, taken with the wide-
angle lens, and

4) additional slides of representative or unusual
feature, taken with the wide-angle lens, regular lens, and
micro lens.

Before the bed-surface and water-surface profiles were
taken, the movie camera was turned off and the plexiglass
sheet was removed from the flume. After these profiles
were taken, the plexiglass sheet was repositioned in the

flume and the movie camera was restarted. 1In lieu of a
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second data set, additional temperature and manometer
readings were taken periodically during the day, as

described for a standard data set.

C) Procedure: Third Da

During the third day of each experiment, additional
still photography and real-time movie photography were
taken. For Runs 10 and 11, four sequences of overlapping,
plan-view color slides of the entire length of the sediment
bed were taken at 2l1-minute to 30-minute intervals with the
wide-angle lens. For all three runs, a variety of
additional still photography was taken. Also, for each
run, close-up, real-time movie photography of
representative features of the sediment bed was taken, both
from above through the plexiglass sheet and from the side
through the sidewalls.

Temperature and manometer readings were taken
periodically during the day, as described for a standard
data set, but no bed-surface or water-surface profiles were
taken. After the photography was completed and the final
temperature and manometer reading were taken, the flume
pump and all auxiliary systems were turned off, as

described for Runs 1 through 9.
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D) Procedure: Follow-u

After Run 12, three longitudinal water-surface
profiles were taken of the still water surface, and the
slope of the flume channel (i.e., the slope of the flume
rails) was determined as described for Runs 1 through 9.
After these profiles were taken, the channel slope was
rezeroed by turning the crank down the recorded number of
"crank turns up from level" at the end of Run 12. Ten
hours later, two more longitudinal, water-surface profiles
were taken of the still water surface and the slope of the

flume channel was determined.
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CHAPTER 3

FLOW VARIABLES

Section 3-1

Mean Flow Depth

Description

The mean flow depth for a data set was estimated from
the longitudinal bed-surface and water-surface profiles
taken along the centerline of the flume. The least-squares
fit to a straight line was calculated for each profile, and
the average flow depth was estimated by the difference in
elevation of these two lines evaluated at the midpoint of
the lines, 750 cm (i.e., mean flow depth = Y, (750) -

Y, (750) , where Y (750) and Y, (750) are the least-squares
fit to straight lines of the water-surface and bed-surface
profiles, respectively, evaluated at a longitudinal
position of 750 cm). This estimate of the mean flow depth
is a good approximation of the flow depth averaged over the
length of the test section along the centerline of the
flume and is thus a good approximation of the mean flow
depth associated with the bed-surface profile. (The
quantitative data on the geometric properties of bed forms
were derived from the bed-surface profiles.) Using the
least-squares fit to a straight line for each profile
effectively averages local variations in depth due to highs

and lows in the bed-surface profile and due to
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corresponding depressions and rises in the water-surface

profile.

Measurement Errors

The errors in determining Y, (750) and Yy (750) were
estimated by examining the propagation of the errors in
individual bed-surface and water-surface elevations to
Yp(750) and Yy, (750), respectively (Bevington, 1969). 1In
addition, the effects of the longitudinal spacing of data
points and of the length of the profile on YL (750) and
Yy (750), the effect of the location of the end points of
the profile relative to the crests and troughs of bed forms
on Y,(750), and the reproducibility of Y, (750) were
examined to determine whether any of these factors resulted
in errors in Yy (750) or Yy(750) larger than the errors
estimated by the propagation of the errors in individual
bed-surface and water-surface elevations. The error in
determining the mean flow depth for a data set was
evaluated by the propagation of the errors in Yy, (750) and
Y, (750) to the mean flow depth.

A) Errors in Y},(750)

1) Estimated standard deviation of individual

bed-surface elevations.

To estimate the error in measuring individual bed-
surface elevations with the point gage, one meter of a bed-

surface profile, taken with the flume not running, was
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repeated after the initial profile was completed, and the
difference in the two point-gage readings for each
longitudinal position was calculated. The mean of the
ranges is 0.036 cm; the standard deviation of an individual
bed-surface elevation estimated from this range is
0.032 cm.

2) Estimated standard deviation of ¥}, (750)

The error in determining Y, (750) for a bed-surface
profile was estimated by applying propagation-of-errors
formulas to the equation for determining Yy (750) from the
least-squares fit to a straight line for a sample bed-
surface profile. Assuming that the point gage was
positioned longitudinally with a standard deviation of
0.1 cm and using the estimated standard deviation of
individual bed-surface elevations, 0.032 cm, the standard
deviation of Y} (750) for the sample profile was calculated
to be 0.189 cnm.

3) lLongitudinal spacing of individual bed-
surface elevations

To examine the effect of the longitudinal spacing of
individual bed-surface elevations, Y,(750) was calculated
using both 5-cm and 10-cm spacing for six bed-surface
profiles taken at 5-cm intervals. The mean of the absolute
values of the difference in Y, (750) for 5-cm and 10-cm
spacing is 0.017 cm. This value is less than the estimated

standard deviation of Yj(750) for the sample profile using
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6-cm spacing, 0.189 cm, and suggests that the use of 10-cm
spacing would not significantly increase the error in
Yy (750) . Therefore, 6-cm spacing is sufficiently small to
determine Yy, (750) within the estimated standard deviation.
4) Length of profile

To examine the effect of the profile length, Y,L(750)
was calculated for each length between four and six meters
at 6-cm intervals for two bed-surface profiles. The mean
of the ranges of Yy, (750) for lengths from four to five
meters is 0.148 cm. This value is less than the estimated
standard deviation of Y (750), 0.189 cm, for the sample
profile, which is five meters long, and suggests that a
five-meter profile is sufficiently long to define a stable
value of Y} (750) within the estimated standard deviation.
This result also suggests that the exact location of the
beginning and end points of a bed-surface profile relative
to the crests and troughs of bed forms does not strongly
affect the value of YL (750).

5) Choice of end points

The effect of the location of the end points of a
profile relative to crests and troughs of bed forms was
directly examined by calculating Yy (750) for two extreme
cases for two bed-surface profiles: 1) starting the
profile at a crest and ending at the low point in a trough,
and 2) starting at the low point in a trough and ending at

a crest. The difference in Y} (750) for the two cases was
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calculated for each profile; the mean of the absolute
values of the difference for the two profiles is 0.053 cm.
This value is less than the estimated standard deviation of
Yp(750) for the sample profile, 0.189 cm, and suggests that
the location of the end points of a profile relative to the
crests and troughs of bed forms does not significantly
affect the value of Yy (750).

6) Reproducibility

To examine the reproducibility of Y, (750) on the time
scale of taking a profile, five pairs of consecutive bed-
surface profiles were taken. The mean of the absolute
values of the difference in Y} (750) for the consecutive
profiles is 0.078 cm. This value is less than the
estimated standard deviation of Y} (750) for the sample
profile, 0.189, and suggests that the value of Y (750)
remained stable, within the estimated standard deviation,
sufficiently long to take a bed-surface profile (about 60
to 70 minutes).
B) Errors in ¥,(750)
l) Estimated standard deviation of individual

water-surface elevations

To examine the error in measuring individual water-
surface elevations with the point gage, the range of three
consecutive water-surface measurements for each
longitudinal position of a sample water-surface profile was

recorded when the profile was being taken. The mean of the
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ranges is 0.027 cm; the standard deviation of a single
water-surface measurement estimated from this range is
0.016 cm. Each water-surface elevation recorded during the
experiments was the mean of three consecutive measurements;
therefore, by the propagation of the error in single
measurements, the estimated standard deviation of an
individual water-surface elevation recorded during the

experiments is 0.0092 cm.

2) Estimated standard deviation of Y. (750)

The error in determining Y, (750) was estimated by
applying propagation-of-errors formulas to the equation
determining Y (750) from the least-squares fit to a
straight line for a sample water-surface profile. Assuming
that the point gage was positioned longitudinally with a
standard deviation of 0.1 cm and using the estimated
standard deviation of individual water-surface elevations
recorded during the experiments, 0.0092 cm, the standard
deviation of Y, (750) for the sample profile, was calculated
to be 0.082 cm.

3) Longitudinal spacing of individual water-

surface elevations

To examine the effect of the longitudinal spacing of
individual water-surface elevations, Y(750) was calculated
using both 10-cm and 20-cm spacing for five water-surface
profiles taken at 10-cm intervals. The mean of the

absolute values of the difference in Y,(750) for 10-cm and
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20-cm spacing is 0.006 cm. This value is less than the
estimated standard deviation of Y,(750) for the sample
profile using 10-cm spacing, 0.082 cm, and suggests that
the use of 20-cm spacing would not significantly increase
the error in Y, (750). Therefore, 1l0-cm spacing is
sufficiently small to determine Y,(750) within the
estimated standard deviation.
4) Length of profile

To examine the effect of the length of the profile,
Y, (750) was calculated for each length between four and
five meters at 5 cm intervals for a sample water-surface
profile. The range in Y, (750) for lengths from four to
five meters is 0.002 cm. This value is less than the
estimated standard deviation of Y,(750) for the sample
profile which is five meters long, 0.082 cm, and suggests
that a five-meter profile is sufficiently long to define a
stable value of Yw(750) within the estimated standard
deviation.

C) Error in mean flow depth

The error in determining the mean flow depth for a
data set was estimated by applying propagation-of-errors
formulas to the equation for the mean flow depth. Using
the estimated standard deviations of Y, (750) and Y} (750)
for the sample water-surface and bed-surface profiles

(0.082 cm and 0.189 cm, respectively), the standard
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deviation of the mean flow depth was calculated to be

0.206 cm.

Results

For Runs 1 through 9, the mean flow depth for a run
was estimated by the average of the mean flow depths for
all of the data sets of the run, excluding the initial data
set, which was taken when bed forms were developing from a
planar bed. The mean flow depth and sample standard
deviation for each run are listed in Table 3-1. The mean
flow depths with 90% confidence intervals are plotted as a
function of mean flow velocity in Figure 3-1; the
confidence intervals for the means were determined from the
sample standard deviation for each run.

For Runs 10 through 12, the mean flow depth for a run
was estimated by the mean flow depth for the data set taken
on the second day of the experiment, the mean flow depth
for each run is listed in Table 3-1.

The mean of the sample standard deviations of the mean
flow depth for Runs 1 through 9 is 0.277 cm. This value is
34% larger than the estimated error in determining the mean
flow depth, 0.206 cm. The sample standard deviation for a
run is a measure of the variation in the values of the mean
flow depth during a run; this variation results from the
error in determining the mean flow depth at a given time

and may also result from real variations in the mean flow
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depth as a function of time during a run. If the mean flow
depth remained constant during a run, the sample standard
deviation would be an estimate of the error in determining
the mean flow depth at a given time; therefore, the sample
standard deviation for a run is probably an upper limit on
the real error in determining the mean flow depth for a
data set. Comparison of the mean of the sample standard
deviations and of the estimated error suggests that the
mean flow depth varied slightly as a function of time
during individual flume runs and/or that the real error in
determining the mean flow depth was slightly greater than
the estimated error. The relatively large sample standard
deviations for Runs 1 and 2 are probably at least partly
due to real variations in the mean flow depth as a function
of time during the runs. Refinements in equipment and
procedures during the first two runs resulted in better
depth control and thus in smaller sample standard
deviations for the later runs.

All of the experiments were conducted at an
approximately constant mean flow depth of 15 cm. The
average of the mean flow depths for Runs 1 through 9 is
14.986 cm; this value is within 0.1% of 15 cm. The sample
standard deviations for the individual runs indicate that
the mean flow depth remained relatively constant as a
function of time during individual flume runs. Statistical

tests were used to determine whether the mean flow depths
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for all of the experiments were approximately the same and
also to determine a probable upper bound on how much the
mean flow depths for the experiments differed from 15 cm.

To examine whether the mean flow depths for Runs 1
through 9 were significantly different from one another,
the significance of the difference between the mean flow
depth for each run and the mean flow depth for each of the
other runs was calculated. The mean flow depth for Run 1
is significantly different from the mean flow depth for
each run, 2 through 9, at the 0.10 level of significance
(i.e., the probability of rejecting the hypothesis that the
means are the same, when the hypothesis is true, is less
than or equal to 0.10). For Runs 2 through 9, the mean
flow depth for each run is not significantly different from
the mean flow depth or each of the other runs, 2 through 9,
at the 0.10 level of significance (i.e., the data are
insufficient to indicate that the means are different at
the 0.10 level of significance).

To determine a probable upper bound on the magnitude
of the difference between the mean flow depths for Runs 1
through 9, the 90% confidence interval for the difference
between the mean flow depth for each run and the mean flow
depth for each of the other runs was calculated. For Runs
1 through 9, the absolute magnitude of the difference
between the mean flow depth for each run and that for each

of the other runs is less than 0.656 cm at the 0.10 level
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of significance. Excluding Run 1, the absolute magnitude
of the difference between the mean flow depth for each run
and that for each of the other runs is less than 0.373 cm
at the 0.10 level of significance. Therefore, for Runs 2
through 9, the mean flow depth for each run is different by
no more than 2.5% from the mean flow depth for any of the
other runs, 2 through 9, at the 0.10 level of significance;
the mean flow depth for Run 1 is different by no more than
4.4% from the mean flow depth for any of the other runs, 2
through 9, at the 0.10 level of significance.

To determine a probable upper bound on the difference
between the mean flow depth for each run, 1 through 9, and
15 cm, the 90% confidence interval for the mean flow depth
for each run was examined. For Runs 1 through 9, the mean
flow depth for each run is within +0.490 cm or 3.3% of
15.000 cm at the 0.10 level of significance. The data on
the mean depth indicate not only that the mean flow depth
was maintained at a relatively constant value as a function
of time during individual flume experiments, but also that
the mean flow depth was approximately the same for all of

the experiments.
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Section 3-2

Mean Flow Velocity

Description

The mean flow velocity for a data set was estimated by
the average of the flow velocities determined from the two
sets of manometer readings taken during the data set. The
mean flow velocity was calculated using Bernoulli’s
equation for steady, frictionless, incompressible flow with
the inclusion of a discharge coefficient to account for the
effects of viscosity and turbulence (Li and Lamb, 1964).
For the range of return-pipe Reynolds numbers in the
experiments, the discharge coefficient ranges from 0.983 to
0.984 (ASME, 1959). The following values were used in the
velocity calculations: the mean flow depth for the data
set, the standard value of the acceleration of gravity
(980.665 cm/s2), and the densities of water (0.99707 g/cm3)

and mercury (13.5340 g/cm3) at 25 ©C (Weast, 1974).

Measurement Errors

The error in determining the mean flow velocity was
estimated by applying propagation-of-errors formulas to the
equation for the velocity. The error in the mean flow
velocity is due primarily to the errors in the mean flow
depth, the manometer readings, and the discharge
coefficient; the errors in the other variables are

negligible. The error in reading the manometer was
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estimated by noting the range of the readings over a time
period of a few minutes; for the range of flow velocities
of the experiments, the standard deviation of the manometer
reading estimated from this range varied from 0.010 to
0.015 inches of mercury. Using the estimated standard
deviation of the mean flow depth (0.206 cm), the above
estimates of the standard deviation of the manometer
reading, and the standard deviation of the discharge
coefficient estimated from the published tolerance limits
(0.004; ASME, 1950), the standard deviation of the mean
flow velocity ranges from 0.42 cm/s to 0.68 cm/s for the

range of flow velocities of the experiments.

Results

For Runs 1 through 9, the mean flow velocity for a run
was estimated by the average of the mean flow velocities
for all of the data sets of the run, excluding the initial
data set taken when bed forms were developing from a planar
bed. The mean flow velocity and sample standard deviation
for each run are listed in Table 3-2. The mean flow
velocities with 90% confidence intervals are plotted as a
function of run number in Figure 3-2; the confidence
intervals for the means were determined from the sample
standard deviation for each run.

For Runs 10 through 12, the mean flow velocity for a

run was estimated by the mean flow velocity for the data
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set taken on the second day of the experiment; the mean
flow velocity for each run is listed in Table 3-2.

The sample standard deviations of the mean flow
velocity for Runs 1 through 9 range from 0.26 cm/s to
1.11 cm/s. The relatively large values of the sample
standard deviation for Runs 1 and 2 are due primarily to
variations in the mean flow depth. The sample standard
deviations for Runs 3 through 9 range from 0.26 cm/s to
0.82 cm/s. These values are similar to the estimated
errors in determining the mean flow velocity for the range
of flow velocities of the experiments, 0.42 cm/s to 0.68
cm/s. The sample standard deviations that are larger than
the estimated errors suggest that the mean flow velocity
varied slightly as a function of time during these flume
runs and/or that the real error in determining the mean
flow velocity was slightly larger than the estimated error.

For Runs 1 through 9, the mean flow velocity was
systematically increased in increments of 1.4 cm/s to
3.6 cm/s in order to examine the sediment bed configuration
as a function of mean flow velocity. To determine whether
the mean flow velocities for Runs 1 through 9 were
significantly different from one another, the significance
of the difference between the mean flow velocities for
successive runs was calculated. For Runs 1 through 9, the
mean flow velocity for each run is significantly different

from the mean flow velocity for each of the other runs at
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the 0.0005 level of significance (i.e., the probability of
rejecting the hypothesis that the means are the same, when
the the hypothesis is true, is less than or equal to
0.0005). Therefore, even though the mean flow velocities
for successive runs were closely spaced, the data on the
sediment bed configurations for Runs 1 through 9 represent

data for distinctly different mean flow velocities.

Section 3-3

Water Surface Slope

Description

The water-surface slope for a data set was estimated
by the sum of the slope of the flume rails and the water-
surface slope relative to the flume rails (i.e., My = My +
M-y, Where M;, is the water-surface slope, M, is the slope
of the flume rails, and My_, is the water-surface slope
relative to the flume rails). This estimate is based on
the trigonometric approximation that the tangent of the sum
of two angles is equal to the tangents of the two angles
when the absolute value of the product of the tangents of
the two angles is much less than 1; for the largest water-
surface slope (My) measured during the experiments, the
product of the slope of the rails (M,) and the water-
surface slope relative to the rails (My-,) is 5.41 x 10-7.

The slope of the flume rails (M,) for a data set was

estimated by the product of the change in the slope of the
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rails per crank turn (dM,/turn) and the recorded number of
"crank turns up from level" at the time the water-surface
profile was taken. Before the experiments, an approximate
value of dM,/turn was determined; after the experiments, a
more accurate value was determined. The change in the
slope of the rails per crank turn (dM,/turn) was calculated
using the rail slope measured at the end of Run 12 and was
also calculated using the difference between this slope and
the rail slope measured after the channel slope was reset
to zero; the mean of these two values, -8.48 x 10'5’ was
used to estimate dM,/turn. The rail slope at the end of
Run 12 was the largest rail slope measured during the
experiments; the flume channel was tilted 19.5 “crank turns
up from level", corresponding to a rail slope of

-1.65 x 1073, The water-surface slope relative to the
flume rails (My-r) was estimated by the slope of the least-
squares fit to a straight line of the water-surface

profile.

Measurement Errors

The error in determining the rail slope directly from
a still-water-surface profile was estimated by the mean of
the sample standard deviations of the rail slopes measured
at the end of each run. The effects of the longitudinal
spacing of data points and of the length of the profile on

the measured rail slope were also examined to determine
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whether either of these factors resulted in an error in the
measured rail slope larger than the error estimated from
the sample standard deviations. The error in determining
the rail slope (M) for a data set, calculated as described
above, was evaluated by the propagation of the error in the
measured rail slope and the error in positioning the crank
to the calculated rail slope (My).

The error in determining the water-surface slope
relative to the rails (My_,) was estimated by the
propagation of the error in individual water-surface
elevations to My-,. In addition, the effects of the
longitudinal spacing of data points and of the length of
the profile on My_, and the reproducibility of My_, were
examined to determine whether any of these factors resulted
in an error in My_, larger than the error estimated by the
propagation of the error in individual water-surface
elevations. The error in determining the water-surface
slope (M,) for a data set was evaluated by the propagation
of the error in the calculated rail slope (M,) and the
error in the water-surface slope relative to the rails
(My,-y) to the water-surface slope (My).

A) Errors in rail slope

1) Estimated standard deviation of measured rail
slope

To estimate the error in determining the rail slope

directly from a still-water-surface profile, the sample
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standard deviation of the rail slopes measured at the end
of each run was calculated for each run. The mean of these
sample standard deviations is 9.60 x 107®. This value was
used to estimate the standard deviation of the measured
rail slope, estimated directly by the slope of the least-
squares fit to a straight line of a still-water-surface
profile.

2) ILongitudinal spacing of individual water-

surface elevations

To examine the effect of the longitudinal spacing of
individual water-surface elevations on the measure rail
slope, the rail slope was calculated using both 10-cm and
20-cm spacing for three still-water-surface profiles taken
at 10-cm intervals. The mean of the absolute values of the
difference in the rail slope for 10-cm and 20-cm spacing is
3.80 x 1076, This value is less than the sample standard
deviation of the rail slope for the three profiles using
10-cm spacing, 1.26 x 10™2, and suggests that the use of
10-cm spacing instead of 20-cm spacing would not increase
the accuracy of the measure rail slope.

3) Length of profile

To examine the effect of the length of the profile on
the measured rail slope, the rail slope was calculated for
each length between four and five meters at 20-cm intervals
for the five still-water-surface profiles used to calculate

M, /turn. For each of these profiles, the standard
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deviation of the rail slope was estimated from the range of
the rail slopes for profile lengths from four to five
meters; the mean of these standard deviations is

7.28 x 10”8, This value is less than the standard
deviation of the measured rail slope estimated using five-
meter profiles, 9.60 x 10"6, and suggests that a five-meter
profile is sufficiently long to define a stable value of
the measured rail slope within the estimated standard

deviation.

4) Estimated standard deviation of calculated
rail slope (My)

The error in determining the rail slope (M,) for a
data set, calculated as described above, was estimated by
applying propagation-of-errors formulas to the equations
for the rail slope (My), for the range of rail slopes of
the experiments. Using the estimated standard deviation of
the measured rail slope, 9.60 x 107°, as the standard
deviation of each of the individual rail slopes measured at
the end of Run 12 and of each of the rail slopes measured
after the channel slope was reset to zero, and assuming
that the crank was positioned with a standard deviation of
590, the standard deviation of the calculated rail slope
(My) ranges from 1.44 x 106 to 6.60 x 10~% for 2.5 to 19.5

"crank turns up from level", respectively.

73



B) Errors in water-surface slope relative to the rails
(My-r)

1) Estimated standard deviation of water-surface
slope relative to the rails (My_r)

The error in determining the water-surface slope
relative to the rails (My-,) was estimated by applying
propagation-of-errors formulas to the equation for the
slope of the least-squares fit to a straight line for a
sample water-surface profile. Assuming that the point gage
positioned longitudinally with a standard deviation of
0.1 cm and using the estimated standard deviation of
individual water-surface elevations recorded during the
experiments, 0.0092 cm, the standard deviation of the
water-surface slope relative to the rails (My-,) for the
sample profile was calculated to be 7.71 x 1075,

2) Longitudinal spacing of individual water-
surface elevations

To examine the effect of the longitudinal spacing of
individual water-surface elevations, the water-surface
slope relative to the rails (My-,) was calculated using
both 10 cm and 20 cm spacing for five water-surface
profiles taken at 10 cm intervals. The mean of the
absolute values of the difference in My._, for 10-cm and
20-cm spacing is 2.28 x 10"5. This value is less than the
estimated standard deviation of My., for the sample profile

using 10-cm spacing, 7.71 x 1072, and suggests that the use
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of 20-cm spacing would not significantly increase the error
in My-,. Therefore, 10-cm spacing is sufficiently small to
determine the water-surface slope relative to the rails
(My-r) within the estimated standard deviation.
3) Length of profile

To examine the effect of the length of the profile,
the water-surface slope relative to the rails (My-p) was
calculated for each length between four and five meters at
5-cm intervals for a sample water-surface profile. The
range in My_, for lengths from four to five meters is
3.38 x 1072. This value is less than the estimated
standard deviation of My_, for the sample profile which is
five meters long, 7.71 x 10“5, and suggests that a five-
meter profile is sufficiently long to define a stable value
of the water-surface slope relative to the rails (My_,)
within the estimated standard deviation.

4) Reproducibility

To examine the reproducibility of the water-surface
slope relative to the rails (My-,y) on the time scale of
taking a profile, five pairs of consecutive water-surface
profiles were taken. The mean of the absolute values of
the difference in My_, for the consecutive profiles is
4.36 x 1072, This value is less than the estimated
standard deviation of My_, for the sample profile,
7.71 x 10'5, and suggests that the value of the water-

surface slope relative to the rails (My-,) remained stable,
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within the estimated standard deviation, for time periods
sufficiently long to take a water-surface profile (about 20
to 30 minutes).

C) Error in water-surface slope (My)

The error in determining the water-surface slope (My)
for a data set was estimated by applying propagation-of-
errors formulas to the equation for the water-surface slope
(M) for the sample water-surface profile used to estimate
the standard deviation of the water-surface slope relative
to the rails (My-,). Using the appropriate estimate of the
standard deviation of the calculated rail slope (M) for
the recorded number of "crank turns up from level" for the
sample profile, 2.04 x 10‘6, and the estimated standard
deviation of the water-surface slope relative to the rails
(My-y) for the sample profile, 7.71 x 10‘5, the standard
deviation of the water-surface slope (M) was calculated to
be 7.71 x 107°. This result indicates that the error in
determining the water-surface slope (M) is due primarily
to the error in the water-surface slope relative to the
rails (My-,); the error in determining the rail slope (My)
is negligible.

To examine the water-surface profiles for possible
backwater effects, the water-surface slope of the upstream
half of the water-surface profile was compared to the slope
of the full profile for each water-surface profile of Runs

1 through 9, except those taken during the initial data set
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and those taken while the sediment trap was in the tailbox.
For each run, the significance of the difference between
the mean water-surface slope of the upstream half of the
profile and that of the full profile was calculated using
two different methods as recommended by Johnson (1940):

1) assuming that the two samples are independent and

2) assuming that paired members of the two samples are
correlated; the more sensitive test indicates the
significance level. For Runs 1 and 2, the mean water-
surface slope of the upstream half of the profile is
significantly different from that of the full profile at
the 0.10 level of significance. For both Runs 1 and 2, the
mean water-surface slope of the upstream half of the
profile is more negative (i.e., steeper) than that of the
full profile; this difference may be due to backwater
effects. For Runs 3 through 9, the means are not

significantly different at the 0.10 level of significance.

Results

For Runs 1 through 9, the mean water-surface slope for
a run was estimated by the average of the water-surface
slopes for all of the data sets of the run, excluding the
initial data set and data sets taken while the sediment
trap was in the tailbox. The mean water-surface slope and
sample standard deviation for each run are listed in Table

3-3. The mean water-surface slopes with 90% confidence

77



intervals are plotted as a function of mean flow velocity
in Figure 3-3; the confidence intervals for the means were
determined from the sample standard deviation for each run.
The negative sign of the mean water-surface slopes is
retained to facilitate comparison with the mean bed-surface
slopes which are both positive and negative. It is not
standard to include the negative sign: the negative sign
is usually assumed.

For Runs 10 through 12, the mean water-surface slope
for a run was estimated by the water-surface slope for the
data set taken on the second day of the experiment; the
mean water-surface slope for each run is listed in
Table 3-3.

The mean of the sample standard deviations of the mean
water-surface slope for Runs 1 through 9 is 1.30 x 1074,
This value is 69% larger than the estimated error in
determining the water-surface slope, 7.71 x 10”2, and
suggests that the water-surface slope probably varied
somewhat as a function of time during individual flume
runs. However, this result may also suggest that the real
error in determining the water-surface slope was larger
than the estimated error.

To examine the trends in the mean water-surface slope
as a function of mean flow velocity, the significance of
the difference between the mean water-surface slopes for

successive runs was calculated. At the 0.05 level of
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significance, the mean water-surface slopes for Run 2 and 3
are significantly more negative than the mean water-surface
slope for Run 1l; the mean water-surface slopes for Runs 1,
2, 3, 7, 8, and 9 are all significantly more negative than
those for runs 4, 5, and 6; and the mean water-surface
slope for Run 9 is significantly more negative than those
for all of the other runs, 1 through 8. Therefore, the
following trends in the mean water-surface slope as a
function of mean flow velocity are significant at the

0.05 level of significance: the mean water-surface slope
becomes steeper (i.e., more negative) with the increase in
mean flow velocity from Run 1 (28.6 cm/s) to Run 2

(30.0 cm/s), becomes less steep from Run 3 (32.1 cm/s) to
Run 4 (34.1 cm/s), and becomes progressively steeper with
the increases in velocity from Run 6 (38.0 cm/s) to

Run 7 (40.9 cm/s) and from Run 8 (43.8 cm/s) to

Run 9 (47.4 cm/s).

Section 3-4

Bed Surface Slope

Description

The bed-surface slope for a data set was estimated by
the sum of the slope of the flume rails and the bed-
surface slope relative to the flume rails (i.e., Mp = My +
Mp-r, Where My is the bed-surface slope, My is the slope of

the flume rails, and Mp_, is the bed-surface slope relative
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to the flume rails). As noted in Section 3.3, this
trigonometric approximation is valid when the absolute
value of the product of the slope of the rails (My) and the
bed-surface slope relative to the rails (Mp_,) is much less
than 1; for the largest bed-surface slope measured during
the experiments, this product is 8.59 x 10"®. The slope of
the flume rails (M) was estimated, as described in Section
3.3, by the product of the change in the slope of the rails
per crank turn (dMy/turn), -8.48 x 10‘5, and of the
recorded number of "crank turns up from level" at the time
the bed-surface profile was taken. The bed-surface slope
relative to the flume rails (Mp-,) was estimated by the
slope of the least-squares fit to a straight line of the

bed-surface profile.

Measurement Errors

The error in determining the bed-surface slope
relative to the flume rails (Mp-,) was estimated by the
propagation of the error in individual bed-surface
elevations to Mp_,. In addition, the effects of the
longitudinal spacing of data points, of the length of the
profile, and of the location of the end points of the
profile relative to the crests and troughs of bed forms on
Mp-r and the reproducibility of Mjp_, were examined. The
error in determining the bed-surface slope (Mp) for a data

set was evaluated by the propagation of the error in the
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bed-surface slope relative to the rails (Mp-,) and the
error in the calculated rail slope (M,) to the bed-surface
slope (Mp).
A) Errors in bed-surface slope relative to the rails
mb-r.).
l) Estimated standard deviation of bed-surface
slope relative to the rails (Mp_,)

The error in determining the bed-surface slope
relative to the rails (Mp-,) was estimated by applying
propagation-of-errors formulas to the equation for the
slope of the least-squares fit to a straight line for a
sample bed-surface profile. Assuming that the point gage
was positioned longitudinally with a standard deviation of
0.1 cm and using the estimated standard deviation of
individual bed-surface elevations, 0.032 cm, the standard
deviation of the bed-surface slope relative to the rails
(Mp-r) for the sample profile was calculated to be
1.78 x 1074,

2) Longitudinal spacing of individual bed-

surface elevations

To examine the effect of the longitudinal spacing of
individual bed-surface elevations, the bed-surface slope
relative to the rails (Mp-,) was calculated using both 5-cm
and 10-cm spacing for six bed-surface profiles taken at
5-cm intervals. The mean of the absolute values of the

difference in Mp_, for 5-cm and 10-cm spacing is
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1.26 x 1074 . This value is less than the estimated
standard deviation of Mp_, for the sample profile using
6-cm spacing, 1.78 x 10”4, and suggests that the use of
10-cm spacing would not significantly increase the error in
My.,. Therefore, 6-cm spacing is sufficiently small to
determine the bed-surface slope relative to the rails
(Mp-r) within the estimated standard deviation.
3) Length of profile

To examine the effect of the length of the profile,
the bed-surface slope relative to the rails (Mp_,) was
calculated for each length between four and five meters at
6-cm intervals for a sample bed-surface profile. The range
in Mp_, for lengths from four to five meters is
2.08 x 1073; the standard deviation of Mp._, estimated from
this range is 5.82 x 10~4. This value is more than three
times larger than the standard deviation of My_, estimated
by the propagation of the error in individual bed-surface
elevations for the sample profile which is five meters
long, 1.78 x 10~4. oOn the average, the variation in Mp-r
for the sample profile decreases as the length of the
profile approaches five meters, however, even for lengths
of almost five meters, the variation remains larger than
the standard deviation estimated by the propagation of the
error in individual bed-surface elevations. For lengths of
4.92 and 4.98 meters of the sample profile, the difference

in Mp_, is 3.56 x 1074; this value is twice as large as the
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standard deviation estimated by the propagation of the
error in individual bed-surface elevations.

The variation in the bed-surface slope relative to the
rails (Mp-y) for lengths from four to five meters suggests
that a longer bed-surface profile would be necessary for a
more accurate determination of Mp_,; the accuracy is
limited by the length of the profile (i.e., the length of
the flume), not by the precision of individual bed-surface
measurements. Minimization of entrance and exit effects
precluded the use of a significantly longer bed-surface
profile. Consequently, the standard deviation of Mp._,
estimated from the range of My_, for lengths from four to
five meters is a better estimate of the error in
determining My_, than the standard deviation estimated by
the propagation of the error in individual bed-surface
elevations and thus is used to estimate the error in the
bed-surface slope relative to the rails (Mp.,) in the
following sections.

4) Choice of end points

The effect of the location of the end points of a
profile relative to the crests and troughs of bed forms was
examined by calculating the bed-surface slope relative to
the rails (Mp_,) for two extreme cases for a sample
profile: 1) starting the profile at a crest and ending at
the low point in a trough and 2) starting at the low point

in a trough and ending at a crest. The difference in Mp.,
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for the two cases is 7.30 x 1074. This value is less than
the range of Mp_, for lengths from four to five meters for
the same profile, 2.08 x 10~3. Examination of the
variation in Mp_, for lengths from four to five meters in
conjunction with the plot of the bed-surface profile
indicates that the range of My_, corresponds to variations
in the bed elevation with wavelengths longer than the
average spacing of major bed forms. These results suggest
that the location of the end points of a profile at crests
or troughs does not affect the value of the bed-surface
slope relative to the rails (Mp-,) as strongly as does the
limited length of the profile.

5) Reproducibility

To examine the reproducibility of the bed-surface
slope relative to the rails (Mp_,) on the time scale of
taking a profile, five pairs of consecutive bed-surface
profiles were taken. The mean of the absolute values of
the difference in My_,  for the consecutive profiles is
5.08 x 1074. This value is slightly less than the standard
deviation of My_, estimated from the range of Mp_, for
lengths from four and five meters, 5.82 x 10”4, and
suggests that the value of the bed-surface slope relative
to the rails (Mp-,) remained stable, within the error due
to the limited length of the profile, for time periods
sufficiently long to take a bed-surface profile (about 60

to 70 minutes).
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B) Error in bed-surface slope (Mp)

The error in determining the bed-surface slope (Mp)
for a data set was estimated by applying propagation-of-
errors formulas to the equation for the bed-surface slope
(Mp) for the sample bed-surface profile used to estimate
the standard deviation of the bed-surface relative to the
rails (Mp-,) for lengths from four to five meters. Using
the appropriate estimate of the standard deviation of the
calculated rail slope (M) for the recorded number of
"crank turns up from level" for the sample profile,

2.32 x 10”6, and the standard deviation of the bed-surface
slope relative to the rails (Mp-,) estimated from the range
of Mp_, for lengths from four to five meters for the sample
profile, 5.82 x 10'4, the standard deviation of the bed
surface slope (M) was calculated to be 5.82 x 1074. This
result indicates that the error in determining the bed-
surface slope (Mp) is due primarily to the error in
determining tﬁe bed-surface slope relative to the rails
(Mp-y); the error in determining the rail slope (M) is
negligible. Thus, the error in the rail slope is
negligible for both the water-surface and the bed-surface

slopes.

Results

For Runs 1 through 9, the mean bed-surface slope for a
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run was estimated by the average of the bed-surface slopes
for all of the data sets of the run, excluding the initial
data set and data sets taken while the sediment trap was in
the tailbox. The mean bed-surface slope and sample
standard deviation for each run are listed in Table 3-4.
The mean bed-surface slopes with 90% confidence intervals
are plotted as a f<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>