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ABSTRACT

During the design of engineering works on rivers or canals it is frequently
necessary to calculate the flow or sediment transport. To calculate these
quantities the frictional enmergy-losses on the boundary of the channel must
be determined. This is particularly difficult for alluvial channels as the
frictional losses are related to the size and shape of the bed features such
as dunes or ripples that are developed on the bed of the channel and these
features vary as the flow varies. Frequently the flow and bed features are
categorised as being in lower or upper regime, depending upon the nature of
the bed features. Earlier work at HR resulted in the development of a
method for predicting alluvial friction. This method, however, was not
universally applicable to all flows since it could only be applied to flows
in lower regime, that is, with plane bed, ripples or dunes.

Laboratory experiments are described in this report in which alluvial
friction was measured for steady-state flows over sand beds. The observed
bed forms are correlated with values of the dimensionless unit stream power.
It is shown that the value of the dimensionless unit stream power can be
used to determine the nature of the bed form and in particular whether the
flow corresponds to upper or lower regime. The friction is analysed in
terms of the White et al (1980) method for predicting alluvial frictiom and
an extension of this method is suggested for flows in upper regime. This
new method enables predictions to be made of alluvial friction for a much
wider range of flows than previously. This greatly extends the range of
conditions for which accurate calculations can be made of flow and sediment
transport in alluvial channels.
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SYMBOLS
D (m)

D (m)

d (m)

F
cg
gr

fg

g (ms-2)

V  (ms-1)
v, (ms=1)
v (m%-1
p (kg m=3)

py (kg m=3)

Grain diameter for uniform sediments

Grain diameter for which n% of the sample is finer
Dimensionless grain size

Average depth of flow

Dimensionless sediment mobility (coarse grains)
Dimensionless sediment mobility

Dimensionless sediment mobility (fine grains)
Acceleration due to gravity

Water surface slope

Specific gravity of sediments (ps/p)
Dimensionless unit stream power

Velocity of flow

Shear velocity ¥(gds)

Kinematic viscosity of water

Density of water

Density of sediment
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INTRODUCTION

To calculate the flow or sediment transport in an
alluvial channel the frictional losses on the
boundary of the channel must be determined. In
response to this need a number of theories for
predicting the frictional losses in alluvial channels
have been developed (Einstein and Barbarossa, 1952;
Engelund, 1966; Raudkivi, 1967 and White et al,
1980). Most of these theories are based on
laboratory data. These laboratory experiments are
almost invariably characterised by the use of
narrow-graded clean sand, that is, sand with a small
range of sizes from which both the larger sizes and
any smaller silt or clay material has been removed.
The finer silts and clays frequently show very
different properties to those of sand since these
materials demonstrate cohesive properties whereas
sands are non—-cohesive. 1In practical problems,
however, it is rare that the sediments which are
encountered are similar to the narrowly graded sands
used in laboratory experiments. Much more frequently
sediments are widely graded and contain varying

quantities of silts and clays.

Recently laboratory experiments were carried out at
HR to investigate the impact of introducing a
proportion of fine silt and clay material into a sand
bed (Bassi, 1985). The alluvial friction due to a
sand bed was measured and then the experiment was
repeated after the introduction of varying quantities
of fine material. The results were analysed using an
approach suggested by the work of White et al (1980)
for sand beds. No discernible change was observed in

the alluvial friction of the sand bed upon the

- introduction of the fine material, but somewhat more

disturbingly, there was a discrepancy between the
results for just the sand bed and the predictions of
the White et al theory. The investigation of
variations in friction caused by the introduction of

silt and clay material is of doubtful value if there



EXPERIMENTAL
APPARATUS AND
PROCEDURE

are still uncertainties as to the friction due to a
uniform sand bed. It was therefore decided to carry
out experiments to investigate further the friction
due to a sand bed. The experiments described in this
report were designed to provide more information on
the alluvial friction due to sand beds and so act as
a basis for comparison with experiments performed
with sediments containing a mixture of sand and

sile.

The experiments were performed in a 2.44m wide, 24m
long, recirculating, tilting flume. The sediment bed
was 16m in length. At the downstream end of the
flume a tailgate was used to control the depth of

flow.

A flat-V Crump Weir located 3m downstream of the
tailgate was used to measure the discharge. The
tapping point for measuring the head over the weir

was O0.6m upstream from the weir crest.

The recirculating system consisted of two 0.113m3s-1
and one 0.028m3s-1 pumps. The entrances where the
recirculating system returned the flow to the
upstream end of the flume were proportioned to ensure
the uniformity of the velocity distribution across

the flume.

Water surface slope was measured using five tapping
points located at 2.5m intervals along the flume.
8mm diameter plastic tubing connected the tapping
points to 60mm diameter stilling pots. The gauged
heads in the stilling pots were measured using
vernier point gauges reading to 0.02mm. A similar
arrangement was used to measure the head above the

crest of the Crump weir.
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DATA SUMMARY

A section of the flume had glass walls, this
transparent section covering the central part of the
sediment bed. The flow depth was measured at 6
points along this length on both sides of the flume.
At each location the average bed level and water
level were measured using a ruler attached to the

wall.

The bed forms and their size were observed for each
test. The velocity of the bed forms was measured for

selected tests.

The grading curve of the sand used is shown in Fig 1.
The D35 and D50 sizes were 0.2lmm and 0.23mm,

respectively.

A total of 31 tests were performed, the results of

which are summarised in Table 1.

The average water surface slope was calculated from
the measured water levels by using a least—squares
linear regression. Two values of the slope were
determined, the first from the three central levels
only, the second using all 5 points. The second

value was used for all calculations.

The average flow depth was calculated by averaging
the six depths measured in the central part of the

flume.

A summary of the measured data for the 31 tests is
given in Table 1. For each test the following data

is provided:

- flume slope

- average water surface slope, calculated using
the 3 central water levels

- average water surface slope, calculated using

all 5 measured levels
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DISCUSSION OF
RESULTS

- average flow depth, in metres

- discharge, in litres per second

- average flow velocity, calculated from the
measured discharge and mean cross section

- bed features

- temperature

Following the work of White et al (1980) and Bassi
(1985) the results were analysed in terms of the
sediment mobility, Fgr’ the ratio of the effective
shear forces to the immersed weight of the particles.
The mobility number was defined in such a way that
only the relevant shear forces were used, that is,
total shear for fine sediments, grain shear for
coarse sediments and an intermediate value depending
upon the dimensionless grain size for the

transitional sediments.

The dimensionless grain size Dgr was defined by
= [.(s=1)11/3
Der [8—;2-] D

where g is acceleration due to gravity
8 1s specific gravity of the sediment
v is kinematic viscosity

and D is sediment diameter

The dimensionless sediment mobility was defined by

n
Vi

F =
gr  V/(gb(s~-1))

[ \' 1-n
/(32)log lo(lOd/D)

where v, is the shear velocity
V is the average flow velocity
d is the depth

and n is an exponent which varies from 1.0 for fine

sediments (Dgr = 1.0) to 0.0 for coarse sediments



(Dgr = 60). Thus for fine sediments

Vi

Fig = 7(en(s1))
and for coarse sediments

\Y
ch - /(gD(s—l))/(32)loglo(10d/D)

Values of ng and Fgr are shown plotted in Figure 2,
together with the equation given by White et al
(1980). It can be seen that there are two distinct
relationships, one for a flat bed, ripples and
dunes, termed lower regime, and another relationship
for the upper regime of plane bed and anti-dunes with
a transition between the two curves. This leads to
the postulation that the method for predicting
alluvial friction described by White et al (1980)
applies to the lower regime case and that the method
could be extended to predict flows in the upper
regime by the inclusion of a new relationship for the

upper regime case.

The use of two different relationships, one for lower
regime and one for upper regime was first suggested
by Engelund (1966). Engelund plotted the
dimensionless bed shear due to skin friction against
the total dimensionless bed shear for a sequence of
flume data, see Figure 3. He postulated two
relationships, the lower regime curve for dunes,
ripples being excluded from Engelund's analysis,
while the upper regime curve applies to flat beds,

standing waves and anti-dunes.

The development of equations to extend the White et
al analysis to the upper regime case is explained in

greater detail in White et al (in preparation).

A comparison of the present results with those from

Bassi (1985) and Guy et al (1966) are shown in Figure



4. It can be seen that the present results and those
of Bassi (1985) are close to each other but that they
are both above those of Guy et al (1966) and the
theoretical relationship of White et al (1980). 1In
the upper regime the present data is also above that
of Guy et al (1966).

The postulation of two different relationships for
alluvial friction leads to the problem of
determining, which is the appropriate relationship to
use in particular circumstances. We have so far
distinguished the lower and upper flow regimes by
describing the bed features associated with them.

It, therefore, seems reasonable that the method of
determining the appropriate regime should be related
to a method of determining the dominant bed features.
Following the work of Simons and Richardson (1963) we
were lead to the consideration of a non-dimensional

unit stream power UE, where UE is defined by:

U = _ﬁ_ .

E 1/3

(gV) Dgr
Figure 5 shows data from the present study and from
Guy et al (1966).

For the lowest values of UE the bed was plane. As UE
increased the bed form changed from plane to ripples,
this is for values of UE larger than 0.00035.
Initially, the ripples were small and regular, for
example, the ripples formed in Run 17 were
approximately 10cms long with a height of 1.2cms.

The value of UE was 0.0015. As the value of UE

increased the ripples increased in size. In run 16,
with a UE value of 0.0028, the ripple length was

19cms and the height was between 2 and 4.5cms. For
larger values of UE dunes were formed, the length of
the dunes being between 80 and 100cms for a value of

UE of 0.0067. The dunes disappear for UE values
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CONCLUSIONS

larger than 0.01l. There is then a transition to a
flat bed regime. For larger values of UE anti-dunes

are formed, then chute and pools.

Using a criterion based on the value of UE White et
al (to appear) developed an algorithm for the
calculation of alluvial friction. There are still,
however, unresolved problems in connection with the
transition from one regime to the other. It is
unclear whether there are stable states lying between
the two regimes and whether the transition displays
hysteresis. These problems can only be resolved by

further careful experiments.

The development of a method of determining the
dominant bed features together with the recognition
that the White et al (1980) analysis can be extended
to upper regime flows has enabled the development of
a comprehensive theory to predict alluvial frictionm.
It is hoped that the theory that has been developed
will act as a basis for future work to elucidate
further problems of alluvial friction such as the
effect of the introduction of cohesive material,
alluded to in the introduction, and the impact of

unsteady flows.

A set of experiments carefully measuring the alluvial

friction due to a sand bed have been performed.

The type of bed features developed has been related
to the dimensionless unit stream power UE.

Two distinct relationships have been observed
describing the alluvial friction, one for lower
regime and one for upper regime. This is the basis
for an extension, proposed by White et al (to
appear), to the method of predicting alluvial
friction described by White et al (1980).
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Grading curve of sand
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