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Abstract

Abstract

After a period of continuos development of hydropower including dams, focus
is now being put on proper operation and maintenance. In Norway alone more
than 300 dams are listed in the World Register for large dams. For this reason
and because of increasing public concern, dam safety is being paid more
attention. Dam safety criteria are now under revision, and safety requirements
will clearly depend upon the downstream consequences of a possible failure. It
is the hope that this thesis will make a modest contribution to the assessment of
the downstream consequences of a dam failure or a steep wave.

The thesis presents an evaluation of hydrodynamic forces from steep waves in
rivers. In the laboratory, forces were measured on a structure equipped with a
force transducer. In the same flume the threshold condition for the bed
sediment was investigated. The purpose of these measurements was to reveal
whether the formulas developed for steady flow can be applied under steep
waves as well. The wave parameter a was introduced to study the effect of
unsteadiness. The parameter describes the gradient of the wave front. Finally
the flow condition created in the flume was reproduced by the 3-D numerical
model SSIIM.

The experiments with a structure, a vertical cylinder of rectangular cross
section, were performed for seven different waves. The wave parameter a was
varied from 0.0026 to 0.099. The two waves with the largest gradients formed a
breaking wave front that impacted the structure. For all the waves the force
were measured and compared to the drag force calculated from measured depth
and velocity. From these comparisons the hydrodynamic force can obviously be
calculated as drag only, even in the case of a breaking wave front. Because of
the wave gradient the velocity is high. For this the contribution from inertia
(added mass) is not significant, even though the local acceleration is very large
for open-channel flow. The contribution from inertia relative to drag depends
upon the size of the structure. For larger structures the contribution might be of
importance in steep waves.

In order to study the initiation of motion under unsteady flow 18 waves were
passed over a gravel covered bed. The waves ranged from a = 0.0007 to a =
0.025. The wave for which a = 0.025 was the limit regarding the formation of a
breaking wave front. With the application of the kinematic wave concept, the
equation of motion was applied to calculate the friction slope. It can be seen
from the present data that the friction slope is larger in the rising branch
(accelerating flow) than in the falling branch (decelerating flow). For this
reason the initiation of motion starts before the peak of the wave. It was found
that the initiation of motion is given by Shields' relation if the friction slope is
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applied. No dependence upon the wave gradient was found. A relation was
established which gives the critical shear stress if the friction slope is estimated
by the bottom slope. The findings are in agreement with results from unsteady
sediment transport.

From the experiments and the analysis presented here, the flow condition
evidently deviates considerably from steady flow. These deviations increase
with a. When applying the drag formula or Shields relation the flow pattern has
to be known in detail. The employment of the 3-D numerical model SSIIM
made it possible to reproduce the flow condition and to find the hydrodynamic
force on the structure. The agreement with the measured data was good.
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Nomenclature vii

Nomenclature

Latin letters:
A cross sectional area of the flow
A s surface area in front of structure
b width of structure normal to direction of flow
B coefficient in log-law
B ' coefficient in Coles Law
c wave celerity
C Chezy coefficient
Ca added mass coefficient
CD drag coefficient
cf skin friction drag coefficient
CF total force coefficient
CL lift coefficient
C M constant used in the k-s model
C M mass coefficient
C s shock coefficient
C (Q) drag coefficient in FD(Q)
d s diameter of sediment particle
d50 mean diameter of sediment particle
d^o diameter of sediment particle for which 6 0 % of particles are smaller by

weight
D flow depth
e number of detachments observed
/ Darcy-Weisbach coefficient
/ 0 vortex-shedding frequency

F hydrodynamic force
F M added mass or inertia force
F D drag force
FL lift force
F r Froude number
g acceleration due to gravity
ho initial depth upstream of a dam or gate
HP1 wave parameter
HP2 wave parameter
k surface roughness or turbulent kinetic energy
kj equivalent sand roughness of bed material
K Keulegan-Carpenter number
1 length of structure in direction of flow
L wave length
m mass
n Manning 's coefficient



Nomenclature viii

N total number
p pressure
P wave parameter
qs sediment transport rate per unit width of the flow
Q discharge
r radius
Re Reynolds number
RH hydraulic radius
RH,b hydraulic radius corrected for wall effects
R. particle Reynolds number
S friction slope
Sh Strouhal number
So bottom slope
t time
T wave period
Tobs time period of observation
TN period for which D F T is applied
u local flow velocity in direction of x
Up velocity measured by propeller
u,, velocity amplitude of the water particle in oscillatory flow
u' turbulence component of local flow velocity in direction of x
u . shear velocity
U average flow velocity
U c convection velocity of turbulent eddies
U_ undisturbed velocity of the fluid relative to a structure
v local flow velocity in direction of y
v' turbulence component of local flow velocity in direction of y
V s rising velocity of water surface
w velocity of the wave front from the classical dam break problem
W width of the channel
x direction of flow
y direction perpendicular to x. y is measured from the bed upwards
yP position of the propeller

G r e e k letters and symbol :
a unsteadiness (wave) parameter
P Clausers parameter
8* displacement thickness
At time step
Atp damping time of pressure
AD wave height, or difference in upstream and downstream water level
AH change in water surface level during a time step
AT duration of the hydrograph
ATd time from peak depth to 1.15 times base depth
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AT, time from base to peak flow
e unsteady bed-load transport index, or dissipation rate of k
G> transport intensity
y specific weight
K Von Karman's constant
X unsteadiness parameter
H dynamic viscosity of the fluid
v kinematic viscosity
II wake strength coefficient in Coles Law
p density of the fluid
a standard deviation
t shear stress
T 0 bed shear stress

T, dimensionless shear stress
x«cr (Skin) dimensionless critical shear stress in unsteady flow based on
x«cr ( S M ) dimensionless critical shear stress in unsteady flow based on SM
x«cr (So) dimensionless critical shear stress in unsteady flow based on So

Q surface area observed

C, geometric property of a structure

S velocity potential

V volume

V s calculated sediment volume

VS M measured sediment volume

Abbreviations:
DFT Discrete Fourier Transform

Subscript:
AV average
b base flow value
cr critical
dyn dynamic
D drag
F force
kin kinematic wave assumption
L lift
M refers to Manning's formula or added mass / inertia
obs refers to observed value
p refers to peak flow value or pressure
P propeller
S refers to sediment, "shock" or surface
us unsteady flow
0 refer to either initial condition, uniform flow, or value at bottom.



Introduction

1. Introduction

1.1 Background
A reservoir behind a dam has an enormous potential for destruction which can
produce disastrous damage if the dam fails. Depending on the location of the
dam, its damage potential ranges from river erosion to infrastructure
destruction, and in the worst case loss of life. For this reason, the consequences
of a failure should be the basis of all work on dam safety.

The issue of dam safety has been paid more and more attention during recent
years. In 1981 Norway got its first "Dam Regulations" (Dam Safety
Guidelines). Here the main focus is placed on the planning, building and
implementation of dams and related structures. These guidelines have been in
operation for 15 years and have resulted in a high standard of the dam
construction.

During recent years the need for additional requirements in the guidelines has
grown. The focus has changed from building dams to the operation,
maintenance and refurbishing of dams and hydropower plants. Because of this
a revision of the guidelines started in 1994, and the work is planned to be
finished in 1996.

Since the first edition of the guidelines appeared in 1981, a new regulation has
come into force. It is the "Regulation of Internal Quality Control" of 1991.
Internal quality control means that the dam owner sets up a system which must
document satisfactory safety inspection and surveillance of the installations.
This is a systematic way of organising the work, and emphasises more than in
the past the responsibility of the dam owners themselves to ensure that the
requirements have been met. Until recently different authorities were
responsible for their own particular regulations. Now the dam owner itself has
to document that all the different regulations have been satisfied. Instead of
detailed control from each authority, the authority emphasises general
supervision of the firm's documentation of internal quality control. This
increased emphasis on the dam owner's responsibility will be reflected in the
revised guidelines.

As a result the focus on the dam owner's responsibility for dam safety has
sharpened; dam owners have become more engaged in the discussion of dam
safety, and a lot of questions have been raised regarding safety criteria. At the
moment it is agreed that safety criteria should depend upon the consequences of
a failure. In other words, the risk involved should determine the action
necessary, not the probability. The first measures to be put into effect should be
the ones that result in most risk reduction per unit of investment.
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In order to be able to evaluate the risk, it is necessary to know both the
probability and the consequences of failure. The consequences of course
include downstream damage due to the flood wave. The damage caused by
such a flow depends upon its velocity, depth and duration. Given the flow
situation from time to time, it is possible to determine the forces and the
damage to infrastructure, etc. A basic assumption behind this approach is that
the flow properties such as velocity distribution, shear stress, and initiation of
motion are identical to the ones in steady flow. If this is the case, forces and
erosion can be calculated as for steady flow. If not, the effect of unsteadiness
will have to be taken into account.

Recently, power companies have started to investigate the potential of peak-
power production. This implies rapid changes in flow condition. In the case of a
rapid increase in discharge, a steep wave may form and eventually develop into
a surge. Such a flow condition is not natural in rivers. The question is how such
a flow condition will effect the river course and its aquatic environment. A
steep wave has the potential to create extra erosion, it can break up ice, and this
must affect fish and invertebrates. To find the effect of rapidly changing flow
conditions it is necessary to know the effect of unsteadiness on flow properties.

The basis for this thesis is dam safety. Because of increasing interest in this
topic and the introduction of risk analysis, focus has been put on downstream
consequences. This requires more thorough and detailed consequence studies.
As a contribution to this the hydrodynamic forces from steep waves will be
investigated.

1.2 Objectives, Scope and organisation of study
In order to identify the consequences of a dam failure or any rapid change in
flow conditions it is necessary to find the resulting forces. To find these the
effects of unsteadiness on the flow must be quantified. The presence of a
pressure gradient accelerates or retards the flow. This creates unsteady flow and
the resulting flow conditions are described by St. Venants Equations. These
conditions influence the velocity and shear stress distribution, the friction and
the initiation of motion. This affect the hydrodynamic forces on structures or on
the river bed itself.

On this background the main objective of this thesis is to examine whether the
hydrodynamic forces in unsteady flow are different from those calculated
assuming steady flow. This has been examined by means of laboratory
experiments and numerical simulation.
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Figure 1.1. Organisation of the thesis.

The structure of this thesis is shown in Figure 1.1. The necessary hydraulic
background is reviewed and presented in Chapter 2. The experimental setup
and procedure are described in Chapter 3, where the instruments and the data
acquisition system used are described.

The experiments cover both forces on structures and initiation of motion. First,
the hydrodynamic force on a rectangular cylinder in unsteady flow is
investigated. This is described in Chapter 4. Secondly the hydrodynamic forces
on bed material are examined by studying the initiation of motion or the
threshold of erosion in unsteady flow. This is described in Chapter 5. The
unsteady flow condition and its resulting forces are simulated by the application
of a 3-dimensional numerical model. This is described in Chapter 6. Finally the
results are discussed and conclusions and recommendations are given in
Chapter 7.
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2. Literature review

2.1 Introduction

The study of steep channel hydraulics, particularly on flow resistance and the
sediment transport rate in mountain rivers, has been emphasised in recent years.
This research is mainly on steady flow conditions. Experimental studies of
unsteady flow on pressurised and oscillatory flow exist, but in the case of open
channel flow the number of experiments is limited. This is due to two reasons.
First, there has been lack of necessary equipment to produce and measure
unsteady flow conditions. Secondly, it is believed that unsteady flow in rivers
can be treated as a combination of steady flow situations.

This chapter reviews some of the existing literature on steady and unsteady
flow. First comes a presentation of the characteristics of steady flow, dynamic
forces and erosion. The same subjects will be discussed in connection with
unsteady flow and previous investigations of unsteady flow will be referred to.
In addition oscillatory and debris flow will be treated.

Finally numerical modelling of unsteady open channel flow will be discussed.

2.2 Steady flow

2.2.1 Velocity distribution
In steady open channel flow it is accepted that the log-law as proposed by
Keulegan in 1938 can be used:

Log-law: — = - l n — + B (2-1)
u, K ks

where u is the point velocity at water depth y above the bottom, u* is the shear
velocity defined as

(2-2)

K is von Karman's constant, and ks is bottom roughness. The coefficient B is a
function of relative roughness ks/D (ks in metres, D is the water depth in
metres). It is usual to divide the flow into two regions, an inner region close to
the bottom, and an outer region close to the surface. The log-law is valid only
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in the inner region, but is frequently used from bottom to surface with B = 8.5
for relative roughness ks/D < 0.05.

In order to take into account that the maximum velocity is not at the water
surface, (as the log-law gives), Coles' law was introduced by Nezu and Rodi in
1986.

Coles' law: — = - l n ^ - + £ ' + / ( — ,11) (2-3)
«, K ks D

where IT is the wake strength coefficient which is included to better describe
the flow in the outer region. According to Nezu and Rodi (1986) n = 0.2 in
turbulent flow over smooth bed. Coles' law is valid for the whole water depth.

2.2.2 Flow resistance
In open channel hydraulics Chezy and Manning are common discharge
formulas. Pipe flow gives us the Darcy-Weisbach equation. Flow resistance is
described through the corresponding coefficients:

Chezy coefficient: C [m/s2]
Manning coefficient: n [m1/3/s]
D-W coefficient: / [dimensionless]

These coefficients, which describe the same phenomena, are related as follows:

(2-4)
yfg n4g

where g is gravity, RH the hydraulic radius, and U the mean velocity. As
indicated by equation (2-4), the resistance coefficients can be obtained from a
known velocity distribution by integration. The integration gives the mean
velocity U.

In general it is expected that C and n should depend on the Reynolds number of
the flow and the boundary roughness, as / does. This is the case when the
perimeter roughness elements are completely covered by the viscous sublayer.
For turbulent flow the perimeter roughness elements project trough the laminar
sublayer and dominate the flow behaviour. In this case flow resistance is
entirely due to form drag and the resistance coefficient is independent of the
Reynolds number. This is the case in most open channel flow where Chezy and
Manning's equations are used. Then equation (2-4) is valid. Therefore C and n
are given as functions of roughness only, while / is given as a function of both
roughness and Reynolds number.
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The discharge formulas have been developed for low gradient rivers (gradients
less than about 0.002 m/m) and man-made channels. This is reflected in the C
and n values. Lately these formulae have been employed to describe mountain
rivers as well. This has resulted in several formulae for estimation of n. Several
investigators (Limerinos, 1970; Bray, 1979; Griffiths, 1981, and Jarrett, 1984)
have used multiple regression analysis to define equations relating n and the
hydraulic characteristics of the river. Equations for calculating n are attractive
because they remove the subjectivity of the traditional approach (Wahl, 1994).
These investigations have revealed that there has been a tendency to
underestimate n (Jarret, 1994). It is not uncommon in channels with steep
gradients and/or large floods for n-values to be as high as 0.1. Such n-values
have been verified for channels having steep gradients (Jarrett, 1984) and steep
gradients with large flow (Jarrett and Costa, 1986; Trieste, 1992).

0 20

0001 0.002 0 OOS 0 01

FRICTION SLOPE. S

0.02

Figure 2.1. Manning's roughness coefficient, n, versus friction slope
(Jarret, 1984).

Due to the increased estimates of n, the question of supercritical flow versus
subcritical flow in natural channels has been paid more attention. According to
Trieste (1994) supercritical flow does not occur in large floods in natural
channels except for short distances. These findings are important for modelling
large floods in steep rivers and dam-break floods. In such cases the effect of
unsteadiness on the friction factor must also be taken into account. This is
discussed in Chapter 2.3.4.

2.2.3 Hydrodynamic forces
A structure immersed in a moving stream experiences a force. This force can
usually be decomposed into drag, the force component in the direction of the
approaching flow, and lift, the force component perpendicular to the
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approaching flow. Lift forces occur only if asymmetry is present. Drag and lift
are the net force due to pressure and shear-stress distributions on the structure
surface. These distributions can either be measured or calculated from the
Navier-Stokes equations. Until recently, both tasks have been difficult.
Nowadays, however, advanced numerical calculations of drag and lift are
possible.

Since drag and lift are often of interest rather than the pressure and shear-stress
distributions, experimental results have been obtained and presented directly as
drag and lift. The data are usually presented in terms of dimensionless drag and
lift coefficient, defined by:

where U. is the undisturbed velocity of the fluid relative to the structure, A is a
reference area, FD the drag force and FL the lift force. Drag and lift coefficients
for a given shape in steady flow are functions of the dimensionless parameters:
CD=CD(£, Re) and CL=CL (£, Rg), if effects from surface tension and gravity
wave are irrelevant and the fluid is incompressible (Gerhart and Gross, 1985). C,
describes properties of the structure in terms of relative roughness and R, is the
Reynolds number defined as:

(2-7)

where / is a relevant length parameter and v the kinematic viscosity. The
dependence of CD on C, and Reynolds number (Rj) is described through
boundary layer theory, which describes the detailed flow around the structure,
see Schlichting (1960).

Hydrodynamic forces are often subdivided into a time-averaged mean part and
a fluctuating part, with the mean part as presented above. Fluctuating forces can
be induced by a variety of basically different excitation mechanisms. Possible
sources of excitation mechanisms that produce load fluctuations are: (1)
extraneous excitation due to turbulent flow, two-phase flow, and oscillating
flow; (2) excitation due to flow instabilities; (3) self-excitation due to structural
movements; and (4) excitation due to resonating fluid oscillators
(Naudascher,1991).
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An example of (1) is uniform flow approaching a structure such as a bridge pier
or flow in a stilling basin. Due to turbulence, both local velocity and local
pressure will fluctuate in a more or less random fashion. These fluctuating
loads can be dimensioning for the structure. Oscillating flow is treated under
unsteady flow.

The typical example of (2) is vortex shedding. Due to the shed vortices a
cylinder will be acted upon by a strongly fluctuating lift and a weakly
fluctuating drag. The dominant frequency of the lift fluctuations is equal to the
vortex-shedding frequency / o , which is usually presented in terms of the
Strouhal number

(2-8)

where b is the width of the structure normal to the direction of flow. The
Strouhal number depends upon Rg, the geometry of the structure and the flow
confinement. If fo is close to one of the natural frequencies of the structure, the
amplitude of the vibrations becomes very large, often resulting in destruction of
the structure.

Movement-induced excitation (3) is due to fluctuating forces which arise from
movements of the vibrating structure, such as gate, a rubber seal, etc.

Excitation due to resonating fluid oscillators (4) is caused by a fluid oscillator
becoming excited in one of its natural modes. The fluid oscillator may consist
of a surging water mass enclosed in a shaft downstream of a tunnel gate. Once
the fluid oscillator is set in motion due to flow pulsation, it may induce large
fluctuating forces on structures in their vicinity.

With regard to structures in open channel flow, bridges have attracted a lot of
concern. Several studies have examined hydrodynamic loads on bridge piers
(Apelt and Isaacs, 1968, etc.) as well as on partly and fully submerged bridges
(Denson, 1982; Naudascher and Medlarz, 1983; and Apelt, 1986). According to
Wellwood and Fenwick (1990), calculating the mean component is satisfactory
for structures such as bridges with a high natural frequency and high damping.
Nevertheless, the fluctuating force is observed to be substantial and can
produce an increase or decrease of about 100 % of the instantaneous value.
Research on hydrodynamic loads on partially or fully, submerged bridge
girders and decks has been little conclusive. It shows inconsistencies and a
wide spread of drag coefficients for bridge girders and decks ranging from 1.6
to 3.0. It is clear, as shown in Figure 2.2, that the drag coefficient varies as a
function of the relative submergence.
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Figure 2.2. Drag coefficient on girders and deck,
Apelt 1986.

When considering the total force on a bridge, the accumulation of debris and
the impact of floating objects have to be taken into account. Accumulated
debris increases the area on which the hydrodynamic forces act. The size of the
debris mat and its drag coefficient must be determined. A review of the
hydraulic factors to be taken into account in bridge design and proposal for
estimation is provided given by Farraday and Charlton (1983). Impact is treated
in connection with unsteady flow.

2.2.4 Erosion and sediment transport
In the past the emphasis of research and development has been on rivers with
fine alluvial beds, i.e., rivers with slopes of less than 1/500 and only suspended
sediment loads. It is only recently that attention has focused on flow in gravel
bed channels. This has increased the focus on bedload, on processes in alluvial
streams, on turbulence and its connection with erosion and sediment transport.
The mechanisms behind erosion and sediment transport in steady flow are well
described in the literature (e.g. Vanoni, 1975 and Yalin, 1977).
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To avoid scouring and to be able to calculate sediment transport, it is important
to know the conditions for which bed sediments are no longer stable. This
condition, known as the critical condition, is given by Shields' relation
(Shields, 1936):

t . c r = / ( * . ) (2-9)

in which x,a is the critical dimensionless shear stress given by:

and R*, the particle Reynolds number defined as:

(2-11)

Here Ys is the specific weight of the sediment particle with a size of ds. When
values of the bed shear stress x0, other than TCT are used in the quantity (2-10) it
is termed dimensionless shear stress. For open channel flow, in which R*
exceeds 400, the critical shear stress, T,CT, is adopted with a value of 0.056. A
dimensional shear stress above this value indicates erosion or scour. This
definition has been given a favourable response and the relationship is
commonly used to design riprap, etc.

Shields' relation is valid in the river course itself, but in the case of local scour
separate formulae have been developed, e.g., scour by jets, scour in channel
constrictions and scour around bridge piers. Because of the importance of scour
around bridge piers many experiments have been performed on specific
structures. These have led to empirical relationships between the scour depth
and the various flow parameters being identified. However, when these are
applied to a particular structure the predicted depth of scour may vary widely as
a result of different experimental conditions. A review of experiments on scour
around bridge piers is given in a report of the Highway Research Board (1970).
A comparison of pier scour equations with field data is given by Johnson
(1995).

According to Yalin (1977) the dimensionless transport rate or transport
intensity

is a function of three dimensionless variables: $ = /(R*,, T*, D/ds). The particle
Reynolds number, R*, reflects the influence of viscosity. The dimensionless
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shear stress, x+, characterises the ratio of the (tractive) fluid dynamic force
acting on a grain to the grain weight. The last variable D/ds reflects the
influence of the flow depth D. If the transport takes place in the vicinity of the
bed (or if the bedload part of the total load is considered) then D/ds is no longer
a variable. If in addition the flow is roughly turbulent, then R* can also be
excluded. In this case the expression for sediment transport reduces to:

* = /(%) (2-13)

This is the typical form of many bedload formulae, e.g. Meyer-Peter and
Muller, Einstein and Bagnold. Transformed to the form of (2-13) Meyer-Peter
and Mullers formula reads:

<D = 8(T*-0.047)3/2 (2-14)

which states that sediment transport starts as soon as the dimensionless shear

stress, T.*, exceeds 0.047, approximately the critical value given by Shields.
Equation (2-14) illustrates the sensitivity of sediment transport to shear stress x0

= yDS, which depends on the slope and depth of flow. Sediment transport is
thus very sensitive to the depth of flow in the case of shear intensities close to
the critical value.

All processes of scouring involve an aspect of time. During a flood the flow
parameters change, and the river tries to adapt its geometry according to the
flow. The depths given by scouring equations, or regime formulas, are obtained
using the assumption of equilibrium. During the passage of a flood the flow
may change rapidly, and therefore scouring does not reach its equilibrium
depth. This has to be taken into account, as Chang has done, for example in the
numerical program FLUVIAL 12 (Chang, 1987).

2.3 Unsteady flow

In natural rivers the flow is always more or less unsteady. Many open channel
flow phenomena of great importance to hydraulic engineering are unsteady, i.e.
either the depth of flow and/or the velocity vary with time. Examples of
unsteady flow are flood waves, tidal flow, debris flow, flash floods, and waves
generated by the operation of control structures such as sluice gates.

In spite of this, there have been few experimental studies of unsteady flow in
open channels. In the following sections we will distinguish between different
types of unsteady flow. Thereafter the characteristics of unsteady flow will be
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discussed on existing unsteady flow experiments. Finally the forces and erosion
caused by the most important components of unsteady flow will be examined.

23.1 Different types of unsteady flow:
Basically, there are two types of unsteady flow: the fluctuating flow due to
turbulence and hydrodynamic instability, and the organised motion due to
external disturbances (Telionis 1981). The first type is discussed in connection
with forces in steady flow. The second may be divided in two categories; free-
surface flow and pressurised flow. Pressurised flow might be flows in pipes,
ducts, tunnels or culverts. Unsteady free-surface flow includes oscillatory flow
encountered in coastal engineering and open channel flows in river engineering.
Quite a few experiments have been done on oscillatory flows, some in pipes or
tunnels (Carr 1981, Sleath 1987), and some in coastal models (Sarpkaya and
Isaacson 1981), but very few in open channels.

The waves most commonly encountered in unsteady open channel flow are the
translatory waves. The translatory wave is a gravity wave that propagates in an
open channel and results in an appreciable displacement of the water particles
in a direction parallel to the flow.

Unsteady open channel flow is classified into two types, namely, gradual varied
and rapidly varied unsteady flow. The first type refers to flows in which the
curvature of the wave profile is mild; the change of depth with time is gradual;
the vertical acceleration of the water particles is negligible in comparison with
the total acceleration; and the effect of boundary friction must be taken into
account. Examples of such waves include flood waves and waves due to slow
operation of controlling structures, such as gates and sluices in ship locks. A
single form of gravity wave is the solitary wave. It has a simple form,
consisting wholly of an elevation without any associated trough or depression.
Such a wave can be produced by a sudden horizontal displacement of a
boundary, i.e., a gate in a channel.

The second type refers to flows in which the curvature of the wave profile is
large; the change of depth of flow is rapid; the vertical acceleration of the water
particles is significant relative to the total acceleration; and the effect of
boundary friction can be neglected. Examples of rapidly varied unsteady flows
include the failure of a dam and surges which result from the quick operation of
control structures as sluice gates.

2.3.2 Velocity and shear stress distribution
When describing unsteady flow, it is necessary to know the degree of
unsteadiness, i.e., the rate of change e.g. of depth with time. Thus a single
parameter giving the overall characteristics of a hydrograph is required.
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Several proposals for such a parameter exist. Takahashi (1969) proposed the X
parameter:

(2-15)

where So is the bottom slope, Db the depth at base flow, Dp the depth at peak
flow, ATr the time from base to peak flow (see Figure 2.3). The X parameter is
the ratio of the rising velocity Vs to the vertical component of the wave celerity
c. On the basis of the ratio of unsteady to steady discharge, Suszka (1987)
proposed the HP1 parameter:

AT

in which u* is the shear velocity at base flow and AT the duration of the entire
hydrograph.

The k parameter was adopted by Nezu, Nakagawa, Ishida and Fujimoto (1993
a), but some shortcomings were discovered and they proposed the a parameter:

a ( 1 )

uc uc AT;
where Uc is the convection velocity of turbulent eddies estimated as: Uc=
0,5(Up+Ub). It is known from fluid mechanics that unsteady flow is related to
the pressure gradient in the streamwise direction. Graf and Altinakar (1991)
proposed on that basis the Clausers parameter:

P = - $ (2-18)

where S* is the displacement thickness and x0 the bottom shear-stress. This has
the disadvantage that it is difficult to find in open channel flow, and has to be
estimated, see Tu and Graf (1992).
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Figure 2.3. General hydrograph of a flood wave.

As far as velocity distribution in unsteady open channel flow is concerned three
systematic experimental studies exists. Tu and Graf (1992) measured the
velocity profile u(y,t) over a gravel bed by means of several micro propellers.
Nezu and Nakagawa (1993 a, b) measured two components of velocities [u(y,t),
v(y,t)] with a three-beam laser doppler anemometer (LDA). Song and Graf
(1996) measured three components of velocities with an acoustic doppler
velocity profiler (ADVP) on a rough bed. Some key data about the experiments
are shown in Table 2.1.

Investigator

Tu and Graf.
Nezu et al.

Song and Graf

So
(%)

0.2,0.5
0.01,
0.1

-0.6, 0.3

ds
(cm)

1.35,2.3
smooth,

1.2
1.23

D(cm)
(min., max.)

7,25
4,5.9

10.9,21.2

ATr

(s)
36-80

30-
120

19-82

U (cm/s)
(min., max.)

30,130
15.6,33.8

60.5,116.6

a(xlO3)
(min., max.)

1.97,5.15
0.69, 2.25

0.55,2.37

Table 2.1. Data range for experimental studies.

Here ds is the grain size diameter and So the bottom slope. All studies find that
experimental velocity of values coincide well with Coles' law (2-3) at all stages
of the flood including the rising and falling stages if the unsteady shear velocity
(u.>us) is used. An important finding is the variation in the wake parameter (TT)
with time. Whereas II is 0.25 in steady flow, it varies from 0.25 to 0.45 and
back to 0.21 during the passage of a flood wave (Nezu et al. 1993a). The scatter
of the B-values (= 8.5 ± 15%) and the Il-values are larger than in equivalent
steady flows, but this cannot be explained by any of the investigated
parameters. The conclusion is thus that the mean velocity profile u(y), is little
affected by the unsteadiness of the hydrograph (Song and Graf, 1996).
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All studies confirmed the counter-clockwise loop property of the velocity, and
showed the same to be valid for the bed shear stress. For equal depth, the point
velocity in the rising part of the hydrograph will generally be greater than in the
recession part. This gives a higher discharge during rising water level than
falling water level for a given depth (D). These properties can be seen from the
equation of motion:

u
-*• p-»

yL
X

' * •

dy

dx

T

5x

y

D

du du

~dt+u~b~x~
(2-19)

dD
-—
ox

1 dx
-—
p dy

• O.iu

where zero vertical velocity is
assumed.

From equation (2-19) the
shear stress on the bottom can
be obtained by integration
from y=0 to y=D. The shear
stress term transforms to:

, and rearranging the integral of equation (2-19) gives the
p(£>-0) pD

shear stress on the bottom in an unsteady flow as:

• 0,iu
_,_ idU UdU 3£>

= yD(So -Z---T-
g ot g ox ox

(2-20)

where U is the depth-averaged velocity in the x-direction. This means that
differences between To and xOiUS can be expected if either the acceleration terms
or the pressure term in equation (2-20) are significant. The studies by Tu (1991)
and Nezu and Nakagawa (1993 a, b) measured these terms. With the same
depth of flow in steady flow as in the raising part of an unsteady flow, they
obtained a maximum ratio of Xo

>us
2- The variation in bed-shear stress

during a hydrograph is shown in Figure 2.4, in which xAV is the average shear
stress during the hydrograph. The ratio is less at the peak and drop below 1 in
the recession part of the flow.
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Of

0.88 x 10"3

1.43 x 10"3

2.32 x 10'3

(D-DJ/AD

Figure 2.4. Bed shear during flood wave, Nezu et al. (1993c).

Both studies assumed kinematic waves and approximated the term dD/dx with -
(l/c)9D/5t. Together with the assumption |dU/9t| » |U9U/9x| in strongly
unsteady flow, Nezu et al. (1993c) simplified equation (2-20) and estimated the
bottom-shear stress as:

1 dQ j_3D

' gRHW~dt+ c dt
(2-21)

in which c is the celerity of the flood wave, W the width of the channel and RH

the hydraulic radius adopted for the side-wall effects. Equation (2-21)
corresponded well with the shear stress estimated from the measured velocity
profiles, and the measured Reynolds stresses.

From (2-19) we get the shear stress distribution by integrating from y to D:

x (x,y,t) = pgSo(D -y)-
31~\

—

ox
-y)-p U-^ + u-^-J dt dx

= T I + T 2 (2-22)

Equation (2-22) illustrates that shear stress at unsteady flow can be regarded as
being composed of three parts: X] from the bottom slope, t2 from the variation
in water depth, and x3 from the variation in velocity u. Both xx and x2 vary
linearly with y, while x3 varies non-linearly with y, since duldt varies both with
t andy.
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An important assumption leading from equation (2-19) to (2-22) is that the
vertical velocity v = 0. From the measurements of Tu we have v = dD/dt < 0.5
cm/s. Because this is much less than u (see Table 2.1), Tu concludes that the
assumption is valid. The shear-stress distribution is thus obtained from the
equation of motion, point measurements of u and y, and on the assumption that

2.3.3 Turbulence
In addition to velocity and shear stress, the type of flow also influences
turbulence. This can be observed in a rapid. At the top where the fluid
accelerates, the surface is smooth due to suppression of turbulence. At the
bottom of the rapid where the fluid decelerates, the surface is rough and
pulsating due to intense turbulence. This has been confirmed by experiments by
Graf and Song (1993) in steady nonuniform flow.

For unsteady flow both Nezu and Nakagawa (1993b) and Song and Graf (1996)
conclude that turbulence-intensity (RMS) values in the raising branch are
generally larger than those in the falling branch. The effects of unsteadiness on
open-channel flow turbulence may be condensed into the friction velocity u*.
As a result the dimensionless turbulence intensities u'lut, v'/u,, and the

Reynolds stress — uv lum are not as explicitly influenced by unsteadiness. That
is, they are about the same as for steady uniform flow.

23.4 Flow resistance
From the equation of motion (2-19) for unsteady flow the friction slope is given
by

S.s.
g dt g dx dx

Which give

dt d d

for the friction velocity in unsteady flow. When applying equation (2-3) for
velocity distribution in unsteady flow, u* must be calculated from equation (2-
24) and not with a steady flow assumption (S = So). Equation (2-24) shows that
the friction coefficients given in equation (2-4) also are affected by
unsteadiness. This is shown in the experimental results obtained by Tu (1991)
and in an unsteady pipe-flow study by Carstens and Roller (1959). It is seen
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that in accelerating flow, the friction coefficient / is usually larger than that in
decelerating flow. The variations in the friction coefficient / during the passage
of all hydrographs investigated by Tu (1991) are shown in Figure 2.5. The peak
depth is at t=47 sec. for NS1, t=90 sec. for NS2, t=58 sec. for NS3 and NS5,
and t=80 sec. for NS4. It is seen that / is usually larger in the rising branch, and
smaller in the falling branch.
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Figure 2.5. Time variations in the friction coefficient, / , in different
hydrographs, Tu (1991).

The descending tendency of the value of/in the rising branch is followed by a
less pronounced ascending tendency in the falling branch. A similar conclusion
was also obtained by Coleman (1962) from his investigation of natural
hydrographs.
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2.3.5 Forces
Due to the rapid variations in discharge possible in unsteady flow, there is
considerable acceleration and deceleration of the fluid. These accelerations
create forces and flow conditions that deviate from steady conditions. It is
therefore of interest to see when there is deviation from the theory concerning
steady flow conditions, and the magnitude of these deviations. Answers to these
questions are important in the area of downstream hazard assessment, flushing
of sediments, and other unsteady flow situations.

2.3.5.1 Impact
Until now very few studies have been carried out on forces in unsteady open
channel flow. However, the impact of surges or mudflows on check dams has
recently been investigated by Armanini and Scotton, (1993) and Daido, (1993).
The impact force has usually been obtained via the theory of momentum
change, which gives:

(2-25)

where pdyn is the dynamic pressure, p is the density of the fluid, and u the
impact velocity. Armanini and Scotton (1993) used this approach. They
substituted u in equation (2-25) with the celerity w of the wave front from the
classical dam-break problem. The celerity is given as

(2-26)

where ho is the initial depth upstream of the dam or gate. Substitution of the
wave celerity w into equation (2-25) gives:

o (2-27)

Assuming that the slope is such that the weight component in the flow direction
is balanced by resistance, the maximum impact pressure is equal to four times
the upstream depth. The experiments were performed in a tilted flume (6m long
x 0.4m x 0.4m) of slopes 20°, 25°and 30° with clear water and mixtures of
water and various plastic materials. The experiments with clear water and
smooth bottom confirmed (2-27) for a slope of 20°, but gave higher pressures
for slopes of 25° and 30°. Generally speaking the experiment confirmed a
linear relationship between pdyn and h^ In the case of rough bottom (ds = 0.3
cm), equation (2-27) gave too high values, and the ratio pdyn/ho was no longer
constant. This was explained by changed relative roughness. Comparisons of
measured wave celerity, w, to (2-26) gave a ratio less than one for all materials,
but the ratio of increased with ho- The slope of the flume was 25°. The authors
conclude that the results suggest that the dynamic impact does not depend on
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the height of the dam (ho), but on the front velocity, u, as in equation (2-25).
Nevertheless they propose to use equation (2-27) for design of structures
against debris flow.

Daido (1993) investigated the impact of mud-debris flow in cases in which the
mud-debris flow was regarded as a non-compressible fluid or a compressible
fluid respectively. The experiments were performed in a tilted flume (3m long x
0.3m high x 0.1m wide) at a slope of 45°. In the case in which a non-
compressible fluid was assumed, the equation of motion was applied to
establish a relationship between pressure and velocity potential E. The
maximum impact was estimated by:

Pdyn = P S

in which Atp is the damping time of pressure. A value of Atp = 0.0015 seconds
was adopted and the velocity potential was calculated numerically. A
comparison of measured pressure to the calculated pressure by equation (2-25)
gave a ratio from 5 to 12. Equation (2-25) has been obtained by the theory of
momentum which use one second as the time unit. According to Daido (1993),
the impact phenomena occur during the damping time Atp. Because Atp is less
than a second, equation (2-25) underestimates the pressure. The numerical
investigations revealed that the velocity distribution was important for impact
pressure. The front slope of the structure had no significant influence on
pressure.

In the case in which a compressible fluid or elastic impact condition was
assumed, the dynamic pressure could be calculated from:

Pdyn = PCpU (2-28)

where Cp is the propagation velocity of the pressure wave in the flowing
material, and u the impact velocity of the flow. Equation (2-28) cannot be used
when the impact velocity, u, is low. The experiments confirmed that there was a
linear relationship between dynamic pressure, p , ^ , and impact velocity, u. The
mud-debris flow tested consisted of rock, mud and water. Data were divided
into three relations by the type of collisions. Type i: fixed material; Type ii:
loose material; Type iii: sediment gravel collided as individual particles. The
experiments gave: i) cp = 9.6 m/s, ii) cp = 6.65 m/s, iii) cp = 2.92 m/s. This
indicates that the propagation velocity of a pressure wave, cp, in mud-debris
flow must be determined experimentally. It is not sufficient to use cp for the dry
material in solid form as this would overestimate the dynamic pressure pdyn.

The investigations of Armanini and Scotton (1993) and Daido (1993) showed
that equation (2-25) is not satisfactory except in the case of clear water. It is
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important to take the damping time, Atp, and the possibility of elastic conditions
into account when mixtures of water and sediments impact a structure.

In the case of a large flood, the river carries debris such as logs and boulders.
The movement of the debris represents large moments that have to be absorbed
by the structure when it is hit. The force resulting from such impacts is the rate
of change of momentum with time: F=d(mv)/dt. To estimate this it is once
again necessary to know the time within which the debris is stopped: the
damping time. An attempt to estimate this time was made by Faraday and
Charlton (1983). It is assumed that debris is moving at the same velocity as the
water and is arrested within a distance of 75 mm.

2.3.5.2 Oscillatory flow
In coastal engineering unsteady flow always has to be taken into account, for
instance in dimensioning offshore structures, harbours or breakwaters. With the
assumption of irrotational flow, or the condition of zero shear stress, we obtain
potential flow. The equations describing potential flow theory are easy to solve
and the most useful results are the pressure distribution on the solid surface and
the streamline pattern "near" the surface (but outside the boundary layer). The
force on a cylinder of unit length with radius r in oscillatory flow is given from
potential flow theory as:

F = 2p7tr2dU/dt = (1 +Ca)p7tr2dU/dt = CMp 7rr2dU/dt (2-29)

As seen from the second part of the equation, the force can be divided into two
parts. The first is the force on the water volume displaced by the structure. The
second is the force due to the change of velocity field in the vicinity of the
cylinder. The second force is called added mass as it is expressed by the mass
of the displaced cylinder volume. Ca is the added mass coefficient, and it
depends on the ratio: 2r/L, L being the wavelength. This coefficient can easily
be determined from the calculated velocity field, assuming potential flow. The
expression (l+CJ is often called the mass coefficient CM as shown in the last
part of equation (2-29).

Equation (2-29) assumes no separation due to the condition of irrotational flow.
This is the case if the velocity, U, is low, the period, T, is short, and the volume
of the structure is large. The condition for which equation (2-29) is valid is
given by the Keulegan-Carpenter number:

K = UoT/(2r) (2-30)

in which UQ is the amplitude of the water particle, while T is the period and (2r)
the diameter. If there is very little separation (that is K < 2), the theory of
potential flow is valid.
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For cylinders in waves in which separation occurs, the empirical equation
called Morison's formula is used (Morison et al., 1953):

= FM + FD = CMp7cr2 dU/dt + CDprU|U| (2-31)

This is the sum of the potential flow solutions, which account for inertia, and
drag. The first term dominates when K is small, the second when K is large.
Between these K-values the situation is complicated, and the CD and CM values
depend upon Reynolds number (RJ, Keulegan-Carpenter's number (K) and the
roughness of the surface. A detailed discussion of CD and CM is provided by
e.g., Sarpkaya and Isaacson (1981) and Chakrabarti (1987).

In the case of a breaking wave, there is an additional force from the impact of
the breaking wave front. The horizontal impact force per unit length can be
given as:

F s=pC srU2 (2-32)

where Cs is called the shock coefficient. Miller (1977) and Sarpkaya (1978)
have determined Cs for a circular cylinder as 3.6 and 3.2 respectively. The total
force from a breaking wave is thus the sum of equation (2-31) and (2-32) and
the result is shown in Figure 2.6.

Force

time

Figure 2.6. Total force from a breaking wave.

23.6 Erosion and sediment transport
From the discussions above, the unsteady fluid flow characteristics evidently
differ from steady fluid flow. Shear stress, flow resistance and turbulence all
change. Together with added forces due to acceleration or retardation, this
indicates that erosion and sediment transport in unsteady flow should differ
from their values in steady flow.
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Weiss (1993) investigated bottom shear stress and initiation of motion due to
solitary waves. A theoretical model of shear stress was verified and calibrated
by experiments using a shear plate. The model was employed on solitary waves
causing onset of movement of a given sediment. The sediment was sand in the
size range ds = 0.38 - 2.6 mm, with p s = 2650 kg/m3. The resulting peak stress
under these waves was found to exceed Shields' value by a considerable
amount. This critical value was found to depend on the ratio of sediment size to
flow depth ds/D.

Recently, a few investigations on sediment transport have been performed.
Suszka (1987) and Graf and Song (1995) performed laboratory experiments at
E.P.F.L., Lausanne, Switzerland, in a 16.8 m long 0.6 m wide flume. Sediment
transport was measured as bedload in unsteady flow. Suszka used two kinds of
uniform gravel, with diameters of 12.2 and 23.5 mm, (see Table 2.2).The bed
slope was changed from 0.005 to 0.025 and the bedload was measured for each
hydrograph. As an index to represent the characteristics of unsteady bed-load
transport, the quantity, e, was introduced.

e=(VSM-Vs)/Vs (2-33)

in which VSM is the sediment volume measured during the passage of a
hydrograph. Vs is the sediment volume calculated using the relation Vs=EQsAt.
The sediment discharge Qs was established in steady flow as a function of
depth D, for a given sediment ds and bottom slope So. Suszka obtained a
regression formula with respect to the relation between e and two representative
parameters of flow unsteadiness:

s = 226iHP\)0A5(HP2)°-5S - 0,3{i-e'2iOHf]) (2-34)

for which the regression coefficient was 0.8. HP 1 is defined in equation (2-16).
The second parameter is defined as

HP2 = dsSo/Dp (2-35)

in which ds is the sediment diameter, So the bed slope and Dp the peak depth.
HP2 is based on the ratio of the inertia force (or added mass) to the additional
drag force acting on the particle induced by the existence of the unsteady flow,
e varied from -0.15 to 1.2, indicating a maximum increase in transported
volume of about 100%.

Graf and Song (1995) used a sediment size of 12.3 mm and a slope of 0.0075
(see Table 2.2). The lower range of the velocity profile was measured with an
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Acoustic Doppler Velocity Profiler (ADVP). From those measurements the
shear velocity, u*, and thus the shear stress at the bottom, x0, could be obtained.
It was shown that a sediment transport relationship for steady flow can be used
to predict the sedimentograph, but the shear stress for unsteady flow condition
must be used. This can be calculated from equation (2-20), or by measuring
directly the friction velocity (from measured velocity profiles).

There are two mechanisms which might be distinguished in unsteady sediment
transport, as discussed by Tsujimoto et al. (1988). One is the direct effect of
flow unsteadiness. It results in an amplification of the sediment transport (as
reported by Suszka, 1988), and a phase shift of the sedimentograph compared
to the hydrograph. The phase shift correlates directly with friction velocity
which arrives well before the peak of the hydrograph (see Tu, 1991). The other
mechanism is a "relaxation process" brought about by a slow response that
appears among the subsystems in a "fluvial system". This results in a phase
shift that is characterised by suppressing the amplitude and a positive phase lag.
A typical example is the experiments conducted at the University of
Canterbury, New Zealand (Phillips and Sutherland, 1984). The first mechanism
is dominant if the unsteadiness is large and the bed consists of gravel. In the
case of a sand bed when dunes are formed, the deformation of dunes takes a
great deal of time, and the second mechanism may dominate (Tsujimoto et al.,
1988).

Fluvial processes take time and therefore depend on the duration of flow. For
this reason two investigations of the armouring under unsteady flow conditions
have been carried out. Both conclude that the parameter that describes
unsteadiness is important in predicting the final composition of the armour coat.
Noah (1989) uses the parameter P=(D/AT)(l/u*). Yen and Lee (1995) used the
HP1 parameter from equation (2-16) and performed their experiments in a 180°
channel bend with a constant radius of curvature. In addition to armouring,
they measured bed deformation, sorting, scour depth, deposition height,
transverse sorting and sediment transport in their experiments. To investigate
the effect of HP1 they used hydrographs of equal volume. The sediment
transport was assumed to be equal for the hydrographs of equal volume if HP1
had no effect. The increase in sediment transport is thus explained by HP1
alone. They conclude that scour depth, deposition height, transverse sorting and
sediment transport all increase with increasing HP1 value.
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Investigator

Suszka,L.

Graf and Song

Noun, M.

Yen and Lee

So
(%)

0.5-2.5

0.75

-

-

ds
(mm)

12.3,23.5

12.2

0.5-3

1

D(cm)
(min., max.)

6.4, 26

15.5,21.2

10,30

5.4, 12.3

AT
(minutes)

0.5-4.5

0.5-1.5

60-240

180-420

u, (cm/s)
(min., max.)

9.6,15.4

9.0

-

3.1

HP1 (xltf)
(min., max.)

0.93,18

6.1,16.1

-

0.046,0.22

otCxlO3)
(min, max)

0.2,3.49

1.35,3.11

-

0.01, 0.05

Table 2.2. Data range for experimental studies with unsteady sediment
transport.

2.4 Numerical modelling

As discussed above, unsteady flow conditions differ significantly from steady
flow. In addition the hydrodynamic force depends on the local flow pattern.
Thus it is important to determine the flow in detail. Commercial numerical
models, which determine 3-D unsteady open-channel flow are now available.
These versions are presently very expensive and the source code is unavailable.
These programs are therefore less applicable to this study. Universities and
various organisations offer models that are less general, but which cover the
same situation. These are often available without fee. An example of such a
model is SSIIM (Olsen, 1991).

2.5 Discussion

The characteristics of steady and unsteady flow have been reviewed. Recent
investigations on the hydraulics of steep rivers have revealed that higher n-
values than previously anticipated should be used (Jarret, 1994). This has led to
the conclusion that supercritical flow does not occur in large floods in natural
channels except for short distances (Trieste, 1994). These findings are
important for modelling large floods in steep rivers.

Many investigations on hydrodynamic forces in steady flow have been carried
out. Nevertheless there remain inconsistencies, especially on drag coefficients
for bridge girders and decks (Wellwood and Fenwick, 1990). Regarding
hydrodynamic load on bridges, possible accumulation of debris and debris
impact make load calculation even more uncertain. The common design
strategy is a qualified guess, e.g. on the size of debris mat, the equivalent drag
coefficient, the mass of the impacting object, and damping time. Examples are
given in Farraday and Charlton (1983). Due to the high natural frequency and
high damping time of bridges, calculating the mean component of the dynamic
load is regarded as satisfactory (Wellwood and Fenwick, 1990). This does not
include situations of impact of steep wave fronts or an oscillating water surface
beneath the bridge. In such situations, resonance may occur.



Literature review 26

When the flow situation changes, the river course adapts to the new situation by
scouring, deposition and sediment transport. Several equations describe these
phenomena, but the specific situation for which they were developed must be
taken into account. In the case of scouring the equations differ, depending on
whether clear water, water with sediment transport, sand or gravel bottom are
assumed, and the flow conditions. Guidelines on the estimation of scouring are
given, for example, by Farraday and Charlton (1983).

In the case of unsteady open channel flow some investigations have been
carried out, including three studies of velocity distribution in unsteady flow,
two of shear stress in unsteady flow, and a few of sediment transport or
movement in unsteady flow. To describe the unsteadiness of a flood wave

1/ dp/several parameters have been proposed. Since the pressure gradient /Pg' /&

is estimated by /JJ ' /dt (if the kinematic wave assumption is used), all
parameters described are related to the ratio of the rising speed of water surface

(8D I dt) to a characteristic velocity. Since u, = Jxy£ oc JJ, the HP1 and the a

parameters are almost identical. Due to difficulties in estimating P and the
shortcomings of X, the alternatives are HP1 and a, when describing the overall
characteristic of a hydrograph.

The effects of unsteadiness on velocity distribution, shear stress and flow
resistance have been examined by Tu (1991), Tu and Graf (1992), Tu and Graf
(1993), Song and Graf (1996) and Nezu et al. (1993a). This findings are that the
known velocity distributions, the log-law (2-1) and Coles' law (2-3), can be
used for unsteady flow. This requires the use of the unsteady shear velocity,
given in (2-24) and in equations (2-1) and (2-3). The shear velocity can be
calculated from equation (2-16), from measured velocity profiles or from
measured Reynolds stresses (Nezu et al., 1993c). As it is revealed in unsteady
turbulent boundary layers (Carr, 1981) and open channel flow (Tu, 1991), the
unsteady effects are often confined to a thin layer near the wall or bottom. This
has effects on both shear stress and friction through the shear velocity (u+).

The experiments by Tu (1991) and Nezu et al. (1993 c) confirm this for
hydrographs in which the unsteadiness parameter, a, ranges from 0.0007 to
0.0052. The influence of a is significant as illustrated in Figure 2.4., but none
of the investigations have examined the relationship between a and deviation
from steady theory.

Few experiments on forces in unsteady open channel flow have been made, but
in the case of oscillatory flow a large number of studies have been performed.
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A special case of unsteady open channel flow that has been investigated is the
impact of a surge. The investigations of Armanini and Scotton (1993) show that
the dynamic pressure from clear water impacting a wall can be calculated using
the theory of momentum as in equation (2-25). In the case of debris flow,
damping time as introduced by Daido (1993) has to be taken into consideration
if equation (2-25) is to be used. If the fluid can be regarded as compressible,
Daido (1995), proposed to use equation (2-28) in which the propagation
velocity of a pressure wave in the flowing material has to be determined.
Equations (2-25) and (2-28) are valid when the whole flow is stopped or
reflected by a wall, for example. A similar expression is used for the impact of
a breaking wave (equation (2-32)) The only difference is a coefficient
dependent on the geometry of the structure. In the case of unsteady flow around
a structure useful results can be found in the theory of oscillating flow. In
Morison's equation (2-31), the additional force due to acceleration (added
mass) is proportional to: du/dt, the mass of the displaced water, a coefficient
dependent on the flow condition, and the geometry of the structure. Whether
this theory is directly applicable to unsteady open channel flow or not is
questionable, due to the condition of constant separation in open channel flow.

As discussed above, unsteady flow affects shear stress and friction. As a result,
mechanisms of erosion and sediment transport must also be affected. This is
confirmed over a wide range of a for all experiments discussed here. The
unsteadiness parameter a varies from 10'5 for the experiments by Yen and Lee
(1995) to 1(T for the experiments by Suszka (1988) and Graf and Song (1995).
Yen and Lee and Suszka conclude that the sediment transport compared to that
of steady transport increase with a. Graf and Song indicate the opposite:
sediment transport is overestimated in the descending part of the hydrograph, in
the case in which steady theory is applied. As discussed in connection with
equation (2-14), the rate of sediment transport is very sensitive to depth and
bottom slope, especially close to critical conditions. An increase in depth or
slope in the order of 5 and 10% respectively will produce about the same
increase in sediment transport as unsteady flow gave in Suszka's experiments.

The onset of sediment motion due to solitary waves was investigated by Weiss
(1993). This type of unsteady flow, of very short duration, gave critical shear
stresses considerably above Shields' value.

There are two mechanisms that might be distinguished in unsteady sediment
transport (Tsujimoto et al., 1988). One is the direct effect of flow unsteadiness,
which amplifies the sediment transport. The other mechanism is a "relaxation
process" brought about by slow response appearing among the subsystems in a
"fluvial system" which suppresses the sediment transport. The first mechanism
is dominant if the unsteadiness is large and the bed consists of gravel. In the
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case of a sand bed when dunes are formed the deformation of dunes takes much
more time, and then the second mechanism may dominate.

2.6 Conclusion

This literature study summarises earlier findings. These formed the point of
departure for the specific research objectives of the present study, -which are
presented here.

A. For steady flow.
Create a basis for comparison of unsteady flow by:
1. Measuring the hydrodynamic force in steady flow as a function of discharge.
2. Measuring the threshold of erosion for a given sediment particle size.

B. For unsteady flow:
1. Measure the hydrodynamic forces involved in unsteady flow as a function of
the unsteadiness parameter a.
2. Measure the impact of a breaking wave on a cylinder of rectangular cross
section.
3. Determine whether the threshold of erosion for steady flow can be applied to
unsteady flow by measuring threshold condition as a function of the
unsteadiness parameter a.

C. Modify and apply a 3-D numerical model of unsteady flow for detailed
calculations of hydrodynamic forces.
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3. Experimental setup

3.1 Introduction

The experiments were performed at the Laboratory of the Department of
Hydraulic and Environmental Engineering, Norwegian University of Science
and Technology (NTNU). This chapter describes the experimental setup: first, a
description of the flume and the instruments used to measure water depth, flow
velocity, discharge, hydrodynamic forces and initiation of motion; secondly the
experimental procedure used and finally the data acquisition and processing.

3.2 Flume system

3.2.1 The Flume
The flume system and the water circuit are shown in Figure 3.2. The flume
itself is 0.6 metres wide, 0.8 metres high and 26,5 metres long. The bed is made
of concrete and the walls are of glass, making it possible to watch or film the
experiments. The flume rests on adjustable columns (5) that make it possible to
change its slope. Inside the flume, straightening tubes and/or screens (4) are
placed at the upstream end. At the downstream end the water falls trough a
rectangular sharp-edged crested hole in the bottom and into the recirculating
channel (6). No flow-control system was used at the end of the flume. (The
drawdown had no influence on the working section 10 m upstream.)

3.2.2 The water circuit
The water circuit consists of a large reservoir (7), the flume itself and a channel
for the recirculating water (6). The reservoir has a volume of 44 m3, which is
sufficient to ensure an approximately constant water level. From the reservoir
water is pumped by two pumps, PI and P2. Pump PI delivers a maximum of
about 1001/s at 4 m of head, with an input of 11 kW. Pump P2 delivers a
maximum of about 90 1/s at 4 m of head, with an input of 9 kW. The discharge
in the pipe (8) is measured with an DN 200 electromagnetic flowmeter (9) with
1% accuracy. For regulation of flow an automatically operated gate valve (V3)
is located between the flowmeter and the flume. The valve is pneumatically
driven and positioned by an electropneumatic rotary positioner. For the
unsteady flow experiments this valve was operated electronically by a
microprocessor with a desired time-dependent input function. The regulated
flow enters the flume trough the bottom and flows through the straightening
tubes (4).
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3.2.3 The flume bed
The flume bed is of concrete. This bed was utilised during the experiments on
hydrodynamic forces on a structure. The bed was modified for the experiments
on initiation of motion. Starting at the upstream end, downstream of the
straightening tubes (4) the following sections of the bed can be distinguished.
a) A rigid bed 4.8 metres long, consisting of a single layer of gravel glued to a
false bottom. The sediment used was d50= 10.6 mm. in order to ensure a fully
developed turbulent boundary layer, a transition zone is required before the
measuring section. The necessary length of this zone is 3.31 metres (see
Appendix A).
b) The measuring section, with a mobile bed consisting of a 5 centimetre thick
layer of gravel. The 5.2 metre long section was made of naturally packed gravel
with ds0= 10.6 mm (for more information about the sediment, see below).
c) A rigid bed 2.4 metres long and identical to section a). This part of the bed
was used to avoid backwater effects created by the free overflow at the end of
the gravel-covered sections.

The sediment used in the experiment consisted of commercially available
crushed rock. Its characteristics are summarised in Table 3.1. The density, ps,
for the sediment particles was determined. The measuring procedure consisted
of: a) measuring the dry mass of some particles, b) measuring the mass of the
same particles immersed in water. This gave the volume, mass and thus the
density of the sediment. The procedure was repeated four times and the average
value and its standard deviation are presented in Table 3.1.

Property

Size

dso [mm]

10,6

d«) [mm]

11,3
Ps [g/cm3]

2,876
o [g/cm3]

0,078

Table 3.1. Sediment characteristics

The size distribution obtained by sieving the sediments is shown in Table 3.2.
The class-size intervals are those separating the different sieves, and the
cumulative size distribution frequency is based on the weight of material in
each size interval. The corresponding distribution curve is shown in Figure 3.1.

Diameter of the holes in the
sieve [mm]

0 - 4,75
4,75 - 9,5
9,5 -12,5
12,5 - 16
16-19
19-24

Cumulative
weight [kg]

0,064
3,568
8,852
10,764
11,066
11,083

Cumulative percentage
[%]
0,58
32,19
79,87
97,12
99,85
100,00

Table 3.2. Size distribution obtained by sieving.
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Figure 3.1. Size distribution of sediment used.
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P1 Pump with capacity of 100 l/s
P2 Pump with capacity of 90 l/s
V1 Manually operated valve
V2 Manually operated valve
V3 Automatic valve
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1 Capacity water surface gauges
2 Micro propeller
3 Square cylinder with force traseducer
4 Straightening tubes
5 Adjustable columns
6 Redrculating conduit
7 Reservoir
S Pipe
9 Electromagnetic flowmeter

Figure 3.2. The Flume System.
to
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3.3 Instrumentation

33.1 Water depth measurements
Three capacity water surface gauges (1) were used. The capacity gauge consists
of two 0.1 mm stainless steel wires placed 10 mm apart. When the wires are
immersed in water an electric current that varies with the depth of immersion
passes between them. The conductivity of the circuit thus changes
proportionally. The meter that recive the signals from the capacity gauges was
developed at the Danish Hydraulic Institute (DHI).

The capacity gauges were placed in the middle of the flume at distances of 5 m,
8 m and 13 m from the straightening tubes (4). Before each set of experiments
the capacity gauges were calibrated and checked. During the steady flow
experiments the accuracy of the capacity gauges was tested. For 17 different
discharges ranging from 30 to 164 1/s the water depths were measured
simultaneously with capacity gauges and ordinary gauges. This gave a
maximum deviation of ±1.5 % for each of the capacity gauges tested (see
Appendix C).

3.3.2 Velocity measurements
To measure the point velocity, micropropellers (2) made by Nixon
Instrumentation were used. Two types of probes exist: the 403 low-speed probe
for the range 2.5 to 150 cm/s, and the 404 high-speed probe for the range 60 to
300 cm/s. Both probes have an accuracy of 1% within their ranges.

The sensing probe (Figure 3.3) is a
measuring head joined by a slim tube
to the plug and socket that connects to
the current meter. The measuring
head, with a diameter of 10 mm,
comprises a five bladed PVC rotor
mounted on a hard stainless steel
spindle, itself terminating in fine
burnished conical pivots which run in
jewels mounted in a shrouded frame.
Minimum frictional resistance is thus
ensured. An insulated gold wire

Figure 3.3. Low-speed probe 403.

within the tube terminates 0.1 mm from the rotor blade tips. When the rotor is
moved by the flowing water, the passage of the rotor blades past the gold wire
tip slightly varies the measurable impedance between the tip and the tube. The
variation is used to modulate a 15 kHz carrier signal, generated within the
current meter, which in turn is sent to the electronic detector circuits.
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Automatic compensation is made for changes in liquid conductivity. After
amplification and filtering of the carrier frequency, a square wave signal is
obtained. In the analogue indicator this is used to drive a diode pump integrator,
giving a current signal that is proportional to the rate at which the rotor turns. In
the digital indicator the pulses are counted over a known period of time to
obtain a digital reading.

Since the probes are delicate instruments, fine material like hair and fibres may
obstruct the rotor spindle. To avoid this the water in the reservoir was cleaned
continuously, and the propeller was examined, and cleaned if necessary before
each sequence of experiments.

3.3.3 The model
In order to measure the dynamic forces a Plexiglas model, as shown in Figure
3.4, was employed. The model is 70 mm wide, 100 mm long and 450 mm tall.
To keep the mass of the model as low as possible it was made of 5 mm
Plexiglas plates. Within the model a force transducer (strain gauges) is attached
to it at a height of 150 mm. At a height of 300 mm the model is divided into
two parts, which are connected only through the force transducer. The gap is
sealed with waterproof elastic material. The material does not transfer force, so
the force measured is acting only on the lower 300 mm of the cylinder of
rectangular cross section.

•

Strain
gauges —

V.
—.

15 cm

t

30 cm

i

10 cm

n
m
IT
_

Elastic waterproof
material

^

_ Plexi
glass

— Aluminium

7 cm

Figure 3.4. The Plexiglass model and its force transducer.
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3.3.4 Force transducer
In order to measure the force on the model (3) a force transducer was placed
inside it as shown in Figure 3.4. The force transducer is supported at the top.
Figure 3.5 shows details of the measuring principle in the force transducer.

Low pass filter

5VDC

Hottinger bridge
amplifier

Force transducer (Wfaeatstones bridge, 120 ohms)

Figure 3.5. Diagram of the force transducer.

An indentation was made in the shaft, so that only a thin membrane remains in
the middle of the shaft. On this membrane were placed four strain gauges
forming a Wheatstone bridge to measure shear deformation in the membrane.
The shear or horizontal forces on the structure are thus measured. The force
transducer was developed at MARINTEK, SINTEF Group, in Norway.

3.4 Experimental Procedure

3.4.1 Introduction.
The purpose of this study is to investigate the effect of unsteadiness on
hydrodynamic forces. To do so it is necessary to know the situation in steady
flow. Thus depth, velocity, discharge, force and initiation of motion were
measured in steady flow and used as a reference when the effects of
unsteadiness were investigated. The unsteady flow was created by the
automatic operation of a valve. The hydrographs created are drawn
schematically in Figure 3.6. The unsteadiness of the wave is described by the a
parameter, defined in equation (2-17), which was varied from 0.0007 to 0.099.
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Figure 3.6. General hydrograph of a flood wave.

3.4.2 Preparation.
Prior to every set of experiments the force transducer, the capacity gauges and
the micropropeller were inspected and calibrated. The instruments were
connected to the data acquisition system (the DaqBook, see Chapter 3.5) and
calibration curves were established. In order to obtain stable conditions during
the experiments, water was allowed to flow at a high rate for about 15 minutes
before each experiment. The instruments were placed in the flume, and the
experiments could start.

3.4.3 Steady flow.
The main purpose of the steady flow experiments was to establish a reference
for the study of the effects of unsteady flow. In addition the accuracy of the
capacity gauges had to be tested and the relationship between discharge and
opening of the automatically operated gate valve (V3) had to be established.
Finally, the relationship between a measured point velocity and the average
velocity at that section had to be established.

The flow into the flume is regulated by the automatic gate valve (V3). In order
to obtain the desired discharge it is necessary to know the relationship between
the gate valve position and the discharge. This was established by making 100
measurements of valve positions and their corresponding discharges.
Discharges were measured by the electromagnetic flowmeter (9). This
calibration makes it possible to make an accurate measurement of the discharge
without using the electromagnetic flowmeter. This is necessary in the case of
rapidly varying flow, due to the slow response of the electromagnetic
flowmeter.

The hydrograph changes between the valve and the measuring section. It is
therefore necessary to find the discharge here as well. This is done by the use of
a micropropeller. Multiplied by u,/U, equation (2-1) reads:
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Uu. UK ks U
or

— =A1ln-^- + A2 with A,=U./(UK) and A2=u./(UB) (3-1)
U ks

As seen from equation (2-4) and discussed in Chapter 2.2.2 the ratio u»/U is
constant in turbulent flow for a given roughness. Thus A, and A2 are constant
and equation (3-1) gives the average velocity as a function of a measured point
velocity and its corresponding depth.

During the steady flow experiments such a function was established between
the relative immersion of the propeller (yp/D) and the ratio of the measured
point velocity to the average velocity (up/U):

^ = /(^) (3-2)
U D

For details see Appendix C and D. This was done for both bottom types used.
From these relationships it is possible to obtain the discharge at the measuring
section by measuring a point velocity and its corresponding depth. In the case
of steady flow the discharge measured in this way corresponded very well with
the one from the electromagnetic flowmeter.

Forces:
The measuring section for velocity is about 11 metres downstream of the inlet,
thus ensuring a fully developed flow (see Appendix A). At sections 5, 8 and 13
m downstream of the straightening tubes, depths were measured. At x = 8 m the
velocity was measured using a micropropeller. The hydrodynamic force on the
rectangular cylinder was measured at x = 8.8 metres. The sampling frequency
was 10 Hz for 30 seconds, giving 300 samples for each variable. From time to
time the measured data were displayed to ensure that the data acquisition was
working well.

In order to establish a reference for the study of hydrodynamic forces in
unsteady flow the relationship between discharge, depth, velocity and drag
force in steady flow had to be established. This was done for 29 different
discharges ranging from 9 to 1641/s. The data range for the steady flow
experiments is shown in Table 3.3 and Appendix C. In order to ensure steady
condition while measuring, the discharge was adjusted five minutes before the
measurements were taken.



Experimental setup 38

No. of
runs
29

[mm]
Smooth

So

0

Range

Min.:
Max.:

D
[cm]
4.9
27.8

U
[cm/s]

31
99

Q
[1/s]
9

164

Fr

0.45
0.60

(104)
1.3
14.2

RH
[cm]
4.2
14.4

Table 3.3. Data range for experiment on hydrodynamic force - steady flow.

Initiation of motion:
The measuring section for velocity is about 8 m downstream of the upstream
end of the rigid bed, thus ensuring a fully developed flow (see Appendix A). At
sections 5, 8 and 11 metres downstream of the straightening tubes, depths were
measured. The sampling frequency was 10 Hz for 30 seconds, giving 300
samples for each variable. From time to time the measured data were displayed
to ensure that the data acquisition was working well. Characteristics of the
experiments on initiation of motion in steady flow are shown in Table 3.4.

No. of
runs

4
17

5

[mm]
10.6
10.6

10.6

So

0.0081
0.0090

0.0099

S
(n=0.0172)

0.0082
0.0093

0.0096

D
[cm]
19.3
6.1-
18.1
15.4

U
[cm/s]

126
68-
130
124

Q
[1/s]
145

24.7-
141
114

Fr

0.92
0.88-
0.98
1.0

(105)
1.5

0.34-
1.47
1.26

RH
[cm]
11.7
5.1 -
11.3
10.2

Table 3.4. Characteristics of experiments on initiation of motion - steady
flow.

3.4.4 Unsteady flow.
Both hydrodynamic force and initiation of motion were investigated. In both
cases a wave is released upon a base discharge. Once the base flow was
established the actual hydrograph was created by automatic operation of the
valve according to the preferred hydrograph. The discharge through the valve
(Qv) was obtained by measuring the actual valve position and subsequently
transforming it into a discharge. Due to attenuation the discharge at the
measuring section (QP) differs from the one at the valve, being lower than the
latter, and having a time lag of about 9 seconds. The discharge at the measuring
section (QP) was obtained from equation (3-2) as described in Chapter 3.4.3. In
the following sections, unless specified, QP will be used and referred to as Q.
Examples of hydrographs created are shown in Figure 3.7

For equation (3-2) to be valid in unsteady flow, the ratio u./U must remain
constant. This is confirmed (Tu, 1991) for "engineering applications". As stated
by Carr (1981), the unsteady effects are often confined to a thin layer near the
wall, while the outer region is not greatly affected. Thus equations (3-1) and (3-
2) can be used to estimate the discharge, while they might produce errors in
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evaluating the friction velocity. The total volume of the hydrographs obtained
from the micropropeller and the electromagnetic flowmeter were compared.
This gave a maximum deviation of ±3 %. During the experiments yp/D > 0.2,
that is outside the inner region.

Forces on a structure:
During the experiments with the rectangular cylinder in the flume the following
parameters were measured: depth at x = 5 m and x = 8m, velocity at a constant
depth at x = 8 m, force in the streamwise and cross streamwise direction at x =
8.8 m, and the position of valve V3. All measurements were recorded with the
same frequency (10 Hz) and sampling time. A frequency of 10 Hz was
necessary in order to obtain a sufficient resolution of the measured parameters.
The sampling time varied with the duration of the hydrographs: from 90 to 200
seconds. Each of the hydrographs was repeated five times in order to achieve
the necessary accuracy. All the hydrographs used during experiments on
hydrodynamic force are shown in Figure 3.7.

Initiation of motion:
During the experiments with gravel bed in the flume, the following parameters
were measured: depth atx = 5m, x = 8m and x = 11 m, velocity at a constant
depth at x = 8 m, and the position of valve V3. All measurements during one
hydrograph were recorded at the same frequency (10 Hz) and sampling time. A
frequency of 10 Hz was necessary in order to obtain sufficient resolution of the
measured parameters. Sampling time varied with the duration of the
hydrographs, from 60 to 120 seconds. Each of the hydrographs was repeated
five times in order to obtain the necessary accuracy.
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Figure 3.7. Hydrographs loaded on the structure (ranged after increasing
a).
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3.5 Data acquisition and processing

3.5.1 The acquisition system - DaqBook/100
The data acquisition system is shown schematically in Figure 3.8. The central
part of the system is the DaqBook/100 system developed by IOtech, Inc.,
Cleveland, Ohio, USA. It consists of a hardware part and a software part. The
hardware can transfer data bidirectionally at up to 170 Kbytes/s, permitting
real-time acquired data to be stored in the PC's memory and hard drive. The
software offers a graphical Microsoft Windows application that allows the user
to specify the sampling time and frequency, display data acquired from an
application directly on the screen, save data to disk, or easily transmit the data
to other Windows applications.

The DaqBook/100 receives the input signals from the capacity gauges, the
micropropeller and the force transducer via their separate indicators, and it
records data directly from the automatic valve (V3).

3.5.2 Data treatment
In the case of steady flow, the data were converted to their physical units
according to the calibration curves that had been established. The 300 samples
of each parameter were then averaged to obtain the time mean value.

For the unsteady flow experiments a more complicated treatment was
necessary. As mentioned, each hydrograph was repeated five times to ensure
the sufficient accuracy. The raw data obtained were then treated as follows:

1. Calculating the average of the five samples taken at the same place
and at the same time instant during the hydrograph.

2. Calculating a time mean from the averaged data with a discrete
Fourier transform (DFT). This is smoothing of the data, necessary to analyse
the flow. The averaging procedure is discussed in Chapter 4.4 and shown in
Figure 4.7.

3.5.3 Dynamic response
Because the model is not completely stiff it will respond to the load forced on
it. How it will respond depends upon the natural frequency of the model. If the
load period, that is the time from base- to peak load, is of the same order as the
models natural frequency, it is possible to obtain dynamic amplification. Thus
the measured force is not only a hydrodynamic force. This has to be taken into
account. To do so the natural frequency of the model was checked. It was found
that the shortest load period (the case of a breaking wave front) was longer than
the natural frequency of the model. Thus dynamic amplification is of no
significance.
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4. Hydrodynamic forces on a cylinder in unsteady
flow

4.1 Introduction
This chapter studies the hydrodynamic force on a cylinder of rectangular cross
section in unsteady open channel flow. In order to examine the significance of
unsteady flow upon forces on structures, several experiments on a model have
been performed. First the force in steady flow was measured in order to find a
relationship between discharge and force measured. Then several hydrographs
were created and discharge and force measured. Comparing the results from the
steady flow to those from unsteady flow permitted the significance of
unsteadiness on forces to be found. This is described and discussed in this
chapter.

First, some theoretical considerations concerning forces and unsteady flow are
made. Secondly, the results from the measurements are presented. The steady
flow measurements give the drag coefficient (CD) as a function of discharge
and the unsteady flow measurements give the hydrodynamic force in unsteady
flow as a function of the discharge and the unsteadiness or wave parameter a.

Thirdly, the measured data from unsteady flow are analysed. Finally, the results
are presented and discussed, and conclusions are drawn.

4.2 Theoretical considerations

4.2.1 Hydrodynamic force in unsteady flow
If the flow can be regarded as one-dimensional, and vertical accelerations can
be neglected and if the bottom slope of the channel is small, then the equation
of motion can be written as in equation (2-23):

\8U UdU 3D

s = so— -zr~"5r (2-23>
g ot g ox ox

The equation consists of terms for the physical processes that govern the flow.
These terms are, in order of appearance: friction force, proportional to the
friction slope S, gravity force, proportional to the bed slope So, local
acceleration, which describes the change in momentum due to change in
velocity over time, convective acceleration, which describes the change in
momentum due to change in velocity along the channel, and pressure force,
which is proportional to the change in the water depth along the channel. The
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local and convective acceleration terms represent the effects of inertial forces
on the flow. All these terms act on a body of fluid. If the fluid is replaced by a
body at rest, the local flow pattern would be changed, but the same terms would
be present. The friction force is then the resistance force exerted on the fluid
from the body, while the gravity and pressure force constitute the drag and the
inertial force is the added mass (inertia force). In other words:

SpgV~F = FD + F M = C £ ^ s + C w P V ( ^ + t / ^ ) (4-1)
2 ot ox

in which the coefficients CD and CM reflect the influence of the local flow
pattern created by the structure. In order to investigate the effects of
unsteadiness on the force, the partial derivatives in (4-1) should be known.
Spatial derivatives are difficult to obtain from measurements, even in a
laboratory. If the kinematic wave assumption is used, the spatial derivatives can
be transformed into temporal derivatives. To an observer following the wave
front, the depth and velocity seem constant for a kinematic wave; thus the total
derivatives are zero:

,n 3D , 3D . n dD idD
dD =—dx + —dt = O O — = (4-2)

dx dt d dt

dD _
dx ~

3U _

dx ~

IdD
c dt

\dU

c dt
J T r dU , dU , . dU \dU
dU = dx + dt = 0 <=> = (4-3)

dx dt dx c dt

in which c = dx/dt, or the wave velocity. If we put (4-2) and (4-3) into equation
(2-23) the friction slope is expressed in time-dependent terms only:

c dt g c dt

These are easier to measure in the laboratory than spatially dependent terms. If
(4-2) and (4-3) are substituted into the equation of continuity, it is possible to
express the term dU/dt using the term 5D/5t:

da 3D n

Equation of continuity: 1 = 0 (4-5)
dx dt

Substitution of (4-2) and (4-3) into (4-5):

^dU rTdD dD n _ , \dU. Tlt 15£> dD n

D— + U — + — = 0 o £>( ) + £/( ) + — = 0
dx dx dt c dt K c dt dt
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gives:

t/3D cdD c-UBD
dt ~ Ddt +D dt~ D dt

If this expression is substituted into (4-4) it is possible to express the friction
slope as a function of the time variation of depth only:

According to this equation it is possible to find the friction slope by measuring
depth and velocity at one location.

With the above equations equation (4-1) can be simplified. Putting (4-3) into
(4-1) gives the hydrodynamic force as:

F = CD ?-U2As + Q p V ( l - - ) ^ (4-8)
2 c dt

Alternatively, if (4-6) is substituted for (4-8), the hydrodynamic force can be
expressed as:

According to (4-8) and (4-9) it is possible to evaluate the hydrodynamic force
by measuring depth and velocity at one location. As can be seen from the
second term in (4-8), the contribution from inertia (added mass) is directly
proportional to local acceleration. It also depends upon the ratio of the average
velocity of the flow and the kinematic wave celerity, given in (4-10). If this
ratio increases towards unity, the contribution from inertia decreases.

For a kinematic wave the wave velocity is given by Kleitz-Seddons law:

Ckin = dQ/dA (4-10)

If Manning's formula is applied as the discharge equation, equation (4-10)
gives the kinematic wave velocity as c^,, = 5/3 *U for a wide rectangular
channel (see e.g. Henderson, 1966). If this is applied to equation (4-7) we get:
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4 ^ f
From this simplified expression of the friction slope it is easier to evaluate the
effect of unsteadiness on the flow. For a discussion of different methods of
estimating the friction slope, see Chapter 5.3.2.

4.2.2 Dimensional analysis
A more formal method of establishing a relation for the force is dimensional
analysis. The hydrodynamic forces exerted on a body at rest in moving water
are a function of the body's geometry, fluid properties, the history of the flow
and the flow properties (Sarpkaya and Isaacson, 1981). The stationary and
uniform flow of a given fluid are determined by their average velocity U, by the
depth D and by the force of gravity g which generate the flow. For unsteady
flows like the one shown in Figure 3.6 the overall characteristic of the wave can
be given by the wave height AD and the time of rise ATr. Thus there should
exist a function:

A (b, 1, k, n, p, t, U, D, g, AD, ATr, F) = 0 (4-12)

where b is the width of the cylinder, 1 the length of the cylinder in the
streamwise direction, k the cylinder's roughness, u the dynamic viscosity of the
fluid, p the density, t the time and F the hydrodynamic force. The function (4-
12) contains the dimensions length, time and mass. A formal dimensional
analysis reduces the number of parameters by three. From the possible
dimensionless functions the following was chosen:

. — T | _^_ ____ ________^ ' ___ _ _ _ _ ^ _ _ _ _ _ J / ^ 1 T J

pU2Db b'l'D'Jg~D' [i ' b 'UATr'ATr

Here F/pU2Db is the total force coefficient CF. D/b and D/l is relative
immersion of the body, while k/D is relative roughness. U/(gD)1/2 and UDp/u
are recognised as the Froude number Fr and the Reynolds number R,.
respectively. UAT/b is a dimensionless number named Kr, equivalent to the
Keulegan-Carpenter number K employed in oscillatory flow. 1/U* AD/ATr is
the unsteadiness parameter a, and t/ATr the relative time. With these
abbreviations the function becomes:

CF =Aj,j,±,F,,R.,K,,a,-±r) (4-14)
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For structures with sharp edges and thus fixed separation points, the influence
of relative roughness k/D and Reynolds number R,. can be neglected. If the
structure is short (e.g., D/l > 1) the possibility for reattachment of the separated
flow is low, and the parameter D/l is thus redundant. The Keulegan-Carpenter
number K is applied in oscillatory flow to consider the degree of separation, or
in other words the importance of drag force. A high value of K indicates
oscillations of low frequency and thus development of fully separated flow. For
fully separated flow K has no significance. The upper limit depends on the
body geometry. Since the cylinder is at rest in water moving only in one
direction with a K,. number greater than 80 (equivalent to a K of 190), the K,
number can be neglected. To eliminate time as an independent variable, the
data have been treated with an averaging procedure described in Chapter 4.4.
The force coefficient can be written as:

CF=ffi-,Fr,o.) (4-15)
b

The hydrodynamic force on a rectangular cylinder at rest in unsteady flow is
thus a function of its relative immersion, the Froude number and the
unsteadiness parameter. The influence of unsteadiness, i.e., inertia, is expected
as shown in, equation (4-9), for example.

If AD and UATr are considered as the wave height and wave length
respectively, the unsteadiness or wave parameter a can be interpreted as the
gradient of the rising wave. As a is defined in equation (2-17), it describes the
rising part of the wave. Due to backwater effects the descending part of the
wave differs from the rising part. Thus the focus is placed on the rising part, in
which the influence of unsteadiness is more distinct.

4.3 The experiments

43.1 Steady flow
The purpose of these experiments is to create a reference for the unsteady flow
experiments. It is not a detailed investigation of drag on a cylinder of
rectangular cross section. The results obtained will only reflect drag in flow
with the same flow conditions as in the flume. The experimental details are
described in Chapter 3, and the data range for the steady flow experiments is
given in Table 3.3 while the measured data are given in Appendix C.

In the case of steady flow, the dimensional analysis states that the force
coefficient depends on the dimensionless parameters D/b and Fr. To simplify
the establishment of drag coefficients for steady flow, the parameters are
expressed by the discharge, Q: Dft ~ constant*Q3/5/S3/1° and
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Fr~constant*S9/20Q1/10. Substituted into (4-15), the force coefficient becomes CF

= /(Q, S,a). In the case of constant slope and steady flow the coefficient
becomes CF = CD = /(Q). The results are shown in Figure 4.1.

o
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CD(Q)
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Figure 4.1. Drag coefficient as a function of discharge (steady flow).

The drag force is then expressed as:

FD = CD(Q)* (p/2)U,2(D,b) (4-16)

As expected, the drag coefficient varies
with discharge due to considerable changes
in local flow conditions. The main reason
for this variation is the difference in
upstream and downstream water level. At
first this difference, AD, increase in

Figure 4.2. Flow at cylinder.

proportion to the difference in velocity head AU /2g. Thus CD increases. Since
the downstream waterlevel D2 is determined by downstream conditions AD will
be reduced due to recirculating flow as shown in Figure 4.2. Relative to Di, AD
will stop rising and there will therefore be a reduction in CD. CD also falls due
to the use of Dj in (4-16) instead of the middle of D, and D2, for example.

Another possibility is to express the drag force directly as a function of
discharge. Substituting Manning's formulae into (4-16) gives:

FD= constant*S3/10Q7/5 F(Q) (4-17)

in the case of constant slope. The result is shown in Figure 4.3. Calculating the
force directly from the discharge has the advantage that FD = F(Q) = flJJD).

When the drag coefficient is used, FD =/(UD*U2D). The latter method makes
the drag force more sensitive to the measured parameters. On the other hand, it
reflects the actual flow better.
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Figure 4.3. Drag force as a function of discharge (steady flow).

Both methods have been employed for comparison. In the following sections
the drag force calculated from (4-16) is referred to as FD, while the drag force
from (4-17) is referred to as F(Q).

4.3.2 Unsteady flow
The hydrodynamic force is measured during the hydrographs shown in Figure
4.4 and Figure 4.5. Here the force measured during the corresponding
hydrographs is also shown. Data for the hydrographs investigated are given in
Table 4.1. As in steady flow, all variables (depth, velocity and force) are
measured simultaneously as described in Chapter 3.4.4. The different
hydrographs have an unsteadiness parameter (a) ranging from 0.0026 to 0.099.

Experi-
ment no.

l-st_S5

l-st_51

l-st_52

l-st_53

l-st_54

l-st_56

l-st_57

So = 0, n = 0.01

a
(10"3)

2.6

7.4

10.8

18.8

27.3

45.0

99.0

AT
Is]

164

76.0

52.0

36.6

11.8

116.1

125.2

ATr

[s]

72

24.0

16.0

7.9

4.8

2
77.4

1.3
78.3

AT,
[S]

92

52.0

36.0

28.7

7.0

36.7

45.6

D
[cm]

10.3-25.0

10.6-24.6

10.6-24.2

10.6-22.0

10.8-20.2

10.7-18.4
-26.4

4.7-14.3
-26.6

AD
[cm]

14.7

14.0

13.6

11.4

9.4

7.7
8.0
9.6
12.3

U
[cm/s]

55-102

54-103

54-104

54-105

55-1.18

57-113
-104
33.2-

116-104

Q
[I/S]

34-152

34-149

34-148

34-134

35-131

36-125
-165

9.2-116
-164

Fr

0.54-0.66

0.53-0.67

0.53-0.69

0.53-0.75

0.53-0.87

0.56-0.84
-0.64

0.49-0.98
-0.64

Own
[cm/s]

170

172

173

175/180*

197/203*

208
212*
193
186*

K

2450

1120

770

550

200

65

42

Explanation:
a Unsteadiness parameter
AT [s] Duration of the hydrograph
ATr [s] Time from baseflow to peak
ATd [s] Time from peak to 1.15 times base

flow
D[cm] Depth of flow
* Measured wave celerity

AD [cm] Change of depth during the
hydrograph

U [cm/s] Instant mean velocity
Q [l/s] Discharge
F, Froude number = U/(gD)1/2

ckrl [cm/s] Kinematic wave celerity
K Keulegan-Carpenter number

Table 4.1. Data for the hydrographs investigated.
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The five hydrographs I-st_55,1-st_51,1-st_52,I-st_53 and I-st_54 increased
gradually, thus avoiding the formation of a breaking front. These were therefore
averaged by the DFT method. For purposes of comparison, the hydrographs are
presented on a dimensionless time scale t/ATr, where ATr is the time from base
to peak flow for each hydrograph. ATr varies from 72 second for I-st_55 to 4.8
seconds for I-st_54.

Because a is an overall unsteadiness parameter describing the rising part of an
hydrograph, a linear increase in depth was aimed at. As can be seen for a =
0.0026 in Figure 4.4, this is the case. This permits the rising part of a wave to
be characterised by a. At the valve, every hydrograph was increased linearly.
But for steep waves, see a = 0.0188 and a = 0.0273, the waves became steeper
on their way down the flume. For a = 0.0273 it is obvious that a steeper wave
front has developed. Thus it is important that a should be based on data
measured at the actual section.

l-st_55, a =0.0026
T

1.0 2.0

l-st ,52, a =0.0108

0.0 1.0 2.0

l-st_54, a=0.0273

3.0 0.0

3.0 0.0

l-stj.51, a=0.0074

1 ,o t/A Tr 2.0

-D[crT}

-F[N]

- U [dnVs]

Figure 4.4. Hydrographs measured.
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The hydrographs I-st_56 and I-st_57 were created in order to obtain maximum
increases and decreases in discharge. The valve is opened suddenly and kept
open until steady flow is established. Then the valve is closed as quickly as
possible. The only difference between I-st_56 and I-st_57 is the base flow. As
shown in Figure 4.5, the discharge varies so rapidly that a breaking wave front
developed and impacted the structure. Due to the shape of the hydrographs, the
DFT method is not suitable for the measured data. Instead, the moving time-
average method was employed, except for the seconds during which the wave
front passed. During this period the data were not averaged.

Due to the breaking wave front these two hydrographs are treated separately
from the hydrographs in Figure 4.4. Because there is no distinct peak, and
because it is the steep part that is of interest, a is calculated from base to top of
the steep wave front. Two peak values are therefore shown given in Table 4.1,
one for the breaking wave front and one for the whole hydrograph. For I-st_56
and I-st_57, ATr is 2.0 and 1.3 seconds respectively.
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Figure 4.5. Hydrograph of the breaking waves.

Due to increasing unsteadiness a the flow conditions deviate more and more
from steady flow. The effect of unsteadiness is clearly seen on the time lag
between peak velocity and depth, as indicated by arrows in Figure 4.4.

As can be seen from the measured data, the velocity reaches its peak well
before the depth. This creates the loop property of the discharge. Figure 4.6
shows the measured rating curves for hydrograph I-st_52,1-st_53 and I-st_54.
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Figure 4.6. Loop properties of discbarge.

This behaviour is predicted by the equation of motion and is easily seen if
equation (4-11), which is a simolification of the equation of motion, is
substituted into a uniform discharge formula such as Manning's. The ratio of
actual discharge to uniform discharge is then given by:

(4-18)

As the water surface rises, discharge increases compared to normal flow at the
same depth of flow. This difference increases as a increases, as shown by
Figure 4.6 and equation (4-18).

4.4 Analysis of measured forces

4.4.1 Analytic method of unsteady flow
In order to analyse the unsteady flow experiments, it is necessary to separate
the mean velocity component u(t) and the turbulence component u'(t) from the
instantaneous velocity, u(t) + u'(t). Several methods exist. Since various
experiments have different goals, data analysis techniques also vary.
Techniques applied in experiments on periodic pipe flow and oscillating
boundary layer are discussed in a review by Carr (1981). In Nezu and
Nakagawa (1991) three methods to define the mean velocity in unsteady open
channel-flow are considered: (a) the ensemble-average method, (b) the moving
time-average method and (c) the Fourier-component method. In theory the
ensemble average method is the best one, in which the same phase of flow
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must be used as a sampling trigger. This method is often used in periodic pipe
flow and oscillating boundary layers. Nezu and Nakagawa (1991) concluded
that the Fourier-component method is the most suitable for flood surface flows
because it was very difficult to determine accurately the same phase of flood
waves from the wave-gauge signals. In addition the ensemble-average method
needs the experiment to be repeated a large number of times. Since it is very
time-consuming to repeat the experiment several hundred times, the Fourier-
component method was used.

Using a discrete Fourier transform (DFT), the instantaneous discrete velocity
Uj+Uj' (j = 0,1,2,..., N-l) can be transformed into a frequency domain. Only the
frequency components lower than f,. = (m-l)/(2TN) are used as a representation
of mean velocity u,-, expressed as

1

2 N-\

T7
" j

u'i)cosa) Jk >md bk = T7Z("> + u'j>sinC0 Jk
M j=0

©jk = 27tO/N)k (k = 1, 2, 3,... ,m/2)

where m is the number of terms in (4-19), and TN the time period of the
measurement, m was varied from 7 to 15, depending on the unsteadiness a. For
a gradual increase in discharge a low m was sufficient. For rapid changes in
discharge, m had to be increased to avoid smoothing of the wave front. The
mathematical background for (4-19) and (4-20) is the adaptation of
trigonometric functions to the observed data by the least squares method.

The averaging procedure was also applied to the depths measured. This was
necessary in order to examine the time and distance derivatives of the depth.

In order to ensure the repeatability of the experiments and to obtain the
necessary precision, each hydrograph was repeated 5 times. This was seen to be
sufficient. The hydrographs were then averaged by averaging the five values
obtained at the same point from the five measurements, and corresponding to
each time instant. Finally these averaged values were treated using the Fourier-
component method. This procedure gives the time-mean value as illustrated in
Figure 4.7.



Hydrodynamic forces on a cylinder in unsteady flow 54
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Figure 4.7. Procedure for data analysis.

4.4.2 Effect of accelerations and change in local flow condition.
Figure 4.6 illustrates how the flow of the different waves differs from steady
flow. To examine how this affects the force, the measured force is compared to
the force obtained from equations (4-16) and (4-17). The difference is given as
a percentage of the force measured and presented as a function of time in
Figure 4.8. The measured force clearly, deviates from FD and F(Q). Since the
force coefficients read CF=2F/(PU2AS), CD=2¥^ip\fAs), and
C(Q)=2F(Q)/(pU2As), the force ratios presented in Figure 4.8 are equivalent to
the ratio of the force coefficients, (CF-CD)/CF and (CF-C(Q))/CF. Thus the figure
can be interpreted as a deviation in the force coefficients.
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Comparing the steady forces, FD (equation (4-16)) and F(Q) (equation (4-17)),
show almost identical values in the descending part of the hydrographs. In the
rising part, FD and F(Q) differ more and more as a increases. The time for
which they differ increases from 0.5 t/ATr for ct=0.0026 to 1 t/ATr for
ct=0.0273. In general, FD is slightly larger than F(Q).

40
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'••20
-40
-60

Deviation offeree (F)
I-St_55, a'0.0026

0.5 1.0 ^ ^ 1.5

l-st_51, axQ.0074

l-St_S4, a =0.0273

t/ATr
.(F-F(Q))/r _(F-FJ3)/F

30

Figure 4.8. Deviation from steady flow assumption.

Comparing the measured force to the ones that assume steady flow shows fairly
good agreement at the time of interest, that is at time of maximum force.
Nevertheless, the following differences should be noted:
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1. In the beginning of the rising part, the measured force is greater for the
lowest value of a. As a increases the difference is reduced, and for a=0.0273
the measured force and F(Q) are almost equal, while the measured force is less
thanFD.

2. Around the peak (t/ATr = 1), the measured forces, FD and F(Q) are almost
identical. This period of similar value, decreases and moves to the right with
increasing a.

3. In the descending part of the hydrograph, the measured force is equal to or
greater than FD and F(Q) until a sudden drop in the force measured occurs. The
time for this drop in force rises from t/AT, = 1.5 for a = 0.0026 to t/ATr = 2.8
for a = 0.0273. The deviation before the drop increases with a.

4. After the drop, the measured force is lower than FD and F(Q) until steady
flow is established. This time increases from t/ATr = 2.6 for a = 0.0026 to t/ATr

= 5 for a = 0.0273.

According to equations (4-8) and (4-9), these differences should be explained
by the added mass term. From the measured data it is possible to find both
dll/dt and BDIdi. When calculating the added mass as a first estimate, the
added-mass coefficient is assumed to be constant and equal to CM = 1 + Ca =
4.5 (Wendel, 1950). As can be seen from Figure 4.9 the contribution is
negligible for a < 0.0108 and only of significance for a = 0.0273.

When compared with Figure 4.8 it can be seen that the additional force from
added mass does not explain the deviation for any of the hydrographs. Actually,
FD and F(Q) overestimate the measured force for a = 0.0273 when the
contribution from added mass is significant. Thus the differences shown in
Figure 4.8 are not due to the effect of acceleration or added mass, but to
changed flow conditions around the structure.
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Figure 4.9. Ratio of added mass to measured force.

The deviations mentioned in points 1-4 above can be explained when studying
the development of velocity and water level in time. If compared with F(Q), the
measured force is greater until a sudden drop occurs. After this the measured
force is lower until steady flow is re-established. This is because of the
development of upstream and downstream water levels. The steady flow is
subcritical and is thus governed by downstream boundary. If the flow condition
changes, the downstream level has to adjust from the downstream boundary,
and this takes time. Thus the water level is too low during the rise and too high
during the fall of the water level. Because of this the measured force becomes
higher than F(Q) until the downstream backwater has reached the structure. As
the downstream backwater moves upstream, a surge develops. When it reaches
the structure the flow conditions change suddenly, and this results in the drops
observed in Figure 4.8. At this time the upstream water level is falling and thus
the measured force is lower than F(Q).

At about t/ATr = 2, most of the wave has passed. At this time the force is low
and the relative deviation thus becomes large. For low values of a, the
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downstream backwater reaches the structure before t/ATr = 2, thus giving large
negative deviations as observed for a = 0.0026 and a = 0.0074. For high values
of a, the downstream backwater reaches the structure after t/ATr = 2, resulting
in a period of large positive deviations as observed for a = 0.0188 and a =
0.0273.

As FD has been defined it is more dependent on velocity than F(Q). As shown
in Figure 4.4 and Figure 4.5 the velocity is dependent on a. It increases more
rapidly than depth, and reaches its peak value earlier. Because of this FD gives
higher values than F(Q) in the rising part of the hydrograph and the difference
increases as a increases. Due to the backwater effect of the structure, depth and
velocity decrease at a lower rate than they increased, a thus does not affect
velocity as in the rising part, and F(Q) and FD are almost identical.

This explains the deviations between the measured force and force calculated
using the assumption of steady flow.

4.4.3 Effect of wave impact.
Two hydrographs were so steep they formed a breaking wave. The propagation
of steep waves is highly dependent on the initial conditions. Thus I-st_56 was
released on an initial water level of 10 cm, while I-st_57 was released on an
initial level of 5 cm. This is the only difference between the waves.

In order to identify the effect of impact, the peak discharge was maintained
until steady flow was established. Figure 4.5 shows the effect of initial flow
condition. For low initial water level (I-st_57), the front becomes steeper and
the velocity higher, compared with the high initial water level (I-st_56). For this
reason the force is higher as the wave front passes. After steady flow is attained
the flow has been reduced to corresponding initial conditions.

As in Chapter 4.4.2 the measured force is compared with the ones that assume
steady flow. The results are shown in Figure 4.9 and demonstrate fairly good
agreement. At the moment at which the structure is impacted there are some
deviations. Regarding F(Q), the difference increases with decreasing initial
water level. Because the downstream water level has no time to adjust, the flow
condition deviates more from steady flow condition as the initial depth
decreases. As the downstream water level rises, it approaches steady flow
conditions. At t = 80 s, steady state is reached. After the reduction in discharge,
the measured force is lower than F(Q) and FD due to the high downstream
water level.

FD is closer to the measured force than F(Q) during the whole hydrograph. As
discussed in Chapter 4.4.2, FD is more dependent on the velocity than F(Q). For
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this reason, FD is closer to the measured force when the velocity differs greatly
from the steady state.

l-st_S6, a-0.0453
i-orce on cylinder

20 40 60 80 100 120 140

Deviation from steady force

rune [s]

l-flt_57, a =0.0990

Deviation from steady force

Time [s]

Figure 4.10. Forces from impact of structure.

As in chapter 4.4.2, it is possible to compute the expected contribution from
added mass (inertia) from equations (4-8) and (4-9). From Figure 4.11 it can be
seen that added mass is of significance for a few seconds as the front impacts
the structure. If compared to Figure 4.10, it is obvious that none of the
deviations can be explained by added mass. However, it should be noted that
the differences at the impact are very time-sensitive. If some of the forces are
displaced for only half a second, the difference changes greatly. Because of this
it is not possible to conclude that added mass has no effect at all. Nevertheless
it is evident that it is of no importance. The force at impact can be calculated as
drag, if the drag coefficient reflects the actual flow conditions.



Hydrodynamic forces on a cylinder in unsteady flow 60

When equations (4-8) and (4-9) are applied, the kinematic wave celerity needs
to be known. Here Manning's formula has been substituted into (4-10), giving
ckin ~ 5/3 * f/. The formula of Manning describes the flow before and after the
wave front (approximately uniform flow). During the steep wave front created
here it might be better to use (4-10) directly. If ckin is estimated as

Ckin = (Qp-Qb)/(Ap-Ab) (4-21)

it can be seen that ckin approaches Up as the base flow approaches zero.
According to (4-8) the increase in added mass by dU/dt is then subdued by the
decrease in c. The result is a lower contribution of added mass. In the case of I-
st_57 equations (4-21) and (4-10) gives ckin as 1.87 m/s and 1.93 m/s
respectively.

l-st_56, a =0.0453

20 4£ gfl BO "^ 100 12J2 1^0

8
4 I-St_57, a =0.0990

0.5
0

AddedmEq. (9) [N]

AddedmEq. (10) [N]

.0 5 $ 2S! 4J! 6JJ 80 ^ ^ 100 12JJ 1^0

Time [s]

Figure 4.11. Contribution of added mass.

4.5 Discussion

In unsteady flow, the flow condition changes as the water accelerates and
retards. The change in flow situation depends on a, but given the flow
conditions typical in open channel flow, the hydrodynamic force can be
calculated as drag alone. The effect of acceleration and retardation (inertia) can
be neglected. Thus it is sufficient to know the actual flow situation, but it is
important to be aware that this deviates from steady flow as shown in Figure
4.6.

In such unsteady flow a larger contribution of added mass (inertia) was
expected. The main reason for such a small contribution from added mass is the
high flow velocity. The slope is steep (So> 1/500), but even with a mild slope
the velocity would be high due to the steep wave. Due to this the measured
force can be calculated as drag alone.
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For added mass to be of significance the local acceleration dU/dt must be
larger. The acceleration created in the flume is very large for open channel
flow. An a of around 0.1 seems to be an upper limit (I-st_57). This gives a
calculated force from added mass of about 1 N, which is 7 % of the measured
peak force. The actual contribution is less. This can be seen from Figure 4.10.
One reason for this is that the wave velocity approaches the flow velocity value.
This reduces the added mass term in equation (4-8) or (4-9). Another reason is
the reduction of the added mass (inertia) coefficient. In oscillatory flow the
effect of current and a large Keuleagan-Carpenter number (K) were
investigated. Chang (1989) concluded that the added mass coefficient decreases
with increasing current velocity for the cube and sphere investigated. The
reduction in the added mass coefficient is larger at larger K numbers. Wave
tank tests by Chakrabarti (1987) on a vertical circular cylinder resulted in a CM

that fell from 2.5 to 0.5 as K increased from 0 to 80. Similar results have been
reported by Bearman et al. (1984) and Tanaka et al. (1983) for CM of cylinders
of square section. As K increased from 10 to 80, CM fell from 3.4 to 2. In the
present experiments K is higher than 200 for the waves without a breaking front
and is about 50 for the waves with a breaking front (see Table 4.1).

As can be seen from equation (4-1), the drag force is proportional to the front
area, As, while the added mass is proportional to the volume, V. For a circular
cylinder, this means that FD is proportional to the radius, r, while FM is
proportional to the square of the radius, r2. Thus the relative contribution of FM

increases for larger structures. This means that it might be of importance to
include FM for large structures in highly unsteady flow. This can be checked by
using equation (4-8).

The deviation between measured force and FD and F(Q) is due to changed flow
conditions compared with steady flow. FD is closer to the measured force
because it is computed from the actual depth and velocity rather than discharge.
In FD only the drag coefficient depends upon discharge, thus reflecting steady
flow conditions. This shows the importance of selecting an appropriate drag
coefficient. As the dimensional analysis show, the drag coefficient is a function
of the ratio D/b and of the Froude number Fr. In addition, the effects of walls
and nearby structures for example, must be taken into account.

The impact of the breaking waves can be calculated as drag, (see Figure 4.10).
As opposed to breaking waves in oscillatory flow, the wave front developed in
unidirectional flow is more gradual. This depends upon bottom roughness and
initial water level. In the present experiments, the front was about half a metre
long with considerable air entrainment. Because of this there is no impact force
such as described by Miller (1977) and Sarpkaya (1978). The flow condition is
more similar to those of Armanini and Scotton (1993), who found that the
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dynamic pressure on a wall could be described by the theory of momentum
change. This confirms the results obtained in the present study.

4.6 Conclusions

From this chapter the following conclusions can be drawn:

1. In unsteady flow, the flow condition changes and the water accelerates and
retards. The change inflow situation depends on a, but given the flow
conditions typical in unsteady open-channel flow, the hydrodynamic force can
be calculated in terms of drag alone.

2. The effect of acceleration and retardation (inertia) can be neglected. It is
thus sufficient to know the actual flow situation, but it is important to be aware
that this flow situation deviates from steady flow.

3. Impact can be calculated in terms of drag.

4. The drag coefficient CD in open channel flow is sensitive to flow conditions.
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5. Forces on sediment grains in unsteady flow -
Initiation of motion.

5.1 Introduction

The objective of this chapter is to investigate the threshold of erosion in
unsteady flow. Due to acceleration of the fluid, the stability of bottom
sediments changes. In the first place, the additional forces due to inertia (added
mass) directly effect the bottom sediments. Secondly, the velocity profile is
influenced, and thus also the shear stress on the bottom. Several experiments
were carried out in order to reveal the effects of these factors on erosion in
unsteady flow.

Chapter 5.2 describes the experimental procedure and measured data from
steady and unsteady flow. Chapter 5.3 discusses different methods for
estimating the friction slope. The measured data are analyzed in Chapter 5.4.
Threshold values are obtained by different methods. The estimation error
caused by using the bottom slope as an estimate of the friction slope in
unsteady flow is analyzed. The effect of unsteadiness, represented by a, is
discussed and finally the critical dimensionless shear stresses obtained in this
study are presented. In Chapter 5.5 the results are compared and discussed in
relation to available data in the literature

5.2 The Experiments

5.2.1 Experimental procedure
In steady flow, initiation of motion is given by Shields as described in Chapter
2.2.4. The critical dimensionless shear stress, normally adapted as ztcr = 0.056,
is a result of a specific definition for initiation of motion. This definition has
been changed in these experiments. Due to the hydrograph, the flow changes
continuously and the critical stage lasts for a short period. It is therefore
necessary to define the initiation of motion in such a way that it can be detected
during a short period of threshold condition.

The expression "initiation of motion" is the name given to the boundary that
separates the states of "motion" and "no motion". This boundary has no
thickness and therefore it cannot be detected directly by experiment, for each
experiment will necessarily fall into one of these states. In practice there is no
alternative to identifying the beginning of sediment transport with the sediment
transport itself. Initiation of motion is normally defined as a certain number of
detachments per unit area and time. According to Yalin (1977) the relation



Forces on sediment grains in unsteady flow - Initiation of motion. 64
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should be kept constant during all experiments to avoid inconsistencies in the
interpretation of initiation of motion. Here e is the number of detachments
observed during the time period Tobs on the area Q on the surface, ds the grain
size and ys the specific weight of the sediment. For a given sediment, the square
root expression is constant and is thus sufficient to keep the ratio e/QTobs

constant, i.e. the number of detachments per unit area and time. During the
steady flow experiments Tobs was set at 60 s. In the unsteady experiments Tobs

was shorter and e and Q had to be adjusted for (5-1) to be constant. For
practical reasons e has a lower limit, while Q has an upper limit. Thus it is not
practicable to apply a definition that corresponds to t,cr = 0.056 as in the
experiments of Shields. It was therefore necessary to establish a z,cr in steady
flow for this study specifically. These values are not comparable to Shields'
x,cr, but serve as a reference for the unsteady flow experiments in this study.

During the experiments, depths were measured in three sections, and velocity in
one. The water depths were determined as the difference between the water
stage and the reference level of the bed. From these the hydraulic radii RHb

were calculated after correction for wall effects (see Appendix B). The
sediment grains produce the problem of determining the reference level of the
sediment-covered bed. Tu (1991) provides a review of different definitions. In
this study the reference level is defined as 0.25ds below the top surface of the
gravel bed. The definition adopted is the same as used by Tu (1991) for
example. It was chosen because experimental conditions similar.

5.2.2 Steady flow
The purpose of these experiments is to establish a reference for the study of
initiation of motion in unsteady flow. The results obtained can only be
compared with experiments that employ the same definition of initiation of
motion (i.e., the same value of (5-1)). The experimental details are described in
section 3.4.3. Characteristics of the steady flow experiments on gravel bottom
are given in Table 5.1.

The threshold value (T,cr) was established for steady uniform flow. This was
done for three different slopes: So= 0.0081, 0.009, and 0.0099. The threshold
value was determined by gradually increasing the discharge until motion
occurred. The hydraulic characteristics were logged and this procedure was
repeated from four to six times for each slope. The results are shown in Table
5.1.
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No.

1
2
3
4
5

6
7
8

9

10
11

12
13

Average:

o:

W = 0.596 m, dso = 10.6 mm, ps = 2.876 g/cm
3, Q. = 0.4 m2, T ^ = 60 s

So

0.0099

0.0099
0.0099
0.0099
0.0099

0.009
0.009
0.009
0.009

0.009
0.009

0.0081
0.0081

Q
[m'/s]
0.1122

0.1125
0.1129
0.1152
0.1161

0.1353
0.1368
0.1395
0.1395

0.1435
0.1485

0.1602
0.1640

D
[hi]

0.1528

0.1531
0.1534
0.1558
0.1567

0.1789
0.1782
0.1791
0.1787

0.1829
0.1874

0.2058
0.2078

e

13

10
11
16
8

7
13
3
5

7
22

8
6
9.8

4.8

U
[m/s]

1.23

1.23
1.23
1.24
1.24

1.27
1.29
1.31
1.31

1.32
1.33

1.31
1.32

sM

0.0107

0.0107
0.0107
0.0107
0.0107

0.0099
0.0103
0.0105
0.0106

0.0105
0.0105

0.0094
0.0096

RHJ>
[m]

0.140

0.140
0.140
0.142
0.143

0.162
0.161
0.161
0.160

0.164
0.168

0.183
0.184

0.065

0.065
0.065
0.066
0.067

0.069
0.068
0.068
0.068

0.070
0.071

0.070
0.070
0.0671

0.0028

R.

1317

1318
1319
1329
1333

1350
1346
1347
1345

1361
1376

1363
1368

(10*)
4.98

4.99
5.00
5.08
5.11

5.67
5.75
5.85
5.85

5.97
6.12

6.36
6.48

Table 5.1. Data range of the steady flow experiments.

The mean critical dimensionless shear stress is: T.cr = 0.067. As expected this
is, above the critical condition usually found, and a result of the definition
adopted in this study. If the average number of detachments (e) and the data at
the top of Table 5.1 are put into (5-1), it gives f(R,,i.cr) ~ e/Tob£l = 0.41. This
relation should be constant for all experiments, but varies due to turbulent
fluctuations. The experiment therefore was repeated 13 times, giving a standard
deviation of a = 0.0028 for T.CT.

5.2.3 Unsteady flow
In order to investigate the effects of unsteady flow, 18 different hydrographs
were created. Data describing the hydrographs are given in Table 5.2.

The hydrographs studied cover a wide range of waves, with an unsteadiness
varying from a = 0.0007 to a = 0.026. The ratio of peak to base flow varies
from 1.8 to 13. The base flow and its corresponding depth are about 35 1/s and
0.078 m for seven of the waves, larger for five and smaller for six. Hydrographs
for the different waves are shown in Appendix D.

Due to random detachments, a specific wave had to be repeated several times to
ensure the accomplishment of (5-1). If (5-1) was not fulfilled, the peak
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discharge was increased or reduced. When the critical hydrograph was found, it
was repeated four or five times.

Exp. no.

Er14

Er6

EM 3

Er12

Er2b

EM5

Er9

EM 6

EMO

EM

Er8a

Er8g

Er5

Er8k

Er3

Er4

Er8o

Er3b

Average:

CT:

W=0.596 m, So =0.009, dso=10.6 mm, ps=2.876 g/cm3, x^t =0.067, Cl =1.6 m2

a
(10"3)

0.7

3.1

3.7

3.9

4.8

5.1

6.0

6.1

6.7

8.6

11.3

14.6

14.8

15.1

17.6

18.1

19.5

26.3

ATr

[s]

76.0

28.0

9.5

12.5

15.3

7.4

16.0

7.5

15.0

8.5

7.5
6.7

4.0

6.0

3.5

2.1

5.2

2.0

Db

[m]

0.123

0.080

0.123

0.104

0.082

0.120

0.058

0.102

0.050

0.078

0.056

0.043

0.078

0.046

0.073

0.082

0.032

0.077

DP
[m]

0.185

0.169

0.160

0.156

0.158

0.163

0.152

0.154

0.143

0.153

0.145

0.136

0.139

0.128

0.135

0.121

0.124

0.131

AD
[m]

0.062

0.090

0.037

0.052

0.076

0.043

0.094

0.052

0.093

0.075

0.089

0.093

0.061

0.083

0.062

0.039

0.092

0.054

Qb
[l/s]

71.0

35.0

64.0

54.0

38.0

71.0

22.0

55.0

17.0

36.0

23.0

14.2

34.0

15.1

31.0

38.0

7.6

34.0

QP
[l/s]

150.6

134.1

119.3

117.5

119.7

125.3

117.4

127.0

107.2

119.1

119.3

106.1

107.1

95.0

105.9

89.6

102.0

100.7

0.64

0.78

0.66

1.00

0.43

0.66

0.64

0.75

0.86

1.20

1.33

1.00

1.00

1.00

i«* (So)

0.070

0.064

0.061

0.060

0.060

0.062

0.058

0.058

0.055

0.058

0.055

0.052

0.053

0.049

0.052

0.047

0.047

0.050

* -cr

(SM)
0.089

0.083

0.074

0.075

0.076

0.078

0.079

0.090

0.075

0.080

0.091

0.083

0.079

0.075

0.080

0.073

0.093

0.078

0.0807

0.0063

T-CT (Sk i n )

0.072

0.067

0.073

0.074

0.071

0.073

0.069

0.069

0.066

0.074

0.072

0.074

0.072

0.074

0.070

0.070

0.074

0.066

0.0711

0.0028

Explanation:
a Unsteadiness parameter
ATr [s] Time from base- to peak flow
Db [cm] Depth at base flow
Dp [cm] Depth at peak flow
AD [cm]Wave height
Qb [l/s] Discharge at base flow
Qp [l/s] Discharge at peak flow
e Number of detachments
Tob! Observation period

x.cr (So) Critical shear based on So

t.<x(Skin) Critical shear based on S ^
Skin Friction slope based on kinematic

wave assumption
W[m] Width of flume
So Bottom slope
d̂ o [m] Median gravel diameter
ps [kg/m3]Density of sediment
d [m ] Observed area

Table 5.2. Data range of the unsteady flow experiments.

Because of the shorter observation period, the area under observation was
increased in comparison with the steady flow situation. The average number of
detachments per second (e/Tobs) should equal 0.66 in order to be consistent with
the steady flow results (e/Tob£l = 0.41). For some of the waves e/Tobs is shown
in Table 5.2. It is seen that e/Tobs is rather high. This is so because Tobs is
measured from the first to the last detachment. The period of critical condition
is probably longer. Because the observed Tobs might be as low as 1 second, the
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period of critical condition is certainly underestimated. Thus it seems correct to
use a value oie/Tobs greater than 0.66.

As discussed in Chapter 4, unsteady flow differs from steady flow due to the
presence of a pressure gradient. The result for example is higher velocity for
the same depth during increasing flow. Thus critical condition is reached at
lower depths than in steady flow (see Figure 5.1).

0.20

0.1B

0.16

0-14
0.12
0.10

Critical peak depth

•
• J

m •
•

1 • • •

0.000 0.005 0.010 0.015 0.020 0.025 0.030

160

140

120

. 100

80

60

Critical peak discharge

•

•
I

• •
• •

0.000 0.005 0.010 0.015 0.020 0.025 0.030

Figure 5.1. Critical flow condition.

For uniform flow the critical condition is given by a flow rate of 140 1/s, at a
depth of 0.181 m. As a increases the onset of motion appears for lower depths
and flow rates. For an a equal to 0.02 the critical depth and flow rate falls to
0.12 m and 100 1/s respectively. That is a reduction of about 25 percent in
critical depth and flow rate. The unsteady flow significantly changes the flow
condition compared with uniform flow. This is discussed in more detail in the
following sections.

5.3 Theoretical considerations

5.3.1 Dimensional analyses
In order to reveal the possible variables involved in the process of initiation of
motion, formal dimensional analysis was employed. The set of characteristic
parameters can be obtained from those describing the fluid, the bed material
and the flow. The variables already applied are
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p, n, ps. dg, D, U, g, AD, ATr (5-2)

Here stationary uniform flow is completely determined by its average depth D,
average velocity U, and the force of gravity g, which generates the flow. Since

u, = U^jf/S is dependent on C/,it can replace Uin (5-2). Similarly js -1 ~
giPs - P)» f°r example, can replace g. This is done to obtain the same
dimensionless variables as given by Shields' relation. With these substitutions
the set of variables is:

p, n, ps, ds, D, u., ys - y, AD, ATr (5-3)

With p, ds and u. selected as the basic quantities, the procedure of dimensional
analysis is applied to (5-3). From the possible dimensionless functions
describing initiation of motion, the following was chosen:

J_ AD uM^ D_ ?s_
(YS-y)dS V «. &Tr dS ds p

Here we recognize, in order of appearance: the dimensionless shear stress T.,
the particle Reynolds number R., an unsteadiness variable comparable to a, a
variable similar to the Keulegan-Carpenter number, the ratio of the flow depth
D to the grain size ds, and a dimensionless variable p/p, which reflects the
influence of density ps.

By the same arguments as in section 4.2.2, the number similar to the Keulegan-
Carpenter number is ignored. For stationary uniform flow, it can be argued that
D/ds is of no importance for initiation of motion (Yalin, 1977). In unsteady
flow this is not so obvious because of rapidly changing flow conditions. Thus
the effect of D/ds should be investigated. According to Yalin (1977) the ratio
pyp can be important with regard to the properties associated with the
"ballistics" of an individual grain. Due to the nonuniform motion of grains, the
moving grains represent an inertia force. In this study only one sediment was
used, and p^p is therefore constant. Furthermore, the movement is small
because there is only a short period of threshold condition. The dimensionless
shear stress in unsteady flow can be written as:

T. =/(«.,a,-£-) (5-5)
dds

In the present study the particle Reynolds number R. exceeds 103. According to
Shields the initiation of motion is independent ofR. for values above 400. Thus
the experiments should reveal the influence of a and D/ds on critical
conditions.
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5.3.2 Friction slope in unsteady flow
In order to find the dimensionless shear stress T., we need to know the bottom
shear stress xOm in unsteady flow. According to the discussion in section 2.3.2
the shear stress should be calculated from St. Venant's equation as given in (2-
20). Unfortunately it is difficult to obtain the spatial derivatives from laboratory
measurements. In order to estimate the friction slope St. Venant equations are
simplified with the kinematic wave assumption. Two further methods were also
employed. The first estimates the friction slope from a uniform discharge
formula suitable for the measured data, and finally the bottom slope is applied.

Kinematic wave assumption.
If the hydrographs are considered as kinematic waves, the spatial derivatives
can be obtained from temporal derivatives as in equation (4-2) and (4-3). With
this simplification the friction slope reads:

^ o f f (4-4,
c ot g c ot

Here c is the celerity of the kinematic wave. The kinematic wave implies that
the wave can be regarded as a series of uniform flows. Because of this it is not
capable of handling non-uniform flow condition. As a result, the peak values
were retained (no attenuation) and backwater effects are not accounted for.

For a kinematic wave, the celerity is given by Kleitz-Seddons law (4-10). If
equations (4-2) and (4-3) are substituted into (4-10) it states:

dUdx

*" dA d(DW) dD dD dD&
dx dt

dD/dt

This expression has the disadvantage that the second term might dominate at
the peak of the hydrograph when dD/dt« 0. Because of the pressure gradient in
unsteady flow, peak velocity is reached before the peak depth. Thus the second
term approaches infinity as depth approaches its peak value. In order to find a
better expression for the kinematic wave celerity, Manning's formula is
substituted into (4-10):

( 5 - 7 >
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This relation is valid for a rectangular cross-section of width W, depth D and
equal roughness on bed and wall. When the walls are smooth compared to the
bottom, or the channel is wide equation (5-7) simplifies to:

(5-8)

Obviously this is valid only during the hydrograph. The advantage of (5-7) and
(5-8) is that it is a simple and continuos expression. A third possibility, as
proposed by Nezu et al. (1993c), is to apply the dynamic wave celerity
cdyn = -JsD • Th's expression is correct for an infinitesimally small wave, but
Cjy,, declines as the ratio AD/L of wave height to wave length increases. In the
present study the relationship given in (5-8) was used as the kinematic wave
celerity.

In order to verify the kinematic wave assumption the discharge was calculated
from Manning's formula based on the slope calculated from (4-4), and the
celerity calculated from (5-8):

Q^ = MAR™ jS^~n (5-9)

The calculated discharge was compared to the measured discharge. The results
are shown in Figure 5.2 for two of the hydrographs measured.

If the kinematic wave assumption is used, the calculated discharge is quite
close to the observed one. The agreement is good in the rising part, and at the
end of the falling part. The largest deviations occur shortly after the peak
discharge. Here the calculated discharge has been underestimated. The period
of interest, in regard to the study of initiation of motion, is during rising water
level because the peak shear occurs before the peak discharge. For this period
the kinematic wave assumption seems to give a satisfactory result. In this study
the kinematic wave assumption was used to estimate the friction slope.
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Rating curve, Er6, a =0.0031
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Figure 5.2. Measured and calculated discharge.

The rating curve established in steady uniform flow is shown together with the
hydrographs. The measured discharge deviates more as unsteadiness increase.
During the rise in water level the difference is considerable. In the case of a =
0.0148 the measured discharge exceeds the uniform rating curve by about 40%.
As water level falls the difference becomes less.

Uniform flow assumption.
A uniform discharge formula can be adapted to the observed data by adjusting
the slope for every instant of time. The slope obtained this way is an estimate of
the friction slope of the hydrograph. Due to the great variation in the ratio D/ds,
the Darcy-Weisbach equation was compared to Manning's formula. They gave
almost identical results. Some deviation occurred at the beginning and end of
waves with low base flow. These deviations were of no importance, and
Manning's formula was therefore selected chosen as the uniform flow relation.
The friction slope is given by:

U2

2R*13MLR
(5-10)

•H
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The friction slope S was estimated by the methods of kinematic wave
assumption and uniform flow assumption. When a uniform flow formula is
applied, it is assumed that the friction coefficient is valid in unsteady flow as
well. This assumption is discussed in Chapter 5.5.

Side-wall effect
Because of side walls, the flow is not two-dimensional as assumed in (2-20).
For this reason, D should be replaced by the hydraulic radius RH. In order to
study shear at the bottom, the effect of side-wall and bottom roughness should
be separated. This is done using the Einstein side-wall correction method as
described in Appendix B. Thus D is replaced with RHb.

Inertia force
In unsteady flow the hydrodynamic force consists of drag and inertia as given
by equation (4-8). Transformed to bottom shear this reads:

X0 =yR S + CMp¥-(l--)^ (5-11)
A c at

Here V/A is the volume of the roughness elements per unit area and CM the
mass coefficient of the sediment particles. When the dimensionless shear is
calculated in unsteady flow, (5-11) should be applied. For comparison with
dimensionless shear in steady flow, in order to investigate the effect of
unsteadiness, the inertia force should not be included.

If the inertia term of (5-11) is calculated from the measured data the shear from
inertia is obviously of minor interest. With CM= 1.5 and \//A = 0.2<i5the shear
from inertia is a maximum of 2-3 % of the total.

5.4 Initiation of motion - Results

In order to get the mean velocity component from the instantaneous velocity,
the Fourier-component method was used. The method is described in section
4.4.1 Because of disturbances on the water surface, the depth also has to be
averaged to obtain a sensible estimate of dD/dt. The depth was also averaged by
the DFT method. For a > 0.015 the waves form a breaking wave front. These
waves have a form that is not suitable for the DFT method. The moving time-
average method was therefore used for both depth and velocity for a > 0.015.
With the averaged data the critical dimensionless shear is calculated and
presented in Table 5.2 and Figure 5.5.

The friction slope was estimated by three different methods. First with the
kinematic wave assumption S = Skin, second with the application of a uniform
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flow formula S = SM, and third by using the bottom slope S = So. With the
estimated friction slope and the hydraulic radius corrected for wall effects, the
dimensionless critical shear was found. As can be seen in Chapter 5.3 the
friction slope calculated as S - S^ gives good agreement during rising flow.
The use of S = SM and S = So serve only as a comparison. If nothing else is
stated, the friction slope is estimated asS = Skin in the following sections.

The method of kinematic assumption is the only method of assuming that the
flow is unsteady. The method of uniform flow assumption does this indirectly
because the measured data are used to estimate the friction slope. This method
is used because it is believed that friction in unsteady flow can be described by
a uniform flow formula. The use ofS = S0 is included merely in order to find
the estimation error when the bottom slope is used instead of the friction slope.

Using the method described in
Chapter 5.3.2, it is possible to find
the friction slope. The friction
slope and its time-dependent terms
of (4-4) are calculated for two of
the hydrographs (see Figure 5.3).
Er6 is a hydrograph of moderate
unsteadiness, while Er5 is highly
unsteady. For Er6 there is an
increase in friction slope of about
10 percent for t/ATr < 1 and a
corresponding reduction for t/ATr

> 1. For Er5 the increase is about
35 percent for t/ATr < 1. In the
descending part the friction slope
is reduced by about 15 percent.
This show that the flow during
rising water level is more strongly
influenced by unsteadiness than
the flow after the peak. This is also

Er6, a =0.0031

ErS, a -0 .0148

-S kin . 1/g(1-Ufc)dUMt

Figure 5.3. Friction slope and time
dependent terms.

seen from the looped rating curves shown in Figure 5.2. The flow during the
falling stage is strongly influenced by downstream conditions and thus not
determined by the hydrograph to the same extent as the flow during rising
stage. The measured discharge is not in good accordance with the one that
assumes a kinematic wave. The kinematic assumption fails due to backwater
effects. This is also seen from Figure 5.3. The inflow hydrographs are almost
symmetrical; thus dD/dt and dU/dt should be symmetrical too. This is the case
for Er6. Here the rise and fall in the water surface are so slow that the
downstream water level can adjust to the inflow. For Er5 this is not the case.
Here the water level rises and falls so rapidly that the downstream level does
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not have time to adjust. The result is a much lesser decrease in depth and
velocity than given by the inflow hydrograph. In fact it is of the same order for
both hydrographs shown, even though the time- dependent terms for Er5 are
four times as high as for Er6 during the rising stage. The changing flow
conditions result in reflection waves propagating upstream from the
downstream boundary. These waves cause the fluctuations in the time-
dependent terms and thus in the friction slope and shear stress. Because of the
influence of downstream water level the unsteadiness parameter, as defined,
should be calculated from parameters describing the wave front.

The time-dependent terms increase greatly with a. For this reason it was
expected that Skin should increase strongly too. This is not the case because the
time-dependent terms are of the same order of magnitude. The difference
between them determines the order of the friction slope. Thus Skin increase only
slightly with a. As can be seen from Figure 5.3 the peak values of the time-
dependent terms occur well before the peak of the hydrograph (t/ATr=l). This is
also the case with Skin but the peak is shifted towards the peak of the
hydrograph.
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Figure 5.4. Bottom shear stress for four of the hydrographs.

The resulting shear, being the product of depth and friction slope, is shown in
Figure 5.4 for four of the hydrographs. Both S = Skin and S = So are used. This
illustrates the difference in shear between assumptions of steady or unsteady
flow. Two main differences can be seen. First, the shear increases due to the
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use of the friction slope. The friction slope increases as a function of
unsteadiness a. At the same time, depth is reduced as a increases (see Figure
5.1). The result is a peak shear that is almost constant, independent of a.
Secondly, the peak shear occurs before the peak depth due to the early
maximum value of the friction slope.

Dimensionless critical shear, presented as the ratio of unsteady shear to steady
shear, is shown in Figure 5.5 as a function of the wave parameter a.
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Figure 5.5. Critical shear in unsteady flow.

All methods discussed for estimating the friction slope were used. If the
kinematic wave assumption is used, the first graph in Figure 5.5 emerges.
These values are comparable to the steady one because the approximate friction
slope is used and shear due to inertia is not included. The critical dimensionless
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shear is constant with a. It shows that the detachment of sediment grains is
independent of unsteadiness. If the friction slope is estimated by the simplified
St. Venant equation, critical shear can be calculated as in steady flow. In
comparison with steady flow, the average critical shear has increased by 6
percent. The standard deviation is 4 percent (see Table 5.2).

The dimensional analysis revealed that the ratio of flow depth to grain size D/ds

could be of importance. In Figure 5.5 the relative depth for the experiments is
shown for a < 0.016. There is no obvious trend, but for low values of a there is
a tendency towards an increase in critical shear as D/ds increase. This tendency
is weak given the limited number of experiments so its possible influence has
been neglected in this context.

For the waves with values of a > 0.016 a common feature was the formation of
a breaking wave front. For this reason the use of a as the wave parameter is
questionable. For a to describe the wave, the wave profile should be as linear
as possible. Regardless of the actual value of a, the critical shears show no
dependence on a. This is in agreement with the rest of the experiments. Thus
even breaking waves can be treated like any other flow situation by the use of
the friction slope.

In chapter 4.2.1 it was shown that the friction slope given in equation (4-4)
could be further simplified. The result was:

If this expression was used to calculate the dimensionless critical shear, the
result was an average value of t . cr(Skin) = 0.0684. This value was also
independent of a, but the variation was large, giving a standard deviation of CJ
= 0.0098. Due to the dependence upon the term dD/dt, the friction slope from
(4-11) follows the variation of dD/dt. This gives a much earlier peak as shown
for the term (l/c)dD/dt in Figure 5.3. Because of these deficiencies it is not
recommended to simplify equation (4-4) to the form of (4-11).

The use of a uniform flow formula for the measured data shows no obvious
trend (see second picture of Figure 5.5). The scatter is considerable, but all
values are significantly above the value for shear stress in steady flow.
Compared with steady flow, the average critical shear has increased by 20
percent. The standard deviation is 8 percent (see Table 5.2). Another distinct
difference is the time of peak value. In Figure 5.6 the time variation of t . cr

(Skin) and t.>cr(SM) is shown for two different hydrographs.
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Figure 5.6. Dimensionless shear stress.

Here it is seen that the peak of t.jCr(SM) has been overestimated, and that it
occurs around t/ATr = 1. This is typical for all of the hydrographs. When
Mannings' formula is applied, it is assumed that the friction factor M is
constant. Similarly, when the Darcy-Weisbach formula is applied, it is expected
that the friction factor/follows Colbrook's relation. In Figure 5.7 the friction
factor/,^ for the measured data is compared to the one from Colbrook's
relation. For t/ATr < 1.5 - 2 the measured,/^ is comparable t o / It is seen that
fobs roughly follows/for t/ATr < 1.5. There are some deviations but these are
independent of a. This confirms the assumption made in section 3.4.3 of U/u. =
XRe> k/D) also in unsteady flow.

If the/-factors are studied in detail some common characteristics can be seen.
First, the friction increases at the front of the wave. Soon after, the friction is
reduced to below what is expected in steady flow. This state is kept until t/ATr

« 1.5 - 2. After that time the result is uncertain due to the use of Skin) but it
seems as if the friction is increasing above what is expected in steady flow. The
friction is at its minimum at or shortly after the peak. This explains why the use
of a uniform flow formula like Manning's overestimates therefore the friction.
The friction coefficient is too large at the peak of the hydrograph. It is thus not
recommended to estimate the friction slope as S = SM in these experiments.
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Figure 5.7. Friction factor/during flood wave.

The last graph in Figure 5.5 shows the resulting dimensionless critical shear if
the bottom slope is used, i.e., the assumption of uniform flow. As expected, the
critical shear falls during rising stage. This is due to the underestimation of
friction slope S. The deviation increases as a increase. Figure 5.5 shows that
the bottom slope can be used to estimate critical condition if the critical value is
adjusted according to a. As seen from Figure 5.5, linear regression fit to the
data well. If the unsteadiness is given, the critical shear stress can be
approximated by the relationship:

- 1 - 1 3 . 7 a (5-12)

in which T. cr = 0.056 as given by Shields. The use of (5-12) demands a wave of
such a shape that it can be described by the unsteadiness parameter a, i.e. a
linear increase of depth with time. In the case of a different shape, a should be
calculated for intervals in which depth increases linearly.

5.5 Discussion

The basis for the conclusions drawn in this chapter is the assumption of a
kinematic wave. The results show that this is a good approximation when the
backwater has little effect, i.e., during the rising stage. Since the threshold
condition occurs during that rising stage, the method is appropriate. As a result



Forces on sediment grains in unsteady flow - Initiation of motion. 79

the friction slope can be estimated by the time-dependent terms dU/dt and
dD/dt, measured at the same location. This gives a friction slope that deviates
greatly from the bottom slope. As a result of unsteady flow the shear stress
reaches its maximum before the peak of the hydrograph and at a greater
magnitude than in steady flow. These results are in agreement with the findings
of Tu and Graf (1993) and Nezu et al. (1993c).

The experiments show that the unsteadiness has a powerful effect on the flow
condition. Typically the discharge increases as a increases for a given depth
during the rising stage. During falling stage the discharge decreases as a
increases for a given depth, but this is also influenced by downstream
conditions. This explains why the unsteady flow experiment of Suszka (1987)
gave an increase in sediment transport when compared to a relation derived for
steady flow. The sediment transport relation for steady flow was given as a
function of depth only. When the measured depth from unsteady flow was
used, this gave a rate of transport lower than the one measured.

Song and Graf (1995) showed that a sediment transport relation of the form of
(2-13) can be used to predict the sedimentograph. This demands the use of the
shear stress under unsteady flow conditions. This procedure is similar to the
one applied here and confirms the results. Critical condition is given by
Shields' relation if the shear stress under unsteady flow is used. The shear
stress is evaluated by either equation (2-20) or (4-4), or by measuring the
friction velocity directly.

Weiss (1993) investigated threshold condition under solitary waves on still
water. He found that the threshold values exceeded Shields' value. The
sediment used was sand. Due to these conditions a slow response in the "fluvial
system" is to be expected according to Tsujimoto et al. (1988). This means that
a higher shear stress and a longer duration of critical condition are necessary to
initiate motion. In the case of large unsteadiness (a > 10"3) and gravel bed
Tusjimoto et al. states that the response correlates directly with the friction
velocity, or shear stress under unsteady flow. This is the case with the current
experiments.

With respect to these investigations it is correct to conclude that Shields'
relation can be employed if shear stress under unsteady flow is used.

In these experiments the contribution to shear stress from inertia is not
significant even though the acceleration term dU/dt is very large for open
channel flow. The relative contribution from inertia increases as the ratio D/ds

decreases. If depth is kept constant and ds is increased, inertia will increase
while the bottom shear is constant (see equation (5-11)). In the experiments,
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D/ds ranges from 3.6 to 17.5, indicating that inertia is of minor importance for
the initiation of motion in highly unsteady open-channel flow.

The experiments show clearly that the friction factor fobs does not vary with the
unsteadiness of the wave. Nevertheless it deviates from the expected friction
factor/ The measured friction is lower at the peak and higher during the falling
stage. Except for this it follows the trend of / i.e. a reduction in/as D/ds

increases, and an increase as D/ds falls. The reduction vn.fobs and/during the
rising stage is more pronounced than the equivalent increase during falling
stage. This is due to backwater effects, which prevent the depth from falling as
rapidly as it increased. This result is confirmed by the experiments by Tu
(1991), shown in Figure 2.5.

Due to the reduced friction at the peak, a uniform flow formula overestimates
the friction slope. If Manning's formula is used some of the deviation originates
from the assumption of a constant friction factor n. The friction factor n should
vary as a function of depth as/does. For this reason the friction slope should be
estimated from the simplified St. Venants equation with the assumption of a
kinematic wave.

5.6 Conclusion

The initiation of motion in unsteady open-channelflow over gravel bed has
been calculated using the equation of motion (4-4). The results are shown in
Chapter 5.4. It can be concluded that:

The main result of this chapter is the finding that Shields' relation can be
employed in conditions of unsteady flow to predict the initiation of motion. This
demands the use of the equation of motion to find the friction slope. The
simplification of the equation of motion with the kinematic wave assumption
works well in estimating the friction slope. The method has been shown to
apply to the whole range of waves investigated, ranging from a = 0.0007 to a
= 0.025 (breaking waves).

Because of the pressure gradient in unsteady flow, the water accelerates and
the initiation of motion begins at a much lower depth and discharge than in
steady flow. This is taken into account with the use of the friction slope.

The utilization of a uniform flow relationship (Manning) to estimate the friction
slope overestimated the critical shear stress.

If the bottom slope is used as the friction slope, the critical dimensionless shear
stress is given by: x . > c r ( 5 0 ) = (1 - 1 3 . 7 a ) t ,cr.



Forces on sediment grains in unsteady flow - Initiation of motion. % \

The influence of depth given by the ratio D/ds is not significant.

The unsteadiness parameter a works well as an all over characteristic of the
wave front. This is the important part of the wave to describe in highly unsteady
flow.

The steepest wave that it was possible to create in open channel flow without a
breaking wave front, had an unsteadiness parameter a « 0.020. Waves with a
less then 0.020 might develop a breaking wave-front in long prismatic
channels.

With the use of the kinematic wave assumption it is possible to simplify the
equation of motion further than (4-4). This is not recommended due to some
deficiencies that were discovered in the employment of this simplified
expression.

From the measured data it was possible to obtain the friction factor. During the
rising stage the measured friction coefficient was in agreement with the one
obtained from the Moody diagram. During the falling stage the tendency was
good but due to the shortcomings of the kinematic wave assumption during the
falling stage, there were some deviations. These findings must only be taken as
indicative because this is not a detailed study of friction in unsteady flow.
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6. Numerical modelling

6.1 Introduction

Dam breaks and flash floods cause severe injuries to people and damage to
infrastructure every year. Due to the rapid increase in discharge, bores and
shock waves can form. The dynamic forces caused by the flow have to be
known in order to assess the damage caused by such floods. This chapter
describes a numerical model that has been used to examine the dynamic forces
from a flood wave with steep front.

From Chapters 4 and 5 it is evident that it is important to know the actual flow
situation in unsteady flow. If the detailed flow pattern is known, the
hydrodynamic force and the initiation of motion can be calculated as for steady
flow. In order to obtain the necessary detail regarding the local flow a two
dimensional or three dimensional model has to be employed. For the flow past
a structure both streamwise and cross-stream flow should be known. Because
of the steep wave the flow is curvilinear at the front, and the pressure deviates
from hydrostatic pressure. For this reason the vertical dimension should be
included and a 3-D model is necessary. The application of such a model to two
cases similar to those in Chapter 4 and 5 is described in this chapter.

In Chapter 6.2 the numerical model used in this study is described. Its main
features are listed and the special routines applied in this case are specified. The
use of the model and the results obtained are presented in Chapter 6.3. Finally
the results are discussed and conclusions are drawn in Chapter 6.4.

6.2 The numerical model

A 2-D or 3-D unsteady model is needed to simulate the complex flow in the
present cases. Several models exist. This study uses a 3-D unsteady model
called SSIIM, developed by N. R. B. Olsen (1991) for water and sediment flow
in channels and rivers. The numerical model is based on the Reynolds-averaged
Navier-Stokes equations. The turbulent stresses are modelled by means of the
standard k-e turbulence model. The governing equations are presented in
Appendix E. A further description of the k-z model is given by Rodi, (1980). A
control volume method is used for discretization, using an upstream implicit
method. Constant density is used, with non-compressible fluid. The SIMPLE
method is used for the pressure coupling (Patankar, 1980). This method
calculates the pressure based on the continuity defect in a cell. In this study the
SIMPLE method was not used for the cells closest to the surface. Instead, the
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continuity defect for these cells was used to calculate the change in the water
surface (AH). The grid is updated after each time step based on the changes in
the water surface.

The movement based on the continuity defect needs to be transferred to the grid
intersections in the four corners of the cell. This movement is based on the
continuity defect of the neighbouring cells. This is illustrated in Figure 6.1.
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Figure 6.1. Movement of the surface.

It has been shown that for the velocity and shear stress distribution to be valid
in unsteady flow (Tu and Graph, 1992 and 1993), the shear velocity u, has to be
calculated from the equation of motion. If this is done the effect of unsteadiness
is incorporated in the velocity and shear stress. In SSIIM this is done since the
transient Navier-Stokes equations are used together with the transient k-e model
(see Appendix E). The shear stress is obtained from (6-1) if it is assumed that
the production of turbulence equals the dissipation near the boundary.

T = (6-1)

The shear velocity is calculated from this shear stress. Both velocity and shear
stress are thus linked to the turbulent kinetic energy and the actual turbulence
model.

Since the pressure and velocities are calculated in every cell, the total force on a
structure can be found as the sum of pressure and shear in the cells surrounding
the structure. This is done for each time step, and the result is the time-
dependent hydrodynamic force.



Numerical modelling 84

6.3 Application of the model

6.3.1 The physical conditions
When applying the numerical model, a case which would clearly need a 3-D
unsteady model was desirable. Two cases were selected: one wave being
gradual but steep and one wave as steep as possible. The gradual wave was
selected in order to investigate the model's ability to reproduce unsteady flow.
The steep wave was employed with a structure placed in the flume in order to
investigate the model's ability to simulate hydrodynamic force.

The gradual wave was created by operation of the inlet valve. The discharge
varied from 34 litres per second to 162 litres per second for 22 seconds giving
a = 0.0058. Velocity was measured at one location and depth at three locations.

The steepest wave possible is the dam break flood wave. To create such a flood
wave, a gate was installed in the flume. Water was fed continuously at a rate of
55 litres per second behind the gate. When the water level reached 0.5 metres
above the bed the gate was removed and the water created a flood wave that
propagated down the flume. The velocity and water depths were measured at
two locations in the flume. The discharge approached a steady state of 55 litres
per second after about 40 seconds, as the reservoir was emptied.

The released water forms a steep wave (bore) about 0.1 m deep which
propagates downstream with a speed of about 2.3 m/s. The flow is supercritical
until the wave reaches the outlet. Then the flow becomes subcritical and
gradually approaches steady flow condition, 0.13 m deep with a velocity of 0.7
m/s.

The structure was modelled by a rectangular cylinder, as described in Chapter
3, placed in the centre of the flume. The forces on the cylinder in the
streamwise and cross-stream directions were measured. Samples were taken at
different frequencies in order to be sure of measuring the shock or impact
effects. The sampling frequencies varied from 133 to 4000 Hz. Each
experiment was repeated at least five times. The measured values varied by 5 to
10% of the mean.

6.3.2 Numerical modelling of unsteady flow using SSIIM.
In order to simulate the wave a geometric model (grid) has to be established.
For the case of a gradual wave the spatial resolution was 0.5 metres, 0.15
metres and 15 % of the water depth in the longitudinal, lateral and vertical
direction respectively. The time resolution is 0.05 seconds. These settings were
found to give satisfactory results.
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The boundary conditions were the inflow hydrograph and the initial discharge
of 34 1/s. For each time step hydraulic parameters were logged at the sections of
interest, that is at 8 and 13 metres downstream of the entrance. Figure 6.2
compares the measured and simulated discharge and water levels. The overall
agreement is good, especially during rising and falling water level. On the other
hand the peak is overestimated. The simulation is not a result of an optimisation
of the numerical model, i.e. the model is applied without adaptations to this
case. With further development of the new routines for calculation of the water
surface, improvements can be expected.
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Figure 6.2. Comparison of measured and simulated wave.

From Figure 6.2 it can be seen that the water level 13 metres downstream of the
entrance oscillates while it is falling. This is due to reflection waves
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propagating upstream from the downstream boundary. These waves are not
reproduced by the numerical model.

Figure 6.3 shows the shear stress during rising stage. What is called "measured
shear" is the shear found from the measured data using the equation of motion
simplified with the kinematic wave assumption. This simplification is shown to
be valid only during the rising stage, (see Chapter 5). The simulated shear is
obtained from the turbulent stresses modelled by the standard k-e turbulence
model. During the 20 seconds of rising water level the shear stresses
correspond fairly well. The shear stress calculated from the measured data has
its peak well before the peak of the hydrograph. This is in agreement with the
results from Chapter 5. The simulated shear stress is at its maximum closer to
the peak of the hydrograph.
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Figure 6.3. Shear stress during rising stage.

In order to see whether the dynamic of the flow has been properly reproduced,
the looped rating curves are compared in Figure 6.4. During the rising stage the
discharge is considerably higher than during the falling stage for a given depth.
The relationship between depth and discharge is not completely identical but
the overall effect of unsteadiness is well reproduced.
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Figure 6.4. Looped rating curve.
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6.3.3 Numerical modelling of wave impact
The flow around a cylinder is complex with secondary currents and formation
and shedding of vortices. It was not intended to make accurate simulations of
these effects in this study, but rather to simulate the mechanisms that are
important for the force on the structure in steep flood waves. For detailed
studies of the simulation on flow around a circular cylinder, see Olsen, N. R. B.
and Melaaen, M. C. (1993 and 1995).

The initial conditions are: inflow of 55 1/s, the sudden removal of the gate, and
a downstream water level of 2 cm. The downstream boundary condition is
critical flow at the outlet.

The accuracy of the result depends upon the numerical scheme, the details of
the geometry and the time step. The numerical scheme is described above and
has been shown to work well. The effects of geometry description and time step
are considered below.

The laboratory flume is modelled by several structured grids with different cell
sizes. The size of the grid cells is of crucial importance for the simulation of
large gradients. The gradients are particularly large in the wave front and
around the cylinder. The effects of the grid cell size and the time step on the
force can be seen in Figure 6.5. The various simulations are explained in Table
6.1, while examples of the grid around the structure are shown in Appendix F.

Simulation

Ax(m)
At(s)

19
0.11-0.25

0.005

21
0.10-0.50

0.02

23
0.025-0.50

0.02

24
0.025-0.25

0.005

Table 6.1. Characteristics of various simulations.

In order to obtain an accurate simulation a grid was used with 57x13x7 cells in
the streamwise, cross- stream and vertical directions, respectively (simulation
24).

A small time step (At) is necessary in order to keep the wave front steep and to
accurately simulate the impact of the wave front on the cylinder. This explains
the difference between simulation 23 and simulation 24 in Figure 6.5, for 2 < t
< 3 seconds. Simulations 19 and 24 were stopped after about 10 seconds
because of the long computational time required.

A comparison between simulation 24 and the measured force on the cylinder is
given in Figure 6.6. The measured force in Figure 6.6 is an average of five
identical runs.
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Different simulations

24

23

8 10 12 14

Figure 6.5. The effects of Ax and At.

The force can be divided in three parts: drag, added mass (fluid inertia) and
dynamic impact. The dynamic impact is caused by the first part of the wave
front hitting the cylinder. The force increases from 0 to 26 N in 0.085 seconds.
The water level still rises and after one second the force reaches its maximum
of 35 N. The force is now dominated by a combination of drag and added mass.
From about 10 to 40 seconds the velocity and the water level are approaching
steady condition and drag dominates. From about 40 seconds onwards, the flow
is steady, giving a force of about 4.5 N.

40

3 5 •

30-

2 5 •

r 20

1 5 •

10

5 •

0 •

C) 2

Force on pillar [N]. Measured and simulated.

|W7 \ \ Measured
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4 6 8 10 12 14 16 18 20

Time(s)

Figure 6.6. Measured and simulated force on a structure due to a flood wave.
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6.4 Discussion and Conclusions

6.4.1 Discussion

The first case investigated showed that the dynamics of unsteady flow could be
reproduced by the numerical model SSIIM. The propagation of the wave, the
loop property and the shear stress were all well reproduced.

The total wave force on a structure is given by:

F = ?--CD-As-u\u\+p-CM-V~ + ?--Cs-As-u
2 (6-2)

Z at 2

as discussed in Chapter 2.3.5.2. The first two terms are given by the Morison
equation, developed for wave forces on vertical cylinders (Morison et al. 1953).
The last term is the impact force as defined by Miller (1977). Equation (6-2) is
difficult to apply in this case. As mentioned above and illustrated in Figure 6.6,
there is an effect of each term, but it varies with time. The wave impact is of
course present only in the beginning. The drag and inertia are present all the
time, but the coefficients vary with time as discussed by Sarpkaya (1981). In
addition, the coefficients depend upon the shape of the structure, Reynolds
number, relative roughness and dynamic response from the structure. In order
to use (6-2) the flow pattern has to be known, and in order to identify it, a
numerical model is necessary. Once this has been used the force can be
calculated as the integral of pressure and shear on the surface of the structure.
Because of this the complexity of the situation is better handled by a numerical
model than by equation (6-2).

Table 6.1 and Figure 6.5 show various simulations. In addition to the numerical
algorithms, the resolution in time and space is essential for the result. A small A
t is necessary to simulate the impact. The peak force depends on the spatial
resolution of the grid around the rectangular cylinder. Comparing simulations
21 and 23 in Figure 6.5 shows the effect of reducing Ax from 0.1 m to 0.025 m
close to the cylinder. For a good result, Ax should also be relatively small
between the reservoir and the cylinder. This avoids diffusion of the wave front.

In Figure 6.6 there is some deviation between the simulated and measured
forces. This may be partly due to air entrainment in the front of the wave. This
effect was observed in the physical model, but it was not included in the
numerical model. The flow is also very complex, going from supercritical to
subcritical. In the physical model shock waves form along the wall. Due to this
and because of the impossibility of introducing finer grid resolution because of
limited computational time, some deviations are expected. Despite this the
result is considered to be satisfactory.
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6.4.2 Conclusions
The 3-D numerical mode! is capable of modelling a complex unsteady open
channel flow. Even though the long computational time required limits the
possibility of making accurate simulations of every detail, the model is able to
predict the dynamic forces on a structure from a flood wave with steep front.
The numerical model thus offers the possibility of studying the effects of
dynamic impact, added mass and drag in unsteady open channel flow in more
detail.

With the use of the numerical model SSlIMit is also possible to analyse the
effect of unsteady open-channel flow on the bottom shear stress. The model was
well able to reproduce the wave motion and the shear stress obtained from the
measured data.



Conclusions and recommendations for future work 91

7. Conclusions and recommendations for future
work

7.1 Conclusions
The purpose of this study was to investigate the effect of highly unsteady flow,
or steep waves, on hydrodynamic forces.

In order to do so the wave parameter a was introduced. This is a dimensionless
expression for the gradient, of the wave front, and thus a measure of
unsteadiness during the rising stage. The parameter was successfully used to
describe the hydrographs.

In a laboratory flume the hydrodynamics of rapid flood waves were
investigated. As expected the flow conditions vary with a. As a increases the
peak discharge occurs at a constantly decreasing depth. This is also seen from
the looped rating curves. Both shear stress, velocity and depth show these loop
properties. The times of peak value vary, starting with shear stress, then
velocity and finally the depth. These variations are described by the equation of
motion. In order to obtain the spatial variables of the equation the kinematic
wave assumption was employed. Thus the spatial terms could be estimated by
the temporal terms and the friction slope was obtained from the measured data.
This method was applied with good results to study the hydrodynamic forces.

First, the hydrodynamic force on a vertical cylinder of rectangular cross section
was measured. The cylinder was exposed to waves ranging from a = 0.0026 to
a = 0.099. In order to investigate the effect of inertia an expression for the
inertia term was developed using the kinematic wave assumption. For all of the
waves the hydrodynamic force could be calculated as drag only. The effect of
inertia was negligible even for the waves that formed a breaking wave front.
Due to the highly unsteady flow, the flow condition deviates considerably from
steady flow. This has to be taken into account when applying the drag
formulae. The changing flow condition resulted in a drag coefficient that varied
from 1.7 to 2.5.

Secondly, the initiation of motion was investigated. 18 waves ranging from a =
0.0007 to a = 0.026 were released over a mobile gravel bed. The initiation of
motion was investigated with respect to the unsteadiness parameter a and the
ratio of the flow depth D to the grain size ds. In order to obtain the friction
slope S the kinematic wave assumption was applied. This made it is possible to
get an estimate of the friction slope 8=810,, from the equation of motion based
on measured temporal variations in depth and velocity. The results show that if
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the friction slope is employed, Shields criterion is valid in highly unsteady
flow. No dependence was found on either a or D/ds.

A different estimate of the friction slope was obtained by employing the
Manning formula. Used to investigate the initiation of motion it also gave the
critical dimensionless shear stress as independent of a, but the critical value
was overestimated.

When the friction slope S in unsteady flow is estimated by assuming that the
friction slope equals the bottom slope So, a correction of the critical shear stress
may be introduced. This correction is found to be proportional to the flow
unsteadiness a.

With the use of the kinematic wave assumption it is possible to simplify the
equation of motion further than equation (4-4). This is not recommended due to
some deficiencies that were discovered in the employment of the further
simplified expression.

From the measured data it was possible to obtain the friction factor. During the
rising stage the measured friction coefficient was in agreement with the one
obtained from the Moody diagram. During the falling stage the tendency was
good but due to the shortcomings of the kinematic wave assumption during the
falling stage, there were some deviations. These findings must only be taken as
indicative because this is not a detailed study of friction in unsteady flow.

Finally the 3-D numerical model SSIIM was utilised. Two cases were
investigated. First, a gradual wave, in order to examine the reproduction of the
flow dynamics. The result was satisfactory, giving the measured loop properties
of velocity and depth. During the rising stage the measured shear stress was
compared to the shear stress obtained from the turbulence model in SSIIM. The
agreement was good, but a more detailed investigation on turbulence modelling
of unsteady flow is necessary.

The second case was a dam-break wave impacting a structure. The measured
and simulated forces were compared, giving overall good agreement. It is
therefore concluded that the numerical model is capable of modelling highly
unsteady flow.

7.2 Recommendations for future work

The framework for the investigations performed was the downstream
consequences of dam failure or steep waves in rivers. The actual contribution is
only a small piece of this work. A lot is left for further research. Still, given the
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flow conditions a great deal can already be achieved. The hydrodynamic force,
for example, can be calculated in terms of drag alone.

However, in order to calculate drag without the application of a 3-D model, the
drag coefficient has to be known. In shallow open-channel flow of high
velocity, the coefficient may vary over a wide range. It is therefore necessary to
obtain more information on the dependence of the drag coefficient on the
Froude number and relative immersion.

When the initiation of motion was being studied the shear stress was found
indirectly by observation of the threshold condition. The shear stress is of great
importance when studying the effect of downstream damage. It would therefore
be of importance to obtain direct measurements of shear stress in unsteady open
channel flow. At the present no such investigation exists.

The initiation of motion under waves propagating on initial dry bed was not
investigated in the present study. Such an investigation would need a different
method of observation. Due to air entrainment direct observation of motion is
not possible.

Numerical modelling has come a long way. Nevertheless, we still have to make
compromises between the time spent on computation and the results. This
problem will probably be solved with new computer technology. Another
limitation is the accuracy of the turbulence modelling and the connection
between the turbulence parameters and shear stress. The last topic is of great
interest, especially in time-dependent flow. At the moment, however, the
information available is sparse, and further research is needed.
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Necessary length of rigid bed

A rigid bed consisting of gravel glued to plate, was placed in front of the
measuring section (with movable gravel bed). To calculate the length of the
rigid bed required to develop the boundary layer, the analogy of the turbulent
boundary layer growth on a uniformly rough plate was used. The same method
was applied by e.g. Suszka (1987). For a given maximum flow depth, Dmax, and
a Nikuradse roughness, ks, the minimum length can be determined such that the
boundary layer thickness, 8, is equal to the depth, D,^ . This can be found by
using the combination of the local coefficient of the total skin friction drag on a
rough plate (see Schlichting, 1960)

cf = [2.87 +138 log(x/ks)]~25 (Al)

where x is the distance from the leading edge. The log-law for a completely
rough region is given as:

— = 5.75 log ̂ - + S5 (A2)

By definition the local skin friction drag is:

^ / ^ = 2ft2 (A3)
y2pu2 u

If Equation (A2) is substituted into (A3), and Equation (Al) and (A3) is
equated we obtain

l2.5 ! /1 tr *ir \ —max . n e (AA\[2.87 +138 log(x / ks)] = XA\ 5-75 log-22*- + 83

in which y is replaced by Dmax. Finally, the minimum distance of the turbulent
boundary development can be calculated as

= 0.0152 fcsexp^ 4.473 log(30.1—s^) } (A5)

In the experiments with gravel bed, Dmax = 0.21 m and ks was assumed to be
2d50 = 0.021 m for the glued sediment. Equation (A5) indicates that the distance
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x of the rigid bed for the worst case should be longer then 3.3 m. The length of
the rigid bed used in the experiments is 4.8 m, which exceeds the requirements
necessary for full development of the boundary layer. Corresponding figures
for the concrete bed are Dmax = 0.27 m and ks = 0.001 m, which give x < 9.2 m.
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Correction of hydraulic radius for wall effects

The data from the steady and unsteady flow experiments regarding initiation of
motion were analyzed using the Einstein side-wall correction method as
described in Vanoni (1975). The principal assumption is that the cross-sectional
area can be divided into two parts, Ab and Aw, in which the streamwise
component of the gravity force is resisted by the shear force exerted on the bed
and walls. It is further assumed that the velocity and energy gradient are the
same for A^, and Aw and that the Darcy-Weisbach relation can be applied to
each part of the cross section as well as to the whole, i.e.

. 1 U2
 = f U2

 = fw U2
 = fb U2

ARH 2g RH 8g RHw Sg RHjb %g
(Bl)

in which RH is the hydraulic radius, and the subscripts b and w refer to the bed
and the wall sections respectively. Since U /8g is constant

JL - _Le_ - J±- (B2)

Figure A.l. Definition sketch for division of cross-sectional area.

With the Reynolds number R, = URH/v substituted into (B2) this gives

f fw h
(B3)

Introducing the geometrical requirement A = Ab + Aw, and RH = A/P into
Equation (Bl) results in

(B4)
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For a rectangular channel, P = 2D + B; Pw = 2D; and Pb = B, for which
Equation (B4) can be expressed as

ID
/*=/ + ̂ -(/"/J (B5)

From Nikuradse's equation (see Rouse, 1961) for smooth surface (104 < R,
4xlO4) the friction factor for the wall is

0221
fw = 0.0032 + — ' (B6)

which can be transformed into the iterative form of

-10.8084

0.0032/w
0.237 . 0.159

x 0.237
)

(B7)

Calculation of the hydraulic radius for the bed section proceeds as follows:

1. Calculate R̂  and / from the experimental data
R,. = URH/v = U[BD/(B + 2D)] /v
/ = 8gRHS/U2.

2. Compute R ^ ^ which from (B3) equals RJf, and use Equation (B7) to
determine / w by iteration.
3. Calculate / b from (B5).
4. Calculate R a b = /bU

2/8gS.
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Steady flow
Steady flow experiments on drag force:

Experiment
no.

STASJ4
STASJ5
STASJ6
STASJ7
STASJ8
STASJ9
STASJ10
STASJ11
STASJ12
STASJ13
STASJ14
STASJ15
STASJ16
STASJ17
STASJ18
STASJ19
STASJ20

D8, wire
[cm]
9.93
12.27
14.47
15.79
17.13
17.87
18.38
19.09
20.12
21.40
22.39
23.16
24.25
25.77
26.32
27.35
27.97

Q
fl/s]

30.08
42.23
55.50
63.75
73.28
79.35
83.78
88.35
95.40
106.02
112.95
121.77
131.31
140.85
148.14
156.87
163.89

V
[m/sj
0.51
0.58
0.65
0.68
0.72
0.75
0.77
0.78
0.80
0.84
0.85
0.89
0.92
0.93
0.95
0.97
0.99

F,

0.52
0.53
0.55
0.55
0.56
0.57
0.58
0.57
0.57
0.58
0.58
0.59
0.60
0.58
0.59
0.59
0.60

Re

5.10E+04
7.16E+O4
9.41 E+04
1.08E+05
1.24E+05
1.34E+05
1.42E+05
1.50E+05
1.62E+05
1.80E+05
1.91E+05
2.06E+05
2.23E+05
2.39E+05
2.51 E+05
2.66E+05
2.78E+05

F
[N]

1.83
3.35
5.33
6.40
7.74
8.58
9.19
9.70
10.82
11.71
12.54
13.22
14.10
15.08
15.85
16.61
17.04

Cd

2.00
2.29
2.49
2.47
2.46
2.42
2.39
2.36
2.38
2.22
2.19
2.05
1.97
1.95
1.89
1.84
1.76

05, wire
[cm]
9.82
12.22
14.52
15.81
17.23
17.93
18.77
19.17
20.20
21.57
22.27
23.30
24.39
25.60
26.29
27.29
27.93

Presicion of limnimeter D8
08, wire

[cm]
9.93
12.27
14.47
15.79
17.13
17.87
18.38
19.09
20.12
21.40
22.39
23.16
24.25
25.77
26.32
27.35
27.97

08, gauge
[cm]
9.80
12.10
14.95
15.85
17.05
17.75
18.25
19.05
19.95
21.45
22.15
22.85
24.05
25.45
26.05
27.05
27.65

Deviation
[%]
1.37
1.42
-3.24
-0.39
0.48
0.69
0.72
0.22
0.83
-0.25
1.09
1.34
0.81
1.26
1.03
1.11
1.15

Presicion of limnimeter D5
D5, wire

[cm]
14.52
15.81
17.23
17.93
18.77
19.17
20.20
21.57
22.27
23.30
24.39
25.60
26.29
27.29
27.93

D5, gauge
[cm]
14.53
15.88
17.38
18.23
18.83
19.23
20.23
21.73
22.43
23.63
24.43
25.63
26.23
27.23
27.93

Deviation
[%]

-0.09
-0.43
-0.84
-1.65
-0.33
-0.31
-0.14
-0.72
-0.70
-1.40
-0.18
-0.10
0.22
0.22
-0.01

Velocity distribution. Concrete
bed.

1.2

1

0.8

0.6

0.4

0.2

0

* Constant U
0 Constant y_p

Rjly. (Constant Q)

y = -3.0144X4 + 5.9724X3 - 4.7046x2

1.838x+0.7453
R* = 0.9919

0.2 0.4 0.6 0.8

Velocity distribution. Gravel
bed.

1.2

1

0.8

0.6

0.4

0.2

y = -4.506X4 + 9.3659x» - 7.5838x2 + 3.2294X
+ 0.4S2

R? = 0.996

0.2 0.4 0.6 0.8
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Unsteady flow. Histograms.
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Er2b, a =0.0048

APPENDIXD

20 25 30 35

16
Er2b, a=0.0048

14
1?

10
R

6 1

4

0

1

M**#fifi__..,

|

_ » _ S=S_kin i

J-^_S=S_0 L

^ • • " - —
"^5

10 15 20 25 30 35 40 45

Time [s]

50

Er15, a =0.0051

12 14

Er15, a=0.0051

1
i—•

<«• •

_ S = S kiiL
"̂  '" 1

_ s=s n

4 6 8
Time [s]

10 12 14



APPENDIXD

Er9, o =0.0060
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Governing equations.

The numerical model SSIIM is based on the Reynolds-averaged Navier-Stokes
equations:

-PSf, -pu,uj) (Fl)-zJ- + Uj—L = - —
dt J dxj p dxj

The last term in equation (Fl) is the turbulent stresses, and is often modelled as

in which k is the turbulent kinetic energy. It is defined as

k = ̂ W (F3)

The turbulent eddy viscosity in equation (F2) is unknown and has to be
modelled by means of a turbulence model. SSIIM uses the k-s model described
below. The eddy viscosity is obtained from

v r = C | 1 — (F4)

Here E is the dissipation rate of k. s and k is modelled by equation (F5) and
(F6):

dk TT dk) 8 vT dk) D

— + U,\ 1= -H +P f t -8 (F5)

+U \ + C e i

dt dxj dxj\ot oxjj k

in which Pk is defined as

(F7)
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For all equations the indices i, j = 1, 2, 3.

Nomenclature
CM., C J | ,

k
p
Pk
t

u
u
X

Su
e
vT

P

Ce2 constants used in the k-z model
turbulent kinetic energy
pressure
production term in turbulence equations
time
average velocity
fluctuating velocity component
coordinate
Kronecker delta: 1 if i=j, else zero
dissipation rate of turbulent kinetic energy
turbulent eddy viscosity
density of water
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Grid close to the sylinder. Simulation 21.

~. i T

Grid close to the sylinder. Simulation 19.

Grid close to the sylinder. Simulation 24.


