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Abstract

Erosion and sedimentation are natural processes that occur in natural flows.
If the erosion is a threat for a structure, a bed protection is necessary to stop this process. A bed
protection usually consists of relatively large stones.

For calculating the required dimeter of the stones several formulae are available, of which the
formula of Shields is the most well-known. In most of these formulae the required dimeter depends
on the maximum flow velocity.

Almost all flows in hydraulic engineering are turbulent. This means that the velocities are not
constant in time, but fluctuating. Due to this irregular nature, the flows are described in a statistical
way with a mean velocity and a standard deviation. This standard deviation is called turbulence.

In a uniform flow, the amount of turbulent remains constant, but it increases rapidly just behind a
hydraulic structure and decreases gradually further downstream. The situation that will be dealt
with in this research is that of the Backward Facing Step.

The turbulence is often represented as the amount of turbulent energy.

If the relative turbulence is known, the maximum velocity can be calculated and from that follows
the required stone diameter. Knowing the standard deviation of the velocities is therefore very
important, since having too small stones can destroy the bed protection and too large stones are
more expensive and their placement could lead to practical problems.

Voortman (2013) came up with a new method to predict the turbulent energy, based on the energy
cascade. He assumed that the dissipation rate of the turbulent energy depends on the amount of
energy itself. Hoeve (2015) concluded, based on earlier experiments, that the method might work
for the increase of turbulence, but that not enough data was available for calibrating the method for
predicting the decrease of turbulence further downstream.

For this reason, twelve new experiments were done in the Laboratory for Fluid Mechanics of the
Delft University of Technology. The experiments consisted of a step and a certain combination of
water depth, flow velocity and bed roughness behind the step.

In these experiments, the flow velocities were measured at various locations and levels, so that the
mean velocity and standard deviations at various locations are known.

In combination with the measured water depths, the head levels and turbulent energy could be
calculated at each location and from that the change in head level and turbulent energy could be
calculated.

The measurement data was obtained in both the deceleration zone and behind the reattachment
point.

After a careful analysis, it turned out that it is possible to describe the dissipation of the turbulence
with an exponential function, as suggested by Voortman (2013).

With the obtained data it should be possible in the near future to find a better link between the
generation and dissipation of turbulent energy as well, leading to the creation of a new turbulence
method and resulting in better bed protections.

2|Page



Contents

Voorwoord / Preface 1
Abstract 2
Contents 3
List of symbols 6
List of figures 8
List of tables 10
List of images 10
1 Introduction 11
1.1 Background information 11
1.2 Research motivation / Problem definition 11
1.3 Research objectives 12
1.4 Methodology 12
2 Introduction to stationary turbulent flows and bed protections 13
2.1 Introduction 13
2.2 Defining turbulent flows 15
2.3 The (turbulent) energy of flowing water 16
2.4 Uniform (turbulent) flows 19
2.5 Stationary non-uniform (turbulent) flows 20
2.6 The aim of a bed protection 24
2.7 Existing design approaches for a rock bed protection 24
2.8 The influence of turbulence in the design of a bed protection 25

3|Page



3 A fast method to model turbulence for practical use 28

3.1 The basic concept of the Arcadis Turbulence Method 28
3.2 An updated version of this method 30
3.3 Analytical solutions for this method 30
3.4 Theoretical validity of this method 31
3.5 Practical applications of this method 32
3.6 Introduction to experimental research for improving ATM 32
4 Experimental research 34
4.1 Measurement goals 34
4.2 The experimental set-up 34
4.3 The measurement devices 37
5 The results from experimental research 42
5.1 Data directly obtained from the experiments 42
5.2 The shear velocity and the roughness 48
5.3 The reattachment points 50
5.4 The depth-averaged velocity 51
5.5 Head level changes in streamwise direction 52
5.6 Turbulent energy 53
6 Finding a solution to model the dissipation of turbulent energy 55
6.1 Introduction to the used approach 55
6.2 Determining which of Voortman’s suggestions works best 56
6.3 The maximum turbulent energy 58
6.4 The equilibrium turbulent energy 58
6.5 Calculating the best value for the dissipation coefficient 61
6.6 Calculating the relative turbulence 65
6.7 Comparison with the method of Hoffmans 66

4|Page



7 Conclusion and drecommendations
7.1 Conclusion

7.2 Recommendations for further research

Bibliography

Appendix A: Comparison of the formulae of Pilarczyk and Escarmeia & May

Appendix B: Current methods of turbulence modelling
Appendix C: Physical modelling and scaling laws
Appendix D: Appendix D: Roughness of the bed
Appendix E: Rehbock weir

Appendix F: Velocity profiles

Appendix G: Calculated discharges versus set discharges
Appendix H: Explanation about tilted flume

Appendix |: Head levels

Appendix J: Turbulent energy levels

Appendix K: Mathcad script for Voortman’s method
Appendix L: The results from Voortman’s method
Appendix M: Mathcad script for both Voortman’s and Hoffmans’ formula

Appendix N: The results from both Voortman’s and Hoffmans’ formula

68
68

69

71

74
75
77
78
80
104
110
117
123
129
136
142

149

5|Page



™ T >

~l =

oS <

List of symbols

Correction coefficient for kinetic energy

(-)

Cross-sectional area of the flow (m?)
Correction coefficient for momentum (-)
Width of the flow (m)

A certain constant (-)
Depth of the flow (m)
Diameter of the stones (m)
Mean flow energy (J/m3)
Variable used in the analytical solutions of ATM (1/m)
Dissipation coefficient used in ATM (-)
Froude number (-)
Gravitational constant (m/s?)
Water level (m)
Water level with respect to the bed level (m)
Height of the step in BFS flow (m)
Energy head of the mean flow (m)
Energy head of mean flow and turbulence combined (m)
Turbulent kinetic energy (m?/s?)
Depth-averaged turbulent kinetic energy (m?/s?)
Length scale (m)
Temporal and depth-averaged momentum (kg m/s)
Average (depends on situation)
Kinematic viscosity (m?/s)
The root-mean-squared pressure fluctuations (N/m?)
The time-averaged pressure fluctuations (N/m?)
Specific discharge (m?/s)
Discharge (m3/s)

Turbulence intensity

(-)
6|Page



Re

Pw

Ps

<l

<l

Yb

Hydraulic radius

Reynolds number

Density of water

Density of stones

Standard deviation

Time

Velocity in streamwise direction

Instantaneous velocity

Temporal averaged streamwise velocity

Temporal and depth-averaged streamwise velocity
Variation from temporal averaged streamwise velocity
Root-mean-square of velocity fluctuations
Velocity in vertical direction

Velocity in transverse direction

Streamwise coordinate

Vertical coordinate

Height of the bed level

Transverse coordinate

(m)

(-)
(kg/m?)
(kg/m?)

(depends on situation)

(s)
(m/s)
(m/s)
(m/s)
(m/s)
(m/s)
(m/s)
(m/s)
(m/s)
(m)
(m)
(m)
(m)

7|Page



List of figures

Figure 1: The difference between water depth and water height.

Figure 2: Uniform flow on a sloping bed.

Figure 3: Uniform flow on a horizontal bed (with the bed not at y=0).

Figure 4: Energy head on a sloping bed.

Figure 5: Energy head on a horizontal bed (with the bed not at y=0).

Figure 6: A schematic overview of a BFS situation with both the water and head levels.

Figure 7: A schematic overview of the “total” energy head
(as defined by Voortman (2013)) in a uniform flow situation.

Figure 8: A schematic overview of the “total” energy head in a BFS.

Figure 9: The experimental set-up of the flow.

Figure 10: The water levels with respect to the bed for situation 3 with the “smooth” bed.

Figure 11: The electrical signal at x = 60.1 cm and y = 0.0537 for
situation 3 with the “smooth” bed.

Figure 12: The horizontal and vertical velocities at x = 60.1 cm and y = 0.0537 m
for situation 3 with the “smooth” bed.

Figure 13: The horizontal velocities at certain locations for situation 3
with the “smooth” bed.

Figure 14: The velocity profile (for horizontal velocities) for the first metre
of smooth situation 3.

Figure 15: The standard deviations of both the horizontal and vertical velocities
for the first 1.5 metres of smooth situation 3.

Figure 16: The logarithmic profile for situation 3 with a rough bed.
Figure 17: The normalised data for the last location of all situations.
Figure 18: Determining the reattachment point.

Figure 19: The relative reattachment points for all situations.

Figure 20: The depth-averaged horizontal velocities at various locations
for situation 3 with a “smooth” bed.

Figure 21: The head levels at various locations for situation 3 with a “smooth” bed.

Figure 22: The turbulent energy levels at various locations for situation 3
with a “smooth” bed.

Figure 23: Both the mean flow energy and the combination of mean flow and
turbulent energy levels at various locations for situation 3 with a “smooth” bed.

13
14
14
16
17

21

28
29
34

43

43

44

45

46

47
48
49
50

50

52

53

54

54
8|Page



Figure 24: The exponential decay of turbulent energy for situation 3 with a “smooth” bed.

x| -

Figure 25: The values of ¢ plotted against the Froude number for f =

<

Figure 26: The values of ¢ plotted against the Froude number for f = vIe

Figure 27: A typical result of the turbulent energy when the value of p is too large.

Figure 28: The curve fitted results with k.q = 1.44 u,? for situation 4 with a “smooth” bed.

Figure 29: The curve fitted results with keq = 1.44 u,? for situation 1 with a “rough” bed.
Figure 30: The curve fitted results with keq = 1.44 u,? for situation 3 with a “rough” bed.
Figure 31: All the measured and calculated values of k.

Figure 32: The curve fitted results for p = 0.125 and ¢ = 0.064 for situation 3
with a “rough” bed.

Figure 33: The relative turbulence of situation 2 with a rough bed.

Figure 34: The results of both methods for situation 3 with a “smooth” bed.
Figure 35: The results of both methods for situation 3 with a “rough” bed.
Figures F1 until F24: Velocity profiles.

Figure H1: The velocity profile for the first metre of situation 3 with a rough bed.
Figure H2: The velocity profile for the last 4 metres of situation 3 with a rough bed.
Figure H3: The head levels for situation 3 with a rough bed.

Figure H4: The head levels at two locations for situation 3 with a rough bed.
Figure H5: The head levels for situation 3 with a rough bed.

Figures 11 until 112: Head levels

Figures J1 until J12: Turbulent energy levels

Figures L1 until L12: Turbulent energy levels according to Voortman’s method

Figures N1 until N12: The relative turbulence levels

55

56

57

59
61
62
62

63

64
65
66
67
80
110
111
112
114
116
117
123
136

149

9|Page



List of tables

Table 1: The expected results of the experiments based on the momentum balance
Table 2: The values of u,, yo and k* for all situations.

Table 3: The CoV and total SSE for different values of p.

Table 4: The results for k. (in m?/s?) following from the two discussed approaches.

Table 5: The total SSE for different values of ¢ withp = 0.125.
Table G1: The measured discharges.

Table H1: The expected head loss, head levels and bed gradient for
all situations with a rough bed.

Table H2: The expected head loss, head levels and bed gradient for
all situations with a smooth bed.

List of images

Image 1: The various aspects of the LDA set-up, with on the left the detector
and on the right the laser.

Image 2: The laser beams in the water with the detector
on the other side of the flume.

Image 3: The distance meter at its reference point
Image 4: The step and the situation in the first metre after the step.

Image E1: The Rehbock weir in the return flow. On the right is the red device visible
that measures the water depth on top of the weir.

36
48
60
60
64

104

114

115

39

40
41

42

78

10| Page



Chapter 1

Introduction

1.1 Background information

The Netherlands is a low country with lots of water in and around it. In fact, more than a quarter of
The Netherlands is located beneath sea level. (PBL) For this reason, people of The Netherlands have
been protecting their country against the water for many centuries, leading to the construction of
protections such as dikes, dams and barriers. Because the water was everyone’s enemy, all people
had to work together to defeat the water. The Dutch word “poldermodel”
decision-making, has its origin in this practice.

, used in consensus

Weirs and sluices were built to control the water level in rivers. Most of these structures are
accompanied with locks, to keep the rivers navigable for ships, and fish passages, so that the fishes
can swim uninterruptedly in the whole river.

At those structures, often a bed protection is used. Under normal conditions a balance exists
between the characteristics of the water and the river bed, but at structures the velocities are
usually higher, leading to erosion. Erosion itself is not a problem, but it will be when it undermines
the stability (and thus safety) of a structure or adjacent dike. The bed protection is therefore needed
to maintain the stability of the structure.

A bed protection usually consists of large rocks that will not be transported by the water and so
preventing the smaller stones underneath them from being transported as well.

Over the centuries, the dimensions of these protections have been calculated via multiple different
methods. From the twentieth century on, a more scientific approach came into existence, although a
lot of formulae still use empirical determined coefficients.

To calculate the size of the required rocks, the velocity of the water needs to be known. Under
normal circumstances water in rivers and canals has a chaotic pattern, called turbulence. Because of
this the velocity is not constant, which makes the calculation more complicated.

Because the bed protection must remain stable under (almost) all conditions, the maximum
hydraulic load needs to be known and therefore the standard deviation of the velocities needs to be
available.

1.2 Research motivation

For most practical cases, the real amount of turbulent energy is unknown, because a tool that can
calculate that amount in a relatively short time is still unavailable. Therefore, usually a certain value
for the turbulence is assumed, based on crude empirical formulae. For safety reasons, this value is
usually too big, leading to a possible overestimation of the dimensions of the bed protection,
resulting in excessive costs.

Based on the energy balance equation, Voortman (2013) came up with a much faster mathematical
solution to predict the amount of turbulent energy after a sudden increase of turbulence, for
instance behind a backward facing step. Hoeve (2015) analysed some earlier experiments with this

1l1|Page



step to check the validity of this concept and he concluded that this new method could work, but
that not enough data were available to come up with a definitive answer.

1.3 Research objectives

The main objective of this research is improving the new method of Voortman, which could lead to a
better understanding of the physics behind turbulence. When successful, this method could be used
to design a bed protection in a shorter amount of time.

One of the key factors in this method is the rate of dissipation of turbulence.

The dissipation of turbulence itself is difficult to measure, but it can be obtained from the total
(turbulent) energy cascade. The second objective is therefore to get good measurements of the
amount of turbulent energy at several locations and an understanding of how the amount of
turbulent energy changes in stream wise direction.

Since the dissipation of turbulence is the difference between the generation of turbulence and the
actual turbulence, the generation rate has to be known as well to calculate the dissipation rate of
turbulence. If it is assumed that turbulence is generated from the decrease of mean flow energy,
calculating the mean flow energy at various locations will be the third objective.

The fourth objective is again a consequence of the above: to determine the mean flow energy, both
the water depths and velocities at certain locations should be known. The last objective is therefore
to create new reliable data about the water depth and velocities for different flow scenarios.

1.4 Methodology

The aim of this report is to be complimentary to the existing theories on mean flow characteristics
and turbulence. For this reason, these existing theories are described in Chapters 2 and 3.

Since Hoeve found out that not much data was available downstream from the step, a new
experiment with a backward facing step was executed during this research. The experiment was
executed in a flume and consisted of twelve different flow scenarios in which the water depths and
flow velocities were measured at different heights in the water column and at various locations in
streamwise direction.

From these measured water depths and velocities both the energy level and the amount of
turbulence could be calculated at every location.

With these calculated results, the method of Voortman could be improved, which might result in a
better understanding of the physical phenomena responsible for turbulence and leads to a more
efficient (process of designing a) bed protection.
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Chapter 2

Introduction to stationary turbulent flows and bed protections

2.1 Introduction

In this chapter will be treated what bed protection is and how it can be designed, but before doing
so, the processes in the flow will be discussed.

The most important process for this thesis is the occurrence of turbulence. Since the mean flow is
the most important source for turbulence (Tennekes & Lumley, 1972), its characteristics will be
treated before (the effects of) turbulence will be introduced.

The basic formula for the discharge is Q = A * u (2.1), with A being the cross-sectional area and u
being the (temporal and depth-averaged) flow velocity.

Since mass (of water) cannot be generated or destroyed, the discharge remains constant, as long as
there is no extra inflow or outflow.

In reality, the flow is 3-Dimensional, which means that fluctuations occur in all directions. In this
report, however, only the streamwise direction and the vertical direction are considered, which
reduces the flow to a 2-Dimensional situation. Furthermore, it is assumed that the cross-section of

the flow is rectangular and that the width is constant, which means that g = % (2.2) is constant as

well.

In this report, all flows are assumed to be stationary. This means that the stochastic characteristics
of the flow do not change in time at any point in the fluid. In reality, small variations might happen,
but when they are small enough and do affect the mean motion, the flow can still be seen as
stationary.

A flow is called uniform if the characteristics of the flow do not change in space either (MIT, 2006). In
this report, both uniform and non-uniform flows will be treated.

The height of the water layer can be described in three ways: the thickness of the water layer (d),
the height of the water layer above a certain reference point (h) or the height of the water layer
above the bed (hp). All three notations play a role in this report and are visualized in Figure 1.

I
) ;.é

X

Figure 1: The difference between water depth and water height.
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Apart from the height of the water, the bed level (yy) plays a role. This is the height of the bed
relative to a certain reference point. For an (almost) horizontal situation y, can be seen as constant
and is then usually left out of the equation. (Figure 2 and 3). The water level is then defined as:

h=y, +h, (2.3)

This means that h and hy, are identical, if the bed layer lies at y=0.

ho

1
v Yo 2

Figure 2: Uniform flow on a sloping bed.

he

Vb

X

Figure 3: Uniform flow on a horizontal bed (with the bed not at y=0).
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2.2 Defining turbulent flows

Most flows in hydraulic engineering are turbulent. These flows do not have such a nice organized
structure, but are more chaotic, which means that flow is going in all directions and the flow is not
constantin time.

This is in contrast with laminar flows, whose streamlines are parallel.

Because of their irregular behaviour, turbulent flows are usually defined in a statistical way. (MIT,
2016)

Although the flow goes in multiple directions, normally one direction is the dominant one and the
characteristics in this direction can often be assumed to be stationary.

This can be done by dividing the flow velocity in a mean and a fluctuating part. This procedure is
known as the Reynolds decomposition (as discussed by e.g. Hinze, 1975):

fi=a+1u (24)

In this formula is i the instantaneous flow velocity, & the average velocity and u© the variation from
the average velocity. By definition )} 7 = 0 and thus the average of the fluctuations is zero.

Since turbulent flows are chaotic and thus not constant in both time and space, the average velocity
itself gives little information about the total flow and therefore the standard deviation is calculated
as well.

The standard deviation is the root-mean-square of the velocity fluctuations over time and will be
called u’:

T ~ -
u = Zi=1 (1’;’11 u)Z (25)

This procedure is applicable for all three directions.

A good indication if the flow is laminar or turbulent, is given by the Reynolds number, which is
defined as the ratio between advection term and diffusion terms (or as a ratio between the inertial
and viscous forces) in a flow and can be written as (Reynolds 1883):

Re = ud (2.6)
%

Since the kinematic viscosity (v) is, under normal conditions, constant for a given fluid, the Reynolds
number depends mainly on the velocity and the depth of the flow.

Usually it is assumed that for an open channel the flow is turbulent for Re > 2000. (Cruise et al.,
2007)

The Froude number is defined as: Fr = Toa (2.7)

This number is used to determine if a flow is subcritical or supercritical. The former is the case when
Fr<1 and the latter happens when Fr>1.
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2.3 The (turbulent) energy of flowing water

The energy in flowing water can be divided into two parts: potential energy and kinetic energy.
The potential energy is a result of gravity and is defined as the height of the water above a certain
reference point. The standard formula for potential energy is E, = mgh (2.8)

The kinetic energy is the result of motion and can be described with E}, = % miu? (2.9)

The total energy is then E;, = E, + Ex = mgh + % mi? (2.10)

In hydraulic engineering, this total energy is usually expressed per unit of volume and presented as:
1 _
E =pgh+ > p % (2.11)

This energy is often divided by the mass density and the gravitational acceleration and called the

=2
(energy) head level: H = h + %u; (2.12). This concept is visualized in Figures 4 and 5.

Besides the above mentioned mean flow energy, also turbulent energy plays a minor role in the total
energy.

 um I B Y B —
% o L = . ol
y | he | h1l||H1 - —
B h2|| H2
Yo |
— ——_‘_‘_—‘—‘—-—-

Figure 4: Energy head on a sloping bed.
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Figure 5: Energy head on a horizontal bed (with the bed not at y=0).

Energy is a preserved property and cannot be created or destroyed, but only converted in another
form, like heat.

When the energy head remains constant, the energy is preserved within the flowing water. If the
energy head decreases, the energy is converted and it will be called energy loss in this report, since
the energy does not contribute to the flow anymore.

The case that the energy head remains constant is better known as Bernoulli’s equation and is based
on the 1-Dimensional Euler equations, that stated that along a streamline, the energy remains
constant.

In Bernoulli’s equation, it was assumed that the kinetic energy is evenly distributed over the depth,
requiring the same velocity at all heights (at one location). Because of friction near the bottom, the
velocity there is lower than in the upper part of the flow. This means that the assumption is not
completely true.

The total kinetic energy is the square of the velocity, integrated over depth, which is not the same as
the depth-averaged velocity squared.

This means that at every height the velocity should be known, which is quite difficult. It can,
however, be described by multiplying the average velocity with a correction factor a that takes the
effects of the velocity profile into account (Cruise et al., 2007).

The result of this is:

H = + h, + 177 2.13
=Yp b azg(-)

a can be calculated with the formula from Cruise et al. (2007):

_ 1
a_A*ﬁ3

d

_3 B=constant 1 _3

u° dA a:d*ﬁ3 u°dy (2.14)
0

Because a has a considerable influence on the total energy, calculating the proper values of a is an
important aspect in this research that deals mainly with non-uniform flow.
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In a uniform flow, the velocity distribution over depth can be described with a logarithmic profile.
The consequence is that in these situations a=which means that the correction factor is usually left
out of the equation. In Cruise et al. (2007), more information about the assumptions of Bernoulli’s
equation can be found.

When formula for the energy head is differentiated in the streamwise direction, it becomes:

dH dy, dh, a_du u*da

—=—4+—+—-u—+——7 (2.15
dx dx+dx+gudx+2gdx( )

This is the stationary version of the one-dimensional Saint-Venant equation without a friction term.

dy .
For a flow over a slope d_xb < 0 which means that the other parts of the equation must change as

dH
well so to make sure that el 0.

In reality, the bottom is never frictionless, which means that also the dissipation of energy, which
results from the bottom friction, must be included in the energy equation.

Because the bed of a flow is never completely smooth, small disturbances arise in the flow and if the
flow has a Reynolds number above 2000 (Cruise et al., 2007), the flow will be turbulent.
The turbulence itself contains kinetic energy as well.

The turbulence kinetic energy is the sum of the turbulent energy in all three directions, defined as
(Schiereck, 2001):

1
k(y) = > (W?+v%+w'?) (2.16)

Since in this study only 2 components have been measured (u and v), an assumption should be made
for the fluctuation magnitude in the transverse direction. In Nakagawa & Nezu (1987) was found

2 ult?
thatw'® =

(2.17) in uniform flow. This ratio is not constant for all the locations in the flow,

so it can be a source of inaccuracies.

For a 2-Dimensional situation the depth-averaged turbulence is then defined as (Schiereck, 2001):

~ 1 ‘
k = Ef k(y)dy (2.17)
0

In practical situations, often the relative turbulence is used since that term is an indication about the
variations in the flow velocity, but independent of the velocity itself. The relative intensity
turbulence in the whole water column for a 2-Dimensional situation is defined as (Hoffmans, 1993):

_u’z 2.18

Hoffmans (1993) found that for uniform flow:
k ~ (r*u)? (2.19)
which means that in those cases r can also be calculated via:

r= \g (2.20)
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The complete energy balance equations for both the mean flow and turbulent energy are given by
i.a. George (2013).

The most important conclusion for this research is that the turbulent stresses are a dissipation term
in the equation for the mean flow energy, while it is the only production term in the equation for the
turbulent kinetic energy. (Hoeve, 2015)

From this can be concluded that, under the assumption that the other sink terms in the mean flow
energy are negligible, the reduction of the kinetic energy of the mean flow is almost equal to the
generation of the turbulent energy. This means that the decay of mean flow energy can be seen as
the main source of turbulent energy.

The dissipation of mean flow energy is a result of shear stress. In a uniform flow, this is due to the
friction at the bed.
Schiereck (2001) showed that the transition of mean flow energy into heat is negligible compared to
the dissipation of turbulent energy.
The reason for this mechanism is that the dissipation of (mean flow) energy takes place via the shear
stress:

du

T= pva (2.21)

Except close to the bottom, the value of Z—: is usually very small and thus 7 is too small to transform
all the energy into heat. (Schiereck, 2001) When turbulence plays a role, the velocity gradient is
much higher due to the local velocity differences.
The decrease of the whirls inspired Richardson (1922) to write a poem:

“Big whirls have little whirls that feed on their velocity,

And little whirls have smaller whirls and so on to viscosity”

This means that due to the larger effects of viscosity, the dissipation of turbulent energy takes place
on the smallest scales.

2.4 Uniform (turbulent) flows

The term “stationary flow” does not mean that the flow characteristics remain the same at all
locations, it just means that at a certain location the characteristics do not change. As a result,
accelerations and decelerations in the flow are possible, but they will always be located at the same
places.

If the flow does have the same characteristics at all locations in the streamwise direction, it is called
uniform flow. (MIT, 2006)

This means that a steady uniform flow does not change in both space and time, while a steady non-
uniform flow is only constant in time. The latter one is more common in this research, but to get to a
complete solution, the first one has to be treated as well.
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du _ da

dh
Since in uniform flow the characteristics of the flow are constant in x-direction, I 0
. dH dy, L .
and the change in energy level reduces to I = x resulting in a head level change that is equal

to the bed slope.

For uniform flow over a rough bottom Chezy came up with a formula that can be found in e.g.
Schiereck (2001):

<l

=C R|dH| 2.22
- dx (' )

with R being the hydraulic radius, defined as the area divided by the perimeter, and C being the
d
Chezy coefficient, related to the bed friction. Since the energy head is non-increasing, £ is negative

or zero, hence the absolute value should be used.

Substituting this formula in the energy equation (2.15) leads to:
=2

Which means that for uniform flow the bed slope and velocity are related.

According to Hoffmans (1993) the amount of turbulent energy is constant in uniform (stationary)
flow, which means that the dissipation of turbulence must be equal to its generation. Constant
turbulence does not mean that there are no variations in the flow, but it means that the standard
deviation of the variations is constant.

The amount of relative turbulence is given by:

Jg

TO = CO 7 (223)

in which co has a value of 1.21 based on several experiments (Hoffmans, 1993).

2.5 Stationary non-uniform (turbulent) flows

A flow is non-uniform when the properties of the flow do change in space. This happens when the
circumstances change, e.g. the widening of the flow or a change in discharge, but it can also happen
when the bed slope is zero.

In these cases an acceleration or deceleration takes place which also affects the water depth. When
the construction period is just done, the flow will change in time, but after some time the flow will
be stationary.

In these situations, the amount of turbulent energy does not have to remain constant either. When
the flow accelerates, the amount of turbulent energy will remain almost the same since the flow
lines become more closed together so no extra vortices can arise (Schiereck, 2001), but for a
deceleration zone this works differently.
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Figure 6: A schematic overview of a BFS situation with both the water and head levels.

The flow situation that will be dealt with in the rest of this research is the so called backward facing
step (BFS) flow, which is visible in Figure 6.

In this case water flows over a step which influences the characteristics of the flow. The water depth
is then reduced (since the bottom is increased) and the continuity of mass (q = constant) states that
the flow velocity increases in that case. Because the head level remains the same (Bernoulli’s
equation of conservation of energy), this leads to a decrease of the water level.

As long as the bottom friction and wakes on top of the step are very small, the energy losses are
negligible. The energy loss that results from flow separation at the beginning of the step is negligible
as well, if the slope is smooth enough (Greenblatt & Wygnanski, 2000).

As a result it is assumed that there will be no energy loss until the end of the step.

Behind the step, the water depth becomes larger again and as a result the velocity decreases and
the water level rises.

Downstream of the step, three different flow regions can be distinguished: recirculation zone, mixing
layer, and new wall-boundary layer (Hoffmans, 1993). In Figure 4 these different regions are
visualized with dotted lines.

The formation of a recirculation zone is a result of the fact that just behind the step, the water is
mainly stagnant up until the height of the step. Above this height, the water is flowing because of
the upstream water that enters this location.

This flowing water then acts a force on the stagnant water, so that the top of this stagnant water
also becomes flowing. At the bottom, the water flows in the opposite direction, to balance the
amount of water in this region. This results in a recirculation zone in which the vertically averaged
velocity is zero.

The length of the recirculation zone is not constant, but seems to depend on the Froude number and
the roughness of the bed (Hofland, 2005). The reattachment point lies between 5 till 12 times the
step height.

The development of the new boundary layer is described by the formula of Schlichting (1949):

1
v

5(x) = 0.37 * (5)5* X5 (2.24)

Although this formula was meant for smooth plates, it is assumed that it can also as a first
approximation for rough beds if the stones are not too large.

21 |Page



Due to the deceleration of the flow, the energy is no longer maintained, which makes it difficult to
calculate the water levels and velocities behind the step.

In that case, it is more convenient to use the momentum balance at an infinitely small distance from
the step.

In this research, the flow situations on top of the step are the ones that are determined beforehand.
The momentum balance will then be used to check what the equilibrium water level is and it will
give a rough indication about the distance needed to reach the equilibrium water level.

To simplify the problem, the bottom is assumed to be (almost) horizontal, which is not a big mistake
compared to a real river, given the small spatial extent.

Hoeve (2015), among others, reasoned that the amount of momentum just behind the step can then
be calculated as:

1 —_— 2
Mypstream = 2 Pw 9 (don the step T hstep)2 + pw don the step Uon the step (2.25)

With Mupstream = Mdownstream and q= don the step * Uon the step = hdownstream * Udownstream
the water depth (far) downstream of the step can be calculated.

If Fr < 1, the flow is subcritical, which means that the downstream water level determines the
upstream water level. This means that with this formula the upstream water level can be calculated
if the downstream water level is known. If the water level on top of the step is known, it can be
calculated what the water level at the downstream side (and far away from the step) is supposed to
be.

This recirculation becomes smaller further from the step, since more stagnant water is brought into
motion by the flowing water on top of it. The point where the height of the recirculation zone
becomes zero, is called the reattachment point. After this point, a new boundary layer will be
formed.

In case of a supercritical flow (Fr > 1), the upstream water level is independent from the downstream
water level and the downstream water level can be calculated via the formulae valid for weirs, but
that situation will not be further treated in this report.

When the flow decelerates, for instance behind a backward facing step, the opposite is true. Just
behind the step the average flow is zero in the region from the bed to the height of the step and
non-zero in the region from the step height up until the water level. This leads to friction between
the flowing and non-flowing water resulting in circulating patterns in the water, called eddies. Since
the flowing water already has fluctuations, also the friction will not be constant and the eddies will
fluctuate even more. This leads to higher fluctuations in the flow and hence a higher turbulence.

Research of Mierlo & De Ruijter (1988) has shown that behind a step the turbulence energy kn, in the
centre of the mixing layer grows to a maximum at the reattachment point. After this point kn,
decreases and it becomes small compared to the turbulence energy ky, that is generated by the bed.
Formulae for km and ks as a function of the distance behind the step were given by Hoffmans (1992),
but these formulae were primarily meant to be used near scour holes.

That research was done for the flow behind a sand dune shape, which is not exactly the same as the
Backward Facing Step flow studied in this report.
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Hoffmans (1993) combined these formulae to create one formula for the amount of relative
turbulence behind the reattachment point of a short sill:

o

he\ 2 /L — 6hg g
ro = ﬁka(l—E> ( ) +1) ¥y (226)

In this formula (for scour holes) L stands for the length of the bed protection, A is the relaxation
length and ax is a factor that has a value of -1.08. Furthermore, it was assumed that the
reattachment point is located at a distance 6 times the step height downstream of the step.

More than 250 experiments were executed to check the validity of this formula, but a good fit to
give an accurate value of ro, could not be found. (Hoffmans, 1993)

In Schiereck (2001) this formula was expanded with the values found by Hoffmans (1993) resulting
in:

ha\ "% /x -1.08 g
ro(x) = [0.5 kg (1 - E) (I +1) 4+ 14525 (227)

with 1=6.67*d, ko=0.045 and x being the distance behind the reattachment point.

Although Hoffmans (1993) initially came up with his formula for a short sill, Schiereck (2001)
presents it as universally applicable for turbulence behind a step.
It is uncertain whether this is justified.

The above equations are built on the assumption that behind the reattachment point both the water
depth and the amount of mean flow energy do not change anymore and that as a result no more
extra turbulence is generated.

At the reattachment point, the flow near the bottom goes from a negative to a positive value and
can therefore be assumed to be zero at the reattachment point. Based on this, Hoeve (2015)
assumed that the velocity profile can be described as triangular, meaning that a = 2.
After a certain length, the flow will be uniform again. In that case, it can be described with a
logarithmic profile meaning that a = 1.
Under the assumptions that both the energy and discharge remain constant, combining the two
scenarios leads to:

()

hy,

in which h, and h, are the water depths at the reattachment point and for uniform flow respectively.

If it is true that there will be no head level loss behind the reattachment point, the water depth will
increase, since from the above equation follows h, > h, for all situations with subcritical flow.
This means that the head level water depth cannot both remain constant.

Hoeve (2015) found in earlier experiments that the water level increase is less than could be
expected from the above equation. In combination with a decreasing value of a, this means that the
head level is decreasing as well.

A possible explanation for this is the internal friction resulting from the decreasing velocity. This
friction then leads to the production of extra turbulence.
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Hoeve (2015) thereby suggested the possibility that even after the reattachment point turbulence is
produced.

More experiments with measurements (far) behind the reattachment point are required to see if
this conclusion is justified.

2.6 The aim of a bed protection

A phenomenon that takes place in most natural flows, is the transportation of sediment.

This process is the result of three different forces, namely drag force, lift force and shear force.

In Schiereck (2001) it is shown that these three forces are all proportional to the water density, the
square of the velocity near the stone and the square of the diameter of the stone.

In an equilibrium situation, the lift force is balanced by the submerged weight of the stone, while the
other two forces are balanced by either a friction force or the torque around the stone.

This balance can be represented as p,, * u? * d? « (ps — p,,) * g * D3 (2.29) (Schiereck, 2001)

When a structure is built the processes of erosion and sedimentation are usually not in balance,
because around the structures the flow is not uniform and during and shortly after the construction
period, the flow is not stationary either.

Near a structure the flow velocity might be higher, which leads to erosion. This is not necessarily a
problem, but when the stability of the structure is at risk, this potential erosion must be opposed.

If that is the case a bed protection is used, whose goal it is to prevent the river bed to erode.

The conclusion of the above is that a bed protection is necessary when erosion of a river bed causes
a potential danger for instability of a structure.

2.7 Existing design approaches for a rock bed protection

The biggest demand for a bed protection is that it cannot be damaged by the flowing water.
In this report, the focus lies on the top layer of a bed protection. Other aspects, like filters, are
beyond the scope of this report and will not be treated.

The erosion of bed material is related to the bottom shear stress, but since this is difficult to
measure, it is most of the time related to the (depth-averaged) flow velocity. Because of this, the
most important design parameter is the critical flow velocity, which is the flow velocity at which the
bed protection will start to erode.

From equation 2.29 can be concluded that u.?2 = KAgD (2.30), in which uc is the maximum
horizontal velocity near the bed, K is a constant that depends on the given situation and A is the
relative submerged density.

That means that the required stone diameter can be calculated if K, A and u are known for a certain
situation.

The value of A depends on the used stones and will not be further treated. For the value of K two
basic alternatives are available: the methods of Izbash (1935) and Shields (1936) respectively, which
are both explained very well in Schiereck (2001).
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Izbash (1935) came up with an expression when the (critical) local velocity near the bed is known.
The value of K is then approximately 2.88, but the formula is better known in this form:

u.=12./2AgD (2.31)

The disadvantage of this formula is that the relation with the water depth is not clear (Schiereck,
2001) and that usually the velocity at the bottom is not known.

Shields (1936) introduced another parameter )., which is a stability parameter that uses a critical
value of the (shear) velocity.

2
Tc _ Ui

It is defined as Y, = Gop gD = gD

(2.32) (Schiereck, 2001)

Since u, is related to u viau, = % (2.33), the required stone diameter can be calculated when

an appropriate value of . is found. The value of (. is related to the particle Reynolds number and
both Shields (1936) and Van Rijn (1984) presented a graph from which the value of . can be read.
Van Rijn’s graph has the advantage that this value is directly related to the diameter of the stone.
The consequence of this is that determining the required stone diameter is an iterative process.
For larger stones (diameters larger than 1 cm) the value of (. remains constant at about 0.055.

This Shields equation can be rewritten to come up with one basic stability formula for uniform flow
on a horizontal bed (Schiereck, 2001):

Dyso = u=C2 (2.34)
n50 — l’[)CACZ .
Extra parameters have to be added to this equation when the bed is not horizontal or when the flow
is non-uniform.

Pilarczyk (1995) combined the formulae of Shields and Izbash and added various coefficients and
factors to come to one overall relationship between stone diameter and hydraulic loads. This
formula is also given in the Rock Manual (2007):

0.035 7
p =& ks ke’ 5 (2:35)

4 Y

On page 551 of the Rock Manual (2007) also correction factors for the average velocity are given,
which could be used when the water depth is different.

2.8 The influence of turbulence in the design of a bed protection

In uniform flow, the formula of Shields can be used, but it may lead to wrong conclusions in other
situations.

In the above equation for the required stone diameter the depth-averaged velocity is used. The
design value is usually defined as the average velocity plus three times the turbulence, so that the
real velocity is in 99.87% of the cases lower than this value. This design value is called the peak
velocity.

Upear = (1 +3r) u (2.36)
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In non-uniform flow, a correction factor must be introduced to compensate for the higher local
loads. This is because the velocity and turbulence are not constant everywhere, leading to much
higher velocities and loads at certain locations.

Schiereck (2001) showed that for an accelerating flow, for instance on top of a sill, the relation
between the critical velocity and stone diameter is comparable with that for a uniform flow, so that
the use of a correction factor is not necessary.

The opposite is true for decelerating flows. As explained in Chapter 3 the turbulence levels are much
higher in this region, resulting in stones moving at a lower critical velocity. To compensate for this, a
correction factor must be included in the stone stability formula.

Schiereck (2001) defines this factor as the ratio between the average critical velocity at normal flows
and the average critical velocity with increased loads.

ucu

K, === (2.37)

Ucs
It can be assumed that for incipient motion the extreme situations of both velocities are the same,
leading to (1 + 31,,) * Ugy, = (1 + 3175) * Ugs

This means that the value of K, can also be calculated via the ratio of the two different values of the
relative turbulence:

143

K =———
V' 1431,

(2.38)
This value of K,, which is higher when the turbulence intensity is higher, is then included in the
formula for stone stability and this results in the required stone diameter for the bed protection.

In the above-mentioned formula of Pilarczyk the factor k: takes the effects of turbulence into

account. The Rock Manual (2007) gives k; = 1:?

turbulence. In the Rock Manual is defined that k>2 for particular cases.

(2.39), in which r is the depth averaged relative

Table 5.55 of the same Rock Manual gives for a few different scenarios some common used values
for r that can be used as a good guess. For use in the formula of Escarmeia &May, the Rock Manual
(2007) gives a value of r = 0.6 for situations downstream of hydraulic structures, but since the
definition of r is the same in both formulae, this value can be used in the formula of Pilarczyk as well.
The corresponding value of k: is then 2.15, which is well over the demanded value.

In Appendix A, an example is given in which the formulae of Pilarczyk and Escarmeia &May are
compared. With a few rough estimations, the answers are more or less equivalent. Especially when
higher turbulence levels occur, the differences can be large.

For designing purposes this approach is the most used, since it can be executed relatively fast.

There is, however, no evident physical basis behind the used values of k; and the decay of turbulent
energy in downstream direction is omitted in this formula (Voortman, 2013). Therefore, it is
guestionable if this is the best approach for designing a bed protection.

For instance, Hoeve (2015) showed that for cases with low flow velocities the design can be
optimized if the real amount of turbulent energy of the hydraulic structure is known. It is uncertain if
the same holds for scenarios with higher flow velocities.
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For using this theory in practice, two otherer aspects should be taken in mind, namely: r is depth
averaged, which means that the relative turbulence near the bed is still unknown and the velocity
distribution is not normal distributed, which means that 1+3r is not a perfect prediction for the

maximum velocity.
Besides the velocity also other forces influence the stability of the bed protection, but they will not

be treated in this report.
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Chapter 3

A fast method to model turbulence for practical use

3.1 The basic concept of the Arcadis Turbulence Method

Several methods for modelling the turbulence are currently available (Appendix B), but using them is
a very time-consuming task. On the other hand, it was shown in Chapter 4 that correctly predicting
the amount of turbulence can be important when designing a bed protection. Using a new method
might be able to combine the two demands accuracy and speed.

Based on the energy cascade, Voortman (2013) came up with a new method for turbulence
modelling. The aim of this method is to give a faster answer than a computational model, but with a
better understanding of the physical processes than is done in the current approach. This method is
currently called the Arcadis Turbulence Method (ATM).

The remaining of this section is mainly taken from Voortman (2013).

This method has its basis in an energy balance for the depth-averaged turbulence kinetic energy.
Since k is a kinetic energy divided by the density, this turbulent energy can be added to the mean
flow energy to get the “total” energy:

~ 1 _ -
E=E+Et=(pgyb+pghb+a§pﬁ2)+pk 3.1

III

When this is divided by the density and the gravitational acceleration the “total” energy head level

can be defined as:

q £ +h+a=2+k(32)
=—-= — a2 +— (3.
pg Tr T T oM Ty

Figure 7 gives a schematic view of this concept for a uniform flow.
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Figure 7: A schematic overview of the “total” energy head (as defined by Voortman (2013)) in a
uniform flow situation.
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In Figure 8 a BFS situation is shown. The flow is developed when the new wall-boundary layer
reaches the water level.
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Figure 8: A schematic overview of the “total” energy head in a BFS.

Under the assumption that during the production of turbulence this “total” energy remains
constant, the following is true:

dH _dy, dhb+a=dﬁ+ﬁ2da+1 dk _0 (33
dx dx = dx gudx 2gdx g\dx pmd_ (3:3)

For the special case of uniform flow, in which almost all derivatives are zero, this becomes:

d _dy, 1(dk\_dH
dx dx g\dx) dx

. . . dH d . dk . .
Furthermore, since in uniform flow i %, it becomes clear that == 0, which is what can be

expected in uniform flows.

Rewriting equation (3.3) gives:

dk 3 dyb+dhb+a=d17+ﬁ2da 3 (dH) 34
dx pmd_ I\ ax " ax gudx 2gdx) I\ dx 34

In Chapter 2 Chezy’s formula for the dissipation of the head level was introduced, which can be
rewritten as:

dH % E=pgH dE g pii?

dx ~ C?R dx  (? d

In the formula on the right the term % is a dimensionless constant, which means that the decay of

(mean flow) energy is then proportional to the velocity squared multiplied by the density and
divided by the hydraulic radius. R is replaced by d, since it is a 2-Dimensional situation.

Since the amount of turbulent energy is the velocity squared, Voortman (2013) suggested that the
same strategy can be used for the dissipation of turbulence, leading to:
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(dE) B dl_c_ pk E=pk dk B k .
dx turb_pdx_ R dx diss_ g G

in which ¢ is a yet unknown constant.

The total rate of turbulence can then be written as the sum of the production and dissipation:

di _(dR\  (dR\ __ dH k.
dx  \dx dx) T Yax <‘0R(')
prod diss

3.2 An updated version of this method.

This section is mainly taken from Voortman (2016).

After observing a landing plane, Voortman (2016) came up with a new suggestion.

Instead of assuming that the dissipation rate in space is proportional to the amount of turbulent
energy, it was now assumed that the dissipation rate in time is proportional to the amount of
turbulent energy.

—dl; k (3.7
diss

Since ATM in the near future will be used for stationary flows, the rate of change in time is less
important than the rate of change in space. For this reason, the equation has to be improved to give
derivative in x-direction.

. dk dt dk 1dk _, .
When it is assumed that — = — — = =— this leads to:
dx dx dt udt

dk ! k (3.8
diss

From an analysis of the dimensions and the assumption that the flow is completely 2-Dimensional,
the equation for the dissipation can be rewritten as:

dk wf— ¢ — -
—) =-Z |2k =-Z/gdk (39
<dx>diss uNd q g ( )

u

The total equation becomes then:

dk (dk dk dH ¢ _
E—(a) +<a> . ——ga—a,/gdk (3.10)
prod diss

3.3 Analytical solutions for this method
The production term can be written as:
dH
kprod(x) = _gax (3.11)

If it is assumed that the dissipation of mean flow energy is a linear function, the production of
turbulent energy is linear as well.
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The dissipation equation is a first-order differential equation. This equation for dissipation can be
generalised as:

dk = k (3.12
<a>diss =—fok (3.12)

in which f is a constant based on the used method, which means that f = %for the first idea and

f= @ for the second suggestion.

The analytical solution for this differential equation is an exponential function.

kdiss (x) ~k0 e fox (3-13)
with ko being the maximum amount of turbulent energy.

Since the amount of turbulent energy always reaches an equilibrium (Schiereck, 2001) and it is
assumed that the turbulent energy has its maximum near the reattachment point, the above
equation has to be expanded to become:

kdiss (x) = (kO - keq ) * exp(—f(p(x - xreatt)) + keq (3-14‘)

3.4 Theoretical validity of this method

The theoretical validity of this method was mainly studied in Hoeve (2015). This section will be a
summary of the findings in that report.

For equilibrium flow situations, the amount of turbulence does not change, so % = 0. As described
in Chapter 2 the dissipation of mean flow energy is in that case equal to the bottom friction and both

— -
are equal to the last term on the right-hand-side of equation: gCZ—*R = —gi—: = go%, leading to:
— 1,=LZ
k= 95,
Combining this with the formula of Hoffmans (1993) for constant turbulence gives:

=2

— 29 =2 1 iy — L

9o, = Co U which results in: ¢ = oz

Hoeve (2015) used the energy cascade and validated the assumption that the increase of turbulence
is (almost) the same as the decrease of mean flow energy. The amount of mean flow energy that is
directly dissipated is very small and can therefore be neglected, especially in a model that only gives
a first estimate about the order of magnitude of the amount of turbulence, which was also already
described in Schiereck (2001).

To validate the correctness of the ATM for dissipation Hoeve (2015) used the dissipation ratio
/3
described in Chapter 2: € = uT This is however the dissipation rate in time instead of space, so it

was divided by the average velocity.
Comparing this with the dissipation rate of the ATM leads to
B u' 2R 315

!
The conclusion from this was that ¢ can only be constant if% = constant, which is almost never

the case.
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For this reason, from four earlier experiments different experiments the depth-averaged velocity,
the mean flow energy and the turbulence were calculated, in order to come up with proper values of
@ for different flow scenarios.

3.5 Practical applications of this method

At the end of Chapter 2 it was explained that the amount of turbulence has an influence on the
required stones for a bed protection.

The actual amount of turbulence is only determined in unusual cases, since it is very time-consuming
and thus costly. Instead a certain value for the turbulence is assumed and that is put into the
equation to determine the stone diameter.

The disadvantage of this approach is the possibility of calculating a wrong stone size. If the stones
are heavier than necessary, they will be more expensive and if they are too small, they can be
transported, which will ruin the bed protection.

Another option is that, based on the assumption of a too high turbulence (and thus the need of a
larger-than-necessary stone diameter), the decision is made that a bottom protection should be
replaced, while in reality the turbulence is lower than expected and the placed stones have still the
right diameter. That means that the whole replacement (and its costs) would have been avoided if
the right turbulence levels were known beforehand.

The method described in this report is relatively simple and can be executed in a relatively short
amount of time. With this result the order of magnitude of the turbulent energy can be better
calculated, from which the standard deviation of the velocity can be calculated, leading to the
required stone dimensions. The disadvantage is that the conversion from k to u’ might introduce an
inaccuracy in the result.

Hoeve (2015) showed that with this method the dimensions of the required stones can be smaller
than currently used, according to the current guide lines.

3.6 Introduction to experimental research for improving ATM

Based on the calculated head levels Hoeve (2015) reasoned that in the case of ATM a convex
polynomial decay of mean flow head level would give the best fit, because in that case the
production of turbulence will become smaller at each location. The amount of turbulence will grow
if the dissipation is smaller than the production, which will happen until the maximum is reached,
whereafter the dissipation is larger and the amount of turbulence decreases.

For a linear decay of the head levels, the production of turbulence is constant. The amount of
turbulence will then grow until the production and dissipation are equal. Since the production does
not become smaller and the dissipation cannot become larger as it depends on the amount of
turbulence available at that point, the amount of turbulence will remain the same.

Although the polynomial head level input alternative was the most promising one beforehand, it
turned out that with this input alternative the calculated peak of the turbulence was in almost all
situations found closer to the step than what followed from the measurements.

Hoeve (2015) therefore stated that the linear head level input alternative gave the best results since
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it calculated the amount of turbulence quite good up until the reattachment point, where the
turbulent energy has its peak. There was however no decrease in turbulence.

An alternative that Hoeve did not consider was an exponential decay of the head level. The results
for the turbulent energy will have the same look as for the convex polynomial head level alternative,
but this approach might lead to better results.

An important disadvantage of all four experiments used by Hoeve (2015) was that the
measurements were only done until shortly behind the reattachment point. It was therefore unclear
what happened further downstream when the amount of turbulence was expected to decrease.

The result of this was that Hoeve could use these experiments to prove that this method could work
for predicting the production of turbulent energy, but doing research on the dissipation of
turbulence was not possible with the results of these experiments, since it is expected that the
added turbulence will dissipate behind the reattachment point.

To get an indication of the dissipation of the added turbulence, new experiments were executed in a
flume at the Laboratory for Fluid Mechanics of the TU Delft. In these experiments, the
measurements were done up to a few metres behind the reattachment point.

These experiments will be treated in the next chapters and by using their results, it can be checked if
the dissipation of turbulent energy can be predicted by Voortman’s method as well. That will be the
main focus for the rest of this research.
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Chapter 4

Experimental research

4.1 Measurement goals

The goal of this experiment was to calculate and visualise the development of both the head level
and the turbulent energy in downstream direction, especially behind the reattachment point.

For this reason, measurements of velocity and water level had to be done at various locations and at
various heights.

With the data from the velocity measurements, the temporal averaged velocity and the standard
deviation of the velocity components u and v at each measurement point can be calculated.

From the time-averaged velocities, the depth-averaged velocity and the correction factor a at each
measurement location can be calculated. Combining this result with the water level gives the head
level at each location.

From the calculated standard deviation, the longitudinal turbulence intensity at each location can be
calculated and the order of magnitude of the turbulent energy can be calculated.

With the combination of head level change and turbulent energy change the new method can be
improved.

4.2 The experimental set-up

4.2.1 The basic set-up

All experiments were executed in a 0.4 m wide flume and the basic design of the experiments is
visualised in Figure 9.

d2
H1 |d1 d3 H3

A
Y
A
Y
A
Y

L1 L2 L3

Figure 9: The experimental set-up of the flow

In Figure 9 is L; the length of the step, with L, being the distance between the step and the
reattachment point and Ls; the distance between the reattachment point and the location where the
flow is uniform again. As an initial guess, it is assumed that L2 is six times the step height.
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For an optimal result the step height was set at 0.05 m, but since the bed protection has a thickness
of about 0.003 m, the effective height is 0.047 m. For convenience purposes, it was decided that the
step would be fixed and that the other parameters could be changed. This also means that L, is 0.30
m for all cases.

4.2.2 Three different parameters

Since the main goal of this research is to predict the generation and dissipation of turbulence under
various circumstances, twelve different flow scenarios were used.

Three independent input parameters were used for the flow scenarios: water depth on top of the
step, Froude number on top of the step and bottom roughness.

Two values were used for the water depth on top of the step: 0.07 m and 0.10 m. Smaller values
would lead to a negligible energy decrease, while larger water depths would lead to high values for
|_1 and |_2.

For the Froude numbers on top of the step three values were used: 0.25, 0.50 and 0.75. These
values we chosen to get a wide and evenly distributed range of data. A Froude number of 1 was
considered, but with that Froude number a lot of irregularities occurred in the fluming, leading to a
very impractical situation for measurements.

The equations for the discharge and Froude number can be combined so that the discharge can be
calculated as a function of the Froude number and the water depth on top of the step:

Q = Fr.[gd;**B (4.1)

For the bed layer, two configurations were used: “rough” and “smooth”. Both configurations consist
of plates with a single layer of stones glued on them, to prevent erosion during the experiments. On
the “rough” plates the diameter of the used stones was in the order of 1 cm, while on the “smooth”
plates this was around 3 mm. The stones were not uniform, so an average was estimated based on a
few measurements.

It was assumed initially that all the experiments were performed in a hydraulically rough
environment (Appendix D) and it was checked afterwards if this was really the case.

Combining the three parameters leads to twelve distinct flow situations.

4.2.3 The expected length and velocity scales.

The (expected) flow depths and velocities behind the step can be calculated via the momentum
balance for a given discharge and upstream water depth.

Since the goal of the experiments was being able to calculate the development of both mean flow
and turbulent energy, it was desirable to do measurements up to the location where the flow is fully
developed and the step does not affect the flow anymore. Since this happens when the boundary
layer covers the entire water depth, the required distance can be calculated by rewriting the formula
of Schlichting (1942):

(5 "
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Since the length of the flume was 14 metres, the length scales of the experiments should be short
enough so that the whole research area fits into the flume. On the other hand, the flow depths must
not be too small, since then the differences in stream wise direction would be barely noticeable. This
means that a balance had to be found between availability and applicability.

With these demands in mind the values for L1 and Ls could be calculated, which are given in Table 1.

Case da Fr Q Uz L1 ds us Ls L+Ls
[m] [-] [m/s]  [m/s]  [m] [m] [m/s] [m] [m]

1 0.07 0.25 0.006 0.207 2.66 0.119 0.122 4.52 4.82
2 0.07 0.50 0.012 0.413 3.15 0.122 0.237 5.50 5.80
3 0.07 0.75 0.017 0.622 3.51 0.128 0.340 6.41 6.71
4 0.10 0.25 0.010 0.247 4.32 0.149 0.165 6.46 6.76
5 0.10 0.50 0.020 0.495 5.16 0.153 0.322 7.93 8.13
6 0.10 0.75 0.030 0.743 5.72 0.162 0.459 9.25 9.55

Table 1: The expected results of the experiments based on the momentum balance

To make sure the flow at the end of the step is almost uniform for most of the cases, the step must
be long enough. Based on Table 1 it was decided that the step should have a length of 5 metres,
which is sufficient for most cases.

The total length of the flume is 14 m, which means that after the step circa 8.0 m is left, considering
the need for some extra space near the entrance and exit of the flume.

The consequence is that in the experiments 5 and 6 both the step and the available length behind
the step are too short.

A result of the first shortcoming is that the flow on top of the step might not be completely
developed, meaning that in these experiments the correction factor for calculating the energy head
cannot be neglected.

The second shortcoming means that in experiments 5 and 6 it is not expected that the boundary
layer is fully developed at the end of the flume.

4.2.4 Measurement locations

With a step height of about 5 cm and assuming that the reattachment point lies between 6 to 12
times the step height, the reattachment point is located somewhere between 30 and 60 cm
downstream of the step.

Since most of the decay of the mean flow energy is expected to happen before the reattachment
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point, more measurements will be executed in this region, at 10, 20, 30, 45 and 60 cm downstream
of the step.

After the reattachment point it is expected that the changes will be more gradually. Therefore in this
region the distance between the measurement locations will gradually increase, leading to locations
at 80, 105, 150, 250, 350 and 500 cm behind the step.

Although it follows from Table 1 that for most cases the flow is not expected to be completely
uniform at the last measuring point, the velocity profiles all looked almost uniform at the last
location, so for efficiency reasons it was decided that taking measurements further downstream
would not be a significant improvement of the results.

The velocity measurements will also take place at different heights in the flow. The lowest
measurement will take place near the bottom and the highest measurement takes place as high as
possible in the water column. Since the velocity gradient is highest near the bottom, most
measurements are executed near the bottom and the distance between two respective
measurements will gradually increase to a maximum of 2 cm.

4.3 The measurement devices

4.3.1 Measuring the discharge

The discharge was measured with a Rehbock weir (Appendix E). The discharge could be calculated
from the water depth above this weir.

4.3.2 Measuring the water depth

The water depth is measured with a level needle. The needle can be moved in the vertical direction
and when the tip of the needle just touches the water the water level can be read.

With the Vernier scale on the needle means the accuracy of the measurement is up to 0.1 mm, and
since this needle system could be moved in the x-direction.

Before the measurements started, the bottom of the flume has been measured at multiple
locations. The water depth at each located can then be calculated as the difference between the
water level and the (average) height of the bed.

It turned out that the average level of the “rough” plates was 1 mm higher than that of the
“smooth” plates. To compensate for this effect, it was decided that y=0 should be at the top of the
“small” stones, meaning that for the “rough” plates the bottom is at y=0.001 m.

The same procedure was executed for the water depth on top of the step, which was located 4.78
cm higher than the “smooth” bed.

In situations 3 and 6 small oscillations occurred in the flow, leading to a slightly lower accuracy of
about 0.5 mm.
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4.3.3 Measuring the flow velocity

Several methods for measuring turbulence in flowing water are available, divided in using electrical,
optical or acoustic devices.

In order to get a good measurement of the amount of turbulence, a high sampling frequency and
high spatial range were required. For this reason, two options remained: PIV and LDA, both using
optical devices.

PIV can obtain many velocity measurements simultaneously, but the needed light flash is very
intense, which might cause eye damage and makes it necessary to build a good protection around
this set-up (De Vree, 2016).

For this reason, LDA was chosen instead.

LDA stands for Laser Doppler Anemometry and it is based on the principle that when a velocity
produces a shift in the frequency.

The set-up consists of two monochromatic HeNe-laser beams with the same frequency and wave
length, that are oriented in a different direction. (Bernard & Walllace, 2002)

These two beams pass through the water and intersect at a certain point, forming a probing volume
where the particles in the flow scatter the light of the laser beams, causing a frequency shift in the
scattered beams. The light energy from the scattered beams will then be received by a
photodetector, which turns it into an electrical signal. (CIE 5312, 2016)

Since the frequencies are usually outside of the range of the photodetector, only the Doppler signal
will be measured. The Doppler frequency is composed of the difference between the frequencies of
the two reflected laser beams and can be calculated from the electrical signal. With this Doppler
frequency and when the original frequency, the wave length and the angle between the two laser
beams are known, the flow velocity can be calculated. (Bernard & Walllace, 2002)

If two or three pairs of these laser beams are used, the velocities in two respectively three directions
can be obtained.

The advantages of this method are that it is relatively simple to use and that it gives quite
satisfactory results. The disadvantage is that it focusses at one point only, so multiple
measurements, at different heights and locations, are necessary.
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Image 1: The various aspects of the LDA set-up, with on the left the detector and on the right the
laser.

In the laboratory, a device was available that allowed velocity measurements in two directions. Since
during this research the transverse direction is neglected, it was decided to measure the velocity in
stream wise and vertical directions only.

The complete set-up needed for this method is visible in Image 1 and in Image 2 the laser beams can
be seen through the flow.

The duration of the measurements was in all cases more than 3 minutes to create a time-series with
converged statistics, from which the mean and standard deviation could be computed.

It was established experimentally that the results of measuring durations of 3 and 5 minutes were
almost identical, leading to the conclusion that the measuring time should be at least 3 minutes. The
sampling frequency was 20000 Hz.
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Image 2: The laser beams in the water with the detector on the other side of the flume.

4.3.4 Determining the locations of the measurements

The distance in x-direction from the step was measured with the help of a laser distance meter.
(Image 3)

This distance meter was located at a fixed point, with a known distance downstream of the step.
When the Laser Doppler meter was at the right location, the distance from the distance meter was
measured and from that the distance from the step was also known.

Since the velocity measurements were always done before the water depth measurements,
determining the location for the water depth measurements was just the opposite approach.
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Image 3: The distance meter at its reference point

The exact location in the perpendicular direction is not determined, although it is assumed that the
measurements are taken place in the middle of the flow. Since this research focusses on a 2-
Dimensional situation, the effects of this are negligible.

4.3.5 Determining the height for the velocity measurements

The coordinates in vertical direction were measured with the help of a voltage meter.

A very small current was going into the system at the top of the structure and it went down until a
“obstruction”, which location depended on the height of the system. This means that the traveling
length was dependent on the height of the structure and this influenced the electrical voltage in the
system. A shorter distance led to a more negative voltage.

The relation between voltage and height was experientially determined as:
dy
dvolt
5.1 cm of the measuring point.

= —0.051, which means that a decrease of 1.00 V on the voltage meter lower, is an increase of

It was assumed that the lowest possible measurement point above the step was at the step itself
and with the average of the measured Volts on top of the step and the known step height the
conversion from Volts to height could be done for all the measuring points, since it is a linear
relationship.
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Chapter 5

The results from experimental research

5.1 Data directly obtained from the experiments

Image 4 gives a view of the situation just after the step, which is located on the left. With the water
flowing from left to right in this image, a water level increase on right side left is visible. The length

of the glass window is 1.05 metres.

In this section only the results for situation 3, which has a water depth of 7 cm and Froude number
of 0.75 on top of the step, with a “smooth” bed are given in order to illustrate the procedures that

were followed for every situation.

Image 4: The step and the situation in the first metre after the step.
5.1.1 Water depth

As described in Chapter 4 the water level measurements were done with a needle at every location.
The water levels relative to the bed level are given in Figure 10. From this figure can be concluded
that the water level grows rapidly in the first metre after the step and after that first metre the
water level still rises slowly. This means that behind the reattachment point the water level still
rises, with respect to the bed.
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Water levels for situation 3 with a "smooth" bed
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Figure 10: The water levels with respect to the bed for situation 3 with the “smooth” bed.
5.1.2 Flow velocity

The direct result of the LDA measurements at each location and height was a time-series of the
electrical signal for both laser beams. Figure 11 gives this signal at the location x =60.1 cmand y =
0.0537 m. From the graph is visible that signal A is almost always positive and that signal B is most of
the time negative and that the absolute values of both signals are more or less identical. Only in the
recirculation zone this pattern is different.
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Figure 11: The electrical signal at x = 60.1 cm and y = 0.0537 for situation 3 with the “smooth” bed.
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With the help of a MATLAB script these signals could be converted into a velocity time-series.
From the user manual of the laser, De Vree (2016) came up the following formula for this specific
laser:

u =0.096 x (A — B)
v =0.096+(A+B) (5.1)

In which u is the time-series for the velocity in stream wise direction and v is the velocity in the
vertical direction.

In combination with the above stated findings about A and B, this means that, under most
circumstances, u>0and v =0.

The horizontal and vertical velocities are shown in Figure 12. This figure confirms the expected result
thatu>0andv=0.

For one specific situation, the outcomes from these calculations have been compared with the
expected results. Since the results were almost the same, it can be concluded that this formula is
right.

With the same script, the averages and standard deviations are calculated as well, since these are
the relevant parameters for further research. For the above described situation, this leads to the
following results:

e % =0.3064m/s
e u' =0.1226m/s
—0.0202m/s

v
e v =0.0781m/s

This approach was applied for every combination of situation and location.
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Figure 12: The horizontal and vertical velocities at x = 60.1 cm and y = 0.0537 m for situation 3 with
the “smooth” bed.
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From this the (horizontal) velocity profile at each location could be constructed. In Figure 13 the
velocity profiles for three separate locations is visualized.

Velocity profiles for situation 3 with a "smooth" bed
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Figure 13: The horizontal velocities at certain locations for situation 3 with the “smooth” bed.

From this figure follows that the dispersion of the velocity over the depth decreases proportional
with the distance from the step.

Close to the step, the velocity near the bottom is negative, which is an indication for the
recirculation zone.

The other two profiles do not have negative velocities anywhere, indicating that at those locations
the recirculation zone has disappeared.

The velocity 5 metres downstream of the step looks almost logarithmic, indicating that the velocity
can be regarded as almost uniform at that location.

Because of limitations regarding the laser, the highest measurable point was in all cases
approximately 1 cm below the water level. To compensate for this, an additional point was added
near the water level, with a velocity that follows from the trendline of the velocity profile.

This approach was also used for the vertical velocities and the fluctuations in both directions.

In Figure 14 the velocity profile for the horizontal velocities for the first metre after the step is given.
The velocity profiles for all situations are displayed in Appendix F. It can be noticed that the velocity
on top of the step can be described with a logarithmic profile.

In Figure 15 the standard deviations for both the horizontal and vertical velocities in the first 1.5 m
for the same situation are given. It can be noticed that in the recirculation zone the standard
deviations are highest near the top of this zone.

The reason for this is that the production of turbulent energy is proportional with Z—z, which is

highest near the top of the recirculation zone. (Bernard and Wallace)

It can also be noted that the standard deviations become smaller further downstream.
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Figure 14: The velocity profile (for horizontal velocities) for the first metre of smooth situation 3.
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The standard deviations of the velocities for situation 3 with a "smooth" bed

o0 [ X
o0 oo e °
® b o oo o0 oo
had t PO e L T oo L]
o0
( ( 1} o0 ( L) ( 2 o0 [
[ L} [ X
([ 1} (1] o0 [ X ] [ X o0 o0
[ 1) [ X ] [ X )
( 1] o0 ( B [ 3 o0 o0 [
[ ) [ 30 [ X ]
[ L) [ X [ K} [ XX J [ X [ 1) o0
[ X ] [ X ] [ 3K (X ] [ 33
() [ 3 [ B4 o0 [ X J [ 1 J [ )
[ X J [ 3] [ X ] [ X J [ ) [ . J
[ X J [ X J [ X J [ 3 o0 [ [
e o [ X J [ XJ o0 [ oJ [ o J [ ]
‘z [ J [ X} [ X [ 1 [ o d [ o3 [ J
te, [ X [ 1J [ o d [ o4 [ J [
[ 2 J . [ 2J [ o0 [ 4 [ . d [ . J
o0 .. [ 1] [ ] [ ) [ ] o0 [ ]
LARR A Y i i i
® ® > o e ® e ®
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6
® X-Values o U
o V ® Recirculation Zone

--------- Poly. (Recirculation Zone)

Figure 15: The standard deviations of both the horizontal and vertical velocities for the first 1.5 metres of smooth situation 3.
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5.2 The shear velocity and the roughness

A uniform flow can be described with the formula u(y) = %1n (yl) (5.2).
0
For a hydraulically rough flow can be stated that y, = :—S (Nikuradse, 1933).
When it is assumed that the flow is hydraulically rough, the Nikuradse roughness is two times the
diameter of the stones and the flow is uniform at the last measurement location, the values of u, can

be calculated from the velocity profile for each situation. With these results, also the corresponding
values of u* could be calculated (Appendix D). The results are given in Table 2.

situation u, (m/s) Yo (M) u*
1 Smooth 9.5*%1073 2.0*10* 57
2 Smooth 0.018 2.0*10* 108
3 Smooth 0.026 2.0*10* 156
4 Smooth 0.012 2.0*10* 72
5 Smooth 0.024 2.0*10* 144
6 Smooth 0.034 2.0*10* 204
1 Rough 0.011 6.67*10* 220
2 Rough 0.023 6.67*10* 460
3 Rough 0.033 6.67*10* 660
4 Rough 0.015 6.67*10* 300
5 Rough 0.031 6.67*10* 620
6 Rough 0.044 6.67*10* 880

Table 2: The values of u,, y, and k* for all situations.

Figure 16 shows the obtained logarithmic profile for situation 3 with a rough bed.
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Figure 16: The logarithmic profile for situation 3 with a rough bed.
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To check the validity of this method, for every situation the data was normalized by dividing the y-
coordinates by the value of yo and taking the natural logarithm and dividing the velocities by the

obtained values of u,.
Figure 17 shows the results of this. The ideal line, which has a slope of k (=0.41), is given as well, to

check if the points are on this line.
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Figure 17: The normalised data for the last location of all situations.

From Figure 17 can be concluded that for the “rough” situations (with a diameter of about 1 cm) the
measurement data follow the ideal line quite well.

For the “smooth” situations especially the measurement points higher in the water column do not lie
exactly on this line. The explanation for this is that only the lowest 20% of the water column can be
described by a logarithmic profile (Hofland, 2017).

The overall results are quite good, which means that it can be justified to use this approach in finding
the values for yo and u,.

Nikuradse (1933) stated that the flow can be regarded as hydraulically rough if u*>70. From Table 2
follows that this is the case for all situations except smooth situation 1.
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5.3 The reattachment points

The reattachment point marks the end of the recirculation zone and is defined as the point where
the velocity just above the bed is zero.
In all situations, the reattachment point was located between 30 and 45 cm downstream of the step.

For the locations closest to the reattachment point, the velocities near the bed were plotted.
Assuming a linear curve between these points, the location where the velocity is zero could be
determined, as shown in Figure 18. The reattachment point was already included in Figure 14 as well.

Low roughness, 7 cm, Fr =0.75
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Figure 18: Determining the reattachment point.

In Figure 19 the reattachment point was divided by the step height and plotted versus the Froude
number near the reattachment point. From this figure follows that the (relative) location of the
reattachment point is in between 7 and 8.5 step heights. A reattachment length of 8 times the step
height seems therefore advisable.

A slight dependency on the Froude seems visible, especially for the situations with a lower roughness
of the bed.
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Figure 19: The relative reattachment points for all situations.
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5.4 The depth-averaged velocity

With the velocities from the above paragraph the depth averaged velocity can be calculated, via:

Ytop
- 1 _
u= yl f u(y)dy (5.3)
Ybottom

With yeottom being the bottom of the water column at that specific location and y:op being the water
level.

In the zone before the reattachment point, the recirculation zone is omitted from the calculations for
the depth-averaged velocity. The height of the recirculation zone was determined as the point where
the cumulative discharge (up from the bed) was zero.

Only the “mean flow”, which is the height above the recirculation zone, is used for the determination
of the average velocity.

So only the (positive) discharge higher than that point is used to calculate the depth-averaged
velocity.

To verify the correctness of these calculations, the depth-averaged velocity is multiplied with the
water depth to get the discharge at each location. This discharge is then compared with the
discharge measured with the Rehbock weir, which was the known discharge.

The discharge following from the LDA measurements is mostly higher than the discharge from the
Rehbock weir. The reason for this is that the LDA measurements were done in the middle of the
flume, where the sides of the flumes have the lowest influence. Near the sides of the flume, the
velocity is a little lower, leading to a lower total discharge.

The differences between the two discharges are below 10% for all cases and even below 5% for more
than 95% of the situations (Appendix G). The main reason for the differences is that the velocity is
measured in the centre of the flow, where the highest velocities occur. The velocities near the walls
are usually a little bit lower, because of the friction near the walls. This results in a little lower
discharge.

From the depth-averaged velocities, which are shown in Figure 20, is visible that upstream of the
reattachment point the velocity decreases rapidly in stream wise direction, while after the
reattachment point the velocity remains almost constant. Since the loss in kinetic energy depends on
the decay of velocity, it is expected that most of the head level loss will occur in the recirculation
zone.
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Velocities for situation 3 with a "smooth" bed.
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Figure 20: The depth-averaged horizontal velocities at various locations for situation 3 with a
“smooth” bed.

5.5 Head level changes in streamwise direction

When both the water levels and velocities are known, in the case of uniform flow the head level can
be calculated.

The flow in the experiments is however far from uniform, so the correction factor a, mentioned in

Chapter 2, must be taken into account. The formula is:
Ytop

1 _ 3
a=- f <g) dy (5.4)

Ybottom
With & known at every height and & known from the above equations, a can be calculated at every
location in x-direction.

When the water level, the velocity and the correction factor are known, the head level can be
calculated:

172

Hx) =y, +hy, +a 7 (5.5)

29
Until now, it was assumed that the bed level (and thus the flume) was horizontal and that z could be
left out of the equation. However, this assumption let to increasing head levels far behind the
reattachment point.

An extensive analysis (Appendix H) let to the conclusion that the bed was not horizontal, but had a
tilt of -1.3*103.

This number was consequently added to the formula, so that the right head levels could be
calculated via:
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d u?
H(x)zﬂx+hb+a—
x 29

- (5.6)

in which % =-1.3*10% and hy, is the water level relative to the bed.

This formula means that z=0 at x=0. This was choses out of simplicity and since in this research the
head level change is more important than the actual head level, this does not influence any further
results.

The calculated head levels for the same situation as above are given in Figure 21.
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Figure 21: The head levels at various locations for situation 3 with a “smooth” bed.

5.6 Turbulent energy

From the standard deviations of the velocities in both x- and y-direction, an estimate of the turbulent
energy level at every measuring point could be calculated with the formula:

3 3
k(y) =>u"? +=v'% (5.7
o) =qu?+5v7 67
In this formula is included the assumption that w’ ~ %u’z + %v’z

At each location, the depth averaged turbulent energy level can then be calculated via:

_ 1 ¢
k= f k) dy (5.8)
0

In Figure 22 the turbulent energy levels are given for situation 3 with a “smooth” bed. From this
graph is visible that the turbulent energy increases behind the step up until the reattachment point.
After that location, the turbulent energy decreases until an equilibrium amount of turbulence is
reached. This pattern is visible for all situations and is in accordance with earlier experiments.
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Turbulent energy level for situation 3 with a "smooth" bed
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Figure 22: The turbulent energy levels at various locations for situation 3 with a “smooth” bed.

The mean flow energy levels and turbulent energy levels of all the experiments can be found in
Appendix | and J respectively.

The combination of both mean flow energy and turbulent energy (H) is plotted in Figure 23. From
this figure follows that the influence of turbulent energy is insignificant compared to the mean flow
energy.
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Figure 23: Both the mean flow energy and the combination of mean flow and turbulent energy levels
at various locations for situation 3 with a “smooth” bed.

With both the calculated development of the energy head and the turbulent energy level, the
method of Voortman can be improved, what will be done in the next chapter.
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Chapter 6

Finding a solution to model the dissipation of turbulent energy

6.1 Introduction to the used approach

In Chapter 3 an analytical solution for Voortman’s method was given. The formula for the dissipation
of turbulent energy, after the reattachment point, would become:

kgiss (x) = (ko — keq) * exp(—fo(X — Xreart)) + keq (6.1)

In this chapter, solutions for the different parameters will be proposed. These include the choice for
the method, the initial turbulent energy, the equilibrium turbulent energy and the dissipation
constant.

Figure 24 shows an example of a result from equation 6.1, in this case for situation 3 with a “smooth”
bed. The used parameters will be treated below in this chapter.

Turbulent energy
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Figure 24: The exponential decay of turbulent energy for situation 3 with a “smooth” bed.
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6.2 Determining which of Voortman’s suggestions works best

Equation 6.1 contains a factor f, which influences the dissipation.
In Chapter 3.3, two alternatives for f were chosen:

1. f=

gd
2. =
f q

x| -

<W

The water depth occurring in both formulae was chosen to be the water depth at the last
measurement point and the chosen discharge was the discharge according to the Rehbock weir.

For both alternatives, the values of ¢ were calculated for different scenarios. In Figures 25 resp. 26
the results of ¢ are plotted against the Froude numbers far downstream of the step. These figures
show the results for a still unknown percentage, but exact amount of equilibrium turbulent energy
does not influence the pattern shown.

An example of the used Mathcad script can be found in Appendix K.

DDS T T T T
O O Data
|
007 -
|
|
—_ m
a1 Od
|
|
006 | =
O |
|
DDS | D | | |
] 01 02 03 0.4 0.3

Froude number downstream (-)

1

Figure 25: The values of ¢ plotted against the Froude number for f = B
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Figure 26: The values of ¢ plotted against the Froude number for f = el

It can be noted from Figure 25 that for alternative 1 (with f = %) the obtained values of ¢ are more or

less constant and no trend seems visible.

In Figure 26 an almost linear trend between the value of ¢ and the Froude number is visible.
This means that the value of ¢ can be described as ¢ = constant * Fr = constant * \/% =

da
constant * i

Joa

The exponent in the exponential function consists of the multiplication of f and ¢. For Voortman’s
second suggestion this becomes then:

q q

g Jgad g 1

* constant * d__ constant * 9¢.d _ constant * pl

f*(px 9
q VT /o

This suggests that for this alternative the coefficient for dissipation is inversely proportional with the

water depth. Since for the first alternative (f = %) the coefficient for dissipation (f * ¢ = % *

constant) is inversely proportional with the water depth as well, this alternative seems the better
option and will be further elaborated.

It was decided to continue with Voortman’s initial idea and not to replace R with d, since the earlier
is more generally applicable.
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6.3 The maximum turbulent energy

dk dH = . . . .
Voortman'’s theory states that w9 f® k, which means that, if the dissipation term is

neglected, the maximum turbulent energy ko can be calculated by adding —gAH to the turbulent
energy on top of the step.

However, using this approach led to values of ko that were either much higher or much lower than
the measured values of k. This could mean that between the end of the step and the reattachment
point also dissipation of turbulent energy will take place and that the dissipation term should not be
neglected. Further research on this subject is necessary.

Since this research focusses on the development of turbulent energy behind the reattachment point,
the values for the maximum turbulent energy were obtained by a curve-fitting process, under the
assumption that the maximum turbulent energy is present at the reattachment location. These
values were almost identical as the maximum values from the data.

6.4 The equilibrium turbulent energy

L . . . . dk
The equilibrium turbulence could be calculated with the basic equation: setting = 0 leads to

g dH
— %a , for x >> Xreatt

If it is assumed that the head level can be described with a linear function (H(x) = ax + b), the

—gZ—Z = f¢ k, resulting in keq =

change in energy head can be described as Z—Z = a.

Unfortunately, it was found that with using this equation the value for the equilibrium turbulent
energy that was much higher than the turbulent energy calculated from the measurements.

This finding led to the conclusion that not all the dissipated mean flow energy was converted into
turbulent energy. To include this effect, a factor p was introduced that stands for the conversion
rate. The equilibrium turbulent energy is then defined as:

g dH .
keq = —p%a,wnh0<ps1

As explained in previous chapters, it was assumed that almost all dissipated mean flow energy will be
converted into turbulent energy. In this section will be checked what the exact conversion rate is. As
explained above, this rate determined the equilibrium turbulent energy.

If the value of p is too large, the calculated equilibrium turbulent energy will be too high, as can be
seen in Figure 27, where p = 0.8.

58| Page



Turbulent energy for "smooth" situation 3
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Figure 27: A typical result of the turbulent energy when the value of p is too large.

In order to find the best value for p, both the parameters coefficient of variation and sum of the
squared errors were introduced.

cov =2 (6.2)
oV =— (6.
u

end

SSE= Z (kaatan, = Kcatcutatea)® (6.3)

m=reatt point
The SSE’s for all experiments were added together, to come up with the total SSE for each value of p.

For a few educated guesses for p the corresponding values of ¢ were calculated, leading to the
coefficient of variation for ¢. The value for p that leaded tot the lowest CoV for ¢ was chosen as the
best one, since in that cases the values of ¢ were closest together. If more values had the same CoV,
the one with the lowest total SSE was chosen for the remainder of this analysis.

The results of this analysis are given in Table 3. From this table follows that p = 0.125 gives the best
results, since it has a CoV of 0.135.
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p CoV Total SSE
0.05 0.171 3.82E-06
0.075 0.15 3.77E-06
0.1 0.139 4.15E-06
0.125 0.135 4.88E-06
0.13 0.135 5.06E-06
0.135 0.135 5.26E-06
0.14 0.135 5.47E-06
0.15 0.136 5.92E-06
0.175 0.139 7.21E-06
0.2 0.144 8.72E-06

Table 3: The CoV and total SSE for different values of p.

This value seems quite low, since it means that most dissipated mean flow energy will not be
transferred into turbulent energy.

An alternative solution is using the equilibrium turbulence that was mentioned in Hoffmans (1993):
keq = 1.44u,? (6.4)
This approach is directly applicable with the calculated values for u, calculated in Chapter 5.

The results for the equilibrium turbulent energy following from both approaches is given in Table 4.

Experiment Voortman Literature
(p=0.125) (keq=1.44*u+?)
1 Smooth 1.492*10* 1.3*10*
2 Smooth 4.071*10* 4.718*10*
3 Smooth 8.54*10* 9.585*%10*
4 Smooth 2.608*10* 2.143*10*
5 Smooth 5.78*10* 8.294*10*
6 Smooth 1.627*103 1.694*10°3
1 Rough 2.263*10* 1.839*10%
2 Rough 8.126*10* 7.552*%10*
3 Rough 1.354*10° 1.568*10
4 Rough 3.546*10* 3.371*10*
5 Rough 1.158*10° 1.357*10°
6 Rough 2.029*103 2.788*10°3

Table 4: The results for kg (in m?/s?) following from the two discussed approaches.

It can be noted in Table 4 that in most cases the values do not differ much, although in some cases
the values are significantly higher or lower.

Because the value of p still seems very small and the second approach is based on literature
regarding this subject, it was decided to use that approach for the remaining calculations.
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6.5 Calculating the best value for the dissipation coefficient

With all the other variables known, the dissipation coefficient ¢ can be calculated.

First, the best fit for ¢ for each situation was obtained. From this, both the average value and
standard deviation were taken. These were 0.062 and 0.0058 respectively, which leads to a
coefficient of variation of 0.093.

Since this CoV was rather small, it was decided to check if all the situations could be described with
the average value for ¢. The results are given in Appendix L and three typical results will be shown
below in Figures 28, 29 and 30.
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Figure 28: The curve fitted results with koq = 1.44 u,? for situation 4 with a “smooth” bed.
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Figure 29: The curve fitted results with k.q = 1.44 u,? for situation 1 with a “rough” bed.
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Figure 30: The curve fitted results with k.q = 1.44 u,? for situation 3 with a “rough” bed.
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In Figure 31, all the calculated and measured values of k were plotted in one graph. In an ideal

scenario, the values would be the same and they would lie on the black line.
This is not the case, but the values do not differ that much.
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Figure 31: All the measured and calculated values of k.

Measured vahues for k (m"2/s"2)

0.012

This means that for most situations the fitting process works quite well. For only a few situations the
calculated formula gives too high values, but that is mainly the result of a higher calculated amount
of equilibrium turbulent energy.

Although it is not the preferred approach, the suggestion that the amount of equilibrium turbulent

. . R dH . . .
energy can be described with k., = —0.125;; was also taken into account for all the sitautions.

Using the same approach as above, leads to a mean value of ¢ is 0.064. Again, the total SSE is
calculated and this time the value of ¢ with the lowest total SSE is used as the best option. The
results are given in Table 5.
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phi sum SSE
0.06 3.18E-05
0.062 3.11E-05
0.063 3.10E-05
0.064 3.10E-05
0.065 3.12E-05
0.07 3.38E-05

Table 5: The total SSE for different values of ¢ withp = 0.125.

The conclusion from this analysis is that the combination of p = 0.125 and ¢ = 0.064 indeed gives
the smallest SSE. One typical result with these values are shown in Figures 32. Further research is
however necessary to improve this approach.

Turbulent energy for situation 3 with a "rough” bed
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Figure 32: The curve fitted results for p = 0.125 and ¢ = 0.064 for situation 3 with a “rough” bed.
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6.6 Calculating the relative turbulence

Until this point, the turbulent kinetic energy has been used, since energy is a preserved quantity.
However, in the current formulae for stone stability the relative turbulence is mostly used, which
means that this value should be calculated as well.

Hoffmans (1993) stated that for a uniform flow the relative turbulence can be calculated via:

r= g (6.5)

The relative turbulence at each location can therefore be calculated by using this formula for the
calculated values for the turbulent energy at each location. Since it is expected that the depth-
averaged velocity does not change much, the value for u at the last measurement location was
chosen. This might lead to a small overestimation.

In Figure 33, the calculated values are compared with the measured values for the relative
turbulence (squares in Figure 33). For both results equation 6.5 was used.

Since this formula is only valid for a uniform flow, also the values for the relative turbulence directly
obtained from the data will be shown (crosses in Figure 33). These data are obtained via:

= v 6.6
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Figure 33: The relative turbulence of situation 2 with a rough bed.

From Figure 33 follows that the above-mentioned relation between the turbulent energy and relative
turbulence in uniform flows works also pretty well in non-uniform flow.

Figure 33 also shows that the relative turbulence can be quite well predicted with the combination of
Voortman’s method and this relation.
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6.7 Comparison with the method of Hoffmans

As explained in Chapter 2, Hoffmans formulated a method that is based on e.g. the step height and a
certain relaxation length (Schiereck, 2001):

hstep 2 X -1.08 g
ro() = [0.5ko (1= (I+ 1) +145

2

, g . U~ . .
In this formula, the term cz is replaced by = with u, following from section 5.2.

The calculated values from Hoffmans’ formula will be compared with both the results from

. k
Voortman’s formula, the measured data following from r = % and the real measured values for the

relative turbulence.
An example of the used Mathcad script can be found in Appendix M.

Two typical results will be shown in Figures 34 and 35, while the others can be found in Appendix N.
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Figure 34: The results of both methods for situation 3 with a “smooth” bed.
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Figure 35: The results of both methods for situation 3 with a “rough” bed.

From the results follows that Hoffmans’ formula gives a pretty accurate prediction of the amount of
relative turbulence near the reattachment point, but a too high amount of relative turbulence
further downstream. This is especially the case for the “rough” situations.

In some situations, however, the calculated relative turbulence near the reattachment point is too
low, which might lead to failure of a bed protection, due to the higher loads.

Voortman’s method gives a too high amount of relative turbulence far downstream as well, but it is
always lower than according to Hoffmans’ method and more in accordance with the measurement
data.

The amount of equilibrium turbulent energy is equal for both situations, so the difference is mainly
because Voortman’s method follows an exponential function, while Hoffmans’ formula is a power
function.

Another advantage of Voortman’s method over Hoffmans’ formula is that in the latter one of the
terms is a relaxation length of which it is uncertain to what extent it is applicable for the situations as
described in this research. In Voortman’s method a relaxation length does not have to be known

beforehand.
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Chapter 7

Conclusion and recommendations

7.1 Conclusions

In this research, twelve new experiments were performed in order to make a better description of
the development of the turbulent energy downstream of a structure. The practical application was
being able to design better bed protections.

Voortman’s method (2013) is a differential equation based on a single decay factor for the equations
for the turbulent kinetic energy:
dk

H _
—g—— 7.1
I 9 0x o fk (7.1)

An analytical solution for the dissipation would than become an exponential function:

kdiss (x) = (ko - keq) * exp(_f¢(x - xreatt)) + keq (7-2)

From the calculations in Chapter 6 follows that it is possible to predict the dissipation of excess
turbulence with this solution.
For the different parameters in the formula, the following recommendations were given:

1

[ ] f = E
o keq=144u’

e ¢ =0062

For the maximum turbulent energy, no single solution was found, which means that further research
on this aspect might be necessary. However, it is assumed that it can be calculated from the decay of
mean flow energy.

Since in the current formulae for bed protections the relative turbulence is the most used parameter,

. . [ .
the found result was converted to r as well. This was done via the formular = %, which turned out

to give satisfactory results in non-uniform flow as well.

From this analysis followed that Voortman’s method can also be used to predict the relative
turbulence.

If, in the future, k would become the governing parameter in the formulae for stone stability, the
results would be even more universally applicable.

In comparison with Hoffmans’ formula, the formula based on Voortman’s method gives results that
better fit the experimental data for all twelve flow situations. Especially the decay at longer distances
is better predicted.

The faster decay can be explained by the fact that Voortman’s method is based on an exponential
decay, while Hoffman’s formula is based on a power function. The equilibrium relative turbulence is
almost identical for both methods.
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7.2 Recommendations for further research

Experimental research

A general recommendation for doing experimental research is that a good measurement plan should
be made and checked by others. It is also advised to check if all the preparations are done and to
check afterwards if all the experiments had been done as they were intended to be.

It has to be kept in mind that doing experiments will always take longer than expected, even if
already some extra time is reserved.

Horizontal flume

Although the results were quite satisfying and the problems could be solved, a new research in a
truly horizontal flume could prove the validity of this method even more.

Measurements in a longer and wider flume

The experiments were performed in a flume with a width of 40 cm, which is small compared to most
natural flows. Since the goal of this research was to look at a 2-Dimensional method, the effects of
the width are not included, but they are indeed present, for example in the velocity distribution over
the width. Doing experiments in a wider flume could reduce this effect.

Although it was initially the idea to do measurements up until the location was uniform, this was not
completely possible, because the flow was influenced by the weir at the end of the flow.

Although in this report the flow at the last measurement locations is assumed to be uniform and the
velocity profiles also looked like those of uniform flow, they were probably not. The result of this is
that some assumptions regarding uniform flow were not completely true. The errors made with this
are expected to be small, but further research on this topic might be necessary. It is therefore
advisable to do future experiments in a longer flume, so that the uniform flow state could be reached
and more information about this state could be obtained.

Energy levels

In hydraulic energy, the amount of energy is usually described in terms of energy level with the unit
metre. It might be useful to escribe all terms as energy (J), because that has a more fundamental
physical background. This might provide better results.

The generation of turbulence

The focus of this research was to come up with a description of the dissipation of the added
turbulence. The generation of turbulence was not included, except for determining the equilibrium
turbulence. Hoeve (2015) did an analysis about the generation of turbulence, but the link between
his and this research is not yet discovered.
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Conversion from mean flow energy to turbulence

Voortman initially assumed that the conversion from mean flow energy to turbulent energy was
close to 100%. From the data, it turned out that this conversion was only 12.5%, which seems very
low.

In this thesis, the energy loss is only used to calculate the equilibrium turbulent energy. The turbulent
energy is constant if the flow is uniform and the energy loss is constant in space as well.

The problem might be caused by the fact that the energy loss is described as a linear function in this
thesis. In reality, the energy loss becomes smaller more downstream and looks more like an
exponential function.

The recommendation is therefore to use another approach in describing the mean energy flow loss,
so that a higher percentage of the mean energy flow loss will be converted into turbulent energy.
This could also give a better understanding of the maximum turbulent energy.

Turbulent stresses

Describing the turbulent stresses was not part of this thesis. However, it might be useful to use the
obtained data to calculate the corresponding stresses 117 and describe their influence on stone
stability.

Other situations

Until this thesis, Voortman’s method has only be validated for use in a Backward Facing Step Flow.
The aim of the method is that it can be used in any situation, so in a subsequent research the method
can be updated for use in other situations. It might be necessary to perform new experiments for
these situations.

A recommendation is that these experiments are done in wider flumes, so that the side effects are as
low as possible.

Practical applications

The ultimate target of this method is that it can be used in the designing process of a bed protection.
For this reason, it is useful to do experiments in which the required stone diameter is calculated via
this method so that can be checked if this method works for practical applications.
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Appendix A:

Comparison of the formulae of Pilarczyk and Escarmeia & May

Example in which the formulae of Pliarczyk and Escarmeia & May are compared

pg = 2650-—

=2.154

A ) 2
sc 0.035 1,kt2,“_ =0.143m
A g 29

D

Escarameia and May:

CT = 12.3-r —0.2C

u

= CT- =0.125m
n50 T 2.0-A

73| Page



Appendix B: Current methods of turbulence modelling

The full differential equation for the transport of a fluid is called the Navier-Stokes equation. It also
includes turbulence, but it can still not be completely solved.

For this reason different models are used to get a better insight into the nature and effects of
turbulence. (CIE 5312, 2016).

Two types of models are available: theoretical and physical models. The aim of theoretical models is
to find a good approximation of the turbulence equations, by simplifying them and compute the
answers numerically. Physical models are used to see and measure what the effects of turbulence
are.

When a design has to be made, it is common to use both types of modelling: first the (desired)
outcome is computed and then with the help of physical model will be checked if the outcome is the
same as what was expected.

The most used theoretical method for solving the turbulence equations is using the in Chapter 3
mentioned Reynolds stresses. As said before the amount of turbulence can be calculated if the
turbulent viscosity is known and for that the mixing length has to be computed.

The k-€ model provides a way to compute the mixing length by computing the dissipation of the
turbulent energy first. This gives a relatively easy and complete model to compute the turbulence.
The disadvantage of this model is there is no such thing as conservation of dissipation and that is why
the physical relevance of this method is not quite obvious and it is not universally applicable.

(CIE 5312, 2016).

Another widely used method for computational modelling is the Large Eddy Simulation. This method
is based on the fact that turbulence becomes more isotropic in the smaller scales. It is assumed that
the smaller scales are only responsible for the withdrawal of turbulence and when this effect is
added as an extra term to the larger scales, the smaller scales can be filtered out of the model, so
that smaller grid sizes can be used to get a good image of the large-scale turbulence.

The disadvantage of this model is that in some cases the dissipation of energy is not modelled well
enough, which affects the levels of turbulent kinetic energy.
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Appendix C: Physical modelling and scaling laws

Physical models are used when reality has to be simulated on a smaller scale, for instance to
understand the physical processes or to check whether a solution is possible.

To make sure that the real-life processes are well implemented in the model, the scaling laws are
have to be obeyed.

The scaling generally starts with the length scale, because this is based on the physical limitations of
the model. From the length scaling it is possible to determine the other scaling factors.

Two different options are normally used for this, either the Reynolds number or the Froude number
must be the same in the model and for real situations to keep at least a part of the flow
characteristics the same. Unfortunately, it is impossible to satisfy both dimensionless numbers as will
follow from their equations.

Reynolds: Re = u:d
Froude: Fr= —
Vgxd

During these experiments, the Froude numbers on top of the weir will have certain predefined values
to see the effect of the Froude number on the formation and decay of turbulence. All other
parameters will be defined based on the Froude numbers. There are several reasons to do so.

The first reason is that it is important that the Froude number determines whether the fluid is
subcritical (Fr < 1) or super-critical (Fr >1). Subcritical flow means a relatively large water depth and a
small velocity while super-critical means the opposite. This means that to make a correct model of
the real-life situation the characteristics of the flow in the model need to be the same as in real-life,
or in other words, you will get different results when the flow in the model is supercritical flow while
the flow in reality is subcritical.

The second reason is that the exact value of the Reynolds number is not of importance as long as the
flow is completely turbulent, which is according to Van Rijn (1990) the case if Re > 10000. This means
in practice that with a water depth of 0.1 m the velocity should be 0.1 m/s.

The third reason is that in the Reynolds equation d and u are inversely proportional. This means that
to keep Re constant, a smaller d results in a larger u, which can cause the flow to transform from
subcritical to super-critical.

Based on this, the scaling factors can be determined.
The scaling factors are given the letter n with a subscript corresponding to their meaning. “L” stands
for length (or depth), “u” stands for velocity and “t” means time.

For example: Ureal = Ny * Umodel aNd dreal = NL * dmodel

Umodel Ureal

This leads to: F7ypge1 = —mand Frrea = o drea:
Ny*Umodel My __Ymodel

The latter one can be rewritten as Fr: = = — % —
real VI np*dmodel VL \/9*Amodel

Giving the demand that Frieal = Frmodel this means that % = 1orn,=n!?
L

Since @ = h x u, it can also be concluded that n, = n,, *n, = n,%/2.
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That means that if the scaling factor for the length is known, also the scaling factors for the other
dimensions can be determined. This conclusion can be important for later use of the obtained
results.

76| Page



Appendix D: Roughness of the bed

To make sure that the resistance coefficient is independent of the Reynold’s number, the flow must
be hydraulically rough. This is the case when the equivalent sand roughness height is much larger
than the thickness of the viscous sublayer. (Nikuradse, 1933).

The roughness can be checked with the formula:

+ _ u**ks

u (Nikuradse, 1933)

The flow is hydraulically rough when ut > 70. (Nikuradse, 1933).

According to the diagram of Nikuradse, this is generally the case when Re > 10000. Since this is the
same number as Van Rijn recommends maintaining for doing model tests, the experiments will be
done with a Reynold’s number larger than 10000. This is the case for all the examples above.

The bottom roughness will consist of metal plates with little rocks glued on them. Each of the 6
experiments mentioned in Chapter4 will be performed twice, with different bottom roughness, so in
total 12 different experiments will be done.

For the first set of experiments stones with a diameter of 3 mm are used. Assuming that ks = 2*dnso
(Schiereck, 2001), the equivalent sand roughness will be 6 mm.

The second half of the experiment will be executed with stones with a diameter of 1 cm, which
means that the equivalent sand roughness will be 2 cm.

. . i _ _ K 2
According to Schiereck (2001): u, = /¢y * wand ¢f = (@)
With these formulae can be calculated that in case 1 the value of ks* is 60, which is just a little under
70. This means that the flow in this situation is expected to not be completely hydraulically rough. On
the other hand, the flow is almost hydraulically rough, so it is assumed that the errors made by this
are very small.

Since case 1 has the lowest shear velocity and the flow is expected to be almost hydraulically rough
even in this case, it can be assumed that the flow is expected to be hydraulically rough in all cases.
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Appendix E: Rehbock weir

For the determination of the discharge in the flume, the height of the water above the Rehbock weir,
situated in the return flume, was measured. This return flume was located directly under the normal
flume and has a width of 0.45 m.

A Rehbock weir is a horizontal sharp crested weir whose crest is slanted at the downstream side. An
important aspect of this type of weir is that the space just behind the weir (and under the flowing
water) is aerated, to prevent that the discharge relationship is disrupted due to under pressure.
(Stowa)

Image E1 shows a picture of the used Rehbock weir.

atewe ety wflblbons o 1o ol

Tvwimie o
AT

—

Image E1: The Rehbock weir in the return flow. On the right is the red device visible that measures the
water depth on top of the weir.

In the return flume, a floating device measures the water depth on top of the Rehbock weir.

Two different formulas to calculate the discharge with the help of the Rehbock weir are known, both
giving a slightly different answer:

3
1)Q=¢C, *%* J2%*g*Bx*hyz withh, = h +0.0012 and C, = 0.602 + 0.083 * % (Stowa)

2)Q=m'*2xhy+ /g # 2% h, * B, with hy = hy +0.0011 andm’ = 1.045 + 0.141 + % (Battjes
& Labeur)
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The height of the weir, which is “a” in the formula, was 25 cm above the canal bed upstream of the
weir.

With the help of the formula the discharge was checked and with this discharge and the height above
the weir the Froude number was calculated.

This was once done for all three formulae to see if they gave the same results. It turned out that with
the same value for hi the difference in Froude number was in the order of 0.0005, which is even
smaller than 0.001 which was the order of difference for using a slightly different value for hy.

In this report, the formula by Stowa (1994) is used, because this was recommended by De Vree
(2016) as it was already used in earlier experiments.

Since it took on average three days to measure one flow situation and the pump was switched off at
the end of each day, at the beginning of every day (within one flow scenario) the water depth over
the Rehbock weir had to be checked again.

The maximum difference on top of the Rehbock weir for one flow situation was 0.2 mm. In terms of
discharge this error could be up to 0.5%.
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Appendix F: Velocity profiles

In this Appendix the velocity profiles for all twelve experiments will be shown.
The velocity profile for situation 1 with a "smooth" bed.
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Figure F1: The velocity profile (for horizontal velocities) for the first metre of smooth situation 1.
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The velocity profile for situation 1 with a "smooth" bed.
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Figure F2: The velocity profile (for horizontal velocities) for the last four metres of smooth situation 1.
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Figure F3: The velocity profile (for horizontal velocities) for the first metre of smooth situation 2.
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The velocity profile for situation 2 with a "smooth" bed.
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Figure F4: The velocity profile (for horizontal velocities) for the last four metres of smooth situation 2.

83 |Page



Height (m)

-0.100

The velocity profile for situation 3 with a "smooth" bed.

0.1400
° ° °
0.1200 ° ° g : ° 4 ¢
) ® 3 @ ) )
® ®
0.1000 ° ° ° ° ® ° °
° °
° ° i s K ° °
0.0800 ® ® L @ ® (] (]
o ° ° °
o* o® o o o’ ° o
0.0600 ® ® ® ® ) @ @
e 0 ® o * o * i < o H
................. M N
0.0400 .. - o?® ° . ° o
® .. ° ® ) ° ®
o’ " Pe® o o e o
0.0200 ® o ® ® ® S
s L ] g s
0.0000 ° ° I o ° ° ° e
0.000 0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800 0.900 1.000 1.100 1.200

® Recirculation zone
®  Velocity (on step)
® Velocities

--------- Poly. (Recirculation zone)

® Xvalues Distance (m) + Velocity / 3 (m/s)
Velocity (10 cm)

® Velocity (20 cm)

1.300

Figure F5: The velocity profile (for horizontal velocities) for the first metre of smooth situation 3.
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The velocity profile for situation 3 with a "smooth" bed.
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Figure F6: The velocity profile (for horizontal velocities) for the last four metres of smooth situation 3.
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Figure F7: The velocity profile (for horizontal velocities) for the first metre of smooth situation 4.
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The velocity profile for situation 4 with a "smooth" bed.
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Figure F8: The velocity profile (for horizontal velocities) for the last four metres of smooth situation 4.
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Figure F9: The velocity profile (for horizontal velocities) for the first metre of smooth situation 5.
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Figure F10: The velocity profile (for horizontal velocities) for the last four metres of smooth situation 5.
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Figure F11: The velocity profile (for horizontal velocities) for the first metre of smooth situation 6.
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The velocity profile for situation 6 with a "smooth" bed.
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Figure F12: The velocity profile (for horizontal velocities) for the last four metres of smooth situation 6.
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Figure F13: The velocity profile (for horizontal velocities) for the first metre of rough situation 1.
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The velocity profile for situation 1 with a "rough" bed.
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Figure F14: The velocity profile (for horizontal velocities) for the last four metres of rough situation 1.
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The velocity profile for situation 2 with a "rough" bed.
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Figure F15: The velocity profile (for horizontal velocities) for the first metre of rough situation 2.
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Figure F16: The velocity profile (for horizontal velocities) for the last five metres of smooth situation 2.
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Figure F17: The velocity profile (for horizontal velocities) for the first metre of rough situation 3.

9% |Page




The velocity profile for situation 3 with a "rough" bed.
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Figure F18: The velocity profile (for horizontal velocities) for the last four metres of rough situation 3.
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Figure F19: The velocity profile (for horizontal velocities) for the first metre of rough situation 4.

98| Page




The velocity profile for situation 4 with a "rough" bed.
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Figure F20: The velocity profile (for horizontal velocities) for the last four metres of rough situation 4.
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The velocity profile for situation 5 with a "rough" bed.
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Figure F21: The velocity profile (for horizontal velocities) for the first metre of rough situation 5.
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Figure F22: The velocity profile (for horizontal velocities) for the last five metres of rough situation 5.
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Figure F23: The velocity profile (for horizontal velocities) for the first metre of rough situation 6.
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Figure F24: The velocity profile (for horizontal velocities) for the last four metres of rough situation 6.
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Appendix G: Calculated discharges versus set discharges

In this Appendix, the discharges calculated from the measurement data will be compared with the discharges that were measured from the Rehbock weir.
From this the accuracy of the measurements can be shown.

Bed type

Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth

Water
depth

on step (m)
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07

Froude
number

on step (-
)
0.25

0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.50
0.50
0.50
0.50
0.50
0.50
0.50

X

m
-0.006
0.101
0.198
0.300
0.450
0.602
0.800
1.073
1.505
2.504
3.503
5.009
-0.005
0.104
0.202
0.301
0.443
0.608
0.796

g calculated

m”2/s
0.0146
0.0151
0.0149
0.0151
0.0151
0.0150
0.0149
0.0150
0.0148
0.0146
0.0146
0.0144
0.0298
0.0303
0.0311
0.0304
0.0298
0.0302
0.0300

g Rehbock Difference

m”2/s
0.0145
0.0145
0.0145
0.0145
0.0145
0.0145
0.0145
0.0145
0.0145
0.0145
0.0145
0.0145
0.0291
0.0291
0.0291
0.0291
0.0291
0.0291
0.0291

%
0.8240
4.2769
2.8958
4.2769
4.2769
3.5863
2.8958
3.5863
2.2052
0.8240
0.8240
-0.5571
2.3613
4.0788
6.8267
4.4223
2.3613
3.7353
3.0483

Within Within Within

||10%|| II5%|| Ill%ll
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Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth

Smooth

0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10

0.50
0.50
0.50
0.50
0.50
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25

1.123
1.507
2.504
3.506
4.997
-0.004
0.103
0.204
0.303
0.454
0.601
0.803
1.081
1.504
2.500
3.504
5.002
-0.008
0.093
0.196
0.301
0.441
0.592
0.793
1.082
1.502
2.502

0.0302
0.0298
0.0295
0.0293
0.0291
0.0431
0.0441
0.0445
0.0439
0.0432
0.0431
0.0435
0.0440
0.0437
0.0435
0.0432
0.0429
0.0250
0.0248
0.0251
0.0247
0.0246
0.0244
0.0247
0.0245
0.0249
0.0249

0.0291
0.0291
0.0291
0.0291
0.0291
0.0433
0.0433
0.0433
0.0433
0.0433
0.0433
0.0433
0.0433
0.0433
0.0433
0.0433
0.0433
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248

3.7353
2.3613
1.3308
0.6438
-0.0432
-0.5712
1.7358
2.6585
1.2744
-0.3405
-0.5712
0.3516
1.5051
0.8130
0.3516
-0.3405
-1.0325
0.9515
0.1439
1.3553
-0.2599
-0.6637
-1.4713
-0.2599
-1.0675
0.5477
0.5477
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Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Smooth
Rough
Rough

0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.07
0.07

0.25
0.25
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.25
0.25

3.498
5.001
-0.006
0.193
0.305
0.453
0.594
0.808
1.073
1.496
2.494
3.500
5.020
-0.002
0.100
0.202
0.302
0.451
0.598
0.798
1.083
1.497
2.499
3.505
5.009
-0.006
0.043

0.0246
0.0247
0.0500
0.0511
0.0509
0.0498
0.0499
0.0498
0.0499
0.0502
0.0500
0.0499
0.0503
0.0752
0.0756
0.0763
0.0756
0.0748
0.0749
0.0756
0.0760
0.0757
0.0751
0.0750
0.0744
0.0148
0.0148

0.0248
0.0248
0.0495
0.0495
0.0495
0.0495
0.0495
0.0495
0.0495
0.0495
0.0495
0.0495
0.0495
0.0744
0.0744
0.0744
0.0744
0.0744
0.0744
0.0744
0.0744
0.0744
0.0744
0.0744
0.0744
0.0145
0.0145

-0.6637
-0.2599
1.1021
3.3264
2.9220
0.6977
0.8999
0.6977
0.8999
1.5065
1.1021
0.8999
1.7087
1.1117
1.6495
2.5907
1.6495
0.5738
0.7083
1.6495
2.1873
1.7840
0.9772
0.8428
0.0360
1.7889
1.7889
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Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough

0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07

0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.75
0.75
0.75

0.135
0.176
0.255
0.341
0.530
0.787
1.140
1.510
2.279
3.813
4.793
-0.010
0.147
0.293
0.453
0.600
0.760
1.076
1.501
2.504
3.462
4.503
4.980
6.267
-0.005
0.099
0.200

0.0152
0.0150
0.0149
0.0149
0.0149
0.0145
0.0149
0.0149
0.0148
0.0136
0.0138
0.0294
0.0298
0.0299
0.0294
0.0293
0.0299
0.0296
0.0292
0.0287
0.0285
0.0287
0.0281
0.0288
0.0446
0.0447
0.0454

0.0145
0.0145
0.0145
0.0145
0.0145
0.0145
0.0145
0.0145
0.0145
0.0145
0.0145
0.0291
0.0291
0.0291
0.0291
0.0291
0.0291
0.0291
0.0291
0.0291
0.0291
0.0291
0.0291
0.0291
0.0436
0.0436
0.0436

4.5400
3.1645
2.4767
2.4767
2.4767
-0.2743
2.4767
2.4767
1.7889
-6.4642
-5.0887
0.9873
2.3613
2.7048
0.9873
0.6438
2.7048
1.6743
0.3003
-1.4171
-2.1041
-1.4171
-3.4781
-1.0736
2.2684
2.4977
4.1028
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Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough

0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.07
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10

0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.50
0.50
0.50
0.50
0.50

0.304
0.453
0.598
0.802
1.098
1.503
2.508
3.516
5.006
-0.386
-0.003
0.100
0.201
0.298
0.455
0.606
0.803
1.078
1.509
2.491
3.524
5.000
-0.154
-0.007
-0.002
0.104
0.209

0.0449
0.0442
0.0438
0.0445
0.0449
0.0436
0.0437
0.0433
0.0438
0.0246
0.0249
0.0248
0.0246
0.0249
0.0244
0.0241
0.0246
0.0243
0.0246
0.0243
0.0245
0.0244
0.0501
0.0497
0.0500
0.0500
0.0506

0.0436
0.0436
0.0436
0.0436
0.0436
0.0436
0.0436
0.0436
0.0436
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0248
0.0495
0.0495
0.0495
0.0495
0.0495

2.9563
1.3512
0.4340
2.0391
2.9563
-0.0246
0.2047
-0.7126
0.4340
-0.9500
0.2579
-0.1447
-0.9500
0.2579
-1.7553
-2.9632
-0.9500
-2.1579
-0.9500
-2.1579
-1.3527
-1.7553
1.3043
0.4955
1.1021
1.1021
2.3153
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Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough
Rough

0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10
0.10

0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.50
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75
0.75

0.308
0.455
0.601
0.804
1.078
1.505
2.503
3.495
4.996
6.036
-0.010
0.096
0.205
0.300
0.450
0.602
0.798
1.074
1.503
2.506
3.508
5.002

0.0503
0.0491
0.0491
0.0486
0.0487
0.0495
0.0492
0.0492
0.0502
0.0507
0.0750
0.0751
0.0759
0.0756
0.0746
0.0733
0.0746
0.0748
0.0746
0.0741
0.0749
0.0763

Table G1: The measured discharges.

0.0495
0.0495
0.0495
0.0495
0.0495
0.0495
0.0495
0.0495
0.0495
0.0495
0.0744
0.0744
0.0744
0.0744
0.0744
0.0744
0.0744
0.0744
0.0744
0.0744
0.0744
0.0744

1.7087
-0.7177
-0.7177
-1.7287
-1.5265
0.0911
-0.5155
-0.5155

1.5065

2.5175
0.8428
0.9772

2.0529

1.6495
0.3049
-1.4430
0.3049
0.5738
0.3049
-0.3674
0.7083

2.5907
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Appendix H: Explanation about tilted flume

Introduction:

In Figure H1 the velocity profile for situation 3 with a rough bed is given in the first metre behind the step. It can be noticed that the velocity on top of the step can be
described with a logarithmic profile. This is not the case for the other situations. Figure H2 gives for the same situation the velocity profile for the other locations. Further

downstream the velocity profile looks almost logarithmic again.

High roughness, 7 cm, Fr =0.75
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Figure H1: The velocity profile for the first metre of situation 3 with a rough bed.
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Figure H2: The velocity profile for the last 4 metres of situation 3 with a rough bed.

As explained in Chapters 2 and 5, the head levels can be calculated with the formula

2
H=vy,+hy+a ‘Z’—g in which:
head level with respect to the bed

H =
hp = the water level with respect to the bed

Vb = the height of the bed (which is 0 in case of a horizontal bed)

a = a correction factor for the kinetic energy, determined from the measurements
U = the depth and temporal averaged velocity.
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In Figure H3 the calculated head levels for situation 3 with a rough bed are given.

Head levels for situation 3 with a "rough" bed
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Figure H3: The head levels for situation 3 with a rough bed.

Problem definition:

As can be seen from Figure H3 the head levels increase further downstream of the step. This is
however physically impossible, since energy can only be transformed instead of created or
destroyed. In the flume, no energy is added to the flow, which means that the total energy cannot
grow. A small decrease of the energy head is expected, since the bottom friction transforms a small
part of the flow energy into heat.

This above mentioned unexpected result is the strongest for the situations with the lowest Froude-
numbers. This can be explained by the fact that in those situations the flow velocity is lowest and
also the related bed friction is lower.

For situations with a higher Froude number a decrease in head level is visible in the first metre
behind the step, followed by an increase in head level.

Hypothesis:

The reason for the increase in head level with respect to the bed is that the increase of water depth
is not compensated by a decrease in velocity head, even when the decreasing value of a is taken into
account. Since the total energy level cannot increase, the conclusion can be drawn that the bed is not
a good reference level for the head level.

Since any horizontal level could be a good reference level for the energy head, this means that the

. . . . . N . d
bed, and thus the flume, is not horizontal, but tilted in streamwise direction (meaning that % < 0).
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Approach for proving this hypothesis to be true:
In all twelve situations two locations were chosen:

Location 1: Located at + 45 cm downstream from the step (just behind the reattachment point)
Location 2: Located at 5 a 6 metres downstream from the step (the last measurement location)

At both locations, the discharge is equal and the water depth is known. As a first approach, the
qZ

velocity is calculated as u = %The head level is then calculatedas H = y, + d + « PYPEL

with y,=0
at both locations.
With the help of the formulae of Nikuradse and Colebrook the roughness coefficient ¢t and the

expected decrease of the head level can be calculated. The formulae below are taken from Battjes &
Labeur (2009):

1 I 1211
1

e Vi ko k83,5
"I:u.' f'_.l' 5 ) .
gd Hierin is & = 11,60/u, en w, — J&5U

The total energy loss due to friction can then be calculated by multiplying iw with the length between
the two locations. The expected value of H; is then the value of H; minus the absolute value of this
energy loss.

The difference between the expected and the measured value of H; is then the expected lowering of

the bed, called dz. By dividing dz over this distance the bed gradient Z—i can be calculated.

dz = Hz,measurement - HZ,expected = HZ,measurement - Hl — AH

For the calculations of both H; and H; jeasurement the measured values of a were used. Simplifying
the calculation by using a=1, would lead to an underestimation of the value of H; and therefore an
overestimation of dz.

Results:

For each of the twelve experiments de head level at the first location was calculated with the data
from the measurements.
At the second location the head level was calculated in three different ways:

e Directly following from the measurements (hence the head level with respect to the bed)
e Friction is absent and therefore the head level is equal to that at the first location
e The head level decreases as a result of the expected friction

These scenarios are shown in Figure H4.
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The case without energy loss will not be further elaborated, since a higher Froude number leads to

Head level (m)

0.136

0.135

0.134

0.133

0.132

0.131

0.13

0.129

0.0

1.0

Distance from step (m)

Head levels

2.0 3.0

4.0

5.0 6.0

H1

H2 (from
measurement)

H2 (without
energy loss)

H2 (with
expected
energy loss)

Figure H4: The head levels at two locations for situation 3 with a rough bed.

more friction and a higher (expected) energy loss, which means that % would be different between

. . d . N .
the experiments. It is however expected that % should be the same in every situation, since the

flume was not adjusted during or between experiments.

For all the situations with a rough bed, the expected head loss, the corresponding head level and the
lowering of the bed are given in Table H1.

Water depth  Froude

on step

(cm)

10
10

10

Change in
number water
on step depth

(-) (m)
0.25 0.005
0.50 0.006
0.75 0.007
0.25 0.006
0.50 0.006
0.75 0.006

Table H1: The expected head loss, head levels and bed gradient for all situations with a rough bed.

H:

(m)
0.1188
0.1256
0.1344
0.1503
0.1596

0.1741

H.

(measured)

(m)
0.1237
0.1295
0.1355
0.1555
0.1626

0.1738

AH

(because
of
friction)

(m)
-0.0006
-0.0029
-0.0048
-0.0009
-0.0039

-0.0065

H2
(expected)

(=H1+ AH)

(m)
0.1182
0.1227
0.1296
0.1495
0.1557

0.1676

dyb

(m)
-0.0055
-0.0068
-0.0059
-0.0060
-0.0069

-0.0062

dx

(m)
4.263
5.814
4.553
4.545
5.581

4.552

dys/dx

()
-1.3*10°
-1.2*10°
-1.3*10°
-1.3*10°
-1.2*10°

-1.4*103
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In Table H2 the same results are given for the situations with a smoother bed.

Water depth Froude Changein Hy H, AH H, dyp dx dyb/dx
on step number water (expected)
(measured) (because
on step depth
(cm) of (=H1+ AH)
friction)
(cm) (-) (m) (m) (m) (m) (m) (m) (m) (-)
7 0.25 0.006 0.1206 0.1261 -0.0003 0.1202 -0.0058 4.559 -1.3*103
7 0.50 0.006 0.1259 0.1299 -0.0013 0.1246 -0.0053 4.554 -1.2*103
7 0.75 0.009 0.1358 0.1381 -0.0025 0.1333 -0.0047 4.548 -1.0*103
10 0.25 0.007 0.1507 0.1572 -0.0005 0.1502 -0.0071 4.560 -1.5*103
10 0.50 0.007 0.1598 0.1640 -0.0018 0.1580 -0.0060 4.567 -1.3*103
10 0.75 0.008 0.1752 0.1766 -0.0036 0.1716 -0.0050 4.558 -1.1*103

Table H2: The expected head loss, head levels and bed gradient for all situations with a smooth bed.

From both table follows that the expected bed gradient is around -1.3 * 1073 for all situations. This
means that the lowering of the bed is 1.3 mm per metre.

Tables H1 and H2 therefore support the expectation that % is almost the same for all experiments.

Conclusion:

From the above analysis follows that it is very likely that the flume was indeed non-horizontal.

. . d 552 X
This means that the formula for the head level can be rewritten as H(x) = %x +h,+a :—g, in

which % =-1.3*10% and h is relative to the bed. Is this formula is used that y,=0 at x=0, which is only

. . . . . d
used as a reference point. In Figure H5 the head levels with and without this extra term % are

shown to illustrate the effect of adding this correction factor for the sloping bed.
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Figure H5: The head levels for situation 3 with a rough bed.
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Appendix |: Head levels

In this Appendix, the calculated head levels will be shown.

Energy level (m)

m)

Energy level (

0.1203
0.1202
0.1201
0.1200
0.1199
0.1198
0.1197
0.1196

0:1195
-0.5

0.1275
0.1270
0.1265
0.1260
0.1255
0.1250
0.1245
0.1240
0.1235

01230
-0.5

Head levels for situation 1 with a "smooth" bed

0.0

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Distance downstream of step (m)

Figure I1: The head levels for situation 1 with a smooth bed.

Head levels for situation 2 with a "smooth" bed

0.0

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Distance downstream of step (m)

Figure 12: The head levels for situation 2 with a smooth bed.
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Energy level (m)

Energy level (m)
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0.1506
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0.1502
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01498
-0.5

Head levels for situation 3 with a "smooth" bed

0.0

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

Distance downstream of step (m)

Figure 13: The head levels for situation 3 with a smooth bed.

Head levels for situation 4 with a "smooth" bed
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Distance downstream of step (m)

Figure 14: The head levels for situation 4 with a smooth bed.
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Energy level (m)

Head levels for situation 5 with a "smooth" bed
0.161
0.161 | @
0.160 o
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0:158

-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Energy level (m)

Distance downstream of step (m)

Figure I5: The head levels for situation 5 with a smooth bed.

Head levels for situation 6 with a "smooth" bed
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Figure 16: The head levels for situation 6 with a smooth bed.
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Figure 17: The head levels for situation 1 with a rough bed.
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Energy level (m)

Energy level (m)
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Figure 19: The head levels for situation 3 with a rough bed.
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Figure 110: The head levels for situation 4 with a rough bed.
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Figure 111: The head levels for situation 5 with a rough bed.
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Figure 112: The head levels for situation 6 with a rough bed.
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Appendix J: Turbulent energy levels

In this Appendix, the calculated turbulent energy levels will be shown.

Turbulent energy level for situation 1 with a "smooth" bed

1.0E-03

9.0E-04 L 2 J

8.0E-04 oo

7.0E-04 ® ®

6.0E-04

5.0E-04 @ ®

4.0E-04

3.0E-04 ©

2.0E-04 ®

1.0E-04 |

0-0E+00
-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

Distance downstream of step (m)

k (m~2/s72)

Figure J1: The turbulent energy levels for situation 1 with a smooth bed.

Turbulent energy level for situation 2 with a "smooth" bed
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5.0 55

-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Distance downstream of step (m)

Figure J2: The turbulent energy levels for situation 2 with a smooth bed.
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k (m”2/s72)

Turbulent energy level for situation 3 with a "smooth" bed
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Figure J3: The turbulent energy levels for situation 3 with a smooth bed.
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Figure J4: The turbulent energy levels for situation 4 with a smooth bed.
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Figure J5: The turbulent energy levels for situation 5 with a smooth bed.
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Figure J6: The turbulent energy levels for situation 6 with a smooth bed.
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Turbulent energy level for situation 1 with a "rough" bed
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Figure J7: The turbulent energy levels for situation 1 with a rough bed.

Turbulent energy level for situation 2 with a "rough" bed
4.0E-03
356-03 | o @
3.0E-03
2.5E-03
2.0E-03
1.5E-03
1.06-03 @
5.0E-04

0.0E+00
-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0 4.5 5.0 55 6.0 6.5

Distance downstream of step (m)

Figure J8: The turbulent energy levels for situation 2 with a rough bed.
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Figure J9: The turbulent energy levels for situation 3 with a rough bed.
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Figure J10: The turbulent energy levels for situation 4 with a rough bed.
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Turbulent energy level for situation 5 with a "rough" bed
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Figure J11: The turbulent energy levels for situation 5 with a rough bed.
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Figure J12: The turbulent energy levels for situation 6 with a rough bed.
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Appendix K: Mathcad script for Voortman’s method

In this Appendix, the Mathcad script used for Voortman’s method will be shown. Since the script is
identical for all twelve situations, only the script for situation 1 with a “smooth” bed will be shown.

Project: Graduation of Melvin Koote / The Arcadis Turbulence Method

Subject: The dissipation of turbulent energy via method Voortman 1
Door: Datum: Paraaf:

Opgesteld: M. Koote 18th August 2017

Gecontroleerd:

Vrijgegeven:

Versie: 2.0

Status: Concept-intern

Definitions

ORIGIN:=1

X = distance downstream of step (Mm)X;eatt = reattachment

point (m)

k = turbulent kinetic energy (m2/32)

kg = turbulentkinetic energy at the reattachment point (mzlsz)

keq = equilibrium turbulent kinetic energy in uniform flow (mzlsz)

¢ = constant value (-)

R = hydraulic radius (m)

SSE = sum of the squared errors

Description of worksheet

In this worksheet a formula for the turbulent energy as function of the distance

from the step will be created based on experimental results.

This formula is exponential and depends on a certain maximum turbulence that

occurs at the reattachment point, an equilibrium turbulence and a constant.
It is assumed that after the reattachment point the generation of turbulent energy

can be neglected.
The hydraulic radius is assumed to be constant.
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General start values

Data =

Data =

5 6

1 "S1" 1 0.07 0.25 -6'10-3 0.07
2 "S1" 1 0.07 0.25 0.101 0.118
3 "S1" 1 0.07 0.25 0.198 0.118
4 "S1" 1 0.07 0.25 0.3 0.119
5 "S1" 1 0.07 0.25 0.45 0.119
6 "S1" 1 0.07 0.25 0.602 0.12
7 "S1" 1 0.07 0.25 0.8 0.12
8 "S1" 1 0.07 0.25 1.073 0.121
9 "S1" 1 0.07 0.25 1.505 0.121
10 "S1" 1 0.07 0.25 2.504 0.122
11 "S1" 1 0.07 0.25 3.503 0.123
12 "S1" 1 0.07 0.25 5.009 0.125
13 "S2" 1 0.07 0.5 -5:10-3 0.07
14 "S2" 1 0.07 0.5 0.104 0.118
15 "S2" 1 0.07 0.5 0.202 0.118
16 "S2" 1 0.07 0.5 0.301 0.119
17 "S2" 1 0.07 0.5 0.443 0.12
18 "S2" 1 0.07 0.5 0.608 0.121
19 "S2" 1 0.07 0.5 0.796 0.122
20 "S2" 1 0.07 0.5 1.123 0.123
21 "S2" 1 0.07 0.5 1.507 0.123
22 "S2" 1 0.07 0.5 2.504 0.124
23 "S2" 1 0.07 0.5 3.506 0.125
24 "S2" 1 0.07 0.5 4.997 0.127
25 "S3" 1 0.07 0.75 4'10-3 0.07
26 "S3" 1 0.07 0.75 0.103
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Y

Code := Data

Ruwh = Data<2>

dstep = Data<3>'rr

Frstep = Data<4>

Noc = Data<5>'rr

dijoc = Data<6>~r'r

B:=04nm
rOWstartZ -1
rOWstart3 -1
rowstart4 -1
rowstt,m5 -1
rowstart6 -1
rOWstart7 -1

MOWgng =
rOWstartS -1
rOWstartg -1
MOWtart 10 -1
MOWgtart n -1
TOWgtart . 1

149

hloc = Data<8> -

Hloc = Data<9> -r

2
q:= Data<10> o

(1p m

kIoc

Xeatt = Data<12> -

= Data —

TOWstart - 3
OWstart 3 3
row -3
start 4
rOWStart c -3
OWgtart 6 -3
TOWgtart ; -3
TOWgtart g -3
TOWgtart 9 -3
row -3
start 10
row, -3
start 1

row -3
start 12

147

13
25
37
49
60
72
85
98
110
123
138

I’OWStart =

oW diss =

rowst;m1 -1+5
rowStartz -1+5
rOWstartS -1+5
rowstart4 -1+5
rowstarts -1+4
rOWstartG -1+5
rowStart7 -1+6
rOWstarts -1+4
rOWstartg -1+5
MOWgiart 10 -1+6

row -1+7
start 1

row -1+5
start 12
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Dataset:

n=1

Input values

Xocn = Submatrix (XIoc , TOWgpart r [OWg n,1, 1)

1
Xoc.dl = Xloc.n';]

Xreatt.n = Submatrix (Xreatt’ MOWstart o MOWstart o 1 1)
Nasta.n = submatrix(><|oc,row|a5t3 TOWepg ,1,1)

' n n
Xiss.n = submatrix (XIoc TOWgiss »MWgpq 1 1)

: n n

-— 1 -— 1

Xdiss.dl = Xdiss.n ™ Xreatt.dl = Xreatt.n o
dioen = submatrix(dbc, [OWgpat r [OWgq r 1, 1)
hloen = submatrix(hbc, FOWtart - W - 1, 1)
Hioc.n = Submatrix (Hloc’rowstartn’ OWeng K 1, l)
Hyiss.y = Submatrix (Hloc’rowdiss - oW K 1, 1)

Hiasa.n = submatrix(H|OC TOWa613 . MW r 1, 1)

0y, := Submatrix (q,FOWstartn’ fWend n b 1)

Kioe.n = Submatrix (kloc’rowstart n,rowend - 1, 1)

Kgiss. = Submatrix (kloc’ FOW s n’rOWend r 1, 1)

1 1
H =H — H.: = H.: —
loc.dl loc.n m diss.dl diss.n m
2 2
— S —— S
I(Ioc.dl = I(Ioc.n'_z kdiss.dl = I‘diss.n —,
m m
reatt .= roWgiss — MWgiart + 1=5 end = MOWgpq — MWgiart + 1=12
n n n n
m2
d =d =0.125m = =0.014—
end loc.n g g Oend qnenGI S
B-d
end 1 1 =
- _0077Mm f— = -1208= Fry -
MW B+ 2.d R m

end

Nast3.dl = Xlast3.n';]
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3m

Ustar = 95X 10 ;
2 4 m2
ke = 144 Ugry,” =13x 10 " —
82
2
keq.dl = keq'_2
m
Formulae

After the reattachment point, the amount of turbulent energy can be described with:

kg @) = (ko ~ keq) & 10X Xeartn, ) + keg
Results

In order to calculate the unknown variables, the formula must be made dimensionless

N

S
fg =f-m=1298 =0 —
dl 9a1 = 9 m

kat (- Kot ¢) = (Kool — Keqal )'eXp[‘fdl '¢(>€d| ~ Xeattdl 1)} + Keg.dl

2
m
kO_guess = 0.01-—2 q’guess = 0.01
S
s2
] I‘0_guess _2
guess = m
¢ guess

ko.dl . 009x 1072
( j = genfit (Xgiss i -Kelss.qll -0UesS kg ) = [1 1

¢ 0.064

X= Xreatt.nlﬁ)ﬁ'eatt.nl +01m. Xreatt.nl + 7

2

ko = ko.ou'ﬂ2
S
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Turbulent energy

1x10° %
T OO Data
Fit Voortman version 2 (outside dec. zong)
—~ sa0h OO
<
~ O O
<
E a0y
S
5 [ 1
c
@ -4
= 4x10 T
D
=]
£
>
= a0h O
O O
0 2 4 6

Distance downstream of step (m)

N

—4m
dk = ko~ kgq =8791x 10" =

S

2
—4m
khalf = ko —0.5-dk =5.695x 10 —2

S

The distance after which half of the excess turbulence is dissipated, can be
calculated with:

)buess =10n

Yhalf = root (k()@uess ’kO’d)) ~ Knalf ’xguess) =119m

b1=19¢

kl = keq

grror = (kloc.n - k(Xloc.n’kO’d)))2
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end 4
8 3.591

—8m
SSEy= ) ermor, =3342x 10 3—4 4804
m = reatt 6.384
0.876 Xdiss.n _ 8.562
0.762 deng 12.01
0762 19.982
27.954
‘ (kdiss.n - keq) 0.648 %
m=—"7T—""— = 39.971
foteg) | 0%
0.08
~0.034
-0.034
K9 = k(xko.0)
(k9 - keq)
keg(® = ——~
(ko ~ keq)
Turbulent energy
0 Data
C Fit Voortman version 1 (outside dec. zong)
~—~ 0.8
- YN
P
Sy
o O
S 06f
<
D
=
2
2 o4 S
2
T
>
T o2
[l
0 10 20 30 40

Distance divided by water depth (-)
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Appendix L: The results from Voortman’s method

In this Appendix, the resulting graphs from Voortman'’s first method with p = 0.125 and ¢ = 0.064

will be shown.

Turbulent energy (m™2/s™2)

Figure L1: The turbulent energy levels for situation 1 with a smooth bed.

Turbulent energy (m™2/s™2)

Figure L2: The turbulent energy levels for situation 2 with a smooth bed.

Turbulent energy

T OO Data
Fit Voortman version 1 (outside dec. zone)
w107 OO
O O
61073
[
4<107Y
21074 |
O O
0 5 s 5

41073

31077

21073

1107

Distance downstream of step (m)

Turbulent energy

1 Data

Fit Voortman version 2 (outside dec. zone)

2 4 6

Distance downstream of step (m)
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Turbulent energy (m™2/s™2)

Turbulent energy (m™2/s™2)

Turbulent energy

0O Data

Fit Voortman version 1 (outside dec. zone)

0.0 |'_L1__|

521070

0 2 4 6
Distance downstream of step (m)

Figure L3: The turbulent energy levels for situation 3 with a smooth bed.

Turbulent energy

OO0 Data
Fit Vooriman version 1 (outside dec. zone)
Y
=074 O O
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N
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5x107%
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[
O
0 ) f 5

Distance downstream of step (m)

Figure L4: The turbulent energy levels for situation 4 with a smooth bed.
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Turbulent energy (m™2/5"2)

Turbulent energy (m™2/s™2)

41077

21077

Turbulent energy

OO Data

Fit Voortman version 1 (outside dec. zone)

2 4 6

Distance downstream of step (m)

Figure L5: The turbulent energy levels for situation 5 with a smooth bed.

0.0

5107 %

Turbulent energy

O Data
Fit Voortman version 1 (outside dec. zone)

2 4 6

Distance downstream of step (m)

Figure L6: The turbulent energy levels for situation 6 with a smooth bed.
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Turbulent energy (m™2/s™2)

Turbulent energy (m™2/s"2)

Turbulent energy

OO Data
(I Fit Voortman version 1 (outside dec. zone)

w107 OO

O
6107 0] -

]

4107

1 a
2107 O =

0 ) 1 6

Distance downstream of step (m)

Figure L7: The turbulent energy levels for situation 1 with a rough bed.

Turbulent energy
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Fit Voortman version 1 (outside dec. zone)
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Figure L8: The turbulent energy levels for situation 2 with a rough bed.
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Turbulent energy (m™2/s™2)

Turbulent energy (m"2/s"2)

Turbulent energy

. OO Data
EFL—J Fit Voortman version 1 (outside dec. zone)
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Distance downstream of step (m)

Figure L9: The turbulent energy levels for situation 3 with a rough bed.

Turbulent energy

OO Data
Fit Voortman version 1 (outside dec. zone)

1107 L

O Oc1d

O

]

5107 !
o
O
0 5 1 6

Distance downstream of step (m)

Figure L10: The turbulent energy levels for situation 4 with a rough bed.
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Turbulent energy (m™2/5™2)

Turbulent energy (m™2/s™2)
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Figure L11: The turbulent energy levels for situation 5 with a rough bed.
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Figure L12: The turbulent energy levels for situation 6 with a rough bed.
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Appendix M: Mathcad script for voortman’s and Hoffman’s formula

In this Appendix, the Mathcad script used for the combination of Voortman’s and Hoffmans’ formula
will be shown. Since the script is identical for all twelve situations, only the script for situation 1 with
a “smooth” bed will be shown.

Project: Graduation of Melvin Koote / The Arcadis Turbulence Method
Subject: The dissipation of turbulent energy via method Voortman 1

Door: Datum: Paraaf:
Opgesteld: M. Koote 18th August 2017

Gecontroleerd:
Vrijgegeven:

Versie: 2.0

Status: Concept-intern

Definitions

ORIGIN:= 1

X = distance downstream of step (M)Xygatt = reattachment
point (m)

k = turbulent kinetic energy (mzlsz)

kg = turbulent kinetic energy at the reattachment point (mzlsz)

keq = equilibrium turbulent kinetic energy in uniform flow (mzlsz)
¢ = constant value (-)

R = hydraulic radius (m)

SSE = sum of the squared errors

Description of worksheet

In this worksheet a formula for the turbulent energy as function of the distance
from the step will be created based on experimental results.

This formula is exponential and depends on a certain maximum turbulence that
occurs at the reattachment point, an equilibrium turbulence and a constant.

It is assumed that after the reattachment point the generation of turbulent energy
can be neglected.

The hydraulic radius is assumed to be constant.
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General start values

Data =

Data =

5 6

1 "S1" 1 0.07 0.25 -6'10-3 0.07
2 "S1" 1 0.07 0.25 0.101 0.118
3 "S1" 1 0.07 0.25 0.198 0.118
4 "S1" 1 0.07 0.25 0.3 0.119
5 "S1" 1 0.07 0.25 0.45 0.119
6 "S1" 1 0.07 0.25 0.602 0.12
7 "S1" 1 0.07 0.25 0.8 0.12
8 "S1" 1 0.07 0.25 1.073 0.121
9 "S1" 1 0.07 0.25 1.505 0.121
10 "S1" 1 0.07 0.25 2.504 0.122
11 "S1" 1 0.07 0.25 3.503 0.123
12 "S1" 1 0.07 0.25 5.009 0.125
13 "S2" 1 0.07 0.5 -5:10-3 0.07
14 "S2" 1 0.07 0.5 0.104 0.118
15 "S2" 1 0.07 0.5 0.202 0.118
16 "S2" 1 0.07 0.5 0.301 0.119
17 "S2" 1 0.07 0.5 0.443 0.12
18 "S2" 1 0.07 0.5 0.608 0.121
19 "S2" 1 0.07 0.5 0.796 0.122
20 "S2" 1 0.07 0.5 1.123 0.123
21 "S2" 1 0.07 0.5 1.507 0.123
22 "S2" 1 0.07 0.5 2.504 0.124
23 "S2" 1 0.07 0.5 3.506 0.125
24 "S2" 1 0.07 0.5 4.997 0.127
25 "S3" 1 0.07 0.75 4'10-3 0.07
26 "S3" 1 0.07 0.75 0.103
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Y

Code := Data

Ruwh = Data<2>

dstep = Data<3>'rr

Frstep = Data<4>

Noc = Data<5>'rr

dijoc = Data<6>~r'r

Nioc = Data<8>~rr

Dy =478cn
rOWstartZ -1
rOWstart3 -1
rowstart4 -1
rowstt,m5 -1
rowstart6 -1
rOWstart7 -1

MOWgng =
rOWstartS -1
rOWstartg -1
MOWtart 10 -1
MOWgtart n -1
TOWgtart . 1

149

Hloc = Data<9>'rr
2
m
q:= Data<lo>-—
S
2
m
kloc = Data<11>~—
2
S
Xeatt = Data<12>«rr
r|OC = Data<13>
B:=04n
D, = 4.68crr kOH = 0.04¢F
TOWstart - 3
OWstart 3 3
row -3
start 4
rOWStart c -3
OWgtart 6 -3
TOWgtart ; -3
MOW|ast3 =
TOWgtart g -3
TOWgtart 9 -3
rOWstar[ 10 -3
rOWgtart 1 -3
TOWgtart " -3

147

13
25
37
49
60
72
85
98
110
123
138

I’OWStart =

oW diss =

rowst;m1 -1+5
rowStartz -1+5
rOWstartS -1+5
rowstart4 -1+5
rowstarts -1+4
rOWstartG -1+5
rowStart7 -1+6
rOWstarts -1+4
rOWstartg -1+5
MOWgiart 10 -1+6
-1+7

row
start 1

row -1+5
start 12
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Dataset:

n=1

Input values

Noc.ny = Submatrix <X|oc’ FOWtart r OW g n’l’ 1)

1
Noc.dl = Noc.n” o
Xreatt.n = Submatrix (Xreatt’ MOWstart o MOWstart o 1 1)

Xastan = Submatrix (Xioc’rOWIaSIS STOWeng 1, 1)

Xdiss.n = Submatrix <X|oc , TOW giss K [OWeng r 1, 1)

1 1 1
Xiss.dl = Xdiss.n - o Xreatt.dl = %reatt.n’ o Nast3.dl = Nast3.n" o
dioen = submatrix(dbc,rowstan JOWgpg -1.1
: n n

hioe.n = Submatrix (hlov [OWgtart - W - 1, 1)
Hioe.n = Submatrix (Hloc’rowstartn’ MW - 1, 1)
Hyissp = Submatrix (Hloc’rowdiss - W - 1,1
Hiassa.n = submatrix(Hk)C ,TOW|as3 K [OW g K 1, 1)

0y, := Submatrix (q,rowstartn’ "Wend n’ . 1)

Kioc.n = Submatrix (kloc’ [OWgtart K oW K 1, 1)

Kdiss.n = submatrix(km,rowdiSS n’rowend > 1, 1)

1 1
Hioc.dl = HIoc.n'a Hdiss.dl = Hdiss.n “m
2 2
-— S -— S
I(Ioc.dl = I(Ioc.n'_ I‘diss.dl = I‘diss.n )
2
m m
reatt := rowgjss . - mWstartn +1=5 end = MOWeng . — rOWstartn +1=12
m2
deng = diocn , =0125m Gend = Gn, =004 —
B'dend 1 1 Fr, = end =0.104
R = ———— =0077m f===1298— 1 3
B+ 2dgng R m 49deng
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3m

Ustar = 95X 10 ;
2 4 m2
ke = 144 Ugry,” =13x 10 " —
32
52
keq.dl = keq'_2
m
. end ! An
end = n =
dend dioc.n
[k ] .
i loc.n Mocn = submatnx(r'OC,rowstann,rowend r],l, 1)
n U
D =Dy A = 6.67dgng
Formulae

After the reattachment point, the amount of turbulent energy can be described with:

(xkg-) = (ko ~ keq) & F4+(X ~feattn, ]| * eg

b\~ 2 (X - Xreatt.n1> o Uggar 2
) = 0.5~kOH-[1 - j : - TR 1.45-(—]

end Uend

Results

In order to calculate the unknown variables, the formula must be made dimensionless

2
S
fo =f-m=1298 -
d Ol = 9—
kat (- o.1-¢) = (Kot = keq.dl)‘exp[—fdl O (X~ Xreatt.dl 1)} + Kequdl
2
i m
Ko_guess = 0-01'_2 ¢ guess = 001
S
s2
I‘0_guess _2
guess = m
¢ guess

146 |Page



Ko.dl . 1.000% 10 °
[ ) = genfit (Xgiss gl »Kiss.di -9U€ss »kgy) =

0.064

X= Xreatt.nl’xreatt.nl +0.1m. Xreatt.nl +

2

m
ko= ko.ou's—2

KO = k(x kg, 0)

(X = k(¥
Uend
Relative turbulence
0.3
XX r (from measurements)
a4 r (via k)
—— r (calculated via VVoortman
—~ » « « r(calculated via Hoffmans
8 -.
ts X
a8 | 7 X
E -----------------
% ¥ \\ """"""""""""""
T oy I
g i 2
0 2 y 6
Distance downstream of step (m)
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N

—4m
dk = ko — kgq =8791x 10" —

S

N

Kl = K ~ 05 ck = 5695 107

S

The distance after which half of the excess turbulence is dissipated, can be
calculated with:

Xguess =10n

Xhaf = 10t (K(Xguess ) ~ Khaif -¥guess ) = 119m

b1=1¢

kl = keq

eror = (rloc.n - rV(Xloc.n))2

end
SSE; = Z error = 6.366 x 10

m = reatt

3
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Appendix N: The results from both Voortman’s and Hoffmans’

formula

In this Appendix, the calculated decay of turbulence following from Hoffmans’ formula will be shown.

Relative turbulence
037
> 1 (from measurements)
. OO0 1 (via k)

EEIE‘I —— 1 (calculated via Voortman)
~ 0 - + + 1 (calculated via Hoffinans)
0y
5 g
E
= oy
Z

0 ; ¥ 5

Distance downstream of step (m)

Figure N1: The relative turbulence for situation 1 with a smooth bed.

Relative turbulence
0.3
> > 1 (from measurements)
N OO r (va k)

0-, —— 1 (calculated via Voortman)
— + + 1 (calculated via Hoffimans)
et N D
o 02
E [
=z
= oy
i

0 5 r 5

Distance downstream of step (m)

Figure N2: The relative turbulence for situation 2 with a smooth bed.
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Relative turbulence (<)

Relative turbulence (=)
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Relative turbulence

037
> » r (from measurements)
O OO0 r (via k)
" —— 1 (calculated via Voortman)
o -, = + + + 1 (calculated via Hoffinans)
0. ’
[1
0.Ir
0 5 1 6

Distance downstream of step (m)

Figure N3: The relative turbulence for situation 3 with a smooth bed.
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Figure N4: The relative turbulence for situation 4 with a smooth bed.
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Relative turbulence (<)

Relative turbulence

037
> 1 (from measurements)
i 00 r (via k)
. —— 1 (calculated via Voortman)
X + + + 1 (calculated via Hoffmans)

=
[

=
—+

0 2 4 6
Distance downstream of step (m)

Figure N5: The relative turbulence for situation 5 with a smooth bed.

Relative turbulence
0.3
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OO0 r (viak)
% — 1 (calculated via Voortman)
. + + + 1 (calculated via Hoffimans)
% 0.2
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0 2 4 6

Distance downstream of step (m)

Figure N6: The relative turbulence for situation 6 with a smooth bed.
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Relative turbulence (<)

Figure N7: The relative turbulence for situation 1 with a rough bed.
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Figure N8: The relative turbulence for situation 2 with a rough bed.
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Relative turbulence (<)

Relative turbulence
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Figure N9: The relative turbulence for situation 3 with a rough bed.
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Figure N10: The relative turbulence for situation 4 with a rough bed.
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Relative turbulence (-)

Relative turbulence

0.3
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Figure N11: The relative turbulence for situation 5 with a rough bed.

Relative turbulence (=)

Figure N12: The relative turbulence for situation 6 with a rough bed.
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