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Abstract

The Master thesis focuses on mathematical modelling and simulation of the river flow of a layout
solution for reconstruction of the Mazourov weir on the Sazava River. Within the layout design, the
main objective is the placement of a small hydropower plant, a fish passage, and a sports sluice for
tourist navigation. The suitability of the layout proposal of the hydraulic structures is verified by 2D
numerical modelling. For numerical simulation, HEC-RAS software is used. The thesis also deals
with the hydraulic design of the small hydropower plant up to the level of drawing and calculation

appropriate to the corresponding stage of the documentation for the building permit.
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INTRODUCTION AND THESIS OBJECTIVES

The thesis focuses mainly on numerical modelling of river flow, then on hydraulic calculations
of individual hydraulic structures and lastly on drawing documentation of individual hydraulic
structures. 2D numerical modelling of the flow is performed in the HEC-RAS software. Hydraulic

calculations are carried out by the author of the work as well as the drawing documentation.

The thesis also includes a proposal for the reconstruction of the Mazourov weir on the Sazava
River, which is now in poor condition. The designed parts of the weir are subsequently used
in the 2D modelling of the flow in the Mazourov weir upstream area.

SUMMARY OF RECEIVED DOCUMENTS

Majority of materials provided to the author of this work were obtained in the process of preparing
the Documentation for the building permit for the project of a small hydropower plant on the Mazourov
weir. The author of the present master thesis has been working on the design proposal of a small
hydropower plant for the company Stream Hydropower s.r.0. under the direct supervision
of Ing. Karel Kraml. Other materials were provided to the author directly by Povodi Vltavy, State

Enterprise.

All materials received for the preparation of the thesis are:

o Longitudinal profile of the Sazava River between the river kilometres 70.05 and 90.14

provided by the Povodi Vltavy, State Enterprise

o Cross sections of both the riverbed and the weir structure between the river kilometres 70.05
and 90.14 provided by the Povodi Vltavy, State Enterprise

o Layouts of the weir structure provided by the Povodi Vltavy, State Enterprise

o Cross sections through the weir structure provided by Geodesy Ceské Budg&jovice

o Biological survey of the area of interest by the Czech Union for Nature Conservation
(CSOP)

o Hydrology data provided by the Czech Hydrometeorological Institute (CHMI)

o Information from geological boreholes in the vicinity provided by Czech Geological Survey

o Personal photo documentation from the field survey in March 2023 and January 2024

o Statement on the existence of a power grid

o Digital Terrain Model (DTM) of Sazava River provided by Povodi Vltavy, State Enterprise

o Capacity curve of Mazourov weir structure provided by Povodi Vltavy, State Enterprise



1 MODELLING THEORY

1.1 Hydraulic Engineering Research

Factors such as extremely high cost and unreproducible nature of water structures are the main
drivers for the use of hydraulic research methods. Therefore, hydraulic research has become
an important part of the pre-design phase of any major water project. The cost of the research is usually
lower than the costs induced by any additional construction work, rebuilding or higher operating costs.
Currently, there is an increase in demand for hydraulic research in connection with increased investment

in the implementation of flood control measures, and the use of hydropower [4].

The current needs of water management practice require the investigation of increasingly
complex hydrodynamic phenomena and the solution of more complex problems. The most important

basic tools of hydraulic research are:

— physical modelling,
— numerical modelling,

— combination of mathematical and physical modelling [3, 4].

1.2 Physical Modelling

The main purpose of physical modelling is to represent and observe complex hydrodynamic
phenomena occurring in reality using a scaled model. This way, actual physical phenomena that are
difficult to study in real conditions are analysed on a similar, but much smaller “replica”. Another
purpose of physical modelling is to extrapolate model observations to a prototype. Prototype is an actual

hydraulic structure that is being modelled [10].

Physical modelling is based on the similarity between the prototype representing reality
and the scaled model. Physical modelling is based on the theory of similarity of hydrodynamic
phenomena, based either on its mathematical description or on a dimensional analysis of physical
quantities. The main objective of the research on the hydraulic model is to investigate the laws of water
flow, its effect on the environment and its interaction with the bypassed structures. The model also helps

to design optimal hydraulic design and size of hydraulic structures [3, 10].

Research of hydraulic structures on physical models is most often implemented through so-called

hydraulic models, which are based on the mechanical similarity of water flow on a scale model



in the laboratory and in reality. Other types of physical models use the analogy of water flow research

with other media, such as air. Such models are called aerodynamic models [4].

The advantages of physical modelling on scaled hydraulic models include its relatively small size,
which allows for quick and easy modifications, low cost, fast, accurate and systematic measurement
of hydraulic and physical quantities by laboratory instruments, independence from external influences
and accessibility [3].

1.3 Numerical Modelling

In general, mathematical modelling of hydraulic systems has been an essential tool
for the effective assessment of structures and measures in both river engineering and water and sewerage
networks for many years. By analysing the hydraulic and qualitative results of the simulations, system

weaknesses can be identified [16].

The development of computer technology has enabled the emergence of mathematical
modelling. Mathematical modelling allows us to solve problems and simulate such hydrodynamic
phenomena, whose mathematical formulation is extremely complex, efficiently and with higher
accuracy. Mathematical modelling is based on the similarity between real and abstract systems
and allows the investigation of real systems using abstract systems by using mathematical models. If it is
possible to describe a phenomenon sufficiently mathematically, it is then possible to use mathematical
modelling to investigate very complex physical phenomena in large-scale systems. These complex
physical phenomena are most often described by partial differential equations or their systems. Usually,

these equations are solved numerically, hence the term numerical modelling [3].

Numerical modelling has exploded in recent years and is increasingly being used instead
of physical modelling for several reasons. Advantages of a numerical model include, for example, lower
financial requirements compared to a physical model, lower space requirements in the laboratory, less

labour-intensive model building, and greater flexibility in exploring alternative solutions [12].

However, it is imperative to mention that the physical model still has an irreplaceable role as a
source of information and data necessary in the verification and testing of the proposed model principles

and algorithms.
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1.3.1 Model Dimensions

Several programs have been developed for the simulation of hydraulic processes using different

calculation methods. One of the basic distinction of these programs is their dimensionality.

If the flow is predominantly one-dimensional (1D), this means that one component of the point
velocity exceeds the other two components of the point velocity by a significant amount. In this case,
the flow is described by 1 equation of motion and 1 continuity equation. An example of 1D flow is flow

in straight prismatic channels and pipes.

In a two-dimensional (2D) flow, one component of the point velocity is significantly smaller
in magnitude than the other two components of the point velocity. An example of two-dimensional flow
is flow in straight non-prismatic channels where the vertical component of velocity is neglected.
In this case, the flow is described by 2 equations of motion (in components) and 1 continuity equation.

All 3 components of the point velocity are significant for flow in channels and pipe bends
and for flow behind an obstacle. In such a situation, a three-dimensional (3D) description of the flow

is applied using 3 equations of motion in the components and 1 continuity equation [8].

Some of the most common software are:

¢ HEC-RAS - hydraulic objects on streams,
e MIKE 21 - transport model and movement of sediments,

e HEC-HMS — complete hydrologic processes of the dendritic watershed system.

e HEC-RAS 2-D,
o FESWMS - finite-element surface-water modelling system for two-dimensional
flow in the horizontal plane,

e MIKE 21 C — development in the riverbed and channel planform.

e  ANSYS Fluent —model of fluid flow, heat and mass transfer and chemical reactions,

e Flow-3-D — complex hydraulic issues related to planning, design and operation
of a hydraulic system,

e OpenFOAM — complex fluid flows involving chemical reactions, turbulence

and heat transfer, as well as acoustics, solid mechanics and electromagnetics

For this thesis, the program HEC-RAS 2D was used.

11



1.3.2 HEC-RAS 2D Model

HEC-RAS (Hydrologic Engineering Center’s River Analysis System) is a software which allows
users to perform one-dimensional steady flow, one and two-dimensional unsteady flow calculations,

sediment transport/mobile bed computations, and water temperature/water quality modelling [15].

For the calculation of two-dimensional (2D) steady flow, i.e. modelling the free surface flow
of a fluid flowing through a riverbed with a variable bed under the influence of gravity acceleration,
the Saint-Venant (SV) equations in full dynamic form are used. These equations are derived using
the same principles as the more general Navier—Stokes equations, which describe the flow
of an incompressible viscous fluid. The program can also solve a simplified version of the Saint-Venant
equations, that is the diffusion wave method, which compared to the full SV equations neglects inertial
forces. By solving the SV equation in its full form, it is possible to solve more cases, but by using
the diffusion wave the program will work faster and can also solve many cases, such as steady flow
in prismatic beds. At setting up the calculation, it is easy to choose which variant of the calculation
is required. These equations are supplemented by a continuity equation that expresses the law

of conservation of mass [8; 6].

Using the Saint-Venant equations, the notation of which can be seen in 1.3.2.1, in other words the

shallow water equations, the following assumptions and simplifications are introduced:

¢ small bottom slope,

e vertically averaged variables,

o flow area perpendicular to the bottom,

o horizontal level at the cross-section point,

e hydrostatic pressure distribution along the vertical,
e small streamlined curvature,

e neglect of acceleration in the vertical direction.

9Q @ Q’ dy : ,
ot Tax (B §) T8 S e ter S hme St
\ J
f

Inertial force Compressive  Gravitational ~ Frictional

( J

Kinematic wave

{

0
Diffusion wave

|
Dynamic wave

1.3.2.1 Saint-Venant's equation [8]

12



Where:

Q (m*s?) - flow rate,

S (m?) - flow area,

t (s) —time,

x (m) - coordinates in the direction of flow,

y (m) - coordinate perpendicular to the flow direction,
g (ms™) - gravitational acceleration,

£ (-) - Boussinesq number,

io (-) - bottom slope,

ie (-) - slope of the energy line.

Each term in the Saint-Venant equation (1.3.2.1) represents a controlling force of motion.
The equation consists of an inertial force component and an external force component, i.e. surface
and volume forces. The surface forces are forces compressive from normal stress and frictional
from shear stress. The first term expresses the inertial force, which is in the form of local and convective
acceleration components. The second term of the equation represents the compressive force, which is
in the form of a surface force from the hydrostatic pressure difference. The third term of the equation
stands for the gravitational force, which is in the form of volumetric force and is the component
of the gravitational acceleration in the direction of flow. The last term in the equation is the frictional

force, which is a form of surface force [9].

From the notation of the equation, the simplest kinematic wave solves only the gravitational and
frictional components. The more complex diffusion wave also addresses the pressure component.

If all components are considered, it is called the dynamic wave [9].

The HEC-RAS program solves the shallow water equations in full dynamic form using the finite
volume method. This implicit solution allows for larger computational time steps than explicit methods.
It also provides greater computational stability than traditional methods such as finite element method
and difference methods. The finite volume method uses the integral form of the equations, which are
based on the laws of conservation of mass, momentum, etc. The domain to be solved is divided into
a finite number of small control volumes of the mesh. The calculation is performed over the entire

volume and its surface [9].

13



1.4 Hybrid Modelling

By combining numerical and physical modelling, benefits of both approaches are used
to investigate hydraulic structures. Such combined modelling is called hybrid modelling.
First, the problem is described using a numerical model and variant simulations are used to optimize
the hydraulic solution. The resulting solution is then verified on the hydraulic model in the laboratory
and refined if necessary. Experience gained in numerous practical applications indicates
that the combination of numerical and physical modelling represents a useful approach towards
a significant efficiency enhancement of the hydraulic research, which manifests itself particularly
in the decrease in number of options that need to be tested on a hydraulic model in the laboratory.
The combination of physical and numerical modelling leads to their complementarity. The blending
of methods favourably influences the economic and time aspects of research implementation, the quality

of results and the complexity of results [4].

Examples of hydraulic research carried out by the Department of Hydraulic Structures
of the Czech Technical University in Prague include research on the Prelou¢ waterworks, research
on the Dé&Cin waterworks, research on boulder shoots on the Lower Elbe, research on the lock

and navigation stage Ceské Vrbné.
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2 NUMERICAL MODELLING OF MAZOUROV WEIR

2.1 Watercourse Characteristics

The area of interest is located on the Sazava River, which rises as the Struzny Brook
on the southern slopes of the Zdar Hills. The pond Velké Datko is built on this stream,
from which Sazava flows out of the lake at an altitude of 612 metres above sea level (MASL). The total
length of the stream is 224.6 km and the catchment area is 4349 km?2 The Sazava River flows through
a richly populated and agriculturally exploited landscape with developed industry and is therefore
significantly influenced by human activity along its entire length. The largest towns on the river include
Zd4r nad Sazavou, Havli¢kav Brod, Svétla nad Sazavou and Lede¢ nad Sazavou. The largest tributary
of the Sazava River in terms of length of its course, area of the drainage basin and water capacity
is the Zelivka River. In the upstream section, approximately to the town of Pfibyslav, the river flows
through a forested valley with a rocky bottom and a relatively high gradient. Further downstream,
the Sazava flows through a rather agricultural landscape, with the riverbed in a deep valley, in many
places with rocky slopes. In some parts, the longitudinal gradient increases, creating rapids,
while in other parts the flow is narrower, deeper and with smaller velocities. In the downstream part
of the stream, it is almost a continuous cascade of weirs and surges. The stream channel itself is not
significantly morphologically modified, however, there are numerous cross structures. The Sazava River

is a right-bank tributary of the Vltava River, which it flows into in the town of Davle [19].

X ) 3 7
Figure 1 Water-management map showing the area of interest
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2.2 Sediment Regime and Morphology

In general, the sediment regime describes sediment production, stability, transport
and sedimentation in the channel itself and on adjacent land. The sediment regime also has an important
influence on channel formation and stability. Loss of stability, caused by the erosion of the topsoil
or subsoil and the movement of material to other locations, occurs due to erosion processes [20].

The site of main interest above the Mazourov weir (river km 81.28) is located in an area
of significant erosion and gully erosion. 7.4 kilometres above the Mazourov weir, the Cestinsky brook,
whose catchment area is classified as an area of up to very strong erosion, flows into the Sazava River
in the village of Kacov. In the case of problematic upstream parts of the streams, as in this case, it is
assumed that the problems arising in these parts of the catchment area can be easily subsequently
propagated to the backbone streams, e.g. by an inappropriate flow regime, siltation of the stream or,

on the contrary, increased erosion of the stream.

Anti-erosion measures on watercourses include, for example, linear stabilization of watercourse
beds, stabilization of the riverbed using cross structures or damming of rapids and ravines. Localized
stabilization of watercourse channel disturbances (e.g. stabilization of bank embankments) can also
be considered as anti-erosion measures. Most of the problematic ravines are currently stabilised

by riparian treatments, which prevent further erosion.

Monitoring of suspended solids to quantify erosion and sedimentation processes is carried out
by the Czech Hydrometeorological Institute (CHMI). Quantitative assessment of suspended solids
is based on daily observation of suspended solids at selected water gauging stations. The basic data
evaluated is the average daily concentration of suspended solids at the selected gauging stations.
Based on these data, further calculations are made. For example, evaluation of sediment flow rate,
evaluation of sediment runoff from the catchment and, where appropriate, evaluation of specific
sediment runoff. Specifically, on the Sdzava River, sediment and suspended solids are monitored in two

profiles, Sazava — Nespeky and Sazava - Zru¢ nad Sazavou.

The morphology of the entire Sdzava basin is rugged, sloping northwards. The river basin is
made up of several hills concentrated in the south of the basin with the highest point of the basin being
the hill K¥ivy Javor in the Hills of Zdar with an altitude of 824 m. In the northern direction, the river
flows mainly through the lowlands. The terrain of the whole area mostly ranges in altitude
from 197 MASL to 807 MASL.

16



2.3 Description of the Current State of Mazourov Weir Structure

The area of interest that is the subject of the present modelling is located between river kilometres
81.28 and 82.00 of the Sazava River.

There is a cross barrier at river kilometre 81.28, which is a privately owned weir. The Mazourov
weir is in a damaged state, it does not have a structure allowing fish migration and its sports sluice
requires reconstruction. The owner of the Mazourov weir decided to use a gradient of about 1.23 m
and build a small hydropower plant on the right bank of the river. The investor decided to reconstruct
the weir at the same time as the construction of the small hydroelectric power station. In this particular
case, the reconstruction of the weir means an increase of its crest. At present, the crest of the weir is
between 307.40 and 307.94 MASL. After the reconstruction, the weir crest will be constant over
the entire width of the structure at 307.80 MASL. The single proposals for a small hydropower plant,

fish passage and sports sluice are dealt with later in the thesis.

The cross-barrier river structure is a fixed straight weir oriented diagonally to the axis
of the channel with a mean length of 104.68 m. At present, there is a 13.22 m long and 6.1 m wide raft
sluice in the central part of the weir, which historically used to be used for rafts floating timber from
the logging site to the processing site. The current layout of the weir and its surroundings can be found

in the image figure 2 [18].
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Figure 2 Current layout of the Mazourov weir structure

The main aim of the reconstruction is to ensure the stability of the structure during the period
of flood flows through the Sazava River. The reconstructed (raised) Mazourov weir crest will also help
the water management and energy purposes. The scope of the proposed reconstruction will also ensure

the construction of a fish passage structure to make the weir profile migratory-friendly for fish and other
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aquatic animals. The design of the new sports sluice will enable safer crossing of the weir structure

in the context of water sports activities that are very widespread on the Sazava River.

For the present thesis, a layout of the weir was created. In the layout proposal, small hydroelectric
power plant was placed on the right bank of the river, a slot fish passage was placed right next
to the power plant and a sports sluice for tourist navigation was placed at the place of current raft sluice.
Using a 2D numerical model of steady flow, the layout will be adjusted to ensure the optimal function

of the facilities with maximum probability.

2.4 Model Inputs

2.4.1 Hydrology Data

One of the most important bases of the work is the hydrology data provided by CHMI processed
in 2016. These are the m-day flow data and n-year flow data, which are attached in table 1. M-day data
refer to the average daily flows that are reached or exceeded in a given river profile for M-days
in a normal (average) year. In contrast, n-year data contain information on maximum flows that are

reached or exceeded once every N years over the long term.

Table 1 Hydrology data from CHMI

M — day flow data

30 60 90 120 150 180 210 days
34.7 22.9 16.9 12.9 10.2 8.37 7.07 m3s?
240 270 300 330 355 364 days
6.02 5.08 4.32 3.54 2.65 1.95 m3s?

N — year flow data

1 2 5 10 20 50 100 years

121 173 247 311 378 474 553 m3s?

To design a safe sports sluice, a fish passage to allow fish migration, and a reliably functioning
small hydroelectric plant, knowing water levels corresponding to each flow was crucial. This data was
provided to the author by the Povodi Vltavy, State Enterprise. However, provided materials referred
to outdated hydrology data connected to the current lowered crest of the weir (307,40 - 307,94 MASL).
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Thus, determining elevation levels for individual flows for the raised crest of the weir was required.
To solve this problem, calculation of overtopping over the weir body was performed. By calculation,
it was found that at a hundred-year water flow of Q100 = 553 m*s?, the level would be at 311.29 MASL.
The data from the state enterprise indicated that a hundred-year flow of 559 m*s* would reach
an elevation of 311.24 MASL. Table 2 is attached bellow for a clear summary of flows (m3.s?)
and corresponding elevations (MASL) for both the reconstructed raised weir with a weir crest

of 307.8 MASL and the current damaged lower weir.

For future development of the topic of the thesis, 2 variants (processes) are distinguished.
Materials referring to outdated hydrology data connected to the current lowered crest of the weir are
called Variant A, while data connected to the raised crest of the weir (newly reconstructed) are

considered as Variant B.

Table 2 Elevations for current (A) and proposed (B) weir structure

M — day flow data

30 60 90 120 150 180 210 days
34.7 22.9 16.9 12.9 10.2 8.37 7.07 m3s?
307.94 307.81 307.74 307.69 307.66 307.64 307.62 Var. A
308.11 308.03 307.98 307.94 307.92 307.90 307.88 Var. B

240 270 300 330 355 364 days
6.02 5.08 4.32 3.54 2.65 1.95 m3s?
307.60 307.59 307.58 307.58 307.57 307.55 Var. A
307.87 307.85 307.84 307.83 307.81 307.75 Var. B
N — year flow data
1 2 5 10 20 50 100 years
121 173 247 311 378 474 553 m3s?
308.40 308.89 309.50 309.92 310.30 310.81 311.22 Var. A
308.58 308.95 309.56 310.04 310.41 310.89 311.29 Var. B
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For a visual comparison of the flood flow regime before and after the reconstruction of the weir,
which will increase the overflow edge of the weir crest across the entire width of the weir
to 307.80 MASL, a graph of the capacity curves is attached as figure 3. Calculations of the proposed

renovation are seen below in table 3.

Table 3 Calculations of total weir overflow

Level 1 g (m) m o Nor o2 bo | Q(ms?

(MASL)

30780 | 0000 | 000 | 100 | 4429 | 0000 | 9100 0.00
30800 | 0200 | 038 | 100 | 4429 | 0090 | 9099 | 1447
30820 | 0403 | 040 | 100 | 4429 | 0256 | 9098 | 4124
30840 | 0609 | 042 | 100 | 4429 | 0476 | 9098 | 8048
30860 | 0818 | 043 | 098 | 4429 | 0740 | 9097 | 12507
30880 | 1024 | 043 | 087 | 4429 | 1036 | 909 | 15525
30900 | 1228 | 043 | 077 | 4429 | 1360 | 9095 | 180.22
30920 | 1431 | 043 | 069 | 4420 | 1711 | 9094 | 20451
30940 | 1633 | 043 | 063 | 4429 | 2087 | 90.94 | 227.74
30060 | 1836 | 043 | 059 | 4429 | 2489 | 9093 | 254.29
30980 | 2040 | 043 | 056 | 4429 | 2914 | 9092 | 28254
31000 | 2244 | 043 | 054 | 4429 | 3362 | 9091 | 314.34
31020 | 2448 | 043 | 052 | 4429 | 3830 | 9090 | 34478
31040 | 2652 | 043 | 051 | 4429 | 4318 | 9089 | 37751
31060 | 2856 | 043 | 050 | 4429 | 4827 | 9089 | 41365
31080 | 3063 | 043 | 050 | 4429 | 5362 | 9088 | 459.37
31100 | 3268 | 043 | 049 | 4429 | 5907 | 9087 | 49580
31120 | 3473 | 043 | 048 | 4429 | 6472 | 9086 | 537.63
31129 | 3565 | 043 | 048 | 4429 | 6730 | 908 | 55318
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Figure 3 Graph of capacity curves

The light green capacity curve plots the tailwater levels, the dotted blue curve shows the current
state of measured flows with corresponding water levels, and the bold blue depicts the capacity curve
of calculated proposed state. These calculations were made disregarding the operation of the small
hydropower plant and are seen in table 3. The hydropower plant will only affect the water levels during
the period when the plant is operating. In the chapter 2.4.5, the calculation of levels during operation
of the HPP is described in detail. In addition, the effect of the operation of the power plant will only

occur between the m-day flows of approximately Q2404 and Qzo4.

From the plotted capacity curves, the tailwater curve and the headwater curve converge towards
each other with increasing flow. For a 100-year Qioo flow of 553 mds?, the difference between
the headwater and tailwater levels is 7 cm. In reality, the difference in levels is almost imperceptible
to humans. As the flow rate increases, the influence of the weir on the upstream area decreases. This fact

has been confirmed by aerial photographs in figure 4 taken during floods in 2006.

The current Act No. 254/2001 Coll. The water act, issued in the Czech Republic, defines three
possible levels of flood activity: first level - state of alertness, second level - state of emergency,
third level - state of threat. The flood activity level is a simple numerical indication of the situation
in terms of the extent to which the population and its property are at risk from a possible or ongoing
flood. At the end of March and at the beginning of April in 2006, flood activity stage 3 was exceeded
with a maximum flow of Qmax 396 m3.s™, which is higher than Q2. The attached photograph shows

the flooded Mazourov weir with minimal backwater flooding. The photograph was taken during
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the monitoring of the flood situation and provided by the Povodi Vltavy, State Enterprise.
The photograph shows the entire project area of interest, which is the (flooded) weir and neighbouring

land, as well as the land of the Sawmill and part of the paved access road to the area.

Figure 4 Aerial photograph of floods in 2006

For further designs of the objects and their calculations it was necessary to determine
the minimum residual flow in the river. Minimum Residual Flow (MRF) is the minimum flow that must
be maintained in a watercourse in a given profile or reach to maintain its basic water management
and ecological functions. The values of the minimum residual flow were determined according
to the Methodological Guideline of the Department of Water Protection of the Ministry
of the Environment of the Czech Republic, seen as table 4 [13].

Table 4 Minimal residual flow

Flow Qsssg Minimal residual flow

<0.05mé st Qs30d

0.05-05m3 st | (Qs30q+ Qsssq) . 0.5

0.01-5.0ms. st Q3s5d

>5.0ms. st (Qsssd + Qs64a) - 0.5
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Thus, a flow of Qsssg of 2.65 m®s? must be maintained in the river to ensure sufficient
oxygenation of the tailwater area. It was determined that due to the gradual filling of individual sluices,
the minimum residual flow rate will be achieved at the headwater level of 307.81, i.e. at a flow rate
of MRF, 1 cm of water will overflow the weir crest. The MRF will be secured in the riverbed at all times

when operating the small hydropower plant.

2.4.2 Solid Weir

As part of the reconstruction of the body of the fixed weir itself, it will be raised to a constant
height of the crest at 307.80 MASL. In cross-section, the weir will have the shape of trapezoidal
spillway, with a steeper rising face at a slope of 1 : 3 and a gradual spillway designed at a slope of 1 : 5.
The crest thickness will be 20 cm and the sloping weir spillway will end at a height of 0.80 m above
the level of the modified bed in the tailwater area. In the downstream area, the overflow surface will
be finished with a vertical face at the level 305.24 MASL. Basic data on the dimensions and elevations
of the proposed weir can be found in the figure 5 below and in the corresponding attached drawing.

Quarry stone paving, thickness of 300 mm —
Concrete G20/25, 100 mm |
Reinforced concrete structure C30/37, XC4, XF3

Spillway crest

Anchors @ 12 mm
lenght 450 mm
grout spacing 500 mm

. Original weir structure
Lining with shaped
granite blocks

Heavy stone riprap
200-500 kg

Modified riverbed

Reinforced concrete C30/37, XG4, XF3 ke

303.24 -
=8 Base concrete C12/15 - 100 mm

Binding cog

Heavy stone riprap
200-500 kg

Figure 5 General cross section of the reconstructed weir

The capacity of the fixed weir was determined by calculating the overflow over the fixed edge

according to the mathematical equation for an imperfect flooded overflow:

2
Q= 3XuX0Xbyx 2g x h3/?

2.4.2.1 Weir overflow equation [6]
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Where:

m (-) - overflow coefficient, m= (2/3).u,
o (-) -flooding coefficient,

bo (M) - length of the overflow edge,

g (m.s™) - acceleration of gravity,

ho (m) - overflow height.

Table 5 Calculations of weir overflow

(I\:t:/Sell_) ho (M) - Nor ho? bo Q (m*s™)
307.80 | 0.000 0.00 4.429 0.000 91.00 0.00
307.82 | 0.020 0.38 4.429 0.003 91.00 0.43
307.84 | 0.040 0.38 4.429 0.008 91.00 1.23
307.86 | 0.060 0.38 4.429 0.015 91.00 2.25
307.88 | 0.080 0.38 4.429 0.023 91.00 3.47
307.90 | 0.100 0.38 4.429 0.032 91.00 4.85
307.92 | 0.120 0.38 4.429 0.042 91.00 6.37
307.94 | 0.140 0.38 4.429 0.052 90.99 8.04
307.96 | 0.160 0.38 4.429 0.064 90.99 9.82
307.98 | 0.180 0.38 4.429 0.077 90.99 11.73
308.00 | 0.200 0.38 4.429 0.090 90.99 14.47
308.02 | 0.221 0.40 4.429 0.104 90.99 16.70
308.04 | 0.241 0.40 4.429 0.118 90.99 19.05
308.06 | 0.261 0.40 4.429 0.133 90.99 21.49
308.08 | 0.281 0.40 4.429 0.149 90.99 24.03
308.10 | 0.301 0.40 4.429 0.165 90.99 26.67
308.11 | 0.312 0.40 4.429 0.174 90.99 28.03
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Figure 6 Graph of capacity curve of the weir

The attached calculation table above contains only a range of m-day flow rates. These flows
are not influenced by tailwater; therefore, the flooding coefficient is equal to 1. These calculations
were very crucial for the design of the elevations of the overflow edges of the fish passage and the sports
sluice. At the same time, these calculations were important for the subsequent determination
of the average annual production of the small hydropower plant. When the power station is not
in operation, the overflow beam reaches a height of 31 cm at a flow of Qsoq through the entire riverbed.
At this moment 28.03 m3.s? overflows the spillway edge of the weir alone (excluding the fish passage

and the sport sluice). A weir capacity curve, figure 6, is included for visual clarity as well.

As part of the reconstruction of the weir, during which the weir crest will be raised, modifying
the riverbed in the downstream area was considered. Such a modified prismatic channel was used
to calculate the hydraulic jump. The calculation of the hydraulic jump was made to ensure maximum
safety during sports rafting. The calculation indicated that the second reciprocal depth of the hydraulic
jump is below the depth of the tailwater, which means that a neared hydraulic jump is formed. Its length
is 8.85 metres. In such scenario, there is no need to construct a stilling basin. Knowing the length

of the hydraulic jump is essential for designing the length of the sports sluice's piers.
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The hydraulic jump was calculated using the following formulas:

3q2
V= |—
T g

2.4.2.2 Hydraulic jump - Critical depth equation [7]

Y1 Vi\3
=21 x 1+8(—> -1
Y2 5 )

2.4.2.3 Hydraulic jump — 2™ reciprocal depth equation [7]

Ly =3*y,4

2.4.2.4 Hydraulic jump - lenght of the hydraulic jump [7]
Where:

yk (m) — critical depth,

g (m*.st.m?) -flow rate,

y1.2 (M) — reciprocal depths,

ya (m) — tail water depth,

Ls (m) — hydraulic jump length.

2.4.3 Sports Sluice

In the Czech Republic, there is currently no valid standard or methodology that serves as a basis
for the design of sports sluices. A document recommending a design procedure, defining terms,
summarising the necessary hydraulic calculations, or establishing criteria for safe sports sluices has not
yet been published. For this thesis, the unofficial requirements of the Water Tourism and Sports
Association (AVTS) were adopted.

The sports sluice is tied into the structure of the fixed weir in place of the existing raft sluice.
In the longitudinal direction, the sports sluice is a sloping ramp with a slope of 8.0% over a length
of 18.24 m. The crest of the inflow sill of the sports sluice reaches the level of 307.52 MASL.
The entrance part of the sports spillway is situated 2.2 m in front of the overflow edge of the weir
in the direction of the upstream area. In the direction of the headwater, the forward entrance section will
slightly decrease to the bottom elevation of 306.56, which corresponds to the existing condition.
The width of the sluice is 2.5 m, which is the minimum width specified by the AVTS. The pillars

of the sluice consist of reinforced concrete walls with a thickness of 90 cm, which reach a flow height
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of Qi, i.e. 308.58 MASL in the upstream area and 308.19 MASL in the downstream area.
By calculations, it was determined that for 355 days a year there is a water depth of 29 cm in the sports
spillway itself, which ensures that the weir will be passable almost all year round. The sloping sliding
part of the sports sluice will be terminated at 305.84 MASL.

Grooves of stop locks
of the spors slice

Spillway crest

Grooves of siop locks o o sprs skice
900 mm thick

_ Stone dadding with jointing,
/™ 300 mm thick
Stone cladding with cining, /
200 mim thick ] /

Pillar of the Sluice
Horm mw

Shaped stones:

£ R st = Shaped stones

T 35— 30638 20636 rvered
_ A i i
| i , 0706 1

1
§

THEH

:

S "\ Heavy stone riprap
2

Weirsinaciure
Reinforced ooncrete C30137, XG4, XF3
Base concrets C12115 - 100mm 064

Figure 7 General cross section of sports sluice

The capacity of the sports sluice is solved as a perfect overflow over a wide crest according to
mathematical formulas:

3| Q2
he =
K g X b?
2.4.3.1 Equation of the critical height of the sluice [6]
he=hg X x

2.4.3.2 Decreased height of the overflow capacity of sluice

2
H = <
@2 x b2 x h2x2g

2.4.3.3 Equation of the overflow height of sports sluice

Where:

hi (m) — critical depth of the sluice,

b (m) — sluice width

H (m) — overflow height,

x () - overflow coefficient (0,833),

o (-) -overflow shape coefficient (0,91).
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Table 6 Capacity of sports sluice

Q b (m) Q_bzz hk (M) X he (M) o} 29 E Level
(m3.sh) & (MASL)
0.00 2.5 0.000 | 0.00 0.833 0.000 0.91 19.62 0.000 307.52
0.20 2.5 0.001 | 0.09 0.833 0.072 0.91 19.62 0.075 307.60
0.40 2.5 0.003 | 0.14 0.833 0.115 0.91 19.62 0.120 307.64
0.60 2.5 0.006 | 0.18 0.833 0.150 0.91 19.62 0.157 307.68
0.80 2.5 0.010 | 022 | 0.833 | 0.182 | 0.91 | 19.62 | 0.190 307.71
1.00 2.5 0.016 | 0.25 | 0.833 | 0211 | 091 | 1962 | 0.221 307.74
1.20 2.5 0.023 | 0.29 | 0.833 | 0239 | 091 | 19.62 | 0.249 307.77
1.40 2.5 0.032 | 0.32 0.833 0.264 0.91 19.62 0.276 307.80
1.60 2.5 0.042 | 0.35 0.833 0.289 0.91 19.62 0.302 307.82
1.80 2.5 0.053 | 0.38 | 0.833 | 0313 | 091 | 1962 | 0.327 307.85
2.00 2.5 0.065 | 040 | 0.833 | 0335 | 091 | 19.62 | 0.350 307.87
2.20 2.5 0.079 | 043 0.833 0.357 0.91 19.62 0.373 307.89
2.40 2.5 0.094 | 045 0.833 0.379 0.91 19.62 0.396 307.92
2.60 2.5 0.110 | 048 | 0.833 | 0399 | 091 | 1962 | 0.417 307.94
2.80 2.5 0.128 | 0.50 | 0.833 | 0.420 | 091 | 19.62 | 0.438 307.96
3.00 2.5 0.147 | 0.53 0.833 0.439 0.91 19.62 0.459 307.98
3.20 2.5 0.167 | 0.55 0.833 0.459 0.91 19.62 0.479 308.00
3.40 2.5 0.189 | 0.57 | 0.833 | 0478 | 091 | 19.62 | 0.499 308.02
3.60 2.5 0211 | 0.60 | 0.833 | 0496 | 091 | 19.62 | 0.518 308.04
3.80 2.5 0.236 | 0.62 0.833 0.514 0.91 19.62 0.537 308.06
4.00 2.5 0.261 | 0.64 0.833 0.532 0.91 19.62 0.556 308.08
4.20 2.5 0.288 | 0.66 | 0.833 | 0550 | 091 | 19.62 | 0.574 308.09
4.40 2.5 0.316 | 0.68 | 0.833 | 0567 | 091 | 19.62 | 0.593 308.11
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Figure 8 Graph of capacity curve of sports sluice

The attached calculation table above (Table 6) contains only a range of m-day flow rates.
Based on the calculations, it was decided that the elevation of the overflow edge of the sports spillway
would be 307.52 MASL, which is 28 cm lower than the overflow edge of the weir. With a 30-day water
flow (34.7 m®.s2) through the entire river profile, 4.40 m2.s will pass through the sports spillway alone
and the water depth in the spillway will be 59 cm. A sports sluice capacity curve is included for visual

clarity as well, see figure 8.

Although the sport sluice is designed so that the height of the piers is capable of safely carrying
the Q: flow without exceeding the height of the piers by overtopping, crossing the river at such high
flows is strongly discouraged. Navigation bans on rivers occur when the water level is such that
the safety of navigation is compromised on the relevant section of the watercourse and also when flood
activity stages (hereinafter referred to as FS) 2 and 3 are declared. From the Reporting Profile
Registration Sheet No. 152 - Kacov, it was found that the 1st stage of flood activity, alertness,
of the Sazava River location of interest occurs when the flow exceeds 67.1 m3.s™. The second FS -
emergency - occurs at a flow of 97 m3.s? and the third level of flood activity - threat - at a flow
of 189 mé.s [17].
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2.4.4 Fish Passage

In designing the fish passage, the Fish Passage Standard was followed. The Standard gives
an overview of the individual steps and procedures for restoring the permeability of migration barriers
on watercourses. The standard is based on TNV 75 2321 - Clearance of river barriers for fish migration
and P CSN 75 2323 - Ensuring downstream migration of fish in watercourses [21].

To ensure the migratory accessibility of the Mazourov weir for fish and other aquatic animals,
a fish passage was designed, located at the left wall of the small hydropower plant on the right bank
of the Sazava River. In the longitudinal direction, the fish passage is a rectangular bypass channel
in the zigzag shape with a slope of 1 : 39.0. The flow profile is divided in the longitudinal direction
by regular barriers made of precast concrete or boulders with intermediate openings for lagoons/pools.
The difference in level between the two adjacent pools is 100 mm. A total of 15 slots forms 14 pools,
overcoming a gradient of 1.53 m. Regularly alternating openings with widths of 650 and 350 mm
are created between the individual prefabricated barrier blocks (slots) to allow the passage of aquatic
animals. The clear length of the individual pools is designed to be 4.01 m, with an axial distance of
4.17 m between adjacent pools. The minimum depth at the exit of the fish ladder is designed to allow

for carp migration of 0.6 m.

The basic dimensions of the partition can be seen in the general cross-section in the figure 9
below. Gaps between individual dividers, in our case boulders, are alternately spaced, the average gap
size being 450 mm. Total width of 1350 mm must be maintained. Irregular placement of boulders
is advised for its nature-like appearance and for formation of better natural conditions which makes
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Figure 9 General cross section of the fish passage
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the fish passage more attractive for animals. The entrance to the fish passage in the tailwater area is
designed at the level of 305.75 MASL with the minimum water level in the downstream at 306.28
MASL. On the exit side of the fish passage, its foundation joint will extend to the level of 306.40 MASL.

The capacity of the fish passage was determined by calculating the flooded spillway
over the fixed edge according to a mathematical formula:

2
Q= g*M*J*ZbO* /2g*h3/2

2.4.4.1 Fish passage capacity [6]

where:

u (-) - overflow coefficient for boulders (0,65),

o (-) - flooding coeffverageicient (0,96),

bo (M) - length of the overflow edge, total width of openings,
g (m.s?) - acceleration of gravity,

h (m) - overflow height.

Table 7 Capacity of fish passage

[(l\lii\gt)] L o Db J2g [r: ] h32 (mSS‘l)
307.25 0.70 | 096 1.35 4.43 0.00 0.000 0.00
307.30 0.70 | 096 1.35 4.43 0.03 0.005 0.01
307.35 070 | 096 1.35 4.43 0.08 0.023 0.06
307.40 070 | 096 1.35 4.43 0.13 0.047 0.13
307.45 070 | 096 1.35 4.43 0.18 0.076 0.21
307.50 070 | 096 1.35 4.43 0.23 0.110 0.30
307.55 070 | 096 1.35 4.43 0.28 0.148 0.40
307.60 070 | 096 1.35 4.43 0.33 0.190 0.51
307.65 070 | 096 1.35 4.43 0.38 0.234 0.63
307.70 070 | 096 1.35 4.43 0.43 0.282 0.755
307.75 070 | 096 1.35 4.43 0.48 0.333 0.89
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(l\lﬁi/s?ll_) i e Db J2g [r: ] h3’2 (mSS'l)
307.80 0.70 | 096 1.35 4.43 0.53 0.386 1.03
307.85 0.70 | 096 1.35 4.43 0.58 0.442 1.18
307.90 070 | 096 1.35 4.43 0.63 0.500 1.34
307.95 070 | 096 1.35 4.43 0.68 0.561 1.50
308.00 0.70 | 096 1.35 4.43 0.73 0.624 1.67
308.05 0.70 | 096 1.35 4.43 0.78 0.689 1.85
308.10 070 | 096 1.35 4.43 0.83 0.756 2.03
308.11 070 | 096 1.35 4.43 0.84 0.770 2.06

The attached calculation table (Table 7) above contains only a range of m-day flow rates.
Based on the calculations, it was decided that the elevation of the overflow edge of the fish passage
would be 307.27 MASL, which is 53 cm lower than the overflow edge of the weir and 25 cm lower
than the overflow edge of the sports sluice. The different height elevations of the spillway edges

of the individual objects are important in optimising the efficiency of a small hydropower plant.
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Figure 10 Graph of capacity curve of the fish passage
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With a 30-day water flow (34.7 m3.s?) through the entire river profile, 2,06 m®s?® will pass
through the fish passage alone and the water depth in the spillway will be 84 cm. A sports sluice capacity
curve (figure 10) is included for visual clarity as well. The theoretical flow through the fish passage
corresponds to the value prescribed in TNV 75 2321 - Passage of migration barriers through fish
passages. The technical standard stipulates that for a Qssssay flow of 1.0 to 5.0 m3.st, the minimum
percentage for the fish passage must be 40%, which in our case is 1.06 m.s™. At the MRF flow rate,

1.06 m3.stwill flow through the fish passage.

A detailed overview of the proposed slot-type fish passage parameters for carp waters is found
in the table 8

Table 8 Main parameters of the Fish Passage

Head water (Qsssd) 307.81 MASL
Tail water (Qsssq) 306.28 MASL
Head dH 1.53 m
Total constructional fish pass length L 60.00 m
Total fish pass slope i 0.03 1:39
Rated pool water levels difference dh 0.10 m
Pools width bt 3.15 m

Pool net length dt 4.01 m
Min. number of pools Nrmin 14.00 pcs
Pool average depth h 0.70 m
Mean pool velocity Y 0.48 m.s?
Disipation energy in pool Pt 118 W.m3
Slots amount in partition n 3 pcs
Slot length (fish pass axial direction) dp 0.16 m
Distance from entrance to 1st slot d; 0.80 m
Distance from exit to last slot d> 0.80 m

Net head between pools dh 0.10 m

33



Discharge Q 1.06 mds?t
Min. number of slots n 15.00 pcs
Distance between slots (axial) do 4.17 m
Velocity in slot v 0.99 m.s?
Section area S 0.81 m?
Opening width bo 0.45 m
Opening height ho 0.60 m
Coefficient Cs 0.70 -
Flow characteristics Fr 0.41 -
Dissipation energy in pool Ps 1042 W
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To finally summarize the calculations, the following reminders are important: the weir crest
is located at 307.80 MASL, the bottom of the inlet of the sports spillway is located at 307.52 MASL and
the bottom of the fish passage outlet is located at 307.27 MASL. From the calculated m-day flows
through the sports spillway, the fish passage and the spillway over the weir body, the total capacity

of the weir profile is determined for different water levels in the weir and can be seen below in table 9.

Table 9 Total capacity of weir profile without HPP

Level Fish Passage Sports Sluice | Weir Structure Total Discharge
(MASL) (md.s?) (ms?) (m.s?) (md.s?)
307.25 0.000 0.000 0.00 0.00
307.30 0.01 0.000 0.00 0.01
307.35 0.06 0.000 0.00 0.06
307.40 0.13 0.000 0.00 0.13
307.45 0.21 0.000 0.00 0.21
307.50 0.30 0.000 0.00 0.30
307.55 0.40 0.040 0.00 0.44
307.60 0.51 0.20 0.00 0.71
307.65 0.63 0.43 0.00 1.06
307.70 0.76 0.71 0.00 1.47
307.75 0.89 1.03 0.00 1.92
307.80 1.03 1.40 0.00 243
307.81 1.06 1.47 0.15 2.69
307.85 1.18 1.79 1.71 4.69
307.90 1.34 2.22 4.85 8.41
307.95 1.50 2.68 8.91 13.10
308.00 1.67 3.16 14.47 19.30
308.05 1.85 3.67 20.26 25.77
308.10 2.03 421 26.68 3291
308.11 2.06 4.32 28.03 34.41
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The hydraulic calculations of the weir, the fish passage and the sports sluice show that
at the residual flow rate Qsssq = 2.65 mis? the level in the spillway will rise to the level
of 307.81 MASL, while the sports sluice will carry the flow rate Qs = 1.47 mé.s?, the fish passage

Qr = 1.09 m3.s* and weir overflow will be Q; = 0.15 m3.s™.

A graph of the capacity curves is attached below to clearly illustrate the gradual increase in flow
as a function of water level. The graph as figure 11 corresponds to the state in which the power plant
is not operating. The yellow curve corresponds to the dependence of the flow rate on the water level
in the fish passage, the red curve shows the Q-H dependence of sports sluice, the green curve represents
the size of the overflow beam over the weir crest. The thick blue curve is the sum of the flow rate through

the individual sluices and the overflow across the weir.
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Figure 11 Combined graph of individual capacity curves

The curve chart attached and described above is valid only when the power plant is not operating.
In that case, the fish passage is filled first, then a flow through the sport sluice is added, and the level
in the pool area rises to 307.81. At this point, a 355-day flow is flowing through the river and 1 cm

of water is overflowing the crest of the weir. Minimal residual flow in Sdzava river is secured.

The state of the levels that occur during the operation of the power plant is dealt with in the next
chapter 2.4.5.
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2.4.5 Water Management Design Proposal of Small Hydropower Plant

This chapter focuses mainly on the hydraulic design of a small hydropower plant. The hydraulic
design includes the number and the type of turbine units, positions of water levels, minimum
and maximum turbine head, expected turbine power and considered losses. The construction part
of the design of small hydropower plant in Mazourov is described in chapter 4.

The hydrology data provided by CHMI in 2016, seen at table 1, was the basis for the design
of the small hydropower plant. The elevation of the repaired and reinforced crest of the weir at river
kilometre 81.28 corresponds to 307.80 MASL.

2.45.1 Turbine Type

One of the first tasks was to decide which type of turbine is the most suitable for the given location
and hydrological conditions. Considering the usable gradient and average flows of the Sazava River,
the Kaplan turbine was chosen. Kaplan turbines automatically adjust its runner blades and wicket gates
to suit changing water conditions. This unique adaptability enables consistently high efficiency
over a range of flow and head conditions. The high variability of flows in the Sazava River was one

of the factors why Kaplan turbine type was chosen [1].

In general, Kaplan turbine models include PIT, vertical, bulb, Z, and S. Individual turbines vary
in their applicability to gradients and their power output. Kaplan PIT and S-turbine units are generally
favoured for economic solutions in small hydro applications with outputs up to about 10 MW.
Their design provides good accessibility of various components and assures reliability and long service
life. Meanwhile, the bulb turbine is a very common solution for high outputs at low headsites. Both bulb
and PIT turbines feature higher full-load efficiency and higher flow capacities than vertical Kaplan
turbines [1]. For the design of small hydropower plant in Mazourov, the PIT model of Kaplan turbine
was chosen. General drawing of a Kaplan PIT turbine is seen on figure 12.

Figure 12 Trigonometry drawing of Kaplan turbine used for the design of HPP in Mazourov
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Parameters of the main technology are:

— turbine type: Kaplan PIT

— number of turbines: 2

— impeller diameter: 1300 mm

—  speed: 170 rpm

— 1 turbine power: 95 kW

— Gradient: 0,8-15m

— transmission: belt drive, 170/660 rpm
— generator: horizontal, asynchronous
— generator speed: 600 rpm

— generator output: 90 kwW

2.4.5.2 Turbine Capacity, Losses, Energy Production

The maximum usable flow of the turbines (turbine capacity) was set at 12 m3s™
For the respective turbine type used, efficiencies were determined as a function of flow and gradient.
The minimum turbine efficiency is 69.3% at a flow rate of 2.28 m3.s™. Therefore, the minimum usable
flow is estimated to be about 2.28 m3s®. As the flow rate increases, the efficiency increases

to a maximum value of 90.5% at a maximum usable flow of 12 m3.s™.

The following losses were considered for calculations of the expected annual production

of the turbine:

e turbine efficiency 0,776 < ur () <0,905,
o the efficiency of the electrical generator ue (-) = 0,94,
o losses on the coarse and fine screens y (m) = 0,05.

The following hypothesis was used in the calculation of the power plant output
and the subsequent determination of the annual energy production:
If the flow rate in the upstream area (pool area) is smaller than Qsssqd — the power plant is not in operation.
As soon as the flow becomes greater than Qsssq and as soon as the minimum usable flow of the turbine
is reached, the power plant switches on. The considered gradient equals the difference between
the upstream and downstream water levels minus the losses on the screens. The losses on the screens

were considered to be constant.

In our particular case, to optimize the function of HPP, the plant switches on at the upstream water
level of 307.86, when the minimum turbine capacity is exceeded while ensuring a minimum residual
flow in the remaining river profile. At this water level, the turbine starts operating, taking flow

from the rest of the riverbed. At this moment, while the turbine is running, the level in the pool area
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does not rise with increasing flow. On the contrary, when the minimum turbine head requirement is met,
the water level drops to 307.81 with the MRF being secured. Any excess flow above the MRF is used
only by the HPP. The flow through the plant gradually increases without any increase in the upstream
area. The discharge increase situation with constant water level is visible in the graph bellow
between the flow rates of 5.35 m3s?! and 14.69 m3.s?. Once the maximum flow rate of 12 m3s?
is reached, the level in the pool area starts to rise, which increases the overflow beam of the weir.
In our case, the maximum head is reached at the upstream water level of 307.81 with the flow through
the entire river profile of 14.69 m3.s™. The flow rate of 14.69 m3.sincludes both the minimum residual
flow through the riverbed by individual sluices and the maximum turbine capacity of the plant.
The efficiency of the power plant is at its maximum. This status lasts until the gradient of the power
plant drops below 80 cm. The decrease in the gradient is due to the increase of tailwater level.
The minimum gradient of 80 cm between the headwater and tailwater level occurs at a flow rate
of 55.93 m3.s-1. At this flow rate, the water level in the pool area is 308.17 MASL and the tailwater
level is at 307.32 MASL The power plant is, at this moment, disconnected. Once the power plant
is disconnected, all flow through the profile passes through the fish ladder, sports sluice and overflows

the crest of the weir.

Table 10 Capacity and elevations of the weir structure with HPP in operation

Level Fish Passage Sports Sluice Weir HPP Total Discharge
[(MASL)] (m3.st (m3st) (m3st) (m3.s?) (m3.s?)
307.80 1.03 1.40 0.00 0.00 2.43
307.81 1.06 1.47 0.15 0.00 2.69
307.82 1.09 1.55 0.43 0.00 3.08
307.83 1.12 1.63 0.80 0.00 3.55
307.84 1.15 1.71 1.23 0.00 4.09
307.85 1.18 1.79 1.71 0.00 4.69
307.86 1.21 1.88 2.25 0.00 5.35
307.81 1.06 1.47 0.15 3.36 6.04
307.81 1.06 1.47 0.15 3.99 6.67
307.81 1.06 1.47 0.15 4.66 7.34
307.81 1.06 1.47 0.15 5.37 8.05
307.81 1.06 1.47 0.15 6.11 8.80
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Level Fish Passage Sports Sluice Weir HPP Total Discharge
(MASL) (mds?) (mds?) (més?) (m3s?) (mds?)
307.81 1.06 1.47 0.15 6.89 9.58
307.81 1.06 1.47 0.15 7.71 10.39
307.81 1.06 1.47 0.15 8.56 11.24
307.81 1.06 1.47 0.15 943 12.12
307.81 1.06 1.47 0.15 10.34 13.03
307.81 1.06 1.47 0.15 11.28 13.97
307.81 1.06 1.47 0.15 12.00 14.69
307.82 1.09 1.55 0.43 12.00 15.08
307.83 1.12 1.63 0.80 12.00 15.55
307.84 1.15 1.71 1.23 12.00 16.09
307.85 1.18 1.79 171 12.00 16.69
307.90 1.34 2.22 4.85 12.00 20.41
307.95 1.50 2.68 8.91 12.00 25.10
308.00 1.67 3.16 13.74 12.00 30.57
308.05 1.85 3.67 20.25 12.00 37.77
308.10 2.03 4.21 26.67 12.00 44,91
308.15 2.21 4.77 33.68 12.00 52.66
308.17 2.29 5.00 36.64 12.00 55.93

For visual representation of this table, a capacity curve is attached, see figure 13.

The gross annual production was calculated to be approximately 466 MWh. The net annual
production after the deduction of 1.25% of the gross annual production is therefore 461 MWh.
The economic evaluation of the power plant construction is not the subject of the thesis. However,
it has been found that since 2012 the purchase price of electricity for small hydropower plants in new
locations has been on a downward trend. For 2021, the price was set at 2.85 CZK/MWh. Therefore,
the annual revenue from the sale of electricity generated by the small hydroelectric power plant

at the Mazourov weir is estimated to amount to CZK 1,300,000.
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Table 11 Turbines output

Qm Qurr Ha H,

(m3.5'1) (m3_5'1) (MASL) (MASL) H (m) P (kW) G (kWh)

Q364 1.95 0.00 307.76 306.24 1.470 0.0 0.00
Q355 2.65 0.00 307.81 306.29 1.470 0.0 0.00
Q330 3.54 0.00 307.83 306.31 1.470 0.0 0.00
Q300 4.32 0.00 307.85 306.33 1.470 0.0 0.00
Q270 5.08 0.00 307.86 306.36 1.450 0.0 0.00
Q240 6.02 3.33 307.81 306.44 1.320 36.7 13 205.84
Q210 7.07 4.38 307.81 306.46 1.300 47.5 30 312.51
Q180 8.37 5.68 307.81 306.47 1.290 61.1 39 120.01

Q150 10.20 7.51 307.81 306.49 1.270 79.6 50 667.76

Q120 12.90 10.21 307.81 306.52 1.240 105.7 | 66 690.46

Q90 16.90 12.00 307.91 306.605 | 1.255 125.7 | 83281.29

Q60 22.90 12.00 308.09 306.72 1.320 132.2 | 92 833.86

Q30 34.70 12.00 308.19 306.95 1.190 119.2 | 90490.48

The estimate of average annual production was calculated as the cumulative sum of kWh
for individual m-day flows from Qssaq t0 Qsoa. The last two rows of the Table 11 are included only
to give an idea of the further development with increasing flow but are not included in the annual

production.
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Capacity Curve - HPP in operation
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Figure 13 Graph of capacity curve of the weir with HPP in operation
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2.5 Creating the Model

2.5.1 Developing a Terrain Model

When creating a terrain model, it is essential to have representative data in the main channel
and the overbank areas as well. The data must stand for the ground surface well in locations affected
by the water movement. The software HEC-RAS uses DTM data for bare earth ground surface.
It is essential to have an adequate number of cross sections that accurately depict the channel
and overbank geometry. Another important part of developing a representative model is choosing
the right grid-cell size. For overbank areas, it is possible to choose a larger cell size, however,

for the main channel, the grid-cell size needs to be small enough to capture more abrupt changes [2].

The digital terrain model from figure 14 was compiled based on 2-point surveys carried out as part
of the processing of the technical-operational records from 2000 and the flood risk map from 2013.
The points contained 3D information, which enabled the creation of a terrain model in Autocad Civil
software, which was subsequently exported to geotif format. Digital Terrain Model of the Czech
Republic of the 5" generation (DMR 5G) in S-JTSK, Bpv was used to create a detailed elevation model
outside the Sdzava River channel. Its accuracy may be limited, especially in the overgrown area, and it
cannot be used for the riverbed itself. The channel gauging was carried out in the whole section of station
68.9 - 106.00 km of the Sazava River by tachymetry. The survey outputs include bank lines, bed lines
and the connected river axis. The alignment captures all significant changes in channel course.

In addition, all significant elevation edges in the channel vicinity that are important

from a hydrodynamic perspective were measured.

Figure 14 Remote view of the digital terrain model of Sdzava river
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In the 2D modelling area of interest around the Mazourov weir, which is the subject of the thesis,
there are exactly 4 surveyed transverse profiles/sections: P600, P602, P603, P604. All of them are visible
in the figure below. In this figure 15, the inline structure P601 of the current Mazourov weir structure

is seen between the sections P600 and P602. Individual transversal terrain sections are also shown

in the figures below.

80.814 P803

80.770 P802

Figure 15 Close up of the modelled area with sections P600, P602, P603 and P604
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Figure 16 Cross section P600 at river kilometer 80.754
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2.5.2 Geometries of the Model

To perform 2D modelling in HEC-RAS, 2D Flow Area must be created. For more accurate results
alongside of structures of shorelines, breaklines can be added as well. Before computations, boundary
conditions must be assigned to both the upstream and downstream area. The computational area named
2D Flow Area is generally created using a CxD m polygon grid. The size of polygons is chosen
according to the required accuracy of the results and to the extent of modelled area. In general, as the size
of the computational cell decreases, the result becomes more accurate. At the same time, the computation
time increases considerably. Each of the cells has a defined centre at which the flowing water level
at a given time is calculated.

For our modelling, four different geometries were created. The geometries differ in size
of modelled area, in cell size of the generated mesh and the use of breaklines and their cell spacing.
The individual geometries were then used for computational simulations - Plans, which are explained

in more detail in chapter 2.6 and table 13.

25.2.1 Geometry A

For modelling Plan 1, Plan 2, Plan 3 and Plan 4 of the current state of the weir (Variant A),
a considerably detailed 2D Flow Area was created. The geometry is depicted on figure 20. Geometry A
was created using a 1x1 m polygon grid. Since the modelled area is not very large, it was possible
to create a relatively detailed mesh.

2BC_Upstream

5050

2DFlow Area S8

505

S,

IC_Downstream

Figure 20 Geometry A: 2D flow area with mesh, breaklines and boundary conditions
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To ensure accurate results in the weir area, exactly three separate breaklines were inserted
into the 2D Flow Area. First breakline is situated near the weir structure, making the results at the end
of the flow area more detailed with spacing ranging from 0.1 m to 0.5 m. The second and the third
breaklines were both put close to the riverbanks with spacing of the cells from 0.3 mto 1.0 m. For further
calculations and simulations, a mesh was created inside the 2D Flow Area using 32 523 cells
from computation points and enforced breaklines with average cell size being 0.70 m2. The maximum
cell size was computed to be 2.20 m? and the minimum cell size estimated to be 0.01 m? The created
2D flow area with generated mesh, breaklines and boundary conditions can be seen for clear visual
representation in figure 20, while in figure 21, the enforced cell spacing of breaklines is depicted.

Figure 21 Geometry A: cell spacing of breaklines

2522 Geometry B

A new geometry B was created to model the control one-year flow Qi, which includes a larger
2D flow area. This geometry was created to monitor how far the water would spill at such a large flow
rate. Since the flow area is large, the polygons of the computational grid were increased to 4x4 m.
Increasing the cell size of the computational grid results in a decrease in computational accuracy.
However, since this is a high flow rate, which neglects the power plant function, it is possible to do it.
At the same time, by increasing the size of the polygons, a reduction in computation time is achieved.
The mesh contains 4 916 cells from computation points and enforced breaklines with average cell size
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being 9.70 m2. The maximum cell size was computed to be 29.72 m? and the minimum cell size
estimated to be 0.19 m?.
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Figure 22 Geometry B: 2D flow area, mesh, breaklines and boundary conditions

Geometry B in figure 22 contains breaklines as well as geometry A alongside of both riverbanks
and the weir structure. In the case of geometry B, the spacing of breakline cells ranges from 1 to 2 m
for weir breakline and 1 to 4 m for both riverbanks.

Figure 23 Geometry B: enforced breaklines with spacing
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2.5.2.3 Geometry C

Geometry C, seen in figure 24, was created for the new design that consists of fish passage,
sports sluice, and small hydropower plant (Variant B). The geometry C was used for simulating river
flow for Plan 1, Plan 2, Plan 3 and Plan 4. A detailed flow area was created using a mesh with grid cell
size spacing 1x1m. Mesh of the 2D flow area contains 30 566 cells as computation points. The maximum
cell size is 2.22 m?, minimum cell size 0.01 m? and the average cell size 0.72 m?. To ensure accurate
results in the weir area, four separate breaklines were inserted: close to weir structure, right and left
riverbank and entrance to the inlet channel of the small HPP. Minimum breakline spacing for the weir
structure is 0.2 m, while the maximum spacing is 1 m. For both riverbanks, minimum breakline spacing
is 0.25 m, maximum spacing 0.75 m and lastly, minimum breakline spacing for the inlet channel is

0.2 m, while the maximum spacing is 1 m.

BC_Upstream

DFlowAreal

C_H C Wer 115 _SC Wer 2

Figure 24 Geometry C: 2D flow area, mesh, breaklines and boundary condition lines

25.2.4 Geometry D

Geometry D was created solely for Variant B (weir crest at 307.80 MASL) and Plan 5 (Q1).
Created 2D flow area consists of 5 062 computation points creating mesh of grid cell size spacing 4x4m.
The maximum cell size is 31.16 m?, minimum cell size 0.09 m? and the average cell size 9.54 m?,
Geometry C contains breaklines as well as the rest of geometries used. There are breaklines alongside
of both riverbanks, the weir structure and at the inlet channel of HPP. In the case of geometry C seen
in figure 25, the spacing of breakline cells ranges from 0.5 to 3 m for weir and HPP breakline
and from 1 to 4 m for both riverbanks.
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Figure 25 Geometry D

2.5.3 Surface Characterisation

The surface in a hydraulic model is typically described by its roughness. Thus, roughness
coefficients are one of the main variables used in calibrating a hydraulic model. Generally, for a free
flowing river, roughness decreases with increased stage and flow. However, if the banks of a river
are rougher than the channel bottom (due to trees and brush), then the composite n value will increase
with increased stage. Specifically, in 2D modelling, Manning’s n values are spatially varying within

2D Flow Areas, which produces more accurate results of river flows.

The influence of diverse types of terrain surfaces on the flowing water was expressed

by the roughness coefficient value given in the table:

Table 12 Manning's n values of Terrain

Left Overbank (LOB) | Channel | Right Overbank (ROB)

0.06 0.04 0.06
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2.6 Boundary Conditions

HEC-RAS has a wide range of boundary and initial conditions that can be applied to a model.
Boundary conditions consist of external boundary conditions along the perimeter of the 2D area, internal
boundary conditions, and global boundary conditions (Meteorological Data) that are applied to the entire
model (i.e., precipitation, wind, etc.). By defining the boundary conditions, it is determined where water
flows into the model and out again. In the case of the upstream boundary condition, the magnitude
of the modelled flow is defined. In the case of the downstream boundary condition, the water level
that the flow reaches is defined for the area where the water flows out of the model [2].

The following boundary conditions were used in the model:
o flow hydrograph,

e rating (capacity) curve.

The rating curve was only used for areas where the flow leaves the 2D region, whereas the flow
and level conditions were applied to both entering and leaving the area. The flow condition was positive

for flow entering the area and on contrary negative for leaving the area.

The upstream boundary condition for all simulations was a constant flow hydrograph,
but the value of flow varied in each plan. The first modelling variant was devoted to the minimum
residual flow (2.65 m3.s1). The second variant simulated a flow of approximately Qoo (14.69 m3.s™),
which corresponds to a maximum powerplant intake flow (12 m3.s?) and MRF in the rest of the river
profile (2.65 m3.s?). The third plan simulated a flow of Qs (22.90 m3.s?), the fourth plan modelled
the maximum flow at which the plant is still operating (55.93 m2.s%) and the last modelling variant was

the control flow Q; (121 m3.s). The plans and their assigned flow rates are clearly stated in table 13.

Table 13 Modelled plans with their simulated flow rates

Plan number Simulated flow Flow rate (mé.s?t)
Plan 1 Qss51 (MRF) 2.65
Plan 2 Q1004 14.69
Plan 3 Qeod 22.90
Plan 4 Q204 55.93
Plan 5 Q1 121.00

Plans 2, 3 and 4 study the river flow with the small HPP in operation, while Plans 1 and 5 do not

consider the small HPP working.
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The downstream boundary conditions were defined by capacity curves and flow hydrographs.
For Variant A, only one downstream boundary was used. For variant B, there were 3 different capacity

curves and one flow hydrograph applied.

For Variant A, the downstream boundary condition applied was the capacity curve of Mazourov
weir. The data used for this curve was provided by Povodi Vltavy, State Enterprise. The Q-H curve
corresponds to current state of the weir. The level of current weir crest can be found
between 307.40 and 307.94 MASL.

For Variant B, four individual capacity curves were applied as a downstream boundary
condition. Therefore, the downstream boundary condition consists of four sub-conditions. The boundary
condition of the weir itself is formed by the capacity curve of the reconstructed weir with crest level
at 307.80 MASL. The downstream boundary condition of the fish passage is formed by the capacity
curve of the same body and the downstream boundary condition of the sports spillway is the capacity
curve of the spillway. Lastly, the boundary condition of the powerhouse intake channel is formed
by the constant flow hydrograph. Since the flow is leaving the 2D Flow Area at the boundary, the flow

condition was negative.

3 RESULTS

To get an accurate understanding of how the proposed reconstruction of the weir structure
and the construction of a small hydroelectric power plant, a fish passage and a sports sluice will affect
the river flow, hydraulic models in the software HEC-RAS were created. Firstly, a model for the current
situation was created. Subsequently, a model for the updated weir condition was created and the river

flow for this case was simulated.

3.1 Variant A

The chapter deals with 2D modelling of the current situation, i.e. with the current unrepaired
weir and with hydrology data provided by Povodi Vltavy, State Enterprise. The current unrepaired weir
crest is between 307.40 and 307.94 MASL.

Five calculation plans were created in HEC-RAS. The plans differ by boundary conditions.
The downstream boundary condition is the same for all four plans and it consists of the capacity curve
of the Mazourov weir. Upstream boundary conditions is a constant flow hydrograph. The discharge

applied as the upstream boundary condition determines the river flow.
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311 Planl

Plan 1 responds to a minimum residual flow (Qsssq) of 2.56 m2.st. At the minimum residual
flow in the river, the small hydropower plant is out of operation, 1.06 m3.s* flows through the fish
passage, 1.47 m3.s flows through the sports sluice and 1 cm of water corresponding to 0.15 m3.s* flows
over the weir edge.

The results of the depth, streamlines and velocity field in 2D flow area can be seen below.
From HEC-RAS simulations for this Plan 1, it was calculated that the model’s maximum depth is 2.56 m

and the velocity reaches maximum of 0.23 m.s™.

Figure 26 Variant A - Plan 1 — depth and streamlines
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Figure 27 Variant A - Plan 1 - velocity field
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3.1.2 Plan2

The second calculation plan represents the condition at which the flow is exactly 14.69 m3.s™.
This means that a constant flow hydrograph of value 14.69 was used as the upstream boundary condition.
Simulated flow of 14.69 m3.s* corresponds to approximately Qiosq. To simulate this flow is very useful

especially for Variant B.

Within the 2D flow area, the maximum depth in the pool area was found to be 2.77 metres.

The maximum velocity was determined to be 0.58 m.s™.
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Figure 28 Variant A - Plan 2 - depth and streamlines
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Figure 29 Variant A - Plan 2 - velocity field
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3.1.3 Plan3

Plan 3 depicts a case of 22.90 m®.s corresponding to Qso. The reasoning behind this specific
river flow is the fact that for this flow, the hydropower plant is the most efficient. While Qg0 flows
in the riverbed, the HPP’s turbines work with the highest gradient of 1.32 m and also use their maximum
capacity. Maximum capacity of the turbines is set to be 12 m3.s?. Excess flow above the maximum
capacity of the turbines flows to the remaining weir structures (fish passage, sports sluice and as a weir

overflow).

Figure 30 Variant A - Plan 3 — depth and streamlines
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The results of depth, streamlines and velocity field can be seen at figure 30 above and figure 31

below. In this case, the maximum depth is 2.86 m while the maximum velocity is 0,68 m.s™.
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Figure 31 Variant A — Plan 3 - velocity field
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3.14 Plan4

The fourth calculated plan depicts a case of 55.93 m3.s™. It’s the maximum flow when the HPP
is still in operating mode. Any bigger flow than 55.93 m3.s creates a smaller gradient than 80 cm.

If the gradient is lower than 80 cm, the turbines stop working.

Maximum depth for this plan reaches up to 3.10 m while the maximum velocity is 1.25 m.s™.,

Figure 32 Variant A - Plan 4 — depth and streamlines
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Figure 33 Variant A - Plan 4 - velocity field

60



3.15 Plan5

Plan 5 was created purely to give an idea of where the water would spill during the control
one year flow. At this flow rate, tailwater influence is included in the overflow calculation.
The difference between the outputs modelled by the current condition and the new condition is not
expected to be very significant.

For this plan, a new larger geometry (2D flow area) was created that was able to accommodate
and visually display the spill of the simulated flow. For calculation purposes, the mesh was modified,

and its grid cell size was enlarged. The cell size for Plans 1, 2 and 3 and 4 was 1x1m, the geometry

Figure 34 Variant A - Plan 5 — depth and streamlines
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of this plan contains a 4x4m cell grid. Since the generated mesh is not very detailed, this calculation

plan may contain minor flaws.

Maximum depth reaches up to 3.48 m while the maximum velocity is 1.85 m.s®. HEC-RAS
imagery in figure 34 shows off-channel spill on both banks. In reality, these flooded areas are terrain
depressions. Flooding will only occur if surface water enters them. As there is no spillage

from the Sazava River channel at Q: flow, no flooding of these depressions will occur.
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Figure 35 Variant A - Plan 5 - velocity field
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3.2 VariantB

Variant B includes the proposed reconstruction of the weir. In this case, reconstruction
of the weir means increasing the weir crest to 307.80 MASL, building a small hydropower plant
with adjacent fish passage, and building new and safe sports sluice.

To model the new situation, a more detailed 2D flow areas was created — Geometry C and D.
Both 2D flow areas contains a total of 4 breaklines that refine the computational mesh created in the area
of the right and left banks of the river, near the crest of the weir and at the entrance to the inflow channel

of the small hydropower plant.

All plans use a simulation window of 24 hours and computation interval 5 minutes. Mapping
output interval as well as hydrograph output interval and detailed output interval is exactly 1 hour.
The time step is controlled by courant conditions. Courant conditions are generally concerned
with model stability. To have stable outputs, the maximum courant is chosen to be 1, the minimum
courant 0.4 and the rest of the parameters connected to advanced time step control and the adjustment
of time step based on courant specifically equals 4.

General information about boundary conditions is described in the chapter 2.6. Upstream
boundary condition used in all plans (1-5) was constant flow hydrograph, specific performed flows are

clearly stated in table 13.
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3.21 Planl

Plan 1 operates with a minimum residual flow (Qsssq). The flow rate of 2.65 m3.stis so small that
it is used entirely only by the fish passage, the sports sluice and for the weir overflow. Hence, the small
hydropower function is not included in Plan 1. The specified constant value in the flow hydrograph

which forms downstream boundary condition is thus equal to 0 m3.s2.

Maximum depth reaches up to 2.74 m while the maximum velocity is 0.5 m.s.

Figure 36 Variant B - Plan 1- depth and streamlines
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Figure 37 Variant B - Plan 1 - velocity field
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3.22 Plan2

Plan 2 represents the condition at which the flow is exactly 14.69 m3s®. This means that
a constant flow hydrograph of value 14.69 was used as the upstream boundary condition. Under such
flow conditions, the capacity of the power plant is fully reached, the power plant is running at its
maximum, while only the minimum residual flow is still flowing over the weir, the fish passage,
and the sports sluice. Thus, at this time, the head water level is at 307.81 MASL. As the flow rate

increases, the level in the overflow rises.

The maximum depth was determined to be 2.85 m and the maximum speed 1.08 m.s™.

Figure 38 Variant B - Plan 2 - depth and streamlines
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Figure 39 Variant B - Plan 2 - velocity field
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3.23 Plan3

Plan 3 depicts a case of 22.90 m3.s corresponding to Qso. The reasoning behind this specific
river flow is the fact that for this flow, the hydropower plant is the most efficient. While Qgo flows
in the riverbed, the HPP’s turbines work with the highest gradient of 1.32 m and also use their maximum

capacity.

Maximum depth reaches up to 3.24 m while the maximum velocity is 1.13 m.s*around the area
of inlet to the small HPP.

Figure 40 Variant B - Plan 3 — depth and streamlines
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Figure 41 Variant B - Plan 3 - velocity field
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3.24 Plan4
The fourth calculated plan depicts a case of 55.93 m3.s™.
Maximum depth reaches up to 3.24 m while the maximum overall velocity of the 2D flow area

is 1.13 m.s. The maximum velocity closer to the weir structure equals 0.88 m.s* and is reached
by the inlet to the small HPP.

Figure 42 Variant B - Plan 4 —depth and streamlines
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Figure 43 Variant B - Plan 4 - velocity field
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3.25 Planb

The control one-year flow Qs is the subject of modelling Plan 5. For this plan, the value

of constant flow hydrograph used as the upstream boundary conditions is 121 m3.s™,

Maximum depth reaches up to 3.71 m while the maximum velocity is 1.65 m.s™.

Figure 44 Variant B - Plan 5 — depth and streamlines
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Figure 45 Variant B - Plan 5 - velocity field

73



3.3 Interpretation of the Results

Using the 2D model in HEC-RAS software, 2 variants A and B were created. For each variant,
5 calculation plans were established. Thus, a total of 10 computational processes were performed.
Selected results showing velocity distribution and depth changes with streamlines for each of the ten
plans can be found in the previous chapters 3.1 for Variant A as well as Variant B in the chapter 3.2.
The interpretation of the results is the focus of this chapter.

3.3.1 Interpretation of Layout of Hydraulic Structures

From the orthophotography images, it was already preliminarily established that a natural inflow
channel is being formed in a concave bend of the right bank. This finding was subsequently confirmed
during the field survey of the site. This finding has significantly contributed to the possibility of a small
hydroelectric power plant being built on the right bank. This claim was finally verified by modelling
variant A in HEC-RAS. The situation in the upstream during Qasssq is observed from figure 26.
It is possible to see that even at minimal residual flow, a significant part of the flow is directed

in a concave bend. The location of the small hydropower plant is thus considered suitable.

When proposing the location of a fish passage, the optimal function of the fish passage, the layout
of the existing migration barrier, the characteristics of the river channel, the use of the water channel,
the morphology of the surrounding terrain, and the possibility of locating the structure on the land are
crucial. If a small hydropower plant is part of the migration barrier, the most suitable route for the fish
passage is behind the HPP in the offshore part, as a so-called bypass fish channel [17; 13]. In the case
of Mazourov weir, this placement was not appliable due to insufficient size of building plots.

For this reason, it was decided to place it on the left side of the HPP, in the body of the weir itself.

The sports sluice was placed in place of the current raft sluice. The axis of the riverbed passes
through the current sluice’s placement. At the same time, it can be observed from the simulations
for variant A that the flow direction is the most suitable for passing boaters at this position. There are
no significant changes in the x-direction of flow in the area of the channel axis which will make
the sluice as safe as possible. After passing over the sport sluice, boaters will not be swept away

by the current overflowing the weir and will have sufficient manoeuvring space on both sides.
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3.3.2 Interpretation of Selected Variables

To further understand the results from the simulations in HEC-RAS and the affect the proposed
reconstruction has, it is necessary to look at the differences of results of selected variables
between Variants A and B. Variables selected for interpretation were water depth, velocity distribution,
and streamlines. For clarity, 2 tables with the results were created: table 14 containing information
on maximum depths in the whole modelled part of the river channel and table 15 with maximum velocity

values found in the whole modelled river area.

The maximum reported values of the selected variables were taken from the same place for both
variants of the specific calculation plan. Therefore, the values in the tables below correspond

to the maximum values that were obtained for each plan throughout the whole modelled area.

Table 14 Maximum depth of the modelled area Table 15 Maximum velocity in the modelled area
Variant A | Variant B Variant A | Variant B
(m) (m.s™
PLAN 1 2.56 2.74 PLAN 1 0.23 0.50
PLAN 2 2.77 2.85 PLAN 2 0.58 1.08
PLAN 3 2.86 2.97 PLAN 3 0.68 0.95
PLAN 4 3.10 3.24 PLAN 4 1.25 1.13
PLAN 5 3.48 3.71 PLAN 5 1.85 1.65

Here are the basic findings from the tables:

— The maximum depth of the modelled area is greater for the current weir condition - Variant A —
in all simulated plans.

— The smallest depth difference between Variants A and B occurs at a flow rate of 14.69 m3. s
(Plan 2). At this point, the maximum capacity of the turbine is reached and only the MRF
is maintained in the riverbed without any backwater flooding in the overbank.

— The most significant difference in depths between the alternatives occurs when the power plant
is not operating — Plans 1 and 5.

— The values of maximum velocities are higher after raising the weir edge and building individual
structures - variant B - only at smaller flows. For neither Plan 4 nor 5, the velocities are higher
for Variant A.

— The smallest velocity difference occurs at Plan 4, while the HPP is in operation.
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— The greatest difference of velocity value between A and B variants occurs at Plan 2, which
corresponds to the maximum capacity flow of the turbines. This significant change in velocity is due
to the operation of the power plant, which uses a significant portion of the flow in the riverbed.

For the existing condition (Variant A), the water depth was found to be higher at the right bank
of the river. The highest depths are regularly reached in the concave bend of the riverchannel.
The Variant A results of the velocity field distribution indicate that for flows less than 55.93 m3.s?
(Plan 4), velocities are at their highest at the inflow to the existing raft sluice. In contrast, for flows
greater than 55.93 m®. s*%, higher velocities are found on the right bank near the HPP inflow channel.

For the proposed Variant B, the depths on the right bank and in the concave bend of the channel
are again significantly higher than on the left bank. At the minimum residual flow, the highest velocities
are reached at the fish passage exit and then around the entrance of the sports sluice. However, once
the HPP is switched on, the greater velocities are found at the inflow channel of the HPP. At this point
it is important to observe the speeds in areas of critical distance, i.e. at the exit of the fish passage.
Fortunately, it has been verified by the 2D model that the maximum velocity requirements are met,
and the fish should be able to safely leave the fish passage at the tailwater area and continue

their migration upwards. At Q; flow, the velocity at the sports sluice reaches 1 m.s™.

From the observation of the velocity field distribution for all the plans, it was found that there
is a strong current towards the right bank in the Mazourov weir tailwater area. This current is directed
to the right of the sports sluice. If paddlers are not cautious enough to direct their boats to the sports
sluice in time, it is possible that the current will pull them towards the powerhouse inflow channel.
To avoid accidents and prevent this from happening, it is recommended to use warning signs

at a sufficient distance upstream of the weir and to install warning buoys on the right bank.
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3.3.3 Interpretation of Individual Plans

The main reason for simulating minimal residual flow in the riverbed as Plan 1 was to see the change
of streamlines and velocity field. In Variant A, most of the flow is directed to the sluice and the rest
flows relatively evenly over the weir structure. However, this is not the case for the proposed Variant B.
The results of Variant B show that at the minimum residual flow in the river, most of the water flows
into the sports sluice, then into the fish passage and only a small proportion overflows the weir crest.
The results from HEC-RAS confirm the calculations in the table 9. The velocities around the exit
of the fish passage reach maximum speeds of 0.5 m.s, thus meeting the Standard according to which
the fish passage was designed.

The flow rate for Plan 2 was selected because it is the highest flow rate in the channel during
the operation of the HPP that does not increase the water in the headwater (upstream) area. At flow rate
14.69 m3.s1, the water level stands at 307.81 MASL for Variant B. As is the case of Plan 1, there are
visible changes in the direction of the streamlines in plan 2. In variant A, the streamlines are primarily
directed into the spillway and then overflow the lowest parts of the weir. Velocities range between
0.2 and 0.3 m.s* over almost the entire width of the weir, excluding the sluice. However, for the new
weir scenario, Variant B, a different claim applies. At this moment, 12 m®.s? is heading to the power
plant, which is a major proportion of the total riverflow. Only the minimum residual flow remains
in the rest of the river profile. This claim is supported by the results from HEC-RAS. In figures
with the modelled results, it can be seen that the largest flow is at the right bank and is directed
to the inlet channel. The highest velocities are found at the apex of the right bank bend near the inflow
channel. At the very edge of the power plant inflow, the velocity field must be the same at every point
so that the turbines operate under optimum conditions. The results show that these conditions are met,
as the velocities are around 0.7 m.s-1. A fish passage is located next to the HPP. In order not to endanger
the exit from the fish passage by high velocities, it is recommended to terminate it as close as possible

to the weir edge.

Plans 3 and 4 mainly show the difference between the flow rates when the plant is switched on
and switched off. This is also the case for the previous Plan 2. In all 3 cases (plans 1, 2, 3), the maximum
capacity flow passes through the HPP, but the flow through the remaining river profile differs.
If the power plant is shut down and not operating, high speeds are not reached at the right bank.
On the contrary, the highest velocities are observed around the river axis where the sluice is located.
For the remaining weir width, the velocities are within a narrow range of 0.27-0.4 m.s? for Plan 3
and 0.6 - 0.8 m.s? for Plan 4. A completely different state of flow and velocities is observed
for Variant B. For Plan 3, the highest velocities are found in the inflow channel area in the range
of 0.6 - 1.0 m.s™. Higher velocities are also found at the exit of the fish passage, so it is important

to terminate it as close to the weir as possible. However, Plan 4 shows a reduction in velocities
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in the concave bend. The highest velocities at the weir occur at the weir overflow crest located between
the fish passage and the sports sluice, where velocities reach approximately 0.8 m.s. A notable
difference between Plans 3 and 4 of Variant B can be further observed in the convex bend of the left
bank. There is a slight increase in depths and a significant increase in velocities in this area as a result
of higher flows. It is interesting to note that variant A achieves higher velocities at the left bank
than Variant B. This is due to the function of the power plant, which in this calculation Plan 3

significantly reduces the flow in the rest of the river.

The purpose of simulating Plan 5 was to determine the spill rate at a n-year flow. The flow rate
Q1 - 121 m3.s* was selected. The aim was to determine how the reconstruction of the weir would affect
the passage of flood flows. In the current state (Variant A), the water passes over the entire width
of the weir. The depths are high, especially on the right bank and in the naturally formed inflow
to the power plant, which is not yet standing there. As far as the velocity field distribution is concerned,
the highest velocities are again at the top of the concave bend of the right bank. On the left bank, the flow
reaches smaller velocities. It was found that at Qi there is no dangerous spillage of water outside
the riverbed. The results for Variant B are influenced by the HPP, or in other words by the fact that no
flow passes through the HPP inflow channel. Therefore, water overflows only in the rest of the weir
body. However, the values of velocities are generally smaller for Variant B and the velocity field is
almost evenly distributed. Regarding the spill of water outside the Sazava River channel, for both
Variants A and B it is possible to observe ‘flooded' areas outside the river channel on both banks
of the river. In reality, these flooded areas are terrain depressions, and their flooding will only occur
if surface water enters them. As there is no spillage from the Sdzava River channel at Q: flow,

no flooding of these depressions will occur.

The 2D model in the HEC RAS software was used to verify the functionality of the proposed
hydraulic objects. It was verified that the velocities at the fish passage outlet meet the prescribed values
in the standards. It was also verified that the location of the individual objects is suitable and meets

the conditions for future realisation.
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4 CONSTRUCTION DESIGN PROPOSAL of HPP

In addition to the development of 2D model in HEC-RAS for the proposed reconstruction
of the weir, the thesis assignment includes hydraulic design proposal of the small hydropower plant
up to the level of documentation for the building permit. This design proposal of small hydropower plant
covers water management design proposal, construction design proposal and drawings appropriate
to the corresponding level of documentation.

Water management design proposal of small HPP is descripted in the chapter 2.4.5 in detail.
The chapter discusses for example the turbine type with parameters of the technology (maximum

and minimum turbine capacity), turbine output, energy production.

16 individual drawings are attached to the thesis as well including 4 layouts and 12 drawings
of separate hydraulic structures.

In this chapter, the construction design proposal of small hydropower plant and its adjacent parts

are explored.

4.1 General Information about the Design

The investor of the design of a small hydropower plant (later only small HPP) is a private owner
of the Mazourov weir and the adjacent right bank land. The purpose of this design proposal is to use
the 1.23 m gradient to generate electricity. The land on which the hydropower plant is located is situated
in the non-urbanised part of the area and is adjacent to the industrial part of the village, where the Sob&sin
Sawmill Ltd is based. The proposed design consists of new structures which connections to the technical
infrastructure (electricity) is expected to be solved directly on the construction site via electric power
pole with transformer. A distribution substation has already been built on the site of interest, which will

be connected to the local electricity pole via an underground cable.

The designed power plant is expected to operate as a flow-through plant. Flow-through power
plants use the normal river current at the weirs. Flow-through hydroelectric power plants generally
operate continuously and use either the entire flow or only part of the original flow. The key parameters
determining the amount of usable energy of a watercourse are the gradient and the flow of water through
the power station. In general, the higher the gradient, the higher the potential energy of the water and
the higher the power output of the power plant, and the more water that flows through the power plant,

the more energy it gives up to the hydro turbine [14].
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The water that will be used for the green energy production will be later transported back
to the Sazava riverbed through the open outlet channel. The water will be returned to the river

in the same condition as before.

4.2 Construction Design Proposal of a Small HPP

4.2.1 The Machine House

The power plant consists of a machine house, an inflow channel, an outlet channel and a bypass
channel. The engine house is a detached building housing two sets of Kaplan PIT turbine units.
The entrance to the engine room is located at the level of Qigo, i.e. 311,29 MASL. Furthermore,
on the above-ground floor, there is an entrance handling platform with low and high-voltage electrical
switchboards and the technical facilities of the engine room. The underground floor with the floor
at 309.30 MASL accommaodates all the technological equipment, which is the generator, the hydraulic

unit of the turbine and the hydraulic unit of the cleaning machines.

The external width of the separate engine room building is 12.2 m, and the length in the direction
of water flow is 15.9 m. The height of the building above the modified terrain is 4.0 m, and the depth
below the modified terrain is 9.16 m (lowest level of the foundation joint). The lowest level
of the foundation joint corresponds to 301,55 MASL.

The foundation and floor of the engine room is made of a reinforced concrete slab made
of C 30/37 XC4 XF3 waterproof reinforced concrete. The thickness of the slab is 500 mm.
During the concreting process, the anchoring elements for the suction cup and machinery are first
concreted in the locations specified by the technology supplier. The foundation slab also includes
a 500x500x500 seepage sump with a fitted sump pump. The foundation slab is connected to the 500 mm
thick underground walls, also made of C 30/37 XC4 XF3 waterproof reinforced concrete.
The north- west wall will include an opening for the supply pipe for both turbine sets,
after the installation of the pipe it will be concreted. All joints of reinforced concrete structures will be
watertight. In the southeastern wall, the steel body of the soakaway will be connected to a reinforced
concrete channel with a maximum variable height of 2.4 m and a width of 3.5 m. This channel
is connected in the face of the wall to the reinforced concrete waste channel, which serves to connect
to the existing channel of the Sazava River. The maximum height of the waste channel is 5.1 m

and the maximum width is 19.0 m.

The engine room is equipped with two sluice gates at the inlet of the supply pipe to the building

and two sluice gates at the outlet of the engine room before the connection to the waste channel.
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The floor at 311,29 MASL is accessible via an outward opening double door with awidth of 2,0 m
and a height of 2,0 m. The south-east wall is fitted with two single-pane double-glazed windows,
the outer pane is made of safety glass. The floor of the above-ground floor at the level of Qi
311.29 MASL consists of a 300 mm thick reinforced concrete platform, which is inserted
into the perimeter walls on three sides, the free side towards the engine room is monolithic. The
above- ground perimeter load-bearing walls are above the terrain and made of blocks. The total
compositional height of the above-ground part of the perimeter wall is 3.0 m. The lintels of the openings
are designed with prefabricated reinforced concrete lintels.

The interior staircase of the engine room is made of two steel arms - the first arm accessing
the platform at 309.30 m above sea level, the second arm leads from the floor at 309.30 m above sea

level to the platform at 307.35 m above sea level.

Two HEB 200 mounting beams are woven transversely into the outer walls, on which a sliding
mounting beam of the HEB 240 profile, also 9.8 m in length, is perpendicularly placed for the suspension
of the manual assembly hoist. The roofing is made of a sloping surface with a maximum height of 1.0 m
with rainwater drainage into a gutter located at the edge of the roof. The roof slope is 11,5 %.

The building of the engine room and combing plant is made of monolithic reinforced concrete
C30/37 XC4 XF3, water seepage less than 4 cm. The part of the engine room building above the Q1o
level mark (311.29 MASL) will be bricked.

The interior of the engine room is heated by generators. In the event of a shutdown, an electric
heater can be connected. There is 1 intake ventilation grille and 1 exhaust ventilation grille in the wall
of the engine room. According to consultation with the manufacturer, the ventilation of the generators

can be led out through a separate air duct.

4.2.2 The Inlet Channel

The inlet to the power plant is designed with an open reinforced concrete trough. The embankment
includes the following in the course of the river: a burrow wall with coarse screens with a spacing
of 20 cm and a footbridge with a railing, fine combs with spacing of 40 mm with an automatic conveyor
that transports the combs to the bypass channel and a hydraulic comb cleaning machine. There are
2 hydraulic pressure sensors on the inlet walls, one in front of the fine screens and one behind the fine
screens. There is also a wall pump in the area behind the fine combs to drain excess water into the bypass
channel. The reinforced concrete platform on which the cleaning machine and the sluice gate are located
is situated at an altitude of 309,47 MASL.
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The inlet structure is designed as a reinforced concrete wall with foundation. The entire wall

is in the shape of L. This wall will be covered with boulders to the required slope.

4.2.3 The Outflow Channel

The outflow channel, which serves to connect to the existing channel of the Sazava River,
is made of water-building reinforced concrete C 30/37 XC4 XF3 with a thickness of 400 mm. The outlet
from the engine room corresponds to the dimension 303.82 and using the outflow channel with a gently
rising bottom it reaches the dimension of the Sazava river bottom at the connection point for a length

of approx. 16.0 m.

The connection of the engine room to the drainage channel is provided with two sluice gates,
which are operated mechanically by the operator. These gates can be accessed directly, i.e. via the stairs
to the right of the entrance to the engine room. The staircase gives access to the steel footbridge.

The steel service footbridge provides access to the control of the sluice gates and the bypass channel.

4.2.4 The Bypass Channel

On the southeast side of the engine room, close to the existing weir, there is a bypass channel
which serves to flush coarse dirt from the combs on the bore wall and scrapes from fine combs conveyed
by an automatic conveyor. The inlet to the bypass channel is equipped with a manual sluice gate, behind
which a gridded basket is placed as a sorting device. The scraps from the fine combs are moved
by the conveyor into the basket, the coarse dirt is caught on the grates where it is regularly sorted
by the operator. The bypass channel flows into the outflow channel, which returns the water
to the existing channel of the Sdzava River. The bypass flushing channel is located between the small
hydropower plant building and the fish passage. The right wall of the canal consists of a 600 mm thick
reinforced concrete wall of the HPP, while the left wall of the canal is shared with the fish passage,
again 600 mm thick. The height of the left wall of the channel and the right wall of the fish passage
is derived from the height of the water level at one-year flow Q1. The height dimension is 308.58 MASL
in the upstream and 308.19 MASL in the downstream. The width of the channel is 1,0 m and the length
of the channel axis is 25.5 m. The bottom elevation at the upstream end is 307.27 MASL, the bottom
of the outlet is 307.37 MASL The channel overcomes a gradient of 1.9 m using a bottom slope of 7.5 %.
The entrance to the canal is equipped with a sluice gate that will be in operation for most of the year,

thus not taking water from the river profile. It will only be opened if flushing is necessary.
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The resistance of the small hydropower plant is ensured by the compressive strength

of the concrete, the tensile strength of the reinforcement and the strength of the soil.

The small hydropower plant is a permanent structure that does not ensure barrier-free use. The plant
will operate independently in automatic mode, with occasional control.

In the building of the engine room there are cabinets with electrical switchboards, thanks to which
the building will be connected to power grid by a pole with a transformer. The pole is located

on the owner's (investor’s) property.

When the construction is complete, the ground will be restored to a satisfactory and safe condition
for the use of the surrounding buildings on the site. Soil from the construction excavation will be used
to level the uneven terrain on the construction site. Unpaved areas affected by construction will
be graded and grassed. A new paved access road must be constructed to provide access to the site, site
facilities and subsequent connection of the building to the road.

The construction of the power plant will require partial disconnection of the riverbed by armoured
support. The engine house foundation pit will have a pumping sump from where water will be pumped
into the river. The foundation pit of the combs will be pumped into the embankment; the facility will be
constructed with the embankment drained. During construction, surface water will be diverted away
from the site of the excavation. The excavation shall be kept free of water during installation. If drains
are used, they must be abandoned upon completion of the work. Surface water runoff is not affected,

rainwater is discharged into the river.

The construction will not have a negative impact on the environment, and no emissions will be
generated during its operation. The construction of the building is to generate green energy.
The construction only affects trees and vegetation on the banks of the river at the site of the engine

house. The existing bank vegetation consists of grasses and shrubs.
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CONCLUSION

The master thesis was prepared for the purpose of designing a layout solution for the reconstruction
of the Mazourov weir on the Sazava River. To verify the location of the individual proposed objects
(small hydropower plant, fish passage, sports sluice), a 2D model was created in the HEC-RAS software.
In HEC-RAS, four suitable geometries were created with the corresponding boundary conditions
applied. A total of 10 computational processes (plans) were performed and the results were used
to interpret the obtained outputs.

The proposed reconstruction works firstly include raising the weir crest from the existing state
(307.40 -307.94 MASL) to 307.80 MASL. It is recommended to carry out these construction works
in stages, so that the water can always pass over a part of the weir that is not being worked on. In addition
to raising the weir crest, the newly proposed design includes construction of individual hydraulic
structures (HPP, fish passage, sports sluice). Basic parameters of the hydraulic structures were designed,

their capacity was calculated, and the proposed general cross sections are attached as well.

One of the most crucial parts in the design of the structures was to decide on the level
of the overflow edges of individual structures. The elevation of the spillway edges of the individual
structures significantly affects the Q-H capacity curve of the entire weir. Finally, the proposed design
corresponds to the weir crest located at 307.80 MASL, the bottom of the inlet to the sports spillway
located at 307.52 MASL and the bottom of the fish passage outlet located at 307.27 MASL.

Furthermore, a flow-through small hydropower plant with two sets of Kaplan PIT turbines
was designed. The small hydropower plant proposal includes an inflow channel bringing water
to the plant and an outflow channel connecting the structure to the existing riverbed of Sazava River.
It was determined that a small hydropower plant would operate in the flow range of 5.35 m3s?
t0 55.93 m3.s! in the Sazava River. The estimated annual production of the proposed small hydropower

plant is 466 MWh.

A reinforced concrete slotted fish passage has been proposed that will be in operation for at least
355 days per year. To ensure sufficient length of the fish passage, its structure is taken form of a zigzag,
and is situated along the engine house of the small hydropower plant. The entrance to the fish passage
is located as close as possible to the outlet channel of the power plant. The outlet of the fish passage

is located directly on the edge of the weir.

A new 2.5-metre-wide sports sluice has been designed in place of the existing 6.1-metre-wide
sports sluice. The proposed structure is longer than the existing structure and provides safe passage

for boaters for a minimum of 355 days per year. Thanks to the significant narrowing of the sports culvert,
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the flow through the hydraulic structure at a flow rate in the river of Qsssq (minimal residual flow) was

reduced while maintaining sufficient depths for navigation.

The 2D model in the HEC RAS software was used to verify the locations and functionality
of the proposed hydraulic objects. Thanks to the created 2D model, information on the velocity field
distribution was obtained both in the whole modelled area of the riverbed and especially in the proximity
of individual designed hydraulic structures. It was verified that the velocities at the fish passage outlet
meet the prescribed values in the standards. Furthermore, the values of maximum depths of the modelled
area and streamlines became a valuable output. And finally, the 2D model was used to verify
that the proposed placement of the small hydropower plant, the fish passage and the sports sluice

is suitable and meets the requirements for a reliable and trouble-free function.

The thesis is suitable as a basis for the next steps of the project documentation. Before applying
for a building permit, however, a more comprehensive elaboration of the individual structural parts must

be carried out.
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