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ABSTRACT

This article presents examples of the use of complex sheet metal in everyday life and the course of modeling a
sheet bent simultaneously in two planes. The element selected to describe the modelling process is a fragment of
the side wall of a lever hydroelectric power plant that operates on the Bystrzyca River in Lublin. The shape of
the element is conditioned by the need to achieve a gentle change in the cross-section of the water stream during
the flow between the steering system and the outflow area. The segment through which the water flows is clearly
lower and wider than the other modules of the power plant, which is due to the average water level in the Bystrzyca
River. Such a shape is necessary because the inflow and outflow parts of the power plant must be submerged under
water all the time. This is due to the principle of operation of the power plant, which works by obtaining a vacuum
created by pumping air from the inside. The article also presents the results of the strength analysis, which was
performed for the segment exposed to the highest loads. The analysis and the entire design were performed in
Autodesk Inventor, and the results obtained were as expected and even in the most critical places no values were
reached that would require changes to the design.

Keywords: modeling, inventor, bent plate, hydroelectric power plant, FEM.

INTRODUCTION right shape, with the lowest possible weight
) and high strength. In recent years, the devel-
Sheet metal elements made of various types opment of hybrid and electric cars has been

of steel are currently widely used in many in-

dustries. This is due to a number of advantages,

among which the most important are:

e High strength,

e Easy to form,

e Ability to create complex, three-dimensional
shapes,

e Favorable steel price [1].

noticeable, which is associated with an in-
crease in the requirements for car bodies [2].
Despite this, the material from which they are
made does not change, which proves the huge
potential of sheet metal elements in terms of
modification and shaping. The importance
of the ability to obtain complex shapes for
the automotive industry is perfectly demon-

The ability to obtain complex, unusual strated by the illustration above (Figure 1),
shapes, while maintaining high strength, are the where the color of sheet metal elements is
decisive factors for the use of sheet metal ele- highlighted. As you can see, almost the entire
ments in many different constructions. The most supporting structure is made of various types
important areas include: of steel, and many elements are characterized
1. Automotive — first of all, the production of car by a complex shape [2].

bodies and vehicle interior elements, where a 2. Aerospace — where sheet metal components
very important requirement is to obtain the play a very important role in the construction
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Figure 1. Chrysler car support structure [3]

of the fuselage, wings, skin and interior of the
aircraft. The ability to produce thin-walled
components with complex shapes, and thus the
lightest possible ones that do not lose strength,
is a key requirement in the entire aerospace
industry [4, 5]. In order to illustrate the im-
portance of sheet metal elements in the con-
struction of an aircraft, Figure 2 is attached,
showing the skeleton of an exemplary sports
aircraft — ZODIAC. Its entire load-bearing
structure consists of 342 bent or flat sheets (flat
parts should be understood as elements that
have not been bent, but only the desired shape
has been cut out — mainly ribbing) [6].

. Marine — in which sheet metal is used to make
elements of ships, sometimes of a very com-
plex shape. A fundamental requirement in this
industry is to obtain a fully sealed structure
with a buoyancy greater than the maximum
weight provided. In ship building, bent plate
can be used for the following assemblies:

K ’ >\
Figure 2. 3D model of the ZODIAC aircraft frame
structure

hull,
deck,

e mast - it’s design usually depends on the
structure of the hull,

e cargo warehouses and passenger and crew
cabins [7, 8].

. Architecture and construction — where there

are plenty of examples of the use of sheet met-

al. The most well-known structure in this area

is the tin garage, but there are also other:

e roofs and facade elements of buildings (of-
ten very complex in shape)),

o tank plating,

e Dbridge construction elements.

In the construction industry, sheet metal ele-
ments have now become a very important link
in many structures. This is closely related to
the development of CAD (computer aided de-
sign) programs that allow you to control the
shape of the object at every stage of design,
which leads to the maximum use of the po-
tential of sheet metal and the creativity of the
architect [9].

. Railway industry — which is very demand-

ing in terms of the durability of the solutions
used. In this industry, almost entire wagons
are sometimes made of bent sheets, an exam-
ple of which is shown in Figure 3. The use of
bent sheet metal is not limited to train/subway
construction. This solution is an inseparable
component of railway equipment covers,
track infrastructure and platform roofing.

. Mining — an industry in which you can give a

whole lot of examples of the use of bent sheet
metal with varying degrees of shape complex-
ity. Here are a few of them:
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Figure 3. Siemens Inspiro electric subway car (left) and its sheet metal support structure (right) [10]

e pneumatic conveying systems — used wher-
ever there is a risk of explosion, which
makes it very limited or impossible to use
systems driven by electric motors [11],

e skip — a device used to bring to the surface
raw materials obtained by miners [12],

e lining the walls of mine shafts — a funda-
mental requirement for safety when work-
ing in mines. The side walls of the shaft
are protected against subsidence in order to
minimize the risk of collapse. For this pur-
pose, various solutions are used, e.g. a prop-
erly formed steel sheet is laid on a leveled
wall, reinforcement is placed and shotcrete
is poured, and the whole is supported by a
reinforced concrete column [13],

e conveyors [14] — commonly used in the
mining industry, due to their high efficien-
cy, low operating costs, high versatility and
reliability, and low environmental impact
compared to other means of material han-
dling [15].

7. Robots and robotic equipment — without which it

is hard to imagine the functioning of many indus-
tries today. Structural elements such as chassis
of mobile robots, load-bearing structure, arms of
industrial robots, or housing are very often made
of bent sheet metal, which gives the possibility
of obtaining the desired shape, optimal weight

and required strength (Figure 4) [16, 17, 18, 19].
Sheet metal is also often used to make robot ef-
fectors, i.e. the ends of the arms that allow it to
interact with the environment (grasping an ob-
ject, measuring, painting, etc.) [20].

. Construction and agricultural machinery — for

which the requirements in terms of permis-
sible loads, rigidity, durability, reliability, er-
gonomics and maximum weight reduction are
constantly increasing, while maintaining the
highest safety standards [21, 22]. Sheet metal
components are commonly used to provide op-
timal solutions, taking into account the above
aspects. Both of these industries also have
countless examples of the use of bent sheet
metal, often having a complex shape. Construc-
tion machinery with sheet metal elements is
m.in excavators, bulldozers, wheel loaders and
cranes. In agriculture, they can be found, for
example, in the construction of semi-trailers,
chopping machines, soil processing machines,
agricultural processing equipment, tractors or
livestock buildings. This article aims to pres-
ent the effects of work on the project of a small
hydroelectric power plant (lever power plant),
which has been operating on the Bystrzyca
River in Lublin for nearly three years. The
main aspect on which the focus is the construc-
tion aspect and strength tests. The project was

Figure 4. Construction of a small mobile transport robot (left) [16] and a large platform robot (right) [17]
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made using Autodesk Inventor Professional
2016 software. Strength calculations were also
carried out in this program, using the stress
analysis module, which is based on finite el-
ements (in this case, the analyzed structure is
divided into pyramids).

The second objective of the article is to pro-
mote the use of renewable sources of electricity
in Poland, with an emphasis on solutions belong-
ing to hydropower, the potential of which in this
country is unfortunately small. The lack of natu-
ral water thresholds with a significant difference
in water levels makes it impossible to build large
dams, and the low tidal phenomenon in the Baltic
Sea makes it very difficult to build tidal power
plants here. That is why small hydroelectric pow-
er plants in Poland are very promising in the con-
text of hydropower.

HYDROPOWER IN POLAND

Watercourse energy is one of the most prom-
ising renewable sources of electricity. A number
of advantages of this source have resulted in the
fact that there are many different types of hydro-
electric power plants operating all over the world,
which are adapted to the terrain and climatic con-
ditions of a given region. The electricity obtained
in this way is referred to as ,,clean energy” be-
cause there is no emission of substances harmful
to the atmosphere and there is no waste in the pro-
cess of converting the potential energy of water.

In Poland, due to the amount of precipitation,
the relief of the terrain and the low tidal phenom-
enon of the Baltic Sea, there are no conditions for
the construction of hydroelectric power plants

on a large scale. You can’t change the environ-
ment, so you have to adapt to it, and that’s where
small hydroelectric power plants come in. They
are based on existing water thresholds, which oc-
cur in Poland on many rivers, e.g. as remnants of
mills. In such places, it is easy to obtain a build-
ing permit, which attracts potential investors [23].
According to various sources, there may be be-
tween 700 and 1000 installations of this type in
Poland at the turn of 2023 and 2024.

The element selected to present the mod-
elling process comes from the construction of
a lever hydroelectric power plant (Figure 5),
which was implemented on the Bystrzyca River
in Lublin in June 2021.

The operation of the lever system is based on
the phenomenon of gravity combined with the
pressure of water. The inflow is positioned 700
mm higher than the outflow, thus forcing the di-
rection of liquid flow. The water is compressed
as it approaches the rotor, which accelerates, and
its energy is maximally utilized when it is trans-
ferred to the generator rotor (Figure 6).

In order to increase the rotational speed on the
generator, a belt transmission with a ratio of 1:4.5
was used. This solution made it possible to use a
commercial generator with a nominal rotational
speed of 740 rpm, with a nominal power of 30 kW.

ANALYSIS OF THE SIDE WALLS OF THE
DISCHARGE PART

The most difficult stage of modelling was the
execution of the side walls of the outflow part,
which consists of the last three segments (on
the left side in Figure 5). One of these plates is
shown in Figure 7.

Figure 5. 3D model of a lever hydroelectric power plant [23]
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Figure 6. Presentation of the drivetrain without a cover

Figure 7. Isolated side wall of one of the outflow
segments, front view (left), side view (right)

The shape of the element is determined by
several aspects. Firstly, the power plant was de-
signed taking into account the profile of the riv-
erbed and the existing water threshold, which is a
remnant of another power plant. The second fac-
tor influencing the shape is that the change in the
cross-section of the water stream must be gentle,
so that there is no splashing of water as it flows
through the subsequent segments. The third as-
pect concerns the way in which the power plant
operates. The inflow and outflow must be below
the water table at all times, as the system operates
on the principle of vacuum, which means that no

air can enter the system. As a result, the outflow
area is the lowest and widest part of the power
plant, and its side walls made of sheet metal are
characterized by a very non-standard geometry.
Modeling of one of these plates (Figure 7) will be
presented later in this article.

MODELLING

The development of CAD programs has pro-
vided the construction industry with many very
useful tools to improve work at every stage of
the project, from the initial idea, through the
implementation of models in terms of execution,
to simulations and drawing documentation. The
possibility of three-dimensional visualization of
the designer’s ideas means that solution concepts
can be presented to the customer in the form of
a simplified solid model, so that he can indicate
his comments or choose the optimal solution for
himself if an idea has appeared. After making the
necessary corrections and approval from the cli-
ent, you can proceed to the implementation of the
project. At this stage, the simplified model used
for visualization is mapped in the form of assem-
blies consisting of elements that can be physical-
ly made and connected to each other. When the
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work on the 3D (3 dimension) model is complet-
ed, a strength analysis can be performed, and if it
gives a result that meets the safety requirements,
the design part is completed. The last stage is to
simulate the functioning of the designed solution
and prepare drawing documentation, which is
sent to the people involved in the production of
the required elements and assembly.

The project of the lever hydroelectric power
plant was implemented in accordance with the
above course. The whole is divided into seg-
ments/modules to ensure trouble-free transport to
the power plant site and quick and easy installa-
tion. The individual segments were screwed to-
gether with M16 screws, sealing the contact area
with felt to ensure one hundred percent tightness.
Apart from the supporting structure, flanges and
ribs, all components of the power plant are made
of bent sheet metal.

The vast majority of work on the model did
not require complex geometry. The exception was
the side walls of the outflow segments. The mod-
eling step of these elements was carried out in the
context of the assembly, and it was as follows:

Setting of reference elements — in the form of
flanges connecting individual components of the
power plant. The setting was made on the basis of
the initial model, accepted by the investor.

Making a sketch — fully bound with as few
dimensions as possible. All sketches in this
type of project should be made in such a way
that they can be easily edited, which allows you
to use them later and save time by not remodel-
ing two elements with similar geometry. Some
dimensions can be replaced by relations that,
regardless of dimensional corrections, will en-
sure the constancy of a specific feature (such as
perpendicularity, parallelism, collinearity). In
this step, the shape and dimensions were adapt-
ed to the end flanges of the segment, shown in

Figure 9. Sketch of the modeled sidewall

Figure 8, 9. Defining the thickness of the ele-
ment — 4 mm. All sheet metal elements have
the same thickness, except for the flanges con-
necting the segments, which are made of 8 mm
thick flat bar (Figure 10).

First wrap — sketch and execution. All bend-
ing operations were performed using the ,,Wrap”
tool. To do this, a bending line had to be defined.
At the modeling stage, it was noticed that the best
effect would be achieved by inclination of the
flange in relation to the edge welded to the flange.
The change in the shape of the segment turned out
to be smoother than in the case of bending along
a line parallel to the reference Edge (Figure 11).

Figure 8. Flanges of the middle segment of the flow
part — a pattern for modeling the side walls

Figure 10. View of the element after defining the
thickness
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Figure 11. Sketch and first fold dialog pro

Second wrap — initially made at the same angle
as the first. However, in such elements it is very
difficult to achieve a perfect fit with other compo-
nents and in the end, it was necessary to slightly

correct some of the bending angles (Figure 12).
Third fold — the middle one, with a bend angle
of 10°, which was also determined at the stage of
fitting to the end flange (Figure 13).
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Figure 12. Sketch and second fold dialog
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Figure 13. Sketch and third fold dialog the fourth fold — the penultimate one with a fold angle of 8°.
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Fifth fold — the last one, after which the final
shape of the element was obtained. In the end, all
calls were in the range of 8-10. Despite the fact that
this was the last operation, it was still necessary to
introduce an element to assemble the power plant
section (Figure 14, 15). Bending angle compensa-
tion — to match the sidewall to both flanges. The
assembly was made by placing one edge welded

in the flange with a tangent relation. The welded
edge with the second flange had to be adjusted by
correcting the wrap angles (Figure 16). Making the
second side wall — with the help of a mirror im-
age. The entire structure (except for the drive sys-
tem) has a plane of symmetry. Therefore, some of
the elements could be made as a mirror image of
previously modeled components (Figure 17). The
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Bend Line

Fip Controls

Fold Location

Fold Angle

Bend Radius

care

Figure 14. Sketch and fourth wrap dialog
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Figure 15. Sketch and fifth wrap dialog

Figure 16. Sidewall inserted into the flanges connecting the segments
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Figure 17. Segment sidewall made as mirror image

geometry of the reflected element adapts to the
source element and changes if it is modified.

PRESENTATION OF THE ELEMENT IN THE
CONTEXT OF THE ENTIRE SEGMENT

The final model of the segment is shown in Fig-
ure 18. The model in Figure 18 is an entirely weld-
ed assembly. Apart from the side walls, the ribbing
and the lower and upper walls are characterized by
complex geometry. However, these elements did
not require an unconventional modelling approach,
but also had to be designed in the context of the
assembly. The designer’s working time on the side
wall was 1 hour, which is exactly the same as on the
assembly and all other elements of the entire mem-
ber. This perfectly illustrates the level of difficulty
he had to face during the modeling process.

FEM (FINITE ELEMENT METHOD)
STRENGTH ANALYSIS

The last and most important stage of the proj-
ect was to carry out a strength analysis of the most
stressed segment of the power plant.

Determination of the forces acting on the
power plant - analysis of boundary conditions

At the design stage, the forces acting on each
segment were calculated. The most heavily loaded
module of the power plant turned out to be the arc
module, marked in blue in Figure 19. The forces
acting on this segment come from the mass of the

Figure 18. Middle segment of the outflow part

flowing water (in the outflow part), the pressure
of the water in the narrowing area, the mass of the
structure suspended under the segment and the
mass of the element itself (the force of gravity).
Other factors affecting the power plant were found
to be negligible compared to the forces mentioned,
which can therefore be considered as the only ex-
isting boundary conditions. At this point, it is also
worth mentioning how the threats resulting from
the presence of fish and birds that could get in-
side the installation were dealt with. Well, it has
been tightly secured with a WEMA grille, which
prevents fish, birds or dirt from getting inside that
could interfere with the operation of the power
plant. The mode of operation of these forces is
defined in the program and graphically shown in
Figure 20. Calculation of the forces acting on the
most loaded part of the power plant:
e Thrust force of the liquid — marked in yel-
low. It acts on the top wall and is derived
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Table 1. Calculation of the force due to the pressure

Figure 19. Presentation of the busiest segment of power plants

of a liquid
Parameter Value Unit
p 997 kg/m?
A 1.54 m?
[ 15 -
\Y 25 m/s
F 7197 N

from the velocity of the water and its cross-
section in the segment area. The dynamic
thrust equation (formula 1) was used to cal-
culate this force, and the results of the cal-
culation are presented in the Table 1.

F=2pA-cViN] 1)

where: p — water density [kg/m®], A — Segment
cross-section [m?], ¢ — dynamic drag co-
efficient — assumed for the most unfavor-
able case (the highest value among the
range found in the literature items), V —
water flow velocity [m/s].

The force coming from the mass of the water
in the segment area and the water pressure in the
choke area is shown in blue. It acts on the bot-
tom wall and flange and comes mainly from the
volume of water in the segment area (calculated
from formula 2). The constriction component was
calculated from the thrust formula (4), using the
Venturi equation to determine the pressure differ-
ence (3). The results of the calculations are pre-
sented in Tables 2, 3 and 4.

Figure 20. Graphical representation of the forces acting on the analyzed segment

10
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Table 2. Calculation of the force coming from the

mass of water in the segment

Parameter Value Unit
m 1080 kg
g 9.81 m/s?
F 10595 N

Table 3. Calculation of the force due to the pressure of
the liquid in the constriction region

Parameter Value Unit
P 997 kg/m®
Al 2.54 m?
A2 0,75 m?
\% 25 m/s
P1-P2 2180 Pa

Table 4. Calculation of the force coming from constriction

Parameter Value Unit
P1-P2 2180 Pa
A2 0.75 m?
F 1643.5 N

e Calculations of the component derived from
the mass of water

F=m-g[N] )
where: m — mass of water inside the segment [kg],
g — acceleration due to gravity [m/s?].

e Calculations of the component derived from
the constriction

P1—P2=§-p-V2(1— f,—i) [N] (3)

where: P1 — pressure before constriction [Pa],
P2 — pressure at the exit from the throat
area [Pa], p— water density [kg/m?], V
— water flow velocity [m/s], Al — cross-
sectional area of water stream before
constriction [m?], A2 — cross-sectional
area of the water stream at the exit of the
constriction area [m?].

Calculation of the thrust force due to the constriction

F = (P1—-P2)-A2[N] (4)

where: P1-P2 — pressure difference calculated
by the Venturi equation [Pa], A2 — cross-
sectional area of the water stream at the
exit of the constriction area [m?].

After adding up the two calculated compo-
nents, a force of 12 238.5 N. The force from the
weight of the flow part and the steering system
is shown in red. This force consists of the steer-
ing mass (highlighted in green in Figure 19), the
mass of the transition module (between the green
and blue segments in Figure 19) and the mass of
the discharge. The factors influencing this force
should also include the mass of the liquid above
the water table, in the part of the power plant
suspended on the analyzed segment. The calcu-
lations were made on the basis of formula 2. The
results of the calculations are presented in the
Tables 5 and 6.

The volume of liquid above the water table in
the analyzed part of the power plant is 2.69 m?. The
mass of water used for calculations (parameter m,
Table 6) is the product of its volume and its own
weight. The final value of the third force acting on
the analyzed segment is the sum of both calculated
components: 12 360.6 N + 26 310 N =38 670.6 N.

Course of the FEM analysis

After defining the forces acting on the
power plant, performing the necessary calcula-
tions and determining the member on which the
greatest forces act, the FEM calculations began.
A fixed constraint is defined on the flange sur-
face by means of which the analyzed segment is
bolted to the preceding horizontal member. The
grid was also plotted and its parameters defined,
achieving the effect shown in Figure 21.

During the analysis, the key parameters
are the Von Mises stresses, the magnitude of

Table 5. Calculation of the force coming from the
mass of suspended segments

Parameter Value Unit
m 1260 kg
g 9.81 m/s?
F 12 360.6 N

Table 6. Calculations of the force coming from the mass
of the liquid above the water table in suspended members

Parameter Value Unit
Jo} 997 kg/m?
m 2682 kg
g 9.81 m/s?
F 26 310 N

11
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Figure 21. Meshed segment prepared for FEM analysis

displacements, and the factor of safety. The cal-
culations were performed in the stress analy-
sis module of Autodesk Inventor Professional
2016. The description of the solid model was
carried out using TETRA elements, which is
the only type that is in Inventor. The analyzed
area was divided into pyramids, so that there
are at least two finite elements on the thickness
of each element.

Von mises stress analysis

The results of Von Mises’ analysis are presented
in Figure 22. The maximum stresses that occurred
are 193.4 MPa, which is lower than the allowable

stresses of 225 MPa — the value for the S235JR steel,
from which the entire power plant is made. In Fig-
ure 22, the display of results has been modified. The
upper threshold for color-coding stress locations has
been reduced from 193.4 MPa to 120 MPa. This
procedure was performed due to the point nature
of the stresses, which appear only in the ribs of the
lower wall and at the flange on which the steering
section and the outflow part of the power plant are
suspended. With the initial display settings, the stress
area was not visible. The greatest stresses occur at
the point of contact between the edge of the top panel
and the flange and the side wall, i.e. at the point of
contact between the four sheets. A weld has been

Nodes: 166490

Elements:88660

Type: Yon Mises Stress

Unit: MPa

25.09.2024, 00:37:46
120

0 Min

Figure 22. FEM calculation results — Von Mises stresses

12
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laid in these corners during assembly, and another
member is screwed to the flange, so the actual stress
values will be lower than 193.4 MPa.

Displacement analysis

The results of the displacement analysis are
shown graphically in Figure 23. According to
calculations, the maximum deformation will be
1.7 mm, which is the permissible value in this
type of construction. The place where the great-
est displacements occur is the upper part of the
flange, to which the segments of the flow part

and the member with the steering system are
attached. In addition to the flange, the upper
wall near the connection with the next segment
is deformed. However, these displacements are
much smaller and oscillate around 1 mm. It
should be noted that the calculated values will
actually be smaller. In the place of the maxi-
mum deformations, the flange of the next pow-
er plant member is screwed, which will distrib-
ute the load over the entire flange, and finally
reduce the actual deformations in relation to the
calculated value.

Nodes: 166490
Elerments:88660
Type: Displacement
Unit: mm
25.09.2024, 00:46:41
1,721

1,377

1,033

0,688

0,344

0 Min

Figure 23. Displacement analysis results

Nodes: 166490
Elernents:88660
Type: Safety Factor
Unit: ul

25.09.2024, 00:51:27
15 Max

12,21

9,43

1,07

Figure 24. Results of the analysis in terms of the obtained safety factor

13
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Factor of safety

The results of the FEM analysis in terms of the
obtained safety factor are presented in Figure 24.
The smallest value that appears is 1.07 and occurs
near the area where the greatest stress occurred. A
value of 1.07 means that the strength of the material
is slightly higher than the assumed loads, but due to
the point occurrence and location at the junction of
four sheets, this value is safe and fully acceptable. It
is important to note that the coefficient at this point
will actually be greater because it is the place where
the weld was placed during the installation process.

It should be noted that Figure 24 distinguishes
small areas within the flange to which the force has
been applied and on the bottom reinforcement (in
the ribs). In these places, the value of the coefficient
oscillates between 3 and 6, so it is a very safe value.

Accuracy of calculations

The most important criterion that was crucial
in the entire analysis was the Von Mises stresses.
The first calculations, the results of which are
presented in Figures 22—24, were carried out for
the minimum acceptable mesh density (i.e. the
one where there are at least 2 finite elements on
the thickness of the element). Then, for more ac-
curate results, the mesh density was increased
from 0.1 to 0.5 fractional bounding frame
lengths. The stop criteria are set at 10% con-
vergence between successive analyses, which

means that the calculation results cannot dif-
fer by more than 10%. When this criterion was
achieved, the results were accepted as correct.
The imposed conditions were achieved between
analyses 4 and 5, with a difference of only 1%,
as shown in Figure 25.

The area of maximum stress was invisible, so
the results obtained during the first analysis were
superimposed (Figure 26).

The maximum stresses occurred at the junc-
tion of the four plates and were of a point nature.
In addition, this place has been filled with weld,
so the actual average stresses will be at a much
lower, acceptable level.

Rationality analysis

A rationality analysis was carried out for the
presented project. It covered the most important
aspects related to the investment, which include:
Project objective, Project scope, Cost-benefit
analysis, Risk analysis.

Objective of the project

The goal included two aspects — financial, for
the client who commissioned the project, and the
goal set by the company implementing the proj-
ect, i.e. to promote hydropower in Poland, where
there is no potential to build large hydroelectric
power plants. Currently, there is a great need to
implement this type of solutions. The obvious

Convergence Plot n
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Figure 25. Detailed results of Von Mises Stress analysis
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Figure 26. Location of the greatest on Mises stress

purpose of building installations that obtain elec-
tricity from watercourses is to increase the amount
of energy obtained from renewable sources. This
is particularly important in countries such as Po-
land, where there is no potential for the develop-
ment of hydropower.

Project scope

The scope included the selection of the loca-
tion where it would be possible to obtain build-
ing permits, and then in order: design execution,
installation assembly, commissioning and testing,
commissioning and operation monitoring.

The location chosen for the project is a place
where another power plant with a different design
previously operated. In such a place, it is easier to
obtain a building permit, which is further facili-
tated by the fact that there is a water threshold in
this place, which is a remnant of the mill.

The design, assembly, commissioning and
testing were supervised by the construction com-
pany Prorys. The construction part was completed
in December 2020. The execution and installation
were completed in June 2021. After the start-ups,
a decision was made to modify the power plant
and expand it with a gearbox. This solution also al-
lowed for the use of a commercial generator, which

allowed for rational use of the power generated by
the rotor. At the beginning of December 2021, the
unit was modified and put into operation.

Monitoring of the power plant provided in-
formation on the average water flow through the
turbine, which amounted to 2.4 m%/s, and the level
of annual average production, which amounted to
150 MWh (megawatt hours). The above param-
eters were achieved with a water accumulation of
1.9 m of liquid column.

Cost-benefit analysis

The cost of the construction part was less than
100 thousand PLN. The modernization of the riv-
er course, automation and electrical connections
slightly exceeded the value of 100 thousand PLN.
The whole cost the investor over 200 thousand
PLN (this information was obtained). The inves-
tor also shared information that the monthly profit
from the power plant is 5-6 thousand PLN, which
means that the entire investment will pay for itself
in 4-5 years of continuous operation, and then it
will generate profits.

The benefits of power plants are, of course,
financial benefits for the investor, but also an in-
crease in the share of renewable electricity sourc-
es in the energy sector, which is a huge benefit
for society. In addition, such energy is cheap and
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clean (no pollutant emissions occur during pro-
cessing), and as it is classified as a renewable
source, it increases energy security and ensures
the stability of energy supply to places with lim-
ited access to other sources.

Risk analysis

The problems that arose in connection with
the construction of the power plant were primar-
ily the difficulties caused by the need to build a
dam. At high water level, free flow is restricted.
The construction and operation of the power plant
required the damming of water, which has certain
consequences not only for the surrounding flora
and fauna, but also for people who have summer
houses nearby. The surrounding areas have been
flooded, which is particularly noticeable when the
water level in the river rises.

The threat posed by the power plant to fish
and birds was eliminated at the design stage by
using WEMA screens.

CONCLUSIONS

Numerical calculations were carried out and
the results were presented, focusing on three
main areas: Von Mises stresses, displacements
and the factor of safety. The results obtained in
all three areas were in line with the assumptions
and did not exceed the permissible values, which
proves that the solutions were properly selected
at the stage of designing the power plant and that
there was no need to make any structural chang-
es. The most loaded segment of the installation,
which was selected by means of analytical cal-
culations, i.e. the segment that is the weakest
link, due to the fact that it is more (or even much
more) loaded than the others, was subjected to
numerical analysis.
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