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Abstract — This study investigates the hydraulic conditions of the tailrace channel at the
Perehonivka mini hydropower plant (HPP) in Ukraine using 2D computer modelling with
HEC-RAS 6.6. Hydropower facilities, while essential for renewable energy generation and
water regulation, can experience negative hydraulic effects that compromise equipment
performance, structural integrity, and environmental stability. The Perehonivka HPP,
initially constructed in the 1950s and reconstructed in 2014, was analyzed under two flow
scenarios: regular turbine operation (4.6 m*/s) and combined turbine and spillway operation
during a 5% probability flood event (397 m?/s). The simulation results revealed subcritical
flow under normal operation, but excessive velocity values that may cause erosion in the inlet
canal. During flood events, water overflowed the canals and exceeded the designed hydraulic
capacity, highlighting risks of structural damage and flooding. These results emphasize the
importance of modern hydraulic modelling in the design and reconstruction of HPPs to
ensure operational efficiency and minimize environmental and structural risks. The study
supports the need for updated infrastructure designs aligned with current flood probability
standards.
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Nomenclature

a1, 02 velocity weighting coefficients at the first and second cross-sections respectively -
Z1,Z>  elevation of the main channel at the first and second cross-sections respectively m

Y1, Y2  depth of water at the first and second cross-sections respectively m

he energy head loss m

g gravitational acceleration ms™
u,v the velocities in the Cartesian directions ms~!
Wt the horizontal eddy viscosity coefficient kgsm™2
ct the bottom friction coefficient -

R the hydraulic radius m

f Coriolis parameter Rads™
0 flow rate m3s™!
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1. INTRODUCTION

Hydropower engineering is one of the most widespread sources of renewable energy in the
world, which not only generates clean electricity but also plays an important role in the
regulation and reliable operation of the country’s energy system. Today, a large number of
hydroelectric power plants are being designed, built, and operated around the globe, varying
in capacity, head, composition, and layout of structures and equipment, etc. [1]. Moreover,
such plants are being hybridised with solar or wind power plants in different countries [2],
and Ukraine is not an exception.

Regardless of whether the HPP is hybridised or not, the construction, operation, and
reconstruction of hydropower plants are accompanied by the formation of various hydraulic
processes and regimes in the head race and tailrace, which can have a negative impact on the
operation of hydropower equipment, the condition of structures, their elements, and the
environment [3]—[5]. Under typical operating conditions of the HPP, the flow in the tailrace
is largely calm. Provided the tailrace bed is flat, no notable hydraulic disturbances are
observed downstream of the HPP structure, except for the potential development of a surface
roller (Fig 1a). However, if the depth of the tailrace is close to the critical depth, a wave-like
free-surface occurs there (Fig. 1b), which can cause overflows through the canal top,
destruction of bank anchorage, erosion of the channel bottom, etc. [6]. Such unstable
hydraulic processes can occur during the synchronous and asynchronous emergency
shutdowns of the plants [7] and can cause displacements and deformations of hydraulic
structures, mechanical stress, and potential damage to penstocks and turbines. For example,
at the Myhiyivska small hydropower plant, it was necessary to reduce the operating capacity
due to the increased vibration of hydro turbines caused by the formation of vortices in the
forebay [8].

A special period of HPP operation is the period of flood or high water when a flow carrying
a significant amount of excess energy is discharged into the tailrace of the HPP, which can
cause damage to structural elements, bottom erosion and shoreline of the tailrace canal and
natural channel [9].

b)

Fig. 1. Possible hydraulic regimes in the tailrace of hydropower plants: a) — hydraulic regime in the tailrace with free-
surface roller, b) — hydraulic regime in the tailrace with wave-like free-surface.
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Thus, the correct design of the inlet and outlet canals of hydropower plants, spillways,
hydraulic constructions, or other elements of hydropower plants can have a positive impact
not only on the operation of hydropower plants, electricity generation, and the condition of
structures but also have a minimal impact on the environment.

To increase the efficiency of hydropower plants, it is important to apply rational layouts of
hydropower plant buildings, which are often either adopted in accordance with analogies of
existing structures or by means of hydraulic calculations and modelling. Although hydraulic
calculations are kept to a minimum in the first case compared to the second or third, modelling
can help to understand hydraulic processes and their impact on the structure, plant operation,
and the environment much better.

The most commonly used hydraulic modelling for the construction and operation of
hydropower plants is either physical modelling or computer modelling. Despite all the
advantages of physical modelling, computer modelling is now widely used to solve many
problems related to the design, construction, operation, and reconstruction of hydropower
plants and hydraulic structures. The article focuses on the computer simulation of the
hydraulic conditions in the tailrace channel of the Perehonivka mini hydropower plant during
turbine operation and during flood passage. In this study, hydraulic 2D flow modelling was
performed by means of Hydrologic Engineering Center’s River Analysis System (HEC-RAS)
[10]. The streamlines, velocity values and possible flood areas were determined and analyzed.

Given the complexity of hydraulic phenomena around hydropower structures — especially
during high-flow events — modern modelling techniques are increasingly essential for
diagnosing and mitigating design limitations. This study offers a novel application of 2D
hydraulic modelling using HEC-RAS to evaluate the hydraulic performance of the
reconstructed Perehonivka mini hydropower plant during both normal turbine operation and
extreme flood scenarios. Unlike many conventional designs based on outdated assumptions
or minimal hydraulic analysis, this approach provides detailed spatial insights into flow
velocity, depth distribution, and critical overflow zones. The results not only illustrate the
hydraulic vulnerabilities of the historical design but also validate the effectiveness of recent
structural upgrades aimed at increasing flood resilience. The methodology and findings
contribute new practical knowledge applicable to the assessment and modernization of similar
small hydropower facilities, particularly in regions with aging infrastructure and evolving
hydrological risks.

2. METHODS AND METHODOLOGY

2.1. Study Area

There are many small hydropower plants in Ukraine that need to be reconstructed [11]. The
study area is the Perehonivka mini-hydropower plant on river Yatran as seen in Fig. 2. It was
built in the 1950s but was closed for almost 40 years. In 2014 it was reconstructed and put
again into operation [12]. Reconstruction of Perehonivka mini hydropower plant included
upgrading the hydraulic structures that make up the hydroelectric complex (earthen dam,
concrete spillway dam, inlet and outlet canals, and powerhouse) (Fig. 2 and Fig. 3), selection
of modern hydropower equipment, minimization of harmful effects on the river fish fauna,
protection of the adjacent territory and the Perehonivka village from flooding by the Yatran
River.
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Fig. 3. Scheme of Perehonivka mini hydropower plant: 1 — water spillway, 2 — earth dam, 3 — power house, 4 — inlet canal,
5 — outlet canal, 6 — road.

2.2. Hydrological Data

The Yatran River is a right tributary of the Syniukha River (Southern Buh River basin)
[13]-[14]. It flows into the Syniukha River at a distance of 67 km from the mouth, at an
altitude of 87.2 meters above sea level. The length of the Yatran River basin reaches 70 km,
its average width is 31 km, and it stretches from northwest to southeast (Fig.4). The
catchment area at the mouth is 2170 square kilometers and 107 km long, while the catchment
area in the location of the mini hydropower plant to be reconstructed is 1615 square
kilometers. The average long-term flow rate is 3.07 m?/s. It needs to be mentioned that the
river basin is subject to high storm activity: the average annual rainfall is 633 mm [13]. The
maximum values of flow rates have reached 840 m%/c as depicted in Fig. 5.
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Fig. 5. Flow rate of floods in the location of Perehonivka HPP.

Fig. 4 shows the decreasing flood flow rate value after building the Perehonivka mini HPP.
However, floods with large values of flow rate continue to occur. According to many studies
[15]-[17], there is still a risk of overflowing in the event of floods of 20, 50, 100, and 200-year
frequency in the rivers, which can lead to the formation of different negative hydraulic
processes, damage to the hydraulic structure, and overflooding adjacent area. As an example
of studying the possible hydraulic regimes during the flood period, the old structure
composition of Perehonivka HPP was considered and used for hydraulic modelling in HEC-
RAS.
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2.3. Method of Hydraulic Processes Modelling

Simulation of hydraulic processes and regimes that can occur during the operation of mini
hydropower plants, including flood periods, was performed by using open software
HEC-RAS 6.6. This software is basically used for hydraulic and hydrologic analysis, such as
simulating river flow, floodplain management, and designing flood protection infrastructure.
Moreover, HEC-RAS has recommended itself well for determining hydraulic regimes during
hydraulic structure operation. It performs flow analysis using different equations, the main of
which are [18]:

— Energy equation, Eq. (1):

ZZ+Y2+&:Zl+YI+&+he, (1)
2g 2g

where

Zi, Z, elevation of the main channel at the first and second cross-sections respectively;

Y1, Y»  the depth of water at the first and second cross-sections respectively;

Vi, V> average velocities at the first and second cross-sections respectively;

a1, o2 at the first and second cross-sections respectively;

g gravitational acceleration;
he energy head loss.
— Shallow water equations, Eq. (2) and Eq. (3):
2 2

6_u+u6_u+v6_u:_g6_H v,[a—zl+a—l;j—c/u+fv, )
ot ox Oy Ox ox° Oy
ov ov, dv_  0H [ 0% 62\1]
—tU—F+V—=—g—+V| 5+ | v+ fu, 3)
ot Ox Oy Ox ox” Oy

where

u and v the velocities in the Cartesian directions;

Vt the horizontal eddy viscosity coefficient;

cr the bottom friction coefficient;

R the hydraulic radius;

f the Coriolis parameter.

To perform a 2D analysis of hydraulic processes in HEC-RAS, the information on
topography with hydraulic structures and on water flow rates through the turbine and water
spillway was used.

3. RESULTS AND DISCUSSION

To reach the purpose of this article, two variants of hydraulic regimes simulation during
Perehonivka hydropower plant operation were carried out: during turbine operation with a
flow rate — 4.6 m®/s and during spillway and turbine operation with a total flood flow rate of
5 % probability — 397 m?/s.

As a result of modeling the data, the main parameters as velocities and depths in the head
race in the tailrace were received (Figs. 6-9).

The results and figures of modelling show that during turbine operation in head race and
tailrace the subcritical flow occurs that is common for such operation and corresponds to the
designed hydraulic regime. However, the velocity values in the inlet canal exceed the
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allowable values [19]. Such values can cause erosion of the canal and lead to hydropower
plant inoperability.

Fig. 6. Velocities values of modelling during turbine operation with O = 4.6 m%/s.

Fig. 7 and Fig. 9 show that during flood flow rate passage, the values of velocities and depth
increased in both head and tailraces. Moreover, the water overflows the inlet and outlet canals,
and the water spillway can barely cope with the passage of flood water. That means that the
hydraulic regimes which occurred did not correspond to the design regimes. Moreover, taking
into account the hydrograph of the flood flow rate of floods (Fig. 5), such unpredictable
hydraulic regimes that caused different damages to hydraulic structures and their elements
during floods might have been one of the reasons for closing Perehonivka HPP in the past.

According to standards and normative documentation, the old HPP was designed to pass
the maximum flow rate with a 5 % probability, which is 397 m*/s. However, in accordance
with the current legislation, the structures must be designed to pass the maximum flow rate
with a 3 % probability [20], when the flow rate is 420 m3/s. Therefore, in the project of
Perehonivka HPP reconstruction to increase the capacity of the hydroelectric facility during
floods, an overflow wall of the flume with an elevation of +116.80 m was designed, which
would increase the flow capacity. When the water level in the water reservoir exceeds the
elevation of +117.60 m, water flows to the floodplains, with the water level in front of the
hydraulic structures being +118.00 m.

Modelling the hydraulic regimes during turbine operation and spillway and turbine
operation, the streamlines and velocity directions are also shown. It helps to predict the places
of geomorphological changes in the river bottom and banks. Sometimes, places of bottom
erosion can occur near the dam or spillways, which may lead to a loss of structure stability.
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Fig. 8. Depth values of modelling during turbine operation with Q = 4.6 m’/s.

320



Environmental and Climate Technologies

2025/29

L — |

Fig. 9. Depth values of modelling during turbine and spillway operation with Q =397 m%s.

4. CONCLUSION

During the operation of hydropower plants and hydraulic constructions, different hydraulic
regimes can occur that can cause unstable operation of hydraulic equipment and damage to
hydraulic constructions. Therefore, it is important to predict possible hydraulic regimes and
processes in the head and tailraces by conducting hydraulic calculations and hydraulic or
computer modelling.

The study highlights the importance of detailed hydraulic modelling in evaluating and
improving small hydropower plants' operational safety and efficiency. Using HEC-RAS 2D
simulations, two key operational scenarios at the Perehonivka mini hydropower plant were
analyzed — normal turbine operation and flood flow conditions. The results demonstrated that
while the current system handles turbine operation under normal flow rates effectively, it
becomes highly stressed during flood events, with water levels exceeding the canal banks and
potential overflow beyond the design limits.

The analysis revealed that the previous infrastructure could not safely accommodate
extreme flood discharges, which may have contributed to historical operational shutdowns.
The modelling also showed that critical flow velocities in the inlet canal during normal
operation could lead to erosion risks, emphasizing the need for reinforcement or redesign of
certain hydraulic structures.

To mitigate these risks and improve resilience, the reconstruction project incorporated an
overflow wall and floodplain usage to increase discharge capacity. These findings underscore
the critical role of hydraulic modelling not only for design validation but also for anticipating
failure modes and informing future upgrades. Ultimately, incorporating modern modelling
tools in the design and rehabilitation of hydropower plants ensures both environmental safety
and energy system reliability.
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