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Abstract: Dam and powerhouse operation sustainability is a major concern from the hydraulic
engineering perspective. Powerhouse operation is one of the main sources of vibrations in the dam
structure and hydropower plant; thus, the evaluation of turbine performance at different water
pressures is important for determining the sustainability of the dam body. Draft tube turbines
run under high pressure and suffer from connection problems, such as vibrations and pressure
fluctuation. Reducing the pressure fluctuation and minimizing the principal stress caused by
undesired components of water in the draft tube turbine are ongoing problems that must be resolved.
Here, we conducted a comprehensive review of studies performed on dams, powerhouses, and turbine
vibration, focusing on the vibration of two turbine units: Kaplan and Francis turbine units. The survey
covered several aspects of dam types (e.g., rock and concrete dams), powerhouse analysis, turbine
vibrations, and the relationship between dam and hydropower plant sustainability and operation.
The current review covers the related research on the fluid mechanism in turbine units of hydropower
plants, providing a perspective on better control of vibrations. Thus, the risks and failures can
be better managed and reduced, which in turn will reduce hydropower plant operation costs and
simultaneously increase the economical sustainability. Several research gaps were found, and the
literature was assessed to provide more insightful details on the studies surveyed. Numerous future
research directions are recommended.

Keywords: dam sustainability; hydropower plant; Kaplan turbine; Francis turbine; kinetic energy;
vibration effect
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1. Introduction

Dams are important hydraulic structures built across rivers to store excess water in their reservoirs
for various purposes. Dams are classified based on different criteria, such as the materials used for its
construction (e.g., embankment, masonry, or concrete dams); other forms of classification are based
on the main structure of the dam and the appurtenances of the dam. This classification considers
the importance of conduits, spillway, and the powerhouse of the dam. According to Zhang et al. [1],
embankment dams account for about 72% of dams worldwide. Bosshard [2] indicated that more than
80% of the dams constructed in China and about 73% of dams constructed in Québec, Canada are
embankment dams. Most of the previous dam incidents and failures were related to embankment
dams, as many of the embankment dams are constructed using non-plastic or very low plasticity
silt–sand–gravel, so they suffer from internal erosion, such as sinkholes, increased leakages, global
backward erosion, suffusion, and internal instability [3]. Although internal erosion and piping due
to seepage are the main causes of embankment dam failures, other reasons for embankment failures,
such as overtopping due to extreme flood, shear slide, foundation issues, and seismic activity, should
be considered [1].

In the late 19th-century, the hydro-turbine was introduced for producing electricity, which was
constructed on Fox River in Appleton, Wisconsin, revolutionizing energy technology [4], marking
the birth of hydropower technology. Exploiting hydropower has fewer environmental impacts
than fossil-fuel-derived energy and simultaneously produces clean energy. However, studies have
found that dam has led to the deterioration of water quality, soil erosion, spreading of snail-borne
disease, endangering fish and animals, affecting agricultural land, landslides, uprooting millions of
people, damaging infrastructure, sedimentation, and damaging the livelihood and environment [5–7].
According to Lejeune and Hui [8], 86.31% of renewable worldwide-generated energy until 2008 (about
3247.3 TWH) was generated by hydropower. Despite being the largest contributor to clean energy,
hydropower suffers from numerous constructional, operational, and maintenance issues, with the
biggest issues being those related to turbines and their components. Hydro-turbines can be categorized
into two types: reaction turbines (Francis and Kaplan types) and impulse turbines (Pelton type).
The classification is important to identify the failures experienced by the type of turbine. The most
common problems are cavitation, erosion, fatigue, and material-related faults [9]. However, reaction
turbines mostly fail due to the cavitation problem, whereas impulse-type turbines are more likely to
fail due to erosion [10,11]. The reaction-type turbines are the most commonly used turbines in the
powerhouse as they operate with the submerges wheel and can be operated at a different head.

Hydroelectric power is a clean, renewable, and highly efficient source of electricity with enormous
potential for improvement and expansion. The hydro-plant design is site-specific because the flow
resources at any location are the main factors determining how much energy can be generated from
the water. The two main flow resource parameters for a potential plant’s energy-producing capacity
are the river’s hydrostatic head and its flow rate. The variability of sites has resulted in plants that
generate less than 5 kW of power to the 22.5 GW of the Three Gorges Dam in China [12]. This specificity
provides a unique challenge for the engineers of each hydropower project.

Dams are mainly built to establish a head difference between the elevation of the water surface in
the upper section of the dam (headrace) and the water surface downstream river of the dam (tailrace).
The penstock, which is composed of tunnels or pipes, guides the water current to the turbine structure.
The hydro-turbine is a machine-driven device that rotates due to the energy derived from the water
flow. The mechanical energy of the water flow is transformed into electrical energy by an electric
generator; the rotation of the electric generator is facilitated by a shaft that is connected to the gyrating
turbine. As the water flow leaves the turbine, it is collected by the draft tube (a diffuser) and transferred
downside of the river. Turbines are designed and selected according to the principle of energy
transformation, available water head, specific speed of the turbine, and water quantity accessible for
exploitation [13]. The stability of the dam and powerhouse is influenced by the vibration generated
from the turbine operation. More detailed information about turbines are discussed later [13].
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Several environmental factors such as earthquakes, which maintain dams in harmonic motion,
add to the stress produced from dam powerhouse operational vibration. They also affect the stability of
dams and often require a dynamic reaction to determine the acceleration, stresses, deformation due to
seismic load [14]. Reducing such vibrational influence on dams is important to increase their stability.
With the evolution of computer performance and development of programs that are specialized in
modeling the influence of dynamic forces on structures, studies simulating the vibrational effects on
dam bodies have increased the safety of these dams.

Civil engineers study the seismic effect on dam bodies to determine their dynamic behaviors.
Two-dimensional (2D) numerical models that simulate the dynamic behavior of dam bodies were
developed [15–17], followed by three-dimensional (3D) numerical models which certainly seem more
applicable than 2D models as the structural behavior of dams is 3D in nature. In addition to that,
dynamic acceleration is more sensitive to boundary conditions, thus difficult to be calculated accurately
by the 2D model [14]. Similarly, other behaviors like embankment and stresses are more likely to be
better analyzed by 3D models. Thus, it can be concluded that 3D models are more accurate than 2D
models for the same purpose [18,19]. Mechanical engineers have examined the effect of vibration
generated from the hydraulic turbines to determine their performance through the operational process
and their hydraulic performance due to the operation of the powerhouse. Other studies [20–22]
investigated and modeled the circulation of pressure in the turbine draft tube. A need remains to
evaluate the influence of powerhouse-operation-related vibrational effects on the dam body; such
studies must consider the dam, turbine, and powerhouse types. Modeling hydraulic performance
and dynamic behaviors of embankment dams is important to improve dam safety during operation.
However, this research area still lacks investigations on the effects of both seismic and vibration on the
dam body due to powerhouse operation.

Vibration can cause problems in many mechanical and civil engineering projects; for example,
wind load, earthquake, and water wave loading can cause vibration in many hydraulic structures
such as bridges, gates of lock navigations, dams, and hydropower plants. The main objective of this
study is to comprehensively review and assess the research conducted on powerhouse plants, turbines,
and dam bodies from the standpoint of hydrostatic and fluid mechanic theories. This review provides
insightful information on the improvement of dam safety and the protection of dams from the effects
of both seismic and vibrational damage due to powerhouse operation.

2. Dam Classification

Dams have been classified into different types, but no clear and limited determinations and
classifications exist that include several criteria based on their function, form, size, and selection
of construction material. We discussed the vibrational effects on each type of dam, powerhouse
component and facilities, and turbine.

The construction of dams requires consideration of several factors, as well as the participation of
technical teams from various disciplines, such as structural, geotechnical, hydraulic and hydrological,
and environmental engineering. During the construction of dams, the preliminary design must provide
water storage and structural stability against overturning, sliding, and minimal seepage from the dams’
foundation [23,24].

Dams play an enormous role in the development of societies. Dams are essential infrastructures
contributing to prosperity and social development. Dams are built for several purposes: water
supply, irrigation, flood control, hydropower, and recreation [25]. Dam failures are low-probability
but high-loss events (financial loss and loss of life). Floods due to dam failures can be disastrous,
threatening life and assets, especially when situated in urbanized areas. Hence, dam engineers
have formulated with new methods of designing, constructing, and operating dams to ensure their
safety [26]. The danger posed by most existing dams to downhill areas is still a serious concern, as
many factors pose hazards, such as inadequate design, structural deterioration, poor operation, faulty
construction, and poor maintenance [27].



Sustainability 2020, 12, 1676 4 of 40

Based on the structure and materials used in construction, dams can be categorized into several types,
such as earth-fill, rock-fill, concrete, or masonry, which rely on gravity, arches, or buttress resistance [28].
Some dams are even constructed with a combination of different structures or materials. Earth-fill or
rock-fill dams are called embankment dams. They can be constructed on several foundations, starting
from weak deposits to strong rocks. The several components of a dam project include the structure
for water retention (the dam), structure for water release (the spillway), structure for water conveyance
(the conduit), and structure for the generation of hydropower generation (the power plants).

2.1. Embankment Dams

Embankment dams are constructed using excavated materials or materials sourced from another
dam site [24]. These materials are arranged and compacted in layers without using any binding agent.
The two main types of embankment dams normally built are earth-fill and rock-fill dams.

2.1.1. Earth-Fill Dams

This is the most economical type of dam where the locally available materials are used for the
construction of the dam or if the underlying foundation is weak. These dams are mainly built from
selected engineering soils that have been uniformly and intensively compacted within the thin layers
and at a predetermined moisture content. Earth-filled dams efficiently resist forces exerted through
main shear strength of soil [29]. Figure 1 depicts an example of an earth-fill embankment dam.
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Figure 1. Cross-sectional view of earth-fill dam [30].

2.1.2. Rock-Fill Dam

Rock-fill dam design mainly includes crushed coarse-grained graves and an impervious layer
of a slender concrete or compacted earth-fill. Figure 2 provides an example of a rock-fill dam with
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composition, rock foundation, and other basic components. The frictional forces between each piece of
gravel confer stability to rock-fill dams, ensuring dam resistance to sliding failure during earthquakes.Sustainability 2020, 12, x FOR PEER REVIEW 5 of 44 

 

Figure 2. Diagram of concrete faced rock-fill dam [31]. The interior section can be divided into three 
zones: (1) Zone I, anti-seepage strengthening zone; (2) Zone II, cushion zone/second anti-seepage 
defense; and (3) Zone III, main embankment rock fill mass. 

2.2. Concrete Dams 

The mass construction of concrete dams began in about 1900 due to the ease of their construction 
and concrete’s suitability for complex designs such as spillways or powerhouse inside the dam body 
[32]. From 1950 onward, mass concrete was strengthened with the aid of further substances like slag 
or pulverized gas ash to decrease temperature-induced problems or preclude cracking and decrease 
project costs. Many types of concrete dams are described and classified based on their shape as 
described below. 

2.2.1. Gravity Dams 

The stability of a gravity dam is a function of its mass. Although gravity dams are triangular, 
they are modified on the top for useful purposes and some are curved with the curvature facing 
upstream. These curves are mainly incorporated in the designs of these dams for both aesthetic and 
other reasons such as increased stability of the dam. A gravity dam can resist forces due to its own 
weight; the design ensures the stability and independence of each dam block [33]. Figure 3 presents 
the section and stability analysis during the uplift of the base due to flood or seepage when the 
upstream value becomes equivalent to the pressure exerted by the maximum water level. Uplift is 
the vertical force of water seeping below a dam. The pressure diagram becomes trapezoidal, as shown 
by the dotted line if no cut-off is provided in the base of the dam and at the downstream toe. 
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zones: (1) Zone I, anti-seepage strengthening zone; (2) Zone II, cushion zone/second anti-seepage
defense; and (3) Zone III, main embankment rock fill mass.

2.2. Concrete Dams

The mass construction of concrete dams began in about 1900 due to the ease of their construction
and concrete’s suitability for complex designs such as spillways or powerhouse inside the dam
body [32]. From 1950 onward, mass concrete was strengthened with the aid of further substances
like slag or pulverized gas ash to decrease temperature-induced problems or preclude cracking and
decrease project costs. Many types of concrete dams are described and classified based on their shape
as described below.

2.2.1. Gravity Dams

The stability of a gravity dam is a function of its mass. Although gravity dams are triangular, they
are modified on the top for useful purposes and some are curved with the curvature facing upstream.
These curves are mainly incorporated in the designs of these dams for both aesthetic and other reasons
such as increased stability of the dam. A gravity dam can resist forces due to its own weight; the
design ensures the stability and independence of each dam block [33]. Figure 3 presents the section
and stability analysis during the uplift of the base due to flood or seepage when the upstream value
becomes equivalent to the pressure exerted by the maximum water level. Uplift is the vertical force of
water seeping below a dam. The pressure diagram becomes trapezoidal, as shown by the dotted line if
no cut-off is provided in the base of the dam and at the downstream toe.

2.2.2. Buttress Dams

Buttress dams consist of a steady upward face supported at normal intervals using buttress
partitions on the downstream part (Figure 4). These dams are lighter than the other dams; however,
they are likely to produce larger stresses at the foundation [35]. The wall of the dam may be curved or
flat and the hydrostatic pressure is transferred to the foundation via the slab.
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2.2.3. Arch Dams

These dams, as shown in Figure 5, are built with large upstream curvatures; they rely on the
arching action on the abutments and pass a significant portion of their water load to the river valley
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walls. They are structurally more efficient compared with gravity dams and commonly require less
volume of concrete during construction. They resist the imposed forces by a combination of arch and
cantilever actions [37].
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2.3. Classification Based on Dam Size

There are numerous dams constructed around the world and each has unique features.
When constructing a dam, various factors such as discharge, geological and hydrological conditions,
terrain and river basin pre-processing information are considered which make their classification much
more difficult [39,40]. However, many studies have considered categorizing them by size. The class of
the scale can be determined by the height or storage of the dam. The height and storage of a dam are
classified with respect to its potential maximum storage capacity, which is measured from dam toe
of the natural streambed to the highest water storage elevation i.e., crest. The classification based on
the size has been defined by many ways such as hazard potential, height, storage volumes [41–44].
To determine the size category of a dam, the highest water storage elevation must be considered as the
height above the streambed, as outlined in Table 1.

Table 1. Dam classification based on dam size.

Category Storage (106 m3) Height (m)

Small < 1.23 < 12.19
Medium ≥ 1.23 and ≤ 61.67 ≥ 12.19 and ≤ 30.48

Large ≥ 61.67 > 30.48

2.4. Classification Based on Construction Material Rigidity

Dams can be classified as rigid dams when they are constructed using stiff materials such
as masonry [45], steel [46], concrete [47], rubber [48], and timber [49]. Non-rigid dams are dams
constructed from relatively less stiff materials and can easily be deformed when exposed to water
effects and other forces. Dams built with rock or earth fill are non-rigid dams [50]; they are associated
with large deformations and settlements. Sometimes, rock-fill dams are classified as semi-rigid dams
because they are neither fully rigid nor fully non-rigid.
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2.5. Classification Based on Vibration Effect

Based on the vibration effects on dams, a new classification was required to show the vibration
effect on each type of dam and to reduce this phenomenon by constructing a suitable model to analyze
the danger of vibration on each type. Here, a new classification can be recognized based on the
vibration effect on dams. The most commonly employed tests are forced vibration testing and ambient
vibration testing [51,52].

2.5.1. Embankment Dams (Large, Medium, Small)

Embankment dams are classified according to the constituent materials of the dam body that can
be adversely affected by vibration, dam size, and its location, as well as the acting forces [53]. It should
be noted that seismic excitation consists of a broad spectrum of frequency, random, and transient in
nature. The design and geometry can amplify the frequency and increase acceleration during the
seismic event. However, seismic displacement and shear strain are found to be less sensitive to the
vibrational changes [54]. The non-linear material behavior of the 3D geometry of the rockfill dam and
asynchronous base excitation due to earthquake can affect the magnitude of ‘whip-lash’ effect [55].

The seismic design of these dams depends on the techniques applied, dam geometry, dynamic
interaction of the fluid, and solid phases inside the dam structure. By considering acceleration and
displacement, failures can be examined, and necessary modification can be done [56]. Thus, studies
which focuses on the natural frequencies, modal shapes, steady-state-response, non-linearity of material,
the seismic and harmonic response on embankment dam should be considered [57]. The vibration
can be analyzed by making 2D or 3D models of the dam–foundation–reservoir system based on its
components and the existing foundation with the reservoir, considering the dam size and location.
Studying the vibration influence on dams is considered a supplement to the study of dam stability.
The design standards of the dam components and the limits for variables such as stress, strain,
deflection, and deformation must be known; 2D or 3D numerical model results must be compared
with the measured data acquired from the dam site.

2.5.2. Concrete Dams (Large, Medium, Small)

These dams are classified based on their shapes (arch dam) and the connections between the
parts of the dam body (gravity and buttress dams). These dams are affected by strong vibrations.
To analyze the influence of vibration on these dams, knowing the constituent materials of the dam
and the foundation properties is essential, so a suitable model can be constructed to determine the
connections between the concrete parts of the dam body and the foundation. Hence, discrete-time
Fourier transform, Wiener transform, wavelet transform, and Hilbert–Huang method can be used
for static structural health monitoring [58,59]. The results of the model must be compared with the
standard limitations of stress, strain, deflection, and deformation shape. In addition to the requirements
for the dam, the location of cracks in the concrete must be determined and tested to ensure acceptability
with respect to the dam location (if located within earthquake-prone zones) and the stability of the
dam. The dynamic behavior of the dam should be assessed and for calibrating mathematical as well as
2D/3D models to measure damping ratio, modal shapes, resonant and seismic frequency [60].

2.5.3. Composite Dam

This type consists of concrete parts that mostly include the important components of the dam
(the powerhouse and the spillway). This type of dam combines the characteristics of soil and concrete
dams, so models must consider the existence of the powerhouse and the spillway and their influence
on the operation and the different parts in the material (concrete, soil components) must be considered
to produce results that most accurately reflect reality. The soil–concrete interface is affected in great
depth during the seismic event with high peak crest acceleration and the dynamic reaction is also
higher than static reaction [61]. Since composite dams show signs of two or more types of dams, their
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seismic behavior analysis is quite intricate. These dams tend to show different peak acceleration and
amplification ratios at various dam structures. In addition to that, there is an existence of different
phases among the composition of the dam [62]. Due to the unique composition of these dams,
the response to the natural and operational vibrations can vary, as shown in the studies on composite
dams [61,63–67].

3. Powerhouse

In the case of run-off-the-river dams, the potential energy in the flowing water is converted by a
powerhouse into electrical energy [68]. The two factors that determine the annual potential power
output of any hydropower plant are the available head and water discharge [69,70]. In the powerhouse,
the potential energy of the flowing water is converted via a simple concept to a force that turns the
turbine; the turning of the turbine provides the required mechanical energy to power a generator for
electricity generation [12]. Figure 6 outlines the basic components of a hydropower plant.
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3.1. Powerhouse Facilities

Conventional powerhouse plants can be classified into four types of facilities: run-of-river, storage,
pumped storage plants, and micro plant [72,73]. Run-of-river powerhouse plants do not store river
water in a reservoir but allow it to flow through the generating units as it would flow through a river.
Storage plants have a reservoir to allow for more flexible adaptation to electricity demands, whereas
the pumped storage plants have a reservoir but can also operate in reverse through pumping water
back into the reservoir to be stored when demand is higher. The run-of-river plants must adapt to the
variability of inflow conditions on generation; storage plants are not that vulnerable. The increased
control of water by a storage plant results in a greater environmental impact than that caused by
run-of-river plants.

3.1.1. Run-of-River

A run-of-river powerhouse plant transforms the water energy to electrical energy mainly from
the water flow of the river (Figure 7). This type of powerhouse plant may involve some brief period
of storage; however, the production of electrical energy varies depending on the local river flow
conditions, which depends on precipitation and runoff quantity. Run-of-river powerhouse plants
will have more viable generation profiles, especially when situated in small rivers or rivulets that
experience a wide range of flow variations. In run-of-river powerhouses, river water may be diverted
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to a pipeline or channel (penstock) where it is connected to a hydraulic turbine that is joined to an
electricity generator.
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3.1.2. Storage

Powerhouse projects with a reservoir are also defined as storage powerhouses as they can store
water for later use to reduce the dependence of dam performance on the range of influx. Normally,
the location of the powerhouse station is at the dam body or downstream where it is connected via
channels or pipelines to the reservoir. In some cases, the stored water is also used for power generation
for an alternating period of time during the peak load where unused energy can be converted to a
low-cost energy, though it is true only in case of a stored facility at a higher elevation than the power
house [75].

3.1.3. Pumped Storage

A pumped storage plant pumps water from a downstream reservoir to the reservoir instead
of the storage and only is used during peak electric demand. This storage technique utilizes the
gravitational potential energy of water when pumped from a low-level to high-level reservoir as in
run-off-the-river dams, as shown in Figure 8. Off-peak electric power is used for running the pumps,
and water discharge is reversed to generate electrical energy for the daily peak load period.
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3.1.4. Micro Plant

The micro plant is one of the cost-effective energy technologies that mostly is considered for rural
electrification in less developed countries. It is also considered as one of the environment-friendly sources
of energy. The energy power capacity production is limited between (5 to 100 KW). There are different
kinds of micro hydropower plants: micro Francis, micro Pelton, micro Kaplan, bulb, Pit (variation of
bulb turbine), S-Type, Cross-Flow, water wheel, and Archimedes screw [77]. One of these kinds is the
micro plant with a water wheel which is considered environmentally friendly and more cost-effective than
those with reaction turbines. Water wheels of various types had been used in Europe and Asia for some
2000 years, mostly for milling grain [78]. Micro-hydro plants exploit sites with heads of the order of meters
or few tens of meters, and discharges of a few cubic meters per second or less [73].

3.2. Main Components of a Plant

Most plants are dependent on dams that retain water; this water retention results in the existence
of a large water reservoir that is used as storage. The storage can be a part of the dam body or
constructed separately and located downstream of the dam. The essential parts of the dam must be
identified as the dams’ material, the form of the dam, and spillway and powerhouse locations with
types and sizes, quantities, and types of turbines with inlet and outlet locations, length of penstock
and draft tube, and purpose of dam construction.

3.2.1. Intake, Penstock, and Surge Chamber

Water delivery from the penstock to the turbine is controlled by controlling the opening and
closing of the gates or intake structure which controls water movement on the upstream face of the
dam or central part of the tailing dam. Normally, headrace is conducted which transports water from
the river channels to the penstock constructed with the surge tank; a surge tank is used to reduce the
sudden water surge, which can cause harm or increase the stress level on the turbine.
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3.2.2. Turbines

As the flowing water hits the blades of the turbine (connected via a shaft to the generator),
the turbine rotates. With the generator, several configurations are possible (either above or next to
the turbine). The most customary types of turbines used for powerhouse plants are as follows [79]:

(1) Impulse turbines: As shown in Figure 9, these turbines allow water to enter into the casing with a
substantial pressure and pass through where jets of water from a nozzle at a high speed strike
the symmetrically shaped blades fixed to the rotor. The kinetic power of the water is transferred
via momentum to the rotating wheel [80], and the strain is transferred to the inlet and the outlet.
The resulting impulse from the jet helps to rotate the turbine, hence called impulse turbine [81–84].

(2) Reaction turbines: This type of turbine takes water from upstream of the dam and transports
it through the penstock under pressure where the vector sum of impulse and reactive force
together strike the asymmetrical shape blades [85–87]. These turbines are constructed within
the powerhouse that has been installed in different directions depending on the site topography,
the head of water, and the discharge [88]. The types of reaction turbines are classified as Francis
or Kaplan turbines as outlined in Figure 10.
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In a hydraulic turbine, water is channeled from the headrace through the penstock to the turbine
and subsequently released into the tailrace. Then, the water-energy is converted within the turbine
into the mechanical energy of the rotating shaft through the runner. The rotating shaft drives the rotor
of the generator, leading to the transformation of the mechanical energy into electricity that is fed to
the grid. With this arrangement, the runner can exploit all the water-energy components, including
both kinetic and pressure. Several factors determine the selection of a suitable turbine configuration
including the local powerhouse plant situations and their anticipated operating regimes. Kaplan
and Francis turbines are generally designed to suit low and medium heads and higher discharges.
The performance of a turbine is defined by these characteristics for a set of parameters.

One of the issues that affect the performance of a reaction turbine is its draft tube conduct due to
the large draft tube losses at low heads and high flow rates. The major purpose of the draft tube is to
ensure the recovery of some portions of the kinetic energy that leaves the runner as pressure energy.
Hence, the draft tube mainly serves as a diffuser, enabling the placement of the turbine above the tail
water with no head loss; it also helps redirect the flow into the tail water [91,92]. However, describing
the draft tube from the perspective of fluid flow is difficult due to the interaction of numerous complex
flow features. Some of these complex features are tremulousness, turbulence, separation, curvature
streamline, secondary flow, spin, and vortex failure [93,94].

3.2.3. Generators, Transformers, Transmission Lines, and Outlets

The turbine shaft is directly connected to the shaft of the generator; hence, the rotation of the
turbine blades drives the rotor of the generator, leading to electrical current generation from the rotation
of the magnets within the constant coil generator. The continuous rotation of the magnets provides
alternating current (AC), which will be converted by the transformer within the powerhouse into a
higher voltage for onward long-distance transportation via the transmission lines. For feeding the
electrical power to the distribution network, it is first transformed back to a lower voltage. The water
used during power generation (called tailraces) is re-channeled back via pipelines into the river.
The outlet approach may also include spillways through which water can bypass the generation system
and be spilled during flooding or during times of high inflows and reservoir levels.

4. Finite Element Modeling

To analyze the structural vibration and seismic vibration, it is important to understand
the fluid–structure interaction. For the structural safety, the dynamic behavior of the
dam–foundation–reservoir system should be taken into consideration and finite element analysis can
be done [95]. For examining the dynamic behavior of the structure, natural frequency, mode shapes,
and damping ration should be considered which can be determined by the analytical method such as
the finite element model [64]. The finite volume method (FVM) is a discretization technique which uses
the integral form of the transport mass equations, momentum, energy, turbulent quantities, and species.
In this method, the computational domain is first separated into a finite number of cells to which
conservation laws are applied. The key step of FVM is that it ensures conservation of the integration
of transport equations over the control volumes (cells), as depicted in Figure 11. For a passive scalar
quantity, the general transport equation of unsteady flow is expressed in the conservative form [96]:

∂
∂t
(ρφ) +∇ρφ

→

U = ∇Γ∇φ+ Sφ, (1)

where ρ = scalar density, t = time, S = area of surface, φ is the dissipation term, ∇Γ is the heat loss
by conduction.

The left side of the formula indicates the unsteady (temporal) and convective terms and the
right side represents the diffusive and source terms, respectively. This is similar to the Navier–Stokes
equations. By performing volume integration on both sides of the above equation and applying Green’s
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divergence theorem to the volume integrals of the convective and diffusion terms, the following
equation is obtained, which is the skeleton of the FV formulation:

∂
∂t

∫
CV
ρφdV +

∫
CS

→
n

(
ρφ
→

U
)
dS =

∫
CS

→
n .(Γ∇φ)dS +

∫
CV

SφdV, (2)

where this integral form is called the non-conservation form of the governing equation.
The second term on the left-hand side and the first term on the right-hand side of the equation

indicate the convective and diffusive fluxes crossing the cell control surfaces, respectively. The equation
can be interpreted as the flux conservation law; therefore, conservation is satisfied by default in
the FV. This characteristic of the FV makes the method an appropriate choice for fluid flow transport
problems in general and especially for problems involving discontinuities like shock waves where the
flow variables are not differentiable across the discontinuities, but mass, momentum, and energy are
still conserved.

After obtaining the integral form of the transport equation, in the next step of FV, the derivatives
appearing in the integral equation are replaced by some approximate expressions. In this regard,
traditionally, finite difference approximation based on the truncated Taylor series expansion is used,
although other possibilities, such as using shape functions similar to the finite method, can also be
used for this purpose. The latter creates a class of hybrid methods named finite-volume-based finite
element method [97].

By performing the integration over all cells present in the computational domain, finally, a set of
algebraic equations is obtained, which is nonlinear in the case of Navier–Stokes equations. To treat
the nonlinear convective term in the momentum equations and obtain a linear set, usually, some
lagging or linearization techniques (e.g., Newton–Raphson linearization) are employed. The resulting
set of equations can be solved by well-designed efficient solvers, along with speed-up strategies like
multi-grid algorithms and conjugate gradient methods [98,99].
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The method can be applied to the unstructured mesh and, more importantly, can ensure
conservation in all computational cells and, as a result, in the whole domain. FV accuracy directly
depends on the type of schemes used for the spatial and temporal discretization of the terms in the
integral equations. In general, in FVM, the information on the physical quantities of the flow field
(i.e., velocity, pressure, turbulent quantities, etc.) can be stored on faces, grid nodes, or centers [101,102].

4.1. Computational Fluid Dynamics (CFD)

CFD is a comprehensive name for all types of numerical flow analyses, including basic scientific
studies as well as industrial products and process developments. The CFD codes are available in
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commercial packages and are continuously under development. In the CFD codes, the investigated
flow is described by a set of partial differential equations (PDE) that generally cannot be analytically
solved unless considering special circumstances; instead, they are approximated by a discretization
method into a system of algebraic equations that can be solved at discrete locations in space and
time. The common method for this purpose is the FVM. Other available approaches are the finite
difference method (FDM), the finite element method (FEM), and a hybrid control-volume-based finite
element method (CV-FEM) [103]. The main difference between the FVM and the CV-FEM method
is that the pressure gradient and diffusion term in the Navier–Stokes equations are discretized with
shape functions (linear) instead of the different scheme used in the latter technique. In this review,
only the FVM method is described briefly due to the similarities, although both the FVM and CV-FEM
methods have been used in this work (CFX-4 and CFX-5 from ANSYS-Academic engineering simulation
software, are high-performance CFD software tool (Ansys Inc., Canonsburg, PA, USA)) [104,105].

In the FVM, the flow domain is discretized into a finite number of small cells, usually having
hexahedral and/or tetrahedral shapes (structured and unstructured grids, respectively). The governing
equations are integrated over each cell so that the nodal average quantities are conserved within
each cell. A difference scheme is then used to express the surface and volume integrals in terms of
the nodal values. First, the integrals are approximated, then, a difference scheme is used to express
the integral approximations into nodal values. To preserve the accuracy, the order of the integral
approximation must be at least the same order as the difference scheme. Usually, a second-order
accuracy scheme is used to avoid numerical diffusion. Therefore, one algebraic equation is obtained for
each cell in which the average cell value can be calculated from the neighboring nodes. The resulting
system of the algebraic equation is finally solved with an iterative method since the equations usually
are non-linear. Two types of solvers exist (segregated and coupled solvers) depending on how
the pressure–velocity coupling is incorporated into the Navier–Stokes equations from the Poisson
equation [106]. A segregated solver often uses a pressure–velocity correction approach to satisfy
the continuity equation, whereby the pressure and velocities are solved separately. A coupled
solver incorporates the pressure–velocity coupling into the continuity equation by introducing a
pressure redistribution term, whereby the pressure and velocities are solved simultaneously. To avoid
checkerboard oscillations, a staggered grid or a collocated grid with a Rhie–Chow interpolation scheme
is normally employed in both solvers [103,107,108].

4.2. Vibration Effect on Dam Body

The dynamic behavior of gravity dams must be evaluated by analyzing the seismic influence
on the dam considering the interaction effect of the dam–reservoir–foundation system. These
interactions are complicated by many assumptions and factors involved in analyzing the performance
of gravity dams [109]. These factors include the foundation/dam modulus of elasticity ratio,
the dam–reservoir–foundation material damping, and the bottom absorption with reservoir
compressibility. For conducting this analysis, either one or a combination of theoretical analysis, field
testing, and finite element (FE) modeling are normally used.

Studies have found that earthquake vibrations have various effects on dams depending on
dam size, shape, body material, and location from the seismic load. These studies can be further
categorized depending on the development of the programs used to analyze the effect of earthquakes
on dams. Early studies used monitoring charts for various parameters, which were used to determine
the seismic effect on dams [55]. The peak values of these parameters and the theoretical method
(like deterministic differential equation, finite element method, smoothed particle hydrodynamics,
discontinuous deformation analysis, and stochastic methods [110]) were used to evaluate the dynamic
behavior of dams.
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4.3. Earliest Dam Studies

Gazetas and Dakoulas [55] analyzed earth-filled dams and the effects of vibration on a rock-filled
dam with emphasis on the graphs that indicate the effects of vibration due to displacement, accelerations,
as well as shear strain and seismic coefficients. Discussions included the changes in these parameters
with changes in depth, starting from the dam crest. Lastly, a dimensionless graph was used to determine
the upper limits of the parameters.

The variation in the acceleration, displacement, and strain experienced by a dam during an
earthquake can be used to evaluate the maximum acceleration and predominant frequency.

Fenves and Chopra [111] provided a simplified analysis of the response process of the basic
vibrational mode of concrete gravity dam systems by applying two different cases: (1) dams with
rigid foundation rock supports for reservoirs in impounded water and (2) dams with unfilled
reservoirs supported by flexible foundation rocks. The dam model was presented as a single degree of
freedom system with clear depictions of the foundation rock flexibility terms or frequency-dependent
hydrodynamic terms, the maximum deformations due to earthquakes, as well as the equivalent
computable lateral forces. Bouaanani et al. [112] applied a numerical approach based on the technique
developed by Fenves and Chopra [111] to calculate the effects of an earthquake. This numerical approach
considered the hydrodynamic pressure that acts on the rigid gravity dams, suggesting closed-form
formulas for solving the problems related to fluid–dam interaction. The effect of dam–reservoir
interaction is captured by any of these hypotheses:

(1) Specific attributes of the water represent the reservoir mass added to the dam.
(2) The Eulerian approach can be used to describe the dam–reservoir interaction [113]. The employed

variables for this description are (i) displacements in the dam and (ii) pressure and velocity
potential in the water.

(3) The Lagrangian approach can be used to represent the dam–reservoir interaction. In this approach,
the dam–reservoir pattern is expressed as a function of the displacement; some restrictions are
also suggested though with the exclusion of the zero-energy mode [114–116].

4.4. 2D Dam Modeling

When considering the complexity of the geometric of dam–reservoir–foundation, most of the
recent studies analyzed the seismic effect on concrete [15,117,118] and embankment dams [119,120];
2D numerical models for dynamic behaviors were used based on the FE method. Lotfi verified the
seismic effect on gravity dams using the MAP-76 program [121] to construct a 2D FE numerical model
for a pine flat dam [117]. The proposed technique was constructed by separating the model approaches
overtime to find the frequency for the dam and reservoir separately. The maximum principal tensile
and compressive stresses decreased by 2.2% and 1.8%, respectively, by doubling the number of modes
used over the initial case. Two years later, other scholars [118] created a 2D FE numerical model to
analyze the seismic effect on a concrete gravity dam. The mode, shape, and hydrodynamic pressures
of 20 2D FE concrete gravity dam models were analyzed and calculated using ANSYS considering
the dam–reservoir–foundation interactions: (1) fixed-base dams with empty reservoirs, (2) fixed-base
dams with full reservoirs, (3) rock-base dams with empty reservoirs, and (4) rock-base dams with full
reservoirs. The results showed that the hydrodynamic pressure reduced using bedrock foundation
modeling. Wang et al. [122] used ABAQUS software (ABAQUS Inc., Dassault Systèmes Simulia Corp,
Johnston, RI, USA) to generate a 2D FE numerical model that represents a gravity dam and part of
its reservoir. The open boundary condition of the higher-order doubly asymptotic was developed to
capture the remaining areas of the reservoir, which was simplified as the semi-infinite part with a fixed
depth. In addition, the hydrodynamic pressure at the dams’ heel and the horizontal displacement
of the crest under two cases of El Centro ground motion were calculated. The triangular impulse
acceleration represents the development of hydrodynamic pressure evaluation in a semi-infinite
reservoir of fixed depth.
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The optimal shape for concrete gravity dams, coupled with the dam–water–foundation–bed
interaction, was determined using a hybrid meta-heuristic optimization method [15]. A 2D FE numerical
model was proposed by using an APDL (parametric design language) program to represent the dam,
reservoir, and foundation. The model considered the interaction of the dam–reservoir–foundation
system according to the procedure followed by Fenves and Chopra [111]. The numerical results
suggested techniques for gravity dam shape simulation and considered the dam–reservoir–foundation
interaction as an important standard for safety design requirements. Miquel and Bouaanani [123]
applied a 2D FE model using ADINA software (ADINA R&D, Inc., Watertown, MA, USA) to represent
a gravity dam. In their study, a new technique was proposed to investigate the earthquake effect
on gravity dams by modifying the original input acceleration to obtain a new accelerogram that
directly accounts for the fluid–structure interaction effect. The principal stress distribution, frequency,
and crest displacement were evaluated by changing the dam dimensions to identify the dynamic
behavior of the gravity dam. Mehdipour [124] analyzed a 2D FE numerical model using ANSYS
software (Ansys Inc.) to determine the foundation effect on the seismic behavior of a concrete dam
by considering an assumption of a rigid and fixable foundation for dam–foundation interaction [63].
The frequency, stress, hydrodynamic pressure, heal, crest, and toe displacements were estimated at the
beginning (0.005 s) and at the end (7.5 s) of the time to find the change percentage of these parameters.
The dam–fluid interaction was reported to increase with decreasing effective mass and vibrational
frequencies of the dam.

Anastasiadis et al. [125] studied a 2D model analysis method that was implemented with respect
to evaluate the mode shapes of the symmetrical areas of the high rock-filled dam body. MAP-76 [121]
(Amirkabir University of Technology, Tehran, Iran), a special computer program, was applied during
the study. This approach was also implemented on the dam body and the performance-matched to
the direct analysis techniques. Then, the authors commended the accuracy of the method and the
convergence was controlled. A 2D FE model using the FLAC2D program (Itasca Consulting Group, Inc.,
Minneapolis, MN, USA) was used to assess the dynamic behavior of the Renyitan earth-fill dam
based on the Chi-Chi earthquake acceleration records [119]. The displacement, pore water pressure,
and acceleration due to the seismic effect were evaluated to verify the stability of the dam.

The impact of the Iwate Miyagi earthquake (2008) on the Aratozawa rock-fill dam was evaluated
using a 2D FE method [126]. The authors considered the decreases in the stiffness of the dam material
and arching action. The results revealed a total settlement of about 37 cm at the top of the core.
Mouyeaux et al. [127] examined the stability of the earth-fill dam by applying the stochastic FE
method using Monte Carlo simulation and soil properties data. The results showed that characterizing
the variability of the sliding safety factor is possible. Others applied the direct FE method to the
non-linear response of the semi-unbounded dam–water–foundation system using seismic input as
an effective earthquake to model the non-linear mechanisms of concrete dams [128]. Similar studies
were conducted using foundation mass and earthquake input for a concrete dam in one case, and in
another, radiation damping and foundation mass were used as input to design two models (free-field
boundary condition and domain reduction method) based on the FE method. Both models were
found to be competent and accurate for FE modeling [129,130]. Another study tested pore water
pressure in an earth dam to assess the mechanical stability using a 2D random FE method with Monte
Carlo simulation [131]. Sotoudeh et al. [132] evaluated the seismic behavior, demand, and capacity
of concrete dams using incremental dynamic analysis with an FE model. The results showed that
the exceeded probability of the limit-states curves measured at different intensities is a useful tool for
probabilistic framework studies.

4.5. 3D Dam Modeling

The advancements in software development and improvements in computer speed have allowed
scholars to analyze seismic effects and better understand their dynamic performance by applying
realistic 3D FE models rather than 2D models [133]. Hariri-Ardebili and Mirzabozorg [134] investigated



Sustainability 2020, 12, 1676 18 of 40

the effect of four different water levels and the seismic effect on an arch dam’s dynamic behavior. Another
study [33] developed 3D FE models for representing three types (gravity, buttress, and arch dams)
of concrete dams. In both studies, the 3D boundary conditions were clearly defined for the
dam–reservoir–foundation interaction system.

Watanabe et al. [135] used a vibration test on a 3D elastic model to determine the dynamic
behaviors of a fill dam. The authors developed a computer code for simulating the vibration test data
to recognize the fundamental modes and check the validity of the code. According to the topographical
features, the effects on the dynamic behaviors of the dam, the abutment side slopes, and the bed
width of the river were considered to test the extent of the fluctuation of the Eigen frequency (up to
the fourth order) depending on each factor with a number of numerical traces. A dimensionless
Eigen frequency and topographical features relationship diagrams were presented as the results of
the code. In 2007, researchers created a 3D FE model of a rock-fill dam with a central clay core
using IZIIS software (Cyril and Methodius University, Skopje, Republic of North Macedonia) for
calculating the nonlinear dynamic behaviors of the dam considering the Moher–Coulomb failure
criterion. The authors also evaluated the tension cut-off zones, the plastic deformations, and the
stress–shear strain relationship [19]. The results showed that 3D analysis and nonlinear material
treatment of the dam soils are fundamental in the evaluation of the stability of the rock-fill dams.

Dakoulas focused on concrete-faced rock-fill dams and investigated the longitudinal vibration that
causes compressive stresses, causing an opening of a joint in the concrete slab panels [133]. Dakoulas
used a 3D hyperbolic model to estimate dam behavior when exposed to vertical and longitudinal
vibrations. During the investigation, the rocks’ flexibility and the possible dynamic rock fill settlements
were considered. The dynamic settlements’ effect was analyzed and the responses from the upstream
to downstream as well as variations of combinations were compared.

Other research examined the dynamic behavior of rock-fill and concrete dams and verified their
observations via 3D and 2D model comparison [136,137]. In other studies, the model results were
compared with in situ dynamic assessment data. However, the results verification via 2D and 3D
simulation was not considered a valid approach. Additionally, 2D models cannot represent non-linear
and 3D behavior of dams as they represent only one aspect of the dam and cannot predict modes
across valley and estimate efficiently the mode shapes.

Jafari and Davoodi performed dynamic analysis using 2D and 3D models of an embankment
dam in ANSYS (Ansys Inc.). The soil properties were calculated based on in situ dynamic tests.
The effects of water depth, abutments, and foundation on model parameters were investigated along
with the dam–foundation interaction [136]. Yilmazturk et al. [109] analyzed 2D and 3D FE numerical
models that represent an RCC gravity dam by applying the EAGD-84 program (Earthquake analysis of
concrete gravity dams), and the vertical stress, principal stress, maximum displacement, and frequency
parameters were calculated. The 2D and 3D model results were compared to underline the calculated
parameters that were used to evaluate the dynamic behaviors of the gravity dam and the dam should
be tested for seismic safety assessment [109]. Albano et al. [138] constructed 2D and 3D finite-difference
models using FLAC2D and FLAC3D software (Itasca Consulting Group, Inc.) to evaluate the dynamic
behaviors of a bituminous concrete-faced rock fill dam constructed in Italy [138]. The dam height
was 90 m and the embankments were built in a narrow canyon and in an area with high seismic
activity. The validation of the residual displacement numerical model results with a centrifuge test
performed on a small model of the dam proved the rock-fill dam to be stable and that the largest
settlements occur when the reservoir is empty. Deformation was mostly located in the upper third part
of the embankment.

Different degrees of seismic damage due to tension and dynamic performance on roller-compacted
concrete using a quasi 3D FE model were analyzed [139]. The authors concluded that electro-mechanical
impedance based on PTZ (pan–tilt–zoom) sensors (based on the perspective distortion correction
method and also can increase the monitoring range) can detect the seismic damage and the model
can measure the damage level. Another study explored the seismic and structural health of the Baixo
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Sabor dam and Cabril dam in Portugal and modeled them using the 3D FE method [140]. A 2D FE
model was applied [141] to assess the impact of an earthquake on the Sefidrud buttress dam potential
failure zone. The results suggested that dam is safe from another future MCE (maximum considered
event) level earthquake (MCE is the expected event for a specific area where large structures have
been designed such as dams and structural breakdown of the dam can lead to calamitous chain of
events), despite the seepage flow increase in fractures as the there is enough permissible expansion
area between the cracks resisting the damage. A study on a concrete gravity dam on King’s River,
California, used seismic input excitation for constructing a model based on Bayesian non-linear FE and
an advanced non-linear Bayesian filtering method known as the unscented Kalman filter to present the
plain concrete behavior as a 3D non-smooth multi-surface concrete model [142].

4.6. The Vibration of Turbines and Powerhouse

To produce low-cost hydroelectric power in dams, it is essential to focus on the powerhouses.
Hence, the key to finding the effect of turbines operating in the dam body is to detect the hydraulic
characteristics in the reaction turbines [143].

The hydraulic characteristics of Kaplan and Francis turbine units [143] serve as the main engine of
a powerhouse. Kaplan and Francis turbines, which are classified as reaction turbines, are difficult to use
under part-load operation due to pressure oscillation [144–146]. Studies on this topic have presented
solutions to the cavitation problem in draft tubes, the vibration effect in powerhouses caused by the
operating turbine, the maximization of power generation, and the generation of low-cost power [85,89].
Fluid computational tools have rapidly developed in the field of CFD [147–150], enabling robust and
reliable analysis of the flow pattern inside the turbine structure.

Zhang et al. [151] proposed a mathematical model of the hydraulic influence generated under
several load conditions in the draft tube vortex from a theoretical analysis perspective. The study
proceeded by inserting the increasing load transition process into the hydropower vibration model
that was previously established; this non-stable operation condition was also studied in terms of its
dynamic characteristics. The authors observed that the displacement intensification can be several times
greater than the vibration in the vertical direction if the model system is operated stably. Reasonable
and reliable models and methods were provided for dynamic response exploration, fault diagnosis,
and stability investigation for the structures in the hydropower and generating units. Another study
analyzed the vibration characteristics and gyroscopic effects of the hydro-turbine generator by applying
a non-linear mathematical model [152]. The model was able to accurately calculate the influence of
vibration on a turbine. A detailed study [153] was completed on vibrational problems due to the
imbalance within the system. The authors concluded that a safe location exists with different bearing
properties of the turbine rotor on the shaft when tested at different location from left to right of the shaft.

5. Turbine Analysis

5.1. Francis Turbine Modeling

Several studies applied the above-mentioned tools for flow behavior simulation in turbine draft
tubes and for inspecting critical conditions, such as the vibration and vortex rope [146,154]. Pressure
pulsation and the cavitation phenomenon have been studied in Francis hydraulic turbine units; the
latter creating an issue in the functionality of the turbines has been discussed [155,156].

A 3D numerical model was built [157] for the prediction of the vortex rope in the draft tube of a
Francis turbine unit based on two numerical flow analyses (with and without the effects of cavitation).
Similarly, the cavitation turbulent flow under partial load operation was numerically studied in a
Francis turbine using the k-ω (k-omega model which predicts well near boundaries) shear stress
transport turbulence model in the Reynolds-averaged Navier–Stokes equations [22]. Qian et al. [158]
simulated 3D multiphase flows to estimate the pulsation pressure in the runner front, draft tube, guide
vanes, and spiral casing using fast Fourier transform of a Francis turbine. Another study [159] focused
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on the pressure fluctuations and their hydrodynamic effects within the draft tube. Also investigated,
via the simulation and analysis of the transient state turbulence flow in a Francis tube using 3D analysis,
was the basis for the rotor–stator interaction under partial load operation. The flow through a Francis
turbine (vertical) was analyzed under different loads using the 3D Navier–Stokes CFD solver ANSYS
CFX (Ansys Inc.). Luna-Ramírez et al. [160] calculated the pressure on the blades of a 200 MW Francis
hydraulic turbine; the aim was to use CFD to locate the failure on the surface of the blade. Several
studies have analyzed the Francis turbine, focusing more on its computational features [89,161–163].

The pressure pulsation of flow via the duct of a medium-scale hydrodynamic bench with Francis
turbine was analyzed [164]. The authors measured the characteristics of various pulsation regimes of
the Francis turbine. The flow pattern in the Frances turbine was analyzed with the help of high-speed
filming, and the effect of flow pattern on the flow duct was demonstrated by examining the frequency
and intensity of pressure pulsations. Luo et al. [165] analyzed the unsteady multiphase flow in a
Francis turbine and the pressure oscillations in part-load operation. Pressure oscillation was alleviated
using air admission in different cavitation cases to improve numerical accuracy. The results showed
that the pressure oscillation cannot be depressed completely in the vaneless area due to rotor–stator
interaction. Sakamoto et al. [166] predicted the dynamic characteristics of the Francis turbine to
improve the numerical flow accuracy. The authors compared the CFD-simulated velocity fields with
the LDV-measured velocity in the draft tube cone. The modeling was performed for six discharge
values, four partial loads (40%, 60%, 80%, and 90%) of the discharge with the best efficiency point,
and one full load of 110%. The steady Reynolds-averaged Navier–Stokes (RANS) was simulated by
performing the ANSYS CFX solver (Ansys Inc.). Trivedi et al. [167] examined the effect of unstable
pressure fluctuations during steady-state operation in a Francis turbine model. The correlation of
pressure fluctuations between the rotating and stationary components in the turbine unit was the
focus. The pressure data were acquired by installing four, one, and two pressure sensors in the runner,
the vaneless space, and the draft tube, respectively. The results demonstrated that the pressure data
from the vaneless space and the draft tube accurately represent the pattern of the pressure changes
generated in the runner. Yu et al. [168] numerically simulated a Francis turbine with vortex-control
grooves based on the partially averaged Navier–Stokes method. The pattern of the cavitation rope and
the pressure changes under varying operation conditions were investigated based on the outcomes of
the calculation.

Pasche et al. [169] investigated the initiation and propagation of synchronous pressure waves in
Francis turbines. They exploited the energy factor of an azimuthal-temporal Fourier decomposition to
model the 3D numerical flow within the draft tube, which was slightly distressed at the wall and also
identified the synchronous pressure source and the implication region. Trivedi and Dahlhaug [170]
focused on the unsteady flow that causes fluctuations in the high energy stochastic generated in a
highly skewed blade cascade. At the runaway speed where the tangential velocity is dangerously high
with significant energy loss, which can affect the turbine service life, a compound turbine structure was
operated in that region. The time-dependent inception of the vertical rings was also experimentally and
numerically measured in the blade cascade. From the results, accurate pressure pulsations (unsteady),
associated with the wave propagation and reflection, were recorded. Cheng et al. [171] investigated
the strong spinning current which exists between the runner and draft tube of Francis turbine at a part
load condition; this flow can cause a vortex rope within the draft tube. The draft tube flow field was
simulated via a VLES (Very-Large Eddy Simulation) simulation, which is built on the theory of filtration
of large part of fluctuating turbulence and k-epsilon model, as compared with three turbulence models
RANS (Reynolds-averaged Navier–Stokes) where increased filter width beyond the largest length scale
leads to the RANS standard prediction, LES (Large Eddy Simulation) where limited filter width scale
leads to the LES standard prediction, and a hybrid RANS-LES technique. The outcome showed the
capability of the VLES model to successfully decrease the eddy viscosity and velocity in the vortex
rope, thereby reducing the pressure and prolonging the rope compared to the other models.
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5.2. Kaplan Turbine Modeling

The focus of the other studies were Kaplan hydraulic turbine units with respect to the pressure
pulsation within the units and the methods to reduce the cavitation phenomenon problem. Ko and
Kurosawa [172] evaluated the cavitation performance at a specific speed for a 400 MW Kaplan turbine.
They used a finite volume method in conjunction with the Reynolds stress model to explain the
Reynolds-averaged Navier–Stokes equations. The collapse and propagation of cavitation bubbles
were modeled using the modified Rayleigh–Plesset equation. Javadi and Nilsson depended on the
renormalization group k-ε (k-epsilon model which predicts well far from the boundary) turbulence
model combined with the RANS equations to analyze the unsteady turbulent flow in a U9 Kaplan
turbine model [173]. Analyses were performed on the fluctuation of pressure in the draft tube, unsteady
flow behavior, and cohesive flow structures. Another investigation was conducted on the runner
outlet flow of a Francis turbine model using a two-component particle image velocimetry system [174].
The findings proposed a particular shape to provide suitable optical access across the draft tube elbow.
The characteristics of the flow pattern in a Francis turbine runner with a small opening valve using the
RANS equations and the continuity equation were inspected [175]. The 3D unsteady turbulence flow
throughout the entire passage of the turbine was simulated numerically based on the k-ε two-equation
turbulence model using the CFD software ANSYS Fluent (Ansys Inc.). The findings demonstrated
a low-pressure zone around the blades of the runner when the valve was closed, and the velocity
increased throughout the runner area. The effect of hydraulic instabilities on increasing the service life
of Francis and Kaplan turbines was determined [143]. Caishui built a mathematical model to study the
distribution of pressure within the flow behavior in the powerhouse of a powerhouse station [176].
The pressure and velocity distribution pattern were determined under three operating conditions:
one-unit load, two-unit load, and full-load rejection applying CFD. The results outlined a good flow
pattern at the inlet with an even fluctuation in water level. The extensive state-of-the-art studies on the
pressure pulsation in the draft tube of Kaplan and Francis turbines applied the same methods and
analyses but use different models. Several researchers suggested changes in the turbine design to
reduce the cavitation phenomenon and proliferate turbine efficiency.

In many studies, Kaplan turbines are used as a reference for the hydraulic characteristics of
the other considered turbines. A sensor fish at the Ice Harbor dam was used [176] to characterize
the hydraulics at various conditions. This critical understanding of the performance level of the
Kaplan turbine can help to advance design and operational improvement. An investigation was
conducted [177] of the influence of the blade dynamics overflow rate, efficiency, and power, which was
only used in past tests in Kaplan turbine models since it is assumed that runner blades normally exhibit
an optimum efficiency relationship. However, this is not the case for transient responses. The results
showed that the presented model based on the speed control response is capable of improving the
precision of the turbines in isolated operations. A computational prediction of the initiation and
propagation of cavitation in a five-blade Kaplan turbine was presented using barotropic state law and
k-ω SST (Shear Stress Transport) turbulence model, which is a modified version of a standard k-omega
model used for combining both the models (omega and epsilon) using blending function and altering
the eddy viscosity formula. The best result was obtained by applying constant total pressure on the
inlet and simultaneously predicting the torque and efficiency evolution with numerical cavitation
structures to improve the overall performance [178].

Kim et al. [179] investigated the tip flow clearance features by considering a transient fast Fourier
transform (FFT) analysis for a Kaplan turbine unit. The turbine unit performance with tip clearance
gaps was investigated using CFD at different operating conditions. Increases in tip clearance were
found to decrease efficiency due to unsteady flow. Iovănel et al. [180] investigated the flow through the
Kaplan turbine model during transient operation. The authors used time step sensitivity analysis to
determine the optimum discretization time and studied where the effects of the runner blades’ pressure
pulsations at different inlet boundary conditions on the numerical simulation accuracy. The discharge
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variation during the guide vane was found to cause turbine head overestimation compared with the
experimental loss values.

6. Main Related Dam-Hydropower Plant Problems

6.1. Cavitation in the Draft Tube

Many researchers studied different solutions to the cavitation problem in the draft tube, vibration effect
in the powerhouse due to the turbine operation in order to maximize the power generation. The effects
can be divided into fixed, travelling, and vibrational types [181]. More advanced classifications are sheet,
bubble, cloud, propulsor-hull vortex, and propeller vortex [182]. Some of these studies are outlined below.

The pressure pulsation in the Francis hydraulic turbine units has been studied by several
researchers, coupled with discussions on the cavitation phenomena problem. Qian et al. [158]
presented a simulation of a 3D multiphase flow in a Francis turbine; they aimed at estimating the
pressure pulsation using Fourier transform (FT) in the spiral case, draft tube, a front of the runner,
and guide vanes. They found that pressure distribution and frequency change with and without
air admission, and the effect of air admission decreased the low-frequency pressure pulsation and
increased blade frequency.

Lipej et al. [183] numerically predicted the amplitude of pressure pulsation for different Francis
turbine draft tube operating systems. They also numerically predicted the vortex appearance during
the design phase. The pressure pulsation amplitude was found to differ for each operating system;
hence, the research primarily aimed to numerically predict pressure pulsation amplitude against
different guide vane openings and to compare the predicted and experimental results. ANSYS-CFX
computer code was used to model the numerical flow analysis of a complete Francis turbine. Jošt and
Lipej [157] created a 3D numerical model that represents a Francis turbine unit to present the vortex
rope prediction in the draft tube using numerical flow analysis and ANSYS-CFX (Ansys Inc.). The size
of the time step was examined using LES, ω-RSM (ω Reynolds Stress Model), and SAS-SST turbulent
models with defined grid density and domain configurations. Two analyses were performed: with and
without cavitation influence. The frequency results showed that the SAS-SST and RSM models were
less accurate for cavitation effect analysis, whereas no difference was found in the accuracy when the
cavitation effect was ignored in the LES, ω-RSM, and SAS-SST turbulent model analysis [184].

The cavitation turbulent flow in a Francis turbine was numerically investigated by Zhang and
Zhang [185] using Open FOAM (Open-Source Field Operation and Manipulation—is a numerical solver
used for continuum mechanics problems such as CFD problems developed by OpenCFD Ltd., England)
code at partial load operation and the k-ω SST turbulence model. The authors applied the RANS
equations for the evaluation. The components of the turbine unit include the runner, the spiral casing,
the draft tube with a tetrahedral-shaped 3D mesh system, and the guide vanes. The study also
introduced a finite rate mass transfer model and mixed assumptions, and a finite volume method
was used to solve the mixed model equations. From the simulation results, the cavitation flow in
a high-head Francis turbine was perfectly predicted. The hydrodynamic effects of fluctuations in
pressure within a draft tube due to rotor–stator interaction at partial load operation were studied [159].
The pressure fluctuation was simulated via a 3D transient state turbulence flow simulation analysis
in the flow of a Francis turbine at a specific speed (203.1 rpm) with an installed capacity of 70 KW.
The commercial 3D Navier–Stokes CFD solver ANSYS-CFX (Ansys Inc.) was used to analyze the
flow through a vertical Francis turbine in its location with 72% partial load and 100% maximum
load. The turbine unit included a spiral case with 16 guide vanes, 13 blade runners, 8 stay vanes,
and a draft tube. The variation in the pressure distribution and velocity vector profile with time was
the basis for calculating the turbine’s hydraulic performance and stability.

Several trials have been conducted to analyze the cavitation phenomenon in Francis turbines at
low head under different operating settings with variable suction heads. The results showed that the
cavitation rate, the magnitude of pressure pulsation, and performance loss increase with increasing
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suction head. Hydraulic turbines and types of cavitation have been described [128,129]; numerical
and analytical research with theoretical studies on cavitation phenomena in hydraulic turbines have
been extensively reported. Sufficient predictions for cavitation have been provided via numerical
methods. Verifying the numerical results via detection methods is important to determine the vital
and hazardous cavitation shapes and intensities, as well as to determine the areas where the local
pressure is below the water vapor pressure and to identify the area where static pressure begins to
grow and collapse. Others [186] simulated and investigated the cavitation turbulent current in a
Francis turbine unit using a CFX solver; the analysis depended on the shear stress transport (SST)
turbulence model, whereas another analysis of the same phenomenon was studied by Gohil and
Saini [187] depending on the Rayleigh–Plesset mass transfer model. A study revealed that the Ω method
can be used to successfully capture vortex structure in the cavitating flow of Francis turbines [188].
The Zwart–Gerber–Belamri (ZGB) cavitation model simulation was implemented for the overload
condition in a Francis turbine [189]. The authors successfully analyzed the different development
stages of cavitation and their initiation under different overload conditions, including the mass flow
gain factor, cavitation compliance, and wave speed. A calculation course for improving the mixed
turbine impeller using CFD was proposed [190] for analysis of the cavitation characteristic of the
impeller inlet flow for hydraulic machinery. From the result, blade reshaping was found to significantly
improve the impeller inlet flow performance and cavitation.

6.2. Hydraulic Turbine Structure Design

Favrel et al. [174] used a two-component particle image velocimetry system to evaluate the flow
field through the runner outlet of a Francis turbine model. The suitable shape that will provide suitable
optical access across the draft tube elbow was also designed. The model was executed based on a
discharge value of 55% to 81% of the best efficiency point. The vortex parameter evaluation with
the discharge was calculated based on the initial phase-averaged velocity fields. The analysis results
showed that the vortex trajectory expansion occurs due to a simultaneous increase in the frequency and
excitation. Mo et al. [175] considered the flow pattern characteristics around a Francis turbine runner
using the continuity and RANS equations. The findings showed a low-pressure increase around the
blades of the runner when the valve was closed and a velocity increase over the runner area. The 3D
unsteady turbulence flow through the entire turbine was numerically simulated. The simulation used
the CFD software ANSYS-FLUENT (Ansys Inc.) based on the k-ε two-equation turbulence model.
Luna-Ramírez et al. [160] focused on the determination of the pressure on a Francis hydraulic turbine
blade to establish the failure on the surface of the blade using CFD. The stress distribution in the
turbine runner was calculated using the FE method under many operating conditions. The results
showed the level of stress created in the joints between the results of the crown development of cracks
on the blades. Pennacchi et al. [143] studied the effects of hydraulic instabilities on increasing the life
of Francis and Kaplan turbines by developing a model that included the experimental data from a
full-scale Kaplan turbine unit deployed in a real power plant. The model analyzed the effect of the
vibration on changing the selected node locations in the shaft of the turbine in two directions, showing
the changes in pressure and frequency in different cases of flow.

The method for reducing the formation of vortex rope and minimizing the corresponding pressure
fluctuations in the draft tubes of Francis turbines was improved [191]. The improvement occurred
due to using a baffle to prevent the emergence of a swirling flow from the draft tube in a Francis
turbine runner. Attention was focused on three flow rates with partial load operating conditions at the
rated water head. Four baffles were employed in the draft tube and the vortex rope was explained
using CFD. The pressure pulsation capacity of the draft tube after alteration with the four baffles was
about 0.42 times that in an unaltered draft tube. From the results, the flow’s circumcisional velocity in
the draft tube was reduced using the baffles, thereby preventing the progression of fierce swirling flow.
An efficiency increases of about 3% was measured in the turbine at the examined partial loading point.
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Jia et al. [192] investigated a Francis turbine with 200 m head; the authors designed the splitter
blades to reduce cavitation and fluctuations in high-amplitude pressure. The outcome of the evaluation
showed that the splitter blades improved the turbine efficiency by 2% and reduced the pressure
wavering in the vaneless space during high head operating situations.

Nishi et al. [193] assessed the improved performance of the redesigned runner of a turbine using
unformalized axial flow velocity. After examination, the optimizer runner was found to experience
fewer losses due to the tip leakage vortex and the vortex near the hub of the blade, which improved
the performance and efficiency of the turbine. Similarly, the maximum efficiency of the turbine was
found to increase after predicting the axial turbines’ hydraulic performance via CFD. The authors
designed a new siphon turbine based on the original distributor and runner, which led to the best
design with a bell-shape distributor, four guide vanes, and the highest power output at the lowest
head [194]. Modification of the runner using grooves can reduce vortex rope eccentricity and increase
the vortex pressure, ultimately increasing the turbine efficiency [195]. In another study, the stability
power output of hydro-turbines, which included energy losses, sensitivity analysis, and distribution
features of the losses with an elevated guide vane, was considered. Such detailed analysis helped
optimize the working and control of the hydraulic turbine governing system (HTGS) [196].

Various designs have been proposed to enhance the hydro-turbine efficiency; for instance,
Piraisoodi et al. [197] designed a multi-objective robust fuzzy fractional-order proportional integral
derivative controller plan for non-linear HTGS by implementing evolutionary computation; Guo and
Guo [198] designed a non-linear HTGS by applying feedback linearization by accomplishing sliding
mode control type design; and Ouadday et al. [199] designed a dual-core composite sandwich panel
for hydraulic turbines, tested the panel via numerical simulation, and applied a synergistic governing
controller for non-linear HTGS.

6.3. Powerhouse Vibration Analysis

The distribution of pressure in the pattern of flow within a powerhouse was studied by using
the fluid dynamics method, Hou Caishui [200] presented a mathematical model for finding the
pressure pattern distribution and velocity distribution in a specific powerhouse under various rejection
conditions such as one-unit load, two-unit load, and full load. The flow pattern stabilized with
regular water level fluctuation at the inlet. Wel and Zhang developed a 3D numerical model using
ANSYS software for a powerhouse body [201]. The aim of this model was to determine the pressure,
acceleration, stress, and strain within the body of the powerhouse, and the frequency inside the
powerhouse. The results indicated that the statically and dynamic disturbances of the hydraulic
turbine blades result in the generation of most of the vibrations.

Castelli et al. [202] studied the dynamic response of the Lentini earth dam in Sicily after the
occurrence of the Santa Lucia earthquake and compared it with free-field 1D PLAXIS (plane strain and
axial symmetry) simulation. Lian et al. [203] studied the underground powerhouse of a hydropower
station on the Yalong River in China using field structural vibration tests. They simplified the
mechanical models and theoretically interpreted the transmission mechanism. The testing conditions
for analysis were represented by another study using an FE model, and the results showed the
propagation of the longitude-river vibration and vertical vibration was less than that of lateral-river
vibration. The vibration transmission caused by the hydraulic generators’ rotation was equivalent to
that of the vibrations caused by the fluctuation of the low-frequency tail [203].

Dynamic loads of turbines and generators are responsible for the creation of vibration in
hydropower, along with the natural causes like earthquakes and floods. Ma et al. [204] applied the
energy flow FE method to study vibration transmissibility of the powerhouse and found that a structural
joint filter and closed-cell foam help to reduce vibration transmissibility. Similarly, Jing et al. [205]
searched for possible improvements in the dynamic characteristics of underground powerhouses and
optimization of anti-vibration design. They reported improvements in the frequency and reduced
amplitude of the vibration source with a better structural stiffness of the outer concrete structure of
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the spiral case. Some case studies have been conducted on the possible seismic damage to structures,
such as the Yingxiuwan underground powerhouse in China using the dynamic numerical simulation
method and Brežice dam in Slovenia using a laser Doppler Vibrometer [206] and FE analysis. FE
analysis has been used to examine the vibrational characteristics on the spiral case structure of the
Ahai Hydropower Station, where the semi-cushion spiral structure was found to be safe [203,207–209].

7. State-of-the-Art Assessment and Evaluation

The current review research was performed to help improving the current understanding of the
consequences of the operation strategies imposed on the energy market, which tend to increase load
variations, which in turn affect the lifespan of hydropower plant equipment. Hence, we debated several
aspects of the topics related to hydraulic engineering, mechanical turbine engineering, and structural
safety and sustainability.

The use of hydropower to generate clean energy has produced concerns over the effects
of vibrations from powerhouse operation on the dam’s structure. Experts from different fields
have studied the issue to reduce the influence of vibration on dams and increase their stability.
Understanding the vibration effect on dam bodies has mainly been the focus of studies in the field
of civil engineering [14,111,119–122,136–139,141]. Mechanical engineering researchers have focused on the
vibration effect on turbines [89,146,160–166,175,177–179,187].

Although dams have been classified into different types based on their function, form, size,
and selection of construction material, a new classification system must be developed that indicates
the vibration effect on each type of dam. New studies must be conducted that introduce the dam types,
powerhouses, and turbines that are subject to vibration in combinations, in addition to the effect of
these different types of dams, powerhouses, and turbines on each other. Until now, no studies have
comprehensively connected the effect of vibration with turbine operation within the powerhouse in
the dam body. Proposed studies should focus on constructing a suitable model to analyze the hazard
posed by vibration on each type and how to reduce its effects on the dam structure. More interests
should be paid to embankment dams because most dam failure incidents are recorded for this type
of dam as it is most likely get affected by soil erosion, seepage, structural failure, and catastrophic
failures [210–212].

The most common approach to test the efficiency of the turbines is through prototype design.
However, real-time models and their performance cannot be tested with more accuracy using a
prototype. To increase the predictability of machine performance, high accuracy techniques must be
developed that consider various measurements of machine while simultaneously consider the dam
structure, river management, and situations that can lead to dam failure.

When considering the chances of failure due to hydrological, seismic, and operation reasons, as
well as extreme failures of the dam structure leading to the damage of the structure, mechanical features
such as turbines and other associated devices for power generation can be considerably affected.
Figure 12 lists all types of possible failures, their effects on the dam structure, affected components,
and most affected area due to the failure. Figure 12 summarizes the cause and effect so that future
work can focus on mitigating or solving these issues, since these events can cause monetary loss and
loss of life.

Real-life failures and accidents are one method to learn about the possible failures; thus, potential
failure mode analysis is essential for engineers, designers, and planners to identify risks and plan
risk management policies [213,214]. During analysis, correctly categorizing the risk level of hazards
is challenging, and analyzing complex failures and their sources is difficult, with external factors
including culture, policies, political considerations, and belief and practices. To overcome this issue, it
is important to critically assess the information and to seek reviews from experts and other experienced
and qualified people who can better judge the design structure, maintenance, and failures [215].
Structural modifications can significantly decrease operational and other sudden failures, including
better-planned buttresses, slope design, and installation of proper detection equipment. Advanced
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simulations can be used to recognize critical modes of undrained behavior (impoundment water-level
projections, seasonal constraints on the dam and onsite construction, water balance), and, along with
experience and experts, appropriate decisions can be made with better filter designs and feasibility
analyses [216].Sustainability 2020, 12, x FOR PEER REVIEW 26 of 44 

 

Figure 12. The distribution of the major failures and the resulting effect on the dam structure. 

Real-life failures and accidents are one method to learn about the possible failures; thus, potential 
failure mode analysis is essential for engineers, designers, and planners to identify risks and plan risk 
management policies [213,214]. During analysis, correctly categorizing the risk level of hazards is 
challenging, and analyzing complex failures and their sources is difficult, with external factors 
including culture, policies, political considerations, and belief and practices. To overcome this issue, 
it is important to critically assess the information and to seek reviews from experts and other 
experienced and qualified people who can better judge the design structure, maintenance, and 
failures [215]. Structural modifications can significantly decrease operational and other sudden 
failures, including better-planned buttresses, slope design, and installation of proper detection 
equipment. Advanced simulations can be used to recognize critical modes of undrained behavior 
(impoundment water-level projections, seasonal constraints on the dam and onsite construction, 
water balance), and, along with experience and experts, appropriate decisions can be made with 
better filter designs and feasibility analyses [216]. 

Our review indicates that further studies should be conducted considering the dam classification 
based on materials, size, rigidity, and vibrational effect as one parameter, in addition to considering 
the location of the structure for the lowest chance of failure for the specific dam classification. To 
achieve this outcome and perfect dam design, more case studies and accurate data analysis are 
required. Data from turbines installed in hydro-dams should be highly accurate and measured under 
various operational conditions and with all possible types of turbine models. These data will help to 
reduce extrapolation deviation and energy losses. 

Some studies were completed using two-dimensional numerical models to simulate the dynamic 
behavior of dam bodies [15–17]. However, three-dimensional numerical models are more accurate 
[18,19]. Assessments based on 3D analysis, therefore, are highly recommended. Hence, selected dams, 
including the dynamic characteristics of embankment dams, and the reaction of turbine hydraulic 
performance should be represented by 3D numerical models. The modeling tools can be investigated 
based on actual water head and discharge data. 

CFD modeling technology is important in the future for testing the efficiency and performance 
of dams and turbines by reducing the cost of testing and the need for physical adjustment while 
simultaneously increasing the operational competence of the design. This modeling technology 
allows developers to design better prototypes and establish alterations to achieve higher-performing 
models, decreasing the need for onsite testing. CFD is able to significantly increase the turbine 

Figure 12. The distribution of the major failures and the resulting effect on the dam structure.

Our review indicates that further studies should be conducted considering the dam classification
based on materials, size, rigidity, and vibrational effect as one parameter, in addition to considering the
location of the structure for the lowest chance of failure for the specific dam classification. To achieve
this outcome and perfect dam design, more case studies and accurate data analysis are required.
Data from turbines installed in hydro-dams should be highly accurate and measured under various
operational conditions and with all possible types of turbine models. These data will help to reduce
extrapolation deviation and energy losses.

Some studies were completed using two-dimensional numerical models to simulate the dynamic
behavior of dam bodies [15–17]. However, three-dimensional numerical models are more accurate [18,19].
Assessments based on 3D analysis, therefore, are highly recommended. Hence, selected dams, including
the dynamic characteristics of embankment dams, and the reaction of turbine hydraulic performance
should be represented by 3D numerical models. The modeling tools can be investigated based on actual
water head and discharge data.

CFD modeling technology is important in the future for testing the efficiency and performance
of dams and turbines by reducing the cost of testing and the need for physical adjustment while
simultaneously increasing the operational competence of the design. This modeling technology allows
developers to design better prototypes and establish alterations to achieve higher-performing models,
decreasing the need for onsite testing. CFD is able to significantly increase the turbine efficiency and
the draft recovery factor using a vortex generator in the draft tube, while studies on draft tube flow
pattern prediction are lacking [217–219]. More detailed studies using the CFD method should aim to
improve the overall efficiency of blade contour tuning, to reduce tip leakage, refine the coarseness and
friction in the surface area, and reduce water leakage and hammer effect.

The main dam-hydropower-related plant problems appear to be cavitation in the draft tube,
hydraulic turbine structure design, and powerhouse vibration. Many researchers [182,187–189,220]
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have studied how to solve the cavitation problem in the draft tube, vibration effect in the powerhouse
due to turbine operation, and how to maximize the power generation. Sufficient predictions for
cavitation have been provided via numerical methods; however, the numerical results must be verified
via detection methods.

CFD technology has been found to be effective for analyzing the cavitation zone and associated
decreases in inefficiency. The validation of models with the prevailing outcomes allows researchers to
redesign, select, and forecast performance [221]. Among the models applied by CFD, Rayleigh–Plesset
is the leading model for modeling and prediction of many characteristics of cavitation including the
formation, decay, and vapor production rate [222]. In the future, several other competent models could
be introduced to achieve better reduction accuracy by applying methods like large eddy simulation
(LES), direct numerical simulation (DNS), and partially averaged Navier–Stokes (PANS) [223–225].
Algorithms still need to be developed for CFD methods for analyzing cavitating flow simulation. In
addition to better models and algorithms, experimental validation and data from actual problems
during operation are required.

Various designs have been proposed to enhance the hydro-turbine efficiency, which have been
tested via numerical simulations [146,163,168,177,178,195–197,201–203]. Vibration due to powerhouse
operation has been analyzed by several researchers [151,176,201–203,205,206,208,209,226]; however,
more comprehensive studies should be completed to connect the effect of vibration from turbines
operation with design on the dam body, to assure dam safety.

Hydropower is a renewable, cost-effective, and flexible method to generate electricity and
dam structures have been successfully exploited for profits during the production of green energy.
However, the operation of these facilities is influenced by many events; engineers, researchers,
and project managers need to consider this to successfully achieve their goal. Some of these factors
include [227–230]:

(1) Maximum and minimum water output choices,
(2) Effect of vibration on the life of the operation,
(3) Electricity-related deviations,
(4) Environmental constraints,
(5) Revenue variation and its effect on operational activities,
(6) Market variation,
(7) Policy changes, and
(8) Hazards during operation affecting productivity.

Hydro-dam projects have considerable potentials in generating cost-effective and
environment-friendly energy; however, the most cost-effective construction projects are located
in hilly areas, which usually have low population density, leading to low revenue; thus, more
researches on micro-hydro-systems are needed. These studies will help low-income and developing
countries to promote the application of green hydro projects. To date, various projects around the world
have been initiated (such as in Nepal, Sri Lanka, Peru, and Indonesia) with the same objective [88].
With increasing computation performance in this field and other improvements in civil, mechanical,
electrical, and other engineering fields, increasingly improved and efficient design of dams can be
achieved. Researchers should also consider the development of more efficient energy production
methods, investment strategies, low head turbines, cheaper automatic operating systems, cost-effective
and durable materials, modifications to turbines based on real situations, maintenance issues, as well
as to ensure the least effect of the operation on the local environment.

The dam structures are constantly under geo-stress conditions, such as the displacement loss due
to the elastic deformation of the surrounding rock. Thus, researchers should consider displacement
loss during stability analysis to prevent accidents. Some conventional tests for this task are available,
like the block-shear test, jacking test, the borehole jack, and the plate loading test, which are expensive
and time-consuming [231,232]. Techniques, such as back analysis, are required that are easy to apply,
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cheaper, and have more efficient results [233]. Similarly, the application of empirical relationship
techniques such as Hoek and Diederichs equations, have been proven to be more accurate [234].
However, few comparative studies of dam structure engineering have been published.

In addition to the various measures and uncertainties discussed in the literature to reduce the cost
of analyses and projects, artificial intelligence (AI) application is still not fully realized in this field;
numerical techniques are still more popular. However, the application of AI in a rock displacement
study using Gaussian process and integrating it with an optimizer (i.e., particle swarm optimization)
has shown good results [233]. Application of AI in small hydropower can save resources and optimize
the efficacy of power generation [234]. For this task, the application of AI optimizers and other
meta-heuristic algorithms could be beneficial.

The world’s largest projects, like the Three Gorges Dam in the Yangtze River in China, has benefits
as well as side effects. This dam construction is expensive, and the mitigation effort adds to the
costs. For instance, for the Three Gorges Dam, the 10-year mitigation cost was estimated to be USD
$26.45 billion, since the dam has led to the deterioration of water quality, soil erosion, spreading of
snail-borne disease, endangered fish and animals, affecting agricultural land, landslides, uprooting
millions of people, and damaging the environment [235–237]. This kind of unfortunate outcome was
expected by planners and engineers. Even though these projects have much to offer with respect to
flood control and renewable power generation, these benefits come at a price. These limitations to
hydro-dam construction can be mitigated by understanding dam properties, hydrological alteration,
and hydro-biological diversity when applying advanced and regulated norms. For example, dams with
rare fish should have regulated flow and a flood pulse component; for dams that alter the hydrological
regime simulation and recovery should be completed; and for dams with potential environmental
emergencies, cascade reservoir regulation should be implemented [238]. The construction site of the
dam should be thoroughly investigated so that the environmental effects can be minimized, which can
be achieved by spatial optimization of hydropower dam location via modeling [239].

The main application of hydro-dams is energy generation. Energy generation can be maximized
using short-term weather forecasts. A model based on the various variables affecting the dam, such
as short-term precipitation, wind speed, runoff, and streamflow from a global forecast system, could
help to improve the operational efficiency, which would, in turn, increase the energy production.
This technique does not affect the flood management or safety regulation of the dam. Along with this
technique, an early warning system could be designed for flash floods, which can be predicted by
hydrological modeling [240].

8. Possible Future Research Directions

Several other possible future studies should be considered:

(1) The operation of the powerhouse at the dam site is one of the important factors that should be
considered in the analysis of dam safety. The effect of seismic activity on the dam body should
be integrated with the powerhouse effect. Most of the published studies either only focused on
reducing the impact of cavitation and pressure fluctuations in the turbine draft tube or on the
analysis of seismic effect on the dam bodies. Hence, integration of the vibrational effect due to
the operation of reaction turbines with and without seismic effects should be further investigated.

(2) Over time, various advancing techniques have been used to model dam operation. Among
several techniques, AI models have achieved great results and shown promises in the near
future. AI models use various optimization techniques and models, which help designers
to comprehensively assess, predict, and manage large amounts of data. This, in turn, helps
policymakers, engineers, and project managers to manage and operate the system more efficiently.
Many AI models have been applied to the modeling and operation of dams and reservoirs
considering different stochastic hydrological parameters [241]. Many AI models have been
employed; however, faster problem-solving models are required along with better optimizers,
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including methods that can select the input and manage non-linear data and more experimental
data to develop an effective model.

(3) Turbine productivity is usually determined based on the maximum and the minimum upstream
water levels. Hence, for optimal turbine system operation, computations of the principal stresses
within the dam body and powerhouse should be examined based on the water level.

(4) In the majority of the published studies, turbine model evaluations within the dam powerhouse
were investigated individually. Conceptually, this is not practical from an engineering point
of view. The vibrational effect on the dam body and the powerhouse should be simulated as a
cohesive unit.

(5) Dam emergency action plans should be implemented, coupled with the development of improved
systems for flood prediction.

(6) The reliability of the dam gates must be improved to ensure the availability of all dams during
a flood.

(7) The main body of the dams should be grouted using cement to reduce leakages and
improve performance.

(8) The foundation drains must be renovated to ensure the drainage system is working properly; a
good dissipation of uplift pressures must also be ensured.

(9) Detailed seismic studies must be performed to analyze the chances of seismic-event-related
failure modes.

(10) A risk model architecture must be implemented.
(11) Advancements in computer-based capabilities have resulted in the development of numerous

methods for predicting the extent of cavitation development and its characteristics over propeller
blades. Hence, CFD can be used to conduct turbine cavitation studies using a barotropic
state equation.

(12) The availability of data is crucial for dam construction, hydropower generation, ecological
and hydrological protection, and smooth operational activities. However, regular, continuous,
and reliable data are difficult to obtain. A well-equipped and strategically designed network
of hydrological, water quality, and biological monitoring stations should be in place to collect
data on aquatic animals, flow regime, water temperature, nutrients, and sediment load [242].
The environmental impact basement should be more detailed [243]. These assessments could
help with more consistent and reliable policymaking, thereby increasing the applications of
hydro-electrical dams.

(13) By applying various assessments, monitoring, and simulation using previous dam data or
prototype structure operational data, much better hydro-dams can be designed. In addition
to that, for the more efficient performance of turbines and dams, there is need of economical
maintenance methods, and mini-hydro plants are better suited for these purposes. They are
cheaper, efficient and operation and maintenance is simpler than large projects. To increase
the number of clean and sustainable energy sources, governments can support initiatives by
providing financial subsidies like fixed feed-in or premium tariffs [244]. However, the number of
subsidies provided and environmental impact per 1 MW production of energy must be estimated.
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