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I have no special talent.
I am passionately curious.
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ABSTRACT

For many years fossil fuels have been considered the main source of energy for electricity, heating and
transport applications, but their rapid depletion together with the global warming that their use produces,
are significantly affect the way of life of humanity unless the energy takes advantage of renewable sources.

Within renewable energy sources, small-scale hydroelectric power is the main ally in the generation of clean
energy, since its developments have a long useful life with more than 100 years demonstrated and even with
possibilities of new designs and technological adaptations. Within these new designs, the gravitational water
vortex hydraulic turbines (GWVHT) arise. A GWVHT is a run-of-the-river power plant that harnesses the
kinetic and potential energy of an artificially induced vortex in a basin with a central outlet. Its main interest
is the ability to generate energy in low head and flow ranges, so the turbine allows taking advantage of sites
that until now were not possible with conventional hydraulic turbines.

Considering that it is necessary to research and implement generation systems with renewable energies, this
doctoral thesis seeks to establish a methodology for the design of the main components of a GWVHT (rotor,
basin, inlet channel and discharge), making use of a multi-objective parametric optimization algorithm based
on surrogate models, which allow maximizing the conversion efficiency of the system.

A prototype manufactured with the specifications obtained in the optimization was characterized; the
characterization allowed validating the obtained equations and plotting the turbine operation curves. The
curves allow knowing the operating ranges of the system, that is, the flow and head needs for the system
to work, and identify how its efficiency changes in these ranges. The technological product developed
could be an alternative for the supply of electrical energy in conditions of environmental sustainability;
understanding environmental sustainability as the balance that is generated through the harmonious
relationship between society and the nature that surrounds it and of which it is a part. Environmental
sustainability implies achieving development results without threatening the sources of natural resources and
without compromising those of future generations (Goodland, |1995).



RESEARCH OBJECTIVES

General objetive

Establish a methodology for the design of the main components of a gravitational vortex turbine (rotor,
circulation chamber, inlet and discharge channel), using a multi-objective parametric optimization algorithm
based on surrogate models, which allow maximizing the conversion efficiency of the system.

Specific objetives

* Apply a design of experiments selecting the geometric parameters (factors) and the levels of these factors,
which may be significant in the energy conversion efficiency.

* Evaluate through CFD simulations the conversion efficiency of the different gravitational vortex turbines
generated according to the design of experiments.

* Identify the most significant factors in the performance of gravitational vortex turbines through an
analysis of variance and obtain a mathematical model that allows predicting the value of the energy
conversion efficiency based on the significant factors.

* Determine the best combination of significant design factors that produce maximum energy conversion
efficiency using optimization algorithms.

* Propose a set of parametric design equations for the dimensioning of the main components of a
gravitational vortex turbine.

* Manufacture a laboratory-scale gravitational vortex turbine considering the geometric parameters
established in the proposed design equations, and using materials that exhibit high resistance to
corrosion-erosion and that guarantee the structural integrity of the turbine.

* Validate the design equations by experimentally determining the characteristic curves of the
manufactured gravitational vortex turbine.

* Evaluate the technical and economical impact of the implementation of gravitational vortex turbines in
the Colombian context.



CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1 Introduction

This thesis is written and structured as a compendium of several short scientific or academic pieces of work
that are interrelated with each other. In the whole set of works, the candidate is the first author of the
publications. Both, the supervisors and the PhD student, chose the format related to a compendium of several
academic works because when a compilation thesis is written, the PhD candidate is contributing towards
the publication statistics of the University right from the start of her studies. Additionally, by writing the
thesis as a compendium of research works, the PhD student is involved in the publishing and the peer
review management processes. Below, the integrated nature of the whole research is described to provide
a comprehensive overview and coherence of the entire document.

After this first introductory Chapter, a review article, Chapter 2] is opening the compilation of the presented
works. The review article is focused on the current state of knowledge concerning GWVHT, including
numerical and experimental studies. Chapter[2]concluded with a a brief summary of the results obtained from
differents author and a list of challenge for the development of GWVHT. Afterwards, in Chapter [3} a single-
objective optimization using the response surface methodology was employed to select the best configuration
for the inlet channel, circulation basin, and discharge for a GWVHT with conical basin and spiral inlet channel.
The objective in this optimization was to increase the circulation of the vortex. Six geometrical factors were
studied simultaneously to evaluate their effect on the circulation of the vortex. The optimization process
carried out gives the specific values of the geometric factors that must be used in the design of the turbine to
increase the circulation of the vortex. The results obtained in this chapter are additional results to which the
authors arrived through their research, originally they were not part of the objectives of the thesis.

Then, for the same geometrical factors using in Chapter [3| a new optimization process was executed. The
results are shown in Chapter[d] This time the optimization had two objectives: the minimization of the volume
flow rate and the maximization of the circulation. In both optimization processes, the runner was excluded
from the analysis. In a optimization with multi-objectives is possible obtain a set of solutions called Pareto
optimal front. The final solution is subjective and depends on the need of the designer, who can give more
priority to one objective than to other. For this study, a compromise solution within objectives was selected. A
compromise solution is a solution just in the middle of the Pareto optimal front.

Usign the solution found in Chapter[4} the response surface methodology was used again, this time to optimize
the runner of the turbine. The effect of the relative position of the runner, the number of blades, and the
diameter of the blades on the efficiency of the turbine was evaluated. To validate the numerical results, a test
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bench with a GWVHT was built. The bench was composed of two water tanks, a centrifugal pump, basin,
inlet channel and runner. To observe the vortex inside the turbine, the inlet channel and the basin were made
from transparent acrylic. The optimal runner was printed in a 3-D print using polylactic acid (PLA). Since the
results obtained in Chapters[4and[5]were expressed as non-dimensional variables, they can be used to design
turbines of multiple sizes.

One of the most important features to perform computational simulations is the correct selection of the
turbulence model. As the optimizations carried out in chapters and |5| were done in Ansys Fluent, an
additional chapter was written, Chapter[6] only dedicated to the comparison of 4 turbulence models available
in the software. A correct selection of the turbulence model allows the numerical results to be much closer
to the real phenomenon. The results indicated that the four turbulence models are able to predict a similar
behaviour for the mass flow rate but not for the circulation. Without runner, RNG k-e model is a good predictor
of the flow behaviour, but in presence of runners, SST k-w is the model recommended.

Chapter [7] presents a technical, economic, and environmental analysis for the implementation of a GWVHT
in the Colombian context. This anaysis started with a description of the renewable energy sources, their
current status in the world, followed by a detailed description of the Colombian energy market. Barriers and
opportunities in Colombian hydroelectric development were also addressed. Finally, the main conclusions
derived from this thesis are covered in Chapter|[g]

1.2 Problem statement

The intensive use of energy in the different activities of the economic and social life of man has been
transforming traditional work patterns and has allowed the acceleration of the rates of growth and
demographic concentration (Aguilera Folgueiras|[2012). By the year 2040, it is expected that the world’s energy
needs will increase by 30% while the population expands from 7.4 billion to 9 billion inhabitants
[2017), which is why the world must prepare to meet this energy demand future energy in a sustainable way.
World energy consumption increased 2.9% in 2018, reaching the equivalent of 13.8 billion tons of crude oil,
with the world’s main energy consumers being China, the US, and India. Figure shows the evolution of
energy consumption by type of source between the years 1992-2017 in millions of tons of crude oil. From
Figure[I.T]it is clear the increase in energy consumption for the different types of sources in the last 15 years.
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Figure 1.1: Evolution of energy consumption according to type of source between the years 1992-2017. Source:

(Dudley et al}[2018).

The energy sector will experience profound changes. There will be a turnaround in the energy sources that
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will give electricity to humanity. Future energy options will depend on fossil fuel prices, greenhouse gas
emissions, land-use change, forestry and agricultural activities, and your location (FAO,|2018).

Energy sources can be classified using several criteria: according to whether or not they are renewable,
according to their degree of availability: conventional or non-conventional, and according to the form of
their use: primary or used directly and secondary or final. Renewable energy sources are those whose
potential is inexhaustible because they come from the energy that reaches planet earth continuously as a
result of solar radiation or the gravitational attraction of other planets and satellites of the solar system. The
main sources are solar, wind, hydraulic, tidal, geothermal and biomass energy. This type of sources have a
particular characteristic, the variability of their generation. Said variability is a reflection of the behavior of its
primary source, such as irradiation and wind, which depend on the climatic, meteorological and hydrological
phenomena of the moment. Non-renewable energy sources are those that exist in a limited quantity in nature,
such as petroleum derivatives (coal, diesel, natural gas, fuel oil, etc.) and uranium. 70% of global energy
demand is currently satisfied by non-renewable sources, while the remaining 30% comes from renewable

sources (Dudley et al) [2018). Figure shows the regional energy consumption according to the type of
source in 2017.
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Figure 1.2: Regional energy consumption by type of source in 2017. Source: (Dudley et al.,[2018).

According to the second classification criterion, conventional energy sources are those that have an important
participation in the energy balances of industrialized countries. This is the case of coal, oil, natural gas,
hydraulic and nuclear energy. On the contrary, non-conventional energy sources are those that do not have
an appreciable participation in the coverage of energy demand because they are not widely marketed. This is
the case of solar, wind, tidal, biomass and small-scale hydropower. Depending on their use, energy sources
can be classified into primary and secondary. The primary ones are those obtained directly from nature, such
as coal and natural gas. The secondary ones, also called useful or final ones, are obtained from the primary
ones through a transformation process by technical means. This is the case of electricity or petroleum-derived
fuels.

Figure makes it possible to identify that there is a clear global dependence on oil, coal and natural gas,
which are fossil resources available in quantities that can be considered relatively abundant but finite. A
fundamental characteristic of these non-renewable fuels is that the energy produced is due to the combustion
of the carbon present in them, so their use consumes carbon, oxygen from the atmosphere and releases carbon
dioxide and energy (exothermic reaction). Because the carbon in these fuels is sequestered in the deposits, the
CO,; released increases its concentration in the atmosphere. Carbon dioxide is a greenhouse gas that allows
the passage of shortwave radiation from the sun and retains the infrared radiation emitted by the earth, that is,
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it retains the heat that would otherwise escape into space, which which causes an increase in the temperature
of the planet. The increase in temperature produces direct effects on ecosystems, constituting a considerable
risk for biodiversity, natural resources, human, animal and plant health.

In addition to the effects on the environment, the main deposits of fossil fuels are concentrated in very
specific places on the planet, which has given rise to economic and geopolitical situations associated with their
geographical distribution and dominance. This scenario has generated in many countries the need to initiate
a transition towards the use of non-conventional energy resources. Given the availability of at least one of
the non-conventional renewable energy sources in any geographical position on the planet, and the relative
abundance of one or more of these sources in some favored regions, the non-conventional renewable energy
sources represent immense energy potentials for be exploited as their research, development and commercial
deployment of associated technologies continue to advance.

Countries such as China, Germany, Spain, and the United States, are today consolidated as pioneering
countries in the development of the largest installed capacities in technologies for the use of hydraulic, wind,
solar, and geothermal energy (Lins et al, |2014). Colombia has a national electricity system that is relatively
low in carbon emissions (compared to other countries with a greater share of fossil fuels in its energy matrix),
is not dependent on imported energy sources, and at the same time has sufficient current generation capacity,
with resources abundant fossil fuels and possible gas and oil deposits not yet exploited, does not seem to face
the imminent need to resort to non-conventional resources and technologies. However, to date, the trends in
cost reduction and risk mitigation associated with non-conventional energy sources added to the successful
experiences and technical developments achieved internationally, have already begun to lay the foundations
that justify the adoption of a strategy for the development of unconventional sources. This is reflected in
current national policies and international agreements and treaties that include sustainable development as
a priority objective that does not compromise the natural resources of future generations. An example of
this is Law 1715 of 2014 in Colombia, which aims to promote the development and use of non-conventional
energy sources, mainly those of renewable nature, in the national energy system, through its integration into
the electricity market, its participation in non-interconnected zones (ZNI)'|and in other energy uses such as
necessary means for sustainable economic development, the reduction of greenhouse gas emissions and the
security of energy supply.

With demand on the rise, the world will not immediately say goodbye to oil and other non-renewable energy
sources; After a transition period, renewable energy production is expected to make up the majority of the
world’s energy production, although the big challenge is to continue to improve its efficiency and profitability.
The increase in the efficiency of devices, systems and processes would reduce the consumption of primary
resources while the improvement in profitability would motivate investors, reduce production costs and sales
prices.

Of the many alternatives to produce energy from non-conventional renewable sources, the use of energy from
water is not new; The novelty is the new turbines that, due to their design characteristics, can be installed in
places where conventional turbines (Pelton, Kaplan, and Francis) cannot operate. One of these new turbines
is gravitational water vortex hydraulic turbines (GWVHT) that allow the generation of electrical energy in
rivers with falls and very low flows, so it can be implemented in streams, ravines, canals, or diverting part
of the flow of a river without the need to build dams. Here lies its main advantage: its versatility; but also
its main disadvantage: it is low energy density as it cannot accumulate the flow of water. With efficiencies
that vary between 17 and 85%, the plants that use GWVHT still have lower efficiencies than those reported by
conventional generation systems, with values that sometimes exceed 95% (Goswami and Kreith, |2007).

The question that this research seeks to answer is: how much would the variation in the efficiency of an
electric power generation system with a gravitational vortex turbine for small hydroelectric power plants
if for the design of its main components (inlet channel, chamber of circulation, rotor, and discharge) is
multi-objective parametric optimization based on surrogate models used?

1 Areas that are not integrated into the national electricity interconnected system and supply their energy needs through diesel plants,
small hydroelectric plants and, more recently, solar panels.



1.3 Justification

During the last years, the awakening of a sustainable environmental conscience has been observed. New
concepts have been borned directed towards the search for the equitable development of technology and
science and the balance and preservation of natural resources (Gallego Triana et al., |2015). In this sense,
electrical energy plays a fundamental role in the evolution of societies, being the driving force of the economic
and industrial development of a country.

The new electricity generation projects must be framed within sustainable development policies and
international agreements that involve the use of renewable energy sources; These sources are currently
being massively used, seeking to reduce dependence on non-renewable sources of energy generation that are
characterized by their lack of self-regenerative capacity and their polluting effects. The hydroelectric power
generation process is the most widespread renewable method worldwide, with an installed capacity of more
than 21,800 GW, representing close to 20% of the total electrical energy produced or 60% of the installed
capacity from renewable sources (IRENA,[2019).

Colombia is positioned as one of the countries with the greatest water reservoirs both globally and in Latin
America, with a water supply six times the world average and three times that of Latin America. This water
supply added to favorable topographic conditions translates into a hydroelectric potential close to 90,000 MW
(UPME, [2018). Currently, with a net installed capacity of 17,000 MW, the country’s electricity generation
matrix, Figure is 68.33% based on water resources.

Figure 1.3: Effective capacity installed in Colombia. Source: (Arango,|2019).

Given the water wealth of Colombia, encouraging and giving more impetus to the development of new
electricity generation projects from hydroelectric plants should be the backbone of the Colombian electricity
sector. These new projects would not only allow maintaining a clean, renewable, and reliable matrix but would
also help meet the growing energy demand.

The country’s annual electricity consumption is close to reaching 70,000 GWh/year and for the next 11 years,
according to projections made by UPME, an average increase of 2% per year is expected, taking into account
dynamic expectations of the industrial sector and the electrification of the economy. To meet this increased
consumption projected for the coming years, it is necessary to continue expanding the country’s energy
infrastructure, both for generation and transmission, distribution, and marketing. With the current installed
capacity of the country, the demand will be supplied until 2021 under critical hydrological conditions. Given

9



a further delay in the start-up of Hidroituango, the country’s largest hydroelectric project currently underway
with an installed capacity of 2,400 MW, there could be insufficient supply to cover energy needs, and if
measures are not taken, it would be possible for new cases of rationing.

Although the generation of electrical energy through hydraulic power plants is already used in the world, on
a large scale this energy source has a limited field of expansion, since in the most developed countries most
of the important rivers already have a or several plants, and in developing countries large projects can collide
with obstacles of a financial, environmental and social nature. As an option, the energy industry has developed
medium and small capacity facilities called Small Hydroelectric Power Plants (SHP) which can take advantage
of the relatively low flows of rivers with lateral or run-of-the-river catchments without the need to create large
reservoirs, conserving the ecological flows and limiting the environmental effects of construction.

The panorama presented for Colombia, which may well be the panorama of other countries, indicates that
there is a palpable need to study new versatile and efficient generation technologies, so with this doctoral
thesis we seek to establish a methodology for the design of gravitational water vortex hydraulic turbine for
the generation of energy through small hydroelectric uses that guarantee maximum conversion efficiency. The
development of a high-efficiency gravitational vortex turbine will not only increase energy production, but
will also:

* Reduce the use of non-renewable fuels.

* Reduce greenhouse gas emissions.

¢ Diversify the energy basket.

* Serve as an alternative power supply in non-interconnected areas.

* Facilitate the generation of energy close to consumption sites, creating more autonomous regions with
the capacity to supply themselves.

* Ensure adequate energy supply in terms of reliability and cost.

1.4 Hydraulic turbines

Hydraulic turbines are the prime movers that convert the energy of the falling water into a rotational
mechanical energy and consequently to an electric energy through the use of the generators that are connected
to the turbines. Turbines consist of a row of blades that are fixed on a rotating shaft or a plate. The shaft rotates
because of the impact of the difference in velocity and pressure of the water striking the blades (Dincer and
Ezzat,|[2018)).

Hydraulic turbines can be classified based on different categories: the direction of the flow or pressure of water.
According with the direction of the flow, the turbines can be axial, radial, crossflow or mixed flow turbines.In
axial flow turbines the direction of the water stream is parallel to the axis of rotation of the blades such as
Kaplan and propeller turbines. In radial flow turbines, the direction of the water stream is perpendicular
to the axis of rotation of the blades such as Pelton turbines. In mixed flow turbines, the direction of the
water flow entering the turbine is different from the direction at which the water leaves the turbine such as
Francis turbines. In crossflow turbines, the water flow passes through the turbine diagonally or across the
turbine blades. In these types of turbines, the water flow passes through the runners two times increasing the
efficiency of the turbine; crossflow turbines are utilized at the sites with high water flow and small head.

The hydraulic turbines can also be categorized into two types: impulse and reaction turbines based on the
change of the water pressure while passing through the rotor. For impulse turbines, the pressure of the water
remains the same when passing through the rotor. However, when the water passes through the nozzle, the
energy in the water is transformed into kinetic energy. The high-speed jet then strikes the bucket shaped
vanes mounted on a rotating shaft and consequently transforming the kinetic energy of the water to a rotation
movement through the runner. Pelton, Turgo and gravitational water vortex turbines are the most common
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among the impulse turbines category. For the reaction turbines, water pressure varies depending on the
variation of the flow path shape, which comprises fixed guide vanes, adjustable guide vanes, and rotating
blades. Francis and Kaplan turbines are the main types of reaction turbines.

The basis of the design of an hydraulic turbine is the velocity diagrams (velocity triangles) at the entry and
exit of the turbine rotating element (runner). These lead to the Euler equation for theoretical torque and
to the theoretical Euler efficiency of the turbine (Cengel| 2010). Although elemental velocity triangles are
employed for preliminary design of the turbine, for large or new turbines, model testing is necessary for
verification of performance. Because of the cost and time involved in developmental model testing, more
recently, a computerized solution of the inviscid flow equations are employed.In particular, the efficiency of
the hydraulic turbine must be optimized. The peak efficiency of a properly designed large hydraulic turbines
can be as high as 95%, with typically every point of improved efficiency involving considerable monetary
benefits in operation (Gummer}, |2011).

To design a turbine, it is necessary to determine the data for the utilizable net head (H,,) and its maximum
water flow rate (Q). In some projects, this flow corresponds to the annual minimum that is available, according
to the hydrological study; and in other projects, it can be deduced from the brake power that the turbine should
deliver to the generator, so that it can, in turn, deliver given amount of power to the electric power system.

The maximum available power of any turbine is given by equation|1.1

P =pgQH, (1.1)

where p is the density of the fluid and g the gravity. The output generated power by a turbine is given by

equation [[.2}
Pout:T(‘) (12)

where w is the angular velocity and T is the torque. The hydraulic efficiency of the turbine () is determined

by equation

Pout: Tw
P pgQH,

= (1.3)

1.4.1 Gravitational water vortex turbine

An electric power generation system with a gravitational water vortex turbine is a run-of-the-river plant that
takes advantage of the kinetic and potential energy of an artificially induced vortex in a chamber with a
central drain. A run-of-the-river or flowing water plant is a plant where the energy of the water must be used
at the instant it is available, to drive the turbines. They do not have a water reserve, and the flow supplied
varies according to the seasons of the year. The main part of the turbine system consists of a inlet channel, a
circulation chamber, a vetical rotor and a discharge.

Operation principle

e The river water is channeled and transported to a circulation chamber. This circulation chamber has a
circular hole at its base.

¢ The combination of localized low pressure in the orifice and induced circulation at the tangential inlet
influence the flow into a vortex. A vortex is a region of flow that rotates around an axis, which can be
straight or curved. In its most general classification there are two types of vortices: the forced vortex and
the free vortex. A forced vortex is called the rotation of a fluid that moves as a rigid solid with respect to
an axis. In this case, each fluid particle has the same angular velocity. These vortices are superficial and
form concave depressions in the surface of the fluid. In a free vortex each particle moves in a circular
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path, at a speed that varies inversely proportional to the distance from the center of rotation. Free vortex
typically occurs over a discharge such as in bathtubs or sinks when drained. For a forced vortex to form,
an external torque is required to rotate the fluid, while for a free vortex to form, there must be a point
of low pressure that sucks the flow towards it. In a GWVHT, both types of vortex coexist, this vortex
is called the Rankine vortex. In the Rankine vortex, the inner circular region around the origin is in
rotation like a rigid body (forced vortex), while the outer region is free of vorticity (free vortex), the
velocity being inversely proportional to the distance from the origin.

* Potential energy is completely converted to rotational kinetic energy in the core of the vortex. Which is
extracted using a vertical axis turbine.

* The water is returned to the river through discharge.

For the calculation of the power available and generated by the gravitational water vortex turbine, the same
equations are used as for the calculation of the powers of conventional hydraulic turbines. Depending on
the use, the amount of water and level difference available, the power of hydraulic turbines can be a few
kilowatts up to hundreds of Megawatts. However, regardless of size, the evaluation of models can to predict
the performance of large turbines.

1.5 Research results

1.5.1 Published papers

e L. Velasquez, A. Rubio-Clemente, E. Chica, Numerical analysis of the inlet channel and basin
geometries for vortex generation in a gravitational water vortex power plant. Renewable Energy
and Power Quality Journal. 18, 2020. https://doi.org/10.24084/repqj20.248. ISSN:2172-038X.
https://www.icrepq.com/icrepq20/259-20-velasquez.pdf (Velasquez et al.,|2020). SJR Q4.

* Velasquez, L., Chica, E., and Posada, J. (2021). Advances in the Development of Gravitational Water
Vortex Hydraulic Turbines. Journal of Engineering Science and Technology Review, 14(3) (Velasquez
et al}[2021). SJR Q3.

e Velasquez, L., Posada, A., and Chica, E. (2022). Optimization of the basin and inlet channel of a
gravitational water vortex hydraulic turbine using the response surface methodology. Renewable Energy,
187, 508-521 (Velasquez et al.}|2022). SJR Q1.

* L. Velasquez, A. Rubio-Clemente, E. Chica, Runner optimal position in a gravitational water vortex
hydraulic turbine with spiral inlet channel and a conical basin. Renewable Energy and Power
Quality Journal. 20, 2022. 143-147. https://doi.org/10.24084/repqj20.248. ISSN:2172-038X.
https://www.icrepq.com/icrepq22/248-22-velasquez.pdf. SJR Q4.

* Velasquez, L., Posada, A., and Chica, E. (2023). Surrogate modeling method for multi-objective
optimization of the inlet channel and the basin of a gravitational water vortex hydraulic turbine. Applied
Energy, 330, 120357. (Velasquez et al.,|2023). SJR Q1.

1.5.2 Conferences

e Laura Isabel Velasquez, Edwin Lenin Chica Arrieta, José Alejandro Posada. Evaluacién experimental
de una turbina hidraulica de vortice gravitacional con camara de circulacién cénica y canal de entrada
envolvente. Segundo congreso internacional Objetivos del desarrollo sostenible: Esfuerzos en America
Latina y el Caribe. 2022. Evento que se realiz6 entre el 19, 20 y 21 de octubre de 2022.

* Laura Velasquez, Edwin Lenin Chica Arrieta and José Alejandro Posada. Determinacion del caudal
6ptimo para la formacién de un vortice fuerte en una turbina de vortice gravitacional. X Congreso
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internacional de Ingenieria Mecanica, Mecatrénica y Automatizacion. Virtual entre el 05 al 07 de mayo
de 2021. Universidad Nacional de Colombia.

Laura Isabel Velasquez, Edwin Lenin Chica Arrieta, José Alejandro Posada. Avances en el desarrollo
de turbinas hidraulicas de vortice gravitacional para la generacion de energia eléctrica a pequena
escala. Congreso internacional: objetivos del desarrollo sostenible. Esfuerzos en América Latina y el
Caribe. https://www.ustatunja.edu.co/eventos-usta-tunja/event/94-congreso-internacional-objetivos-
del-desarrollo-sostenible-esfuerzos-en-america-latina-y-el-caribe. ISBN 978-958-8628-66-0.

Laura Isabel Velasquez, Edwin Lenin Chica Arrieta. Efecto de la geometria del canal de entrada en la
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Highlights
¢ GWVHT is a turbine suitable to use in low head and small to medium water flow rates.

* The highest power turbine installed until now (20 kW) has an efficiency of 68%.

e The most optimal relationship between the diameter of the conical basin and the diameter of the
discharge (d/D) is between 14 and 18%.

* The most common inlet channel used has a rectangular cross-section (w x h)
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Advances in the development of gravitational water vortex
hydraulic turbines

[Laura Velasquez, Edwin Chica and José Posada

ABSTRACT

The availability of energy has been essential for humanity, which increasingly demands more
energy resources to cover its consumption and well-being needs. Due to the rapid depletion of
fossil fuels, use of alternative energy sources such as non-conventional renewable energy sources
is fundamental. Within non-conventional renewable energy sources, small-scale hydroelectric
power is an excellent option in the generation of clean energy. Its developments have a long useful
life with more than 100 years proven and still with possibilities for new designs and technological
adaptations. Among these new designs are the gravitational water vortex hydraulic turbines
(GWVHT). A GWVHT is a run-of-river (ROR) hydropower system that harnesses the kinetic
and potential energy of an artificially induced vortex. Its main advantage is the ability to generate
energy in low ranges of head and flow.

The GWVHT is a new turbine with a wide range of efficiency between 17 and 85% that still
needs more research to optimize the geometry of the basin, channel and runner. The aim of this
work is to present a comprehensive analysis of various aspect of GWVHT such as modelling,
optimum sizing, performance, and challenges for development, and implementation to establish a
starting point for further research. Until now, the studies allowed to assert that the conical basins
are better than the cylindrical basins but not identify the dimensions of the geometry. About the
runner, the shape or number of blades has been varied but the results of the investigations were
contradictory.

1. Introduction

The intensive use of energy in different economic and social activities has been transforming the traditional schemes
of work and has allowed the acceleration of growth rates and demographic concentration [1]. By 2040, global energy
demands are projected to increase by 30%, while the population grows from 7,400 to 9,000 million inhabitants [2].
This is why the world must prepare to supply this demand for future energy.

For many years modern societies have supported their growth in an energy system based mainly on obtaining
energy through fossil fuels [3], but their rapid depletion along with the global warming that they produce will affect
significantly humanity’s lifestyle, unless energy is harnessed from other sources. The increased demands of energy
and the decreased of the fossil fuel reserves, have increased the researchers, governmental and non-governmental
organization interest to work in the field of renewable energy sources [4].

Energy sources can be classified using several criteria: according to whether they are or not renewable, according
to their degree of availability: conventional or non-conventional, and according to the way they are used: primary
and secondary. Renewable energy sources are those whose potential is inexhaustible as it comes from the energy
that reaches the planet earth continuously as a consequence of solar irradiation or the gravitational attraction of other
planets and satellites in the solar system. The main sources are solar, wind, hydraulic, tidal, geothermal, and biomass
energy. Some of these sources are not predictable because of their intermittent and stochastic nature of most renewable
generation originating from weather conditions. The main common features of renewable generation are variability,
uncertainly, and location dependency. This variability is a reflection of the behaviour of its primary source, such as
irradiation and wind, which depends on the climatic, meteorological, and hydrological phenomena at the moment.
Non-renewable energy sources are those that exist in a limited amount in nature, such as those derived from petroleum
(coal, diesel, natural gas, fuel oil, etc.), and uranium. Global energy demand is currently supplied by 70% with non-
renewable sources, while the remaining 30% comes from renewable sources [3].

According to the second classification criterion, conventional energy sources are those that have significant par-
ticipation in the energy balances of industrialized countries. This is the case of coal, oil, natural gas, hydraulic, and
nuclear energy. On the contrary, unconventional energy sources are those that do not have appreciable participation
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in the coverage of energy demand because they are not widely marketed. This is the case of small-scale solar, wind,
tidal, biomass, and hydraulic energy. Depending on its use, energy sources can be classified as primary, and secondary.
Primary sources are those that are obtained directly from nature, such as coal and natural gas. Secondary sources, also
called useful or final, are obtained from the primaries sources through a process of transformation by technical means.
This is the case of electricity or petroleum-derived fuels.

Given the availability of at least one of the non-conventional renewable energy sources in any geographical position
on the planet, non-conventional renewable energy sources represent immense energy potentials. This potential can be
supply energy demand growth, to the extent that its research, development and commercial deployment of associated
technologies continue to advance.

There are many alternatives to produce energy from non-conventional renewable sources, one of them is the use
of water energy. Hydropower is capable of responding to demand of energy rapidly [5], making it the most flexible
source of power generation available. Water resource use is not a novelty, the commercial operation of hydropower
started in Grand Rapids, Michigan in 1880, where a turbine produced electricity to power 16 brush-arc lamps at the
Wolverine Chair Factory [6]. The novelty is the new designs and technological adaptations of turbines that due to
their characteristics as small capacities, less time to construct and simple design, can be installed in places where
conventional turbines such as Pelton, Kaplan and Francis turbines cannot operate or operate at low efficiency. In
2019, with a global installed capacity of around 1,150 GW, the hydropower contributed 15.9% of the global electricity
generation [7].

On a large scale, hydropower has limited scope for expansion. Most of the major rivers, in developed countries,
already have one or more hydroelectric power plants, and in developing countries, large projects may run into finan-
cial, environmental, and social nature obstacles. On a smaller scale, however, the generation of electricity in small
hydroelectric power plants (SHP), projects that generate 10 MW or less of power [8], does offer growth possibilities.
SHP can take advantage of the relatively low flow rates of rivers with lateral capture without the need to create large
reservoirs, conserving the ecological flows and limiting the environmental effects of civil construction. SHP plants
could also supply electricity in remote areas and improve rural people quality of life. The global potential capacity of
small scale hydropower is 229 GW, however, it is estimated that only 34% has been utilized [9]. Europe is the continent
with the highest percentage of use of its available potential capacity 48% (with a potential of 38.95 GW). Africa, with
a potential of 12.2 GW, only uses 5%.

Among the new generation technologies to produce electricity in a SHP are the gravitational water vortex hydraulic
turbines (GWVHT). With efficiencies ranging from 17 to 85% [10], plants using GWVHT still have lower efficiencies
than those reported by conventional generation systems with values that sometimes exceed 95% [11]. Since its creation
in 2006, a large number of research activities have been carried out that seek to understand more deeply how this type of
systems operate to improve their efficiency. Through a review of the literature, the frontiers of current knowledge about
GWVHT were identified to understand the developments carried out and establish a starting point for future research.
This study analysed the strategies involved in developing the GWVHT: modelling approaches, methodologies design
optimization and design validations, in numerical and experimental studies.

2. Gravitational water vortex hydraulic turbine

A GWVHT is a run-of-river (ROR) hydropower system that harnesses the kinetic and potential energy of an arti-
ficially induced vortex in a basin with a central drain. A ROR hydropower system is a plant where the energy of the
water must be used at the moment it is available, to drive the turbine. They do not have a water reservoir, oscillating
the flow supplied according to the seasons of the year. In the season of abundant rainfall (high volume flow rate), they
develop their maximum power and allow excess water to pass through. During the dry season (low volume flow rate),
the power decreases depending on the flow, reaching almost zero in some rivers in the summer season [12]. GWVHT
operates at heads between 0.5-2 m and flow rates of 0.05-5 m>/s, power generation of 0.2-5 kW. Figure 1 shows the
GWVHT operation range compared to other hydraulic turbines, like Pelton, Francis, Kaplan, cross flow, Archimedean
screw and Turgo turbines. GWVHTs are the turbines that require less volume flow rate and less head to operate.

Considered a new technology, GWVHT was created around 2006 by Austrian engineer Frank Zotloterer while
searching for ways to aerate inactive streams water without external power [14, 15]. In this system, the water is
transported through an inlet channel until a basin. The velocity of the water is increased in a convergent section. An
artificially induced gravitational water vortex is formed in the basin. Then, using a vertical axis turbine, the energy of
the vortex is extracted. Finally, the water return to the river through the discharge orifice [16].
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Figure 1: Operating ranges for Pelton, Francis, Kaplan, Cross Flow, Archimedean Screw, Turgo and GWVHT turbines.
Modified from: Williamson et al. [13].

Figure 2 shows a general diagram of a hydroelectric power plant with a GWVHT, numbering each of its main
elements: catchment, inlet channel, basin, runner, and discharge orifice. The catchment not only allows water to be
capture from the river but also controls the flow and the level of suspended sediments to avoid damage to the runner.
The inlet channel allows the water to enter the circulation basin in a tangential, controlled way, and without major
turbulence, in order to facilitate the correct formation of the vortex.

Figure 2: General diagram of a hydroelectric plant with a gravitational water vortex turbine: 1- river, 2- inlet channel, 3-
circulation basin, 4- discharge, 5- catchment and 6- runner. Source: Engenhariacivil.com [17]

In the world so far, 20 of such turbines have been installed. Europe is the continent with the most facilities (14),
followed by Oceania (3), South America (2) and Asia (1). Table 1 indicates the locations of the GWVHT, their
generating power, volume flow rate, head, and efficiency. For the calculation of the available and generated power
by the GWVHT systems, the same equations are used as for the calculation of the power of conventional hydraulic

Page 3 of 25



Advances in the development of GWVHT

turbines, only a small change is incorporated to calculate the net head H,. The maximum available power of GWVHT
turbine is given by equation 1:

P=ng(Hn—h1 —hz—h3) (1)

where p is the density of the fluid, g the gravity, O the volume flow rate, A4, is the head loss in the circulation basin,
h, is the head loss in the inlet channel, and A5 is the kinetic energy of the outflow [10]. The output generated power
by any hydraulic turbine is given by equation 2:

P

ou

where w is the angular velocity and T is the torque. The hydraulic efficiency of the vertical axis turbine # is
determined by equation 3:

Pout _ Tw
P pgQ(H —hy — hy — h3)

n = 3)

The 20 turbines installed in the world have efficiencies ranging between 17 and 85%, head values between 0.6 and
2.0 m, and output powers between 0.01 and 20 kW [10]. Austria has 10 installations of GWVHT, 4 of these installations
have very close generation power, between 4 and 5 kW, with efficiencies of 58% for 4 kW turbines, 60% for the 4.4 kW
turbine, and 61% for the 5 kW turbine. These values indicates, at least for this group of turbines, that the greater the
power of the system, the greater its efficiency. From the group of 20 installations, the turbine with the highest efficiency
(85%) is installed in Indonesia and generates 15 kW. There are two more turbines installed that generate equal power:
Switzerland and Chile, they would be expected to have similar efficiencies, but these turbines report efficiencies of
only 46 and 57%, respectively. The lowest efficiency turbine (17%) also corresponds to the lowest power turbine 0.01
kW, while the highest power turbine (20 kW) reports an efficiency of 68%. No clear pattern of efficiency behaviour
concerning generation capacity is identified.

Table 1

Feature list of GWVHT in the world. Modified from: Timilsina et al. [10].
Location Head [m] Flow rate [m®/s] Power output [kW] Efficiency [%]
Austria 1.5 0.9 8.3 63
Austria 0.9 0.7 33 53
Austria 15 0.5 4.4 60
Austria 1.4 0.5 4.0 58
Austria 1.4 0.5 4.0 58
Austria 1.4 0.6 5.0 61
Austria 1.2 1.2 7.5 53
Austria 1.8 1.0 10.0 57
Austria 1.6 2.0 18.0 57
Austria 1.0 0.9 4.6 52
Germany 1.2 1.5 6.0 51
Switzerland 15 1.0 10 68
Switzerland 1.5 2.2 15.0 46
Belgium 2.0 0.25 3.0 61
Australia 0.6 0.11 0.35 54
Australia 0.6 0.01 0.01 17
Australia 0.8 0.05 0.18 49
Pera 1.2 1.02 3.5 29
Chile 1.5 1.8 15.0 57
Indonesia 15 1.2 15.0 85
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GWVHT has a lower efficiency than conventional turbines. Therefore, research has focused on optimizing the
geometry to increase their hydraulic efficiency. Different basins and runners have been used to increase the tangential
velocity and form a stable vortex. For the design of the circulation basin and inlet, two geometries are normally used:
cylindrical or conical basin both with tangential inlet and with central discharge orifice. These geometries are shown
in Figure 3 and 4. For the runner, the original design of Frank Zotloterer is used: cylindrical runner with a plurality
of blades uniformly distributed over the circumference. The studies have been focused on three fields: numerical,
numerical-experimental and experimental.

b——W/D——
m/
VS/DTZ
e
/

p——h/D——

H/D

F——d/D
Figure 3: Main dimensions for the cylindrical basin.
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Figure 4: Main dimensions for the conical basin.

2.1. Numerical studies

In 2010, the oldest formal publication on GWVHT was made by Mulligan and Hull [18], who determined the opti-
mal diameter of the discharge orifice for a cylindrical basin. The authors determined that for optimal vortex formation,
the diameter of the discharge was between 14 and 18% of the diameter of the basin (d/D = 0.14 — 0.18). They also
proposed that the vortex height varies linearly with discharge diameter.

Two year later, Marian et al. [19] introduced the use of a conical basin for a GWVHT and determined the effects of
basin shape on turbine performance comparing the cylindrical and conical geometries. Marian et al. [19] modelled the
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flow of water in the turbine with and without runners. To simulate the flow of water through the basins, they modelled
the GWVHT in SolidWorks software. The simulations were developed in Comsol software. For the first case, they
did not include the runner; the water flow formed a vortex that extended to the discharge hole. In the second case,
the runner was included; in this case, the vortex no longer extended to the discharge because eddies formed near the
turbine blades. A helical turbine with multiple stages (installation of two or more runners on the same shaft) was the
turbine chosen for this second case of analysis because the authors affirmed that the most indicated turbine to extract
the energy of water flow was a helical turbine with hydrofoil profile. Marian et al. [19] concluded that the height of
the vortex influences the extraction of the energy from the flow, thus to increase the efficiency in this type of system, it
is necessary to maintain the flow regime in which the vortex is extended to the discharge. Figure 5 shows the section
through the GWVHT with a helical turbine with multiple stages.

Figure 5: Section through the GWVHT with a helical turbine with multiple stages. Source: Marian et al. [19].

Dhakal et al. [ 14] studied the effect on conical basin in the vortex formation. They did not include the runner similar
to the first study of Marian et al. [19]. For a given volume flow rate and head, the authors changed the diameter (D)
and height of the basin (H), and the length (L) and height (/) of the inlet channel. Taking into account the variation in
length and height of the channel as study parameters have not been considered until now. Dhakal et al. [14] developed
different basin and channel configurations using SolidWorks software and then the models were simulated in ANSYS
Fluent. The results showed that there is a dominant effect of basin diameter on the tangential velocity in the vortex,
see Figure 6. When the basin diameter increases, the tangential velocity increase until a maximum velocity is reached.
The maximum velocity (0.52 m/s) occured when the diameter was 510 cm. After this point, if the basin diameter
increases, the velocity decreases. For the channel, they concluded that as its height increases, the tangential velocity
also gradually increases until reaching a constant velocity close to 0.5 m/s. The analysis suggests that the diameter of
the basin is the most important characteristic that must be taken into account for the design of this type of generation
plant since varying the diameter is where the most significant differences in the value of velocity and vortex height are
obtained.

Dhakal et al. [20] conducted a study to establish the optimal position of the runner to maximize the output gen-
erated power. The study models were designed in SolidWorks software and then exported to ANSYS Fluent, where
the computational simulation was performed. The computational models used are shown in Figure 7; the maximum
tangential velocity was 0.6 m/s for the conical basin and 0.525 m/s for the cylindrical basin. Both velocities were
reached at a distance of 0.875 m measured from the surface of the basin, and for the same inlet velocity of 0.1 m/s. The
results suggest that conical basin are better than cylindrical ones because higher tangential velocity produces greater
output generated power, and that the best position of the runner inside the basin corresponds to a height of between
65-75% of the total height (H) of the basin measured from the top of it.

Sreerag et al. [21] studied the effect of discharge diameter on turbine efficiency as a function of tangential velocity.
The computational analysis was executed using ANSYS Fluent 14.5 and allowed to find the tangential and radial
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Figure 6: a) Effect of basin diameter vs vortex velocity and b) Effect of channel height vs vortex velocity. Source: Dhakal
et al. [14]. Explanatory note: the diameter units in figure a) are cm.
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Figure 7: Boundary conditions for cylindrical and conical basins. Source: Dhakal et al. [20].

velocities at different locations within the velocity field. They concluded from the analysis that, for a turbine with a
conical basin of 1 m in diameter, 1 m in height and with a cone angle of 14°, a discharge with a diameter of 30% of the
diameter of the basin (d /D = 0.3) provides the highest tangential velocity and therefore the maximum output power.
The ratio between the diameter of the basin and the discharge hole is the double than the ratio proposed by Mulligan
and Hull [18].

Chattha et al. [22] investigated different basin design configurations for a GWVHT using CFD with the aim of
increasing tangential velocity in the vortex core. For their study, they used a cylindrical basin with a discharge orifice
in the centre and varied the diameter of the basin, the diameter of the discharge, and the inlet flow. They found that in
order to increase the magnitude of the tangential velocity by up to 15%, it was necessary for a vortex to be generated
that went from the free surface of the basin to the discharge orifice. As indicated by Marian et al. [19] in their early
investigations. The best way to generate the vortex is to increase the outlet diameter keeping all the other parameters
of the basin constant: diameter and height. An increase in the discharge diameter represents an increase in the Froude
number, which causes an increase in the value of the critical immersion. When the critical immersion increases, there
is a greater tendency towards the formation of the vortex.

Thapa et al. [23] studied the effect of the inlet channel on vortex formation in a GWVHT. ANSYS Fluent was
used for numerical analysis. In the experiment, 4 input geometries were taken for the channel: triangular, rectangular,
circular, and curved, Figure 9, these figures are viewed from the top. Their study showed that the vortex formed by
the use of an entrance channel with triangular geometry is more efficient since it tends to produce a very symmetrical
vortex pattern which causes a smaller radial force. Radial steering forces are responsible for creating bending moments
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Figure 8: a) Reference geometry initially used for analysis and b) Vortex flow lines formed in the optimized basin. Source:
Chattha et al. [22].

on the turbine shaft, reducing the efficiency of the turbine. The study also showed that the rectangular inlet channel
produces symmetrical but very high-pressure distribution, implying that the rectangular inlet geometry can be effective
on low heads, but can cause turbine shaft failure in heads of magnitude superior due to the generation of unexpected
bending moments on the shaft. This was the first investigation to study other geometries for the inlet channel, as
previous studies always used rectangular geometries and tried to optimize its dimensions: height (%), width (w), and
length (L)).

Figure 9: a) Channel with circular geometry, b) Channel with curved geometry, c) Channel with rectangular geometry, and
d) Channel with triangular geometry. Source: Thapa et al. [23].

Rehman et al. [24] studied three types of tangential inlet channel: horizontal channel, 30° and 60° inclined channel
using a conical basin, see Figure 10. The results show that the highest tangential velocity was achieved when the
channel was inclined 60°. That increase in velocity can be attributed to the change of potential head to dynamic head.
For the simulations, the ANSYS Fluent software was used, using a constant water entry velocity in each model of 3
m/s. The authors did not elaborate on the simulation settings.

Khan et al. [25] studied the effects of basin diameter (0.4—0.8 m), discharge to basin diameter ratio d /D (0.13-0.17),
basin height to diameter ratio H /D (0.5-1.5), inlet channel width ratio w/D (0.1-0.5), inlet channel depth ratio 4/ D
(0.1-0.5), and inlet velocity (0.1-0.6 m/s) on vortex formation and tangential velocities. They used ANSYS CFX to
discretize the governing equations using a finite-volume approach. The results show that the configuration with a fully
developed air core is the most suitable for increasing the efficiency of the system. When a basin with a large diameter
is used, the vortex height decreases. An increase of w/D increases the mass flow, which causes the water height to
rise until overflow from the upper walls of the basin occurs. Increasing the ratio d /D allows more water to flow out
of the basin; therefore, a reduction in the vortex height in the basin was observed.

Wardhana et al. [26] analysed the behaviour of propeller type impellers when positioned in GWVHT systems.
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Figure 10: Model with inlet rectangular passage of: a) 0°, b) 30° and c) 60° . Source: Rehman et al. [24].

They made variations in the shape and length of the blade chord, as well as in the number of blades, see Figure 11.
The results suggest that the number of blades are inversely proportional to the efficiency; they also concluded that the
shape of the blades is more efficient when twisted and they selected the rotors with 3 blades as the most efficients of
their study, with an efficiency of 54.4%.
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Figure 11: Turbine Models. Source: Wardhana et al. [26].
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Havaldar et al. [27] compared two geometries for tangential inlet channel to GWVHT: straight and curve, see figure
12. The models were made in SolidWorks. The meshing and simulations were done in ANSYS Fluent. They found
that the average velocity in curve inlet channel was greater than that of the Straight inlet channel. A greater velocity
implies that energy extraction could be greater. The authors did not elaborate on the simulation settings.

Figure 12: Inlet channel Models. Source: Havaldar et al. [27].

Two inlet channels and two basin geometries of a GVWH were analysed in Ansys Fluent software by Vel4dsquez
et al. [28]. The velocity and vortex height were calculated and compared for four geometries: (I) cylindrical basin with
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a tangential inlet channel, (I) cylindrical basin with a wrap-around inlet channel, (III) conical basin with a tangential
inlet channel and (IV) conical basin with a wrap-around inlet channel. This was the first study where two different
geometries connection for the inlet channel were compared: a regular tangential inlet channel and a wrap-around inlet
channel, see Fig. 13a). For the simulation, the VOF method was implemented with k-¢ as a turbulence model. For
the whole set of models was used a inlet velocity of 0.1 m/s. The results suggests that the conical basin is better
than the cylindrical because conical basin produced more symmetric vortex in comparisons with that generated by the
cylindrical geometry. Geometry (d) provided the largest value for tangential velocity (1.55 m/s) when the radius was
0.22 m, see Fig. 13b). Knowing the location of the highest velocity allow identifying the rotor installation point, where
a greater extraction of energy from the flow is possible.

2.000 -
1.800

1.600

™ 4 L pam = R .
Z 1.400 e~ ST R e,
E Vs ~ SIS ¢ . ¥~ i %,
el P - -
21,200 2 ;(’ NN i s \
= ’ = N ¥ - Y.
g ) R £ vl
> 1.000 P W 2 %t
= ;o ) 4 \
coso- Y » 5
-i n ‘!)\ PJ
= 0.600 4 N .
4 +
0.400 - 4 Y © ~Tangencial inlet with cylinder basin
= & ~\Wrap-around inlet with cylinder basin
0.200 = ¢ ~Tangencial inlet with conical basin
* - Wrap-around inlet with conical basin
0.000 : . :
0.4 0.3 0.2 0.1 0 01 0.2 0.3 0.4
Radius [m]

Figure 13: a) Wrap-around inlet with cylindrical basin and b) Tangential velocity distribution Source: Velasquez et al.
[28].

2.2. Experimental studies

Dhakal et al. [29] designed, manufactured, and tested 3, 6, and 12 blade runners for a GWVHT. The runners
were tested in cylindrical and conical basins to compare the efficiency of the runners in both types of setups. For the
cylindrical basin, 12 tests were carried out by changing the runners and their position in the basin. Like the study
of Marian et al. [30], Dhakal et al. [29] indicated that the best position for the placement of the turbine is the lowest
position, that is, the position closest to the discharge, since it is where the vortex has the highest velocity. They also
found that the efficiency values were higher for runners with fewer blades. For the conical basin, with 12 blade runner
were carried out. The tests provided a maximum efficiency of 29.63% for the position closest to the discharge, this
efficiency was significantly higher than the efficiency obtained by all the cylindrical basin tests, which allows us to infer
that conical basins are more efficient than cylindrical, which might be due to higher vortex height. Since the 3 and 6
blade runners were not evaluated in the conical basin, it is not possible to extend the statement made for cylindrical
basins that fewer blades provide greater efficiency.

Using two materials for the runner blades: stainless steel and aluminium, Sritram et al. [31] studied the effect on the
energy generation efficiency of the GWVHT. Two impellers of 5 curved blades vertically arranged 45 cm wide and 32
cm high were manufactured. These turbines were manufactured and tested in the laboratory with a volume flow rate of
3.63,2.96,2.31,1.61,1.33 and 0.68 m3/min and an electrical load of 100, 80, 60, 40, 20 W, respectively. The electrical
load consisted of 5 incandescent light bulbs of 20 W each. The results showed that the maximum efficiency of the
aluminium and steel was 34.79% and 33.56%, respectively. Figure 14 shows the efficiency values at different loads
for both materials. For the maximum flow rate, it was found that the momentum value and the electricity production
of the aluminium turbine were higher than that of the steel turbine. This result showed that the lightweight of the
turbine increase the momentum and efficiency. Sritram et al. [31] were the first to evaluate different materials for the
construction of the runner.

To determine the best-operating conditions for a GWVHT, Power et al. [32] carried out an experimental investi-
gation. They tested different flow rates, blade sizes, and numbers, and recorded the turbine rotation velocity and the
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Figure 14: Efficiency of the turbines for a water flow of 3.63 m3/min. Source: Sritram et al. [31].

vortex height for each configuration. The input and output power, and efficiency were compared for the tests. The
turbine used consisted of a cylindrical basin, 0.7 m height, and 0.5 m in diameter, with a central outlet hole of 0.025
m. The model and dimensions of the blades are shown in Figure 15. Turbines with 2 and 4 flat blades with different
widths, heights, and thicknesses were tested. Power et al. [32] reported a maximum efficiency of 15.1% for a flow of
0.65 L/s and head of 0.9 m for the configuration of 4 blades with the blade with the largest surface area, this indicates
that the efficiency increased with the increasing number of blades from 2 to 4. This conclusion contradicts what was
said by Dhakal et al. [29], who indicated that fewer blades in cylindrical basins increase efficiency. The opposing
findings indicate that there could be an optimal number of blades for the turbine, and further studies are required to
determine it.

support frame pulley spring balance
//’
. oo 2
tank Label Blade number H (mm) B (mm) W (mm)
I 2 500 150 2
I 4 500 150 2
r 2 500 150 1.5
v 2 500 75 1.5
imrt B 0.7 74 4 500 75 15
VI 2 500 200 1.5
, vir 2 250 150 L5
0.25 Vi 4 250 150 1.5
l X 2 250 100 15
)
s
0.025
05

Figure 15: a) Schematic diagram of the laboratory model and) Configurations of the turbine blades. Source: Power et al.
[32].

Ayala et al. [33] designed and implemented an electric power generation system based on a GWVHT with a siphon
in Loja-Ecuador. The system works as a flow station and due to its design, it can be installed directly in irrigation
channels or rivers, without major civil works. The generation unit called UTG (Underwater Turbine Generator) is
made up of a Kaplan turbine, a cylindrical basin, and a siphon evacuation to gain potential energy. According to the
results of the field measurement, the UTG system with an input flow rate of 0.05 m?/s and a head of 1.0 m, has a
generation capacity of 150 W and can supply electrical energy stable to connected loads with a plant factor of 60%.

The effects of water pressure and the length and number of blades on a runner for a GWVHT were studied exper-
imentally by Rahman et al. [4]. To determine optimal efficiency they designed and tested a cylindrical basin vortex
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Figure 16: Basic diagram of the UTG generation plant for the province of Loja-Ecuador. Source: Ayala et al. [33].

power generation system with 3 and 6 blade runners, see Figure 17. Experimental results revealed that the tangential
velocity of the vortex was highest for a 0.12 m head and the maximum efficiency, achieved with the 3 blade runner
and an outlet diameter of 0.027 m, was 43%. They also found that the maximum velocity of rotation does not generate
the highest efficiency. This research supports the conclusion of Dhakal et al. [29], a runner with fewer blades is more

efficient.

Figure 17: Runners for a gravitational vortex generation system. Source: Rahman et al. [4].

Wichian and Suntivarakorn [34] experimentally analysed the effects on the efficiency of the installation of baffle
plates at the bottom and top of the runner blades for a GWVHT. A baffle plate is a metal plate used to direct or restrain
the flow of a fluid. For the study, they used a cylindrical basin plant of 1 m in diameter and 1 m high. The flow of water
between 0.04-0.06 m>/s exited through a central hole at the base of the 0.2 m diameter basin. 5 models of 5-blade
runners with deflector plates were tested, see Figure 18. The proportion of the plates was 0, 25, 50, 75, and 100%, in
relation to the total area of the blades. Model 3, with a ratio of 50 %, was the model that produced the highest torque,
increasing efficiency by 4.12% and torque by 10.25%, compared to the model without plates deflectors that generated
an average torque of 33.93 Nm and an efficiency of 31.49%. A large baffle plate, 75, and 100% ratio, produces too
much inertia and significantly reduces torque and efficiency.

The influences of the rotation velocity and the shape of the blades on the performance of a GWVHT were inves-
tigated by Kueh et al. [35]. Two turbines with curved and flat blades were compared. The turbines showed a similar
rotation velocity under no-load conditions, suggesting that the circulating force of the vortex has a more dominant
effect on the rotation velocity of the turbine, compared to the geometry of the turbine. The turbine with flat blade had
a maximum efficiency of 21.63% at 3.27 rad/s, while the turbine with curved blade showed 22.24% at 3.56 rad/s. Both
test used a head of 5 m and a mass flow of 15 kg/s. When the load is applied, the curved shape of the blades helps
to reduce disturbance in the vortex and therefore provides better performance. The runners used in the study had 4
blades, see Figure 19.

Rahman et al. [36] used a laboratory scale GWVHT to estimate the effect of the inlet flow rates and inlet channel
geometry (penstock) in the efficiency. With flow rates increased from 5.6 m3/h to 8.8 m3/h, and changing the values of
L and S of the inlet channel, they found that the efficiency increased polynomial, see Figure 20, in each case of study.
The performance of turbine with Penstock D, E and F was similar. This means that the length of channel, L, have
no effects on the efficiency. S have significant effects on the performance of GWVHT especially when it increases.
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Figure 18: Runners with deflector plates. Source: Wichian and Suntivarakorn [34].
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Figure 19: Runner dimensions. Source: Kueh et al. [35].

Penstock B and C with 0.065 m and 0.090 m, respectively, reported lowest efficiency. Reducing the value of .S will
increase the tangential velocity, hence increasing the power output and improving the efficiency.

a) 40 b)
35
Inlet channel L (m) S (m) @ Penstock A
A 0.513 0.040 X ® Penstock B
B 0513 0.065 ? ® Penstock C
C 0.513 0.090
D 0.385 0.040 S BT Penstock D
E 0.257 0040 | @ | vy ®Penstock E
F 0.128 0.040 g
5 ® Penstock F
0
5.6 6.4 2 8 8.8 9.6 104

Flow Rate (m3/h)

Figure 20: a) Inlet channel dimensions and b) Efficiency with different inlet channel geometries. Source: Rahman et al.
[36].

Srihari et al. [37] studied 5 types of conical basins with vortex intensifying nozzles. These nozzles are highlighted in
ared box in Figure 21a). The results indicated that the turbine with 6 vortex intensifiers of 50 mm diameter separated
150 mm from the upper surface of the basin presented an increase in output power of 54.42 %, which represents
an increase in efficiency 54.41%, with respect to the turbine studied by Dhakal et al. [20]. The intensifier nozzles
strengthen the formation of the vortex and therefore increase the efficiency of the turbine.
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Figure 21: Gravitational water vortex turbine: a) Schematic of experimental setup and b) Fabricated experimental setup.
Source: Srihari et al. [37].

Ullah et al. [38] studied the performance of a multi-stage GWVHT with conical basin. Each stages are show in
Figure 22. Rotational velocity, momentum, and efficiency were evaluated under different load conditions. The authors
found that runners with tilted blades are best suited for the position near the bottom of the discharge, while cross-flow
blades are recommended in the top position.

T3 Blades

T1 Blades iy $2 Shaft

Figure 22: Experimental setup. Source: Ullah et al. [38].

2.3. Numerical and experimental studies

Continuing the numerical study of Marian et al. [19], Marian et al. [30] experimentally investigated the characteris-
tics of the vortex in the presence of runners through a conical basin. The experimental set-up was carried out using two
tanks that were connected through a closed circuit of pipes provided with a pump. Four basins with differents height
(H =0.1,0.15, 0.2 and 0.25 m) were tested with cone angles () of 54.04°, 37.56 °, 28.61° and 23.06°, respectively,
all with a basin diameter D of 0.12 m and an discharge diameter d of 0.018 m. In these basins and at different depths,
3 turbines with 4 flat blades were installed, see Figure 23. The highest recorded efficiency was obtained when the
turbine was located as close as possible to the basin drain hole. Changes in the cone angle « of the basin allowed to
identify that an increase in the angle decreases the outflow, which could generate a fluid overflow through the basin if
the flow that enters through the channel is higher than the flow that comes out.

In turn, Wanchat et al. [39] performed a numerical and experimental study to find out how the diameter of the
discharge, the inlet flow, and the height of the vortex affected the velocity field inside the basin. Flow behaviour
was simulated using ANSYS software. The SIMPLE method for the pressure and velocity coupling was adopted to
discretize and solve the Navier-Stokes equations. The model used for the simulation was a cylindrical basin with 1 m
in diameter and a 1 m in height, with a discharge of variable diameter (0.1 < d < 0.4 m). A velocity of 0.1 m/s was
imposed as a condition of entry into the system. Experimental and theoretical models showed that for outlet diameters
less than 0.2 m, the angular momentum of the vortex was not enough to generate rotation in the turbine because the
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Figure 23: Schematic diagram of a gravitational water vortex generation plant. Source: Marian et al. [30].

water entering the system was greater than the water leaving. On the other hand, when the outlet diameter was equal to
or greater than 0.4 m, the vortex height was very low and it also failed to generate enough torque to move the runner.
The maximum output power was 60 W for a model with an output diameter of 0.2 m that reached an efficiency of
30%. This diameter corresponds to 20% of the basin diameter. This value of 20% for the relationship between the
outlet diameter and the basin diameter is outside the range suggested by Mulligan and Hull [18]. Unlike the study by
Marian et al. [19], this research did not include the effects of the runner in the velocity field, but despite this, they also
concluded that the vortex height is a determining parameter for power generation.

Two configurations with different discharge diameters were studied numerically and experimentally by Kueh et al.
[40]. The basin used for both configurations was a cylindrical basin with a tangential inlet channel. The XFlow 2013
Build 90 software that uses a Lagrangian approach to solve the Navier-Stokes equations was used for the numerical
study. It was found that for the smallest diameter configuration (¢ = 0.02 m), the height of the generated vortex
was the same in the experimental and numerical model; while for the larger diameter model (d = 0.025 m), there
were significant differences in vortex height between both models. Having a very large outlet diameter implies greater
turbulence, which generates greater errors in the computational solution. The adequate selection of the turbulence
models would allow finding a numerical solution that reliably reflects the behaviour of the phenomenon.

Using computational fluid dynamics (CFD), Shabara et al. [41] optimized a system with a GWVHTS. ANSYS
Fluent 14.0 was used to simulate the flow in the turbine. The designed cylindrical basin had a heigth of 100 cm, a
diameter of 100 cm and a discharge orifice of 20 cm. The runner effect was included in the analysis, and for this
purpose, an 8 curved blade runner was designed. Additionally, an experimental test platform was established to carry
out the validation of the computational results. The results showed that the maximum efficiency of approximately
40% occurs when the turbine rotates with a velocity between 28 and 38 rpm. The numerical results were similar to
the experimental results, which validates the computational model. The position of the runner within the basin is not
specified in this study.

Gautam et al. [43] numerically and experimentally studied the effect on generation efficiency of the addition of a
second runner (multiple stages) in a GWVHT with conical basin, just as Marian et al. [19] did in their research. For
this study, 3- and 6-blade runners were designed. For numerical analysis, the flow domain was modelled in CATIA
software followed by domain and solution discretization in ANSYS Fluent 16.2. The solution procedure was based
on three-dimensional steady state simulations. During the analysis process, the dimensions of the basin, the channel,
the main runner and the location of the secondary runners were the same for the three case studies. Gautam et al. [43]
reported an efficiency of 78.65% for a turbine with Type III secondary runner, see Figure 25, representing an increase
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Figure 24: Turbine performance: a) Torque and power vs rotation velocity and b) Efficiency and effective head vs rotation
velocity. Source: Nishi and Inagaki [42].

in efficiency of approximately 6% compared to a single runner turbine. To calculate the efficiency of the system, the
authors used a brake drum dynamo-meter, a digital tachometer and a current meter is for measuring the flow velocity
of water in inlet channel, which was in turn used for the calculation of flow rate. The results of this investigation do
not specify the shape or number of blades of the main runner.

Figure 25: Runners. Source: Gautam et al. [43].

Nishi and Inagaki [42] predicted the efficiency of a GWVHT considering the turbulence models, the number of
mesh elements, the governing equations, the type of analysis, and the boundary conditions. The authors established that
a transient analysis is required. The governing equations (mass and momentum conservation equations) are discretized
by the finite volume method (FVM) using ANSYS CFX 15.0. They used the volume of fluid method (VOF), which is a
method that allows simulating the behaviour of a flow that has a clear interface between two phases. Water and air were
the working fluids. Regarding the turbulence model, the shear stress transport model (SST) was selected, since they
considered that it can model the real performance of the turbine using the VOF method. Its final mesh had 2.2 x 10°
elements. The boundary conditions stablished were: mass flow at the inlet, relative static pressure of O Pa on the upper
surfaces of the basin and the inlet channel, non-slip condition for the walls, and outlet pressure at the discharge hole.
They made experiments in a test bench using a cylindrical basin with a 490 mm of diameter, a discharge of 100 mm
of diameter and a turbine with 20 blade. The runner geometry resembles the runner geometry of a cross-flow turbine.
Their numerical and computational results showed that the methodology selected for the simulation was correct, since
the experimental and computational values of momentum and efficiency coincided with each other, see Figure 24.

Dhakal et al. [44] carried out an experimental and computational investigation of a runner for a GWVHT using a
conical basin. This study focused on optimizing the runner to improve system efficiency. CFD analysis was executed
on 3 runner with curved, twisted, and straight blade profiles, all with 6 blades, see Figure 26. ANSYS CFX was
used to analyze fluid flow through the turbine. Numerical analysis showed that the curved blade profile, obtained the
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maximum efficiency (82%), is the most efficient profile, follow by the twisted blade, 63%, and the runner with straight
blades with 46%. The experimental analysis was carried out with the best of the runners found in the numerical study.
Using a volume flow rate of 0.004 m3/s and 0.5 m of head, the maximum efficiency was 71%, 9% less that the predicted
by the numerical analysis. The difference between the experimental tests and the computational analysis was mainly
attributed to mechanical losses and leakages, the non-ideal construction of the channel, the friction of the basin surface
with the fluid, and the increase in the rotation velocity of the turbine. This research is the one that reports the highest
efficiency value so far reached.

a)

Figure 26: Runners: a) straight blades, b) twisted blades and c) curved blades. Source: Dhakal et al. [44].

The most recent numerical and experimental investigation about GWVHT was made by Nishi et al. [45]. The
authors conducted a numerical and experimental study using a cylindrical basin with a diameter of 490 mm and a
discharge orifice with a diameter of 100 mm. For numerical analysis, they used ANSYS CFX15.0 and implemented
the VOF method. The authors executed a 3D unsteady flow analysis. They found that the net head and the turbine
efficiency increased as the volume flow rate increased. Figure 27a shows the experimental apparatus and Figure 27b
shows the comparison between numerical and experimental values of the efficiency. The highest efficiency was 55%
when the volume flow rate and net head were 0.00379 m3/s and 0.16 m, respectively. The highest efficiency represented
an increase of 5.3%. Although the authors concluded that increasing the volume flow rate increases the efficiency.
There must be a limit to the increase in volume flow rate. An excess flow could prevent proper vortex formation or
cause flow spillage.
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Figure 27: a) Experimental apparatus and b) Turbine efficiency. Volume flow rate Q are expressed in m®/s. Source: Nishi
et al. [45].

2.4. Summary of researches done

Tables 2, 3 and 4 show the summary of the numerical and experimental studies around the GWVHT carried out
to date. The tables highlight the type of investigation, whether or not a runner is used, the type of basin and the main
findings. Table 5 shows only the numerical studies and they make a brief count of the parameters used to carry out the
simulations such as the computational models used, the turbulence model, and the solution schemes.

Page 17 of 25



Table 2

Advances in the development of GWVHT

Numerical and experimental investigations and their main findings.

Author(s)

Method

With or without run-
ner / Type of basin

Results

Mulligan and Hull [18]

Wanchat et al. [39]

Marian et al. [19]

Marian et al. [30]

Dhakal et al. [29]

Sreerag et al. [21]

Dhakal et al. [14]

Kueh et al. [40]

Dhakal et al. [20]

Shabara et al. [41]

Power et al. [32]

Sritram et al. [31]

Ayala et al. [33]

Numerical
Numerical and
experimental

Numerical

Experimental

Experimental

Numerical

Numerical

Numerical and
experimental

Numerical

Numerical

Experimental

Experimental

Experimental

With runner / Cylin-
drical basin

Without runner/
Cylindrical basin

With and without run-
ner / Conical basin

With runner/ Conical
basin

With runner/ Cylindri-
cal and Conical basin

without runner / Con-
ical basin

without runner / Con-
ical basin

without runner / Con-
ical basin

With runner / Cylin-
drical and Conical
basin

With runner / Cylin-
drical basin

With runner / Cylin-
drical basin

With runner / Cylin-
drical basin
With runner / Cylin-
drical basin

Optimal vortex formation
when outlet diameter is
14-18% of the basin diameter
Maximum efficiency of 30%
when outlet diameter is 20%
of basin diameter

To increase efficiency is nece-
sary to keep the flow regime
in which the vortex extending
up to the output section

The turbine draws more en-
ergy near the outlet where
the higher tangential veloci-
ties are

Efficiency increases with de-
creasing number of blades.
The turbine draws more en-
ergy near the outlet

As the basin diameter in-
creases, the velocity of the
vortex decreases

The maximum velocity (0.52
m/s) occured when D was
0.51 m. Outlet diameter was
within the range of 14% to
18% of D.

As the discharge hole is get-
ting larger, flow is more tur-
bulent and causes more errors
in the CFD model

The optimum position of the
turbine is 65% to 75% of the
height of the chamber (from
the top). The Conical basin
has a higher power output
than the Cylindrical basin
Maximum efficiency 40%
when d/D was 0.2. Ideal
rotation velocity 28-38 rpm.
Efficiency increases with in-
creasing number of blades.
Turbines with 2 and 4 flat
blades were tested.

Maximum efficiency 35%.
Aluminium runner
Generation power 60 W with
a plant factor of 60%
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Numerical and experimental investigations and their main findings.

Author(s)

Method

With or with-
out runner /
Type of basin

Results

Gautam et al. [43]

Rahman et al. [4]

Wichian and Suntivarakorn [34]

Chattha et al. [22]

Nishi and Inagaki [42]

Kueh et al. [35]

Thapa et al. [23]

Dhakal et al. [44]

Rehman et al. [24]

Srihari et al. [37]

Ullah et al. [38]

Nishi et al. [45]

Numerical and
experimental

Experimental

Experimental

Numerical

Numerical and
experimental

Experimental

Numerical

Numerical

Numerical

Numerical

Numerical

Numerical and
experimental

With runner /
Conical basin

With  runner
/  Cylindrical
basin
With  runner
/  Cylindrical
basin
without runner
/  Cylindrical
basin
With  runner
/  Cylindrical
basin

With  runner/
Cylindrical
basin
without runner
/  Cylindrical
basin

With runner /
Conical basin
Without run-
ner / Conical
basin

With runner /
Conical basin

With runner /
Conical basin

With  runner
/  Cylindrical
basin

Maximum efficiency 78.65%
for 6-blade secondary runners.
They do not specify the shape
or number of blades of the
main runner

Maximum efficiency 43%. Ef-
ficiency increases with de-
creasing number of blades
Maximum efficiency 32.5%
with deflector plate of 50% of
the total area of the blades
Efficiency increases when the
vortex originates from the
conical surface to the exit hole
The shear stress transport
model (SST) is the turbulence
model that best predicts the
real performance of the tur-
bine using the VOF method
Maximum efficiency 22.24%
with curved blades

Triangular  inlet  channel
(viewed from the top) is
the most efficient because it
tends to produce very sym-
metric vortex which causes
less imbalance radial force
that are responsible for the
bending for turbine shaft
Maximum efficiency 82% for
curved blade runner

The highest velocity was
achieved when the channel
was inclined 60° downward
Intensifier nozzles were found
to strengthen vortex forma-
tion in the conical basin and
thus increase turbine effi-
ciency.

Runners with tilted blades are
best suited for the position
near the bottom of the basin,
while cross-flow blades are
recommended in the top po-
sition

The net head and the turbine
efficiency increased as the vol-
ume flow rate increased
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Rahman et al. [36]

Havaldar et al. [27]

Khan et al. [25]

Experimental

Numerical

Numerical and
experimental

cal and conical
basin

Without run-
ner / Cylindri-

cal basin

Without run-
ner / Conical
basin

With and
Without
runner /
Cylindrical
basin

Table 4
Numerical and experimental investigations and their main findings.
Author(s) Method With or with- Results
out runner /
Type of basin
Velasquez et al. [28] Numerical Without  run- The largest value for tangen-
ner / Cylindri- tial velocity (1.55 m/s) when

the radius was 0.22 m us-
ing wrap-around inlet channel
with conical basin

The efficiency increased poly-
nomial when inlet flow rates
increased. Reducing the value
of S will improve the effi-
ciency.

The average velocity in curve
inlet channel was greater than
that of the Straight inlet
channel

An increase of w/D increases
the mass flow, which causes
the water height to rise until
overflow from the upper walls
of the basin occurs

Table 5
Numerical investigations and simulation parameters used.

Author(s) Computational  Turbulence Solution scheme  N° of Element
method model elements sizes [mm]

Wanchat et al. [39] FVM Simple scheme

Sreerag et al. [21] FVM k—e Simple scheme 53,788

Dhakal et al. [14] FVM RNG k —¢ Simple scheme 308,851 60

Dhakal et al. [20] FVM RNG k —¢ Simple scheme 308,851 60

Gautam et al. [43] FVM Reynolds Stress  Simple scheme 300,000

Chattha et al. [22] FVM RND k —¢

Nishi and Inagaki [42] FVM SST 2,201,000

Dhakal et al. [44] FVM k—e

Havaldar et al. [27] FVM SST Simple Scheme 391,104

Velasquez et al. [28] FVM k—e Simple Scheme 901,779

Khan et al. [25] FVM SST 4,816,342 1

Tables 6 and 7 show the main dimensions, efficiency (1) and outlet generated power for the cylindrical and conical
basin, used in some investigations. The length dimensions were divided by the diameter basin D to use dimensionless
parameters. The empty spaces in the tables indicate that the authors do not report these values in the results of their
researches. Tables 6 and 7 have some repeated authors because they used various models.

From Tables 6 and 7, the studied turbines have efficiencies ranging between 17.5 and 78.65% and output powers
between 0.0028 and 3.3 kW. The ratio d / D changes between 0.05 and 0.6, the most using values is 0.15. The maximum
and minimum value of H /D are 1.00 and 0.23, respectively. The ratio w/D changes between 0.2 and 0.5. The
maximum and minimum value of 4/ D are 0.63 and 0.20, respectively. The ratio L/ D changes between 0.57 and 3.9.
The ratio s/ D is the half of the relation w/D.
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Table 6

Main dimensions for the cylindrical basin. Note: The authors do not report the value of .

Author(s) d/D H/D w/D h/D L/D s/D n QOutlet power

(%) (kW)

Guzman et al. [16] 0.19 0.23 0.31 0.16 1750 3.300

Wanchat et al. [39] 0.20 1.00 30.00 0.060
0.25 1.00 30.00 0.050
0.30 1.00 30.00 0.045
0.35 1.00 16.00  0.020

Pefia [46] 0.28 1.38 0.28 0.43 3.90 0.14

Pefia Salazar [47] 0.20 1.00 37.41

Kueh et al. [40] 0.05 1.88

Dhakal et al. [20] 1.42 27.75 0.028

Shabara et al. [41] 0.20 0.30 0.40 0.30 1.00 0.20 30.00

Power et al. [32] 0.05 1.40 15.10

Ayala et al. [33] 0.06 1.88 0.23 0.63 0.11

Nishi and Inagaki [42] 0.20 020  0.20 010 35.40

Chattha et al. [22] 0.14 1.00 0.30 0.30 0.15

Kueh et al. [35] 0.40 2224  0.014

Rehman et al. [24] 0.40 0.90 025 025 057 0.13

0.50  0.90 0.25 0.25 057 013
0.60 0.90 0.25 0.25 057 0.13

Sritram and Suntivarakorn [48]  0.20  1.00 3592 0.014
Nishi et al. [45] 0.20 0.20 0.10 50.00  0.003
Rahman et al. [36] 018 1.25 128 010 26.00

0.18 1.25 1.28 0.16  22.00

0.18 1.25 1.28  0.22 18.00

0.18 1.25 096 0.10 28.00

0.18 1.25 0.64 0.10 26.00

0.18 1.25 0.32 0.10 25.00
Khan et al. [25] 0.16 1.00 0.2 0.2 10.46

3. Challenges for development of GWVHT

As a new turbine, the challenges of development of GWVHT are immense. There are technical, environmental,
economic and policy challenges facing its implementation. The main challenges of development of GWVHT technol-
ogy observed by the authors are:

o Water resource assessment.Small streams and rivers can safely provide energy to run a SHP as GW VHT; nonethe-
less, there are commonly no flow gauges in these sites. This problem requires an investigation of streams and
rivers characteristics: annual flow, depth and cross section but global databases are not readily usable to analyse
the available energy of the flow [54]. Selecting rivers or streams where the volume flow rate is relatively steady
throughout the year is ideal to install a GWVHT.

e System design. The optimum design of GWVHT is an important technical challenge. GWVHT requires a
variety of components such as runner, inlet channel, basin, power converter, control system and, protection
devices, nevertheless, there is insufficient information for the design of each of these components. More studies
are required to determine the optimal design of this type of turbine.

e Environmental impacts. GWVHT is known for low carbon energy production [25], however, they can produce
downstream flow alterations. These alterations from flow reduction can include reduced aquatic biodiversity
and barriers to fish migration [55]. To reveal their effect on natural flow of the river, ecosystem, and wildlife is
necessary an investigation on turbine usage for each installation.

e Economic feasibility. The cost of installation of GWVHT is comparable to other different low head micro power
plant like Francis, Propeller and cross flow turbine [56]. However, the installed cost depends of the final location.
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Table 7
Main dimensions for the conical basin.
Author(s) d/D H/D w/D h/D L/D s/D § a n Outlet power
(Deg)  (Deg) (%)  (kw)
Marian et al. [30]  0.15 0.83 62.98
0.15 1.25 71.22
0.15 1.67 75.69
0.15 2.08 78.47
Dhakal et al. [29]  0.17 1.42 73.61  29.60
Loaiza [49] 0.15 0.27 0.27 027 182 0.14 32.55
Dhakal et al. [50] 0.15 1.44 0.50 050 281 0.25 73.53 74.35 0.157
Ayala et al. [33] 0.22 1.00 022 0.33 0.11 68.75 0.150
Gautam et al. [43] 150 0.50 0.25 170.00 78.65
Dhakal et al. [51] 023 075 050 0.40 0.25 170.00 62.68 1.600
Sreerag et al. [21] 0.30 1.00 030 030 180 0.15 70.71
Dhakal et al. [44] 250 050 050 220 0.25 170.00 71.00 0.014
Srihari et al. [37] 0.05 142 050 050 283 0.25 71.46  42.47 0.033
050 090 025 025 057 0.13 74.48
0.60 0.90 0.25 0.25 057 0.13 77.47
Ullah et al. [52] 0.34 250 0.42 054 208 0.21 82.45
Sedai et al. [53] 022 1.22 0.32 0.45 67.00 12.10

There are some factors that affect the cost: civil work, the complexity of the turbine design, the distance to the
distribution area and the system capacity [51]. Civil work represents about 40% of the total cost, turbine and
generator set (30%), control equipment(22%) and management cost (8%) [57].

e Policy/regulatory framework. The rapidly growing demand for electricity, together with the increase in the
world population, presents an ideal environment for the development of renewable energies, in particular small
hydropower plant. However, this type of technology to produce energy is more expensive than conventional
power plant with fossil fuels [58]. In order to promote the development of renewable energy sources, the gov-
ernments of the world have financed investigations and developments of renewable energy technologies to make
this kind of energy a competitive one, establishing regulatory frameworks and policies to renewable energy
sector.

4. Conclusions

In modern societies, electricity is a basic need, and renewable resources, especially hydraulic resources, have a
key role to play in supporting electricity increased demand. Hydropower is the primary source of renewable energy; it
contribute almost 60% of the global renewable supply and nearly 20% of all electricity production. Small hydropower
plants constitute a feasible and attractive solution to cover the increasing demand and to produce electricity in isolate
regions, this facilities can produce electricity operating in small rivers.

Among the different type of turbine, GWVHT allows to take advantage of locations that until now were impos-
sible with conventional generation systems because is a low hydraulic head hydropower plant. The GWVHT is very
promising for application in developing countries where the large hydroelectric power plants can be run into finan-
cial, environmental, and social nature obstacles. Compared to existing hydropower technologies, the GWVHT is still
premature and more research is required to optimize the basin, channel and runner geometry in order to increase the
efficiency. The main findings of the numerical and experimental studies are:

e The most optimal relationship between the diameter of the circulation basin and the diameter of the discharge
has been studied in numerical and experimental studies, but the authors have not reached the same conclusion.
The most using values was 0.15 but the ratio d /D changed between 0.05 and 0.6.

o Some studies investigated the effect of different forms of the inlet channel but made no changes to its dimensions,
so the conclusion they reached may be specific to the type of circulation basin used. The studies showed that
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the vortex formed by the use of an entrance channel with triangular geometry is more efficient since it tends to
produce a very symmetrical vortex pattern which causes a smaller radial force. The most common channel used
have a rectangular cross-section (w X h); the maximum and minimum value to 4/ D are 0.63 and 0.20 and the
ratio w/ D changes between 0.2 and 0.5. About the long of the channel, the ratio L/ D changes between 0.57
and 3.9.

e Regarding the runner, the shape or number of blades has been varied but the results of the investigations were
contradictory, therefore, it was not possible to obtain a generalized conclusion. In only one of the reported
studies, the authors related the diameter and height of the circulation basin with the height and length of the inlet
channel but did not use any runner, so their conclusions could vary depending on the type runner installed in the
system.

e With reference to the position of the runner concerning the height of the basin, it was possible to identify that
for maximum energy extraction, the runner should be installed as close as possible to the discharge.

o The studies allowed asserting that the conical basins are better than the cylindrical basins because in the conical
basins the velocities reached in the vortex are higher. Additionally, there are no recirculation regions in the
conical basin as compared to cylindrical basins. These conclusions allows us to identify the best geometry but
not the dimensions of this geometry.

e The vortex height influences the efficiency of the turbine, thus to increase the efficiency, it is necessary to main-
tain the flow regime in which the vortex is extended to the discharge.

e Increasing the volume flow rate in the turbine, increases the efficiency, however, there must be a limit to the
increase the volume flow rate, an excess flow could prevent proper vortex formation or cause flow spillage. It is
necessary a detail study about incoming flow and how this affect the extraction of energy.

e In GWVHT, two of the main components: inlet channel and circulation basin can be constructed on-site using
concrete or other construction materials. Although it is possible to build transportable systems using aluminium
or steel. These designs allow the requirements for the implementation of a GWVHT to be less than the require-
ments for conventional systems, facilitating the construction of many of these plants along the path of a river. A
GWVHT can also be integrated in a back flow canal of a water treatment station for self-supply.

e Materials such as plastic, aluminium or composite materials can be used for fabrication of turbine components
because they are lightweight materials; changing the material will increase the power/weight ratio, its useful
life and the modularity of the system. With a modular and lightweight turbine, the system can be transported
and installed in remote areas with significant hydraulic potentials. It is important to develop simple design
geometries with reduced civil works that employs basic workshop facilities and local manufacturing to produce
these systems possible at a lower cost.

e Several important simulations parameters such as mesh quality, convergence criteria, simulation type, element
size, and number of elements are not shown in some of the papers what makes difficult to compare the numerical
results. Most of the numerical studies used ANSYS as simulation software. The simple scheme to solve the
governing equations was implemented in all studies. The most widely used turbulence model was the k — €
model.

e The GWVHT has efficiency ranging between 17 and 85%, this substantial range can be attributed to the different
geometries, different methodologies used to measure the outlet power and the equation used to calculate the
available power. This information is not available in all investigations, it is necessary to establish a methodology
to carry out an adequate characterization.

The design of GWVHT still has many geometric configurations that have not yet been examined; so many ways are
open for further exploration. Today, to develop better and lower-cost products, professionals are opting for optimization
methodologies, which are used to carry out a more precise search for improvements. Optimization process employs
a mathematical algorithm to select new designs iteratively in search of the optimal point. Using these optimization
techniques, the designs of GWVHT could be improved while comparing different configurations, also allowing us
to analyse which design factors are the most important and how their interactions affect the efficiency of the system
allowing determining the optimum design of this type of turbine.
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* The highest circulation obtained was 2.089 m?/s.
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Optimization of the basin and inlet channel of a gravitational water
vortex hydraulic turbine using the response surface methodology

[Laura Velasquez, Alejandro Posada and Edwin Chica

ABSTRACT

The gravitational water vortex hydraulic turbine is an appropriate turbine to be used under from
a small to medium water flow rate and at a low head. This turbine extracts energy from an
induced vortex in a basin, using a coaxial rotor with a vertical axis. The gravitational turbine
has efficiencies that vary between 17 and 85%. Increasing the circulation was required in order
to achieve the highest efficiency. The circulation is a function of some geometric parameters of
the turbine, such as the ratios between the basin diameter (D) and the outlet diameter (d), d/ D;
the basin height (H) and D, H /D; the inlet channel width (w) and D, w/ D; the inlet channel
height (h) and D, h/ D; the inlet channel long (L) and D, L/D; and the wrap-around angle (y).
Response surface methodology was utilized to determine the optimal geometry that results in
the highest circulation. The values of the six variables that give the highest circulation of 2.089
m?/s were d /D=0.167, H/D=1.840, w/D=0.2, h/ D=0.599, L/D=0.500 and y=179.976°.
In addition, an exponential equation was proposed for calculating the inlet velocity for each
treatment. This equation is a function of d /D and the coefficient of discharge, C,;. The results
of the exponential function were compared with experimental data from other investigations.

1. Introduction

Societies use energy to satisfy basic human necessities (e.g., cooking, communication, lighting, mobility, and
comfort) and to attend productive processes. The energy demand is increasing quickly because of the economic and
population growth, especially in emerging markets [1, 2]. In this regard, the energy of the future requires new horizonts.
Itis essential to renovate the way how the energy is produced and consumed. To offer access to efficient energy services,
renewable energy (RE) will be the main source of long-term energy supply [3].

There are multiple options for producing energy employing RE. One of these possible options is hydroelectric
power generation [4]. Hydropower takes advantage of the water moving from higher to lower elevations. The electrical
energy generated depends on the amount of water flow rate and the head condition. Hydropower projects include run-
of-river and dam installations with storage [5]. These projects give hydropower the capacity to satisfy decentralized
rural requirements as well as large centralized urban needs. Hydropower plants can be classified in terms of their
generated power in: large (>10 MW), small (<10 MW), mini (<1 MW), micro (<0.1 MW), and pico (<0.005 MW)
hydropower plants [6]. Countries around the world follow several guidelines for this classification [5].

The gravitational water vortex hydraulic turbine (GWVHT) is a turbine that is appropriate to be used with a water
flow rate from small to medium and a low head. GWVHT is a micro hydropower plant. In the literature, the maximum
reported power is less than 0.1 MW [7]. The main advantages of GWVHT are the high power density generated com-
pared to conventional technologies and the production of a higher power output than other types of micro hydropower
plants under the same conditions. Additionally, GWVHT are safe for the environment, aquatic life, and water quality;
they are easy to be installed; and, their operating and manufacturing costs are low [8].

The rapidly growing demand for electricity and the negative environmental impacts associated with the use of large
hydropower plants presents an ideal environment for developing renewable energies, in particular small, mini, micro,
and pico hydropower plants [9] as GWVHT. Governments of many countries are providing subsidies to promote the
development of this type of technology [10] due to the capacity of GWVHT to take advantage of the relatively low
flow rates of rivers with lateral capture without the need to create large damns, conserving the ecological flows and
limit the environmental effects of civil constructions. This hydropower plants also can supply electricity to remote
areas and improve the quality of life of rural people.

GWVHT consists of channeled water inlet into a cylindrical or conical basin. In order to facilite the vortex for-
mation, the inlet channel allows the water to enter the basin in a tangential and controlled way. The transfer of energy
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from water to the runner is due to the vortex of the free surface created on the open surface of the basin. Recently,
the free-surface vortex has been found an unusual application in hydroelectric power generation through GWVHT.
Other devices that have incorporated free-surface vortex flows are vortex chambers for particle separation and fluidic
throttling devices for controlling tge discharge [11].

Nowadays, 21 GWVHTSs have been installed in the world. Europe is the continent with the highest number of
installations (12), followed by Asia (4), Oceania (3), and South America (2). The installed turbines have efficiencies,
head values and power output, that vary between 17 and 85%, between 0.6 and 2.0 m, and between 0.01 and 20 kW
[7]. Among the 21 installations, the turbine reporting the highest efficiency (85%) hsd been installed in Indonesia and
generates 15 kW. In turn, the turbine with the lowest efficiency (17%) corresponds to the turbine with the lowest power
(0.01 kW), while the one with the highest power (20 kW) reports an efficiency of 68%. Therefor, the efficiency of the
GWVHT appears to be independent on the capacity.

In spite of the advantages, the investigations and developments regarding GWVHTs are limited. The literature
review shows that researchers have been focused on increasing the efficiency of the power plant. To achieve the
highest efficiency, the researchers have changed some geometric parameters of the basin, the inlet channel, as well as
the runner types and their positions in the basin, by including or excluding the rotor. When the rotor is included, the
objective was obtained using the highest output power [12, 13, 14, 15, 16, 17]. In tunr, when the rotor is excluded the
rotor, the way to measure the improvement in the efficiency was by means of the increase in the circulation or tangential
velocity [11, 18, 19, 20, 21].

For a solid body, such as the turbine rotor, to be moved by a fluid, surface forces (ﬁ ), also called aerodynamic
or hydrodynamic forces, must exist. These forced are generated by the fluid in which the body is immersed. Vortex
circulation (I') and tangential velocity are directly related to the hydrodynamic forces [22]. The hydrodynamic forces
generate a moment (1\7[ ) about a specific point or axis O (M =FxF). Fis the position vector from O point to any point
on the line of action of F. The generated power (P) by the moment is proportional to the angular velocity (@) of the
body in rotation (P = M x ) [23]. A greater hydrodynamic force on the rotating body generates a greater moment,
which in turn produces a greater power.

Until now, to increase I', the geometric factors of the basin and inlet channel were separately varied from reference
values. The tangential velocities in the vortex, the vortex height, the vortex circulation, and the quality of air-core were
analyzed [11, 18, 19, 20, 21]. The geometrical parameters that can be varied in the inlet channel and the basin are the
basin diameter (D), the outlet diameter (d), the basin height (H), the inlet channel width (w), the inlet channel height
(h), the inlet channel length (L) and the wrap-around angle (y). As a run-of-river turbine, the inlet water flow into a
GWVHT is susceptible to changes in the water level in the river therefore in this study the inlet water flow rate was
also varied to study their influence on the vortex formation.

The objective of the current work is the optimization of the basin and the inlet channel of a GWVHT to select
the configuration with the highest circulation using computational fluid dynamics (CFD) simulations and the response
surface methodology (RSM). Six geometric factors were used simultaneously to evaluate their effect on the vortex
circulation. According to the authors” knowledge, it is the first time that optimization with six factors is employed to
improve this kind of turbine. Although the optimization of several parameters influencing the turbine performance has
been previously conducted, the procedures used in this work have been mainly based on one-factor-at-a-time (OFAT)
techniques, which have ascribed several limitations in comparison with the use of the response surface methodology.

2. Methods and materials

2.1. Gravitational water vortex hydraulic turbine (GWVHT)
A GWVHT consists of a channeled water inlet into a cylindrical or conical basin. Fig. 1 shows a model of a
GWVHT with the main elements, including the inlet channel, the basin, the runner, the generator, and the discharge.
The selected baseline geometry for the optimization task is shown in Fig. 2. The geometry employed was a turbine
with a conical basin and wrap-around inlet channel. The runner was excluded. Six input variables (or factors) were
used to define it. These variables are dimensionless since each of them was divided by D. According to the literature,
the factors previously reported and used by other authors are listed in Table 1.

2.2. Response surface methodology analysis with Latin hypercube sampling [LHS]
Response surface methodology (RSM) is a method for process optimization that allows to explore the relationship
between the independent factors and their combined effect on the studied response [37]. The main disadvantage of this
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Fig. 1: Model of a GWVHT. Adapted from: [24]
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Fig. 2: The selected baseline geometry and geometric factors.

method is that the experimental data are fitted to a second-order polynomial model [38, 39]. In this regard, when the
problem cannot be explained by a second-order polynomial model, the reduction of the range of independent factors
under consideration is requiered. In addition, RSM is able to make a local analysis. Therefore, the response surface
models obtained are valid only in the selected ranges of the independent factors considered [40].

RSM was employed to know how the independent factors (d/D, H/D, h/D, w/D, L/d, and y) and their inter-
actions affect I'. To understand the relation between the independent factors and response, numerical or experimental
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Table 1

Values of the geometric factors reported in the literature.

Reference d/D H/D w/D h/D L/D
[25] 0.17 1.42 - - -
[26] 0.15 0.83-2.08 - - -
[13] 0.16 1.42 - - -
[27] 0.15 1.44 0.50 0.50 281
[28] 0.23 0.75 0.50 0.40 -
[29] 0.22 1.00 0.22 0.33 -
[30] 0.30 1.00 0.30 0.30 1.80
[31] 0.15 0.27 0.27 0.27 1.82
[32] 0.15 1.50 0.50 - -
[33] 0.14 1.53 0.50 0.50 -
[34] 0.10 1.03 0.50 0.50 -
[35] 0.18 0.50 0.63 0.40 -
[36] 0.22 1.06 0.32 0.16 2.08
[24] 0.13 1.96 0.42 0.42 0.45

results for different conditions are required. The different conditions are a combination of geometrical factors. Each
combination is called treatments [41]. There are different methods such as factorial, Latin hypercube sampling (LHS),
and one factor at a time (OFAT) methods to obtain the treatments [42, 41].

On the other hand, OFAT is a good method for understanding the relationship between the response(s) and the
independent factors when there is no interaction between the independent factors. This technique allows to vary only
one factor at a time while keeping the others fixed. OFAT needs a higher number of treatments to achieve the same
precision in the effect estimation and the optimal setting of factors can be missed [43]. A Factorial design of exper-
iments (DOE) is a method that considers the interactions between the independent factors. A factorial DOE can be
a fractional or full factorial design. A full factorial design is a grid of m% points where d; is the number of factors
and m is the number of levels of each factor. In turn, full factor sampling calculates all possible combinations of these
levels in all input factors [44]. However, it has a disadvantage that limits its practical use, i.e., if one of the independent
factors is not important, every single point is evaluated m times. When the number of the selected factors and their
levels are large, the full factorial DOE requires many a large number of treatments to be obtained from experiments or
simulations. In this regard, fractional factorial designs remove some of the grid points conidered by the full factorial in
order, to limit the number of treatments, making them realizable in high-dimensional problems where a full factorial
DOEn would take long simulations or experimental time to evaluate each considered run.

A Latin hypercube sampling (LHS) is the most popular sampling technique in computer experiments, thanks to
its simplicity [45]. A LHS is created by dividing each dimension in the design space into j equally sized intervals,
and assigning only one point at each interval for each dimension [46, 47]. In a LHS design, the number of treatments
must be determined in advance so thath the desing space is subdivide into intervals of equal size. As the Factorial
design, LHS considers the interactions between the independent factors but requires a smaller size of data [41]. For
these reasons, LHS was employed as the experimental design in this work. As mentioned previously, it is necessary
to determine previously the number of treatments for the LHS design. Since the relation between the factors and the
response variable is not known a priori. The equation of the full factorial method was applied to define the possible
number of treatments (26=64 at 2 levels). The ranges of the six variables used to generate the LHS are given in Table
2. Low and high levels of each variable were determined by employing the values reported in Table 1. The number of
final treatments or runs was 60. Fig. 3 shows the LHS distribution. All variables were normalized in the interval (0,
1). In this study, the diameter of the basin (D) was fixed at 0.5 m. As mentioned above, the response variable chosen
was the vortex circulation, which was planned to be maximized.

It is important to note that, I is a macroscopic measurement of rotation for a finite area of the fluid. The circulation
around a closed curve (C) is defined as the integral line evaluated along the curve of the velocity vector component
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Fig. 3: The Latin hypercube sampling (LHS) distribution.

that is locally tangent to the curve [48]. Thus, for a curve in the horizontal plane the circulation is given by Eq. 1.

r:;zfa.df (1
C

where U corresponds to the velocity around C and dl is a vector representing the differential length of C. By using
Stokes’ theorem, circulation can be written like a surface integral curve [49], as expressed in Eq. 2.

= / &-dS )
S
where the vorticity (@) of the fluid is defined as expressed in Eq. 3: [23]. Being V the nabla operator.

®=VXU0U 3)

By convention, the circulation is considered positive if I'>0 for counter-clockwise integration around C.

Table 2

Ranges used for the independent factors.

Independent factor Low level High level
d/D 0.10 0.30
H/D 0.50 2.00
w/D 0.20 0.50

h/D 0.20 0.60
L/D 0.25 3.00

7 [] 90 180
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As stated above, a regression model determines the relationship between the response and the independent factors.
It can be cubic, quadratic, and linear, or contain some special functions. Thee response variable can be transformed or
non-transformed. Whether the response variable is transformed or not will depend on whether the regression model is
adequate. In this study, a second-order polynomial model was used to represent the effects of independent factors, and
their interactions on the response variable. A regression model with six independent factors and without transformation
takes the form described by Eq. 4.

T = fy+ B1(d/D) + po(H /D) + p3(w/D) + p4(h/D) + ps(L/ D) + fs(y) + p1,(d/D)* + pyy(H /D)
+P33(w/ DY + Pag(h/D)* + Bss(L/D)* + Pos(r)* + P12(d / D)(H /D) + py5(d / DYW /D)
+B14(d/D)(h/ D) + By5(d/D)(L/D) + B15(d/D)(r) + pp3(H / D)(w/D)

+P4(H / D)(h/ D) + Pps(H / D)(L/ D) + prs(H / D)(y)

+p34(w/D)(h/D) + p35(w/D)(L/D) + f35(w/D)(y)

+P45(h/D)(L/D) + f46(h/D)(y) + Ps¢(L/D)(y)

“4)

The coefficients of the polynomial model were denoted f, (constant term); §;, f,, 5, fs, fs and g (linear effects);
P11 Bra- B33s Pag» Pss and Peg (quadratic effects); and fyy, B13. Bra Bis: Pie» Paz> Poss Bas: Pags P3a» Bas- Pae Pass Pas
and fs¢ (interaction effects).

Once the 60 treatments were run, the regression model was established from the numerical simulation data. A
fourth-power transformation of the I" values was applied for constituting the regression model. The transformation of
the response variable was necessary to satisfy the assumptions of normality, homoscedasticity, and residual indepen-
dence of the regression model. Statistical significance of each term in the regression model was tested using analysis
of variance (ANOVA). Additionally to the tests of independence, normality, and homoscedasticity of the residuals, the
adequacy of the regression model was tested to calculate the coefficients of determination R? and adjusted-R?.

2.3. Numerical simulation
2.3.1. Computational domain and meshing

Numerical simulation of the free-surface vortex was performed using ANSYS Fluent. The 60 geometries were
modeled in ANSYS Design Modeler. After the geometry preparation, the meshes were created in Fluent meshing
solver. The domains were composed of two parts: the basin and the inlet channel. Both parts were meshed using
poly-hex core mesh elements. This type of element allows a reduction of 20 to 50% in the total element compared to
the conventional Hexcore mesh [50]. A mesh used in the simulations is presented in Fig. 4

The Transition-state, the volume of fluid (VoF), and the kK — ¢ (RNG Renormalization Group) turbulence model
were chosen to perform the simulations. The VoF method was employed to capture the interface between two fluids
that cohabit in the computational domain: air and water. The k—e turbulence model is a two-equation model that solves
the turbulent kinetic energy (k) and dissipation (¢). It is a suitable model only for turbulent flows. It is a model widely
used in the study of GWVHT, since it is a model for general purposes allowing the first approach to the phenomenon of
a vortex [51]. Futhermore. it is easy to be implemented, enable a fast convergence and has low memory requirements
[52].

The coupled scheme and the second-order upwind and body forced weighted pressure were used in these simu-
lations. As boundary conditions, an inlet velocity was established at the inlet channel with a turbulence intensity of
10%; and a relative pressure of 0 Pa was used at the discharge. Furthermore, the upper surfaces of the channel and
basin were set to open boundaries (relative static pressure of 0 Pa), so that air could enter and exit freely. To estimate
the inlet velocity to each geometry, the coefficient of discharge (C,;) was determined.

This coefficient relates the flow discharge (Q) and its corresponding water head (H *) [53, 11], as described by Eq.
5.

c,=—22 )

wd?+\2gH*

where g is the gravitational acceleration and H* corresponds to the basin height. In turn, Q depends on the area of
the discharge section of the conical basin [11]. To establish the value of Q, five geometries with different d /D were
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Fig. 4: Hexcore mesh.

considered. The inlet velocity changed between 0.05 and 0.5 m/s, and the circulation was calculated in each selected
geometry. Then, the maximum circulation determined the value of Q to each value of d /D. The relationship between
C, and d /D for the results of this study is presented in Fig. 5.

The relation between the coefficient of discharge and d /D is described by Eq. 6.

d
C,; = [0.7721e 04951 — 0.0464 (6)

The adequacy of Eq. 6 was checked accounting for the root-mean-square error (RMSE) and R?. The value obtained
for these parameters were 0.0048 and, 99.77%, respectively. By using Eq. 6, it was possible to calculate the inlet
velocity for the 60 study geometries. The numerical coefficient of discharge was compared with the experimental data
found in the literature. Both results indicated that the coefficient of discharge decreases when d /D increases. All the
experimental data shown in Fig. 5 correspond to GWVHT a with conical basin but with a tangential inlet channel. The
experimental studies reported in the literature implemented the wrap-around inlet channel. The differences between
the numerical and experimental results were then attributed to the differences between the inlet channel geometry,
particularly its shape and dimensions.

A mesh independence test was performed to ensure that the results with different meshes do not deviate between
them. The optimum number of mesh was determined by employing the Grid convergence index (GCI) method. GCI
method is based on the Richardson extrapolation, in which an estimation of the exact solution can be provided [54].
The element numbers used for the mesh independence were 211158, 330238, and 435116. In addition, a time-step
independence study was conducted to determine the most convenient time-step for the simulations. Time-step used
for this test were 0.05, 0.1, and 0.2 s. Figure Fig. 6 represents the results obtained for the independence tests and
the Richardson extrapolation solutions. After the Richardson Extrapolation analysis, a time-step of 0.1 s and the mesh
number 2 was chosen. The mesh and time-step selected have small deviations to the Richardson extrapolation solution,
and reduce the computational time.

3. Results and discussion

3.1. Numerical results

The maximum circulation of the initial treatments was achieved through treatment 43, resulting in a circulation of
1.945 m?/s with an inlet velocity of 0.224 m/s. The minimum circulation corresponded to treatment 23, leading to a
circulation of 0.1 m?/s with an inlet velocity of 0.170 m/s. The results of the 60 treatments are listed in Table 3. Figure
Fig. 7 ilustrates the volume fraction of water to the treatment 43 and 23. The red zone corresponds to the water.
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Fig. 5: Dimensionless coefficient of discharge (C,) as a function of ratio between the basin diameter (D) and the outler
diameter (d).

In treatment 43, a stable full air-core vortex extending deep into the basin is formed. This core formation is
characteristic of a strong vortex as a result of an induced circulation [11]. In treatment 23, there is not a vortex as the
water passes through the basin very close to the walls. The main differences between both treatments are the values
of d/D, H/D and y. These parameters appear to affect the circulation. To prove or reject this statement, a statistical
analysis of the numerical results was carried out.

3.2. Statistical analysis

The results of the numerical simulations were analyzed and interpreted employing R statistical software at a confi-
dence interval of 95%. ANOVA and regression analysis were used to examine the statistical significance of the terms
and to fit the model. The p-value is the indicator of the significance of the terms considered in the regression model,
whose value below 0.05 indicates that the independent factor is significant at a 5% level of significance [55, 56]. In
general, the smaller the p-value is, the more significant is the term [57]. This conclusion is also valid to analyze the
significance of the whole regression model built. A proper regression model can describe the behavior of the response
variable. The p-values for all the terms of the regression model (linear, quadratic, and interaction effects of the inde-
pendent factors) are compiled in Table 4. The terms with p-values higher than 0.8 were removed from the regression
model to minimize the number of terms in the equation. The main factors cannot be removed. It can be observed
that the terms H /D, w/D, h/D, (d/D)?, (H/D)?, (y)*, (d/D)(H /D), and (H / D)(w/ D) have the smallest p-value,
which means that these factors have the highest influence on the circulation. The linear parameter d /D and y identi-
fied as significant terms from a statistical point of view in the previous analysis, are not significant according to the
ANOVA results. Nevertheless, the quadratic term d/D? and y? are significant. The p-value of the model was 2.40
x10~14, which means that the model is significant to represent the studied response variable, i.e., the circulation.

In addition, R? and adjusted-R? were calculated to check the model adequacy. These coefficient represent the
deviation in the response ascribed to the model. For a well-fitted model, R* and adjusted-R? should not be less than
80% (or 0.8) [58]. On the other hand, adjusted-R? will always be less than or equal to R? [59].
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Fig. 6: a) Mesh independence test and b) time-step independence test.

R? and adjusted- R? were higher than 0.80, indicating that the regression model bulit was appropriate to describe the
behavior of the evaluated variable response. The regression model equation that describes the circulation is expressed
by Eq. 7:

[ =—7.127 + 179.9(d / D) + 23.66(H / D) + 18.76(w/ D) — 22.46(h /D) + 0.761(L/ D) — 0.183(y) — 496.7(d / D)*
—2.982(H / D)* — 10.64(w/ D)* + 8.328(h/ D)* + 0.00056(y)> — 32.37(d / D)(H / D) + 26.24(d / D)(W / D)
+29.20(d/D)(h/ D) + 0.13(d / D)(y) — 19.14(H / D)(w/ D) — 6.55(H / D)(h/ D)+

1.097(H /D)(L/D) + 4.517(w/D)(L/ D) — 0.129(w/ D)(y)

—1.138(h/D)(L/D) + 0.161(h/ D)(y) — 0.0208(L/D)(y)

(7)

Once the regression model is constructed, its adequacy for representing the response variable must be checked.
For this purpose, several tests of hypotheses such as the normality, homoscedasticity and residual independence are
used. To check the normality of the residuals assumption, frequency distribution and normal probability were plotted.
Normality assumption is satisfied when data are adjusted to the lines represented in Fig. 8. According to these plots, the
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Fig. 7: Volume fraction of water of for: a) treatment 43 and b) treatment 23.

normality assumption is satisfied. The normal probability plot and frequency distribution for the residuals regarding
the circulation are illustrated in Fig. 8. In addition to the graphical tests, numerical tests were performed, since they
are a more reliable way to check the normality assumption [60]. The results of the normality tests for the circulation
residuals are listed in Table 5.

The results indicate that the circulation residuals follow a normal distribution since the set of tests had a p-value
higher than 0.05. To check homoscedasticity and residual independence, the studentized Breusch-Pagan, and the
Durbin-Watson test, respectively, were used, and the p-values obtained were of 0.4176 and 0.9266, respectively. With
a p-value greater than the considered significance level (0.05), it can be concluded that the residuals from the regression
model are not autocorrelated and there is not a dependence of the error variance.

As aresult, the regression model can be used for predicting the response at any combination of six variables inves-
tigated in the experimental domain. Furthermore, the regression model can be used to obtain the highest circulation
only valid in the experimental range ; the value of the highest circulation obtained does not necessarily coincide with
the value of the maximum circulation of the initial treatments. The highest circulation; was calculated as 2.089 m?/s
when the values of the six variables studied were d /D=0.167, H /D=1.840, w/D=0.2, h/ D=0.599, L/D=0.500,
and y=179.976°. The difference between the circulation of treatment 43 and the new treatment (optimal geometry)
is 6.85%. The response surface obtained using the regression model can be found in Figs. 9-12. The plots display
the behavior of the transformed response concerning simultaneous changes in two independent factors. The optimal
value for w/D and L/D corresponded with the minimum value of their respective range shown in Table 2. The op-
posite behavior occurs with H/D, h/D, and y, whose optimal values are close to the maximum values of the high
level. The optimal value of d/D (0.167) was within the range proposed by multiple researchers (0.14<d / D<0.18)
who studied the effect of the diameter of the exit hole on the efficiency of the system and the optimal formation of the
vortex [61, 12]. The most used value for d /D is 0.15. This value is close to the low level within the domain studied
for this paremeter. The most common inlet channel used has a rectangular cross-section (w X &) [9]; the result of the
optimization process for the variables 2 and w coincides with this information since the values for 4/ D and w/ D of
0.599 and 0.2, respectively, were obtained. Therefore, for a given D value, the rectangular section channel dimensions
can be determined.

In addition to the results obtained from the response surfaces, an equation was proposed to estimate the coefficient
of discharge C, to each geometry. The value of this coefficient is a function of d /D. C, allows to estimate the value
of the inlet velocity to maximize the value of the vortex circulation. It is highlighted that the coefficient C; had not
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Table 3
Latin hypercube sampling (LHS) distribution and numerical results
Run d/D H/D w/D h/D L/D v [Deg] I [m?/s]
1 0239 1143 0273 0535 2133 176327 1772
2 0.214 1265  0.494 0273  2.694  124.898  1.621
3 0.120  1.020 03290  0.200 2.286  150.612  1.567
4 0.251  1.816  0.488  0.461  2.235 145102  0.849
5 0.137 1755  0.243 0551  1.673  106.531  1.826
6 0.300  1.388  0.237  0.241  1.010  126.735  1.149
7 0.186  1.663  0.298  0.224  1.265  97.347 1.880
8 0.198 0.653 0.427 0.559 0.602 108.367 1.509
9 0.161  0.500  0.218 0502  1.112  101.020  1.394
10 0.149 1327 0322  0.298  3.000 102.857  1.869
11 0.227 1510 0200 0453 1520  139.592  1.892
12 0.206  0.806  0.286  0.363  2.898  143.265  1.553
13 0.280 0592  0.310 0510 1571  134.082  1.476
14 0.145 0531 0396 0437  2.745  167.143  1.245
15 0.231 2,000 0292 0380 2.337 115714  1.767
16 0.157  1.694  0.445 0576  2.847  165.306  1.698
17 0.210  0.929 0249 0584  2.388  99.184 1.694
18 0222 1939 0371 0282 0.857 141429  1.605
19 0.124  0.867  0.341  0.567  1.418  159.796  1.489
20 0.108  1.112  0.469  0.233  2.082  91.837 1.629
21 0.218  0.898  0.384  0.347 1776  95.510 1.705
22 0.165  0.959  0.500  0.371  1.469  146.939 1522
23 0.202 1449 0347 0306 2184 152449  0.100
24 0.169 1235 0255  0.290 1.214  163.469  1.801
25 0.288  1.633 0420 0412 1316  112.041  0.844
26 0.247 0745  0.261  0.355 0500  113.878  1.612
27 0.263 1051 0451 0518 0.755  154.286  1.508
28 0.190  1.847 0231  0.429 2796  168.980  1.892
29 0.259  1.082 0378  0.494 2949  117.551  1.599
30 0.178 0561  0.359  0.216  0.908 132245  1.422
31 0.284 1204 0212 0339 2592  104.694 1584
32 0.173 1571 0433 0445 2439  90.000 1.891
33 0.202  1.296  0.408  0.600  1.929  135.918  1.760
34 0.194 1786  0.414  0.208 2490  161.633  1.718
35 0129  1.173 0353 0420 0.806  110.204  1.674
36 0.296 0776  0.457  0.257  1.622  130.408  1.076
37 0271 1602  0.280  0.404  0.653  170.816  1.473
38 0.141 1541  0.365 0.388  1.878  180.000  1.729
39 0.104 1357  0.267 0469 2541  137.755  1.609
40 0.112  1.878  0.402  0.314  1.724  110.388  1.673
41 0.235 0.684 0.390 0.331 1.163 178.163 1.459
42 0.133  0.837  0.206  0.322  1.827  123.061  1.566
43 0.183 1752 0307  0.303  2.155  106.740  1.946
44 0.100 0501 0213 0239  2.325  91.737 1.380
45 0.103  0.601  0.251  0.250 2313  95.015 1.398
46 0.100 0500  0.429  0.201  0.623  90.000 1.296
47 0.200 1500 0200 0519  1.905  167.583  1.922
48 0.101 0.827 0.407 0.304 0.820 95.060 1.462
49 0.206 1700  0.201  0.436  2.038  119.574  1.861
50 0.100 0545 0232 0412 2753  90.343 1.401
51 0.103  0.672 0260  0.442 2715  92.009 1.457
52 0.228 1131  0.202  0.548  0.506  144.912  1.869
53 0.100 0501  0.221  0.201  1.585  90.733 1.354
54 0.101 0671 0225 0217 1599  90.977 1.463
55 0.100  0.504  0.295  0.468  1.625  92.859 1.317
56 0.101  0.667 0275  0.472  1.617  92.906 1.439
57 0.224 1187  0.204 0558  0.508  147.385  1.881
58 0.238 0974 0.201  0.583  0.506  136.883  1.760
59 0.102 0506  0.213 0561  1.368  118.823  1.303
60 0.269 0504 0223 0530 0999  120.168  1.472

been reported before for any GWVHT. The experimental values reported in Fig. 5 were calculated from data reported
in the literature [12, 27, 13, 28, 15].
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Table 4
ANOVA results for the regression model.
Term Effect Degrees of freedom ~ Sum of squares  Mean squares  p-value F-ratio
d/D (f) 179.9 1 3.40 3.40 0.13344 2.360
H/D (f,) 23.66 1 246.82 246.82 4.82 x 1075 171.279
w/D (f3) 18.76 1 83.72 83.72 6.12 x 107° 58.099
h/D (f,) -22.46 1 17.05 17.05 0.00152 11.832
L/D (fs) 0.761 1 0.06 0.06 0.84303 0.040
Y (fe) -0.183 1 0.22 0.22 0.69931 0.152
1 fi -496.7 1 192.59 192.59 1.67 x 10713 133.645
o fa -2.982 1 55.35 55.35 4.25 x 1077 38.407
fi s -10.64 1 1.75 1.75 0.27744 1.217
fa Ja 8.328 1 1.35 1.35 0.33945 0.938
fe fo 0.00056 1 7.75 7.75 0.02662 5.358
fi £ -32.37 1 41.28 41.28 553 x 10°°  28.643
f1 /3 26.24 1 2.76 2.76 0.17524 1.914
fi /s 29.20 1 3.71 3.71 0.11764 2.574
fi fs 0.130 1 4.98 4.98 0.07147 3.455
b fi -19.14 1 14.50 14.50 0.00314 10.062
o fa -6.55 1 2.28 2.28 0.21711 1.580
o fs 1.097 1 2.42 2.42 0.20379 1.677
f5 fs 4,517 1 4.98 4.98 0.07146 3.456
f3 fe -0.129 1 2.60 2.60 0.18796 1.803
fa I -1.138 1 1.20 1.20 0.36786 0.832
fa fo 0.161 1 7.24 7.24 0.03149 5.021
s fe -0.0208 1 5.34 5.34 0.06234 3.707
Residuals - 35 50.44 1.44 - -
R? 0.9331
Adjusted-R? 0.8891

Table 5

Results of normality tests for the circulation resid-

uals.

Test P-value

Shapiro-Wilk test 0.2769

Cramer- von Mises test 0.2344

KS Limiting form 0.5341

Shapiro-Francia test 0.3890

Jarque-Bera test 0.3911

Anderson-Darling test 0.2500

D’Agostino & Pearson test 0.3389

KS Lilliefors modification 0.1663

4. Conclusions

The GWVHT efficiencies that vary between 17 and 85%. To achieve the highest efficiency values, it was neces-
sary to begin by analyzing the physics of the problem, i.e., the free-surface vortex. Before increasing the conversion
efficiency of the turbine, increasing the circulation by changing some geometric parameters of the basin and the inlet

channel was required.

RSM was used to define the optimal geometry that gives the highest circulation. RSM also provides a prediction
model representing this responsable variable. A second-order polynomial prediction model was developed using linear
regression analysis. The circulation was transformed, using a fourth-power transformation in oder to obtain a suitable
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Fig. 8: a) Normal probability plot and b) frequency distribution for the circulation residuals.

estimated regression model. LHS was used to generate the 60 study geometries. The values of the six variables
prvoing the maximum circulation of 2.089 m?/s were d/D=0.167, H /D=1.840, w/D=0.2, h/ D=0.599, L / D=0.500
and y=179.976°. From the second-order regression model, the terms h/D, w/D, H/D, (d/ D), (H / D)%, ()%,
(d/D)(H /D), and (H / D)(w/ D) had the highest influence on the circulation. The difference between the circulation
of treatment 43 and the treatment giving the optimal geometry was 6.85%. The increased circulation represents a
hogh amount of energy available in the flow to be used for producing electricity. Since the geometric factors are
dimensionless due to they were divided by the diameter of the basin, new geometries are feasible to be generated.

Moreover, an equation for the calculation of the discharge coefficient was proposed. This equation is a function
of the d /D ratio. C; allows the calculation of the inlet velocity that maximizes the value of the circulation, and it is
suitable to be used when the d /D ratio varies between 0.1 and 0.3.

The design of GWVHT still has many geometric configurations that have not yet been examined. Therefore,
there are many options to be explored for future geometric designs. Optimization methodologies, such as RSM, are
demonstrated to be efficient alternatives for conducting a more precise search in the improvement of the selected
response variable.The priorities for further work are the selection of the runner that allows to extract the greatest
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Fig. 9: Response surface plots for the vortex circulation (T'*) by using the ansformed regression model. a) Interaction of
factors f1 and 2, b) Interaction of factors f1 and f3, c) Interaction of factors f1 and f4, d) Interaction of factors f1 and f5,
and e) Interaction of factors f1 and f6. The factors that were not considered in the axis defining the surface plots were
set at their optimal values.

energy available in the flow, by using the optimized geometry in this study, and the execution of experimental tests
that enable to validate the proposed design geometry.
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CHAPTER 4

MULTI-OBJECTIVE OPTIMIZATION
USING SURROGATE MODELING

Surrogate modeling method for multi-objective optimization of the inlet
channel and the basin of a gravitational water vortex hydraulic turbine
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Highlights
¢ The gravitational water vortex hydraulic turbine (GWVHT) takes advantage of the potential and kinetic
energy of an artificial vortex in a circulation chamber.
* GWVHT was optimized through a multi-objective genetic algorithm.

* Transition-state, volume of fluid (VoF), and k — e RNG turbulence model were chosen to perform the
simulations in CFD.

* The circulation and the volume flow rate for the compromise solution were 1.699 m?/s and 0.00305
m3/s, respectively.
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Surrogate modeling method for multi-objective optimization of the
inlet channel and the basin of a gravitational water vortex hydraulic
turbine

Laura Velasquez, Alejandro Posada and Edwin Chica

ABSTRACT

This work presents a high-fidelity surrogate model for generating a multi-objective genetic algo-
rithm to allow the search for the optimal geometry of the inlet channel and the basin of a grav-
itational water vortex hydraulic turbine. Six parameters were considered for the optimization:
the relations between the basin diameter (D) and the basin height (H), H / D; the wrap-around
angle (y), the outlet diameter (d) and D, d/D; the inlet channel width (w) and D, w/D; the
inlet channel height () and D, h/D; and the inlet channel length (L) and D, L/D. Two con-
flicting objectives were studied: maximizing the vortex strength (I") and minimizing the volume
flow rate (Q). The multi-objective optimization problem was resolved by applying the gamul-
tiobj function in Matlab R2018b software. The optimization combines the genetic algorithm
with Kriging interpolation to obtain the Pareto front. To train the gamultiobj function, an initial
population of 40 individuals was used. As a stopping criterion, themaximum generation of 500
individuals was established. To improve the Pareto front, 20 optimization cycles (60 new sam-
ples) were required, reaching a final population of 100 individuals. It was found from the Pareto
front that the values of the six variables providing the compromise solution, between I" and Q,
were H/D =1.572, L/D =1.518, h/D =0.565, w/D =0.361, d /D =0.108, and y=92.141°.
This solution reaches a Q of 0.00305 m3/s and a I" of 1.699 m?/s. The results of this study were
compared with the results reported by other authors, who optimized this type of turbine by ap-
plying the response surface methodology. The difference between these results was less than
9.61%.

1. Introduction

A hydraulic turbine is a turbomachine, which converts the energy of a fluid to produce a rotational movement
that moves a machine (primary energy) or an electrical generator that produces electrical energy (secondary energy).
According to their degree of reaction, turbines are classified into action or reaction turbines, differing from each other
in the way of transforming water energy [1, 2]. In action turbines, the pressure remains constant throughout the rotor
(atmospheric pressure); therefore, the height of the pressure absorbed by the rotor is zero [3, 4]. Action turbines
are used with relatively high hydraulic loads, but with relatively low flow rates [5]. The Pelton, Turgo, cross flow
and gravitational water vortex hydraulic turbines (GWVHTs) are within this classification [6]. In turn, in reaction
turbines, the pressure at the entrance of the rotor is greater than the pressure at the outlet; therefore, the pressure head
is different from zero. Reaction turbines are used with relatively low hydraulic loads, but with high flow rates [3, 5].
Francis, Archimedes screw and Deriaz turbines belong to this group of turbines [4]. GWVHTs take advantage of the
potential and kinetic energy of an artificial vortex in a circulation chamber (or basin) with an outlet hole in the bottom
[7]. A vortex is a region in a fluid in which the flow rotates around an axis [8]. There are two types of vortexes: strong
and weak vortexes. In a weak vortex flow, the axial flow dominates, meanwhile in a strong vortex flow, the circulation
dominates [9]. A strong vortex is formed because of induced circulation. The vortex has a stable full air core. Contrary
to the strong vortex, a weak vortex is formed when the flow depth approaches the critical submergence and air is drawn
into the intake [9]. A power generation system with a GWVHT is a run-of-river power plant with a strong vortex.
In this type of power plant, water must be used as soon as it is available to drive the turbine. GWVHTs do not have
a reservoir; therefore, the flow supplied oscillates according to the season of the year. These turbines develop their
maximum power in the season of abundant rainfall, while the generated power is reduced, becoming almost zero in
some rivers, during the dry season. By their characteristics, GWVHTs are adequate for distributed energy systems [7].
The 21 installed GWVHTs in the world have efficiencies that vary between 17 and 85% [10]. The number of studies on
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GWVHTs reported in the literature is scarce. Some of them focus on the effects on the efficiency of some parameters
of the basins, runner forms and their positions in the basins [10, 11, 12, 13, 14, 9, 15, 16]. Others are focused on the
optimization of the inlet channel and the circulation chamber for the formation of the vortex [17, 18, 19]. Itis important
to note that the optimization procedures used in the field have been mainly based on one-factor-at-a-time techniques
(OFATs). OFAT: are based on fixing all parameters except one independent variable with an individual effect. These
techniques have several limitations, since they require more runs for the same precision in the effect estimation, they
cannot estimate interactions between independent variables, missing the optimal setting of the independent variables
evaluated [20, 21, 22]. he classic configuration of an optimization process involves the definition of a single objective
function to be improved, which depends on several variables. This single-objective formulation aims to obtain the best
possible solution available, defined as the global optimum of the problem of interest [23, 24]. However, due to the
heavy reliance of real-world problems on different, often conflicting goals, the single-goal formulation has proven to
be inadequate for realistic solutions. That is why multi-objective approaches should be considered whether a reliable
computational design is to be performed, as it provides rich information for designers to make better compromised
decisions [25, 24]. Multi-objective optimization of energy systems has been converted, recently, in a vital optimization
strategy. A multi-objective optimization is a methodology to optimize several objectives at the same time [26]. In a
multi-objective optimization, the objectives are usually conflicting [27] and, therefore, there is no a single solution
(global optimum); in contrast, there is a set of solutions (non-dominated), known as Pareto optimal solutions [28].
Due to its wide efficiency range, the optimization of GWVHTs attracts many researches, especially in recent years
[12, 13, 14, 15, 16]. Intuitive or trial and error techniques have been used to design gravitational vortex turbines; in
this regard, an appropriate method is sought to optimize this kind of systems. Among the optimization methods the
multi-objective genetic algorithm stands out. It is a self-adaptive global searching algorithm. A genetic algorithm is
an interactive process based on a population, in which everyone is evolved. The evolution of a population depends on
the genetic operators. The genetic operators are selection, mutation, and crossover [29]. For the genetic algorithm to
evolve, it does not only require the operators, but also mathematical models are necessary to help predict the behavior
of the population. These mathematical models are known as surrogate models or metamodel. Surrogate models are
equations that imitate the behavior of the population [30, 31, 32]. Surrogate models were built with training data
[33]. These data are obtained from simulations or experiments carried out on the population. Many surrogate models
have been developed to optimize systems in various fields, including engineering design problems as environmental
modeling, energy systems, and civil and aerospace structures. Aguilar et al. [34] optimized a multi-element hydrofoil
to be used in a horizontal-axis hydrokinetic turbine using a surrogate model. The objectives in the optimization process
was to maximize the lift coefficient (C; ) and minimize the drag coefficient (Cp)) to increase the ratio between C; /C,.
The results indicated an increase of 9.5% in the value of C; /Cp. Ghorani et al. [35] used Kriging (KRG) surrogate
model to estimate the optimal combination of the blade inlet and the outlet angles, the blade wrap angle, the runner inlet
width and the number of blades in a pump as turbine (PAT) to decrease the irreversible hydraulic losses and to increase
the hydraulic efficiency of the PAT. The results of the surrogate model allowed a reduction of 3.8% in the irreversible
hydraulic losses and an increase of 5.72% in the efficiency. Do Nascimento et al. [36]conducted an optimization
process to find the optimal design of a counter-flow plate-fin compact heat exchanger (PFHE). The surrogate model
was designed to achieve the maximum effectiveness, the minimum volume and the pressure drop at the hot and cold
sides in the PFHE design. The optimized results showed that the volume and effectiveness values are in agreement with
the literature, decreasing approximately 55.4% and 72.3% of the pressure drop at the hot and cold sides, respectively,
which showed that the convective heat transfer was enhanced, and the flow resistance was also significantly reduced.
In turn, Zhang et al. [37] employed the subrogate model to design a bistable laminates. Bistable laminates have wide
application prospects as deployable structures of aerospace structures and wind turbines. The trigger forces of bistable
laminates during snapping to another stable configuration were the mechanical objective functions, while the curvatures
of their different stable configurations were used as the conflicting objective functions. The bistable laminate initial
design was compared with the optimal design in experiments, and the ability of the optimization method was verified.
Under this scenario, this study is focused on the numerical optimization of the inlet channel and the circulation chamber
of a GWVHT using surrogate model. The objectives of the optimization process were to increase the vortex strength
and minimize the volume flow rate. The vortex strength and the volume flow rate are directly related to the power
generation. The power generation increases when the volume flow rate and the vortex strength increase; therefore, to
maximize the vortex strength, increasing the volume flow rate would be required, which was stated in the proposed
objective. The minimization of the volume flow rate was an objective of the study due to the need to optimize the
turbine for the dry season; i.e., the optimization of a turbine for the minimum critical volume flow rate conditions. In
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this regard, multi-objective genetic algorithm and computational fluid dynamics (CFD) simulations were used. This
optimization problem involves six factors or geometrical parameters. The geometrical parameters considered in the
optimization were the basin height (H), the basin diameter (D), the inlet channel length (L), the inlet channel height
(h), the inlet channel width (w), the outlet diameter (d) and the wrap-around angle (y). The study excluded the runner.
The six geometric factors were used simultaneously to evaluate their combined effect on the two conflicting objectives:
the vortex strength (I') and the volume flow rate (Q). The results allowed the identification of a Pareto optimal solution
set to select a compromise solution between the conflicting objectives.

2. Methods and materials

2.1. Gravitational water vortex hydraulic turbine

GWVHT is a low hydraulic head hydropower plant. The main components of this turbine are the inlet channel, the
circulation chamber or the basin, and the runner. In a GWVHT, a vortex is induced in the circulation basin when water
exits through a hole at its base. The generated mechanical energy of the vortex is converted to electrical energy using
a generator [38]. An overview of a GWVHT is shown in Figure 1 [39]. For the circulation chamber, cylindrical and
conical chambers with tangential inlet channel are normally used [7]. Conical basins are preferred since they produce
higher tangential velocity, which represents a higher output-generated power [11, 40]. In this study, the turbine to
be optimized has a wrap-around inlet channel and a conical chamber. A wrap-around inlet or spiral inlet channel is
normally utilized as a cyclone separator [41, 42, 43, 44]. A cyclone is a mechanism for separating solid particles from
a flow. This mechanism uses the centrifugal force produced by the spiraling flow to separate the solid particles [45].
A vortex is created inside of the cyclone. This vortex is like a vortex in a GWVHT. Six variables were used to define
the geometry of the turbine.

w/D

L/D

h/D

H/D

d/D

Fig. 1: Gravitational water vortex hydraulic turbine without runner: a) top view and b) front view [39].

The low and high levels of the variables used to define the geometry are reported in Table 1. These ranges were
determined according to the research carried out by Velasquez et al. [7]. Velasquez et al. [7] tabulated the values of the
variables D, d, w, h, L and H used in previous studies by several authors. These variables were non-dimensionalized
by dividing by D. The same range of values for the variables of interest was used by Velasquez et al. [39], for the
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optimization using response surface methodology. Only one study has been found where spiral inlet channels have
been used for the GWVHT. Velasquez et al. (2022) [39] established a range between 90 and 180° for the wrap-around
angle (y), which was the same range used in this research. y has significant effects on the vortex strength since this
angle increases or decreases the inflow area of the flow toward the basin. When the volume flow rate is constant, a
decrease in the inflow area means an increase in the flow velocity.

Table 1

Ranges for design variables

Independent factor Low level High level
d/D 0.1 0.3

w/D 0.2 05

h/D 0.2 0.6

L/D 0.2 3.0

H/D 0.5 2.0

v [Deg] 90 180

The vortex strength in a GWVHT is regulated by the circulation parameter (I') given by Eq. 1 [10].

I =2xrv, (1)

where vy is the tangential velocity, and r describes a radial position from the center of rotation. The volume flow
rate (Q) is given by Eq. 2 [46].

0 = Av 2)

where A is the cross-section area of a section of the inlet channel and v refers to the velocity of the fluid in that
section of the inlet channel. The volume flow rate controls the circulation. An increase in the flow results in an increase
in the circulation [47]. In some events, such as the change of the season, a decrease in the volume flow rate is caused,
which would affect the circulation and the outlet power generated. Therefore, it is necessary to find a geometry so that,
in spite of a decrease in the volume flow rate, the circulation is not affected to the same extent.

2.2. Multi-objective optimization problem using Evolutionary Algorithms

A multi-objective optimization is a problem with two or more objective functions f,,, which are required to be
maximized or minimized. The problem has several restrictions or constrains that any solution must satisfy [48]. This
type of problem has a set of optimal solutions [49]. Each solution found is called the optimal Pareto, and the represen-
tation in the space of these solutions forms the Pareto front. The multi-objective optimization problem with constraints
is defined by Eq. 3.

Minimize/Maximize = f,,(X), m =1,2, ..., M;
Subject to:
h(&x)=0,k=12,...,K; (3)
g;(¥) >0, j=1,2,..1
xiL <x; le.U, i=1,2,...,n

where X is the vector with the variables to be optimized xiL <x; < xlU is called variable bound or variable range
and restring each variable to take a value within a lower xiL and an upper in bound. This bound constitutes a decision
or design space [50]. g;(X > 0) and h,(X = 0) are called constraint functions and they can be inequal or equality
constraints. A solution that does not satisfy all constraints and all variable bounds is called an infeasible solution [51].
The multi-objective optimization problem is classified into three categories: deterministic, stochastic and enumer-
ative. The genetic algorithm (GA), on which this work is focused, is framed within the stochastic techniques [51].
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Evolutionary algorithms try to solve optimization problems based on the principle postulated by Darwin: the survival
of the fittest [52, 53]. From the current population (called parents), new individuals (called children) are produced by
the genetic operators. The best suited children survive, and the rest are extinguished [54]. Some of the most used evo-
lutionary computing techniques are evolutionary strategies, genetic programming, genetic algorithms and differential
evolution [55]. The genetic algorithm is preferred in energy system optimization [56, 57, 58].

2.2.1. Surrogate models

Many optimization problems in engineering and applied sciences are defined by expensive and complex models;
i.e., a set of functions expressed by many variables, which is reflected in a longer processing time (computational cost).
Evaluating a solution in one of these models takes several minutes, hours or even days [47]. An alternative to reduce
the time needed to evaluate a solution is the use of surrogate models. Surrogate models are an approximate function
representing the original system behavior using models less expensive than the original. These functions are assembled
by performing multiple experiments or simulations (called samples), examining the results, and choosing a model that
estimates the entire system behavior [59]. There are three main steps that are required to be conducted to develop a
surrogate model. First, it is necessary to produce a set of training points (also called initial population) from the design
space. To produce the set of training points, sampling techniques (SMTs) can be used. The original population must be
large enough to ensure the coverage of the design space [59]. Second, the surrogate model is trained on those points,
and it predicts the output values. The quality of the model is estimated using the error metrics as cross-validation (CV)
and hypervolume indicator (HV) [60]. CV splits the data once or several times. One part of the data is used for training
the algorithm and the remaining one, called the validation sample, is used for calculating the risk of the algorithm to
estimate the value of the validation samples [61]. HV measures the quality of non-dominated solutions by calculating
the area of the region faced by the non-dominated solutions and enclosed above by a reference point [62, 27]. Based
on the quality of the model, the designer decides if further samples are needed. Lastly, using all the data collected so
far, a new meta-model is created, and the model quality is calculated once again. When the model is assembled, it can
be used to execute the optimization process. The multi-objective optimization problem using evolutionary algorithms
and surrogate models is shown in Figure 2.

. . Surrogate S
Initial sampling = model »| Optimization

A

Additional

sampling [ \° Validation

yes

End

Fig. 2: Optimization process.

There are several types of surrogate models; their selection depends on the system to be represented. Linear and
polynomial functions, radial basis function (RBF) and Kriging models are popular choices [63, 64]. RBF and Kriging
stand out, among the aforementioned models, as the error is minimal near the sample points, they require few samples
and work adequately in problems with dimensions greater than 25 [65]. A linear model is a combination of linear
prediction functions from the inputs to model the output. The advantage of a linear model is that the user can perceive
how the inputs relate to each other. Additionally, the linear models are simple to be analyzed and interpreted. An
expansion of these models is the addition of the interaction between inputs in the form of quadratic terms [66]. The
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radial basis function is a nonparametric regression modeling technique. The method uses linear combinations functions
based on the Euclidean distance [67]. Gaussian process regression, also known as Kriging, can predict the response
value ¥ at a sample point located within a design space based on the observed data available at other sample points
within the same design space [68]. Kriging was initially employed in the field of gold mining and geology. This
method does not model linear coefficients, like linear models, but models the error term of the model. Its simplest
form can be expressed by Eq. 4.

fE&=9=p+ 23 (4)

where f, is the mean of the observed values and Z is a Gaussian function [59]. The Gaussian function has a zero
mean and a covariance different from zero. The covariance of Z(X) is expressed by Eq. 5.

col(Z(X)), Z(Fy) = o*RIRG . %], j. k=1,...,N (5)

where o2 is the standard deviation of the response variable of the sample points, R is the symmetric correlation
matrix of dimension N X N with the number one on the diagonal, and R is the correlation function between X; and X
(solutions sample). The correlation function is a function of the distance between points X; and X, in the design space
[63]. The Gaussian exponential function is the most applied correlation, and it is shown in Eq. 6.

n

R(;éj’)'ék) = EXP[ - Z ¢k(55j,1 - )_ék,i)z] ©
k=1

where ¢, refers to the unknown correlation parameters or hyperparameters. The number of correlation parameters
is equal to the number of variables N [69]. Hyperparameters are estimated by maximizing the likelihood function
using the method of maximum likelihood or the method of least squares [70]. Therefore, the prediction 3 of a solution
X is shown in Eq. 7.

Y=po+7 ERG - 1) (7)

where 7 is the vector between the prediction points and the points used to create the model, y is the vector of the
response values, and 1 denotes a N-vector of ones.

An advantage of using the Kriging model is that it provides information on the confidence intervals for the estimated
values, which can be obtained at no additional cost. Another advantage is its suitability for complex functions. In this
work, Kriging method was selected as the surrogate model due to its previous successful use in aerodynamic design
optimization [71, 72, 73, 34, 74], and accessibility in several software packages.

2.2.2. Sampling for surrogate training

The surrogate model must be trained by employing several initial simulations. The initial simulations are defined
by SMT [75]. Different methods are used for sampling. Typical sampling methods are central composite design ,
Box-Behnken design, Latin hypercube sampling (LHS) and orthogonal array [76, 77, 78]. Because of its simplicity,
Latin hypercube sampling is a popular SMT [76]. To generate an LHS, each dimension in the design space is divided
into m (total samples) equally sized intervals. One point (one sample) is inserted in each interval for each dimension
[68]. The number of samples is established previously to divide the space into intervals of equal size. For six factors,
at least 28-sample (simulations) are necessary to develop a full quadratic polynomial regression model [79]. With an
oversampling of 1.4 (the typical oversampling factor is around 1.5), 40 simulations were generated using LHS [80].
To determine the 40 elements of the initial sample, an algorithm was implemented in Matlab R2018b software. This
algorithm was based on the Morris-Mitchell criterion. This criterion allows to generate an optimized Latin hypercube
where a certain degree of dispersion is guaranteed in the design. The algorithm is available at Keane et al. [79]. The
complete design matrix of the simulations carried out, with the results obtained, are shown in Figure 3 and Table 2.
The results in Table 2 were obtained from numerical simulations. It is important to note that numerical simulation

Page 6 of 21



Multi-objective optimization of a gravitational water vortex hydraulic turbine

section will explain in a more detailed way how these simulations were implemented. Mathematically, the current
multi-objective optimization problem was represented by Eq. 8.

Minimize Q / Maximize I
Subject to:
05<H/D<20
0.1<d/D<0.3
02<w/D <05
02<h/D<0.6
05<L/D<30

90° <y < 180°

®)
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Fig. 3: The Latin hypercube sampling distribution.

Through this multi-objective optimization process, the purpose is to obtain a turbine, where the value of the vortex
strength is maximized for a critical condition of minimum volume flow rate. The optimization problem using genetic
algorithms was implemented using the Gamultiobj (NSGA-II) function in Matlab R2018b software. The Gamultiobj
function attempts to create a set of Pareto optimal front for a multiobjective problem. The function proceeds as follows:
I. Selecting parents for the next generation using the selection function on the current population (initial samples); II.
Creating children from the selected parents by mutation and crossover; III. Scoring the children by calculating their
objective function values and feasibility; IV. Combining the current population and the children. The combination
is called the extended population; V. Trimming the extended population to have a determined population size. The
Gamultiobj function stopped when the maximum number of generations is exceeded or the time limit is exceeded [81].
For the current study, a maximum generation of 500 [82] and a population size of 300 were established. As reported
in the literature, population sizes between 200 and 400 individuals were found in multiple references [83, 84, 85, 65,
86, 87]. In this regard, the specific value of 300 was selected since it was the average value of this range.

All other parameters were set according to the default values. The population size defines the dimension of the
population at each generation. When the population size is large, more time the algorithm takes to compute each
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Table 2
Initial sample data.

Run Design variables I'[m?/s] Q [m3/s]
d/D w/D h/D L/D 7 [Deg] H/D

1 0.2388 0.2735 0.5347 21327 176.3265 1.1429  1.7724 0.0036
2 0.2143 0.4939 0.2735 2.6939 124.8980 1.2653  1.6208 0.0047
3 0.1204 0.3286 0.2000 2.2857 150.6122 1.0204  1.5672 0.0028
4 0.2510 0.4878 0.4612 2.2347 145.1020 1.8163  0.8493 0.0056
5 0.1367 0.2429 0.5510 1.6735 106.5306 1.7551 1.8262 0.0042
6 0.3000 0.2367 0.2408 1.0102 126.7347 1.3878  1.1485 0.0043
7 0.1857 0.2980 0.2245 1.2653 97.3469 1.6633  1.8797 0.0051
8 0.1980 0.4265 0.5592 0.6020 108.3673 0.6531 1.5094 0.0033
9 0.1612 0.2184 0.5020 1.1122 101.0204 0.5000  1.3942 0.0026
10 0.2265 0.2000 0.4531 1.5204 139.5918 15102  1.8917 0.0052
11  0.2061 0.2857 0.3633 2.8980 143.2653 0.8061 1.5531 0.0037
12 0.2796 0.3102 0.5102 1.5714 134.0816 0.5918 1.4756 0.0030
13 0.1449 0.3959 0.4367 2.7449 167.1429 0.5306  1.2450 0.0024
14 0.2306 0.2918 0.3796 2.3367 115.7143 2.0000 1.7668 0.0059
15 0.1571 0.4449 0.5755 2.8469 165.3061 1.6939  1.6978 0.0046
16 0.2102 0.2490 0.5837 2.3878 99.1837 0.9286  1.6944 0.0040
17 0.2224 0.3714 0.2816 0.8571 141.4286 1.9388  1.6052 0.0058
18 0.1245 0.3408 0.5673 1.4184 159.7959 0.8673  1.4885 0.0027
19 0.1082 0.4694 0.2327 2.0816 91.8367 1.1122  1.6286 0.0026
20 0.2184 0.3837 0.3469 1.7755 95.5102 0.8980  1.7052 0.0040
21  0.1653 0.5000 0.3714 1.4694 146.9388 0.9592  1.5221 0.0036
22 0.1694 0.2551 0.2898 1.2143 163.4694 1.2347  1.8007 0.0042
23 0.2878 0.4204 0.4122 1.3163 112.0408 1.6327 0.8444 0.0049
24 0.2469 0.2612 0.3551 0.5000 113.8776 0.7449 1.6117 0.0036
25  0.2633 0.4510 0.5184 0.7551 154.2857 1.0510 1.5078 0.0042
26 0.1898 0.2306 0.4286 2.7959 168.9796 1.8469  1.8924 0.0054
27 0.2592 0.3776 0.4939 29490 117.5510 1.0816  1.5987 0.0043
28 0.1776 0.3592 0.2163 0.9082 132.2449 0.5612  1.4224 0.0029
29 0.2837 0.2122 0.3388 2.5918 104.6939 1.2041 1.5837 0.0042
30 0.1735 0.4327 0.4449 2.4388 90.0000 1.5714  1.8912 0.0048
31 0.2020 0.4082 0.6000 1.9286 135.9184 1.2959  1.7603 0.0047
32 0.1939 0.4143 0.2082 2.4898 161.6327 1.7857 1.7184 0.0054
33 0.1286 0.3531 0.4204 0.8061 110.2041 1.1735 1.6743 0.0032
34 0.2959 0.4571 0.2571 1.6224 130.4082 0.7755 1.0763 0.0032
35 0.2714 0.2796 0.4041 0.6531 170.8163 1.6020  1.4726 0.0050
36 0.1408 0.3653 0.3878 1.8776 180.0000 1.5408  1.7288 0.0040
37 0.1041 0.2673 0.4694 25408 137.7551 1.3571 1.6090 0.0027
38 0.1122 0.4020 0.3143 1.7245 119.3878 1.8776  1.6733 0.0035
39 0.2347 0.3898 0.3306 1.1633 178.1633 0.6837  1.4588 0.0035
40 0.1327 0.2061 0.3224 1.8265 123.0612 0.8367  1.5658 0.0028

generation; however, increasing the population size allows to explore more points and thus achieve a better result [88].
The default population size is 15 times the number of variables. The Gamultiobj functions return a table containing both
objective function values (vortex circulation and volume flow rate), and the value of the design variables. Gamultiobj
function is applicable only to minimization problems [56] and, therefore, the maximization function (vortex circulation)
in this work was converted into a minimization function by multiplying the objective function with —1. The surrogate
model was constructed using Matlab R2018b software, as well. Here, the function f = pred(x) was used to carry out
the Kriging prediction. This function is explained with details in Yondo et al. [68]. Once the result of the surrogate
model and genetic algorithm was obtained, some of the new data are added to the initial population to produce a new
meta-model that provides a more optimal objective function, and the optimization process (or optimization cycle) is
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repeated until the quality of the model is reached.

2.3. Numerical simulation

The numerical simulations were implemented in Ansys-FLUENT. Initially, 40 geometries were prepared using
computer-aided design (CAD). The geometries were created using a diameter D of 500 mm. The geometries consist
of two sections: the inlet channel and the conical basin. Then, the meshes were made in Fluent meshing. Poly-hex core
mesh was used to mesh both sections. Poly-hex core mesh is a novel meshing strategy to solve flow around complex
geometries with greater accuracy and speed. This mesh employs polyhedral and hexahedral elements, providing an
optimal combination of mesh elements [89] and it allows a reduction of approximately 40% in computational time
[89].

The Unsteady Reynolds-Averaged Navier-Stokes (URANS) equations were solved by employing the coupled scheme
for pressure-velocity, and the second-order upwind discretization. The URANS equations are a formulation based on
the ensemble averaging: the instantaneous velocity of the flow (u;) is represented as the sum of a mean value ({u;))
and its corresponding fluctuations over time (U;), Eq. 9 [90]:

u; = ;) +U; &)
The URANS equations, in conservation form, can be written as described in Egs. 10 and 11 [36]:

o(u;)
o0x;

1

=0 (10)

ou;) + o{u;u;) =_0<P> +i<va<”i>

ot ox; ox; dxj ox

+r,.j> + Fp (11)
J 1

J
In Eq. 10 and 11, P denotes the pressure divided by the density of the fluid (p), v is the kinematic viscosity, F} is
body force, and 7;; the Reynolds stress tensor given by Eq. 12 [36]:

7; = —(U;U;) (12)

The turbulence was solved using k-¢ RNG turbulence model with scalable wall function as a near-wall treatment.
The k-e model uses two equations to solve the dissipation ¢ and the turbulent kinetic energy k. k and e are obtained
from Egs. 13 and 14 [91]:

d d d e\ dk

—(pk) + —(pku;,) = — +—)—|+G, +G,—pe =Y, + S 13
dt(p ) i, (pku;) ax, [(M ak>dxj k b— PE— Yy k (13)
d d d M\ de € €2

— + — )=— +— )| — C,.— (G, +C;.G))—Cr.p— + S 14
dt(pe) dx, (peu;) dxj [(ﬂ 6€>dxj ]ek( k 3¢ b) 2¢P X ¢ (14)

In Egs. 13 and 14, C1,, C2, and C3, are constant values. G is the generation of k because of buoyancy. In turn,
G, refers to the generation of k due to the velocity gradients, and Y, stands for the contribution of the fluctuating
dilatation compressible turbulence to the overall dissipation rate. .S, and .S, refer to the user-defined terms. o, and o,
stand for the turbulent Prandtl numbers for e and k, respectively. y; is the turbulence viscosity and it is calculated as
expressed in Eq. 15 [92], where C,, is a constant.

M, = pCﬂ— (15)
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In the k-e model, which is available in ANSYS Fluent, the constants and their values by default are C1,, C2,, C3,,
C”, oy, and o, of 1.44,1.92,0.09, 1.0 and 1.3, respectively.

Inside the turbine, two fluids cohabit: air and water; therefore, the volume of fluid method (VoF) was chosen to
perform the simulations. An inlet velocity was imposed at the inlet channel, as boundary conditions, the inlet velocity
changed in each simulation depending on the geometric characteristics of the study models. For the discharge hole and
at the upper surfaces, a relative pressure of 0 Pa was imposed. The computational domain and boundary conditions is
shown in Figure 4.

Pressure outlet

Inlet velocity

Pressure outlet

Fig. 4: Three-dimensional view of computational domain and boundary conditions.

The Grid Convergence Index (GCI) was the technique applied to define the optimal values of the time step (Af)
and element number used for the mesh. GCI is based on Richardson extrapolation [93, 94]. If the value of GCI is close
to 1.0, the solution is within the asymptotic range of convergence and the numerical solution does not change with
further refinement of the mesh and time step [95, 96]. The test allowed the selection of the most appropriate mesh and
time-step to guarantee good result accuracy and low computational costs. For calculating the GCI value, the following
steps are required: I. Choosing a parameter (f) indicating the convergence of the mesh. The control parameter used in
these independence tests was I'; II. Defining the refinement constant (r). Traditionally, with Richardson extrapolation,
arefinement constant of 2 is used. The refinement may be spatial or in time; III. Executing at least 3 simulations (f;, f»
and f3) with the refinement constant (). Coarse, medium, and fine meshes are expressed as f3, f, and f;, respectively;
I'V. Calculating the order of convergence (p) using Eq. 16; V. Estimating the value of f when the separation (/) between
the mesh elements tends to zero by using Eq. 17; VI. Utilizing Eq. 18, calculating the GCI for the fine and medium
meshes, GCI;, and GCl,3, respectively. The values of GCl,; and GCI,, represent the relative change from coarse to
medium mesh/time step and from medium to fine mesh/time step; and VII. With the Eq. 19, checking that the meshes
are in the asymptotic range. [97, 98, 95].

=2

N
B In(r) (16)
foco = o+ L202 (17

rP—1
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File]

GCIlZ = m
where Fj is a factor of safety. This factor is recommended to be F,;=3.0 for comparisons of two grids and F;=1.25

for comparisons over three or more grids. |e| is the relative error and it is defined as (f, — f;)/(f). To calculate the

value of GC I3, the expression (f3 — f5)/(f,) is used.

(18)

~ 1.0 (19)

The number of elements used in the mesh independence, and the Af values used for the time independence tests
are shown in Table 3. Table 3 also presents the results for the independence tests when using GCI.

Table 3
Results for the independence tests using GCI.

Mesh type and GCI  Number of elements At [s]

f3 Coarse 211.158 0.2

5 Medium 330.238 0.1

/i Fine 435.116 0.05
GCl 1.006 0.999
GCly, 3.50% 0.07%
GCl,, 4.93% 0.10%

According to Table 3, with GCI values of 1.006 and 0.999, for the mesh and At, respectively, the solution is
within the asymptotic range. Additionally, the GCI values for the finer mesh (GCI,,) are small when compared to
the coarser one (GCl,3), it can be concluded that the aim of a mesh independent solution is reached, and no further
mesh modification is necessary. This also applies to time-step independence. In this regard, the medium time-step of
At =0.1 s and the medium mesh were selected for the analysis to minimize the computational time and the errors. The
final mesh is shown in Figure 5.

Fig. 5: Hexcore Mesh.

To determine the inlet velocity to each simulation, Eq. 20, proposed by Velasquez et al. [39] for the coefficient of
discharge, C,;, was used.

d
C, = [0.7721e” %51 — 0.0464 (20)
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This coefficient related the ideal and the real Q. The ideal Q was calculated as a function of d, H, and the gravity,
g, as described by Eq. 21.

c =9 @1

wd?+\/2gH

3. Results and discussion

The highest I of the initial sampling was reached in run 26, with a " of 1.8924 m?/s. The lowest I' corresponded
to run 23, with a circulation of 0.8444 m?/s. The maximum and minimum Q values were reached in runs 14 and 13,
respectively, with values of 0.0059 and 0.0024 m?/s. Figure 6 shows the volume fraction of water to run 26, 23, 14 and
13. The blue zone corresponds to the volume of air. In Table 4, the values of the design variables and the objectives
for the four models with the lowest and the highest values of Q and I' are listed.

Phase 2.Volume Fraction

. 0 o0 0,0 0, 0 0,0 0 7
% %70 % %0 % % %8 % “% %% "%

Fig. 6: Volume fraction of water: a) run 26, b) run 23, ¢) run 14, and d) run 13.

The geometry with the lowest Q is the geometry with the smallest outlet diameter, d, and the shortest conical
basin height, H, while the geometry with the highest Q has the longest conical basin. However, the geometry with the
lowest I" has the largest outlet diameter and the shortest channel length, L, while the geometry with the highest I" has
the longest channel. The parameters d /D and H /D seem to be the parameters that most affect the volume flow rate,
while d /D and L/ D seem to be the parameters that most affect the circulation. Between simulations 23 and 26, there
is a difference of 55.4% in the value of I'. Between these same two simulations, there is a difference of only 9.3% in
the values of Q. For a difference of 59.3% in the value of Q for simulations 13 and 14, the difference for the value of
gamma is 29.53%.

From the point of view of the physical phenomenon, a high or low value of I" depends on the angular momentum
of the strong vortex formed in the basin. In a vortex, a fluid particle away from the center has an angular momentum,
resulting in a small angular velocity with a large radius. The radius gradually reduces while the particle moves to the
centre, and thus to conserve the angular momentum, angular velocity is increased [99]. When all simulation models
have the same basin top diameter (D = 500 mm), then the velocity at which the flow enters the basin from the channel
defines the angular momentum of the vortex. The inlet velocity of the flow to the basin depends on the geometry of
the inlet channel (w/D, h/ D, y) and the value of Q.

The inlet velocity v of the flow in the channel is given by Eq. 2. Due to the spiral geometry of the inlet channel,
this velocity increases as it approaches the basin, as the cross-sectional area decreases. The smaller the value of y is,
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Table 4
Models with the lowest and highest values of Q and T".

Run Design variables I'[m?/s] Q [m3/s]
d/D w/D h/D L/D 7 [Deg] H/D

13 0.1449 0.3959 0.4367 2.7449 167.1429 0.5306  1.2450 0.0024
14 0.2306 0.2918 0.3796 2.3367 115.7143 2.0000 1.7668 0.0059
23 0.2878 0.4204 0.4122 1.3163 112.0408 1.6327 0.8444 0.0049
26 0.1898 0.2306 0.4286 2.7959 168.9796 1.8469  1.8924 0.0054

the smaller the flow input area to the basin is found. Therefore, small values of 2/ D, w/D and y, and large values for
O increase the velocity of the flow entering the basin. This, in turn, allows a higher value of angular momentum.

From 4, run 26 (the highest I') has the smaller w/ D, and the highest y. Run 23 (the lower I') has the highest w/D
and the smaller y. Runs 26 and 23 have only one of the desired characteristics to obtain a high circulation. Runs 26
and 23 have only one of the desired characteristics to obtain high circulation; for run 26, the w/ D ratio, while for run
23, the y angle: Therefore, for the inlet channel, the w/ D ratio is the geometric characteristic that most influences the
value of the circulation.

From the initial sampling, a Pareto front was created using the genetic algorithm. Figure 7 shows the two objectives
that were simultaneously minimized. The initial sampling (starting solutions), the designs suggested by the surrogate
model (feasible and unfeasible solutions), and the selected design are shown in Figure 7. The horizontal black lines
correspond to the minimum and the maximum values for the volume flow rate, while the vertical black lines correspond
to the minimum and maximum values for I". From Figure 7, only a few of the starting solutions contribute to the Pareto
front. This means that if the initial population is used to establish the optimal geometry, the entire design space, i.e.,
other possible combinations of the design variables, would not has been explored. To improve the Kriging model and
the Pareto Front, three additional samplings were selected in each optimization cycle. In total, 20 optimization cycles
(60 new samples) were required to validate the surrogate model through the hypervolume indicator. Out of these three
points added in each cycle, one point was the maximum circulation point and another, the minimum volume flow rate
point. The third point was selected between two extreme points [100]. It allows to explore different regions of the
design space and fill the gaps in the Pareto front [75]. Table 5 shows the sample data added to improve the Pareto
front.

From Table 5, the highest I of the new samples was reached through run 35, resulting in a I' value of 2.1074 m?/s.
The minimum volume flow rate was reached with 13 different geometries, with a value of 0.0016 m?3/s, as it can be
seen in Figure 7, where multiple points are found on the same horizontal-dotted line. With respect to the maximum
circulation (1.8924 m?/s) and the minimum volume flow rate (0.0024 m3/s) found in the initial sample, with the new
samples, there was an increase of 11.1% in the circulation and a decrease of 33.3% in the volume flow rate. In Figure
8a and Figure 8b, the effect of d /D and H /D on the volume flow rate and the circulation is illustrated. For geometries
corresponding to Q of 0.0016 m3/s, d / D varies between 0.1000 and 0.1026, while H / D varies between 0.5 and 0.544,
and the value of the circulation is between 1.2 and 1.4 m?/s. This information allows to confirm the assumption that the
parameters d /D and H /D are the parameters affecting the most the value of the flow. The volume flow rate of these
13 geometries is the same due to the similarity that exists between the values of d/D and H/D. The volume flow
rate does not depend on the values that the other parameters have taken. There are four geometries in the new sample
data with very close circulation values, between 2.0548 and 2.1074 m?/s. These geometries correspond to d /D values
between 0.1887 and 0.2149, and L/ D values between 2.9589 and 3.000, for QO between 0.0055 and 0.0059 m3/s. A
larger value of H means a larger distance to be travelled by the flow and a longer time to exit the turbine, while a larger
value of d means a larger area for the flow to exit from the turbine. By having a larger outlet area and a greater height,
the turbine has the possibility of receiving a greater amount of flow without exceeding its capacity and causing spills.
With respect to the value of L, the greater the length of the channel, the greater the possibility that the flow entering
the basin will be a more organized flow with lower energy losses, thus having this flow more energy available.
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Fig. 7: Final Pareto front.

3.1. Validation of the Pareto front

One of the most common metrics to determine the convergence of the Pareto front is the hypervolume indicator
(HV) [101, 102, 103, 104]. Given a Pareto front, this metric estimates the non-overlapping volume of the hypercubes
formed by a reference point R and every point in the Pareto front [75]. The reference point was determined by choosing
the worst point based on the initial observations. The worst point consists of the point of the least circulation (I'=0.8844
m?/s) and the highest volume flow rate (Q = 0.0059 m>/s), that is, the opposite point to the objectives of the optimization
process. Figure 9 shows the Pareto front for optimization cycles 5, 10 and 20. The objectives were normalized onto the
range [0, 1] to generate a unit hypercube (or hyper-rectangle). A value of 1.0 for this metric indicates that the solutions
are closer to the true Pareto front because the maximum area in the hyper-rectangle is 1.0 [105, 106]. The HV is the
red area, defined by the non-dominated solutions and the reference point R. If more sampling points are added, in each
optimization cycle, the value of HV increases, as it can be observed in Figure 9b and Figure 9c, where the red area is
greater than the red area in Figure 9a.

Figure 10 shows the HV evolution; i.e., the HV value for each new sample point added to the Pareto front in each
optimization cycle. Figure 10 indicates that the HV converges for a value of 0.91. This means that it does not matter if
more sample points are added to the Pareto front, the value of HV does not change. Since the algorithm converges, the
Pareto front in Figure 7 is considered the true Pareto front. This Pareto front can be used to determine a compromise
solution between both objectives of study.

The best solution is subjective and depends on the need of the designer [107]. Selecting the best design, a line was
drawn between point R and the best design point P. The best point consists of the point of the highest circulation (I'=
2.1074 m?/s) and the least volume flow rate (Q = 0.0016 m3/s), which are precisely the objectives of the optimization
process. The final design is the point of the Pareto front that is cut by the line between R and P. This point corresponds
to the run 54 of the new sample points. For this point, the values of the geometric parameters are y=92.141°, H/D =
1.572, L/D =1.518, h/D = 0.565, w/D = 0.361, and d /D = 0.108, and I and Q are 1.6999 m?/s and 0.0030 m?/s,
respectively. Figure 11 shows the vortex profiles and the angular velocity of the vortex as a function of the radius of
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Fig. 8: a) Effect of d/D and H/D on the volume flow rate, and b) Effect of d/D and L/D on the circulation.

the basin for the highest (run 35) and the lowest circulation (run 24), as well as for the selected design (run 54). Fig.
11a shows that run 24 produced a more symmetrical vortex than the other geometries, but it is a low vortex. The vortex
for runs 46 and 54 had a similar profile and height. From Figure 11b, it was found that the angular velocity increased
to a maximum value when the radius of the vortex approached zero, reaching a velocity of up to 85 rad/s in run 54.
For all runs, the angular velocity is zero at the basin walls.
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Velasquez et al. [39] performed a single-objective optimization using the same six geometric factors of this in-
vestigation. The purpose of a single-objective optimization is to establish the best solution for a certain condition.
The referred authors, through the response surface methodology, proposed a GWVHT that allows to maximize the
circulation. Their results indicated that the highest I" was 2.089 m?/s, while the volume flow rate for this geometry,
according to Eqgs. 20 and 21, was 0.0051 m3/s (H/D=1.840, y=179.976°, h/ D=0.599, d / D=0.167, w/ D=0.2, and
L/D=0.500). The geometry of maximum circulation found by Velasquez et al. [39] can be compared with run 35

20

25 30 35 40 45 50 55
Function evaluation

60

Page 16 of 21



Multi-objective optimization of a gravitational water vortex hydraulic turbine

0 . , 100 : :
o | * Run35
| Axis of symmetry | o O Run54
02f a) } 80 L b) }n O Run24 |
» * »
nn‘g D0, o } 000'09" Iﬂ‘ .
0.4 o* * O «_of R L %0
O % e | [=] 5 60 [
o * IS
o * | f £ o } O
— >
E oet o ° = » Runss | £ " Ouy
s 5 2 O Runss S a0 o U
@ o O Run24 > [o*
o * 0 - 3 8
081 no | 8 3 & o | 2k,
o nlf z o "o | %
b o ud o° o,
1 &bd‘“@‘; :f&"p°°° } 0oGat
*hds
» 0
P IT H } Axisiof symeetry
12 | |
‘ ‘ ‘ \ ‘ ‘ ‘ 20 ‘ A s ! ‘ ‘ ‘
04 03 02 -01 0 0.1 0.2 0.3 0.4 04 03 02  -01 0 0.1 0.2 03 0.4
Radius [m] Radius [m]

Fig. 11: a) vortex profile and b) Tangential velocity.

(H /D=2.000, h/ D=0.2594, w/D=0.3618, L/ D=3.000, d / D=0.1976, and y=108.452°) of the Pareto front because
both geometries represent the geometries of maximum circulation (same optimization objective) but obtained using
two different methodologies. Figure 12 represents the vortex profiles and the angular velocity of the vortex as a func-
tion of the radius of run 35 and the optimized geometry found by Velasquez et al. (2022) [39]. From the Pareto front,
the maximum circulation was 2.1074 m?/s and corresponded to a volume flow rate of 0.0058 m3/s. With respect to
the geometry of Velasquez et al. [39], run 35 increased 0.87% the circulation and 13.79% the volume flow rate. The
increase in the circulation may be due to the increase in the volume flow rate, of which as previously stated are directly
related. According to Figure 12a, both vortexes have similar profiles, the vortex for geometry 35 was higher because
the H /D ratio was greater than for the optimized Velasquez et al. [39] geometry. The angular velocity resulted to be
also quite similar in both geometries, Figure 12b.
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Fig. 12: a) vortex profile and b) Tangential velocity for the optimized geometry (Velasquez et al. [39]) and Run 35 (present
study).

Using the polynomial proposed by Veldsquez et al. [39] to calculate the circulation, it was found that with the data
from run 35, a circulation of 1.9047 m?/s was predicted, with respect to the simulation result, presenting a difference of
9.61%. This percentage of difference is within the prediction range of the model proposed by Velasquez et al. [39] since
the regression model has an adjusted-R, of 87.92%. Now, using the data from run 54, the predicted circulation was
1.687 m?/s, while the simulation result was 1.699 m?/s, which represents a difference of 0.76%. The difference between
both optimization methodologies, the response surface methodology with a single-objective and a multi-objective
optimization using two objectives lies in the number of results obtained at the end of each process. While in the response
surface methodology, only a single result was obtained for the single objective, for the multi-objective methodology,
through the Pareto front, multiple solutions were obtained, which were a compromise between the two objectives set
[108, 28]. Therefore, the selection of the final model depends on the needs and requirements of the designer. The
multi-objective optimization methodology encompasses the results that can be obtained through optimizations with
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response surfaces. That is, with the results of the Pareto Front it is possible to solve problems with a single objective.
In that case, a design should be selected at the extreme points of the front, depending on whether it requires maximizing
or minimizing the single objective [109].

4. Conclusions

A multi-objective genetic algorithm is an efficient technique for solving optimization problems. In these problems,
multiple conflicting objectives must be satisfied. The current problem pursuits to examine the factors that affect the
circulation of a vortex for an efficient power generation system. Two conflicting objectives were considered: (1)
the minimization of the volume flow rate, and (2) the maximization of the vortex circulation. With these multiple
objectives, an optimum design problem can then be expressed. This optimization problem was solved using the function
gamultiobj in the Matlab R2018b software. The algorithm combines the multi-objective genetic algorithm with Kriging
interpolation to find the true Pareto front (optimal solutions). The initial population size was set to 40 and the maximum
number of generations was set to 500. The initial population was established by a Latin hypercube sampling. The
convergence to the Pareto front was obtained by the algorithm after 20 function evaluations and 60 new samples.
The convergence of the solutions obtained by the algorithm was calculated using the metrics called HV. With an HV
value of 0.91, the algorithm generates a good distribution of the Pareto front. This Pareto front was used to determine a
compromise solution between both objectives. The compromise solution corresponded to the run 54 of the new sample
points. For this point, the values of the geometric parameter H /D=1.572, h/D=0.565, w/D=0.361, L/D=1.518,
d/D=0.108 and y=92.141° were obtained. The circulation and the volume flow rate were 1.6999 m?/s and 0.0030
m?/s, respectively. Since the geometric parameters selected were dimensionless, with these results, it was possible
to generate new geometries. On the other hand, as the final solution depends on the designer criteria, other authors
could use the established Pareto front to choose their own solution, since the solution presented in this study was an
intermediate solution between the best and the worst design points. It is important to highlight that the results obtained
through this optimization are only valid for the initially established study geometry; any change in the shape of the
turbine components implies that the results of this optimization may not be valid. For new geometries, the multi-
objective genetic algorithm, employed in the present study can be used to improve those new geometries. The new
optimization processes can include too geometrical variables to define the runner. For further work, it is necessary to
validate the numerical results by means of the execution of experimental tests.
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Table 5
Sample data added

Run Design variables ' [m2/s] Q [m?®/s]
d/D w/D h/D L/D v [Deg] H/D

1 0.1826 0.3065 0.3030 2.1551 106.7397 1.7517  1.9461 0.0052
2 0.1004 0.2131 0.2391 2.3249 91.7373 0.5008  1.3797 0.0016
3 0.1031 0.2508 0.2499 2.3129 95.0146 0.6012 1.3981 0.0018
4 0.1000 0.4286 0.2007 0.6227  90.0000 0.5000  1.2959 0.0016
5 0.1996 0.2001 0.5192 1.9050 167.5826 1.4997  1.9218 0.0050
6 0.1013 0.4074 0.3036 0.8202  95.0597 0.8272 1.4621 0.0020
7 0.2058 0.2014 0.4364 2.0378 119.5744 1.7003  1.8605 0.0054
8 0.1000 0.2324 0.4123 2.7532 90.3430 0.5449  1.4007 0.0016
9 0.1028 0.2601 0.4417 2.7147 92.0086 0.6723  1.4570 0.0019
10 0.2276 0.2018 0.5476 0.5064 1449121 1.1314  1.8687 0.0045
11  0.1003 0.2207 0.2006 1.5851 90.7328  0.5011 1.3540 0.0016
12 0.1012 0.2251 0.2170 15993 90.9768 0.6710  1.4626 0.0018
13 0.1000 0.2945 0.4678 1.6253 92.8593 0.5036 1.3174 0.0016
14 0.1009 0.2752 0.4723 1.6169 929062 0.6673  1.4389 0.0018
15 0.2237 0.2040 0.5580 0.5080 147.3854 1.1874  1.8809 0.0046
16 0.2380 0.2009 0.5828 0.5064 136.8831 0.9737  1.7599 0.0041
17 0.1024 0.2132 0.5609 1.3682 118.8226 0.5061 1.3030 0.0016
18 0.2690 0.2228 0.5298 0.9989 129.1677 0.5041 1.4721 0.0028
19 0.1026 0.2068 0.5746 0.5463 127.9947 0.5120  1.2900 0.0016
20 0.2360 0.2225 0.5382 0.5063 143.3651 1.0779  1.8328 0.0044
21 0.1039 0.2104 0.4759 0.7133 126.5848 0.8509  1.5405 0.0021
22 0.1009 0.2768 0.5097 0.6391 129.3838 0.8168  1.4539 0.0020
23 0.2210 0.2061 0.5603 0.5048 141.1587 1.1395 1.8506 0.0045
24 0.1001 0.4509 0.5857 0.5218 124.6339 0.5063  1.2057 0.0016
25 0.1001 0.2001 0.5822 0.5131 93.3912 0.5001 1.3402 0.0016
26  0.1543 0.4033 0.4523 2.7637 108.8962 1.6758  1.8372 0.0045
27 0.1705 0.3960 0.5390 2.8063 109.3063 1.7112 1.8950 0.0049
28 0.1887 0.3254 0.2384 2.9589 108.6728 1.8919  2.0517 0.0055
29  0.1002 0.2520 0.2564 2.4256 93.5493 1.2846 1.6396 0.0025
30 0.1000 0.4996 0.2212 0.5033 93.5121 0.5000 1.3051 0.0016
31 0.1001 0.4992 0.5968 1.7410 90.0007 0.5008  1.2860 0.0016
32 0.1778 0.3341 0.3160 2.8276 102.8612 1.9136 1.9926 0.0054
33 0.1933 0.3486 0.2130 2.9994 106.1530 1.9995 2.1033 0.0057
34 0.1001 0.2430 0.2289 2.0192 90.0412 0.5171 1.3899 0.0016
35 0.1976 0.3618 0.2594 3.0000 108.4521 2.0000 2.1074 0.0058
36 0.1890 0.3568 0.2520 2.8091 107.5548 1.8757  2.0146 0.0055
37 0.1000 0.2002 0.3702 0.5377 91.1376 0.5000 1.3523 0.0016
38 0.2002 0.2073 0.3113 2.9333 101.0156 1.7824  1.9490 0.0055
39 0.2149 0.2023 0.3023 2.9999 101.4582 1.9986  2.0548 0.0059
40 0.1000 0.2000 0.2519 2.1066 90.1954 0.5000 1.3898 0.0016
41  0.1795 0.2291 0.3427 29908 105.7225 1.9955  2.0054 0.0055
42 0.1984 0.2282 0.3444 3.0000 105.8784 2.0000 2.0871 0.0058
43 0.2079 0.3122 0.4429 2.9992 106.3844 2.0000 1.9874 0.0059
44 0.1775 0.3369 0.4936 2.2141 106.0822 1.5501 1.9027 0.0048
45 0.1866 0.2090 0.2722 2.4653 105.1671 1.7529  1.9683 0.0053
46  0.2097 0.2010 0.2407 2.9965 113.8667 2.0000 2.1018 0.0059
47  0.1207 0.2447 0.4049 1.5311 103.9600 1.2337  1.6846 0.0031
48 0.1473 0.2394 0.5870 1.8172 110.5051 1.3633  1.8375 0.0039
49 0.1009 0.2162 0.5959 0.5842 116.6781 1.2133  1.6488 0.0025
50 0.1006 0.2099 0.5931 0.5696 116.5187 1.0987  1.5943 0.0023
51  0.1028 0.3007 0.5213 2.3028 110.9942 1.5147  1.6090 0.0028
52 0.1007 0.2647 0.2292 2.7983 132.7494 1.0584  1.5383 0.0023
53  0.1021 0.3164 0.5280 2.3945 109.1960 1.2517  1.5529 0.0025
54 0.1082 0.3614 0.5654 1.5189 92.1414 15721 1.6999 0.0030
55 0.1216 0.3700 0.5693 1.5075 91.1285 1.5427 1.7648 0.0035
56  0.1141 0.3692 0.5707 1.5338 92.0339 1.5586 1.7719 0.0032
57 0.1598 0.2764 0.2557 2.8685 96.4049 1.3413  1.8573 0.0042
58 0.1585 0.2764 0.2537 2.9024 95.9755 1.2163  1.7951 0.0039
59  0.1678 0.2804 0.2531 2.9204 99.1167 1.5043  1.9074 0.0046
60 0.1150 0.2717 0.4295 1.0490 130.7839 1.3568  1.7325 0.0031
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CHAPTER 5

SINGLE-OBJECTIVE OPTIMIZATION
USING THE RESPONSE SURFACE
METHODOLOGY II

Numerical optimization and experimental validation of the runner of a
gravitational water vortex hydraulic turbine with spiral inlet channel
and conical basin

Submitted article

Highlights

e The runner for a GWVHT was optimized through a response surface methodology with a central
composite design (CCD).

* The effect of the relative position of the runner (p), the number of blades (1), and the mean diameter
(Dy/D) of the blades on the efficiency of the turbine was evaluated.

* The highest efficiency of 65.18% was reached when the independent variables are set to Dy/D =0.45,
n=6and p =0.6.
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Numerical optimization and experimental validation of the runner
of a gravitational water vortex hydraulic turbine with spiral inlet
channel and conical basin

Laura Velasquez, Fredys Romero-Menco, Alejandro Posada and Edwin Chica

ABSTRACT

This paper describes the use of response surface methodology for the numerical optimization
of the runner of a gravitational water vortex hydraulic turbine with a conical basin and a spiral
inlet channel. The effect of the relative position of the runner (p), the number of blades (n),
and the relation between the mean diameter of the blades (D,) and the diameter of basin (D),
(D,/ D), on the efficiency of the turbine was evaluated and the optimum runner was determined.
A second-order response model for the efficiency of the turbine was developed. From this model
it was found that the highest efficiency of 65.18% is reached when all the independent variables
are set to their higher values, i.e., D, /D, n, p equal to 0.45, 6, 0.6, repectively. Experiments were
performed using the optimal runner (D, /D =0.45, n =6) and four values for p (0.4, 0.45, 0.50,
and 0.55). It was not possible to test the optimal condition with p =0.6, due to the final quality of
the acrylic model, the runner collided with the walls of the cone. The experimental efficiencies
for the p values were 30.13, 38.35, 53.19, and 60.77%, respectively. According to the response
model, these efficiencies correspond to 28.84, 40.46, 50.80, and 59.99%, respectively.

1. Introduction

Hydropower is one of the renewable energy sources that are used to generate electricity in many countries in
the world. In 2021, the hydropower contributed with a 16.2% (3427 terawatt) to the total global electricity generation
[1, 2, 3]. In 20 years, hydropower sector will have a significant growth; it is expected that more than 37% of the world’s
energy consumption will be covered by renewable sources [4, 5]. To generate electricity from hydropower, one of the
methods used is creating an artificial lake. This artificial lake is developed when a dam is placed in a river pathway
[6]. The ecological effects of this artificial lake and dam are significant [7, 8]. An alternative to produce energy from
water is the use of micro-hydro and mini-hydro power plants. These plants can be used to produce electricity at small
scale without dams or reservoirs from small water sources, such as rivers or streams [9, 10]. Micro and mini-hydro
power plants can generate electricity up to a capacity of 100 kW [11, 12]. In the usual hydropower plants, the hydraulic
turbines take advantage of the potential and kinetic energy of the water. In these facilities, Pelton, Kaplan, or Francis’s
turbines are used extensively [13, 14]. An interesting option for hydropower generation is the gravitational water vortex
hydraulic turbine (GWVHT) [15]. A gravitational water vortex hydraulic turbine can work in a low head range of 0.7
to 2 m. GWVHT works in a similar way to Kaplan turbine. A Kaplan turbine uses guide vane to generate a swirl in a
closed vessel [16], while a GWVHT, the swirl comes from the naturally organized water vortex on a free surface.

One of the main inconvenient of GWVHT is its efficiency. Its average efficiency is 54% + 12% [17]. GWVHTs
are less efficient than other commercial hydro turbines [18]. Since its first deployment in 2006, researchers have been
employed numerical and experimental methods to improve its performance [17, 19, 20]. Still, there are not generic
design approaches that allow to design and establish performance metrics for the GWVHT. To maximize the power
output, several authors have highlighted the optimization of runners [21]. Variations in the curvature, height, width,
and the number of blades has been explored. The positioning of the blades in the vortex has also been considered. These
parameters were individually varied, while all others were maintained constant. Bajracharya et. al [22] suggested that
the optimum position of runner is 65% of the total height of basin from the top position, since this is the point where
maximum velocities can be achieved [23]. Different researchers affirm that the blades with curved profile are more
efficient in comparison to straight profile blades [21, 24]. The studies of Bajracharya et al. [22] and Power et al. [25]
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00000-0002-5043-6414 (E. Chica)
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are in contradiction for maximum power output when the number of blades is increased [21, 24]. Bajracharya et al.
affirm that the efficiency decreases with an increase in the number of blades, since they cause a greater distortion in
the vortex. They concluded that the efficiency also decreases with increase in radius of the blades, since the water
velocities at radius far away from the core are lower [23].

The conclusions about the optimum position of runner (p), the number of blades (n), and the radius of the blades
(rp) can change when these parameters are studied simultaneously, that is, when their combined effect on the efficiency
of GWVHT is analyzed. Because of that, the current work is focused on the optimization of the runner of a GWVHT
to increase its efficiency. In this regard, computational fluid dynamics (CFD) simulations and central composite de-
sign (CCD) show experimental design was employed for modelling a second-order response surface, followed by an
experimental verification of the optimal model found (the runner with the highest efficiency). Nine different runners
and three different positions have been considering by numerical optimization. During the process of analysis, the
dimension of the inlet channel, basin, and discharge were taken constant.

2. Methods and materials

2.1. Gravitational water vortex hydraulic turbine (GWVHT)

GWVHT is an impulse turbine of ultra-low head hydropower technology [26, 27, 28, 18]. It was developed by
Franz Zotloterer in 2006 [17, 27]. In a GWVHT, the water passes through a straight inlet channel into a conical basin
tangentially, in which a free surface water vortex is formed [15, 28]. A vertical runner is positioned in the center of the
basin. The runner rotates with the water vortex, thus generating mechanical energy which can be converted to electrical
energy using a generator [29, 25]. The water vortex discharges through an outlet hole at the bottom of the basin [29, 25].
The scheme of the hydropower plant studied is shown by Figure 1. The inlet channel, basin, and discharge studied
was optimized previously by Velasquez et. al [30] who employed the multi-objective optimization to maximize the
vortex strength (I') and minimize the volume flow rate (Q). In Velasquez et. al [30], the main dimensions of inlet
channel, basin, and discharge were a function of the diameter of the basin (D) as follows H /D =1.572, L /D =1.518,
h/D =0.565, w/D =0.361, d/D =0.108, and y =92.141°. For the current study, the basin diameter used was 500
mm.

The equations used for calculating the available power of a hydraulic turbines are also used for calculating the
available power of GWVHT. The maximum available power (P) of GWVHT is given by Eq. 1:

P = pgQO(H,) )

where p is the density of the fluid, g the gravity, O the volume flow rate, and H,, is difference height between the
level of fluid in the inlet channel and the position of the runner in the basin [17]. The power generated (P,,;) by a
turbine is given by equation Eq. 2:

Pi=Tw )

where o is the angular velocity, and T is the torque. The hydraulic efficiency (#) is defined by equation Eq. 3:

P _ Tw
P pgO(H,)

2.1.1. Runner design

In an impulse turbine, water travels from the inlet to the outlet of the blade; the outlet velocity and direction of
water changes from that of the inlet [29]. The change in velocity and direction changes the momentum of the water
jet, and this change in momentum is absorbed by the runner [31]. Figure 2 shows the inlet and outlet velocity triangles
for an impulse turbine. In Figure 2, V, is the linear velocity of the blade, V' is the absolute velocity, V. is the relative
velocity of the jet with respect to the blades, V is the velocity of the flow at entrance of the blade (vertical component
of V), V,, is the velocity of swirl at entrance of the blade (horizontal component of V'), 8 is the angle which the relative
velocity of the jet makes with the direction of the motion of the blades, and « is the angle with the direction of motion
of the blade at which the jet enters the blade. Subscript 1 corresponds to values at exit of the blade.

n = 3)
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Fig. 1: The scheme of the hydropower plant. Dimensions are expressed in mm.

In a GWVHT, V), changes across the radius of the vortex [29]. Therefore, the velocity triangles vary across the
radius of the runner. Seeking to take advantage of the components of the flow velocity in the vortex, studies have been
carried out mainly on 4 types of runners for a GWVHT: runner with straight blades aligned with the axis of the turbine
[25, 32, 33, 34, 20, 19, 35, 36], runner with curved blades aligned to the axis of the turbine [29, 36, 37, 27, 38, 39, 40,
41], runner with straight blades inclined with respect to the axis of the turbine [29, 20, 35], and runner with curved
blades with twist angle [29, 20, 36, 31, 42, 21]. The twist angle is the angle that the cross section of the blade makes
at the top with respect to its counterpart at the bottom. These runners are shown in Figure 3.

Between runner with straight or curved blades aligned to the axis of the turbine, from the past studies, it was
concluded that the curved blades runner is the most efficient runner. The authors found better performance with
runners that had curved blades with twist angle, managing to take better advantage of the tangential and axial velocity
of the fluid. Therefore, the runner with curved blades with twist angle was chosen over straight and curved blade
profile.

2.2. Response surface methodology analysis with CCD
Response surface methodology (RSM) is a statistical method that uses data from experiments to establish a re-
gression model and to optimize a response which is influenced by several independent variables [43, 44, 45, 46]. The
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Inlet velocity triangle

Turbine blade

V'

Outlet velocity triangle

Lol

Fig. 2: Velocity Triangle for an impulse turbine. Adapted from: [29].

A4 R4

Fig. 3: Types of runners for a GWVHT: a) runner with straight blades aligned with the axis of the turbine, b) runner with
curved blades aligned to the axis of the turbine, c) runner with straight blades inclined with respect to the axis of the
turbine and d) runner with curved blades with twist angle.

optimization processes using RSM consists of six consecutive steps: I) select the independent factors and desired re-
sponses, II) choose the strategy for experimental design, III) run the experiments and obtain the results, IV) estimate
the coefficients in a mathematical model that fit the experimental data, V) check the adequacy of the model, and VI)
determine of optimal conditions [43].

The independent variables chosen for this optimization process were the relative position of runner (p), the number
of blades (n), and the mean diameter of the blades (D, = 2 X r;). The response variable was the efficiency (1) of
the GWVHT. The mean diameter is measured at the middle height of the runner. The variable p is a function of the
position of the runner (4) and the basin height (H), p = h/H, h is measured to the middle height of the runner as
shown in Figure 4.

The mean diameters of the blades of the present study were determined considering the diameter of the conical
basin at three different positions, obtaining diameters of 145.25 m (D,/D =0.29), 185.25 mm (D,/D =0.37) and
225.25 mm (D, /D =0.45). The mean diameter of the blades was divided by the diameter of the basin (D) to obtain a
non-dimensional variable. The other dimension of the runners depends on the vortex formed in the basin. The vortex
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Table 1
Blades design summary.
Db/D
Symbol Variable 0.29 0.37 0.45
value
a Blade inlet angle [Deg]  16.00 16.00 16.00
a Blade outlet angle [Deg] 90.00 90.00 90.00
p Water inlet angle [Deg] 40.00 40.00 40.00
B Water outlet angle [Deg] 43.80 43.10 42.7
A Twist angle [Deg] 68.80 68.80 68.80
L Blade height [mm] 200 200 200
Table 2
Independent factors and levels.
Factor High level Medium level Low level
D,/D (x,) 0.45 0.37 0.29
n (x,) 6 4 2
D (x3) 0.6 0.5 0.4

profile for the selected basin was analyzed from the results presented by Velasquez et. al [30]. Table 1 summarizes the
inlet and outlet angles of the blade for three different runners of study as a function of the diameter of the blade.

The other independent factors chosen were varied over three levels: the lower, medium, and high level. The levels
of the factors are shown in Table 2. The selection of suitable levels for n and p was obtained from the literature
[29, 25, 32, 33, 34, 20, 19, 35, 36, 37, 27, 38, 39, 40, 41, 31, 42, 21].

Fig. 4: Position of the runner.

To the experimental design, the central composite design (CCD) was chosen. CCD is the most used fractional
factorial design used in RSM [44, 46]. CCD can generate response surfaces with fewer runs required [47].
For a CCD, the total required runs (N) is calculated by Eq. 4:

N =2%+2k +n, @
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Table 3
Required runs and numerical results.

Run D,/D n p  Outlet power [W] CFD [‘;,f]hmel\r/]liz:lel (%]
1 037 6 05 3.04 34.76 34.03
2 0.45 6 0.6 7.24 65.18 67.79
3 0.29 2 0.6 1.98 17.82 19.41
4 0.29 4 05 1.16 13.27 14.59
5 029 6 04 0.02 0.34 1.04
6 045 2 06 5.79 52.09 51.08
7 037 2 05 1.86 21.28 23.99
8 0.45 2 04 1.25 19.51 19.51
9 0.37 4 0.6 491 44.20 41.70
10 0.45 4 05 3.82 43.66 44.32
11 045 6 04 1.97 30.74 28.83
12 0.37 4 0.4 0.44 6.86 11.35
13 029 6 0.6 3.39 30.49 30.17
14 0.29 2 04 0.04 0.59 -2.33
15 037 4 05 2.64 30.18 29.03
16 037 4 05 2.64 30.18 29.03
17 037 4 05 2.64 30.18 29.03

where k is the number of factors, and n, is the number of centers points runs. For three independent factors, and
three center runs, the total number of runs is 17. They are listed in Table 3. Tables 3 shows the required runs together
with the numerical results. According to Table 3, in the final 17 runs there are combinations of 9 different runner.
These runners are shown in Figure 5.

The quadratic model equation for predicting and analyzing the efficiency or the runner was expressed according to
Eq. 5:

2 2 2
n=Po+ Pix1 + Prxo + P3xz + Py x| + X5 + P33x5 + Prax 1 Xo + Pi3x X3 + Pr3xpx3 &)

The coefficients of the equation were denoted by f, (constant term), f;, f,, and f5 (linear effects), f;;, f,,, and
P33 (quadratic effects), and f,, f13. and f,3 (interaction effects). The coefficients, which should be determined in the
second-order model, are obtained by the least square method [36]. Then, an analysis of variance (ANOVA) was used
to calculate the statistical parameters to define the interaction between the independent variables and the response. To
determine if the quadratic model equation is fit to data, the coefficient of determination (R,) and adjusted coefficient
of determination (adjusted-R,) were used.

2.3. Numerical simulation

Numerical simulations were performed using Ansys Fluent. The simulation domain was divided into two domains:
a stationary domain, and a rotating domain. The stationary domain included the inlet channel and basin, and the rotating
domain contains the runner. The domains were meshed using poly-hex core mesh elements.

Volume of fluid method (VoF), Transition-state, and k — @ SST turbulence model were selected to execute the
simulations. The VoF method allows examining the interaction of two fluids in the domains: air (primary phase) and
water (secondary phase). VoF method uses a as a phase indicator. A value of 1 or 0 shows that a control volume
is entirely filled or empty, respectively, with the primary phase, and a value between 1 and 0 indicates an interface.
In the initialization of the domains, a was set to 1. As boundary conditions, a relative pressure of 0 Pa was used at
the discharge; and an inlet velocity of 0.0597 m/s was imposed at the inlet channel. The inlet velocity was calculated
according to the equation proposed by Velasquez et al. [48] in their study on optimization of the inlet channel and
basin. The upper surfaces of the channel and basin were set with a static pressure of O Pa, the air could enter and exit
freely. The rotating domain was set to rotate with increments of 27 rpm beginning from 0 up to 200 rpm. Figure 6 (a)
and (b) shows the domains and meshes used for the numerical study.
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Db/D=0.29

Db/D=0.37

Db/D=0.45

Fig. 5: Studied runners.

M\&\\\ Stationary domain

Rotating domain
w

Fig. 6: a) Domains and b) Mesh.

A mesh independency was performed to verify how much the output parameter (efficiency) result deviated. The
mesh independence test was performed using the grid convergence index (GCI) method. The GCl indicates how far the
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numerical solution is from the asymptotic range and how much the numerical solution changes with further refinement.
If the value of GCl is close to 1.0, the solution is within the asymptotic range of convergence [49]. The GCI method
was accomplished employing three different numbers of elements, and three different time-step.

The number of cells for the analysis was set to be around 2,036,6661 (fine mesh), 870,064 (medium mesh) and,
524,025 (coarse mesh). At used for the test were 0.005, 0.0025, and 0.00125 s. Figure 7 presents the results for
independence tests. The values of GCI,; and GCI;, represent the relative change from coarse to medium mesh/time
step and from medium to fine mesh/time step, respectively. According to Figure 7, with a GCI of 0.9976 and 1.0023,
for the mesh and At, respectively, the solution is in the asymptotic range of convergence. The medium time-step of
At =0.0025 and the medium mesh is chosen for the analysis to minimize the computational time and the errors.

15.00 T . 15.00 T .
—<— CFD Results —<— CFD Results
14.00 ¢ a) ¢ Richardson Extrapolation solution ] 14.00 £ b) ¢ Richardson Extrapolation solution
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Fig. 7: Mesh independence study.

2.4. Experimental setup

To validate the CFD calculations, a test bench with GWVHT was built. The bench was composed of two water
tanks, a centrifugal pump, basin, inlet channel and runner. The experimental setup is shown in Figure 8. The pump
was used to move water from the lower tank to the upper tank at a controlled volume flow rate. To observe the flow
behavior, the basin and inlet channel were made from transparent acrylic. The runner was printed in a 3D-print using
polylactic acid (PLA). The flow rate Q was measured with a flow meter (Siemens SITRANS FM MAG 5100W).
The angular velocity @ and torque T' over the runner were measured with a rotary torque Sensor (Futek TRS 605-
FSHO02057). Knowing the flow rate and the location of the runner in the basin, the available power is calculated using
Eq. 1. The power generated by the turbine is calculated using Eq. 2 together with the values of angular velocity and
torque. With the available power and generated power values, the efficiency of the turbine is determined using Eq. 3.
The experiment was performed under the condition of constant flow rate Q =3.05 L/s. A variable load was imposed
on the runner. When the tests were started, the reading of torque sensor is set at zero when the angular velocity is
constant. The load was increased to reduce the angular velocity until O rpm. The load was controlled by a motor and
an inverter.

3. Results and discussion

3.1. Numerical results

The results obtained from numerical simulation are represented in Figures 9 and 10. Figure 9 shows the changes in
the output mass flow rate as a function of the simulation time for 18 geometries (17 geometries studied and a geometry
without runner). The mass flow stabilized (constant flow in the gravitational vortex of 2.9 kg/s) closer to 40 seconds,
except for run 5, whose mass flow rate does not stabilize in the period studied, changing between 1.5 and 4.7 kg/s. Run
5 corresponds to the geometry with the smallest D, /D, smallest p and largest number of blades.

Figure 10 shows the efficiency of GWVHT as a function of the angular velocity of the runner for the 17 geometries
studied. Run 2 (D,/D =0.45, n =6 and p =0.6) has the maximum efficiency, that corresponds of a value of 65.18%
achieved at 14 rad/s. The following two efficiencies correspond to geometries 6 (D,/D =0.45, n =2, p =0.6) and 9
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Fig. 8: Experimental setup. 1-Lower tank, 2-Centrifugal pump, 3-Flow meter, 4-Superior tank, 5-Inlet channel, 6-Basin,
7-Runner, and 8-Torque sensor.
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Fig. 9: Mass flow rate vs. time flow.

(D,/D =0.37, n =4, p =0.6), with efficiencies of 52.09% and 44.20%, respectively. Therefore, the geometries with
the highest efficiency are those whose p value is equal to 0.6, that is, the runners located closer to the discharge hole.
The geometries with the lowest efficiencies, 0.34% and 0.59%, correspond to Runs 5 (D, /D =0.29, n =6 and p =0.4)
and 14 (D,/D =0.29, n =2 and p =0.4), respectively, both geometries have the lowest D,/ D ratio, in addition to the
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fact that they are runners located further from the discharge hole.
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Fig. 10: Turbine performance curves: Efficiency vs. angular velocity. CFD data.

3.2. Statistical analysis

The statistical software package R-Studio was employed for the regression analysis of experimental data. The
accuracy of the quadratic model equation was determined by the coefficient of R, and adjusted-R,. The significant
model terms were estimated by the probability value (P-value) at 95% (or 0.95) that corresponds to a significance
level of 5% (or 0.05) [41]. The smaller P-value the more significant is the term [42]. The P-value for all terms of the
quadratic model equation is given in Table 4. In addition, R, and adjusted-R, were calculated, and they are shown in
Table 4. For a well-fitted model, R, and adjusted- R, should not be less than 80% (or 0.8) [50, 51]. For the model, R,
and adjusted-R, were 98.71% and 97.06% respectively. The value of R, estimate how the model describes the data
and the adjusted- R, measured the amount of variation about mean explained by the model.

From Table 4, the terms D,/ D, n, p, and (D,/ D)(p) have the smallest P-value, which means these factors have the
highest influence on the efficiency. Of these 4 terms, 3 terms correspond to the main factors while one of them is an
interaction. The final quadratic model equation that describes the efficiency of a GWVHT is expressed by Eq. 6.

n = —0.9000781 — 0.548995D, /D — 0.055194n + 2.514443p + O.675054(D,,/D)2 — 0.000041(n)?

—2.503499(p)? + 0.0930254(D,, / D)(n) + 3.069728(D,/ D)(p) (6)
+0.092321(n)(p)

Before progressing with the analysis of the fitted model to find the optimal runner, the model assumptions should be
checked. The model assumptions are residual independence, homoscedasticity, and normality [52]. Normal probability
and frequency distribution were plotted to check the normality. Normality assumption is satisfied where data adjusted to
the red represented lines in Figure 11. In addition, to check the normality assumption, numerical tests were performed.
Numerical tests can help to ensure the assumption of normality. The results of the normality tests are shown in Table
5.

From Table 5, the efficiency residuals follow a normal distribution because the set of tests had a P-value higher than
0.05 [53, 54]. To verify residual independence and homoscedasticity, Durbin-Watson test, and studentized Breusch-
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Table 4
ANOVA results.
Term Degrees of freedom Sum of squares Mean squares  p-value F-ratio
D,/D (x,) 1 0.2210 0.22100 1.07¢-6  243.505
n (x,) 1 0.02523 0.02523 0.00116  27.794
p (x3) 1 0.23027 0.2307 90.33e-7 253.716
(D,/D)* 1 0.00031 0.00031 0.57888  0.3390
(n)? 1 0.0023 0.0023 0.63198 0.251
(»)? 1 0.00168 0.00168 0.21594 1.850
(D,/D)x(n) 1 0.00177 0.00177 0.20485 1.954
(D,/D)x(p) 1 0.00482 0.00482 0.05454 5.316
(n)x(p) 1 0.00273 0.00273 0.12660 3.005
Residuals 7 0.00635 0.00091
R, 0.9871
Adjusted-R, 0.9706
Table 5
Normality tests.
Test P-value
Jarque-Bera test 0.622
D’Agostino & Pearson test ~ 0.513
Shapiro-Wilk test 0.645
KS Lilliefors modification 0.200
Shapiro-Francia test 0.590
Cramer- von Mises test 0.524
Anderson-Darling test 0.575
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Fig. 11: a) Normal probability plot and b) Frequency distribution for the efficiency residuals.

Pagan step, respectively, were utilized. The tests returned P-values of 0.928 and 0.237, respectively. With a P-value
greater than 0.05, the residuals are not autocorrelated and are not a dependency of the error variance. Therefore, the
model is adequate for predicting the efficiency of GWVHT within the studied range. The response surfaces of the
regression model for different interactions are shown as 2D contour plots in Figure 12. Figure 13 shows the individual
effect of D,/ D, n and p on the efficiency.

From Figure 12, the highest efficiency is reached when all the independent variables are set to their highest values,
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Contour plot of efficiency versus Db/D & n Contour plot of efficiency versus Db/D & p
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Fig. 12: Response surface contour plots for the efficiency (). a) Interaction of D,/D and n, b) Interaction of factors
D,/D and n, and c) Interaction of factors p and n.

ie, Dy/D =0.45, n = 6 and p =0.6. The efficiency was 65.18% which is in good concordance with the predicted
response for the model (67.79%). According to Figure 14, the efficiency decreases with the decrease of p, while it
increases with the increase of D,/ D. The increase in D,/ D means an increase in the area in contact of the blades with
the vortex, which would allow a greater extraction of energy. The impact of blade number on efficiency is less clear;
the increase in blade number, increase the blade area, however, the effect is not like the increase of D,/ D. There is a
run with only two blades with a high efficiency (52.09%) and a run with six blades with the lower efficiency (0.34%).
As an individual parameter, the optimum number of blades is not clear. The conclusion about n could vary depending
on the type of runner installed in the basin.

The optimal runner found with the regression model is shown in Figure 14. To validate the mathematical model, a
set of experiments was executed. For the experiments, the optimal runner was used (D, /D =0.45, n =6), the position
p of the runner within the cone was varied between 0.55 and 0.40. It was not possible to test the optimal condition
with p =0.6, due to the final quality of the acrylic model, the runner collided with the walls of the cone.

3.3. Experimental results

Figures 15 and 16 show the vortex formation with and without runner. With runner, the formation of the vortex
is shown for two angular velocities. When the runner is not present, the vortex height is easy to maintain. When
the runner is inserted, the vortex height abruptly decreases, the vortex is distorted by the runner gaining power and
decreasing the tangential velocity while increasing the axial velocity. The height of the vortex is also a function of
the angular velocity, if the velocity decreases, the height of the vortex also decreases. When the applied load is zero,
the turbine rotates at maximum angular velocity, Figure 16a; but, with an increase in the load, the angular velocity
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Fig. 13: Effect of a) D,/D, b) n and ¢c) p on the efficiency

Fig. 14: Optimized runner.

decreases, it becomes zero at a certain value of load [20]

Figure 17 shows the measured efficiency of GWVHT across a range of angular velocity between 0 and 15 rad/s,
for four conditions: I) D, /D =0.45, n =6 and p =0.55, II) D,/D =0.45, n =6 and p =0.50, III) D,/ D =0.45, n =6
and p =0.45, and IV) D, /D =0.45, n =6 and p =0.40. These experimental efficiencies are I) 60.77%, 1I) 53.19%, III)
38.35%, and VI) 30.13%. Using the mathematical model, Eq. 6, the numerical efficiencies are: I) 59.99%, 1I) 50.80%,
III) 40.46%, and VI) 28.84%. Comparing the numerical and experimental results, the numerical efficiencies have a
difference of less than 3% with respect to the experimental results. The percentage of difference between the results is
equal to the percentage of variation that the regression model has with adjusted-R, = 97%.06.

Along with the experimental results, Figure 17 also presents the curve of efficiency vs angular velocity for run
11 (Dy/D =, n =6, p =0.40). Of the 4 experimental tests carried out, only 1 of them, specifically test IV, coincide
with one of the numerical models analyzed in Ansys Fluent (Table 3), therefore the only complete curve that can be
compared is run 11 and test experimental I'V.

As can be seen in Figure 17, despite reaching similar efficiencies, the angular velocity in the experimental tests
is lower than the angular velocity achieved in the numerical study. The difference in the behaviour of the curves can
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Fig. 16: Vortex formation with runner: a) 14.6 rad/s and b) 8.37 rad/s.

be attributed to the losses in the experimental bench, surface friction in the runner, and mechanical losses that are not
accounted for the numerical models. Additionally, due to the way in which the acrylic components of the experimental
bench (thermoforming) were constructed, it was not possible to guarantee that the measurements are exact to those
reported in Figure 1. In the thermoforming process, an acrylic sheet is heated to a flexible forming temperature, then
the sheet is given a specific shape in a mold, and finally, the sheet is cooled to obtain the desired final shape [55, 56, 57].

The experimental results therefore allow validating the numerical model for predicting the efficiency of a gravita-
tional vortex turbine, Eq. 6. The efficiency is a function of the number of blades (n), the position of the rotor in the
basin (p) and the ratio of the mean diameter of the runner and the diameter of the basin (D, /D). The results obtained
from this study could be used as a reference for the design of GWVHT.
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Fig. 17: Turbine performance curves: Efficiency vs. angular velocity. Experimental data.

4. Conclusions

Gravitational water vortex hydraulic turbine (GWVHT) is one of the interesting new hydro power plants because
the requirements for their implementation are lower than those of conventional turbines. The electricity produced by
this technology can be considered renewable and have slight negative environmental impacts associated. This study
described the optimization and experimental validation of a runner for a GWVHT. A detailed performance evaluation
of the turbine was executed, and the turbine performance curves were determined. The effect of the relative position
of the runner (p), the number of blades (n), and the mean diameter of the blades (D,) on the efficiency of the turbine
has been investigated, and a second-order response model for the efficiency of the turbine was developed. This model
allows predicting the efficiency of the turbine as a function of p, n, and D,/ D. Numerical analysis of 17 geometries
shows that the maximum numerical efficiency was 65.18%. This was found with the largest value of all the independent
variables (D, /D =0.45, n =6 and p =0.6). An experimental bench was built to validate the numerical results and the
second-order response model. The difference between numerical and experimental efficiency was acceptable and was
mainly attributed to the losses in the experimental bench, surface friction in the runner, and mechanical losses that are
not accounted for in the numerical models. The results found also indicate that it is not appropriate to optimize the rotor
for this type of turbines considering a single parameter of its geometry, such as the number of blades or the diameter,
because the conclusions are not general, and may change depending on the geometry studied. As the parameters used
in the optimization process are dimensionless, the results can be scaled to build larger or smaller turbines.
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CHAPTER 6

TURBULENCE MODELS

CFD analysis of a gravitational water vortex hydraulic turbine by using
k-€ and k-w turbulence models

Submitted article

Highlights

* A hydraulic turbine is the most critical element of any hydro power project.
* CFD analysis is the most promising approach for hydraulic design of the turbine.

* standard k-e¢, Renormalization Group (RNG) k-¢, shear stress transport (SST) k-w, and standard k-w
turbulence models were used to simulate a gravitational water vortex hydraulic turbine.

* An analysis of variance (ANOVA) and a least significant difference (LSD) test were made to compare the
results between turbulence models.

100



CFD analysis of a gravitational water vortex hydraulic turbine by
using k-e¢ and k- turbulence models

[Laura Velasquez, Alejandro Posada, Ainhoa Rubio-Clemente and Edwin Chica

ABSTRACT

This work compares the suitability of standard k-e, Renormalization Group (RNG) k-€, shear
stress transport (SST) k-, and standard k-w turbulence models when simulating a gravitational
water vortex hydraulic turbine. These models are incorporated in ANSYS Fluent. The perfor-
mance of the models was compared for the first time by using the same turbine geometry and
boundary conditions. The results indicated that the four turbulence models are able to predict
a similar behaviour for the mass flow rate but not for the vortex circulation. To identify which
models were different, or which caused the difference, an analysis of variance (ANOVA) and a
least significant difference (LSD) test were made. ANOVA and LSD test indicated the turbulence
model influenced the vortex circulation, being the behaviour for the vortex circulation signifi-
cantly different in the four models used. The final selection of the turbulence model depends on
the computational resources, the time available and the required level of accuracy.

1. Introduction

Humankind requires energy services to satisfy basic needs (lighting, cooking, education quality, mobility, commu-
nication and comfort) and attend the production processes. The demand for this energy is increasing due to exponential
population growth and economic development, especially in emerging market economies. By the year 2040, world
energy needs are projected to be increased by 30%, while the population expands from 7,400 to 9,000 million [1].
This is the reason why the world must be prepared to meet this future energy demand in a sustainable way. It must be
highlighted that global energy consumption grew with an average of 2%/year over 2000-2018 and slowdown 0.8% in
2019 [2].

Among the sources of energy with the highest current use, fossil fuels, including coal, oil and natural gas, stand out
with 62.8% [3]. A fundamental characteristic of these non-renewable fuels (resources available in amounts that can
be considered relatively abundant but finite) is the energy produced, which is due to the combustion of the carbon (C)
contained, so their use consumes C, oxygen (O,) from the atmosphere, and releases carbon dioxide (CO,) and energy
(exothermic reaction). Since the C contained in these fuels is sequestered in the reservoirs, the CO, released increases
its concentration in the atmosphere. It is important to note that CO, is a greenhouse gas that allows the passage of
short-wave radiation from the sun and retains the infrared radiation emitted by the Earth [4]. That is, it retains the
heat that would otherwise escape into space, causing an increase in the temperature of the planet. The increase in the
temperature produces direct effects on ecosystems, constituting a considerable risk to biodiversity, natural resources
and human, animal and plant health [5].

On the other hand, the remaining 37.2% comes from renewable sources [3]. The potential of renewable energy
(RE) sources is infinite. RE sources come from the energy that reaches the planet continuously as a consequence of the
gravitational attraction of other planets and satellites of the solar system, as well as the solar radiation. The main sources
are solar, wind, hydraulic, tidal, geothermal and biomass energy. These types of sources have a particular characteristic
related to the variability of their generation. This variability is a reflection of the behavior of its primary source, such
as the solar radiation and wind, which depend on the climatic, meteorological, and hydrological phenomena of each
moment [6].

Given the availability of at least one of the RE sources in any geographical position on the Earth, RE sources
represent immense energy potentials to be used. Among the alternatives to produce energy from renewable sources, the
use of energy from water is named. However, the novelty of taking profit from water energy is the design characteristics
of new turbines that allow them to be installed in places where conventional turbines (e.g., Pelton, Kaplan and Francis

ORCID(s): 0000-0003-1483-0104 (L. Velasquez); 0000-0001-5836-0680 (A. Posada); 0000-0003-1527-260X (A. Rubio-Clemente);
0000-0002-5043-6414 (E. Chica)
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turbines) cannot be operated. The gravitational water vortex hydraulic turbine (GWVHT) is one of those new designs.
GWVHT is an appropriate turbine to be implemented in a hydraulic resource from small to medium water flow rates
and low head. GWVHT uses a co-axial runner with a vertical axis to extract energy from an induced vortex. The
vortex is generated in the basin. GWVHT is a micro hydropower plant, whose maximum reported power is less than
0.1 MW [7]. To date, the world has installed 15 vortex turbines with a maximum capacity of 20 kW. These plants
report efficiency between 17 and 85% [7].

The investigation and development of GWVHTS are limited. The literature review shows that researchers have been
focused on increasing the efficiency of the turbine through numerical [8, 9, 10] and experimental studies [11, 12, 13]
. In numerical studies, computational fluid dynamics (CFD) models become convenient to predict the behavior of the
flow inside the turbine. CFD simulations use different turbulence models to solve the turbulent part of the flow.

Under this scenario, the current work is focused on the selection of the turbulence model to predict the behavior
of the free-surface vortex in a gravitational water vortex hydraulic turbine. In this regard, k- and k-e turbulence
models were used. From the authors’ knowledge, the performance of these models has not been compared by utilizing
the same boundary conditions in the same turbine geometry. The turbulence models were compared by using the
numerical results of the vortex circulation and the mass flow rate.

2. Methods and materials

2.1. Gravitational water vortex hydraulic turbine (GWVHT)

A power generation system with a GWVHT is a run-of-river plant, so that water energy must be used as soon as it is
available to drive the turbine. The run-of-river plants do not have a water reservoir. The flow supplied varies according
to the seasons of the year. In the season of abundant rainfall, they develop their maximum power and allow an excess
water to pass through. In contrast, during the dry season, the power decreases depending on the flow, becoming almost
Zero in some rivers in the summertime.

The GWVHT is considered a new technology that was created by the Austrian engineer Frank Zotlterer around
2006 [7]. GWVHT consists of a channeled water inlet into a cylindrical or conical basin. The transfer of energy
from water to the turbine runner is due to the vortex created on the basin. The flow is regulated by the discharge hole
at the bottom of the basin. The vortex causes the flow rotation to speed up and, in turn, causes the pressure in the
center of the vortex to decrease [14]. The pressure reduces below the atmospheric pressure. As a consequence of the
low pressure, the air is sucked into the basin forming an air core. The rotational movement or circulation in vortices
may be studied by employing CFD. An adequate selection of simulation parameters, such as turbulence models, is
necessary to reliably predict the behavior of the vortex inside the turbine. The selected geometry for the comparison
of the turbulence models is shown in in Fig. 1. In this work, the geometry employed was a turbine with a conical
basin and a wrap-around inlet channel. Six variables were used to define the turbine geometry. The variables were
dimensionless since they were expressed in terms of the diameter (D) of the basin, being D equal to 500 mm. The
runner was excluded from the analysis.

2.2. Vortex circulation and mas flow rate

The turbulence models were compared through the behavior of the mass flow rate (ri7) and the vortex circulation
(I') from the beginning to the stabilization of the vortex. The circulation is a measure of the rotation of the fluid. I"is
defined as the line integral, which was evaluated along a curve C, of the component of the velocity that is tangent to
C [15]. Thus, for a curve in the horizontal plane, the circulation is given by Eq. 1:

r:ifa.df (1)
C

where I corresponds to the velocity around C and dl is a vector representing the differential length of C. By using
Stokes’ theorem, circulation can be written like a surface integral curve [16], as expressed in Eq. 2:

F=7{5)-dS )
S
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Fig. 1: Dimensions of the gravitational vortex turbine with a conical basin and a wrap-around inlet channel.

where the vorticity (@) of the fluid is defined as expressed in Eq. 3: (Cengel, 2010):

@=VXU 3)

The term 1 is the mass of fluid passing per unit of time through the discharge hole. It is defined by Eq. 4. This
parameter can also be calculated by 5 [17]:

) dm
h=— 4)
m = pQ = pAV (5

where A is the area of the discharge hole, V' refers to the velocity of the fluid, and p stands for the density of the
fluid.

m was selected as one of the analysis variables since its final value was known before performing the simulations.
The vortex circulation was selected because it is directly related to the hydrodynamic forces [18]. The hydrodynamic

forces generate a moment (U_M ) about a specific point or axis. This moment will move the turbine runner.

2.3. Numerical simulation
2.3.1. Computational domain and meshing

By using ANSYS Fluent, a numerical simulation of the GWVHT was executed. The mesh was created in Fluent
meshing solver. The domain was composed of two parts: the inlet channel and the conical basin. Both parts were
meshed by using poly-hex core mesh elements. This type of element allows a reduction from 20 to 50% in the total
number of elements compared to the conventional hexcore mesh [19]. The mesh used in the simulations is presented
in Fig. 2.

Transition-state and volume of fluid (VoF) were chosen to perform the simulations. The VoF method allows cap-
turing the interface between air and water. These fluids cohabit inside the turbine. Transition-state enables to observe
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Fig. 2: Hexcore Mesh.

the changes in the vortex, from the beginning of the formation to its stability. It was imposed as an initial condition
that the turbine was composed only of air. Gravity was considered in the analysis.

The Unsteady Reynolds-averaged Navier-Stokes (URANS) equations were solved by employing the coupled scheme
for pressure-velocity and the second-order upwind discretization. As boundary conditions, an inlet velocity of 0.169
m/s was established at the inlet channel, and a relative pressure of 0 Pa was imposed at the discharge hole. The air
could exit and enter freely through the upper surfaces of the channel and the basin. The turbulence models used are
discussed in Section 2.3.2.

An independence test for the mesh and the time-step (Ar) were performed. The test allowed the selection of the most
appropriate mesh and time-step to guarantee good result accuracy and low computational costs. The grid convergence
index (GCI) was the method used to define the optimal values for these parameters. GCI is founded on the Richardson
extrapolation, in which an estimation of the exact solution can be provided [20, 21]. The GCI indicates how far the
numerical solution is from the asymptotic range and how much the numerical solution changes with further refinement.
If the value of GClI is close to 1.0, the solution is within the asymptotic range of convergence [22]. Element numbers
used for the mesh independence were 435,116 (fine mesh, expressed by number 3), 330,238 (medium mesh, expressed
by number 2) and 211,158 (coarse mesh, expressed by number 1). The At values used for the test were 0.05, 0.1
and 0.2 s. The control variable used in these independence tests was the circulation. Table 1 presents the results for
independence tests. The values of GCI,; and GCI, represent the relative change from the coarse to medium mesh/time
step and from the medium to fine mesh/time step, respectively.

According to Table 1, with a GCI of 1.006 and 0.999, for the mesh and At, respectively, the solution is within
the asymptotic range of convergence. In this regard, the medium time-step of Ar=0.1 s and the medium mesh were
selected for the analysis in order to minimize the computational time and the errors.

2.3.2. Turbulence model

CFD simulations employ turbulence models to predict the statistical evolution of turbulent flows [23]. The turbu-
lence models commonly used in modern engineering applications, specifically for vortex turbines, are the k-¢ and k-y
turbulence models [24, 25, 26, 10, 27, 28, 29]. The selection of the turbulence model depends on the physics involved
in the flow, the computational resources available, the level of precision required and the amount of time available for
the simulation.
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Table 1
Grid convergence index (GCl). Coarse, medium and fine meshes are expressed as 1, 2
and 3, respectively.

Mesh type and GCI Number of elements At [s]

1 Coarse 211,158 0.2

2 Medium 330,238 0.1

3 Fine 435,116 0.05
GCly, [%] 1.59 0.008
GCly, [%] 0.84 0.006
GCl 1.006 0.999

The k-¢ model uses two equations to solve the dissipation € and the turbulent kinetic energy k. k and € are obtained
from Eqgs. 6 and 7 [30]:

d d d M\ dk

—(pk) + — (pku,) = — + 2 )—|+G,.+G,—pe—Yy + S 6
dt(p ) dxi(p u;) ix, [(u O'k>dxj k+Gy—pe—=Yy +S; (6)
d d d M\ de € €2

— + — )= — + 2L )—|+C,.=(G, +C;.G,))—Cr.p— + S 7
dt(pe) dxi(peu') dxj [(ﬂ 6€>dxj lek( k 3¢ b) 2€pk € @)

In Egs. 6 and 7, C1,, C2, and C3, are constant values. G, is the generation of k because of buoyancy. In turn,
G|, refers to the generation of k due to the velocity gradients, and Y, stands for the contribution of the fluctuating
dilatation compressible turbulence to the overall dissipation rate. .S; and S, refer to the user-defined terms. o, and o}
stand for the turbulent Prandtl numbers for e and k, respectively. y; is the turbulence viscosity and it is calculated as
expressed in Eq. 8 [31], where C, is a constant.

M= pC,— (8)

In the k-e model, which is available in ANSYS Fluent, the constants and their values by default are C1,, C2,, C3,,
C”, oy, and o, of 1.44,1.92,0.09, 1.0 and 1.3, respectively.

The k-¢ model has been widely selected in the study of vortex turbines since it is a general-purpose model that
allows a first approach to the vortex phenomenon [32]. Additionally, the k-¢ model is easy to be implemented, has
low memory requirements and a fast convergence. It is suitable for incompressible, compressible and external flow
interactions with complex geometries. However, it is not an accurate model for jets and adverse pressure gradients [33].
The k- model is also a two-equation model. This model solves for the specific dissipation rate w and the turbulence
kinetic energy k. The values related to w and k are obtained from Eqgs. 9 and 10 [30].

Loy + Lipkuy =L r 2| 16—y +5 ©)
at " T e T T x| R | TR T T
Loy + Lpouy=|r, 22| w6, —v, +5 (10)
at " T g P T x| eax | T e T Te e

In Egs. 9 and 10, S) and S, are user-defined source terms. G, is the generation of @ and G, is the generation
of turbulence kinetic energy associated with velocity gradients. I', and I',, are the effective diffusivity of k and w,
respectively. In turn, Y, and Y), are the dissipation of @ and k due to turbulence, respectively.

Page 5 of 12



CFD analysis of a gravitational water vortex hydraulic turbine

In the k- model, also available in ANSYS Fluent, the constants and their values by default are a__, @, @), ﬂi’; . Bi.
Ry, Ry, Ry, &*, My, 64 and 6, 0f 1.00, 0.52, 0.11, 0.09, 0.072, 8.00, 6.00, 2.95, 1.5, 0.25, 2.00 and 2.00, respectively.

The k-w model is quite sensitive to initial conditions and, therefore, it is often used in combination with the k-¢
model to perform initial iterations [34]. It is a suitable model for adverse pressure gradients, jets and the boundary layer
[35]. Nevertheless, the convergence time is longer and requires more memory. Selecting the most suitable turbulence
model is not enough to guarantee that the results of the simulations are reliable. As previously shown, within these
turbulence models, there are constants whose values can be changed by the user. There are different types of k-¢ and
k-w turbulence models, among which Renormalization Group (RNG) k-¢, standard k-w, standard k-¢, realizable k-¢
and shear stress transport (SST) k-w models can be named. These models differ from each other in the value of their
constants. Some of the turbulence models also add more terms to the transport equations. The value of the constants
and the new terms gives each model special characteristics to solve certain types of flow. The additional equations of
these models can be checked in ANSYS Fluent theory guide [30] and are not listed in this work. To analyze the behavior
of the vortex inside the turbine, four of the methods mentioned above were selected; i.e., the SST k-w, standard k-w
and the standard k-e and RNG k-¢ methods.

The standard k-e method is the simplest complete turbulence model. This model contains sub-models for combus-
tion, buoyancy and compressibility. It is not a good model for large pressure gradient, large streamline curvature and
flows with strong separation RNG k-¢ and standard k-e models are similar. RNG k-e contains the effect of swirl on
turbulence, improving the accuracy for swirling flows [30].

SST k-w and standard k-w methods have similar forms. The standard k-w model contains adjustments for shear
flow spreading and low-Reynolds-number effects [30]. In the SST k-w, the turbulence viscosity is adapted to include
the turbulence shear stress. SST k-w is the model most widely adopted in turbo-machinery and aerospace applications
[36], because of the special characteristics of this model, since it includes a term that allows improving the estimates
of the flow separation on smooth surfaces with adverse pressure gradients, such as flows over airfoils.

3. Results and discussion

The turbulence models use here were compared through the behavior of the vortex circulation and the mass flow
rate from the beginning to the stabilization of the vortex (0 <t < 100 s). The results are shown in Figs. 3 and 4. Figs.
3 and 4 indicate that the vortex circulation and the mass flow rate have a similar behavior. Therefore, they appear to
be independent on the turbulence model used.

Fig. 5 shows the vortex profiles for the four turbulence models during a time of 100 s. The black lines were added to
make the identification of the basin. The differences in vortex profile prediction among the models are not significant.
As it is not possible to conclude whether or not there are differences between the turbulence models using Figs. 3,
4, and 5, data collected for circulation and mass flow rate were analyzed through statistical analysis. These analyses
made it possible to conclude whether significant differences were evidenced in the studied variables according to the
turbulence model used. The statistical analysis was carried out in R statistical software [37]. The period used in the
analysis was between 50 and 100 s. During this period and as observed in Figs. 3 and 4, the flow inside the turbine
was stable.

3.1. Statistical analysis

A box-plot is a graphical way of displaying a dataset based on the median, the maximum, the minimum and the
first and third quartiles of a set of data. Box-plots allow visualizing differences among treatments or groups [38]; in
this case, the differences among the turbulence models used. Fig. 6 shows the box-plots for the circulation and mass
flow rate for each turbulence model, known as treatments. From Fig. 6a, it can be observed that all the treatments have
a similar median (horizontal black line in the middle of the boxes); the median is close to 5.060 kg/s. The expected
mass flow rate value was 5.059 kg/s. The box-plots for T1 and T4 are short; i.e., the data are concentred around their
median. For treatments T2 and T3, the data above and below the median are more dispersed since the box-plots are
tall. The upper whiskers in treatment T2 and T3 are shorter than the whiskers located at the bottom, which means that
the data are more concentrated in quartile 3 (75%) than in quartile 1 (25%). The treatment T2 has the tallest box. This
box overlaps the boxes of the other treatments. The size of the box-plots suggests a difference between models. From
Fig. 6b, all treatments have different median values, being all the data concentred around them. There is not a whisker;
in fact, there are no boxes. These differences indicated that the turbulence models are statistically different.
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Fig. 4: Mass flow rate.h.

Table 2 shows the median for the mass flow rate and the circulation for each treatment. Additionally, for the mass
flow, Table 2 shows the error among the expected mass flow rate value and the median obtained. The difference among
models must be confirmed by an ANOVA, since it allows checking if at least one of the treatment means is different
concerning to the other treatments. When the p-value obtained from the ANOVA is less than a significance level ()
of 0.05, the treatment mean is determined to be different from each other as at least one of the means is significantly
different [39]. For the mass flow rate, a p-value of 0.2397 was obtained, while the p-value for the circulation was 2.2X
10716, The p-values indicated that the turbulence model does not have significant effects on the mass flow rate but is
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Fig. 5: Vortex profile for a time of 100 s.

significant on the circulation.

Once it has been determined that there are differences among the means for the circulation, it is necessary to
investigate which treatments were different and what caused the difference. These questions were answered by testing
the equality of all possible pairs of means through multiple comparison methods (MCMs) [40]. There are several
methods for performing MCMs, such as Scheffé’s test, Bonferroni method, Newman-Keuls, Tukey method and Fisher’s
least significant difference (LSD) test. In this paper, the LSD test was used. LSD test was the first pairwise comparison
test that was developed by Ronald Fisher in 1935. This test helps identify the treatments whose means are statistically
different. It can be used only when the ANOVA indicates significant differences (p-value <a). The results of the LSD
test are shown in Table 3. LSD test assigned a letter to each treatment; the treatments with the same letters are not
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Table 2
Means for the turbulence models. RNG k-¢ model (T1), standard k-¢ model (T2),
standard k- model (T3) and SST k- model (T4)

Turbulence model Mass flow rate [kg/s]  Error [%]  Circulation [m?/2]
Tl  RNG k-¢ 5.0585 0.0098 2.6690
T2  Standard k-¢ 5.0532 0.1146 2.7084
T3  Standard k- 5.0524 0.1304 2.6223
T4 SST k-w 5.0557 0.0652 2.6794

significantly different.

Table 3
Least significant difference (LSD) test results. ULC and LCL stand for upper and
lower control limits.

Turbulence model Standard deviation Letter UCL LCL

T1 3.84x1073 C 2.66893 2.66890
T2 2.90x10x107° A 2.70900 2.70898
T3 0 D 2.62281 2.62278
T4 2.71x10x10~* B 2.67967 2.67964

From Table 3, as a letter is assigned to each turbulence model, the LSD test indicated that there is an influence
of the turbulence model on the vortex circulation mass because the mean of each treatment is significantly different.
UCL and LCL, are the upper and the lower control limits, respectively. UCL and LCL are the limits of the confidence
intervals defined by the LSD test in order to make comparisons between treatments. According to the values of LCL
and UCL in Table 3, it is possible to know that these confidence intervals do not overlap, as indicated by the box-plots
in Fig 6b. This means that there are no values in common between the results obtained for each treatment [41].

The results indicated that all the turbulence models of the analysis can properly predict the behavior of the flow
inside the turbine. However, there are some differences in the vortex circulation, which is a vital variable in the
analysis of a GWVHT. The turbulence model with the lowest error for the estimation of the mass flow rate was the
RNG k-¢ model. The difference between the expected and the predicted mass flow rate was only 0.0098%. The small
error associated to the mass flow rate does not guarantee that the four turbulence models used can predict the vortex
circulation or another variable. Taking the RNG k-e¢ model as a reference, the difference in circulation obtained by
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using this in comparison with the other models studied is shown in Table 4.

Table 4

Differences in the vortex circulation
Turbulence models Error [%)]
T1-T2 1.4762
T1-T3 1.7497
T1-T4 0.3896

In the literature, several researches have been focused on comparisons between the turbulence models available in
ANSYS Fluent. As a matter of fact, Wang et al. [42] compared six turbulence models, including the models of this
study, for an axial flow blood pump. They validated their results through experiments comparing the velocity field
and streamline. The authors concluded that the SST k—w model had the smallest error associated. The streamlines are
consistent with the streamlines of experimental results. On the other hand, the SST k- model has been recommended
for numerical analysis of the axial flow blood pump. In an axial flow pump, the flow entering the pump rotates with
the impeller [43] and creates a vortex, which is the same phenomenon of study than that in a GWVHT.

In turn, Muiruri et al. [44] compared four turbulence models, including SST k-w and RNG k-¢ , for an upscale
wind turbine blade. The aerodynamic torque of the rotor blade was the control variable. The results were checked
by comparing with works of other numerical studies. The authors concluded, in agreement with the literature sources
[45], that the SST k—w model is the most appropriate turbulence model for numerical simulations of wind turbines.

4. Conclusions

An analysis of four turbulence models, including standard k-e, RNG k-¢, SST k-w and standard k- models, for
simulations of a gravitational water vortex hydraulic turbine (GWVHT) with a wrap-around inlet channel and a conical
basin is presented. The runner was not included. The mass flow rate and the vortex circulation were the analyzed
parameters.

According to the statistical analysis, any of the studied turbulence models can be used when the numerical analysis
is based on the mass flow. Statistical results showed that there are no significant differences between the turbulence
models for this response variable. The difference between the expected and the predicted mass flow rate values was
below 0.14%, which was a good sign that the mass flow rate was resolved properly. The means of the vortex circulation
for all the treatments are significantly different from each other; i.e., the turbulence models do generate differences in
the calculation of the circulation inside the turbine.

The RNG k-¢ model was the best model to predict the mass flow rate, which was followed by the SST k—w model. In
terms of circulation, which was the variable where differences were identified, comparing numerical and experimental
results is required. From the numerical results obtained in RNG k-e¢ and SST k- models, which were the models
with the lowest error to predict the mass flow rate, the differences between the predicted vortex circulation was only
0.3896%. Therefore and without considering the runner, the RNG k-¢ and SST k-w models could be considered as
good predictors of the flow behavior within the turbine. The special characteristic of the SST k-w model allows it
to be considered for analyzing the GWVHT with runner. In this regard, this report is expected to be useful for fluid
researches using simulation methodology, especially for the study of GWVHT.
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CHAPTER 7

TECHNICAL, ECONOMICAL AND
ENVIRONMENTAL IMPACTS

Gravitational water vortex hydraulic turbine implementation in
Colombia: hydropower potential and prospects

Submitted article

Highlights
* The first types of energy used by humanity were renewable energies: biomass, wind, and water. But, for

the last two centuries, fossil fuels have been the protagonists of world energy consumption.

* From renewable energies, hydroelectricity is currently the most important source in the Latin American
electricity matrix.

* New turbine designs, such as gravitational vortex hydraulic turbines, have drawn the attention of many
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ABSTRACT

The availability of the energy has changed the humanity over the last centuries. The first types
of energy used by humanity were renewable energies: biomass, wind, and water. But, for the
last two centuries, fossil fuels have been the protagonists of world energy consumption. How-
ever, recently there has been an awareness of the great energy dependence on a finite resource,
geographically concentrated in a few countries, which in addition to degrading the environment,
is subject to large fluctuations in price. From renewable energies, hydroelectricity is currently
the most important source in the Latin American electricity matrix. Current projections suggest
that the installed hydroelectric capacity will continue to grow to meet future electricity demand.
This growth must consider the rehabilitation of the existing hydroelectric power plants, and the
development of new projects. New turbine designs, such as gravitational water vortex hydraulic
turbines, have drawn the attention of many researchers due to their easy installation and main-
tenance, and their low environmental impact. This work presents the hydropower potential and
prospects for the implementation of this type of turbine in the Colombian context, and as well
as a general description of the current panorama of the Colombian energy system.

1. Introduction

Throughout the human prehistory and history, several sources of energy have been used worldwide, from the
human own-self strength to the energy generated in a water wheel for smashing grains and fruits [1]. However, for
last two centuries, fossil fuels continued to be the protagonist of the world energy consumption although it is a finite
resource that is geographically concentrated in a few countries, damage the environment, and is subjected of speculation
in international markets [2, 3]. For all this, most of the measures taken in relation to energy are aimed at curbing
consumption, increasing efficiency and diversification by committing to renewable energies. An interesting option
for the generation and employing renewable energy, specifically hydropower energy, is the gravitational water vortex
hydraulic turbine (GWVHT). These turbines operate at flow rates of 0.05-5 m3/s and hydraulic heads between 0.5
and 2.0 m [4]. The hydraulic head is considered too low for conventional hydroelectric turbines. Francis, Pelton,
and cross-flow turbines are incompatible when the hydraulic head is less than 3.0 m [5]. It was found that GWVHT,
due to its ability to sustain relatively high efficiencies at low heads and small to medium flow rates, addresses a gap
in the current turbine application chart [6]. Compared to traditional large-scale hydroelectric systems, GWVHT has
a much lower impact on the ecosystem as construction of a large dam is not necessary. Only a fraction of the river
flow is diverted and passes through the system, and all water is returned downstream to the river [7]. The system also
demonstrates potential to be able to function as a fish passage [6]. The current work focuses on the implementation of a
GWVHT in developing countries, such as Colombia. The implementation of this type of turbine was analyzed through
technical, economic, and environmental perspectives. The work is organized as follows: a count of the evolution of
energy sources along the prehistory and history, followed by an analysis of energy consumption in the world, especially
in Colombia. Next, a description of the operation of a gravitational water vortex hydraulic turbine and its advantages
and its advantages; and finally, an analysis of the barriers and opportunities hydropower development in Colombia.

2. Evolution of energy sources along the prehistory and history

For a primitive man, well-being was linked to satisfying his need to feed himself daily through hunting and gather-
ing. For this purpose, the only energy source was that derived from his own muscular strength [8]. 500,000 years ago,
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with the discovery of fire [9] derived from wood as the first fuel, a fundamental step was made in the use of energy,
which represents a turning point in the evolution of the humanity. As the human population increased, the use of fire in-
tensified, leading to the agriculture rise and domestication of animals. This resulted in the inclusion of animal strength
as another energy source. Over the centuries, means of transportation on lakes, rivers and seas were developed, and
the wind acting on fabric sails was widely used to propel boats [10]. Nevertheless, due to wind direction and power,
the wind energy was combined with human muscular energy. Later, the energy of water began to be used, thanks to
the invention of the water wheel, as a source of energy. This energy was used to turn stones or millstones [11]. Around
1180, wind energy found an important application in Europe when it began to be used to move the grinding wheels
of grain mills [12], when other sources of energy, such as hydraulics, were difficult to be exploited. With the use of
hydraulic power, animal power and energy from burning wood, mining, metallurgy and other industrial activities were
developed [13]. Due to the disproportionate increase in wood burning during the Middle Ages and the Renaissance,
from the 17th century, there was a shortage of wood in Western Europe [14]. England began burning mineral coal as
the main source of energy, but it was considered dirty and harmful to health [15, 16]. Coal was the most used fuel
par excellence in developed countries until it gave way to oil in the 20th century. The invention of the steam engine,
in the 18th century, was the first great modern energy invention [17]. Thanks to this, a means of mechanical energy
production was available that made it possible to obtain high powers and was less geographically limited than the re-
sources previously used. This invention was a banner of the First Industrial Revolution [18]. In 1729, the first studies
on electricity began. The first electric battery dates to 1800, when Volta invented the first electrochemical generator
capable of producing an electric current maintained over time [19]. In 1821, Faraday’s first electric motor appeared
[20], and in 1881, Thomas Alva Edison’s invented the incandescent lamp [21]. These kinds of energy sources, along
with the water wheels, resulted in the increase in the current hydraulic turbines, and with them, the production of
electricity. However, electrical energy, as a widely used energy, did not reach most of the population of developed
countries until the first third of the 20th century [22]. In 1863 and 1885, with the invention of the internal combustion
engine [23] and the automobile [24], respectively, the accelerated use of oil and its derived fuels began. Afterwards,
the use of this type of energy spreads in the navy, in steam generators, in industrial ovens and in-home heating; today,
oil represents the main source of energy in the world [25] despite its non-renewable character. Later, the first types
of energy used by humanity were then renewable energies, including biomass, wind, sun, and water [26]. Nowadays,
the use of renewable energy sources is in the target of both developed and developing countries around the world,
especially in the former ones due to the negative environmental and health impacts associated with the use of fossil
fuels.

3. Energy in the world and in the particular case of Colombia

The annual global energy consumption is estimated as 13,865 million tons of oil equivalents (Mtoe), or about
580 million TJ [27]. By 2040, global energy consumption will reach 740 million TJ - equivalent to additional 30%
growth. The United States and China, with 2040 and 3381 Mtoe, respectively, are the countries with the highest energy
consumption [28]. Figure 1 shows the percentage of electricity generation by fuel and region in 2020.

According to Figure 1, natural gas is the dominant fuel used for power generation in Africa, North America, the
Middle East and CIS (Commonwealth of Independent States). In turn, in Asia, coal comprises 57% of the generation
mix, while 58% of the power in South and Central America is hydroelectricity and renewables. Of 58%, 77% of the
electricity produced corresponds to the derived from hydroelectric plants, followed by wind and solar generation that
together add up to 13%, 9% biomass, and 1% geothermal. Currently, the region has about 200,000 MW of installed
hydropower capacity, of which 25,000 MW have been added in the last 5 years.

3.1. Electricity generation and provision in Colombia

Colombia is the fourth country in South America with the largest installed capacity in hydroelectricity, closely
followed by Argentina and Venezuela, but very far from the first producer, Brazil, with an installed capacity of 110,000
MW [30, 31]. Colombia has an installed capacity of approximately 19,000 MW, of which 68.4% is generated from
hydroelectric plants, 30.7% corresponding to thermal plants, and 1% to other renewable energy sources [32, 33, 34].
Brazil produces 62.9% of its electricity through hydropower [35]. Figure 2 shows the evolution of electricity production
by source in Colombia between 2000 and 2020.

As observed in the Figure, hydropower is the main source in Colombia producing energy. It is important to note
that hydroelectric power plants are essential for the sustainable development of the region’s electrical matrix, not
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Fig. 1: The percentage of electricity generation by fuel and region in 2020. Adapted from: [29].
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Fig. 2: Electricity production by source, Colombia [36].

only because of the renewable energy supply they provide, but also because of the technological capacity to provide
other services, such as flexibility and peak generation, frequency regulation, energy storage, among others, which
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currently allow the massive incorporation of intermittent generation sources (as solar and wind). For this reason, the
advances that can be achieved in the regulatory frameworks so that they adequately recognize the value of all services
that hydroelectric plants provide to the system, beyond energy, will be essential to encourage investments not only
the development of new hydroelectric projects, but also to accelerate the modernization of the existing hydroelectric
power plants, essential to accompany the transformation toward low-carbon generation and its sustainability. For
years, hydroelectric plants have been considered synonymous of development. Colombia, owing to its topography,
rainfall and water resources, has an exceptionally high potential to develop this type of engineering projects. In fact,
Colombia has been classified as the second country in Latin America with the largest hydraulic capacity. The country
has a flow among its main rivers of 52,075 m3/s, and the water supply is 6 times higher than the world average. In
hydroelectric power plants, their construction is less expensive than nuclear plants. Additionally, the operation is
cheaper than thermoelectric plants, energy can be provided on a large or small scale, and low emissions of greenhouse
gases (GG) are generated. Large or small scales refers to the generated power. A large hydropower plant produces 10
MW or more, whereas a small hydropower plant (SHP) produces less of 10 MW [37]. A small hydropower plant is
divided into further categories depending on its size, such as mini- (less than 1,000 kW), micro-hydro (less than 100
kW) and pico-hydro (less than 5kW). The definitions may vary according to manufacturers and countries [38]. The
above reasons are sufficient that decision-makers at the state level have considered the construction of hydroelectric
plants on important tributaries of the country, such as Alto Chicamocha, Betania, Calima, Chivor, Guavio, El Quimbo,
Hidromiel, Hidrosogamoso, Ituango, Pefiol-Guatapé, San Carlos, among others [31]. However, the construction and
maintenance of large hydroelectric power plants mean an undeniable environmental, social and economic costs. Small-
hydraulic power plants bring a great deal of research consideration. SHP is characterized by varying flows, low-
head and highly valued river functions, including sediment transport, fish preservation and recreational usage, etc.
[39, 40, 41]. According to the National Energy Plan, in SHP , Colombia has a potential of 25,000 MW. Despite this
great power, 0.67% in SHP has been exploited. Several sites of small hydro-energy potential remain untapped due
to the limitations of the hydraulic head besides the requirement of large flow rates for the power generation. This
potential energy resource can be used if new-innovative turbines that balance efficiency, economics and environmental
sustainability are developed [42]. The supply of electrical energy, with a commercial approach, began in Colombia
by private initiative at the end of the 19th century, when the Bogot4 Electric Light Company was created in 1888. In
the following years, also driven by private initiative, generation-distribution systems were developed in isolation in
the main cities of the country [43]. Nowadays, the provision of electricity service and its expansion are carried out
through the physical connection of users to the National Interconnected System (or SIN, by its acronym in Spanish).
The geographical areas that are not electrically coupled to the SIN, are called Non-interconnected Zones (NIZ, ZNI in
Spanish). NIZ do not have access to the electricity service through an interconnected system; however, several local
solutions can be adopted, such as the use of diesel [44]. NIZ are shown in Figure 3. These locations have 130,000
population and contributes to 52% of Colombia’s land, averagely 868 km? [44]. The department with the highest
number of localities with ZNI is Narifio, followed by Choc6 and Caquetd. Generally, the population density of the
NIZ is extremely low (44 habitants/km?2), due to the dispersion of both the municipalities and dwellings, a factor that
makes the logistics of service assistance difficult, with high unit investment and operating costs [45]. This is due
to the deficient, and in some places non-existent, mobility and transport infrastructure, aggravated by the political
and socioeconomic conditions of the regions. Despite all, the NIZ are characterized by their great wealth of natural
resources. Thanks to the abundance of resources, energy solutions should be based on renewable power sources as the
hydraulic energy.

3.2. Electricity consumption in Colombia

The electricity consumption of a home is the sum of the electricity cost of all electrical appliances in the house
in a given period (daily, weekly, monthly, annual, etc.). This is established using electrical energy measurement
equipment, from which the electricity distributors extract the data for billing. Figure 4 shows the evolution of energy
consumption per person. Energy consumption includes electricity, cooking, transport, and heating. In Colombia, the
average consumption per person is 10, 000 kWh per year [28]. Between 1965 and 2021, the energy consumption had an
increment of 120%; the average electricity consumption of a home depends directly on its dimensions, the number of
people who live in it, appliances, and uses of electricity. Normally, the electrical appliances (oven, washing machine,
television, refrigerator, computer, and air conditioning) are the same, and mostly, the electricity is consumed at night
or on weekends. The average consumption of electricity in Colombia is still low compared to that is registered in the
other economies of the region, as shown in Figure 4. This is the consequence of not having a “highly developed”
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Fig. 3: Non-interconnected zones. Adapted from: [46].

electricity market and because gas, wood, and coal are still used as a source of energy, instead of electricity, in homes.
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Fig. 4: Energy use per person in Latin America [36].
In the world, the countries with the highest energy consumption per person are Qatar (183,000 kWh per year),

Netherlands Antilles (179,000 kWh per year) and Iceland (170,000 kWh per year). The consumption of United States
of America ranks 18th with an average of 78,000 kWh per year. The world energy consumption per person is shown
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in Figure 5.

0 kWh 2,500 kWh 10,000 kWh 50,000 kWh

Nodata | 1,000 kWh 5,000 kWh 25,000 kWh 75,000 kWh
\ ] i | i | *

Fig. 5: Energy use per person in the world [36].

4. Gravitational water vortex hydraulic turbine (GWVHT)

One of the new innovative turbines that take advantage of the potential energy resource for SHP is the GWVHT.
GWYVHT is an impulse turbine of low-head hydropower technology [47]. Low-head hydropower can generate elec-
tricity from rivers that were traditionally unsuitable for developing hydraulic power plants [42, 48]. In a GWVHT, the
water passes through an inlet channel into a conical or cylindrical circulation chamber, in which a free surface water
vortex is formed [49]. A vertical-axis runner is positioned in the center of the chamber. The runner rotates with the
swirling flow, thus generating mechanical energy which can be converted to electrical energy using a generator [5].
The water discharges through an outlet hole at the bottom of the circulation chamber. A small hydroelectric plant with
GWVHT is shown in Figure 6. The main components of this turbine are the inlet channel, circulation chamber or
vortex chamber, and a runner or impeller.

WORTEX
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progucing sleciriciy,

RIVER FLOW RETURMED T
WATERWAY, AERATED, WITHOUT
REDLUCTION OF FLOW RATE OR 1-2mi fall

INTERFEREMCE WITH RIVER. WORTEX CHAMBER

Ciraular, plassic ard
trarapzristis

Fig. 6: Small hydroelectric plant with GWVHT [50].

The basic principle of any hydropower generation plant is impulse momentum [38]. Water potential is transformed
into the mechanical energy by rotating a runner; next, mechanical energy is transformed into the electrical energy by
using a generator. The diagram of converting the energy of water is shown in Figure 7.
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Fig. 7: Block diagram of hydropower generation. Adapted from: [38].

The available power in an impulse turbine is given by Eq. 1:

P = pgO(H,) (M

where p is the density of the fluid, O the volume flow rate, g the gravity, and H is the difference in height between
the level of fluid in the inlet channel and the position of the runner in the basin [51]. The power generated by any
turbine is given by equation Eq. 2:

P,,=Tw 2)

where T is the torque, and w is the angular velocity. The efficiency # of the turbine is defined by equation Eq. 3:

_ P, out _ Tw
P pgQ(H,)
Twenty of these turbines have been installed. The turbines installed have output powers ranging from 0.01 to 20

kW with an average efficiency of 54%+ 12% [6]. This efficiency is low compared with the efficiencies reported by
conventional turbine, with values that exceed 95% [52].

3)

4.1. Prospects for the implementation of a GWVHT in Colombia

If Colombia has a potential of 25,000 MW for generation with SHP, for a power of 20 kW, about 1 million turbines
could be installed. The potential for generation is higher than this installed capacity (19,000 MW). With a capacity of
20 kW, operating 18 h a day on average, and 350 days per year, each hydropower plant would supply the electricity
for 13 million people. The NIZ only have 130,000 population. Producing electricity taking advantage of the potential
available in the country not only makes it possible to supply the energy needs of the NIZ, but it would also allow
generating electricity for the rest of the country, including neighboring countries. An interesting proposal to produce
electricity for non-interconnected zones, or to deal with the growing demand for electricity, is to use the water dis-
charges available in large-hydroelectric plants. Water discharges are the amount of water expressed in energy [GWh]
that is evacuated from the reservoirs (damns) through their discharge structures. This occurs in the rainy seasons when
the reservoir level exceeds its maximum physical level. The spillway is a hydraulic structure built to allow free passage
or control the water stored in a reservoir. There are different types of discharge structures. In Colombia, the most used
types of landfills are those with the free edge, landfills with gates and landfills with fuse dams [53]. In a free - edge
weir, the water passes freely over them once the reservoir exceeds the level of said structure. Weirs with gates are
those that can control the discharge by partially or totally opening their gates. These spillways do not have to wait
for the reservoir to reach its maximum operating level to start opening their gates; the operation begins in advance
seeking to regulate the discharge of the flow and maintain the level of the reservoir. A fusible dam spillway is made
up of independent units that collapse when the water level in the reservoir reaches a certain level, causing the flow to
discharge downstream through the space released by this unit. Figure 8 shows the water discharge that is evacuated
from the reservoirs for all hydropower plants in Colombia in the last two years. In total, in the last 2 years, 12,612
GWh of energy has been wasted through discharge structures.

Figure 9 shows the evolution of the average daily price of electricity from 2016 to 2020. In Colombia, the highest
percentage of generation is covered by generators with hydroelectric plants. When the weather affects the level of
the reservoir downwards, it puts pressure on the price, and this effect is noticeable. According to Figure 9, in the first
months of 2016 with the formation of the El Nifio phenomenon that affected the country between 2015 and 2016, when
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Fig. 8: Water discharge. Adapted from: [53].

the price reached 871 COP. Throughout 2019 and 2020, the effects of climate change and the influence of the El Nifio
phenomenon are observed too. With an average cost of 200 COP per kWh, the water discharged in the last two years
(12,612 GWh) was equivalent to 2, 522,400, 000 COP. In the NIZ, the cost of electricity (generated with fossil fuels)
is on average 1,250 COP per kWh [54], so the value of water discharges would be equivalent to 15, 765, 000, 000 COP.
In the ZNI, the cost of electricity increases due to the transport of fossil fuel added to the difficulty of access.
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Fig. 9: The evolution of the average daily price of electricity [55].

A barrel of oil is equal to 6.1178632 x 10° or 1,700 kWh [56]. water discharge is equivalent to 7,400 barrels of
oil. Figure 10 shows the evolution of the price of OPEC oil. OPEC oil has been quoted during 2022 at an average
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of 94 U.S. dollars per barrel [53]. OPEC is the Organization of Petroleum Exporting Countries, coordinates the oil
policies of its member countries to influence the international oil market. OPEC member countries are the United Arab
Emirates, Saudi Arabia, Algeria, Venezuela, Nigeria, Angola, Qatar, Ecuador, Libya, Gabon, Iran, Iraq, and Kuwait
[57]. The 7,400 barrels will cost 695,600 U.S. dollars (or approximately 3, 082, 168, 820 COP).
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Fig. 10: Evolution of the price of OPEC oil [58].

5. Barriers and opportunities in Colombian hydropower development

The future of humanity depends on the way energy is produced (XX). Currently, most countries worldwide aim to
supply their internal energy demand from renewable energy sources [59]. Colombia is not a stranger to this approach,
as in the National Energy Plan, a strategy to reduce the vulnerability of the energy sector is the search to diversify
the matrix of electricity generation in the medium and long term in all supply chains energy supply, increasing its
complementarity, availability, and reliability with renewable energy sources [60]. In this regard, developing countries
are facing the following challenges: i) development and technological adaptation of devices for the use from renewable
energy sources; ii) the formation of human capital in aspects related to energy generation and energy efficiency; and iii)
the search for sources of investment for developing the energy infrastructure necessary to continue guaranteeing equity
and social development, while simultaneously addressing the effects of climate change and sustainable development.
From renewable energy sources, hydropower is considered as one of the most convenient and popular renewable energy
technologies [61, 59, 62].

e Environmental sustainability and land use

During the construction period of a hydropower plant, land is busy to make temporal activities like construction
of roads, stores, and worksites [59, 63]. The temporal land occupied for constructing may include urban, forests
and farmlands. After the conclusion of the construction period, large areas of land are permanently flooded.
Large storage of water in big artificial lake causes biomass decomposition of flooded land and produces methane
(CH,) and carbon dioxide (CO,) emissions. Additionally, flooded land destroys arable land, wildlife, and can
included residential areas. Reservoirs in hilly regions can store more water in smaller areas, whereas in flat
regions the area covered by the reservoir is large [59]. For instance, the hydroelectric power plant located in “El
Pefiol” dam (Guatapé, Antioquia) floods 74 km? of land to generate 560 MW [64]. The Three Gorges Dam, the
world’s largest hydropower plant, floods 1,084 km? of land to generate 22,500 MW [65, 66].

Small-hydropower plants, especially run of river type schemes, do not have the same environmental problems
associated with large-hydroelectric projects since these types of plants do not require large reservoirs [67], even
some of them, such as gravitational water vortex hydraulic turbine, do not require any type of reservoir. As in
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any turbine, GWVHT can produce downstream flow alterations; nevertheless, in the case of GWVHT, these
alterations can be advantageous because they allow aerating the water, disseminating internal pollutants in the
water, and reducing the temperature by increasing the rate of evaporation [68, 6, 4].

e Government policies

In the New Policies Scenario, the world meets its growing energy needs in a radically different way than in
the last 25 years, now led by natural gas, the rapid rise of renewable energies, and energy efficiency [42]. The
decisions agreed at United Nations Climate Change Conference 2015 (COP21) light up the future of renewable
energies. The international community has understood its debt to strengthen the transition to a low-carbon
economy for the sustainable future. The unanimity in favor of the decarbonization of the economy constitutes a
very favorable framework for the promotion of clean energy technologies. As large hydropower projects are not
accepted as a clean renewable energy source by environmentalists and ecologists, many countries accelerated the
growth of SHP [69, 70]. To promote the expansion of SHP, the governments have financed investigations and
developments of technologies to make such power plant a competitive one, establishing regulatory frameworks
and policies to the renewable energy sector [71]. In the case of Colombia, Law 1715 of 2014 marked a milestone
in the country’s energy history, encouraging the use of non-conventional sources of energy, turning them into a
matter of public utility and social, public, and national interest, which triggered a high interest in the promotion
and implementation of energy projects through non-conventional sources of energy in the country [72, 73].

6. Conclusions

In Colombia, the electricity sector is one of the most competitive in the region and thanks to its good management,
it is one of the sectors with the highest profits and projection. More than 52% of the territory does not have a constant
electricity service at reasonable prices, which prevents the development of these areas, increasing the inequality that
already affects Colombian society, especially at the regional level. Access in rural areas and particularly in NIZ is
very poor and, although coverage has been expanded in recent years, quality has not been increased to the same extent.
Therefore, it is important that electrification projects not only provide electricity to inhabitants, but also temporary
and permanent jobs allowing community development and the inclusion of the various local actors that lead local
development, and the project to be carried out. For this purpose, a fundamental and integral role of the state that
allows reducing the technological, social and economic gap is required, in which people without electricity can live,
respecting and rescuing their worldviews, cultures and social constructions. Due to the present restrictions to lead
to the interconnection of the NIZ to the SIN, it is important to pay special attention and allocation to research and
development in alternative energies that enable access to electricity at reasonable costs and without having permanent
impacts on the environment. In this regard, public and private interventions are necessary in the electricity service
providers in the NIZ to make attractive and safe investments in the sector. Likewise, understanding the role played by
the glider when seeking reasonable and applicable solutions in each of the NIZ is a complex task, due not only to the
growing supply of new alternatives, but also to the complexity of the Colombian territory that sometimes makes the
application of such technologies difficult. GWVHT are a promising technology because they allow to take advantage
of locations that until now were impossible with conventional generation systems (Pelton, Kaplan, and Francis turbine)
since this technology requires a low hydraulic head.
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CHAPTER 8

CONCLUDING REMARKS

In modern societies, electricity is a basic need, and renewable resources, especially hydraulic resources, have
a key role to play in supporting electricity increased demand. Hydropower is the primary source of renewable
energy; it contribute almost 60% of the global renewable supply and nearly 20% of all electricity production.
Small hydropower plants constitute a feasible and attractive solution to cover the increasing demand and to
produce electricity in isolated regions, this facilities can produce electricity operating in small rivers. Among
the different type of turbine, gravitational water hydraulic turbine (GWVHT) allows to take advantage of
locations that until now were impossible with conventional generation systems because is a low hydraulic
head hydropower turbines. The GWVHT is very promising for application in developing countries where the
large hydroelectric power plants can be run into financial, environmental, and social nature obstacles.

The main findings of the compendium of short scientific presented are:

* From the literature review, Chapter[2} the previous studies allowed asserting that the conical basins are
better than the cylindrical basins because in the conical basins the velocities reached in the vortex are
higher. Additionally, there are no recirculation regions in the conical basin as compared to cylindrical
basins. These conclusion allowed to identify the best geometry for the turbine but not the dimensions
of this geometry. In GWVHT, two of the main components: inlet channel and basin can be constructed
on-site using concrete or other construction materials. These designs allow the requirements for the
implementation of a GWVHT to be less than the requirements for conventional systems, facilitating the
construction of many of these plants along the path of a river.

Materials such as plastic, aluminium or composite materials can be used for fabrication of the runners
because they are lightweight materials; changing the material will increase the power/weight ratio, its
useful life and the modularity of the system. With a modular and lightweight turbine, the system can
be transported and installed in remote areas with significant hydraulic potentials. It is important to
develop simple design geometries with reduced civil works that employs basic workshop facilities and
local manufacturing to produce these systems possible at a lower cost.
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* In Chapters[3} a equation to determine the optimal inlet velocity of the water flow entering to the turbine
was established. The inlet velocity is a function of the coefficient of discharge (C;), the volume flow rate
Q, the acceleration gravity (g), the basin height (H), and the relationship between diameter of the basin
(D) and the outlet diameter (d), (d/D). With this equation is possible to increase the vortex circulation,
which in turn increases the efficiency of the turbine.

* The vortex circulation (I') is defined mathematically as the line integral of a vector field around a closed
curve C. In fluid dynamics, that field is the fluid velocity field iZ. T was chosen as the response variable
because it allows to quantify the real force of a vortex, therefore, an increase in circulation produces an
increase in the force of the flow.

* Using a multi-objective genetic algorithm with two conflicting objectives: (1) the minimization of the
volume flow rate Q, and (2) the maximization of the vortex circulation I', a Pareto front (set of optimal
solutions) was found. The multi-objective optimization problem was resolved by applying the gamultiobj
function in Matlab R2018b software. The optimization combines the genetic algorithm with Kriging
interpolation to obtain the Pareto front. The geometrical parameters considered in the optimization of
a turbine with spiral inlet channel and conical basin were the basin height (H), the basin diameter (D),
the inlet channel length (L), the inlet channel height (k), the inlet channel width (w), the outlet diameter
(d) and the wrap-around angle (). It was found from the Pareto front that the values of the six variables
providing the compromise solution (solution in the middle of Pareto front), between I' and Q, were
H/D =1.572, L/D =1.518, h/D =0.565, w/D =0.361, d/D =0.108, and =92.141°. This solution reaches a
Q of 0.00305 m?/s and a T of 1.699 m?2/s.

It is important to highlight that the results obtained through this optimization are only valid for the
turbine with conical basin and spiral inlet channel; any change in the shape of the turbine components
implies that the results of this optimization may not be valid.

¢ The effect of the relative position of the runner (p), the number of blades (1), and the mean diameter
of the blades (Dj) on the efficiency of the turbine has been investigated, and a second-order response
model for the efficiency of the turbine was developed. This model allows predicting the efficiency of
the turbine as a function of p, n, and D,/D. In this optmization, only characteristic of the runner were
considered, the geometries and dimensions of the inlet channel and conical basin were the geometries
and dimensions found in Chapters [2] and [ Numerical analysis of 17 geometries shows that the
maximum numerical efficiency was 65.18%. This was found with the largest value of all the independent
variables (Dy/D =0.45, n =6 and p =0.6).

An experimental bench was built to validate the numerical results and the second-order response model.
The difference between numerical and experimental efficiency was acceptable and was mainly attributed
to the losses in the experimental bench, surface friction in the runner, and mechanical losses that are not
accounted for in the numerical models. The results found also indicate that it is not appropriate to
optimize the rotor for this type of turbines considering a single parameter of its geometry, such as the
number of blades or the diameter, because the conclusions are not general, and may change depending
on the geometry studied. As the parameters used in the optimization process are dimensionless, the
results can be scaled to build larger or smaller turbines.

e For a fluid to move a solid body, such as the runner of GWVHT, there must be surface forces, also
called aerodynamic or hydrodynamic forces, generated by the fluid in which the body is submerged.
Aerodynamic forces arise from two causes: the normal force due to pressure on the body surface, and
the shear force on the body surface due to fluid viscosity. The net aerodynamic force F on the solid body
is the sum of the normal and shear forces on the surface. The resultant force F can be divided into two
components: lift force and drag force. Knowing the distributions of velocity and pressures in the flow
allows to understand and calculate the behavior and magnitude of the aerodynamic forces. Then, with
the aerodynamic forces, the power that the turbine generates can be calculated. If the generated power
increases, and the available power entering the system remains constant, the hydraulic efficiency of the
turbine increases.

* Computer simulations were the great source of information to train the optimization models developed.
The most important characteristic of the computational simulations is the correct selection of the
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equations that govern the flow of fluids. These equations can only be solved directly for simple cases
of flow. For most real-life turbulent flows, CFD simulations use turbulent models to predict the
evolution of turbulence. These turbulence models are simplified constitutive equations that predict the
statistical evolution of turbulent flows. The models commonly used in modern engineering applications,
specifically for vortex turbines, are the k- and k-w models.

The future of humanity and the planet depends on the way energy is produced: a reliable, affordable,
and decarbonized energy system is essential. Currently, most countries worldwide aim to supply their
internal energy demand from renewable energy sources. Colombia is no stranger to this approach, which
is why, in its National Energy Plan, a strategy to reduce the vulnerability of the energy sector is the search
to diversify the matrix of electricity generation in the medium and long term in all supply chains energy
supply, increasing its complementarity, availability and reliability with renewable energy sources. The
1715 of 2014 reforces the idea of use of non-conventional sources of energy, turning them into a matter
of public utility and social, public, and national interest, which triggered a high interest in the promotion
and implementation of energy projects through non-conventional sources of energy in the country. With
this panoram, the implementation of the gravitational water vortex hydraulic turbine in Colombia is
an attractive alternative to produce electricity to supply the demand in conditions of environmental
sustainability.
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APPENDIX A

Methodology for the design of GWVHT

The optimization of GWVHT was performed in two stages due to the large number of independent variables
that could be taken into account in this process. In the first stage, a multi-objective genetic algorithm was
implemented where only geometric factors of the inlet channel, circulation chamber and discharge were
included. In this first stage the runner was not included, and the objectives or response variables of the
optimization were the maximization of the circulation of the vortex (I') and the minimization of the voluem
flow rate (Q). The selected baseline geometry for the first optimization task is shown in Fig. The geometry
employed was a turbine with a conical basin and wrap-around inlet channel. Six parameters were considered
for the optimization: the relations between the basin diameter (D) and the basin height (H), H/D; the wrap-
around angle (), the outlet diameter (d) and D, d/D; the inlet channel width (w) and D, w/D; the inlet channel
height (h) and D, h/D; and the inlet channel length (L) and D, L/D. These variables are dimensionless since
each of them was divided by D.

w/D

L/D

h/D

H/D

d/D
Figure 8.1: The selected baseline geometry and geometric factors.

From the Pareto front, the values of the six variables providing the compromise solution, between I' and Q,
were:
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H/D =1.572

L/D =1.518
h/D = 0.565
(8.1)
w/D = 0.361
d/D =0.108
y =92.141°

In the second stage, the response surface methodology with a single-objective was implemented. The
optimized geometry of the first stage was used as a basis and three geometric parameters of the runner were
taken: the relative position of the runner (p), the number of blades (1), and the relation between the mean
diameter of the blades (D) and the diameter of basin (D), (Dy/D). The mean diameter of the blades was
divided by the diameter of the basin (D) to obtain a non-dimensional variable as the first stage variables. The
response variable was the maximization of hydraulic efficiency (7). The mean diameter is measured at the
middle height of the runner. The variable p is a function of the position of the runner (%,) and the basin height
(H), p = h,/H, h, is measured to the middle height of the runner as shown in Figure 8.2}

Figure 8.2: Position of the runner.

To take advantage of the components of the flow velocity in the vortex, a runner with curved blades with twist
angle was chosen. The twist angle is the angle that the cross section of the blade makes at the top with respect
to its counterpart at the bottom. Table[8.I|shows the inlet and outlet angles of the blade for the selected runner.
These angles were taken from previous studies. The runners with curved blades with twist angle and different
number of blades are shown in Figure[8.3]

Table 8.1: Blades design summary.

Symbol Variable Value
a Blade inlet angle [Deg] | 16.00
ay Blade outlet angle [Deg] | 90.00
B Water inlet angle [Deg] | 40.00
B1 Water outlet angle [Deg] | 42.7
A Twist angle [Deg] 68.80
L Blade height [mm] 200

From the second-order response model, the value of the three variables providing the maximum efficiency of
the turbine were:
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Figure 8.3: Runner: number of blades.

D,/D = 0.45
n=6 (8.2)
p=h,/H=0.6

In addition to the value of the nine geometric factors to define the dimensions of the turbine, the coefficient of
discharge (C,) equation for conical basin gravitational vortex turbines was determined. This equation allows
estimate the volume flow rate (Q) to develope the maximum circulation of the vortex (I'). The developed
equation for C, is related with the parameter d/D, as described by Eq.

Cy = [0.7721e754495] _ 0.0464 (8.3)

The coefficient of discharge also relates the variables Q and H, as described by Eq.

Cp= —2¢
47 nd2\2gH

Example To determine the value of Q, it is neccesary to establish the value of H or D. The basin height or
diameter can be known in advance because they depend on the space constraints of the turbine installation
site. For example, if D = 1 m, the value of H, L, h, w, d, and y, from Equationsand are:

H=1.572m
L=1.518m
h=0.565m
w=0.361m
d=0.108m (8.5)
y =92.141°
Dy, =0.45m
n==~6
p=0.9432m

Then, using Equation and the optimized relation d/D = 0.108, the value of C; is 0.3386. Finally, using
Equation the volume flow rate is 0.0172 m3/s (17.22 L/s).
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