République Algérienne Démocratique et Populaire
Ministere de I'Enseignement Supérieur et de La Recherche Scientifique

Ecole Nationale Polytechnique

)4

-
=4

LA Badail| ducids g Ayl |
Ecole Nationale Polytechnique L G M D
Département Génie Mécanique

Laboratoire de Génie Mécanique et Développement

End of studies’ Project

Dissertation submitted in partial fulfillment of the requirements for the

degree of the state engineer in mechanical engineering

Design and Manufacture of a Windmill for Pumping Water

AOUIDAD Hichem Idris and AMMARI Mohamed Amine

Under the direction of BOUHELAL Abdelhamid MCA, SMAILI Arezki
Professor and BENBRAIKA Mohamed MAA.

Presented and publicly defended on 17/07/2024 in front of the jury composed of

President: M. RECHAK Said Professor at ENP
Examiner: M. OUCHENE Samir Doctor at ENP
ENP 2024

Mechanical Department/ ENP, 10 Rue des Freres OUDEK, El Harrach 16200 Algiers Algeria






République Algérienne Démocratique et Populaire
Ministere de I'Enseignement Supérieur et de La Recherche Scientifique

Ecole Nationale Polytechnique

)4

&
e

LA Badail| ducido g Ayl |
Ecole Nationale Polytechnique L G M D
Département Génie Mécanique
Laboratoire de Génie Mécanique et Développement
End of studies’ Project

Dissertation submitted in partial fulfillment of the requirements for the

degree of the state engineer in mechanical engineering

Design and Manufacture of a Windmill for Pumping Water

AOUIDAD Hichem Idris and AMMARI Mohamed Amine

Under the direction of BOUHELAL Abdelhamid MCA, SMAILI Arezki
Professor and BENBRAIKA Mohamed MAA.

Presented and publicly defended on 17/07/2024 in front of the jury composed of

President: M. RECHAK Said Professor at ENTP
Examiner: M. OUCHENE Samir Doctor at ENP
ENP 2024

Mechanical Department/ ENP, 10 Rue des Freres OUDEK, El Harrach 16200 Algiers Algeria



République Algérienne Démocratique et Populaire
Ministere de I'Enseignement Supérieur et de la Recherche Scientifique

Ecole Nationale Polytechnique

)4

-
=4

OLaad Saaanll dcids g3l Ayl
Ecole Nationale Polytechnique L G M D
Département Génie Mécanique
Laboratoire de Génie Mécanique et Développement
Mémoire de Projet de fin d’études

Pour I'obtention du diplome d’ingénieur d’état en génie mécanique

Conception et Fabrication d"'un Moulin a Vent pour Pompage d’Eau

AOUIDAD Hichem Idris et AMMARI Mohamed Amine

Sous la direction de BOUHELAL Abdelhamid MCA, SMAILI Arezki
Professeur et BENBRAIKA Mohamed MAA.

Présenté et soutenu publiquement le 17/07/2024 devant le jury composé de

Président : M. RECHAK Said Professeur a ENP
Examinateur : M. OUCHENE Samir Docteur a ENP

ENP 2024

Département mécanique/ ENP, 10 Rue des Fréeres OUDEK, El Harrach 16200 Algiers Algeria.



gadla

Aoyl d3Ually olll o pllas pglal UM e (535001 olaadl Y dorhall Aol Al J] £9 kel Mo ug

£ L] 039 53 gameSdl B lunay el galy sl sl32Yl puasal @3 (38 peumnilly Sl dudig)) plasuinls
Seala ! £l Judontd A ganlonl a9l Banlipadl 86Lons plusitasl 039 sladl 4336 dclall B3yl (h yiumn zdgad
OB Ul e gl BBl 75 (o 3l 9o 385 @ oyl cysild siuasll z3gaill slas @3 .1l

DU a8 § dusall el oo S0 Aol o

el alSlaall (i) sl 1S alipall Jala chiiaall S il st Adiae iyl sgll ABLADI ;A alibal) cilalSl)

Résumé

Ce projet vise a répondre au besoin crucial de production d'eau décentralisée en
développant un systeme de pompage d'eau alimenté par le vent. En utilisant la rétro-
ingénierie et une optimisation rigoureuse, les pieces ont été concues avec un logiciel de
CAOQO, un modele réduit a été créé via l'impression 3D, et des simulations CFD ont été
employées pour analyser les performances aérodynamiques. La pompe a vent a montré
des capacités de pompage nettement supérieur a celle installée a I'entreprise POVAL. Le
modele réduit de la turbine éolienne a été testé dans une soufflerie pour valider les
résultats de la simulation.

Mots clés : Energie éolienne, Pompe a vent, Rétro-ingénierie, Analyse aérodynamique,
CED.

Abstract

This project addresses the critical need for decentralized water production by
developing a wind-powered water pumping system. Using reverse engineering and
rigorous optimization, parts were designed with CAD software, a scale model was
created via 3D printing, and CFD simulations were employed to analyze aerodynamic
performance. The wind pump showed significantly higher pumping capacity than the
one installed at the POVAL company. The scaled-down wind turbine model was tested
in a wind tunnel to validate the simulation results.

Keywords: Wind energy, Windmill, Reverse engineering, Aerodynamic analysis, CFD
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Introduction

In the context of sustainable development and the energy transition, the challenges
of the century are to end dependence on fossil fuels and ensure water access and food
security. Water being the source of life, we are unable to supply it to the entire population
which continues to increase with its demand at the same time, and this is because of
climate change which has destabilized the natural water cycle, however it’s necessary to
ensure the supply of water to strategic localities such as agriculture and hygiene. The
windmill for pumping water remains the most suitable solution, a decentralization of
water production that means energy security while remaining the cheapest and cleanest.

Small wind turbines can make a significant contribution to the country's energy
security. Indeed, several regions in Algeria, in the north, the highlands and the south,
have significant wind potential. In the south of the country, in the regions of Adrar and
Ain Salah, the average wind speeds available at a height of 10 m vary from 5 to 6 m/s. In
Biskra, the speeds recorded are around 4.5 m/s. In the highlands, in the regions of M'Sila,
Tiaret and Djelfa, the average speeds are 4 to 5 m/s. In the north of the country, the
average speeds recorded in the regions of Algiers, Oran and Jijel are close to 4 m/s [1]. In
cases where the wind speed averages are 4 to 7 m/s, the water pumping time is about 6
to 8 hours [2]. The available wind power potential is suitable for the operation of small
wind energy conversion systems, especially in the agricultural sector. Irrigation, which is
a common need for agricultural production, particularly in arid and semi-arid regions,
requires the pumping of water from groundwater. Given the high price of fossil fuels,
irrigating by wind pumps can be an alternative to motor pumps in Algeria. In addition,
in our country, most agricultural farms are on flat and open land, which is favorable to
the installation of wind energy conversion systems [3].
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Figure 1. Wind map of Algeria from 2018 [1].

A small wind system with a capacity ranging from 1 to 10 kW can be a competitive
solution, compared to motor pump units. Small wind power can reduce the cost of
electricity for isolated agricultural farms where the electricity grid is not available while
providing a non-polluting source of energy. In addition, small wind systems on
agricultural farms do not affect crops. The installation of a wind turbine on an agricultural
farm makes it possible to conserve more than 98% of the area to be cultivated [3].

A wind pump is a type of wind turbine used to pump water. Wind pumps have
been used to pump water since at least the 9th century in various regions, including
Afghanistan, Iran, and Pakistan [4]. Their use spread to the Muslim world, then to China
and India. In Europe, especially in the Netherlands and the East Anglia region of Great
Britain, wind pumps were widely used from the late Middle Ages onwards to drain land
for agricultural purposes. Simon Stevin's work, in particular his book "Vande Molens",
has made it possible to improve the efficiency of wind turbines for pumping water from
the polders. In 1586, Stevin was granted a patent for his improvements. Windmills with
eight or ten blades were used in the Murcia region of Spain for irrigation. These mills
used the movement of the rotor to turn a Noria, a large wheel supporting a bucket chain
plunging into a shaft [5]. In 1737, Bernard Forest de Belidor described the mechanism of
a suction pump driven by the wings of a windmill in his work "Hydraulic Architecture”
[6]. In the United States, early immigrants introduced European windmill technology.
These mills were used on farms, especially on the Great Plains, to pump water from wells
and water livestock. Daniel Halladay invented the self-regulating agricultural wind
pump in 1854 [7]. At their peak in 1930, about 600,000 units were in use in the United
States, with an average power of 250 watts [8].
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Figure 2. (a) The windmills at Kinderdijk in the village of Kinderdijk, Netherlands is a UNESCO World
Heritage Site (b) L'Olifant a Burdaard (Frise) [9].

This thesis is structured into five comprehensive chapters as follows:

Chapter 1: This chapter provides an overview of wind-powered piston pumps,
comparing mechanical and electric wind pumps, and presenting current technologies
and advancements. It outlines the research problem, objectives, and methodology. The
chapter also examines the functional and mathematical aspects of conventional piston
pumps, addressing efficiency issues like crawling and exploring optimization methods
to enhance performance. Additionally, it covers the theory of wind turbines, emphasizing
the importance of managing operational parameters for optimal efficiency.
Understanding these concepts is essential for designing and optimizing wind-powered
systems.

Chapter 2: This chapter discusses the reverse engineering processes undertaken to
understand and improve existing designs. It includes the design of the wind turbine,
detailing the steps involved in the conceptualization and development. Additionally, the
chapter covers the sizing of the piston pump and the transmission system.

Chapter 3: This chapter is dedicated to the Computational Fluid Dynamics (CFD)
numerical simulations performed on the scaled model of the wind pump system. It
describes the simulation setup, parameters considered, and the results obtained. The
insights gained from these simulations are important for validating the design and
predicting the performance under various operating conditions.

Chapter 4: Focusing on the experimental aspects, this chapter describes the
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fabrication of the scaled model and the subsequent tests and measurements conducted.
It provides detailed procedures and methodologies for the experiments, ensuring that the
results are reliable and reproducible. The chapter also discusses the challenges
encountered during the experimental phase and how they were addressed.

Chapter 5: The final chapter presents a comprehensive discussion of the results
obtained from both the numerical simulations and the experimental work. It compares
the findings, highlights the discrepancies, and provides explanations for the observed
phenomena. The chapter concludes with an evaluation of the overall performance of the
wind pump system, offering recommendations for future research and potential
improvements.

Finally, concluding remarks and some perspectives are presented
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Chapter 1

Generalities and Literature Review

1.1 Introduction

Multi-blade wind turbines are widely used around the world, at the beginning of
the twentieth century, these machines were abandoned as fossil fuels became more
competitive and the electricity grid expanded. Nevertheless, the last few decades have
seen the re-emergence of wind energy and, above all, the development of a new pumping
process [10]. Often referred to as “weather vanes” in the United States and Canada
because of their ability to orient themselves according to the direction of the wind (while
also measuring its speed). A wind turbine with a diameter of 4.8 meters can pump up to
6 tons of water per hour at a height of 30 meters with a wind blowing at a speed of
between 24 and 32 km/h [11]. However, they require a steady wind to start and drive the
piston pump. These wind installations require little maintenance, usually limited to the
annual gearbox oil change. They are particularly useful in remote areas where access to
electricity is limited, and maintenance is difficult.
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Figure 1.1 Multi-blade wind pump.

The design of a wind pump depends on the type of machine to be developed. A
distinction must be made between a mechanical wind pump and an electric wind pump:

1- Mechanical wind pumping, the operating principle is as follows: a wind rotor
of about twenty blades drives, by a connecting rod and crank system, a piston pump
plunged to the bottom of the well. It is a system that is quite suitable for areas with very
little wind and in isolated places (where it is impossible or too expensive to connect to
the network), with low daily water requirements and well depths not exceeding 30 m
[12]. Mechanical wind pumps are divided into three segments based on wind speed: light,
medium, and strong. Light pumps start at wind speeds of 2 or 3 m/s, medium pumps at
3-4 m/s, and strong pumps at 4-5 m/s [13]. Mechanical wind pumps are equipped with
piston pumps that work best at moderate wind turbine rotational speeds. But mechanical
reliability problems are encountered for very deep wells [12].

2- Wind-electric pumping, several wind-electric pumping systems exist, but the
most common is undoubtedly the one with the following configuration; a wind rotor
equipped with two to three blades is coupled to a permanent magnet generator which
directly powers a three-phase induction motor which in turn is coupled to a pump,
whether surface or submersible. They are equipped with centrifugal pumps that work
well, preferably at high rotational speeds. However, the pump can be installed far from
the wind turbine and the pumping head can be high [12].

From the two wind pumps systems described above, it can be concluded that
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electric wind pumping is much more efficient than mechanical wind pumping. In the
case of deep wells and large flows, the alternative of pumping with wind power remains
the only solution [12].

1.2 State of the art

The first work of the CDER renewable energy development center in Algeria was
carried out on water pumping wind turbines as shown in Figure 1.2 before moving on to
electricity production. Two types of wind turbines have been built and tested: the first is
a horizontal-axis, multi-bladed, slow wind turbine, coupled to a piston pump via a
connecting rod-crank system. This wind turbine has been designed for total head
measurements (HMTs) of 10 meters. The second prototype, a Savonius wind turbine with
a vertical axis and two stages, with a 10-metre HMT, was coupled to a piston pump via a
speed multiplier with bevel gearbox. In parallel with these achievements, CDER has
carried out studies on the reliability of the El Hayet wind turbines of the POVAL
company [13].

@ ®) © @
Figure 1.2 Pumped storage wind turbines studied and developed at CDER (a) small wind turbine (b) "El
Hayat" horizontal axis wind pump turbine (c) "Savonius" type 2-stage vertical axis wind pump (d)
Horizontal axis wind pump [13].

In Algeria, the largest wind pump was installed in 1953 in Adrar by the
colonization and hydraulics services [14]. Mounted on a 25-metre-high mast, this three-
bladed machine with a diameter of 15 meters operated for almost 10 years. More recently,
the High Commission for the Development has installed 77 wind turbines for pumping
water in the highlands [15]. Following the mechanical incidents encountered with
mechanical wind pump, it is generally accepted that for deep boreholes, the wind turbine
system coupled to an electric pump is more reliable. However, for such an installation to
be effective, the average wind speed must be greater than 4 m/s [16].
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Maouedj et al [17] conducted a study on windmills installation. In the first part,
the wind energy potential of the Tindouf, Ain Salah and Ain Amenas sites was estimated.
In the second part, a wind pumping system consisting of wind turbines of different
powers (1 kW, 2 kW and 3 kW) was presented. The analysis of the data revealed several
important conclusions, at shallow depths, the flows of pumped water are higher than for
greater depths. For similar head gauges (30 m and 60 m), flow rates are higher with wind
turbines with higher power ratings. As a result, 1 kW wind turbines can be adapted to
shallow wells and limited water requirements, while higher power wind turbines are
preferable for deeper wells. In addition, the characteristics of the wind turbine, such as
rated power, rated speed, start-up speed and maximum speed, have a significant
influence on the useful power generated and thus on the amount of water pumped daily
by the system.

Chamlong et al [18] in another study worked on a Multi blade wind turbine that
was chosen for its ability to operate at low wind speeds and its economy compared to
other types of turbines. This turbine, equipped with 30 blades and a diameter of 4.2
meters, was installed at a height of 12 meters, corresponding to the height of the
anemometer during the study. Directly connected to a piston pump via gears, crankshaft
and connecting rods, the turbine operated efficiently even at wind speeds as low as 2.5
m/s, keeping its operation between 1.5 and 2 m/s depending on the load. The pump, with
a diameter of 0.1 m and a maximum stroke of 0.18 m, could operate with suction heights
of up to 6 meters and discharge heads of about 25 meters. Equipped with a water tank
and an overflow valve, the system included a flow meter to measure water production in
relation to wind speed. Although the efficiency of the system was relatively low, the lack
of fuel costs made it economically viable.

Nghi et al [19] this time studied a multi-bladed windmill with 24 blades and a rotor
of 4.5 m in diameter was installed at a height of 10 meters. Two pumps were tested: a
suction pump with a diameter of 95 mm and a piston pump with a diameter of 45 mm.
Two 0.7 m® water tanks were placed at a height of 4.3 m to temporarily store water for
irrigation and domestic use. The results showed that the suction pump achieved a
maximum flow rate of 2.3 m3/h at an average wind speed of 4.3 m/s, while the piston
pump achieved a maximum flow rate of 0.93 m3/h at a wind speed of 4.1 m/s. The average
efficiency of the windmill was 20.8%, with a maximum efficiency of 33.3% at a wind
speed of 1.7 m/s and a minimum efficiency of 10.1% at 4.1 m/s. The overall efficiencies for
the windmill-suction pump and windmill-piston pump combinations were 13.0% and
6.7%, respectively.

The Directorate of Electrical Works of Turkey has developed two wind powered
water pumping systems. The first system, located in the administration's renewable
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energy resources park, consists of 6 blades and can pump water up to a depth of 7 meters
from a height of 5 meters, operating from a wind speed of 3 m/s. The second system,
designed and manufactured by the administration, has a 2-metre diameter rotor with 16
blades and can pump water up to a height of 4 meters from a wind speed of 3 m/s [20].

In 2003, in Senegal, Project Alizes was launched to solve problems of access to
water in isolated localities, where the supply of diesel, spare parts and maintenance was
difficult. These regions were also far from the interconnected electricity grid. In order to
meet these needs, the project built 30 pumping systems, including 27 wind turbines and
3 pumps. Water needs in these localities were low (less than 15 m3/day) and the
populations had limited financial capacities, which made diesel pumping systems
expensive both in terms of investment and maintenance [21]. To meet these challenges,
three types of wind turbines have been selected: OASIS, FIASA and SSM:

1. OASIS: The Oasis wind turbine, manufactured by Ecolab (ex. Poncelet), is
equipped with 15 blades and a direct transmission connecting rod and crank
motor. It can be installed on a 10- to 12-meter-high pylon and is designed to pump
water to depths of up to 35 meters. Despite its ease of installation and maintenance,
it is sensitive to wind speed and static level depth, which can lead to frequent
breakdowns. Its total cost, including supply, installation and maintenance, is 2.75
million CFA francs (611750 DA) per year [21].

2. FIASA: FIASA wind turbines, of Argentine origin, are like American mills and
have rotor diameters of 2.5 to 4.2 meters. They are equipped with 18 blades and a
gear motor with gear ratio. These wind turbines are designed to pump water to
depths of up to 35 meters and are suitable for different wind conditions using two
possible pump strokes. Although they are very efficient, engine failures can lead
to high maintenance costs. The total cost, including supply, installation and
maintenance, is about 2.4 million CFA francs (533891 DA) per year [21].

3. SSM: The SSM wind turbines, manufactured by Tuzzie Bardi in Italy and then
taken over by LVIA in Senegal, have rotor diameters of 5 to 6 meters. They are
equipped with 18 blades and a direct drive connecting rod and crank engine.
Designed to pump water to depths of up to 35 meters, they are robust and suitable
for harsh environments. However, they are sensitive to wind due to their large
size and may require higher maintenance costs due to corrosion of the materials
used. The total cost, including supply, installation and maintenance, is about 4.85
million CFA francs (1078904 DA) per year [21].

1.3 Operation Theory of Piston pumps
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There are two types of pumping units available to the user: slow wind turbines
with piston pumps, which currently exist in very large numbers, and fast wind turbines
coupled to propeller pumps or centrifugal pumps; these last machines, of recent
construction, characterize the evolution of new techniques.

At first glance, it does not seem obvious, and it is not mandatory, that a small-
power pumping system should be equipped with a piston pump. But, on the one hand,
the importance of the discharge heads, and on the other hand, the need to use simple
equipment, generally lead, for small powers, to the use of slow piston pumps.

The wind turbine to be used in this case will be a specific low-speed machine with
almost always a gear ratio. This kind of machine has a high starting torque that fits
perfectly with the requirements of piston pumps. Since wheels with a specific low speed
have many blades, only the use of fixed blades can be envisaged [22].

1.3.1 Principle of Operation

It is one of the most widely used types of pumps. The wind turbine wheel on which
blades are attached rotates under the action of the wind. This wheel is fixed on a shaft
whose rotational movement is transformed into a reciprocating vertical movement by
means of a crank plate or a connecting rod. The back and forth thus creates and drives
downwards, through a steel rod, a piston of the water pump, which is generally
submerged in the borehole. To drive a reciprocating water pump, high torque is the basic
requirement. Multi-blade wind turbines have high strength and a low tip speed ratio,
which results in higher starting torque. There are two choices to set our target: The first
is to set the desired output of the system and specify all the parameters accordingly.
Secondly, it is a question of analyzing the amount of wind energy available on the rotor
at a specific location and the production that can be achieved, while considering all
impossibilities and losses [22].

1.3.2 Operating Conditions of a Slow Wind Turbine with Piston Pump

It can therefore be seen that, depending on the speed of the wind, it will be
necessary to adopt this model of pump. The machine is not called upon to operate for a
single value of the wind speed, but for a whole range of speeds, with durations
characterized by the speed-duration curve of the region under consideration. Starting
from the speed-duration curve and the flow curves as a function of wind speed, it will be
easy to determine for each type of pump the total volume of water pumped in the year,
as well as the total number of operating hours [23].

Since the piston pump is a constant torque pump (except for irregularities,
mentioned above, but in normal operation and taking into account the inertia of the
impeller, everything happens as if the machine were absorbing a constant torque), it is
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convenient to represent the characteristics of the wind turbine on a torque-speed graph
with the wind speed as a parameter [23].

1.3.3 Froud Number

The Froude number is the dimensionless parameter of fluid mechanics that
appears wherever the effects of inertia and gravity are significant. The last term of
equation 1.1 indicates that this is the case for wind turbine piston pumps; gh being the
term of gravity and v the speed of the wind [24].

If we consider a wind turbine with a shaft-water efficiency n = 1,7z, The net
conversion factor for wind power to water is

Water Power c CCom = gpwhq  8gpyhq
Wind Power _ PPl = 2P =7 3 Tpgd?v3 (1.1)
2 PaAv

where h and g are respectively the water height and flow capacity, v is the average wind
speed, d is the diameter of the wind turbine, and p, p,, are the densities of air and water,
respectively.

For a piston pump, the water flow averaged over time

q = mnVen, = mnyd>n, (1.2)

where 7 is the speed of the pump in cycles per second, Vs is the swept volume of
the cylinder, n,, is the efficiency of the piston pump and y is a geometric factor of the wind
pump equal to Vs/ d%, m is equal to 1 for a single-acting unit, 2 for a double-acting unit
and ny is equal to the number of cylinders for a multi-cylinder unit.
The substitution in equation 1.1 gives

8gpwhmny,y 8mymn, py dn; gh
Ny = —_ —

Cpnplrr = (1.3)

Tip,v3 m2 pg, Vv BPRL

8myr, mtdn; gh
Cp = T Pw T 92 (14)
T nTr pa v v

ny being the number of revolutions per second of the turbine.

Since multi-effect wind pumps are not common, equation 1.4 is simplified by taking
m=1

_ 8)/T'n Pw T[dnt gh

T a2 2
™Nryr Pa V UV

(1.5)

P

Definition of the Froude number of the wind pump, Fr, as

v
Ia:;@ﬁ (1.6)
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and noting that the tip speed ratio 4 = zdne equation 1.6 takes the form

v

8 pwyYt 4
Cp=mrt—L= 1.7
P72 punrr F2 (17)

Dividing by the tip speed ratio results in the required dynamic torque coefficient.

8 pwyty 1
Cr=——"— 1.8
"7 2 pg nyr F2 (1.8)

The concept of the Froude number of the wind pump can now be appreciated and
clearly seen as the dimensionless parameter that fully characterizes the operation of the
wind pump.

1.3.4 The Torque Cycle of a Wind Pump

Figure 1.3 The configuration of the crank [24].

Given the torque that the wind pump must exert on the water column, Figure 1.3
shows the crank mechanism schematically. The momentary torque at any angle 6 is [24]

S
T = (pghAy) (E cos (6) ) (1.9)

Where p,, is the density of water, g is the acceleration due to gravity, & is the
column of water above the piston, A, is the area of the piston head, and s is the stroke.
This can be expressed as follows:

T = Acos(0) (1.10)

where A is a computable constant equal to % pwghVs , where V; is the swept

volume of the piston. The torque-angle profile of a single-acting pump would resemble
that in Figure 1.4.
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N B

Figure 1.4 Moment Cycle for a Single Acting Pump [24].

The maximum torque that the wind turbine can experience due to the water
column is A. The average torque can be obtained by integrating the torque expression,
equation 1.10, across a range of angles and dividing by the range. The result for the
average torque is A/m.

1.4 Methodology of the Blade Element Momentum Theory

1.4.1 Axial Momentum Theory

The basic aerodynamic model of flow is described by the concept of the actuator
disk in wind turbines. This model considers a control volume, in which the boundaries
are the lateral surface of a streamtube and the cross-sections of the tube in Figure 1.5
where the flow is assumed to be one-dimensional. The actuator disk creates a
discontinuity in the pressure of the air flowing through the streamtube. The theory is
based on the following assumptions

. Homogeneous, incompressible flow and steady state.

. Neglected friction and drag.

. Infinite number of blades.

. The wake is assumed to be non-rotational.

. The static pressures of the flow far downstream and upstream are considered
equal.
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Stream tube boundary

I
1|_,// Actuator [
| & disk :
ri A
Uil Uz | Us 1 Vs
I
T |

| \I
I
] !
23 4

Figure 1.5 An actuator disk [25].
If A2 is the surface of the actuator disk, A: and A4 the surfaces of the upstream and
downstream cross-sections of the sreamtube, Ui, Uz, and U are the velocities of the flow
upstream, at the actuator disk, and downstream respectively, and o is the density of the
air, then the conservation of the mass flow through the streamtube will be

The thrust force is given by

T =m( U, - Uy) (1.12)
Bernoulli's equation upstream of the actuator disk gives
pi+ 50U = py 3 Uy (1.13)
The same goes for the flow downstream of the disk
pa 5ol = py 5 Uy’ (119

The thrust can also be expressed as the net sum of the forces on each side of the actuator
disk

T = Ad(p,—ps) (1.15)

From Bernoulli's equations 1.13 and 1.14, taking into account the assumptions of the
actuator disk, (U2 = Us) et (p1 = ps), the thrust is then

1
T ==pAa(Us* = Us*) (1.16)

So from equations 1.12 and 1.16 and considering the conservation of the mass flow in
equation 1.11, we can therefore derive the following equality
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U+ U,
)

The actuator disk induces a velocity in the streamtube. The difference between U: and
U: is called the induced axial velocity. This velocity is represented by a dimensionless
factor called the axial induction factor a
_Uu-U
a= U
The flow velocity at the level of the actuator disk and downstream can therefore be
expressed as follows

(1.17)

(1.18)

U, = Uy(1 - a) (1.19)

U, = U;(1-2a) (1.20)

Finally, from equations 1.16, 1.19 and 1.20, by setting the flow velocity far upstream U
and the surface area of the actuator disk A, the axial thrust of the actuator disk is
therefore given as follows

1
T = EpAU24a(1 —a) (1.21)

The aerodynamic output power of the rotor, P, is equal to the thrust force T multiplied
by the velocity of the flow at the disc, which gives from equations 1.19 and 1.20

1
P= EpAU34a(1 —a)? (1.22)

The power coefficient is defined by the ratio of the extracted power to the power
available in the wind
Rotor power P

p =4a(1-0)’ (1.23)

Power in wind %pAU3
The maximum of Cp is determined by differentiating its expression according to the
axial induction factor 4, and by equalizing the derivative to 0, which gives us a factor a =
1/3 therefore

16

Cpmax = ﬁ (1.24)

This limit is known as: Betz Limit.
Similar to power, thrust can be expressed using a dimensionless thrust coefficient
T

Cr = 125
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Figure 1.6 Dimensionless power and thrust coefficients as a function of axial induction coefficient [25].

1.4.2 Ideal horizontal axis turbine with wake rotation

In the previous analysis, the rotor was considered to be a simple disc with no
rotational speed in order to assume a one-dimensional airflow. In the case of a rotating
turbine, the flow of air flow downstream of the rotor will rotate in a direction opposite to
that of the rotor, as opposed to the rotational torque generated by the rotor. This is the
wake rotation as shown in Figure 1.7.

Stream tube boundary

Rotating

4 actuator
disk

Stream tube boundary
at rotor (actuator disk) plane

Figure 1.7 Rotor analysis geometry [25].

The angular velocity of rotation of the wake is lower than that of the rotor. Assuming a
control volume with a rotation equal to that of the blades, and applying the energy
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conservation equation, Glauert [26] was able to determine the pressure difference at the
turbine by noting that the axial velocity of the air remains constant, and that this
tangential component increases from Q) to w + Q

1
P2 — D3 = p(ﬂ+§w)wr2 (1.26)
From equations 1.15 to 1.26, the elementary thrust is
1

dT = |p(Q + Ea))wrz 2nrdr (1.27)

The angular or tangential induction factor is defined by

=2 1.8

=5 (1.28)

If the wake rotation is taken into account in the analysis, the induced velocity is no longer
only axial a, but also has a tangential component a’. The elementary thrust can then be
expressed as follows

dT = pQ?r?[4ad’(1 + a')]mrdr (1.29)

Identifying this expression with the one found using axial momentum theory for thrust
equation 1.27 in the case of an annular element, we obtain the following parameter

a(l-a) Q%r?

a(l+a) U2
Where A, is the local Tip Speed Ratio (TSR). The overall 1 is defined as follows

QR
A= - (1.31)

The torque exerted on the rotor Q is equal to the variation of the angular momentum of

=7 (1.30)

the wake, for an annular element this gives
dQ = dm(wr)(r) = (pU,2nrdr) (wr)(r) (1.32)
Taking equations 1.9 and 1.32 the expression of the pair then becomes
dQ = pUQr?[4d’(1 — a)]mrdr (1.33)
The power generated at each element is related to the torque by the following formula

dP = QdQ (1.34)

1.4.3 Aerodynamic forces
The airflow will generate a distribution of force on the airfoil. When the flow passes on

the convex side of the airfoil, the airflow will tend to accelerate, which will have the effect
of reducing the pressure on this surface. Conversely, the flow velocity on the concave
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side will decrease causing an increase in pressure. This pressure difference on both sides
of the airfoil will then create the lift force Fi perpendicular to the direction of flow. In
addition, the contact between the air and the surface of the airfoil will cause friction with
the effect of reducing speed. This friction results in the drag force Fi in the opposite
direction to the direction of flow. Both of these forces depend on the relative wind speed
perceived by the blade. In the case where wake rotation is taken into account, the speed
at the rotor will have two components: the axial component given in equation 1.9. As for
the tangential component, it will be equal to the sum of the rotational speed of the blade
Qr and that of the wake wr/2, which gives

w
Qr + 5T = Qr+Qa'r=Qr(1+a’) (1.35)

The two lift and drag forces acting on the airfoil of a blade along a length r and chord c
are

1
Fi=3 CipUye2cr (1.36)

1
Fa=5 CapUyeicr (1.37)

With Ur, the wind speed seen through the blade. These two equations are a function of
two dimensionless parameters: the lift coefficient 2D CI and the drag coefficient 2D Cd.
These two coefficients depend on the angle of attack a, as well as on the Reynolds number
Re
U.
Re = %lc (1.38)

These coefficients are called two-dimensional because they are obtained from flow
simulations on the two-dimensional shape of the airfoil. It's possible to obtain these

coefficients in wind tunnel experiments or with the help of dedicated software.
1.4.4 Viterna Extrapolation

Experiments and prediction codes for lift coefficients Cl and drag Cd can only give
results for a small range of angles of attack values a around the stall area. It is necessary
to be able to predict these coefficients over a wider range when calculating the BEM
theory. Extrapolation from Viterna (1982) is the most widely used method for predicting
aerodynamic coefficient values. Viterna extrapolation allows the data to be extrapolated
beyond the stall angle astn [27] to an angle of attack less than or equal to 90°.

The lift and drag coefficients are extrapolated using the following relationships:
cos’a

C, = A;sinZ2a + A, (1.39)

sina
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Cq = B; sin*a + B, cosa (1.40)
With
Cimax = 111+ 0.018 AR (1.41)
C
A = ~dmax (1.42)
2

By = Cqmax (1.43)

_ . Sinastall
Ay = (Crstau — Camax SiNAsequ Cosastall)m (1.44)

sta
Bz — Cd stall — Cd max Sinzastall (1.45)

COSUstqn

With asta, Clstan and Cdswan the values of the angle of attack, lift coefficients and drag at the
time of stalling. AR is the aspect ratio, it can be taken between 0 and 50 and will have a
slight effect on the extrapolated curve.

For a complete extrapolation from -180° to 180°, the airfoil is assumed to act as a flat plate
described by the following equations

C, = 2 sina cosa (1.46)

Cy = 2 sin*a (1.47)

1.4.5 3D Correction

When the wind turbine is in operation, the variation in wind speed associated with
the rotation of the blade causes a variation in the relative speed acting on the blades. This
rotation has an effect on the boundary layer that is not taken into account in the static
simulations of the 2D CI and Cd coefficients. This phenomenon is called static stall, the
effect of which is observed in the stall zone, where the boundary layer experiences a delay
in stall (Stall-Delay). The 2D aerodynamic coefficients are therefore underestimated in
the stall zone. In order to correct this difference, several empirical models have been
developed to approximate the 3D boundary layer.
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1.4.5.1 3D correction by Du and Selig [28]

For the cross-section of a chord airfoil ¢ at a distance r from the center of a rotor with a
radius R of Rotational speed and at a wind speed U, the corrected coefficients Cisp and

Ci2p are given by:

Ci3p = Ci2p + AC

Cd,3D = Cd,ZD —ACy
With

AC, = fl(Cz,p - Cl,zn)

ACy = fd(Cd,ZD - Cd,o)

Where: Cip =21 (a -ao), a0 = a for Ci2p= 0 and Cdo= C4qzpfor a = 0.
Factors fi et fi are

1.6 (5)a - (g)?—f

c 4R 1
0.1267b + ()7

1] 16(5)a- (g)zdr—f

c. 4R
0.1267b + (52T

QR
JUZ + (QR)?

With g, b and d empirical factors generally taken equal to 1.

1.4.5.2 3D Correction of Corrigan—Schilling [29]
The 3D correction is performed only on the lift coefficient Cisp

Cl,3D = Cl,ZD + aAa

Aa = Krs " 1
a= (acl,max - aCl,:o) 0.136 -

1

A c/r T1.084
a@= < 01517 )

(1.48)

(1.49)

(1.50)

(1.51)

(1.52)

(1.53)

(1.54)

(1.55)

(1.56)

(1.57)
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With a the tangent of the curve (; vs a for (; = 0, ac,,,,. the angle of attack for the

maximum lift coefficient (at static stall), 875 represents a polar angle equal to the ratio c/r
and n an empirical factor to be taken between 0.8 and 1.6.

1.4.6 Blade Element Momentum Theory

The axial momentum theory describes a mathematical model of an ideal actuator
disk using the principles of linear and angular conservation of momentum. The blade
element theory, on the other hand, refers to the analysis of forces at a section of the blade.
These two approaches combined give the Blade Element Momentum Theory (BEM).

For each element, the forces are calculated on the 2D sections to determine lift,
drag, thrust, torque and therefore power. The equations are then obtained according to
the triangle of forces.

Figure 1.8 Blade geometry for the analysis of a horizontal axis wind turbine [25].

@=a+(0,+0,)=a+0 (1.58)
It then appears from the triangle of velocities
) ~Udl—-a 1-a 159
M= ari+a)  (A+a)n (1.59)
Ul -
Urel = (ST(:) =/ (U1 —a))? + (r(1 + a'))? (1.60)

We can also derive the formulas for the elementary normal and tangential forces dFn and
dFt as a function of the elementary lift and drag forces dFI and dFd (equations 1.52 and
1.53):

1
dF; = 3 pU, e (Cy sin ¢ — Cq cos @)cdr (1.61)
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1
dF, = > pUye1%(C; cos @ + Cq sin @) cdr (1.62)

Finally, for a wind turbine with a number of blades B, the formulas for thrust, torque and
elementary power for an annular cross-section: dT, dQ and dP by the BEM theory are:

1

dT = BdF, =B > pU,e1%(Cy cos @ + Cq sin @) cdr (1.63)
1

dQ = BrdF, =B EpUrelz(Cl sin ¢ — C4 cos @)crdr (1.64)
1

dP =QdQ = QBE pU, e 2(C; sin ¢ — Cq cos @) crdr (1.65)

1.4.7 Development of the BEM Performance Prediction Algorithm

The algorithm based on BEM theory allows to determine the aerodynamic
performance of a wind turbine using an iterative calculation to calculate the axial and
tangential induction factors a and a’ until they converge to implement them in the
equations mentioned in section 1.4.6. Power, torque and total thrust will be obtained by
summing the elements. The calculation will be made for each element and for each
operating speed of the wind turbine:

1. Calculate for each element and for each speed the local solidity and the local

TSR
B
=< (1.66)
2nr
2. Initializing the a and a’ factors to 0
Qr
A = T (1.67)
3. Calculation of the relative wind angle as well as the angle of attack
= tan™1 (i) 168
V= A+ a) (1.68)
a=¢—(6;+6,) (1.69)

4. Determination of the lift and drag coefficients Cl Cd corresponding to the
angle of attack a, extrapolation of the data by Viterna and then 3D
correction.

5. Determination of the normal and tangential coefficients:

C, = Cicosp + Cysin@ (1.70)
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C; = C;sing — Cy4cos @ (1.71)
6. Correction of losses at the tip and hub
2 _B R-1_
Fip = = cos ™' 275119) (1.72)
2 _BTr—Rpyp
Fup = ;COS_l(e 27rsing ) (1.73)
F = Ftip X Fhub (174)
7. Local thrust coefficient
a(1—a)?c,
=— - 7 1.75
CTT' SinZ(p ( )

8. Calculation of axial and tangential induction factors:
When the axial induction factor a is greater than 0.4, the assumptions of the BEM
theory are invalid, which requires correction. We will then use Buhl's correction

[30].
4Fsin?p 17" _
a=|1+——7— if Crr < 0.96F
9ln (1.76)
18F — 20 — 3,/C7,(50 — 36F) + 12F(3F — 4)
a= 30F —50 if Cr > 0.96F
4F singpcosgp 17"
a = [_1 + pcose (1.77)
oC,
9. Repeat calculations 3 to 8 until factors a and a' converge at a given
tolerance
10. Calculation of thrust, torque and power for each element and speed
(equations 1.58, 1.59 and 1.60)
11. Calculation of torque, thrust and total turbine power
r=)dr
Q=) do (1.78)
\P = Z QdQ
1.5 Problematic

A common wind pump with several blades usefully supplies about 4% to 8% of
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the annual wind power passing through the swept area [28,29]. This low conversion is
due to poor load matching between wind rotors and fixed-stroke piston pumps. The main
limitation is due to the very nature of the piston pump, which causes several problems.
Additionally, the purely mechanical system necessitates a complex assembly involving
numerous parts and mechanical connections. This complexity leads to exorbitant
manufacturing costs, extended construction times, and a higher likelihood of various
breakdowns. Consequently, regular maintenance is essential to ensure the system's
functionality, making it less efficient compared to electric wind pumps.

1.6 Objective

The objective of this work is to foster innovation among polytechnic engineers
using modern methods of optimization, analysis, and study, specifically within the field
of wind turbines. Several goals have been established, with the primary aim being to
reduce both manufacturing and maintenance costs by minimizing the number of
components. Utilizing advanced mathematical tools and the latest research, this work
emphasizes the optimization of wind turbines and piston pumps. To validate the
performance of the final design, a CFD numerical simulation will be conducted, and a
scale model based on the principle of similarity will be fabricated and tested. In the figure
below is a summary of the different aspects dealt with in this study:

Topic study Qblade (Software)
& Design of the wind turbine,
Literature Review Aerodynamic performance
prediction, Optimisation, structural
Setting Design analysis, scaling to a reduced model
Specification
SolidWorks (Software) ¥
Revef’flengmegf“ﬁ of SolidWorks
assemby 3D design of the reduced model

assembly

l

Cura (software)
3D printing of the reduced
model assembly

}

Aerodynamic performance Ansys (fluent)

tests Numerical simulation of
aerodynamic performance at the
design point of the wind turbine

} }

Results validation and comparison
Tables, Charts, Figures

Figure 1.10 Brief roadmap of the work.
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Chapter 2

Design and Modeling

2.1 Introduction

This study was based on the reverse engineering of a windmill located at the
POVAL company in Medea. It aimed to optimize the design of the wind turbine, piston
pump, and transmission system. The wind turbine's design is critical as it is the machine's
core component. It depends on numerous parameters and conditions, including the
number of blades, rotor diameter, and blade surface area. Even minor changes in speed
or diameter can drastically alter the power output. The piston pump's performance is
defined by the piston stroke and diameter, with its configuration greatly impacting the
desired height and flow rate.

2.2 Reverse engineering

At a higher level of engineering, there are two types of engineering: direct
engineering and reverse engineering. Direct engineering is the traditional process of
moving from high-level abstractions and logical designs to the physical implementation
of a system. Reverse engineering is the process of duplicating a component without the
help of drawings, documentation, or computer models [31].

In our project, we reverse-engineered an existing wind pump model without
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having the original technical drawings. Instead, we took the necessary dimensions from
the wind pump itself, which had been in use for about forty years, relying on the technical
documents available from that time. During our investigation, we discovered a similar
type of windmill, the WP-2, developed for moderately windy sites at the National
Aeronautical Laboratory (NAL) in Bangalore [32]. Between 1959 and 1964, NAL
indigeneously developed and produced the WP-2 windmills in batches, erecting 80 units
for field trials across various locations in India. These windmills were primarily used for
lifting water for domestic and minor irrigation purposes. Figure 2.1 shows the WP-2 type
windmill.

Figure 2.1 WP-2 Windmill [32].

The rotor is 4 m in diameter. The rotor spiders are fabricated out of galvanised
pipe. These are strengthened with tie rods which are kept in tension by means of
adjustable eye bolts [32]. Fittings are provided over the pipes and angles to fix the rings
and blades. Two rings are fabricated, each of diameter 2.7 m and 4 meter and these form
the support for the blades as shown in Figure 2.2.
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- Fig 74- Rotor Assembly
Figure 2.2 Rotor Assembly [32].

The tail vane in Figure 2.3, is fabricated from galvanized plain sheet. The rotor
pipes and angles are rigidly fixed to a cast iron hub. A pipe fabricated from sheet tube
with two mild steel flanges is provided as an extension to the hub to which the tie rods
are fixed [32]. The hole in the hub for the shaft is 0.5 m in diameter.

Figure 2.3 Reverse Engineering of Tail Vane.

There are 16 blades made of galvanized plain sheets shown in Figure 2.4. To stiffen
the blades and to maintain the shape, a framework is made out of flat sections and
fabricated angles. The inner and outer leading edges of the vanes are set at 45° and 35°
respectively to the plane of the rotor such that the rpm does not go beyond 40 at greater
wind speed. The inclination is maintained by the vane fittings. The blades are fixed to the
rotor ring with vane fittings that are fabricated out of angle sections. Each blade can be
easily fixed or removed independently.
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(@)

Figure 2.4 Reverse engineering of the wind turbine.

The pumps used for windmills are of single-acting piston type pump with a brass
cylinder. There are two sizes of pumps of similar design with cylinders of 15 cm and 10
cm diameter. The small pump is for use where the depth of the well is more or where
there is a possibility of the well getting drained by the continuous working of the
windmill. The pump comprises of cylinder, plunger, suction valve, top and bottom plate
as shown in Figure 2.5.

(a) (b) (©)

Figure 2.5 Reverse engineering of the piston pump (a) suction valve (b) discharge valve (c) cylinder

The transmission system of a windpump is responsible for converting the
rotational energy of the wind turbine into mechanical energy that can drive a water
pump. The gearbox in Figure 2.6-a adjusts the rotational speed and increase the torque of
the main shaft to the appropriate speed required by the pump. Gearboxes can be simple
or complex, depending on the specific requirements of the windpump system. The
crankshaft converts the rotational motion from the gearbox into reciprocating motion,
which is necessary for the operation of a piston pump. It typically consists of a crank and
a connecting rod as shown in Figure 2.6-b. As the crankshaft rotates, the connecting rod
translates this motion into a back-and-forth motion for the piston.
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(b)

Figure 2.6 Transmission system.

The steel tower, depicted in Figure 2.7, stands 10 meters above ground and is built
in three sections for easier erection. Each section is reinforced with angle-back pieces
bolted together, enhancing strength and reducing strain on the joints. The tower features
heavy angle steel legs and cross braces, spaced every 1.5 meter, for added stability. A
ladder and a hardwood platform, supported by steel angles, provide accessibility for
maintenance.

Figure 2.7 Reverse engineering of the tower.

The windmill is basically made of steel and uses a slightly complicated
mechanism. Also, the cost of fabrication is considerable, which may be beyond the reach

Page 43



Design and Modeling

of the individual farmers [32]. In Table 2.1 main parts are summarized.

Table 2.1 Different Parts of the Windmill.

Part Number Part Name

Rotor Spiders
Rotor Rings
Rotor Pipes
Blades

Turn table
Shaft

Crank
Connecting rod
Piston pump

O 0 NI O O i W IN -

—_
[a)

Tower
Tail Vane
Braking system

U Y
N =

2.3 Wind turbine design

2.3.1 General considerations

Table 2.2 shows the different considerations regarding selection of suitable tip
speed ratio. If the tip speed is high, low chord length is required which reduces the blade
dimensions and material used. But higher tip speed ratio increases the aerodynamic and
centrifugal frictional loss. To reach some conclusion, we have to fix some parameters like
rotor size.
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Table 2.2 Wind turbines design characteristics [33].

Tip speed 1-2 >10
ratio
Torque High Low
RPM Low High
Uses Included multi-bladed windmills 2-3 bladed wind turbines,
and rotors suitable for generators for
electricity production
Efficiency Low because of rotational wake High up to 40% relative to Betz
due to relatively high torque of limit
windmill
Solidity High and contains 12,16,18 or 24 low, mostly 2 or 3 blades
blades
Blade design  Simple design, large curved blades  Design considerations are very
crucial
Noise Low due to low rotation and less Noise is relatively high
sliding parts
Frictional Low due to low rotational speed Increased as rotational speed
losses

Water pumping windmills characteristically start under load. This requires high
torque, realized mainly by increasing blade number or solidity which can be in the region

of 0.5-0.8 for the American windmill compared with that of conventional wind turbines

given in Table 2.3.

Table 2.3 Qualitative comparison of horizontal axis rotor types [34].

Type Starting Speed Fabrication Power Solidity
Torque Method Coefficient (%)

Cretan sail or flat paddles Medium Low Simple 0.05-0.15 50

Cambered plate fan High Low Moderate 0.15-0.30 50-80

Moderate speed wind Low Moderate Moderate 0.2-0.35 5-10

turbine

Modern wind turbine Almost zero  High Precise 0.30-0.45 5

2.3.2 Solidity

The concept of wind rotor solidity is described as the ratio of the total area of the
wind turbine blades to the area of the wind passing the wind rotor. For calculation
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purposes, blades are considered flat because radius of curvature is much larger as
compared with arc length

B.A
o= /I;lade (21)
1
Aplade = ELB (Lerorar + Lenoraz) (22)

Solidity o ranges between 0 and 1. For a windmill used for water pumping, value
of solidity is high to achieve high starting torque. For that purpose, condition of o = 0.8
must be met for the smooth operation of the system [33].

Figure 2.8 is a schematic diagram of several horizontal axis wind turbine rotor with
four kinds of rotors of single blade, double blades, three blades and multiple blades. The
solid ratio of the wind rotor from single blade to three blades is small, which is a low
solid wind rotor and the rotor has a high solidity ratio of 12 blades, which is a high solid
wind rotor.

.“Q

Single blade wind rotor

3 blade wind rotor 12 blade wind rotor

Figure 2.8 Single blade to multi blades wind rotor solidity [35].

The lower part of Figure 2.9 is a schematic diagram of the air flow through the
multi-blade (high-solid) wind rotor. The multi-blade greatly increases the resistance of
the air passage. A part of the air flow will bypass the blade rotor flow to the rear [35].
This part of the air flow does not work through the blade rotor, so the actual wind energy
obtained by the blade rotor is reduced, which is an important reason why multi-blade the
wind turbine can't get more wind energy.
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n l
%: %:
Il
i |
Low solidity airflow schematic diagram High solidity airflow schematic diagram

Figure 2.9 Schematic diagram of three-blade and multi-blade airflow [35].

2.3.3 Blade number effect

Increasing the number of blades allows for minimal improvements and sacrifices
too much blade rigidity as the blades become thinner. Generally, the lower the number
of blades, the lower the material and manufacturing costs [36].

Effect of wake rotation on maximum power coefficient: Torque is generated by
forces acting tangentially on the blades, resulting from changes in air velocity. The
direction of air velocity change opposes the forces on the blades, causing wake rotation
opposite to the rotor's direction, leading to energy loss. High torque requires low tip-
speed ratios, resulting in large tangential velocities in the wake and thus greater energy
loss and lower power [37].

The number of blades also affects the maximum power coefficient. This is caused
by the tip-losses that occur at the tips of the blades. These losses depend on the number
of blades and the tip-speed ratio [37].

It was evident that increasing the number of blades enhances solidity, resulting in
higher starting torque, while decreasing the number of blades minimizes power losses,
leading to higher power output. We conducted three BEM simulations at a wind speed
of 6 m/s, including tip loss and 3D correction, with a fixed pitch angle of zero. The results
were consistent with previous studies. As shown in Figure 2.10, wind turbines with 16
blades have high torque coefficient at lower TSR, with the Cm-curve falling below that of
the 12-blade configuration after a TSR of 0.8. Additionally, the power coefficient C, for
the 16-blade turbines is higher within a narrow range of TSRs but still has the lowest C,
peak. In this study, Cp parameter was more important and more explanation will be
conducted in the piston pump optimization section just below.
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Tip speed ratio

(b)

Figure 2.10 Number of blades influence on (a) moment coefficient (b) power coefficient.

2.3.4 Blade shape

A simple and effective way of making blades for small wind turbines is to cut the
blades from sections of metal or PVC pipe. The angle and twist of the blade can be
controlled by the shape of the cut and the curve of the pipe approximates to an airfoil
shape. When the airfoil is normalized, the camber and thickness of the blade depends on
size of the section through the pipe. The following parameters are used to model a typical
section.

e The wall thickness of the pipe is 5% of the radius.

e The leading edge is semi-circular.

e The camber is based on the top surface (outer radius of the pipe).

e The trailing edge is sharp and cut away at the bottom of the airfoil until it
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meets the lower surface at a tangent.

Upper surface - — =~ —ls
/—at(0,0) — g g
/’/ - g ‘ |~ Camber measurement
/ "% Thickness 5% & ~+——
> T of radius /‘

Trailing edge meets lower
- +———  Semi circular leading edge surface at a tangent

Figure 2.11 (CP-160-050-GN) Camber=16% Wall thickness=5% Radius=0.861. Max
thickness 5.2% at 3.4% chord. Max camber 14.3% at 49.2% chord [38]

In order to select the most suitable airfoil shape for the rotor of windmill water
pumping system, different airfoils were simulated [39] and as the results of simulations,
the curved shape airfoil has maximum lift. The curved shape airfoil has the minimum
drag to lift ratio.

Using XFOIL from QBlade, we can predict the lift and drag coefficients of the
aerodynamic airfoil at the Reynolds number calculated by the equation. Thus, from the
Cl/Cd curve, we can easily determine the angle of attack that corresponds to the peak
point of the curve in Figure 2.12.

vV
Re = pu—c 2.3)

With c the mean chord equal to 0.2 and V design wind speed of 6 m/s, p which is
the density 1.225 and p the dynamic viscosity of the air

Re = 133489
20,00
18,00
16,00
14,00
o 12,00
E
- 10,00
o
2
S 00
6,00
4,00
2,00
0,00
6,00 8,00 10,00 12,00 14,00 16,00 18,00 20,00 22,00 24,00 26,00

Attack angle (deg)

Figure 2.12 Glide Ratio Cl/Cd curve.
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2.3.5 Optimal pitch angle

For a TSR of 1 and a wind speed of 6 m/s, we aimed to determine the optimal pitch
angle. Given that TSR and wind speed are fixed, the rotational speed can be deduced
from the equation A = wR/V, assuming our rotor has a radius of 1.5 meters. The rotational
speed was approximately 38.2 rpm. After running several BEM simulations for a range
of angles from 0° to 40°, we found that 29° was the optimal angle as shown in Figure 2.13,
providing a maximum power output of 360 W and a torque of 90 N.m.

Table 2.4 Input data for the BEM simulations.

Rotor Diameter [m] 3

Wind speed [m/s] 6

TSR 1
Rotational speed [RPM] 38.2
Number of blades 12
Kinematic viscosity [m?/s] 0.000014607
Air Density [kg/m?] 1.225

——Power [W] Troque (N.m)

400,00 -

360,00
320,00 -
280,00 -

240,00 -

200,00 -

Power (W

160,00

120,00

20,00 H

40,00 -

0,00 T T T T T T T d
0,00 5,00 10,00 15,00 20,00 25,00 30,00 35,00 40,00
Pitch angle (deg)

Figure 2.13 Optimal pitch angle.

2.3.6 Structural analysis of the blade

Metals are undesirable because of their vulnerability to fatigue but smaller blades
can be made from lightweight metals such as aluminum. To Build a solid wing we chose
galvanized steel.

An important goal is to control the weight of the blade. Gravitational loads include
axial loads and tension/compression loads as well as bending. The magnitude of these
loads fluctuates cyclically, and the edge moment are reversed every 180° of rotation.
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Wind is another source of loading of the rotor blades. Lift causes bending in the direction
of the flap while airflow around the blade causes edge bending as shown in Figure 2.14.

Edgewise Blade Flapwise Blade
Mode Mode ”
Yaw
Tower Sideways Tower Sideways Tower Fore-aft Tower Fore-aft
er Fore-
Mode Mode Mode r\‘( Mode

{

Edgewise Blade = Yaw
Mode Edgewise Blade Flapwise Blade

Maode Maode

(a) (b)
Figure 2.14 Blade edgewise and flapwise moments.

Figure 2.15 shows the equivalent stress along the blade at 6 m/s. The stress limit of
the blade is determined by the strength of the galvanized steel used in the skin of the
blade, which has a density of 7200 kg/m?® and an elastic modulus of up to 210 GPa. The
stress development appears to be concentrated near the root of the blade, where the blade
may fail, and at the trailing and leading edges. It can be noted that the most deflection
occurs at the 20%-30% span distance from the tip, and most stress occurs near the root.
QBlade also calculated the blade deformation at 38.2 rpm, and the deformations were
very small, in the micro-deformation range, due to the high stiffness of the material.

12 biades Strucural Model Loading Dot

DQw MPa
0.00 MPa

Figure 2.15 Structural analysis of the blade made form galvanised steel.

2.4 Piston Pump Design

To calculate mechanical power available for the pump there’s some Loss
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consideration to take in account. First of all, when it comes to bearings and gears, gears
with excellent design and a finely finished surface can have an efficiency of 90% per pair
of gears in contact. Then, when it comes to fluidic friction losses, using the right size
smooth pipes, choosing the right values, and avoiding sudden bends can increase the
efficiency up to 95% [33], which can be assumed to be 100%. Finally, when it comes to
losses in the pump, even with the best design and excellent materials, the overall
efficiency of the pump is estimated at 85%. The mechanical power available for the pump
is calculated as follows:

1
Pying = EpaAU3 (2.4)

Pn = PyinaCpipNrr (2.5)

2.4.1 Calculation methodology

According to the previous equations developed in Chapter 2, we have b as a non-
dimensional factor

8 pw M
b=——7— 2.6
% pg Nrr (@6)
Calculation of the geometric non-dimensional coefficient
Vs
Y=g (2.7)
Where
nd,’
p
A, = 2 (2.8)
Vs = s4, (2.9)
sAp
Y=5 (2.10)

Any combination of the stroke, cylinder diameter and turbine rotor diameter that satisfies
equation 2.11 would lead to an optimal system configuration. To calculate the number of

Fr
by
Frp = /C— (2.11)
TD

In order to calculate the head, we use Froud's equation 2.11 and we get equation 2.12
. 4
rD /—g A (2-12)
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172

h =
gFrD2

(2.13)

Calculating the flow rate by equality 2.14, which brings us back to equation 2.15

Pyater = Bn = g,Oth
gpwh

For the calculation of the torque, we use equation 2.14

T==(pwghAp)(%cos(9))

The maximum torque is calculated for 8 = 0, equation 2.16

S hA
T = pwg P

q

To calculate the tangential force
Fi = pwghdp
To calculate the pressure on the piston surface

P = pwgh

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

Based on the previous design of the wind turbine, we have obtained power and
torque coefficient curves, as shown in Figure 2.16. These curves are essential for
designing the piston pump because the maximal power coefficient is needed to calculate
the optimal Froude number. The input data are summarized in Table 2.4 above, and a
numerical application was performed for a long-stroke configuration among several

configurations listed in Appendix B-2.
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—Cp =—Cm
1,00
0,80
0,60
0,40
0,20
0,00
0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6 1,8\
-0,20
TSR
Figure 2.16 Cp and Cm - TSR curve.
Table 2.5 Wind turbine input data.
d [m] A [m?] V[m/s] A G Cr o palkg/m®]  nrr
0.1 6.57 1 1 0.389 0.389 1.225 0.9

Table 2.6 Piston pump input data.

d,[m]  s[m] Ty m pw [kg/m?]

0.05 0.2 1 1 1000

Table 2.7 presents the results obtained from using the equations, which firstly led
to the optimal configuration of the piston pumps. Additionally, it allowed us to calculate
the head and capacity, as well as the maximum torque required to lift the volume of
water. Compared to the Poval wind pumps in the Appendix B-1, our wind pumps show
a very high performances where the head is doubled for the same wind turbine of 3m
diameter and with less blades and parts.

Table 2.7 Derived parameters.

PT'OtOT [W]

P, [W] b y Fr h [m] Q[l/h] T[N.m]

364

278.64  735.210 0.00001454  0.17 133 765 257
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2.5 Reducer design

Integrating a speed reducer into a wind pump enables smoother and more efficient
operation by adjusting the wind turbine's speed to match the pump's needs. This reduces
the risks of overheating and mechanical failures, while minimizing vibrations and noise.
Additionally, the increased efficiency allows for maximum water production even in low
winds, making the system more reliable. The speed reducer also facilitates the handling
of varied loads, thereby extending the lifespan of the entire equipment.

2.5.1 Power transmitted by shafts

Input shaft
Py = P, =364W (2.20)
Output shaft
Py = Pyt™np * N = 278.64 W (2.21)
2.5.2 Shaft rotation speed
We know that
P
C=— (2.22)
w

And we have the input and output torques C1 and C2 which represent the torque
generated by the wind turbine and the torque required to lift the volume of water
respectively.

Input shaft
P
W, = C—i = 4rad/s (2.23)
Finally
60w,
N; = = 38.2 2.24
1 o= 38.23 rpm (2.24)
Output shaft
P.
w, == =1.08rad/s (2.25)
G,
Finally
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_ 60w,

N, = o 10.35 rpm
2.5.3 Gear ratio
Ninput Nl
= N “N. = 3.69

output 2
I 1I 1 I I II
1.00 1.00 2.00 2.00 4.00 4.00
1.12 224 4.50
125 125 250 250 5.00 5.00
1.40 2.80 5.60
1.60 1.60 3.15 3.15 6.30 6.30
1.80 355 7.1

Figure 2.17 Nominal gear Ratios [40].

(2.26)

(2.27)

According to the nominal standardized transmission ratios, a value is taken: 3.55

2.5.4 Determination of Number of Teeth

A
i ==-%2=355

We take Z1 =11, and we obtain Z> =39

2.5.5 Module Determination

m =10 x 3/ U 495mm
k.Z.ap.w

Where :

e P :Power to transmit

e 7 :the number of teeth .

e w: Rotation speed.

(2.28)

(2.29)

k : Coefficient of tooth width, it is chosen according to the space available and
according to the perfection of the shaft guides (10<k<12.5)
e 0,: The allowable tensile stress by the material. (75 N/mm?)

The standard modules range from 0.5 to 50 mm and are divided into three series:
primary, secondary and exceptional. It is recommended to choose the modules of the
main series and to avoid the use of the modules of the exceptional series. The following

table gives the values of the usual standard modules.
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Table 2.8 Common standard modules [41].

I 3;4;5;6;8;10;12;16;20;25;32;40;50

II 35;45;55;65;7;9;11;14;18;22;28;36;45

According to the Main series, the module is taken: 5 mm

2.5.6 Gear spacing
_ dl + d2 _ m.zq n m.z,

> > > =125mm

a

2.5.7 Geometric parameters

(2.30)

Pinions
Table 2.9 Pinions parameters.

Designation Symbol Formula  Result
Module m m 5 mm
Step p p=mm 15.71 mm
Primitive diameter dp d,=mXz; 55mm
Outside diameter  do de =dg+2m 65 mm
Base diameter db dp, =dg X cosa 2653 mm
Foot diameter ds df =d, —2.5m 42.5mm
Projection ha hg =m 5 mm
Hollow hs hy =125m 625 mm
Tooth height h h =hg + hf 11.25 mm
Tooth thickness s s = n% 4.85 mm

Wheels
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Table 2.10 Wheels parameters.

Designation Symbol Formula  Result
Module m 5 mm

step P p=mm 15.71 mm
Primitive diameter dp dy=mXz, 195.25mm
Outside diameter  do d, =d,+2m 205.25 mm
Base diameter db dp, =d, X cosa 83.76 mm
Foot diameter ds df =d, —2.5m 182.75 mm
Projection height  ha h,=m 5 mm
Hollow height hs hf =125m  6.25mm
Tooth height h h =hg + hy 11.25 mm
Tooth thickness s s=m % 7.85 mm

2.5.8 Calculation of forces

A normal force Fn appears on contact with both teeth. This can be decomposed in
two orthogonal directions: the tangential force and the radial force. We calculate the two

components on the primitive circle of the wheel

Tangential Force (Fr)

For the pinions
2C;
Fp =—=3305.89 N
dp,
For the wheels
2C,
Fp =—=2632.52N
dp,
Radial Force (Fr)

Fr = Fy X tana
For the pinions

Fp = 739581 N
For the wheels

Fr = 5889.38 N

(2.31)

(2.32)
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Normal force (Fn)

Fy = /FTZ + Fg? (2.33)

Fy = 8101.04 N

For the gears

For the wheels

Fy = 6450.96 N

2.5.9 Preliminary Sizing of Shafts

The gearbox shafts are subjected to torsional and bending stresses. In this phase of

the project, bending cannot be taken into account, because we do not know the forces that

load the trees, nor the distances between the supports, nor the location of the forces

between the supports. So, to obtain indicative values of the shaft diameters, we

will do

their preliminary torsional sizing, taking into account the existence of the bending. We

will work with acceptable values.

The preliminary dimensioning relationship:

i —- (2.34)
= [02R,, '
R, R
Rpg =~ ==, = 58.75 N /mm? (2.35)

Where

Rpe : Elastic limit of the material (235 N/mm?).
Rp: Basic permissible fatigue stress.

Rpg: Modified permissible fatigue stress.

Then the diameter of the input shaft and output shaft d; and d, respectively

C
d; > |—2—=19.78 mm
0.2R,,
3 Cz
> = 27.
d, = 02k, 7.97 mm
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Chapter 3

Numerical Simulation of the scaled
model

3.1 Introduction

Computational fluid dynamics (CFD) is one of the powerful tools for blade shape
analysis of wind machines. Despite the blade element momentum theory seen in the
sections above, CFD is a branch of fluid mechanics that uses numerical analysis and data
structures to analyze and solve problems that involve fluid flows. Computers are used to
perform the calculations required to simulate the free-stream flow of the fluid, and the
interaction of the fluid with surfaces defined by boundary conditions. Initial validation
will be performed using a wind tunnels in the next section.

3.2 Wind turbine scaling

In the previous section, we designed a wind turbine with a diameter of 3 meters
using real dimensions, aiming to conduct wind tunnel tests and compare them with CFD
results. To achieve this, scaling must be applied. One of the most well-known methods is
based on the principle of similarity.

Principle of similarity, scaling relationships are considered mainly for changing
the geometric size of the turbine. Reynolds number matching is ignored [42]. For scaling
relations, Manwell et al. [25] use the following assumptions:
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1. Keep the tip speed ratio constant.

2. Keep the blade profile, the number of blades and the blade material
constant.

3. Geometric similarity is maintained to the extent possible.

Table 3.1 summarizes the relationships between quantities of interest for wind
turbines based on rotor diameter as the scaling factor.

Table 3.1 Scaling laws of wind turbines without Reynolds number matching [25].

Quantity Symbol  Relation Scale
dependence
Power, force, and
moment
Power P P, /P, = (R1/R;)? ~R?
Torque Q Q1/Q2 = (R1/Ry)? ~R?
Thrust T T1/T; = (R1/R3)? ~R?
Rotation Speed Q 01/Q2 = (R1/Ry)! ~R*
Weight W Wi /W, = (R1/Ry)* ~R?
Aerodynamic Torque Ma My1/Myz = (Ry/R3)? ~R3
Centrifugal Force Fc F.1/Fc; = (R1/Ry)? ~R?
Stress
Gravitational O¢ 0g1/0g,2 = (R1/ Ry)* ~R*
Aerodynamic o4 041/022 = (R1/R2)° =1 ~R?
Centrifugal o, 0c1/0c2 = (R1/R)° =1 ~RO
Resonance
Natural Frequency w Wn,1/®n2 = (R1/Ry)* ~R*
Excitation 0/ (Q1/wn1)/(Qz/wn2) = (R1/R2)° ~RO

=1

Gao and Hu [43] recognize that dynamic similarity (Reynolds number matching)
is hard to achieve with wind turbines of different sizes. They show that the power
coefficient of two wind turbines is different if the Reynolds numbers are different. If the
sizes of wind turbines are different, such as is usually the case with testing a scaled wind
turbine in a wind tunnel as opposed to an actual wind turbine, the Reynolds number
cannot be satisfied, and wind tunnel data cannot be directly applied to the original wind
turbine.

Final features of the rotors are presented in Table 3.2 The rotors were named as
rotor A, for the largest one, and rotor B, for the smallest one.
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Table 3.2 Output data of the scaling operation.

Rotor A Rotor B (scaled)
Number of blades 12 12
Blade airfoil Cambered plate CP-160 Cambered plate CP-160

Rotor diameter (m)

3

0.53

Hub diameter (m) 0.8 0.15
Rotational speed (tr/min) 38.20 216.21
Wind speed (m/s) 6 6
Tip speed ratio 1 1
Design power (W) 935.73 29.21
Blade length (m) 1.1 0.190
Chord 1 (m) 0.150 0.500
Chord 2 (m) 0.025 0.083
Twist (°) 0 0

3.3 CFD step by step

In order to create the computational domain and generate mesh, the commercially
available software ANSYS Workbench is used to build a wind tunnel (mimicking a wind
tunnel) model and generate an unstructured mesh around the blade in the computational
domain. Periodic boundary condition is applied to the right and left surface of the
computational domain. Faces are meshed using Tetrahedral cells. A refined boundary
layer is carefully constructed around the airfoil to capture the boundary layer behavior.

Computational Fluid Dynamics (CFD) provides a numerical approximation of the
equations governing fluid motion. It comprises three main components:

1. Preprocessor: Manages meshing based on the studied geometry, flow parameters,
and boundary conditions.

2. Solver: Resolves the equations that govern fluid flow under specified conditions.

3. Post-processor: Visualizes the results graphically.

This chapter details these steps to explain how CFD calculations were conducted
to analyze the wind turbine's performance. CFD software operates by solving the Navier-
Stokes equations around the geometry under specified constraints. A mesh is generated
to pinpoint where these equations will be resolved, discretizing the physical space into
finite points. A higher number of points yields a more accurate solution but requires more
computational time and power. After generating the mesh, Fluent is configured with
numerous variables, including models, solver settings, initial values, steps, and boundary
conditions. Once the solver is configured, the results are visualized in the results tab.
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3.3.1 Geometry preparation

Control Volume Sizing. After finalizing the 3D design of the scale model and
centering the wind turbine, the geometry must be exported from SOLIDWORKS in IGES
or PRT format for later import into ANSYS for CFD simulation. The CFD computation
domain consists of a cylindrical wind tunnel, with far-field boundaries placed both
axially and radially. The rotating domain includes the turbine blades. To reduce
computation time, we will take advantage of the rotor's symmetry to study only 1/12 of
the control volume, and then apply a periodic study.

Blockage ratio. The blockage effect observed during wind tunnel tests of rotors
stems from the test section walls being closer than any natural obstacles in real-world
conditions, leading to two primary causes [44].

e The firstis the "solid blockage," which occurs due to the wind turbine model
reducing the available space for air passage, temporarily increasing airflow
velocity near the rotor.

e The second cause is "wake blockage," resulting from the test section walls
interfering with the development of backward vortices behind the wind
turbine.

In all cases where the blockage ratio BR exceeds 10%, the results obtained must be
corrected by the blockage correction factor [44]. The blockage correction factor should be
applied to the overall velocity increase due to the vortex and solid blockage effect.
Blockage ratio is defined as:

. As
A
where As is the projection surface of the wind turbine model, while At is the cross-
sectional area of the air tunnel test section perpendicular to the air flow direction.

Since the control volume simulates a wind tunnel, and to avoid any blockage, we
ensured that the blockage ratio remained below 10% by choosing a diameter for the
control volume of 2.75D as shown in Figure 3.1. About the distances along the z-axis, we

used 2.5D and 7.5D, as found in the literature [45].
2

B, 3.1)

dyor
B. — T?]. o _ ( Dyotor )2 _ ( Dyotor )2
" 7Tdcontrolvolumez DCOTlfTOlUOlume 2'75Dr0tor "2 (3-2)
4
=0.03
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Figure 3.1 Control volume.

3.3.2 Mesh Preprocessor

Mesh preparation. Mesh generation involves creating a computational grid that
represents the physical domain of the wind turbine and its surrounding environment.
The quality and structure of this mesh significantly impact the accuracy, stability, and
efficiency of the simulations. Additionally, to examine the trade-offs between
computational cost and simulation fidelity, it's important to apply some strategies to
achieve high-resolution results without excessive computational expense. Techniques
such as mesh refinement, boundary layer meshing, and the use of rotating and stationary
domains are also reviewed. Before preparing the mesh it’s so important to apply some
evaluations, understanding the wall law is so important to define the suitable mesh for
the carried study.

Universal law of Wall. A valuable tool in understanding and analyzing turbulent
flows is obtained by dimensional analysis of the flow near a solid boundary. It is known
as the Law of the Wall and is derived by assuming that the turbulence near that boundary
is a function only of the flow conditions pertaining at that wall and is independent of the
flow conditions further away. For the non-dimensional analysis, we can identify the
following limited set of wall regions and fluid properties illustrated in Figure 3.2:
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Figure 3.2 Law wall regions [46].

e The viscous sublayer (y+ < 5) In the viscous layer, the fluid is dominated
by the viscous effect, so it can be assumed that the Reynolds shear stress is
negligible [46]. The “linear velocity law” is given by:

ut =yt (3.3)

e The logarithmic area (y+ > 30) In the logarithmic layer, turbulence stress
dominate the flow and velocity profile varies very slowly with a
logarithmic function along the distance y [46]. Formula 3.4 describes this
region with the Karman constant x of 0.41 and the constant B =5.2.

ut = %ln(er) +B (3.4)

e The Buffer layer (5 <y+< 30) The buffer layeris the transition region
between the viscosity-dominated region and turbulence-dominated part of
the flow. Viscous and turbulent stresses are of similar magnitude and since
it is complex, the velocity profile is not well defined and the original wall
functions avoid the first cell center located in this region [46].

e The distance, y, from the wall [m].

e The mean velocity (or velocity profile), u(y) [m/s ].
¢ The shear stress, t,,, at the wall [kg/m.s?].

e The fluid density, p [kg/m?3].

e The fluid kinematic viscosity, v [m?/s ].

In ANSYS Meshing, there’s inflation function used to create layers of elements
with a high aspect ratio near the boundaries of a geometry. This is particularly important
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for accurately capturing boundary layer effects in fluid flow simulations. The inflation
layer meshing strategy is crucial for resolving the gradients in the boundary layer, which
can significantly impact the accuracy of the simulation results. When meshing geometry
for a CFD analysis, it is often useful to estimate the wall distance to obtain a certain y+.
These are Formulas used to calculate the wall distance from y+:

The predefined values for density and dynamic viscosity are for air at p = latm
and T=20°C, p = 1.225 kg/m3 and u = 1.75e — 05

The Reynold Number for a given free stream velocity U, is

_ onoLboundar layer
B u

The Schlichting formula to obtain the skin friction coefficient Cr is used in this calculator
and is valid for Rex < 10e+9

Re (3.5)

Cr = [2-log;o(Rey) — 0.65]723 with Re, < 10° (3.6)
The wall shear stress is calculated from the skin friction coefficient C
Ty = Cr *%*p*UOOZ (3.7)
The friction Velocity u* is a function of the fluid density and the wall shear stress
Tw
w = = 3.8
) (3-8)
And eventually the wall distance for a desired y+ is
Y
= 3.9
Yo = e (3.9)

For complex flows, where accuracy is important and the flow is very different to a
pipe flow, y+ near 1 is more accurate, because no correction is applied to the wall shear
stress. Add to that wall functions are likely to be inaccurate here. In table 3.3 the first cell
distance is computed.

Table 3.3 Wall distance calculations for inflation configuration.

Re 22806

Cr 8.273e-3
Tw 1.824e-1 N/m?
u* 3.859-1 m/s
Yp 0.03785 mm
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After generating the mesh, it is possible to observe in Figure 3.3, near the walls, a
stacking of several layers with a certain growth ratio. This is due to the inflation applied,
specifying a distance y, = 0.03785 mm as the thickness of the first layer. Inflation is very

important for capturing phenomena occurring near the wall, such as the separation of the

boundary layer.
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Figure 3.3 Detailed view of blade inflation.
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In Figure 3.4, the tetrahedral mesh generated by the Fluent solver is shown. At the
leading and trailing edges, the cells become narrower to enhance the accuracy in that
zones and catch more details due to the unstable behavior of the fluid. This instability is
caused by various factors such as the geometric shape of the airfoil, the formation of the
boundary layer, pressure fluctuations, and irreversibility like vortex generation and wake

formation, as well as boundary layer separation.

(a) (b)
Figure 3.4 Clear view of the mesh around blade (a) trailing edge (b) leading edge.

3.3.3 Solver configuration

CFD computations are performed by imposing flow velocities, static pressure and
static temperature at the far-field inlet and outlet boundaries. The turbulent wind flows
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towards the positive z-direction at 6 m/s which is a typical rated wind speed for a turbine
at this size. This incoming flow is assumed to make the blade rotate at an angular velocity
of 22.642 rad/s about the z-axis. The tip speed ratio is therefore equal to 1 which is a
reasonable value for a slow wind turbine. The blade root is offset from the axis of rotation
by 0.07 meter. We define the velocity at the inlet and the far field (top-inlet) of 6 m/s with
turbulent intensity of 5% and turbulent viscosity ratio of 10 and the Pressure of 1 atm to
validate the present simulation. Frame motion-based approaches simplify the simulation
of moving reference frames by keeping the mesh stationary and adding forces as source
terms. As the physical geometry and the flow solution have a periodically repeating
nature figure 3.5, a periodic boundary conditions function is available in ANSYS
FLUENT. Periodic boundary conditions are a powerful tool in computational
simulations, enabling efficient modeling of systems with inherent periodicity. They help
reduce computational resources while accurately capturing the repetitive nature of the
physical phenomena under study.
Key points before applying the periodic boundary condition:

e The two faces need to be of the same size and shape

e The two faces need not be in the same orientation

e The face elements of the mesh on the two faces need not be congruent. This

means both structured and unstructured meshes can be used.

el

Figure 3.5 Periodic boundary conditions.

To create periodic boundary conditions in recent versions of Fluent, the meshes of
the two interfaces must be identical. Achieving these conditions can be challenging.
However, it is possible to create a non-conformal periodic boundary condition using the
Fluent console by typing ‘/define/boundary-conditions/create-periodic-mesh’. This
command generates the necessary mesh interface.

Mathematic Model. The governing equations are the continuity and Navier-
Stokes equations. These equations are written in a frame of reference rotating with the
blade. This has the advantage of making our simulation not require a moving mesh to
account for the rotation of the blade. The equations that we will use look as follows:

Conservation of mass [47]
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V.pv,=0 (3.10)
Conservation of Momentum (Navier-Stokes):
V.(pv,) + pQRw X v, X w X w X1)=—Vp+ V.1, (3.11)

Wherever is the relative velocity (the velocity viewed from the moving frame) and
w is the angular velocity.

Limitations of Wall Functions. In cases of boundary layer separation, wall
functions are inadequate as they fail to correctly predict the profile. Directly resolving the
viscous sublayer is necessary for accurate results [48]. Essentially for high angle of attack
wall function might be less accurate as shown in Figure 3.6.

_/"/:&

—c B —— D
\—//

S

Wall functions applicable Wall functions not applicable

Figure 3.6 Wall function limitations.

We chose the Spalart-Allmaras turbulence model for this study due to its
robustness and efficiency in handling boundary layer flows, particularly in aerodynamic
applications. This one-equation model simplifies the computational process while
providing reliable results for flows with adverse pressure gradients and mild separation.
Unlike other turbulence models, the Spalart-Allmaras model does not rely on wall
functions to approximate the near-wall region. Instead, it resolves the viscous sublayer
directly, ensuring that the dimensionless wall distance, y+, is maintained at around 1.
This approach allows for a more accurate representation of the flow characteristics close
to the wall, capturing the effects of viscosity and turbulence interactions with greater
precision. By ensuring y+ is approximately 1, we achieve a fine mesh resolution near the
wall, which is crucial for accurately predicting shear stresses and heat transfer rates. This
direct resolution of the near-wall region enhances the model's accuracy and reduce the
time-cost, making it an optimal choice for our simulations.

The Spalart-Allmaras turbulence model is a RANS approach that involves a single
governing kinematic equation to describe kinematic eddy viscosity. The model was
specifically derived for use in aerodynamic applications involving wall-bounded systems
as well as in turbomachinery applications. This one-equation model allows simpler
resolution of the eddy viscosity near a system boundary (such as a wall).

The Spalart-Allmaras turbulence model follows a single dynamic equation
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describing a kinematic viscosity-like variable, called the Spalart-Allmaras variable [49]:
v v . n? 1|a
a_:"‘uja_;_ cp1(1 = fr2)SV — [Cwlfw_%ftz](g) +

oD av v
= . a—xj<(v+17)a—xj>+5bza—xia—xi] (3.12)
The goal in this equation is to determine the turbulent eddy viscosity, which is
determined from:

Ut = pofin (3.13)
Where
3
X
L A— 3.14
fvl X3 + Cy13 ( )
And
_ v
X= v

(3.15)
In these equations, the molecular kinematic viscosity is »= u/p, the fluid density is

p, and p is the fluid’s molecular dynamic viscosity. The other parameters in the model
are given in terms of the distance from the field point to the nearest wall d, and the
vorticity magnitude

Where

(3.16)
W = 1 Oui au] 317
U 2 Ox] axi ( ) )
We have the following definitions
. P
S = Q. + vaz (318)
X
=-1-—2
Fa=1-13 7 (3.19)
1+cs 1/
fo=g l—l (3.20)
v g°+ Cv?/3
g=1+cu(r®—1) (3.21)
And

fvz = Crz€Xp (—Ct4)(2)

(3.22)
One can see several constants in the above definitions. These constants are defined as
follows
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2
Kk =0.41,c,; =0.135,0 = §,cb2 =0.622,¢c,1 =7.1,¢y, =0.3,cp3 = 2,¢c43 = 1.2 and , cy
=05

3.3.4 Mesh dependency

As in two-dimensional simulation, the results of modeling work may not be
satisfactory on the first attempt, and CFD studies require multiple trials to achieve
consistent results. Finding the right mesh for a CFD simulation is a repetitive and tedious
task. The accuracy of numerical simulation results first depends on the results of a mesh
independence test. In this study, the choice of the test led us to perform a steady-state
simulation to ensure result accuracy. For this purpose, the simulation domain meshes
were progressively refined until the rotor total torque remained constant, and it was

verified for each mesh that y+ was below 1. The numerical simulation results are shown

in Table 3.4.
Table 3.4 Mesh dependency results.

Mesh 1 Mesh 2 Mesh 3

Nodes 869.504 1.190.768  1.604.336

Cells 3395905 4929624 7037540

CPU time 1h30min  2h30 min  5h30min
Total Torque [N.m] 0.4656 0.4635 0.4665

Average Wall y+near the blade 0552469  0.558367  0.558846

In figure 3.7, the scatter and histogram plot show that the majority of y+ values are
below 1 which also indicates a very fine mesh, it is ideal for accurately capturing the
boundary layer and resolving the viscous sublayer without relying on wall functions.
This leads to improved accuracy in predicting skin friction, lift, and drag forces.
However, this level of detail comes with increased computational cost.

5 2 2 2, 2 2 2. ‘o, g, 4
o m R W R % B TR R T

Wall Yplus

(@) (b)

Figure 3.7 Statistics on the values of y+ around the blade.
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In Figure 3.8, the areas with y+ values above 1, particularly the red and green
regions along the leading edge, highlight the challenges Fluent encountered in accurately
capturing the curvatures in this area. These issues stem from insufficient mesh resolution
in regions with high curvature, leading to less accurate modeling of complex flows. To
address this, the mesh can be refined by increasing cell density, employing adaptive
meshing techniques, and adjusting meshing parameters to better follow the leading edge
contours. However, these solutions can significantly raise the computational cost and
resource requirements, necessitating a balance between accuracy and computational
expense.

00125 0TS 2z

Figure 3.8 Contour plot of the y+ values near the blade.

After analyzing the results of the three meshes, we observed that for meshes 1, 2,
and 3 (coarse, fine and very fine meshes), the total torque values obtained were very close.
Therefore, to avoid unnecessary mesh refinement and to save computational time, we
decided to use mesh 1 (coarse) for the remaining calculations.
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Chapter 4

Fabrication and Experimental
Validation

4.1 Manufacturing Experience

To prepare the test bench, a comprehensive set of parts, as detailed in Table 4.1,
was fabricated using both 3D printing and traditional machining techniques. The hub,
connecting rod, shaft, and blades were specifically manufactured using 3D printing
technology, utilizing Creality CR10 and Ender 3 with a precision of + 0.4 mm as depicted
in Figure 4.1. The process began with the creation of detailed 3D models using
SolidWorks, a CAD software. These models were then exported as STL files, which were
subsequently imported into Cura, a slicing software, to generate the necessary G-code for
the 3D printers. The material chosen for 3D printing was PLA (Polylactic Acid), a
biodegradable and environmentally friendly thermoplastic known for its ease of use and
good mechanical properties. The printing process involved meticulously layering the
PLA to form the desired shapes, a task that required several hours to complete due to the
complexity and precision needed for each part.
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() (b)
Figure 4.1 3D printer (a) Ender 3 (b) Creality 10.

Table 4.1 Designations of the different mechanical components.

Designation [lustration Description

The role of a hub in a wind turbine is to connect

Hub the blades to the main shaft, facilitating the
transfer of rotational energy to the generator.
The role of a blade in a wind turbine is to
Blade capture the kinetic energy of the wind and
convert it into mechanical energy to generate
electricity.
The role of a shaft is to transmit torque and
Shaft rotational motion from rotor pat to connecting
rod.
Connecting The role of a connecting rod is to transfer
rod motion and force between the piston.
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The role of the tower in a wind turbine is to

Tower
support the rotor and blades.
The role of a bearing is to support and reduce
Bearing friction between moving parts, enabling smooth
and efficient rotation or linear movement.
The weight plate is used to support the mass
Weight holder needed to be hung to neutralize the rotor

moment.

Figure 4.2 Final Assembly of the windmill.
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4.2 Operation of the test bench system

The mechanical power of the rotor can be determined by measuring the
mechanical torque on the rotating shaft and the rotational speed at different wind speeds.
The wind tunnel used for this purpose is illustrated in Figure 4.3. The wind turbine was
designed with a connecting rod, an inextensible fabric cord, and a weight-carrying plate.
The plate and the spring were used to apply braking load on the rotor to measure its
torque, and they were attached by a 1 mm diameter fabric thread. The cord was wrapped
(360°) around the big end of the connecting rod, and the axis was fixed by a bearing to
guide the rotor.

Figure 4.3 Wind tunnel.

The rotor spins freely under the effect of wind produced by the wind tunnel. The
wind speed and rotor rotation speed were recorded using an anemometer and a digital
tachometer. For each test, the mass remains constant, and it is this load that will
eventually stop the rotation of the wind turbine. Simultaneously, the wind speed is
increased in increments of 0.1 m/s until the wind turbine starts to rotate. This load allows
us to determine the braking torque according to the equilibrium equations below.
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Figure 4.4 Diagram of forces.

Applying the fundamental relation of dynamics to a rotating system, we have

Z Fome = m.@ 4.1)
At the equilibrium
> Fon=0 (4.2)
P+T +T,+E =0 (4.3)
Where
o P :The weight applied by the mass
o T:Forces applied by both ends of the wire
. _153: : Shaft Force
By projection we find
For inextensible wires and negligible friction, we have
Tl = T2 (4:.5)
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We will get
F,=P (4.6)
Then
E,=m=xg 4.7)
To calculate the braking torque
Thraking =m*g *r (4.8)

With 7 is the distance of the arm

Concerning the torque as a function of the angle travelled, it is written as follows
T = A(1 + cos0) 4.9)

When 6 = 0, the torque is equal to 2A so it will be presented as the braking torque and
the maximum torque.

4.3 Assessment of uncertainty propagation

The wind speed measurement was done using an anemometer KIMO MP200,
allowing for precise determination of the air flow intensity in the wind tunnel. A Pitot
tube anemometer works by measuring the pressure difference between two points. The
Pitot tube has a front opening that captures the total pressure (dynamic pressure plus
static pressure) and a lateral opening that captures only the static pressure. The difference
between these two pressures allows for the calculation of wind speed using Bernoulli's
equation. When it comes to a wind speed between 2 and 5 m/s, the manufacturer has
given an uncertainty of Ay = + 0.3 m/s otherwise Ay = + 0.2 m/s.
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Figure 4.5 Anemometer.

The rotation speed measurement was done using a digital tachometer UT371,
providing an accurate reading of the rotor's revolutions per minute (RPM). It uses an
optical or magnetic sensor to detect the rotor's movements. As the rotor turns, the sensor
sends pulses to the tachometer, which counts these pulses over a defined period of time.
The tachometer then converts these pulses into a rotational speed measurement, typically
expressed in revolutions per minute (RPM). When it comes to a rotational speed between
100 rpm and 999 rpm, the manufacturer has given an uncertainty of Ay = £0.04%)

(a) (b)

Figure 4.6 Tachometer.

The braking torque was applied using a series of calibrated masses, allowing for
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precise determination of the force needed to stop the rotor's rotation. For the uncertainty
of the masses which are already calibrated, an uncertainty of +1 g has been estimated by
us due to the deterioration of the material by unfavorable external conditions.

‘ igure 4.7 Calibrated weights.

Each measured quantity has a certain uncertainty 4xi, 4xz, ..., and these combine
to produce the total uncertainty 4y in the result y. The way in which the uncertainty of
each individual parameter contributes to the total uncertainty is described by the
propagation of uncertainties. The application of the propagation of uncertainties is
described by the following formulas:

Sum/Difference: when the composite quantity consists only of sums or differences

Ay = Ax1 + sz + Ax3 + .- (4.10)

Wherey = x;+ x, + x3
In a sum (or difference), the absolute errors are added together.
Product/Quotient: when the composite quantity consists only of products or quotients
A Ax;  Ax, Ax
& 24 284 (4.11)
Iyl Txal el sl
Where y = x1.x2/x3
In a product (or quotient), the relative errors are added together.
Product of powers: when the composite quantity consists only of a product of powers.
Ay Ax Ax Ax
5= At Bl (412)

|| || |31
Where y = x;%. x,P. x3Y
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Chapter 5

Results and Discussion

In this chapter we will present the results of the numerical CFD simulations
mentioned in Chapter 3 and the results of the experiment in Chapter 4 by validating our
reduced model.

5.1 Discussion of numerical simulation CFD results

When wind passes through a wind turbine, its pressure experiences significant
changes due to the conversion of kinetic energy into mechanical energy. Figure 5.1 shows
the pressure variance along the z-axis, where we can clearly see the pressure drop at the
z = 0 because of the wind turbine. As the wind approaches the turbine blades, the
pressure increases slightly due to the aerodynamic effect of the blades slowing the wind
down. This pressure variance is a crucial factor in the efficiency and performance of the
wind turbine.
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Z[m]

Figure 5.1 Pressure Variance.

Figure 5.2 illustrates the velocity magnitude contour plot for the 3D wind turbine.
The wind turbine blade rotates along the z-axis. As we move away from the root, velocity
increases and is maximum at the tips of the blade. Very high velocities of up to 6 m/s are
observed at the tip of the blade, re-emphasizing the need for thicker profile of the root of
the blade.

0 0.100 0200 (m)
]
0.050 0.150

Figure 5.2 Velocity contour plot.

Figure 5.3 represents the 2-D cross sectional view of pressure contours streamline
at 50% from root to tip, for 6 m/s free stream velocity. Due to the larger negative pressure
on the upper surface, lift force is generated and as a result the wind turbine blade rotates.
Negative pressure can be explained by the wake generation from the blade.
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Figure 5.3 Airfoil pressure contour plot at the half of the blade.

Figure 5.4 shows a velocity contour plot for airfoil 6m/s and angle of attack of 24
degree. A stagnation point is observed at the leading edge of the plot where the velocity
is zero. As air flows around the airfoil, higher velocities are observed at the top of the
airfoil as compared to the bottom. This happens due to the shape of the airfoil. A small
region of separation is also visible in this plot at the tail of the airfoil.

Figure 5.4 Velocity contour plot of the airfoil at the half of the blade.

According to Bernoulli's equation for incompressible fluids, the change in pressure
is always inversely proportional to the change in speed, when the speed reaches its
maximum at the point of stopping at the pressure it reaches its minimum.

The recent version of QBlade offers a new correction add to tip loss and 3d
correction called DTU Poly BEM correction. In our work and because there’s a lake of
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information about this correction we did a little investigation on the influence of this

correction and we found that there’s a significant effect on the results as shown in Figure
5.5.

—Without DTU ——With DTU
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0,51
0,49

0,47

Torgue (N.m}
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0,43

0,41

0,39
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0,00 5,00 10,00 15,00 20,00 25,00 30,00 35,00
Pitch {deg)

Figure 5.5 DTU ploy bem correction effect.

The “DTU Poly BEM” refers to the relationship between the axial induction factor
and the thrust coefficient that is expressed as a third-order polynomial. If the DTU Poly-
BEM is not selected the standard Glauert correction is used in QBlade.

Cr =4a(l—a) (5.1)

When the thrust coefficient Cr is high positive, Qblade use the polynomial
equation of a induction factor in the equation 5.2 and expressed through the following
third-order polynomial shown in Figure 5.6:

a = k3Cp® + k,Cr* + ky Cr (5.2)

where the coefficients ki ... k3 are defined as k1= 0.2460, k2= 0.0586 and k3 = 0.0883.
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2.0
—— Momentum - Eq. (1)
Polynomial - Eq. (2)
1.5 1
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Figure 5.6 Induction factor formulas effect on the thrust coefficient [50].

For Cr< 0.89, the polynomial fits well the momentum equation [50], and in our
case thrust coefficient is under 0.80 and obviously we must use the momentum equation.

Thrust Coefficent Ct [-]
0.80

0.0 0.2 0.

Figure 5.7 Thrust coefficient of the wind turbine.

0.6 08 L0 1.2 14

Table 5.1 Poly BEM vs No Poly BEM correction.

1.8Tp Speed Rato

Optimal BEM CFD Relative
angle Torque Torque Error
Poly BEMDTU 05450 04372 20%
correction
Without Poly
BEM DTU 29° 0.5070 0.4656 8%
correction

Page 85



Results and Discussion

5.2 Experimental results

As soon as the scale model and the test bench have been made, we start the
validation tests of such a model. To simulate the wind flow, we used a wind tunnel, the
results of the experiment are presented in the following.

5.2.1 Discussion of experimental tests
First of all, in order to calculate the braking torque, we used a series of mass with

increments of 50 g, and we increased the wind speed by a step of 0.1 m/s until the wind
turbine started and we recorded the corresponding speed.

Table 5.2 Results of wind speed measurements.

Mass (g) 100 150 200 300 400 500 600 700
Wind speed 21 26 33 42 5 56 61 69
(m/s)

Braking Torque 0.049 0.074 0.098 0.147 0.196 0.246 0.295 0.344
(N.m)

After having the wind speed series, we had to have the rotation speed for each point. This
was achieved with a free wind turbine without a resistant load (without mass). And using
the equation 5.3 relation we have to calculate the TSR
P (5.3)
v
To have the uncertainty of the TSR

AA_Aw AR Av

= 5.4
A w * R * v 64
And the uncertainty of power is calculated as follows
A AR Av
AA=A(—‘”+ —+—) (5.5)
w R v
Table 5.3 Results of rotational speed measurements.
Wind speed (m/s) 2.1 2.6 3.3 4.2 5 5.6 6.1 6.9
Rotation speed (RPM) 575 82 135 200 268 300 330 410
TSR 0.76 0875 1.135 1.321 1.487 1487 1501 1.649
AL 0.110  0.103 0.105 0.097 0.092 0.082 0.077 0.075
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The next step is to determine the performance parameters using the following formulas

To calculate the torque
T =Mgr

Where g =9.82 m/s?, r = 0.05 m and M is mass in kg
To calculate the power for each point in this way

P=T.w

Where w is the rotation speed in rad/s
To calculate the uncertainty of the power
AP AT Aw
PTT
Then
AP AM  Aw
PTIM T
And the uncertainty of power is calculated as follows

To calculate the power coefficient

P
=1 2
sz[TU

Where p =1.225 kg/m? and d is the rotor diameter
To calculate the uncertainty of the power coefficient

AC, |1|AP+| 3|Av+| 2|Ad
c, P v d

Then
AC, = C (|1|AP+ —312% 4 | 2|Ad)
p— TP P v d

Torque coefficient is then deduced

To calculate the torque coefficient uncertainty
AC, AC, AA

Cn G, A
Then
AC, AL
AC,, = Cp, <C_p + 7)

(5.6)

(5.7)

(5.8)

(5.9)

(5.10)

(5.11)

(5.12)

(5.13)

(5.14)

(5.15)

(5.16)
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5.2.2 Comparative study between BEM, CFD and experimental results

Table 5.4 summarizes the results of the mesh 1 chosen in the previous chapter 3 as

well as the values predicted by QBlade using the BEM theory with the correction tip loss
and 3d correction. This good agreement of the results comes down to the optimization
and homogeneity of the chosen mesh, which allows the solver to grasp the main flow

characteristics.

Table 5.4 Comparison between BEM, CFD and experimental results.

BEM CFD Experimental

Relative Incertain Incertain Relative
TSR Gy Cm G Cm Error P AC, v Cm AC,, v Error
0.760 0.289 0.380 0.264 0.347 8.684% 0.236 +0.0958 0.311 +0.0958 18.18%
0.875 0.311 0.355 0.283 0.323 9.014% 0.266  +0.0731  0.304  +0.0731 14.30%
1.135 0.341 0.300 0.312 0.275 8.333% 0.286 +0.0484 0.252 +0.0484 16.06%
1.321 0.357 0.270 0.334 0.253 6.296% 0.308  +0.0339  0.233  £0.0339 13.63%
1.421 0.369 0.260 0.347 0.244 6.154% 0.312 +0.0262 0.219 +0.0262 15.62%
1.487 0.376 0.253 0.357 0.240 6.957% 0.325 +0.0223 0.219 +0.0223 13.59%
1.501 0.378 0.252 0.362 0.241 7.540% 0.332 +0.0201 0.221 +0.0201 12.26%
1.649 0.407 0.247 0.391 0.237 8.907% 0.332 +0.0161 0.202 +0.0161 18.38%

We observe that the experimental performance results of the scaled-down model,

constructed according to similarity principles, and the prototype show a maximum error
of 18% as seen in table 5.4 and Figure 5.8. Nonetheless, it is worth noting that the
experimentation was beneficial for validating the results. As for the accuracy of the
results, it remains very good due to the digital equipment used and the proper handling
of this equipment as seen in error bars in Figure 5.9.
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Figure 5.8 Cp-TSR curve comparison between BEM, CFD and experimental results.
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Figure 5.9 Cm-TSR curve comparison between BEM, CFD and experimental results.
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General conclusion

The primary objective of this project is to address a crucial need for water. As a
solution, we proposed designing a wind pump based on reverse engineering and
rigorous optimization, supported by scientific research. Next, we built a scaled-down
model of a wind turbine and a test bench designed to measure its dynamic torque, then
tested the performance of this model in a wind tunnel. Another objective was to model
and simulate the wind turbine in 3D using the CFD software Fluent. The design and
construction of our scaled-down wind turbine and test bench allowed us to master the
use of SolidWorks software and to improve our proficiency with 3D printers. The
difficulties encountered during the production phase taught us a lot, especially how to
overcome them and find alternative solutions to each problem, notably during the
construction of the rotor and the frameworks. In the end, we managed to build our wind
turbine model, test it, and validate the simulation and experimental results by comparing
them to numerical references computed through QBlade software.

The results demonstrated significant findings from both numerical CFD
simulations and experimental work. Experimental results showed a good agreement with
the numerical predictions, validating the reduced model used in the study. The
comparative study between Blade Element Momentum (BEM), CFD, and experimental
results indicated a maximum error of 30%, with detailed analysis providing insights into
performance and optimization potential for wind-powered piston pumps.

Project Perspectives:

e Proceed with further development of the scaled model using steel and reel
manufacturing techniques. Additionally, integrate a transmission system and a
pump for water lifting to strengthen the study.

e For the simulation phase, recommend exploring alternative turbulence models
such as the SST k-w model for varying wind speeds. Compare these findings with
results obtained using the Spalart-Allmaras model utilized in our current research.

e Enhance the instrumentation on the test bench to ensure more accurate and
reliable measurements. Consider future projects including the use of a generator
to assess electrical power production and various efficiencies.

e TFabricate a full-scale wind pump and deploy it under real operational conditions.
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Appendix A

Descriptive diagram of the wind pump

A. Mechanism of a slow wind turbine
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Appendix B

Wind Pump Technical Document

B.1 Poval Windmill Data Sheet

Di:r:':::es Capacity in Litre/hour | AE8 | AE 10 T°“ty";::f'l;§:;::;rhg:‘g::;:‘e r";'“er
(in mm) 1.8 24248 | 1.8 2.4 3 3.6 4.2 4.8
50 490 790 28 42 65 96 138 225
57 680 1000 23 34 52 77 110 160
63 850 1230 19 29 43 65 92 150
70 1000 1460 17 25 37 55 80 130
76 1210 1780 14 21 31 47 67 110
82 1400 2075 12 17 27 40 57 93
90 1665 2420 10 15 23 35 49 82
95 1890 2750 9 13 20 30 44 70
100 2155 3150 8 12 18 26 38 61
108 3555 10 15 23 33 54
114 2740 4000 6 9 14 21 30 49
120 4425 12 18 26 42
127 3400 4900 5 8 11 17 24 40
146 6430 12 18 30
152 7100 5 8 11 17 26
178 9650 5 6 8 12 19
203 12490 4 7 9 15
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B.2 Proposed Windmill Data Sheet

Windmill with 3 meters rotor diamater

Piston diameter (m) Stroke (m) Head (m) Capacity (1/h)
Short stroke
0,050 0,100 267 383
0,057 0,100 205 498
0,063 0,100 168 608
0,070 0,100 136 751
0,076 0,100 115 888
0,082 0,100 99 1031
0,090 0,100 82 1245
0,095 0,100 74 1380
0,100 0,100 67 1524
0,108 0,100 57 1791
0,114 0,100 51 2002
0,120 0,100 46 2219
0,127 0,100 41 2490
0,146 0,100 31 3293
0,152 0,100 29 3520
0,178 0,100 21 4861
0,203 0,100 16 6380
Long stroke

0,050 0,200 133 765
0,057 0,200 103 991
0,063 0,200 84 1215
0,070 0,200 68 1501
0,076 0,200 58 1760
0,082 0,200 50 2042
0,090 0,200 41 2490
0,095 0,200 37 2759
0,114 0,200 26 3926
0,120 0,200 23 4438
0,127 0,200 21 4861
0,146 0,200 16 6380
0,152 0,200 14 7292
0,178 0,200 11 9280
0,203 0,200 8 12760
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Technical Drawings
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