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Abstract: Turbines are one of the most important means of
producing clean energy, as they do not cause any negative
emissions affecting the environment. Recently, the need
to design turbines capable of facing strong winds has
appeared because the currently designed turbines must
be cut off in such circumstances. This study aims to find
the best design parameters and investigate the efficiency of
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the jet turbine at high wind speed conditions. SolidWorks
and MatLab are used to design and analyze small jet wind
turbines. The design parameters were chosen to obtain the
best efficiency. The turbine diameter is 0.5 m, and the short
blade length helps withstand the generated stresses due to
strong wind, especially fatigue stress, and resists bending.
Blade pitch angle beta starts from 2° from the vertical axis
at the hub and changes harmonically along the length to
end at an angle of 88° at the blade’s tip to allow air to pass
through and not form a wall. The blade number has chosen
15 blades, corresponding to the Betz limit, to obtain the
maximum power coefficient. As a result, the assigned
power was obtained at a wind speed of 28 m/s. At a lower
wind speed, it will work with acceptable efficiency and
more efficiently at higher speeds. Therefore, this turbine
is suitable to use in such cases.

Keywords: renewable energy, mechanical power, jet wind
turbine parameters, jet wind turbine efficiency

Nomenclatures

9

power coefficient (performance coefficient) for
the turbine
swept area (m?)
wind speed (m/s).
diameter of the wind turbine (m)
vail wind energy converted into mechanical
work (watt)
R, total energy of wind flow (watt)

O < @«

Greek symbols

B pitch angle of the blade (deg.)
Ty number of wind turbine blades
b, section chord at the end of the blade (m)
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Abbreviations

ICE
WT

internal combustion engine
wind turbine

1 Introduction

The energy generated from wind turbines (WTs) consti-
tutes 5% of global energy resources, according to a report
by The World Wind Energy Association; Denmark alone can
cover 43% of its energy consumption with these sources [1].

Clean energy resources require improving generated
power, typically in distant areas where it is considered eco-
nomically unfeasible to extend power supply lines (Amir
and Khan 2021) [2].

Clean natural resources and wind energy have a pre-
dictable increase average (2014-2040) of 4.8% [18].

Generally, most designers prefer large turbines and
design for normal weather conditions. The large rotor dia-
meters allow the WT to sweep more area, capture more
wind, and produce more power [3].

Due to climate changes, some areas will be exposed to
storms and high wind speeds most of the time. In these
cases, the turbines must stop working to insure they are
not damaged (Figure 1).

When the wind speed reaches about 24.587 m/s (88.5 km/h)
(cut-out speed changes depending on turbine design), the WT
is designed to shut off automatically.

Currently, there is little information about designing
storm-flexible systems due to the limited number of deploy-
ments. In modern turbines, when wind speeds exceed the
estimated wind speed, the blades rotate about their axis to
reduce the air resistance and/or reduce their surface area.
Consequently, the resulting power decreases and may reach
zero [4].
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In some models, even though not widespread, the
blades can be locked down to come through sharp storms.
When the storming finishes and the sensors register the
wind speed as less than the turbine cut-out speed, the
blades return to their shape and restart the usual running.
This operation is called feathering the blades.

The blade’s pitch angle beta adjustment is the common
active trend to control output power by changing aerody-
namic force on the rotor blades at high wind speed conditions.

Yaw control ensures the entire turbine’s rotation around
its vertical axis to face the wind and extract the maximum
power. Otherwise, the system will face power-out losses [5].

Small WTs are designed regardless of the optimal wind
conditions that have been taken into account in the design
of large turbines [6].

Therefore, it is used at a low airspeed and a small
turbine size, leading to poor efficiency and low energy
production [7]. As for its use in urban areas, it led to higher
fatigue stresses because of wind speed variation and high
rotational speed [8,9].

Nowadays, finding an optimal design for small tur-
bines is necessary to ensure shorter blades with better
power generation [10].

Therefore, small turbines built to withstand those con-
ditions would be a good alternative to withstand environ-
mental conditions. In addition, they will be easy to install and
maintain, economical, and environmentally friendly. They
could be selected as independent power generation systems
in rural areas and far from city centers (Singh and Gill) [11].

On the other hand, these turbine types can be used on
vehicles with high speed to generate power rather than
depending on internal combustion engines, which require
fuel and cause negative emissions.

Many industrial facilities contribute directly to increased
pollution. Transport accounts for a quarter of greenhouse gas
emissions and a fifth of the energy used in the world. A shift
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Figure 1: Turbine power curve.
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to environmentally friendly, low-carbon transport by mid-
century would save governments, companies, and individuals
a great deal of money. There are more than a billion pas-
senger cars worldwide, and by 2040, there will be at least two
billion. This means that we need to find ways to reduce trans-
port emissions [12].

Many undesirable loads in the vehicles require repla-
cing their driveway and using new ways to reduce fuel
consumption, for example, the A/C compressor.

A modern compressor operation allows the engine to
work with fewer loads than the turbo system performs
(Figure 2). The momentum and compression of the polluted
gases have already been used to drive the turbo propeller
blades, as a result driving the air conditioner compressor via
a magnetic gear (Kumar et al.) [13]. The main feature of this
procedure is that low-power engines can apply without effort
and can guarantee a rising ability. This process ensures the
effective use of waste gas and can decrease fuel squandering.

That research supports using gas turbines as an energy
supply for AC press pistons via computational fluid dynamics.

An important study also used an electric compressor
for an A/C system with some features that were small,
lightweight, and good performance compared to the con-
ventional compressor [14,15]. The disadvantage of this
study was that it takes 42 V electric AC system for specially
designed vehicles [16]. In addition, it still produces unac-
ceptable levels of emissions.

Expansion valve

i N g

. Condensor . Evaporator

. Vapor
compression
' system

Compressor

Engine Magnetic gear

Exhaust

gas Gas turbine

Figure 2: Air compressor turbo.
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Jet WT has chosen to deal with this challenge, and
some important parameters must be defined. In addition,
one of the most important parameters is the blade number,
which gives the maximum power coefficient. Also, the
blade length to resist stresses, blade angle beta to extract
energy from the wind, and its design should be appropriate
so that the turbine does not turn into the wall and pre-
vents wind from passing through. Then, represent them
in SolidWorks to find the total design and its important
properties such as mass, volume, moment of inertia, and
center of gravity; at last, represent the equations related
to MatLab to find the efficiency of the designed turbine.

This study aims to find the optimal design for the jet
WT and its efficiency in generating a mechanical power of
about 1.4 kW (2H) under high wind speeds.

2 Mathematical modeling

2.1 Jet turbine power coefficient

The power produced by the WT primarily does not depend
on the design, where the outer part of the blades is the
effective part [17,21].

Therefore, this study designed the blade angle to start
with 2° from the vertical axis at the hub. Then, it gradually
changes to be at the end of the blade 88° at the tip, as
shown in Figure 3. The power distribution relies on the
distorted blade shape and reaches the maximum value
when the angle at the tip is parallel to the horizontal
axis [18,22].

The available power that obtains from the WT can be
defined in the following equation:

1
P=xpxSxV )

The power generated from the turbine is linked to a
special relationship with wind power, as proved by the
German scientist Betz in 1919:

Piail = By % Cp- 2
From the aforementioned equation, the important

factor in turbines is the turbine power coefficient C,,
which is expressed as:

P .
G =5 3)

Albert Betz has confirmed that the amount of energy

that can be converted into mechanical energy is limited to

a particular amount, which is % (59.3%) of the wind kinetic
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Figure 3: SolidWorks design and parameters of the jet turbine.

energy required to rotate the rotor. On this basis, that ratio
was named after him, Betz limit or Betz law. The power
coefficient is any WT design’s theoretical maximum power
efficiency that cannot exceed 0.59. Moreover, it is defined as:

vl vl 2
o 3 0]

B, 2

Cpmax = 0.59 =

The maximum value of the C, can be reached through
the jet turbine, which is 1.45 times more efficient than an
ordinary WT for a single-rotor jet WT [19].

The following equation is to find the maximum C, by
neglecting friction:

Comax = (—0.10962 + 0.185146% + 0.4283)-0.825.  (5)

The jet WT equations depend on the number of the WT
blades, the section chord at the end of the blade, and the
diameter of the WT.

(6)
D

e
where 7, is the number of WT blades; b, is the section chord
at the end of the blade, m; and D is the diameter of the WT,
m [20].

wes - ©

2.2 Initial parameters of the jet WT

In the SolidWorks package, where the model is built of
aluminium, the mass characteristics were employed by
WT to compute the jet turbine's moment of inertia. The
research used 15 blades. The angle of each blade starts
from 2° from the vertical axis at the hub and then changes
harmonically along the length to end at an angle of 88° at
the tip. The diameter of the turbine is 0.5 m, the length of
each blade is 0.22 m, and the thickness is 0.04 m. The initial
parameters of the WT are shown in Figure 3.

Density = 2710 kg/m3; mass = 1394.37g (1.39437 kg);
volume = 514526.53 mm?® (0.00051452653 m®); surface area
= 211750.86 mm? (0.21175 m?; center of mass: (mm) X = 7.92
(0.00792 m); Y = 0.00; Z = 0.00.

Ixx = 1841874530 (0.0184187453 kg/m?), Iyy = 9686636.24
(0.00968663624 kg/m?), 1zz = 9686559.14 (0.00968655914 kg/m?).

2.3 Assumptions to modeling the jet turbine

There is some assumption to start modeling the turbine in
ideal conditions:
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1. Consider that the blades are similar and homogenous
and have the same moment of inertia and the same
parameters;

2. The friction coefficient for the air is zero;

3. Wind speed is homogenous when it hits the turbine
blade area.

3 Results and discussion

Using renewable energy to reduce the negative effect of
fossil fuel and its exhausted gases is important to save
the planet; WT is one of the most common forms of energy
to replace fuel. Therefore, this research used a jet type of
WT to obtain the maximum efficiency power from the
wind. The SolidWorks design relied on the beta angle gra-
dient, which starts from 2° with the vertical axis near the
axis of rotation and increases with the increase in the
blade length to reach 88° at the blade tip. This design
allows air to pass through the blades during high-speed
operation, and the turbine does not turn into a wall in
front of the wind. Although the angle of 2° will give less
efficiency, it will make the turbine rotate continuously for
the availability of pressure difference and channels for air
movements. At the same time, the degree 88° is perfect for
obtaining the maximum power efficiency applied at the
blade’s tip.

The diameter of the turbines is about 50 cm, and the
length of the blades is short, not exceeding 22 cm for each
blade, so that it can resist the force of the wind attacks and
bear the internal stresses as a result of the wind, especially
the fatigue stress, and also resist bending stress.

According to the limits of Betz, the percentage of
benefit from wind energy does not exceed 59% when
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neglecting energy losses due to friction and others. On
this basis, the number of blades that fulfill this condition
was chosen by applying equations (5) and (6) so that the
optimal number of blades is chosen 15 blades, as shown in
Figure 5.

Aluminum was used for its good mechanical proper-
ties. In addition to its lightweight, its hardness is good
compared to plastic. In addition, it is cheap compared to
other materials.

To analyze data from the equations, the high-perfor-
mance computing platform MatLab has been used, pre-
senting all related equations in the program as shown in
Figure 4.

The maximum value of the power coefficient Cypax
depends on the turbine diameter and the number of
blades. In this case, Cymax = 0.56 when the turbine dia-
meter is fixed through time, as illustrated in Figure 5.

This is the right percentage of the power coefficient
because it is still in the range of the Bitz limit. The next
main factor that is important to find the turbine power is
the wind speed that attacks the blades to extract energy
from them. During wind speed change, the good value of
the speed lies between 20 m/s (72 km/h) and 30 m/s (108 km/h)
(Figure 6).

This study assumed that the air density is a constant
value equal to 1.2 kg/m* and the wind speed is homogenous
when it hits the turbine blade area. The turbine power
obtained from these wind speeds is around the required
power to drive the required device, as shown in Figure 7.

The device efficiency assumed 1,460 watts as the ideal
condition, which can be obtained when the wind speed is
near 28 m/s (100 km/h) for the ideal operation, as shown in
Figure 8.

These are the optimal turbine power and wind speed
values for the designated device. However, the device can

l

05 b (1500341

(-0.109"(1)"2+0.18514"u(1)2+0.4283)'0.825

pmax_Scope

a

h 4

051 o' Su(2)3
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Turbine Power ~ TorbinePower Scope

]

WindSpeed

Figure 4: Representing and finding the power coefficient and turbine power by MatLab.
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Figure 5: Maximum value of power coefficient for the turbine model.
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Figure 6: Second factor in finding turbine power is wind speed.
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work efficiently at lower wind speeds and lower power
from the turbine, while the higher wind speed will give
higher turbine power and efficiency.

4 Conclusion

The jet WT is one of the most promising forms of renew-
able energy. Its importance lies for several reasons. First, it
is usable at high wind speed conditions, where the effect of
stresses on the blades will be less than that on large turbine
blades. Second, the production, maintenance, or replace-
ment cost will be lower than other types of turbines. The
blade design plays a major role in obtaining the maximum
power at high wind speed, where this study aims to find
the best design parameters and efficiency. The optimal
design for this type depends on the gradient with a pitch
angle beta from 2 to 88° at the tip that allows air to pass
through the turbines and does not lead to making the tur-
bines like a wall facing the wind.

The design of the turbine is completely based on
the Betz limit, so blade number 15 blades were chosen,
allowing the turbine to extract 0.56 of the wind energy
while neglecting other energy losses. Therefore, the max-
imum power coefficient Cymax could be obtained in the
right range.

As a result, when the wind speed is between 20 m/s
(72km/h) and 30 m/s (108 km/h), the jet turbine produces
about 550-1,800 watts. The generated mechanical power is
directly proportional to the wind speed that attacks the turbine
blades; this power is enough to rotate the appointed device.
The optimal power required for the device is 1,460 watts (2H),
which the jet turbine can reach at a wind speed of 28 m/s
(100 km/h) to obtain optimal system efficiency. The system
could work with low performance at a lower wind speed
that attacks the jet turbine (lower than 28 m/s). However, a
wind speed higher than 28 m/s gives better jet turbine perfor-
mance. So, using small-diameter jet WTs at high-speed wind
conditions is suitable to meet specific requirements.

Funding information: The authors state no funding
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Conflict of interest: The authors state no conflict of interest.

Data availability statement: Most datasets generated and
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