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Development of a portable small wind i

turbine for integration into a mobile cooling
technology
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Abstract

In this study, a small wind turbine prototype was developed to provide electric power for a mobile cooling unit The
aim of this study was to design and develop a 600-W small wind turbine that can generate electric energy to power

a mobile cooling unit used for the storage of fruits and vegetables, mainly for the benefit of smallholder farm-

ers. Smallholder farmers suffer from high postharvest losses, approximated at 50%, some of which can be avoided

by using efficient low-cost cooling units, rather than open transport. Cooling slows down the metabolic rate which
consequently extends the produce’s shelf life and prevents spoilage, allowing farmers to provide high-quality
produce to the market. This could potentially increase the farmers'monetary returns. The study was conducted

in KwaZulu-Natal on the road that stretches between Pietermaritzburg and Estcourt. The wind turbine is made

of a 600-mm-diameter rotor with three PVC blades, a permanent magnet synchronous generator, a bridge recti-
fier,a 230-V AC inverter and a battery for energy storage. The wind turbine was tested against three vehicle speeds

of 60, 80, and 100 km h™', and the two opening levels, level 1 at 45° and level 2 at 80° relative to the louvre mecha-
nism frame. The results of this study revealed that the power generated by the wind turbine is greatly influenced
(p<0.001) by both the vehicle travelling speed and louvre opening level. The power output of 1134, 159.6 and 210.0
W per hour was observed for the vehicle speeds of 60, 80 and 100 km h™', respectively, on louvre opening level 1. The
power output of 1428 W h™', 2688 W h™' and 294.0 W h~" were observed for a wind speed of 60 km h™', 80 km h™",
and 100 km h™", respectively, on Louvre opening level 2. This shows that higher wind speeds (vehicle speeds) produce
high-power output which accounts for the small size of the wind turbine rotor. A maximum power coefficient of 0.49
was achieved for this study. The wind turbine can generate the power required to run a cooling technology to a lim-
ited extent, thus must have a backup power supply from the diesel engine or be used in a hybrid system.

Keywords Small wind turbine, Wind energy, Horizontal axis wind turbine, PVC blades, Postharvest losses, Mobile
cooling unit, Smallholder farmers

Introduction

Smallholder farmers experience high postharvest losses
(PHLs) along the supply chain. These are estimated
around 50% of the total fresh produce harvested and 23%
of these losses are credited to the transportation period
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open transport is susceptible to unfavourable and uncon-
trolled ambient conditions that can negatively affect the
FVs (Sibanda & Workneh, 2020a, 2020b). Exposure of
FVs to high temperatures accelerates the ripening pro-
cess which are then easily prone to spoilage (Cherono &
Workneh, 2020). This exposure may not have an immedi-
ate effect during transportation, but it plays a direct role
in the rapid decay of the FV in the supply chain (Mansuri
et al.,, 2016). As a result of these PHLs, farmers make a
limited profit on the revenue generated from the produce
sold while some make a loss (Elik et al., 2019; Murthy
et al., 2009).

Refrigerated trucks or reefer units exist which can store
and transport the fruits and vegetables at optimum tem-
peratures. Since different fresh produce are sensitive to
certain temperature ranges, it is important to know the
specific temperature range at which the produce variety is
stored at in order to avoid it spoiling due to low freezing
temperatures which affect their quality (Dew et al., 2014).
Cooling offers a conventional way to extend the lifespan
of FV (Sibanda & Workneh, 2020a, 2020b). Refrigerated
trucks are powered by diesel fuel to run their refrigera-
tion units, but these are cost-intensive and harmful to
the environment (Sibanda & Workneh, 2020b). One of
the attempts to reduce costs associated with the pur-
chase or hire of refrigeration units is to reduce the run-
ning costs for fuel which adopts the use of an alternative,
free, replenishable energy source. Power generation from
renewable energy sources has gained momentum glob-
ally since the use of fossil fuels has become less appealing
to the public due to its detrimental effects on the atmos-
phere, such as extreme, unpredictable climate change
(Panja & Ganguly, 2019). The transition from fossil fuels
to renewable energy sources is also driven by the debili-
tating availability of fossil fuels (Ozgener, 2006).

The truck transportation sector, in general, has also
started the intervention to look for alternative low-cost,
non-destructive energy sources to drive and power its
systems at large. In an attempt to intervene in the energy
crisis, some refrigerated trucks or reefer units have
adopted the hybrid system of fossil fuel and solar panels
as their energy source, while others use biogas. Whereas
in the past solar panels were viewed as unattractive due
to their high costs versus low diesel pricing, the situation
has changed and solar panel pricing has been reduced
to reasonable and affordable prices, which now makes it
a viable option as a renewable energy source (Elik et al.,
2019). Since then, the drop in the price of solar panels has
been estimated to be more than 80% of the initial mar-
ket price some couple of years ago. Rossetti et al. (2022)
conducted a study on the implementation of a solar-
aided refrigeration unit as a solution to carbon emission
which influence climate change as well as the declining
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availability of fossil fuels. The study achieved good
results with the solar panel system being able to provide
65—112% of the energy consumed by the refrigeration
unit depending on the time of the day. As of 2022, South
Africa’s Shoprite group was reported to have 1041 trailers
with solar-powered refrigeration units amongst its fleet
(Kuhudzai, 2022).

Though refrigerated trucks or reefer units are a well-
developed mobile cooling technology, they are still out
of reach for small-scale farmers because they are costly
and most smallholder farmers stay in remote rural areas
which are far away from where they can easily access this
type of technology for hire (Elik et al., 2019; Louw & Jor-
daan, 2016). Thus, the need for interference with regard
to energy supply, other than solar energy. Second to solar
energy, wind energy is one of the fastest growing renew-
able energy (Akbari et al., 2022). This is because wind
energy is an abundant energy source with reasonable
investment costs (Hirahara et al., 2005).

Studies have shown that all mobile reefer units require
high-energy input (Telle et al., 2022; Van Duin et al,
2018). For vehicles, wind energy is one of the feasible
options for electrical power generation and supply since
moving vehicles give rise or create high wind speeds
when the vehicle is in motion (Hossain, 2020). Generally,
because large wind turbines have larger rotor areas and
a gearbox, they can operate at low wind speeds (Muhsen
et al., 2019; Ozgener, 2006). In the case of vehicles where
there is limited space that the wind turbine can occupy,
the rotor diameter is also limited, therefore the wind
speed has to be optimised as much as possible to obtain
the required power output.

Small wind turbines can be defined as turbines which
can produce less than 50 kW of power associated with a
rotor diameter of 8 m or less (Evans et al., 2018; Wood,
2011). The wind turbine captures the wind energy using
the rotor blades (Shoaib et al., 2019. The rotation of the
rotor causes the mechanical movement of the generator
shaft which feeds the electrical generator and produces
electrical energy (Chong et al, 2021). The electrical
generator outputs is in the form of alternating current
(AC) power which is converted into direct current (DC)
power by the rectifier so that it can be stored in a battery
(Shoaib et al., 2019). Since most appliances and equip-
ment use AC power, an inverter is then used to convert
power from DC to AC (Chong et al., 2021).

For the design of the rotor blade, It is important to
take note of the material used to make the blades of the
wind turbine since it affects the overall power output and
efficiency of the system (Garmode et al., 2022). An ideal
material for wind turbine blades is a material that is light-
weight, resistant to heat or solar radiation exposure and
has high tensile strength. Usually, glass and carbon fibre
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materials are used to make the rotor blades, but these are
expensive and raise the costs of a wind turbine in addi-
tion to the electrical generator costs (Garmode et al,
2022). In order to lower the costs of the wind turbine, an
alternative material was found, polyvinyl chloride (PVC)
pipe. A common PVC pipe used for water systems can be
used as a material for wind turbine blades when cut to
the right shape (Wahyudi et al., 2022). PVC pipe material
is a relatively cheap, lightweight and durable material to
use for small wind turbines even though its performance
is less than that of conventional blade materials such as
epoxy, polyester, carbon and glass fibre-reinforced poly-
mer (Ceruti, 2019; Garmode et al., 2022).

With regard to generators used in wind turbines, recent
studies show that the focus of electrical generators has
shifted from fixed wind speed generators to adopting
variable wind speed generators (Bracco & Razzetti, 2022;
Chong et al.,, 2021). This is of great advantage since the
apparent wind speed varies greatly and this signifies
that power can be harnessed at different wind speeds
and there will be a continuous power supply at all wind
speeds. The doubly fed induction generator (DFIG) and
permanent magnet synchronous generator (PMSG) are
some of the most known and used variable wind speed
electrical generators (Chong et al, 2021; Saidi et al.,
2018). Unlike the DFIG, the PMSG is a direct drive gen-
erator, which eliminates the need for a gearbox for small
wind turbines (Zhang et al., 2021). The PMSG outputs a
three-phase alternating current (Zhang et al., 2021). Lit-
erature reveals no evidence of small wind turbines being
used to harness wind energy to act as a power supply for
trucks or any mobile cooling technologies while in tran-
sit. Even though research on small wind turbines being
implemented on small vehicles to replace combustion
engines is drawing great attention, no research is present
on cooling technologies using wind turbines. The aim of
this study is to design and develop a small wind turbine
to power an evaporative cooler unit during the transpor-
tation of fruit and vegetables in KwaZulu-Natal.

The subject for this study is an evaporative cooler unit
at Ukulinga research farm at the University of KwaZulu-
Natal which serves as a guide for the amount of electri-
cal energy that one needs to design for. The small wind
turbine is designed to provide power to run this evapora-
tive cooler. Sibanda and Workneh (2020a) designed and
developed an evaporative cooler for smallholder farmers.
This unit requires less energy input than that required by
refrigerated units. For the purpose of research and pow-
ering a basic evaporative cooling system, only the water
pump used for water circulation, the suction fans used
to draw hot ambient air in from outside and another to
pull cooled air inside the storage chamber, and lights
were accounted for. In total, this cooling unit consumes
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approximately 503 W of energy per hour excluding the
heat exchanger which is an enhancement for more cool-
ing effect. The evaporative cooler also has a relatively
low initial capital investment than other cooling tech-
nologies which makes it a simple and affordable cooling
technology for smallholder farmers. Thus, the purpose
of this study is to design, construct, test and evaluate the
performance of a 600 W small wind turbine prototype,
designed to power a mobile evaporative cooler unit.

Analysis of the prototype design

The study was conducted at the University of KwaZulu-
Natal (UKZN), Pietermaritzburg (PMB) Life Sciences
campus, KwaZulu-Natal, South Africa. PMB has a mini-
mum wind speed of 0.30 km h~! in the month of April,
a maximum wind speed of 26.60 km h™! in the month
of October and an average wind speed of 8.12 km h™*
throughout the year. The wind turbine experimentation
was conducted at Ukulinga Research Farm and on the
road between PMB and Estcourt with the wind turbine
mounted on a bakkie travelling at vehicle speed ranging
between 60 and 100 km h™*,

Description of the small wind turbine

The small wind turbine design consists of the following
main components: (a) a permanent magnet synchronous
generator (PMSG), (b) a rotor, (c) a bridge rectifier, (d) a
power inverter, (e) a lead-acid battery, (f) a supporting
tower, (g) an outer protective casing, and (h) a movable
louvre mechanism (Fig. 1). Figure 1 shows the overall
wind turbine design with a protective casing, and then
the components of the wind turbine are labelled in Fig. 2.
The yaw or furling mechanism is excluded in this wind
turbine design since the airflow for a vehicle in motion
travels in one direction, and there is no need for the rota-
tion of the rotor to harness wind energy. The rotor of
the wind turbine remains in a fixed position throughout
its operation. The protective casing as shown in Fig. 2
is an 800X 800X 500 mm square angle steel box with an
adjustable pine wood louvre mechanism for airflow con-
trol at the front and no coverage at the back. The louvre
mechanism, at the front of the protective casing is used
to reduce or increase incoming wind speed as required. A
three-layer vanishing coat was used to protect the wood
against swelling as a result of water infiltration.

The wind turbine design consists of a 600-mm rotor
with three 275-mm-long blades made of PVC pipe
material connected by a 15X50 mm steel metal both
welded and bolted to a 60-mm-diameter circular steel
metal. Due to limited space at the top of a bakkie and
the general small size of farmers’ bakkie, the rotor
diameter was limited to 600 mm. Although the rotor
size is small, the blades were optimised and designed to
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Fig. 2 Annotated small wind turbine design

Table 1 Chord length for different sections of the PVC pipe
blade length

Section no r (m) c(m)

1 0.05 0.1440
2 0.1 0.1017
3 0.15 0.0738
4 0.2 0.0573
5 0.25 0.0465
6 0.275 0.0390

account for the small rotor size, with the anticipation
that the high wind speed would make up for the small
size of the rotor. The PVC blades used were heated, flat-
tened and shaped on one side at an angle of 7° to be
receptive to the incoming wind. Table 1 documents the
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] — Louvre mechanism

Rotor

Hub
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chord lengths for each section of the PVC pipe blades
as computed via the blade element momentum (BEM)
theory. The PVC blades are lightweight and can with-
stand potential heat deformation from solar radiation
on their own in addition to being shielded by the pro-
tective outer structure. The rotor is coupled directly to
the PMSG via a small stainless-steel shaft of the elec-
tric generator. The wind blows on the louvre mecha-
nism, which can lower the wind speed to a tolerable
wind speed range of choice. The louvre mechanism has
two opening levels. Opening levels 1 and 2 have their
slats positioned at 45° and 80° angles, respectively, rela-
tive to the main support of the louvre mechanism. Iso-
lated tests were conducted on the louvre mechanism
to assess the change of wind speed at different open-
ing angles, from 0 to 90° using the vacuum blower.
The results showed that between 0-40° and 45-85°,
there were no significant differences in the wind speed
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reading. Thus settling for the chosen angles. At an angle
greater than 90°, which is at a right angle to the frame
of the louvre mechanism, the slats become a barrier and
intercept the incoming wind. When the wind hits the
rotor, it causes the mechanical rotation of the blades
and, consequently, the coupled generator shaft (Fig. 3).

Figure 4 shows the wind turbine rotor and hub design.
The PMSG then converts the mechanical energy into a
three-phase alternating current (AC) electrical power.
The three-phase AC power is then converted into
direct current (DC) power through the bridge rectifier.
This power is stored and utilised through the battery.
The power inverter is used to convert DC to AC power
after the battery and most importantly step-up the volt-
age from 12 to 230 V that can be utilised by evapora-
tive cooling system (ECS) unit electric components.
The rectifier and power inverter are connected via the
battery terminals. A 12 V 105 Ah lead-acid battery
was used to store and supply power for the evapora-
tive cooler unit. Figure 5 shows the overall wind energy
conversion system of the small wind turbine from wind
to electrical energy. Figures 6 and 7 show the design of
a portable evaporative cooler unit powered by a small
wind turbine that can be loaded on the back of a bakkie
or made into a trailer.

The aerodynamic wind power output equation was
the main equation used to analyse the power output of
the wind turbine generator as given by Eq. (1) (Schubel
and Crossley, 2012; Bisoyi et al., 2013). This being the
principal equation which suggests that the wind speed,
with a fixed rotor diameter, can be manipulated to pro-
duce more power output, which is what this study seeks
to explore. Equation (1) along with the blade element

Blade-hub

connection

Fig. 4 Wind turbine blades made of PVC material with a magnified hub design
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Fig. 5 Energy conversion system of the small wind turbine
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(a)

Fig. 6 alsometric view and b the inside of the designed portable evaporative cooler unit powered by a small wind turbine

momentum (BEM) theory and QBlade simulation were
used to do the necessary computations:

1
Pr = _Cp(4, B)pAV?, (1)

where P stands for the aerodynamic power output (W),
C, is the power coefficient, 4 is the tip speed ratio, B is the
pitch angle (°), p is the air density (kg m™3), A is the swept
area (m?), and V; is the undisturbed windspeed (m s™).

Wind turbine

(b)

Equation (2) was used to compute the chord lengths of
the SWT blades:

lézr . (1 _;( R
c= sin”“| —tan — ], (2)
B(Cp)p 3 rAD
where ¢ is the chord length, r is the radial distance
from the hub to the blade element (m), B is the number

of blades, R is the radius of the rotor/blade length (m),
(Cp)p is the design lift coefficient, and Ap is the design
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Fig. 7 Side view of an ECS unit powered by a wind turbine mounted on a bakkie

tip speed ratio of the chord lengths presented in Table 1
are three times the original chord lengths computed from
the BEM theory. QBlade was used to simulate and opti-
mise the blade design. From QBlade it was observed that
the original chord lengths did not generate the desired
power outputs. Different chord lengths were tested and
it was observed that at 3 X of the original chord lengths,
the desired power output was observed. The twist angles
were generated by QBlade. Figure 3 shows the rotor blade
design developed by QBlade with dimensioned chord
lengths for each blade sector. The rest of the equations
on the BEM theory used to compute the other design
parameters (axial and tangential induction factors, inflow
angle, normal and tangential loads coefficient, angle of
attack, power coefficient) and the chord length are pre-
sented in the book chapter by Mthethwa et al. (2023),
while the data on the design and optimisation of the blade
by QBlade and Simulink are presented by Mthethwa et al.
(2022).

Whilst the total power requirement of the evaporative
cooling system was 503 W, an additional 15% (75.45 W)
of power was accounted for in the case of power losses
through the wires, rectifier and so on. The BEM the-
ory was used to design the blades in detail. Therefore,
the total power requirement of the system is 600 W.
Although the ideal generator rotational speed computed
using the BEM theory was around 3200 rev min~!, the
highest rotational speed generator that was found at
a reasonable price in the market was 600 rpm, with the

same power output of 600 W. In order to accommodate
for any shortages that may arise during travel, a battery
that can accommodate a two-hour travel without refilling
(Equation (3):

Ptot = PA X t
=600 x 2 3)
= 1200 Wh,

where P, is the total power of the battery (Wh), P, is
the aerodynamic power output (W), and ¢ is the travel
duration (h). Ohm’s law equation was used to deter-
mine the current rating needed to size the battery to give
the required power storage as presented by Eq. (4). The
required current rating of the battery was computed at
100 Ah:

PtOt =VxI
1200 = 12 x I (4)
I =100 Ah.

Experimental design of the wind turbine

The wind turbine experimental design was performed
for two opening levels of the louvre mechanism and
three vehicle travelling speeds as shown in Fig. 8. The
purpose of this design was to explore and investigate the
amount of power generated by the wind turbine at dif-
ferent apparent wind speeds and louvre opening levels.
This is because different wind speeds generate different
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Fig. 8 Experimental design to determine the accumulated power output of a wind turbine

power outputs and sometimes the incoming wind speed
on the road can be harsh and high for the operation of
the rotor and therefore the need to adjust the wind speed
to the optimum wind speed range via the louvre mecha-
nism. Thus, the need to test for different wind speeds and
louvre opening levels. The BEM theory, QBlade and Mat-
lab Simulink simulations were used to design the blades
and overall wind turbine design. The testing was done for
three weeks with three replications. For testing purposes,
the wind turbine was mounted on the vehicle through a
steel support stand as shown in Fig. 9.

The independent variable in this study was the wind
speed, and the dependent variable was the power output.
The pitch angle, rotor diameter, air density and TSR are
the fixed variables. Since the incoming wind in a moving
vehicle is in one direction and for simplicity of the design,
the pitch angle is fixed at 7°, while the angle of attack may
vary a bit depending on the inflow angle. The power coef-
ficient and power output from the wind turbine were
used to assess the performance of the wind turbine. Fig-
ure 9 shows the small wind turbine prototype mounted
on a bakkie for testing purposes. Tables 2, 3 and 4 show
the generator specifications, the rotor specifications, and
the technical specifications of the wind turbine.

Determination of the wind speed

The formula used to compute the apparent wind speed
generated by a moving vehicle and experienced by a sta-
tionary object on the road is represented by Eq. (5):

A=\VW2+V212WVcosa, (5)

where A is the apparent wind speed (m s™?), Vis the vehi-
cle speed (m s™!), W is the true wind velocity and is the
pointing angle (°) (upwind=0 ° and downwind =180 °).

Determination of the power output

The voltage and current of the wind turbine were meas-
ured via a multi-meter at the battery terminals. The
power output is then determined through the voltage
and charge capacity of the lead—acid battery as shown in

Eq. (6):
Py = CC x E, (6)

where P, is the accumulated/ aerodynamic power (Wh),
CC is the capacity charge (%), and E is the electrical
energy of the battery (Wh).

Determination of the power coefficient

The power coefficient was determined from the accu-
mulated power obtained from the wind turbine testing.
The rated power output of the wind turbine and the
power coefficient were then used to assess the perfor-
mance of the wind turbine as shown in Eq. (7):

Py
Cp = by’ (7)

where Cp is the power coefficient, P, is the accumulated/
aerodynamic power (Wh), and Pr is the total power rat-
ing of the wind turbine (Wh).

Data collection and analysis

The wind speed data were collected using an anemom-
eter while the DC voltage was measured through the
battery after the rectifier. GenStat software was used for
the statistical analysis of the data with a 95% confidence
level. The graphs used for the analysis of the results
were generated by Microsoft Office Excel spreadsheet
(2016). Data on the incoming wind speed at different
louvre opening levels and the voltage increase in the
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Fig. 9 Small wind turbine prototype mounted on a bakkie

battery due to the wind turbine were observed. The
voltage was then used to calculate the power generated
by the wind turbine through capacity charge estima-
tion. The testing was done over three weeks with three
replications.

Results and discussion

Incoming wind speed determination

Wind speed is a fundamental parameter in the operation
of a wind turbine. In this study, the operating wind speed
is the apparent wind speed generated by a moving vehicle
which is influenced by the daily wind speed and vehicle
travelling speed. Therefore, it is important to establish

the relationship between the daily wind speed, the vehi-
cle speed and the apparent incoming wind speed. Direct
wind speed measurements were made and validated
against theoretical wind speed calculations.

The direct wind speed measurement data were
recorded based on the incoming airflow on the road
at three different travelling vehicle speeds: 60, 80 and
100 km.h™!. The collected wind speed serves as the
undisturbed wind speed from which the wind energy
is harnessed. The apparent wind speed data are pre-
sented in Table 5. The apparent wind speed varies along
the road for a constant vehicle travelling speed. Thus, a
range of values is presented instead of a single value for
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Table 6 Theoretic apparent wind speed

Parameter Value Units
Rated power 600 W
Max power 636 W
Rated voltage 12 \
Rated current AC -
Rated rotational speed 600 rev min~!
Top net weight 9.0 kg
Generator type Three-phase permanent mag- -

net synchronous generator
Shaft material Stainless steel -
Shell material Castiron -
Protective grade IP54 -
Working temperature —40-+80 °C
Table 3 Rotor specifications
Parameter Value Units
Rotor diameter 0.6 M
Blade length 0.275 M
Hub 60 M
Pitch angle 7 °
Design wind speed 16.8 Ms™!
Tip speed ratio (TSR) 6 -
Table 4 Technical specification of the turbine
Parameter Value Units
Nominal power output 600 W
Start-up wind speed 4 ms™'
Rated wind speed 175 ms!
Survival wind speed 33 ms™!
Rotor diameter 06 M
Rotor rotational speed 600 rev min~'
No. of blades 3 -
Generator type 3-phase permanent magnet

synchronous generator
Transmission Gearless direct drive
Output type 230 VAC \%

Table 5 Wind speed data collection from a moving vehicle at

different vehicle travelling speeds

Wind Vehicle travelling  Vehicle travelling Undisturbed/
speed speed (kmh™) speed (ms™) apparent wind
(ms™) speed (ms™")
0.8 60 16.67 12-14

0.8 80 22.22 18-27

0.8 100 27.78 24-29

Vehicle travelling speed  Vehicle travelling speed Apparent

(kmh™) (ms™) wind speed
(ms™)

60 16.667 18611

80 22.222 24.166

100 27.778 29.722

each vehicle’s travelling speed. The apparent wind speed
ranges between 12 and 14 m s™' for a vehicle speed of
60 km h™1, 18-27 m s~ for a vehicle speed of 80 km h™*
and 24-29 m s~! for a vehicle speed of 100 km h7™.
According to these findings, the apparent wind speed is
directly and closely dependent on the vehicle’s travelling
speed although it is not exact. This may be due to wind
fluctuations associated with the change in topography
and terrain which act as obstructions along the road. A
downward slope will cause an increase in airflow down-
hill while going uphill will reduce the airflow. The airflow
is high in low-lying terrains and elevated regions while it
is low in high-rising terrains and depressed regions. This
wind speed data collection was carried out in Pieterma-
ritzburg which is characterised as an in-land region of
the KwaZulu-Natal province. Therefore, provided that
the data were collected in low-lying terrains it is inclined
to record high wind speeds as the daily wind speed for
that region is already high. Given the high wind speeds
experienced by a moving vehicle, there is a need for a
system to control the airflow fed into the wind turbine,
provided that the wind turbine generally has a cut-out
wind speed of 25 m s™'. These results were comparable
to the wind speed data collected by Gururaj and Vasudha
(2019) for a moving vehicle over five days. Gururaj and
Vasudha (2019) reported an average apparent wind speed
of 15.19 m s~! for a vehicle speed of 60 km h™! and an
apparent wind speed of 21.74 m s~! for a vehicle speed of
80 km h™! which falls within the range of apparent wind
speed specified in Table 5.

For theoretical calculations, the undisturbed wind
speed was determined using the apparent wind speed
equation, which is dependent on the daily airspeed, vehi-
cle travelling speed and the true pointing angle. Table 6
shows the computed wind speed at different vehicle
travelling speeds and an air speed which is assumed to
remain constant at 1.944 m s~

The outcomes from both the direct wind speed meas-
urements and theoretical wind speed calculations are in
agreement and this indicates that either method can be
used to attain the apparent/undisturbed wind speed. In
this study, the incoming wind speed is used in conjunc-
tion with the vehicle speed since the apparent wind speed
is highly influenced by the vehicle speed. For this study
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Table 7 External and internal wind speeds at different louvre
opening levels

Louvre opening level External wind speed  Internal wind

(ms™) speed (ms™)

0 (closed) 7.2-14.2 0.2-0.3
15.0-26.5 0.2-03
27.0-35.1 0.2-03

1 72-14.2 29-94
15.0-26.5 13.9-19.9
27.0-35.1 17.5-27.0

2 (fully open) 7.2-14.2 6.5-11.3
15.0-26.5 144-259
27.0-35.1 21.5-35.1

which is based on transportation, it is easy to relate the
incoming wind speed to vehicle speed and therefore the
incoming wind speed that is fed into the wind turbine is
represented by the vehicle travelling speed.

Table 7 presents the external and internal wind speed
at three louvre opening levels including the close louvre
setting. These opening levels of the louvre mechanism
were determined with the help of a vacuum blower to
calibrate the internal wind speed simulating the exter-
nal wind speeds that are fed into the wind turbine rotor.
This was done to assist control the incoming wind speed
and ensure that the turbine blades did not break due to
high wind speeds. At opening level 0, the internal wind
speed recorded was 0.2-0.3 m s~ for every wind speed
range. This is because the louvre slats were shut and did
not permit airflow, which is good in the case when the
wind turbine is not required to generate power because
the battery is full or for any other reason. The highest
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internal wind speed obtained at opening level 1 ranged
between 17.5 and 27.0 m s ! from an external wind speed
range of 27.0-35.1 m s’ On average it was found that
the louvre mechanism can reduce the external wind
speed by 5 m s™! to obtain the required internal wind
speed, that is when operating at opening level 1. At the
2nd opening level, the highest recorded internal wind
speed was 21.5-35.1 m s™! from an external wind speed
0f 27.0-35.1 m s~ 1. Opening level 2 can obtain an average
reduction of wind speed by 2.4 m s™. This means there
is less airflow reduction in terms of wind speed at open-
ing level 1. Opening level 2 is great when there is a need
to drastically reduce the incoming wind speed and open-
ing level 2 is good for a minor reduction of the incoming
wind speed.

Power output of the wind turbine

Figure 10 shows the power output at different vehicle
speeds. From the graph it can be seen that vehicle speed
has a significant effect or impact (» <0.001) on the power
output of the wind turbine. The average power output
ranged from 71.4, 105 to 129.4 W for a vehicle speed of
60. 80 and 100 km h~}, respectively, averaged for both
louvre opening levels 1 and 2. The low averages pre-
sented are due to low readings of power produced when
the wind turbine was operating at louvre opening level
1. The authors observed that the power output values
obtained from the vehicle speeds of 80 and 100 km h™!
are close in terms of magnitude. This proves that high
wind speed accounts for the low swept area (0.283 m?)
of the wind turbine rotor to produce more power output.
The wide range of the incoming wind speed values that
affect the wind turbine energy generation is represented

Accumulated power over one hour for different vehicle speeds
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by the vehicle travelling speed since the apparent wind
speed harnessed and used for power generation is highly
dependent on the travelling speed.

The cut-in wind speed was observed at 4 m s™! while
the rated wind speed was observed at 17.5 m s~ 1. No cut-
out wind speed was observed although the highest wind
speed observed was at 33 m s™!. These observations are
comparable to the study done by Barroso Montes (2011)
who observed a cut-in and cut-out wind speed of 5 and
25 m s}, respectively, and Hirahara et al. (2005) who
observed a cut-in wind speed of 3.6 m s7!, a rated wind
speed of 12 m s~! and a survival wind speed of 45 m s™*.
Also, the findings of this study are relatable to the results
found by Salih et al. (2012) who observed a cut-in wind
speed of 4 m s, a rated wind speed of 12 m s and a
cut-out wind speed of 25 m s, No damage was observed
on the overall wind turbine and the blades even though
the wind turbine also operated at high wind speeds of
more than 25 m s~! which is the common cut-out wind
speed value for most research studies.

Figure 11 shows the effect of controlling the air-
flow that is fed into the wind turbine through the lou-
vre mechanism. The average power output is 73.9 and
129.9 W for louvre opening levels 1 and 2, respectively.
This clearly shows that the opening level of the louvre
mechanism has a significant effect (»<0.001) on the
amount of power generated by the wind turbine. The
power output achieved from this study using different
wind speeds is far greater than depicted in this graph.
This is because each of these values is an average for all
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vehicle travelling speeds. The airflow in this case did
not require interference because high wind speeds were
required to generate high-power output. Although still,
the louvre mechanism design can be helpful in extreme
wind conditions to control the incoming wind speed as
well as protect the rotor and generator. Ultimately, this
mechanism will enable the wind turbine to operate and
generate electrical energy in strong wind conditions.
No loud and intolerable noise was perceived during the
testing that could be an inconvenience to other drivers
on the road.

Figure 12 shows the accumulated power observed at
different durations for an hour. It can be seen that the
accumulated power is directly related to time. There is a
definite increase in the accumulated power output with
growing time (p <0.001) although this can be affected
by the change in topography and terrains as previously
discussed in section Incoming wind speed determina-
tion. This simply shows that the amount of power gen-
erated by the wind turbine continuously increases with
time as it accumulates.

Figure 13 depicts the accumulated power output sub-
jected to different louvre opening levels and vehicle trav-
elling speeds. The accumulated power of 113.4, 159.6
and 210.0 W per hour were observed for 60, 80 and
100 km h™, respectively, on louvre opening level 1. On
louvre opening level 2, the power output observed in an
hour was 142.8, 268.8 and 294.0 W for a wind speed of
60, 80, and 100 km h™), respectively. The graph on display
shows that the vehicle speed of 100 km h™! achieves a

Accumulated power for different louvre opening levels
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Fig. 13 Accumulated power over time for different vehicle speeds and louvre opening level of the wind turbine

high-power output compared to the other vehicle speeds
of 60 and 80 km h™'. An increase in vehicle speed implies
an increase in the wind speed. Travelling speeds above
100 km h™! were not investigated due to the 100 km h™!
speed restrictions placed on vehicles carrying goods with
gross vehicle mass between 3 500 and 9 000 kg.

Figures 10, 11, 12 and 13 show the effect of vehicle
speed, louvre opening level, and time on the average
accumulated power generated by a small wind turbine
with a rotor diameter of 0.6 m. The power output of the

600-W PMSG ranged between 113.4 and 294 W per hour
for a vehicle speed of 60, 80 and 100 km h~!(16.67, 22.22
and 27.78 m s™!). The findings obtained in this study are
comparable to the results obtained by Ozgener (2006)
who reported a power output of 616 W for a 1.5 kW
wind turbine generator at 7.5 m s~! with a rotor diam-
eter of 3 m which translates to 49% and 41% efficiencies,
respectively, for this study’s and Ozgener (2006) findings.
Tahir et al. (2019) also conducted a wind turbine study
which produced 478.5 W for a 600-W permanent magnet
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generator operating at 10 m s™! and a rotor diameter of
0.65 m and achieved 79% efficiency. The difference in
the findings of this study may be attributed to the small
size of the rotor diameter, the material used for the blade
design (PVC) and the changing topography of surround-
ing areas along the road during testing. Another impor-
tant factor that possibly affects the performance of the
wind turbine is the torque or ease of rotation of the gen-
erator shaft which in this case moved well but felt tight
and strained along its operation. Although given these
constraints, the generated power output can still meet the
power requirement for half the expected time of an hour.
This may suggest the need for a bigger generator size of
1200 W to meet the power requirement of 600 W. The
results obtained by Ozgener (2006) also suggest that an
electric generator two or three times the size of the sys-
tem’s (cooling technology) power requirement should be
acquired. The power from the wind turbine is then stored
in the battery. The charging capacity is measured through
the voltage state of charge. The inverter then steps up the
voltage in the battery from 12 to 230 V, which then allows
the wind turbine to provide the current that is required
to meet the power requirement of two fans and a water
pump.

Based on the results it is clear that a substitute can be
made between the wind speed and the rotor diameter.
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Authors such as Ozgener (2006), Salih et al. (2012) and
Tahir et al. (2019) performed studies which analysed
wind turbines with low wind speeds and large rotor sizes.
Salih et al. (2012) designed a 700 W wind turbine with a
rotor diameter of 1.6 m which produced a 600-W elec-
trical power at 12 m s™*. In this study, the 600-W wind
turbine was designed with a high design wind speed
(16.8-19.0 m s~!) and a small rotor diameter (0.6 m). This
proves the initial prediction that the wind speed accounts
for the small nature of the rotor in some way to pro-
duce electric power for a wind turbine. In this study, it
was observed that in traffic areas, the power output was
low due to low travelling speeds resulting in low incom-
ing wind speed being created. Thus, the battery must be
used in this case. During the testing, it was observed that
the apparent wind turbine had no physical impact on the
stability of the moving vehicle, although the wind turbine
may have some slightly negative impact on the fuel effi-
ciency and result in some aerodynamic drag because of
the added weight. There is no need to prime or kickstart
the generator. The wind turbine only needs less than 10 s
to start operating if the vehicle was stationary.

Power coefficient of the wind turbine
Figure 14 shows the power coefficient computed for the
different power outputs subjected to different louvre
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opening levels and vehicle speeds for a duration of one
hour. The power coefficient ranged between 0.19 and 0.35
for louvre opening level 1 and 0.24—0.49 for louvre open-
ing level 2. From Fig. 14 it can be seen that the maximum
power coefficient of 0.49 is achieved at a vehicle speed of
100 km h™! and louvre opening level 2. These results are
credible since the maximum power coefficient achieved
in this study is close but does not exceed the Betz limit
at 0.59. The findings are comparable to the studies per-
formed by authors such as Ozgener (2006) (0.35), and
Muhsen et al. (2019) (0.4—0.445). This power coefficient
of 0.49 is comparable to the maximum power coefficient
of 0.44 obtained by QBlade modelling.

Figure 15 shows how the power coefficient is been
affected by the vehicle speed. The results prove that the
power coeflicient improves with increasing vehicle speed.
In this particular case, the louvre opening level 2 also had
an effect on the power. The maximum power coefficient
obtained in this study is 0.49. Salih et al. (2012) evaluated
the power output of a 600-W wind turbine against the
wind speed and found that the power output increases
with an increasing speed up until the rated wind speed
where it stabilises and produces the same amount of
power until the cut-out wind speed. It is recommended
to use to vehicle speed of 80~100 km h™! when transport-
ing fresh produce with this wind turbine. Furthermore, it
is suggested to lower the louvre opening level when there
are strong wind conditions to prevent blades from break-
age and still be able to generate electrical energy which is
much needed by the cooling technology.

0.6 -

—{=Cp for louvre opening level 1

0.5 4
—O=Cp for louvre opening level 1
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Conclusion

The aim of the study was to design and develop a low-
cost, portable, small wind turbine prototype that can
be used to power a mobile evaporative cooling technol-
ogy, particularly an ECS unit. The small wind turbine
incorporated a louvre mechanism to assist in control-
ling the wind speed at the front of the rotor. The out-
come of this study revealed that the power output of
the small wind turbine (0.6 m @) is highly influenced
by vehicle speed and the louvre opening level which
make up for the small size of the rotor. For a small wind
turbine, with a small rotor diameter, the surface area
of the blades must be increased in terms of the chord
lengths in order to harness the desired power output.
The highest average power output achieved was 294.0
W at 100 km h™! for louvre opening level 2. From the
rotor, the 230 VAC step-up power inverter was used
to step the voltage to power the 600-W load, hence,
based on the operation of the system, the wind tur-
bine prototype design can be adjudged to be success-
ful. Although the power generated may only cover half
an hour, hence, this wind turbine system can be utilised
as a hybrid solution with a diesel engine or solar. It
can be used as backup power as well as a hybrid sys-
tem at this stage of development. The maximum power
coefficient obtained from this study was 0.49 which is
a good indication that the system functions efficiently
provided that the maximum power coefficient that can
be attained by any wind turbine is typically 0.59, known
as the Betz limit. Given these results, it must be under-
stood that this research was a success although it serves
as exploratory work which requires further testing in
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terms of the chosen material strength, endurance and
power generation in comparison to other materials.

Recommendations
Based on the findings of this study, the following rec-
ommendations were suggested:

1. Investigate the aerodynamic effect of the wind load
on the mounted wind turbine and the vehicle.

2. Perform the fatigue analysis of the blades to deter-
mine the life span of the PVC blades.

3. Develop a trailed ECS unit powered by the wind tur-
bine instead of a portable, bakkie-mounted ECS unit.

4. Investigate the possible aerodynamic/drag effect of
the wind turbine on the overall performance of the
vehicle and fuel efficiency.

5. Add a wire mesh or net at the back of the wind tur-
bine as a safety measure to ensure that in the case of
a blade breakage or any other component, it does not
pose a risk to the rear vehicles coming after which
can potentially cause accidents.

6. Automate the louvre mechanism to improve the ease
of operation with the assistance of wind speed sen-
SOrS.

7. A comparison study between the PVC blades and
other blade materials should be conducted in terms
of power generation and material strength.

Abbreviations

PHLs  Postharvest losses
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List of symbols
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