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ABSTRACT

Substantial efforts have been made by researchers to study the interaction
between vortices produced by moving vehicles and wind turbines as a renewable
energy source. The speeding vehicles produced a scattered and non-uniform wind
flow. A curtain system was placed in front of the wind turbine blade to reduce the
negative torque. However, it has limitation where high wind energy losses occur when
passing through the curtain system arrangement. The aim of this study was to improve
further the performance of wind by designing a capable Highway Savonius Wind
Turbine (HSWT) integrated with a curtain system. It consists of a row guide vane with
an aerofoil shape of National Advisory Committee for Aeronautics (NACA) 4412. In
addition, a Computational Fluid Dynamics (CFD) modelling of a reliable HSWT
integrated with guide vanes was also employed. Three factors, namely, the distance
between the guide vanes (dav), the guide vanes angle (o), and the moving car speed
(Vc) were selected to evaluate their influence on the HSWT power coefficient (Cp).
Taguchi Method with an orthogonal array of Lo(3%) was used to plan and conduct the
simulations. The CFD simulations with one degree of freedom were performed using
k-o SST turbulence model to observe the effects of the wind velocity induced by the
moving vehicle in real-life situation. The influence strength of each factor was Vc > a
> dov where the ranks were 3.53, 8.86 and 9.33, respectively. It was found that, the
performance of HSWT was sensitive to the car speed and the guide vanes angle, but
insensitive to the distance between the guide vanes. The signal to noise ratio showed
that combination of dgv = 0.4m, a.=30°, and V¢ =30m/s produced the maximum power
coefficient. This optimum condition increased the power coefficient by 26% compared
to without the installation of the guide vanes. In addition, the observation of streamline
and velocity contours showed that guide vanes demonstrate a positive effect on the
wind turbine performance by redirecting and distributing the turbulence wake flow
uniformly to the convex surface of the advancing turbine blade. Hence, the proposed
guide vanes system improved the self-starting abilities of HSWT by reducing negative

torque.
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ABSTRAK

Banyak usaha telah dilakukan oleh penyelidik untuk mengkaji interaksi antara
kenderaan bergerak dan turbin angin sebagai sumber tenaga boleh diperbaharui.
Kenderaan dipandu laju menghasilkan aliran angin yang tersebar dan tidak seragam.
Satu sistem tirai diletakkan di hadapan bilah turbin angin untuk mengurangkan daya
kilas negatif. Walau bagaimanapun, ia mempunyai kelemahan yang mana terdapat
kehilangan tenaga angin yang tinggi berlaku apabila angin melalui susunan sistem
tirai. Tujuan kajian ini adalah untuk meningkatkan lagi prestasi turbin angin dengan
merekabentuk Turbin angin Savonius lebuhraya (HSWT) bersama sistem tirai. la
terdiri daripada satu baris panduan angin yang mempunyai bentuk aerofoil National
Advisory Committee for Aeronautics (NACA) 4412. Sebagai tambahan, model
Pengkomputeran Dinamik Bendalir (CFD) bagi HSWT yang boleh dipercayai serta
panduan angin telah juga digunakan. Tiga faktor, iaitu jarak antara panduan angin
(dgv), sudut panduan angin (o), dan kelajuan kereta bergerak (V¢) telah dipilih untuk
menilai pengaruhnya kepada pekali daya (C,) turbin angin. Kaedah Taguchi dengan
susunan ortogonal Lo(3%) telah digunakan untuk merancang dan menjalankan simulasi.
Simulasi CFD dengan satu darjah kebebasan dilakukan menggunakan model gelora k-
o SST untuk melihat kesan kelajuan angin yang disebabkan oleh kenderaan bergerak
dalam situasi sebenar. Urutan kekuatan pengaruh setiap faktor adalah V¢ > o > dov
yang mana nilai pangkat masing-masing adalah 3.53, 8.86 dan 9.33. Didapati bahawa,
prestasi turbin angin sensitif terhadap kelajuan kereta dan sudut panduan angin tetapi
tidak sensitif terhadap jarak sesama panduan angin. Nisbah isyarat kepada hingar
menunjukkan bahawa kombinasi dev = 0.4 m, o = 30°, dan V¢ = 30m/s menghasilkan
pekali kuasa yang maksimum. Keadaan optimum ini meningkatkan pekali kuasa
sebanyak 26% berbanding dengan tanpa pemasangan sistem panduan angin. Di
samping itu, pemerhatian kontur aliran dan halaju menunjukkan bahawa sistem
panduan angin mempunyai kesan positif terhadap prestasi HSWT dengan
mengarahkan dan menyebarkan aliran bergelora secara seragam ke permukaan
cembung kemaraan bilah turbin. Oleh itu, sistem panel panduan yang dicadangkan
meningkatkan kemampuan permulaan sendiri HSWT dengan mengurangkan daya

kilas negatif.
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CHAPTER 1

INTRODUCTION

1.1 Research Background

Presently, the world in general and Malaysia in particular are facing energy
crisis. The main energy consumption in all sectors is in form of electricity. The
consumption of electricity energy is increasing parallel with human population growth
(“Malaysia - Electricity - production - Historical Data Graphs per Year,” 2018). New
area being develop into new town means more electrical energy is needed to supply
for suitable living condition. Currently, Malaysia’s trend on electricity generation is
coming from the high dependency on fossil fuels consists of natural gas and coal. As
stated by Chong e7 al., (2015), major fuel in power plants was natural gas and secondly
is coal to generate electricity, but coal can easily replace natural gas in the next 20
years due to natural gas depletion and national energy security. Massive use of coal
may result in higher CO2 emissions which will cause negative implications to our

climate and pollution level.

One of the major contributors of accident on Malaysian road is due to
insufficient illumination by 48.6% compared to other road defects (Darma ef al.,
2017). During the 10th Malaysian plan (2011-2015), the government has spent
approximately MYR 19.5 billion on improving the road infrastructure which includes
providing reliable lighting for the highway network in order to decrease the accident
rates in the country. However, the connection of a robust lighting system on such
network to the national electricity grid will definitely increase the load on the power
generation stations, which are mainly fuelled by natural gas, coal and diesel. Along
with the persisting increase in global oil price, and the uprising political instability in
the major oil producing countries, a country such as Malaysia would definitely
consider sustainable energy resources as successful alternatives to support its rapidly

developing economy.



There is a need to resolve the crisis as they are directly affecting all spheres of
life. The government is trying to explore economical renewable energy resources. One
such renewable energy resource available in abundance is wind. Different potential
sites for harnessing wind energy in Malaysia have already been identify by researchers
(Al-Aqel et al., 2017). This study aims at identifying the additional wind energy
generation sites alongside the highways due to natural wind and vehicular generated

vortices produce by speeding vehicles.

The work has included a numerical modelling and simulation for characterizing
the aerodynamic of both the guide vanes, the Highway Savonius Wind Turbine
(HSWT), the velocity induced from the speeding vehicles, predicting the wind data
and later determine the HSWT performance potential at various operating conditions.
The optimum guide vanes configuration located at the highway medians has been
identified and HSWT performance through the optimization process using Taguchi’s

method as a Design of Experiment (DOE) tools.

The significance of the output from this research project was beneficial for
developing a dependable Highway Savonius Wind turbine (HSWT) in combination
with guide vanes for harvesting and recapturing the maximum amount of wind energy
from the automobiles running on the highways. The energy produced is to provide
electric power to supply highway lighting and digital sign system which is in line with
the government policy related National Renewable Energy Policy and Action Plan

(2009).

1.2 Problem Background

Currently, Malaysian Government seeks out the most potential renewable
energy to be develop in coming years which are solar and biomass energy.
Implementation of methods to generate electricity by wind and tidal based renewable
energy percentages are too small and negligible due to their potential resource
problems. For instance, wind turbine farm method is not applicable in Malaysia

because of its low average wind speed ranging between 2 and 3.7 m/s only (Kadir e?



al., 2018). On the other hand, the average velocity of aerodynamic wake of cruising
vehicles is approximately 34 m/s near the car body and depending on wind turbine
position it can strike wind turbine blades at speeds up to 6 m/s (Saqr and Musa, 2011,
Hegde ef al., 2016). Therefore, with a highway network of 49,935 km in total length,
the turbulent wind induced by the speeding passenger vehicles on highway seems not
negligible and is highly potential wind energy resource towards sustainable and

renewable energy.

Relatively, wind speed induced by moving vehicles can reach up to 5 to 6 m/s
(Al-Aqel et al., 2017). From here, a suitable type and design of wind turbine need to
be developed so that it can operate under low wind resources. Other challenges are
non-uniform and unpredictable wind flow on highway. Speeding vehicles produce
scatter wind flow with disturbance from crosswind and other external wind source. As
studied by Santhakumar (2018), moving vehicles in opposite direction affecting the
rotational speed and causing negative drag force to their wind turbine. Therefore, an
alternative arrangement of curtain system can be place in front of wind turbine blades
to prevent negative torque (Altan e7 al., 2008). There are many types of curtain system
such as ‘wind booster’, ‘wind tunnel’, ‘deflecting panel’, ‘wind curtain’ and ‘guide

vane nozzle’ that are discussed thoroughly in the literature review.

The proposed curtain system for this study is wind panel or referred as ‘guide
vanes’ to concentrate turbulent wind flow to the wind turbine blades and increase wind
speed with suitable operating factor. Figure 1.1 shows the concept of having guide
vane panels to direct vehicles’ wake energy to the wind turbine rotor when fast moving
vehicles pass through. Main concern is the losses of wind energy from leading edge to
trailing edge when traveling pass the rectangular shape panel. Guide vane shape plays
an important role to reduce air drag of the incoming wind flow (Wahba et al., 2012).
Hence, to reduce wind energy losses and further increase wind velocity, rectangular
panel shape is changed to an aerofoil NACA 4412 shape (Albers ef al., 2019). The
guide vanes angle and distance between it need to be identified to determine the

effectiveness of having the proposed curtain system.



Figure 1.1 Electricity Generation by Highway Wind Energy Concept
(Dimitrijevic. A. 2008, 0:18)

Many existing literatures in Computational Fluid Dynamics (CFD), regarding
moving vehicle cases was done in static state where the vehicle was set still in one
place and wind speed was inserted at inlet as an input variable to observe the flow
pattern such as the studies done by Lapointe et al., (2016), Hegde et al., (2016) and
Patel, (2017). However, this simplification does not represent real-life situation where
vehicle should be moving instead of being stationary. In addition, many studies
towards understanding behaviour of wind turbine performance at highway setting
whether experimental or numerical were using uniform wind velocities instead of
unsteady non-uniform wind velocities such as the researches done by Hosseini and
Goudarzi, (2019), Tian et al., (2015) and Cai et al., (2019). This practice does not

combine moving vehicle and wind turbine in one computational domain.

Considerable effort has been exerted by researches to study the interactions
between moving vehicles and wind turbine. Tian et al. (2017) and Tian et al. (2020),
focused on numerical studies on the possibility of using wind turbines on the highway
to generate power from the induced wakes of cruising vehicles. Their studies provided
detailed information on the aerodynamic forces and separation flows on the moving
vehicle and wind turbine. Although, inflow velocity was not fixed because wind flows
changed respective to the moving vehicle but the rotational speed was already set on

the wind turbine rotor. Therefore, wind turbine was already rotating when vehicle



model start moving before it reached the wind turbine rotor. Hence, in this study, to
observe the effect of wind velocity induced by moving vehicle on wind turbine rotor,
the one degree of freedom (1DOF) approach was used (Jaohindy er al., 2014).
Furthermore, finding the wind turbine rotational speed based on the incoming flow can

be done computationally and time expensive.

Besides that, the methods for moving object mechanism were diverse and
complex to setup in CFD software. Furthermore, the mesh grid cell type and size
generation would affect the method for moving vehicle. To have a moving vehicle
instead of static vehicle in simulation, lengthened the time for mesh generation and
solver setup for numerical calculation and surely additional knowledge and good
understanding were required for using moving object method in CFD. This would
complicate the numerical modelling study to have a real situation such as speeding
vehicles at highway during modelling development. Hence, the numerical modelling
needed to be simplified accordingly as well as to meet the real-life situation for

simulation-wise purposes.

Hence to address these issues, this study aimed to recover the moving vehicles
wake at highway using a wind turbine that could operate under low wind speed and
under turbulent wind flow. In addition, to improve the performance of the wind
turbine, a curtain system consisted of guide vanes with aerofoil NACA 4412 shape
were placed near the HSWT blades. Parametric study of guide vanes arrangement was
investigated to find the optimum guide vanes configuration by using design of
experiment Taguchi Method. The geometry models were designed using SolidWorks
CAD software and for numerical domain modelling and the analysis was done in
ANSYS CFD software. This research approach was dynamic simulation instead of
stationary vehicle simulation to resemble real moving vehicle on the road and also
wind turbine would only rotate after the induced wind flow form moving vehicle

reached its rotor.



(e) Only one side of the highway was considered in CFD domain modelling

() Dynamic mesh layering technique was used for translational zone and sliding

mesh for rotating zone
(2) One degree of freedom (1DOF) was set at wind turbine at vertical axis
(h) Turbulence model was k-omega Shear Stress Transport (k- SST)

(1) Taguchi Method was used to analyse and optimize the wind turbine

performance.

1.5  Hypothesis

The wind energy produced from cruising vehicles was considerably small.
However, with a reliable design of HSWT, it was highly expected to operate
effectively at low wind speed. Besides, with a better curtain system using NACA 4412
aerofoil shape guide vanes, the wind flow would be guided and accelerated toward
wind turbine blades which would reduce the negative torque effect, thus enhancing the
performance of HSWT. Moreover, DOE tool Taguchi Method used a fractional of full
factorial design by mixing the levels of the control variables and selected limited
number of experiments from all the possibilities to generate most information in more
practical way as well as reducing the number of simulations or experiments. In
summary, the goal of this research was applying dynamic simulation and Taguchi
Method to analyse new wind turbine design integrated with proposed curtain system

performance.
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