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ABSTRACT 

This study investigates the application of a wavy leading edge (WLE)—based 

on the flipper of a humpback whale—on a water turbine blade and its effect on blade 

performance. The analysis was conducted using a numerical tool known as MeshFree. 

Focusing on the blade application in a water turbine, a wavy leading edge was applied 

and adapted to the blade due to the proven capability of this feature in reducing turbine 

cut-in speed. The approach utilises a meshless method (MeshFree), which has been 

claimed to result in higher accuracy output compared to other well-known numerical 

tools such as the Finite Difference Method (FDM) and Finite Element Method (FEM). 

In this study, the subject was considered as a thin-plate element, and the formulation 

was made in MeshFree, with the processing conducted in MATLAB software. A 

number of outputs were obtained from the MeshFree method and then applied in a 

parametric study. A few sets of parameters were identified consisting of radius, 

number of nodes, and number of Gauss points, where all values were fixed prior to 

observing the effect of the wavy pattern on the maximum deflection of the blade. Then, 

the wavelength, amplitude, and curve at the corner of the blade were varied to observe 

their effect on blade deflection. The results show that the wavelength parameter had 

no significant effect on the blade deflection compared to the normal design of the blade 

unlike the amplitude and curve parameters. In sum, although the WLE factors can 

increase the turbine’s effective energy production, it could also contribute to higher 

maximum deflection on the blade when amplitude is increased. However, this 

increment could be controlled by increasing the curve at the corner edge of the blade. 
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ABSTRAK 

Kajian ini menyelidik aplikasi plat berombak tepi (WLE)—berdasarkan sirip 

paus humpback—pada bilah turbin air dan kesannya ke atas prestasi bilah. Analisis ini 

dijalankan menggunakan penilaian berangka yang dikenali sebagai jaring bebas 

(MeshFree). Memfokus kepada aplikasinya dalam turbin air, WLE diaplikasi dan 

diubahsuai pada bilah disebabkan keupayaan bentuk in yang telah terbukti dapat 

mengurangkan laju potongan turbin. Pendekatan dalam kajian ini menggunakan 

kaedah MeshFree yang telah terbukti menghasilkan ketepatan hasil yang lebih tinggi 

berbanding dengan pendekatan berangka yang lain seperti kaedah beza terhingga 

(Finite Difference) dan kaedah unsur terhingga (FEM). Dalam kajian ini, subjek 

diambil kira sebagai elemen plat nipis, perumusan dibuat menggunakan MeshFree, 

dan pemprosesan kira-kira dilakukan menggunakan perisian MATLAB. Hasil dapatan 

daripada MeshFree dibentangkan dan kemudian digunakan dalam kajian 

berparameter. Beberapa set parameter telah dikenal pasti terdiri daripada jejari, 

bilangan nod, dan bilangan titik Gauss di mana semua nilai ini telah ditetapkan 

sebelum analisis hubungan antara corak WLE dengan pesongan maksimum bilah 

dijalankan. Kemudian, panjang gelombang, amplitud, dan lengkungan di sudut bilah 

diubah untuk memerhati kesan perubahan parameter tersebut ke atas pesongan bilah. 

Keputusan menunjukkan bahawa parameter panjang gelombang tidak memberikan 

kesan yang nyata kepada pesongan bilah; hal ini berbeza dengan amplitud dan 

lengkungan. Kesimpulannya, walaupun faktor WLE mampu meningkatkan 

keberkesanan pengeluaran tenaga turbin, ia boleh juga menyumbang kepada pesongan 

maksimum yang lebih tinggi apabila amplitud dinaikkan. Walaubagaimanapun, 

kenaikan ini boleh dikawal dengan menaikkan lengkungan di sudut tepi bilah. 
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CHAPTER 1  

 

 

INTRODUCTION 

1.1 Introduction 

The wavy leading edge (WLE) of the humpback whale has become the 

focus of research interest nowadays due to the presence of tubercles on the whale’s 

flipper. The tubercles generate unique flow control mechanisms, offering the 

humpback exceptional manoeuvrability (Aftab et al., 2016), evident in the turning 

radius of the whale and its movement through water.  

The study of whale WLE, however, is not recent. The idea has been 

proposed by numerous studies since the early 1970s, with focus on the mechanical 

features and capabilities of the whale flipper (Edel & Winn, 1978). Since then, a 

number of theoretical studies have been conducted on the whale’s underwater 

locomotion, flipper movement, flow separation, and the hydrodynamic design of 

the whale WLE. 

Whale WLE has been shown to influence laminar separation bubbles, tonal 

and broadband noise, and dynamic stalls, leading to its application in marine wind 

turbines and exhaust fans. Out of all these applications, the rotating blade of the 

water turbine was selected as the main focus of this study. The rotating blades in 

the water turbine are exposed to a huge load variation, which induces blade fatigue. 

This is because the blade has a tendency to experience time-dependent flow 

separation during operation.  

A number of researches have been done to prove the capabilities of whale 

WLE in reducing dynamic stall, which influences load variation. However, the 

studies conducted did not focus on structural adaptions. Therefore, an extension to 
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these previous studies is proposed. This time, the whale WLE shape will be adapted 

to the blade and its structural performance observed using a MeshFree method, a 

new numerical technique, which is an alternative to the Finite Element Method 

(FEM). According to Mohd Noor (2013), the technique differs from FEM in that it 

does not impose limitations on the predefined shape function. The method also uses 

a set of nodes instead of a set of predefined meshes. 

1.2 Research Background and Rationale 

Continuous advancement in the field of research involving whale WLE has 

attracted interest in its development as well as encouraged detailed modelling of 

the WLE for the purpose of its application in design practice. Nevertheless, 

improvement in modelling approaches is still imperative since the existing models 

might lack accuracy and/or computational efficiency (Zainal Abidin, 2013). 

Because of the complexity of modelling the WLE, simplified modelling, 

which in this case refers to the Finite Element Method, will always suffer from a 

low-quality set of meshes (Liu, 2010). This will result in low accuracy and less 

acceptable predictions.  

Since whale WLE is a 2-dimensional problem, the numerical method using 

MeshFree will still be less established compared to 1-dimensional problems. 

Whilst numerous formulations have been proposed, recent works on the WLE 

blade have focused only on flow measurement, dimension optimisation, and 

hydrodynamic performance of the mechanism, as was the case of Shi et al. (2017; 

2016a; 2016c). The same researchers also conducted cavitation observations and 

noise measurement (Shi et al., 2016b). Although there are related studies in the 

field, recent interests have been focused more on the tidal turbine instead of the 

water turbine. Therefore, this study aims to formulate a 2-dimensional problem in 

MeshFree as well as expand on existing knowledge by considering the structural 

performance of whale WLE when applied in water turbine blade design. 
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1.3 Purpose and Objectives of The Study 

The purpose of the study is to conduct a numerical method using MeshFree 

that can predict the performance of the WLE blade by considering its displacement 

distribution.  

The objectives of this study are listed below: 

a. To design a WLE blade using Element-free Galerkin (EFG) 

b. To obtain the optimum MeshFree parameters for solving the research 

problem 

c. To study the effect of the whale WLE shape on the performance of the blade 

1.4 Scope of The Study 

EFG approach is being employed in solving the WLE blade problem. In 

order to ensure the study conducted to be more focused, the scopes of the study are 

outlined below:  

a. Materials are assumed to be linear elastic  

b. The blade is subjected to the function of the water turbine  

c. The problem is analysed as a 2-dimensional element 

d. Transverse shear deformation of the blade is negligible 
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1.5 Outline of The Project Report 

This thesis comprises five chapters, which are the introduction, literature 

review, MeshFree formulation, parametric studies, and conclusion. 

Chapter 1 is the introductory chapter and explains the details of the present 

states, its purpose, and the scope of the study. The rationale of the study is further 

explained in this part in order to obtain good understanding of the research 

overview before going deeper into the subject matter. 

Chapter 2 provides an extensive review of previous related research that has 

been done in the area of study. This includes the features of the whale flippers, its 

flow behaviour, application in turbine blade, and the numerical method chosen, 

which is MeshFree. The application of MeshFree in various engineering problems 

is also briefly mentioned. 

Next, Chapter 3 explains the formulation of the plate element in MeshFree. 

The applied theory is shown and described before the formulation procedure is 

outlined and how the equations are derived. At the end of the chapter, the validation 

and verification of the source code used in the study is explained before proceeding 

to the next level. 

Chapter 4 details out the parametric studies conducted in this work, using 

the Element-free Galerkin (EFG) method. This is to determine the optimal values 

of the parameters implemented and how they influence the result. After that, the 

identified parameters are utilised to find the effect of displacement by changing the 

wavy shape at the edge of the blade. 

The last chapter, Chapter 5, concludes the results of the study while at the 

same time summarises the findings for every chapter. It also proposes 

enhancements for future research as a continuation to the plate analysis subjected 



 

 

REFERENCES 

Abdullah, R. (2013). Finite Element Method for Structural and Stress Analysis. 

(Teaching Module), Universiti Teknologi Malaysia. 

Ardianshah, M.S.N. (2014). Meshfree Formulation of Geometrical Nonlinear 

Composite Beam with Partial Interaction. (Unpublished master thesis), 

Universiti Teknologi Malaysia. 

Aftab, S.M.A., Razak, N.A., Mohd Rafie, A.S., & Ahmad, K.A. (2016). Mimicking 

the humpback whale: An aerodynamic perspective. Progress in Aerospace 

Sciences, 84, 48-69. doi:http://dx.doi.org/10.1016/j.paerosci.2016.03.002 

Custodio, D. (2007). The Effect of Humpback Whale-like Leading Edge 

Protuberances on Hydrofoil Performance. (Unpublished master thesis), 

Worcester Polytechnic Institute. 

Daxini, S. D. & Prajapati, J.M. (2014). A review on Recent Contribution of 

Meshfree Methods to Structure and Fracture Mechanics Applications. The 

Scientific World Journal, 2014, 247172. doi: 

http://dx.doi.org/10.1155/2014/247172 

Downer, L., & Dockrill, P. (2008). Whalepower Tubercle Blade Power 

Performance Test Report. Wind Energy Institute of Canada. Retrieved from 

http://www.whalepower.com/drupal/files/PDFs/WEIC_WhalePower_Test

_Report_2008.pdf 

Edel, R.K., & Winn, H.E. (1978). Observations on Underwater Locomotion and 

Flipper Movement of the Humpback Whale Megaptera Novaeangliae. 

Marine Biology, 48, 279-287. doi:https://doi-

org.ezproxy.utm.my/10.1007/BF00397155 

Favier, J., Pinelli, A., & Piomelli, U. (2012). Control of the separated flow around 

an airfoil using a wavy leading edge inspired by humpback whale flippers. 

Comptes Rendus Mecanique, 340, 107-114. 

doi:10.1016/j.crme.2011.11.004 



62 

Fish, F.E. (1994). Influence of hydrodynamic-design and propulsive mode on 

mammalian swimming energetic. Australian Journal of Zoology, 42, 79-

101. doi:https://doi.org/10.1071/ZO9940079 

Fish, F.E. (1999). Performance constraints on the manoeuvrability of flexible and 

rigid biological system. International Symposium on Unmanned Untethered 

Submersible Technology, University of New Hampshire-Marine Systems, 

394-406. 

Fish, F.E., & Battle, J.M. (1995). Hydrodynamic Design of the Humpback Whale 

Flipper. Journal of Morphology, 225, 51-60. 

doi:https://doi.org/10.1002/jmor.1052250105 

Fish, F., Legac, P., Wei, T., & Williams, T. (2008). Vortex mechanics associated 

with propulsion and control in whales and dolphins. Comparative 

Biochemistry and Physiology - Part A: Molecular & Integrative Physiology, 

150 (3), S65-S66. doi:https://doi.org/10.1016/j.cbpa.2008.04.077 

Ibrahim, I.H. & New, T.H. (2015). Tubercle Modifications in Marine Propeller 

Blades. Tenth Pacific Symposium on Flow Visualisation and Image 

Processing. Naples, Italy. 

Liu, G.R. (2010). Meshfree Methods – Moving Beyond the Finite Element Method 

(2nd ed.). Florida, FL: Taylor & Francis Group. 

Miklosovic, D., Murray, M., Howle, L., & Fish, F. (2004). Leading-edge tubercles 

delay stall on humpback whale (Megaptera novaeangliae) flippers. Physics 

of Fluids, 16 (5), L39-L42. doi:https://doi.org/10.1063/1.1688341 

Mohd Noor, M.A. (2013). Meshfree Formulation of Free Vibration of Composite 

Beam with Partial Interaction. (Unpublished master thesis), Universiti 

Teknologi Malaysia. 

NOGRID (2018). Meshless Modelling and Simulation. Retrieved from 

https://www.nogrid.com/pages/support-en/meshless-modeling-and-

simulation. 

Reddy, J.N. (2006). An Introduction to the Finite Element Method (3rd ed.). New 

York, NY: The McGraw-Hill Companies. 

Shi, W., Atlar, M., & Norman, R. (2017). Detailed flow measurement of the field 

around tidal turbines with and without biomimetic leading-edge tubercles. 



 

63 

Renewable Energy, 11, 688-707. 

doi:https://doi.org/10.1016/j.renene.2017.04.053 

Shi, W., Atlar, M., Norman, R., Aktas, B., & Turkmen, S. (2016a). Numerical 

optimization and experimental validation for a tidal turbine blade with 

leading-edge tubercles. Renewable Energy, 96 (A), 42-55. 

doi:https://doi.org/10.1016/j.renene.2016.04.064 

Shi, W., Atlar, M., Rosli, R., Aktas, B., & Norman, R. (2016b). Cavitation 

observations and noise measurements of horizontal axis tidal turbines with 

biomimetic blade leading-edge designs. Ocean Engineering, 121, 143-155. 

doi:https://doi.org/10.1016/j.oceaneng.2016.05.030 

Shi, W., Rosli, R., Atlar, M., Norman, R., Wang, D., & Yang, W. (2016c). 

Hydrodynamic performance evaluation of a tidal turbine with leading-edge 

tubercles. Ocean Engineering, 117, 246-253. 

doi:https://doi.org/10.1016/j.oceaneng.2016.03.044 

Watts, P., & Fish, F.E. (2001). The influence of passive, leading edge tubercles on 

wing performance. Proceedings of Twelfth International Symposium on 

Unmanned Untethered Submersible Technology (UUST), Autonomous 

Underwater Sea Institute. 

Watts, P., & Fish, F.E. (2002). U.S. Patent No. 6,431,498. Washington, DC: U.S. 

Patent and Trademark Office.  

Zainal Abidin, A.R. (2013). Modelling of Local Elastic Buckling for Steel Beams 

with Web Openings. (Doctoral thesis), Imperial College London. 

Zainal Abidin A.R., Izzuddin B.A., & Lancaster F. (2017). A meshfree unit-cell 

method for effective planar analysis of cellular beams. Computers and 

Structures, 182, 368-391. 

doi:https://dx.doi.org/10.1016/j.compstruc.2016.09.002 

Zainal Abidin A.R., & Izzuddin B.A (2013). Meshless local buckling analysis of 

steel beams with irregular web openings. Engineering Structures, 50, 197-

206. doi:https://dx.doi.org/10.1016/j.engstruct.2012.10.006 

 




