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ABSTRACT

At present time there is a concem over global climate change, as well as a growing

awareness on worldwide poprrlation about the need of reducing the greenhouse gas emissions.

This in fact, has led to an increase in power generation from renewable sources. The tidal

current energy has the potential to play a vital role in a sustainable energy future. The tidal

current turbines are used to extract the tidal energy.

The main focus of this thesis was to investigate the horizontal axis tidal current turbine

(HATCT) dynamics using fluid structure interaction @SI) using the simulation software

package ANSYS 17.0. h order to achieve this aim a dumber of key steps were perforrned. The

HARP_Opt (Horizontal Axis Rotor Performance Optimization) code was used in this research

work for BEM Design of the t-urbine and result validation. The performance of tidal current

turbine was predicted using aNSyS-CfX 17.0 and compare witn 
.bLVf 

,6Jirttr. fn.
perfonnance curve, pressure distribution on the blade and velocity sheamline was visualized

for sex repetitive analysis at different tip speed ratio.

The hydrodynamic loads calculated by CFD analysis was hansferred to finite element

model (FEM). Finite element method (FEM) was used to investigate the structural response of
tidal current turbine. The modal analysis, pre-stressed vibration analysis and forced vibration

analysis were perforrned for the structural response of tidal curreht turbine. Natural frequencies

and mode shapes were visualized for vibration response of tidal current turbine.

In the last section'of this thesis, some interesting conclusions were drawn. The

recommendation for future work presented at the end is expected to piovide a basic guideline

to the new researchers.
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CHAPTER 1

INTRODUCTION

1.1 Tidal Current Energy

The tidal current energy is a form of hydrokinetic energy extracted from the water flows

in the tidal channels. Tidal current is created by gravity of moon. The earth and sun are also the

source of generation of tides. Because of the nearness to the earth, the moon plays more role in

the creation of tides. The attraction between the sun and earth because of the lunar gravity tilts

the ocean to the opposite direction of the earth pull. So the water head raises in ocean. This

happens in the place which is in direction of moon and falls in center between these positions.

The rise in head catnes the movement in water known as tidal current. Then the tidal energy is

obtained from water kinetic energy. A different approach is also used for the creation of tidal

energy in which water head or potential energy is utilized. For this purpose stream devices known

as hydrokinetic turbines are directly installed in the stream of water. A dame like structure is not

required in this technology. [1].

Figure: 1.1 Tidal currents []

The tidal energy have more potential than solar and wind energy to become the source of

future electricity. In renewable energy sources tidal power is considered the expensive source of
energy because of limited sites and design configuration of devices. Although, now a days after
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the improvement and development in technology in design configuration predict that there is

higher availability of sites of tidal energy than earlier assumed, and environmental and economic

costs can be decreased to redsonabl-e.levels....*..,+ir"rl?ijrl

1.2 Energy situation in Pakistan tr-qnt*iliggts

Pakistan is facing a worst electricity crisis now a day. Electricity shortfall has reached up

to 4406MW :rr-2Ol4 and as per state of industry NEPRA) report 20L4 12), this shortfall is

increasing day by day. To overcome this shortfall different conventional and renewable energy

techniques should be explored. Due to the environmental effects of conventional energy

resources, Pakistan strfiita pqy. altention towards renewable' energy resources. The'hlternative

energy resources, i.e. solar and wind energy have aJgXffi,f issues as their power production

output is not predictable, but the source of tidal energy ir 
"*afiflgt"ly 

predictable as it takes place

because of the well-known astronomical phenomenon and haie more capacity than any other

renewable resource. Tidal power have ability to become the major source of electricity in the

universe due to the low operational cost and no fuel cost.

ln Pakistan several significant locations of higher tidal velocities are available along the

990 km area of coast. In a survey cbnducted by institute of occansiongraphy it was estimated that

more than 1100 MW power may be generated along the 170 Km coastline of Arabian Sea from

Indus Deltaic stream areas [3]. The creek areas from Korangi to Kajhar mainly has a tidal current

velocity of 4-5 knots'range, but values of higher velocity upto 8 knots were also observed. the-

difference between tidal hides varies fuom2 to 5 km along the coastline of Sindh. The cast area

of Kalamat and Sonmianiin Baluchistan are the other significant sites for tidal power [4]. Another

oceanographic survey is required to explore the other tidal power sites.

l

1.3 Tidal Energy in World Prospective

The estimate potential of tidal power varies in several surveys. Although it is sfrongly

accepted that the global tidal power capacity iS greater than 120 GW. United Kingdom (IK) has

the largest resource estimate of more than 10 GW. The United Kingdom is ideally situated to

explore tidal current energy with l0 to 15 % of the global resource and around 50 % of the

European resource. A map of world tidal power resources is shown in figure | .2 151.
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Figwel.2: Global tidal energy resources [5]

A study by Black and Veatch found that within the UK, 58% of the national resource is

found off the coast of Scotland, in the Pentland region, 15% around Aldernay, 3.7% around the

Mull of Galloway [6].

1,4 Current Status of Technologies

The d6vBlopment of Tidal current technology is presently at the commercial proto type

development stage [7]. Real sea testing is under way at different testing sites around the world [8,

91. Cunently there is only one prototype seagen installed by marine current turbine (MCT) in

2008, in Strangford Lough, which can produce a rated power of lMW. Many other devices have

been tested by the European Marine Energy Centre (EMEC) in the Pentland Firth, and as well as

otherparts of the United Kingdom (UK) t101. In order to reach the required contribution towards

the renewable energy (tidal cunent energy) target, development in tidal energy technology is in

progress for the extraction of electricity from the tides. The tidal current approach is classified in

in following two main categories.

1.4.1 Tidal barrages technology

In tidal barrage potential energy of tidal current is utilizes. A lagoon or dame like structure

on the outlet of the creek or river is designed for the development of tidal barrage. The constructed

wall separates the tidal reservoir from the ocean and controls the flow of the tidal currents.

However tidal steam turbines or other devices are developed to extract the kinetic energy from

the tidal currents. The huge investment and operational cost is required for the installment of tidal
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barrages technology and causes the adverse effects on the environment. On the other hand there

is no need of huge capitals for the development of tidal current technology.

1.4.2 Tidal current technology

The tidal current technology is a different methodology as the tidal barrage technology that

uses the head of water or potential energy. In this technology tidal power is produced from the

water kinetic energy and conskuction of dam like structure does not require. The insham devices

called the hydrokinetic turbine are directly installed in the water. The energy is extracted on the

basis of two types of devices such as vertical axis and horizontal axis etc.

1.5 Thesis Scope and Objectives

Vibration in tid,il current turbine is produced due to hydrodynamic forces. The vibration

causes resonance and dynainic loads on the structures which leads to failure of the structures. The

purpose of this research work is to investigate the integrity of the tidal current turbine (TCT)

against the influence of vibration caused by the fluid forces. This research work will he$ to

provide base line information to the device designer about the importance of vibration

consideration in the design process. The proposed research work will be a contribution to the

existing studies on the vibration behavior of TCT. This was met by the following objectives.

1. Computational fluid dynamic (CFD) analysis of tidal cunent turbine (TCT) operating in

tidal channel.

2. Free vibration response of tidal current turbine (Natural freqlencies, mode shapes)

3. Development of a computational methodology using FSI in ANSYS workbench to

analyze the vibration response of a tidal current turbine under the influence of forces

caused by tidal flow.

The research work is proceeded after the observation of higher tidal power resources

throughout the country and theses resources may be used to complete the energy requirement as

well as to sure the environmental protection from the power plant smoke. This research is the

addition of already conducted research by the name of tidal current technology at International

Islamic University, Islamabad. On the basis of continuous research, it is expected that after the

result of this research IIU, Islamabad be capable to desigu its own experimental tidal current

model and other requirement for the development of tidal current technology. Hopefully this

research study will provide the solution of tidal energy to the national industry.

'\ty
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1.6 ResearchMethodology

The method of the research was software based. A 3-D model of the turbine rotor was

developed in Autodesk lnventor Professional2}l4. ANSYS workbench 17.0 software was used

for the computational fluid dynamic analysis of the turbine rotor. The 3-D geometric model was

converted in IGES type forrnat and then imported to ANSYS workbench 17.0 for computational

analysis in ANSYS CFX.

I Exhaustive literature review was carried out on the computational fluid dynamic (CFD)

and vibrational behavior of tidal turbine throughout the research work.

2 Investigation for the determination of natural frequencies and mode shapes have been

ca:ried out during the free vibration analysis.

3 Computational fluid dynamics (CFD) modeling of TCT operating in a tidal channsl.

4 Fluid structure interaction"(FsD analysis of TCT under the influence of fluid loads.

s
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CHAPTER 2

LITERATT]RE REYIEW

2.1 Types of Tidal Current Turbine

There are many tlpes of tidal current turbine in the development stage. Most of which

can be categorized based on whether they produces a motion in the rotary or linear direction.

The main categories, into which the tidal current turbine falls, are vertical axis and horizontal

axis tidal current turbine.

2.1.1 llorizontal Axis tidal Current Turbine (IIATCT)

The main feature of horizontal axis tidal turbine is that, the rotational axis of the turbine

is in line to the fluid flow. The rotor of such turbine is of propeller tlpe turbine [ 1]. The HATCT

have higher efficiency, but more complexes in design. The blades of HATCT required twist and

taper to achieve the maximum efficiency. Typical peak efficiency range of HATCT is around 39

ta 48o/o [12]. The tidal current turbine is shown in figure 2.1 ll3l.

Figure 2.\;Honzontal Axis Tidal Current Turbine [13]

The design of horizontal turbine is same as the design of wind turbine. The HATCT is

commonly used for tidal energy conversion. There are many forms of HATCT differing, on how

many blades the rotor has and how the device is fixed in position. The most develop HATCT is

the 1.2 MW seaGen developed by Marine current turbine (MCT) [14]. It is a first tidal current

turbine that used on commercial scale to generate power in UK.
!!
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2.1.2 Vertical Axis tidal Current Turbine (VATCT)

VATCT also works in same way asi the HATCT and exfracts energy from the tidal current

in a similar way to HATCT, but the rotational axis of vertical axis turbine are at perpendicular to

the flow direction. In such devices both axis of rotation and surface of water are vertically to each

other. The VATCT are shown in below frgve2.2.

Figure 2.2;YerticalAxis Tidal Current Turbine [15]

The VATCT can be operating regardless of the directions of tidal current flow without

loss of operational efficiency. Such turbines have straight blades reducing the design and

manufacturing cost as compared to HATCT blades. The rotational velocity of VATCT is lower

than HATCT due to which they produce less noise. But they produce less energy and they are

less efficient. The efficiency range of VATCT is around 37 to 40% 116).

+
+
*

*

+
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2.2 Turbine Location

The selection of proper location and proper type of turbine is very important for the

extaction of maximum energy from the tidal currents. For the selection of turbine location the

study about the weather conditions, depth of sea and installation mechanism is very important. In

general a tidal current device is placed at the sea bed. However the device can be operating at

varying depths with the application of floating mechanism to the device. The turbine can also be

installing with a fixture near the free surface of water. The installation procedure must thoroughly

be planned and well executed as poorly installed devices could result in large costs. For example,

the estimated cost to rectiff 164 poorly installed offshore wind turbines was €13 M [17]. The

horizontal axis tidal current turbine (HATCT) is suitable for all location configurations with same

success. Whereas, the vertical axis tidal current turbine (VATCT) can only be installed closer to

the free surface. The reason for this is the preference of keeping the generator and other moisture

sensitive parts out of the water.

2.2.1 Environmentallmpacts

It is considered an optimal tidal current turbine configuration extract the maximum

energy. The principal of extracting energy from moving water is same, as energy extuacting from

wind. However some fundamental differences may be consider with regard to density,

compressibility and boundary condition. The characteristic behavior of the ocean depends on

many factors such as depth, weather and water flow speed. These factors contribute to the decision

of where to install the turbine that may only be suitable for a given depth and other environmental

conditions. The design, installation and operation of several number of stream devices will have

direct and indfuect effects on the surrounding environment and on the life within it.

The tidal current devices are still in the development stage and hence there have been few

studies into the environmental effects of these technologies. The studies which have been carried

out up to date are mostly either based on predictions or are unverified [18], with the exception of
Marine Current Turbines (MCT). The marine current turbine was independently studied by

Haskoning, for the deployrnent of SeaGen [19]. This study found that there were no major

environmental impacts as a result of the seaGen project.

The environmental impacts of both horizontal axis and vertical axis turbines for both

orientations are mostly the sarne. Tidal turbine have no siguificant impact on the water level and

depth after the installation. However it is important to consider the impact of such turbines on

quality of water (Flow speed of downstream and upstream), kansportation of sediments and risk
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of immediately whirling of water flow around the device that causes the scouring. Several other

effects include noise pollution, the striking of sea habitants with moving parts or rotor blades,

migration of ocean organism and generation of electromagnetic field [20]. No evidence has yet

been found that electromagnetic fields from generators and cables affect the migratory and

feeding habits of marine mammals and fish, however this is still a controversial area [21]. The

effect on shipping is a concern and this may limit the location and size of device iurays. Pollution

from the machinery used should.also be considered such as the release of hydraulic fluids,

lubricants, etc are very harm for the marine lite [22]. There are also concenls of the cavitations

effects produces in tidal cwrent turbines, -c._ausing sudden pressure changes. This sudden pressure

changes could harm the marine mammals and fish [23].

2.3 Advantages and Disadvantages 
c.";

The evolution of tidal current technology is increasing. In this a effort have 6een done to

explain the several issues and benefits of tidal current turbine. Advantages and disadvantages of

vertical axis tidal current turbine (VATCT) and horizontal axis tidal current turbine (HATCT)

based on technical features are given below.

_ft 2.3.1 Advantages of VATCT
s.I

The vertical axis tidal current turbine is an old technology. VATCT rotor rotates in vertical
*+&riE*ds-E'' -t++ dr .*,.-qjr - . -- 

"--* 
---

direction around its axis instead of horizontal diiection. Advantages of vertical axis tidal current

turbine are given below.

1) The vertical axis tidal current turbine has smaller cost of manufacturingr installation

mechanism, and easy transport from one place to other.

2) They can produce electricity in any flow direction.

.. - ,-i ir, - ..- .- { . :rr 1'a'-1: :

3) It is not required to change tle direcfion of turbine with the variation of direction

of flow so pitch mechanism and yaw drive is not needed.

4) The floating structure and mooring mechanism in of vertical axis turbine is very

easy.

5) Thd blades of VATCT rotates ielatively at low speed so they do not harm the

marine life

{,1
Id'
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2.3.2 Disadvantages of VATCT

1) These are very less efficient as compared to horizorital axis tidal turbine, because

of the additional drag force during the rotation of blades.

2) These types of turbines are not typically well suited for use in areas where the flow

velocity is high.

Such turbines have relatively high vibration due to the turbulent flow of water.

Maintenance cost is high due to the increase of vibration bearing wear.

Such turbines produce noise pollution.

2.3.3 Advantages of HATCT

In horizontal axis tidal turbine axis of the rotor and flow stream are parallel to each other.

Multi blades HATCT are using now a days. Many drawbacks of vertical axis tidal current turbine

cair be eliminated from horizontal axis tidal turbine. Some benefits of such turbines are listed

below-

1) The HATCT collects maximum amount of tidal energy by allowing the angle of attack

to be remotely adjusted

The horizontal axis tidal current turbines are self-starting.

It is more cheaper because of higher production volume.

The HATCT can be contols easily for both stall regulated and active pitch conhol.

Both controls provide flexibility against over speeding and ensure efficient operation.

2.3.4 Disadvantages of HATCT

1) They have complicated design and blade manufaciring is very difficult.

2) Placement of moisture sensitive parts, generator and gear box is under water.

" 3) It is difficult to place the power.supilly cables.for HATCT under the water.

4) krstallation procedure is relatively difficult due to the transportation of long blades

and tall tower.

3)

4)

s)

2)

3)

4)

L4
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2.4 Previous Study on Performance prediction of TCT

Now a days variety of tidal current devices have been developed, However closest to

commercially available turbines are usually open-bladed horizontal axis turbines, such as current

" installed'turbines for tidal current generation Ltd's Deep Gen, SeaGen and Andritz Hydro

Hammerfest's HS1000 are horizontal axis turbines (Renewable UK, 2012) p\.The "Seaflow"

is considered as the fust tidal energy project throughout the world on commercial scale [25]. kI

2008 a new corrmercial1.2 Mega Watt turbine "SeaGen" was developed by a company known

as marine current turbine and then installed in Shangford lough, Northern Ireland that is

connected to the national grid station for elekicity tjO]. fne technology of both "SeaGen" and

"Seaflow" is similar. The Marine Current Turbine limited tried to intoduce the sea current turbine

into the market for the future commercial purpose. The company aim was to do experiment on

rr* this turbine on large scale [26]. Verdant Power Company developed a turbine for the Roosevelt

Island tidal energy EITE) project in New York east iver 1271.

A tidal current turbine (TCT) system utilizes the tidal current and kinetic energy is

converted into the rotational energy ofturbine to produce the electricity. Therefore, turbine design

and performance verification is important in developing TCT systems. The capability to develop

the optimal tidal current turbines (TCT) design and prediction of turbine perfomrance and life is

critical for the success of the tidal current turbine industry. The performance of a TCT can be

predicted in trvo ways. One way is the eiperimental procedure, which uses the towing tank and

circulating water channel (CWC). Bahaj and Joo et al. [28] developed an experimental setup for

the investigation of the perforrnance of tidal current turbine, and Jo et al. l29l carried out the

expenmentation for the comparison of three different types of tidal turbines. National Nature

Science Foundation of China funded the Zhejiang University (ZJII) in 2005 for the investigation
* I 'r i 

of horizontal axis tidal turbine and instalGhi's tW irliaet in 2006 t301. It was ability this model

to produce 2 KW power at a 1.8 m/s flow speed of water. A multi blade turbine system was

developed by Northeast Norrnal University (l.tNtl) for the generation of electricity at lower flow

rate (< 1 m/s) and it,was predicted the efficiency of can be improved by reducing the power loss

at the rotating seal t311. In January, 2013 IEEE student member developed the experimentation

as well as numerical simulation model for the determination of the performance of tidal current

turbine [32] The performance of turbine was evaluated on the basis of efficiency of the entire

design. The turbine was installed in a circulating water channel and the torque, lift, drag, and

thrust were calculated at different flow velocity. The dynamometer was used to measure these

values, from which the performance of the entire system can be calculated [33].
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The performance of horizontal tidal turbine can be estimated on the basis of two

approaches, computational fluid dynamics andblade elements momentum theory [34]. The blade

element momentum theory is based on two theories that are blade element theory and momentum

theory. Momenfum theory is based on the principle of conservation of momentum in which

control volume analysis of the forces at the blade is considered. On the other hand in Blade

element theory a specific section of blade is selected for the analysis of forces. The performance

of Horizontal tidal turbine is predicted from BEMT after combining the results of these two

theories. However in Computational Fluid Dynamics (CFD) a commercially available tool such

as ANSYS is used to predict the performance of tidal tubine after the examination the fluid flow

along the turbine rotor three dimensionally. Velocity and pressure variation around the blade

surface can be examined in pictorial view. This theory is also used to investigate the cavitation

(pressure on the blade surface reduces below the vapor pressure of fluid) initiation on the blade

area of tidal turbine [35].

Many earlier researches have been carried out for the investigation of perfonnance on the'

basis of blade element momentum theory Batten et al. [36], Campos andBaltazar [37] and Bum-

Suk Kim et al [38] designed a 1 MW ocean current turbine on the basis of blade element

momentum theory (BEMT) and computational fluid dynamics (CFD) considering cavitation

effects to predict the performance of the turbine. According to the performance prediction the

blades for ocean current furbine can experience cavitation near the tip area according to its

installation depth and rotational speed. In 2012 the 26th International Association of hydro-

environmental and research (IAHR), held a symposium at Tsinghua trniversity Beijing China on

hydraulic machinery. They discussed the structural safety requirements and prediction of
performance of 50 KW ocean current turbines in this conference. The unsteady CFD simulations

of the rotor configuration of turbine is presented for the prediction of cavitation and performance

[39]. The wake effect on the performance of horizontal axis tidal Current turbine was studied by

Kang-Hee Lee et al. [30], and they investigated the interference of tidal turbines for axial

configuration through experimentation and CFD simulation. [n a current study Co-workers and

McSherry used CFD to model horizontal axis marine current turbine (IIAMCT) performance, and

it was concluded that the proper meshing is so much important for better result [40].
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The development of experimental setup for the actual performance of tidal turbine design

is more reliable but for this purpose a lot of experience, time and huge capital is required. However

numerical analysis not only reduces the time for analysis and almost no cost is required for

analysis. For this reason many industries of fluid machinery are using the numerical analysis [41].

Also the scaling issue is not applying in numerical methods, so the model may be specified at Wty

dimension [a2]. The BEMT approach was adapted from wind turbine technologies and has low

computational demand as compared to CFD but due to assumption of uniform flow, the result of
BEMT is not reliable and accurate as compared to CFD.

2.5 Previous Study on FEM Analysis of TCT

Extensive researches have been carried out to investigate the structural loading effect on

wird and gas turbine blade. Modal vibration analysis of rotating turbine for the comparison of
two experimental approaches on thb basis of dynamic response of turbine'was developed by

Tchemiak, S. Y. D. and Allen, Matthew S. [43]. Edgewise mode shapes of the blade on the basis

of time and blade variation have been examined in this study. Alshroof, Osama N. et al., [44] used

the commercial software ANSYS l2.l for the development of the one way fluid struchre

interaction (FSI) model of turbine blade and investigated the interaction between the blade motion

and pressure on the turbine surface. The accurate motion of vibrating blade was considered and

pressure around the blade is also investigated. The results show that there is no significant

variation of pressure in between rotor blade trp and casing surface. Gunjit, B., and Jonkman, J.

[45] also carried out the dynamic analysis ofwind turbine by considering the three configurations

of turbine floating platform supported turbine, land based turbine and floating platform supported

turbine. It is observed that the influence of elastic foundation and hydro-dynamic plays significant

role in drnamlc 
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Flap-wise and edgewise model on the basis of variable length (different position ofblade)

of wind turbine blade was developed by Tartibu, L. K., et al., f46f . Torsional natural frequencies

for ten different position of blade is investigated. A program for the prediction of natural

frequencies is also developed in MATLAB. Results show that natural frequency does not remain

constant due to the variation of the length of the blade and there is no cause of resonance. On the

basis of finite element analysis (FEA) Ashwani K., et al., carried out the vibration analysis of

wind turbine blade made of Al 2024 [47). Modal and structural analysis was also performed on

the ANSYS 14.0. The analysis results were compared with the experimental results and the

recommended for the use. Similarly linear vibration analysis of rotating blade on the basis of

degree of freedom (DOF) and linearized equation of motion was performed by Park, J-H., et al.,

[48]. Constrained multi body approach is used for the linearization and derivation of EOM and

multi degree of freedom system. The proposed method is recommended for the prediction of

vibration and dynamic response of rotating blade. Numerical problems were solved to verify the

aqcuracy of the proposed method. The proposed study will be conducted on the characterization

of tidal current turbine dynamics by using fluid structure interaction (FSI).
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Chapter 3

Numerical Modeling and Hydrodynamic of TCT

3.1 Modeling

Modeling of a full scale tidal current turbine numerically or by scaled prototype is a

fundamental part of the design process, providing developers and investors with estimates of
loads, power and flow characteristics. This section considers different modeling techniques and

hydrodynamics of tidal current turbine.

3.1.1 PhysicalModeling

The physical scale modeling has been carried out in towing tanks, recirculating flumes,

rivers and offshore. The towing tank experiment has been carried out by Faudot et al. in 2013 and

Clarke et al in 2008 l491.In this experiment they describe and analyze the behavior of 1 MW

horizontal axis tidal current turbine subjected to runaway situation. The results obtained from the

Towing tank tests can provide a contuolled environment but can only be used with plug flows and

cannot simulate the velocity profiles. The recirculating flumes experiment has been carried out

by several research groups, Tedd and Olczak in 2013 and they include the velocity profiles [50].
However the recirculating flumes have smaller cross section than towing tanks and therefore the

rotor diameter can be limited by the blockage effect.

The river and offshore testing include work by Orme and Masters n2004 and Starzmann

in20l3 [51]. Unlike the towing tank and recirculating flumes,river and offshore testing does not

provide a conholled environment. Therefore it is less suitable forvalidating the numerical models,

but it gives an insight into the effect of variable flow velocity variable turbulence and provide

valid information regarding the perforrnance of tidal current turbine in a more realistic

environment.
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3.2 Numerical Modeling.

In order to reduce the time and cost to move from initial concept to commercial

development of TCT, the numerical modeling can be used to reduce the number of design iteration

in the described physical protoqrpe. The numerical approach depends on time and computational

resources and is often based,on one or more of the following methods.

3,2.1 Blade element momentum Theory

In 1892 Drzwiecki proposed the blade element momentum theory (BEM) for the

investigation of airplane propeller. It is faster and very less expensive computationally as

compared to other numerical methods. BEMT is considering as a basis for the commercial wind

and tidal current turbine design, {ue to the number of design iterations that can be performed in

a yery short period of time. 
el

BEM theory is the combination of the drag and lift coefficient of a blade profile (blade

element theory) and momentum theory. According to the blade element theory blade is subdivided

into several small parts by considering that these can move hydrodynamically independent from

surrounding elements as 2D airfoils. The total momentum and.forces experienced on the tidal

turbine may be estimated from the resultant forces of all elemental forces in the direction of'the

rotating blade. On the other hand, the loss of momentum in rotor due to the work done by the

water flow on blade element is assumed. With BEM theory, the induced velocities can be

calculated from the loss of momentum in the axial and tangential flow directions. It is because of
the effect of the inflow in rotor plane by induced velocities and this also alter the calculated forces.

' The blade element momentum theory is based on two theories that are blade element

theory and momentum t!.o.y. Momentum theory is based on the principle of conservation of
momentum in which contol volume analysis of the forces at the bladb is considered. On the other

hand in Blade element theory a specific section oftlade is selected for the analysis of forces in

which the blade is split intti a number of segments and eich section of the blade is analyzed

separately. The BEMT is faster and very less expensive computationally as compared to other

numerical methods. And it is considering as a basis for the commercial wind and tidal current

turbine design, due to the number of design iterations that can be performed in a very short period

oftime. With BEM theory it is possible to calculate the steady loads, thrust and power for different

setting of flow speed, rotational speed and different pitch angle.
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3.2.2 Computational Fluid Dynamics (CFD)

Computational fluid dynamics (CFD) is the branch of fluid mechanics which deals the

algorithms and numericdl methods to aralTrze and solve the problems that involves fluid flows.

This method can give more detailed inforrnation and more accurate results of forces on tidal

current turbine. CFD is a numerical tool that is used to analyze the horizontal axis tidal current

turbine (HATCT) through discretsation method. This has the advantage of saving time and the

cost associated for the initial design of tidal current turbine. For all the work presented in this

thesis, the available software ANSYS CFX is used for the CFD analysis in which the finite

volume method is used to solve the governing equation for a fluid flow for a predefined or user

defined material properties for 2D and 3D domains. Finite volume method (FVM) is the standard

and classical approach and most widely used in research codes and commercial software. In FVM

a set of partial differential equation of Navier stroke equation is converted in conservative fonn

and then discretize this equation. Al1 the goveming equations are solved on discrete control

volumes.

The CFD code is used for the working'of CFD. These codes are developed from the

algorithms that are used to solve a problem. The user guide and input parameters are defined in

all commercially available CFD packages. So it is easy to use this software for problem solving.

Hence the simulation process of any problem is completed in four different phases.

1. Desigu of Geometry and Meshing

2. Assigning the Physics of the geometry.

3. Problem solution

4. Analyzingthe results in postprocessor

3.2.2.1 Geometry and Mesh generation

Geometric modeling and mesh generation are the pre-processing processes. First of all a

model is designed andmesh is generated to provide an input to preprocessor. The geometry can

be designed in any design software and mesh.is generation of mesh is done using meshing

command. In geometry the region of interest can be defined, the surface, boundary name and the

region of the fluid flow can be specified. In ANSYS CFX the designed model in native format

can also be imported from Major CAD software, and then meshing of control volume is generated

automatiially.
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3.2.2.2 Assigning Physics of the Model

This step is also the pre-processing stage that is used to provide the input to the solver. In

physics preprocessor the mesh geometry is loaded. The physical models for the simulation is

selected and then boundary condition and fluid properties are assigned in this step.

3.2.2.3 Solving the CFD problem

CFD problem is solved in solver that produces the results in a non-interactive process.

The CFD solver integrated control volume of interested area in the forrn of partial differential

equations. Then this set of integral eqns. is converted into a system of algebraic eqns. And the

algebraic equations are then solved iteratively.

3.2.2.4 Analyzing the results in postprocessor

The postprocessor is the CFD element used to visualize, arnlyze and present the results

of the simulation. Any result obtained from initial values to complex animated sequences is

included in postprocessor. The postprocessor of the CFD includes grid and geometry display, line

plots, vector and shaded contour plots, two and three dimensional surface plots, particle hacking

and scalar variable such as pressure, speed and temperature and charts showing graphical plots of

variables.

3.3 Fluid Structure Interaction (FSD

Fluid-structure interactions (FSI), is the interfaces of some deformable and moving

structure with a surrounding or internal fluid flow. They are the most challenging multiphysics

problems. In order to gain an insight and correct information of the hydro elastic behavior of a

tidal current turbine, actual experimentation can be required to visualize and quantifu the behavior

of the device under different circumstances. However the experimental investigation of tidal

current turbine in Pakistan is time consuming, extremely costly and difficult to develop due to the

limited technology in order to gain useful and credible information from the experimental setup.

Altematively, computational analysis has the ability to be much less expensive, with regard to

both money and time and have more accurate results.

Hence when a deformable solid structure interacts with internal fluid pressure is exerted

because of fluid that causes the deformation in structure and fluid flow alters then Fluid-structure

interactions (FSI) occurs. It is highly suitable to integrate the both structure analysis and CFD

analysis to solve the complex problem. Mainly three methods ofjoint fluid structure are interacted

in time domain modeling, that are solving the main equation in integrated, uncoupled or coupled

manner. The uncoupled simulation is computationally cheap but is limited to a small perturbation



and minimum non-linearities. The coupled method are solving the equation separately but in an

iterative manner, while integrated method solves both the fluid and structural equations

simultaneously [52].

The coupled method is frrther divided into one and two way fluid structure interactions.

The information exchange depends upon the coupling method. In one way fluid structure

interaction, only fluid pressure over the structure is transferred to the strucfure solver. However

for two way coupling analysis, displacement of structure is transferred from structural solver to

fluid solver, and then the result is analyzed. The two way FSI solution is more reliable, especially

for higher deflection where the fluid field is highly influenced by structural deformation. But they

have more computational cost as compared to one way FSI. And also the deformation of fluid

mesh needs to be calculated which is a tedious job. But on the other hand one way FSI is

computationally very less expensive and also they provide a mesh of constant quality, so fluid

mesh deformation is don't need to be calculated.

In this research work one way fluid structure interaction (FSI) method was used. CFD

models were coupled with FEA models to predict deformation of the blades and the resulting

change in hydrodynamic forces. The hydrodynamic forces were calculated by CFD and it was

transferred to FEA model where TCT deformations were then calculated.

3.4 Hydrodynamic of Tidal Current Turbine

3.4.1 Turbine Power

The energy of tidal current can be extracted from the blades of tidal turbine. Theoretical

and actual power of the blade can be calculated using the formulas [53].

Ptheoretical:] RaV' ----------- (1)

Pacfual=T*W

Where we have in equation (1)

"P" is power in watt

"A:T * D2 " is Turbine Area =196.25 mm2

"p:1025u is the density of water in kglm3

"V:1" is the water velocity in m/s

And in equation (2) we have

"T" is torque of the turbine

"'W" is the angular velocity for specific tip speed ratio (TSR).
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By substituting the above values in equation (1), the theoretical power of the turbine can be

calculated which is,

Ptheoretical : 100.57 watt.

Ptheoretical is the power available in tidal curent flow. And the actual power of the turbine is

calculated by taking the product of the coefficient of power and the theoretical power, or by using

equation 21531.

3.4.2 Tip Speed Ratio CISR)

The tip speed ratio is the ratio of the actual water velocity of the blade tip to the

rotational speed at the tip of the blade. It is characteizedby a non-dimensional factor known as

tip speed ratio (TSR) or lambda. We can calculate the tip speed ratio (TSR) from below fonnula

[s3].

Blade tip speed

lt*: Incomminf flow speed

wr
)r--

v --- (3)

where

'\il" is the rotational or angular speed of the turbine (radlsec)

'1" is the radius of the turbine = 0.25 (m)

3.4.3 Angular Speed

The speed at which the tidal current turbine rotates to convert the tidal energy into

electricity is known as rotational speed. The rotational speed can be calculated by using equation

3. The angular speed can be calculated by changing the tip speed ratio value from two to seven

respectively, while the incoming flow speed and radius of tubine is kept constant. The values of

angular speed for different tip speed ratio are shown in table 3.1.
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3.4.4 Torque Calculation

The torque values were calculated from the function calculator of ANSYS CFX. These

values were calculatingby selecting eachblade andhub independently. The torque was calculated

for six repetitive analysis. The net torque values for different TSR and different angular velocityt
are shown in table 3.1

3.4.5 Calculating actual power

The actual power of the turbine was then calculating by multiplying the net torque to the

rotational speed of the turbine. But it should be noted that the theoretical upsteam power is 59.3

Yo @etz limit) of the available upstream power [53]. The actual power calculated by using

equation 3 for six repetitive calculations is shown in table 3.1.

3.4.6 Power Co-efficient (Cp)

The power co-efficient (Cp) is not a fxed or static value. Its value changes with the with

the change of TSR of the turbine. The power coefficient is used to measure the efficiency of tidal

current turbine. It is the ratio of actual power produced by a tidal current turbine at a specific

speed divided by the theoretical power of the tidal current turbine. The power coefficient (Cp)

can be calculated by using the following formula,

Cp:
Actualpower of turbine

T he oritical p ow er o f turbine

Pactual
Cp:

Ptheoretical
(4)
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The actual power of the turbine was calculated by using equation 2, and shown in table

3.1. While the theoretical power of the turbine was calculated by using equation 2. By putting

these values in equation 4 the power coefficient is calculated for the tidal turbine and is shown in

table 3.1.

Tip speed ratio
(D

Angularvelocity
@adlsec)

Torque

(N.m)

PowerActual

(Watt)
Power

coefficient (Cp)

2 8 0.52 4.16 0.0414

3 t2 t.t7 14.04 0.14

4 l6 1.83 29.28 0.291

5 20 2.00 40 0.398

6 24 1.72 41.28 0.41

7 28 t.23 34.44 0.343

Table 3.1: Hydrodpamics of tidal Current Turbine

As discussed in section 2.1.1 the peak efficiency value of the tidal current turbine is in

range of 39 to 48%. So the values shown in table 3.1 are in the prescribed range. And the

maximum efficiency of the tidal turbine used in this work is 4lYo.
er

IF
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CIIAPTER 4

CFD Analysis and Results

4.1 Turbine Design Parameter

The HARP_Opt (Horizontal Axis Rotor Perforrrance Optimization) code is used in this

research work for BEM Design of the turbine. The HARP_Opt uses a multiple objective blade

element momentum (BEIO and optimization algorithm flow model to design the tidal current

turbine. Optimization algorithms to perform optimization and the WT Perf BEM theory code to

predict rotor perfonnance metrics.

Various types of rotor control a:rangements may be constructed using HARP_Opt, such

as variable or fixed rotor speed and variable or fixed blade pitch operation. Turbine blades having

non-circular or circular roots may be designed using HAM_Opt. In this thesis fixed speed and

fixed pitch configuration were used for the designed turbine. The turbine design parameters used

in this work are given in below table 4.1 and table 4.2 shows the BEM chord and twist

distributions for the blade.

Design Parameters Values

P: Rated Power (W) 36.23

Cp: Estimated power coefficient 0.4

Efficiency 0.9

Rated current velocity (rn/sec) 1.0

Sea water density kdm') 1025

Tip speed ratio 5

Turbine diameter (m) 0.5

Number of Blades @A)
aJ

Angular velocity (RPM) t9t

Table 4.1: Turbine Design Parameters
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Fig 4.1: Solid 3D model of TCT

station rlR radius (mm) Chord (m) Twist Angle (degrees)

I 0.22 0.055 0.055364 16.95306

2 0.26 0.06s. 0.053791 15.57584

3 0.3 0.075 0.052075 t4.27066

4 0.34 0.085 0.050243 13.04085

5 0.38 0.095 0.048318 11.88887

6 0.42 0.105 0.046322 10.8164

7 0.46 0.1 15 0.0M273 9.824262

8 0.5 0.t25 0.042188 8.912484

9 0.s4 0.135 0.0400'17 8.080252

l0 0.58 0.145 0.037953 7.32593s

ll 0.62 0.155 0.03s822 6.647077

t2 0.66 0.165 0.033689 6.040399

t3 0.7 0.175 0.031556 5.501798

t4 0.74 0.185 0.02942t 5.026349

l5 0.78 0.195 0.027282 4.608302
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t6 0.82 0.205 0.02s 13 r 4.241085

t7 0.86 0.215 0.02296 3.9t7302

l8 0.9 0.225 0.0207s6 3.628732

t9 0.94 0.23s 0.018s0s 3.366334

20 0.98 0.24s 0.016189 3.t20241

Table 4.2:Blade Chord and twist Distribution results

4.2 Computational Fluid Dynamic Analysis of Turbine

ANSYS workbench 17.0 software was used for the computational fluid dynamic analysis

of the turbine rotor. The three dimensional geometric model of the turbine rotor designed in

Autodesk Inventor Professional 2014 was converted in an IGES type format file. The IGES

format geometry is then imported to ANSYS workbench 17.0 forprocessing in ANSYS CFX.

The ANSYS CFX is robust, flexible general pqpose computational fluid dynamics

software packages based on finite volume method, and used to solve wide ranging fluid flow

problems of all level. The ANSYS CFX process consists of ihree primary steps. The first step

consists of pre-processing. This step helps in describing the geometry in best possible manner.

The fluid domain of interest and mesh can be generated in the pre-processing step. The second

steps the solver setting. In this step the fluid material properties, flow physical model and different

boundary condition are set to solve the problem. The third step is the post processing step. In the

post processing step the results can be obtained. And these results can be analyzed by different

methods like contour plots, vector plots and streamlines.

The ANSYSCFX was used forthe analysis in this research work. The geometric designed

model was imported and then boundary conditions were assigned. Through the model cell

ANSYS CFX is launched and the solution is performed.
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4.3 Mesh Generation

Mesh generation is the most important step in computational fluid dynamic analysis. It is

preferred to generate the fine meshing to increase the number of elements and nodes because

accuracy of results increases with the increase of number of elements and nodes however higher

number of meshing elements increase the run time of the simulation. ANSYS ICEM CFD is

enable to gle the solution of these problem as it provides a standard method to generate required

meshing forthe simulation. Therefore ICEM CFD was used in this research work forhigh quality

meshing to obtain more accurate results. The geometry setup and the number of elements and

nodes of each part are given below. The mesh setup of each part is given below.

Name Mesh Tlpe No. Nodes No. Element

Blades Tetratredral 87091 173800

Hub Tetahedral 12175 23674

lnner D Unstmctured t3374 2s9s2

Outer_D Unstructured 10992 20752

Table 4.3: Mesh setup for CFD analysis

The ANSYS ICEM CFD tool was used to generate mesh on the whole geometry blades,

hub, circular domain and extemal main domain. The mesh of each part is shown in figure 4.2 to

4.5.

Fig.4.2: Grid system of blade
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Fig.4.3 Grid system of Hub

Fig.4.4 Grid system of Circular Domain

Fig.4.5 Grid system of Extemal Domain
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4.4 Boundary condition

In order to complete CFD simulations, it is necessary to specify the boundary conditions

to CFD domain. The results can be obtained from the CFD post on the basis of applied boundary

conditions. The boundary conditions used in this thesis is based on the circulating water channel

(CWC) specifications. The specifications of the circulating water channel are shown in below

table 4.4.

Measuring
section

Main particular

Length (m) 2.3 6.0

Height (m) 0.9 3.0

Breadth (m) 1.0 1.0

Max.velocity (m/s) t.2

Table 4.4: Specificatitrii-of cifcDldting water channel

The circulating water channel is used to experimentally predict the performance of tidal

current turbine. They can obtain more reliable and accurate results, but is expensive and required

a great deal of experiment and time. On the other hand, numerical analysis can obtain various

t;r, results at low cost and is used in a variety of fields. Therefore in this research work the

performance of tidal current turbine was predicted numericallyusing ANSYS CFX.

' ',r't".i l;
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4.4.1 Domain Specification

The external domain is modeled in a rectangular shape similar to the measuring section of

circulating water channel of length 5.0 meter, width 1.0 meter and height 0.8 meter. And the

internal rotation area where the turbine rotates is a cylinder of diameter 0.6 meter and height of

0.llmeter as shown in figure 4.6 below.

ti:ai.;
;..:::i1i:

Fig4.6: Specification of extemal and internal domain

4.4.2 Inlet

The inlet to the domain was set as a velocity inlet with the velocity specification method

as magnitude, normal to boundary, which resulted in the flow being aligned with the rotational

axis of the turbine. The magnitude of design velocity for all model presented in this thesis is I

m/s, and the turbine diameter is 0.5 m by taking the specification of the circulating water channel

given in table 4.4.

4.4.3 Outlet

The external domain outlet area is on the basis of an opening condition and it is calculated

from the change of flux because of the turbine. The mass and momentum option were selected to

opening pressure and direction the relative pressure were set to "0" Pascal. The flow direction

specification method was set as normal to boundary.

33



s,

4.4.4 Walls

The sides and floors of the external domain used the wall condition. The mass and

momentum option were chosen to no slip wall condition and the wall roughness option were

chosen to smooth wall condition. The top of the extemal domain used the wall condition and in

boundary detail tab the mass and momentum option were selected to free slip wall condition

4.4.5 Turbine Blades i

All the blades of the turbine were used the wall condition. The mass and momentum option

were chosen to no slip wall condition and the wall roughness option Were chosen to smooth wall

condition.

4.4.6 Interfaces

The three types of interfaces were defined in both circular and external main domain. All

the three interfaces include the interface_Circular, Interface_lnlet and interface_oulet. The

interface type was selected to fluid-fluid interface in all interfaces. The interface model option

was set to general connection, and the frame change or mixing model option were set to frozen

rotor. The frozen rotors were selected because in rotating analysis it reduces the simuiation time

and produce more appropriate solution. The pitch change option was set to automatic, and the

mesh connection method was set to general grid interface (GGD method. The GGI is a coupling

interface used for joining two faces of non-conformal meshes, in which the mesh points on either

side do not match with each other. So instead of remeshing the GGI connection is used to match

and connect the meshes of both sides for the simulation.

4.4.7 Rotation of Turbine Using MRF

In situation where the rotating body moves through the fluid, a moving reference frame
' ig''f r 

''-':! 
'(tvRF) oi dynamic mJsh'model is required. The dynamic mesh models *t"uoy''iomplex and

have very high computational cost. Therefore instead of dynamic mesh, the MRF model was

applied to internal domain. The rotation of the turbine was simulated by selecting frame motion

in the cell zone conditions for the circular domain named turbine. The rotation-axis origin was set

as 0, 0, 0 and the rotation-axis direction was along the z axis. The rotational velocity was varied

to cover the operational range of the turbine while the translational velocity was set to 0 ms-1 in

all3 directions.

$

:\
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4.5 Solver control setting

ANSYS-CFX solver solves all the solution variables for the simulation for problem

specification which is generated in CFX-Pre. One of the most important features of ANSYS-CFX

solver is the use of coupled solver as a single system. The coupled solver is faster and required

fewer iterations to converge the flow solution. ln solver control setting, the minimum iteration

was set to I while the maximum iteration was set to 200 with auto time scale. The residuals,

convergence criteria was set to 1.8^-4.

4.6 CFD Post processing

4.6.1 Performance Curve of TCT for CFD validation

The full rotor (three blades and hub) were analyzed through BEM and CFD method in this

research work to predict the torque, pressrue and velocity streamlines occurring on the blade

profile. The performance curve of tidal current turbine on a 1.0 m/s design velocity is shown in

figure 4.7.'I\e coefficient of power values were calculated from BEM analysis and from CFD

analysis as discussed in section 3.4.4. The torque values were calculated from the function

calculator of ANSYS-CFX for seven repetitive analysis. These seven analysis were performed

for a tip speed ratio (TSR) 2to 8.
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Fig.4.7: Performance Curve of TCT
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The figure shows the coefficient of power values increasing linearly both for BEM and

CFD analysis at tip speed ratio (TSR) 2,3 and4 respectively. And the maximum power coefficient

(Cp) value 0.43 occurs at a TSR value 5 in BEM analysis, while maximum Cp value 0.41 occurs

at atip speed ratio of 6 in CFD analysis. Passing through the TSR 5 and 6, the power coefficient

(Cp) value starts decreasing by increasing the TSR in both cases. Hence the BEM and CFD

analysis have the same hend and creates equal power, so the BEM result validate the CFD result

of this research work. Also According to Betz's law no turbine can capture more than 59.3 % of

kinetic energy (KE). And the peak efficiency value of the tidal current hrbine is in range of 39 to

49%.Itis clear from the figure and above discussion that, the BEM and CFD have the same result

for tidal current turbine designed in this research work and creates reasonable estimates of power

s

output. i -

4.6.2 Pressure at Front Side of the Turbine

The pressure at front side of the tidal curreht turbine is shown in below figure 4.8 for a tip

speed ratio (TSR) 2to 7 . The figure shows that, at a lower TSR the fluid is rapidly flowing on the

leading edge of the rotor which produces high pressure at the tip area. And the pressure values

increases from root to tip at'lbading edge at TSR value of 2, 3,4 andrespectively. By increasing

the TSR value further reduces the pressure area which causes to negative pressure. The negative

pressrue occurs at TSR value of 6 and 7 respectively. The negative pressure causes to produce

less torque in tidal current turbine, which reduces the power coefficient (Cp) of the tidal current

turbine. So at higher value of tip speed ratio (TSR) the efficiency of the tidal current turbine is

minimum.



u

Fig. 4.8: Rotor pressure distributions (Pressure side).

37



U

4.6.3 Pressure at Back Side of the Turbine

The pressure at back side or suction side of the rotor is shown in figrre 4.9. The pressure

at back side or suction side is also plotted for several values of tip speed ratio (TSR) 2 to 7. The

figure shows the increase of negative pressure up to the tip speed ratio of 5 and then steadily slow

down.

.I Pressure l
I

Fressure

2 5

3 6

4 7

Fig.4.9: Rotor pressure distributions (Suction side).
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4.6.4 Blade Pressure Distribution

The pressure around the blade profile in a stationary frame is shown in figure 4.10. The

total pressure in stationary frame was plotted on the plane. The plane was created at the tip ofthe

blade in ANSYS-CFX post. As shown in figure by increasing the tip speed ratio (TSR) the

negative pressure at the suction and the pressure on the front portion nearby the leading edge

gradually increases. And when it reaches the TSR value of 5, negative pressure on the blade front

portion as well as the pressure difference between the suction and front side decreases. Due to the

decrease in pressure difference, the lift force also decreases and causes the reduction in torque

and the minimum torque occur at TSR value of 6 and 7 respectively.

Fig.4.10: Blade Pressure Distribution.
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4.6.5 Turbulence Kinetic Energy

The turbulence kinetic energy of the turbine blade profile is shown in figure 4.11. As

shown in figure at TSR value of 2 the fluid inlet angle flowing into the blade is higher because of

low TSR value. The lift force is less because of large angle of attack and stall occurs. As the TSR

value of 5 is achieved, the angle of attack value also approaches to the design value, and until the

ma:rimum value of lift force achieves. After passing the TSR value of 5, as it moves towards the

trailing_edge of the turbine blade, the turbulence occurs at this position because the fluid does not

flow along the surface of the blade and falls off and the drag caused by the turbulence reduces the

torque of the tidal turbine.

Fig.4.l l: Blade Turbulence Kinetic Energy Distribution.
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4.6.5 Blede Streemllne and Velocity

The blade sfi.enmlines and velocity are shown in figue 4.l2.Itis clear from the figure that

at TSR value of 2 the stall is maximum. But as the TSR increases the angle of attack becomes

closer to the desrgn angle of attack, and the fluid inlet angle reduces. In case of less than 5 value

of TS& the highest lift to drag (I/D) ratio is achieved. But when the value of TSR becomes more

than the decrease in lift reduces the torque due of the lower angle of attack than the maximum

LID ratio.

It was also formd from the CFD analysis that near the 5 value of TSR the angle of attack

reaches almost nearcr to the design angle of attack which is the angle at highest glide ratio.

However after the achieve,ment of value 5 of TSR blade experiences higher angle of attack and

tgrbulence occurs and torque reduces. Going firther ahead the angle of attack increases further

due to which the torque reduces further motre.
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Blade Streamline and Velocity
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4.6.7 Rotor Streamlines

The rotor steamlines are shown in figure 4.13. During passing through the turbine,

swirling effect is higher as shown in figure. The rotor streamline is expanded maximum at the

TSR value of 5 due to the increase of speed ratio and ma:rimum efficiency is achieved. The wake

is developed due to the cause of turbine and becomes more complex as the TSR increases.
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Fig.4. 1 3 : Rotor Streamlines Distribution.
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4.7 Dynamic Analysis of Tidal current turbine

The dynamic analysis normally refers to fiansient vibration analysis of the structures. The

vibration in tidal current turbine is a complex phenomenon. It i3 produced due to hydrodynamic

loads. The vibration can cause resonance which leads to damage of the.structures. TCT should be

designed to avoid resonance in structure and prevent destruction of related components. The

purpose of this research work is to investigate integrity of TCT against vibration caused by the

fluid forces. Three principal aspects of dynamics of TCT behavior will be fresented in this thesis,

(1) modal analysis, (2) Pre-stress analysis, (3) forced vibration analysis. Finite element analysis

method is used to simulate dynamic behavior of tidal current turbine.

4.8 Finite Element Analysis @EA)

FEA is a numerical approach based on the principle of variation.calculus which is used

for solution of complicatedproblems. The accuracy of response of physical system is based on

discretization and boundary conditions. Commercially available FEA software packages like

ELFINI, NASTRAN, ABACUS, ANSYS, ADINA, STAAD and NISA, provide solution to

investigate the number of problems i.e., monotonic and cyclic analyses, thermal analysis etc. In

this work, ANSYS workbench is used for the analysis of Finite Element (FE) model of a TCT to

investigate the structure response through fluid skucture interaction (FSI).

4.8.1 Advantages of Finite Element Method (FEIvt)

As previously stated, FEM is applicable for both types of pro6lem such as structural and

non-structural. Because of the large number of advantages this method is very popular.

This method has ability to

1. Handle the irregular geometries simply.

2. - Handle st6tic and transient loading conditions easily.

3. Geometries composed of several materials can be examined individually.

4. Handle large number of boundary conditions.

5. Mesh sizing is an effective tool for contolling mesh sensitivity.

6. It can update mesh model easily for iterating same parameters on new

geometries.

7. Include mass scaling and concentrated masses for dynamic effects.

8. It can be incorporated by nonlinear behavior due to large defomrations and

materials nonlinearity.

s,
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Structural analysis facilitates designer to calculate the vibration, stess and thermal

problems to evaluate design changes before construction of prototype with least number of

iterations before product manufacturing.

4.9 F'SI'Models

When a deformable solid structure interacts with internal fluid pressure is exerted because

of fluid that causes the deformation in structure and fluid flow alters then Fluid-structure

interactions (FSI) occws. A TCT operating in tidal currents can be regarded as typical fluid

structure problems. Recent advances in FSI have enabled high fidelity solutions of complex fluid

and structural problems. FSI modeling approach has been extensively used in the wind turbine

industries for the determination of the structural response due to flow.

Fluid forces acting on blades, whilst resulting in torque which causes turbine to rotate. It

also deforrning blade due to pressure acting on it. Deformation of blades will change flow field

around turbine which change flow field around blade; CFD rirodels were coupled with FEA

models to predict deformation of the blades and the resulting change in hydrodynamic forces. In

this thesis hydrodynamic forces were calculated by CFD and it was transferred to FEA model

where TCT deformations were then calculated.

4.10 Modal Analysis of TCT

The phenomenon of resonance due to the excessive vibratory motion occurs in many

actual processes. It is important to determine the frequency quality and quantity to analyze the

vibration problems. Modal analysis is mainly used to investigate response of structure for applied

boundary conditions. It is used to determine the mode shapes and natural frequencies of the

vibration of any structure.

' Modal analysis of TCT has been conducted taking into account constraining effect on the

back side of rotor. The constraints are applied in all degrees of freedom on rotor. And rotor or

TCT is analyzed in static conditions. First three natural frequencies and mode shapes are

calculated by using ANSYS, which are given in table in table 4.5 and figure 4.14 to 4.16.

s
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Natural frequencies obtained by FEM and
modal analysis for an TCT

Modes Damped Frequency (Hz)

I 126.M

2 171.93

3 177.02

Table 4.5: First three Natural frequencies of modal analysis

et

Figure 4.14: Modal Analysis Mode Shape I for a frequency of l26.Mllz

Figure 4.15: Modal analysis mode shape 2 for a frequency of l7l.93llz



tr

Figure 4.16: Modal analysis mode shape 3 for a freque,ncy of 177.02112

From the BEM analysis it is clear that tidal current turbine rotates at l9l revolutions per

minutes. If we divide 191 RPM by 60 seconds we get forcing frequency of rotor due to rotation

is 3.183 Hz. From table 4.5, it is clear that there is no nafiral frequency io 
"6&e 

of calculated

forcing frequency, Heirce rotor is not going to resonate. And there is no potential failures observed

in rotor structtre.

4.ll Pre-Stresied Vibration Analysis ;

Dyramic analysis of pre-stessed vibration was also amlyzedby using ANSYS softrrare.

In pre-stressed modal analysis a rotational speed of 20 radians per seconds were applied to tidal

currelrt turbine. The rotational speed produces centrifugal forces. These forces may effects the

resonant frequencies of blade. The internal forces due to the rotation influence the deformation

of rotating object subjected to dpamic load. This increases the natural frequencies with rotor

speed and this phenomenon is known as ce,ntrifugal stiffening. This is significant parameter to

consider in design of high speed tidal turbines.

Pre-stressed modal analysis was conducted in ANSYS workbench. The results of the pre-

stessed (Natural freque,ncies and mode shapes) are presented in table 5. The natural frequencies
e 

of the unstessed blade are also included for comparison. The mode shapes for the pre-stressed

modal analysis are shown in figure 4.17 to 4.19.
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Nafural frequencies obtained by fEM, Pre-stressed modal analysis and
unstressed modal analysis for TCT

Mode
Prestressed Damped

Frequencies (Hz)
Modal anelysis Damped

Frequencies (Hz)

I 14.496 126.M

2 388.53 171.93

3 455.11 177.02

Table 4.6: First three Natural frequencies ofpre-stressed modal analysis

€

Figure 4.17: pre-sfiessed modal Analysis Mode Shape I for a frequency of l4.4Hz

Figure 4.18: pre-stressed modal Analysis Mode Shape 2 for a frequency of 388.5 Hz
s,
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Figure 4. 19: pre-stressed modal Analysis Mode Shape 3 for a frequency of 455.1 llz

4.12 Comparison of non-stressed and pre-stressed Modal analysis

Two tlpes of modal analysis for blade and hub asserrbly is used for making comparison

of non stressed modal analysis and pre stess modal analysis. The natural frequencies and mode

shapes of no stressed modal analysis were compared tg.{e pre sfiessed modal analysis. The

results show that Natural frequencies of pre-stessed modil analysis are almost 2 times higher

than no stressed modal analysis. And it is clear from analysis that water pressure fluctuation

dring tidal current turbine operation can cause excite natural mode easily. Natural mode is
-l i

.firther elaborated using Eigen bucHing analysis
i

The mode shapes of tidal current turbine shows the deflection at several natural

frequencies. The red coloured area in hub and blade asseurbly shows the marimum chances of

failure due to the higher deflection. In order to minimize the chance of failure the extemal

excitation corresponding to each natural frequency must be prevented. In general the maximum

deflection is observed at the tip of the blade of TCT because this area is away from the hub, and

the support of the hub become very small. The light blue coded area shows the minimum

deflection area of the tidal turbine, and this area is safe from the fluid loads.
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4.13 f,'orced vibration Analysis

The oscillation due to the external force is known as forced vibration. The oscillation that

arises in moving objects i.e. turbine and airplanes wings are the example of forced vibration. The

vibration produced in tidal current turbine due to the repeated hydrodynamic loads. Thenrepeated

hydrodynamic load causes resonance in the turbine, due to which the turbine failure occurs. In

order to avoid resonance in tidal current turbine (TCT) the transient structural analysis were

carried out in ANSYS workbench to find out the structural response of the TCT against the

influence of the fluid loads. The hansient analysis was carried out for time duration of zero to

three seconds, and directional deformation and total deformation df TCT were visualized. The

deformation becomes constant as steady state CFD analysis and random vibration speckum is

more suitable for simulation on actual spectrum of vibration. The results of the transient analysis

for forced vibration are shown in table 4.7. ! ,

Directional deformation obtained by FEM, from transient
structural Analysis

Time (S) Minimum(mm) Maximum(mm)

0.2 -7.288-02 2.918-02

0.4 -7.30F-02 2.928-02

0.6 -7.308-02 2.928-02

0.8 -7.30E-02 2.92E-02

I -7.30E-02 2.928-02

1.2 -7.308-02 2.928-02

1.4 -7.308-02 2.92F-02

1.6 -7.308-02 2.928-02

1.8 -7.308-02 2.928-02

'2 -7.308-02 2.928-02

2.2 -7.308-02 2.928-02

2.4 -7.30F-02 2.928-02

2.6 -7.308-02 2.928-02

2.8 -7.308-02 2.928-02

Table.4.7: Directional deforrnation of TCT
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Fig.4.20: Directional deforrration of TCT

The total deformation of the TCT was also analysed. The total deformation of the TCT is shown

in table 4.8.

Totel defomafion obtdned by f'EIl4 from trencient structural Analysis

Time (S) Mintmum(mm) Medmum(mm)

0.2 0 7.48E-02

0.4 0 7.50E.-02

0.6 0 -.# 7.508-02

I 0 7.508-02

1.2 0 7.50E.02

1.4 0 7.508-02

1.6 0 7.508-02

2 0 7.50E.-02

2.2 0 7.50E.-02

2.4 0 7.508-02

2.6 0 7.s08-02

2.8 0 7.50E-02

3 0 750E-02

Table 4.8: Total deformation of TCT
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Figure 4.21:Total deformation of TCT

It is clear from above performed analysis that tidal trubine blade has low natural frequency for

exciting natural modes. It should be kept for designer perception for defining joining and connecting blades

with hub. Flexible joints are recommended to suppress vibrations daoeed quicHy. And prevent the tidal

.i current nnbine GCT) from the failure. It mwt have daryed vib,rations earlier before any natural modesv
can activate.
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CIIAPTER 5

Conclusion and Future Recommendation

5.1 Conclusion

In this research work horizontal axis tidal current turbine (IIATCT) has been modelled on

the basis of blade element momentum theory (BEMT). The TCT is then analyzed by using

ANSYS software. The ANSYS CFX is used for the performance assessment of tidal current

turbine. And Finite Element Analysis is performed in ANSYS workbench for the vibration

analysis of the TCT. The main conclusions drawn from this research are listed below:

1. Mostly research work is related to the horizontal axis turbine (IIAT) in Tidal current

turbine technology (HATCT) and it is recommended to focus more on these devices

in future because of high performance and stability.

2. Thereis so much potential of tidal current energy in whole world and Pakistan which

can be economically exhacted by horizontal axis turbines.

3. Comprehensive research work and facilities are required to investigate more technical

and feasible extraction of this energy.

4. The blade element momentum theory @EMT) may be used to estimate the

performance of horizontal axis tidal current turbines.

5. Autodesk Inventor is suitable for the modelling of complex geometric design of tidal

turbine as it reduces the complication.

6. The bolted hub to blade joints in tidal current turbine provides ease of assembly with

economic edge and free of galvanic corrosion.

7. The perfomrance of tidal current turbine through ANSYS CFX can be predicted

accurately and easily.

8. For the performance of tidal current turbine the optimum tip speed ratio (TSR) is 5 for

the design velocity of 1 m/s. The higher values of TSR are not recommended due to

lower power co-efficient.
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9. The accurate results of dynamic analysis of tidal crrrent turbine may be investigated

th9"gh Finite element package ANSYS.

10. The transient analysis was perforrned to accurately predict the forced vibration

" response oftidal current turbine.

11. Analysis of the tidal current turbine blade and hub assembly through ANSYS 17.0

saves analysis run time and provides accurate results.

5.2 o Recommendation for future work
str 1. A detail investigation of velocity along the sea depth can be investigated to properly

design the tidal current turbine to extract maximum energy from the flowing water.

2. Investigation of the economic and Technical feasibility for the actual installation of

tidal current turbine at the defined site.

3. On thb basis of available information the sea model may be.developed to define the

boundaries of the available sites for the installation of array of tidal current turbines.

4. The survey for the identification of new Site is required for the estimation of the total

potential of tidal energy in Pakistan.

5. Investigations of different type's materials are required to increase the life time of tidal

cturent turbines.

6. Identification of the protection method of turbine infrastructure from corrosion and

other environmental effects.

7. Development of mathematical and numerical model to investigate the behaviour of

impact load that is caused by the sediments and habitants of marine animals.

8. Development of computational fluid dynamics (CFD) algorithms and software based

prog@ms for the analysis and perforrnance estimation of specific turbine models.

'9."': Two way FSI analysis are required to validate the perforrrance of tidal current turbine

10. Detail fluid structure interaction research is required for the effective development and

continuous improvement of tidal turbine technology.

ll.Two way FSI analysis are required to investigate the structural response of tidal

current turbine against repeating fluid loads.

,8''
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