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Abstract

Recently, the world demand has been increased of the energy through a rise of human life level.
The results of the oil price raise and its environment influence, the scientific researches have been
performed on the renewable energy as the alternatives of fossil fuels which are the wind energy one
of renewable energy applications and it is the most promising sources of the renewable energy.

The wind energy is converted into mechanical power through blades which are the most vital
component of wind turbine. Blades play a major part in wind turbines and they have more potential
of the wind turbine efficiency/performance improvement to capture a more energy from wind. The
efficiency of wind turbine blades depends on the number of factors (such as the blade shape and
material) where the blade shape controls the aerodynamic characteristics and the pressure
distribution in service. The most important parameters of the blade material are to be high stiffness,
low density and long hypothetical life. Nowadays, the composite materials have been used for a
fabrication of the wind turbine blades to reduce the blade weight in turn decreasing the gravity
effect load.

A fluid flows over the blades structure surface creates a pressure loads result in the blade
structures to deform. This deformation leads new boundary for the domain of flow. A numerical
modelling technique is applied to estimate flow induced deformation and its sequel, so the system
coupling simulations of fluid-structure interaction are required for optimization composite wind
turbine blades. In addition, wind turbine blades should be a focus as they are faced with
deformation in the real implementations. In this thesis, the wind turbine blades are discussed
comprehensively. a computational fluid dynamics (CFD), finite element analysis (FEA), the one-
way and two-way system coupling of fluid-structure interaction (FSI) simulations of the composite
wind turbine blade are implemented.

The CFD simulations are implemented by selection of the k-w shear stress transport (SST)
turbulence model for the CFD simulation of initial pressure load and the fluid-structure interaction
(FSI) simulation. The one-way FSI simulations were conducted for the five predefined composite
materials at cut-out wind speed 25 m/s (when pressure load acting on the wind turbine blades is
maximum) to compare the results and define the optimum composite material based on the values
of stress and deformation obtained. It was found that the most appropriate composite material is the
Aramid (kevlar49)/Epoxy 5505. The finite element analysis was then used to test the tensile
stiffness of composite laminate of the Aramid (kevlar49)/Epoxy 5505 based on the lay-up’s
sequences of composite material at the maximum and minimum thickness the blade sections. The
models of specimens used in this simulation were created according to ASTM standard D638-14
and the results of the simulation showed that both specimens have enough tensile stiffness.

The finite element analysis was again applied to study the effect of micro-scale structural low-
level porosity on strength of structural materials using the 3-D unit cell numerical model (UCNM).
The comparison has been performed of the obtained values for the stress concentration factor (SCF)
for different size and shape of pore with available experimental data in literature. The values of
normalized strength obtained by utilizing UCNM agree with available experimental data published
in literature. It was confirmed that material porosity in form of closed pores has notable influence
on strength of structural materials. Less porosity in the material microstructure generally leads to
higher values of material strength. For fixed porosity volume fraction, shape of pores has an impact
on strength of structural material.

For selected composite material, the one-way system coupling FSI simulations were then
performed for several speeds between the cut-in and the cut-out wind speed, and then results of
simulations were analysed through the comparison of normal stresses, shear stresses, blade
deformations, force reactions, and moment reactions. The results are presented in the terms of the
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normal stress distribution, shear stress distribution, and blade deformation with defined positions of
the maximum values on the blade structure. While the force and moment reaction are demonstrated
the maximum values and directions. Then these analyses of the simulations results were plotted for
each parameter separately to describe the trend lines of those parameters and how are represented
the trend line of parameter through increasing the wind speed. The maximum values of the normal
stress and shear stress were compared with the ultimate strength of the composite laminate and
found reasonable. The maximum tip blade deformation was obtained at the maximum pressure load
which occurs in the cut-out wind speed 25 m/s less than the recommended allowable deformation
value of 10% of the blade length. According to the simulations results this wind turbine blades work
in the safety mode for the operating conditions applied in this study.

Finally, the two-way fluid-structure interaction simulation was implemented only at the cut-out
wind speed because the maximum pressure load occurs at this wind speed; moreover, this kind of
simulation needs a computer with high specifications (such as huge amount of space on hard disc
during the computations and a big space for results’ storage). Obtained results for two-way
simulation were compared to the results from the one-way fluid-structure interaction simulation
results. The two-way FSI simulation results show the distribution of the normal stress, shear stress,
and blade deformation on the structural blade surface are the same in the one-way FSI simulation
results but the maximum values have been raised a little. Based on the fluctuations charts obtained
from the values of the normal stress, shear stress, and blade deformation it can be noticed that
values fluctuated over the complete time step and that maximum fluctuations occurred during first
40% of simulated time and then values varied much less during next 60% of time, reaching more or
less stable values. However, the maximum normal stress and shear stress values obtained in the
two-way FSI are reasonable compared to the ultimate strength of laminate composite material
applied; also, the maximum tip deformation is less than the recommended allowable deformation
value of 10% the blade length. So, the wind turbine blade is on the safety side with respect to
operating conditions utilized in this study.

The comparison of the FSI/FEA results and values from the literature/experiments showed good
agreement, with room for further improvements in both directions: experimental and numerical.

Keywords: Fluid-Structure Interaction (FSI), Finite Element Analysis (FSA), Strength of
Composites, Numerical Modelling, Porosity of Structural Materials, Stresses, Deformation.

Scientific discipline: Mechanical engineering
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AIICTPAKT

[Mocnenmux je roanHa A0HUIO 10 NoBehama MOTPaKHkE 32 CHEPTHjOM MaxoM 300T mopacra
’KMBOTHOT CTaHJap/a JbyJM IIUPOM CBETa. Y CIIe/ MOCKYIUbeha HaTe U HBEHOT JIOUIET yTHIaja Ha
’KMBOTHY CpeHMHYy, HaydyHa MCTpaXMBama Ce JaHac ycMepaBajy Ka OOHOBJBMBHM H3BOpUMA
eHepruje koju O6u Tpedano ma 3amene (ocuiaHa ropuBa, a Mel)y BUMa ce €Hepruja BETpa HU3/Baja
Ka0 HajIepCHEeKTHBHU]U U3BOP OOHOBIBHBE EHEPTHje.

Enepruja BeTpa ce mperBapa y MEXaHMUYKy CHary momohy jonaTtuma Koje MpeacTaBibajy
HajBaXXHUjE KOMIIOHEHTE BETPOTYypOMHA. Y3 TO, JIOMATHLE MMajy HajBUINE ,IOTCHIHjana™ aa ce
MyTeM HUXOBOI MPABWIHOT TIPOjEeKTOBama W ONTUMHU30Bamka M000JbIIAJy €(PUKACHOCT U
neppopmMaHce BETpOTypOMHaA y CMHUCIY JAoOHjama IITO BUIIE eHepruje of Berpa. EdukacHocT
Jjonaruua BETpOTypOMHE 3aBUCH 0J] OpojHMX ¢akTopa (Mel)y KojuMa cy TJaBHU TeoMmeTpuja U
Marepujai JIOMaTuile), Tpu UYeMmy OOJUK JIOmaTHIle HaJBUIIE YTUYE Ha aepoJAMHAMUYKE
KapaKTEepPHCTUKE, Tj. pacrojaeny onrepehema y BUIy pUTHCKa. MaTepuja JIonaTuile Mopa IMaTH
BHUCOKY KpPYTOCT, Mally TYCTHHY (Macy) |, MOXeJbHO je, AT BeK. JlaHac cy KOMIO3UTHU MaTepHjaIu
Hajuemrhe KOpUCTe 3a U3pay JoMaTulla BETpOTypOrHa Kako O ce 100uiia mTo Mamka Maca, a TUMe
1 Mame onrepeheme ycien HHepIujaTHuX CHIa.

Ba3nyx koju omcrpyjaBa MOBPIIMHE JIOMIATHIIA CTBapa e€lacTHYHE jaedopmalifje HBHUXOBE
CTpyKType. Ycien oBux Aedopmarija pacropea CTPyJHHIIA CE€ Mema, a THME M pacrmojelna
MIPUTHCKA TOKOM BpeMeHa. 3a MPOIeHy BPEeIHOCTH JedopMalirja JOMATHIIA W3a3BaHUX MPOTOKOM
Ba3jJyXa JaHac ce MPUMEHY]y HyMEpUUIKe METOJIe, a 32 ONTHMH3AIH]y KOMIIO3UTHHX JIOMATHIIA
BETPOTYpOMHA HEOIMXOJHO j€ CIPOBECTH CJIOXKEHE CHMYJalldje HHTEpakiuje camor duyuna u
ctpykrype. CTora je y OBOj TOKTOPCKO] T€3W IMOHAIIamke KOMIIO3UTHE JIOTIATHIIE BETPOTYpOUHE ca
XOPH30HTATHOM OCOBHHOM J€TaJbHO HCTPaXCHO KOpHUIIheHmeM MpopavyyHCKe JWHAMHKE (iynaa
(ITA®D) m merone konaunux enemeHara (MKE) kopumihemem jemqHOCMEpPHO M JBOCMEPHO
CIPETHYTHX CUMYJalija HHTepakiuje Gpayraa 1 KOMIO3UTHE CTPYKTYPE.

I[TJI® cumynanmje crpoBefeHe cy KopulnhemeM K- Mojenaa TypOyiaenuuje (er. shear
stress transport model (SST)) u 3a cumynanujy modeTHor omrtepehema y BHAY NPUTHCKA M 3a
cumynanujy uHTepakiuje Gayuaa u crpykrypa (MDC). Iler jemnocmepaux UPC cumynamnuja 3a
netr neUHUCAHUX KOMIIO3UTHUX MaTepHjaia JIOMaTUIIe je CIPOBEACHO, a 3a Op3WHY BeTpa je
YCBOjeHO 25 M/C jep ce Taja IMojaBjbyje MaKCUMaIHO onTepeheme y BUay NMPUTUCKA, TIa C€ TIPH TO]
Op3uMHU BETPOTYpOMHA MOpa HUCKJbYYUTH. Pesynratm cy ynopeheHn m Ha OCHOBY H0OHMjeHUX
BPEHOCTH HOPMAJHHX HAallOHA W HAlOHA CMUIama, T€ elacTUYHUX Jaedopmaiuje JOMaTHIle,
YCBOjeH je HajonTuManHuju ciydaj. Kommosutnu matepujan xoju je ycBojeH je Apamun (Kesmap
49)/Enokcu  5505. Ilorom je xopumihewseM MKE wucnurana 3aBucHOCT 3aTe3He uBpcToha
koMro3uTHor namuHaTta on Apamun (Kesmap 49)/Enokcuja 5505 on HauMHa ciaramba clojeBa
KOMIIO3UTHOT Marepujaia y oOjacTuMa MakCMMajHe W MHUHUMAaiHe JAeOJbMHE JIOMaTulle.
Monenupane cy cranaapane ernpysere npema ACTM crannapay J1638-14 u Hymepuuka aHanusa je
MoKasala Jia JaMMHATH Ha 00a MecTa y30pKa Moka3yjy 3aJ0BoJbaBajyhy 3are3ny uBpcTohy.

AHanu3a KOHauHUX €JeMeHaTa je MOHOBO NpHUMEHmEHa je Jja Ou ce Mpoy4yuo W yTulaj (Ha
MHUKPO HHBOY) CTelleHa MOpPO3HOCTH Ha uYBpcTOhy W3a0paHOT KOMIIO3MTHOT Marepujajia
kopuithewem 3-J1 Hymepuukor monena jemunuune hemmje (enr. 3-D unit cell numerical model
UCNM). Vmnopehene cy npobujeHe BpeaHocTH ¢akTtopa KoHueHTpanuje HamoHa (PKH) 3a
pa3IuuuTe BETUYMHE M OOJIMK IMopa ca JOCTYITHHM €KCIIEPUMEHTAIHUM TI0/IalliMa M3 JINTeparType.
Bpennoctn Hopmanu3oBane uBpcrohe nooujene ynorpedbom UCNM -a crnaxy ce ca JOCTYIHHM
eKCIIEPUMEHTAIHUM ToJanuMa o0jaBjbeHUM y nurteparypu. [lotBpheno je ma moposHocT
Marepujajia y OOJNMKY 3aTBOpEHHMX IOpa WMa IMPHMETaH YTHIA] Ha YBPCTONY KOMIO3HTHOT
Mmarepujasia. Mama TOpPO3HOCT y MHKPOCTPYKTYpH MaTepHjaia OOWYHO 10BOaM a0 Behmx
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BpenHocTH uBpcTohe Marepujania. 3a PUKCHM 3alPEMUHCKH YAEO MOPO3HOCTH, U OOJIMK Hopa uMma
yTHUIIaj Ha YBPCTONY KOMIIO3UTHOT MaTepujaja.

3a u3abpaHu KOMIO3UTHH MaTepHjal MOTOM Cy cripoBeeHe jeqnocmepae MDC cumynanmje
3a HEKOJIWKO Hu3abpaHux Op3uHa BeTpa m3Mel)y Op3uHE yKJbyunMBama W Op3WHE NIpHU KOjOj ce
MpeKHa paj BETPOTCHEPATOPa, a 3aTUM Cy aHAIM3UPAHU PE3YyNITaTH CUMYJIAIja myTeM nopehema
BpPEHOCTH HOPMAJTHUX HAIIOHA, HAIOHA CMUIIAkha, SIACTUIHHX AcopMaliija JOTaTHIIC U PeaKIja
ocnoHana. Pesynratu cy mpukasaHu y BHAY paclojielie HOpPMaJIHAX HAloHa, HAllOHA CMUIAma M
eIaCTUYHMX JedopMalrja JOMaTUIle ca jJaCHO HAa3HAYCHUM I10JI0KajuMa MaKCUMATHUX BPEIHOCTH
Ha CTPYKTypH Jomaruie. Peaknuje Be3a (Cujie 1 MOMEHTH) MpHKa3aHy Cy MPEKO MaKCHUMAaJTHHUX
BpPEIHOCTH M TpaBala JejioBama. 3a TOMEHYTE pPe3yNiTaTe HalpaB/beHH Cy TPagoOBH HHXOBHX
BpeAHOCTH y (DyHKIMJU Op3uHE BeTpa Ja OM ce uIeHTH(UKOBaje U Onucalle JUHHU]e TPEHI0Ba ca
noBehameM Op3uHe BeTpa. MakcumaiiHe BpPEIHOCTH HOPMAJHOT HAllOHA W HAllOHA CMHIAmka
yrnopelhene cy ca 3aTe3HOM YBPCTOhOM KOMIO3UTHOT JIaMHUHATa U YTBph)EHO je Jja Cy y 103BOJbEHUM
rpanuiiama. Makcumanna nedopmaiidja Bpxa JomnaTuile je JoOujeHa 3a MakcuManHo ontepeheme
npu Op3uHHM BeTpa oa 25 M/c u Mama je oja mpenopydeHe BpeaHoctu nedopmaruje (10% on
nyxuHe Jomatuine). llpema pesynraTiMa HYMEpHUYKHX CHUMYNalldja, NpPOjeKTOBaHA JIOMATHIA
BETPOTYpOHHE paau y 6e30eTHOM PEXHUMY 3a paHE yCIOBE MPUMEHEHE Y OBOM HCTPAKHUBAY.

Konauno, nBocmMepHa cumynaija UHTepaknuje Gpaynaa u CTpyKType CIpOBEICHA je camo
npu Op3WHU BETpa Kaja ce BETPOTYpOMHA MCKIJbYUYje jep je Tama Hajpehe onrepeheme JIomaTuile;
IITaBHIIIE, 32 OBAKBY BPCTY CHUMYJIAllMje MOTPEOaH je padyHap Cynep KapaKTepPHCTHKA Ca BEIIMKHM
MIPOCTOPOM Ha TBPJIOM JMCKY TOKOM IIPOpadyHa U JIOBOJAHO BEITMKHM IPOCTOPOM 32 CKIIAUINTCHC
pesynTara, ma je W W3 TOT pa3jiora CHMyJalldja W3BEACHA caMO 3a MaKCHUMaJIHy Op3WHY BETpa.
Jlobujenu pesynratu cy ymnopeheHu ca pe3yaTaThuMa U3 JeAHOCMEPHHX CHMYJallija MHTEPaKInje
bnyuna u crpykrype nomaruie. Pesyntatu nBocmepHe MDC cumynaiuje Mmokasyjy CIHYHY
pacrojienny HOpMaJIHOT HalloOHa, HallOHa CMHUIIalka M eJacTUYHUX AedopmMalinja JOMnaTule Kao KoJl
jemnocmepuux UDC cumynamnuja, aid Cy MaKCHMajHE BpPEIHOCTH HemTo Buiie. Ha ocHOBY
nobujeHnx TpaduKoHAa TIPOMEHAa BPEIHOCTH HaAmoHa M jAedopmaija TOKOM IOCMaTpaHOT
BPEMEHCKOT MHTEpBaJia MOXKe ce pehu na Behe prykTyanuje BpeqHOCTH MocToje TokoM npBux 40%
BpeMeHa, a Ja Cy IOTOM JOCTa Mame, Te Ja HaloHU U JedopMalivje AOCTUXKY BHILIE-Mambe
cTabuiHe BpenHoCcTH. MakcuMaiaHe BPEeIHOCTH HOPMAIHOT HaloHa M HAaloOHAa CMUIamka HAIloHA
nobujeHe y nocMepHo] MUDC ananmusu cy y J03BOJBEHHM TpaHHUIlAMa y OJHOCY Ha 3aTE3HY
YBpCTONY MPUMEHEHOI KOMIIO3UTHOT MarepHjaja JaMHHaTa, 0K je MakcuMaiHa aedopmariuja
BpXa JIONAaTUIIe TOHOBO Mama O NpenopydeHe BpeaHoctu nedopmanuje (10% ayxune nmonaruue).
Ha ocHoBy Tora je u3BeieH 3ak/bydak Ja C€ je IpOjeKTOBaHa JOMAaTuia MOTIMyHO Oe30emHa y
paJiHUM yCIIOBUMA BETPOTYpOUHE.

[Topeheme pesynrara MUDC ananuse, ka0 M aHAIM3€ KOHAYHUM €JIEMEHTHMa, ca mocrtojehum
MoJalliMa U3 JINTEepaType U EeKCIEepHMEHTa MokKasyje J00pa MoKIanama, ca MpoCTOpOM 3a Jlaba
yHarnpehema Kako y morieay HyMepHKe, Tako U y MOTJey eKCIePUMEHTATHUX UCTPAXKUBAbA.

Kibyune peun: melyycobna unrepakuuja gpaynna u crpykrype (MPC), ananuza KOHaUHUM
eJIEMEHTHMA, YBpcToha KOMIIO3UTa, HYMEPUYKO MOJIENIUPAE, TOPO3HOCT CTPYKTYPHHUX
MaTepujaja, HaroHu, JedopmMaliyje.
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CHAPTER ONE

INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction
1.1.1 Global Wind Capacity

Wind energy is the ones of the renewable energy applications, it is an abundant and permanent
resource, compared solar energy, and utilization couldn't be affected by environment. Wind turbine is a
machine to extract wind energy and transforming to mechanical energy and later convert to electrical
energy. Figure (1.1) demonstrates the growth rate of wind energy generating capacities, which has
significantly risen in the last ten years. The total capacity of wind power generators installation was
539,581 MW at the end of 2017 (World Wind Energy Report 2017).

Global Wind Power Cumulative Capcity (Source GWEC)
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Figure (1.1) Global Wind Power Cumulative Capacity [1]

In additional, the cumulative wind energy capacity of main countries by December 2017 is described
in figure (1.2). From that figure, it is a clear shown that the China is the first country which using
renewable energy then the USA comes in the second step. Moreover the American Wind Energy
Association, the current installed capacity of wind energy by the end of 2015 in the US is
approximately 73992 MW (U.S.A, 2016).

1.2 Technology Wind Turbine History

Wind energy has accompanied mankind for most of its history. At about 3100 B.C. Egyptians were
using sails of linen or papyrus to propel small boats southward against the stream of river Nile, and
sailboats were replaced only many centuries later by steamboats [2]. From this initial use as boat
propulsion, wind energy later became also source of mechanical power. The first windmills appeared in
the Persian region of Sistan, between seventh and ninth century [3]. From there windmills spread to
central Asia and later in China and India [4]. Windmills started to be used in northwestern Europe
during the twelfth century [5].

The first windmill in Europe was built in England in 1137 by William of Almoner, of leicester. The
original design, called post-mill, where the whole tower rotates to face the wind, is thought to be
developed independently from the carousel design used in Persia and most likely inspired by the design
of waterwheels. From England, post-mills spread in the rest of Europe in a west-to-east direction; in the
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1300s windmills were used in Spain, France, Belgium, the Netherlands, Denmark, the German
principalities and the Italian states. As they became more common, windmills became also bigger and
their design had to be improved for that; hence the tower-mill design was developed, where only the
upper part of the tower with the sails, the wind shaft and the brake wheel rotate to the wind [2].

In American windmill design was developed during the 19th century by D. Halladay (1854) and by
Reverend L. H. Wheeler (1867) [5]. Light, small, movable self-regulating, cheap and easy to maintain,
these windmills were used for grain grinding and water pumping across the West plains. Railroad
companies were the first users of Halladay’s windmills, used to supply water to steam locomotives [2].

About two decades later, in winter 1887-1888 in Ohio, US Professor Charles F. Brush built a massive
12 kW wind turbine, with a rotor diameter of 50 meters and 144 rotor blades figure (1.2).The machine
served for twenty years, until Brush decided to take down the sails in 1908 [2].

.......
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Figure (1.2): C. Brush’s wind turbine [2]

In 1890s, danish scientist Poul la Cour began test on wind turbines, he was the first to discover that a
fast rotating wind turbine with fewer blades is more efficient in electricity production. In 1903 he
founded the Society of Wind Electrician, with the first course held the following year [7]. Commercial
use of wind power had to wait until 1927, when Joe and Marcellus Jacobs opened in Minneapolis the
Jacobs Wind factory, selling wind turbines used on farms to charge batteries and power lighting.

Year 1941 saw the first megawatt-size wind turbine, the Smith-Putnam wind turbine, installed at
Grandpa’s Knob, Castelton,Vermont. It was a two-bladed, variable pitch, downwind wind turbine, with
a 53-meters diameter rotor and 1.25 MW power output as shown in the figure (1.3).

In 1956 la Cour’s student Johannes Juul built in Gedser, Denmark a three-bladed, upwind wind
turbine capable of 200 kW inspiring the design of later wind turbines. He is also the inventor of the
emergency aerodynamic tip brake. The turbine run for eleven years and was refurbished in the
mid1970s at the request of NASA.
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Figure (1.3): Smith-Putnam wind turbine [8]

At these days, the Vestas V164 8.0 MW is the world’s biggest offshore wind turbine, the turbines
were installed in early 2016 in Maade, Denmark. With height of 220 meters and three blades for its 164-
meters wide rotor [9].

1.3 The Wind Turbine Classification

Wind turbines are the most important part of the wind energy industry. A wind turbine is a machine
which is converted the wind kinetic energy to electrical power [10]. The horizontal axis wind turbine
(HAWT) and the vertical axis wind turbine (VAWT) are classified or differentiated by the axis of
rotation of the rotor shafts. Horizontal axis wind turbines, also known as HAWT type turbines have a
horizontal rotor shaft and an electrical generator which is both located at the top of a tower. Vertical
Axis wind turbines- abbreviated as VAWTS, are designed with a vertical rotor shaft, a generator and
gearbox which are placed at the bottom of the turbine, and a uniquely shaped rotor blade that is
designed to harvest the power of the wind no which direction is it blowing [11]. Figure (1.4) and figure
(1.5) show examples of Horizontal axis wind turbine (HAWT) and Vertical axis wind turbine (VAWT)
respectively. Figure (1.4) is a wind farm installed with three-bladed HAWTSs and figure (1.5) is a
VAWT wind farm using Darius type VAWTSs [11].



Figure (1.4) An example of on-shore HAWT wind farm [12]



Figure (1.5) an example of Darius type VAWT wind farm [13]

1.4 Wind Turbine Blade
1.4.1 Blade Airfoil Selection

For horizontal axis wind turbines, it is recommended to have a higher lift but lower drag airfoil.
There are many kinds of airfoil including the general aviation airfoil, such as NACA series, which are
still used in some wind turbines. However, with the development of wind turbines, the dedicated airfoil
came about. The S series designed by NREL in USA, is mostly used in stall-regulated wind turbines for
its gentle behavior in stall conditions; the FFA W series designed in Sweden and RIS series designed in
Denmark, are preferable for lower Reynolds applications, and the DU series designed in Netherland, is
popular in High Reynolds for large wind turbines. Each of these series has its own airfoil shape with
different thickness-to-chord ratio of 18%-40%. The thicker airfoil shapes are often located at the inner
part (close to rotor center) of the blade while the thinner ones are set in the outer part of the blade due
to ease of manufacturing and better strength and stiffness [14].

Several research and investigations have been conducted to design and improve the airfoil
performance for wind turbine blades over the years by laboratories, scientists, and technical institutions
such as: NREL, Risg, Delft, Martin Hepperle MH, Althaus AH, Wortman FX, and Selig Giguere SG.
Below, brief information about some of the famous airfoil developers and their airfoil designs are
discussed with key characteristics [15].

In Ref. [16] it was researched on “Aerodynamic Design 2.5 MW of Horizontal Axis of Wind Turbine
Blade in Combination with CFD Analysis.” The blade geometry of 2.5 MW was designed for length
47.096 m with the DU series and NACA 64-618 of airfoils. The main objective of this study was
mentioned for improvement of the blade power performance. The blade model of the fluid dynamic
design is used the BEM theory as the base. CFD modeling simulation was implemented by utilizing
ANSYS fluent workbench V 13.0 in combination with the ANSYS ICEM CFD meshing tool. The
results were obtained according to the tip speed ratio. The inlet air velocity was defined at 5 m/s and
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the angular speed was applied at a varied speed range from 3 to 12.17 rpm. The results shew the
generated power attained around 2.6 MW which is the rated of power generation at the rated angular
speed 12.17 rpm. According to results obtained of the aerodynamic design, optimization can be
confirmed in well done.

In Ref. [17] it was carried out a research on “a New Method for Horizontal Axis Wind Turbine
(HAWT) Blade Optimization.” this paper proposes optimization seven cases of wind turbine blades for
small and medium scales in the different blade radius of each case, the rotor blade radius of seven case
study are 4.5m, 6.5m, 8 m, 9 m, 10 m, 15.5 m and 20 m. the first studying stage is executed utilizing a
single airfoil NACA 63-215 for whole the blade. For the second studying stage, each blade at cases
study is split into three portions and each of the blade portions is used specific airfoil. Supplying all
necessary data and appropriate of the airfoils inclusive 43 airfoils are elicited and their experimental
data are used as input of the optimization procedure. The variable parameters in the optimization
procedure are airfoil type, attack angle, and chord, where the studying goal is an estimation of
maximum torque. The MATLAB code wrote for the design and optimization of the blade which was
compared and confirmed that by the experimental data. The results describe a dramatic grow for the
first studying stage which was the blade design with the single airfoil where the two-variable influences
optimization 7.7% to 22.27 % raise and three-variable optimization causes (second studying stage)
17.91% up to 24.48% rise in output torque.

In Ref. [18] it was researched on “Aerodynamic optimal design of wind turbine blades using a genetic
algorithm.” The integrated Genetic Algorithm (GA) and modified blade element momentum theory
have utilized to investigate the aerodynamic optimization of the wind turbine blade. For improvement
of the generate power at the same blade length, the optimization method selected the GA. the design
parameters such as chord length, twist angles and position of airfoils are deemed variables. The BEM
theory applied for aerodynamic analysis of the wind turbine blades. The most important in this research
is an aerodynamic analysis of the case study. unlike different aerodynamic studies which are an easy
geometry of wind turbines, this case study of the wind turbine blade was designed with more complex,
because it contained vary of airfoils type, where were twisted and tapered along the blade length.
Results are obtained by selection optimized variables, the generated power can raise by 10% compared
to the base design in corresponding wind speed.

In Ref. [19] it is a scientific paper research on “Modeling and aerodynamic analysis of small scale,
mixed airfoil HAWT blade: A Review.” in this scientific paper, the design steps compose of a choosing
the proper airfoil and advantages of a mixed airfoil over a simple airfoil. Blade Element Momentum
(BEM) theory is used to perform the aerodynamic analysis for the determination of the optimization
torque and power. The techniques have used of decreasing weight and raising power performance by
the selection of thin airfoil with a short chord length. The wind turbine blade is designed by mixed of
three different airfoils which are SG6041, SG6050, and SG6043. the three airfoils were selected for this
design and placed in the last third of the blade to be in the result a thick blade, the new design by the
mixed airfoil has better than the simple design over blade length that gives the blade has increased in
strength with raise of the tip speed ratio. The power coefficient curve was smoothly increased for the
blade which used the mixed airfoils.

In Ref. [20] it was researched on “Investigation of blade performance of horizontal axis wind turbine
based on Blade Element Momentum Theory (BEMT) using NACA airfoils”. The chosen of an airfoil is
the most significant goal of effective wind turbine blade designing. Grifith, (1977) presented that the
power generated is influenced by the airfoil lift-to-drag ratio, however, Hassanein, (2000) advised the
chosen airfoil should be based on its position along the blade to be sure it contributes the increasing
overall performance. In this paper presents that, the investigation of blades elements have a constant
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lift-to-drag ratio identically. In this study, two different NACA airfoils have been selected one is four-
digit and the other five-digit. The results show the highest power coefficient for elements at vary of r/R
ratio from 0.3 to 0.6.

In Ref. [21] it was conducted research on “Design and Performance Analysis of Small Scale
Horizontal Axis Wind Turbine for Nano Grid Application.” the selection of proper airfoil for small
wind turbine blades has considered some parameters to be preserved like thickness, lift and drag
coefficients, blade root stiffness,...etc. practically the wind tunnel is used of testing airfoils Reynolds
numbers range and surface conditions. Usually, in small wind turbine applications are not used the
mixed airfoils. While this research describes that, the mixed airfoils of wind turbine blades have
succeeded to generate satisfying performance in small wind turbine systems.

In Ref. [22] it is scientific paper research on “Design of Multiple Airfoil HAWT Blade Using
MATLAB Programming.” The MATLAB code has used for the development of the three-blade wind
turbine. The blade momentum theory has applied to the blade modelling code. The blade geometry was
designed with mixed airfoils which are NACA 4412, NACA 2412 and NACA 1812 for the blade root,
primary and blade tip respectively. The airfoils were selected for wind turbine blades because it is
performance an excellent at low Renold's number. the wind turbine rotor diameter is 4.46m and the
design of wind speed 5 m/s to achieve power coefficient 0.49 and rated power 560 W. the results of the
analysis show that the power coefficient can be achieved as mentioned above at the tip speed ratio is 7
and the power generated is 583.4 W at rotational speed of 150 rpm.

In Ref. [23] it is scientific research carried out on “Aerodynamic Design and Structural Analysis
Procedure for Small Horizontal-Axis Wind Turbine Rotor Blade.” The small horizontal axis wind
turbine (HAWT) blades combined the NREL S-Series airfoils, that airfoils are designed for small wind
turbine blades and generator connected agreed with the CPWPRC specifications very well. The blade
airfoils are selected with S822 and S823 airfoil for the outer and root sections of the new blade,
respectively. The HAWT blade aerodynamic performance is affected by the tip speed ratio as the main
design factor. The tip speed ratio has been selected around 7 for increasing the performance and at the
same time does not create great centrifugal and aerodynamic stresses. In this procedure, the blades are
patterned for achieving the suitable lift force desired for the generator to work at high capacity in
conditions of low wind speed.

In Ref. [24] it is scientific research performed on "Blade Performance Analysis and Design
Improvement of a Small Wind Turbine for Rural Areas." One's of the studying points in this research
that, the airfoil chosen is a conclusive design variable and according to that four various configurations
has defined within the NACA airfoil family. The results have been acquired with the generality of them
negative excluding the configuration which uses the NACA 4415 for the entire blade, and that
configuration has achieved 10.2% useful energy during a year.

1.4.2 Blade Materials

The composite is defined to combine two materials or more maintaining their macro-structure,
produced material which combine by two or more material has used to improve properties as resultant
for compared to the main constituents. Structure of composite materials is formed as a material of
reinforcement and matrix. The reinforcement material supplies mechanical strength and transfers most
loads in the composite, and the matrix material function to preserve alignment or spacing of
reinforcement material and environment impact. a reinforcement material can combine with a proper
matrix material for producing lightweight material or make other singular properties related to
monolithic materials such as metals and supplying similar or better performance properties. There are
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different processes can be used for the manufacturing of the composites because there are a variety of
composite materials and their compositions. [25].

“Cellulose and lignin are combined to form wood and has been the prevalent building material for a
long in many engineering applications. Woods have a good prospect for applied according to their low
density, while woods stiffness is low which can be difficult for deflections limitation in the large rotor
blades. Cellulosic fibers of the wood materials which have aligned in the direction of loads, reaching
mostly the maximum performance of wood. for the reasons the wood is a natural material and
attracting environmentally, however, it could not find in high quality and reproducible possibility, that
is the needs of stable and economic manufacturing of wind turbine blades and making them
economically attractive to wind energy. [26].

A wood has improved by thin sheets and it is not galvanized steel be common using. based on high

weight and low fatigue to alloy steel has not been applied for wind turbine blades, in spite of, it was to
be the optimal selection in the past for blade manufacturing. But undue steel weight has shown many
problems in applications thence an Aluminum is used but through the applications shew many
problems such as low fatigue resistance and high cost. Later, a composite of fiber-reinforced plastic
(FRP) has been used widely for wind turbine blades. The wind turbine blade material should meet
many requirements as properties in detail lightweight, high strength resistance and long fatigue life.
Additional, material should have good resistance to aerodynamic inertia and environmental influence
such as dust particles accumulation. [27].
In Ref. [28] it is research study on “Experimental Investigation on Mechanical Behaviour of E-Glass
and S-Glass Fibre Reinforced with Polyester Resin.” composites of glass fibre reinforced polyester has
governed a role for a long time in a different of implementations because it has high specific strength,
modulus, and stiffness. The E glass fibre and S glass fibre with random aligned reinforced polymer
composite were improved with manual mode techniques at a different fibre volume fraction. The
research investigation was implemented for E Glass-Polyester (E-P) and S Glass —Polyester (S-P)
composite and comparing these results to mechanical properties with a composite is combined of E
Glass and S Glass-Polyester (ES-P). The effect of glass fibre volume fraction on mechanical properties
was surveyed for tensile strength, flexural strength, and impact strength. The results describe a
noteworthy development in the mechanical properties of the manufactured composite with a raise in
glass fibre contents. In addition, the results describe the better appropriate of fibre resin ratio relate to
strength.

In Ref. [29] it was carried out research on “Design and Analysis of Horizontal Axis Windmill Turbine
Blade.” composite materials have been used widely in different Engineering applications because it has
eminent mechanical properties such as high strength, lightweight, high stiffness, high fracture
toughness, low thermal conductivity, high erosion resistance ....etc. the wind turbine blade exposed to
different types of loadings during the operational and parking stage. Recently, the composite blades
fabricate of glass fiber composites, however, the carbon fiber composite has been utilized in these
years. In the research investigation, the wind turbine blade was designed by utilizing pro-E (creo-5.0)
and the ANSYS software package executed for the static analysis. The analysis of four various
composite material was counted as follows, carbon/Epoxy, E Glass/Epoxy, Carbon-Sic/Epoxy, and Al-
Sic/Epoxy. Experimental Results of comparison of the investigation in terms of stresses, deformations,
stiffness and percentage weight saving are emphasized that the Al-Sic/Epoxy shew superior results
compared to the other materials.

In Ref. [30] it was researched on “Analysis on Wind Turbine Blade Using Composite Materials.” The
required blade cross-section can be achieved by proper blade design to get the maximum torque. In this
research, four varieties of composites material studied their performance characteristics. The analysis
of the wind turbine blade is implemented by utilizing the ANSYS Workbench based on Total
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Deformation, Equivalent (Von-Mises) Stresses and Maximum Shear Stress. The results are shown the
new polymer resins and reinforcement fibres of glass, carbon and aramid (Kevlar) have shown the
efficient performance reinforced materials. additionally, the analysis of the results are demonstrated
material Kevlar the best based on the deformation and Epoxy Carbon to equivalent (Von-Mises) and
shear stresses furthermore, Carbon Fiber Reinforced Plastic according to Maximum Shear Stress(Pa).

In Ref. [31] it was conducted research on “A Light Material for Wind Turbine Blades.” the research
intends to explore a lightweight material that can be perfectly used in the fabrication of wind turbine
blades and matched to its standard specifications. The studying was executed to rice straw fiber as a
reinforcement factor in composite with polypropylene as a matrix. Then the composite manufacturing
was tested for their mechanical behavior such as tensile, flexural and impact, also the density
measurement, dynamic mechanical testing (DMA) and Scanning Electron Microscopy (SEM). The
results gained from the testing mentioned above, the mechanical properties of the composite have
improved by using rice straw fiber to the polypropylene matrix with less weight to be used to small
scale horizontal wind turbine blades.

In Ref. [32] it was studied of “Materials for Wind Turbine Blades: An Overview.” the blades are the
main important parts among the wind turbines parts which are fabricated by composite materials,
therefore, that blades are exposed to complicated, combined impact, static and random cyclic loading.
On the one hand, to be a resistance of these loads during its life-time and hundreds of millions of
loading cycles and on the other hand, decreasing the gravity load, the wind turbine blades are
constructed from fiber-reinforced polymer composites. However, the existing obtainable solution is E
glass/epoxy in the easiest case and fulfilling to most of these conditions. Carbon fibers appear to be the
best promised alternate for the E glass fibers, and the other alternates are a high strength glass, basalt,
aramid, and natural fibers. The carbon fibers have higher stiffness but on the other side, it has low
compressive strength and high cost. Many researches are introduced helpful solutions by a combination
of carbon and E-glass fibers to obtain high stiffness through carbon fibers with raise boundary of cost.

1.4.3 Aerodynamic Blade Design

In Ref. [33] it is scientific paper research on “Design Model of Horizontal Axis Wind Turbine Blade at
Technological University (Thanlyin).” In this research, a horizontal axis wind turbine (HAWT) blade
was designed to generate power of 1 KW, and the investigation of the airflow over blade has been
implemented to obtain the blade aerodynamic behavior. The main ideal point of wind turbine power
generation improvement is the blade design. The design of the wind turbine blade should be in its
structure specifications enough strength, stiffness, elasticity, hardness, and stability. For that, the blade
modeling and its strength. The most important step designing of the wind turbine blades is checked the
blade modeling and strength. in this study shows to determine the design parameters calculations of the
blade and its strength examine, the blade airfoil was chosen of NACA-4412, and applying in Comsol
Multiphysics software and blade geometry in 3D was executed by SolidWorks software. The blade
material was selected of Balsa wood and the blade strength checking was performed by numerical
simulation and the results show the VVon Mises Stress distribution over the blade is 6.6667 MPa and it
is in the range of accepted stress compared to Balsa wood yield strength.

In Ref. [34] it is a scientific paper studied “Effects of Bend-Twist Coupling Deformation on the
Aerodynamic Performance of Wind Turbine Blade.” The bend-twist coupling deformation can be in
benefit of improving the power generated, aerodynamic stability and on the other hand, decrease loads
of the aerodynamic. The goal of this research is studied the phenomenon mentioned above into an
existent blade design for investigation results of aerodynamic performance. The blade length is 41.25 m
based on GE 1.5 GLX wind turbine. Blade Element Momentum (BEM) theory and Computational
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Fluid Dynamics (CFD) simulation have applied to obtain the aerodynamic loads. The result value of
torque and thrust are well agreed by using the two methods. Three different bend-twist couplings have
applied for the blade composite skin of the Glass/Epoxy as follows: no coupling, low coupling, and
high coupling. The deflection observations of the three types of the blades were a little the difference
whilst the twist angles were extremely various. Then the deformed models were applied to make new
3D models for utilizing for its power coefficient prediction by CFD simulation. The results described
that, at low wind speed, the power coefficient is greater than the baseline blade. Wind speed higher
than the rated speed, the power coefficient is a reducing less than the baseline blade because the blades
twisting occur too much.

In Ref. [35] it was researched on “Calculation of Optimum Angle of Attack to Determine Maximum
Lift to Drag Ratio of NACA 632-215 Airfoil.” The airfoil numerical simulation was proceeded to
predict the optimum attack angle of the horizontal axis wind turbines applications. The simulation was
implemented by the SST turbulence model for airflow over the NACA 632-215 airfoil. Aerodynamics
parameters such as lift and drag coefficients, lift to drag ratio and power coefficient were computed and
making a comparison with various wind speeds. The results are shown a raise on lift and drag
coefficient at rising the wind speed and the lift to drag coefficient begins to grow for while then it drops
again. The maximum value of the lift to drag ratio is obtained at four degrees. At the wind speed 10 m/s
were computed the power coefficient and plotting a graph. According to the growing of the attack
angle, the pressure difference between the upper and lower blade surface raises.

In Ref. [36] it is scientific investigation research on “Aero-Structural Optimization of a 5 MW Wind
Turbine Rotor.” The rotor blade of 5 MW founded on the NREL 5 MW wind turbine reference has
improved the efficiency and reducing the hub flap-wise bending moment. The blade design is executed
through eighty-three variables parameters including airfoil types according to Bézier curves, set at the
root, mid-span, and tip sections; cord length and twist angle distributions; and bend-twist coupling
value in the blade. An optimization is attained with a genetic algorithm. The new method is used
relatively because it has less account compared with the finite element analysis for prediction of rotor
bend-twist coupling behavior. Performance of airfoil is executed with XFOIL, the simulation of wind
turbine has been done fast and the target is the energy cost (COE), set a rotor cost ($) AEP (MWh/yr),
and annual energy production is namely (AEP). Techniques are utilized to reduce the cost of the rotor,
in turn, supposed decreasing the flap-wise bending loads and blade surface area by decreasing the
material. The simulation results are obtained the both of the flap-wise bending loads and blade surface
area are minimized about 15% at no change of AEP and COE decreases by 6.8%.

In Ref. [37] it was researched on “Estimation of Wind Turbine Blade Aerodynamic Performances
Computed Using Different Numerical Approaches.” Models easier are demonstrated and performed
whilst investigations of a different number of numerical methods for isolated horizontal axis wind
turbine blade which is the content of three blades have implemented in ANSYS FLUENT 16.2
software. The field of flow is designed by using Reynolds Averaged Navier—Stokes (RANS) equations
closed via two various models of turbulence. Simulation results involve universal parameters as thrust
and the power coefficient, also the local distribution along the blade length estimated for the different
models and comparing with the experimental data is available. The results comprise the fluid flow
conception in the shape of velocity contours, pressure distribution in sections, and power generated
value and thrust force coefficient for operation systems ambit. Though the estimating numerical results
were different in accuracy, however, all of the current numerical settings appear to be less or higher
referring to universal wind turbine parameters which are power and thrust force coefficients. The wind
turbine aerodynamics are greatly influenced by turbulence, and it should consider at the design.
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In Ref. [38] it was carried out research on “Aerodynamic, Structural and Aero-elasticity Modelling of
Large Composite Wind Turbine Blades.” the objective of this research is more improvement of models
basis on aerodynamic, structural, and aero-elasticity analysis for large wind turbine blades fabricated
by fiber-reinforced composite material. Developed blade element momentum (BEM) model has
improved through the collection of combining the odd corrections with the classical BEM model. For
comparison with other existing models, the current BEM model computes more accurate of the tip and
root losses. In this case, the current BEM model of aerodynamic coefficients in static measurement 2D
agrees with experimental measurements.

Model of TWCSCB improved is evolved in a new method can be applied for both single-cell and
multicell closed sections fabricated of arbitrary composite laminates because it is found out a
considerable lack in composite beam model (TWCSCB) analytical for the thin-walled which proposed
by Librescu and Vo, and that has vastly utilized for structure modeling of wind turbine blades. the
current TWCSCB is confirmed for a different of engineering models and arbitrary laminate layups, the
numerical investigations are also implemented on actual wind turbine blade (NPS-100) for structural
analyses. Between the current TWCSCB model and the ABAQUS finite element (FE) shell model
discovered exact engagement.

In the end, integrated the developed BEM model and TWCSCB model use to evolve the static aero-
elasticity model. The numerical simulation are performed on the NPS-100 wind turbine, while the
interactions are calculated by the repeating operation. Results of numerical simulation describe
important rectifications by modeling wind turbine blades with elastic coupling.

In Ref. [39] it was researched on “Design optimization of a wind turbine blade to reduce the
fluctuating unsteady aerodynamic load in turbulent wind.” This study was focused to decrease the
fluctuation of the bending moment blade in turbulent wind. With a view to check the unsteady
aerodynamic load of the wind turbine, a FAST code was utilized as the analysis code. The wind input
model is considered turbulent wind in FAST code, a turbulent wind simulator applied by TurbSim. The
chord length and twist angle represented the shape modeling function for dynamic engineering models
representing of the aerodynamic shape of the wind turbine blade. The bending moment fluctuation at
the root section of the blade was reduced while it preserves of required the power of wind turbines. In
detail, through the reallocation of the segment force in the radial direction in between the primary and
tip regions, the measure of the oscillated of the out-of-plane bending moment was minimized by around
20%, and the rated power of 1.5 MW was preserved.

In Ref. [40] it is an investigation research on “Optimal Performance of Horizontal Axis Wind Turbine
for Low Wind Speed Regime.” The most significant side of wind turbines design is developing the
performance prediction. In this paper, an evolution methodology is utilized to prophesy the ideal
performance of the horizontal axis wind turbine for the most important design parameters like tip speed
ratio, pitch angle, number of blades and wind speed. A good plotting graph for the performance was
performed. Results describe for low wind speed conditions, the pitch angle is recommended to be low.
A tip speed ratio from 5 to 11 obtained as an ideal value according to constraints applied. Also, the
influence of a cut in speed with enduring parameters is researched and its effect on the power and
torque. Numerous results were introduced for wind turbines with three blades and it is a good chosen
preferring from most producers and researchers.

In Ref. [41] it was carried out research on “Blade Design Optimization for Fixed-Pitch Fixed-Speed

Wind Turbines.” one of the advantages the Fixed-pitch fixed-speed (FPFS) wind turbines compared to

other small wind turbines, especially for low wind speed sites. The blade design steps of Fixed-pitch

fixed-speed (FPFS) wind turbines are completely various to fixed-pitch variable speed wind turbines

blade design. The case studies of this research for a given baseline wind turbine and its blade airfoil.

Aims of the research to show a functional optimization method for the blade design of FPFS small
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wind turbines. The design optimization of the blade is concerned with the aerodynamic behavior of the
airfoil, which is, the lift and drag coefficients, and the annual mean wind speed. The design parameters
which influence the blade optimization such as the design of wind speed, design tip speed ratio, and
design attack angle. Chain of design case studies utilizing several design parameters is researched for
the wind turbine blade design. The comparison of the design results is performed to each other based
on the power performance of the blade and annual energy generation. The results of the design for
limited design cases show obviously which the blade design introduces the best performance.

In Ref. [42] it is a scientific paper research on “Optimized linearization of chord and twist angle
profiles for fixed-pitch fixed-speed wind turbine blades.” Objectives of this paper are to describe a new
ideal blade design process for an FPFS wind turbine by reliant the linear radial profiles of the blade
chord, twist angle and improving the slope of both of two lines. a radial shapes of the blade chord
length and twist angle are plotted in linearity lines to help for discovering based on the constant values
at the blade tip and flotation values at the blade root according to essential design, and the best result is
selected through utilizing the elevated the value of AEP for the specific wind speed Weibull
distribution as the optimization standard with constraints of the top limit power output of the wind
turbine. The results show obviously the optimization method presents a perfect chance to introduce the
best power performance and depressed industrialization cost. This method utilizing can apply for the
FPFS wind turbine blade design and renew.

In Ref. [43] it is a scientific paper research on “Design Optimization and Aerodynamic Performance
Analysis of a Small Wind Turbine Blade.” the scientific paper aims to design the improvement of the
small wind turbine blade of 5 kW for residential application. This paper considers investigation on the
aerodynamic sector of a wind turbine blade and optimal conditions are counted to driving train and
electrical generator. A conception of blade element momentum (BEM) theory is a basis and estimations
of implementation for obtained the design parameters. The same calculations are performed by
PROPID and the comparison and validation execute for performance features. In general, the power
curve should be existing of a final performance parameter for a wind turbine, it has consisted of a cut-
in speed, cut-out speed, and its identical power. Through the analyzed the aerodynamic properties, the
power curve plots, and it shows the cut-in speed where the power starts to generate, then it continues to
rise at the wind speed increasing. In fact, a generator produces only rated power as it is shown in figure
(1.6). The design wind turbine capacity of 5 KW was set for wind speed design 9 m/s. according to an
analysis of the improved blade, the 5 KW capacity was achieved at 8.1 m/s which is less than the
design wind speed.

Rotor Power vs Windspeed
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Figure (1.6) Power Curve
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1.4.4 Structure Design (Optimization)

In Ref. [44], it is a scientific paper performed on “Composite Design Optimization and Weight
Reduction for 10 KW (HAWT) Blades.” Improvement of wind turbine blade structural performance
was evaluated on various parameters which is one of them decreasing the blade weight and kept the
same stiffness and strength of blade structure composite. The composite blade design improvement was
tested on the whole of the blade parts. The figure of composite layers and their positions in all blade
parts are deemed as design variables. The wind turbine blade is fabricated of carbon fiber laminate with
epoxy resin. A collection of three carbon plies was utilized with fiber orientation at + 45°
(Bidirectional fabric) and 0°, 90° (Unidirectional fabric). The best model configuration was selected
with deflection 186 mm, and the deflection result is in the allowable range. The table (1.1)
demonstrates the reduction of the blade weight of two different case studies of model configuration.

Table (1.1) Results of Weight Reduced

Component Existing Model Proposed Model (Kg)
(Kg) Model 1 Model 2
Top Pressure Shell 25.45 21.39 11.04
Bottom Pressure Shell 25.35 14.68 10.00
Shear Web 4.00 3.32 3.32
Shear Cap 15.00 14.00 10.76
Hub 15.00 15.00 15.00
Total 84.80 68.39 50.12

In Ref. [45] it was performed research on “Design and Material Optimization of 1.5MW Horizontal
Axis Wind Turbine Blades with Natural Fiber Reinforced composites using the Finite Element
Method.” The research objective is decrease the wind turbine blades weight by using hybrid
composites, 1.5 MW wind turbine blades which are mostly utilized in the area of Visakapattanam with
a cut-out wind speed between 14 to 21 m/s. the blades designing are performed with a variety of natural
fiber-reinforced composite materials and implemented the analysis of their static and dynamic
performances then it is made comparison the results, also the blade weight. It has realized from results
that the blades using natural fiber reinforced less weight than the blades using fiber glass with good
performance competition. The blade modeling and analysis are executed utilizing UNIGRAFIC-NX
(NX-CAD &NX-NASTRAN) software. The Dynamic Analysis Results of three different composite
material shows in the figure (1.7) and figure (1.8) describe the Comparison of stress and the Blade

Mass respectively.
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Figure (1.7) Dynamic analysis results
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Figure (1.8) Comparison of the blade mass

In Ref. [46] it is a research study on “Research on Structural Lay-up Optimum Design of Composite
Wind Turbine Blade.” blade designing was executed for a variety of structure layups of 1.2 MW
horizontal axis wind turbines based on theoretical computation result of stress, which can efficiently
afford for different loads. the analysis of results show the lay-ups stress and strain, according to
composite laminate theory and finite element method, the ideal layup sequence [0°/£60°/90°]s is
emphasized. The analysis verification of stiffness and strength were implemented for maximum load
conditions. The numerical computation results describe placement curve distribution is mostly linear.
On the one hand, the highest deformation of blade tip accepted according to the required design
stiffness, and on the other hand, the maximum stress criterion is selected, and the maximum first
principal stress and shear stress of the blade root assert the required design strength.

In Ref. [47] it was carried out research on “effect of layup design on properties of wind turbine
blades.” the simulation software used is the ANSY'S software to check composite structure blade layup
and analyzed the model and its strength through the application of the composite laminate theory and
finite element analysis method. Reduction of the interlayer shear stress between plies +45° and 0° is
applied dual laying of the ply +45°, the symmetric model is selected. the composite material utilized is
selected the glass fiber/epoxy of both sides with a density of 1950 kg/m3 and PVVC shape board in the
middle to retain resistance compression stability of the blades. two different conditions are applied for
simulation operation: the first operating condition is applied fixed force in a flap-wise direction by 35
KN in distance 30 m from the blade root, and the second operating condition, four points forces are
applied 59 KN, 37.2 KN, 24 KN, and 21 KN respectively from left to right, in distances from the root
are 10 m, 4 m, 5 m, 8 m respectively. The results are obtained and compared with the experimental data
for the blade mass and gravity center that show the blade design process of the lay-ups is applicable.
The structural was analyzed and compared for various deformations on the flap wise and edge wise
supplied the rules for blade lay-up optimization.

In Ref. [48] it was conducted research on “Fluid-structure Interaction and Multidisciplinary Design
Analysis Optimization of Composite Wind Turbine Blade.” the research was concerned with studying
coupling structural and the aerodynamic performance by applying the MDAO process for the wind
turbine blade, the studying is executed in three steps and the numerous design variables. the first step is
to obtain the optimum attack angle of blade cross-sections along the blade span-wise direction, the
second step is a selection of optimum composite material and their lay-up distribution by utilizing
fluid-structure interaction system to obtain real loads pressure which influence on the blade. In the third
step, both results of structural analysis, and CFD are utilized with the cost evaluation for the
optimization method to find a proper result between the structural and aerodynamic performance.
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Optimization method of aero-structure was implemented in 2D of aerodynamic analysis of SERI-8
blade utilizing Qblade, and for structural-aerodynamic analysis executes in 3D by utilizing ANSYS
workbench. The results describe that the optimization method can use to obtain optimum in
multidisciplinary objective optimization. The improvement of aerodynamic performance was raised by
around 4% indicated to the baseline design. In addition, other results were obtained as follows:
minimizing maximum deformation by 19.98%, maximum stress by 12.35%, blade mass by 23.67% and
cost by 27.25%.

In Ref. [49] it is scientific paper research on “design of smart structures for wind turbine blades.”
Goals of this research to manage the reverse reaction structure of the blade profile with the different
operational parameters like wind speed and material properties on the performance of blades. The wind
turbine is designed for capacity 5 KW for the blade length 2.5 m and modeling in NACA 4412 airfoil
for whole the blade. The blade fabrication is made by glass fiber reinforced plastic (GFRP) and the
blade simulation is implemented according to plies sequence [0° /90° /-45° /+45°]. The finite element in
Abaqus program is developed to estimate the blade deformation efficiently. Results of Abaqus are
compared with the present experimental work, and it is a good agreed with the experimental data. It can
be using finite element analysis in Abaqus for the deformation prediction of a wind turbine blades.

In Ref. [50] it was conducted research on “Structural Optimization Design of Horizontal-Axis Wind
Turbine Blades Using a Particle Swarm Optimization Algorithm and Finite Element Method.” this
research introduces an optimizing process for the design structure of horizontal axis wind turbine
blades on basis the particle swarm optimization algorithm (PSO) integrated with the finite element
method (FEM). The main research objective is to found an optimizing tool and prospective
improvement could be entered into the structure design of HAWT blades. The present blade is designed
for capacity 1.5 MW by length 37 m and manufactured from composite material with a mass of 6,580.4
kg. The blade is considered as a cantilever beam with freedom degrees for fixed at the root section. The
wind turbine blade classification is a class | with a reference wind speed of 50 m/s. the extreme flap-
wise bending load is utilized for analysis of blade structure. More clarity, the load is decreased to
specific concentrated loads are used to apply on the blade from the pressure side towards the suction
side to be compatible with the experiment, the loads applied are shown in the figure (1.9).

63.3kN 36.2kN  25.6kN  22.7kN  41kN

15m 6m 4.5m | 45m  38m
Figure (1.9) Loads distribution of the FEM model.

The process mention above is used effectively method for 1.5 MW HAWT blade. The results are
shown a reduction in the blade mass is obtained and blade inclusive behavior is improved and achieved
through reorganization of main composite material layups of both the spar cap and the positions of the
shear webs according to the production and manufacturing opinion. Both results of simulation and
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experimental are described in agree to each other for the deformation along the blade span-wise as in
the figure (1.10).
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Figure (1.10) Flap-wise deflection along the span-wise of the blade.

In Ref. [51] it was performed research on “Structural Analysis and Design of the Composite Wind
Turbine Blade.” blades of the wind turbine support different types of loadings over the operation and
also parking conditions. Wind turbine blades have increased in size to get more power produced, hence
the arrangement of the composite materials in an efficient way is most important to be reached the
optimum used of the material strength. The woven glass fiber reinforced epoxy is selected to be
composite material in this study and it is deemed to be isotropic material and its ultimate strength 85
MPa. The blade is designed in the length 3.5 m and split into 11 sections. The composite blade is
designed on a basis of failure criterion of the materials. The blade deformation raises from 140 mm to
160 mm of the initial and optimized designs respectively. The total mass of first designed is 30.375 Kkg.
during the loading condition of the ultimate wind speed (59.5 m/s), the largest deflection in the blade
tip is 140.2 mm and the highest principle stress 57.102 MPa, -3.7104 MPa for the leading side and the
backside respectively. The blade deflection of the final design is around 160 mm with its weight 27.8
kg. The result is shown in the figure (1.11) are got by thickness
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Figure (1.11) the thickness distributions of the composite blade
skin for both the initial and final designs.
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modification of composite blade skin. The most elements thickness are decreased while the elements 2
and 3 are growth to reinforce the strength at its areas. The ultimate principal stresses are described as in
figure (1.12).
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Figure (1.12) the distributions of maximum principal stress of the composite

blade skin for both the initial and final designs

1.5 Aeroelasticity

Unsteady flows lead arise to a number of aero-elasticity problems that can influence wind turbine
blades stabilization. Thus, aero-elastic problems are an important phenomenon to be knowing and took
in consideration on the design stage. The aero-elasticity definition is the study of the interaction
between mechanical and aerodynamic forces affecting a body [52].

The flexibility of blades is the main factor for rising the aero-elastic phenomenon in wind turbines.
“Aero-elasticity is the study of the mutual interaction between the aerodynamic and elastic forces, and
the influence of this interaction on blade design” [53].

Aeroelastic phenomena

Aero-elasticity points to the science of the interaction between the aerodynamic, inertial and elastic

influences. Aero-elastic influences take place everywhere but are more or less critical. Any project that
has a structure facing the aerodynamic forces needs to take consideration of the aero-elasticity.
In most cases, when a big structure that has flexibility is introduced to a high intensity variable flow,
the deformations can easily exceed allowable levels. Most people are familiar with the ™auto-
destruction” of the Tacoma Bridge. The bridge was built in Washington State, USA, with 1.9 km long,
and was the longest suspended bridges in that time. The bridge collapsed in a spectacular way on
Thursday, November 7, 1940. While the wind speed was raised to reach 65-75 km/h, the oscillations of
the bridge grew as the result of fluid-structure interaction and based on aero-elasticity, sudden the
bridge collapsed. Recorded videos of the accident shew the motion of initial torsional of structure
merged with very turbulent winds flow. Overlap both two influences, also insufficient structural
dumping magnified the oscillations reaching failure level. Figure (1.13) illustrates the visual response
of a bridge subject to aero-elastic effects due to variable wind regimes. The simulation was
implemented using Multiphysics simulation on ANSY S-CFX software [54].
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Figure (1.13) Aeroelastic response of a bridge [51]

The aero-elastic phenomena occur when the structure deformations induce part of additional
aerodynamic forces which make produce some additional structure deformations in order to induce
again more aerodynamic forces reaching in structure collapse. The dynamic aero-elasticity phenomena
involve the interactions among all the inertial, aerodynamical and elastic forces, while the static aero-
elastic phenomena involve the interactions between aerodynamical and elastic forces [54]. Figure
(1.14) show the relationship between the all these forces.

Dynamics
Inertial Forces

Forced Respons
Flutter

Fluid Mechanics Static Aeroelasticity Structural Mechanics
Aerodynamic Forces Elastic Forces

Figure (1.14) Aeroelasticity collar diagram. [56]

In an attempt to increase power production and reduce material consumption, wind turbines blades
are becoming increasingly large yet, paradoxically, thinner and more flexible. The risk of occurrence of
damaging aeroelastic effects increases significantly and justifies the efforts to better understand the
phenomena and develop adequate design tools and mitigation techniques. Divergence and flutter on an
airfoil will be used as introduction to aeroelastic phenomena. When a flexible structure is subject to a
stationary flow, equilibrium is established between the aerodynamic and elastic forces (inertial effects
are negligible due to static condition). However, when a certain critical speed is exceeded, this
equilibrium is disrupted and destructive oscillations can occur [54].

In Ref. [57] it is a scientific paper research on CFD-FEA Coupled Simulation of the Dynamic
Aeroelastic Response of a Large Scale Horizontal Axis Wind Turbine Rotor. In order to design reliable
and effective blade wind turbines, the required perfect modeling of the blade aeroelastic response under
the real of wind conditions to comprise the influence of the blade flexibility. This paper conducts the
numerical simulation results of the flow field around a 3-bladed of horizontal axis wind turbine
(HAWT) and the blade aeroelastic reaction utilizing a coupled computational fluid dynamic (CFD) and
finite element analysis (FEA) approach. The blade has designed by airfoil type a NACA 64 profile with
a spar-box strengthener. The wind shear entire the blade extent and influence of weak turbulence is
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contained in the unsteady aerodynamic load computation. The velocity domain ahead and in the rotor
weak is gained for various mean wind speeds at the entry. The time history of the flap-wise blade
deformations is calculated at various positions of blade. The weak turbulence was inspected by
calculating the turbulence intensity.

In Ref. [58] it was conducted research on Wind Turbine Aeroelastic Modeling: Basics and Cutting
Edge Trends. The interaction system of fluid flow and dynamic of the structure is a necessary matter
for the operation of mechanical equipment under their coupling. This paper shows the general view of
aeroelastic applicance for wind turbines, the attempts achieved, disability, and future orientation set.
one begins with the background of the matter, presentation of a case study to show the influence of
fluid-structure interaction taking into account NREL blade 5 MW, and a short comparison of various of
aero-elastic codes. Dealing with the efforts made in the region like as complicated inflow, the influence
of geometrical nonlinear, and else stabilization issues and smart control are managed and derived by
putting the disabilities and future orientation of aeroelasticity of wind turbines.

In Ref. [38] it was carried out research on Aerodynamic, Structural and Aero-elasticity Modelling of
Large Composite Wind Turbine Blades. This research is focused on development aerodynamic,
structural and aeroelasticity models for large wind turbine blades made of fiber reinforced laminated
composite materials. While in aeroelasticity studying part that, the model of aeroelasticity is improved
by integrating the improvement BEM model and TWCSCB model. The interactions are calculated
through a repeated process. The numerical implementations are achieved on NPS-100 wind turbines.
The numerical results describe some important rectifications by modeling wind turbine blades with
elastic coupling.

In Ref. [59] it was carried out research on an Aeroelastic Behavior of a Wind Turbine Blade by a
Fluid-Structure Interaction Analysis. A fluid simulation interaction (FSI) for the numerical model is
improved to examine of the aero-elastic reaction of a single blade of the wind turbine. The Blade
Element Momentum (BEM) theory was selected to compute the aerodynamic forces taking into
account the influence of wind shear, as well as the tower shadow. The wind turbine blade was designed
as a rotative cantilever beam separated utilizing the Finite Element Method (FEM) to resolve the
deformation and vibration of the blade. The aeroelastic reaction of the blade was gained by coupling
these aerodynamic and structural models utilizing a coupled BEM-FEM coded written in MATLAB.
The dominating (FSI) equations of motion are repeatedly computed at each time step, over alternating
data between structure and fluid by utilizing a Newmark’s implicit time integration planner. The results
gained in this paper describe that; the suggested modeling can be utilized for a fast estimation of the
wind turbine blades considering the fluid-structure interaction, as well as it can be a valuable tool for
the analyses of airplane propeller blades. The flap-wise deformation and stabilization after a time of
interactions. The results of aerodynamic loads are so influenced by the blade elasticity which will affect
power generating.

In Ref. [60] it was researched on Two-way Fluid-Structure Interaction Simulation of a Micro
Horizontal Axis Wind Turbine. This paper describes that, a two-way of Fluid-Structure Interaction
(FSI) analyses executed on a small scale horizontal axis wind turbine (HAWT) which made through the
coupling of the CFX solver with Structural solver in ANSYS Workbench was proceeded. The study
execution was by the partitioned approach-based non-conforming mesh methods and the k-¢ turbulence
model. The results of both the one-way and two-way FSI analysis were approached and made
comparison with each other, and analyzed of variance of the results essently the mechanical properties.
The most important to the results is grid convergence, which was executed, and the relation between
the interior flow domain (rotational domain) and the number of grids (hnumber of cells, elements) was
confirmed for the first time. Dynamic analysis of wind turbine was performed utilizing the results of
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torque value as reference, to prove reasonable model which control of the accuracy of results. The ideal
case was confirmed and utilized to do the study, so the simulation results of the FSI are a precise and
feasible.

In Ref. [61] it was conducted research on the growing size and elasticity large wind turbine blades
cause major aeroelastic influences, which are happened by the fluid-structure interaction (FSI). These
influences might be harmful to the blades because of aeroelastic instability problems, like as edgewise
instability, and flutter, which may be destroyed the wind turbine blades. For that, precise FSI modelling
of wind turbine blades is more important in the improvement of large wind turbines. In this study, an
FSI model for wind turbine blades at the real scale is set. The aerodynamic loads are computed by
utilizing a CFD (computational fluid dynamics) model performed in ANSYS FLUENT, and the blade
structural responses are set utilizing a FEA (finite element analysis) model performed in ANSY'S Static
Structural module. The interface of CFD and FEA is relied on a one-way coupling, in which
aerodynamic loads computed from CFD modelling are determined to FEA modelling as load boundary
conditions. The one-way FSI model was applying to model of WindPACT 1.5 MW wind turbine blade.
Five operational conditions are valued, found the worst-case near the rated wind speed. The results of
high tensile/compressive stresses and tip deflections at all cases are located to be within the material
and structural limits, as well as according to pertinent design standards.

In Ref. [62] it is scientific investigation research on The Evaluation of Aerodynamic Interaction of
Wind Blade Using Fluid-Structure Interaction Method. This paper shows the estimation procedure of
the aerodynamic load on the blade of wind turbines by utilizing the Fluid-Structure Interaction (FSI)
process. Aerodynamic loads are set by 3D Computational Fluid Dynamics (CFD), and then it is
enforced application to blade structure through using an interface which connects the FSI interaction.
The interface partakes participate at the surface topology. The steady and transient CFD analyses are
implemented using k-o SST turbulence model for both of 1-way and 2-way interaction. The
investigation of CFD results is implemented through the comparison of data experimental, which were
done by NREL. The calculation and verification of aerodynamic loads are enforced to the modeling of
the blade structure. The studied and investigated aerodynamic loads are applied to the blade structure.
The efficient of structure stiffness was found from the analysis of frequency which rely on the
eigenvalue. According to the study the sensitiveness mesh parameters. The wind power coefficient and
torque value are obtained and highly influenced by the fluid mesh characteristics. The structural mesh
characteristic was more important for aerodynamic load mapping in CFD to the structure.

Ref. [63] it was carried out research on Performance Prediction of a 5SMW Wind Turbine Blade
Considering Aeroelastic Effect. This study conducted for analysis of aeroelasticity response and
performance of a 5 MW of the wind turbine blades which is made of composite material. Advanced
process of coupled numerical rely on Computational Fluid dynamics (CFD) and Computational
Flexible Multi-Body Dynamics (CFMBD) has been improved for the investigation of aeroelastic
responses and performance characteristics of the composite rotor blade. Reynolds-Averaged Navier-
Stokes (RANS) equations using (k-w) with SST turbulence model were computed for unsteady flow
cases on the rotary wind turbine blade model. As well, structure analyses taking into account rotary
affect have been done utilizing the general nonlinear finite element process. A completely implied time
progress planner rely on the Newmark through integration process is done to compute the coupling of
aeroelastic dominate equations of the 3D wind turbine blade for Fluid-Structure Interaction (FSI) cases.
The aeroelastic response is calculated in the time domain for the accomplishment of the investigation
of aeroelastic characteristics of the 3D wind-turbine blade model. It is greatly described that the rated
power of the blades may be considerably vary caused by the influence of aero-elastic deformation.
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CHAPTER TWO
THEORETICAL BACK GROUND OF COMPOSITE

WIND TURBINE BLADE DESIGN
2.1 Blade Element Momentum Theory

Blade element momentum (BEM) theory is the method which is most commonly used for computing
induced velocities on wind turbine blades [64].The steady state aerodynamics of wind turbines analysis
is used the momentum and blade element theory. A wind turbine blade structure contains airfoils that
create a lift force based on the pressure difference across airfoil, leading the same change of pressure
seen in the actuator disc type of analysis. An actuator disc has represented the flow field around a wind
turbine rotor and was set utilizing the conservation of linear and angular momentum. Characteristic of
the flow field around the wind turbine rotor can describe by axial and angular induction factors which
are a function of the rotor power extraction and thrust and used for determination of air flow at the
rotor airfoils. The blade geometry and the lift and drag coefficients of the airfoils can be utilized to set
the rotor shape if specific performance parameters are known, or rotor performance if the blade shape
has been known. Where lift force (FL) is a perpendicular to the wind flow direction and the drag force
(Fp) is a parallel to the wind flow direction [65], as is described in the figure (2.1)

F

#
#
i" cljcurd .
] line .
-

"l ! Plane of blade rotation

Figure (2.1) Forces acting on the blade from interaction with wind air flow [2]

Lift and drag properties of airfoils are generally obtained by load measurements on airfoils in wind
tunnels [66]. , and presented by lift coefficient (CL) and drag coefficient (Cp) as a function of the angle
of attack (a). The angle of attack can be defining as the angle between the airfoil chord (C), and the
relative direction of the wind speed (Urel), where the chord is the length of a straight line between the
leading and trailing edge of the cross section.

The analysis implement by the application of momentum theory and blade element theory.
Momentum theory indicates a control volume analysis of the forces at the blade according to the
conservation of linear and angular momentum. While Blade element theory indicates an analysis of
forces at a section of the blade, as a function of blade geometry. The process results can merge into the
blade element momentum (BEM) theory. This theory has been utilized to connect blade shape to
capable the rotor for power extraction from the wind [2]. In BEM the swept area of the turbine is
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discretized into number (N) of annular elements of width (dr), as can be shown in the figure (2.2). The
lateral boundary of these elements.

There are two assumptions applied in the BEM method for those annular elements:

1. Annular elements are known by streamlines, thus air does not flow between each one of them, i.e.
the elements are radially independent.

2. The flow is a constant in each annular element, which is the same assumption an infinite number of
blades

v Annular element
-~

Figure (2.2) annular elements used for BEM method.

It can be seen from the figure (2.3) that the inflow angle (¢), the angle of attack (AOA) («) and the
velocities used for the calculations which are the tangential velocity wr(1+a’) and axial
velocity Uy(1 — a) at the rotor plane, where w is the rotor rotational speed, a is the axial induction
factor, a’ is the tangential induction factor and U, is the steady state wind speed ahead of the turbine.
Moreover, Ure is the wind relative velocity to the rotating turbine blade and defined as [67]:

Up(1-a) _ wr(l+a’)

U =
rel sing cosd

(2.1)

Or(l+a’)

iV

Rotor plane

Figure (2.3) Velocities at the rotor plane
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From the figure (2.3) it can be realized that the flow angle ¢ is equal:

_ —1, Vo(1-a)
q) =tan ((DT(1+(1,)) (2'2)
And the attack angle « is the difference between the flow angle and the local pitch angle 6:
a=¢—0 (2.3)

The forces effecting on the blade can be seen in figure (2.1) and are indicated as Fn in the axial or the
normal direction of the blade and Fr in the tangential direction of the blade. Both forces are the
dropping of the lift and drag forces and can be defined as:

1

Fy = Cy EPCUrZel (2.4)
1

Fr=Cr EPCUrZel (2.9)

Where Cn and Ct can be found by dropping the lift and drag coefficients in the normal and
tangential direction as:

Cy = Crcosd + Cpsind (2.6)
And:
Cr = Cysindp — Cpcosd 2.7)

As it is mentioned before, the lift and drag coefficients are functionally relationship of the attack
angle, and can be found from force measurements on airfoils in wind tunnels. Furthermore, a solidity is
known as the fraction of the annular area in the control volume which is wrapped by wind blades.

o(r) =

Where, B is the number of blades, c(r) is the local chord length and r is the radial Position of the
control volume.
The axial and tangential factors for BEM method are:

1

c(r)B
2nr

(2.8)

a = —4Fsin2(p+1 (29)
O'CN
1
Cl’ = W (210)
aCr -

Where F is the correction factor.

As a result of the pressure on the suction part is lower than on the pressure part, the air trends to
flows around the tip of the blade from lower to the upper surface, decreasing the lift force and therefore
influence power generation near the tip. Numerous methods have been suggested to take into
consideration the influence of the blade tip loss. The modest method for the usage which is improved
by Prandtl (see de Vries, 1979). The correction factor (F) is a function of blades number, relative wind
angle, and the blade position [68].

T
F = %cos‘l(exp (— (M))) (2.11)

2(7J)sing
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2.2 Numerical Modeling

A mathematical models and algorithms are required to perform numerical analysis for fluid -structure
interaction. Computational fluid dynamics (CFD) is a section of the fluid mechanics which is used for
numerical modelling and simulation of fluid flows. Finite element analysis is used for analysis of the
structural behavior under various boundary conditions.

2.2.1Computational Fluid Dynamics (CFD)
1. Continuity and Momentum Equations

The evolution of a fluid element is governed by two conservation laws: the conservation of mass and
the conservation of momentum. Mass conservation leads to the continuity equation and can be written
as follows [69]:

2L 4+V-(pU) =0 (2.12)
The equation above is the general form of mass conservation equation and is valid for incompressible
as well as compressible flows.

Conservation of momentum in an inertial (non-accelerating) reference frame can be described [70]:

2 (pti) + V- (ptit}) = ~Vp + V- (T) + pg + F (2.13)

Where p is the static pressure, T is the stress tensor (described below), and pg and F are the

gravitational body force and external body forces respectively. F also contains other model-dependent
source terms such as porous-media and user-defined sources.

The stress tensor T is given by:
7 = p[(Vii + Vi") — 2V -1l (2.14)

Where u is the molecular viscosity, | is the unit tensor, and second term on the right hand side is the
effect of volume dilation.

2. Reynolds Averaged Navier Stokes (RANS) Equations

The Reynolds-averaged Navier-Stokes (RANS) equations are related to the fluid flow motion of the
time-averaged. These equations are utilized firstly during the application of the turbulent flow. These
equations with approximation are utilized to obtain approximate average solutions to the Navier-Stokes
equations depending on the knowledge of turbulence flow properties. The equations can be written in
Cartesian tensor form as [71]:

dap 7] _
ot T (Pu) =0 (2.15)
4 g op 8 [ ou du 2 _ du
ﬁ(pui)"'a_xj(/)uiuj) = —a—xi+a—xj M(a—xj+a—xi—§ Zrr
9 7
+6_xj(_pulu]) (2.16)

These two equations (2.15) and (2.16) are called Reynolds-averaged Navier-Stokes (RANS)
equations. In the instantaneous of solution variables in both Reynolds averaging and Navier-Stokes
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equations are analysed into ensemble-averaged/time averaged and fluctuating components such as the
velocity components:

u; =, +uy; (2.17)
Where @, and u; are the mean and fluctuating velocity components (i=1,2,3).
Also the same, for pressure and other scalar quantities:

p=0+¢ (2.18)
Where ¢ symbolizes a scalar such as pressure, energy, or species concentration.
3. RANS Turbulence Models

For RANS turbulence models, (Scale-Adaptive simulation, detached eddy simulation, and shielded
detached eddy simulation), the velocity scales Vi and Vi are determined as [72]:

Vi, =Vk (2.19)
v, = (%)0'25 (2.20)

Where k is the turbulence kinetic energy, ¢ is the dissipation rate, u is the molecular viscosity, and p is
the density.

The time scales 7,,, and 7, are determined as follows:

Ty = (2.21)

Ty = pi (2.22)

In turbulence models based on the w equation, the dissipation rate is computed utilizing the relation
e = Brwk (2.23)
Where £* is a model coefficient.

Using Reynolds stress models, the turbulence kinetic energy is determined as the trace of the Reynolds
stress tensor:

k=tu (2.24)

4. Boussinesq Approach

The Reynolds-averaged approach to turbulence modeling needs that, the Reynolds stresses in
Equation (2.16) are suitably modeled. General method utilizes the boussinesq hypothesis to link the
Reynolds stresses to mean gradients of velocity [71]:

6ui %

— o = oui
pUU; = U <6xj + i

2 a
) —(pk + a—?;)&,- (2.25)

The Boussinesq hypothesis is utilized in many models such as the k — w models.
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The feature of this approach is the comparatively low computational cost related to the computation of
the turbulent viscosity, u;. In the case of the k — € and k — w models, two more transport equations
(for the turbulence kinetic energy, k, and either the turbulence dissipation rate, &, or the specific
dissipation rate, omega) are dissolved, and u, is computed as a function of k and ¢ or k and w.

5. Turbulence Models

The velocity fluctuation inducts the flow to be turbulent, these fluctuations generate a mixture of the
transported quantities as momentum, energy, and species concentration, and also fluctuate the
transported quantities. Since these fluctuations can be in the small scale form and high frequency, the
simulation of this form is more computationally expensive. The instantaneous equations of continuity
and momentum are accounted to be a time average, ensemble-averaged. These equations have
additional contained flow unknown variables and turbulence models are applied to define these
variables in turns known quantities [73]. The turbulent flow is defined by the Reynolds number.

The laminar flow can be considered when the Re number less than 1200, likewise the flow can be
turbulent when the Re number is higher than that. The turbulent flow is described the fluid motion in a
winding path. In this study, the design stream velocity is 8 m/s and based on the design velocity can be
calculated Reynolds number which is ....., according to Reynolds number calculated, the flow is
completely turbulent. Hence, the study assumption for the flow is to be incompressible flow.

There is different turbulence models in ANSY'S fluent (CFD) can be chosen, such as:

- Spalart-Allmaras model

- k-e models (standard, renormalization-group(RNG), realizable)
- k-w models (standard, sheer-stress transport (SST))

- Transition SST models

- Reynolds Stress models (RSM)

- Detached eddy simulation (DES) model

- Large eddy simulation (LES) model

In this study, the turbulence model was chosen the shear stress transport k-w model. The applications
of a low of Reynolds number can use the k-@ SST model without extra damping functions. In the free
stream, the SST formulation converts to a k-e behavior to avoid that the k-o problem that the model is
very sensitive to the inlet stream turbulence properties. The turbulence model k-o SST computes for its
good behavior in adverse pressure gradients and flow separation [64].

6. Standard k-w Models

As the k- model has been modified over the years, production terms have been added to both the k
and o equations, which have improved the accuracy of the model for predicting free shear flows.

The standard k-o model uses transport equations of the turbulence kinetic energy and, the turbulence
kinetic energy k, and the specific dissipation rate ®, which are developed by Wilcox (1988). These
transport equations are [74]:

d 0 ad ok
% (0l + 2 (pkup) = - (rk a_x,.) 4G =Y, +S, (2.26)
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And
d 9 ? ?
o (pw) + P (pwu;) = o, (Fw a—:) + Gy — Yy + Sy (2.27)

In these equations, G represents the generation of turbulence kinetic energy due to mean velocity
gradients. G, represents the generation of w. I, and T, represent the effective diffusivity of k and w,
respectively. Y, and Y,, represent the dissipation of k and w due to turbulence. All of the above terms
are calculated as described below.

M, = u+2 (2.28)
Ok
T, = 4+ (’T‘—; (2.29)

Where g3, and g, are the turbulent prandtl numbers for k and w, respectively. The turbulent viscosity
U i1s computed by combining k and w as follows:

. Pk
e=a' (2:30)
_ a 0+R€t/Rk
= o reme 1+Re¢ /Ry, ) (2.31)
— Pk
Re, = " (2.32)
R,=6 (2.33)
Sl
@y ="t (2.3
B; = 0.072 (2.35)

Note that for high Reynolds number form of the k-@ model, a* = a*,, = 1.

The k-@ model is not needed to use damping functions near to a wall region.. As a result of the
standard k- model has demonstrated to become more accuracy than the other models in the sub-layer
of the boundaries. Moreover, its plainness yields a more strong numerical stability [12]. The standard
k-0 model in ANSYS Fluent has sensitivity of the solutions to values of k and ® outside the shear
layers. It has succumbed for several modifications to recompense for effectiveness of low-Reynolds
number, compressibility, and shear flow spreading.

7. Shear-Stress Transport (SST) k-w Model

The k-o Shear-Stress Transport (SST) model combines the standard k-o and k-¢ models and borrows
the shear stress term from the Johnson-King model [75]. By this model the k-o SST model implements
a very well in the viscous sublayer and far wall regions. This is achievement by adding a blending
functions are zero away from the surface in a k- model, and one in the near wall region in a k-o model
[76]. The transport equations for the k- SST model are:

2 (pk) + = (pkuy) = (rk o ) 4G — Y, + S, (2.36)

(p )+ —(pwul) = (1‘ —) +G,—-Y,+D,+S, (2.37)
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In these equations, G, represents the generation of turbulence kinetic energy, and is defined in the
same manner as in the standard k- model. G,, represents the generation of w. I, and T, represent the

effective diffusivity of k and w, respectively. Y, and Y,, represent the dissipation of k and w due to
turbulence. D, represents the cross-diffusion term. S, and S,, are user defined source terms.

The effective diffusivities for k- model are given by
N, = pu+& (2.38)
Ok

K
Ow

[,=u+ (2.39)

As explained by the successful model of the Johnson-King, consideration of turbulent shear stress
could highly effect on accuracy in aerodynamic applications. The turbulent viscosity formulation was
amended to implicate turbulent shear stress in limited wall flows, which was achieved by a blending
function [75]. The turbulent viscosity is represented by:

U = ———<5r;" (2.40)

Where S is the strain rate magnitude and a* is defined in equation (2.20).

1

%k = R/orat(-F)/oka (241)
0, = : (2.42)
© P /0u1+(1-F1)/002 '
The blending function F;is given by:
F; = tanh(@7) (2.43)
_ . vk 5004 4pk
@1 = min[max (0.09wy pyzw) 0W,2D$y2] (2.44)
1 10k d _
F, isgiven by :
F, = tanh(03) (2.46)
_ vk 500u
@, = max[2 00907 pyzw] (2.47)

Where y is the distance to the next surface and DJ is the positive portion of the cross-diffusion term
D,. F; and F, are the blending function.

2.3 Micromechanics Analysis of Unidirectional Lamina

Micro-mechanics concerns the studying of composite materials to consider the interaction of the
constituent materials in detail. Micro-mechanics can permit the engineers to represent a
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heterogeneous material as an equivalent homogeneous material, usually anisotropic. Micromechanics
is used for the prediction of composite material stiffness and strength. Composite materials are
fabricated by combinations of different fibers with different matrices. The relative amount of
constituent for fiber and matrices can be controlled by engineers, and the geometry of the part,
simultaneously [77].

2.3.1 Ultimate strengths of a unidirectional lamina

In this section, strength parameters can be calculated based on the respective properties of fibers and
matrix using the mechanics of material method. The unidirectional lamina strength parameter predicts
more difficult than the stiffnesses parameter because of the strengths have a sensitivity to the material
and geometry inhomogeneous, the fiber-matrix interface, the manufacturing process, and the
environment. Finally, the intensity of the experimental evaluation is very significant because it is direct
and reliable [78].

1 Longitudinal Tensile Strength

Figure (2.4) presents of the simple model mechanics for materials approach.

Assume that;

. Both fiber and matrix are isotropic, homogeneous, it has linearly elastic behavior till the failure
. Matrix failure strain is higher than the fiber.

(of)ult ultimate tensile strength of fiber
Et Young’s modulus of fiber
(om)ult ultimate tensile strength of matrix

Em  Young’s modulus of matrix

{ijult -------------- ;

Stress, @

Matrix

(Gm ]u]t ............. , _____________________________________________ .

L 4

(Em)u]t

(Ef]ult Strain, £
Figure (2.4) Stress—strain curve for a unidirectional composite
under uniaxial tensile load along fibers.

Then the fiber ultimate strain failure is;

(0F)ul
(e = =5 = (2.48)
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And the matrix ultimate strain failure is,

_ (om)uit

(Emduir = . (2.49)

For the reason of the fiber take most of the load in polymer matrix composites, can be assumed, if the
fibers fail at the strain of (&f),,,, the complete composite will fail. So, the composite tensile strength is
presented by;

(0)we = OV + (&)uieEm (1 = Vp) (2.50)

The moment that, the fibers have broken, does the composite able to take more load? The stress that the
matrix can take alone is given by the term (g,,),¢(1 — V). In the only case, if this stress is larger than

(1) In the equation (2.50), can it potential for the composite to carry more load. The fibers volume
fraction at the possibility for happening this case is called the minimum fiber volume fraction

(Vf) minimum 1

(Om)utt—Em(EFuit
(@) ut—Em(Euie+(O@muie

(Vf) minimum —

(2.51)

2 Longitudinal Compressive Strength

Longitudinal compressive strength cannot use the model of computing the longitudinal tensile strength
because the failure modes are different. Assuming that, the magnitude ol of the longitudinal
compressive stress is applied, then the longitudinal compressive strain magnitude is presented by;

|o1]
lea] = 2+ (2.52)

The major Poisson’s ratio is v1,, the transverse strain is tensile and is presented by
lo1]
le2| = vi2 —El (2.53)
1

By using the maximum strain failure theory, when the transverse strain overtakes the ultimate
transverse tensile strain (£1),,;+, the lamina can be considered to have failed in the transverse direction.
So;

El(‘gg)ult (2.54)

c —
(01 )ult - Via

The value of (£1),,,;, can be using the empirical formula;

(eDute = (ER)uie(1 = V) (2.55)
Or the mechanics of materials formula;
d Em
(&2 ue = (Emduels Gr =D +1] (2.56)
Where
(ef) e ultimate tensile strain of the matrix
d diameter of the fibers
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S center to center spacing between the fibers
The fiber microbuckling failure mode of shear/extensional: the local buckling model for calculation of
longitudinal compressive strengths have been developed [21,22]. Because the results are depended on
advanced topics, only the final expressions are presented:

(01 )wie = min [Sf, S7] (2.57)
Where
c _ _ Em /VfEmEf
51 = Z[Vf + (1 Vf) Ef] 3(1-vp) (2583)
§¢ = Sm (2.58b)
27 1-vy '

The lamina maximum shear stress under a longitudinal compressive load o is (o7)/2 at 45° to the
loading axis. So;

(0D = 2[(Tf)ultVf + (Tm)witViml (2.59)

3 Transverse Tensile Strength
Estimation of the transverse tensile strength of a unidirectional lamina assume the model is;

* Bond of fiber-matrix has a perfect.

* Fibers have uniform spacing

* Hooke’s law is applied to the fiber and matrix
* There are no residual stresses

It assumes that the lamina transverse failure is depend on the matrix failure, the ultimate transverse
failure strain is presented by;

d Ep

(D ue = (T2 + (1= D) Emdue (2.60)

Where (&), ultimate tensile failure strain of the matrix.

The ultimate transverse tensile strength is then presented by

(0wt = E2(€) e (2.61)

4 Transverse Compressive Strength

Can be applied the equation (2.61) for computation of the transverse compressive strengths of a
lamina. The actual compressive strength is again lower due to imperfect fiber/matrix interfacial bond
and longitudinal fiber splitting. Using compressive parameters in Equation (2.61),

(0 uir = E2(e5)uie (2.62)
Where
(e = [22+ (1= DI (2.63)
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(€5t =ultimate compressive failure strain of matrix.
5 In-Plane Shear Strength

The estimation of the ultimate shear strength for a unidirectional lamina using a mechanics of
materials approach. Assume the shear stress applied to the magnitude 74 .
The ultimate shear strength is then given by;

(T12)ue = G12(V12)we
d G

= Giolr 2 + (1= DI i2)mue (2.64)

2.4 Transient Structure Analysis

The solution method utilized of transient analysis relies on the DOFs involved. Structural, acoustic,
and other second order systems (the systems are second order in time) are resolved utilizing one
method and the thermal, magnetic, electrical and other first order systems are resolved utilizing
another. Each method is described subsequently. The analysis which is containing both first and second
order DOFs such as structural and magnetic, each DOF is resolved utilizing the suitable method. For
matrix coupling between first and second order influences as for piezoelectric analysis, a combined
procedure is utilized.

The determination of the dynamic response of a structure under the action for all types of various
loads with time, that's the transient dynamic analysis. For the most structural dynamics problems of a
mechanical system, the spatial discretization for the principle of virtual work using the finite element
method gives the finite element semi-discrete equation of motion as follows [79]:

[M1{i()} + [Clu(@®)} + {FI(®)} = {F*(©)} (2.65)

Where: [M] Structural mass matrix.

[C] Structural damping matrix

{it(t)} Nodal acceleration vector

{u(t)} Nodal velocity vector

{fu(t)} Nodal displacement vector

{Fi(t)} Internal load vector

{Fe(t)} Applied load vector
There are three methods using to solve equation (2.65) as it is mentioned in the reference [79]:

- Central difference time integration method — Used for explicit transient analyses only
- Newmark time integration method — Used for implicit transient analyses
- HHT time integration method — Used also for implicit transient analyses. This method is an
extension of the Newmark time integration method.
The structural dynamics problems involved with the mechanical behavior administered by the
differential equation can be categorized two classes; which are, linear and nonlinear problems.
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2.4.1 Time Integration Scheme for Linear Systems

In the linear structural dynamics systems, the internal load is linearly proportional to the nodal
displacement, and the structural stiffness matrix remains constant. Therefore, equation (2.65) can be
rewritten as following [79]:

[MI{u(®)} + [CH{u(O)} + [K{u®)} = {F* ()} (2.66)
Where: [K] Structural stiffness matrix
{u(t)} Nodal displacement vector

Through direct time integration methods for numerical resolving of the finite element semi-discrete
equation of motion in equation (2.66), many methods as the Newmark method in reference [80] and the
Generalized-a method in reference [81] are integrated in the program. As the Generalized-a method
recaptures the Wood-Bosak-Zienkiewicz method (also called WBZ-a method) in reference [82], the
Hilber-Hughes-Taylor method (also called HHT-a method) in reference [83], and the Newmark family
of time integration algorithms, the program permits you to gather advantage of one of these methods by
designating vary input parameters, as explained both of the methods which are the Newmark method
and Generalized HHT-a method in reference [79]. The transient analysis uses for determination a time-
dependent displacement and structure response such as stresses, strains, and forces responding to
transient loads.
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CHAPTER THREE

GEOMETRY AND MATERIAL DESIGN OF COMPOSITE HAWT BLADE
3.1 Blade Geometry Design
3.1.1 Blade Airfoils Selection

There are many various airfoils shapes have been vastly used in wind turbine applications. Due to the
fast grow in the wind power turbine sector, while the airfoils have been improved over the years. For
the case of small scale wind turbine, the airfoils do not be as critical as for larger wind turbines.
However, there are only a number of airfoil shapes that are proper for designing small scale wind
turbines. The airfoils shapes of small scale wind turbines should be utilized at a low angle of attack,
which the drag coefficient is much lower compared to lift coefficient. As example for airfoils are the S
8 series airfoils, these airfoils were designed by the National Renewable Energy Laboratory (NREL) in
the USA, and use popular in stall-regulated wind turbine blades [84; 85].

Most of the airfoil families have being successfully utilized on commercial wind turbine blades. the
wind turbines contained these kinds of airfoils provides a significant growing of energy production on
account of less sensitivity to roughness influence, best lift-to-drag ratios, and, in the case of stall-
regulated rotors, through the use of more swept area for a given generator size [86].

The NREL has examined and proved the results of all airfoils which are used in all wind turbines
applications and provided only ones most efficient in use.
The table (3.1) shows the diameter of the suitable blade rotor and types of each airfoil family along
with the corresponding airfoils contained each family from blade root to tip. The sizes of wind turbine
generators utilize those airfoil families starting from 2 KW up to 1 MW depending on the length of the
blade.

Table (3.1) NREL Airfoil Families [86]

Rotor Airfoil Type of the Root Primary | Tip
Diameter | Category | Turbine operation
1-3m Thick Variable speed S835 S833 S834
3-10 m Thick Variable speed S823 S822
Variable pitch
10-20m | Thin Stall regulated S807 S805A | SB06A
Thin Stall regulated S808 S805A | SB06A
Thick Stall regulated S821 S819 S820
20-30 m | Thick Stall regulated S811 S809 S810
Thick Stall regulated S814 S812 S813
Thick Stall regulated S815 S812 S813
20-40m | - Variable speed S814 S825 S826
- Variable pitch S815 S825 5826
- - - S829
30-50 m | Thick Stall regulated S818 S816 S817
40-50 m | Thick Variable speed S818 S830 S831
Thick Variable pitch S818 S830 S832
Thick Stall regulated S818 S827 S828
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Our rotor blade designs in 6 m length category, hence we select the three different airfoils and
distributed along the blade. The airfoils distribute in the blade root, primary and tip regions. The set of
three airfoils is defining a single blade with a variable cross section, such that the ‘root” airfoil (S821)
is the cross-section shape at the location of largest chord length, the ‘primary’ airfoil (S819) is the
shape at 75% of the blade radius, and the ‘tip’ airfoil (S820) which occurs at 95% of the radius. The
airfoils data are gathered from the NREL documents and are validated to be accurate with XFLR, and
the figures (3.1), (3.2), and (3.3) show the Airfoil Profile of NREL S821, S819, and S820 respectively.
Accurate with XFLR, and the figures (3.1), (3.2), and (3.3) show the Airfoil Profile of NREL S821,
S819, and S820 respectively [87].

Figure (3.1) Airfoil Profile of NREL S821

Figure (3.2) Airfoil Profile of NREL S819

Figure (3.3) Airfoil Profile of NREL S820

3.1.2 Blade Geometry

The proposal of airfoils at the root of the blade is mainly structural, contributing to the aerodynamics
performance of the blade but at a lower level. Thus the root of the blade is bigger and stronger than the
other two airfoils used at the primary and tip regions. The airfoils closer to the tip of the blade generate
higher lift due to speed variation in the relative wind [88].

The determination of the blade shape depends on the airfoils selection in the whole blade, which were
designed for small scale wind turbine blade by CATIA V5R20 software. The Blade is 6.0 m long, it
was divided into 13 sections and the ten sections starting from blade root is equaled, and it was twisted
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from root section to tip, as shown in the figure (3.4). The shape distribution of the blade starts by circle
in the hub, This circle transfers into own profile, then it transits to S821 in the root region, and it

converts to airfoil S819 primary region of the blade, and then converting to airfoil S820 at the blade tip
region in sequence as shown in table (3.2).

5821

5819

~2Y

5820

e

Figure (3.4): The Blade geometry in Catia

Table (3.2): the Blade sections of geometry

Rotor Radius

Chord Length

Twist angle

Airfoil

Station (mm) (mm) (deg.) Type
1 0 280 0 Circle
2 250 280 0 Circle
3 1275 800 16.82 S821
4 2400 684.7 8.76 S821
5 4500 469.3 2.46 S819
6 5700 346.3 0.47 S820
7 6000 3155 0 S820

After the design of the blade geometry was completed, then the blade geometry is imported into
computational fluid dynamics (CFD) analysis systems, That’s important for the prediction of the blade
aerodynamic performance at variation of wind conditions in order to obtain the distribution of pressure
loads on the blade surface to use it in Static and transient Structural Analysis Systems.
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3.2 Blade Composite Material Design

3.2.1 Material Modelling

The most important target of the thesis is a selection of the composite material to be bearing
aerodynamic loads during the operation regime and at the same time minimize the blade weight to
reduce the affective of ground gravity and centrifugal force. For that, it was used a technique of
decreasing the blade weight by dividing the blade model into many sections and applied different

thickness for each section according to the pressure force acting to that section.

The selection of blade composite material was studied of the five different unidirectional composite
materials and epoxy resin at the same fiber volume fraction V¢ =50%. The properties of fibers and
matrix have used for obtaining composite materials properties in this dissertation as shown in the table
(3.3). Then the properties of composite laminas (stiffness and strength parameters) were estimated to
enter these data in optimization simulations. The estimation results of the fifth different composite

materials are shown in the table (3.4).

Table (3.3) Initial Material Properties

T300 Epoxy
. . E-glass Kevlar49 Glass S2-glass
Material Properties : Carbon . . . 5505
Fiber[89] Fiber [89] Fiber [89] | Fiber [78] | Fiber[89] [89]
Young’sModulus(GPa) 724 231 124 85 87.9 7.24
Shear Modulus (GPa) 30.34 15 3 35.42 35.65 2.68
Poisson’s Ratio 0.20 0.20 0.37 0.20 0.20 0.35
Density (kg/m?®) 2550 1760 1440 2500 2460 1265
Table (3.4) Blade Composite Material Properties
Stiffness and E-glass C-I:;?t?c?n Kevlar49 Glass S2-glass
Strength 5505 5505 5505
Parameters Epoxy 5505 Epoxy Epoxy Epoxy
Epoxy
Density[kg/m3] 1907.5 1512.5 1352.5 1850 1862.5
E: [GPa] 39.824 119.12 65.62 46.12 47.625
E> [GPa] 20.06 14.04 7.47 13.343 21.07
G2 [GPa] 6.635 4.548 2.831 4.983 6.83
Poisson’s Ratio 0.267 0.275 0.355 0.275 0.266
(05) e [MPa] 113.2 1090.5 104.20 69 1225
(6w [MPa] 1183 1765 729.758 841.012 2295
(6)we [MPa] 108.78 189.29 99.632 45.906 171.71
(6w [MPa] 26.58 63.3 27.639 26.957 57.426
(T12)wt [MPa] 55.35 69.05 80.408 40.606 67.27
Thickness[mm/ply] 0.32 0.32 0.32 0.32 0.32
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In order to evaluate the stiffness parameters of composite materials, the finite element analysis was
used. The following steps were used to design the unidirectional composite material in the material
designer as follows; the fiber material and resin are added in the material file, the geometry model of
the composite material was selected as a square cell. The model meshed with a maximum mesh size of
2 micrometers. In the next step, the composite material type was chosen as orthotropic and then
analyzed the composite material parameters. The table (3.5) shows the analysis parameters of
composite materials and can be compared these results with the results were calculated by equations
which shows in the table (3.4).

Table (3.5) Blade Composite Material Properties (FEA)

Stiffness and E-glass C-I;lg)gn Kevlar49 Glass S2-glass
Strength 5505 5505 5505 5505 5505
Parameters Epoxy Epoxy Epoxy Epoxy Epoxy

Density[kg/m3] 19325 1512.5 1352.5 1882.5 1862.5
E: [GPq] 39.824 118.67 65.619 46.175 47.625
E. [GPa] 20.062 11.29 7.469 20.906 21.074
G2 [GPa] 6.635 5.581 2.719 6.821 6.829

Poisson’s Ratio 0.267 0.275 0.355 0.266 0.266

3.2.2 Lay-up composite materials

Reference to literature survey focused on the layups composite material used for a wind turbine
blades, the blades ply of fiber angle 0° and 45° are commonly used in wind turbine applications.

The layup of the composite material was used for the simulation of the fifth composite materials of
the wind turbine blades through the blade sections, table (3.6) describes the layups of composite
material used for each section of the wind turbine blades. There are two different ply fiber angle used
0° and 45° and their distribution in whole thickness for each section as it is shown in the table (3.6)
with the thickness 0.32 mm and 0.16 mm respectively. The thickness of the composite material
laminate of each section of the blade is presented later. The properties of five composite materials and
the layups of blade composite material will be defined in the one-way and two-way coupling system
(fluid-structural interaction) to compute the results of the static and transient analysis for different
materials used. The simulations will perform in the same operation condition at cut-out wind speed
operation and compared these results for select one of the composite material which will be suitable for
the wind turbine operation.
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Table (3.6) Composite Layups of Blade Elements

Blade Radius (%) | Z Location Layup Schedule Thickness
Section (mm) (mm)
Hub 4.0108.0 250 — 500 | [+45/-45/05/+45/-45/05/+45/-45]s 8.32
Root 8.0t024.4 | 500 — 1525 | [+45/-45/05/+45/-45/04/+45/-45]s 7.68
Leading 2441076 | 15254750 [+45/-45/04/+45/-45]s 3.84
Edge 76.0 to 100 | 4750 — 6250 [+45/-45/03/+45/-45]s 3.20
Spar Caps | 24.4to 42.4 | 1525 — 2650 | [+45/-45/05/+45/-45/03/+45/-45]s 7.04
42.41076.0 | 2650 — 4750 | [+45/-45/04/+45/-45/04/+45/-45] 6.40
76.0t0 95.2 | 4750 — 5950 | [+45/-45/03/+45/-45/02/+45/-45]s 5.12
95.2't0 100 | 5950 — 6250 [+45/-45/03/+45/-45]s 3.20
Trailing | 24.4t095.2 | 1525 — 5950 [+45/-45/04/+45/-45]s 3.84
Edge 95.2't0 100 | 5950 — 6250 [+45/-45/03/+45/-45]s 3.20
Shear 8.0t0 100 | 500 - 6250 [+45/-45/03/+45/-45]s 3.20

Web

End Cap - [+45/-45/03/+45/-45]s 3.20

Reference to the data of the composite layups blade elements in the table (3.6), the Finite Element
Analysis (FEA) is performed to estimate the tensile stiffness of blade laminates for examining the
orientations of layup used to ensure that, the layup sequence used has the maximum tensile stiffness.
For the prediction of laminate tensile stiffness, the thickness of the laminate was used in FEA the
maximum thickness which is located in the blade hub as an example of the layup sequence in the table
(3.6) of Aramid (Kevlar 49) epoxy 5505 with the volume fraction 50%. The Stack layup sequence
starts by the layup of blade hub in the table (3.6) and then it was added 15 degrees increment as
follows:

[45/-45/05/45/-45/05/45/-45]s
[60/-30/155/60/-30/155/60/-30]s
[75/-15/305/75/-15/30s/75/-15]s
[90/0/455/90/0/455/90/0]s
[-75/15/-30s/-75/15/-305/-75/15]s
[-60/30/-155/-60/30/-155/-60/30]s
[-45/45/05/-45/45/05/-45/45]s

NogakrowhE

The simulation of the tensile stiffness was performed and according to the results of force reaction of
each sequence, layups can be computing the tensile stiffness of each. The results of tensile stiffness are
plotted in the figure (3.5) and it shows that the maximum layup tensile stiffness is for layups sequence
land 7.
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Figure (3.5) Tensile Stiffness for Different Layups Sequence
3.2.3 FEA Modeling For Static and Transient Structural Analysis

The fluid-structural interaction code was used to perform the simulation of the static and transient
structural analysis for the five different composite materials properties are shown in the table (3.4) at
the cut-out wind speed 25 m/s which is maximum aerodynamic load acting on the wind turbine blades
among the operational wind speeds. The physical setup of the fluent in static and transient is the same
which was used for the fluid-structural interaction of wind speeds operating later for the composite
material was selected. The comparison of the blade composite materials was based on the four main
results factors of structural analysis as follows:

1. Maximum Normal (Direct) stress
2. Maximum shear stress

3. Total deformation

4. Blade weight

Through the analysis of the results of the composite materials used, the comparison of the maximum
direct stress was implemented for each composite material to their ultimate stress, also for maximum
shear stress, the blade tip deformation, and the blade weight. The composite material was chosen the
Aramid (Kevlar 49)/Epoxy 5505 based on the analysis factors mentioned above. The results analysis of
static and transient structural are discussed later for five different composite materials used in the fluid-
structural interaction simulation.

3.3 Finite Element Analysis of Laminates Tensile Stiffness
3.3.1 Material Modeling

As it will be a discussion later, the composite material selection was aramid (Kevlar 49)/ Epoxy 5505

reinforced composite material with the volume of fraction 50%. Tensile stiffness of laminates applied
in two different blade sections was estimated that were the maximum and minimum of blade section
thickness which are the Hub and Spar cap 4 sections, and there the thickness of each one is 8.32 mm
and 3.20 mm respectively.
Composite material layups sequences mentioned in the table (3.6) were used in Finite Element
Analysis for both section the hub and spar cap 4 because they are the maximum and minimum
thicknesses, respectively. The blade composite material is Armada (Kevlar 49)/Epoxy 5505 which was
used on the finite element method for test the tensile stiffness of laminates. The Kevlar 49 reinforced
composite was modeled according to the specimen of the ASTM standard D638-14 [90].
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The specimen model is applied to an ASTM standard D638-14 which was used in the finite element
analysis to estimate the tensile stiffness of laminates for two sections. These two sections of the blade
have a different thickness and based on the standard specification of ASTM standard D638-14, the
dimension of the specimen is defined according to its thickness, so the dimension of each specimen is
described in the figures (3.6) and (3.7).

3.3.2 Specimen Geometry

The two specimens model was designed by surface design mode in the CATIA V5R20 software and
according to the standard dimension of the specimens in the reference [90]. The geometry of the
specimen was imported to the finite element method as shown in the figures (3.6) and (3.7) to perform
the tensile stiffness of both thicknesses.

8 & F s

Figure (3.6) Specimen | Standard Dimension of D638-14 for 7 mm or Under

& & & F =
-
-

Figure (3.7) Specimen Il Standard Dimension of D638-14 Over 7 mm to 14mm

3.3.3 Finite Element Analysis

Once the geometry is imported into the finite element method, the composite material properties are
defined used which is the Armada (Kevlar 49)/Epoxy 5505 and applied the mesh into the specimen by
using mesh size 4 mm as described in the figure (3.8). Moreover, the composite layup is defined and
the lamina thickness, etc. The figures (3.9) and (3.10) describe the polar stack-up properties for two
different specimens, the letters (a) and (t) appearing in both of the figures are the layer angle and
thickness respectively. Figures (3.11) and (3.12) demonstrate the ANSYS Composite Pre-post (ACP)
composite model with the fiber direction of 0° ply.
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Figure (3.8) Specimen Mesh
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Figure (3.10) Polar Stack-up Properties Specimen Il

42



Figure (3.11) The ACP composite model with fiber direction (Y axis) Specimen |I.

Figure (3.12) The ACP composite model with fiber direction (Y axis) Specimen II.

After it is finished the definition steps of ACP for laminate composite, the finite element analysis is
used to estimate the laminate tensile stiffness, the finite element analysis setting was applied of the
specimen. The simulation was implemented for both specimens according to the maximum and
minimum thickness were applied on the blade sections.

3.3.4 Results and Discussion

In order to estimate the laminate tensile stiffness, a finite element analysis was used. In this analysis,
the deformation and force reaction in the direction of tensile were achieved, and according to that, the
simulation results were presented in the table (3.7). The FEA results show the deformation and force
reaction in both specimens were symmetric configuration. The deformation results of two specimens
are shown in the figures (3.13) and (3.14) for specimen | and specimen I, respectively.

Table (3.7) Simulation Results

Specimen | Specimen Il
Min Max Min Max

Deformation (mm) 0 0.25 0 0.165
Force Reaction (N) 11060 3705.6
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B: Static Structural
Total Deformation
Type: Total Deformation
Unit mm

0.25 Max
E 022222
0.19444

0.16667
0.13889
o111

0083333
0.055556
0027778
0 Min

0.00 50.00 100,00 (mm)
. .

25.00 75.00

Figure (3.13) the Deformation of Specimen |

E: Static Structural
Total Deformation
Type: Total Deformation
Unit mm

0.165 Max
Q.14667
0.12833
on
0.091667
0073333
0.055
0.036667
0.018333

0 Min

A

0.00 50.00 100.00 (mm)
I ]

25.00 75.00

Figure (3.14) the Deformation of Specimen 11

The results of force reaction achieved for both specimens from finite element analysis, and according
to that results can calculate the nominal stress and tensile stiffness of the composite material which is
their results shown in the table (3.8). The calculations procedure of both the nominal stress and tensile
stiffness are described in Appendix ().

Table (3.8) Tensile Stiffness of Two Specimens

Nominal Stress (MPa) | Tensile Stiffness (GPa)
Specimen | 69.965 68.846
Specimen 11 55.673 55.673

44



3.4 Influence of Material Flaw

3.4.1 Introduction

The development and application of porous structural materials is motivated by the continuous
demand in different fields of possible applications. For instance, in a field of structural engineering
there is a demand for lightweight constructions with enhanced mechanical properties. In the other hand,
in the field of medicine, porous biocomposites are used as bone replacement in implant surgery.
Therefore, different porous materials have been used in a wide range of applications in various
engineering structures such as ceramics and bioceramics, porous shape memory alloys, foam-like
structures and thermal spray deposits. But presence of porosity usually degrades mechanical properties
of structural material [91]. Fact that porosity reduces the mechanical properties is important when
material is used as structural member carrying some load. In this case porosity is considered as a flaw
which generally causes a decrease in the mechanical properties of structural material such as: strength,
stiffness, etc. As defined in metallographic studies, pores can be mainly classified as: closed round
pores, long and broad pores, long and fissured pores, and small, fissured pores [92].

When presence of porosity is evident, mechanical properties of structural materials are strongly
influenced by microstructure of pores size and shape. This impact were in focus of number of the prior
studies which confirmed the fact that less porosity in the material microstructure leads to higher
material stiffness and strength, while an irregular shape of pores strongly influences the material
fracture toughness and strength [93-97]. It should be emphasized that sometimes presence of porosity is
quite necessary and desirable. In implant surgery porous materials have been shown to effectively
provide stable long-term anchorage for biological fixation of the implant due to bone tissue ingrowth
through the pores [98]. Nielsen [99] developed a number of empirically based relations between
stiffness (modulus of elasticity) and strength (modulus of rupture) of materials has been established
in order to control quality without damaging or destroying the material or the building component
considered. Some theoretical methods have been developed to correlate porosity size and shape and
material stiffness and strength. A detailed summary of these methods could be found in and Wang and
Tseng [100].

Through past decades numerical modeling became a powerful tool for studying influence of
microstructure on mechanical properties for different types of materials. Three dimensional Unit Cell
Approach is widely used for simulating real microstructure of different types of materials. In the Unit
Cell Approach, real microstructure having random distribution of pores shape and size is idealized by
periodically distributed pores of the same shape and size which are represented by a periodic repeating
cell which is usually simple cube. The Unit Cell Approach requires relatively little computational
efforts in comparison to simulations of real structures. For instance, in some prior studies the Unit Cell
Approach was used to investigate the effect of the mutual arrangement of phases in different composite
materials [101,102] and to study effect of structural porosity on the mechanical and elastic properties of
sintered materials [103,104].

In this study, address is on low level porosity in form of closed round pores and their influence on
strength of structural materials by using proposed UCNM. A face-centered-cubic (FCC) finite element
(FE) unit cell model which was previously designed to evaluate the compressive stiffness and strength
of biocomposite material for a range of porosity volume fractions [101] is used here for simulating
spherical geometry of pores. An extension of FCC model is developed to simulate non-spherical
geometry of pores.
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3.4.2 Modeling Procedure

Typical example of microstructure of porous material is SEM micrograph of HAP sample sintered at
1250°C for 2h — Figure (3.15) (a) [104]. Sintering usually leads to a denser microstructure, with closed
pores and parts of well sintered grains. To fully simulate such a microstructure, a three-dimensional
(3D) model of a random distribution of pores shape and size is required. The present study aims at
carrying out an influence of closed pores shape and size on strength of structural materials. In this
study, distribution of pores is idealized by face-centered-cubic arrange of pores where there is one
spherical pore at each corner and one spherical pore centered in each face of the cube cell as shown on
Figure (3.15) (b). With assumption of isotropic material properties, for analysis in this study, one
eighth of original unit cell is used — Figure (3.15) (c). The irregular shape of porosity appearing in real
microstructure, is idealized as ellipsoid geometry shape (Figure (3.15) (d)) with chosen orientation,
aligned with main coordinate axe z. Aspect ratio of pores - AR, defined as diameter to diameter ratio —
AR=D1/D>, were chosen to be 1 (sphere), 2, and 3 respectively, while volume fraction of porosity (Vp)

(a) (b)

Figure (3.15) Idealization of the random pore distribution, shape and size by arranging the pores of
same size and same shape (sphere) on a FCC packing array.

chosen to be 3, 5 and 7 percent respectively. Unit cell is loaded by compression in vertical direction
(NL load case) or horizontal direction (PL load case). Symmetry of geometry and load potentially
allows unit cell to be reduced to the one eighth of original unit cell as shown on Figure (3.16).

AR=D1/D2

—>| )|

(@) (b) (c) (d)
Figure (3.16) UCNM with 3% of porosity volume fraction (Vp): (a) AR=1, (b) AR=2,
(c) AR=3 and (d) dimensions of ellipsoid (D1, Dz - principal axe diameters).
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The assumptions for all models are: (a) the elastic properties of material are linear, (b) the material is
isotropic, (c) in every model, all sphere and ellipsoid like pores are of the same size, (d) the material
will not fail at the prescribed loads and (e) pores do not intersect each other.

Due to the symmetry of the unit cell and the applied loads, as well as adopted isotropic material
properties, analysis were reduced to one eighth of the unit cell for all models as shown on Figure (3.16)
(a,b,c). Dimensions of reduced unit cells presented at Figure (3.16) are: 10x10x10um.

All 3D finite element (FE) models were produced using ANSYS 16.4, a general purpose FE software
package for structural analysis. The elements used in analysis are 10-node tetrahedral structural solid
elements (an option of 20-node solid brick elements). Each node has three degrees of freedom
corresponding to the three degrees of translation. Boundary conditions constrain the unit cell to remain
in its original shape. After loading, the sides remain parallel and orthogonal, but changes in length.
Load was introduced in form of displacement in vertical or in horizontal direction. In the vertical load
case (NL) nodes positioned at upper surface of the cube (y=0um) were displaced by Ay=-0,01 pm in
vertical direction while nodes positioned at lower surface of the cube (y=-10um) were constrained by
displacement in y direction. In horizontal load case (PL) nodes positioned at side surface of the cube
(z=10um) were displaced by A;=-0,01 pm in horizontal direction while nodes positioned at z=Oum
were constrained by displacement in z direction. The local coordinate system aligns with the global
one.

(a) (b) (c)
Figure (3.17) Finite element grid of unit cell with 5% of porosity volume fraction (Vp):
(@) AR=1, (b) AR=2, (c) AR=3.

A representative FE grid for evaluation of compressive strength with porosity volume fraction Vp
=5%, shown in Figure (3.17) (a), contains 116513 elements and 169724 nodes. The material data used
for FE analyses, adopted based on literature data [101], with following values: E= 16.04 GPa, v=0.124,
where E is Young’s modulus and v is Poisson’s ratio. After loading, maximum equivalent stress is
divided by nominal stress (stress in non-porous material) to obtain stress concentration factor SCF:

Jmax

SCF =

Onominal
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Higher values of SCF can dramatically lower strength of structural material. Therefore there is a need
to investigate how porosity volume fraction and porosity shape influences on SCF of structural
material.

3.4.3 Results and Discussion

Results presented in this section are obtained numerically with assumptions for ideally elastic
material adopted in previous section.

Summary of obtained results (maximal and nominal stress and SCF) for different AR (1, 2, and 3)
and different Vp (3%, 5%, and 7%) for PL load case are presented at Table (3.9) PL load case refers to
load applied parallel to direction of pores.

Table (3.9) Summary of obtained results for SCF for different AR for PL load case.

AR=1
Porosity volume fraction V(%) 3 5 7
Maximal stress (MPa) 391,43 | 390,18 | 375,01
Nominal stress (MPa) 190,04 | 181,11 | 173,35
SCF 2,059 | 2,166 | 2,161
AR =2
Porosity volume fraction V(%) 3 5 7
Maximal stress (MPa) 308,17 | 363,59 | 403,39
Nominal stress (MPa) 195,16 | 188,35 | 181,48
SCF 1579 | 1,93 | 2,223
AR =3
Porosity volume fraction V(%) 3 5 7
Maximal stress (MPa) 244,34 | 273,8 | 289,19
Nominal stress (MPa) 195,64 | 190,07 | 184,76
SCF 1,249 1,44 | 1,565

Comparison of obtained values of SCF from equation (1) for different AR for load parallel to

direction of pores — PL load case is presented in Figure (3.18).
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Figure (3.18) Comparison of obtained values of SCF for PL load case for different fixed aspect
ratios and for different porosity volume fractions - Vp.

48



Summary of obtained results (maximal and nominal stress and SCF) for different AR (1, 2, and 3)
and different V, (3%, 5% and 7%) for NL load case are presented at Table (3.10) NL load case refers to
load applied normal to direction of pores.

Table (3.10) Summary of obtained results for SCF for different AR for NL load case.

AR=1
Porosity volume fraction V(%) 3 5 7
Maximal stress (MPa) 391,43 | 390,18 | 375,01
Nominal stress (MPa) 190,04 | 181,11 | 173,35
SCF 2,059 | 2,166 | 2,161
AR =2
Porosity volume fraction V(%) 3 5 7
Maximal stress (MPa) 342,17 | 403,65 | 449,68
Nominal stress (MPa) 195,16 | 188,35 | 181,48
SCF 1,753 | 2,143 | 2,478
AR =3
Porosity volume fraction V(%) 3 5 7
Maximal stress (MPa) 270,17 | 303,91 | 332,75
Nominal stress (MPa) 195,64 | 190,07 | 184,76
SCF 1,381 | 1,599 | 1,801

Comparison of obtained values of SCF for different AR for load normal to direction of pores — NL
load case is presented in Figure (3.19).
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Figure (3.19) Comparison of obtained values of SCF for NL load case for different fixed aspect
ratios and for different porosity volume fractions - V.

Additionally, obtained results for PL load case for AR=2 and AR=3 are compared to the experimental
values available at literature [22], as presented at Figure (3.20). For comparison purposes normalized
experimental strength S;>" is calculated from:

49



S
SgB =SB %)
nom.

Where Sy, is measured strength of non-porous material of sample, and S,,,,. is measured strength
of porous material sample.

Numerically obtained results for SCF were used for calculating estimated normalized strength as:

est. _
STLOT. -

SCF

As obvious from obtained results, for non-porous structural material SCF=1 and therefore Sg3t = 1.
For porous structural material, porosity influences the strength by the fact that increasing V, is
increasing SCF which in other hand is lowering the strength.

1,2
—e—AR=2 PL

1 —8—AR=3PL

\n B Exp.[15]
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Figure (3.20) Comparison of obtained results for estimated normalized strength - S&5&: with
normalized experimental strength S, (data from [105]).

As obvious from Figure (3.20) with the increase in porosity content strength observably decreases.
For example, for PL load case and AR=3, presence of 5% of porosity leads to estimated decrease of
strength for approximately 30%. For porosity of 7% estimated decrease of strength is approximately
40%. For this comparison additional numerical models having 10% of porosity with AR=2 and AR=3
(for PL load case) were made. Experimentally obtained values [105] are similar with values obtained
numerically for PL load case and AR=3 within 10% difference. For all other aspect ratios and load
cases estimated decreases of strength were much lower than the values obtained experimentally. It
should be emphasized that SCF is important but not the only one parameter contributing to strength
decrease in structural materials. Type of load, post-yield behavior, hardening low etc. are contributing
to strength as well. Therefore these numerical models generally underestimate real values of strength in
structural materials. Estimated values obtained by these models are always on the side of safety.
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Figure (3.21) presents influence of pores shape (AR) to SCF for PL load case for different fixed
porosity volume fractions - V. Figure (3.22) presents influence of pores shape (AR) to SCF for NL
load case for different fixed porosity volume fractions - Vp. As it is evident from Figures (3.21) and
(3.22), shape of porosity has an impact on strength. With increasing aspect ratio (AR) of pore for fixed
porosity of 3% and 5% value of SCF is lowering. Same trend is observed for both load cases NL and
PL. With increasing aspect ratio (AR) of pore for fixed porosity of 7% value of SCF has a light higher
value for AR=2 while for AR=3 value of SCF is lower than the value obtained for AR=1. It can be
concluded that this influence is moderate when comparing to influence of volume fraction which is
clearly dominant.
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Figure (3.21) Influence of pores shape (AR) to SCF for PL load case for different fixed porosity
volume fractions - Vp.
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Figure (3.22) Influence of pores shape (AR) to SCF for NL load case for different fixed
porosity volume fractions - V.
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CHAPTER FOUR
COUPLED FLUID-STRUCTURE ANALYSIS
OF DESIGNED COMPOSITE BLADE
4.1 Fluid Flow (Fluent) Analysis “Pressure Load”

4.1.1 Computational Domain

The 3-D model of wind turbine contains three blades used which is symmetric, thus we selected one
blade for numerical simulation has a length 6 m as shown in the figure (4.1). Rotational blade speed is
defined at 76.4 RPM. The flow around the blade is turbulent flow. The blades are made of Aramid
(Kevlar49) fiber reinforced layered composite.

y

<.

o 300 8 000 170
150 &5

Figure (4.1) the Three Blades Wind Turbine Model

In this study for computation aerodynamic load on wind turbine blade is analyzed taking into respect
an isolated blade with periodic boundaries, in order to make simulation a full three-blade rotor as much
as a smaller domain, saving simulation time. For that, the 3-D domain is modeled as a semi-cylindrical
section (conical shape) with a central angle of 120°. The domain inlet is planed 15 m ahead of the blade
and the domain outlet 30 m behind the blade, and expands radially from the turbine axis of rotation to
shroud at the 20 meters radius in the inlet, and 40 meters at the outlet, as shown in the figure (4.2). The
mode Boolean operation is applied for removal solid blade from the fluid domain; hence it creates a
void in place of the blade. This void in the fluid domain is appropriate to implement CFD simulation.
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Figure (4.2) Fluent Domain of CFD
4.1.2 Numerical Mesh for CFD Computation

A number of local mesh controls have been applied to the numerical mesh for CFD computation to
define the mesh feature in specific areas. The first model applied was the match control for matching
the nodes for different surfaces. The second mode applied was inflation to specify cell size on the blade
surface and captured the boundary layers on the object, these cells are hexahedral instead of tetrahedral
as it’s shown in the figure (4.3). The nodes number and elements of the mesh are 321685 and 222064,
respectively. It is used inflation ratio setting 0.272 with a growth rate of 1.2. Figure (4.4) shows the
fluid domain mesh implementation. Through the observation, the mesh transition is a smooth, and a
very accurate and small near to contact surfaces. The mesh control applications have been performed
for obtaining the appropriate solutions.

The inlet velocity of boundary conditions can be set to the wind velocity free stream. The outlet
pressure of the boundary condition assigns at atmospheric pressure. The domain outer surface can
assign by the same of main inlet velocity. the fluent domain selected to be a conical shape based on the
results experimental which have described that wake expansion behind the blade is formed conically
[106,107]. The blade is chosen as the stationary non-slip wall, and the computational domain is taken
into consideration to be a rotation frame by specified the rotational speed. The periodic boundary
condition is applied for the computational domain reduced the number of grids to enable finer grids as
shown in the figure (4.2) one-third of the turbine.

The air viscosity is chosen to be 1.7894E-05 (kg/m.s) and the inlet turbulent intensity is 5%. In this
study, the turbulence model is selected to be the k-w shear stress transport (SST) model in the fluid
solver. the most important features of the two-equation model developed by Menter [108] has the
ability to transform from a k-e turbulence model [109] appropriate of the simulation far-field flows to a
k- turbulence model [110] appropriate to modeling the boundary layer. Most studies related to the
wind turbine blades applications have utilized this model and obtained favorable results.
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Figure (4.3) Inflation Layers on Blade Surface
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Figure (4.4): The Fluent Mesh

4.2 Fluid Flow (Fluent) Analysis “Transient Analysis”
4.2.1 Domain of CFD

the 3-D domains of CFD analysis are selected to be a 120-degree wedge model with one blade, the
reason is minimized the computational time and simplified the CFD analysis, for that the assumption of
the boundary conditions is symmetry on the both of domain sides, and each side was afforded periodic
boundary conditions as shown in the figure (4.5). It means that the velocities step out from the left side
boundary can be entering the boundary on the other side in an infinite loop [111]. The flow was
supposed to be ideal, steady and homogenous. The selected turbulence model was k-w, SST (shear-
stress transfer) for catching the turbulence phenomena. The inlet wind speed boundary condition was
considered a fixed uniform entrance velocity. The boundary condition outlet was applied to a static
pressure with a free stream wall. The surfaces of the blade were set as non-slip walls with rotation. As
soon as the wind flows in the domain, the blade should rotate around the hub of the wind turbine, there
were defined two subdomains. One is internal and the other one external domain, the internal domain
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consists of the blade and rotates with it. The internal domain has the same central angle, the blade hub
is positioned in the center point, and expands radially from the turbine hub to internal shroud at 6.6
meter radius, and axially from blade centered point 1.2 meter upstream and downstream, as shown in
the figure (4.5). The internal domain is surrounded by a bigger external domain, stationary. It expands
radially from the turbine hub to external shroud at 48 meter radius, and axially from blade centered
point 24 meter upstream and downstream, as shown in the figure (4.5).
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Figure (4.5) Internal and External Domain Geometry

The wind stream flows in negative Z-direction in the boundary system. Therefore, wind flow speed is
considered a constant flow speed perpendicular to the inlet plane (black arrows in figure 4.6). The
planes parallel to the inlet (outlet) and the external shroud were considered openings (blue arrows) to
allow both the inflow and outflow. Both of two side walls were known as periodical boundaries. The
hub was considered to be a free-slip wall in the external domain and as a no-slip wall in the internal
domain.
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Figure (4.6) Domain Boundary Conditions
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4.2.2 Mesh of CFD

Mesh density has different for both of two domains, the internal domain makes a much fine mesh to
catch the significant gradients in the velocity and pressure for the wind stream flows near the blade.
The external domain mesh is set to be a much coarser mesh to retain the total nodes a reasonable
number for reducing the computational time simulation.

The transient structural component system was utilized the finite element analysis. The model of
blade geometry which utilized in the computational fluid analysis (CFD) was participated with finite
element (FEA). The CFD transient mesh was generated to be tetrahedral mesh elements of both
domains (stationary and rotating domain) with total elements 1546304 and 2242235 nodes as shown in
the figure (4.7). the rotating domain mesh was applied the body sizing 0.12 m for the blade, and also
used a ten inflation layers around the blade with transition ratio 0.272 and growth rate 1.2. In this study,
the wind turbine blade was modeled as a shell made from Kevlar 49 reinforced epoxy 5505 composite
material.

Figure (4.7) the Transient Fluent Mesh (Stationary and Rotating Domains)
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4.3 Material Modeling

The composite material was chosen Aramid (Kevlar49) with epoxy 5505 at volume fraction V¢ =
50% as it is mentioned on section of composite material selection in chapter 5, and used layups of the
blade sections demonstrated in the table (3.4) in the composite material design section of chapter three.
The Kevlar 49 epoxy 5505 composite material properties are utilized in the fluid-structural interaction
ANSYS simulation for prediction the blade maximum normal (direct) stress, maximum shear stress,
and maximum tip blade deformation during the wind speeds operating, and shown in the Table (4.1).

According to the blade geometry shown in the figure (3.4) can be observed that the blade structure
consists of many sections, and applied the different stack-up (lay-ups) of each section of the blade as
presented in the table (3.4), through the figure (4.8) describes polar properties composite material used
for many of blade sections as an example to show the composite material properties in different angles
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Table (4.1) blade Kevlar/Epoxy5505 composite material properties
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Figure (4.8) Polar Stack-up Properties of (a) Root Section. (b) Leading Edge 2

(c) Trailing Edge 2. (d) Shear Web (Spar)

Stiffness and Strength Kevlar49
Parameters 5505 Epoxy
Density (kg/m?) 1352.5
E: [GPa] 65.619
E> [GPa] 7.472
G2 [GPa] 2.72
Poisson’s Ratio 0.355
(05) e [MPa] 104.2
() wie [MPa] 729.758
(069 [MPa] 99.632
(6w [MPa] 27.639
(T12)we [MPa] 82.723
Thickness[mm/ply] 0.28
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4.4 FEA Modeling For Static Analysis

The blade geometry is imported into static structural workbench as it is shown in the figure (3.4). the
necessary constraints on the blade was applied for a simulation, such as the turbine blade material is
chosen from the list of composite materials and selected the one which was entered as composite
material property adding as given in the table (3.4). The next procedure, mesh structure of the blade is
done by using structured mesh with shell elements. The blade is meshed using the quadrilateral mesh
method is utilized to generate elements with low aspect ratios to prevent produced incorrect results,
mesh sizing 0.035 m and consisted of 35697 elements and 35575 nodes as shown in the figure (4.9).
Then, the wind loads are applied by imported the pressure loads along the blade surface from CFD
workbench fluent of pressure load. The hub section of wind turbine blade is applied rotational velocity
according to Right Hand Base clockwise 8 rad/s around Z axis component and remote point constraint
all six degree of zero. After finalizing of static and dynamic structure definition, the blade analyses by
utilizing ANSYS software based on the values of Equivalent Stress, Shear Stress, Total Deformation,
Force Reaction and Moment Reaction when blade is undergone to the pressure forces.
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Figure (4.9) Blade Structure Mesh

The ACP model composite of the blade is presented in the figure (4.10). in this figure, a described the
reference of fiber direction for the Kevlar 49 epoxy 5505 composite material along the span direction
which is shown as green arrow and composite layups direction is shown as pink arrow.
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Figure (4.10) ACP Composite Model with Layups and Fiber Direction

4.5 FEA Modeling of Transient Analysis

The transient structural component system was utilized the finite element analysis. Therefore, the
blade geometry using in the computational fluid analysis (CFD) participates with the finite element
analysis (FEA). Transient conditions were applied for the simulation such as the rotational velocity is
applied in the hub section of the blade according to Right Hand Base clockwise 76.4 rpm (8 rad/s) in Z-
component constraints all six degrees of zero. The fluid-solid interface region was defined as blade
surface. The blade FEA model was applied mesh with shell elements (shell 191) and the mesh discrete
into 35697 elements and 35575 nodes as shown in the figure (4.9). The FEA mesh was varied in the
CFD mesh and was more proper for the FEA. The loosely coupled modular approach has this
advantage to utilizing various meshes for CFD and FEA. The wind turbine blade was modeled as a
shell made from Aramid (Kevlar49) reinforced epoxy 5505 composite material. After finalizing of
static and dynamic structure definition, the blade analyses by utilizing FEA based on the values of
Normal (Direct) Stress, Shear Stress, Total Deformation, Force Reaction and Moment Reaction when
blade is undergone to the pressure forces.

4.6 The System Coupling

The system coupling of fluid-structure interaction (FSI) was implemented by two of methods, on one
hand the simulation was performed by one-way fluid-structure interaction for all operation of wind
speeds. On the other hand, the simulation was executed too for two-way of fluid-structure interaction at
cut-out wind speed because of the maximum deformation, equivalent stress and shear stress occurred
with this wind speed. Additionally, the two-way FSI simulation needs a computer with high
specifications such as wide hard disc space during the computations and a big enough space for results
storage.

4.6.1 One-way System Coupling

The system coupling component was utilized to execute coupling between the CFD and FE analysis.
The system coupling setup was defined to be the same for the fluent (CFD) transient and FEA modules.
Additionally, two files of data transfers were formed for the two-way Fluid-Structural Interaction (FSI)
analysis with a fluid-solid interface included of the whole blade surfaces as the region of contribution
from the FEA. In the data transfer procedure, the fluid force (pressure force) was transferred from the
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CFD model at the blade region to the fluid-solid interface region of FEA. The sequence of data transfer
was accountable for transferring the incremental displacement at the fluid-solid interface region in the
FEA to the rotor blade region as mesh displacement in the CFD. In the fluent (Pressure load)
simulation of the CFD model is solved to provide the initial pressure force on the rotor blade which
transferred to the specified fluid-solid interface in the structural model as the initial load on the rotor
blade. Then the system coupling is started by the transferred the displacement data which occurred by
the initial pressure load in FEA through the specified fluid-solid interface region in the structural model
is transferred to the CFD of a transient. The system coupling implements mesh deformation with the
selection mesh deformation settings. The process is repeated for the number of defined coupling
iterations until the accomplishment of all the coupling steps. Figure (4.11) shows the flowchart of
system coupling.
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Figure (4.11) One-way System Coupling Flowchart
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4.6.2 Two-Way System Coupling

The maximum deformation, normal stress, and shear stress have occurred in cut-out wind speed
according to results of one-way Fluid-Structure Interaction, that drives us to execute an extra
simulation for Two-way system coupling simulation was performed for obtaining the more accurate
results, and compared with the one-way results. The simulation configurations of two-way system
coupling consist of the two main steps:

Step one, the time step size, finishing time and the minimum/maximum of coupling iterations number
at each step. In general, aside from coupling iterations at each step, the required information
automatically transferred to system coupling as soon as the solvers have been coupled.

Step two, data transfer is the most important part of the system coupling, because of incorporation and
managing the data transfer sequence between the two numerical solvers which are the Fluent to
Mechanical (aerodynamic forces) and Mechanical to Fluent (displacements of nodal)

The mesh parameters help the CFD solver to converge with reducing the iterations and less error,
that's can be obtained by keeping the quality of orthogonal ratio higher and skewness lower for whole
CFD domain [112]. The mesh applied for CFD of two-way fluid-structure interaction with element size
1318.3 mm, and introduced the distribution of orthogonally and skewness cells described in the figures
(4.12) and (4.13) respectively. There are no mesh cells under an orthogonal quality of 0.11261 or over
a skewness of 0.88739 for a good optimization of aerodynamic performance in the FSI model. The
quality average of orthogonal and skewness were 0.76446 and 0.23431 respectively.
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Moreover, the techniques used in mesh settings discussed to improve the CFD meshing utilizing the
target which is the smallest number of nodes and elements of the mesh without the influence of the end
result resolution.

The two-way system coupling runs by transferring displacement data created by the initial pressure
load of fluent in the FEA to the CFD of the transient. The process is repeated for the number of defined
coupling iterations until the completed all of the coupling steps. The figure (4.14) describes the two-
way system coupling flowchart.
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CHAPTER FIVE

ANALYSIS OF NUMERICALLY OBTAINED RESULTS AND DISCUSSION
5.1 Fluent Analysis Results

A Computational Fluid Dynamic (CFD) 3-D for both the pressure (aerodynamic) loads simulation
and fluent transient simulation are completed at attack angle 5° of the blade model described in the
figure (3.4), a fluent domains of one blade in 120° is designed as shown in the figures (4.2) and (4.4).
The domain utilizes periodic boundary condition for keeping the simulation equivalent to three blades
in a circular domain. The simulation is performed using a model of a steady state SST k- turbulence
solution. The simulations were performed for different wind speeds starting from cut-in speed up to the

cut-out speed. The fluid analysis of the blade is discussed for only the design wind speed as an example
for simulations done.

5.1.1 Fluent Analysis Results of Pressure (aerodynamic) Loads

Figure (5.1) illustrates the pressure contour plots for both of the pressure and suction side of the
blade, found that the pressure generated on the blade surface was graduated through the blade root to
the tip and the maximum pressure is shown on leading edge section of the blade.

\Pressure Pressure o
Pressure Contour 1 Figure 11 Pressure Contour 1 Figure 3
B6.451e+002 645164002
5 640e+002 5.549e+002
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3.747e+002 3.747e+002
2.846e+002 2.846e+002
1.8456+002 1.9450+002
1 002 §fa
1.427e+001 1.427e+001
585e+001 7.585e+001
660e+002 1.660e+002
2 561e+002 25614002
-3.462e+002 -3.462e+002
-4 363e+002 4.363e+002
-5.264e+002 -5.264e+002
-6.165e+002 -6.165e+002
-7.066e+002 -7.066e+002
-7.968e+002 -7.968e+002
-8.86%9e+002 . -8.860e+002
-9.770e+002 -9 77084002
[Pa] [Pa]
(a) Pressure Side (b) Suction Side

Figure (5.1) Pressure Contours Plots on the Blade

At design wind speed 8 m/s, the pressure distribution at three cross-sections selected which are
defined as the blade radius percentage are in good agreement of flow characteristic and the flow is
perfectly attached and there is no flow separation. At the cross-section 0.40 R, the pressure distribution
is regular with low-pressure distribution while at 0.75 R and 0.95 R of blade radius, the pressure
difference can be noted and achievement of the torque generated. The pressure contour of 0.95 R of the
blade radius demonstrates low pressure on the suction side of the blade approximately at the middle of
the chord length, the velocity vector can be observed the high speed in that area in streamline plot.
Figures (5.2) and (5.3) illustrate the streamlines velocity and pressure contours over the airfoils. Figure
(5.4) shows the velocity streamlines for the design wind speed 8 m/s.
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(c)0.95R
Figure (5.2) Velocity Vector Distribution for (a) 0.4 R (b) 0.75 R (c) 0.95R
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Figure (5.3) Pressure contours Distribution for (a) 0.4 R (b) 0.75R (c) 0.95 R
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Figure (5.4) Wind Streamlines over the Blade at Desigh Wind Sf)ee

5.1.2 Transient Fluent Analysis Results

The pressure contour was plotted on the blade for both of the pressure and suction sides through the
numerical results of transient fluent at the design speed. The figure (5.5) shows the pressure contour on
both sides of the blade. Found the pressure generated on the blade suction side was little changed
through the whole of the suction side. While the pressure of pressure side was graduate in the pressure
from the blade root to the tip and the maximum pressure is shown on the trailing edge section of the
blade on the second half of the blade.

(a) Suction Side (b) Pressure Side
Figure (5.5) Transient Pressure Contours Plots on the blade

The pressure distribution on the blade surface at three cross-sections selected which are positioning
the three different airfoils used to design of the blade. The pressure configuration on the blade was
satisfied because it has different level pressure on both sides of the blade to generate the torque at the
three cross-sections. Moreover, the pressure generated on both sides of the blade through the
aerodynamic flow has enough force to rotate the blade for generating torque. The figure (5.6) describes
the pressure distribution on the three cross-sections 0.4R, 0.75R and 0.95R of the blade, the results of
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rotation domain and turn on the mesh deformed. Figure (5.7) shows the velocity streamlines on the
blade at the design wind speed 8 m/s in the rotation domain.

(Pa]

(@ 0.4R (b) 0.75R (c) 0.95R
Figure (5.6) Transient Pressure Distribution on the Three Cross Sections

UL ) N\ N D

Figure (5.7) Velocity Streamlines of Transient at the Design Wind Speed.
5.2 Composite Material Selection

The Active Pitch Control mechanism is supposed to be for the horizontal axis wind turbine where the
rotor blades move around their along axis (to pitch) by a computer-controlled mechanism. For extreme
wind speed, wind turbine blades are pitched to a place that the airflow moves around the blades surface
smoothly to reduce aerodynamic load and turned off the blades to prevent blade rotation above cut-out
speed. Due to mention above, the maximum aerodynamic load on the blades occur in cut-out speed, so
the composite material selection was executed through this consideration. according to the FEA results
of the static structural simulation, the normal stress through the wind speeds operating is a maximum
value happens at the cut-out speed for the five different composite materials using for the simulations,
while the normal stresses of the composite materials were a very low compared to composite materials
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yield strength, table (5.1) describes the tip deformations, maximum normal stresses, and maximum
shear stresses for cut-out wind speed 25m/s. These composite materials E-glass/Epoxy5505,
Glass/Epoxy and S2-glass/Epoxy5505 have the maximum tip deformation in the static structural
analysis at 49.572 mm, 49.403 and 42.500 mm respectively compared with the other composite
materials.

Table (5.1) Results analysis of static structure

T300 Kevlar

E-glass | rpon 49 Glass S2-glass
Epoxy Epoxy Epoxy Epoxy Epoxy
5505 5505 5505 5505

Total Deformation (mm) 49.572 19.59 38.889 49.403 42.500
Normal Stress (MPa) 14.254 17.202 16.116 14.77 13.783
-15.11 -20.561 | -19,452 | -16.706 -15.073

7.9959 17.19 15.348 12.800 8.822
-3.6616 | -10.068 | -8.4285 -5.892 -3.982

Shear Stress (MPa)

In reality, the consideration of aero-elasticity is important for all applications involve a structural
response to a fluid action. For that, the simulation results of a wind turbine structural response are
required applying the fluid-structural interaction simulation to get accurate results.

The one-way fluid-structure interaction is used to compare between the five composite materials
which ones is more suitable for this wind turbine case. The fluid-structure interaction has performed for
the different composite materials at the cut-out speed which is the maximum aerodynamic load
influence on the blades. The transient structure analysis results for the five composite materials are
described in the table (5.2) for the parameters of normal (direct) stress, shear stress, and deformation,
these results are plotted in the figures (5.8), (5.9), and (5.10) for the normal stress and shear stress,
deformation, and blade weight, respectively.

Table (5.2) Results analysis of Transient structural

T300
IIEE-g(I)iss Carbon KEVI(?:( 49| Glass Sé '%Ijss
poxy Epoxy poxy Epoxy poxy
5505 5505 5505 5505

Total Deformation (mm) | 155.22 | 62.299 128.71 155.90 137.40

40135 | 46129 | 44580 | 40.927 | 39.316
Max. Normal Stress (MPa) | 47 454 | -63.343 | -65.185 | -55.317 | -47.751
23.449 | 48.924 | 46.681 | 37.996 | 26.040
-10.453 | -30.793 | -26.470 | -18.135 | -11.944

Blade Weight (kg) 71.967 | 57.608 | 51.009 | 71.024 | 70.270

Shear Stress (MPa)

The selection of composite material is based on the results of FSI simulation for each composite
material and compared these results with each other’s. The simulation results for the five composite
materials are presented the maximum normal stress of kevlar49/Epoxy 5505 is a higher value than
other of composite materials as it is shown in the figure (5.8), and the second higher value is T300
carbon/Epoxy 5505. While, these value are compared to the ultimate strength of each composite
material. The kevlar49/Epoxy 5505 is a more reasonable maximum normal stress compared with its the
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Figure (5.8) Maximum the Direct and Shear Stress for Five Composite Materials

ultimate strength which is 729.758 MPa, unlike the T300 carbon/Epoxy 5505 is far from it’s the
ultimate strength. Moreover, the blade fabricates by the kevlar49/Epoxy 5505 has a lowest weight
among the five composite materials as described in the figure (5.9). The blade deformation of
composite material T300 carbon/Epoxy has a lowest value among the five composite materials, and the
kevlar49/Epoxy has the second minimum value of the deformation as demonstrated in figure (5.10).
The deformation of the five composite materials is a less than the maximum allowable value 10% of
blade length. Based on the information mentioned above, the kevlar49/Epoxy 5505 is the proper

composite material among the five composite materials in this study case.
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Figure (5.9) Blade Weight for Different Composite Materials
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Figure (5.10) Blade Deformation for Different Composite Materials

5.3 Static Structural analysis Results

In order to execute the static structural analysis, a finite element code of ANSY'S software was used
for a number of different wind speeds among the cut-in speed to cut-out speed including the design
speed which is 8 m/s. In this analysis, linear static stress analysis, Shear stress analysis, force reaction
analysis, moment reaction analysis, and blade deflection analysis were achieved. The aerodynamic
fluent loads were applied along the blade length direction. Loads were computed by the Computational
Fluid Dynamic (CFD) for the different wind speeds at rotational speed design to be 76.4 rpm (8 rad/s).
According to the analysis results, it was assured that the blade works a safety with the composite
material used.

5.3.1 Normal (Direct) Stress Analysis

The static structural simulation was performed through the operation of wind speeds among cut-in
speed to cut-out speed including design speed, the normal stress results on the blade were found that is
a little higher in cut-in speed compared with the next three of the operational wind speeds. The normal
stress results are shown in the table (5.3). For all operations of wind speeds showed that the maximum
normal stress occurs on opposite sides of the root connection with the hub, while the maximum normal
stress has increased with wind speed increasing and occurred in the same places. However, the
maximum normal stress was registered at the cut-out speed 16.116 MPa, 19.452 MPa for Positive and
Negative maximum normal stress, respectively. Through the figure (5.11) to figure (5.16) is explained
the normal stress results mapped on the blade geometry and located the position of maximum normal
stress on the blade for each wind speed operation.

Table (5.3) Maximum Normal Stress Results for Different Operating Speeds

Wind Operation Speed 4 m/s 8m/s | 12m/s | 16m/s | 20m/s | 25 m/s
Max. Normal Stress 3.5325 | 45773 | 6.4304 | 9.2184 | 12.063 | 16.116
(MPa) -2.7200 | -4.8666 | -7.5699 | -10.993 | -14.445 | -19.452
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F: Static Structural
Normal Stress

Type: Normal Stress(X Axis) - Top/Bottom - Layer 0 Type: Normal Stress( Axis) - Top/Bottom ~ Layer 0
Unit: MPa

Unit: MPa
Global Coordinate System

F: Static Structural
Normal Stress

Global Coordinate System

3.5325 Max

3.5325 Max
28378 28378
21431 21431
14484 14484
075365 075385
0058923 0058923
06358 06358
-1.3308 13308
-2.0252 20252
-2.72 Min -2.72 Min

(@) Suction Side (b) Pressure Side
Figure (5.11) Normal Stress Distribution on the Blade for Design Speed 4 m/s

F: Static Structural

F: Static Structural
Normal Stress

Normal Stress
Type: Normal Stress(X Axis) - Top/Bottom - Layer O Type: Normal Stress(X Axis) - Top/Bottom - Layer 0
Unit: MPa Unit MPa

Global Coordinate System Global Coordinate System

4.5773 Max 4.5773 Max
3528 3.528

24787 24787
14294 1.4294
0.38005 0.38005
-0.66928 -0.66928
-1.7186 -1.7186
-2.7679 _2.7679
-3.8172 ) -3.8172
-4.8666 Min -4.8666 Min

(b) Suction Side (b) Pressure Side
Figure (5.12) Normal Stress Distribution on the Blade for Cut-in Speed 8 m/s

F: Static Structural F: Static Structural

Normal Stress ;\Inm?ihsms\sst X Axis) - Top/Bottom - Layer 0
Type: Normal Stress(X Axis) - Top/Bottom - Layer 0 Uz‘;-:.Mgma ressl fuds) - TaprBottom - Layer
Unit MPa Global Coordinate System

Global Coordinate System

6.4304 Max
6.4304 Max 4.8748
4.8748 iféiz
.7

33192 020805
1.7636 13475
0.20805 29031
-1.3475 44587

2.9031 -6.0143
44587 -7.5699 Min
-6.0143
-7.5699 Min

(a) Suction Side (b) Pressure Side
Figure (5.13) Normal Stress Distribution on the Blade for Wind Speed 12 m/s
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F: Static Structural
Normal Stress
Type: Normal Stress(X Axis) - Top/Bottem - Layer 0
Unit. MPa

Global Coordinate System

9.2184 Max
6.9726
4.7269
24811
0.23535
-2.0104
4.2562
-6.5019
8.7477
-10.993 Min

(a) Suction Side

F: Static Structural

Normal Stress

Type: Normal Stress(X Axis) - Top/Bottom - Layer 0
Unit: MPa

Global Coordinate System

24811
023535
20104
-4.2562
65019
87477
-10.993 Min

(b) Pressure Side

Figure (5.14) Normal Stress Distribution on the Blade for Wind Speed 16 m/s

F: Static Structural

Normal Stress

Type: Normal Stress(X Axis) - Top/Bottom - Layer 0
Unit MPa

Global Coordinate System -

12.063 Max
81179
61725
3.2272
0.28187
-2.6635
-5.6088
-8.5541
-11.499
-14.445 Min

(a) Suction Side

F: Static Structural

Normal Stress

Type: Normal Stress(X Axis) - Top/Bottom - Layer 0
Unit: MPa

Global Coordinate System

12.063 Max
91179
6.1725
32272
028187
-2.6635
-5.6088
-8.5541
-11.498
-14.445 Min

(b) Pressure Side

Figure (5.15) Normal Stress Distribution on the Blade for Wind Speed 20 m/s

G: Static Structural
Normal Stress

Type: Normal Stress(X Axis) - Top/Bottom - Layer O
Unit MPa

Global Coordinate System

16.116 Max
12,164

4.2601
030816
-3.6438
-7.5958
11.548
15.5
-19.452 Min

(a) Suction Side

G: Static Structural

Normal Stress

Type: Normal Stress(X Axis) - Top/Bottom - Layer 0
Unit: MPa

Global Coordinate System

16.116 Max

42601
0.30816
-3.6438
7.5958
-11.548
155
-19.452 Min

(b) Pressure Side

Figure (5.16) Normal Stress Distribution on the Blade for Cut-out Speed 25 m/s
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The normal stress results of different wind speeds applied on the blade were represented to predict
the normal stress characteristic of the blade through wind operation speeds. The charts were plotted of
these results and shown the trend line slightly grows with wind speed change, the maximum normal
stress value starts at 3.5325 (MPa) for the cut-in wind speed 4 m/s and grows to reach the maximum
value 16.116 (MPa) at cut-out wind speed 25 m/s. While the negative maximum normal stress starts at
2.72 MPa of the cut-in wind speed to reach the maximum value of 19.452 MPa for cut-out speed. The
figure (5.17) demonstrates the maximum normal stress trend line for wind operation speeds.

Max. Normal Stress (MPa)
18
16
14 y = 0.0158x? + 0.1543x + 2.5116
b R? = 0.9985
10
(MPa) g
6
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0 ‘ ‘ ‘ ‘ ‘ ‘
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Wind Speed (m/s)

Figure (5.17) Maximum Normal Stress of the Operational Wind Speeds

5.3.2 Shear Stress Analysis

Shear stress analysis was executed for both sides of the pressure and suction side of the blade because
the blade affected by positive and negative pressure for the pressure side and suction side respectively.
Shear stress was carried out for wind speeds regime and the results are shown in the table (5.4).
Simulation results were obtained for the shear stress are shown their distribution on the blade surface
and indicated the maximum shear stress on the hub section of the blade where connects blade fixing
part with the hub rotor system, shear stress value increases by raise wind speed. Through the figures
(5.18) to (5.23) are illustrated the shear stress results mapped on the blade geometry and positioned the
maximum/minimum shear stress on the blade for each operation of wind speeds.

Table (5.4) Maximum Shear Stress Results for Different Operating Speeds.

Wind Operation Speed 4m/s 8m/s | 12m/s | 16m/s | 20m/s | 25 m/s

Max. Positive Shear 2.4331 | 4.3424 | 6.5489 | 9.1034 | 11.654 | 15.348
Stress (MPa)

Max. Negative Shear | -1.8907 | -2.2505 | -3.284 | -4.6633 | -6.1888 | -8.4285
Stress(MPa)
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F: Static Structural F: Static Structural
Shear Stress

Shear Stress
Type: Shear Stress(XY Plane) - Top/Bottom - Layer 0 Type: Shear Stress(XY Plane) - Top/Bottom - Layer 0
Unit. MPa

Unit: MPa
Global Coordinate System Global Coordinate System

2.4331 Max 2.4331 Max
1.9527 19527
14722 14722
099182 099182
05114 05114
0.030987 0.030987
-0.44943 -0.44843
-0.92985 -0.92985
-1.4103 -1.4103
-1.8907 Min -1.8907 Min

(a) Suction Side (b) Pressure Side
Figure (5.18) Shear Stress Distribution on the Blade for Cut-in Speed 4 m/s

F: Static Structural

F: Static Structural
Shear Stress

Shear Stress
Type: Shear Stress(XY Plane) - Top/Bottom - Layer O Type: Shear Stress(XY Plane) - Top/Bottom - Layer 0
Unit MPa Unit: MPa

Global Coordinate System Global Coordinate System

4.3424 Max 4.3424 Max
36008 36098
28773 28773
21447 2.1447
14122 14122
067965 067965
0.052896 -0.052896
-0.78544
ores -0.78544
-2.2505 Min i

-2.2505 Min

(a) Suction Side (b) Pressure Side
Figure (5.19) Shear Stress Distribution on the Blade for Design Speed 8 m/s

F: Static Structural F: Static Structural
Shear Stress
Shear Stress

Type: Shear Stress(XY Plane) - Top/Bottom - Layer O Z}:‘?‘E:’.jg:m Stress{XY Plane) - Top/Bottom - Layer 0
Unit MPa Global Coordinate Systern
Global Coordinate System

6.5489 Max
5.4564
4.3638
3.2713
21788
1.0862
-0.0063377
-1.0989
21914
-3.284 Min

(a) Suction Side (b) Pressure Side
Figure (5.20) Shear Stress Distribution on the Blade for Wind Speed 12 m/s

6.5489 Max
5.4564
4.3638
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2.1788
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F: Static Structural
Shear Stress

Type: Shear Stress(XY Plane) - Top/Bottom - Layer 0
Unit MPa
Global Coordinate System

9.1034 Max
7.5738
6.0442
4.5145
2.9849
14553
-0.074357
-1.604
-3.1336
-4.6633 Min

(a) Suction Side

F: Static Structural
Shear Stress

Type: Shear Stress(XY Plane) - Top/Bottom - Layer 0
Unit MPa
Global Coordinate System

9.1034 Max
7.5738
6.0442
4.5145
29849
1.4553
0.074357
-1.604
-3.1336
-4.6633 Min

(b) Pressure Side

Figure (5.21) Shear Stress Distribution on the Blade for Wind Speed 16 m/s

F: Static Structural
Shear Stress

Type: Shear Stress(XY Plane) - Top/Bottom - Layer 0
Unit: MPa

Global Coordinate System

11.654 Max
96718
7.6893
57067
3724
17415
-0.24105
-2.2236
-4.2062
-6.1888 Min

(a) Suction Side

F: Static Structural
Shear Stress

Type: Shear Stress(XY Plane) - Top/Bottom - Layer O
Unit MPa
Global Coordinate System

11.654 Max
9.6718
7.6893
5.7067
37241
1.7415
-0.24105
-2.2236
-4.2062
-6.1888 Min

(b) Pressure Side

Figure (5.22) Shear Stress Distribution on the Blade for Wind Speed 20 m/s

G: Static Structural
Shear Stress

Type: Shear Stress(XY Plane) - Top/Bottom - Layer 0
Unit: MPa
Global Coordinate System

15.348 Max
12.706
10.064
7.4224
4.7806
2.1388
0.50303
-3.1448
-5.7867
-8.4285 Min

(a) Suction Side
Figure (5.23) Shear Stress Distribution on the Blade for Cut-out Speed 25 m/s.
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The shear stress parameter for various operation wind speeds applied on the blade was performed to
predict the shear stress characteristic of the blade through the different operational wind speeds. The
charts were plotted for those results of maximum positive and negative shear stress. the positive
maximum shear stress trend line is sharply grown through the operation of wind speeds to reach the
maximum positive value 15.348 (MPa) at cut-out speed 25 m/s, while the negative shear stress trend
line is sharply dropped through the operation of wind speeds to reach the value -8.4285 (MPa) at cut-
out wind speed. Figure (5.24) and (5.25) show the positive and negative of maximum shear stress trend
for the wind operation speeds respectively.
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Figure (5.24) Positive Maximum Shear Stress of the Operational Wind Speeds
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Figure (5.25) Negative Maximum Shear Stress of the Operational Wind Speeds
5.3.3 Force Reaction Analysis

Force reaction analysis of various wind speeds operation was performed to predict how much
changes of force reaction magnitude during the wind speeds operation regime of the system. According
to the results, the force reaction trend line a slightly increased within the first three wind speeds
operation, while the trend for the next speeds has sharply increased to reach the maximum value 8690.0
(N) at cut-out wind speed 25 m/s. the results of force reaction are described in the table (5.5) for the
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different wind speed operation. Figure (5.26) shows the direction of the force reaction to reference the
system coordinates axis for design wind speed 8 m/s an example for that, and figure (5.27) shows the
forces reaction trend line of the various wind speeds operation regime.

Table (5.5) Resultant Force Reaction for Different Operating Wind Speeds.
Wind Operation Speeds 4 m/s 8m/s | 12m/s | 16 m/s | 20 m/s | 25 m/s

Total Force Reaction (N) | 8361.1 | 8364.2 | 8392.3 | 8448.9 | 8529.9 | 8690.0

F: Static Structural
Force Reaction

Figure (5.26) Force Reaction of design Wind Speed 8 m/s.
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Figure (5.27) Force Reaction Trend for the operational Wind Speeds.

76



5.3.4 Moment Reaction Analysis

Moment reaction analysis was performed to predict the magnitude of force reaction during the wind
speed operation regime of the system. Figure (5.28) shows the direction of moment reaction to
reference the system coordinates axis for design wind speed. the results of the moment reaction were
described in the table (5.6) for the different wind speeds operation, and that results were represented on
figure (5.29) where the moment reaction trend line sharply grows through the operational wind speeds
to reach the maximum value moment reaction 8778.6 (N-m) at the cut-out wind speed 25 m/s.

Table (5.6) Moment Reaction Results for Different Operating Wind Speeds.
Wind Operation Speed 4 m/s 8m/s | 12m/s | 16 m/s | 20m/s | 25 m/s

Moment Reaction (N-m) | 1551.1 | 2410 3605.5 | 5052.1 | 6552.5 | 8778.6

F: Static Structural
Moment Reaction

Figure (5.28) Moment Reaction of design Wind Speed 8 m/s.
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Figure (5.29) Moments Reaction Trend for Operational Wind Speeds

5.3.5 Blade Deformation Analysis

The blade deformation analysis was performed for static structural analysis including the influence of
the blade weight, executed for different wind speeds operation and the results have been computed and
described in the table (5.7). The simulation results are plotted in the figure (5.30), and the trend line of
those results is a sharply raised during the operation of wind speeds, and the maximum of the blade tip
deformation is reached to 38.889 mm at cut-out speed. Relationship of blade tip deformation with
operational wind speeds describes as linear. Figure (5.31) demonstrates the blade tip deformation for

the wind design speed 8 m/s.

Table (5.7) Deflection of Tip Blade for different Operating Wind Speeds.

Wind Operation Speeds 4 m/s 8m/s | 12m/s | 16 m/s | 20m/s | 25 m/s
Tip Blade Deformation 2.723 | 10.470 | 16.246 | 22.551 | 28.966 | 38.889
(mm)
Tip Deformation
50
40 y = 0.0059x2 + 1.5061x - 2.8342
30 R?=0.9979
(mm)
20
10 /
0 T T T T 1
0 5 10 20 25 30
Wind Speed (m/s)

Figure (5.30) Tip blade deformation through the different operating wind speeds.
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F: Static Structural
Total Deformation
Type: Total Deformation
Unit mm

10.47 Max
. 9.3067
— 8.1439
— 6.981
= 5.8181
1 4.6552
1 3.4924

2.3295
I 1.1666
0.003751 Min

Figure (5.31) Deformation through the Blade Length at the Design Wind Speed

5.4 Transient Structural Analysis Results

A coupled Fluid-Structure Analysis (FSI) model can be efficiently solving for the fluid field and
structural field at the same time and providing a high accuracy solution in both of the fluid and
structural domains. For a prediction of the real structural characteristic of wind turbine blade during the
wind speeds operation, the Fluid-Structure Interaction (FSI) was performed of horizontal axis wind
turbine (HAWT) which made through the coupling of the CFD solver with Structural solver in ANSYS
Workbench of one-way for various wind speeds operation among the cut-in and cut-out speed
including the design wind speed 8 m/s for complete 1 step contains 25 sub-steps. While two-way of
system coupling performed for cut-out speed to compare this results with one-way at the specific wind
speed. The simulation has been carried out with transient analysis for the complete 1 step contains 1000
sub-step. In this analysis, linear transient normal stress analysis, shear stress analysis, force reaction,
moment reaction analysis and the blade deformation analysis were done. The aerodynamic pressure
loads were affected on the blade which uses to compute the transient structural analysis for each wind
speed applied at blade rotational speed design 76.4 rpm (8 rad/s), and boundary condition was
considered to be the blade root is fixed.

5.4.1 Normal (Direct) Stress Analysis

The transient structural simulation was done for six wind speeds starting from cut-in speed 4 m/s with
increment 4 m/s for fifth speeds and the cut-out speed was selected to be 25 m/s. The normal stress
results on the blade were computed and the results of maximum normal stress over the complete step
are shown in the table (5.8) for the six wind speeds among the cut-in speed to cut-out speed. The
normal stress has fluctuated over the complete step for each wind speed operation, and the maximum
normal stress has happened in sub-step number 2 among wind speeds 12, 16, 20 and 25 m/s. while for
wind speeds 4m/s and 8 m/s at sub-step number 8 and 6, respectively. The maximum normal stress
were found in the connection of hub with root in the side of positive pressure for all wind speeds, the
value of maximum normal stress during the operational wind speeds is 44.580 MPa and -65.185 MPa at
sub-step number 2 because the maximum normal stress occurs at cut-out speed. Through the figures
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(5.32) to (5.37) describe of the transient maximum normal stress results mapped on the blade geometry
over the complete and it”s located on the blade for each operation of wind speeds.

Table (5.8) Maximum Normal Stress Results for Different Wind Speeds
Wind Operation Speed | 4 m/s 8m/s | 12m/s | 16 m/s | 20m/s | 25 m/s

Max. Normal Stress 7.6726 | 12.748 | 17.699 | 25.304 | 33.330 | 44.580

(MPa) -0.4261 | -16.541 | -23.389 | -34.459 | -46.833 | -65.185
E: Transient Structural E: Transient Structural
Normal Stress Normal Stress
Type: Normal Stress(X Axis) - Top/Bottom - Layer 0 Type: Normal Stress(X Axis) - Top/Bottom - Layer 0
Unit MPa Unit: MPa
Global Coordinate System Global Coordinate System

7.6726 Max 7.6726 Max

5.7727 5.7727

3.8729 3.8729

1973 1973

0.073149 0.073149

-1.8267 -1.8267

-3.7266 -3.7266

-5.6264 -5.6264

-7.5263 75263

-9.4261 Min -9.4261 Min

(a) Suction Side (b) Pressure Side
Figure (5.32) Distribution of Maximum Normal Stress at Cut-in Speed 4 m/s

E: Transient Structural E: Transient Structural
Normal Stress Normal Stress
Type: Normal Stress(X Axis) - Top/Bottom - Layer O Type: Normal Stress{X Axis) - Top/Bottom - Layer 0
Unit MPa Unit MPa

Global Coordinate System Global Coordinate System

a

12.748 Max
12.748 Max 04934
94934 6.2391
6.2391 2.9848
2.9848 -0.26947
-0.26947 -3.5238
-3.5238 -6.7781
-6.7781 -10.032
-10.032 13,287
_13.287 -16.541 Min
-16.541 Min

(a) Suction Side (b) Pressure Side

Figure (5.33) Distribution of Maximum Normal Stress at Design Speed 8 m/s
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E: Transient Structural E: Transient Structural

Normal Stress Normal Stress )

Type: Normal Stress(X Axis) - Top,fBottom _ Layer 0 TyPe: Normal Stress(X Axis) - Top/Bottom - Layer 0
Unit MPa glr:EaI\IACPZordinate System

Global Coordinate System

17.699 Max

17.699 Max 13143

13.143 85857

8.5857 4.0288

4.0288 -0.52802

-0.52802 -5.0849

-5.0849 -9.6417

-9.6417 -14.199

-14,199 -18.755

-18.755 -23.312 Min

-23.312 Min

(a) Suction Side (b) Pressure Side
Figure (5.34) Distribution of Maximum Normal Stress at Wind Speed 12 m/s

E: Transient Structural E: Transient Structural
Normal Stress Normal Stress
Type: Normal Stress(X Axis) - Top/Bottom - Layer 0 Type: Normal Stress(X Axis) - Top/Bottom - Layer 0
Unit MPa Unit MPa

Global Coordinate System Global Coordinate System

N
25.304 Max 25.304 Max
18.663 18663
12.023 12023
53826 5.3826
-1.2577 -1.2577
7808 -7.898
14538 “14.538
21179 72;;7:
et 34 4159 Mi
-34.459 Min e "
(a) Suction Side (b) Pressure Side
Figure (5.35) Distribution of Maximum Normal Stress at Wind Speed 16 m/s
E: Transient Structural E: Transient Structural
Normal Stress Normal Stress
Type: Normal Stress(X Axis) - Top/Bottom - Layer 0 Type: Normal Stress(X Axis) - Top/Bottom - Layer 0
Unit MPa Unit: MPa
Global Coordinate System Global Coordinate System
R
33.33 Max 33.33 Max
24.423 24423
15518 15.516
66087 66087
-2.2982 22082
-11.205 -11.205
-20.112 20112
-29.019 o -29.019
-37.926 37.926
-46.833 Min

-46.833 Min

(a) Suction Side (b) Pressure Side
Figure (5.36) Distribution of Maximum Normal Stress at Wind Speed 20 m/s
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F: Transient Structural F: Transient Structural

Normal Stress Normal Stress

Type: Normal Stress(X Axis) - Topf‘Bot‘tom ~ Layer 0 Type: Normal Stress(X Axis) - Top/Bottom - Layer 0
Unit: MPa Unit MPa

Global Coordinate System Global Coordinate System

44.58 Max
32384
20.188
7.9918
4.2043
-16.4
-28.597
-40.793
52.989
-65.185 Min

44.58 Max
32.384
20.188
7.9918
-4.2043
-16.4

28,597
40.793
-52.989
-65,185 Min

(a) Suction Side (b) Pressure Side
Figure (5.37) Distribution of Maximum Normal Stress at Wind Speed 25 m/s

The normal stress results of different wind speeds applied on the blade were represented to predict
the normal stress characteristic of the blade through wind operation speeds. The chart was plotted of
these results and shown the trend line sharply grows with the wind speeds change. The maximum
normal stress value starts at 7.6726 (MPa) for the cut-in wind speeds to reach the highest value is 44.58
(MPa) at the cut-out speed 25 (m/s). While, the maximum negative normal stress starts at 9.4261 (MPa)
of the cut-in wind speed to reach the maximum value of 65.185 (MPa) for cut-out speed. The figure
(5.38) demonstrates the maximum equivalent stress through the wind speeds operation.

Max. Normal Stress
50

y =0.0343x2 + 0.7651x + 4.1109 /

R?=0.9995 /
30

(MPa) /

. /

10

0 5 10 15 20 25 30
Wind Speed (m/s)

40

Figure (5.38) Maximum Normal Stress Trend for the Operational Wind Speeds

The fluid-structural interaction results describe the normal stress fluctuation at design wind speed over
the complete step in green line and red line for positive and negative normal stress, respectively. The
fluctuation results illustrated the normal stress of the value range difference over the complete step, and
touched the maximum value at sub-step number 6 then it has been starting to be decreasing in the

difference of the normal stress value range. Figure (5.39) shows the normal stress over the complete
step at design wind speed.
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0. 0.125 0.25 0.375 05 0.625 0.75 0.875 1

Figure (5.39) Fluctuation of Normal Stress over the Complete Step at Design Wind Speed

5.4.2 Shear Stress Analysis

The transient structural simulation was done for six wind speeds starting from cut-in speed 4 m/s with
increment 4 m/s for fifth speeds and the cut-out speed was selected to be 25 m/s. The shear stress
results on the blade were computed and the results of maximum shear stress over the complete step are
shown in the table (5.9) for the six wind speeds among the cut-in speed to cut-out speed. The shear
stress fluctuates over the complete step for each wind speeds operation, according to the shear stress
distribution map on the blade, the maximum value for the positive shear stress places on the connection
of root section with the hub, while for the negative shear stress places on the hub, and that's normal
because the hub surfaces were selected as fixation surfaces with the rotor system. The maximum shear
stress has occurred in the same steps of maximum normal stress for each operational wind speed except
the design wind speed, the positive maximum shear stress has happened in step number 5 instead of
step number 6. The maximum positive shear stress value was 46.681 MPa at the sub-step number 2 at
cut-out speed, while the maximum negative shear stress value was 26.47 MPa. Shear stresses
distribution mapped on the blade are illustrated through the figures (5.40) to (5.45) for different wind
speeds operation including the design wind speed.

Table (5.9) Maximum Shear Stress Results for Different Wind Speeds
Wind Operation Speed 4m/s 8m/s | 12m/s | 16m/s | 20m/s | 25 m/s

Max. Positive Shear 7.1049 | 11.913 | 17.699 | 24.859 | 33.484 | 46.681

Stress (MPa)
Max. Negative Shear | -3.7992 | -7.2697 | -10.141 | -14.641 | -19.507 | -26.470
Stress(MPa)
E: Transient Structural E: Transient Structural
Shear Stress Shear Stress
Type: Shear Stress(XY Plane) - Top/Bottom - Layer 0 Type: Shear Stress(XY Plane) - Top/Bottom - Layer 0
Unit: MPa Unit: MPa

Global Coordinate System Global Coordinate System

7.1049 Max
5.8934
46818
3.4702
2.2587
1.0471
0.16449
1.3761
-2.5876
-3.7992 Min

7.1049 Max

5.8934

46818

‘ 3.4702

‘ 2.2587
1.0471
-0.16449
1.3761
2.5876
-3.7992 Min

(a) Suction Side (b) Pressure Side
Figure (5.40) Distribution of Maximum Shear Stress on the Blade for Cut-in Speed 4 m/s
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E: Transient Structural E: Transient Structural

Shear Stress Shear Stress

Type: Shear Stress(XY Plane) - Top/Bottom - Layer 0 Type: Shear Stress(XY Plane) - Top/Bottom - Layer 0
Unit MPa Unit. MPa

Global Coordinate System Global Coordinate System

11.823 Max
11.913 Max 97017
9.8331 75803
77521 54588
56723 3.3374
3,592 1216
15116 -0.90544
-0.56877 -3.0269
-2.6491 -5.1483
47295 -7.2697 Min
-6.8099 Min

(a) Suction Side (b) Pressure Side
Figure (5.41) Distribution of Maximum Shear Stress on the Blade for Wind Speed 8 m/s

E: Transient Structural E: Transient Structural
Shear Stress Shear Stress

Type: Shear Stress(XY Plane) - Top/Bottom - Layer 0 Type: Shear Stress(XY Plane) - Top/Bottom - Layer 0
Unit MPa Unit MPa

Global Coordinate System Global Coordinate System

17.512 Max
14443 16.764 Max
1375 13.775
83067 10.785
5.2383 7.796
21699 4.8065
-0.89852 1.8171
-3.9669 11723
70353 -4.1617
-10.104 Min 71512
-10.141 Min

(a) Suction Side (b) Pressure Side
Figure (5.42) Distribution of Maximum Shear Stress on the Blade for Wind Speed 12 m/s

E: Transient Structural E: Transient Structural

Shear Stress Shear Stress

Type: Shear Stress(XY Plane) - Top/Bottom - Layer 0 Type: Shear Stress(XY Plane) - Top/Bottom - Layer 0
Unit: MPa Unit: MPa

Global Coordinate System Global Coordinate System

24,859 Max 24.859 Max
2047 2047

16.081 16.081
11.692 11.692
73033 73033
29145 29145
14744 14744
-5.8632 58632
-10.252 10252 .
14.641 Min -14.641 Min

(a) Suction Side (b) Pressure Side
Figure (5.43) Distribution of Maximum Shear Stress on the Blade for Wind Speed 16 m/s
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E: Transient Structural E: Transient Structural
Shear Stress

Shear Stress
Type: Shear Stress(XY Plane) - Top/Bottom - Layer 0 Type: Shear Stress(X¥ Plane) - Top/Bottom - Layer 0
Unit: MPa

Unit: MPa

Global Coordinate System Global Coordinate System

33.484 Max
27.596
21.708

15.82

9.9323
4.0444
-1.8434
-7.7313
-13.619
-19.507 Min

33.484 Max
27.596
21.708
15.82
9.8323
4.0444
-1.8434
-7.7313
-13.618
-19.507 Min

(a) Suction Side (b) Pressure Side
Figure (5.44) Distribution of Maximum Shear Stress on the Blade for Wind Speed 20 m/s

F: Transient Structural
Shear Stress

Type: Shear Stress(XY Plane) - Top/Bottom - Layer 0 Type: Shear Stress(XY Plane) - Top/Bottom - Layer 0
Unit MPa Unit: MPa

Global Coordinate System Global Coordinate System

F: Transient Structural
Shear Stress

46.681 Max 46.681 Max
38,553 38.553

' 30.425
30425 o
22,207 B
14.17 6.0415
60415 -2.0865
-2.0865 10214
-10.214 -18.342
-18.342 -26.47 Min
-26.47 Min

(a) Suction Side (b) Pressure Side

Figure (5.45) Distribution of Maximum Shear Stress on the Blade for Wind Speed 25 m/s

The maximum positive and negative shear stress results for the different operational wind speeds
applied on the blade were used for plotting these results on a chart to predict the shear stress
characteristic of the blade through various wind speeds. The results of maximum positive and negative
shear stress are shown in the table (5.9). The maximum positive/negative shear stress results of the
blade were represented in the figures (5.46) and (5.47), respectively, and obviously shown that the
trend line of positive shear stress was raised through the different wind speeds operation to reach the

maximum value (46.681 MPa), while the negative shear stress was dropped to reach the value 26.47
MPa at cut-out wind speed.
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Positive Shear Stress

50
45 y = 0.045x2 + 0.5688x + 4.2418 »
40 R?=0.9999

35
30 ad
(MPa) 25 /

20

15
10 e

0 5 10 15 20 25 30
Wind Speed (m/s)

Figure (5.46) the Trend of Positive Maximum Shear Stress for the Operational Wind Speeds.

Negative Shear Stress

0 Wind Speed (m/s)

0 5 10 15 20 25 30
i y =-0.0202x2 - 0.4861x - 1.6873
10 R? = 0.9992

(MPa) -15 \‘\

-20

-25 DY

-30

Figure (5.47) the Trend of Negative Maximum Shear Stress for the Operational Wind Speeds.

Reference to the figure (5.48) of the shear stress fluctuation at design wind speed over the complete
step that obtained from the simulation of one-way fluid-structural interaction describes the shear stress
fluctuation over the complete step and illustrated that the maximum range values occur on first of one-
third of the complete step, then these values have started decreasing to be stable.

11.913 e — ~

25

[MPa]

25 -

— — P e S —

-7.2697 —R——
0 0.125 0.25 0.375 0.5 0.625 0.75 0.875 1.

Figure (5.48) Fluctuation of Shear Stress over the Complete Step at Design Wind Speed
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5.4.3 Force Reaction Analysis

Force reaction analysis of various wind speeds operation was performed to predict how much
changes of force reaction magnitude and direction during the wind speeds operation regime of the
system. The simulation results of the force reaction were described in the table (5.10) for the
operational wind speeds regime and figure (5.49) shows force reaction direction at the design wind
speed 8 m/s as an example for that. The force reaction results were represented in the figure (5.50).
According to the figure (5.50), the trend line has smoothly increased through the operational wind

speeds regime to touch the maximum value of the force reaction at 27471 N for cut-out speed.

Table (5.10) Resultant Force Reaction for Different Wind Speeds Operation

Wind Operation Speeds

4 mls

8 m/s

12 m/s

16 m/s

20 m/s

25 m/s

Resultant Force Reaction

(N)

8682.4

8862.1

9018.5

9589.6

10237

11533

E: Transient Structural

Force Reaction

Figure (5.49) Force Reaction of Design Wind Speed 8 m/s
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Total Force Reaction

14000

12000 y = 6.9578x2 - 69.093x + 8887.3

R%2=0.9976
10000
8000
(N)
6000
4000
2000
0 T T T T T 1
0 5 10 15 20 25 30
Wind Speed (m/s)

Figure (5.50) Force Reaction Trend for the Operational Wind Speeds

5.4.4 Moment Reaction Analysis

Moment reaction results for various wind speeds operation were obtained to predict how much
changes of moment’s reaction magnitude and direction during the wind speeds operation regime of the
system. The simulation results are shown in the table (5.11) for the operational wind speeds, and the
figure (5.51) shows the moment reaction direction at design wind speed 8 m/s as an example of that.
The simulation results were represented of the moment reaction in the figure (5.52) for the operational
wind speeds and according to the figure (5.52), the trend line has sharply raised through the operational
wind speeds to reach the maximum value at 27471 for cut-out wind speed.

Table (5.11) Moment Reaction Results for Different Wind Speeds Operation.
Wind Operation Speed 4m/s 8m/s | 12m/s | 16 m/s | 20m/s | 25 m/s

Moment Reaction (N-m) 4026.0 | 7439.1 | 10462 | 15014 | 20097 | 27471
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E: Transient Structural
Moment Reaction

Figure (5.51) Moment Reaction of design Wind Speed 8 m/s.

Total Moment Reaction
30000
y = 22.642x2 + 451.44x + 2010.1 /‘
25000 R?=0.9994
20000
(N-m) 15000
10000 /
5000 “
O T T T T T 1
0 5 10 15 20 25 30
Wind Speed (m/s)

Figure (5.52) Moments Reaction Trend for the Operational Wind Speeds.

5.4.5 Blade Deformation Analysis

The simulation results of the composite material blade deformation were obtained for the operational
wind speeds and the results have been described in the table (5.12). Figure (5.53) shows the
deformation through the blade sections from the root to the tip blade at the design wind speed. the
simulation results were represented for operational wind speeds in the figure (5.54), and the trend line
has sharply increased in tip deformation of the blade by rise in wind speed to reach the maximum value
128.71 mm at cut-out wind speed 25 m/s. because it is the maximum value of blade tip deformation
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during the wind turbine operation, while this value does not exceed the maximum allowable
deformation which is 0.1*R=600 mm at cut-out speed, so the wind turbine works in the safe operation
according to the simulation results mentioned above.

Table (5.12) Deflection of Tip Blade for different Wind Speeds Operation.
Wind Operation Speeds 4 m/s 8m/s | 12m/s | 16 m/s | 20m/s | 25 m/s

Tip Blade Deflection 21.854 | 39.128 | 52.453 | 70.825 | 94.229 | 128.71
(mm)

E: Transient Structural
Total Deformation
Type: Total Deformation
Unit mm

39.128 Max
. 34.783
— 30.438
— 26.093

21,748

. 17.402

— 13.057
8.7121

I 4.3669
0.021772 Min

Figure (5.53) Deflection through the Blade Length at the Design Wind Speed

Tip Deformaton

140

120 /’
y =0.1032x2 + 1.9898x + 13.795

100 R2=0.9983

80 /
(mm) /0/
60

40 ‘//
20

0 5 10 15 20 25 30
Wind Speed (m/s)

Figure (5.54) Blade Deformation at the Tip for Operational wind speeds
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The fluctuation of simulation results of the one-way fluid-structural interaction describes the tip blade
deformation fluctuation at design wind speed over the complete step, the figure (5.55) demonstrates the
tip blade deformation fluctuation at the design wind speed, through the figure (5.55) it shows maximum
values of the blade tip deformation approximately on the first one-third of the complete step to touch
the maximum value at 39.128 mm in sub-step number 6 for design wind speed. Then it has reduced to
be more stable.

39.128 A

30. o S ™, T T o

[mm]
!
i

20.

10. M\—vf&%ﬂ'—u—_,—»———————-——-—.—-—-—

4.3623e-3

0. 0.125 0.25 0.375 0.5 0.625 0.75 0.875 1

Figure (5.55) Fluctuation of Tip Blade Deformation over the Complete Step at Design Wind Speed

5.5 Two-way Transient Structure Analysis

The simulation of two-way fluid-structure interaction was performed at the cut-out wind speed for the
reasons were mentioned previous, the evaluation of the wind turbine blade structure is based on the
maximum aerodynamic load occurred during the operational wind speeds. In the case study, the
maximum aerodynamic load is introduced on the wind turbine blade in the cut-out wind speed
according to simulation results for one-way coupling. Reference to that, the simulation analysis of two-
way coupling was performed and the following is a discussion of those results:

The normal stress distribution on the blade surface of the two-way coupling matched with the normal
stress distribution the one-way for cut-out wind speed, while the normal stress values of the two-way
are a little higher than the one-way. The figure (5.56) shows the normal stress distribution on the blade
surface and placed maximum value points of the normal stress at value 54.331 and -79.537 MPa for
positive and negative normal stress, respectively.

E: Transient Structural E: Transient Structural

Normal Stress Normal Stress

Type: Normal Stress(X Axis) - Top/Bottom - Layer 0 Type: Normal Stress(X Axis) - Top/Bottom - Layer 0
Unit: MPa Unit: MPa

Global Coordinate System Global Coordinate System

51.887 Max
37.284
22.681
8.0787
-6.524
-21.127
35,729
-50.332
64,935
-79.537 Min

54.331 Max
39.584
24.838
10.082
-4.6547
-19.401
-34.147
48,894
-63.64
-78.386 Min

(a) Suction Side (b) Pressure Side
Figure (5.56) the Normal Stress Mapping on the Blade Surface and Placed Maximum Values

The fluctuation of normal stress was described for simulation results through the complete step to
touch the maximum positive and negative normal stress value at 54.331 and -79.537 MPa at sub-step
numbers 45 and 48, respectively. Figure (5.57) shows the fluctuation of positive and negative normal
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stress over the complete step and obviously observed the fluctuation maximum values of normal stress

have around occurred in the first of 40% from the complete step, and then the fluctuation has been
more stable.

e M/WMW

0.
0. \/\/\/_'W—WVM
-79.537

0. 0.125 0.25 0.375 0.5 0.625 0.75 0.875 1,

[MPa]

Figure (5.57) the Normal Stress Fluctuation during the Time of Simulation

The shear stress distributions on the whole blade surface illustrated in the figure (5.58) and agreed
with the shear stress distribution for one-way coupling simulation, while the shear stress values were a

little higher on the two-way coupling simulation results for both the positive and negative shear
stresses.

E: Transient Structural E: Transient Structural
Shear Stress Shear Stress

Type: Shear Stress(XY Plane) - Top/Bottom - Layer 0 Type: Shear Stress(XY Plane) - Top/Bottom - Layer 0
Unit: MPa Unit: MPa

Global Coordinate System Global Coordinate System

56.316 Max
46.505
36.693
26.882
17.071
7.2596
-2.5516
-12.363
-22.174
-31.985 Min

57.226 Max
47.355
37.483
27612
17741
7.8696
-2.0017
-11.873
-21.744
-31.615 Min

(a) Suction Side (b) Pressure Side
Figure (5.58) Shear Stress Mapping on the Blade Surface and Placed Maximum Values

The figure (5.59) shows the shear stress fluctuation through the complete step, and the maximum
values of shear stress have occurred in the first of 40% of the complete step, then the fluctuation has
been more stable. The maximum shear stress among these values occurred at 57.226 and 31.985 MPa
in the sub-step numbers 48 and 45 for positive and negative shear stress, respectively.

57.226

37.5

125
0. 0.125 0.25 0.375 0.5 0.625 0.75 0.875 1,

Figure (5.59) Positive and Negative Shear Stress Fluctuated during
Sub-steps of simulation

[MPa]
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The blade deformation
the deformation distribution on the blade sections for the two-way method describes in the figure
(5.60) and agreed with the deformation distribution for the one-way method, while the deformation
values have a little higher in the two-way method.
E: Transient Structural
Total Deformation

Type: Total Deformation
Unit mm

150.57 Max
. 133.85
— 117.13
— 100.42
= 83.699
1 66.983
— 50.266

3355
I 16.833
0.11674 Min

Figure (5.60) the Maximum Blade Deformation

The figure (5.61) shows the deformation fluctuation through the complete step, and the maximum
values of deformation have occurred in the first half of the complete step, then the deformation has
started to be more stable. the maximum deformation among the fluctuated values occurred at sub-step
number 49 by 150.57 mm,

150.57

100.

50.

2,0154e-3 —
0. 0.125 0.25 0375 0.5 0.625 0.75 0.875 1.

Figure (5.61) the Blade Deformation Fluctuation during the sub-steps Simulation

the simulation results have been obtained by two-way fluid-structure interaction and these results were
compared with the simulation results of one-way based on the cut-out wind speed 25 m/s. those results
are described in the table (5.13) and the increasing percentage is presented for the results are indicated
to the one-way method.
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Table (5.13) the Results Comparison Simulation of Two Methods Used

One-way Two-way Error

method method percentage
Maximum Blade Deformation (mm) 128.71 150.57 16.98%
Maximum Positive Normal Stress (MPa) 44.58 54.331 21.87%
Maximum Negative Normal Stress(MPa) 65.185 79.637 22.17%
Maximum Positive Shear stress (MPa) 46.681 57.226 22.59%
Maximum Negative Shear stress (MPa) 26.47 31.985 20.83%
Force reaction (N) 11533 13182 14.30%
Moment reaction (N.m) 27471 34360 25.08%

5.6 Experimental Validation

5.6.1 3D Printing Blade Model

The 3D printers can be a facilitator to impart the real-world application and knowledge in domains of
most sectors science. Today the 3D printer can be used to manufacture a wide range of different
material models, it is because of 3D printing today we are able to print and shape and size of any

material with the most complex design which was unimaginable before.

The wind turbine blade was designed on the Catia software and then was scaled to 1: 0.24 and printed
into the 3D printer in a nine of parts using plastic material, then it was collected these parts and
supported by two bars of steel along the longitude axis of the blade, figure (5.62) shows the machine
printer and figure (5.63) describes the printing stages of the wind turbine blade to reach the final stage

of the finishing and painting.

Figure (5.62) Machine Printer
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(d)

(f)

Figure (5.63) Blade Printing Stages (a) blade section (b) Hub Section (c) Complete Blade Section
(d) Blade Assembly (e) Polishing Blade Surface (f) Paint and Final Model
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5.6.2 Wind Tunnel Experiment

The wind turbine blade shown in the figure (5.63f) is used in the wind tunnel to test wind streamlines
experimental over the blade and compare with results obtained from the simulation of CFD.

After discussion with the operational team of the wind tunnel about the way of fixation of the wind
turbine blade model in the wind tunnel for a test, it was manufacturing machine of fixation the blade
from the hub with an electric motor for adjustment of blade attack angle and controlled the blade height
from the wind tunnel ground by the arm joints.. The machine parts manufacturing describes in figure
(5.64).

(a) Fixation Machine (b) Motorized Control of Attack Angle
Figure (5.64) Parts Description of the Blade fixation machine

1. Experiment Instruments

Can be described the Experiment Instruments as following

1. Wind tunnel with air blower and controlled of the wind speed through a computer with high
specification.

2. Two of high-speed cameras picks up of the streamlines for cross-section selected on the blade and
placed with an angle of a vertical plane, as well as connected with the computer to transfer the
pictures has picked up.

3. High-speed laser device placed on the wind tunnel roof to provide good quality light to help the
cameras to pick up in good quality.

4. Oliva oil spray connected with an air compressor to show the air streamlines more clearly on the
blade cross-section.

2. The Experimental Procedure

The wind tunnel blower was started for a while to provide the wind speed selected for the test, then it
started the olive oil spray in wind tunnel in front of the blade with specified distance. The laser device
was started of flashing and at the same time the cameras have started to pick up the number of pictures
in the cross-section selected, these pictures were transferred to the computer to analyze the wind
streamlines on the blade later. The experiment procedures have performed for the operation of design
wind speed and also repeated the procedure for the operation of wind speed 12 m/s and 16 m/s .figure
(5.65) is shown to pick up of a picture during the test.
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Figure (5.65) Picked up Wind Streamlines during the Test

3. Results Analysis

During the running of experimental test, it has released by visibility the fluent flow characteristic over
the cross-section selected for the three operations of wind speeds 8, 12 and 16 m/s were the behavior of
flow reasonable and the blade flutter was in low-level for the operation of wind speeds mentioned
above. However, the experiment is focused to investigate of the blade pressure distribution or the
deformation of the tip blade for the operation of wind speeds and compared these results with results
were obtained from ANSYS program.

5.6.3 Digital Images correlation Experiment

For improvement of the numerical models and the precision of the structural analysis, it is important
to implement experimental measurements utilizing methods allowable the measurement of
displacement fields. Recently, the unconventional, non-invasive methods of experimental testing are
increasingly in use - such as e.g. optical measuring system for digital image correlation. The modern
experimental methods have applied for verification of numerical models achieves the emergence of
models that faithfully represent the behaviour of the structure under the influence of loading under real
conditions.

Using digital photography and modern software technology, a complete field of points is analysed.
Digital images Correlation (DIC) systems apply a series of digital images to represent surface
deformation and structural stresses.

On the other hand, due to the presence of an extremely expensive and advanced digital image link
system, the movement measurement of the structure along one part of the blade surface was performed.
The tape measure is affixed on around of quarter of the blade length, was tested.

1. The Experiment Instruments

1. Fixation Blade Bench: Fixation Bench is used to clamp the blade structure during the experimental
procedure, this bench must be good fixing on the ground at the bench stand legs as shown in figure
(5.71), the blade was clamped by the steel bars in two points to the bench fixation, and the loads were
hanged by steel chains on four points as shown in the figure (5.70).

2. Digital Image Correlation System (DIC): The digital image correlation system is a non-invasive,
contactless system for measuring displacement fields (and consequently deformation and stress fields).
The measurement is based on taking a series of sequential photographs of the structure (in the unloaded
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and loaded state or during dynamic testing), on the basis of which the field of motion and surface stress
of the captured object is determined. This system is based on photogrammetry and modern computer
technology to measure the full displacement field.

The three-dimensional digital image correlation (DIC) system used in Figure (5.66) consists of a sensor
unit (appropriate pair of cameras), a power control device, a camera synchronization device, a data
acquisition device, and an accompanying computer unit for data processing and analysis [113].

o —— . > 2 AN x——r&
ceesssea B G
il \

| Flgure (5 66) 3D DIC system used

Very important components of the DIC system used are the two ultra-fast, high-quality FASTCAM
SA6 75K-M3 cameras with the following features: 50mm focal length lens, 32GB of memory,
maximum recording speed of 75000 fps and maximum image resolution of 1920 x 1440 pixels is one
pixel of 10 um sensor. The weight of one camera is approximately 7 kg. Although these cameras are
capable of rapid imaging, in this static test, the imaging speed was not important because individual
shots were taken before and after loading (undeformed and deformed structure state). For the same
reason, it was possible to take higher resolution shots, and here the image size was 1024 x 1024 pixels,
which was consistent with the selected measuring surface [113].

There are a few steps to take before starting the experiment. First of all, the surface of the tested
structure must be adequately prepared. It is necessary to find the appropriate pattern - stochastic pattern
whose points correspond to the pixels in the photos. It should be noted that during the experiment, the
pattern must remain unchanged due to tracking the displacement and collecting accurate and accurate
data. This pattern contrast is usually black and white (for better recognition), so in this case, the black
pattern shown in Figure (5.67) is applied to the white surface of the blade [113].
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Figure (5.67) Applied Black and White Model for Test Surface

Also, it is necessary to perform the first hardware and then software adjustment, that is, system
calibration. Hardware setting is primarily about setting up a sensor unit (camera). It is necessary to
properly position the cameras in space so that they look at the desired part of the surface on which the
movement is measured. Depending on the external illumination, the lens aperture is opened, while
depending on the distance of the camera from the measuring object, the lens is properly focused. All
these activities are carried out in accordance with the instructions given by the manufacturer. After the
hardware setup, the system is software-calibrated using calibration bodies - objects whose
characteristic lengths are known and allow the camera's field of view to be scaled to absolute
dimensions. The sizes and dimensions of the calibration plates are selected according to the available
cameras and the size of the measuring surface to be tested. The calibration plates, shown in Figure
(5.68), contain scale data (the distance of two reference points), whereupon the calibration process
itself is performed according to a very precisely defined procedure. U In this particular case, the
corresponding calibration plate was set up in 13 positions different in distance from and directed
towards the cameras. The necessary photographs were taken in PHOTRON, and after processing the
images in ARAMIS, the necessary calibration file, shown in Figure (5.69), was formed. At each
calibration step, the software must recognize the reference points of the calibration board in order for
the measurement process to be correct and give accurate results. If the calibration is successfully
carried out, the test process can be continued. It is a general recommendation that the deviation value is
in the range of 0.01 to 0.04 pixels, but this of course depends on the size of the image. In the composite
blade structure response measurements performed, the deviation (measurement accuracy) was 0.048
pixels (compared to an image dimension of 1024 pixels, the measurement error is approximately
0.005%). The dimensions of the resulting cubic measuring volume are (235 x 235 x 235) mm, which is
why approximately one-fifth of the surface of the blade (about 20 cm) was recorded. At all times
during the recording process, the deformed structure should not exceed the limits of the measuring
volume [113].
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Figure (5.68) Calibration Plates of the Digital Images Correlation System

era not active

Figure (5.69) Calibration File Example

Snapshots of the structure were realized using commercial software PHOTRON. The blade was first
taken in an undeformed state, and then the changed positions of the structure due to the effect of the
specified loads were imaged. The photographs were then imported into a commercial software package
for the processing and calculation of ARAMIS results. The software analyses and compares the state of
the structure before and after deformation. ARAMIS measures deformations in the range of 0.01 to
2000%, as well as displacements up to 1 um, which is significant when measuring three-dimensional
displacements and determining the behaviour of a real structure. The advantage of the DIC procedure is
the visualization of the spatial displacement field at places of geometric irregularities of the structure,
so that they can be directly compared with the results obtained by the finite element method with a high
degree of precision. The ARAMIS software calculates the coordinates of the highlighted structure by
mathematically analysing (correlating) the "facets™ - the elemental parts of the image, captured by the
left and right cameras. The captured two-dimensional coordinates are translated into spatial, three-
dimensional using two cameras and a calibration file. By further comparing the coordinates of the
points in two consecutive stages, it is possible to obtain a complete displacement field (which was done
during the show experiments). The dimensions of the "veneers" were chosen according to the size of
the surface to be tested and the fineness of the applied pattern, and in this measurement were (15 x 12)
pixels. In order to speed up the analysis of the images taken, it is possible to define a mask that does
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not consider the part of the photographs that does not relate to the exposed surface on which the
measurement is made [113].

2. Experimental Set Up

The experiment was performed in multiple locations of the forces input. The blade was clamped in
two cross-sections at 25% and 75% of the blade length, while the force was applied 10 kg in four
different longitudinal coordinates which arel2.5%, 37.5%, 62.5% and 87.5% of the blade length.
Figure (5.70) is shown the fixation points locations and applied forces. The figure (5.71) is illustrated
the realistic installation of the composite blade [113].

Figure (5.70) Method Fixation of the Blade and Places of Loading

Figure (5.71) Test Installation ith Paddle etw

3. Results Analysis

the boundary conditions applied in the available experimental method in literature is considered, the

fixation points locations and applied forces of the blade were implemented, the results of finite element

are achieved and compared these results with the available experimental data were obtained by the

digital image correlation. the analysis and comparison of available experimental data in literature was
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performed with the finite element analysis for the structure surface deformation of the blade and spite
of the procedure steps and applied the boundary conditions of the experiment as available experiment
data in the literature on the finite element analysis, while the comparison results was not agree for the
blade structure surface deformation. The figures (5.72) and (5.73) are shown the deformation in the
finite element analysis and the digital image correlation method, respectively. In addition, the finite
element analysis results are in agreement with the finite element analysis in available experiment data
in the literature. Figure (5.74) illustrates the deformation result of the finite element method in
literature.

B: Static Structural
Total Deformation
Type: Total Deformation
Unit mm

0.68404 Max
0.60804
0.53203
045603
0.38002
0.30402
0.22801
0.15201
0.076004

0 Min

Figure (5.72) Deformation of the Blade Testing Area (FEA)

.7

Figure (5.73) Deformation Analysis of DIC Method in ARAMIS software [113]
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Figure (5.74) Deformation of the Blade Testing Area (FEA) [113]
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CHAPTER SIX
CONCLUSION

The simulation of the fluid-structure interaction system coupling helps the designers of a wind
turbine to choose the proper composites material of blades which is achieved the main requirements of
the blade structure according to aerodynamic behavior, such as less weight of the blade and in the same
time, it has the ability to resist the stress and shear stress during the operational wind speeds. This
thesis conducted for the optimization of a composite structure of the wind turbine blade utilizing the
Fluid-Structure Interaction code. In the first step, the wind turbine blade redesigned with the three
different airfoils along the blade by the Catia software for improving the aerodynamic flow over the
blade. Later the wind turbine model was imported to the simulation of fluid-structure interaction
application. The fluid-structure interaction was performed for the five composite materials studied at
cut-out wind speed and the comparison of those simulation results was executed with the properties of
each one to choose which the ones will be proper for the blade structure at the applied condition. The
numerical results show that the composite material ARAMID (Kevlar 49/Epoxy 5505) is the most
proper composite material among the five composite material applied for this studying for many
reasons as the blade less weight, the maximum value of the positive and negative normal stress 44.58,
65.185 MPa, respectively for one-way method. While, the two-way method the maximum positive and
negative normal stress are 54.331, 79.537 MPa, respectively. These values are most reasonable
compared with the laminate tensile strength 729.758 MPa among the other composite materials, and the
maximum value represents around 10.9% of laminate tensile strength. The maximum tensile and
compressive of shear stress are in the safe mode. The maximum deformation occurring on the blade is
less than the recommended maximum allowable deformation value of 0.1*R=600 mm as in the
reference [ ], the maximum deformation values at the cut-out wind speed are 128.71 mm in one-way
method and 150.57 mm in two-way method, which are equivalent of 21.5% and 25.1% of the blade
length, respectively.

A 3D unit cell FE model of low level porosity in form of closed pores is developed and compared
with available experimental results. The low-level porosity has significant influence on strength of
structural material.

Shape of porosity has an impact on estimated strength of structural material. For fixed volume
fraction, changing shape of pores by increasing aspect ratio (AR) in general slightly decreases values
for SCF which contributes to higher strength.

Volume fraction of porosity has a significant impact on strength. Less porosity in the material
microstructure generally leads to noticeable higher values of strength. It is shown that values of
estimated strength predicted by UCNM model for PL load case and AR=3 are in good agreement with
previously published experimental data. For all other aspect ratios and load cases estimated decreases
of strength were much lower than the values obtained experimentally.

Finally, presented UCNM model are capable to simulate microstructure irregularity of closed pores
shape and size regarding the influence of presence of such porosity to strength of structural material.

The numerical simulations of the blade structure for one-way coupling have been implemented for
the static and transient structure responses and compared those results a reference to parameters
maximum normal stress, shear stress, force reaction, and moment reaction for each wind speed. The
numerical results were plotted in graphs for each parameter separated for the investigation of the
structural response of the blade through wind speeds applied. These graphs described the character of
the growth of the trend line for each parameter individually for both the static and transient structures.
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the numerical results of the transient structural demonstrated higher values than the numerical results of
static structural, and sometimes, these results are roughly three times more the static structure in most
results except the force reaction. While the parameters of the maximum normal stress, shear stress, and
deformation fluctuated during the complete step in the transient results, these maximum values
occurred in different sub-steps numbers during the operation of first the three wind speeds. But for
remaining wind speeds the maximum values have occurred in the same sub-step number 2. The wind
turbine blade has a reasonable distribution of normal stress but it showed the singularity points of
normal stress as maximum values, this singularity values of maximum normal stress were located in
different places on the blade with changing the operation of wind speeds, can be an explanation of this
phenomenon the resulting of sharp edges in some parts of the blade. The wind turbine blade has a
reasonable distribution of normal stress but it showed the singularity points of normal stress.

From the observation of the one-way coupling results, the normal stress, shear stress, and blade
deformation distributions on the blade surface are symmetric for each parameter in different wind
speeds, and the values are increased by increasing the wind speed, which is normal, because of the
aerodynamic loads are increased with a rise of wind speed. The maximum positive and negative shear
stress is located in the hub section because this section has been selected as a fixation part with the
wind turbine rotor system. Moreover, there are other two positioning’s of maximum negative shear
stress, one as longitude strip in the root section and the other as singularity point on the connections of
spar cup and first blade with the root section.

According to the shear stress fluctuation over the complete step of one-way coupling shows that the
maximum range values occur on the first one-third of the complete step. The shear stress touches the
maximum of positive and negative value 11.913 MPa at sub-step number 5, and 7.2697 MPa at sub-
step number 6, respectively for the design wind speed.

According to the results of the transient structure, the blade deformation fluctuates over the complete
step and touched the maximum deformation in different sub-steps numbers with changing the
operational wind speeds where the maximum deformation occurs at sub-step number 6 at the design
wind speed with a value of 39.128 mm, while happened at sub-step number 2 at cut-out wind speed
with value of 128.71 mm. the maximum blade deformation results were plotted in the chart and
represented the trend line by a parabola line over the operational wind speeds. However, the maximum
deformation is less than the recommended maximum allowable deformation value of 0.1*R=600 mm
as it’s mentioned above.

In static structural results, there is no much of considerable changing of force reaction during
operation of wind speeds. While the transient structural results, the force reaction value has increased
in the operational wind speeds from 8361.1 (N) at cut-in wind speed to 8690 (N) at the cut-out wind
speed. The force reaction results were plotted in a chart and represented the trend line in a parabola
curve over the operational wind speeds.

Moment reaction results of both static and transient structures were raised in values during the
operational wind speeds and that's normal because the aerodynamic influence on the blade has been
increasing as the wind speed increase, these results trend line were represented a sharp parabola curve.
The transient structural results of moment reactions for cut-in, design, and cut-out speed were 4026.0,
7439.1, and 27471 (N-m) respectively.

The two-way fluid-structure interaction was implemented at the cut-out wind speed 25 m/s to
compare the structural response results to one-way Fluid-structure interaction. The FSI results of two-
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way were shown higher values than one-way by around 20% except for the force reaction and tip
deformation which shows higher values by around 15%. However, according to the figures results were
obtained the normal stress, shear stress, and deformation two-way FSI have fluctuated to touch the
maximum values for each in first of 40% of the complete step, and then the range wave values have
reduced during the remaining complete step simulation to be in a semi-stable situation.
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1. AytopctBo - [losBorbasare yMHOXaBatbe, ancTpubyumjy 1 jaBHO caonwTasate
Jena, v npepaje, ako ce HaBeJe UMe ayTopa Ha HauuH oapeheH o cTpaHe ayTtopa
WnW aasaoua NUUeHue, Yak v y KomepuujanHe cBpxe. Oso je HajcnoboaHuja oA CBUX

JNTALEHLW.

2. AyTopcTBO — HekoMepumjanto. [lossorbaBaTe yMHOXaBar€, avcTpubyumjy v jaBHO
caonwiTaBarwe Aena, U npepaje, ako ce HaseAe ume aytopa Ha HauuH oppeheH oA
cTpaHe ayTopa unu jaeaoua nuueHue. OBa nuueHua He A03BOrbaBa KomepuujanHy

ynotpeby pena.

3. AyTopcTBO - HekomepumjanHo — Ge3 npepape. [lo3sorbasarte yMHOXaBae,
AMCTpubyumjy ¥ jaBHO caonwTasakbe Aena, 6e3 npomeHa, npeobnukosawa uUnu
ynotpebe fena y CBOM fefy, ako Ceé HaBeae WMe ayropa Ha Ha4uH ogpeheH oa
cTpaHe ayTopa unu AaBaoua nuueHue. OBa nuueHua He [03B0rbaBa KoMepLumjanHy
ynotpeby aena. Y ogHOCy Ha CBe ocTane fiuleHLe, OBOM SULEHLIOM ce orpaHuyasa
Hajsefu 06um npasa kopuwheta aena.

4. AyTOpCTBO - HEKOMepuujanHo — AenuTu Noa WUCTUM yCrioBuMaA. [losBorbaBsare
yMHOXaBate, AUCTpUbyLmjy v jaBHo caonwTasake fiena, u Npepaae, aKo ce HaBefe
UMe ayTopa Ha HauuH oapefieH oA CTpaHe ayTopa unu Aasaoua NULUEHUe 1 ako ce
npepaga AucTpubympa nog WCTOM WNK CIUYHOM JTULIEHLIOM. OBa nuueHua He
Ji03BOrbaBa KomepuujanHy ynotpedy aena v npepasa.

5. AytopctBo — 6e3 npepage. [lo3sorbaBate ymHOXasawe, AVCTpUOyLMjy U jaBHO
caonwITasare aena, 6ea npomeHa, npeobnukoBarsa unm ynotpebe aenay csom aeny,
ako ce HaBeae MMme aytopa Ha HauvH oapefleH oa cTpaHe ayTopa vnu Aasaoua
nuueHue. OBa NUUEHUA J03BOMbaBa KoMepLujanHy ynotpeby aena.

6. AyTopcTBO - [AEnuTM NOoA WCTUM yCroBuMma. [lo3BorbaBate yMHOXasawe,
aucTpubyumjy 1 jaBHO caoniuTaBatke Aena, U npepaje, ako ce Haseae ume aytopa Ha
HauuH ogpelileH oA cTpaHe ayTopa Wnu Aasaoua fivMueHue M ako ce npepaja
avcTpubynmpa noa MCTOM WK CnvyHoM nmueHuom. Osa nivueHua A03BO/basa
komepumjanHy ynotpeBy Aena u npepapaa. CruuHa je COTBEPCKUM nuLieHUaMa,
OZIHOCHO NULieHLaMa OTBOPEHOr KoAaa.
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