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Abstract

Wind turbines have seen a global increase in production by countries and energy
developers trying tachieverenewable energy goals. Market demands have resulted in
the development of larger turbines to produce more energy. Energy developers have been
ableto increase the energy production with two approachdacfigasinghe turbine
blade lengthwhich captures more wind, and 2) increasing the tower height which places
the turbine blades higher into the atmosphere where there is stronger, more consistent
wind.

Wind turbines have been predominantly constructed with steel towieich
have been optimized to provide the most energy for the lowest possiblelaastver,
increasing the loading and height will require a larger turbine support struthere.
current method of erecting a steel turbine tower is to fabricate the towsteofind ship
the pieces to the job site for assembly. With an increase in tireeto accommodate
taller turbine towers, some tower sections may need to be split in nadfettshipping
regulationsWith the increase in tower height there is an increased difficulty in field
fabrication and shippingncreasg the overall cost of the turbine towét around a
tower height of 80 m (263 ft), concrete turbine towers start¢orhe cost competitive
with steel turbine towenrg].

The objective of this research is to analyze threefgosioned concrete wind
turbine towers in ANSY $o evaluate feasibility for use in towers above 100ire
towers evaluated Wibe 100 m(328 ft), 150 m(492 ft)and 200 n{656 ft)in height.
Tower loading, geometry and material properties were obtained from a study published
by NREL. The results of this study are meant to provide a basis for future wind turbine
analysis in ANSY Sf posttensioned tavers with specific design parameters
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1.0Introduction and Background

Wind energy is the second largest renewable energy source, after hydropower, and has

been growing exponentially over the last deca&d¢ [The Global Wind EnergZouncil

predicts that by 2035, renewable energy will generatemot han 25 % of t he w
electricity needs, with a quarter of it coming from wind enefldy. [The worldwide

movement to generate large amounts of electricity with wind turbines has led to a

significant increase in the generating capacity of wind turlidis

The wind energyindustrygenerations expected to continue growwith countries
aroundthe world workng towards 100% renewable enemgyals.In the United States,
since 2000, wind energy production has increased from 40,000 MB2t419 MW in
2015 [18]. Another example iSouth Africaas they haveevised a plan to add 9000 MW
of wind energy capacity by 20381]]. Multiple European countries have made
significantprogress towards producing renewable and clean eriEngywind enegy
market is a growing industry around the wdsketause aothe global interest in renewable
energy The wind energy markdtas shown little sign of slowing down awill continue

to growas energy production becomes more econorracal asountriescontinie to

push towards renewable enexgpals

Wind turbinecomponents are categorized into the followimgb, nacelleturbineblades,
supporttower and foundatigras can be seen belowkigurel.1 The hub connects the
turbineblades tdhe nacelle.The generatorgirive trainand thecontrol systenare
housed within the nacellandthisis where the energy is generat¥dind turbines use
theforce of the windo spintheturbine bladeso produce energyTheturbinetower
supports the turbine assembly and nac@&llgbinetowers havebeentraditionallymade
of steel. Thescopeof thisresearchs focusedon structural considerationspecifically,

the tower portion of the wind turbirsystem
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Figure 0.1 Components of a Windmill ToweB]].

Historically, wind turbine research has bdéecused primarilyon the development of
composite materials for the turbine blades. Turbine blades have bkgbteeand
longer,contributing to anncrea® inthe wind turbine power output. Research and
development of tower materialswebeen less commanith tubular steel sectiortseing
the most prevalemhaterial used in industryrhe use of postensioned cocrete in wind
turbine towers has gained some traction in European mafdtscause of distinct
advantages of a concrete tower in comparisasteel towey particularly at greater

tower heightsThese advantages will be discussed in more detail later in this Chapter.

Wind turbines are operational foreiih intended service life, arour2d to 30years At the
end of the turbines service lifee original structural components of the turbine are
usuallynot able to suppothe weight of thenore modern turbine componeuisring an
upgrade. Similar to planning for future traffic lanes in a bridge to extend service life,
designing the tower and foundation of a wind turbine for future loadsdd be eneficial
for developers tduture-proof concrete towers with a larger wall thicknessl additional
posttensioning ductsso that the concrete towers nahpw for the installation of the

next generation of wind turbines onto the existing towdts [



Energy developers have been able to increase wind capgaitying two methodg:)
increasing the turbine blade lengt¥hich captures more windnd 2) increasing the

tower heightwhich places the turbine blades higher into the atmosphere wiretes
strongerandmore consister|t7, 14,18, 27, 31]. Figure 12 shows that over time

windmills have increased in height and rotor diameter. Wind resource maps produced by
NREL (National Renewable Energy Laboratory) show the wind speed at an elevation
above surface level and can be a good resource for those lookargdsrto add wind

energy. Wind resource mapan be seen in Figurést and 15, theaverage wind speeds

at 200 m (656 ftabove surface levalre almostwo timesthe wind speed at 100 m (328

ft) above surface levelo reach the larger wind resouregnd turbinetower heighs
haveincreased fronan average d85 m in 1999 to 85 m in 20136 shown in Figure @.

[24]. In 2019, the average turbine tower height in the United States waseefmhie

142 m (466 ft) tallshown in Figure B. This average Wikeep increasing with

innovations in materials and desid@®]. To provide a sense of scalgure 13 shows a
comparison between modern structures and various wind turbine h€lghtsntly,the

worl dos most power fisSGIEOs T HE vibha@26mi782dt) t ur bi n
diameter rotor and a 248 (&53 ft) hub heigh{28].
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Increasing tower heights is especially intaresin areasof low wind potential at
standard turbine towdreights.States that have higher wind speeds likeplaeGs states
of lowa, Minnesota, North Dakota, South Dakdtansas, Colorado, Texas, Oklahoma,
andColorado, havéeen able to install wind capacity at lower hub heightsto the
abundant wind supplyhese states have been leaders in installed wind pBtetes that
have lower wind speedsuch astates irthe southeasernUnited States, wouldeed to
construct taller towers and harness the winds that are higher off the goqumadiuce
wind energy Increasingurbinetower heights will allonareaghat have little wind
potential to install wind turbineshd produce renewable enerdysing taller towers in
the southeast United Stat@sothermoderate wind areasgnificantly increases the

capacity potential for wind energy, particularly fe2 5 MW towers 7].

Modern wind turbines requit@igherand moreobustsupport structure® supporionger
turbineblade lengths (increased turbine diametex$iere higher and more consistent
wind speeds are used to produce more enddy\8l]. Tubular steel tower construction
cost increases exponentially as tolweight increasedue toadditionalmaterial
requirementslogistics andther complexitiesThese variables are th@ajor contributing
factorsto challenges such as thffness controlling design 81 For the previously
stated reasons, concreétevers have been shown start to become an economical

solution atapproximately80 m[18].



Concrete is a material that can be sourced locally in most, aeelasing the need for
shipping large tower components over long distari€ése tower is madef precast
segmentst a casting yardn siteor near the siteshipping costsvill drastically decrease
the cost of the toweConcretealsohas the following material advantages over steel
towers inherent stiffness, no local buckling issues, and b&dtgyue resistance. To
maximizedesign and constructiafficiency for tall towers, prestressed concrete
becomes the optimal solution. Because of limitations with individual pretensioned
concrete sections, petnsioning provides thmore feasibleption.In fact, tall post
tensioned piers for bridges haveensuccessfully used for decadésposttensioned
concrete tower has better fatigue properties than ateletioes not hawbelocal
buckling issue®f tubularsteelsectiond18]. Material costs for concrete forl@0 m (328

ft) tower is less than that of an identical steel toyigr

1.1 Project Objective

The objective of this project is to evaluate the feasibility of usingteosionedPT)
concrete in wind turbine towers tiviheightsmore tharl00 meters (328 feef)his will
beachieved byisng a Finite Element Analysis (FEA) software, ANSY8 evaluate PT
towers of varying heights to determine stress levels, required amount -o¢psishing

and section sizes. This woidrms the basis of initial design of PT towers over 100m.

The following tasks are included:

1 Model a baseline steel tomesing ANSYS to validate model parameters. The
baseline steel tower used matches the geometry and loading obtained from Wang
et. al.[37].

1 Model corcrete towers at heights of 100 m, 150 m and 200 m using ANSYS.
Tower geometries, wall thicknesmdtower loading is simér to concrete towers
obtained from LaNief18§].



2.0Literature Review
2.1 PostTensionedTowers

Toront o6 s(Fig Rl1)al5b3we(1815 f) is one of the tallest fregtanding

structures ever builtl]f]. The struaire was originally built in 1975 as a communications
and observation tower. An interesting feature of this tower is that it was constructed of a
prestressed concrete shaft that was slip forrhéld The tower was designed te tully

post tensioned, with no tensile stress under the expBotgelarmaximum wind effects
Posttensioned concrete has historically existed in towers of great hamghtsll as in

bridge piersfor example, the sunshine skyway bridg&. 2.2)was bult in 1982 with a
height of122+ m @00+ft) [33]. Applying thismaturetechnology to wind turbine towers

is of great interest and would result in a more economically feasible and durable solution.

Figure 2.2 Sunshine Skyway Bridge
[33].

Figure 2.1 Slip forming CN Towef17].

2.2Wind Turbine Tower Trends

As tower heights begin to reach oagproximately90 m (295 ft), concrete towers
become more attractive as a viaymprove tower dynamic properties and ease
transportation difficulties associated with steel tow&®. [Steel towers are limited to a
height of approximately 800 m (263-295 ft) before becoming uneconomiaile to the

transportation difficulties by lasg tower diameterg30, 31]. Modern turbine tower
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construction has implementeuetuse of concrete or hybrid concrete/steel totehas

allowed towergo reach hub heights of 120(394 ft)or more[24]. The materials used in

the tower hae become a poulartopic for research in recent yedrsoptimize cost,
dynamicresponseand service lifeWind turbines in the- 820 MW range us€00 m 325

ft) or larger rotor diameterg]. At this height, steel is no longer economically feasible

due to its largerequired diameteaind the logistic problems that arise as a re¥Vvith a

hub height ofl25 m 410f), i t 6 s possi bl e to whewusingup to 3
concrete compad to stee]7]. The economics of the project will be affected by the

concrete tower type and the crane capacity neefed [

Concrete towers are used more commonly in Europe, while not many have been used in
North America ¥]. The American Concrete Ingiie (ACI) cites the reas@for thisare

likely misunderstanding the length of time to construct concrete towers, lack of
familiarity with fatigue properties of concrete, lack of industry standards for concrete
tower designs and the lack of historical adeta of concrete towerg][ Concrete has

been a competitive material fdesigning towers, tall chimneys, poles and bridge piers as
construction methods have improv@2][ Concrete allows for more flexibility in
construction, design, fabrication/prefefation processand transportatiotogistics(the
precast plant can kst up orsite to avoid any transportatiof tower segmenjg§22].

An additional benefit ousingconcrete is that is amore globally availableroduct and
hasrelatively stable worldwide prices as opposed to st8elAs the industry continues

to grow and towers increase heigtsttensionedconcretecan provide a solution to

issues such as transportation and the dynamic response of the tower when the wind

turbine is in operation.

As mentioned, previously, ancrease in tower size will require larger tower bases which
creategproblems with transportatiasf components that are fabricated off site (such as
steel or compositesComplete tubular tower secti®rcan be transported up to /515

ft) in diameteron most highway systenfS, 22, 3]. For towers greater than &® m

(263-295 ft), the base diameter will likely exceed shipping limB8kipping regulations

8



constrain howargea singleshellunit can & madeas can be seen kgure2.3 The
optimum size of the tower cross section will be governed by shipping size fondteel.
The real economic benefits for concrete towers come as shipping limiesaahedn

the steel shell since shell compotsewould need to be broken down into pieces smaller

than thefull tower diametergriggeringfurther design and construction complications.

As tower height increases, taffect ofstiffnesson deflections and dynamic response
becomes the primary desigmitation. As the demands for tower heights increase,

towers need to be sufficiently strong and stiff which leads to higher construction costs for
towers made of stee2®]. Hollow steelsectionshave low stiffness and natural frequenc
valueg[15], making them less than iddak tall towers.For use in turbine towers,

concrete has better dynamic properbéstiffness and natural frequenfdp, 22] in

comparison to steéWhen tower heights reachale 100m (328 ft), it is even more

important to design the tower stiffness to carefully avoid excitation and damage from

resonant oscillations due to wind, earthquakes and turbine operddpns [

In recent years the industry has also developed a consiept both steel and concrete in
wind turbine towersFigure2.3. These gbrid towers that are composedth a concrete
tower basevith an upper steel secti@me ypically designed to optimize economics of
the steel tower for ofsite fabrication andn-site erection ].

Figure 2.3 Optimal tower size vs. transportable tower $28].
9
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Figure 2.4. Hybrid concrete tower3l].

2.2.1 Concrete Wind Turbine Tower Geometry

As mentioned previousl;hina andseveraEuropen countriehave started to use
concrete wind turbine towees an alternative tsteelmorefrequently[7]. Concrete

towers are not used as widely in North America because of perceived limitdtdss
includesthe lack of understandingpnstruction time of€oncrete towers, familiarity with
fatigue properties of concretedustry standards for concrete towesign and historical
cost data{]. Posttensioning tends to be a specialized type of design and construction
with multi-strand tendon units most commonly used in bridge design. Without code
details, design examplesy, industry dataglesigners are lesély to choose post
tensioning due to risk associated with the unknown despite the potential advantages. The
work in this thesis provides a first step by presenting the advantages in the behavior of
posttensioned towers and the feasibility of designedeted to known design and

construction practices for bridge piers.

Research has spurred differenbss section layouts axesigns foturbinetowers.
Concrete towers can either be full height concrete or used as a pedestal for a steel tower,
acting in a hybrid capacity. The cross sections for concrete t@aneetssually circular or

octagonalas seen in Figurés5and?2.6. The design of the concretenter can also vary

10



based on the construction method. The construction method will be described in more
depth in sectioR.2.2.
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Figure 2.5 Concrete Tower desigr2Z)].

r—na

Figure 2.6. Tapered Concrete Tower
[18].

Tapered cross sections have beeplemented in both fulheight concrete towers and
steel towersTapering the towetross sectiois usdul to decrease weight or strength
loadsdecreasé¢??, 31]. Thebending moment anchear force aremaximum at the base
of the tower, requiring a larger cross section at the ipasgmparison to the top of the
tower[26]. A full height concrete tower of 10050 m (328492 ft) will typically require

a base diameter betweeri8 m (2833 ft) [7]. The turbine tower base dimension can
affectthe segmentatiorttansportationand assembly costs in the tower portions of the

tower [7].

Similar considerations are needed for hylbowerswhich utilize both concreteral steel
in theturbine support structur€oncrete is used for thase (fornmg a pedestal for the
steel tower to sit on)while the upper portion of the tower is stééie height of concrete
and height of steel segments varies based on optimizing tower ecommtiggmamic

responseExample hybridowers are shown in Figur@sr-8. As shown below, a

11



hexagonal section of concrete (in this case, a patented systemHmtl@eétd is used as

a tower base for the first 3fh, where the steel tower is placed onabphe ©ncrete

Total tower 110+ M

" BN

ingfre 2.7. MidAmerican hybrid tower I(:ILgelj(rcer(azfg)[;é}r]l.CIall Titan hybrid tower

While concrete towerhavebeen more widely used in Europe and Chihare have been
prototypes constructad the US. In 2016, MidAmericarknergy installed a 116 m (379

ft), 2.4MW concrete wind turbine in Adams County, lowa. Measuring to the blade tips,
the turbine reaches to Q™ (557 ft). This concrete tower was constructed of 24
segmentsq]. Figure2.7. shows an image of the completegbrid concrete wind turbine
tower, developed, and constructed by MidAmerican Enelganother instance, a

precast systerwasused to constict a wind turbine tower ta height ofL35m (440 ft)

[7]. This towerwas made of 35 precast segments with a base diameter of 14.5 m (48 ft).
The base of the tower was made with two segm@&iislocation of this towawas not
provided in theeference.

12



2.2.2 Concrete Wind Tower Construction

ACI committee 378Report on Design of Concrete Wind Turbine Tovpeesentsour

types ofconcreteconstructiorthat could be used in different towstuations precast,
castin-place, shotcrete and spiast concretg7]. Precast elements can either be made of
circular segments or panels as showRigure2.9. Cast in place concrete itapedusing
either a jump form or a slip form. Jump forms are fastenéuketpreviously cured
concreteand can be seen in Figl2elQ Reinforcing steel is extenddidm the

previously poured segmeand the new concrete is placed, this process repeats until the
full tower height is reachedumpform construction is dependeon the strength of the
most recently castoncreteThe placement of the next segment is delay&d the
previousconcrete gains enough strengihsupport the concrete tower segments above
Standard height for segmeims3-6 m (1020 ft). Forms can bgumpedd or advanced
around once per wealepending on the concrete mixture deslgrone instancega 100

m (325 ft) towemwascompleted with jump forms in 25 days with a daily 13 ft jumjp

Slip forming has been predomimtéy used in grain silo constructipas seen in Figure

2.11, andthe same technology céwe applied to concrete wind turbine toweshp

forming is a process that involvesntinuous concrete placemevith low slump
concreteOnce slip forming startshe process of placing concrete does not stop until the
forms reach the full tower height. Slip forms advausmghydraulic jackghat grip
reinforcing steeto graduallymove the form uwardsas concrete is being placed. Typical
casting rates arg78305 mm/hour (7-12 in/hr)for a1.22-1.98 m(4-6.5 ft) tall form[7].

For instance, a 100m tower couldfléricated in 20 days (6.5 ft or 2 m a day}his
rate.Offshore oil platformssuch as the Troll A gas platfortmve beeronstructed

using slip foms[7].
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() Circular elements

(b) Advanced tower systems

Figure 2.9. (a) Precast iccular cross section, (b) Precast panel construc@ipn |

Figure 2.1Q Jump forms used in Figure 2.11 Slip forms used in grain
concrete tower constructioi][ silo constructionT].
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2.3 Design Documents

A uniform standard for the design of concrete wind turbine towers in fBésuiot

currently availablg¢5]. However, the industry is pushing regulate codeggintly by the
American Society of Civil Engineergith the American Wind Energy Association
(ASCE/AWEA) and ACI. Both have referenceuktinternational Electrotechnical
Committee Wind Energy Generation Systems Design requiremE@§14001) for

design load$13]. Throughout the literature review process, it was determined that
different sources used different codes to calculate wind loading. The Ambsesad
research has used the ASCE 7 and the ACI 307 (@af#e Requirements for Reinforced
Concrete Chimneysjvhile the research that focused more on international standards
used the IEC 61400 [2, 13]. Other research used the OE®Figinal Equipment
Manufacturer}urbine manufacturer load tables produced in accordaitbd EC 61400

1. The large wind turbines aNable have been reviewed and certified by the international
certification body through a series of testing, evaluating, manufacturing quality assurance
[3]. When these turbines are brought into the United States, they must also pass the U
standardsASCE, AWEA and ACI have begun to review the international standard (IEC
614001) todevelopa code for use in the United States market to clarify structural
requirementslt should be notethatIEC has published a code for Wind Turbine Tower
and FoundatioRequirements (IEC 61468) [13]. This code was not considered for this
research as it was not published at the start optioiect Nonetheless the IEC 614680

provides guidance onower loading and other structural considerations.

2.3.1 IEC61400

Design standard IEC614@8€ aninternationaltandard published by International
ElectrotechniceCommissiorspecific to wind turbinesThe IEC6140Get of design
documents havprovisionsto ersurewind turbines arelesigned for safety and
serviceabilityduring their design life. The first certification document from IEC was in
1995 with the first standard was published in 2001. The IEC standards are intended for
global use and the National Renewable Energy Laboratory (NREL) in the United States
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participaes in the development of this set of standards. The focus of most of the
standards relates to the energy generation components. The updated standard for tower
and foundation design was not yet available (originally scheduled for 2020 publication) at
the tme of writing this thesis.

The full set of IEC61400Vind Energy Generation Systenisg[-is broken down as
follows:
IEC 614001, Part 1: Design requirements
IEC 614003, Part 31: Design requirements for fixed offshore wind turbines
IEC 614003, Part 32: Design requirements foldating offshore wind turbines
IEC 614005, Wind turbine blades
IEC 614006, Tower andoundation design requirements
IEC 6140012-1, Power Performance measurements of elgitgrproducing wind
turbines
IEC 6140012-4, Numericésite calibration for power perfornrece testing of wind
turbines
IEC 6140021-1, Measurement and assessment of electrical characteristios turbines
IEC 6140021-3, Measurement and assessment of electrical charactergtncsturbine
harmoric model an its application
IEC 6140024, Lightning protection
IEC 6140025-1, Communications for monitoring and control of wind power plants
Overall description of principles and model
IEC 6140025-4, Communications for monitoring and control of wind poplantsi
Mapping to communication profile
IEC 6140025-5, Communications for monitoring and control of wind power plants
Compliance testing
IEC 6140025-6, Communications for monitoring and control of wind power plants
Logic node classes and data clasgor condition monitoring
IEC 6140025-71, Communications for monitoring and control of wind power plants
Configuration descriptive language
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IEC 6140026-1, Availability for wind energy generation systems
IEC 6140027-1, Electrical simulation modelsGeneric models
IEC 6140027-1, Electrical simulation modelsModel validation

2.3.2 ASCE/AWEA Recommended Practice for compliance darge
land-based wind turbine support structures

The ASCE/AWEA on wind turbine support structures details recommendatiotie for
design and approval process to promote engineering integrity of wind turbines in the U.S.
[3]. This recommendation report focuses mostly on the design of tubular steel wind
turbine towersThe goal othereport is to clarify structural requirements feind

turbines fortheauthority holdingurisdiction(AHJ) and the developers (who design the
turbines to meet local codes and manage constru¢8pnihe role of the

recommendation report is to provide guidance when the U.S. practice (ASCE 7) and the
international practicd EC 614001) differ [3]. The wind loadingdemand is of particular
interest. ThHAASCE/AWEA recommendationeport suggests the use of the following
modelsto determine wind speed profilddormal TurbulenceModel NTM), Extreme

Wind speedModel (EWM), theExtremeOperatingGust (EOG), the Extrem@&urbulence
Model (ETM), theExtremeDirection Change(EDC), the Extreme coherent gust with
direction change (ECD) and the Extreme wind shear (EWS). The above stated models
wereadopted from the IEC 614@Dand discussed in ASCE/AWEA comparison to
standard ASCEThe ASCE/AWEA committee investigated the use of the ASCE to
calculate wind loading and compared to the IEC methitid mixed results on how each

model predicted windolads.

2.3.3 Report on Design of Concrete Wind Turbine Towers

ACI created an Innovation Task Group to write a report omlésegnof concrete wind

turbine towersn 2016. The task group has since been disbandeckplated byACI

Committee 378, Concrete Windhowers. TheReport on Design of Concrete Wind

Turbine Towerg7] examines the benefits of concrete towerddod-basedwvind

turbines with heights greater than 325 ft (100m) in comparison to steel tubular.towers
17



ACI ITG-9R-16 discusses wind farm development and certification, types of concrete
towers, tower design regarding tower frequency, prestressing, fatigue and modeling.
Design loads and load combinations are also detailed.

2.4Design Loading

Design loading is broken up into turbine forces and modal considerations. As stated
previously, the lack of a design code has led designers smseofcodes from similar
structures such as concrete tower construcbatan et. al[7] has recommenddd use
IEC614001 as the governing code for concrete wind turbine design/constrattibis
time. In practice, towers are typically designed ttoe extreme operating and non
operatings0-year high speed windVind turbine manufacturers provide a dediggds

matrix based on the rated turbine power and location specific design wind sf@eds [

Design loads to consider on a turbine tower can be divided into four categories:
gravitational and inertial loads including power production, braking and seifaats;
aerodynamic loads; actuation loads including blade startup; and loadings such as ice, rain,

and nonoperational conditions such as high wind on a parked turhine [

2.4.1 Forces on Turbine

The main forces acting on a wind turbine tower come fromvihd turbine. The forces

that act on the turbine blades are transferred to the tower and eventually the foundation. A
stationary wind loadrom the wind turbines is located at the top of the tower, (thrust

force). M» o v er t ur monremtis aldo hesiated with the wind turbine loading

and applied at the top of the toweausingoending in the same direction as the thrust

force this is also known as the turbine moment. Turbine weight is applied to the tower

top in the downward direction as a congsien load on the top of the tower. Direct wind
pressure on the towercreases parabolically with heightirectwind pressurenay also

besimplied into equivalent rectantular distributidnssimplify calculationss was done
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reference [22]Figure2.12shows the thrust force, turbine moment, turbine weight, wind

pressure and torsional component.

Figure 2.12 Forces acting on a Wind turbine tow80].
Due to the lack o& uniform code, there has not beesetmethod for calculating wind
loading. Multiple sources have used a mix and match of IEC vs. ASCE load factors.
Reference 18] has used the wind pressure approach using ASCE 7. LalSjer [
describes in depth his method for calculating loads on the towsieL 8] also

attached a WindPACT load analysis that details the wind loading for 1.5, 3.6 and 5.0
MW wind turbine towersLaNier scaled up the 3.6 MW and 5.0 MW from the provided
1.5and3.0 MW loading providegbased on the rotor ardaaNier describethe

Equivalent Static Lateral Wind Load, described in ASC#%hat has been used for the
wind load analysisf large industrial chimneys. This was determined to be applicable to
structures of similar size, like a wind turbine towshne turbine loads werapplied as a

static load to the top of the towandwas considered slightly conservative.
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2.4.2 Modal Considerations

Wind turbines have strict constraints on tower fundamental frequency to avoid resonance

[31]. Resonance occurs when an external force acts on a structure at the same frequency

of the structurebds natwural frequency. This
failure orlongertermfatigue failure[31]. Toensurghatt he t ower Qossndtr equen
coincide with the forcing natural frequencies, two metravdsconsideredrhe first is to
designthetower with a natural frequency that is not in the rangantitipated

frequencies of the external forcd$ie dher methodppliesmass damping toetrease

dynamic amplification of an external vibrational foréae ratural frequency of a tower

is affected by the geometry and the matgrabertiesof the tower 2, 15]. The

preferred method is to design the tower to be outside of the force nadgaricies.
Although,designers have employed the use of large volumes of concrete at the top of

towersasa tuned mass damper to control wind induced vibratiglns [

Frequencies acting antower aredivided betweetthe blade rotational frequency (1P
frequency, caused by the unbalanced weight of the rotor, wind shear and tower shadow)
and the blade passing frequency (3P frequency) as shown in Ei@@rg31] where the

y-axis is unitless and theakis is in HertzDue to the variable operational wind speeds

int o d angd@ra variable wind turbines, the 1P and 3P frequencies@oged as a

rangeof values

Working freqgoency
e

Soft-zaft Saft-stiff Stifi-suiff

Figure 2.13 Excitation frequencies [3.
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There are three methods to design a toweate a frequency outside of the and 3P
frequenciesThe first method is to design the fundamental frequency of the tower to be
higher than the 3P frequency, considered astifff structure. The second metthis to
design a structure to be between the 1P and 3P frequencies, consideretifd soft
structurelt has been shown that the ssfiff structure is the mogtconomical wind

turbine towef11]. The third method is to design a structure with a funddate

frequency below the 1P frequency, considered asaffistructure. At the design stage it
is difficult to calculate the fundamental frequengjter an applied safety factor of-+/
10%, the working frequency of the tower should be between 1.1P @ad&indicated

in Figure2.13 [32].

Stiff towers (vhere the towenatural frequencis higher than the blade passing
frequency3P) require thick walls and are typically uneconomical due to the increase in
materialquantity. Soft (flexible) towers (vhere the towenatural frequencis lower than

the rotor frequendyLP)) result in large deflections at the hub. This creates an interference
between the blade and the tower. Soft tower designs have been used on smaller towers
but is utommon on taller toweld]. Stiff/flexible towers (here theower natural
frequencyis between thd P and 3Rrequeniesirethe preferred method of design

becausehey are typically the most economical.

Controlling a concrete towér natural frequencgan be donéy modifying the tower
dimensions or the concrete elastic moduljsQoncrete cracking can lead to a reduced
stiffness and natural frequency, possitdyising a shifinto an undesirable range of 1P or
3P frequenciesr]. Posttensionedowerdesign includslimiting stresses to control
cracking at service loads while also providing an active force to close cracks after an

overload.

It is important to note that setting the boundary conditions for the foundation to fully
fixed in a FEM model could result in up to a 20B&angdn the fundamental frequency

of the tower B2]. Researchers generally use elastic springs for the foundation to simulate
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soil stiffness 8, 18]. In the model that is used in this work, the base wasmasd as fixed
since a specific site was not being modeled and comparisons at varying heights were
intended to be relative. For a specific site, this refinement would be added to the base

condition.
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2.5Finite Element Analysis

Finite element anabjs (FEA) uses a computerized method to predict hetruatureor
solid reacts to forcg®]. FEA breaks down objects into finite elements (thousands to
hundreds of thousands of elememisimathematical equations predict the behaviors of
each elemer{9]. Finite element analysisoftware can be used approximatestress,
deflections, fatigue, bucklinggnd many other solutions of interest in a complex structure.
Common FEA softwarproductsncludeANSYS andABAQUS. FEA software for wind
turbines inclués:SOWFA, FAST, BModes, Modes, HAWC2 and GH Blad€&deseare
made available by National Renewable Energy Laboratory (NREieBModes and
Modescodesare used to derive fregbration properties of towers or bladegsed on
modeling theseomponents as a series of BerneHlliler beam elements. FAST,
HAWC?2 andGH Bladedsoftware carmodel complete wind turbine assembli€kis

allows interaction between vibrating bladésib,andthetower by a way of coupled

eguations of motian

Structurdmodeling of concrete wind turbine towers can be completed using 1
Dimensional beam models oif3mensional Finite Element Analysis softwa8é]

Wind turbine towersiave generally used a 1D beam model due to its overall efficiency
andreasonablaccurag. Although,3D FEA software (ANSY S)o evaluatdowerscan
provide more accurate results and detailed stress distribReasearch involving wind
turbine towers in 3D FEAoftwarehasusedshell elements to model tovedsecausehe
thin-walledcharactestics of a wind turbine toweran be effectively and accurately

modeled using shell elemen&¥].
Researclio datehas focused ainly on optimizing tower designf®esearchers hawsed

genetic algorithms in ANSYS and ABAQUS, respectively, to optimizestdepers and

segment thickness to minimize cost and optimize perform@&ica?2)].
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2.5.1 Finite Element AnalysisBaseline Steel Model

The European Academy of Wind EnerddWE) performed a structural optimization of
wind turbine towers based dinite element analysis aralgenetic algorithnj37]. This
studyuseda genetic algorithm in ANSYS to determine optimal tower base and top
diameters and segment thicknéBse @nstraintconsidered were deformation, ultimate
stress, buckling and vibratiomhis paper was used as a baseline model to bafyour
FEA modelwas working properly. The dimensions and loading giveWamg et al[37]
information wasused to reprodudieir model in ANSYSMore information on the

baseline tower will be givemithe results section.

Wang et. al[37] alsoperformed a parametric mesh sensitivity study on the first 6 modal
frequencies of the baseline steel tower model and concludealGttan quadrilateral

mesh converged with minimabnvergencerrors.A fixed tower basevas used in the
analysisthoughas mentionedbove it is more accurate to model the base with elastic
springs to model soil stiffnesBlodeling the tower base with elastic springs will simulate

soil stiffness and produce more accurate re§ByJt$8].

2.5.2 Finite Element AnalysisConcrete Wind Turbine

Ma and Mend22] performed an optimization of a concrete wind turbine tower using
ABAQUS. The process towards optimization involved first optimizing the geometry of

the tower cross section and the tower system variables (diameters, thickness, number of
prestressing strands, rib height and wid@gnetic algorithmsvereused to optimize the
above variableswhere the bjective functiols were selected to minimizest and

constrain natural frequency, stresses, deflections, geometric constraints. Wind loading

and seismic loading are considered.

Kenna et. al[15] proposed a concrete wind turbittever model that took account of
both material and geometric ndinearity. The paper models the concrete tower with

shell elements and usesdde, 2D Reissavlindlin elements to model the concrete. The
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unbonded prestressing tendons are modeled as 1&)epaents with an imposed prestress
force. This model was used to analyze the dynamic behavior of a prestressed or post
tensioned concrete wind turbine towers. Tendon stiffness was superimposed onto the
concrete shell elementgan Zyl and Van Ziglso embed the steel into the finite element

concrete shell to increase stiffn¢3§].
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3.0Experimental Plan

Theliterature reviewshowsthatthe driving factor foincreasing the size ofind turbines

is the demand for momenergyproduction Wind turbineshave benincreasng inturbine

blade lengthand turbine tower heighd meet this goalGiven the lack of previous

research in towers above 100m and with materials other than steel, this work focuses on
the first steps in developing a pashsioned concretew®r model.

The experimentgblan includeghe following:
1 Model a baseline steel tower in ANSYS as a verification study to match Wang et.
al. [37].
Modelthreeposttensionedconcrete towerat 100 m, 150 m and 200 m in height.
Evaluate the model output and consider feasibility of afgostioned design in
the proposed crossections.

Details of these steps are given in the next sections.

3.1 Steel Baseline ModeVerification Study

The EAWE published a papdrom Wang et al. [g] that illustrated the structural
optimization of wind turbine towers based on finite element analysis and genetic
algorithm To learn how to use the softwaard verify a working modefeproducing the
optimized steel tower was the first step in tieisearch project’he ANSYS analyses
used in this paper were Static Structural: \foises stress, total deformatjdfigenvalue
Buckling: load multiplier (safety factorand Modal:natural frequencyResults produced

from ANSYS were then compared the aiginal studyin the Results section.

The baseline steel tower with geometries and loadagpbtained fromWang et al [3].
Since windmill towers are thiwalled structuresven when designed in pgshsioned
concretethey can be modeled accurately with shell elemémt$ie reproductiomodel
Shell 281were usedor the mesh elemenis ANSYS. Shell 281 has eight nodes with six
degrees of freedom at each node, makisgitable for linear, large rotation and/or large
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strain nonlinear application§heparametric studin Wang et al[37] determinehe
optimum shell mesh size be 0.5m for the structure they moddrhis mesh sizevas

used for the reproducestieel tower model

Material properties are listad Table3.1. The density of the steel was increased to 8500
kg/m? to account for the additional paint, weltds)ts,and flanges that were not

accounted for in the tower thickness d&g.

Table 3.1. Baseline steel model material properf{igg|.

Properties Values
Tower height (m) 80
Density (kg/m) 8500
Youngo6és Modul us (G210
Poi ssondbds ratio 0.3

The tower is considered to have a fixed b&gang et al[37] obtained tower loading
from aresearch paper lyaNier[18] andare listed in Tabl&.2. Fx was applied to the top
of the towercross sectioms ahorizontalpoint loadand is thehrustforce fromthe wind
force on the rotor. An additional vertical loedplaced on the tower to account foe
weight of the nacelle and turbine compone@tgerturning momently, was also applied
to the top of the toweiTower loading is showm Figure3.1. Gravity is applied to the
tower in this modelo considethetowerselfweight It is also important to note that
LaNier[18] alsolisted a torsional force and vertical load that was not mentionéthing
et al.[37]. Torsional moment was not appliedtt@ steel tower modélecausea torsional

moment was not given by Wang et. al [37].

Table 3.2. Baseline steel model loading conditions [18], 3

ltems Factored aerodynamic loads
(safety factor:1.35)

Fx (kN) 780

Mx (KN*m) 38,567

Wind turbineweight (kg) 480,076
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Figure 3.1. Loading on FEM steel baseline model.

Figure3.1. shows the forces applied to the tower. The nacelle weight was applied as a
mass at the top of tower. The turbine thrust force was applied as a horizontal point load
applied over the tower cross section in thexis direction. The overturning moment was

also applied at the top of the tower cross section aboutaiesx

Tower geometry is listed below in Tal83e3. The shell was drawn in AutoCAD Inventor
as a shelldft and imported to ANSYS SpaceClaim as a .stepdsélustratedin Figure
3.2. Within ANSYS, the materialpropertiesand thickness were assignieom
SpaceClaim. Shared topography was also used to bond the segments toddtisr'S.
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Table 3.3. Baseline steel model geomefByr].

Value
Height 80 m
Segments 16
Height of segments 5m
Tower Top Diameter 4.268 m
Tower Bottom Diameter 5.650 m
Thickness
Segment 1 0.037 m
Segment 2 0.036 m
Segment 3 0.032 m
Segment 4 0.028 m
Segment 5 0.026 m
Segment 6 0.025 m
Segment 7 0.025m
Segment 8 0.023 m
Segment 9 0.022 m
Segment 10 0.021'm
Segment 11 0.020 m
Segment 12 0.019m
Segment 13 0.019 m
Segment 14 0.018 m
Segment 15 0.017 m
Segment 16 0.016 m

Figure 3.2. Steel tower .step file.
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The results from ANSYSStatic Structural, Eigenvalue Buckling and Modal analgses
compared to the resultsported bywang et al[37] in section4.0 Results.

3.2Concrete Tower Models

Threeposttensionedconcrete towera/ereanalyzedwith heights ofL00 m (328 ft) 150
m (492 ft) and 200 m (656 fthdditionally, three 150 m towers were analyzed with a
reduced postension force (90%, 80% and 70% PT fordd)e towerhavethe same
taper as obtained froraNier[18]. The concrete material properties used in this study
are listed below in Tablg4.

Loadingparameters are consistdrgtweernthethree concrete towersurbine loading
was obtained frorhaNier[18]; The forcing is from a WindPACT rotor studyat is
referenced i'Wang et al[37] and is summarized in TabB5. Calculating the design
loading for a wind turbine is a complex procassl is site specifidn this study, wind
pressure along the heighitthe tower was not applied to the steel or concrete tower
modelsassite specific wind speeds were not definfear. this preliminary investigation,
the site is not a variable in the scope of the project.

Table 3.4. Concrete Material Properties

Propertes Values
f2(psi) 8000
Density (kg/nf) [1] 2392
Youngbés Mraglll us ( |37089.7
Poi ssomf38]s ratio 0.1414

Table 3.5. Concrete Tower Loadin@Y].

Vertical PostTensioning forces SeeTable3.8 & Table3.9
Point Mass (weight of turbinglades and 4.8008E+05 kg
generator)

Forces on Nacelle -
Vertical (N) 6.747E+06
Thrust Force (N) 7.81E+05
Thrust Moment (N*m) 3.8567E+07
Torsional Moment (N*m) 7.876E+06
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The application of loading to the concrete towestiswn belown Figure3.3. The post
tensioning forces are applied as point loads in 50 m incrersleoten below as forces F,

G and H See Tabl&.9 and Table3.10for post tensioning forces.

o

ooe nx M3 (v

Figure 3.3. Loading applied to 150 m concrete tower.

Wall thicknesss consistent between the topsadifthreetowers Tower thickness
increasesowardsthe base witluniform wall thickness in 50 m intervalBhe towers
weredivided into5 mtall segmerd. Base diameters and thicknesses forlth@ and 200
m were extrapolated from LaNietd], 5 MW 100 mconcreteower.Listed below in
Table3.6. is a summary of the tower dimensions used in the ANSYS model. Example
calculationsareshown belowequationl and2.
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Table 3.6. Concrete Tower Dimensions.

Height (m (ft)) | 100 (328) 150 (492) 200 (656)
Diameter

Base 7.6 (25) 9.601 (31.5) 11.582 (38)
50m (m (ft)) 5.639 (18.5) 7.62 (25) 9.601 (31.5)
100m (m (ft)) 3.658 (12) 5.639(18.5) 7.62 (25)
150m (m (ft)) - 3.658 (12) 5.639 (18.5)
200m (m (ft)) - - 3.658 (12)
Thickness

0-50 m (m (ft)) 0.724 (2.38) 0.9525 (3.125) | 1.3335 (4.375)
50-100 m (m 0.5715 (1.875) 0.724 (2.38) 0.9525 (3.125)
(ft)

100150 m (m - 0.5715 (1.875) 0.724 (2.38)
(ft)

150200 m (m - - 0.5715 (1.875)
(ft)

Tower DimensionExtrapolation (Table 3.6.) (see Figire3.4. below)
For tower height=150m

U 10=Tower Diameter at 100m (for 100 m tower height)=3.658 m (Ref [15].)

U o=Tower Diameter at Om (for 100 m tower height)=7.62 m (Ref [15].)

L=length for similar triangles=100 m

H=extrapolation length=50 m (in this case)
Xo=length at tower base

U e=Extrapolated base diameter (m)

X1=length at 100 m tower base fxtrapolating

X1=U 0/2- U 1002=7.62 m/23.658 m/2=1.981 m

X2:— z (b =
U e=2(X2)+ U 100

z pgy P §=2.9715 m

0e=2(2.9715 m)+3.658 m=9.601 m
(Equationl)
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Figure 3.4. Tower base Diameter extrapolation for 150m and 20@mcrete Towers.

Wall thickness Extrapolation (Table 3.6.)
Thickness extrapolation at the base of the 150 m tall concrete tower.

—_ — (Equation2)

to=thickness at tower base (0 of 150 m)
tioo=thickness at tower base of 100 m talver (0.762 m [&])
I=height of original 100 m tower=100 m

h=tower height extension (total new tower heigfitial tower heightj=150m
100m=50m
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te=———2 p v @@=1.143 m

The number of post tensionitgndors differs based on the heights thfe bwers.
Unbonded.6 in 7-wire, low-relaxation strandare assumefbr the post tensioning with
an ultimate strength of 270 k3ihe concrete strength usedthe studys 7 ksi[18]. The
effective stress in prestressings(&fter shorterm and longerm losses) used was
assumed to b&60 ksi(1.103(0°) Pa)perLaNier[18]. A duct size of 7 was used
(Table3.8[34]) in tower evaluationwith 24 strands per dudbuct sizeis usedto
determine feasible duspacingand available cover within the tower cresection as
shown belown Table3.7. (Equation3). LaNier[18] listed the number of posénsioning
tendongn the 100 m concrete tower design. In this study, the post tensioning used in the
150 m and 200 m tows were extrapolated from ti®0 m postensioned concrete tower
design.All tower diameters and ducts were extrapolated ftioen100 nbase tower
design, this resulted in the towers to have similar diameters, tapers and PT loading
(including the numberfalucts, PT force and the number of PT strands). See B&ble

for the number of strands/ducts and PT forces applied for each tower.

Table 3.7. Clear Spacing Betwedbducts

Minimum
DistanceBetween | Allowable
Section Tower Duct Diameter | Ducts (m)(Fig 2.4 | Sacing 0.7*d

(m) #Ducts | Diameter (m) (m) Ref [28) | 11) (Ref [28])

50 50 9.601 0.121 0.603248621 0.0847

100 39 7.62 0.121 0.613818872 0.0847

150 28 5.639 0.121 0.63269432 0.0847

200 17 3.658 0.121 0.675996819 0.0847

Requiredminimum spacing between ducts (R&8]):
Smin=0.7*d

(Equationd)
Snin=.7*0.121m=0.0847m < Spacing provided = 0.603m
Spacing provided is adequareall sections.

Cross sections for the 200 m concrete tower are shown belegures3.5-3.12 at

heights of 0, 50, 100, 150 and 200Ai.50 post tensioning tendons were anchored at the
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base of the tower. Anchorage points occur in 50 m increments with alternating post
tensioning tendons. For exampletlwe 200 m tower, 17 post tensioning ducts were
continuous over the full height of the towgL post tensioning tendons are continuous
from 0-50 m of the towerl1 post tensioning tendons are continuous ovEdMm and

11 post tensioning tendons are continuous ovEs@m of the tower height. The lengths
of the tendons range from 50 m, 100 m, 150 m and 200m. There is a total of 50 post
tensioning ducts in the Ban tower per Tabl8.9.

1.3335
@11.5820
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Figure 3.7. 200 m cross section at 50 m,

Figure 3.5. 200 m cross section at 0 m, 39 ducts.

50 ducts.

Figure 3.6. 200 m cross section at 50 m, Figure 3.8. 200 m cross section at 100
50 ducts m, 39 ducts.
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Figure 3.11. 200 m cross section at 150

Figure 3.9. 200 m cross section at 100 m, 17 ducts.

m, 28 ducts.

Figure 3.10. 200 m cross section at 150

m, 28 ducts. Figure 3.12. 200 m cross section at 200

m, 17 ducts.
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Table 3.8. VSL Post Tensioning Dat&4].
1.4 - TENDON PROPERTIES 15mm (0.6")

Unit | Strands Steel area Breaking load Corrugated steel duct’| Corrugated plastic Steel
numbers (recommended) | duct VSL PT-PLUS® pipes
Ap acc. to prEN ASTM Y1860S7 (prEN)  |Grade 270 | @i/ @e e | fi/fe e Pext xt
(ASTM) = 2
d=153mm | d=157 mm | d=1524 mm | dé=153 mm | d=15.7 mm | d=15.24 mm & 3
Ao=180 mmv | Ao=150 mm® | Ae=140 mm | Ap=140 mne | A=150 mav | Ao=140 mm
[ma’] Imm’] [mm’] [kN] [kN] kNl [mm] (mm] [mm] [mm] [mm]

2) Nat duct PTLUS® with ractangutar slab ancharages, for MT-IXUS* see also ander 3.1.0.

3} fiat ducts {steal ar PT PLUS®) to be used with sguare fype castwigs pesse confact your VSI representative. in pian wew, tendons with siab type archorages must be straight betwasn ancherages o have only undvectional tums mith
min. radi of > & m. Strands mist ahways be pushed-in prior fo concreting. Eccemtricity & negligible

4) Given values may shightly vary depeading o loca! 2vaiability of ducts. They ave mimima! for most agplcations. For special cases (hng fendows, meny covvatwes, small radi efc) greater size duct s moommended — please venfy mith
V5L In 2oy case the fithing ratio {cross-section steel / duct) mwst ot sxceed 0.5 (ENS23).

5) Please check with the nearest VSL office for the complate anchorage fist.
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Table 3.9. Post Tensioning.

Height (m (ft)) | 100 (328) | 150 (492) | 200 (656)
PostTensioning Tendons

0-50m 28 39 50
50-100m 17 28 39
100-150m - 17 28
150-200m - - 17

Total PostTensioningForce (kN (k))

0-50m 40773 (9166) | 40773 (9166) | 40773 (9166)
50-100m 63012 (14166) | 40773 (9166) | 40773 (9166)
100-150m - 63012 (14166) | 40773 (9166)
150-200m - - 63012(14166)

To test the affects that the pdshsion forces had on th@werevaluation, the post
tensioning forces were reduced in three separate instances. The 150 m tower was used
with apost tensioning forc80%, 80% and 70% of the original post tengigrforce as

noted in Table3.9. As noted previously, the original post tensigiforce used was
extrapolated from LaNier [18] he reduced post tensiog forces are as noted in Table
3.10. The goal of this investigatiomas to determine any changeshe tleflections,

stresses, naturflequenciesand load multipliers.

Table 3.10. Reduced post tensioning forces.

Height (m (ft)) | 150 (492) | 150 (492) | 150 (492)
PostTensioningForce (kN (k))

Percent RT 90 80 70
Force of

original 150 m

Tower (%)

0-50m 36695 (8250) | 32618 (7333) 28541 (6416)
50-100m 36695 (8250) | 32618 (7333) 28541 (6416)
100-150m 56711 (12749)| 50410 (11333)| 44109 (9916)

A convergence study was performed on the 150 m concrete tower. Peak stress was
recorded for different element sizes, as can be seen in Bg&&\ mesh size of 0@2m

was determined to be adequate and will be useghown in the Figurd.13. below, the

mesh size of 0@m is where the peak stress starts to convéige.study use0.20 m

mesh because any further mesh reduction would significantly increase the run time of the

ANSYS modebwithout any real benefit to the solution.
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150m Tower convergence

1.8580E+04
= 1.8570E+04 °
% 1.8560E+04
< 1.8550E+04 s
1.8540E+04 —®
1.8530E+04
1.8520E+04 o
1.8510E+04 °
1.8500E+04 o ® o ®
1.8490E+04

0 01 02 03 04 05 06 07

Element Size, m

Peak Stress

Figure 3.13. Convergnce study on 150 m tower.

The modedoesnot account fomdividual modeling of theluctmaterialor post
tensioning steelThe material properties use a composite sectiaoteiderthe concrete
and post tensioning steelth acompositestiffness. The type of tendon (grouted or
ungrouted) would also have an impact on the actual stiffness of the s&ébigomodel
assumesincracked elastic behaviahich is the design requirement for poshsioned
segmentabridge elementssross sectiopropertiesareused for thegeometry oftross

section.

Material properties of the 100 m, 150 m, and the 200 m tavesummarized in Table
311 Density, Yo WPmog 6 satdda galculased farreach section
using composite material equatioAs example calculation is detailé&elow, equations
4-9. The equationsombined the material properties from the gesisioning steel and
the concrete. ThET strands in the concretewvers were nadiscretelymodeled with bar
elementssincethe composite material property used in ANSYS should result in an
accuratenodelfor our purposewithout the additional copiexity and computational

time.
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Table 3.11. Material Properties.

Height (m (ft)) | 100 (328) | 150 (492) | 200 (656)
Density (kg/n)

0-50m 2460.1 2448.8 2434.4
50-100m 2466.71 2461.4 2448.8
100-150m - 2466.7 2461.4
150-200m - - 2466.7
Youngs

Modulus (MPa)

0-50 m 39078.84 38747.3 38329
50-100 m 39271.66 39117.7 38747.3
100-150 m - 39271.7 39117.7
150-200 m - - 39271.7
Poi sson¢

0-50 m 0.1433 0.1430 0.1426
50-100 m 0.1436 0.1434 0.1430
100-150 m - 0.1436 0.1434
150-200 m - - 0.1436

Composite Material: 100 m Concrete Tower

Longitudinal Young Modulus (Table 11.1, Ref [17]), £3/*Ef + m*Em

(Equationd)
Longitudinal
(Equationb)

Poi sson

3t = Volume fraction oimaterial f (steel)
Er = Modulus of Elasticity of material f (steet)196500 MPa (Refl[g])
3m= Volume fraction of material m (concrete)

Em= Modulus of Elasticity of material m (concretefw:>%*33* "Q= (150

RBa #enpr a'vrlca b | e

pch)->*33* @ m M1t =B379406 psi 37089.7MPa(Ref [1].)

(Equation6)
Vm12 = Poisson ratio of material (steel) = QRef [37])

vi12 = Poisson ratio afaterial (concretey 0.1414 (Ref38))
} m= Density of Steel = 7850 kghtRef [37])
} 1= Density ofConcrete = 2392 kg/fRef [1])

Area of Post Tensioning Steel per 50 m section:Q B4 7 wire strands per tendon)

A=0.217ir? (Area per single stran@5])

0-50 m: 28 tendons=28 tendons*(24 strands/tendon)=672 strand*(0.217

in’/strand)=145.824 #+0.094m?

50-100 m: 17 tendons=17 tendons*(24 strands/tendon)=408 strand*(0.217

in’/strand)=88.536 #¥0.057 n3
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Calculate cross sectional area of tower (xA)
0-50 m: average diameter=6.63 m, average thickness=0.724 m;

XA=(— *(doute?-Ginne?) =(~ *((6.63+0.724/2}-(6.630.724/2%)=7.54 nt

50-100 m: average diameter=4.65 m, average thickness=0.572 m;
XA=(- *(doute?~inne?) =(- *((4.65+0.572/23-(4.650.572/2%)=4.17 n%

Calculate volume fractiof 3

Steel:

0-50 m: vs = area of steel/xA=0.09?/7.54 nt=0.0125
50-100 m: v =0.0571 n/4.17 nt=0.0137

Concrete:

0-50 m: vm =1-vs=1-0.0125=0.9875

50-100 m: vi=1-0.137=0.9863

Composite Modulus of Elasticity
E:Vf* Ef+Vm*E m

(Equation?)
0-50 m: E=w+Es+Vin*Em
E=0.0125*19650MMPa+0.9875*37809.7=39078.8 MPa
50-100 m: E=vx+Ef+Vm*Em
E=0.0137*196500 MPa+0.9863*37809.7=39271.7 MPa

Composite Poissonbés Ratio
3 =+8r+Vm* B
(Equation8)
0-50 m:3 =g+vm* @
3 =0.0125*0.3 +0.9875*0.1414=0.1434
50-100 m:3 =x+@+Vm* @
3=0.0137*0.3 +0.9863*0.1414=0.1436

Composite Density
} =Y rtVm®
(Equation9)
0-50 m:} =p¥t+Vm* h
} =0.0125*7850 +0.9¢875*2392=2460.1 kg/ m
50-100 m:} =py¥t+Vm*
} =0.0137*7850 +0.9863*2392=2466.7 kg/ m

The ANSYS modulesised are listed belaw

9 Static Structural: Voimises stressnaximum andminimum principal stresses,

total deformation.
1 Eigenvalue Buckling: load multiplier (safety factcapd
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1 Modal: natural frequency.

The maximum and minimumprincipalstress in the concrete, which was compared with

the compression and tensile limitespectivelyf our specified concrete strength as
calculated peACl 31819, (Equation10, 11) [1]. Vorrmises streeswere recorded to
compare between modelotal deformation was measured in the static structural module
to determine the deflectiaanticipatecdat the top of the concrete tower. This value was
compared to the maximum allowable deflection as calculateduatibnl1l. Deflection

is of particularinterest because too much deflection could cause the turbine blades to
strike the tower while in operatiomhe eigenvalue buckling modypeovidesthe load

multiplier as the safety factor of the model. The safatyofawvas recorded and compared

for all three tower models. The modal simulation was used to check the natural frequency
of the towers. It is important to note that the tower nafoegluencyin a tower design

would typicallybechecked to be within the I&hd 3P bound® avoid resonanc&his

study does not calculate the 1P and 3P frequencies due to the lack of turbine information.
Further analysis could be done if tower components were seleittt below in Table

3.12. are the limiting parameters ftre concrete towers.

Compressive Stress Limit (ACI Table 24.5.3.11])

) (Equation10)
0.6*f% = 0.6*(@8 ksi) = 48 ksi =3.31E+07 Pa
Tensile Stress Limit (ACI Table R24.5.2.11])
(Equation1l)
7.5*V&A= 7.5* | 1t M1t =B70.8psi = 463E+06 Pa
Nicholson equationallowable horizontal drift limit (Ref [2 3].)
(Equationl2)

0.125*h=0.125*100 m = 1.25 m
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Table 3.12. Concrete Tower Modeling.

Height (m (ft))

100 (328)

150 (492)

200 (656)

PT strands

56

78

100

Maximum
Allowable
Compressive
stress (Pa (ksi))
(Equation 1)

3.31E+07 (4.2)

Maximum
Allowable
Tensile stress
(Pa (ksi))
(Equation 2)

4.63E+06 (0.627)

Maximum
deflection (m
(ft)) 7 (Equation
3)

1.25(4.10)

1.875(6.15)

2.5(8.20)
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4.0Results and Analysis
4.1 SteelTower Results

Thegoalof the steel toweportionwas to reproduce the ANSYS model that was created
by Wang et al[37] to verify assumptions from the paper and to apply the assumptions to
the concrete model that was developed in this study.

The stated assumptions madevidgng et al[37], about tower material properties,
geometryand loadinghat were used in the reproduction of the steel t@aser
summarized in Section 3.0able4.1. details the findings of the tower modeled in this
studyas well as the results froang et al[37]. Figure4.1-4 show images of each
analysisperformedn ANSY Sfor the steel tower verificatiomhe ANSYS analyses
prepared in this verification study were Static Structural:-¥hases stresgirectional
deformation, Eigenvalue Bucklingpad multiplier (safety facto@nd Modal:natural
frequency

-
00 000w !* '

1] a
— — i}
e ™o

Figure 4.1. Static structuratlirectionaldeformation.
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Figure 4.2. Static structural equivalent stress.
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Figure 4.3. Eigenvalue buckling analysis.
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Figure 4.4. Modal Analysis, natural frequencys' inode

Table 4.1. Baseline Steel Tower Verification.

Maximum Maximum (Wang, | %Difference
(Tomczak) et. al.,2019)
Directional 0.8/ 0.965 1204%
Deformation (m)
Von-Mises Stress 2.25E+(B 2.048E+08 -9.97%
Distribution Pa)
Frequency (Hz) 0.255 0.2%8 14.18%
Load Multiplier 4.909 3.3 -47.79%

Listed above in Tabl8.1 is the comparison betwegvang et al[37] and the

reproduction steel tower. Directional deformation was measured usingStattural
Analysis.The maximum recordedeformationfrom the reproduction steel tower was
0.84889 m, with a difference of 12ivtbhcomparisonVon-mises stress was also measured
using Static Structural, with a difference of 10% frdfang et al. [3]. Natural

frequencies of the two towers were within 14.2% differembe. primary results of the
stress and the natural frequency hasg from the static structural is in the range of
Wang et al[37]. These three measurements are within 15% differetideh is

reasonable given thdtis assumed thatot alltheinformation was outlinéin the paper

for reproducinghe model.

46



The only large difference is between the load multiplier calculated in ANSYS module
Eigenvalue Buckling. There is a 48% difference between the two madthelsesults of
the findingsraise some questions for some of the paraméfhrs could be a resulfo
inconsistent geometry or material properties betwiemeproductiormodel andVang

et al.[37] model.Some of the assumptions that were made based on having no
information inWang et al[37] that may have induced differences incluldeding
conditiors, fixedjoint conditions between segmergeometryand the ANSYS analysis
processOverall, theverification study is in the range Wang et al[37].

4.2 Concrete Tower Results

The loading orthethree concrete towers discussed isection3 and eportedn Table
3.5 Tower geometries, material properties and forces have been repdBetion3.2.

The results of the concrete tower analysis are summarized in4 alidelow.Figure4.5-
10show a graphical representation of Tah2 Shown in Tablet.2. below, the

directional deformation shows increases with an increase in the tower height, which is
expectedThe same loading is applied to the towers with the height as the only variable
it can be assumed that the deflection will be increased, as the result3shdower

natural frequency and load multiplier decreased as tower height increased which is also
expected.

The minimum principal stress increased as tower h@ightased. The results are

showing that the 150 m and 200 m towers are very similar in minimum and maximum
principal stresses and vanises stress. This could be caused by the fact that the post
tensioring forces were extrapolated from the base 100 m toWestowers should have
similar stresses since the post tension loads vs. height is similar. Another thing to note is
that the turbine loading on the towers are the same for all three towega| life this

would be unlikely to occur. As towers increas height, the towers would be able to
accommodate larger turbine blade diameters, increasing the loads on the tower, thus

increasing the stresses in the towkes stated previously, the industry has been moving
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towards increasing the energy generatibtutbines, with the increase in tower height, it
is attractive to also increase the turbine size to produce more energy, consequently
increasing the tower loading. The toveeosssectionin this studyhasthe space to add
additional post tensioning tena®to accommodate additional loads from future larger

turbines.

Table 4.2. Concrete Turbine Tower Results.

Tower

100

150

200

Directional
Deformation (m)

0.22548

0.2787

0.34264

Minimum
Principle
(Compressive)
stress (Pa)

-1.7E+07

-1.84E+07

-1.85E+07

Maximum
Principle (Tensile)
Stress (Pa)

2.8 +05

2.27E+05

2.28E+05

Von-Mises Stress
Distribution (Pa)

1.98E+07

1.85E+07

1.85E+07

Frequency (Hz)

0.40241

0.34149

0.27485

5.3008

4.6347

Load Multiplier 6.557

Table4.4. lists themaximum values fothe concrete toweisased on stress and

deflection limits The maximum allowable deflection was implemented based on the
concernthat excessive tower deflectionuldresult in the turbine blades impacting the
turbine tower. The equatiarsed is detailed in the equation section, useNiblgolson

[23], which was obtained from the ACI 3(2]. Maximum compressive and maximum
tensile stress was calculated based oh 3B-19, section24.5[1] to make sure the
concrete would be able to haadhe stresses placed on the tower by the turbine loading.
Comparing the results with the design constraints laid out in Ted)lénd.results are

within the constraints of the analysis and are an adequate preliminary design for our

purposes.
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In addition dl three PT concrete towers were analyzed in ANSYS with nonlinear affects
(P-Delta affects) as shown in Takle. P-delta affects consider additional stresses due to
the lateral displacement occurring at the top of a tower or column. Lateral disptceme
causes the vertical point load to act with an eccentricity, offset from the center of the

column, adding additional moment to the column.

As shown belown Table4.3, all the towers analyzed witrdelta affects have a higher
directional deformation than the towers that do not congidieita affectsThis trend is
reasonable since it is caused by the additional stresses on the tower when a vertical point
load acts on a tower that has deflectechiMum principalstress alshowsslight
increases witlp-deltatowers over the non-geltatowers. Maximunprincipalstress
shows a decrease in thalplta towers in comparison to the nedglta towersThe von
mises stresses showed a slight increadeeri50 m and 200 m towers, while the 100 m
tower showed a slight decrease. This could be caused by the much higher rate of
deflection change coming from the 150 m and 200 m towéesload multipliers for the
p-delta towers decrease in comparison tonthep-delta towers. Theate of decrease is
dependent on the tower height. In general frequency also decreases witlettze p
towers analyzed. The frequency for the 100 m tower is very similar for both towers
analyzed with and withoutg@elta affects. Tta could be since deflection dmit change
nearly as much as the 150 m and 200 m towers.
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Table 4.3. Concrete Turbine Tower Results.

Tower

100

100 P-delta

150

150 P-delta

200

200
P-delta

Directional
Deformation

(m)

0.22548

0.26614

0.2787

0.3436

0.34264

0.43691

Minimum
Principle
(Compressive)
stress (Pa)

1.77E+07

1.80E+07

1.84E+07

1.87E+07

1.85E+07

1.87E+07

Maximum
Principle
(Tensile)
Stress (Pa)

2.88E+05

*2.06E+05

2.27E+05

2.10E+05

2.28E+05

2.09E+05

Von-Mises
Stress
Distribution
(Pa)

1.98E+07

1.79E+07

1.85E+07

1.87E+07

1.85E+07

1.87E+07

Frequency
(Hz)

0.40241

0.40257

0.34149

0.31009

0.27485

0.24637

Load
Multiplier

6.557 5.5602

5.3008

4.3034

4.6347

3.6369

*Maximum tensile stress occurs at the tower midspayppssed to the tower top.

Table 4.4. Constraints

Tower

100

150

200

Maximum
allowable
deflection (Ref.
[20])

1.25

1.875

2.5

Maximum

(Pa)

Compressive stress

2.90E+07

2.90E+07

2.90E+07

Stress (Pa)

Maximum Tensile

4.33E+06

4.33E+06

4.33E+06
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Figure 4.5. Deflection vs. Tower Height.
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Figure 4.6. Compressive Stress vs. Tower Height.
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Figure 4.7. Tensile Stress vs. Tower Height.
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Figure 4.10. Load Multiplier vs. Tower Height.

To verify tower models a hand calculation was performed fondigral frequency of the
100 m tower(Equation 4) Theresults of the process are summarized bétowable4.5.
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The differencébetween the hand calculated natural frequency and the ANSYS reported

value wasl0.8%, leading to additional confidence in the model results.

Table 4.5. Hand calculated Natural Frequencgncrete tower 100 m.

Tower Diameter Equation 12 (Hz) ANSYS Reported %Difference
(Hz)

Minimum (Top) 0.289

Average 0.446 0.40241 10.8%

Maximum (Base) 0.602

Natural Frequency Hand Calculations

Average natural frequency was calculated using the average tower diameter and wall
thickness of the 100 m tower. Equatibhobtained fromRef.[32] was used to estimate
the naturafrequency

¥.-875
(Equationl?)

e =

E=Modulus of Elasticity composite tower = 3915.25 MPa (composite over 100m tower,
Equation 6 for procedure)

|I=Moment of Inertia=22.75 fn

A=5.705 nt

L=100 m

} =density, see composite=2463.4 kg/m

8 z 8
88—z 8 z

¥=1.875* =0.446 Hz

The results for the reduced post tensigriorce towers are listed below in Tald®. The
150 m concrete tower was used in the analysis of the reduced post tension forces. The
post tensioned forces were reduced to 90%, 80% and 70% ofdimabpost tension

force. Graphical representation of the results is shown in Figurg46.

As expected, concrete stresses varied with post tensioning Theedirectional
deformation was unaffected by the reduction of the post tangitorce butthis is a

result of modeling the post tensioning force as a single, centered vertical force. Future
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models may discretely model the individual tendons. However, for evaluation of basic
stresses in a stiff tower, the model used in this study providegasieibformation

needed for design

The minimumprincipalstressand von mises stregsecreased with the decrease in post
tension force, as expected. While the maxinprimcipalstress increaseslith the

decrease in the post tension force. The reason for this pattern is that as the axial force
decreased, the compressive stress will decrease while the tensile stress will increase. The
tower natural frequency remained the same. Frequency is aoteaffby any changes in
loading. Frequency is controlled through modulus of elasticity and geometry properties.
An increase in the load multiplier (factor of safety) is also ndiéditionally, one thing

to note is thatte tensile stress increased patigladly as the post tensioning force

decreased linear)yas illustrated ifrigures 4.13. The only variable that changesth the

reduced post tensioned towarg the axial post tensioning forces.

Another benefit to running the towers with a reduced f@ostioned force is that it will

help determine if the tower analyzed was overdesigned. Comparison between the 70% P
T force and the constraints show that the 70% still meets the requirements. This points to
the conclusion that the tower has more postoainsg than is needed and further

refinement is suggested for futwerk once specific location and foundation

requirements are known.

Table 4.6. Concrete Turbine Tower ResufReduced PI Force Comparisan
Tower Post 100 90 80 70
Tensioning
Force (%)
Tower Height | 150 150 150 150

(m)

Directional
Deformation
(m) 0.2787 0.2787 0.2787 0.2787
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Minimum

Principal
(Compressive)
stress (Pa) -1.84E+07 -1.75E+07 -1.66E+07 -1.57E+07
Maximum
Principal
(Tensile)
Stress (Pa) 2.27E+05 2.23E+07 2.72E+07 4.17E+07
Von-Mises
Stress
Distribution
(Pa) 1.85E+07 1.77E+07 1.67E+07 1.57E+07
Frequency
(Hz) 0.34149 0.34149 0.34149 0.34149
Load
Multiplier 5.3008 5.7624 6.3121 6.9775
1.4

i 1.2 A A A A

S

S 1

E 0.8

2 o6

L

= 0.4 i

E 02

X

S o

105 100 95 90 85 80 75 70 65

% Post Tensioning Force

@ 100% P-T Foram90% P-T Force 80% P-T Force 70% P-T Force Tower deflectlion limits

Figure 4.11. Deflection vs. Post Tensioning Force.
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Figure 4.12. Compressive Stress vs. Post Tensioning Force.
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Figure 4.13. Tensile Stress vs. Post Tensioning Force.

57

75 70

70% P-T Force

65

65



1.90E+07
1.85E+07 ®
1.80E+07
1.75E+07
1.70E+07
1.65E+07
1.60E+07

1.55E+07
105 100 95

VonMises Stress Distribution, Pa

90 85 80
% Post Tensioning Force

® 100% P-T Force m90% P-T Force # 80% P-T Force

Figure 4.14. Von-Mises Stress vs. Post Tensioning Force.
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Figure 4.16. Load Multiplier vs. PT Force.

Based on the above tables, the concrete towers modeled in this study are adequate to
support the assumed loading. Further refinement of the tudadeng,and base

constraints based on a determined site and turbine model would be the next step for a full
design. Refinement would include location selection and wind studies to determine the
most extreme wind loading on the turbines at the specific location of interest. Increasing
turbine blade length should be considered for taller wind turbines to mdegtmar

demand. As stated earlier, the market is transitioning to larger turbine blades along with
taller towers to produce more energy. The tower design used in this study would then be
further refined to be more efficient with materials including post tensjoguantities

and layout.
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5.0Summary and Conclusions

Recent market trends have shown thatwind energy industry has been moving towards
taller towers with larger turbine bladi&sincrease the wind energy potential. The more
traditionally usedteel towers are n@conomically feasible for towetallerthan80 m

due to thencreased cosh the transportatioand field fabricatiorof larger steel

segments. Aapproximately80 m concrete towers begin to becosenomial,

constructable and efficient compared to steel towers.

The use of postensioned concrete in wind turbine towers is a new and developing
market for high wind turbine towers. The use of tall wind turbines caileed in areas
where there is little or no wind resource at low hub heights. Using taller towers can allow
developers to produce wind energy in areas that were not feasible at low hub heights (

southeastern United States).

This research hamalyzed a steel tower by performing a verification study that matched
well with the source research. Additionallrig research hasvaluate the feasibility of

using posttensioned concrete in wind turbine tower applications.

Multiple concrete towersf different heights (100 m, 150 m, 200 wgre modeledh
ANSYS tomeasure thgon-mises maximum and minimum principatresstotal
deformation (usingtatic Structural ANSYS modulendtotal deformatior{Eigenvalue
bucklingand ModalANSYS module).

The concrete tower modesbowed a feasible baga the constraints of interesthe

models presented in this researctshtbw that concretis a viable option for tall turbine
tower materialsAdditionally, the model developed provides baseline infoitnateeded
for evaluating general pestnsioning tendon layouts and capacitiesther research is

required for specific locations of intere$bwer design optimization should also be done
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on a cas#y-case basisince conditions (soil, wind speed, andny others) at each

tower locationvary.
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Appendix A

Table Appendix A-1.1. Envelope Forces for wind turbine Réf.[

The Envelope Force for Wind Turbine Loads at 100m Hub Height
0 Satetykacior
Thrust Moment Vartical Tossion
F(kN) Mb{kNm) F2{kN) Mz{kN)
1.5 MW EWMS0 384 3,806 832 1,966
EDG50 403 1,468 832 232
Fat. Load 57 567 551
3.6 MW EWMS0 1,086 16,767 3.155 5.961
EDG50 1,199 9913 3,129 1,597
Fat. Load 143 2213 2,220
[Fomw EWMS0 578 28,568 4,998 5,834
EOGS0 1,065 19.337 4879 3,714
Fat. Load 197 3.687 3,483
Including SafetyFactor 1.35
Thrust Moment Vertical Torsion
Fh{kN) Nh{kNm) Fz{kN) Mz{kN)
1.5 MW EWMS0 518 5,137 1,123 2,654
EOG50 544 1.982 1,123 313
3.6 MW EWM50 1,466 22,635 4,259 8,048
EDGS50 1.619 13,382 4,224 2,156
5.0 MW EWMS0 781 3B.567 6,747 1876
EDG50 1.437 26,105 6,587 5014
GE Load fetyFacior 1.35
Thrust Moment Vertical Torsion
Fn(kN) Mn{kNm) Fz{kN) Mz{kN)
1.5 MW EWMS0 514 4,358 1320 3310
Diff. (%) -0.84% -1517% 17.52% 24.NM%
Fat. Load 52 550
Diff.{%) 8.77% -3.01%
3.6 MW EWMS0D 1,245 14,413 3,406 13879
DIff.{%) -15.13% -36.32% -20.03% 12.46%
Fal. Load 148 2355
Diff. (%) 385% 6.40%
| I EWM50 1.693 22.244 4,685 22110
Diff. {%) 116.85% -42.32% -30.56% 180.73%
Fat. Load 207 3760
DIff. {3) 5.08% 1.97%

Table J-6

Envelope Forces for Wind Turbine Loads
100 m Hub Height
(after Reference 26)

Tower Design Study
NREL YAM-2.31235.01

Appendix 1.7
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Table Appendix A-1.2. 100 m Concrete Tower Dimensions.

Location
of Height | Thickness Diameter
Segment| Segment| (M) (m) (m)

1| Base 0 0.724 7.62
2 | Base 5 0.724 7.4219
3 | Base 10 0.724 7.2238
4 | Base 15 0.724 7.0257
5 | Base 20 0.724 6.8276
6 | Base 25 0.724 6.6295
7 | Base 30 0.724 6.4314
8 | Base 35 0.724 6.2333
9 | Base 40 0.724 6.0352
10 | Base 45 0.724 5.8371
11 | Base 50 0.5715 5.639
12 | Base 55 0.5715| 5.4409
13| Base 60 0.5715| 5.2428
14 | Base 65 0.5715| 5.0447
15 | Base 70 0.5715| 4.8466
16 | Base 75 0.5715| 4.6485
17 | Base 80 0.5715| 4.4504
18 | Base 85 0.5715| 4.2523
19 | Base 90 0.5715| 4.0542
20 | Base 95 0.5715| 3.8561
20 | Top 100 0.5715 3.658

68




Table Appendix A-1.3. 150 m Concrete Tower Dimensions.

Segment Height | Thickness Diameter
1 | Base 0 0.9525 9.601
2 | Base 5 0.9525 9.4029
3 | Base 10 0.9525 9.2048
4 | Base 15 0.9525 9.0067
5 | Base 20 0.9525 8.8086
6 | Base 25 0.9525 8.6105
7 | Base 30 0.9525 8.4124
8 | Base 35 0.9525 8.2143
9 | Base 40 0.9525 8.0162

10 | Base 45 0.9525 7.8181
11| Base 50 0.724 7.62
12 | Base 55 0.724 7.4219
13 | Base 60 0.724 7.2238
14 | Base 65 0.724 7.0257
15 | Base 70 0.724 6.8276
16 | Base 75 0.724 6.6295
17 | Base 80 0.724 6.4314
18 | Base 85 0.724 6.2333
19 | Base 90 0.724 6.0352
20 | Base 95 0.724 5.8371
21 | Base 100 0.5715 5.639
22 | Base 105 0.5715 5.4409
23 | Base 110 0.5715 5.2428
24 | Base 115 0.5715 5.0447
25| Base 120 0.5715 4.8466
26 | Base 125 0.5715 4.6485
27 | Base 130 0.5715 4.4504
28 | Base 135 0.5715 4.2523
29 | Base 140 0.5715 4.0542
30 | Base 145 0.5715 3.8561
31| Top 150 0.5715 3.658
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Table Appendix A-1.4. 200 m Concrete Tower Dimensions.

Segment Height | Thicknesg Diameter
1| Base 0 1.3335| 11.582
2 | Base 5 1.3335| 11.3839
3 | Base 10 1.3335| 11.1858
4 | Base 15 1.3335| 10.9877
5 | Base 20 1.3335| 10.7896
6 | Base 25 1.3335| 10.5915
7 | Base 30 1.3335| 10.3934
8 | Base 35 1.3335| 10.1953
9 | Base 40 1.3335| 9.9972

10 | Base 45 1.3335| 9.7991
11| Base 50 0.9525 9.601
12 | Base 55 0.9525| 9.4029
13 | Base 60 0.9525| 9.2048
14 | Base 65 0.9525| 9.0067
15| Base 70 0.9525| 8.8086
16 | Base 75 0.9525| 8.6105
17 | Base 80 0.9525| 8.4124
18 | Base 85 0.9525| 8.2143
19 | Base 90 0.9525| 8.0162
20 | Base 95 0.9525| 7.8181
21 | Base 100 0.724 7.62
22 | Base 105 0.724| 7.4219
23 | Base 110 0.724| 7.2238
24 | Base 115 0.724| 7.0257
25 | Base 120 0.724| 6.8276
26 | Base 125 0.724| 6.6295
27 | Base 130 0.724| 6.4314
28 | Base 135 0.724| 6.2333
29 | Base 140 0.724| 6.0352
30 | Base 145 0.724| 5.8371
31| Base 150 0.5715 5.639
32 | Base 155 0.5715| 5.4409
33 | Base 160 0.5715 5.2428
34 | Base 165 0.5715| 5.0447
35| Base 170 0.5715| 4.8466
36 | Base 175 0.5715| 4.6485
37 | Base 180 0.5715| 4.4504
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38 | Base 185 0.5715| 4.2523
39 | Base 190 0.5715] 4.0542
40 | Base 195 0.5715| 3.8561
41| Top 200 0.5715 3.658
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Table Appendix A-1.5. 100m Concrete TowdZomposite Material Properties.

Steel properties

vf
(volume
Area of Area of fraction Steel
Number of PT| Strands | average d xarea of poisson | strands of Ef Density
Tendons (in"2) (m) avg. t (m) | tube (m2) ratio (m"2) strand) (Mpa) (kg/m"3)
0-50m 56 | 145.824 6.6295 0.724| 7.539442236 0.3 | 0.09407981 0.012478| 196500 7850
50-100 34| 88.536 4.6485 0.5715| 4.173005403 0.3| 0.05711989 0.013688| 196500 7850
Concrete Properties composite properties
Em (psi)
Vm (volume | (concrete)| Em (MPa) Concrete | Concrete | Young's
fraction of (in (concrete) poisson Density Modulus | poisson's | density
matrix) ANSYS) | (in ANSYS) | ratio (kg/m"3) (Mpa) ratio (kg/m"3)
0-50m 0.987521648 5.38E+06 37089.65738 0.1414 2392 | 39078.84| 0.14337907| 2460.107
50-100 0.986312051 5.38E+06 37089.65738 0.1414 2392 | 39271.66| 0.14357091 2466.709

72




Table Appendix A-1.6. 150m Concrete Tower Composite Material Properties.

Steel properties
vf
(volume
Area of Xarea of Area of | fraction | Steel
Number of PT| Strands | average| avg. t tube poisson| strands | of Density
Strands (in"2) d (m) (m) (m2) ratio (m"2) | strand) | (kg/m"3)
0-50m 78| 203.112| 8.6105| 0.931727| 12.60193 0.3| 0.13104| 0.010398 7850
50-100 56 | 145.824| 6.6295| 0.710136| 7.395072 0.3| 0.09408| 0.012722 7850
100150 34| 88.536| 4.6485| 0.5715| 4.173005 0.3| 0.05712| 0.013688 7850
Concrete Properties composite properties
Vm
(volume | Em (psi) | Em (MPa)
fraction | (concrete)| (concrete)| Concrete| Concrete| Young's
Ef of (in (in poisson | Density | Modulus | poisson's| density
(Mpa) | matrix) | ANSYS) | ANSYS) | ratio (kg/m”3) | (Mpa) ratio (kg/m”3)
0-50m 196500| 0.989602| 5.38E+06 37089.66| 0.1414 2392 | 38747.27| 0.143049| 2448.754
50-100 | 196500| 0.987278| 5.38E+06 37089.66| 0.1414 2392| 39117.67| 0.143418| 2461.436
100150 | 196500| 0.986312| 5.38E+06 37089.66| 0.1414 2392 | 39271.66| 0.143571| 2466.709
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Table Appendix A-1.7. 200m Concrete Tower Composite Material Properties.

Steel properties
vf
(volume
Number | Area of xarea of Area of | fraction Steel
of PT Strands | avg. t tube *poisson | strands | of Ef Density
average d (m) Strands | (in"2) (m) (m2) ratio (m"2) | strand) | (Mpa) | (kg/m”3)
0-50m 10.5915 100 260.4| 1.298864| 21.60931 0.3 0.168| 0.007774| 196500 7850
50-100 8.6105 78| 203.112| 0.931727| 12.60193 0.3| 0.13104| 0.010398| 196500 7850
100150 6.6295 56 | 145.824| 0.710136| 7.395072 0.3 | 0.09408| 0.012722| 196500 7850
150-200 4.6485 34| 88.536| 0.5715| 4.173005 0.3| 0.05712| 0.013688| 196500 7850
Concrete Properties composite properties
Em (psi) | Em(MPa)
Vm (volume | (concrete)| (concrete)| Concrete| Concrete| Young's
fraction of (in (in poisson | Density | Modulus | poisson's| density
matrix) ANSYS) | ANSYS) | ratio (kg/m”3) | (Mpa) ratio (kg/m"3)
0-50m 0.992225589 5.38E+06 37089.66| 0.1414 2392 | 38328.98| 0.142633| 2434.433
50-100 | 0.989601613 5.38E+06 37089.66| 0.1414 2392 | 38747.27| 0.143049| 2448.754
100150 | 0.98727804 5.38E+06 37089.66] 0.1414 2392 | 39117.67| 0.143418| 2461.436
150200 | 0.986312051 5.38E+06 37089.66] 0.1414 2392 | 39271.66| 0.143571| 2466.709
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Figure Appendix A-1.1. Steel ToweiTotal Deformation (Static Structural).
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Figure Appendix A-1.2 Steel Tower Equivalent Stress (Static Structural).
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Figure Appendix A-1.3. Steel Tower Directional Deformation (Static Structural).
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Figure Appendix A-1.4. Steel Tower Loadultiplier (Eigenvalue Buckling).
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Figure Appendix A-1.5. Steel Tower Modal (Frequency).

Figure Appendix A-1.6.100m Concrete Tower Total Deformation (Static Structural).
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Figure Appendix A-1.7.100m Concrete Tower Directional Deformation (Static
Structural).
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Figure Appendix A-1.8.100m Concrete Tower Equivalent Stress (Static Structural).
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Figure Appendix A-1.9.100m Concrete Tower Maximum Principal Stress (Static
Structural).
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Figure Appendix A-1.10.100m Concrete Tower Minimum Principal StreSsatic
Structural).

79



Figure Appendix A-1.11.100m Concrete Tower Natural Frequency (Modal Analysis).

Figure Appendix A-1.12.100m Concrete Tower Load Multiplier (Eigenvalue Buckling
Analysis).
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Figure Appendix A-1.13.150m Concrete Tower Directional fdemation (Static
Structural).
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Figure Appendix A-1.14.150m Concrete Tower Equivalent Stress (Static Structural).
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Figure Appendix A-1.15.150m Concrete Tower Maximum Principal Stress (Static
Structural).
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Figure Appendix A-1.16.150mConcrete Tower Minimum Principal Stress (Static
Structural).
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Figure Appendix A-1.17.150m Concrete Tower Natural Frequency (Modal Analysis).
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Figure Appendix A-1.18.150m Concrete Tower Load Multiplier (Eigenvalue Buckling
Analysis).
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Figure Appendix A-1.19.200m Concrete Tower Directional Deformation (Static
Structural).
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Figure Appendix A-1.20.200m Concrete Tower Equivalent Stress (Static Structural).
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Figure Appendix A-1.21.200m Concrete Tower Maximum Principal Stress (Static
Structural).
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Figure Appendix A-1.22.200m Concrete Tower Minimum Principal Stress (Static
Structural).
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Figure Appendix A-1.23.200m Concrete Tower Natural Frequency (Modal Analysis).

Figure Appendix A-1.24.200m Concrete Tower Load Multiplier (Eigenvalue Buckling
Analysis).
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