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✇✐♥❞ ✐♥ st♦♣♣❡❞ ❝♦♥❞✐t✐♦♥s✳ ❲✐♥❞ s♣❡❡❞ ✇❛s ❝❛❧✐❜r❛t❡❞ r❡❧❛t✐✈❡ t♦ ❛ ♠❡t ♠❛st ✐♥ ❛ ✇❛❦❡✲❢r❡❡
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k1 ❛♥❞ k2 ❝♦♥st❛♥ts ♦❢ t❤❡ s♣✐♥♥❡r ❛♥❡♠♦♠❡t❡r ❛♥❞ ❛ ❢♦✉r ♣❛r❛♠❡t❡r ✐♥❞✉❝t✐♦♥ ❢❛❝t♦r ❢✉♥❝t✐♦♥✳
❨❛✇ ♠❡❛s✉r❡♠❡♥ts ❛♥❞ t✉r❜✉❧❡♥❝❡ ♠❡❛s✉r❡♠❡♥ts✱ ✇❤❡r❡ t❤❡ ❛✈❡r❛❣❡ ✇✐♥❞ s♣❡❡❞ ✇❛s ❝♦rr❡❝t❡❞
t♦ t❤❡ ❢❛r ✜❡❧❞ ✇✐t❤ t❤❡ ✐♥❞✉❝t✐♦♥ ❢✉♥❝t✐♦♥✱ s❤♦✇❡❞ ❣♦♦❞ ❝♦rr❡❧❛t✐♦♥ ✇✐t❤ ♠❛st ♠❡❛s✉r❡♠❡♥ts✳
❚❤❡ ②❛✇ ♠✐s❛❧✐❣♥♠❡♥t ♠❡❛s✉r❡♠❡♥ts s❤♦✇❡❞ ❛ s✐❣♥✐✜❝❛♥t ②❛✇ ♠✐s❛❧✐❣♥♠❡♥t ❢♦r ♠♦st ♦❢ t❤❡
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✇❡r❡ ❝♦♠♣❛r❡❞ ✇✐t❤ ♥❛❝❡❧❧❡ ❜❛s❡❞ ❧✐❞❛rs ❬✻❪✳ ❚✉r❜✉❧❡♥❝❡ ♠❡❛s✉r❡♠❡♥ts ✇✐t❤ ♥❛❝❡❧❧❡ ❜❛s❡❞
❧✐❞❛rs s❤♦✇ s♦♠❡ ❞❡✈✐❛t✐♦♥ ❢r♦♠ ♠❛st ♠❡❛s✉r❡♠❡♥ts ❞✉❡ t♦ ❧♦♥❣ ♠❡❛s✉r❡♠❡♥t ✈♦❧✉♠❡ ❬✼❪✳
❚✉r❜✉❧❡♥❝❡ ♠❡❛s✉r❡♠❡♥ts ✇✐t❤ ❛ s♣✐♥♥❡r ❛♥❡♠♦♠❡t❡r ✐s ♥❡✇✳ ❆♣♣r♦♣r✐❛t❡ ❝❛❧✐❜r❛t✐♦♥ ♦❢ ❛
s♣✐♥♥❡r ❛♥❡♠♦♠❡t❡r s❤♦✇ t❤❛t ✇✐t❤ ❝♦rr❡❝t✐♦♥ ❢♦r ✐♥❞✉❝t✐♦♥✱ t✉r❜✉❧❡♥❝❡ ♠❡❛s✉r❡♠❡♥ts ❝❛♥ ❜❡
♠❛❞❡ ✇✐t❤ ❤✐❣❤ ❝♦♥✜❞❡♥❝❡✳ ❚❤✉s q✉❛❧✐t❛t✐✈❡ ♠❡❛s✉r❡♠❡♥ts ✐♥ ❛ ✇✐♥❞ ❢❛r♠ ♦❢ t❤❡s❡ ♠❡❛s✉r❡♠❡♥t
♣❛r❛♠❡t❡rs ❝❛♥ r❡✈❡❛❧ ♥❡✇ ✐♥s✐❣❤t ✐♥t♦ t❤❡ ✇✐♥❞ ✐♥✢♦✇ t♦ ✇✐♥❞ t✉r❜✐♥❡ r♦t♦rs✳
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✇✐♥❞ t✉r❜✐♥❡ ✐s ❛ ❱✽✵ ✷ ▼❲ ✇✐♥❞ t✉r❜✐♥❡ ✇✐t❤ ❤✉❜ ❤❡✐❣❤t ✻✵ ♠ ❛♥❞ r♦t♦r ❞✐❛♠❡t❡r ✽✵ ♠✳ ❚❤❡
♦t❤❡r ✇✐♥❞ t✉r❜✐♥❡s ✐♥ t❤❡ ✇✐♥❞ ❢❛r♠ ❛r❡ ❱❡st❛s ❛♥❞ ◆❊● ▼✐❝♦♥ t②♣❡s ✇✐t❤ ❛ ♥♦♠✐♥❛❧ ♣♦✇❡r ♦❢
✷✲✷✳✼✺ ▼❲ ❛♥❞ r♦t♦r ❞✐❛♠❡t❡rs ♦❢ ✺✹✲✽✵ ♠✳ ❚❤❡ r❡❢❡r❡♥❝❡ ♠❡t ♠❛st ✇❛s ❧♦❝❛t❡❞ ✶✷✵ ♠ s♦✉t❤✲
✇❡st ✭213◦✮ ♦❢ t❤❡ ♥♦✳ ✺ t✉r❜✐♥❡✳ ❈✉♣ ❛♥❡♠♦♠❡t❡rs ❛♥❞ ✇✐♥❞ ✈❛♥❡s ✇❡r❡ ♠♦✉♥t❡❞ ♦♥ ❜♦♦♠s
❛t ❤✉❜ ❤❡✐❣❤t✳ ❆ s♣✐♥♥❡r ❛♥❡♠♦♠❡t❡r ✇❛s ♠♦✉♥t❡❞ ♦♥ t❤❡ s♣✐♥♥❡r✱ s❡❡ ✜❣✉r❡ ✷✳ ❉✐r❡❝t✐♦♥s ❛♥❞
r❡❧❛t✐✈❡ ❞✐st❛♥❝❡s ❛r❡ s❤♦✇♥ ✐♥ t❛❜❧❡ ✶✳ ❚❤❡ ✇❛❦❡✲❢r❡❡ s❡❝t♦r ✭212◦ − 252◦✮ ✇✐t❤ t❤❡ ♠❛st ✐♥
❢r♦♥t ♦❢ ✇✐♥❞ t✉r❜✐♥❡ ♥♦✳ ✺ ✇❛s ✉s❡❞ ❢♦r ❝❛❧✐❜r❛t✐♦♥ ♣✉r♣♦s❡s✳ ❚❤❡ t❡rr❛✐♥ ✐♥ t❤❡ s❡❝t♦r ✇❛s
✢❛t ❛♥❞ ✇✐t❤♦✉t ♦❜st❛❝❧❡s✱ ✇✐t❤ ✶ ❦♠ t♦ t❤❡ ◆♦rt❤ s❡❛✳ ❆♥♦t❤❡r ✇❛❦❡✲❢r❡❡ s❡❝t♦r ✭297◦ − 95◦✮
♣♦✐♥ts t♦✇❛r❞s ♦♣❡♥ ❢❛r♠❧❛♥❞ ❜✉t ✇✐t❤ t❤❡ ❤✐❣❤ s✉r❢❛❝❡ r♦✉❣❤♥❡ss ✈✐❧❧❛❣❡ ❚❥ær❡❜♦r❣ ✶ ❦♠ ❛✇❛②
✐♥ s❡❝t♦r 300◦ − 330◦✳
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❋✐❣✉r❡ ✶✳ ❲✐♥❞ ❢❛r♠ ❧❛②♦✉t ♦❢ ❚❥ær❡❜♦r❣
✇✐♥❞ ❢❛r♠ ✇✐t❤ ❱✽✵ t❡st t✉r❜✐♥❡ ♥♦✳ ✺✳

❋✐❣✉r❡ ✷✳ ❚❤❡ s♣✐♥♥❡r ♦❢ t❤❡ ❱✽✵ ✇✐♥❞
t✉r❜✐♥❡ ✇✐t❤ s♦♥✐❝ s❡♥s♦rs ♠♦✉♥t❡❞ ❥✉st
❜❡❤✐♥❞ ♥♦s❡ ❝♦♥❡ ❛ss❡♠❜❧②✳

✸✳ ❈❛❧✐❜r❛t✐♦♥

❚❤❡ s♣✐♥♥❡r ❛♥❡♠♦♠❡t❡r ❛❧❣♦r✐t❤♠ ✉t✐❧✐③❡s t✇♦ ❝♦♥st❛♥ts k1 ❛♥❞ k2 t♦ ❝♦♥✈❡rt t❤❡ ♠❡❛s✉r❡❞ ✇✐♥❞
s♣❡❡❞s ♦❢ t❤❡ t❤r❡❡ s♦♥✐❝ s❡♥s♦rs t♦ ❤♦r✐③♦♥t❛❧ ✇✐♥❞ s♣❡❡❞✱ ②❛✇ ♠✐s❛❧✐❣♥♠❡♥t ❛♥❞ ✢♦✇ ✐♥❝❧✐♥❛t✐♦♥
❛♥❣❧❡✳ ❚❤❡ ❞❡❢❛✉❧t ✈❛❧✉❡s ♦❢ t❤❡ ❝♦♥st❛♥ts ❜❡❢♦r❡ ❝❛❧✐❜r❛t✐♦♥ ✇❡r❡ s❡t t♦ k1,d = k2,d = 1✳ ❚❤❡
❝❛❧✐❜r❛t✐♦♥ ♦❢ ❛♥❣✉❧❛r ♠❡❛s✉r❡♠❡♥ts ✐s ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ ❝♦♥st❛♥t kα = k2/k1✱ t❤❡ r❛t✐♦ ❜❡t✇❡❡♥
t❤❡ t✇♦ ❜❛s✐❝ ❝♦♥st❛♥ts✳ ❋♦r ❝❛❧✐❜r❛t✐♦♥ ♦❢ ❛♥❣✉❧❛r ♠❡❛s✉r❡♠❡♥ts ♦♥❡ ❤❛s t♦ ✜♥❞ ❛ ❝♦rr❡❝t✐♦♥
❢❛❝t♦r Fα t♦ ❝♦rr❡❝t t❤❡ ❞❡❢❛✉❧t r❛t✐♦ t♦ t❤❡ ❝♦rr❡❝t❡❞ r❛t✐♦ kα = Fαkα,d✳ k1 ♠❛② t❤❡♥ ❜❡ ❦❡♣t
❝♦♥st❛♥t ❛♥❞ k2 ❜❡ ❝♦rr❡❝t❡❞ t♦ k2 = Fαk2,d✳ ❚❤❡ ❝❛❧✐❜r❛t✐♦♥ ❢♦r ❛♥❣✉❧❛r ♠❡❛s✉r❡♠❡♥ts ✐s ♠❛❞❡
❜② ②❛✇✐♥❣ t❤❡ ✇✐♥❞ t✉r❜✐♥❡ ✐♥ ❛♥❞ ♦✉t ♦❢ t❤❡ ✇✐♥❞ ✐♥ st♦♣♣❡❞ ❝♦♥❞✐t✐♦♥ ✇❤✐❧❡ ♠❡❛s✉r✐♥❣ ②❛✇
♠✐s❛❧✐❣♥♠❡♥t ❛♥❞ t❤❡ ♥❛❝❡❧❧❡ ❞✐r❡❝t✐♦♥ ✇✐t❤ ❛ ②❛✇ ❞✐r❡❝t✐♦♥ s❡♥s♦r✳ ❋✐❣✉r❡ ✸ s❤♦✇s ❛ ♣❧♦t ♦❢
②❛✇ ❞✐r❡❝t✐♦♥ ❞❛t❛ ✈❡rs✉s ②❛✇ ♠✐s❛❧✐❣♥♠❡♥t ❞❛t❛ ♦❜t❛✐♥❡❞ ❞✉r✐♥❣ ②❛✇✐♥❣✳ ❋✐❣✉r❡ ✹ s❤♦✇s t❤❡
t✐♠❡ s❡r✐❡s ❛❢t❡r ❛♣♣❧②✐♥❣ t❤❡ ❝♦rr❡❝t✐♦♥ t♦ t❤❡ ②❛✇ ♠✐s❛❧✐❣♥♠❡♥t ❞❛t❛✳ ❚❤❡ ❝♦rr❡❝t✐♦♥ ❢❛❝t♦r
Fα = 1.023 ✐s ❝❧♦s❡ t♦ ✶✱ ❛♥❞ t❤❡♥ t❤❡ ❛♥❣✉❧❛r ♠❡❛s✉r❡♠❡♥t ❞❛t❛ ❝❛♥ ❜❡ ❝♦rr❡❝t❡❞ ♣r♦♣♦rt✐♦♥❛❧❧②✱
✇❤✐❧❡ ♦t❤❡r✇✐s❡ t❤❡ ❝♦rr❡❝t✐♦♥ ✇♦✉❧❞ ❤❛✈❡ t♦ t❛❦❡ t❤❡ ♥♦♥✲❧✐♥❡❛r ❝♦♥✈❡rs✐♦♥ ❛❧❣♦r✐t❤♠ ✐♥t♦
❛❝❝♦✉♥t✿

α = arctan(
1

Fα

tanαd) ≈
αd

Fα

✭✶✮
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❚❛❜❧❡ ✶✳ ❘❡❧❛t✐✈❡ ❞✐r❡❝t✐♦♥s ❛♥❞ ❞✐st❛♥❝❡s ❢r♦♠ ✇✐♥❞ t✉r❜✐♥❡s ✐♥ t❤❡ ✇✐♥❞ ❢❛r♠ t♦ t❤❡ ♠❛st
❛♥❞ t♦ ✇✐♥❞ t✉r❜✐♥❡ ♥♦✳ ✺✳ ❲❛❦❡ s❡❝t♦r ✐s ❜❛s❡❞ ♦♥ s✐♠♣❧❡ ❣❡♦♠❡tr②✳

❲✐♥❞ t✉r❜✐♥❡ ♥♦✳ ❉✐st❛♥❝❡ t♦ ❲❚ ♥♦✳✺ ❉✐r❡❝t✐♦♥ t♦ ❲❚ ♥♦✳ ✺ ❲❛❦❡ s❡❝t♦r
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✺ ✵✳✵ ✲ ✲
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✼ ✹✳✸ ✶✶✵◦ ✶✵✹◦✲✶✶✼◦

✽ ✺✳✹ ✶✹✼◦ ✶✹✶◦✲✶✺✷◦

❲✐♥❞ t✉r❜✐♥❡ ♥♦✳ ❉✐st❛♥❝❡ t♦ ♠❛st ❉✐r❡❝t✐♦♥ t♦ ♠❛st ❲❛❦❡ s❡❝t♦r

✶ ✾✳✽ ✷✾✼◦ ✷✾✹◦✲✸✵✵◦
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✸ ✺✳✸ ✸✵✷◦ ✷✾✼◦✲✸✵✽◦
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✼ ✺✳✺ ✶✵✵◦ ✾✹◦✲✶✵✺◦

✽ ✺✳✽ ✶✸✷◦ ✶✷✼◦✲✶✸✼◦

❍❡r❡ α ✐s t❤❡ ❝❛❧✐❜r❛t❡❞ ✐♥✢♦✇ ❛♥❣❧❡ t♦ t❤❡ r♦t♦r s❤❛❢t ❛♥❞ αd t❤❡ ♠❡❛s✉r❡❞ ✐♥✢♦✇ ❛♥❣❧❡ ✇✐t❤
t❤❡ ❞❡❢❛✉❧t ❝♦♥st❛♥ts k1,d = k2,d = 1✳ ❚❤❡ t✐❧t ❛♥❣❧❡ ♦❢ t❤❡ ✇✐♥❞ t✉r❜✐♥❡ ✇❛s ❢♦r t❤✐s ❝❛❧✐❜r❛t✐♦♥
❝❛s❡ ♥❡❣❧❡❝t❡❞ ❛♥❞ t❤❡ ②❛✇ ♠✐s❛❧✐❣♥♠❡♥t ✇❛s ❡q✉❛❧❧❡❞ t❤❡ ✐♥✢♦✇ ❛♥❣❧❡ t♦ t❤❡ r♦t♦r s❤❛❢t✳

y = -1,0227x + 247,5 
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❋✐❣✉r❡ ✸✳ P❧♦t ♦❢ ❝❛❧✐❜r❛t✐♦♥ ❞❛t❛ ❢r♦♠
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❋✐❣✉r❡ ✹✳ P❧♦t ♦❢ ❞❛t❛ ❢r♦♠ ②❛✇✐♥❣ ✇✐t❤
❛♣♣❧✐❝❛t✐♦♥ ♦❢ ❝♦rr❡❝t✐♦♥ ❢❛❝t♦r Fα = 1.023✳

❚❤❡ ②❛✇ ♠✐s❛❧✐❣♥♠❡♥t ♠❡❛s✉r❡❞ ✇✐t❤ t❤❡ s♣✐♥♥❡r ❛♥❡♠♦♠❡t❡r ✇❡r❡ ❝♦♠♣❛r❡❞ t♦ ②❛✇
♠✐s❛❧✐❣♥♠❡♥t ♠❡❛s✉r❡♠❡♥ts ✇✐t❤ t❤❡ ♠❛st ✇✐♥❞ ✈❛♥❡ ❛♥❞ ②❛✇ ❞✐r❡❝t✐♦♥ s❡♥s♦r✱ s❡❡ ✜❣✉r❡ ✺✳
❊①❝❡♣t ❢♦r ❛ ❧❛r❣❡ 42◦ ♦✛s❡t ❡rr♦r ♦❢ t❤❡ ②❛✇ ❞✐r❡❝t✐♦♥ s❡♥s♦r s❡❡♥ ✐♥ t❤❡ ✜❣✉r❡✱ t❤❡ s❧♦♣❡ s❤♦✇s
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❣♦♦❞ ❛❣r❡❡♠❡♥t ❜❡t✇❡❡♥ t❤❡ t✇♦ ♠❡❛s✉r❡♠❡♥t ♠❡t❤♦❞s✳
❈❛❧✐❜r❛t✐♦♥ ❢♦r ✇✐♥❞ s♣❡❡❞ ♠❡❛s✉r❡♠❡♥ts ✇❛s ♠❛❞❡ ❜② r❡❧❛t✐♥❣ s♣✐♥♥❡r ❛♥❡♠♦♠❡t❡r ✇✐♥❞

s♣❡❡❞ t♦ ❛ ♠❛st ❝✉♣ ✇✐♥❞ s♣❡❡❞✳ ❈❛❧✐❜r❛t✐♦♥ ❝♦✉❧❞ ❜❡ ♠❛❞❡ ✐♥ st♦♣♣❡❞ ❝♦♥❞✐t✐♦♥ ❜✉t t❤✐s ✇♦✉❧❞
✐♠♣❧② ❤✐❣❤ ♣r♦❞✉❝t✐♦♥ ❧♦ss❡s✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ✐♥st❡❛❞ ♠❛❞❡ ❞✉r✐♥❣ ♦♣❡r❛t✐♦♥✳ ❍♦✇❡✈❡r✱
t❤❡ ♠❛st ❞✐st❛♥❝❡ ✇❛s ♦♥❧② ✶✳✺❉ ✐♥st❡❛❞ ♦❢ t❤❡ ♠✐♥✐♠✉♠ r❡q✉✐r❡❞ ✷❉✱ s♦ t❤❡ ❢❛r ✜❡❧❞ ✇✐♥❞ s♣❡❡❞
♠✐❣❤t ❜❡ ❝♦♥s✐❞❡r❡❞ ❛❜♦✉t 2% t♦♦ ❧♦✇ ❞✉❡ t♦ ✐♥❞✉❝t✐♦♥ ♦❢ t❤❡ r♦t♦r✳

❚❤❡ ❝♦rr❡❝t✐♦♥ ❢❛❝t♦r F1 = 0.743 ✇❛s ❞❡t❡r♠✐♥❡❞ t♦ ❝♦rr❡❝t t❤❡ s♣✐♥♥❡r ❛♥❡♠♦♠❡t❡r ❝♦♥st❛♥ts
t♦ ♠❡❛s✉r❡♠❡♥t ♦❢ t❤❡ ❢r❡❡ ✇✐♥❞ s♣❡❡❞ ✐♥ st♦♣♣❡❞ ❝♦♥❞✐t✐♦♥✱ k1 = F1k1,d ❛♥❞ k2 = F1Fαk2,d✳
❉✉❡ t♦ t❤❡ ❢❛❝t t❤❛t t❤❡ ❛♥❣✉❧❛r ❝♦rr❡❝t✐♦♥ ❢❛❝t♦r Fα ✇❛s ✈❡r② ❝❧♦s❡ t♦ ✶✱ t❤❡ ♠❡❛s✉r❡❞ ✇✐♥❞
s♣❡❡❞ ❜② t❤❡ s♣✐♥♥❡r ❛♥❡♠♦♠❡t❡r U ❝❛♥ ✇✐t❤ ❛ ❣♦♦❞ ❛♣♣r♦①✐♠❛t✐♦♥ ❜❡ ❧✐♥❡❛r❧② r❡❧❛t❡❞ ✇✐t❤ t❤❡
❞❡❢❛✉❧t ♠❡❛s✉r❡❞ ✇✐♥❞ s♣❡❡❞ Ud✿

U = Ud

1

F1

cosαd

cosα
≈ Ud

1

F1

✭✷✮

❙♣✐♥♥❡r ❛♥❞ ♠❛st ✇✐♥❞ s♣❡❡❞ ♠❡❛s✉r❡♠❡♥ts ❞✉r✐♥❣ ♦♣❡r❛t✐♦♥ ❛r❡ s❤♦✇♥ ✐♥ ✜❣✉r❡ ✻✳ ❚❤❡
❝♦rr❡❝t✐♦♥ ❢❛❝t♦r F1 = 0.743 ✇❛s ❞❡t❡r♠✐♥❡❞ ❜② ✜tt✐♥❣ ❞❛t❛ t♦ ✈❡r② ❧♦✇ ❛♥❞ ✈❡r② ❤✐❣❤ ✇✐♥❞
s♣❡❡❞s✱ ✇❤❡r❡ t❤❡ ✐♥❞✉❝❡❞ ✇✐♥❞ s♣❡❡❞ ❞✉❡ t♦ t❤❡ ♦♣❡r❛t✐♥❣ r♦t♦r ✐s ✐♥s✐❣♥✐✜❝❛♥t✳ ❋✐❣✉r❡ ✼ s❤♦✇s
t❤❡ ❞❛t❛ ❛❢t❡r ❛♣♣❧✐❝❛t✐♦♥ ♦❢ t❤❡ ✇✐♥❞ s♣❡❡❞ ❝❛❧✐❜r❛t✐♦♥ ❝♦rr❡❝t✐♦♥ ❢❛❝t♦r ❛❝❝♦r❞✐♥❣ t♦ ❡q✉❛t✐♦♥
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Mast yaw misalignment (deg) 

Yaw misalignment - SA versus mast 

❋✐❣✉r❡ ✺✳ ❨❛✇ ♠✐s❛❧✐❣♥♠❡♥t ✇✐t❤ s♣✐♥♥❡r
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Mast cup anemometer wind speed (m/s) 

Mast versus spinner wind speed   free wind sector 

❋✐❣✉r❡ ✻✳ ❙♣✐♥♥❡r ❛♥❡♠♦♠❡t❡r ✇✐♥❞ s♣❡❡❞
❜❡❢♦r❡ ❛♣♣❧②✐♥❣ F1 ❝♦rr❡❝t✐♦♥ ❢❛❝t♦r ✈❡rs✉s
♠❛st ❝✉♣ ✇✐♥❞ s♣❡❡❞ ✭✶✵ ♠✐♥ ♠❡❛♥✮✳

❚❤❡ ♥♦♥✲❧✐♥❡❛r✐t② ♦❢ t❤❡ ❝✉r✈❡ ✐♥ ✜❣✉r❡ ✼ ✐s ❞✉❡ t♦ t❤❡ r♦t♦r ✐♥❞✉❝❡❞ ✇✐♥❞ s♣❡❡❞ ✐♥ t❤❡ ❝❡♥tr❡
♦❢ t❤❡ r♦t♦r ❞✉r✐♥❣ ♦♣❡r❛t✐♦♥✳ ❚❤❡ ✐♥❞✉❝t✐♦♥ ❢❛❝t♦r a = (Ucup − U)/Ucup✱ ❡①tr❛❝t❡❞ ❢r♦♠ ✜❣✉r❡
✼✱ ✐s s❤♦✇♥ ✐♥ ✜❣✉r❡ ✽✳ ❚❤❡ ✐♥❞✉❝t✐♦♥ ❢❛❝t♦r ❞❛t❛ ✇❡r❡ ✜tt❡❞ t♦ ❛♥ ❛♣♣r♦♣r✐❛t❡ ✐♥❞✉❝t✐♦♥ ❢❛❝t♦r
❢✉♥❝t✐♦♥ ✇✐t❤ ❢♦✉r ♣❛r❛♠❡t❡rs✿

a = B(
U − C

A
)D−1 exp(

U − C

A
)D ✭✸✮

❚❤❡ ✐♥❞✉❝t✐♦♥ ❢❛❝t♦r ❢✉♥❝t✐♦♥ ✇✐t❤ t❤❡ ♣❛r❛♠❡t❡rs A = 5.6✱ B = 0.25✱ C = 3 ❛♥❞ D = 1.8 ✐s
s❤♦✇♥ ✐♥ ❜❧✉❡ ✐♥ ✜❣✉r❡ ✽✳ ❙♣✐♥♥❡r ❛♥❡♠♦♠❡t❡r ✇✐♥❞ s♣❡❡❞ ❞❛t❛✱ ❝♦rr❡❝t❡❞ ✇✐t❤ t❤❡ ✐♥❞✉❝t✐♦♥
❢❛❝t♦r ❢✉♥❝t✐♦♥✱ s❡❡ ✜❣✉r❡ ✾✱ s❤♦✇s t❤❛t ❝♦rr❡❝t❡❞ s♣✐♥♥❡r ❛♥❡♠♦♠❡t❡r ✇✐♥❞ s♣❡❡❞ ❝♦♠♣❧② ✇❡❧❧
✇✐t❤ ❢r❡❡ ♠❛st ❝✉♣ ✇✐♥❞ s♣❡❡❞✳

❚❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ t❤❡ ♠❡❛s✉r❡❞ ✇✐♥❞ s♣❡❡❞s ✇✐t❤ t❤❡ s♣✐♥♥❡r ❛♥❡♠♦♠❡t❡r ❛♥❞ t❤❡
♠❛st ❝✉♣ ❛♥❡♠♦♠❡t❡r ❛r❡ ♣❧♦tt❡❞ ✐♥ ✜❣✉r❡ ✶✵ ✭✇✐t❤♦✉t ❝♦rr❡❝t✐♦♥s ❢♦r ✐♥❞✉❝t✐♦♥✮✳ ❚❤❡ ✜❣✉r❡
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Mast cup anemometer wind speed (m/s) 

Mast versus spinner wind speed   free wind sector 

❋✐❣✉r❡ ✼✳ ❙♣✐♥♥❡r ❛♥❡♠♦♠❡t❡r ✇✐♥❞ s♣❡❡❞
❛❢t❡r ❛♣♣❧②✐♥❣ F1 = 0.743 ❝♦rr❡❝t✐♦♥ ❢❛❝t♦r
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Mast cup wind speed (m/s) 

Induction as function of spinner anemometer wind speed 

❋✐❣✉r❡ ✽✳ ■♥❞✉❝t✐♦♥ ❢❛❝t♦r s❝❛tt❡r ♣❧♦t ❛♥❞
✜tt❡❞ ✐♥❞✉❝t✐♦♥ ❢❛❝t♦r ❢✉♥❝t✐♦♥ ✐♥ r❡❞✱ s❡❡
❡q✉❛t✐♦♥ ✸ ✭✶✵ ♠✐♥ ♠❡❛♥✮✳

y = 1,0003x - 0,0187 

R² = 0,9982 
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Mast cup anemometer wind speed (m/s) 

Mast versus spinner wind speed corrected 

❋✐❣✉r❡ ✾✳ ❙♣✐♥♥❡r ❛♥❡♠♦♠❡t❡r ✇✐♥❞ s♣❡❡❞✱
❝♦rr❡❝t❡❞ ❢♦r ✐♥❞✉❝t✐♦♥ ✈❡rs✉s ♠❛st ❝✉♣ ✇✐♥❞
s♣❡❡❞ ✭✶✵♠✐♥ ♠❡❛♥✮✳
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Mast cup anemometer std.dev. (m/s) 

Spinner versus mast  std.dev.  free wind sector 

❋✐❣✉r❡ ✶✵✳ ❙♣✐♥♥❡r ❛♥❡♠♦♠❡t❡r ✇✐♥❞ s♣❡❡❞
st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✈❡rs✉s ♠❛st ❝✉♣ ✇✐♥❞
s♣❡❡❞ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥

s❤♦✇s ❣♦♦❞ ❝♦♠♣❧✐❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ s♣✐♥♥❡r ❛♥❡♠♦♠❡t❡r ❛♥❞ ♠❛st ♠❡❛s✉r❡♠❡♥ts✳ ❍♦✇❡✈❡r✱
t❤❡ t✉r❜✉❧❡♥❝❡ ✐♥t❡♥s✐t② ♠❡❛s✉r❡❞ ❜② t❤❡ s♣✐♥♥❡r ❛♥❡♠♦♠❡t❡r✱ s❡❡ ✜❣✉r❡ ✶✶✱ ✐s ♦✈❡r❡st✐♠❛t❡❞
❝♦♠♣❛r❡❞ t♦ t❤❡ ♠❛st ♠❡❛s✉r❡♠❡♥ts✳ ■❢ ✇❡✱ ♠❡❛♥✇❤✐❧❡✱ ❝♦rr❡❝t t❤❡ ♠❡❛s✉r❡❞ ❛✈❡r❛❣❡ ✇✐♥❞ s♣❡❡❞s
❜② t❤❡ s♣✐♥♥❡r ❛♥❡♠♦♠❡t❡r t♦ t❤❡ ❢❛r ✜❡❧❞ ❛✈❡r❛❣❡ ✇✐♥❞ s♣❡❡❞ ✇✐t❤ t❤❡ ✐♥❞✉❝t✐♦♥ ❢❛❝t♦r ❢✉♥❝t✐♦♥✱
t❤❡♥ t❤❡ t✉r❜✉❧❡♥❝❡ ✐♥t❡♥s✐t② ♠❡❛s✉r❡♠❡♥ts ❝♦♠♣❧② q✉✐t❡ ✇❡❧❧ ✇✐t❤ t❤❡ ♠❛st ❝✉♣ ♠❡❛s✉r❡♠❡♥ts✱
s❡❡ ✜❣✉r❡ ✶✷✳ ❚❤✐s ✇✐❧❧ ❜❡ ❢✉rt❤❡r ❝♦♠♠❡♥t❡❞ ✐♥ t❤❡ ❞✐s❝✉ss✐♦♥ ❝❤❛♣t❡r✳ ❋♦r ❛❧❧ t✉r❜✉❧❡♥❝❡
✐♥t❡♥s✐t② ♠❡❛s✉r❡♠❡♥ts ❜② t❤❡ s♣✐♥♥❡r ❛♥❡♠♦♠❡t❡r✱ ✇❤✐❝❤ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣✱ t❤❡
❛✈❡r❛❣❡ ✇✐♥❞ s♣❡❡❞ ✐s ❝♦rr❡❝t❡❞ ✐♥ t❤✐s ✇❛② t♦ t❤❡ ❢❛r ✜❡❧❞ ✇❤✐❧❡ t❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✐s ♥♦t✳

✹✳ ■♥✢♦✇ ♠❡❛s✉r❡♠❡♥ts ❢r♦♠ ❛❧❧ ✇✐♥❞ ❞✐r❡❝t✐♦♥s

■♥✢♦✇ ♠❡❛s✉r❡♠❡♥ts ❢r♦♠ ❛❧❧ ✇✐♥❞ ❞✐r❡❝t✐♦♥s ❛r❡ s❤♦✇♥ ✐♥ ✜❣✉r❡s ✶✸ t♦ ✶✺✳ ❚❤❡ ②❛✇
♠✐s❛❧✐❣♥♠❡♥t ♠❡❛s✉r❡♠❡♥ts✱ ✜❣✉r❡ ✶✸✱ s❤♦✇ ❛ r❛t❤❡r s❝❛tt❡r❡❞ ♣❛tt❡r♥✱ ❛✈❡r❛❣❡❞ ❛t ❛❜♦✉t 10◦✳
❙♦♠❡ s❝❛tt❡r❡❞ ♣♦✐♥ts ❣♦ t♦ ♥❡❣❛t✐✈❡ ②❛✇ ♠✐s❛❧✐❣♥♠❡♥ts✱ ❛♥❞ ✐♥ t❤❡ s❡❝t♦r 300◦− 330◦ ❛ s♠❛❧❧❡r
❝❧♦✉❞ ♦❢ ❞❛t❛ ❛r❡ ❝❡♥tr❡❞ ❛r♦✉♥❞ −10◦✳ ❚❤❡ ✢♦✇ ✐♥❝❧✐♥❛t✐♦♥ ❛♥❣❧❡ ✐♥ ✜❣✉r❡ ✶✹ s❤♦✇s ✐♥✢♦✇ ❛♥❣❧❡s
s❝❛tt❡r❡❞ ❛r♦✉♥❞ 0◦✱ ✇❤✐❝❤ s❤♦✉❧❞ ❜❡ ❡①♣❡❝t❡❞ ❢♦r ✢❛t t❡rr❛✐♥✱ ❜✉t ✇✐t❤ s✐❣♥✐✜❝❛♥t ✉♣ ❛♥❞ ❞♦✇♥
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Mast cup anemometer Ti 

Spinner versus mast  Ti  free wind sector 
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Mast cup anemometer Ti 

Spinner Ti  corrected for induction 

❋✐❣✉r❡ ✶✷✳ ❙♣✐♥♥❡r ❛♥❡♠♦♠❡t❡r t✉r❜✉❧❡♥❝❡
✐♥t❡♥s✐t② ❝♦rr❡❝t❡❞ ❢♦r ✐♥❞✉❝t✐♦♥ ✈❡rs✉s ♠❛st
❝✉♣ t✉r❜✉❧❡♥❝❡ ✐♥t❡♥s✐t②✳

s❧♦♣❡s ✐♥ t❤❡ s❡❝t♦r 180◦− 215◦✱ ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ✇❛❦❡ ♦❢ ✇✐♥❞ t✉r❜✐♥❡ ♥♦✳ ✻✳ ▼✐♥♦r ✉♣
❛♥❞ ❞♦✇♥ s❧♦♣❡s ❛r❡ s❡❡♥ ❢♦r t❤❡ ✇❛❦❡s ♦❢ ♦t❤❡r ✇✐♥❞ t✉r❜✐♥❡s✳ ❙♦♠❡ s❡❝t♦rs 300◦−330◦✱ 0◦−15◦

❛♥❞ 105◦ − 125◦ r❡❛❝❤ ✢♦✇ ✐♥❝❧✐♥❛t✐♦♥ ❛♥❣❧❡s ♦❢ −10◦✳ ❚❤❡ t✉r❜✉❧❡♥❝❡ ♠❡❛s✉r❡♠❡♥ts ✐♥ ✜❣✉r❡
✶✺ s❤♦✇ s✐❣♥✐✜❝❛♥t ❝❤❛♥❣❡s ❜❡❤✐♥❞ t❤❡ ✇❛❦❡s ♦❢ t❤❡ ❞✐✛❡r❡♥t ✇✐♥❞ t✉r❜✐♥❡s ✐♥ t❤❡ ✇✐♥❞ ❢❛r♠✳
▼♦st s✐❣♥✐✜❝❛♥t ❜❡❤✐♥❞ ✇✐♥❞ t✉r❜✐♥❡ ♥♦✳ ✻ ✭180◦ − 215◦✮✱ ❜✉t ❛❧s♦ t✉r❜✐♥❡s ♥♦✳ ✸ ✭90◦ − 130◦✮✱
✹ ✭130◦ − 155◦✮✱ ✽ ✭255◦ − 275◦✮ ❛♥❞ ✼ ✭275◦ − 300◦✮✳ ❚❤❡ ♠❛①✐♠✉♠ t✉r❜✉❧❡♥❝❡ ♦❢ ✵✳✷✺ ✐s s❡❡♥
❜❡❤✐♥❞ t✉r❜✐♥❡ ♥♦✳ ✻✱ ✇❤✐❧❡ t❤❡ t✉r❜✉❧❡♥❝❡ ❜❡❤✐♥❞ t❤❡ ♦t❤❡r ✇✐♥❞ t✉r❜✐♥❡s s❡❡♠ t♦ ❜❡ ❛❜♦✉t t❤❡
s❛♠❡ ✵✳✷✵✳ ❋✐❣✉r❡ ✶✺ ❛❧s♦ s❤♦✇s t❤❡ ❧♦✇ t✉r❜✉❧❡♥❝❡ ✐♥ t❤❡ ✇❛❦❡✲❢r❡❡ ❝❛❧✐❜r❛t✐♦♥ s❡❝t♦r 212◦−252◦

❛♥❞ t❤❡ ❤✐❣❤ t✉r❜✉❧❡♥❝❡ ✐♥ t❤❡ ✇❛❦❡✲❢r❡❡✱ ❤✐❣❤ s✉r❢❛❝❡ r♦✉❣❤♥❡ss s❡❝t♦r 300◦ − 330◦✳
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❋✐❣✉r❡ ✶✸✳ ❙♣✐♥♥❡r ❛♥❡♠♦♠❡t❡r ②❛✇ ♠✐s❛❧✐❣♥♠❡♥t ♠❡❛s✉r❡❞ ❢♦r ❛❧❧ ✇✐♥❞ ❞✐r❡❝t✐♦♥s ✭✶✵♠✐♥
♠❡❛♥✮
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❋✐❣✉r❡ ✶✺✳ ❙♣✐♥♥❡r ❛♥❡♠♦♠❡t❡r t✉r❜✉❧❡♥❝❡ ✐♥t❡♥s✐t② ♠❡❛s✉r❡❞ ❢♦r ❛❧❧ ✇✐♥❞ ❞✐r❡❝t✐♦♥s ✭✶✵♠✐♥
♠❡❛♥✮

✺✳ ■♥✢♦✇ ♠❡❛s✉r❡♠❡♥ts ❛s ❢✉♥❝t✐♦♥ ♦❢ ✇✐♥❞ s♣❡❡❞

❚❤❡ ✐♥✢♦✇ ♠❡❛s✉r❡♠❡♥ts ❛s ❢✉♥❝t✐♦♥ ♦❢ ✇✐♥❞ s♣❡❡❞ ❛r❡ s❤♦✇♥ ❢♦r t❤❡ ✇❛❦❡✲❢r❡❡ ❝❛❧✐❜r❛t✐♦♥ s❡❝t♦r
✐♥ ✜❣✉r❡s ✶✻✱ ✶✽ ❛♥❞ ✷✵✳ ▼❡❛s✉r❡♠❡♥ts ❢r♦♠ ❛❧❧ ❞✐r❡❝t✐♦♥s ❛r❡ s❤♦✇♥ ✐♥ ✜❣✉r❡s ✶✼✱ ✶✾ ❛♥❞ ✷✶✳

❚❤❡ ②❛✇ ♠✐s❛❧✐❣♥♠❡♥t ✐♥ t❤❡ ✇❛❦❡✲❢r❡❡ s❡❝t♦r ✐♥ ✜❣✉r❡ ✶✻ ✐s s❡❡♥ t♦ ✐♥❝r❡❛s❡ ❢r♦♠ ✸ ♠✴s t♦ ❛
♠❛①✐♠✉♠ ♦❢ ❛❜♦✉t 12◦ ❛t ✶✶ ♠✴s✱ ❛♥❞ ✐s t❤❡♥ ❞❡❝r❡❛s❡❞ t♦ ❛❜♦✉t 8◦ ❛t ✶✽ ♠✴s✳ ❆ s♠❛❧❧ ♥✉♠❜❡r
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❋✐❣✉r❡ ✷✶✳ ❚✉r❜✉❧❡♥❝❡ ✐♥t❡♥s✐t② ❢♦r ❛❧❧ ✇✐♥❞
❞✐r❡❝t✐♦♥s

♦❢ ♠❡❛s✉r❡♠❡♥t ♣♦✐♥ts ✐♥ t❤❡ ✇✐♥❞ s♣❡❡❞ r❛♥❣❡ ✺✲✶✵ ♠✴s ❛r❡ s❡❡♥ ❛t ❛ ②❛✇ ♠✐s❛❧✐❣♥♠❡♥t ♦❢ ❛❜♦✉t
−10◦✳ ❋♦r ❛❧❧ ✇✐♥❞ ❞✐r❡❝t✐♦♥s✱ ✜❣✉r❡ ✶✼✱ t❤❡ ②❛✇ ♠✐s❛❧✐❣♥♠❡♥t ♠❡❛s✉r❡♠❡♥ts ❢♦❧❧♦✇ t❤❡ s❛♠❡
♣❛tt❡r♥ ❜✉t ✇✐t❤ ❛♥ ✐♥❝r❡❛s❡ ♦❢ ♠❡❛s✉r❡♠❡♥t ♣♦✐♥ts ❛t −10◦✳ ❚❤❡ ✢♦✇ ✐♥❝❧✐♥❛t✐♦♥ ❛♥❣❧❡ ✐♥ t❤❡
✇❛❦❡✲❢r❡❡ s❡❝t♦r ✐♥ ✜❣✉r❡ ✶✽ ✐s ❝❧♦s❡ t♦ 1◦ ✭♣♦s✐t✐✈❡ ✉♣✇❛r❞s✮ ✐♥ ♠♦st ♦❢ t❤❡ ✇✐♥❞ s♣❡❡❞ r❛♥❣❡✱
❜✉t ❤❛s ❛ s♠❛❧❧❡r ❞✐♣ ✐♥ t❤❡ r❛♥❣❡ ✺✲✶✵ ♠✴s✳ ❆ ♥✉♠❜❡r ♦❢ ♠❡❛s✉r❡♠❡♥t ♣♦✐♥ts ❛r❡ s❝❛tt❡r❡❞
❛r♦✉♥❞ −5◦ ✐♥ t❤❡ ✇✐♥❞ s♣❡❡❞ r❛♥❣❡ ✹✲✶✵ ♠✴s✳ ❋♦r ❛❧❧ ✇✐♥❞ ❞✐r❡❝t✐♦♥s✱ ✜❣✉r❡ ✶✾✱ t❤❡ s❝❛tt❡r ♦❢
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t❤❡ ❞❛t❛ ✐s ✐♥❝r❡❛s❡❞✱ ❜✉t ❛❞❞✐t✐♦♥❛❧❧② s♦♠❡ ✢♦✇ ✐♥❝❧✐♥❛t✐♦♥ ❛♥❣❧❡s ❛t ❛❜♦✉t −8◦ ✐s s❡❡♥ ❛t ✶✵✲✶✹
♠✴s ✇✐♥❞ s♣❡❡❞✳ ❚❤❡ t✉r❜✉❧❡♥❝❡ ✐♥t❡♥s✐t② ✐♥ t❤❡ ✇❛❦❡✲❢r❡❡ s❡❝t♦r✱ ✜❣✉r❡ ✷✵✱ ✐s s❡❡♥ t♦ ❜❡ ❜❡❧♦✇
✽✪ ✐♥ t❤❡ ✇✐♥❞ s♣❡❡❞ r❛♥❣❡ ✻✲✶✽ ♠✴s ❛♥❞ ✐s ✐♥❝r❡❛s❡❞ ❛t ❧♦✇❡r ✇✐♥❞ s♣❡❡❞s✳ ❚❤❡ ♠✐♥✐♠✉♠
t✉r❜✉❧❡♥❝❡ ✐♥t❡♥s✐t✐❡s ❛r❡ ❝❧♦s❡ t♦ ✷✪✳ ❋♦r ❛❧❧ ✇✐♥❞ ❞✐r❡❝t✐♦♥s t❤❡ t✉r❜✉❧❡♥❝❡ ✐♥t❡♥s✐t②✱ ✜❣✉r❡
✷✶✱ ✐s ✐♥❝r❡❛s❡❞ ❛♥❞ ❢♦r ❤✐❣❤ ✇✐♥❞ s♣❡❡❞s ✐s ❛✈❡r❛❣❡❞ ❛❜♦✉t ✶✺✪✳ ❇❡❧♦✇ ✶✵ ♠✴s t❤❡ t✉r❜✉❧❡♥❝❡
❣r❛❞✉❛❧❧② ✐♥❝r❡❛s❡s ✉♣ t♦ ✸✵✪✳

✻✳ ❉✐s❝✉ss✐♦♥

❚❤❡ ❝❛❧✐❜r❛t✐♦♥ ♦❢ t❤❡ s♣✐♥♥❡r ❛♥❡♠♦♠❡t❡r ✇❛s ♠❛❞❡ ✐♥ ❛ ✇❛❦❡✲❢r❡❡ s❡❝t♦r ✇✐t❤ ❧♦✇ t✉r❜✉❧❡♥❝❡✱
❛♥❞ t❤❡ ❝❛❧✐❜r❛t✐♦♥ ✇❛s s❤♦✇♥ t♦ r❡s✉❧t ✐♥ ♠❡❛s✉r❡♠❡♥ts t❤❛t ❝♦rr❡s♣♦♥❞ q✉✐t❡ ✇❡❧❧ ✇✐t❤ t❤❡
♠❛st ♠❡❛s✉r❡♠❡♥ts✳ ❚❤✐s ✇❛s t❤❡ ❝❛s❡ ❢♦r ❛♥❣✉❧❛r ♠❡❛s✉r❡♠❡♥ts✱ ✜❣✉r❡ ✺✱ ❛s ✇❡❧❧ ❛s ❢♦r ✇✐♥❞
s♣❡❡❞✱ ✜❣✉r❡ ✾✱ ❛♥❞ t✉r❜✉❧❡♥❝❡ ♠❡❛s✉r❡♠❡♥ts✱ ✜❣✉r❡ ✶✷✳ ❚❤❡ ♣r❡❝♦♥❞✐t✐♦♥s ❢♦r t❤✐s q✉❛❧✐t❛t✐✈❡❧②
❣♦♦❞ r❡s✉❧t s❤♦✉❧❞ ❜❡ ❢♦✉♥❞ ✐♥ t❤❡ ❧♦✇ ✢♦✇ ❞✐st♦rt✐♦♥ ♦♥ t❤❡ s♦♥✐❝ s❡♥s♦rs ✐♥ ❢r♦♥t ♦❢ t❤❡
r♦t♦r ❛♥❞ ✐♥ t❤❡ ❢❛❝t t❤❛t t❤❡ t✉r❜✉❧❡♥❝❡ ✐♥t❡♥s✐t② ✐s ♦♥❧② ❞✐st✉r❜❡❞ ❜② t❤❡ ♦✈❡r❛❧❧ ✐♥❞✉❝t✐♦♥
❞✉❡ t♦ t❤❡ r♦t♦r✳ ■♥ ❞❡✜♥✐♥❣ t❤❡ ✇✐♥❞ s♣❡❡❞ ♠❡❛s✉r❡❞ ❜② t❤❡ s♣✐♥♥❡r ❛♥❡♠♦♠❡t❡r ❛s t❤❡ ❢r❡❡
✇✐♥❞ s♣❡❡❞ ✐♥ st♦♣♣❡❞ ❝♦♥❞✐t✐♦♥ t❤❡ ✐♥❞✉❝t✐♦♥ ❜❡❝♦♠❡s ❛ ❝❧❡❛♥ ❝♦rr❡❝t✐♦♥ t❤❛t ♦♥❧② ❞❡♣❡♥❞
♦♥ r♦t♦r ♣❛r❛♠❡t❡rs s✉❝❤ ❛s r♦t❛t✐♦♥❛❧ s♣❡❡❞✱ ♣✐t❝❤ ❛♥❣❧❡ ❛♥❞ r♦t♦r t❤r✉st✳ ▲♦❝❛❧ ❞✐st♦rt✐♦♥
❡✛❡❝ts t❤❛t ♥❛❝❡❧❧❡ ❜❛s❡❞ ✐♥str✉♠❡♥ts ❛r❡ ✈❡r② ❞❡♣❡♥❞❡♥t ♦♥ ❝❛♥ ❜❡ ♥❡❣❧❡❝t❡❞ ❡✈❡♥ t❤♦✉❣❤ t❤❡
s♣✐♥♥❡r ❛♥❡♠♦♠❡t❡r s♦♥✐❝ s❡♥s♦rs ❛r❡ ✐♥✢✉❡♥❝❡❞ ❜② t❤❡ ❜❧❛❞❡ r♦♦t ✈✐❝✐♥✐t②✳ ❆s ❧♦♥❣ ❛s t❤❡
s♣✐♥♥❡r ❛♥❡♠♦♠❡t❡r ❝♦♥✜❣✉r❛t✐♦♥ ❛♣♣❧✐❡s t♦ t❤❡ s♣✐♥♥❡r ❛♥❡♠♦♠❡t❡r ❝♦♥✈❡rs✐♦♥ ❛❧❣♦r✐t❤♠ t❤❡
❝❛❧✐❜r❛t✐♦♥ s❤♦✉❧❞ ❧❡❛❞ t♦ ❛❞❡q✉❛t❡ ❝❛❧✐❜r❛t✐♦♥ r❡s✉❧ts✳ ▼❡❛s✉r❡♠❡♥t ♦❢ ❢r❡❡ ✇✐♥❞ s♣❡❡❞ r❡q✉✐r❡s
t❤❡ ✐♥❞✉❝t✐♦♥ ❢✉♥❝t✐♦♥ t♦ ❜❡ ❛♣♣❧✐❡❞✱ ❛♥❞ t❤✐s ❝❛♥ ❜❡ ♠❛❞❡ ✇✐t❤ ❛ s✐♠♣❧❡ ❢✉♥❝t✐♦♥ ✇✐t❤ ❢♦✉r
❝♦♥st❛♥ts✳ ❆♣♣❧②✐♥❣ t❤❡ ✐♥❞✉❝t✐♦♥ ❢✉♥❝t✐♦♥✱ t✉r❜✉❧❡♥❝❡ ♠❡❛s✉r❡♠❡♥ts ❝❛♥ ❛❧s♦ ❜❡ ♠❛❞❡ ✇✐t❤
❣♦♦❞ ❛❝❝✉r❛❝②✳ ❚❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♠❡❛s✉r❡❞ ❜② t❤❡ ♠❛st ❛♥❞ t❤❡ s♣✐♥♥❡r ❛♥❡♠♦♠❡t❡r✱
✜❣✉r❡ ✶✵✱ s❡❡♠s t♦ ❝♦rr❡❧❛t❡ q✉✐t❡ ✇❡❧❧✳ ❍♦✇❡✈❡r✱ t❤❡ ❛✈❡r❛❣❡ ✇✐♥❞ s♣❡❡❞ ❤❛s t♦ ❜❡ ❛❞❥✉st❡❞ t♦
t❤❡ ❢r❡❡ ✇✐♥❞✳ ❚❤❡ r❡❛s♦♥ ❢♦r t❤✐s ♠✉st ❜❡ t❤❛t t❤❡ s♠❛❧❧❡r ✈♦rt✐❝❡s t❤❛t ❞♦♠✐♥❛t❡s t❤❡ st❛♥❞❛r❞
❞❡✈✐❛t✐♦♥✱ ♠❡❛s✉r❡❞ ❜② t❤❡ s♣✐♥♥❡r ❛♥❡♠♦♠❡t❡r✱ ❛r❡ ♥♦t ❛✛❡❝t❡❞ ❜② t❤❡ r♦t♦r ✐♥❞✉❝❡❞ ✇✐♥❞
s♣❡❡❞✱ ✇❤✐❧❡ t❤❡ ❛✈❡r❛❣❡ s♣❡❡❞ ♦❢ t❤❡ ♦✈❡r❛❧❧ ✢♦✇ ✐s r❡❞✉❝❡❞ ❞✉❡ t♦ t❤❡ ✐♥❞✉❝t✐♦♥✳ ❚❤❡ q✉❡st✐♦♥
✐s ✇❤❡t❤❡r t❤✐s ✇✐❧❧ ❛❧✇❛②s ❜❡ t❤❡ ❝❛s❡ ✐♥❞❡♣❡♥❞❡♥t ♦❢ t❤❡ str✉❝t✉r❡ ♦❢ t❤❡ t✉r❜✉❧❡♥❝❡✳

❚❤❡ ♠❡❛s✉r❡♠❡♥ts ♦❢ r♦t♦r ❝❡♥tr❡ ✐♥✢♦✇ s❤♦✇♥ ✐♥ ✜❣✉r❡s ✶✸ t♦ ✷✶ s❤♦✇ ❢❡❛t✉r❡s t❤❛t ♥❡❡❞
t♦ ❜❡ ❝♦♠♠❡♥t❡❞✳ ❚❤❡ ❝❧❡❛r ✉♣ ❛♥❞ ❞♦✇♥ s❧♦♣❡ ♦❢ ✢♦✇ ✐♥❝❧✐♥❛t✐♦♥ ❛♥❣❧❡s ✐♥ t❤❡ s❡❝t♦r 180◦ t♦
215◦ ✐♥ ✜❣✉r❡ ✶✹ ✐s ✈❡r② ❞✐st✐♥❝t✳ ❚❤✐s ✇✐♥❞ s❡❝t♦r ✐s t❤❡ ✇❛❦❡ s❡❝t♦r ♦❢ t❤❡ ♥❡❛r❡st ✇✐♥❞ t✉r❜✐♥❡
♥♦✳ ✻ ✸✳✷ r♦t♦r ❞✐❛♠❡t❡rs ❛✇❛②✳ ❚❤❡ ✢♦✇ ✐♥❝❧✐♥❛t✐♦♥ ♣❛tt❡r♥ ✐s ✇❡❧❧ ❡①♣❧❛✐♥❡❞ ❜② t❤❡ s✇✐r❧ ♦❢
t❤❡ ✇❛❦❡ ♦❢ t❤❡ ✉♣❢r♦♥t ✇✐♥❞ t✉r❜✐♥❡✳ ❚❤❡ ❞✐r❡❝t✐♦♥ ♦❢ r♦t❛t✐♦♥ ♦❢ ✐ts r♦t♦r ✐s ❈❲ ✭s❡❡♥ ❢r♦♠
t❤❡ ❢r♦♥t✮✳ ❚❤✐s ❝❛✉s❡s ❛ ✇❛❦❡ s✇✐r❧ ✐♥ t❤❡ ♦♣♣♦s✐t❡ ❈❈❲ ❞✐r❡❝t✐♦♥✱ ❛♥❞ t❤✐s ❣✐✈❡s t❤❡ ♣❡❛❦ t✐♣
✢♦✇ ✐♥❝❧✐♥❛t✐♦♥ ❛♥❣❧❡s ♦❢ −13◦ ❛♥❞ 15◦✱ ❜❛s❡❞ ♦♥ ✶✵ ♠✐♥ ❛✈❡r❛❣❡s✳ ▼✐♥♦r ✇❛❦❡ s✇✐r❧s ❛r❡ s❡❡♥
❜❡❤✐♥❞ t❤❡ ♦t❤❡r ✇✐♥❞ t✉r❜✐♥❡s✳ ❚❤❡ ✇❛❦❡ s✇✐r❧ ❜❛s❡❞ ♦♥ ✸✵ s❡❝ ❛✈❡r❛❣❡s ✐s s❤♦✇♥ ✐♥ ✜❣✉r❡ ✷✷✳
❚❤❡ s❤♦rt❡r t✐♠❡ ❛✈❡r❛❣❡ ❞❛t❛ s❤♦✇ ❛ ♠♦r❡ r♦❜✉st ❝❧✉st❡r ♦❢ ❞❛t❛ ❢♦r t❤❡ ✇❛❦❡ s✇✐r❧ ✇❤❡r❡ t❤❡
s❧♦♣❡ ♦♥ t❤❡ ✉♣✲❣♦✐♥❣ ✐♥❝❧✐♥❛t✐♦♥ ❛♥❣❧❡s s❡❡♠ t♦ ❜❡ q✉✐t❡ ♠✉❝❤ t❤❡ ♦♣♣♦s✐t❡ ♦❢ t❤❡ ❞♦✇♥✲❣♦✐♥❣
❛♥❣❧❡s✳

❚❤❡ ②❛✇ ♠✐s❛❧✐❣♥♠❡♥t✱ ✜❣✉r❡ ✶✸✱ s❤♦✇s ❛ s♠❛❧❧❡r ❛♠♦✉♥t ♦❢ ❞❛t❛ ❛t ❛❜♦✉t −10◦ ✐♥ t❤❡ s❡❝t♦r
300◦ t♦ 330◦✳ ❚❤✐s s❡❝t♦r ✐s ❛ ✇❛❦❡✲❢r❡❡ s❡❝t♦r ❜✉t ✇✐t❤ ❤✐❣❤ t✉r❜✉❧❡♥❝❡ ❞✉❡ t♦ t❤❡ ♥❡❛r❜② ✈✐❧❧❛❣❡
❚❥ær❡❜♦r❣ ❛❜♦✉t ✶ ❦♠ ❛✇❛②✳ ❋✐❣✉r❡ ✶✼ r❡✈❡❛❧s t❤❛t t❤❡ −10◦ ②❛✇ ♠✐s❛❧✐❣♥♠❡♥t ❛❝t✉❛❧❧② ♦❝❝✉rs
❛t q✉✐t❡ ❤✐❣❤ ✇✐♥❞ s♣❡❡❞s✱ ✶✵✲✶✹ ♠✴s✳ ❚❤❡ ✜❣✉r❡ ❛❧s♦ s❤♦✇s t❤❛t ❛ s②♠♠❡tr✐❝ ②❛✇ ♠✐s❛❧✐❣♥♠❡♥t
♣❛tt❡r♥ ❡①✐sts ❢♦r ❛ s♠❛❧❧❡r ❛♠♦✉♥t ♦❢ ❞❛t❛✳ ❚❤❡ ❝❛✉s❡ ♦❢ t❤✐s ♠✐❣❤t ❜❡ ❞✉❡ t♦ t❤❡ ❝♦♥tr♦❧ s②st❡♠
♠❛❦✐♥❣ ❛❧t❡r♥❛t✐♥❣ ✉s❡ ♦❢ t❤❡ t✇♦ ✷❉ s♦♥✐❝s t❤❛t ❛r❡ s②♠♠❡tr✐❝❛❧❧② ♠♦✉♥t❡❞ ♦♥ ❡✐t❤❡r s✐❞❡ ♦❢
t❤❡ ♥❛❝❡❧❧❡ ♦❢ t❤❡ ✇✐♥❞ t✉r❜✐♥❡✳ ❚❤❡ ❧♦❣ ♦♥ t❤❡ ✇✐♥❞ t✉r❜✐♥❡ ♠✐❣❤t ❝♦♥✜r♠ t❤✐s ❛ss✉♠♣t✐♦♥ ❛s
✐rr❡❣✉❧❛r✐t✐❡s ♦♥ t❤❡ ②❛✇ ❝♦♥tr♦❧ ✇❡r❡ ✐❞❡♥t✐✜❡❞ ❞✉r✐♥❣ t❤❡ ♠❡❛s✉r❡♠❡♥t ❝❛♠♣❛✐❣♥✳

❚❤❡ ②❛✇ ♠✐s❛❧✐❣♥♠❡♥t ♦❢ −10◦ ✐♥ t❤❡ s❡❝t♦r 300◦ t♦ 330◦ ✐s ♦❜s❡r✈❡❞ t♦ ♦❝❝✉r ❛t t❤❡ s❛♠❡
t✐♠❡ ❛s ❛ −10◦ ✢♦✇ ✐♥❝❧✐♥❛t✐♦♥ ❛♥❣❧❡ ❛t ✶✵✲✶✹ ♠✴s✱ s❡❡ ✜❣✉r❡s ✶✼✱ ✶✾ ❛♥❞ ✶✹✳ ❆ ❝❧♦s❡r ❧♦♦❦ ❛t
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t❤❡ ✇✐♥❞ ✐♥✢♦✇ ❢r♦♠ t❤❡ 300◦ t♦ 330◦ s❡❝t♦r ✇✐t❤ ✸✵ s❡❝ ❛✈❡r❛❣✐♥❣ ❞❛t❛✱ s❡❡ ✜❣✉r❡ ✷✸✱ s❤♦✇s
t❤❛t t❤❡ ②❛✇ ♠✐s❛❧✐❣♥♠❡♥t ❛♥❞ ✢♦✇ ✐♥❝❧✐♥❛t✐♦♥ ❛♥❣❧❡ ❛r❡ ♥♦t ❝♦rr❡❧❛t❡❞✱ ❜✉t ❛r❡ ❞✐✈✐❞❡❞ ✐♥t♦
t✇♦ ❞✐st✐♥❝t s❝❛tt❡r❡❞ ❣r♦✉♣s✳ ■t ✐s s✉r♣r✐s✐♥❣ t♦ s❡❡ t❤❡ ❤✐❣❤ s❝❛tt❡r ✐♥ ✢♦✇ ✐♥❝❧✐♥❛t✐♦♥ ❛♥❣❧❡s✱
❡s♣❡❝✐❛❧❧② t❤❡ ✈❡r② ❧♦✇ ❞♦✇♥✇❛r❞s ✈❛❧✉❡s✳ ❚❤❡ ❡①♣❧❛♥❛t✐♦♥ t♦ t❤❡s❡ ✈❡r② ❧♦✇ ✈❛❧✉❡s ♠❛② ❜❡ ❞✉❡
t♦ t❤❡ ❤✐❣❤ t❡rr❛✐♥ r♦✉❣❤♥❡ss ❢r♦♠ t❤❡ ✈✐❧❧❛❣❡ ✈❡r② ❝❧♦s❡ t♦ t❤❡ ✇✐♥❞ t✉r❜✐♥❡✳ ❚❤❡ ❞r❛❣ ♦❢ t❤❡
✈✐❧❧❛❣❡ r❡❞✉❝❡s t❤❡ ✇✐♥❞ s♣❡❡❞s ❛t ❧♦✇❡r ❧❡✈❡❧s ✇❤✐❝❤ ♠✐❣❤t ❣✐✈❡ r♦♦♠ ❢♦r ❛✐r ✇✐t❤ ❤✐❣❤❡r ✇✐♥❞
s♣❡❡❞s ❢r♦♠ ❛❜♦✈❡ t♦ ❡♥t❡r ❧♦✇❡r ❧❡✈❡❧s✳

❊✈✐❞❡♥❝❡ ♦❢ ❢❛✉❧t② ♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡ s♣✐♥♥❡r ❛♥❡♠♦♠❡t❡r ❤❛✈❡ ❜❡❡♥ ❝♦♥s✐❞❡r❡❞ ❜✉t
t❤❡r❡ ❤❛✈❡ ♥♦t ❜❡❡♥ ❢♦✉♥❞ r❡❛s♦♥s ❢♦r r❡❥❡❝t✐♥❣ ✉♥❡①♣❡❝t❡❞ ✐♥✢♦✇ ❛♥❣✉❧❛r ♠❡❛s✉r❡♠❡♥ts✳
▼❡❛s✉r❡♠❡♥ts ♦❢ ✐♥✢♦✇ ❛♥❣❧❡s ✐♥ t❤❡ ❝❡♥tr❡ ♦❢ ❛ ✇✐♥❞ t✉r❜✐♥❡ r♦t♦r ✐♥ ✇✐♥❞ ❢❛r♠ ❡♥✈✐r♦♥♠❡♥t
✇❛s ♥❡✈❡r ♠❡❛s✉r❡❞ ❜❡❢♦r❡✱ s♦ ❤♦♣❡❢✉❧❧② ♣❤②s✐❝❛❧ ❡①♣❧❛♥❛t✐♦♥s ❢♦r t❤❡ ❡①♣❧♦r❡❞ ♣❤❡♥♦♠❡♥❛ ✇✐❧❧
❜❡ ❢♦✉♥❞ ❜② ♦t❤❡r ♠❡❛♥s t♦ s✉♣♣♦rt t❤❡ ♠❡❛s✉r❡♠❡♥ts✳
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Mast wind direction (deg) 

Wake swirl from upfront wind turbine 

❋✐❣✉r❡ ✷✷✳ P❧♦t ♦❢ ✢♦✇ ✐♥❝❧✐♥❛t✐♦♥ ❛♥❣❧❡ ✐♥
t❤❡ ✇❛❦❡ s❡❝t♦r ❜❡❤✐♥❞ t✉r❜✐♥❡ ♥♦✳ ✻ ✭✸✵s❡❝
♠❡❛♥✮
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Yaw misalignment (deg) 

Yaw misalignment versus flow inclination angle 

❋✐❣✉r❡ ✷✸✳ P❧♦t ♦❢ ✢♦✇ ✐♥❝❧✐♥❛t✐♦♥ ❛♥❣❧❡
✈❡rs✉s ②❛✇ ♠✐s❛❧✐❣♥♠❡♥t ✐♥ ❤✐❣❤ t❡rr❛✐♥
r♦✉❣❤♥❡ss s❡❝t♦r ✭✸✵s❡❝ ♠❡❛♥✮

✼✳ ❈♦♥❝❧✉s✐♦♥s

❆♣♣❧✐❝❛t✐♦♥ ♦❢ ❛ s♣✐♥♥❡r ❛♥❡♠♦♠❡t❡r ❢♦r ✐♥✢♦✇ ♠❡❛s✉r❡♠❡♥ts t♦ ❛ ✇✐♥❞ t✉r❜✐♥❡ r♦t♦r ✐♥ ✇✐♥❞
❢❛r♠ ❡♥✈✐r♦♥♠❡♥t ✇❛s ❞❡♠♦♥str❛t❡❞✳ ❈❛❧✐❜r❛t✐♦♥ ❢♦r ❛♥❣✉❧❛r ♠❡❛s✉r❡♠❡♥ts ✇❛s ♠❛❞❡ ❜② ②❛✇✐♥❣
t❤❡ ✇✐♥❞ t✉r❜✐♥❡ ✐♥ ❛♥❞ ♦✉t ♦❢ t❤❡ ✇✐♥❞ ✐♥ st♦♣♣❡❞ ❝♦♥❞✐t✐♦♥✱ ❛♥❞ ❝❛❧✐❜r❛t✐♦♥ ❢♦r ✇✐♥❞ s♣❡❡❞
♠❡❛s✉r❡♠❡♥ts ✇❛s ♠❛❞❡ ❞✉r✐♥❣ ♦♣❡r❛t✐♦♥ ❜② r❡❢❡r❡♥❝✐♥❣ ❛ ♠❡t ♠❛st ✐♥ ❛ ❢r❡❡ ✇✐♥❞ s❡❝t♦r✳ ❆♣❛rt
❢r♦♠ ❝❛❧✐❜r❛t✐♦♥ ♦❢ t❤❡ ❜❛s✐❝ k1,d ❛♥❞ k2 ❝♦♥st❛♥ts ❛♥ ✐♥❞✉❝t✐♦♥ ❢✉♥❝t✐♦♥ ✇✐t❤ ❢♦✉r ❝♦♥st❛♥ts ✇❛s
❞❡t❡r♠✐♥❡❞✳ ❚❤❡ ♠❡❛s✉r❡♠❡♥ts ♦❢ ②❛✇ ♠✐s❛❧✐❣♥♠❡♥t s❤♦✇❡❞ ❣♦♦❞ ❝♦♠♣❧✐❛♥❝❡ ✇✐t❤ ♠❛st r❡❧❛t❡❞
✇✐♥❞ ♠❡❛s✉r❡♠❡♥ts✳ ❚❤✐s ❛❧s♦ ❝♦♥✜r♠s t❤❡ ✢♦✇ ✐♥❝❧✐♥❛t✐♦♥ ❛♥❣❧❡ ♠❡❛s✉r❡♠❡♥ts ✇❤✐❝❤ ❛r❡
❡q✉✐✈❛❧❡♥t t♦ t❤❡ ②❛✇ ♠✐s❛❧✐❣♥♠❡♥t ♠❡❛s✉r❡♠❡♥ts✳ ❙t❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ ♠❡❛s✉r❡❞ ✇✐♥❞ s♣❡❡❞
s❤♦✇❡❞ ❣♦♦❞ ❝♦♠♣❧✐❛♥❝❡ ✇✐t❤ ♠❛st ♠❡❛s✉r❡♠❡♥ts✳ ❚✉r❜✉❧❡♥❝❡ ♠❡❛s✉r❡♠❡♥ts ✇❡r❡ ♦✈❡r❡st✐♠❛t❡❞
❜② t❤❡ s♣✐♥♥❡r ❛♥❡♠♦♠❡t❡r✳ ❍♦✇❡✈❡r✱ ❝♦rr❡❝t✐♦♥ ♦❢ t❤❡ ♠❡❛s✉r❡❞ ✇✐♥❞ s♣❡❡❞ ❛t t❤❡ s♣✐♥♥❡r ✇✐t❤
t❤❡ ✉s❡ ♦❢ t❤❡ ✐♥❞✉❝t✐♦♥ ❢❛❝t♦r ❝♦rr❡❝t✐♦♥ ❢✉♥❝t✐♦♥ ❣❛✈❡ ❣♦♦❞ ❝♦♠♣❧✐❛♥❝❡ ✇✐t❤ ♠❛st t✉r❜✉❧❡♥❝❡
♠❡❛s✉r❡♠❡♥ts✳ ❚❤✐s ✐♥❞✐❝❛t❡s t❤❛t t❤❡ s♠❛❧❧❡r ✈♦rt✐❝❡s ✐♥ t❤❡ ❛✐r ❛r❡ ♥♦t ✐♥✢✉❡♥❝❡❞ ❜② t❤❡ ♦✈❡r❛❧❧
r❡❞✉❝❡❞ ✇✐♥❞ s♣❡❡❞ ❞✉❡ t♦ ✐♥❞✉❝t✐♦♥✳

❨❛✇ ♠✐s❛❧✐❣♥♠❡♥t ♠❡❛s✉r❡♠❡♥ts s❤♦✇❡❞ ❛♥ ❛✈❡r❛❣❡ ②❛✇ ♠✐s❛❧✐❣♥♠❡♥t ♦❢ ❛❜♦✉t 10◦ ❛♥❞ ✇✐t❤
❛ ❤✐❣❤ s❝❛tt❡r✳ ❆ s②♠♠❡tr✐❝ ②❛✇ ♠✐s❛❧✐❣♥♠❡♥t ♣❛tt❡r♥ ✇❛s ❢♦✉♥❞ ✇✐t❤ ②❛✇ ♠✐s❛❧✐❣♥♠❡♥ts ❛t
❛❜♦✉t −10◦✳ ❚❤❡ ❝❛✉s❡ ♦❢ t❤✐s ♠✐❣❤t ❜❡ ❞✉❡ t♦ t❤❡ ❝♦♥tr♦❧ s②st❡♠ ✉s✐♥❣ t❤❡ t✇♦ s②♠♠❡tr✐❝❛❧❧②
♠♦✉♥t❡❞ s♦♥✐❝ s❡♥s♦rs ♦♥ t❤❡ ♥❛❝❡❧❧❡ ✐♥ ❛♥ ❛❧t❡r♥❛t✐♥❣ ✇❛②✳ ❋❧♦✇ ✐♥❝❧✐♥❛t✐♦♥ ❛♥❣❧❡ ♠❡❛s✉r❡♠❡♥ts
✇❡r❡ s❝❛tt❡r❡❞ ❛r♦✉♥❞ 0◦✱ ✇❤✐❝❤ s❤♦✉❧❞ ❜❡ ❡①♣❡❝t❡❞ ❢♦r ✢❛t t❡rr❛✐♥✱ ❜✉t ✇✐t❤ s✐❣♥✐✜❝❛♥t ✉♣ ❛♥❞
❞♦✇♥ ✢♦✇ ✐♥ ✇❛❦❡s ♦❢ ♦t❤❡r ✇✐♥❞ t✉r❜✐♥❡s ❞✉❡ t♦ ✇❛❦❡ s✇✐r❧✳ ❚❤❡ ❧❛r❣❡st ✇❛❦❡ s✇✐r❧ s❤♦✇❡❞ ❛♥

The Science of Making Torque from Wind 2014 (TORQUE 2014) IOP Publishing

Journal of Physics: Conference Series 524 (2014) 012167 doi:10.1088/1742-6596/524/1/012167

10



✉♣✢♦✇ ♦❢ ❛❜♦✉t 15◦ ❛♥❞ ❛ ❞♦✇♥✢♦✇ ♦❢ ❛❜♦✉t −13◦ ✐♥ t❤❡ ✇❛❦❡ ♦❢ t❤❡ ♥❡❛r❡st ✇✐♥❞ t✉r❜✐♥❡ ❛t ✸✳✷❉
❞✐st❛♥❝❡✳ ❙♦♠❡ ✢♦✇ ✐♥❝❧✐♥❛t✐♦♥ ❛♥❣❧❡s ♦❢ −10◦ ✇❡r❡ s❡❡♥ ✐♥ ♦t❤❡r s❡❝t♦rs ❛t ❤✐❣❤ ✇✐♥❞ s♣❡❡❞s✱
❡s♣❡❝✐❛❧❧② ✇✐t❤ ✢♦✇ ❢r♦♠ t❤❡ ❝❧♦s❡ ❤✐❣❤ t❡rr❛✐♥ r♦✉❣❤♥❡ss ✈✐❧❧❛❣❡ ❚❥ær❡❜♦r❣✳ ❚❤❡ t✉r❜✉❧❡♥❝❡
♠❡❛s✉r❡♠❡♥ts s❤♦✇❡❞ s✐❣♥✐✜❝❛♥t ❝❤❛♥❣❡s ❜❡❤✐♥❞ t❤❡ ✇❛❦❡s ♦❢ t❤❡ ❞✐✛❡r❡♥t ✇✐♥❞ t✉r❜✐♥❡s ✐♥ t❤❡
✇✐♥❞ ❢❛r♠✳ ▼❛①✐♠✉♠ t✉r❜✉❧❡♥❝❡ ♦❢ ✵✳✷✺ ✇❛s s❡❡♥ ❜❡❤✐♥❞ t❤❡ ♥❡❛r❡st ✇✐♥❞ t✉r❜✐♥❡ ❛t ❞✐st❛♥❝❡
✸✳✷❉✱ ❜❡✐♥❣ r❡❞✉❝❡❞ t♦ ✵✳✷✷ ❢♦r ❛ t✉r❜✐♥❡ ❛t ✹✳✸❉ ❛♥❞ t♦ ✵✳✷✵ ❢♦r t✉r❜✐♥❡s ❛t ✺✳✹✲✼✳✵❉✳

❆❝❦♥♦✇❧❡❞❣♠❡♥ts

❚❤❡ ❢✉♥❞✐♥❣ s✉♣♣♦rt ❢r♦♠ t❤❡ ❉❛♥✐s❤ ❊❯❉P r❡s❡❛r❝❤ ♣r♦❣r❛♠ ❛♥❞ ❢r♦♠ ❱❛tt❡♥❢❛❧❧ ❛r❡ ❤✐❣❤❧②
❛❝❦♥♦✇❧❡❞❣❡❞✳

❘❡❢❡r❡♥❝❡s
❬✶❪ P❡❞❡rs❡♥ ❚✳❋✳✱ ❙♣✐♥♥❡r ❛♥❡♠♦♠❡tr② ✲ ❛♥ ✐♥♥♦✈❛t✐✈❡ ✇✐♥❞ ♠❡❛s✉r❡♠❡♥t ❝♦♥❝❡♣t✱ ❊❲❊❈✷✵✵✼ ▼✐❧❛♥✱ ✷✵✵✼
❬✷❪ P❡❞❡rs❡♥ ❚✳❋✳✱ ❙ør❡♥s❡♥ ◆✳✱ ❊♥❡✈♦❧❞s❡♥ P✳✱ ❆❡r♦❞②♥❛♠✐❝s ❛♥❞ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ❛ s♣✐♥♥❡r ❛♥❡♠♦♠❡t❡r✱

❏♦✉r♥❛❧ ♦❢ ♣❤②s✐❝s✿ ❈♦♥❢❡r❡♥❝❡ ❙❡r✐❡s ✼✺ ✵✶✷✵✶✽✱ ✷✵✵✼
❬✸❪ P❡❞❡rs❡♥ ❚✳❋✳✱ ❱✐t❛ ▲✳✱ ❙ør❡♥s❡♥ ◆✳◆✳✱ ❊♥❡✈♦❧❞s❡♥ P✳✱ ❖♣❡r❛t✐♦♥❛❧ ❡①♣❡r✐❡♥❝❡s ✇✐t❤ ❛ s♣✐♥♥❡r ❛♥❡♠♦♠❡t❡r ♦♥

❛ ▼❲ s✐③❡ ✇✐♥❞ t✉r❜✐♥❡✱ ❊❲❊❈✷✵✵✽ ❇r✉ss❡❧s✱ ✷✵✵✽
❬✹❪ ▼✐❦❦❡❧s❡♥ ❚✳ ❡t✳❛❧✳✱ ❆ s♣✐♥♥❡r✲✐♥t❡❣r❛t❡❞ ✇✐♥❞ ❧✐❞❛r ❢♦r ❡♥❤❛♥❝❡❞ ✇✐♥❞ t✉r❜✐♥❡ ❝♦♥tr♦❧✱ ❲✐♥❞ ❊♥❡r❣②✱ ✷✵✶✷
❬✺❪ ❑r❛❣❤ ❑✳❆✳ ❡t✳❛❧✳✱ Pr❡❝✐s✐♦♥ ❛♥❞ s❤♦rt❝♦♠✐♥❣s ♦❢ ②❛✇ ❡rr♦r ❡st✐♠❛t✐♦♥ ✉s✐♥❣ s♣✐♥♥❡r✲❜❛s❡❞ ❧✐❣❤t ❞❡t❡❝t✐♦♥ ❛♥❞

r❛♥❣✐♥❣✱ ❲✐♥❞ ❊♥❡r❣②✱ ✷✵✶✷
❬✻❪ ❍ø❥str✉♣ ❏✳ ❡t✳❛❧✳✱ ▼❛①✐♠✐③❡ ❊♥❡r❣② Pr♦❞✉❝t✐♦♥ ❜② ♠✐♥✐♠✐③✐♥❣ ❨❛✇ ▼✐s❛❧✐❣♥♠❡♥t ✲ ▲❛r❣❡ ❙❝❛❧❡ ❋✐❡❧❞

❉❡♣❧♦②♠❡♥t ♦❢ ❙♣✐♥♥❡r ❆♥❡♠♦♠❡t❡r✱ ❊❲❊❆✷✵✶✸ ❱✐❡♥♥❛✱ ✷✵✶✷
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