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ABSTRACT

This study presents preliminary results of a Master’s Thesis on modeling of wind turbines and
wake structures using Actuator Line Model (ALM). The model adopts a computationally less
expensive approach on simulating wake interactions in a wind farm with many turbines, by
solving full Navier-Stokes equations and avoiding the need of boundary layer resolution over blade
surfaces. Results of a single wind turbine simulation are compared to Blade Element Momentum
(BEM) solutions, which is still a widely used and accepted rotor simulating method. In a second
case, two turbines in tandem position are simulated and power loss in the downstream turbine
is calculated. Some of the parameters which are found to be important in usage of the method
are discussed. Results are presented and found to be in close agreement with BEM solutions.

INTRODUCTION

❆s t❤❡ ❡♥❡r❣② ❞❡♠❛♥❞ ❦❡❡♣s ✐♥❝r❡❛s✐♥❣ ✇✐t❤ ❣r♦✇✐♥❣ ❤✉♠❛♥ ♣♦♣✉❧❛t✐♦♥✱ r❡♥❡✇❛❜❧❡ s♦✉r❝❡s ❣❛✐♥
♣r♦♠✐♥❡♥❝❡ ✇✐t❤ t❤❡✐r ❡❝♦♥♦♠✐❝❛❧ ❛♥❞ ❡♥✈✐r♦♥♠❡♥t❛❧ ❛❞✈❛♥t❛❣❡s✳ ■♥ r❡❝❡♥t ②❡❛rs✱ ✇✐♥❞ ❤❛s ❜❡❡♥
s❤✐♥✐♥❣ ♦✉t ❛s t❤❡ ♠♦st ❤❛r✈❡st❡❞ r❡♥❡✇❛❜❧❡ ❡♥❡r❣② r❡s♦✉r❝❡ ✇✐t❤ ✇♦r❧❞✇✐❞❡ ♣♦✇❡r ❝❛♣❛❝✐t② r❡❛❝❤✐♥❣
✻✵✵ ●❲ ✐♥ ✷✵✶✽✳

❲✐♥❞ ❢❛r♠s ❛r❡ ❝♦♠♣♦s❡❞ ♦❢ ♠❛♥② t✉r❜✐♥❡s ✇♦r❦✐♥❣ s✐♠✉❧t❛♥❡♦✉s❧② ✉♥❞❡r ❝♦♥st❛♥t❧② ❝❤❛♥❣✐♥❣ ❛t♠♦s♣❤❡r✐❝
❝♦♥❞✐t✐♦♥s✳ ●♦♦❞ ♣♦✇❡r ♣r♦❞✉❝t✐♦♥ ❡st✐♠❛t✐♦♥ ✐s ❝r✉❝✐❛❧ ✐♥ ❜♦t❤ ♦♣❡r❛t✐♦♥ ❛♥❞ ❞❡s✐❣♥ st❛❣❡s ✐♥ ✇✐♥❞
❢❛r♠s✳ ❲✐♥❞ s♣❡❡❞ ❛♥❞ ❞✐r❡❝t✐♦♥ ❛r❡ t❤❡ t✇♦ ♠♦st ✐♠♣♦rt❛♥t ♣❛r❛♠❡t❡rs ❛☛❡❝t✐♥❣ ♣r♦❞✉❝t✐♦♥ ♦❢ ❛ ✇✐♥❞
❢❛r♠ ✐♥ t❤❡ ❜r♦❛❞❡st s❡♥s❡✳ ■♥ ❛ s♠❛❧❧❡r s❝❛❧❡✱ t❤❡ ③♦♥❡ ❜❡❤✐♥❞ ❡❛❝❤ t✉r❜✐♥❡✱ ✇❤❡r❡ ✈❡❧♦❝✐t② ✐s r❡❞✉❝❡❞
❛♥❞ t✉r❜✉❧❡♥❝❡ ✐s ✐♥❝r❡❛s❡❞ ❞✉❡ t♦ ❡♥❡r❣② ❡①tr❛❝t✐♦♥ ❜② t❤❡ r♦t♦r✱ ❛☛❡❝ts ❞♦✇♥✇✐♥❞ t✉r❜✐♥❡s ♥❡❣❛t✐✈❡❧②✳
❚❤✐s ③♦♥❡ ✐s ❝❛❧❧❡❞ wake ❛♥❞ t✉r❜✐♥❡✲t♦✲t✉r❜✐♥❡ ✇❛❦❡ ✐♥t❡r❛❝t✐♦♥s ❛r❡ ❢♦✉♥❞ t♦ ❜❡ r❡s♣♦♥s✐❜❧❡ ♦❢ ❛❜♦✉t
20% ♣♦✇❡r ❧♦ss ❝♦♠♣❛r❡❞ t♦ ❛ ✇❛❦❡✲❢r❡❡ s❝❡♥❛r✐♦✳ ❍♦✇❡✈❡r✱ s✐♥❝❡ ✇❛❦❡ ✐s ❛♥ ✐♥❡✈✐t❛❜❧❡ r❡s✉❧t ♦❢
❡♥❡r❣② ❡①tr❛❝t✐♦♥ ❜② t❤❡ t✉r❜✐♥❡s ❢r♦♠ t❤❡ ✇✐♥❞✱ ♠✐♥✐♠✐③❛t✐♦♥ ♦❢ ✐ts ❡☛❡❝t r✐s❡s ❛s ♦♥❡ ♦❢ t❤❡ ♣r✐♠❛r②
❢❛r♠ ❞❡s✐❣♥ ❝♦♥❝❡r♥s✳

❘❡❣❛r❞✐♥❣ t❤❡ ❛❡r♦❞②♥❛♠✐❝s ♦❢ ✇✐♥❞ ❢❛r♠ ❞❡s✐❣♥✱ t❤❡r❡ ❛r❡ t✇♦ ♠❛✐♥ st❛❣❡s✿

• ❘♦t♦r ▼♦❞❡❧✐♥❣ ✭❚✉r❜✐♥❡ ❉❡s✐❣♥✮✿ ❲✐♥❞ t✉r❜✐♥❡s ❛r❡ ❞❡s✐❣♥❡❞ ❛♥❞ ♦♣t✐♠✐③❡❞ ♠♦st❧② ❢♦r ✐❞❡❛❧
❝♦♥❞✐t✐♦♥s✱ ✇❤❡r❡ ✐♥✌♦✇ ✈❡❧♦❝✐t② ✐s ✉♥✐❢♦r♠ ❛♥❞ ✐♥ ❛①✐❛❧ ❞✐r❡❝t✐♦♥✳ ❈❧❛ss✐❝❛❧ ❛♣♣r♦❛❝❤❡s ❛r❡
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st✐❧❧ ❤❡❛✈✐❧② r❡❧✐❡❞ ♦♥ ✐♥ t✉r❜✐♥❡ ❞❡s✐❣♥❀ ♣♦t❡♥t✐❛❧ ✌♦✇✱ ✷❉ ❛✐r❢♦✐❧ t❤❡♦r② ❛♥❞ ❇❧❛❞❡ ❊❧❡♠❡♥t✲
▼♦♠❡♥t✉♠ ❝❛❧❝✉❧❛t✐♦♥s✳

• ❲❛❦❡ ▼♦❞❡❧✐♥❣ ✭▲❛②♦✉t ❉❡s✐❣♥✮✿ ❚✉r❜✐♥❡ ❧❛②♦✉t ♣❧❛♥♥✐♥❣ ✐s ❞♦♥❡ ✐♥ t✇♦ ♠❛✐♥ s❝❛❧❡s✿ ❈❤♦✐❝❡
♦❢ ❣❡♦❣r❛♣❤✐❝❛❧ ❧♦❝❛t✐♦♥ ✐s ❝❛❧❧❡❞ ♠❛❝r♦✲s✐t✐♥❣ ❛♥❞ st❛t✐st✐❝❛❧ ♠❡t❡♦r♦❧♦❣✐❝❛❧ ❞❛t❛ ✐s ❤❡❛✈✐❧②
✉s❡❞✱ ✇❤❡r❡❛s ❝♦♦r❞✐♥❛t❡s ♦❢ ❡❛❝❤ t✉r❜✐♥❡ ❛r❡ ❞❡❝✐❞❡❞ ✐♥ ♠✐❝r♦✲s✐t✐♥❣ st❛❣❡ ✇❤❡r❡ ❛♥❛❧②t✐❝❛❧ ❛♥❞
❡♠♣✐r✐❝❛❧ s✐♠♣❧✐☞❝❛t✐♦♥s ❛r❡ st✐❧❧ ✇✐❞❡❧② ✉s❡❞✳

❚♦ ❝❛❧❝✉❧❛t❡ t❤❡ ♣♦✇❡r ♣r♦❞✉❝t✐♦♥ ♦❢ ❡❛❝❤ t✉r❜✐♥❡ ✐♥ t❤❡ ☞❡❧❞✱ ❧♦❝❛❧ ✌♦✇ ☞❡❧❞ ✐♥ t❤❡ ✈✐❝✐♥✐t② ♦❢
❡❛❝❤ ❜❧❛❞❡ ♥❡❡❞s t♦ ❜❡ ❝❛❧❝✉❧❛t❡❞ ❛❝❝✉r❛t❡❧②✳ ▼♦st ♦❢ t❤❡ t✉r❜✐♥❡s ✐♥ ❛ ✇✐♥❞ ❢❛r♠ ✐s ✉♥❞❡r t❤❡
✐♥✌✉❡♥❝❡ ♦❢ ✇❛❦❡ ❣❡♥❡r❛t❡❞ ❜② ✉♣✇✐♥❞ t✉r❜✐♥❡s✱ ❤❡♥❝❡✱ ✇❛❦❡ str✉❝t✉r❡s ❤❛s t♦ ❜❡ s✐♠✉❧❛t❡❞ ❛❝❝✉r❛t❡❧②✳
❆❞✈❛♥❝❡♠❡♥ts ✐♥ ❝♦♠♣✉t❡r t❡❝❤♥♦❧♦❣✐❡s ❤❛s ❡♥❛❜❧❡❞ ❈♦♠♣✉t❛t✐♦♥❛❧ ❋❧✉✐❞ ❉②♥❛♠✐❝s ✭❈❋❉✮ t♦ ❣♦
♠❛✐♥str❡❛♠ ❢♦r s✉❝❤ s✐♠✉❧❛t✐♦♥s✳ ❚♦❞❛②✱ r❡s♦❧✈✐♥❣ t❤❡ ✌♦✇ ❛r♦✉♥❞ ❛ ✇✐♥❣ ✐♥ t❤❡ ❧❡♥❣t❤ s❝❛❧❡ ♦❢
❜♦✉♥❞❛r② ❧❛②❡r t❤✐❝❦♥❡ss ✐s ❛ ❝♦♠♠♦♥ ♣r❛❝t✐❝❡✳ ❍♦✇❡✈❡r✱ ✇❤❡♥ t❤❡ ❧❡♥❣t❤ ❛♥❞ t✐♠❡ s❝❛❧❡s ✐♥ ❛
❝♦♠♣❧❡t❡ ✇✐♥❞ ❢❛r♠ ✐s ❝♦♥s✐❞❡r❡❞✱ ✐t ✇♦✉❧❞ ❜❡ s❡❡♥ t❤❛t t❤❡② ❢❛❧❧ ✐♥ ❛ ✈❡r② ❧❛r❣❡ r❛♥❣❡✿ ❡①t❡♥❞✐♥❣
❢r♦♠ ♠✐❧❧✐♠❡t❡rs ✭✐♥ ❜♦✉♥❞❛r② ❧❛②❡r✮ t♦ ❦✐❧♦♠❡t❡rs ✭✐♥ ☞❡❧❞ ❞✐♠❡♥s✐♦♥s✮✳ ❘❡s♦❧✈✐♥❣ t❤✐s ✇❤♦❧❡ r❛♥❣❡
❜❡❝♦♠❡s ♣r♦❜❧❡♠❛t✐❝ ❡s♣❡❝✐❛❧❧② ✇❤❡♥ ♦♥❡ r✉♥s ❛ s✐♠✉❧❛t✐♦♥ ✇✐t❤ t❡♥s ♦❢ t✉r❜✐♥❡s ✐♥ ❛ ✇✐♥❞ ❢❛r♠✳

❖♥❡ ♦❢ t❤❡ ✐❞❡❛s ✐♥ t❛❝❦❧✐♥❣ t❤✐s ♣r♦❜❧❡♠ ✐s t♦ ❛✈♦✐❞ r❡s♦❧✈✐♥❣ t❤❡ ❜♦✉♥❞❛r② ❧❛②❡r ♦♥ ❜❧❛❞❡ s✉r❢❛❝❡s ✐♥ ❛♥
❛tt❡♠♣t t♦ r❡❞✉❝❡ ❣r✐❞ s✐③❡✳ ❆❝t✉❛t♦r ♠♦❞❡❧s ✇❡r❡ ❡♠❛♥❛t❡❞ ❢r♦♠ t❤✐s ✐❞❡❛✳ ❖♥❡ ♦❢ t❤❡ ♠♦st r❡❝❡♥t
❛♥❞ ❤✐❣❤❡st ☞❞❡❧✐t② ♠♦❞❡❧s ✐s t❤❡ s♦ ❝❛❧❧❡❞ ❆❝t✉❛t♦r ▲✐♥❡ ▼♦❞❡❧ ✭❆▲▼✮✱ ☞rst ✐♥tr♦❞✉❝❡❞ ❜② ❙♦r❡♥s❡♥
❛♥❞ ❙❤❡♥ ❬✷✵✵✷❪✳ ■♥ ❆▲▼✱ ❜❧❛❞❡s ❛r❡ r❡♣r❡s❡♥t❡❞ ❛s ✈✐rt✉❛❧ ✧❧✐♥❡s✧ ✇❤✐❝❤ ❛r❡ ❞✐✈✐❞❡❞ ✐♥t♦ ❡❧❡♠❡♥ts
❛s ✐♥ t❤❡ ❇❧❛❞❡ ❊❧❡♠❡♥t✲▼♦♠❡♥t✉♠ ❛♣♣r♦❛❝❤✳ ■♥st❡❛❞ ♦❢ ❝❛❧❝✉❧❛t✐♥❣ ✸❉ ♣r❡ss✉r❡ ❞✐str✐❜✉t✐♦♥ ♦✈❡r
❜❧❛❞❡ s✉r❢❛❝❡s t♦ ☞♥❞ t♦rq✉❡ ❛♥❞ t❤r✉st✱ t❤❡s❡ ❢♦r❝❡s ❛r❡ ❝❛❧❝✉❧❛t❡❞ ❢♦r ❡❛❝❤ ❡❧❡♠❡♥t ❜② ✉s❡ ♦❢ ✷❉
❛✐r❢♦✐❧ t❤❡♦r② ❛♥❞ ♣❛ss❡❞ ✐♥t♦ t❤❡ ✌♦✇ ☞❡❧❞✳

■♥ t❤✐s st✉❞②✱ ❛ ♠♦❞❡❧ ✇✐♥❞ t✉r❜✐♥❡ ✐s ♠♦❞❡❧❡❞ ✇✐t❤ ❆▲▼ ❛♥❞ ✈❛r✐♦✉s s✐♠✉❧❛t✐♦♥s ✇✐t❤ s✐♥❣❧❡ ❛♥❞
♠✉❧t✐♣❧❡ ✇✐♥❞ t✉r❜✐♥❡s ❛r❡ ❝❛rr✐❡❞ ♦✉t✳ ❇❧❛❞❡ ❧♦❛❞✐♥❣s✱ ✇❛❦❡ ♣r♦☞❧❡s ❛♥❞ ♣❡r❢♦r♠❛♥❝❡ ♣❛r❛♠❡t❡rs ❛r❡
❝❛❧❝✉❧❛t❡❞ ❛♥❞ ❝♦♠♣❛r❡❞ t♦ ♦t❤❡r st✉❞✐❡s✳ ❆❧t❤♦✉❣❤ ❆▲▼ s❛✈❡s ❝♦♠♣✉t❛t✐♦♥❛❧ ❝♦st✱ t❤❡r❡ ✐s ❛ ❝❡rt❛✐♥
❧❡✈❡❧ ♦❢ ❞r♦♣ ✐♥ ❛❝❝✉r❛❝②✳ ❚❤❡ tr❛❞❡✲♦☛ ❜❡t✇❡❡♥ ♣❤②s✐❝❛❧ ❛❝❝✉r❛❝② ❛♥❞ ❝♦♠♣✉t❛t✐♦♥❛❧ ♣r♦☞t❛❜✐❧✐t② ♦❢
❆▲▼ ✐s ❡①❛♠✐♥❡❞✳ ❙♦♠❡ ✐♠♣♦rt❛♥t s✐♠✉❧❛t✐♦♥ ♣❛r❛♠❡t❡rs ❛♥❞ t❤❡ ♠♦❞❡❧✬s s❡♥s✐t✐✈✐t② ✐s ❞✐s❝✉ss❡❞✳

METHOD

■♥ t❤✐s st✉❞②✱ ❈❋❉ s✐♠✉❧❛t✐♦♥s ♦❢ ❛ ♠♦❞❡❧ ✇✐♥❞ t✉r❜✐♥❡ ❛r❡ ♣❡r❢♦r♠❡❞✱ ☞♥❞✐♥❣s ❛r❡ ❝♦♠♣❛r❡❞ t♦ r❡s✉❧ts
♦❜t❛✐♥❡❞ ❜② ♦t❤❡r ♠❡t❤♦❞s ❛♥❞ ♣r❡s❡♥t❡❞ ❜② ♦t❤❡r st✉❞✐❡s✳ ■♥❝♦♠♣r❡ss✐❜❧❡ ❛♥❞ ✉♥st❡❛❞② ◆❛✈✐❡r✲
❙t♦❦❡s ❡q✉❛t✐♦♥s ❛r❡ ❞✐s❝r❡t✐③❡❞ t♦ ♦❜t❛✐♥ t✐♠❡✲❛❝❝✉r❛t❡ ♥✉♠❡r✐❝❛❧ s♦❧✉t✐♦♥s✳ ❙♣❛t✐❛❧ ❞✐s❝r❡t✐③❛t✐♦♥
✭❣❡♥❡r❛t✐♦♥ ♦❢ t❤❡ ❣r✐❞✮ ❛♥❞ s♦❧✉t✐♦♥ ❛r❡ ❞♦♥❡ ❜② ♦♣❡♥ s♦✉r❝❡ ✌♦✇ s♦❧✈❡r ❖♣❡♥❋❖❆▼ ♠♦❞✉❧❡s
✭❲❡❧❧❡r ❡t✳❛❧✳ ❬✶✾✾✽❪✮✳ ❚✉r❜✐♥❡ ❜❧❛❞❡s ❛r❡ ✐♥tr♦❞✉❝❡❞ ✐♥t♦ t❤❡ s♦❧✉t✐♦♥ ❞♦♠❛✐♥ ✉s✐♥❣ ❆▲▼ t♦ s❛✈❡ ♦♥
❝♦♠♣✉t❛t✐♦♥❛❧ ❝♦st✳ ❆▲▼ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ✐s ❞♦♥❡ ❜② t❤❡ ❖♣❡♥❋❖❆▼ ❧✐❜r❛r② ❡①t❡♥s✐♦♥ t✉r❜✐♥❡s❋♦❛♠
✭❇❛❝❤❛♥t ❬✷✵✶✻❪✮✳ ✷❉ ❛✐r❢♦✐❧ ❝❛❧❝✉❧❛t✐♦♥s ❛r❡ ❞♦♥❡ ❜② ❧♦✇ ❘❡②♥♦❧❞s ◆✉♠❜❡r ❛✐r❢♦✐❧ ❛♥❛❧②s✐s ❝♦❞❡ ❳❋❖■▲
✭❉r❡❧❛ ❬✶✾✽✽❪✮✳ ❇❊▼ r❡s✉❧ts ❛r❡ ♦❢t❡♥ ✉s❡❞ ❛s r❡❢❡r❡♥❝❡ ❢♦r ✈❛❧✐❞❛t✐♦♥ ❛♥❞ ✈❡r✐☞❝❛t✐♦♥✱ t❤❡ ♦♣❡♥ s♦✉r❝❡
❇❊▼ ❝♦❞❡ ◗❇❧❛❞❡ ✐s ✉s❡❞ ❢♦r s♦❧✉t✐♦♥s ✭▼❛rt❡♥ ❡t✳❛❧✳ ❬✷✵✶✸❪✮✳

Flow Solver: OpenFOAM

❖♣❡♥❋❖❆▼ ✐s ❛♥ ♦♣❡♥ s♦✉r❝❡ t♦♦❧❜♦① ✇❤✐❝❤ ✐♥❝❧✉❞❡s ✌♦✇ s♦❧✈❡rs s✉✐t❛❜❧❡ ❢♦r ✈❛r✐♦✉s ✌♦✇ ❝❛s❡s✱ ❛s
✇❡❧❧ ❛s ❛ ❜❛s✐❝ ❧❡✈❡❧ ❣r✐❞ ❣❡♥❡r❛t♦r✳ ❋❡❛t✉r❡s ❝❛♥ ❜❡ ❛❞❞❡❞ ♦r ♠♦❞✐☞❡❞ ✐♥ ❖♣❡♥❋❖❆▼ ❛❝❝♦r❞✐♥❣
t♦ t❤❡ ♥❡❡❞✳ ■t ✉s❡s ☞♥✐t❡ ✈♦❧✉♠❡ ❛♣♣r♦❛❝❤ ❢♦r ❞✐s❝r❡t✐③❛t✐♦♥ ♦❢ ♣❛rt✐❛❧ ❞✐☛❡r❡♥t✐❛❧ ❡q✉❛t✐♦♥s ❛♥❞
❛❧s♦ ❝❛♥ r✉♥ ✐♥ ♣❛r❛❧❧❡❧✳ ❖♣❡♥❋❖❆▼✬s tr❛♥s✐❡♥t ✌♦✇ s♦❧✈❡r ❢♦r ✐♥❝♦♠♣r❡ss✐❜❧❡ ✌✉✐❞s✱ ♣✐♠♣❧❡❋♦❛♠✱
✐s ✉s❡❞ ✐♥ t❤✐s st✉❞② ❢♦r s✐♠✉❧❛t✐♦♥s✳ ♣✐♠♣❧❡❋♦❛♠ ❞❡r✐✈❡s ✐ts ♥❛♠❡ ❢r♦♠ t❤❡ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ P■❙❖
✭Pressure Implicit with Splitting of Operator✮ ❛♥❞ ❙■▼P▲❊ ✭Semi-Implicit Method for Pressure-
Linked Equations✮ ❛❧❣♦r✐t❤♠s✳ ■♥❝♦♠♣r❡ss✐❜❧❡ ✌✉✐❞ ❛ss✉♠♣t✐♦♥ ✐s ♠❛❞❡ ❞✉❡ t♦ t❤❡ ❢❛❝t t❤❛t t❤❡
❤✐❣❤❡st ✈❡❧♦❝✐t② ♠❛❣♥✐t✉❞❡ ✐♥ s✐♠✉❧❛t✐♦♥s ✭✇❤✐❝❤ ✐s t❤❡ ❧✐♥❡❛r t✐♣ s♣❡❡❞ ♦❢ ❜❧❛❞❡s✮ ❞♦❡s ♥♦t ❡①❝❡❡❞
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M = 0.3✳ ❚❤❡ ◆❛✈✐❡r✲❙t♦❦❡s ❡q✉❛t✐♦♥s ❣♦✈❡r♥✐♥❣ t❤❡ ✌✉✐❞ ✌♦✇ ✐s ❣✐✈❡♥ ❜②✿

∇ · ~u = 0 (1)

∂~u

∂t
+∇ · (~u~u) = −∇p+∇ · (ν∇~u) + ~f (2)

✇❤❡r❡ ~u✿ ✈❡❧♦❝✐t② ✈❡❝t♦r✱ p✿ ♣r❡ss✉r❡ ♣❡r ❞❡♥s✐t②✱ ν✿ ❦✐♥❡♠❛t✐❝ ✈✐s❝♦s✐t② ❛♥❞ f ✐s t❤❡ ❜♦❞② ❢♦r❝❡ ♣❡r
❞❡♥s✐t② ♣❡r ✈♦❧✉♠❡✳ ❚✉r❜✉❧❡♥❝❡ ✐s ♠♦❞❡❧❡❞ ✉s✐♥❣ ▲❛r❣❡ ❊❞❞② ❙✐♠✉❧❛t✐♦♥ ✭▲❊❙✮ ❛♣♣r♦❛❝❤✱ ✐♥ ✇❤✐❝❤
❧❛r❣❡✲s❝❛❧❡ ❡❞❞✐❡s ❛r❡ r❡s♦❧✈❡❞ ❜② ❛♣♣❧②✐♥❣ ❛ ❧♦✇✲♣❛ss ☞❧t❡r t♦ ◆❛✈✐❡r✲❙t♦❦❡s ❡q✉❛t✐♦♥s✱ ②✐❡❧❞✐♥❣✿

∇̃ · ~u = 0 (3)

∂

∂t
~̃u+ ~̃u∇~u = −∇p̃+ ν∇2~̃u−∇ · τd + f̃b (4)

τdij = τij −
1

3
δijτkk (5)

✇❤❡r❡ ❝✉r❧② ♦✈❡r✲❜❛r s②♠❜♦❧ r❡♣r❡s❡♥ts ☞❧t❡r❡❞ q✉❛♥t✐t✐❡s✳ ❍❡r❡✱ τdij ✐s t❤❡ r❡♠❛✐♥✐♥❣ ❞❡✈✐❛t♦r✐❝

❝♦♠♣♦♥❡♥t ♦❢ t❤❡ ❙●❙ str❡ss t❡♥s♦r✳ ❚♦ ♦❜t❛✐♥ ❝❧♦s✉r❡✱ ✐t ✐s ❡①♣r❡ss❡❞ ✐♥ t❡r♠s ♦❢ ☞❧t❡r❡❞ ✈❡❧♦❝✐t② ~̃u
❛♥❞ ♣r❡ss✉r❡ p̃✳ ❚❤✐s ✐s ❛❝❤✐❡✈❡❞ ❜② ✉s✐♥❣ t❤❡ ❙♠❛❣♦r✐♥s❦② ♠♦❞❡❧ ✭❙♠❛❣♦r✐♥s❦② ❬✶✾✻✸❪✮✿

τdij = −2νSGSSij (6)

νSGS = (CS∆)2|S| (7)

S =
1

2
(ũj,i + ũi,j) (8)

|S| = (2SijSij)
(1/2) (9)

✇❤❡r❡ νSGS ✐s t❤❡ s✉❜✲❣r✐❞ s❝❛❧❡ ✈✐s❝♦s✐t②✱ S ✐s t❤❡ r❛t❡ ♦❢ str❛✐♥ t❡♥s♦r ❛♥❞ CS ✐s t❤❡ ♠♦❞❡❧ ❝♦♥st❛♥t✳
∆ ✐s t❛❦❡♥ ❛s t❤❡ ❝✉❜❡ r♦♦t ♦❢ ❝❡❧❧ ❞✐♠❡♥s✐♦♥s ✐♥ ❛❧❧ ❞✐r❡❝t✐♦♥s✱ ✐✳❡✳ ∆ = (∆x∆y∆z)

(1/3)✳ ■♥ s✐♠✉❧❛t✐♦♥s
✇❤❡r❡ t✉r❜✉❧❡♥❝❡ ✐s ❞♦♠✐♥❛♥t❧② ✐s♦tr♦♣✐❝✱ s✉❣❣❡st❡❞ CS ✈❛❧✉❡ ✐s 0.168✳

Actuator Line Model

❈♦♥✈❡♥t✐♦♥❛❧❧②✱ ❜❧❛❞❡s ❛r❡ ✐♥tr♦❞✉❝❡❞ ✐♥t♦ t❤❡ ✌♦✇ ❞♦♠❛✐♥ ❛s s♦❧✐❞ ❜♦✉♥❞❛r✐❡s ❛♥❞ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s
❛r❡ ❛♣♣❧✐❡❞✳ ❚❤❡♥✱ ♣r❡ss✉r❡ ❞✐str✐❜✉t✐♦♥ ♦✈❡r t❤❡ s✉r❢❛❝❡s ❛r❡ ❝❛❧❝✉❧❛t❡❞ ❡✐t❤❡r ❜② t❤❡ ✉s❡ ♦❢ ✇❛❧❧
❢✉♥❝t✐♦♥s ♦r ❢✉❧❧② r❡s♦❧✈✐♥❣ t❤❡ ❜♦✉♥❞❛r② ❧❛②❡r✳ ❘♦t❛t✐♦♥❛❧ ♠♦✈❡♠❡♥t ♦❢ t❤❡ r♦t♦r ✐s ✉s✉❛❧❧② ♦❜t❛✐♥❡❞
❜② ▼✉❧t✐♣❧❡ ❘❡❢❡r❡♥❝❡ ❋r❛♠❡s ✭▼❘❋✮ ♦r ❙❧✐❞✐♥❣ ▼❡s❤ ■♥t❡r❢❛❝❡ ✭❙▼■✮ ♠❡t❤♦❞♦❧♦❣✐❡s✳ ❆❧t❤♦✉❣❤
t❤✐s ❛♣♣r♦❛❝❤ ❤❛s ❜❡❡♥ ✈❛❧✐❞❛t❡❞ ✐♥ ♥✉♠❡r♦✉s st✉❞✐❡s✱ ✐t r❡q✉✐r❡s ❛ ✈❡r② ❧❛r❣❡ ♥✉♠❜❡r ♦❢ ❝❡❧❧s ✐♥
❜❧❛❞❡ ✈✐❝✐♥✐t②✳ ❚❤✐s ♥❡❡❞ ❜❡❝♦♠❡s ♣r♦❜❧❡♠❛t✐❝ ✇❤❡♥ ♠❛♥② t✉r❜✐♥❡s ❛r❡ r❡q✉✐r❡❞ t♦ ❜❡ s✐♠✉❧❛t❡❞
s✐♠✉❧t❛♥❡♦✉s❧②✱ ✐✳❡✳ ❛ ✇✐♥❞ ❢❛r♠✳

■♥ t❤❡ s✐♠♣❧❡st s❡♥s❡✱ ❆❝t✉❛t♦r ▲✐♥❡ ▼♦❞❡❧ ✭❆▲▼✮ ✭❙♦r❡♥s❡♥ ❛♥❞ ❙❤❡♥ ❬✷✵✵✷❪✮✱ s✉❣❣❡sts ❞✐✈✐❞✐♥❣
❜❧❛❞❡s ✐♥t♦ ❛ ☞♥✐t❡ ♥✉♠❜❡r ♦❢ s❡❣♠❡♥ts ✭♠✉❝❤ ❧✐❦❡ t❤❡ ❝❛s❡ ✐♥ ❇❊▼✮ ❛♥❞ ❝❛❧❝✉❧❛t✐♥❣ ❧✐❢t ❛♥❞ ❞r❛❣
❢♦r❝❡s ❜② ✉s❡ ♦❢ ✷❉ ❛✐r❢♦✐❧ t❤❡♦r②❀ t❤✉s ♠❛❦✐♥❣ ❜♦✉♥❞❛r② ❧❛②❡r r❡s♦❧✉t✐♦♥ ❛✈♦✐❞❛❜❧❡✳ ❚❤✐s ❢♦r❝❡ ✐s t❤❡♥
♣❛ss❡❞ ✐♥t♦ ❝❡❧❧ ❝❡♥t❡rs ❛s ❛♥ ❛❞❞✐t✐♦♥❛❧ ❜♦❞② ❢♦r❝❡ t❡r♠ t❡r♠ ✐♥ t❤❡ ♠♦♠❡♥t✉♠ ❡q✉❛t✐♦♥ ✭t❤r♦✉❣❤ f
t❡r♠ ❛s ✐♥ ♠♦♠❡♥t✉♠ ❡q✉❛t✐♦♥ ✐♥ ❊q✳ ✷✮✳ ▲✐❢t ❛♥❞ ❞r❛❣ ❝♦❡✍❝✐❡♥t ❞❛t❛ ♦❢ ❛✐r❢♦✐❧ ♣r♦☞❧❡s ❛r❡ ❝❛❧❝✉❧❛t❡❞
❛♥❞ t❛❜✉❧❛t❡❞ ✇✐t❤ r❡s♣❡❝t t♦ ❛♥❣❧❡ ♦❢ ❛tt❛❝❦ ❛♥❞ ❘❡②♥♦❧❞s ♥✉♠❜❡rs ♣r✐♦r t♦ t❤❡ s✐♠✉❧❛t✐♦♥s ✉s✐♥❣
❳❋❖■▲ ✭❉r❡❧❛ ❬✶✾✽✽❪✮✳ ❚❤✐s r❡❛❞✐❧② ❛✈❛✐❧❛❜❧❡ ❞❛t❛ ✐s t❤❡♥ ✉s❡❞ ❞✉r✐♥❣ s✐♠✉❧❛t✐♦♥s ✐♥ ❧✐❢t ❛♥❞ ❞r❛❣
❡q✉❛t✐♦♥s✱ ❣✐✈❡♥ ❛s L = 0.5ρU2

relclcs ❛♥❞ D = 0.5ρU2
relcdcs✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡s❡ ❢♦r❝❡s ❛r❡ ❝❛❧❝✉❧❛t❡❞

❢♦r ❡❛❝❤ ❜❧❛❞❡ ❡❧❡♠❡♥t ❛t ❡✈❡r② t✐♠❡ st❡♣ ❛♥❞ ❛r❡ ❛❝t❡❞ ♦♥ t❤❡ ❛❝t✉❛t♦r ♣♦✐♥ts✱ ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s
t♦ t❤❡ q✉❛rt❡r ❝❤♦r❞ ❛t t❤❡ ♠✐❞ s♣❛♥ ❧♦❝❛t✐♦♥ ♦❢ ❡❧❡♠❡♥ts✳ ■♥ ❝♦♥tr❛r② t♦ t❤❡ ❇❊▼✱ ✇❤❡r❡ ✐t❡r❛t✐♦♥s
❛r❡ ❞♦♥❡ ♦♥ ❛①✐❛❧ ❛♥❞ t❛♥❣❡♥t✐❛❧ ✐♥❞✉❝t✐♦♥ ❢❛❝t♦r❀ ❝❛❧❝✉❧❛t❡❞ ❢♦r❝❡ ❛♥❞ r❡s✉❧t❛♥t ✈❡❧♦❝✐t② ☞❡❧❞ ❛r❡
✐t❡r❛t❡❞ ♦♥ ✐♥ ❛ ❝♦✉♣❧❡❞ ❢❛s❤✐♦♥ ✐♥ ❆▲▼✳ ❘❡s✉❧t❛♥t ❢♦r❝❡s ❛r❡ ❛❧s♦ ❞✐str✐❜✉t❡❞ ❛❧♦♥❣ ♥❡✐❣❤❜♦r✐♥❣ ❝❡❧❧s
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Figure 1: Flow chart showing the PIMPLE loop within a single time step

✐♥st❡❛❞ ♦❢ ❜❡✐♥❣ ✐♠♣♦s❡❞ ♦♥ t❤❡ ❝❧♦s❡st ❝❡❧❧ ❝❡♥t❡r ♦♥❧②✱ ✐♥ ❛♥ ❛tt❡♠♣t t♦ ♣r❡✈❡♥t s✐♥❣✉❧❛r ❜❡❤❛✈✐♦r
❛♥❞ ✐♥st❛❜✐❧✐t②✳

❱❡❧♦❝✐t② ❙❛♠♣❧✐♥❣ ❛♥❞ ❋♦r❝❡ Pr♦❥❡❝t✐♦♥✿ ❆♣♣❧✐❝❛t✐♦♥ ♦❢ t❤❡ ❆❝t✉❛t♦r ▲✐♥❡ ▼♦❞❡❧ ✐♥✈♦❧✈❡s t✇♦ st❡♣s
✇❤✐❝❤ ❤❛✈❡ ❝r✉❝✐❛❧ ❡☛❡❝t ♦♥ t❤❡ r❡s✉❧ts ❛♥❞ ♣♦s❡s q✉❡st✐♦♥s ✇❤♦s❡ ❛♥s✇❡rs ❛r❡ st✐❧❧ ✉♥❝❡rt❛✐♥ t♦ t❤✐s
❞❛②✿

• ❱❡❧♦❝✐t② s❛♠♣❧✐♥❣✿ ❤♦✇ ❛♥❞ ✇❤❡r❡ t♦ ♠♦♥✐t♦r t❤❡ ✈❡❧♦❝✐t② ✈❡❝t♦rs t❤❛t ❛r❡ ❣♦✐♥❣ t♦ ❜❡ ✉s❡❞
✐♥ ❛♥❣❧❡ ♦❢ ❛tt❛❝❦ ❛♥❞ ✐♥❝♦♠✐♥❣ ✌♦✇ s♣❡❡❞ ❡st✐♠❛t✐♦♥s❄ ❚❤✐s ✐s ❝r✉❝✐❛❧ ✐♥ ☞♥❞✐♥❣ cl ❛♥❞ cd
❛❝❝✉r❛t❡❧②✱ s♦ t❤❛t ❢♦r❝❡ ❝♦♠♣✉t❛t✐♦♥ ✐s ❛❧s♦ ❛❝❝✉r❛t❡✳

• ❋♦r❝❡ ♣r♦❥❡❝t✐♦♥✿ ❤♦✇ t♦ ❞✐str✐❜✉t❡ t❤❡ ❝♦♠♣✉t❡❞ ❢♦r❝❡s ❛♠♦♥❣ t❤❡ ♥❡✐❣❤❜♦r✐♥❣ ❝❡❧❧s✱ s♦ t❤❛t ❛♥
❛❝❝✉r❛t❡ ♣r❡ss✉r❡ ☞❡❧❞ ❝❛♥ ❜❡ ♦❜t❛✐♥❡❞ t❤❛t ❛❝❝❡♣t❛❜❧② r❡s❡♠❜❧❡s t❤❡ r❡❛❧ ♣r❡ss✉r❡ ❞✐str✐❜✉t✐♦♥
♦✈❡r ❜❧❛❞❡ s✉r❢❛❝❡s✳

❙❡✈❡r❛❧ ❛♣♣r♦❛❝❤❡s t♦ t❤❡s❡ ♣r♦❜❧❡♠s ❡①✐st ✐♥ t❤❡ ❧✐t❡r❛t✉r❡✳ ❆ s✐♠♣❧❡ ②❡t ✇❡❧❧✲♣❡r❢♦r♠✐♥❣ ♠❡t❤♦❞ ❢♦r
✈❡❧♦❝✐t② s❛♠♣❧✐♥❣ ✐s t♦ ✉s❡ t❤❡ ✈❡❧♦❝✐t② ✈❡❝t♦r ❛t t❤❡ ❛❝t✉❛t♦r ♣♦✐♥t ✭♠✐❞✲s♣❛♥ ♦❢ t❤❡ ❡❧❡♠❡♥t✱ ❛t t❤❡
q✉❛rt❡r ❝❤♦r❞ ♣♦✐♥t✮ ❜② ✐♥t❡r♣♦❧❛t✐♦♥✳ ❋♦r❝❡ ❞✐str✐❜✉t✐♦♥ ✐s ♦❢t❡♥ ❞♦♥❡ ✐♥ t❤❡ ❢♦r♠ ♦❢ ❛ ✸❉ ●❛✉ss✐❛♥
❞✐str✐❜✉t✐♦♥ ❢✉♥❝t✐♦♥ ❢♦r ❡❛❝❤ ❜❧❛❞❡ ❡❧❡♠❡♥t✱ ❣✐✈❡♥ ❛s✿

η =
1

ǫ3π3/2
exp

(
−(

|~r|

ǫ
)2
)

(10)

❲✐❞t❤ ♦❢ t❤❡ ♣r♦❥❡❝t✐♦♥ s♣❤❡r❡ r❡♠❛✐♥s ❛♥ ❛♠❜✐❣✉♦✉s ♣❛r❛♠❡t❡r✱ ✇❤✐❝❤ ✐s ❞✐s❝✉ss❡❞ ✐♥ t❤❡ s✐♥❣❧❡ ✇✐♥❞
t✉r❜✐♥❡ s✐♠✉❧❛t✐♦♥ ❝❛s❡ ✐♥ t❤❡ r❡s✉❧ts s❡❝t✐♦♥✳

❚✐♣ ▲♦ss ❈♦rr❡❝t✐♦♥✿ ❙✐♥❝❡ t❤❡ ❜❧❛❞❡s ❛r❡ ♥♦t ♣❤②s✐❝❛❧❧② ♣r❡s❡♥t ✐♥ t❤❡ s♦❧✉t✐♦♥ ❞♦♠❛✐♥✱ t❤❡ ✧♣r❡ss✉r❡
❧❡❛❦❛❣❡✧ t♦✇❛r❞s ❜❧❛❞❡ t✐♣s ❝❛♥ ♥♦t ❜❡ ❝❛♣t✉r❡❞ ❛❝❝✉r❛t❡❧② ✐♥ t❤✐s ♠♦❞❡❧✳ ❍❡♥❝❡✱ ✐t ✐s ♠♦❞❡❧❡❞ ✐♥ ❛
s✐♠✐❧❛r ❢❛s❤✐♦♥ ✇✐t❤ ❇❊▼ ♠❡t❤♦❞♦❧♦❣②✳ ❚❤❡ t✐♣ ❝♦rr❡❝t✐♦♥ ❢❛❝t♦r ❜❛s❡❞ ♦♥ ●❧❛✉❡rt✬s s✉❣❣❡st✐♦♥ ❛♥❞
❢✉rt❤❡r ✐♠♣r♦✈❡❞ ❜② ❙❤❡♥ ❡t✳❛❧✳ ✐s ✉s❡❞ ✐♥ t❤✐s st✉❞② ✭❙❤❡♥ ❡t✳❛❧✳ ❬✷✵✵✺❪✮❀

Floss =
2

π
cos−1(exp(−g

NB(R− r)

2r sinφ
)) (11)

✇❤❡r❡ g ✐s ❣✐✈❡♥ ❛s❀
g = exp(−0.125(NBλ− 21)) + 0.1 (12)

❛♥❞ ❝♦♥st❛♥ts ❛r❡ ❛❝q✉✐r❡❞ ❢r♦♠ ♠❡❛s✉r❡♠❡♥ts✳

Solution Grid

❙♦❧✉t✐♦♥ ❞♦♠❛✐♥ ✐s ❞✐s❝r❡t✐③❡❞ ✐♥t♦ ❛ str✉❝t✉r❡❞ ♠❡s❤ ✇❤❡r❡ ❝❡❧❧ s✐③❡ st❛rts ❛t t❤❡ ❝♦❛rs❡st ♦♥ ❢r❡❡
str❡❛♠ ❛♥❞ ✐s ❣r❛❞✉❛❧❧② r❡☞♥❡❞ t♦✇❛r❞s t❤❡ r♦t♦r ♣❧❛♥❡✳ ❘♦t♦r ❝❡♥t❡r ✐s ❧♦❝❛t❡❞ ❛t (0, 0, 0)✳ s✐❞❡
❜♦✉♥❞❛r✐❡s ❛r❡ s❡t t♦ s❧✐♣ ❝♦♥❞✐t✐♦♥ ✐♥ t❤❡ ✉♥✐❢♦r♠ ✌♦✇ ❝❛s❡✱ s✐♥❝❡ t❤❡ ❜♦✉♥❞❛r② ❡☛❡❝ts ❛r❡ ❛❜s❡♥t✳
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❈❡❧❧ s✐③❡ ❛t t❤❡ ♦✉t❡r ❜♦✉♥❞❛r✐❡s ✐s 63m✱ ✇❤✐❝❤ ✐s r❡☞♥❡❞ t♦✇❛r❞s t❤❡ r♦t♦r ❛r❡❛ ❧❡✈❡❧ ❜② ❧❡✈❡❧✱ ☞♥❛❧❧②
r❡❛❝❤✐♥❣ ❛♣♣r♦①✐♠❛t❡❧② 1m t♦ 4m ✐♥ t❤❡ ❛❝t✉❛t♦r ❧✐♥❡ ✈✐❝✐♥✐t② ✭❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❣r✐❞ s✐③❡ ✉♥❞❡r
❝♦♥s✐❞❡r❛t✐♦♥✮✳ ❚❤❡ ❛t♠♦s♣❤❡r✐❝ ❜♦✉♥❞❛r② ❧❛②❡r ✭❆❇▲✮ ✌♦✇ ❝❛s❡ ❞✐☛❡rs ♦♥❧② ❛t t❤❡ ❣r♦✉♥❞ ❜♦✉♥❞❛r②✱
✇❤✐❝❤ ✐s ❧♦❝❛t❡❞ ❛t z = −90m ♣❧❛♥❡✳

Figure 2: 3D view of the mesh on x and y mid plane sections (left) and rotor region zoomed
(right)

❉♦♠❛✐♥ ❡①t❡♥❞s ❛r❡ −3D t♦ 3D ✐♥ ❧❛t❡r❛❧ ✭② ❛♥❞ ③✮ ❞✐r❡❝t✐♦♥s ❛♥❞ −3D t♦ 10D ✐♥ ✌♦✇ ✭①✮ ❞✐r❡❝t✐♦♥✳
●r✐❞ s✐③❡ ❝❤❛♥❣❡s ✇✐t❤ t❤❡ r❡☞♥❡♠❡♥t ❧❡✈❡❧ ❛t t❤❡ r♦t♦r ♣❧❛♥❡✱ ✇❤✐❝❤ ✈❛r✐❡s ❜❡t✇❡❡♥ ∆g/R = 1/16
❛♥❞ 1/64✱ t②♣✐❝❛❧❧② ✐♥ t❤❡ r❛♥❣❡ ♦❢ 0.4M − 4.7M ❝❡❧❧s✳ ❖♣❡♥❋❖❆▼✬s ❜✉✐❧t✲✐♥ ❜❧♦❝❦▼❡s❤ ❛♥❞
s♥❛♣♣②❍❡①▼❡s❤ ✉t✐❧✐t✐❡s ✇❡r❡ ✉s❡❞ ❢♦r ❣r✐❞ ❣❡♥❡r❛t✐♦♥✳

Blade Element Momentum Theory

●❡♥❡r❛❧✐③❡❞ ▼♦♠❡♥t✉♠ ❚❤❡♦r② ♣r♦✈✐❞❡s ❛♥ ✐♥s✐❣❤t ❢♦r ❛ t❤❡♦r❡t✐❝❛❧ ❞✐s❦ ✇✐t❤ ♦♣t✐♠❛❧ ✐♥❞✉❝t✐♦♥ ❢❛❝t♦rs
❜✉t ❞♦❡s ♥♦t ✐♥✈♦❧✈❡ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ t❤❡ t✉r❜✐♥❡❀ s✉❝❤ ❛s ❜❧❛❞❡ ❣❡♦♠❡tr② ✭t✇✐st ❛♥❞ t❛♣❡r✮✱ ♥✉♠❜❡r
♦❢ ❜❧❛❞❡s ❛♥❞ ❛✐r❢♦✐❧ ♣r♦♣❡rt✐❡s✳ ❉❡✈❡❧♦♣❡❞ ❜② ●❧❛✉❡rt ✐♥ ✶✾✸✺✱ ❇❊▼ ✐s ❛ s✐♠♣❧❡ ②❡t ♣♦✇❡r❢✉❧ ❛♣♣r♦❛❝❤
t♦ ♠♦❞❡❧ ❛ r♦t♦r✱ ✇❤✐❝❤ ✐s st✐❧❧ ✇✐❞❡❧② ✐♥ ✉s❡ t♦❞❛②✳ ❆▲▼ ✐♥❤❡r✐ts ✐ts ♠❛✐♥ ❝♦♥❝❡♣t ❢r♦♠ ❇❊▼✱ ❤❡♥❝❡ ✐t
♣r♦✈✐❞❡s ❝♦♠♣❛r❛❜❧❡ r❡s✉❧ts t♦ ✈❡r✐❢② ❆▲▼ s♦❧✉t✐♦♥s✳ ❘❡s✉❧ts ✐♥ t❤✐s st✉❞② ❛r❡ ♦❢t❡♥ ❝♦♠♣❛r❡❞ ❛❣❛✐♥st
❇❊▼ s♦❧✉t✐♦♥s✱ ✇❤✐❝❤ ❛r❡ ♦❜t❛✐♥❡❞ ❜② ◗❇❧❛❞❡✱ ❛♥ ♦♣❡♥ s♦✉r❝❡ ❇❊▼ s♦❧✈❡r ❞❡✈❡❧♦♣❡❞ ❜② ▼❛rt❡♥ ❡t✳❛❧✳
▼❛rt❡♥ ❡t✳❛❧✳ ❬✷✵✶✸❪✳

Figure 3: Relative velocity, angle definitions and forces acting on a blade section. (Source:
Bianchi et.al. [2007]) Used both in BEM and ALM.
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RESULTS AND DISCUSSION

◆❘❊▲✬s ✺▼❲ r❡❢❡r❡♥❝❡ ✇✐♥❞ t✉r❜✐♥❡ ✭❏♦♥❦♠❛♥ ❡t✳❛❧✳ ❬✷✵✵✾❪✮ ✐s ✉s❡❞ ❛s t❤❡ s❛♠♣❧❡ t✉r❜✐♥❡ ❛♥❞ ✐t
✐s ♠♦❞❡❧❡❞ ✉s✐♥❣ ❆❝t✉❛t♦r ▲✐♥❡ ▼♦❞❡❧ ✭❆▲▼✮✳ ❚❤❡ ◆❘❊▲ ✺▼❲ ❍❆❲❚ ✐s 126m ✐♥ ❞✐❛♠❡t❡r✱ ❤❛s
✸ ❜❧❛❞❡s ❛♥❞ r❛t❡❞ ❛t U∞ = 11.4m/s ❛♥❞ TSR = 7 ✭❝♦rr❡s♣♦♥❞✐♥❣ t♦ ≈ 12.1RPM✮✳ P♦✇❡r ❛♥❞
t❤r✉st ❝♦❡✍❝✐❡♥ts ❛r❡ ❣✐✈❡♥ ❛s CP = P/(0.5ρU3

∞Ad) ❛♥❞ CT = T/(0.5ρU2
∞Ad) r❡s♣❡❝t✐✈❡❧② ✭✇❤❡r❡

Ad ✐s t❤❡ ❛r❡❛ s✇❡♣t ❜② ❜❧❛❞❡s✮✳ ❚❤❡ ♠♦❞❡❧ ✐s t❡st❡❞ ❢♦r ✷ ♠❛✐♥ ❝❛s❡s✿

✶✳ ❙✐♥❣❧❡ ❚✉r❜✐♥❡ ❈❛s❡✱ ✇❤❡r❡ ❜❧❛❞❡ ❧♦❛❞✐♥❣s ❛♥❞ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❛ s✐♥❣❧❡ t✉r❜✐♥❡ ✐s ❡①❛♠✐♥❡❞ ❜②
✐♠✐t❛t✐♥❣ ❇❧❛❞❡ ❊❧❡♠❡♥t ▼♦♠❡♥t✉♠ ✭❇❊▼✮ ❝♦♥❞✐t✐♦♥s✳

✷✳ ❚✇♦ ❚✉r❜✐♥❡s ✐♥ ❚❛♥❞❡♠ P♦s✐t✐♦♥✱ ✇❤❡r❡ t❤❡ ♣♦✇❡r ❧♦ss ♦❢ ❛ t✉r❜✐♥❡ ✉♥❞❡r t❤❡ ✐♥✌✉❡♥❝❡ ♦❢
✇❛❦❡ ❣❡♥❡r❛t❡❞ ❜② ❛♥♦t❤❡r t✉r❜✐♥❡ ✐s ♦❜s❡r✈❡❞ ✐♥ ❛ ❜❛❝❦✲t♦✲❜❛❝❦ ❝♦♥☞❣✉r❛t✐♦♥ ♦❢ t✇♦ t✉r❜✐♥❡s✳

Single Turbine Case

■♥ t❤✐s ❝❛s❡✱ ❛ s✐♥❣❧❡ t✉r❜✐♥❡ ✐s ♣❧❛❝❡❞ ✐♥ ❛ ❞♦♠❛✐♥ ✐s♦❧❛t❡❞ ❢r♦♠ ❜♦✉♥❞❛r② ❡☛❡❝ts t♦ s❛t✐s❢② s✐♠✐❧❛r
❝♦♥❞✐t✐♦♥s ✇✐t❤ ❇❊▼ ♠❡t❤♦❞✳ ❋❧♦✇ ✐s ❛①✐❛❧ ❛♥❞ ❞♦✇♥str❡❛♠ ❞✐st❛♥❝❡ ✐s ❦❡♣t ❧♦♥❣ ❡♥♦✉❣❤ t♦ ♣r❡✈❡♥t
✇❛❦❡ r❡✌❡❝t✐♦♥s✳ ◆❘❊▲✺▼❲ ✇✐♥❞ t✉r❜✐♥❡ ✐s ♦♣❡r❛t❡❞ ❛t ✐ts r❛t❡❞ ❝♦♥❞✐t✐♦♥s✱ ✐✳❡✳ U∞ = 11.4m/s
❛♥❞ TSR = 7✳

❆s st❛t❡❞ ✐♥ t❤❡ ▼❡t❤♦❞ s❡❝t✐♦♥✱ ❢♦r❝❡ ♣r♦❥❡❝t✐♦♥ ✇✐❞t❤ ✐s ♦♥❡ ♦❢ t❤❡ ♠♦st ✐♠♣♦rt❛♥t s✐♠✉❧❛t✐♦♥
♣❛r❛♠❡t❡rs ✐♥ ❆❝t✉❛t♦r ▲✐♥❡ ▼♦❞❡❧✳ ❙✐♥❝❡ ❝❤♦r❞ ❜❛s❡❞ ❛♥❞ ❝❡❧❧ s✐③❡ ❜❛s❡❞ ♠❡t❤♦❞s ❛r❡ t❤❡ t✇♦
♠♦st❧② ✉s❡❞ ❛♣♣r♦❛❝❤❡s ✐♥ t❤❡ ❧✐t❡r❛t✉r❡✱ t❤❡② ❛r❡ ❡①♣❡r✐♠❡♥t❡❞ ✇✐t❤ ✐♥ t❤✐s s❡❝t✐♦♥✳ ❈❡❧❧ s✐③❡ ❜❛s❡❞
ǫ ❛♣♣r♦❛❝❤ ❣♦❡s ❛❧♦♥❣ ✇✐t❤ t❤❡ ❣r✐❞ s✐③❡✱ ❤❡♥❝❡✱ ❛ ❣r✐❞ ✐♥❞❡♣❡♥❞❡♥❝❡ st✉❞② ❤❛s ❜❡❡♥ ❝♦♥❞✉❝t❡❞ ♦♥
t❤r❡❡ ❞✐☛❡r❡♥t ❣r✐❞ r❡☞♥❡♠❡♥t ❧❡✈❡❧s ♦❢ ∆g/R = 1/16✱ 1/32 ❛♥❞ 1/64✱ ♥❛♠❡❧② ❝♦❛rs❡✱ ♠❡❞✐✉♠ ❛♥❞
☞♥❡✱ r❡s♣❡❝t✐✈❡❧②✳ ❆❧s♦✱ t✇♦ ❞✐☛❡r❡♥t ❝♦♥st❛♥t ♣r♦❥❡❝t✐♦♥ ✇✐❞t❤ ✈❛❧✉❡s ❛r❡ t❡st❡❞ ✐♥ ❛♥ ❛tt❡♠♣t t♦
♦❜s❡r✈❡ t❤❡ ❡☛❡❝t ♦❢ ǫ ✭❋✐❣✉r❡ ✹✮✳
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Figure 4: Convergence of power coefficient CP with grid size at rotor plane for different ǫ values.

■t s❤♦✉❧❞ ❜❡ ♥♦t❡❞ t❤❛t ❛♥♦t❤❡r s✐♠✉❧❛t✐♦♥ ♣❛r❛♠❡t❡rs t❤❛t ♣❧❛②s ❛♥ ✐♠♣♦rt❛♥t r♦❧❡ ✐s t❤❡ t✐♠❡ st❡♣ s✐③❡✱
❡✈❛❧✉❛t❡❞ ✐♥ t❡r♠s ♦❢ ❤♦✇ ♠❛♥② ❝❡❧❧s ❞♦❡s t❤❡ ❜❧❛❞❡ t✐♣ tr❛✈❡❧s ✐♥ ❛ s✐♥❣❧❡ t✐♠❡ st❡♣✳ ■♥ t❤❡ ❧✐t❡r❛t✉r❡✱
✐t ✐s ♦❢t❡♥ s✉❣❣❡st❡❞ t❤❛t ♠♦✈❡♠❡♥t ♦❢ t❤❡ ❜❧❛❞❡ t✐♣ s❤♦✉❧❞ ♥♦t ❡①❝❡❡❞ ✶ ❝❡❧❧ s✐③❡✳ ❆❝❝♦r❞✐♥❣❧②✱ ❜❧❛❞❡
t✐♣ tr❛✈❡❧ ✐s s❡t t♦ 0.9∆g ✐♥ t❤✐s s❡❝t✐♦♥✳ ❯s✐♥❣ t❤❡s❡ s❡tt✐♥❣s✱ ❣r✐❞ ❝♦♥✈❡r❣❡♥❝❡ ❝❛♥ ❜❡ s❡❡♥ ♦♥
❋✐❣✉r❡ ✹✱ ✇❤❡r❡ t❤❡ ♣♦✇❡r ❝♦❡✍❝✐❡♥t ♦❢ t❤❡ t✉r❜✐♥❡ ✐s ✉s❡❞ ❛s t❤❡ ❝♦♥✈❡r❣❡♥❝❡ ❝r✐t❡r✐❛✳ ❆ s✐❣♥✐☞❝❛♥t
❞✐☛❡r❡♥❝❡ ✐s ♦❜s❡r✈❡❞ ❜❡t✇❡❡♥ ∆g/R = 1/16 ❛♥❞ ∆g/R = 1/32✱ t❤❡♥ ❛ ❝♦♥✈❡r❣✐♥❣ tr❡♥❞ ✐s ✈✐s✐❜❧❡
t♦✇❛r❞s ∆g/R = 1/64✳ ǫ ❛❧s♦ ❛☛❡❝ts t❤❡ ♣♦✇❡r ♣r❡❞✐❝t✐♦♥❀ ❛s t❤❡ ❢♦r❝❡ ✐s ♣r♦❥❡❝t❡❞ ♦♥t♦ ❛ ❧❛r❣❡r
✈♦❧✉♠❡✱ ❡st✐♠❛t❡❞ ♣♦✇❡r ❛❧s♦ ✐♥❝r❡❛s❡s✳

P♦✇❡r ❝♦❡✍❝✐❡♥t ♦❢ t❤❡ t✉r❜✐♥❡ ❣✐✈❡s ❛♥ ✐❞❡❛ ❛❜♦✉t t❤❡ ❛❝❝✉r❛❝② ♦❢ t❤❡ ♠♦❞❡❧ ✐♥ ❛ ❜r♦❛❞ s❡♥s❡✳ ❋♦r ❛
❜❡tt❡r ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ ♠♦❞❡❧✬s ♣❡r❢♦r♠❛♥❝❡✱ ❞✐str✐❜✉t✐♦♥s ♦❢ ❛♥❣❧❡ ♦❢ ❛tt❛❝❦ α ❛♥❞ t❛♥❣❡♥t✐❛❧ ❢♦r❝❡
Ft ❛❧♦♥❣ ❜❧❛❞❡s ❛r❡ ❛❧s♦ ❡①❛♠✐♥❡❞✳ ❚❤❡s❡ t✇♦ ♣❛r❛♠❡t❡rs ❤❛✈❡ ❜❡❡♥ ❝❤♦s❡♥ ❢♦r ❡✈❛❧✉❛t✐♦♥ ❜❡❝❛✉s❡
♦❢ t❤❡ ❢❛❝t t❤❛t α ✐s t❤❡ ♣r✐♠❛r② ♣❛r❛♠❡t❡r ✐♥ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ cl ❛♥❞ cl ❛♥❞ Ft ✐s t❤❡ ❢♦r❝❡ t❤❛t
❣❡♥❡r❛t❡s t❤❡ t♦rq✉❡ ✭❛♥❞ ❤❡♥❝❡ t❤❡ ♣♦✇❡r✮✳
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Figure 5: Computed α (top) and Ft (bottom) for different chord based ǫ values (∆g/R = 1/32)
(FRM: Dose et.al. [2018])
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Figure 6: Computed α (top) and Ft (bottom) for different cell size based ǫ values (∆g/R = 1/32)
(FRM: Dose et.al. [2018])
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❘❡s✉❧ts ❢♦r ❝❤♦r❞ ❜❛s❡❞ ❛♥❞ ❝❡❧❧ s✐③❡ ❜❛s❡❞ ǫ ❝❛♥ ❜❡ s❡❡♥ ♦♥ ❋✐❣✉r❡s ✺ ❛♥❞ ✻✱ r❡s♣❡❝t✐✈❡❧②✳ ❯s✐♥❣ ❛
❝❤♦r❞ ❜❛s❡❞ ǫ✱ ❜❡st ❛❣r❡❡♠❡♥t ✇✐t❤ ❜♦t❤ ❇❊▼ ❛♥❞ ❋✉❧❧② ❘❡s♦❧✈❡❞ ▼❡s❤ ✭❋❘▼✮ r❡s✉❧ts ✐s ❛❝❤✐❡✈❡❞
✇✐t❤ ǫ = 2.0c✱ ❡✈❡♥ t❤♦✉❣❤ ❛ s✐❣♥✐☞❝❛♥t ❞✐s❝r❡♣❛♥❝② ✐s ✈✐s✐❜❧❡ t♦✇❛r❞s t❤❡ r♦♦t✳ ❈❤♦r❞ ❜❛s❡❞ ♣r♦❥❡❝t✐♦♥
✇✐❞t❤ ❛♣♣r♦❛❝❤ ❢❛❧❧s s❤♦rt ✐♥ ❝❛♣t✉r✐♥❣ ❛♥ ♦✈❡r❛❧❧ ☞tt✐♥❣ ❝✉r✈❡✳ ❚❤✐s ✐s ♣r♦♥♦✉♥❝❡❞ ✇❤❡♥ t❤❡ ❜❡❤❛✈✐♦r
♦❢ t❤❡ ❝♦♠♣✉t❡❞ Ft ✈❛r✐❡s ✇✐t❤ ❝❤❛♥❣✐♥❣ ❝❤♦r❞ ♠✉❧t✐♣❧✐❡r❀ ✈❛r✐❛t✐♦♥ t♦✇❛r❞s t❤❡ t✐♣ ✐s s✐❣♥✐☞❝❛♥t❧②
❧❛r❣❡r t❤❛♥ t❤❡ r♦♦t ✈✐❝✐♥✐t②✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ ❝❡❧❧ s✐③❡ ❜❛s❡❞ ǫ ❛♣♣r♦❛❝❤ ②✐❡❧❞s ❛ ❜❡tt❡r ❛❣r❡❡♠❡♥t
✇✐t❤ ❇❊▼ ♦✈❡r❛❧❧✱ ❡s♣❡❝✐❛❧❧② ✇✐t❤ ǫ = 1.25∆g✳ ❙✐♠✐❧❛r t♦ t❤❡ ❝❤♦r❞ ❜❛s❡❞ ❛♣♣r♦❛❝❤✱ ✈❛r✐❛t✐♦♥ ✐♥
♣r♦❥❡❝t✐♦♥ ✇✐❞t❤ ❝❛✉s❡s ❞✐☛❡r❡♥t ❜❡❤❛✈✐♦r ✐♥ α ❛♥❞ Ft ❝✉r✈❡s ❛t r♦♦t ❛♥❞ t✐♣ ✈✐❝✐♥✐t② ❛❧s♦ ✐♥ ❝❡❧❧ s✐③❡
ǫ✳ ◆❡✈❡rt❤❡❧❡ss✱ t❤❛♥❦s t♦ ✐ts ❜❡tt❡r ♦✈❡r❛❧❧ ☞t ✇✐t❤ ❇❊▼ r❡s✉❧ts✱ ❝❡❧❧ s✐③❡ ❜❛s❡❞ ǫ ✐s ✉s❡❞ ❢♦r t❤❡ r❡st
♦❢ t❤✐s st✉❞②✳ ❙✐♥❝❡ ∆g/R = 1/32 ❣r✐❞ r❡☞♥❡♠❡♥t ❧❡✈❡❧ ②✐❡❧❞s t❤❡ ❜❡st ❛❝❝✉r❛❝②✴❝♦♠♣✉t❛t✐♦♥❛❧ ❝♦st
❜❛❧❛♥❝❡✱ ✐t ✐s ✉s❡❞ ❛❧♦♥❣ ✇✐t❤ ǫ = 1.25∆g✳

❘❡s✉❧ts ❛t ❱❛r✐♦✉s ❘♦t❛t✐♦♥❛❧ ❙♣❡❡❞s✿

■♥ ❛ r❡❛❧✲❧✐❢❡ ♦♣❡r❛t✐♥❣ ✇✐♥❞ ❢❛r♠✱ t✉r❜✐♥❡s ❛r❡ s✉❜❥❡❝t t♦ s✐❣♥✐☞❝❛♥t ✈❛r✐❛t✐♦♥s ♦❢ ✇✐♥❞ s♣❡❡❞✳ ❆❧t❤♦✉❣❤
t✉r❜✐♥❡s ❛r❡ ❞❡s✐❣♥❡❞ ❢♦r ❛ ❝❡rt❛✐♥ ✇✐♥❞ s♣❡❡❞ ❛♥❞ ❝♦rr❡s♣♦♥❞✐♥❣ r♦t❛t✐♦♥❛❧ s♣❡❡❞ ✭r❛t❡❞ ❝♦♥❞✐t✐♦♥s✮✱
t❤❡② ♦❢t❡♥ r❡q✉✐r❡ t♦ ♦♣❡r❛t❡ ✐♥ ♦☛✲❞❡s✐❣♥ ❝♦♥❞✐t✐♦♥s✳ ❚❤✉s✱ t❤❡ ❆❝t✉❛t♦r ▲✐♥❡ ▼♦❞❡❧ s❤♦✉❧❞ ②✐❡❧❞
r❡❧✐❛❜❧❡ r❡s✉❧ts ✐♥ s✉❝❤ s✐t✉❛t✐♦♥s✳ ❚♦ t❡st t❤❡ ♠♦❞❡❧✬s ❝❛♣❛❜✐❧✐t② ❛t ✈❛r✐♦✉s t✐♣ s♣❡❡❞ r❛t✐♦s ✭r♦t❛t✐♦♥❛❧
s♣❡❡❞s✮ s✐♠✉❧❛t✐♦♥s ❛r❡ ♣❡r❢♦r♠❡❞ ❢♦r TSR = 2 − 12 ❛t ❝♦♥st❛♥t U∞ = 11.4m/s ❛♥❞ r❡s✉❧ts ❛r❡
❝♦♠♣❛r❡❞ ✇✐t❤ ❇❊▼✳
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Figure 7: Computed power and thrust coefficients for different tip speed ratios (at Uref =
11.4m/s) (RANS-BEM: Burmester et.al. [2016])

P♦✇❡r ❝♦❡✍❝✐❡♥t CP ❛♥❞ t❤r✉st ❝♦❡✍❝✐❡♥t CT ✈❡rs✉s ❚❙❘ ❝✉r✈❡s ❛r❡ ✐♥ ❝❧♦s❡ ❛❣r❡❡♠❡♥t ✇✐t❤ ❇❊▼
r❡s✉❧ts✳ ❆ s✐❣♥✐☞❝❛♥t ❞✐☛❡r❡♥❝❡ ✐s ♦❜s❡r✈❡❞ ❜❡t✇❡❡♥ TSR = 7 − 10✱ ✇❤✐❝❤ ♠✐❣❤t ❜❡ r❡❧❛t❡❞ t♦
t❤❡ st❛❧❧ ❝♦♥❞✐t✐♦♥s ❛t ❝❡rt❛✐♥ ❜❧❛❞❡ s❡❝t✐♦♥s✱ ✇❤✐❝❤ ❛r❡ ♣♦♦r❧② r❡✌❡❝t❡❞ ✐♥ cl ❛♥❞ cd ❞❛t❛ ✭❋✐❣✉r❡
✼✮✳ ❚❤❡ ❞✐s❝r❡♣❛♥❝② ❛❣❛✐♥st ❘❆◆❙✲❇❊▼ r❡s✉❧ts ❛r❡ ❛ttr✐❜✉t❡❞ t♦ t❤❡ ❞✐☛❡r❡♥❝❡ ♦❢ cl ❛♥❞ cd ❞❛t❛✱
♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ t❤❡ ❞✐☛❡r❡♥t ♠❡t❤♦❞s ✉s❡❞ ✭✷❉ ✐♥t❡❣r❛❧ ❜♦✉♥❞❛r② ❧❛②❡r t❤❡♦r② ❛♥❞ ❘❆◆❙ s♦❧✉t✐♦♥s✮✳
■♥ t❡r♠s ♦❢ ❛♥❣❧❡ ♦❢ ❛tt❛❝❦ ❛♥❞ t❛♥❣❡♥t✐❛❧ ❢♦r❝❡ ❞✐str✐❜✉t✐♦♥s✱ r❡s✉❧ts ❛r❡ ✈❡r② ❝❧♦s❡ t♦ ❇❊▼ s♦❧✉t✐♦♥✱
❡s♣❡❝✐❛❧❧② ✇❤❡♥ ❚❙❘ ✐s ❝❧♦s❡ t♦ t❤❡ r❛t❡❞ ❝♦♥❞✐t✐♦♥ ♦❢ TSR = 7 ✭❋✐❣✉r❡ ✽✮✳ ❆t ❤✐❣❤❡r ❛♥❞ ❧♦✇❡r ❚❙❘
❝♦♥❞✐t✐♦♥s✱ ❝♦♠♣✉t❡❞ ❞✐str✐❜✉t✐♦♥s ❛r❡ ❛❧s♦ ❢♦✉♥❞ t♦ ❜❡ ❛❝❝❡♣t❛❜❧② ❝❧♦s❡ t♦ ❇❊▼ r❡s✉❧ts✱ ❞❡s♣✐t❡ t❤❡
s❧✐❣❤t ✐♥❝♦♥s✐st❡♥❝② ❛t s♠❛❧❧ ❛♥❞ ❧❛r❣❡ r❛❞✐❛❧ ♣♦s✐t✐♦♥s✳
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Figure 8: Computed α and Ft distributions for different TSR values (Uref = 11.4m/s,∆g/R =
1/32
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Dual Turbines in Tandem

❯s✐♥❣ t❤❡ ❜❡st ♣❡r❢♦r♠✐♥❣ ❢♦r❝❡ ♣r♦❥❡❝t✐♦♥ ✇✐❞t❤ ♣❛r❛♠❡t❡r ǫ = 1.25∆g ❢♦✉♥❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s
s❡❝t✐♦♥✱ t✇♦ ❛①✐❛❧❧② ❛❧✐❣♥❡❞ ◆❘❊▲✺▼❲ r♦t♦rs ♦♣❡r❛t✐♥❣ ❛t ✐❞❡♥t✐❝❛❧ ❝♦♥❞✐t✐♦♥s ❛r❡ s✐♠✉❧❛t❡❞ ❛♥❞ ✇❛❦❡
✐♥t❡r❛❝t✐♦♥s ❛r❡ ❡①❛♠✐♥❡❞✳ ■♥st❡❛❞ ♦❢ t❤❡ r❛t❡❞ ❝♦♥❞✐t✐♦♥s✱ ❜♦t❤ r♦t♦rs ❛r❡ ♦♣❡r❛t❡❞ ❛t TSR = 7.3
❛t U∞ = 8.0m/s✳ ❉✐st❛♥❝❡ ❜❡t✇❡❡♥ r♦t♦rs ❛r❡ s❡t t♦ 7D = 882m ❛♥❞ t❤❡ ✌♦✇ ✐s s✐♠✉❧❛t❡❞ ❢♦r
tmax = 500s✳

Velocity Magnitude Vorticity Magnitude

Figure 9: Velocity and vorticity magnitude contours during wake development (mid-z-plane
section)

■♥st❛♥t❛♥❡♦✉s ❛①✐❛❧ ✈❡❧♦❝✐t② ❝♦♥t♦✉rs ♦♥ t❤❡ ♠✐❞✲③✲♣❧❛♥❡ s❡❝t✐♦♥ s❤♦✇s t❤❡ ❞✐st✐♥❝t ✈❡❧♦❝✐t② ❞❡☞❝✐t
✐♥ t❤❡ ✇❛❦❡ ③♦♥❡✱ ❡①t❡♥❞✐♥❣ ❢r♦♠ ❲❚✶ t♦ ❲❚✷ ✭❋✐❣✉r❡ ✾✮✳ ■t t❛❦❡s ❛♣♣r♦①✐♠❛t❡❧② 150s ❢♦r ✇❛❦❡
❣❡♥❡r❛t❡❞ ❜② ❲❚✶ t♦ r❡❛❝❤ t❤❡ ❞♦✇♥str❡❛♠ t✉r❜✐♥❡✳ ❯♣ t♦ t❤❛t ♣♦✐♥t✱ ✇❛❦❡ ♦❢ ❲❚✷ ✐s ✐❞❡♥t✐❝❛❧
t♦ t❤❛t ♦❢ ❲❚✶✳ ❯♣♦♥ ✐♥✐t✐❛❧ ✐♠♣✐♥❣❡♠❡♥t ♦❢ t❤❡ ✇❛❦❡✱ ✈♦rt❡① ③♦♥❡s ✇✐t❤ ❤✐❣❤ ♠❛❣♥✐t✉❞❡s ❛r❡
♦❜s❡r✈❛❜❧❡ ❥✉st ❜❡❤✐♥❞ ❲❚✷✱ ✇❤✐❝❤ ❛r❡ t❤❡♥ t✉r♥ ✐♥t♦ ❛ ♠♦r❡ ❤♦♠♦❣❡♥❡♦✉s str✉❝t✉r❡ ❛♥❞ r❡❛❝❤ ❛
♣❡r✐♦❞✐❝❛❧❧②✲st❡❛❞② st❛t❡✳

◆♦♥✲❞✐♠❡♥s✐♦♥❛❧ ✈❡❧♦❝✐t② ❞❡☞❝✐t ❝✉r✈❡s ❛❧♦♥❣ ②✲❛①✐s ❛t ❞✐☛❡r❡♥t ①✲st❛t✐♦♥s r❡✈❡❛❧s ❤♦✇ ✇❛❦❡ ③♦♥❡
❞❡✈❡❧♦♣s ♠♦r❡ ❝❧❡❛r❧② ✭❋✐❣✉r❡ ✶✵✮✳ ❱❡❧♦❝✐t② ❞❡☞❝✐t r❡❛❝❤❡s ✐ts ♠❛①✐♠✉♠ ❛t x = 1D ❛♥❞ s❧♦✇❧② s♣r❡❛❞s
❛s ✐t ♠♦✈❡s ❞♦✇♥str❡❛♠✳ ❆❧t❤♦✉❣❤ ❞✐☛✉s✐♦♥ ✐s ✈❡r② s♠❛❧❧✱ ❛①✐❛❧ s♣❡❡❞ ✐♥❝r❡❛s❡s s❧✐❣❤t❧② ❛t x = 6D✳
P❛st ❲❚✷✱ ❞✉❡ t♦ t❤❡ ❛❞❞✐t✐♦♥❛❧ ❡♥❡r❣② ❡①tr❛❝t✐♦♥ ❜② t❤❡ ❞♦✇♥str❡❛♠ r♦t♦r✱ ✈❡❧♦❝✐t② ❞❡☞❝✐t r❡❛❝❤❡s
✐ts ♠❛①✐♠✉♠ ❛❢t❡r ❲❚✷✳ ■t ❝❛♥ ❜❡ s❡❡♥ t❤❛t t❤❡ ✈♦rt❡① ❜r❡❛❦❞♦✇♥ ✐s ♠♦r❡ r❛♣✐❞ ✐♥ t❤❡ ✇❛❦❡ r❡❣✐♦♥
♦❢ ❲❚✷ ❝♦♠♣❛r❡❞ t♦ t❤❛t ♦❢ ❲❚✶✳ ❚❤✐s ✐s ❛ttr✐❜✉t❡❞ t♦ t❤❡ ❛❞❞✐t✐♦♥❛❧ t✉r❜✉❧❡♥t ❡♥❡r❣② ❝♦♥✈❡②❡❞
✐♥t♦ t❤❡ ✇❛❦❡ ❜② ❲❚✷✱ ✇❤✐❝❤ ✐♥❝r❡❛s❡s t❤❡ r❛t❡ ♦❢ ❞✐☛✉s✐♦♥ ♦❢ ♠♦♠❡♥t✉♠✳
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Figure 10: Mean axial velocity deficit (1−Ux/Uref ) profiles along y (horizontal) axis at different
x stations

Figure 11: Vorticity contours at various x-station planes

❱♦rt❡① ♠❛❣♥✐t✉❞❡ ❝♦♥t♦✉rs ❛t ✈❛r✐♦✉s ①✲st❛t✐♦♥s ❛❧s♦ s❤♦✇s ❛ s✐♠✐❧❛r tr❡♥❞ ✭❋✐❣✉r❡ ✶✶✮✳ ❱♦rt✐❝❡s s❤❡❞
❢r♦♠ ❜❧❛❞❡ t✐♣s ❢♦r♠ ❛ t✉❜✉❧❛r str✉❝t✉r❡✱ ✇❤✐❝❤ ❡①t❡♥❞s ❢r♦♠ ✉♣str❡❛♠ r♦t♦r t♦ ❞♦✇♥str❡❛♠ r♦t♦r ✇❤✐❧❡
❦❡❡♣✐♥❣ ✐ts s❤❛♣❡ ❛❧♠♦st ✐♥t❛❝t✳ ❆s t❤❡ ✇❛❦❡ ❣♦❡s t❤r♦✉❣❤ ❲❚✷✱ ❞✉❡ t♦ t❤❡ ✐♥❝r❡❛s❡❞ ❡❞❞② ♠♦t✐♦♥✱
✈♦rt❡① ❝♦♥t♦✉rs ❡①❤✐❜✐t ❛ ♠♦r❡ ❞✐s♣❡rs❡❞ s❤❛♣❡✳ ❚❤✐s ❝❛♥ ❛❧s♦ ❜❡ s❡❡♥ ✐♥ ✸❉ ✈♦rt❡① ❛♥❞ ◗✲❝r✐t❡r✐♦♥
✐s♦✲s✉r❢❛❝❡ ♣❧♦ts ✭❋✐❣✉r❡s ✶✷ ❛♥❞ ✶✸✱ r❡s♣❡❝t✐✈❡❧②✮✳ ❚❤❡ ♠❛✐♥ ❞✐☛❡r❡♥❝❡ ✐♥ ◗✲❝r✐t❡r✐♦♥ ✐s♦✲s✉r❢❛❝❡s ✐s
t❤❡ ❛❜s❡♥❝❡ ♦❢ str✉❝t✉r❡s ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ t❤❡ ❜❧❛❞❡ t✐♣s ❛♥❞ ♥❡✇ str✉❝t✉r❡s s❤♦✇✐♥❣ ✉♣ ✐♥ t❤❡ r♦♦t
r❡❣✐♦♥✳ ❚❤✐s ✐s ❛ttr✐❜✉t❡❞ t♦ t❤❡ ❞❡☞♥✐t♦♥ ♦❢ ◗ ✈❛❧✉❡✱ ✇❤✐❝❤ ✐♥❝❧✉❞❡s t❤❡ str❛✐♥ r❛t❡ t❡♥s♦r ✐♥ ❛❞❞✐t✐♦♥
t♦ t❤❡ ✈♦rt✐❝✐t② ♠❛❣♥✐t✉❞❡ ❛s ❛ ❞✐♠✐♥✐s❤✐♥❣ t❡r♠✳ ❚❤✐s ♠❡❛♥s t❤❛t r❛t❡ ♦❢ str❛✐♥ ✐s ❤✐❣❤ ✐♥ t❤❡ ❜❧❛❞❡
t✐♣ r❡❣✐♦♥✱ ✇❤❡r❡❛s ❧♦✇ ✐♥ t❤❡ r♦♦t r❡❣✐♦♥ ♦❢ t❤❡ ✇❛❦❡ ③♦♥❡✳

❚❤❡ ♣♦✇❡r ❝♦❡✍❝✐❡♥t CP ❤✐st♦❣r❛♠ ♦❢ ✉♣str❡❛♠ ✭❲❚✶✮ ❛♥❞ ❞♦✇♥str❡❛♠ ✭❲❚✷✮ t✉r❜✐♥❡s s❤♦✇s ❤♦✇
t❤❡ ❝♦♠♣✉t❡❞ ♣♦✇❡r ❝❤❛♥❣❡s ✇✐t❤ t✐♠❡ ✭❋✐❣✉r❡ ✶✹✮✳ ❈♦♠♣✉t❡❞ ♣♦✇❡r ✐s ✐❞❡♥t✐❝❛❧ ❛♥❞ ♦✈❡r✲❡st✐♠❛t❡❞
❢♦r ❜♦t❤ t✉r❜✐♥❡s ✉♣ t♦ t = 100s✱ ❞✉❡ t♦ t❤❡ ✉♥st❡❛❞② ✌♦✇ ❝❤❛r❛❝t❡r✐st✐❝s ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ t❤❡
✐♥st❛♥t❛♥❡♦✉s ✐♥tr♦❞✉❝t✐♦♥ ♦❢ t❤❡ r♦t♦rs ✐♥t♦ t❤❡ ✌♦✇ ❞♦♠❛✐♥ ♦❢ ✉♥✐❢♦r♠ ✌♦✇✳ P♦✇❡r ♦❢ ❲❚✷ st❛rts
❞❡❝r❡❛s✐♥❣ s❧✐❣❤t❧② ❛❢t❡r t = 100s ✇❤❡r❡ t❤❡ ❡☛❡❝t ♦❢ ✇❛❦❡ ❜❡❣✐♥s t♦ ❜❡ ❢❡❧t ❜② ❲❚✷✳ ❆❢t❡r t = 150s✱
❛♥ ❡rr❛t✐❝ CP ❣r❛♣❤ ❝❛♥ ❜❡ s❡❡♥✳ ❚❤✐s ✐s t❤❡ tr❛♥s✐t✐♦♥❛❧ ♣♦✐♥t✱ ✇❤❡r❡ t❤❡ st❛rt✐♥❣ ✈♦rt❡① ❣❡♥❡r❛t❡❞
❜② ❲❚✶ ✐♠♣✐♥❣❡s ♦♥ ❲❚✷✳ ❚❤✐s ❝♦♥t✐♥✉❡s ✉♣ t♦ t ≈ 230s✳ ❆❢t❡r t❤❛t ♣♦✐♥t✱ ♣♦✇❡r ♣r♦❞✉❝t✐♦♥ ♦❢
❲❚✷ ❣♦❡s ✐♥t♦ ❛ ♣❡r✐♦❞✐❝❛❧❧②✲st❡❛❞② st❛t❡ ✇✐t❤ ❛ ❝❡rt❛✐♥ ❝②❝❧✐❝ ❜❡❤❛✈✐♦r✳

P♦✇❡r ❧♦ss ✐♥ t❤❡ s❡❝♦♥❞ ✇✐♥❞ t✉r❜✐♥❡ ✐s ❡st✐♠❛t❡❞ ❛s 86% ✐♥ t❤✐s s✐♠✉❧❛t✐♦♥✱ ✇❤✐❝❤ ✐s ❡①tr❡♠❡❧② ❤✐❣❤
❝♦♠♣❛r❡❞ t♦ t❤❡ r❡❛❧✲❧✐❢❡ ✐♥st❛♥❝❡s✳ ◆❡✈❡rt❤❡❧❡ss✱ t❤✐s ✈❛❧✉❡ ✐s ✐♥ ✈❡r② ❝❧♦s❡ ❛❣r❡❡♠❡♥t ✇✐t❤ ✇❤❛t
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Figure 12: Vorticity ζ = 0.38 iso-surfaces

✇❛s ❢♦✉♥❞ ❜② ❙❝❤♠✐t③ ❛♥❞ ❏❤❛ ✭❙❝❤♠✐t③ ❛♥❞ ❏❤❛ ❬✷✵✶✸❪✮ ✐♥ ✐❞❡♥t✐❝❛❧ ❝♦♥❞✐t✐♦♥s✳ ❚❤✐s ♦✉t❝♦♠❡ ✐s
❛ttr✐❜✉t❡❞ t♦ t❤❡ ❧❛❝❦ ♦❢ ❛t♠♦s♣❤❡r✐❝ t✉r❜✉❧❡♥❝❡ ✐♥ s✐♠✉❧❛t✐♦♥s✱ ✇❤✐❝❤ ✐s ♣r✐♠❛r✐❧② r❡s♣♦♥s✐❜❧❡ ❢♦r t❤❡
❜r❡❛❦✲❞♦✇♥ ♦❢ t❤❡ ✇❛❦❡ ❛♥❞ ❞✐☛✉s✐♦♥ ♦❢ t❤❡ ✈❡❧♦❝✐t② ❞❡☞❝✐t✳ ❙❝❤♠✐t③ ❛♥❞ ❏❤❛ ❛❧s♦ ♠❡♥t✐♦♥❡❞ t❤❡ ❢❛❝t
t❤❛t t✐♣ s♣❡❡❞ r❛t✐♦ ♦❢ ❲❚✷ ✐s ♥♦t ❛❞❥✉st❡❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❧♦✇✲s♣❡❡❞ ✐♥❝♦♠✐♥❣ ❛✐r✱ ✇❤✐❝❤ ✇♦✉❧❞ ❜❡
t❤❡ ❝❛s❡ ✐♥ ❛ r❡❛❧✲❧✐❢❡ ♦♣❡r❛t✐♦♥ ✐♥ ❛♥ ❛tt❡♠♣t t♦ ✐♥❝r❡❛s❡ t❤❡ ♣♦✇❡r ♦✉t♣✉t ♦❢ t❤❡ ✇✐♥❞ t✉r❜✐♥❡✳

Figure 13: Q-criterion Q=0.005 iso-surfaces
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Figure 14: Power coefficient CP histogram of upstream and downstream wind turbines in tandem
configuration (at Uref = 8.0m/s)

CONCLUSION

❆♥ ◆❘❊▲✺▼❲ ✇✐♥❞ t✉r❜✐♥❡ r♦t♦r ✐s ♠♦❞❡❧❡❞ ✇✐t❤ ❆❝t✉❛t♦r ▲✐♥❡ ▼♦❞❡❧ ❛♥❞ t❤❡ ✌♦✇ ❛r♦✉♥❞ ✐t ✐s
s♦❧✈❡❞ ✉s✐♥❣ ❖♣❡♥❋❖❆▼ ❛♥❞ ▲❊❙ t✉r❜✉❧❡♥❝❡ ♠♦❞❡❧✳ ■♥ ❛ s✐♥❣❧❡ ❛♥❞ ✐s♦❧❛t❡❞ r♦t♦r ❝❛s❡✱ ♦♥❡ ♦❢
t❤❡ ❝r✐t✐❝❛❧ s✐♠✉❧❛t✐♦♥ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ♠♦❞❡❧✱ ❢♦r❝❡ ♣r♦❥❡❝t✐♦♥ ✇✐❞t❤✱ ✐s ❡①♣❡r✐♠❡♥t❡❞ ✇✐t❤✳ ❖♥
❛ s♦❧✉t✐♦♥ ❣r✐❞ ✇✐t❤ ∆g/R = 1/32 r❡☞♥❡♠❡♥t ❧❡✈❡❧✱ t❤❡ ❢♦r❝❡ ♣r♦❥❡❝t✐♦♥ ✇✐❞t❤ ❝♦♥tr♦❧ ♣❛r❛♠❡t❡r
ǫ = 1.25∆g ❤❛s ②✐❡❧❞❡❞ t❤❡ ❜❡st ❛❣r❡❡♠❡♥t ✇✐t❤ ❇❊▼ r❡s✉❧ts✳ ❖t❤❡r t❤❛♥ t❤❡ r❛t❡❞ ❝♦♥❞✐t✐♦♥s✱
t❤❡ ♠♦❞❡❧ ❤❛s ♣❡r❢♦r♠❡❞ ✇❡❧❧ ❛t ❧♦✇❡r ❛♥❞ ❤✐❣❤❡r t✐♣ s♣❡❡❞ r❛t✐♦s✳ ❯s✐♥❣ t❤✐s s❡tt✐♥❣✱ t✇♦ ❛①✐❛❧❧②
❛❧✐❣♥❡❞ ✇✐♥❞ t✉r❜✐♥❡s ✐♥ t❛♥❞❡♠ ❝♦♥☞❣✉r❛t✐♦♥ ❤❛s ❜❡❡♥ s✐♠✉❧❛t❡❞ ✐♥ t❤❡ s❡❝♦♥❞ ❝❛s❡ st✉❞②✳ ❚❤❡
❞♦✇♥str❡❛♠ t✉r❜✐♥❡ ❤❛s s✉☛❡r❡❞ ❛♥ ❡①tr❡♠❡❧② ❤✐❣❤ ♣♦✇❡r ❧♦ss ♦❢ 86%✳ ❚❤✐s ✐s ❛ttr✐❜✉t❡❞ t♦ t❤❡
❛❜s❡♥❝❡ ♦❢ ❛t♠♦s♣❤❡r✐❝ t✉r❜✉❧❡♥❝❡✱ ✇❤✐❝❤ ✇♦✉❧❞ ❝❛t❛❧②③❡ t❤❡ ❜r❡❛❦❞♦✇♥ ♦❢ ✈♦rt✐❝❡s ❡①✐st✐♥❣ ✐♥ t❤❡
✐♥❝♦♠✐♥❣ ✇❛❦❡✳ ❍❡♥❝❡✱ ♣♦✇❡r ❧♦ss ❤❛s ❜❡❡♥ ♦✈❡r✲❡st✐♠❛t❡❞ ❜② ❛ ❧❛r❣❡ ❛♠♦✉♥t✳

■t ✐s ❝♦♥❝❧✉❞❡❞ t❤❛t t❤❡ ❆❝t✉❛t♦r ▲✐♥❡ ▼♦❞❡❧ ✐s ❛ ♣r♦♠✐s✐♥❣ ❛♥❞ r❡❧❛t✐✈❡❧② ✐♥❡①♣❡♥s✐✈❡ ♠❡t❤♦❞ ✐♥
❝❛♣t✉r✐♥❣ ✇❛❦❡ ✐♥t❡r❛❝t✐♦♥s✱ ❡s♣❡❝✐❛❧❧② ✐♥ s✐♠✉❧❛t✐♦♥s ✇✐t❤ ♥✉♠❡r♦✉s r♦t♦rs ❛♥❞ ❧❛r❣❡ ☞❡❧❞ ❞✐♠❡♥s✐♦♥s✱
❜✉t r❡q✉✐r❡s ❛❝❝✉r❛t❡ s❡❧❡❝t✐♦♥ ♦❢ s✐♠✉❧❛t✐♦♥ ♣❛r❛♠❡t❡rs ❛♥❞ ✐t ✐s s❡♥s✐t✐✈❡ t♦ t❤❡ ❛t♠♦s♣❤❡r✐❝ ❝♦♥❞✐t✐♦♥s✳
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