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❞✐✛❡r❡♥t ❘❡②♥♦❧❞s ♥✉♠❜❡rs✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✺
✹✳✹ ❋✐♥❛❧ ❞❡s✐❣♥ ♦❢ t❤❡ t❡st s❡❝t✐♦♥✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✽
✹✳✺ ❚r❛❥❡t♦r✐❡s ♦❢ ❞r♦♣❧❡ts ✇✐t❤ 50 ➭m ❞✐❛♠❡t❡r ✐♥ ❛ ♥♦③③❧❡ ✇✐t❤ ❛ t❤✐r❞ ♦r❞❡r

♣♦❧②♥♦♠✐❛❧ ❝♦♥t♦✉r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✵
✹✳✻ ❚r❛❥❡t♦r✐❡s ♦❢ ❞r♦♣❧❡ts ✇✐t❤ 50 ➭m ❞✐❛♠❡t❡r ✐♥ ❛ ♥♦③③❧❡ ✇✐t❤ ❛♥ ❆❱❆

❝♦♥t♦✉r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✵
✹✳✼ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❞r♦♣❧❡t ❛♥❞ t❤❡ ❛✐r ✈❡❧♦❝✐t② ✐♥s✐❞❡ t❤❡ ❆❱❆ ♥♦③③❧❡✳ ✹✶
✹✳✽ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡ ❞r♦♣❧❡t ✈❡❧♦❝✐t② ❢♦r ❞✐✛❡r❡♥t ♥♦③③❧❡

❝♦♥t♦✉rs✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✶
✹✳✾ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡ ❞r♦♣❧❡t t❡♠♣❡r❛t✉r❡ ❢♦r ❞✐✛❡r❡♥t

♥♦③③❧❡ ❝♦♥t♦✉rs✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✷
✹✳✶✵ ❋✐♥❛❧ ❞❡s✐❣♥ ♦❢ t❤❡ ♥♦③③❧❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✸
✹✳✶✶ ❋✐♥❛❧ ❞❡s✐❣♥ ♦❢ t❤❡ s❡tt❧✐♥❣ ❛r❡❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✻
✹✳✶✷ ❋✐♥❛❧ ❞❡s✐❣♥ ♦❢ t❤❡ ✇✐❞❡✲❛♥❣❧❡ ❞✐✛✉s❡r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✼
✹✳✶✸ ❋✐♥❛❧ ❞❡s✐❣♥ ♦❢ t❤❡ ❞✐✛✉s❡r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✽
✹✳✶✹ ❚❤❡ ✜♥❛❧ ✇✐♥❞ t✉♥♥❡❧✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✾
✹✳✶✺ ❱❡❧♦❝✐t② ❞❡✈✐❛t✐♦♥ ❢♦r ❞✐✛❡r❡♥t ❞r♦♣❧❡t ❞✐❛♠❡t❡rs✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✵
✹✳✶✻ ❚❡♠♣❡r❛t✉r❡ ❞❡✈✐❛t✐♦♥ ❢♦r ❞✐✛❡r❡♥t ❞r♦♣❧❡t ❞✐❛♠❡t❡rs✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✶
✹✳✶✼ ◆❡❝❡ss❛r② ❧❡♥❣t❤ ♦❢ t❤❡ ♥♦③③❧❡ t♦ ❢✉❧✜❧❧ t❤❡ r❡q✉✐r❡♠❡♥ts ❢♦r ❞✐✛❡r❡♥t

❞r♦♣❧❡t ❞✐❛♠❡t❡rs✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✶
✹✳✶✽ ❘❡q✉✐r❡❞ ❝♦♦❧✐♥❣ ♣♦✇❡r ❢♦r t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❢♦r ❞✐✛❡r❡♥t ▲❲❈s ❛♥❞

❛♥ ❛✐r t❡♠♣❡r❛t✉r❡ ♦❢ −10 ➦C✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✺
✹✳✶✾ ◆❡❝❡ss❛r② ❝❧❡❛r❛♥❝❡ t♦ t❤❡ ❡♥tr② ♦❢ t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❢♦r ❞✐✛❡r❡♥t

❤②❞r❛✉❧✐❝ ❞✐❛♠❡t❡rs ♦❢ t❤❡ ❝♦♦❧✐♥❣ ❝❤❛♠❜❡r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✺

■❱



▲✐st ♦❢ ❋✐❣✉r❡s

✹✳✷✵ P❧♦t ♦❢ t❤❡ ✈❡❧♦❝✐t② ✐♥ t❤❡ ❈❋❉ s✐♠✉❧❛t✐♦♥✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✼
✹✳✷✶ P❧♦t ♦❢ t❤❡ s❡♣❛r❛t✐♦♥ ③♦♥❡s ✐♥ t❤❡ ❈❋❉ s✐♠✉❧❛t✐♦♥✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✽
✹✳✷✷ ❚❤❡ ✜♥❛❧ ❞❡✈✐❛t✐♦♥s ✐♥ ✈❡❧♦❝✐t② ❛♥❞ t❡♠♣❡r❛t✉r❡ ❢♦r ❞r♦♣❧❡ts ✇✐t❤ ❞✐✛❡r❡♥t

❞✐❛♠❡t❡rs ❛♥❞ ❢♦r ❞✐✛❡r❡♥t ✇❛t❡r ♣r❡ss✉r❡s ✐♥s✐❞❡ t❤❡ s♠❛❧❧ ✐❝✐♥❣ ✇✐♥❞
t✉♥♥❡❧✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✶

✹✳✷✸ ❘❡q✉✐r❡❞ ❝♦♦❧✐♥❣ ♣♦✇❡r ❢♦r t❤❡ s♠❛❧❧ ✇✐♥❞ t✉♥♥❡❧ ❢♦r ❞✐✛❡r❡♥t ▲❲❈s ❛t
❛♥ ❛✐r t❡♠♣❡r❛t✉r❡ ♦❢ −10 ➦C✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷

❆✳✶ ❉❡s✐❣♥ r✉❧❡s ❢♦r t❤❡ ❧❡♥❣t❤ ♦❢ ♥♦③③❧❡s ❢♦r ❞✐✛❡r❡♥t r❛t✐♦s ♦❢ ✐♥❧❡t t♦ ♦✉t❧❡t
❞✐❛♠❡t❡r✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✵

❆✳✷ ◆❡❝❡ss❛r② ♥✉♠❜❡r ♦❢ s❝r❡❡♥s ✐♥ t❤❡ ✇✐❞❡✲❛♥❣❧❡ ❞✐✛✉s❡r ❢♦r ❝❡rt❛✐♥ ♦♣❡♥✐♥❣
❛♥❣❧❡s ❛♥❞ ❛r❡❛ r❛t✐♦s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✶

❆✳✸ ❚❤❡ ❘●✶✺ ❛✐r❢♦✐❧ ✇✐t❤ ❛♥ ❛♥❣❧❡ ♦❢ ❛tt❛❝❦ ♦❢ 0◦✳ ❆①❡s ❛r❡ ♥♦r♠❛❧✐③❡❞ ✇✐t❤
t❤❡ ❝❤♦r❞ ❧❡♥❣t❤✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✷

❆✳✹ ❱❡❧♦❝✐t② ♣❧♦t ♦❢ t❤❡ ❈❋❉ s✐♠✉❧❛t✐♦♥ ✇✐t❤ ❛ s❡❝♦♥❞ t✉r❜✉❧❡♥❝❡ ♠♦❞❡❧✳ ✽✸
❆✳✺ P❧♦t ♦❢ t❤❡ s❡♣❛r❛t✐♦♥ ③♦♥❡s ✐♥ t❤❡ ❈❋❉ s✐♠✉❧❛t✐♦♥ ✇✐t❤ ❛ s❡❝♦♥❞ t✉r❜✉✲

❧❡♥❝❡ ♠♦❞❡❧✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✸

❱



▲✐st ♦❢ ❚❛❜❧❡s

✸✳✶ ❉r♦♣❧❡t s✐③❡ ❞✐str✐❜✉t✐♦♥ ✇✐t❤ t❤❡ ▲❛♥❣♠✉✐r ❉ ❞✐str✐❜✉t✐♦♥✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸

✹✳✶ ▲✐st ♦❢ t❤❡ r❡q✉✐r❡♠❡♥ts ❢♦r t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✺
✹✳✷ ❚❤❡r♠♦♣❤②s✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❛✐r ❛♥❞ ✇❛t❡r ❢♦r t❤❡ r❡❢❡r❡♥❝❡ t❡♠♣❡r❛t✉r❡

T ✳ ❉✐✛❡r❡♥t ✇♦rst✲❝❛s❡s ♠✐❣❤t ❡①✐st ❢♦r t❤❡ ❞r♦♣❧❡t ❜❡❤❛✈✐♦r ❛♥❞ t❤❡
♣r❡ss✉r❡ ❧♦ss✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✻

✹✳✸ ❉✐♠❡♥s✐♦♥s ♦❢ t❤❡ ✜♥❛❧ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❝♦♠♣♦♥❡♥ts✳ ❚✇♦ ✈❛❧✉❡s ❛r❡
❣✐✈❡♥ ✐♥ t❤❡ ❞✐♠❡♥s✐♦♥s ❝♦❧✉♠♥ ✐❢ t❤❡ s❡❝t✐♦♥ ✐s r❡❝t❛♥❣✉❧❛r✱ ♦♥❡ ✈❛❧✉❡
✐❢ t❤❡ s❡❝t✐♦♥ ✐s r♦✉♥❞✳ ■❢ t❤❡ s❡❝t✐♦♥ ✐s r❡❝t❛♥❣✉❧❛r✱ ❛❧s♦ t❤❡ ❤②❞r❛✉❧✐❝
❞✐❛♠❡t❡r ✐s ❣✐✈❡♥ ✐♥ ❜r❛❝❦❡ts✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✾

✹✳✹ ❱❡❧♦❝✐t✐❡s ❛t t❤❡ ✐♥❧❡t ❛♥❞ ♦✉t❧❡t ♦❢ ❡✈❡r② ❝♦♠♣♦♥❡♥t✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✷
✹✳✺ ❖✈❡r✈✐❡✇ ♦✈❡r t❤❡ ♣r❡ss✉r❡ ❧♦ss❡s ✐♥ ❡✈❡r② ❝♦♠♣♦♥❡♥t ❛♥❞ ✐♥ t♦t❛❧✳ ✳ ✳ ✺✹
✹✳✻ ■♠♣❛❝t ♦❢ t❤❡ ✐♥❝r❡❛s❡ ♦❢ ❞✐✛❡r❡♥t ♣❛r❛♠❡t❡rs ♦♥ t❤❡ s✐③❡✱ t❤❡ t♦t❛❧ ♣r❡s✲

s✉r❡ ❧♦ss❡s ❛♥❞ t❤❡ ♥❡❝❡ss❛r② ❢❛♥ ❛♥❞ ❝♦♦❧✐♥❣ ♣♦✇❡r ♦❢ t❤❡ ✐❝✐♥❣ ✇✐♥❞
t✉♥♥❡❧✱ ❛s ✇❡❧❧ ❛s ♦♥ t❤❡ ✜♥❛❧ ❞r♦♣❧❡t ❞❡✈✐❛t✐♦♥s ✐♥ t❡♠♣❡r❛t✉r❡ ❛♥❞ ✈❡✲
❧♦❝✐t②✳ Tdrop,0 ✐s ✉s❡❞ ❢♦r t❤❡ ✐♥✐t✐❛❧ ❞r♦♣❧❡t t❡♠♣❡r❛t✉r❡✳ ●r❡❡♥ ❝♦❧♦r
✐♥❞✐❝❛t❡ ♣♦s✐t✐✈❡ ❝❤❛♥❣❡s✱ r❡❞ ♥❡❣❛t✐✈❡ ❝❤❛♥❣❡s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✻

✹✳✼ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ♣r❡ss✉r❡ ❧♦ss❡s ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❈❋❉ s✐♠✉❧❛t✐♦♥s ❛♥❞
t❤❡ ✈❛❧✉❡s ❝❛❧❝✉❧❛t❡❞ ✐♥ ❚❛❜❧❡ ✹✳✺✳ ❆❧❧ ✈❛❧✉❡s ✐♥ Pa✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✽

✹✳✽ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ✭♦❧❞✮ r❡q✉✐r❡♠❡♥ts ❢♦r t❤❡ ❜✐❣ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❛♥❞
t❤❡ ✭♥❡✇✮ s✐♠♣❧✐✜❡❞ r❡q✉✐r❡♠❡♥ts ❢♦r t❤❡ s♠❛❧❧ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧✳ ✳ ✳ ✺✾

✹✳✾ ❈♦♠♣❛r✐s♦♥ ♦❢ ❞✐✛❡r❡♥t ♦♣t✐♦♥s ❢♦r ❛ s❤♦rt❡r ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ✭■❲❚✮✳ ✺✾
✹✳✶✵ ❉✐♠❡♥s✐♦♥s ♦❢ t❤❡ s♠❛❧❧ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❝♦♠♣♦♥❡♥ts✳ ❚✇♦ ✈❛❧✉❡s ❛r❡

❣✐✈❡♥ ✐♥ t❤❡ ❞✐♠❡♥s✐♦♥s ❝♦❧✉♠♥ ✐❢ t❤❡ s❡❝t✐♦♥ ✐s r❡❝t❛♥❣✉❧❛r✱ ♦♥❡ ✈❛❧✉❡
✐❢ t❤❡ s❡❝t✐♦♥ ✐s r♦✉♥❞✳ ■❢ t❤❡ s❡❝t✐♦♥ ✐s r❡❝t❛♥❣✉❧❛r✱ ❛❧s♦ t❤❡ ❤②❞r❛✉❧✐❝
❞✐❛♠❡t❡r ✐s ❣✐✈❡♥ ✐♥ ❜r❛❝❦❡ts✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✵

✹✳✶✶ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ❝❤❛♥❣❡❞ r❡q✉✐r❡♠❡♥ts ❢♦r t❤❡ s❤♦rt❡r ✐❝✐♥❣
✇✐♥❞ t✉♥♥❡❧ ♦♥ t❤❡ ♦✈❡r❛❧❧ ❧❡♥❣t❤ ❛♥❞ t❤❡ t♦t❛❧ ♣r❡ss✉r❡ ❧♦ss❡s✳ ✳ ✳ ✳ ✳ ✻✵

✹✳✶✷ ❖✈❡r✈✐❡✇ ♦✈❡r t❤❡ ♣r❡ss✉r❡ ❧♦ss❡s ✐♥ ❡✈❡r② ❝♦♠♣♦♥❡♥t ❛♥❞ ✐♥ t♦t❛❧ ❢♦r t❤❡
s♠❛❧❧ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✶

❆✳✶ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ s♣❡❝✐✜❝❛t✐♦♥s ♦❢ t❤❡ ❜✐❣ ❛♥❞ t❤❡ s♠❛❧❧ ✐❝✐♥❣ ✇✐♥❞ t✉♥✲
♥❡❧✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✹
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▲✐st ♦❢ ❙②♠❜♦❧s

▲❛t✐♥ ❙②♠❜♦❧s

a ms−2 ❛❝❝❡❧❡r❛t✐♦♥
A m2 ❛r❡❛
AR ❛r❡❛ r❛t✐♦
blockage ❜❧♦❝❦❛❣❡ ✈❛❧✉❡
cD ❞r❛❣ ❝♦❡✣❝✐❡♥t
clatent J kg−1 s♣❡❝✐✜❝ ❧❛t❡♥t ❤❡❛t ♦❢ ❢✉s✐♦♥
cp J kg−1 K−1 s♣❡❝✐✜❝ ❤❡❛t ❝❛♣❛❝✐t② ❛t ❝♦♥st❛♥t ♣r❡ss✉r❡
cv J kg−1 K−1 s♣❡❝✐✜❝ ❤❡❛t ❝❛♣❛❝✐t② ❛t ❝♦♥st❛♥t ✈♦❧✉♠❡
d m ❞✐❛♠❡t❡r
d ❞✐✛❡r❡♥t✐❛❧
dh m ❤②❞r❛✉❧✐❝ ❞✐❛♠❡t❡r
D m2 s−1 ❞✐✛✉s✐✈✐t②
Ė W r❛t❡ ♦❢ ❝❤❛♥❣❡ ♦❢ ✐♥t❡r♥❛❧ ❡♥❡r❣②
f ❢✉♥❝t✐♦♥
F N ❢♦r❝❡
~g ms−2 ✈❡❝t♦r ♦❢ ❣r❛✈✐t②
H m ❤❡✐❣❤t
k Wm−1 K−1 ❤❡❛t ❝♦♥❞✉❝t✐✈✐t②
K ♣r❡ss✉r❡ ❧♦ss ❝♦❡✣❝✐❡♥t
KEXP ♣r❡ss✉r❡ ❧♦ss ❝♦❡✣❝✐❡♥t ❢♦r ❡①♣❛♥s✐♦♥s
KMESH ♠❡s❤ ❝♦♥st❛♥t ❢♦r ♣r❡ss✉r❡ ❧♦ss ❝♦❡✣❝✐❡♥t
KRe ❘❡②♥♦❧❞s ♥✉♠❜❡r ❞❡♣❡♥❞❡♥❝❡ ♦❢ ♣r❡ss✉r❡ ❧♦ss ❝♦❡✣❝✐❡♥t
L m ❧❡♥❣t❤
LV J kg−1 ❧❛t❡♥t ❤❡❛t ♦❢ ✈❛♣♦r✐③❛t✐♦♥
m kg ♠❛ss
M ▼❛❝❤ ♥✉♠❜❡r
ṁ kg s−1 ♠❛ss ✢♦✇ r❛t❡
Nu ◆✉ss❡❧t ♥✉♠❜❡r
p Pa st❛t✐❝ ♣r❡ss✉r❡
P m ♣❡r✐♠❡t❡r
Pr Pr❛♥❞t❧ ♥✉♠❜❡r
pT Pa t♦t❛❧ ♣r❡ss✉r❡
q Pa ❞②♥❛♠✐❝ ♣r❡ss✉r❡
Q̇ W ❤❡❛t ✢✉①
r m r❛❞✐✉s

❱■■



▲✐st ♦❢ ❚❛❜❧❡s

R m2 s−2 K ❣❛s ❝♦♥st❛♥t
Re ❘❡②♥♦❧❞s ♥✉♠❜❡r
S ❞r❛❣ ❛r❡❛
Sc ❙❝❤♠✐❞t ♥✉♠❜❡r
Sh ❙❤❡r✇♦♦❞ ♥✉♠❜❡r
t s t✐♠❡
T K t❡♠♣❡r❛t✉r❡
~u ms−1 s♣❡❡❞ ✈❡❝t♦r ♦❢ t❤❡ ❞r♦♣❧❡ts
v ms−1 ❛✐r s♣❡❡❞
~v ms−1 s♣❡❡❞ ✈❡❝t♦r ♦❢ t❤❡ ❛✐r
vS ms−1 s♣❡❡❞ ♦❢ s♦✉♥❞
V̇ m3 s−1 ✈♦❧✉♠❡ ✢✉①
W m ✇✐❞t❤
x m ❝♦♦r❞✐♥❛t❡ ✐♥ str❡❛♠✇✐s❡ ❞✐r❡❝t✐♦♥
z m ❝♦♦r❞✐♥❛t❡ ♣❡r♣❡♥❞✐❝✉❧❛r t♦ str❡❛♠ ❞✐r❡❝t✐♦♥

●r❡❡❦ ❙②♠❜♦❧s

γ ❤❡❛t ❝❛♣❛❝✐t② r❛t✐♦
δ m ❜♦✉♥❞❛r② ❧❛②❡r ❤❡✐❣❤t
∆ m s✉r❢❛❝❡ r♦✉❣❤♥❡ss ♦❢ t❤❡ ❤♦♥❡②❝♦♠❜ ❝❡❧❧s
∆ ❞✐✛❡r❡♥❝❡
ǫ ❡♠✐ss✐✈✐t②
ǫ ❞♦✇♥str❡❛♠ ✐♥✢✉❡♥❝❡ ♦❢ ✢♦✇ ♦❜str✉❝t✐♦♥
θ ◦ ❛♥❣❧❡
λ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t
µ kg s−1 m−1 ❞②♥❛♠✐❝ ✈✐s❝♦s✐t②
ν m2 s−1 ❦✐♥❡♠❛t✐❝ ✈✐s❝♦s✐t②
ρ kgm−3 ❞❡♥s✐t②
σ Wm−2 K−4 ❙t❡❢❛♥✲❇♦❧t③♠❛♥♥ ❝♦♥st❛♥t

■♥❞✐③❡s

1 ❞✐✛✉s❡r ✐♥❧❡t ♣❧❛♥❡
2 ❞✐✛✉s❡r ❡①✐t ♣❧❛♥❡
a ❛♠❜✐❡♥t
air ✈❛❧✉❡ ❢♦r ❛✐r
C ❝♦♥✈❡❝t✐♦♥
circular ❝✐r❝✉❧❛r ❞✐✛✉s❡r s❤❛♣❡
d ❞r♦♣❧❡t
e ❡q✉✐✈❛❧❡♥t ✈❛❧✉❡
E ❡✈❛♣♦r❛t✐♦♥
FLOW ✢♦✇ ✈❛❧✉❡
Inlet ✈❛❧✉❡ ❛t t❤❡ ✐♥❧❡t ♦❢ t❤❡ s♣r❛② ♥♦③③❧❡
latent ❧❛t❡♥t ❤❡❛t

❱■■■



▲✐st ♦❢ ❚❛❜❧❡s

m ♠❛t❝❤✐♥❣ ♣♦✐♥t
projected ♣r♦❥❡❝t❡❞ ❞✐♠❡♥s✐♦♥
R r❛❞✐❛t✐♦♥
sensible s❡♥s✐❜❧❡ ❤❡❛t
square sq✉❛r❡ ❞✐✛✉s❡r s❤❛♣❡
TS t❡st s❡❝t✐♦♥
Water ✈❛❧✉❡ ♦❢ ✇❛t❡r
wire ✈❛❧✉❡ ❢♦r t❤❡ s❝r❡❡♥ ✇✐r❡

❆❜❜r❡✈✐❛t✐♦♥s

❈❋❉ ❝♦♠♣✉t❛t✐♦♥❛❧ ✢✉✐❞ ❞②♥❛♠✐❝s
❊❆❙❆ ❊✉r♦♣❡❛♥ ❯♥✐♦♥ ❆✈✐❛t✐♦♥ ❙❛❢❡t② ❆❣❡♥❝②
▲❲❈ kgm−3 ❧✐q✉✐❞ ✇❛t❡r ❝♦♥t❡♥t
▼❱❉ ♠❡❞✐❛♥ ✈♦❧✉♠❡ ❞✐❛♠❡t❡r
P❱❈ ♣♦❧②✈✐♥②❧ ❝❤❧♦r✐❞❡
❯❆❱ ✉♥♠❛♥♥❡❞ ❛❡r✐❛❧ ✈❡❤✐❝❧❡
■❲❚ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧

■❳



✶ ■♥tr♦❞✉❝t✐♦♥

✶✳✶ ❇❛❝❦❣r♦✉♥❞ ✫ ♠♦t✐✈❛t✐♦♥

❊✈❡♥ ❜❡②♦♥❞ ❝❧❛ss✐❝ ♣❛ss❡♥❣❡r ❛♥❞ ❢r❡✐❣❤t tr❛♥s♣♦rt✱ ❛✐r❝r❛❢t ♦✛❡r ❛ ✇✐❞❡ r❛♥❣❡ ♦❢ ♣♦s✲
s✐❜❧❡ ✉s❡s✳ ❋r♦♠ t❤❡ ❛✐r✱ r❡❝♦♥♥❛✐ss❛♥❝❡✱ s✉r✈❡✐❧❧❛♥❝❡✱ ❛♥❞ s❡❛r❝❤ ❛♥❞ r❡s❝✉❡ ♠✐ss✐♦♥s✱
❡s♣❡❝✐❛❧❧② ♦❢ ❧❛r❣❡ ❛r❡❛s✱ ❛r❡ ♦❢t❡♥ ♠✉❝❤ ❡❛s✐❡r t❤❛♥ ❢r♦♠ t❤❡ ❣r♦✉♥❞✳ ◆❡✈❡rt❤❡❧❡ss✱
♠❛♥♥❡❞ ❛✐r❝r❛❢t ❛r❡ ♥♦t ❛❧✇❛②s t❤❡ ❜❡st ❝❤♦✐❝❡ ❢♦r t❤❡s❡ ❛♣♣❧✐❝❛t✐♦♥s✳ ❙♦♠❡t✐♠❡s ✉♥✲
♠❛♥♥❡❞ ❛❡r✐❛❧ ✈❡❤✐❝❧❡s ✭❯❆❱s✮ ♠❛② ❜❡ ❛❜❧❡ t♦ ❢✉❧✜❧❧ t❤❡ t❛s❦ ✐♥ ❝♦♠♣❛r❛❜❧❡ q✉❛❧✐t②
❜✉t ❝❤❡❛♣❡r ❛♥❞ s❛❢❡r✳ ❋♦r s♦♠❡ ♠✐ss✐♦♥s ❯❆❱s ❡✈❡♥ ❤❛✈❡ ❤✉❣❡ ❛❞✈❛♥t❛❣❡s ❝♦♠♣❛r❡❞
t♦ ♠❛♥♥❡❞ ❛✐r❝r❛❢t✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ t❤❡ ✇❡✐❣❤t ♦❢ ❛ ♣✐❧♦t ❝❛♥ ❜❡ s❛✈❡❞ ❛♥❞ t❤❡ ❞❡s✐❣♥
❞♦❡s ♥♦t ♥❡❡❞ t♦ t❛❦❡ ❛ ♣✐❧♦t ✐♥t♦ ❛❝❝♦✉♥t✳ ❍❡♥❝❡✱ ❯❆❱s ❝❛♥ ❜❡ ❜✉✐❧t ♠✉❝❤ s♠❛❧❧❡r
t❤❛♥ ♠❛♥♥❡❞ ❛✐r❝r❛❢t✳ ❇❡❝❛✉s❡ ♦❢ ❛❧❧ t❤❡s❡ r❡❛s♦♥s✱ ❯❆❱s ❛r❡ ❡①♣❡r✐❡♥❝✐♥❣ ✐♥❝r❡❛s❡❞
♣♦♣✉❧❛r✐t②✳
❚❤❡ ✉s❡ ♦❢ ❯❆❱s ✐♥ ❝♦❧❞❡r r❡❣✐♦♥s ✐s ❤♦✇❡✈❡r ❞✐✣❝✉❧t✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ t❤❡ ❛✐r❝r❛❢t

♠✐❣❤t ❡①♣❡r✐❡♥❝❡ ✐❝✐♥❣✳ ■❝✐♥❣ ♦❝❝✉rs ✐♥ ❝❧♦✉❞s ✇✐t❤ s✉♣❡r❝♦♦❧❡❞ ❧✐q✉✐❞ ❞r♦♣❧❡ts✳ ❚❤❡r❡✲
❢♦r❡ ❛♥ ❛✐r❝r❛❢t ❝❛♥ ❡①♣❡r✐❡♥❝❡ ❧❛r❣❡ ❛❝❝r❡t✐♦♥s ♦❢ ✐❝❡ ♦♥ t❤❡ ✇❤♦❧❡ ✈❡❤✐❝❧❡ ✐❢ ✐t ✢✐❡s
t❤r♦✉❣❤ ❝❧♦✉❞s ✉♥❞❡r ✐❝✐♥❣ ❝♦♥❞✐t✐♦♥s ✇✐t❤♦✉t ❛♥② ♣r♦t❡❝t✐♦♥ s②st❡♠✳ ❚❤❡s❡ ✐❝❡ ❛❝❝r❡✲
t✐♦♥s ❝❛♥ ❧❡❛❞ t♦ s❡✈❡r❡ ♣r♦❜❧❡♠s✱ ❢♦r ❡①❛♠♣❧❡ s✐❣♥✐✜❝❛♥t ❧♦ss❡s ✐♥ ❛❡r♦❞②♥❛♠✐❝ ♣❡r❢♦r✲
♠❛♥❝❡ ✐❢ t❤❡ ✐❝❡ ❛❝❝✉♠✉❧❛t❡s ♦♥ t❤❡ ❛✐r❢♦✐❧ ❛s ♣r❡s❡♥t❡❞ ❜② ❇r❛❣❣ ❡t ❛❧✳ ❬✶❪✳ ❆❧❧ ✐♠♣❛❝ts
♦❢ ✐❝❡ ❛❝❝r❡t✐♦♥s r❡❞✉❝❡ t❤❡ ❝❛♣❛❜✐❧✐t② ♦❢ t❤❡ ❯❆❱ ♦r ❝❛♥ ❡✈❡♥ ❝❛✉s❡ t❤❡ ❛✐r❝r❛❢t t♦ ❝r❛s❤✳
❚❤❡r❡❢♦r❡✱ t❤❡ r✐s❦ ♦❢ ✐❝✐♥❣ ❧❡❛❞s t♦ ❛ ❧✐♠✐t❛t✐♦♥ ✐♥ t❤❡ ✉s❡ ♦❢ ❯❆❱s✳ ❊✈❡♥ ✇✐t❤ ❛♥ ✐❝❡
♣r♦t❡❝t✐♦♥ s②st❡♠✱ t❤❡ ❞❡♣❧♦②♠❡♥t ♦r ✢✐❣❤t ✐♥ ✐❝✐♥❣ ❝♦♥❞✐t✐♦♥s ✐s ♦❢t❡♥ ❛ss♦❝✐❛t❡❞ ✇✐t❤
❤✐❣❤ r✐s❦s✳
■❝✐♥❣ ✐s ♥♦t ❧✐♠✐t❡❞ t♦ ❯❆❱ ♦♣❡r❛t✐♦♥s ❜✉t ❛❧s♦ ✐♥✢✉❡♥❝❡s ♠❛♥♥❡❞ ❛✐r❝r❛❢t✱ s❡❡ ❑✐♥❞

❡t ❛❧✳ ❬✷❪ ♦r P❡❝❦ ❡t ❛❧✳ ❬✸❪✳ ❍♦✇❡✈❡r✱ ♠❛♥♥❡❞ ❛♥❞ ✉♥♠❛♥♥❡❞ ❛✐r❝r❛❢t ❛r❡ ❞✐✛❡r❡♥t ✐♥ s❡✈✲
❡r❛❧ ❝❤❛r❛❝t❡r✐st✐❝s✳ ❋♦r ❡①❛♠♣❧❡✱ ❯❆❱s ❛r❡ ♥♦r♠❛❧❧② s♠❛❧❧❡r ❛♥❞ ✢② s❧♦✇❡r t❤❛♥ ♠❛♥♥❡❞
❛✐r❝r❛❢t✳ ❚❤❡r❡❢♦r❡✱ ♠❛♥♥❡❞ ❛♥❞ ✉♥♠❛♥♥❡❞ ❛✐r❝r❛❢t ♦♣❡r❛t❡ ✐♥ ❞✐✛❡r❡♥t ❘❡②♥♦❧❞s ♥✉♠✲
❜❡r r❡❣✐♠❡s✳ ❚❤❡ ❞✐✛❡r❡♥❝❡ ✐♥ ❘❡②♥♦❧❞s ♥✉♠❜❡r ❛✛❡❝ts t❤❡ ❛❝❝r❡t✐♦♥ ♣r♦❝❡ss ❛♥❞ t❤❡
❝♦♥s❡q✉❡♥t ♣❡r❢♦r♠❛♥❝❡ ♣❡♥❛❧t✐❡s✱ s❡❡ ❙③✐❧❞❡r ❛♥❞ ▼❝■❧✇❛✐♥ ❬✹❪ ❛♥❞ ❍❛♥♥ ❬✺❪✳ ❚❤❡r❡✲
❢♦r❡✱ ❛ ❞✐r❡❝t tr❛♥s❢❡r ♦❢ ✐❝✐♥❣ ♦♥ ♠❛♥♥❡❞ ❛✐r❝r❛❢t t♦ ✐❝✐♥❣ ♦♥ ✉♥♠❛♥♥❡❞ ❛✐r❝r❛❢t ✐s ♥♦t
♣♦ss✐❜❧❡✳ ❚❤✐s ✐s ❛❧s♦ ✇❤② ❛♥ ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ t❤❡ ❡①✐st✐♥❣ ✐❝❡ ♣r♦t❡❝t✐♦♥ s②st❡♠s ❢♦r
♠❛♥♥❡❞ ❛✐r❝r❛❢t ✐♥t♦ ❯❆❱s ✐s ♥♦t ♣♦ss✐❜❧❡ ✇✐t❤♦✉t ❛♥ ✐♥✲❞❡♣t❤ ❛♥❛❧②s✐s✱ s❡❡ ❍❛♥♥ ❛♥❞
❏♦❤❛♥s❡♥ ❬✻❪✳ ❚❤❡ ✐❝❡ ♣r♦t❡❝t✐♦♥ s②st❡♠ ♠✉st ✜rst ❜❡ ❛❞❛♣t❡❞ t♦ ❞✐✛❡r❡♥t ❝❤❛r❛❝t❡r✐st✐❝s
♦❢ t❤❡ ❯❆❱✱ ❡✳❣✳ t❤❡ t②♣✐❝❛❧❧② s♠❛❧❧❡r s✐③❡ t❤❛♥ ♠❛♥♥❡❞ ❛✐r❝r❛❢t✳

✶



✶ ■♥tr♦❞✉❝t✐♦♥

✶✳✷ ❚❤❡ s❝♦♣❡ ♦❢ t❤❡ t❤❡s✐s

■♥✲✢✐❣❤t t❡sts ✐♥ ✐❝✐♥❣ ❝♦♥❞✐t✐♦♥s ❝❛♥ ❜❡ ❞❛♥❣❡r♦✉s ❛♥❞ ✐t ❝❛♥ ❜❡ ❞✐✣❝✉❧t t♦ ✜♥❞ ✐❝✐♥❣
❝♦♥❞✐t✐♦♥s ✐♥ ♥❛t✉r❡✳ ❚❤✐s ❛♥❞ t❤❡ ✇✐s❤ ❢♦r ❛ ❜❡tt❡r ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ ✐❝❡ ❛❝❝r❡t✐♦♥ ♣r♦✲
❝❡ss❡s ♦♥ ❯❆❱s ❧❡❛❞ t♦ t❤❡ ❞❡s✐r❡ ♦❢ ❤❛✈✐♥❣ s✉✐t❛❜❧❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧s✳ ❚❤❡s❡ ✇✐♥❞
t✉♥♥❡❧s s❤❛❧❧ ❜❡ ❝❛♣❛❜❧❡ ♦❢ ♣r♦✈✐❞✐♥❣ r❡❛❧✐st✐❝ ✐❝✐♥❣ ❝♦♥❞✐t✐♦♥s ❛♥❞ t❤❡ ♥❡❝❡ss❛r② ❞✐♠❡♥✲
s✐♦♥s t♦ t❡st ❢✉❧❧✲s✐③❡❞ ♣❛rts ♦❢ ❛ ❯❆❱✳ ❲❤✐❧❡ s♦♠❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧s ❡①✐st t♦❞❛②✱ ♠♦st
♦❢ t❤❡♠ ❛r❡ ❞❡s✐❣♥❡❞ ❢♦r ♠❛♥♥❡❞ ❛✐r❝r❛❢t✳ ❯❆❱s ❛r❡ t②♣✐❝❛❧❧② s♠❛❧❧❡r ❛♥❞ ♦♣❡r❛t❡ ❛t
❧♦✇❡r s♣❡❡❞s✳ ❚❤❡r❡❢♦r❡✱ ✐t ✐s ♦❢t❡♥ ♥♦t ♣♦ss✐❜❧❡ t♦ t❡st ✐❝✐♥❣ ♦♥ ❯❆❱s ✉♥❞❡r r❡❛❧✐st✐❝
❝♦♥❞✐t✐♦♥s ✐♥ t❤❡ ❡①✐st✐♥❣ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧s✳ ❚❤✐s t❤❡s✐s s❤❛❧❧ ❡①♣❧♦r❡ t❤❡ ❞❡s✐❣♥ ❝♦♥✲
s✐❞❡r❛t✐♦♥s ❢♦r ❛ ❧♦✇✲s♣❡❡❞ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ t❤❛t ✐s ❝❛♣❛❜❧❡ t♦ ✜t ❛ r❡❛❧ ❯❆❱ ❛✐r❢♦✐❧ ❛♥❞
♣r♦❞✉❝❡ ❝♦♥❞✐t✐♦♥s t②♣✐❝❛❧ ❢♦r ❯❆❱s ❛♥❞ ✐❝✐♥❣ ❝♦♥❞✐t✐♦♥s✳

✶✳✸ ❚❤❡ ♦✉t❧✐♥❡ ♦❢ t❤❡ t❤❡s✐s

❚❤❡ ❜❛s✐❝s t♦ ✉♥❞❡rst❛♥❞ ✐❝✐♥❣ ❛♥❞ t❤❡ s♣❡❝✐❛❧ ✐ss✉❡s ♦❢ ✉♥♠❛♥♥❡❞ ❛❡r✐❛❧ ✈❡❤✐❝❧❡s ❛r❡
❣✐✈❡♥ ✐♥ ❈❤❛♣t❡r ✷✳ ❚❤✐s ❝❤❛♣t❡r ❛❧s♦ ❝♦♥t❛✐♥s ❛♥ ✐♥tr♦❞✉❝t✐♦♥ ✐♥t♦ ✇✐♥❞ t✉♥♥❡❧s ❛♥❞
✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧s✳ ❚❤❡ ♠❡t❤♦❞s ✉s❡❞ t♦ ❞❡✈❡❧♦♣ t❤❡ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ ✇✐♥❞ t✉♥♥❡❧ ❛r❡
✐♥tr♦❞✉❝❡❞ ✐♥ t❤❡ t❤✐r❞ ❝❤❛♣t❡r✳ ❈❤❛♣t❡r ✸ ❛❧s♦ ❝♦♥t❛✐♥s t❤❡ ♥❡❝❡ss❛r② st❡♣s t♦ ❝❛❧❝✉❧❛t❡
t❤❡ ❜❡❤❛✈✐♦r ♦❢ ✇❛t❡r ❞r♦♣❧❡ts ✐♥s✐❞❡ t❤❡ ✇✐♥❞ t✉♥♥❡❧✳ ❚❤❡ ✜♥❛❧ ❞❡s✐❣♥ ♦❢ t❤❡ ✇✐♥❞ t✉♥♥❡❧
❛♥❞ ✐ts ❡♥✈✐r♦♥♠❡♥t ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❈❤❛♣t❡r ✹✳ ❆❧s♦ t❤❡ r❡s✉❧ts ♦❢ ❞r♦♣❧❡t ❝❛❧❝✉❧❛t✐♦♥s
❛r❡ ♣r❡s❡♥t❡❞ ✐♥ t❤❛t ❝❤❛♣t❡r✳ ❆ ❞✐s❝✉ss✐♦♥ ❛❜♦✉t t❤❡ r❡s✉❧ts ❛♥❞ ❛ r❡❝♦♠♠❡♥❞❛t✐♦♥ ♦♥
❢✉rt❤❡r ✇♦r❦ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❈❤❛♣t❡r ✺✳

✷



✷ ❇❛❝❦❣r♦✉♥❞

■♥ t❤✐s ❝❤❛♣t❡r✱ t❤❡ ♥❡❝❡ss❛r② ❜❛s✐❝s ❢♦r t❤❡ t❤❡s✐s ❛r❡ ♣r❡s❡♥t❡❞✳ ❋✐rst✱ t❤❡ t♦♣✐❝ ♦❢
❛t♠♦s♣❤❡r✐❝ ✐❝✐♥❣ ✐s ✐♥tr♦❞✉❝❡❞✳ ❆❢t❡r✇❛r❞s✱ t❤❡ ♥❡❝❡ss❛r② ❦♥♦✇❧❡❞❣❡ ♦❢ ✢♦✇ ❞②♥❛♠✐❝s
❛s ✇❡❧❧ ❛s ❞r♦♣❧❡t ❜❡❤❛✈✐♦r ✐s ♣r❡s❡♥t❡❞✳ ❆❢t❡r t❤✐s✱ t❤❡r❡ ✐s ❛ ❞❡✜♥✐t✐♦♥ ❢♦r t❤❡ t❡r♠
❯❆❱ ❛♥❞ ❛ s❤♦rt ♦✈❡r✈✐❡✇ ♦❢ ❞✐✛❡r❡♥t ❞❡s✐❣♥s ❛♥❞ ♣♦ss✐❜❧❡ ❛r❡❛s ♦❢ ♦♣❡r❛t✐♦♥✳ ❆ s♣❡✲
❝✐❛❧ ❝♦♥❝❡r♥ ❛r❡ t❤❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ ♠❛♥♥❡❞ ❛♥❞ ✉♥♠❛♥♥❡❞ ❛✐r❝r❛❢t ❛♥❞ ❤♦✇ t❤❡s❡
❞✐✛❡r❡♥❝❡s ✐♥✢✉❡♥❝❡ ✐❝✐♥❣✳ ❚❤✐s ✐s ❢♦❧❧♦✇❡❞ ❜② ❛ s❤♦rt ❡①♣❧❛♥❛t✐♦♥ ♦♥ ✇✐♥❞ t✉♥♥❡❧s ❛♥❞
❞✐✛❡r❡♥t ❞❡s✐❣♥ ♦♣t✐♦♥s ✐♥ ❣❡♥❡r❛❧✱ ❛♥❞ ❛ s♣❡❝✐❛❧ ❧♦♦❦ ♦♥ ❝❤❛♥❣❡s t❤❛t ♥❡❡❞ t♦ ❜❡ ♠❛❞❡
t♦ tr❛♥s❢♦r♠ ❛ ❝♦♥✈❡♥t✐♦♥❛❧ ✇✐♥❞ t✉♥♥❡❧ ✐♥t♦ ❛♥ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧✳

✷✳✶ ❆t♠♦s♣❤❡r✐❝ ✐❝✐♥❣

❆♥ ♦❜❥❡❝t✐✈❡ ❢♦r ❡✈❡r② ❛✐r❝r❛❢t✱ ♥♦ ♠❛tt❡r ✐❢ ♠❛♥♥❡❞ ♦r ✉♥♠❛♥♥❡❞ ✐s t♦ ❜❡ ❛❜❧❡ t♦ ♦♣❡r❛t❡
❛❧s♦ ✉♥❞❡r ❜❛❞ ✇❡❛t❤❡r ❝♦♥❞✐t✐♦♥s✳ ❖♥❡ ♣♦t❡♥t✐❛❧❧② ❤❛③❛r❞♦✉s ✇❡❛t❤❡r ❝♦♥❞✐t✐♦♥ ❢♦r
❛✐r❝r❛❢t ✐s ✐❝✐♥❣✳ ❆ ♣❤②s✐❝❛❧ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ✐❝✐♥❣ ♣r♦❝❡ss ✇❛s ❣✐✈❡♥ ❜② ❑✐♥❞ ❡t ❛❧✳ ❬✷❪✳
❚❤❡✐r ❞❡s❝r✐♣t✐♦♥ s❤❛❧❧ ❜❡ s✉♠♠❛r✐③❡❞ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ♣❛r❛❣r❛♣❤s✳

✷✳✶✳✶ ❇❛s✐❝s ♦❢ ❛t♠♦s♣❤❡r✐❝ ✐❝✐♥❣

■♥✲❝❧♦✉❞ ✐❝✐♥❣ ♦r ❥✉st ❝❛❧❧❡❞ ✐❝✐♥❣ ♠✐❣❤t ♦❝❝✉r ♦♥❝❡ ❛♥ ❛✐r❝r❛❢t ✢✐❡s t❤r♦✉❣❤ ❛ ❝❧♦✉❞ ✇✐t❤
s✉♣❡r❝♦♦❧❡❞ ❧✐q✉✐❞ ✇❛t❡r ❞r♦♣❧❡ts✳ ❋♦r t❤❡ ♣r❡s❡♥❝❡ ♦❢ s✉♣❡r❝♦♦❧❡❞ ❞r♦♣❧❡ts✱ t❤❡ ❛♠❜✐❡♥t
t❡♠♣❡r❛t✉r❡ ♥❡❡❞s t♦ ❜❡ ❜❡❧♦✇ t❤❡ ❢r❡❡③✐♥❣ t❡♠♣❡r❛t✉r❡ t❤❛t ✐s 0 ➦C ❢♦r ✇❛t❡r✳ ■❢ t❤❡s❡
s✉♣❡r❝♦♦❧❡❞ ❞r♦♣❧❡ts ❛r❡ t♦♦ ❜✐❣ t♦ ❢♦❧❧♦✇ t❤❡ str❡❛♠❧✐♥❡s ❛r♦✉♥❞ t❤❡ ❜♦❞②✱ t❤❡② ✇✐❧❧
❤✐t t❤❡ s✉r❢❛❝❡s t❤❛t ❛r❡ ❢❛❝✐♥❣ ✉♣str❡❛♠ ❛s ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✉r❡ ✷✳✶✳ ❚❤✐s ❝❛♥ ❤❛✈❡

❋✐❣✉r❡ ✷✳✶✿ ❚r❛❥❡❝t♦r✐❡s ♦❢ ❞r♦♣❧❡ts ❛r♦✉♥❞ ❛ ❧❡❛❞✐♥❣ ❡❞❣❡✳ ❆❞❛♣t❡❞ ❢r♦♠ ❍❛♥♥ ❛♥❞
❏♦❤❛♥s❡♥ ❬✻❪✳

✸



✷ ❇❛❝❦❣r♦✉♥❞

❡✛❡❝ts ❛t s❡✈❡r❛❧ ♣❛rts ♦❢ t❤❡ ❛✐r♣❧❛♥❡✱ ❡✳❣✳ t❤❡ ♣r♦♣❡❧❧❡rs✱ t❤❡ ✇✐♥❣s✱ t❤❡ ♣✐t♦t t✉❜❡s✱ ♦r
s❡♥s♦rs✳ ❍♦✇❡✈❡r✱ t❤✐s t❤❡s✐s ✇✐❧❧ s♦❧❡❧② ❢♦❝✉s ♦♥ ✐❝✐♥❣ ♦♥ t❤❡ ❛✐r❢♦✐❧s✳
❚❤❡ ✐♠♣❛❝t✐♥❣ ❞r♦♣❧❡ts ♠❛② ❡✐t❤❡r ❢r❡❡③❡ ❝♦♠♣❧❡t❡❧② ♦r ♣❛rt✐❛❧❧②✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡

❤❡❛t ❜❛❧❛♥❝❡ ✐♥ t❤❡ ✐♠♣❛❝t r❡❣✐♦♥✳ ❚❤✐s ❤❡❛t ❜❛❧❛♥❝❡ ✐s ❢♦r♠❡❞ ❜② ♠✉❧t✐♣❧❡ t❡r♠s✱ ❜✉t
t✇♦ ❤❛✈❡ ❛ ♠❛❥♦r ✐♥✢✉❡♥❝❡✳ ❲❤❡♥ ❞r♦♣❧❡ts ❢r❡❡③❡✱ t❤❡ ❡♥t❤❛❧♣② ♦❢ ❢✉s✐♦♥ ❣❡ts s❡t ❢r❡❡ ❛♥❞
t❡♥❞s t♦ ✇❛r♠ t❤❡ s✉rr♦✉♥❞✐♥❣✳ ❖♥ t❤❡ ♦t❤❡r s✐❞❡✱ ❞✉❡ t♦ ❝♦♥✈❡❝t✐♦♥✱ ❤❡❛t ✐s tr❛♥s❢❡rr❡❞
❢r♦♠ t❤❡ s✉r❢❛❝❡ t♦✇❛r❞s t❤❡ ❝♦❧❞❡r s✉rr♦✉♥❞✐♥❣ ❛✐r✳ ❚❤r❡❡ ❝❧♦✉❞ ♣❛r❛♠❡t❡rs ♣❧❛② ❛♥
✐♠♣♦rt❛♥t r♦❧❡ ✐♥ t❤❡ q✉❡st✐♦♥ ✇❤✐❝❤ t❡r♠ ✐s ❜✐❣❣❡r✿ ❚❤❡ ❛♠❜✐❡♥t t❡♠♣❡r❛t✉r❡✱ t❤❡ ❧✐q✉✐❞
✇❛t❡r ❝♦♥t❡♥t ✭▲❲❈✮✱ ❛♥❞ t❤❡ ♠❡❞✐❛♥ ✈♦❧✉♠❡ ❞✐❛♠❡t❡r ✭▼❱❉✮✳ ❚❤❡ ▲❲❈ ✐s ❛ ♠❡❛s✉r❡
♦❢ t❤❡ ❛♠♦✉♥t ♦❢ ✇❛t❡r ✐♥ t❤❡ ❝❧♦✉❞✳ ■t ❝❛♥ ❜❡ ✐♥t❡r♣r❡t❡❞ ❛s ❛ ❦✐♥❞ ♦❢ ❞❡♥s✐t② ❛♥❞ ✐s
♥♦t❡❞ ✐♥ ♠❛ss ♣❡r ✈♦❧✉♠❡✳ ❚❤❡ ▼❱❉ ✐s t❤❡ ❞✐❛♠❡t❡r ✇❤❡r❡ 50% ♦❢ t❤❡ ✇❤♦❧❡ ✈♦❧✉♠❡
♦❢ ❛❧❧ t❤❡ ❞r♦♣❧❡ts ✐s ♠❛❞❡ ✉♣ ♦❢ ❜✐❣❣❡r ❞r♦♣❧❡ts ❛♥❞ 50% ♦❢ s♠❛❧❧❡r ❞r♦♣❧❡ts✳ ❚❤❡r❡❢♦r❡
t❤❡ ▼❱❉ ✐s ❛ ❞✐❛♠❡t❡r r❡♣r❡s❡♥t❛t✐✈❡ ❢♦r t❤❡ ❞✐✛❡r❡♥t ❞r♦♣❧❡t s✐③❡s ✐♥ t❤❡ ❞r♦♣❧❡t ❝❧♦✉❞✳
❋♦r ♣r♦❜❧❡♠s ✇✐t❤ ❧♦✇ ▲❲❈ ❛♥❞✴♦r t❡♠♣❡r❛t✉r❡s ✇❡❧❧ ❜❡❧♦✇ 0 ➦C✱ t❤❡ ❝♦♥✈❡❝t✐✈❡ ❤❡❛t

tr❛♥s❢❡r ✐s ❤✐❣❤ ❡♥♦✉❣❤ t♦ tr❛♥s♣♦rt ❛✇❛② t❤❡ ❤❡❛t t❤❛t ✐s r❡❧❡❛s❡❞ ✇❤❡♥ t❤❡ ❞r♦♣❧❡ts
❢r❡❡③❡✳ ❚❤❡r❡❢♦r❡ t❤❡ t❡♠♣❡r❛t✉r❡ ♦❢ t❤❡ s✉r❢❛❝❡ ❛♥❞ t❤❡ ❛❝❝✉♠✉❧❛t❡❞ ✐❝❡ st❛②s ❜❡❧♦✇
0 ➦C ❛♥❞ t❤❡ ❞r♦♣❧❡ts ❢r❡❡③❡ ❡♥t✐r❡❧② ✇❤❡♥ t❤❡② ❤✐t t❤❡ s✉r❢❛❝❡✳ ❚❤✐s ❝❛s❡ ✐s ❦♥♦✇♥ ❛s
r✐♠❡ ✐❝❡✳ ❚❤❡ s❤❛♣❡ ♦❢ r✐♠❡ ✐❝❡ ✐s r❛t❤❡r s✐♠♣❧❡ ❛s t❤❡ ❞r♦♣❧❡ts ❥✉st ❢r❡❡③❡ ✇❤❡r❡ t❤❡✐r
tr❛❥❡❝t♦r② ❤✐ts t❤❡ s✉r❢❛❝❡✳ ❆ ❝❤❛r❛❝t❡r✐st✐❝ ♦❢ r✐♠❡ ✐❝❡ ✐s ✐ts r❛t❤❡r ♠✐❧❦② ❧♦♦❦ t❤❛t
❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✉r❡ ✷✳✷✭❛✮✳ ❚❤✐s ♠✐❧❦② ❧♦♦❦ ❛r✐s❡s ❜❡❝❛✉s❡ ❛✐r ✐s tr❛♣♣❡❞ ❜❡t✇❡❡♥ t❤❡
❢r❡❡③✐♥❣ ❞r♦♣❧❡ts ❛♥❞ t❤❡ s✉r❢❛❝❡✳

✭❛✮ ❚②♣✐❝❛❧ ❧♦♦❦ ♦❢ ❛ r✐♠❡ ✐❝❡ ❝❛s❡✳ ❆❞❛♣t❡❞
❢r♦♠ ❍❛♥♥ ❛♥❞ ❏♦❤❛♥s❡♥ ❬✻❪✳

✭❜✮ ❚②♣✐❝❛❧ ❧♦♦❦ ♦❢ ❛ ❣❧❛③❡ ✐❝❡ ❝❛s❡✳ ❆❞❛♣t❡❞
❢r♦♠ ❍❛♥♥ ❛♥❞ ❏♦❤❛♥s❡♥ ❬✻❪✳

❋✐❣✉r❡ ✷✳✷✿ ❊①❛♠♣❧❡s ❢♦r ❞✐✛❡r❡♥t ✐❝❡ ❝❛s❡s✳

■♥ ❝❛s❡s ♦❢ t❡♠♣❡r❛t✉r❡s ❥✉st s❧✐❣❤t❧② ❜❡❧♦✇ t❤❡ ❢r❡❡③✐♥❣ t❡♠♣❡r❛t✉r❡ ❛♥❞✴♦r ❤✐❣❤
▲❲❈✱ t❤❡ t❡♠♣❡r❛t✉r❡ ♦❢ t❤❡ ✐❝❡ ✐s ❛r♦✉♥❞ 0 ➦C ❛♥❞ ❥✉st ❛ ♣❛rt ♦❢ t❤❡ ❞r♦♣❧❡t ❢r❡❡③❡s
✇❤❡♥ ❤✐tt✐♥❣ t❤❡ s✉r❢❛❝❡✳ ❚❤❡ ♦t❤❡r✱ st✐❧❧ ❧✐q✉✐❞✱ ♣❛rt r✉♥s ❜❛❝❦ ♦♥ t❤❡ ❛✐r❢♦✐❧ ❛♥❞ ♠❛②
❡✈❡♥t✉❛❧❧② ❢r❡❡③❡ ❞♦✇♥str❡❛♠✳ ❚❤✐s ❜❡❤❛✈✐♦r ✐s ❡✈❡♥ ♠♦r❡ ♣r♦❜❛❜❧❡ ❢♦r ❤✐❣❤ ▼❱❉s✳
❚❤✐s ✐s ❜❡❝❛✉s❡ t❤❡♥ t❤❡ ❞r♦♣❧❡ts ❤❛✈❡ ❛ ❤✐❣❤❡r ♠❛ss ❛♥❞ t❤❡ ❡♥t❤❛❧♣② ♦❢ ❢✉s✐♦♥ ✐s ♠✉❝❤
❧❛r❣❡r✳ ❚❤✐s ❝❛s❡ ✐s ❝❛❧❧❡❞ ❣❧❛③❡ ✐❝❡✳ ❇❡❝❛✉s❡ ♦❢ t❤❡ r✉♥❜❛❝❦ ✇❛t❡r✱ ✐t ❤❛s ❛ ♠✉❝❤ ♠♦r❡
❝♦♠♣❧❡① s❤❛♣❡ ❛♥❞ ✐t ❧♦♦❦s ❝❧❡❛r ❛s ❥✉st ❢❡✇ ❛✐r ✐s tr❛♣♣❡❞ ✐♥s✐❞❡ ❛s ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✉r❡

✹
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✷✳✷✭❜✮✳ ❖❢t❡♥ ✐♥ r❡❛❧ ✢✐❣❤ts✱ t❤❡ ❛✐r❝r❛❢t ✇✐❧❧ ❡①♣❡r✐❡♥❝❡ ❛ ❝❛s❡ ❜❡t✇❡❡♥ ❣❧❛③❡ ❛♥❞ r✐♠❡
✐❝❡✳ ❚❤✐s ❝❛s❡ ✐s ❝❛❧❧❡❞ ♠✐①❡❞ ✐❝❡✳
❚❤❡ ❊✉r♦♣❡❛♥ ❆✈✐❛t✐♦♥ ❙❛❢❡t② ❆❣❡♥❝② ❬✼❪ ✭❊❆❙❆✮ ❤❛s ❝❡rt✐✜❝❛t✐♦♥ ❣✉✐❞❡❧✐♥❡s ❢♦r ❛✐r✲

❝r❛❢t✳ ■❢ ❛ ❝♦♠♣❛♥② ✇❛♥ts ❛♥ ❛✐r❝r❛❢t t♦ ❜❡ ❝❡rt✐✜❡❞ ❛♥❞ ❜❡ ❛❧❧♦✇❡❞ t♦ ❛❧s♦ st❛rt ❛♥❞ ✢②
❞✉r✐♥❣ ✐❝✐♥❣ ❝♦♥❞✐t✐♦♥s✱ t❤❡ ❛✐r❝r❛❢t ♥❡❡❞s t♦ ❜❡ ❛❜❧❡ t♦ ❞❡❛❧ ✇✐t❤ s♣❡❝✐✜❡❞ ✐❝✐♥❣ ❝♦♥❞✐✲
t✐♦♥s✳ ❚❤❡ ❊❆❙❆ ✇♦r❦s ❝❧♦s❡❧② ✇✐t❤ t❤❡ ❋❡❞❡r❛❧ ❆✈✐❛t✐♦♥ ❆❞♠✐♥✐str❛t✐♦♥ ♦♥ t❤❡ t♦♣✐❝
♦❢ ✐❝✐♥❣ ❛♥❞ ❜♦t❤ ❛❣❡♥❝✐❡s ❤❛✈❡ t❤❡ s❛♠❡ r✉❧❡s ❢♦r ✐❝✐♥❣ ❝♦♥❞✐t✐♦♥s✳ ❆s ♥♦ ❝❡rt✐✜❝❛t✐♦♥
❣✉✐❞❡❧✐♥❡ ✐s ❛✈❛✐❧❛❜❧❡ ❢♦r ❯❆❱s✱ t②♣✐❝❛❧❧② t❤❡ ❣✉✐❞❡❧✐♥❡s ❢♦r ❧❛r❣❡ ♣❛ss❡♥❣❡r tr❛♥s♣♦rt
❛✐r❝r❛❢t ❛r❡ ✉s❡❞✳ ❚❤❡ ❝❡rt✐✜❝❛t✐♦♥ ❣✉✐❞❡❧✐♥❡s ♦❢ t❤❡ ❊❆❙❆ ❝♦♥s✐st ♦❢ ❛ ❝♦♥t✐♥✉♦✉s ❛♥❞
❛♥ ✐♥t❡r♠✐tt❡♥t ♠❛①✐♠✉♠ t❤❡ ❛✐r❝r❛❢t ♠✐❣❤t ❡①♣❡r✐❡♥❝❡✳ ❚♦ ❞❡s❝r✐❜❡ t❤❡ ✐❝✐♥❣ s✉rr♦✉♥❞✲
✐♥❣✱ t❤❡ ❊❆❙❆ ✉s❡s t❤r❡❡ ❞✐✛❡r❡♥t ♣❛r❛♠❡t❡rs✳ ❚❤❡s❡ ♣❛r❛♠❡t❡rs ❛r❡ t❤❡ ❛❧r❡❛❞② st❛t❡❞
❛♠❜✐❡♥t t❡♠♣❡r❛t✉r❡✱ t❤❡ ▲❲❈✱ ❛♥❞ t❤❡ ▼❱❉✳ ❚❤❡ ♣❛r❛♠❡t❡rs ♦❢ t❤❡ ♠❛①✐♠✉♠ ✐❝✐♥❣
❝♦♥❞✐t✐♦♥s ❛♥ ❛✐r❝r❛❢t ♠✐❣❤t ❡①♣❡r✐❡♥❝❡ ❛r❡ ✈✐s✉❛❧✐③❡❞ ✐♥ ❋✐❣✉r❡ ✷✳✸✭❛✮ ❢♦r t❤❡ ❝♦♥t✐♥✉♦✉s
❝❛s❡ ❛♥❞ ✐♥ ❋✐❣✉r❡ ✷✳✸✭❜✮ ❢♦r t❤❡ ✐♥t❡r♠✐tt❡♥t ❝❛s❡✳ ❲❤✐❧❡ t❤❡ ✈❛❧✉❡s ❛r❡ ❤✐❣❤❡r ❢♦r t❤❡
✐♥t❡r♠✐tt❡♥t ❝❛s❡✱ ❝❧♦✉❞s ✇✐t❤ t❤❡s❡ ♠♦r❡ s❡✈❡r❡ ❝♦♥❞✐t✐♦♥s ❛r❡ t②♣✐❝❛❧❧② s♠❛❧❧❡r✳ ◆❡✈✲
❡rt❤❡❧❡ss✱ t♦ ♦❜t❛✐♥ ❛ ❝♦♠♣❧❡t❡ ❝♦✈❡r❛❣❡ ♦❢ ✐❝✐♥❣ ❝♦♥❞✐t✐♦♥s✱ t❤❡s❡ ♣❛r❛♠❡t❡rs ❤❛✈❡ t♦
❜❡ ❢✉❧✜❧❧❡❞✳ ❚❤❡ ✐❝✐♥❣ ❝♦♥❞✐t✐♦♥s ❝♦♥t❛✐♥ ▼❱❉s ❜❡t✇❡❡♥ 15µm ❛♥❞ 50µm ❛♥❞ ▲❲❈s
✉♣ t♦ ❛❧♠♦st 3 gm−3✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ✜❣✉r❡s s❤♦✇ t❤❛t t❤❡ ▲❲❈ t❤❡ ❛✐r❝r❛❢t ♠✐❣❤t
❡①♣❡r✐❡♥❝❡ ✐s ♠✉❝❤ ❤✐❣❤❡r ❢♦r t❡♠♣❡r❛t✉r❡s ❛r♦✉♥❞ 0 ➦C t❤❛♥ ❢♦r ❧♦✇❡r t❡♠♣❡r❛t✉r❡s✳

✭❛✮ ▼❛①✐♠✉♠ ♣❛r❛♠❡t❡rs ♦❢ ❝♦♥t✐♥✉♦✉s ♠❛①✲
✐♠✉♠ ✐❝✐♥❣ ❝♦♥❞✐t✐♦♥s✳ ❆❞❛♣t❡❞ ❢r♦♠ ❊✉r♦✲
♣❡❛♥ ❆✈✐❛t✐♦♥ ❙❛❢❡t② ❆❣❡♥❝② ❬✼❪✳

✭❜✮ ▼❛①✐♠✉♠ ♣❛r❛♠❡t❡rs ♦❢ ✐♥t❡r♠✐tt❡♥t ♠❛①✐♠✉♠
✐❝✐♥❣ ❝♦♥❞✐t✐♦♥s✳ ❆❞❛♣t❡❞ ❢r♦♠ ❊✉r♦♣❡❛♥ ❆✈✐❛t✐♦♥
❙❛❢❡t② ❆❣❡♥❝② ❬✼❪✳

❋✐❣✉r❡ ✷✳✸✿ ■❝✐♥❣ ❝♦♥❞✐t✐♦♥s st❛t❡❞ ✐♥ t❤❡ ❝❡rt✐✜❝❛t✐♦♥ ❣✉✐❞❡❧✐♥❡s ❢♦r ❛✐r❝r❛❢t ❢♦r t✇♦ ❞✐❢✲
❢❡r❡♥t t②♣❡s ♦❢ ❝❧♦✉❞s✳

✺



✷ ❇❛❝❦❣r♦✉♥❞

✷✳✶✳✷ ❚②♣✐❝❛❧ ✐❝❡ s❤❛♣❡s ♦♥ ❛✐r❢♦✐❧s

❚♦ ✉♥❞❡rst❛♥❞ ✇❤② ✐❝❡ ❛❝❝r❡t✐♦♥s ❝❛♥ ❧❡❛❞ t♦ ❜✐❣ ❛❡r♦❞②♥❛♠✐❝ ♣❡r❢♦r♠❛♥❝❡ ❧♦ss❡s ❛♥❞
t❤❡r❡❢♦r❡ ✐♥✢✉❡♥❝❡ t❤❡ ❛❜✐❧✐t✐❡s ♦❢ t❤❡ ❛✐r❝r❛❢t✱ t❤❡ ♥❡①t ♣❛ss❛❣❡s s❤❛❧❧ s❤♦✇ t❤❡ ❢♦✉r
♠♦st t②♣✐❝❛❧ ✐❝❡ s❤❛♣❡s ❛♥❞ ❤♦✇ t❤❡② ❝❤❛♥❣❡ t❤❡ ❛❡r♦❞②♥❛♠✐❝s ♦❢ t❤❡ ❛✐r❢♦✐❧✳ ❍♦✇❡✈❡r✱
❛s t❤❡ ♠❛❥♦r t♦♣✐❝ ♦❢ t❤✐s ✇♦r❦ ✐s t❤❡ ❞❡s✐❣♥ ♦❢ ❛♥ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧✱ t❤❡ ♦✈❡r✈✐❡✇ ✇✐❧❧
♥♦t ❣♦ t♦♦ ♠✉❝❤ ✐♥t♦ ❞❡t❛✐❧✳ ❋♦r ❢✉rt❤❡r ✐♥❢♦r♠❛t✐♦♥ s❡❡ ❇r❛❣❣ ❡t ❛❧✳ ❬✶❪✱ ❛s t❤✐s ✇❛s ❛❧s♦
✉s❡❞ ❛s t❤❡ ♠❛✐♥ s♦✉r❝❡ ❢♦r t❤❡ ♥❡①t ♣❛ss❛❣❡s✳
❆t t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ✐❝❡ ❛❝❝r❡t✐♦♥✱ ♥♦ ♠❛tt❡r ✇❤❡t❤❡r ✐t ✐s ❣❧❛③❡ ♦r r✐♠❡ ✐❝❡✱ t❤❡

♦❝❝✉rr✐♥❣ ♣❤❡♥♦♠❡♥♦♥ ✐s ❝❛❧❧❡❞ ✐❝❡ r♦✉❣❤♥❡ss✳ ❚❤❡ ✐❝❡ ✇✐❧❧ ❛❧✇❛②s ❜❡ r♦✉❣❤ t♦ ❛ ❝❡rt❛✐♥
❞❡❣r❡❡✳ ■♥ t❤✐s ✜rst ♣❤❛s❡✱ ❤♦✇❡✈❡r✱ t❤❡ s✉r❢❛❝❡ ✐s ♥♦t ②❡t ❝♦✈❡r❡❞ ✐♥ ❛ ✇❛② t❤❛t t❤❡
s❤❛♣❡ ♦❢ t❤❡ ❛✐r❢♦✐❧ ✐s s✐❣♥✐✜❝❛♥t❧② ❝❤❛♥❣❡❞✳ ❚❤❡r❡❢♦r❡ ❛❧s♦ t❤❡ ✢♦✇✜❡❧❞ ❛r♦✉♥❞ t❤❡ ❛✐r❢♦✐❧
✐s ❛❧♠♦st ✉♥❝❤❛♥❣❡❞ ❝♦♠♣❛r❡❞ t♦ ❛♥ ✐❝❡✲❢r❡❡ s✐t✉❛t✐♦♥✳ ❚❤❡ r❡s✉❧t✐♥❣ r♦✉❣❤ ③♦♥❡s ❛r❡
t❤r❡❡✲❞✐♠❡♥s✐♦♥❛❧ ❛♥❞ ❤❛✈❡ ❛ ❤❡✐❣❤t t②♣✐❝❛❧❧② ❧❛r❣❡r t❤❛♥ t❤❡ ❜♦✉♥❞❛r② ❧❛②❡r✳ ❚❤❡r❡❢♦r❡
✐❝❡ r♦✉❣❤♥❡ss ❝❛♥ ❜❡ t❤♦✉❣❤t ♦❢ ❧✐❦❡ ♥♦r♠❛❧ s✉r❢❛❝❡ r♦✉❣❤♥❡ss✳ ■❢ t❤❡ r♦✉❣❤♥❡ss ✐s ❤✐❣❤
❡♥♦✉❣❤✱ ✐t ♠❛② ❝❛✉s❡ tr❛♥s✐t✐♦♥ ♦❢ t❤❡ ✢♦✇ ♦r ❡✈❡♥ s❡♣❛r❛t✐♦♥✳ ❚❤✐s ❧❡❛❞s t♦ ❧❡ss ❧✐❢t ❛♥❞
❤✐❣❤❡r ❞r❛❣✳
❆ t②♣✐❝❛❧ s❤❛♣❡ ❢♦r ❣❧❛③❡ ✐❝❡ ❝♦♥❞✐t✐♦♥s ✐s ❛ ❤♦r♥ ❛t t❤❡ s✉r❢❛❝❡✳ ❆ ❤♦r♥ ✐❝❡ s❤❛♣❡ ❝❛♥

❜❡ s❡❡♥ ✐♥ ❋✐❣✉r❡ ✷✳✹✳ ❆t t❤❡ ❤♦r♥✬s t♦♣✱ t❤❡ ✢♦✇ ✇✐❧❧ s❡♣❛r❛t❡ ✐❢ t❤❡ ❤♦r♥ ✐s t♦♦ ❤✐❣❤ ❛♥❞
✐❢ t❤❡ ♣r❡ss✉r❡ ❣r❛❞✐❡♥t ✐s ♥♦t ❢❛✈♦r❛❜❧❡✳ ❚❤❡ s✐③❡ ♦❢ t❤❡ s❡♣❛r❛t✐♦♥ ③♦♥❡ ❜❡❤✐♥❞ t❤❡ ❤♦r♥
❛♥❞ ❛❝❝♦r❞✐♥❣❧② ❤♦✇ ❤✉❣❡ t❤❡ ❛❡r♦❞②♥❛♠✐❝ ❧♦ss❡s ❛r❡✱ ❞❡♣❡♥❞s ♦♥ s❡✈❡r❛❧ ❛ttr✐❜✉t❡s✱
❢♦r ❡①❛♠♣❧❡ t❤❡ ❛♥❣❧❡ ♦❢ ❛tt❛❝❦✱ t❤❡ ❤❡✐❣❤t ♦❢ t❤❡ ❤♦r♥✱ ❛♥❞ ✐ts ❧♦❝❛t✐♦♥ ♦♥ t❤❡ s✉r❢❛❝❡✳
❍♦r♥s ♦♥ t❤❡ ❧♦✇❡r s✉r❢❛❝❡ ❥✉st ❤❛✈❡ ❛♥ ✐♥✢✉❡♥❝❡ ♦♥ t❤❡ ❧✐❢t ❝♦❡✣❝✐❡♥t ♦❢ ❧♦✇ ❛♥❣❧❡s ♦❢
❛tt❛❝❦✱ ❜✉t t❤❡② ❛❞❞ ✉♣ t♦ t❤❡ ❞r❛❣ ✐♥ ❛ s✐❣♥✐✜❝❛♥t ♠❛♥♥❡r ❛♥❞ t❤❡r❡❢♦r❡ ❝❛♥ ♥♦t ❜❡
♥❡❣❧❡❝t❡❞✳ ❆♥ ♦t❤❡r ♣r♦❜❧❡♠ ❛r✐s✐♥❣ ✇✐t❤ ✐❝❡ ❤♦r♥s ✐s t❤❛t t❤❡ ✐♥❞✉❝❡❞ s❡♣❛r❛t✐♦♥ ③♦♥❡s
♠❛② ✢✉❝t✉❛t❡✳ ❱♦rt✐❝❡s ❞❡✈❡❧♦♣ ❜❡❤✐♥❞ t❤❡ ❤♦r♥s ❛♥❞ t❤❡ s❡♣❛r❛t✐♦♥ ❜✉❜❜❧❡ ♠♦✈❡s ✇✐t❤
t❤❡ r❡❛tt❛❝❤♠❡♥t ♣♦✐♥t ✈❛r②✐♥❣ ♦✈❡r t✐♠❡✳

❋✐❣✉r❡ ✷✳✹✿ ❚②♣✐❝❛❧ ✐❝❡ s❤❛♣❡s ♦♥ ❛♥ ❛✐r❢♦✐❧✳ ❆❞❛♣t❡❞ ❢r♦♠ ❍❛♥♥ ❛♥❞ ❏♦❤❛♥s❡♥ ❬✻❪✳

❲❤✐❧❡ ❤♦r♥ s❤❛♣❡s ❛r❡ t②♣✐❝❛❧ ❢♦r ❣❧❛③❡ ✐❝❡ ❝♦♥❞✐t✐♦♥s✱ s♦✲❝❛❧❧❡❞ str❡❛♠✇✐s❡ ✐❝❡ ✐s
t②♣✐❝❛❧ ❢♦r r✐♠❡ ✐❝❡ ❝♦♥❞✐t✐♦♥s✳ ❚❤❡ ❞r♦♣❧❡ts ❥✉st ❢r❡❡③❡ ✇❤❡r❡ t❤❡② ❤✐t t❤❡ s✉r❢❛❝❡
❛♥❞ t❤❡r❡❢♦r❡ ❢♦r♠ ❛♥ ✐❝❡ s❤❛♣❡ t❤❛t ❞♦❡s ♥♦t r❡❛❧❧② ❝❤❛♥❣❡ t❤❡ s❤❛♣❡ ♦❢ t❤❡ ❛✐r❢♦✐❧
✉♥❧❡ss t❤❡ ❛❝❝r❡t✐♦♥ t✐♠❡ ✐s ❧♦♥❣✳ ❚❤✐s s❤❛♣❡ ❝❛♥ ❛❧s♦ ❜❡ s❡❡♥ ✐♥ ❋✐❣✉r❡ ✷✳✹✳ ❇❡❝❛✉s❡
♦❢ t❤❡ ❧✐tt❧❡ ❝❤❛♥❣❡ ♦❢ s❤❛♣❡✱ t❤❡ ❛❡r♦❞②♥❛♠✐❝ ❡✛❡❝ts ❛r❡ ♠✐♥♦r ❝♦♠♣❛r❡❞ t♦ t❤❡ ❤♦r♥
s❤❛♣❡s✳ ❆♥②✇❛②✱ ❛s t❤❡r❡ ✐s ❛ ♣❛ss❛❣❡ ❢r♦♠ t❤❡ ✐❝❡ t♦ t❤❡ ❝❧❡❛♥ s✉r❢❛❝❡✱ ❛♥ ❛❞✈❡rs❡

✻
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♣r❡ss✉r❡ ❣r❛❞✐❡♥t ♠❛② ♦❝❝✉r ❛♥❞ ❧❡❛❞ t♦ ✢♦✇ s❡♣❛r❛t✐♦♥s✳ ❚❤❡ ❛❡r♦❞②♥❛♠✐❝ ✐♠♣❛❝t ♦❢
str❡❛♠✇✐s❡ ✐❝❡ ✐s ❤♦✇❡✈❡r st✐❧❧ ♠✉❝❤ s♠❛❧❧❡r t❤❛♥ ✐♥ t❤❡ ❤♦r♥ ❝❛s❡✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ ❛
s❡♣❛r❛t✐♦♥ ❞♦❡s ♥♦t ♦❝❝✉r ♦♥ t❤❡ ❧❡❛❞✐♥❣ ❡❞❣❡ ❜✉t ❢✉rt❤❡r ❞♦✇♥str❡❛♠✳
❚❤❡ ✐❝❡ s❤❛♣❡s ♣r❡s❡♥t❡❞ s♦ ❢❛r ✇❡r❡ ❛❧❧ ❛ r❡s✉❧t ♦❢ t❤❡ ✐❝✐♥❣ ❝❧♦✉❞ ✐ts❡❧❢✳ ❚❤❡ ❢♦✉rt❤

s❤❛♣❡ ✐s ❛ r❡s✉❧t ♦❢ t❤❡ ✉s❡ ♦❢ ❛♥ ✐❝❡ ♣r♦t❡❝t✐♦♥ s②st❡♠✳ ■❝❡ ♣r♦t❡❝t✐♦♥ s②st❡♠s ❛r❡
♥♦r♠❛❧❧② ❥✉st ✐♥ t❤❡ r❡❣✐♦♥ ♦❢ t❤❡ ❧❡❛❞✐♥❣ ❡❞❣❡ ❛♥❞ t❤❡r❡❢♦r❡ ❛ ❤✉❣❡ ♣❛rt ♦❢ t❤❡ ❛✐r❢♦✐❧ ✐s
♥♦t ❤❡❛t❡❞ ♦r ♣r♦t❡❝t❡❞ s✐♠✐❧❛r❧②✳ ❖♥❝❡ s✉❝❤ ❛ s②st❡♠ ✐s ✉s❡❞ ❜✉t ❞♦❡s ♥♦t r❡♠♦✈❡ ❡✈❡r②
♣❛rt ♦❢ t❤❡ ✐♥❝♦♠✐♥❣ ✇❛t❡r✱ t❤❡ r❡♠❛✐♥✐♥❣ ✇❛t❡r ✇✐❧❧ r✉♥ ❜❛❝❦ ❛♥❞ ♠❛② ❡✈❡♥t✉❛❧❧② ❢r❡❡③❡
❞♦✇♥str❡❛♠ ❛t ❛ ♣❛rt ♦❢ t❤❡ s✉r❢❛❝❡ t❤❛t ✐s ♥♦t ❤❡❛t❡❞✳ ❆♥ ❡①❡♠♣❧❛r② ♣❧♦t ♦❢ ❤♦✇ t❤❡
✐❝❡ s❤❛♣❡s ♠❛② t❤❡♥ ❧♦♦❦ ❧✐❦❡ ✐s ❣✐✈❡♥ ✐♥ ❋✐❣✉r❡ ✷✳✹✳ ❇❡❝❛✉s❡ ♦❢ t❤❡ s❤❛♣❡s ✐t ♣r♦❞✉❝❡s✱
♠♦st ♦❢ t❤❡ t✐♠❡ ✐t ✐s ❝❛❧❧❡❞ s♣❛♥✇✐s❡✲r✐❞❣❡ ✐❝❡✳ ❋♦r t❤❡ ❡❛r❧✐❡r ♠❡♥t✐♦♥❡❞ ❤♦r♥ s❤❛♣❡s✱
t❤❡ ❜♦✉♥❞❛r② ❧❛②❡r ✐s ♥♦t ❞❡✈❡❧♦♣❡❞ ②❡t ❛♥❞ t❤❡ st❛❣♥❛t✐♦♥ ♣♦✐♥t ♦❢ t❤❡ ✢♦✇ ♠✐❣❤t ❡✈❡♥
❜❡ ❛t t❤❡ ❤♦r♥✳ ❍♦✇❡✈❡r✱ t❤❡ s♣❛♥✇✐s❡ r✐❞❣❡s ❛r❡ ❧♦❝❛t❡❞ ♠✉❝❤ ❢❛rt❤❡r ❞♦✇♥str❡❛♠ ❛♥❞
t❤❡r❡❢♦r❡ s❡❡ ❛ ❜♦✉♥❞❛r② ❧❛②❡r t❤❛t ♠✐❣❤t ❛❧r❡❛❞② ❤❛✈❡ tr❛♥s✐t✐♦♥❡❞ ❞✉❡ t♦ r♦✉❣❤♥❡ss ♦♥
t❤❡ s✉r❢❛❝❡✳ ❚❤❡ ✐❝❡ ❛❝ts ♦♥ t❤❡ ✢♦✇ ✐♥ ❛ s✐♠✐❧❛r ✇❛② ❛♥ ♦❜st❛❝❧❡ ✇♦✉❧❞ ❞♦ ❛♥❞ ❝❛✉s❡s
s❡♣❛r❛t✐♦♥ ♦❢ t❤❡ ✢♦✇ ✇✐t❤ ✈♦rt✐❝❡s ✐♥s✐❞❡ t❤❡ s❡♣❛r❛t✐♦♥ ❛♥❞ r❡❛tt❛❝❤♠❡♥t r❡❣✐♦♥✳ ❆s
✐♥ t❤❡ ♣r❡✈✐♦✉s❧② ♠❡♥t✐♦♥❡❞ ❝❛s❡s✱ t❤✐s r❡❞✉❝❡s t❤❡ ♠❛①✐♠✉♠ ❧✐❢t ❛♥❞ t❤❡ st❛❧❧ ❛♥❣❧❡✱
✇❤✐❧❡ ✐♥❝r❡❛s✐♥❣ t❤❡ ❞r❛❣ ❛t t❤❡ s❛♠❡ t✐♠❡✳
❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❛♠❜✐❡♥t s✐t✉❛t✐♦♥✱ ❛♥ ❛✐r❝r❛❢t ♠✐❣❤t ❛❝❝r❡t❡ ♦♥❡ ♦r ♠♦r❡ ♦❢ t❤❡

♠❡♥t✐♦♥❡❞ ✐❝❡ s❤❛♣❡s ❞✉r✐♥❣ t❤❡ ✢✐❣❤t t❤r♦✉❣❤ ❛ ❝❧♦✉❞✳ ❲❤✐❧❡ t❤❡ ❞✐✛❡r❡♥t s❤❛♣❡s ❢♦r♠
❢♦r ❞✐✛❡r❡♥t r❡❛s♦♥s✱ ❛❧❧ ♦❢ t❤❡♠ r❡❞✉❝❡ t❤❡ ❛❡r♦❞②♥❛♠✐❝ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ❛✐r❝r❛❢t✳
◆✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s ❜② ❋❛❥t ❡t ❛❧✳ ❬✽❪ s❤♦✇❡❞ t❤❛t ❛ ❞❡❝r❡❛s❡ ♦❢ ✸✺✪ ✐♥ ❧✐❢t ❝♦❡✣❝✐❡♥t
❛♥❞ ✸✸✪ ✐♥ ❝♦rr❡s♣♦♥❞✐♥❣ ❛♥❣❧❡ ♦❢ ❛tt❛❝❦ ❛s ✇❡❧❧ ❛s ❛♥ ✐♥❝r❡❛s❡ ♦❢ ❞r❛❣ ❜② ✶✻✵✪ ♠✐❣❤t
♦❝❝✉r ✐♥ t❤❡ ✇♦rst✲❝❛s❡ ❝♦♥❞✐t✐♦♥s ❢♦r ❛ ❝♦♥t✐♥✉♦✉s ❝❛s❡✳ ❊①♣❡r✐♠❡♥ts ❜② ❍❛♥♥ ❡t ❛❧✳
❬✾❪ ❛❧s♦ s❤♦✇❡❞ s❡✈❡r❡ ❧♦ss❡s ✐♥ t❤❡ ❛❡r♦❞②♥❛♠✐❝ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❛♥ ✐❝❡❞ ❛✐r❢♦✐❧✳ ❚❤❡s❡
♣❡r❢♦r♠❛♥❝❡ ❧♦ss❡s ❛♥❞ t❤❡ r✐s❦s ♦❢ ❧♦s✐♥❣ ❛♥ ❛✐r❝r❛❢t ❛r❡ s♦ ❤✐❣❤ t❤❛t ♦❢t❡♥ ❯❆❱s st❛②
❣r♦✉♥❞❡❞ ♦♥❝❡ t❤❡② ♠❛② ❡①♣❡r✐❡♥❝❡ ✐❝✐♥❣ ❝♦♥❞✐t✐♦♥s ❛s r❡♣♦rt❡❞ ❜② P❡❝❦ ❡t ❛❧✳ ❬✸❪✳

✷✳✶✳✸ ■❝❡ ♣r♦t❡❝t✐♦♥ s②st❡♠s

■t ✐s t❤❡ ❣♦❛❧ t♦ ✉s❡ ❛✐r❝r❛❢t ❛❧s♦ ❞✉r✐♥❣ ✇❡❛t❤❡r ❝♦♥❞✐t✐♦♥s t❤❛t ❛r❡ ♥♦t ♣❡r❢❡❝t✳ ❚❤❡r❡✲
❢♦r❡ ✐❝❡ ♣r♦t❡❝t✐♦♥ s②st❡♠s ♥❡❡❞ t♦ ❜❡ ✐♥tr♦❞✉❝❡❞ t❤❛t ❛❧❧♦✇ ✢✐❣❤t ✉♥❞❡r ♣♦t❡♥t✐❛❧❧②
❞❛♥❣❡r♦✉s ✐❝✐♥❣ ❝♦♥❞✐t✐♦♥s ❛t ❧❡❛st ❢♦r ❛ s❤♦rt t✐♠❡✳
■❝❡ ♣r♦t❡❝t✐♦♥ s②st❡♠s ❝❛♥ t②♣✐❝❛❧❧② ❜❡ ❞✐✈✐❞❡❞ ✐♥t♦ t✇♦ ❝❛t❡❣♦r✐❡s✿ ❞❡✲✐❝✐♥❣ ❛♥❞ ❛♥t✐✲

✐❝✐♥❣ s②st❡♠s✳ ❆s ❞❡s❝r✐❜❡❞ ❜② ▲❛✇s♦♥ ❬✶✵❪ ❞❡✲✐❝✐♥❣ ❝♦♥❝❡♣ts s❤❡❞ t❤❡ ✐❝❡ ♦♥❝❡ t❤❡r❡ ✐s
♠♦r❡ ✐❝❡ ❛❝❝r❡t✐♦♥ t❤❛♥ ❛ s♣❡❝✐✜❡❞ t❤r❡s❤♦❧❞✳ ❆♥t✐✲✐❝✐♥❣ ❞❡✈✐❝❡s ❛r❡ ❛❝t✐✈❡ ❝♦♥t✐♥✉♦✉s❧②
❛♥❞ ♣r❡✈❡♥t t❤❡ ❛❝❝r❡t✐♦♥ ♦❢ ✐❝❡✳ ❚❤❡r❡ ❛r❡ ❛ ❧♦t ♦❢ ❞✐✛❡r❡♥t ♣♦ss✐❜✐❧✐t✐❡s ❛♥❞ t❤✐s t♦♣✐❝
✐s ♥♦t ♦❢ ♠✉❝❤ ✐♠♣♦rt❛♥❝❡ ❢♦r t❤✐s ✇♦r❦✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ✇♦r❦s ♦❢ ▲❛✇s♦♥ ❬✶✵❪✱ ❍❛♥♥
❛♥❞ ❏♦❤❛♥s❡♥ ❬✻❪ ❛♥❞ ❍❛♥♥ ❡t ❛❧✳ ❬✶✶❪ ❛r❡ r❡❝♦♠♠❡♥❞❡❞ t♦ ❣❡t ❢✉rt❤❡r ✐♥s✐❣❤t ✐♥t♦ ✐❝❡
♣r♦t❡❝t✐♦♥ s②st❡♠s✳ ❚❤❡s❡ ❧✐t❡r❛t✉r❡ ❝♦♥t❛✐♥ ❛ ❢✉rt❤❡r ♦✈❡r✈✐❡✇ ♦❢ t❤❡ t❡❝❤♥✐q✉❡s ✉s❡❞
❛♥❞ ❤♦✇ t❤❡ ♥❡❝❡ss❛r② ❡♥❡r❣② ✐s ♣r♦✈✐❞❡❞✳
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✷✳✷ ❇❛s✐❝s ❛❜♦✉t ✢♦✇ ❞②♥❛♠✐❝s ❛♥❞ ❞r♦♣❧❡t

❜❡❤❛✈✐♦r

❙♦♠❡ ❦♥♦✇❧❡❞❣❡ ✐s ✐♠♣♦rt❛♥t ❢♦r t❤❡ ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ t❤❡ t♦♣✐❝ ♦❢ ✐❝✐♥❣ ♦♥ ❯❆❱s✳

✷✳✷✳✶ ❋❧♦✇ ❞②♥❛♠✐❝s

❊✈❡r② t✐♠❡ ❛✐r ♠♦✈❡s r❡❧❛t✐✈❡❧② t♦ ❛ ❜♦❞②✱ ❝❡rt❛✐♥ ✢♦✇ ♣❤❡♥♦♠❡♥❛ ♦❝❝✉r✳ ❚❤❡ r❡❣✐♦♥
❝❧♦s❡ t♦ t❤❡ s✉r❢❛❝❡ ✐s ♦❢ s♣❡❝✐❛❧ ✐♥t❡r❡st✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ ❞✐r❡❝t❧② ❛t t❤❡ s✉r❢❛❝❡✱ t❤❡
✈❡❧♦❝✐t② ✐s ③❡r♦✳ ❉✉❡ t♦ ❢r✐❝t✐♦♥✱ t❤❡ s✉rr♦✉♥❞✐♥❣ ✢♦✇ ✐s ❛❧s♦ s❧♦✇❡❞ ❞♦✇♥✳ ❚❤❡r❡❢♦r❡
❛ r❡❣✐♦♥ ❞❡✈❡❧♦♣s ✇❤❡r❡ t❤❡ ✈❡❧♦❝✐t② ✐s s♠❛❧❧❡r t❤❛♥ ✐♥ t❤❡ ❢r❡❡ str❡❛♠✳ ❚❤✐s r❡❣✐♦♥ ✐s
❝❛❧❧❡❞ t❤❡ ❜♦✉♥❞❛r② ❧❛②❡r✳
❆♥ ✐♠♣♦rt❛♥t ♣❛r❛♠❡t❡r t♦ ❝❤❛r❛❝t❡r✐③❡ t❤❡ ✢♦✇ ❜❡❤❛✈✐♦r ✐s t❤❡ ❘❡②♥♦❧❞s ♥✉♠❜❡r

Re =
vL

ν
✭✷✳✶✮

✇✐t❤ ❛ t②♣✐❝❛❧ ✈❡❧♦❝✐t② ♦❢ t❤❡ ❛✐r v✱ ❛ ❝❤❛r❛❝t❡r✐st✐❝ ❧❡♥❣t❤ L ♦❢ t❤❡ ❜♦❞②✱ ❛♥❞ t❤❡ ❦✐♥❡✲
♠❛t✐❝ ✈✐s❝♦s✐t② ν✳ ❚❤❡ ❘❡②♥♦❧❞s ♥✉♠❜❡r ✐s ❛♥ ✐♥❞✐❝❛t♦r ♦❢ ✇❤❡t❤❡r ❛ ✢♦✇ ✐s ❧❛♠✐♥❛r ♦r
t✉r❜✉❧❡♥t✳ ▲❛♠✐♥❛r ✢♦✇s ❛r❡ ✇❡❧❧ str✉❝t✉r❡❞ ❛♥❞ r❡❣✉❧❛r✳ ❚✉r❜✉❧❡♥t ✢♦✇s ❛r❡ ❝❤❛♦t✐❝✱
✉♥st❡❛❞② ❛♥❞ t❤r❡❡✲❞✐♠❡♥s✐♦♥❛❧✳ ❋♦r ❧♦✇ ❘❡②♥♦❧❞s ♥✉♠❜❡rs✱ t❤❡ ❧❛♠✐♥❛r ✢♦✇ ❡✛❡❝ts
❞♦♠✐♥❛t❡✳ ■❢ t❤❡ ❘❡②♥♦❧❞s ♥✉♠❜❡r ✐s ✐♥❝r❡❛s❡❞✱ t❤❡ ✢♦✇ ✇✐❧❧ ❜❡ tr❛♥s✐t✐♦♥❛❧ ❛♥❞ ✜♥❛❧❧②
t❤❡ t✉r❜✉❧❡♥t ✢♦✇ ❡✛❡❝ts ✇✐❧❧ ❞♦♠✐♥❛t❡✳ ▲❛♠✐♥❛r ✢♦✇s ♥♦r♠❛❧❧② ❤❛✈❡ ❛ t❤✐♥♥❡r ❜♦✉♥❞✲
❛r② ❧❛②❡r t❤❛♥ t✉r❜✉❧❡♥t ✢♦✇s✳ ❍♦✇❡✈❡r✱ t❤❡ ✈❡❧♦❝✐t② ♣r♦✜❧❡ ♦❢ t✉r❜✉❧❡♥t ✢♦✇s ✐s st❡❡♣❡r
❛t t❤❡ s✉r❢❛❝❡ t❤❛♥ t❤❡ ✈❡❧♦❝✐t② ♣r♦✜❧❡ ♦❢ ❛ ❧❛♠✐♥❛r ✢♦✇✳ ❆s t❤❡ ✢♦✇ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢
❧❛♠✐♥❛r ❛♥❞ t✉r❜✉❧❡♥t ✢♦✇s ❞✐✛❡r str♦♥❣❧②✱ t❤❡ ❘❡②♥♦❧❞s ♥✉♠❜❡r ♣❧❛②s ❛♥ ✐♠♣♦rt❛♥t
r♦❧❡ ✐♥ ✢♦✇ ❡①♣❡r✐♠❡♥ts ❛♥❞ ❝❛❧❝✉❧❛t✐♦♥s✳
❆♥♦t❤❡r ❞✐♠❡♥s✐♦♥❧❡ss ❣r♦✉♣ t❤❛t ✐s ♦❢t❡♥ ✉s❡❞ t♦ ❞❡s❝r✐❜❡ ❛ ✢♦✇ ✐s t❤❡ ▼❛❝❤ ♥✉♠❜❡r

M =
v

vS
=

v√
γRT

✭✷✳✷✮

t❤❛t ❞❡s❝r✐❜❡s t❤❡ r❛t✐♦ ♦❢ t❤❡ ❧♦❝❛❧ ❛✐r s♣❡❡❞ v t♦ t❤❡ ❧♦❝❛❧ s♣❡❡❞ ♦❢ s♦✉♥❞ vS✳ ❚❤❡ s♣❡❡❞
♦❢ s♦✉♥❞ ✐s ❝❛❧❝✉❧❛t❡❞ ✇✐t❤ t❤❡ ❤❡❛t ❝❛♣❛❝✐t② r❛t✐♦ γ✱ t❤❡ s♣❡❝✐✜❝ ❣❛s ❝♦♥st❛♥t R✱ ❛♥❞
t❤❡ ❧♦❝❛❧ t❡♠♣❡r❛t✉r❡ T ✳ ❋♦r M < 0.3✱ ❛ ✢♦✇ ❝❛♥ ❜❡ ❝♦♥s✐❞❡r❡❞ t♦ ❜❡ ✐♥❝♦♠♣r❡ss✐❜❧❡
❛s st❛t❡❞ ❜② ❆♥❞❡rs♦♥ ❬✶✷❪✳ ■❢ ❛ ✢♦✇ ✐s ✐♥❝♦♠♣r❡ss✐❜❧❡✱ t❤❡ s✉❜st❛♥t✐❛❧ ❝❤❛♥❣❡ ♦❢ t❤❡
❞❡♥s✐t② ✭Dρ/Dt✮ ✐s ③❡r♦✳
■❢ ❛ ✢♦✇ ❛r♦✉♥❞ ❛ ❜♦❞② ✐s ♥♦ ❧♦♥❣❡r ❛❜❧❡ t♦ ❢♦❧❧♦✇ t❤❡ ❝♦♥t♦✉r✱ t❤❡ ♣❤❡♥♦♠❡♥♦♥ ✐s

❝❛❧❧❡❞ s❡♣❛r❛t✐♦♥✳ ❙❡♣❛r❛t✐♦♥ ❝❛♥ ❤❛♣♣❡♥ ♦♥❝❡ t❤❡ ♣r❡ss✉r❡ ❞♦✇♥str❡❛♠ ✐s ❤✐❣❤❡r t❤❛♥
✉♣str❡❛♠ ❛s ❡①♣❧❛✐♥❡❞ ❜② ❆♥❞❡rs♦♥ ❬✶✷❪✳ ❚❤❡ ✢♦✇ t❤❡♥ ❤❛s t♦ ✜❣❤t ❛❣❛✐♥st t❤✐s s♦✲❝❛❧❧❡❞
❛❞✈❡rs❡ ♣r❡ss✉r❡ ❣r❛❞✐❡♥t✳ ❚❤❡ ❛✐r ❝❧♦s❡ t♦ t❤❡ ✇❛❧❧ ❤❛s ❛❧r❡❛❞② ❛ ❧♦✇❡r ✈❡❧♦❝✐t② t❤❛♥ t❤❡
❛✐r ♦✉ts✐❞❡ t❤❡ ❜♦✉♥❞❛r② ❧❛②❡r✳ ❆t ❛ ❝❡rt❛✐♥ ♣♦✐♥t✱ t❤❡ ✢♦✇ ♠✐❣❤t st♦♣ ❛♥❞ ❝❤❛♥❣❡ ✐ts
❞✐r❡❝t✐♦♥ ❞✉❡ t♦ t❤❡ ❛❞✈❡rs❡ ♣r❡ss✉r❡ ❣r❛❞✐❡♥t✳ ❚❤✐s ✐s ❝❛❧❧❡❞ s❡♣❛r❛t✐♦♥✳ ❆s t❤❡ ✈❡❧♦❝✐t②
❝❧♦s❡ t♦ t❤❡ ✇❛❧❧ ✐s ❤✐❣❤❡r ✐♥ t✉r❜✉❧❡♥t ❜♦✉♥❞❛r② ❧❛②❡rs t❤❛♥ ✐♥ ❧❛♠✐♥❛r ♦♥❡s✱ t✉r❜✉❧❡♥t
✢♦✇s ❤❛✈❡ ❛ ❤✐❣❤❡r ♠❛r❣✐♥ ❜❡❢♦r❡ t❤❡② s❡♣❛r❛t❡✳ ❙❡♣❛r❛t✐♦♥ ✐♥❝r❡❛s❡s t❤❡ ♣r❡ss✉r❡ ❧♦ss❡s
❞r❛st✐❝❛❧❧② ❛♥❞ ✐s t❤❡r❡❢♦r❡ ♥♦r♠❛❧❧② ♥♦t ✇❛♥t❡❞✳ ❚❤❡ ♣♦✐♥t ♦❢ s❡♣❛r❛t✐♦♥ ✐s ❞❡✜♥❡❞ ❛s
t❤❡ ♣♦s✐t✐♦♥ ✇❤❡r❡ t❤❡ ✇❛❧❧✲♥♦r♠❛❧ ❣r❛❞✐❡♥t ♦❢ t❤❡ ✈❡❧♦❝✐t② ✐s ③❡r♦✳

✽



✷ ❇❛❝❦❣r♦✉♥❞

■❢ ❛✐r ✢♦✇s t❤r♦✉❣❤ ❛ ❞✉❝t✱ t❤❡ ❝♦♥t✐♥✉✐t② ❡q✉❛t✐♦♥

ρvA = const. ✭✷✳✸✮

❞❡s❝r✐❜❡s t❤❡ ❛✈❡r❛❣❡❞ ❛✐r ✈❡❧♦❝✐t② v ❛t ❡✈❡r② ♣♦s✐t✐♦♥ ✐♥ ❞❡♣❡♥❞❡♥❝② ♦❢ t❤❡ ❛✐r ❞❡♥s✐t② ρ
❛♥❞ t❤❡ ❛r❡❛ A ♦❢ t❤❡ ❝r♦ss✲s❡❝t✐♦♥✳ ❊ss❡♥t✐❛❧❧② t❤❡ ❝♦♥t✐♥✉✐t② ❡q✉❛t✐♦♥ s❛②s t❤❛t ❛❧❧ t❤❡
❛✐r t❤❛t ❡♥t❡rs ❛ ❝r♦ss✲s❡❝t✐♦♥ ❛❧s♦ ❤❛s t♦ ❧❡❛✈❡ ✐t✳ ■❢ ❛ ✢♦✇ ✐s ✐♥❝♦♠♣r❡ss✐❜❧❡✱ t❤❡ ❞❡♥s✐t②
♠✐❣❤t ❜❡ ❝♦♥s✐❞❡r❡❞ t♦ ❜❡ ❝♦♥st❛♥t ✐♥ t❤❡ ✇❤♦❧❡ ✢♦✇ ❛♥❞ ❝❛♥ t❤❡r❡❢♦r❡ ❜❡ ❡❧✐♠✐♥❛t❡❞
❢r♦♠ t❤❡ ❝♦♥t✐♥✉✐t② ❡q✉❛t✐♦♥✳
❊q✉❛t✐♦♥s ❢♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ ✢♦✇ ♣r♦♣❡rt✐❡s ❢♦r ✢♦✇s t❤r♦✉❣❤ ❞✉❝ts ♦❢t❡♥ r❡q✉✐r❡

t❤❡ ❞✐❛♠❡t❡r ♦❢ t❤❡ ❞✉❝t✳ ❋♦r ❞✉❝ts ✇✐t❤ ❛ ❝r♦ss✲s❡❝t✐♦♥ t❤❛t ✐s ♥♦t ❝✐r❝✉❧❛r✱ t❤❡ ❤②❞r❛✉❧✐❝
❞✐❛♠❡t❡r

dh =
4A

P
✭✷✳✹✮

❝❛♥ ❜❡ ✉s❡❞ ✐♥st❡❛❞✳ ❚❤❡ ❛r❡❛ A ♦❢ t❤❡ ❝r♦ss✲s❡❝t✐♦♥ ❛♥❞ t❤❡ ❧❡♥❣t❤ P ♦❢ t❤❡ ♣❡r✐♠❡t❡r
♦❢ t❤❡ ❞✉❝t ❛r❡ ♥❡❡❞❡❞ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ❤②❞r❛✉❧✐❝ ❞✐❛♠❡t❡r✳
❚♦ ❤❛✈❡ ❛♥ ✐❞❡❛ ❛❜♦✉t t❤❡ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ❝❡rt❛✐♥ ✢♦✇ s✐t✉❛t✐♦♥s✱ ❡✐t❤❡r ❡①♣❡r✐♠❡♥ts

❝❛♥ ❜❡ ❞♦♥❡ ♦r t❤❡ ❣♦✈❡r♥✐♥❣ ❡q✉❛t✐♦♥s ❝❛♥ ❜❡ s♦❧✈❡❞✳ ❙♦❧✈✐♥❣ t❤❡ ❣♦✈❡r♥✐♥❣ ❡q✉❛t✐♦♥s
❛♥❛❧②t✐❝❛❧❧② ✐s ♣♦ss✐❜❧❡ ❢♦r ❢❡✇✱ ♠♦st❧② r❛t❤❡r ❜❛s✐❝ ❝❛s❡s✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ t❤❡ ❣♦✈❡r♥✲
✐♥❣ ❡q✉❛t✐♦♥s ❛r❡ ♥♦♥❧✐♥❡❛r ♣❛rt✐❛❧ ❞✐✛❡r❡♥t✐❛❧ ❡q✉❛t✐♦♥s✳ ❲✐t❤ t❤❡ ✐♠♣r♦✈❡♠❡♥ts ✐♥
❝♦♠♣✉t❡r ♣❡r❢♦r♠❛♥❝❡ ♦✈❡r t❤❡ ❧❛st ❞❡❝❛❞❡s✱ ❛ ♥❡✇ ♣♦ss✐❜✐❧✐t② ❛rr✐✈❡❞✱ t❤❡ ✉s❡ ♦❢ ❈♦♠✲
♣✉t❛t✐♦♥❛❧ ❋❧✉✐❞ ❉②♥❛♠✐❝s ✭❈❋❉✮✳ ❆s ❈❋❉ ❥✉st ♣❧❛②❡❞ ❛ ♠✐♥♦r r♦❧❡ ✐♥ t❤✐s t❤❡s✐s✱ ❥✉st
t❤❡ ❜❛s✐❝s ♦❢ ❈❋❉ s✐♠✉❧❛t✐♦♥s ✇✐❧❧ ❜❡ ❡①♣❧❛✐♥❡❞✳ ❋♦r ❛ ♠♦r❡ t❤♦r♦✉❣❤ ✐♥tr♦❞✉❝t✐♦♥ ✐♥t♦
t❤❡ t♦♣✐❝✱ ❱❡rst❡❡❣ ❛♥❞ ▼❛❧❛❧❛s❡❦❡r❛ ❬✶✸❪ ❝❛♥ ❜❡ ❝❤❡❝❦❡❞✳
❚❤❡ ✜rst st❡♣ ♦❢ ❛ ❈❋❉ s✐♠✉❧❛t✐♦♥ ✐s t♦ ❞✐✈✐❞❡ t❤❡ ❣❡♦♠❡tr② ♦❢ ✐♥t❡r❡st ✐♥t♦ ♠❛♥②

s♠❛❧❧❡r ❣❡♦♠❡tr✐❡s✳ ❚❤❡ ♣♦✇❡r ♦❢ ❛ ❈❋❉ s✐♠✉❧❛t✐♦♥ ✐s t♦ tr❛♥s❢♦r♠ t❤❡ ❝♦♥s❡r✈❛t✐♦♥
❡q✉❛t✐♦♥s ✐♥t♦ ❛❧❣❡❜r❛✐❝ ❡q✉❛t✐♦♥s ❛♥❞ s♦❧✈❡ t❤❡♠ ✇✐t❤ ❛♥ ✐t❡r❛t✐✈❡ ♠❡t❤♦❞ ❢♦r ❡❛❝❤
♦❢ t❤❡ s♠❛❧❧ ❣❡♦♠❡tr✐❡s ❛♥❞ ❝♦♠❜✐♥❡ t❤❡ r❡s✉❧ts✳ ▼❛♥② ❞✐✛❡r❡♥t ✐t❡r❛t✐✈❡ s♦❧✈❡rs ❛♥❞
♠♦❞❡❧s t♦ ❞❡❝r❡❛s❡ t❤❡ ❝♦♠♣❧❡①✐t② ♦❢ t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ❝❛♥ ❜❡ ✉s❡❞✳ ❆s t❤❡ ❝♦♠♣✉t❛t✐♦♥❛❧
❣r✐❞ ♥❡❡❞s t♦ ❜❡ ✈❡r② ✜♥❡ t♦ ❝❛❧❝✉❧❛t❡ t✉r❜✉❧❡♥❝❡ ✇✐t❤♦✉t ❛ ♠♦❞❡❧✱ t❤❡ s✐♠✉❧❛t✐♦♥s ✇♦✉❧❞
♥❡❡❞ ♠✉❝❤ ❝♦♠♣✉t❛t✐♦♥❛❧ ♣♦✇❡r ❛♥❞ t✐♠❡✳ ❚❤❡r❡❢♦r❡ t✉r❜✉❧❡♥❝❡ ✐s ♥♦r♠❛❧❧② ♠♦❞❡❧❡❞✳
❚♦ ♠♦❞❡❧ t✉r❜✉❧❡♥❝❡✱ ♠❛♥② ❞✐✛❡r❡♥t ♠❡t❤♦❞s ❛r❡ ❦♥♦✇♥✱ s❡❡ ❱❡rst❡❡❣ ❛♥❞ ▼❛❧❛❧❛s❡❦❡r❛
❬✶✸❪✳

✷✳✷✳✷ ❉r♦♣❧❡ts

■❢ ❛ ✢♦✇ ❝♦♥t❛✐♥s ❞r♦♣❧❡ts✱ ❜♦t❤ t❤❡ ✢♦✇ ❛♥❞ t❤❡ ❞r♦♣❧❡ts ✇✐❧❧ ✐♥✢✉❡♥❝❡ ❡❛❝❤ ♦t❤❡r✳ ❚❤❡
✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ✢♦✇ ♦♥ t❤❡ ❞r♦♣❧❡ts✬ ♣❛t❤ ❝❛♥ ❜❡ ❢♦r♠✉❧❛t❡❞ ✇✐t❤ ◆❡✇t♦♥✬s s❡❝♦♥❞ ❧❛✇

F = ma ✭✷✳✺✮

t❤❛t ❡①♣❧❛✐♥s t❤❛t t❤❡ ❛❝❝❡❧❡r❛t✐♦♥ a ♦❢ ❛ ❜♦❞② ❞❡♣❡♥❞s ♦♥ t❤❡ ❞r✐✈✐♥❣ ❢♦r❝❡ F ❛♥❞ t❤❡
♠❛ss m ♦❢ t❤❡ ❜♦❞②✳
❚❤❡ t❡♠♣❡r❛t✉r❡ ♦❢ t❤❡ ❞r♦♣❧❡ts ✐s ✐♥✢✉❡♥❝❡❞ ❜② t❤❡ t❡♠♣❡r❛t✉r❡ ♦❢ t❤❡ ❛✐r ✢♦✇✳ ❚♦

❝❛❧❝✉❧❛t❡ t❤❡ ❝❤❛♥❣❡ ♦❢ t❡♠♣❡r❛t✉r❡ ♦❢ ❛ ❞r♦♣❧❡t ❞✉❡ t♦ t❤❡ ❛✐r✱ ❛ ❤❡❛t ❜❛❧❛♥❝❡ ❝❛♥ ❜❡
❞♦♥❡ ❛s ❡①♣❧❛✐♥❡❞ ❜② ●❛t❡s ❡t ❛❧✳ ❬✶✹❪✳ ❍♦✇❡✈❡r✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❝❛s❡✱ ❞✐✛❡r❡♥t ❤❡❛t
t❡r♠s ❛r❡ r❡❧❡✈❛♥t✳ ❚❤❡ r❡❧❡✈❛♥t ❤❡❛t t❡r♠s ✇✐❧❧ ❜❡ ❞✐s❝✉ss❡❞ ✐♥ s❡❝t✐♦♥ ✸✳✸✳✷✳

✾



✷ ❇❛❝❦❣r♦✉♥❞

✷✳✸ ❯♥♠❛♥♥❡❞ ❛❡r✐❛❧ ✈❡❤✐❝❧❡s

❙✉♠♠❛r✐③❡❞ ✉♥❞❡r t❤❡ t❡r♠ ✉♥♠❛♥♥❡❞ ❛❡r✐❛❧ ✈❡❤✐❝❧❡ ✭❯❆❱✮ ❛r❡ ❛❧❧ ❦✐♥❞s ♦❢ ❛✐r❝r❛❢t t❤❛t
❛r❡ ❛❜❧❡ t♦ ✢② ✇✐t❤♦✉t ❛ ♣✐❧♦t ♦♥ ❜♦❛r❞✳ ❚❤❡ ✈❡❤✐❝❧❡ ♠✐❣❤t ❜❡ ♣✐❧♦t❡❞ ❢r♦♠ ❛ ❣r♦✉♥❞
st❛t✐♦♥✱ ♥❛✈✐❣❛t❡ ❛❝❝♦r❞✐♥❣ t♦ ❛ ♣r♦❣r❛♠♠❡❞ r♦✉t❡ ♦r ❜❡ ❛❜❧❡ t♦ ❛✉t♦♥♦♠♦✉s❧② ❛❞❛♣t
✐ts ❝♦✉rs❡✳

✷✳✸✳✶ ❯❆❱ ❞❛t❛❜❛s❡

❚❤❡r❡ ✐s ❛ ✇✐❞❡ r❛♥❣❡ ♦❢ ❞✐✛❡r❡♥t s✐③❡s ❛♥❞ t②♣❡s ♦❢ ❯❆❱s✳ ❚♦ ❣❡t ❛ ✜rst ✐♠♣r❡ss✐♦♥
❛❜♦✉t t❤❡ ✇✐❞❡ ✈❛r✐❡t② ♦❢ ❯❆❱s✱ ❛ ❞❛t❛❜❛s❡ ✇❛s ❝r❡❛t❡❞✳ ❚♦ ❞♦ s♦✱ ✐♥❢♦r♠❛t✐♦♥ ❢♦r ✾✸
❞✐✛❡r❡♥t ❯❆❱s t❤❛t ❛r❡ ✉s❡❞ t♦❞❛②✱ ✇❡r❡ ✉s❡❞ ❞✉r✐♥❣ t❤❡ ❧❛st ❞❡❝❛❞❡s✱ ♦r ❛r❡ ✐♥ t❤❡
✜♥❛❧ st❛❣❡ ♦❢ ♣r♦❞✉❝t✐♦♥ ✇❛s ❝♦❧❧❡❝t❡❞✳ ❚❤❡ ✐♥❢♦r♠❛t✐♦♥ ✇❛s ❢♦✉♥❞ ♦♥ t❤❡ ❤♦♠❡♣❛❣❡s ♦❢
t❤❡ ♠❛♥✉❢❛❝t✉r❡rs ♦r t❤❡ ❯❙ ♠✐❧✐t❛r②✱ ❜✉t ❛❧s♦ ✐♥ s❝✐❡♥t✐✜❝ ♣❛♣❡rs✱ ♥❡✇s♣❛♣❡r ❛rt✐❝❧❡s✱
❛♥❞ ♦♥❧✐♥❡ ❛rt✐❝❧❡s✳ ❚❤❡ ❞❛t❛❜❛s❡ ❝♦♥t❛✐♥s ♠❛✐♥ ✐♥❢♦r♠❛t✐♦♥ ❧✐❦❡ t❤❡ ✇✐♥❣s♣❛♥✱ t❤❡
♠❛①✐♠✉♠ t❛❦❡✲♦✛✲✇❡✐❣❤t ♦r t❤❡ ❝r✉✐s❡ s♣❡❡❞ ♦❢ ❯❆❱s✱ ❜✉t ❛❧s♦ ❝❤♦r❞ ❧❡♥❣t❤s ❛♥❞ t❤❡
❛✐r❢♦✐❧ ♣r♦✜❧❡ ✇❤❡r❡ ❛✈❛✐❧❛❜❧❡✳ ❚❤❡ ❞❛t❛❜❛s❡ ✐s ♣r✐♥t❡❞ ✐♥ ❆♣♣❡♥❞✐① ❆✳✶ ✐♥ ❛ s❤♦rt ❢♦r♠
✇✐t❤ ❥✉st t❤❡ ♠♦st ✐♠♣♦rt❛♥t ♣❛r❛♠❡t❡rs✳ ❚❤❡ ❝♦♠♣❧❡t❡ ❢♦r♠ ♦❢ t❤❡ ❞❛t❛❜❛s❡ ✇✐t❤ ❛❧❧
♣❛r❛♠❡t❡rs ❝❛♥ ❜❡ ❢♦✉♥❞ ♦♥ t❤❡ ❡♥❝❧♦s❡❞ ❈❉✳

✷✳✸✳✷ ❉❡s✐❣♥ ❛♥❞ ♠✐ss✐♦♥s ♦❢ ❯❆❱s

❲❤✐❧❡ t❤❡ s♠❛❧❧❡st ❯❆❱s ❤❛✈❡ ❞✐♠❡♥s✐♦♥s ♦❢ ❥✉st ❛ ❢❡✇ ❝❡♥t✐♠❡t❡rs ❛♥❞ ✇❡✐❣❤ ♠✉❝❤
❧❡ss t❤❛♥ ❛ ❦✐❧♦❣r❛♠✱ ❧❛r❣❡ ❯❆❱s ❤❛✈❡ ♣r♦♣♦rt✐♦♥s ❝♦♠♣❛r❛❜❧❡ t♦ ❛ s♠❛❧❧ ❛✐r❧✐♥❡r ❧✐❦❡
t❤❡ ❆✐r❜✉s ❆✸✷✵ ♦r t❤❡ ❇♦❡✐♥❣ ✼✸✼✳ ❚❤❡ t②♣❡ ♦❢ t❤❡ ❛✐r❝r❛❢t ❞❡♣❡♥❞s ♦♥ t❤❡ s✐③❡ ❛♥❞
❡s♣❡❝✐❛❧❧② t❤❡ ♠✐ss✐♦♥✳ ❚✇♦ ❞✐✛❡r❡♥t t❡❝❤♥✐q✉❡s ❛r❡ r❡❣✉❧❛r❧② ✉s❡❞ t♦ ❣❡♥❡r❛t❡ ❧✐❢t✳ ❚❤❡
✜rst ♦♥❡ ✐s ❛ ✜①❡❞✲✇✐♥❣ ❝♦♥✜❣✉r❛t✐♦♥✳ ❆s ✐t ✐s t❤❡ ❝❛s❡ ❢♦r ♥♦r♠❛❧ ❛✐r❧✐♥❡rs✱ t❤❡ ✇✐♥❣
✐s ✜①❡❞ ❛♥❞ r✐❣✐❞ ❛♥❞ t❤❡ ❛✐r❝r❛❢t ♥❡❡❞s t♦ ❤❛✈❡ ❛♥ ❛❞❞✐t✐♦♥❛❧ s♦✉r❝❡ ♦❢ t❤r✉st✳ ❆♥
❡①❛♠♣❧❡ ❢♦r ❛ ✜①❡❞✲✇✐♥❣ ❯❆❱ ✐s t❤❡ P❳✲✸✶ ❜② ▼❛r✐t✐♠❡ ❘♦❜♦t✐❝s t❤❛t ✐s s❤♦✇♥ ✐♥
❋✐❣✉r❡ ✷✳✺✭❛✮✳ ❚❤❡ ❣♦❛❧ ❢♦r ♠❛♥② ❯❆❱ ♠✐ss✐♦♥s ✐s t♦ st❛② ✐♥ t❤❡ ❛✐r ❢♦r ♠❛♥② ❤♦✉rs✳
●♦♦❞ ❛❡r♦❞②♥❛♠✐❝s ✐s ✐♠♣♦rt❛♥t t♦ ❢✉❧✜❧❧ t❤✐s r❡q✉✐r❡♠❡♥t✳ ❚❤❡r❡❢♦r❡ t❤❡ ✇✐♥❣ ❞❡s✐❣♥
✐s ✈❡r② ✐♠♣♦rt❛♥t✳ ❚❤❡ ♣❛r❛♠❡t❡rs t❤❛t t②♣✐❝❛❧❧② ❞❡♥♦t❡ ❛ ✇✐♥❣ ❛r❡ t❤❡ ✇✐♥❣s♣❛♥✱ t❤❡
❝❤♦r❞ ❧❡♥❣t❤✱ ❛♥❞ t❤❡ ❛s♣❡❝t r❛t✐♦✳ ❚❤❡ ❛s♣❡❝t r❛t✐♦ ✐s t❤❡ r❛t✐♦ ♦❢ t❤❡ ✇✐♥❣s♣❛♥ t♦ t❤❡
♠❡❛♥ ❝❤♦r❞ ❧❡♥❣t❤ ♦❢ t❤❡ ✇✐♥❣✳
❆s ❛♥ ❛❧t❡r♥❛t✐✈❡ t♦ ✜①❡❞ ✇✐♥❣s✱ r♦t❛r② ✇✐♥❣s ❝❛♥ ❜❡ ✐♥st❛❧❧❡❞✱ ❛s ✉s❡❞ ❢♦r ♠❛♥♥❡❞

❤❡❧✐❝♦♣t❡rs ❢♦r ❡①❛♠♣❧❡✳ ❲❤✐❧❡ ❛ ❤❡❧✐❝♦♣t❡r ✉s✉❛❧❧② ❥✉st ❤❛s ♦♥❡ r♦t♦r✱ ❯❆❱s ♠✐❣❤t ❤❛✈❡
♠✉❧t✐♣❧❡ r♦t♦rs✳ ❯❆❱s ✇✐t❤ ♠✉❧t✐♣❧❡ r♦t♦rs ❛r❡ ♦❢t❡♥ ❛❧s♦ ❝❛❧❧❡❞ ♠✉❧t✐❝♦♣t❡rs✳ ❚❤❡ ❆❣r❛s
❚✶✻ ❜② ❉❏■ ✐s ❛♥ ❡①❛♠♣❧❡ ♦❢ r♦t❛r② ✇✐♥❣ ❯❆❱s ❛♥❞ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✳✺✭❜✮✳
❆s ❛❧r❡❛❞② ♠❡♥t✐♦♥❡❞✱ t❤❡ ❞❡s✐❣♥ ♦❢ t❤❡ ❯❆❱ ❞❡♣❡♥❞s t♦ ❛ ❤✐❣❤ ❞❡❣r❡❡ ♦♥ t❤❡ ♠✐ss✐♦♥s

✐t s❤❛❧❧ ❜❡ ❛❜❧❡ t♦ ❡①❡❝✉t❡✳ ❱❡r② s♠❛❧❧ ❯❆❱s ❛r❡ ✉s✉❛❧❧② ♦❢ t❤❡ r♦t❛r②✲✇✐♥❣ t②♣❡ ❛s ❛
✜①❡❞ ✇✐♥❣ ✇♦✉❧❞ ❜❡ ♠✉❝❤ ✇✐❞❡r t♦ ♣r♦❞✉❝❡ t❤❡ s❛♠❡ ❧✐❢t ❛s t❤❡ r♦t♦rs✳ ❋♦r ❧❛r❣❡r
❯❆❱s ❤♦✇❡✈❡r✱ t❤❡ ✜①❡❞✲✇✐♥❣ t②♣❡ ✐s ♠✉❝❤ ♠♦r❡ ❝♦♠♠♦♥✳ ■♥ ❤✐st♦r②✱ ♠♦st ♦❢ t❤❡
♠✐ss✐♦♥s ❤❛✈❡ ❜❡❡♥ ♠✐❧✐t❛r②✱ ❢♦r ❡①❛♠♣❧❡ t♦ tr❛♥s♣♦rt ❛♥❞ s❤♦♦t ♠✐ss✐❧❡s ♦r ❢♦r t❤❡
♣✉r♣♦s❡ ♦❢ s✉r✈❡✐❧❧❛♥❝❡✳ ❇✉t ✇✐t❤ ❜❡tt❡r ❦♥♦✇❧❡❞❣❡ ♦❢ ❯❆❱s ❛♥❞ t❤❡r❡❢♦r❡ ❝❤❡❛♣❡r
s♦❧✉t✐♦♥s✱ ❛❧s♦ ❣♦✈❡r♥♠❡♥ts✱ ❝✐✈✐❧ ❛♥❞ ❝✉st♦♠❡r ❛♣♣❧✐❝❛t✐♦♥s ♣❧❛② ❛♥ ✐♥❝r❡❛s✐♥❣ r♦❧❡✳
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✭❛✮ ❚❤❡ P❳✲✸✶ ❜② ▼❛r✐t✐♠❡ ❘♦❜♦t✐❝s ✐s ❛♥
❡①❛♠♣❧❡ ♦❢ ❛ ✜①❡❞✲✇✐♥❣ ❯❆❱✳ ❆❞❛♣t❡❞ ❢r♦♠
▼❛r✐t✐♠❡ ❘♦❜♦t✐❝s ❬✶✺❪✳

✭❜✮ ❚❤❡ ❆❣r❛s ❚✶✻ ✐s ❛♥ ❡①❛♠♣❧❡ ♦❢ ❛ r♦t❛r②✲
✇✐♥❣ ❯❆❱✳ ❆❞❛♣t❡❞ ❢r♦♠ ❉❏■ ❬✶✻❪✳

❋✐❣✉r❡ ✷✳✺✿ ❊①❛♠♣❧❡s ❢♦r t❤❡ ❞✐✛❡r❡♥t t②♣❡s ♦❢ ❯❆❱s

P♦ss✐❜❧❡ ❛r❡❛s ♦❢ ✉s❛❣❡ ❛r❡ s✉r✈❡✐❧❧❛♥❝❡✱ s❡❛r❝❤ ❛♥❞ r❡s❝✉❡✱ ❛t♠♦s♣❤❡r✐❝ ♠♦♥✐t♦r✐♥❣✱
❝❛r❣♦✱ ♦r ❛s ❝♦♠♠✉♥✐❝❛t✐♦♥s r❡❧❛② ❛s s✉♠♠❛r✐③❡❞ ❜② ❉❡●❛r♠♦ ❬✶✼❪✳ ❚❤❡s❡ ♠✐ss✐♦♥s
❧❡❛❞ t♦ ❛ ✇✐❞❡r r❛♥❣❡ ♦❢ ❯❆❱ ❞❡s✐❣♥s ❛♥❞ ❛r❡❛s ♦❢ ✉s❡✳ ❍♦✇❡✈❡r✱ t❤❡ ♠♦st ♠✐ss✐♦♥s ❛r❡
st✐❧❧ ❡♥❞✉r❛♥❝❡✲❞r✐✈❡♥✳ ❚❤✐s ♠❡❛♥s t❤❛t t❤❡ ♣✉r♣♦s❡ ♦❢ t❤❡ ❯❆❱ ✐s t♦ st❛② ✐♥ t❤❡ ❛✐r ❢♦r
❛ ✈❡r② ❧♦♥❣ t✐♠❡✳ ❋✉rt❤❡r ❛♣♣❧✐❝❛t✐♦♥s ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❉❡●❛r♠♦ ❬✶✼❪✳ ❲❤✐❧❡ ✐♥ t❤❡ ♣❛st✱
❯❆❱s ✇❡r❡ ✉s❡❞ ♠♦st ♦❢ t❤❡ t✐♠❡ ✐♥ r❛t❤❡r ✇❛r♠ ❛r❡❛s✱ ❛ ❧♦t ♦❢ t❤❡ st❛t❡❞ ❛♣♣❧✐❝❛t✐♦♥s
❤❛✈❡ ❣r❡❛t ✈❛❧✉❡ ❛❧❧ ♦✈❡r t❤❡ ✇♦r❧❞✳

✷✳✸✳✸ ❉✐✛❡r❡♥❝❡s t♦ ♥♦r♠❛❧ ❛✐r❝r❛❢t

❆❧t❤♦✉❣❤ ❯❆❱s ❡①✐st ✐♥ ❛ ❤✉❣❡ r❛♥❣❡ ♦❢ s✐③❡s✱ ♠♦st ❯❆❱s ❛r❡ ♠✉❝❤ s♠❛❧❧❡r t❤❛♥ t②♣✐❝❛❧
♠❛♥♥❡❞ ❛✐r❝r❛❢t✳ ❇✉t ♥♦t ❥✉st t❤❡ s✐③❡ ✐s ❞✐✛❡r❡♥t ❢♦r ♠❛♥♥❡❞ ❛♥❞ ✉♥♠❛♥♥❡❞ ❛✐r❝r❛❢t✳
❇❡❝❛✉s❡ ♦❢ t❤❡✐r s✐③❡✱ t❤❡✐r ❞✐✛❡r❡♥t ♠✐ss✐♦♥ ♣r♦✜❧❡s ❛♥❞ t❤❡ ❧❛❝❦ ♦❢ ❛ ♣✐❧♦t ♦♥✲❜♦❛r❞✱
❯❆❱s ❤❛✈❡ ❛ ❧♦t ♦❢ ❞✐✛❡r❡♥t ♣❛r❛♠❡t❡rs ❝♦♠♣❛r❡❞ t♦ ♠❛♥♥❡❞ ❛✐r❝r❛❢t ❛s ♣r❡s❡♥t❡❞ ❜②
❍❛♥♥ ❛♥❞ ❏♦❤❛♥s❡♥ ❬✻❪✳ ■♥ t❤✐s s✉❜s❡❝t✐♦♥✱ t②♣✐❝❛❧ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ ❯❆❱s ✇✐t❤ ❛
✇✐♥❣s♣❛♥ ♦❢ ❛ ❢❡✇ ♠❡t❡rs ❛♥❞ t②♣✐❝❛❧ ♠❛♥♥❡❞ ❛✐r❝r❛❢t ✇✐❧❧ ❜❡ ✇♦r❦❡❞ ♦✉t✳ ❚❤✐s ✐s
✐♠♣♦rt❛♥t ❜❡❝❛✉s❡ ♦❢ t✇♦ r❡❛s♦♥s✳ ❋✐rst✱ t❤❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ ❯❆❱s ❛♥❞ ♠❛♥♥❡❞
❛✐r❝r❛❢t ❧❡❛❞ t♦ ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡ ✇❛② t❤❡ ✐❝❡ ❛❝❝✉♠✉❧❛t❡s ♦♥ ❡❛❝❤ ❛✐r❝r❛❢t✳ ❙❡❝♦♥❞✱ t❤❡
❡✛❡❝ts t❤❛t t❤❡ ✐❝❡ ❛❝❝r❡t✐♦♥ ❤❛s ♦♥ t❤❡ ❛✐r❝r❛❢t ❛r❡ ❞✐✛❡r❡♥t ❢♦r ♠❛♥♥❡❞ ❛♥❞ ✉♥♠❛♥♥❡❞
❛✐r❝r❛❢t ❜❡❝❛✉s❡ ♦❢ t❤❡✐r ❞✐✛❡r❡♥t ❝❤❛r❛❝t❡r✐st✐❝s ❛s ✇❛s ❡①♣❧❛✐♥❡❞ ❜② ❍❛♥♥ ❛♥❞ ❏♦❤❛♥s❡♥
❬✻❪✳
●❡♥t ❡t ❛❧✳ ❬✶✽❪ s❤♦✇❡❞ t❤❛t s♠❛❧❧❡r ❛✐r❝r❛❢t ♥♦r♠❛❧❧② ❡①♣❡r✐❡♥❝❡ ❤✐❣❤❡r ❞r♦♣❧❡t ✐♠✲

♣✐♥❣❡♠❡♥t r❛t❡s✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ t❤❡ ❞r♦♣❧❡t tr❛❥❡❝t♦r② ✐s ❝❤❛♥❣❡❞ str♦♥❣❡r ❜② ❧❛r❣❡
♦❜❥❡❝ts✳ ❆s ❯❆❱s ♥♦r♠❛❧❧② ❤❛✈❡ s♠❛❧❧❡r ❧❡❛❞✐♥❣ ❡❞❣❡ ❞✐❛♠❡t❡rs t❤❛♥ ♠❛♥♥❡❞ ❛✐r❝r❛❢t✱
t❤❡ ❞r♦♣❧❡t tr❛❥❡❝t♦r✐❡s ❛r❡ ❝❤❛♥❣❡❞ ❧❡ss ❢♦r ❯❆❱s t❤❛♥ ❢♦r ♠❛♥♥❡❞ ❛✐r❝r❛❢t✳ ❚❤❡r❡❢♦r❡
♠♦r❡ ❞r♦♣❧❡ts ❤✐t ❛ ❯❆❱ t❤❛♥ ❛ ♠❛♥♥❡❞ ❛✐r❝r❛❢t✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ t②♣✐❝❛❧❧② s♠❛❧❧❡r
❝❤♦r❞ ❧❡♥❣t❤s ♦❢ ❯❆❱s ❧❡❛❞ t♦ t❤❡ ♣❤❡♥♦♠❡♥♦♥ t❤❛t t❤❡ ✐❝❡ ❛❝❝r❡t❡s ♦✈❡r ❛ ❧❛r❣❡r ♣❛rt
♦❢ t❤❡ ❛✐r❢♦✐❧ t❤❛♥ ✐t ✐s t❤❡ ❝❛s❡ ❢♦r ❧❛r❣❡r ❛✐r❝r❛❢t✳ ❇❡❝❛✉s❡ ❛ ❧❛r❣❡r ♣❛rt ♦❢ t❤❡ ❛✐r❝r❛❢t
✐s ❝♦✈❡r❡❞ ✇✐t❤ ✐❝❡ ❢♦r s♠❛❧❧❡r ❛✐r❝r❛❢t t❤❛♥ ❢♦r ❜✐❣❣❡r ♦♥❡s✱ ❛❧s♦ t❤❡ ✇❡✐❣❤t ♦❢ t❤❡ ✐❝❡
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❛❝❝r❡t✐♦♥ ❝♦♠♣❛r❡❞ t♦ t❤❡ ✇❡✐❣❤t ♦❢ t❤❡ ❛✐r❝r❛❢t ✐s ♦❢t❡♥ ❤✐❣❤❡r ❢♦r s♠❛❧❧❡r ❛✐r❝r❛❢t✳
▼❛♥♥❡❞ ❛✐r❝r❛❢t t②♣✐❝❛❧❧② tr❛✈❡❧ ❛t ♠✉❝❤ ❤✐❣❤❡r ✈❡❧♦❝✐t✐❡s t❤❛♥ ✉♥♠❛♥♥❡❞ ❛✐r❝r❛❢t✳

❚❤✐s ✐s ❜❡❝❛✉s❡ ♠❛♥② ❯❆❱ ♠✐ss✐♦♥s ❛r❡ ❡♥❞✉r❛♥❝❡ ❞r✐✈❡♥ ❛♥❞ t❤❡ ❡♥❞✉r❛♥❝❡ ✐♥❝r❡❛s❡s
✇✐t❤ ❧♦✇❡r s♣❡❡❞s✳ ❚❤✐s ❤❛s ♠✉❧t✐♣❧❡ ❡✛❡❝ts✳ ❋✐rst✱ ❤✐❣❤❡r s♣❡❡❞s ❧❡❛❞ t♦ ❤✐❣❤❡r ❛❡r♦❞②✲
♥❛♠✐❝ ❤❡❛t✐♥❣✳ ❆❡r♦❞②♥❛♠✐❝ ❤❡❛t✐♥❣ ✐s t❤❡ ❡✛❡❝t ♦❢ t❤❡ ❤❡❛t✐♥❣ ♦❢ ❛ s✉r❢❛❝❡ ❞✉❡ t♦ ❛ ✢♦✇
❜❡✐♥❣ ❞❡❝❡❧❡r❛t❡❞ ❝❧♦s❡ t♦ ✐t✳ ❆❝❝♦r❞✐♥❣ t♦ ❆♥❞❡rs♦♥ ❬✶✷❪✱ t❤❡ ❛❡r♦❞②♥❛♠✐❝ ❤❡❛t✐♥❣ r❛t❡
✈❛r✐❡s ✇✐t❤ t❤❡ ❝✉❜❡ ♦❢ t❤❡ ✈❡❧♦❝✐t②✳ ❚❤❡ ✈❡❧♦❝✐t② ♦❢ ♠❛♥♥❡❞ ❛✐r❝r❛❢t ✐s t❤❡r❡❢♦r❡ ♦❢t❡♥
❤✐❣❤ ❡♥♦✉❣❤ t♦ ♣r❡✈❡♥t ✐❝✐♥❣ ✐❢ t❤❡ ❛✐r t❡♠♣❡r❛t✉r❡ ✐s ♥♦t t♦♦ ❧♦✇✳ ❉✉❡ t♦ t❤❡ ❧♦✇❡r s♣❡❡❞
♦❢ ♠♦st ❯❆❱s✱ ❛❡r♦❞②♥❛♠✐❝ ❤❡❛t✐♥❣ ❤♦✇❡✈❡r ✐s t②♣✐❝❛❧❧② ♥❡❣❧✐❣✐❜❧❡ ❢♦r ❯❆❱s✳ ❆ s❡❝♦♥❞
❡✛❡❝t ♦❢ ❧♦✇❡r s♣❡❡❞s ✐s t❤❛t t❤❡ ❛✐r❝r❛❢t ✢✐❡s t❤r♦✉❣❤ ❛ s♠❛❧❧❡r ❛♠♦✉♥t ♦❢ ❛✐r ❛t t❤❡ s❛♠❡
t✐♠❡ s♣❛♥ ❛♥❞ t❤❡r❡❢♦r❡ t②♣✐❝❛❧❧② ❛❝❝✉♠✉❧❛t❡s ❛ s♠❛❧❧❡r ❛♠♦✉♥t ♦❢ ✇❛t❡r ❛t t❤❡ s❛♠❡
t✐♠❡✳ ❍♦✇❡✈❡r✱ ❜❡❝❛✉s❡ ♦❢ t❤❡ ❧♦✇❡r ✈❡❧♦❝✐t✐❡s ❛❧s♦ t❤❡ t✐♠❡ ❛♥ ❛✐r❝r❛❢t s♣❡♥❞s ✐♥s✐❞❡
✐❝✐♥❣ ❝♦♥❞✐t✐♦♥s ♥♦r♠❛❧❧② ✐♥❝r❡❛s❡s ❛♥❞ t❤❡r❡❢♦r❡ ❝♦✉♥t❡r❜❛❧❛♥❝❡s t❤✐s s❡❝♦♥❞ ❡✛❡❝t✳
❆s ❜♦t❤ t❤❡ s✐③❡ ❛♥❞ t❤❡ s♣❡❡❞ ♦❢ ❯❆❱s ✐s t②♣✐❝❛❧❧② ❧♦✇❡r t❤❛♥ t❤❡ ✈❛❧✉❡s ♦❢ ♠❛♥♥❡❞

❛✐r❝r❛❢t✱ ❛❧s♦ t❤❡ ❘❡②♥♦❧❞s ♥✉♠❜❡r ✐s ❧♦✇❡r ❢♦r t❤❡ ✢✐❣❤ts ♦❢ ❯❆❱s✳ ❙✐♠✉❧❛t✐♦♥s ❜② ❙③✐❧❞❡r
❛♥❞ ▼❝■❧✇❛✐♥ ❬✹❪ s❤♦✇❡❞ t❤❛t ❞❡❝r❡❛s✐♥❣ ❘❡②♥♦❧❞s ♥✉♠❜❡rs ❧❡❛❞ t♦ ❛ s♠❛❧❧❡r ♠❛ss ♦❢ ✐❝❡
t❤❛t ❛❝❝r❡t❡s ♦♥ ❛ ❜♦❞②✳ ❍♦✇❡✈❡r✱ t❤❡ s✐③❡ ♦❢ t❤❡ ✐❝❡ ❛❝❝r❡t✐♦♥s ❝♦♠♣❛r❡❞ t♦ t❤❡ s✐③❡ ♦❢ t❤❡
❛✐r❝r❛❢t ✐s ❜✐❣❣❡r ❢♦r ❧♦✇❡r ❘❡②♥♦❧❞s ♥✉♠❜❡r✳ ❚❤❡r❡❢♦r❡ t❤❡ ❛❡r♦❞②♥❛♠✐❝ ♣❡r❢♦r♠❛♥❝❡
s✉✛❡rs ♠♦r❡ ❢♦r ❛✐r❝r❛❢t ✇✐t❤ ❧♦✇❡r ❘❡②♥♦❧❞s ♥✉♠❜❡rs✳ ❚❤✐s ✇❛s ❛❧s♦ r❡s❡❛r❝❤❡❞ ❜②
❍❛♥♥ ❬✺❪ ❛♥❞ ❍❛♥♥ ❛♥❞ ❏♦❤❛♥s❡♥ ❬✶✾❪✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ❧♦✇❡r ❘❡②♥♦❧❞s ♥✉♠❜❡rs ❧❡❛❞
t♦ ❧♦♥❣❡r ❧❛♠✐♥❛r ♣❛rts ♦❢ t❤❡ ✢♦✇ ♦✈❡r t❤❡ ❛✐r❢♦✐❧✳ ❆s ❡①♣❧❛✐♥❡❞✱ ❧❛♠✐♥❛r ✢♦✇s ❛r❡
♠♦r❡ ♣r♦♥❡ t♦ s❡♣❛r❛t❡✳ ❆s ♦♥❡ ♦❢ t❤❡ ❡✛❡❝ts ♦❢ t❤❡ ✐❝❡ s❤❛♣❡s ♥♦r♠❛❧❧② ✐s t♦ ❡♥❝♦✉r❛❣❡
s❡♣❛r❛t✐♦♥✱ ❧❛♠✐♥❛r ✢♦✇s ❛r❡ ❡✈❡♥ ✇♦rs❡ ❢♦r t❤❡s❡ ✐❝❡ s❤❛♣❡s✳
❚❤❡ ❛❧t✐t✉❞❡ ♦❢ ❯❆❱s ❝❛♥ ✈❛r② ❛ ❧♦t✳ ❲❤✐❧❡ s♦♠❡ ❯❆❱s ♦♣❡r❛t❡ ❥✉st ❛ ❢❡✇ ♠❡t❡rs ❛❜♦✈❡

t❤❡ ❣r♦✉♥❞✱ ♦t❤❡rs ✢② ♠✉❝❤ ❤✐❣❤❡r t❤❛♥ t②♣✐❝❛❧ ❛✐r❧✐♥❡rs✳ ❚❤❡r❡❢♦r❡✱ ✜♥❞✐♥❣ ❛ t②♣✐❝❛❧
❛❧t✐t✉❞❡ ✐s ❛❧♠♦st ✐♠♣♦ss✐❜❧❡✳ ❍♦✇❡✈❡r✱ ●❡♥t ❡t ❛❧✳ ❬✶✽❪ st❛t❡ t❤❛t ❛ ❤❡✐❣❤t ♦❢ ❛❜♦✉t
3000 ft t♦ 5000 ft ✭900m t♦ 1500m✮ ✐s t❤❡ ♠♦st ❞❛♥❣❡r♦✉s ❝♦♥❝❡r♥✐♥❣ ✐❝✐♥❣ ❝♦♥❞✐t✐♦♥s✳
❚❤❡ t②♣✐❝❛❧ ❝r✉✐s❡ ❛❧t✐t✉❞❡ ♦❢ ❛✐r❧✐♥❡rs ♦❢ ❛❜♦✉t 30,000 ft t♦ 40,000 ft ✭9000m t♦ 12,000m✮
✐s ❧❡ss s❡✈❡r❡ ❢♦r ✐❝✐♥❣✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ t❤❡ t❡♠♣❡r❛t✉r❡s ✐♥ t❤❡s❡ ❤❡✐❣❤ts ❛r❡ ♠✉❝❤ ❧♦✇❡r✳
❚❤❡r❡❢♦r❡✱ ❢❡✇❡r s✉♣❡r❝♦♦❧❡❞ ❞r♦♣❧❡ts ❛r❡ ✐♥ t❤❡ ❛✐r✱ ❜✉t ♠♦r❡ ✐❝❡ ❝r②st❛❧s✳ ❚❤❡s❡ ✐❝❡
❝r②st❛❧s ❧❡❛❞ t♦ ♦t❤❡r ♣r♦❜❧❡♠s ❢♦r ❛✐r❝r❛❢t ❜✉t ❛r❡ ♥♦t r❡✈✐❡✇❡❞ ✐♥ t❤✐s ✇♦r❦✳ ❍❡♥❝❡✱
❛✐r❝r❛❢t ❛t ❧♦✇❡r ❛❧t✐t✉❞❡s ❛r❡ ♠♦r❡ ♣r♦♥❡ t♦ s❡❡ ♣r♦❜❧❡♠s ✇✐t❤ ✐❝✐♥❣✳
❆♥♦t❤❡r ♣♦✐♥t t❤❛t ❛rr✐✈❡s ✇✐t❤ t❤❡ ✢✐❣❤t ✇✐t❤♦✉t ❛ ♣✐❧♦t ♦♥ ❜♦❛r❞ ✐s t❤❛t t❤❡ ✐❝✐♥❣

s✐t✉❛t✐♦♥ ♠✉st ❜❡ r❡❝♦❣♥✐③❡❞ ❜② s❡♥s♦rs✳ ❊s♣❡❝✐❛❧❧② ✐❢ t❤❡ ❯❆❱ ✐s ✢②✐♥❣ ❝♦♠♣❧❡t❡❧②
❛✉t♦♠❛t✐❝❛❧❧②✱ t❤❡ ❛✐r❝r❛❢t ♠✉st ❜❡ ❛❜❧❡ t♦ r❡❝♦❣♥✐③❡ ❛✉t♦♥♦♠♦✉s❧② t❤❡ ✐❝✐♥❣ ❝♦♥❞✐t✐♦♥s
❛♥❞ ✜♥❞ t❤❡ ❝♦rr❡❝t s♦❧✉t✐♦♥ ♦♥ ✐ts ♦✇♥✳ ❆s ✐❝❡ ❝❛♥ ❛❧s♦ ❛❝❝r❡t❡ ♦♥ s❡♥s♦rs ❛♥❞ ♠❛❦❡
t❤❡♠ ✇♦rt❤❧❡ss✱ ❯❆❱s ❛r❡ ♠✉❝❤ ♠♦r❡ ♣r♦♥❡ t♦ ❝r❛s❤ t❤❛♥ ♠❛♥♥❡❞ ❛✐r❝r❛❢t ✇❤❡r❡ ❛ ♣✐❧♦t
❝❛♥ ♠❛②❜❡ r❡❝♦❣♥✐③❡ ♣r♦❜❧❡♠s ✇✐t❤ s❡♥s♦rs ✐♥ t✐♠❡ ❛♥❞ ♠❛② ❜❡ ❛❜❧❡ t♦ ❛❝t ✐♥ t✐♠❡ t♦
s❡❝✉r❡ t❤❡ ❛✐r❝r❛❢t✳

✷✳✹ ❲✐♥❞ t✉♥♥❡❧s

❲❤✐❧❡ ♠♦r❡ ❞❡t❛✐❧❡❞ ❈❋❉ s✐♠✉❧❛t✐♦♥s ❛r❡ ♣♦ss✐❜❧❡ ♥♦✇❛❞❛②s ❞✉❡ t♦ ✐♥❝r❡❛s✐♥❣ ❝♦♠♣✉✲
t❛t✐♦♥❛❧ ♣♦✇❡r✱ ✇✐♥❞ t✉♥♥❡❧s ❛r❡ st✐❧❧ ♥❡❡❞❡❞ t♦ t❡st ❛♥❞ ✈❛❧✐❞❛t❡ ❝♦♠♣♦♥❡♥ts ♦r ❡✈❡♥

✶✷



✷ ❇❛❝❦❣r♦✉♥❞

❝♦♠♣❧❡t❡ ❛✐r❝r❛❢t✳ ❚❤❡② ♦✛❡r t❤❡ ♣♦ss✐❜✐❧✐t② t♦ ❞♦ ♠❡❛s✉r❡♠❡♥ts ❛t t❤❡ ♣❛rts ♦❢ ❛♥ ❛✐r✲
❝r❛❢t ✐♥ ❛ ❝♦♥tr♦❧❧❡❞ ❡♥✈✐r♦♥♠❡♥t✳ ❚❤✐s ❝♦♥tr♦❧❧❡❞ ❡♥✈✐r♦♥♠❡♥t ❧❡❛❞s t♦ ❛ ❜✐❣ ❛❞✈❛♥t❛❣❡
♦❢ ✐❝✐♥❣ t❡sts ✐♥ ✇✐♥❞ t✉♥♥❡❧s ❝♦♠♣❛r❡❞ t♦ ✐❝✐♥❣ t❡sts ✐♥ ♥❛t✉r❡✳ ❲❤✐❧❡ ✐♥ ♥❛t✉r❡ t❤❡
t❡sts ❝❛♥ ❜❡ ❞♦♥❡ ♦♥❧② ✇❤❡♥ ✐❝✐♥❣ ❝♦♥❞✐t✐♦♥s ❡①✐st✱ t❤❡ ❝♦♥❞✐t✐♦♥s ❝❛♥ ❡❛s✐❧② ❜❡ s❡t ✐♥ ❛
✇✐♥❞ t✉♥♥❡❧✳

✷✳✹✳✶ ❇❛s✐❝s ♦❢ ✇✐♥❞ t✉♥♥❡❧s

✭❛✮ ❙❝❤❡♠❛t✐❝ ❧♦♦❦ ♦❢ ❛♥ ♦♣❡♥✲r❡t✉r♥ ✇✐♥❞ t✉♥✲
♥❡❧✳ ❆❞❛♣t❡❞ ❢r♦♠ ❇❛r❧♦✇ ❡t ❛❧✳ ❬✷✵❪✳

✭❜✮ ❙❝❤❡♠❛t✐❝ ❧♦♦❦ ♦❢ ❛ ❝❧♦s❡❞✲r❡t✉r♥ ✇✐♥❞
t✉♥♥❡❧✳ ❆❞❛♣t❡❞ ❢r♦♠ ❇❛r❧♦✇ ❡t ❛❧✳ ❬✷✵❪✳

❋✐❣✉r❡ ✷✳✻✿ ❊①❛♠♣❧❡s ❢♦r t❤❡ ❞✐✛❡r❡♥t t②♣❡s ♦❢ ✇✐♥❞ t✉♥♥❡❧s

❲✐♥❞ t✉♥♥❡❧s ❛r❡ ❞❡✈✐❝❡s t❤❛t ❝❛✉s❡ ❛✐r t♦ ✢♦✇ ♣❛st ❛ t❡st ♦❜❥❡❝t✳ ❋♦r ♠♦st ❝❛s❡s✱
t❤✐s ❧❡❛❞s t♦ s✐♠✐❧❛r ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ t❤❡ ✢♦✇ ✜❡❧❞ ❛s ✐❢ t❤❡ ♦❜❥❡❝t ✇❛s ♠♦✈✐♥❣ t❤r♦✉❣❤
❛✐r✳ ❚❤❡r❡❢♦r❡ ✇✐♥❞ t✉♥♥❡❧s ❛r❡ ❛ ❣r❡❛t ♣♦ss✐❜✐❧✐t② t♦ ♣❡r❢♦r♠ ♠❡❛s✉r❡♠❡♥ts ♦♥ ♦❜❥❡❝ts
♠♦✈✐♥❣ t❤r♦✉❣❤ ❛✐r ❧✐❦❡ ❝❛rs✱ tr❛✐♥s✱ ♦r ❛✐r❝r❛❢t✳ ◆♦r♠❛❧❧② ✇✐♥❞ t✉♥♥❡❧s ❛r❡ ❝❤❛r❛❝t❡r✐③❡❞
❜② t✇♦ ❞✐✛❡r❡♥t ❝❧❛ss❡s✳ ❆♥ ♦♣❡♥✲r❡t✉r♥ ✇✐♥❞ t✉♥♥❡❧ s✉❝❦s ❛✐r ❢r♦♠ t❤❡ s✉rr♦✉♥❞✐♥❣✳
❚❤✐s ❛✐r ✢♦✇s t❤r♦✉❣❤ t❤❡ ✇✐♥❞ t✉♥♥❡❧ ❛♥❞ ✐s t❤❡♥ ❜❧♦✇♥ ✐♥t♦ t❤❡ s✉rr♦✉♥❞✐♥❣ ❛❣❛✐♥ ❛s
❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✉r❡ ✷✳✻✭❛✮✳ ❚❤❡ ♦♣❡♥✲r❡t✉r♥ ✇✐♥❞ t✉♥♥❡❧ ❝❛♥ ❜❡ ❡✐t❤❡r ♣❧❛❝❡❞ ♦✉ts✐❞❡
✇❤❡r❡ ✐t ❤❛s t♦ ❞❡❛❧ ✇✐t❤ ✇✐♥❞ ✐♥✢✉❡♥❝❡s ♦r ✐♥s✐❞❡ ❛ r♦♦♠ ✇❤❡r❡ s✉✣❝✐❡♥t ❝❧❡❛r❛♥❝❡
❢r♦♠ t❤❡ ✇❛❧❧s ♠✉st ❜❡ ❡♥s✉r❡❞✳ ❚❤❡ ♦t❤❡r ♦♣t✐♦♥ ✐s t♦ ❤❛✈❡ ❛ ✇✐♥❞ t✉♥♥❡❧ ♦❢ t❤❡
❝❧♦s❡❞✲r❡t✉r♥ t②♣❡✳ ❈❧♦s❡❞✲r❡t✉r♥ ✇✐♥❞ t✉♥♥❡❧s ❤❛✈❡ ❛ r❡t✉r♥ s❡❝t✐♦♥ t❤r♦✉❣❤ ✇❤✐❝❤ t❤❡
❛✐r ❝✐r❝✉❧❛t❡s ❝♦♥t✐♥✉♦✉s❧② ✇❤✐❧❡ t❤❡ ✇✐♥❞ t✉♥♥❡❧ ✐s ✇♦r❦✐♥❣ ❛s ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✉r❡
✷✳✻✭❜✮✳ ❇❛r❧♦✇ ❡t ❛❧✳ ❬✷✵❪ ❧✐st s♦♠❡ ❛❞✈❛♥t❛❣❡s ❢♦r ❡❛❝❤ ♦❢ t❤❡ t✇♦ t②♣❡s✳ ❆♥ ♦♣❡♥✲
r❡t✉r♥ t✉♥♥❡❧ ✐s t②♣✐❝❛❧❧② s♠❛❧❧❡r ✐♥ s♣❛❝❡✳ ❚❤✐s ❛❧s♦ ❧❡❛❞s t♦ ❧❡ss ✐♥✐t✐❛❧ ❝♦sts ❢♦r ❛♥
♦♣❡♥✲r❡t✉r♥ ✇✐♥❞ t✉♥♥❡❧ ❛s ✐t ❝♦♥s✐sts ♦❢ ❧❡ss str✉❝t✉r❡✳ ❋✉rt❤❡r♠♦r❡✱ ✐t ✐s ❛❧s♦ ❜❡tt❡r ❢♦r
✈✐s✉❛❧✐③❛t✐♦♥ ❡①♣❡r✐♠❡♥ts ❛s ✐t s✉❝❦s ❢r❡s❤ ❛✐r ❛♥❞ ❞♦❡s ♥♦t ❥✉st r❡❝✐r❝✉❧❛t❡ t❤❡ ❛✐r ✐♥s✐❞❡
t❤❡ t✉♥♥❡❧✳ ❍♦✇❡✈❡r✱ ❞✉❡ t♦ t❤❡ r❡t✉r♥ s❡❝t✐♦♥✱ ✇✐t❤ ❛ ❝❧♦s❡❞✲r❡t✉r♥ t✉♥♥❡❧✱ t❤❡ ✢♦✇
q✉❛❧✐t② ❝❛♥ ❜❡ ❝♦♥tr♦❧❧❡❞ ❜❡tt❡r ❛♥❞ ❧❡ss ❝♦♥❞✐t✐♦♥✐♥❣ ✐s ♥❡❡❞❡❞✳ ❆❞❞✐t✐♦♥❛❧ ❛❞✈❛♥t❛❣❡s
♦❢ ❛ ❝❧♦s❡❞✲r❡t✉r♥ ✇✐♥❞ t✉♥♥❡❧ ❛r❡ t❤❛t t❤❡② ♥❡❡❞ ❧❡ss ♣♦✇❡r ❛♥❞ t❤❛t t❤❡② ❛r❡ t②♣✐❝❛❧❧②
❧❡ss ♥♦✐s②✳
❚❤❡ s❡❝♦♥❞ ❞✐st✐♥❣✉✐s❤✐♥❣ ❝r✐t❡r✐♦♥ ♦❢ ❛ ✇✐♥❞ t✉♥♥❡❧ ✐s t❤❡ s❡❝t✐♦♥ t❤❛t ❝♦♥t❛✐♥s t❤❡

t❡st ♦❜❥❡❝t✳ ❲❤✐❧❡ ✐t ✇❛s ❡✐t❤❡r ❛ ❝❧♦s❡❞ ♦r ♦♣❡♥ ❞✉❝t ✐♥ t❤❡ ♣❛st✱ ♦✈❡r t❤❡ ❧❛st ②❡❛rs
s❧♦tt❡❞ ✇❛❧❧s ❤❛✈❡ s❡❡♥ ✐♥❝r❡❛s❡❞ ✉s❡✳ ❖♣❡♥ t❡st s❡❝t✐♦♥s ❛❧❧♦✇ ❡❛s✐❡r ❛❝❝❡ss t♦ t❤❡ ♠♦❞❡❧
❛♥❞ ♦✛❡r s♦♠❡ ❛❞✈❛♥t❛❣❡s ✐♥ ❜❧✉✛ ❜♦❞② ❛❡r♦❞②♥❛♠✐❝s✳ ❋♦r ❛❡r♦♥❛✉t✐❝❛❧ ❡①♣❡r✐♠❡♥ts✱
❛ ❝❧♦s❡❞ t❡st s❡❝t✐♦♥ ✐s ♦❢t❡♥ ♠♦r❡ r❡❛s♦♥❛❜❧❡✳ ❇❡❝❛✉s❡ ♦♣❡♥ t❡st s❡❝t✐♦♥s s✉❝❦ ❛✐r ❢r♦♠

✶✸



✷ ❇❛❝❦❣r♦✉♥❞

t❤❡ s✉rr♦✉♥❞✐♥❣ t❤❛t ✇❛s ♥♦t ❛❝❝❡❧❡r❛t❡❞ ❜❡❢♦r❡✱ t❤❡ ♣♦✇❡r ♥❡❡❞ ✐s ❤✐❣❤❡r ❢♦r ♦♣❡♥ t❤❛♥
❢♦r ❝❧♦s❡❞ t❡st s❡❝t✐♦♥s✳
■♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ♣❛r❛❣r❛♣❤s✱ t❤❡ ♠♦st t②♣✐❝❛❧ ♣❛rts ♦❢ ❛ ✇✐♥❞ t✉♥♥❡❧ ❛♥❞ t❤❡✐r t❛s❦s

s❤❛❧❧ ❜❡ ♣r❡s❡♥t❡❞✳ ❚❤✐s ♣❛ss❛❣❡ ✐s ❜❛s❡❞ ♦♥ t❤❡ ✇♦r❦ ♦❢ ❇❛r❧♦✇ ❡t ❛❧✳ ❬✷✵❪✳ ❚❤✐s ❜♦♦❦
❝❛♥ ❛❧s♦ ❜❡ r❡❝♦♠♠❡♥❞❡❞ ❢♦r ❢✉rt❤❡r ❛♥❞ ♠♦r❡ ❞❡t❛✐❧❡❞ r❡s❡❛r❝❤ ♦♥ t❤❡ t♦♣✐❝ ♦❢ ✇✐♥❞
t✉♥♥❡❧s✳
❚❤❡ ♠♦st ✐♠♣♦rt❛♥t ♣❛rt ♦❢ ❛ ✇✐♥❞ t✉♥♥❡❧ ✐s ✐ts t❡st s❡❝t✐♦♥✳ ❚❤❡ t❡st ♦❜❥❡❝t ❛♥❞

❛❧❧ t❤❡ ♠❡❛s✉r✐♥❣ ❡q✉✐♣♠❡♥t ✐s ♠♦✉♥t❡❞ ✐♥s✐❞❡ t❤❡ t❡st s❡❝t✐♦♥✳ ❚❤❡ ❣♦❛❧ ✐s t♦ ❜❡
❛❜❧❡ t♦ ✉s❡ t❤❡ ❧❛r❣❡st ♣♦ss✐❜❧❡ ♣❛rt ♦❢ t❤❡ t❡st s❡❝t✐♦♥ ❢♦r t❤❡ ❡①♣❡r✐♠❡♥t✳ ❖t❤❡r✇✐s❡✱
t❤❡ ❝♦♥str✉❝t✐♦♥ ❛♥❞ ❡♥❡r❣② ❝♦sts ✇♦✉❧❞ ❜❡ ❤✐❣❤❡r ✇✐t❤♦✉t ❛♥② ♥❡❡❞✳ ❚❤❡r❡❢♦r❡ t❤❡
❝♦♥❞✐t✐♦♥s ✐♥s✐❞❡ t❤❡ t❡st s❡❝t✐♦♥ ❤❛✈❡ t♦ ❜❡ ❝♦♥st❛♥t ♦✈❡r ❛ ❧❛r❣❡ ♣❛rt ♦❢ t❤❡ ❝r♦ss✲
s❡❝t✐♦♥ t♦ ❤❛✈❡ ❝♦♠♣❛r❛❜❧❡ ❝♦♥❞✐t✐♦♥s ♦✈❡r t❤❡ ✇❤♦❧❡ ❛r❡❛ ✐♥ ✇❤✐❝❤ t❤❡ ♠❡❛s✉r❡♠❡♥ts
t❛❦❡ ♣❧❛❝❡✳ ◆♦t ♦♥❧② s♣❛t✐❛❧ ✉♥✐❢♦r♠✐t② ♦❢ t❤❡ ❝♦♥❞✐t✐♦♥s ✐s ✐♠♣♦rt❛♥t✱ ❜✉t ❛❧s♦ t❡♠♣♦r❛❧
✉♥✐❢♦r♠✐t②✳ ❚♦ ❡♥s✉r❡ t❤✐s✱ t❤❡r❡ s❤♦✉❧❞ ♥♦t ❜❡ ❛♥② s❡♣❛r❛t✐♦♥ ✐♥s✐❞❡ t❤❡ ✇✐♥❞ t✉♥♥❡❧✳
❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ♣♦✇❡r ✉♥✐t ❛♥❞ t❤❡ ❝♦♦❧✐♥❣ ✉♥✐t ❤❛✈❡ t♦ ❜❡ str♦♥❣ ❡♥♦✉❣❤ t♦ ❦❡❡♣ t❤❡
✈♦❧✉♠❡ ✢♦✇ ❛♥❞ t❤❡ t❡♠♣❡r❛t✉r❡s ❝♦♥st❛♥t✳ ❆s t✉r❜✉❧❡♥❝❡ ❝❛♥ ❤❛✈❡ ❛ str♦♥❣ ✐♥✢✉❡♥❝❡
♦♥ t❤❡ r❡s✉❧ts ♦❢ ❡①♣❡r✐♠❡♥ts✱ ♥♦r♠❛❧❧② t❤❡ ❛✐♠ ✐s ❡✐t❤❡r ❛ ❞❡s✐❣♥ ✇✐t❤ ❛s ❧❡ss t✉r❜✉❧❡♥❝❡
❛s ♣♦ss✐❜❧❡ ♦r ❛ ❞❡s✐❣♥ ✇✐t❤ ❛ s♣❡❝✐✜❡❞ t✉r❜✉❧❡♥❝❡ ❧❡✈❡❧✳ ❚❤❡ t❡st s❡❝t✐♦♥ ✐s ✉s✉❛❧❧② ♦❢
t❤❡ ❝❧♦s❡❞ t②♣❡✳ ■❢ t❤❡ t❡st s❡❝t✐♦♥ ✐s ❝❧♦s❡❞✱ ♠♦st ♦❢ t❤❡ t✐♠❡ ✐ts ❝r♦ss✲s❡❝t✐♦♥❛❧ s❤❛♣❡
✐s ❡✐t❤❡r r❡❝t❛♥❣✉❧❛r ♦r ❝✐r❝✉❧❛r✳
❆ ❝♦♥tr❛❝t✐♦♥ ✐s ♣❧❛❝❡❞ ✉♣str❡❛♠ ♦❢ t❤❡ t❡st s❡❝t✐♦♥✳ ❉✉❡ t♦ ❛❝❝❡❧❡r❛t✐♦♥ t❤r♦✉❣❤

t❤✐s ♥♦③③❧❡✱ ✈❛r✐❛t✐♦♥s ✐♥ ✈❡❧♦❝✐t② ❞❡❝r❡❛s❡✳ ❚❤✐s ✐s ❤♦✇❡✈❡r ♥♦t t❤❡ ♠❛✐♥ r❡❛s♦♥ ❢♦r
♣❧❛❝✐♥❣ ❛ ❝♦♥tr❛❝t✐♦♥ ✉♣str❡❛♠ ♦❢ t❤❡ t❡st s❡❝t✐♦♥✳ ❯♣str❡❛♠ ♦❢ t❤❡ ♥♦③③❧❡ ❛r❡ ✢♦✇
❝♦♥❞✐t✐♦♥❡rs✳ ❚♦ r❡❞✉❝❡ t❤❡✐r ♣r❡ss✉r❡ ❧♦ss❡s✱ t❤❡ ✈❡❧♦❝✐t② s❤♦✉❧❞ ❜❡ ❧♦✇✳ ❚❤❡r❡❢♦r❡ ❛♥
❛❝❝❡❧❡r❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ✢♦✇ ❝♦♥❞✐t✐♦♥❡rs ❛♥❞ t❤❡ t❡st s❡❝t✐♦♥ ✐s ♥❡❡❞❡❞ t❤❛t ✐s ♣r♦✈✐❞❡❞
❜② t❤❡ ♥♦③③❧❡✳ ❲❤✐❧❡ ❛ ✶❉✲❛♥❛❧②s✐s ✐♥❞✐❝❛t❡s ❢❛❧❧✐♥❣ ♣r❡ss✉r❡ ❛♥❞ t❤❡r❡❢♦r❡ ♥♦ r✐s❦ ♦❢
s❡♣❛r❛t✐♦♥✱ ✐t ✐s ❞✐✛❡r❡♥t ✐♥ r❡❛❧✐t②✳ ❘❡❣✐♦♥s ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ♣r❡ss✉r❡ ✇✐❧❧ ♦❝❝✉r ♥❡❛r t❤❡
✇❛❧❧ ✐♥ t❤❡ ❛r❡❛ ♦❢ t❤❡ ❜❡❣✐♥♥✐♥❣ ❛♥❞ t❤❡ ❡♥❞ ♦❢ t❤❡ ♥♦③③❧❡✳ ❚❤✐s ❧❡❛❞s t♦ t❤❡ ♥❡❡❞ ❢♦r ❛
❣♦♦❞ ❞❡s✐❣♥ ♦❢ t❤❡ ♥♦③③❧❡ ❜❡❝❛✉s❡ s❡♣❛r❛t✐♦♥ r❡❞✉❝❡s t❤❡ ✢♦✇ q✉❛❧✐t②✳
❚❤❡ ♠❡♥t✐♦♥❡❞ ✢♦✇ ❝♦♥❞✐t✐♦♥❡rs ❝❛♥ ❜❡ ❞✐✈✐❞❡❞ ✐♥t♦ ❤♦♥❡②❝♦♠❜s ❛♥❞ s❝r❡❡♥s✳ ❇♦t❤

❛r❡ ♣❧❛❝❡❞ ✐♥s✐❞❡ ❛ ♣❛rt ✇✐t❤ ❝♦♥st❛♥t ❝r♦ss✲s❡❝t✐♦♥ t❤❛t ✐s ❝❛❧❧❡❞ s❡tt❧✐♥❣ ❛r❡❛ ❜❡❝❛✉s❡
♦❢ t❤❡ ❧♦✇ s♣❡❡❞ ✐♥s✐❞❡✳ ❍♦♥❡②❝♦♠❜s ❛r❡ s♠❛❧❧ ♣✐♣❡s ✐♥s✐❞❡ t❤✐s s❡❝t✐♦♥✳ ❆s t❤❡ ✢♦✇ ❤❛s
t♦ ❣♦ t❤r♦✉❣❤ t❤♦s❡ ♥❛rr♦✇ ♣✐♣❡s✱ t❤❡ ✈❡❧♦❝✐t② ❝♦♠♣♦♥❡♥t ♥♦r♠❛❧ t♦ t❤❡ ♣✐♣❡ ✐s r❡❞✉❝❡❞
❛♥❞ t❤❡ ✢♦✇ ✐s str❛✐❣❤t❡♥❡❞ ✐♥t♦ t❤❡ ❞✐r❡❝t✐♦♥ ♦❢ t❤❡ t❡st s❡❝t✐♦♥✳ ❆❝❝♦r❞✐♥❣ t♦ ❇❛r❧♦✇
❡t ❛❧✳ ❬✷✵❪✱ t❤❡ ♠♦st ❝♦♠♠♦♥ ❤♦♥❡②❝♦♠❜s ❛r❡ ❡✐t❤❡r r♦✉♥❞✱ sq✉❛r❡✱ ♦r ❤❡①❛❣♦♥❛❧✳ ❚❤♦s❡
s❤❛♣❡s ❝❛♥ ❛❧s♦ ❜❡ s❡❡♥ ✐♥ ❋✐❣✉r❡ ✷✳✼✭❛✮✳ ❙❝r❡❡♥s ♦♥ t❤❡ ♦t❤❡r s✐❞❡ ❛r❡ ❣r✐❞s ❝♦♥s✐st✐♥❣ ♦❢
r❡❣✉❧❛r❧② ❛rr❛♥❣❡❞ t❤✐♥ ✇✐r❡s ❛s ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✉r❡ ✷✳✼✭❜✮✳ ❚❤❡ ♥♦♥✲✉♥✐❢♦r♠✐t② ♦❢ t❤❡
✢♦✇ ✐s r❡❞✉❝❡❞ ♦✈❡r ❛ s❝r❡❡♥ ❜❡❝❛✉s❡ t❤❡ ✢♦✇ r❡s✐st❛♥❝❡ ✐s ❤✐❣❤❡r ❢♦r ❤✐❣❤❡r ✈❡❧♦❝✐t✐❡s
t❤❛♥ ❢♦r ❧♦✇ ✈❡❧♦❝✐t✐❡s✳ ❆ ❞♦✇♥s✐❞❡ ♦❢ s❝r❡❡♥s ✐s t❤❛t t❤❡② ❛r❡ r❡s♣♦♥s✐❜❧❡ ❢♦r r❛t❤❡r ❤✐❣❤
♣r❡ss✉r❡ ❧♦ss❡s✳
❉♦✇♥str❡❛♠ ♦❢ t❤❡ t❡st s❡❝t✐♦♥ ✐s t❤❡ ❞✐✛✉s❡r ✇❤✐❝❤ ✐s ♦❢ ❞✐✈❡r❣✐♥❣ ❝r♦ss✲s❡❝t✐♦♥✳

❚❤❡ ❞✐✈❡r❣❡♥❝❡ ✐s ♣❧❛❝❡❞ ❛t t❤✐s ♣♦s✐t✐♦♥ t♦ ❤❛✈❡ ❛ ❣♦♦❞ ♣r❡ss✉r❡ r❡❝♦✈❡r② ❛♥❞ t❤❡r❡❢♦r❡
❢❡✇❡r ♣r❡ss✉r❡ ❧♦ss❡s ✐♥ t❤❡ ✇✐♥❞ t✉♥♥❡❧✳ ■❢ t❤❡ ✐♥❝r❡❛s❡ ✐♥ ❝r♦ss✲s❡❝t✐♦♥ ✐s t♦♦ ❜✐❣ ♦✈❡r ❛
s❤♦rt ❧❡♥❣t❤✱ t❤❡ ❞✐✛✉s❡r ♠✐❣❤t ❡①♣❡r✐❡♥❝❡ s❡♣❛r❛t✐♦♥✳ ❚❤✐s ✇✐❧❧ r❡❞✉❝❡ t❤❡ ✢♦✇ q✉❛❧✐t②
✐♥ t❤❡ t❡st s❡❝t✐♦♥ ❛♥❞ ♠✐❣❤t ❧❡❛❞ t♦ ✉♥st❡❛❞✐♥❡ss✳ ❇❛r❧♦✇ ❡t ❛❧✳ ❬✷✵❪ ❤♦✇❡✈❡r st❛t❡
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✭❛✮ ❉✐✛❡r❡♥t ♦♣t✐♦♥s ❢♦r ❤♦♥❡②❝♦♠❜s✳
❆❞❛♣t❡❞ ❢r♦♠ ❑✉❧❦❛r♥✐ ❡t ❛❧✳ ❬✷✶❪✳

✭❜✮ ❙❝❤❡♠❛t✐❝ ♦❢ ❛ t✉r❜✉❧❡♥❝❡ s❝r❡❡♥✳ ❆❞❛♣t❡❞
❢r♦♠ ❆r✐❢✉③③❛♠❛♥ ❛♥❞ ▼❛s❤✉❞ ❬✷✷❪✳

❋✐❣✉r❡ ✷✳✼✿ ❚❤❡ t②♣✐❝❛❧ ✢♦✇ ❝♦♥❞✐t✐♦♥❡rs✳

t❤❛t s❡♣❛r❛t✐♦♥ ❝❛♥ ❜❡ ❛❝❝❡♣t❡❞ t♦ ❛ s♠❛❧❧ ❞❡❣r❡❡ ❛s t❤❡ ✉♣str❡❛♠ ✐♠♣❛❝t ✐s ✉s✉❛❧❧②
♥❡❣❧✐❣✐❜❧❡✳
❆s ♣r❡ss✉r❡ ❧♦ss❡s t❛❦❡ ♣❧❛❝❡ ❛❧❧ ♦✈❡r t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ ✇✐♥❞ t✉♥♥❡❧✱ ❛ ♣♦✇❡r ✉♥✐t

✐s ♥❡❡❞❡❞✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤✐s ❢❛♥ ✐s r❡q✉✐r❡❞ t♦ ❢♦r❝❡ t❤❡ ❛✐r t❤r♦✉❣❤ t❤❡ ✇✐♥❞ t✉♥♥❡❧✳
■♥ ♦♣❡♥✲r❡t✉r♥ t✉♥♥❡❧s✱ t❤✐s ♣♦✇❡r ✉♥✐t ✐s ❡✐t❤❡r ♣❧❛❝❡❞ ❞♦✇♥str❡❛♠ ♦❢ t❤❡ ❞✐✛✉s❡r ♦r
✉♣str❡❛♠ ♦❢ t❤❡ s❡tt❧✐♥❣ ❛r❡❛✳ ❚❤❡ ✐♥st❛❧❧❡❞ ❢❛♥ s❤❛❧❧ ❜❛❧❛♥❝❡ t❤❡ ♣r❡ss✉r❡ ❧♦ss❡s ❛♥❞
♣r♦✈✐❞❡ ❛ st❡❛❞② ❛✐r ✢♦✇ t❤r♦✉❣❤ t❤❡ ✇✐♥❞ t✉♥♥❡❧✳
■♥ ❛ ❝❧♦s❡❞✲r❡t✉r♥ ✇✐♥❞ t✉♥♥❡❧✱ t❤❡ r❡t✉r♥ ❞✉❝t ✇✐❧❧ ❢♦❧❧♦✇ ❛❢t❡r t❤❡ ❞✐✛✉s❡r✳ ❚❤❡

r❡t✉r♥ ❞✉❝t ❝♦♥s✐sts ♦❢ ❝♦r♥❡rs ❛♥❞ ❞✉❝ts t♦ ❝♦♥♥❡❝t t❤❡ ❡♥❞ ♦❢ t❤❡ ❞✐✛✉s❡r ❛♥❞ t❤❡
❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ s❡tt❧✐♥❣ ❛r❡❛✳ ❆❧s♦✱ t❤❡ ♣♦✇❡r ✉♥✐t ✐s ♣❧❛❝❡❞ s♦♠❡✇❤❡r❡ ✐♥s✐❞❡ t❤❡
r❡t✉r♥ ❞✉❝t✱ ♦❢t❡♥ ❛❢t❡r t❤❡ s❡❝♦♥❞ ♦❢ ❢♦✉r ❝♦r♥❡rs✳

✷✳✹✳✷ ■❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧s

■❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧s ❝♦♥t❛✐♥ t✇♦ ♥❡✇ ❝♦♠♣♦♥❡♥ts ❝♦♠♣❛r❡❞ t♦ ❝♦♠♠♦♥ ✇✐♥❞ t✉♥♥❡❧s ❛s
❡①♣❧❛✐♥❡❞ ❜② ■❊❆ ❲✐♥❞ ❚❛s❦ ✶✾ ❬✷✸❪✳ ❆ s♣r❛② s②st❡♠ ♥❡❡❞s t♦ ❜❡ ✐♥❝❧✉❞❡❞ t♦ ✐♥❥❡❝t
✇❛t❡r ❞r♦♣❧❡ts ✐♥t♦ t❤❡ ✇✐♥❞ t✉♥♥❡❧✳ ❋✉rt❤❡r♠♦r❡✱ ❡①tr❛ ❝♦♦❧✐♥❣ ✐s r❡q✉✐r❡❞ t♦ ❝♦♦❧
t❤❡ t✉♥♥❡❧ t♦ s✉❜③❡r♦ t❡♠♣❡r❛t✉r❡s✳ ❈❧♦s❡❞✲r❡t✉r♥ t✉♥♥❡❧s ♦❢t❡♥ ❤❛✈❡ ❤❡❛t ❡①❝❤❛♥❣❡rs
✐♥❝❧✉❞❡❞ ✐♥ t❤❡✐r ❝❤❛♥♥❡❧ t♦ ❝♦♦❧ t❤❡ ✢✉✐❞ ❝♦♥st❛♥t❧②✳ ❖♣❡♥✲r❡t✉r♥ t✉♥♥❡❧s ♥❡❡❞ t♦ ❤❛✈❡
❡①t❡r♥❛❧ ❝♦♦❧✐♥❣ ❛♥❞ ❛r❡ t❤❡r❡❢♦r❡ ♦❢t❡♥ ♣❧❛❝❡❞ ✐♥s✐❞❡ ❛ ❝❧✐♠❛t❡ ❝❤❛♠❜❡r t❤❛t ♣r♦✈✐❞❡s
t❤❡ ♥❡❝❡ss❛r② ❝♦♦❧✐♥❣ ♣♦✇❡r✳
❚♦❞❛② ❛❧r❡❛❞② s❡✈❡r❛❧ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧s ❡①✐st✳ ❆ ❧✐st ✇✐t❤ ❛❧❧ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧s

✇❛s ❝♦♠♣✐❧❡❞ ❜② ■❊❆ ❲✐♥❞ ❚❛s❦ ✶✾ ❬✷✸❪✳ ❍♦✇❡✈❡r✱ ♠♦st ♦❢ t❤♦s❡ ✇✐♥❞ t✉♥♥❡❧s ❛r❡
❞❡s✐❣♥❡❞ ❢♦r ♠❛♥♥❡❞ ❛✐r❝r❛❢t✳ ▼❛♥♥❡❞ ❛✐r❝r❛❢t t②♣✐❝❛❧❧② ❛r❡ ❧❛r❣❡r ❛♥❞ ❢❛st❡r t❤❛♥ ❯❆❱s
❛♥❞ t❤❡r❡❢♦r❡ ❛❧s♦ t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧s ❢♦r ♠❛♥♥❡❞ ❛✐r❝r❛❢t ❛r❡ ❜✐❣❣❡r ❛♥❞ ❞❡s✐❣♥❡❞
❢♦r ❤✐❣❤❡r ❛✐r s♣❡❡❞s✳ ❚❤✐s ✐s ✇❤② ♠♦st ♦❢ t❤❡ ❡①✐st✐♥❣ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧s ♦♣❡r❛t❡ ❛t
✈❡❧♦❝✐t✐❡s ♦❢ 75m s−1 ♦r ❤✐❣❤❡r✱ ❢♦r ❡①❛♠♣❧❡ t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❛t ❈■❘❆ ❬✷✹❪ ♦r t❤❡
■❝✐♥❣ ❘❡s❡❛r❝❤ ❚✉♥♥❡❧ ❛t ◆❆❙❆ ●❧❡♥♥ ❘❡s❡❛r❝❤ ❈❡♥t❡r ❬✷✺❪ ❛♥❞ t❤❡r❡❢♦r❡ ✇❛② ❢❛st❡r
t❤❛♥ t❤❡ ❛✐r s♣❡❡❞ ♦❢ ♠♦st ❯❆❱s✳ ❆❧s♦✱ s♦♠❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧s ✇✐t❤ ✉♣ t♦ 20m s−1 ♦r
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25m s−1 ❛r❡ ❛✈❛✐❧❛❜❧❡✳ ❲❤✐❧❡ t❤✐s ✐s ❢❛st ❡♥♦✉❣❤ t♦ t❡st s♦♠❡ ❯❆❱s✱ ✐t ✐s t♦♦ s❧♦✇ ❢♦r
♠♦st ♦❢ t❤❡♠✳ ❍❡♥❝❡✱ ✈❡r② ❢❡✇ ♦❢ t❤❡ ❡①✐st✐♥❣ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧s ❝❛♥ ❜❡ ✉s❡❞ ❢♦r ❯❆❱
❡①♣❡r✐♠❡♥ts✳ ❚✇♦ ❡①❛♠♣❧❡s ❢♦r ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧s t❤❛t ❝❛♥ ❜❡ ✉s❡❞ ❢♦r ✐❝✐♥❣ ❡①♣❡r✐♠❡♥ts
♦♥ ❯❆❱s ❛r❡ t❤❡ ❱❚❚ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ✭s❡❡ ❚✐✐❤♦♥❡♥ ❡t ❛❧✳ ❬✷✻❪✮ ❛♥❞ t❤❡ ✐❝✐♥❣ t✉♥♥❡❧
❛t ❈r❛♥✜❡❧❞ ❯♥✐✈❡rs✐t② ❬✷✼❪✳ ❚❤❡r❡ ✐s ❤♦✇❡✈❡r ❛ ♥❡❡❞ ❢♦r ♠♦r❡ t❡st ❝❛♣❛❜✐❧✐t✐❡s✳ ❚❤✐s ✐s
✇❤② ♥❡✇ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧s ❛r❡ ♥❡❝❡ss❛r② t❤❛t ❛r❡ s♣❡❝✐❛❧❧② ❞❡s✐❣♥❡❞ ❢♦r ❯❆❱ t❡sts✳
❚❤❡ ❜❛s✐❝ ✇✐♥❞ t✉♥♥❡❧ ❞❡s✐❣♥ ♣r❡s❡♥t❡❞ t❤✐s ❢❛r ✐s ♣❡r❢❡❝t❧② s✉✐t❡❞ ❢♦r ❡①♣❡r✐♠❡♥ts ✇✐t❤

❛✐r❢♦✐❧s✳ ❚❤❡ s✐t✉❛t✐♦♥ ✐s ♠♦r❡ ❝♦♠♣❧❡① ✇❤❡♥ r♦t❛r②✲✇✐♥❣ ❯❆❱s ♦r ♠❛♥♥❡❞ ❤❡❧✐❝♦♣t❡rs
❛r❡ t❤❡ ♦❜❥❡❝ts ♦❢ ✐♥t❡r❡st✳ ❋❧❡♠♠✐♥❣ ❡t ❛❧✳ ❬✷✽❪ ♠♦✉♥t❡❞ t❤❡ ♠❛✐♥ r♦t♦r ♦❢ ❛ ❤❡❧✐❝♦♣t❡r
✐♥s✐❞❡ ❛ ❝♦♥✈❡♥t✐♦♥❛❧ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧✳ ❚❤❡✐r r❡s✉❧ts ✜t ✇❡❧❧ t♦ t❤❡♦r❡t✐❝❛❧ ♣r❡❞✐❝t✐♦♥s✳
❲✐t❤ ❝♦♠♠♦♥ ✇✐♥❞ t✉♥♥❡❧s✱ ✐t ✐s ❤♦✇❡✈❡r ♥♦t ♣♦ss✐❜❧❡ t♦ ❛❝❝♦✉♥t ❢♦r t❤❡ ❝❡♥tr✐❢✉❣❛❧
❢♦r❝❡s t❤❛t ❛r❡ ✐♠♣♦rt❛♥t ❢♦r ❤❡❧✐❝♦♣t❡r ✐❝✐♥❣ ❛s ❡①♣❧❛✐♥❡❞ ❜② ❇r♦✉✇❡rs ❡t ❛❧✳ ❬✷✾❪✳ ❚❤❡s❡
❛✉t❤♦rs t❤❡r❡❢♦r❡ ✉s❡❞ ❛ t❡st ❢❛❝✐❧✐t② t❤❛t ❤❛s t❤❡ s♣r❛② ♥♦③③❧❡s ♠♦✉♥t❡❞ t♦ t❤❡ ❝❡✐❧✐♥❣✳
❚❤❡ ❝♦♠♣❧❡① ✜❡❧❞ ♦❢ ❞♦✐♥❣ ✐❝✐♥❣ ❡①♣❡r✐♠❡♥ts ♦♥ r♦t❛r②✲✇✐♥❣ ❛✐r❝r❛❢t ❛❧s♦ ❧❡❛❞ t♦ ❞✐✛❡r❡♥t
♠❡t❤♦❞s ♦❢ s✐♠✉❧❛t✐♥❣ ✐❝✐♥❣ ❞✉r✐♥❣ t❤❡ ✢✐❣❤t✳ ❚♦ ❞♦ s♦✱ t❤❡ r♦t♦r❝r❛❢t ✐s ✢②✐♥❣ ✐♥s✐❞❡ ❛
❞r♦♣❧❡t ❝❧♦✉❞ ♣r♦❞✉❝❡❞ ❜② ❛♥ ❛✐r❝r❛❢t ✢②✐♥❣ ✐♥ ❢r♦♥t ♦r ❜② ❛ st❛t✐♦♥❛r② ❢❛❝✐❧✐t② ❛s ❝❛♥ ❜❡
s❡❡♥ ✐♥ ❈❛♦ ❛♥❞ ❈❤❡♥ ❬✸✵❪✳ ❍♦✇❡✈❡r✱ ❛❧❧ ♦❢ t❤♦s❡ s②st❡♠s ❤❛✈❡ s❤♦rt❝♦♠✐♥❣s✳ ❚❤❡r❡❢♦r❡
r❡s❡❛r❝❤ ♦♥ t❡st ❢❛❝✐❧✐t✐❡s ❢♦r r♦t♦r❝r❛❢t ✐❝✐♥❣ ✐s st✐❧❧ ♥❡❝❡ss❛r②✳
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❉✉r✐♥❣ t❤❡ ♣❧❛♥✐♥❣ ♦❢ ❡①♣❡r✐♠❡♥ts✱ ♦❢t❡♥ t❤❡ q✉❡st✐♦♥ ❛r✐s❡s ✇❤❡t❤❡r ✐t ✐s ♣♦ss✐❜❧❡ t♦
s❝❛❧❡ t❤❡ ❡①♣❡r✐♠❡♥t✳ ❙❝❛❧✐♥❣ ✐s ❡s♣❡❝✐❛❧❧② ❞❡s✐r❡❞ ✐❢ t❤❡ t❡sts ✇♦✉❧❞ ♦t❤❡r✇✐s❡ ❜❡ ✈❡r②
❡①♣❡♥s✐✈❡ ♦r t❤❡ ♥✉♠❜❡r ♦❢ s✉✐t❛❜❧❡ t❡st ❢❛❝✐❧✐t✐❡s ✐s ✈❡r② s♠❛❧❧✳ ❖❢t❡♥ t❤❡ ❛✈❛✐❧❛❜❧❡ s♣❛❝❡
✐s ❛ ♣r♦❜❧❡♠ ❛♥❞ t❤❡r❡❢♦r❡ s♠❛❧❧❡r ♠♦❞❡❧s ♦❢ t❤❡ r❡❛❧ ♣❛rts ❛r❡ ✉s❡❞✳ ❚❤❡ ❞✐♠❡♥s✐♦♥❧❡ss
q✉❛♥t✐t✐❡s ✇❤✐❝❤ ❛r❡ t❤❡ ♠♦st ✐♠♣♦rt❛♥t ❢♦r ❞❡s❝r✐❜✐♥❣ t❤❡ ✢♦✇ s❤♦✉❧❞ ❜❡ t❤❡ s❛♠❡ ❢♦r
t❤❡ ❡①♣❡r✐♠❡♥t ❛♥❞ t❤❡ r❡❛❧✲❧✐❢❡ s✐t✉❛t✐♦♥✳ ■❢ t❤✐s ✐s ♣♦ss✐❜❧❡✱ ❛ tr❛♥s❢❡r ♦❢ t❤❡ r❡s✉❧ts ♦❢
t❤❡ ❡①♣❡r✐♠❡♥t t♦ r❡❛❧ ❧✐❢❡ s✐t✉❛t✐♦♥s ✐s r❛t❤❡r ❡❛s②✳
❙❝❛❧✐♥❣ t❤❡ ♠♦❞❡❧s ❢♦r ✐❝✐♥❣ ❡①♣❡r✐♠❡♥ts ✐s ❤♦✇❡✈❡r ✈❡r② ❞✐✣❝✉❧t✳ ❚❤✐s ✐s ❜❡❝❛✉s❡

18 ❞✐♠❡♥s✐♦♥❧❡ss q✉❛♥t✐t✐❡s ❤❛✈❡ t♦ ❜❡ ♠❛t❝❤❡❞ ❢♦r ❝♦♠♣❧❡t❡ ❡q✉❛❧✐t② ❛❝❝♦r❞✐♥❣ t♦ ❑✐♥❞
❡t ❛❧✳ ❬✷❪✳ ❚❤❡ ❧❛r❣❡ ♥✉♠❜❡r ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ✇✐t❤ t❤❡ ♥❡❡❞ ♦❢ ♠❛t❝❤✐♥❣ t❤❡ ❞✐♠❡♥s✐♦♥❧❡ss
♣❛r❛♠❡t❡rs ❢♦r t❤r❡❡ ❞✐✛❡r❡♥t ✜❡❧❞s✿ t❤❡ ❛✐r ✢♦✇✱ t❤❡ tr❛❥❡❝t♦r✐❡s ♦❢ t❤❡ ❞r♦♣❧❡ts ❛♥❞ t❤❡
✐♠♣✐♥❣❡♠❡♥t ❛♥❞ ❢r❡❡③✐♥❣ ♦❢ t❤❡ ❞r♦♣❧❡ts✳ ❋♦r ❝♦♥✈❡♥t✐♦♥❛❧ ✇✐♥❞ t✉♥♥❡❧ t❡sts ♠♦st ♦❢t❡♥
❥✉st t❤❡ ❛✐r ✢♦✇ ✐s ♦❢ ✐♥t❡r❡st✳ ❚❤❡♥ ♥♦r♠❛❧❧② ❛ ♠❛t❝❤✐♥❣ ♦❢ ❘❡②♥♦❧❞s ❛♥❞ ▼❛❝❤ ♥✉♠❜❡r
❜❡t✇❡❡♥ t❡st ❛♥❞ r❡❛❧✐t② ✐s ♥❡❝❡ss❛r②✳ ▼❛t❝❤✐♥❣ s♦♠❡ ♦❢ t❤❡ ❞✐♠❡♥s✐♦♥❧❡ss q✉❛♥t✐t✐❡s ❢♦r
✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❡①♣❡r✐♠❡♥ts ✐s r❛t❤❡r ❡❛s②✱ ❢♦r ❡①❛♠♣❧❡ ❜② ✉s✐♥❣ ❛✐r ❛♥❞ ✇❛t❡r ❛s ✐♥ t❤❡
r❡❛❧ ❧✐❢❡ s✐t✉❛t✐♦♥✳ ❊s♣❡❝✐❛❧❧② ♠❛t❝❤✐♥❣ t❤❡ q✉❛♥t✐t✐❡s ❢♦r t❤❡ ✐♠♣✐♥❣❡♠❡♥t ❛♥❞ ❢r❡❡③✐♥❣
✐s ❤♦✇❡✈❡r ♠✉❝❤ ♠♦r❡ ❞✐✣❝✉❧t✳ ❚❤❡r❡❢♦r❡✱ ✉♥t✐❧ t♦❞❛②✱ s❝❛❧✐♥❣ ♦❢ t❤❡ r❡s✉❧ts ♦❢ ✐❝✐♥❣
❡①♣❡r✐♠❡♥ts ❝❛♥ ♥♦t ❜❡ ❞♦♥❡ ✇✐t❤ ❣♦♦❞ ❛❝❝✉r❛❝②✳ ❍❡♥❝❡✱ ❡①♣❡r✐♠❡♥ts ❤❛✈❡ t♦ ❜❡ ❞♦♥❡
✇✐t❤ ❢✉❧❧✲s❝❛❧❡ ♠♦❞❡❧s t♦ ❤❛✈❡ ♠❡❛♥✐♥❣❢✉❧ r❡s✉❧ts✳ ❚❤✐s ✐s ❤♦✇❡✈❡r ❛ ❜✐❣❣❡r ♣r♦❜❧❡♠ ❢♦r
♠❛♥♥❡❞ ❛✐r❝r❛❢t t❤❛♥ ❢♦r ❯❆❱s✳ ❆s ♠❛♥♥❡❞ ❛✐r❝r❛❢t ❛r❡ t②♣✐❝❛❧❧② ❧❛r❣❡r ❛♥❞ ♦♣❡r❛t❡ ❛t
❤✐❣❤❡r s♣❡❡❞s t❤❛♥ ❯❆❱s✱ t❤❡② ♥❡❡❞ ❜✐❣❣❡r t❡st ❢❛❝✐❧✐t✐❡s ❛♥❞ t❤❡ t❡sts ❝♦st ♠✉❝❤ ♠♦r❡✳
❚❤❡r❡❢♦r❡✱ s❝❛❧✐♥❣ ✇♦✉❧❞ ❜❡ ♠♦r❡ ❜❡♥❡✜❝✐❛❧ ❢♦r ♠❛♥♥❡❞ ❛✐r❝r❛❢t t❤❛♥ ❢♦r ✉♥♠❛♥♥❡❞✳
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❚❤✐s ❝❤❛♣t❡r ✐s ❛❜♦✉t t❤❡ st❡♣s ✐t t♦♦❦ t♦ ❞❡s✐❣♥ t❤❡ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ ✐❝✐♥❣ ✇✐♥❞
t✉♥♥❡❧✳ ❉❡❝✐s✐♦♥s ♠❛❞❡ ❞✉r✐♥❣ t❤✐s ❞❡s✐❣♥ ❛r❡ ❡①♣❧❛✐♥❡❞✳ ❙❡✈❡r❛❧ r✉❧❡s ❛♥❞ ❡q✉❛t✐♦♥s
✇❡r❡ ✉s❡❞ t♦ ❞❡s✐❣♥ t❤❡ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ ✇✐♥❞ t✉♥♥❡❧✳ ■♥ t❤✐s ❝❤❛♣t❡r✱ t❤❡s❡ r✉❧❡s ❛♥❞
❡q✉❛t✐♦♥s ❛r❡ ♣r❡s❡♥t❡❞ ❛♥❞ ❡①♣❧❛✐♥❡❞✳ ❚❤❡ ♥❡❝❡ss❛r② ❢♦r♠✉❧❛s t♦ ❛♥❛❧②③❡ t❤❡ ❜❡❤❛✈✐♦r
♦❢ t❤❡ ❞r♦♣❧❡ts ❛r❡ ❛❧s♦ s❤♦✇♥ ❛♥❞ ❝♦♠♠❡♥t❡❞ ♦♥✳ ❚♦ ❝❛❧❝✉❧❛t❡ t❤❡ ♣r❡ss✉r❡ ❧♦ss❡s ❛♥❞
t❤❡ ♥❡❝❡ss❛r② ❝♦♦❧✐♥❣ ♣♦✇❡r✱ ❝❡rt❛✐♥ ❡q✉❛t✐♦♥s ✇❡r❡ ♥❡❡❞❡❞✳ ❚❤♦s❡ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ t❤✐s
❝❤❛♣t❡r ❛s ✇❡❧❧✳

✸✳✶ ❇❛s✐❝ ❞❡❝✐s✐♦♥s

❙♦♠❡ ❞❡❝✐s✐♦♥s ❤❛✈❡ t♦ ❜❡ ♠❛❞❡ ❜❡❢♦r❡ t❤❡ ✇✐♥❞ t✉♥♥❡❧ ❝♦♠♣♦♥❡♥ts ❝❛♥ ❜❡ ❞❡s✐❣♥❡❞✳
❆♥ ♦♣❡♥✲r❡t✉r♥ ❞❡s✐❣♥ ✇❛s ❝❤♦s❡♥ t♦ ❞❡❝r❡❛s❡ t❤❡ ❞✐♠❡♥s✐♦♥s ♦❢ t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧
❛♥❞ t❤❡ ❝♦sts✳ ❆ ❝❧♦s❡❞ t❡st s❡❝t✐♦♥ ✇❛s ❝❤♦s❡♥ ❛s ♦t❤❡r✇✐s❡ ❞r♦♣❧❡ts ❝♦✉❧❞ ❧❡❛✈❡ t❤❡
✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❛♥❞ ❝❤❛♥❣❡ t❤❡ ▲❲❈ ❛♥❞ t❤❡ ▼❱❉✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ❝❧♦s❡❞ t❡st s❡❝t✐♦♥s
r❡❞✉❝❡ t❤❡ ♣♦✇❡r r❡q✉✐r❡♠❡♥ts ❢♦r t❤❡ ✇✐♥❞ t✉♥♥❡❧ ❢❛♥✳ ■t ❤❛s t♦ ❜❡ ❝♦♥s✐❞❡r❡❞ t❤❛t ♥♦t
❛❧❧ ❞r♦♣❧❡ts ✇✐❧❧ ❤✐t t❤❡ ❛✐r❢♦✐❧✳ ❚❤❡ ♦♥❡s t❤❛t ❞♦ ♥♦t✱ ✇✐❧❧ tr❛✈❡❧ ❢✉rt❤❡r ✐♥ t❤❡ t✉♥♥❡❧✳ ■❢
t❤❡ ❢❛♥ ✇❛s ♣❧❛❝❡❞ ❛❢t❡r t❤❡ ❞✐✛✉s❡r✱ ❞r♦♣❧❡ts ✇♦✉❧❞ ❤✐t t❤❡ ❢❛♥✳ ❚❤♦s❡ ❞r♦♣❧❡ts ✇♦✉❧❞
❛❝❝r❡t❡ t❤❡r❡ ❛♥❞ ✐♥✢✉❡♥❝❡ t❤❡ ❢❛♥✬s ♣❡r❢♦r♠❛♥❝❡✳ ❚❤❡r❡❢♦r❡ t❤❡ ❢❛♥ ✇✐❧❧ ❜❡ ♣❧❛❝❡❞ ❛t
t❤❡ ✐♥❧❡t ♦❢ t❤❡ ✇✐♥❞ t✉♥♥❡❧✳ ❚❤❡ r❡s✉❧t✐♥❣ ♦r❞❡r ♦❢ ❝♦♠♣♦♥❡♥ts ✐♥s✐❞❡ t❤❡ ✐❝✐♥❣ ✇✐♥❞
t✉♥♥❡❧ ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✉r❡ ✸✳✶ ❛♥❞ ✐s ❢❛♥✭❆✮✱ ✇✐❞❡✲❛♥❣❧❡✲❞✐✛✉s❡r✭❇✮✱ s❡tt❧✐♥❣ ❛r❡❛✭❈✮✱
♥♦③③❧❡✭❉✮✱ t❡st s❡❝t✐♦♥✭❊✮✱ ❞✐✛✉s❡r✭❋✮✳

A B C D E F

❋✐❣✉r❡ ✸✳✶✿ ❖r❞❡r ♦❢ ❝♦♠♣♦♥❡♥ts ✐♥ t❤❡ r❡s✉❧t✐♥❣ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧✳

✸✳✷ ❈♦♠♣♦♥❡♥ts ♦❢ t❤❡ ✇✐♥❞ t✉♥♥❡❧

✸✳✷✳✶ ❚❡st s❡❝t✐♦♥

❚❤❡ ✜rst q✉❡st✐♦♥ ✇❤❡♥ ❞❡s✐❣♥✐♥❣ ❛ ✇✐♥❞ t✉♥♥❡❧ ✐s t❤❡ ♥❡❝❡ss❛r② s✐③❡ ♦❢ t❤❡ t❡st s❡❝t✐♦♥✳
❚❤❡ t❡st s❡❝t✐♦♥ ❝♦♥t❛✐♥s t❤❡ t❡st ♦❜❥❡❝t ❛♥❞ t❤❡r❡❢♦r❡ ✐s t❤❡ ❛r❡❛ ♦❢ t❤❡ ♠♦st ✐♥t❡r❡st✳
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❚❤❡ s✐③❡ ♦❢ t❤❡ t❡st ♦❜❥❡❝t ♠✉st ♥♦t ❜❡ t♦♦ ❜✐❣ ❝♦♠♣❛r❡❞ t♦ t❤❡ s✐③❡ ♦❢ t❤❡ t❡st s❡❝t✐♦♥✳
❚❤❡ ♠❛✐♥ ❞❡s✐❣♥ ♣❛r❛♠❡t❡r ✐s t❤❡ ❜❧♦❝❦❛❣❡✳ ❚❤❡ ❜❧♦❝❦❛❣❡ ✐s ❝❛❧❝✉❧❛t❡❞ ❛s t❤❡ ❢r❛❝t✐♦♥ ♦❢
t❤❡ ♣r♦❥❡❝t❡❞ ❛r❡❛ ♦❢ t❤❡ t❡st ♦❜❥❡❝t t♦ t❤❡ ❝r♦ss✲s❡❝t✐♦♥❛❧ ❛r❡❛ ♦❢ t❤❡ t❡st s❡❝t✐♦♥✳ ❚❤❡
♣r♦❥❡❝t❡❞ ❛r❡❛ ♦❢ t❤❡ t❡st ♦❜❥❡❝t ✐s t❤❡ ❛r❡❛ t❤❡ s❤❛❞♦✇ ♦❢ t❤❡ t❡st ♦❜❥❡❝t ✇♦✉❧❞ ❤❛✈❡
♦♥ ❛ ♣❧❛♥❡ ♥♦r♠❛❧ t♦ t❤❡ ✇✐♥❞ t✉♥♥❡❧ ❞✐r❡❝t✐♦♥✳ ❇❡❝❛✉s❡ ♦❢ t❤❡ ❜❧♦❝❦❛❣❡✱ t❤❡ ❡✛❡❝t✐✈❡
✢♦✇ ❛r❡❛ ❞❡❝r❡❛s❡s✳ ❚❤❡r❡❢♦r❡ t❤❡ ✢♦✇ ✈❡❧♦❝✐t② ✐♥❝r❡❛s❡s ❛s ✇❡❧❧ ❛s t❤❡ s✉r❢❛❝❡ str❡ss❡s✳
❚❤✐s ❧❡❛❞s t♦ r❡s✉❧ts t❤❛t ❛r❡ ❞✐✛❡r❡♥t ❢r♦♠ r❡s✉❧ts ✐♥ ❢r❡❡ ❛✐r ✇❤❡r❡ ♥♦ ❜❧♦❝❦❛❣❡ ♦❝❝✉rs✳
❚♦ ❦❡❡♣ t❤❡ ❞✐✛❡r❡♥❝❡s s♠❛❧❧✱ t❤❡ ❜❧♦❝❦❛❣❡ s❤♦✉❧❞ ❜❡ ❛t ♠♦st 10% ❛❝❝♦r❞✐♥❣ t♦ ❇❛r❧♦✇
❡t ❛❧✳ ❬✷✵❪✳
◆♦t ♦♥❧② t❤❡ t❡st ♦❜❥❡❝t ❤❛s ❛♥ ✐♥✢✉❡♥❝❡ ♦♥ t❤❡ ✢♦✇ ✐♥s✐❞❡ t❤❡ t❡st s❡❝t✐♦♥ ❜✉t ❛❧s♦

t❤❡ ❜♦✉♥❞❛r② ❧❛②❡r✳ ❚❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ❜♦✉♥❞❛r② ❧❛②❡r ✐s ❛❝t✐✈❡ ✉♥t✐❧ ❛ ❞✐st❛♥❝❡ ♦❢ t❤❡
✇❛❧❧ ♦❢ 10% ♦❢ t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ t✇♦ ✇❛❧❧s ❢♦r t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ♦❢ ❇❛♥s♠❡r
❡t ❛❧✳ ❬✸✶❪ ❛♥❞ 12% ❢♦r t❤❡ ✇✐♥❞ t✉♥♥❡❧ ♦❢ ❆r✐❢✉③③❛♠❛♥ ❛♥❞ ▼❛s❤✉❞ ❬✷✷❪✳ ❆s t❤✐s ✐s t❤❡
❝❛s❡ ♦♥ ❜♦t❤ s✐❞❡s ♦❢ t❤❡ ✇✐♥❞ t✉♥♥❡❧✱ t❤❡ ❜♦✉♥❞❛r② ❧❛②❡r ✇✐❧❧ ✐♥✢✉❡♥❝❡ ❛❜♦✉t 20% ♦❢ t❤❡
✇✐❞t❤ ❛♥❞ ❤❡✐❣❤t✳ ❍♦✇❡✈❡r✱ t❤✐s ✐s ❥✉st ❛ r✉❧❡ ♦❢ t❤✉♠❜✳ ❍❡♥❝❡✱ ✐t s❤♦✉❧❞ ♦♥❧② ❜❡ ✉s❡❞
❛s ❛ ✜rst ❤✐♥t ❢♦r t❤❡ t❡st s❡❝t✐♦♥ ❞✐♠❡♥s✐♦♥s✳ ❋♦r t❤❡ ✜♥❛❧ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❞❡s✐❣♥✱ ❛
❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ❜♦✉♥❞❛r② ❧❛②❡r t❤✐❝❦♥❡ss s❤♦✉❧❞ ❜❡ ❞♦♥❡✳ ❚❤❡ st❡♣s t♦ ❝❛❧❝✉❧❛t❡ t❤❡
❜♦✉♥❞❛r② ❧❛②❡r t❤✐❝❦♥❡ss ❡①❛❝t❧② ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ s❡❝t✐♦♥ ✸✳✼✳
❚❤❡ ✢♦✇ ❛t t❤❡ tr❛♥s✐t✐♦♥ ❢r♦♠ t❤❡ ♥♦③③❧❡ t♦ t❤❡ t❡st s❡❝t✐♦♥ ✐s ✉♥s❡tt❧❡❞ ❛♥❞ ❝♦♥t❛✐♥s

❞✐st✉r❜❛♥❝❡s✳ ❚❤❡r❡❢♦r❡ ❛ s❤♦rt ❧❡♥❣t❤ ✇✐t❤ ❛ ❝♦♥st❛♥t ❝r♦ss✲s❡❝t✐♦♥ ✐s r❡❝♦♠♠❡♥❞❡❞
❜❡❢♦r❡ t❤❡ t❡st ♦❜❥❡❝t✳ ❇❛r❧♦✇ ❡t ❛❧✳ ❬✷✵❪ r❡❝♦♠♠❡♥❞ t♦ ❛❧❧♦✇ t❤❡ ✢♦✇ ❛ s❡tt❧✐♥❣ ❧❡♥❣t❤
♦❢ ❛❜♦✉t ✵✳✺ t✐♠❡s t❤❡ ❤②❞r❛✉❧✐❝ ❞✐❛♠❡t❡r ♦❢ t❤❡ t❡st s❡❝t✐♦♥ ❢♦r t❤✐s ♣✉r♣♦s❡✳ ❚❤✐s
s❡tt❧✐♥❣ ❧❡♥❣t❤ ✇✐❧❧ ❜❡ ✐♥❝❧✉❞❡❞ ❞✐r❡❝t❧② ✐♥t♦ t❤❡ t❡st s❡❝t✐♦♥✳ ❚❤❡r❡❢♦r❡ t❤❡ t❡st s❡❝t✐♦♥
s❤♦✉❧❞ ♥♦t ❜❡ t♦♦ s❤♦rt ✐♥ ♦r❞❡r t♦ ❤❛✈❡ ❣♦♦❞ ✢♦✇ ❝♦♥❞✐t✐♦♥s✳ ■❢ t❤❡ t❡st s❡❝t✐♦♥ ✐s t♦♦
❧♦♥❣ ❤♦✇❡✈❡r✱ t❤❡ ❜♦✉♥❞❛r② ❧❛②❡r ✇✐❧❧ ❜❡ r❛t❤❡r t❤✐❝❦ ❛♥❞ ✇✐❧❧ ❞❡❝r❡❛s❡ t❤❡ ❡✛❡❝t✐✈❡ ✢♦✇
❛r❡❛ ♠❛ss✐✈❡❧②✳ ■❢ ❛ ❧♦♥❣❡r t❡st s❡❝t✐♦♥ ✐s ♥❡❡❞❡❞ ♦r ✐❢ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ❜♦✉♥❞❛r② ❧❛②❡r
✐s ❛❧r❡❛❞② t♦♦ ❜✐❣✱ t❤❡ t❡st s❡❝t✐♦♥ ❝❛♥ ❜❡ ❞❡s✐❣♥❡❞ ✇✐t❤ ❛ ✈❡r② s♠❛❧❧ ♦♣❡♥✐♥❣ ❛♥❣❧❡✳
❚❤❡♥ t❤❡ ❡✛❡❝ts ♦❢ t❤❡ ❜♦✉♥❞❛r② ❧❛②❡r ❣r♦✇t❤ ❛♥❞ t❤❡ ✐♥❝r❡❛s✐♥❣ ❝r♦ss✲s❡❝t✐♦♥❛❧ ❛r❡❛
❜❛❧❛♥❝❡ ❡❛❝❤ ♦t❤❡r✳ ❇❛r❧♦✇ ❡t ❛❧✳ ❬✷✵❪ r❡❝♦♠♠❡♥❞ ❛♥ ♦♣❡♥✐♥❣ ❛♥❣❧❡ ♦❢ 0.5◦ ✐♥ t❤✐s ❝❛s❡✳

✸✳✷✳✷ ◆♦③③❧❡

❲❤✐❧❡ t❤❡ t❡st s❡❝t✐♦♥ ❤❛s ❛ ❝♦♥st❛♥t ❝r♦ss✲s❡❝t✐♦♥❛❧ s❤❛♣❡✱ t❤❡ ♥♦③③❧❡ ❝♦♥tr❛❝ts t♦✇❛r❞s
t❤❡ t❡st s❡❝t✐♦♥✳ ❚❤❡r❡❢♦r❡ t❤❡ ✜rst ❞❡❝✐s✐♦♥ ❢♦r t❤❡ ❞❡s✐❣♥ ♦❢ ❛ ♥♦③③❧❡ ✐s ✐ts ❝♦♥tr❛❝t✐♦♥
r❛t✐♦✱ ❛❧s♦ ❝❛❧❧❡❞ ❛r❡❛ r❛t✐♦✳ ❆❝❝♦r❞✐♥❣ t♦ ❇❛r❧♦✇ ❡t ❛❧✳ ❬✷✵❪✱ ♥♦③③❧❡s ♥♦r♠❛❧❧② ❤❛✈❡ ❛
❝♦♥tr❛❝t✐♦♥ r❛t✐♦ ❜❡t✇❡❡♥ 6 ❛♥❞ 12 ❜✉t ❛❧s♦ s♠❛❧❧❡r ❛♥❞ ❧❛r❣❡r ✈❛❧✉❡s ❛r❡ ✉s❡❞✳ ❍✐❣❤
❝♦♥tr❛❝t✐♦♥ r❛t✐♦s ❧❡❛❞ t♦ ❜❡tt❡r ✢♦✇ q✉❛❧✐t② ❛♥❞ r❡❞✉❝❡❞ s♣❡❡❞ ❛t t❤❡ ✉♣str❡❛♠ ❡♥❞✳ ❆t
t❤❡ s❛♠❡ t✐♠❡✱ ❤✐❣❤ ❝♦♥tr❛❝t✐♦♥ r❛t✐♦s ❧❡❛❞ t♦ ❜✐❣❣❡r ❛♥❞ ❧♦♥❣❡r ❝♦♠♣♦♥❡♥ts ✉♣str❡❛♠
♦❢ t❤❡ t❡st s❡❝t✐♦♥✳
❖♥❝❡ t❤❡ ❛r❡❛ r❛t✐♦ ✐s ❦♥♦✇♥✱ t❤❡ ❧❡♥❣t❤ ✐s t❤❡ ♥❡①t t♦♣✐❝ t♦ t❤✐♥❦ ❛❜♦✉t✳ ❚❤✐s ✐s

❜❡❝❛✉s❡ s❤♦rt ♥♦③③❧❡s ❤❛✈❡ ❛ ❤✐❣❤❡r ❝❤❛♥❝❡ ♦❢ s❡♣❛r❛t✐♦♥✱ ✇❤✐❧❡ ❧♦♥❣ ♥♦③③❧❡s ✐♥❝r❡❛s❡ t❤❡
✇✐♥❞ t✉♥♥❡❧ ❧❡♥❣t❤✳ ❊❝❦❡rt ❡t ❛❧✳ ❬✸✷❪ ❝♦❧❧❡❝t❡❞ ❞❛t❛ ❢r♦♠ ❡①✐st✐♥❣ ✇✐♥❞ t✉♥♥❡❧s✳ ❲✐t❤
t❤♦s❡ r❡s✉❧ts✱ t❤❡② ❡st✐♠❛t❡❞ ❤♦✇ ❧♦♥❣ ❛ ♥♦③③❧❡ s❤♦✉❧❞ ❜❡ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ r❛t✐♦ ♦❢ ✐♥❧❡t
❛♥❞ ♦✉t❧❡t ❞✐❛♠❡t❡r✳ ❚❤❡ ❞❛t❛ ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ❆✳✶✳ ❲❤✐❧❡ ❛ ❢❡✇ ✇✐♥❞ t✉♥♥❡❧s ❤❛✈❡
s❤♦rt❡r ♥♦③③❧❡s✱ t❤❡② ❞♦ r❡❝♦♠♠❡♥❞ t♦ ♥♦t ❣♦ ❜❡❧♦✇ t❤❡ s❤♦✇♥ ♠✐♥✐♠✉♠ ✈❛❧✉❡✳

✶✽



✸ ▼❡t❤♦❞s

❋✐♥❛❧❧②✱ t❤❡ ♥♦③③❧❡ ❝♦♥t♦✉r ✐s ✐♠♣♦rt❛♥t ❛s ✇❡❧❧ ❢♦r t❤❡ s❡♣❛r❛t✐♦♥ ❛♥❞ ❛❧s♦ ❢♦r t❤❡
❞r♦♣❧❡t ❜❡❤❛✈✐♦r✳ ❆❝❝♦r❞✐♥❣ t♦ ❇❛r❧♦✇ ❡t ❛❧✳ ❬✷✵❪✱ t❤❡ ✇❛❧❧ r❛❞✐✉s ♦❢ t❤❡ ❝✉r✈❛t✉r❡ ❛t t❤❡
✇✐❞❡r ❡♥❞ s❤♦✉❧❞ ❜❡ ❤✐❣❤❡r t❤❛♥ ❛t t❤❡ s♠❛❧❧❡r ❡♥❞✳ ❚❤✐s ✐s ❞♦♥❡ t♦ r❡❞✉❝❡ t❤❡ ❝❤❛♥❝❡
♦❢ s❡♣❛r❛t✐♦♥ ✐♥s✐❞❡ t❤❡ ♥♦③③❧❡✳
❉✐✛❡r❡♥t ♥♦③③❧❡ ❞❡s✐❣♥s ✇❡r❡ ❝♦♠♣❛r❡❞ ❢♦r t❤✐s t❛s❦✳ ❋♦r t❤❡ ❡❛s❡ ♦❢ ❝♦♠♣❛r✐s♦♥✱ t❤❡②

❛r❡ ✇r✐tt❡♥ ❛❧❧ ✐♥ t❤❡ s❛♠❡ ❢♦r♠✿ z st❛♥❞s ❢♦r ❤❛❧❢ t❤❡ ✇✐❞t❤ ♦r ❤❡✐❣❤t ♦❢ t❤❡ ♥♦③③❧❡
❛♥❞ t❤❡ s✉❜s❝r✐♣t TS ❞❡s❝r✐❜❡s t❤❡ t❡st s❡❝t✐♦♥✳ ❚❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ ♥♦③③❧❡ ✐s L✱ x ✐s t❤❡
❝♦♦r❞✐♥❛t❡ ✐♥ ✢♦✇ ❞✐r❡❝t✐♦♥✳ ❚❤❡ ✈❛❧✉❡ AR ❞❡♥♦t❡s t❤❡ ❝♦♥tr❛❝t✐♦♥ r❛t✐♦ ♦❢ t❤❡ ♥♦③③❧❡✳
❚❤❡ ✜rst ♥♦③③❧❡ ❞❡s✐❣♥ ✐s t❤❡ ❆❱❆ ♥♦③③❧❡ ✇❤✐❝❤ ❝♦♥t♦✉r ✐s

z (x)

zTS

=
(√

AR− 1
)(

1− x

L

)3
[

2−
(

1− x

L

)3
]

+ 1 ✭✸✳✶✮

❛❝❝♦r❞✐♥❣ t♦ ❇❛♥s♠❡r ❡t ❛❧✳ ❬✸✶❪✳
❚❤❡ s❡❝♦♥❞ ♥♦③③❧❡ ❞❡s✐❣♥ ✐s t❤❡ ❲✐t♦s③②♥s❦✐ ♥♦③③❧❡ ✇❤♦s❡ ❝♦♥t♦✉r

z (x)

zTS

=
1

√

1 +
(

1
AR

− 1
)

[

1−( x
L)

2
]2

[

1+ 1

3
( x
L)

2
]3

✭✸✳✷✮

✐s ❛❧s♦ ❣✐✈❡♥ ❜② ❇❛♥s♠❡r ❡t ❛❧✳ ❬✸✶❪✳
❇❡❧❧ ❛♥❞ ▼❡❤t❛ ❬✸✸❪ ❝♦♠♣❛r❡❞ ❞✐✛❡r❡♥t ❝♦♥tr❛❝t✐♦♥ ❞❡s✐❣♥s✳ ❖♥❡ ✇❛s ❛ t❤✐r❞ ♦r❞❡r

♣♦❧②♥♦♠✐❛❧ ✇✐t❤ t❤❡ ❝♦♥t♦✉r

z (x)

zTS

=
√
AR−

(√
AR− 1

)

[

−2
(x

L

)3

+ 3
(x

L

)2
]

. ✭✸✳✸✮

❚❤❡ s❛♠❡ ❛✉t❤♦rs ❛❧s♦ r❡❝♦♠♠❡♥❞❡❞ ❛ ✜❢t❤ ♦r❞❡r ♣♦❧②♥♦♠✐❛❧ ✇✐t❤ t❤❡ ❝♦♥t♦✉r

z (x)

zTS

=
√
AR−

(√
AR− 1

)

[

6
(x

L

)5

− 15
(x

L

)4

+ 10
(x

L

)3
]

. ✭✸✳✹✮

❇r❛ss❛r❞ ❛♥❞ ❋❡r❝❤✐❝❤✐ ❬✸✹❪ ♣r♦♣♦s❡❞ ❛♥ ✐♠♣r♦✈❡♠❡♥t t♦ t❤❡ ✜❢t❤ ♦r❞❡r ♣♦❧②♥♦✲

♠✐❛❧✳ ❚♦ ❞♦ t❤✐s✱ t❤❡② ✐♥tr♦❞✉❝❡❞ ❛ tr❛♥s❢♦r♠❛t✐♦♥ ❢✉♥❝t✐♦♥ f
(

x
L

)

✳ ❚❤✐s ❢✉♥❝t✐♦♥ ❤❛s
t♦ ❜❡ ❞❡✜♥❡❞ ❢♦r 0 ≤ x

L
≤ 1 ✇✐t❤ ❛ ✈❛❧✉❡ 0 < f

(

x
L

)

< 1✳ ❚❤❡♥ t❤❡ ❡q✉❛t✐♦♥ ❝❤❛♥❣❡s t♦

z (x)

zTS

=

[

−
(

6
(x

L

)5

− 15
(x

L

)4

+ 10
(x

L

)3
)

[

1−
√

1

AR

1/f(x/L)]

+ 1

]f(x)

. ✭✸✳✺✮

❆s ✇✐❧❧ ❜❡ ❡①♣❧❛✐♥❡❞ ✐♥ t❤❡ ♥❡①t ❝❤❛♣t❡r✱ ✐t ✐s ❜❡♥❡✜❝✐❛❧ ❢♦r t❤❡ ❞r♦♣❧❡t ❜❡❤❛✈✐♦r ✐❢ t❤❡
♣♦✐♥t ♦❢ st❡❡♣ ❝♦♥tr❛❝t✐♦♥ ✐s ❢✉rt❤❡r ✉♣str❡❛♠✳ ❆s t❤❡ ♣❛♣❡r ❜② ❇r❛ss❛r❞ ❛♥❞ ❋❡r❝❤✐❝❤✐
❬✸✹❪ ✐♥❞✐❝❛t❡s✱ ✈❛❧✉❡s ♦❢ f

(

x
L

)

❝❧♦s❡ t♦ 1 ❧❡❛❞ t♦ t❤❡ ❝♦♥t♦✉r ❜❡✐♥❣ st❡❡♣ ✐♥ ❛ ♠♦r❡
✉♣str❡❛♠ ♣♦s✐t✐♦♥✳ ❚❤❡r❡❢♦r❡ f

(

x
L

)

= 0.7 ✇❛s ❝❤♦s❡♥ ❢♦r t❤✐s t❤❡s✐s✳
❚❤❡ ❧❛st ❝♦♥t♦✉r ❝❤❡❝❦❡❞ ✐♥ t❤✐s ✇♦r❦ ✐s ♠❛❞❡ ✉♣ ♦❢ t✇♦ ♠❛t❝❤❡❞ ❝✉❜✐❝s ❛s r❡❝♦♠✲

♠❡♥❞❡❞ ❜② ▼♦r❡❧ ❬✸✺❪✳ ❚❤❡ ❡①❛❝t ❡q✉❛t✐♦♥s ❛r❡ ❝♦♣✐❡❞ ❢r♦♠ ▼❛rt✐♥ ❬✸✻❪✳ ❚❤❡ ❡q✉❛t✐♦♥
❢♦r t❤❡ ✜rst ❝✉❜✐❝ ✐s

z (x)

zTS

=
(√

AR− 1
)

[

1− 1
(

xm

L

)2

(x

L

)3
]

+ 1 ✭✸✳✻✮

✶✾
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❋✐❣✉r❡ ✸✳✷✿ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❞✐✛❡r❡♥t ♥♦③③❧❡ ❝♦♥t♦✉rs ❢♦r ❛♥ ❛r❡❛ r❛t✐♦ ♦❢ ✾✳

❛♥❞ t❤❡ ❡q✉❛t✐♦♥ ❢♦r t❤❡ s❡❝♦♥❞ ❝✉❜✐❝ ✐s

z (x)

zTS

=

√
AR− 1

(

1− xm

L

)2

(

1− x

L

)3

+ 1. ✭✸✳✼✮

❚❤❡ ❝♦♦r❞✐♥❛t❡ xm ✐s t❤❡ ❝♦♦r❞✐♥❛t❡ ✐♥ ①✲❞✐r❡❝t✐♦♥ ✇❤❡r❡ t❤❡ t✇♦ ❝✉❜✐❝s ♠❡❡t✳ ❚♦ ❤❛✈❡ ❛
st❡❡♣ ❝♦♥tr❛❝t✐♦♥ ❢✉rt❤❡r ✉♣str❡❛♠✱ ❛ ❧♦✇ ✈❛❧✉❡ ♦❢ xm ✐s ❜❡♥❡✜❝✐❛❧✳ ❚❤✐s ✐s ✇❤② xm = 0.2
✇❛s ❝❤♦s❡♥✳
❆❧❧ ♥♦③③❧❡ ❝♦♥t♦✉rs ❛r❡ ❝♦♠♣❛r❡❞ ✐♥ ❋✐❣✉r❡ ✸✳✷✳ ■t ❝❛♥ ❜❡ s❡❡♥ t❤❛t t❤❡ ❆❱❆ ❝♦♥t♦✉r✱

t❤❡ ❲✐t♦s③②♥s❦✐ ❝♦♥t♦✉r✱ ❛♥❞ t❤❡ ❝♦♥t♦✉r ✇✐t❤ t❤❡ ♠❛t❝❤❡❞ ❝✉❜✐❝s ❤❛✈❡ ❛ ❧❛r❣❡r s❧♦♣❡
♦♥ ❛♥ ✉♣str❡❛♠ ♣♦s✐t✐♦♥ t❤❛♥ t❤❡ ♦t❤❡r ♥♦③③❧❡ ❝♦♥t♦✉rs✳ ❚❤✐s ✇✐❧❧ ❜❡ ✐♠♣♦rt❛♥t ✐♥ t❤❡
❢♦❧❧♦✇✐♥❣ ❝❤❛♣t❡r✳
❆♥♦t❤❡r ♣❛r❛♠❡t❡r t❤❛t ❝❛♥ ❜❡ ❝❤♦s❡♥ ✐s t❤❡ ❝r♦ss✲s❡❝t✐♦♥❛❧ s❤❛♣❡ ♦❢ t❤❡ ♥♦③③❧❡✳ ▼♦st

♦❢ t❤❡ ♥♦③③❧❡s ❛r❡ ❞❡s✐❣♥❡❞ ❝✐r❝✉❧❛r✳ ❙♦♠❡ s♦✉r❝❡s r❡♣♦rt ❛ ❤✐❣❤❡r ❝❤❛♥❝❡ ♦❢ s❡♣❛r❛t✐♦♥
❢♦r r❡❝t❛♥❣✉❧❛r s❤❛♣❡❞ ♥♦③③❧❡s✳ ❚❤✐s ✐s ❞✉❡ t♦ t❤❡ s❡❝♦♥❞❛r② ✢♦✇ ❜❡t✇❡❡♥ t❤❡ ❝♦r♥❡rs
❛♥❞ t❤❡ ❝❡♥t❡r❧✐♥❡✳ ▼❡❤t❛ ❬✸✼❪ ❤♦✇❡✈❡r st❛t❡s t❤❛t t❤❡ ❝♦r♥❡r ✢♦✇ st❛②s ❧♦❝❛❧✐③❡❞ ✐♥ t❤❡
❛❜s❡♥❝❡ ♦❢ s❡♣❛r❛t✐♦♥✳ ❚❤❡r❡❢♦r❡ ❛ r❡❝t❛♥❣✉❧❛r ♥♦③③❧❡ ❝r♦ss✲s❡❝t✐♦♥ ✐s ❛❧s♦ ♣♦ss✐❜❧❡✳ ■❢
s❡♣❛r❛t✐♦♥ ♦❝❝✉rs ✐♥s✐❞❡ r❡❝t❛♥❣✉❧❛r ♥♦③③❧❡s ♥❡✈❡rt❤❡❧❡ss✱ ❇❛r❧♦✇ ❡t ❛❧✳ ❬✷✵❪ r❡❝♦♠♠❡♥❞
✉s✐♥❣ ❝♦r♥❡r ✜❧❧❡ts t♦ ❣✐✈❡ t❤❡ ♥♦③③❧❡ ❛♥ ♦❝t❛❣♦♥❛❧ s❤❛♣❡✳ ❚❤❡s❡ ✜❧❧❡ts s❤♦✉❧❞ ❤♦✇❡✈❡r
❜❡ ❝♦♥t✐♥✉❡❞ t❤r♦✉❣❤ t❤❡ t❡st s❡❝t✐♦♥ ❛s ✇❡❧❧✳ ❉♦✇♥✐❡ ❡t ❛❧✳ ❬✸✽❪ ❞✐❞ ❝❛❧❝✉❧❛t✐♦♥s ♦❢
r❡❝t❛♥❣✉❧❛r s❤❛♣❡❞ ❝♦♥tr❛❝t✐♦♥s ✇✐t❤ ❝❤❛♥❣✐♥❣ ❛s♣❡❝t r❛t✐♦s✳ ❚❤❡✐r ❝❛❧❝✉❧❛t✐♦♥s s❤♦✇❡❞
t❤❛t ❞❡s✐❣♥s ✇✐t❤ ❝❤❛♥❣✐♥❣ ❛s♣❡❝t r❛t✐♦s ❛r❡ ♣♦ss✐❜❧❡✳ ❍♦✇❡✈❡r✱ t❤❡② ❛❧s♦ st❛t❡❞ t❤❛t
t❤❡ ♣♦✐♥t ♦❢ ♠❛①✐♠✉♠ s❧♦♣❡ s❤♦✉❧❞ ❜❡ ❛t t❤❡ s❛♠❡ ♣♦s✐t✐♦♥ ❢♦r ❜♦t❤ t❤❡ ✈❡rt✐❝❛❧ ❛♥❞
t❤❡ ❤♦r✐③♦♥t❛❧ ✇❛❧❧s✳

✷✵
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✸✳✷✳✸ ❙❡tt❧✐♥❣ ❛r❡❛

❚❤❡ s❡tt❧✐♥❣ ❛r❡❛ ❝♦♥t❛✐♥s t❤❡ ❤♦♥❡②❝♦♠❜s ❛♥❞ t❤❡ t✉r❜✉❧❡♥❝❡ s❝r❡❡♥✳ ■♥ t❤❡ ❝❛s❡ ♦❢ ❛♥
✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧✱ ❛❧s♦ t❤❡ s♣r❛② s②st❡♠ ✐s ❧♦❝❛t❡❞ ✐♥ t❤❡ s❡tt❧✐♥❣ ❛r❡❛✳
❚❤❡ ❤♦♥❡②❝♦♠❜s ❛r❡ t②♣✐❝❛❧❧② ♣❧❛❝❡❞ ❢✉rt❤❡st ✉♣str❡❛♠✳ ❋♦r t❤❡ ❞❡s✐❣♥ ♦❢ t❤❡ ❤♦♥❡②✲

❝♦♠❜s✱ ❇❛r❧♦✇ ❡t ❛❧✳ ❬✷✵❪ r❡❝♦♠♠❡♥❞ ❛ ❧❡♥❣t❤✲t♦✲❞✐❛♠❡t❡r r❛t✐♦ ❜❡t✇❡❡♥ ✻ ❛♥❞ ✽✳ ❚❤❡
s❛♠❡ ❛✉t❤♦rs ❛❧s♦ st❛t❡ t❤❛t ❛r♦✉♥❞ ✶✺✵ ❤♦♥❡②❝♦♠❜s ♣❡r s❡tt❧✐♥❣ ❝❤❛♠❜❡r ❞✐❛♠❡t❡r
s❤♦✉❧❞ ❜❡ ✉s❡❞✳ ❚❤✐s ✇♦✉❧❞ r❡s✉❧t ✐♥ ❛ t♦t❛❧ ♦❢ ✷✺✵✵✵ ❤♦♥❡②❝♦♠❜s✳
❚❤❡ t✉r❜✉❧❡♥❝❡ s❝r❡❡♥s ❞❛♠♣ t❤❡ ✢♦✇ ♥♦♥✲✉♥✐❢♦r♠✐t②✳ ❚♦ ❞♦ s♦ ❛ ❤✐❣❤ ❜❧♦❝❦❛❣❡ ♦❢

t❤❡ ❛✐r ✢♦✇ ✐s ♥❡❝❡ss❛r②✳ ❚❤❡ ❜❧♦❝❦❛❣❡ ✐s ❞❡s❝r✐❜❡❞ ❜② t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ♣♦r♦s✐t②✳ ❚❤❡
♣♦r♦s✐t② ✐s t❤❡ r❛t✐♦ ♦❢ t❤❡ ❛r❡❛ t❤❡ ✢♦✇ ❝❛♥ ♣❛ss t❤r♦✉❣❤ t♦ t❤❡ t♦t❛❧ ❝r♦ss✲s❡❝t✐♦♥❛❧
❛r❡❛ ♦❢ t❤❡ s❡tt❧✐♥❣ ❛r❡❛✳ ▲♦✇❡r ✈❛❧✉❡s ♦❢ ♣♦r♦s✐t② t❤❡r❡❢♦r❡ ✐♥❝r❡❛s❡ t❤❡ ❞❛♠♣✐♥❣ ♦❢
t❤❡ ♥♦♥✲✉♥✐❢♦r♠✐t✐❡s✳ ❍♦✇❡✈❡r✱ ❛❝❝♦r❞✐♥❣ t♦ ❇❛r❧♦✇ ❡t ❛❧✳ ❬✷✵❪ t❤❡ s❝r❡❡♥s ♠✉st ❤❛✈❡ ❛
♣♦r♦s✐t② ❣r❡❛t❡r t❤❛♥ 0.57✳ ❖t❤❡r✇✐s❡ t❤❡ ✢♦✇ ✐♥s✐❞❡ t❤❡ t❡st s❡❝t✐♦♥ ✇♦✉❧❞ ❜❡ ✉♥st❛❜❧❡✳
❚❤❡ ♠❛①✐♠✉♠ ✈❛❧✉❡ ♦❢ ❛ ✉s❡❢✉❧ ♣♦r♦s✐t② ✐s ✵✳✽ ❛❝❝♦r❞✐♥❣ t♦ ❇❛r❧♦✇ ❡t ❛❧✳ ❬✷✵❪✳
▼❡❤t❛ ❛♥❞ ❇r❛❞s❤❛✇ ❬✸✾❪ r❡❝♦♠♠❡♥❞ t♦ ❦❡❡♣ ❛ ❞✐st❛♥❝❡ ♦❢ 0.2 t✐♠❡s t❤❡ ❤②❞r❛✉❧✐❝

❞✐❛♠❡t❡r ♦❢ t❤❡ s❡tt❧✐♥❣ ❛r❡❛ ❜❡t✇❡❡♥ t✉r❜✉❧❡♥❝❡ s❝r❡❡♥s✳ ❚❤❡② ❛❧s♦ st❛t❡❞ t❤❛t t❤❡
❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❧❛st s❝r❡❡♥ ❛♥❞ t❤❡ ♥♦③③❧❡ ❡♥tr② s❤♦✉❧❞ ❜❡ ❛❜♦✉t 0.2 s❡tt❧✐♥❣ ❛r❡❛
❞✐❛♠❡t❡rs✳ ❇❛r❧♦✇ ❡t ❛❧✳ ❬✷✵❪ r❡❝♦♠♠❡♥❞ ✉s✐♥❣ ❛ t♦t❛❧ ❧❡♥❣t❤ ♦❢ 0.5 t✐♠❡s t❤❡ ❤②❞r❛✉❧✐❝ ❞✐✲
❛♠❡t❡r ❢♦r s❡tt❧✐♥❣ ❛r❡❛s t❤❛t ❝♦♥t❛✐♥ ♦♥❡ ❤♦♥❡②❝♦♠❜ s❡❝t✐♦♥ ❛♥❞ ♦♥❡ t✉r❜✉❧❡♥❝❡ s❝r❡❡♥✳

✸✳✷✳✹ ❲✐❞❡✲❛♥❣❧❡ ❞✐✛✉s❡r

❇❡❝❛✉s❡ t❤❡ ❢❛♥ ✐s ❝❤♦s❡♥ t♦ ❜❡ ♦♥ t❤❡ ✉♣str❡❛♠ ❡♥❞ ❛♥❞ ♥♦t ♦♥ t❤❡ ❞♦✇♥str❡❛♠ ❡♥❞✱
t❤❡ ❢❛♥ ✐s ✉♣str❡❛♠ ♦❢ t❤❡ s❡tt❧✐♥❣ ❛r❡❛✳ ❆s t❤❡ ❢❛♥ ✐s ♥♦r♠❛❧❧② s♠❛❧❧❡r ✐♥ s✐③❡ t❤❛♥ t❤❡
s❡tt❧✐♥❣ ❛r❡❛✱ ❛ ❞✐✛✉s❡r ✐s ♥❡❡❞❡❞ t♦ ❝♦♥♥❡❝t t❤❡ ❢❛♥ ✇✐t❤ t❤❡ s❡tt❧✐♥❣ ❛r❡❛✳ ❚♦ ❦❡❡♣ t❤❡
❧❡♥❣t❤ ♦❢ t❤❡ ❞✐✛✉s❡r s❤♦rt✱ t②♣✐❝❛❧❧② ✈❡r② ❤✐❣❤ ♦♣❡♥✐♥❣ ❛♥❣❧❡s ❛r❡ ❝❤♦s❡♥✳ ❚❤❡r❡❢♦r❡
s❡♣❛r❛t✐♦♥ ✇♦✉❧❞ ♦❝❝✉r ✐❢ ♥♦ ❛❝t✐♦♥ ✇❛s t❛❦❡♥✳ ❚♦ ♣r❡✈❡♥t s❡♣❛r❛t✐♦♥✱ ❞✐✛❡r❡♥t ♠❡t❤♦❞s
❝❛♥ ❜❡ ✉s❡❞✳ ▼❡❤t❛ ❛♥❞ ❇r❛❞s❤❛✇ ❬✸✾❪ r❡♣♦rt t❤❛t t❤❡ ♠♦st ❝♦♠♠♦♥ ♠❡t❤♦❞ ✐s t♦
✐♥❝❧✉❞❡ s❝r❡❡♥s ✐♥ t❤❡ ❞✐✛✉s❡r✳ ❆ ❞❡s✐❣♥ r✉❧❡ ✇❛s ❢♦r♠✉❧❛t❡❞ ❜② t❤❡ s❛♠❡ ❛✉t❤♦rs ❢♦r
t❤❡ ✉s❛❣❡ ♦❢ s❝r❡❡♥s✳ ❋✐❣✉r❡ ❆✳✷ s❤♦✇s t❤❡ ♣♦ss✐❜❧❡ t♦t❛❧ ♦♣❡♥✐♥❣ ❛♥❣❧❡s ♦❢ ❛ ✇✐❞❡✲❛♥❣❧❡
❞✐✛✉s❡r ❢♦r ❞✐✛❡r❡♥t ❛r❡❛ r❛t✐♦s ❛♥❞ ❞✐✛❡r❡♥t ♥✉♠❜❡rs ♦❢ s❝r❡❡♥s✳ ❚❤❡ s❝r❡❡♥s s❤♦✉❧❞ ❜❡
s♣❛❝❡❞ ❡q✉❛❧❧② ✐♥s✐❞❡ t❤❡ ❞✐✛✉s❡r ❛❝❝♦r❞✐♥❣ t♦ ▼❡❤t❛ ❛♥❞ ❇r❛❞s❤❛✇ ❬✸✾❪ ✐❢ ♥♦ ♣♦s✐t✐♦♥ ♦❢
t❤❡ ❞✐✛✉s❡r ✐s ♠♦r❡ ♣r♦♥❡ t♦ s❡♣❛r❛t❡ t❤❛♥ t❤❡ ♦t❤❡rs✳ ❚❤❡ ✜rst s❝r❡❡♥ s❤♦✉❧❞ ♥♦r♠❛❧❧②
❜❡ ♣❧❛❝❡❞ ✈❡r② ❝❧♦s❡ t♦ t❤❡ ❡♥tr❛♥❝❡ ♦❢ t❤❡ ❞✐✛✉s❡r✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ t❤❡ r❛♣✐❞ ♦♣❡♥✐♥❣ ❛t
t❤❡ ❡♥tr❛♥❝❡ ♦❢t❡♥ ❧❡❛❞s t♦ s❡♣❛r❛t✐♦♥ ❛❧r❡❛❞②✳ ❖t❤❡r ♣❛ss✐✈❡ ♦♣t✐♦♥s ❛r❡ t♦ ✉s❡ s♣❧✐tt❡rs
♦r ✈❛♥❡s t♦ r❡❞✉❝❡ t❤❡ ❡✛❡❝t✐✈❡ ♦♣❡♥✐♥❣ ❛♥❣❧❡ ♦❢ t❤❡ ❞✐✛✉s❡r✳ ❆❧s♦ ✈♦rt❡① ❣❡♥❡r❛t♦rs
♦r s✉❝t✐♦♥ ❝❛♥ ❜❡ ✉s❡❞ t♦ ♣r❡✈❡♥t s❡♣❛r❛t✐♦♥✳ ❚❤♦s❡ ♠❡t❤♦❞s ❤♦✇❡✈❡r ❛r❡ ♠✉❝❤ ♠♦r❡
❝♦♠♣❧✐❝❛t❡❞✱ ❛❧s♦ ❜❡❝❛✉s❡ t❤❡② ❛r❡ ❛❝t✐✈❡ s②st❡♠s✳

✸✳✷✳✺ ❋❛♥

❚❤❡ ❡q✉❛t✐♦♥s t♦ ❝❛❧❝✉❧❛t❡ t❤❡ t♦t❛❧ ♣r❡ss✉r❡ ❧♦ss❡s ♦❢ t❤❡ ✇✐♥❞ t✉♥♥❡❧ ❛r❡ ❡①♣❧❛✐♥❡❞ ✐♥
❙❡❝t✐♦♥ ✸✳✹✳ ❆❞❞✐t✐♦♥❛❧❧② t♦ ❝♦♠♣❡♥s❛t✐♥❣ t❤❡ ♣r❡ss✉r❡ ❧♦ss❡s✱ t❤❡ ❢❛♥ ♠✉st ❛❧s♦ ❜❡ ❛❜❧❡

✷✶



✸ ▼❡t❤♦❞s

t♦ ❞❡❧✐✈❡r t❤❡ ♥❡❝❡ss❛r② ✈♦❧✉♠❡ ✢♦✇

V̇ = uA ✭✸✳✽✮

t❤r♦✉❣❤ t❤❡ ✇✐♥❞ t✉♥♥❡❧✳ ❋♦r ρ = const.✱ t❤❡ ✈♦❧✉♠❡ ✢♦✇ ✐s t❤❡ s❛♠❡ ✐♥ t❤❡ ✇❤♦❧❡
✇✐♥❞ t✉♥♥❡❧✳ ❚❤❡r❡❢♦r❡ ✐t ✐s ❡❛s✐❡st t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ♠❛①✐♠✉♠ ✈♦❧✉♠❡ ✢♦✇ ✇✐t❤ t❤❡
❝♦♥❞✐t✐♦♥s ❛t t❤❡ t❡st s❡❝t✐♦♥✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ t❤❡ ♠❛①✐♠✉♠ s♣❡❡❞ ❛t t❤❡ t❡st s❡❝t✐♦♥ ✐s
❛ r❡q✉✐r❡♠❡♥t ❢♦r t❤❡ ✇✐♥❞ t✉♥♥❡❧ ❛♥❞ t❤❡ ❝r♦ss✲s❡❝t✐♦♥❛❧ ❛r❡❛ ♦❢ t❤❡ t❡st s❡❝t✐♦♥ ♥❡❡❞s
t♦ ❜❡ ❦♥♦✇♥ ❜❡❢♦r❡ ❜❡✐♥❣ ❛❜❧❡ t♦ ❞❡s✐❣♥ t❤❡ ♦t❤❡r ❝♦♠♣♦♥❡♥ts✳
❉✐✛❡r❡♥t ❢❛♥ ♦♣t✐♦♥s ❝❛♥ ❜❡ ✉s❡❞ t♦ ❝♦♠♣❡♥s❛t❡ ❢♦r t❤❡ ♣r❡ss✉r❡ ❧♦ss❡s ❛♥❞ ❞❡❧✐✈❡r t❤❡

♥❡❝❡ss❛r② ✈♦❧✉♠❡ ✢♦✇✳ ❋♦r t❤✐s t❤❡s✐s✱ t❤r❡❡ ♣♦ss✐❜❧❡ ❢❛♥ s❡❝t✐♦♥ ❞❡s✐❣♥s ❛r❡ ❞❡s❝r✐❜❡❞✳
❚❤❡ ✜rst ♦♥❡ ✐s t❤❡ ✉s❡ ♦❢ ❛ ❝❡♥tr✐❢✉❣❛❧ ❜❧♦✇❡r✳ ▼❡❤t❛ ❛♥❞ ❇r❛❞s❤❛✇ ❬✸✾❪ ❞❡s❝r✐❜❡

t❤❡ ❛❞✈❛♥t❛❣❡ ♦❢ ❝❡♥tr✐❢✉❣❛❧ ❢❛♥s t♦ ❜❡ t❤❛t t❤❡✐r ♣❡r❢♦r♠❛♥❝❡ ✐s t②♣✐❝❛❧❧② ♠♦r❡ st❛❜❧❡
♦✈❡r ❛ ✇✐❞❡r r❛♥❣❡ ♦❢ ❧♦❛❞s✳ ❆♥♦t❤❡r ❛r❣✉♠❡♥t ❢♦r ❝❡♥tr✐❢✉❣❛❧ ❜❧♦✇❡rs ✐s t❤❛t t❤❡ s❤❛♣❡
♦❢ t❤❡ ❡①✐t ❝❛♥ ✈❛r② ❛♥❞ ❜❡ ❡✐t❤❡r r❡❝t❛♥❣✉❧❛r ♦r sq✉❛r❡✳ ❚❤✐s ✐s ❛♥ ❛❞✈❛♥t❛❣❡ ❛s ❛
❝❤❛♥❣❡ ♦❢ s❤❛♣❡ ♥❡❡❞s t♦ t❛❦❡ ♣❧❛❝❡ ✐❢ t❤❡ ❢❛♥ ❛♥❞ t❤❡ t❡st s❡❝t✐♦♥ ❤❛✈❡ ❞✐✛❡r❡♥t s❤❛♣❡s✳
❙✉❝❤ ❛ ❝❤❛♥❣❡ ♦❢ s❤❛♣❡ ❝❛♥ ✐♥tr♦❞✉❝❡ ♣r♦❜❧❡♠s ✇✐t❤ t❤❡ ✢♦✇ q✉❛❧✐t② ❛♥❞ ❡✈❡♥ ❧❡❛❞ t♦
s❡♣❛r❛t✐♦♥✳ ❚❤❡ ❜✐❣❣❡st ❛r❣✉♠❡♥t ❛❣❛✐♥st t❤❡ ✉s❡ ♦❢ ❛ ❝❡♥tr✐❢✉❣❛❧ ❜❧♦✇❡r ✐s t❤❛t t❤❡②
♥❡❡❞ ❛ ❧♦t ♦❢ s♣❛❝❡✳ ❖❢t❡♥ t❤❡ ❧❡♥❣t❤ ♦❢ ❛ ❝❡♥tr✐❢✉❣❛❧ ❜❧♦✇❡r ✐s ❛❜♦✉t t✇♦ t✐♠❡s t❤❡
❧❡♥❣t❤ ♦❢ ❛♥ ❛①✐❛❧ ❢❛♥ ✇✐t❤ ❝♦♠♣❛r❛❜❧❡ ♣♦✇❡r✳
❚❤❡ s❡❝♦♥❞ ♦♣t✐♦♥ ✐s t❤❡ ✉s❡ ♦❢ ♦♥❡ ❛①✐❛❧ ❢❛♥✳ ❆❝❝♦r❞✐♥❣ t♦ ❙❛✈✐♦ ❙r❧ ❬✹✵❪✱ ❛①✐❛❧ ❢❛♥s

❛r❡ t②♣✐❝❛❧❧② s♠❛❧❧❡r✱ ❧✐❣❤t❡r✱ ❛♥❞ ❧❡ss ❡①♣❡♥s✐✈❡ t❤❛♥ ❝❡♥tr✐❢✉❣❛❧ ❜❧♦✇❡rs✳ ❆❞❞✐t✐♦♥❛❧❧②✱
❛❝❝♦r❞✐♥❣ t♦ t❤✐s s♦✉r❝❡✱ ♥♦ ❞✐r❡❝t ✐♠♣❛❝t ♦❢ t❤❡ ❝❤♦✐❝❡ ♦❢ t❤❡ ❢❛♥ ♦♥ t❤❡ ✢♦✇ q✉❛❧✐t② ❝❛♥
❜❡ s❡❡♥✳ ❆s ❛①✐❛❧ ❢❛♥s ❛r❡ ❛❧✇❛②s ❝✐r❝✉❧❛r✱ t❤❡② ✜t ❣♦♦❞ ❢♦r ❝✐r❝✉❧❛r ✇✐♥❞ t✉♥♥❡❧s ❛♥❞
❝❛♥ ❛❧s♦ ❜❡ ✐♥tr♦❞✉❝❡❞ ✐♥t♦ sq✉❛r❡ ♦♥❡s ✇✐t❤♦✉t ♠❛♥② ♣r♦❜❧❡♠s✳ ■❢ ❛①✐❛❧ ❢❛♥s s❤❛❧❧ ❜❡
✐♥❝❧✉❞❡❞ ✐♥ ✇✐♥❞ t✉♥♥❡❧s ✇✐t❤ r❡❝t❛♥❣✉❧❛r ❝r♦ss✲s❡❝t✐♦♥s✱ ✐t r❡q✉✐r❡s ♠♦r❡ ❡✛♦rt ❤♦✇❡✈❡r✱
❛s ❛ ❝❤❛♥❣❡ ♦❢ s❤❛♣❡ ♥❡❡❞s t♦ t❛❦❡ ♣❧❛❝❡ ❜❡t✇❡❡♥ t❤❡ t❡st s❡❝t✐♦♥ ❛♥❞ t❤❡ ❢❛♥✳
❚❤❡ t❤✐r❞ ♣♦ss✐❜✐❧✐t② ✐s t❤❡ ✉s❡ ♦❢ ♠✉❧t✐♣❧❡ ❛①✐❛❧ ❢❛♥s ❛s ♣r♦♣♦s❡❞ ❜② ❍❡r♥á♥❞❡③

❡t ❛❧✳ ❬✹✶❪✳ ❖♥❡ ♦❢ t❤❡ ❛❞✈❛♥t❛❣❡s ♦❢ t❤✐s ♦♣t✐♦♥ ✐s t❤❛t s♠❛❧❧❡r ❢❛♥s ❝❛♥ ❜❡ ❝❤♦s❡♥✳
❚❤✐s ❞❡❝r❡❛s❡s t❤❡ ❝♦sts ❢♦r t❤❡ ❢❛♥s✳ ❆❞❞✐t✐♦♥❛❧❧② s♠❛❧❧❡r ❢❛♥s ✐♥ ❞✐❛♠❡t❡r ❛r❡ ♥♦r♠❛❧❧②
❛❧s♦ s❤♦rt❡r ✐♥ ❧❡♥❣t❤✳ ❚❤❡r❡❢♦r❡ ♣r♦❜❛❜❧② ❧❡ss s♣❛❝❡ ✇♦✉❧❞ ❜❡ ♥❡❡❞❡❞ ❝♦♠♣❛r❡❞ t♦ t❤❡
♦t❤❡r ♦♣t✐♦♥s✳ ❆♥♦t❤❡r ❛❞✈❛♥t❛❣❡ ✐s t❤❛t ❞❡s✐❣♥s ✇✐t❤ ❞✐✛❡r❡♥t ❛♠♦✉♥ts ♦❢ ❢❛♥s ✐♥ ❡❛❝❤
❞✐r❡❝t✐♦♥ ❛r❡ ♣♦ss✐❜❧❡✳ ❍❡♥❝❡✱ ❛❧s♦ ❛ r❡❝t❛♥❣✉❧❛r ❢❛♥ s❡❝t✐♦♥ s❤❛♣❡ ❝❛♥ ❜❡ ❛❝❤✐❡✈❡❞✳
❍♦✇❡✈❡r✱ t❤❡r❡ ✐s ♦♥❡ ❜✐❣ ❞✐s❛❞✈❛♥t❛❣❡✳ ❲✐t❤ t❤❡ ✉s❡ ♦❢ ♠✉❧t✐♣❧❡ ❢❛♥s✱ t❤❡ ✉♥✐❢♦r♠✐t② ♦❢
t❤❡ ✢♦✇ ♠✐❣❤t ❜❡ ❛✛❡❝t❡❞ ♥❡❣❛t✐✈❡❧②✳ ▼♦st ♦❢ t❤❡ t✐♠❡ ✇❤❡♥ ♠✉❧t✐♣❧❡ ❢❛♥s ❛r❡ ✉s❡❞✱ t❤❡②
❛r❡ ♣❧❛❝❡❞ ❞♦✇♥str❡❛♠ ♦❢ t❤❡ t❡st s❡❝t✐♦♥✳ ❚❤✐s ♥♦r♠❛❧❧② ❤❛s ❧♦✇❡r ✐♥✢✉❡♥❝❡s ♦♥ t❤❡ ✢♦✇
q✉❛❧✐t② ✐♥s✐❞❡ t❤❡ t❡st s❡❝t✐♦♥✳ ■♥ ♦✉r ❝❛s❡✱ t❤❡ ❢❛♥ ✐s ♣❧❛❝❡❞ ✉♣str❡❛♠ ♦❢ t❤❡ t❡st s❡❝t✐♦♥✳
❚❤❡r❡❢♦r❡ s❤♦rt❝♦♠✐♥❣s ✐♥ ✢♦✇ q✉❛❧✐t② ♦r ✢♦✇ ✉♥✐❢♦r♠✐t② ♠❛② ❤❛✈❡ ❛ ❤✉❣❡ ❞♦✇♥str❡❛♠
✐♥✢✉❡♥❝❡ ❛♥❞ ❞❡❝r❡❛s❡ t❤❡ q✉❛❧✐t② ♦❢ t❤❡ ♠❡❛s✉r❡♠❡♥ts ✐♥s✐❞❡ t❤❡ t❡st s❡❝t✐♦♥ str♦♥❣❧②✳

✸✳✷✳✻ ❉✐✛✉s❡r

❆s ❛❧r❡❛❞② ♠❡♥t✐♦♥❡❞ t❤❡ t❛s❦ ♦❢ t❤❡ ❡①✐t ❞✐✛✉s❡r ✐s t♦ ❡♥s✉r❡ ❛ ❣♦♦❞ ♣r❡ss✉r❡ r❡❝♦✈❡r②✳
❋❧♦✇ s❡♣❛r❛t✐♦♥ ❝❛♥ ♠❛②❜❡ ❜❡ ❛❝❝❡♣t❡❞ ✉♥t✐❧ ❛ ❝❡rt❛✐♥ ❞❡❣r❡❡✳ ❚❤✐s ✐s ✇❤② ❇❛r❧♦✇ ❡t ❛❧✳

✷✷
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❬✷✵❪ r❡❝♦♠♠❡♥❞ ❛♥ ❡q✉✐✈❛❧❡♥t ❝♦♥✐❝❛❧ ❛♥❣❧❡

θe = arctan

(

r2 − r1
L

)

= arctan

(

1

2

√
AR− 1

L/d1

)

✭✸✳✾✮

❜❡t✇❡❡♥ 2◦ ❛♥❞ 3.5◦✳ ❚❤❡ ❤②❞r❛✉❧✐❝ r❛❞✐✐ ri ❛♥❞ ❤②❞r❛✉❧✐❝ ❞✐❛♠❡t❡rs di ❛r❡ ♠❡❛s✉r❡❞ ❛t
t❤❡ ❡♥tr❛♥❝❡ ♣♦s✐t✐♦♥ 1 ❛♥❞ t❤❡ ❡①✐t ♣♦s✐t✐♦♥ 2 ♦❢ t❤❡ ❞✐✛✉s❡r✳ ❚❤❡ r❡❝♦♠♠❡♥❞❡❞ ❛r❡❛
r❛t✐♦ ♦❢ t❤❡ ❞✐✛✉s❡r ✐s ❜❡t✇❡❡♥ ✷ ❛♥❞ ✸✳ ❚❤❡ r❡s✉❧t✐♥❣ ❞✐✛✉s❡r ❧❡♥❣t❤ s❤♦✉❧❞ ❜❡ ❛❜♦✉t ✸
♦r ✹ t✐♠❡s t❤❡ t❡st s❡❝t✐♦♥ ❧❡♥❣t❤✳ ❲❤✐❧❡ t❤♦s❡ r❡❝♦♠♠❡♥❞❛t✐♦♥s ❛♥❞ r✉❧❡s ❛r❡ ❞❡✈❡❧♦♣❡❞
❢♦r ❝❧♦s❡❞✲r❡t✉r♥ t✉♥♥❡❧s✱ ✇✐t❤ ❛ s♠❛❧❧ s❛❢❡t② ♠❛r❣✐♥ t❤❡② ❝❛♥ ❛❧s♦ ❜❡ ❛♣♣❧✐❡❞ ❢♦r ♦♣❡♥✲
r❡t✉r♥ ✇✐♥❞ t✉♥♥❡❧s✳ ❚❤❡ ❝r♦ss✲s❡❝t✐♦♥❛❧ s❤❛♣❡ ♦❢ t❤❡ ❞✐✛✉s❡r ✐s ♥♦t t♦♦ ✐♠♣♦rt❛♥t✱
❛❧t❤♦✉❣❤ ❛ ❝r♦ss✲s❡❝t✐♦♥ ✇✐t❤ ❝♦r♥❡rs ♠✐❣❤t ✐♥❝r❡❛s❡ t❤❡ r✐s❦ ♦❢ s❡♣❛r❛t✐♦♥ ❛ ❧✐tt❧❡ ❜✐t✳

✸✳✸ ❉r♦♣❧❡ts ✐♥s✐❞❡ t❤❡ t✉♥♥❡❧

❆s ❡①♣❧❛✐♥❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s ❝❤❛♣t❡r✱ ❞r♦♣❧❡t ❝❧♦✉❞s ♥♦r♠❛❧❧② ❝♦♥t❛✐♥ ❛ r❛♥❣❡ ♦❢ ❞✐✛❡r❡♥t
❞r♦♣❧❡t s✐③❡s✳ ❚❤❡ ❞✐str✐❜✉t✐♦♥ ♥❡❡❞s t♦ ❜❡ ❦♥♦✇♥ t♦ ❞♦ ❝❛❧❝✉❧❛t✐♦♥s ❢♦r ❝❡rt❛✐♥ ▼❱❉s✳
❖t❤❡r✇✐s❡✱ t❤❡ ❞✐✛❡r❡♥t ❜❡❤❛✈✐♦r ♦❢ ❞r♦♣❧❡ts ✇✐t❤ ❛ s♠❛❧❧❡r ♦r ❜✐❣❣❡r ❞✐❛♠❡t❡r t❤❛♥ t❤❡
▼❱❉ ✇✐❧❧ ♥♦t ❜❡ ❝♦♥s✐❞❡r❡❞✳ ❚❤✐s ✇♦✉❧❞ ❧❡❛❞ t♦ ❡rr♦rs ✐❢ t❤❡ r❡s✉❧ts ❛r❡ ❝♦♠♣❛r❡❞ t♦ r❡❛❧✲
❧✐❢❡ ❡①♣❡r✐♠❡♥ts✳ ❆❝❝♦r❞✐♥❣ t♦ ●❡♥t ❡t ❛❧✳ ❬✶✽❪✱ t❤❡ ♠♦st ❝♦♠♠♦♥ ❛♣♣r♦❛❝❤ t♦ r❡❜✉✐❧❞✐♥❣
t❤❡ ❞✐str✐❜✉t✐♦♥ t❤❛t ♦❝❝✉rs ✐♥ ♥❛t✉r❡ ✐s t❤❡ ▲❛♥❣♠✉✐r ❉ ❞✐str✐❜✉t✐♦♥✳ ❚❤❡s❡ ❛✉t❤♦rs
❛❧s♦ st❛t❡ t❤❛t t❤✐s ❞✐str✐❜✉t✐♦♥ ✐s ✇❡❧❧ s✉✐t❡❞ t♦ ❝♦✈❡r t❤❡ t②♣✐❝❛❧ ❞r♦♣❧❡t ❞✐str✐❜✉t✐♦♥
♦❢ ❛ s♣r❛② s②st❡♠ ♦❢ ❛♥ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧✳ ❚❤❡ ❞✐str✐❜✉t✐♦♥ ♦❢ ❞r♦♣❧❡t s✐③❡s ❛❝❝♦r❞✐♥❣
t♦ ▲❛♥❣♠✉✐r ❉ ✐s s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✸✳✶✳ ❍❡♥❝❡✱ t❤❡ ❜✐❣❣❡st ❞r♦♣❧❡ts ✇✐❧❧ ❜❡ ❛❜♦✉t 2.22
t✐♠❡s ❜✐❣❣❡r t❤❛♥ t❤❡ ▼❱❉✳ ❚❤✐s ✐s ✇❤② s✐♠✉❧❛t✐♦♥s ❛r❡ ❞♦♥❡ ✇✐t❤ ✇❛② ❜✐❣❣❡r ❞r♦♣❧❡t
❞✐❛♠❡t❡rs t❤❛♥ t❤❡ ▼❱❉s t❤❛t ❛r❡ ♥❡❝❡ss❛r② ❢♦r ♦❜t❛✐♥✐♥❣ ✢✐❣❤t ❛❧❧♦✇❛♥❝❡ ❜② t❤❡ ❊❆❙❆✳
❚❤❡ t❡♠♣❡r❛t✉r❡ ♦❢ ❞r♦♣❧❡ts ✇❤❡♥ t❤❡② ❛r❡ ✐♥❥❡❝t❡❞ ✐♥t♦ t❤❡ ✇✐♥❞ t✉♥♥❡❧ ✇✐❧❧ ❜❡

❞✐✛❡r❡♥t ❢r♦♠ t❤❡ t❡♠♣❡r❛t✉r❡ t❤❡ ❞r♦♣❧❡ts s❤❛❧❧ ❤❛✈❡ ✇❤❡♥ r❡❛❝❤✐♥❣ t❤❡ t❡st ♦❜❥❡❝t✳
❚❤❡ s❛♠❡ ✇✐❧❧ ✉s✉❛❧❧② ❜❡ tr✉❡ ❢♦r t❤❡ ✈❡❧♦❝✐t② ♦❢ t❤❡ ❞r♦♣❧❡ts✳ ❚❤❡r❡❢♦r❡ ❝❛❧❝✉❧❛t✐♦♥s ♦♥
t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡ ❞r♦♣❧❡t ✈❡❧♦❝✐t② ❛♥❞ t❡♠♣❡r❛t✉r❡ ♥❡❡❞ t♦ ❜❡ ❞♦♥❡✳

❞✐❛♠❡t❡r✴▼❱❉ ❢r❛❝t✐♦♥ ♦❢ ▲❲❈ ❬%❪

0.31 5
0.52 10
0.71 20
1.00 30
1.37 20
1.74 10
2.22 5

❚❛❜❧❡ ✸✳✶✿ ❉r♦♣❧❡t s✐③❡ ❞✐str✐❜✉t✐♦♥ ✇✐t❤ t❤❡ ▲❛♥❣♠✉✐r ❉ ❞✐str✐❜✉t✐♦♥ ❛❝❝♦r❞✐♥❣ t♦ ▲❛♥❣✲
♠✉✐r ❛♥❞ ❇❧♦❞❣❡tt ❬✹✷❪✳
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✸✳✸✳✶ ❉r♦♣❧❡t ✈❡❧♦❝✐t② ❛♥❞ tr❛❥❡❝t♦r✐❡s

❚❤❡ ✈❡❧♦❝✐t② ♦❢ ❛ ❞r♦♣❧❡t ✐♥s✐❞❡ t❤❡ ✇✐♥❞ t✉♥♥❡❧ ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ✇✐t❤ t❤❡ ❡q✉❛t✐♦♥s ♦❢
♠♦t✐♦♥s✳ ❋♦r ❛ s✐♥❣❧❡ ❞r♦♣❧❡t✱ t❤❡ ❡q✉❛t✐♦♥ ♦❢ ♠♦t✐♦♥ ❜❡❝♦♠❡s

md
d~u

dt
= −md~g +

1

2
ρairAdcD |~u− ~v| (~v − ~u) ✭✸✳✶✵✮

❛❝❝♦r❞✐♥❣ t♦ ●❛t❡s ❡t ❛❧✳ ❬✶✹❪✳ ❚❤❡ s❛♠❡ ❛✉t❤♦rs ❛❧s♦ st❛t❡ t❤❛t t❤❡ ❞r♦♣❧❡ts ❝❛♥ ❜❡
❛ss✉♠❡❞ t♦ ❜❡ r✐❣✐❞ s♣❤❡r❡s✳ ❚❤❡r❡❢♦r❡ t❤❡✐r ♠❛ss ✐s

md = 4/3πr3dρd. ✭✸✳✶✶✮

❚❤❡ s❡❝♦♥❞ t❡r♠ ♦♥ t❤❡ ❧❡❢t s✐❞❡ ✐s t❤❡ t✐♠❡ ❞❡r✐✈❛t✐✈❡ ♦❢ t❤❡ ❞r♦♣❧❡t ✈❡❧♦❝✐t② ~u✳ ❚❤❡ ✜rst
t❡r♠ ♦♥ t❤❡ r✐❣❤t s✐❞❡ ❞❡♥♦t❡s t❤❡ ❣r❛✈✐t❛t✐♦♥❛❧ ❢♦r❝❡s✳ ●r❛✈✐t❛t✐♦♥ ✐s ❥✉st r❡❧❡✈❛♥t ❢♦r
t❤❡ ❞✐r❡❝t✐♦♥ ♣♦✐♥t✐♥❣ t♦✇❛r❞s ❡❛rt❤✳ ❚❤❡♥ t❤❡ ❣r❛✈✐t❛t✐♦♥ g = 9.81m s−2 ✐s ❛❝t✐✈❡✳ ❚❤❡
s❡❝♦♥❞ t❡r♠ ♦♥ t❤❡ r✐❣❤t s✐❞❡ ❞❡s❝r✐❜❡s t❤❡ ❞r❛❣ ❢♦r❝❡s✳ ❚❤❡ ❞r❛❣ ❢♦r❝❡ ❞❡♣❡♥❞s ♦♥ t❤❡
❞✐✛❡r❡♥❝❡ ♦❢ t❤❡ ✈❡❧♦❝✐t② ♦❢ t❤❡ ❞r♦♣❧❡ts ~u ❛♥❞ t❤❡ ✈❡❧♦❝✐t② ♦❢ t❤❡ ❛✐r ~v✳ ❚❤❡ ♣r♦❥❡❝t❡❞
❛r❡❛ ♦❢ t❤❡ ❞r♦♣❧❡t

Ad = πr2 = 0.25πd2 ✭✸✳✶✷✮

✐s t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t ❛s ✇❡❧❧ ❛s t❤❡ ❞r❛❣ ❝♦❡✣❝✐❡♥t cD✳ ❆s ✇❛t❡r ❞r♦♣❧❡ts ✐♥ ✐❝✐♥❣ ✇✐♥❞
t✉♥♥❡❧s ❝❛♥ ✉s✉❛❧❧② ❜❡ ❛ss✉♠❡❞ t♦ ❜❡ r✐❣✐❞ s♣❤❡r❡s✱ t❤❡ ❡q✉❛t✐♦♥ ♦❢ ▼♦rr✐s♦♥ ❬✹✸❪ ❢♦r t❤❡
❞r❛❣ ❝♦❡✣❝✐❡♥t

cD =
24

Re
+

2.6
(

Re
5.0

)

1 +
(

Re
5.0

)1.52 +
0.411

(

Re
2.63·105

)

−7.94

1 +
(

Re
2.63·105

)

−8.00 +
0.25

(

Re
106

)

1 +
(

Re
106

) ✭✸✳✶✸✮

❝❛♥ ❜❡ ✉s❡❞ ✐♥ t❤✐s ❝❛s❡✳ ❚❤❡ ✈❡❧♦❝✐t② ✐♥ t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ❘❡②♥♦❧❞s ♥✉♠❜❡r ✐s t❤❡
✈❡❧♦❝✐t② ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❛✐r ❛♥❞ ❞r♦♣❧❡t✳ ❇❛♥s♠❡r ❡t ❛❧✳ ❬✸✶❪ ❛❧s♦ ❝❛❧❝✉❧❛t❡❞ t❤❡ s♣❡❡❞
♦❢ ❞r♦♣❧❡ts ❞✉r✐♥❣ t❤❡✐r ✇✐♥❞ t✉♥♥❡❧ ❞❡s✐❣♥✳ ❍♦✇❡✈❡r✱ t❤❡② ✉s❡❞ ❛ ❞✐✛❡r❡♥t ❡q✉❛t✐♦♥ t♦
❝❛❧❝✉❧❛t❡ t❤❡ ❞r❛❣ ❝♦❡✣❝✐❡♥t✳ ❆ ❝♦♠♠❡♥t ❛❜♦✉t t❤❡✐r ❝❤♦✐❝❡ ❛♥❞ t❤❡ ✐♥✢✉❡♥❝❡ ❝❛♥ ❜❡
❢♦✉♥❞ ♦♥ t❤❡ ❈❉✳
❚♦ s♦❧✈❡ ❡q✉❛t✐♦♥ ✸✳✶✵✱ t❤❡ ✈❡❧♦❝✐t② ♦❢ t❤❡ ❛✐r ♥❡❡❞s t♦ ❜❡ ❦♥♦✇♥✳ ■❢ t❤❡ ❝♦♥t♦✉r ♦❢

t❤❡ ♥♦③③❧❡ ✐s ❦♥♦✇♥✱ ❛❧s♦ t❤❡ ❝r♦ss✲s❡❝t✐♦♥❛❧ ❛r❡❛ ♦❢ t❤❡ ♥♦③③❧❡ ✐s ❦♥♦✇♥ ❛t ❡❛❝❤ ♣♦s✐t✐♦♥✳
❲✐t❤ t❤✐s ✐♥❢♦r♠❛t✐♦♥ ❛♥❞ t❤❡ ❝♦♥t✐♥✉✐t② ❡q✉❛t✐♦♥✱ t❤❡ ✈❡❧♦❝✐t② ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞✳ ❆s
t❤❡ ✇✐♥❞ t✉♥♥❡❧ ✇✐❧❧ ♦♣❡r❛t❡ ❛t ❧♦✇ ▼❛❝❤ ♥✉♠❜❡rs✱ t❤❡ ❞❡♥s✐t② ❝❛♥ ❜❡ ❛ss✉♠❡❞ t♦ ❜❡
❝♦♥st❛♥t✳ ❚❤❡r❡❢♦r❡ t❤❡ ❡q✉❛t✐♦♥ ❝❛♥ ❜❡ s✐♠♣❧✐✜❡❞ ❛♥❞ ❥✉st t❤❡ ✈❡❧♦❝✐t② ❛t ♦♥❡ s♣♦t
♥❡❡❞s t♦ ❜❡ ❦♥♦✇♥✳ ❚❤❡ ❛✐r s♣❡❡❞ ❛t t❤❡ t❡st s❡❝t✐♦♥ ✐s ✉s✉❛❧❧② t❤❡ t❛r❣❡t ✈❡❧♦❝✐t② ♦❢ t❤❡
❞r♦♣❧❡ts✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ t❤❡ ❞r♦♣❧❡ts ❛❞❥✉st ❛s②♠♣t♦t✐❝❛❧❧② t♦ t❤❡ ❛✐r s♣❡❡❞✳ ❆s t❤❡
✈❡❧♦❝✐t② ♦❢ t❤❡ ❛✐r ❛t t❤❡ ❡①✐t ♦❢ t❤❡ ♥♦③③❧❡ ✐s t❤❡ s❛♠❡ ❛s ✐♥s✐❞❡ t❤❡ t❡st s❡❝t✐♦♥✱ t❤❡ ❛✐r
s♣❡❡❞ ❛t ❡❛❝❤ ♣♦s✐t✐♦♥ ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ✇✐t❤

v (x) =
vTSATS

A (x)
. ✭✸✳✶✹✮

❚❤❡ ❡q✉❛t✐♦♥ ♦❢ ♠♦t✐♦♥ ✐s ❛ ❞✐✛❡r❡♥t✐❛❧ ❡q✉❛t✐♦♥✳ ❇♦t❤ t❤❡ ❞❡r✐✈❛t✐✈❡ ♦❢ t❤❡ ❞r♦♣❧❡t
✈❡❧♦❝✐t② ❛♥❞ t❤❡ ❞r♦♣❧❡t ✈❡❧♦❝✐t② ❛r❡ ✐♥❝❧✉❞❡❞ ❛s ✇❡❧❧ ❛s t❤❡ ❞r❛❣ ❝♦❡✣❝✐❡♥t t❤❛t ❛❧s♦

✷✹
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❞❡♣❡♥❞s ♦♥ t❤❡ ❞r♦♣❧❡t ✈❡❧♦❝✐t②✳ ❚❤❡r❡❢♦r❡ ❛♥ ❡❛s② ❛♥❛❧②t✐❝❛❧ s♦❧✉t✐♦♥ ✐s ♥♦t ♣♦ss✐✲
❜❧❡✳ ❍♦✇❡✈❡r✱ t❤❡ ❞❡r✐✈❛t✐✈❡s ❝❛♥ ❜❡ ❛ss✉♠❡❞ t♦ ❜❡ ❞✐✛❡r❡♥❝❡s✳ ❲✐t❤ t❤✐s st❡♣ ❛♥❞ ❛
r❡❛rr❛♥❣❡♠❡♥t ♦❢ t❤❡ ❞✐✛❡r❡♥t t❡r♠s✱ t❤❡ ❡q✉❛t✐♦♥ ♦❢ ♠♦t✐♦♥s ❝❛♥ ❜❡ ❢♦r♠✉❧❛t❡❞ ❛s✿

∆u =
1

2
ρair

Ad

md

cD |~u− ~v| (~v − ~u)∆t. ✭✸✳✶✺✮

◆♦✇ ❛ t✐♠❡✲st❡♣ ♣r♦❝❡❞✉r❡ ❝❛♥ ❜❡ ✉s❡❞✳ ❊q✉❛t✐♦♥ ✸✳✶✺ ✐s s♦❧✈❡❞ ❢♦r ❡✈❡r② t✐♠❡ st❡♣ ❛♥❞
t❤❡ ♥❡✇ ✈❡❧♦❝✐t② ✐s s✉♠♠❡❞ ✉♣ ❜② t❤❡ ♦❧❞ ✈❡❧♦❝✐t② ❛♥❞ t❤❡ ♥❡✇ ❝❛❧❝✉❧❛t❡❞ ∆u✳ ❚❤❡
r❡q✉✐r❡❞ ✈❛❧✉❡s ❢♦r t❤❡ ❞r♦♣❧❡t ✈❡❧♦❝✐t② ♦♥ t❤❡ r✐❣❤t s✐❞❡ ♦❢ t❤❡ ❡q✉❛t✐♦♥ ❝❛♥ ❥✉st ❜❡
t❛❦❡♥ ❢r♦♠ t❤❡ ❧❛st t✐♠❡ st❡♣✳ ❚❤❡ ❞r♦♣❧❡t ✈❡❧♦❝✐t② ❛t t❤❡ ✜rst t✐♠❡ st❡♣ ✐s t❤❡ ✈❡❧♦❝✐t②
t❤❛t t❤❡ ❞r♦♣❧❡ts ❤❛✈❡ ✇❤❡♥ t❤❡② ❧❡❛✈❡ t❤❡ s♣r❛② ♥♦③③❧❡✳ ❚❤❡ ❞r♦♣❧❡t ✈❡❧♦❝✐t② ❛t t❤❡
s♣r❛② ♥♦③③❧❡ ❡①✐t ❝❛♥ r♦✉❣❤❧② ❜❡ ❝❛❧❝✉❧❛t❡❞ ✉s✐♥❣ t❤❡ ❇❡r♥♦✉❧❧✐ ❧❛✇ ❛❝❝♦r❞✐♥❣ t♦ t❤❡
♠❛♥✉❢❛❝t✉r❡r ♦❢ s♣r❛② ♥♦③③❧❡s P◆❘ ❬✹✹❪✳ ■t ❢♦❧❧♦✇s t❤❛t t❤❡ ✐♥✐t✐❛❧ ❞r♦♣❧❡t ✈❡❧♦❝✐t②

u =

√

2

ρ
pInlet ✭✸✳✶✻✮

❥✉st ❞❡♣❡♥❞s ♦♥ t❤❡ ❞❡♥s✐t② ρ ❛♥❞ t❤❡ ♣r❡ss✉r❡ pInlet ❛t t❤❡ ✐♥❧❡t t♦ t❤❡ s♣r❛② ♥♦③③❧❡✳
❋♦r s♣r❛② ♥♦③③❧❡s t❤❛t ✉s❡ ❛✐r ❛♥❞ ✇❛t❡r✱ ρ ✐s t❤❡ ❞❡♥s✐t② ♦❢ t❤❡ ♠✐①t✉r❡✳
❚❤❡r❡❢♦r❡ ❡✈❡r② ✐♥❢♦r♠❛t✐♦♥ ✐s ❣✐✈❡♥ t❤❛t ✐s ♥❡❝❡ss❛r② t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ✈❡❧♦❝✐t② ♦❢ t❤❡

❞r♦♣❧❡t✳ ❚♦ ❝❛❧❝✉❧❛t❡ t❤❡ ❝♦♠♣❧❡t❡ tr❛❥❡❝t♦r✐❡s✱ t❤❡ ❡q✉❛t✐♦♥ ♦❢ ♠♦t✐♦♥ ✸✳✶✺ ✐s s♦❧✈❡❞
❛❣❛✐♥✱ ❜✉t t❤✐s t✐♠❡ ✐♥ ②✲ ❛♥❞ ③✲❞✐r❡❝t✐♦♥✳ ❚❤✐s ✐s ❞♦♥❡ t♦ ❝❤❡❝❦ ✐❢ ❞r♦♣❧❡ts ✇♦✉❧❞ ❤✐t
t❤❡ ✇❛❧❧ ❜❡❢♦r❡ r❡❛❝❤✐♥❣ t❤❡ t❡st s❡❝t✐♦♥ ❛♥❞ ❤♦✇ t❤❡② ❞✐str✐❜✉t❡ ✐♥s✐❞❡ t❤❡ t❡st s❡❝t✐♦♥✳

✸✳✸✳✷ ❉r♦♣❧❡t t❡♠♣❡r❛t✉r❡

❚❤❡ t❡♠♣❡r❛t✉r❡ ♦❢ t❤❡ ❞r♦♣❧❡ts ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ t❤❡ ✜rst ❧❛✇ ♦❢ t❤❡r♠♦❞②♥❛♠✐❝s✳
❚❤✐s r❡s✉❧ts ❢♦r t❤❡ ♣r❡s❡♥t ❝❛s❡ ✐♥ t❤❡ ❡q✉❛t✐♦♥

Ė = Q̇C + Q̇R + Q̇E ✭✸✳✶✼✮

✇❤✐❝❤ ❝♦♥t❛✐♥s ❢♦✉r t❡r♠s✳ ❚❤❡ t❡r♠ ♦♥ t❤❡ ❧❡❢t ✐s t❤❡ ❝❤❛♥❣❡ ♦❢ t❤❡ ❞r♦♣❧❡t✬s ✐♥t❡r♥❛❧
❡♥❡r❣② ♦✈❡r t✐♠❡

Ė =
4

3
πr3dρdcv

dTd

dt
✭✸✳✶✽✮

✇✐t❤ t❤❡ s♣❡❝✐✜❝ ❤❡❛t ❝❛♣❛❝✐t② ❛t ❝♦♥st❛♥t ✈♦❧✉♠❡ cv ❛♥❞ t❤❡ ❞r♦♣❧❡t t❡♠♣❡r❛t✉r❡ Td✳
❚❤❡ ✜rst t❡r♠ ♦♥ t❤❡ r✐❣❤t ❤❛♥❞ s✐❞❡ ✐s t❤❡ r❛t❡ ♦❢ ❤❡❛t tr❛♥s❢❡r ❞✉❡ t♦ ❝♦♥✈❡❝t✐♦♥

Q̇C = 4πrdk (Ta − Td)
Nu

2
✭✸✳✶✾✮

✇✐t❤ t❤❡ t❤❡r♠❛❧ ❝♦♥❞✉❝t✐✈✐t② ♦❢ ❛✐r k✱ t❤❡ ❛♠❜✐❡♥t t❡♠♣❡r❛t✉r❡ Ta✱ ❛♥❞ t❤❡ ◆✉ss❡❧t
♥✉♠❜❡r Nu✳ ❚❤❡ ◆✉ss❡❧t ♥✉♠❜❡r ✐s ❛ ❞✐♠❡♥s✐♦♥❧❡ss q✉❛♥t✐t② t❤❛t ❞❡s❝r✐❜❡s t❤❡ ❤❡❛t
tr❛♥s❢❡r ❜❡t✇❡❡♥ ❛ ❜♦❞② ❛♥❞ t❤❡ s✉rr♦✉♥❞✐♥❣ ❛✐r✳ ❆s ❛❧r❡❛❞② ♠❡♥t✐♦♥❡❞✱ t❤❡ ❞r♦♣❧❡ts

✷✺
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❝❛♥ ❜❡ tr❡❛t❡❞ ❛s s♣❤❡r❡s✳ ❚❤❡r❡❢♦r❡ t❤❡ ❝♦rr❡❧❛t✐♦♥ ❢♦r t❤❡ ◆✉ss❡❧t ♥✉♠❜❡r ♦❢ s♣❤❡r❡s
❜② ❑♥✉❞s❡♥ ❛♥❞ ❑❛t③ ❬✹✺❪

Nu = 2 + 0.6Pr1/3Re1/2 ✭✸✳✷✵✮

❝❛♥ ❜❡ ✉s❡❞✳ ❚❤❡ t❡r♠ Pr ✐s t❤❡ Pr❛♥❞t❧ ♥✉♠❜❡r ♦❢ ❛✐r✳
❚❤❡ s❡❝♦♥❞ t❡r♠ ♦♥ t❤❡ r✐❣❤t ❤❛♥❞ s✐❞❡ ✐s t❤❡ ❤❡❛t ✢✉① ❞✉❡ t♦ r❛❞✐❛t✐♦♥

Q̇R = 4πr2dσǫd
(

T 4
a − T 4

d

)

✭✸✳✷✶✮

✇✐t❤ t❤❡ ❙t❡❢❛♥✲❇♦❧t③♠❛♥♥ ❝♦♥st❛♥t σ = 5.67 · 10−8 kg s−3 K−4 ❛♥❞ t❤❡ ❡♠✐ss✐✈✐t② ǫd ♦❢
t❤❡ ❞r♦♣❧❡t✳ ❆s r❡❝♦♠♠❡♥❞❡❞ ❜② ●❛t❡s ❡t ❛❧✳ ❬✶✹❪✱ t❤❡ ❡♠✐ss✐✈✐t② ✇✐❧❧ ❜❡ t❛❦❡♥ t♦ ❜❡ 1✳
❚❤❡ ❧❛st t❡r♠ ♦♥ t❤❡ r✐❣❤t ❤❛♥❞ s✐❞❡ ✐s t❤❡ ❤❡❛t ✢✉① ❞✉❡ t♦ ❡✈❛♣♦r❛t✐♦♥

Q̇e = 4πrdLvD

[

pa
Ta

− pd
Td

]

Sh

2R
. ✭✸✳✷✷✮

❚❤❡ ❡q✉❛t✐♦♥ ❝♦♥t❛✐♥s t❤❡ ❧❛t❡♥t ❤❡❛t ♦❢ ✈❛♣♦r✐③❛t✐♦♥ ♦❢ ✇❛t❡r Lv✱ t❤❡ ❞✐✛✉s✐✈✐t② ♦❢ ✇❛t❡r
✈❛♣♦r ✐♥ ❛✐r D✱ ❛♥❞ t❤❡ ❙❤❡r✇♦♦❞ ♥✉♠❜❡r Sh✳ ❚❤❡ ❙❤❡r✇♦♦❞ ♥✉♠❜❡r ✐s ❛ ❞✐♠❡♥s✐♦♥❧❡ss
q✉❛♥t✐t② t❤❛t ❞❡s❝r✐❜❡s t❤❡ ♠❛ss tr❛♥s❢❡r ♦❢ ❛ ❞r♦♣❧❡t t♦ t❤❡ s✉rr♦✉♥❞✐♥❣ ❛✐r ❛♥❞ ❝❛♥ ❜❡
❝❛❧❝✉❧❛t❡❞ ✇✐t❤

Sh = 2 + 0.6Sc1/3Re1/2 ✭✸✳✷✸✮

❛❝❝♦r❞✐♥❣ t♦ ❑♥✉❞s❡♥ ❛♥❞ ❑❛t③ ❬✹✺❪✳ ❚❤❡ t❡r♠ Sc ❞❡♥♦t❡s t❤❡ ❙❝❤♠✐❞t ♥✉♠❜❡r ♦❢ ❛✐r✳
❚❤❡ ✐♠♣♦rt❛♥❝❡ ♦❢ ❡✈❛♣♦r❛t✐♦♥ ❤♦✇❡✈❡r ✐s ✉♥❞❡r ❞✐s❝✉ss✐♦♥✳ ❋♦r ❡①❛♠♣❧❡✱ ❇❛♥s♠❡r

❡t ❛❧✳ ❬✸✶❪ ♥❡❣❧❡❝t❡❞ t❤✐s t❡r♠ ❢♦r t❤❡✐r ❝❛❧❝✉❧❛t✐♦♥ ♦❢ ❞r♦♣❧❡t ❜❡❤❛✈✐♦r✳ ❆❞❞✐t✐♦♥❛❧❧②✱
●❛t❡s ❡t ❛❧✳ ❬✶✹❪ ❛❧s♦ st❛t❡ t❤❡♠s❡❧✈❡s t❤❛t t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ❡✈❛♣♦r❛t✐♦♥ ✐s ♠✐♥♦r✳ ■♥ t❤❡
❞❡s✐❣♥❡❞ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ t❤❡ r❡❧❛t✐✈❡ ❤✉♠✐❞✐t② ♦❢ t❤❡ ❛✐r ✇✐❧❧ ❜❡ ❛r♦✉♥❞ ♦♥❡✳ ❚❤✐s
✈❛❧✉❡ ✐♥❞✐❝❛t❡s t❤❛t t❤❡ ❛✐r ✐s s❛t✉r❛t❡❞✳ ❚❤❡r❡❢♦r❡✱ t❤❡r❡ ✇✐❧❧ ❜❡ ♥♦ ❞r♦♣❧❡t ❡✈❛♣♦r❛t✐♦♥
✐♥s✐❞❡ t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❛♥❞ t❤❡ ❡✈❛♣♦r❛t✐✈❡ t❡r♠ ✇✐❧❧ ❜❡ ♥❡❣❧❡❝t❡❞ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣✳
❇② r❡❛rr❛♥❣✐♥❣ t❤❡ t❡r♠s ✐♥ ❡q✉❛t✐♦♥ ✸✳✶✼✱ t❤❡ ❢♦❧❧♦✇✐♥❣ ❡q✉❛t✐♦♥ ❝❛♥ ❜❡ ❣❛✐♥❡❞✿

dTd

dt
=

3
(

Q̇C + Q̇R

)

4πr3dρdcv
✭✸✳✷✹✮

❆s ✇❛s ❞♦♥❡ ❢♦r t❤❡ ❡q✉❛t✐♦♥ ♦❢ ♠♦t✐♦♥✱ t❤❡ ❞❡r✐✈❛t✐✈❡s ❝❛♥ ❜❡ ❛ss✉♠❡❞ t♦ ❜❡ ❞✐✛❡r❡♥❝❡s✳
❚❤✐s ②✐❡❧❞s

∆Td =
3
(

Q̇C + Q̇R

)

4πr3dρdcv
∆t ✭✸✳✷✺✮

❛♥❞ ❛❣❛✐♥ ❛ t✐♠❡✲st❡♣ ♣r♦❝❡❞✉r❡ ❝❛♥ ❜❡ ✉s❡❞✳ ❚❤❡ t❡♠♣❡r❛t✉r❡s ✐♥ ❡q✉❛t✐♦♥s ✸✳✶✾✱ ✸✳✷✶
❛♥❞ ✸✳✷✷ ❝❛♥ ❜❡ t❛❦❡♥ ❢r♦♠ t❤❡ ❧❛st t✐♠❡ st❡♣✳
❚❤❡ ✇❤♦❧❡ r❡❛s♦♥ ❢♦r ❞❡s✐❣♥✐♥❣ ❛♥ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ✐s t♦ ❤❛✈❡ st❡❛❞② r❡❛❧✲✢✐❣❤t

❝♦♥❞✐t✐♦♥s ❛t t❤❡ t❡st s❡❝t✐♦♥✳ ❚♦ ❡♥s✉r❡ t❤✐s ✐s t❤❡ ❝❛s❡✱ t❤❡ ❡q✉❛t✐♦♥ ♦❢ ♠♦t✐♦♥s ❛♥❞
t❤❡ ❤❡❛t ❜❛❧❛♥❝❡ ❛r❡ ❝❛❧❝✉❧❛t❡❞ ❢♦r ❞✐✛❡r❡♥t ♣❛r❛♠❡t❡rs✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ❛❧❧ ♦❢ t❤❡ ❡q✉❛t✐♦♥s
❛❜♦✈❡ ❛r❡ s♦❧✈❡❞ ❢♦r ❞✐✛❡r❡♥t ♥♦③③❧❡s t♦ ❞❡t❡r♠✐♥❡ ✇❤✐❝❤ ♥♦③③❧❡ ✐s t❤❡ ♠♦st s✉✐t❛❜❧❡ ❢♦r
t❤❡ ✇✐♥❞ t✉♥♥❡❧✳
❚❤❡ ❣✐✈❡♥ ❡q✉❛t✐♦♥s ❤❛✈❡ ❜❡❡♥ s♦❧✈❡❞ ✉s✐♥❣ ▼❆❚▲❆❇✳ ❚❤❡ ✉s❡❞ ▼❆❚▲❆❇ ❝♦❞❡ ❝❛♥

❜❡ ❢♦✉♥❞ ♦♥ t❤❡ ❈❉✳

✷✻
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✸✳✹ Pr❡ss✉r❡ ❧♦ss❡s

❆❧❧ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ ✇✐♥❞ t✉♥♥❡❧ ❧❡❛❞ t♦ ♣r❡ss✉r❡ ❧♦ss❡s✳ ❚♦ ❝❤♦♦s❡ ❛ s✉✐t❛❜❧❡ ❢❛♥✱
t❤❡ ♣r❡ss✉r❡ ❧♦ss❡s ♥❡❡❞ t♦ ❜❡ ❦♥♦✇♥✳ ❊❝❦❡rt ❡t ❛❧✳ ❬✸✷❪ ♣r❡s❡♥t❡❞ r✉❧❡s ❛♥❞ ❡q✉❛t✐♦♥s
❢♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ ♣r❡ss✉r❡ ❧♦ss❡s✳ ❆❧♠♦st ❛❧❧ ❡q✉❛t✐♦♥s ✐♥ t❤✐s ♣❛r❛❣r❛♣❤ ✇❡r❡ t❛❦❡♥
❢r♦♠ t❤❡♠✳ ❚❤❡r❡❢♦r❡ ❥✉st t❤❡ ✐❞❡❛s t❤❛t ✇❡r❡ ♥♦t t❛❦❡♥ ❢r♦♠ t❤❡♠ ✇✐❧❧ ❜❡ ♠❛r❦❡❞ t♦
❡♥❤❛♥❝❡ t❤❡ r❡❛❞❛❜✐❧✐t② ♦❢ t❤✐s s❡❝t✐♦♥✳

❚❤❡ t♦t❛❧ ♣r❡ss✉r❡ ❧♦ss ♦❢ t❤❡ ✇✐♥❞ t✉♥♥❡❧ ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ❜② s✐♠♣❧② ❛❞❞✐♥❣ ✉♣ t❤❡
♣r❡ss✉r❡ ❧♦ss❡s ♦❢ ❡❛❝❤ ❝♦♠♣♦♥❡♥t✳ ❚❤❡ ❡q✉❛t✐♦♥s ✉s❡❞ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ♣r❡ss✉r❡ ❧♦ss❡s
❝❛♥ ♦♥❧② ❜❡ ✉s❡❞ ❢♦r r❡❝t❛♥❣✉❧❛r✱ ❝✐r❝✉❧❛r✱ ♦r ✢❛t✲♦✈❛❧ s❤❛♣❡s✳ ❚❤❡ ❣✐✈❡♥ ❡q✉❛t✐♦♥s
❝❛❧❝✉❧❛t❡ ♠♦st ♦❢ t❤❡ t✐♠❡s t❤❡ ♣r❡ss✉r❡ ❧♦ss ❝♦❡✣❝✐❡♥t K r❛t❤❡r t❤❛♥ t❤❡ r❡❛❧ ♣r❡ss✉r❡
❧♦ss✳ ❚❤✐s ♣r❡ss✉r❡ ❧♦ss ❝♦❡✣❝✐❡♥t

K =
∆pT
q

✭✸✳✷✻✮

✐s t❤❡ ♥♦♥✲❞✐♠❡♥s✐♦♥❛❧ ♣r❡ss✉r❡ ❧♦ss ❝❛❧❝✉❧❛t❡❞ ✇✐t❤ t❤❡ ❧♦ss ✐♥ t♦t❛❧ ♣r❡ss✉r❡ ∆pT ❛♥❞
t❤❡ ❞②♥❛♠✐❝ ♣r❡ss✉r❡ q✳ ❚❤❡ ❞②♥❛♠✐❝ ♣r❡ss✉r❡ ✉s❡❞ t♦ ♥♦♥✲❞✐♠❡♥s✐♦♥❛❧✐③❡ t❤❡ ❧♦ss ✐♥
t♦t❛❧ ♣r❡ss✉r❡ ✐s t❛❦❡♥ ❛t t❤❡ s♠❛❧❧❡st✲❛r❡❛ ❛t t❤❡ ❡♥❞ ♦❢ ❡❛❝❤ s❡❝t✐♦♥✳ ❚❤❡r❡❢♦r❡

∆pT = Kq = K
(

0.5ρv2
)

✭✸✳✷✼✮

✐s t❤❡ ❡q✉❛t✐♦♥ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ r❡❛❧ ♣r❡ss✉r❡ ❧♦ss✳
Pr❡ss✉r❡ ❧♦ss❡s ✐♥ ❞✉❝ts ✇✐t❤ ❝♦♥st❛♥t ❝r♦ss✲s❡❝t✐♦♥ ❛r❡ ❞✉❡ t♦ ❢r✐❝t✐♦♥✳ ❚❤❡

❝♦rr❡s♣♦♥❞✐♥❣ ❧♦ss ❝♦❡✣❝✐❡♥t ✐s

K =
λL

dh
. ✭✸✳✷✽✮

❚❤❡ ♣r❡ss✉r❡ ❧♦ss❡s ❞❡♣❡♥❞ ♦♥ t❤❡ ❢r✐❝t✐♦♥ ❧♦ss ❝♦❡✣❝✐❡♥t λ✳ ❆❝❝♦r❞✐♥❣ t♦ ❊❝❦❡rt ❡t ❛❧✳
❬✸✷❪✱ t❤❡ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t ❢♦r s♠♦♦t❤ ✇❛❧❧s ✐s ❞❡s❝r✐❜❡❞ ❜②

1√
λ
= 2 log10

(

Re
√
λ
)

− 0.8. ✭✸✳✷✾✮

❚♦ ❝❛❧❝✉❧❛t❡ t❤❡ ❢r✐❝t✐♦♥ ❧♦ss ❝♦❡✣❝✐❡♥t✱ t❤❡ ❡q✉❛t✐♦♥ ❝❛♥ ❜❡ r❡❢♦r♠✉❧❛t❡❞ t♦

λ =
[

log10
(

λRe2
)

− 0.8
]

−2
. ✭✸✳✸✵✮

◆♦✇✱ t❤✐s ❡q✉❛t✐♦♥ ❝❛♥ ❜❡ s♦❧✈❡❞ ✐t❡r❛t✐✈❡❧② ❜② t❛❦✐♥❣ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ❧❛st ✐t❡r❛t✐♦♥ ❢♦r
λ ♦♥ t❤❡ r✐❣❤t s✐❞❡ t♦ ❝❛❧❝✉❧❛t❡ ❛ ♥❡✇ ✈❛❧✉❡ ♦❢ λ✳ ❆s st❛rt ✈❛❧✉❡✱ λ ✇✐❧❧ ❜❡ s❡t t♦ 1✳ 5
✐t❡r❛t✐♦♥s ♥♦r♠❛❧❧② ❧❡❛❞ t♦ ❛ ✈❛❧✉❡ ✇✐t❤ s✉✣❝✐❡♥t q✉❛❧✐t②✳

❚❤❡ ♣r❡ss✉r❡ ❧♦ss ✐♥ ❝♦♥tr❛❝t✐♦♥s ✐s ❛❧s♦ ♠♦st❧② ❞✉❡ t♦ ❢r✐❝t✐♦♥✳ ❚❤❡ ❧♦ss ❝♦❡✣❝✐❡♥t
❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ❛♣♣r♦①✐♠❛t❡❧② ❜②

K = 0.32
λL

dh
✭✸✳✸✶✮
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✇✐t❤ t❤❡ ❤②❞r❛✉❧✐❝ ❞✐❛♠❡t❡r ❜❡✐♥❣ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ t❡st s❡❝t✐♦♥ ❛❝❝♦r❞✐♥❣ t♦ ❊❝❦❡rt
❡t ❛❧✳ ❬✸✷❪✳ ❈♦♥tr❛❝t✐♦♥s ❤❛✈❡ ❞✐✛❡r❡♥t ✐♥❧❡t ❛♥❞ ♦✉t❧❡t ❛r❡❛s ❛♥❞ t❤❡r❡❢♦r❡ ❛ ❝❤❛♥❣✐♥❣
✈❡❧♦❝✐t② ♦✈❡r ✐ts ❧❡♥❣t❤✳ ❍❡♥❝❡✱ ❛ ❝❤♦✐❝❡ ❤❛s t♦ ❜❡ ♠❛❞❡ ✇❤✐❝❤ ❘❡②♥♦❧❞s ♥✉♠❜❡r ✐s ❢♦r
t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ❢r✐❝t✐♦♥ ❧♦ss ❝♦❡✣❝✐❡♥t✳ ❇❛r❧♦✇ ❡t ❛❧✳ ❬✷✵❪ r❡❝♦♠♠❡♥❞ ✉s✐♥❣ t❤❡
❛✈❡r❛❣❡ ♦❢ t❤❡ ❢r✐❝t✐♦♥ ❧♦ss ❝♦❡✣❝✐❡♥t ✈❛❧✉❡s ❛t t❤❡ ✐♥❧❡t ❛♥❞ t❤❡ ♦✉t❧❡t✳
❚❤❡ ♣r❡ss✉r❡ ❧♦ss ✐♥ ❛ ❞✐✛✉s❡r ✐s ❜♦t❤ ❞✉❡ t♦ ❢r✐❝t✐♦♥ ❛♥❞ ❡①♣❛♥s✐♦♥✳ ❊❝❦❡rt ❡t ❛❧✳

❬✸✷❪ t❤❡r❡❢♦r❡ ♣✉❜❧✐s❤❡❞ ❛♥ ❡q✉❛t✐♦♥ ❢♦r t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❧♦ss ❝♦❡✣❝✐❡♥t

K =

[

KEXP +

(

λ

8sinθ

AR + 1

AR− 1

)](

AR− 1

AR

)2

✭✸✳✸✷✮

t❤❛t ✐s ♠❛❞❡ ✉♣ ♦❢ ♦♥❡ t❡r♠ ❢♦r t❤❡ ❡①♣❛♥s✐♦♥ ❧♦ss❡s ❛♥❞ ♦♥❡ ❢♦r t❤❡ ❢r✐❝t✐♦♥ ❧♦ss❡s✳ ❚❤❡
❢r✐❝t✐♦♥ ❧♦ss ❝♦❡✣❝✐❡♥t ❤❛s t♦ ❜❡ ❝❛❧❝✉❧❛t❡❞ ✇✐t❤ t❤❡ ❡♥tr② ❘❡②♥♦❧❞s ♥✉♠❜❡r ❛❝❝♦r❞✐♥❣
t♦ ❇❛r❧♦✇ ❡t ❛❧✳ ❬✷✵❪ ❛♥❞ t❤❡r❡❢♦r❡ ✐s t❤❡ s❛♠❡ ❛s ❢♦r t❤❡ t❡st s❡❝t✐♦♥✳ ❚❤❡ ✈❛❧✉❡ ♦❢ t❤❡
❡①♣❛♥s✐♦♥ ♣❛r❛♠❡t❡r KEXP ❞❡♣❡♥❞s ♦♥ t❤❡ ❝r♦ss✲s❡❝t✐♦♥❛❧ s❤❛♣❡ ♦❢ t❤❡ ❞✐✛✉s❡r ❛♥❞ t❤❡
s❡♠✐✲♦♣❡♥✐♥❣ ❛♥❣❧❡ θ✿
❋♦r ❝✐r❝✉❧❛r ❝r♦ss✲s❡❝t✐♦♥s✿

KEXPCircular
= 1.033395 · 10−1 − 1.1465 · 10−2(2θ) ❢♦r 0◦ < θ < 1.5◦ ✭✸✳✸✸✮

KEXPCircular
=1.70925 · 10−1 − 5.84932 · 10−2(2θ) + 8.14936 · 10−3(2θ)2 ✭✸✳✸✹✮

+1.34777 · 10−4(2θ)3 − 5.67258 · 10−5(2θ)4 − 4.15879 · 10−6(2θ)5 ✭✸✳✸✺✮

+2.10219 · 10−7(2θ)6 ❢♦r 1.5◦ < θ < 5◦ ✭✸✳✸✻✮

KEXPCircular
= −9.66135 · 10−2 + 2.336135 · 10−2(2θ) ❢♦r θ > 5◦ ✭✸✳✸✼✮

❋♦r sq✉❛r❡ ❝r♦ss✲s❡❝t✐♦♥s✿

KEXPSquare
= 9.62274 · 10−2 − 2.07582 · 10−3(2θ) ❢♦r 0◦ < θ < 1.5◦ ✭✸✳✸✽✮

KEXPSquare
=1.22156 · 10−1 − 2.29480 · 10−2(2θ) + 5.50704 · 10−3(2θ)2 ✭✸✳✸✾✮

−4.08644 · 10−4(2θ)3 − 3.84056 · 10−5(2θ)4 + 8.74969 · 10−6(2θ)5 ✭✸✳✹✵✮

−3.65217 · 10−7(2θ)6 ❢♦r 1.5◦ < θ < 5◦ ✭✸✳✹✶✮

KEXPSquare
= −1.1321685 · 10−1 + 2.93315 · 10−2(2θ) ❢♦r θ > 5◦ ✭✸✳✹✷✮

❚❤❡ ✈❛r✐❛❜❧❡ AR ✐♥ t❤❡ t❡r♠ ❢♦r t❤❡ ❢r✐❝t✐♦♥ ❧♦ss❡s ❞❡♥♦t❡s t❤❡ ❛r❡❛ r❛t✐♦ ♦✈❡r t❤❡ ❞✐✛✉s❡r✳
❆t t❤❡ ❡①✐t ♦❢ ❛♥ ♦♣❡♥✲r❡t✉r♥ ✇✐♥❞ t✉♥♥❡❧✱ t❤❡ ❦✐♥❡t✐❝ ❡♥❡r❣② ♦❢ t❤❡ ✢♦✇ t❤❛t

❧❡❛✈❡s t❤❡ ✇✐♥❞ t✉♥♥❡❧ ✐s ❧♦st✳ ❚❤❡ t♦t❛❧ ♣r❡ss✉r❡ ❧♦ss ✐s t❤❡r❡❢♦r❡ ❡q✉❛❧ t♦ t❤❡ ❞②♥❛♠✐❝
♣r❡ss✉r❡ ♦❢ t❤❡ ✢♦✇ ❛t t❤❡ ❡①✐t✳ ❯s✐♥❣ ❝♦♠♣r❡ss✐❜✐❧✐t② r❡❧❛t✐♦♥s❤✐♣s✱ t❤❡ ❞②♥❛♠✐❝ ♣r❡ss✉r❡

✷✽
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♦❢ t❤❡ ✢♦✇ ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ✉♥❞❡r t❤❡ ❛ss✉♠♣t✐♦♥ t❤❛t t❤❡ st❛t✐❝ ♣r❡ss✉r❡ ♦❢ t❤❡ ✢♦✇
✐s ❡q✉❛❧ t♦ t❤❡ ❛t♠♦s♣❤❡r✐❝ ♣r❡ss✉r❡✳ ❚❤✐s r❡s✉❧ts ✐♥ ❛ ♣r❡ss✉r❡ ❧♦ss ❝♦❡✣❝✐❡♥t ♦❢

K =
2
{

[

1 +
(

γ−1
2
M2
)]

γ
γ−1 − 1

}

γM2
. ✭✸✳✹✸✮

❚❤❡ ♣r❡ss✉r❡ ❧♦ss ❝♦❡✣❝✐❡♥t ♦❢ ❤♦♥❡②❝♦♠❜s ✇❛s ❞❡✜♥❡❞ ❜② ❊❝❦❡rt ❡t ❛❧✳ ❬✸✷❪ t♦ ❜❡

K = λ

(

3 +
L

dh

)(

A

AFLOW

)2

+

(

A

AFLOW

− 1

)2

✭✸✳✹✹✮

✇✐t❤ dh ❜❡✐♥❣ t❤❡ ❤②❞r❛✉❧✐❝ ❞✐❛♠❡t❡r ♦❢ ❛ ❤♦♥❡②❝♦♠❜ ❝❡❧❧✳ ❚❤❡ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t ✐s
❝❛❧❝✉❧❛t❡❞ ✇✐t❤

λ = 0.375Re−0.1

(

∆

dh

)0.4

✭✸✳✹✺✮

❢♦r Re ≤ 275 ❛♥❞

λ = 0.214

(

∆

dh

)0.4

✭✸✳✹✻✮

❢♦r Re > 275✳ ■♥ t❤♦s❡ ❡q✉❛t✐♦♥s ∆ ✐s t❤❡ s✉r❢❛❝❡ r♦✉❣❤♥❡ss ♦❢ t❤❡ ❤♦♥❡②❝♦♠❜ ❝❡❧❧s✳
❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ❘❡②♥♦❧❞s ♥✉♠❜❡r ✐s ❝❛❧❝✉❧❛t❡❞ ✇✐t❤ t❤❡ s✉r❢❛❝❡ r♦✉❣❤♥❡ss ❛♥❞ t❤❡ ❛✐r
✈❡❧♦❝✐t②✳ ❚❤❡ t❡r♠ AFLOW/A ❞❡s❝r✐❜❡s t❤❡ r❛t✐♦ ♦❢ t❤❡ ❧♦❝❛❧ ✢♦✇ ❛r❡❛ t♦ t❤❡ ❛r❡❛ ♦❢ t❤❡
❧♦❝❛❧ ❝r♦ss✲s❡❝t✐♦♥ ❛♥❞ ✐s t❤❡r❡❢♦r❡ ❡q✉❛❧ t♦ t❤❡ ♣♦r♦s✐t②✳
❊✈❡r② str✉❝t✉r❡ ✐♥s✐❞❡ t❤❡ t✉♥♥❡❧ ❧❡❛❞s t♦ ❞r❛❣ ❛♥❞ t❤❡r❡❢♦r❡ t♦ ♣r❡ss✉r❡ ❧♦ss❡s ❛s

✇❡❧❧✳ ❚❤❡ ♣r❡ss✉r❡ ❧♦ss ❝♦❡✣❝✐❡♥ts ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ✇✐t❤

K = cD
S

AFLOW

ǫ. ✭✸✳✹✼✮

❇❡❝❛✉s❡ t❤❡ ♣r❡ss✉r❡ ❧♦ss ❞❡♣❡♥❞s ♦♥ t❤❡ ❞r❛❣ ♦❢ t❤❡ str✉❝t✉r❡✱ t❤❡ ❞r❛❣ ❛r❡❛ S ♦❢ t❤❡
❝♦♥s✐❞❡r❡❞ ✐♥t❡r♥❛❧ str✉❝t✉r❡ ♥❡❡❞s t♦ ❜❡ t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ t❡r♠
ǫ ≥ 1 ✐s ✐♥❝❧✉❞❡❞ t❤❛t ❞❡s❝r✐❜❡s t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ❞r❛❣ ♦♥ ❞♦✇♥str❡❛♠ ❝♦♠♣♦♥❡♥ts✳
❆ ♣❛rt ♦❢ t❤❡ r❡❛s♦♥ ❜❡❤✐♥❞ t❤❡ ✉s❡ ♦❢ ♠❡s❤ s❝r❡❡♥s ❛r❡ t❤❡ ♣r❡ss✉r❡ ❧♦ss❡s✳ ❚❤❡

❝♦rr❡s♣♦♥❞✐♥❣ ❧♦ss ❝♦❡✣❝✐❡♥t ✐♥ t❤❡ ❢♦r♠ ♣✉❜❧✐s❤❡❞ ❜② ❊❝❦❡rt ❡t ❛❧✳ ❬✸✷❪

K = KReKMESH

(

1− AFLOW

A

)

+

(

A

AFLOW

− 1

)2

✭✸✳✹✽✮

❝♦♥t❛✐♥s t✇♦ ♣❛r❛♠❡t❡rs✳ ❚❤❡ ❞❡♣❡♥❞❡♥❝❡ ♦♥ t❤❡ ❘❡②♥♦❧❞s ♥✉♠❜❡r ✐s t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t
✇✐t❤ KRe✳ ❋♦r t❤✐s ✈❛❧✉❡✱ ❜♦t❤ ❛♥ ❡q✉❛t✐♦♥ ❛♥❞ ❛ ❣r❛♣❤ ❛r❡ ❣✐✈❡♥✳ ❍♦✇❡✈❡r✱ t❤❡② ❞♦
♥♦t ♠❛t❝❤✳ ❆s ✐♥❞✐❝❛t❡❞ ❜② ❇❛r❧♦✇ ❡t ❛❧✳ ❬✷✵❪ t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ ♣r❡ss✉r❡ ❧♦ss❡s ✐s r❛t❤❡r
✐♥❛❝❝✉r❛t❡✳ ❚❤❡r❡❢♦r❡ t❤❡ ✇♦rs❡ ❝❛s❡ ✇✐❧❧ ❜❡ ❝♦♥s✐❞❡r❡❞ ✐♥ t❤❡ ❞❡s✐❣♥ ♦❢ t❤✐s ✇✐♥❞ t✉♥♥❡❧
❛♥❞ t❤❡ ❘❡②♥♦❧❞s ♥✉♠❜❡r ✐♥✢✉❡♥❝❡ ❢❛❝t♦r ❜❡❝♦♠❡s

KRe = 0.785

(

1− Rewire

354

)

+ 1.01 ✭✸✳✹✾✮

✷✾
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❢♦r 0 ≤ Rewire < 400 ❛♥❞

KRe = 1.0 ✭✸✳✺✵✮

❢♦r Rewire ≥ 400✳ ❚❤❡ ❘❡②♥♦❧❞s ♥✉♠❜❡r ♦❢ t❤❡ ✇✐r❡ Rewire ✐s ❜✉✐❧t ✇✐t❤ t❤❡ ✈❡❧♦❝✐t②
❛t t❤❡ s❡tt❧✐♥❣ ❛r❡❛ ❛♥❞ t❤❡ ❞✐❛♠❡t❡r ♦❢ t❤❡ s❝r❡❡♥ ✇✐r❡✳ ❚❤❡ ♠❡s❤ ❝♦♥st❛♥t KMESH

❞❡♣❡♥❞s ♦♥ t❤❡ ♠❛t❡r✐❛❧ ♦❢ t❤❡ ♠❡s❤✳ ❋♦r ❛✈❡r❛❣❡ ❝✐r❝✉❧❛r ♠❡t❛❧ ✇✐r❡ KMESH ❜❡❝♦♠❡s
1.3✱ ❢♦r ♥❡✇ ♠❡t❛❧ ✇✐r❡ 1.0 ❛♥❞ 2.1 ❢♦r s✐❧❦ t❤r❡❛❞✳
❚❤❡ ♣r❡ss✉r❡ ❧♦ss ♦✈❡r t❤❡ ✇✐❞❡✲❛♥❣❧❡ ❞✐✛✉s❡r ❞❡♣❡♥❞s ♦♥ ✐ts ❛r❡❛ r❛t✐♦✳ ▼❡❤t❛ ❛♥❞

❇r❛❞s❤❛✇ ❬✸✾❪ ♣✉❜❧✐s❤❡❞ t❤❡ ❢♦❧❧♦✇✐♥❣ ❡q✉❛t✐♦♥ ❢♦r t❤❡ ♠✐♥✐♠✉♠ ♣r❡ss✉r❡ ❧♦ss ❝♦❡✣❝✐❡♥t
♦❢ ❛ ✇✐❞❡✲❛♥❣❧❡ ❞✐✛✉s❡r ✇✐t❤ ❛ ❣✐✈❡♥ ❛r❡❛ r❛t✐♦✿

K ≥ AR− 1

1.14
. ✭✸✳✺✶✮

✸✳✺ ❈♦♦❧✐♥❣ ♣♦✇❡r

❉✉r✐♥❣ ❛ r✉♥ ♦❢ t❤❡ ✇✐♥❞ t✉♥♥❡❧✱ ❤❡❛t ✐s r❡❧❡❛s❡❞ ✐♥ ❞✐✛❡r❡♥t ✇❛②s✳ ■❢ t❤❡r❡ ✇❛s ♥♦
❝♦♦❧✐♥❣ ✐♥❝❧✉❞❡❞✱ t❤❡ t❡♠♣❡r❛t✉r❡ ♦❢ t❤❡ ❛✐r ✇♦✉❧❞ r✐s❡ r❛t❤❡r q✉✐❝❦❧② ❛s ❝❛❧❝✉❧❛t✐♦♥s ❜②
❇❛r❧♦✇ ❡t ❛❧✳ ❬✷✵❪ s❤♦✇✳ ❆s t❤❡ ❞❡s✐❣♥❡❞ ✇✐♥❞ t✉♥♥❡❧ ✇✐❧❧ ❜❡ ♣❧❛❝❡❞ ✐♥s✐❞❡ ❛ ❝♦♦❧✐♥❣
❝❤❛♠❜❡r✱ t❤❡ ♥❡❝❡ss❛r② ❝♦♦❧✐♥❣ ♣♦✇❡r ♦❢ t❤✐s ❝❤❛♠❜❡r ♥❡❡❞s t♦ ❜❡ ❝❛❧❝✉❧❛t❡❞✳ ❋✐rst✱
t❤❡ ❢❛♥ ♣r♦❞✉❝❡s ❤❡❛t ✇❤✐❧❡ ✐t ✐s r✉♥♥✐♥❣✳ ❆❧❧ ♦❢ t❤❡ ❡♥❡r❣② s✉♣♣❧✐❡❞ t♦ t❤❡ ❢❛♥ ♥❡❡❞s
t♦ ❜❡ ❜❛❧❛♥❝❡❞ ❜② t❤❡ ❝♦♦❧✐♥❣ s②st❡♠✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ ❛ ♣❛rt ♦❢ t❤❡ ❡♥❡r❣② ✐s ❞✐r❡❝t❧②
tr❛♥s❢❡rr❡❞ ✐♥t♦ ❤❡❛t ❛♥❞ t❤❡ ♦t❤❡r ♣❛rt ✇✐❧❧ ❡✈❡♥t✉❛❧❧② ❜❡❝♦♠❡ ❤❡❛t ❞✉❡ t♦ ❢r✐❝t✐♦♥❛❧
❤❡❛t✐♥❣ ♦❢ t❤❡ ❛✐r ✢♦✇ ❛t t❤❡ ✇❛❧❧s ♦❢ t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧✳ ❙❡❝♦♥❞✱ ❝♦♦❧✐♥❣ ✐s r❡q✉✐r❡❞✱
❛s ❤❡❛t ✐s tr❛♥s❢❡rr❡❞ ❢r♦♠ t❤❡ ❞r♦♣❧❡ts t♦ t❤❡ ❛✐r✳ ❚❤✐s ❤❡❛t tr❛♥s❢❡r t❛❦❡s ♣❧❛❝❡ ✐♥
t✇♦ ✇❛②s ❛s ❡①♣❧❛✐♥❡❞ ❜② ❇❛♥s♠❡r ❡t ❛❧✳ ❬✸✶❪✳ ❋✐rst✱ ❝♦♦❧✐♥❣ ✐s r❡q✉✐r❡❞ t♦ ❝♦♦❧ t❤❡
❞r♦♣❧❡ts ❞♦✇♥ ❢r♦♠ t❤❡✐r ✐♥✐t✐❛❧ t❡♠♣❡r❛t✉r❡ ✇❤❡♥ t❤❡② ❧❡❛✈❡ t❤❡ s♣r❛② ♥♦③③❧❡ t♦ t❤❡ ❛✐r
t❡♠♣❡r❛t✉r❡✳ ❚❤✐s t❡r♠ ✐s ❝❛❧❧❡❞ t❤❡ s❡♥s✐❜❧❡ ❤❡❛t ❛♥❞ ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞

Q̇sensible = ṁwatercp,water∆T ✭✸✳✺✷✮

✇✐t❤ t❤❡ s♣❡❝✐✜❝ ❤❡❛t ❝❛♣❛❝✐t② ❛t ❝♦♥st❛♥t ♣r❡ss✉r❡ cp✳
❚❤❡ s❡❝♦♥❞ t❡r♠ ❢♦r ❤❡❛t tr❛♥s❢❡r ❜❡t✇❡❡♥ ❞r♦♣❧❡ts ❛♥❞ ❛✐r ✐s t❤❡ ❧❛t❡♥t ❤❡❛t✳ ❚❤❡

❧❛t❡♥t ❤❡❛t ✐s r❡❧❡❛s❡❞ ✇❤❡♥ ❛ ❞r♦♣❧❡t ❢r❡❡③❡s ♦♥ ❛ s✉r❢❛❝❡✳ ■t ✐s

Q̇latent = ṁwaterclatent,water ✭✸✳✺✸✮

❛♥❞ ❞❡♣❡♥❞s ♦♥ t❤❡ s♣❡❝✐✜❝ ❧❛t❡♥t ❤❡❛t ♦❢ ❢✉s✐♦♥ clatent ♦❢ ✇❛t❡r✳ ❚♦ ❜❡ ❛❜❧❡ t♦ ❝❛❧❝✉❧❛t❡
t❤❡ t✇♦ ❤❡❛t tr❛♥s❢❡r t❡r♠s✱ t❤❡ ✢♦✇ r❛t❡ ♦❢ ✇❛t❡r

ṁwater = V̇airLWC = (vTSATS)LWC ✭✸✳✺✹✮

♥❡❡❞s t♦ ❜❡ ❦♥♦✇♥ t❤❛t ❞❡♣❡♥❞s ♦♥ t❤❡ ✈♦❧✉♠❡tr✐❝ ✢♦✇ r❛t❡ V̇ ♦❢ ❛✐r✳

✸✵



✸ ▼❡t❤♦❞s

✸✳✻ ❈❧❡❛r❛♥❝❡ r❡q✉✐r❡♠❡♥ts

❆s ❛❧r❡❛❞② ♠❡♥t✐♦♥❡❞✱ ♦♣❡♥ r❡t✉r♥ ✇✐♥❞ t✉♥♥❡❧s ❛r❡ ♦❢t❡♥ ♣❧❛❝❡❞ ✐♥s✐❞❡ ❛ ❝♦♦❧✐♥❣ ❝❤❛♠✲
❜❡r✳ ❚❤❡r❡❢♦r❡ t❤❡ ✇❛❧❧s ♦❢ t❤✐s ❝❤❛♠❜❡r ✇✐❧❧ ❧✐♠✐t t❤❡ s✉rr♦✉♥❞✐♥❣✳ ▼❡❤t❛ ❛♥❞ ❇r❛❞s❤❛✇
❬✸✾❪ r❡❝♦♠♠❡♥❞ t♦ ♦❜t❛✐♥ ❡♥♦✉❣❤ s♣❛❝❡ ✐♥ t❤❡ r♦♦♠ ✐♥ ✇❤✐❝❤ t❤❡ ✇✐♥❞ t✉♥♥❡❧ ✇✐❧❧ ❜❡
♣❧❛❝❡❞✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ t❤❡② ❝♦♠♣❛r❡ t❤❡ ♣❛t❤ t❤❡ ✢♦✇ t❛❦❡s ❜❡t✇❡❡♥ t❤❡ ♦✉t❧❡t ❛♥❞
t❤❡ ✐♥❧❡t t♦ ❛ ❜❛❞❧② ❞❡s✐❣♥❡❞ r❡t✉r♥ ❞✉❝t✳
●r❡❡♥✇❛② ❛♥❞ ❲♦♦❞ ❬✹✻❪ ❞✐❞ s♦♠❡ ❡①♣❡r✐♠❡♥ts ❜❡❢♦r❡ t❤❡② ♣✉t t❤❡✐r ✇✐♥❞ t✉♥♥❡❧ ✐♥t♦

❛ ❣✐✈❡♥ r♦♦♠✳ ❚❤❡② ❝❤❛♥❣❡❞ t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ✇❛❧❧ ❛♥❞ t❤❡ ✐♥❧❡t ❛♥❞ ♠❡❛s✉r❡❞
t❤❡ ✢♦✇ q✉❛❧✐t②✳ ❋♦r t❤❡✐r ✇✐♥❞ t✉♥♥❡❧✱ t❤❡ ❛r❡❛ ♦❢ t❤❡ ✐♥❝♦♠✐♥❣ ✢♦✇ ♥❡❡❞❡❞ t♦ ❜❡ ❛t
❧❡❛st 1.8 t❤❡ ❛r❡❛ ♦❢ t❤❡ ✐♥❧❡t ♦❢ t❤❡ ✇✐♥❞ t✉♥♥❡❧ t♦ ❛❝❤✐❡✈❡ ❛ ❣♦♦❞ ✢♦✇ q✉❛❧✐t②✳ ❲❤✐❧❡
t❤✐s ✐s ❥✉st t❤❡ r❡s✉❧t ❢♦r ♦♥❡ ✇✐♥❞ t✉♥♥❡❧✱ ✐t ❝❛♥ st✐❧❧ ❜❡ ✉s❡❞ ❛s ❛ ❝♦❛rs❡ r✉❧❡ ♦❢ t❤✉♠❜
❢♦r ♦t❤❡r ❞❡s✐❣♥s✳

✸✳✼ ❈❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ❜♦✉♥❞❛r② ❧❛②❡r t❤✐❝❦♥❡ss

❚♦ ❝❛❧❝✉❧❛t❡ t❤❡ ♥❡❝❡ss❛r② ✇✐❞t❤ ♦❢ t❤❡ t❡st s❡❝t✐♦♥✱ t❤❡ ❜♦✉♥❞❛r② ❧❛②❡r ❤❡✐❣❤t ♥❡❡❞s t♦
❜❡ ❦♥♦✇♥✳ ❆s t❤❡ t❤✐❝❦♥❡ss ♦❢ ❜♦✉♥❞❛r② ❧❛②❡rs ✐s ❞✐✛❡r❡♥t ❢♦r t✉r❜✉❧❡♥t ❛♥❞ ❧❛♠✐♥❛r
✢♦✇s✱ t❤❡ t②♣❡ ♦❢ t❤❡ ✢♦✇ ♥❡❡❞s t♦ ❜❡ ❦♥♦✇♥ ❜❡❢♦r❡ t❤❡ ❝❛❧❝✉❧❛t✐♦♥✳ ❈❤♠✐❡❧❡✇s❦✐
❬✹✼❪ ♣r❡s❡♥ts ❜❛s✐❝ r✉❧❡s ♦❢ t❤✉♠❜ t❤❛t ❛r❡ r❡♣r❡s❡♥t❛t✐✈❡ ♦❢ t②♣✐❝❛❧ ❝♦♥❞✐t✐♦♥s ✐♥ ✇✐♥❞
t✉♥♥❡❧s✳ ❚❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ♥♦③③❧❡ s❤♦✉❧❞ ❜❡ ✉s❡❞ ❛s t❤❡ ❧❡❛❞✐♥❣ ❡❞❣❡ ♦❢ t❤❡ ❜♦✉♥❞❛r②
❧❛②❡r✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡② ❛ss✉♠❡ t❤❛t t❤❡ tr❛♥s✐t✐♦♥ ❢r♦♠ ❧❛♠✐♥❛r t♦ t✉r❜✉❧❡♥t ✢♦✇
t❛❦❡s ♣❧❛❝❡ ❛t 0.15 t✐♠❡s t❤❡ ✐♥❧❡t r❛❞✐✉s✳ ❍♦✇❡✈❡r✱ ❛ ❞✐✛❡r❡♥t ❛♣♣r♦❛❝❤ ✇❛s ♣r♦♣♦s❡❞
❜② ▼♦r❡❧ ❬✸✺❪✳ ❍❡ r❡❝♦♠♠❡♥❞s ✉s✐♥❣ t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ❧❛st t✉r❜✉❧❡♥❝❡ s❝r❡❡♥ ❛s t❤❡
st❛rt✐♥❣ ♣♦✐♥t ❢♦r t❤❡ ❜♦✉♥❞❛r② ❧❛②❡r✳ ❚♦ ❞♦ t❤❡ ❝❛❧❝✉❧❛t✐♦♥s ❝♦♥s❡r✈❛t✐✈❡❧②✱ t❤❡ st❛rt✐♥❣
♣♦✐♥t ✇✐❧❧ ❜❡ ❝❤♦s❡♥ ❛t t❤❡ ❧❛st t✉r❜✉❧❡♥❝❡ s❝r❡❡♥ ❛s r❡❝♦♠♠❡♥❞❡❞ ❜② ▼♦r❡❧ ❬✸✺❪✳ ❚❤❡
♣♦✐♥t ♦❢ tr❛♥s✐t✐♦♥ ❤♦✇❡✈❡r ✐s ❛ss✉♠❡❞ t♦ ❜❡ ❛t 0.15 t✐♠❡s t❤❡ ✐♥❧❡t r❛❞✐✉s ♦❢ t❤❡ ♥♦③③❧❡
❛s r❡❝♦♠♠❡♥❞❡❞ ❜② ❈❤♠✐❡❧❡✇s❦✐ ❬✹✼❪✳ ❚❤✐s ✐s ❝❤♦s❡♥ ❛s ♥♦ s✉✐t❛❜❧❡ ♣♦✐♥t ♦❢ tr❛♥s✐t✐♦♥
✇❛s ❣✐✈❡♥ ❜② ▼♦r❡❧ ❬✸✺❪✳
❚❤❡ ❡q✉❛t✐♦♥s ❢♦r t❤❡ t❤✐❝❦♥❡ss ♦❢ ❜♦✉♥❞❛r② ❧❛②❡rs ❛r❡ ✉s✉❛❧❧② ❥✉st ❣✐✈❡♥ ❢♦r ✢❛t ♣❧❛t❡s✳

❚❤❡ ♥♦③③❧❡ ❤♦✇❡✈❡r ✐s ❝✉r✈❡❞✳ ◆❡✈❡rt❤❡❧❡ss✱ ❙❝❤❧✐❝❤t✐♥❣ ❬✹✽❪ s❤♦✇s t❤❛t ❛s ❧♦♥❣ ❛s t❤❡
r❛❞✐✉s ♦❢ t❤❡ ❝✉r✈❛t✉r❡ ✐s ♠✉❝❤ ❧❛r❣❡r t❤❛♥ t❤❡ ❜♦✉♥❞❛r② ❧❛②❡r ❤❡✐❣❤t✱ t❤❡ ❡q✉❛t✐♦♥s ❢♦r
✢❛t ♣❧❛t❡s ❝❛♥ st✐❧❧ ❜❡ ✉s❡❞✳ ❚♦ ❞♦ s♦✱ ❛ ✈✐rt✉❛❧ ❝♦♦r❞✐♥❛t❡ s②st❡♠ ✐s ❝r❡❛t❡❞ ✇✐t❤ ♦♥❡
❛①✐s ❢♦❧❧♦✇✐♥❣ t❤❡ ✇❛❧❧ ❝♦♥t♦✉r ❛♥❞ t❤❡ s❡❝♦♥❞ ❛①✐s ❜❡✐♥❣ ♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ ✜rst ❛①✐s✳
❚❤❡ ❡q✉❛t✐♦♥ ❢♦r t❤❡ ❜♦✉♥❞❛r② ❧❛②❡r ❤❡✐❣❤t ♦❢ ❛ ❧❛♠✐♥❛r ✢♦✇

δ (x) = 5

√

νx

v
✭✸✳✺✺✮

✐s ❣✐✈❡♥ ❜② ❙❝❤❧✐❝❤t✐♥❣ ❬✹✽❪ ❛s ✇❡❧❧ ❛s t❤❡ ❡q✉❛t✐♦♥ ❢♦r t❤❡ ❜♦✉♥❞❛r② ❧❛②❡r ❤❡✐❣❤t ♦❢ ❛
t✉r❜✉❧❡♥t ✢♦✇

δ (x) = 0.37x
(vx

ν

)
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. ✭✸✳✺✻✮

❆ ♥❡❝❡ss✐t② ❢♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ❜♦✉♥❞❛r② ❧❛②❡r ❤❡✐❣❤t ✐s t♦ ❦♥♦✇ t❤❡ ✈❡❧♦❝✐t② ♦❢
t❤❡ ❛✐r✳ ❍♦✇❡✈❡r✱ t❤❡ ✈❡❧♦❝✐t② ✐s ❞✐✛❡r❡♥t ❛t ❡✈❡r② ♣♦s✐t✐♦♥ ✐♥ t❤❡ ♥♦③③❧❡✳ ❚♦ ❝❛❧❝✉❧❛t❡
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t❤❡ ❜♦✉♥❞❛r② ❧❛②❡r ❤❡✐❣❤t ♥❡✈❡rt❤❡❧❡ss✱ t❤❡ ♥♦③③❧❡ ✐s s❡♣❛r❛t❡❞ ✐♥ ❛ ❧♦t ♦❢ s♠❛❧❧ s❡❝t✐♦♥s✳
❆t ❡✈❡r② ❧♦❝❛t✐♦♥✱ t❤❡ ✈❡❧♦❝✐t② ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ✇✐t❤ t❤❡ ❝♦♥t✐♥✉✐t② ❡q✉❛t✐♦♥✳ ❆s t❤❡
❜♦✉♥❞❛r② ❧❛②❡r ❤❡✐❣❤t ❞❡✈❡❧♦♣s ♦✈❡r t❤❡ ✇❤♦❧❡ ❧❡♥❣t❤ ❜❡t✇❡❡♥ t❤❡ t✉r❜✉❧❡♥❝❡ s❝r❡❡♥ ❛♥❞
t❤❡ t❡st ♦❜❥❡❝t✱ ❛ ♠❡t❤♦❞ ♥❡❡❞❡❞ t♦ ❜❡ ❢♦✉♥❞ t♦ ❝❛♣t✉r❡ t❤✐s ❞❡✈❡❧♦♣♠❡♥t ❛s ✇❡❧❧✳ ❚♦ ❞♦
s♦✱ ❛t ❡✈❡r② ♣♦s✐t✐♦♥✱ ❛♥ ❡q✉✐✈❛❧❡♥t ❧❡♥❣t❤ ✇❛s ❝❛❧❝✉❧❛t❡❞✳ ❚❤✐s ✐s t❤❡ ❧❡♥❣t❤ ♦❢ ❛ ♣❧❛t❡
✇✐t❤ t❤❡ s❛♠❡ ❜♦✉♥❞❛r② ❧❛②❡r ❛♥❞ ✈❡❧♦❝✐t②✳ ❆❢t❡r✇❛r❞s✱ t❤❡ ♥❡✇ ❜♦✉♥❞❛r② ❧❛②❡r ❝❛♥ ❜❡
❝❛❧❝✉❧❛t❡❞ ✇✐t❤ t❤❡ ❡q✉✐✈❛❧❡♥t ❧❡♥❣t❤ ❜❡✐♥❣ ✐♥❝r❡❛s❡❞ ❜② t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ s♠❛❧❧ ♣❛rt✳
❚❤✐s ❝❛♥ ❜❡ ❞♦♥❡ t❤r♦✉❣❤ ❛❧❧ t❤❡ ❝♦♠♣♦♥❡♥ts st❛rt✐♥❣ ❢r♦♠ t❤❡ ❧❛st t✉r❜✉❧❡♥❝❡ s❝r❡❡♥
t♦ t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ t❡st ♦❜❥❡❝t✳
❚❤✐s ♣r♦❝❡❞✉r❡ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ❜♦✉♥❞❛r② ❧❛②❡r ❤❡✐❣❤t ❛t t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ t❡st ♦❜❥❡❝t

✐s ❛❧s♦ ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ▼❆❚▲❆❇ s❝r✐♣t✳ ■t ❝❛♥ t❤❡r❡❢♦r❡ ❜❡ ❢♦✉♥❞ ♦♥ t❤❡ ❈❉✳
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■♥ t❤✐s ❝❤❛♣t❡r✱ ✜rst t❤❡ ❞❡s✐❣♥ r❡q✉✐r❡♠❡♥ts t❤❛t t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❤❛s t♦ ❢✉❧✜❧❧ ❛r❡
♣r❡s❡♥t❡❞✳ ❲✐t❤ t❤❡ r❡q✉✐r❡♠❡♥ts ❛♥❞ t❤❡ ❡q✉❛t✐♦♥s ♣r❡s❡♥t❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s ❝❤❛♣t❡r✱
t❤❡ ❞❡s✐❣♥ ♦❢ t❤❡ ✇✐♥❞ t✉♥♥❡❧ ❝♦♠♣♦♥❡♥ts ✐s ❡①♣❧❛✐♥❡❞✳ ❚❤❡ ❝❤❛r❛❝t❡r✐st✐❝s ♦❢ ❞r♦♣❧❡ts
✐♥s✐❞❡ t❤❡ t✉♥♥❡❧ ❛r❡ ❛♥❛❧②③❡❞ ❛s ✇❡❧❧ ❛s t❤❡ ♣r❡ss✉r❡ ❧♦ss❡s ❛♥❞ t❤❡ ❝♦♦❧✐♥❣ r❡q✉✐r❡♠❡♥ts✳
❆ ♣r❡❧✐♠✐♥❛r② ❈❋❉ s✐♠✉❧❛t✐♦♥ ✐s ❛❧s♦ ♣r❡s❡♥t❡❞ ✐♥ t❤✐s ❝❤❛♣t❡r✳ ❋✐♥❛❧❧②✱ ❞❡s✐❣♥ ♦♣t✐♦♥s
❢♦r ❛ s♠❛❧❧❡r ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❛r❡ ❣✐✈❡♥✳

✹✳✶ ■❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❞❡s✐❣♥

❈❡rt❛✐♥ ❞❡s✐❣♥ s♣❡❝✐✜❝❛t✐♦♥s ♥❡❡❞ t♦ ❜❡ ❞❡✜♥❡❞ t♦ ❜❡ ❛❜❧❡ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ s✐③❡ ❛♥❞ ♣♦✇❡r
♦❢ t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧✳ ❚❤❡ t❡st ♦❜❥❡❝ts t❤❛t ✇✐❧❧ ❜❡ t❡st❡❞ ✐♥ t❤✐s ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❛r❡
t②♣✐❝❛❧ ❯❆❱ ❛✐r❢♦✐❧s✳ ❙❝❛❧✐♥❣ ♦❢ t❤❡ r❡s✉❧ts ♦❢ ❡①♣❡r✐♠❡♥ts ✐s ❛❧✇❛②s ♣r♦❜❧❡♠❛t✐❝ ❛♥❞ ❡✈❡♥
♠♦r❡ ❢♦r ✐❝✐♥❣ ❡①♣❡r✐♠❡♥ts ❛s ♣r❡s❡♥t❡❞ ✐♥ s✉❜s❡❝t✐♦♥ ✷✳✹✳✸✳ ❚❤❡r❡❢♦r❡ ❛♥ ♦❜❥❡❝t✐✈❡ ❢♦r
t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ✐s t♦ s✐♠✉❧❛t❡ r❡❛❧✲❧✐❢❡ s✐t✉❛t✐♦♥s ♦❢ ❯❆❱s✳ ❚❤✐s ♠❡❛♥s t❤❛t ❛✐r❢♦✐❧s
✇✐t❤ ❧✐❢❡✲s✐③❡❞ ❝❤♦r❞ ❧❡♥❣t❤s ❛r❡ s✉♣♣♦s❡❞ t♦ ❜❡ t❡st❡❞ ❛t t②♣✐❝❛❧ ✢✐❣❤t ✈❡❧♦❝✐t✐❡s✳ ❋✐❣✉r❡
✹✳✶ s❤♦✇s ❤♦✇ t❤❡ ❯❆❱s ✐♥ t❤❡ ❝r❡❛t❡❞ ❞❛t❛❜❛s❡ ✐♥ ❆♣♣❡♥❞✐① ❆✳✶ ❝❛♥ ❜❡ ❛rr❛♥❣❡❞ ✐♥t♦
❞✐✛❡r❡♥t ❝❛t❡❣♦r✐❡s ❢♦r ✢✐❣❤t s♣❡❡❞s✳ ❋♦r t❤✐s ♣✉r♣♦s❡✱ 5 ❯❆❱s ✇✐t❤ ✢✐❣❤t s♣❡❡❞s ♦✈❡r
60m s−1 ✇❡r❡ ❡①❝❧✉❞❡❞✱ ❜❡❝❛✉s❡ ✈❡r② ❧❛r❣❡ ❯❆❱s ❛r❡ ♦✉t ♦❢ s❝♦♣❡ ❢♦r t❤✐s ✇♦r❦✳ ❚❤✐s
✇❛s ❛❧s♦ ❞♦♥❡ t♦ ❤❛✈❡ ❛ ❝❧❡❛r❡r ♣✐❝t✉r❡ ♦❢ t❤❡ t②♣✐❝❛❧ ✢✐❣❤t s♣❡❡❞s ♦❢ ❯❆❱s ✇✐t❤♦✉t ❛ t♦♦
❧♦♥❣ ❛①✐s✳ ❚❤❡ ♣❧♦t s❤♦✇s t❤❛t ♠♦st ❯❆❱s ❤❛✈❡ t②♣✐❝❛❧ ✢✐❣❤t s♣❡❡❞s ❜❡t✇❡❡♥ 15m s−1

❛♥❞ 35m s−1✳ ❚❤❡ r❡q✉✐r❡♠❡♥t r❡s✉❧t✐♥❣ ❢r♦♠ t❤✐s ❦♥♦✇❧❡❞❣❡ ✐s t♦ ♦❜t❛✐♥ s♣❡❡❞s ✉♣ t♦

02468
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❋✐❣✉r❡ ✹✳✶✿ ❉✐✈✐s✐♦♥ ♦❢ ❯❆❱s ❛❝❝♦r❞✐♥❣ t♦ t❤❡✐r ✢✐❣❤t s♣❡❡❞✳
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35m s−1 ✐♥ t❤❡ t❡st s❡❝t✐♦♥ ♦❢ t❤❡ ❞❡s✐❣♥❡❞ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧✳
❚♦ ✜♥❞ t②♣✐❝❛❧ ❝❤♦r❞ ❧❡♥❣t❤s ❢♦r ❯❆❱s ✇✐t❤ s♣❡❡❞s ✉♣ t♦ 35m s−1✱ t❤❡ t❛❜❧❡ ✐♥ ❆♣✲

♣❡♥❞✐① ❆✳✶ ✇❛s ✉s❡❞ ❛❣❛✐♥✳ ❍♦✇❡✈❡r✱ ❞❛t❛ ❢♦r ❝❤♦r❞ ❧❡♥❣t❤s ❝♦✉❧❞ ❥✉st ❜❡ ❢♦✉♥❞ ❢♦r 12
❯❆❱s✳ ❆s ❡①♣❧❛✐♥❡❞ ✐♥ ❈❤❛♣t❡r ✷✱ t❤❡ ❝❤♦r❞ ❧❡♥❣t❤ ❛♥❞ t❤❡ ✇✐♥❣s♣❛♥ ♦❢ ❛♥ ❛✐r❝r❛❢t ❛r❡
❧✐♥❦❡❞ ✇✐t❤ t❤❡ ❛s♣❡❝t r❛t✐♦✳ ❚❤❡r❡❢♦r❡ t❤❡ ❝❤♦r❞ ❧❡♥❣t❤ ♦❢ t❤❡ ❛✐r❢♦✐❧ ❝❛♥ ❛❧s♦ ❜❡ ❝❛❧❝✉✲
❧❛t❡❞ ✐❢ t❤❡ ✇✐♥❣s♣❛♥ ❛♥❞ t❤❡ ❛s♣❡❝t r❛t✐♦ ♦❢ t❤❡ ✇✐♥❣ ❛r❡ ❦♥♦✇♥✳ ❲❤✐❧❡ t❤❡ ✇✐♥❣s♣❛♥
✐s ❣✐✈❡♥ ❢♦r ♠❛♥② ❯❆❱s✱ t❤❡ ❛s♣❡❝t r❛t✐♦ ✐s ♦❢t❡♥ ♥♦t ❛✈❛✐❧❛❜❧❡✳ ❍♦✇❡✈❡r✱ t❤❡ ❛✈❡r❛❣❡ ♦❢
t❤❡ ❦♥♦✇♥ ❛s♣❡❝t r❛t✐♦s ✐♥ t❤❡ ❞❛t❛❜❛s❡ ✐s ❛❜♦✉t 11✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ❛❝❝♦r❞✐♥❣ t♦ ◆❛❣❡❧
❛♥❞ ❙❤❡♣s❤❡❧♦✈✐❝❤ ❬✹✾❪✱ t②♣✐❝❛❧ ❛s♣❡❝t r❛t✐♦s ❢♦r ❯❆❱s ❛r❡ ❛❜♦✉t 12✳ ❚❤❡r❡❢♦r❡✱ ❝❤♦r❞
❧❡♥❣t❤s ✇❡r❡ ❛❧s♦ ❝❛❧❝✉❧❛t❡❞ ✇✐t❤ t❤❡ ❣✐✈❡♥ ✇✐♥❣s♣❛♥ ❛♥❞ ❛♥ ❡st✐♠❛t❡❞ ❛s♣❡❝t r❛t✐♦ ♦❢
12✳ ❲✐t❤ t❤✐s ✐♥❢♦r♠❛t✐♦♥✱ ❋✐❣✉r❡ ✹✳✷ ✇❛s ❝r❡❛t❡❞✳ ■t ❝♦♥t❛✐♥s t❤❡ ❦♥♦✇♥ ❝❤♦r❞ ❧❡♥❣t❤s✱
t❤❡ ❝❤♦r❞ ❧❡♥❣t❤s ❝❛❧❝✉❧❛t❡❞ ✇✐t❤ t❤❡ ❦♥♦✇♥ ✇✐♥❣s♣❛♥ ❛♥❞ ❛s♣❡❝t r❛t✐♦✱ ❛♥❞ t❤❡ ❝❤♦r❞
❧❡♥❣t❤s ❝❛❧❝✉❧❛t❡❞ ✇✐t❤ t❤❡ ❦♥♦✇♥ ✇✐♥❣s♣❛♥ ❛♥❞ ❛♥ ❡st✐♠❛t❡❞ ❛r❡❛ r❛t✐♦ ♦❢ 12✳ ■♥ t♦t❛❧
61 ❞❛t❛ ♣♦✐♥ts ❛r❡ ♣r❡s❡♥t❡❞✳ ❆❝❝♦r❞✐♥❣ t♦ t❤✐s ❋✐❣✉r❡✱ t❤❡ ♠♦st ❯❆❱s ✇✐t❤ s♣❡❡❞s ✐♥
t❤❡ r❛♥❣❡ t♦ 35m s−1 ❤❛✈❡ ❝❤♦r❞ ❧❡♥❣t❤s s♠❛❧❧❡r t❤❛♥ 0.4m✳ ❚❤❡r❡❢♦r❡ ❛ ❝❤♦r❞ ❧❡♥❣t❤
♦❢ 0.4m ✇❛s ❝❤♦s❡♥ ❛s t❤❡ ♠❛①✐♠✉♠ ❢♦r t❤✐s ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧✳

00.20.40.60.811.21.41.6
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❋✐❣✉r❡ ✹✳✷✿ ❈❤♦r❞ ❧❡♥❣t❤s ❛♥❞ ❝r✉✐s❡ s♣❡❡❞s ♦❢ ❞✐✛❡r❡♥t ❯❆❱s✳

❲❤✐❧❡ t❤❡ ❝❤♦r❞ ❧❡♥❣t❤ ♦❜✈✐♦✉s❧② ❤❛s ❛ ❤✉❣❡ ✐♥✢✉❡♥❝❡ ♦♥ t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ t❡st s❡❝t✐♦♥✱
✐t ✐s ❛❧s♦ r❡❧❡✈❛♥t ❢♦r t❤❡ ❤❡✐❣❤t✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ ♦❢ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ s♦❧✐❞ ❜❧♦❝❦❛❣❡
❡✛❡❝t t❤❛t ✇❛s ♣r❡s❡♥t❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s ❝❤❛♣t❡r✳ ❚❤❡ ❜❧♦❝❦❛❣❡ ❞❡♣❡♥❞s ♦♥ t❤❡ t❤✐❝❦♥❡ss
♦❢ t❤❡ ❛✐r❢♦✐❧✱ ✐ts ❝❤♦r❞ ❧❡♥❣t❤✱ ❛♥❞ t❤❡ ❛♥❣❧❡ ♦❢ ❛tt❛❝❦✳ ❚❤✐s ✇✐❧❧ ❜❡ ❢✉rt❤❡r ❡①♣❧❛✐♥❡❞ ✐♥
t❤❡ ♥❡①t s✉❜s❡❝t✐♦♥✳ ❋♦r t❤❡ ❞❡s✐❣♥ ♦❢ t❤✐s ✇✐♥❞ t✉♥♥❡❧✱ ❛♥ ❘●✶✺ ❛✐r❢♦✐❧ ✇❛s t❛❦❡♥ ❛s
❛♥ ❡①❛♠♣❧❡ ♦❢ t❤❡ ❛✐r❢♦✐❧s t❤❛t ✇✐❧❧ ❜❡ t❡st❡❞✳ ❚❤❡ ❝♦♦r❞✐♥❛t❡s ♦❢ t❤❡ ❛✐r❢♦✐❧ s✉r❢❛❝❡ ❛r❡
❧✐st❡❞ ✐♥ ❆♣♣❡♥❞✐① ❆✳✸ ❛s ✇❡❧❧ ❛s ❛ ♣❧♦t ♦❢ t❤❡ ♣r♦✜❧❡ ✇✐t❤ ❛♥ ❛♥❣❧❡ ♦❢ ❛tt❛❝❦ ♦❢ 0◦✳ ■♥s✐❞❡
t❤❡ ✇✐♥❞ t✉♥♥❡❧✱ ❥✉st t❤❡ ❧✐♥❡❛r s❡❝t✐♦♥ ♦❢ t❤❡ cL✲α✲❝✉r✈❡ s❤❛❧❧ ❜❡ t❡st❡❞✳ ❚❤✐s ✐s ❜❡❝❛✉s❡
t❤❡ ❧✐♥❡❛r ♣❛rt r❡❢❡rs t♦ t❤♦s❡ ❛♥❣❧❡s ♦❢ ❛tt❛❝❦ ✇❤❡r❡ ♥♦ st❛❧❧ ❛♣♣❡❛rs✳ ❋✐❣✉r❡ ✹✳✸ s❤♦✇s
t❤❡ cL✲α✲❝✉r✈❡ ❢♦r ❞✐✛❡r❡♥t ❘❡②♥♦❧❞s ♥✉♠❜❡rs ✇✐t❤ ✈❛❧✉❡s t❛❦❡♥ ❜② ❆✐r❢♦✐❧ ❚♦♦❧s ❬✺✵❪✳
❆s ❤✐❣❤❡r ❛♥❣❧❡s ♦❢ ❛tt❛❝❦s ❧❡❛❞ t♦ ❜✐❣❣❡r ❛♥❞ ❧♦♥❣❡r ✇✐♥❞ t✉♥♥❡❧s✱ ❛ ♠❛①✐♠✉♠ ❛♥❣❧❡
♦❢ ❛tt❛❝❦ ♦❢ ❛❜♦✉t 8◦ ✇❛s ❝❤♦s❡♥✳ ■t ❢♦❧❧♦✇s t❤❛t t❤❡ t❡st s❡❝t✐♦♥ ♠✉st ❜❡ ❤✐❣❤ ❡♥♦✉❣❤
t♦ ❝♦♥t❛✐♥ t❤❡ ❘●✶✺ ❛✐r❢♦✐❧ ✇✐t❤ ❛ ❝❤♦r❞ ❧❡♥❣t❤ ♦❢ 0.4m ✉♥❞❡r ❛♥ ❛♥❣❧❡ ♦❢ ❛tt❛❝❦ ♦❢ 8◦
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✇✐t❤♦✉t s✐❣♥✐✜❝❛♥t ❜❧♦❝❦❛❣❡ ❡✛❡❝ts✳

❋✐❣✉r❡ ✹✳✸✿ ❚❤❡ ❧✐❢t ❝♦❡✣❝✐❡♥t ♦❢ t❤❡ ❘● ✶✺ ♣❧♦tt❡❞ ♦✈❡r t❤❡ ❛♥❣❧❡ ♦❢ ❛tt❛❝❦ ❢♦r ❞✐✛❡r❡♥t
❘❡②♥♦❧❞s ♥✉♠❜❡rs✳ ❱❛❧✉❡s t❛❦❡♥ ❢r♦♠ ❆✐r❢♦✐❧ ❚♦♦❧s ❬✺✵❪✳

❆❧t❤♦✉❣❤ ✇✐♥❞ t✉♥♥❡❧s ❛✐♠ t♦ ❤❛✈❡ ✉♥✐❢♦r♠ ❝♦♥❞✐t✐♦♥s ✐♥s✐❞❡ t❤❡ ✇❤♦❧❡ t❡st s❡❝t✐♦♥✱
t❤✐s ✐s t②♣✐❝❛❧❧② ♥♦t tr✉❡✳ ■♥st❡❛❞✱ t❤❡ ❝♦♥❞✐t✐♦♥s ✇✐❧❧ ♥♦r♠❛❧❧② ❞❡✈✐❛t❡ ✐♥ s♣❛❝❡ ❛♥❞
t✐♠❡✳ ❲✐t❤ ✐❝✐♥❣ ❡①♣❡r✐♠❡♥ts✱ ❛♥ ❛❞❞✐t✐♦♥❛❧ ♣r♦❜❧❡♠ ❛rr✐✈❡s✳ ■❝❡ s❤❛♣❡s ❛r❡ ❛❧r❡❛❞②
✈❛r②✐♥❣ ✐♥ ♥❛t✉r❡✳ ❚❤❡r❡❢♦r❡✱ ✐❝❡ s❤❛♣❡s ❛r❡ ♥♦r♠❛❧❧② ♠❡❛s✉r❡❞ ♦♥ ♠✉❧t✐♣❧❡ ❧♦❝❛t✐♦♥s
❛❧♦♥❣ t❤❡ s♣❛♥ ❛s ✇❛s ❢♦r ❡①❛♠♣❧❡ ❞♦♥❡ ❜② ❍❛♥♥ ❬✺✶❪✳ ❚❤❡ ❞✐✛❡r❡♥t ♠❡❛s✉r❡♠❡♥ts ❝❛♥
❜❡ ❝♦♠♣❛r❡❞ t♦ ❤❛✈❡ ❛ ❜❡tt❡r ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ q✉❛❧✐t② ❛♥❞ t♦
❤❛✈❡ ♠❡❛♥ ✈❛❧✉❡s t❤❛t ❜❛❧❛♥❝❡ ♥♦♥✲✉♥✐❢♦r♠✐t②✳ ❋♦r t❤✐s ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧✱ ✐t s❤❛❧❧ ❜❡
♣♦ss✐❜❧❡ t♦ ❞♦ ♠❡❛s✉r❡♠❡♥ts ♦✈❡r ❛ ✇✐❞t❤ ♦❢ 0.3m✳ ❚❤❡r❡❢♦r❡ t❤❡ t❡st s❡❝t✐♦♥ ♠✉st ❜❡
✇✐❞❡ ❡♥♦✉❣❤ t♦ ❝♦♥t❛✐♥ ✉♥✐❢♦r♠ ✢♦✇ ❝♦♥❞✐t✐♦♥s ♦✈❡r ❛ ✇✐❞t❤ ♦❢ 0.3m✳
❚❤❡ ❊❆❙❆ ❧✐sts ✐❝✐♥❣ ❝♦♥❞✐t✐♦♥s ❢♦r t❡♠♣❡r❛t✉r❡s ❛s ❧♦✇ ❛s −40 ➦C ✐♥ t❤❡✐r r❡q✉✐r❡✲

♠❡♥ts ❢♦r ❛✐r❝r❛❢t ❛❧❧♦✇❛♥❝❡✳ ❍♦✇❡✈❡r✱ t❤❡ ▲❲❈ ✐s ❞❡❝r❡❛s✐♥❣ ✇✐t❤ ❞❡❝r❡❛s✐♥❣ t❡♠♣❡r❛✲
t✉r❡s✳ ❚❤❡r❡❢♦r❡✱ t❡♠♣❡r❛t✉r❡s ❝❧♦s❡r t♦ 0 ➦C ❛r❡ ♠♦r❡ s❡✈❡r❡ ❝♦♥❝❡r♥✐♥❣ t❤❡ ❛♠♦✉♥t ♦❢
✇❛t❡r ✐♥ t❤❡ ❛✐r✳ ■t ✇❛s ❛❧s♦ s❤♦✇♥ ❜② ❋❛❥t ❡t ❛❧✳ ❬✽❪ t❤❛t ✐❝✐♥❣ ❛t t❡♠♣❡r❛t✉r❡s ♥❡❛r t❤❡
❢r❡❡③✐♥❣ ♣♦✐♥t ❧❡❛❞s t♦ ❤✐❣❤❡r ❛❡r♦❞②♥❛♠✐❝ ♣❡♥❛❧t✐❡s t❤❛♥ ✐❝✐♥❣ ❛t ❧♦✇❡r t❡♠♣❡r❛t✉r❡s✳
❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ tr❛♥s✐t✐♦♥ ❜❡t✇❡❡♥ r✐♠❡ ✐❝❡ ❛♥❞ ❣❧❛❝❡ ✐❝❡ t❛❦❡s ♣❧❛❝❡ ✐♥ ❛ t❡♠♣❡r❛t✉r❡
r❡❣✐♦♥ ❛r♦✉♥❞ −3 ➦C✳ ❚❤❡r❡❢♦r❡ t❡♠♣❡r❛t✉r❡s ❛r♦✉♥❞ −40 ➦C ❞♦ ♥♦t ♦✛❡r ♠✉❝❤ ✐♠✲
♣r♦✈❡♠❡♥t t♦ t❤❡ ✜❡❧❞ t❤❛t ❝❛♥ ❜❡ st✉❞✐❡❞ ✐♥ t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧✳ ❆❞❞✐t✐♦♥❛❧❧② ❧♦✇❡r
t❡♠♣❡r❛t✉r❡s ✐♥s✐❞❡ t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❧❡❛❞ t♦ ❤✐❣❤❡r ❝♦♦❧✐♥❣ r❡q✉✐r❡♠❡♥ts ❛s ♠♦r❡

♣❛r❛♠❡t❡r ✈❛❧✉❡

s♣❡❡❞ ❛t t❡st s❡❝t✐♦♥ 35m s−1

❝❤♦r❞ ❧❡♥❣t❤ 0.4m
♠❛①✐♠✉♠ ❛♥❣❧❡ ♦❢ ❛tt❛❝❦ 8◦

✇✐❞t❤ ✇✐t❤♦✉t ❜♦✉♥❞❛r② ❧❛②❡r ✐♥t❡r❢❡r❡♥❝❡ 0.3m
❛✐r t❡♠♣❡r❛t✉r❡ −15 ➦C

❚❛❜❧❡ ✹✳✶✿ ▲✐st ♦❢ t❤❡ r❡q✉✐r❡♠❡♥ts ❢♦r t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧✳
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❤❡❛t ❤❛s t♦ ❜❡ r❡♠♦✈❡❞✳ ❚❤❡r❡❢♦r❡✱ ✐t ✇❛s ❞❡❝✐❞❡❞ t❤❛t t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ♥❡❡❞s t♦
❣✉❛r❛♥t❡❡ t❡♠♣❡r❛t✉r❡s ♦❢ −15 ➦C ❜✉t ♥♦t ❧♦✇❡r✳
❆❧❧ r❡q✉✐r❡♠❡♥ts ❢♦r t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❛r❡ s✉♠♠❛r✐③❡❞ ✐♥ ❚❛❜❧❡ ✹✳✶✳

✹✳✷ ❚❤❡r♠♦♣❤②s✐❝❛❧ ♣r♦♣❡rt✐❡s

❚❤❡ ❡q✉❛t✐♦♥s ♣r❡s❡♥t❡❞ ✐♥ t❤❡ ❧❛st ❝❤❛♣t❡r ❤❛✈❡ t♦ ❜❡ ✉s❡❞ t♦ r❡❝❡✐✈❡ t❤❡ r❡s✉❧ts t❤❛t ❛r❡
♣r❡s❡♥t❡❞ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ s❡❝t✐♦♥s✳ ❚❤❡s❡ ❡q✉❛t✐♦♥s ❝♦♥t❛✐♥ t❤❡r♠♦♣❤②s✐❝❛❧ ♣r♦♣❡rt✐❡s
♦❢ ❡✐t❤❡r ❛✐r ♦r ✇❛t❡r✳ ❚❤❡s❡ t❤❡r♠♦♣❤②s✐❝❛❧ ♣r♦♣❡rt✐❡s ❞❡♣❡♥❞ ♦♥ t❡♠♣❡r❛t✉r❡✳ ❆s
t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ✇✐❧❧ ♦♣❡r❛t❡ ✇✐t❤ ✈❛r✐♦✉s t❡♠♣❡r❛t✉r❡s✱ ❛ ❝❤♦✐❝❡ ❢♦r t❤❡ r❡❢❡r❡♥❝❡
t❡♠♣❡r❛t✉r❡ ❤❛s t♦ ❜❡ ♠❛❞❡✳ ❚♦ ❜❡ ❝♦♥s❡r✈❛t✐✈❡ ✇✐t❤ ❡✈❡r② ❝❛❧❝✉❧❛t✐♦♥✱ t❤❡ ✇♦rst ❝❛s❡
✇❛s ❝❤♦s❡♥ ❢♦r ❡✈❡r② ♣r♦♣❡rt②✳ ❚♦ ❞♦ s♦✱ t❤❡ ♠❛①✐♠✉♠ ❛♥❞ ♠✐♥✐♠✉♠ ❧✐♠✐t ❢♦r ❜♦t❤
t❤❡ ❛✐r ❛♥❞ t❤❡ ❞r♦♣❧❡t t❡♠♣❡r❛t✉r❡ ♥❡❡❞ t♦ ❜❡ ❦♥♦✇♥✳ ❚❤❡ ❛✐r ✇✐❧❧ ❛❧✇❛②s ❜❡ ❜❡❧♦✇
t❤❡ ❢r❡❡③✐♥❣ ♣♦✐♥t ❛♥❞ ❛s st❛t❡❞ ✐♥ ❚❛❜❧❡ ✹✳✶ ♥❡✈❡r ❧♦✇❡r t❤❛♥ −15 ➦C✳ ❚❤❡ ❞r♦♣❧❡ts
✇✐❧❧ ❧❡❛✈❡ t❤❡ s♣r❛② ♥♦③③❧❡ ✇✐t❤ ❛ t❡♠♣❡r❛t✉r❡ ♦❢ 15 ➦C✳ ❆s t❤❡ ❞r♦♣❧❡t t❡♠♣❡r❛t✉r❡
✇✐❧❧ ❛❞❥✉st ❛s②♠♣t♦t✐❝❛❧❧② t♦ t❤❡ ❛✐r t❡♠♣❡r❛t✉r❡✱ ❞r♦♣❧❡ts ❝❛♥ ♥❡✈❡r ❣❡t ❝♦❧❞❡r t❤❛♥
−15 ➦C✳ ❲✐t❤ t❤❡ ❦♥♦✇♥ ❧✐♠✐ts✱ t❤❡ ✈❛❧✉❡s ♦❢ t❤❡ t❤❡r♠♦♣❤②s✐❝❛❧ ♣r♦♣❡rt✐❡s ❜❡❝♦♠❡
t❤❡ ✈❛❧✉❡s s✉♠♠❛r✐③❡❞ ✐♥ ❚❛❜❧❡ ✹✳✷✳ ❚❤❡ ❞❡♥s✐t② ❛♥❞ t❤❡ ❦✐♥❡♠❛t✐❝ ✈✐s❝♦s✐t② ♦❢ ❛✐r
❤❛✈❡ ❞✐✛❡r❡♥t ✇♦rst ❝❛s❡s ❢♦r t❤❡ ❞r♦♣❧❡t ❜❡❤❛✈✐♦r ❛♥❞ t❤❡ ♣r❡ss✉r❡ ❧♦ss ❝❛❧❝✉❧❛t✐♦♥s✳
❚❤❡r❡❢♦r❡ ❢♦r ❡❛❝❤ ♦❢ t❤❡ t✇♦ ❝❛s❡s ❛ ❞✐✛❡r❡♥t ✇♦rst ❝❛s❡ ✇❛s s❡❧❡❝t❡❞✳ ❆❧❧ ✈❛❧✉❡s ❢♦r

♣r♦♣❡rt② ✫ s②♠❜♦❧ ✈❛❧✉❡ T [➦C]

t❤❡r♠♦♣❤②s✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❛✐r

❦✐♥❡♠❛t✐❝ ✈✐s❝♦s✐t② ν ✭❉r♦♣❧❡t ❜❡❤❛✈✐♦r✮ 12.11 · 10−6 m2 s−1 −15
❦✐♥❡♠❛t✐❝ ✈✐s❝♦s✐t② ν ✭Pr❡ss✉r❡ ❧♦ss✮ 13.38 · 10−6 m2 s−1 0
❞②♥❛♠✐❝ ✈✐s❝♦s✐t② µ 16.55 · 10−6 kg s−1 m−1 −15
❤❡❛t ❝❛♣❛❝✐t② r❛t✐♦ γ 1.4 ✲
s♣❡❝✐✜❝ ❣❛s ❝♦♥st❛♥t R 287.0m2 s−2 K ✲
Pr❛♥❞t❧ ♥✉♠❜❡r Pr 0.7362 0
t❤❡r♠❛❧ ❝♦♥❞✉❝t✐✈✐t② k 0.0225Wm−1 K−1 −15
❞❡♥s✐t② ρ ✭❉r♦♣❧❡t ❜❡❤❛✈✐♦r✮ 1.292 kgm−3 0
❞❡♥s✐t② ρ ✭Pr❡ss✉r❡ ❧♦ss✮ 1.367 kgm−3 −15

t❤❡r♠♦♣❤②s✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ✇❛t❡r

❞❡♥s✐t② ρ 999.9 kgm−3 5
s♣❡❝✐✜❝ ❤❡❛t ❝❛♣❛❝✐t② cp 4349 J kg−1 K−1 −15
s♣❡❝✐✜❝ ❤❡❛t ❝❛♣❛❝✐t② cv 4349 J kg−1 K−1 −15
s♣❡❝✐✜❝ ❧❛t❡♥t ❤❡❛t ♦❢ ❢✉s✐♦♥ clatent 334,000 J kg−1 0

❚❛❜❧❡ ✹✳✷✿ ❚❤❡r♠♦♣❤②s✐❝❛❧ ♣r♦♣❡rt✐❡s ♦❢ ❛✐r ❛♥❞ ✇❛t❡r ❢♦r t❤❡ r❡❢❡r❡♥❝❡ t❡♠♣❡r❛t✉r❡ T ✳
❉✐✛❡r❡♥t ✇♦rst✲❝❛s❡s ♠✐❣❤t ❡①✐st ❢♦r t❤❡ ❞r♦♣❧❡t ❜❡❤❛✈✐♦r ❛♥❞ t❤❡ ♣r❡ss✉r❡
❧♦ss✳

✸✻



✹ ❘❡s✉❧ts

❛✐r ✇❡r❡ t❛❦❡♥ ❜② ➬❡♥❣❡❧ ❛♥❞ ❈✐♠❜❛❧❛ ❬✺✷❪✳ ❍♦✇❡✈❡r✱ t❤❡s❡ ❛✉t❤♦rs ❥✉st ♦✛❡r ✈❛❧✉❡s
❢♦r ✇❛t❡r ❢♦r t❡♠♣❡r❛t✉r❡s ❛❜♦✈❡ t❤❡ ❢r❡❡③✐♥❣ ♣♦✐♥t✳ ❚❤❡r❡❢♦r❡ t❤❡✐r ♣r♦♣❡rt✐❡s ♦❢ ✇❛t❡r
✇❡r❡ ❝♦♠♣❛r❡❞ ✇✐t❤ ❍❛r❡ ❛♥❞ ❙♦r❡♥s❡♥ ❬✺✸❪✱ ❙t❡♣❛♥♦✈ ❬✺✹❪ ❛♥❞ ❙③❡❞❧❛❦ ❡t ❛❧✳ ❬✺✺❪✳ ■♥
❝❛s❡s ✇❤❡r❡ t❤❡ ✈❛❧✉❡ ✇❛s ♥♦t ❣✐✈❡♥ ❢♦r t❤❡ ❡①❛❝t t❡♠♣❡r❛t✉r❡✱ ❛ ❧✐♥❡❛r ✐♥t❡r♣♦❧❛t✐♦♥
❜❡t✇❡❡♥ t❤❡ t✇♦ ♥❡①t ❝❧♦s❡st ✈❛❧✉❡s ✇❛s ❞♦♥❡✳

✹✳✸ ❋✐♥❛❧ ❞❡s✐❣♥

■♥ t❤✐s s❡❝t✐♦♥✱ t❤❡ ✜♥❛❧ ❞❡s✐❣♥ ♦❢ ❡✈❡r② s✐♥❣❧❡ ❝♦♠♣♦♥❡♥t ✐s ♣r❡s❡♥t❡❞✳ ❉✉r✐♥❣ t❤❡
❞❡s✐❣♥✱ t❤❡ q✉❡st✐♦♥ ❛❜♦✉t t❤❡ ♥❡❝❡ss❛r② ♥✉♠❜❡r ♦❢ s✐❣♥✐✜❝❛♥t ❞✐❣✐ts ❝❛♠❡ ✉♣✳ ❚❤❡ ✐❝✐♥❣
✇✐♥❞ t✉♥♥❡❧ ✇✐❧❧ ❤❛✈❡ ❞✐♠❡♥s✐♦♥s ♦❢ ♠✉❧t✐♣❧❡ ♠❡t❡rs✳ ❚❤❡r❡❢♦r❡✱ ❜❡✐♥❣ ♠♦r❡ ♣r❡❝✐s❡ t❤❛♥
r♦✉♥❞✐♥❣ ♦♥ ❝❡♥t✐♠❡t❡rs s❡❡♠s ♥♦t r❡q✉✐r❡❞✳

✹✳✸✳✶ ❚❡st s❡❝t✐♦♥

❆✐r❢♦✐❧s ❛r❡ ❡ss❡♥t✐❛❧❧② t✇♦✲❞✐♠❡♥s✐♦♥❛❧ ♦❜❥❡❝ts ❡①tr❛❝t❡❞ ✐♥ t❤❡ s♣❛♥✇✐s❡ ❞✐r❡❝t✐♦♥✳ ❚♦
❤❛✈❡ ❝♦♠♣❛r❛❜❧❡ ❝♦♥❞✐t✐♦♥s ♦✈❡r t❤❡ ✇❤♦❧❡ ✇✐❞t❤ ✐t ✐s t❤❡r❡❢♦r❡ t❤❡ ❡❛s✐❡st t♦ ❤❛✈❡ ❛
r❡❝t❛♥❣✉❧❛r s❤❛♣❡❞ t❡st s❡❝t✐♦♥✳ ❲✐t❤ t❤✐s ❞❡❝✐s✐♦♥✱ t❤❡ s♣❛❝❡ ✉♥❞❡r ❛♥❞ ❛❜♦✈❡ t❤❡ ❛✐r❢♦✐❧
✐s t❤❡ s❛♠❡ ✐♥s✐❞❡ t❤❡ ✇❤♦❧❡ t❡st s❡❝t✐♦♥✳ ❍❡♥❝❡✱ ❜♦t❤ t❤❡ t❡st s❡❝t✐♦♥ ❛♥❞ t❤❡ ❛✐r❢♦✐❧ ❛r❡
❡ss❡♥t✐❛❧❧② t✇♦✲❞✐♠❡♥s✐♦♥❛❧✳ ❆s ❡①♣❧❛✐♥❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s ❝❤❛♣t❡r✱ t❤❡ ❛r❡❛ ♦❢ t❤❡ t❡st
s❡❝t✐♦♥ ♠✉st ❜❡ ❝❤♦s❡♥ ✐♥ ❛ ♠❛♥♥❡r t❤❛t t❤❡ ❜❧♦❝❦❛❣❡ st❛②s ❜❡❧♦✇ 10%✳ ■❢ ❛♥ ♦❜s❡r✈❡r
❧♦♦❦s ✐♥s✐❞❡ t❤❡ t❡st s❡❝t✐♦♥ ❢r♦♠ ❛♥ ✉♣str❡❛♠ ♣♦s✐t✐♦♥✱ ❤❡ ✇✐❧❧ r❡❝♦❣♥✐③❡ ❜♦t❤ t❤❡ ❛✐r❢♦✐❧
❛♥❞ t❤❡ t❡st s❡❝t✐♦♥ ❛s r❡❝t❛♥❣✉❧❛r s❤❛♣❡s ✇✐t❤ t❤❡ s❛♠❡ ✇✐❞t❤✳ ❚❤❡r❡❢♦r❡ t❤❡ ❡q✉❛t✐♦♥
❢♦r t❤❡ ❜❧♦❝❦❛❣❡ ❝❛♥ ❜❡ s✐♠♣❧✐✜❡❞ t♦

Aprojected

ATS

=
HprojectedWTS

HTSWTS

≈ Hprojected

HTS

. ✭✹✳✶✮

❚❤❡ ❛r❡❛ ✐s ❞❡♥♦t❡❞ ✇✐t❤ A✱ t❤❡ ❤❡✐❣❤t ✇✐t❤ H✱ ❛♥❞ t❤❡ ✇✐❞t❤ ✇✐t❤ W ✳ ❚❤❡ ✐♥❞❡①
projected ✐s ✉s❡❞ ❢♦r t❤❡ ♣r♦❥❡❝t❡❞ ✈❛❧✉❡s ♦❢ t❤❡ ❛✐r❢♦✐❧ ❛♥❞ t❤❡ ✐♥❞❡① TS ✐♥❞✐❝❛t❡s t❤❡
✈❛❧✉❡s ♦❢ t❤❡ t❡st s❡❝t✐♦♥✳ ❲✐t❤ ❡q✉❛t✐♦♥ ✹✳✶ t❤❡ ❜❧♦❝❦❛❣❡ r❡❞✉❝❡s t♦ t❤❡ ❢r❛❝t✐♦♥ ♦❢ t✇♦
❧❡♥❣t❤s✳ ❚❤❡ ♣r♦❥❡❝t❡❞ ❤❡✐❣❤t ✐s t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❤✐❣❤❡st ♣♦✐♥t ♦❢ t❤❡ ❛✐r❢♦✐❧
❛♥❞ t❤❡ ❧♦✇❡st ♦♥❡✳ ❚❤❡ ❝♦♦r❞✐♥❛t❡s ♦❢ ❛♥ ❛✐r❢♦✐❧ ❞❡♣❡♥❞ ♦♥ ✐ts s❤❛♣❡✱ t❤❡ ❝❤♦r❞ ❧❡♥❣t❤✱
❛♥❞ t❤❡ ❛♥❣❧❡ ♦❢ ❛tt❛❝❦✳ ❚❤❡ ❛✐r❢♦✐❧ ❝♦♦r❞✐♥❛t❡s ♦❢ ❛♥ ❘●✶✺ ❢♦r ❛♥ ❛♥❣❧❡ ♦❢ ❛tt❛❝❦ ♦❢ 0◦

❛r❡ ❧✐st❡❞ ✐♥ ❆♣♣❡♥❞✐① ❆✳✸✳ ❚❤❡ ❝♦✉♥t❡r✲❝❧♦❝❦✇✐s❡ r♦t❛t✐♦♥ ♦❢ ❛ ❜♦❞② ❝❛♥ ❜❡ ❢♦r♠✉❧❛t❡❞
✇✐t❤

x′ = x cos (θ)− y sin (θ) ✭✹✳✷❛✮

y′ = x sin (θ) + y cos (θ) ✭✹✳✷❜✮

❛❝❝♦r❞✐♥❣ t♦ ❑r❡②s③✐❣ ❡t ❛❧✳ ❬✺✻❪✳ ❚❤❡ ❝♦♦r❞✐♥❛t❡s ✇✐t❤ ❛♥ ❛♣♦str♦♣❤❡ ❞❡♥♦t❡ t❤❡ ❝♦✲
♦r❞✐♥❛t❡s ❛❢t❡r r♦t❛t✐♦♥✳ ❲✐t❤ t❤❡ ❡q✉❛t✐♦♥s ✹✳✷❛ ❛♥❞ ✹✳✷❜✱ t❤❡ ♣r♦❥❡❝t❡❞ ❤❡✐❣❤t ♦❢ ❛♥
❘●✶✺ ❛✐r❢♦✐❧ ✇✐t❤ ❛ ❝❤♦r❞ ❧❡♥❣t❤ ♦❢ 0.4m ✉♥❞❡r ❛♥ ❛♥❣❧❡ ♦❢ ❛tt❛❝❦ ✐s 0.068m✳ ❚♦ ❡♥s✉r❡
t❤❡ ❜❧♦❝❦❛❣❡ ✐s 10% ❛t ♠♦st✱ t❤❡ ❤❡✐❣❤t ♦❢ t❤❡ t❡st s❡❝t✐♦♥ ❤❡♥❝❡ ♥❡❡❞s t♦ ❜❡ 0.68m✳
❆s ❡①♣❧❛✐♥❡❞ ✐♥ s❡❝t✐♦♥ ✹✳✶✱ ❛ ✇✐❞t❤ ♦❢ 0.3m ✇✐t❤♦✉t ❛♥② ❜♦✉♥❞❛r② ❧❛②❡r ✐♥t❡r❛❝t✐♦♥

✐s r❡q✉✐r❡❞✳ ❆❝❝♦r❞✐♥❣ t♦ t❤❡ r✉❧❡ ♦❢ t❤✉♠❜ ❜② ❇❛r❧♦✇ ❡t ❛❧✳ ❬✷✵❪✱ t❤❛t ✇❛s ♣r❡s❡♥t❡❞
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✐♥ t❤❡ ♣r❡✈✐♦✉s ❝❤❛♣t❡r✱ t❤❡ ❜♦✉♥❞❛r② ❧❛②❡r ✇✐❧❧ ✐♥✢✉❡♥❝❡ 20% ♦❢ t❤❡ ✇✐❞t❤ ❛♥❞ ❤❡✐❣❤t✳
❚❤❡r❡❢♦r❡ t❤❡ t❡st s❡❝t✐♦♥ ✇✐❞t❤ ✇♦✉❧❞ ❤❛✈❡ t♦ ❜❡ ✐♥❝r❡❛s❡❞ ❜② 25%✳ ❚❤✐s r❡s✉❧ts ✐♥ ❛
s❛❢❡t② ♠❛r❣✐♥ ♦❢ ❛❜♦✉t 0.038m ♦♥ ❡❛❝❤ s✐❞❡✳ ▼♦r❡ ❞❡t❛✐❧❡❞ s✐♠✉❧❛t✐♦♥s ✇✐t❤ t❤❡ ♠❡t❤♦❞
♣r❡s❡♥t❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s ❝❤❛♣t❡r ❤♦✇❡✈❡r ❧❡❛❞ t♦ ❛ ❜♦✉♥❞❛r② ❧❛②❡r ❤❡✐❣❤t ♦❢ 0.043m
❛t t❤❡ t❡st s❡❝t✐♦♥✳ ❚❤❡r❡❢♦r❡ ❛t ❧❡❛st 0.086m ❤❛✈❡ t♦ ❜❡ ❛❞❞❡❞ t♦ t❤❡ ❛✐r❢♦✐❧ ✇✐❞t❤ t♦
❛✈♦✐❞ ❜♦✉♥❞❛r② ❧❛②❡r ✐♥t❡r❛❝t✐♦♥s✳ ❚♦ ✐♥tr♦❞✉❝❡ ❛ s♠❛❧❧ s❛❢❡t② ♠❛r❣✐♥✱ ❛ t❡st s❡❝t✐♦♥
✇✐❞t❤ ♦❢ 0.39m ✇❛s ❝❤♦s❡♥✳
❍❡♥❝❡✱ t❤❡ t❡st s❡❝t✐♦♥ ✐s r❡❝t❛♥❣✉❧❛r ✇✐t❤ ❛ ✇✐❞t❤ ♦❢ 0.39m ❛♥❞ ❛ ❤❡✐❣❤t ♦❢ 0.68m✳

❚❤✐s r❡s✉❧ts ✐♥ ❛ ❤②❞r❛✉❧✐❝ ❞✐❛♠❡t❡r ♦❢ 0.50m✳
❆s ♠❡♥t✐♦♥❡❞✱ t❤❡ ✢♦✇ s❤♦✉❧❞ ❜❡ ❛❧❧♦✇❡❞ ❛ s❡tt❧✐♥❣ ❧❡♥❣t❤ ♦❢ ❤❛❧❢ t❤❡ ❤②❞r❛✉❧✐❝ ❞✐❛♠✲

❡t❡r ♦❢ t❤❡ t❡st s❡❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ♥♦③③❧❡ ❡①✐t ❛♥❞ t❤❡ t❡st ♦❜❥❡❝t✳ ❚❤❡r❡❢♦r❡✱ ❢♦r t❤❡
st❛t❡❞ ❞❡s✐❣♥✱ t❤❡ s❡tt❧✐♥❣ ❧❡♥❣t❤ ✐s 0.25m✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ❢♦r t❤✐s ❞❡s✐❣♥✱ ✐t ✇❛s ❝❤♦s❡♥
t♦ ✐♥❝r❡❛s❡ t❤❡ t❡st s❡❝t✐♦♥ ❧❡♥❣t❤ ❜② 0.05m ❜❡❤✐♥❞ t❤❡ t❡st ♦❜❥❡❝t✳ ❚❤✐s r❡❞✉❝❡s t❤❡
♣r♦❜❛❜✐❧✐t② ♦❢ s❡♣❛r❛t✐♦♥ ♦♥ t❤❡ tr❛♥s✐t✐♦♥ ♦❢ t❤❡ t❡st s❡❝t✐♦♥ ❛♥❞ t❤❡ ❞✐✛✉s❡r ❛♥❞ ❛❧❧♦✇s
t♦ ✐♥s❡rt ❧♦♥❣❡r ❛✐r❢♦✐❧s ❛s ✇❡❧❧✳ ❍❡♥❝❡✱ t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ t❡st s❡❝t✐♦♥ ✐s ❝❛❧❝✉❧❛t❡❞ ❜②
❛❞❞✐♥❣ ✉♣ t❤❡ s❡tt❧✐♥❣ ❧❡♥❣t❤✱ t❤❡ ❝♦♥s✐❞❡r❡❞ ❝❤♦r❞ ❧❡♥❣t❤ ♦❢ 0.4m✱ ❛♥❞ t❤❡ ❡♥❧❛r❣❡♠❡♥t
♦❢ 0.05m✳ ❚❤✐s s✉♠ ✐s ❛❧s♦ ✈✐s✉❛❧✐③❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✹✳ ❚❤❡r❡❢♦r❡ t❤❡ ✜♥❛❧ ❧❡♥❣t❤ ♦❢ t❤❡
t❡st s❡❝t✐♦♥ ✐s 0.70m✳ ❚❤❡ ✜♥❛❧ ❞❡s✐❣♥ ♦❢ t❤❡ t❡st s❡❝t✐♦♥ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✹✳

❋✐❣✉r❡ ✹✳✹✿ ❋✐♥❛❧ ❞❡s✐❣♥ ♦❢ t❤❡ t❡st s❡❝t✐♦♥✳

✹✳✸✳✷ ◆♦③③❧❡

❚❤❡ ❞♦✇♥str❡❛♠ ❡♥❞ ♦❢ t❤❡ ♥♦③③❧❡ ❝♦♥♥❡❝ts t♦ t❤❡ t❡st s❡❝t✐♦♥✳ ❚❤❡r❡❢♦r❡ t❤❡ ❝r♦ss✲
s❡❝t✐♦♥ ♦❢ t❤❡ ❞♦✇♥str❡❛♠ ❡♥❞ ♦❢ t❤❡ ♥♦③③❧❡ ✐s t❤❡ s❛♠❡ ❛s t❤❡ t❡st s❡❝t✐♦♥✬s ❝r♦ss✲
s❡❝t✐♦♥✳ ❍❡♥❝❡✱ ❛t t❤✐s ❡♥❞✱ t❤❡ ♥♦③③❧❡ ❤❛s ❛ r❡❝t❛♥❣✉❧❛r s❤❛♣❡ ✇✐t❤ ❛ ✇✐❞t❤ ♦❢ 0.39m
❛♥❞ ❛ ❤❡✐❣❤t ♦❢ 0.68m✳
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❋♦r t❤✐s ✇♦r❦✱ ❛ ♠❡❞✐✉♠ ❝♦♥tr❛❝t✐♦♥ r❛t✐♦ ♦❢ 9 ✇❛s ❝❤♦s❡♥✳ ❚❤✐s s❤♦✉❧❞ ♦✛❡r ❛ ❜❛❧❛♥❝❡
❜❡t✇❡❡♥ ❣♦♦❞ ✢♦✇ q✉❛❧✐t② ❛♥❞ ❢❡✇ ♣r❡ss✉r❡ ❧♦ss❡s ♦♥ ♦♥❡ s✐❞❡ ❛♥❞ ❛ s♠❛❧❧ ✇✐♥❞ t✉♥♥❡❧
s✐③❡ ♦♥ t❤❡ ♦t❤❡r s✐❞❡✳ ❲✐t❤ t❤❡ ❝♦♥tr❛❝t✐♦♥ r❛t✐♦ t❤❛t ✐s ❡✛❡❝t✐✈❡❧② t❤❡ ❛r❡❛ r❛t✐♦✱ ❛❧s♦
t❤❡ ❝r♦ss✲s❡❝t✐♦♥❛❧ ❛r❡❛ ♦❢ t❤❡ ✉♣str❡❛♠ ❡♥❞ ✐s ❣✐✈❡♥✱ ❜✉t t❤❡ ❝r♦ss✲s❡❝t✐♦♥ ❝❛♥ st✐❧❧ ❜❡
❞❡t❡r♠✐♥❡❞✳ ❯♣str❡❛♠ ♦❢ t❤❡ ♥♦③③❧❡✱ t❤❡ s❡tt❧✐♥❣ ❛r❡❛✱ t❤❡ ✇✐❞❡✲❛♥❣❧❡ ❞✐✛✉s❡r ❛♥❞ t❤❡
❢❛♥ ✇✐❧❧ ❜❡ ♠♦✉♥t❡❞✳ ❆s ✇✐❧❧ ❜❡ ❡①♣❧❛✐♥❡❞ ✐♥ s✉❜s❡❝t✐♦♥ ✹✳✸✳✺✱ t❤❡ ❢❛♥ ♦❢ t❤✐s ✇✐♥❞ t✉♥♥❡❧
✇✐❧❧ ❜❡ ❝✐r❝✉❧❛r✳ ❚❤❡ t❡st s❡❝t✐♦♥ ❤♦✇❡✈❡r ❤❛s ❛ r❡❝t❛♥❣✉❧❛r ❝r♦ss✲s❡❝t✐♦♥ ✇✐t❤ ❛♥ ❛s♣❡❝t
r❛t✐♦ ♦❢ ❛❧♠♦st ✷✿✶✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❝r♦ss✲s❡❝t✐♦♥ ♠✉st ❝❤❛♥❣❡ s♦♠❡✇❤❡r❡ ❢r♦♠ ❝✐r❝✉❧❛r
t♦ r❡❝t❛♥❣✉❧❛r ❜❡t✇❡❡♥ t❤❡ ❢❛♥ ❛♥❞ t❤❡ t❡st s❡❝t✐♦♥✳ ❆s ❡①♣❧❛✐♥❡❞ ✐♥ t❤❡ ❧❛st ❝❤❛♣t❡r✱
r❡❝t❛♥❣✉❧❛r ♥♦③③❧❡s ✇✐t❤ ❛ ❝❤❛♥❣✐♥❣ ❛s♣❡❝t r❛t✐♦ ❛r❡ ❛♥ ♦♣t✐♦♥✳ ❆ ❝❤❛♥❣❡ ♦❢ ❝r♦ss✲s❡❝t✐♦♥
❢r♦♠ ❝✐r❝✉❧❛r t♦ r❡❝t❛♥❣✉❧❛r ♦r sq✉❛r❡ ✐s ❤♦✇❡✈❡r ✐♥tr♦❞✉❝✐♥❣ ♥❡✇ ♣r♦❜❧❡♠s✳ ❚❤✐s ✐s
❜❡❝❛✉s❡ t❤❡ ♥♦③③❧❡ ✐ts❡❧❢ ✐s ❞❡s✐❣♥❡❞ ✇✐t❤ ❛ ♥❛rr♦✇ ♠❛r❣✐♥ t♦ s❡♣❛r❛t✐♦♥ ❛♥❞ ❝❤❛♥❣❡s ♦❢
t❤❡ ❝r♦ss✲s❡❝t✐♦♥ ❜❡t✇❡❡♥ ❝✐r❝✉❧❛r ❛♥❞ r❡❝t❛♥❣✉❧❛r ❤❛✈❡ t❤❡ s❛♠❡ ❞♦✇♥s✐❞❡✳
❍❛✈✐♥❣ ❛ sq✉❛r❡ ❝r♦ss✲s❡❝t✐♦♥ ❛t t❤❡ ✉♣str❡❛♠ ❡♥❞ ♠❛❦❡s t❤❡ tr❛♥s✐t✐♦♥ t♦ ❛ ❝✐r❝✉❧❛r

s❤❛♣❡ ❢✉rt❤❡r ✉♣str❡❛♠ ❡❛s✐❡r✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ♠❛①✐♠✉♠ ♦♣❡♥✐♥❣ ❛♥❣❧❡ ♦❢ t❤❡ ♥♦③③❧❡
✇✐t❤ ❝❤❛♥❣✐♥❣ ❛s♣❡❝t r❛t✐♦ ✐s s♠❛❧❧❡r ❝♦♠♣❛r❡❞ t♦ ❦❡❡♣✐♥❣ t❤❡ ❛s♣❡❝t r❛t✐♦✳ ❆s s❡♣❛r❛t✐♦♥
❞❡♣❡♥❞s ♦♥ t❤❡ ♦♣❡♥✐♥❣ ❛♥❣❧❡ ❛♥❞ t❤❡ ♠❛①✐♠✉♠ ♦♣❡♥✐♥❣ ❛♥❣❧❡ ♦❢ t❤❡ ♥♦③③❧❡ ✐s r❡❞✉❝❡❞✱
t❤❡ s❡♣❛r❛t✐♦♥ r✐s❦ ✐s r❡❞✉❝❡❞✳ ❍❡♥❝❡✱ t❤❡ ✉♣str❡❛♠ ❡♥❞ ♦❢ t❤❡ ♥♦③③❧❡ ✇❛s ❝❤♦s❡♥ t♦ ❜❡
sq✉❛r❡✳ ❆s ❜♦t❤ t❤❡ ❛r❡❛ ❛t t❤❡ ❞♦✇♥str❡❛♠ ❡♥❞ ❛♥❞ t❤❡ ❛r❡❛ r❛t✐♦ ❛r❡ ❣✐✈❡♥✱ t❤❡ s✐❞❡
❧❡♥❣t❤ ♦❢ t❤❡ sq✉❛r❡ ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ t♦ 1.54m✳
■♥ ❋✐❣✉r❡ ❆✳✶ ✐♥ t❤❡ ❆♣♣❡♥❞✐①✱ t❤❡ ♠✐♥✐♠✉♠ ❧❡♥❣t❤ ♦❢ ♥♦③③❧❡s ✐s ♣❧♦tt❡❞ ♦✈❡r t❤❡

r❛t✐♦ ♦❢ t❤❡ ❡q✉✐✈❛❧❡♥t ❞✐❛♠❡t❡rs ❛t ✐♥❧❡t ❛♥❞ ♦✉t❧❡t✳ ❋♦r ❛♥ ❛r❡❛ r❛t✐♦ ♦❢ 9✱ t❤❡ r❛t✐♦ ♦❢
t❤❡ ❡q✉✐✈❛❧❡♥t ❞✐❛♠❡t❡rs ❜❡❝♦♠❡s 3✳ ❆❝❝♦r❞✐♥❣ t♦ t❤❡ st❛t❡❞ ✜❣✉r❡✱ t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡
♥♦③③❧❡ s❤♦✉❧❞ ❜❡ ❛t ❧❡❛st 0.9 t✐♠❡s t❤❡ ❡q✉✐✈❛❧❡♥t ❞✐❛♠❡t❡r ❛t t❤❡ ✐♥❧❡t ❢♦r t❤✐s ❝❛s❡✳ ❆s
s❤♦rt ♥♦③③❧❡s ❤❛✈❡ ❛ ❤✐❣❤❡r r✐s❦ ♦❢ s❡♣❛r❛t✐♦♥ ❛♥❞ ❧♦♥❣ ♥♦③③❧❡s ✐♥❝r❡❛s❡ t❤❡ ✇✐♥❞ t✉♥♥❡❧
❧❡♥❣t❤✱ ❛ ❝♦♠♣r♦♠✐s❡ ♥❡❡❞s t♦ ❜❡ ❢♦✉♥❞✳ ❚❤❡r❡❢♦r❡✱ ❛ ❧❡♥❣t❤ ♦❢ ❡①❛❝t❧② t❤❡ ❡q✉✐✈❛❧❡♥t
❞✐❛♠❡t❡r ♦❢ t❤❡ ✉♣str❡❛♠ ❡♥❞ ✇❛s ❝❤♦s❡♥✳ ❚❤❡ ❡q✉✐✈❛❧❡♥t ❞✐❛♠❡t❡r ♦❢ ❛ sq✉❛r❡ ✇✐t❤
s✐❞❡s ♦❢ 1.54m ✐s 1.74m✳ ❍❡♥❝❡✱ t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ ♥♦③③❧❡ ✐s 1.74m✳ ❚❤❡ ❞❡s✐❣♥ ♦❢ t❤❡
♥♦③③❧❡ ✐s ✈✐s✉❛❧✐③❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✶✵✳
❲✐t❤ t❤❡ ✐♥❧❡t ❛♥❞ ♦✉t❧❡t ❣❡♦♠❡tr② ❣✐✈❡♥ ❛s ✇❡❧❧ ❛s t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ ♥♦③③❧❡✱ t❤❡

❧❛st q✉❡st✐♦♥ ✐s t❤❡ s❤❛♣❡ ♦❢ t❤❡ ♥♦③③❧❡ ✇❛❧❧s✳ ❆ ❝❧♦s❡r ❧♦♦❦ ❛t t❤❡ ❝♦♥t♦✉rs ♣r❡s❡♥t❡❞
✐♥ s✉❜s❡❝t✐♦♥ ✸✳✷✳✷ s❤♦✇s t❤❛t t❤❡ s❤❛♣❡s ♦❢ t❤❡ t❤✐r❞✲♦r❞❡r ♣♦❧②♥♦♠✐❛❧✱ t❤❡ ✜❢t❤✲♦r❞❡r
♣♦❧②♥♦♠✐❛❧✱ ❛♥❞ t❤❡ tr❛♥s❢♦r♠❡❞ ✜❢t❤✲♦r❞❡r ♣♦❧②♥♦♠✐❛❧ ❛r❡ st❡❡♣❡r ♥❡❛r t❤❡ ❡♥tr② ♦❢ t❤❡
t❡st s❡❝t✐♦♥ t❤❛♥ t❤❡ ❆❱❆ ♥♦③③❧❡✱ t❤❡ ❲✐t♦s③②♥s❦✐ ♥♦③③❧❡✱ ❛♥❞ t❤❡ ♠❛t❝❤❡❞ ❝✉❜✐❝s ♥♦③③❧❡
❝♦♥t♦✉rs✳ ❋✐❣✉r❡ ✹✳✺ s❤♦✇s t❤❡ tr❛❥❡❝t♦r✐❡s ♦❢ ❞r♦♣❧❡ts ✇✐t❤ 50 ➭m ❞r♦♣❧❡t ❞✐❛♠❡t❡r ❢♦r
❛ ♥♦③③❧❡ s❤❛♣❡ ❜❛s❡❞ ♦♥ ❛ t❤✐r❞✲♦r❞❡r ♣♦❧②♥♦♠✐❛❧✳ ❲❤❡♥ t❤❡ ❞r♦♣❧❡ts r❡❛❝❤ t❤❡ t❡st
s❡❝t✐♦♥✱ t❤❡② st✐❧❧ ❤❛✈❡ ❛ s✐❣♥✐✜❝❛♥t ✈❡❧♦❝✐t② ♥♦r♠❛❧ t♦ t❤❡ ✇✐♥❞ t✉♥♥❡❧ ❞✐r❡❝t✐♦♥✳ ❚❤✐s
✐s ❞✉❡ t♦ t❤❡✐r ❝❤❛r❛❝t❡r t♦ ❢♦❧❧♦✇ t❤❡ ❛✐r str❡❛♠❧✐♥❡s t♦ ❛ ❝❡rt❛✐♥ ❞❡❣r❡❡✳ ❉✉❡ t♦ t❤❡
st❡❡♣ ❝♦♥tr❛❝t✐♦♥ ❛t t❤❡ ❡♥❞ ♦❢ t❤❡ ♥♦③③❧❡✱ ❛❧s♦ t❤❡ str❡❛♠❧✐♥❡s ♦❢ t❤❡ ❛✐r ❤❛✈❡ ❛ st❡❡♣
❝♦♥tr❛❝t✐♦♥✳ ❍❡♥❝❡✱ t❤❡ ❞r♦♣❧❡ts r❡❝❡✐✈❡ ❛ ❤✉❣❡ ✈❡❧♦❝✐t② ♥♦r♠❛❧ t♦ t❤❡ ✇✐♥❞ t✉♥♥❡❧
❞✐r❡❝t✐♦♥ t♦ ❜❡ ❛❜❧❡ t♦ ❢♦❧❧♦✇ t❤❡ ❛✐r str❡❛♠❧✐♥❡s✳ ❚❤❡ ✈❡❧♦❝✐t② ❝♦♠♣♦♥❡♥t ♥♦r♠❛❧ t♦ t❤❡
✇✐♥❞ t✉♥♥❡❧ ❞✐r❡❝t✐♦♥ ❝❤❛♥❣❡s t❤❡ ❡✛❡❝t✐✈❡ ❛♥❣❧❡ ♦❢ ❛tt❛❝❦ ❢♦r t❤❡ ❛✐r❢♦✐❧ ❛♥❞ t❤❡r❡❢♦r❡
❞❡❝r❡❛s❡s t❤❡ q✉❛❧✐t② ♦❢ t❤❡ ♠❡❛s✉r❡♠❡♥ts ❛♥❞ r❡s✉❧ts✳
❆s ❛ ❝♦♠♣❛r✐s♦♥✱ t❤❡ tr❛❥❡❝t♦r✐❡s ♦❢ ❞r♦♣❧❡ts ✇✐t❤ 50 ➭m ✐♥s✐❞❡ t❤❡ ❆❱❆ ♥♦③③❧❡ ❛r❡

s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✻✳ ❆s t❤❡ ❣r❛❞✐❡♥t ♦❢ t❤❡ ♥♦③③❧❡ ❝♦♥t♦✉r ❝❧♦s❡ t♦ t❤❡ t❡st s❡❝t✐♦♥ ✐s
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❋✐❣✉r❡ ✹✳✺✿ ❚r❛❥❡t♦r✐❡s ♦❢ ❞r♦♣❧❡ts ✇✐t❤ 50 ➭m ❞✐❛♠❡t❡r ✐♥ ❛ ♥♦③③❧❡ ✇✐t❤ ❛ t❤✐r❞ ♦r❞❡r
♣♦❧②♥♦♠✐❛❧ ❝♦♥t♦✉r✳
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❋✐❣✉r❡ ✹✳✻✿ ❚r❛❥❡t♦r✐❡s ♦❢ ❞r♦♣❧❡ts ✇✐t❤ 50 ➭m ❞✐❛♠❡t❡r ✐♥ ❛ ♥♦③③❧❡ ✇✐t❤ ❛♥ ❆❱❆ ❝♦♥t♦✉r✳

s♠❛❧❧✱ t❤❡ ❞r♦♣❧❡ts ❤❛✈❡ ❛ ♠✉❝❤ s♠❛❧❧❡r ✈❡❧♦❝✐t② ❝♦♠♣♦♥❡♥t ✐♥ t❤❡ ✉♣✇❛r❞s ❞✐r❡❝t✐♦♥✳
❚❤❡r❡❢♦r❡ t❤❡ ♥♦③③❧❡ ❝♦♥t♦✉rs t❤❛t ❛r❡ ❧❡ss st❡❡♣ ✐♥ t❤❡✐r ✜♥❛❧ ♣❛rt ❛r❡ ♣r❡❢❡r❛❜❧❡ ❢♦r t❤❡
❝♦♥❝❡r♥ ♦❢ t❤❡ tr❛❥❡❝t♦r✐❡s✳
❆ ♣❧♦t ♦❢ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡ ✈❡❧♦❝✐t✐❡s ♦❢ t❤❡ ❞r♦♣❧❡ts t❤r♦✉❣❤ t❤❡ ♥♦③③❧❡ ❝❛♥ ❜❡

r❛t❤❡r ❞✐✣❝✉❧t t♦ ✉♥❞❡rst❛♥❞✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ t❤❡ ✈❡❧♦❝✐t② ♦❢ t❤❡ ❞r♦♣❧❡ts ❛❞❥✉sts t♦
t❤❡ ❛✐r s♣❡❡❞✳ ❍♦✇❡✈❡r✱ ✐❢ ❞✐✛❡r❡♥t ♥♦③③❧❡ ❝♦♥t♦✉rs ❛r❡ ❝♦♠♣❛r❡❞✱ t❤❡ ❛✐r s♣❡❡❞ ♦❢ t❤❡
❞✐✛❡r❡♥t ♥♦③③❧❡ ❝♦♥t♦✉rs ✐s ❞✐✛❡r❡♥t ❛t ❡✈❡r② ♣♦s✐t✐♦♥✳ ❚❤❡r❡❢♦r❡✱ ❋✐❣✉r❡ ✹✳✼ ❝♦♥t❛✐♥s ❛♥
❡①❡♠♣❧❛r② ♣❧♦t ♦❢ t❤❡ ❞r♦♣❧❡t ✈❡❧♦❝✐t② t❤r♦✉❣❤ t❤❡ ❆❱❆ ♥♦③③❧❡ ❛s ✇❡❧❧ ❛s t❤❡ ❛✐r s♣❡❡❞
❛♥❞ t❤❡ ♥♦③③❧❡ ❝♦♥t♦✉r✳ ■t ❝❛♥ ❜❡ s❡❡♥ t❤❛t t❤❡ ❞r♦♣❧❡ts ❧❡❛✈❡ t❤❡ s♣r❛② ♥♦③③❧❡ ✇✐t❤ ❛
✈❡❧♦❝✐t② ❤✐❣❤❡r t❤❛♥ t❤❡ ❛✐r s♣❡❡❞✳ ❚❤❡② ❛r❡ ❤♦✇❡✈❡r ❞❡❝❡❧❡r❛t❡❞ ✐♥ t❤❡ s❡tt❧✐♥❣ ❛r❡❛
❛♥❞ ❤❛✈❡ ❛❧♠♦st t❤❡ s❛♠❡ ✈❡❧♦❝✐t② ❛s t❤❡ ❛✐r ❛t t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ♥♦③③❧❡✳ ❉✉❡ t♦ t❤❡
❝♦♥tr❛❝t✐♦♥ ♦❢ t❤❡ ♥♦③③❧❡✱ t❤❡ ❛✐r s♣❡❡❞ ✐♥❝r❡❛s❡s ❛♥❞ t❤❡ ❞r♦♣❧❡t ✈❡❧♦❝✐t② ❛❞❥✉sts s❧♦✇❧②

✹✵



✹ ❘❡s✉❧ts

t♦ t❤✐s ❝❤❛♥❣❡❞ ❛✐r s♣❡❡❞✳ ❚❤❡ ❞r♦♣❧❡ts ❛r❡ ❤♦✇❡✈❡r ♥♦t ❛❜❧❡ t♦ r❡❛❝❤ t❤❡ ❛✐r s♣❡❡❞ ✉♥t✐❧
t❤❡② r❡❛❝❤ t❤❡ t❡st ♦❜❥❡❝t✳
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❋✐❣✉r❡ ✹✳✼✿ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❞r♦♣❧❡t ❛♥❞ t❤❡ ❛✐r ✈❡❧♦❝✐t② ✐♥s✐❞❡ t❤❡ ❆❱❆ ♥♦③③❧❡✳

❋✐❣✉r❡ ✹✳✽ s❤♦✇s t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡ ❞r♦♣❧❡t ✈❡❧♦❝✐t② ♦✈❡r t❤❡ ❧❡♥❣t❤ ❜❡t✇❡❡♥ t❤❡
s♣r❛② ♥♦③③❧❡ ❛♥❞ t❤❡ t❡st ♦❜❥❡❝t ❢♦r ❞✐✛❡r❡♥t ♥♦③③❧❡ ❝♦♥t♦✉rs✳ ❚❤❡ s✐♠✉❧❛t❡❞ ❞r♦♣❧❡t
❞✐❛♠❡t❡r ✇❛s 75 ➭m✳ ❚❤❡ ❧❛r❣❡ ❞r♦♣❧❡t ❞✐❛♠❡t❡r ✇❛s ❝❤♦s❡♥ t♦ ❤✐❣❤❧✐❣❤t t❤❡ ❞✐✛❡r❡♥❝❡s
✐♥ t❤❡ ♣❧♦ts✳ ❚❤❡ ❛✐r ✈❡❧♦❝✐t② ❛t t❤❡ ❡♥❞ ♦❢ t❤❡ ♥♦③③❧❡ ✐s 35m s−1✳ ❋✐❣✉r❡ ✹✳✽ s❤♦✇s
t❤❛t t❤❡ ❞r♦♣❧❡ts ❝♦♠❡ ❝❧♦s❡r t♦ t❤❡ t❛r❣❡t ✈❡❧♦❝✐t② ✐♥ t❤❡ ♥♦③③❧❡s t❤❛t ❛r❡ st❡❡♣ ✐♥ ❛
♠♦r❡ ✉♣str❡❛♠ ♣♦s✐t✐♦♥✳ ❇❡❝❛✉s❡ ♦❢ t❤❡ ❝♦♥tr❛❝t✐♦♥✱ t❤❡ ❛✐r ✈❡❧♦❝✐t② ✐s ✐♥❝r❡❛s❡❞ ❛♥❞ t❤❡
✈❡❧♦❝✐t② ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❞r♦♣❧❡t ❛♥❞ ❛✐r ❛s ✇❡❧❧✳ ❆❝❝♦r❞✐♥❣ t♦ t❤❡ ❡q✉❛t✐♦♥ ♦❢ ♠♦t✐♦♥
✸✳✶✺✱ t❤❡ ❝❤❛♥❣❡ ✐♥ t❤❡ ❞r♦♣❧❡t✬s ✈❡❧♦❝✐t② ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❛✐r
✈❡❧♦❝✐t② ❛♥❞ ❞r♦♣❧❡t ✈❡❧♦❝✐t②✳ ❆ ❤✐❣❤❡r ✈❡❧♦❝✐t② ❞✐✛❡r❡♥❝❡ ❢r♦♠ t❤❡ st❛rt ♦❢ t❤❡ ♥♦③③❧❡
t❤❡r❡❢♦r❡ ❧❡❛❞s t♦ ❛ str♦♥❣❡r ❛❝❝❡❧❡r❛t✐♦♥ ♦❢ t❤❡ ❞r♦♣❧❡t ❛♥❞ ❤✐❣❤❡r ✜♥❛❧ ✈❡❧♦❝✐t✐❡s✳ ■❢ t❤❡
♥♦③③❧❡ ❝♦♥tr❛❝t✐♦♥ ♦❝❝✉rs ❢✉rt❤❡r ❞♦✇♥str❡❛♠✱ t❤❡ ❧❛r❣❡st ✈❡❧♦❝✐t② ❞✐✛❡r❡♥❝❡ ♦❝❝✉rs ❥✉st
t❤❡r❡✳ ❚❤❡r❡❢♦r❡✱ t❤❡ t✐♠❡ ❢♦r t❤❡ ❞r♦♣❧❡ts t♦ ❛❞❥✉st t❤❡✐r ✈❡❧♦❝✐t② ✐s ♠✉❝❤ ❧❡ss✳ ❍❡♥❝❡✱
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❋✐❣✉r❡ ✹✳✽✿ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡ ❞r♦♣❧❡t ✈❡❧♦❝✐t② ❢♦r ❞✐✛❡r❡♥t ♥♦③③❧❡
❝♦♥t♦✉rs✳
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✹ ❘❡s✉❧ts

✐t ✐s ♣r❡❢❡r❛❜❧❡ t♦ ❤❛✈❡ ❛ ♥♦③③❧❡ ✇✐t❤ ❛♥ ❡❛r❧✐❡r ♣♦✐♥t ♦❢ str♦♥❣ ❝♦♥tr❛❝t✐♦♥ t♦ ✐♥❝r❡❛s❡
t❤❡ ❞r♦♣❧❡t✬s ✈❡❧♦❝✐t②✳
❚❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡ ❞r♦♣❧❡t t❡♠♣❡r❛t✉r❡ ♦✈❡r t❤❡ ❧❡♥❣t❤ ❜❡t✇❡❡♥ t❤❡ s♣r❛② ♥♦③③❧❡

❛♥❞ t❤❡ t❡st ♦❜❥❡❝t ❢♦r ❞✐✛❡r❡♥t ♥♦③③❧❡s ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✾✭❛✮✳ ❚♦ ❤✐❣❤❧✐❣❤t t❤❡
❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ ❞✐✛❡r❡♥t ♥♦③③❧❡ ❝♦♥t♦✉rs✱ ❛ ③♦♦♠ ✇❛s ❝❤♦s❡♥ ❢♦r t❤❡ ✜♥❛❧ ♣❛rt ♦❢
t❤❡ ♥♦③③❧❡✳ ❚❤❡ ③♦♦♠ ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✉r❡ ✹✳✾✭❜✮✳ ❚❤❡ ♣❛r❛♠❡t❡rs ❢♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥
❛r❡ t❤❡ s❛♠❡ ❛s ❢♦r ❋✐❣✉r❡ ✹✳✽✳ ❚❤❡ ❞r♦♣❧❡ts st❛rt ✇✐t❤ ❛ t❡♠♣❡r❛t✉r❡ ♦❢ 288.15K
❛♥❞ ❛♥ ❛✐r t❡♠♣❡r❛t✉r❡ ♦❢ 270.15K✳ ❚❤❡ t❡♠♣❡r❛t✉r❡ ❞❡✈❡❧♦♣♠❡♥t ✐s ❞✐✛❡r❡♥t ❢r♦♠
t❤❡ ✈❡❧♦❝✐t② ❞❡✈❡❧♦♣♠❡♥t✳ ◆♦③③❧❡s ✇✐t❤ ❛ str♦♥❣ ❝♦♥tr❛❝t✐♦♥ ❢✉rt❤❡r ✉♣str❡❛♠ r❡s✉❧t ✐♥
❤✐❣❤❡r ❞r♦♣❧❡t t❡♠♣❡r❛t✉r❡s ❛t t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ t❡st ♦❜❥❡❝t✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ ❛ str♦♥❣
❝♦♥tr❛❝t✐♦♥ ✉♣str❡❛♠ ❧❡❛❞s t♦ ❤✐❣❤❡r ✈❡❧♦❝✐t✐❡s t❤❡r❡ ❛♥❞ t❤❡ ❞r♦♣❧❡ts t❤❡r❡❢♦r❡ r❡❛❝❤
t❤❡ t❡st ♦❜❥❡❝t s♦♦♥❡r✳ ❍❡♥❝❡✱ t❤❡ ❞r♦♣❧❡ts ❤❛✈❡ ❧❡ss t✐♠❡ t♦ ❛❞❥✉st t❤❡✐r t❡♠♣❡r❛t✉r❡✳
❚❤❡r❡❢♦r❡ ♥♦③③❧❡s ✇✐t❤ ❛ ❧❛t❡r ♣♦✐♥t ♦❢ str♦♥❣ ❝♦♥tr❛❝t✐♦♥ ❛r❡ ❜❡tt❡r t♦ ❛❝❤✐❡✈❡ s♣❡❝✐✜❡❞
t❡♠♣❡r❛t✉r❡s ♦❢ t❤❡ ❞r♦♣❧❡ts✳
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✭❜✮ ❉r♦♣❧❡t t❡♠♣❡r❛t✉r❡ ♦✈❡r t❤❡ ③♦♦♠❡❞ s❡❝t✐♦♥✳

❋✐❣✉r❡ ✹✳✾✿ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡ ❞r♦♣❧❡t t❡♠♣❡r❛t✉r❡ ❢♦r ❞✐✛❡r❡♥t ♥♦③✲
③❧❡ ❝♦♥t♦✉rs✳

❚❤❡ ✜♥❛❧ ❞❡❝✐s✐♦♥ ❢♦r t❤❡ ♥♦③③❧❡ ❞❡s✐❣♥ ✇❛s ❞r✐✈❡♥ ❜② t❤❡ ❞r♦♣❧❡t ✈❡❧♦❝✐t② ❞❡✈❡❧♦♣♠❡♥t✱
t❤❡ ❞r♦♣❧❡t t❡♠♣❡r❛t✉r❡ ❞❡✈❡❧♦♣♠❡♥t✱ ❛♥❞ t❤❡ ❞r♦♣❧❡t tr❛❥❡❝t♦r✐❡s✳ ❆ ♣❡r❢❡❝t ♥♦③③❧❡ ❝❛♥
♥♦t ❜❡ ❢♦✉♥❞✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ ♥♦③③❧❡s ✇✐t❤ ❛ str♦♥❣ ❝♦♥tr❛❝t✐♦♥ ❢✉rt❤❡r ✉♣str❡❛♠ ❤❛✈❡
❛ s♠❛❧❧❡r ❞❡✈✐❛t✐♦♥ ✐♥ t❤❡ ✜♥❛❧ ✈❡❧♦❝✐t②✱ ❜✉t ❛ ❤✐❣❤❡r ❞❡✈✐❛t✐♦♥ ✐♥ t❤❡ ✜♥❛❧ t❡♠♣❡r❛t✉r❡✳
❚❤❡r❡❢♦r❡✱ ❛ ❝♦♠♣r♦♠✐s❡ ❤❛s t♦ ❜❡ ❢♦✉♥❞✳ ◆♦③③❧❡s t❤❛t ❛r❡ st❡❡♣❡r t♦✇❛r❞s t❤❡ ♥♦③③❧❡✬s
❡♥❞ ❛❧s♦ ❝❤❛♥❣❡ t❤❡ ❡✛❡❝t✐✈❡ ❛♥❣❧❡ ✉♥❞❡r ✇❤✐❝❤ t❤❡ ❞r♦♣❧❡ts ❤✐t t❤❡ t❡st ♦❜❥❡❝t✳ ❚❤❡r❡❢♦r❡
✐t ✇❛s ❞❡❝✐❞❡❞ t❤❛t t❤❡ t❤✐r❞✲♦r❞❡r ♣♦❧②♥♦♠✐❛❧✱ t❤❡ ✜❢t❤✲♦r❞❡r ♣♦❧②♥♦♠✐❛❧✱ ❛♥❞ t❤❡
tr❛♥s❢♦r♠❡❞ ✜❢t❤✲♦r❞❡r ♣♦❧②♥♦♠✐❛❧ ❛r❡ ♥♦t t❤❡ ❜❡st ♦♣t✐♦♥s✳ ❚❤❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡
t❤r❡❡ r❡♠❛✐♥✐♥❣ ♥♦③③❧❡s ❛r❡ r❛t❤❡r s♠❛❧❧✳ ❆s t❤❡ t❡♠♣❡r❛t✉r❡ ♣❧❛②s ❛ ♠♦r❡ ✐♠♣♦rt❛♥t
r♦❧❡ ❢♦r t❤❡ ✐❝✐♥❣ r❡s✉❧ts t❤❛♥ t❤❡ ✈❡❧♦❝✐t②✱ t❤❡ ❆❱❆ ♥♦③③❧❡ ✇❛s ❝❤♦s❡♥✳ ❚❤✐s ✐s ❜❡❝❛✉s❡
♦✉t ♦❢ t❤❡ r❡♠❛✐♥✐♥❣ ♥♦③③❧❡s✱ t❤❡ ❆❱❆ ♥♦③③❧❡ ❧❡❛❞s t♦ t❤❡ ❞r♦♣❧❡ts r❡❛❝❤✐♥❣ t❤❡ t❛r❣❡t
t❡♠♣❡r❛t✉r❡ t❤❡ ❝❧♦s❡st✳
❊q✉❛t✐♦♥ ✸✳✶ ✇❛s ❝r❡❛t❡❞ ❢♦r ♥♦③③❧❡s ✇✐t❤ ❛ sq✉❛r❡ ♦r r♦✉♥❞ ❝r♦ss✲s❡❝t✐♦♥✳ ❆s t❤❡

♥♦③③❧❡ ✇✐❧❧ ❜❡ r❡❝t❛♥❣✉❧❛r ✐♥ t❤✐s ✇♦r❦✱ ♥♦✇ t✇♦ ❡q✉❛t✐♦♥s ❛r❡ ♥❡❡❞❡❞✿ ♦♥❡ ❢♦r t❤❡ ✉♣♣❡r
❛♥❞ ❧♦✇❡r ♣❛rt ❛♥❞ ♦♥❡ ❢♦r t❤❡ s✐❞❡s✳ ❆ ❧♦♦❦ ❛t t❤❡ ❡q✉❛t✐♦♥ s❤♦✇s t❤❛t ❥✉st t❤❡ ❛r❡❛

✹✷
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❋✐❣✉r❡ ✹✳✶✵✿ ❋✐♥❛❧ ❞❡s✐❣♥ ♦❢ t❤❡ ♥♦③③❧❡✳

r❛t✐♦ ❝❛♥ ❜❡ ❝❤❛♥❣❡❞✳ ❚♦ ❝❛❧❝✉❧❛t❡ t❤❡ ❝♦♥t♦✉rs ❝♦rr❡❝t❧②✱ ❛♥ ❡q✉✐✈❛❧❡♥t ❛r❡❛ r❛t✐♦ ✐s
❝❛❧❝✉❧❛t❡❞✳ ❚♦ ❞♦ t❤✐s✱ t❤❡ ❤❡✐❣❤t✴✇✐❞t❤ ❛t t❤❡ t❡st s❡❝t✐♦♥ ✐s ❞✐✈✐❞❡❞ ❜② t❤❡ ✈❛❧✉❡ ❛t
t❤❡ ♥♦③③❧❡ ❡♥tr② ❛♥❞ t❤✐s ✈❛❧✉❡ ✐s sq✉❛r❡❞✳
❆s ❡①♣❧❛✐♥❡❞ ❡❛r❧✐❡r✱ t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ st❡❡♣❡st s❧♦♣❡ s❤♦✉❧❞ ❜❡ t❤❡ s❛♠❡ ❢♦r ❡✈❡r②

s✐❞❡✳ ❚❤❡ ♦♥❧② ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❝♦♥t♦✉r ❡q✉❛t✐♦♥s ✐s t❤❡ ❛r❡❛ r❛t✐♦✳ ❆s t❤❡ ❛r❡❛
r❛t✐♦ ✐s ❥✉st ❛ ❝♦♥st❛♥t✱ ✐t ❞♦❡s ♥♦t ❝❤❛♥❣❡ t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ st❡❡♣❡st s❧♦♣❡ ❛t ❛❧❧✳
❚❤❡r❡❢♦r❡ ♥♦ ❢✉rt❤❡r ❛❝t✐♦♥ ♥❡❡❞s t♦ ❜❡ t❛❦❡♥ t♦ ♠❛t❝❤ t❤❡ ♣♦s✐t✐♦♥s ♦❢ t❤❡ st❡❡♣❡st
s❧♦♣❡s✳ ❚❤❡ ✜♥❛❧ ❞❡s✐❣♥ ♦❢ t❤❡ ♥♦③③❧❡ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✶✵

✹✳✸✳✸ ❙❡tt❧✐♥❣ ❛r❡❛

❚❤❡ s❡tt❧✐♥❣ ❛r❡❛ ✐s ✉♣str❡❛♠ ♦❢ t❤❡ ♥♦③③❧❡ ❛♥❞ ❞♦❡s ♥♦t ❝❤❛♥❣❡ ✐ts s❤❛♣❡ ♦✈❡r ✐ts ❧❡♥❣t❤✳
❚❤❡r❡❢♦r❡ ✐t ❤❛s t❤❡ s❛♠❡ s❤❛♣❡ ❛s t❤❡ ✉♣str❡❛♠ ❡♥❞ ♦❢ t❤❡ ♥♦③③❧❡✳ ❍❡♥❝❡✱ t❤❡ s❡tt❧✐♥❣
❛r❡❛ ✐s sq✉❛r❡ ✇✐t❤ t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ s✐❞❡s ❜❡✐♥❣ 1.54m✳ ❚❤✐s r❡s✉❧ts ✐♥ ❛ ❤②❞r❛✉❧✐❝
❞✐❛♠❡t❡r ♦❢ 1.54m ❛s ✇❡❧❧✳
❚❤❡ s♣r❛② s②st❡♠ ✐s t❤❡ ❝♦♠♣♦♥❡♥t ♣❧❛❝❡❞ t❤❡ ♠♦st ❞♦✇♥str❡❛♠ ✐♥s✐❞❡ t❤❡ s❡tt❧✐♥❣

❛r❡❛✳ ❖t❤❡r✇✐s❡✱ t❤❡ ❞r♦♣❧❡ts ✇♦✉❧❞ ❤✐t t❤❡ ❤♦♥❡②❝♦♠❜s ❛♥❞ s❝r❡❡♥s✳ ❚❤✐s ✇♦✉❧❞ ❧❡❛❞
t♦ ✐❝❡ ❛❝❝r❡t✐♦♥ ♦♥ t❤❡s❡ ❝♦♠♣♦♥❡♥ts✳ ❆s ❛ r❡s✉❧t✱ t❤❡ ✢♦✇ q✉❛❧✐t② ❛♥❞ ✉♥✐❢♦r♠✐t② ✇♦✉❧❞
s✉✛❡r s❡✈❡r❡❧②✳ ❍❡♥❝❡✱ t❤❡ ❤♦♥❡②❝♦♠❜s ❛♥❞ s❝r❡❡♥s ❤❛✈❡ t♦ ❜❡ ♣❧❛❝❡❞ ✉♣str❡❛♠ ♦❢ t❤❡
s♣r❛② ♥♦③③❧❡s✳

✹✸



✹ ❘❡s✉❧ts

✹✳✸✳✸✳✶ ❙♣r❛② ❙②st❡♠

❚❤❡ s♣r❛② s②st❡♠ ✐s ♦❢ ❤✉❣❡ ✐♠♣♦rt❛♥❝❡✳ ❚❤❡ s②st❡♠ ♠✉st ❜❡ ❛❜❧❡ t♦ ✐♥❥❡❝t ❞r♦♣❧❡ts
✇✐t❤ t❤❡ ✇❛♥t❡❞ ▼❱❉s t❤❛t ❛r❡ s♠❛❧❧ ❝♦♠♣❛r❡❞ t♦ ♠❛♥② ♦t❤❡r ❞r♦♣❧❡t ♦♣❡r❛t✐♦♥s✳
❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ▲❲❈♠✉st ❛❧s♦ ♠❛t❝❤ t❤❡ ✈❛❧✉❡s t❤❛t ♥❡❡❞ t♦ ❜❡ t❡st❡❞ ❛❝❝♦r❞✐♥❣ t♦ t❤❡
❝❡rt✐✜❝❛t✐♦♥ r❡❣✉❧❛t✐♦♥s✳ ❋✉rt❤❡r♠♦r❡✱ t❤♦s❡ ✈❛❧✉❡s ♥❡❡❞ t♦ ❜❡ ❝♦♥tr♦❧❧❛❜❧❡ ❡①❛❝t❧② t♦ ❞♦
❡①♣❡r✐♠❡♥ts ✇✐t❤ ❡①❛❝t❧② ❦♥♦✇♥ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s✳ ❆♥♦t❤❡r ✐♠♣♦rt❛♥t r❡q✉✐r❡♠❡♥t
❢♦r t❤❡ s♣r❛② s②st❡♠ ✐s t❤❛t t❤❡ ❞r♦♣❧❡t ❞✐str✐❜✉t✐♦♥ ✐♥ t❤❡ t❡st s❡❝t✐♦♥ ❤❛s t♦ ❜❡ ✈❡r②
❝❧♦s❡ t♦ ✉♥✐❢♦r♠✳ ❖t❤❡r✇✐s❡✱ t❤❡ ❧♦❝❛❧ ❝♦♥❞✐t✐♦♥s ✇♦✉❧❞ ❜❡ ❞✐✛❡r❡♥t ✐♥ ▼❱❉ ❛♥❞ ▲❲❈
❝♦♠♣❛r❡❞ t♦ t❤❡ ❣❧♦❜❛❧ ✈❛❧✉❡s✳ ❚❤✐s ✇♦✉❧❞ ❧❡❛❞ t♦ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts t❤❛t ❞♦ ♥♦t
♠❛t❝❤ t❤❡ r❡❛❧✐t②✳
❙❡❧❡❝t✐♥❣ ❛ s✉✐t❛❜❧❡ s♣r❛② s②st❡♠ ✐s ❛ ❞✐✣❝✉❧t t♦♣✐❝✳ ❚❤✐s ✐s ❞✉❡ t♦ t✇♦ r❡❛s♦♥s✳

❋✐rst✱ ♠♦st ♠❛♥✉❢❛❝t✉r❡rs ♦❢ s♣r❛② ♥♦③③❧❡s ❛♥❞ s♣r❛② s②st❡♠s ❞♦ ♥♦t ♦✛❡r ❛❧❧ ♥❡❝❡ss❛r②
✐♥❢♦r♠❛t✐♦♥ ♦♥ t❤❡✐r ♣r♦❞✉❝ts ♦♣❡♥❧②✳ ❊s♣❡❝✐❛❧❧② t❤❡ ❞r♦♣❧❡t ❞✐❛♠❡t❡rs t❤❛t ❝❛♥ ❜❡
♦❜t❛✐♥❡❞ ✇✐t❤ ❛ s♣r❛② ♥♦③③❧❡ ❛r❡ t②♣✐❝❛❧❧② ♥♦t ❣✐✈❡♥ ❜✉t ♦❢ s✐❣♥✐✜❝❛♥❝❡ ❢♦r t❤✐s ✇♦r❦✳
❆❞❞✐t✐♦♥❛❧❧②✱ t✉r❜✉❧❡♥❝❡ ❡♥❤❛♥❝❡s t❤❡ ♠✐①✐♥❣ ✐♥ ❛♥ ❛✐r ✢♦✇ s✐❣♥✐✜❝❛♥t❧② ❛♥❞ t❤❡r❡❢♦r❡
❛❧s♦ t❤❡ s♣r❡❛❞✐♥❣ ♦❢ ❞r♦♣❧❡ts✳ ❲✐t❤ t❤❡ ❜❛s✐❝ ❡q✉❛t✐♦♥ ♦❢ ♠♦t✐♦♥s ✉s❡❞ ✐♥ t❤✐s t❤❡s✐s✱
t❤❡ t✉r❜✉❧❡♥❝❡ ❝❛♥ ♥♦t ❜❡ t❛❦❡♥ ✐♥t♦ ❛❝❝♦✉♥t✳ ❚❤❡r❡❢♦r❡✱ ❝❛❧❝✉❧❛t✐♥❣ t❤❡ s♣r❡❛❞✐♥❣ ♦❢
t❤❡ ❞r♦♣❧❡ts ✐s ♥♦t ♣♦ss✐❜❧❡ ✐♥ t❤❡ s❝♦♣❡ ♦❢ t❤✐s ✇♦r❦✳ ❍❡♥❝❡✱ t❤❡ s❡❧❡❝t✐♦♥ ♦❢ ❛ s♣r❛②
s②st❡♠ ❝❛♥ ♥♦t ❜❡ ❞♦♥❡ ✐♥ t❤✐s t❤❡s✐s ❛♥❞ ✇✐❧❧ ❜❡ ❛ t♦♣✐❝ ❢♦r t❤❡ ❢✉t✉r❡✳
◆❡✈❡rt❤❡❧❡ss✱ s♦♠❡ r❡❝♦♠♠❡♥❞❛t✐♦♥s ❢♦r s✉✐t❛❜❧❡ s♣r❛② s②st❡♠s s❤❛❧❧ ❜❡ ♣r❡s❡♥t❡❞✳

❚❤❡ ❞r♦♣❧❡ts ✐♥ t❤❡ ✇✐♥❞ t✉♥♥❡❧ ✇✐❧❧ ❜❡ s♠❛❧❧❡r t❤❛♥ ❢♦r ♠♦st ♦t❤❡r ❡①♣❡r✐♠❡♥ts✳ ❚♦
❛❝❤✐❡✈❡ s♠❛❧❧ ❞r♦♣❧❡t s✐③❡s✱ t②♣✐❝❛❧❧② ❛✐r✲❛ss✐st❡❞ ❛t♦♠✐③❡rs ❛r❡ ✉s❡❞✳ ■♥ t❤❡s❡ s♣r❛②
♥♦③③❧❡s✱ t❤❡ ✇❛t❡r ❥❡t ✐s ❜r♦❦❡♥ ✐♥t♦ s♠❛❧❧ ❞r♦♣❧❡ts ❜❡❝❛✉s❡ ♦❢ t❤❡ s❤❡❛r str❡ss❡s ❜❡t✇❡❡♥
❛♥ ❛✐r ✢♦✇ ❛♥❞ t❤❡ ✇❛t❡r ❥❡t✳ ❋♦r ❡①❛♠♣❧❡ ❇❛♥s♠❡r ❡t ❛❧✳ ❬✸✶❪✱ ❚✐✐❤♦♥❡♥ ❡t ❛❧✳ ❬✷✻❪✱ ❛♥❞
▲❡♦♥❡ ❡t ❛❧✳ ❬✺✼❪ ✉s❡❞ ❛✐r✲❛ss✐st❡❞ ❛t♦♠✐③❡rs ✐♥ t❤❡✐r ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧s✳ ❚❤❡ s❡❝♦♥❞ ♣♦✐♥t
✐s t❤❛t t❤❡ ▲❲❈ ✐s ❧♦✇ ❢♦r t❤✐s ❞❡s✐❣♥❡❞ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧✳ ❚❤❡r❡❢♦r❡✱ s♣r❛② s②st❡♠s
✇✐t❤ ❧♦✇ ✇❛t❡r ✢✉① ❛r❡ ♥❡❡❞❡❞✳ ❆ ♣♦ss✐❜✐❧✐t② ✐s t❤❡ ✉s❡ ♦❢ ♣✉❧s❛t✐♥❣ s♣r❛② ♥♦③③❧❡s ❛s
❞♦♥❡ ❜② ❇❛♥s♠❡r ❡t ❛❧✳ ❬✸✶❪✳ ❚❤❡s❡ ♥♦③③❧❡s ❛r❡ ♥♦t ✐♥❥❡❝t✐♥❣ t❤❡ ✇❛t❡r ❝♦♥t✐♥✉♦✉s❧② ❜✉t
✐♥t❡r♠✐tt❡♥t❧②✳ ❲✐t❤ t❤✐s t❡❝❤♥✐q✉❡✱ ❧♦✇❡r ✇❛t❡r ✢✉①❡s ❝❛♥ r❡❛❧✐③❡❞✳
❚❤❡ q✉❡st✐♦♥ ♦❢ t❤❡ ♥✉♠❜❡r ♦❢ s♣r❛② ♥♦③③❧❡s ♥❡❡❞s t♦ ❜❡ ❝❛❧❝✉❧❛t❡❞ ❝❛r❡❢✉❧❧②✳ ●✐✈✐♥❣

❤✐♥ts ✐s ❤♦✇❡✈❡r ❞✐✣❝✉❧t✱ ❜❡❝❛✉s❡ ❡①✐st✐♥❣ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧s ❞✐✛❡r s✐❣♥✐✜❝❛♥t❧② ✐♥ t❤❡✐r
♥✉♠❜❡r ♦❢ s♣r❛② ♥♦③③❧❡s✳ ❚❤❡ ❇r❛✉♥s❝❤✇❡✐❣ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❞❡s❝r✐❜❡❞ ❜② ❇❛♥s♠❡r
❡t ❛❧✳ ❬✸✶❪ ✐s ❝♦♠♣❛r❛❜❧❡ ✐♥ t❡st s❡❝t✐♦♥ s✐③❡ ❛♥❞ ❛✐r s♣❡❡❞ t♦ t❤❡ ❞❡s✐❣♥❡❞ ✐❝✐♥❣ ✇✐♥❞
t✉♥♥❡❧ ❛♥❞ ✉s❡s ✷✺ s♣r❛② ♥♦③③❧❡s✳ ❚❤❡ ❱❚❚ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❞❡s❝r✐❜❡❞ ❜② ❚✐✐❤♦♥❡♥
❡t ❛❧✳ ❬✷✻❪✱ ❤♦✇❡✈❡r✱ ✐s s❧✐❣❤t❧② ❧❛r❣❡r ❛♥❞ ❤❛s ❛ ❝♦♠♣❛r❛❜❧❡ ❛✐r s♣❡❡❞✱ ❜✉t ♦♥❧② ✉s❡s ✾
s♣r❛② ♥♦③③❧❡s✳ ❚❤❡r❡❢♦r❡✱ t❤❡s❡ ❝♦♥✜❣✉r❛t✐♦♥s ❝❛♥ ❜❡ ✉s❡❞ ❛s ❛ ✜rst ✐❞❡❛ ❢♦r t❤❡ ✜♥❛❧
s♣r❛② s②st❡♠ ❞❡s✐❣♥✱ ❜✉t ❛♥ ❛♥❛❧②s✐s ♥❡❡❞s t♦ ❜❡ ❞♦♥❡ ❜❡❢♦r❡ t❤❡ ✜♥❛❧ s❡❧❡❝t✐♦♥✳
❆♥ ✐♥✐t✐❛❧ ❞r♦♣❧❡t ✈❡❧♦❝✐t② ♥❡❡❞s t♦ ❜❡ ❦♥♦✇♥ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ❞r♦♣❧❡t ❜❡❤❛✈✐♦r✳ ❙♦♠❡

❡①❛♠♣❧❡s ❢♦r ♣✉❧s❛t✐♥❣ ❛✐r✲❛ss✐st❡❞ ❛t♦♠✐③❡rs ❛r❡ ❣✐✈❡♥ ❜② ❙♣r❛②✐♥❣ ❙②st❡♠s ❈♦✳ ❬✺✽❪✳
❚❤❡s❡ ♥♦③③❧❡s ♦♣❡r❛t❡ ✇✐t❤ ♣r❡ss✉r❡s ❜❡t✇❡❡♥ 0.34 bar ❛♥❞ 7 bar✳ ❇❡❝❛✉s❡ ❛ ♣❛rt ♦❢ t❤❡
♣r❡ss✉r❡ ❡♥❡r❣② ✐s ❛❧s♦ ♥❡❡❞❡❞ t♦ ❜r❛❦❡ t❤❡ ✇❛t❡r ❥❡t ✐♥t♦ s♠❛❧❧ ❞r♦♣❧❡ts✱ ❛ ♣r❡ss✉r❡ ♦❢
3.5 bar ✐s ✉s❡❞ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ✐♥✐t✐❛❧ ❞r♦♣❧❡t ✈❡❧♦❝✐t②✳ ❆s st❛t❡❞ ❜② ❙♣r❛②✐♥❣ ❙②st❡♠s ❈♦✳
❬✺✾❪✱ t❤❡ ♦r✐✜❝❡ ❢♦r ❛✐r ❛♥❞ ❧✐q✉✐❞ ❛r❡ t❤❡ s❛♠❡ ❢♦r t❤❡ s②st❡♠s ♦❢ ✐♥t❡r❡st✳ ❆❞❞✐t✐♦♥❛❧❧②✱
t❤❡ ♣r❡ss✉r❡s ❛r❡ ♦❢t❡♥ ❝♦♠♣❛r❛❜❧❡ ❢♦r t❤❡ ❛✐r ❛♥❞ t❤❡ ✇❛t❡r✳ ❚❤❡r❡❢♦r❡✱ ❛♥ ❛ss✉♠♣t✐♦♥
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✹ ❘❡s✉❧ts

✐s ♠❛❞❡ t❤❛t t❤❡ ✈♦❧✉♠❡tr✐❝ ✢♦✇ ♦❢ ❛✐r ❛♥❞ ✇❛t❡r ✐s t❤❡ s❛♠❡✳ ❍❡♥❝❡✱ t❤❡ ❞❡♥s✐t② ♦❢ t❤❡
♠✐①t✉r❡ ✐s t❤❡ ❛✈❡r❛❣❡ ♦❢ t❤❡ ❞❡♥s✐t② ♦❢ ❛✐r ❛♥❞ t❤❡ ❞❡♥s✐t② ♦❢ ✇❛t❡r✳ ❯s✐♥❣ ❡q✉❛t✐♦♥
✸✳✶✻✱ t❤✐s r❡s✉❧ts ✐♥ ❛ ✐♥✐t✐❛❧ ❞r♦♣❧❡t ✈❡❧♦❝✐t② ♦❢ ❛❜♦✉t 37.5m s−1✳

✹✳✸✳✸✳✷ ❚✉r❜✉❧❡♥❝❡ ❙❝r❡❡♥s

❯♣str❡❛♠ ♦❢ t❤❡ s♣r❛② ♥♦③③❧❡s✱ ♦♥❡ ♦r ♠♦r❡ t✉r❜✉❧❡♥❝❡ s❝r❡❡♥s ❛r❡ ♣❧❛❝❡❞✳ ▼✉❧t✐♣❧❡
s❝r❡❡♥s ✇✐❧❧ ✐♥❝r❡❛s❡ t❤❡ ✢♦✇ q✉❛❧✐t② ❜✉t ❛t t❤❡ ❡①♣❡♥s❡ ♦❢ ❤✐❣❤❡r ♣r❡ss✉r❡ ❧♦ss❡s ❛♥❞ ❛
❧♦♥❣❡r ✇✐♥❞ t✉♥♥❡❧✳ ❚❤❡r❡❢♦r❡✱ ❢♦r t❤✐s ❞❡s✐❣♥✱ ♦♥❧② ♦♥❡ s❝r❡❡♥ ✇❛s ❝❤♦s❡♥✳ ❆s st❛t❡❞
❜❡❢♦r❡✱ t❤❡ ♣♦r♦s✐t② s❤♦✉❧❞ ❜❡ ❜❡t✇❡❡♥ 0.57 ❛♥❞ 0.8✳ ❍✐❣❤❡r ✈❛❧✉❡s ♦❢ t❤❡ ♣♦r♦s✐t② ❧❡❛❞
t♦ ❢❡✇❡r ♣r❡ss✉r❡ ❧♦ss❡s✳ ❆t t❤❡ s❛♠❡ t✐♠❡✱ ❤✐❣❤❡r ♣♦r♦s✐t✐❡s ❛❧s♦ ❧❡❛❞ t♦ ❧❡ss ❜❛❧❛♥❝✐♥❣ ♦❢
t❤❡ ♥♦♥✉♥✐❢♦r♠✐t✐❡s ♦❢ t❤❡ ✢♦✇✳ ❚❤❡r❡❢♦r❡ ❛ ❜❛❧❛♥❝❡ ♥❡❡❞s t♦ ❜❡ ❢♦✉♥❞✳ ❆s ✇✐❧❧ ❜❡ s❤♦✇♥
✐♥ ✹✳✺✱ t❤❡ ♣r❡ss✉r❡ ❧♦ss ♦❢ t❤❡ s❝r❡❡♥ ❤❛s ❥✉st ❛ ♠✐♥♦r ✐♥✢✉❡♥❝❡ ♦♥ t❤❡ t♦t❛❧ ♣r❡ss✉r❡
❧♦ss❡s✳ ❚❤❡r❡❢♦r❡ ❛ ❧♦✇ ✈❛❧✉❡ ♦❢ ♣♦r♦s✐t② ♦❢ 0.6 ✇❛s ❝❤♦s❡♥ t♦ ✐♥❝r❡❛s❡ t❤❡ ✉♥✐❢♦r♠✐t② ♦❢
t❤❡ ✢♦✇ ♦♥ t❤❡ ❡①♣❡♥s❡ ♦❢ s❧✐❣❤t❧② ❤✐❣❤❡r ♣r❡ss✉r❡ ❧♦ss❡s✳

✹✳✸✳✸✳✸ ❍♦♥❡②❝♦♠❜s

❚❤❡ ♠♦st ✉♣str❡❛♠ ❝♦♠♣♦♥❡♥ts ✐♥s✐❞❡ t❤❡ s❡tt❧✐♥❣ ❛r❡❛ ❛r❡ t❤❡ ❤♦♥❡②❝♦♠❜s✳ ❆s st❛t❡❞
✐♥ t❤❡ ♣r❡✈✐♦✉s ❝❤❛♣t❡r✱ t❤❡ r❛t✐♦ ♦❢ t❤❡ ❧❡♥❣t❤ t♦ t❤❡ ❞✐❛♠❡t❡r ♦❢ t❤❡ ❤♦♥❡②❝♦♠❜s s❤♦✉❧❞
❜❡ ❜❡t✇❡❡♥ 6 ❛♥❞ 8✳ ▲❛r❣❡r ✈❛❧✉❡s ❧❡❛❞ t♦ ❛ ❤✐❣❤❡r q✉❛❧✐t② ♦❢ t❤❡ ✢♦✇✳ ❚❤❡r❡❢♦r❡ t❤❡
❞❡s✐❣♥❡❞ ❤♦♥❡②❝♦♠❜s ❞♦ ❤❛✈❡ ❛ r❛t✐♦ ♦❢ t❤❡ ❧❡♥❣t❤ t♦ t❤❡ ❞✐❛♠❡t❡r ♦❢ 8✳ ❋♦❧❧♦✇✐♥❣
t❤❡ r❡❝♦♠♠❡♥❞❛t✐♦♥ ♦❢ ❇❛r❧♦✇ ❡t ❛❧✳ ❬✷✵❪✱ t❤❡r❡ s❤♦✉❧❞ ❜❡ ✶✺✵ ❝❡❧❧s ♣❡r ❞✐❛♠❡t❡r ♦❢
t❤❡ s❡tt❧✐♥❣ ❛r❡❛✳ ❆s t❤❡ ❤②❞r❛✉❧✐❝ ❞✐❛♠❡t❡r ♦❢ t❤❡ s❡tt❧✐♥❣ ❛r❡❛ ✐s 1.54m✱ t❤❡ ❤②❞r❛✉❧✐❝
❞✐❛♠❡t❡r ♦❢ t❤❡ ❤♦♥❡②❝♦♠❜s ✐s 0.01m✳ ❚❤❡r❡❢♦r❡ t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ ❤♦♥❡②❝♦♠❜s ✐s 0.08m✳

✹✳✸✳✸✳✹ ❆ss❡♠❜❧②

❆s ♠❡♥t✐♦♥❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s ❝❤❛♣t❡r✱ t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ s❝r❡❡♥s ❛♥❞ ❛❧s♦ ❜❡t✇❡❡♥
t❤❡ ❧❛st s❝r❡❡♥ ❛♥❞ t❤❡ ♥♦③③❧❡ ❡①✐t s❤♦✉❧❞ ❜❡ 0.2 t✐♠❡s t❤❡ ❤②❞r❛✉❧✐❝ ❞✐❛♠❡t❡r ♦❢ t❤❡
s❡tt❧✐♥❣ ❛r❡❛✳ ❇② ❞♦✐♥❣ t❤✐s✱ t❤❡ ♥♦♥✲✉♥✐❢♦r♠✐t✐❡s ♦❢ t❤❡ ✢♦✇ ❝❛♥ ❜❡ r❡❞✉❝❡❞✳ ❚❤❡ s♣r❛②
s②st❡♠ ✐s ♥♦ s❝r❡❡♥ ❜✉t ✇✐❧❧ ❜❡ ❤❛♥❞❧❡❞ ❧✐❦❡ ❛ s❝r❡❡♥ ❝♦♥❝❡r♥✐♥❣ t❤✐s ♠❛tt❡r✳ ❚❤❡r❡❢♦r❡
❜❡t✇❡❡♥ t❤❡ t❤r❡❡ ❝♦♠♣♦♥❡♥ts ✐♥s✐❞❡ t❤❡ s❡tt❧✐♥❣ ❛r❡❛ ❛♥❞ ❛❢t❡r t❤❡ s♣r❛② s②st❡♠ s❤♦✉❧❞
❜❡ ❛ s♣❛❝✐♥❣ ♦❢ 0.2 t✐♠❡s t❤❡ ❤②❞r❛✉❧✐❝ ❞✐❛♠❡t❡r ❡❛❝❤✳ ◆♦ t②♣✐❝❛❧ r✉❧❡ ✐s ❣✐✈❡♥ ❢♦r t❤❡
❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ♥♦③③❧❡ ❡♥tr② ❛♥❞ t❤❡ ❤♦♥❡②❝♦♠❜s✳ ❋♦r ♠♦st ❝♦♥✈❡♥t✐♦♥❛❧ ✇✐♥❞
t✉♥♥❡❧ ❞❡s✐❣♥s ✇✐t❤ ❥✉st ♦♥❡ ❤♦♥❡②❝♦♠❜ s❡❝t✐♦♥ ❛♥❞ ♦♥❡ s❝r❡❡♥✱ t②♣✐❝❛❧❧② 0.5 t✐♠❡s t❤❡
❤②❞r❛✉❧✐❝ ❞✐❛♠❡t❡r ✐s ✉s❡❞ ❛s t❤❡ t♦t❛❧ ❧❡♥❣t❤ ♦❢ t❤❡ s❡tt❧✐♥❣ ❛r❡❛✳ ❚❤❡r❡❢♦r❡ t❤❡s❡ ✇✐♥❞
t✉♥♥❡❧s ✇♦✉❧❞ ❤❛✈❡ ❛ ❞✐st❛♥❝❡ ♦❢ 0.1 t✐♠❡s t❤❡ ❤②❞r❛✉❧✐❝ ❞✐❛♠❡t❡r ❜❡t✇❡❡♥ t❤❡ ❜❡❣✐♥♥✐♥❣
♦❢ t❤❡ s❡tt❧✐♥❣ ❛r❡❛ ❛♥❞ t❤❡ ❤♦♥❡②❝♦♠❜s✳ ❚❤✐s ❞✐st❛♥❝❡ s❤❛❧❧ ❛❧s♦ ❜❡ ✐♥❝❧✉❞❡❞ ✐♥ t❤✐s
❞❡s✐❣♥✳ ❚♦ st✐❧❧ ❜❡ ❛❜❧❡ t♦ ✐♥s❡rt t❤❡ s♣r❛② s②st❡♠✱ ❛♥ ❡①tr❛ ❧❡♥❣t❤ ♦❢ ♦♥❡✲t❡♥t❤ ♦❢ t❤❡
❤②❞r❛✉❧✐❝ ❞✐❛♠❡t❡r ✐s ✐♥s❡rt❡❞✳ ❍❡♥❝❡✱ t❤❡ ♦✈❡r❛❧❧ ❧❡♥❣t❤ ♦❢ t❤❡ s❡tt❧✐♥❣ ❛r❡❛ ✐s 0.8 t✐♠❡s
t❤❡ ❤②❞r❛✉❧✐❝ ❞✐❛♠❡t❡r ♦❢ 1.54m✳ ❚❤✐s r❡s✉❧ts ✐♥ ❛ t♦t❛❧ ❧❡♥❣t❤ ♦❢ t❤❡ s❡tt❧✐♥❣ ❛r❡❛ ♦❢
1.23m✳ ❚❤❡ ✜♥❛❧ ❞❡s✐❣♥ ♦❢ t❤❡ s❡tt❧✐♥❣ ❛r❡❛ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✶✶✳
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✹ ❘❡s✉❧ts

❋✐❣✉r❡ ✹✳✶✶✿ ❋✐♥❛❧ ❞❡s✐❣♥ ♦❢ t❤❡ s❡tt❧✐♥❣ ❛r❡❛✳

✹✳✸✳✹ ❲✐❞❡✲❛♥❣❧❡ ❞✐✛✉s❡r

❚❤❡ ✇✐❞❡✲❛♥❣❧❡ ❞✐✛✉s❡r ✐s t❤❡ ❝♦♥♥❡❝t✐♦♥ ♦❢ t❤❡ ❢❛♥ s❡❝t✐♦♥ ❛♥❞ t❤❡ s❡tt❧✐♥❣ ❛r❡❛✳ ❍❡♥❝❡✱
t❤❡ ❞♦✇♥str❡❛♠ ❡♥❞ ♦❢ t❤❡ ✇✐❞❡✲❛♥❣❧❡ ❞✐✛✉s❡r ❤❛s t❤❡ s❛♠❡ s❤❛♣❡ ❛s t❤❡ s❡tt❧✐♥❣ ❛r❡❛✳
❚❤❡r❡❢♦r❡ t❤❡ ❞♦✇♥str❡❛♠ ❡♥❞ ♦❢ t❤❡ ❞✐✛✉s❡r ✐s sq✉❛r❡ ✇✐t❤ ❛ ❧❡♥❣t❤ ♦❢ t❤❡ s✐❞❡s ♦❢
1.54m✳ ❚❤❡ s✐③❡ ♦❢ t❤❡ ❢❛♥ s❡❝t✐♦♥ ♥❡❡❞s t♦ ❜❡ ❦♥♦✇♥ ❢♦r t❤❡ ❞❡s✐❣♥ ♦❢ t❤❡ ✉♣str❡❛♠
❡♥❞ ♦❢ t❤❡ ✇✐❞❡✲❛♥❣❧❡ ❞✐✛✉s❡r✳ ❆t t❤❡ s❛♠❡ t✐♠❡✱ t❤❡ ✇✐❞❡✲❛♥❣❧❡ ❞✐✛✉s❡r ❝❛♥ ❤❛✈❡ ❛
❜✐❣ ♣r❡ss✉r❡ ❧♦ss ❛♥❞ ❤❡♥❝❡ ❝❤❛♥❣❡ t❤❡ ❞✐♠❡♥s✐♦♥s ♦❢ t❤❡ ♥❡❡❞❡❞ ❢❛♥✳ ❚❤❡r❡❢♦r❡ ✐t ✐s ❛♥
✐t❡r❛t✐✈❡ ♣r♦❝❡ss t♦ ❞❡s✐❣♥ t❤❡ ✇✐❞❡✲❛♥❣❧❡ ❞✐✛✉s❡r ❛♥❞ s❡❧❡❝t ❛ ❢❛♥✳
❙♠❛❧❧❡r ❛r❡❛ r❛t✐♦s ♦✈❡r t❤❡ ✇✐❞❡✲❛♥❣❧❡ ❞✐✛✉s❡r ❧❡❛❞ t♦ ❛ s❤♦rt❡r ❝♦♠♣♦♥❡♥t ❛♥❞ ❢❡✇❡r

♣r❡ss✉r❡ ❧♦ss❡s✳ ❍♦✇❡✈❡r✱ t❤✐s ❧❡❛❞s t♦ ❜✐❣❣❡r ❢❛♥s✳ ❇✐❣❣❡r ❢❛♥s ♥❡❡❞ ♠♦r❡ s♣❛❝❡ ❛♥❞
t②♣✐❝❛❧❧② ❝♦st ♠♦r❡✳ ❆s ❛ ❝♦♠♣r♦♠✐s❡✱ ❛♥ ❛r❡❛ r❛t✐♦ ♦❢ ❛❜♦✉t 2.5 ❛♥❞ ❛ ❢❛♥ ❞✐❛♠❡t❡r ♦❢
❛❜♦✉t 1.1m ✇❡r❡ ❝❤♦s❡♥✳ ❆s ✇✐❧❧ ❜❡ ♣r❡s❡♥t❡❞ ✐♥ s❡❝t✐♦♥ ✹✳✺✱ ✐♥ t❤❡ ❡♥❞✱ ❛ ❢❛♥ ✇✐t❤ ❛
❞✐❛♠❡t❡r ♦❢ 1.09m ✇❛s ❝❤♦s❡♥ ❛s ✇❡❧❧ ❛s ❛♥ ❛r❡❛ r❛t✐♦ ♦❢ 2.55✳
❆s ❛❧r❡❛❞② ♠❡♥t✐♦♥❡❞✱ t❤❡ ❝r♦ss✲s❡❝t✐♦♥ ❛t t❤❡ ❞♦✇♥str❡❛♠ ❡♥❞ ✐s t❤❡ s❛♠❡ ❛s t❤❡

❝r♦ss✲s❡❝t✐♦♥ ♦❢ t❤❡ s❡tt❧✐♥❣ ❛r❡❛✳ ❚❤❡ ❝r♦ss✲s❡❝t✐♦♥ ❛t t❤❡ ✉♣str❡❛♠ ❡♥❞ ✐s t❤❡ ❝r♦ss✲
s❡❝t✐♦♥ ♦❢ t❤❡ ❢❛♥✳ ❚❤❡r❡❢♦r❡ t❤❡ ✇✐❞❡✲❛♥❣❧❡ ❞✐✛✉s❡r ✐s ❝✐r❝✉❧❛r ❛t t❤❡ ✉♣str❡❛♠ ❡♥❞
❛♥❞ sq✉❛r❡ ❛t t❤❡ ❞♦✇♥str❡❛♠ ❡♥❞✳ ❚❤❡ ❝r♦ss✲s❡❝t✐♦♥ ✇✐❧❧ ❝❤❛♥❣❡ ♦✈❡r t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡
✇✐❞❡✲❛♥❣❧❡ ❞✐✛✉s❡r✳
❚♦ ❦❡❡♣ t❤❡ ❞✐✛✉s❡r ❛s s❤♦rt ❛s ♣♦ss✐❜❧❡✱ ❛♥ ♦♣❡♥✐♥❣ ❛♥❣❧❡ ♦❢ 60◦ ✇❛s ❝❤♦s❡♥✳ ❚❤❡

❧❡♥❣t❤ ♦❢ t❤❡ ✇✐❞❡✲❛♥❣❧❡ ❞✐✛✉s❡r ✐s t❤❡♥ 0.56m✳ ❚♦ ❜❡ ❛❜❧❡ t♦ ♣r❡✈❡♥t s❡♣❛r❛t✐♦♥ ❞❡s♣✐t❡
t❤✐s ❤✐❣❤ ❛♥❣❧❡✱ ♦♥❡ ♦❢ t❤❡ ♦♣t✐♦♥s ♣r❡s❡♥t❡❞ ✐♥ ❙✉❜s❡❝t✐♦♥ ✸✳✷✳✹ ❤❛s t♦ ❜❡ ❝❤♦s❡♥✳
❙❝r❡❡♥s ❛r❡ t❤❡ ❡❛s✐❡st ♦♣t✐♦♥ t♦ ❞❡s✐❣♥ ❛♥❞ ♦♣❡r❛t❡ ❜❡❝❛✉s❡ t❤❡② ❛r❡ ♣❛ss✐✈❡ ❝♦♠♣♦♥❡♥ts✳
❚❤❡r❡❢♦r❡ t❤❡ ✇✐❞❡✲❛♥❣❧❡ ❞✐✛✉s❡r ✇✐❧❧ ❝♦♥t❛✐♥ s❝r❡❡♥s✳ ❋✐❣✉r❡ ❆✳✷ ❧✐sts t❤❡ ♥✉♠❜❡r ♦❢
s❝r❡❡♥s ♥❡❝❡ss❛r② ❢♦r ❞✐✛❡r❡♥t ❝♦♥✜❣✉r❛t✐♦♥s ♦❢ ✇✐❞❡✲❛♥❣❧❡ ❞✐✛✉s❡rs✳ ❋♦r ❛♥ ❛r❡❛ r❛t✐♦
♦❢ 2.5 ❛♥❞ ❛♥ ♦♣❡♥✐♥❣ ❛♥❣❧❡ ♦❢ 60◦✱ t✇♦ s❝r❡❡♥s ❛r❡ ♥❡❝❡ss❛r② t♦ ♣r❡✈❡♥t s❡♣❛r❛t✐♦♥
✐♥s✐❞❡ t❤❡ ✇✐❞❡✲❛♥❣❧❡ ❞✐✛✉s❡r✳ ❆s ❡①♣❧❛✐♥❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s ❝❤❛♣t❡r✱ t❤❡ ✜rst s❝r❡❡♥
s❤♦✉❧❞ ♣r♦❜❛❜❧② ❜❡ ♣❧❛❝❡❞ ♥❡❛r t❤❡ ♥♦③③❧❡ ❡♥tr② ❛♥❞ t❤❡ s❡❝♦♥❞ s❝r❡❡♥ s♦♠❡✇❤❡r❡ ✐♥ t❤❡

✹✻



✹ ❘❡s✉❧ts

❋✐❣✉r❡ ✹✳✶✷✿ ❋✐♥❛❧ ❞❡s✐❣♥ ♦❢ t❤❡ ✇✐❞❡✲❛♥❣❧❡ ❞✐✛✉s❡r✳

♠✐❞❞❧❡ ♦❢ t❤❡ ✇✐❞❡✲❛♥❣❧❡ ❞✐✛✉s❡r✳ ❚❤❡ ✜♥❛❧ ❞❡s✐❣♥ ♦❢ t❤❡ ✇✐❞❡✲❛♥❣❧❡ ❞✐✛✉s❡r ✐s s❤♦✇♥ ✐♥
❋✐❣✉r❡ ✹✳✶✷✳

✹✳✸✳✺ ❋❛♥

❚❤❡ ❢❛♥ ✐s ♣❧❛❝❡❞ ❛s t❤❡ ♠♦st ✉♣str❡❛♠ ♣❛rt ♦❢ t❤❡ ✇✐♥❞ t✉♥♥❡❧✳ ❆s ♠❡♥t✐♦♥❡❞✱ t❤❡ ❞❡s✐❣♥
✇❛s ❞❡✈❡❧♦♣❡❞ ✐♥ ❛♥ ✐t❡r❛t✐✈❡ ♣r♦❝❡ss t♦❣❡t❤❡r ✇✐t❤ t❤❡ ✇✐❞❡✲❛♥❣❧❡ ❞✐✛✉s❡r✳ ❍♦✇❡✈❡r✱
❛❧r❡❛❞② ❜❡❢♦r❡ t❤✐s ✐t❡r❛t✐♦♥s✱ ❛ ❞❡❝✐s✐♦♥ ❛❜♦✉t t❤❡ t②♣❡ ♦❢ ❢❛♥ s❡❝t✐♦♥ ❤❛❞ t♦ ❜❡ ♠❛❞❡✳ ❆s
❡①♣❧❛✐♥❡❞ ✐♥ s✉❜s❡❝t✐♦♥ ✸✳✷✳✺✱ ❝❡♥tr✐❢✉❣❛❧ ❜❧♦✇❡rs ♠✐❣❤t ❤❛✈❡ ❛ s♠❛❧❧ ❛❞✈❛♥t❛❣❡ ♦✈❡r ❛①✐❛❧
❢❛♥s✱ ❜✉t ✐t ✐s ♥♦t ✉♥❞✐s♣✉t❡❞✳ ❈❡♥tr✐❢✉❣❛❧ ❜❧♦✇❡rs ❞♦ ❤♦✇❡✈❡r ❤❛✈❡ t❤❡ ❞✐s❛❞✈❛♥t❛❣❡
♦❢ ♥❡❡❞✐♥❣ ♠✉❝❤ ♠♦r❡ s♣❛❝❡ t❤❛♥ ❛①✐❛❧ ❢❛♥s✳ ❚❤❡r❡❢♦r❡ ❛①✐❛❧ ❢❛♥s ❛r❡ ❢❛✈♦r❡❞ ♦✈❡r
❝❡♥tr✐❢✉❣❛❧ ❜❧♦✇❡rs✳ ❲❤✐❧❡ t❤❡ ✉s❡ ♦❢ ♠✉❧t✐♣❧❡ ❢❛♥s ♠✐❣❤t ❤❛✈❡ s♦♠❡ ❛❞✈❛♥t❛❣❡s✱ t❤❡
✉♥❝❡rt❛✐♥t② ❛❜♦✉t t❤❡ ✢♦✇ q✉❛❧✐t② ❛♥❞ ✢♦✇ ✉♥✐❢♦r♠✐t② ❧❡❛❞ t♦ t❤❡ ❞❡❝✐s✐♦♥ ❢♦r ❛ s✐♥❣❧❡
❛①✐❛❧ ❢❛♥✳ ❚❤❡ ✜♥❛❧ ❡✛❡❝ts ♦❢ t❤❡ ♥❡❝❡ss❛r② ❝❤❛♥❣❡ ♦❢ ❝r♦ss✲s❡❝t✐♦♥ ♦♥ t❤❡ ✢♦✇ ❛r❡ ♥♦t
❝❧❡❛r✳ ❍♦✇❡✈❡r✱ t❤❡ ❝❤❛♥❣❡ ♦❢ ❝r♦ss✲s❡❝t✐♦♥ ♠✐❣❤t ❡✈❡♥ r❡❞✉❝❡ t❤❡ s❡♣❛r❛t✐♦♥ r✐s❦ ✐♥s✐❞❡
t❤❡ ♥♦③③❧❡ ❛s ❡①♣❧❛✐♥❡❞ ✐♥ ✹✳✸✳✷✳ ❚❤❡r❡❢♦r❡ ❛ s✐♥❣❧❡ ❛①✐❛❧ ❢❛♥ ✇❛s ❝❤♦s❡♥ ❢♦r t❤❡ ❞❡s✐❣♥
♦❢ t❤✐s ✇✐♥❞ t✉♥♥❡❧✳
❲❤✐❧❡ t❤❡ ❝❤♦✐❝❡ ♦❢ ❛ s♣❡❝✐✜❝ ❢❛♥ ✇✐❧❧ ❜❡ ❡①♣❧❛✐♥❡❞ ✐♥ s❡❝t✐♦♥ ✹✳✺✱ t❤❡ s✐③❡ ♦❢ t❤❡ ❢❛♥

❞✉❝t ✇✐❧❧ ❛❧r❡❛❞② ❜❡ ♥❛♠❡❞ ❤❡r❡✳ ❚❤❡ t❡r♠ ❢❛♥ ❞✉❝t ✐s ✉s❡❞ ❢♦r t❤❡ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ t❤❡
❢❛♥ ✐ts❡❧❢ ❛♥❞ ❛ s❤♦rt s❡❝t✐♦♥ ✇✐t❤ t❤❡ s❛♠❡ ❝r♦ss✲s❡❝t✐♦♥ ❜❡❤✐♥❞✳ ❚❤✐s s❤♦rt s❡❝t✐♦♥ ✐s
❜❡♥❡✜❝✐❛❧ ❢♦r t❤❡ ✢♦✇ ❝♦♥❞✐t✐♦♥s ❛♥❞ ✇✐❧❧ ❤❛✈❡ ❛ ❧❡♥❣t❤ ♦❢ 0.1m✳ ❚❤❡r❡❢♦r❡ t❤❡ ❢❛♥ ❞✉❝t
❤❛s ❛ ❞✐❛♠❡t❡r ♦❢ 1.09m ❛♥❞ ❛ ❧❡♥❣t❤ ♦❢ 1.01m✳

✹✼



✹ ❘❡s✉❧ts

✹✳✸✳✻ ❉✐✛✉s❡r

❚❤❡ ❞✐✛✉s❡r ✐s t❤❡ ❝♦♠♣♦♥❡♥t ❝♦♥♥❡❝t❡❞ ❞♦✇♥str❡❛♠ ♦❢ t❤❡ t❡st s❡❝t✐♦♥✳ ❚❤❡r❡❢♦r❡ t❤❡
❞✐✛✉s❡r ❤❛s ❛ r❡❝t❛♥❣✉❧❛r ✐♥❧❡t ✇✐t❤ ❛ ✇✐❞t❤ ♦❢ 0.39m ❛♥❞ ❛ ❤❡✐❣❤t ♦❢ 0.68m✳ ❚❤❡ ❞❡s✐❣♥
♦❢ t❤❡ ❞✐✛✉s❡r ✐ts❡❧❢ ✐s ❛ ✇❡✐❣❤✐♥❣ ❜❡t✇❡❡♥ ❧❡♥❣t❤ ❛♥❞ ♣r❡ss✉r❡ ❧♦ss❡s✳ ❋♦r t❤✐s t❤❡s✐s✱ ❛
❝♦♠♣r♦♠✐s❡ ✇❛s ❝❤♦s❡♥ ✇✐t❤ ❛♥ ❛r❡❛ r❛t✐♦ ♦❢ 2.5✳ ❚♦ ❦❡❡♣ t❤❡ ❧❡♥❣t❤ s❤♦rt ♥❡✈❡rt❤❡❧❡ss✱
❛ r❛t❤❡r ❤✐❣❤ ♦♣❡♥✐♥❣ ❛♥❣❧❡ ♦❢ 3◦ ✇❛s ❝❤♦s❡♥✳ ❆s t❤❡ ❞✐✛✉s❡r ✐♥❧❡t ✐s r❡❝t❛♥❣✉❧❛r✱ t✇♦
♣♦ss✐❜❧❡ ❞✐✛✉s❡r ❞❡s✐❣♥s ✇❡r❡ ❝♦♥s✐❞❡r❡❞✳ ❚❤❡ ❞✐✛✉s❡r ❝♦✉❧❞ ❡✐t❤❡r ❦❡❡♣ t❤❡ ❛s♣❡❝t r❛t✐♦
♦✈❡r ✐ts ❧❡♥❣t❤ ♦r ❤❛✈❡ t❤❡ s❛♠❡ ♦♣❡♥✐♥❣ ❛♥❣❧❡ ❛t ❡✈❡r② s✐❞❡✳ ❚❤❡ ❞✐✛✉s❡r ✐s ♣r♦♥❡ t♦ ✢♦✇
s❡♣❛r❛t✐♦♥✳ ❆ss✉♠✐♥❣ t❤❛t t❤❡ ♣r♦❜❧❡♠ ♦❢ ✢♦✇ s❡♣❛r❛t✐♦♥ ✐s ❛❜♦✉t t❤❡ ♦♣❡♥✐♥❣ ❛♥❣❧❡
✐ts❡❧❢ ❛♥❞ ♥♦t ❛❜♦✉t t❤❡ ❛s♣❡❝t r❛t✐♦✱ ❛❧❧ s✐❞❡s ❛r❡ ❞❡s✐❣♥❡❞ t♦ ❤❛✈❡ t❤❡ s❛♠❡ ♦♣❡♥✐♥❣
❛♥❣❧❡✳ ❖t❤❡r✇✐s❡✱ t✇♦ s✐❞❡s ✇♦✉❧❞ ❤❛✈❡ ❛ ❤✐❣❤❡r ♦♣❡♥✐♥❣ ❛♥❣❧❡ t❤❛♥ 3◦ ❛♥❞ t❤❡ ♦t❤❡r
t✇♦ ❛ ❧♦✇❡r ♦♥❡✳ ❚❤❡ ❝❤♦s❡♥ ❞❡s✐❣♥ ✇✐t❤ t❤❡ s❛♠❡ ♦♣❡♥✐♥❣ ❛♥❣❧❡ ♦♥ ❡✈❡r② s✐❞❡ r❡s✉❧ts
✐♥ ❛ ✇✐❞t❤ ♦❢ 0.68m ❛♥❞ ❛ ❤❡✐❣❤t ♦❢ 0.97m ❛t t❤❡ ❡①✐t ♦❢ t❤❡ ❞✐✛✉s❡r✳ ❚❤❡ ❧❡♥❣t❤ ♦❢ t❤❡
❞✐✛✉s❡r ✐s 2.79m✳ ❚❤❡ ✜♥❛❧ ❞❡s✐❣♥ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✶✸✳

❋✐❣✉r❡ ✹✳✶✸✿ ❋✐♥❛❧ ❞❡s✐❣♥ ♦❢ t❤❡ ❞✐✛✉s❡r✳

✹✳✸✳✼ ❚❤❡ ✜♥❛❧ ❞❡s✐❣♥

❲✐t❤ t❤❡ ❞❡s✐❣♥ ♦❢ t❤❡ s✐♥❣❧❡ ❝♦♠♣♦♥❡♥ts ♣r❡s❡♥t❡❞ s♦ ❢❛r✱ t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ✇♦✉❧❞
❤❛✈❡ ❛♥ ♦✈❡r❛❧❧ ❧❡♥❣t❤ ♦❢ 8.03m✳ ❚❤❡ ♠❛①✐♠✉♠ ✇✐❞t❤ ❛♥❞ ❤❡✐❣❤t ♦❢ t❤❡ ✐❝✐♥❣ ✇✐♥❞
t✉♥♥❡❧ ✇♦✉❧❞ ❜❡ t❤❡ ✈❛❧✉❡s ♦❢ t❤❡ ✢♦✇ ❝♦♥❞✐t✐♦♥✐♥❣ ❞✉❝t ❛♥❞ t❤❡r❡❢♦r❡ 1.54m✳ ❆❧❧
❞✐♠❡♥s✐♦♥s ❛r❡ s✉♠♠❛r✐③❡❞ ✐♥ ❚❛❜❧❡ ✹✳✸✳
❚❤❡ ❝♦♠♣❧❡t❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ✇✐t❤ ❛❧❧ ❝♦♠♣♦♥❡♥ts ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✶✹✳
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❈♦♠♣♦♥❡♥t ▲❡♥❣t❤❬m❪ ❉✐♠❡♥s✐♦♥s❬m❪

■♥❧❡t ❖✉t❧❡t

❢❛♥ ❞✉❝t 1.01 1.09 1.09
✇✐❞❡✲❛♥❣❧❡ ❞✐✛✉s❡r 0.56 1.09 1.54 ① 1.54 ✭1.54✮

s❡tt❧✐♥❣ ❛r❡❛ 1.23 1.54 ① 1.54 ✭1.54✮ 1.54 ① 1.54 ✭1.54✮
♥♦③③❧❡ 1.74 1.54 ① 1.54 ✭1.54✮ 0.39 ① 0.68 ✭0.50✮

t❡st s❡❝t✐♦♥ 0.70 0.39 ① 0.68 ✭0.50✮ 0.39 ① 0.68 ✭0.50✮
❞✐✛✉s❡r 2.79 0.39 ① 0.68 ✭0.50✮ 0.68 ① 0.97 ✭0.80✮

✇✐♥❞ t✉♥♥❡❧ 8.03 ♠❛① 1.54 ① 1.54 ✭1.54✮

❚❛❜❧❡ ✹✳✸✿ ❉✐♠❡♥s✐♦♥s ♦❢ t❤❡ ✜♥❛❧ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❝♦♠♣♦♥❡♥ts✳ ❚✇♦ ✈❛❧✉❡s ❛r❡ ❣✐✈❡♥
✐♥ t❤❡ ❞✐♠❡♥s✐♦♥s ❝♦❧✉♠♥ ✐❢ t❤❡ s❡❝t✐♦♥ ✐s r❡❝t❛♥❣✉❧❛r✱ ♦♥❡ ✈❛❧✉❡ ✐❢ t❤❡ s❡❝t✐♦♥
✐s r♦✉♥❞✳ ■❢ t❤❡ s❡❝t✐♦♥ ✐s r❡❝t❛♥❣✉❧❛r✱ ❛❧s♦ t❤❡ ❤②❞r❛✉❧✐❝ ❞✐❛♠❡t❡r ✐s ❣✐✈❡♥ ✐♥
❜r❛❝❦❡ts✳

❋✐❣✉r❡ ✹✳✶✹✿ ❚❤❡ ✜♥❛❧ ✇✐♥❞ t✉♥♥❡❧✳

✹✳✹ ❉r♦♣❧❡t ❜❡❤❛✈✐♦r ✐♥ t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧

❚❤❡ ❞❡s✐❣♥ t♦ t❤✐s ♣♦✐♥t ✇❛s ♠♦st❧② ❛❜♦✉t ❛❡r♦❞②♥❛♠✐❝ ✐ss✉❡s ❛♥❞ ♥♦t ❛❜♦✉t t❤❡ t❤❡r✲
♠♦❞②♥❛♠✐❝s ❛♥❞ t❤❡ ❞r♦♣❧❡t ❜❡❤❛✈✐♦r✳ ❍♦✇❡✈❡r✱ ❛s t❤❡ ♣✉r♣♦s❡ ♦❢ t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧
✐s t♦ ❞♦ ✐❝✐♥❣ ❡①♣❡r✐♠❡♥ts✱ t❤❡ ❞r♦♣❧❡t ❜❡❤❛✈✐♦r ♥❡❡❞s t♦ ❜❡ ❝❤❡❝❦❡❞✳ ❆s ♣r❡s❡♥t❡❞ ✐♥
s❡❝t✐♦♥ ✸✳✸✱ ❞r♦♣❧❡ts ✇✐t❤ ❛ ❧❛r❣❡r ❞✐❛♠❡t❡r ❛♥❞ t❤❡r❡❢♦r❡ ❤✐❣❤❡r ♠❛ss ✇✐❧❧ ❛❞❥✉st ♠♦r❡
s❧♦✇❧② t❤❛♥ s♠❛❧❧❡r ❞r♦♣❧❡ts✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ❞r♦♣❧❡ts ❛❞❥✉st t♦ t❤❡ s♣❡❡❞ ❛♥❞ t❡♠♣❡r✲
❛t✉r❡ ♦❢ t❤❡ ❛✐r ❛s②♠♣t♦t✐❝❛❧❧②✳ ❚❤❡r❡❢♦r❡ t❤❡ ❞r♦♣❧❡ts ✇✐❧❧ ♥❡✈❡r r❡❛❝❤ t❤❡ t❡♠♣❡r❛t✉r❡
❛♥❞ ✈❡❧♦❝✐t② ♦❢ t❤❡ ❛✐r ❡①❛❝t❧②✳ ❍♦✇❡✈❡r✱ ❛ ❧♦♥❣❡r ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ s♣r❛② s②st❡♠
❛♥❞ t❤❡ t❡st ♦❜❥❡❝t r❡❞✉❝❡s t❤❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ ❞r♦♣❧❡t ❛♥❞ ❛✐r ✈❛❧✉❡s✳ ❆♥ ✐♠♣♦rt❛♥t
❝❤❛r❛❝t❡r✐st✐❝ ♦❢ t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ✇✐❧❧ ❜❡ t❤❡ ♠❛①✐♠✉♠ ▼❱❉ t❤❛t ❝❛♥ ❜❡ t❡st❡❞
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✐♥s✐❞❡ t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❛❝❝♦r❞✐♥❣ t♦ t❤❡ r❡q✉✐r❡♠❡♥ts✳ ❚❤❡r❡❢♦r❡✱ ❛ ♠❛①✐♠✉♠ ❢♦r
t❤❡ ✜♥❛❧ ❞❡✈✐❛t✐♦♥ ❜❡t✇❡❡♥ ❛✐r ❛♥❞ ❞r♦♣❧❡t ✈❛❧✉❡s ❤❛s t♦ ❜❡ ❝❤♦s❡♥✳
❆s ❡①♣❧❛✐♥❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s ❝❤❛♣t❡r✱ t❤❡ ❘❡②♥♦❧❞s ♥✉♠❜❡r ❤❛s ❛ s✐❣♥✐✜❝❛♥t ✐♥✢✉❡♥❝❡

♦♥ t❤❡ ✐❝❡ ❛❝❝r❡t✐♦♥s✳ ❍❡♥❝❡✱ t♦ ❤❛✈❡ ❛ ❣♦♦❞ tr❛♥s❢❡r❛❜✐❧✐t② ♦❢ t❤❡ r❡s✉❧ts ♦❢ t❤❡ ❡①♣❡r✲
✐♠❡♥ts✱ t❤❡ ✈❡❧♦❝✐t② ♦❢ t❤❡ ❞r♦♣❧❡ts ♥❡❡❞s t♦ ❜❡ ❝❧♦s❡ t♦ t❤❡ t❛r❣❡t ✈❛❧✉❡✳ ❚❤❡r❡❢♦r❡ ✐t
✇❛s ❞❡❝✐❞❡❞ t❤❛t t❤❡ ✜♥❛❧ ❞❡✈✐❛t✐♦♥ ♦❢ t❤❡ ❞r♦♣❧❡t s♣❡❡❞ ❤❛s t♦ ❜❡ ❛t ♠♦st 2m s−1 ✐♥
❝❛s❡ ♦❢ t❤❡ ❞❡s✐❣♥ s♣❡❡❞ ♦❢ 35m s−1✳
❈❛❧❝✉❧❛t✐♦♥s ✇✐t❤ ❛♥ ❛✐r ✈❡❧♦❝✐t② ♦❢ 35m s−1 ❛t t❤❡ t❡st s❡❝t✐♦♥ ✇❡r❡ ❞♦♥❡✳ ❚❤❡ ✜♥❛❧

✈❡❧♦❝✐t② ❞❡✈✐❛t✐♦♥s ❢♦r ❞✐✛❡r❡♥t ❞r♦♣❧❡t s✐③❡s ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✶✺✳ ❆❝❝♦r❞✐♥❣ t♦ t❤❡
✜❣✉r❡✱ ❞r♦♣❧❡ts ✇✐t❤ ❛ ♠❛①✐♠✉♠ ❞✐❛♠❡t❡r ♦❢ ❛❜♦✉t 95µm ❝❛♥ ❜❡ t❡st❡❞ ✇✐t❤♦✉t ❤❛✈✐♥❣
❛ ❤✐❣❤❡r ❞❡✈✐❛t✐♦♥ t❤❛♥ 2m s−1 ❢r♦♠ t❤❡ ❛✐r ✈❡❧♦❝✐t②✳ ❯s✐♥❣ t❤❡ ▲❛♥❣♠✉✐r ❉ ❞✐str✐❜✉t✐♦♥✱
t❤✐s r❡s✉❧ts ✐♥ ❛ ♠❛①✐♠✉♠ ▼❱❉ ♦❢ ❛❜♦✉t 42µm t❤❛t ❝❛♥ ❜❡ t❡st❡❞ ✐♥ t❤❡ ✐❝✐♥❣ ✇✐♥❞
t✉♥♥❡❧ ❛♥❞ st✐❧❧ ❛❞❥✉st ❢❛st ❡♥♦✉❣❤ t♦ t❤❡ ❛✐r ✈❡❧♦❝✐t②✳
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❋✐❣✉r❡ ✹✳✶✺✿ ❱❡❧♦❝✐t② ❞❡✈✐❛t✐♦♥ ❢♦r ❞✐✛❡r❡♥t ❞r♦♣❧❡t ❞✐❛♠❡t❡rs✳

❘❡❣❛r❞✐♥❣ t❤❡ t❡♠♣❡r❛t✉r❡✱ t❤❡ r❡❣✐♦♥ ❛r♦✉♥❞ −3 ➦C ❛♥❞ −2 ➦C ✐s t❤❡ ♠♦st ✐♠♣♦rt❛♥t
t♦ ❜❡ ❛❝❤✐❡✈❡❞ ❡①❛❝t❧②✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ t❤❡ t②♣❡ ♦❢ ✐❝❡ ❛❝❝r❡t✐♦♥s ❝❤❛♥❣❡s ❢r♦♠ r✐♠❡ t♦
❣❧❛③❡ ✐❝❡ ✐♥ t❤✐s t❡♠♣❡r❛t✉r❡ r❡❣✐♦♥✳ ❚♦ ❤❛✈❡ ❣♦♦❞ ❝♦♥tr♦❧ ♦✈❡r t❤❡ t②♣❡ ♦❢ t❤❡ ✐❝❡
s❤❛♣❡✱ t❤❡ ❞r♦♣❧❡t✬s t❡♠♣❡r❛t✉r❡ ❛t t❤❡ t❡st ♦❜❥❡❝t s❤❛❧❧ ❞✐✛❡r ❛t ♠♦st 0.5 ➦C ❢r♦♠ ❛♥
❛✐r t❡♠♣❡r❛t✉r❡ ♦❢ −3 ➦C✳
❚♦ ✜♥❞ ♦✉t ✇❤✐❝❤ ▼❱❉s ❝❛♥ ❜❡ t❡st❡❞ ✐♥ t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧✱ ❝❛❧❝✉❧❛t✐♦♥s ✇✐t❤

❞✐✛❡r❡♥t ❞r♦♣❧❡t s✐③❡s ✇❡r❡ ❞♦♥❡✳ ❆s ❤✐❣❤❡r ✈❡❧♦❝✐t✐❡s ❞❡❝r❡❛s❡ t❤❡ t❡♠♣❡r❛t✉r❡ ❝❤❛♥❣❡✱
t❤❡ ✇♦rst ❝❛s❡ ✇❛s ❝❤♦s❡♥✳ ❚❤❡r❡❢♦r❡ t❤❡ ❛✐r ✈❡❧♦❝✐t② ❛t t❤❡ t❡st s❡❝t✐♦♥ ✐s 35m s−1 ❢♦r
t❤❡ ❝❛❧❝✉❧❛t✐♦♥s✳ ❆s t❤❡ ♥❡❝❡ss❛r② ❛❞❛♣t✐♦♥ q✉❛❧✐t② ✇❛s ❞❡❝✐❞❡❞ ❢♦r ❛♥ ❛✐r t❡♠♣❡r❛t✉r❡
♦❢ −3 ➦C✱ t❤❡ ❛✐r t❡♠♣❡r❛t✉r❡ ✇❛s s❡t t♦ −3 ➦C✳ ❚❤❡ ✜♥❛❧ t❡♠♣❡r❛t✉r❡ ❞❡✈✐❛t✐♦♥s ❢♦r
❞✐✛❡r❡♥t ❞r♦♣❧❡t s✐③❡s ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✶✻✳ ❚♦ r❡♠❛✐♥ ✐♥s✐❞❡ ❛ ❞✐✛❡r❡♥❝❡ ♦❢
0.5 ➦C t♦ t❤❡ ❛✐r t❡♠♣❡r❛t✉r❡✱ ❞r♦♣❧❡ts ✇✐t❤ ❛ ♠❛①✐♠✉♠ ❞✐❛♠❡t❡r ♦❢ ❛❜♦✉t 85µm ❝❛♥ ❜❡
t❡st❡❞✳ ❯s✐♥❣ t❤❡ ▲❛♥❣♠✉✐r ❉ ❞✐str✐❜✉t✐♦♥✱ t❤✐s r❡s✉❧ts ✐♥ ❛ ♠❛①✐♠✉♠ ▼❱❉ ♦❢ ❛❜♦✉t
38µm t❤❛t ❝❛♥ ❜❡ t❡st❡❞ ✐♥ t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❛♥❞ st✐❧❧ ❛❞❥✉st ❢❛st ❡♥♦✉❣❤ t♦ t❤❡ ❛✐r
t❡♠♣❡r❛t✉r❡✳
❚❤❡r❡❢♦r❡ ❞r♦♣❧❡ts ✇✐t❤ ▼❱❉s ♦❢ 38µm ❛r❡ t❤❡ ❜✐❣❣❡st ❞r♦♣❧❡ts t♦ ❜❡ t❡st❡❞ ✐♥s✐❞❡

t❤❡ ❞❡s✐❣♥❡❞ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❛♥❞ st✐❧❧ ❢✉❧✜❧❧ ❡✈❡r② r❡q✉✐r❡♠❡♥t✳
■❢ ❛ ❞❡s✐❣♥ ✐s ✇❛♥t❡❞ t❤❛t ✇♦r❦s ❢♦r ❤✐❣❤❡r ▼❱❉s✱ t❤❡ ❧❡♥❣t❤ ❜❡t✇❡❡♥ t❤❡ s♣r❛② s②st❡♠

❛♥❞ t❤❡ t❡st ♦❜❥❡❝t ♥❡❡❞s t♦ ❜❡ ❡♥❧❛r❣❡❞✳ ❖♥ t❤❡ ❝♦♥tr❛r②✱ t❤❡ ❧❡♥❣t❤ ❝❛♥ ❜❡ s❤♦rt❡r ✐❢
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❋✐❣✉r❡ ✹✳✶✻✿ ❚❡♠♣❡r❛t✉r❡ ❞❡✈✐❛t✐♦♥ ❢♦r ❞✐✛❡r❡♥t ❞r♦♣❧❡t ❞✐❛♠❡t❡rs✳

t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ s❤❛❧❧ ❜❡ ❞❡s✐❣♥❡❞ ❢♦r s♠❛❧❧❡r ❞r♦♣❧❡ts✳ ❖♥❡ ♦♣t✐♦♥ t♦ ❝❤❛♥❣❡ t❤❡
❧❡♥❣t❤ ♦❢ t❤❡ ❞r♦♣❧❡ts✬ tr❛❥❡❝t♦r✐❡s ✐s t♦ ❥✉st ❝❤❛♥❣❡ t❤❡ ♥♦③③❧❡ ❧❡♥❣t❤✳ ❋✐❣✉r❡ ✹✳✶✼ s❤♦✇s
t❤❡ ❧❡♥❣t❤ t❤❡ ♥♦③③❧❡ ✇♦✉❧❞ ♥❡❡❞ t♦ ❤❛✈❡ ❢♦r ❞✐✛❡r❡♥t ❞✐❛♠❡t❡rs t♦ ❛❝❤✐❡✈❡ t❤❡ ❞r♦♣❧❡t
t❡♠♣❡r❛t✉r❡ ❛♥❞ ✈❡❧♦❝✐t② ❛s ❢♦r♠✉❧❛t❡❞ ✐♥ t❤❡ r❡q✉✐r❡♠❡♥ts✳ ■t ✐s ❤♦✇❡✈❡r ✐♠♣♦rt❛♥t t♦
st❛t❡ t❤❛t ♠✉❝❤ s❤♦rt❡r ♥♦③③❧❡ ❧❡♥❣t❤s ✐♥❝r❡❛s❡ t❤❡ r✐s❦ ♦❢ s❡♣❛r❛t✐♦♥ ❞r❛st✐❝❛❧❧②✳ ❋♦r
❞r♦♣❧❡ts ✇✐t❤ ❛ ❞✐❛♠❡t❡r ♦❢ 35µm ♦r ❧❡ss✱ t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ ♥♦③③❧❡ ❝❛♥ ❜❡ ❛s s❤♦rt ❛s
0.05m ❜❡❝❛✉s❡ t❤❡ ❧❡♥❣t❤s ❜❡t✇❡❡♥ t❤❡ s♣r❛② s②st❡♠ ❛♥❞ ♥♦③③❧❡ ❡♥tr② ❛♥❞ ❜❡t✇❡❡♥ t❤❡
t❡st s❡❝t✐♦♥ ❡♥tr② ❛♥❞ t❤❡ t❡st ♦❜❥❡❝t ❛r❡ ❛❧r❡❛❞② ❧♦♥❣ ❡♥♦✉❣❤✳
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❋✐❣✉r❡ ✹✳✶✼✿ ◆❡❝❡ss❛r② ❧❡♥❣t❤ ♦❢ t❤❡ ♥♦③③❧❡ t♦ ❢✉❧✜❧❧ t❤❡ r❡q✉✐r❡♠❡♥ts ❢♦r ❞✐✛❡r❡♥t ❞r♦♣❧❡t
❞✐❛♠❡t❡rs✳
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❚❤❡ ♠❛①✐♠✉♠ ▼❱❉ ✐♥ t❤❡ ❊❆❙❆ ❝❡rt✐✜❝❛t✐♦♥s ✐s 50µm✳ ❆❝❝♦r❞✐♥❣ t♦ t❤❡ ▲❛♥❣♠✉✐r
❉ ❞✐str✐❜✉t✐♦♥✱ t❤❡ ❜✐❣❣❡st ❞r♦♣❧❡ts ✐♥ s✉❝❤ ❛ ❞r♦♣❧❡t ❝❧♦✉❞ ❤❛✈❡ ❛ ❞✐❛♠❡t❡r ♦❢ ❛❜♦✉t
110µm✳ ❚❤❡ ♥❡❝❡ss❛r② ♥♦③③❧❡ ❧❡♥❣t❤ t♦ ❞♦ ❡①♣❡r✐♠❡♥ts ✇✐t❤ ❞r♦♣❧❡ts ✇✐t❤ ❛ ❞✐❛♠❡t❡r
♦❢ 110µm ✐s 3.25m ❛❝❝♦r❞✐♥❣ t♦ ❋✐❣✉r❡ ✹✳✶✼✳ ❚❤❡r❡❢♦r❡ ❛ ♥♦③③❧❡ ✇✐t❤ ❛ ❧❡♥❣t❤ ♦❢ 3.25m
✐s ♥❡❡❞❡❞ t♦ t❡st t❤❡ ✇❤♦❧❡ ❜❛♥❞✇✐❞t❤ ♦❢ t❤❡ ❊❆❙❆ ❝❡rt✐✜❝❛t✐♦♥s✳

✹✳✺ Pr❡ss✉r❡ ❧♦ss❡s ❛♥❞ ❢❛♥ s❡❧❡❝t✐♦♥

❆s ♣r❡s❡♥t❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s ❝❤❛♣t❡r✱ ❡✈❡r② ❝♦♠♣♦♥❡♥t ♦❢ t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ✐♥✢✉❡♥❝❡s
t❤❡ ♣r❡ss✉r❡ ❧♦ss✳ ❚❤❡ ✈❛❧✉❡s ♥❡❝❡ss❛r② t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ♣r❡ss✉r❡ ❧♦ss ♦❢ ❡❛❝❤ ❝♦♠♣♦♥❡♥t
❛r❡ ❛❧r❡❛❞② ❣✐✈❡♥ ✐♥ t❤❡ r❡s♣❡❝t✐✈❡ s✉❜s❡❝t✐♦♥✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ✈❛❧✉❡s ✇✐❧❧ ❜❡ ✐♥tr♦❞✉❝❡❞
❛♥❞ ❡①♣❧❛✐♥❡❞ ✐♥ t❤✐s s✉❜s❡❝t✐♦♥✳
❋♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t ❛❝❝♦r❞✐♥❣ t♦ ❡q✉❛t✐♦♥ ✸✳✸✵ t❤❡ ❘❡②♥♦❧❞s

♥✉♠❜❡r ✐s ♥❡❡❞❡❞✳ ❚❤❡ ❘❡②♥♦❧❞s ♥✉♠❜❡r ✐s ❝❛❧❝✉❧❛t❡❞ ✇✐t❤ ❡q✉❛t✐♦♥ ✷✳✶✳ ❆s t❤❡ ❤②✲
❞r❛✉❧✐❝ ❞✐❛♠❡t❡r ♦❢ ❡✈❡r② ❝♦♠♣♦♥❡♥t ✐s ❣✐✈❡♥ ✐♥ t❤❡ r❡s♣❡❝t✐✈❡ s✉❜s❡❝t✐♦♥ ❛♥❞ t❤❡ ✈✐s✲
❝♦s✐t② ✐♥ ❚❛❜❧❡ ✹✳✷✱ ❥✉st t❤❡ ❛✐r ✈❡❧♦❝✐t② ✐s ♠✐ss✐♥❣✳ ❚❤❡ ✈❡❧♦❝✐t② ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ✇✐t❤
t❤❡ ❝♦♥t✐♥✉✐t② ❡q✉❛t✐♦♥✳ ❚❤❡ ✈❡❧♦❝✐t✐❡s ❛t t❤❡ ✐♥❧❡t ❛♥❞ t❤❡ ❡①✐t ♦❢ t❤❡ ❞✐✛❡r❡♥t ♣❛rts ♦❢
t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❛r❡ s✉♠♠❛r✐③❡❞ ✐♥ ❚❛❜❧❡ ✹✳✹✳ ❆s ❤✐❣❤❡r ✈❡❧♦❝✐t✐❡s ✐♥s✐❞❡ t❤❡ ✐❝✐♥❣
✇✐♥❞ t✉♥♥❡❧ ❧❡❛❞ t♦ ❤✐❣❤❡r ♣r❡ss✉r❡ ❧♦ss❡s✱ t❤❡ ♠❛①✐♠✉♠ ✈❡❧♦❝✐t② ♦❢ 35m s−1 ✐♥s✐❞❡ t❤❡
t❡st s❡❝t✐♦♥ ✇❛s ✉s❡❞ ❛s t❤❡ ❞❡s✐❣♥ ♣♦✐♥t✳

❝♦♠♣♦♥❡♥t ✐♥❧❡t ✈❡❧♦❝✐t② [m s−1] ❡①✐t ✈❡❧♦❝✐t② [m s−1]

❢❛♥ ❞✉❝t 9.95 9.95
✇✐❞❡✲❛♥❣❧❡✲❞✐✛✉s❡r 9.95 3.89

s❡tt❧✐♥❣ ❛r❡❛ 3.89 3.89
♥♦③③❧❡ 3.89 35.00

t❡st s❡❝t✐♦♥ 35.00 35.00
❞✐✛✉s❡r 35.00 14.00

❚❛❜❧❡ ✹✳✹✿ ❱❡❧♦❝✐t✐❡s ❛t t❤❡ ✐♥❧❡t ❛♥❞ ♦✉t❧❡t ♦❢ ❡✈❡r② ❝♦♠♣♦♥❡♥t✳

❲❤❡♥ ❝❛❧❝✉❧❛t✐♥❣ t❤❡ ♣r❡ss✉r❡ ❧♦ss ❞✉❡ t♦ t❤❡ ❞r❛❣ ♦❢ ❛ str✉❝t✉r❡ ✐♥s✐❞❡ t❤❡ ✐❝✐♥❣ ✇✐♥❞
t✉♥♥❡❧ ✇✐t❤ ❡q✉❛t✐♦♥ ✸✳✹✼✱ t❤❡ ✈❛❧✉❡ ǫ ✐s ♥❡❡❞❡❞✳ ❚❤✐s ✈❛❧✉❡ ❛❝❝♦✉♥ts ❢♦r t❤❡ ✐♥✢✉❡♥❝❡ t❤❡
str✉❝t✉r❡ ❤❛s ♦♥ t❤❡ ♣r❡ss✉r❡ ❧♦ss ✐♥ ❞♦✇♥str❡❛♠ s❡❝t✐♦♥s✳ ❚❤❡ t✇♦ str✉❝t✉r❡s ✐♥s✐❞❡ t❤❡
✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❛r❡ t❤❡ s♣r❛② s②st❡♠ ❛♥❞ t❤❡ t❡st ♦❜❥❡❝t✳ ❆s ❜♦t❤ ❛r❡ ❞❡s✐❣♥❡❞ ✇✐t❤
❛♥ ❛❡r♦❞②♥❛♠✐❝ s❤❛♣❡✱ t❤❡ ❞♦✇♥str❡❛♠ ✐♥✢✉❡♥❝❡ ✐s s✉♣♣♦s❡❞ t♦ ❜❡ ♥❡❣❧✐❣✐❜❧❡✳ ❚❤❡r❡❢♦r❡
ǫ ✐s ❛ss✉♠❡❞ t♦ ❜❡ t❤❡ ♠✐♥✐♠✉♠ ♣♦ss✐❜❧❡ ✈❛❧✉❡ ♦❢ 1✳
❚❤❡ t❡st ♦❜❥❡❝t ✐ts❡❧❢ ♣r♦❞✉❝❡s ❞r❛❣✳ ❚❤✐s ❞r❛❣ r❡s✉❧ts ✐♥ ❛ ♣r❡ss✉r❡ ❧♦ss t❤❛t ❝❛♥ ❜❡

❝❛❧❝✉❧❛t❡❞ ✇✐t❤ t❤❡ ❡q✉❛t✐♦♥ ❢♦r ✐♥t❡r♥❛❧ str✉❝t✉r❡s✳ ❚♦ ❝❛❧❝✉❧❛t❡ t❤❡ ♣r❡ss✉r❡ ❧♦ss✱ t❤❡
❞r❛❣ ❝♦❡✣❝✐❡♥t ✐s ♥❡❡❞❡❞✳ ❚❤❡ ❞r❛❣ ❝♦❡✣❝✐❡♥t ✐s ❤✐❣❤❡r ❢♦r ❧♦✇❡r ❘❡②♥♦❧❞s ♥✉♠❜❡rs✳
❆❝❝♦r❞✐♥❣ t♦ ❋✐❣✉r❡s ✹✳✶ ❛♥❞ ✹✳✷✱ t❤❡ ❧♦✇❡st ❘❡②♥♦❧❞s ♥✉♠❜❡rs ❢♦r ❯❆❱s ✇✐❧❧ ❜❡ ❢♦r
✈❡❧♦❝✐t✐❡s ♦❢ ❛r♦✉♥❞ 10m s−1 ❛♥❞ ❝❤♦r❞ ❧❡♥❣t❤s ♦❢ 0.1m✳ ❚❤✐s ✇♦✉❧❞ r❡s✉❧t ✐♥ ❛ ❘❡②♥♦❧❞s
♥✉♠❜❡r ♦❢ ❛❜♦✉t 80,000✳ ❚❤❡ ❞r❛❣ ❝♦❡✣❝✐❡♥t ♦❢ t❤❡ ❘●✶✺ ❛✐r❢♦✐❧ ❢♦r ✈❛r✐♦✉s ❘❡②♥♦❧❞s
♥✉♠❜❡rs ✐s ❧✐st❡❞ ❜② ❆✐r❢♦✐❧ ❚♦♦❧s ❬✺✵❪✳ ❆s ♥♦ ✈❛❧✉❡s ❛r❡ ❣✐✈❡♥ ❢♦r ❛ ❘❡②♥♦❧❞s ♥✉♠❜❡r ♦❢
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80,000✱ t❤❡ ❞r❛❣ ❝♦❡✣❝✐❡♥t ✇✐❧❧ ❜❡ t❛❦❡♥ ❢♦r ❛ ❘❡②♥♦❧❞s ♥✉♠❜❡r ♦❢ 50,000✳ ❚❤❡ ❤✐❣❤❡st
❞r❛❣ ❝♦❡✣❝✐❡♥t ❢♦r ❛ ❘❡②♥♦❧❞s ♥✉♠❜❡r ♦❢ 50,000 ✐♥s✐❞❡ t❤❡ ❧✐♥❡❛r r❡❣✐♦♥ ♦❢ t❤❡ cL✲α✲
❝✉r✈❡ ✐s 0.039✳ ❚❤❡ r❡♠❛✐♥✐♥❣ ✉♥❦♥♦✇♥ ✐s t❤❡ r❛t✐♦ ♦❢ t❤❡ ❛r❡❛ ♦❢ t❤❡ ❞r❛❣ ✐t❡♠ t♦ t❤❡
✢♦✇ ❛r❡❛✳ ❚❤❡ ❞r❛❣ ❛r❡❛ ♦❢ ❛♥ ❛✐r❢♦✐❧ ✐s ✐ts ❝❤♦r❞ ❧❡♥❣t❤ t✐♠❡s t❤❡ ✇✐❞t❤✳ ❚❤❡ ✢♦✇ ❛r❡❛
✐s t❤❡ ♣❛rt ♦❢ t❤❡ ❝r♦ss✲s❡❝t✐♦♥❛❧ ❛r❡❛ t❤❛t ✐s ♥♦t ❜❧♦❝❦❡❞✳ ❆s t❤❡ ❜❧♦❝❦❛❣❡ ✇✐❧❧ ❜❡ 10%
♠❛①✐♠✉♠✱ t❤❡ ✢♦✇ ❛r❡❛ ✐s 90% ♦❢ t❤❡ ❝r♦ss✲s❡❝t✐♦♥❛❧ ❛r❡❛ ♦❢ t❤❡ t❡st s❡❝t✐♦♥✳
❚❤❡ s♣r❛② s②st❡♠ ❛❧s♦ ♣r♦❞✉❝❡s ❞r❛❣ ❛♥❞ t❤❡r❡❢♦r❡ ❛ ♣r❡ss✉r❡ ❧♦ss✳ ❚❤❡ s❤❛♣❡ ♦❢ t❤❡

s♣r❛② s②st❡♠ s❤♦✉❧❞ ❜❡ ♦♥❡ ✇✐t❤ ❛ s♠❛❧❧ ❞r❛❣ ❝♦❡✣❝✐❡♥t t♦ r❡❞✉❝❡ t❤❡ ♣r❡ss✉r❡ ❧♦ss❡s
❛♥❞ t❤❡ ❛❡r♦❞②♥❛♠✐❝ ❧♦ss❡s✳ ❍♦✇❡✈❡r✱ ❛s ♥♦ s♣r❛② s②st❡♠ ❝♦✉❧❞ ❜❡ s❡❧❡❝t❡❞✱ ❛❧s♦ t❤❡
s❤❛♣❡ ♦❢ t❤❡ s♣r❛② s②st❡♠ ✐s ♥♦t ②❡t ❞❡t❡r♠✐♥❡❞✳ ❚♦ ♥♦t ✉♥❞❡r❡st✐♠❛t❡ t❤❡ ♣r❡ss✉r❡
❧♦ss ♦❢ t❤❡ s♣r❛② s②st❡♠✱ t❤❡ ✇♦rst ❝❛s❡ ✇❛s ❝❛❧❝✉❧❛t❡❞✳ ❚♦ ❞♦ t❤✐s✱ t❤❡ s❤❛♣❡ ♦❢ t❤❡
s♣r❛② s②st❡♠ ✐s s✐♠♣❧✐✜❡❞ t♦ ❛ ❝✐r❝✉❧❛r ♣✐♣❡ ✐♥ ❝r♦ss✢♦✇✳ ❚❤❡r❡❢♦r❡ t❤❡ ❞r❛❣ ❝♦❡✣❝✐❡♥t
❜❡❝♦♠❡s 1✳ ❋♦r t❤❡ ❜❧♦❝❦❛❣❡ ♦❢ ❛ s♣r❛② s②st❡♠✱ ❛ ♠❛①✐♠✉♠ ♦❢ 17% ✐s r❡❝♦♠♠❡♥❞❡❞ ❜②
▲❡♦♥❡ ❡t ❛❧✳ ❬✺✼❪✳ ❚❤❡ ❞r❛❣ ❛r❡❛ ♦❢ t❤❡ s♣r❛② s②st❡♠ ✐s ✐ts ♣r♦❥❡❝t❡❞ ❛r❡❛ ❛♥❞ t❤❡r❡❢♦r❡
♠❛①✐♠✉♠ 17% ♦❢ t❤❡ ❝r♦ss✲s❡❝t✐♦♥❛❧ ❛r❡❛✱ ✇❤✐❧❡ t❤❡ ✢♦✇ ❛r❡❛ ✐s t❤❡ r❡♠❛✐♥✐♥❣ 83% ♦❢
t❤❡ ❝r♦ss✲s❡❝t✐♦♥❛❧ ❛r❡❛✳
❚❤❡ ♣r❡ss✉r❡ ❧♦ss ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ s❝r❡❡♥ ❝♦♥t❛✐♥s t❤❡ ♣❛r❛♠❡t❡r KRe✳ ❋♦r t❤❡

❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ❘❡②♥♦❧❞s ♥✉♠❜❡r t❤❡ ❞✐❛♠❡t❡r ♦❢ t❤❡ s❝r❡❡♥ ✇✐r❡ ♥❡❡❞s t♦ ❜❡ ❦♥♦✇♥✳
❚❤❡ ❞✐❛♠❡t❡r ♦❢ t❤❡ ✇✐r❡ ✇❛s ❛ss✉♠❡❞ t♦ ❜❡ 0.5mm ❛s ✇❛s ❛❧s♦ ❞♦♥❡ ❜② ❆r✐❢✉③③❛♠❛♥
❛♥❞ ▼❛s❤✉❞ ❬✷✷❪✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ♠❡s❤ ❝♦♥st❛♥t KMESH ♥❡❡❞s t♦ ❜❡ ✜①❡❞ t♦ ❝❛❧❝✉❧❛t❡
t❤❡ ❧♦ss❡s✳ ❚❤❡ ✈❛❧✉❡ ❢♦r ❛✈❡r❛❣❡ ❝✐r❝✉❧❛r ♠❡t❛❧ ✇✐r❡s ✇❛s ✉s❡❞ ❛♥❞ t❤❡r❡❢♦r❡ KMESH

❜❡❝♦♠❡s 1.3✳ ❚❤❡ ♠✐ss✐♥❣ r❛t✐♦ ♦❢ t❤❡ ✢♦✇ ❛r❡❛ t♦ t❤❡ ❝r♦ss✲s❡❝t✐♦♥❛❧ ❛r❡❛ ✐s ❡q✉✐✈❛❧❡♥t
t♦ t❤❡ ♣♦r♦s✐t② ♦❢ t❤❡ s❝r❡❡♥✳
❚❤❡ ❢r✐❝t✐♦♥ ❝♦❡✣❝✐❡♥t ♦❢ t❤❡ ❤♦♥❡②❝♦♠❜s ❞❡♣❡♥❞s ♦♥ t❤❡ s✉r❢❛❝❡ r♦✉❣❤♥❡ss ♦❢ t❤❡

❤♦♥❡②❝♦♠❜s✳ ❆s ❞♦♥❡ ❜② ❆r✐❢✉③③❛♠❛♥ ❛♥❞ ▼❛s❤✉❞ ❬✷✷❪✱ ♣♦❧②✈✐♥②❧ ❝❤❧♦r✐❞❡ ✭P❱❈✮ ❝❛♥
❜❡ ✉s❡❞ ❢♦r t❤❡ ❝♦♥str✉❝t✐♦♥ ♦❢ t❤❡ ❤♦♥❡②❝♦♠❜s✳ ▼❡❛s✉r❡♠❡♥ts ❜② ❘♦❝❤❛ ❡t ❛❧✳ ❬✻✵❪
s❤♦✇❡❞ t❤❛t t❤❡ s✉r❢❛❝❡ r♦✉❣❤♥❡ss ♦❢ P❱❈ ❝❛♥ ❜❡ ❛s ❤✐❣❤ ❛s 8µm✳
❋♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ♣r❡ss✉r❡ ❧♦ss ✐♥s✐❞❡ t❤❡ ❞✐✛✉s❡r✱ t❤❡ ✈❛❧✉❡ KEXP ♥❡❡❞s t♦

❜❡ ❦♥♦✇♥✳ ❚❤❡ ✈❛❧✉❡ ✇❛s ❝❛❧❝✉❧❛t❡❞ ✇✐t❤ t❤❡ ❡q✉❛t✐♦♥ ❢♦r sq✉❛r❡ ❝r♦ss✲s❡❝t✐♦♥s✳ ❚❤✐s ✐s
❜❡❝❛✉s❡ ❛ sq✉❛r❡ ✐s ❝❧♦s❡r t♦ ❛ r❡❝t❛♥❣✉❧❛r s❤❛♣❡ t❤❛♥ ❛ ❝✐r❝❧❡ ❛♥❞ ❜❡❝❛✉s❡ t❤✐s ❧❡❛❞s t♦
❛ ♠♦r❡ ❝♦♥s❡r✈❛t✐✈❡ ❝❛❧❝✉❧❛t✐♦♥✳
❋♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ❡①✐t ❧♦ss❡s✱ t❤❡ ▼❛❝❤ ♥✉♠❜❡r ❛t t❤❡ ❡①✐t ♥❡❡❞s t♦ ❜❡ ❝❛❧✲

❝✉❧❛t❡❞✳ ■t ✐s ❛ss✉♠❡❞ t❤❛t t❤❡ t❡♠♣❡r❛t✉r❡ ♦❢ t❤❡ ❛✐r st❛②s ❝♦♥st❛♥t ✐♥s✐❞❡ t❤❡ ✇❤♦❧❡
✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧✳ ❚❤❡ ▼❛❝❤ ♥✉♠❜❡r ❛♥❞ t❤❡r❡❢♦r❡ ❛❧s♦ t❤❡ ♣r❡ss✉r❡ ❧♦ss❡s ❛r❡ ❤✐❣❤❡r
❢♦r ❧♦✇❡r t❡♠♣❡r❛t✉r❡s✳ ❚❤❡r❡❢♦r❡ t❤❡ ✇♦rst✲❝❛s❡ t❡♠♣❡r❛t✉r❡ ♦❢ −15 ➦C ✇❛s ❝❤♦s❡♥✳
❚❤❡ r❡s✉❧t✐♥❣ ♣r❡ss✉r❡ ❧♦ss❡s ❢♦r ❡✈❡r② ❝♦♠♣♦♥❡♥t ❛♥❞ t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ✐♥ t♦t❛❧

❛r❡ st❛t❡❞ ✐♥ ❚❛❜❧❡ ✹✳✺✳ ❆❧s♦ t❤❡ ♥✉♠❜❡r ♦❢ t❤❡ ❡q✉❛t✐♦♥ t❤❛t ✇❛s ✉s❡❞ t♦ ❝❛❧❝✉❧❛t❡ t❤❡
♣r❡ss✉r❡ ❧♦ss ✐s ❣✐✈❡♥ ✐♥ t❤✐s t❛❜❧❡✳
❚♦ ❝♦♠♣❡♥s❛t❡ ❢♦r ♣♦ss✐❜❧❡ s❤♦rt❝♦♠✐♥❣s ✐♥ t❤❡ ❝❛❧❝✉❧❛t✐♦♥s✱ ❛ s❛❢❡t② ♠❛r❣✐♥ ✐s ✐♥✲

tr♦❞✉❝❡❞✳ ■t ✇❛s ❝❤♦s❡♥ t❤❛t t❤❡ s❡❧❡❝t❡❞ ❢❛♥ ❤❛s t♦ ❜❡ ❛❜❧❡ t♦ ❝♦♠♣❡♥s❛t❡ ❛❜♦✉t 1.5
t✐♠❡s t❤❡ ❝❛❧❝✉❧❛t❡❞ ♣r❡ss✉r❡ ❧♦ss❡s✳ ❚❤✐s r❡s✉❧ts ✐♥ ❛ ♣r❡ss✉r❡ r✐s❡ ♦❢ ❛❜♦✉t 500Pa t❤❡
❢❛♥ ❤❛s t♦ ❞❡❧✐✈❡r✳ ❆ ❢✉rt❤❡r ♦❜❥❡❝t✐✈❡ ❢♦r t❤❡ ❢❛♥ ✇❛s t♦ ❤❛✈❡ ❛ ❞✐❛♠❡t❡r ♦❢ ❛❜♦✉t 1.1m
t♦ ❤❛✈❡ ❛♥ ❛r❡❛ r❛t✐♦ ♦❢ ❛❜♦✉t 2.5 ♦✈❡r t❤❡ ✇✐❞❡✲❛♥❣❧❡ ❞✐✛✉s❡r✳ ❚❤❡ t❤✐r❞ ♣♦✐♥t ✐s t❤❡
✈♦❧✉♠❡ ✢✉① t❤r♦✉❣❤ t❤❡ ❢❛♥✳ ❆ ♠❛①✐♠✉♠ ✈♦❧✉♠❡ ✢✉① ♦❢ 9.28m3 s−1 ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞
✇✐t❤ ❡q✉❛t✐♦♥ ✸✳✽✳

✺✸



✹ ❘❡s✉❧ts

❝♦♠♣♦♥❡♥t ❡q✉❛t✐♦♥ ❑ ♣r❡ss✉r❡ ❧♦ss [Pa]

t❡st s❡❝t✐♦♥ ✸✳✷✽ 0.016 13.40
t❡st ♦❜❥❡❝t ✸✳✹✼ 0.025 20.93
♥♦③③❧❡ ✸✳✸✶ 0.014 11.72

s❡tt❧✐♥❣ ❛r❡❛ ✸✳✷✽ 0.011 0.11
s♣r❛② s②st❡♠ ✸✳✹✼ 0.205 2.12

s❝r❡❡♥ ✸✳✹✽ 1.210 12.51
❤♦♥❡②❝♦♠❜s ✸✳✹✹ 0.404 4.18

✇✐❞❡✲❛♥❣❧❡✲❞✐✛✉s❡r ✸✳✺✶ 1.360 91.41
❢❛♥ ❞✉❝t ✸✳✷✽ 0.011 0.74
❞✐✛✉s❡r ✸✳✸✷ 0.057 47.73

❡①✐t ❧♦ss❡s ✸✳✹✸ 1.000 133.97

t♦t❛❧ ❧♦ss❡s 338.82

❚❛❜❧❡ ✹✳✺✿ ❖✈❡r✈✐❡✇ ♦✈❡r t❤❡ ♣r❡ss✉r❡ ❧♦ss❡s ✐♥ ❡✈❡r② ❝♦♠♣♦♥❡♥t ❛♥❞ ✐♥ t♦t❛❧✳

❚❤❡ s❡❧❡❝t❡❞ ❢❛♥ ✐s t❤❡ ♠♦❞❡❧ ✹✸❲✼✷✻ ❜② ❆❡r♦✈❡♥t ❬✻✶❪✳ ■t ❤❛s ❛ ❞✐❛♠❡t❡r ♦❢ 1.09m
❛♥❞ ❛ ❧❡♥❣t❤ ♦❢ 0.91m✳ ❚❤❡ ❢❛♥ ✐s ❛❜❧❡ t♦ ❞❡❧✐✈❡r ❛ ♣r❡ss✉r❡ r✐s❡ ♦❢ ❛❜♦✉t 500Pa ❢♦r ❛
✈♦❧✉♠❡ ✢♦✇ ♦❢ 11.0m3 s−1✳ ❚❤❡r❡❢♦r❡ t❤❡ ❢❛♥ ✐s ♣❡r❢❡❝t❧② ❛❜❧❡ t♦ ❢✉❧✜❧❧ t❤❡ r❡q✉✐r❡♠❡♥ts✳
❚❤❡ ✐♥♣✉t ♣♦✇❡r ♦❢ t❤✐s ❢❛♥ ✐♥ t❤❡ ✈✐❡✇❡❞ ♠♦❞❡ ✐s 8.024 kW✳ ❚❤✐s ♣❛r❛♠❡t❡r ✐s ✐♠♣♦rt❛♥t
t♦ ❜❡ ❝♦♥s✐❞❡r❡❞ ❢♦r t❤❡ ♥❡❝❡ss❛r② ❝♦♦❧✐♥❣ ♣♦✇❡r ♦❢ t❤❡ ❝♦♦❧✐♥❣ ❝❤❛♠❜❡r✳

✹✳✻ ❈♦♦❧✐♥❣ ❝❤❛♠❜❡r

✹✳✻✳✶ ❈♦♦❧✐♥❣ r❡q✉✐r❡♠❡♥ts

❚❤❡ ♥❡❝❡ss❛r② ❡q✉❛t✐♦♥s ❢♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ ❤❡❛t r❡❧❡❛s❡❞ ❞✉r✐♥❣ t❤❡ r✉♥ ♦❢ t❤❡ ✐❝✐♥❣
✇✐♥❞ t✉♥♥❡❧ ✇❡r❡ ❣✐✈❡♥ ✐♥ t❤❡ ♣r❡✈✐♦✉s ❝❤❛♣t❡r✳ ❚❤❡ r❡q✉✐r❡❞ ❝♦♦❧✐♥❣ ♣♦✇❡r ❞❡♣❡♥❞s ♦♥
t❤❡ ✇❛t❡r ❝♦♥t❡♥t ✐♥ t❤❡ ❛✐r ❛♥❞ ♦♥ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ✐♥✐t✐❛❧ ❞r♦♣❧❡t t❡♠♣❡r❛t✉r❡
❛♥❞ t❤❡ ❛✐r t❡♠♣❡r❛t✉r❡✳ ❚❤❡ ✇♦rst ❝❛s❡ ✐s ❛ss✉♠❡❞ ❢♦r ❜♦t❤ ♣❛r❛♠❡t❡rs✳ ❚❤❡r❡❢♦r❡ ❛
▲❲❈ ♦❢ 2.9 gm−3 ❛♥❞ ❛♥ ❛✐r t❡♠♣❡r❛t✉r❡ ♦❢ −15 ➦C ❛r❡ ✉s❡❞✳
❆s ❛❧r❡❛❞② ♠❡♥t✐♦♥❡❞✱ t❤❡ ✐♥✐t✐❛❧ ❞r♦♣❧❡t t❡♠♣❡r❛t✉r❡ ✐s ❛ss✉♠❡❞ t♦ ❜❡ 15 ➦C✳ ❚❤❡r❡✲

❢♦r❡ t❤❡ ♠❛①✐♠✉♠ t❡♠♣❡r❛t✉r❡ ❞✐✛❡r❡♥❝❡ ✐s 30 ➦C✳ ❲✐t❤ ❛ ♠❛①✐♠✉♠ ▲❲❈ ♦❢ ❛❜♦✉t
2.9 gm−3 ❛♥❞ t❤❡ ♠❛①✐♠✉♠ ❛✐r ♠❛ss ✢♦✇ ♦❢ 9.150m3 s−1✱ t❤❡ ♠❛①✐♠✉♠ ♠❛ss ✢♦✇ ♦❢
t❤❡ ✇❛t❡r ✐s 0.0269 kg s−1✳ ❚❤✐s ✇♦✉❧❞ r❡s✉❧t ✐♥ ❛ s❡♥s✐❜❧❡ ❤❡❛t ♦❢ 3.510 kW ❛♥❞ ❛ ❧❛t❡♥t
❤❡❛t ♦❢ 8.985 kW✳ ❈♦♠❜✐♥❡❞ ✇✐t❤ t❤❡ ❢❛♥ ✐♥♣✉t ♣♦✇❡r ♦❢ 8.024 kW✱ t❤❡ ♣r♦❞✉❝❡❞ ❤❡❛t
❛❞❞s ✉♣ t♦ 20.520 kW✳ ❚❤✐s ✐s t❤❡ ♠❛①✐♠✉♠ ❛♠♦✉♥t ♦❢ ❤❡❛t t❤❡ ❝♦♦❧✐♥❣ ❝❤❛♠❜❡r ❤❛s
t♦ r❡♠♦✈❡ t♦ ❡♥s✉r❡ ❛ st❡❛❞② r✉♥✳
❆ t②♣✐❝❛❧ t❡♠♣❡r❛t✉r❡ ❢♦r t❤❡ ❛✐r ✐♥s✐❞❡ t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ✇✐❧❧ ❜❡ ❛r♦✉♥❞ −10 ➦C✳

❚❤❡ r❡s✉❧t✐♥❣ ❤❡❛t ❢♦r ❞✐✛❡r❡♥t ▲❲❈s ✐s ♣❧♦tt❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✶✽✳ ❆❝❝♦r❞✐♥❣ t♦ t❤❡ r❡❣✲
✉❧❛t✐♦♥s ❜② t❤❡ ❊❆❙❆✱ t❤❡ ♠❛①✐♠✉♠ ▲❲❈ ❢♦r ❛ t❡♠♣❡r❛t✉r❡ ♦❢ −10 ➦C ✐s 2.5 gm−3✳
❚❤❡r❡❢♦r❡ ❤✐❣❤❡r ▲❲❈s ❞♦ ♥♦t ♥❡❡❞ t♦ ❜❡ t❡st❡❞ ✐♥ ❛♥ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧✳
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❋✐❣✉r❡ ✹✳✶✽✿ ❘❡q✉✐r❡❞ ❝♦♦❧✐♥❣ ♣♦✇❡r ❢♦r t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❢♦r ❞✐✛❡r❡♥t ▲❲❈s ❛♥❞
❛♥ ❛✐r t❡♠♣❡r❛t✉r❡ ♦❢ −10 ➦C✳

✹✳✻✳✷ ❙♣❛❝❡ r❡q✉✐r❡♠❡♥ts

❆s ♠❡♥t✐♦♥❡❞ ✐♥ t❤❡ ♣r❡✈✐♦✉s ❝❤❛♣t❡r✱ ●r❡❡♥✇❛② ❛♥❞ ❲♦♦❞ ❬✹✻❪ ❞✐❞ s✐♠✉❧❛t✐♦♥s ❢♦r ❛
s✐♥❣❧❡ ✇✐♥❞ t✉♥♥❡❧ ❞❡s✐❣♥ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ♥❡❝❡ss❛r② ❝❧❡❛r❛♥❝❡ ❛t t❤❡ ✇✐♥❞ t✉♥♥❡❧ ✐♥❧❡t✳
❚❤❡② ❢♦✉♥❞ ♦✉t t❤❛t t❤❡ ✐♥✢♦✇ ❛r❡❛ ❤❛s t♦ ❜❡ ❛t ❧❡❛st 1.8 t✐♠❡s ❜✐❣❣❡r t❤❛♥ t❤❡ ✐♥❧❡t
❛r❡❛✳ ❋♦r t❤❡ ❣✐✈❡♥ ❞❡s✐❣♥✱ t❤❡ ✐♥❧❡t ✐s ❛t t❤❡ ❢❛♥ s❡❝t✐♦♥✳ ❚❤❡ ❢❛♥ ❛r❡❛ ✐s 0.93m2✳
❚❤❡r❡❢♦r❡ t❤❡ ❛r❡❛ ♦❢ t❤❡ ✐♥✢♦✇ ❤❛s t♦ ❜❡ ❛t ❧❡❛st 1.67m2✳ ❋✐❣✉r❡ ✹✳✶✾ s❤♦✇s ❞✐✛❡r❡♥t
❝♦♠❜✐♥❛t✐♦♥s ♦❢ s✐❞❡ ❧❡♥❣t❤s ♦❢ ♣♦ss✐❜❧❡ ❝❤❛♠❜❡rs ❛♥❞ ❧❡♥❣t❤s ❜❡t✇❡❡♥ t❤❡ ✐♥❧❡t ❛♥❞ t❤❡
✇❛❧❧✳ ❆s t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ✐s 1.54m ✇✐❞❡ ❛♥❞ ❤✐❣❤ ❛t ✐ts ❜✐❣❣❡st ♣♦s✐t✐♦♥✱ s♠❛❧❧❡r
❝❤❛♠❜❡rs ❛r❡ ♥♦t ♣♦ss✐❜❧❡ ❛t ❛❧❧✳

00.40.81.2 1.5 1.7 1.9 2.1 2.3 2.5 2.7 2.9 3.1 3.3 3.5 3.7 3.9necessary clearance of the entry [m] hydraulic diameter of the cooling chamber [m]
❋✐❣✉r❡ ✹✳✶✾✿ ◆❡❝❡ss❛r② ❝❧❡❛r❛♥❝❡ t♦ t❤❡ ❡♥tr② ♦❢ t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❢♦r ❞✐✛❡r❡♥t ❤②✲

❞r❛✉❧✐❝ ❞✐❛♠❡t❡rs ♦❢ t❤❡ ❝♦♦❧✐♥❣ ❝❤❛♠❜❡r✳

✹✳✼ ❈♦sts

❚❤❡ ❝♦sts ♣❧❛② ❛♥ ✐♠♣♦rt❛♥t r♦❧❡ ✐♥ t❤❡ q✉❡st✐♦♥ ♦❢ ✇❤❡t❤❡r ❛ ♣r♦❥❡❝t ❝❛♥ ❜❡ r❡❛❧✐③❡❞✳
❚❤❡r❡❢♦r❡ ❛ r♦✉❣❤ ❡st✐♠❛t❡ ♦❢ t❤❡ ❝♦sts ♦❢ t❤❡ ❜✉✐❧❞✐♥❣ ♦❢ t❤❡ ❞❡s✐❣♥❡❞ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧
✐s ♣r❡s❡♥t❡❞✳ ❆s t❤❡r❡ ✐s ♥♦ ❧✐t❡r❛t✉r❡ t❤❛t ♦✛❡rs ❢♦r♠✉❧❛s t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ❝♦sts✱ t❤❡
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❡st✐♠❛t✐♦♥s ✇✐❧❧ ❜❡ r❡❛❧❧② ❝♦❛rs❡✳ ❚❤❡ ✜rst ♣♦✐♥t ✐s t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ♥❡❝❡ss❛r②
♠❛t❡r✐❛❧ ✈♦❧✉♠❡ ❢♦r t❤❡ ✇✐♥❞ t✉♥♥❡❧ ♣❛rts✳ ❚❤❡ s✉r❢❛❝❡ ❛r❡❛ ♦❢ ❛❧❧ ❞❡s✐❣♥❡❞ ♣❛rts ❛❞❞s ✉♣
t♦ 26.70m2✳ ❆ss✉♠✐♥❣ ❛ ✇❛❧❧ t❤✐❝❦♥❡ss ♦❢ 5mm✱ t❤❡ ♠❛t❡r✐❛❧ ✈♦❧✉♠❡ ❜❡❝♦♠❡s 0.134m3✳
❲✐t❤ t❤❡ ❞❡♥s✐t② ♦❢ 2710 kgm−3 ♦❢ ❛❧✉♠✐♥✉♠✱ t❤❡ t♦t❛❧ ♠❛t❡r✐❛❧ ✇❡✐❣❤t ✐s 363.1 kg✳ ❚❤❡
♣r✐❝❡ ♦❢ ❛❧✉♠✐♥✉♠ ✐s 3.06 $/kg ❛❝❝♦r❞✐♥❣ t♦ ▼❡t❛❧▼✐♥❡r ❬✻✷❪✳ ❚❤✐s r❡s✉❧ts ✐♥ ♠❛t❡r✐❛❧
❝♦sts ♦❢ ❛❜♦✉t 1100 $✳ ❚❤❡ s❤❛r❡ ♦❢ ♠❛t❡r✐❛❧ ❝♦sts ♦♥ t❤❡ t♦t❛❧ ❝♦sts ✐s ❛❜♦✉t 15% ✐♥
t❤❡ ♥♦r♠❛❧ ✐♥❞✉str② ❛❝❝♦r❞✐♥❣ t♦ ❲✐❧t✐♥❣ ❛♥❞ ❍❛♥❡♠❛❛✐❥❡r ❬✻✸❪✳ ❚❤❡r❡❢♦r❡ t❤❡ t♦t❛❧
♠❛♥✉❢❛❝t✉r✐♥❣ ❝♦sts ❢♦r t❤❡ ✇✐♥❞ t✉♥♥❡❧ ♣❛rts ❛r❡ 7300 $✳ ❚❤✐s ❝❛❧❝✉❧❛t✐♦♥ ✐s ❤♦✇❡✈❡r
❝♦❛rs❡ ❛♥❞ ♣r♦❜❛❜❧② t❤❡ r❡❛❧ ❝♦sts ❛r❡ ❤✐❣❤❡r✱ ❡✳❣✳ ❜❡❝❛✉s❡ ♦❢ s♣❡❝✐❛❧ ❛❧❧♦②s t❤❛t ♥❡❡❞ t♦
❜❡ ✉s❡❞ ❜❡❝❛✉s❡ ♦❢ t❤❡ ❝♦❧❞ t❡♠♣❡r❛t✉r❡s ❛♥❞ t❤❡ ❤✐❣❤ ❤✉♠✐❞✐t② ✐♥s✐❞❡ t❤❡ ✇✐♥❞ t✉♥♥❡❧✳
❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ s♣r❛② s②st❡♠ ❛♥❞ t❤❡ ❢❛♥ ♥❡❡❞ t♦ ❜❡ ❜♦✉❣❤t✳ ❆❝❝♦r❞✐♥❣ t♦ ❙♣r❛②✐♥❣

❙②st❡♠s ❈♦✳ ❬✻✹❪✱ t❤❡ ♣r✐❝❡ ❢♦r ❛♥ ❛✉t♦♠❛t❡❞ s②st❡♠ ❝❛♥ ❜❡ ❡st✐♠❛t❡❞ t♦ ❜❡ ✐♥ t❤❡ r❡❣✐♦♥
♦❢ 35,000 $✳ P❛✐♥t ❇♦♦t❤ ❙✉♣♣❧② ❬✻✺❪ ❧✐sts t❤❡ ♣r✐❝❡ ♦❢ ❛♥ ❛①✐❛❧ ❢❛♥✱ ❝♦♠♣❛r❛❜❧❡ t♦ t❤❡
s❡❧❡❝t❡❞ ♦♥❡✱ ❛t 3000 $✳
❚❤❡r❡❢♦r❡ t❤❡ t♦t❛❧ ❝♦sts ✇♦✉❧❞ s✉♠ ✉♣ t♦ ❛❜♦✉t 45,300 $✳ ❚❤✐s ✐s ❤♦✇❡✈❡r ❥✉st ❛ ✈❡r②

❝♦❛rs❡ ❡st✐♠❛t✐♦♥✳ ❆❞❞✐t✐♦♥❛❧❧②✱ s❡♥s♦rs t♦ ♠❡❛s✉r❡ t❤❡ ♣r❡ss✉r❡ ♦r t❤❡ t❡♠♣❡r❛t✉r❡ ❢♦r
❡①❛♠♣❧❡ ✇❡r❡ ♥♦t ❝♦♥s✐❞❡r❡❞ ②❡t✳

✹✳✽ ❍❡❛t ♠❛♣

❉✉r✐♥❣ t❤❡ ❞❡s✐❣♥ ♦❢ t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❞✐✛❡r❡♥t ♦♣t✐♦♥s ✇❡r❡ ❝♦♥s✐❞❡r❡❞ ❛♥❞ t❤❡
✧r❡s✉❧t✧ ✐s ✐♥ t❤❡ ❡♥❞ ♠♦r❡ ❛ r❡❝♦♠♠❡♥❞❛t✐♦♥ t❤❛♥ t❤❡ ♦♥❧② ♣♦ss✐❜❧❡ ❞❡s✐❣♥✳ ❚❤❡ ✜♥❛❧
s♣❡❝✐✜❝❛t✐♦♥s ❢♦r t❤❡ ❝❤♦s❡♥ ❞❡s✐❣♥ ❛r❡ s✉♠♠❛r✐③❡❞ ✐♥ ❚❛❜❧❡ ❆✳✶ ✐♥ t❤❡ ❆♣♣❡♥❞✐①✳ ❚♦
s❤♦✇ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ s♦♠❡ ❝❤❛♥❣❡s ✐♥ ♣❛r❛♠❡t❡rs✱ ❛ ❤❡❛t ♠❛♣ ✇❛s ❝r❡❛t❡❞ t❤❛t ✐s
♣r❡s❡♥t❡❞ ✐♥ ❚❛❜❧❡ ✹✳✻✳ ❚❤❡ ❤❡❛t ♠❛♣ ♣r❡s❡♥ts t❤❡ q✉❛❧✐t❛t✐✈❡ ✐♥✢✉❡♥❝❡ ♦❢ ❛ ❝❤❛♥❣❡
♦❢ s❡✈❡r❛❧ ♣❛r❛♠❡t❡r✳ ❊✈❡r② ❝❤❛♥❣❡ ✐♥ t❤❡ ♣❛r❛♠❡t❡r t❤❛t ❧❡❛❞s t♦ ❛♥ ✐♥❝r❡❛s❡ ✐♥ s✐③❡✱

♣❛r❛♠❡t❡r ♦❢ ❝❤❛♥❣❡ ❧❡♥❣t❤ ❞✐❛♠❡t❡r ∆pT ❢❛♥ ♣♦✇❡r ❝♦♦❧✐♥❣ ∆u ∆T

❝✉rr❡♥t ❞❡s✐❣♥ ✵ ✵ ✵ ✵ ✵ ✵ ✵
❝❤♦r❞ ❧❡♥❣t❤ ✰✰ ✰ ✰ ✰ ✰✰ ✲ ✲

❛♥❣❧❡ ♦❢ ❛tt❛❝❦ ✰ ✰ ✰ ✰ ✰✰ ✲ ✲

✇✐❞t❤ ✰✰ ✰ ✰ ✰ ✰✰ ✲ ✲

s♣❡❡❞ ✵ ✵ ✰✰ ✰✰ ✰✰ ✰✰ ✰✰

❆❘ ❞✐✛✉s❡r ✰✰ ✵ ✲ ✲ ✵ ✵ ✵
❆❘ ♥♦③③❧❡ ✰ ✰ ✰ ✰ ✵ ✵ ✲ ✲

Tdrop,0 ✵ ✵ ✵ ✵ ✰ ✵ ✰

❛✐r t❡♠♣❡r❛t✉r❡ ✵ ✵ ✵ ✵ ✲ ✲ ✵ ✲

❚❛❜❧❡ ✹✳✻✿ ■♠♣❛❝t ♦❢ t❤❡ ✐♥❝r❡❛s❡ ♦❢ ❞✐✛❡r❡♥t ♣❛r❛♠❡t❡rs ♦♥ t❤❡ s✐③❡✱ t❤❡ t♦t❛❧ ♣r❡ss✉r❡
❧♦ss❡s ❛♥❞ t❤❡ ♥❡❝❡ss❛r② ❢❛♥ ❛♥❞ ❝♦♦❧✐♥❣ ♣♦✇❡r ♦❢ t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧✱ ❛s ✇❡❧❧
❛s ♦♥ t❤❡ ✜♥❛❧ ❞r♦♣❧❡t ❞❡✈✐❛t✐♦♥s ✐♥ t❡♠♣❡r❛t✉r❡ ❛♥❞ ✈❡❧♦❝✐t②✳ Tdrop,0 ✐s ✉s❡❞
❢♦r t❤❡ ✐♥✐t✐❛❧ ❞r♦♣❧❡t t❡♠♣❡r❛t✉r❡✳ ●r❡❡♥ ❝♦❧♦r ✐♥❞✐❝❛t❡ ♣♦s✐t✐✈❡ ❝❤❛♥❣❡s✱ r❡❞
♥❡❣❛t✐✈❡ ❝❤❛♥❣❡s✳

✺✻



✹ ❘❡s✉❧ts

t②♣✐❝❛❧❧② ❧❡❛❞s t♦ s♠❛❧❧❡r ✜♥❛❧ ❞❡✈✐❛t✐♦♥s ✐♥ ❞r♦♣❧❡t t❡♠♣❡r❛t✉r❡ ❛♥❞ ✈❡❧♦❝✐t②✱ ❜✉t ❛❧s♦
t♦ ❤✐❣❤❡r ❢❛♥ ❛♥❞ ❝♦♦❧✐♥❣ r❡q✉✐r❡♠❡♥ts✳ ❆♥ ❡①❝❡♣t✐♦♥ ✐s t❤❡ ❛r❡❛ r❛t✐♦ ♦❢ t❤❡ ❞✐✛✉s❡r
t❤❛t ❞❡❝r❡❛s❡s t❤❡ ❢❛♥ ❛♥❞ ❝♦♦❧✐♥❣ r❡q✉✐r❡♠❡♥ts ❜❡❝❛✉s❡ ❛ ❤✐❣❤❡r ❛r❡❛ r❛t✐♦ ❧❡❛❞s t♦
❢❡✇❡r ♣r❡ss✉r❡ ❧♦ss❡s ❛t t❤❡ ❡①✐t ♦❢ t❤❡ ✇✐♥❞ t✉♥♥❡❧✳ ❍✐❣❤❡r ❛✐r s♣❡❡❞s ✐♥❝r❡❛s❡ ❡✈❡r②
❛s♣❡❝t ♦❢ t❤❡ ✇✐♥❞ t✉♥♥❡❧ s✐❣♥✐✜❝❛♥t❧②✳

✹✳✾ ❈❋❉ s✐♠✉❧❛t✐♦♥s

❆ ❧♦t ♦❢ t❤❡ ❡q✉❛t✐♦♥s ✉s❡❞ ❢♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥s ❛r❡ ❡✐t❤❡r ❡♠♣✐r✐❝❛❧❧② ♦r ✉s❡ ❛ss✉♠♣t✐♦♥s
t❤❛t ❝❛♥ ♥♦t ❛❧✇❛②s ❜❡ ❢✉❧❧② ❢✉❧✜❧❧❡❞✳ ❆❧s♦ s♦♠❡ ❜❛s✐❝ r✉❧❡s ♦❢ t❤✉♠❜ ✇❡r❡ ❝♦♥s✐❞❡r❡❞
✇❤✐❧❡ ❞❡s✐❣♥✐♥❣ t❤❡ ❝♦♠♣♦♥❡♥ts✳ ❆s ❛ ✜rst ✐♠♣r❡ss✐♦♥ ♦❢ ✇❤❡t❤❡r t❤❡ ❞❡s✐❣♥ ♠✐❣❤t ❛❝t ❛s
❝❛❧❝✉❧❛t❡❞✱ ❈❋❉ s✐♠✉❧❛t✐♦♥s ❛r❡ ❤❡❧♣❢✉❧✳ ❈❋❉ r❡s✉❧ts ❢♦r t✇♦ ❞✐✛❡r❡♥t t✉r❜✉❧❡♥❝❡ ♠♦❞❡❧s
✇❡r❡ ♣r♦❞✉❝❡❞ ✐♥ ✸❉ ❜② ❘✐❝❤❛r❞ ❍❛♥♥ ✇✐t❤ ❋❊◆❙❆P✲■❈❊✳ ❋❊◆❙❆P✲■❈❊ ✐s ❛ ♣❛rt ♦❢
t❤❡ ❆♥s②s ❋❧✉✐❞ ❈❋❉ ♣r♦❣r❛♠✳ ■t ✐s s♣❡❝✐❛❧❧② ❞❡s✐❣♥❡❞ ❢♦r ✐♥✲✢✐❣❤t ✐❝✐♥❣ s✐♠✉❧❛t✐♦♥s
✐♥ ✸❉✳ ❚❤❡ ✉s❡❞ t✉r❜✉❧❡♥❝❡ ♠♦❞❡❧s ✇❡r❡ t❤❡ ❙♣❛❧❛rt✲❆❧❧♠❛r❛s ♠♦❞❡❧ ❛♥❞ t❤❡ ▼❡♥t❡r
k − ω ❙❙❚✳ ❚❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞ ✇✐t❤ t❤❡ ❙♣❛❧❛rt✲❆❧❧♠❛r❛s ♠♦❞❡❧ ❛r❡ ♣r❡s❡♥t❡❞ ❤❡r❡✳
❋♦r t❤❡ ❡❛s❡ ♦❢ t❤❡ s✐♠✉❧❛t✐♦♥✱ ❥✉st ♦♥❡ q✉❛rt❡r ♦❢ t❤❡ ✇✐♥❞ t✉♥♥❡❧ ✇❛s s✐♠✉❧❛t❡❞✳ ❚❤✐s
✐s ♣♦ss✐❜❧❡ ❜❡❝❛✉s❡ t❤❡ ✇✐♥❞ t✉♥♥❡❧ ✐s s②♠♠❡tr✐❝✳
❋✐❣✉r❡ ✹✳✷✵ s❤♦✇s t❤❡ ✈❡❧♦❝✐t② ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡ ❛✐r ♦✈❡r t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ ✐❝✐♥❣ ✇✐♥❞

t✉♥♥❡❧✳ ❆s t❤❡ ❛✐r ✈❡❧♦❝✐t② ❛t t❤❡ t❡st s❡❝t✐♦♥ ✐s ❛❧♠♦st 35m s−1 t❤❡ ✐♥✐t✐❛❧ ❝♦♥❞✐t✐♦♥s
❛r❡ ✈❛❧✐❞✳

❋✐❣✉r❡ ✹✳✷✵✿ P❧♦t ♦❢ t❤❡ ✈❡❧♦❝✐t② ✐♥ t❤❡ ❈❋❉ s✐♠✉❧❛t✐♦♥✳

❆♥ ✐♠♣♦rt❛♥t q✉❡st✐♦♥ ✐s t♦ ❦♥♦✇ ✇❤❡t❤❡r s❡♣❛r❛t✐♦♥ ♦❝❝✉rs ✐♥s✐❞❡ t❤❡ ✇✐♥❞ t✉♥♥❡❧✳
❚❤✐s ✇♦✉❧❞ ❧❡❛❞ t♦ ✐♥❝r❡❛s❡❞ ♣r❡ss✉r❡ ❧♦ss❡s ❛♥❞ ❞❡❝r❡❛s❡❞ ✢♦✇ q✉❛❧✐t②✳ ❚❤❡r❡❢♦r❡ t❤❡
q✉❛❧✐t② ♦❢ t❤❡ r❡s✉❧ts ✇♦✉❧❞ ❜❡ ✇♦rs❡✳ ❆ ❣♦♦❞ ✐♥❞✐❝❛t♦r ♦❢ s❡♣❛r❛t✐♦♥ ✐s ❛ s✉r❢❛❝❡ str❡ss
♦❢ ✵✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ t❤❡ s✉r❢❛❝❡ str❡ss ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ✇❛❧❧✲♥♦r♠❛❧ ❣r❛❞✐❡♥t ♦❢
t❤❡ ✈❡❧♦❝✐t②✳ ❆s ❡①♣❧❛✐♥❡❞ ✐♥ s✉❜s❡❝t✐♦♥ ✷✳✷✳✶✱ t❤❡ ♣♦s✐t✐♦♥ ✇❤❡r❡ t❤✐s ❣r❛❞✐❡♥t ❜❡❝♦♠❡s
③❡r♦ ✐s t❤❡ ♣♦✐♥t ♦❢ s❡♣❛r❛t✐♦♥✳ ❚❤❡r❡❢♦r❡ t❤❡ ❈❋❉ r❡s✉❧ts ✇❡r❡ ❝♦♥tr♦❧❧❡❞ ❢♦r ❛r❡❛s ✇✐t❤
s✉r❢❛❝❡ str❡ss❡s ♦❢ ✵✳ ❆s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✹✳✷✶ s❡♣❛r❛t✐♦♥ ♠✐❣❤t ❡s♣❡❝✐❛❧❧② ♦❝❝✉r ✐♥ t❤❡
❝♦r♥❡r ♦❢ t❤❡ ♥♦③③❧❡ ❛♥❞ ♦❢ t❤❡ ❞✐✛✉s❡r✱ ❜✉t ❛❧s♦ ✐♥ t❤❡ ❝♦r♥❡r ♦❢ t❤❡ t❡st s❡❝t✐♦♥✳
❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ♣r❡ss✉r❡ ❧♦ss❡s ✇❡r❡ ❝❛❧❝✉❧❛t❡❞✳ ❚♦ ❛♥❛❧②③❡ t❤❡ ♣r❡ss✉r❡ ❧♦ss❡s ✐♥s✐❞❡

t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧✱ t❤❡ t♦t❛❧ ♣r❡ss✉r❡ ✐s ❛✈❡r❛❣❡❞ ♦✈❡r t❤❡ ♣❧❛♥❡ ♦❢ ✐♥t❡r❡st ❛♥❞ t❤❡♥
❝♦♠♣❛r❡❞ t♦ ♣r❡✈✐♦✉s ♣♦s✐t✐♦♥s✳ ❚❤❡ r❡s✉❧ts ❢♦r ❜♦t❤ t✉r❜✉❧❡♥❝❡ ♠♦❞❡❧s ❛r❡ s❤♦✇♥ ✐♥
❚❛❜❧❡ ✹✳✼✳ ❚❤❡ ❈❋❉ s✐♠✉❧❛t✐♦♥s ✐♥❞✐❝❛t❡ ♠✉❝❤ ❤✐❣❤❡r ♣r❡ss✉r❡ ❧♦ss❡s ❢♦r ❡✈❡r② ❝♦♠♣♦✲
♥❡♥t t❤❛♥ t❤❡ ❝❛❧❝✉❧❛t❡❞ ✈❛❧✉❡s✳ ❚❤❡ ♠♦st ♣r♦❜❛❜❧❡ r❡❛s♦♥ ✐s t❤❛t t❤❡ s❡♣❛r❛t✐♦♥ ❛r❡❛s

✺✼



✹ ❘❡s✉❧ts

❋✐❣✉r❡ ✹✳✷✶✿ P❧♦t ♦❢ t❤❡ s❡♣❛r❛t✐♦♥ ③♦♥❡s ✐♥ t❤❡ ❈❋❉ s✐♠✉❧❛t✐♦♥✳

❧❡❛❞ t♦ ❤✐❣❤❡r ♣r❡ss✉r❡ ❧♦ss❡s t❤❛♥ ❡①♣❡❝t❡❞✳ ■❢ t❤❡ ♣r❡ss✉r❡ ❧♦ss❡s t❤❛t ✇❡r❡ ❛❝❤✐❡✈❡❞
✇✐t❤ t❤❡ ❈❋❉ s✐♠✉❧❛t✐♦♥ ❛r❡ ❝❧♦s❡r t♦ t❤❡ r❡❛❧✐t② t❤❛♥ t❤❡ ✈❛❧✉❡s ❝❛❧❝✉❧❛t❡❞ ✐♥ s✉❜s❡❝✲
t✐♦♥ ✹✳✺✱ ❛ ♠♦r❡ ♣♦✇❡r❢✉❧ ❢❛♥ ✇♦✉❧❞ ❜❡ ♥❡❡❞❡❞✳ ❚❤❡ ♣r❡ss✉r❡ ❧♦ss❡s ❛❝❝♦r❞✐♥❣ t♦ t❤❡
❈❋❉ s✐♠✉❧❛t✐♦♥ ❛r❡ ❛❜♦✉t t❤r❡❡ t✐♠❡s ❤✐❣❤❡r t❤❛♥ t❤❡ ♦♥❡s ❝❛❧❝✉❧❛t❡❞ ✐♥ s✉❜s❡❝t✐♦♥
✹✳✺✳ ❚❤❡r❡❢♦r❡ ❛ ❢❛♥ ✇♦✉❧❞ ❤❛✈❡ t♦ ❞❡❧✐✈❡r ❛t ❧❡❛st ❛ ♣r❡ss✉r❡ r✐s❡ ♦❢ ❛❜♦✉t 1000Pa✳
❚❤❡ ✹✸❲✼✶✽ ❜② ❆❡r♦✈❡♥t ❬✻✶❪ ❤❛s t❤❡ s❛♠❡ ❞✐♠❡♥s✐♦♥s ❛s t❤❡ ❢❛♥ s❡❧❡❝t❡❞ ♣r❡✈✐♦✉s❧②
❛♥❞ ✇♦✉❧❞ ❜❡ ❛❜❧❡ t♦ ❞❡❧✐✈❡r t❤❡ ♥❡❝❡ss❛r② ♣r❡ss✉r❡ r✐s❡ ✇✐t❤ ❛ ♣♦✇❡r ♥❡❡❞ ♦❢ 14.71 kW
✇❤✐❝❤ ✐s ❛♥ ✐♥❝r❡❛s❡ ♦❢ 83%✳ ❚❤❡r❡❢♦r❡ ❛❧s♦ t❤❡ ❝♦♦❧✐♥❣ r❡q✉✐r❡♠❡♥ts ✇♦✉❧❞ ✐♥❝r❡❛s❡ t♦
27.03 kW ❝♦♠♣❛r❡❞ t♦ 20.23 kW ❜❡❢♦r❡✳

❝♦♠♣♦♥❡♥t ❙♣❛❧❛rt✲❆❧❧♠❛r❛s ▼❡♥t❡r k − ω ❙❙❚ ❝❛❧❝✉❧❛t❡❞ ✈❛❧✉❡s

t❡st s❡❝t✐♦♥ 33 27 13
♥♦③③❧❡ 60 92 12

s❡tt❧✐♥❣ ❛r❡❛ 2 1 0
❞✐✛✉s❡r 125 156 48

t♦t❛❧ ❧♦ss❡s 220 276 73

❚❛❜❧❡ ✹✳✼✿ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ♣r❡ss✉r❡ ❧♦ss❡s ❛❝❝♦r❞✐♥❣ t♦ t❤❡ ❈❋❉ s✐♠✉❧❛t✐♦♥s ❛♥❞ t❤❡
✈❛❧✉❡s ❝❛❧❝✉❧❛t❡❞ ✐♥ ❚❛❜❧❡ ✹✳✺✳ ❆❧❧ ✈❛❧✉❡s ✐♥ Pa✳

❚❤❡ r❡s✉❧ts ✇✐t❤ t❤❡ ▼❡♥t❡r k − ω ❙❙❚ ♠♦❞❡❧ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❆♣♣❡♥❞✐① ❆✳✹✳ ❚❤❡
✈❡❧♦❝✐t② ♣❧♦t ✐s ❛❧♠♦st ❡①❛❝t❧② t❤❡ s❛♠❡ ❛s ❢♦r t❤❡ ❙♣❛❧❛rt✲❆❧❧♠❛r❛s ♠♦❞❡❧✳ ❚❤❡ ♣❧♦t ♦❢
t❤❡ s❡♣❛r❛t✐♦♥ ❛r❡❛ s❤♦✇s ♠♦r❡ s❡♣❛r❛t✐♦♥ ✐♥ t❤❡ r❡❣✐♦♥ ♦❢ t❤❡ ❞✐✛✉s❡r ❢♦r t❤❡ ▼❡♥t❡r
k − ω ❙❙❚ ♠♦❞❡❧✱ ❜✉t ♦✈❡r❛❧❧ ❛ ❝♦♠♣❛r❛❜❧❡ r❡s✉❧t✳ ❚❤❡ ❝❤♦✐❝❡ ♦❢ t❤❡ t✉r❜✉❧❡♥❝❡ ♠♦❞❡❧
t❤❡r❡❢♦r❡ ❥✉st ❤❛s ❛ ♠✐♥♦r ✐♥✢✉❡♥❝❡ ♦♥ t❤❡ r❡s✉❧ts ♦❢ t❤❡ ❈❋❉ s✐♠✉❧❛t✐♦♥s✳ ❇♦t❤ r❡s✉❧ts
s❤♦✇❡❞ ♣♦ss✐❜❧❡ s❡♣❛r❛t✐♦♥ ✐♥ t❤❡ ✇✐♥❞ t✉♥♥❡❧ ❛s ✇❡❧❧ ❛s ❤✐❣❤❡r ♣r❡ss✉r❡ ❧♦ss❡s t❤❛♥
❝❛❧❝✉❧❛t❡❞ ❜❡❢♦r❡✳ ❚❤❡ ❡①♣❧❛♥❛t✐♦♥ ❢♦r t❤❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ t❤❡ ❈❋❉ r❡s✉❧ts ❛♥❞ t❤❡
❝❛❧❝✉❧❛t✐♦♥s ❝❛♥ ❜❡ ❝❛✉s❡❞ ❜② ❜♦t❤ s✐❞❡s✳ ❈❋❉ r❡s✉❧ts✱ ❡s♣❡❝✐❛❧❧② ✇✐t❤ t✉r❜✉❧❡♥❝❡ ♠♦❞❡❧s✱
tr② t♦ r❡♣❧✐❝❛t❡ t❤❡ r❡❛❧✐t②✱ ❜✉t ✉♥t✐❧ t♦❞❛② t❤❡r❡ ❛r❡ s❤♦rt❝♦♠✐♥❣s✳ ❚❤❡ ❝❛❧❝✉❧❛t✐♦♥s ❝❛♥
❛❧s♦ ❧❡❛❞ t♦ ✇r♦♥❣ r❡s✉❧ts✱ ❛s s♦♠❡ ❛ss✉♠♣t✐♦♥s ♠✐❣❤t ❤❛✈❡ ❜❡❡♥ ✇r♦♥❣ ❛♥❞ ♠❛♥②
❡q✉❛t✐♦♥s ✇❡r❡ ❞❡✈❡❧♦♣❡❞ ❡♠♣✐r✐❝❛❧❧② r❛t❤❡r t❤❛♥ ❜❡✐♥❣ str✐❝t❧② ♣❤②s✐❝❛❧✳

✺✽
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✹✳✶✵ ❙♠❛❧❧ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧

❚❤❡ ◆❚◆❯ ♦✇♥s ❛ s♠❛❧❧ ❝♦♦❧✐♥❣ ❝❤❛♠❜❡r✳ ❚❤❡ ❞✐♠❡♥s✐♦♥s ♦❢ t❤✐s ❝❤❛♠❜❡r ❛r❡ ❛♣✲
♣r♦①✐♠❛t❡❧② 3.8m ① 3.3m✳ ❍♦✇❡✈❡r✱ ♥♦t ❡✈❡♥ t❤❡ ✇❤♦❧❡ s♣❛❝❡ ❝❛♥ ❜❡ ✉s❡❞✱ ❛s s♦♠❡
✐♥str✉♠❡♥ts ❛r❡ st♦r❡❞ ✐♥s✐❞❡ t❤✐s r♦♦♠✳ ◆❡✈❡rt❤❡❧❡ss✱ t❤❡ ❛✈❛✐❧❛❜✐❧✐t② ♦❢ t❤✐s ❝♦♦❧✐♥❣
❝❤❛♠❜❡r ❧❡❛❞ t♦ t❤❡ t❤♦✉❣❤t ♦❢ ❞❡s✐❣♥✐♥❣ ❛ s♠❛❧❧ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ t❤❛t ✇♦✉❧❞ ✜t ✐♥s✐❞❡
t❤✐s ❝❤❛♠❜❡r ❜✉t ♦❢ ❝♦✉rs❡ ❤❛s s❤♦rt❝♦♠✐♥❣s ❝♦♠♣❛r❡❞ t♦ t❤❡ ❜✐❣ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧
❞❡s✐❣♥✳
❆s ❛ ✜rst st❡♣✱ ♥❡✇ r❡q✉✐r❡♠❡♥ts ❤❛✈❡ t♦ ❜❡ ❢♦✉♥❞✳ ❚❤❡② ❛r❡ s✉♠♠❛r✐③❡❞ ✐♥ ❚❛❜❧❡

✹✳✽✳ ❆s ♣r❡s❡♥t❡❞ ❡❛r❧✐❡r✱ t❤❡ s❝❛❧✐♥❣ ♦❢ ✐❝✐♥❣ ❡①♣❡r✐♠❡♥ts ✐s ❞✐✣❝✉❧t✳ ❚❤✐s ✐s ✇❤②
t❤❡ r❡q✉✐r❡♠❡♥ts ❝❛♥♥♦t ❜❡ r❡❞✉❝❡❞ ❛♥②♠♦r❡ ✇✐t❤♦✉t r❡❞✉❝✐♥❣ t❤❡ ✉s❛❜✐❧✐t② ❞r❛st✐❝❛❧❧②✳
❖♥❡ ❝❤❛♥❣❡❞ s♣❡❝✐✜❝❛t✐♦♥ ❛r✐s❡s ❜❡❝❛✉s❡ t❤❡ ❝♦♦❧✐♥❣ ❝❤❛♠❜❡r ❝❛♥ ❥✉st ❜❡ ❝♦♦❧❡❞ ❞♦✇♥
t♦ −10 ➦C✳

r❡q✉✐r❡♠❡♥t ♦❧❞ ✈❛❧✉❡ ♥❡✇ ✈❛❧✉❡

❝❤♦r❞ ❧❡♥❣t❤ 0.4m 0.3m
♠❛①✐♠✉♠ ❛♥❣❧❡ ♦❢ ❛tt❛❝❦ 8◦ 4◦

✉♥✐♠♣❡❞❡❞ ✇✐❞t❤ ♦❢ t❤❡ t❡st s❡❝t✐♦♥ 0.30m 0.18m
s♣❡❡❞ 35m s−1 25m s−1

❢❛♥ ❞✉❝t ❧❡♥❣t❤ 0.10m 0.05m
❛✐r t❡♠♣❡r❛t✉r❡ −15 ➦C −10 ➦C

❚❛❜❧❡ ✹✳✽✿ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ✭♦❧❞✮ r❡q✉✐r❡♠❡♥ts ❢♦r t❤❡ ❜✐❣ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❛♥❞ t❤❡
✭♥❡✇✮ s✐♠♣❧✐✜❡❞ r❡q✉✐r❡♠❡♥ts ❢♦r t❤❡ s♠❛❧❧ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧✳

❍♦✇❡✈❡r✱ ✐t ✇❛s ❛❣r❡❡❞ t♦ ❜❡ ❛❧❧ r✐❣❤t ✇✐t❤ ✇♦rs❡ ✢♦✇ ❝♦♥❞✐t✐♦♥s ✐♥s✐❞❡ t❤❡ ✐❝✐♥❣
✇✐♥❞ t✉♥♥❡❧✱ ❛s t❤❡ s♠❛❧❧ ✇✐♥❞ t✉♥♥❡❧ s❤♦✉❧❞ ♠❛✐♥❧② ❜❡ ❢♦r t❡st✐♥❣ ❡q✉✐♣♠❡♥t ❛♥❞
❣❛✐♥✐♥❣ ❡①♣❡r✐❡♥❝❡✳ ❚❤❡r❡❢♦r❡ ❛❧s♦ s❧✐❣❤t❧② ❧❛r❣❡r ❞❡✈✐❛t✐♦♥s ♦❢ t❤❡ ❞r♦♣❧❡t ✈❡❧♦❝✐t② ❛♥❞
t❡♠♣❡r❛t✉r❡ ❝❛♥ ❜❡ ❛❝❝❡♣t❡❞✳
❆s t❤❡ ❞✐✛✉s❡r ❤❛s ❛ ❤✉❣❡ s❤❛r❡ ♦❢ t❤❡ ♦✈❡r❛❧❧ ❧❡♥❣t❤ ♦❢ t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❛♥❞ t❤❡

s♣❛❝❡ ✐s t✐❣❤t ✐♥s✐❞❡ t❤✐s ❝♦♦❧✐♥❣ ❝❤❛♠❜❡r✱ ✐t ✇❛s ❡❛r❧② ❞❡❝✐❞❡❞ t❤❛t t❤❡ ❛r❡❛ r❛t✐♦ ♦❢ t❤❡
❞✐✛✉s❡r ❤❛s t♦ ❜❡ ❧♦✇❡r ❢♦r t❤✐s s♠❛❧❧ t✉♥♥❡❧ t❤❛♥ ❢♦r t❤❡ ❜✐❣ ♦♥❡✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ ✇✐t❤
❛ ❧♦✇❡r ❛r❡❛ r❛t✐♦ ❛❧s♦ t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ ❞✐✛✉s❡r ✐s s❤♦rt❡r✳ ❚❤❡r❡❢♦r❡ ❛❧❧ ❝❛❧❝✉❧❛t✐♦♥s
✇❡r❡ ❞♦♥❡ ✇✐t❤ ❛♥ ❛r❡❛ r❛t✐♦ ♦❢ ✷ ❢♦r t❤❡ ❞✐✛✉s❡r✳ ❆❧❧ t❤❡ ♦t❤❡r ✈❛❧✉❡s ✇❡r❡ ❝❛❧❝✉❧❛t❡❞

❱❡rs✐♦♥ ❞✐✛✉s❡r ❆❘ ♥♦③③❧❡ ❆❘ ■❲❚ ❧❡♥❣t❤ [m] ♣r❡ss✉r❡ ❧♦ss❡s [Pa]

✶ 2 9 4.22 216
✷ 1.5 9 3.70 291
✸ 1 9 3.10 517
✹ 2 6 3.76 201
✺ 1.5 6 3.24 277

❚❛❜❧❡ ✹✳✾✿ ❈♦♠♣❛r✐s♦♥ ♦❢ ❞✐✛❡r❡♥t ♦♣t✐♦♥s ❢♦r ❛ s❤♦rt❡r ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ✭■❲❚✮✳
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❛s ❢♦r t❤❡ ❜✐❣ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧✳ ❍♦✇❡✈❡r✱ t❤✐s ❧❡❛❞ t♦ ❛ t♦♦ ❧♦♥❣ ✇✐♥❞ t✉♥♥❡❧✳ ❙♦♠❡
❝♦♥s✐❞❡r❛t✐♦♥s ✇❡r❡ ♠❛❞❡ ❛❜♦✉t ❤♦✇ t❤❡ ✇✐♥❞ t✉♥♥❡❧ ❧❡♥❣t❤ ❝♦✉❧❞ ❜❡ r❡❞✉❝❡❞ ❡✈❡♥
❢✉rt❤❡r✳ ❚❤❡② ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❚❛❜❧❡ ✹✳✾✳ ❱❡rs✐♦♥ ✶ ✐s t❤❡ ✈❡rs✐♦♥ ❝❛❧❝✉❧❛t❡❞ ✇✐t❤ t❤❡
✈❛❧✉❡s ❛s ❢♦r t❤❡ ❜✐❣ t✉♥♥❡❧ ❡①❝❡♣t ❢♦r t❤❡ ❛r❡❛ r❛t✐♦ ♦❢ ✷ ♦❢ t❤❡ ❞✐✛✉s❡r✳ ❱❡rs✐♦♥ ✷ ✐s
❛ ✈❡rs✐♦♥ ✇✐t❤ ❛♥ ❡✈❡♥ ❧♦✇❡r ❛r❡❛ r❛t✐♦ ♦❢ t❤❡ ❞✐✛✉s❡r✱ ✇❤✐❧❡ ✈❡rs✐♦♥ ✸ ✐s ❛ ❝❛❧❝✉❧❛t✐♦♥
✇✐t❤♦✉t ❛♥② ❞✐✛✉s❡r ❛t ❛❧❧✳ ❱❡rs✐♦♥s ✹ ❛♥❞ ✺ ❛r❡ ❝❛❧❝✉❧❛t✐♦♥s ✇✐t❤ ❛ s♠❛❧❧❡r ❛r❡❛ r❛t✐♦
♦❢ t❤❡ ♥♦③③❧❡✱ ♦♥❝❡ ✇✐t❤ ❛ ❤✐❣❤ ❛♥❞ ♦♥❝❡ ✇✐t❤ ❛ ❧♦✇ ❛r❡❛ r❛t✐♦ ♦❢ t❤❡ ❞✐✛✉s❡r✳
■t ✐s ♦❜✈✐♦✉s t❤❛t ❧♦✇❡r ❛r❡❛ r❛t✐♦s r❡❞✉❝❡ t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ s✐❣♥✐❢✲

✐❝❛♥t❧②✳ ❍♦✇❡✈❡r✱ r❡❞✉❝✐♥❣ t❤❡ ❛r❡❛ r❛t✐♦ ♦❢ t❤❡ ❞✐✛✉s❡r ❧❡❛❞s t♦ ❤✐❣❤❡r ♣r❡ss✉r❡ ❧♦ss❡s
❛s t❤❡ ❦✐♥❡t✐❝ ❡♥❡r❣② ♦❢ t❤❡ ✢♦✇ ❛t t❤❡ ❡①✐t ✐s ❤✐❣❤❡r✳ ❚❤❡r❡❢♦r❡ t❤❡ ✈❡rs✐♦♥ ✇✐t❤♦✉t ❛
❞✐✛✉s❡r ✐s ♥♦t ✉♥❞❡r ❢✉rt❤❡r ❝♦♥s✐❞❡r❛t✐♦♥✳ ❚❤✐s ✐s ✇❤② ✈❡rs✐♦♥ ✺ ✇❛s ❝❤♦s❡♥ ✐♥ t❤❡ ❡♥❞✳
❚❤❡ ❞✐♠❡♥s✐♦♥s ♦❢ t❤❡ s✐♥❣❧❡ ❝♦♠♣♦♥❡♥ts ❢♦r t❤✐s ❝❛s❡ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❚❛❜❧❡ ✹✳✶✵✳

❈♦♠♣♦♥❡♥t ▲❡♥❣t❤❬m❪ ❉✐♠❡♥s✐♦♥s❬m❪

■♥❧❡t ❖✉t❧❡t

❢❛♥ ❞✉❝t 0.66 0.61 0.61
✇✐❞❡✲❛♥❣❧❡ ❞✐✛✉s❡r 0.16 0.61 0.70 ① 0.70 ✭0.70✮

s❡tt❧✐♥❣ ❛r❡❛ 0.56 0.70 ① 0.70 ✭0.70✮ 0.70 ① 0.70 ✭0.70✮
♥♦③③❧❡ 0.79 0.70 ① 0.70 ✭0.70✮ 0.24 ① 0.34 ✭0.28✮

t❡st s❡❝t✐♦♥ 0.47 0.24 ① 0.34 ✭0.28✮ 0.24 ① 0.34 ✭0.28✮
❞✐✛✉s❡r 0.60 0.24 ① 0.34 ✭0.28✮ 0.30 ① 0.40 ✭0.34✮

✇✐♥❞ t✉♥♥❡❧ 3.24 ♠❛① 0.70 ① 0.70 ✭0.70✮

❚❛❜❧❡ ✹✳✶✵✿ ❉✐♠❡♥s✐♦♥s ♦❢ t❤❡ s♠❛❧❧ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❝♦♠♣♦♥❡♥ts✳ ❚✇♦ ✈❛❧✉❡s ❛r❡ ❣✐✈❡♥
✐♥ t❤❡ ❞✐♠❡♥s✐♦♥s ❝♦❧✉♠♥ ✐❢ t❤❡ s❡❝t✐♦♥ ✐s r❡❝t❛♥❣✉❧❛r✱ ♦♥❡ ✈❛❧✉❡ ✐❢ t❤❡ s❡❝t✐♦♥
✐s r♦✉♥❞✳ ■❢ t❤❡ s❡❝t✐♦♥ ✐s r❡❝t❛♥❣✉❧❛r✱ ❛❧s♦ t❤❡ ❤②❞r❛✉❧✐❝ ❞✐❛♠❡t❡r ✐s ❣✐✈❡♥
✐♥ ❜r❛❝❦❡ts✳

❱❡rs✐♦♥ ■❲❚ ❧❡♥❣t❤ [m] t♦t❛❧ ♣r❡ss✉r❡ ❧♦ss❡s [Pa]

❱❡rs✐♦♥ ✶ ✭❚❛❜❧❡ ✹✳✾✮ 4.22 216
❝❤♦r❞ ❧❡♥❣t❤ 0.25m 3.82 192
❛♥❣❧❡ ♦❢ ❛tt❛❝❦ 3◦ 3.98 199

✉♥✐♠♣❡❞❡❞ ✇✐❞t❤ 0.15m 3.94 197
❛❧❧ ♦♣t✐♦♥s ❝♦♠❜✐♥❡❞ 3.44 182

❚❛❜❧❡ ✹✳✶✶✿ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ❝❤❛♥❣❡❞ r❡q✉✐r❡♠❡♥ts ❢♦r t❤❡ s❤♦rt❡r ✐❝✐♥❣
✇✐♥❞ t✉♥♥❡❧ ♦♥ t❤❡ ♦✈❡r❛❧❧ ❧❡♥❣t❤ ❛♥❞ t❤❡ t♦t❛❧ ♣r❡ss✉r❡ ❧♦ss❡s✳

■t ✇❛s ❛❧s♦ ✉♥❞❡r ❝♦♥s✐❞❡r❛t✐♦♥ t♦ r❡❞✉❝❡ t❤❡ r❡q✉✐r❡♠❡♥ts✳ ❙♦♠❡ ❡①❛♠♣❧❡s ❛r❡ ❧✐st❡❞
✐♥ ❚❛❜❧❡ ✹✳✶✶✳ ❲❤✐❧❡ ❛ r❡❞✉❝t✐♦♥ ♦❢ t❤❡ r❡q✉✐r❡♠❡♥ts ✇♦✉❧❞ ❛❧s♦ ♣❧❛② ❛ r♦❧❡ t♦ r❡❞✉❝❡ t❤❡
✇✐♥❞ t✉♥♥❡❧ ❧❡♥❣t❤✱ t❤❡ ✉s❛❜✐❧✐t② ♦❢ t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ✇♦✉❧❞ s✉✛❡r ❜❛❞❧②✳ ❚❤✐s ✐s ❞✉❡
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t♦ t❤❡ ♠❡♥t✐♦♥❡❞ ♣r♦❜❧❡♠s ✇✐t❤ t❤❡ s❝❛❧✐♥❣ ♦❢ r❡s✉❧ts✳ ❆s t❤❡ ♦♣t✐♦♥ ❡①♣❧❛✐♥❡❞ ❜❡❢♦r❡
s❡❡♠s t♦ ❜❡ ❛❜❧❡ t♦ ❢✉❧✜❧❧ t❤❡ r❡q✉✐r❡♠❡♥ts ✉♥❞❡r t❤❡ s♣❛❝❡ ❧✐♠✐t❛t✐♦♥s ♥❡✈❡rt❤❡❧❡ss✱ ❛
r❡❞✉❝t✐♦♥ ♦❢ t❤❡ r❡q✉✐r❡♠❡♥ts ✇❛s s❦✐♣♣❡❞✳
❚❤❡ ♠❛①✐♠✉♠ ▼❱❉ t❤❛t ❝❛♥ ❜❡ t❡st❡❞ ✇❛s ❛❧s♦ ❝❛❧❝✉❧❛t❡❞ ❢♦r t❤✐s s♠❛❧❧ ✇✐♥❞ t✉♥♥❡❧✳

■♥ ❋✐❣✉r❡ ✹✳✷✷✭❛✮ t❤❡ ✜♥❛❧ ✈❡❧♦❝✐t② ❞❡✈✐❛t✐♦♥ ❢♦r ❞r♦♣❧❡ts ♦❢ ❞✐✛❡r❡♥t s✐③❡s ✐s ❣✐✈❡♥✳ ■♥
❋✐❣✉r❡ ✹✳✷✷✭❜✮ t❤❡ s❛♠❡ ✐s ❞♦♥❡ ❢♦r t❤❡ t❡♠♣❡r❛t✉r❡✳ ❲✐t❤ t❤❡ ❞❡s✐❣♥❡❞ s♠❛❧❧ ✐❝✐♥❣
✇✐♥❞ t✉♥♥❡❧✱ ❛ ♠❛①✐♠✉♠ ❞✐❛♠❡t❡r ♦❢ s❧✐❣❤t❧② ❛❜♦✈❡ 50µm ❝❛♥ ❜❡ t❡st❡❞✳ ❇② t❛❦✐♥❣ t❤❡
▲❛♥❣♠✉✐r ❉ ❞✐str✐❜✉t✐♦♥✱ t❤❡ ▼❱❉ ♦❢ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❞✐str✐❜✉t✐♦♥ ✐s ❛❜♦✉t 23µm✳
❲❤✐❧❡ t❤✐s ✐s ♠✉❝❤ ❧❡ss t❤❛♥ t❤❡ ❤✐❣❤❡st ▼❱❉ ❣✐✈❡♥ ✐♥ t❤❡ ❊❆❙❆ r❡q✉✐r❡♠❡♥ts✱ t❤❡ ▼❱❉
✐s st✐❧❧ ❤✐❣❤ ❡♥♦✉❣❤ t♦ ❞♦ r❡❛s♦♥❛❜❧❡ ❡①♣❡r✐♠❡♥ts ✇✐t❤ t❤❡ s♠❛❧❧ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧✳
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✭❜✮ ❋✐♥❛❧ t❡♠♣❡r❛t✉r❡ ❞❡✈✐❛t✐♦♥s✳

❋✐❣✉r❡ ✹✳✷✷✿ ❚❤❡ ✜♥❛❧ ❞❡✈✐❛t✐♦♥s ✐♥ ✈❡❧♦❝✐t② ❛♥❞ t❡♠♣❡r❛t✉r❡ ❢♦r ❞r♦♣❧❡ts ✇✐t❤ ❞✐✛❡r✲
❡♥t ❞✐❛♠❡t❡rs ❛♥❞ ❢♦r ❞✐✛❡r❡♥t ✇❛t❡r ♣r❡ss✉r❡s ✐♥s✐❞❡ t❤❡ s♠❛❧❧ ✐❝✐♥❣ ✇✐♥❞
t✉♥♥❡❧✳

❚❤❡ ♣r❡ss✉r❡ ❧♦ss❡s ❢♦r t❤❡ s✐♥❣❧❡ ❝♦♠♣♦♥❡♥ts ❛♥❞ t❤❡ ✇✐♥❞ t✉♥♥❡❧ ✐♥ t♦t❛❧ ❝❛♥ ❜❡
❝❛❧❝✉❧❛t❡❞ ✐♥ t❤❡ s❛♠❡ ✇❛② ❛s ❞♦♥❡ ❢♦r t❤❡ ❜✐❣ ♦♥❡✳ ❚❤❡ r❡s✉❧ts ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❚❛❜❧❡

❝♦♠♣♦♥❡♥t ❡q✉❛t✐♦♥ ❑ ♣r❡ss✉r❡ ❧♦ss [Pa]

t❡st s❡❝t✐♦♥ ✸✳✷✽ 0.022 9.40
t❡st ♦❜❥❡❝t ✸✳✹✼ 0.038 16.23
♥♦③③❧❡ ✸✳✸✶ 0.013 5.55

s❡tt❧✐♥❣ ❛r❡❛ ✸✳✷✽ 0.012 0.14
s♣r❛② s②st❡♠ ✸✳✹✼ 0.205 2.44

s❝r❡❡♥ ✸✳✹✽ 1.198 14.24
❤♦♥❡②❝♦♠❜s ✸✳✹✹ 0.523 6.22

✇✐❞❡✲❛♥❣❧❡✲❞✐✛✉s❡r ✸✳✺✶ 0.594 19.82
❢❛♥ ❞✉❝t ✸✳✷✽ 0.015 0.50
❞✐✛✉s❡r ✸✳✸✷ 0.028 11.96

❡①✐t ❧♦ss❡s ✸✳✹✸ 1.001 190.13

t♦t❛❧ ❧♦ss❡s 276.63

❚❛❜❧❡ ✹✳✶✷✿ ❖✈❡r✈✐❡✇ ♦✈❡r t❤❡ ♣r❡ss✉r❡ ❧♦ss❡s ✐♥ ❡✈❡r② ❝♦♠♣♦♥❡♥t ❛♥❞ ✐♥ t♦t❛❧ ❢♦r t❤❡
s♠❛❧❧ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧✳
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✹✳✶✷✳ ❚♦ ❝♦✉♥t❡r t❤❡ ♣r❡ss✉r❡ ❧♦ss❡s✱ t❤❡ ❢❛♥ ♠✉st ❜❡ ❛❜❧❡ t♦ ❞❡❧✐✈❡r ❛ ♣r❡ss✉r❡ r✐s❡ ♦❢
❛❜♦✉t 415Pa t♦ ❤❛✈❡ ❛ s❛❢❡t② ♠❛r❣✐♥ ❢♦r s❤♦rt❝♦♠✐♥❣s ✐♥ t❤❡ ❝❛❧❝✉❧❛t✐♦♥s✳ ❆❞❞✐t✐♦♥❛❧❧②✱
t❤❡ ❢❛♥ ✇✐❧❧ s❡❡ ❛ ✈♦❧✉♠❡ ✢♦✇ ♦❢ ❛❜♦✉t 2.0m3 s−1✳ ❆♥ ❡①❛♠♣❧❡ ♦❢ ❛ ❢❛♥ t❤❛t ♠✐❣❤t ❜❡
s✉✐t❛❜❧❡ t♦ ❢✉❧✜❧❧ t❤❡s❡ r❡q✉✐r❡♠❡♥ts ✐s t❤❡ ♠♦❞❡❧ ✷✹❲✼✷✷ ❜② ❆❡r♦✈❡♥t ❬✻✶❪✳ ■t ♦✛❡rs ❛
♣r❡ss✉r❡ r✐s❡ ♦❢ ❛❜♦✉t 436Pa ❢♦r ❛ ✈♦❧✉♠❡ ✢♦✇ ♦❢ 2.1m3 s−1✳ ■❢ t❤❡ ❢❛♥ ✐s r✉♥ ✉♥❞❡r
t❤❡s❡ ♠❛①✐♠✉♠ ❝♦♥❞✐t✐♦♥s✱ ✐t ✇✐❧❧ ♣r♦❞✉❝❡ ❛ ❤❡❛t ♦❢ 1.33 kW✳
❆❧t❤♦✉❣❤ ♥♦ ❞❛t❛ ✐s ❣✐✈❡♥ ❢♦r t❤❡ ❝♦♦❧✐♥❣ ♣♦✇❡r ♦❢ t❤❡ ❝❧✐♠❛t❡ ❝❤❛♠❜❡r ❛t t❤❡ ◆❚◆❯✱

t❤❡ ♥❡❝❡ss❛r② ❝♦♦❧✐♥❣ ♣♦✇❡r ✐s ❝❛❧❝✉❧❛t❡❞✳ ❚❤❡ ♥❡❝❡ss❛r② ❝♦♦❧✐♥❣ ♣♦✇❡r ✐s ♣❧♦tt❡❞ ✐♥
❋✐❣✉r❡ ✹✳✷✸✳ ❚❤❡ ♠❛①✐♠✉♠ ❝♦♦❧✐♥❣ ♣♦✇❡r ♥❡❝❡ss❛r② ❢♦r t❤❡ s♠❛❧❧ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧
✐s 3.942 kW✳ ❆❧❧ s♣❡❝✐✜❝❛t✐♦♥s ❢♦r t❤❡ s♠❛❧❧ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❛r❡ ❛❧s♦ s✉♠♠❛r✐③❡❞ ✐♥
❚❛❜❧❡ ❆✳✶ ✐♥ t❤❡ ❆♣♣❡♥❞✐①✳
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0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3heat [kW] LWC [g/m^3]fan power latent heat sensible heat
❋✐❣✉r❡ ✹✳✷✸✿ ❘❡q✉✐r❡❞ ❝♦♦❧✐♥❣ ♣♦✇❡r ❢♦r t❤❡ s♠❛❧❧ ✇✐♥❞ t✉♥♥❡❧ ❢♦r ❞✐✛❡r❡♥t ▲❲❈s ❛t ❛♥

❛✐r t❡♠♣❡r❛t✉r❡ ♦❢ −10 ➦C✳

✻✷



✺ ❉✐s❝✉ss✐♦♥

✺✳✶ ❈♦♥❝❧✉s✐♦♥ ❛♥❞ ❞✐s❝✉ss✐♦♥

❚❤❡ ✉s❛❣❡ ♦❢ ❯❆❱s ❝❛♥ ❜❡ s✐❣♥✐✜❝❛♥t❧② ✐♥✢✉❡♥❝❡❞ ❜② ✐❝❡ ❛❝❝r❡t✐♦♥s ♦♥ t❤❡ ❛✐r❝r❛❢t✳ ❚♦
✐♥❝r❡❛s❡ t❤❡ ✉s❛❜✐❧✐t②✱ s②st❡♠s ♥❡❡❞ t♦ ❜❡ ❞❡s✐❣♥❡❞ t❤❛t ♣r♦t❡❝t t❤❡ ❛✐r❝r❛❢t ✐♥ ✐❝✐♥❣
❝♦♥❞✐t✐♦♥s✳ ❚❤❡r❡❢♦r❡ ❛ ❜❡tt❡r ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ t❤❡ ♣❤②s✐❝s ❜❡❤✐♥❞ t❤❡ ✐❝❡ ❛❝❝r❡t✐♦♥s ✐s
♥❡❝❡ss❛r②✳ ❚♦ ❞♦ ❡①♣❡r✐♠❡♥ts✱ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧s ❛r❡ ♦❢t❡♥ ✉s❡❞ ❛s t❡st ❢❛❝✐❧✐t✐❡s✳ ■❝✐♥❣
✇✐♥❞ t✉♥♥❡❧s ❛❧s♦ ♦✛❡r t❤❡ ♦♣♣♦rt✉♥✐t② t♦ t❡st ❞❡s✐❣♥❡❞ ✐❝❡ ♣r♦t❡❝t✐♦♥ s②st❡♠s ✉♥❞❡r
r❡❛❧✐st✐❝ ❝♦♥❞✐t✐♦♥s✳ ❚♦❞❛② t❤❡ ♥✉♠❜❡r ♦❢ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧s ✐s s♠❛❧❧✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ♠♦st
♦❢ t❤❡ ❡①✐st✐♥❣ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧s ❛r❡ ❞❡s✐❣♥❡❞ ❢♦r ♠❛♥♥❡❞ ❛✐r❝r❛❢t ❛♥❞ ♥♦t s✉✐t❛❜❧❡ ❢♦r
❯❆❱s✳ ❚❤✐s ✐s ✇❤② t❤✐s t❤❡s✐s ✐s ❛❜♦✉t t❤❡ ❞❡s✐❣♥ ♦❢ ❛ ♥❡✇ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❢♦r ❯❆❱s✳
❆♥ ♦❜❥❡❝t✐✈❡ ❢♦r ✐❝✐♥❣ ❡①♣❡r✐♠❡♥ts ✐s t♦ ❞♦ t❤❡♠ ✇✐t❤ t❤❡ ❝♦♥❞✐t✐♦♥s t❤❛t ♦❝❝✉r ✐♥ r❡❛❧

❧✐❢❡✳ ❚❤✐s ✐s ✇❤② t❤❡ ❞❡s✐❣♥❡❞ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❝❛♥ ❝♦♥t❛✐♥ ❯❆❱ ❛✐r❢♦✐❧s ✇✐t❤ r❡❛❧✲❧✐❢❡
❝❤♦r❞ ❧❡♥❣t❤s✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ✇✐♥❞ t✉♥♥❡❧ ✇✐❧❧ ❜❡ ❛❜❧❡ t♦ ❛❝❝❡❧❡r❛t❡ t❤❡ ❛✐r t♦ 35m s−1

❛♥❞ t❤❡r❡❢♦r❡ ❣❡♥❡r❛t❡ r❡❛❧✲❧✐❢❡ ❛✐r ✢♦✇s✳
❆s t❤❡ ♣✉r♣♦s❡ ♦❢ ❛♥ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ✐s t♦ s✐♠✉❧❛t❡ t❤❡ ✐❝❡ ❛❝❝r❡t✐♦♥s ♦♥ t❤❡ t❡st

♦❜❥❡❝t✱ t❤❡ ❞r♦♣❧❡t ❜❡❤❛✈✐♦r ✇❛s ❝❛❧❝✉❧❛t❡❞ ❢♦r t❤❡ ❞❡s✐❣♥❡❞ ✇✐♥❞ t✉♥♥❡❧✳ ❚❤❡ r❡s✉❧ts
s❤♦✇ t❤❛t t❤❡ ❧❛r❣❡st ♣❛rt ♦❢ t❤❡ t②♣✐❝❛❧ ✐❝✐♥❣ ❡♥✈✐r♦♥♠❡♥t ❝❛♥ ❜❡ t❡st❡❞ ✐♥ t❤❡ ❞❡s✐❣♥❡❞
✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ♥❡❝❡ss❛r② ♥♦③③❧❡ ❧❡♥❣t❤ ✇❛s ❣✐✈❡♥ t❤❛t ✐s ♥❡❡❞❡❞ t♦
❞♦ ❡①♣❡r✐♠❡♥ts ✇✐t❤ ❜✐❣❣❡r ❞r♦♣❧❡ts ❛s ✇❡❧❧✳
❚♦ r✉♥ t❤❡ ✇✐♥❞ t✉♥♥❡❧✱ ♣♦✇❡r ✐s ♥❡❡❞❡❞✳ ❚❤❡ ♣r❡ss✉r❡ ❧♦ss❡s ✐♥ ❡✈❡r② ❝♦♠♣♦♥❡♥t

✇❡r❡ ❝❛❧❝✉❧❛t❡❞✳ ❚❤❡ r❡s✉❧t✐♥❣ t♦t❛❧ ♣r❡ss✉r❡ ❧♦ss ✇✐❧❧ ❜❡ ❜❛❧❛♥❝❡❞ ❜② ❛♥ ❛①✐❛❧ ❢❛♥ s✐tt✐♥❣
❛s t❤❡ ♠♦st ✉♣str❡❛♠ ♣❛rt ♦❢ t❤❡ ✇✐♥❞ t✉♥♥❡❧✳ ■♥ t❤✐s t❤❡s✐s ❛❧s♦ ❛ ❢❛♥ ✇❛s ♣r❡s❡♥t❡❞
t❤❛t ❝❛♥ ♦✛❡r t❤❡ ♥❡❝❡ss❛r② ♣♦✇❡r ❢♦r t❤❡ ✇✐♥❞ t✉♥♥❡❧✳
❲✐t❤♦✉t ♣r♦♣❡r ❝♦♦❧✐♥❣✱ ❛ r❡❛s♦♥❛❜❧❡ r✉♥ ♦❢ t❤❡ ✇✐♥❞ t✉♥♥❡❧ ✐s ✐♠♣♦ss✐❜❧❡✳ ❚❤❡r❡❢♦r❡✱

t❤❡ r❡q✉✐r❡♠❡♥ts ❢♦r t❤❡ ❝❧✐♠❛t❡ ❝❤❛♠❜❡r t❤❛t ✇✐❧❧ ❝♦♥t❛✐♥ t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ✇❡r❡
❢♦r♠✉❧❛t❡❞✳
Pr❡❧✐♠✐♥❛r② ❈❋❉ s✐♠✉❧❛t✐♦♥s ✇❡r❡ ❞♦♥❡ t♦ ❝❤❡❝❦ t❤❡ ❝♦rr❡❝t♥❡ss ♦❢ t❤❡ ❝❛❧❝✉❧❛t✐♦♥s

❛♥❞ t❤❡ ✇✐♥❞ t✉♥♥❡❧ ❞❡s✐❣♥✳ ❚❤❡ r❡s✉❧ts ✐♥❞✐❝❛t❡ t❤❡ ♦❝❝✉rr❡♥❝❡ ♦❢ ✢♦✇ s❡♣❛r❛t✐♦♥ ✐♥
t❤❡ ❝♦r♥❡rs ♦❢ t❤❡ ✇✐♥❞ t✉♥♥❡❧✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡ ♣r❡ss✉r❡ ❧♦ss❡s ♦❢ t❤❡ ❈❋❉ r❡s✉❧ts ❛r❡
♠✉❝❤ ❤✐❣❤❡r t❤❛♥ t❤❡ ♦♥❡s ❝❛❧❝✉❧❛t❡❞ ❢♦r t❤❡ ✇✐♥❞ t✉♥♥❡❧✳ ❚❤❡r❡❢♦r❡ t❤❡ ❈❋❉ r❡s✉❧ts
✐♥❞✐❝❛t❡ t❤❛t t❤❡ ❞❡s✐❣♥❡❞ ✇✐♥❞ t✉♥♥❡❧ ♥❡❡❞s ♠♦r❡ ❛tt❡♥t✐♦♥ ❜❡❢♦r❡ ✐t ❝❛♥ ❜❡ ❜✉✐❧t✳
❚❤❡ ❧❛st ♣❛rt ♦❢ t❤❡ t❤❡s✐s ✇❛s ❝♦♥❝❡r♥❡❞ ✇✐t❤ t❤❡ ❞♦✇♥✲s❝❛❧✐♥❣ ♦❢ t❤❡ ✇✐♥❞ t✉♥♥❡❧

❞❡s✐❣♥✳ ❚❤✐s ✇❛s ❞♦♥❡ ❛s t❤❡ ◆❚◆❯ ♦✇♥s ❛ s♠❛❧❧ ❝❧✐♠❛t❡ r♦♦♠ t❤❛t ❝♦✉❧❞ ❛❧s♦ ❜❡ ✉s❡❞
❛s ❛ ❝❧✐♠❛t❡ ❝❤❛♠❜❡r ❢♦r ❛♥ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧✳ ❍♦✇❡✈❡r✱ ✐ts ❞✐♠❡♥s✐♦♥s ❛r❡ t♦♦ s♠❛❧❧
t♦ ❝♦♥t❛✐♥ t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ✇✐t❤ t❤❡ r❡q✉✐r❡♠❡♥ts ❢♦r♠✉❧❛t❡❞ ❢♦r ❣♦♦❞ s❝✐❡♥t✐✜❝
t❡st✐♥❣✳ ❚❤❡r❡❢♦r❡ ❛ ♥❡✇ ❧✐st ♦❢ r❡q✉✐r❡♠❡♥ts ✇❛s ❢♦r♠✉❧❛t❡❞ t❤❛t ❝❛♥ ❜❡ ❤❡❧❞ ❜② ❛ ✇❛②
s♠❛❧❧❡r ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❛♥❞ st✐❧❧ ❧❡❛❞ t♦ s♦♠❡ ❣❛✐♥ ✐♥ ❦♥♦✇❧❡❞❣❡✳ ❋♦r t❤✐s s♠❛❧❧❡r ✐❝✐♥❣
✇✐♥❞ t✉♥♥❡❧✱ ❞✐✛❡r❡♥t ❞❡s✐❣♥ ✐❞❡❛s ✇❡r❡ ♣r❡s❡♥t❡❞ ❛♥❞ ❝♦♠♣❛r❡❞✳

✻✸



✺ ❉✐s❝✉ss✐♦♥

❖✈❡r❛❧❧✱ ❞✉r✐♥❣ t❤✐s t❤❡s✐s✱ t❤❡ ❜❛s✐❝ ❞❡s✐❣♥ ♦❢ ❛♥ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ s♣❡❝✐✜❝❛❧❧② ❞❡s✐❣♥❡❞
❢♦r ❯❆❱s ✐s ♣r❡s❡♥t❡❞✳ ❚❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ✐s ❝♦♠♣❛r❛❜❧❡ ✐♥ t❡st s❡❝t✐♦♥ s✐③❡ ❛♥❞ ❛✐r
s♣❡❡❞ t♦ t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧s ✐♥ ❇r❛✉♥s❝❤✇❡✐❣ ✭s❡❡ ❇❛♥s♠❡r ❡t ❛❧✳ ❬✸✶❪✮ ❛♥❞ t❤❡ ❱❚❚
✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ✭s❡❡ ❚✐✐❤♦♥❡♥ ❡t ❛❧✳ ❬✷✻❪✮✳ ❆❝❝♦r❞✐♥❣ t♦ t❤❡ r❡s✉❧ts✱ t❤❡ ❞❡s✐❣♥❡❞ ✐❝✐♥❣
✇✐♥❞ t✉♥♥❡❧ ✐s s✉✐t❛❜❧❡ ❛s t❡st ❢❛❝✐❧✐t② ❢♦r ❛ ✇✐❞❡ r❛♥❣❡ ♦❢ ✐❝✐♥❣ ❡①♣❡r✐♠❡♥ts ♦♥ ❯❆❱s✳
❚❤❡ ❈❋❉ s✐♠✉❧❛t✐♦♥s ❤♦✇❡✈❡r s❤♦✇❡❞ s♦♠❡ ✉♥s❡tt❧❡❞ t♦♣✐❝s ❧✐❦❡ s❡♣❛r❛t✐♦♥ ❛♥❞ ❤✐❣❤❡r

♣r❡ss✉r❡ ❧♦ss❡s✳ ❆s t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ✇❛s ❥✉st ❞❡s✐❣♥❡❞ ❜② ✉s✐♥❣ ❜❛s✐❝ ❡q✉❛t✐♦♥s t❤❛t
♦❢t❡♥ ✉s❡ s✐♠♣❧✐✜❝❛t✐♦♥s✱ s♦♠❡ ✉♥❝❡rt❛✐♥t✐❡s r❡♠❛✐♥✳ ❊s♣❡❝✐❛❧❧② t❤❡ ❞r♦♣❧❡t ❜❡❤❛✈✐♦r ✇❛s
❥✉st ❝❛❧❝✉❧❛t❡❞ r♦✉❣❤❧② ❛♥❞ ✇✐t❤♦✉t t❛❦✐♥❣ t✉r❜✉❧❡♥❝❡ ✐♥t♦ ❛❝❝♦✉♥t✳ ❆❞❞✐t✐♦♥❛❧❧②✱ t❤❡
♣r❡ss✉r❡ ❧♦ss❡s ❞✐✛❡r ❜② t❤❡ ❢❛❝t♦r t❤r❡❡ ❜❡t✇❡❡♥ ❝❛❧❝✉❧❛t✐♦♥s ❛♥❞ t❤❡ ❈❋❉ r❡s✉❧ts✳ ❲✐t❤
t❤❡ ✉♥❝❡rt❛✐♥t② ❜❡✐♥❣ s♦ ❤✐❣❤✱ ✐t ✐s ♥♦t s❡♥s✐❜❧❡ t♦ s❡❧❡❝t ❛ ❢❛♥✳ ❆ ❢✉rt❤❡r ✇❡❛❦♥❡ss ♦❢
t❤❡ ✇♦r❦ ❞♦♥❡ s♦ ❢❛r ✐s✱ t❤❛t ✐t ✇❛s ♥♦t ♣♦ss✐❜❧❡ ②❡t t♦ s❡❧❡❝t ❛ s♣r❛② s②st❡♠ ❢♦r t❤❡ ✐❝✐♥❣
✇✐♥❞ t✉♥♥❡❧✳
◆❡✈❡rt❤❡❧❡ss✱ t❤❡ ❞❡s✐❣♥ ✐s ❛ ❣♦♦❞ st❛rt✐♥❣ ♣♦✐♥t ❢♦r ❛ ♠♦r❡ ❞❡t❛✐❧❡❞ ❛♥❛❧②s✐s✳ ❆s t❤❡r❡

✐s ❛ ♥❡❡❞ ❢♦r ♠♦r❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧s ❢♦r ❯❆❱s✱ ✐t ✐s ❛❜s♦❧✉t❡❧② r❡❝♦♠♠❡♥❞❡❞ t♦ ❝♦♥t✐♥✉❡
t❤❡ ✇♦r❦ ❛♥❞ ❡✈❡♥t✉❛❧❧② ❜✉✐❧❞ ❛♥ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❜❛s❡❞ ♦♥ t❤✐s ✇♦r❦✳

✺✳✷ ❋✉rt❤❡r ✇♦r❦

❚❤❡ ♠❡♥t✐♦♥❡❞ ❈❋❉ r❡s✉❧ts ❧❡❛❞ t♦ t❤❡ ♥❡❡❞ ❢♦r ❛♥ ♦✈❡rt❤✐♥❦✐♥❣ ♦❢ ❝❡rt❛✐♥ ♣❛rts ♦❢
t❤❡ ✇✐♥❞ t✉♥♥❡❧ ❞❡s✐❣♥✳ ❋✐rst✱ ❛ ❞❡❡♣❡r ❛♥❛❧②s✐s ♦❢ t❤❡ ❈❋❉ r❡s✉❧ts ✐s ♥❡❝❡ss❛r② t♦
✉♥❞❡rst❛♥❞ t❤❡ r❡❛s♦♥ ❢♦r t❤❡ ✢♦✇ s❡♣❛r❛t✐♦♥ ❛♥❞ t❤❡ ❤✐❣❤❡r ♣r❡ss✉r❡ ❧♦ss❡s✳ ■❢ t❤✐s
❦♥♦✇❧❡❞❣❡ ✐s ♣r❡s❡♥t✱ t❤❡ ❞❡s✐❣♥ ♦❢ t❤❡ ✇✐♥❞ t✉♥♥❡❧ ❝❛♥ ❜❡ ❝❤❛♥❣❡❞ t♦ r❡❞✉❝❡ t❤❡s❡
❡✛❡❝ts✳ ❆ ✜rst ✐❞❡❛ ✐s t♦ ✐♥s❡rt ✜❧❧❡ts ✐♥ t❤❡ ❝♦r♥❡rs ❛s r❡❝♦♠♠❡♥❞❡❞ ❜② ❇❛r❧♦✇ ❡t ❛❧✳
❬✷✵❪✳ ❆❞❞✐t✐♦♥❛❧❧②✱ ❛♥ ♦t❤❡r ♥♦③③❧❡ ❞❡s✐❣♥ ❝❛♥ ❜❡ ❝❤❡❝❦❡❞ t♦ s❡❡ ✐❢ ❛ ❝❤❛♥❣❡ ♦❢ t❤❡ ♥♦③③❧❡
❝♦♥t♦✉r ❤❡❧♣s t♦ r❡❞✉❝❡ t❤❡ s❡♣❛r❛t✐♦♥ ❛r❡❛✳ ❖t❤❡r ♣♦ss✐❜✐❧✐t✐❡s ❛r❡ t♦ ♠❛❦❡ t❤❡ ♥♦③③❧❡
❧♦♥❣❡r ♦r t♦ r❡❞✉❝❡ t❤❡ ♦♣❡♥✐♥❣ ❛♥❣❧❡ ♦❢ t❤❡ ❞✐✛✉s❡r✳
❆ ❦❡② st❡♣ t❤❛t ♥❡❡❞s t♦ ❜❡ t❛❦❡♥ ♦♥ t❤❡ ✇❛② t♦ ❛ ✇♦r❦✐♥❣ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ✐s t♦ s❡❧❡❝t

❛ s✉✐t❛❜❧❡ s♣r❛② s②st❡♠✳ ❙♦♠❡ ✐❞❡❛s ✇❡r❡ ♣r❡s❡♥t❡❞ ✐♥ s❡❝t✐♦♥ ✹✳✸✳✸✳✶✳ ■t ✇✐❧❧ ♣r♦❜❛❜❧②
❜❡ ♥❡❝❡ss❛r② t♦ ❞♦ ❞❡t❛✐❧❡❞ ❈❋❉ s✐♠✉❧❛t✐♦♥s ♦❢ t❤❡ ❞r♦♣❧❡t ❜❡❤❛✈✐♦r ❢♦r ❞✐✛❡r❡♥t ❞❡s✐❣♥s
♦❢ ❛ s♣r❛② s②st❡♠✳
❆♥♦t❤❡r t♦♣✐❝ ❢♦r t❤❡ ❢✉t✉r❡ ✐s t♦ ♣r♦✈✐❞❡ t❤❡ ♥❡❝❡ss❛r② ❝♦♦❧✐♥❣ ♣♦✇❡r ❢♦r t❤❡ ✐❝✐♥❣

✇✐♥❞ t✉♥♥❡❧✳ ❚❤✐s ❝♦✉❧❞ ❜❡ ❞♦♥❡ ❜② ♣❧❛❝✐♥❣ t❤❡ ✇✐♥❞ t✉♥♥❡❧ ✐♥ ❛ ❝❧✐♠❛t❡ ❝❤❛♠❜❡r✱ ❜②
✐♥❥❡❝t✐♥❣ ❧✐q✉✐❞ ♥✐tr♦❣❡♥✱ ♦r ❜② ❝❤❛♥❣✐♥❣ t❤❡ ❞❡s✐❣♥ ✐♥t♦ ❛ ❝❧♦s❡❞ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ✇✐t❤
❛ ❤❡❛t ❡①❝❤❛♥❣❡r✳ ■❢ ❛ ❞❡❝✐s✐♦♥ ✐s ♠❛❞❡✱ ❛ ❈❋❉ s✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❛♥❞
✐ts ❡♥✈✐r♦♥♠❡♥t ✐s ♥❡❝❡ss❛r② t♦ ❝❤❡❝❦ t❤❛t t❤❡ ✢♦✇ q✉❛❧✐t② ✐s s✉✣❝✐❡♥t✳ ❚❤✐s ✇♦✉❧❞ ❜❡
❡s♣❡❝✐❛❧❧② ✐♠♣♦rt❛♥t ❢♦r t❤❡ ✐♥❧❡t ♦❢ ❛♥ ♦♣❡♥ r❡t✉r♥ ✇✐♥❞ t✉♥♥❡❧✳
❖♥❝❡ t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ✐s ❜✉✐❧❞✱ ❞✐✛❡r❡♥t ✐♥str✉♠❡♥ts ♥❡❡❞ t♦ ❜❡ ✐♥st❛❧❧❡❞✱ ❢♦r

❡①❛♠♣❧❡ t♦ ♠❡❛s✉r❡ t❤❡ t❡♠♣❡r❛t✉r❡✱ t❤❡ s♣❡❡❞ ♦r t❤❡ ✇❛t❡r ❝♦♥t❡♥t ✐♥ t❤❡ ✐❝✐♥❣ ✇✐♥❞
t✉♥♥❡❧✳ ❆❢t❡r✇❛r❞s✱ t❤❡ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ ❛♥❞ t❤❡ ✐♥str✉♠❡♥ts ♥❡❡❞ t♦ ❜❡ ❝❛❧✐❜r❛t❡❞ ❛s
❡①♣❧❛✐♥❡❞ ✐♥ ❙❆❊✲❆❘P ✺✾✵✺ ❬✻✻❪✳ ❆ t❤♦r♦✉❣❤ ❝❛❧✐❜r❛t✐♦♥ ✐s ✈❡r② ❤❡❧♣❢✉❧ t♦ ❤❛✈❡ tr✉st ✐♥
t❤❡ r❡s✉❧ts ♦❢ ❡①♣❡r✐♠❡♥ts✳ ❊s♣❡❝✐❛❧❧② t❤❡ ✉♥✐❢♦r♠✐t② ♦❢ t❤❡ ❞r♦♣❧❡t ❝❧♦✉❞ ✐♥s✐❞❡ t❤❡ t❡st
s❡❝t✐♦♥ s❤♦✉❧❞ ❜❡ ❝❤❡❝❦❡❞ t♦ ♠❛❦❡ s✉r❡ t❤❛t ♠✉❧t✐♣❧❡ ♠❡❛s✉r❡♠❡♥ts ♦❢ t❤❡ ✐❝❡ s❤❛♣❡s
❛r❡ ❞♦♥❡ ❛t ♣♦s✐t✐♦♥s ✇✐t❤ ❝♦♠♣❛r❛❜❧❡ ❝♦♥❞✐t✐♦♥s✳
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❛♥❣❧❡s ❛♥❞ ❛r❡❛ r❛t✐♦s✳ ❆❞❛♣t❡❞ ❢r♦♠ ▼❡❤t❛ ❛♥❞ ❇r❛❞s❤❛✇ ❬✸✾❪✳
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❆✳✸ ❚❤❡ ❘●✶✺ ❛✐r❢♦✐❧

❍❡r❡✱ t❤❡ ❝♦♦r❞✐♥❛t❡s ♦❢ t❤❡ s✉r❢❛❝❡ ♦❢ ❛♥ ❘● ✶✺ ❛✐r❢♦✐❧ ❛r❡ ♣❧♦tt❡❞✳ ❚❤❡ ①✲❛①✐s ✐s t❤❡ ❛①✐s
✐♥ ✢♦✇ ❞✐r❡❝t✐♦♥✳ ❚❤❡ ③✲❛①✐s ✐s ♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ ①✲❛①✐s✳ ❇♦t❤ ❛①❡s ❛r❡ ♥♦r♠❛❧✐③❡❞
✇✐t❤ t❤❡ ❝❤♦r❞ ❧❡♥❣t❤ ♦❢ t❤❡ ❛✐r❢♦✐❧✳ ❚❤❡r❡❢♦r❡ t❤❡ ①✲❛①✐s ❤❛s ✈❛❧✉❡s ❜❡t✇❡❡♥ 0 ❛♥❞ 1✳
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❚❤❡ s❤❛♣❡ ♦❢ ❛♥ ❘●✶✺ ❛✐r❢♦✐❧ ✇✐t❤ ❛♥ ❛♥❣❧❡ ♦❢ ❛tt❛❝❦ ♦❢ 0◦ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ❆✳✸✳
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❋✐❣✉r❡ ❆✳✸✿ ❚❤❡ ❘●✶✺ ❛✐r❢♦✐❧ ✇✐t❤ ❛♥ ❛♥❣❧❡ ♦❢ ❛tt❛❝❦ ♦❢ 0◦✳ ❆①❡s ❛r❡ ♥♦r♠❛❧✐③❡❞ ✇✐t❤
t❤❡ ❝❤♦r❞ ❧❡♥❣t❤✳

✽✷



❆ ❆♣♣❡♥❞✐①

❆✳✹ ❈❋❉ s✐♠✉❧❛t✐♦♥ ✉s✐♥❣ t❤❡ ▼❡♥t❡r k − ω ❙❙❚

♠♦❞❡❧

❆s ❡①♣❧❛✐♥❡❞ ✐♥ s✉❜s❡❝t✐♦♥ ✷✳✷✳✶✱ t❤❡ ✐♠♣❛❝t ♦❢ t✉r❜✉❧❡♥❝❡ ✐s ♠♦❞❡❧❡❞ ✐♥ ♦✉r ❈❋❉ s✐♠✲
✉❧❛t✐♦♥s✳ ❇② ♠♦❞❡❧✐♥❣ t❤❡ t✉r❜✉❧❡♥❝❡✱ t❤❡ ❝❛❧❝✉❧❛t❡❞ ✢♦✇ ✜❡❧❞ ❝❛♥ ❞✐✛❡r ❢r♦♠ t❤❡ tr✉❡
✢♦✇ ✜❡❧❞✳ ❚❤❡r❡❢♦r❡ ❞♦✐♥❣ ❛ ❝♦♠♣❛r✐s♦♥ ✇✐t❤ ❛t ❧❡❛st ❛ s❡❝♦♥❞ t✉r❜✉❧❡♥❝❡ ♠♦❞❡❧ ✐s
❛❧✇❛②s r❡❛s♦♥❛❜❧❡✳ ❋♦r t❤✐s t❤❡s✐s✱ t❤❡ ❈❋❉ s✐♠✉❧❛t✐♦♥s ✇❡r❡ ❞♦♥❡ ✇✐t❤ t✇♦ ❞✐✛❡r❡♥t
t✉r❜✉❧❡♥❝❡ ♠♦❞❡❧s✳ ❚❤❡ r❡s✉❧ts ♦❢ t❤❡ ❙♣❛❧❛rt✲❆❧❧♠❛r❛s ♠♦❞❡❧ ✇❡r❡ ♣r❡s❡♥t❡❞ ✐♥ t❤❡
♠❛✐♥ ♣❛rt ♦❢ t❤❡ t❤❡s✐s✳ ❚❤❡ ✈❡❧♦❝✐t② ♣❧♦t ♦❢ t❤❡ s✐♠✉❧❛t✐♦♥ ✇✐t❤ t❤❡ ▼❡♥t❡r k − ω ❙❙❚
♠♦❞❡❧ ✐s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ❆✳✹✳

❋✐❣✉r❡ ❆✳✹✿ ❱❡❧♦❝✐t② ♣❧♦t ♦❢ t❤❡ ❈❋❉ s✐♠✉❧❛t✐♦♥ ✇✐t❤ ❛ s❡❝♦♥❞ t✉r❜✉❧❡♥❝❡ ♠♦❞❡❧✳

❚❤❡ ✢♦✇ ✜❡❧❞ ❧♦♦❦s s✐♠✐❧❛r t♦ t❤❡ ♦♥❡ ❝❛❧❝✉❧❛t❡❞ ✇✐t❤ t❤❡ ❙♣❛❧❛rt✲❆❧❧♠❛r❛s t✉r❜✉❧❡♥❝❡
♠♦❞❡❧✳ ❚❤❡ s❛♠❡ ✐s tr✉❡ ❢♦r t❤❡ s❡♣❛r❛t✐♦♥ ♣❧♦t ✐♥ ❋✐❣✉r❡ ❆✳✺✳ ❚❤❡ ♣r❡ss✉r❡ ❧♦ss❡s ♦❢
❜♦t❤ ♠♦❞❡❧s ✇❡r❡ ❛❧r❡❛❞② ♣r❡s❡♥t❡❞ ✐♥ ❚❛❜❧❡ ✹✳✼✳ ❲❤✐❧❡ t❤❡ t✇♦ s✐♠✉❧❛t✐♦♥s s❤♦✇ s♠❛❧❧
❞✐✛❡r❡♥❝❡s✱ t❤❡② ❛r❡ ♠✉❝❤ ❝❧♦s❡r t♦ ❡❛❝❤ ♦t❤❡r t❤❛♥ t✇♦ t❤❡ ✈❛❧✉❡s ❝❛❧❝✉❧❛t❡❞ ✇✐t❤ t❤❡
❜❛s✐❝ ❡q✉❛t✐♦♥s ❣✐✈❡♥ ♠♦st❧② ❜② ❊❝❦❡rt ❡t ❛❧✳ ❬✸✷❪✳

❋✐❣✉r❡ ❆✳✺✿ P❧♦t ♦❢ t❤❡ s❡♣❛r❛t✐♦♥ ③♦♥❡s ✐♥ t❤❡ ❈❋❉ s✐♠✉❧❛t✐♦♥ ✇✐t❤ ❛ s❡❝♦♥❞ t✉r❜✉❧❡♥❝❡
♠♦❞❡❧✳

❚❤❡ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ t✇♦ ❞✐✛❡r❡♥t t✉r❜✉❧❡♥❝❡ ♠♦❞❡❧s s❤♦✇❡❞ ❥✉st ✈❡r② s♠❛❧❧ ❞✐❢✲
❢❡r❡♥❝❡s✳ ❚❤❡r❡❢♦r❡ t❤❡ ❞✐✛❡r❡♥❝❡s ❜❡t✇❡❡♥ ❈❋❉ s✐♠✉❧❛t✐♦♥s ❛♥❞ t❤❡ ✈❛❧✉❡s ❝❛❧❝✉❧❛t❡❞
✇✐t❤ ❛❧❣❡❜r❛✐❝ ❡q✉❛t✐♦♥s ❞❡♣❡♥❞s ♥♦t ♦♥ t❤❡ ❝❤♦✐❝❡ ♦❢ t❤❡ t✉r❜✉❧❡♥❝❡ ♠♦❞❡❧✳
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❆✳✺ ■❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ s♣❡❝✐✜❝❛t✐♦♥s

❚❤❡ ✜♥❛❧ s♣❡❝✐✜❝❛t✐♦♥s ♦❢ t❤❡ t✇♦ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧s ❞❡s✐❣♥❡❞ ✐♥ t❤✐s t❤❡s✐s ❛r❡ ❝♦♠♣❛r❡❞
✐♥ ❚❛❜❧❡ ❆✳✶✳

♣❛r❛♠❡t❡r ❜✐❣ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧ s♠❛❧❧ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧

♠❛①✐♠✉♠ s♣❡❡❞ ❛t t❡st s❡❝t✐♦♥ 35m s−1 25m s−1

♠❛①✐♠✉♠ ❝❤♦r❞ ❧❡♥❣t❤ 0.4m 0.3m
♠❛①✐♠✉♠ ❛♥❣❧❡ ♦❢ ❛tt❛❝❦ 8◦ 4◦

✉♥✐♠♣❡❞❡❞ t❡st s❡❝t✐♦♥ ✇✐❞t❤ 0.30m 0.18m
♠✐♥✐♠✉♠ ❛✐r t❡♠♣❡r❛t✉r❡ −15 ➦C −10 ➦C

♠❛①✐♠✉♠ ▼❱❉ 38µm 23µm
✇✐♥❞ t✉♥♥❡❧ ❧❡♥❣t❤ 8.03m 3.24m

♠❛①✐♠✉♠ ❝r♦ss✲s❡❝t✐♦♥ 1.54m ① 1.54m 0.70m ① 0.70m
❢❛♥ ♣♦✇❡r 8.024 kW 1.33 kW

♥❡❝❡ss❛r② ❝♦♦❧✐♥❣ ♣♦✇❡r 20.52 kW 3.942 kW

❚❛❜❧❡ ❆✳✶✿ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ s♣❡❝✐✜❝❛t✐♦♥s ♦❢ t❤❡ ❜✐❣ ❛♥❞ t❤❡ s♠❛❧❧ ✐❝✐♥❣ ✇✐♥❞ t✉♥♥❡❧✳

✽✹


	List of Figures
	List of Tables
	List of Symbols
	1 Introduction
	1.1 Background & motivation
	1.2 The scope of the thesis
	1.3 The outline of the thesis

	2 Background
	2.1 Atmospheric icing
	2.1.1 Basics of atmospheric icing
	2.1.2 Typical ice shapes on airfoils
	2.1.3 Ice protection systems

	2.2 Basics about flow dynamics and droplet behavior
	2.2.1 Flow dynamics
	2.2.2 Droplets

	2.3 Unmanned aerial vehicles
	2.3.1 UAV database
	2.3.2 Design and missions of UAVs
	2.3.3 Differences to normal aircraft

	2.4 Wind tunnels
	2.4.1 Basics of wind tunnels
	2.4.2 Icing wind tunnels
	2.4.3 Scaling


	3 Methods
	3.1 Basic decisions
	3.2 Components of the wind tunnel
	3.2.1 Test section
	3.2.2 Nozzle
	3.2.3 Settling area
	3.2.4 Wide-angle diffuser
	3.2.5 Fan
	3.2.6 Diffuser

	3.3 Droplets inside the tunnel
	3.3.1 Droplet velocity and trajectories
	3.3.2 Droplet temperature

	3.4 Pressure losses
	3.5 Cooling power
	3.6 Clearance requirements
	3.7 Calculation of the boundary layer thickness

	4 Results
	4.1 Icing wind tunnel design
	4.2 Thermophysical properties
	4.3 Final design
	4.3.1 Test section
	4.3.2 Nozzle
	4.3.3 Settling area
	4.3.3.1 Spray System
	4.3.3.2 Turbulence Screens
	4.3.3.3 Honeycombs
	4.3.3.4 Assembly

	4.3.4 Wide-angle diffuser
	4.3.5 Fan
	4.3.6 Diffuser
	4.3.7 The final design

	4.4 Droplet behavior in the icing wind tunnel
	4.5 Pressure losses and fan selection
	4.6 Cooling chamber
	4.6.1 Cooling requirements
	4.6.2 Space requirements

	4.7 Costs
	4.8 Heat map
	4.9 CFD simulations
	4.10 Small icing wind tunnel

	5 Discussion
	5.1 Conclusion and discussion
	5.2 Further work

	Bibliography
	A Appendix
	A.1 UAV Database
	A.2 Additional Figures
	A.3 The RG15 airfoil
	A.4 CFD simulation using the Menter k- SST model
	A.5 Icing wind tunnel specifications


