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❘❡♠❡r❝✐❡♠❡♥ts

❈❡tt❡ t❤ès❡ ❛ été ré❛❧✐sé❡ ❛✉ s❡✐♥ ❞❡ ❧✬éq✉✐♣❡ ●❆▼❆ ✭●❡st❡s ♣❤♦♥❛t♦✐r❡s✱ ❆♥❛❧②s❡ ❡t ▼♦❞é✲
❧✐s❛t✐♦♥ ❆❝♦✉st✐q✉❡✮ ❢❛✐s❛♥t ♣❛rt✐❡ ❞✉ ❉é♣❛rt❡♠❡♥t P❛r♦❧❡ ❡t ❈♦❣♥✐t✐♦♥ ✭❉P❈✮ ❞✉ ●■P❙❆✲❧❛❜
✭●r❡♥♦❜❧❡ ■♠❛❣❡s P❛r♦❧❡ ❙✐❣♥❛❧ ❆✉t♦♠❛t✐q✉❡✮✱ à ●r❡♥♦❜❧❡✳ ❊❧❧❡ ♥✬❛✉r❛✐t ♣✉ êtr❡ ♠❡♥é❡ à ❜✐❡♥
s❛♥s ❧❛ ❝♦♥tr✐❜✉t✐♦♥ ❡t ❧❡ s♦✉t✐❡♥ ❞❡ ❞✐✛ér❡♥t❡s ♣❡rs♦♥♥❡s✳

❊♥ ♣r❡♠✐❡r ❧✐❡✉✱ ❥❡ t✐❡♥s à r❡♠❡r❝✐❡r ♠❛ ❞✐r❡❝tr✐❝❡ ❞❡ t❤ès❡ ❆♥♥❡♠✐❡ ❱❛♥ ❍✐rt✉♠✱ ❝❤❛r❣é❡
❞❡ r❡❝❤❡r❝❤❡ ❈◆❘❙ ❛✉ ❉P❈✱ ♣♦✉r ❧❛ s✉♣❡r✈✐s✐♦♥ ❞❡ ♠♦♥ tr❛✈❛✐❧✱ ♣♦✉r s♦♥ ❛✐❞❡ ♣ré❝✐❡✉s❡✱ ❡♥
♣❛rt✐❝✉❧✐❡r ❞✉r❛♥t ❧❛ ré❞❛❝t✐♦♥ ❞✬❛rt✐❝❧❡s ❞❡ ❝♦♥❢ér❡♥❝❡s ♦✉ ❞❡ ❥♦✉r♥❛✉①✱ ❡t s✉rt♦✉t ❞✉r❛♥t ❧❛
♣❤❛s❡ ❞❡ ré❞❛❝t✐♦♥ ❞❡ ❝❡ ♠❛♥✉s❝r✐t✱ ♣♦✉r t♦✉s s❡s ❝♦♥s❡✐❧s ❡t s♦♥ s❛✈♦✐r✲❢❛✐r❡ s❝✐❡♥t✐✜q✉❡✳ ❏❡
r❡♠❡r❝✐❡ é❣❛❧❡♠❡♥t ❳❛✈✐❡r P❡❧♦rs♦♥✱ ❞✐r❡❝t❡✉r ❞❡ r❡❝❤❡r❝❤❡ ❈◆❘❙ ❛✉ ❉P❈✱ q✉✐✱ ❛✉ ♠♦♠❡♥t ♦ù
❥❡ ♣♦st✉❧❛✐s ♣♦✉r ✉♥ ❛✉tr❡ s✉❥❡t ❞❡ t❤ès❡ q✉✬✐❧ ♣r♦♣♦s❛✐t✱ s✬ét❛✐t ✐♥tér❡ssé à ♠❛ ❝❛♥❞✐❞❛t✉r❡ ❡t
♠✬❛✈❛✐t ♦r✐❡♥té ✈❡rs ❆♥♥❡♠✐❡ ❡t ❧❡ s✉❥❡t ❞❡ t❤ès❡ q✉✬❡❧❧❡ ♣r♦♣♦s❛✐t ✭❝❡tt❡ t❤ès❡ ❞♦♥❝✮✱ ♣❡✉t✲êtr❡
♣❧✉s ❡♥ ❛❞éq✉❛t✐♦♥ ❛✈❡❝ ♠❡s ét✉❞❡s ❛♥tér✐❡✉r❡s✳

❏❡ r❡♠❡r❝✐❡ ❡♥s✉✐t❡ ❧❡s ♠❡♠❜r❡s ❞❡ ♠♦♥ ❥✉r② ❞❡ t❤ès❡✱ q✉✐ ♦♥t ❛❝❝❡♣té ❞✬é✈❛❧✉❡r ♠❡s
tr❛✈❛✉① ❞❡ t❤ès❡ ✿ ❧❡s ❡①❛♠✐♥❛t❡✉rs ❍é❧è♥❡ ❇❛✐❧❧✐❡t✱ ❈❤r✐st♦♣❤❡ ❇r✉♥✱ ❘❡♥é ❈❛✉ssé✱ ❡t ❧❡s
❞❡✉① r❛♣♣♦rt❡✉rs ❆♥♥❛ ❇❛r♥❡② ❡t ❆✈r❛❤❛♠ ❵▼✐❝♦✬ ❍✐rs❝❤❜❡r❣✳

❊♥ ✷è♠❡ ❛♥♥é❡ ❞❡ t❤ès❡✱ ❥✬❛✐ ❡✉ ❧❛ ❝❤❛♥❝❡✱ ❣râ❝❡ ❛✉ s♦✉t✐❡♥ ✜♥❛♥❝✐❡r ❞❡ ❧❛ ré❣✐♦♥ ❘❤ô♥❡✲
❆❧♣❡s✱ ❞✬❡✛❡❝t✉❡r ✉♥ sé❥♦✉r ❞❡ ♠♦❜✐❧✐té ❞❡ t❤ès❡ ❊①♣❧♦r❛❞♦❝ ❞❡ ✻ ♠♦✐s à ❧✬❯♥✐✈❡rs✐té ❞✬❖s❛❦❛ ❛✉
❏❛♣♦♥✳ ❉✉r❛♥t ❝❡ sé❥♦✉r ❥✬❛✐ été ❛❝❝✉❡✐❧❧✐ ❡t ❡♥❝❛❞ré ❛✉ s❡✐♥ ❞✉ ❲❛❞❛✲▲❛❜ ♣❛r ❑❛③✉♥♦r✐ ◆♦③❛❦✐
❡t ❙❤✐❣❡♦ ❲❛❞❛✱ q✉❡ ❥❡ r❡♠❡r❝✐❡ ❝❤❛❧❡✉r❡✉s❡♠❡♥t✳ ❖s❡✇❛ ♥✐ ♥❛r✐♠❛s❤✐t❛✱ ❛r✐❣❛tô❣♦③❛ï♠❛s❤✐t❛ ✦

❯♥ ❣r❛♥❞ ♠❡r❝✐ ❛✉① ❞♦❝t♦r❛♥t✭❡✮s✱ ♣♦st✲❞♦❝t♦r❛♥t✭❡✮s ❡t st❛❣✐❛✐r❡s ❞✉ ❉P❈✲❆♠♣èr❡✱ ♣♦✉r
❧❡s ♠♦♠❡♥ts ❞❡ ❢✉♥ ❡t ❧❡s ♥♦♠❜r❡✉s❡s ❞✐s❝✉ss✐♦♥s ❡♥❞✐❛❜❧é❡s ❞✉r❛♥t ❧❡s ♣❛✉s❡s ❞é❥❡✉♥❡r✴❝❛❢é✱
❛✈❡❝✱ ♣❛r ♦r❞r❡ ❛❧♣❤❛❜ét✐q✉❡ ❞❡ ♣ré♥♦♠ ✿ ❆❞❡❧❛ ❡t s❡s ❜♦♥s ❣♦ûts ♠✉s✐❝❛✉①✱ ❆♠é❧✐❡ ▲✳ ❡t s❛
♣♦♥❝t✉❛❧✐té ❛✉① ♣❛✉s❡s ❝❛❢é ♠❛t✐♥❛❧❡s✱ ❆✉❞r❡② ❡t s❛ ❜♦♥♥❡ ❤✉♠❡✉r✱ ❇❛❧❜✐♥❡ ✭s❡✉❧❡ st❛❣✐❛✐r❡
❞❡ ❧❛ ❧✐st❡✳✳✳ ❞✉ ♠♦✐♥s ❛✉tr❡❢♦✐s✮ ❡t s♦♥ ❤✉♠♦✉r✱ ❇❡♥❥❛♠✐♥ ❡t s❛ s❛❣❡ss❡✱ ♠♦♥ ❝♦❜✉r❡❛✉ ❇♦✱ q✉✐
♠✬❛✉r❛ t❡♥✉ ❝♦♠♣❛❣♥✐❡ ♣❡♥❞❛♥t ♣r❡sq✉❡ ✸ ❛♥s ❡t ❞❡♠✐✱ ❉✐❛♥❞r❛ ❡t s❛ ✢ût❡ à ❜❡❝✱ ●✉✐❧❧❛✉♠❡
❇✳ ❡t s♦♥ ♣♦t❡ q✉é❜é❝♦✐s✱ ❋❛❜r✐❝❡ ❡t s♦♥ ♣❡t✐t ❜♦♥❤♦♠♠❡✱ ❏❡ss❡ ❡t s❡s ❛✈❡♥t✉r❡s ❞✐❣♥❡s ❞✬✉♥
✜❧♠ ❞❡ s❝✐❡♥❝❡✲✜❝t✐♦♥✱ ▲♦✉✐s ❡t s♦♥ s❡♥s ❞✉ ❣r♦♦✈❡ à t♦✉s ❧❡s ♥✐✈❡❛✉①✱ ▼❛ë❧ ❡t s❡s r❡♠❛rq✉❡s
t♦✉❥♦✉rs à✲♣r♦♣♦s✱ ◆✐❝♦ ❡t s❡s ♣✐♣❡s ❡♥ ❜♦✐s✱ ◆♦❡❧ ❡t s❛ ❝❧❛ss❡ ❛✉str❛❧✐❡♥♥❡✱ ❘é♠✐ ❡t s♦♥ ♠❛t❡❧❛s
♣♥❡✉♠❛t✐q✉❡ q✉✐ ♠✬❛✉r❛ s❛✉✈é ❞✉r❛♥t ✉♥❡ ♥✉✐t ❜❧❛♥❝❤❡ é♣✐q✉❡ ♣ré❝é❞❛♥t ❧❡ ❜♦✉❝❧❛❣❡ ❞❡ ❝❡
♠❛♥✉s❝r✐t✱ ❖❧❤❛ ❡t s❡s r❛❝❧❡tt❡s✱ ❙❡r❛♣ ❡t s❡s ❞é❧✐❝✐❡✉① ❧♦✉❦♦✉♠s ❞✬■st❛♥❜✉❧✳✳✳

❙❛♥s ♦✉❜❧✐❡r ❧❡s ❞♦❝t♦r❛♥t✭❡✮s ❞✉ ❉P❈✲❙t❡♥❞❤❛❧ ✿ ❈❤❧♦ë ❡t s♦♥ ❛♠♦✉r ♣♦✉r ❧❡s s✐♥❣❡s ❡t
❧❡ ❏❛♣♦♥✱ ❉✐❛♥❡ ❡t s♦♥ ❛✇❡s♦♠❡♥❡ss str❛s❜♦✉r❣❡♦✐s❡✱ ❛❣ré♠❡♥té❡ ❞✬✉♥ ❝÷✉r ❣r♦s ❝♦♠♠❡ ç❛✱
❑r②st②♥❛ ❡t s♦♥ ♣♦❧②❣❧♦tt✐s♠❡✱ ❘♦s❛r✐♦ ❡t s♦♥ ❝❤❛r✐s♠❡ s✐❝✐❧✐❡♥✳✳✳ ❊t ❧❡s ❞♦❝t♦r❛♥t✭❡✮s ❞❡s
❞❡✉① ❛✉tr❡s ❞é♣❛rt❡♠❡♥ts ❞✉ ❧❛❜♦ ✭■♠❛❣❡ ❡t ❙✐❣♥❛❧✱ ❆✉t♦♠❛t✐q✉❡✮✱ ♥♦t❛♠♠❡♥t ❆✉❞❡ ❡t s♦♥
❞②♥❛♠✐s♠❡✱ ●❛❜r✐❡❧ ❈✳ ❡t s♦♥ s❡♥s ❞❡ ❧✬♦r❣❛♥✐s❛t✐♦♥✱ ❘♦❣❡❧✐♦ ❡t s❡s ♠❛❝❤✐♥❡s ✈♦❧❛♥t❡s✱ ❙♦❤❡✐❜
❡t s❡s ♣❛ss❡s ❡♥ ♣r♦❢♦♥❞❡✉r✳✳✳

✐



✐✐

▼❡r❝✐ ❛✉① ♣❡r♠❛♥❡♥t✭❡✮s ❞✉ ❉P❈✱ ♥♦t❛♠♠❡♥t ❆♠é❧✐❡ ❘✳❈✳✱ ❆♥♥❡ ❱✳✱ ❈♦r✐❛♥❞r❡✱ ❉❡♥✐s✱
❋r❡❞ ❇✳✱ ❋r❡❞ ❊✳✱ ●ér❛r❞✱ ❏❡❛♥✲▲✉❝✱ ▼❛ë✈❛✱ ▼❛r✐♦♥✱ ◆❛t❤❛❧✐❡ ❍✳✱ P❛s❝❛❧✱ P✐❡rr❡✱ ❚❤♦♠❛s✳✳✳
❊t ❜✐❡♥ sûr✱ s♣é❝✐❛❧❡ ❞é❞✐❝❛❝❡ à ♥♦tr❡ ✐♥❣é♥✐❡✉r ❞✬ét✉❞❡ ❞❡ ❝❤♦❝✱ ❥✬❛✐ ♥♦♠♠é ❳❛✈✐❡r ❵❏❛✈✐❡r✬
▲❛✈❛❧✱ ♣♦✉r s❡s ❝❛❧✐❜r❛t✐♦♥s ❞❡ ❝❛♣t❡✉rs ✭ ✿✲♣✮✱ ♣♦✉r s❡s ❛♣♣❡❧s q✉♦t✐❞✐❡♥s ❛✉① ♣❛✉s❡s ❝❛❢és ❡t
❞é❥❡✉♥❡rs ❛✉ ❘❯✱ ❡t ♣♦✉r s❛ ❝é❧è❜r❡ ❚✇✐♥❣♦ ♣❧✉s ❝♦♥♥✉❡ s♦✉s ❧❡ ♥♦♠ ❞❡ ❵❏❛✈✐♥❣♦✬✱ q✉✐ ♠✬❛✉r❛
♣❡r♠✐s ♠♦✉❧t❡s s♦rt✐❡s s❦✐ é♣✐q✉❡s ♥♦t❛♠♠❡♥t ❛✉① ❙❡♣t ▲❛✉① ❡t à ❙❡rr❡✲❈❤❡✈❛❧✐❡r✱ ♣♦✉r ♥❡
❝✐t❡r q✉❡ ❝❡s ❞❡✉① st❛t✐♦♥s✳✳✳

▼❡r❝✐ ❛✉① ❞❛♠❡s ❞❡ ❧✬❛❞♠✐♥✐str❛t✐♦♥ ♣♦✉r ❧❡✉r ❛✐❞❡ s✉r ❧❡s ♣r♦❜❧è♠❡s ❛❞♠✐♥✐str❛t✐❢s ❡t ❧♦✲
❣✐t✐st✐q✉❡s ✿ ❆❦✐❧❛✱ ❈é❝✐❧✐❛✱ ❊❧s❛✱ ■s❛❜❡❧❧❡✱ ◆❛❞✐♥❡✳✳✳ ❆ ❏❡❛♥✲▼❛r❝ ❚❤✐r✐❡t✱ ❞✐r❡❝t❡✉r ❞✉ ●■P❙❆✲
❧❛❜✱ t♦✉❥♦✉rs ❡♥❝❧✐♥ à ❛♠é❧✐♦r❡r ❧❡s ❝♦♥❞✐t✐♦♥s ❞❡s ❞♦❝t♦r❛♥ts ❡t à s♦✉t❡♥✐r ❧❡✉rs ✐♥✐t✐❛t✐✈❡s✳✳✳ ❆
P❛tr✐❝✐❛✱ ♣♦✉r s❛ très ❣r❛♥❞❡ ❣❡♥t✐❧❧❡ss❡ ❡t s❛ ❞✐s♣♦♥✐❜✐❧✐té s✉r ❧❡s q✉❡st✐♦♥s ❧✐é❡s à ❧❛ ❜✐❜❧✐♦✳✳✳

▼❡r❝✐ ❛✉ ♣✐❛♥♦ ❞❡ ❧❛ s❛❧❧❡ ❇✸✶✹ ❞✉ ❉P❈✱ q✉✐ ♠✬❛✉r❛ ♣❡r♠✐s ❞❡ ♣r❡♥❞r❡ q✉❡❧q✉❡s ♣❛✉s❡s
♠✉s✐❝❛❧❡s ❛❣ré♠❡♥t❛♥t ❝❡rt❛✐♥❡s ❧♦♥❣✉❡s s♦✐ré❡s ❞✬❛✉t♦♠♥❡ ❡t ❞✬❤✐✈❡r ♣❛ssé❡s à ré❞✐❣❡r ♠♦♥
♠❛♥✉s❝r✐t✳✳✳ ◗✉❛♥❞ ❥❡ r❡♣❡♥s❡ à t♦✉t❡s ❝❡s ❤❡✉r❡s ♣❛ssé❡s à tr❛✈❛✐❧❧❡r ❧❡s ♠✉s✐q✉❡s ❞❡ ▲❡❛❣✉❡
♦❢ ▲❡❣❡♥❞s✱ ❙♦♥✐❝✱ ❙t❛r❝r❛❢t✱ ❙✉♣❡r ▼❛r✐♦ ❡t ❩❡❧❞❛ ❛✉ ♣✐❛♥♦✱ ❝❡ ❢✉t ✈r❛✐♠❡♥t ❥✉❜✐❧❛t♦✐r❡✳✳✳ ❊t
♠❡r❝✐ à ❧❛ s❛❧❧❡ ❞❡ ♠✉s✐q✉❡ ❞❡ ❧❛ ▼❛✐s♦♥ ❞❡ ❧✬■◆P✱ q✉✐ ♥♦✉s ✭▲♦✉✐s✱ ◆✐❝♦✱ ◆♦❡❧ ❡t ♠♦✐✮ ❛✉r❛
♣❡r♠✐s ❞❡ ré♣ét❡r ❡♥ ❣r♦✉♣❡ ❡t ❞❡ ❞❡✈❡♥✐r ❞❡ ✈ér✐t❛❜❧❡s r♦❝❦ st❛rs ❞✉ ❧❛❜♦ ✭❧❡s ❝é❧è❜r❡s ●✐♣s❛✲
◗✉❡❡♥s ✦✮✱ ♦✉ ♣❛s✱ ❣râ❝❡ à ♥♦s ❵♠❛❣♥✐✜q✉❡s✬ r❡♣r✐s❡s ❞❡ ❑✐♥❣ ❈r✐♠s♦♥ ❡t ❛✉tr❡ ▲❛❞② ●❛❣❛ ✭♦✉✐
♦♥ ♣❡✉t s❡ t❛r❣✉❡r ❞✬❛✈♦✐r été ♠✉s✐❝❛❧❡♠❡♥t é❝❧❡❝t✐q✉❡s ✦✮✳✳✳

▼❡r❝✐ à ❧✬❛ss♦❝✐❛t✐♦♥ ❞❡s ❞♦❝t♦r❛♥ts ❞✉ ❧❛❜♦r❛t♦✐r❡ ●✐♣s❆❉♦❝✱ ❞❛♥s ❧❛q✉❡❧❧❡ ❥✬❛✐ ♣✉ ÷✉✈r❡r
❡♥ t❛♥t q✉❡ trés♦r✐❡r✱ q✉✐ ♠✬❛ ♣❡r♠✐s ❞✬é❧❛r❣✐r ♠♦♥ ❝❡r❝❧❡ ❞✬❛♠✐s ❛✉ s❡✐♥ ❞✉ ❧❛❜♦r❛t♦✐r❡✱ ❡t ❞❡
♠❡♥❡r ✉♥❡ ✈✐❡ ❛ss♦❝✐❛t✐✈❡ ❞②♥❛♠✐q✉❡ ❝♦✉♣❛♥t ✉♥ ♣❡✉ ❛✈❡❝ ❧❛ t❤ès❡✳✳✳

▼❡r❝✐ à ❙♦♣❤✐❡ P❛r✐s✱ ♣r♦❢❡ss❡✉r❡ ❞✬❛♥❣❧❛✐s ❡t ❞❡ ❦❛r❛té à ❧✬❯♥✐✈❡rs✐té P✐❡rr❡✲▼❡♥❞ès✲
❋r❛♥❝❡✱ ♣♦✉r ♠✬❛✈♦✐r ❧❛✐ssé s✉✐✈r❡ s♦♥ ❝♦✉rs ❞❡ ❦❛r❛té ♥♦r♠❛❧❡♠❡♥t ❞❡st✐♥é ❛✉① s❡✉❧s ét✉❞✐❛♥ts
❞❡ ❧✬❯P▼❋✱ ❝❡ q✉✐ ♠✬❛ ♣❡r♠✐s ❞✉r❛♥t ♠❛ ✸è♠❡ ❛♥♥é❡ ❞❡ t❤ès❡ ❞❡ ♠❡ ❞é❢♦✉❧❡r ✉♥ ♣❡✉ ❡t ❞❡
♣❛r❢❛✐r❡ ♠❡s ❦❛t❛s✱ ❜✉♥❦❛ïs ❡t ❛✉tr❡s ❦✐❤♦♥s q✉❡❧q✉❡s ❤❡✉r❡s ♣❛r s❡♠❛✐♥❡✳✳✳

▼❡r❝✐ à ♠❡s ❛♠✐s ❞❡ ❧♦♥❣✉❡ ❞❛t❡ ✭t♦✉❥♦✉rs ♣❛r ♦r❞r❡ ❛❧♣❤❛❜ét✐q✉❡ ❞❡ ♣ré♥♦♠✮✱ ❋r❡❞ ❩✳✱
●✉✐❧❧❛✉♠❡ ❏✳✱ ❏érô♠❡ ▲✳✱ ❏érô♠❡ ❖✳✱ ▼❛①✐♠❡✱ ▼♦♥②✱ ◗✉❡♥t✐♥✱ ❘♦♠❛✐♥✱ ❚❤♦♠❛s✳✳✳

▲❛st ❜✉t ♥♦t ❧❡❛st✱ ❥❡ r❡♠❡r❝✐❡ ♠❛ ❢❛♠✐❧❧❡✱ q✉✐ ♠✬❛ t♦✉❥♦✉rs s♦✉t❡♥✉ à t♦✉s ❧❡s ♥✐✈❡❛✉① ❞❛♥s
t♦✉s ♠❡s ♣r♦❥❡ts ❞✐✈❡rs ❡t ✈❛r✐és✱ ❡t s❛♥s q✉✐ ❥❡ ♥✬❡♥ s❡r❛✐s ♣❛s ❧à ❛✉❥♦✉r❞✬❤✉✐ ✿ ♠♦♥ ❢rèr❡✱ ♠❛
s♦❡✉r✱ ♠♦♥ ♥❡✈❡✉✱ ❡t s✉rt♦✉t ♠❡s ♣❛r❡♥ts✳✳✳

❈❡tt❡ t❤ès❡ ❡st ❞é❞✐é❡ à ♠♦♥ ❣r❛♥❞✲♣èr❡✱ q✉✐ ♥♦✉s ❛ q✉✐ttés ❛✉ ❝♦✉rs ❞❡ ♠❛ ✶èr❡ ❛♥♥é❡ ❞❡
t❤ès❡✳ ❏❡ s✉✐s sûr q✉✬✐❧ ❞♦✐t êtr❡ très ❤❡✉r❡✉① ❧à✲❤❛✉t ❞❡ ✈♦✐r q✉❡ ❥✬❛✐ ♣✉ ♠❡♥❡r à ❜✐❡♥ ❝❡tt❡
❛✈❡♥t✉r❡✳✳✳

❙tr❛s❜♦✉r❣✱ ❧❡ ✶❡r ❛✈r✐❧ ✷✵✶✹ ✭♥♦♥ ❝❡ ♥✬❡st ♣❛s ✉♥ P♦✐ss♦♥ ❞✬❛✈r✐❧ ✦✮



❚❛❜❧❡ ❞❡s ♠❛t✐èr❡s

■ ■♥tr♦❞✉❝t✐♦♥ ❣é♥ér❛❧❡ ✶

✶ ❈♦♥t❡①t❡ ❞❡ ❝❡tt❡ t❤ès❡ ✸

✶✳✶ ●é♥ér❛❧✐tés ❞❡ ♠é❝❛♥✐q✉❡ ❞❡s ✢✉✐❞❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸

✶✳✷ Pr♦❞✉❝t✐♦♥ ❞❡ ♣❛r♦❧❡ ❤✉♠❛✐♥❡ ❡t ❢r✐❝❛t✐✈❡s ♥♦♥ ✈♦✐sé❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻

✶✳✸ Pr♦❥❡t P❡t❛❋❧♦✇ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷

✶✳✹ Pr✐♥❝✐♣❛✉① ♦❜❥❡❝t✐❢s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸

✷ ❉♦♥♥é❡s ✐♥✲✈✐✈♦ ❡t ♠❛q✉❡tt❡ ❞❡ ❝❛✈✐té ♦r❛❧❡ r❡❝♦♥str✉✐t❡ ✶✼

✷✳✶ P❛r❛♠ètr❡s ♣❤②s✐q✉❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❞❡ s✐❜✐❧❛♥t❡ ✴s✴ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽

✷✳✷ ▼❛q✉❡tt❡ ❞❡ ❝❛✈✐té ♦r❛❧❡ r❡❝♦♥str✉✐t❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾

✷✳✸ Pr♦t♦❝♦❧❡ ❡t ♠ét❤♦❞❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵

✷✳✹ ❘és✉❧t❛ts ❡t ❞✐s❝✉ss✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✹

✷✳✺ ❈♦♥❝❧✉s✐♦♥ ❞✉ ❈❤❛♣✐tr❡ ✷ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✺

■■ ▼❛q✉❡tt❡s ✐♥✲✈✐tr♦ s✐♠♣❧✐✜é❡s ✸✾

✸ ●é♦♠étr✐❡ ❛✈❡❝ ♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡ ✿ ♠❡s✉r❡s ❞❡ ✈✐t❡ss❡ ✹✶

✸✳✶ ●é♦♠étr✐❡ ❛✈❡❝ ♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✷

✸✳✷ ❚❤é♦r✐❡ ✿ ❥❡ts r❡❝t❛♥❣✉❧❛✐r❡s ❡t t✉r❜✉❧❡♥❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✹

✸✳✸ ❉✐s♣♦s✐t✐❢ ❞✬❛♥é♠♦♠étr✐❡ ✜❧♠ ❝❤❛✉❞ ✉t✐❧✐sé ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✺

✸✳✹ ❈❛r❛❝tér✐s❛t✐♦♥ ❡①♣ér✐♠❡♥t❛❧❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❛♠♦♥t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✻

✸✳✺ ❈❛r❛❝tér✐s❛t✐♦♥ ❡①♣ér✐♠❡♥t❛❧❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❛✈❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✸

✸✳✻ ❈♦♥❝❧✉s✐♦♥ ❞✉ ❈❤❛♣✐tr❡ ✸ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✽

✹ ●é♦♠étr✐❡s s✐♠♣❧✐✜é❡s ✿ ❝❛r❛❝tér✐s❛t✐♦♥ ❛❝♦✉st✐q✉❡ ✽✶

✐✐✐



✐✈ ❚❛❜❧❡ ❞❡s ♠❛t✐èr❡s

✹✳✶ ●é♦♠étr✐❡s ✐♥✲✈✐tr♦ ❝♦♥s✐❞éré❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✷

✹✳✷ Pr♦t♦❝♦❧❡s ❞❡ ♠❡s✉r❡s ❛❝♦✉st✐q✉❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✸

✹✳✸ ❈❛r❛❝tér✐s❛t✐♦♥ ❛❝♦✉st✐q✉❡ ❞❡ ❧❛ ❣é♦♠étr✐❡ ❛✈❡❝ ♦❜st❛❝❧❡✭s✮ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡ ✳ ✽✼

✹✳✹ ❈❛r❛❝tér✐s❛t✐♦♥ ❛❝♦✉st✐q✉❡ ❞❡s ❣é♦♠étr✐❡s ❵♦✛s❡t ✬ ❡t ❵❝❡♥tr❡❞ ✬ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✹

✹✳✺ ❈♦♥❝❧✉s✐♦♥ ❞✉ ❈❤❛♣✐tr❡ ✹ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✼

■■■ ❙✐♠✉❧❛t✐♦♥s ♥✉♠ér✐q✉❡s ✾✾

✺ ❙✐♠✉❧❛t✐♦♥s ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡s ✶✵✶

✺✳✶ ➱❝♦✉❧❡♠❡♥t ♣♦t❡♥t✐❡❧ ♥♦♥ ✈✐sq✉❡✉① ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✶

✺✳✷ ❆♣♣r♦①✐♠❛t✐♦♥ ❡♥ ❞✐✛ér❡♥❝❡s ✜♥✐❡s ❆❉❙❖❘ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✸

✺✳✸ ❈❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ ❛✈❡❝ ✉♥ ♦✉ ❞❡✉① ♦❜st❛❝❧❡s tr❛♣é③♦ï❞❛✉① ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✹

✺✳✹ ❱✐t❡ss❡ ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✺

✺✳✺ ❈♦♥❝❧✉s✐♦♥ ❞✉ ❈❤❛♣✐tr❡ ✺ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✹

✻ ❙✐♠✉❧❛t✐♦♥s ❞❡s ●r❛♥❞❡s ➱❝❤❡❧❧❡s ✶✶✺

✻✳✶ ❚❤é♦r✐❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✺

✻✳✷ P❛r❛♠ètr❡s ❞❡s s✐♠✉❧❛t✐♦♥s ▲❊❙ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✷

✻✳✸ ❘és✉❧t❛ts ❞❡s s✐♠✉❧❛t✐♦♥s ▲❊❙ ❡t ❞✐s❝✉ss✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✽

✻✳✹ Pré❞✐❝t✐♦♥ ❛ér♦❛❝♦✉st✐q✉❡ à ♣❛rt✐r ❞❡s ❞♦♥♥é❡s ▲❊❙ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✹

✻✳✺ ❈♦♥❝❧✉s✐♦♥ ❞✉ ❈❤❛♣✐tr❡ ✻ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✾

❈♦♥❝❧✉s✐♦♥ ❣é♥ér❛❧❡ ❡t ♣❡rs♣❡❝t✐✈❡s ✶✹✸

❇✐❜❧✐♦❣r❛♣❤✐❡ ✶✹✺

❆ ▼❡s✉r❡s ✐♥✲✈✐✈♦ ✿ ❞♦♥♥é❡s ❝♦♠♣❧é♠❡♥t❛✐r❡s ✶✺✼

❇ ■♥✢✉❡♥❝❡ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ s✉r ❧✬❛ér♦❛❝♦✉st✐q✉❡ ✶✻✶



❚❛❜❧❡ ❞❡s ♠❛t✐èr❡s ✈

❇✳✶ ■♥❝♦♠♣r❡ss✐❜❧❡ q✉❛s✐✲st❡❛❞② ♦♥❡✲❞✐♠❡♥s✐♦♥❛❧ ♠❡❛♥ ✢♦✇ t❤r♦✉❣❤ ❛ s❡♠✐✲✐♥✜♥✐t❡
♣✐♣❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✷

❇✳✷ ❈♦♠♣r❡ss✐❜❧❡ q✉❛s✐✲st❡❛❞② ♦♥❡✲❞✐♠❡♥s✐♦♥❛❧ ♠❡❛♥ ✢♦✇ t❤r♦✉❣❤ ❛ s❡♠✐✲✐♥✜♥✐t❡
♣✐♣❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✺

❇✳✸ ❉✐s❝✉ss✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✶

❇✳✹ ❋❧♦✇ r❡❛tt❛❝❤♠❡♥t ❞♦✇♥str❡❛♠ ❢r♦♠ ❛ s②♠♠❡tr✐❝❛❧ ✐♥❞❡♥t❛t✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✸

❈ ❈❛❧✐❜r❛t✐♦♥ ❡t ❝❛r❛❝tér✐s❛t✐♦♥ ❞❡s ✐♥str✉♠❡♥ts ❞❡ ♠❡s✉r❡ ✶✽✸

❈✳✶ ❈❛❧✐❜r❛t✐♦♥ ❞✉ ♠✐❝r♦♣❤♦♥❡ ❇✫❑ t②♣❡ ✹✶✾✷ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✸

❈✳✷ ❆♥é♠♦♠étr✐❡ ✜❧♠ ❝❤❛✉❞ à t❡♠♣ér❛t✉r❡ ❝♦♥st❛♥t❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✸

❈✳✸ ❈❤❛♠❜r❡s ❞❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t ❛ér♦❛❝♦✉st✐q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✼

❉ ◆♦t❡ t❡❝❤♥✐q✉❡ ♣❛r✉❡ ❞❛♥s ❧❛ r❡✈✉❡ ❆♣♣❧✐❡❞ ❆❝♦✉st✐❝s ✭✷✵✶✷✮ ✶✾✶

❊ ❆rt✐❝❧❡ ♣❛r✉ ❞❛♥s ❧❛ r❡✈✉❡ ❏♦✉r♥❛❧ ♦❢ ❋❧✉✐❞s ❊♥❣✐♥❡❡r✐♥❣ ✭✷✵✶✷✮ ✶✾✾





❚❛❜❧❡ ❞❡s ✜❣✉r❡s

✶✳✶ ❘❡♣r♦❞✉❝t✐♦♥ ❞❡ ❧✬❡①♣ér✐❡♥❝❡ ❞❡ ❘❡②♥♦❧❞s ✿ ❞✐s♣♦s✐t✐❢ ❡①♣ér✐♠❡♥t❛❧ ❡t rés✉❧t❛ts
✭t✐ré ❞❡ ❬❲❆❊❏✵✸❪✮ ✿ ✭❛✮ ré❣✐♠❡ ❧❛♠✐♥❛✐r❡ ❀ ✭❜✮ ✢✉❝t✉❛t✐♦♥s ❡t ❞é❝❤✐r❡♠❡♥t ❞✉
❝♦❧♦r❛♥t ❛✉ ré❣✐♠❡ ❞❡ tr❛♥s✐t✐♦♥ ❀ ✭❝✮ ré❣✐♠❡ t✉r❜✉❧❡♥t ❡t ♠♦✉✈❡♠❡♥ts ❞és♦r✲
❞♦♥♥és✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺

✶✳✷ ▲❡s ✈♦✐❡s ❛ér✐❡♥♥❡s s✉♣ér✐❡✉r❡s ❝❤❡③ ❧✬❤✉♠❛✐♥ ✭t✐ré ❞❡ ❬❙❛t✾✷❪✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽

✶✳✸ ❙✐❣♥❛❧ é❧❡❝tr✐q✉❡ ❞❡ ♣r❡ss✐♦♥ ❛❝♦✉st✐q✉❡ r❛②♦♥♥é❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣r❡ss✐♦♥
✐♥tr❛✲♦r❛❧❡ ♣♦✉r ❧❡s ❢r✐❝❛t✐✈❡s ♥♦♥ ✈♦✐sé❡s ✴❢✴✱ ✴s✴ ❡t ✴

∫

✴ ✭t✐ré ❞❡ ❬▼❊✺✸❪✮ ✳ ✳ ✳ ✳ ✽

✶✳✹ ❘❡♣rés❡♥t❛t✐♦♥ s❝❤é♠❛t✐sé❡ ❞❡s tr♦✐s t②♣❡s ❞❡ s♦✉r❝❡s ❛❝♦✉st✐q✉❡s ❞✉❡s à ❧❛
t✉r❜✉❧❡♥❝❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t à ♣r♦①✐♠✐té ❞✬✉♥❡ ❝♦♥str✐❝t✐♦♥ ✿ ✭❛✮ s❛♥s
♦❜st❛❝❧❡ ❀ ✭❜✮ ♦❜st❛❝❧❡ ❡♥ ❛✈❛❧ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ❀ ✭❝✮ ✢✉❝t✉❛t✐♦♥ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t
❞✉❡ à ✉♥❡ ✐rré❣✉❧❛r✐té ❡♥ ❛♠♦♥t ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ✭✏❜♦ss❡✑ s✉r ❧❡ ❞❡ss✐♥✮ ✭t✐ré
❞❡ ❬❙❤❛✽✺✱ ❙t❡✵✵❪✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾

✶✳✺ ❊①❡♠♣❧❡s ❞❡ ♠♦❞è❧❡s ❣é♦♠étr✐q✉❡s ❞❡ ❝♦♠♣❧❡①✐té ❝r♦✐ss❛♥t❡ ❞❡ ❝♦♥❞✉✐t ✈♦❝❛❧
❞✉r❛♥t ✉♥❡ ♣r♦❞✉❝t✐♦♥ ❞❡ s✐❜✐❧❛♥t❡ ✴s✴ ✿ ✭❛✮ ■♥❝✐s✐✈❡ ❡t ❝❤❛♠♣ ❧✐❜r❡ ❬❈◆❱❍+✶✸❪✳
✭❜✮ ▲❛♥❣✉❡ ❡t ✐♥❝✐s✐✈❡ ❬❱P❊❇✶✶❪✳ ✭❝✮ ▲❛♥❣✉❡ ❡t ✐♥❝✐s✐✈❡ ❬❱●P+✶✵❪✳ ✭❞✮ ❈❛✈✐té
♦r❛❧❡ ❤✉♠❛✐♥❡ ❬◆♦③✶✵❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵

✶✳✻ ❱❛r✐❛❜✐❧✐té ❞❡s ❞❡♥t✐t✐♦♥s ❤✉♠❛✐♥❡s✳ ✭❛✮ ❡t ✭❜✮ t✐ré ❞❡ ❬▼●❇✵✸❪✳ ✭❝✮ t✐ré ❞❡ ❬❈❙❇✵✸❪✳ ✶✶

✶✳✼ Pr♦❥❡t ❞❡ ❝♦❧❧❛❜♦r❛t✐♦♥ s❝✐❡♥t✐✜q✉❡ ❢r❛♥❝♦✲❥❛♣♦♥❛✐s❡ P❡t❛❋❧♦✇✳ ✭❛✮ ❙♦❧✉t✐♦♥s
❞❡ ❚❡❝❤♥♦❧♦❣✐❡s ❞❡ ❧✬■♥❢♦r♠❛t✐♦♥ ✫ ❈♦♠♠✉♥✐❝❛t✐♦♥s ✭❚■❈✮ ❛♣♣❧✐q✉é❡s ❛✉① r❡✲
❝❤❡r❝❤❡s s✉r ❧✬é❝♦✉❧❡♠❡♥t à tr❛✈❡rs ❧❛ ❝❛✈✐té ♦r❛❧❡ ♣♦✉r ❧❛ ♣r❛t✐q✉❡ ♦rt❤♦❞♦♥✲
t✐q✉❡ ✭t✐ré ❞❡ ❬❆❆❇+✶✸❪✮✳ ✭❜✮ ❚♦♣♦❧♦❣✐❡ ❞✉ rés❡❛✉ ✐♥❢♦r♠❛t✐q✉❡ ✐♠♣❧é♠❡♥té
❝♦♠♠❡ ❜❛♥❝ ❞✬❡ss❛✐ ♣♦✉r ❧❡ ♣r♦❥❡t ✭t✐ré ❞❡ ❬❆❆❇+✶✸❪✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹

✶✳✽ ❈❛❞r❡ ❣é♥ér❛❧ ❞❡ ❧❛ t❤ès❡ ❡t ♣r✐♥❝✐♣❛✉① ♦❜❥❡❝t✐❢s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺

✷✳✶ ✭❛✮ ❈♦✉♣❡ ❞✬✉♥ s❝❛♥ ❚❉▼ ❞✉r❛♥t ❧❛ ♣r♦♥♦♥❝✐❛t✐♦♥ ❞✬✉♥❡ s✐❜✐❧❛♥t❡ ✴s✴ ♠❛✐♥✲
t❡♥✉❡ ♠♦♥tr❛♥t ❧❛ ❝♦♥str✐❝t✐♦♥ ✭r❡❝t❛♥❣❧❡ r♦✉❣❡✮ ❡t ❧❡s ♣r✐♥❝✐♣❛✉① ❛rt✐❝✉❧❛t❡✉rs
✐♠♣❧✐q✉és✳ ✭❜✮ ▼♦✉❧❡ ❡♥ ♣❧âtr❡ ♦❜t❡♥✉ à ♣❛rt✐r ❞✉ s❝❛♥ ❚❉▼ ✭❞✐♠❡♥s✐♦♥s ❡♥
♠♠✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵

✷✳✷ ✭❛✮ ❱✉❡ ✐♥tér✐❡✉r❡ ❞❡ ❧❛ ♠❛q✉❡tt❡ ❞❡ ❝❛✈✐té ♦r❛❧❡ r❡❝♦♥str✉✐t❡✳ ✭❜✮ ❱✉❡ ❡①té✲
r✐❡✉r❡✳ ✭❝✮ ❱✉❡ ❢r♦♥t❛❧❡✳ ✭❞✮ ❊♠❜♦✉t ❝②❧✐♥❞r✐q✉❡ ❡♥ ❧❛✐t♦♥✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶

✷✳✸ ✭❛✮ ❙t❛t✐♦♥ ❊❱❆ ❡t ♦r❞✐♥❛t❡✉r ❞✬❛❝q✉✐s✐t✐♦♥✳ ✭❜✮ ❉✐s♣♦s✐t✐❢ ✐♥st❛❧❧é s✉r ✉♥ s✉✲
❥❡t ✿ ✭✶✮ ♠❛sq✉❡ ❛✈❡❝ ❝❛♣t❡✉r ❞❡ ❞é❜✐t ❞✬❛✐r ♦r❛❧✱ ✭✷✮ ♠✐❝r♦♣❤♦♥❡✱ ✭✸✮ s♦♥❞❡ ❞❡
♣r❡ss✐♦♥ ✐♥tr❛✲♦r❛❧❡ ❡t ✭✹✮ é❧❡❝tr♦❣❧♦tt♦❣r❛♣❤❡ ✭❊●●✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶

✈✐✐



✈✐✐✐ ❚❛❜❧❡ ❞❡s ✜❣✉r❡s

✷✳✹ ❊①❡♠♣❧❡ ❞❡ ♠❡s✉r❡s ❊❱❆ ❬s✐❣♥❛❧ ❛❝♦✉st✐q✉❡ ♥♦r♠❛❧✐sé ✭s♦♥✮✱ ❞é❜✐t ❞✬❛✐r ♦r❛❧
Q✱ ♣r❡ss✐♦♥ ✐♥tr❛✲♦r❛❧❡ ∆P ❡t s✐❣♥❛❧ ❊●●❪ ❞✉r❛♥t ❞❡s s❡❣♠❡♥ts ❞❡ ❢r✐❝❛t✐✈❡s
♥♦♥ ✈♦✐sé❡s ♠❛✐♥t❡♥✉❡s ❝♦♥sé❝✉t✐✈❡s ❡t s♣❡❝tr♦❣r❛♠♠❡ ❞✉ s✐❣♥❛❧ ❛❝♦✉st✐q✉❡✳
▲❡s ❧✐❣♥❡s ✈❡rt✐❝❛❧❡s ❡♥ ♣♦✐♥t✐❧❧és ✐♥❞✐q✉❡♥t ❧❡s ♣♦rt✐♦♥s ❞❡ s✐❣♥❛❧ ❛♥❛❧②sé❡s✳ ✳ ✳ ✷✸

✷✳✺ ❆♣❡rç✉ ❞❡s ❞✐s♣♦s✐t✐❢s ❞❡ ❣é♥ér❛t✐♦♥ ❞❡ ❜r✉✐t ✭s✉❥❡t ❵❑◆✬✮ ❡t ❞❡ ♠❡s✉r❡s ❛❝♦✉s✲
t✐q✉❡s ✿ ✭■✮ s✐❜✐❧❛♥t❡ ✴s✴ ❤✉♠❛✐♥❡✱ ✭■■✮ ♠❛q✉❡tt❡ ✐♥✲✈✐tr♦ ❛❧✐♠❡♥té❡ ❡♥ ❛✐r ♣❛r
✉♥ ❝♦♠♣r❡ss❡✉r ❬·▲✴♠✐♥❪ ❡t ✭■■■✮ s✉❥❡t s♦✉✤❛♥t ❞❛♥s ❧❛ ♠❛q✉❡tt❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✹

✷✳✻ ✭❛✮ ▼♦②❡♥♥❡s ❣❧♦❜❛❧❡s Q ❡t ∆P ✭s②♠❜♦❧❡s✮ ❡t ✈❛r✐❛t✐♦♥s ❣❧♦❜❛❧❡s σQ ❡t σ∆P
✭❜❛rr❡s ❤♦r✐③♦♥t❛❧❡s ❡t ✈❡rt✐❝❛❧❡s✮ ❞❡ ♣r❡ss✐♦♥ ✐♥tr❛✲♦r❛❧❡ ∆P ❡t ❞é❜✐ts ❞✬❛✐r
♦r❛✉① Q ♣♦✉r t♦✉s ❧❡s ♥✐✈❡❛✉① ❞✬✐♥t❡♥s✐té é✈❛❧✉és ✭❵s♦❢t✬✱ ❵♠❡❞✐✉♠✬ ❡t ❵❧♦✉❞✬✮
♣♦✉r ❧❡s s✉❥❡ts ❵❨❋✬ ✭✴s✴ ❡t ✴❢✴✮ ❡t ❵❑◆✬ ✭✴s✴✮✳ ✭❜✮ ▲❡s ♠♦②❡♥♥❡s ✭❧✐❣♥❡s✮ ❡t
é❝❛rt✲t②♣❡s ✭③♦♥❡s ♦♠❜ré❡s✮ ❞❡s s♣❡❝tr❡s ❛❝♦✉st✐q✉❡s ✭♥✐✈❡❛✉ ❞❡ ♣r❡ss✐♦♥ s♦♥♦r❡
Lp(f)✮ ♣♦✉r ❧❡ s✉❥❡t ❵❑◆✬ ✭✴s✴✮ ♣♦✉r t♦✉s ❧❡s ♥✐✈❡❛✉① ❞✬✐♥t❡♥s✐té é✈❛❧✉és ✳ ✳ ✳ ✳ ✷✻

✷✳✼ ❉✐❛♠ètr❡s ❤②❞r❛✉❧✐q✉❡s ❞❡ ❝♦♥str✐❝t✐♦♥ ♠✐♥✐♠❛❧❡ Dc ❡st✐♠és ❞❡s ✈❛❧❡✉rs ♠❡s✉✲
ré❡s ❛✈❡❝ ❊❱❆ ❞❡ Q ❡t ∆P ♣♦✉r t♦✉s ❧❡s ♥✐✈❡❛✉① ❞✬✐♥t❡♥s✐té ✭♦✉ ❞é❜✐ts ❞✬❛✐r
♦r❛✉①✮ ❡t s✉❥❡ts ❵❨❋✬ ✭✴s✴ ❡t ✴❢✴✮ ❡t ❵❑◆✬ ✭✴s✴✮ ❡♥ ✉t✐❧✐s❛♥t ✿ éq✉❛t✐♦♥s ✭✷✳✸✮ ✭♦✱
�✱ ©✮ ❡t ✭✷✳✸✮ ✭×✮ ♣♦✉r t❡♥✐r ❝♦♠♣t❡ ❞❡s ♣❡rt❡s ✈✐sq✉❡✉s❡s✱ ❛✈❡❝ L = 22♠♠✳
▲❡s ❜❛rr❡s ✈❡rt✐❝❛❧❡s ✐♥❞✐q✉❡♥t ❧❛ ✈❛r✐❛t✐♦♥ ❣❧♦❜❛❜❧❡ σDc ✳ ▲❛ ❣❛♠♠❡ ❞❡ ✈❛❧❡✉rs
♠❡s✉ré❡s ❞❡ Dc r❡♣♦rté❡s ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡ ❬◆❆✾✻✱ ❙❙✾✺✱ ❙t❡✵✵✱ ❲❛r✼✻❪ ✭❧✐t✳✮
❡st ✐♥❞✐q✉é❡ ♣♦✉r ❧❡ ♣❤♦♥è♠❡ ✴s✴ ✭③♦♥❡ ♦♠❜ré❡ ❡♥ ❣r✐s✮ ❡t ❧❡ ♣❤♦♥è♠❡ ✴❢✴ ✭③♦♥❡
♦♠❜ré❡ ❡♥ ❣r✐s ❢♦♥❝é✮✳ ▲❡ ❞✐❛♠ètr❡ ❤②❞r❛✉❧✐q✉❡ ♠✐♥✐♠❛❧ Dc = 2.1♠♠ ✭❧✐❣♥❡ ❤♦✲
r✐③♦♥t❛❧❡ ♣♦✐♥t✐❧❧é❡✮ ❡t ❧✬❡rr❡✉r ♠❛①✐♠❛❧❡ ❛ss♦❝✐é❡ ±0.2♠♠ ✭③♦♥❡ ❡♥ ❣r✐s ❢♦♥❝é✮
❞✉ ♣❛ss❛❣❡ rétré❝✐ ❞❡ ❧❛ ❝❛✈✐té ♦r❛❧❡ r❡❝♦♥str✉✐t❡ ♣♦✉r ❧❡ ♣❤♦♥è♠❡ ✴s✴ ✭s✉❥❡t
❵❑◆✬✮ s♦♥t r❡♣rés❡♥tés✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼

✷✳✽ ■❧❧✉str❛t✐♦♥ ❞❡s s♣❡❝tr❡s ❛❝♦✉st✐q✉❡s Lp(f) ♦❜t❡♥✉s à ♣❛rt✐r ❞❡s ♠❡s✉r❡s ❞❛♥s
❧❛ ❝❤❛♠❜r❡ q✉❛s✐✲❛♥é❝❤♦ïq✉❡ ✭✜❣✉r❡ ✷✳✺✮ ♣♦✉r ❧❡ ♣❤♦♥è♠❡ ✴s✴ ♣r♦♥♦♥❝é ♣❛r ❧❡
s✉❥❡t ❵❑◆✬ ✭✴s✴ ♣r♦♥♦♥❝é ✭■✮✮✱ ♠❛q✉❡tt❡ ❛❧✐♠❡♥té❡ ❡♥ ❛✐r ♣❛r ❧❡ ❝♦♠♣r❡ss❡✉r
✭❝♦♠♣r❡ss❡✉r ·▲✴♠✐♥ ✭■■✮✮ ❡t s✉❥❡t ❵❑◆✬ s♦✉✤❛♥t ❞❡ ❧✬❛✐r ❞❛♥s ❧❛ ♠❛q✉❡tt❡
✭♠❛q✉❡tt❡ ✴s✴ ✭■■■✮✮ ♣♦✉r ❞❡s ❞é❜✐ts ❞✬❛✐r ♦r❛✉① ❝♦rr❡s♣♦♥❞❛♥t ❛✉① ♥✐✈❡❛✉①
❞✬✐♥t❡♥s✐té ✭❛✮ ❵♠❡❞✐✉♠✬ ❡t ✭❜✮ ❵❧♦✉❞✬✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾

✷✳✾ ■❧❧✉str❛t✐♦♥ ❞❡s ♣❛r❛♠ètr❡s s♣❡❝tr❛✉① ✿ ✭❛✮ ❛♠♣❧✐t✉❞❡ ❞②♥❛♠✐q✉❡ Ad ❡♥ ❢♦♥❝t✐♦♥
❞❡ ❧❛ ♣❡♥t❡ s♣❡❝tr❛❧❡ S2 ❡t ✭❜✮ ♣❡♥t❡ s♣❡❝tr❛❧❡ S1 ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❢réq✉❡♥❝❡
❞✬❛♠♣❧✐t✉❞❡ s♣❡❝tr❛❧❡ ♠❛①✐♠❛❧❡ fm✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✶

✷✳✶✵ ➱❝❛rts ❡♥ é♥❡r❣✐❡ ❛❝♦✉st✐q✉❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❜❛♥❞❡s ❞✬♦❝t❛✈❡s ❝❡♥tré❡s s✉r ❧❛
❢réq✉❡♥❝❡ fc ♥♦r♠❛❧✐sé❡ ♣❛r ❧✬é♥❡r❣✐❡ t♦t❛❧❡ ✭ξ(fc)✮ ♣♦✉r t♦✉s ❧❡s ♥✐✈❡❛✉① ❞✬✐♥✲
t❡♥s✐té ✭❵s♦❢t✬✱ ❵♠❡❞✐✉♠✬ ❡t ❵❧♦✉❞✬✮ ✿ ✭❛✮ ❝♦♠♣r❡ss❡✉r ❝♦♠♣❛ré à ♣❤♦♥è♠❡ ✴s✴
♣r♦♥♦♥❝é ♣❛r ❧❡ s✉❥❡t ❵❑◆✬ ✭■■ ✈❡rs✉s ■✮ ❀ ✭❜✮ ❝♦♠♣r❡ss❡✉r ❝♦♠♣❛ré à s✉❥❡t ❵❑◆✬
s♦✉✤❛♥t ❞❛♥s ❧❛ ♠❛q✉❡tt❡ ✭■■ ✈❡rs✉s ■■■✮ ❀ ✭❝✮ ♣❤♦♥è♠❡ ✴s✴ ♣r♦♥♦♥❝é ♣❛r ❧❡
s✉❥❡t ❵❑◆✬ ❝♦♠♣❛ré à s✉❥❡t ❵❑◆✬ s♦✉✤❛♥t ❞❛♥s ❧❛ ♠❛q✉❡tt❡ ✭■ ✈❡rs✉s ■■■✮✳ ✳ ✳ ✳ ✸✹



❚❛❜❧❡ ❞❡s ✜❣✉r❡s ✐①

✷✳✶✶ ❉✐s♣♦s✐t✐❢ ❡①♣ér✐♠❡♥t❛❧ ❞❡ ✈✐s✉❛❧✐s❛t✐♦♥s ❞✬é❝♦✉❧❡♠❡♥ts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✻

✷✳✶✷ ❱✐s✉❛❧✐s❛t✐♦♥s ❞❡ ❧✬é❝♦✉❧❡♠❡♥t s♦rt❛♥t ❞❡ ❧❛ ♠❛q✉❡tt❡ ❞❡ ❝❛✈✐té ♦r❛❧❡ r❡❝♦♥s✲
tr✉✐t❡ ✿ ✈✉❡s tr❛♥s✈❡rs❛❧❡s ✭❛✱ ❜✱ ❝✮ ❡t ❧♦♥❣✐t✉❞✐♥❛❧❡ ✭❞✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✻

✸✳✶ ▼❛q✉❡tt❡ à ♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡ ✭t✐ré ❞❡ ❬●r❛✵✾❪✮ ✿ ✭❛✮ ♠♦❞è❧❡ ❞✬✐♥❝✐s✐✈❡
s✉♣ér✐❡✉r❡ ❀ ✭❜✮ ✈✉❡ s❝❤é♠❛t✐q✉❡ ❞❡ ❧✬❡♠❜♦✉t à ♦❜st❛❝❧❡ ❀ ✭❝✮ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡
❛✈❡❝ ❡♠❜♦✉t ♠♦♥té à s♦♥ ❡①trê♠✐té ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✸

✸✳✷ ❈♦♥❞✐t✐♦♥s ❧✐♠✐t❡s ❡①♣ér✐♠❡♥t❛❧❡s ❛♠♦♥t t❡sté❡s ✿ ✭❛✮ ▲♦♥❣✉❡✉r ❞✉ ❝❛♥❛❧ r❡❝✲
t❛♥❣✉❧❛✐r❡✳ ✭❜✮ P❛✐❧❧❡s ✐♥séré❡s ❡♥ ❡♥tré❡✳ ✭❝✮ ◆✐❞ ❞✬❛❜❡✐❧❧❡ ✐♥séré ❡♥ ❡♥tré❡✳ ✳ ✳ ✳ ✹✺

✸✳✸ ❈♦♥❞✐t✐♦♥s ❧✐♠✐t❡s ❡①♣ér✐♠❡♥t❛❧❡s ❛✈❛❧ t❡sté❡s ✿ ✭❛✮ ❉❡❣ré ❞✬♦✉✈❡rt✉r❡ Hc

H ✳ ✭❜✮
❆♥❣❧❡ ❞✬❛tt❛q✉❡ θ1✳ ✭❝✮ ❆rêt❡s ✈✐✈❡s ❞❡ ❧❛ s❡❝t✐♦♥ ❞❡ s♦rt✐❡ ❛❞♦✉❝✐❡s ♣❛r ❞❡ ❧❛
♣ât❡ à ♠♦❞❡❧❡r✳ ❘❡♠❛rq✉❡ ✿ ❧✬❡✛❡t ❞✬❛❥♦✉t ❞❡ ♣ât❡ à ♠♦❞❡❧❡r ♥✬❡st ♣❛s é✈❛❧✉é
❞❛♥s ❝❡ ❝❤❛♣✐tr❡✱ ♠❛✐s ❧❡ s❡r❛ ❞❛♥s ❧❡ ❈❤❛♣✐tr❡ ✹✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✺

✸✳✹ ➱✈♦❧✉t✐♦♥ ❞❡s ✈✐t❡ss❡s ❧♦♥❣✐t✉❞✐♥❛❧❡s ❝❡♥tr❛❧❡s ❞✬✉♥ ❥❡t r❡❝t❛♥❣✉❧❛✐r❡ ✭❛❞❛♣té
❞❡ ❬❆❧♥✶✵❪ ❡t ❬❑❇❑✽✶❪✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✻

✸✳✺ ❙♣❡❝tr❡s ❞❡ ❑♦❧♠♦❣♦r♦✈ ✐ss✉s ❞❡ ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s ❞✬ét✉❞❡s ❛♥tér✐❡✉r❡s
✭t✐ré ❞❡ ❬▼♦r✶✵❪✮✳ κ1 ❡st ❧❡ ♥♦♠❜r❡ ❞✬♦♥❞❡ ❧♦♥❣✐t✉❞✐♥❛❧ ✭❧✐é ❛✉① ✢✉❝t✉❛t✐♦♥s
❧♦♥❣✐t✉❞✐♥❛❧❡s ❞❡ ✈✐t❡ss❡✮✳ η ❝♦rr❡s♣♦♥❞ ✐❝✐ à ❧✬é❝❤❡❧❧❡ ❞❡ ❞✐ss✐♣❛t✐♦♥ ld ✭éq✉❛✲
t✐♦♥s ✭✸✳✷✮ ❡t ✭✸✳✸✮✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✽

✸✳✻ ❊①❡♠♣❧❡ ❞❡ ❢♦♥❝t✐♦♥ ❞❡ ❞❡♥s✐té ❞❡ ♣r♦❜❛❜✐❧✐té ❣❛✉ss✐❡♥♥❡ ✭♦✉ ♥♦r♠❛❧❡✮ ✿ s❦❡✇✲
♥❡ss S = 0✱ ❦✉rt♦s✐s K = 3✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✷

✸✳✼ P❛r❛♠ètr❡s ❞❡ ❥❡t ❡♥ ❛✈❛❧ ❞❡ ❧✬♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡✱ é✈❛❧✉és à ♣❛rt✐r ❞✬✉♥
♣r♦✜❧ tr❛♥s✈❡rs❛❧ ❞❡ ✈✐t❡ss❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ♠♦②❡♥♥❡✳ ❙❡✉✐❧ ❞❡ ✺✵✪ ✭p = 0.5✮ ♣r✐s
❡♥ ❡①❡♠♣❧❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✻

✸✳✽ ✭❛✮ ❱✉❡ s❝❤é♠❛t✐q✉❡ ❞✉ ♣r♦t♦❝♦❧❡ ❞✬❛♥é♠♦♠étr✐❡ ✜❧♠ ❝❤❛✉❞ ✭✈♦✐r s❡❝t✐♦♥ ✸✳✸
♣♦✉r ❧❛ ❧é❣❡♥❞❡ ❞❡s ❞✐✛ér❡♥ts é❧é♠❡♥ts✮✳ ✭❜✮ ❙♦♥❞❡ ✜❧♠ ❝❤❛✉❞ ♣♦s✐t✐♦♥♥é❡ ❞❡✈❛♥t
❧❡ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ ❛✈❡❝ ❡♠❜♦✉t✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✼

✸✳✾ P♦s✐t✐♦♥♥❡♠❡♥t ❞❡ ❧❛ s♦♥❞❡ ✜❧♠ ❝❤❛✉❞ ♣♦✉r ❧❡s ♠❡s✉r❡s ❞✬é❝♦✉❧❡♠❡♥t ❛♠♦♥t ✿
✭✶✮ ❝❤❛♠❜r❡ ❞❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t ❀ ✭✷✮ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ ❀ ✭✸✮ s♦♥❞❡ ✜❧♠ ❝❤❛✉❞✳
▲❛ ❧✐❣♥❡ ♣♦✐♥t✐❧❧é❡ s✉r ❧❡ s❝❤é♠❛ ✭❛✮ r❡♣rés❡♥t❡ ❧❛ tr❛❥❡❝t♦✐r❡ ❞❡ ❧❛ s♦♥❞❡✳ ✳ ✳ ✳ ✳ ✺✽

✸✳✶✵ Pr♦✜❧s tr❛♥s✈❡rs❛✉① ❞❡ ✈✐t❡ss❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ♠♦②❡♥♥❡ ♠❡s✉rés ♣♦✉r ❝❤❛q✉❡ t②♣❡
❞❡ ❝♦♥❞✐t✐♦♥ ❧✐♠✐t❡ ❛♠♦♥t t❡sté❡ ✭s❛♥s ❡♠❜♦✉t ♠♦♥té✮ ❡t ♣♦✉r s✐① ♥♦♠❜r❡s ❞❡
❘❡②♥♦❧❞s ✿ ✶✷✵ ✭×✮ ❀ ✸✶✵ ✭+✮ ❀ ✺✵✶ ✭◦✮ ❀ ✼✽✾ ✭∗✮ ❀ ✶✶✻✼ ✭�✮ ❀ ✶✸✺✵ ✭⋄✮✳ Pr♦✜❧s ❞❡
ré❢ér❡♥❝❡ ❛❥♦✉tés ♣♦✉r ❝♦♠♣❛r❛✐s♦♥ ✿ ♣❛r❛❜♦❧✐q✉❡ ✭♣♦✐♥t✐❧❧és ❜❧❡✉ ❝❧❛✐r✮✱ ❧♦✐ ❞❡
♣✉✐ss❛♥❝❡ ✶✴✼è♠❡ ✭♣♦✐♥t✐❧❧és ❜❧❡✉ ❢♦♥❝é✮✱ ❤❛✉t✲❞❡✲❢♦r♠❡ ✭♣♦✐♥t✐❧❧és ✜♥s✮✱ ✉♥✐✲
❢♦r♠❡ ✭tr❛✐ts ♣❧❡✐♥s✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✵



① ❚❛❜❧❡ ❞❡s ✜❣✉r❡s

✸✳✶✶ ■♥t❡♥s✐tés t✉r❜✉❧❡♥t❡s ❧♦❝❛❧❡s ♠❡s✉ré❡s ♣♦✉r ❝❤❛q✉❡ t②♣❡ ❞❡ ❝♦♥❞✐t✐♦♥ ❧✐♠✐t❡
❛♠♦♥t t❡sté❡ ✭s❛♥s ❡♠❜♦✉t ♠♦♥té✮ ❡t ♣♦✉r s✐① ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ✿ ✶✷✵ ✭×✮ ❀
✸✶✵ ✭+✮ ❀ ✺✵✶ ✭◦✮ ❀ ✼✽✾ ✭∗✮ ❀ ✶✶✻✼ ✭�✮ ❀ ✶✸✺✵ ✭⋄✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✶

✸✳✶✷ ❙♣❡❝tr❡s ❞❡ ❑♦❧♠♦❣♦r♦✈ ✭❞❡♥s✐tés s♣❡❝tr❛❧❡s ❞❡ ♣✉✐ss❛♥❝❡ ❞❡ ❧❛ ✈✐t❡ss❡ ✐♥st❛♥✲
t❛♥é❡✮ ♣♦✉r ❧❡ ❝❛♥❛❧ s✐♠♣❧❡ ✈✐❞❡ ❛✉ ❝❡♥tr❡ ✭ yH = 0✮✱ à ❣❛✉❝❤❡ ✭ yH = −0.4✮ ❡t
à ❞r♦✐t❡ ✭ yH = +0.4✮ ♣♦✉r ❞❡✉① ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ❞é❜✐t❛♥ts✳ ▲♦✐ ❡♥ ✲✺✴✸
❛❥♦✉té❡ ❝♦♠♠❡ ré❢ér❡♥❝❡ ✭❝♦♥st❛♥t❡ ❞❡ ❑♦❧♠♦❣♦r♦✈ Cκ ❛r❜✐tr❛✐r❡ ❀ η = H✮✳ ✳ ✳ ✳ ✻✷

✸✳✶✸ ❋♦♥❝t✐♦♥s ❞❡ ❞❡♥s✐té ❞❡ ♣r♦❜❛❜✐❧✐té ✭❋❉P✮ ❞❡ ❧❛ ❝♦♠♣♦s❛♥t❡ ✢✉❝t✉❛♥t❡ ✭❛❧é❛✲
t♦✐r❡✮ ❞❡ ❧❛ ✈✐t❡ss❡ ❝❡♥tr❛❧❡ ❡st✐♠é❡s ♣♦✉r ❧❡s ❝❛s ✿ ✭❛✮ ❈❛♥❛❧ s✐♠♣❧❡ ✈✐❞❡
✭Red = 1167✮✳ ✭❜✮ ❙❛♥s ❝❛♥❛❧ ✭Red = 1167✮✳ ▲❡s ✈❛❧❡✉rs ❞❡s ♠♦♠❡♥ts ❞✬♦r❞r❡ ✸
✭S✱ s❦❡✇♥❡ss✮ ❡t ✹ ✭K✱ ❦✉rt♦s✐s✮ s♦♥t ✐♥❞✐q✉és ❞❛♥s ❧❛ ❧é❣❡♥❞❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✸

✸✳✶✹ ❈♦♠♣❛r❛✐s♦♥ ❞❡s ✈✐t❡ss❡s ❝❡♥tr❛❧❡s ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ❞é❜✐t❛♥t
♣♦✉r ❧❡s s✐① ❝♦♥❞✐t✐♦♥s ❛♠♦♥t t❡sté❡s ✿ s❛♥s ❝❛♥❛❧ ✭×✮ ❀ ❝❛♥❛❧ s✐♠♣❧❡ ✭∗✮ ❀ ❝❛♥❛❧
s✐♠♣❧❡ ❡t ♣❛✐❧❧❡s ✭⋄✮ ❀ ❝❛♥❛❧ s✐♠♣❧❡ ❡t ♥✐❞ ❞✬❛❜❡✐❧❧❡ ✭�✮ ❀ ❝❛♥❛❧ ❞♦✉❜❧❡ ✭+✮ ❀ ❝❛♥❛❧
❞♦✉❜❧❡ ❡t ♣❛✐❧❧❡s ✭◦✮✳ ❚r❛✐t r♦✉❣❡ ♣❧❡✐♥ ✿ ❧♦✐ Uc =

Redν
H ❀ tr❛✐t ❜❧❡✉ ❡♥ ♣♦✐♥t✐❧❧és ✿

❧♦✐ ❤②❞r❛✉❧✐q✉❡ ✭éq✉❛t✐♦♥ ✸✳✸✵✮ ❀ tr❛✐t ♥♦✐r ❡♥ ♣♦✐♥t✐❧❧és ✿ ♣r♦✜❧ ♣❛r❛❜♦❧✐q✉❡ t❤é♦✲
r✐q✉❡ ✭éq✉❛t✐♦♥ ✸✳✷✼✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✹

✸✳✶✺ ❈♦♠♣❛r❛✐s♦♥ ❞❡s ✐♥t❡♥s✐tés t✉r❜✉❧❡♥t❡s ❝❡♥tr❛❧❡s ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡
❘❡②♥♦❧❞s ❞é❜✐t❛♥t ♣♦✉r ❧❡s s✐① ❝♦♥❞✐t✐♦♥s ❛♠♦♥t t❡sté❡s ✿ s❛♥s ❝❛♥❛❧ ✭×✮ ❀ ❝❛♥❛❧
s✐♠♣❧❡ ✭∗✮ ❀ ❝❛♥❛❧ s✐♠♣❧❡ ❡t ♣❛✐❧❧❡s ✭⋄✮ ❀ ❝❛♥❛❧ s✐♠♣❧❡ ❡t ♥✐❞ ❞✬❛❜❡✐❧❧❡ ✭�✮ ❀ ❝❛♥❛❧
❞♦✉❜❧❡ ✭+✮ ❀ ❝❛♥❛❧ ❞♦✉❜❧❡ ❡t ♣❛✐❧❧❡s ✭◦✮✳ ❚r❛✐t r♦✉❣❡ ♣❧❡✐♥ ✿ ❧♦✐ ❡♠♣✐r✐q✉❡ ❛❞✲❤♦❝
✭éq✳ ✸✳✸✶✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✹

✸✳✶✻ ❈♦♠♣❛r❛✐s♦♥ ❞❡s s♣❡❝tr❡s ❞❡ ❑♦❧♠♦❣♦r♦✈ ❞❡ ✈✐t❡ss❡ ❝❡♥tr❛❧❡ ✐♥st❛♥t❛♥é❡ ✭ yH =

0✮ ♣♦✉r t♦✉t❡s ❧❡s ❝♦♥✜❣✉r❛t✐♦♥s ❛♠♦♥t ét✉❞✐é❡s ♣♦✉r ❞❡✉① ♥♦♠❜r❡s ❞❡ ❘❡②✲
♥♦❧❞s✳ ▲❛ ❧♦✐ ❡♥ ✲✺✴✸ ❡st ❛❥♦✉té❡ ❝♦♠♠❡ ré❢ér❡♥❝❡ ✭❝♦♥st❛♥t❡ Cκ ❛r❜✐tr❛✐r❡ ❀
η = H✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✺

✸✳✶✼ ❈♦ï♥❝✐❞❡♥❝❡ ❡♥tr❡ ✈✐t❡ss❡s ❝❡♥tr❛❧❡s tr❛♥s✈❡rs❛❧❡♠❡♥t ❡t ❧♦♥❣✐t✉❞✐♥❛❧❡♠❡♥t ♠❡✲
s✉ré❡s✳ ▲❛ ❧✐❣♥❡ ❡♥ ♣♦✐♥t✐❧❧és ✭ré❢ér❡♥❝❡✮ r❡♣rés❡♥t❡ ✉♥❡ ♠❡s✉r❡ ♣❛r❢❛✐t❡✳ ✳ ✳ ✳ ✳ ✻✻

✸✳✶✽ Pr♦✜❧s ❤♦r✐③♦♥t❛✉① ✭❞✐r❡❝t✐♦♥ z✮ ❞❡ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ❛❞✐♠❡♥s✐♦♥♥é❡ ♣❛r ❧❛ ✈❛❧❡✉r
♠❛①✐♠❛❧❡ ❡t ❞✬✐♥t❡♥s✐té t✉r❜✉❧❡♥t❡ ❣❧♦❜❛❧❡ ♠❡s✉rés ♣♦✉r ❧✬❡♠❜♦✉t à ✉♥ ♦❜st❛❝❧❡
♠♦♥té s✉r ❧❡ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ s✐♠♣❧❡ ✭ LL0

= 1✮ ❛✈❡❝ ♥✐❞ ❞✬❛❜❡✐❧❧❡ ✐♥séré ❡♥
❡♥tré❡✱ ♣♦✉r ✉♥❡ ♦✉✈❡rt✉r❡ ❞❡ ✸✵✪ ❡t ♣♦✉r ❧❡s ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ❞é❜✐t❛♥ts
✹✵✷ ✭+✮ ❡t ✷✵✽✹ ✭×✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✼



❚❛❜❧❡ ❞❡s ✜❣✉r❡s ①✐

✸✳✶✾ Pr♦✜❧s tr❛♥s✈❡rs❛✉① ❞❡ ✈✐t❡ss❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ♠♦②❡♥♥❡ ❛❞✐♠❡♥s✐♦♥♥é❡ ♣❛r ❧❛ ✈❛✲
❧❡✉r ♠❛①✐♠❛❧❡ ❡t ❞✬✐♥t❡♥s✐té t✉r❜✉❧❡♥t❡ ❣❧♦❜❛❧❡ ♠❡s✉rés ♣♦✉r ❧✬❡♠❜♦✉t ❛✈❡❝
♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡ ♠♦♥té s✉r ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ ❡♥ ♣❧❡①✐❣❧❛s ❞❡ ✸✶❝♠
♣♦✉r ✸ ❞❡❣rés ❞✬♦✉✈❡rt✉r❡ ✭✷✳✹✱ ✶✵ ❡t ✸✵✪✮ ❡t ✸ ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ❞é❜✐✲
t❛♥ts Red ✿ ✹✵✷ ✭+✮ ❀ ✶✵✼✾ ✭∗✮ ❀ ✷✵✽✹ ✭×✮✳ ▲❡s ❞❡✉① ③♦♥❡s ❡♥ ❣r✐s ❢♦♥❝é ♠❛té✲
r✐❛❧✐s❡♥t ❧❡s ♣♦s✐t✐♦♥s tr❛♥s✈❡rs❛❧❡s ❞❡s ♣❛r♦✐s ❞✉ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡✳ ▲❛ ③♦♥❡
❡♥ ❣r✐s ❝❧❛✐r ♠❛tér✐❛❧✐s❡ ❧❛ ♣❛rt✐❡ ❧✐❜r❡ ✭♥♦♥ ❝♦♥str✐❝té❡✮ s♦✉s ❧✬♦❜st❛❝❧❡✳ ▲❡ ❝❛s
(

Hc

H = 30%;Red = 1079
)

♥✬❡st ♣❛s ♣rés❡♥té ❡♥ r❛✐s♦♥ ❞✬✉♥❡ ♠❡s✉r❡ ❡rr♦♥é❡ ♣♦✉r
❝❡tt❡ ❝♦♥✜❣✉r❛t✐♦♥✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✾

✸✳✷✵ ✭❛✮ ❊①❡♠♣❧❡s ❞❡ ♣r♦✜❧s tr❛♥s✈❡rs❛✉① ❞❡ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ✐♥t❡r♣♦❧és ♣♦✉r ❧✬❡st✐✲
♠❛t✐♦♥ ❞❡ ❧❛ ❧❛r❣❡✉r ❞❡ ❥❡t ∆yp ❛✉ s❡✉✐❧ p = 50% ✿ ❝❛s Hc

H = 10✪✳ ▲❡s ❝r♦✐①
r❡♣rés❡♥t❡♥t ❧❡s ♣♦✐♥ts ♦ù U = pUm✳ ✭❜✮ ▲❛r❣❡✉r ❞❡ ❥❡t à ✺✵✪ ❛❞✐♠❡♥s✐♦♥♥é❡
∆y0.5
H ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ❞é❜✐t❛♥t ❡t ❞✉ ❞❡❣ré ❞✬♦✉✈❡rt✉r❡ ✿

✷✳✹✪ ✭©✮ ❀ ✶✵✪ ✭∗✮ ❀ ✸✵✪ ✭♦✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✵

✸✳✷✶ ❋❛❝t❡✉r ❞✬❛s②♠étr✐❡ ❞❡ ❥❡t yp−ym
∆yp

❡♥ ❢♦♥❝t✐♦♥ ❞✉ s❡✉✐❧ ❞❡ ✈✐t❡ss❡ ♠❛①✐♠❛❧❡ p%
♣♦✉r t♦✉t❡s ❧❡s ❝♦♥✜❣✉r❛t✐♦♥s ❛✈❛❧ ét✉❞✐é❡s✳ ▲❛ ❧✐❣♥❡ ♣♦✐♥t✐❧❧é❡ ♥♦✐r❡ ✭ré❢ér❡♥❝❡✮
❝♦rr❡s♣♦♥❞ ❛✉ ❝❛s ❞✬✉♥ ❥❡t ♣❛r❢❛✐t❡♠❡♥t ❛①✐s②♠étr✐q✉❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✵

✸✳✷✷ ▼♦❞✉❧❡ ❞❡ ❧❛ ❞❡♥s✐té s♣❡❝tr❛❧❡ ❞❡ ♣✉✐ss❛♥❝❡ ❞❡ ❧❛ ✈✐t❡ss❡ ✐♥st❛♥t❛♥é❡ φUm✱ ❞♦♥t
❧❛ ✈❛❧❡✉r ♠♦②❡♥♥❡ ❡st ♠❛①✐♠❛❧❡ s✉r t♦✉t❡ ❧✬ét❡♥❞✉❡ tr❛♥s✈❡rs❛❧❡ ♠❡s✉ré❡ ∆y✱
♣♦✉r ❧✬❡♠❜♦✉t à ✉♥ ♦❜st❛❝❧❡ ✭♦✉✈❡rt✉r❡ ❞❡ ✶✵✪✮ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡
❙tr♦✉❤❛❧ St = fHc

Udc
❡t ❞✉ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ❞é❜✐t❛♥t Red✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✶

✸✳✷✸ Pr♦✜❧s ❧♦♥❣✐t✉❞✐♥❛✉① ❞❡ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ❛❞✐♠❡♥s✐♦♥♥é❡ ❡t ❞✬✐♥t❡♥s✐té t✉r❜✉✲
❧❡♥t❡ ♠❡s✉rés ❡♥ ❛✈❛❧ ❞❡ ❧✬♦❜st❛❝❧❡ ♣♦✉r ✉♥❡ ♦✉✈❡rt✉r❡ ❞❡ ✷✳✹✪ ✭❤❛✉t✮✱ ✶✵✪ ✭♠✐✲
❧✐❡✉✮✱ ✸✵✪ ✭❜❛s✮ ❡t ♣♦✉r ❧❡s ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ❞é❜✐t❛♥ts ✿ ✹✵✷ ✭+✮ ❀ ✶✵✼✾ ✭∗✮ ❀
✷✵✽✹ ✭×✮✳ ▲❡s ❧✐❣♥❡s ✈❡rt✐❝❛❧❡s ❡♥ ♣♦✐♥t✐❧❧és r❡♣rés❡♥t❡♥t ❧❡s ♣♦s✐t✐♦♥s ❧♦♥❣✐t✉❞✐✲
♥❛❧❡s ❞❡ ✜♥ ❞❡s ❝ô♥❡s ♣♦t❡♥t✐❡❧s xpc ❡t ❧❛ ❧✐❣♥❡ ✈❡rt✐❝❛❧❡ ♥♦✐r❡ ♣❧❡✐♥❡ r❡♣rés❡♥t❡
❧❛ ♣♦s✐t✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❞❡ ❧❛ s❡❝t✐♦♥ ❞❡ s♦rt✐❡ xsortie ❞❡ ❧❛ ♠❛q✉❡tt❡ ✭❡♠❜♦✉t✮✳
Uoc ❡st ❧❛ ✈✐t❡ss❡ ❝❡♥tr❛❧❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ❢♦r♠é❡ ❡♥✲❞❡ss♦✉s ❞❡
❧✬♦❜st❛❝❧❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✸

✸✳✷✹ Pr♦✜❧s ❧♦♥❣✐t✉❞✐♥❛✉① ❡♥ ❧♦✐ ❵❝❛rré❡✬ ❡t ❞r♦✐t❡s ❞❡ ré❣r❡ss✐♦♥ ❧✐♥é❛✐r❡ ♣♦✉r ❞❡s
❞❡❣rés ❞✬♦✉✈❡rt✉r❡ ✷✳✹✪ ✭❛✮✱ ✶✵✪ ✭❜✮✱ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s✳ ▲❡s
❝♦❡✣❝✐❡♥ts ❞❡ ❝♦rré❧❛t✐♦♥ R ❡♥tr❡ ♣r♦✜❧s ❡t ❞r♦✐t❡s ❞❡ ré❣r❡ss✐♦♥ s♦♥t ✐♥❞✐q✉és
❞❛♥s ❧❛ ❧é❣❡♥❞❡✳ ▲❛ ❧✐❣♥❡ ✈❡rt✐❝❛❧❡ ♥♦✐r❡ r❡♣rés❡♥t❡ ❧❛ ♣♦s✐t✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❞❡
❧❛ s❡❝t✐♦♥ ❞❡ s♦rt✐❡ ❞✉ ❝❛♥❛❧✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✹

✸✳✷✺ ❈♦♠♣❛r❛✐s♦♥ ❞❡s ❞é❝r♦✐ss❛♥❝❡s ❧♦♥❣✐t✉❞✐♥❛❧❡s ❞❡ ✈✐t❡ss❡ ❝❡♥tr❛❧❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉
❞❡❣ré ❞✬♦✉✈❡rt✉r❡ ✭r❛♣♣♦rt ❞✬❛s♣❡❝t✮ ❡t ❞✉ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ✿ ✭❛✮ ♣rés❡♥t❡
ét✉❞❡ ❀ ✭❜✮ ét✉❞❡ ❞❡ ▼✐ ❡t ❛❧✳ ✭✷✵✵✺✮ ❬▼❉◆✵✺❪✳ ▲❛ ré❢ér❡♥❝❡ ❬✽❪ ❞❛♥s ❧❛ ❧é❣❡♥❞❡
❞❡ ❧❛ ✜❣✉r❡ ❞❡ ▼✐ ❝♦rr❡s♣♦♥❞ à ❧❛ t❤ès❡ ❞❡ ❉❡♦ ✭✷✵✵✺✮ ❬❉❡♦✵✺❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✺



①✐✐ ❚❛❜❧❡ ❞❡s ✜❣✉r❡s

✸✳✷✻ ❈♦♠♣❛r❛✐s♦♥ ❞❡s ♣♦s✐t✐♦♥s ❧♦♥❣✐t✉❞✐♥❛❧❡s ❛❞✐♠❡♥s✐♦♥♥é❡s ❞❡ ✜♥ ❞❡s ❝ô♥❡s ♣♦✲
t❡♥t✐❡❧s xpc é✈❛❧✉é❡s ♣♦✉r t♦✉t❡s ❧❡s ❝♦♥✜❣✉r❛t✐♦♥s ét✉❞✐é❡s ❡♥ ❢♦♥❝t✐♦♥ ❞✉
♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ❞é❜✐t❛♥t Red ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✻

✸✳✷✼ ❈♦♠♣❛r❛✐s♦♥ ❞❡s ♣❛r❛♠ètr❡s ❞❡ ❥❡t Ku ❡t x01 ♠❡s✉rés ♣♦✉r t♦✉t❡s ❧❡s ❝♦♥✜❣✉✲
r❛t✐♦♥s ét✉❞✐é❡s ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ❞é❜✐t❛♥t Red ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✼

✸✳✷✽ ▼♦❞✉❧❡ ❞❡ ❧❛ ❞❡♥s✐té s♣❡❝tr❛❧❡ ❞❡ ❧❛ ✈✐t❡ss❡ ✐♥st❛♥t❛♥é❡ ❝❡♥tr❛❧❡ ❡st✐♠é❡s ♣♦✉r
♣❧✉s✐❡✉rs ♣♦s✐t✐♦♥s ❧♦♥❣✐t✉❞✐♥❛❧❡s ❡♥ ❛✈❛❧ ❞❡ ❧✬♦❜st❛❝❧❡ ♣♦✉r ❧❡ ❝❛s ✭Hc

H = 10✪✱

Red = 2084✮✱ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ❙tr♦✉❤❛❧ St = fHc

Udc
✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✽

✹✳✶ ❊♠❜♦✉t à ❞❡✉① ♦❜st❛❝❧❡s ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡✱ ♣♦s✐t✐♦♥♥és ✿ ✭❛✮ s②♠étr✐q✉❡♠❡♥t ❀
✭❜✮ ❛s②♠étr✐q✉❡♠❡♥t✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✷

✹✳✷ ❆✉tr❡s ♠❛q✉❡tt❡s ✐♥✲✈✐tr♦ ét✉❞✐é❡s ❞❛♥s ❝❡tt❡ t❤ès❡ ✿ ✭❛✮ ❝♦♥✜❣✉r❛t✐♦♥ ❛s②♠é✲
tr✐q✉❡ ❥❡t✲♦❜st❛❝❧❡ ✭❵♦✛s❡t ✬✮ ❛✈❡❝ ❝♦♥str✐❝t✐♦♥ r❡❝t❛♥❣✉❧❛✐r❡ ❡t ✭❜✮ ❝♦♥✜❣✉r❛t✐♦♥
❥❡t✲♦❜st❛❝❧❡ s②♠étr✐q✉❡ ✭❵❝❡♥tr❡❞ ✬✮ ❛✈❡❝ ✉♥❡ s❡❝t✐♦♥ tr❛♥s✈❡rs❛❧❡ ❞❡ ❝♦♥str✐❝t✐♦♥
❝✐r❝✉❧❛✐r❡ ✭❈✮ ♦✉ ❡❧❧✐♣t✐q✉❡ ✭❊✮✳ ▲❡s ❞✐st❛♥❝❡s s♦♥t r❡♣♦rté❡s ❡♥ ❬♠♠❪✳ ▲✬é❝♦✉❧❡✲
♠❡♥t s✬é❝♦✉❧❡ ❞❡ ❧❛ ❣❛✉❝❤❡ ✈❡rs ❧❛ ❞r♦✐t❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✹

✹✳✸ Pr♦t♦❝♦❧❡ ❞❡ ♠❡s✉r❡s ❛❝♦✉st✐q✉❡s ✕ ❧❡ ❝♦♠♣r❡ss❡✉r ❢♦✉r♥✐ss❛♥t ❧✬❛❧✐♠❡♥t❛t✐♦♥
❡♥ ❛✐r ♥✬❡st ♣❛s r❡♣rés❡♥té✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✺

✹✳✹ ✭❛✮ ❆♥t❡♥♥❡ s❡♠✐✲❝✐r❝✉❧❛✐r❡ ♣♦s✐t✐♦♥♥é❡ ❞❡✈❛♥t ❧❛ s♦rt✐❡ ❞❡ ❧❛ ♠❛q✉❡tt❡ à ✉♥
♦❜st❛❝❧❡✳ ✭❜✮ P♦s✐t✐♦♥s ❛♥❣✉❧❛✐r❡s ❞❡s ♠✐❝r♦♣❤♦♥❡s ❞❡ ❧✬❛♥t❡♥♥❡ ✭❞❡ ✶ à ✽✮ ✿
✶✻✺➦✱ ✶✺✵➦✱ ✶✸✺➦✱ ✶✷✵➦✱ ✾✵➦✱ ✻✵➦✱ ✸✵➦✱ ✶✺➦✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✻

✹✳✺ ■♥✢✉❡♥❝❡ ❞❡ ❧❛ ❧♦♥❣✉❡✉r ❞✉ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ ♣♦✉r ❧✬❡♠❜♦✉t ❛✈❡❝ ❞❡♥t s✐♠♣❧❡
à ✶✵✼➦ ✭♦✉✈❡rt✉r❡ ❞❡ ✷✳✹✪✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✽

✹✳✻ ■♥✢✉❡♥❝❡ ❞❡ ❧✬❛♥❣❧❡ ❞✬❛tt❛q✉❡ θ1 ✭❝❛♥❛❧ s✐♠♣❧❡✱ ♦✉✈❡rt✉r❡ ❞❡ ✷✳✹✪✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✽

✹✳✼ ■♥✢✉❡♥❝❡ ❞✉ ❞❡❣ré ❞✬♦✉✈❡rt✉r❡ ♣♦✉r ❧✬❡♠❜♦✉t ❛✈❡❝ ❞❡♥t s✐♠♣❧❡ à ✶✵✼➦ ♠♦♥té❡
s✉r ✉♥ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ s✐♠♣❧❡ ✭ LL0

= 1✮ ✈✐❞❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✾

✹✳✽ ■♥✢✉❡♥❝❡ ❞❡ ❧✬❛❥♦✉t ❞❡ ♣ât❡ à ♠♦❞❡❧❡r s✉r ❧❛ s❡❝t✐♦♥ ❞❡ s♦rt✐❡ ❞❡ ❧✬❡♠❜♦✉t ❛✈❡❝
❞❡♥t s✐♠♣❧❡ à ✶✵✼➦ ♠♦♥té s✉r ✉♥ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ ❞❡ ✸✶❝♠ ❛✈❡❝ ♥✐❞ ❞✬❛❜❡✐❧❧❡
✐♥séré ❡♥ ❡♥tré❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✵

✹✳✾ ■♥✢✉❡♥❝❡ ❞✉ ❞❡❣ré ❞✬♦✉✈❡rt✉r❡ ♣♦✉r ❧✬❡♠❜♦✉t ❞♦✉❜❧❡✲♦❜st❛❝❧❡ ❡♥ ❝♦♥✜❣✉r❛t✐♦♥
❵❞❡♥ts s②♠étr✐q✉❡s✬ ✭✈♦✐r ✜❣✉r❡ ✹✳✶✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✶

✹✳✶✵ ■♥✢✉❡♥❝❡ ❞✉ ❞❡❣ré ❞✬♦✉✈❡rt✉r❡ ♣♦✉r ❧✬❡♠❜♦✉t ❞♦✉❜❧❡✲♦❜st❛❝❧❡ ❡♥ ❝♦♥✜❣✉r❛t✐♦♥
❵❞❡♥ts ❛s②♠étr✐q✉❡s✬ ✭✈♦✐r ✜❣✉r❡ ✹✳✶✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✶



❚❛❜❧❡ ❞❡s ✜❣✉r❡s ①✐✐✐

✹✳✶✶ ❉✐r❡❝t✐✈✐tés ❤♦r✐③♦♥t❛❧❡s ♠❡s✉ré❡s ✭❡♠❜♦✉t à ✉♥ ♦❜st❛❝❧❡ ❛✈❡❝ ❜♦r❞s ✈✐❢s✮ ❡①✲
♣r✐♠é❡s ❡♥ ♥✐✈❡❛✉① ❞❡ ♣r❡ss✐♦♥ s♦♥♦r❡ ♥♦r♠❛❧✐sés ♣❛r ❧❛ ✈❛❧❡✉r ❛①✐❛❧❡ ✭❞✐r❡❝t✐♦♥
x✮ ♣♦✉r ❞❡✉① ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s✱ tr♦✐s ❞❡❣rés ❞✬♦✉✈❡rt✉r❡ ❡t q✉❛tr❡ ♣r♦❞✉✐ts
ka ❞✐✛ér❡♥ts ✿ ka = 0.3 ✭×✮ ❀ ✵✳✸✺ ✭©✮ ❀ ✵✳✹✵ ✭�✮ ❀ ✵✳✹✺ ✭♦✮ ❀ ❞✐r❡❝t✐✈✐té t❤é♦r✐q✉❡
❞✬✉♥ ❞✐♣ô❧❡ ❛❝♦✉st✐q✉❡ ❛❥♦✉té❡ ♣♦✉r ❝♦♠♣❛r❛✐s♦♥ ✭∗✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✸

✹✳✶✷ ❙♣❡❝tr❡s ♠❡s✉rés ♣♦✉r ❧❛ ❣é♦♠étr✐❡ ❵❝❡♥tr❡❞✬ ✭✜❣✉r❡ ✹✳✷❛✮ ✭❛✮ Re0 = 6700 ❡t
✭❜✮ Re0 = 8900✳ ▲❡s ❧é❣❡♥❞❡s ✐♥❞✐q✉❡♥t ❧❛ ❞✐st❛♥❝❡ ❝♦♥str✐❝t✐♦♥✲♦❜st❛❝❧❡ ❬♠♠❪✱
❧❛ ❢♦r♠❡ ❞❡ ❧❛ s❡❝t✐♦♥ tr❛♥s✈❡rs❛❧❡ ✭❝✐r❝✉❧❛✐r❡ ❈ ♦✉ ❡❧❧✐♣t✐q✉❡ ❊✮✱ ❡t ❧❡ ♥♦♠❜r❡
❞❡ ❘❡②♥♦❧❞s Rec✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✺

✹✳✶✸ ❙♣❡❝tr❡s ♠❡s✉rés ♣♦✉r ❧❛ ❣é♦♠étr✐❡ ❵♦✛s❡t ✬ ❛✈❡❝ ✉♥❡ ❞✐st❛♥❝❡ ❝♦♥str✐❝t✐♦♥✲
♦❜st❛❝❧❡ ❞❡ ✷✹♠♠ ✿ ✭❛✮ Rec = 8300 ❡t ❞❡❣rés ❞✬♦✉✈❡rt✉r❡ ❞❡ ✹✱ ✵✱ ✶✻ ❡t ✷✹✪ ❀
✭❜✮ ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s Rec ✭✽✸✵✵ ❡t ✶✶✾✵✵✮ ❡t ❞❡❣rés ❞✬♦✉✈❡rt✉r❡ ❞❡ ✾ ❡t ✸✹✪✳ ✾✻

✹✳✶✹ ❙♣❡❝tr❡s ♠❡s✉rés ♣♦✉r ❧❛ ❣é♦♠étr✐❡ ❵♦✛s❡t ✬ ♣♦✉r Rec = 11900 ♣♦✉r ❞✐✛ér❡♥ts
❞❡❣rés ❞✬♦✉✈❡rt✉r❡s ✭✾✱ ✶✻ ❡t ✸✹✪✮ ❡t ❞✐st❛♥❝❡s ❝♦♥str✐❝t✐♦♥✲♦❜st❛❝❧❡ ✭✶✻ ♦✉
✷✹♠♠✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✼

✺✳✶ ❉✐s❝rét✐s❛t✐♦♥ ❣é♥ér❛❧❡ ♣♦✉r ✉♥ ♠❛✐❧❧❛❣❡ ❝❛rtés✐❡♥ ❧❡ ❧♦♥❣ ❞❡ ❧❛ ❞✐r❡❝t✐♦♥ ❧♦♥❣✐✲
t✉❞✐♥❛❧❡ x ✭❝♦❧♦♥♥❡ j✮ ❡t ❞❡ ❧❛ ❞✐r❡❝t✐♦♥ tr❛♥s✈❡rs❛❧❡ y ✭❧✐❣♥❡ i✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✹

✺✳✷ ■❧❧✉str❛t✐♦♥ ❞❡s ❣é♦♠étr✐❡s ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡s ♣❛r❛♠étr✐sé❡s ❞❡ ❝❛♥❛❧ ❛✈❡❝ ✉♥ ♦✉
❞❡✉① ♦❜st❛❝❧❡s tr❛♣é③♦ï❞❛✉① ❡t ❧❡✉rs ét✐q✉❡tt❡s ❙❖✱ ❉❖✱ ❉❖■✱ ❉❖✷✳ ▲❡s ♣❛r❛✲
♠ètr❡s ❣é♦♠étr✐q✉❡s s♦♥t ❞é✜♥✐s✳ ▲✬é❝♦✉❧❡♠❡♥t ✈❛ ❞❡ ❧❛ ❣❛✉❝❤❡ ✈❡rs ❧❛ ❞r♦✐t❡✳
▲❡s ❞✐♠❡♥s✐♦♥s s♦♥t ❞♦♥♥é❡s ❡♥ ♠♠✳ ▲❡s ❧✐❣♥❡s ❤♦r✐③♦♥t❛❧❡s ♣♦✐♥t✐❧❧é❡s ✭❡♥ ❜❧❡✉✮
✐♥❞✐q✉❡♥t ❧❡s ❛①❡s ❝❡♥tr❛✉① ❧♦♥❣✐t✉❞✐♥❛✉① ❧❡ ❧♦♥❣ ❞✉ ❝❡♥tr❡ ❞❡ ❧✬♦✉✈❡rt✉r❡ à ❧❛
♣♦s✐t✐♦♥ tr❛♥s✈❡rs❛❧❡ y = h1,2/2✳ ▲❡s ❧✐❣♥❡s ✈❡rt✐❝❛❧❡s ♣♦✐♥t✐❧❧é❡s ✭❡♥ ❜❧❡✉✮ ✐♥✲
❞✐q✉❡♥t ❧❛ ♣♦s✐t✐♦♥ tr❛♥s✈❡rs❛❧❡ y ❧❡ ❧♦♥❣ ❞✉ ❝❡♥tr❡ ❞❡ ❧✬♦✉✈❡rt✉r❡ à ❧❛ ♣♦s✐t✐♦♥
❧♦♥❣✐t✉❞✐♥❛❧❡ x = L1,2/2✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✻

✺✳✸ ■❧❧✉str❛t✐♦♥ ❞✉ ♠❛✐❧❧❛❣❡ à ❧✬✐♥tér✐❡✉r ❞❡ ❧❛ ♣❛rt✐❡ ❝♦♥str✐❝té❡ ❞✬✉♥❡ ❣é♦♠étr✐❡
♣♦✉r L = 0.2✱ h/H = 0.3✱ θ = 107➦✳ ▲❡ ♠❛✐❧❧❛❣❡ ❡st s✉♣❡r♣♦sé ❛✉ ❝❤❛♠♣ ❞❡
✈✐t❡ss❡ s✐♠✉❧é✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✼

✺✳✹ ◆♦r♠❡ ❞✉ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ♥♦r♠❛❧✐sé❡ ❡t s✐♠✉❧é❡ U/U0 ♣♦✉r
✉♥ ❝❛♥❛❧ ❡♥✈❡❧♦♣♣❛♥t ✉♥ ♦✉ ❞❡✉① ♦❜st❛❝❧❡s ❝♦♠♠❡ ✐❧❧✉stré s✉r ❧❛ ✜❣✉r❡ ✺✳✷ ❡t
❞ét❛✐❧❧é ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✺✳✶✳ ▲❡s ❝❛r❛❝tér✐st✐q✉❡s ❞✉ ♠❛✐❧❧❛❣❡ ✉t✐❧✐sé s♦♥t ❧✐sté❡s
❞❛♥s ❧❡ t❛❜❧❡❛✉ ✺✳✷✳ ▲❛ ✈✐t❡ss❡ s♣❛t✐❛❧❡ U ❡st ♥♦r♠❛❧✐sé❡ ♣❛r ❧❛ ✈✐t❡ss❡ ❞é❜✐t❛♥t❡
à ❧✬❡♥tré❡ ❞✉ ❝❛♥❛❧ U0✳ ▲❡s ❞✐♠❡♥s✐♦♥s s♣❛t✐❛❧❡s ✭❧♦♥❣✐t✉❞✐♥❛❧❡ x ❡t tr❛♥s✈❡rs❛❧❡
y✮ s♦♥t ♥♦r♠❛❧✐sé❡s ♣❛r ❧❛ ❤❛✉t❡✉r ❞✉ ❝❛♥❛❧ à ❧✬❡♥tré❡ H✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✽



①✐✈ ❚❛❜❧❡ ❞❡s ✜❣✉r❡s

✺✳✺ ❱✐t❡ss❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ♥♦r♠❛❧✐sé❡ U/U0c ❛✈❡❝ U rés✉❧t❛♥t ❞❡ ❧❛ ♠♦②❡♥♥❡ ❧♦♥❣✐t✉✲
❞✐♥❛❧❡ ❞❡ ❧❛ s♦❧✉t✐♦♥ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❜✐❞✐♠❡♥s✐♦♥♥❡❧ ✭♠♦②❡♥♥❡ ✷❉✮✱ é❝♦✉❧❡♠❡♥t
✉♥✐❞✐♠❡♥s✐♦♥♥❡❧ ✭✐❞é❛❧ ✶❉✮ ❡t ❜✐❞✐♠❡♥s✐♦♥♥❡❧ ❧❡ ❧♦♥❣ ❞❡ ❧✬❛①❡ ❝❡♥tr❛❧ ❞❡ ❧❛ s❡❝✲
t✐♦♥ ❝♦♥str✐❝té❡ ✭❝❡♥tr❡ ✷❉✮✳ ▲❛ ✈✐t❡ss❡ U0c ✉t✐❧✐sé❡ ♣♦✉r ♥♦r♠❛❧✐s❡r ❧❡s ✈✐t❡ss❡s
r❡♣rés❡♥t❡ ❧❛ ✈✐t❡ss❡ ❞é❜✐t❛♥t❡ à ❧❛ ❝♦♥str✐❝t✐♦♥✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✾

✺✳✻ ❘❛♣♣♦rt ❣❧♦❜❛❧ ❞❡ ❧❛ ♠♦②❡♥♥❡ ❡t ❞❡ ❧✬é❝❛rt✲t②♣❡ ✭❜❛rr❡s ✈❡rt✐❝❛❧❡s✮ ❬✪❪ ❡♥tr❡
❧❛ ✈✐t❡ss❡ ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ❧❡ ❧♦♥❣ ❞❡ ❧✬❛①❡ ❝❡♥tr❛❧ U2D ❡t ✉♥✐❞✐♠❡♥s✐♦♥♥❡❧❧❡
U1D ♣♦✉r ❧❡s ❣é♦♠étr✐❡s ❞❡ ❝❛♥❛❧ ✐❧❧✉strés s✉r ❧❛ ✜❣✉r❡ ✺✳✷ ❛✈❡❝ ❧❡s ♣❛r❛♠ètr❡s
❞❛♥s ❧❡ t❛❜❧❡❛✉ ✺✳✶ ✿ ✭❛✮ ❛✉ ❝❡♥tr❡ ❧♦♥❣✐t✉❞✐♥❛❧ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ x = xc ✭×✮ ❡t
✭❜✮ ✈❛❧❡✉r ♠♦②❡♥♥❡ ♣♦✉r t♦✉t❡s ❧❡s ♣♦s✐t✐♦♥s ❧♦♥❣✐t✉❞✐♥❛❧❡s x ✭�✮✳ ❊♥ t❛♥t q✉❡
ré❢ér❡♥❝❡✱ ❧❡ r❛♣♣♦rt ❞❡ ✶✵✵✪ ❝♦rr❡s♣♦♥❞❛♥t à U2D = U1D ❡st ✐♥❞✐q✉é ✭❧✐❣♥❡
♣♦✐♥t✐❧❧é❡✮✳ ◆♦t♦♥s q✉❡ U1D(xc) ét❛✐t ❞é♥♦♠♠é❡ U0c ❞❛♥s ❧❛ ✜❣✉r❡ ✺✳✺✳ ✳ ✳ ✳ ✳ ✳ ✶✶✵

✺✳✼ Pr♦✜❧s tr❛♥s✈❡rs❛✉① ❞❡ ✈✐t❡ss❡ ♥♦r♠❛❧✐sé❡ ❛✉① ♣♦s✐t✐♦♥s ❧♦♥❣✐t✉❞✐♥❛❧❡s x1,2c ❝♦r✲
r❡s♣♦♥❞❛♥t ❛✉ ❝❡♥tr❡ ❞❡ ❧✬❡①tré♠✐té ❞❡ ❧✬♦❜st❛❝❧❡ ♣♦✉r ❧❡s ❣é♦♠étr✐❡s ❞é♥♦♠✲
♠é❡s ❙❖ ✭❛✱❜✮ ❡t ❉❖ ✭❝✱❞✮ s✉r ❧❛ ✜❣✉r❡ ✺✳✷✳ ▲❛ ♣❛rt✐❡ ❣r✐sé❡ ♠❛tér✐❛❧✐s❡ ❧✬♦✉✈❡r✲
t✉r❡ q✉❛♥❞ ❧❛ ♣♦s✐t✐♦♥ tr❛♥s✈❡rs❛❧❡ ❡st ♥♦r♠❛❧✐sé❡ ♣❛r ❧❛ ❤❛✉t❡✉r ❞❡ ❝❛♥❛❧ ♥♦♥
❝♦♥str✐❝té ❝♦♠♠❡ y/H✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✷

✺✳✽ ❈♦♠♣❛r❛✐s♦♥ ❞❡ ❧❛ ♠♦②❡♥♥❡ ✭�✮ ❡t ❞❡ ❧✬é❝❛rt✲t②♣❡ ✭❜❛rr❡s ✈❡rt✐❝❛❧❡s✮ ❬✪❪ ❞❡ ❧❛
✈❛r✐❛t✐♦♥✱ ξ ±∆ξ✱ ❞❡s ♣r♦✜❧s ❞❡ ✈✐t❡ss❡ tr❛♥s✈❡rs❛✉① ❛✉ ❝❡♥tr❡ ❞❡s ❡①tré♠✐tés
❞✬♦❜st❛❝❧❡✱ U2D(x

1,2
c )✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ♣❛r❛♠ètr❡s ❣é♦♠étr✐q✉❡s ♣♦✉r ❝❤❛❝✉♥❡

❞❡s ❝♦♥✜❣✉r❛t✐♦♥s ❞é❝r✐t❡s s✉r ❧❛ ✜❣✉r❡ ✺✳✷✳ ❊♥ t❛♥t q✉❡ ré❢ér❡♥❝❡✱ ❧❛ ❧✐❣♥❡
♣♦✐♥t✐❧❧é❡ ✐♥❞✐q✉❡ ✉♥❡ ✈❛r✐❛t✐♦♥ q✉✐ ❝♦ï♥❝✐❞❡ ❛✈❡❝ ❧❛ ✈✐t❡ss❡ ❞é❜✐t❛♥t❡ ❧♦❝❛❧❡
U0c = U1D(x

1,2
c )✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✹

✻✳✶ Pr✐♥❝✐♣❛❧❡s ♠ét❤♦❞❡s ❞❡ ❝❛❧❝✉❧ ❡♥ ❞②♥❛♠✐q✉❡ ❞❡s ✢✉✐❞❡s ❝♦♠♣✉t❛t✐♦♥♥❡❧❧❡ ✭t✐ré
❞❡ ❬❙❉❚✵✻❪✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✽

✻✳✷ ▼❛✐❧❧❛❣❡ ❣é♥éré s♦✉s ●r✐❞❣❡♥ ✈✶✺ ✭P♦✐♥t✇✐s❡✱ ■♥❝✳✮ ✿ ❣é♦♠étr✐❡ à ✉♥ ♦❜st❛❝❧❡ ❡♥
❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✹

✻✳✸ ❙✉♣❡r❝❛❧❝✉❧❛t❡✉r ◆❊❈ ❙❳✾ ❞❡ ❧✬❯♥✐✈❡rs✐té ❞✬❖s❛❦❛ ✭❏❛♣♦♥✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✻

✻✳✹ ■♥✢✉❡♥❝❡ ❞✉ ♥♦♠❜r❡ ❞✬✐tér❛t✐♦♥s n s✉r ❧❡ ♣r♦✜❧ ♣❛r❛❜♦❧✐q✉❡ tr✐❞✐♠❡♥s✐♦♥♥❡❧
✐♠♣❧é♠❡♥té ✿ ✭❛✮ ✸✵ ❡t ✭❜✮ ✻✵ ✐tér❛t✐♦♥s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✼

✻✳✺ ❱✐s✉❛❧✐s❛t✐♦♥s ❧♦♥❣✐t✉❞✐♥❛❧❡s ❞✉ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ ✐♥st❛♥t❛♥é❡ à ♣❧✉s✐❡✉rs ✐♥s✲
t❛♥ts ❛❞✐♠❡♥s✐♦♥♥és ✭♦✉✈❡rt✉r❡ ❞❡ ✷✳✹✪ ❀ Red = 2084 ❀ ♣r♦✜❧ ❞✬❡♥tré❡ ✉♥✐❢♦r♠❡✮✱
❛✈❡❝ U0 ❧❛ ✈✐t❡ss❡ ❞é❜✐t❛♥t❡ ❞✬❡♥tré❡ ❡t H ❧❛ ❤❛✉t❡✉r ❞✉ ❝❛♥❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✵

✻✳✻ ❱✐s✉❛❧✐s❛t✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t s✐♠✉❧é ❝♦♥✈❡r❣é ♣♦✉r ❧❛ ❝♦♥✜❣✉r❛✲
t✐♦♥ ❬Hc

H = 30%;Red = 2084 ❀ ♣r♦✜❧ ❞✬❡♥tré❡ ✉♥✐❢♦r♠❡❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✶



❚❛❜❧❡ ❞❡s ✜❣✉r❡s ①✈

✻✳✼ ❱✐s✉❛❧✐s❛t✐♦♥s ❧♦♥❣✐t✉❞✐♥❛❧❡s ❞❡ ❧✬é❝♦✉❧❡♠❡♥t s✐♠✉❧é ♣♦✉r ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ❬Hc

H =

10✪✱ Red = 4000 ❀ ♣r♦✜❧ ❞✬❡♥tré❡ t✉r❜✉❧❡♥t st❛t✐q✉❡ ✭Tue = 0✪✮❪ ♣♦✉r tr♦✐s
✐♥st❛♥ts ❛❞✐♠❡♥s✐♦♥♥és s✉❝❝❡ss✐❢s tU0

H ✳ ❉❡ ❤❛✉t ❡♥ ❜❛s ✿ ♥♦r♠❡s ❞✉ ❝❤❛♠♣ ❞❡
✈✐t❡ss❡ ✐♥st❛♥t❛♥é❡ ❀ ♥♦r♠❡s ❞✉ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ❀ ♥♦r♠❡s ❞✉ ❝❤❛♠♣
❞❡ ✈✐t❡ss❡ r♠s ❀ ♥♦r♠❡s ❞✉ ❝❤❛♠♣ ❞❡ ✈♦rt✐❝✐té✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✷

✻✳✽ Pr♦✜❧s tr❛♥s✈❡rs❛✉① ❞❡ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ♥♦r♠❛❧✐sés ♣❛r ❧❛ ✈❛❧❡✉r
♠❛①✐♠❛❧❡ ♣♦✉r ❞✐✛ér❡♥t❡s ♣♦s✐t✐♦♥s ❛♠♦♥t ✿ ✭❛✮ ❬Hc

H = 30✪ ❀ Red = 2084 ❀ ♣r♦✜❧
❞✬❡♥tré❡ ✉♥✐❢♦r♠❡❪ ❡t ✭❜✮ ❬Hc

H = 10✪ ❀ Red = 4000 ❀ ♣r♦✜❧ ❞✬❡♥tré❡ t✉r❜✉❧❡♥t à
✢✉❝t✉❛t✐♦♥s ❛❧é❛t♦✐r❡s ✭Tue = 30✪✮❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✸

✻✳✾ Pr♦✜❧s tr❛♥s✈❡rs❛✉① ❞❡ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ❝❛❧❝✉❧és à ♣❧✉s✐❡✉rs ♣♦s✐t✐♦♥s ❡♥ ❛✈❛❧
❞❡ ❧✬♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡ ♣♦✉r ✉♥ ♣r♦✜❧ ❞✬❡♥tré❡ t✉r❜✉❧❡♥t ❞②♥❛♠✐q✉❡ à
✶✵✪ ❬Hc

H = 30✪ ❀ Red = 2084❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✸

✻✳✶✵ Pr♦✜❧s ❧♦♥❣✐t✉❞✐♥❛✉① ❞❡ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ❝❡♥tr❛❧❡ ❡t ❞✬✐♥t❡♥s✐té t✉r❜✉❧❡♥t❡ s✐✲
♠✉❧és ♣♦✉r ❧✬♦✉✈❡rt✉r❡ ❞❡ ✶✵✪ ❡t ❞✐✛ér❡♥t❡s ❝♦♥❞✐t✐♦♥s ❞✬❡♥tré❡✳ ▲❛ ❧✐❣♥❡ ♥♦✐r❡
✈❡rt✐❝❛❧❡ ♠❛tér✐❛❧✐s❡ ❧❛ ♣♦s✐t✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❞❡ ❧❛ s❡❝t✐♦♥ ❞❡ s♦rt✐❡ ❞❡ ❧✬❡♠❜♦✉t✳✶✸✺

✻✳✶✶ Pr♦✜❧s ❧♦♥❣✐t✉❞✐♥❛✉① ❞❡ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ❝❡♥tr❛❧❡ ❡t ❞✬✐♥t❡♥s✐té t✉r❜✉❧❡♥t❡ s✐✲
♠✉❧és ♣♦✉r ❧✬♦✉✈❡rt✉r❡ ❞❡ ✸✵✪ ❡t ❞✐✛ér❡♥t❡s ❝♦♥❞✐t✐♦♥s ❞✬❡♥tré❡✳ ▲❛ ❧✐❣♥❡ ♥♦✐r❡
✈❡rt✐❝❛❧❡ ♠❛tér✐❛❧✐s❡ ❧❛ ♣♦s✐t✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❞❡ ❧❛ s❡❝t✐♦♥ ❞❡ s♦rt✐❡ ❞❡ ❧✬❡♠❜♦✉t✳✶✸✻

✻✳✶✷ ❊①❡♠♣❧❡ ❞❡ s✐❣♥❛❧ ❞❡ ✈✐t❡ss❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ré❣é♥éré ♣❛r ❧♦✐ ♥♦r♠❛❧❡ ✿ ♦✉✈❡rt✉r❡
❞❡ ✶✵✪✱ Red = 1079 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✼

✻✳✶✸ ❱✐s✉❛❧✐s❛t✐♦♥s ❧♦♥❣✐t✉❞✐♥❛❧❡s ❞✉ ❝❤❛♠♣ ❞❡ ❞✐✈❡r❣❡♥❝❡ ❞✉ ✈❡❝t❡✉r ❞❡ ▲❛♠❜ ✳ ✳ ✳ ✶✸✽

✻✳✶✹ ❈♦♠♣❛r❛✐s♦♥ ❞❡s ♣r♦✜❧s ❧♦♥❣✐t✉❞✐♥❛✉① ❞❡ ❧❛ ❞✐✈❡r❣❡♥❝❡ ❞✉ ✈❡❝t❡✉r ❞❡ ▲❛♠❜ ❛✉
❝❡♥tr❡ ♣♦✉r ❞✐✛ér❡♥t❡s ❝♦♥✜❣✉r❛t✐♦♥s ❞✬❡♥tré❡ ❡t ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ✳ ✳ ✳ ✳ ✳ ✶✸✽

✻✳✶✺ ❘é❣✐♦♥ s♦✉r❝❡ ✭❡♥ r♦✉❣❡✮ ♣♦✉r ❧✬❡st✐♠❛t✐♦♥ ❞✉ ❝❤❛♠♣ ❛❝♦✉st✐q✉❡ q✉❛❞r✐♣ô❧❛✐r❡
r❛②♦♥♥é ♣❛r ❧❡ ❥❡t ✭❛♥❛❧♦❣✐❡ ❞❡ ▲✐❣❤t❤✐❧❧✮✳ ▲❡ ♣♦✐♥t ré❝❡♣t❡✉r ❝♦♥s✐❞éré✱ ❛✉tr❡✲
♠❡♥t ❞✐t ✉♥ ♠✐❝r♦♣❤♦♥❡ ✈✐rt✉❡❧ ✭♥♦♥ r❡♣rés❡♥té s✉r ❝❡tt❡ ✜❣✉r❡✮ ❡st s✐t✉é à
✵✳✾✹♠ ❡♥ ❛✈❛❧ ❞❡ ❧❛ ré❣✐♦♥ s♦✉r❝❡✱ ❞❛♥s ❧❛ ❞✐r❡❝t✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ x✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✵

✻✳✶✻ ❙♣❡❝tr❡s ❞❡ ♣r❡ss✐♦♥ ❛❝♦✉st✐q✉❡ r❛②♦♥♥é❡ ♣❛r ❧❡ ❥❡t ❡♥ ❝❤❛♠♣ ❧✐❜r❡ ❡st✐♠és
❛✈❡❝ ❧✬❛♥❛❧♦❣✐❡ ❞❡ ▲✐❣❤t❤✐❧❧ ✭éq✉❛t✐♦♥ ✭✻✳✸✽✮✮ ♣♦✉r ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ❬Hc

H = 10✪ ❀
Red = 2084 ❀ ♣r♦✜❧ ✉♥✐❢♦r♠❡ ❡♥ ❡♥tré❡❪✳ ▲❡s ❧✐❣♥❡s ♣♦✐♥t✐❧❧é❡s r♦✉❣❡s r❡♣rés❡♥t❡♥t
❧❡s ♣❡♥t❡s s♣❡❝tr❛❧❡s S′

1 ✭❡♥tr❡ ✵ ❡t ✺✵✵❍③✮ ❡t S′
2 ✭❡♥tr❡ ✺✵✵ ❡t ✺✵✵✵❍③✮ ♦❜t❡♥✉❡s

♣❛r ré❣r❡ss✐♦♥ ❧✐♥é❛✐r❡ s✉r ❧❡s s♣❡❝tr❡s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✶

✻✳✶✼ ❆♠♣❧✐t✉❞❡ ❞②♥❛♠✐q✉❡ Ad ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣❡♥t❡ s♣❡❝tr❛❧❡ S′
1✱ ❞✉ ❞❡❣ré

❞✬♦✉✈❡rt✉r❡✱ ❞❡ ❧❛ ♣rés❡♥❝❡✴❛❜s❡♥❝❡ ❞✬✉♥❡ ③♦♥❡ t❛♠♣♦♥ ✭❵❚❛✬✮✱ ❡t ❞❡ ❧❛ ♣ré✲
s❡♥❝❡✴❛❜s❡♥❝❡ ❞❡ ✢✉❝t✉❛t✐♦♥s t✉r❜✉❧❡♥t❡s ✭❵❚✉✬✮✳ P❛r ❡①❡♠♣❧❡✱ ❵✶✵✪❚✉❚❛✬ s✐✲
❣♥✐✜❡ ❵❞❡❣ré ❞✬♦✉✈❡rt✉r❡ ❞❡ ✶✵✪ ❛✈❡❝ ✢✉❝t✉❛t✐♦♥s t✉r❜✉❧❡♥t❡s ❡t ③♦♥❡ t❛♠♣♦♥✬✳ ✶✹✷



①✈✐ ❚❛❜❧❡ ❞❡s ✜❣✉r❡s

✻✳✶✽ P❡♥t❡ s♣❡❝tr❛❧❡ S′
2 ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❞❡❣ré ❞✬♦✉✈❡rt✉r❡ ✭✶✵ ♦✉ ✸✵✪✮✱ ❞❡ ❧❛ ♣ré✲

s❡♥❝❡✴❛❜s❡♥❝❡ ❞✬✉♥❡ ③♦♥❡ t❛♠♣♦♥ ✭❵❚❛✬✮✱ ❡t ❞❡ ❧❛ ♣rés❡♥❝❡✴❛❜s❡♥❝❡ ❞❡ ✢✉❝t✉❛✲
t✐♦♥s t✉r❜✉❧❡♥t❡s ✭❵❚✉✬✮✳ P❛r ❡①❡♠♣❧❡✱ ❵✶✵✪❚✉❚❛✬ s✐❣♥✐✜❡ ❵❞❡❣ré ❞✬♦✉✈❡rt✉r❡ ❞❡
✶✵✪ ❛✈❡❝ ✢✉❝t✉❛t✐♦♥s t✉r❜✉❧❡♥t❡s ❡t ③♦♥❡ t❛♠♣♦♥✬✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹✷

❆✳✶ ❉♦♥♥é❡s ✐♥✲✈✐✈♦ ♠❡s✉ré❡s ❛✈❡❝ ❧❛ st❛t✐♦♥ ❊❱❆ ✿ s✐❜✐❧❛♥t❡ ✴s✴✱ s✉❥❡t ❨❋ ✳ ✳ ✳ ✳ ✳ ✶✺✽

❆✳✷ ❉♦♥♥é❡s ✐♥✲✈✐✈♦ ♠❡s✉ré❡s ❛✈❡❝ ❧❛ st❛t✐♦♥ ❊❱❆ ✿ ❧❛❜✐♦✲❞❡♥t❛❧❡ ✴❢✴✱ s✉❥❡t ❨❋ ✳ ✳ ✶✺✾

❇✳✶ ❆❡r♦❛❝♦✉st✐❝ r❡s♣♦♥s❡ ❛ ❝♦♥str✐❝t✐♦♥ ❢♦r ✢♦✇ ✇✐t❤ ✈♦❧✉♠❡ ✢♦✇ r❛t❡ Q t❤r♦✉❣❤ ❛
✉♥✐❢♦r♠ ❝❤❛♥♥❡❧ ✇✐t❤ ❝♦♥st❛♥t ❤❡✐❣❤t H = 25♠♠ ❛♥❞ ✈❛r②✐♥❣ ❛♣❡rt✉r❡ h1✳ ❚❤❡
♠❛✐♥ ✢♦✇ ❞✐r❡❝t✐♦♥ ✐s ✐♥❞✐❝❛t❡❞ ✇✐t❤ ❛ str❛✐❣❤t ❛rr♦✇✳ ❆❝♦✉st✐❝ ✇❛✈❡s ✭✐♥❝✐❞❡♥t✱
tr❛♥s♠✐tt❡❞ ❛♥❞ r❡✢❡❝t❡❞✮ ❛r❡ ✐♥❞✐❝❛t❡❞ ✇✐t❤ ✉♥❞✉❧❛t✐♥❣ ❛rr♦✇s✳ ❚❤❡ ❝❤❛♥♥❡❧
❣❡♦♠❡tr② ✐s ♠❛✐♥❧② ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ ❝❤❛♥♥❡❧ ❝♦♥tr❛❝t✐♦♥ r❛t✐♦ h1/H✳ ✳ ✳ ✳ ✳ ✳ ✶✻✶

❇✳✷ ❖✈❡r✈✐❡✇ ♦❢ ♠❛❥♦r ❣❡♦♠❡tr✐❝❛❧ ❛♥❞ ✢♦✇ q✉❛♥t✐t✐❡s ❢♦r t❤❡ ♣r♦❜❧❡♠ s❝❤❡♠❛t✐s❡❞
✐♥ ❋✐❣✳ ❇✳✶✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✷

❇✳✸ ❛❡r♦❛❝♦✉st✐❝ r❡s♣♦♥s❡ ♦❢ ❛ ❞✐❛❣r❛♠ ❢♦r ✐♥❝♦♠♣r❡ss✐❜❧❡ ♦♥❡✲❞✐♠❡♥s✐♦♥❛❧ ♠❡❛♥
✢♦✇ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ✉♣str❡❛♠ ▼❛❝❤ ♥✉♠❜❡r Mu ≤ 5 × 10−3 ❛♥❞ ❝❤❛♥♥❡❧
❝♦♥tr❛❝t✐♦♥ r❛t✐♦ h1/H ✭✷✳✹✪✱ ✶✵✪ ❛♥❞ ✸✵✪✮✳ ❛✱❜✱❝✮ ❙❝❛tt❡r✐♥❣ ♠❛tr✐① ❡❧❡♠❡♥ts
✭R± ❛♥❞ T±✮ ✇✐t❤♦✉t ✭V = 1✮ ❛♥❞ ✇✐t❤ ✭V < 1✮ ✈❡♥❛ ❝♦♥tr❛❝t❛ ✭❇✳✶✺✮✱ ❞✮ ❜✉❧❦
▼❛❝❤ ♥✉♠❜❡rs ❛t t❤❡ ❝♦♥str✐❝t✐♦♥ ✐♥❧❡t M1 ❛♥❞ ✇✐t❤✐♥ t❤❡ ❥❡t Mj ❛♥❞ ❡✮ ✈❡♥❛
❝♦♥tr❛❝t✐♦♥ r❛t✐♦ V ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❝❤❛♥♥❡❧ ❝♦♥tr❛❝t✐♦♥ r❛t✐♦ h1/H ❡st✐♠❛t❡❞
✉s✐♥❣ ✭❇✳✶✺✮ ✭❇✉s❡♠❛♥♥✮ ❛♥❞ ✭❇✳✶✻✮ ✇✐t❤ α = 1 ✭❍♦❢♠❛♥s✮ ❛♥❞ α = 0.5

✭■❞❡❧❝❤✐❦✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✺

❇✳✹ ❱❡♥❛ ❝♦♥tr❛❝t✐♦♥ r❛t✐♦ V(h1/H,Mj) ❢♦r ❝❤❛♥♥❡❧ ❝♦♥tr❛❝t✐♦♥ r❛t✐♦ h1/H = 0.5

❛♥❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❥❡t ▼❛❝❤ ♥✉♠❜❡r Mj ❡st✐♠❛t❡❞ ✉s✐♥❣ ❞✐✛❡r❡♥t ❛♣♣r♦①✐♠❛✲
t✐♦♥s ❢♦r t❤❡ ❝♦♠♣r❡ss✐❜❧❡ t❡r♠ ❞❡♣❡♥❞✐♥❣ ♦♥ Mj ❛❞❞❡❞ t♦ t❤❡ ✐♥❝♦♠♣r❡ss✐❜❧❡
♣♦rt✐♦♥ ✭❇✉s❡♠❛♥♥✮ ✇❤✐❝❤ ❞♦❡s ♥♦t ❞❡♣❡♥❞ ♦♥ Mj ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✶

❇✳✺ ❆❡r♦❛❝♦✉st✐❝ r❡s♣♦♥s❡ ♦❢ ❛ ❞✐❛❣r❛♠ ❢♦r ❝♦♠♣r❡ss✐❜❧❡ ♦♥❡✲❞✐♠❡♥s✐♦♥❛❧ ♠❡❛♥ ✢♦✇
❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ✉♣str❡❛♠ ▼❛❝❤ ♥✉♠❜❡r Mu ❛♥❞ ❝❤❛♥♥❡❧ ❝♦♥tr❛❝t✐♦♥ r❛t✐♦
h1/H ✭✷✳✹✪✱ ✶✵✪ ❛♥❞ ✸✵✪✮✳ ❛✱❜✱❝✮ ❙❝❛tt❡r✐♥❣ ♠❛tr✐① ❡❧❡♠❡♥ts ✭R± ❛♥❞ T±✮ ✐♥
❛❜s❡♥❝❡ ♦❢ ✈❡♥❛ ❝♦♥tr❛❝t❛✳ ❞✱❡✱❢✮ ❙❝❛tt❡r✐♥❣ ♠❛tr✐① ❡❧❡♠❡♥ts ✭R± ❛♥❞ T±✮ ✐♥
♣r❡s❡♥❝❡ ♦❢ ✈❡♥❛ ❝♦♥tr❛❝t❛ ✭V < 1✮ ❡st✐♠❛t❡❞ ✉s✐♥❣ ❊q✳ ✭❇✳✹✶✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✷



❚❛❜❧❡ ❞❡s ✜❣✉r❡s ①✈✐✐

❇✳✻ ❙❝❤❡♠❛t✐❝ ♦✈❡r✈✐❡✇ ♦❢ ❡①♣❡r✐♠❡♥t❛❧ s❡t✉♣ ❛♥❞ ♥♦③③❧❡✬s ❣❡♦♠❡tr② ✿ ✶✮ ❙❡t✉♣ ✿
s❡tt❧✐♥❣ ❝❤❛♠❜❡r ✭❆✮✱ s♠♦❦❡ ❣❡♥❡r❛t♦r ❛♥❞ ✐♥❥❡❝t♦r ❢♦r ♣r♦❝❡❞✉r❡ P✶ ✭❇✮✱ ✈♦✲
❧✉♠❡ ❛✐r✢♦✇ r❛t❡ s✉♣♣❧② ✭◗✮✱ ♣r❡ss✉r❡ r❡❣✉❧❛t♦r ❛♥❞ t❤❡r♠❛❧ ♠❛ss ✢♦✇ ♠❡t❡r
✭❈✮✱ ♠❛♥✉❛❧ ✈❛❧✈❡s ✭❉✮✱ ❧❛s❡r s♦✉r❝❡ ✭❏✮✱ ❝❛♠❡r❛ ✭❊✮ ♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ t✇♦✲
❞✐♠❡♥s✐♦♥❛❧ ❧❛s❡r s❤❡❡t ✭❑✮✱ ♠❛♥✉❛❧ ❣❛t❡ ✭●✮ ✇✐t❤ ❛tt❛❝❤♠❡♥t t✉❜❡ ✭❋✮✱ ♥♦③③❧❡
✭▼✮✱ ♠❛♥✉❛❧ ✐♥❝❡♥s❡ ❜✉r♥✐♥❣ ❢♦r ♣r♦❝❡❞✉r❡ P✷ ✭■✮✳ ❚❤❡ t✇♦✲❞✐♠❡♥s✐♦♥❛❧ ✐❧❧✉✲
♠✐♥❛t✐♦♥ ❝♦✐♥❝✐❞❡s ✇✐t❤ t❤❡ ♣❧❛♥❡ z = w/2 ❛♥❞ t❤❡ x✲❛①❡s ✐♥❞✐❝❛t❡s t❤❡ ♠❛✐♥
✢♦✇ ❞✐r❡❝t✐♦♥✳ ✷✮ ◆♦③③❧❡ ✿ ✉♥❝♦♥str✐❝t❡❞ ❤❡✐❣❤t H✱ ♠❛①✐♠✉♠ ❛♣❡rt✉r❡ h✱ t♦t❛❧
♥♦③③❧❡ ❧❡♥❣t❤ L✱ ✉♥✐❢♦r♠ ✇✐❞t❤ w✱ ❞✐❛♠❡t❡r D ♦❢ r♦✉♥❞❡❞ ✐♥❧❡t ❝♦♥str✐❝t✐♦♥ ❛♥❞
st❡♣ ♠♦t♦rs ✭s✶ ❛♥❞ s✷✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✺

❇✳✼ ❙♠♦❦❡ ♣❛tt❡r♥s ❢♦r st❡❛❞② ✭F = 0❍③✮ ❛♥❞ ✉♥st❡❛❞② ✭F = 2.1❍③✱ NW = 31✮
✢♦✇ ❢♦r h = 2♠♠ ❛♥❞ Re = 178✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✻

❇✳✽ ❖❜s❡r✈❡❞ r❡❛tt❛❝❤♠❡♥t ❧❡♥❣t❤s d ❢♦r st❡❛❞② ✭❞❛s❤❡❞ ❧✐♥❡✮ ❛♥❞ ✉♥st❡❛❞② ✭♥♦
❧✐♥❡✮ ✢♦✇ ❝♦♥❞✐t✐♦♥s ♥♦r♠❛❧✐s❡❞ ❜② t❤❡ st❡♣ ❤❡✐❣❤t b✱ ✐✳❡✳ d/b(Re, h, F )✳ ❋♦r
✉♥st❡❛❞② ✢♦✇ s❤♦✇♥ ✈❛❧✉❡s ❛r❡ t❛❦❡♥ ❛t ♠❛①✐♠✉♠ ❛♣❡rt✉r❡✱ ✐✳❡✳ y(t) = h✳ ✳ ✳ ✳ ✶✼✼

❇✳✾ ❊①❡♠♣❧❛r② s♠♦❦❡ ♣❛tt❡r♥s ❢r♦♠ ❝❧♦s✉r❡ ✭❛✮ t♦ ❝❧♦s✉r❡ ✭✐✮ ❢♦r F = 4.2❍③✱ h =

2♠♠✱ Re = 88 ❛♥❞ NW = 44✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✾

❈✳✶ ❘é♣♦♥s❡ ❢réq✉❡♥t✐❡❧❧❡ ❞✉ ♠✐❝r♦♣❤♦♥❡ ❇✫❑ ✹✶✾✷ ✭❡①tr❛✐t ❞♦❝✉♠❡♥t❛t✐♦♥ ❇rü❡❧
❛♥❞ ❑❥❛❡r✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✹

❈✳✷ ✭❛✮ ❊rr❡✉r r❡❧❛t✐✈❡ ❝♦♠♠✐s❡ s✉r ❧❛ t❡♥s✐♦♥ ♠❡s✉ré❡ ♣❛r ❧❡ ✜❧♠ ❝❤❛✉❞ ❡♥ ♥❡
♣r❡♥❛♥t ♣❛s ❡♥ ❝♦♠♣t❡ ❧❛ ❞ér✐✈❡ t❤❡r♠✐q✉❡ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡ ❞❡
❧❛ s❛❧❧❡ ❞✬❡①♣ér✐♠❡♥t❛t✐♦♥✳ ✭❜✮ ❊①❡♠♣❧❡ ❞❡ ❝♦✉r❜❡ ♣♦❧②♥ô♠✐❛❧❡ ❞❡ ❝❛❧✐❜r❛t✐♦♥
♦❜t❡♥✉❡ ♣❛r ✐♥t❡r♣♦❧❛t✐♦♥ ❞❡s ♣♦✐♥ts ❞❡ ♠❡s✉r❡ ❡♥ s✉✐✈❛♥t ❧❛ ♣r♦❝é❞✉r❡ ❞❡
●r❛♥❞❝❤❛♠♣ ❬●❱P✶✵❪ ✭×✮✱ ♣♦✉r ❧❛ s♦♥❞❡ ✜❧♠ ❝❤❛✉❞ ♥➦✶✺✲✶✺ ✭♣♦❧②♥ô♠❡ ❞❡
❝❛❧✐❜r❛t✐♦♥ ✐♥❞✐q✉é ❡♥ ❤❛✉t✱ ❝♦❡✣❝✐❡♥t ❞❡ ❞ét❡r♠✐♥❛t✐♦♥ r2 = 0.99✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✺

❈✳✸ ✭❛✮ ❋✐❧♠ ❝❤❛✉❞ ♠♦❞è❧❡ ❚❙■ ✶✷✵✶✲✷✵ ✭t✐ré ❞✉ s✐t❡ ✐♥t❡r♥❡t ❞❡ ❚r✉st ❙❝✐❡♥❝❡
■♥♥♦✈❛t✐♦♥ ✿ ❤tt♣✿✴✴✇✇✇✳ts✐✳❝♦♠✴✉♣❧♦❛❞❡❞❋✐❧❡s✴Pr♦❞✉❝t❴■♥❢♦r♠❛t✐♦♥✴

▲✐t❡r❛t✉r❡✴❈❛t❛❧♦❣s✴❍♦t✇✐r❡❴❈❛t❛❧♦❣❴✷✾✽✵✹✻✺✳♣❞❢✮✳ ✭❜✮ ❘❡♣rés❡♥t❛t✐♦♥
❞✉ ❝✐r❝✉✐t é❧❡❝tr✐q✉❡ ❞✬✉♥ ❛♥é♠♦♠ètr❡ à t❡♠♣ér❛t✉r❡ ❝♦♥st❛♥t❡ ✭t✐ré ❞❡ ❬▲❡❦✾✻❪✮✳✶✽✺

❈✳✹ ❊rr❡✉r r❡❧❛t✐✈❡ ♠❛①✐♠❛❧❡ ❝♦♠♠✐s❡ s✉r ❧❛ ✈✐t❡ss❡ U ❛✈❡❝ ❧❛ s♦♥❞❡ ✜❧♠✲❝❤❛✉❞
ré❢ér❡♥❝é❡ ✶✺✶✺ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✼

❈✳✺ ❊rr❡✉r r❡❧❛t✐✈❡ ❝♦♠♠✐s❡ s✉r ❧❛ ✈✐t❡ss❡ s♦✉s ❧✬❤②♣♦t❤ès❡ ❞✬✉♥ ♥♦♠❜r❡ ❞✬é❝❤❛♥✲
t✐❧❧♦♥s ❞❡ ✈✐t❡ss❡ ✐♥st❛♥t❛♥é❡ ✐♥❞é♣❡♥❞❛♥ts Nind =

N
2Tc

♣♦✉r ❞✐✛ér❡♥ts ♥♦♠❜r❡s
❞❡ ❘❡②♥♦❧❞s ❡t ♥✐✈❡❛✉① ❞✬✐♥t❡♥s✐té t✉r❜✉❧❡♥t❡ Tu ✿ ✭❛✮ ✷✵✪ ❀ ✭❜✮ ✺✵✪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✽

❈✳✻ ❈❤❛♠❜r❡s ❞❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t ❛ér♦❛❝♦✉st✐q✉❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✽

❈✳✼ ❊①❡♠♣❧❡s ❞❡ ❝♦✉r❜❡s t❡♠♣♦r❡❧❧❡s ❞❡ r❡♠♣❧✐ss❛❣❡✴✈✐❞❛❣❡ ❞❡ ❧❛ ❝❤❛♠❜r❡ ❞❡ ❝♦♥❞✐✲
t✐♦♥♥❡♠❡♥t ❡♥ ♣❧❡①✐❣❧❛s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✽

http://www.tsi.com/uploadedFiles/Product_Information/Literature/Catalogs/Hotwire_Catalog_2980465.pdf
http://www.tsi.com/uploadedFiles/Product_Information/Literature/Catalogs/Hotwire_Catalog_2980465.pdf


①✈✐✐✐ ❚❛❜❧❡ ❞❡s ✜❣✉r❡s

❈✳✽ ❈♦✉r❜❡ ❞✬ét❛♥❝❤é✐té ❞❡ ❧❛ ❜♦✐t❡ ❞❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t ❡♥ ❜♦✐s ❞✉ ❞✐s♣♦s✐t✐❢ ❞✬❛♥é✲
♠♦♠étr✐❡ ✜❧♠ ❝❤❛✉❞ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✾

❈✳✾ ❈♦♥st❛♥t❡s ❞❡ t❡♠♣s ❞❡s ❝❤❛♠❜r❡s ❞❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t ❛ér♦❛❝♦✉st✐q✉❡
✭❘❂r❡♠♣❧✐ss❛❣❡ ❀ ❱❂✈✐❞❛❣❡✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✾



▲✐st❡ ❞❡s t❛❜❧❡❛✉①

✸✳✶ ❘é❝❛♣✐t✉❧❛t✐❢ ❞❡s ♣❛r❛♠ètr❡s ❡①♣ér✐♠❡♥t❛✉① ♣r♦♣r❡s ❛✉① ♠❡s✉r❡s ✜❧♠ ❝❤❛✉❞
❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❛♠♦♥t ✭✯❈❞❈❂❝❤❛♠❜r❡ ❞❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t✮✳ ▲❛ ❝❤❛♠❜r❡ ❞❡
❝♦♥❞✐t✐♦♥♥❡♠❡♥t ✉t✐❧✐sé❡ ✐❝✐ ❡st ✉♥❡ ❜♦ît❡ ❡♥ ❜♦✐s ♥♦♥ ♣❛r❢❛✐t❡♠❡♥t ét❛♥❝❤❡ ✭✈♦✐r
✜❣✉r❡s ❈✳✻❛ ❡t ❈✳✽ ❞❛♥s ❧✬❆♥♥❡①❡ ❈✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✽

✸✳✷ ❘é❝❛♣✐t✉❧❛t✐❢ ❞❡s ♣❛r❛♠ètr❡s ❡①♣ér✐♠❡♥t❛✉① ♣r♦♣r❡s ❛✉① ♠❡s✉r❡s ✜❧♠ ❝❤❛✉❞
❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❡♥ ❛✈❛❧ ❞❡ ❧✬♦❜st❛❝❧❡ ✭✯❈❞❈❂❝❤❛♠❜r❡ ❞❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t✮✳ ▲❛
❝❤❛♠❜r❡ ❞❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t ✉t✐❧✐sé❡ ✐❝✐ ❡st ✉♥❡ ❜♦ît❡ ❡♥ ❞✉r❛❧ ❝♦♠♣❧èt❡♠❡♥t
ét❛♥❝❤❡ ✭✈♦✐r ✜❣✉r❡ ❈✳✻❜ ❞❛♥s ❧✬❆♥♥❡①❡ ❈✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✻

✸✳✸ ❈♦♠♣❛r❛✐s♦♥ ❛✈❡❝ ❧❛ ❧✐ttér❛t✉r❡ s✉r ❧❡s ❥❡ts r❡❝t❛♥❣✉❧❛✐r❡s ♦✉ ♣❧❛♥s ❞❡ ❢réq✉❡♥❝❡s
❛❞✐♠❡♥s✐♦♥♥é❡s ❞❡ ❞ét❛❝❤❡♠❡♥t t♦✉r❜✐❧❧♦♥♥❛✐r❡ ✭✈♦rt❡① s❤❡❞❞✐♥❣✮ St∗✳ ✳ ✳ ✳ ✳ ✳ ✼✷

✸✳✹ ❈♦♠♣❛r❛✐s♦♥ ❛✈❡❝ ❧❛ ❧✐ttér❛t✉r❡ s✉r ❧❡s ❥❡ts r❡❝t❛♥❣✉❧❛✐r❡s ♦✉ ♣❧❛♥s ❞❡s ♣❛r❛✲
♠ètr❡s ❞❡ ❥❡t ♦❜t❡♥✉s✳ ❘❡♠❛rq✉❡s ✿ U0 r❡♣rés❡♥t❡ ✉♥❡ ✈✐t❡ss❡ ❝❛r❛❝tér✐st✐q✉❡
t❡❧❧❡ q✉❡ Udc ♦✉ Uoc✱ s❡❧♦♥ ❧✬ét✉❞❡ ❀ h r❡♣rés❡♥t❡ ❧❛ ❤❛✉t❡✉r ❞❡ s❡❝t✐♦♥ r❡❝t❛♥✲
❣✉❧❛✐r❡ ❞✬é♠✐ss✐♦♥ ❞✉ ❥❡t✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✼

✹✳✶ ❘é❝❛♣✐t✉❧❛t✐❢ ❞❡ t♦✉s ❧❡s ♣❛r❛♠ètr❡s ✈❛r✐és ♣♦✉r ❧❡s ♠❛q✉❡tt❡s ❛✈❡❝ ♦❜st❛❝❧❡✭s✮
❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡ ✭L0 = 310♠♠✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✼

✺✳✶ P❛r❛♠ètr❡s ❣é♦♠étr✐q✉❡s é✈❛❧✉és ✿ ❞❡❣ré ❞✬♦✉✈❡rt✉r❡ h./H ❬✪❪✱ ❧♦♥❣✉❡✉r ❞❡
♣❛rt✐❡ ❝♦♥str✐❝té❡ L./H ❡t ❛♥❣❧❡s ✐♠♣♦sés θ. ❬➦❪✳ ▲❡s ❣é♦♠étr✐❡s s♦♥t ❞é♥♦♠♠é❡s
❝♦♠♠❡ ❞é✜♥✐ ❞❛♥s ❧❛ ✜❣✉r❡ ✺✳✷✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✺

✺✳✷ ❈❛r❛❝tér✐st✐q✉❡s ❞❡ ♠❛✐❧❧❛❣❡ ♣♦✉r ❧❡s ❣é♦♠étr✐❡s ✭●é♦✮ rés✉♠é❡s ❞❛♥s ❧❡ t❛✲
❜❧❡❛✉ ✺✳✶ ✿ ♥♦♠❜r❡ t♦t❛❧ ❞❡ ♣♦✐♥ts ❞❡ ♠❛✐❧❧❛❣❡ N ✱ ♥♦♠❜r❡ ❞❡ ♣♦✐♥ts ❞❡ ♠❛✐❧❧❛❣❡
❧♦♥❣✐t✉❞✐♥❛✉① Nx✱ ♥♦♠❜r❡ ❞❡ ♣♦✐♥ts ❞❡ ♠❛✐❧❧❛❣❡ tr❛♥s✈❡rs❛✉① Ny✱ ♣❛s s♣❛✲
t✐❛❧ ❧♦♥❣✐t✉❞✐♥❛❧ ∆x✱ ♣❛s tr❛♥s✈❡rs❛❧ s♣❛t✐❛❧ ∆y ❡t r❛♣♣♦rt ❞❡ ♣❛s s♣❛t✐❛✉①
∆x/∆y✳ P♦✉r ❝❤❛q✉❡ ❝♦♥✜❣✉r❛t✐♦♥ ❣é♦♠étr✐q✉❡ ❧❡s ✈❛❧❡✉rs ♠✐♥✐♠❛❧❡s ✭♠✐♥✮
❡t ♠❛①✐♠❛❧❡s ✭♠❛①✮ s♦♥t ❞♦♥♥é❡s✳ ▲❡ ❝r✐tèr❡ ❞❡ ❝♦♥✈❡r❣❡♥❝❡ ❛♣♣❧✐q✉é ǫ ❡t ❧❡s
♣❛r❛♠ètr❡s ❞❡ r❡❧❛①❛t✐♦♥ ω = ω1 = ω2 ✉t✐❧✐sés ❞❛♥s ❧❡ s❝❤é♠❛ ❞❡ ❞✐✛ér❡♥❝❡s
✜♥✐❡s ❆❉❙❖❘ s♦♥t ✐♥❞✐q✉és✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✻

✻✳✶ ❚❛✐❧❧❡s ❞❡s ♠❛✐❧❧❛❣❡s ❣é♥érés ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✸

✻✳✷ ❙✐♠✉❧❛t✐♦♥s ▲❊❙ ❡✛❡❝t✉é❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✽

❇✳✶ ❖✈❡r✈✐❡✇ ❡①♣❡r✐♠❡♥t❛❧ ✢♦✇ ❛♥❞ ❣❡♦♠❡tr✐❝❛❧ ❝♦♥❞✐t✐♦♥s ✇✐t❤ ❦✐♥❡♠❛t✐❝ ❛✐r ✈✐s✲
❝♦s✐t② ν = 1.5× 10−5♠2s−1✳ ◆♦t❡ t❤❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✻

①✐①



①① ▲✐st❡ ❞❡s t❛❜❧❡❛✉①

❇✳✷ ❖✈❡r✈✐❡✇ ♦❢ Res,uc ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ✐♠♣♦s❡❞ ❢r❡q✉❡♥❝② F ✱ ♠❛①✐♠❛❧ ❛♣❡rt✉r❡ h
❛♥❞ r❡s✉❧t✐♥❣ ❲♦♠❡rs❧❡② ♥✉♠❜❡r NW = 2H

√

2πF/ν ❢♦r ❝❤❛♥♥❡❧ ❤❡✐❣❤t H =

33♠♠✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼✽

❇✳✸ ❖✈❡r✈✐❡✇ ♦❢ ❡①✐st✐♥❣ ❛♥❞ ❝✉rr❡♥t r❡s✉❧ts ❢♦r ✢♦✇ r❡❛tt❛❝❤♠❡♥t d/b ❞♦✇♥str❡❛♠
❢r♦♠ ❛ s②♠♠❡tr✐❝❛❧ t✇♦✲❞✐♠❡♥s✐♦♥❛❧ ❡①♣❛♥s✐♦♥ ❣❡♦♠❡tr② ❢♦r st❡❛❞② ❛♥❞ ✉♥s✲
t❡❛❞② ✢♦✇ ❝♦♥❞✐t✐♦♥s✳ ❯♥st❡❛❞② r❡s✉❧ts ❛r❡ ♦❜t❛✐♥❡❞ ❛t ♠❛①✐♠✉♠ ❛♣❡rt✉r❡
y(t) = h✳ ❬✶✕✻❪❂❬❆◆❘❉✾✼✱ ❇❚▲▼✾✼✱ ❉r✐✾✼✱ ❋▼❈✾✵✱ ❚❲✵✽✱ ❲❛❤✵✼❪✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✵

❈✳✶ ■♥❝❡rt✐t✉❞❡s ❡①♣ér✐♠❡♥t❛❧❡s ✐♥❤ér❡♥t❡s ❛✉ ♣r♦❝♦t♦❧❡ ✜❧♠ ❝❤❛✉❞ ✉t✐❧✐sé ✭♠ê♠❡
♣r♦t♦❝♦❧❡ q✉❡ ❞❛♥s ❬●❱P✶✵❪✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽✻



Pr❡♠✐èr❡ ♣❛rt✐❡

■♥tr♦❞✉❝t✐♦♥ ❣é♥ér❛❧❡

✶





❈❤❛♣✐tr❡ ✶

❈♦♥t❡①t❡ ❞❡ ❝❡tt❡ t❤ès❡

❙♦♠♠❛✐r❡
✶✳✶ ●é♥ér❛❧✐tés ❞❡ ♠é❝❛♥✐q✉❡ ❞❡s ✢✉✐❞❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸

✶✳✶✳✶ ➱q✉❛t✐♦♥s ❞❡ ◆❛✈✐❡r✲❙t♦❦❡s ❡t t✉r❜✉❧❡♥❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸

✶✳✶✳✷ ◆♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ❡t ❞❡ ▼❛❝❤ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹

✶✳✶✳✸ ◆♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ♠♦❞érés ❡t ❜r✉✐t ❞❡ t✉r❜✉❧❡♥❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺

✶✳✷ Pr♦❞✉❝t✐♦♥ ❞❡ ♣❛r♦❧❡ ❤✉♠❛✐♥❡ ❡t ❢r✐❝❛t✐✈❡s ♥♦♥ ✈♦✐sé❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻

✶✳✷✳✶ ▼é❝❛♥✐s♠❡s ♣r✐♥❝✐♣❛✉① ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻

✶✳✷✳✷ ❙✐♠♣❧✐✜❝❛t✐♦♥ ✐♥✲✈✐tr♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾

✶✳✷✳✸ ▲❡ ❜r✉✐t ❞❡ ❢r✐❝❛t✐✈❡ s✐❜✐❧❛♥t❡ ✴s✴ ❡♥ t❛♥t q✉✬♦✉t✐❧ ❞✬❛✐❞❡ ❛✉① s♦✐♥s ❜✉❝❝♦✲
❞❡♥t❛✐r❡s ♣❡rs♦♥♥❛❧✐sés ❄ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶

✶✳✸ Pr♦❥❡t P❡t❛❋❧♦✇ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷

✶✳✹ Pr✐♥❝✐♣❛✉① ♦❜❥❡❝t✐❢s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸

❈❡ ♣r❡♠✐❡r ❈❤❛♣✐tr❡ ✈✐s❡ à ♣rés❡♥t❡r ❧❡ ❝❛❞r❡ ❣é♥ér❛❧ ❞❡ ❝❡tt❡ t❤ès❡✱ ❧✬ét❛t ❞❡ ❧✬❛rt✱ ❧❡s
❞✐✛ér❡♥t❡s ♣r♦❜❧é♠❛t✐q✉❡s s♦✉❧❡✈é❡s✱ ❡t ❧❡s ♣r✐♥❝✐♣❛✉① ♦❜❥❡❝t✐❢s✳

✶✳✶ ●é♥ér❛❧✐tés ❞❡ ♠é❝❛♥✐q✉❡ ❞❡s ✢✉✐❞❡s

✶✳✶✳✶ ➱q✉❛t✐♦♥s ❞❡ ◆❛✈✐❡r✲❙t♦❦❡s ❡t t✉r❜✉❧❡♥❝❡

▲❡s éq✉❛t✐♦♥s ❞❡ ◆❛✈✐❡r✲❙t♦❦❡s✱ ❝♦♥♥✉❡s ❞❡♣✉✐s ❧❡ ❞é❜✉t ❞✉ ❳■❳è♠❡ s✐è❝❧❡✱ ❡t q✉✐ r❡♣ré✲
s❡♥t❡♥t ✉♥❡ ❢♦r♠❡ ❧♦❝❛❧❡ ❞✉ ♣r✐♥❝✐♣❡ ❢♦♥❞❛♠❡♥t❛❧ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ✭❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ q✉❛♥t✐té
❞❡ ♠♦✉✈❡♠❡♥t✮✱ ré❣✐ss❡♥t ❧❡ ♠♦✉✈❡♠❡♥t ❞✬✉♥ ✢✉✐❞❡ ✈✐sq✉❡✉① ♥❡✇t♦♥✐❡♥✳ P♦✉r ❝❤❛q✉❡ ❝♦♠♣♦✲
s❛♥t❡ ❞✉ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ ui(~x, t)✱ ♥♦✉s ❛✈♦♥s ✿

Dui
Dt

=
∂ui
∂t

+ uj
∂ui
∂xj

= −1

ρ

∂p

∂xi
+ ν

∂2ui
∂xi∂xj

. ✭✶✳✶✮

❉❛♥s ❧❡ ❝❛s ❞✬✉♥ ✢✉✐❞❡ ✐♥❝♦♠♣r❡ss✐❜❧❡✱ ❧❛ ♠❛ss❡ ✈♦❧✉♠✐q✉❡ ρ ❞✉ ✢✉✐❞❡ ♥❡ ✈❛r✐❡ ♣❛s✱ ❡t ❧❛
❝♦♥s❡r✈❛t✐♦♥ ❞❡ ❧❛ ♠❛ss❡ ✐♠♣♦s❡ ❞♦♥❝

✸



✹ ❈❤❛♣✐tr❡ ✶✳ ❈♦♥t❡①t❡ ❞❡ ❝❡tt❡ t❤ès❡

∂ui
∂xi

= 0, ✭✶✳✷✮

❝♦♥❞✐t✐♦♥ é❣❛❧❡♠❡♥t s❛t✐s❢❛✐t❡ ♣❛r ❧❛ ✈✐t❡ss❡ ♠♦②❡♥♥❡ Ūi ❡t ❧❛ ✈✐t❡ss❡ ✢✉❝t✉❛♥t❡ ũi✱ s✉✐✈❛♥t ❧❛
❞é❝♦♠♣♦s✐t✐♦♥ ❞❡ ❘❡②♥♦❧❞s✳ ◆♦✉s ♣♦✉✈♦♥s ♦❜s❡r✈❡r ❧❛ t✉r❜✉❧❡♥❝❡ ❞❛♥s ❞❡ ♥♦♠❜r❡✉① é❝♦✉❧❡✲
♠❡♥ts ♥❛t✉r❡❧s ✭✈❡♥t✱ t♦r♥❛❞❡s✱ ❝②❝❧♦♥❡s✱ t♦✉r❜✐❧❧♦♥s✳✳✳✮ ♦✉ ✐♥❞✉str✐❡❧s ✭é❝♦✉❧❡♠❡♥ts ❛✉t♦✉r ❞❡s
✈♦✐t✉r❡s✱ ❛✈✐♦♥s✱ é♦❧✐❡♥♥❡s✳✳✳✮✳ ❙✐ ✐❧ ♥✬❡①✐st❡ ♣❛s ❞❡ ❞é✜♥✐t✐♦♥ str✐❝t❡ ❞❡ ❧❛ t✉r❜✉❧❡♥❝❡✱ ♥♦✉s ♣♦✉✲
✈♦♥s ♠❛❧❣ré t♦✉t r❡t❡♥✐r q✉❡❧q✉❡s✲✉♥❡s ❞❡ s❡s ♣r✐♥❝✐♣❛❧❡s ❝❛r❛❝tér✐st✐q✉❡s✱ ❧✐sté❡s ❝✐✲❞❡ss♦✉s ✿

✕ ❈❛r❛❝tèr❡ ❢♦rt❡♠❡♥t ❛❧é❛t♦✐r❡ ❡t ❝❤❛♦t✐q✉❡✳
✕ ❊①trê♠❡ s❡♥s✐❜✐❧✐té ❛✉① ❝♦♥❞✐t✐♦♥s ❧✐♠✐t❡s✳
✕ ▲❛r❣❡ ét❡♥❞✉❡ ❞❡s é❝❤❡❧❧❡s s♣❛t✐❛❧❡s ✭❞✐♠❡♥s✐♦♥s ❞❡s t♦✉r❜✐❧❧♦♥s✮ ♣rés❡♥t❡s ❛✉ s❡✐♥ ❞❡
❧✬é❝♦✉❧❡♠❡♥t✳

✶✳✶✳✷ ◆♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ❡t ❞❡ ▼❛❝❤

▲❡ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ❡st ✉♥ ♥♦♠❜r❡ s❛♥s ❞✐♠❡♥s✐♦♥ r❡♣rés❡♥t❛♥t ❧❡ r❛♣♣♦rt ❡♥tr❡ ❧❡s
❢♦r❝❡s ❞✬✐♥❡rt✐❡ ❡t ❧❡s ❢♦r❝❡s ✈✐sq✉❡✉s❡s ❞❛♥s ✉♥ é❝♦✉❧❡♠❡♥t ❞✬✉♥ ✢✉✐❞❡ ❞♦♥♥é✳ ▲❡ ♥♦♠❜r❡ ❞❡
❘❡②♥♦❧❞s ❡st ❞é✜♥✐ ❝♦♠♠❡ s✉✐t ✿

Re =
ρUD

η
=
UD

ν
, ✭✶✳✸✮

❛✈❡❝ ρ ❧❛ ♠❛ss❡ ✈♦❧✉♠✐q✉❡ ❞✉ ✢✉✐❞❡✱ U ❧❛ ✈✐t❡ss❡ ♠♦②❡♥♥❡✱ η ❧❛ ✈✐s❝♦s✐té ❞②♥❛♠✐q✉❡ ❞✉ ✢✉✐❞❡✱
ν ❧❛ ✈✐s❝♦s✐té ❝✐♥é♠❛t✐q✉❡ ❞✉ ✢✉✐❞❡ ✭♦♥ ❛ ν = η

ρ ✮✱ ❡t D ✉♥❡ ❧♦♥❣✉❡✉r ❝❛r❛❝tér✐st✐q✉❡ ✭♣❛r
❡①❡♠♣❧❡ ❧❡ ❞✐❛♠ètr❡ ❞❡ ❧❛ ❝♦♥❞✉✐t❡ ❞❛♥s ❧❛q✉❡❧❧❡ ❧✬é❝♦✉❧❡♠❡♥t ❝✐r❝✉❧❡✮✳ ❈❡ ♥♦♠❜r❡ ♣❡r♠❡t
❞❡ ❝❛r❛❝tér✐s❡r ❧❡ ré❣✐♠❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ✿ ❧❛♠✐♥❛✐r❡✱ tr❛♥s✐t♦✐r❡ ♦✉ t✉r❜✉❧❡♥t✳ ▲❛ ❝é❧è❜r❡
❡①♣ér✐❡♥❝❡ ❞❡ ❘❡②♥♦❧❞s ✭✶✽✽✸✮ ♣❡r♠✐t ❡♥ ❡✛❡t ❞❡ ♠❡ttr❡ ❡♥ é✈✐❞❡♥❝❡ ❧❡ ❧✐❡♥ ❡♥tr❡ ❧❛ ✈❛❧❡✉r ❞✉
♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ❡t ❧❡ ré❣✐♠❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ✭✜❣✉r❡ ✶✳✶✮ ✿ ♣♦✉r ✉♥ ✢✉✐❞❡ s✬é❝♦✉❧❛♥t ❞❛♥s
✉♥❡ ❝♦♥❞✉✐t❡ r❡❝t✐❧✐❣♥❡ ❝②❧✐♥❞r✐q✉❡✱ s✐ ❧✬♦♥ ❢❛✐t ✈❛r✐❡r ❧❛ ✈✐s❝♦s✐té ❞✉ ✢✉✐❞❡✱ ❧❡ ❞é❜✐t ❡t✴♦✉ ❧❡
❞✐❛♠ètr❡ ❞❡ ❧❛ ❝♦♥❞✉✐t❡✱ ❧❡ ❝❤❛♥❣❡♠❡♥t ❞❡ ré❣✐♠❡ ❧❛♠✐♥❛✐r❡✱ tr❛♥s✐t♦✐r❡ ♦✉ t✉r❜✉❧❡♥t s✬♦♣èr❡
♣♦✉r ❞❡s ❣❛♠♠❡s ❞❡ ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ♣❛rt✐❝✉❧✐èr❡s✳ P♦✉r ✉♥❡ ❝♦♥❞✉✐t❡ ❝②❧✐♥❞r✐q✉❡✱ ❧❡
ré❣✐♠❡ ❡st ❧❛♠✐♥❛✐r❡ s✐ Re < 2000✱ tr❛♥s✐t♦✐r❡ s✐ 2000 < Re < 3000 ❡t t✉r❜✉❧❡♥t s✐ Re > 3000✳

▲❡ ♥♦♠❜r❡ ❞❡ ▼❛❝❤✱ q✉❛♥t à ❧✉✐✱ ❡st ❞é✜♥✐ ❝♦♠♠❡ ❧❡ r❛♣♣♦rt ❡♥tr❡ ❧❛ ✈✐t❡ss❡ ❞❡ ♣r♦♣❛❣❛t✐♦♥
❞✬✉♥ é❝♦✉❧❡♠❡♥t u ❡t ❧❛ ✈✐t❡ss❡ ❞✉ s♦♥ ❞❛♥s ❧❡ ♠✐❧✐❡✉ ❞❡ ♣r♦♣❛❣❛t✐♦♥ ❝♦♥s✐❞éré c ✿

M =
u

c
. ✭✶✳✹✮

❖♥ ❞✐t ❞✬✉♥ é❝♦✉❧❡♠❡♥t q✉✬✐❧ ❡st s✉❜s♦♥✐q✉❡ s✐ M < 1✱ tr❛♥ss♦♥✐q✉❡ s✐ M ≈ 1✱ s✉♣❡rs♦♥✐q✉❡
s✐ M > 1 ❡t ❤②♣❡rs♦♥✐q✉❡ s✐ M >> 1✳ P♦✉r ✉♥ é❝♦✉❧❡♠❡♥t s✉❜s♦♥✐q✉❡ ❡t ❞♦♥t ❧❡ ♥♦♠❜r❡ ❞❡
▼❛❝❤ ❡st ✐♥❢ér✐❡✉r à ✵✳✸✱ ❧❡ ✢✉✐❞❡ ♣❡✉t êtr❡ ❝♦♥s✐❞éré ❝♦♠♠❡ ✐♥❝♦♠♣r❡ss✐❜❧❡ ❬❆♥❞✵✶❪✳



✶✳✶✳ ●é♥ér❛❧✐tés ❞❡ ♠é❝❛♥✐q✉❡ ❞❡s ✢✉✐❞❡s ✺

❋✐❣✉r❡ ✶✳✶ ✕ ❘❡♣r♦❞✉❝t✐♦♥ ❞❡ ❧✬❡①♣ér✐❡♥❝❡ ❞❡ ❘❡②♥♦❧❞s ✿ ❞✐s♣♦s✐t✐❢ ❡①♣ér✐♠❡♥t❛❧ ❡t rés✉❧t❛ts
✭t✐ré ❞❡ ❬❲❆❊❏✵✸❪✮ ✿ ✭❛✮ ré❣✐♠❡ ❧❛♠✐♥❛✐r❡ ❀ ✭❜✮ ✢✉❝t✉❛t✐♦♥s ❡t ❞é❝❤✐r❡♠❡♥t ❞✉ ❝♦❧♦r❛♥t ❛✉
ré❣✐♠❡ ❞❡ tr❛♥s✐t✐♦♥ ❀ ✭❝✮ ré❣✐♠❡ t✉r❜✉❧❡♥t ❡t ♠♦✉✈❡♠❡♥ts ❞és♦r❞♦♥♥és✳

✶✳✶✳✸ ◆♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ♠♦❞érés ❡t ❜r✉✐t ❞❡ t✉r❜✉❧❡♥❝❡

❯♥ ❛✉tr❡ ❛s♣❡❝t ✐♠♣♦rt❛♥t ❞❡s é❝♦✉❧❡♠❡♥ts t✉r❜✉❧❡♥ts ♥♦♥ ❧✐sté ❞❛♥s ❧❛ s❡❝t✐♦♥ ✶✳✶✳✶ ❡st
❧❡✉r ❝❛r❛❝tèr❡ ❜r✉②❛♥t✳ ❯♥❡ ❣r❛♥❞❡ ✈❛r✐été ❞❡ ❜r✉✐ts ❛ér♦❞②♥❛♠✐q✉❡s ❞❡ t✉r❜✉❧❡♥❝❡ ♣❡✉✈❡♥t
êtr❡ ❣é♥érés✱ q✉❡ ❝❡ s♦✐t ❛rt✐✜❝✐❡❧❧❡♠❡♥t ♦✉ ♥❛t✉r❡❧❧❡♠❡♥t✳ ❯♥ ❜r✉✐t ❛ér♦❞②♥❛♠✐q✉❡ ❞❡ t✉r✲
❜✉❧❡♥❝❡ ❡st ❝❛r❛❝tér✐sé ♣❛r ✉♥ s♣❡❝tr❡ r❡❧❛t✐✈❡♠❡♥t ♣❧❛t✳ ❯♥ t❡❧ ❜r✉✐t ♥❡ ♣❡✉t ♣❛s êtr❡ ♣ré❞✐t
✐♥st❛♥t ♣❛r ✐♥st❛♥t✱ ♠❛✐s ♣❡✉t s❡✉❧❡♠❡♥t êtr❡ ❝❛r❛❝tér✐sé st❛t✐st✐q✉❡♠❡♥t✱ ❡t ♠♦❞é❧✐sé ♣❛r ✉♥
❛ss❡♠❜❧❛❣❡ ❞❡ s♦✉r❝❡s s♦♥♦r❡s ✐❞é❛❧✐sé❡s ❣é♥éré❡s ♣❛r ❧✬é❝♦✉❧❡♠❡♥t ✿ ♠♦♥♦♣ô❧❡s✱ ❞✐♣ô❧❡s ❡t
q✉❛❞r✉♣ô❧❡s ❬❙❤❛✶✷✱ ❘❚❇✾✾❪✳ ❯♥ ♠♦♥♦♣ô❧❡ ❛❝♦✉st✐q✉❡ ♣❡✉t êtr❡ ✈✉ ❝♦♠♠❡ ✉♥❡ s♣❤èr❡ ♣✉❧✲
s❛♥t❡✱ q✉✐ ❣é♥èr❡ ❞❡s ♦♥❞❡s s♦♥♦r❡s s♣❤ér✐q✉❡s✳ ❯♥ ❞✐♣ô❧❡ ❛❝♦✉st✐q✉❡ ❡st ❝♦♥st✐t✉é ❞❡ ❞❡✉①
♠♦♥♦♣ô❧❡s ❛❞❥❛❝❡♥ts ❡♥ ♦♣♣♦s✐t✐♦♥ ❞❡ ♣❤❛s❡✱ q✉✐ ❣é♥èr❡♥t ❝❤❛❝✉♥ ❞❡s ♦♥❞❡s s♦♥♦r❡s ✐♥t❡r❢é✲
r❛♥t ❡♥tr❡ ❡❧❧❡s✳ ❉❡ ❢❛ç♦♥ ❛♥❛❧♦❣✉❡✱ ✉♥ q✉❛❞r✉♣ô❧❡ ❡st ❝♦♥st✐t✉é ❞❡ ❞❡✉① ❞✐♣ô❧❡s ❞❡ ♠ê♠❡
✐♥t❡♥s✐té✱ ❡♥ ♦♣♣♦s✐t✐♦♥ ❞❡ ♣❤❛s❡✳ ❖♥ ♣❡✉t ❞❡ ♣❧✉s ❝❧❛ss✐✜❡r ❧❡s q✉❛❞r✉♣ô❧❡s ❡♥ ❞❡✉① t②♣❡s ✿
❧♦♥❣✐t✉❞✐♥❛✉① ❡t ❧❛tér❛✉①✳

❊♥ t❤é♦r✐❡✱ ❧❡ ❜r✉✐t ❣é♥éré ♣❛r ✉♥ é❝♦✉❧❡♠❡♥t t✉r❜✉❧❡♥t ❧♦✐♥ ❞❡ t♦✉t❡ ❢r♦♥t✐èr❡ s♦❧✐❞❡
❛♣♣❛r❛ît ❞❛♥s ❧❡ ❝❤❛♠♣ ❧♦✐♥t❛✐♥ ❝♦♠♠❡ s✐ ✐❧ ét❛✐t ♣r♦❞✉✐t ♣❛r ❞❡s s♦✉r❝❡s q✉❛❞r✉♣ô❧❛✐r❡s
❞❛♥s ❧✬é❝♦✉❧❡♠❡♥t✱ ❡t ❧❡ ❜r✉✐t ❣é♥éré ♣❛r ✉♥ é❝♦✉❧❡♠❡♥t t✉r❜✉❧❡♥t q✉✐ rés✉❧t❡ ❡♥ ✉♥❡ ❢♦r❝❡
✢✉❝t✉❛♥t❡ ❛♣♣❧✐q✉é❡ s✉r ✉♥ ♦❜❥❡t s♦❧✐❞❡✱ ♣❛r ❞❡s s♦✉r❝❡s ❞✐♣ô❧❛✐r❡s✳ ❉❛♥s t♦✉s ❧❡s ❝❛s✱ ❧✬✐♥t❡♥s✐té
❛❝♦✉st✐q✉❡ ❞❡ ❧❛ s♦✉r❝❡ ❞é♣❡♥❞ ❞❡ ❧❛ ✈✐t❡ss❡ V ❞❡ ❧✬é❝♦✉❧❡♠❡♥t✳ ▲❛ ♣✉✐ss❛♥❝❡ ❛❝♦✉st✐q✉❡ t♦t❛❧❡
❞✬✉♥ q✉❛❞r✉♣ô❧❡ ❡st ♣r♦♣♦rt✐♦♥♥❡❧❧❡ à V 8 ❀ ❝❡❧❧❡ ❞✬✉♥ ❞✐♣ô❧❡✱ à V 6✱ ❡t ❝❡❧❧❡ ❞✬✉♥ ♠♦♥♦♣ô❧❡✱ à
V 4 ❬▲✐❣✵✶✱ ❙❤❛✶✷❪✳ ❆✐♥s✐✱ ♣♦✉r ✉♥ ♥♦♠❜r❡ ❞❡ ▼❛❝❤ M < 1✱ ❧♦rsq✉✬✉♥ é❝♦✉❧❡♠❡♥t ❣é♥èr❡ à ❧❛
❢♦✐s ❞❡s s♦✉r❝❡s ❞✐♣ô❧❛✐r❡s ❡t q✉❛❞r✉♣ô❧❛✐r❡s✱ ❝❡ s♦♥t ❧❡s s♦✉r❝❡s ❞✐♣ô❧❛✐r❡s q✉✐ ❣é♥èr❡r♦♥t ❧❡
♣❧✉s ❞❡ ❜r✉✐t✱ ❜✐❡♥ q✉❡ ❧❛ ♣✉✐ss❛♥❝❡ ❛❝♦✉st✐q✉❡ ❞❡s s♦✉r❝❡s q✉❛❞r✉♣ô❧❛✐r❡s ❛✉r❛ t❡♥❞❛♥❝❡ à
❛✉❣♠❡♥t❡r ❜❡❛✉❝♦✉♣ ♣❧✉s ✈✐t❡ ❛✈❡❝ ❞❡s ✈✐t❡ss❡s ❞✬é❝♦✉❧❡♠❡♥t ♣❧✉s é❧❡✈é❡s✳ ▲♦rsq✉❡ ❧✬♦♥ ét✉❞✐❡
❧❡ ❜r✉✐t ❣é♥éré ♣❛r ✉♥ é❝♦✉❧❡♠❡♥t✱ ✐❧ ❡st ❝♦♠♠♦❞❡ ❞✬✉t✐❧✐s❡r ✉♥ ♥♦♠❜r❡ ❛❞✐♠❡♥s✐♦♥♥é ❛♣♣❡❧é
♥♦♠❜r❡ ❞❡ ❙tr♦✉❤❛❧ St✱ ❞é✜♥✐ ♣❛r

St =
fD

U
, ✭✶✳✺✮



✻ ❈❤❛♣✐tr❡ ✶✳ ❈♦♥t❡①t❡ ❞❡ ❝❡tt❡ t❤ès❡

♦ù f ❡st ❧❛ ❢réq✉❡♥❝❡✱ D ✉♥❡ ❧♦♥❣✉❡✉r ❝❛r❛❝tér✐st✐q✉❡✱ ❡t U ❧❛ ✈✐t❡ss❡✳ ▲❡ ♥♦♠❜r❡ ❞❡ ❙tr♦✉✲
❤❛❧ r❡♣rés❡♥t❡ ✉♥❡ ❢réq✉❡♥❝❡ ❛❞✐♠❡♥s✐♦♥♥é❡ ❡t ♣❡✉t êtr❡ ✐♥t❡r♣rété ❝♦♠♠❡ ❧❡ r❛♣♣♦rt ❡♥tr❡
❧✬❛❝❝é❧ér❛t✐♦♥ ❞✉❡ à ❧✬✐♥st❛t✐♦♥♥❛r✐té ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❡t ❧✬❛❝❝é❧ér❛t✐♦♥ ❝♦♥✈❡❝t✐✈❡ ❞✉❡ à ❧❛ ♥♦♥✲
✉♥✐❢♦r♠✐té ❞❡ ❧✬é❝♦✉❧❡♠❡♥t✳ ❆✐♥s✐✱ ♣♦✉r ✉♥ ♣❡t✐t ♥♦♠❜r❡ ❞❡ ❙tr♦✉❤❛❧✱ ❧❛ ❝♦♠♣♦s❛♥t❡ ✐♥st❛✲
t✐♦♥♥❛✐r❡ ❡st r❡❧❛t✐✈❡♠❡♥t ❢❛✐❜❧❡✳ ▲❡ ♥♦♠❜r❡ ❞❡ ❙tr♦✉❤❛❧ ♣❡✉t é❣❛❧❡♠❡♥t êtr❡ ✉t✐❧✐sé ♣♦✉r
❝❛r❛❝tér✐s❡r ❧❛ ❢réq✉❡♥❝❡ ❞❡ ❞ét❛❝❤❡♠❡♥t ❞❡s t♦✉r❜✐❧❧♦♥s ❞✬✉♥ ❥❡t✳ ❈❡tt❡ ❢réq✉❡♥❝❡ ✈❛ ❞é♣❡♥❞r❡
❞❡ ❧❛ ✈✐t❡ss❡ ❞✉ ❥❡t ❡t ❞✉ ❞✐❛♠ètr❡✱ ♠❛✐s ❞❡s ❥❡ts s✐♠✐❧❛✐r❡s✱ ❝✬❡st✲à✲❞✐r❡ ♣♦ssé❞❛♥t ❧❛ ♠ê♠❡
❢♦r♠❡ ❡t ❞♦♥❝ ❧❡ ♠ê♠❡ ❝♦♠♣♦rt❡♠❡♥t ✭② ❝♦♠♣r✐s ♣♦✉r ❞❡s ❞✐❛♠ètr❡s ❡t ✈✐t❡ss❡s ❞✐✛ér❡♥t❡s✮
❡①❤✐❜❡r♦♥t ❧❡ ♠ê♠❡ ♥♦♠❜r❡ ❞❡ ❙tr♦✉❤❛❧ ❝♦rr❡s♣♦♥❞❛♥t à ❧❛ ❢réq✉❡♥❝❡ ❞❡ ❞ét❛❝❤❡♠❡♥t t♦✉r✲
❜✐❧❧♦♥♥❛✐r❡ ❬❙✐♥✾✾❪✳ ▲✬❛ér♦❛❝♦✉st✐q✉❡✱ q✉✐ ❡st ✉♥❡ ❞✐s❝✐♣❧✐♥❡ r❡❧❛t✐✈❡♠❡♥t ❥❡✉♥❡ ✭♣r❡♠✐èr❡s ❢♦♥✲
❞❛t✐♦♥s t❤é♦r✐q✉❡s é❧❛❜♦ré❡s ♣❛r ▲✐❣❤t❤✐❧❧ ❬▲✐❣✺✷❪✮✱ ❝❤❡r❝❤❡ à ♣ré❞✐r❡ ❡t ❝❛r❛❝tér✐s❡r ❧❡s ❜r✉✐ts
❣é♥érés ♣❛r ❞❡s é❝♦✉❧❡♠❡♥ts ❛ér✐❡♥s✱ ❡ss❡♥t✐❡❧❧❡♠❡♥t t✉r❜✉❧❡♥ts✳ ▲❡s ♣r✐♥❝✐♣❛✉① ♠♦❞è❧❡s ❛é✲
r♦❛❝♦✉st✐q✉❡s ❡①✐st❛♥ts s❡r♦♥t ♣rés❡♥tés ❞❛♥s ❧❛ s❡❝t✐♦♥ ✻✳✶✳✷ ❞✉ ❈❤❛♣✐tr❡ ✻✳

❆❧♦rs q✉❡ ❧❡s ❜r✉✐ts ❛ér♦❞②♥❛♠✐q✉❡s ❣é♥érés ♣❛r ❞❡s é❝♦✉❧❡♠❡♥ts à ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s
é❧❡✈és ✭Re > 104✮✱ r❡♥❝♦♥trés ♥♦t❛♠♠❡♥t ❞❛♥s ✉♥❡ ❣r❛♥❞❡ ✈❛r✐été ❞✬❛♣♣❧✐❝❛t✐♦♥s ✐♥❞✉str✐❡❧❧❡s
✭❛ér♦♥❛✉t✐q✉❡✱ ❢❡rr♦✈✐❛✐r❡✱ é♦❧✐❡♥♥❡s✱ ❡t❝✳✮ ♦♥t ❢❛✐t ❧✬♦❜❥❡t ❞❡ ♥♦♠❜r❡✉s❡s ét✉❞❡s ❞❛♥s ❧❛ ❧✐t✲
tér❛t✉r❡ ✭♣❛r ❡①✳ ❬❈▼✼✸✱ ❍❙✾✶✱ ❑❆❈+✶✶❪✱ ♦♥ ❞é♥♦♠❜r❡ ♠♦✐♥s ❞✬ét✉❞❡s ❛ér♦❛❝♦✉st✐q✉❡s s✉r
❧❡s é❝♦✉❧❡♠❡♥ts à ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ♠♦❞érés✱ ❞❡ ❧✬♦r❞r❡ ❞❡ 102 à 104✱ ♠❛❧❣ré ❧❡✉r ✐♥térêt
♣♦t❡♥t✐❡❧ ❬❱●P✵✾❪✳ ❉❡ t❡❧s é❝♦✉❧❡♠❡♥ts ❞✬❛✐r à ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ♠♦❞érés s❡ r❡♥❝♦♥tr❡♥t
♣❛r ❡①❡♠♣❧❡ ❞❛♥s ❧❡s ✈♦✐❡s ❛ér✐❡♥♥❡s s✉♣ér✐❡✉r❡s ❞❡ ❧✬êtr❡ ❤✉♠❛✐♥ ❬▲❍▲❚✵✹✱ ◆▲▼✵✼✱ ❱●P✵✾❪✱
✐❧ s✬❛❣✐t t♦✉t s✐♠♣❧❡♠❡♥t ❞❡ ❧✬❛✐r q✉❡ ♥♦✉s r❡s♣✐r♦♥s✳ ❙✐ ❧✬❛✐r q✉❡ ♥♦✉s r❡s♣✐r♦♥s ♥♦✉s ❡st ✐♥❞✐s✲
♣❡♥s❛❜❧❡ ♣♦✉r ✈✐✈r❡✱ ✐❧ ♣♦ssè❞❡ é❣❛❧❡♠❡♥t ✉♥❡ ❛✉tr❡ ✉t✐❧✐té ✿ ❝❡❧❧❡ ❞❡ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣❛r♦❧❡
♦r❛❧❡✳

✶✳✷ Pr♦❞✉❝t✐♦♥ ❞❡ ♣❛r♦❧❡ ❤✉♠❛✐♥❡ ❡t ❢r✐❝❛t✐✈❡s ♥♦♥ ✈♦✐sé❡s

✶✳✷✳✶ ▼é❝❛♥✐s♠❡s ♣r✐♥❝✐♣❛✉①

▲✬❛ér♦❞②♥❛♠✐q✉❡ ❞❡ ❧❛ ♣❛r♦❧❡ ❛ t❡♥❞❛♥❝❡ à êtr❡ ré❞✉✐t❡ à ❵t♦✉t ❝❡ q✉❡ ❧✬❛✐r ❢❛✐t ❡t q✉✐ ♥✬❡st
♣❛s ❞✉ s♦♥✬ ❬❙❤❛✶✷❪✳ ❉❛♥s ❧✬ét✉❞❡ ❞❡ ❧❛ ♣❛r♦❧❡✱ ♦♥ ♥❡ s❡ ♣ré♦❝❝✉♣❡ ❡♥ ❣é♥ér❛❧ ❛✉ ✜♥❛❧ q✉❡ ❞✉
s♦♥ q✉✐ ❡st r❛②♦♥♥é ❞❛♥s ❧❡ ❝❤❛♠♣ ❧♦✐♥t❛✐♥✱ ❜✐❡♥ ❛✉✲❞❡❧à ❞✉ ❝♦♥❞✉✐t ✈♦❝❛❧✳ ❉❛♥s ❝❡tt❡ ③♦♥❡✱
♣rès ❞✬✉♥ ♠✐❝r♦♣❤♦♥❡ ♦✉ ❞✬✉♥❡ ♦r❡✐❧❧❡✱ ❧✬❛✐r ❡st ❣❧♦❜❛❧❡♠❡♥t ❛✉ r❡♣♦s ❡①❝❡♣té ❧à ♦ù ❧✬♦♥❞❡
❛❝♦✉st✐q✉❡ s❡ ♣r♦♣❛❣❡✱ ❡t ❧❛ ❞❡s❝r✐♣t✐♦♥ ❞❡ ❝❡tt❡ ♦♥❞❡ r❡st❡ ✉♥ ♣r♦❜❧è♠❡ ♣✉r❡♠❡♥t ❛❝♦✉st✐q✉❡✳
❚♦✉t❡❢♦✐s✱ à ❧✬✐♥tér✐❡✉r ❞✉ ❝♦♥❞✉✐t ✈♦❝❛❧ ✭✜❣✉r❡ ✶✳✷✮✱ ❧✬❛✐r ♥✬❡st ♣❛s ❛✉ r❡♣♦s ❀ ♥♦✉s ♣❛r❧♦♥s t♦✉t
❡♥ ❡①♣✐r❛♥t✱ ❡t ❧❡s ♦♥❞❡s s♦♥♦r❡s s❡ ♣r♦♣❛❣❡♥t à tr❛✈❡rs ❝❡t é❝♦✉❧❡♠❡♥t ❞✬❛✐r ❡♥ ♠♦✉✈❡♠❡♥t✳
▲❛ ♣❧✉♣❛rt ❞❡s s♦♥s ❞❡ ♣❛r♦❧❡ s♦♥t ❣é♥érés ♣❛r ❝❡t é❝♦✉❧❡♠❡♥t ✿ ✐❧ ♣❡✉t ♣r♦✈♦q✉❡r ❧❛ ♠✐s❡ ❡♥
❛✉t♦✲♦s❝✐❧❧❛t✐♦♥ ❞❡s ♣❧✐s ✈♦❝❛✉①✱ ❡t ✐❧ ♣❡✉t ❛✉ss✐ ❞❡✈❡♥✐r t✉r❜✉❧❡♥t ❡t ❣é♥ér❡r ❞✉ ❜r✉✐t✳

❆✉ s❡✐♥ ❞❡ ❧❛ ❣r❛♥❞❡ ✈❛r✐été ❞❡s s♦♥s ❞❡ ♣❛r♦❧❡ ❤✉♠❛✐♥s✱ ✐❧ ❡①✐st❡ ❧❡s s♦♥s ❞✐ts ❞❡ ❢r✐❝❛t✐✈❡s
♥♦♥ ✈♦✐sé❡s ✭✜❣✉r❡ ✶✳✸✮✱ ❞♦♥t ❧❛ ♣r♦❞✉❝t✐♦♥ s♦♥♦r❡ ♥❡ ❢❛✐t ♣❛s ✐♥t❡r✈❡♥✐r ❞❡ ✈✐❜r❛t✐♦♥ ❞❡s ♣❧✐s
✈♦❝❛✉①✱ t❡❧s q✉❡ ✴s✴ ✭♣❛r ❡①✳ ❞❛♥s ❧❡ ♠♦t s❝✐❡✮✱ ✴

∫

✴ ✭♣❛r ❡①✳ ❝❤❛t✮ ♦✉ ✴❢✴ ✭♣❛r ❡①✳ ❢❡♥êtr❡✮✱ q✉✐
s♦♥t t②♣✐q✉❡♠❡♥t ❞❡s ❜r✉✐ts ❞✬♦r✐❣✐♥❡ ❛ér♦❞②♥❛♠✐q✉❡✳ ▲❡s ♣r✐♥❝✐♣❛✉① ♠é❝❛♥✐s♠❡s ❛❝♦✉st✐q✉❡s



✶✳✷✳ Pr♦❞✉❝t✐♦♥ ❞❡ ♣❛r♦❧❡ ❤✉♠❛✐♥❡ ❡t ❢r✐❝❛t✐✈❡s ♥♦♥ ✈♦✐sé❡s ✼

❞❡ ❧❛ ♣r♦❞✉❝t✐♦♥ s♦♥♦r❡ ❞❡ ❢r✐❝❛t✐✈❡s ♥♦♥ ✈♦✐sé❡s ♦♥t été ❞é❝r✐ts ❞❛♥s ❧❛ t❤ès❡ ❞❡ ❙❤❛❞❧❡ ❬❙❤❛✽✺❪✳
❈❡s s♦♥s ❞❡ ♣❛r♦❧❡ s♦♥t ♣r♦❞✉✐ts ♣❛r ❧❛ ❢r✐❝❛t✐♦♥ ✭♦✉ ❢r♦tt❡♠❡♥t✮ ❞✬✉♥ ❥❡t ❞✬❛✐r t✉r❜✉❧❡♥t à
♥♦♠❜r❡ ❘❡②♥♦❧❞s ♠♦❞éré ❡t ❢❛✐❜❧❡ ♥♦♠❜r❡ ❞❡ ▼❛❝❤ ✭M < 0.3✮ ❬❙t❡✵✵❪✱ q✉✐ s❡ ❞é✈❡❧♦♣♣❡
❡♥ ❛✈❛❧ ❞✬✉♥❡ ❝♦♥str✐❝t✐♦♥ ❞❡ ❧❛ ❝❛✈✐té ♦r❛❧❡ ❡t q✉✐ ✐♥t❡r❛❣✐t ❛✈❡❝ ❞❡s ♦❜st❛❝❧❡s r✐❣✐❞❡s ♦✉
♥♦♥ r✐❣✐❞❡s ❞❡ ❧❛ ❝❛✈✐té ♦r❛❧❡ ✭❡♥ ❛✈❛❧ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥✮ t❡❧s q✉❡ ❧❡s ❞❡♥ts✱ ❧❛ ❧❛♥❣✉❡ ♦✉ ❧❡s
❧è✈r❡s ❬❙❤❛✽✺✱ ❙✐♥✾✾✱ ❍▼✵✺❪✳ ❈❡tt❡ ♣r♦❞✉❝t✐♦♥ s♦♥♦r❡ ❝♦♠♣❧❡①❡ ♣❡✉t êtr❡ ✈✉❡ ❝♦♠♠❡ ✉♥❡
❝♦♠❜✐♥❛✐s♦♥ ❞❡ s♦✉r❝❡s ❛❝♦✉st✐q✉❡s ♠♦♥♦♣ô❧❛✐r❡s✱ ❞✐♣ô❧❛✐r❡s ❡t q✉❛❞r✉♣ô❧❛✐r❡s ❬❙t❡✵✵❪✳ ❙❡❧♦♥
❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ❞✉ ❝♦♥❞✉✐t ✈♦❝❛❧ ❡t ❧❛ ❣é♦♠étr✐❡ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥✱ q✉✐ ❡♥ r❡t♦✉r ❞é♣❡♥❞❡♥t
❞❡ ❧✬❡♠♣❧❛❝❡♠❡♥t ♦ù ❛ ❧✐❡✉ ❧✬❛rt✐❝✉❧❛t✐♦♥ ❞❡ ❧❛ ❢r✐❝❛t✐✈❡ ❝♦♥s✐❞éré❡✱ ❞✐✛ér❡♥ts ♠é❝❛♥✐s♠❡s ❞❡
❣é♥ér❛t✐♦♥ ❞❡ t✉r❜✉❧❡♥❝❡ ♣❡✉✈❡♥t s❡ ♣r♦❞✉✐r❡ ✭✜❣✉r❡ ✶✳✹✮✳

▲❛ ♣r♦❞✉❝t✐♦♥ s♦♥♦r❡ ❞✉❡ à ✉♥ ❥❡t t✉r❜✉❧❡♥t ✐ss✉ ❞✬✉♥❡ ❝♦♥str✐❝t✐♦♥ ❡t ✐♠♣❛❝t❛♥t ✉♥ ♦❜s✲
t❛❝❧❡ ✭t❡❧ q✉❡ ❧❡s ❞❡♥ts ♦✉ ❧❡s ❧è✈r❡s✮ ♦✉ ✉♥❡ s✉r❢❛❝❡ ✭t❡❧❧❡ q✉❡ ❧❡s ♣❛r♦✐s ❞✉ ❝♦♥❞✉✐t ✈♦❝❛❧✮✱ ❡t
q✉✐ ✐♥❞✉✐t ✉♥❡ ❢♦r❝❡ ✢✉❝t✉❛♥t❡ s✉r ❧✬❛✐r✱ ❡st ❛ttr✐❜✉é❡ ❞❡ ♠❛♥✐èr❡ ♣ré♣♦♥❞ér❛♥t❡ à ✉♥❡ ❞✐str✐✲
❜✉t✐♦♥ ❞❡ s♦✉r❝❡s ❞✐♣ô❧❛✐r❡s ❬◆❆✾✻❪✳ ❊♥ r❡✈❛♥❝❤❡✱ ❞❡s ✢✉❝t✉❛t✐♦♥s ❛❧é❛t♦✐r❡s ❞❡ ✈✐t❡ss❡ ❛✉ s❡✐♥
❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥✱ ❞✉❡s à ❞❡s ✐rré❣✉❧❛r✐tés ❞❛♥s ❧❛ ❣é♦♠étr✐❡ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥✱ ❝♦♥st✐t✉❡♥t
✉♥❡ s♦✉r❝❡ ♠♦♥♦♣ô❧❛✐r❡✳ ▲❛ ♣r♦❞✉❝t✐♦♥ s♦♥♦r❡ ❞✉❡ à ❧❛ t✉r❜✉❧❡♥❝❡ ❞❛♥s ✉♥ ❥❡t ❧✐❜r❡ ❡st✱ ❡❧❧❡✱
❛ttr✐❜✉é❡ à ✉♥❡ ❝♦♠❜✐♥❛✐s♦♥ ❞❡ s♦✉r❝❡s ♠♦♥♦♣ô❧❛✐r❡s ❡t q✉❛❞r✉♣ô❧❛✐r❡s✳ ❉❛♥s ❝❡tt❡ t❤ès❡✱ ♥♦✉s
♥♦✉s ✐♥tér❡ss♦♥s ♣❧✉s ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❛✉① ❢r✐❝❛t✐✈❡s ♥♦♥ ✈♦✐sé❡s ✴❢✴ ❡t ✴s✴✳ ▲❛ ❢r✐❝❛t✐✈❡ ♥♦♥
✈♦✐sé❡ ✴❢✴ ❡st ♣❤♦♥ét✐q✉❡♠❡♥t ❞❡ t②♣❡ ❧❛❜✐♦✲❞❡♥t❛❧❡✱ ❡t ❡st ♣r♦❞✉✐t❡ ♣❛r r❛♣♣r♦❝❤❡♠❡♥t ❡♥tr❡
❧è✈r❡s ❡t ❞❡♥ts✳ ▲❛ ❢r✐❝❛t✐✈❡ ♥♦♥ ✈♦✐sé❡ ✴s✴ ❡st ❞❡ t②♣❡ s✐❜✐❧❛♥t❡ ✭q✉✐ s✐✤❡✮✱ ❡t ❡st ♣r♦❞✉✐t❡
♣❛r ✉♥ ❥❡t ❞✬❛✐r tr❛✈❡rs❛♥t ❧❛ ❝♦♥str✐❝t✐♦♥ ❢♦r♠é❡ ♣❛r ❧❛ ✈♦ût❡ ♣❛❧❛t✐♥❡ ❡t ❧❡ ❤❛✉t ❞❡ ❧❛ ❧❛♥❣✉❡✱
❥✉st❡ ❡♥ ❛♠♦♥t ❞❡s ✐♥❝✐s✐✈❡s ❬◆❆✾✻✱ ❙❙✾✺✱ ❙t❡✵✵✱ ❲❛r✼✻❪✳

◆é❛♥♠♦✐♥s✱ ❧❡s ♠é❝❛♥✐s♠❡s ❛ér♦❛❝♦✉st✐q✉❡s ✭❛❝♦✉st✐q✉❡ ❡t é❝♦✉❧❡♠❡♥t✮ ♥❡ s♦♥t ♣❛s ❡♥❝♦r❡
♣ré❝✐sé♠❡♥t ❝♦♠♣r✐s✱ ♥♦t❛♠♠❡♥t ❧❡ ❝♦♠♣♦rt❡♠❡♥t ♣❤②s✐q✉❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❞✬❛✐r q✉✐ ❣é♥èr❡ ❧❡
❜r✉✐t✱ ❧✬✐♥✢✉❡♥❝❡ ❞❡s ❝♦♥❞✐t✐♦♥s ❧✐♠✐t❡s s✉r ❧❡ r❛②♦♥♥❡♠❡♥t ❛❝♦✉st✐q✉❡✱ ♦✉ ❧❡ ❧✐❡✉ ❞❡ ❧❛ ♣r♦❞✉❝✲
t✐♦♥ s♦♥♦r❡ ❞❡s ❢r✐❝❛t✐✈❡s ♥♦♥ ✈♦✐sé❡s✳ ❊♥ ❡✛❡t✱ ❞❡ ❧é❣èr❡s ✈❛r✐❛t✐♦♥s ❞❛♥s ❧❛ ♣♦s✐t✐♦♥ ❡t ❧❛ ❢♦r♠❡
❞❡s ❛rt✐❝✉❧❛t❡✉rs ❝♦♥❝❡r♥és ✭❧❛♥❣✉❡ ❡t ❞❡♥ts✮ ♣❡✉✈❡♥t ♠♦❞✐✜❡r ❞❡ ♠❛♥✐èr❡ s✐❣♥✐✜❝❛t✐✈❡ ❧❡s ♣r♦✲
♣r✐étés s♣❡❝tr❛❧❡s ❞✉ ❜r✉✐t ♣r♦❞✉✐t✱ ❝♦♠♠❡ ♦❜s❡r✈é s✉r ❞❡s s✉❥❡ts ❤✉♠❛✐♥s ❬◆❆✾✻✱ ❘▲❉+✵✶❪✳
❊♥ ❞✬❛✉tr❡s t❡r♠❡s✱ ❧❡s ♣❛r❛♠ètr❡s ❣é♦♠étr✐q✉❡s ♦✉ ♣❤②s✐q✉❡s ❧✐és à ❧❛ ❝♦♥str✐❝t✐♦♥ ❢♦r♠é❡
❡♥tr❡ ❧❡ ❤❛✉t ❞❡ ❧❛ ❧❛♥❣✉❡ ❡t ❧❛ ✈♦ût❡ ♣❛❧❛t✐♥❡✱ ♦✉ ❡♥❝♦r❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ❢♦r♠é❡ ❡♥tr❡ ❧❡ ❜♦✉t
❞❡ ❧❛ ❧❛♥❣✉❡ ❡t ❧❡s ✐♥❝✐s✐✈❡s ✭s✉♣ér✐❡✉r❡s ♦✉ ✐♥❢ér✐❡✉r❡s✮✱ ❥♦✉❡♥t ✉♥ rô❧❡ ♣ré♣♦♥❞ér❛♥t ❞❛♥s
❧❡s ♠é❝❛♥✐s♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❞❡ ❢r✐❝❛t✐✈❡ ♥♦♥ ✈♦✐sé❡✳ P❛r♠✐ ❝❡s ♣❛r❛♠ètr❡s✱ ❞❡ ♣ré❝é❞❡♥t❡s
ét✉❞❡s ♦♥t ♠♦♥tré q✉✬✐❧ s✬❛❣✐t ❡♥ ♣❛rt✐❝✉❧✐❡r ❞✉ ❞é❜✐t ❞✬❛✐r ♦r❛❧ Q ✭❝♦♥❞✐t✐♦♥♥❛♥t ❧❛ ✈✐t❡ss❡
❞✉ ❥❡t ❞✬❛✐r tr❛✈❡rs❛♥t ❧❛ ❝♦♥str✐❝t✐♦♥✮✱ ❞❡ ❧❛ ♣r❡ss✐♦♥ ✐♥tr❛✲♦r❛❧❡ ✭♦✉ ❜✐❡♥ ❧❛ ❝❤✉t❡ ❞❡ ♣r❡ss✐♦♥
q✉❛s✐✲st❛t✐q✉❡ ❛✉ tr❛✈❡rs ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ∆P ✮ ❡t ❞❡ ❧❛ s✉r❢❛❝❡ ♠✐♥✐♠❛❧❡ ❞❡ ❝♦♥str✐❝t✐♦♥
Ac ❬❙t❡✵✵✱ ❙❤❛✽✺✱ ❙❤❛✾✶❪✳ ●é♥ér❛❧❡♠❡♥t ♣❛r❧❛♥t✱ ❧❛ ❧✐ttér❛t✉r❡ r❡q✉✐❡rt ♠❛✐s ♠❛♥q✉❡ ❞❡ ❞♦♥✲
♥é❡s ❞❡ ✈✐t❡ss❡ ♣♦✉r ❞é❝r✐r❡ ❧❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ✐♠♣❧✐q✉é ❞❛♥s ❧❛ ♣r♦❞✉❝t✐♦♥
❞❡ ♣❛r♦❧❡ ❤✉♠❛✐♥❡✱ ❝♦♠♠❡ ❝♦♥st❛té ♣❛r ❇♦❞♦♥② ❬❇♦❞✵✺❪✱ ❍♦✇❡ ❬❍▼✵✺❪ ❡t ❱❛♥ ❍✐rt✉♠ ❡t
❛❧✳ ❬❱❍●❈✶✷❛❪✳



✽ ❈❤❛♣✐tr❡ ✶✳ ❈♦♥t❡①t❡ ❞❡ ❝❡tt❡ t❤ès❡

❋✐❣✉r❡ ✶✳✷ ✕ ▲❡s ✈♦✐❡s ❛ér✐❡♥♥❡s s✉♣ér✐❡✉r❡s ❝❤❡③ ❧✬❤✉♠❛✐♥ ✭t✐ré ❞❡ ❬❙❛t✾✷❪✮

❋✐❣✉r❡ ✶✳✸ ✕ ❙✐❣♥❛❧ é❧❡❝tr✐q✉❡ ❞❡ ♣r❡ss✐♦♥ ❛❝♦✉st✐q✉❡ r❛②♦♥♥é❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ♣r❡ss✐♦♥
✐♥tr❛✲♦r❛❧❡ ♣♦✉r ❧❡s ❢r✐❝❛t✐✈❡s ♥♦♥ ✈♦✐sé❡s ✴❢✴✱ ✴s✴ ❡t ✴

∫

✴ ✭t✐ré ❞❡ ❬▼❊✺✸❪✮



✶✳✷✳ Pr♦❞✉❝t✐♦♥ ❞❡ ♣❛r♦❧❡ ❤✉♠❛✐♥❡ ❡t ❢r✐❝❛t✐✈❡s ♥♦♥ ✈♦✐sé❡s ✾

❋✐❣✉r❡ ✶✳✹ ✕ ❘❡♣rés❡♥t❛t✐♦♥ s❝❤é♠❛t✐sé❡ ❞❡s tr♦✐s t②♣❡s ❞❡ s♦✉r❝❡s ❛❝♦✉st✐q✉❡s ❞✉❡s à ❧❛
t✉r❜✉❧❡♥❝❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t à ♣r♦①✐♠✐té ❞✬✉♥❡ ❝♦♥str✐❝t✐♦♥ ✿ ✭❛✮ s❛♥s ♦❜st❛❝❧❡ ❀ ✭❜✮
♦❜st❛❝❧❡ ❡♥ ❛✈❛❧ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ❀ ✭❝✮ ✢✉❝t✉❛t✐♦♥ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❞✉❡ à ✉♥❡ ✐rré❣✉❧❛r✐té ❡♥
❛♠♦♥t ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ✭✏❜♦ss❡✑ s✉r ❧❡ ❞❡ss✐♥✮ ✭t✐ré ❞❡ ❬❙❤❛✽✺✱ ❙t❡✵✵❪✮

✶✳✷✳✷ ❙✐♠♣❧✐✜❝❛t✐♦♥ ✐♥✲✈✐tr♦

▲❡s ♠é❝❛♥✐s♠❡s s♦✉s✲❥❛❝❡♥ts ❞❡ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ s♦♥s ❞❡ ♣❛r♦❧❡ ♣❡✉✈❡♥t êtr❡ ét✉❞✐és à
❧✬❛✐❞❡ ❞❡ ♠❛q✉❡tt❡s ✐♥✲✈✐tr♦ q✉✐ r❡♣r♦❞✉✐s❡♥t ❞❡ ♠❛♥✐èr❡ ♣❧✉s ♦✉ ♠♦✐♥s s✐♠♣❧✐✜é❡ ❝❡rt❛✐♥❡s
❝♦♥✜❣✉r❛t✐♦♥s ♦✉ ❣é♦♠étr✐❡s ❞✉ ❝♦♥❞✉✐t ✈♦❝❛❧ ♣❡rt✐♥❡♥t❡s ♣♦✉r ❧✬ét✉❞❡ ❞❡ ❝❡s s♦♥s✳ ❈♦♠♣❛rés
❛✉① s✉❥❡t ❤✉♠❛✐♥s✱ ❧❡s ♠❛q✉❡tt❡s ✐♥✲✈✐tr♦ ♣rés❡♥t❡♥t ❧✬❛✈❛♥t❛❣❡ ♠❛❥❡✉r ❞❡ ❧✐♠✐t❡r ❧❛ ❝♦♠♣❧❡①✐té
❞❡ ❧✬ét✉❞❡ ❡♥ s❡ ❢♦❝❛❧✐s❛♥t ✉♥✐q✉❡♠❡♥t s✉r ✉♥ ♥♦♠❜r❡ ❧✐♠✐té ❞❡ ♣❛r❛♠ètr❡s ❡t ❞❡ ♣❤é♥♦♠è♥❡s✳
❊♥ ♦✉tr❡✱ ❧❡s ♣❛r❛♠ètr❡s ❣é♦♠étr✐q✉❡s ❞❡ ❝❡s ♠❛q✉❡tt❡s ♣❡✉✈❡♥t êtr❡ ❝♦♥trô❧és ❡t ✉♥❡ ♣❧✉s
❣r❛♥❞❡ ré♣ét❛❜✐❧✐té ❡①♣ér✐♠❡♥t❛❧❡ ♣❡✉t êtr❡ ❛tt❡✐♥t❡✳ P❧✉s✐❡✉rs ❛✉t❡✉rs s❡ s♦♥t ❛tt❛❝❤és ❞✉r❛♥t
❝❡s ❞❡r♥✐èr❡s ❞é❝❡♥♥✐❡s à é❧❛❜♦r❡r ❞❡s ♠❛q✉❡tt❡s ✐♥✲✈✐tr♦ ❞❡ ❞✐✛ér❡♥t❡s ❢♦r♠❡s✱ ♠❛tér✐❛✉①
❡t ❞✐♠❡♥s✐♦♥s✱ ❡♥ ✈✉❡ ❞✬ét✉❞✐❡r ❧❡s ♠é❝❛♥✐s♠❡s ♣❤②s✐q✉❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❞❡ ❞✐✈❡rs s♦♥s ❞❡
♣❛r♦❧❡ ✭♣❛r ❡①✳ ❬❉P❱+✵✸✱ ❘P❱❍+✵✼✱ ▲❱❍❘+✵✾❪ q✉✐ ❡①♣❧♦✐t❡♥t ❞❡s ré♣❧✐q✉❡s ❞❡ ♣❧✐s ✈♦❝❛✉①
♣♦✉r ét✉❞✐❡r ❧❛ ♣❤♦♥❛t✐♦♥✮✳ ❈♦♥❝❡r♥❛♥t ❧❡s ❢r✐❝❛t✐✈❡s✱ ♣❧✉s✐❡✉rs ♠♦❞è❧❡s ❛ér♦❛❝♦✉st✐q✉❡s ❞❡
♣r♦❞✉❝t✐♦♥ ✐ss✉s ❞✬ét✉❞❡s s✉r ❞❡s ♠❛q✉❡tt❡s ✐♥✲✈✐tr♦ s✐♠♣❧✐✜é❡s ❬❱P❊❇✶✶❪ ♦✉ ré❛❧✐st❡s ❬◆♦③✶✵❪
❞✉ ❝♦♥❞✉✐t ✈♦❝❛❧ ❡t ❞❡s ❞❡♥ts ♦♥t été ♣r♦♣♦sés ❞❡♣✉✐s ❧❛ t❤ès❡ ❞❡ ❙❤❛❞❧❡ ❬❙❤❛✽✺❪ ✭✜❣✉r❡ ✶✳✺✮✳
❇✐❡♥ q✉❡ ❞❡ ♥♦♠❜r❡✉s❡s ❞♦♥♥é❡s ♠♦r♣❤♦❧♦❣✐q✉❡s ♦♥t été r❡❝✉❡✐❧❧✐❡s ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡ ❧❛
❞❡♥t✐st❡r✐❡ ❬P♦✉✼✵✱ ▼▼✵✸❪✱ ♣❡✉ ❞❡ ❞♦♥♥é❡s ❞✬é❝♦✉❧❡♠❡♥t ♦♥t été ♦❜t❡♥✉❡s ♣♦✉r ❞❡s ❣é♦♠étr✐❡s
♣❡rt✐♥❡♥t❡s ♣♦✉r ❧✬ét✉❞❡ ❞❡ ❧❛ ♣r♦❞✉❝t✐♦♥ s♦♥♦r❡ ❞❡ ❢r✐❝❛t✐✈❡s ♥♦♥ ✈♦✐sé❡s✱ ❡t ❧✬✐♥✢✉❡♥❝❡ ❞❡
❧✬é❝♦✉❧❡♠❡♥t ❡st ❞✬❛✐❧❧❡✉rs s♦✉✈❡♥t ♥é❣❧✐❣é❡ ❞❛♥s ❧❛ ♣❧✉♣❛rt ❞❡s ét✉❞❡s✳ ❉❡ t❡❧❧❡s ❞♦♥♥é❡s
❞✬é❝♦✉❧❡♠❡♥t ♣❡✉✈❡♥t ♣♦✉rt❛♥t ❛✈♦✐r ✉♥❡ ❣r❛♥❞❡ ✉t✐❧✐té ❞❛♥s ✉♥❡ ♣❡rs♣❡❝t✐✈❡ ❞❡ ✈❛❧✐❞❛t✐♦♥
❞❡s ♠♦❞è❧❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❡①✐st❛♥ts ❬❱●P+✶✵❪✳

❉❛♥s ❧❡ ❝♦♥t❡①t❡ ❞❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ♣r♦t❤ès❡s ❞❡♥t❛✐r❡s✱ ❧❡s ❞♦♥♥é❡s ♥✉♠ér✐q✉❡s ♣r♦✈❡✲
♥❛♥t ❞✬ét✉❞❡s ❛ér♦❛❝♦✉st✐q✉❡s ❝♦♠♣✉t❛t✐♦♥♥❡❧❧❡s ✭♣❛r ❡①✳ ❬◆❆❚+✵✺❪ ❢♦❝❛❧✐sé❡s s✉r ❞❡s r❡❝♦♥s✲
tr✉❝t✐♦♥s ♣❡rs♦♥♥❛❧✐sé❡s ❞❡ ♣❛rt✐❡s ❞✉ ❝♦♥❞✉✐t ✈♦❝❛❧ ♦♥t ❜❡s♦✐♥ ❞✬êtr❡ ✈❛❧✐❞é❡s ❡①♣ér✐♠❡♥t❛✲
❧❡♠❡♥t✳ ❈❡rt❛✐♥❡s ♣r♦♣r✐étés q✉❛♥t✐t❛t✐✈❡s ❞❡ ❧✬é❝♦✉❧❡♠❡♥t t❡❧❧❡s q✉❡ ❧❡s ♣❛rt✐❡s ♠♦②❡♥♥❡ ❡t



✶✵ ❈❤❛♣✐tr❡ ✶✳ ❈♦♥t❡①t❡ ❞❡ ❝❡tt❡ t❤ès❡

✭❛✮ ✭❜✮

✭❝✮ ✭❞✮

❋✐❣✉r❡ ✶✳✺ ✕ ❊①❡♠♣❧❡s ❞❡ ♠♦❞è❧❡s ❣é♦♠étr✐q✉❡s ❞❡ ❝♦♠♣❧❡①✐té ❝r♦✐ss❛♥t❡ ❞❡ ❝♦♥❞✉✐t ✈♦❝❛❧
❞✉r❛♥t ✉♥❡ ♣r♦❞✉❝t✐♦♥ ❞❡ s✐❜✐❧❛♥t❡ ✴s✴ ✿ ✭❛✮ ■♥❝✐s✐✈❡ ❡t ❝❤❛♠♣ ❧✐❜r❡ ❬❈◆❱❍+✶✸❪✳ ✭❜✮ ▲❛♥❣✉❡
❡t ✐♥❝✐s✐✈❡ ❬❱P❊❇✶✶❪✳ ✭❝✮ ▲❛♥❣✉❡ ❡t ✐♥❝✐s✐✈❡ ❬❱●P+✶✵❪✳ ✭❞✮ ❈❛✈✐té ♦r❛❧❡ ❤✉♠❛✐♥❡ ❬◆♦③✶✵❪✳

t✉r❜✉❧❡♥t❡ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ s♣❛t✐❛❧❡ ❞❡ ✈✐t❡ss❡ s♦♥t ✉t✐❧❡s ♣♦✉r ✉♥❡ t❡❧❧❡ ✈❛❧✐❞❛t✐♦♥ ❬❍▼✵✺❪✳
❱❛♥ ❍✐rt✉♠ ❡t ❛❧✳ ❬❱●P✵✾❪ ♦♥t ❡✛❡❝t✉é ❞❡s ♠❡s✉r❡s ❞❡ ✈✐t❡ss❡ ♣♦✉r ❝❛r❛❝tér✐s❡r ❧❛ ❞✐str✐❜✉t✐♦♥
s♣❛t✐❛❧❡ ❞❡ ✈✐t❡ss❡ ❞✬✉♥ é❝♦✉❧❡♠❡♥t à ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ♠♦❞éré ❡t ❢❛✐❜❧❡ ♥♦♠❜r❡ ❞❡ ▼❛❝❤
s♦rt❛♥t ❞✬✉♥ ❞✐✛✉s❡✉r ❝♦♥✐q✉❡✳ ❇✐❡♥ q✉✬❛✉❝✉♥ ♦❜st❛❝❧❡ ♥❡ ❢✉t ✐♥séré ❡t q✉✬❛✉❝✉♥❡ s✐♠✉❧❛t✐♦♥
♥✉♠ér✐q✉❡ ♥❡ ❢✉t ré❛❧✐sé❡✱ ❧❡s ❞♦♥♥é❡s ❞✬é❝♦✉❧❡♠❡♥t r❡❝✉❡✐❧❧✐❡s ♦♥t ♣❡r♠✐s ❞❡ ✈❛❧✐❞❡r ❧❡s ♠♦❞è✲
❧❡s ❛✉t♦✲s✐♠✐❧❛✐r❡s q✉✐ s♦♥t ♣❡rt✐♥❡♥ts ♣♦✉r ♠♦❞é❧✐s❡r ❧✬é❝♦✉❧❡♠❡♥t s♦rt❛♥t ❞✬✉♥❡ ❝♦♥str✐❝t✐♦♥
❢♦r♠é❡ ❡♥tr❡ ❧❛ ❧❛♥❣✉❡ ❡t ❧❛ ✈♦ût❡ ♣❛❧❛t✐♥❡✳

▲❛ ♣r♦❞✉❝t✐♦♥ ❞❡s s♦♥s ❞❡ ♣❛r♦❧❡✱ ❡t ♥♦t❛♠♠❡♥t ❞❡s ❢r✐❝❛t✐✈❡s ♥♦♥ ✈♦✐sé❡s✱ ❢❛✐t ✐♥t❡r✈❡♥✐r
✉♥❡ ♠✉❧t✐t✉❞❡ ❞❡ ♠é❝❛♥✐s♠❡s ♣❤②s✐q✉❡s ❝♦♠♣❧❡①❡s ❡t ❞✐✣❝✐❧❡♠❡♥t ❛♣♣ré❤❡♥❞❛❜❧❡s ❛✉ ♣r❡♠✐❡r
❛❜♦r❞✱ ♠❛✐s q✉❡ ♥♦✉s ♣♦✉✈♦♥s ét✉❞✐❡r ❞❡ ♠❛♥✐èr❡ ♣❧✉s s✐♠♣❧❡ ❡♥ s❡ ❢♦❝❛❧✐s❛♥t s✉r ✉♥ ♥♦♠❜r❡
❧✐♠✐té ❞❡ ♣❛r❛♠ètr❡s ❡t ❞❡ ♣❤é♥♦♠è♥❡s✳ ❈❡❝✐ ♣❡✉t s❡ ❢❛✐r❡ à ❧✬❛✐❞❡ ❞✬❡①♣ér✐❡♥❝❡s s✉r ♠❛q✉❡tt❡s
✐♥✲✈✐tr♦ s✐♠♣❧✐✜é❡s ❡t ❝♦♥trô❧❛❜❧❡s✱ ❝♦♠♠❡ ♥♦✉s ❧✬❛✈♦♥s ✈✉ ❞❛♥s ❧❡ ♣❛r❛❣r❛♣❤❡ ♣ré❝é❞❡♥t✳ ◆♦✉s
❝❤♦✐s✐ss♦♥s ❞✬❛❞♦♣t❡r ❝❡tt❡ ❛♣♣r♦❝❤❡ ❞❛♥s ❧❛ ♣rés❡♥t❡ t❤ès❡✱ ❡♥ ❝♦♠♣❧é♠❡♥t ❞❡s ❛✉tr❡s ét✉❞❡s
❛✈❡❝ ♠❛q✉❡tt❡s ✐♥✲✈✐tr♦ ❡♥ ❧✐❡♥ ❛✈❡❝ ❧❛ ♣r♦❞✉❝t✐♦♥ s♦♥♦r❡ ❞❡ ❢r✐❝❛t✐✈❡s ♥♦♥ ✈♦✐sé❡s✳



✶✳✷✳ Pr♦❞✉❝t✐♦♥ ❞❡ ♣❛r♦❧❡ ❤✉♠❛✐♥❡ ❡t ❢r✐❝❛t✐✈❡s ♥♦♥ ✈♦✐sé❡s ✶✶

✭❛✮ ✭❜✮
✭❝✮

❋✐❣✉r❡ ✶✳✻ ✕ ❱❛r✐❛❜✐❧✐té ❞❡s ❞❡♥t✐t✐♦♥s ❤✉♠❛✐♥❡s✳ ✭❛✮ ❡t ✭❜✮ t✐ré ❞❡ ❬▼●❇✵✸❪✳ ✭❝✮ t✐ré
❞❡ ❬❈❙❇✵✸❪✳

✶✳✷✳✸ ▲❡ ❜r✉✐t ❞❡ ❢r✐❝❛t✐✈❡ s✐❜✐❧❛♥t❡ ✴s✴ ❡♥ t❛♥t q✉✬♦✉t✐❧ ❞✬❛✐❞❡ ❛✉① s♦✐♥s
❜✉❝❝♦✲❞❡♥t❛✐r❡s ♣❡rs♦♥♥❛❧✐sés ❄

▲❛ ❝❛♣❛❝✐té ❞❡ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣❛r♦❧❡ ❡st ❡ss❡♥t✐❡❧❧❡ ♣♦✉r ♣♦✉✈♦✐r ❝♦♠♠✉♥✐q✉❡r ♦r❛❧❡♠❡♥t✳
❆✐♥s✐✱ ❧❡s ♣r❛t✐❝✐❡♥s q✉✐ s✬♦❝❝✉♣❡♥t ❞❡s ♣r♦❜❧è♠❡s ❞❡ s❛♥té ❧✐és ❛✉① ❛rt✐❝✉❧❛t❡✉rs ❞❡ ❧❛ ❝❛✈✐té
♦r❛❧❡ s❡r✈❛♥t à ❧❛ ♣❛r♦❧❡ ✭❜♦✉❝❤❡✱ ❞❡♥ts✱ ❡t❝✳✮ ❞❡♠❛♥❞❡♥t ♣❛r❢♦✐s à ❧❡✉r ♣❛t✐❡♥t ❞✬é♥♦♥❝❡r
❝❡rt❛✐♥s s♦♥s ❞❡ ♣❛r♦❧❡✱ ❝❡❝✐ ❡♥ ✈✉❡ ❞❡ ❢♦✉r♥✐r ✉♥❡ ❛✐❞❡ ❛✉ ❞✐❛❣♥♦st✐❝✱ tr❛✐t❡♠❡♥t ♦✉ à ❧❛
t❤ér❛♣✐❡ ❞❡ ❝❡s ♣r♦❜❧è♠❡s✳ P♦✉r ❧❡s ♣r♦❜❧è♠❡s ♣❛r♠✐ ❧❡s ♣❧✉s ❝r✐t✐q✉❡s✱ t❡❧s q✉✬✉♥ ❝❛♥❝❡r ♦✉
✉♥❡ ❛♣♥é❡ ♦❜str✉❝t✐✈❡ ❞✉ s♦♠♠❡✐❧✱ ✉♥❡ ✐♥t❡r✈❡♥t✐♦♥ ❝❤✐r✉r❣✐❝❛❧❡ ♠❛①✐❧❧♦✲❢❛❝✐❛❧❡ ♦✉ ♦rt❤♦❣♥❛✲
t✐q✉❡ s✬❛✈èr❡ ♣❛r❢♦✐s ♥é❝❡ss❛✐r❡✱ ❝❡ q✉✐ ❞❛♥s ❝❡rt❛✐♥s ❝❛s ❛ ♣♦✉r ❝♦♥séq✉❡♥❝❡s ❞❡ ❢♦rt❡♠❡♥t
❞é❣r❛❞❡r ❧❡s ❢❛❝✉❧tés ❞❡ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣❛r♦❧❡ ❞✉ ♣❛t✐❡♥t✱ ❡♥tr❛î♥❛♥t ❞❡ ❢❛✐t ✉♥ ❤❛♥❞✐❝❛♣ s♦❝✐❛❧
♠❛❥❡✉r ❬▲❲❈❙✵✷✱ ❲■❋+✾✻✱ ❍P❍✼✽✱ ❈▲❍+✵✾✱ ❱▲▼❍❱✶✵✱ ❱▲▼❇+✵✹❪✳ ❉❛♥s ❧❡ ❞♦♠❛✐♥❡ ❞❡ ❧❛
❞❡♥t✐st❡r✐❡✱ ❧❛ ♣r♦♥♦♥❝✐❛t✐♦♥ ❞❡ ❧❛ s✐❜✐❧❛♥t❡ ✴s✴ ❡st ✉♥ ❜✐♦♠❛rq✉❡✉r ♣♦✉✈❛♥t s❡r✈✐r ❞✬✐♥❞✐❝❛t❡✉r
❞✬✐♠♣❛❝t ❞❡ ❝❡rt❛✐♥❡s ♠❛♥✐♣✉❧❛t✐♦♥s ❝❧✐♥✐q✉❡s✱ t❡❧❧❡s q✉❡ ❞❡s ✐♠♣❧❛♥ts ♦✉ ♣r♦t❤ès❡s ❞❡♥t❛✐r❡s✳
❈❡❧❛ ét❛♥t✱ ❧❛ ♣❧✉♣❛rt ❞❡s r❡❝❤❡r❝❤❡s ♠❡♥é❡s ❡♥ ❞❡♥t✐st❡r✐❡ s❡ s♦♥t ❞❛✈❛♥t❛❣❡ ❢♦❝❛❧✐sé❡s s✉r ❧❡s
❝❛r❛❝tér✐st✐q✉❡s ❞❡s ❞❡♥ts ❬❊▼✽✻✱ ❘❉❆❚✾✽✱ ▼●❇✵✸❪ q✉❡ s✉r ❞❡s ❝❛r❛❝tér✐st✐q✉❡s ❛rt✐❝✉❧❛t♦✐r❡s
❝♦♠♠❡ ❧❛ ❢♦r♠❡ ❞❡ ❧❛ ❝❛✈✐té ♦r❛❧❡✳

▲❡s t❡❝❤♥✐q✉❡s ❞✬✐♠❛❣❡r✐❡ ♠é❞✐❝❛❧❡✱ ♥♦t❛♠♠❡♥t ❧❡s r❛②♦♥s ❳ ❬❋❛♥✻✵✱ ❲♦♦✼✾✱ ❋❏❇✵✾❪✱ ❧❡s
✉❧tr❛s♦♥s ❬❆❑❙✾✾❪✱ ❧✬■♠❛❣❡r✐❡ ♣❛r ❘és♦♥❛♥❝❡ ▼❛❣♥ét✐q✉❡ ✭■❘▼✮ ❬◆❆✾✻✱ ❙❇P■✵✽✱ ❚❖❙+✾✼✱
❚▼❍✶✵❪✱ ♦✉ ❡♥❝♦r❡ ❧❛ t♦♠♦❞❡♥s✐t♦♠étr✐❡ ✭❚❉▼✮ ❬❍❙❇+✽✼✱ ❲❙❇❍✽✼✱ ❙❍●+✶✶❪ ♣❡r♠❡tt❡♥t
✉♥❡ ❝❛♣t✉r❡ ❤❛✉t❡ rés♦❧✉t✐♦♥ ❞❡ ❧❛ ❣é♦♠étr✐❡ ❞✉ ❝♦♥❞✉✐t ✈♦❝❛❧✱ ❞❡ ♠❛♥✐èr❡ ♣❡rs♦♥♥❛❧✐sé❡ ❡t
♥♦♥✲✐♥✈❛s✐✈❡✳ ●râ❝❡ ❛✉① ❞é✈❡❧♦♣♣❡♠❡♥t ré❝❡♥ts ❞✉ ♣r♦t♦t②♣❛❣❡ r❛♣✐❞❡✱ ✐❧ ❡st ❡♥ ♦✉tr❡ ❞és♦r✲
♠❛✐s t❡❝❤♥✐q✉❡♠❡♥t ♣♦ss✐❜❧❡ ❞❡ r❡❝♦♥str✉✐r❡ ❧❛ ❣é♦♠étr✐❡ ❡♥ ♣❛rt❛♥t ❞❡ ❧❛ ❝❛♣t✉r❡ ❞✉ ❝♦♥❞✉✐t
✈♦❝❛❧ ❞✉ ♣❛t✐❡♥t✱ ❡♥ ✈✉❡ ❞✬✉♥❡ ♣r✐s❡ ❡♥ ❝❤❛r❣❡ ❡♥❝♦r❡ ♣❧✉s ♣❡rs♦♥♥❛❧✐sé❡ ♣♦✉r s❡s s♦✐♥s ❜✉❝❝♦✲
❞❡♥t❛✐r❡s✳ ◆é❛♥♠♦✐♥s✱ ❝♦♠♠❡ ❧❡ ♣r♦t♦t②♣❛❣❡ r❛♣✐❞❡ rés✉❧t❡ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❡♥ ✉♥❡ r❡❝♦♥str✉❝✲
t✐♦♥ ✜①❡ ❞✉ ❝♦♥❞✉✐t ✈♦❝❛❧ ❞✉r❛♥t ❧❛ ♣r♦♥♦♥❝✐❛t✐♦♥ ❞✬✉♥❡ s✐❜✐❧❛♥t❡ ♠❛✐♥t❡♥✉❡✱ ✉♥❡ ♣r❡♠✐èr❡
q✉❡st✐♦♥ ❢♦♥❞❛♠❡♥t❛❧❡ q✉✐ s❡ ♣♦s❡ ❡st ❞❛♥s q✉❡❧❧❡ ♠❡s✉r❡ ✉♥❡ ❣é♦♠étr✐❡ r❡❝♦♥str✉✐t❡ ♣❡✉t
êtr❡ ✉t✐❧✐sé❡ ♣♦✉r r❡♣r♦❞✉✐r❡ ❧❡ ❜r✉✐t ❞❡ s✐❜✐❧❛♥t❡✱ à ❞✐✛ér❡♥ts ♥✐✈❡❛✉① ❞✬✐♥t❡♥s✐té s♦♥♦r❡✳ ❯♥❡
❡st✐♠❛t✐♦♥ ❞❡ ❧❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡ s✐❣♥❛❧ ❛❝♦✉st✐q✉❡ ❣é♥éré ❛✈❡❝ ✉♥❡ ❣é♦♠étr✐❡ r❡❝♦♥str✉✐t❡
❡t ❧❡ s♦♥ ♣r♦❞✉✐t ♣❛r ✉♥ ❧♦❝✉t❡✉r ❤✉♠❛✐♥ ❡st r❡q✉✐s❡ ❡♥ t❛♥t q✉❡ ♣r❡✉✈❡ ❞❡ ❝♦♥❝❡♣t ❛✈❛♥t s♦♥
✉t✐❧✐s❛t✐♦♥ ❞❛♥s ❞❡s ❛♣♣❧✐❝❛t✐♦♥s ❞❡ t②♣❡ s♦✐♥s ❜✉❝❝♦✲❞❡♥t❛✐r❡s ♦✉ ❞❛♥s ❞❡s r❡❝❤❡r❝❤❡s ❧✐é❡s à
❧❛ ❝❛✈✐té ♦r❛❧❡✳



✶✷ ❈❤❛♣✐tr❡ ✶✳ ❈♦♥t❡①t❡ ❞❡ ❝❡tt❡ t❤ès❡

P❧✉s✐❡✉rs ❛✉t❡✉rs ❬◆❆✾✻✱ ❙❙✾✺❪ ♦♥t r❡♣♦rté ✉♥❡ ❣r❛♥❞❡ ✈❛r✐❛❜✐❧✐té ❞❡s ❞♦♥♥é❡s ❛rt✐❝✉❧❛t♦✐r❡s
❛✉ s❡✐♥ ❞❡s s✐❜✐❧❛♥t❡s ❡t ❞❡s ❧♦❝✉t❡✉rs✳ ■❧ ❡①✐st❡ ❡♥ ♦✉tr❡ ✉♥❡ ❣r❛♥❞❡ ❞✐✈❡rs✐té ❞❡ ❞❡♥t✐t✐♦♥s✱
♥♦r♠❛❧❡s ♦✉ ♣❛t❤♦❧♦❣✐q✉❡s ✭✜❣✉r❡ ✶✳✻✮✳ ❉✬❛✉tr❡ ♣❛rt✱ ❧❡ ♣r♦❝❡ss✉s ❞✬❛❝q✉✐s✐t✐♦♥ ❞✬✐♠❛❣❡ ❛✈❛♥t
❧❛ r❡❝♦♥str✉❝t✐♦♥ s✬ét❡♥❞ ❡♥ ❣é♥ér❛❧ s✉r ♣❧✉s✐❡✉rs s❡❝♦♥❞❡s ❡t ♥é❝❡ss✐t❡ ♣r♦❜❛❜❧❡♠❡♥t ♣❧✉s✐❡✉rs
❝❛♣t✉r❡s✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❛ st❛❜✐❧✐té ❡t ❧❛ ré♣ét❛❜✐❧✐té ❞❡ ♣r♦❞✉❝t✐♦♥ s♦♥♦r❡ ❞❡ ❧❛ s✐❜✐❧❛♥t❡
❞♦✐✈❡♥t êtr❡ é✈❛❧✉é❡s ❡♥ t❡♥❛♥t ❝♦♠♣t❡ ❞❡ ❝❡rt❛✐♥s ♣❛r❛♠ètr❡s ❛ér♦❞②♥❛♠✐q✉❡s ❡t ❛❝♦✉st✐q✉❡s
❝❛r❛❝tér✐st✐q✉❡s ❞❡ ❝❡tt❡ ♣r♦❞✉❝t✐♦♥✳ ❉❡ t❡❧s ♣❛r❛♠ètr❡s ♣♦✉rr❛✐❡♥t r❡♣rés❡♥t❡r ❡♥ ♦✉tr❡ ❞❡s
❜✐♦♠❛rq✉❡✉rs q✉❛♥t✐t❛t✐❢s ❛❞❞✐t✐♦♥♥❡❧s✱ ❞❛♥s ❧❡ ❝❛s ❞✬❛♣♣❧✐❝❛t✐♦♥s ❜✐♦♠é❞✐❝❛❧❡s✳ ■❧ ♣♦✉rr❛✐t
s✬❛❣✐r ♣❛r ❡①❡♠♣❧❡ ❞❡ ❧❛ s✉r❢❛❝❡ ♠✐♥✐♠❛❧❡ ❞❡ ❝♦♥str✐❝t✐♦♥ Ac✱ ❧✐é❡ à ❧❛ ❣é♦♠étr✐❡ ❞❡ ❧❛ ❝❛✈✐té
♦r❛❧❡ ❡t ❛✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✉ ❥❡t✱ ❡t q✉✐ ♣❡✉t êtr❡ ❡st✐♠é❡ à ♣❛rt✐r ❞❡ q✉❛♥t✐tés ❛ér♦❞②♥❛✲
♠✐q✉❡s é✈❛❧✉é❡s ❞❡ ♠❛♥✐èr❡ ♥♦♥ ✐♥✈❛s✐✈❡ s✉r ❞❡s s✉❥❡ts ❤✉♠❛✐♥s✱ s❛♥s ♥é❝❡ss✐t❡r ❞✬éq✉✐♣❡♠❡♥ts
❝♦ût❡✉① ❬❲❉✻✹✱ ❘♦t✼✼❪✳ ■❧ ❡st à ♥♦t❡r q✉❡ ❧✬❡♠♣❧❛❝❡♠❡♥t ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ❝♦♥❝❡r♥é❡ ❛ très
♣❡✉ ❞✬✐♥✢✉❡♥❝❡ s✉r ❧❛ ♣❡r❝❡♣t✐♦♥ ❞✉ s♦♥ ♣r♦❞✉✐t ❬❋❘✾✽✱ ▼❘❙✵✻❪

❊♥ ♣❧✉s ❞❡s ♣r♦❣rès ré❝❡♥ts ❡♥ r❡❝♦♥str✉❝t✐♦♥ ❡t ♣r♦t♦t②♣❛❣❡✱ ❝❡rt❛✐♥❡s ét✉❞❡s ❡①♣ér✐♠❡♥✲
t❛❧❡s ❬❙❤❛✽✺✱ ❙❇P■✵✽✱ ❱P❊❇✶✶❪ ❡t ♥✉♠ér✐q✉❡s ❬❈◆❱❍❲✶✶✱ ◆◆❚❲✶✷❪ s✉r ❧❡ s✉❥❡t ♣❡✉✈❡♥t
êtr❡ s✉s❝❡♣t✐❜❧❡s ❞❡ rés✉❧t❡r à ❧✬❛✈❡♥✐r ✈❡rs ❧✬é❧❛❜♦r❛t✐♦♥ ❞❡ ❣é♦♠étr✐❡s ♥❡✉tr❡s ♣r♦♣r❡s à ✉♥
♣❛t✐❡♥t ❞♦♥♥é✱ ❛ss♦❝✐é❡s à ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ s✐❜✐❧❛♥t❡ ✴s✴ q✉✐ ♣❡✉✈❡♥t êtr❡ ♣❡rs♦♥♥❛❧✐sé❡s ❡♥
❢♦♥❝t✐♦♥ ❞❡ ♣❛r❛♠ètr❡s ❞❡ ❞é✈❡❧♦♣♣❡♠❡♥t t❡❧s q✉❡ ❧✬â❣❡ ❬◆❋✵✺❪ ❡t ✉♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞❡ ♣❛✲
r❛♠ètr❡s ❣é♦♠étr✐q✉❡s✳ P❛r ❝♦♥séq✉❡♥t✱ ✉♥❡ ❛♣♣r♦❝❤❡ ❝♦♠❜✐♥❛♥t ❧✬✉t✐❧✐s❛t✐♦♥ ❞✬✉♥❡ ❣é♦♠étr✐❡
r❡❝♦♥str✉✐t❡ ❛✈❡❝ ✉♥❡ ❡st✐♠❛t✐♦♥ ❛ér♦❞②♥❛♠✐q✉❡ ❞❡ ❧❛ s✉r❢❛❝❡ ♠✐♥✐♠❛❧❡ ❞❡ ❝♦♥str✐❝t✐♦♥ Ac
♣♦✉rr❛✐t ♣❡r♠❡ttr❡ ❞❛♥s ✉♥ ❛✈❡♥✐r ♣r♦❝❤❡ ❞❡ ❣é♥ér❛❧✐s❡r ❧❡ r❡❝♦✉rs à ❧❛ s✐❜✐❧❛♥t❡ ✴s✴ ❡♥ t❛♥t
q✉✬❛✐❞❡ ❛✉① s♦✐♥s ❜✉❝❝♦✲❞❡♥t❛✐r❡s ♣❡rs♦♥♥❛❧✐sés ♦✉ ❡♥❝♦r❡ ♣♦✉r ❞❡s r❡❝❤❡r❝❤❡s ♥✉♠ér✐q✉❡s ♦✉
❡①♣ér✐♠❡♥t❛❧❡s ♣♦rt❛♥t s✉r ❧❛ ❝❛✈✐té ♦r❛❧❡✳

✶✳✸ Pr♦❥❡t P❡t❛❋❧♦✇

▲❡s tr❛✈❛✉① ❞❡ ❝❡tt❡ t❤ès❡✱ ♣r✐♥❝✐♣❛❧❡♠❡♥t ♠❡♥és ❛✉ ❉é♣❛rt❡♠❡♥t P❛r♦❧❡ ❡t ❈♦❣♥✐t✐♦♥ ❞✉
❧❛❜♦r❛t♦✐r❡ ●■P❙❆✲❧❛❜ ✭●r❡♥♦❜❧❡ ■♠❛❣❡ P❛r♦❧❡ ❙✐❣♥❛❧ ❆✉t♦♠❛t✐q✉❡✮✱ ♦♥t été ✜♥❛♥❝és ♣❛r ✉♥
♣r♦❥❡t ❆◆❘ ❇❧❛♥❝ ✐♥t❡r♥❛t✐♦♥❛❧ ❞❡ ❝♦♦♣ér❛t✐♦♥ s❝✐❡♥t✐✜q✉❡ ❢r❛♥❝♦✲❥❛♣♦♥❛✐s❡ ❞é♥♦♠♠é P❡t❛✲
❋❧♦✇ ❬❱❍❇❈+✶✵✱ ❖◆❇+✶✶✱ ❆❆❇+✶✸❪✳ ❈❡ ♣r♦❥❡t ✭❆◆❘✲✵✾✲❇▲❆◆✲✵✸✼✻✲✵✶✮ ❡st ✉♥❡ ❝♦❧❧❛❜♦r❛✲
t✐♦♥ ❡♥tr❡ ❧❡ ●■P❙❆✲❧❛❜✱ ❧✬■◆❘■❆ ●r❡♥♦❜❧❡ ✭■♥st✐t✉t ◆❛t✐♦♥❛❧ ❞❡ ❘❡❝❤❡r❝❤❡ ❡♥ ■♥❢♦r♠❛t✐q✉❡
❡t ❡♥ ❆✉t♦♠❛t✐q✉❡✮✱ ❧✬➱❝♦❧❡ ◆♦r♠❛❧❡ ❙✉♣ér✐❡✉r❡ ❞❡ ▲②♦♥✱ ❧✬❯♥✐✈❡rs✐té ❞❡ ❑②♦t♦ ✭❏❛♣♦♥✮ ❡t
❧✬❯♥✐✈❡rs✐té ❞✬❖s❛❦❛ ✭❏❛♣♦♥✮✳ ▲✬♦❜❥❡❝t✐❢ ❞❡ ❝❡ ♣r♦❥❡t ❡st ❞❡ ❝♦♥tr✐❜✉❡r à ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ r❡s✲
s♦✉r❝❡s ❞❡ ❝❛❧❝✉❧ ❤❛✉t❡✲♣❡r❢♦r♠❛♥❝❡ ❛✉ ❜é♥é✜❝❡ ❞❡ ❧❛ s♦❝✐été✳ ❊♥ ✈✉❡ ❞✬❛tt❡✐♥❞r❡ ❝❡t ♦❜❥❡❝t✐❢✱
❧❡ ♣r♦❥❡t P❡t❛❋❧♦✇ ❝❤❡r❝❤❡ à ✐♠♣❧é♠❡♥t❡r ❡t ❞é✈❡❧♦♣♣❡r ❞❡ ♥♦✉✈❡❧❧❡s s♦❧✉t✐♦♥s ❞❡ ❚❡❝❤♥♦❧♦❣✐❡s
❞❡ ❧✬■♥❢♦r♠❛t✐♦♥ ❡t ❞❡ ❧❛ ❈♦♠♠✉♥✐❝❛t✐♦♥ ✭❚■❈✮ ♣❡r♠❡tt❛♥t ❞✬❛tt❡✐♥❞r❡ ✉♥❡ s②♥❡r❣✐❡ t❡❝❤♥♦✲
❧♦❣✐q✉❡ ❡t ✐♥❢♦r♠❛t✐q✉❡ à ❧✬é❝❤❡❧❧❡ ❞✉ ❣❧♦❜❡✱ ❛✈❡❝ ❧✬é♠❡r❣❡♥❝❡ ❞✬✉♥ rés❡❛✉ ❞❡ ❝♦♠♠✉♥✐❝❛t✐♦♥s
tr❛♥s❝♦♥t✐♥❡♥t❛❧❡s à très ❤❛✉t❡s ✈✐t❡ss❡s ❞❡ tr❛♥s❢❡rts ♣♦✉r ❧❡ ♣❛rt❛❣❡ ❞❡ ❣r♦ss❡s ❞♦♥♥é❡s
s❝✐❡♥t✐✜q✉❡s ✭à ❧✬é❝❤❡❧❧❡ ❵♣ét❛✬✱ ❞✉ ♣ré✜①❡ ❞✬♦r✐❣✐♥❡ ❣r❡❝q✉❡ r❡♣rés❡♥t❛♥t 1015 s♦✐t ✉♥ ♠✐❧❧✐♦♥
❞❡ ♠✐❧❧✐❛r❞s✮✳ P❧✉s ❝♦♥❝rèt❡♠❡♥t✱ ❝❡tt❡ s②♥❡r❣✐❡ ♣❡✉t êtr❡ ❛tt❡✐♥t❡ ❣râ❝❡ ❛✉ ❞é✈❡❧♦♣♣❡♠❡♥t
❞✬❛❧❣♦r✐t❤♠❡s ✐♥❢♦r♠❛t✐q✉❡s ♣❡r❢♦r♠❛♥ts✱ ❞❛♥s ❞❡s s♦❧✉t✐♦♥s ❞❡ ❝❛❧❝✉❧ ❡t✴♦✉ ❞❡ ✈✐s✉❛❧✐s❛t✐♦♥s
s❝✐❡♥t✐✜q✉❡s ❛♣♣❧✐q✉é❡s à ✉♥❡ t❤é♠❛t✐q✉❡ ❞❡ r❡❝❤❡r❝❤❡ ❞✬✐♠♣♦rt❛♥❝❡ s♦❝✐ét❛❧❡✱ ❧❛ ♠♦❞é❧✐s❛✲
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t✐♦♥ ♣❤②s✐q✉❡ ❞❡s ✈♦✐❡s ❛ér✐❡♥♥❡s s✉♣ér✐❡✉r❡s ❤✉♠❛✐♥❡s ✭✜❣✉r❡ ✶✳✼❛✮✳ ❈❡tt❡ t❤é♠❛t✐q✉❡✱ q✉✐
❡♥❣❧♦❜❡ ❡♥tr❡ ❛✉tr❡s ❧❡ ❝❤❛♠♣ ❞✬✐♥✈❡st✐❣❛t✐♦♥ ❞❡ ❝❡tt❡ t❤ès❡✱ ♠❡t ❡♥ ❥❡✉ ♥♦♥ s❡✉❧❡♠❡♥t ❞❡
❧♦✉r❞❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s ♠❛✐s ❛✉ss✐ ❞❡ ❧♦✉r❞❡s ❞♦♥♥é❡s ♥✉♠ér✐q✉❡s ✐ss✉❡s ❞❡ s✐♠✉❧❛✲
t✐♦♥s ❞❡ ❞②♥❛♠✐q✉❡ ❞❡s ✢✉✐❞❡s ❝♦♠♣✉t❛t✐♦♥♥❡❧❧❡ ✭❈♦♠♣✉t❛t✐♦♥❛❧ ❋❧✉✐❞ ❉②♥❛♠✐❝s✱ ❈❋❉✮ ♦✉
❡♥❝♦r❡ ❞✬❛ér♦❛❝♦✉st✐q✉❡ ❝♦♠♣✉t❛t✐♦♥♥❡❧❧❡ ✭❈♦♠♣✉t❛t✐♦♥❛❧ ❆❡r♦❆❝♦✉st✐❝s✱ ❈❆❆✮✳ ▼✐s à ♣❛rt
❧✬ét✉❞❡ ❞❡ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ❢r✐❝❛t✐✈❡s✱ q✉✐ ♣❡✉t ❛✈♦✐r ✉♥❡ ✉t✐❧✐té ❡♥ t❛♥t q✉✬♦✉t✐❧ ♣♦✉r ❝❡r✲
t❛✐♥s tr❛✐t❡♠❡♥ts ❜✉❝❝♦✲❞❡♥t❛✐r❡s✱ ❝♦♠♠❡ ♥♦✉s ✈❡♥♦♥s ❞❡ ✈♦✐r ❞❛♥s ❧❛ ♣ré❝é❞❡♥t❡ ♣❛rt✐❡✱ ❧❡s
❛✉tr❡s ❛♣♣❧✐❝❛t✐♦♥s ♣♦ss✐❜❧❡s ❞✉ ♣r♦❥❡t P❡t❛✢♦✇ s♦♥t ♣❛r ❡①❡♠♣❧❡ ❧✬ét✉❞❡ ❜✐♦♠é❝❛♥✐q✉❡ ❞❡
❝❡rt❛✐♥s ♣r♦❜❧è♠❡s ❧✐és ❛✉① ✈♦✐❡s ❛ér✐❡♥♥❡s s✉♣ér✐❡✉r❡s ❝♦♠♠❡ ❧❛ r❡s♣✐r❛t✐♦♥✱ ❧❛ t♦✉①✱ ❧✬❛♣♥é❡
❞✉ s♦♠♠❡✐❧✱ ❡t❝✳

▲✬é❝♦✉❧❡♠❡♥t ❞❛♥s ❧❡s ✈♦✐❡s ❛ér✐❡♥♥❡s s✉♣ér✐❡✉r❡s ❡st ✉♥ ♣r♦❝❡ss✉s ❝♦♠♣❧❡①❡ q✉✐ rés✉❧t❡
❞❡ ❝♦♥❞✐t✐♦♥s ❢♦rt❡♠❡♥t ✈❛r✐❛❜❧❡s ❛✉ ♥✐✈❡❛✉ ❣é♦♠étr✐q✉❡ ❡t é❝♦✉❧❡♠❡♥t✳ ❊♥ r❛✐s♦♥ ❞❡ ❧❛ ❝♦♠✲
♣❧❡①✐té ❡t ❞❡ ❧❛ ♣ré❝✐s✐♦♥ r❡q✉✐s❡ ♣♦✉r ♠♦❞é❧✐s❡r ❝❡t é❝♦✉❧❡♠❡♥t✱ ❧❡ ❝♦ût ❡♥ ❝❛❧❝✉❧ ♣♦✉r ❞❡s
s✐♠✉❧❛t✐♦♥s ❈❋❉ ❡t ❈❆❆ ❧♦rsq✉❡ ❧✬♦♥ ❝❤❡r❝❤❡ à rés♦✉❞r❡ ❞❡s ♣r♦❜❧è♠❡s ❞❡ ❜r✉✐t ❣é♥éré ♣❛r
❧✬é❝♦✉❧❡♠❡♥t✱ ❝♦♠♠❡ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ❢r✐❝❛t✐✈❡s ✭❜r✉✐t ❧❛r❣❡ ❜❛♥❞❡ ✹✲✶✻❦❍③✮✱ ❡st ❝♦♥s✐❞ér❛❜❧❡✳
❆✐♥s✐✱ ❧❡s s✐♠✉❧❛t✐♦♥s ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡ s✉r ❧❡s ❢r✐❝❛t✐✈❡s s♦♥t ❣é♥ér❛❧❡♠❡♥t ❧✐♠✐té❡s à ✉♥❡
s❡✉❧❡ ❣é♦♠étr✐❡ tr✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ♣❛rt✐❝✉❧✐èr❡✱ ❝♦♠♠❡ ❝❡❧❧❡ ♣rés❡♥té❡ ❞❛♥s ❬❘❙✵✻❪ ✭s✐♠✉❧❛t✐♦♥
❞❡s ❣r❛♥❞❡s é❝❤❡❧❧❡s✮✳ ▲❛ ❞✉ré❡ ❞❡ s✐♠✉❧❛t✐♦♥ r❡♣♦rté❡ ❞❛♥s ❝❡tt❡ ét✉❞❡✱ ♣♦✉r ✉♥❡ ❣r✐❧❧❡ ❞❡ ✸
♠✐❧❧✐♦♥s ❞✬é❧é♠❡♥ts✱ ❡✛❡❝t✉é❡ ♣❛r ✉♥ ❝❧✉st❡r ❖♣t❡r♦♥ à ✶✻ ♥♦❡✉❞s✱ ❡st ❞❡ ✶✹ ❥♦✉rs ❬◆◆❚❲✶✷❪✳
❆✉ ♥✐✈❡❛✉ ✈✐t❡ss❡ ❞❡s tr❛♥s❢❡rts ❞❡ ❞♦♥♥é❡s✱ ❡♥ ✉t✐❧✐s❛♥t ❧❡s ♣r♦t♦❝♦❧❡s ❙❈P ✭❙❡❝✉r❡ ❈♦♣②✮ ❡t
❍❚❚P ✭❍②♣❡r ❚❡①t ❚r❛♥s❢❡r Pr♦t♦❝♦❧✮ ♣♦✉r tr❛♥s❢ér❡r ❞❡s ❞♦♥♥é❡s ❡♥tr❡ ❧❡ ❏❛♣♦♥ ❡t ❧❛ ❋r❛♥❝❡
✭♣❛r ❡①✳✮✱ ❧❡s ❞é❜✐ts s♦♥t ❝♦♠♣r✐s ❡♥tr❡ ✶✺✵ ❡t ✸✵✵❦♦✴s ❬❆❆❇+✶✸❪✳ ■❧ ❢❛✉t ❞♦♥❝ ✉♥❡ ✈✐♥❣t❛✐♥❡ ❞❡
♠✐♥✉t❡s ♣♦✉r tr❛♥s❢ér❡r ✉♥ ✜❝❤✐❡r ❞❡ ✸✵✵▼♦ ❝♦rr❡s♣♦♥❞❛♥t à ✉♥ ✉♥✐q✉❡ ♣❛s ❞❡ t❡♠♣s s✐♠✉❧é✳
P♦✉r ✶✵✵ ♣❛s ❞❡ t❡♠♣s ✭✸✵●♦✮✱ ❝❡❧❛ r❡♣rés❡♥t❡ ❞♦♥❝ ✉♥❡ ❞✉ré❡ t♦t❛❧❡ ❞❡ tr❛♥s❢❡rt s✉♣ér✐❡✉r❡
à ✸✻ ❤❡✉r❡s✳ ❉❡ t♦✉t❡ é✈✐❞❡♥❝❡✱ ❞❡ t❡❧❧❡s ❞✉ré❡s ❡♠♣ê❝❤❡♥t ❞r❛st✐q✉❡♠❡♥t t♦✉t❡ é✈❛❧✉❛t✐♦♥
s②sté♠❛t✐q✉❡ ❡♥ t❡♠♣s ré❡❧ ❞❡ ♣❛r❛♠ètr❡s ❞❡ ❝♦♥✜❣✉r❛t✐♦♥ ♦✉ ❞✬❛♣♣r♦❝❤❡s✴♠♦❞è❧❡s t❡stés✱
❞❛♥s ✉♥ ❝♦♥t❡①t❡ ❞❡ r❡❝❤❡r❝❤❡ ❝♦❧❧❛❜♦r❛t✐✈❡ tr❛♥s❝♦♥t✐♥❡♥t❛❧❡ ✭✜❣✉r❡ ✶✳✼❜❜✮✳ ▲❡ ♣r♦❥❡t P❡t❛✲
✢♦✇ ❝❤❡r❝❤❡ ❞♦♥❝ à s✬❛✛r❛♥❝❤✐r ❞❡ ❝❡s ❧✐♠✐t❛t✐♦♥s✱ ♣❛r ✉♥❡ ✉t✐❧✐s❛t✐♦♥ ❡t ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❞❡s
r❡ss♦✉r❝❡s ✐♥❢♦r♠❛t✐q✉❡s ♠✐s❡s à ❝♦♥tr✐❜✉t✐♦♥ ❡♥tr❡ ❧❡s ❞✐✛ér❡♥ts ♣❛rt❡♥❛✐r❡s ❜❡❛✉❝♦✉♣ ♣❧✉s ❡❢✲
✜❝✐❡♥t❡✳ ▲❛ ❞❡s❝r✐♣t✐♦♥ ❡t ❧✬✐♠♣❧é♠❡♥t❛t✐♦♥ ♣r❛t✐q✉❡ ❞❡ ❝❡s ♥♦✉✈❡❧❧❡s t❡❝❤♥✐q✉❡s ✐♥❢♦r♠❛t✐q✉❡s
❞é♣❛ss❡♥t ❧❛r❣❡♠❡♥t ❧❡ ❝❛❞r❡ ❞❡ ❝❡tt❡ t❤ès❡ ❡t ♥❡ s❡r♦♥t ❞♦♥❝ ♣❛s ❡①♣❧✐❝✐tés ✐❝✐✳ ❚♦✉t❡❢♦✐s✱ ❧❡
❧❡❝t❡✉r ✐♥tér❡ssé ♣♦✉rr❛ s❡ ré❢ér❡r ❛✉ s✐t❡ ✐♥t❡r♥❡t ❞✉ ♣r♦❥❡t P❡t❛✢♦✇ ✶ ❛✐♥s✐ q✉✬❛✉① ❛rt✐❝❧❡s
♣ré❝é❞❡♠♠❡♥t ❝✐tés ❬❱❍❇❈+✶✵✱ ❖◆❇+✶✶✱ ❆❆❇+✶✸❪✳
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➚ ❧❛ ❧✉♠✐èr❡ ❞❡s ♣r♦❜❧é♠❛t✐q✉❡s s♦✉❧❡✈é❡s ❞❛♥s ❝❡tt❡ ✐♥tr♦❞✉❝t✐♦♥✱ ❡t ❞❛♥s ✉♥❡ ♣❡rs♣❡❝✲
t✐✈❡ ❞❡ ♣♦✉rs✉✐t❡ ❞❡s ♣r✐♥❝✐♣❛✉① tr❛✈❛✉① ❛♥tér✐❡✉rs ♠❡♥és s✉r ❧❡ s✉❥❡t✱ ❧❡ ♣r✐♥❝✐♣❛❧ ♦❜❥❡❝t✐❢ ❞❡
❝❡tt❡ t❤ès❡ ❡st ❞❡ ❝♦♥tr✐❜✉❡r à ❧❛ ❝❛r❛❝tér✐s❛t✐♦♥ ❞❡s ♠é❝❛♥✐s♠❡s ♣❤②s✐q✉❡s ✐♥t❡r✈❡♥❛♥t ❞❛♥s
❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ s♦♥s ❞❡ ♣❛r♦❧❡ ❞❡ t②♣❡ ❢r✐❝❛t✐✈❡s ♥♦♥ ✈♦✐sé❡s ✴❢✴ ❡t ✴s✴✳ ▲✬❛❝❝❡♥t s❡r❛ ❡♥
♣❛rt✐❝✉❧✐❡r ♠✐s s✉r ❧✬✐♥✈❡st✐❣❛t✐♦♥ ❞❡ ❧✬✐♥✢✉❡♥❝❡ ❞❡s ❝♦♥❞✐t✐♦♥s ❧✐♠✐t❡s s✉r ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t
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http://petaflow.gforge.inria.fr/
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✭❛✮
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❋✐❣✉r❡ ✶✳✼ ✕ Pr♦❥❡t ❞❡ ❝♦❧❧❛❜♦r❛t✐♦♥ s❝✐❡♥t✐✜q✉❡ ❢r❛♥❝♦✲❥❛♣♦♥❛✐s❡ P❡t❛❋❧♦✇✳ ✭❛✮ ❙♦❧✉t✐♦♥s
❞❡ ❚❡❝❤♥♦❧♦❣✐❡s ❞❡ ❧✬■♥❢♦r♠❛t✐♦♥ ✫ ❈♦♠♠✉♥✐❝❛t✐♦♥s ✭❚■❈✮ ❛♣♣❧✐q✉é❡s ❛✉① r❡❝❤❡r❝❤❡s s✉r
❧✬é❝♦✉❧❡♠❡♥t à tr❛✈❡rs ❧❛ ❝❛✈✐té ♦r❛❧❡ ♣♦✉r ❧❛ ♣r❛t✐q✉❡ ♦rt❤♦❞♦♥t✐q✉❡ ✭t✐ré ❞❡ ❬❆❆❇+✶✸❪✮✳
✭❜✮ ❚♦♣♦❧♦❣✐❡ ❞✉ rés❡❛✉ ✐♥❢♦r♠❛t✐q✉❡ ✐♠♣❧é♠❡♥té ❝♦♠♠❡ ❜❛♥❝ ❞✬❡ss❛✐ ♣♦✉r ❧❡ ♣r♦❥❡t ✭t✐ré
❞❡ ❬❆❆❇+✶✸❪✮✳
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BRUIT
GENERE

X ❉❡❣ré ❞✬♦✉✈❡rt✉r❡ Hc/H✳

X ◆♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s Re ❂ ✹✵✵✵✳

? ❈♦♥❞✐t✐♦♥s ✐♥✐t✐❛❧❡s ❞❡ ❧✬é❝♦✉❧❡♠❡♥t✳

? ◆♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s Re✳

? ●é♦♠étr✐❡ ❞✬♦❜st❛❝❧❡✭s✮✳

❆♥❛❧②s❡ ✭❛ér♦✲
❛❝♦✉st✐q✉❡✮ ✿
→ ❊①♣ér✐❡♥❝❡s✳
→ ❙✐♠✉❧❛t✐♦♥s✳❋

r
✐❝
❛t

✐✈
❡
s
♥
♦
♥
✈
♦
✐✲

sé
❡
s

❋✐❣✉r❡ ✶✳✽ ✕ ❈❛❞r❡ ❣é♥ér❛❧ ❞❡ ❧❛ t❤ès❡ ❡t ♣r✐♥❝✐♣❛✉① ♦❜❥❡❝t✐❢s

❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❞✬❛✐r ❣é♥ér❛♥t ❧❡ ❜r✉✐t ❞❡ ❢r✐❝❛t✐✈❡✳ ❖✉tr❡ ❝❡t ♦❜❥❡❝t✐❢✱ ❝❡tt❡ t❤ès❡ ❝❤❡r❝❤❡r❛ à
❝♦♥tr✐❜✉❡r ♣❧✉s ❣é♥ér❛❧❡♠❡♥t à ❧✬ét✉❞❡ ❛ér♦❛❝♦✉st✐q✉❡ ❞❡s é❝♦✉❧❡♠❡♥ts à ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s
♠♦❞érés ❝✐r❝✉❧❛♥t ❞❛♥s ❞❡s ❣é♦♠étr✐❡s ❞❡ t②♣❡ ❝❛♥❛❧ ❛✈❡❝ ♦❜st❛❝❧❡✭s✮✳ ❉❡s ♠❡s✉r❡s ✐♥✲✈✐✈♦ s✉r
❞❡s s✉❥❡ts ❤✉♠❛✐♥s s❡r♦♥t ❡✛❡❝t✉é❡s ❛✜♥ ❞❡ ❢♦✉r♥✐r ✉♥ ♣♦✐♥t ❞❡ ❝♦♠♣❛r❛✐s♦♥ ❞❡ t②♣❡ ❵ré❛✲
❧✐té ♣❤②s✐♦❧♦❣✐q✉❡✬ ✭❈❤❛♣✐tr❡ ✷✮✳ ❉✐✈❡rs❡s ❡①♣ér✐❡♥❝❡s ❛ér♦❛❝♦✉st✐q✉❡s s❡r♦♥t ❡♥s✉✐t❡ ♠❡♥é❡s
s✉r ❞❡s ♠❛q✉❡tt❡s ✐♥✲✈✐tr♦✱ ❞❡ ❝♦♠♣❧❡①✐tés ❞✐✛ér❡♥t❡s✱ ❡♥ ❢❛✐s❛♥t ✈❛r✐❡r ❧❡s ❝♦♥❞✐t✐♦♥s ❧✐♠✐t❡s
❞✬❡♥tré❡✴s♦rt✐❡ ❡t ❞✬é❝♦✉❧❡♠❡♥t ✭❈❤❛♣✐tr❡s ✸ ❡t ✹✮✳ ▲❡s ❞✐str✐❜✉t✐♦♥s ❞❡ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ ❞❡s
é❝♦✉❧❡♠❡♥ts ❣é♥érés✱ ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ t✉r❜✉❧❡♥❝❡ ✭❈❤❛♣✐tr❡ ✸✮✱ ❛✐♥s✐ q✉❡ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s
❛❝♦✉st✐q✉❡s s♣❡❝tr❛❧❡s ❡t ❞❡ ❞✐r❡❝t✐✈✐té ❞❡s ❜r✉✐ts r❛②♦♥♥és ✭❈❤❛♣✐tr❡ ✹✮ s❡r♦♥t ♣❛r♠✐ ❧❡s ♣r✐♥✲
❝✐♣❛✉① ❛s♣❡❝ts ét✉❞✐és✳ ❊♥ ❝♦♠♣❧é♠❡♥t ❞❡ ❝❡s ❡①♣ér✐❡♥❝❡s✱ ❞❡s s✐♠✉❧❛t✐♦♥s ♥✉♠ér✐q✉❡s s❡r♦♥t
ré❛❧✐sé❡s ❛✜♥ ❞✬❡♥r✐❝❤✐r ❧✬✐♥✈❡st✐❣❛t✐♦♥ ❡①♣ér✐♠❡♥t❛❧❡ ♣❛r ❞❡s ❞♦♥♥é❡s ❞✬é❝♦✉❧❡♠❡♥t ❡t ❞✬❛❝♦✉s✲
t✐q✉❡ s✐♠✉❧é❡s s✉r ❧❡s ❣é♦♠étr✐❡s ❝♦♥s✐❞éré❡s ✭❈❤❛♣✐tr❡s ✺ ❡t ✻✮✳ ❆♣rès ✉♥❡ ❝♦♠♣❛r❛✐s♦♥ ❡♥tr❡
❧❡s rés✉❧t❛ts ❡①♣ér✐♠❡♥t❛✉① ❡t s✐♠✉❧és✱ ♥♦✉s t❡r♠✐♥❡r♦♥s ♣❛r ✉♥❡ ♣❛rt✐❡ ♠♦❞é❧✐s❛t✐♦♥ ❛ér♦❛✲
❝♦✉st✐q✉❡ ♣rés❡♥té❡ ❡♥ ❆♥♥❡①❡ ❇✳ ▲❡s ♣r✐♥❝✐♣❛✉① ♦❜❥❡❝t✐❢s s♦♥t ré❝❛♣✐t✉❧és s✉r ❧❛ ✜❣✉r❡ ✶✳✽✳
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❉♦♥♥é❡s ✐♥✲✈✐✈♦ ❡t ♠❛q✉❡tt❡ ❞❡ ❝❛✈✐té
♦r❛❧❡ r❡❝♦♥str✉✐t❡

❙♦♠♠❛✐r❡
✷✳✶ P❛r❛♠ètr❡s ♣❤②s✐q✉❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❞❡ s✐❜✐❧❛♥t❡ ✴s✴ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽

✷✳✷ ▼❛q✉❡tt❡ ❞❡ ❝❛✈✐té ♦r❛❧❡ r❡❝♦♥str✉✐t❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾

✷✳✸ Pr♦t♦❝♦❧❡ ❡t ♠ét❤♦❞❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵

✷✳✸✳✶ ❉♦♥♥é❡s ✐♥✲✈✐✈♦ ❛❝q✉✐s❡s ♣❛r ❧❡ s②stè♠❡ ❊❱❆ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵

✷✳✸✳✷ ❉♦♥♥é❡s ❛ér♦❞②♥❛♠✐q✉❡s ❡t ❛❝♦✉st✐q✉❡s ♠❡s✉ré❡s ❛✈❡❝ ❧❛ st❛t✐♦♥ ❊❱❆ ✳ ✳ ✷✷

✷✳✸✳✸ ❉♦♥♥é❡s ❛❝♦✉st✐q✉❡s r❡❧✐é❡s à ❧❛ ❣é♦♠étr✐❡ r❡❝♦♥str✉✐t❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✷

✷✳✹ ❘és✉❧t❛ts ❡t ❞✐s❝✉ss✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✹

✷✳✹✳✶ ❉♦♥♥é❡s ✐♥✲✈✐✈♦ ❛❝q✉✐s❡s ♣❛r ❧❡ s②stè♠❡ ❊❱❆ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✹

✷✳✹✳✷ ❉♦♥♥é❡s ❡♥ ❧✐❡♥ ❛✈❡❝ ❧❛ ❣é♦♠étr✐❡ r❡❝♦♥str✉✐t❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽

✷✳✹✳✸ ❱✐s✉❛❧✐s❛t✐♦♥s ❞✬é❝♦✉❧❡♠❡♥ts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✺

✷✳✺ ❈♦♥❝❧✉s✐♦♥ ❞✉ ❈❤❛♣✐tr❡ ✷ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✺

▲❡s t❡❝❤♥✐q✉❡s ❞✬✐♠❛❣❡r✐❡ ♠é❞✐❝❛❧❡ à ❤❛✉t❡ ♣ré❝✐s✐♦♥ ♦✛r❡♥t ❞❡ ♥♦✉✈❡❧❧❡s ♣❡rs♣❡❝t✐✈❡s
♣♦✉r ✉♥❡ ✐♥té❣r❛t✐♦♥ ♣❧✉s ♣♦✉ssé❡ ❞❡s s♦♥s ❞❡ ❢r✐❝❛t✐✈❡ s✐❜✐❧❛♥t❡✱ t❡❧s q✉❡ ❧❛ s✐❜✐❧❛♥t❡ ✴s✴✳ ▲❡
♣rés❡♥t ❝❤❛♣✐tr❡ ❝❤❡r❝❤❡ à ❝♦♥s✐❞ér❡r ❥✉sq✉✬à q✉❡❧ ♥✐✈❡❛✉ ❧❡ ❜r✉✐t ❞❡ s✐❜✐❧❛♥t❡ ✴s✴ ♣❡✉t êtr❡
r❡♣r♦❞✉✐t ❡♥ ✉t✐❧✐s❛♥t ✉♥❡ ❝❛✈✐té ♦r❛❧❡ tr✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ r❡❝♦♥str✉✐t❡ ♣❛r ♣r♦t♦t②♣❛❣❡ r❛♣✐❞❡
à ♣❛rt✐r ❞❡ ❞♦♥♥é❡s t♦♠♦❞❡♥s✐t♦♠étr✐q✉❡s✳ ▲❡s ❝❛r❛❝tér✐st✐q✉❡s s♣❡❝tr❛❧❡s ❞✉ ❜r✉✐t ❣é♥éré ♣❛r
✉♥ é❝♦✉❧❡♠❡♥t ❞✬❛✐r à tr❛✈❡rs ❧❛ ❣é♦♠étr✐❡ r❡❝♦♥str✉✐t❡ s❡r♦♥t ❝♦♠♣❛ré❡s ❛✉① ❝❛r❛❝tér✐st✐q✉❡s
s♣❡❝tr❛❧❡s ❞❡ ♣❤♦♥è♠❡s ✴s✴ ♣r♦❞✉✐ts ♣❛r ❧❡ ❧♦❝✉t❡✉r ❞♦♥t ❡st ✐ss✉❡ ❧❛ ❣é♦♠étr✐❡ r❡❝♦♥str✉✐t❡✳
➱❣❛❧❡♠❡♥t✱ ❧❡s ♣❛r❛♠ètr❡s ❛ér♦❞②♥❛♠✐q✉❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❞❡ s✐❜✐❧❛♥t❡ ✭♣r❡ss✐♦♥ ✐♥tr❛✲♦r❛❧❡
❡t ❞é❜✐t ✈♦❧✉♠✐q✉❡ ♦r❛❧✮ s❡r♦♥t ❝♦♥s✐❞érés ❛✜♥ ❞✬é✈❛❧✉❡r ❧❛ st❛t✐♦♥♥❛r✐té ❡t ❧❛ ré♣ét❛❜✐❧✐té ❞❡
❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ s✐❜✐❧❛♥t❡ ♣❛r r❛♣♣♦rt ❛✉ ♣r♦❝❡ss✉s ❞✬✐♠❛❣❡r✐❡✳ ❊♥✜♥✱ ❧❛ s✉r❢❛❝❡ ♠✐♥✐♠❛❧❡
❞❡ ❝♦♥str✐❝t✐♦♥ ❡♥ ❛♠♦♥t ❞❡s ✐♥❝✐s✐✈❡s✱ q✉✐ ❝❛r❛❝tér✐s❡ ❧❛ ♣r♦❞✉❝t✐♦♥ s♦♥♦r❡ ❞❡ s✐❜✐❧❛♥t❡✱ s❡r❛
❡st✐♠é❡ à ♣❛rt✐r ❞❡s q✉❛♥t✐tés ❛ér♦❞②♥❛♠✐q✉❡s ♠❡s✉ré❡s ❡t s❛ ♣ré❝✐s✐♦♥ s❡r❛ é✈❛❧✉é❡ ♣❛r r❛♣♣♦rt
à ❧❛ ❧✐ttér❛t✉r❡✳

✶✼



✶✽ ❈❤❛♣✐tr❡ ✷✳ ❉♦♥♥é❡s ✐♥✲✈✐✈♦ ❡t ♠❛q✉❡tt❡ ❞❡ ❝❛✈✐té ♦r❛❧❡ r❡❝♦♥str✉✐t❡

✷✳✶ P❛r❛♠ètr❡s ♣❤②s✐q✉❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❞❡ s✐❜✐❧❛♥t❡ ✴s✴

❈♦♠♠❡ ♥♦✉s ❧✬❛✈♦♥s ✈✉ ❡♥ ✐♥tr♦❞✉❝t✐♦♥✱ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ❢r✐❝❛t✐✈❡s✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ❞❡ t②♣❡
s✐❜✐❧❛♥t❡s✱ ❡st ❝♦♠♠✉♥é♠❡♥t ❝❛r❛❝tér✐sé❡ ♣❛r tr♦✐s ❣r❛♥❞❡✉rs ♣❤②s✐q✉❡s ✿ s✉r❢❛❝❡ ♠✐♥✐♠❛❧❡ ❞❡
❝♦♥str✐❝t✐♦♥ Ac✱ ❝❤✉t❡ ❞❡ ♣r❡ss✐♦♥ q✉❛s✐✲st❛t✐q✉❡ à tr❛✈❡rs ❧❛ ❝♦♥str✐❝t✐♦♥∆P ❡t ❞é❜✐t ✐♥tr❛✲♦r❛❧
Q ❬❙t❡✵✵✱ ❙❤❛✽✺✱ ❙❤❛✾✶❪✳ ▲❡s ét✉❞❡s ♣♦rt❛♥t s✉r ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣❛r♦❧❡ s❡ ❜❛s❡♥t ❢réq✉❡♠♠❡♥t
s✉r ❞❡s ❤②♣♦t❤ès❡s très s✐♠♣❧✐✜❝❛tr✐❝❡s ❞❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡ ❧✬é❝♦✉❧❡♠❡♥t✱ ❡♥ ♣❛rt❛♥t ❞✬✉♥❡
❛♥❛❧②s❡ ❛❞✐♠❡♥s✐♦♥♥❡❧❧❡ ❞❡s éq✉❛t✐♦♥s ❞❡ ◆❛✈✐❡r✲❙t♦❦❡s ❬❈❱❍P❲✵✽✱ ❱❍❈P✵✾✱ ❑r❛✵✺✱ ❍▼✵✺❪✳
❉❡s ✈❛❧❡✉rs t②♣✐q✉❡s ❞❡ ♥♦♠❜r❡s ❛❞✐♠❡♥s✐♦♥♥és ♣❡r♠❡tt❡♥t ❞❡ s✉♣♣♦s❡r ❧✬é❝♦✉❧❡♠❡♥t ❝♦♠♠❡
✉♥✐❞✐♠❡♥s✐♦♥♥❡❧✱ ♥♦♥ ✈✐sq✉❡✉①✱ ✐♥❝♦♠♣r❡ss✐❜❧❡✱ ❧❛♠✐♥❛✐r❡ ❡t q✉❛s✐✲st❛t✐♦♥♥❛✐r❡ ❬❈❱❍P❲✵✽✱
❱●P✵✾❪✳ ❆✈❡❝ ❝❡s ❤②♣♦t❤ès❡s✱ ♦♥ ♣❡✉t ♦❜t❡♥✐r ❧❛ r❡❧❛t✐♦♥ ❡♥tr❡ ❧❡s ❣r❛♥❞❡✉rs ❝❛r❛❝tér✐st✐q✉❡s
❞❡ ♣r♦❞✉❝t✐♦♥ ❞❡ s✐❜✐❧❛♥t❡ ✭Ac✱ ∆P ❡t Q✮ à ♣❛rt✐r ❞❡ ❧✬éq✉❛t✐♦♥ ❞✬❊✉❧❡r ❡♥ ♥♦♥✲✈✐sq✉❡✉① ✿

∆P =
ρQ2

2c2s

(

1

A2
c

− 1

A2
0

)

, ✭✷✳✶✮

❛✈❡❝ ρ =✶✳✷❦❣✴♠3 ❧❛ ❞❡♥s✐té ❞❡ ❧✬❛✐r ✭à ✷✵➦❈✮✱ A0 ❧❛ s✉r❢❛❝❡ ❡♥ ❛♠♦♥t ❞❡ ❧❛ ♣❛rt✐❡ rétré❝✐❡ ❡t
cs ✉♥❡ ❝♦♥st❛♥t❡ ❛❞✲❤♦❝ s✉♣ér✐❡✉r❡ à ✶ ❞é✜♥✐ss❛♥t ❧❛ ♣♦s✐t✐♦♥ ❞✉ ❞é❝♦❧❧❡♠❡♥t ❞❡ ❧✬é❝♦✉❧❡♠❡♥t
❧❡ ❧♦♥❣ ❞❡ ❧❛ ♣❛rt✐❡ ❞✐✈❡r❣❡♥t❡ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ cs ×Ac ❬❈❱❍P❲✵✽✱ ❱●P✵✾❪✳ ❊♥ s✉♣♣♦s❛♥t
❞❡ ♣❧✉s q✉❡ A0 ≫ Ac ❡t ❡♥ ❞é✜♥✐ss❛♥t k = c2s✱ ♦♥ ♦❜t✐❡♥t ❧❛ r❡❧❛t✐♦♥ s✉✐✈❛♥t❡ ✿

Ac =
Q

k

√

2∆P

ρ

✭✷✳✷✮

▲✬éq✉❛t✐♦♥ ✭✷✳✷✮ ❛ ❧❛ ♠ê♠❡ ❢♦r♠❡ q✉❡ ❧✬éq✉❛t✐♦♥ ❞✐t❡ ❞❡ ❵❧✬♦r✐✜❝❡✬ q✉✐ ❛ été ♦❜t❡♥✉❡ ❡♠♣✐r✐✲
q✉❡♠❡♥t ♣❛r ❲❛rr❡♥ ❡t ❉✉❜♦✐s ❬❲❉✻✹❪ ♣♦✉r ❢♦✉r♥✐r ✉♥❡ ❡st✐♠❛t✐♦♥ ♥♦♥✲✐♥✈❛s✐✈❡ ❞❡ ❧❛ s✉r❢❛❝❡
♠✐♥✐♠❛❧❡ ❞❡ ❝♦♥str✐❝t✐♦♥ Ac ❧♦rsq✉❡ ❧❛ ❝❤✉t❡ ❞❡ ♣r❡ss✐♦♥ ∆P ❡st ❛♣♣r♦①✐♠é❡ ♣❛r ❧❛ ♣r❡ss✐♦♥
❡♥ ❛♠♦♥t ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥✱ ❝✬❡st✲à✲❞✐r❡ ❧❛ ♣r❡ss✐♦♥ ✐♥tr❛✲♦r❛❧❡✳ ❉❛♥s ❧✬éq✉❛t✐♦♥ ❡♠♣✐r✐q✉❡ ❞❡
❧✬♦r✐✜❝❡✱ ❧❛ ❝♦♥st❛♥t❡ ❛❞✲❤♦❝ k 6 1 ❝♦♠❜✐♥❡ ❧❡s ♣❡rt❡s ❞✬❡♥tré❡ ❡t ❧❡s ♣❡rt❡s ✈✐sq✉❡✉s❡s✳ ❉❛♥s
❧❛ ♣rés❡♥t❡ ét✉❞❡✱ ❧✬❡♥tré❡ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ♥✬❡st ♣❛s ❛❜r✉♣t❡✱ ❞❡ s♦rt❡ q✉✬❡♥ ❝♦♥s✐❞ér❛♥t
❞✬❛❜♦r❞ k 6 1 ♣♦✉r ❧❡s ♣❡rt❡s ❞❛♥s ❧✬éq✉❛t✐♦♥ ❞❡ ❧✬♦r✐✜❝❡ ✭✷✳✷✮ ❡t ❞✬❛✉tr❡ ♣❛rt k > 1 ♣♦✉r
❧❛ sé♣❛r❛t✐♦♥ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ✭✷✳✶✮✱ k = 1 s❡♠❜❧❡ ✉♥ ❜♦♥ ❝♦♠♣r♦♠✐s✳ ❆✈❡❝ k = 1✱ ❧✬éq✉❛t✐♦♥
✭✷✳✷✮ s❡ ré❞✉✐t à ✿

Ac =
Q

√

2∆P

ρ

✭✷✳✸✮

à ♣❛rt✐r ❞❡ ❧❛q✉❡❧❧❡ ♦♥ ♣❡✉t ♦❜t❡♥✐r ❧❡ ❞✐❛♠ètr❡ ❤②❞r❛✉❧✐q✉❡ ❞❡ ❧❛ s✉r❢❛❝❡ ♠✐♥✐♠❛❧❡ ❞❡ ❝♦♥str✐❝✲
t✐♦♥ ✿ DC = 2

√

Ac/π✳ ▲✬éq✉❛t✐♦♥ ✭✷✳✸✮ ❡t ❧❛ ✈❛❧❡✉r ❞❡ k = 1 ♦♥t été ❡①t❡♥s✐✈❡♠❡♥t ✈❛❧✐❞é❡s
♣♦✉r ❞❡s ♠❛q✉❡tt❡s r✐❣✐❞❡s ❞❡ ❝♦♥str✐❝t✐♦♥ ❛✈❡❝ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ ❞❛♥s ✉♥ ❡♥✈✐r♦♥♥❡♠❡♥t
❡①♣ér✐♠❡♥t❛❧ ❝♦♥trô❧é ❬P❡❧✵✶❪✳ ▲✬❤②♣♦t❤ès❡ ❞✬✉♥❡ s❡❝t✐♦♥ tr❛♥s✈❡rs❛❧❡ ❞❡ ❢♦r♠❡ r❡❝t❛♥❣✉❧❛✐r❡



✷✳✷✳ ▼❛q✉❡tt❡ ❞❡ ❝❛✈✐té ♦r❛❧❡ r❡❝♦♥str✉✐t❡ ✶✾

r❡st❡ ✈❛❧❛❜❧❡ s✐ ❧✬♦♥ ❝♦♥s✐❞èr❡ ❧❛ ❢♦r♠❡ ❞❡ ❧❛ ❣❧♦tt❡ ♣❡♥❞❛♥t ❧❛ ♣r♦❞✉❝t✐♦♥ ❞✬✉♥ s♦♥ ❞❡ ♣❛r♦❧❡
✈♦✐sé✳ P♦✉r ❧❡ ♣❛ss❛❣❡ rétré❝✐ ❞❡ ❧❛ ❝❛✈✐té ♦r❛❧❡ ❞❛♥s ❧❡q✉❡❧ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ s♦♥ ❞❡ s✐❜✐❧❛♥t❡
s✬✐♥✐t✐❡✱ ❝❡♣❡♥❞❛♥t✱ ❧✬❤②♣♦t❤ès❡ ❞✬✉♥❡ s❡❝t✐♦♥ tr❛♥s✈❡rs❛❧❡ r❡❝t❛♥❣✉❧❛✐r❡ ♥✬❡st ♣❧✉s ✈❛❧✐❞❡✳ ❊♥
r❡✈❛♥❝❤❡✱ ❧✬❤②♣♦t❤ès❡ ❞✬✉♥❡ s❡❝t✐♦♥ tr❛♥s✈❡rs❛❧❡ ❝✐r❝✉❧❛✐r❡ ♣♦✉r ❧❡ ♣❛ss❛❣❡ rétré❝✐ ❡st ♠♦t✐✈é❡
♣❛r ❞❡s ét✉❞❡s ❞✬✐♠❛❣❡r✐❡ ❬◆❆✾✻✱ ❙❙✾✺✱ ❋❘✾✽✱ ▼❘❙✵✻❪✱ ❞❡ t❡❧❧❡ s♦rt❡ q✉✬❡♥ ♣r❡♥❛♥t ❡♥ ❝♦♠♣t❡
❧❡s ♣❡rt❡s ✈✐sq✉❡✉s❡s✱ ❧❛ s❡❝t✐♦♥ ♠✐♥✐♠❛❧❡ ❞❡✈✐❡♥t ❬❲❱❍▲✶✸❪ ✿

Ac =

√

√

√

√

√

Q2 + 16πνQL
2∆P

ρ

, ✭✷✳✹✮

L ❞és✐❣♥❛♥t ❧❛ ❧♦♥❣✉❡✉r ❞✉ ♣❛ss❛❣❡ rétré❝✐ ❡t ν = 1.5 × 10−5♠2✴s ❧❛ ✈✐s❝♦s✐té ❝✐♥é♠❛t✐q✉❡
❞❡ ❧✬❛✐r✳ ❈♦♠♠❡ ❧❡s éq✉❛t✐♦♥s ✭✷✳✸✮ ❡t ✭✷✳✹✮ s♦♥t t❤é♦r✐q✉❡♠❡♥t ✈❛❧❛❜❧❡s ♣♦✉r ✉♥ é❝♦✉❧❡♠❡♥t
❧❛♠✐♥❛✐r❡✱ ❧❡✉r ✉t✐❧✐s❛t✐♦♥ ♣♦✉r ❧❛ ♣r♦❞✉❝t✐♦♥ s♦♥♦r❡ ❞❡ s✐❜✐❧❛♥t❡ r❡♣♦s❡ s✉r ❧✬❤②♣♦t❤ès❡ q✉❡
❧✬é❝♦✉❧❡♠❡♥t✱ ❥✉sq✉✬à s♦♥ ♣♦✐♥t ❞❡ sé♣❛r❛t✐♦♥✱ r❡st❡ ❧❛♠✐♥❛✐r❡✱ t❛♥❞✐s q✉✬✉♥ ❥❡t t✉r❜✉❧❡♥t s❡
❞é✈❡❧♦♣♣❡ ❡♥ ❛✈❛❧ ❞✉ ♣♦✐♥t ❞❡ sé♣❛r❛t✐♦♥✳ ▲❡s éq✉❛t✐♦♥s ✭✷✳✸✮ ❡t ✭✷✳✹✮ ❞♦✐✈❡♥t ❛✐♥s✐ êtr❡ ✈❛❧✐❞é❡s
♣♦✉r ❞❡s ❢r✐❝❛t✐✈❡s ♣r♦❞✉✐t❡s ♣❛r ❞❡s ❧♦❝✉t❡✉rs ❤✉♠❛✐♥s✳

✷✳✷ ▼❛q✉❡tt❡ ❞❡ ❝❛✈✐té ♦r❛❧❡ r❡❝♦♥str✉✐t❡

▲❛ t♦♠♦❞❡♥s✐t♦♠étr✐❡ ✭❚❉▼✮ ♦✉ s❝❛♥♦❣r❛♣❤✐❡ ✭❡♥ ❛♥❣❧❛✐s ❈♦♠♣✉t❡r✐③❡❞ ❚♦♠♦❣r❛♣❤②✱ ❈❚✮
❡st ✉♥❡ ♠ét❤♦❞❡ ❞❡ ❞✐❛❣♥♦st✐❝ r❛❞✐♦❧♦❣✐q✉❡ t♦♠♦❣r❛♣❤✐q✉❡✱ ♣❡r♠❡tt❛♥t ❞✬♦❜t❡♥✐r ❞❡s ❝♦✉♣❡s
tr❛♥s✈❡rs❛❧❡s ❞✉ ❝♦r♣s ❤✉♠❛✐♥✱ r❡❝♦♥str✉✐t❡s à ♣❛rt✐r ❞❡ ❧❛ ♠❡s✉r❡ ❞✉ ❝♦❡✣❝✐❡♥t ❞✬❛tté♥✉❛t✐♦♥
❞✉ ❢❛✐s❝❡❛✉ ❞❡ r❛②♦♥s ❳ ❞❛♥s ❧❡ ✈♦❧✉♠❡ ét✉❞✐é✳ ◆♦③❛❦✐ ❛ ✐♠♣❧é♠❡♥té ✉♥❡ ♠❛q✉❡tt❡ ❞❡ ❝❛✈✐té
♦r❛❧❡ ♣❛r r❡❝♦♥str✉❝t✐♦♥ à ♣❛rt✐r ❞✬✉♥ s❝❛♥ ❚❉▼ ❞❡ s❛ ♣r♦♣r❡ ❝❛✈✐té ♦r❛❧❡ ❬◆♦③✶✵❪✳ ❈❡ s❝❛♥
❚❉▼ ✭❈❇ ▼❡r❝✉❘❛②✱ ✺✶✷ tr❛♥❝❤❡s ❞❡ 512× 512 ♣✐①❡❧s✱ ♣ré❝✐s✐♦♥ ±✵✳✶♠♠✮ ❛ été ❡✛❡❝t✉é ❞✉✲
r❛♥t ✉♥❡ ♣r♦♥♦♥❝✐❛t✐♦♥ ♠❛✐♥t❡♥✉❡ ❞❡ s✐❜✐❧❛♥t❡ ✴s✴✱ s✐ ❜✐❡♥ q✉❡ ❧❡s ♣♦s✐t✐♦♥s ❞❡s ❛rt✐❝✉❧❛t❡✉rs
✐♠♣❧✐q✉és ✭❞❡♥ts✱ ❧❛♥❣✉❡✱ ❧è✈r❡s✮ ❝♦rr❡s♣♦♥❞❛✐❡♥t ❡✛❡❝t✐✈❡♠❡♥t à ❧✬❛rt✐❝✉❧❛t✐♦♥ ❞✬✉♥❡ s✐❜✐❧❛♥t❡
✴s✴✳ ▲❡ ♣r♦❝❡ss✉s ❞❡ ❝❛♣t✉r❡ ❛ ❞✉ré ❡♥✈✐r♦♥ ✶✵s✳ ▲❡ ✈♦❧✉♠❡ ❞❡ ❧❛ ❝❛✈✐té ♦r❛❧❡ ❡t s❛ ❢♦r♠❡ ♦♥t
été r❡❝♦♥str✉✐t❡s ❡♥ ✉t✐❧✐s❛♥t ✉♥ ❛❧❣♦r✐t❤♠❡ ❞✬✐♥❢♦❣r❛♣❤✐❡ ❞❡ t②♣❡ ▼❛r❝❤✐♥❣ ❝✉❜❡s ❬❈▲✽✼❪ ❡t
✉♥❡ ♠❛❝❤✐♥❡ ❞❡ ♠♦❞é❧✐s❛t✐♦♥ ♦♣t✐q✉❡ ✭❙❖❯P ✷ ✻✵✵●❙✱ rés✐♥❡ ❚❙❘✲✽✷✾✮ ❞❡ ♣ré❝✐s✐♦♥ s♣❛t✐❛❧❡
±✵✳✶♠♠ ❬◆❆❚+✵✺✱ ◆♦③✶✵❪✳ ❆✐♥s✐✱ ❧✬❡rr❡✉r ♠❛①✐♠❛❧❡ ❝♦♠❜✐♥é❡ rés✉❧t❛♥t ❞✉ ♣r♦❝❡ss✉s ❞✬✐♠❛✲
❣❡r✐❡ ❡t ❞❡ ❧❛ r❡❝♦♥str✉❝t✐♦♥ ♦♣t✐q✉❡ ét❛✐t ❞❡ ±✵✳✷♠♠✳ ▲❛ ❣é♦♠étr✐❡ r❡❝♦♥str✉✐t❡ ❡st ✐❧❧✉stré❡
s✉r ❧❛ ✜❣✉r❡ ✷✳✶✳

▲❛ s❡❝t✐♦♥ ♠✐♥✐♠❛❧❡ à ❧✬✐♥tér✐❡✉r ❞✉ ♣❛ss❛❣❡ rétré❝✐ ❞❡ ❧♦♥❣✉❡✉r ≃ 22♠♠ s✬é❧è✈❡ à ✸✳✺♠♠2

s♦✐t ✉♥ ❞✐❛♠ètr❡ ❤②❞r❛✉❧✐q✉❡Dc = 2.1♠♠✳ ▲❛ ❝❛✈✐té ♦r❛❧❡ r❡❝♦♥str✉✐t❡ ✭✜❣✉r❡ ✷✳✷✮ ❡st ♣ré❝é❞é❡
❞✬✉♥ ❡♠❜♦✉t ❝②❧✐♥❞r✐q✉❡ ❡♥ ❧❛✐t♦♥✱ ❞❡ ❧♦♥❣✉❡✉r ✶✷✵♠♠✱ ❞❡ ❞✐❛♠ètr❡ ✐♥tér✐❡✉r ❡①tér✐❡✉r ✷✷♠♠
❡t ❞❡ ❞✐❛♠ètr❡ ✐♥tér✐❡✉r ✽♠♠✱ ♣❡r♠❡tt❛♥t ❞✬♦❜t❡♥✐r ✉♥ é❝♦✉❧❡♠❡♥t ❡♥ ❡♥tré❡ ❞❡ ❧❛ ❝❛✈✐té
❞❡ t②♣❡ ❥❡t r♦♥❞✳ ❈❡t ❡♠❜♦✉t r❡♣rés❡♥t❡ ❞❡ ♣❧✉s ❧❛ ♣❛rt✐❡ ❞✉ ❝♦♥❞✉✐t ✈♦❝❛❧ ❞❡♣✉✐s ❧❡ ❧❛r②♥①
❥✉sq✉✬à ❧❛ ❝❛✈✐té ♦r❛❧❡✳ ▲❛ ❧♦♥❣✉❡✉r t♦t❛❧❡ ❞❡ ❧❛ ♠❛q✉❡tt❡ ❡st ❞❡ ✶✽✵♠♠✱ ❝❡ q✉✐ ❝♦rr❡s♣♦♥❞ à
❧❛ ❧♦♥❣✉❡✉r ♠♦②❡♥♥❡ ❞✬✉♥ ❝♦♥❞✉✐t ✈♦❝❛❧ ❞✬❤♦♠♠❡ ❛❞✉❧t❡ ❬❋❛♥✻✵✱ ❙t❡✵✵❪✳



✷✵ ❈❤❛♣✐tr❡ ✷✳ ❉♦♥♥é❡s ✐♥✲✈✐✈♦ ❡t ♠❛q✉❡tt❡ ❞❡ ❝❛✈✐té ♦r❛❧❡ r❡❝♦♥str✉✐t❡

Voûte palatine

Constriction

Langue

Incisives

Lèvres

✭❛✮

y

xz

y

z
x

45

3
1

55

7
.5

7
.5

✭❜✮

❋✐❣✉r❡ ✷✳✶ ✕ ✭❛✮ ❈♦✉♣❡ ❞✬✉♥ s❝❛♥ ❚❉▼ ❞✉r❛♥t ❧❛ ♣r♦♥♦♥❝✐❛t✐♦♥ ❞✬✉♥❡ s✐❜✐❧❛♥t❡ ✴s✴ ♠❛✐♥t❡♥✉❡
♠♦♥tr❛♥t ❧❛ ❝♦♥str✐❝t✐♦♥ ✭r❡❝t❛♥❣❧❡ r♦✉❣❡✮ ❡t ❧❡s ♣r✐♥❝✐♣❛✉① ❛rt✐❝✉❧❛t❡✉rs ✐♠♣❧✐q✉és✳ ✭❜✮ ▼♦✉❧❡
❡♥ ♣❧âtr❡ ♦❜t❡♥✉ à ♣❛rt✐r ❞✉ s❝❛♥ ❚❉▼ ✭❞✐♠❡♥s✐♦♥s ❡♥ ♠♠✮✳

✷✳✸ Pr♦t♦❝♦❧❡ ❡t ♠ét❤♦❞❡

✷✳✸✳✶ ❉♦♥♥é❡s ✐♥✲✈✐✈♦ ❛❝q✉✐s❡s ♣❛r ❧❡ s②stè♠❡ ❊❱❆

◆♦✉s ❛✈♦♥s t♦✉t ❞✬❛❜♦r❞ ❡✛❡❝t✉é ❞❡s ♠❡s✉r❡s ✐♥✲✈✐✈♦ à ❧✬❛✐❞❡ ❞❡ ❧❛ st❛t✐♦♥ ❞❡ ♠❡s✉r❡s
❊❱❆ ✭➱✈❛❧✉❛t✐♦♥ ❱♦❝❛❧❡ ❆ss✐sté❡✮✱ ✐❧❧✉stré❡ s✉r ❧❛ ✜❣✉r❡ ✷✳✸ ❡t ❝♦♥ç✉❡ ❛✉ ❧❛❜♦r❛t♦✐r❡ ❵P❛r♦❧❡
❡t ▲❛♥❣❛❣❡✬ ♣❛r ❚❡st♦♥ ❬●❚✵✹✱ ❡✈❛❪ ❡♥ ❝♦❧❧❛❜♦r❛t✐♦♥ ❛✈❡❝ ❧❡ ❈❡♥tr❡ ❍♦s♣✐t❛❧✐❡r ❯♥✐✈❡rs✐t❛✐r❡
▲❛ ❚✐♠♦♥❡✳ ❈❡tt❡ st❛t✐♦♥✱ ❞é❞✐é❡ à ❧✬ét✉❞❡ ❞❡ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣❛r♦❧❡ ❡t ❝❡♥tré❡ ❛✉t♦✉r ❞✬✉♥
♦r❞✐♥❛t❡✉r✱ ❝♦♠♣r❡♥❞ ❞❡s ❝❛♣t❡✉rs ❛ér♦❞②♥❛♠✐q✉❡s ❡t ❛❝♦✉st✐q✉❡s✳ ▲❛ ❝♦♠♠❛♥❞❡ ❞❡s ❝❛♣t❡✉rs
❡t ❧✬❛✣❝❤❛❣❡ ❞❡s ❞♦♥♥é❡s s♦♥t ❣érés ♣❛r ❧✬♦r❞✐♥❛t❡✉r✳ ▲❡ s✐❣♥❛❧ ❛❝♦✉st✐q✉❡ ❞❡ ♣❛r♦❧❡ ❡st ❡♥r❡✲
❣✐stré ♣❛r ✉♥ ♠✐❝r♦♣❤♦♥❡ ❆❑● ❈✹✶✾ ✭ré♣♦♥s❡ ❢réq✉❡♥t✐❡❧❧❡ ✷✵❍③ ✲ ✷✵❦❍③✮ ❝❛❧✐❜ré ❡♥ ♥✐✈❡❛✉
❞❡ ♣r❡ss✐♦♥ s♦♥♦r❡ à ✶✷✵❞❇ à ✸✵❝♠✳ ▲❡ ❞é❜✐t ❞✬❛✐r ♦r❛❧ Q ❡st ♠❡s✉ré ♣❛r ✉♥ ♣♥❡✉♠❛t♦❣r❛♣❤❡ à
❣r✐❧❧❡ é❝❤❛♥t✐❧❧♦♥♥é à ✻✷✺✵❍③✱ ✐♥té❣ré ❞❛♥s ✉♥ ♠❛sq✉❡ ✭✜❣✉r❡ ✷✳✸✮ q✉❡ ❧✬♦♥ ♣❧❛❝❡ s✉r ❧❛ ❜♦✉❝❤❡
❞✉ s✉❥❡t✳ ❈❡ ♣♥❡✉♠❛t♦❣r❛♣❤❡ ♣♦ssè❞❡ ✉♥❡ rés✐st❛♥❝❡ ❞❡ ✶✵P❛ ♣♦✉r ✉♥ ❞é❜✐t ✈♦❧✉♠✐q✉❡ ❞❡
✶▲✴s✳ ❯♥ ❝❛♣t❡✉r ♣✐é③♦rés✐st✐❢ ❛✈❡❝ ré♣♦♥s❡ ❧✐♥é❛✐r❡ ✭é❣❛❧❡♠❡♥t é❝❤❛♥t✐❧❧♦♥♥é à ✻✷✺✵❍③✮ s❡rt
à ♠❡s✉r❡r ❧❛ ♣r❡ss✐♦♥ ✐♥tr❛✲♦r❛❧❡ ∆P ✳ ▲✬✐♥✢✉❡♥❝❡ ❛❝♦✉st✐q✉❡ ❞✉ ♠❛sq✉❡ ✉t✐❧✐sé ♣♦✉r ♠❡s✉r❡r
❧❡ ❞é❜✐t ❞✬❛✐r ♦r❛❧ ❡st ❝♦♠♣❡♥sé❡ ❬●❚✵✹❪✳ ▲❡s ✈✐❜r❛t✐♦♥s ❞❡s ♣❧✐s ✈♦❝❛✉① s♦♥t ❝❛♣té❡s ♣❛r ✉♥
é❧❡❝tr♦❣❧♦tt♦❣r❛♣❤❡ ✭❊●●✮✳

◆♦✉s ❛✈♦♥s ❡✛❡❝t✉é ❞❡s ♠❡s✉r❡s ✐♥✲✈✐✈♦ ❛ér♦❞②♥❛♠✐q✉❡s ❡t ❛❝♦✉st✐q✉❡s s✉r ❞❡✉① s✉❥❡ts
❛❞✉❧t❡s ♠❛s❝✉❧✐♥s✱ ❡♥ ❜♦♥♥❡ s❛♥té✱ ❞és✐❣♥és ♣❛r ❵❨❋✬ ✭❧✬❛✉t❡✉r ❞❡ ❝❡tt❡ t❤ès❡✱ ❞❡ ❧❛♥❣✉❡ ♠❛✲
t❡r♥❡❧❧❡ ❢r❛♥ç❛✐s❡✮ ❡t ❵❑◆✬ ✭❞❡ ❧❛♥❣✉❡ ♠❛t❡r♥❡❧❧❡ ❥❛♣♦♥❛✐s❡✮✳ ▲❡ s✉❥❡t ❵❑◆✬ ❞❡✈❛✐t ♣r♦♥♦♥❝❡r
♣❧✉s✐❡✉rs s❡❣♠❡♥ts ❞❡ s✐❜✐❧❛♥t❡ ✴s✴ ♠❛✐♥t❡♥✉❡✱ ❧❡ s✉❥❡t ❵❨❋✬ ♣❧✉s✐❡✉rs s❡❣♠❡♥ts ❞❡ s✐❜✐❧❛♥t❡
✴s✴ ❡t ❧❛❜✐♦✲❞❡♥t❛❧❡ ✴❢✴ ♠❛✐♥t❡♥✉❡s✱ à tr♦✐s ♥✐✈❡❛✉① ❞✬✐♥t❡♥s✐té ❞✐✛ér❡♥ts✱ ❞és✐❣♥és ♣❛r ❵s♦❢t✬✱



✷✳✸✳ Pr♦t♦❝♦❧❡ ❡t ♠ét❤♦❞❡ ✷✶

✭❛✮ ✭❜✮

✭❝✮

✭❞✮

❋✐❣✉r❡ ✷✳✷ ✕ ✭❛✮ ❱✉❡ ✐♥tér✐❡✉r❡ ❞❡ ❧❛ ♠❛q✉❡tt❡ ❞❡ ❝❛✈✐té ♦r❛❧❡ r❡❝♦♥str✉✐t❡✳ ✭❜✮ ❱✉❡ ❡①tér✐❡✉r❡✳
✭❝✮ ❱✉❡ ❢r♦♥t❛❧❡✳ ✭❞✮ ❊♠❜♦✉t ❝②❧✐♥❞r✐q✉❡ ❡♥ ❧❛✐t♦♥✳

✭❛✮
✭❜✮

❋✐❣✉r❡ ✷✳✸ ✕ ✭❛✮ ❙t❛t✐♦♥ ❊❱❆ ❡t ♦r❞✐♥❛t❡✉r ❞✬❛❝q✉✐s✐t✐♦♥✳ ✭❜✮ ❉✐s♣♦s✐t✐❢ ✐♥st❛❧❧é s✉r ✉♥ s✉❥❡t ✿
✭✶✮ ♠❛sq✉❡ ❛✈❡❝ ❝❛♣t❡✉r ❞❡ ❞é❜✐t ❞✬❛✐r ♦r❛❧✱ ✭✷✮ ♠✐❝r♦♣❤♦♥❡✱ ✭✸✮ s♦♥❞❡ ❞❡ ♣r❡ss✐♦♥ ✐♥tr❛✲♦r❛❧❡
❡t ✭✹✮ é❧❡❝tr♦❣❧♦tt♦❣r❛♣❤❡ ✭❊●●✮✳



✷✷ ❈❤❛♣✐tr❡ ✷✳ ❉♦♥♥é❡s ✐♥✲✈✐✈♦ ❡t ♠❛q✉❡tt❡ ❞❡ ❝❛✈✐té ♦r❛❧❡ r❡❝♦♥str✉✐t❡

❵♠❡❞✐✉♠✬ ❡t ❵❧♦✉❞✬ ✭❧é❣❡r✱ ♠♦②❡♥ ❡t ❢♦rt✮✳ P♦✉r ❝❤❛q✉❡ ❝♦♠❜✐♥❛✐s♦♥ ❞❡ s✉❥❡t✱ ♣❤♦♥è♠❡ ❡t ♥✐✲
✈❡❛✉ ❞✬✐♥t❡♥s✐té✱ ❛✉ ♠✐♥✐♠✉♠ q✉❛tr❡ ré♣ét✐t✐♦♥s ✭s❡❣♠❡♥ts✮ ♦♥t été ❡♥r❡❣✐stré❡s à ❧✬❛✐❞❡ ❞❡
❧❛ st❛t✐♦♥ ❊❱❆ ❞✉ ❉é♣❛rt❡♠❡♥t P❛r♦❧❡ ✫ ❈♦❣♥✐t✐♦♥ ❞✉ ●■P❙❆✲❧❛❜✳ ▲❡ ❝❤❛♠♣ ❛❝♦✉st✐q✉❡
r❛②♦♥♥é✱ ❧❡ ❞é❜✐t ❞✬❛✐r ♦r❛❧ Q✱ ❧❛ ♣r❡ss✐♦♥ ✐♥tr❛✲♦r❛❧❡ ∆P ❡t ❧❛ ✈✐❜r❛t✐♦♥ ❞❡s ♣❧✐s ✈♦❝❛✉① ♦♥t
été s✐♠✉❧t❛♥é♠❡♥t ♠❡s✉rés✳ ▲❡s ♣♦s✐t✐♦♥♥❡♠❡♥ts ❞✉ ❞é❜✐t♠ètr❡ ♦r❛❧ ❡t ❞✉ ♠✐❝r♦♣❤♦♥❡ ❞✉ s②s✲
tè♠❡ ❊❱❆ s♦♥t ✐❧❧✉strés s✉r ❧❛ ✜❣✉r❡ ✷✳✸❜✳ ▲❛ ♣r❡ss✐♦♥ ✐♥tr❛✲♦r❛❧❡ ❛ été ♠❡s✉ré❡ ❡♥ ✉t✐❧✐s❛♥t
✉♥ t✉❜❡ ❞❡ ❞✐❛♠ètr❡ ✺♠♠ ❡t ❞❡ ❧♦♥❣✉❡✉r ✸✵❝♠✱ r❡❧✐é ❛✉ ❝❛♣t❡✉r ❞❡ ♣r❡ss✐♦♥✳ ▲❡ t✉❜❡ ét❛✐t
✐♥séré à ✉♥❡ ❡①tré♠✐té ❞❡ ❧❛ ❜♦✉❝❤❡ ❡t ♣❧❛❝é ❡♥ ❛♠♦♥t ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ♠✐♥✐♠❛❧❡ ❡♥tr❡ ❧❛
✈♦ût❡ ♣❛❧❛t✐♥❡ ❡t ❧❛ ❧❛♥❣✉❡✳

✷✳✸✳✷ ❉♦♥♥é❡s ❛ér♦❞②♥❛♠✐q✉❡s ❡t ❛❝♦✉st✐q✉❡s ♠❡s✉ré❡s ❛✈❡❝ ❧❛ st❛t✐♦♥
❊❱❆

❯♥ ❡①❡♠♣❧❡ ❞❡ ❞♦♥♥é❡s ❛ér♦❞②♥❛♠✐q✉❡s ❡t ❛❝♦✉st✐q✉❡s ♠❡s✉ré❡s ❛✈❡❝ ❧❛ ♣❧❛t❡✲❢♦r♠❡ ❊❱❆
❞✉r❛♥t ❞❡s ♣r♦♥♦♥❝✐❛t✐♦♥s ❞❡ s✐❜✐❧❛♥t❡ ✴s✴ ❡st ♣rés❡♥té s✉r ❧❛ ✜❣✉r❡ ✷✳✹✳ ❈❤❛q✉❡ s❡❣♠❡♥t
❞❡ s✐❜✐❧❛♥t❡ ❛ été ❛✉t♦♠❛t✐q✉❡♠❡♥t ❞ét❡❝té à ♣❛rt✐r ❞✉ ❞é❜✐t ♦r❛❧ ♠❡s✉ré✱ ❡♥ s✉✐✈❛♥t ✉♥❡
♣r♦❝é❞✉r❡ à ❞❡✉① ét❛♣❡s ❛✈❡❝ s❡✉✐❧✳ ❉❛♥s ✉♥❡ ♣r❡♠✐èr❡ ét❛♣❡✱ ❧❡s s❡❣♠❡♥ts ❞❡ s✐❜✐❧❛♥t❡ s♦♥t
❞ét❡❝tés à ♣❛rt✐r ❞❡s ✈❛❧❡✉rs ♣♦s✐t✐✈❡s✱ s❛❝❤❛♥t q✉❡ ❧❡s ✈❛❧❡✉rs ♥é❣❛t✐✈❡s ❝♦rr❡s♣♦♥❞❡♥t à ❞❡s
❡✛♦rts r❡s♣✐r❛t♦✐r❡s ❞✬✐♥s♣✐r❛t✐♦♥ ❡♥tr❡ ❧❡s s❡❣♠❡♥ts✳ ❉❛♥s ✉♥❡ s❡❝♦♥❞❡ ét❛♣❡✱ ❧❛ ♣♦rt✐♦♥ ❞❡
s✐❣♥❛❧ q✉❛s✐✲st❛t✐♦♥♥❛✐r❡ ❢✉t ❞ét❡❝té❡ ❡♥ ✉t✐❧✐s❛♥t ✉♥ ❝r✐tèr❡ ❞❡ s❡✉✐❧ ❜❛sé s✉r ❧❡ ❞é❜✐t ❞✬❛✐r
♦r❛❧ ♠❛①✐♠❛❧ Q ♣♦✉r ❝❤❛q✉❡ s❡❣♠❡♥t ❞❡ s✐❜✐❧❛♥t❡ ✭> 0.6 ×max(Q)✮✳ ▲❛ ❞✉ré❡ ♠♦②❡♥♥❡ ❞❡
❧❛ ♣♦rt✐♦♥ sé❧❡❝t✐♦♥♥é❡ ✈❛r✐❛✐t ❞❡ ✵✳✸s ❥✉sq✉❡ ✷s✳ ▲❡ s♣❡❝tr♦❣r❛♠♠❡ ❞✉ s✐❣♥❛❧ ❛❝♦✉st✐q✉❡ ❞❡
s✐❜✐❧❛♥t❡ ✴s✴ ❡st é❣❛❧❡♠❡♥t ✐❧❧✉stré s✉r ❧❛ ✜❣✉r❡ ✷✳✹✱ ❡t ✐❧ ❡st ♠♦♥tré q✉❡ ❧❡s ♣♦rt✐♦♥s sé❧❡❝t✐♦♥✲
♥é❡s ❝♦rr❡s♣♦♥❞❡♥t ❡♥ ❡✛❡t à ❧❛ ♣♦rt✐♦♥ ❛❝♦✉st✐q✉❡ ❝❛r❛❝tér✐sé❡ ♣❛r ❞✉ ❜r✉✐t ❤❛✉t❡✲❢réq✉❡♥❝❡✳
❉✬❛✉tr❡ ♣❛rt✱ ❧❡ s✐❣♥❛❧ é❧❡❝tr♦❣❧♦tt♦❣r❛♣❤✐q✉❡ ♠♦♥tr❡ q✉❡ ❧❛ r❡s♣✐r❛t✐♦♥ ❡t ❧❡s s❡❣♠❡♥ts ❞❡
s✐❜✐❧❛♥t❡ ♥❡ ♣❡✉✈❡♥t êtr❡ ❞✐st✐♥❣✉és✱ ❝❡ q✉✐ ❝♦♥✜r♠❡ ❧❡ rô❧❡ ♣❛ss✐❢ ❞❡s ♣❧✐s ✈♦❝❛✉① ❞✉r❛♥t ❧❛
♣r♦❞✉❝t✐♦♥ ❞❡ s✐❜✐❧❛♥t❡✳ ❆✐♥s✐✱ ♥♦✉s ❝❤♦✐s✐ss♦♥s ❞❡ ♥❡ ♣❛s ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❡ s✐❣♥❛❧ ❊●●
❞❛♥s ❧❡ r❡st❡ ❞❡ ❝❡tt❡ ét✉❞❡✳ ❉❛✈❛♥t❛❣❡ ❞❡ ❞♦♥♥é❡s ✐♥✲✈✐✈♦ ♠❡s✉ré❡s ❛✈❡❝ ❧❛ st❛t✐♦♥ ❊❱❆ s♦♥t
❢♦✉r♥✐❡s ❞❛♥s ❧✬❆♥♥❡①❡ ❆✳

✷✳✸✳✸ ❉♦♥♥é❡s ❛❝♦✉st✐q✉❡s r❡❧✐é❡s à ❧❛ ❣é♦♠étr✐❡ r❡❝♦♥str✉✐t❡

❉❡s ♠❡s✉r❡s ❛❝♦✉st✐q✉❡s ❛✈❡❝ ❧❛ ❣é♦♠étr✐❡ r❡❝♦♥str✉✐t❡ ♦♥t été ré❛❧✐sé❡s ❡♥ ✉t✐❧✐s❛♥t ❧❡
♣r♦t♦❝♦❧❡ ❛❝♦✉st✐q✉❡ s❝❤é♠❛t✐q✉❡♠❡♥t ✐❧❧✉stré s✉r ❧❛ ✜❣✉r❡ ✷✳✺✳ ▲❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ❜r✉✐t ❞❡
s✐❜✐❧❛♥t❡ ❛ été é✈❛❧✉é❡ ❞❡ tr♦✐s ♠❛♥✐èr❡s ❞✐✛ér❡♥t❡s✱ ♣❛r ❧❡s ét✐q✉❡tt❡s ✭■✮✱ ✭■■✮ ❡t ✭■■■✮✳ Pr❡✲
♠✐èr❡♠❡♥t✱ ♣♦✉r ❧❡ ❝❛s ✭■✮✱ ❧❡ s✉❥❡t ❵❑◆✬ ♣r♦♥♦♥ç❛✐t ✴s✴ à tr♦✐s ♥✐✈❡❛✉① ❞✬✐♥t❡♥s✐té ❞✐✛ér❡♥ts
✭❵s♦❢t✬ ✭±✶✶▲✴♠✐♥✮✱ ❵♠❡❞✐✉♠✬ ✭±✷✶▲✴♠✐♥✮ ❡t ❵❧♦✉❞✬ ✭±✹✺▲✴♠✐♥✮✮ à ❧✬❡♥tré❡ ❞❡ ❧❛ ❝❤❛♠❜r❡
q✉❛s✐✲❛♥é❝❤♦ïq✉❡✳ ▲✬❡st✐♠❛t✐♦♥ q✉❛❧✐t❛t✐✈❡ ❞✉ ❞é❜✐t ✈♦❧✉♠✐q✉❡ ❛ss♦❝✐é ❛✈❡❝ ❝❤❛q✉❡ ♥✐✈❡❛✉
❞✬✐♥t❡♥s✐té ❛ été ♦❜t❡♥✉❡ ❡♥ ✉t✐❧✐s❛♥t ❧❡ ❞é❜✐t♠ètr❡ ✭❚❙■ ✹✵✵✵ s❡r✐❡s✮ ❡♥ ❝♦♠❜✐♥❛✐s♦♥ ❛✈❡❝
❧✬✐♥str✉❝t✐♦♥ ❞✬✐♥t❡♥s✐té✳ ❉✬❛♣rès ❏❡s✉s ❬❏❙✵✷❪✱ ❝❡s ✐♥str✉❝t✐♦♥s ❞❡ ♥✐✈❡❛✉ ❞✬✐♥t❡♥s✐té s♦♥t ♣❡r✲
t✐♥❡♥t❡s ♣♦✉r ❝❛r❛❝tér✐s❡r ❞❡s ❢r✐❝❛t✐✈❡s✳

❉❡✉①✐è♠❡♠❡♥t ✭■■✮✱ ✉♥ ❝♦♠♣r❡ss❡✉r ❞✬❛✐r ✭❆t❧❛s ❈♦♣❝♦ ●❆✼✮✱ ❝♦✉♣❧é à ✉♥ ré❣✉❧❛t❡✉r



✷✳✸✳ Pr♦t♦❝♦❧❡ ❡t ♠ét❤♦❞❡ ✷✸
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✭❛✮ ✴s✴ ✭s✉❥❡t ❵❑◆✬✱ ♥✐✈❡❛✉ ❞✬✐♥t❡♥s✐té ❵♠❡❞✐✉♠✬✮
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✭❜✮ ✴❢✴ ✭s✉❥❡t ❵❨❋✬✱ ♥✐✈❡❛✉ ❞✬✐♥t❡♥s✐té ❵♠❡❞✐✉♠✬✮

❋✐❣✉r❡ ✷✳✹ ✕ ❊①❡♠♣❧❡ ❞❡ ♠❡s✉r❡s ❊❱❆ ❬s✐❣♥❛❧ ❛❝♦✉st✐q✉❡ ♥♦r♠❛❧✐sé ✭s♦♥✮✱ ❞é❜✐t ❞✬❛✐r ♦r❛❧ Q✱
♣r❡ss✐♦♥ ✐♥tr❛✲♦r❛❧❡ ∆P ❡t s✐❣♥❛❧ ❊●●❪ ❞✉r❛♥t ❞❡s s❡❣♠❡♥ts ❞❡ ❢r✐❝❛t✐✈❡s ♥♦♥ ✈♦✐sé❡s ♠❛✐♥✲
t❡♥✉❡s ❝♦♥sé❝✉t✐✈❡s ❡t s♣❡❝tr♦❣r❛♠♠❡ ❞✉ s✐❣♥❛❧ ❛❝♦✉st✐q✉❡✳ ▲❡s ❧✐❣♥❡s ✈❡rt✐❝❛❧❡s ❡♥ ♣♦✐♥t✐❧❧és
✐♥❞✐q✉❡♥t ❧❡s ♣♦rt✐♦♥s ❞❡ s✐❣♥❛❧ ❛♥❛❧②sé❡s✳



✷✹ ❈❤❛♣✐tr❡ ✷✳ ❉♦♥♥é❡s ✐♥✲✈✐✈♦ ❡t ♠❛q✉❡tt❡ ❞❡ ❝❛✈✐té ♦r❛❧❡ r❡❝♦♥str✉✐t❡

Locuteur
humain

Q
oral

Compresseur
+ 

chambre
conditionnemt

Sujet
humain qui

souffle

Bruit

Ecoult

d'air

Ecoult

d'air

Maquette
Q

comp Bruit

Maquette
Q

souffle Bruit

• Cas (I) : Q
oral

 a priori mesuré

('soft', 'medium', 'loud')

• Cas (II) : Q
comp

 mesuré par débitmètre

• Cas (III) : Q
souffle

 a priori mesuré

('soft', 'medium', 'loud')

✭❛✮ ●é♥ér❛t❡✉rs ❞❡ ❜r✉✐t

100cm

Microphone B&K type 4192
positionné à 37° dans le plan (xz)

Chambre quasi-anéchoïque
(volume 9.3m3)

95cm

Générateur 

de bruit :

cas

(I), (II) ou 

(III)

Bruit

Ecoult d'air 
(Q)

y

xz

✭❜✮ ❉✐s♣♦s✐t✐❢ ❡①♣ér✐♠❡♥t❛❧

❋✐❣✉r❡ ✷✳✺ ✕ ❆♣❡rç✉ ❞❡s ❞✐s♣♦s✐t✐❢s ❞❡ ❣é♥ér❛t✐♦♥ ❞❡ ❜r✉✐t ✭s✉❥❡t ❵❑◆✬✮ ❡t ❞❡ ♠❡s✉r❡s ❛❝♦✉s✲
t✐q✉❡s ✿ ✭■✮ s✐❜✐❧❛♥t❡ ✴s✴ ❤✉♠❛✐♥❡✱ ✭■■✮ ♠❛q✉❡tt❡ ✐♥✲✈✐tr♦ ❛❧✐♠❡♥té❡ ❡♥ ❛✐r ♣❛r ✉♥ ❝♦♠♣r❡ss❡✉r
❬·▲✴♠✐♥❪ ❡t ✭■■■✮ s✉❥❡t s♦✉✤❛♥t ❞❛♥s ❧❛ ♠❛q✉❡tt❡✳

❞❡ ♣r❡ss✐♦♥ ✭◆♦r❣r❡♥ t②♣❡ ✶✶✲✽✶✽✲✾✽✼✮✱ ❢♦✉r♥✐ss❛✐t ❧✬❛❧✐♠❡♥t❛t✐♦♥ ❡♥ ❛✐r✳ ▲❡ ❞é❜✐t ✈♦❧✉♠✐q✉❡
❞✬❡♥tré❡ ét❛✐t ❛❥✉sté ♣❛r ✉♥❡ ✈❛❧✈❡ ❡t ♠❡s✉ré ♣❛r ✉♥ ❞é❜✐t♠ètr❡ ❚❙■ ✹✵✵✵ ❙❡r✐❡s✳ ▲✬é❝♦✉❧❡♠❡♥t
❞✬❛✐r ❝✐r❝✉❧❛✐t à tr❛✈❡rs ✉♥❡ ❝❤❛♠❜r❡ ❞❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t ❛ér♦❛❝♦✉st✐q✉❡✱ ❛✜♥ ❞❡ ❧✐♠✐t❡r ❧❡s
❜r✉✐ts ♣❛r❛s✐t❡s ❝réés ❞❛♥s ❧✬é❝♦✉❧❡♠❡♥t ❞✬❡♥tré❡✳ ▲❛ ♠❛q✉❡tt❡ ✐♥✲✈✐tr♦ ❞❡ ❝♦♥❞✉✐t ✈♦❝❛❧ ét❛✐t
♠♦♥té❡ s✉r ❧❛ s♦rt✐❡ ❞❡ ❧❛ ❝❤❛♠❜r❡ ❞❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t✱ ❡t ❧❛ s♦rt✐❡ ❞❡ ❧❛ ♠❛q✉❡tt❡ ét❛✐t
❝♦♥♥❡❝té❡ à ❧✬♦✉✈❡rt✉r❡ ❡♥ ❡♥tré❡ ❞❡ ❧❛ ❝❤❛♠❜r❡ q✉❛s✐✲❛♥é❝❤♦ïq✉❡✳

❚r♦✐s✐è♠❡♠❡♥t ✭■■■✮✱ ❧❡ s✉❥❡t ❵❑◆✬ s♦✉✤❛✐t ❞❛♥s ❧✬❡♥tré❡ ❞❡ ❧❛ ♠❛q✉❡tt❡ ❞❡ ❝❛✈✐té ♦r❛❧❡ ♣♦✉r
❧❛q✉❡❧❧❡ ❧❛ s♦rt✐❡ ét❛✐t é❣❛❧❡♠❡♥t r❡❧✐é❡ à ❧❛ ❝❤❛♠❜r❡ q✉❛s✐✲❛♥é❝❤♦ïq✉❡✳ ▲❡s ♠ê♠❡s ✐♥str✉❝t✐♦♥s
❞❡ ♥✐✈❡❛✉ ❞✬✐♥t❡♥s✐té q✉❡ ♣♦✉r ❧❡ ❝❛s ✭■✮ ✕ ❵s♦❢t✬ ✭±✶✶▲✴♠✐♥✮✱ ❵♠❡❞✐✉♠✬ ✭±✷✶▲✴♠✐♥✮ ❡t ❵❧♦✉❞✬
✭±✹✺▲✴♠✐♥✮ ✕ ❢✉r❡♥t ✉t✐❧✐sé❡s✳

✷✳✹ ❘és✉❧t❛ts ❡t ❞✐s❝✉ss✐♦♥

✷✳✹✳✶ ❉♦♥♥é❡s ✐♥✲✈✐✈♦ ❛❝q✉✐s❡s ♣❛r ❧❡ s②stè♠❡ ❊❱❆

▲❡s ♠❡s✉r❡s ❞❡ ♣r❡ss✐♦♥ ✐♥tr❛✲♦r❛❧❡∆P ✱ ❞é❜✐t ❞✬❛✐r ♦r❛❧Q ❡t s♣❡❝tr❡s ❛❝♦✉st✐q✉❡s ♠♦②❡♥♥és
♦♥t été ré❛❧✐sé❡s ❡♥ ✉t✐❧✐s❛♥t ❧❛ ♣❧❛t❡✲❢♦r♠❡ ❊❱❆ ❝♦♠♠❡ ❞ét❛✐❧❧é ❞❛♥s ❧❛ s❡❝t✐♦♥ ✷✳✸✳✶✳ ▲❛ ✜❣✉r❡
✷✳✻ ✐❧❧✉str❡ ❧❛ ✈❛r✐❛❜✐❧✐té ❞❡s q✉❛♥t✐tés ♠❡s✉ré❡s ♣♦✉r ❝❤❛❝✉♥ ❞❡s tr♦✐s ♥✐✈❡❛✉① ❞✬✐♥t❡♥s✐té
é✈❛❧✉és ✭❵s♦❢t✬✱ ❵♠❡❞✐✉♠✬ ❡t ❵❧♦✉❞✬✮✱ s✉❥❡t ✭❵❑◆✬ ♦✉ ❵❨❋✬✮ ❡t ♣❤♦♥è♠❡ ✭✴s✴ ♦✉ ✴❢✴✮✳ ❯♥ ♥✐✈❡❛✉
❞✬✐♥t❡♥s✐té ♣❧✉s é❧❡✈é ❝♦rr❡s♣♦♥❞ à ✉♥ ❞é❜✐t ❞✬❛✐r ♦r❛❧ Q ♣❧✉s é❧❡✈é✳ ▲❛ ♠♦②❡♥♥❡ ❣❧♦❜❛❧❡ X̄



✷✳✹✳ ❘és✉❧t❛ts ❡t ❞✐s❝✉ss✐♦♥ ✷✺

❡t ❧❛ ✈❛r✐❛t✐♦♥ ❣❧♦❜❛❧❡ σ ♣♦✉r ❧❛ q✉❛♥t✐té ❛ér♦❞②♥❛♠✐q✉❡ X ✭X = Q ♦✉ X = ∆P ✮ ♣♦✉r n
s❡❣♠❡♥ts ❛ss♦❝✐és ❛✈❡❝ ❧❛ ♠ê♠❡ ❝♦♥❞✐t✐♦♥ ❡①♣ér✐♠❡♥t❛❧❡ ✭♠ê♠❡ ♥✐✈❡❛✉ ❞✬✐♥t❡♥s✐té✱ s✉❥❡t ❡t
♣❤♦♥è♠❡✮ s♦♥t ❝❛❧❝✉❧és ❞❡ ❧❛ ❢❛ç♦♥ s✉✐✈❛♥t❡ ❬❚✐♠✽✵❪ ✿

X̄ =

∑n
k=1NiX̄i
∑n

k=1Ni
, ✭✷✳✺✮

σX =

√

∑n
k=1

(

Niσ2i +Ni(X̄i − X̄)2
)

∑n
k=1Ni

, ✭✷✳✻✮

❛✈❡❝ Ni✱ X̄i ❡t σi ❧❛ ❧♦♥❣✉❡✉r✱ ♠♦②❡♥♥❡ ❡t é❝❛rt✲t②♣❡ ❞❡s q✉❛♥t✐tés ❛ér♦❞②♥❛♠✐q✉❡s X ✭X = Q

♦✉ X = ∆P ✮ ❞✬✉♥ s❡❣♠❡♥t ♣r♦♥♦♥❝é i ✭1 6 i 6 n✮✳ ▲❛ ✜❣✉r❡ ✷✳✻❛ ♠♦♥tr❡ q✉❡ ❧❛ ✈❛r✐❛t✐♦♥
rés✉❧t❛♥t❡ ❞❡s q✉❛♥t✐tés ❛ér♦❞②♥❛♠✐q✉❡s ♠❡s✉ré❡s ∆P ❡t Q ❡st ✐♥❢ér✐❡✉r❡ à ✶✵✪ ❞❡ ❧❛ ✈❛❧❡✉r
♠♦②❡♥♥❡ ♣♦✉r t♦✉s ❧❡s ♥✐✈❡❛✉① ❞✬✐♥t❡♥s✐té✱ s✉❥❡ts ❡t ♣❤♦♥è♠❡s é✈❛❧✉és✳ ▲❛ ✈❛r✐❛t✐♦♥ ❛✉❣♠❡♥t❡
❛✈❡❝ Q✱ ❡t ❞♦♥❝ ❛✈❡❝ ❧❡ ♥✐✈❡❛✉ ❞✬✐♥t❡♥s✐té ❛✉ss✐ ❜✐❡♥ ♣♦✉r ✴s✴ q✉❡ ♣♦✉r ✴❢✴✳ ▲❛ ré♣ét❛❜✐❧✐té
♣♦✉r ✴❢✴ ❡st ♠♦✐♥❞r❡ q✉❡ ♣♦✉r ✴s✴✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ❛✉ ♥✐✈❡❛✉ ❞❡ Q✱ ❞♦♥t ❧❛ ✈❛r✐❛❜✐❧✐té ♦❜s❡r✈é❡
❡st ♣❧✉s ❢♦rt❡ ♣♦✉r ✴❢✴ q✉❡ ♣♦✉r ✴s✴✳

❉❡ ♣❧✉s✱ ❧✬❡s♣❛❝❡ ❞❡s ♣❛r❛♠ètr❡s ❡♥❣❡♥❞ré ♣❛r Q ❡t ∆P ♣♦✉r ❞✐✛ér❡♥t❡s ❝♦♥❞✐t✐♦♥s ❞✬✐♥✲
t❡♥s✐té ❡st ♣❧✉s ♣❡t✐t ♣♦✉r ✴❢✴ q✉❡ ♣♦✉r ✴s✴ s✐ ❜✐❡♥ q✉❡ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ❞✐✛ér❡♥t❡s ❝♦♥❞✐t✐♦♥s
❞✬✐♥t❡♥s✐té ❡st ♣❧✉s ❡✣❝❛❝❡✱ ❡♥ t❡r♠❡ ❞❡ ✈❛r✐❛❜✐❧✐té ❛ér♦❞②♥❛♠✐q✉❡✱ ♣♦✉r ✴s✴ q✉❡ ♣♦✉r ✴❢✴✳
P❛r ❝♦♥séq✉❡♥t✱ à ♣❛rt✐r ❞❡ ❝❡s ❞♦♥♥é❡s✱ ❧❛ ❢r✐❝❛t✐✈❡ s✐❜✐❧❛♥t❡ ✴s✴ s❡♠❜❧❡ êtr❡ ✉♥ ♠❡✐❧❧❡✉r
❝❛♥❞✐❞❛t q✉❡ ❧❛ ❢r✐❝❛t✐✈❡ ✴❢✴ ❞❛♥s ❧✬♦♣t✐q✉❡ ❞✬✉♥❡ ♣❡rs♣❡❝t✐✈❡ ❞✬✐♥té❣r❛t✐♦♥ ❞❛♥s ✉♥ ♣r♦t♦❝♦❧❡
♠é❞✐❝❛❧✱ s✐ ❧✬♦♥ s❡ ❜❛s❡ s✉r ❧❛ ré♣ét❛❜✐❧✐té ❡t ❧✬ét❡♥❞✉❡ ❞❡ ❧✬❡s♣❛❝❡ ❞❡s ♣❛r❛♠ètr❡s ❛ss♦❝✐é❡s
❛✉① ♦❜s❡r✈❛t✐♦♥s ❛ér♦❞②♥❛♠✐q✉❡s ❞❡ ❧❛ ♣r❡ss✐♦♥ ✐♥tr❛✲♦r❛❧❡ ∆P ❡t ❞✉ ❞é❜✐t ❞✬❛✐r ♦r❛❧ Q✳

▲❡s s♣❡❝tr❡s ❛❝♦✉st✐q✉❡s Lp s♦♥t ❡①♣r✐♠és ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❢réq✉❡♥❝❡ f ❡♥ t❛♥t q✉❡ ♥✐✈❡❛✉①
❞❡ ♣r❡ss✐♦♥ s♦♥♦r❡ ✭❙P▲✱ ❙♦✉♥❞ Pr❡ss✉r❡ ▲❡✈❡❧✮✱ ❝❛❧❝✉❧és à ♣❛rt✐r ❞❡ ❧❛ ❞❡♥s✐té s♣❡❝tr❛❧❡ ❞❡
♣✉✐ss❛♥❝❡ ❞✉ s✐❣♥❛❧ ❛❝♦✉st✐q✉❡ ❞❡ ♣r❡ss✐♦♥ ♠❡s✉ré P (f) ❬❲❡❧✻✼✱ ❏❙✵✷❪ ✿

Lp(f) = 10 log10

(

|P (f)|∆f
p2ref

)

, ✭✷✳✼✮

❛✈❡❝ pref = 2·10−5P❛ ❡t∆f = 1❍③ ✭❧❛r❣❡✉r ❞❡ ❜❛♥❞❡ ❢réq✉❡♥t✐❡❧❧❡ ❞❡ ré❢ér❡♥❝❡✮✳ ❈♦♥❝rèt❡♠❡♥t
♣❛r❧❛♥t✱ ❧❡ ♠♦②❡♥♥❛❣❡ ❞❡s ♣ér✐♦❞♦❣r❛♠♠❡s ❛ été ❡✛❡❝t✉é ❡♥ ✉t✐❧✐s❛♥t ❛✉ ♠♦✐♥s ✷✵ s❡❣♠❡♥ts
❢❡♥êtrés ✭♣❛r ❢❡♥êtr❡ ❞❡ ❍❛♠♠✐♥❣✮ ❞❡ ❧♦♥❣✉❡✉r ✜①❡ ✭✼♠s✮ ❛✈❡❝ ✉♥ t❛✉① ❞❡ ❝❤❡✈❛✉❝❤❡♠❡♥t ❞❡
✶✵✪✳ ▲❛ ✈❛r✐❛t✐♦♥ ❞❡s s♣❡❝tr❡s ❛❝♦✉st✐q✉❡s✱ ✐❧❧✉strés s✉r ❧❛ ✜❣✉r❡ ✷✳✻❜ ♣♦✉r ❧❛ s✐❜✐❧❛♥t❡ ✴s✴
♣r♦♥♦♥❝é❡ ♣❛r ❧❡ s✉❥❡t ❵❑◆✬✱ ❞é♣❡♥❞ ✉♥❡ ❢♦✐s ❞❡ ♣❧✉s ❞✉ ♥✐✈❡❛✉ ❞✬✐♥t❡♥s✐té ✭❵s♦❢t✬✱ ❵♠❡❞✐✉♠✬ ♦✉
❵❧♦✉❞✬✮ ❡t ❞♦♥❝ ❞✉ ❞é❜✐t ❞✬❛✐r ♦r❛❧ Q✳ ▲❛ ✈❛r✐❛t✐♦♥ ❣❧♦❜❛❧❡ ❞❛♥s ❧❛ ❣❛♠♠❡ ❞❡ ❢réq✉❡♥❝❡s ❥✉sq✉❡
✶✵❦❍③ ❡st ❧❛ ♣❧✉s ♣❡t✐t❡ ✭6 ✺❞❇✮ ♣♦✉r ✉♥ ♣❤♦♥è♠❡ à ♥✐✈❡❛✉ ❵♠❡❞✐✉♠✬ ❡t ❛✉❣♠❡♥t❡ ♣♦✉r ✉♥
♣❤♦♥è♠❡ à ♥✐✈❡❛✉ ❵s♦❢t✬ ♦✉ ❵❧♦✉❞✬ ✭6 ✶✺❞❇✮✳

▲❡ ❞✐❛♠ètr❡ ❤②❞r❛✉❧✐q✉❡ Dc ❡st ❡♥s✉✐t❡ ❡st✐♠é à ♣❛rt✐r ❞❡s ✈❛❧❡✉rs ♠♦②❡♥♥❡s ❣❧♦❜❛❧❡s ❞❡
❧❛ ♣r❡ss✐♦♥ ✐♥tr❛✲♦r❛❧❡ ∆P ❡t ❞❡s ❞é❜✐ts ❞✬❛✐r ♦r❛✉① Q✱ ❡♥ s✉✐✈❛♥t ❧✬éq✉❛t✐♦♥ ✭✷✳✸✮✱ ✐❧❧✉strés s✉r



✷✻ ❈❤❛♣✐tr❡ ✷✳ ❉♦♥♥é❡s ✐♥✲✈✐✈♦ ❡t ♠❛q✉❡tt❡ ❞❡ ❝❛✈✐té ♦r❛❧❡ r❡❝♦♥str✉✐t❡
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❋✐❣✉r❡ ✷✳✻ ✕ ✭❛✮ ▼♦②❡♥♥❡s ❣❧♦❜❛❧❡s Q ❡t ∆P ✭s②♠❜♦❧❡s✮ ❡t ✈❛r✐❛t✐♦♥s ❣❧♦❜❛❧❡s σQ ❡t σ∆P
✭❜❛rr❡s ❤♦r✐③♦♥t❛❧❡s ❡t ✈❡rt✐❝❛❧❡s✮ ❞❡ ♣r❡ss✐♦♥ ✐♥tr❛✲♦r❛❧❡ ∆P ❡t ❞é❜✐ts ❞✬❛✐r ♦r❛✉① Q ♣♦✉r t♦✉s
❧❡s ♥✐✈❡❛✉① ❞✬✐♥t❡♥s✐té é✈❛❧✉és ✭❵s♦❢t✬✱ ❵♠❡❞✐✉♠✬ ❡t ❵❧♦✉❞✬✮ ♣♦✉r ❧❡s s✉❥❡ts ❵❨❋✬ ✭✴s✴ ❡t ✴❢✴✮ ❡t
❵❑◆✬ ✭✴s✴✮✳ ✭❜✮ ▲❡s ♠♦②❡♥♥❡s ✭❧✐❣♥❡s✮ ❡t é❝❛rt✲t②♣❡s ✭③♦♥❡s ♦♠❜ré❡s✮ ❞❡s s♣❡❝tr❡s ❛❝♦✉st✐q✉❡s
✭♥✐✈❡❛✉ ❞❡ ♣r❡ss✐♦♥ s♦♥♦r❡ Lp(f)✮ ♣♦✉r ❧❡ s✉❥❡t ❵❑◆✬ ✭✴s✴✮ ♣♦✉r t♦✉s ❧❡s ♥✐✈❡❛✉① ❞✬✐♥t❡♥s✐té
é✈❛❧✉és

❧❛ ✜❣✉r❡ ✷✳✻❛✳ ❯♥❡ ❧✐♠✐t❡ ❤❛✉t❡ ♣♦✉r ❧❛ ✈❛r✐❛t✐♦♥ ❞❡ Dc✱ σDc ✱ ❡st ❡♥s✉✐t❡ ♦❜t❡♥✉❡ à ♣❛rt✐r ❞❡
✭Q, σQ✮ ❡t ✭∆P , σ∆P ✮ ❡♥ s✉✐✈❛♥t ❧❛ ♠ét❤♦❞❡ ❞❡ ❞✐✛ér❡♥t✐❛t✐♦♥ ❧♦❣❛r✐t❤♠✐q✉❡ ❬❚✐♠✽✵❪ ✿
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▲❡s ❡st✐♠❛t✐♦♥s rés✉❧t❛♥t❡s ❞✉ ❞✐❛♠ètr❡ ❤②❞r❛✉❧✐q✉❡ ♠✐♥✐♠❛❧ Dc ❡t ❞❡ ❧❛ ✈❛r✐❛t✐♦♥ σDc ♣♦✉r
❝❤❛q✉❡ ♣❤♦♥è♠❡ ✭✴s✴ ❡t ✴❢✴✮✱ ❝❤❛q✉❡ ♥✐✈❡❛✉ ❞✬✐♥t❡♥s✐té ❡t ❝❤❛q✉❡ s✉❥❡t ✭❵❑◆✬ ♦✉ ❵❨❋✬✮ s♦♥t
✐❧❧✉stré❡s s✉r ❧❛ ✜❣✉r❡ ✷✳✼✳ ▲❡s ❞✐❛♠ètr❡s ❡st✐♠és s♦♥t ❝♦♠♣r✐s ❡♥tr❡ ✷✳✺ ❡t ✺♠♠ ♣♦✉r ❧❡
♣❤♦♥è♠❡ ✴s✴ ❡t ❡♥tr❡ ✺✳✺ ❡t ✻✳✷♠♠ ♣♦✉r ❧❡ ♣❤♦♥è♠❡ ✴❢✴✳ ▲❡s ✈❛❧❡✉rs ❡st✐♠é❡s s♦♥t ❜✐❡♥ ❞❛♥s
❧❛ ❣❛♠♠❡ ❞❡ ✈❛❧❡✉rs r❡♣♦rté❡s ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡ ❬◆❆✾✻✱ ❙❙✾✺✱ ❙t❡✵✵✱ ❲❛r✼✻❪ ♣♦✉r ❛✉ss✐ ❜✐❡♥
❧❡ ♣❤♦♥è♠❡ ✴s✴ ✭✷✳✺♠♠ 6 Dc 6 ✺♠♠✮ q✉❡ ❧❡ ♣❤♦♥è♠❡ ✴❢✴ ✭✺♠♠ 6 Dc 6 ✻♠♠✮✳ ❊♥ r❛✐s♦♥ ❞❡
❧❛ ✈❛r✐❛❜✐❧✐té ❞❡ q✉❛♥t✐tés ❛ér♦❞②♥❛♠✐q✉❡s ♠❡s✉ré❡s ♣♦✉r ✴❢✴ ♣❧✉s ❣r❛♥❞❡ q✉❡ ♣♦✉r ✴s✴ ✭✜❣✉r❡
✷✳✻❛✮✱ ❧❛ ✈❛r✐❛❜✐❧✐té ❞✉ ❞✐❛♠ètr❡ ♠✐♥✐♠❛❧ ❡st✐♠é ❡st ♠♦✐♥❞r❡ ♣♦✉r ✴s✴ q✉❡ ♣♦✉r ✴❢✴✳

❯♥ é❝♦✉❧❡♠❡♥t ♥♦♥ ✈✐sq✉❡✉① ❡st s✉♣♣♦sé ❞❛♥s ❧✬éq✉❛t✐♦♥ ✭✷✳✸✮✱ s✐ ❜✐❡♥ q✉✬❡♥ s✉✐✈❛♥t ❧✬éq✉❛✲
t✐♦♥ ✭✷✳✶✮✱ ❧❡ ❞é❜✐t ❞✬❛✐r ♦r❛❧ Q ❡st ♣r♦♣♦rt✐♦♥♥❡❧ à ❧❛ r❛❝✐♥❡ ❝❛rré❡ ❞❡ ❧❛ ♣r❡ss✐♦♥ ✐♥tr❛✲♦r❛❧❡
♠❡s✉ré❡ ∆P ✳ ❈❡♣❡♥❞❛♥t✱ ♣♦✉r ❞❡ ❢❛✐❜❧❡s ❞é❜✐ts ✈♦❧✉♠✐q✉❡s ❞✬❛✐r à tr❛✈❡rs ✉♥❡ s❡❝t✐♦♥ ❜r✉s✲
q✉❡♠❡♥t rétré❝✐❡✱ ♦♥ s❛✐t q✉❡ ❧❛ ✈✐s❝♦s✐té ❛✛❡❝t❡ ❧✬é❝♦✉❧❡♠❡♥t ❬❈❱❍P❲✵✽✱ P❡❧✵✶❪ ❡t ❞❛♥s ❝❡
❝❛s q✉✬✐❧ ❡①✐st❡ ✉♥❡ r❡❧❛t✐♦♥ ❧✐♥é❛✐r❡ ❡♥tr❡ ❧❡ ❞é❜✐t ❞✬❛✐r ♦r❛❧ Q ❡t ❧❛ ♣r❡ss✐♦♥ ✐♥tr❛✲♦r❛❧❡ ∆P

♣♦✉r ❧❛q✉❡❧❧❡ ❧❛ ❝♦♥st❛♥t❡ ❞❡ ♣r♦♣♦rt✐♦♥♥❛❧✐té ❞é♣❡♥❞ ❛✉ss✐ ❜✐❡♥ ❞❡ ❧❛ s❡❝t✐♦♥ tr❛♥s✈❡rs❛❧❡ ❞❡
❧❛ ③♦♥❡ rétré❝✐❡ q✉❡ ❞❡ ❧✬ét❡♥❞✉❡ ❞❡ ❧❛ ♣❛rt✐❡ rétré❝✐❡ ❬❲❱❍▲✶✸❪✳ ▲❡s ♠❡s✉r❡s ❞❡ ❞é❜✐t✲♣r❡ss✐♦♥
♣rés❡♥té❡s s✉r ❧❛ ✜❣✉r❡ ✷✳✻❛ s✉❣❣èr❡♥t ✉♥ t❡❧ ❝❤❛♥❣❡♠❡♥t ❞❡ ♣❡♥t❡ ♣♦✉r ❧❡s s❡❣♠❡♥ts ❧✐♥é❛✐r❡s



✷✳✹✳ ❘és✉❧t❛ts ❡t ❞✐s❝✉ss✐♦♥ ✷✼

❋✐❣✉r❡ ✷✳✼ ✕ ❉✐❛♠ètr❡s ❤②❞r❛✉❧✐q✉❡s ❞❡ ❝♦♥str✐❝t✐♦♥ ♠✐♥✐♠❛❧❡ Dc ❡st✐♠és ❞❡s ✈❛❧❡✉rs ♠❡✲
s✉ré❡s ❛✈❡❝ ❊❱❆ ❞❡ Q ❡t ∆P ♣♦✉r t♦✉s ❧❡s ♥✐✈❡❛✉① ❞✬✐♥t❡♥s✐té ✭♦✉ ❞é❜✐ts ❞✬❛✐r ♦r❛✉①✮ ❡t
s✉❥❡ts ❵❨❋✬ ✭✴s✴ ❡t ✴❢✴✮ ❡t ❵❑◆✬ ✭✴s✴✮ ❡♥ ✉t✐❧✐s❛♥t ✿ éq✉❛t✐♦♥s ✭✷✳✸✮ ✭♦✱ �✱ ©✮ ❡t ✭✷✳✸✮ ✭×✮
♣♦✉r t❡♥✐r ❝♦♠♣t❡ ❞❡s ♣❡rt❡s ✈✐sq✉❡✉s❡s✱ ❛✈❡❝ L = 22♠♠✳ ▲❡s ❜❛rr❡s ✈❡rt✐❝❛❧❡s ✐♥❞✐q✉❡♥t ❧❛
✈❛r✐❛t✐♦♥ ❣❧♦❜❛❜❧❡ σDc ✳ ▲❛ ❣❛♠♠❡ ❞❡ ✈❛❧❡✉rs ♠❡s✉ré❡s ❞❡ Dc r❡♣♦rté❡s ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡
❬◆❆✾✻✱ ❙❙✾✺✱ ❙t❡✵✵✱ ❲❛r✼✻❪ ✭❧✐t✳✮ ❡st ✐♥❞✐q✉é❡ ♣♦✉r ❧❡ ♣❤♦♥è♠❡ ✴s✴ ✭③♦♥❡ ♦♠❜ré❡ ❡♥ ❣r✐s✮ ❡t ❧❡
♣❤♦♥è♠❡ ✴❢✴ ✭③♦♥❡ ♦♠❜ré❡ ❡♥ ❣r✐s ❢♦♥❝é✮✳ ▲❡ ❞✐❛♠ètr❡ ❤②❞r❛✉❧✐q✉❡ ♠✐♥✐♠❛❧Dc = 2.1♠♠ ✭❧✐❣♥❡
❤♦r✐③♦♥t❛❧❡ ♣♦✐♥t✐❧❧é❡✮ ❡t ❧✬❡rr❡✉r ♠❛①✐♠❛❧❡ ❛ss♦❝✐é❡ ±0.2♠♠ ✭③♦♥❡ ❡♥ ❣r✐s ❢♦♥❝é✮ ❞✉ ♣❛ss❛❣❡
rétré❝✐ ❞❡ ❧❛ ❝❛✈✐té ♦r❛❧❡ r❡❝♦♥str✉✐t❡ ♣♦✉r ❧❡ ♣❤♦♥è♠❡ ✴s✴ ✭s✉❥❡t ❵❑◆✬✮ s♦♥t r❡♣rés❡♥tés✳

r❡❧✐❛♥t r❡s♣❡❝t✐✈❡♠❡♥t ❧❡s ♥✐✈❡❛✉① ❵s♦❢t✲♠❡❞✐✉♠✬ ❡t ❵♠❡❞✐✉♠✲❧♦✉❞✬✱ ❜✐❡♥ q✉❡ ❞❛✈❛♥t❛❣❡ ❞❡
❞♦♥♥é❡s s♦✐❡♥t r❡q✉✐s❡s ♣♦✉r ét❛❜❧✐r ❧❡ s❡✉✐❧ ♣♦t❡♥t✐❡❧ ❞✉ ré❣✐♠❡ ❞✬é❝♦✉❧❡♠❡♥t ✈✐sq✉❡✉①✳ ❆✐♥s✐✱
❧✬❡✛❡t ❞❡ ❧❛ ✈✐s❝♦s✐té s✉r ❧❡ ❞✐❛♠ètr❡ ❤②❞r❛✉❧✐q✉❡ ❡st✐♠é Dc ❡st q✉❛♥t✐✜é ❞❡ ♠❛♥✐èr❡ ❛♣♣r♦❝❤é❡
♣❛r ❧✬éq✉❛t✐♦♥ ✭✷✳✹✮ ❡♥ s✉♣♣♦s❛♥t ✉♥❡ s❡❝t✐♦♥ tr❛♥s✈❡rs❛❧❡ ❝✐r❝✉❧❛✐r❡✱ s❛❝❤❛♥t q✉❡ ❧❡s ❞♦♥♥é❡s
❛ér♦❞②♥❛♠✐q✉❡s ♥❡ ❢♦✉r♥✐ss❡♥t ♣❛s ❞✬✐♥❢♦r♠❛t✐♦♥ s✉r ❧❛ ❢♦r♠❡ ❞❡ ❧❛ s❡❝t✐♦♥✳

P♦✉r ❧❛ ♠ê♠❡ r❛✐s♦♥✱ ❧❛ ❧♦♥❣✉❡✉r ❞❡ ❧❛ ♣♦rt✐♦♥ rétré❝✐❡ ❡st ✜①é❡ à 6 22♠♠✱ ❡♥ s❡ ❜❛s❛♥t
s✉r ❧❡ s❝❛♥ t♦♠♦❞❡♥s✐♠étr✐q✉❡ ✐❧❧✉stré s✉r ❧❛ ✜❣✉r❡ ✷✳✶❛ ❞❛♥s ❧❡ ❈❤❛♣✐tr❡ ✶✳ ❈♦♠♠❡ ♥♦✉s
♣♦✉✈♦♥s ✈♦✐r s✉r ❧❛ ✜❣✉r❡ ✷✳✼✱ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ Dc ❡st ✐♥❢ér✐❡✉r❡ à ✶✪ ♣♦✉r Q > 10▲✴♠✐♥
❡t ❡st ❞♦♥❝ ♥é❣❧✐❣❡❛❜❧❡✱ t❛♥❞✐s q✉❡ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ Dc ❡st ✐♥❢ér✐❡✉r❡ à ✺✪ ♣♦✉r ❧❡ ♣❧✉s
♣❡t✐t ❞é❜✐t ❞✬❛✐r ♦r❛❧ ♠❡s✉ré✳ ❆✐♥s✐✱ t❡♥✐r ❝♦♠♣t❡ ❞❡s ♣❡rt❡s ✈✐sq✉❡✉s❡s ♥✬❛♠é❧✐♦r❡ ♣❛s ❧❛
♣ré❝✐s✐♦♥ ❞❡ ❧✬❡st✐♠❛t✐♦♥ ❞✉ ❞✐❛♠ètr❡ ❤②❞r❛✉❧✐q✉❡ ❞❡ ❧❛ s❡❝t✐♦♥ ♠✐♥✐♠❛❧❡ ❞❡ ❝♦♥str✐❝t✐♦♥✳ ❊♥
❝♦♥séq✉❡♥❝❡✱ ♣♦✉r ❧❛ s✐❜✐❧❛♥t❡ ✴s✴ ✉♥ ♠♦❞è❧❡ ❞✬é❝♦✉❧❡♠❡♥t ❧❛♠✐♥❛✐r❡ ♥♦♥ ✈✐sq✉❡✉① ✭éq✉❛t✐♦♥
✷✳✸✮ ♣❡✉t êtr❡ ✉t✐❧✐sé ♣♦✉r ❡st✐♠❡r ❧✬♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r ❞✉ ❞✐❛♠ètr❡ ❤②❞r❛✉❧✐q✉❡ Dc ♣♦✉r
t♦✉t❡s ❧❡s ❝♦♥❞✐t✐♦♥s ❞✬✐♥t❡♥s✐té✳ ❈❡ ♠♦❞è❧❡ ❞✬é❝♦✉❧❡♠❡♥t ❡st ✈❛❧✐❞❡✱ ♠❛❧❣ré ❧❛ ❣❛♠♠❡ ❞❡
♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ❝♦♠♣r✐s❡ ❡♥tr❡ ✷✸✵✵ ❡t ✷✺✵✵✵✱ Re = (4Q)/(νπDc)✱ ♣♦✉r ❧❛ ❣❛♠♠❡
❝♦♠♣❧èt❡ ❞❡ ❞é❜✐ts ✈♦❧✉♠✐q✉❡sQ ❡t ❞❡ ❞✐❛♠ètr❡s ❤②❞r❛✉❧✐q✉❡s ❡st✐♠ésDc✳ ▲❡s ✈❛❧❡✉rs ❡st✐♠é❡s
❞❡ Dc ♣♦✉r ❧❛ s✐❜✐❧❛♥t❡ ✴s✴ ♣r♦♥♦♥❝é❡ ♣❛r ❧❡ s✉❥❡t ❵❑◆✬ s♦♥t✱ q✉❡❧q✉❡ s♦✐t ❧❡✉r ❝♦♥❞✐t✐♦♥
❞✬✐♥t❡♥s✐té✱ ♣❧✉s ❣r❛♥❞❡s q✉❡ ❧❡ ❞✐❛♠ètr❡ ❤②❞r❛✉❧✐q✉❡ Dc = 2.1♠♠ ❝❛r❛❝tér✐s❛♥t ❧❛ s❡❝t✐♦♥
♠✐♥✐♠❛❧❡ ✭✸✳✺♠♠2✮ ❞❡ ❧❛ ❣é♦♠étr✐❡ ❞❡ ❝❛✈✐té ♦r❛❧❡ r❡❝♦♥str✉✐t❡✳ ❇✐❡♥ q✉✬✉♥❡ ❝♦♥✜r♠❛t✐♦♥ ♣❧✉s
♣♦✉ssé❡ s♦✐t ♥é❝❡ss❛✐r❡✱ ❧✬é❝❛rt ❡st ♣r♦❜❛❜❧❡♠❡♥t ❞û ❛✉① ❞✐✛ér❡♥❝❡s ❞❡ ❞✉ré❡s ❞❡s s❡❣♠❡♥ts ❞❡



✷✽ ❈❤❛♣✐tr❡ ✷✳ ❉♦♥♥é❡s ✐♥✲✈✐✈♦ ❡t ♠❛q✉❡tt❡ ❞❡ ❝❛✈✐té ♦r❛❧❡ r❡❝♦♥str✉✐t❡

s✐❜✐❧❛♥t❡ ✴s✴ ❞✉r❛♥t ❧❡s ♠❡s✉r❡s ❛ér♦❞②♥❛♠✐q✉❡s ✭♣r♦♥♦♥❝✐❛t✐♦♥ ♥❛t✉r❡❧❧❡✱< 2s✮ ❡t ❧❡ ♣r♦❝❡ss✉s
❞✬✐♠❛❣❡r✐❡ ✭±10s✮✳

▲❛ ❧♦♥❣✉❡ ❞✉ré❡ ❞✬❛❝q✉✐s✐t✐♦♥ r❡q✉✐s❡ ♣♦✉r ❧❡ ♣r♦❝❡ss✉s ❞✬✐♠❛❣❡r✐❡ ❛ ✉♥ ❡✛❡t ❞♦✉❜❧❡✳ Pr❡✲
♠✐èr❡♠❡♥t✱ ❝❡❧❛ ❢❛✈♦r✐s❡ ✉♥ ❞é❜✐t ❞✬❛✐r ♦r❛❧ ♣❧✉s ❢❛✐❜❧❡✱ ❝❡ q✉✐ ❡♥ r❡t♦✉r rés✉❧t❡ ❡♥ ❞❡s ✈❛❧❡✉rs
❞❡ Dc ♣❧✉s ♣❡t✐t❡s ❡♥ s✉✐✈❛♥t ❧✬éq✉❛t✐♦♥ ✭✷✳✸✮ ❝♦♠♠❡ ✐❧❧✉stré s✉r ❧❛ ✜❣✉r❡ ✷✳✼✳ ❉❡✉①✐è♠❡♠❡♥t✱
❧❡ ♣r❡♠✐❡r ❡✛❡t ❡st ♣r♦❜❛❜❧❡♠❡♥t r❡♥❢♦r❝é ♣❛r ❞❡ ❧✬❤②♣❡r✲❛rt✐❝✉❧❛t✐♦♥ ♣♦✉✈❛♥t s✉r✈❡♥✐r ❞✉r❛♥t
❧❛ ♣r♦❞✉❝t✐♦♥ ❞✬✉♥❡ s✐❜✐❧❛♥t❡ ✴s✴ ♠❛✐♥t❡♥✉❡ ❞✉r❛♥t ♣❧✉s✐❡✉rs s❡❝♦♥❞❡s✱ ❝❡ q✉✐ ♥❡ ❝♦rr❡s♣♦♥❞
♣❛s à ✉♥❡ ❝♦♥❞✐t✐♦♥ ♥❛t✉r❡❧❧❡ ❞❡ ❧♦❝✉t✐♦♥✳ ❊♥ ❝♦♥s✐❞ér❛♥t ❧❛ ❧❛r❣❡ ét❡♥❞✉❡ ❞❡s ✈❛❧❡✉rs Q(Dc)

✐❧❧✉strés s✉r ❧❛ ✜❣✉r❡ ✷✳✼✱ ♥♦✉s ✈♦②♦♥s q✉✬✉♥❡ ❞✐♠✐♥✉t✐♦♥ ❞✉ ❞é❜✐t ❞✬❛✐r ♦r❛❧ ♥❡ ♣❡✉t ❡①♣❧✐q✉❡r
❧❛ ❢❛✐❜❧❡ ✈❛❧❡✉r ❞❡ Dc ♦✉ ♠ê♠❡ Dc + 0.2♠♠ ♦❜t❡♥✉❡ à ♣❛rt✐r ❞❡ ❧❛ r❡❝♦♥str✉❝t✐♦♥ t♦♠♦❣r❛✲
♣❤✐q✉❡✱ ❡♥ ❝♦♠♣❛r❛✐s♦♥ ❛✉① ✈❛❧❡✉rs ❞❡ Dc r❡♣♦rté❡s ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡ ❡t ❡st✐♠é❡s ❞❡♣✉✐s ❧❡s
♠❡s✉r❡s ❞❡ ❞é❜✐t✲♣r❡ss✐♦♥✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❡s ❞♦♥♥é❡s ❣é♦♠étr✐q✉❡s ✐ss✉❡s ❞✬✉♥❡ ❛❝q✉✐s✐t✐♦♥
t♦♠♦❞❡♥s✐♠étr✐q✉❡ ❞✉r❛♥t ❞❡s ♣r♦♥♦♥❝✐❛t✐♦♥s ❞❡ s✐❜✐❧❛♥t❡ ✴s✴ ♣❡✉✈❡♥t êtr❡ ✐♥✢✉❡♥❝é❡s ♣❛r ❞❡
❧✬❤②♣❡r✲❛rt✐❝✉❧❛t✐♦♥✳

✷✳✹✳✷ ❉♦♥♥é❡s ❡♥ ❧✐❡♥ ❛✈❡❝ ❧❛ ❣é♦♠étr✐❡ r❡❝♦♥str✉✐t❡

❆✜♥ ❞✬é✈❛❧✉❡r ❞❛♥s q✉❡❧❧❡ ♠❡s✉r❡ ❧❡ ♣❤♦♥è♠❡ ✴s✴ ♣❡✉t êtr❡ r❡♣r♦❞✉✐t ❡♥ ✉t✐❧✐s❛♥t ✉♥❡ ❝❛✈✐té
♦r❛❧❡ r❡❝♦♥str✉✐t❡✱ ❧❡s tr♦✐s ❝♦♥❞✐t✐♦♥s ❞❡ ♣r♦❞✉❝t✐♦♥ s♦♥♦r❡ ✭s✉❥❡t ♣r♦♥♦♥ç❛♥t ♥❛t✉r❡❧❧❡♠❡♥t
✭■✮✱ ♠❛q✉❡tt❡ ❛❧✐♠❡♥té❡ ❡♥ ❛✐r ♣❛r ❧❡ ❝♦♠♣r❡ss❡✉r ✭■■✮✱ ❡t s✉❥❡t s♦✉✤❛♥t ❞❛♥s ❧❛ ♠❛q✉❡tt❡ ✭■■■✮✮
❞é❝r✐t❡s s✉r ❧❛ ✜❣✉r❡ ✷✳✺ s♦♥t ❝♦♥s✐❞éré❡s à ♣❧✉s✐❡✉rs ♥✐✈❡❛✉① ❞✬✐♥t❡♥s✐té ✭❵s♦❢t✬✱ ❵♠❡❞✐✉♠✬ ❛♥❞
❵❧♦✉❞✬✮ ❡t ❞é❜✐ts ✈♦❧✉♠✐q✉❡s ❝♦rr❡s♣♦♥❞❛♥ts✳ ❙❛❝❤❛♥t q✉❡ ❧❛ ❢♦r♠❡ ❣é♦♠étr✐q✉❡ ❞❡ ❧❛ ♠❛q✉❡tt❡
r❡❝♦♥str✉✐t❡ ❡st ❝♦♥st❛♥t❡ ✭■■ ❡t ■■■✮✱ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ ❧❛ s♦✉r❝❡ ♣❡✉✈❡♥t êtr❡ ét✉❞✐é❡s ❡♥
❢♦♥❝t✐♦♥ ❞✉ ❞é❜✐t ✈♦❧✉♠✐q✉❡✱ t❛♥❞✐s q✉❡ ♣♦✉r ❧❡s s♦♥s ❤✉♠❛✐♥s ✭■✮✱ ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ ✈❛r✐❛t✐♦♥ ❞❡
❞é❜✐t ✈♦❧✉♠✐q✉❡ ✭♥✐✈❡❛✉ ❞✬✐♥t❡♥s✐té✮ s❡r❛✐t ❝♦rré❧é❡ à ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❝❤❛♥❣❡♠❡♥ts ❣é♦♠étr✐q✉❡s
à ❧✬✐♥tér✐❡✉r ♦✉ ❡♥ ❛✈❛❧ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ❬❏❙✵✷❪✳

▲❡s s♣❡❝tr❡s ❛❝♦✉st✐q✉❡s s♦♥t ✐❝✐ é❣❛❧❡♠❡♥t ❡①♣r✐♠és ❡♥ t❛♥t q✉❡ ♥✐✈❡❛✉① ❞❡ ♣r❡ss✐♦♥ s♦♥♦r❡
Lp(f) ❞❡s ❞❡♥s✐tés s♣❡❝tr❛❧❡s ❞❡ ♣✉✐ss❛♥❝❡ ❡st✐♠é❡s ♣❛r ♣ér✐♦❞♦❣r❛♠♠❡ ❞❡ ❲❡❧❝❤ ✭éq✉❛t✐♦♥
✭✷✳✼✮✮ ❡♥ s✉✐✈❛♥t ❧❛ ♠ê♠❡ ♣r♦❝é❞✉r❡ ❬❲❡❧✻✼✱ ❏❙✵✷❪✳ ▲❡s s♣❡❝tr❡s rés✉❧t❛♥ts ❞❡ ❧❛ ♣r❡ss✐♦♥ ❛❝♦✉s✲
t✐q✉❡ r❛②♦♥♥é❡ ♣♦✉r ❧❡s ♥✐✈❡❛✉① ❞✬✐♥t❡♥s✐té ❵♠❡❞✐✉♠✬ ❡t ❵❧♦✉❞✬ s♦♥t r❡s♣❡❝t✐✈❡♠❡♥t ✐❧❧✉strés
s✉r ❧❡s ✜❣✉r❡s ✷✳✽❛ ❡t ✷✳✽❜✳

▲❡s s♣❡❝tr❡s ❞❡ ♥✐✈❡❛✉ ❞❡ ♣r❡ss✐♦♥ s♦♥♦r❡ s♦♥t ♣❛r❛♠étr✐sés ♣❧✉s ✜♥❡♠❡♥t ❡♥ ❝♦♥s✐❞ér❛♥t
❧❡s ♣❛r❛♠ètr❡s s♣❡❝tr❛✉① ♣❡rt✐♥❡♥ts ♣♦✉r ❝❛r❛❝tér✐s❡r ❞❡s ❢r✐❝❛t✐✈❡s ❡t ét✉❞✐❡r ❧❡✉r s♦✉r❝❡
s♦♥♦r❡ ❬❏❙✵✷✱ ❙t❡✵✵❪✳ ▲❛ s♦✉r❝❡ s♦♥♦r❡ ♣♦✉r ❧❛ s✐❜✐❧❛♥t❡ ✴s✴ ❞é♣❡♥❞ ❞✉ ❞é❜✐t ✈♦❧✉♠✐q✉❡ ✭♥✐✈❡❛✉
❞✬✐♥t❡♥s✐té✮ ❡t ❞❡ ❧❛ ❣é♦♠étr✐❡ ✭❢♦r♠❡ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ❡t ❢♦r♠❡ ❞✉ ❝♦♥❞✉✐t ♦r❛❧ ❡♥ ❛✈❛❧ ❞❡
❧❛ ❝♦♥str✐❝t✐♦♥✮ ❬❏❙✵✷✱ ❋❛♥✻✵✱ ❙❤❛✽✺✱ ❙t❡✵✵✱ ❍❡✐✺✽❪✳ ❆✐♥s✐✱ ❧❡s ♣❛r❛♠ètr❡s s♣❡❝tr❛✉① q✉❛♥t✐✜és
✭Ad, fm, S1, S2✮ ❞é♣❡♥❞❡♥t ❞❡ ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❧❛ s♦✉r❝❡ ✭❣é♦♠étr✐❡✮ ❡t ❞✉ ❞é❜✐t ✈♦❧✉♠✐q✉❡ ❞✬❛✐r
✭♥✐✈❡❛✉ ❞✬✐♥t❡♥s✐té✮ s❛❝❤❛♥t q✉❡ ✿

✕ fm ❡st ❞é✜♥✐❡ ❝♦♠♠❡ ❧❛ ❢réq✉❡♥❝❡ ♣rés❡♥t❛♥t ✉♥ ♠❛①✐♠✉♠ s♣❡❝tr❛❧ ❞✬❛♠♣❧✐t✉❞❡ ❡♥tr❡
✺✵✵❍③ ❡t ✷✵❦❍③ ✭❛rr♦♥❞✐❡ ❛✉ ♣❧✉s ♣r♦❝❤❡ ❦❍③✮✳ ❈❡tt❡ ❢réq✉❡♥❝❡ ❡st r❡❧✐é❡ à ❧❛ ♣r❡♠✐èr❡
rés♦♥❛♥❝❡ ❞❡ ❝❛✈✐té ✭❣é♦♠étr✐❡✮ ❞❡ s♦rt❡ q✉❡ ❧✬♦♥ s✬❛tt❡♥❞ à ❝❡ q✉❡ fm ❛✉❣♠❡♥t❡ ♣♦✉r



✷✳✹✳ ❘és✉❧t❛ts ❡t ❞✐s❝✉ss✐♦♥ ✷✾
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/s/ humain ‘medium’ (I)
compresseur 24L/min (II)
/s/ maquette ‘medium’ (III)

✭❛✮ ❵♠❡❞✐✉♠✬
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/s/ humain ‘loud’ (I)
compresseur 45L/min (II)
/s/ maquette ‘loud’ (III)

✭❜✮ ❵❧♦✉❞✬

❋✐❣✉r❡ ✷✳✽ ✕ ■❧❧✉str❛t✐♦♥ ❞❡s s♣❡❝tr❡s ❛❝♦✉st✐q✉❡s Lp(f) ♦❜t❡♥✉s à ♣❛rt✐r ❞❡s ♠❡s✉r❡s ❞❛♥s ❧❛
❝❤❛♠❜r❡ q✉❛s✐✲❛♥é❝❤♦ïq✉❡ ✭✜❣✉r❡ ✷✳✺✮ ♣♦✉r ❧❡ ♣❤♦♥è♠❡ ✴s✴ ♣r♦♥♦♥❝é ♣❛r ❧❡ s✉❥❡t ❵❑◆✬ ✭✴s✴
♣r♦♥♦♥❝é ✭■✮✮✱ ♠❛q✉❡tt❡ ❛❧✐♠❡♥té❡ ❡♥ ❛✐r ♣❛r ❧❡ ❝♦♠♣r❡ss❡✉r ✭❝♦♠♣r❡ss❡✉r ·▲✴♠✐♥ ✭■■✮✮ ❡t
s✉❥❡t ❵❑◆✬ s♦✉✤❛♥t ❞❡ ❧✬❛✐r ❞❛♥s ❧❛ ♠❛q✉❡tt❡ ✭♠❛q✉❡tt❡ ✴s✴ ✭■■■✮✮ ♣♦✉r ❞❡s ❞é❜✐ts ❞✬❛✐r ♦r❛✉①
❝♦rr❡s♣♦♥❞❛♥t ❛✉① ♥✐✈❡❛✉① ❞✬✐♥t❡♥s✐té ✭❛✮ ❵♠❡❞✐✉♠✬ ❡t ✭❜✮ ❵❧♦✉❞✬✳



✸✵ ❈❤❛♣✐tr❡ ✷✳ ❉♦♥♥é❡s ✐♥✲✈✐✈♦ ❡t ♠❛q✉❡tt❡ ❞❡ ❝❛✈✐té ♦r❛❧❡ r❡❝♦♥str✉✐t❡

✉♥❡ ❝❛✈✐té ♣❧✉s ♣❡t✐t❡✳

✕ Ad ❡st ❞é✜♥✐❡ ❝♦♠♠❡ ❧✬❛♠♣❧✐t✉❞❡ ❞②♥❛♠✐q✉❡ ♦✉ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧✬❛♠♣❧✐t✉❞❡ ♠❛①✐♠❛❧❡
❡t ♠✐♥✐♠❛❧❡ s✐t✉é❡ ❡♥tr❡ ✺✵✵❍③ ❡t ✷✵❦❍③✳ ❯♥ ❞é❜✐t ❞✬❛✐r ♣❧✉s é❧❡✈é ✭❡t ❞♦♥❝ ✉♥ ♥✐✈❡❛✉
❞✬✐♥t❡♥s✐té ♣❧✉s é❧❡✈é✮ ❝♦rr❡s♣♦♥❞r❛✐t à ✉♥❡ ♣❧✉s ❣r❛♥❞❡ ❛♠♣❧✐t✉❞❡ Ad✳

✕ S1 ✭♣♦s✐t✐✈❡✮ ❡t S2 ✭♥é❣❛t✐✈❡✮ s♦♥t ❞é✜♥✐❡s ❝♦♠♠❡ ❧❡s ♣❡♥t❡s s♣❡❝tr❛❧❡s ❞❡s ❞r♦✐t❡s ❞❡
ré❣r❡ss✐♦♥ ❧✐♥é❛✐r❡ ❝❛❧é❡s s✉r ❧❡s s♣❡❝tr❡s✳ ▲❛ ♣❡♥t❡ ♣♦s✐t✐✈❡ ❞❡ ❧❛ ❞r♦✐t❡ ❞❡ ré❣r❡ss✐♦♥
❞❛♥s ❧❡s ❢réq✉❡♥❝❡s ❝♦♠♣r✐s❡s ❡♥tr❡ ❧❛ ❢réq✉❡♥❝❡ ❞✉ ♠✐♥✐♠✉♠ ❞✬❛♠♣❧✐t✉❞❡ s♣❡❝tr❛❧❡ ❡t
fm ❝♦rr❡s♣♦♥❞ à S1✳ ▲❛ ♣❡♥t❡ ♥é❣❛t✐✈❡ ❞❡ ❧❛ ❞r♦✐t❡ ❞❡ ré❣r❡ss✐♦♥ ❞❛♥s ❧❡s ❢réq✉❡♥❝❡s
❝♦♠♣r✐s❡s ❡♥tr❡ fm ❡t ✷✵❦❍③ ❝♦rr❡s♣♦♥❞ à S2✳ ■❧ ❡st à ♥♦t❡r q✉✬✉♥ ♣❧✉s ❣r❛♥❞ ❞é❜✐t
✈♦❧✉♠✐q✉❡ ✭❝✬❡st✲à✲❞✐r❡ ♥✐✈❡❛✉ ❞✬✐♥t❡♥s✐té✮ ♦✉ ✉♥❡ ♣❧✉s ♣❡t✐t❡ ❝❛✈✐té ❢r♦♥t❛❧❡ ✭❣é♦♠étr✐❡✮
❝♦rr❡s♣♦♥❞r❛✐❡♥t à ❞❡ ♣❧✉s ❣r❛♥❞❡s ♣❡♥t❡s S1 ❡t S2 s✐ ❜✐❡♥ q✉✬✐❧s ❞é♣❡♥❞❡♥t ❞❡ fm
é❣❛❧❡♠❡♥t✳

▲❡s ♣❛r❛♠ètr❡s s♣❡❝tr❛✉① rés✉❧t❛♥ts s♦♥t ♣rés❡♥tés s✉r ❧❛ ✜❣✉r❡ ✷✳✾❛ ✭Ad(S2)✮ ❡t s✉r ❧❛
✜❣✉r❡ ✷✳✾❜ ✭S1(fm)✮✳ P♦✉r t♦✉s ❧❡s ❝❛s ✭■✱ ■■ ❡t ■■■✮ ❡t t♦✉s ❧❡s ❞é❜✐ts ✈♦❧✉♠✐q✉❡s ✭♦✉ ♥✐✈❡❛✉①
❞✬✐♥t❡♥s✐té✮✱ ❧❡s ✈❛❧❡✉rs ❞❡ ♣❛r❛♠ètr❡s s♣❡❝tr❛✉①✱ ✐❧❧✉stré❡s s✉r ❧❛ ✜❣✉r❡ ✷✳✾✱ s♦♥t ❡♥ ❞❡ss♦✉s
❞❡ ❧❛ ❣❛♠♠❡ r❡♣♦rté❡ ♣❛r ❏❡s✉s ♣♦✉r ❧❡s s✐❣♥❛✉① ❛❝♦✉st✐q✉❡s ❞❡ s✐❜✐❧❛♥t❡s ✴s✴ ♠❛✐♥t❡♥✉❡s
♣r♦♥♦♥❝é❡s ♣❛r q✉❛tr❡ ❧♦❝✉t❡✉rs ♥❛t✐❢s ❞✉ ♣♦rt✉❣❛✐s ❡♥ s✉✐✈❛♥t ❧❡s ♠ê♠❡s ✐♥str✉❝t✐♦♥s ❞❡
♥✐✈❡❛✉ ❞✬✐♥t❡♥s✐té ✭❵s♦❢t✬✱ ❵♠❡❞✐✉♠✬ ❛♥❞ ❵❧♦✉❞✬✮ ❬❏❙✵✷❪✳

◗✉❛♥❞ ❧❛ ❣é♦♠étr✐❡ r❡❝♦♥str✉✐t❡ ❡st ✉t✐❧✐sé❡ ✭❝❛s ■■ ❡t ■■■✮✱ ♦♥ ♦❜s❡r✈❡ s✉r ❧❡s s♣❡❝tr❡s
♠❡s✉rés tr♦✐s ♣✐❝s ❞✬❛♠♣❧✐t✉❞❡ ✭à ✶✵❦❍③✱ ✶✷❦❍③ ❡t ✶✸❦❍③ ❝♦♠♠❡ ✐❧❧✉stré s✉r ❧❛ ✜❣✉r❡ ✷✳✽✮✳
▲✬é❝❛rt ❡♥ ❛♠♣❧✐t✉❞❡ ❡♥tr❡ ❝❡s ♣✐❝s ❡st ❧✐♠✐té ✭♣❛r ❡①❡♠♣❧❡ < 5❞❇ ❡♥tr❡ ❧❡s ❞❡✉① ♣r✐♥❝✐♣❛✉①
♣✐❝s ❡t < 10❞❇ ❡♥tr❡ t♦✉s ❧❡s ♣✐❝s s✉r ❧❛ ✜❣✉r❡ ✷✳✽✮✳ ❉❡ ♣❧✉s✱ ❧✬é❝❛rt ❡♥ ❛♠♣❧✐t✉❞❡ ♠❛①✐♠❛❧❡
❡♥tr❡ ❧❡ ❝❛s ■■ ✭❛❧✐♠❡♥t❛t✐♦♥ ❡♥ ❛✐r ♣❛r ❝♦♠♣r❡ss❡✉r✮ ❡t ❧❡ ❝❛s ■■■ ✭s♦✉✤❡ ❤✉♠❛✐♥✮ ♣♦✉r ✉♥
❡✛♦rt ❞❡ s♦✉✤❛❣❡ s✐♠✐❧❛✐r❡ ❡st ❢❛✐❜❧❡ ✭< 2❞❇ s✉r ❧❛ ✜❣✉r❡ ✷✳✽✮✳ ▲✬é❝❛rt ❡♥ ❛♠♣❧✐t✉❞❡ ♠❛①✐♠❛❧❡
❡♥tr❡ ❧❡s s♣❡❝tr❡s ♦❜t❡♥✉s ❡♥ ✉t✐❧✐s❛♥t ❧❛ ❣é♦♠étr✐❡ r❡❝♦♥str✉✐t❡ ✭❝❛s ■■ ❡t ■■■✮ ❛✈❡❝ ❧❛ ♣❤♦♥❛t✐♦♥
❤✉♠❛✐♥❡ ✭❝❛s ■✮ ❡st ♣❧✉s ✐♠♣♦rt❛♥t✱ ♠❛✐s s❡ ré❞✉✐t q✉❛♥❞ ❧❡ ❞é❜✐t ✈♦❧✉♠✐q✉❡ ❛✉❣♠❡♥t❡ ✭< 17❞❇
♣♦✉r ❵♠❡❞✐✉♠✬ ❡t < 12❞❇ ♣♦✉r ❵❧♦✉❞✬ s✉r ❧❛ ✜❣✉r❡ ✷✳✽✮✳ ❆✐♥s✐✱ ❧❡s ❢réq✉❡♥❝❡s ❞❡s ♣✐❝s s♣❡❝tr❛✉①
❡t ❧❡✉rs ❛♠♣❧✐t✉❞❡s s✉❣❣èr❡♥t ❞❡s ❝❛r❛❝tér✐st✐q✉❡s ❝♦♥❝♦r❞❛♥t❡s ♣♦✉r ❧❡s s♣❡❝tr❡s ♦❜t❡♥✉s ❡♥
✉t✐❧✐s❛♥t ❧❛ ❣é♦♠étr✐❡ r❡❝♦♥str✉✐t❡ ✭❝❛s ■■ ❝♦♠♣❛ré ❛✉ ❝❛s ■■■✮ ❡t ✉♥❡ ♥❡tt❡ ❞✐✛ér❡♥❝❡ ❛✈❡❝ ❧❡s
s♣❡❝tr❡s ❞❡s s♦♥s ❞❡ ♣❤♦♥è♠❡s ❤✉♠❛✐♥s ✴s✴ ✭❝❛s ■■✴❝❛s ■■■ ❝♦♠♣❛rés ❛✉ ❝❛s ■✮✳ ▲❛ ❞✐✛ér❡♥❝❡ ✭❝❛s
■■✴❝❛s ■■■ ❝♦♠♣❛rés ❛✉ ❝❛s ■✮ ❞✐♠✐♥✉❡ q✉❛♥❞ ❧❡ ❞é❜✐t ✈♦❧✉♠✐q✉❡ ❛✉❣♠❡♥t❡✳ ❈❡s ♦❜s❡r✈❛t✐♦♥s
s♦♥t é❣❛❧❡♠❡♥t ❝♦♥✜r♠é❡s ❡♥ ❝♦♥s✐❞ér❛♥t ❧✬❛♠♣❧✐t✉❞❡ ❞②♥❛♠✐q✉❡ Ad✳ ❈♦♠♠❡ ❧✬♦♥ ♣❡✉t ✈♦✐r
s✉r ❧❛ ✜❣✉r❡ ✷✳✾✱ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞✉ ❞é❜✐t ✈♦❧✉♠✐q✉❡ ✭♦✉ ♥✐✈❡❛✉ ❞✬✐♥t❡♥s✐té✮ rés✉❧t❡ ❡♥
✉♥ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧✬❛♠♣❧✐t✉❞❡ ❞②♥❛♠✐q✉❡ Ad ♣♦✉r t♦✉s ❧❡s ❝❛s ✭■✱ ■■ ❡t ■■■✮✳ ◆é❛♥♠♦✐♥s✱
❧✬❛✉❣♠❡♥t❛t✐♦♥ ✭❡t ❞♦♥❝ ❧✬✐♥✢✉❡♥❝❡ ❞✉ ❞é❜✐t ✈♦❧✉♠✐q✉❡ s✉r ❧✬❛♠♣❧✐t✉❞❡ ❞②♥❛♠✐q✉❡ Ad✮ ❡st
s❡✉❧❡♠❡♥t s✐❣♥✐✜❝❛t✐✈❡ ✭❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ✶✵✺✪✮ ♣♦✉r ❧❡ ♣❤♦♥è♠❡ ❤✉♠❛✐♥ ✴s✴ ♣r♦♥♦♥❝é ✭❝❛s
■✮✳ ▲♦rsq✉❡ ❧❛ ❣é♦♠étr✐❡ r❡❝♦♥str✉✐t❡ ❡st ✉t✐❧✐sé❡ ✭❝❛s ■■ ❡t ■■■✮✱ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❡st ✐♥❢ér✐❡✉r❡
à ✶✵✪ ✭✾✪ ♣♦✉r ❧❡ ❝❛s ■■ ❡t ✶✪ ♣♦✉r ❧❡ ❝❛s ■■■✮✳

❉❡ ♣❧✉s✱ ♥♦✉s ♣♦✉✈♦♥s r❡♠❛rq✉❡r q✉❡ ❧✬❛♠♣❧✐t✉❞❡ ❞②♥❛♠✐q✉❡ Ad ♦❜s❡r✈é❡ ♣♦✉r ❧❡ ♣❤♦♥è♠❡
✴s✴ ♣r♦♥♦♥❝é à ♥✐✈❡❛✉ ❵❧♦✉❞✬ ❡st ❞✉ ♠ê♠❡ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r✱ Ad = 34± 2❞❇✱ ❝♦♠♠❡ ❧♦rsq✉❡



✷✳✹✳ ❘és✉❧t❛ts ❡t ❞✐s❝✉ss✐♦♥ ✸✶
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✭❛✮ Ad(S2)
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✭❜✮ S1(fm)

❋✐❣✉r❡ ✷✳✾ ✕ ■❧❧✉str❛t✐♦♥ ❞❡s ♣❛r❛♠ètr❡s s♣❡❝tr❛✉① ✿ ✭❛✮ ❛♠♣❧✐t✉❞❡ ❞②♥❛♠✐q✉❡ Ad ❡♥ ❢♦♥❝t✐♦♥
❞❡ ❧❛ ♣❡♥t❡ s♣❡❝tr❛❧❡ S2 ❡t ✭❜✮ ♣❡♥t❡ s♣❡❝tr❛❧❡ S1 ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❢réq✉❡♥❝❡ ❞✬❛♠♣❧✐t✉❞❡
s♣❡❝tr❛❧❡ ♠❛①✐♠❛❧❡ fm✳



✸✷ ❈❤❛♣✐tr❡ ✷✳ ❉♦♥♥é❡s ✐♥✲✈✐✈♦ ❡t ♠❛q✉❡tt❡ ❞❡ ❝❛✈✐té ♦r❛❧❡ r❡❝♦♥str✉✐t❡

❧❛ ♠❛q✉❡tt❡ ❡st ✉t✐❧✐sé❡ ✭❝❛s ■■ ❡t ■■■✮✳ P❛r ❝♦♥séq✉❡♥t✱ ♣♦✉r ✉♥❡ ❣é♦♠étr✐❡ ✜①❡✱ ❧✬✐♥✢✉❡♥❝❡
❞✉ ❞é❜✐t ✈♦❧✉♠✐q✉❡ s✉r ❧✬❛♠♣❧✐t✉❞❡ ❞②♥❛♠✐q✉❡ ❡st r❡❧❛t✐✈❡♠❡♥t ❢❛✐❜❧❡ ✭< 10✪✮ q✉❡❧ q✉❡ s♦✐t
❧❡ t②♣❡ ❞✬❛❧✐♠❡♥t❛t✐♦♥ ❡♥ ❛✐r ✭❝♦♠♣r❡ss❡✉r ■■ ♦✉ s♦✉✤❡ ❤✉♠❛✐♥ ■■■✮✳ ❊♥ ♦✉tr❡✱ q✉❡❧q✉❡ s♦✐t
❧❡ ❞é❜✐t ✈♦❧✉♠✐q✉❡✱ ❧✬❛♠♣❧✐t✉❞❡ ❞②♥❛♠✐q✉❡ Ad ❡st ♠❛①✐♠❛❧❡ q✉❛♥❞ ✉♥ ❝♦♠♣r❡ss❡✉r ❝♦♠❜✐♥é
à ✉♥ ❞✐s♣♦s✐t✐❢ ❞❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t ❞✬é❝♦✉❧❡♠❡♥t ❡st ✉t✐❧✐sé ✭❝❛s ■■✮ ❡♥ r❛✐s♦♥ ❞❡ ❧❛ ❢❛✐❜❧❡
❞❡♥s✐té s♣❡❝tr❛❧❡ ❞❡ ♣✉✐ss❛♥❝❡ ❛ss♦❝✐é❡ ❛✉① ❜❛ss❡s ❢réq✉❡♥❝❡s✳ ❈❡❝✐ ✐❧❧✉str❡ ❧✬❡✛❡t ❞❡ ❧✬✐♥t❡♥✲
s✐té t✉r❜✉❧❡♥t❡ ✐♥✐t✐❛❧❡ ❝❛r❛❝tér✐s❛♥t ❧❡ ♣r♦✜❧ ❡♥ ❛♠♦♥t ❞❡ ❧❛ ♣❛rt✐❡ r❡❝♦♥str✉✐t❡ ❝♦♥t❡♥❛♥t ❧❛
❝♦♥str✐❝t✐♦♥✳

➚ ♣❛rt✐r ❞❡s ♣ré❝é❞❡♥t❡s ♦❜s❡r✈❛t✐♦♥s ❞❡ ♣✐❝s s♣❡❝tr❛✉① ❡t ❞✬❛♠♣❧✐t✉❞❡s ❞②♥❛♠✐q✉❡s Ad✱
❧✬é❝❛rt ❝♦♥st❛té ❡♥tr❡ ❧❛ ❣é♦♠étr✐❡ r❡❝♦♥str✉✐t❡ ✭❝❛s ■■ ❡t ■■■✮ ❡t ❧❡ s♦♥ ❤✉♠❛✐♥ ✭❝❛s ■✮ ❡st ❞û
à ✉♥ ❡✛❡t ❞♦✉❜❧❡ ✿ ✶✮ ❞❛♥s ✉♥❡ ❢❛✐❜❧❡ ♠❡s✉r❡ ❡♥ r❛✐s♦♥ ❞❡ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞✉ ❞é❜✐t ✈♦❧✉♠✐q✉❡
✭♥✐✈❡❛✉ ❞✬✐♥t❡♥s✐té✮ ❡t ✷✮ ❞❛♥s ✉♥❡ ❧❛r❣❡ ♠❡s✉r❡ ❡♥ r❛✐s♦♥ ❞✬✉♥ ❝❤❛♥❣❡♠❡♥t ❞❡ ❣é♦♠étr✐❡
✭❝♦♥str✐❝t✐♦♥ ❡t ❡♥ ❛♠♦♥t ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥✮✳ ▲❡ ❝❤❛♥❣❡♠❡♥t ❞❡ ❣é♦♠étr✐❡ ❞❡ ❝♦♥str✐❝t✐♦♥
q✉❛♥❞ ❧✬✐♥str✉❝t✐♦♥ ❞✬✐♥t❡♥s✐té ✈❛r✐❡ ♣♦✉r ❧❡ ♣❤♦♥è♠❡ ✴s✴ ♣r♦♥♦♥❝é ✭❝❛s ■✮ ❛ été é❣❛❧❡♠❡♥t
♦❜s❡r✈é à ♣❛rt✐r ❞❡ ❧✬❡st✐♠❛t✐♦♥ ❞✉ ❞✐❛♠ètr❡ ❤②❞r❛✉❧✐q✉❡ ♠✐♥✐♠❛❧ Dc ✐❧❧✉stré s✉r ❧❛ ✜❣✉r❡ ✷✳✼✳
▲❡ ❞✐❛♠ètr❡ ♠✐♥✐♠❛❧ ❞❡ ❝♦♥str✐❝t✐♦♥ Dc ❡st✐♠é ♣♦✉r ❧❡ ♣❤♦♥è♠❡ ✴s✴ ♣r♦♥♦♥❝é ✈❛r✐❡ ❞❡ ♣❧✉s ❞❡
✷✵✪ ✭✷✸✪ ♣♦✉r ❧❡ s✉❥❡t ❵❑◆✬ ❡t ✷✾✪ ♣♦✉r ❧❡ s✉❥❡t ❵❨❋✬✮ s❡❧♦♥ ❧✬✐♥str✉❝t✐♦♥ ❞❡ ♥✐✈❡❛✉ ❞✬✐♥t❡♥s✐té✳
❈❡tt❡ ❝♦rré❧❛t✐♦♥ ❡♥tr❡ ❧❡ ❞é❜✐t ✈♦❧✉♠✐q✉❡ ✭♥✐✈❡❛✉ ❞✬✐♥t❡♥s✐té✮ ❡t ❧❛ ❣é♦♠étr✐❡ ♠♦♥tr❡ q✉✬✐❧ ❢❛✉t
❢❛✐r❡ ❛tt❡♥t✐♦♥ q✉❛♥❞ ♦♥ ✉t✐❧✐s❡ ❞❡s ❢r✐❝❛t✐✈❡s ♠❛✐♥t❡♥✉❡s ❝♦♠♠❡ ré❢ér❡♥❝❡ t♦✉t ❡♥ s✉♣♣♦s❛♥t
❞❡s ♣❛r❛♠ètr❡s ❞❡ ♣r♦❞✉❝t✐♦♥ st❛t✐♦♥♥❛✐r❡s ❝♦♠♠❡ tr♦✉✈é ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡ ❬❏❙✵✷❪✳

❈♦♠♠❡ ♥♦✉s ♣♦✉✈♦♥s ✈♦✐r s✉r ❧❛ ✜❣✉r❡ ✷✳✾✱ ❧❡s ♣❡♥t❡s s♣❡❝tr❛❧❡s S1 ❡t S2 ♣♦✉r ❧❡ ♣❤♦♥è♠❡
✴s✴ ✭❝❛s ■✮ ❛✉❣♠❡♥t❡♥t ❛✈❡❝ ❧❡ ❞é❜✐t ✈♦❧✉♠✐q✉❡✱ ❝❡ q✉✐ ❝♦♥✜r♠❡ ❧❡s rés✉❧t❛ts r❡♣♦rtés ❞❛♥s ❧❛
❧✐ttér❛t✉r❡ ❬❏❙✵✷❪✳ ❉❡ ♣❧✉s✱ ♣♦✉r ❧❡s s♦♥s ❤✉♠❛✐♥s ✭❝❛s ■✮✱ ❧❛ ❢réq✉❡♥❝❡ ❛ss♦❝✐é❡ ❛✈❡❝ ❧✬❛♠♣❧✐✲
t✉❞❡ s♣❡❝tr❛❧❡ ♠❛①✐♠❛❧❡ ❛✉❣♠❡♥t❡ ❛✈❡❝ ❧❡ ❞é❜✐t ✈♦❧✉♠✐q✉❡ ✭❞❡ fm = 8❦❍③ à fm = 9❦❍③ s✉r
❧❛ ✜❣✉r❡ ✷✳✼✮✳ ❙❛❝❤❛♥t q✉❡ ❧❡ s♣❡❝tr❡ ❞✉ ♣❤♦♥è♠❡ ✴s✴ ✭❝❛s ■✮ ❡st ❝❛r❛❝tér✐sé ♣❛r ✉♥ ♣✐❝ ✉♥✐q✉❡✱
❧✬❛✉❣♠❡♥t❛t✐♦♥ ❡♥ ❢réq✉❡♥❝❡ fm✱ ❛ss♦❝✐é❡ ❛✈❡❝ ❧❛ rés♦♥❛♥❝❡ ❞❡ ❝❛✈✐té ❢r♦♥t❛❧❡✱ ✐♥❞✐q✉❡ ❡♥❝♦r❡
✉♥ ❝❤❛♥❣❡♠❡♥t s✐❣♥✐✜❝❛t✐❢ ❞❡ ❣é♦♠étr✐❡ ✭rétré❝✐ss❡♠❡♥t ❞❡ ❧❛ ❝❛✈✐té ❢r♦♥t❛❧❡ ❧♦rsq✉❡ ❧❡ ❞é❜✐t
✈♦❧✉♠✐q✉❡ ❛✉❣♠❡♥t❡✮ ❛✈❡❝ ❧❡ ❞é❜✐t ✈♦❧✉♠✐q✉❡ ✭❝♦♥❞✐t✐♦♥ ❞✬✐♥t❡♥s✐té✮ ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s ♦❜s❡r✲
✈❛t✐♦♥s ♣ré❝é❞❡♥t❡s ✭❞❡ ♣✐❝s s♣❡❝tr❛✉①✱ ❛♠♣❧✐t✉❞❡ ❞②♥❛♠✐q✉❡ Ad ❡t ❞✐❛♠ètr❡ ❤②❞r❛✉❧✐q✉❡ ❞❡
❝♦♥str✐❝t✐♦♥ ♠✐♥✐♠❛❧❡ ❡st✐♠é Dc✮✳ ▲♦rsq✉❡ ❧❛ ❣é♦♠étr✐❡ r❡❝♦♥str✉✐t❡ ❡st ✉t✐❧✐sé❡ ✭❝❛s ■■ ❡t ■■■✮✱
❧❡s ✈❛❧❡✉rs ❞❡ ♣❡♥t❡ s♣❡❝tr❛❧❡ S1 s♦♥t ❞❛♥s ❧✬✐♥t❡r✈❛❧❧❡ ♦❜s❡r✈é ♣♦✉r ❧❡ ♣❤♦♥è♠❡ ✴s✴ ✭❝❛s ■✮ ❡t
s❛ ✈❛r✐❛t✐♦♥ ✭< 11✪ ♣♦✉r ❧❡ ❝❛s ■■ ❡t < 14✪ ♣♦✉r ❧❡ ❝❛s ■■■✮ ❡st ❧✐♠✐té❡✱ ❡♥ ❝♦♠♣❛r❛✐s♦♥ ❛✈❡❝ ❧❡
♣❤♦♥è♠❡ ✴s✴ ✭< 30✪✮✳ ▲✬❡✛❡t ❧✐♠✐té ❞✉ ❞é❜✐t ✈♦❧✉♠✐q✉❡ s✉r ❧❛ ♣❡♥t❡ s♣❡❝tr❛❧❡ S1 ❡♥ ✉t✐❧✐s❛♥t
❧❛ ❣é♦♠étr✐❡ r❡❝♦♥str✉✐t❡ ✭❝❛s ■■ ❡t ■■■✮ ♣❛r r❛♣♣♦rt ❛✉ ♣❤♦♥è♠❡ ✴s✴ ♣r♦♥♦♥❝é ✭❝❛s ■✮ ❡st ❡♥
♣❛rt✐❡ ❞û à ❧❛ ♣♦s✐t✐♦♥ ✜①❡ ❞❡s ♣✐❝s s♣❡❝tr❛✉① ❡t à ❧✬❡✛❡t ❧✐♠✐té ❞❡ ❧✬❛♠♣❧✐t✉❞❡ ❞②♥❛♠✐q✉❡
q✉✐ s♦♥t ❞❡s ❝♦♥séq✉❡♥❝❡s ❞❡ ❧❛ ❣é♦♠étr✐❡ ✜①❡✳ ◆♦✉s ✈♦②♦♥s q✉❡ ❜✐❡♥ q✉❡ ❧✬❛♠♣❧✐t✉❞❡ ❞❡s
♣✐❝s ❡st ♣r❡sq✉❡ s✐♠✐❧❛✐r❡✱ ❧❛ ❢réq✉❡♥❝❡ ❞✬❛♠♣❧✐t✉❞❡ ♠❛①✐♠❛❧❡ fm ♣❡✉t s❡ ❞é❝❛❧❡r ❛✈❡❝ ❧❡ ❞é❜✐t
✈♦❧✉♠✐q✉❡ ❝♦♠♠❡ ♦❜s❡r✈é ♣♦✉r ❧❡ ❝❛s ■■ s✉r ❧❛ ✜❣✉r❡ ✷✳✾ ♣♦✉r ❧❡s s♣❡❝tr❡s ❞❡ ✷✹ ❡t ✹✺▲✴♠✐♥✳
▲❡ ❞é❝❛❧❛❣❡ ❞❡ fm ❡①♣❧✐q✉❡ ❧❛ ❧❛r❣❡ ✈❛r✐❛t✐♦♥ ♦❜s❡r✈é❡ s✉r ❧❛ ✜❣✉r❡ ✷✳✾ ♣♦✉r S2 ♣♦✉r ❧❡ ❝❛s ■■■
✭< 53✪✮✱ ❛❧♦rs q✉❡ ❧❛ ✈❛r✐❛t✐♦♥ ❡st ❧✐♠✐té❡ à <✶✵✪ ♣♦✉r ❧❡ ❝❛s ■■✳

▲❛ ❞✐st✐♥❝t✐♦♥ ❛❝♦✉st✐q✉❡ ❡st q✉❛♥t✐✜é❡ ♣❧✉s ❡♥ ♣r♦❢♦♥❞❡✉r ♣♦✉r t♦✉s ❧❡s ♥✐✈❡❛✉① ❞✬✐♥t❡♥s✐té
♣❛r ❧❛ ✈❛❧❡✉r ❛❜s♦❧✉❡ ❞❡ ❧❛ ❞✐✛ér❡♥❝❡ ❡♥ é♥❡r❣✐❡ ❛❝♦✉st✐q✉❡ ❞❛♥s ❝❤❛q✉❡ ♣♦rt✐♦♥ ❞✉ s✐❣♥❛❧



✷✳✹✳ ❘és✉❧t❛ts ❡t ❞✐s❝✉ss✐♦♥ ✸✸

❛❝♦✉st✐q✉❡ ✜❧tré❡ ❡♥ ❜❛♥❞❡ ❞✬♦❝t❛✈❡✱ ❝❛r❛❝tér✐sé❡ ♣❛r s❛ ❢réq✉❡♥❝❡ ❝❡♥tr❛❧❡ fc✱ ❡t ♥♦r♠❛❧✐sé❡
♣❛r s♦♥ é♥❡r❣✐❡ ❛❝♦✉st✐q✉❡ t♦t❛❧❡ ✭ξ(fc)✮✱ ♣♦✉r ❝♦♠♣❡♥s❡r ❧❛ ✈❛r✐❛t✐♦♥ ❞❡ ❞é❜✐t ✈♦❧✉♠✐q✉❡
❛ss♦❝✐é❡ ❛✈❡❝ ❧❡ ♠ê♠❡ ♥✐✈❡❛✉ ❞✬✐♥t❡♥s✐té✳ ■❧ ❡st à ♥♦t❡r q✉❡ ❧❛ ❜❛♥❞❡ ❞✬♦❝t❛✈❡ ❝❡♥tré❡ s✉r
❧❛ ❢réq✉❡♥❝❡ fc = 16❦❍③ ❡st ❧✐♠✐té❡ à ✷✷✵✵✵❍③ ❛✉ ❧✐❡✉ ❞❡ fup = 16000

√
2 = 22627❍③ ❛✜♥

❞✬é✈✐t❡r t♦✉t r❡♣❧✐❡♠❡♥t ❞❡ s♣❡❝tr❡✱ ét❛♥t ❞♦♥♥é ❧❛ ❢réq✉❡♥❝❡ ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ❞❡ ✹✹✳✶❦❍③✳
▲✬é❝❛rt s♣❡❝tr❛❧ ❡♥tr❡ ❧❛ ♠❛q✉❡tt❡ ❛❧✐♠❡♥té❡ ❡♥ ❛✐r ♣❛r ❧❡ ❝♦♠♣r❡ss❡✉r ✭■■✮ ❡t ✉♥❡ s✐❜✐❧❛♥t❡
✴s✴ ♣r♦♥♦♥❝é❡ ♣❛r ✉♥ s✉❥❡t ❤✉♠❛✐♥ ✭■✮ ❡st ♣rés❡♥té s✉r ❧❛ ✜❣✉r❡ ✷✳✶✵❛ ✭■■ ✈❡rs✉s ■✮ ❡t ❛✈❡❝ ✉♥
s✉❥❡t ❤✉♠❛✐♥ s♦✉✤❛♥t ❞❛♥s ❧❛ ♠❛q✉❡tt❡ ✭■■■✮ s✉r ❧❛ ✜❣✉r❡ ✷✳✶✵❜ ✭■■ ✈❡rs✉s ■■■✮✳

▲❡s ♣❛r❛♠ètr❡s s♣❡❝tr❛✉① ♣rés❡♥tés s✉r ❧❛ ✜❣✉r❡ ✷✳✾ s♦♥t ❞ét❡r♠✐♥és ♣♦✉r ❞❡s ❢réq✉❡♥❝❡s
s✬ét❛❧❛♥t ❞✬❛♣♣r♦①✐♠❛t✐✈❡♠❡♥t ✷ ❥✉sq✉❡ ✷✵❦❍③ ❝❡ q✉✐ ❝♦rr❡s♣♦♥❞ ❛✉① ❜❛♥❞❡s ❞✬♦❝t❛✈❡ ❝❡♥tré❡s
s✉r ❧❡s ❢réq✉❡♥❝❡s fc > 2❦❍③✳ ◆♦✉s ♣♦✉✈♦♥s ✈♦✐r s✉r ❧❛ ✜❣✉r❡ ✽ q✉❡ ❧✬é❝❛rt é♥❡r❣ét✐q✉❡ ξ(fc)
❞❛♥s ❝❡s ❜❛♥❞❡s ❞✬♦❝t❛✈❡s ✭fc > 2❦❍③✮ ♣♦✉r ❧❡s ♥✐✈❡❛✉① ❵♠❡❞✐✉♠✬ ❡t ❵❧♦✉❞✬ ❡st ✐♥❢ér✐❡✉r à
✸✳✽❞❇ ♣♦✉r ❧❡ ❝♦♠♣r❡ss❡✉r ❝♦♠♣❛ré ❛✉ ♣❤♦♥è♠❡ ❤✉♠❛✐♥ ✴s✴ ✭✜❣✉r❡ ✷✳✶✵❛✱ ■■ ✈❡rs✉s ■✮ ❡t
r❡♣rés❡♥t❡ ❧❛ ♠♦✐t✐é ❞❡ ❝❡tt❡ ✈❛❧❡✉r ✭< 1.8❞❇✮ ♣♦✉r ❧❡ ❝♦♠♣r❡ss❡✉r ❝♦♠♣❛ré ❛✉ s♦✉✤❡ ❤✉♠❛✐♥
✭✜❣✉r❡ ✷✳✶✵❜✱ ■■ ✈❡rs✉s ■■■✮✳ ❆✐♥s✐ ♣♦✉r ❧❡s ♥✐✈❡❛✉① ❵♠❡❞✐✉♠✬ ❡t ❵❧♦✉❞✬✱ ❧✬é❝❛rt é♥❡r❣ét✐q✉❡
ξ(fc) ❝♦♥✜r♠❡ ❧❛ ❜♦♥♥❡ ❝♦♥❝♦r❞❛♥❝❡ ♦❜s❡r✈é❡ ❡♥tr❡ ❧❡s s♦♥s ♣r♦❞✉✐ts ❡♥ ✉t✐❧✐s❛♥t ❧❛ ❣é♦♠étr✐❡
r❡❝♦♥str✉✐t❡ q✉❡❧q✉❡ s♦✐t ❧❡ t②♣❡ ❞✬❛❧✐♠❡♥t❛t✐♦♥ ❡♥ ❛✐r ✭■■ ✈❡rs✉s ■■■✮ ❝♦♠♣❛ré ❛✉ ♣❤♦♥è♠❡ ✴s✴
❤✉♠❛✐♥ ✭■■ ✈❡rs✉s ■✮✳ ❉❛♥s ❧❡ ❝❛s ❞✉ ♥✐✈❡❛✉ ❵s♦❢t✬✱ ❧✬é❝❛rt é♥❡r❣ét✐q✉❡ ♣♦✉r ❧❛ ❜❛♥❞❡ ❞✬♦❝t❛✈❡
❝❡♥tré❡ s✉r fc = 2000❍③ ❡st ❞✉ ♠ê♠❡ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r ❝♦♠♠❡ ♦❜s❡r✈é ♣♦✉r ❧❡s ♥✐✈❡❛✉①
❵♠❡❞✐✉♠✬ ❡t ❵❧♦✉❞✬ ♣♦✉r r❡s♣❡❝t✐✈❡♠❡♥t ✭■■ ✈❡rs✉s ■✱ ✜❣✉r❡ ✷✳✶✵❛✮ ❡t ✭■■ ✈❡rs✉s ■■■✱ ✜❣✉r❡
✷✳✶✵❜✮✳

P♦✉r ❧❡s ❜❛♥❞❡s ❞✬♦❝t❛✈❡s ❝❡♥tré❡s s✉r fc = 4❦❍③ ❡t fc = 8❦❍③ ❛ss♦❝✐é❡s ❛✈❡❝ ✉♥❡ ❛✉❣✲
♠❡♥t❛t✐♦♥ ❡♥ ♣✉✐ss❛♥❝❡ s♣❡❝tr❛❧❡ ✈❡rs ❧❡ ♣✐❝ s♣❡❝tr❛❧✱ ❝♦♠♠❡ ♠♦♥tré s✉r ❧❛ ✜❣✉r❡ ✷✳✽✱ ❧✬é❝❛rt
é♥❡r❣ét✐q✉❡ ξ(fc) ❛✉❣♠❡♥t❡ ❢♦rt❡♠❡♥t ❥✉sq✉✬❛✉ ❞♦✉❜❧❡ ♦✉ ♣❧✉s ❞❡ ❧✬é❝❛rt ♦❜s❡r✈é ♣♦✉r ❧❡s ♥✐✲
✈❡❛✉① ❵♠❡❞✐✉♠✬ ❡t ❵❧♦✉❞✬✳ P♦✉r ❧❡ ❝❛s ❝♦♠♣r❡ss❡✉r ✈❡rs✉s ♣❤♦♥è♠❡ ❤✉♠❛✐♥ ✴s✴ ✭✜❣✉r❡ ✷✳✶✵❛✱
■■ ✈❡rs✉s ■✮✱ ❧❛ ❞✐✛ér❡♥❝❡ ✐♥❞✐q✉❡ ❡♥❝♦r❡ ✉♥ ❞é❝❛❧❛❣❡ ❡♥ ❢réq✉❡♥❝❡ ❞❡ ♣✐❝ ❞û à ✉♥ ❝❤❛♥❣❡♠❡♥t
❞❛♥s ❧❛ ❣é♦♠étr✐❡✱ ❡t ❞♦♥❝ ✉♥❡ ❝♦rré❧❛t✐♦♥ ❡♥tr❡ ❧❡ ♥✐✈❡❛✉ ❞✬✐♥t❡♥s✐té ✭❞é❜✐t ✈♦❧✉♠✐q✉❡✮ ❡t
❧❛ ❣é♦♠étr✐❡ s✐ ❜✐❡♥ q✉❡ ♣♦✉r ❧❡s ♣❧✉s ❤❛✉t❡s ❢réq✉❡♥❝❡s✱ ❝♦rr❡s♣♦♥❞❛♥t à ❧❛ ♣❛rt✐❡ ❜r✉✐té❡✱
❧✬é❝❛rt ξ(fc = 16❦❍③) ♣♦✉r ❧❡ ♥✐✈❡❛✉ ❞✬✐♥t❡♥s✐té ❵s♦❢t✬ s❡ ré❞✉✐t ❛✉ ♥✐✈❡❛✉ ♦❜s❡r✈é ♣♦✉r ❧❡s
♥✐✈❡❛✉① ❞✬✐♥t❡♥s✐té ❵♠❡❞✐✉♠✬ ❡t ❵❧♦✉❞✬✳ ❯♥ t❡❧ ❝❤❛♥❣❡♠❡♥t ❞❛♥s ❧❛ ❣é♦♠étr✐❡ ♥❡ ♣❡✉t êtr❡ à
❧✬♦r✐❣✐♥❡ ❞❡ ❧✬é❝❛rt ♣❧✉s ✐♠♣♦rt❛♥t ♦❜s❡r✈é ♣♦✉r ❧❡ ❝❛s ❝♦♠♣r❡ss❡✉r ✈❡rs✉s s♦✉✤❡ ❤✉♠❛✐♥ ✭✜✲
❣✉r❡ ✷✳✶✵❜✱ ■■ ✈❡rs✉s ■■■✮ s❛❝❤❛♥t q✉❡ ❧❛ ❣é♦♠étr✐❡ ❡st ✜①é❡ s✐ ❜✐❡♥ q✉✬❡♥ ❝♦♥tr❛st❡ ❛✈❡❝ ❧❡ ❝❛s
♣ré❝é❞❡♥t ✭❝♦♠♣r❡ss❡✉r ■■ ✈❡rs✉s ♣❤♦♥è♠❡ ■✮✱ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❡st é❣❛❧❡♠❡♥t ♦❜s❡r✈é❡ ♣♦✉r ❧❛
❜❛♥❞❡ ❞✬♦❝t❛✈❡ ❝❡♥tré❡ s✉r fc = 16❦❍③✳ P❛r ❝♦♥séq✉❡♥t✱ ❧✬é❝❛rt ♦❜s❡r✈é ❡♥tr❡ ❧❡ ❝♦♠♣r❡ss❡✉r
✭■■✮ ❡t ❧❡ s♦✉✤❡ ❤✉♠❛✐♥ ✭■■■✮ ❡st ❧✐é à ❧✬é❝♦✉❧❡♠❡♥t✱ ❡t ❡st ❞û à ✉♥❡ ❞✐✛ér❡♥❝❡ ❞❡ ❞é❜✐t ✈♦❧✉✲
♠✐q✉❡✱ ❜✐❡♥ q✉❡ ❧✬é❝❛rt é♥❡r❣ét✐q✉❡ ξ ❡st ❝♦♠♣❡♥sé ♣❛r ✉♥❡ ❞✐✛ér❡♥❝❡ ❡♥ é♥❡r❣✐❡ t♦t❛❧❡ ❞✉❡
à ❞❡s ❝♦♥❞✐t✐♦♥s ❞✬❡♥tré❡ ❞✐✛ér❡♥t❡s✱ t❡❧❧❡s q✉❡ ❧❡ ♥✐✈❡❛✉ ❞❡ t✉r❜✉❧❡♥❝❡✱ q✉✐ ❡st ❢❛✐❜❧❡ ✭< 2✪✮
♣♦✉r ❧❡ ❝♦♠♣r❡ss❡✉r ✭■■✮ ❡t é❧❡✈é❡ ✭< 40✪✮ ♣♦✉r ❧❡ s♦✉✤❡ ❤✉♠❛✐♥ ✭■■■✮✱ ❡t à ❧✬✐♥✢✉❡♥❝❡ ❞❡
❝♦♥❞✐t✐♦♥s ❞✬é❝♦✉❧❡♠❡♥t s✉r ❧❛ ♣r♦❞✉❝t✐♦♥ s♦♥♦r❡ ❞❡ ❜r✉✐t ❞✉❡ à ❧✬✐♥t❡r❛❝t✐♦♥ ❞✬✉♥ é❝♦✉❧❡♠❡♥t
t✉r❜✉❧❡♥t ❛✈❡❝ ❧✉✐✲♠ê♠❡ ♦✉ ❛✈❡❝ ❧❡s ♣❛r♦✐s ❡♥✈✐r♦♥♥❛♥t❡s✳

▲❛ ✜❣✉r❡ ✷✳✶✵❜ ❝♦♥✜r♠❡ ❧❡s ♦❜s❡r✈❛t✐♦♥s ❢❛✐t❡s s✉r ❧❛ ✜❣✉r❡ ✷✳✽✳ ❊♥ ❡✛❡t✱ ❧❡s s♣❡❝tr❡s
♦❜t❡♥✉s ❡♥ ✉t✐❧✐s❛♥t ❧❛ ♠❛q✉❡tt❡ ✐♥✲✈✐tr♦ ♠♦♥tr❡♥t ✉♥ ❜♦♥ ❛❝❝♦r❞ ♣♦✉r ❧❡s ❢réq✉❡♥❝❡s ❛✉✲❞❡ss✉s



✸✹ ❈❤❛♣✐tr❡ ✷✳ ❉♦♥♥é❡s ✐♥✲✈✐✈♦ ❡t ♠❛q✉❡tt❡ ❞❡ ❝❛✈✐té ♦r❛❧❡ r❡❝♦♥str✉✐t❡
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✭❛✮ ❈♦♠♣r❡ss❡✉r ✭■■✮ ❡t ♣❤♦♥è♠❡ ❤✉♠❛✐♥ ✴s✴ ✭■✮
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✭❜✮ ❈♦♠♣r❡ss❡✉r ✭■■✮ ❡t s✉❥❡t ❤✉♠❛✐♥ s♦✉✤❛♥t ❞❛♥s ❧❛ ♠❛q✉❡tt❡ ✭■■■✮

2000 4000 8000 16000
0

1

2

3

4

5

6

7

8

9

10

f
c
 [Hz]

ξ 
[d

B
 S

P
L

]

 

 
soft
medium
loud

✭❝✮ P❤♦♥è♠❡ ❤✉♠❛✐♥ ✴s✴ ✭■✮ ❡t s✉❥❡t ❤✉♠❛✐♥ s♦✉✤❛♥t ❞❛♥s ❧❛ ♠❛q✉❡tt❡ ✭■■■✮

❋✐❣✉r❡ ✷✳✶✵ ✕ ➱❝❛rts ❡♥ é♥❡r❣✐❡ ❛❝♦✉st✐q✉❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ❜❛♥❞❡s ❞✬♦❝t❛✈❡s ❝❡♥tré❡s s✉r ❧❛
❢réq✉❡♥❝❡ fc ♥♦r♠❛❧✐sé❡ ♣❛r ❧✬é♥❡r❣✐❡ t♦t❛❧❡ ✭ξ(fc)✮ ♣♦✉r t♦✉s ❧❡s ♥✐✈❡❛✉① ❞✬✐♥t❡♥s✐té ✭❵s♦❢t✬✱
❵♠❡❞✐✉♠✬ ❡t ❵❧♦✉❞✬✮ ✿ ✭❛✮ ❝♦♠♣r❡ss❡✉r ❝♦♠♣❛ré à ♣❤♦♥è♠❡ ✴s✴ ♣r♦♥♦♥❝é ♣❛r ❧❡ s✉❥❡t ❵❑◆✬ ✭■■
✈❡rs✉s ■✮ ❀ ✭❜✮ ❝♦♠♣r❡ss❡✉r ❝♦♠♣❛ré à s✉❥❡t ❵❑◆✬ s♦✉✤❛♥t ❞❛♥s ❧❛ ♠❛q✉❡tt❡ ✭■■ ✈❡rs✉s ■■■✮ ❀
✭❝✮ ♣❤♦♥è♠❡ ✴s✴ ♣r♦♥♦♥❝é ♣❛r ❧❡ s✉❥❡t ❵❑◆✬ ❝♦♠♣❛ré à s✉❥❡t ❵❑◆✬ s♦✉✤❛♥t ❞❛♥s ❧❛ ♠❛q✉❡tt❡
✭■ ✈❡rs✉s ■■■✮✳



✷✳✺✳ ❈♦♥❝❧✉s✐♦♥ ❞✉ ❈❤❛♣✐tr❡ ✷ ✸✺

❞❡ ✻❦❍③ ♣♦✉r ❧❡sq✉❡❧❧❡s ❧✬é❝❛rt ❣❧♦❜❛❧ ❡st ♣❧✉s ♣❡t✐t q✉❡ ✼❞❇✳ P♦✉r ❧❡s ❢réq✉❡♥❝❡s ❡♥tr❡ ✸ ❡t
✻❦❍③✱ ❧✬é❝❛rt s♣❡❝tr❛❧ ✭> 10❞❇✮ ❛✉❣♠❡♥t❡ ❛✈❡❝ ❧❡ ♥✐✈❡❛✉ ❞✬✐♥t❡♥s✐té✱ ❝❡ q✉✐ ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t
❞û ❛✉① ❞✐✛ér❡♥❝❡s ❞❡ ❞é❜✐t ❞✬❛✐r ❡♥tr❡ ❧❡ s♦✉✤❡ ❞✬✉♥ s✉❥❡t ❤✉♠❛✐♥ ✭■■■✮ ❡t ❧❡ ❞é❜✐t ❞✬❛✐r ✐♠♣♦sé
❡♥ ✉t✐❧✐s❛♥t ❧❡ ❝♦♠♣r❡ss❡✉r ✭■■✮✳ ▲❛ ♠ê♠❡ r❛✐s♦♥ t✐❡♥t ♣♦✉r ❧✬é❝❛rt ♦❜s❡r✈é ❞❛♥s ❧❛ ✜❣✉r❡ ✷✳✶✵❛
❡♥tr❡ ✸ ❡t ✻❦❍③ ❧♦rsq✉❡ ♥♦✉s ❝♦♠♣❛r♦♥s ❧❡s ❝♦♥t❡♥✉s s♣❡❝tr❛✉① ❞✬✉♥❡ s✐❜✐❧❛♥t❡ ✴s✴ ♣r♦♥♦♥❝é❡
✭■✮ ❛✈❡❝ ❧✬✉t✐❧✐s❛t✐♦♥ ❞✉ s②stè♠❡ ❝♦♠♣r❡ss❡✉r✴♠❛q✉❡tt❡ ✭■■✮✳ ❉❡ ♣❧✉s✱ ✉♥ ❜♦♥ ❛❝❝♦r❞ ✭6✺❞❇✮
❡st ♦❜s❡r✈é ♣♦✉r ❧❡s ♥✐✈❡❛✉① ❞✬✐♥t❡♥s✐té ❵s♦❢t✬ ❡t ❵♠❡❞✐✉♠✬ ♣♦✉r ❧❡s ❢réq✉❡♥❝❡s ❝♦♠♣r✐s❡s ❡♥tr❡
✻ ❡t ✾❦❍③✱ ❝❡ q✉✐ r❡✢èt❡ ✉♥ ❜♦♥ ❛❝❝♦r❞ ❞❡s ♣❡♥t❡s s♣❡❝tr❛❧❡s ❝♦♠♠❡ ♦❜s❡r✈é ♣ré❝é❞❡♠♠❡♥t
s✉r ❧❛ ✜❣✉r❡ ✷✳✽✳ ▲✬é❝❛rt ♣❧✉s ✐♠♣♦rt❛♥t ✭6✶✺❞❇✮ ♣♦✉r ❧❡s ♣❧✉s ❤❛✉t❡s ❢réq✉❡♥❝❡s ❝♦rr❡s♣♦♥❞ à
❧❛ ❞✐✛ér❡♥❝❡ ♦❜s❡r✈é❡ ❛✉ ♥✐✈❡❛✉ ❞❡s ❝♦♥❞✐t✐♦♥s ❧✐♠✐t❡s t❡❧❧❡s q✉❡ ❧❛ ❝♦♥❞✐t✐♦♥ ❞❡ r❛②♦♥♥❡♠❡♥t
❛❝♦✉st✐q✉❡ ❡♥ s♦rt✐❡✳ P♦✉r ❧❡ ♥✐✈❡❛✉ ❞✬✐♥t❡♥s✐té ❵❧♦✉❞✬✱ ❧❛ t❡♥❞❛♥❝❡ s✬✐♥✈❡rs❡ ❡♥ r❛✐s♦♥ ❞❡ ❧❛
♣rés❡♥❝❡ ❞✬✉♥ ♣✐❝ ❞❡ rés♦♥❛♥❝❡ ❞❡ ❝❛✈✐té s✉r ❧❡ s♣❡❝tr❡ ♣♦✉r ❧❛ s✐❜✐❧❛♥t❡ ✴s✴ ♣r♦♥♦♥❝é❡ ✭■✮✱ ❝❡
q✉✐ ♥✬❡st ♣❛s ♦❜s❡r✈é ❧♦rsq✉❡ ❧❛ ♠❛q✉❡tt❡ ❡st ✉t✐❧✐sé❡ ✭■■ ❡t ■■■✮✳ ▲❛ ❝♦♠♣❛r❛✐s♦♥ ❣❧♦❜❛❧❡ ❡♥tr❡
❧❡s s♣❡❝tr❡s ♠❡s✉rés ♣♦✉r ✉♥ s♦♥ ❞❡ ♣❛r♦❧❡ ♣r♦♥♦♥❝é ✭■✮ ❡t ♣♦✉r ❧❛ ♠❛q✉❡tt❡ ✭■■ ❡t ■■■✮ rés✉❧t❡
❡♥ ✉♥ é❝❛rt ✐♥❢ér✐❡✉r à ✶✺❞❇ ♣♦✉r ❧❡s ❢réq✉❡♥❝❡s ❛✉✲❞❡ss✉s ❞❡ ✻❦❍③✳

✷✳✹✳✸ ❱✐s✉❛❧✐s❛t✐♦♥s ❞✬é❝♦✉❧❡♠❡♥ts

❊♥ ❝♦♠♣❧é♠❡♥t ❞❡s ♠❡s✉r❡s ❛❝♦✉st✐q✉❡s ❢❛✐t❡s s✉r ❧❛ ♠❛q✉❡tt❡ ❞❡ ❝❛✈✐té ♦r❛❧❡ r❡❝♦♥str✉✐t❡✱
♥♦✉s ❛✈♦♥s é❣❛❧❡♠❡♥t ❡✛❡❝t✉é ❞❡s ✈✐s✉❛❧✐s❛t✐♦♥s ❞✬é❝♦✉❧❡♠❡♥ts ❛✈❡❝ ❝❡tt❡ ♠ê♠❡ ♠❛q✉❡tt❡✱
❣râ❝❡ ❛✉ ❞✐s♣♦s✐t✐❢ ❞❡ ✈✐s✉❛❧✐s❛t✐♦♥s ✐❧❧✉stré s✉r ❧❛ ✜❣✉r❡ ✷✳✶✶✳ ▲❛ ❣é♦♠étr✐❡ r❡❝♦♥str✉✐t❡ ét❛✐t
♠♦♥té❡ s✉r ✉♥❡ ✏tr❛❝❤é❡✑ ✭t✉②❛✉ ❝②❧✐♥❞r✐q✉❡ ❡♥ ❛❝✐❡r✮✱ ❡❧❧❡✲♠ê♠❡ r❡❧✐é❡ à ✉♥ rés❡r✈♦✐r ❞❡ ♣r❡s✲
s✐♦♥✳ ❉❡ ❧✬❛✐r ❝♦♠♣r✐♠é✱ ❞♦♥t ❧❛ ♣r❡ss✐♦♥ ét❛✐t ré❣✉❧é❡ ♣❛r ✉♥ ❞ét❡♥❞❡✉r✱ ❛❧✐♠❡♥t❛✐t ❧❡ rés❡r✈♦✐r
❞❡ ♣r❡ss✐♦♥ ❡t ❧❡ ❞é❜✐t ét❛✐t ré❣❧é à ❧✬❛✐❞❡ ❞✬✉♥ ❞é❜✐t♠ètr❡ ✭❚❙■ ✹✵✹✸✮✳ ❯♥❡ ♠❛❝❤✐♥❡ à ❢✉♠é❡
✭❑♦♦❧ ▲✐❣❤t✱ ❋❖●✲✶✷✵✵❊✱ ✶✷✵✵❲✱ ❞é❜✐t ♠❛①✐♠✉♠ ❞❡ ✸✵✵♠3✴♠✐♥✮ ♣❡r♠❡tt❛✐t ❧✬❡♥❢✉♠❛❣❡ ❞✉
rés❡r✈♦✐r✳ ▲❛ ✜❣✉r❡ ✷✳✶✷ ♠♦♥tr❡ ❞❡s ❡①❡♠♣❧❡s ❞❡ ❝❛♣t✉r❡s ❞❡ ❝❡s ✈✐s✉❛❧✐s❛t✐♦♥s✱ à ❞❡s ❞é❜✐ts
❝♦♠♣r✐s ❡♥tr❡ ✸✻ ❡t ✶✵✵▲✴♠✐♥✳ ▲❡s ✈✐s✉❛❧✐s❛t✐♦♥s ♦❜t❡♥✉❡s ♠♦♥tr❡♥t ❞❡ ♠❛♥✐èr❡ q✉❛❧✐t❛t✐✈❡ q✉❡
❧✬é❝♦✉❧❡♠❡♥t s♦rt❛♥t ❞❡ ❧❛ ❝❛✈✐té ♦r❛❧❡ r❡❝♦♥str✉✐t❡ ❡st ❝♦♠♣❧❡①❡ ❡t ❢♦rt❡♠❡♥t ❛s②♠étr✐q✉❡✱ ❧❡
❥❡t ♣♦✉✈❛♥t ♠ê♠❡ à ❝❡rt❛✐♥s ❞é❜✐ts s❡ s✉❜❞✐✈✐s❡r ❡♥ ❞❡✉① ❥❡ts ❞✐st✐♥❝ts ✭❜✐❢✉r❝❛t✐♦♥ ❬❘P❏▲✵✸❪✮✱
❝❡ q✉✐ r❡♥❞ s❛ ❝❛r❛❝tér✐s❛t✐♦♥ ❛ér♦❛❝♦✉st✐q✉❡ ❞✐✣❝✐❧❡✳

✷✳✺ ❈♦♥❝❧✉s✐♦♥ ❞✉ ❈❤❛♣✐tr❡ ✷

▲✬✐♥térêt ❞✬✉♥❡ ✐♥té❣r❛t✐♦♥ ♣❧✉s ré♣❛♥❞✉❡ ❞❡ ❧❛ s✐❜✐❧❛♥t❡ ✴s✴ ❞❛♥s ❞❡s ♣r♦t♦❝♦❧❡s ❝❧✐♥✐q✉❡s
♦✉ ❞❡s r❡❝❤❡r❝❤❡s à ❝❛r❛❝tèr❡ ❡①♣ér✐♠❡♥t❛❧ ♦✉ ♥✉♠ér✐q✉❡✱ ❡♥ ❧✐❡♥ ❛✈❡❝ ❧❛ ❝❛✈✐té ♦r❛❧❡ ♦✉ ❧❛ ♣r♦✲
❞✉❝t✐♦♥ ❞❡ ♣❛r♦❧❡✱ ❛ été ❡①♣♦sé ❞❛♥s ❝❡ ❝❤❛♣✐tr❡ ❡♥ s✬❛♣♣✉②❛♥t s✉r ❞❡s ❞♦♥♥é❡s t♦♠♦❣r❛♣❤✐q✉❡s✱
❛ér♦❞②♥❛♠✐q✉❡s✱ ❛❝♦✉st✐q✉❡s✱ ❡t r❡❝✉❡✐❧❧✐❡s s✉r ❞❡s s❡❣♠❡♥ts ❞❡ s✐❜✐❧❛♥t❡s ✴s✴ ♠❛✐♥t❡♥✉❡s ♣r♦✲
♥♦♥❝és ♣❛r ❞❡s s✉❥❡ts ♠❛s❝✉❧✐♥s ❡♥ ❜♦♥♥❡ s❛♥té✳ ◆♦✉s ❛✈♦♥s ❝♦♥st❛té à tr❛✈❡rs ❝❡tt❡ ét✉❞❡ ✉♥❡
❢❛✐❜❧❡ ✈❛r✐❛❜✐❧✐té ✐♥tr❛✲s✉❥❡ts ❞❡s ❞é❜✐ts ❞✬❛✐r ♦r❛✉① ❡t ♣r❡ss✐♦♥s ✐♥tr❛✲♦r❛❧❡s ♠❡s✉rés✱ t❛♥❞✐s
q✉❡ ❧✬✐♠♣❛❝t ❞û à ❧❛ ✈❛r✐❛t✐♦♥ ❞❡ ♥✐✈❡❛✉ ❞✬✐♥t❡♥s✐té ❡st ✐♠♣♦rt❛♥t✳ ❆✐♥s✐✱ ❧❡s ♣❛r❛♠ètr❡s ❛ér♦✲
❞②♥❛♠✐q✉❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❞❡ s✐❜✐❧❛♥t❡ ✴s✴ ♣♦✉rr❛✐❡♥t ♣♦t❡♥t✐❡❧❧❡♠❡♥t êtr❡ ✉t✐❧✐sés ❝♦♠♠❡ ❞❡s
❜✐♦♠❛rq✉❡✉rs ❝❧✐♥✐q✉❡s✳ ❉❡ ♣❧✉s✱ ♥♦✉s ❛✈♦♥s ♣✉ ♦❜t❡♥✐r ✉♥❡ ❡st✐♠❛t✐♦♥ ♣ré❝✐s❡ ❞✉ ❞✐❛♠ètr❡



✸✻ ❈❤❛♣✐tr❡ ✷✳ ❉♦♥♥é❡s ✐♥✲✈✐✈♦ ❡t ♠❛q✉❡tt❡ ❞❡ ❝❛✈✐té ♦r❛❧❡ r❡❝♦♥str✉✐t❡

✭❛✮

✭❜✮

❋✐❣✉r❡ ✷✳✶✶ ✕ ❉✐s♣♦s✐t✐❢ ❡①♣ér✐♠❡♥t❛❧ ❞❡ ✈✐s✉❛❧✐s❛t✐♦♥s ❞✬é❝♦✉❧❡♠❡♥ts

✭❛✮ ✸✻▲✴♠✐♥ ✭❜✮ ✻✵▲✴♠✐♥ ✭❝✮ ✶✵✵▲✴♠✐♥ ✭❞✮ ✸✻▲✴♠✐♥

❋✐❣✉r❡ ✷✳✶✷ ✕ ❱✐s✉❛❧✐s❛t✐♦♥s ❞❡ ❧✬é❝♦✉❧❡♠❡♥t s♦rt❛♥t ❞❡ ❧❛ ♠❛q✉❡tt❡ ❞❡ ❝❛✈✐té ♦r❛❧❡ r❡❝♦♥s✲
tr✉✐t❡ ✿ ✈✉❡s tr❛♥s✈❡rs❛❧❡s ✭❛✱ ❜✱ ❝✮ ❡t ❧♦♥❣✐t✉❞✐♥❛❧❡ ✭❞✮✳



✷✳✺✳ ❈♦♥❝❧✉s✐♦♥ ❞✉ ❈❤❛♣✐tr❡ ✷ ✸✼

❤②❞r❛✉❧✐q✉❡ ❞❡ ❧❛ s❡❝t✐♦♥ ♠✐♥✐♠❛❧❡ ❞❡ ❝♦♥str✐❝t✐♦♥ ❝❛r❛❝tér✐s❛♥t ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ s✐❜✐❧❛♥t❡✱ ❡♥
✉t✐❧✐s❛♥t ✉♥❡ ❤②♣♦t❤ès❡ ❞❡ ✢✉✐❞❡ ♥♦♥ ✈✐sq✉❡✉①✳

▲❛ ❢❛✐❜❧❡ ✈❛r✐❛❜✐❧✐té ❡t ❧❛ ❜♦♥♥❡ ré♣ét❛❜✐❧✐té ❞❡s ♣❛r❛♠ètr❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❞❡ s✐❜✐❧❛♥t❡
♦❜s❡r✈é❡s ❞❛♥s ❝❡tt❡ ét✉❞❡ ♠♦♥tr❡♥t ❧✬✐♥térêt ♣♦t❡♥t✐❡❧ ❞✬✉♥❡ ✉t✐❧✐s❛t✐♦♥ ❞❡ ♣r♦t♦❝♦❧❡s ✐♠♣❧✐✲
q✉❛♥t ❞❡s ❞♦♥♥é❡s t♦♠♦❞❡♥s✐♠étr✐q✉❡s✳ ❉❡ ♣❧✉s✱ ❜✐❡♥ q✉❡ ❞❡s ❞✐✛ér❡♥❝❡s s♣❡❝tr❛❧❡s ♣❡✉✈❡♥t
s✉r✈❡♥✐r ❡♥ r❛✐s♦♥ ❞❡ ❝♦♥❞✐t✐♦♥s ❧✐♠✐t❡s ❞✐✛ér❡♥t❡s✱ ♥♦✉s ❛✈♦♥s ♣✉ ❝♦♥❝❧✉r❡ ✐❝✐ q✉❡ ❧❡s ❣é♦♠é✲
tr✐❡s r❡❝♦♥str✉✐t❡s ♦❜t❡♥✉❡s ♣❛r ✉♥ ♣r♦❝❡ss✉s ❞✬✐♠❛❣❡r✐❡ ❤❛✉t❡ ♣ré❝✐s✐♦♥ ♣❡✉✈❡♥t êtr❡ ✉t✐❧✐sés
♣♦✉r r❡♣r♦❞✉✐r❡ ❞❡s ❝❛r❛❝tér✐st✐q✉❡s ❛❝♦✉st✐q✉❡s s✐❣♥✐✜❝❛t✐✈❡s t❡❧❧❡s q✉❡ ❧❡s ♣❡♥t❡s s♣❡❝tr❛❧❡s
❡t ❧❡ ❝❛r❛❝tèr❡ ❧❛r❣❡✲❜❛♥❞❡ ❞❡s s♣❡❝tr❡s✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❡s ❣é♦♠étr✐❡s r❡❝♦♥str✉✐t❡s s♦♥t ♣❡r✲
t✐♥❡♥t❡s ♣♦✉r ét✉❞✐❡r ❧❡s ❡✛❡ts ❞✬✐♥t❡r✈❡♥t✐♦♥s ❝❧✐♥✐q✉❡s ❞❡ ❧❛ ❝❛✈✐té ♦r❛❧❡ s✉r ❧❛ ❝❛♣❛❝✐té ❞❡
♣r♦❞✉❝t✐♦♥ ❞❡ ♣❛r♦❧❡ ❞✬✉♥ ♣❛t✐❡♥t✳ ❆✐♥s✐✱ ❧❛ ❝♦♠❜✐♥❛✐s♦♥ ❞❡ ❞♦♥♥é❡s ❛ér♦❞②♥❛♠✐q✉❡s ❡t ❞❡
❣é♦♠étr✐❡s r❡❝♦♥str✉✐t❡s ❞✉r❛♥t ❞❡s ♣r♦♥♦♥❝✐❛t✐♦♥s ❞❡ s✐❜✐❧❛♥t❡s ✴s✴ ❡st ✉♥❡ ✈♦✐❡ ♣r♦♠❡tt❡✉s❡
♣♦✉r ét✉❞✐❡r ❧❡s ❡✛❡ts ❞✬✐♥t❡r✈❡♥t✐♦♥s ❝❧✐♥✐q✉❡s ♣♦✉✈❛♥t ❛✛❡❝t❡r ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣❛r♦❧❡✳ ▲❡s
✈✐s✉❛❧✐s❛t✐♦♥s ❛✈❡❝ ❢✉♠é❡ ♦♥t t♦✉t❡❢♦✐s ✐❧❧✉stré ❧❛ ❣r❛♥❞❡ ❝♦♠♣❧❡①✐té ❞❡ ❧✬é❝♦✉❧❡♠❡♥t s♦rt❛♥t ❞❡
❧❛ ♠❛q✉❡tt❡ ❞❡ ❝❛✈✐té ♦r❛❧❡✳ ❉❛♥s ❧❡s ❝❤❛♣✐tr❡s s✉✐✈❛♥ts✱ ♥♦✉s ❛❧❧♦♥s ❝❛r❛❝tér✐s❡r ❡①♣ér✐♠❡♥t❛✲
❧❡♠❡♥t ❡t ♥✉♠ér✐q✉❡♠❡♥t ❞❡s ❣é♦♠étr✐❡s ✐♥✲✈✐tr♦ ❞❡ t②♣❡ ❝❛♥❛❧ ❛✈❡❝ ♦❜st❛❝❧❡✭s✮✱ ♣❧✉s s✐♠♣❧❡s
q✉❡ ❧❛ ♠❛q✉❡tt❡ ❞❡ ❝❛✈✐té ♦r❛❧❡ ♠❛✐s t♦✉❥♦✉rs ♣❡rt✐♥❡♥t❡s ♣♦✉r ❧✬ét✉❞❡ ❞❡ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡
❢r✐❝❛t✐✈❡s ♥♦♥ ✈♦✐sé❡s✳ ◆♦✉s ❣❛r❞♦♥s à ❧✬❡s♣r✐t ♣♦✉r ❧❛ s✉✐t❡ ❧❡s ♣❛r❛♠ètr❡s s♣❡❝tr❛✉① ✉t✐❧✐sés
♣♦✉r ❧❛ ❝❛r❛❝tér✐s❛t✐♦♥ ❞❡ ❜r✉✐t ❞❡ ❢r✐❝❛t✐✈❡✳





❉❡✉①✐è♠❡ ♣❛rt✐❡

▼❛q✉❡tt❡s ✐♥✲✈✐tr♦ s✐♠♣❧✐✜é❡s
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❈❡ ❝❤❛♣✐tr❡ ❛❜♦r❞❡ ❧❡s ❡①♣ér✐❡♥❝❡s ❞✬❛♥é♠♦♠étr✐❡ ✜❧♠✲❝❤❛✉❞ ❡✛❡❝t✉é❡s s✉r ✉♥❡ ♠❛q✉❡tt❡
✐♥✲✈✐tr♦ s✐♠♣❧✐✜é❡ ❝♦♥t❡♥❛♥t ✉♥ ♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡✳ ▲✬♦❜❥❡❝t✐❢ ❡st ❞❡ r❡❝✉❡✐❧❧✐r ❞❡s
❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s ❞✬é❝♦✉❧❡♠❡♥t ♦❜t❡♥✉❡s ❡♥ ❢❛✐s❛♥t ✈❛r✐❡r ❧❡s ❝♦♥❞✐t✐♦♥s ❧✐♠✐t❡s ❞✬❡♥tré❡
♦✉ ❞❡ s♦rt✐❡ ❛✐♥s✐ q✉❡ ❝❡rt❛✐♥s ♣❛r❛♠ètr❡s ❣é♦♠étr✐q✉❡s ❞❡ ❧❛ ♠❛q✉❡tt❡✳ ❈❡tt❡ ❣é♦♠étr✐❡
❛✈❡❝ ♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡ ❛ ❞é❥à ❢❛✐t ❧✬♦❜❥❡t ❞❡ ♣ré❝é❞❡♥t❡s ét✉❞❡s ❡①♣ér✐♠❡♥t❛❧❡s
❡t ♥✉♠ér✐q✉❡s ❬●r❛✵✾✱ ❱●P+✶✵✱ ❱❍●❈+✶✷❜❪✱ ♣♦✉r ✉♥ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ❞❡ ✹✵✵✵✳ ❊♥
❝♦♠♣❧é♠❡♥t ❞❡ ❝❡s ♣ré❝é❞❡♥t❡s ét✉❞❡s✱ ♥♦✉s ❝❤❡r❝❤♦♥s ✐❝✐ à ♠❡s✉r❡r ❧❡s ♣r♦✜❧s ❞❡ ✈✐t❡ss❡ ❞❡
❧✬é❝♦✉❧❡♠❡♥t ❞✬❛✐r ❡♥ ❛♠♦♥t ❞❡ ❧✬♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞❡ ❞❡♥t✱ ❡t ❡♥ ❛✈❛❧✱ à ❞✬❛✉tr❡s ♥♦♠❜r❡s ❞❡
❘❡②♥♦❧❞s ♠♦❞érés ❡t ♣♦✉r ❞✐✛ér❡♥ts t②♣❡s ❞❡ ❝♦♥❞✐t✐♦♥s ❧✐♠✐t❡s ❞✬❡♥tré❡ ❡t s♦rt✐❡✳
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◆♦✉s ♣♦✉rs✉✐✈♦♥s ❞❛♥s ❝❡ ❝❤❛♣✐tr❡ ❧✬✐♥✈❡st✐❣❛t✐♦♥ ✐♥✐t✐é❡ ❞❛♥s ❧❛ t❤ès❡ ❞❡ ●r❛♥❞❝❤❛♠♣
❬●r❛✵✾❪ s✉r ✉♥❡ ♠❛q✉❡tt❡ ✐♥✲✈✐tr♦ ♣❛r❛♠étr✐s❛❜❧❡✳ ❈❡tt❡ ♠❛q✉❡tt❡✱ ❞é❞✐é❡ à ❧✬ét✉❞❡ ❞❡ ❧❛
♣r♦❞✉❝t✐♦♥ s♦♥♦r❡ ❞❡ ❢r✐❝❛t✐✈❡s ♥♦♥ ✈♦✐sé❡s ✴❢✴ ❡t ✴s✴✱ r❡♣rés❡♥t❡ ❞❡ ♠❛♥✐èr❡ très s✐♠♣❧✐✜é❡
✉♥❡ ❝❛✈✐té ♦r❛❧❡ ❛✈❡❝ ✐♥❝✐s✐✈❡✳ ▲❛ ♠❛q✉❡tt❡ ❝♦♠♣r❡♥❞ ✉♥ ❡♠❜♦✉t ❞❡ ❧♦♥❣✉❡✉r Lembout = 60♠♠
❛✈❡❝ ✉♥ ♦❜st❛❝❧❡ ❜✐❞✐♠❡♥s✐♦♥♥❡❧ ❞♦♥t ❧❛ ❢♦r♠❡ ❞❡ ❧❛ s❡❝t✐♦♥ tr❛♥s✈❡rs❛❧❡ ❡t ❧❡s ❞✐♠❡♥s✐♦♥s s♦♥t
✐♥s♣✐rés ❞✬✉♥❡ ✈r❛✐❡ ✐♥❝✐s✐✈❡ s✉♣ér✐❡✉r❡ ❬●r❛✵✾❪ ✭✜❣✉r❡ ✸✳✶✮ ✶✱ ❡t ❞♦♥t ❧❛ ❤❛✉t❡✉r Ht ♣❡✉t êtr❡
❛✐sé♠❡♥t ❛❥✉sté❡ à ❧✬❛✐❞❡ ❞✬✉♥❡ ✈✐s ❞❡ ré❣❧❛❣❡✱ ♣❡r♠❡tt❛♥t ♥♦t❛♠♠❡♥t ✉♥❡ ét✉❞❡ ❛✐sé❡ ❡t ❞✐r❡❝t❡
❞❡ ❧✬✐♥✢✉❡♥❝❡ ❞✉ ❞❡❣ré ❞✬♦✉✈❡rt✉r❡ s✉r ❧❡ ❜r✉✐t r❛②♦♥♥é ♣❛r ❧❛ ♠❛q✉❡tt❡✳ ▲✬❡s♣❛❝❡ ❢♦r♠é ❡♥✲
❞❡ss♦✉s ❞❡ ❝❡tt❡ ❞❡♥t ❥♦✉❡ ❛✐♥s✐ ❧❡ rô❧❡ ❞✬✉♥❡ ❝♦♥str✐❝t✐♦♥ ❞❡ s❡❝t✐♦♥ r❡❝t❛♥❣✉❧❛✐r❡ ✈❛r✐❛❜❧❡✱
♣❡r♠❡tt❛♥t ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ❥❡t r❡❝t❛♥❣✉❧❛✐r❡ ❡♥ ❛✈❛❧ ❞❡ ❝❡tt❡ ❝♦♥str✐❝t✐♦♥✳ ▲❛ ❤❛✉t❡✉r ❞❡ ❝❡t
❡s♣❛❝❡ ❧✐❜r❡ ❡st ♥♦té❡ Hc ✭❧✬✐♥❞✐❝❡ ❝ ❞é♥♦t❛♥t ❧❛ ❝♦♥str✐❝t✐♦♥✮✳ ❈❡tt❡ ❣é♦♠étr✐❡ à ✉♥ ♦❜st❛❝❧❡✱
♦✉tr❡ ❧❛ t❤ès❡ ❞❡ ●r❛♥❞❝❤❛♠♣✱ ❛ é❣❛❧❡♠❡♥t ❢❛✐t ❧✬♦❜❥❡t ❞✬❛✉tr❡s ét✉❞❡s ❡①♣ér✐♠❡♥t❛❧❡s ❡t
♥✉♠ér✐q✉❡s ❬❱●P+✶✵✱ ❱❍●❈✶✷❛✱ ❱❍●❈+✶✷❜✱ ❈◆❱❍+✶✸❪✳

▲✬♦❜st❛❝❧❡ ♣♦ssè❞❡ ❧❛ ❢♦r♠❡ ❞✬✉♥ tr❛♣è③❡ ❞é✜♥✐ ♣❛r s❛ ❣r❛♥❞❡ ❜❛s❡ lpal= 6.6♠♠✱ s❛ ❧♦♥❣✉❡✉r
❞✬❡①tré♠✐té lt = 1.25♠♠✱ s❛ ❤❛✉t❡✉r Ht = 17.5♠♠✳ ❊♥ ❝♦♥✜❣✉r❛t✐♦♥ st❛♥❞❛r❞✱ ❧❡s ❛♥❣❧❡s
❞✬❛tt❛q✉❡ ❡t ❞❡ ❢✉✐t❡ ❞❡ ❧✬♦❜st❛❝❧❡ ❢♦r♠❡♥t ❛✈❡❝ ❧❛ ♣❛r♦✐ s✉♣ér✐❡✉r❡ ❞✉ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡
❞❡s ❛♥❣❧❡s θ1 = 107➦ ❡t θ2 = 90➦✱ ❝❡ q✉✐ ❝♦rr❡s♣♦♥❞ ❛✉① ♦r❞r❡s ❞❡ ❣r❛♥❞❡✉r ♦❜s❡r✈és s✉r ❞❡s
s✉❥❡ts ❤✉♠❛✐♥s ❬❋r❡✼✹✱ ❊▼✽✻❪✳ ▲✬♦❜st❛❝❧❡ ♣❡✉t ❛✉ss✐ êtr❡ ♣♦s✐t✐♦♥♥é ❞❡ ♠❛♥✐èr❡ ✐♥✈❡rsé❡ ❡t
❞❛♥s ❝❡ ❝❛s θ1 = 90➦ t❛♥❞✐s q✉❡ θ2 = 107➦✳ ▲❡ ❞❡❣ré ❞✬♦✉✈❡rt✉r❡✱ ❞é✜♥✐ ❝♦♠♠❡ ❧❡ r❛♣♣♦rt
❡♥tr❡ ❧❡s ❤❛✉t❡✉rs ❝♦♥str✐❝té❡s ❡t ♥♦♥ ❝♦♥str✐❝té❡s Hc

H ✱ ♣❡✉t✲êtr❡ ♠♦❞✐✜é ❡♥ ❢❛✐s❛♥t ✈❛r✐❡r ❧❛
❤❛✉t❡✉r Ht à ❧✬❛✐❞❡ ❞❡ ❧❛ ✈✐s ❞❡ ré❣❧❛❣❡✳ ▲✬♦❜st❛❝❧❡ ❡st ✐♥té❣ré ❞❛♥s ✉♥ ❡♠❜♦✉t ❞❡ ❧♦♥❣✉❡✉r
Lembout = 60♠♠✱ ❧✉✐✲♠ê♠❡ ♠♦♥té s✉r ✉♥❡ ❞❡s ❞❡✉① ❡①tré♠✐tés ❞✬✉♥ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ ❡♥
♣❧❡①✐❣❧❛s ✭✜❣✉r❡ ✸✳✶❝✮✳ ❈❡ ❝❛♥❛❧ r❡♣rés❡♥t❡ ❞❡ ♠❛♥✐èr❡ s✐♠♣❧✐✜é❡ ✉♥❡ ♣♦rt✐♦♥ ❞✉ ❝♦♥❞✉✐t ✈♦❝❛❧
❡♥ ❛♠♦♥t ❞✬✉♥❡ ❝♦♥str✐❝t✐♦♥✱ t❡❧❧❡ q✉❡ ❧✬❡s♣❛❝❡ s✐t✉é ❝♦♠♣r✐s ❡♥tr❡ ❧❛ ✈♦ût❡ ♣❛❧❛t✐♥❡ ❡t ❧❛ ❧❛♥❣✉❡✳
▲❛ ❧♦♥❣✉❡✉r st❛♥❞❛r❞ ❞✉ ❝❛♥❛❧ ✭L0 = 310♠♠✮ ❡st ❝❤♦✐s✐❡ s✉✣s❛♠♠❡♥t é❧❡✈é❡ ♣♦✉r ♣❡r♠❡ttr❡
à ❧✬é❝♦✉❧❡♠❡♥t ❡♥ ❛♠♦♥t ❞❡ ❧❛ ♠❛q✉❡tt❡ ❛✈❡❝ ♦❜st❛❝❧❡ ❞❡ s❡ ❞é✈❡❧♦♣♣❡r ✭41 ≤ L0

Hc
≤ 516✮✳

▲❛ ❧❛r❣❡✉r ❞✉ ❝❛♥❛❧ ❡st ✜①é❡ à W = 105♠♠ ❡t ❧❛ ❤❛✉t❡✉r ✐♥tér✐❡✉r❡ ❞✉ ❝❛♥❛❧ ❡st ✜①é❡ à
H = 25♠♠✱ ❞❡ t❡❧❧❡ s♦rt❡ q✉❡ ❧❡s r❛♣♣♦rts ❞✬❛s♣❡❝t✱ ❛✉ss✐ ❜✐❡♥ ❞❛♥s ❧❛ ③♦♥❡ ❝♦♥str✐❝té❡ q✉❡
❧❛ ③♦♥❡ ♥♦♥✲❝♦♥tr✐❝té❡✱ s♦♥t s✉♣ér✐❡✉rs à ✹✱ ❛✈❡❝ W

H = 4.2 ❡t W
Hc

≈ 14✳ ❉❛♥s ❝❡s ❝♦♥❞✐t✐♦♥s✱
❧✬é❝♦✉❧❡♠❡♥t ❡st s✉♣♣♦sé ❜✐❞✐♠❡♥s✐♦♥♥❡❧ ❬P♦♣✵✵❪✳

✸✳✶✳✷ ❱❛r✐❛t✐♦♥ ❞❡s ❝♦♥❞✐t✐♦♥s ❧✐♠✐t❡s ❡①♣ér✐♠❡♥t❛❧❡s ❞✬❡♥tré❡ ❡t ❞❡ s♦rt✐❡

◆♦✉s ❛✈♦♥s ❜r✐è✈❡♠❡♥t ✈✉ ❞❛♥s ❧❡s ❈❤❛♣✐tr❡s ✶ ❡t ✷ q✉❡ ❧❡s ❝♦♥❞✐t✐♦♥s ❧✐♠✐t❡s ❡♥ ❛♠♦♥t
❡t ❡♥ ❛✈❛❧ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ✐♠♣❧✐q✉é❡ ❥♦✉❡♥t ✉♥ rô❧❡ ♠❛❥❡✉r ❞❛♥s ❧❡s ♠é❝❛♥✐s♠❡s ♣❤②s✐q✉❡s
❞❡ ♣r♦❞✉❝t✐♦♥ s♦♥♦r❡ ❞❡ ❢r✐❝❛t✐✈❡ ♥♦♥ ✈♦✐sé❡✱ ❡t ❝❡ rô❧❡ ♥✬❛ ♣❛s ❡♥❝♦r❡ été ❝❧❛✐r❡♠❡♥t é❧✉❝✐❞é✳
P♦✉r ❧❛ ♠❛q✉❡tt❡ ❛✈❡❝ ♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡✱ ❡♥ ♣❧✉s ❞❡ ❢❛✐r❡ ✈❛r✐❡r ❧❡ ❞é❜✐t ✈♦❧✉♠✐q✉❡

✶✳ ❛✐♥s✐ q✉❡ ❞❡ ❧❛ ❞✐st❛♥❝❡ ✐♥❝✐s✐✈❡✲❧è✈r❡s



✸✳✶✳ ●é♦♠étr✐❡ ❛✈❡❝ ♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡ ✹✸
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Obstacle en forme d'incisive
Canal rectangulaire
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✭❝✮

❋✐❣✉r❡ ✸✳✶ ✕ ▼❛q✉❡tt❡ à ♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡ ✭t✐ré ❞❡ ❬●r❛✵✾❪✮ ✿ ✭❛✮ ♠♦❞è❧❡ ❞✬✐♥❝✐s✐✈❡
s✉♣ér✐❡✉r❡ ❀ ✭❜✮ ✈✉❡ s❝❤é♠❛t✐q✉❡ ❞❡ ❧✬❡♠❜♦✉t à ♦❜st❛❝❧❡ ❀ ✭❝✮ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ ❛✈❡❝ ❡♠❜♦✉t
♠♦♥té à s♦♥ ❡①trê♠✐té



✹✹ ❈❤❛♣✐tr❡ ✸✳ ●é♦♠étr✐❡ ❛✈❡❝ ♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡ ✿ ♠❡s✉r❡s ❞❡ ✈✐t❡ss❡

✭❡t ❞♦♥❝ ❧❡ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s✮✱ ♥♦✉s ❝❤♦✐s✐ss♦♥s ❞❛♥s ❝❡tt❡ t❤ès❡ ❞❡ ♥♦✉s ❢♦❝❛❧✐s❡r s✉r ❧❡s
❝♦♥❞✐t✐♦♥s ❧✐♠✐t❡s ❡♥ ❛♠♦♥t ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ s✉✐✈❛♥t❡s✱ ♣♦✉r é✈❛❧✉❡r ❧❡✉r ✐♥✢✉❡♥❝❡ s✉r ❧❡
❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ✿

• ❆❜s❡♥❝❡ ❞❡ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ ✭ LL0
= 0✮ ❡♥ ❛♠♦♥t ❞❡ ❧✬❡♠❜♦✉t ❀

• ❈❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ s✐♠♣❧❡ ✭ LL0
= 1✮ ❀

• ❈❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ s✐♠♣❧❡ ✭ LL0
= 1✮ ❛✈❡❝ ♣❛✐❧❧❡s ❡♥ ♣❧❛st✐q✉❡ ✐♥séré❡s ❞❛♥s s❛ s❡❝t✐♦♥

❞✬❡♥tré❡ ✭✜❣✉r❡ ✸✳✷❜✮ ❞❡ ❞✐❛♠ètr❡ ♠♦②❡♥ ❛♣♣r♦①✐♠❛t✐❢ ✺♠♠ ❡t ❞❡ ❧♦♥❣✉❡✉r ♠♦②❡♥♥❡
❛♣♣r♦①✐♠❛t✐✈❡ ✺✹♠♠ ❀

• ❈❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ s✐♠♣❧❡ ✭ LL0
= 1✮ ❛✈❡❝ ♥✐❞ ❞✬❛❜❡✐❧❧❡ ✐♥séré ❞❛♥s s❛ s❡❝t✐♦♥ ❞✬❡♥tré❡

✭✜❣✉r❡ ✸✳✷❝✮✳ ▲❡ ♥✐❞ ❞✬❛❜❡✐❧❧❡ ✭◆✐❞❛t❡❝❤➤ ✽✱ t❛✐❧❧❡ ❞❡s ❛❧✈é♦❧❡s ✽♠♠✱ ❞❡♥s✐té ✻✺❦❣✴♠3✮
❛ ♣♦✉r ❜✉t ❞❡ ❝♦♥tr✐❜✉❡r à ✏❛❞♦✉❝✐r✑ ❡t ❛❧✐❣♥❡r ❧✬é❝♦✉❧❡♠❡♥t ❡♥ ✏❝❛ss❛♥t✑ ❧❡s t♦✉r✲
❜✐❧❧♦♥s ❞❡ ❣r❛♥❞❡ é❝❤❡❧❧❡ ❡t ❡♥ ré❞✉✐s❛♥t ❧❡s ❝♦♠♣♦s❛♥t❡s tr❛♥s✈❡rs❛❧❡s ❞✬✐♥t❡♥s✐té t✉r✲
❜✉❧❡♥t❡ ❬❆❧♥✶✵❪ ❀

• ❈❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ ❞♦✉❜❧❡ ✭ LL0
= 2✮ ❀

• ❈❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ ❞♦✉❜❧❡ ✭ LL0
= 2✮ ❛✈❡❝ ♣❛✐❧❧❡s ❡♥ ♣❧❛st✐q✉❡ ✐♥séré❡s ❞❛♥s s❛ s❡❝t✐♦♥

❞✬❡♥tré❡✳

❈♦♥❝❡r♥❛♥t ❧❡s ❝♦♥❞✐t✐♦♥s ❧✐♠✐t❡s ❛✉ ♥✐✈❡❛✉ ♦✉ ❡♥ ❛✈❛❧ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥✱ ♥♦✉s ♥♦✉s ✐♥té✲
r❡ss♦♥s ❛✉① ❝♦♥❞✐t✐♦♥s s✉✐✈❛♥t❡s ✭✜❣✉r❡ ✸✳✸✮ ✿

• ❱❛r✐❛t✐♦♥ ❞✉ ❞❡❣ré ❞✬♦✉✈❡rt✉r❡ Hc

H ✿ ✷✳✹✱ ✶✵ ❡t ✸✵✪ ❀
• ❋♦r♠❡ ❞❡s ❛rêt❡s ❞❡ ❧❛ s❡❝t✐♦♥ r❡❝t❛♥❣✉❧❛✐r❡ ❞❡ s♦rt✐❡ ❞❡ ❧✬❡♠❜♦✉t ❛✈❡❝ ♦❜st❛❝❧❡ ♣❛r ❛❥♦✉t

❞❡ ♣ât❡ à ♠♦❞❡❧❡r ♣♦✉r ✏❛❞♦✉❝✐r✑ ❧❡s ❛rêt❡s ✈✐✈❡s ✭✜❣✉r❡ ✸✳✸❝✮ ❀
• ❱❛r✐❛t✐♦♥ ❞❡ ❧✬❛♥❣❧❡ ❞✬❛tt❛q✉❡ θ1 ♣❛r ✐♥✈❡rs✐♦♥ ❞❡ ❧✬♦❜st❛❝❧❡ ✿ ✾✵ ❡t ✶✵✼➦✳

❉❡ t❡❧❧❡s ❝♦♥❞✐t✐♦♥s ❧✐♠✐t❡s s♦♥t ❜✐❡♥ é✈✐❞❡♠♠❡♥t très é❧♦✐❣♥é❡s ♠♦r♣❤♦❧♦❣✐q✉❡♠❡♥t ♣❛r❧❛♥t
❞❡s ❝♦♥❞✐t✐♦♥s ❧✐♠✐t❡s ✐♥✲✈✐✈♦ ❞✬✉♥ ❝♦♥❞✉✐t ✈♦❝❛❧ ❤✉♠❛✐♥✱ ♥é❛♥♠♦✐♥s ♥♦tr❡ ét✉❞❡ ♥✬❛ ♣❛s ♣♦✉r
✈♦❝❛t✐♦♥ ❞✬✐♠✐t❡r ❝❡s ❝♦♥❞✐t✐♦♥s ❵♥❛t✉r❡❧❧❡s✬✱ ♠❛✐s ♣❧✉tôt ❞❡ q✉❛♥t✐✜❡r ❧✬✐♥✢✉❡♥❝❡ ❞❡s ❝♦♥❞✐t✐♦♥s
❧✐♠✐t❡s s✉r ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✬✉♥ é❝♦✉❧❡♠❡♥t à ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ♠♦❞éré✱ ❛✐♥s✐ q✉❡ ❧❡✉r
✐♥✢✉❡♥❝❡ s✉r ❧❡ r❛②♦♥♥❡♠❡♥t ❛❝♦✉st✐q✉❡ ❞❛♥s ❧❡s ♠é❝❛♥✐s♠❡s ❞❡ ♣r♦❞✉❝t✐♦♥ ❞❡ ❢r✐❝❛t✐✈❡ ♥♦♥
✈♦✐sé❡✳ ▲❡ ♣rés❡♥t ❝❤❛♣✐tr❡ ❡st ❝♦♥s❛❝ré à ❧❛ ❝❛r❛❝tér✐s❛t✐♦♥ ❡①♣ér✐♠❡♥t❛❧❡ ❞✉ ❥❡t r❡❝t❛♥❣✉❧❛✐r❡
tr❛✈❡rs❛♥t ❧❛ ❣é♦♠étr✐❡ ❢♦r♠é❡ ❞✬✉♥ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ ❡t ❞✬✉♥ ❡♠❜♦✉t ❛✈❡❝ ♦❜st❛❝❧❡ s✐♠♣❧❡
❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡ ♣rés❡♥té❡ ❝✐✲❞❡ss✉s✳ ◆♦✉s ♥♦✉s ✐♥tér❡ss♦♥s à ❞❡✉① ❛s♣❡❝ts ♣r✐♥❝✐♣❛✉①✱
tr✐❜✉t❛✐r❡s ❞❡s ❝♦♥❞✐t✐♦♥s ❧✐♠✐t❡s ✿ ❧❛ ❝❛r❛❝tér✐s❛t✐♦♥ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❡♥ ❛♠♦♥t ❞❡ ❧✬❡♠❜♦✉t✱
❡t ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❡♥ ❛✈❛❧ ❞❡ ❧✬❡♠❜♦✉t✳

✸✳✷ ❚❤é♦r✐❡ ✿ ❥❡ts r❡❝t❛♥❣✉❧❛✐r❡s ❡t t✉r❜✉❧❡♥❝❡

◆♦✉s r❛♣♣❡❧❧♦♥s ❞❛♥s ❝❡tt❡ s❡❝t✐♦♥ q✉❡❧q✉❡s ❢♦♥❞❡♠❡♥ts t❤é♦r✐q✉❡s ❞❡ ♠é❝❛♥✐q✉❡ ❞❡s
✢✉✐❞❡s ♥é❝❡ss❛✐r❡s ♣♦✉r ❝❡tt❡ ét✉❞❡✱ ❡♥ ❧✐❡♥ ❛✈❡❝ ❧❡ ❝❛❞r❡ ♣❧✉s ❣é♥ér❛❧ ❞❡s ❥❡ts r❡❝t❛♥❣✉❧❛✐r❡s
❡t ❞❡ ❧❛ t✉r❜✉❧❡♥❝❡✳



✸✳✷✳ ❚❤é♦r✐❡ ✿ ❥❡ts r❡❝t❛♥❣✉❧❛✐r❡s ❡t t✉r❜✉❧❡♥❝❡ ✹✺

✭❛✮
✭❜✮ ✭❝✮

❋✐❣✉r❡ ✸✳✷ ✕ ❈♦♥❞✐t✐♦♥s ❧✐♠✐t❡s ❡①♣ér✐♠❡♥t❛❧❡s ❛♠♦♥t t❡sté❡s ✿ ✭❛✮ ▲♦♥❣✉❡✉r ❞✉ ❝❛♥❛❧ r❡❝✲
t❛♥❣✉❧❛✐r❡✳ ✭❜✮ P❛✐❧❧❡s ✐♥séré❡s ❡♥ ❡♥tré❡✳ ✭❝✮ ◆✐❞ ❞✬❛❜❡✐❧❧❡ ✐♥séré ❡♥ ❡♥tré❡✳

H
c

H

✭❛✮

θ
1

✭❜✮
✭❝✮

❋✐❣✉r❡ ✸✳✸ ✕ ❈♦♥❞✐t✐♦♥s ❧✐♠✐t❡s ❡①♣ér✐♠❡♥t❛❧❡s ❛✈❛❧ t❡sté❡s ✿ ✭❛✮ ❉❡❣ré ❞✬♦✉✈❡rt✉r❡ Hc

H ✳ ✭❜✮
❆♥❣❧❡ ❞✬❛tt❛q✉❡ θ1✳ ✭❝✮ ❆rêt❡s ✈✐✈❡s ❞❡ ❧❛ s❡❝t✐♦♥ ❞❡ s♦rt✐❡ ❛❞♦✉❝✐❡s ♣❛r ❞❡ ❧❛ ♣ât❡ à ♠♦❞❡❧❡r✳
❘❡♠❛rq✉❡ ✿ ❧✬❡✛❡t ❞✬❛❥♦✉t ❞❡ ♣ât❡ à ♠♦❞❡❧❡r ♥✬❡st ♣❛s é✈❛❧✉é ❞❛♥s ❝❡ ❝❤❛♣✐tr❡✱ ♠❛✐s ❧❡ s❡r❛
❞❛♥s ❧❡ ❈❤❛♣✐tr❡ ✹✳

✸✳✷✳✶ ❏❡ts r❡❝t❛♥❣✉❧❛✐r❡s

▲❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡s ❥❡ts ✐ss✉s ❞❡ ❝♦♥str✐❝t✐♦♥s ❝✐r❝✉❧❛✐r❡s ❞é❜♦✉❝❤❛♥t ❞❛♥s ✉♥ ❡s✲
♣❛❝❡ ❧✐❜r❡ ♦♥t été ❡①t❡♥s✐✈❡♠❡♥t ét✉❞✐é❡s✳ ❯♥ ❛♥♥❡❛✉ ✐♥✐t✐❛❧ ♣r✐♠❛✐r❡ ❞❡ ✈♦rt✐❝✐té ❡st s✉✐✈✐
❞✬❛♥♥❡❛✉① s❡❝♦♥❞❛✐r❡s q✉✐ s❡ ❞ét❛❝❤❡♥t ♣ér✐♦❞✐q✉❡♠❡♥t ❛✉ tr❛✈❡rs ❞❡ ❧✬✐♥st❛❜✐❧✐té ❞❡ ❑❡❧✈✐♥✲
❍❡❧♠❤♦t③✱ ❡t s♦♥t ❝♦♥✈❡❝tés ❧❡ ❧♦♥❣ ❞❡ ❧✬❛①❡ à ❧❛ ♠♦✐t✐é ❞❡ ❧❛ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ❞❡ ❧✬é❝♦✉✲
❧❡♠❡♥t ❬❈❈✼✶✱ ▼❈✼✹✱ ●r❡✾✺❪✳ ▲❡ ❝♦♠♣♦rt❡♠❡♥t ❞❡s ❥❡ts ❝♦♥✜♥és ❞❛♥s ❞❡s ❣é♦♠étr✐❡s ♥♦♥✲
❝✐r❝✉❧❛✐r❡s ❡st s✉❜st❛♥t✐❡❧❧❡♠❡♥t ♣❧✉s ❝♦♠♣❧✐q✉é✳ ❉❛♥s ❧❡s ❥❡ts r❡❝t❛♥❣✉❧❛✐r❡s ❡t ❡❧❧✐♣t✐q✉❡s✱
❧✬é❝❧❛t❡♠❡♥t t♦✉r❜✐❧❧♦♥♥❛✐r❡ ✭✈♦rt❡① ❜r❡❛❦❞♦✇♥✮ ✐♠♣❧✐q✉❡ ✉♥❡ ❝❧❛ss❡ ♣❧✉s r✐❝❤❡ ❞✬✐♥st❛❜✐❧✐tés
❞✬é❝♦✉❧❡♠❡♥t s❛❝❤❛♥t q✉❡ ❧❛ s❡❝t✐♦♥ tr❛♥s✈❡rs❛❧❡ ♣❡✉t s✬ét❡♥❞r❡ ❡t s❡ ❝♦♥tr❛❝t❡r ♣ér✐♦❞✐q✉❡✲
♠❡♥t ❧❡ ❧♦♥❣ ❞❡s ❛①❡s ♠❛❥❡✉r ❡t ♠✐♥❡✉r ❬❍❍✽✾✱ ●r✐✵✶❪✳ ❉❡s ❝♦♠♣❧✐❝❛t✐♦♥s s✉♣♣❧é♠❡♥t❛✐r❡s
❛♣♣❛r❛✐ss❡♥t ❧♦rsq✉❡ ❧❡ ❥❡t s✬❛♣♣r♦❝❤❡ ❞✬✉♥❡ ♣❛r♦✐ r✐❣✐❞❡✱ s❛❝❤❛♥t q✉❡ ❞❡s ré❣✐♦♥s ❞❡ r❡❝✐r❝✉❧❛✲
t✐♦♥ ✈♦♥t s❡ ❞é✈❡❧♦♣♣❡r ❝❡ q✉✐ ♣❡✉t ❛✛❡❝t❡r ❧❛ st❛❜✐❧✐té ❞✉ ❥❡t ❡t ❧❛ tr❛♥s✐t✐♦♥ ✈❡rs ❧❛ t✉r❜✉❧❡♥❝❡✳
P❛r ❝♦♥séq✉❡♥t✱ ✉♥❡ ét✉❞❡ s②sté♠❛t✐q✉❡ ❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t s♦✉s✲❥❛❝❡♥t❡ à ❧✬✐♥✲
t❡r❛❝t✐♦♥ ❞❡ ❥❡t ❝♦♥✜♥é✲♦❜st❛❝❧❡ ❞❡ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ s✐❜✐❧❛♥t❡ ❡st ✉♥❡ tâ❝❤❡ ♣❛rt✐❝✉❧✐èr❡♠❡♥t
❝♦♠♣❧❡①❡✱ ♠ê♠❡ ♣♦✉r ❞❡s ❣é♦♠étr✐❡s ❵s✐♠♣❧✐✜é❡s✬ ♥❡ ❝♦♠♣r❡♥❛♥t q✉✬✉♥ ♥♦♠❜r❡ ❧✐♠✐té ❞❡ ♣❛✲
r❛♠ètr❡s ❣é♦♠étr✐q✉❡s✳

▲✬é✈♦❧✉t✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❞❡s ✈✐t❡ss❡s ❝❡♥tr❛❧❡s Uc ❞✬✉♥ ❥❡t r❡❝t❛♥❣✉❧❛✐r❡ ❡st ❝❛r❛❝tér✐sé❡
♣❛r tr♦✐s ③♦♥❡s ❞✐st✐♥❝t❡s ✭✜❣✉r❡ ✸✳✹✮ ✿ ✭✶✮ ❧❛ ré❣✐♦♥ ❞✐t❡ ❞❡ ❝ô♥❡ ♣♦t❡♥t✐❡❧ ✭♦✉ ❝♦❡✉r ♣♦t❡♥t✐❡❧✱
❛✈❡❝ ✉♥❡ ✈❛❧❡✉r ❞❡ Uc q✉❛s✐✲❝♦♥st❛♥t❡✱ q✉✐ s❡ t❡r♠✐♥❡ ❧♦rsq✉❡ ❧❡s ❞❡✉① ❝♦✉❝❤❡s ❞❡ ❝✐s❛✐❧❧❡✲



✹✻ ❈❤❛♣✐tr❡ ✸✳ ●é♦♠étr✐❡ ❛✈❡❝ ♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡ ✿ ♠❡s✉r❡s ❞❡ ✈✐t❡ss❡

Région

axisymétrique

(ou 3D)

25-30  ≤ x/H
c

Direction longitudinale x

Région plane

(ou 2D)

4-5  ≤ x/H
c
  25-30≤

Région potentielle

0  ≤ x/H
c
  4-5≤

Embout

Direction

transversale

y

Direction

horizontale

z

H
c

W

❋✐❣✉r❡ ✸✳✹ ✕ ➱✈♦❧✉t✐♦♥ ❞❡s ✈✐t❡ss❡s ❧♦♥❣✐t✉❞✐♥❛❧❡s ❝❡♥tr❛❧❡s ❞✬✉♥ ❥❡t r❡❝t❛♥❣✉❧❛✐r❡ ✭❛❞❛♣té
❞❡ ❬❆❧♥✶✵❪ ❡t ❬❑❇❑✽✶❪✮✳

♠❡♥t ❧❡ ❧♦♥❣ ❞❡ ❧❛ ♣❡t✐t❡ ❞✐♠❡♥s✐♦♥ ❞❡ ❧✬❡♠❜♦✉t r❡❝t❛♥❣✉❧❛✐r❡ s❡ r❡♥❝♦♥tr❡♥t ❀ ✭✷✮ ❧❛ ré❣✐♦♥
❜✐✲❞✐♠❡♥s✐♦♥♥❡❧❧❡ ❞❛♥s ❧❛q✉❡❧❧❡ ❧❛ ✈✐t❡ss❡ ❞é❝r♦ît à ✉♥ t❛✉① ❛♣♣r♦①✐♠❛t✐✈❡♠❡♥t ✐❞❡♥t✐q✉❡ à
❝❡❧✉✐ ❞✬✉♥ ❥❡t ♣❧❛♥✱ ❡t ✭✸✮ ❧❛ ré❣✐♦♥ ❛①✐s②♠étr✐q✉❡✱ ❞❛♥s ❧❛q✉❡❧❧❡ ❧❛ ✈✐t❡ss❡ ❞é❝r♦✐t ❝♦♠♠❡ ❞❛♥s
✉♥ ❥❡t ❛①✐s②♠étr✐q✉❡ ❧♦rsq✉❡ ❧❡s ❞❡✉① ❝♦✉❝❤❡s ❞❡ ❝✐s❛✐❧❧❡♠❡♥t ❧❡ ❧♦♥❣ ❞❡ ❧❛ ❣r❛♥❞❡ ❞✐♠❡♥s✐♦♥
❞❡ ❧✬❡♠❜♦✉t r❡❝t❛♥❣✉❧❛✐r❡ s❡ r❡♥❝♦♥tr❡♥t✳ ▲❡ ❝♦♠♣♦rt❡♠❡♥t ❞✬✉♥ ❥❡t r❡❝t❛♥❣✉❧❛✐r❡ ♣❡✉t s✬❛♣✲
♣r♦❝❤❡r ❞❡ ❝❡❧✉✐ ❞✬✉♥ ❥❡t ♣❧❛♥✱ s✐ s♦♥ r❛♣♣♦rt ❞✬❛s♣❡❝t AR ❡st s✉✣s❛♠♠❡♥t ❣r❛♥❞✱ ❝✬❡st✲à✲❞✐r❡
❞❡ t❡❧❧❡ s♦rt❡ q✉❡ ❧✬❡♥tr❛î♥❡♠❡♥t ❞❛♥s ❧❛ ❞✐r❡❝t✐♦♥ z s♦✐t ♠✐♥✐♠✐sé✱ ❡t q✉❡ ❧✬é❝♦✉❧❡♠❡♥t ♣✉✐ss❡
❛✐♥s✐ êtr❡ st❛t✐st✐q✉❡♠❡♥t ❝♦♥s✐❞éré ❝♦♠♠❡ ❜✐❞✐♠❡♥s✐♦♥♥❡❧ ❬P♦♣✵✵❪✳

▲❡s ❝♦♥❞✐t✐♦♥s ✐♥✐t✐❛❧❡s ❡t ❧✐♠✐t❡s ❛✛❡❝t❡♥t ❞❡ ♠❛♥✐èr❡ ❝♦♥s✐❞ér❛❜❧❡ ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡
❥❡ts t✉r❜✉❧❡♥ts ✐ss✉s ❞✬❡♠❜♦✉ts r❡❝t❛♥❣✉❧❛✐r❡s✳ P❧✉s✐❡✉rs ét✉❞❡s ❡①♣ér✐♠❡♥t❛❧❡s ♦♥t ♠♦♥tré
q✉❡ ❧❡s ❝❤❛♠♣s ❞❡ ✈✐t❡ss❡ ❞❡ ❥❡ts r❡❝t❛♥❣✉❧❛✐r❡s s♦♥t ❢♦rt❡♠❡♥t ✐♥✢✉❡♥❝és ♣❛r ❧❡ ♥♦♠❜r❡ ❞❡
❘❡②♥♦❧❞s ✭♣❛r ❡①❡♠♣❧❡ ❬◆Ö✽✽✱ ❉▼◆✵✽✱ ❙❙❙❉✵✽❪✮✳ ❉❡ ♣❧✉s✱ ❧❛ ❢♦r♠❡ ♦✉ ❧❡ t②♣❡ ❞✬❡♠❜♦✉t
✐♥✢✉❡♥❝❡♥t ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❝❡s ❥❡ts ❬❙❢❡✼✾✱ ❉▼◆✵✼❜❪✳ ▲❡ r❛♣♣♦rt ❞✬❛s♣❡❝t✱ q✉✐ ❡st ❧❡ r❛♣♣♦rt
❡♥tr❡ ❧✬❛①❡ ♠❛❥❡✉r ❡t ❧✬❛①❡ ♠✐♥❡✉r ❞❡ ❧✬❡♠❜♦✉t✱ ❡st é❣❛❧❡♠❡♥t ✉♥❡ ❝♦♥❞✐t✐♦♥ ❧✐♠✐t❡ ✐♠♣♦rt❛♥t❡✱
s❛❝❤❛♥t q✉✬✐❧ ✐♥✢✉❡♥❝❡ ❛✉ss✐ ❧❡s ❝❤❛♠♣s ❞❡ ✈✐t❡ss❡ ❞❡s ❥❡ts r❡❝t❛♥❣✉❧❛✐r❡s ❬◗✉✐✾✷✱ ▼❉◆✵✺✱
❉▼◆✵✼❛❪✳ ❑r♦t❤❛♣❛❧❧✐ ❡t ❛❧ ❬❑❇❑✽✶❪ ♦♥t ♦❜s❡r✈é q✉❡ ❧❡ ♣♦✐♥t ♦ù ❧❡ ❥❡t ❝♦♠♠❡♥❝❡ à ♣rés❡♥t❡r
✉♥ ❝♦♠♣♦rt❡♠❡♥t ❛①✐s②♠étr✐q✉❡ s❡ ❞é❝❛❧❡ ♣❧✉s ❡♥ ❛♠♦♥t ✈❡rs ❧❛ s♦rt✐❡ ❞❡ ❧✬❡♠❜♦✉t✱ ❧♦rsq✉❡ ❧❡
r❛♣♣♦rt ❞✬❛s♣❡❝t ❞✐♠✐♥✉❡✳



✸✳✷✳ ❚❤é♦r✐❡ ✿ ❥❡ts r❡❝t❛♥❣✉❧❛✐r❡s ❡t t✉r❜✉❧❡♥❝❡ ✹✼

✸✳✷✳✷ ❚✉r❜✉❧❡♥❝❡ ❡t t❤é♦r✐❡ ❞❡ ❑♦❧♠♦❣♦r♦✈

❈♦♠♠❡ ♥♦✉s ❧✬❛✈♦♥s r❛♣✐❞❡♠❡♥t ♠❡♥t✐♦♥♥é ❞❛♥s ❧❡ ❈❤❛♣✐tr❡ ✶✱ ✐❧ ♥✬❡①✐st❡ ♣❛s ❞❡ ❞é✜♥✐t✐♦♥
str✐❝t❡ ❞❡ ❧❛ t✉r❜✉❧❡♥❝❡✳ ▲❡ ♠♦✉✈❡♠❡♥t ❞✬✉♥ é❝♦✉❧❡♠❡♥t t✉r❜✉❧❡♥t ❡st ❛❧é❛t♦✐r❡✱ tr✐❞✐♠❡♥s✐♦♥✲
♥❡❧ ❡t ❝♦♠♣❧❡①❡ à ❛♥❛❧②s❡r✳ ▲❡s é❝♦✉❧❡♠❡♥ts t✉r❜✉❧❡♥ts s♦♥t ❝❛r❛❝tér✐sés ♣❛r ❞❡s t♦✉r❜✐❧❧♦♥s
♣rés❡♥ts à ❞✐✛ér❡♥t❡s é❝❤❡❧❧❡s s♣❛t✐❛❧❡s✳ ●é♥ér❛❧❡♠❡♥t✱ ❧✬é❝❤❡❧❧❡ ❣❧♦❜❛❧❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ✜①❡ ❧❛
t❛✐❧❧❡ ❞❡s t♦✉r❜✐❧❧♦♥s ❞❡ ♣❧✉s ❣r❛♥❞❡ ❞✐♠❡♥s✐♦♥✳ ▲❡ ❝♦♥❝❡♣t ❞❡ ❝❛s❝❛❞❡ é♥❡r❣ét✐q✉❡ ❛✉ s❡✐♥ ❞❡s
é❝♦✉❧❡♠❡♥ts t✉r❜✉❧❡♥ts ❛ été ✐♥tr♦❞✉✐t ❡♥ ✶✾✹✶ ♣❛r ❑♦❧♠♦❣♦r♦✈ ❬❑♦❧✹✶❪✳ ▲❛ t❤é♦r✐❡ ❞❡ ❑♦❧✲
♠♦❣♦r♦✈ ♣♦st✉❧❡ q✉❡ ❧✬é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ ✢✉❝t✉❛♥t❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❡st ✐♥s✉✤é❡ ❛✉ ♥✐✈❡❛✉ ❞❡
❧❛ ♣❧✉s ❣r❛♥❞❡ é❝❤❡❧❧❡ s♣❛t✐❛❧❡ L✱ ❡t q✉✬✉♥❡ ♣❛rt✐❡ ❞❡ ❝❡tt❡ é♥❡r❣✐❡ s❡ tr❛♥s♠❡t éq✉✐t❛❜❧❡♠❡♥t
✈❡rs ❧❡s ♣❧✉s ♣❡t✐t❡s é❝❤❡❧❧❡s ♣❛r ✉♥ ♣r♦❝❡ss✉s ❞❡ ❵❝❛s❝❛❞❡ é♥❡r❣ét✐q✉❡✬✳ ❊♥ ❛♣♣❡❧❛♥t u(l) ❧❛
✢✉❝t✉❛t✐♦♥ ❞❡ ✈✐t❡ss❡ r❡♣rés❡♥t❛t✐✈❡ ❞❡s t♦✉r❜✐❧❧♦♥s à ❧✬é❝❤❡❧❧❡ l✱ ❧✬é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ ♣❛r ✉♥✐té
❞❡ ♠❛ss❡ ❡st ❞♦♥❝ ❞❡ ❧✬♦r❞r❡ ❞❡ u(l)2✱ ❞♦♥t ✉♥❡ ♣❛rt✐❡ ❡st tr❛♥s♠✐s❡ ❛✉① t♦✉r❜✐❧❧♦♥s ❞❡ ♣❧✉s
♣❡t✐t❡ é❝❤❡❧❧❡✳ ❖♥ ❛♣♣❡❧❧❡ t❡♠♣s ❝❛r❛❝tér✐st✐q✉❡ τ ∝ l

u(l) ❧❡ t❡♠♣s ❛ss♦❝✐é ❛✉ tr❛♥s❢❡rt ❞✬é♥❡r❣✐❡
❝✐♥ét✐q✉❡ ✈❡rs ❧❡ t♦✉r❜✐❧❧♦♥ ❞✬é❝❤❡❧❧❡ l✳ ❈❡❝✐ ♣❡r♠❡t ❞❡ ❞é✜♥✐r ❧❡ t❛✉① ❞❡ tr❛♥s❢❡rt ❞✬é♥❡r❣✐❡
❝✐♥ét✐q✉❡ ǫ ✿

ǫ ∝ u(l)2

τ(l)
=
u(l)3

l
. ✭✸✳✶✮

▲❛ ✈✐s❝♦s✐té ❡①❡r❝❡ ♣❡✉ ❞✬✐♥✢✉❡♥❝❡ ❞❛♥s ❧✬é❝♦✉❧❡♠❡♥t✱ t❛♥t q✉❡ ❧❛ t❛✐❧❧❡ ❞❡s t♦✉r❜✐❧❧♦♥s ❡st
s✉✣s❛♠♠❡♥t ❣r❛♥❞❡✳ ❆✉ ❝♦♥tr❛✐r❡✱ ♣♦✉r ❞❡s t♦✉r❜✐❧❧♦♥s ❞❡ ♣❡t✐t❡ t❛✐❧❧❡✱ ❧❛ ✈✐s❝♦s✐té ❞❡✈✐❡♥t
♣ré♣♦♥❞ér❛♥t❡ à ♣❛rt✐r ❞✬✉♥❡ ❝❡rt❛✐♥❡ é❝❤❡❧❧❡ ld ✭❛♣♣❡❧é❡ ♠✐❝r♦✲é❝❤❡❧❧❡ ❞❡ ❑♦❧♠♦❣♦r♦✈ ♦✉
é❝❤❡❧❧❡ ❞❡ ❞✐ss✐♣❛t✐♦♥✮✱ ❝❡ q✉✐ s❡ tr❛❞✉✐t ♣❛r ✉♥❡ ❞✐ss✐♣❛t✐♦♥ ❞✬é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ tr❛♥s❢éré❡ ǫ✳
❊♥ é❝r✐✈❛♥t q✉❡ ❧❡ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ❜❛sé s✉r ❝❡tt❡ é❝❤❡❧❧❡ Reld ✈❛✉t ✶✱ ♦♥ ♦❜t✐❡♥t q✉❡

1 = Reld =
ldu(ld)

ν
=
ldǫ

1/3l
1/3
d

ν
. ✭✸✳✷✮

▲✬é❝❤❡❧❧❡ ❞❡ ❞✐ss✐♣❛t✐♦♥ ❡st ❞♦♥❝ ❞❡ ❧✬♦r❞r❡ ❞❡

ld ∝ ν3/4ǫ−1/4. ✭✸✳✸✮

❖♥ ❝♦♥st❛t❡ q✉❡ ❧✬é❝❤❡❧❧❡ ❞❡ ❞✐ss✐♣❛t✐♦♥ ❞✐♠✐♥✉❡ ❧♦rsq✉❡ ❧❡ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ❞❡ ❧✬é❝♦✉❧❡✲
♠❡♥t ❣❧♦❜❛❧ ❛✉❣♠❡♥t❡ ✿ ReL = u(L)L/ν = ǫ1/3L3/4/ν → ld ∝ LRe

−3/4
L ✳ ▲✬❡①✐st❡♥❝❡ ❞✬✉♥❡

❧❛r❣❡ ❣❛♠♠❡ ❞✬é❝❤❡❧❧❡s s♣❛t✐❛❧❡s ❞❛♥s ✉♥ é❝♦✉❧❡♠❡♥t t✉r❜✉❧❡♥t ❡st ❧❛ ♣r✐♥❝✐♣❛❧❡ s♦✉r❝❡ ❞❡ ❞✐❢✲
✜❝✉❧tés ❧♦rsq✉❡ ❧✬♦♥ s♦✉❤❛✐t❡ s✐♠✉❧❡r ❧✬é❝♦✉❧❡♠❡♥t✳ ❈❡tt❡ ❧❛r❣❡ ❣❛♠♠❡ ✐♠♣♦s❡ ✉♥ ♣r♦❝❡ss✉s
❞❡ ❞✐ss✐♣❛t✐♦♥ ❞✬é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ ❝♦♥s✐❞ér❛❜❧❡✳ ▲♦rsq✉❡ ❧✬é❝♦✉❧❡♠❡♥t ♠♦②❡♥ ♥❡ ♣❡r♠❡t ♣❧✉s
❞✬❡♥tr❡t❡♥✐r ❞❡ ❧❛ t✉r❜✉❧❡♥❝❡✱ ❝❡❧❧❡✲❝✐ s✬❛♠♦rt✐t très r❛♣✐❞❡♠❡♥t ❡♥ r❛✐s♦♥ ❞❡ ❧❛ ✈✐s❝♦s✐té✳

▲❡s éq✉❛t✐♦♥s ❞❡ ◆❛✈✐❡r✲❙t♦❦❡s q✉✐ ❞é❝r✐✈❡♥t ❧❛ ❞②♥❛♠✐q✉❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❞❡s ✢✉✐❞❡s
✈✐sq✉❡✉① ♣❡✉✈❡♥t êtr❡ ♠✐s❡s s♦✉s ✉♥❡ ❢♦r♠❡ s♣❡❝tr❛❧❡ ❞❛♥s ❧❛q✉❡❧❧❡ ❧❡s ✈❛r✐❛❜❧❡s s♦♥t ❧❡s
♥♦♠❜r❡s ❞✬♦♥❞❡ κ ❞❡s t♦✉r❜✐❧❧♦♥s ❞❡ ❞✐✛ér❡♥t❡s é❝❤❡❧❧❡s s♣❛t✐❛❧❡s L ✿



✹✽ ❈❤❛♣✐tr❡ ✸✳ ●é♦♠étr✐❡ ❛✈❡❝ ♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡ ✿ ♠❡s✉r❡s ❞❡ ✈✐t❡ss❡

❋✐❣✉r❡ ✸✳✺ ✕ ❙♣❡❝tr❡s ❞❡ ❑♦❧♠♦❣♦r♦✈ ✐ss✉s ❞❡ ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s ❞✬ét✉❞❡s ❛♥tér✐❡✉r❡s
✭t✐ré ❞❡ ❬▼♦r✶✵❪✮✳ κ1 ❡st ❧❡ ♥♦♠❜r❡ ❞✬♦♥❞❡ ❧♦♥❣✐t✉❞✐♥❛❧ ✭❧✐é ❛✉① ✢✉❝t✉❛t✐♦♥s ❧♦♥❣✐t✉❞✐♥❛❧❡s ❞❡
✈✐t❡ss❡✮✳ η ❝♦rr❡s♣♦♥❞ ✐❝✐ à ❧✬é❝❤❡❧❧❡ ❞❡ ❞✐ss✐♣❛t✐♦♥ ld ✭éq✉❛t✐♦♥s ✭✸✳✷✮ ❡t ✭✸✳✸✮✮✳

κ =
2π

L
. ✭✸✳✹✮

▲❡ ♣r♦❝❡ss✉s ❞❡ tr❛♥s❢❡rt ❞✬é♥❡r❣✐❡ ❝✐♥ét✐q✉❡ ♣♦st✉❧é ♣❛r ❑♦❧♠♦❣♦r♦✈ s❡ ♣r♦❞✉✐t ♣♦✉r ✉♥❡
❧❛r❣❡ ❣❛♠♠❡ ❞❡ ♥♦♠❜r❡s ❞✬♦♥❞❡✱ ❡♥tr❡ ✉♥ ♠✐♥✐♠✉♠ κmin ❡t ✉♥ ♠❛①✐♠✉♠ κmax✳ ❉❛♥s ✉♥❡
❝❡rt❛✐♥❡ ❣❛♠♠❡✱ ❞❡ κmax à κν ✱ ❧❛ ❞✐ss✐♣❛t✐♦♥ ✈✐sq✉❡✉s❡ ❞✬é♥❡r❣✐❡ ❡st ❢❛✐❜❧❡ ✭③♦♥❡ ✐♥❡rt✐❡❧❧❡✮✳
P♦✉r ❞❡s é❝♦✉❧❡♠❡♥ts à ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ♠♦❞éré✱ ❧❛ ③♦♥❡ ✐♥❡rt✐❡❧❧❡ ❡st ♣❡t✐t❡✳ ❆✉✲❞❡❧à ❞❡
κν ✱ ❧❡s ❡✛❡ts ❞❡ ❧❛ ✈✐s❝♦s✐té ❞❡✈✐❡♥♥❡♥t ✐♠♣♦rt❛♥ts✳ ▲✬❛♥❛❧②s❡ ❞❡ ❑♦❧♠♦❣♦r♦✈ ❞é❞✉✐t q✉❡ Eκ✱
❧❛ ❞❡♥s✐té ❞✬é♥❡r❣✐❡ ♣❛r ♥♦♠❜r❡ ❞✬♦♥❞❡✱ ♥❡ ❞é♣❡♥❞ q✉❡ ❞✉ ♥♦♠❜r❡ ❞✬♦♥❞❡ κ ❡t ❞✉ t❛✉① ❞❡
❞✐ss✐♣❛t✐♦♥ é♥❡r❣ét✐q✉❡ ǫ✳ ▲❛ ❧✐♠✐t❡ ❤❛✉t❡ ❞❡ ❧❛ ❣❛♠♠❡ ✐♥❡rt✐❡❧❧❡ κν ♥❡ ❞♦✐t ❞é♣❡♥❞r❡ q✉❡ ❞❡
❧❛ ✈✐s❝♦s✐té ❝✐♥é♠❛t✐q✉❡ ν ❡t ❞❡ ǫ✳ ▲❡s ❞✐♠❡♥s✐♦♥s ❞❡ ❝❡s ✈❛r✐❛❜❧❡s s♦♥t ✿ [κ] = 1

L ❀ [ǫ] = L2

T 3 ❀

[ν] = L2

T ❀ [E] = L3

T 2 ✳ ❆✐♥s✐✱ s✐ ♦♥ ❛ E(κ, ǫ) = Cκǫ
βκα ♣♦✉r ✉♥❡ ❝❡rt❛✐♥❡ ❝♦♥st❛♥t❡ Cκ✱ ❛♣♣❡❧é❡

❝♦♥st❛♥t❡ ❞❡ ❑♦❧♠♦❣♦r♦✈✱ ❧❛ ❝♦♠♣❛t✐❜✐❧✐té ❞✐♠❡♥s✐♦♥♥❡❧❧❡ ✐♠♣❧✐q✉❡ q✉❡ L3 = L−αL2β s♦✐t
−α + 2β = 3✱ T−2 = T−3β ✱ ❛✐♥s✐ −3β = −2 ❡t ❞♦♥❝ β = 2

3 ✱ ❞✬♦ù α = 4
3 − 3 = −5

3 ✳ P❛r
❝♦♥séq✉❡♥t✱ ❧❡ s♣❡❝tr❡ é♥❡r❣ét✐q✉❡ ❞❡ ❑♦❧♠♦❣♦r♦✈ ❡st ❞♦♥♥é ♣❛r ❧❛ ❝é❧è❜r❡ ❧♦✐ ❡♥ ✏♠♦✐♥s ❝✐♥q
t✐❡rs✑ ❬❈❤❛✵✵❪✱ ✐❧❧✉stré❡ s✉r ❧❛ ✜❣✉r❡ ✸✳✺ ✿

E(κ, ǫ) = Cκǫ
2
3κ−

5
3 . ✭✸✳✺✮



✸✳✷✳ ❚❤é♦r✐❡ ✿ ❥❡ts r❡❝t❛♥❣✉❧❛✐r❡s ❡t t✉r❜✉❧❡♥❝❡ ✹✾

✸✳✷✳✸ ❉é✜♥✐t✐♦♥s ❞❡s ❣r❛♥❞❡✉rs ❡t ♣❛r❛♠ètr❡s ❝♦♥s✐❞érés

❚♦✉t ❛✉ ❧♦♥❣ ❞❡ ❝❡ ❝❤❛♣✐tr❡✱ ❛✐♥s✐ q✉❡ ❞❛♥s ❧❡s ❝❤❛♣✐tr❡s s✉✐✈❛♥ts✱ ♥♦✉s ♠❛♥✐♣✉❧❡r♦♥s ❧❡s
q✉❛♥t✐tés ♣❤②s✐q✉❡s ♣rés❡♥té❡s ❝✐✲❛♣rès✳

✸✳✷✳✸✳✶ ❈❤❛♠♣ ❞❡ ✈✐t❡ss❡ ❧♦♥❣✐t✉❞✐♥❛❧❡

❉❛♥s ❝❡tt❡ ét✉❞❡✱ ♥♦✉s ♥❡ ❝♦♥s✐❞ér♦♥s q✉❡ ❧❛ ♥♦r♠❡ ❞❡ ❧❛ ❝♦♠♣♦s❛♥t❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ✭❞❛♥s
❧❛ ❞✐r❡❝t✐♦♥ x✮ ❞✉ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ ❡t ♣❛s ❧❡s ❛✉tr❡s ❝♦♠♣♦s❛♥t❡s ✭❞❛♥s ❧❡s ❞✐r❡❝t✐♦♥s y ❡t
z✮✱ ❝❡❝✐ ❡♥ r❛✐s♦♥ ❞✉ ❢❛✐t q✉❡ ❧❛ ❞✐r❡❝t✐♦♥ ♣r✐♥❝✐♣❛❧❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❡st ❧❛ ❞✐r❡❝t✐♦♥ ❧♦♥❣✐t✉✲
❞✐♥❛❧❡✳ ❉❛♥s ❧❛ s✉✐t❡ ❞✉ t❡①t❡✱ ♥♦✉s ♦♠❡ttr♦♥s ❞♦♥❝ ❧✬✐♥❞✐❝❡ x ❞❛♥s ❧❡s ❧❡ttr❡s s②♠❜♦❧✐s❛♥t
❞❡s ✈✐t❡ss❡s ❧♦♥❣✐t✉❞✐♥❛❧❡s✱ ♣♦✉r ❛❧❧é❣❡r ❧✬é❝r✐t✉r❡✳ ❉❡ ❢❛ç♦♥ très ❣é♥ér❛❧❡✱ ❧❡ ❝❤❛♠♣ t❡♠♣♦✲
r❡❧ ❞❡ ✈✐t❡ss❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ✐♥st❛♥t❛♥é❡ u(t)✱ ♣❡✉t s✬é❝r✐r❡✱ à ❧✬❛✐❞❡ ❞✬✉♥❡ ❞é❝♦♠♣♦s✐t✐♦♥ ❞❡
❘❡②♥♦❧❞s ❬❆❈▲✵✵❪ ✿

u(t) = U + ũ(t), ✭✸✳✻✮

❛✈❡❝ U ❧❛ ❝♦♠♣♦s❛♥t❡ ♠♦②❡♥♥❡ ❡t ũ(t) ❧❛ ❝♦♠♣♦s❛♥t❡ ✢✉❝t✉❛♥t❡✱ ✈❛r✐❛♥t ❞❡ ♠❛♥✐èr❡ ❛❧é❛t♦✐r❡
❛✉ ❝♦✉rs ❞✉ t❡♠♣s ❛✉t♦✉r ❞✬✉♥❡ ✈❛❧❡✉r ♠♦②❡♥♥❡ ♥✉❧❧❡✳ ▲✬❛❝q✉✐s✐t✐♦♥ ❞✉ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡
✐♥st❛♥t❛♥é❡ ❞✬✉♥ é❝♦✉❧❡♠❡♥t ♣❡✉t s✬❡✛❡❝t✉❡r à ❧✬❛✐❞❡ ❞❡ ❞✐✛ér❡♥t❡s t❡❝❤♥✐q✉❡s ✿ t✉❜❡ ❞❡ P✐t♦t✱
❛♥é♠♦♠étr✐❡ ✜❧✴✜❧♠ ❝❤❛✉❞ ❬❇r✉✾✻❪✱ ✈é❧♦❝✐♠étr✐❡ ♣❛r ✐♠❛❣❡s ❞❡ ♣❛rt✐❝✉❧❡s✳✳✳ ❉❛♥s ❝❡tt❡ t❤ès❡✱
♥♦✉s ❛✈♦♥s ♦♣té ♣♦✉r ❧❛ t❡❝❤♥✐q✉❡ ❞✬❛♥é♠♦♠étr✐❡ ✜❧♠ ❝❤❛✉❞✳ ▲✬❛♥é♠♦♠ètr❡ ✜❧✴✜❧♠ ❝❤❛✉❞
r❡♣♦s❡ s✉r ❧❡ ♣r✐♥❝✐♣❡ ❞✉ r❡❢r♦✐❞✐ss❡♠❡♥t ❞✉ ✜❧✴✜❧♠✱ ❝❤❛✉✛é ♣❛r ✉♥ ❝♦✉r❛♥t é❧❡❝tr✐q✉❡ ✭❡✛❡t
❏♦✉❧❡✮✱ ❞♦♥t ❧❛ ♠❡s✉r❡ ❞❡ ❧❛ ♣✉✐ss❛♥❝❡ t❤❡r♠✐q✉❡ tr❛♥s❢éré❡ ❞♦♥♥❡ ✉♥❡ ♠❡s✉r❡ ✐♥❞✐r❡❝t❡ ❞❡ ❧❛
✈✐t❡ss❡ ✐♥st❛♥t❛♥é❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t✳ ▲❛ ♠❡s✉r❡ ❞❡ ✈✐t❡ss❡ ♣❛r ❝❡tt❡ t❡❝❤♥✐q✉❡ ❡st ❢❛✐❜❧❡♠❡♥t
✐♥✈❛s✐✈❡✱ ❡t ♣❡r♠❡t ✉♥❡ ❤❛✉t❡ rés♦❧✉t✐♦♥ ❢réq✉❡♥t✐❡❧❧❡ ✭❃✻✵❦❍③✮✱ ♣❛rt✐❝✉❧✐èr❡♠❡♥t ❛❞❛♣té❡ ❛✉①
é❝♦✉❧❡♠❡♥ts t✉r❜✉❧❡♥ts ❬❇r✉✾✺✱ ❈❤❛✵✵❪✳ P❛r r❛♣♣♦rt à ✉♥ ✜❧ ❝❤❛✉❞✱ ✉♥ ✜❧♠ ❝❤❛✉❞ ❡st ♣❧✉s
rés✐st❛♥t✱ ♠♦✐♥s ❢❛❝✐❧❡♠❡♥t ❞é❢♦r♠❛❜❧❡✱ ❡t s❛ ❝❛❧✐❜r❛t✐♦♥ r❡st❡ ✈❛❧❛❜❧❡ ❞✉r❛♥t ✉♥❡ ♣❧✉s ❣r❛♥❞❡
♣ér✐♦❞❡ ❞✬✉t✐❧✐s❛t✐♦♥ ❬❇r✉✾✺❪✱ ❞✬♦ù s♦♥ ❝❤♦✐① ✐❝✐✳ ▲✬❆♥♥❡①❡ ❈ ❢♦✉r♥✐t ❞❛✈❛♥t❛❣❡ ❞❡ ❞ét❛✐❧s
t❡❝❤♥✐q✉❡s s✉r ❧✬❛♥é♠♦♠étr✐❡ ✜❧♠ ❝❤❛✉❞✳

P♦✉r ❝❛r❛❝tér✐s❡r ❧✬é❝♦✉❧❡♠❡♥t à ❝❤❛q✉❡ ❞é❜✐t ❝♦♥s✐❞éré✱ ♥♦✉s ❞é✜♥✐ss♦♥s ✉♥ ♥♦♠❜r❡ ❞❡
❘❡②♥♦❧❞s ❞é❜✐t❛♥t Red ❜❛sé s✉r ❧❛ ❤❛✉t❡✉r h ❞❡ ❧❛ s❡❝t✐♦♥ r❡❝t❛♥❣✉❧❛✐r❡ ❝♦♥s✐❞éré❡ ✭h = H ♦✉
h = Hc✮ ❡t ❧❛ ❧❛r❣❡✉r ❝♦♥st❛♥t❡ W ❞✉ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡✱ t❡❧ q✉❡ ✿

Red =
Udh

ν
=

Q

Wν
(h ∈ {H;Hc}) , ✭✸✳✼✮

❛✈❡❝ Ud =
Q
WH ❧❛ ✈✐t❡ss❡ ❞é❜✐t❛♥t❡ ❞❡ ❧❛ s❡❝t✐♦♥ r❡❝t❛♥❣✉❧❛✐r❡ Wh✳



✺✵ ❈❤❛♣✐tr❡ ✸✳ ●é♦♠étr✐❡ ❛✈❡❝ ♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡ ✿ ♠❡s✉r❡s ❞❡ ✈✐t❡ss❡

✸✳✷✳✸✳✷ ●r❛♥❞❡✉rs st❛t✐st✐q✉❡s

P❛r♠✐ ❧❡s ❣r❛♥❞❡✉rs st❛t✐st✐q✉❡s ❞❡ ❧✬é❝♦✉❧❡♠❡♥t à ❝❛r❛❝tér✐s❡r✱ ✐❧ ② ❛ t♦✉t ❞✬❛❜♦r❞ ❧❡s
❞✐str✐❜✉t✐♦♥s tr❛♥s✈❡rs❛❧❡s ❞❡ ✈✐t❡ss❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ♠♦②❡♥♥❡ U = U(x, y) ✭♠♦♠❡♥t ❞✬♦r❞r❡
✶✮ ❡t ❧❡s ✐♥t❡♥s✐tés t✉r❜✉❧❡♥t❡s ❧♦❝❛❧❡s Tul ❝♦rr❡s♣♦♥❞❛♥t❡s✱ ❡①♣r✐♠é❡s ❡♥ ✪ ❡t ❜❛sé❡s s✉r ❧❛
✈✐t❡ss❡ ♠♦②❡♥♥❡ ❧♦❝❛❧❡ U(x, y) ✿

U(x, y) =
1

N

N
∑

k=1

Uk(x, y), ✭✸✳✽✮

Tul(x, y) [%] = 100
u′(x, y)

U(x, y)
, ✭✸✳✾✮

♦ù Uk(x, y) ❡st ❧❡ ❦è♠❡ é❝❤❛♥t✐❧❧♦♥ t❡♠♣♦r❡❧ ♠❡s✉ré ❞❡ ✈✐t❡ss❡ ✐♥st❛♥t❛♥é❡✱ N ❧❡ ♥♦♠❜r❡
❞✬é❝❤❛♥t✐❧❧♦♥s t♦t❛❧ ❡t u′(x, y) ❡st ❧✬é❝❛rt✲t②♣❡ ✭♠♦♠❡♥t ❞✬♦r❞r❡ ✷ ♦✉ ♠♦②❡♥♥❡ q✉❛❞r❛t✐q✉❡✮ ❞❡
❧❛ ❝♦♠♣♦s❛♥t❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❞❡ ❧❛ ✈✐t❡ss❡ ✐♥st❛♥t❛♥é❡✱ ❞é✜♥✐ ♣❛r ✿

u′(x, y) =
1

N

√

√

√

√

N
∑

k=1

(Uk(x, y)− U(x, y))2. ✭✸✳✶✵✮

◆♦✉s ❞é✜♥✐ss♦♥s é❣❛❧❡♠❡♥t ❞❡s ✐♥t❡♥s✐tés t✉r❜✉❧❡♥t❡s ❣❧♦❜❛❧❡s Tug(x, y)✱ ❜❛sé❡s s✉r ❧❛ ✈✐t❡ss❡
♠♦②❡♥♥❡ ♠❛①✐♠❛❧❡ Um s✉r ✉♥ ♣r♦✜❧ ❞♦♥♥é ✭♦✉ ❜✐❡♥ t♦✉t❡ ❛✉tr❡ ✈✐t❡ss❡ ❝❛r❛❝tér✐st✐q✉❡ ❝♦♠♠❡
❧❛ ✈✐t❡ss❡ ❞é❜✐t❛♥t❡ ♦✉ ❧❛ ✈✐t❡ss❡ ✐♥✐t✐❛❧❡✮ ✿

Tug(x, y)[%] = 100
u′(x, y)

Um
. ✭✸✳✶✶✮

▲❡ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ ✐♥st❛♥t❛♥é❡ ❞❡s é❝♦✉❧❡♠❡♥ts t✉r❜✉❧❡♥ts r❡✈êt❛♥t ✉♥ ❝❛r❛❝tèr❡ ❢♦rt❡✲
♠❡♥t ❛❧é❛t♦✐r❡✱ ✐❧ ❡st ✐♥tér❡ss❛♥t ❞✬❡st✐♠❡r ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞❡♥s✐té ❞❡ ♣r♦❜❛❜✐❧✐té ❞❡ ❧❛ ✈✐t❡ss❡
✐♥st❛♥t❛♥é❡ ♠❡s✉ré❡ ❡♥ ✉♥ ♣♦✐♥t ❞♦♥♥é✳ ▲❛ ❢♦♥❝t✐♦♥ ❞❡ ❞❡♥s✐té ❞❡ ♣r♦❜❛❜✐❧✐té P (X) ❞✬✉♥❡
✈❛r✐❛❜❧❡ ❛❧é❛t♦✐r❡ X ❡st ❞é✜♥✐❡ ❞❡ ❧❛ ♠❛♥✐èr❡ s✉✐✈❛♥t❡ ✿

X =

∫ +∞

−∞

ξP (ξ) dξ. ✭✸✳✶✷✮

P♦✉r ✉♥❡ ✈❛r✐❛❜❧❡ ❛❧é❛t♦✐r❡ ❝❡♥tré❡ x ✭❞❡ ✈❛❧❡✉r ♠♦②❡♥♥❡ ♥✉❧❧❡✮✱ ♥♦✉s ❛✈♦♥s

x =

∫ +∞

−∞

ηP (η) dη = 0. ✭✸✳✶✸✮

■❧ ❡♥ ❡st ❞❡ ♠ê♠❡ ♣♦✉r ❧❡ ♠♦♠❡♥t ❞✬♦r❞r❡ ✷ ✿



✸✳✷✳ ❚❤é♦r✐❡ ✿ ❥❡ts r❡❝t❛♥❣✉❧❛✐r❡s ❡t t✉r❜✉❧❡♥❝❡ ✺✶

x2 =

∫ +∞

−∞

ξ2P (ξ) dξ. ✭✸✳✶✹✮

▲❛ ❢♦♥❝t✐♦♥ ❞❡ ❞❡♥s✐té ❞❡ ♣r♦❜❛❜✐❧✐té ♣♦ssè❞❡ ❧❡s ♣r♦♣r✐étés s✉✐✈❛♥t❡s ✿

P (x) ≥ 0, ✭✸✳✶✺✮

∫ +∞

−∞

P (ξ) dξ = 1. ✭✸✳✶✻✮

P❤②s✐q✉❡♠❡♥t ♣❛r❧❛♥t✱ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞❡♥s✐té ❞❡ ♣r♦❜❛❜✐❧✐té r❡♣rés❡♥t❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ❧❛
♣r♦❜❛❜✐❧✐té ❞✬❛♣♣❛r✐t✐♦♥ ❞✬✉♥❡ ✈❛❧❡✉r ❞♦♥♥é❡ ❞❡ x✳ ❉❡ ♥♦♠❜r❡✉① ♣❤é♥♦♠è♥❡s ❡♥ ♠é❝❛♥✐q✉❡
❞❡s ✢✉✐❞❡s s♦♥t ❝❛r❛❝tér✐sés ♣❛r ✉♥❡ ❢♦♥❝t✐♦♥ ❞❡ ❞❡♥s✐té ❞❡ ♣r♦❜❛❜✐❧✐té ❣❛✉ss✐❡♥♥❡ ✭♦✉ ♥♦r♠❛❧❡✮✱
♠❛t❤é♠❛t✐q✉❡♠❡♥t ❞♦♥♥é❡ ♣❛r ❧❛ ❢♦r♠✉❧❡ ✿

P (x) =
1

σ(x)
√
2π
e
−

x2

2σ2(x) , ✭✸✳✶✼✮

♦ù σ(x) ❡st ❧✬é❝❛rt✲t②♣❡ ❞❡ x✳ ❯♥❡ t❡❧❧❡ ❢♦♥❝t✐♦♥ ❡st ❝❛r❛❝tér✐sé❡ ♣❛r ✉♥❡ ❝♦✉r❜❡ ❡♥ ❝❧♦❝❤❡
s②♠étr✐q✉❡✱ ✐❧❧✉stré❡ s✉r ❧❛ ✜❣✉r❡ ✸✳✻✳ ▲❡ ♠♦♠❡♥t ❞✬♦r❞r❡ ✸✱ ❞é✜♥✐ ♣❛r

x3 =

∫ +∞

−∞

ξ3P (ξ) dξ, ✭✸✳✶✽✮

♣❡r♠❡t ❞❡ ❝❛❧❝✉❧❡r ❧❡ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐ss②♠étr✐❡ S ✭❛♣♣❡❧é ❡♥ ❛♥❣❧❛✐s s❦❡✇♥❡ss✮ ✿

S =
x3

(

x2
) 3

2

. ✭✸✳✶✾✮

P♦✉r ✉♥ s✐❣♥❛❧ ❣❛✉ss✐❡♥✱ ❝❡ ❝♦❡✣❝✐❡♥t ❡st ♥✉❧✳ ❯♥ ❝♦❡✣❝✐❡♥t ❞❡ ❞✐ss②♠étr✐❡ ♥♦♥ ♥✉❧ s✐❣♥✐✜❡ ✉♥
é❝❛rt ❞❡ s②♠étr✐❡ ♣❛r r❛♣♣♦rt à ❧✬❛①❡ ❞❡s ♦r❞♦♥♥é❡s ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞❡♥s✐té ❞❡ ♣r♦❜❛❜✐❧✐té✳
❉❡ ❧❛ ♠ê♠❡ ❢❛ç♦♥ q✉❡ ❧❡ ♠♦♠❡♥t ❞✬♦r❞r❡ ✸✱ ♦♥ ❞é✜♥✐t é❣❛❧❡♠❡♥t ❧❡ ♠♦♠❡♥t ❞✬♦r❞r❡ ✹ ♣❛r

x4 =

∫ +∞

−∞

ξ4P (ξ) dξ, ✭✸✳✷✵✮

q✉✐ ♣❡r♠❡t ❛❧♦rs ❞❡ ❝❛❧❝✉❧❡r ❧❡ ❝♦❡✣❝✐❡♥t ❞✬❛♣❧❛t✐ss❡♠❡♥t K ✭❛♣♣❡❧é ❡♥ ❛♥❣❧❛✐s ❦✉rt♦s✐s✮ ✿



✺✷ ❈❤❛♣✐tr❡ ✸✳ ●é♦♠étr✐❡ ❛✈❡❝ ♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡ ✿ ♠❡s✉r❡s ❞❡ ✈✐t❡ss❡

−100 −50 0 50 100
0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

x

P
(x

)

❋✐❣✉r❡ ✸✳✻ ✕ ❊①❡♠♣❧❡ ❞❡ ❢♦♥❝t✐♦♥ ❞❡ ❞❡♥s✐té ❞❡ ♣r♦❜❛❜✐❧✐té ❣❛✉ss✐❡♥♥❡ ✭♦✉ ♥♦r♠❛❧❡✮ ✿ s❦❡✇♥❡ss
S = 0✱ ❦✉rt♦s✐s K = 3✳

K =
x4

(

x2
)2 . ✭✸✳✷✶✮

❯♥ s✐❣♥❛❧ ❣❛✉ss✐❡♥ ❡st ❝❛r❛❝tér✐sé ♣❛r ✉♥ ❝♦❡✣❝✐❡♥t ❞✬❛♣❧❛t✐ss❡♠❡♥t K = 3✳ ❯♥ ❝♦❡✣❝✐❡♥t
❞✬❛♣❧❛t✐ss❡♠❡♥t T > 3 ❝♦rr❡s♣♦♥❞ à ✉♥❡ ❢♦r♠❡ ♣❧✉s ♣❧❛t❡ ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❞❡♥s✐té ❞❡ ♣r♦❜❛✲
❜✐❧✐té q✉✬✉♥❡ ❣❛✉ss✐❡♥♥❡✳

✸✳✷✳✸✳✸ Pr♦✜❧s ❞❡ ✈✐t❡ss❡ t❤é♦r✐q✉❡s

■❧ ♣❡✉t êtr❡ ✐♥tér❡ss❛♥t ❞❡ ❝♦♠♣❛r❡r ❧❡s ♣r♦✜❧s ♠❡s✉rés à ❞❡s ♣r♦✜❧s ♠♦②❡♥s ❞❡ ré❢ér❡♥❝❡✳
▲❡s ♣r♦✜❧s ❝♦♥s✐❞érés s♦♥t ❝❡✉① ♠❡♥t✐♦♥♥és ❞❛♥s ❬●❋❲❱✶✷❪ ✭✈♦✐r ❆♥♥❡①❡ ❊✮ ✿

• Pr♦✜❧ ❧❛♠✐♥❛✐r❡ ❜✐❞✐♠❡♥s✐♦♥♥❡❧ ♣❛r❛❜♦❧✐q✉❡ ❞é❝r✐✈❛♥t ✉♥ é❝♦✉❧❡♠❡♥t ❞❡ ❝♦♥❞✉✐t❡ t♦t❛✲
❧❡♠❡♥t ❞é✈❡❧♦♣♣é ✭éq✉❛t✐♦♥ ✸✳✷✷✮ ❀

• Pr♦✜❧ ❡♥ ❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡ ✶✴✼è♠❡ ❞é❝r✐✈❛♥t ✉♥ é❝♦✉❧❡♠❡♥t t✉r❜✉❧❡♥t ✭éq✉❛t✐♦♥ ✸✳✷✸✮ ❀
• Pr♦✜❧ t❤é♦r✐q✉❡ ✉♥✐❢♦r♠❡ ❝♦rr❡s♣♦♥❞❛♥t à ✉♥ ♣r♦✜❧ ❤❛✉t✲❞❡✲❢♦r♠❡ ❛✈❡❝ ✉♥❡ é♣❛✐ss❡✉r ❞❡
q✉❛♥t✐té ❞❡ ♠♦✉✈❡♠❡♥t ♥✉❧❧❡ ✐✳❡✳ δ2 = 0 ✭éq✉❛t✐♦♥ ✸✳✷✹✮ ❀

• Pr♦✜❧ ❤❛✉t✲❞❡✲❢♦r♠❡ q✉✐ ♣r❡♥❞ ❡♥ ❝♦♠♣t❡ ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✬✉♥❡ ❝♦✉❝❤❡ ❧✐♠✐t❡ ❛✈❡❝
✉♥❡ é♣❛✐ss❡✉r ❞❡ q✉❛♥t✐té ❞❡ ♠♦✉✈❡♠❡♥t δ2 = 0.004H ✭éq✉❛t✐♦♥ ✸✳✷✺✮✳

U

Uc
= 1−

(

2|y|
H

)2

, ✭✸✳✷✷✮

U

Uc
=

(

1− 2|y|
H

)1/7

, ✭✸✳✷✸✮



✸✳✷✳ ❚❤é♦r✐❡ ✿ ❥❡ts r❡❝t❛♥❣✉❧❛✐r❡s ❡t t✉r❜✉❧❡♥❝❡ ✺✸

U

Uc
= 1, ✭✸✳✷✹✮

U

Uc
=

1

2

[

1− tanh

(

H

8δ2

(

2|y|
H

− H

2|y|

)2
)]

, ✭✸✳✷✺✮

❛✈❡❝ Uc ❧❛ ✈✐t❡ss❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ♠♦②❡♥♥❡ ❛✉ ❝❡♥tr❡ ✭ yH = 0✮✳ ▲✬é♣❛✐ss❡✉r ❞❡ q✉❛♥t✐té ❞❡ ♠♦✉✲
✈❡♠❡♥t δ2 ❡st ❞♦♥♥é❡ ♣❛r ❧❛ r❡❧❛t✐♦♥ ✿

δ2 =

∫

∞

0

u(x, y)

U(x)

(

1− u(x, y)

U(x)

)

dy. ✭✸✳✷✻✮

P♦✉r ✉♥ ♣r♦✜❧ ♣❛r❛❜♦❧✐q✉❡ t❤é♦r✐q✉❡✱ ❧❛ ✈✐t❡ss❡ ❞é❜✐t❛♥t❡ Ud ❡t ❧❛ ✈✐t❡ss❡ ❝❡♥tr❛❧❡ Uc s♦♥t
r❡❧✐é❡s ♣❛r ❧❛ r❡❧❛t✐♦♥ ❬❇✐s✵✸❪ ✿

Ud =
2

3
Uc. ✭✸✳✷✼✮

P♦✉r ✉♥❡ ❝♦♥❞✉✐t❡ ❞♦♥♥é❡✱ ❧❡ ❞✐❛♠ètr❡ ❤②❞r❛✉❧✐q✉❡ Dh ❡st ❞é✜♥✐ ♣❛r

Dh =
4A

P
, ✭✸✳✷✽✮

♦ù A ❡st ❧✬❛✐r❡ ❞❡ ❧❛ s❡❝t✐♦♥ tr❛♥s✈❡rs❛❧❡ ❞❡ ❧❛ ❝♦♥❞✉✐t❡✱ ❡t P ❧❡ ♣ér✐♠ètr❡ ♠♦✉✐❧❧é ❞❡ ❝❡tt❡
s❡❝t✐♦♥✳ P♦✉r ✉♥ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ ❞❡ ❧❛r❣❡✉r W ❡t ❞❡ ❤❛✉t❡✉r H✱ ♥♦✉s ❛✈♦♥s ❞♦♥❝ ✭A =

WH✱ P = 2(W +H)✮ ✿

Dh =
2WH

W +H
. ✭✸✳✷✾✮

❈❡❝✐ ♣❡r♠❡t ❞❡ ❞é✜♥✐r ✉♥ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ❤②❞r❛✉❧✐q✉❡ ❜❛sé s✉r ❧❡ ❞✐❛♠ètr❡ ❤②❞r❛✉❧✐q✉❡
Dh ❡t ❧❛ ✈✐t❡ss❡ ❝❡♥tr❛❧❡ Uc ✿

Reh =
UcDh

ν
. ✭✸✳✸✵✮

❈♦♥❝❡r♥❛♥t ❧✬✐♥t❡♥s✐té t✉r❜✉❧❡♥t❡✱ ♥♦✉s ❝♦♥s✐❞ér♦♥s ❧❛ ❧♦✐ ❡♠♣✐r✐q✉❡ ❛❞✲❤♦❝ s✉✐✈❛♥t❡✱ q✉✐ r❡❧✐❡
❧✬✐♥t❡♥s✐té t✉r❜✉❧❡♥t❡ ❝❡♥tr❛❧❡ ✭y = 0✮ ❛✉ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ❬❑❆✵✽✱ ▲❍❲+✵✸❪✱ ✈❛❧❛❜❧❡ ❛
♣r✐♦r✐ ♣♦✉r ✉♥❡ ❝♦♥❞✉✐t❡ ❝✐r❝✉❧❛✐r❡ ✿

Tuc [%] = 100× 0.16Re
−1/8
d . ✭✸✳✸✶✮



✺✹ ❈❤❛♣✐tr❡ ✸✳ ●é♦♠étr✐❡ ❛✈❡❝ ♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡ ✿ ♠❡s✉r❡s ❞❡ ✈✐t❡ss❡

✸✳✷✳✸✳✹ P❛r❛♠ètr❡s s♣❡❝tr❛✉①

◆♦✉s ❞é✜♥✐ss♦♥s ✐❝✐ q✉❡❧q✉❡s ♣❛r❛♠ètr❡s ✉t✐❧✐sés ♣♦✉r ❧❡s ❛♥❛❧②s❡s s♣❡❝tr❛❧❡s ❞❡s s✐❣♥❛✉①
t❡♠♣♦r❡❧s ❞❡ ✈✐t❡ss❡✳ ▲❛ tr❛♥s❢♦r♠é❡ ❞❡ ❋♦✉r✐❡r X(ω) ❞✬✉♥ s✐❣♥❛❧ x(t) s✬é❝r✐t ✿

X(ω) =

∫ +∞

−∞

x(t)e−iωt dt. ✭✸✳✸✷✮

▲❛ ❢♦♥❝t✐♦♥ ❞✬❛✉t♦❝♦rré❧❛t✐♦♥ Rx(τ) ❞✉ s✐❣♥❛❧ x(t) ❡st ❞é✜♥✐❡ ♣❛r

Rx(τ) = E[x(t)x(t+ τ)], ✭✸✳✸✸✮

♦ù E[·] ❡st ❧✬❡s♣ér❛♥❝❡ ♠❛t❤é♠❛t✐q✉❡✳ ▲❛ ❞❡♥s✐té s♣❡❝tr❛❧❡ ❞❡ ♣✉✐ss❛♥❝❡ ✭❉❙P✮ φx(ω) ❡st ❧❛
tr❛♥s❢♦r♠é❡ ❞❡ ❋♦✉r✐❡r ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞✬❛✉t♦❝♦rré❧❛t✐♦♥ Rx(τ) ✿

φx(ω) =

∫ +∞

−∞

Rx(τ)e
−iωτ dτ. ✭✸✳✸✹✮

✸✳✷✳✸✳✺ P❛r❛♠ètr❡s ❞❡ ❥❡t

▲❡s ❞✐✛ér❡♥ts ♣❛r❛♠ètr❡s ❞❡ ❥❡t ❡①❛♠✐♥és ❞❛♥s ❝❡ ❝❤❛♣✐tr❡ s♦♥t ♠❛t❤é♠❛t✐q✉❡♠❡♥t ❞é✜♥✐s
❞❛♥s ❝❡tt❡ s❡❝t✐♦♥✳ ◆♦✉s ❛✈♦♥s ♣ré❝é❞❡♠♠❡♥t é✈♦q✉é ❧❛ ♣rés❡♥❝❡ ❞✬✉♥❡ ③♦♥❡ ❞é♥♦♠♠é❡ ❵❝ô♥❡
♣♦t❡♥t✐❡❧✬ ✭♦✉ ❝♦❡✉r ♣♦t❡♥t✐❡❧✮✳ ▲❛ ♣♦s✐t✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ ✭❛❜s❝✐ss❡✮ xpc ♠❛tér✐❛❧✐s❛♥t ❧❛ ✜♥ ❞✉
❝ô♥❡ ♣♦t❡♥t✐❡❧ ❡st ♣❤②s✐q✉❡♠❡♥t ❞é✜♥✐❡ ❝♦♠♠❡ ❧❛ ❞✐st❛♥❝❡ ❡♥✲❞❡ss♦✉s ❞❡ ❧❛q✉❡❧❧❡ ❧❛ ✈✐t❡ss❡
❝❡♥tr❛❧❡ Uc r❡st❡ ❛♣♣r♦①✐♠❛t✐✈❡♠❡♥t ❝♦♥st❛♥t❡ ❡t é❣❛❧❡ à ❧❛ ✈✐t❡ss❡ ❝❡♥tr❛❧❡ ❡♥ s♦rt✐❡ ❞❡ ❧✬❡♠✲
❜♦✉t U0✳ ❯♥ ❝r✐tèr❡ s✐♠♣❧❡ ❞❡ s❡✉✐❧ ❝♦✉r❛♠♠❡♥t ✉t✐❧✐sé ❬▲❙✼✷✱ ❇❇✵✻❪ ♣♦✉r ❞ét❡r♠✐♥❡r xpc ❡st
❧❡ s✉✐✈❛♥t ✿

xpc = x

∣

∣

∣

∣

Uc=0.95U0

. ✭✸✳✸✺✮

◆♦✉s ♣♦✉✈♦♥s ❞é✜♥✐r✱ s✉r ✉♥ ♣r♦✜❧ tr❛♥s✈❡rs❛❧ ✭s❡❧♦♥ ❧❛ ❞✐r❡❝t✐♦♥ y✮ ❞❡ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ❧♦♥✲
❣✐t✉❞✐♥❛❧❡ U(y) ♠❡s✉ré à ✉♥❡ ♣♦s✐t✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❞♦♥♥é❡ x✱ ❧❡ ♠❛①✐♠✉♠ ❞❡ ❝❡ ♣r♦✜❧ Um✱
❧✬♦r❞♦♥♥é❡ ym ❞❡ ❝❡ ♠❛①✐♠✉♠✱ ❧✬♦r❞♦♥♥é❡ yp ❛✉ s❡✉✐❧ ❞❡ p ✭0 ≤ p ≤ 1✮✱ ❧❛ ❧❛r❣❡✉r ❞❡ ❥❡t ∆yp
❛✉ s❡✉✐❧ ❞❡ p t❡❧s q✉❡ ✿

Um = max (U) , ✭✸✳✸✻✮

ym = y

∣

∣

∣

∣

U=Um

, ✭✸✳✸✼✮



✸✳✸✳ ❉✐s♣♦s✐t✐❢ ❞✬❛♥é♠♦♠étr✐❡ ✜❧♠ ❝❤❛✉❞ ✉t✐❧✐sé ✺✺

yp = max

(

y

∣

∣

∣

∣

U=pUm

)

, ✭✸✳✸✽✮

∆yp = yp −min

(

y

∣

∣

∣

∣

U=pUm

)

. ✭✸✳✸✾✮

❯♥ ❥❡t ♥✬ét❛♥t ❛ ♣r✐♦r✐ ♣❛s ♣❛r❢❛✐t❡♠❡♥t s②♠étr✐q✉❡✱ ♥♦✉s ♣♦✉✈♦♥s ❛✉ss✐ ❞é✜♥✐r ✉♥ ❢❛❝t❡✉r
❞✬❛s②♠étr✐❡ ♣❡r♠❡tt❛♥t ❞❡ q✉❛♥t✐✜❡r ❧✬❛s②♠étr✐❡ ❞✉ ❥❡t ✿ yp−ym

∆yp
❬✪❪✳ ❯♥ ❥❡t ♣❛r❢❛✐t❡♠❡♥t

s②♠étr✐q✉❡ ❛✉r❛✐t ❞♦♥❝ ✉♥ ❢❛❝t❡✉r ❞✬❛s②♠étr✐❡ ❞❡ ✺✵✪ q✉❡❧q✉❡ s♦✐t ❧❡ s❡✉✐❧ p✳ ▲❛ ✜❣✉r❡ ✸✳✼
✐❧❧✉str❡ s❝❤é♠❛t✐q✉❡♠❡♥t ❧❛ ré❣✐♦♥ ♣r♦❝❤❡ ❞❡ ❧✬♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡ ❡t ❧❡s ♣❛r❛♠ètr❡s
❞❡ ❥❡t ❞é❝r✐ts ✐❝✐✳

❉❛♥s ❧❡✉r ré❣✐♦♥ ❞✐t❡ ♣❧❛♥❡ ✭❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡✱ ♣♦✉r ❛♣♣r♦①✐♠❛t✐✈❡♠❡♥t 5 ≤ x
H ≤ 30✱ ✈♦✐r

✜❣✉r❡ ✸✳✹✮✱ ❧❡s ❥❡ts r❡❝t❛♥❣✉❧❛✐r❡s s♦♥t ❣é♥ér❛❧❡♠❡♥t ❝❛r❛❝tér✐sés ♣❛r ❞❡s é✈♦❧✉t✐♦♥s ❧♦♥❣✐t✉✲
❞✐♥❛❧❡s ❛✉t♦✲s✐♠✐❧❛✐r❡s ❞❡ ❧❛ ✈✐t❡ss❡ ❝❡♥tr❛❧❡ Uc ❛②❛♥t ❧❛ ❢♦r♠❡ s✉✐✈❛♥t❡ ❬❉◆▼✵✼✱ ❉▼◆✵✼❛✱
❉▼◆✵✽❪ ✿

(

Udc
Uc

)2

= Ku

(

x

Hc
+
x01
Hc

)

, ✭✸✳✹✵✮

♦ù Ku ❡st ❧❡ t❛✉① ❞❡ ❞é❝r♦✐ss❛♥❝❡ ❞✉ ❥❡t✱ Udc ❧❛ ✈✐t❡ss❡ ❞é❜✐t❛♥t❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ s❡❝t✐♦♥
r❡❝t❛♥❣✉❧❛✐r❡ ✭❞❡ ❤❛✉t❡✉r Hc✮ ❞✬é♠✐ss✐♦♥ ❞✉ ❥❡t✱ q✉✐ ❡st ❞❛♥s ♥♦tr❡ ❝❛s ❧❛ ❝♦♥str✐❝t✐♦♥ r❡❝✲
t❛♥❣✉❧❛✐r❡ ❢♦r♠é❡ ❡♥✲❞❡ss♦✉s ❞❡ ❧✬♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡✱ ❡t x01 ❧✬♦r✐❣✐♥❡ ✈✐rt✉❡❧❧❡ ❞✉ ❥❡t✳
◆♦✉s ❞é♥♦♠♠♦♥s ❞❛♥s ❝❡ ❝❤❛♣✐tr❡ ❝❡ t②♣❡ ❞❡ ❧♦✐ ♣❛r ❵❧♦✐ ❝❛rré❡✬✳

❊♥✜♥✱ ♥♦✉s ❞é✜♥✐ss♦♥s ❧❡ ♥♦♠❜r❡ ❞❡ ❙tr♦✉❤❛❧ s✉✐✈❛♥t ✿

St =
fHc

Udc
, ✭✸✳✹✶✮

♦ù f ❡st ❧❛ ❢réq✉❡♥❝❡✳ ❈❡ ♥♦♠❜r❡ ❞❡ ❙tr♦✉❤❛❧ ♣❡r♠❡t ❞✬✐❞❡♥t✐✜❡r ❧❡s ❢réq✉❡♥❝❡s ❛❞✐♠❡♥s✐♦♥♥é❡s
❞❡ ❞é❝r♦❝❤❡♠❡♥t t♦✉r❜✐❧❧♦♥♥❛✐r❡ ✭✈♦rt❡① s❤❡❞❞✐♥❣✮ ❬❉▼◆✵✼❛❪✳

✸✳✸ ❉✐s♣♦s✐t✐❢ ❞✬❛♥é♠♦♠étr✐❡ ✜❧♠ ❝❤❛✉❞ ✉t✐❧✐sé

▲❡ ♣r♦t♦❝♦❧❡ ✜❧♠ ❝❤❛✉❞ ❞❡ ❧❛ ♣❧❛t❡✲❢♦r♠❡ ❛ér♦❛❝♦✉st✐q✉❡ ❞✉ ●■P❙❆✲❧❛❜ ❡st ❞❡ t②♣❡ ❛♥é♠♦✲
♠ètr❡ à t❡♠♣ér❛t✉r❡ ❝♦♥st❛♥t❡ ✭❡♥ ❛♥❣❧❛✐s ❈♦♥st❛♥t ❚❡♠♣❡r❛t✉r❡ ❆♥❡♠♦♠❡t❡r✱ ❈❚❆✮✱ ❞♦♥t
❧❡ ♣r✐♥❝✐♣❡ ❡st rés✉♠é ❡♥ ❆♥♥❡①❡ ❈✳ ▲❡ ❞✐s♣♦s✐t✐❢ ❡st ✐❧❧✉stré s❝❤é♠❛t✐q✉❡♠❡♥t s✉r ❧❛ ✜❣✉r❡
✸✳✽✳ ▲❡ ❝✐r❝✉✐t ❝♦♥s✐st❡ ❡♥ ✉♥ ❝♦♠♣r❡ss❡✉r ❞✬❛✐r ✭❆t❧❛s ❈♦♣❝♦ ●❆✼✮ ❬❛❪✱ s✐t✉é ❡♥ ❞❡❤♦rs ❞❡
❧❛ s❛❧❧❡ ❞✬❡①♣ér✐♠❡♥t❛t✐♦♥✱ s✉✐✈✐ ❞✬✉♥ ré❣✉❧❛t❡✉r ❞❡ ♣r❡ss✐♦♥ ✭◆♦r❣r❡♥ t②♣❡ ✶✶✲✽✶✽✲✾✽✼✮ ❬❜❪
q✉✐ ❞é❧✐✈r❡ ✉♥ é❝♦✉❧❡♠❡♥t ❞✬❛✐r à ♣r❡ss✐♦♥ ❝♦♥st❛♥t❡✳ ▲❡ ❞é❜✐t ✈♦❧✉♠✐q✉❡ ❡st ❝♦♥trô❧é ♣❛r ✉♥❡



✺✻ ❈❤❛♣✐tr❡ ✸✳ ●é♦♠étr✐❡ ❛✈❡❝ ♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡ ✿ ♠❡s✉r❡s ❞❡ ✈✐t❡ss❡
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❋✐❣✉r❡ ✸✳✼ ✕ P❛r❛♠ètr❡s ❞❡ ❥❡t ❡♥ ❛✈❛❧ ❞❡ ❧✬♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡✱ é✈❛❧✉és à ♣❛rt✐r ❞✬✉♥
♣r♦✜❧ tr❛♥s✈❡rs❛❧ ❞❡ ✈✐t❡ss❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ♠♦②❡♥♥❡✳ ❙❡✉✐❧ ❞❡ ✺✵✪ ✭p = 0.5✮ ♣r✐s ❡♥ ❡①❡♠♣❧❡✳

✈❛❧✈❡ ♠❛♥✉❡❧❧❡ s❡❝♦♥❞❛✐r❡ ❬❝❪ ♣❧❛❝é❡ ❡♥ ❛✈❛❧ ❞✉ ré❣✉❧❛t❡✉r ❡t ❡st ♠❡s✉ré ♣❛r ✉♥ ❞é❜✐t♠ètr❡
✭❚❙■ ♠♦❞è❧❡ ✹✵✹✵✮ ❬❞❪✳ ❆✜♥ ❞✬❤♦♠♦❣é♥é✐s❡r ❧✬é❝♦✉❧❡♠❡♥t ❞✬❡♥tré❡ ❡t ❞❡ ❞✐♠✐♥✉❡r s♦♥ ♥✐✈❡❛✉ ❞❡
t✉r❜✉❧❡♥❝❡ ❬❇❆●❘✵✽❪✱ ❧✬✐♥st❛❧❧❛t✐♦♥ ❝♦♠♣r❡♥❞ ✉♥❡ ❝❤❛♠❜r❡ ❞❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t ❬❡❪ ❞❡ ❞✐♠❡♥✲
s✐♦♥s 0.25×0.3×0.35♠✱ r❡❧✐é❡ ❛✉ t✉②❛✉ ❞✬❛❧✐♠❡♥t❛t✐♦♥ ♣❛r ✉♥ ❞✐✈❡r❣❡♥t ❬❞❪✱ ❡t ❞❛♥s ❧❛q✉❡❧❧❡ ❡st
❞✐s♣♦sé❡ ✉♥❡ sér✐❡ ❞❡ ✸ ♣❧❛q✉❡s ♣❡r❢♦ré❡s ❞❡ tr♦✉s ❞❡ ❞✐❛♠ètr❡ ✶✳✺♠♠✳ ▲❡s ♣❛r♦✐s ✐♥tér✐❡✉r❡s ❞❡
❧❛ ❝❤❛♠❜r❡ s♦♥t r❡❝♦✉✈❡rt❡s ❞❡ ♠♦✉ss❡ ❛❝♦✉st✐q✉❡ ❛✜♥ ❞✬❛tté♥✉❡r ❧❡s rés♦♥❛♥❝❡s ❛❝♦✉st✐q✉❡s
❞❡ ❧❛ ❝❤❛♠❜r❡ ❡t ❧❡s é✈❡♥t✉❡❧s ❜r✉✐ts ♣❛r❛s✐t❡s ❣é♥érés ❞❛♥s ❧✬é❝♦✉❧❡♠❡♥t ❞✬❛❧✐♠❡♥t❛t✐♦♥✳

▲❛ ✈✐t❡ss❡ ✐♥st❛♥t❛♥é❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t s♦rt❛♥t ❞❡ ❧❛ ♠❛q✉❡tt❡ ét✉❞✐é❡ ❬❣❪ ✭♠♦♥té❡ s✉r ❧❛
❝❤❛♠❜r❡ ❞❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t✮ ❡st ♠❡s✉ré❡ à ❧✬❛✐❞❡ ❞✬✉♥❡ s♦♥❞❡ ✜❧♠ ❝❤❛✉❞ ❚❙■ ✶✷✵✶✲✷✵ ❬❣❪ ✭✈♦✐r
❆♥♥❡①❡ ❈✮✱ ❞❡ ❞✐❛♠ètr❡ Df = 50.8➭♠ ❡t ❞❡ ❧♦♥❣✉❡✉r ❞❡ tr❛✈❛✐❧ ❞❡ ✶✳✵✷♠♠✱ ❞❡ ❢réq✉❡♥❝❡ ❞❡
❝♦✉♣✉r❡ ❝♦♠♣r✐s❡ ❡♥tr❡ ✽✵ ❡t ✶✵✵❦❍③✱ ❝♦♠❜✐♥é❡ ❛✈❡❝ ✉♥ ❛♥é♠♦♠ètr❡ à t❡♠♣ér❛t✉r❡ ❝♦♥st❛♥t❡
❚❙■ ■❋❆ ✸✵✵ ❬❤❪✳ ▲❛ s♦♥❞❡ ❡st ♠♦♥té❡ s✉r ✉♥ s②stè♠❡ ❞❡ ♣♦s✐t✐♦♥♥❡♠❡♥t ❜✐❞✐♠❡♥s✐♦♥♥❡❧ ✭❈❤✉♦
Pr❡❝✐s✐♦♥ ■♥❞✉str✐❛❧ ❈♦✳ ❈❆❚✲❈✱ ❆▲❙✲✷✺✵✲❈✷P ❡t ❆▲❙✲✶✶✺✲❊✶P✮ ❬✐❪✱ ❞❡ ♣ré❝✐s✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡
✭❞✐r❡❝t✐♦♥ x✮ ✹➭♠ ❡t ❤♦r✐③♦♥t❛❧❡ ✭❞✐r❡❝t✐♦♥ z✮ ✷➭♠✳ ▲❡ ❞é♣❧❛❝❡♠❡♥t ❞❡ ❧❛ s♦♥❞❡ ❡st ❝♦♠♠❛♥❞é
♣❛r ✉♥ ♦r❞✐♥❛t❡✉r ❡①é❝✉t❛♥t ✉♥ ♣r♦❣r❛♠♠❡ ▲❛❜❱■❊❲ ✭◆❛t✐♦♥❛❧ ■♥str✉♠❡♥ts✮ ❛✈❡❝ ❧❡q✉❡❧
❧✬✉t✐❧✐s❛t❡✉r ♣❡✉t ❞é✜♥✐r ✉♥❡ ♠❛tr✐❝❡ ❞❡ ♣♦s✐t✐♦♥♥❡♠❡♥t✴❞é♣❧❛❝❡♠❡♥t✱ ❡♥ ❝♦♦r❞♦♥♥é❡s r❡❧❛t✐✈❡s
♦✉ ❛❜s♦❧✉❡s✳ ▲❡s ✐♥❝❡rt✐t✉❞❡s ❡①♣ér✐♠❡♥t❛❧❡s ✐♥❤ér❡♥t❡s ❛✉ ♣r♦t♦❝♦❧❡ ✜❧♠✲❝❤❛✉❞ ✉t✐❧✐sé s♦♥t
❝❛❧❝✉❧é❡s ❡t ❞ét❛✐❧❧é❡s ❞❛♥s ❧✬❆♥♥❡①❡ ❈✳

✸✳✹ ❈❛r❛❝tér✐s❛t✐♦♥ ❡①♣ér✐♠❡♥t❛❧❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❛♠♦♥t

✸✳✹✳✶ P❛r❛♠ètr❡s ❡①♣ér✐♠❡♥t❛✉① ♣r♦♣r❡s ❛✉① ♠❡s✉r❡s ❛♠♦♥t

❆✈❛♥t t♦✉t❡ ❝❤♦s❡✱ ✐❧ ❡st ✉t✐❧❡ ❞❡ ❝❛r❛❝tér✐s❡r ❧❡s ♣r♦♣r✐étés ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❞✬❛✐r ❛rr✐✈❛♥t ❡♥
❛♠♦♥t ❞❡ ❧✬❡♠❜♦✉t ❛✈❡❝ ♦❜st❛❝❧❡✱ s❡❧♦♥ ❧❡ t②♣❡ ❞❡ ❝♦♥❞✐t✐♦♥ ❛♠♦♥t t❡sté❡✳ ❉✬❛✉tr❡ ♣❛rt✱ ✐❧ ♥✬❡st



✸✳✹✳ ❈❛r❛❝tér✐s❛t✐♦♥ ❡①♣ér✐♠❡♥t❛❧❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❛♠♦♥t ✺✼

[h]

[b]

[c]

[d] [g]

[i]

[e] [f]

[j]

[a]

✭❛✮

✭❜✮

❋✐❣✉r❡ ✸✳✽ ✕ ✭❛✮ ❱✉❡ s❝❤é♠❛t✐q✉❡ ❞✉ ♣r♦t♦❝♦❧❡ ❞✬❛♥é♠♦♠étr✐❡ ✜❧♠ ❝❤❛✉❞ ✭✈♦✐r s❡❝t✐♦♥ ✸✳✸
♣♦✉r ❧❛ ❧é❣❡♥❞❡ ❞❡s ❞✐✛ér❡♥ts é❧é♠❡♥ts✮✳ ✭❜✮ ❙♦♥❞❡ ✜❧♠ ❝❤❛✉❞ ♣♦s✐t✐♦♥♥é❡ ❞❡✈❛♥t ❧❡ ❝❛♥❛❧
r❡❝t❛♥❣✉❧❛✐r❡ ❛✈❡❝ ❡♠❜♦✉t✳

♣❛s ♣♦ss✐❜❧❡ ❞❡ ♠❡s✉r❡r ❛✈❡❝ ❧❡ ✜❧♠ ❝❤❛✉❞ ❞❛♥s ❧❛ ré❣✐♦♥ ❡♥ ❛♠♦♥t ❞❡ ❧✬❡♠❜♦✉t s✐ ❝❡ ❞❡r♥✐❡r
❡st ♠♦♥té✱ ♣✉✐sq✉✬✐❧ ❜❧♦q✉❡ ❧❡ ♣❛ss❛❣❡✳ ❙❛❝❤❛♥t q✉❡ ❧❡ r❛♣♣♦rt ❞✬❛s♣❡❝t ❞✉ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡
✭q✉❡❧❧❡ q✉❡ s♦✐t s❛ ❧♦♥❣✉❡✉r✮ AR = W

H ❡st s✉♣ér✐❡✉r à ✹✱ ♥♦✉s s✉♣♣♦s♦♥s q✉❡ ❧✬é❝♦✉❧❡♠❡♥t
❡st ❜✐❞✐♠❡♥s✐♦♥♥❡❧ ❝❛r ♣❡✉ ✐♥✢✉❡♥❝é ♣❛r ❧❡s ♣❡t✐ts ❜♦r❞s ❞✉ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ ❬❱●P+✶✵❪✳
❆✐♥s✐✱ ♥♦✉s ♠❡s✉r♦♥s ✉♥✐q✉❡♠❡♥t tr❛♥s✈❡rs❛❧❡♠❡♥t ✭−0.5 ≤ y

H ≤ 0.5 ❡t z
W = 0✮ ❛✈❡❝ ❧❡ ✜❧♠

❝❤❛✉❞ ❧❡ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ s❡❝t✐♦♥ ❞❡ s♦rt✐❡ ❞✉
❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ ❡♥ ♣❧❡①✐❣❧❛s ✭♦✉ ❜✐❡♥ ❞✐r❡❝t❡♠❡♥t ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ s♦rt✐❡ ❞❡ ❧❛ ❝❤❛♠❜r❡
❞❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t ❛ér♦❛❝♦✉st✐q✉❡✱ ❞❛♥s ❧❡ ❝❛s ❵s❛♥s ❝❛♥❛❧✬✮✱ s❛♥s ♠♦♥t❡r ❞✬❡♠❜♦✉t ❛✈❡❝
♦❜st❛❝❧❡✳ ▲♦♥❣✐t✉❞✐♥❛❧❡♠❡♥t ♣❛r❧❛♥t✱ ♥♦✉s ♥❡ ♠❡s✉r♦♥s q✉✬❛✉① ♣♦s✐t✐♦♥s x

L0
= 0 ✭♣♦✉r ❧❡ ❝❛s

❵s❛♥s ❝❛♥❛❧✬✱ ✐✳❡✳ à ❧❛ s❡❝t✐♦♥ ❞❡ s♦rt✐❡ ❞❡ ❧❛ ❝❤❛♠❜r❡ ❞❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t✮✱ x
L0

= 1 ✭♣♦✉r ❧❡s ❝❛s
❛✈❡❝ ❝❛♥❛❧ s✐♠♣❧❡✮ ❡t x

L0
= 2 ✭♣♦✉r ❧❡ ❝❛s ❛✈❡❝ ❝❛♥❛❧ ❞♦✉❜❧❡✮✳ ▲❡ ♣♦s✐t✐♦♥♥❡♠❡♥t ❞❡ ❧❛ s♦♥❞❡

❡st ✐❧❧✉stré s❝❤é♠❛t✐q✉❡♠❡♥t s✉r ❧❛ ✜❣✉r❡ ✸✳✾✱ ♣♦✉r ❧❡s ❝❛s ❛✈❡❝ ❝❛♥❛❧ s✐♠♣❧❡ ♦✉ ❞♦✉❜❧❡✳

◆♦✉s ❝♦♥s✐❞ér♦♥s ❛r❜✐tr❛✐r❡♠❡♥t ❧❡s ❞é❜✐ts ✈♦❧✉♠✐q✉❡s ❞✬❛❧✐♠❡♥t❛t✐♦♥ s✉✐✈❛♥ts ✿ ✷✵✱ ✻✵✱
✶✵✵✱ ✶✻✵ ❡t ✷✹✵▲✴♠✐♥✳ ❊♥ r❛✐s♦♥ ❞❡s ❢✉✐t❡s ♣rés❡♥t❡s s✉r ❧❛ ❝❤❛♠❜r❡ ❞❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t ❡♥
❜♦✐s ✉t✐❧✐sé❡ ❞✉r❛♥t ❧❡s ♠❡s✉r❡s ❛♠♦♥t✱ ❧❡s ❞é❜✐ts ✈♦❧✉♠✐q✉❡s ❞❡ s♦rt✐❡ ❝♦rr❡s♣♦♥❞❛♥ts ✭❡♥
s♦rt✐❡ ❞❡ ❧❛ ❝❤❛♠❜r❡✮ s♦♥t ❡♥✈✐r♦♥ ✺✵✪ ♣❧✉s ❢❛✐❜❧❡s q✉❡ ❧❡s ❞é❜✐ts ✈♦❧✉♠✐q✉❡s ❞✬❛❧✐♠❡♥t❛t✐♦♥ ✿
✶✶✱ ✷✾✱ ✹✼✱ ✼✹ ❡t ✶✶✵▲✴♠✐♥✳ ▲❡s ✈✐t❡ss❡s ❞é❜✐t❛♥t❡s ❝♦rr❡s♣♦♥❞❛♥t❡s s✬é❧è✈❡♥t à ✵✳✵✼✱ ✵✳✶✾✱ ✵✳✸✱
✵✳✹✽ ❡t ✵✳✼♠✴s✱ ❡t ❧❡s ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ❞é❜✐t❛♥ts ♠♦❞érés ❝♦rr❡s♣♦♥❞❛♥ts s♦♥t ✷✶✷✱ ✸✶✵✱
✺✵✶✱ ✼✽✾ ❡t ✶✶✻✼✳ ▲❡s ♣❛r❛♠ètr❡s ❡①♣ér✐♠❡♥t❛✉① ♣r♦♣r❡s ❛✉① ♠❡s✉r❡s ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❛♠♦♥t
s♦♥t ré❝❛♣✐t✉❧és ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✸✳✶✳



✺✽ ❈❤❛♣✐tr❡ ✸✳ ●é♦♠étr✐❡ ❛✈❡❝ ♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡ ✿ ♠❡s✉r❡s ❞❡ ✈✐t❡ss❡

y

z

H

✭✶✮

✭✷✮

✭✸✮

✭❛✮

W

L

z

x
✭✸✮

✭✷✮

✭✶✮

✭❜✮

❋✐❣✉r❡ ✸✳✾ ✕ P♦s✐t✐♦♥♥❡♠❡♥t ❞❡ ❧❛ s♦♥❞❡ ✜❧♠ ❝❤❛✉❞ ♣♦✉r ❧❡s ♠❡s✉r❡s ❞✬é❝♦✉❧❡♠❡♥t ❛♠♦♥t ✿ ✭✶✮
❝❤❛♠❜r❡ ❞❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t ❀ ✭✷✮ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ ❀ ✭✸✮ s♦♥❞❡ ✜❧♠ ❝❤❛✉❞✳ ▲❛ ❧✐❣♥❡ ♣♦✐♥t✐❧❧é❡
s✉r ❧❡ s❝❤é♠❛ ✭❛✮ r❡♣rés❡♥t❡ ❧❛ tr❛❥❡❝t♦✐r❡ ❞❡ ❧❛ s♦♥❞❡✳

❚❆❇▲❊❆❯ ✸✳✶ ✕ ❘é❝❛♣✐t✉❧❛t✐❢ ❞❡s ♣❛r❛♠ètr❡s ❡①♣ér✐♠❡♥t❛✉① ♣r♦♣r❡s ❛✉① ♠❡s✉r❡s ✜❧♠ ❝❤❛✉❞
❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❛♠♦♥t ✭✯❈❞❈❂❝❤❛♠❜r❡ ❞❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t✮✳ ▲❛ ❝❤❛♠❜r❡ ❞❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t
✉t✐❧✐sé❡ ✐❝✐ ❡st ✉♥❡ ❜♦ît❡ ❡♥ ❜♦✐s ♥♦♥ ♣❛r❢❛✐t❡♠❡♥t ét❛♥❝❤❡ ✭✈♦✐r ✜❣✉r❡s ❈✳✻❛ ❡t ❈✳✽ ❞❛♥s
❧✬❆♥♥❡①❡ ❈✮✳

P❛r❛♠ètr❡ ❙②♠❜♦❧❡ ❱❛❧❡✉rs✴t②♣❡s

❉é❜✐t ✈♦❧✉♠✐q✉❡ ✭❡♥tré❡ ❈❞❈✯✮ Qcomp ✷✵✱ ✻✵✱ ✶✵✵✱ ✶✻✵✱ ✷✹✵✱ ✷✽✵▲✴♠✐♥
❉é❜✐t ✈♦❧✉♠✐q✉❡ ✭s♦rt✐❡ ❈❞❈✯✮ Q ✶✶✱ ✷✾✱ ✹✼✱ ✼✹✱ ✶✶✵✱ ✶✷✽▲✴♠✐♥

❍❛✉t❡✉r ✐♥tér✐❡✉r❡ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ H ✷✺♠♠
❱✐t❡ss❡ ❞é❜✐t❛♥t❡ Ud =

Q
WH ✵✳✵✼✱ ✵✳✶✾✱ ✵✳✸✵✱ ✵✳✹✽✱ ✵✳✼✵✱ ✵✳✽✶♠✴s

◆♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ❞é❜✐t❛♥t Red ✶✷✵✱ ✸✶✵✱ ✺✵✶✱ ✼✽✾✱ ✶✶✻✼✱ ✶✸✺✵
◆♦♠❜r❡ ❞❡ ▼❛❝❤ M = Ud

c ✵✳✵✵✵✷✱ ✵✳✵✵✵✺✱ ✵✳✵✵✵✾✱ ✵✳✵✵✶✹✱ ✵✳✵✵✷✱ ✵✳✵✵✷✹
❈♦♥❞✐t✐♦♥ ❞✬❡♥tré❡ ❞✉ ❝❛♥❛❧ ❱✐❞❡ ❀ ♣❛✐❧❧❡s ❀ ♥✐❞ ❞✬❛❜❡✐❧❧❡

P❛s tr❛♥s✈❡rs❛❧ δy ✶♠♠
P❧❛❣❡ tr❛♥s✈❡rs❛❧❡ ∆y ✷H

❋réq✉❡♥❝❡ ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ fe ✺❦❍③
❉✉ré❡ ❞❡ ♠❡s✉r❡ ✴ ♣♦s✐t✐♦♥ T ✸✵s

◆♦♠❜r❡ ❞✬é❝❤❛♥t✐❧❧♦♥s ✴ ♣♦s✐t✐♦♥ N = T · fs ✶✺✵✵✵✵



✸✳✹✳ ❈❛r❛❝tér✐s❛t✐♦♥ ❡①♣ér✐♠❡♥t❛❧❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❛♠♦♥t ✺✾

✸✳✹✳✷ ❘és✉❧t❛ts ❡①♣ér✐♠❡♥t❛✉①

✸✳✹✳✷✳✶ Pr♦✜❧s tr❛♥s✈❡rs❛✉① ❞❡ ✈✐t❡ss❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ♠♦②❡♥♥❡

▲❡s ♣r♦✜❧s tr❛♥s✈❡rs❛✉① ❞❡ ✈✐t❡ss❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ♠♦②❡♥♥❡ ♠❡s✉rés ♣♦✉r ❧❡s ❝♦♥❞✐t✐♦♥s
❛♠♦♥t s♦♥t ♣rés❡♥tés s✉r ❧❛ ✜❣✉r❡ ✸✳✶✵✱ ❡t ❝♦♠♣❛rés ❛✉① ♣r♦✜❧s ❞❡ ré❢ér❡♥❝❡ ❞é❝r✐ts ❞❛♥s
❧❛ s❡❝t✐♦♥ ✸✳✷✳✸✳✸✳ ❵❱✐t❡ss❡ ♠♦②❡♥♥❡✬ s✐❣♥✐✜❡ ✐❝✐ ❧❛ ✈❛❧❡✉r ♠♦②❡♥♥❡ ❞✉ s✐❣♥❛❧ t❡♠♣♦r❡❧ ❞❡ ✈✐✲
t❡ss❡ ✐♥st❛♥t❛♥é❡ ❛❝q✉✐s ❞✉r❛♥t T = 30s ♣♦✉r ❝❤❛q✉❡ ♣♦s✐t✐♦♥ tr❛♥s✈❡rs❛❧❡ ❞❡ ❧❛ s♦♥❞❡ ✜❧♠
❝❤❛✉❞ ✭−0.5 ≤ y

H ≤ 0.5✮✳ ❚♦✉s ❧❡s ♣r♦✜❧s ❞❡ ✈✐t❡ss❡ ♦❜t❡♥✉s ♣rés❡♥t❡♥t ✉♥❡ ❛s②♠étr✐❡ ♣❧✉s ♦✉
♠♦✐♥s ♣r♦♥♦♥❝é❡✱ s✉rt♦✉t ♣♦✉r ❧❡s ❝♦♥✜❣✉r❛t✐♦♥s ❛✈❡❝ ❝❛♥❛❧ ❡t s❛♥s ♥✐❞ ❞✬❛❜❡✐❧❧❡ ♦✉ ♣❛✐❧❧❡s✳
◆♦✉s ♥✬❛✈♦♥s ♣❛s ❞✬❡①♣❧✐❝❛t✐♦♥ ❝❧❛✐r❡ ♣♦✉r ❝❡s ❛s②♠étr✐❡s ♦❜s❡r✈é❡s✳ ◆♦✉s s✉♣♣♦s♦♥s q✉✬❡❧❧❡s
♣❡✉✈❡♥t ♣r♦✈❡♥✐r ❞✉ ❢❛✐t q✉❡ ❧❛ ♣r✐s❡ ❞✬❛❧✐♠❡♥t❛t✐♦♥ ❡♥ ❛✐r ❞❡ ❧❛ ❝❤❛♠❜r❡ ❞❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t
❡st s✐t✉é❡ ❛s②♠étr✐q✉❡♠❡♥t s✉r ❧❛ ❝❤❛♠❜r❡ ✭♣❛s ❛✉ ❝❡♥tr❡ ❞✬✉♥❡ ❞❡s ❢❛❝❡s ❞❡ ❧❛ ❝❤❛♠❜r❡✮✳ P♦✉r
❧❡s ♣❧✉s ♣❡t✐ts ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ✭✶✷✵✱ ✸✶✵✮✱ ❡①❝❡♣té ♣♦✉r ❧❡ ❝❛s ❵s❛♥s ❝❛♥❛❧✬✱ ❧❡s ♣r♦✜❧s
❝♦rr❡s♣♦♥❞❛♥ts ❛✉① ❝❛s ❛✈❡❝ ♣❛✐❧❧❡s s♦♥t ❝❧❛✐r❡♠❡♥t ♣❛r❛❜♦❧✐q✉❡s✱ ❡t ❧✬é❝♦✉❧❡♠❡♥t ♣❡✉t ❞♦♥❝
êtr❡ s✉♣♣♦sé ❧❛♠✐♥❛✐r❡ ❞❛♥s ❝❡s ❝♦♥❞✐t✐♦♥s✳ P♦✉r t♦✉t❡s ❧❡s ❝♦♥✜❣✉r❛t✐♦♥s ❡t ❛✉① ♥♦♠❜r❡s
❞❡ ❘❡②♥♦❧❞s ♣❧✉s é❧❡✈és ✭✼✽✾✱ ✶✶✻✼✮✱ ❧❡s ♣r♦✜❧s s♦♥t ♣r♦❝❤❡s s♦✐t ❞✬✉♥ ♣r♦✜❧ ❡♥ ❧♦✐ ❞❡ ♣✉✐s✲
s❛♥❝❡✱ s♦✐t ❞✬✉♥ ♣r♦✜❧ ❤❛✉t✲❞❡✲❢♦r♠❡✱ ❡t s❡♠❜❧❡♥t ❞♦♥❝ t✉r❜✉❧❡♥ts✳ ❈❡❧❛ s✐❣♥✐✜❡ q✉❡ ❧❛ ré❣✐♦♥
❞❡ tr❛♥s✐t✐♦♥ ♣♦✉rr❛✐t ✈r❛✐s❡♠❜❧❛❜❧❡♠❡♥t s❡ s✐t✉❡r ❞❛♥s ❧✬✐♥t❡r✈❛❧❧❡ ❞❡ ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s
✷✾✻✲✼✺✶✳

✸✳✹✳✷✳✷ Pr♦✜❧s tr❛♥s✈❡rs❛✉① ❞✬✐♥t❡♥s✐té t✉r❜✉❧❡♥t❡ ❧♦❝❛❧❡

▲❡s ✐♥t❡♥s✐tés t✉r❜✉❧❡♥t❡s ❧♦❝❛❧❡s s♦♥t ♣rés❡♥té❡s s✉r ❧❛ ✜❣✉r❡ ✸✳✶✶✳ ▲❡s ✐♥t❡♥s✐tés t✉r❜✉✲
❧❡♥t❡s ♦❜t❡♥✉❡s s♦♥t t♦✉t❡s ✐♥❢ér✐❡✉r❡s à ✸✵✪✱ ❡t s♦♥t t♦✉t❡s ♠✐♥✐♠❛❧❡s ❛✉ ❝❡♥tr❡ ✭ yH = 0✮✱
❧à ♦ù ❧❛ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ❡st ♠❛①✐♠❛❧❡✱ s❛✉❢ ♣♦✉r ❧❡s ❝❛♥❛✉① ❛✈❡❝ ♣❛✐❧❧❡s✳ ▲❡s ♥✐✈❡❛✉① s♦♥t
♠❛①✐♠❛✉① ❛✉ ♥✐✈❡❛✉ ❞❡s ♣❛r♦✐s ✭ yH = ±0.5✱ ❝♦✉❝❤❡ ❞❡ ❝✐s❛✐❧❧❡♠❡♥t✮✳ ❉❡ ♣❧✉s✱ ❧✬✐♥t❡♥s✐té t✉r✲
❜✉❧❡♥t❡ ❛✉❣♠❡♥t❡ ❛✈❡❝ ❧❡ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s✳ ▲❡ ❝❛s ❵s❛♥s ❝❛♥❛❧✬ ♣rés❡♥t❡ ✉♥❡ ❢♦rt❡ ✐♥t❡♥s✐té
t✉r❜✉❧❡♥t❡ ✭✜❣✉r❡ ✸✳✶✶❛✮✱ ❡♥ ♣❛rt✐❝✉❧✐❡r à ♣r♦①✐♠✐té ❞❡s ♣❛r♦✐s ✭✹✵✲✺✵✪✮✳ ❆✈❡❝ ❞❡s ♣❛✐❧❧❡s ♦✉
✉♥ ♥✐❞ ❞✬❛❜❡✐❧❧❡ ✐♥sérés ❡♥ ❡♥tré❡✱ ❧✬é❝♦✉❧❡♠❡♥t ❞❡✈✐❡♥t ❞❛✈❛♥t❛❣❡ ❧❛♠✐♥❛✐r❡✱ ❝♦♠♠❡ ❛tt❡♥❞✉✳
▲♦rsq✉❡ ❧❡ ❝❛♥❛❧ ✭s✐♠♣❧❡ ♦✉ ❞♦✉❜❧❡✮ ❡st ✈✐❞❡✱ ❞❛✈❛♥t❛❣❡ ❞❡ t✉r❜✉❧❡♥❝❡ ❡st ❣é♥éré❡✳

✸✳✹✳✷✳✸ ❙♣❡❝tr❡s ❞❡ ❑♦❧♠♦❣♦r♦✈ ❡t ❢♦♥❝t✐♦♥s ❞❡ ❞❡♥s✐té ❞❡ ♣r♦❜❛❜✐❧✐té ❡st✐♠és

➚ t✐tr❡ ❞✬❡①❡♠♣❧❡✱ ❧❛ ✜❣✉r❡ ✸✳✶✷ ♣rés❡♥t❡ ❧❡s ❞❡♥s✐tés s♣❡❝tr❛❧❡s ❞❡ ♣✉✐ss❛♥❝❡ ❞❡ ❧❛ ✈✐t❡ss❡
✐♥st❛♥t❛♥é❡ ✭s♣❡❝tr❡s ❞❡ ❑♦❧♠♦❣♦r♦✈✮ ♣♦✉r ❧❡ ❝❛♥❛❧ s✐♠♣❧❡ ✭ LL0

= 1✮ ✈✐❞❡ ❛✉① ♣♦s✐t✐♦♥s tr❛♥s✲
✈❡rs❛❧❡s y

H = 0 ✭❛✉ ❝❡♥tr❡✮✱ y
H = −0.4 ✭à ❣❛✉❝❤❡✮ ❡t y

H = +0.4 ✭à ❞r♦✐t❡✮✱ ❛✉① ❞❡✉① ♥♦♠❜r❡s
❞❡ ❘❡②♥♦❧❞s ❞é❜✐t❛♥ts ✼✽✾ ❡t ✶✶✻✼✳ ▲❛ ❧♦✐ ❞❡ ré❢ér❡♥❝❡ ❡♥ ♠♦✐♥s ❝✐♥q t✐❡rs ❡st ❛❥♦✉té❡ ♣♦✉r
❝♦♠♣❛r❛✐s♦♥✱ ❛✈❡❝ ✉♥❡ ❝♦♥st❛♥t❡ ❞❡ ❑♦❧♠♦❣♦r♦✈ Cκ ❛r❜✐tr❛✐r❡✳ ❙✉r ❝❡tt❡ ✜❣✉r❡ ❡t ❞❛♥s t♦✉s
❧❡s s♣❡❝tr❡s ❞❡ ❑♦❧♠♦❣♦r♦✈ s✉✐✈❛♥ts✱ η = H = 25♠♠✱ q✉✐ ❡st ❧❛ ❤❛✉t❡✉r ✐♥tér✐❡✉r❡ ❞✉ ❝❛♥❛❧
r❡❝t❛♥❣✉❧❛✐r❡✱ ❝♦rr❡s♣♦♥❞❛♥t à ✉♥❡ é❝❤❡❧❧❡ ♦✉ ❧♦♥❣✉❡✉r ❝❛r❛❝tér✐st✐q✉❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t✳ ◆♦✉s
♣♦✉✈♦♥s ❞✐st✐♥❣✉❡r ❧❡s ré❣✐♦♥s ❞❡ s♦✉s✲❞♦♠❛✐♥❡ ✐♥❡rt✐❡❧ ✭κη < 2 × 10−2✮ ❡t ❞❡ ❞✐ss✐♣❛t✐♦♥
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= 2✮ ❛✈❡❝ ♣❛✐❧❧❡s

❋✐❣✉r❡ ✸✳✶✵ ✕ Pr♦✜❧s tr❛♥s✈❡rs❛✉① ❞❡ ✈✐t❡ss❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ♠♦②❡♥♥❡ ♠❡s✉rés ♣♦✉r ❝❤❛q✉❡
t②♣❡ ❞❡ ❝♦♥❞✐t✐♦♥ ❧✐♠✐t❡ ❛♠♦♥t t❡sté❡ ✭s❛♥s ❡♠❜♦✉t ♠♦♥té✮ ❡t ♣♦✉r s✐① ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ✿
✶✷✵ ✭×✮ ❀ ✸✶✵ ✭+✮ ❀ ✺✵✶ ✭◦✮ ❀ ✼✽✾ ✭∗✮ ❀ ✶✶✻✼ ✭�✮ ❀ ✶✸✺✵ ✭⋄✮✳ Pr♦✜❧s ❞❡ ré❢ér❡♥❝❡ ❛❥♦✉tés ♣♦✉r ❝♦♠✲
♣❛r❛✐s♦♥ ✿ ♣❛r❛❜♦❧✐q✉❡ ✭♣♦✐♥t✐❧❧és ❜❧❡✉ ❝❧❛✐r✮✱ ❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡ ✶✴✼è♠❡ ✭♣♦✐♥t✐❧❧és ❜❧❡✉ ❢♦♥❝é✮✱
❤❛✉t✲❞❡✲❢♦r♠❡ ✭♣♦✐♥t✐❧❧és ✜♥s✮✱ ✉♥✐❢♦r♠❡ ✭tr❛✐ts ♣❧❡✐♥s✮
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= 2✮ ❛✈❡❝ ♣❛✐❧❧❡s

❋✐❣✉r❡ ✸✳✶✶ ✕ ■♥t❡♥s✐tés t✉r❜✉❧❡♥t❡s ❧♦❝❛❧❡s ♠❡s✉ré❡s ♣♦✉r ❝❤❛q✉❡ t②♣❡ ❞❡ ❝♦♥❞✐t✐♦♥ ❧✐♠✐t❡
❛♠♦♥t t❡sté❡ ✭s❛♥s ❡♠❜♦✉t ♠♦♥té✮ ❡t ♣♦✉r s✐① ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ✿ ✶✷✵ ✭×✮ ❀ ✸✶✵ ✭+✮ ❀ ✺✵✶
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✭❛✮ Red = 789
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✭❜✮ Red = 1167

❋✐❣✉r❡ ✸✳✶✷ ✕ ❙♣❡❝tr❡s ❞❡ ❑♦❧♠♦❣♦r♦✈ ✭❞❡♥s✐tés s♣❡❝tr❛❧❡s ❞❡ ♣✉✐ss❛♥❝❡ ❞❡ ❧❛ ✈✐t❡ss❡ ✐♥s✲
t❛♥t❛♥é❡✮ ♣♦✉r ❧❡ ❝❛♥❛❧ s✐♠♣❧❡ ✈✐❞❡ ❛✉ ❝❡♥tr❡ ✭ yH = 0✮✱ à ❣❛✉❝❤❡ ✭ yH = −0.4✮ ❡t à ❞r♦✐t❡
✭ yH = +0.4✮ ♣♦✉r ❞❡✉① ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ❞é❜✐t❛♥ts✳ ▲♦✐ ❡♥ ✲✺✴✸ ❛❥♦✉té❡ ❝♦♠♠❡ ré❢ér❡♥❝❡
✭❝♦♥st❛♥t❡ ❞❡ ❑♦❧♠♦❣♦r♦✈ Cκ ❛r❜✐tr❛✐r❡ ❀ η = H✮✳

✭κη > 2 × 10−2✮✳ ▲❡s ❞é❝r♦✐ss❛♥❝❡s ♦❜s❡r✈é❡s s♦♥t ♣❧✉s ♦✉ ♠♦✐♥s ♣r♦❝❤❡s ❞❡ ❧❛ ❧♦✐ ❡♥ ❵♠♦✐♥s
❝✐♥q t✐❡rs✬✱ ♣♦✉r ❧❛ ré❣✐♦♥ ❞❡ s♦✉s✲❞♦♠❛✐♥❡ ✐♥❡rt✐❡❧✳ ▲❡s ♣✐❝s ♦❜s❡r✈❛❜❧❡s ♣♦✉r 10−1 ≤ κη ≤ 1

✐♥❞✐q✉❡♥t ♣❡✉t✲êtr❡ ❧❛ ♣rés❡♥❝❡ ❞❡ str✉❝t✉r❡s ❝♦❤ér❡♥t❡s✳ ▲❛ ✜❣✉r❡ ✸✳✶✸ ♣rés❡♥t❡ ❞❡s ❡①❡♠♣❧❡s
❞❡ ❢♦♥❝t✐♦♥s ❞❡ ❞❡♥s✐té ❞❡ ♣r♦❜❛❜✐❧✐té ❞❡ ❧❛ ❝♦♠♣♦s❛♥t❡ ✢✉❝t✉❛♥t❡ ✭❛❧é❛t♦✐r❡✮ ❞❡ ❧❛ ✈✐t❡ss❡
❝❡♥tr❛❧❡ ✭ yH = 0✮ ❡st✐♠é❡s ♣♦✉r ❧❡s ❝❛s ❵❝❛♥❛❧ s✐♠♣❧❡ ✈✐❞❡✬ ❡t ❵s❛♥s ❝❛♥❛❧✬ à Red = 1167✳ ▲❡s
❢♦♥❝t✐♦♥s ♦❜t❡♥✉❡s ♦♥t t♦✉t❡s ❧❡s ❞❡✉① ✉♥❡ ❛❧❧✉r❡ ❞❡ ❣❛✉ss✐❡♥♥❡✳

✸✳✹✳✸ ❈♦♠♣❛r❛✐s♦♥ ❣❧♦❜❛❧❡ ❞❡s ❞✐✛ér❡♥t❡s ❝♦♥❞✐t✐♦♥s ❛♠♦♥t t❡sté❡s

▲❛ ✜❣✉r❡ ✸✳✶✹ ✐❧❧✉str❡ ❧❡s ✈✐t❡ss❡s ❝❡♥tr❛❧❡s ❞❡s s✐① ❝♦♥❞✐t✐♦♥s t❡sté❡s✱ ❡t ❧❛ ✜❣✉r❡ ✸✳✶✺
✐❧❧✉str❡ ❧❡s ✐♥t❡♥s✐tés t✉r❜✉❧❡♥t❡s ❝❡♥tr❛❧❡s ✭ yH = 0✮ ❝♦rr❡s♣♦♥❞❛♥t❡s✱ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡
❘❡②♥♦❧❞s✳ ▲❛ ❧♦✐ Uc =

Redν
H ❡st ❛❥♦✉té❡ s✉r ❧❛ ✜❣✉r❡ ✸✳✶✹ ❝♦♠♠❡ ré❢ér❡♥❝❡✳ ▲❛ ❧♦✐ ❡♠♣✐r✐q✉❡ s✉r

❧✬✐♥t❡♥s✐té t✉r❜✉❧❡♥t❡ ❝❡♥tr❛❧❡ ✭éq✉❛t✐♦♥ ✸✳✸✶✮ ❡st ❛❥♦✉té❡ s✉r ❧❛ ✜❣✉r❡ ✸✳✶✺ ♣♦✉r ❝♦♠♣❛r❛✐s♦♥✳
▲❡s é✈♦❧✉t✐♦♥s ❞❡ ✈✐t❡ss❡ ❝❡♥tr❛❧❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s s♦♥t t♦✉t❡s ❧✐♥é❛✐r❡s ♠❛✐s
♣rés❡♥t❡♥t ❞❡s ♣❡♥t❡s ❞✐✛ér❡♥t❡s✱ ❡t ❛✉❝✉♥❡ ♣❡♥t❡ ♥✬❡st ✐❞❡♥t✐q✉❡ à ❧❛ ❧♦✐ ❞❡ ré❢ér❡♥❝❡✳ ■❧ ❡st
✐♥tér❡ss❛♥t ❞❡ ❝♦♥st❛t❡r q✉❡ ❧❡s ❝♦♥✜❣✉r❛t✐♦♥s ❛✈❡❝ ♣❛✐❧❧❡s ♣rés❡♥t❡♥t q✉❛s✐♠❡♥t ❡①❛❝t❡♠❡♥t
❧❛ ♠ê♠❡ ♣❡♥t❡✱ ❡t ❧❡s ❛✉tr❡s ❝♦♥✜❣✉r❛t✐♦♥s s♦♥t r❡❣r♦✉♣é❡s ❛✉t♦✉r ❞✬✉♥❡ ❛✉tr❡ ♣❡♥t❡✳ ❆❧♦rs
q✉❡ ❧❡s ❝❛s ❵s❛♥s ❝❛♥❛❧✬ ❡t ❵❝❛♥❛❧ s✐♠♣❧❡✬ ♠♦♥tr❡♥t ✉♥❡ é✈♦❧✉t✐♦♥ ❞❡ ❧❡✉r ✐♥t❡♥s✐té t✉r❜✉❧❡♥t❡
❝❡♥tr❛❧❡ ♣r♦❝❤❡s ❞❡ ❧❛ ❧♦✐ ❡♠♣✐r✐q✉❡ ♣♦✉r t♦✉s ❧❡s ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ❝♦♥s✐❞érés✱ ❧❡s ❛✉tr❡s ❝❛s
♠♦♥tr❡♥t ✉♥ ❝♦♠♣♦rt❡♠❡♥t s✐♠✐❧❛✐r❡ ❡♥tr❡ ❡✉① ♠❛✐s ❞✐✛ér❡♥t ❞❡ ❧❛ ❧♦✐ ❡♠♣✐r✐q✉❡ ✭❞✐✛ér❡♥❝❡s
♣♦✉✈❛♥t ❛tt❡✐♥❞r❡ ✼✪✮✱ ❛✈❡❝ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❡✉r ✐♥t❡♥s✐té t✉r❜✉❧❡♥t❡ ❝❡♥tr❛❧❡ ❛✈❡❝ ❧❡
♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s✳ ❚♦✉t❡❢♦✐s✱ t♦✉s ❧❡s ♥✐✈❡❛✉① ❞✬✐♥t❡♥s✐té t✉r❜✉❧❡♥t❡ ❝❡♥tr❛❧❡ s♦♥t ❝♦♠♣r✐s
❡♥tr❡ ✹ ❡t ✼✪ ♣♦✉r Red = 1167✳ ▲❛ ✜❣✉r❡ ✸✳✶✻ ♣rés❡♥t❡ ❧❡s s♣❡❝tr❡s ❞❡ ❑♦❧♠♦❣♦r♦✈ ❞❡ ❧❛
✈✐t❡ss❡ ❝❡♥tr❛❧❡ ✭ yH = 0✮ ❞❡ t♦✉t❡s ❧❡s ❝♦♥❞✐t✐♦♥s ❛♠♦♥t t❡sté❡s✱ ❛✈❡❝ ❧❛ ❧♦✐ ❡♥ ✲✺✴✸ ❛❥♦✉té❡
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S=0 ; K=1.79
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S=−0.01 ; K=1.79

✭❜✮

❋✐❣✉r❡ ✸✳✶✸ ✕ ❋♦♥❝t✐♦♥s ❞❡ ❞❡♥s✐té ❞❡ ♣r♦❜❛❜✐❧✐té ✭❋❉P✮ ❞❡ ❧❛ ❝♦♠♣♦s❛♥t❡ ✢✉❝t✉❛♥t❡ ✭❛❧é❛✲
t♦✐r❡✮ ❞❡ ❧❛ ✈✐t❡ss❡ ❝❡♥tr❛❧❡ ❡st✐♠é❡s ♣♦✉r ❧❡s ❝❛s ✿ ✭❛✮ ❈❛♥❛❧ s✐♠♣❧❡ ✈✐❞❡ ✭Red = 1167✮✳ ✭❜✮
❙❛♥s ❝❛♥❛❧ ✭Red = 1167✮✳ ▲❡s ✈❛❧❡✉rs ❞❡s ♠♦♠❡♥ts ❞✬♦r❞r❡ ✸ ✭S✱ s❦❡✇♥❡ss✮ ❡t ✹ ✭K✱ ❦✉rt♦s✐s✮
s♦♥t ✐♥❞✐q✉és ❞❛♥s ❧❛ ❧é❣❡♥❞❡✳

♣♦✉r ❝♦♠♣❛r❛✐s♦♥✱ ❛✉① ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ❞é❜✐t❛♥ts ✼✽✾ ❡t ✶✶✻✼✳ ❚♦✉t❡s ❧❡s ❝♦✉r❜❡s s✉✐✈❡♥t
❧❛ ♠ê♠❡ t❡♥❞❛♥❝❡ ♣♦✉r κη < 10−1 ✭♠ê♠❡s ❞é❝r♦✐ss❛♥❝❡s✮✳ ❖♥ ♥♦t❡ t♦✉t❡❢♦✐s ❧❛ ♣rés❡♥❝❡ ❞✬✉♥
♣✐❝ à κη ≈ 1.7× 10−2 ♣♦✉r ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ s❛♥s ❝❛♥❛❧ ✭ LL0

= 0✮✳

✸✳✺ ❈❛r❛❝tér✐s❛t✐♦♥ ❡①♣ér✐♠❡♥t❛❧❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❛✈❛❧

✸✳✺✳✶ P❛r❛♠ètr❡s ❡①♣ér✐♠❡♥t❛✉① ♣r♦♣r❡s ❛✉① ♠❡s✉r❡s ❛✈❛❧

❉❛♥s ❝❡tt❡ ♣❛rt✐❡✱ ♥♦✉s ❝❤❡r❝❤♦♥s à ❝❛r❛❝tér✐s❡r ❧✬é❝♦✉❧❡♠❡♥t ❡♥ ❛✈❛❧ ❞❡ ❧✬♦❜st❛❝❧❡ ❡♥
❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡✳ ◆♦✉s ❛✈♦♥s ❞❛♥s ❝❡tt❡ ♦♣t✐q✉❡ ♠❡s✉ré ❧❡s ♣r♦✜❧s ❤♦r✐③♦♥t❛✉① ✭❞✐r❡❝t✐♦♥ z✮✱
tr❛♥s✈❡rs❛✉① ✭y✮ ❡t ❧♦♥❣✐t✉❞✐♥❛✉① ✭x✮ ❞❡ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ❡t ❞✬✐♥t❡♥s✐té t✉r❜✉❧❡♥t❡✱ ♣♦✉r ❧❛
❝♦♥✜❣✉r❛t✐♦♥ ❝❛♥❛❧ s✐♠♣❧❡ ✭ LL0

= 1✮ ❛✈❡❝ ♥✐❞ ❞✬❛❜❡✐❧❧❡ ✐♥séré ❞❛♥s ❧❛ s❡❝t✐♦♥ ❞✬❡♥tré❡ ❞✉ ❝❛♥❛❧✳
❈❡tt❡ ❝♦♥✜❣✉r❛t✐♦♥ ❡st ❝❤♦✐s✐❡ ❡♥ r❛✐s♦♥ ❞❡s ❢❛✐❜❧❡s ♥✐✈❡❛✉① ❞❡ t✉r❜✉❧❡♥❝❡ ❣é♥érés ❡♥ ❛♠♦♥t
❞❡ ❧✬♦❜st❛❝❧❡✱ ❝♦♠♠❡ ✈✉ ♣ré❝é❞❡♠♠❡♥t ❞❛♥s ❧❡s ♠❡s✉r❡s ❛♠♦♥t ✭✜❣✉r❡ ✸✳✶✵❞✮✳ ◆♦✉s ♥♦✉s
✐♥tér❡ss♦♥s ❡♥ ♣❛rt✐❝✉❧✐❡r à ❧✬é✈♦❧✉t✐♦♥ ❞✉ ❥❡t ❧✐❜r❡ r❡❝t❛♥❣✉❧❛✐r❡✱ ✐ss✉ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ❡♥✲
❞❡ss♦✉s ❞❡ ❧✬♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡ ❡t q✉✐ tr❛✈❡rs❡ ❧❛ s❡❝t✐♦♥ ❞❡ s♦rt✐❡ ❞❡ ❧✬❡♠❜♦✉t✱ ❡♥
❢♦♥❝t✐♦♥ ❞✉ ❞❡❣ré ❞✬♦✉✈❡rt✉r❡ Hc

H ✭✷✳✹✱ ✶✵ ❡t ✸✵✪✮ ❡t ❞✉ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ❞é❜✐t❛♥t Red✳
P♦✉r ❧✬♦✉✈❡rt✉r❡ ❞❡ ✷✳✹✪✱ ❧❡ ❥❡t ♣❡✉t êtr❡ ♠ê♠❡ q✉❛❧✐✜é ❞❡ ♣❧❛♥ ♣✉✐sq✉❡ ❧❡ r❛♣♣♦rt ❞✬❛s♣❡❝t
AR ❡st très ❣r❛♥❞ ✭AR = 175✮✳ ❙❛❝❤❛♥t q✉❡ ❧❛ ❧❛r❣❡✉r W r❡st❡ ❝♦♥st❛♥t❡ ♣♦✉r t♦✉t❡s ❧❡s
❝♦♥✜❣✉r❛t✐♦♥s t❡sté❡s✱ ❧❡ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ❞é❜✐t❛♥t ❞é♣❡♥❞ s❡✉❧❡♠❡♥t ❞✉ ❞é❜✐t ✈♦❧✉♠✐q✉❡
Q ❡t ♣❛s ❞✉ ❞❡❣ré ❞✬♦✉✈❡rt✉r❡ H

Hc
✳

◆♦✉s ❝♦♥s✐❞ér♦♥s ❛r❜✐tr❛✐r❡♠❡♥t ❧❡s ❞é❜✐ts ✈♦❧✉♠✐q✉❡s ❞✬❛❧✐♠❡♥t❛t✐♦♥ s✉✐✈❛♥ts ✿ ✸✽✱ ✶✵✷ ❡t
✶✾✼▲✴♠✐♥✳ ◆♦✉s ✉t✐❧✐s♦♥s ❝❡tt❡ ❢♦✐s ✉♥❡ ❝❤❛♠❜r❡ ❞❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t ❛ér♦❛❝♦✉st✐q✉❡ ❞❡ t②♣❡
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❋✐❣✉r❡ ✸✳✶✹ ✕ ❈♦♠♣❛r❛✐s♦♥ ❞❡s ✈✐t❡ss❡s ❝❡♥tr❛❧❡s ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ❞é❜✐t❛♥t
♣♦✉r ❧❡s s✐① ❝♦♥❞✐t✐♦♥s ❛♠♦♥t t❡sté❡s ✿ s❛♥s ❝❛♥❛❧ ✭×✮ ❀ ❝❛♥❛❧ s✐♠♣❧❡ ✭∗✮ ❀ ❝❛♥❛❧ s✐♠♣❧❡ ❡t ♣❛✐❧❧❡s
✭⋄✮ ❀ ❝❛♥❛❧ s✐♠♣❧❡ ❡t ♥✐❞ ❞✬❛❜❡✐❧❧❡ ✭�✮ ❀ ❝❛♥❛❧ ❞♦✉❜❧❡ ✭+✮ ❀ ❝❛♥❛❧ ❞♦✉❜❧❡ ❡t ♣❛✐❧❧❡s ✭◦✮✳ ❚r❛✐t r♦✉❣❡
♣❧❡✐♥ ✿ ❧♦✐ Uc =

Redν
H ❀ tr❛✐t ❜❧❡✉ ❡♥ ♣♦✐♥t✐❧❧és ✿ ❧♦✐ ❤②❞r❛✉❧✐q✉❡ ✭éq✉❛t✐♦♥ ✸✳✸✵✮ ❀ tr❛✐t ♥♦✐r ❡♥

♣♦✐♥t✐❧❧és ✿ ♣r♦✜❧ ♣❛r❛❜♦❧✐q✉❡ t❤é♦r✐q✉❡ ✭éq✉❛t✐♦♥ ✸✳✷✼✮✳
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❋✐❣✉r❡ ✸✳✶✺ ✕ ❈♦♠♣❛r❛✐s♦♥ ❞❡s ✐♥t❡♥s✐tés t✉r❜✉❧❡♥t❡s ❝❡♥tr❛❧❡s ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡
❘❡②♥♦❧❞s ❞é❜✐t❛♥t ♣♦✉r ❧❡s s✐① ❝♦♥❞✐t✐♦♥s ❛♠♦♥t t❡sté❡s ✿ s❛♥s ❝❛♥❛❧ ✭×✮ ❀ ❝❛♥❛❧ s✐♠♣❧❡ ✭∗✮ ❀
❝❛♥❛❧ s✐♠♣❧❡ ❡t ♣❛✐❧❧❡s ✭⋄✮ ❀ ❝❛♥❛❧ s✐♠♣❧❡ ❡t ♥✐❞ ❞✬❛❜❡✐❧❧❡ ✭�✮ ❀ ❝❛♥❛❧ ❞♦✉❜❧❡ ✭+✮ ❀ ❝❛♥❛❧ ❞♦✉❜❧❡
❡t ♣❛✐❧❧❡s ✭◦✮✳ ❚r❛✐t r♦✉❣❡ ♣❧❡✐♥ ✿ ❧♦✐ ❡♠♣✐r✐q✉❡ ❛❞✲❤♦❝ ✭éq✳ ✸✳✸✶✮
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✭❜✮ Red = 1167

❋✐❣✉r❡ ✸✳✶✻ ✕ ❈♦♠♣❛r❛✐s♦♥ ❞❡s s♣❡❝tr❡s ❞❡ ❑♦❧♠♦❣♦r♦✈ ❞❡ ✈✐t❡ss❡ ❝❡♥tr❛❧❡ ✐♥st❛♥t❛♥é❡ ✭ yH =

0✮ ♣♦✉r t♦✉t❡s ❧❡s ❝♦♥✜❣✉r❛t✐♦♥s ❛♠♦♥t ét✉❞✐é❡s ♣♦✉r ❞❡✉① ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s✳ ▲❛ ❧♦✐ ❡♥
✲✺✴✸ ❡st ❛❥♦✉té❡ ❝♦♠♠❡ ré❢ér❡♥❝❡ ✭❝♦♥st❛♥t❡ Cκ ❛r❜✐tr❛✐r❡ ❀ η = H✮✳

❜♦ît❡ ❡♥ ❞✉r❛❧ ✭✈♦✐r ✜❣✉r❡ ❈✳✻❜ ❞❛♥s ❧✬❆♥♥❡①❡ ❈✮ ❝♦♠♣❧èt❡♠❡♥t ❤❡r♠ét✐q✉❡✳ ▲❡s ✈✐t❡ss❡s ❞é❜✐✲
t❛♥t❡s ❝♦rr❡s♣♦♥❞❛♥t❡s s✬é❧è✈❡♥t à ✵✳✷✹✱ ✵✳✻✺ ❡t ✶✳✷✺♠✴s✱ ❡t ❧❡s ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ❞é❜✐t❛♥ts
♠♦❞érés ❝♦rr❡s♣♦♥❞❛♥ts s♦♥t ✹✵✷✱ ✶✵✼✾ ❡t ✷✵✽✹✳ ▲❡s ♣❛r❛♠ètr❡s ❡①♣ér✐♠❡♥t❛✉① ♣r♦♣r❡s ❛✉①
♠❡s✉r❡s ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❛♠♦♥t s♦♥t ré❝❛♣✐t✉❧és ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✸✳✶✳

✸✳✺✳✷ ❱ér✐✜❝❛t✐♦♥s ♣ré❧✐♠✐♥❛✐r❡s

✸✳✺✳✷✳✶ ❆❝❝♦r❞ ❡♥tr❡ ♠❡s✉r❡s tr❛♥s✈❡rs❛❧❡s ❡t ❧♦♥❣✐t✉❞✐♥❛❧❡s

❊♥ ✈✉❡ ❞❡ ✈ér✐✜❡r ❧❡ ❜♦♥ ❛❝❝♦r❞ ❞❡s ♠❡s✉r❡s ❡✛❡❝t✉é❡s tr❛♥s✈❡rs❛❧❡♠❡♥t ✭❞✐r❡❝t✐♦♥ y✮
❡t ❧♦♥❣✐t✉❞✐♥❛❧❡♠❡♥t ✭❞✐r❡❝t✐♦♥ x✮✱ ❧❛ ✜❣✉r❡ ✸✳✶✼ ✐❧❧✉str❡ ❧❛ r❡❧❛t✐♦♥ ❡♥tr❡ ✈✐t❡ss❡s ❝❡♥tr❛❧❡s
♠❡s✉ré❡s tr❛♥✈❡rs❛❧❡♠❡♥t ❡t ❧♦♥❣✐t✉❞✐♥❛❧❡♠❡♥t✱ ♣♦✉r ❧❡s ♠❡s✉r❡s ❞✬é❝♦✉❧❡♠❡♥t ❛✈❛❧ ❞❛♥s ❧❛
❣❛♠♠❡ ❞❡ ✈✐t❡ss❡s ❝♦♥s✐❞éré❡✳ ❯♥❡ ♠❡s✉r❡ ♣❛r❢❛✐t❡ s✐❣♥✐✜❡r❛✐t q✉❡ t♦✉s ❧❡s ♣♦✐♥ts s♦♥t ❛❧✐❣♥és
❧❡ ❧♦♥❣ ❞❡ ❧❛ ❧✐❣♥❡ ❡♥ ♣♦✐♥t✐❧❧és✳ ◆♦✉s ❝♦♥st❛t♦♥s q✉❡ ❧✬❡rr❡✉r ✭é❝❛rt r❡❧❛t✐❢ ❡♥ ✪✮ ❞❡ ♠❡s✉r❡
❡♥tr❡ ✈✐t❡ss❡ ♠❡s✉ré❡ tr❛♥s✈❡rs❛❧❡♠❡♥t ❡t ❧♦♥❣✐t✉❞✐♥❛❧❡♠❡♥t ❡st ✐♥❢ér✐❡✉r❡ à ✸✵✪ s✉r ❧❛ ❣❛♠♠❡
❞❡ ✈✐t❡ss❡s ❝♦♥s✐❞éré❡✱ ❝❡ q✉❡ ♥♦✉s ❥✉❣❡♦♥s ❛❝❝❡♣t❛❜❧❡✳

✸✳✺✳✷✳✷ ❇✐❞✐♠❡♥s✐♦♥♥❛❧✐té ❞✉ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ ♠❡s✉ré

❆✜♥ ❞❡ ✈ér✐✜❡r ❧✬❤②♣♦t❤ès❡ ❞❡ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ ❜✐❞✐♠❡♥s✐♦♥♥❡❧✱ é♠✐s❡ ❡♥ r❛✐s♦♥ ❞❡s r❛♣♣♦rt
❞✬❛s♣❡❝t ✭AR✮ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ s❡❝t✐♦♥ ❝♦♥str✐❝té❡ ✭❡♥✲❞❡ss♦✉s ❞❡ ❧✬♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡✮
s✉♣ér✐❡✉rs à ✹ ✭✈♦✐r s❡❝t✐♦♥ ✸✳✷✳✶✮ ♣♦✉r ❧❡s tr♦✐s ❞❡❣rés ❞✬♦✉✈❡rt✉r❡ ❝♦♥s✐❞érés✱ ♥♦✉s ♠❡s✉r♦♥s
❤♦r✐③♦♥t❛❧❡♠❡♥t ✭❞✐r❡❝t✐♦♥ z✮ ❧❡ ❧♦♥❣ ❞❡ ❧✬❛①❡ ❝❡♥tr❛❧ ♠❛❥❡✉r ❞❡ ❧❛ s❡❝t✐♦♥ ❝♦♥str✐❝té❡ ✭❛✉①
♣♦s✐t✐♦♥s ❧♦♥❣✐t✉❞✐♥❛❧❡ x = 0 ❡t tr❛♥s✈❡rs❛❧❡ y

Hc
= +0.5✮ ♦✉✈❡rt❡ à ✸✵✪✱ q✉✐ ❝♦rr❡s♣♦♥❞ ❛✉



✻✻ ❈❤❛♣✐tr❡ ✸✳ ●é♦♠étr✐❡ ❛✈❡❝ ♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡ ✿ ♠❡s✉r❡s ❞❡ ✈✐t❡ss❡

❚❆❇▲❊❆❯ ✸✳✷ ✕ ❘é❝❛♣✐t✉❧❛t✐❢ ❞❡s ♣❛r❛♠ètr❡s ❡①♣ér✐♠❡♥t❛✉① ♣r♦♣r❡s ❛✉① ♠❡s✉r❡s ✜❧♠ ❝❤❛✉❞
❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❡♥ ❛✈❛❧ ❞❡ ❧✬♦❜st❛❝❧❡ ✭✯❈❞❈❂❝❤❛♠❜r❡ ❞❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t✮✳ ▲❛ ❝❤❛♠❜r❡ ❞❡
❝♦♥❞✐t✐♦♥♥❡♠❡♥t ✉t✐❧✐sé❡ ✐❝✐ ❡st ✉♥❡ ❜♦ît❡ ❡♥ ❞✉r❛❧ ❝♦♠♣❧èt❡♠❡♥t ét❛♥❝❤❡ ✭✈♦✐r ✜❣✉r❡ ❈✳✻❜
❞❛♥s ❧✬❆♥♥❡①❡ ❈✮✳

P❛r❛♠ètr❡ ❙②♠❜♦❧❡ ❱❛❧❡✉rs✴t②♣❡s

❉é❜✐t ✈♦❧✉♠✐q✉❡ ✭❡♥tré❡ ❈❞❈✯✮ Qcomp ✸✽✱ ✶✵✷✱ ✶✾✼▲✴♠✐♥
❉é❜✐t ✈♦❧✉♠✐q✉❡ ✭s♦rt✐❡ ❈❞❈✯✮ Q ✸✽✱ ✶✵✷✱ ✶✾✼▲✴♠✐♥

❱✐t❡ss❡ ❞é❜✐t❛♥t❡ Ud =
Q
WH ✵✳✷✹✱ ✵✳✻✺✱ ✶✳✷✺♠✴s

◆♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ❞é❜✐t❛♥t Red ✹✵✷✱ ✶✵✼✾✱ ✷✵✽✹
◆♦♠❜r❡ ❞❡ ▼❛❝❤ M = Ud

c ✵✳✵✵✵✼✱ ✵✳✵✵✹✶✱ ✵✳✵✵✼✾
❍❛✉t❡✉r ✐♥tér✐❡✉r❡ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ H ✷✺♠♠

❈♦♥❞✐t✐♦♥ ❞✬❡♥tré❡ ❞✉ ❝❛♥❛❧ ◆✐❞ ❞✬❛❜❡✐❧❧❡
❍❛✉t❡✉r ❞❡ ❝♦♥str✐❝t✐♦♥ Hc ✵✳✻✱ ✷✳✺ ❡t ✼✳✺♠♠

❉❡❣ré ❞✬♦✉✈❡rt✉r❡ Hc

H ✷✳✹✱ ✶✵ ❡t ✸✵✪
P❛s ❧♦♥❣✐t✉❞✐♥❛❧ ✭0 ≤ x ≤ 10Hc✮ δx ✵✳✷♠♠

P❛s ❧♦♥❣✐t✉❞✐♥❛❧ ✭10Hc ≤ x ≤ 20Hc✮ δx ✷♠♠
P❛s ❧♦♥❣✐t✉❞✐♥❛❧ ✭20 ≤ x ≤ 10Hc✮ δx ✺♠♠

P❛s tr❛♥s✈❡rs❛❧ δy ✶♠♠
P❛s ❤♦r✐③♦♥t❛❧ δz ✶♠♠

P❧❛❣❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ∆x ✷✵Hc

P❧❛❣❡ tr❛♥s✈❡rs❛❧❡ ∆y ✷H
P❧❛❣❡ ❤♦r✐③♦♥t❛❧❡ ∆z W

❋réq✉❡♥❝❡ ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ fe ✺❦❍③
❉✉ré❡ ❞❡ ♠❡s✉r❡ ✴ ♣♦s✐t✐♦♥ T ✸✵s

◆♦♠❜r❡ ❞✬é❝❤❛♥t✐❧❧♦♥s ✴ ♣♦s✐t✐♦♥ N = T · fs ✶✺✵✵✵✵
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❋✐❣✉r❡ ✸✳✶✼ ✕ ❈♦ï♥❝✐❞❡♥❝❡ ❡♥tr❡ ✈✐t❡ss❡s ❝❡♥tr❛❧❡s tr❛♥s✈❡rs❛❧❡♠❡♥t ❡t ❧♦♥❣✐t✉❞✐♥❛❧❡♠❡♥t
♠❡s✉ré❡s✳ ▲❛ ❧✐❣♥❡ ❡♥ ♣♦✐♥t✐❧❧és ✭ré❢ér❡♥❝❡✮ r❡♣rés❡♥t❡ ✉♥❡ ♠❡s✉r❡ ♣❛r❢❛✐t❡✳



✸✳✺✳ ❈❛r❛❝tér✐s❛t✐♦♥ ❡①♣ér✐♠❡♥t❛❧❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❛✈❛❧ ✻✼
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✭❜✮ ■♥t❡♥s✐té t✉r❜✉❧❡♥t❡ ❣❧♦❜❛❧❡

❋✐❣✉r❡ ✸✳✶✽ ✕ Pr♦✜❧s ❤♦r✐③♦♥t❛✉① ✭❞✐r❡❝t✐♦♥ z✮ ❞❡ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ❛❞✐♠❡♥s✐♦♥♥é❡ ♣❛r ❧❛ ✈❛❧❡✉r
♠❛①✐♠❛❧❡ ❡t ❞✬✐♥t❡♥s✐té t✉r❜✉❧❡♥t❡ ❣❧♦❜❛❧❡ ♠❡s✉rés ♣♦✉r ❧✬❡♠❜♦✉t à ✉♥ ♦❜st❛❝❧❡ ♠♦♥té s✉r ❧❡
❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ s✐♠♣❧❡ ✭ LL0

= 1✮ ❛✈❡❝ ♥✐❞ ❞✬❛❜❡✐❧❧❡ ✐♥séré ❡♥ ❡♥tré❡✱ ♣♦✉r ✉♥❡ ♦✉✈❡rt✉r❡ ❞❡
✸✵✪ ❡t ♣♦✉r ❧❡s ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ❞é❜✐t❛♥ts ✹✵✷ ✭+✮ ❡t ✷✵✽✹ ✭×✮✳

r❛♣♣♦rt ❞✬❛s♣❡❝t ❧❡ ♣❧✉s ♣❡t✐t ❞❡s tr♦✐s ♦✉✈❡rt✉r❡s✱ ❡t ❞♦♥❝ ❧❡ ❝❛s ❧❡ ♣❧✉s ❝r✐t✐q✉❡ ♣♦✉r ✈ér✐✜❡r
❧✬❤②♣♦t❤ès❡✳ ▲❡s ♣r♦✜❧s ❤♦r✐③♦♥t❛✉① ❞❡ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ❛❞✐♠❡♥s✐♦♥♥é❡ ♣❛r ❧❛ ✈❛❧❡✉r ♠❛①✐♠❛❧❡
❡t ❞✬✐♥t❡♥s✐té t✉r❜✉❧❡♥t❡ ❝♦rr❡s♣♦♥❞❛♥t❡ ♦❜t❡♥✉s s♦♥t ✐❧❧✉strés s✉r ❧❡s ✜❣✉r❡s ✸✳✶✽❛ ❡t ✸✳✶✽❜✱
r❡s♣❡❝t✐✈❡♠❡♥t✱ ♣♦✉r ❧❡s ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ❞é❜✐t❛♥ts ✹✵✷ ❡t ✷✵✽✹✳ ◆♦✉s ♦❜s❡r✈♦♥s ✉♥❡
❧é❣èr❡ ❛s②♠étr✐❡ s✉r ❧❛ ✜❣✉r❡ ✸✳✶✽❛ ❡♥tr❡ ❧❡s ❞❡✉① ♣❛r♦✐s ❞✉ ❝❛♥❛❧ ✭ zW = −0.5 ❡t z

W = +0.5✮
♣♦✉r ❧❡s ❞❡✉① ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ❝♦♥s✐❞érés✳ ❊♥ r❡✈❛♥❝❤❡✱ ❞❛♥s ❧❛ ré❣✐♦♥ −0.4 ≤ z

W ≤ 0.4

❧✬é❝❛rt ♣❛r r❛♣♣♦rt à ❧❛ ✈❛❧❡✉r ♠❛①✐♠❛❧❡ Um r❡st❡ ✐♥❢ér✐❡✉r à ✶✵✪✳ ◆♦✉s ❝♦♥s✐❞ér♦♥s ❞♦♥❝ q✉❡
❧✬❤②♣♦t❤ès❡ ❞❡ ❜✐❞✐♠❡♥s✐♦♥♥❛❧✐té ❞✉ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ ♠❡s✉ré ❡♥ s♦rt✐❡ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ❢♦r♠é❡
❡♥✲❞❡ss♦✉s ❧✬♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡ ❡st ✈❛❧✐❞❡ ♣♦✉r −0.4 ≤ z

W ≤ 0.4 ♠❛✐s ❡st s✉❥❡tt❡ à
❝❛✉t✐♦♥ ❛✉① ❡♥✈✐r♦♥s ❞❡s ♣❛r♦✐s ❞✉ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡✳ ❈♦♥❝❡r♥❛♥t ❧✬✐♥t❡♥s✐té t✉r❜✉❧❡♥t❡✱ ❡❧❧❡
r❡st❡ ✐♥❢ér✐❡✉r❡ à ✺✪ s✉r t♦✉t❡ ❧❛ ❧❛r❣❡✉r ♣♦✉r Red = 2084✱ ❝❡ q✉✐ ❡st ❢❛✐❜❧❡✳ ❊❧❧❡ ❡st ♠ê♠❡
q✉❛s✐♠❡♥t ♥✉❧❧❡ ♣♦✉r Red = 402✳

✸✳✺✳✸ ❈❛r❛❝tér✐s❛t✐♦♥ tr❛♥s✈❡rs❛❧❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ s❡❝t✐♦♥ ❞❡ s♦rt✐❡ ❞✉ ❝❛♥❛❧

✸✳✺✳✸✳✶ Pr♦✜❧s tr❛♥s✈❡rs❛✉① ❞❡ ✈✐t❡ss❡ ♠♦②❡♥♥❡

▲❡s ♣r♦✜❧s tr❛♥s✈❡rs❛✉① ✭❞✐r❡❝t✐♦♥ y✮ ❞❡ ✈✐t❡ss❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ♠♦②❡♥♥❡ ❛❞✐♠❡♥s✐♦♥♥é❡ ♣❛r
❧❛ ✈❛❧❡✉r ♠❛①✐♠❛❧❡ ♠❡s✉rés à ❧❛ s❡❝t✐♦♥ ❞❡ s♦rt✐❡ ❞❡ ❧✬❡♠❜♦✉t s♦♥t ✐❧❧✉strés s✉r ❧❡s ✜❣✉r❡s
✸✳✶✾❛✱ ✸✳✶✾❝ ❡t ✸✳✶✾❡ ♣♦✉r ❧❡s tr♦✐s ❞❡❣rés ❞✬♦✉✈❡rt✉r❡ ✭r❡s♣❡❝t✐✈❡♠❡♥t ✷✳✹✱ ✶✵ ❡t ✸✵✪✮✳ ▲❡s
♣r♦✜❧s tr❛♥s✈❡rs❛✉① ❞✬✐♥t❡♥s✐té t✉r❜✉❧❡♥t❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❧♦❝❛❧❡ ❝♦rr❡s♣♦♥❞❛♥ts s♦♥t ✐❧❧✉strés
s✉r ❧❡s ✜❣✉r❡s ✸✳✶✾❜✱ ✸✳✶✾❞ ❡t ✸✳✶✾❢✳ ▲❡s ❞❡✉① ③♦♥❡s ❡♥ ❣r✐s ❢♦♥❝é ♠❛tér✐❛❧✐s❡♥t ❧❡s ♣♦s✐t✐♦♥s
tr❛♥s✈❡rs❛❧❡s ❞❡s ♣❛r♦✐s ❞✉ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡✳ ▲❛ ③♦♥❡ ❡♥ ❣r✐s ❝❧❛✐r ♠❛tér✐❛❧✐s❡ ❧❛ ♣❛rt✐❡
❧✐❜r❡ ✭♥♦♥ ❝♦♥str✐❝té❡✮ s♦✉s ❧✬♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡✳ ▲❡ ❝❛s

(

Hc

H = 30%;Red = 1079
)



✻✽ ❈❤❛♣✐tr❡ ✸✳ ●é♦♠étr✐❡ ❛✈❡❝ ♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡ ✿ ♠❡s✉r❡s ❞❡ ✈✐t❡ss❡

♥✬❡st ♣❛s ♣rés❡♥té ❡♥ r❛✐s♦♥ ❞✬✉♥❡ ♠❡s✉r❡ ❡rr♦♥é❡ ♣♦✉r ❝❡tt❡ ❝♦♥✜❣✉r❛t✐♦♥✳ ▲❡s ♣r♦✜❧s ❞❡
✈✐t❡ss❡ ♣rés❡♥t❡♥t t♦✉s ✉♥ ♠❛①✐♠✉♠ ✈❡rs ❧❡ ♠✐❧✐❡✉ ❞❡ ❧❛ ③♦♥❡ ❧✐❜r❡ ✭♥♦♥ ❝♦♥str✐❝té❡✮✳ ❖♥ ♥♦t❡
t♦✉t❡❢♦✐s ❧❛ ♣rés❡♥❝❡ ❞✬✉♥ ♣❡t✐t ♣✐❝ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ ♣♦s✐t✐♦♥ tr❛♥s✈❡rs❛❧❡ ❝♦rr❡s♣♦♥❞❛♥t ❛✉
❜♦r❞ ✐♥❢ér✐❡✉r ❞❡ ❧❛ ♣❛r♦✐ ❞✉ ❝❛♥❛❧ ❧❛ ♣❧✉s ♣r♦❝❤❡ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ✭ yH ≈ −0.75✮ ♣♦✉r ❧❡s
♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ❞é❜✐t❛♥ts ✶✵✼✾ ❡t ✷✵✽✹ ❡t t♦✉s ❧❡s ❞❡❣rés ❞✬♦✉✈❡rt✉r❡s✱ ❝❡ q✉✐ ✐❧❧✉str❡
❧✬✐♠♣♦rt❛♥❝❡ ❞❡ ❧✬❡♥tr❛î♥❡♠❡♥t✳ ▲❡s ✐♥t❡♥s✐tés t✉r❜✉❧❡♥t❡s ❝♦rr❡s♣♦♥❞❛♥t❡s s♦♥t ✐♥❢ér✐❡✉r❡s à
✷✺✪ ♣♦✉r t♦✉t❡s ❧❡s ♦✉✈❡rt✉r❡s ❡t t♦✉s ❧❡s ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ❝♦♥s✐❞érés✳ ❖♥ tr♦✉✈❡ ✉♥❡
❢♦rt❡ ❛s②♠étr✐❡ ❞❡ ❧✬✐♥t❡♥s✐té t✉r❜✉❧❡♥t❡ ♣♦✉r ❧❡s ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ✶✵✼✾ ❡t ✷✵✽✹✱ ❛✈❡❝ ✉♥
♣✐❝ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬❡①tré♠✐té ❞❡ ❧✬♦❜st❛❝❧❡✱ ❝❡ q✉✐ ❡st ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s rés✉❧t❛ts ♦❜t❡♥✉s ♣♦✉r
Re = 4000 ❡t Hc

H = 30✪ ❬❱●P+✶✵❪✳ P♦✉r Red = 402✱ ❧❡s ✐♥t❡♥s✐tés t✉r❜✉❧❡♥t❡s s♦♥t t♦✉t❡s
✐♥❢ér✐❡✉r❡s à ✸✪✳

✸✳✺✳✸✳✷ ▲❛r❣❡✉r ❞❡ ❥❡t à ✺✵✪

◆♦✉s s♦♠♠❡s é❣❛❧❡♠❡♥t ✐♥tér❡ssés ♣❛r ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ❧❛r❣❡✉r ❞❡ ❥❡t ∆yp à ✺✵✪ ✭p =
U
Um

= 0.5✱ éq✉❛t✐♦♥ ✸✳✸✾✮ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❞❡❣ré ❞✬♦✉✈❡rt✉r❡ ✭❡t ❞♦♥❝ ❞✉ r❛♣♣♦rt ❞✬❛s♣❡❝t
AR✮ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ❡t ❞✉ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s✳ ❊♥ r❛✐s♦♥ ❞❡ ❧✬✐♠♣♦ss✐❜✐❧✐té ❞❡ ♠❡s✉r❡r
❞❡ ♠❛♥✐èr❡ ❝♦♥t✐♥✉❡ s✉r ❧✬✐♥té❣r❛❧✐té ❞❡s ♣♦s✐t✐♦♥s tr❛♥s✈❡rs❛❧❡s ✭−0.5 ≤ y

H ≤ +0.5✮✱ ✐❧ ❡st
♥é❝❡ss❛✐r❡ ❞✬✐♥t❡r♣♦❧❡r ❧❡s ♣r♦✜❧s tr❛♥s✈❡rs❛✉① ♠❡s✉rés ❞❡ ✈✐t❡ss❡ ❛✜♥ ❞❡ ♣♦✉✈♦✐r ❡st✐♠❡r ❧❛
❧❛r❣❡✉r ❞❡ ❥❡t ❛✉ s❡✉✐❧ p ❝♦♥s✐❞éré✱ q✉❡❧q✉❡ s♦✐t p ✭✐✳❡✳ q✉❡❧q✉❡ s♦✐t U✮✳ ❉❡s ❡①❡♠♣❧❡s ❞❡ ♣r♦✜❧s
tr❛♥s✈❡rs❛✉① ✐♥t❡r♣♦❧és s♦♥t ❞♦♥♥és s✉r ❧❛ ✜❣✉r❡ ✸✳✷✵❛✱ ♣♦✉r ❧❡ ❝❛s ❞✉ ❞❡❣ré ❞✬♦✉✈❡rt✉r❡ ❞❡
✶✵✪✳ ▲❡s ❝r♦✐① ♠❛tér✐❛❧✐s❡♥t ❧❡s ♣♦✐♥ts ♦ù ❧✬♦♥ ❛ U = pUm✱ q✉✐ ♣❡r♠❡tt❡♥t ❞✬❡st✐♠❡r ❧❛ ❧❛r❣❡✉r
❞❡ ❥❡t ∆yp ❛✉ s❡✉✐❧ p✳ ▲❛ ✜❣✉r❡ ✸✳✷✵❜ ♣rés❡♥t❡ ❧❡s ❧❛r❣❡✉rs ❞❡ ❥❡t à ✺✵✪ ❛❞✐♠❡♥s✐♦♥♥é❡s ♣❛r
❧❛ ❤❛✉t❡✉r ❞❡ ❝❛♥❛❧ ♥♦♥ ❝♦♥str✐❝té❡ ∆y0.5

H ❡st✐♠é❡s ♣♦✉r ❧❡s tr♦✐s ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ❡t tr♦✐s
❞❡❣rés ❞✬♦✉✈❡rt✉r❡ ✭r❛♣♣♦rts ❞✬❛s♣❡❝t✮ ❝♦♥s✐❞érés✳ ◆♦✉s ♣♦✉✈♦♥s ✈♦✐r q✉❡ ❧❛ ❧❛r❣❡✉r ❞❡ ❥❡t à
✺✵✪ s✬é❧è✈❡ à ✷✵✪ ❞❡ ❧❛ ❤❛✉t❡✉r ❞❡ ❝❛♥❛❧ ♥♦♥ ❝♦♥str✐❝té❡ H ♣♦✉r ❧❛ ♣❧✉s ❣r❛♥❞❡ ❞❡s tr♦✐s
♦✉✈❡rt✉r❡s ✭✸✵✪✮✳ P♦✉r ❧❡s ❞❡✉① ❛✉tr❡s ♦✉✈❡rt✉r❡s✱ ❧❛ ❧❛r❣❡✉r ❞❡ ❥❡t à ✺✵✪ ❡st ❝♦♠♣r✐s❡ ❡♥tr❡
✷ ❡t ✽✪✳

✸✳✺✳✸✳✸ ❆s②♠étr✐❡ ❞❡s ❥❡ts ❣é♥érés

▲❛ ✜❣✉r❡ ✸✳✷✶ ♣rés❡♥t❡ ❧❡s ❢❛❝t❡✉rs ❞✬❛s②♠étr✐❡ ❞❡ ❥❡t yp−ym
∆yp

❬✪❪ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ s❡✉✐❧ p
é❣❛❧❡♠❡♥t ❡①♣r✐♠é ❡♥ ✪✱ ♣♦✉r t♦✉t❡s ❧❡s ❝♦♥✜❣✉r❛t✐♦♥s ❝♦♥s✐❞éré❡s✳ ▲❛ ❧✐❣♥❡ ♥♦✐r❡ ♣♦✐♥t✐❧❧é❡
❡st ❛❥♦✉té❡ ❝♦♠♠❡ ré❢ér❡♥❝❡ ❡t ❝♦rr❡s♣♦♥❞ ❛✉ ❝❛s ❞✬✉♥ ❥❡t ♣❛r❢❛✐t❡♠❡♥t ❛①✐s②♠étr✐q✉❡ ✭✐✳❡✳
yp−ym
∆yp

= 50✪ q✉❡❧q✉❡ s♦✐t p✮✳ ◆♦✉s ❝♦♥st❛t♦♥s q✉❡ ❧❡s ❥❡ts à ❢❛✐❜❧❡ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s
✭✹✵✷✮ s♦♥t r❡❧❛t✐✈❡♠❡♥t s②♠étr✐q✉❡s q✉❡❧q✉❡ s♦✐t ❧✬♦✉✈❡rt✉r❡✱ ❛✈❡❝ ❞❡s ❢❛❝t❡✉rs ❞✬❛s②♠étr✐❡
❝♦♠♣r✐s ❡♥tr❡ ✹✵ ❡t ✻✵✪✳ ❊♥ r❡✈❛♥❝❤❡✱ ♣♦✉r ❧❡s ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ♣❧✉s é❧❡✈és ✭✶✵✼✾ ❡t
✷✵✽✹✮✱ ❧✬❛s②♠étr✐❡ ❡st ♣❧✉s ♣r♦♥♦♥❝é❡✱ ❛✈❡❝ ❞❡s ❢❛❝t❡✉rs ❞✬❛s②♠étr✐❡ s✬ét❡♥❞❛♥t ❞❡ ✸✵ à ✽✵✪✳
▲✬♦✉✈❡rt✉r❡ ❞❡ ✶✵✪ ♣rés❡♥t❡ ❧✬❛s②♠étr✐❡ ❧❛ ♣❧✉s ♠❛rq✉é❡✱ ❛✈❡❝ ❞❡s ❢❛❝t❡✉rs ❞✬❛s②♠étr✐❡ ❝♦♠♣r✐s
❡♥tr❡ ✼✵ ❡t ✽✵✪ ♣♦✉r Red = 1079 ❡t Red = 2084✳



✸✳✺✳ ❈❛r❛❝tér✐s❛t✐♦♥ ❡①♣ér✐♠❡♥t❛❧❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❛✈❛❧ ✻✾

✭❛✮ ❱✐t❡ss❡ ♠♦②❡♥♥❡✱ Hc

H
= 2.4✪ ✭❜✮ ■♥t❡♥s✐té t✉r❜✉❧❡♥t❡ ❣❧♦❜❛❧❡✱ Hc

H
= 2.4✪

✭❝✮ ❱✐t❡ss❡ ♠♦②❡♥♥❡✱ Hc

H
= 10✪ ✭❞✮ ■♥t❡♥s✐té t✉r❜✉❧❡♥t❡ ❣❧♦❜❛❧❡✱ Hc

H
= 10✪

✭❡✮ ❱✐t❡ss❡ ♠♦②❡♥♥❡✱ Hc

H
= 30✪ ✭❢✮ ■♥t❡♥s✐té t✉r❜✉❧❡♥t❡ ❣❧♦❜❛❧❡✱ Hc

H
= 30✪

❋✐❣✉r❡ ✸✳✶✾ ✕ Pr♦✜❧s tr❛♥s✈❡rs❛✉① ❞❡ ✈✐t❡ss❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ♠♦②❡♥♥❡ ❛❞✐♠❡♥s✐♦♥♥é❡ ♣❛r ❧❛
✈❛❧❡✉r ♠❛①✐♠❛❧❡ ❡t ❞✬✐♥t❡♥s✐té t✉r❜✉❧❡♥t❡ ❣❧♦❜❛❧❡ ♠❡s✉rés ♣♦✉r ❧✬❡♠❜♦✉t ❛✈❡❝ ♦❜st❛❝❧❡ ❡♥
❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡ ♠♦♥té s✉r ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ ❡♥ ♣❧❡①✐❣❧❛s ❞❡ ✸✶❝♠ ♣♦✉r ✸ ❞❡❣rés ❞✬♦✉✈❡rt✉r❡
✭✷✳✹✱ ✶✵ ❡t ✸✵✪✮ ❡t ✸ ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ❞é❜✐t❛♥ts Red ✿ ✹✵✷ ✭+✮ ❀ ✶✵✼✾ ✭∗✮ ❀ ✷✵✽✹ ✭×✮✳
▲❡s ❞❡✉① ③♦♥❡s ❡♥ ❣r✐s ❢♦♥❝é ♠❛tér✐❛❧✐s❡♥t ❧❡s ♣♦s✐t✐♦♥s tr❛♥s✈❡rs❛❧❡s ❞❡s ♣❛r♦✐s ❞✉ ❝❛♥❛❧
r❡❝t❛♥❣✉❧❛✐r❡✳ ▲❛ ③♦♥❡ ❡♥ ❣r✐s ❝❧❛✐r ♠❛tér✐❛❧✐s❡ ❧❛ ♣❛rt✐❡ ❧✐❜r❡ ✭♥♦♥ ❝♦♥str✐❝té❡✮ s♦✉s ❧✬♦❜st❛❝❧❡✳
▲❡ ❝❛s

(

Hc

H = 30%;Red = 1079
)

♥✬❡st ♣❛s ♣rés❡♥té ❡♥ r❛✐s♦♥ ❞✬✉♥❡ ♠❡s✉r❡ ❡rr♦♥é❡ ♣♦✉r ❝❡tt❡
❝♦♥✜❣✉r❛t✐♦♥✳
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t✐♠❛t✐♦♥ ❞❡ ❧❛ ❧❛r❣❡✉r ❞❡ ❥❡t ∆yp ❛✉ s❡✉✐❧ p = 50% ✿ ❝❛s Hc

H = 10✪✳ ▲❡s ❝r♦✐① r❡♣rés❡♥t❡♥t ❧❡s
♣♦✐♥ts ♦ù U = pUm✳ ✭❜✮ ▲❛r❣❡✉r ❞❡ ❥❡t à ✺✵✪ ❛❞✐♠❡♥s✐♦♥♥é❡ ∆y0.5
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❋✐❣✉r❡ ✸✳✷✶ ✕ ❋❛❝t❡✉r ❞✬❛s②♠étr✐❡ ❞❡ ❥❡t yp−ym
∆yp

❡♥ ❢♦♥❝t✐♦♥ ❞✉ s❡✉✐❧ ❞❡ ✈✐t❡ss❡ ♠❛①✐♠❛❧❡ p%
♣♦✉r t♦✉t❡s ❧❡s ❝♦♥✜❣✉r❛t✐♦♥s ❛✈❛❧ ét✉❞✐é❡s✳ ▲❛ ❧✐❣♥❡ ♣♦✐♥t✐❧❧é❡ ♥♦✐r❡ ✭ré❢ér❡♥❝❡✮ ❝♦rr❡s♣♦♥❞ ❛✉
❝❛s ❞✬✉♥ ❥❡t ♣❛r❢❛✐t❡♠❡♥t ❛①✐s②♠étr✐q✉❡✳
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❋✐❣✉r❡ ✸✳✷✷ ✕ ▼♦❞✉❧❡ ❞❡ ❧❛ ❞❡♥s✐té s♣❡❝tr❛❧❡ ❞❡ ♣✉✐ss❛♥❝❡ ❞❡ ❧❛ ✈✐t❡ss❡ ✐♥st❛♥t❛♥é❡ φUm✱ ❞♦♥t
❧❛ ✈❛❧❡✉r ♠♦②❡♥♥❡ ❡st ♠❛①✐♠❛❧❡ s✉r t♦✉t❡ ❧✬ét❡♥❞✉❡ tr❛♥s✈❡rs❛❧❡ ♠❡s✉ré❡ ∆y✱ ♣♦✉r ❧✬❡♠❜♦✉t
à ✉♥ ♦❜st❛❝❧❡ ✭♦✉✈❡rt✉r❡ ❞❡ ✶✵✪✮ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ❙tr♦✉❤❛❧ St = fHc

Udc
❡t ❞✉ ♥♦♠❜r❡

❞❡ ❘❡②♥♦❧❞s ❞é❜✐t❛♥t Red✳

✸✳✺✳✸✳✹ ❈❛r❛❝tér✐s❛t✐♦♥ s♣❡❝tr❛❧❡

▲❡s ♠♦❞✉❧❡s ❞❡s ❞❡♥s✐tés s♣❡❝tr❛❧❡s ❞❡ ♣✉✐ss❛♥❝❡ ❡st✐♠é❡s ❞❡ ❧❛ ✈✐t❡ss❡ ✐♥st❛♥t❛♥é❡ φUm✱
❞♦♥t ❧❛ ✈❛❧❡✉r ♠♦②❡♥♥❡ ❡st ♠❛①✐♠❛❧❡ s✉r t♦✉t❡ ❧✬ét❡♥❞✉❡ tr❛♥s✈❡rs❛❧❡ ♠❡s✉ré❡ ∆y✱ s♦♥t ♣ré✲
s❡♥té❡s s✉r ❧❛ ✜❣✉r❡ ✸✳✷✷ ♣♦✉r ❧✬♦✉✈❡rt✉r❡ ❞❡ ✶✵✪✱ ❡♥ t❛♥t q✉✬❡①❡♠♣❧❡✱ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♥♦♠❜r❡
❞❡ ❙tr♦✉❤❛❧ St = fHc

Udc
❡t ❞✉ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ❞é❜✐t❛♥t Red✳ ◆♦✉s ❛✈♦♥s ✿

∫

φUm(St)dSt = 1. ✭✸✳✹✷✮

❈♦♠♠❡ ❛tt❡♥❞✉✱ ❧✬é♥❡r❣✐❡ s♣❡❝tr❛❧❡ ♠✐s❡ ❡♥ ❥❡✉ ❛✉❣♠❡♥t❡ ❛✈❡❝ ❧❡ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s✱ ❛✈❡❝
❞❡s é❝❛rts ❞❡ ♣rès ❞❡ ✺✵❞❇ ❡♥tr❡ s✐❣♥❛❧ ♣♦✉r Red = 402 ❡t s✐❣♥❛❧ ♣♦✉r Red = 2084 s✉r ❝❡rt❛✐♥s
♥♦♠❜r❡s ❞❡ ❙tr♦✉❤❛❧✳ ❉❡s ♣✐❝s s♦♥t ♥❡tt❡♠❡♥t ✈✐s✐❜❧❡s✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ♣♦✉r ❧❡ ❝❛s Red = 1079✱
❛✈❡❝ ❞❡✉① ♣✐❝s très ♣r♦♥♦♥❝és ♣♦✉r St ≈ 0.19 ❡t St ≈ 0.38✱ ✐♥❞✐q✉❛♥t ❞❡s ❞é❝r♦❝❤❡♠❡♥ts
t♦✉r❜✐❧❧♦♥♥❛✐r❡s✳ ▲❡ ♣✐❝ à St ≈ 0.38 ❡st é❣❛❧❡♠❡♥t ✈✐s✐❜❧❡ ♣♦✉r Red = 2084✳ ❉❡ ♣ré❝é❞❡♥t❡s
ét✉❞❡s s✉r ❞❡s ❥❡ts r❡❝t❛♥❣✉❧❛✐r❡s ❡t ♣❧❛♥s ♦♥t r❡♣♦rté ❞❡s ❢réq✉❡♥❝❡s ❛❞✐♠❡♥s✐♦♥♥é❡s ❞❡ ❞é✲
❝r♦❝❤❡♠❡♥t t♦✉r❜✐❧❧♦♥♥❛✐r❡ ❝♦♠♣r✐s❡s ❡♥tr❡ ✵✳✷✸ ❡t ✵✳✹✸ ✭t❛❜❧❡❛✉ ✸✳✸✮✱ ❝❡ q✉✐ s❡♠❜❧❡ ❝♦♥s✐st❛♥t
❛✈❡❝ ❧❡s ❞♦♥♥é❡s ♦❜t❡♥✉❡s ♣♦✉r ❧✬♦✉✈❡rt✉r❡ ❞❡ ✶✵✪ ✭❡t ❞♦♥❝ ❧❡ r❛♣♣♦rt ❞✬❛s♣❡❝t ❞❡ ✹✷✮✳
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❚❆❇▲❊❆❯ ✸✳✸ ✕ ❈♦♠♣❛r❛✐s♦♥ ❛✈❡❝ ❧❛ ❧✐ttér❛t✉r❡ s✉r ❧❡s ❥❡ts r❡❝t❛♥❣✉❧❛✐r❡s ♦✉ ♣❧❛♥s ❞❡ ❢ré✲
q✉❡♥❝❡s ❛❞✐♠❡♥s✐♦♥♥é❡s ❞❡ ❞ét❛❝❤❡♠❡♥t t♦✉r❜✐❧❧♦♥♥❛✐r❡ ✭✈♦rt❡① s❤❡❞❞✐♥❣✮ St∗✳

➱t✉❞❡ ●é♦♠étr✐❡ Re AR St∗

❇❡❛✈❡rs ❡t ❲✐❧s♦♥ ❬❇❲✼✵❪ ♣❧❛♥❡ ✺✵✵✕✸✵✵✵ ✕ ✵✳✹✸
❚s✉❝❤✐②❛ ❡t ❛❧✳ ❬❚❍❚❙✽✾❪ r❡❝t❛♥❣✉❧❛✐r❡ ✸✺✵✵ ✺ ✵✳✹✵

❙❛t♦ ❬❙❛t✻✵❪ ♣❧❛♥❡ ✶✺✵✵✕✽✵✵✵ ✶✵ à ✻✼ ✵✳✷✸
◆❛♠❡r ❡t Ötü❣❡♥ ❬◆Ö✽✽❪ r❡❝t❛♥❣✉❧❛✐r❡ ✶✵✵✵✕✼✵✵✵ ✺✻ ✵✳✷✼
❉❡♦ ❡t ❛❧✳ ❬❉▼◆✵✼❜❪ ♣❧❛♥❡ ✶✽✵✵✵ ✕ ✵✳✷✹

Prés❡♥t❡ ét✉❞❡ r❡❝t❛♥❣✉❧❛✐r❡ ✶✵✼✾✱ ✷✵✽✹ ✹✷ ≈✵✳✶✾✱ ≈✵✳✸✽

✸✳✺✳✹ ❈❛r❛❝tér✐s❛t✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❡♥ ❛✈❛❧ ❞❡ ❧✬♦❜st❛❝❧❡ ❥✉sq✉✬❡♥ ❝❤❛♠♣
❧♦✐♥t❛✐♥

✸✳✺✳✹✳✶ Pr♦✜❧s ❧♦♥❣✐t✉❞✐♥❛✉① ❞❡ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ❝❡♥tr❛❧❡ ❡t ❞✬✐♥t❡♥s✐té t✉r❜✉✲
❧❡♥t❡ ❣❧♦❜❛❧❡ ❝♦rr❡s♣♦♥❞❛♥t❡

▲❡s ♣r♦✜❧s ❧♦♥❣✐t✉❞✐♥❛✉① ❞❡ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ❝❡♥tr❛❧❡ ❛❞✐♠❡♥s✐♦♥♥é❡ ♣❛r ❧❛ ✈✐t❡ss❡ ♠♦②❡♥♥❡
❝❡♥tr❛❧❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ❢♦r♠é❡ ❡♥✲❞❡ss♦✉s ❞❡ ❧✬♦❜st❛❝❧❡ Uoc✱ ♠❡s✉rés ❡♥ ❛✈❛❧ ❞❡
❧✬♦❜st❛❝❧❡ ❥✉sq✉✬❡♥ ❝❤❛♠♣ ❧♦✐♥t❛✐♥ ✭0 ≤ x

Hc
≤ 150 ♣♦✉r Hc

H = 2.4✪ ❡t 0 ≤ x
Hc

≤ 30 ♣♦✉r
Hc

H = 10✪ ❡t ✸✵✪✮ ♠♦♥té s✉r ❧❡ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ s✐♠♣❧❡ ✭ LL0
❂✶✮ ❛✈❡❝ ♥✐❞ ❞✬❛❜❡✐❧❧❡ ✐♥séré

❡♥ ❡♥tré❡ s♦♥t ✐❧❧✉strés s✉r ❧❡s ✜❣✉r❡s ✸✳✷✸❛✱ ✸✳✷✸❝ ❡t ✸✳✷✸❡✱ ♣♦✉r ❧❡s tr♦✐s ❞❡❣rés ❞✬♦✉✈❡rt✉r❡
❝♦♥s✐❞érés✳ ▲❡s ✐♥t❡♥s✐tés t✉r❜✉❧❡♥t❡s ❣❧♦❜❛❧❡s ❝♦rr❡s♣♦♥❞❛♥t❡s s♦♥t ✐❧❧✉stré❡s s✉r ❧❡s ✜❣✉r❡s
✸✳✷✸❜✱ ✸✳✷✸❞ ❡t ✸✳✷✸❢✳ ▲❛ ❧✐❣♥❡ ✈❡rt✐❝❛❧❡ ♥♦✐r❡ ♣❧❡✐♥❡ ♠❛tér✐❛❧✐s❡ ❧❛ ♣♦s✐t✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❞❡ ❧❛
s❡❝t✐♦♥ ❞❡ s♦rt✐❡ xsortie ❞❡ ❧✬❡♠❜♦✉t ❛✈❡❝ ♦❜st❛❝❧❡ ♠♦♥té s✉r ❧❡ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡✱ ❡t ❧❡s ❧✐❣♥❡s
✈❡rt✐❝❛❧❡s ❡♥ ♣♦✐♥t✐❧❧és r❡♣rés❡♥t❡♥t ❧❡s ♣♦s✐t✐♦♥s ❧♦♥❣✐t✉❞✐♥❛❧❡s ❞❡s ❝ô♥❡s ♣♦t❡♥t✐❡❧s xpc✳ ❖♥
♣❡✉t r❡♠❛rq✉❡r s✉r ❧❡s ♣r♦✜❧s ❞❡ ✈✐t❡ss❡ ❧❛ ♣rés❡♥❝❡ ❞✬❛✉ ♠♦✐♥s tr♦✐s ré❣✐♦♥s ❞✐st✐♥❝t❡s✱ ❛✈❡❝
✉♥❡ ♣r❡♠✐èr❡ ré❣✐♦♥ s✬ét❡♥❞❛♥t ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ❡♥✲❞❡ss♦✉s ❞❡ ❧✬♦❜st❛❝❧❡ ✭x = 0✮ ❥✉sq✉✬❛✉
✈♦✐s✐♥❛❣❡ ❞❡ ❧❛ s♦rt✐❡ ❞❡ ❧✬❡♠❜♦✉t ✭x = xsortie✮✱ ❛✈❡❝ ✉♥❡ ❛❝❝é❧ér❛t✐♦♥ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t✱ ♣✉✐s
✉♥❡ s❡❝♦♥❞❡ ré❣✐♦♥ ❡♥ ❝❤❛♠♣ ♣r♦❝❤❡ ✭xsortie ≤ x ≤ xpc✮ ❞❛♥s ❧❛q✉❡❧❧❡ ❧❛ ✈✐t❡ss❡ ♠♦②❡♥♥❡
❡st q✉❛s✐♠❡♥t ❝♦♥st❛♥t❡✱ ❡t ❡♥✜♥ ✉♥❡ tr♦✐s✐è♠❡ ré❣✐♦♥ ✭x > xpc✮ ❞❛♥s ❧❛q✉❡❧❧❡ ❧✬é❝♦✉❧❡♠❡♥t
s✉❜✐t ✉♥❡ ❞é❝é❧ér❛t✐♦♥ ✭❞é❝r♦✐ss❛♥❝❡ ❞❡ ❧❛ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ❝❡♥tr❛❧❡✮✳ ❈♦♥❝❡r♥❛♥t ❧✬✐♥t❡♥s✐té
t✉r❜✉❧❡♥t❡✱ ♥♦✉s ♣♦✉✈♦♥s r❡♠❛rq✉❡r q✉✬❡❧❧❡ ❡st ❣❧♦❜❛❧❡♠❡♥t ✐♥❢ér✐❡✉r❡ à ✷✵✪ ♣♦✉r t♦✉s ❧❡s
❝❛s✱ ❡t q✉✬❡❧❧❡ ❛✉❣♠❡♥t❡ ❥✉sq✉✬❡♥ ❝❤❛♠♣ ❧♦✐♥t❛✐♥ ❥✉sq✉✬à ✉♥ ❝❡rt❛✐♥ ♠❛①✐♠✉♠ ♣♦✉r ❡♥s✉✐t❡
❞✐♠✐♥✉❡r✳ P♦✉r ❧❡ ❝❛s Hc

H = 2.4✪✱ ❧❡s ♣✐❝s ❞❡ ♠❛①✐♠✉♠ ❝♦ï♥❝✐❞❡♥t ❛✈❡❝ ❧❛ ♣♦s✐t✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡
❞❡ ❧❛ s❡❝t✐♦♥ ❞❡ s♦rt✐❡ ❞❡ ❧❛ ♠❛q✉❡tt❡✳

✸✳✺✳✹✳✷ Pr♦✜❧s ❧♦♥❣✐t✉❞✐♥❛✉① ❡♥ ❵❧♦✐ ❝❛rré❡✬ ❡t ré❣r❡ss✐♦♥s ❧✐♥é❛✐r❡s

▲❛ ✜❣✉r❡ ✸✳✷✹ ✐❧❧✉str❡ ❧❡s ♣r♦✜❧s ❞❡ ❞é❝r♦✐ss❛♥❝❡ ❞❡ ✈✐t❡ss❡ ❝❡♥tr❛❧❡ ❡♥ ❵❧♦✐ ❝❛rré❡✬
(

Udc

Uc

)2

✭éq✉❛t✐♦♥ ✸✳✹✵✮ ❡♥tr❡ ✵ ❡t ✽✵Hc✱ ♣♦✉r ❧❡s ♦✉✈❡rt✉r❡s ❞❡ ✷✳✹ ✭❛✮ ❡t ✶✵✪ ✭❜✮✱ ❛❝❝♦♠♣❛❣♥és
❞❡ ❞r♦✐t❡s ❞❡ ré❣r❡ss✐♦♥ ❧✐♥é❛✐r❡✱ ❞♦♥t ❧❡s ré❣r❡ss✐♦♥s s♦♥t ❢❛✐t❡s s✉r ❧❡s ré❣✐♦♥s ❡♥ ❝❤❛♠♣
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H
= 10✪✮
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H
= 30✪✮
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✭❢✮ ■♥t❡♥s✐té t✉r❜✉❧❡♥t❡ ❣❧♦❜❛❧❡ ✭Hc

H
= 30✪✮

❋✐❣✉r❡ ✸✳✷✸ ✕ Pr♦✜❧s ❧♦♥❣✐t✉❞✐♥❛✉① ❞❡ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ❛❞✐♠❡♥s✐♦♥♥é❡ ❡t ❞✬✐♥t❡♥s✐té t✉r❜✉✲
❧❡♥t❡ ♠❡s✉rés ❡♥ ❛✈❛❧ ❞❡ ❧✬♦❜st❛❝❧❡ ♣♦✉r ✉♥❡ ♦✉✈❡rt✉r❡ ❞❡ ✷✳✹✪ ✭❤❛✉t✮✱ ✶✵✪ ✭♠✐❧✐❡✉✮✱ ✸✵✪
✭❜❛s✮ ❡t ♣♦✉r ❧❡s ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ❞é❜✐t❛♥ts ✿ ✹✵✷ ✭+✮ ❀ ✶✵✼✾ ✭∗✮ ❀ ✷✵✽✹ ✭×✮✳ ▲❡s ❧✐❣♥❡s
✈❡rt✐❝❛❧❡s ❡♥ ♣♦✐♥t✐❧❧és r❡♣rés❡♥t❡♥t ❧❡s ♣♦s✐t✐♦♥s ❧♦♥❣✐t✉❞✐♥❛❧❡s ❞❡ ✜♥ ❞❡s ❝ô♥❡s ♣♦t❡♥t✐❡❧s xpc
❡t ❧❛ ❧✐❣♥❡ ✈❡rt✐❝❛❧❡ ♥♦✐r❡ ♣❧❡✐♥❡ r❡♣rés❡♥t❡ ❧❛ ♣♦s✐t✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❞❡ ❧❛ s❡❝t✐♦♥ ❞❡ s♦rt✐❡
xsortie ❞❡ ❧❛ ♠❛q✉❡tt❡ ✭❡♠❜♦✉t✮✳ Uoc ❡st ❧❛ ✈✐t❡ss❡ ❝❡♥tr❛❧❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ❢♦r♠é❡
❡♥✲❞❡ss♦✉s ❞❡ ❧✬♦❜st❛❝❧❡✳
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✭❜✮ Hc

H
= 10✪

❋✐❣✉r❡ ✸✳✷✹ ✕ Pr♦✜❧s ❧♦♥❣✐t✉❞✐♥❛✉① ❡♥ ❧♦✐ ❵❝❛rré❡✬ ❡t ❞r♦✐t❡s ❞❡ ré❣r❡ss✐♦♥ ❧✐♥é❛✐r❡ ♣♦✉r ❞❡s
❞❡❣rés ❞✬♦✉✈❡rt✉r❡ ✷✳✹✪ ✭❛✮✱ ✶✵✪ ✭❜✮✱ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s✳ ▲❡s ❝♦❡✣❝✐❡♥ts
❞❡ ❝♦rré❧❛t✐♦♥ R ❡♥tr❡ ♣r♦✜❧s ❡t ❞r♦✐t❡s ❞❡ ré❣r❡ss✐♦♥ s♦♥t ✐♥❞✐q✉és ❞❛♥s ❧❛ ❧é❣❡♥❞❡✳ ▲❛ ❧✐❣♥❡
✈❡rt✐❝❛❧❡ ♥♦✐r❡ r❡♣rés❡♥t❡ ❧❛ ♣♦s✐t✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❞❡ ❧❛ s❡❝t✐♦♥ ❞❡ s♦rt✐❡ ❞✉ ❝❛♥❛❧✳

❧♦✐♥t❛✐♥ ✭x ≥ 20Hc✮ ♣rés❡♥t❛♥t ✉♥❡ ❛❧❧✉r❡ ❧✐♥é❛✐r❡✳ ▲❡s ❝♦❡✣❝✐❡♥ts ❞❡ ❝♦rré❧❛t✐♦♥ R ❡♥tr❡
♣r♦✜❧ ❡t ❞r♦✐t❡ ❞❡ ré❣r❡ss✐♦♥ ❝♦rr❡s♣♦♥❞❛♥t❡ s♦♥t ✐♥❞✐q✉és ❞❛♥s ❧❛ ❧é❣❡♥❞❡✳ ❊①❝❡♣té ❧❡ ❝❛s
(

Hc

H = 2.4%;Red = 402
)

✱ ♣♦✉r ❧❡q✉❡❧ ✐❧ ❡st ❞✐✣❝✐❧❡ ❞❡ ❞✐st✐♥❣✉❡r ✉♥❡ ♣❛rt✐❡ ❧✐♥é❛✐r❡ ♣♦✉r x <
50Hc✱ ❧❡s ❛✉tr❡s ❝❛s ♠♦♥tr❡♥t q✉❡ ✉♥❡ ♣❛rt✐❡ ❧✐♥é❛✐r❡ ♠♦♥t❛♥t❡ ❞é❜✉t❛♥t ✈❡rs x > 15Hc✳ ▲❡s
ré❣r❡ss✐♦♥s ❧✐♥é❛✐r❡s ♣❡r♠❡tt❡♥t ❞✬❡st✐♠❡r ❧❡s ♣❛r❛♠ètr❡s ❞❡ ❞é❝r♦✐ss❛♥❝❡ ❞❡ ❥❡t Ku ❡t x01
✭éq✉❛t✐♦♥ ✸✳✹✵✮✱ q✉✐ s❡r♦♥t ♣rés❡♥tés ❞❛♥s ❧❛ s❡❝t✐♦♥ s✉✐✈❛♥t❡✳

▲❛ ✜❣✉r❡ ✸✳✷✺❛ ✐❧❧✉str❡ ❞❡ ♠❛♥✐èr❡ ❣❧♦❜❛❧❡ ❧❡s ❞é❝r♦✐ss❛♥❝❡s ❞❡ ✈✐t❡ss❡ ❝❡♥tr❛❧❡ ♣♦✉r t♦✉t❡s
❧❡s ❝♦♥✜❣✉r❛t✐♦♥s ét✉❞✐é❡s✱ ♣♦✉r 1 ≤ x

Hc
≤ 200✳ ▲❛ ✜❣✉r❡ ✸✳✷✺❜✱ ✐ss✉❡ ❞✬✉♥❡ ét✉❞❡ ❞❡ ▼✐ ❡t

❛❧ ✭✷✵✵✺✮ ❬▼❉◆✵✺❪ ❡t q✉✐ ❢♦✉r♥✐t ❞❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s ♠❡s✉ré❡s ♣♦✉r ❞❡s ❥❡ts ✐ss✉s ❞❡
s❡❝t✐♦♥s r❡❝t❛♥❣✉❧❛✐r❡s à q✉❛tr❡ r❛♣♣♦rts ❞✬❛s♣❡❝t ❞✐✛ér❡♥ts ✭✶✺✱ ✸✵✱ ✻✵ ❡t ✶✷✵✮✱ ❡st ✐♥❝❧✉s❡ ♣♦✉r
❝♦♠♣❛r❛✐s♦♥✳ P♦✉r t♦✉t❡s ❧❡s ❝♦♥✜❣✉r❛t✐♦♥s✱ ❞❛♥s ❧❛ ré❣✐♦♥ 1 ≤ x

Hc
≤ 8✱ ❧❛ ✈✐t❡ss❡ ♠♦②❡♥♥❡

❝❡♥tr❛❧❡ r❡st❡ ❝♦♥st❛♥t❡✱ ♣✉✐s ❞❛♥s ❧❛ ré❣✐♦♥ ♣❧✉s ❡♥ ❛✈❛❧ ✭ x
Hc

> 9✮ ✐✳❡✳ ❞❛♥s ❧❡ ❝❤❛♠♣ ❧♦✐♥t❛✐♥✱
❧❛ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ❝❡♥tr❛❧❡ s✉❜✐t ✉♥❡ ❞é❝r♦✐ss❛♥❝❡ ❧✐♥é❛✐r❡ ✭❡♥ é❝❤❡❧❧❡ ❧♦❣❛r✐t❤♠✐q✉❡✮✳

✸✳✺✳✹✳✸ ❈♦♠♣❛r❛✐s♦♥ ❞❡s ♣❛r❛♠ètr❡s ❞❡ ❥❡t

▲❡s ♣♦s✐t✐♦♥s ❧♦♥❣✐t✉❞✐♥❛❧❡s ❛❞✐♠❡♥s✐♦♥♥é❡s ❞❡ ✜♥ ❞❡s ❝ô♥❡s ♣♦t❡♥t✐❡❧s xpc
Hc

s♦♥t ✐❧❧✉strés
♣♦✉r t♦✉t❡s ❧❡s ❝♦♥✜❣✉r❛t✐♦♥s ét✉❞✐é❡s s✉r ❧❛ ✜❣✉r❡ ✸✳✷✻✱ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s
❞é❜✐t❛♥t Red✳ ■❧ ❛♣♣❛r❛ît q✉❡ ❧❡s ✜♥s ❞❡s ❝ô♥❡s ♣♦t❡♥t✐❡❧s s♦♥t t♦✉t❡s s✐t✉é❡s ❡♥tr❡ 0.6Hc ❡t
10Hc✳ ■❧ ♥✬❛♣♣❛r❛ît ♣❛s s✉r ❝❡tt❡ ✜❣✉r❡ ❞❡ ❞é♣❡♥❞❛♥❝❡ ❝❧❛✐r❡ ❡♥tr❡ xpc ❡t ❧❡ ❞❡❣ré ❞✬♦✉✈❡rt✉r❡
✭♦✉ r❛♣♣♦rt ❞✬❛s♣❡❝t✮✱ ♠❛✐s ❧✬♦♥ ♣❡✉t r❡♠❛rq✉❡r q✉❡ xpc ❛ t❡♥❞❛♥❝❡ à ❞✐♠✐♥✉❡r ❧♦rsq✉❡ ❧❡
♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ❛✉❣♠❡♥t❡✳ P❛r ❡①❡♠♣❧❡✱ ♣♦✉r ❧❡ ❞❡❣ré ❞✬♦✉✈❡rt✉r❡ ❞❡ ✶✵✪✱ xpc ♣❛ss❡ ❞❡
9.9Hc ✭Red = 402✮ à 0.6Hc ✭Red = 2084✮✳
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✭❛✮ ❉♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s ❞❡ ❧❛ ♣rés❡♥t❡ ét✉❞❡

✭❜✮ ❉♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s ❞❡ ❧✬ét✉❞❡ ❞❡ ▼✐ ❡t ❛❧✳ ✭✷✵✵✺✮ ♦❜t❡♥✉❡s ♣♦✉r ❞❡s ❥❡ts r❡❝t❛♥❣✉❧❛✐r❡s ❡t
♣❧❛♥s ✭Re ≈ 104✮

❋✐❣✉r❡ ✸✳✷✺ ✕ ❈♦♠♣❛r❛✐s♦♥ ❞❡s ❞é❝r♦✐ss❛♥❝❡s ❧♦♥❣✐t✉❞✐♥❛❧❡s ❞❡ ✈✐t❡ss❡ ❝❡♥tr❛❧❡ ❡♥ ❢♦♥❝t✐♦♥ ❞✉
❞❡❣ré ❞✬♦✉✈❡rt✉r❡ ✭r❛♣♣♦rt ❞✬❛s♣❡❝t✮ ❡t ❞✉ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ✿ ✭❛✮ ♣rés❡♥t❡ ét✉❞❡ ❀ ✭❜✮ ét✉❞❡
❞❡ ▼✐ ❡t ❛❧✳ ✭✷✵✵✺✮ ❬▼❉◆✵✺❪✳ ▲❛ ré❢ér❡♥❝❡ ❬✽❪ ❞❛♥s ❧❛ ❧é❣❡♥❞❡ ❞❡ ❧❛ ✜❣✉r❡ ❞❡ ▼✐ ❝♦rr❡s♣♦♥❞ à
❧❛ t❤ès❡ ❞❡ ❉❡♦ ✭✷✵✵✺✮ ❬❉❡♦✵✺❪✳
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❋✐❣✉r❡ ✸✳✷✻ ✕ ❈♦♠♣❛r❛✐s♦♥ ❞❡s ♣♦s✐t✐♦♥s ❧♦♥❣✐t✉❞✐♥❛❧❡s ❛❞✐♠❡♥s✐♦♥♥é❡s ❞❡ ✜♥ ❞❡s ❝ô♥❡s ♣♦✲
t❡♥t✐❡❧s xpc é✈❛❧✉é❡s ♣♦✉r t♦✉t❡s ❧❡s ❝♦♥✜❣✉r❛t✐♦♥s ét✉❞✐é❡s ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s
❞é❜✐t❛♥t Red

➚ ♣❛rt✐r ❞❡s ré❣r❡ss✐♦♥s ❧✐♥é❛✐r❡s ❡✛❡❝t✉é❡s s✉r ❧❡s ♣r♦✜❧s ❧♦♥❣✐t✉❞✐♥❛✉① ❡♥ ❵❧♦✐ ❝❛rré❡✬✱ ♣ré✲
s❡♥tés ❞❛♥s ❧❛ s❡❝t✐♦♥ ♣ré❝é❞❡♥t❡✱ ♥♦✉s ♣♦✉✈♦♥s ❡st✐♠❡r ❧❡s ♣❛r❛♠ètr❡s ❧✐és à ❧❛ ❞é❝r♦✐ss❛♥❝❡ ❞❡
❥❡t q✉❡ s♦♥t ❧❡ t❛✉① ❞❡ ❞é❝r♦✐ss❛♥❝❡Ku ❡t ❧✬♦r✐❣✐♥❡ ✈✐rt✉❡❧❧❡ x01 ✭éq✉❛t✐♦♥ ✸✳✹✵✱ s❡❝t✐♦♥ ✸✳✷✳✸✳✺✮✳
▲❡s ♣❛r❛♠ètr❡s ♦❜t❡♥✉s s♦♥t r❡♣rés❡♥tés s✉r ❧❡s ✜❣✉r❡s ✸✳✷✼❛ ❡t ✸✳✷✼❜ ✭r❡s♣❡❝t✐✈❡♠❡♥t Ku ❡t
x01
Hc

✮✳ ◆♦✉s ✈♦②♦♥s q✉❡ ♣♦✉r t♦✉t❡s ❧❡s ❝♦♥✜❣✉r❛t✐♦♥s ét✉❞✐é❡s✱ Ku ❡st ❣❧♦❜❛❧❡♠❡♥t ❝♦♠♣r✐s
❡♥tr❡ ✵✳✵✺ ❡t ✶✱ ❡t x01 ❡st ❣❧♦❜❛❧❡♠❡♥t ❝♦♠♣r✐s❡ ❡♥tr❡ −30Hc ❡t 10Hc✳ ▲✬♦✉✈❡rt✉r❡ ❞❡ ✷✳✹✪
✭r❛♣♣♦rt ❞✬❛s♣❡❝t ❞❡ ✶✼✺✮ ❡st ❝❛r❛❝tér✐sé❡ ♣❛r ❞❡s t❛✉① ❞❡ ❞é❝r♦✐ss❛♥❝❡ ♣❧✉s é❧❡✈és q✉❡ ♣♦✉r
❧❡s ♣❧✉s ❣r❛♥❞❡s ♦✉✈❡rt✉r❡s ✭❡♥tr❡ ✵✳✹ ❡t ✶✮✱ t❛♥❞✐s q✉❡ ❧❡s ❛✉tr❡s ♦✉✈❡rt✉r❡s ✭✶✵ ❡t ✸✵✪✮ ♣ré✲
s❡♥t❡♥t ❞❡s t❛✉① ❞❡ ❞é❝r♦✐ss❛♥❝❡ ♠♦✐♥s é❧❡✈és✱ ❝♦♠♣r✐s ❡♥tr❡ ✵✳✵✺ ❡t ✵✳✷✳ ▲❡ t❛❜❧❡❛✉ ✸✳✹ ♣❡r♠❡t
❞❡ ❝♦♠♣❛r❡r ❝❡s ♣❛r❛♠ètr❡s ♦❜t❡♥✉s ❛✈❡❝ ❞❡s ét✉❞❡s ❛♥tér✐❡✉r❡s s✉r ❧❡s ❥❡ts r❡❝t❛♥❣✉❧❛✐r❡s ♦✉
♣❧❛♥s✳ ❇✐❡♥ q✉❡ ❧❡s t❛✉① ❞❡ ❞é❝r♦✐ss❛♥❝❡ Ku s♦✐❡♥t t♦✉s ❞✉ ♠ê♠❡ ♦r❞r❡ ❞❡ ❣r❛♥❞❡✉r ✭❡♥tr❡ ✵✳✵✺
❡t ✶✮✱ ♦♥ ♥♦t❡ ✉♥❡ ❣r❛♥❞❡ ❞✐s♣❛r✐té ♣♦✉r ❧❡s ♦r✐❣✐♥❡s ✈✐rt✉❡❧❧❡s✱ ② ❝♦♠♣r✐s ❡♥tr❡ ❧❡s ❞✐✛ér❡♥t❡s
ét✉❞❡s ❛♥tér✐❡✉r❡s à ❝❡tt❡ t❤ès❡ ❝✐té❡s✳ P❛r ❡①❡♠♣❧❡✱ ◗✉✐♥♥ ✭✶✾✾✷✮ ❬◗✉✐✾✷❪ r❡♣♦rt❡ ❞❡s ♦r✐❣✐♥❡s
✈✐rt✉❡❧❧❡s ❝♦♠♣r✐s❡s ❡♥tr❡ ✲✵✳✷ ❡t ✲✶✳✹✱ t❛♥❞✐s q✉❡ ❉❡♦ ❡t ❛❧✳ ✭✷✵✵✽✮ ❬❉▼◆✵✽❪ r❡♣♦rt❡♥t ❞❡s
♦r✐❣✐♥❡s ✈✐rt✉❡❧❧❡s ❝♦♠♣r✐s❡s ❡♥tr❡ ✲✶ ❡t ✽✳

✸✳✺✳✹✳✹ ❈❛r❛❝tér✐s❛t✐♦♥ s♣❡❝tr❛❧❡

P♦✉r t❡r♠✐♥❡r ❛✈❡❝ ❧❛ ❝❛r❛❝tér✐s❛t✐♦♥ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❡♥ ❛✈❛❧ ❞❡ ❧✬♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥✲
❝✐s✐✈❡✱ ❧❛ ✜❣✉r❡ ✸✳✷✽ ♣rés❡♥t❡ à t✐tr❡ ❞✬❡①❡♠♣❧❡ ❧❡s ❞❡♥s✐tés s♣❡❝tr❛❧❡s ❞❡ ♣✉✐ss❛♥❝❡ ❞❡ ❧❛
✈✐t❡ss❡ ❝❡♥tr❛❧❡ ✐♥st❛♥t❛♥é❡ φUc ❡st✐♠é❡s ♣♦✉r ♣❧✉s✐❡✉rs ♣♦s✐t✐♦♥s ❧♦♥❣✐t✉❞✐♥❛❧❡s ❛❞✐♠❡♥s✐♦♥✲
♥é❡s ✭1 ≤ x

Hc
≤ 10✮✱ ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ❙tr♦✉❤❛❧ St = fHc

Udc
✱ ♣♦✉r ❧❡ ❝❛s ✭Hc

H = 10✪✱
Red = 2084✮✳ P♦✉r t♦✉t❡s ❧❡s ♣♦s✐t✐♦♥s ❧♦♥❣✐t✉❞✐♥❛❧❡s ❝♦♥s✐❞éré❡s✱ ✉♥ ♣✐❝ très ♣r♦♥♦♥❝é ❛♣✲
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❋✐❣✉r❡ ✸✳✷✼ ✕ ❈♦♠♣❛r❛✐s♦♥ ❞❡s ♣❛r❛♠ètr❡s ❞❡ ❥❡t Ku ❡t x01 ♠❡s✉rés ♣♦✉r t♦✉t❡s ❧❡s ❝♦♥✜✲
❣✉r❛t✐♦♥s ét✉❞✐é❡s ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ❞é❜✐t❛♥t Red

❚❆❇▲❊❆❯ ✸✳✹ ✕ ❈♦♠♣❛r❛✐s♦♥ ❛✈❡❝ ❧❛ ❧✐ttér❛t✉r❡ s✉r ❧❡s ❥❡ts r❡❝t❛♥❣✉❧❛✐r❡s ♦✉ ♣❧❛♥s ❞❡s
♣❛r❛♠ètr❡s ❞❡ ❥❡t ♦❜t❡♥✉s✳ ❘❡♠❛rq✉❡s ✿ U0 r❡♣rés❡♥t❡ ✉♥❡ ✈✐t❡ss❡ ❝❛r❛❝tér✐st✐q✉❡ t❡❧❧❡ q✉❡ Udc
♦✉ Uoc✱ s❡❧♦♥ ❧✬ét✉❞❡ ❀ h r❡♣rés❡♥t❡ ❧❛ ❤❛✉t❡✉r ❞❡ s❡❝t✐♦♥ r❡❝t❛♥❣✉❧❛✐r❡ ❞✬é♠✐ss✐♦♥ ❞✉ ❥❡t✳

➱t✉❞❡ AR U0 ❬♠✴s❪ Re Ku
x01
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◗✉✐♥♥ ❬◗✉✐✾✷❪ ✷✕✷✵ ✻✵ ✷✵✽✵✵✵ ≈✵✳✷ ✲✵✳✷✕✶✳✹
❉❡♦ ❡t ❛❧✳ ❬❉▼◆✵✼❛❪ ✶✺✕✼✺ ✕ ✕ ✵✳✶✕✵✳✷ ✕
❉❡♦ ❡t ❛❧✳ ❬❉▼◆✵✼❜❪ ✼✷ ✷✼ ✶✽✵✵✵ ✵✳✶✺✕✵✳✷✺ ✕
❉❡♦ ❡t ❛❧✳ ❬❉◆▼✵✼❪ ✸✵✱ ✻✵ ✶✽✳✹✱ ✷✻✳✸ ✼✵✵✵✱ ✶✵✵✵✵ ≈✵✳✷ ≈✵
❉❡♦ ❡t ❛❧✳ ❬❉▼◆✵✽❪ ✸✻✱ ✻✵ ✸✕✹✺ ✶✺✵✵✕✶✻✺✵✵✵ ✵✳✶✕✵✳✸ ✲✶✕✽

Prés❡♥t❡ ét✉❞❡ ✶✹✱ ✹✷✱ ✶✼✺ ✕ ✹✵✷✱ ✶✵✼✾✱ ✷✵✽✹ ✵✳✵✽✕✶ ✲✸✵✕✶✵
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❋✐❣✉r❡ ✸✳✷✽ ✕ ▼♦❞✉❧❡ ❞❡ ❧❛ ❞❡♥s✐té s♣❡❝tr❛❧❡ ❞❡ ❧❛ ✈✐t❡ss❡ ✐♥st❛♥t❛♥é❡ ❝❡♥tr❛❧❡ ❡st✐♠é❡s ♣♦✉r
♣❧✉s✐❡✉rs ♣♦s✐t✐♦♥s ❧♦♥❣✐t✉❞✐♥❛❧❡s ❡♥ ❛✈❛❧ ❞❡ ❧✬♦❜st❛❝❧❡ ♣♦✉r ❧❡ ❝❛s ✭Hc

H = 10✪✱ Red = 2084✮✱

❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ❙tr♦✉❤❛❧ St = fHc

Udc
✳

♣❛r❛✐t à St ≈ 0.35✱ q✉✐ ❡st ♣r♦❜❛❜❧❡♠❡♥t ❞û à ✉♥ ❞ét❛❝❤❡♠❡♥t t♦✉r❜✐❧❧♦♥♥❛✐r❡✳ ❯♥ ❛✉tr❡ ♣✐❝✱
♠♦✐♥s ♣r♦♥♦♥❝é✱ ❛♣♣❛r❛✐t ♣♦✉r St ❝♦♠♣r✐s ❡♥tr❡ ✵✳✶✺ ❡t ✵✳✷✸✱ ❡t ❧✬♦♥ ❝♦♥st❛t❡ q✉❡ ❝❡ ♣✐❝ s❡
❞é❝❛❧❡ ✈❡rs ❧❡s ♥♦♠❜r❡s ❞❡ ❙tr♦✉❤❛❧ ♣❧✉s ♣❡t✐ts à ♠❡s✉r❡ q✉❡ ❧✬♦♥ s✬é❧♦✐❣♥❡ ♣❧✉s ❡♥ ❛✈❛❧ ✈❡rs
❧❡ ❝❤❛♠♣ ❧♦✐♥t❛✐♥✳

✸✳✻ ❈♦♥❝❧✉s✐♦♥ ❞✉ ❈❤❛♣✐tr❡ ✸

▲❡ ❈❤❛♣✐tr❡ ✸ s✬✐♥tér❡ss❛✐t à ❧✬é❝♦✉❧❡♠❡♥t tr❛✈❡rs❛♥t ✉♥❡ ❣é♦♠étr✐❡ ❞❡ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡
❛ss♦❝✐é❡ à ✉♥ ❡♠❜♦✉t ❝♦♥t❡♥❛♥t ✉♥ ♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡✱ ❞♦♥t ❧❛ ❤❛✉t❡✉r ♣❡✉t êtr❡
✈❛r✐é❡✳ ▲✬✐♥térêt ❞❡ ❝❡tt❡ ét✉❞❡ ❡st ❞♦✉❜❧❡ ✿ ✭✶✮ ❡❧❧❡ ❝♦♥tr✐❜✉❡ à ❧✬ét✉❞❡ ❞❡ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ❢r✐✲
❝❛t✐✈❡s ♥♦♥ ✈♦✐sé❡s à ❧✬❛✐❞❡ ❞❡ ♠❛q✉❡tt❡s ✐♥✲✈✐tr♦✱ ♣❛r ❧❛ q✉❛♥t✐✜❝❛t✐♦♥ ❞❡ ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❝❡rt❛✐♥s
♣❛r❛♠ètr❡s ❣é♦♠étr✐q✉❡s ❡t ❝♦♥❞✐t✐♦♥s ❧✐♠✐t❡s s✉r ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t q✉✐ ❣é♥èr❡ ❧❡s ❢r✐✲
❝❛t✐✈❡s✱ ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ét❛♥t s♦✉✈❡♥t ♥é❣❧✐❣é❡ ❞❛♥s ❧❡s ét✉❞❡s s✉r ❧❡s ❢r✐❝❛t✐✈❡s ❀ ❡t
✭✷✮ ❝❡rt❛✐♥s rés✉❧t❛ts ❞❡ ❝❡tt❡ ét✉❞❡ ♣rés❡♥t❡♥t é❣❛❧❡♠❡♥t ✉♥ ✐♥térêt ♣♦✉r ❞✬❛✉tr❡s ❛♣♣❧✐❝❛t✐♦♥s
t❡❧❧❡s q✉❡ ❧✬❛ér♦❞②♥❛♠✐q✉❡ ❞❡s spoilers ♦✉ ❧❡s ❥❡ts ✐♥❞✉str✐❡❧s ♣❧❛♥s✴r❡❝t❛♥❣✉❧❛✐r❡s✳

▲❡s ♠❡s✉r❡s ❞❡ ✈✐t❡ss❡ ❡♥ ❛♠♦♥t ❞❡ ❧✬♦❜st❛❝❧❡ ❝♦♥✜r♠❡♥t q✉✬✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ t❡♥✐r ❝♦♠♣t❡
❞❡s ❝♦♥❞✐t✐♦♥s ❛♠♦♥t ❧♦rsq✉✬✐❧ ② ❛ ❧✐❡✉ ❞❡ ♠❡♥❡r ❞❡s ét✉❞❡s ❡①♣ér✐♠❡♥t❛❧❡s ❛✈❡❝ ❣é♦♠étr✐❡s
s✐♠♣❧✐✜é❡s ❡♥ ❧✐❡♥ ❛✈❡❝ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ❢r✐❝❛t✐✈❡s✱ ❡♥ r❛✐s♦♥ ❞❡ ❧❡✉r ❣r❛♥❞❡ ✐♥✢✉❡♥❝❡ s✉r ❧❡
❝♦♠♣♦rt❡♠❡♥t ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❛♠♦♥t✳ ▼ê♠❡ ❞❛♥s ❞❡s ❝♦♥✜❣✉r❛t✐♦♥s très s✐♠♣❧❡s ❝♦♠♠❡ ❝❡❧❧❡s
♣rés❡♥té❡s ✐❝✐✱ ♥♦✉s ♦❜s❡r✈♦♥s ❞❡s ❞✐✛ér❡♥❝❡s ♣❧✉tôt s✐❣♥✐✜❝❛t✐✈❡s q✉✐ ♣❡✉✈❡♥t ❛✈♦✐r ✉♥ ✐♠♣❛❝t
s✉r ❧✬é❝♦✉❧❡♠❡♥t q✉✐ s❡ ❞é✈❡❧♦♣♣❡ ♣❧✉s ❡♥ ❛✈❛❧✳ ■❧ ❛♣♣❛r❛✐t é❣❛❧❡♠❡♥t q✉❡ ❧✬✐♥s❡rt✐♦♥ ❞❡ ♣❛✐❧❧❡s



✸✳✻✳ ❈♦♥❝❧✉s✐♦♥ ❞✉ ❈❤❛♣✐tr❡ ✸ ✼✾

❡♥ ♣❧❛st✐q✉❡ ❧✐ss❡s ❛ t❡♥❞❛♥❝❡ à ❞❛✈❛♥t❛❣❡ ❵❧❛♠✐♥❛r✐s❡r✬ ❧✬é❝♦✉❧❡♠❡♥t✱ ♠❛✐s q✉❡ ❧✬✐♥s❡rt✐♦♥ ❞✬✉♥
♥✐❞ ❞✬❛❜❡✐❧❧❡s ♣❡r♠❡t ❞✬♦❜t❡♥✐r ❞❡s ♣r♦✜❧s ❜❡❛✉❝♦✉♣ ♣❧✉s s②♠étr✐q✉❡s ❡♥ ♣❛rt✐❝✉❧✐❡r à ❞❡s
♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s é❧❡✈és✱ ❞♦♥❝ ❧♦rsq✉❡ ❧✬é❝♦✉❧❡♠❡♥t ❞❡✈✐❡♥t t✉r❜✉❧❡♥t✳ ■❧ ❡st ♣♦ss✐❜❧❡ q✉❡
❧❡ ♥✐❞ ❞✬❛❜❡✐❧❧❡ ✉t✐❧✐sé✱ ♠❛❧❣ré ❧❛ ❝❛♥❛❧✐s❛t✐♦♥ ❞❡s ❧✐❣♥❡s ❞❡ ❝♦✉r❛♥t ♣r♦✈♦q✉é❡ ♣❛r ❧❡s ❝❛✈✐tés
❤❡①❛❣♦♥❛❧❡s✱ ✐♥❞✉✐s❡ ✉♥❡ ❧é❣èr❡ t✉r❜✉❧❡♥❝❡ ❡♥ r❛✐s♦♥ ❞❡ ❧❛ r✉❣♦s✐té ♥♦♥ ❧✐ss❡ ❞❡s ♣❛r♦✐s ✐♥t❡r♥❡s
❞❡ ❝❡s ❝❛✈✐tés✳

▲❡s ♠❡s✉r❡s ❞❡ ✈✐t❡ss❡ ❡♥ ❛✈❛❧ ❞❡ ❧✬♦❜st❛❝❧❡ ♥♦✉s ♦♥t ♣❡r♠✐s ❞❡ ❝❛r❛❝tér✐s❡r ❧❡ ❝♦♠♣♦r✲
t❡♠❡♥t ❞❡s ❥❡ts r❡❝t❛♥❣✉❧❛✐r❡s ✭✈♦✐r❡ q✉❛s✐♠❡♥t ♣❧❛♥s ❞❛♥s ❧❡ ❝❛s ❞❡ ❧✬♦✉✈❡rt✉r❡ ❞❡ ✷✳✹✪ ✐✳❡✳
r❛♣♣♦rt ❞✬❛s♣❡❝t ❞❡ ✶✼✺✮ ✐ss✉s ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ❢♦r♠é❡ ❡♥✲❞❡ss♦✉s ❞❡ ❧✬♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡
❞✬✐♥❝✐s✐✈❡✱ ❡t ❞❡ ❝♦♠♣❛r❡r ❝❡s ❝❛r❛❝tér✐st✐q✉❡s ❛✈❡❝ ❝❡rt❛✐♥❡s ét✉❞❡s ❞❡ ❧❛ ❧✐ttér❛t✉r❡ s✉r ❧❡s
❥❡ts r❡❝t❛♥❣✉❧❛✐r❡s ♦✉ ♣❧❛♥s✳ ❇✐❡♥ q✉✬✉♥❡ ❧é❣èr❡ ❛s②♠étr✐❡ ❧❡ ❧♦♥❣ ❞❡ ❧❛ ❞✐♠❡♥s✐♦♥ ❤♦r✐③♦♥t❛❧❡
✭z✮ ❛ ♣✉ êtr❡ ♦❜s❡r✈é❡✱ ❧✬❤②♣♦t❤ès❡ ❞❡ ❜✐❞✐♠❡♥s✐♦♥♥❛❧✐té ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ♣❡✉t êtr❡ r❛✐s♦♥♥❛✲
❜❧❡♠❡♥t ❛❞♠✐s❡ ❡♥ r❛✐s♦♥ ❞❡s r❛♣♣♦rts ❞✬❛s♣❡❝t s✉♣ér✐❡✉rs à ✹✳ ▲❡s é✈♦❧✉t✐♦♥s tr❛♥s✈❡rs❛❧❡s ❡t
❧♦♥❣✐t✉❞✐♥❛❧❡s ❞❡s ❥❡ts ♠❡s✉rés s❡♠❜❧❡♥t ❝♦♥s✐st❛♥t❡s ❛✈❡❝ ❝❡❧❧❡s r❡♣♦rté❡s ❞❛♥s ❧❛ ❧✐ttér❛t✉r❡✳
❈♦♠♠❡ ❧✬❛ ❢❛✐t r❡♠❛rq✉❡r ❉❡♦ ❞❛♥s s♦♥ ét✉❞❡ s✉r ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ ❣é♦♠étr✐❡ ❞❡ ❧✬❡♠❜♦✉t ❞❡
s♦rt✐❡ s✉r ❧❡s ♣r♦♣r✐étés st❛t✐st✐q✉❡s ❞✬✉♥ ❥❡t t✉r❜✉❧❡♥t ♣❧❛♥ ❬❉▼◆✵✼❜❪✱ ✉♥ ❥❡t ♣❧❛♥ ❵♥✬♦✉❜❧✐❡
♣❛s s♦♥ ♦r✐❣✐♥❡✬✱ ♠ê♠❡ ❞❛♥s ✉♥ ét❛t ♣❧❡✐♥❡♠❡♥t ❞é✈❡❧♦♣♣é✳ ▲❛ t❤é♦r✐❡ ❝❧❛ss✐q✉❡ q✉✐ ♣♦st✉❧❡
q✉❡ t♦✉s ❧❡s ❥❡ts s♦♥t ❛s②♠♣t♦t✐q✉❡♠❡♥t ✐♥❞é♣❡♥❞❛♥ts ❞❡s ❝♦♥❞✐t✐♦♥s ❞❡ ❧❛ s♦✉r❝❡ ❞✉ ❥❡t✱ ❡t
q✉❡ ❧❡s ♣r♦♣r✐étés ❞✉ ❥❡t ❞é♣❡♥❞❡♥t ✉♥✐q✉❡♠❡♥t ❞✉ ❞é❜✐t ✈♦❧✉♠✐q✉❡ ❡t ❞❡ ❧❛ ❞✐st❛♥❝❡ à ❧❛
s♦✉r❝❡✱ ♥✬❡st ♣❧✉s ✈❛❧✐❞❡ ♣♦✉r ✉♥ ❥❡t ♣❧❛♥✳





❈❤❛♣✐tr❡ ✹

●é♦♠étr✐❡s s✐♠♣❧✐✜é❡s ✿
❝❛r❛❝tér✐s❛t✐♦♥ ❛❝♦✉st✐q✉❡

❙♦♠♠❛✐r❡
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✹✳✶✳✶ ●é♦♠étr✐❡s ❛✈❡❝ ♦❜st❛❝❧❡s ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✷

✹✳✶✳✷ ●é♦♠étr✐❡s ❵♦✛s❡t ✬ ❡t ❵❝❡♥tr❡❞ ✬ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✷
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✹✳✷✳✶ ❉✐s♣♦s✐t✐❢ ❞❡ ♠❡s✉r❡ ❞✉ ❝❤❛♠♣ ❛❝♦✉st✐q✉❡ r❛②♦♥♥é ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✸
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✹✳✹✳✶ ■♥✢✉❡♥❝❡ ❞❡ ❧❛ ❢♦r♠❡ ❞❡ ❧❛ s❡❝t✐♦♥ tr❛♥s✈❡rs❛❧❡ s✉r ❧❛ ❢♦r♠❛t✐♦♥ ❞✉ ❥❡t ✳ ✳ ✾✹

✹✳✹✳✷ ■♥✢✉❡♥❝❡ ❞✉ ❞❡❣ré ❞✬♦✉✈❡rt✉r❡ s✉r ❧✬✐♥t❡r❛❝t✐♦♥ ❞❡ ❥❡t ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✺

✹✳✹✳✸ ■♥✢✉❡♥❝❡ ❞❡ ❧❛ ❞✐st❛♥❝❡ ❝♦♥tr✐❝t✐♦♥✲♦❜st❛❝❧❡ s✉r ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✉ ❥❡t ✳ ✾✻

✹✳✺ ❈♦♥❝❧✉s✐♦♥ ❞✉ ❈❤❛♣✐tr❡ ✹ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✼

❈❡ ❝❤❛♣✐tr❡ ❛❜♦r❞❡ ❧❡s ❡①♣ér✐❡♥❝❡s ❛❝♦✉st✐q✉❡s ❡✛❡❝t✉é❡s s✉r ❞❡s ♠❛q✉❡tt❡s ✐♥✲✈✐tr♦ s✐♠✲
♣❧✐✜é❡s ❞❡ t②♣❡ ❝❛♥❛❧ ❛✈❡❝ ♦❜st❛❝❧❡✭s✮✳ ▲✬♦❜❥❡❝t✐❢ ❞❡ ❝❡ ❝❤❛♣✐tr❡ ❡st ❞❡ r❡❝✉❡✐❧❧✐r ❞❡s ❞♦♥♥é❡s
❡①♣ér✐♠❡♥t❛❧❡s ❛❝♦✉st✐q✉❡s ♦❜t❡♥✉❡s ❡♥ ❢❛✐s❛♥t ✈❛r✐❡r ❧❡s ❝♦♥❞✐t✐♦♥s ❧✐♠✐t❡s ❞✬❡♥tré❡ ♦✉ ❞❡
s♦rt✐❡✳ ▲❡s ❝❛r❛❝tér✐st✐q✉❡s s♣❡❝tr❛❧❡s ❡t ❞❡ ❞✐r❡❝t✐✈✐té ❞❡s ❜r✉✐ts r❛②♦♥♥és s♦♥t ♣❛r♠✐ ❧❡s ♣r✐♥✲
❝✐♣❛✉① ❛s♣❡❝ts ét✉❞✐és✳

✽✶
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❋✐❣✉r❡ ✹✳✶ ✕ ❊♠❜♦✉t à ❞❡✉① ♦❜st❛❝❧❡s ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡✱ ♣♦s✐t✐♦♥♥és ✿ ✭❛✮ s②♠étr✐q✉❡♠❡♥t ❀
✭❜✮ ❛s②♠étr✐q✉❡♠❡♥t✳

✹✳✶ ●é♦♠étr✐❡s ✐♥✲✈✐tr♦ ❝♦♥s✐❞éré❡s

✹✳✶✳✶ ●é♦♠étr✐❡s ❛✈❡❝ ♦❜st❛❝❧❡s ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡

▲❛ ❣é♦♠étr✐❡ ❛✈❡❝ ♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡ ❝❛r❛❝tér✐sé❡ ❞✬✉♥ ♣♦✐♥t ❞❡ ✈✉❡ é❝♦✉❧❡♠❡♥t
❞❛♥s ❧❡ ❈❤❛♣✐tr❡ ✸ s❡r❛ à ♥♦✉✈❡❛✉ ét✉❞✐é❡ ❞❛♥s ❝❡ ❝❤❛♣✐tr❡✱ ♠❛✐s ❞✬✉♥ ♣♦✐♥t ❞❡ ✈✉❡ ❛❝♦✉st✐q✉❡✳
▲❡s ❞✐✛ér❡♥t❡s ❝♦♥❞✐t✐♦♥s ❛♠♦♥t t❡sté❡s ❞❛♥s ❧❡s ❡①♣ér✐❡♥❝❡s ❞✬é❝♦✉❧❡♠❡♥t ❞✉ ❈❤❛♣✐tr❡ ✸ ✭✈♦✐r
s❡❝t✐♦♥ ✸✳✶✳✷✮ s❡r♦♥t é❣❛❧❡♠❡♥t ✉t✐❧✐sé❡s ♣♦✉r ❧❡s ❡①♣ér✐❡♥❝❡s ❛❝♦✉st✐q✉❡s✳ ❊♥ ❝♦♠♣❧é♠❡♥t ❞❡
❧❛ ❣é♦♠étr✐❡ à ✉♥ ♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡✱ ♥♦✉s ♥♦✉s ✐♥tér❡ss♦♥s é❣❛❧❡♠❡♥t à ✉♥❡ ❛✉tr❡
❣é♦♠étr✐❡ s✐♠✐❧❛✐r❡✱ ❝♦♠♣r❡♥❛♥t ♥♦♥ ♣❛s ✉♥ ♠❛✐s ❞❡✉① ♦❜st❛❝❧❡s ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡ ✭✜❣✉r❡ ✹✳✶✮✳
❆✈❡❝ ❞❡✉① ♦❜st❛❝❧❡s ❛✉ ❧✐❡✉ ❞✬✉♥✱ ❝❡t ❡♠❜♦✉t ❡st ♠♦r♣❤♦❧♦❣✐q✉❡♠❡♥t ♣❧✉s ♣r♦❝❤❡ ❞❡ ❧❛ ré❛❧✐té
♣❤②s✐♦❧♦❣✐q✉❡ ✭r❛♥❣é❡s ❞❡♥t❛✐r❡s s✉♣ér✐❡✉r❡ ❡t ✐♥❢ér✐❡✉r❡✮✳ ▲❡s ❞❡✉① ♦❜st❛❝❧❡s ♣♦ssè❞❡♥t ❧❡s
♠ê♠❡s ❞✐♠❡♥s✐♦♥s ❡t ❧❛ ♠ê♠❡ ❢♦r♠❡ q✉❡ ❧✬♦❜st❛❝❧❡ ❞❡ ❧✬❡♠❜♦✉t à ✉♥❡ ❞❡♥t✱ ♣♦✉r ❧❡sq✉❡❧s ❧❡s
❤❛✉t❡✉rs ❝♦rr❡s♣♦♥❞❛♥t❡s Ht ❡t H ′

t ♣❡✉✈❡♥t êtr❡ ❝❤❛❝✉♥❡ ♣ré❝✐sé♠❡♥t ❛❥✉sté❡s ♣❛r ❞❡s ✈✐s✳
▲❡s ❞❡✉① ♦❜st❛❝❧❡s ♣❡✉✈❡♥t êtr❡ ♣♦s✐t✐♦♥♥és ❞❡ ♠❛♥✐èr❡ s②♠étr✐q✉❡ ✭✐✳❡✳ θ1 = 107➦✱ θ2 = 90➦✱
θ1 = 107➦✱ θ2 = 90➦ ♦✉ ❛s②♠étr✐q✉❡ ✭✐✳❡✳ θ1 = 107➦✱ θ2 = 90➦✱ θ1 = 90➦✱ θ2 = 10➦✮✳ ◆♦✉s
❞é✜♥✐ss♦♥s ❛r❜✐tr❛✐r❡♠❡♥t ✉♥❡ ❤❛✉t❡✉r ❞❡ ❝♦♥str✐❝t✐♦♥ Hc ♣♦✉r ❝❡tt❡ ♠❛q✉❡tt❡ ❝♦♠♠❡ ét❛♥t
❧❛ ❞✐✛ér❡♥❝❡ ❞❡ ❤❛✉t❡✉r ❡♥tr❡ ❧❡s ❞❡✉① ♦❜st❛❝❧❡s✳ Hc ♣❡✉t êtr❡ s♦✐t ♣♦s✐t✐✈❡ ✭✐✳❡✳ ❞❡♥ts ♦✉✈❡rt❡s✮
♦✉ ♥é❣❛t✐✈❡ ✭✐✳❡✳ ❞❡♥ts s❡ ❝❤❡✈❛✉❝❤❛♥t✮✳ ▲✬❡♠❜♦✉t à ❞❡✉① ♦❜st❛❝❧❡ ♣❡✉t é❣❛❧❡♠❡♥t êtr❡ ♠♦♥té
s✉r ❧❡ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ ❡♥ ♣❧❡①✐❣❧❛s✳

✹✳✶✳✷ ●é♦♠étr✐❡s ❵♦✛s❡t ✬ ❡t ❵❝❡♥tr❡❞ ✬

❊♥ ✈✉❡ ❞✬ét✉❞✐❡r ❧✬✐♥✢✉❡♥❝❡ ❛❝♦✉st✐q✉❡ ❞❡ ❧✬✐♥t❡r❛❝t✐♦♥ ❥❡t✴♦❜st❛❝❧❡ s✉r ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡
s✐❜✐❧❛♥t❡✱ ♦✉tr❡ ❧❡s ❣é♦♠étr✐❡s ❛✈❡❝ ♦❜st❛❝❧❡s ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡✱ ♥♦✉s ❝♦♥s✐❞ér♦♥s ❧❡s ❞❡✉①



✹✳✷✳ Pr♦t♦❝♦❧❡s ❞❡ ♠❡s✉r❡s ❛❝♦✉st✐q✉❡s ✽✸

❣é♦♠étr✐❡s ✐❧❧✉stré❡s s✉r ❧❡s ✜❣✉r❡s ✹✳✷❛ ❡t ✹✳✷❜✳ ▲❛ ♣r❡♠✐èr❡ ❣é♦♠étr✐❡✱ ❞é♥♦♠♠é❡ ❵♦✛s❡t ✬
✭♣♦✉r ❞é❝❛❧❛❣❡✱ ✜❣✉r❡ ✹✳✷❛✮✱ ❡st ❝♦♠♣♦sé❡ ❞✬✉♥ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡✱ ❝♦♥t❡♥❛♥t ✉♥ ♦❜st❛❝❧❡ ❡♥
❢♦r♠❡ ❞❡ ❧❛♥❣✉❡ s✉✐✈✐ ❞✬✉♥ ♦❜st❛❝❧❡ r❡❝t❛♥❣✉❧❛✐r❡ ♣♦s✐t✐♦♥♥é à ❛♥❣❧❡ ❞r♦✐t✳ ▲✬é❝♦✉❧❡♠❡♥t ❞✬❛✐r
tr❛✈❡rs❛♥t ❝❡tt❡ ♠❛q✉❡tt❡ rés✉❧t❡ ❡♥ ✉♥❡ ✐♥t❡r❛❝t✐♦♥ ❥❡t✲♦❜st❛❝❧❡ ❞❛♥s ❧❡ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡✳
❯♥ ❥❡t ❞❡ ♣❛r♦✐ ❝♦♥✜♥é❡ ❡st ✐ss✉ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ❛❧✐❣♥é❡ ❛✈❡❝ ❧❛ ♣❛r♦✐ ❞✉ ❝❛♥❛❧✱ ❞❡ t❡❧❧❡
s♦rt❡ q✉✬✐❧ ② ❛ ✉♥ ❞é❝❛❧❛❣❡ ❞✉ ❥❡t ♣❛r r❛♣♣♦rt à ❧✬❛①❡ ❧♦♥❣✐t✉❞✐♥❛❧ ❞✉ ❝❛♥❛❧✳ ▲❛ ❝♦♥str✐❝t✐♦♥ ❡st
❝❛r❛❝tér✐sé❡ ♣❛r ✉♥ ❞❡❣ré ❞✬♦✉✈❡rt✉r❡ ❝♦♥st❛♥t ✭✶✾✪✮ à s♦♥ ♣❛ss❛❣❡ ❧❡ ♣❧✉s étr♦✐t✱ ❞♦♥t ❧❡ ❞✐❛✲
♠ètr❡ ❤②❞r❛✉❧✐q✉❡ ✈❛✉t Dc

h = 5.2♠♠✳ ▲❛ ❞✐st❛♥❝❡ ❡♥tr❡ ❧❛ s❡❝t✐♦♥ ❞❡ s♦rt✐❡ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥✱
♦ù ❧❡ ❥❡t s❡ ❢♦r♠❡ ✐♥✐t✐❛❧❡♠❡♥t✱ ❡t ❧❡ ❜♦✉t ❞❡ ❧✬♦❜st❛❝❧❡✱ ♣❡✉t êtr❡ ✈❛r✐é❡ ♣❛r ✉♥ ❞é♣❧❛❝❡♠❡♥t
❧♦♥❣✐t✉❞✐♥❛❧ ❞❡ ❧❛ s❡❝t✐♦♥ ❝♦♥str✐❝té❡✳ ▲❡s ❞✐st❛♥❝❡s ❝♦♥str✐❝t✐♦♥✲♦❜st❛❝❧❡ ❝♦♥s✐❞éré❡s ✐❝✐ s♦♥t
✶✻ ♦✉ ✷✹♠♠✳ ▲❡ ❞❡❣ré ❞✬♦❝❝❧✉s✐♦♥ ✭❢❡r♠❡t✉r❡✮ à ❧✬♦❜st❛❝❧❡ s✬é❧è✈❡ à ✹✪✱ ✾✪✱ ✶✻✪ ♦✉ ✸✹✪ ♣♦✉r
✉♥❡ ❤❛✉t❡✉r ❞❡ ❝♦♥str✐❝t✐♦♥ h0 q✉✐ ❛✉❣♠❡♥t❡✳ ▲✬é❝♦✉❧❡♠❡♥t ❡♥ ❛✈❛❧ ❞❡ ❧✬♦❜st❛❝❧❡ ❡st s✉❥❡t à
❞❡s ❝♦♥❞✐t✐♦♥s ❧✐♠✐t❡s ❛s②♠étr✐q✉❡s s✐ ❜✐❡♥ q✉✬✉♥❡ ❝♦✉❝❤❡ ❧✐♠✐t❡ s❡ ❞é✈❡❧♦♣♣❡ ❧❡ ❧♦♥❣ ❞❡ ❧❛
♣❛r♦✐ ♣❧❛t❡ ❞✉ ❝❛♥❛❧✱ ❡t ✉♥❡ ❝♦✉❝❤❡ ❞❡ ❝✐s❛✐❧❧❡♠❡♥t ❧✐❜r❡ s❡ ❞é✈❡❧♦♣♣❡ ❡♥ ❛✈❛❧ ❞✉ ❜♦✉t ❞❡
❧✬♦❜st❛❝❧❡✱ ♦ù ❧✬é❝♦✉❧❡♠❡♥t ✐♥t❡r❛❣✐t ❛✈❡❝ ❧✬❛✐r ❡♥✈✐r♦♥♥❛♥t✳ ❆✐♥s✐✱ ✉♥ ❥❡t ❛s②♠étr✐q✉❡ ❵❞é❧✐♠✐té
♣❛r ♣❛r♦✐✬ s❡ ❞é✈❡❧♦♣♣❡ ❡♥ ❛✈❛❧ ❞❡ ❧✬♦❜st❛❝❧❡✱ ♣♦✉r ❧❡q✉❡❧ ❧❡ ❞❡❣ré ❞✬❛s②♠étr✐❡ ❞é♣❡♥❞ ❞✉ ❞❡❣ré
❞✬♦❝❝❧✉s✐♦♥✱ s❛❝❤❛♥t q✉❡ ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❡♥ ❝❤❛♠♣ ♣r♦❝❤❡ ❞✉ ❥❡t ❞é♣❡♥❞✱ ❡♥tr❡ ❛✉tr❡s✱ ❞❡ ❧❛
❞✐st❛♥❝❡ ♥♦r♠❛❧✐sé❡ ❞❡♣✉✐s ❧✬♦❜st❛❝❧❡ ❥✉sq✉✬à ❧❛ s♦rt✐❡ ❞✉ ❝❛♥❛❧ ✭✻♠♠✮✱ ❝❡ q✉✐ ❞♦♥♥❡ 10 × h0
✭✹✪✮✱ 4× h0 ✭✾✪✮✱ 2.3× h0 ✭✶✻✪✮✱ ♦✉ 1.1× h0 ✭✸✹✪✮ ❬❱P❊❇✶✶✱ ❙●✵✵❪✳

▲❛ s❡❝♦♥❞❡ ❣é♦♠étr✐❡✱ ❞é♥♦♠♠é❡ ❵❝❡♥tr❡❞ ✬ ✭♣♦✉r ❝❡♥tr❛❣❡✱ ✜❣✉r❡ ✹✳✷❜✮✱ ❝♦♠♣r❡♥❞ ✉♥ ❝❛♥❛❧
❝②❧✐♥❞r✐q✉❡ ❛♠♦♥t ❞❡ ❞✐❛♠ètr❡ ✶✵♠♠✱ s✉✐✈✐ ❞✬✉♥ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ ❞❡ ❧❛r❣❡✉r ✷✺♠♠✱ ❞❡
❧♦♥❣✉❡✉r ✺✵♠♠ ❡t ❞❡ ❤❛✉t❡✉r ✷✺♠♠✳ ❉❡✉① s❡❝t✐♦♥s tr❛♥s✈❡rs❛❧❡s ❞❡ ❝♦♥str✐❝t✐♦♥ ❞✐✛ér❡♥t❡s
s♦♥t é✈❛❧✉é❡s ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ✿ ❝✐r❝✉❧❛✐r❡ ✭❈✮ ❞❡ ❞✐❛♠ètr❡ ❤②❞r❛✉❧✐q✉❡ Dc

h = 10♠♠✱ ❡t
❡❧❧✐♣t✐q✉❡ ✭❊✮ ❞❡ ❞✐❛♠ètr❡ ❤②❞r❛✉❧✐q✉❡ ❞❡ ❝♦♥str✐❝t✐♦♥ Dc

h = 6.7♠♠✳ ▲❛ ❞✐st❛♥❝❡ ❝♦♥str✐❝t✐♦♥✲
♦❜st❛❝❧❡ ❡♥tr❡ ❧❛ s♦rt✐❡ ❞❡ ❝♦♥str✐❝t✐♦♥ ❡t ❧❡ ❜♦r❞ ❛♠♦♥t ❞❡ ❧✬♦❜st❛❝❧❡ ♣❡✉t êtr❡ s♦✐t ❞❡ ✶✼♠♠✱
s♦✐t ❞❡ ✷✹♠♠✳ ▲❡ ❞❡❣ré ❞✬♦✉✈❡rt✉r❡ à ❧✬♦❜st❛❝❧❡ ❡st ❝♦♥st❛♥t ✭✺✵✪✮✱ ❞❡ s♦rt❡ q✉❡ ❧❛ ❞✐st❛♥❝❡
❞❡♣✉✐s ❧✬♦❜st❛❝❧❡ ❥✉sq✉✬à ❧❛ s♦rt✐❡ ❞✉ ❝❛♥❛❧ s✬é❧è✈❡ à ✷✸♠♠ ✭1.8× h0✮ ♦✉ ✸✵♠♠ ✭2.4× h0✮✳

✹✳✷ Pr♦t♦❝♦❧❡s ❞❡ ♠❡s✉r❡s ❛❝♦✉st✐q✉❡s

✹✳✷✳✶ ❉✐s♣♦s✐t✐❢ ❞❡ ♠❡s✉r❡ ❞✉ ❝❤❛♠♣ ❛❝♦✉st✐q✉❡ r❛②♦♥♥é

P♦✉r ❧❛ ♠❡s✉r❡ ❞✉ ❝❤❛♠♣ ❞❡ ♣r❡ss✐♦♥ ❛❝♦✉st✐q✉❡ ❣é♥éré ♣❛r ❧❡s ♠❛q✉❡tt❡s à ét✉❞✐❡r✱ ♥♦✉s
✉t✐❧✐s♦♥s ❧❡ ♣r♦t♦❝♦❧❡ ❡①♣ér✐♠❡♥t❛❧ ♣rés❡♥té s✉r ❧❛ ✜❣✉r❡ ✹✳✸✳ ▲❡ ♠ê♠❡ ❝♦♠♣r❡ss❡✉r ❞✬❛✐r q✉❡
♣♦✉r ❧❡ ♣r♦t♦❝♦❧❡ ✜❧♠ ❝❤❛✉❞✱ s✐t✉é à ❧✬❡①tér✐❡✉r ❞❡ ❧❛ s❛❧❧❡ ❞✬❡①♣ér✐♠❡♥t❛t✐♦♥✱ ❝♦✉♣❧é à ✉♥
ré❣✉❧❛t❡✉r ❞❡ ♣r❡ss✐♦♥ ✭◆♦r❣r❡♥ t②♣❡ ✶✶✲✽✶✽✲✾✽✼✮ ❢♦✉r♥✐t ❧✬❛❧✐♠❡♥t❛t✐♦♥ ❡♥ ❛✐r ❞✉ ❝✐r❝✉✐t✳ ▲❡
❞é❜✐t ✈♦❧✉♠✐q✉❡ Q ❡st ❛❥✉sté ♣❛r ✉♥❡ ✈❛❧✈❡ ❡t ♠❡s✉ré ♣❛r ✉♥ ❞é❜✐t♠ètr❡ ✭❚❙■ ✹✵✵✵ s❡r✐❡s✮✳
❆✜♥ ❞❡ ❧✐♠✐t❡r ❧❡s ♣❡rt✉r❜❛t✐♦♥s ❛❝♦✉st✐q✉❡s ❞✉❡s ❛✉ ❜r✉✐t ❞✬é❝♦✉❧❡♠❡♥t ❝réé ❡♥ ❛♠♦♥t ❞✉
❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡✱ ✉♥❡ ❝❤❛♠❜r❡ ❞❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t ❛ér♦❛❝♦✉st✐q✉❡ ❢❛✐t❡ ❞❡ ♣❧❡①✐❣❧❛s ✭700×
700 × 800♠♠✱ ✈♦✐r ✜❣✉r❡ ❈✳✻❝ ❞❛♥s ❧✬❆♥♥❡①❡ ❈✮✱ ❞♦♥t ❧❡s ♣❛r♦✐s s♦♥t ❝♦✉✈❡rt❡s ❞❡ ♠♦✉ss❡
❛❝♦✉st✐q✉❡♠❡♥t ❛❜s♦r❜❛♥t❡ ✭❙❊✺✵✲❆▲✲▼▲✱ ❊❧❛st♦♠❡r❡s ❙♦❧✉t✐♦♥s✮ ❡st ✐♥séré❡ ❡♥tr❡ ❧❡ ❝❛♥❛❧
r❡❝t❛♥❣✉❧❛✐r❡ ❡t ❧✬❛✐r ✈❡♥❛♥t ❞✉ ❝♦♠♣r❡ss❡✉r✳ ▲❛ s❡❝t✐♦♥ ❞❡ s♦rt✐❡ ❞❡ ❧❛ ♠❛q✉❡tt❡ ét✉❞✐é❡



✽✹ ❈❤❛♣✐tr❡ ✹✳ ●é♦♠étr✐❡s s✐♠♣❧✐✜é❡s ✿ ❝❛r❛❝tér✐s❛t✐♦♥ ❛❝♦✉st✐q✉❡

ho

16

21

19%

30

Dc
h = 5.2

21

hc = 3

16 ♦✉ 24 3 6

✭❛✮ ●é♦♠étr✐❡ ❵♦✛s❡t ✬

22.4
Dc
h = 6.7

4.5

10

Dc
h = 10

❈

❊

25 16%

ho = 12.5 (50%)

25

Lc = 25

17 ♦✉ 24 3 30 ♦✉ 23

50

25

104o

✭❜✮ ●é♦♠étr✐❡ ❵❝❡♥tr❡❞ ✬

❋✐❣✉r❡ ✹✳✷ ✕ ❆✉tr❡s ♠❛q✉❡tt❡s ✐♥✲✈✐tr♦ ét✉❞✐é❡s ❞❛♥s ❝❡tt❡ t❤ès❡ ✿ ✭❛✮ ❝♦♥✜❣✉r❛t✐♦♥ ❛s②♠é✲
tr✐q✉❡ ❥❡t✲♦❜st❛❝❧❡ ✭❵♦✛s❡t ✬✮ ❛✈❡❝ ❝♦♥str✐❝t✐♦♥ r❡❝t❛♥❣✉❧❛✐r❡ ❡t ✭❜✮ ❝♦♥✜❣✉r❛t✐♦♥ ❥❡t✲♦❜st❛❝❧❡
s②♠étr✐q✉❡ ✭❵❝❡♥tr❡❞ ✬✮ ❛✈❡❝ ✉♥❡ s❡❝t✐♦♥ tr❛♥s✈❡rs❛❧❡ ❞❡ ❝♦♥str✐❝t✐♦♥ ❝✐r❝✉❧❛✐r❡ ✭❈✮ ♦✉ ❡❧❧✐♣t✐q✉❡
✭❊✮✳ ▲❡s ❞✐st❛♥❝❡s s♦♥t r❡♣♦rté❡s ❡♥ ❬♠♠❪✳ ▲✬é❝♦✉❧❡♠❡♥t s✬é❝♦✉❧❡ ❞❡ ❧❛ ❣❛✉❝❤❡ ✈❡rs ❧❛ ❞r♦✐t❡✳



✹✳✷✳ Pr♦t♦❝♦❧❡s ❞❡ ♠❡s✉r❡s ❛❝♦✉st✐q✉❡s ✽✺

1000mm

Chambre d'isolation 
acoustique (V=9.3m3)

Chambre de 

conditionnt 
aéroacoustique

Maquette 
étudiée

940mm

Débit d'air 
entrant

Ecoulement
sortant

Q

Microphone

x

y

❋✐❣✉r❡ ✹✳✸ ✕ Pr♦t♦❝♦❧❡ ❞❡ ♠❡s✉r❡s ❛❝♦✉st✐q✉❡s ✕ ❧❡ ❝♦♠♣r❡ss❡✉r ❢♦✉r♥✐ss❛♥t ❧✬❛❧✐♠❡♥t❛t✐♦♥
❡♥ ❛✐r ♥✬❡st ♣❛s r❡♣rés❡♥té✳

❞é❜♦✉❝❤❡ s✉r ✉♥❡ ❝❤❛♠❜r❡ ❞✬✐s♦❧❛t✐♦♥ ❛❝♦✉st✐q✉❡ ❞❡ ❞✐♠❡♥s✐♦♥s 2.08× 2.10× 2.14♠✱ ❞♦♥t ❧❡s
♣❛r♦✐s ✐♥tér✐❡✉r❡s s♦♥t é❣❛❧❡♠❡♥t éq✉✐♣é❡s ❞❡ ♠♦✉ss❡ ❛❝♦✉st✐q✉❡♠❡♥t ❛❜s♦r❜❛♥t❡ ❙❊✺✵✲❆▲✲
▼▲✳ ❈❡tt❡ ❝❤❛♠❜r❡ ♣❡r♠❡t ❞❡ ♠✐♥✐♠✐s❡r ❧❡ ❜r✉✐t ❞❡ ❢♦♥❞ ✐♥❤ér❡♥t à ❧❛ s❛❧❧❡ ❞✬❡①♣ér✐♠❡♥t❛t✐♦♥
✭❛♣♣❛r❡✐❧s ❞❡ ♠❡s✉r❡✱ ♦r❞✐♥❛t❡✉r✱ ❜r✉✐ts ❞❡ ♣❡rs♦♥♥❡s ❝✐r❝✉❧❛♥t à ♣r♦①✐♠✐té ❞❡ ❧❛ s❛❧❧❡ ❡t❝✳✱
❝❢✳ ✜❣✉r❡ ✸ ❞❛♥s ❧✬❆♥♥❡①❡ ❉✮ ❡t ❞❡ s✬❛♣♣r♦❝❤❡r ❞❡ ❝♦♥❞✐t✐♦♥s ❛❝♦✉st✐q✉❡s ❞❡ ❝❤❛♠♣ ❧✐❜r❡
✭s❛♥s ❝❤❛♠♣ ré✈❡r❜ér❛♥t✮ ❞✉r❛♥t ❧❡s ♠❡s✉r❡s✳ ▲❛ ❝❤❛♠❜r❡ ♣♦ssè❞❡ ✉♥ t❡♠♣s ❞❡ ré✈❡r❜ér❛t✐♦♥
très ❢❛✐❜❧❡✱ ✐♥❢ér✐❡✉r à ✶✵✵♠s ❬❱❍❋✶✷❪✳ ❉❡s s♣é❝✐✜❝❛t✐♦♥s t❡❝❤♥✐q✉❡s s✉♣♣❧é♠❡♥t❛✐r❡s s✉r ❝❡tt❡
❝❤❛♠❜r❡ s♦♥t ❧✐sté❡s ❞❛♥s ❧✬❆♥♥❡①❡ ❉✳

▲❡s s✐❣♥❛✉① t❡♠♣♦r❡❧s ❞❡ ♣r❡ss✐♦♥ ❛❝♦✉st✐q✉❡ s♦♥t ❡♥r❡❣✐strés ♣❛r ✉♥ ♠✐❝r♦♣❤♦♥❡ ❇✫❑ t②♣❡
✹✶✾✷ ✭❢réq✉❡♥❝❡ ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ✹✹✳✶❦❍③✱ ré♣♦♥s❡ ♣❧❛t❡ ❡♥tr❡ ✶✵❍③ ❡t ✷✵❦❍③✱ ✈♦✐r ❆♥♥❡①❡ ❈✮
❝♦♥♥❡❝té à ✉♥ ♣ré✲❛♠♣❧✐✜❝❛t❡✉r ❇✫❑ t②♣❡ ✷✻✻✾ ❡t ✉♥ ❛♠♣❧✐✜❝❛t❡✉r ❇✫❑ t②♣❡ ✺✾✸✺ ✭❛♠♣❧✐✜❛♥t
à ✰✸✵❞❇✮✱ ♣♦s✐t✐♦♥♥é à ❛✉ ♠♦✐♥s ✽✵✵♠♠ ❞❡ ❝❤❛❝✉♥❡ ❞❡s ♣❛r♦✐s ❞❡ ❧❛ ❝❤❛♠❜r❡ ❞✬✐s♦❧❛t✐♦♥
❛❝♦✉st✐q✉❡✱ ❡t à ❡♥✈✐r♦♥ ✾✹✵♠♠ ❞❡ ❧❛ s♦rt✐❡ ❞❡ ❧❛ ♠❛q✉❡tt❡ ét✉❞✐é❡✳ ▲❡ ♠✐❝r♦♣❤♦♥❡ ❡st s✐t✉é
à ❧❛ ♠ê♠❡ ❤❛✉t❡✉r q✉❡ ❧❛ ♠❛q✉❡tt❡ ét✉❞✐é❡ ♠❛✐s ❛✈❡❝ ✉♥ ❛♥❣❧❡ ❞❡ 37 ◦ ♣❛r r❛♣♣♦rt à ❧✬❛①❡
❧♦♥❣✐t✉❞✐♥❛❧ x ❞❡ ❧❛ ♠❛q✉❡tt❡✱ ❞❛♥s ❧❡ ♣❧❛♥ ❤♦r✐③♦♥t❛❧ (xz)✱ ❛✜♥ ❞❡ ♠✐♥✐♠✐s❡r ❧❡s ♣❡rt✉r❜❛t✐♦♥s
❞✉❡s à ❧✬é❝♦✉❧❡♠❡♥t ❞✬❛✐r s♦rt❛♥t ❞❡ ❧❛ ♠❛q✉❡tt❡ s✉r ❧❡ ♠✐❝r♦♣❤♦♥❡✳ ▲❡ ♠✐❝r♦♣❤♦♥❡ ❛ été ❝❛❧✐❜ré
❡♥ s✉✐✈❛♥t ❧❛ ♠ét❤♦❞❡ ❛✈❡❝ ❝❛❧✐❜r❛t❡✉r ❇✫❑ t②♣❡ ✹✷✸✶ ❞é❝r✐t❡ ❞❛♥s ❧✬❆♥♥❡①❡ ❈✳

✹✳✷✳✷ Pr♦t♦❝♦❧❡ ❞❡ ♠❡s✉r❡s ❞❡ ❞✐r❡❝t✐✈✐té ❛❝♦✉st✐q✉❡ ❛✈❡❝ ❛♥t❡♥♥❡ ❞❡ ♠✐✲
❝r♦♣❤♦♥❡s

P♦✉r ❧❡s ♠❡s✉r❡s ❞❡ ❞✐r❡❝t✐✈✐té ❛❝♦✉st✐q✉❡✱ ♥♦✉s r❡♠♣❧❛ç♦♥s ❧❡ ♠✐❝r♦♣❤♦♥❡ ❇✫❑ ♣❛r ✉♥❡
❛♥t❡♥♥❡ s❡♠✐✲❝✐r❝✉❧❛✐r❡ ❞❡ r❛②♦♥ ✻✵✵♠♠✱ ❝♦♠♣♦sé❡ ❞❡ ❤✉✐t ♠✐❝r♦♣❤♦♥❡s ♦♠♥✐❞✐r❡❝t✐♦♥♥❡❧s
à é❧❡❝tr❡t ✭♠♦❞è❧❡ ▼P✸✸✽✻✺✮✳ ▲✬❛♥t❡♥♥❡ s❡♠✐✲❝✐r❝✉❧❛✐r❡ ❡t ❧❡s ♣♦s✐t✐♦♥s ❛♥❣✉❧❛✐r❡s ❞❡s ❤✉✐t
♠✐❝r♦♣❤♦♥❡s s♦♥t ✐❧❧✉stré❡s s✉r ❧❛ ✜❣✉r❡ ✹✳✹✳ ▲❡s ❤✉✐t ♠✐❝r♦♣❤♦♥❡s ♦♥t été ❝❛❧✐❜rés✱ ♣❛r ❝♦♠✲
♣❛r❛✐s♦♥ ❡♥tr❡ ✉♥ s✐❣♥❛❧ ❞❡ t②♣❡ s✐♥✉s♦ï❞❛❧ ♠❡s✉ré ♣❛r ✉♥ ♠✐❝r♦♣❤♦♥❡ ❇✫❑ ❞❡ ré❢ér❡♥❝❡ ✭à



✽✻ ❈❤❛♣✐tr❡ ✹✳ ●é♦♠étr✐❡s s✐♠♣❧✐✜é❡s ✿ ❝❛r❛❝tér✐s❛t✐♦♥ ❛❝♦✉st✐q✉❡

✭❛✮

6
0
0
m

m

Maquette 
étudiée

1

2

3

4

5

6

7

8
Ecoulement

x

z

✭❜✮

❋✐❣✉r❡ ✹✳✹ ✕ ✭❛✮ ❆♥t❡♥♥❡ s❡♠✐✲❝✐r❝✉❧❛✐r❡ ♣♦s✐t✐♦♥♥é❡ ❞❡✈❛♥t ❧❛ s♦rt✐❡ ❞❡ ❧❛ ♠❛q✉❡tt❡ à ✉♥
♦❜st❛❝❧❡✳ ✭❜✮ P♦s✐t✐♦♥s ❛♥❣✉❧❛✐r❡s ❞❡s ♠✐❝r♦♣❤♦♥❡s ❞❡ ❧✬❛♥t❡♥♥❡ ✭❞❡ ✶ à ✽✮ ✿ ✶✻✺➦✱ ✶✺✵➦✱ ✶✸✺➦✱
✶✷✵➦✱ ✾✵➦✱ ✻✵➦✱ ✸✵➦✱ ✶✺➦✳

ré♣♦♥s❡ ♣❧❛t❡✮✱ ❞❡ ✵ à ✸✵✵✵❍③✳ ▲❡s ré♣♦♥s❡s ❢réq✉❡♥t✐❡❧❧❡s ❞❡ ❝❡s ♠✐❝r♦♣❤♦♥❡s ♥✬ét❛♥t ♣❛s ❞✉
t♦✉t ♣❧❛t❡s✱ ❝♦♥tr❛✐r❡♠❡♥t ❛✉ ♠✐❝r♦♣❤♦♥❡ ❇✫❑✱ ✐❧ ❢❛✉t ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❡s ✈❛❧❡✉rs ❞❡ ❢❛❝✲
t❡✉rs ❞❡ ❝❛❧✐❜r❛t✐♦♥ ♦❜t❡♥✉❡s s❡❧♦♥ ❧❛ ❢réq✉❡♥❝❡ ❝♦♥s✐❞éré❡✱ ❧♦rs ❞❡ ❧❛ ♠❡s✉r❡ ❞❡s ❞✐r❡❝t✐✈✐tés
❛❝♦✉st✐q✉❡s ❞✉ ❜r✉✐t r❛②♦♥♥é ♣❛r ❧❡s ♠❛q✉❡tt❡s ét✉❞✐é❡s✳

✹✳✷✳✸ ❉✐s♣♦s✐t✐❢ ❞❡ ♠❡s✉r❡ ✉t✐❧✐sé ♣♦✉r ❧❡s ♠❛q✉❡tt❡s ❵♦✛s❡t ✬ ❡t ❵❝❡♥tr❡❞ ✬

P♦✉r ❧❡s ♠❡s✉r❡s ❛❝♦✉st✐q✉❡s ❛✈❡❝ ❧❡s ♠❛q✉❡tt❡s ❵♦✛s❡t ✬ ✭✜❣✉r❡ ✹✳✷❛✮ ❡t ❵❝❡♥tr❡❞ ✬ ✭✜❣✉r❡
✹✳✷❜✮✱ ♥♦✉s ❛✈♦♥s ✉t✐❧✐sé é❣❛❧❡♠❡♥t ❧❡ ♠ê♠❡ ❞✐s♣♦s✐t✐❢ ❡①♣ér✐♠❡♥t❛❧ q✉❡ ❝❡❧✉✐ ❞é❝r✐t ❞❛♥s ❧❛
s❡❝t✐♦♥ ✹✳✷✳✶✳ ▲❛ ❞✐st❛♥❝❡ ❡♥tr❡ ♠❛q✉❡tt❡ ❡t ♠✐❝r♦♣❤♦♥❡ ❡st ♣❛r ❝♦♥tr❡ ✜①é❡ à ✶✺✵❝♠ ❛✈❡❝
✉♥ ❛♥❣❧❡ ❞❡ ✷✹➦ ♣♦✉r ❧❛ ♠❛q✉❡tt❡ ❵❝❡♥tr❡❞ ✬✱ ❡t à ✶✺❝♠ ❛✈❡❝ ✉♥ ❛♥❣❧❡ ❞❡ ✼➦ ♣♦✉r ❧❛ ♠❛q✉❡tt❡
❵♦✛s❡t ✬✳ ▲❡s s✐❣♥❛✉① ❛❝♦✉st✐q✉❡s s♦♥t é❝❤❛♥t✐❧❧♦♥♥és à ✷✺❦❍③✳ ▲✬é❝♦✉❧❡♠❡♥t ❡st ❝❛r❛❝tér✐sé ♣❛r
❞❡s ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ✿

Rec,o =
4 ·Q

π ·Dc,o
h · ν , ✭✹✳✶✮

q✉✐ ❞é♣❡♥❞❡♥t ❞❡ ❧❛ ❧♦♥❣✉❡✉r ❝❛r❛❝tér✐st✐q✉❡ ✉t✐❧✐sé❡✱ ❝✬❡st✲à✲❞✐r❡ s♦✐t ❧❡ ❞✐❛♠ètr❡ ❤②❞r❛✉❧✐q✉❡
Dc
h ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ❛♠♦♥t✱ s♦✐t ❧❡ ❞✐❛♠ètr❡ ❤②❞r❛✉❧✐q✉❡ Do

h ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ❢♦r♠é❡ ❡♥✲
❞❡ss♦✉s ❞❡ ❧✬♦❜st❛❝❧❡✳



✹✳✸✳ ❈❛r❛❝tér✐s❛t✐♦♥ ❛❝♦✉st✐q✉❡ ❞❡ ❧❛ ❣é♦♠étr✐❡ ❛✈❡❝ ♦❜st❛❝❧❡✭s✮ ❡♥ ❢♦r♠❡
❞✬✐♥❝✐s✐✈❡ ✽✼

❚❆❇▲❊❆❯ ✹✳✶ ✕ ❘é❝❛♣✐t✉❧❛t✐❢ ❞❡ t♦✉s ❧❡s ♣❛r❛♠ètr❡s ✈❛r✐és ♣♦✉r ❧❡s ♠❛q✉❡tt❡s ❛✈❡❝ ♦❜st❛❝❧❡✭s✮
❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡ ✭L0 = 310♠♠✮

P❛r❛♠ètr❡ ❱❛❧❡✉rs✴t②♣❡s

❚②♣❡ ❞✬❡♠❜♦✉t ❙✐♠♣❧❡ ♦❜st❛❝❧❡ ✲ ❉♦✉❜❧❡ ♦❜st❛❝❧❡
◆♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ❞é❜✐t❛♥t Red ❬✲❪ ✶✵✼✾ ✲ ✷✵✽✹

❉❡❣ré ❞✬♦✉✈❡rt✉r❡ H
Hc

❬✪❪ ✷✳✹ ✲ ✶✵ ✲ ✸✵
▲♦♥❣✉❡✉r ❞✉ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ L

L0
❬✲❪ ✵ ✲ ✶ ✲ ✷

❆♥❣❧❡ ❞✬❛tt❛q✉❡ θ1 ❬ ◦❪ ✾✵ ✲ ✶✵✼
❈♦♥❞✐t✐♦♥ ❞✬❡♥tré❡ ❞✉ ❝❛♥❛❧ ❱✐❞❡ ✲ ◆✐❞ ❞✬❛❜❡✐❧❧❡ ✲ P❛✐❧❧❡s

❙❡❝t✐♦♥ ❞❡ s♦rt✐❡ ❇♦r❞s ✈✐❢s ✲ ❇♦r❞s ❛❞♦✉❝✐s

✹✳✸ ❈❛r❛❝tér✐s❛t✐♦♥ ❛❝♦✉st✐q✉❡ ❞❡ ❧❛ ❣é♦♠étr✐❡ ❛✈❡❝ ♦❜st❛❝❧❡✭s✮
❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡

P♦✉r ❝❤❛q✉❡ ❝♦♥✜❣✉r❛t✐♦♥ ❡t ❝❤❛q✉❡ ❞é❜✐t ✈♦❧✉♠✐q✉❡ t❡stés✱ ❧❡ s✐❣♥❛❧ t❡♠♣♦r❡❧ ❞❡ ♣r❡ss✐♦♥
❛❝♦✉st✐q✉❡ ❛ été ❡♥r❡❣✐stré ❞✉r❛♥t ❝✐♥q s❡❝♦♥❞❡s à ✉♥❡ ❢réq✉❡♥❝❡ ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ❞❡ ✹✹✳✶❦❍③✳
▲❛ ❝❛r❛❝tér✐s❛t✐♦♥ s♣❡❝tr❛❧❡ ❞❡s ❞♦♥♥é❡s ❛❝♦✉st✐q✉❡s ♠❡s✉ré❡s ❡st ré❛❧✐sé❡ ❡♥ ❡st✐♠❛♥t ❧❡s
❞❡♥s✐tés s♣❡❝tr❛❧❡s ❞❡ ♣✉✐ss❛♥❝❡s ✭❉❙P✮ ❞❡s s✐❣♥❛✉① t❡♠♣♦r❡❧s ❞❡ ♣r❡ss✐♦♥ ❛❝♦✉st✐q✉❡ ❝❛♣tés
♣❛r ❧❡ ♠✐❝r♦♣❤♦♥❡✳ ❙❛❝❤❛♥t q✉❡ t♦✉s ❝❡s s✐❣♥❛✉① s♦♥t ❛❧é❛t♦✐r❡s ❡t ❢♦rt❡♠❡♥t ✐♥st❛t✐♦♥♥❛✐r❡s✱
❡♥ r❛✐s♦♥ ♣r✐♥❝✐♣❛❧❡♠❡♥t ❞❡s ✢✉❝t✉❛t✐♦♥s t✉r❜✉❧❡♥t❡s✱ ❧❛ ♠ét❤♦❞❡ ❞✉ ♣ér✐♦❞♦❣r❛♠♠❡ ❞❡ ❲❡❧❝❤
❡st ✉t✐❧✐sé❡ ♣♦✉r ❡st✐♠❡r ❧❡s ❉❙P ❛✜♥ ❞✬❛♠é❧✐♦r❡r ❧❡ r❛♣♣♦rt s✐❣♥❛❧ s✉r ❜r✉✐t ✭❝✐♥q s❡❣♠❡♥ts
❞❡ ✶s ❡t ✉♥ t❛✉① ❞❡ r❡❝♦✉✈r❡♠❡♥t ❞❡ ✶✵✪✮✳ ▲✬❡♥s❡♠❜❧❡ ❞❡s ♣❛r❛♠ètr❡s ✈❛r✐és s♦♥t ❧✐stés ❞❛♥s
❧❛ t❛❜❧❡ ✹✳✶✳ ❆✜♥ ❞❡ ❧✐♠✐t❡r ❧❡ ♥♦♠❜r❡ ❞❡ ❝♦♠❜✐♥❛✐s♦♥s ❞✐st✐♥❝t❡s ❞❡ ♣❛r❛♠ètr❡s à t❡st❡r✱ ❧❡
❝❛♥❛❧ ❞❡ ✸✶✵♠♠ ✭ LL0

= 1✮ ✈✐❞❡ ✭✐✳❡✳ s❛♥s ♥✐❞ ❞✬❛❜❡✐❧❧❡ ♦✉ ♣❛✐❧❧❡s✮ ❡st ❛r❜✐tr❛✐r❡♠❡♥t ❝❤♦✐s✐ ❡♥
t❛♥t q✉❡ ❝♦♥✜❣✉r❛t✐♦♥ st❛♥❞❛r❞ ❧♦rsq✉❡ ♥♦✉s ❢❛✐s♦♥s ✈❛r✐❡r ❧❡s ❛✉tr❡s ♣❛r❛♠ètr❡s✳

✹✳✸✳✶ ■♥✢✉❡♥❝❡ ❞❡s ❝♦♥❞✐t✐♦♥s ❡♥ ❛♠♦♥t ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ✭♦❜st❛❝❧❡ s✐♠♣❧❡✮

✹✳✸✳✶✳✶ ▲♦♥❣✉❡✉r ❞✉ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡

P♦✉r ❧❡s ❝♦♥❞✐t✐♦♥s ❡♥ ❛♠♦♥t ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥✱ ♥♦✉s ❢❛✐s♦♥s t♦✉t ❞✬❛❜♦r❞ ✈❛r✐❡r ❧❛ ❧♦♥❣✉❡✉r
❞✉ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ ❡♥ ♣❧❡①✐❣❧❛s ✭ LL0

= 0, 1, 2✮ ♣♦✉r ✉♥ ❞❡❣ré ❞✬♦✉✈❡rt✉r❡ ❞❡ ✷✳✹✪ ❡t ✉♥
❛♥❣❧❡ ❞✬❛tt❛q✉❡ ❞❡ ❧✬♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡ θ1 = 90➦✱ s❛♥s ♥✐❞ ❞✬❛❜❡✐❧❧❡ ♦✉ ♣❛✐❧❧❡s ✐♥sérés✳
▲❛ ✜❣✉r❡ ✹✳✺ ♠♦♥tr❡ q✉❡ ♣❧✉s ❧❡ ❝❛♥❛❧ ❡st ❧♦♥❣✱ ♣❧✉s ❧❡ ❜r✉✐t r❛②♦♥♥é ❡st ❢❛✐❜❧❡✳ ❈❡❧❛ ❡st
♣r♦❜❛❜❧❡♠❡♥t ❞û ❛✉ ❢❛✐t q✉❡ ❧❡ ❝❛♥❛❧ t❡♥❞ à ré❞✉✐r❡ ❧❡ ♥✐✈❡❛✉ ❞❡ t✉r❜✉❧❡♥❝❡ ❝réé ❡♥ ❛♠♦♥t
❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥✳ ❉❡ ♣❧✉s✱ ♣♦✉r L

L0
= 0 ✭✐✳❡✳ s❛♥s ❝❛♥❛❧ ✐♥séré✮✱ ❧✬❡♠❜♦✉t ❡st ❞✐r❡❝t❡♠❡♥t

r❡❧✐é à ❧❛ ❝❤❛♠❜r❡ ❞❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t ❛ér♦❛❝♦✉st✐q✉❡ ♣❛r ✉♥❡ ❝♦♥tr❛❝t✐♦♥ ❜r✉sq✉❡ ❛✈❡❝ ❞❡s
❛rêt❡s ✈✐✈❡s✱ ♦ù ✐❧ ♣❡✉t s❡ ♣r♦❞✉✐r❡ ✉♥ ❡✛❡t ❞❡ ✈❡♥❛ ❝♦♥tr❛❝t❛✱ ❡t ♦ù ❞❡ ♥♦♠❜r❡✉① t♦✉r❜✐❧❧♦♥s
♣❡✉✈❡♥t s❡ ❢♦r♠❡r✱ ❝❡ q✉✐ ♣❡✉t ❡♥❣❡♥❞r❡r ❞❡s s♦✉r❝❡s ❞❡ ❜r✉✐t s✉♣♣❧é♠❡♥t❛✐r❡s✳ ❈❡❝✐ ❝♦♥❝♦r❞❡
❛✈❡❝ ❧❡s ✐♥t❡♥s✐tés t✉r❜✉❧❡♥t❡s é❧❡✈é❡s ♦❜s❡r✈é❡s s✉r ❧❛ ✜❣✉r❡ ✸✳✶✶❛ ❞❛♥s ❧❡ ❈❤❛♣✐tr❡ ✸✳ ▲❡ ♣✐❝
très ♣r♦♥♦♥❝é ✈✐s✐❜❧❡ ✈❡rs ✽✳✽❦❍③ s✉r t♦✉s ❧❡s s♣❡❝tr❡s✱ ❡st ❞û à ✉♥ ❜r✉✐t ♣❛r❛s✐t❡ ❞❡ ♠❡s✉r❡✳



✽✽ ❈❤❛♣✐tr❡ ✹✳ ●é♦♠étr✐❡s s✐♠♣❧✐✜é❡s ✿ ❝❛r❛❝tér✐s❛t✐♦♥ ❛❝♦✉st✐q✉❡
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❋✐❣✉r❡ ✹✳✺ ✕ ■♥✢✉❡♥❝❡ ❞❡ ❧❛ ❧♦♥❣✉❡✉r ❞✉ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ ♣♦✉r ❧✬❡♠❜♦✉t ❛✈❡❝ ❞❡♥t s✐♠♣❧❡
à ✶✵✼➦ ✭♦✉✈❡rt✉r❡ ❞❡ ✷✳✹✪✮
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❋✐❣✉r❡ ✹✳✻ ✕ ■♥✢✉❡♥❝❡ ❞❡ ❧✬❛♥❣❧❡ ❞✬❛tt❛q✉❡ θ1 ✭❝❛♥❛❧ s✐♠♣❧❡✱ ♦✉✈❡rt✉r❡ ❞❡ ✷✳✹✪✮

✹✳✸✳✶✳✷ ■♥✢✉❡♥❝❡ ❞❡ ❧✬❛♥❣❧❡ ❞✬❛tt❛q✉❡

❊♥s✉✐t❡✱ ♥♦✉s ét✉❞✐♦♥s ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧✬❛♥❣❧❡ ❞✬❛tt❛q✉❡ θ1 ♣♦✉r ❞❡✉① ✈❛❧❡✉rs ✶✵✼➦ ✭st❛♥❞❛r❞✮
❡t ✾✵➦ ✭♣♦s✐t✐♦♥ ✐♥✈❡rsé❡✮ ❛✈❡❝ L = 310♠♠ ❡t Hc

H = 2.4%✳ ▲❡s rés✉❧t❛ts ❝♦rr❡s♣♦♥❞❛♥ts s♦♥t
♣rés❡♥tés s✉r ❧❛ ✜❣✉r❡ ✹✳✻✳ ❇✐❡♥ q✉❡ ❧❡s ♥✐✈❡❛✉① ❞❡ ❜r✉✐t s♦♥t ❣❧♦❜❛❧❡♠❡♥t ❧é❣èr❡♠❡♥t ♣❧✉s é❧❡✈és
♣♦✉r θ1 = 107➦✱ ❧❡s ❞❡✉① ❝♦♥✜❣✉r❛t✐♦♥s ❛♥❣✉❧❛✐r❡s ♥✬❡①❤✐❜❡♥t ♣❛s ❞❡ ❞✐✛ér❡♥❝❡s s✐❣♥✐✜❝❛t✐✈❡s✳
▲❡s ♣✐❝s ♦❜s❡r✈és s♦♥t s✐t✉és ❛✉① ♠ê♠❡s ❢réq✉❡♥❝❡s ♣♦✉r ❧❡s ❞❡✉① ❝♦♥✜❣✉r❛t✐♦♥s✳



✹✳✸✳ ❈❛r❛❝tér✐s❛t✐♦♥ ❛❝♦✉st✐q✉❡ ❞❡ ❧❛ ❣é♦♠étr✐❡ ❛✈❡❝ ♦❜st❛❝❧❡✭s✮ ❡♥ ❢♦r♠❡
❞✬✐♥❝✐s✐✈❡ ✽✾
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❋✐❣✉r❡ ✹✳✼ ✕ ■♥✢✉❡♥❝❡ ❞✉ ❞❡❣ré ❞✬♦✉✈❡rt✉r❡ ♣♦✉r ❧✬❡♠❜♦✉t ❛✈❡❝ ❞❡♥t s✐♠♣❧❡ à ✶✵✼➦ ♠♦♥té❡
s✉r ✉♥ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ s✐♠♣❧❡ ✭ LL0

= 1✮ ✈✐❞❡

✹✳✸✳✷ ■♥✢✉❡♥❝❡ ❞❡s ❝♦♥❞✐t✐♦♥s ❡♥ ❛✈❛❧ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ✭♦❜st❛❝❧❡ s✐♠♣❧❡✮

✹✳✸✳✷✳✶ ■♥✢✉❡♥❝❡ ❞✉ ❞❡❣ré ❞✬♦✉✈❡rt✉r❡

❈♦♥❝❡r♥❛♥t ❧❡s ❝♦♥❞✐t✐♦♥s ❡♥ ❛✈❛❧ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥✱ ♥♦✉s ét✉❞✐♦♥s ❞✬❛❜♦r❞ ❧✬✐♥✢✉❡♥❝❡ ❞✉
❞❡❣ré ❞✬♦✉✈❡rt✉r❡ Hc

H ♣♦✉r ❧❡ ❝❛s ❞✬✉♥ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ s✐♠♣❧❡ ✭ LL0
= 1✮ ✈✐❞❡ ❡t ✉♥ ❛♥❣❧❡

❞✬❛tt❛q✉❡ θ1 = 107➦✳ ▲❡s rés✉❧t❛ts s♦♥t ♣rés❡♥tés s✉r ❧❛ ✜❣✉r❡ ✹✳✼✳ P♦✉r ✉♥❡ ♦✉✈❡rt✉r❡ ❞❡ ✸✵✪✱
♣r❛t✐q✉❡♠❡♥t ❛✉❝✉♥ ❜r✉✐t ♥✬❡st ♣r♦❞✉✐t ♣♦✉r ❧❡s ❞❡✉① ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s✳ ❊♥ r❡✈❛♥❝❤❡✱
❝♦♠♠❡ ❝♦♥st❛té ❞❛♥s ❧❛ t❤ès❡ ❞❡ ❙❤❛❞❧❡ ❬❙❤❛✽✺❪✱ ❜❡❛✉❝♦✉♣ ♣❧✉s ❞❡ ❜r✉✐t ❡st ♣r♦❞✉✐t ♣♦✉r
❧❡s ♣❧✉s ♣❡t✐t❡s ♦✉✈❡rt✉r❡s ❡t ❧❡s ♣❧✉s ❣r❛♥❞s ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s✱ ✐✳❡✳ ♣♦✉r ❧❡s ♣❧✉s ❤❛✉ts
é❝❛rts ❞❡ ♣r❡ss✐♦♥ à tr❛✈❡rs ❧❛ ❝♦♥str✐❝t✐♦♥✳ P♦✉r ✉♥❡ ♦✉✈❡rt✉r❡ ❞❡ ✷✳✹✪ ❡t Red = 2084✱ ❧❡
s♣❡❝tr❡ ❛ ✉♥❡ ❛❧❧✉r❡ ❧❛r❣❡ ❜❛♥❞❡✱ s✐♠✐❧❛✐r❡ à ❝❡❧✉✐ ❞✬✉♥ ❜r✉✐t ❞❡ ❢r✐❝❛t✐✈❡ ❬❙❤❛✽✺❪✱ ❛✈❡❝ ✉♥❡
♣rés❡♥❝❡ ❛❝❝r✉❡ ❞❡ ♣✐❝s ❤❛✉t❡✲❢réq✉❡♥❝❡✳ ❙❛❝❤❛♥t q✉❡ ❞❛✈❛♥t❛❣❡ ❞❡ ❜r✉✐t ❡st ❣é♥éré ♣♦✉r ❝❡
❞❡❣ré ❞✬♦✉✈❡rt✉r❡✱ ♥♦✉s ❛✈♦♥s ❝❤♦✐s✐ ❞❡ ♠❛✐♥t❡♥✐r à ✷✳✹✪ ❧❡ ❞❡❣ré ❞✬♦✉✈❡rt✉r❡ ❧♦rsq✉❡ ♥♦✉s
❛✈♦♥s ❢❛✐t ✈❛r✐❡r ❧❡s ❛✉tr❡s ♣❛r❛♠ètr❡s✳

✹✳✸✳✷✳✷ ■♥✢✉❡♥❝❡ ❞❡s ❛rêt❡s ✈✐✈❡s ❞❡ ❧❛ s❡❝t✐♦♥ ❞❡ s♦rt✐❡

◆♦✉s s♦✉❤❛✐t♦♥s é❣❛❧❡♠❡♥t ✈ér✐✜❡r ❧❛ ❝♦♥tr✐❜✉t✐♦♥ ❞❡s ❜♦r❞s ✈✐❢s ❞❡ ❧❛ s❡❝t✐♦♥ ❞❡ s♦rt✐❡ ❞✉
❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ s✉r ❧❡ ❜r✉✐t r❛②♦♥♥é✳ ■❧ ❡st ❡♥ ❡✛❡t ❛tt❡♥❞✉ ❞✬ét✉❞❡s ❛♥tér✐❡✉r❡s ❞❡ ❜r✉✐t
❛ér♦❞②♥❛♠✐q✉❡ ✭♣❛r ❡①❡♠♣❧❡ ❬❋●❍P✶✷❪✮ q✉✬✉♥❡ ♣❛rt✐❡ ✐♠♣♦rt❛♥t❡ ❞✉ ♣r♦❝❡ss✉s ❞❡ r❛❞✐❛t✐♦♥
❞❡ ❜r✉✐t ❛ér♦❛❝♦✉st✐q✉❡ ❝♦♥❝❡r♥é s❡ ♣r♦❞✉✐s❡ ❛✉ ♥✐✈❡❛✉ ❞❡s ❛rêt❡s ✈✐✈❡s ❡♥✲❞❡ss♦✉s ♦✉ ❡♥ ❛✈❛❧
❞❡ ❧✬♦❜st❛❝❧❡✳ ▲❛ ✜❣✉r❡ ✹✳✽ ✐❧❧✉str❡ ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧✬❛❥♦✉t ❞❡ ♣ât❡ à ♠♦❞❡❧❡r s✉r ❧❡s ❜♦r❞s ✈✐❢s ❞❡
❧❛ s❡❝t✐♦♥ ❞❡ s♦rt✐❡✳ ❆❧♦rs q✉❡ ♣♦✉r Red = 1079 ♥♦✉s ♥❡ ♣♦✉✈♦♥s ♣❛s ❞❡s❝❡r♥❡r ❞❡ ❞✐✛ér❡♥❝❡
s✐❣♥✐✜❝❛t✐✈❡ ❡♥tr❡ ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ❛✈❡❝ ❜♦r❞s ✈✐❢s ❡t ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ❛✈❡❝ ❜♦r❞s ❛❞♦✉❝✐s✱ ♣♦✉r
Red = 2084 ❧❛ ❞✐✛ér❡♥❝❡ ❡st ♥❡tt❡ s✉r ❧❛ ❣❛♠♠❡ ❞❡ ❢réq✉❡♥❝❡s ✷✲✽❦❍③✱ ❛✈❡❝ ❞❡s é❝❛rts ❞❡



✾✵ ❈❤❛♣✐tr❡ ✹✳ ●é♦♠étr✐❡s s✐♠♣❧✐✜é❡s ✿ ❝❛r❛❝tér✐s❛t✐♦♥ ❛❝♦✉st✐q✉❡
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✭❜✮ Red = 2084

❋✐❣✉r❡ ✹✳✽ ✕ ■♥✢✉❡♥❝❡ ❞❡ ❧✬❛❥♦✉t ❞❡ ♣ât❡ à ♠♦❞❡❧❡r s✉r ❧❛ s❡❝t✐♦♥ ❞❡ s♦rt✐❡ ❞❡ ❧✬❡♠❜♦✉t ❛✈❡❝
❞❡♥t s✐♠♣❧❡ à ✶✵✼➦ ♠♦♥té s✉r ✉♥ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ ❞❡ ✸✶❝♠ ❛✈❡❝ ♥✐❞ ❞✬❛❜❡✐❧❧❡ ✐♥séré ❡♥ ❡♥tré❡

♥✐✈❡❛✉ ♣♦✉✈❛♥t ❞é♣❛ss❡r ✶✺❞❇ ❡♥tr❡ ❧❡s ❞❡✉① ❝♦♥✜❣✉r❛t✐♦♥s✳ ❈♦♠♠❡ ❛tt❡♥❞✉✱ ❧❛ ❝♦♥✜❣✉r❛t✐♦♥
❛✈❡❝ ❜♦r❞s ✈✐❢s ❣é♥èr❡ ❞❛✈❛♥t❛❣❡ ❞❡ ❜r✉✐t✳

✹✳✸✳✸ ❈❛r❛❝tér✐s❛t✐♦♥ ❛❝♦✉st✐q✉❡ ❞❡ ❧❛ ♠❛q✉❡tt❡ ❞♦✉❜❧❡✲♦❜st❛❝❧❡

◆♦✉s ♥♦✉s ✐♥tér❡ss♦♥s ❡♥s✉✐t❡ à ❧❛ ♠❛q✉❡tt❡ ❢♦r♠é❡ ❞✬✉♥ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ s✐♠♣❧❡ L
L0

= 1

❡t ❞✬✉♥ ❡♠❜♦✉t ❝♦♥t❡♥❛♥t ❞❡✉① ♦❜st❛❝❧❡s ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡ ✭✜❣✉r❡ ✹✳✶✮✳ ◆♦✉s ❛✈♦♥s ❛r❜✐tr❛✐✲
r❡♠❡♥t ❝❤♦✐s✐ ✐❝✐ ❞❡ ♥❡ ❢❛✐r❡ ✈❛r✐❡r q✉❡ ❧❛ ❤❛✉t❡✉r ❞❡ ❧❛ ❞❡♥t ❞✉ ❜❛s t♦✉t ❡♥ ✜①❛♥t ❝❡❧❧❡ ❞❡ ❧❛
❞❡♥t ❞✉ ❤❛✉t✳ ▲❡s ❝♦♥✜❣✉r❛t✐♦♥s ❵❞❡♥ts s②♠étr✐q✉❡s✬ ❡t ❵❞❡♥ts ❛s②♠étr✐q✉❡s✬ s♦♥t ❝♦♠♣❛ré❡s
❡♥ ❢❛✐s❛♥t ✈❛r✐❡r ❧❡ ❞❡❣ré ❞✬♦✉✈❡rt✉r❡ ❢♦r♠é ♣❛r ❧✬❡s♣❛❝❡ ❡♥tr❡ ❧❡s ❞❡✉① ♦❜st❛❝❧❡s✳ ▲❡s s♣❡❝tr❡s
❞❡s ❜r✉✐ts ♦❜t❡♥✉s s♦♥t ✐❧❧✉strés s✉r ❧❡s ✜❣✉r❡s ✹✳✾ ❡t ✹✳✶✵✳ ◆♦✉s ❝♦♥st❛t♦♥s q✉❡ ❧❡s ♥✐✈❡❛✉①
❞❡ ❜r✉✐t ❣é♥éré s♦♥t ❢❛✐❜❧❡s ♣♦✉r t♦✉s ❧❡s ❝❛s ❝♦♥s✐❞érés✱ ② ❝♦♠♣r✐s ♣♦✉r ❧❡ ♣❧✉s ♣❡t✐t ❞❡❣ré
❞✬♦✉✈❡rt✉r❡ ✭✷✳✹✪✮✱ ❡t q✉❡❧q✉❡ s♦✐t ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ❞❡s ❞❡♥ts ✭s②♠étr✐q✉❡s ♦✉ ❛s②♠étr✐q✉❡s✮✳
❈❡❧❛ ❡st ♣❡✉t✲êtr❡ ❞û ❛✉ ❢❛✐t q✉✬✉♥ ❥❡t ❧✐❜r❡ ✭♥♦♥ ❝♦♥✜♥é✮ s❡ ❢♦r♠❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥
❢♦r♠é❡ ❡♥tr❡ ❧❡s ❞❡✉① ❞❡♥ts✱ t❛♥❞✐s q✉❡ ❧♦rsq✉✬✐❧ ② ❛ ✉♥❡ ♣❛r♦✐✱ ❧❡ ❥❡t ✐♥t❡r❛❣✐t ❛✈❡❝ ❡❧❧❡ ❝❡ q✉✐
❣é♥èr❡ ❞❛✈❛♥t❛❣❡ ❞❡ ❜r✉✐t ✭s♦✉r❝❡ ❞✐♣ô❧❛✐r❡✮✳

✹✳✸✳✹ ❈❛r❛❝tér✐s❛t✐♦♥ ❞❡ ❧❛ ❞✐r❡❝t✐✈✐té ❛❝♦✉st✐q✉❡ ✭♦❜st❛❝❧❡ s✐♠♣❧❡✮

✹✳✸✳✹✳✶ ❚❤é♦r✐❡ ❡t ♣rés❡♥t❛t✐♦♥ ❞❡s rés✉❧t❛ts

▲❡s ❞✐r❡❝t✐✈✐tés ❛❝♦✉st✐q✉❡s ❞❡s ❜r✉✐ts ❣é♥érés ♣❛r ❧✬❡♠❜♦✉t à ✉♥ ♦❜st❛❝❧❡ s♦♥t ♠❡s✉ré❡s ❛✉
♠♦②❡♥ ❞❡ ❧✬❛♥t❡♥♥❡ ❝✐r❝✉❧❛✐r❡ à ❤✉✐t ♠✐❝r♦♣❤♦♥❡s ♣rés❡♥té❡ ❞❛♥s ❧❛ s❡❝t✐♦♥ ✹✳✷✳✷✳ ▲❛ ❢♦♥❝t✐♦♥
❞❡ ❞✐r❡❝t✐✈✐té t❤é♦r✐q✉❡ ♣♦✉r ✉♥ ❞✐♣ô❧❡ ❛❝♦✉st✐q✉❡ ❡st ❞♦♥♥é❡ ♣❛r



✹✳✸✳ ❈❛r❛❝tér✐s❛t✐♦♥ ❛❝♦✉st✐q✉❡ ❞❡ ❧❛ ❣é♦♠étr✐❡ ❛✈❡❝ ♦❜st❛❝❧❡✭s✮ ❡♥ ❢♦r♠❡
❞✬✐♥❝✐s✐✈❡ ✾✶
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❋✐❣✉r❡ ✹✳✶✵ ✕ ■♥✢✉❡♥❝❡ ❞✉ ❞❡❣ré ❞✬♦✉✈❡rt✉r❡ ♣♦✉r ❧✬❡♠❜♦✉t ❞♦✉❜❧❡✲♦❜st❛❝❧❡ ❡♥ ❝♦♥✜❣✉r❛t✐♦♥
❵❞❡♥ts ❛s②♠étr✐q✉❡s✬ ✭✈♦✐r ✜❣✉r❡ ✹✳✶✮



✾✷ ❈❤❛♣✐tr❡ ✹✳ ●é♦♠étr✐❡s s✐♠♣❧✐✜é❡s ✿ ❝❛r❛❝tér✐s❛t✐♦♥ ❛❝♦✉st✐q✉❡

h(θ) = cos(θ +
π

2
) = sin(θ) ✭✹✳✷✮

à ❝♦♥❞✐t✐♦♥ q✉❡ θ = 90➦ s♦✐t ♣r✐s ❝♦♠♠❡ ❛♥❣❧❡ ✭❛①❡✮ ❞❡ ré❢ér❡♥❝❡ ❬❘❚❇✾✾❪✳ ▲❡s ♥✐✈❡❛✉① ❞❡
♣r❡ss✐♦♥ s♦♥♦r❡ ✭❙P▲✮ ♠❡s✉rés ♣❛r ❝❤❛❝✉♥ ❞❡s ❤✉✐t ♠✐❝r♦♣❤♦♥❡s s♦♥t r❡♣rés❡♥tés ❞❛♥s ❞❡s
❞✐❛❣r❛♠♠❡s ❞❡ ❞✐r❡❝t✐✈✐té s❡♠✐✲❝✐r❝✉❧❛✐r❡s✳ ❙✉r t♦✉s ❧❡s ❞✐❛❣r❛♠♠❡s✱ ❧❡s ❙P▲ s♦♥t ♥♦r♠❛❧✐sés
♣❛r ❧❛ ✈❛❧❡✉r ♠❡s✉ré❡ ❞❛♥s ❧✬❛①❡ ❞❡ ré❢ér❡♥❝❡ ✭θ = 90➦✮ ❝♦rr❡s♣♦♥❞❛♥t à ❧❛ ❞✐r❡❝t✐♦♥ ♣r✐♥❝✐♣❛❧❡
❞❡ ❧✬é❝♦✉❧❡♠❡♥t✳ ▲❛ q✉❛♥t✐té ka r❡♣rés❡♥t❡ ❧❡ ♣r♦❞✉✐t ❞✉ ♥♦♠❜r❡ ❞✬♦♥❞❡ k = 2πf

c ♣❛r ❧❡ r❛②♦♥
❤②❞r❛✉❧✐q✉❡ a✱ ❞é✜♥✐ ♣❛r

a =
A

P
, ✭✹✳✸✮

♦ù A =WH ❡st ❧❛ s✉r❢❛❝❡ ❡t P = 2(H+W ) ❧❡ ♣ér✐♠ètr❡ ❞❡ ❧❛ s❡❝t✐♦♥ tr❛♥s✈❡rs❛❧❡ ✐♥tér✐❡✉r❡
❞✉ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ ❡♥ ♣❧❡①✐❣❧❛s✳ ▲❡s ✈❛❧❡✉rs s✉✐✈❛♥t❡s ❞❡ ka s♦♥t ❝♦♥s✐❞éré❡s ✿ ✵✳✸✱ ✵✳✸✺✱
✵✳✹ ❡t ✵✳✹✺✱ ❝♦rr❡s♣♦♥❞❛♥t r❡s♣❡❝t✐✈❡♠❡♥t ❛✉① ❢réq✉❡♥❝❡s ✶✻✷✷✱ ✶✽✾✸✱ ✷✶✻✸✱ ✷✹✸✸❍③✳ ❯♥ ✜❧tr❡
à ❜❛♥❞❡ ❞✬♦❝t❛✈❡ ❝❡♥tré s✉r ❝❤❛q✉❡ ❢réq✉❡♥❝❡ ❞✬✐♥térêt f ❡st s②sté♠❛t✐q✉❡♠❡♥t ❛♣♣❧✐q✉é ♣♦✉r
❝❤❛q✉❡ ✈❛❧❡✉r ❞❡ ka ❛ss♦❝✐é❡ à ❧❛ ❢réq✉❡♥❝❡ f ✳

✹✳✸✳✹✳✷ ❉✐r❡❝t✐✈✐tés ♠❡s✉ré❡s ✿ rés✉❧t❛ts

▲❛ ✜❣✉r❡ ✹✳✶✶ ♣rés❡♥t❡ ❧❡s ❞✐r❡❝t✐✈✐tés ♠❡s✉ré❡s ❞❛♥s ❧❡ ♣❧❛♥ ❤♦r✐③♦♥t❛❧✱ ♣♦✉r ❧✬❡♠❜♦✉t à ✉♥
♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡✳ ▲❛ ❞✐r❡❝t✐✈✐té t❤é♦r✐q✉❡ ❞✬✉♥❡ s♦✉r❝❡ ❞✐♣♦❧❛✐r❡ ❡st ❛❥♦✉té❡ ♣♦✉r
❝♦♠♣❛r❛✐s♦♥✳ ◆♦✉s ♣♦✉✈♦♥s ♦❜s❡r✈❡r q✉❡ ❧❡s ♠♦t✐❢s ❞❡ ❞✐r❡❝t✐✈✐té s♦♥t ❢♦rt❡♠❡♥t ❞é♣❡♥❞❛♥ts
❞❡ ❧❛ ❢réq✉❡♥❝❡✳ P♦✉r Reb = 402✱ ❞❡s ♣r♦✜❧s q✉❛s✐♠❡♥t ♦♠♥✐❞✐r❡❝t✐♦♥♥❡❧s ❜✐❡♥ q✉❡ ❧é❣èr❡♠❡♥t
❛s②♠étr✐q✉❡s s♦♥t ♦❜t❡♥✉s ♣♦✉r t♦✉s ❧❡s ka ❡t t♦✉t❡s ❧❡s ♦✉✈❡rt✉r❡s✳ ❆✉ ♣❧✉s ❤❛✉t ♥♦♠❜r❡ ❞❡
❘❡②♥♦❧❞s Reb = 2084✱ ❧❛ ♣❧✉♣❛rt ❞❡ ❧✬é♥❡r❣✐❡ ❛❝♦✉st✐q✉❡ ❣é♥éré❡ ❡st ❧♦❝❛❧✐sé❡ ❧❡ ❧♦♥❣ ♦✉ ♣rès
❞❡ ❧✬❛①❡ ❞❡ ré❢ér❡♥❝❡ ❝✬❡st✲à✲❞✐r❡ ❧❛ ❞✐r❡❝t✐♦♥ ♣r✐♥❝✐♣❛❧❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t✳ ❆✐♥s✐✱ ♣❧✉s ❧❡ ♥♦♠❜r❡
❞❡ ❘❡②♥♦❧❞s ❛✉❣♠❡♥t❡✱ ♣❧✉s ❧❡ ❝❤❛♠♣ ❛❝♦✉st✐q✉❡ r❛②♦♥♥é ❞❡✈✐❡♥t ❞✐r❡❝t✐♦♥♥❡❧ ❧❡ ❧♦♥❣ ❞❡ ❧❛
❞✐r❡❝t✐♦♥ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t✳ ❊♥ ❞✬❛✉tr❡s t❡r♠❡s✱ ❧✬é❝♦✉❧❡♠❡♥t tr❛♥s♣♦rt❡ ❞❛✈❛♥t❛❣❡ ❞✬é♥❡r❣✐❡
❛❝♦✉st✐q✉❡ ❧♦rsq✉✬✐❧ ❞❡✈✐❡♥t ❞❛✈❛♥t❛❣❡ t✉r❜✉❧❡♥t✳ ❆✉ ❝♦♥tr❛✐r❡✱ ❧♦rsq✉❡ ❧✬é❝♦✉❧❡♠❡♥t ❡st ❧❛♠✐✲
♥❛✐r❡✱ ❧✬é♥❡r❣✐❡ ❛❝♦✉st✐q✉❡ ❡st tr❛♥s♣♦rté❡ ❞❡ ♠❛♥✐èr❡ éq✉✐❧✐❜ré❡ ❞❛♥s t♦✉t❡s ❧❡s ❞✐r❡❝t✐♦♥s ❞❡
❧✬❡s♣❛❝❡✳
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❋✐❣✉r❡ ✹✳✶✶ ✕ ❉✐r❡❝t✐✈✐tés ❤♦r✐③♦♥t❛❧❡s ♠❡s✉ré❡s ✭❡♠❜♦✉t à ✉♥ ♦❜st❛❝❧❡ ❛✈❡❝ ❜♦r❞s ✈✐❢s✮
❡①♣r✐♠é❡s ❡♥ ♥✐✈❡❛✉① ❞❡ ♣r❡ss✐♦♥ s♦♥♦r❡ ♥♦r♠❛❧✐sés ♣❛r ❧❛ ✈❛❧❡✉r ❛①✐❛❧❡ ✭❞✐r❡❝t✐♦♥ x✮ ♣♦✉r
❞❡✉① ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s✱ tr♦✐s ❞❡❣rés ❞✬♦✉✈❡rt✉r❡ ❡t q✉❛tr❡ ♣r♦❞✉✐ts ka ❞✐✛ér❡♥ts ✿ ka = 0.3

✭×✮ ❀ ✵✳✸✺ ✭©✮ ❀ ✵✳✹✵ ✭�✮ ❀ ✵✳✹✺ ✭♦✮ ❀ ❞✐r❡❝t✐✈✐té t❤é♦r✐q✉❡ ❞✬✉♥ ❞✐♣ô❧❡ ❛❝♦✉st✐q✉❡ ❛❥♦✉té❡ ♣♦✉r
❝♦♠♣❛r❛✐s♦♥ ✭∗✮



✾✹ ❈❤❛♣✐tr❡ ✹✳ ●é♦♠étr✐❡s s✐♠♣❧✐✜é❡s ✿ ❝❛r❛❝tér✐s❛t✐♦♥ ❛❝♦✉st✐q✉❡

✹✳✹ ❈❛r❛❝tér✐s❛t✐♦♥ ❛❝♦✉st✐q✉❡ ❞❡s ❣é♦♠étr✐❡s ❵♦✛s❡t ✬ ❡t ❵❝❡♥✲
tr❡❞ ✬

✹✳✹✳✶ ■♥✢✉❡♥❝❡ ❞❡ ❧❛ ❢♦r♠❡ ❞❡ ❧❛ s❡❝t✐♦♥ tr❛♥s✈❡rs❛❧❡ s✉r ❧❛ ❢♦r♠❛t✐♦♥ ❞✉
❥❡t

▲❛ ✜❣✉r❡ ✹✳✶✷ ✐❧❧✉str❡ ❧❡s s♣❡❝tr❡s ❛❝♦✉st✐q✉❡s ✶ ♣♦✉r ❧✬é❝♦✉❧❡♠❡♥t à tr❛✈❡rs ❧❛ ❣é♦♠étr✐❡
❵❝❡♥tr❡❞ ✬ ❛✉① ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s Reo = 6700 ✭✜❣✉r❡ ✹✳✶✷❛✮ ❡t Reo = 8900 ✭✜❣✉r❡ ✹✳✶✷❜✮ ♣♦✉r
✉♥❡ ❝♦♥str✐❝t✐♦♥ ❞❡ s❡❝t✐♦♥ ❡❧❧✐♣t✐q✉❡ ✭❊✮ ❡t ❝✐r❝✉❧❛✐r❡ ✭❈✮✳ P♦✉r ❧❛ ♣❛rt✐❡ ❞✉ s♣❡❝tr❡ q✉✐ ❝♦♥t✐❡♥t
❞✉ ❜r✉✐t s✐❣♥✐✜❝❛t✐❢ ✭f < 5❦❍③ ✐✳❡✳ H < 0.08 ♣♦✉r ❧❛ s❡❝t✐♦♥ ❡❧❧✐♣t✐q✉❡ ❡t H < 0.12 ♣♦✉r ❧❛
s❡❝t✐♦♥ ❝✐r❝✉❧❛✐r❡✮✱ ❧❛ ❤❛✉t❡✉r ❞✉ ♣✐❝ ♣♦✉r ❧❛ s❡❝t✐♦♥ ❡❧❧✐♣t✐q✉❡ ❡st ❛✉ ♠♦✐♥s ✸❞❇ s✉♣ér✐❡✉r❡
à ❝❡❧❧❡ ❞❡ ❧❛ s❡❝t✐♦♥ ❝✐r❝✉❧❛✐r❡ ♣♦✉r ❧❡s ❞❡✉① ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s t❡stés✳ ▲❡s ♥♦♠❜r❡s ❞❡
❘❡②♥♦❧❞s Rec ♣♦✉r ❧❛ s❡❝t✐♦♥ ❡❧❧✐♣t✐q✉❡ ✭✶✹✶✵✵ ❡t ✶✽✽✵✵✮ s♦♥t ✐♥❢ér✐❡✉rs à ❝❡✉① ♣♦✉r ❧❛ s❡❝t✐♦♥
❝✐r❝✉❧❛✐r❡ ✭✷✶✷✵✵ ❡t ✷✽✸✵✵✮ ❝❡ q✉✐ r❡♣rés❡♥t❡ ❧✬❡✛❡t ❞❡ ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡s ♣❡rt❡s ✈✐sq✉❡✉s❡s
♣♦✉r ❧❡s s❡❝t✐♦♥s ❞❡ ❢♦r♠❡ ♥♦♥✲❝✐r❝✉❧❛✐r❡ q✉✐ ré❞✉✐s❡♥t ❧❛ ✈✐t❡ss❡ ♠❛①✐♠❛❧❡ ❞✉ ❥❡t s♦rt❛♥t ❞❡ ❧❛
❝♦♥str✐❝t✐♦♥ ❬❲❤✐✾✶✱ ❲❱❍▲✶✸❪✳ P❛r ❝♦♥séq✉❡♥t✱ ❧❛ ♣✉✐ss❛♥❝❡ s♦♥♦r❡ ♣♦✉rr❛✐t ❞é❝r♦îtr❡ ❧♦rsq✉❡
❧❡ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ❛✉❣♠❡♥t❡ ❛✈❡❝ ❧❛ ✈❛r✐❛t✐♦♥ ❞❡ s❡❝t✐♦♥ tr❛♥s✈❡rs❛❧❡✳ ❈❡tt❡ ♦❜s❡r✈❛t✐♦♥
❡st ♥♦♥✲✐♥t✉✐t✐✈❡✱ ❝❛r ❧❡ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ❡st r❡❧✐é à ❧✬❡✛♦rt ❞❡ s♦✉✤❛❣❡✱ ❡t ❧❡s r❡❧❛t✐♦♥s
❡♠♣✐r✐q✉❡s ❬▼❊✺✸✱ ❙t❡✵✵❪ ♣ré❞✐s❡♥t ✉♥❡ ♣✉✐ss❛♥❝❡ s♦♥♦r❡ ❛❝❝r✉❡ q✉❛♥❞ ❧❡ ❞é❜✐t ✈♦❧✉♠✐q✉❡
❛✉❣♠❡♥t❡✱ ♣♦✉r ✉♥❡ ❝♦♥str✐❝t✐♦♥ ❞❡ s❡❝t✐♦♥ ❝♦♥st❛♥t❡✱ ❝♦♠♠❡ ♦❜s❡r✈é s✉r ❧❡s s♣❡❝tr❡s ❞❡ ❧❛
♠ê♠❡ s❡❝t✐♦♥ tr❛♥s✈❡rs❛❧❡✳

P❛r ❝♦♥séq✉❡♥t✱ ❧❡s ❢♦r♠❡s ❞❡ s❡❝t✐♦♥ tr❛♥s✈❡rs❛❧❡ ♥♦♥✲❝✐r❝✉❧❛✐r❡ ♣♦✉rr❛✐❡♥t êtr❡ ❛❝♦✉st✐✲
q✉❡♠❡♥t ♣❧✉s ❡✣❝❛❝❡s ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ❜r✉✐t ❧✐é❡ à ❧✬✐♥t❡r❛❝t✐♦♥ ❥❡t✲♦❜st❛❝❧❡ q✉❡
❧❡s s❡❝t✐♦♥s ❝✐r❝✉❧❛✐r❡s✳ ❈❡s rés✉❧t❛ts s✉❣❣èr❡♥t q✉❡ ♣♦✉r ❧❡s ♠♦❞è❧❡s ❞❡ ❜r✉✐t ❞❡ s✐❜✐❧❛♥t❡ ❜❛sés
s✉r ✉♥❡ ❣é♥ér❛❧✐s❛t✐♦♥ ❞❡ r❡❧❛t✐♦♥s ❡♠♣✐r✐q✉❡s✱ q✉✐ s♦♥t ♦❜t❡♥✉❡s ♣♦✉r ❞❡s s❡❝t✐♦♥s tr❛♥s✈❡r✲
s❛❧❡s ♣❛rt✐❝✉❧✐èr❡s ❡t ❛♣♣❧✐q✉é❡s à ❞❡s ❞♦♥♥é❡s ❞❡ s✐❜✐❧❛♥t❡s ❤✉♠❛✐♥❡s ♣♦✉r ❧❡sq✉❡❧❧❡s ❧❛ ❢♦r♠❡
❞❡ ❧❛ s❡❝t✐♦♥ tr❛♥s✈❡rs❛❧❡ ♣❡✉t ✈❛r✐❡r ❬❇❛❞✽✾❪✱ ❧❛ ✈❛❧✐❞✐té ❞❡✈r❛✐t êtr❡ ré❡①❛♠✐♥é❡ ♦✉ t♦✉t ❞✉
♠♦✐♥s ❧❡ ♠♦❞è❧❡ ❞❡✈r❛✐t êtr❡ ✉t✐❧✐sé ❛✈❡❝ ❣r❛♥❞❡ ♣ré❝❛✉t✐♦♥✳

❆✉ ♣r❡♠✐❡r ❛❜♦r❞✱ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡ ♠♦❞è❧❡s q✉✐ ♣r❡♥♥❡♥t ❡♥ ❝♦♠♣t❡ ❧❡s ♣r✐♥❝✐♣❡s ❞❡ ❜❛s❡
❞❡ ❧❛ ❞②♥❛♠✐q✉❡ ❞❡s ✢✉✐❞❡s ❬❑r❛✵✺✱ ❍▼✵✺❪ s❡♠❜❧❡ ♣❧✉s ♣r♦♠❡tt❡✉s❡✳ ❈♦♥❝❡r♥❛♥t ❧❡s ét✉❞❡s
❡♠♣✐r✐q✉❡s ❬▼❊✺✸✱ ❙t❡✵✵❪ ❡t ♥✉♠ér✐q✉❡s ❬❘❙✵✻✱ ❱●P+✶✵✱ ❈◆❱❍❲✶✶✱ ◆◆❚❲✶✷✱ ❈◆❱❍+✶✸❪
❝✐té❡s✱ ❝❡♣❡♥❞❛♥t✱ ♦♥ ♥❡ ♣❡✉t ❞é❞✉✐r❡ ❞❡ ❣é♥ér❛❧✐s❛t✐♦♥✱ ❡♥ r❛✐s♦♥ ❞❡s ❤②♣♦t❤ès❡s s♦✉s✲❥❛❝❡♥t❡s
q✉✐ ♣❡✉✈❡♥t s✬♦♣♣♦s❡r à ❧❛ ré❛❧✐té ♣❤②s✐q✉❡✳ ❯♥ ❡①❡♠♣❧❡ ♣❛r❧❛♥t ❡st ❧❡ ♠♦❞è❧❡ ♠❛t❤é♠❛t✐q✉❡ ❞❡
❍♦✇❡ ❬❍▼✵✺❪ q✉✐ ✉t✐❧✐s❡ ✉♥ ♠♦❞è❧❡ ❞✬é❝♦✉❧❡♠❡♥t ❧❛♠✐♥❛✐r❡ ♣♦t❡♥t✐❡❧ ♣♦✉r tr♦✉✈❡r ❧❡s s♦✉r❝❡s
❞❡ ❜r✉✐t ❞❡ t✉r❜✉❧❡♥❝❡✱ s✐ ❜✐❡♥ q✉✬✉♥❡ ✈❛❧✐❞❛t✐♦♥ ❡①♣ér✐♠❡♥t❛❧❡ ❞✉ ♠♦❞è❧❡ ♥❡ ♣❡✉t êtr❡ ré❛❧✐sé❡✳

✶✳ r❡♠❛rq✉❡ ✐♠♣♦rt❛♥t❡ ✿ ❧❡ ♥♦♠❜r❡ ❞❡ ❍❡❧♠❤♦❧t③ s②♠❜♦❧✐sé ♣❛r ❧❛ ❧❡ttr❡ H =
fDc

h

c
❞❛♥s ❝❡ ❝❤❛♣✐tr❡✱ ♥❡

❞♦✐t ♣❛s êtr❡ ❝♦♥❢♦♥❞✉ ❛✈❡❝ ❧❛ ❤❛✉t❡✉r ✐♥tér✐❡✉r❡ ❞✉ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡✳



✹✳✹✳ ❈❛r❛❝tér✐s❛t✐♦♥ ❛❝♦✉st✐q✉❡ ❞❡s ❣é♦♠étr✐❡s ❵♦✛s❡t ✬ ❡t ❵❝❡♥tr❡❞ ✬ ✾✺

✭❛✮ Re0 = 6700 ✭❜✮ Re0 = 8900

❋✐❣✉r❡ ✹✳✶✷ ✕ ❙♣❡❝tr❡s ♠❡s✉rés ♣♦✉r ❧❛ ❣é♦♠étr✐❡ ❵❝❡♥tr❡❞✬ ✭✜❣✉r❡ ✹✳✷❛✮ ✭❛✮ Re0 = 6700 ❡t
✭❜✮ Re0 = 8900✳ ▲❡s ❧é❣❡♥❞❡s ✐♥❞✐q✉❡♥t ❧❛ ❞✐st❛♥❝❡ ❝♦♥str✐❝t✐♦♥✲♦❜st❛❝❧❡ ❬♠♠❪✱ ❧❛ ❢♦r♠❡ ❞❡ ❧❛
s❡❝t✐♦♥ tr❛♥s✈❡rs❛❧❡ ✭❝✐r❝✉❧❛✐r❡ ❈ ♦✉ ❡❧❧✐♣t✐q✉❡ ❊✮✱ ❡t ❧❡ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s Rec✳

✹✳✹✳✷ ■♥✢✉❡♥❝❡ ❞✉ ❞❡❣ré ❞✬♦✉✈❡rt✉r❡ s✉r ❧✬✐♥t❡r❛❝t✐♦♥ ❞❡ ❥❡t

▲❛ ✜❣✉r❡ ✹✳✶✸ ✐❧❧✉str❡ ❧❡s s♣❡❝tr❡s ❛❝♦✉st✐q✉❡s ♣♦✉r ❧✬é❝♦✉❧❡♠❡♥t à tr❛✈❡rs ❧❛ ❣é♦♠étr✐❡ ❵♦✛✲
s❡t ✬ ❡♥ ✉t✐❧✐s❛♥t ❞✐✛ér❡♥ts ❞❡❣rés ❞✬♦✉✈❡rt✉r❡ ❛✈❡❝ ✉♥❡ ❞✐st❛♥❝❡ ♦❜st❛❝❧❡✲❝♦♥str✐❝t✐♦♥ ❝♦♥st❛♥t❡
✭✷✹♠♠✮✳ ◆♦✉s ♦❜s❡r✈♦♥s q✉❡ ❧✬❡✛❡t ❞❡ ❞✐♠✐♥✉t✐♦♥ ❞✉ ❞❡❣ré ❞✬♦✉✈❡rt✉r❡ ❡st ❞♦✉❜❧❡✳ Pr❡♠✐è✲
r❡♠❡♥t✱ ❧❡ ♣✐❝ s♣❡❝tr❛❧ ❧✐é ❛✈❡❝ ❧❛ ❢réq✉❡♥❝❡ ❞❡ rés♦♥❛♥❝❡ ❛❝♦✉st✐q✉❡ ✭H ∼ 0.03✮ ❞❡ ❧❛ ❝❛✈✐té
❢r♦♥t❛❧❡ s✬ét❡♥❞❛♥t ❞✉ ♣❧❛♥ ❞❡ s♦rt✐❡ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ❥✉sq✉✬à ❧❛ s♦rt✐❡ ❞✉ ❝❛♥❛❧ ❞❡ ❧✬é❝♦✉❧❡✲
♠❡♥t✱ ❞é❝r♦✐t ❡♥ ❛♠♣❧✐t✉❞❡✳ ❉❡✉①✐è♠❡♠❡♥t✱ ❧✬é♥❡r❣✐❡ s♣❡❝tr❛❧❡ ❧✐é❡ à ❧❛ ♣♦rt✐♦♥ ❞❡ ❜r✉✐t ❧❛r❣❡
❜❛♥❞❡ ✭H ' 0.08✮ ❛✉❣♠❡♥t❡✳ ❊♥ ❡✛❡t✱ ♥♦✉s ♦❜s❡r✈♦♥s s✉r ❧❛ ✜❣✉r❡ ✹✳✶✸❛ q✉❡ ❧❛ ❢réq✉❡♥❝❡ ❞❡
rés♦♥❛♥❝❡ ❛❝♦✉st✐q✉❡ ❢❛ç♦♥♥❡ ❧❡ s♣❡❝tr❡ ♣♦✉r ❧❛ ♣❧✉s ❣r❛♥❞❡ ♦✉✈❡rt✉r❡ ✭✸✹✪✮✳ P♦✉r ❧❡ ❞❡❣ré
❞✬♦✉✈❡rt✉r❡ ❞❡ ✶✻✪✱ ❛✉ss✐ ❜✐❡♥ ❧❛ ❢réq✉❡♥❝❡ ❞❡ rés♦♥❛♥❝❡ ❛❝♦✉st✐q✉❡ q✉❡ ❧❛ ♣♦rt✐♦♥ ❞❡ ❜r✉✐t
❧❛r❣❡ ❜❛♥❞❡ ❝♦♥tr✐❜✉❡♥t à ❧❛ ❢♦r♠❡ ❞✉ s♣❡❝tr❡✱ ❛❧♦rs q✉❡ ♣♦✉r ❧❡s ♣❧✉s ♣❡t✐t❡s ♦✉✈❡rt✉r❡s ✭✾✪
❡t ✹✪✮✱ ❧❡ ❜r✉✐t ❧❛r❣❡ ❜❛♥❞❡ ❞♦♠✐♥❡ ❧❡s s♣❡❝tr❡s ♠❡s✉rés✱ ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡
❧✬✐♠♣é❞❛♥❝❡ ❛❝♦✉st✐q✉❡ ❛tt❡♥❞✉❡ ❞❡ ❧❛ t❤é♦r✐❡ ❝❧❛ss✐q✉❡ ❞❡ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣❛r♦❧❡ ❬❋❛♥✻✵❪✳ ▲❡
♣r✐♥❝✐♣❛❧ ❡✛❡t ❞û à ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞✉ ❞é❜✐t ✈♦❧✉♠✐q✉❡ ❡st ❞✬❛♠♣❧✐✜❡r ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ❜r✉✐t
❞❡ t✉r❜✉❧❡♥❝❡✱ ❝♦♠♠❡ ✐❧❧✉stré s✉r ❧❛ ✜❣✉r❡ ✹✳✶✸❜✳

❆✐♥s✐✱ ❧❡ ❞❡❣ré ❞✬♦✉✈❡rt✉r❡ ❥♦✉❡ ✉♥ rô❧❡ ❝❧é ❞❛♥s ❧❛ ❣é♥ér❛t✐♦♥ ❞❡ ❜r✉✐t ❧❛r❣❡ ❜❛♥❞❡✳ ▲❛
♣r✐♥❝✐♣❛❧❡ ✐♥✢✉❡♥❝❡ ❞❡ ❧✬♦❜st❛❝❧❡ ❡st ❞❡ ❝♦✉r❜❡r ❡t ❛❝❝é❧ér❡r ❞❛✈❛♥t❛❣❡ ❧❡ ❥❡t ✐ss✉ ❞❡ ❧❛ ❝♦♥str✐❝✲
t✐♦♥ ❬❱P❊❇✶✶❪✳ ❈♦♠♠❡ ❝♦♥séq✉❡♥❝❡✱ ❧❛ s♦✉r❝❡ ♠❛❥❡✉r❡ ❞❡ ❜r✉✐t t✉r❜✉❧❡♥t ❡st ❧✐é❡ ♥♦♥ ♣❛s
❛✉ ❥❡t ✐ss✉ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ♠❛✐s ❛✉ ❥❡t ✐ss✉ ❞❡ ❧✬♦❜st❛❝❧❡✳ ❊♥ ❡✛❡t✱ ❧✬✐♥t❡r❛❝t✐♦♥ ❞✉ ❥❡t ❣é✲
♥éré à ❧✬♦❜st❛❝❧❡ ❛✈❡❝ ❧❛ ♣❛r♦✐ ❞✉ ❝❛♥❛❧ ❡♥ ❛✈❛❧ ❡st ❧❛ s♦✉r❝❡ ♠❛❥❡✉r❡ ❞❡ ❜r✉✐t ❞❡ t✉r❜✉❧❡♥❝❡✱
❞♦♠✐♥é❡ ♣❛r ❞✉ ❞ét❛❝❤❡♠❡♥t t♦✉r❜✐❧❧♦♥♥❛✐r❡ ❛✉ ❜♦r❞ ❞✉ ❝❛♥❛❧ ❬●♦❧✼✻✱ ❍♦✇✾✽❪✳ ▲✬✐♥✢✉❡♥❝❡
❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ s✉r ❧❡s s♣❡❝tr❡s ♠❡s✉rés ❡st ♣r✐♥❝✐♣❛❧❡♠❡♥t r❡❧✐é❡ ❛✉ ♣♦s✐t✐♦♥♥❡♠❡♥t ❞❡ ❧❛
❢réq✉❡♥❝❡ ❞❡ rés♦♥❛♥❝❡✱ ❡t s♦♥ rô❧❡ ❞❛♥s ❧❛ ❣é♥ér❛t✐♦♥ ❞❡ ❜r✉✐t ❞❡ t✉r❜✉❧❡♥❝❡ ❡st ❧✐♠✐té❡✳
P❛r ❝♦♥séq✉❡♥t✱ ❧❡s r❡❧❛t✐♦♥s ❡♠♣✐r✐q✉❡s ❝✐té❡s ♣ré❝é❞❡♠♠❡♥t ❬▼❊✺✸✱ ❙t❡✵✵❪ q✉✐ ♥é❣❧✐❣❡ ❧❛
❢♦r♠❡ ❞❡ ❧❛ s❡❝t✐♦♥ tr❛♥s✈❡rs❛❧❡ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ♣❡✉✈❡♥t êtr❡ ❛♣♣❧✐q✉é❡s ❛✈❡❝ ♣❧✉s ❞❡ ❝❡rt✐✲



✾✻ ❈❤❛♣✐tr❡ ✹✳ ●é♦♠étr✐❡s s✐♠♣❧✐✜é❡s ✿ ❝❛r❛❝tér✐s❛t✐♦♥ ❛❝♦✉st✐q✉❡

✭❛✮ Rec = 8300 ✭❜✮ Rec = 8300 ❡t Rec = 11900

❋✐❣✉r❡ ✹✳✶✸ ✕ ❙♣❡❝tr❡s ♠❡s✉rés ♣♦✉r ❧❛ ❣é♦♠étr✐❡ ❵♦✛s❡t ✬ ❛✈❡❝ ✉♥❡ ❞✐st❛♥❝❡ ❝♦♥str✐❝t✐♦♥✲
♦❜st❛❝❧❡ ❞❡ ✷✹♠♠ ✿ ✭❛✮ Rec = 8300 ❡t ❞❡❣rés ❞✬♦✉✈❡rt✉r❡ ❞❡ ✹✱ ✵✱ ✶✻ ❡t ✷✹✪ ❀ ✭❜✮ ♥♦♠❜r❡s ❞❡
❘❡②♥♦❧❞s Rec ✭✽✸✵✵ ❡t ✶✶✾✵✵✮ ❡t ❞❡❣rés ❞✬♦✉✈❡rt✉r❡ ❞❡ ✾ ❡t ✸✹✪✳

t✉❞❡ ♣♦✉r ❧❛ ❣é♦♠étr✐❡ ❵♦✛s❡t ✬ q✉❡ ♣♦✉r ❧❛ ❣é♦♠étr✐❡ ❵❝❡♥tr❡❞ ✬✱ ❝♦♠♠❡ ❞✐s❝✉té ♣ré❝é❞❡♠♠❡♥t✳
❊♥ ❡✛❡t✱ ❞❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ❣é♦♠étr✐❡ ❵❝❡♥tr❡❞ ✬✱ ❧❡ rô❧❡ ❞❡ ❧✬♦❜st❛❝❧❡ ❡st ❞✐✛ér❡♥t ♣✉✐sq✉❡ ❧❡
❞é❝♦❧❧❡♠❡♥t t♦✉r❜✐❧❧♦♥♥❛✐r❡ à ❧✬❡①tré♠✐té ❞❡ ❧✬♦❜st❛❝❧❡ ❡st ❧❛ ♣r✐♥❝✐♣❛❧❡ s♦✉r❝❡ ❞❡ ❜r✉✐t ❞❡
t✉r❜✉❧❡♥❝❡ ❬❑r❛✵✺✱ ❙❤❛✽✺✱ ●♦❧✼✻❪✳ ▲✬é❝❧❛t❡♠❡♥t t♦✉r❜✐❧❧♦♥♥❛✐r❡ ❡st ❞ét❡r♠✐♥é ♣❛r ❧❡s ❝❛r❛❝✲
tér✐st✐q✉❡s ❞✉ ❥❡t ✐ss✉ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ❧♦rsq✉✬✐❧ ✐♠♣❛❝t❡ ❧✬♦❜st❛❝❧❡✱ ❡t ❛✐♥s✐✱ ❧❛ ♣r♦❞✉❝t✐♦♥
❞❡ ❜r✉✐t ❞❡ t✉r❜✉❧❡♥❝❡ ❡st s❡♥s✐❜❧❡ à ❧❛ ❢♦r♠❡ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ s❛❝❤❛♥t q✉❡ ❞❡s ♣r♦♣r✐étés
✐♠♣♦rt❛♥t❡s t❡❧❧❡s q✉❡ ❧❛ ✈✐t❡ss❡ ❞✉ ❥❡t ❡t ❧❛ ré❣✐♦♥ ❞✬✐♠♣❛❝t ✈♦♥t ❡♥ ❞é♣❡♥❞r❡✳

✹✳✹✳✸ ■♥✢✉❡♥❝❡ ❞❡ ❧❛ ❞✐st❛♥❝❡ ❝♦♥tr✐❝t✐♦♥✲♦❜st❛❝❧❡ s✉r ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✉
❥❡t

▲❛ ✜❣✉r❡ ✹✳✶✹ ❢♦✉r♥✐t ❞✬❛✉tr❡s ✐♥❞✐❝❡s ♣♦✉r ❧❡s ♣r✐♥❝✐♣❛✉① ♠é❝❛♥✐s♠❡s s♦✉s✲❥❛❝❡♥ts ❞❡
♣r♦❞✉❝t✐♦♥ ❞❡ ❜r✉✐t t✉r❜✉❧❡♥t✳ P♦✉r ❧❛ ❣é♦♠étr✐❡ ❵♦✛s❡t ✬✱ ❧❛ ❝♦♥str✐❝t✐♦♥ ✐♥✢✉❡♥❝❡ ❧❛ ♣♦s✐t✐♦♥
❞✉ ♣✐❝ ❞❡ rés♦♥❛♥❝❡ ❛❝♦✉st✐q✉❡✱ ❛❧♦rs q✉❡ s♦♥ ❡♠♣r❡✐♥t❡ s✉r ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ❜r✉✐t t✉r❜✉❧❡♥t
❡st ♥é❣❧✐❣❡❛❜❧❡✳ ❊♥ ❡✛❡t✱ ❧❛ ✈❛r✐❛t✐♦♥ ❞❡ ❧❛ ❞✐st❛♥❝❡ ❝♦♥str✐❝t✐♦♥✲♦❜st❛❝❧❡ ✭✷✹♠♠ ❡t ✶✻♠♠✮
❛ ✉♥ ❡✛❡t ❧✐♠✐té s✉r ❧✬❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ❤❛✉t❡✉r ❞✉ ♣✐❝ ❛ss♦❝✐é à ❧❛ rés♦♥❛♥❝❡ ❛❝♦✉st✐q✉❡
✭H ∼ 0.03 à H ∼ 0.04✮ ❡♥ r❛✐s♦♥ ❞✬✉♥❡ ❧♦♥❣✉❡✉r ❞❡ ❝❛✈✐té ❢r♦♥t❛❧❡ ré❞✉✐t❡ ✭✸✸♠♠ à ✷✺♠♠✮✳
❊♥ t❛♥t q✉❡ t❡❧❧❡✱ ❧❛ ❞✐st❛♥❝❡ ❝♦♥str✐❝t✐♦♥✲♦❜st❛❝❧❡ ❡st ✉♥ ♣❛r❛♠ètr❡ r❡❞♦♥❞❛♥t ♣✉✐sq✉❡ ❧❛
♣r♦❞✉❝t✐♦♥ ❞❡ ❜r✉✐t t✉r❜✉❧❡♥t ❛✉ ❜♦r❞ ❞❡ ❢✉✐t❡ ❞✉ ❝❛♥❛❧ ❞♦♠✐♥❡ ❧❡s s♣❡❝tr❡s ❞❡ ♣✉✐ss❛♥❝❡✱
❝♦♠♠❡ ♦❜s❡r✈é ♣♦✉r ✉♥ ❞❡❣ré ❞✬♦✉✈❡rt✉r❡ ❞❡ ✾✪ s✉r ❧❛ ✜❣✉r❡ ✹✳✶✹✳ ❉❛♥s ❧❡ ❝❛s ❞❡ ❧❛ ❣é♦♠étr✐❡
❵❝❡♥tr❡❞ ✬✱ ❧❛ ❞✐st❛♥❝❡ ❡♥tr❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ❡t ❧✬♦❜st❛❝❧❡ ✐♥✢✉❡♥❝❡ ❞✐r❡❝t❡♠❡♥t ❧❛ ❣é♥ér❛t✐♦♥ ❞❡
❜r✉✐t t✉r❜✉❧❡♥t✱ s❛❝❤❛♥t q✉❡ ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞✉ ❥❡t ❡♥ ❞é♣❡♥❞✳ ❆✐♥s✐✱ ❧❛ ♣✉✐ss❛♥❝❡ ❞✉ ❜r✉✐t
t✉r❜✉❧❡♥t ❛✉❣♠❡♥t❡ q✉❛♥❞ ❧❛ ✈✐t❡ss❡ ❞✉ ❥❡t s❡ ❞é✈❡❧♦♣♣❡✱ ❝♦♠♠❡ ♥♦✉s ♣♦✉✈♦♥s ❡✛❡❝t✐✈❡♠❡♥t
♦❜s❡r✈❡r s✉r ❧❛ ✜❣✉r❡ ✹✳✶✷ ♣♦✉r ❛✉ss✐ ❜✐❡♥ ❧❛ s❡❝t✐♦♥ tr❛♥s✈❡rs❛❧❡ ❝✐r❝✉❧❛✐r❡ ✭❈✮ q✉✬❡❧❧✐♣t✐q✉❡
✭❊✮✳ ■❧ ❡st à ♥♦t❡r q✉✬❛✉❝✉♥ ❞é❝❛❧❛❣❡ ❞❛♥s ❧❛ ❢réq✉❡♥❝❡ ❞❡ rés♦♥❛♥❝❡ ❛❝♦✉st✐q✉❡ ♥✬❡st ♦❜s❡r✈é



✹✳✺✳ ❈♦♥❝❧✉s✐♦♥ ❞✉ ❈❤❛♣✐tr❡ ✹ ✾✼

❋✐❣✉r❡ ✹✳✶✹ ✕ ❙♣❡❝tr❡s ♠❡s✉rés ♣♦✉r ❧❛ ❣é♦♠étr✐❡ ❵♦✛s❡t ✬ ♣♦✉r Rec = 11900 ♣♦✉r ❞✐✛ér❡♥ts
❞❡❣rés ❞✬♦✉✈❡rt✉r❡s ✭✾✱ ✶✻ ❡t ✸✹✪✮ ❡t ❞✐st❛♥❝❡s ❝♦♥str✐❝t✐♦♥✲♦❜st❛❝❧❡ ✭✶✻ ♦✉ ✷✹♠♠✮✳

s❛❝❤❛♥t q✉❡ ❧❛ ❧♦♥❣✉❡✉r ❞❡ ❧❛ ❝❛✈✐té ❢r♦♥t❛❧❡ ❡st ❝♦♥st❛♥t❡ ✭✺✵♠♠✮✳

✹✳✺ ❈♦♥❝❧✉s✐♦♥ ❞✉ ❈❤❛♣✐tr❡ ✹

▲❡s ♠❡s✉r❡s ❢❛✐t❡s ❛✈❡❝ ❧❡s ❣é♦♠étr✐❡s ❵♦✛s❡t ✬ ❡t ❵❝❡♥tr❡❞ ✬ ♠♦♥tr❡♥t q✉❡ ❧❛ ❢♦r♠❡ ❞✉ ❝❛✲
♥❛❧✱ ❝♦♠♠❡ s♦♥ ❞❡❣ré ❞✬❛s②♠étr✐❡ ♣❛r r❛♣♣♦rt à s♦♥ ❛①❡ ❝❡♥tr❛❧✱ ❞ét❡r♠✐♥❡ ❧❡s ♠é❝❛♥✐s♠❡s
✐♥tr✐♥sèq✉❡s à ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ❜r✉✐t t✉r❜✉❧❡♥t✱ ❡t ❞♦♥❝ ❧✬❡♠♣❧❛❝❡♠❡♥t ❞❡ ❧❛ ♣r✐♥❝✐♣❛❧❡ ré❣✐♦♥
s♦✉r❝❡ ❞❡ t✉r❜✉❧❡♥❝❡✳ ❊♥ ❝♦♥séq✉❡♥❝❡✱ ❜✐❡♥ q✉❡ ❞❡s ét✉❞❡s s②sté♠❛t✐q✉❡s ❞❡ ❞②♥❛♠✐q✉❡ ❞❡s
✢✉✐❞❡s s♦✉s✲❥❛❝❡♥t❡ à ❧❛ ❣é♥ér❛t✐♦♥ ❞❡ ❜r✉✐t ❞❡ t✉r❜✉❧❡♥❝❡ s♦✐❡♥t ♥é❝❡ss❛✐r❡s✱ ❧❡s ♣❛r❛♠ètr❡s
❣é♦♠étr✐q✉❡s ♣♦✉r ❞❡ t❡❧❧❡s ét✉❞❡s ❞❡✈r❛✐❡♥t êtr❡ ❝❤♦✐s✐s ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ ❢♦r♠❡ ❞✉ ❝❛♥❛❧✱
❝♦♠♠❡ ✐❧ ❛ été ♠♦♥tré q✉❡ ❝❡tt❡ ❣é♦♠étr✐❡ ❞ét❡r♠✐♥❡ s✐ ❧✬✐♠♣❛❝t ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ s✉r ❧❡ ❜r✉✐t
❡st ♠❛❥❡✉r ♦✉ ♠✐♥❡✉r✳ ❆✐♥s✐✱ ♥♦✉s ♣♦✉✈♦♥s ❝♦♥❝❧✉r❡ q✉❡✱ ❡♥ ❝♦♥tr❛st❡ ❛✈❡❝ ❧❛ ♣❡♥sé❡ ❣é♥é✲
r❛❧❡♠❡♥t ét❛❜❧✐❡✱ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ❜r✉✐t ❞❡ s✐❜✐❧❛♥t❡ ❤✉♠❛✐♥❡ ♥❡ ♣❡✉t êtr❡ ré❞✉✐t❡ à ✉♥ s❡✉❧
♠é❝❛♥✐s♠❡✱ ♦✉ à ✉♥ s❡✉❧ ♠♦❞è❧❡ ❣é♦♠étr✐q✉❡✱ ♣♦✉r ❝❡ ♣r♦❜❧è♠❡✳ ❆✉ ❝♦♥tr❛✐r❡✱ ❧✬✉t✐❧✐s❛t✐♦♥ ❞❡
rés✉❧t❛ts ❞✬ét✉❞❡s ♣❤②s✐q✉❡s ❞❛♥s ❞❡s s❝✐❡♥❝❡s ❧✐é❡s à ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ♣❛r♦❧❡ ❤✉♠❛✐♥❡ ❞❡✈r❛✐t
êtr❡ ❢❛✐t❡ ❛✈❡❝ ❜❡❛✉❝♦✉♣ ❞❡ ♣ré❝❛✉t✐♦♥✱ ❞✬❛✉t❛♥t ♣❧✉s ❧♦rsq✉❡ ❞✬✐♠♣♦rt❛♥ts ❢❛❝t❡✉rs ❝♦♠♠❡ ❧❡s
♣r♦♣r✐étés ❞❡s t✐ss✉s ♥❡ s♦♥t ♣❛s ♣r✐s❡s ❡♥ ❝♦♠♣t❡✳ ❙✉✐t❡ ❛✉① ❞✐✛ér❡♥t❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥✲
t❛❧❡s r❡❝✉❡✐❧❧✐❡s ❞❛♥s ❧❡s ❈❤❛♣✐tr❡s ✷✱ ✸ ❡t ✹ ❛✈❡❝ ❧❡s ❞✐✛ér❡♥t❡s ♠❛q✉❡tt❡s ✐♥✲✈✐tr♦ ét✉❞✐é❡s✱
♥♦✉s ❛❧❧♦♥s ❞❛♥s ❧❡s ❈❤❛♣✐tr❡s ✺ ❡t ✻ t❡♥t❡r ❞❡ r❡❝✉❡✐❧❧✐r ❞❡s ❞♦♥♥é❡s ♥✉♠ér✐q✉❡s à ❧✬❛✐❞❡ ❞❡
s✐♠✉❧❛t✐♦♥s ❞✬é❝♦✉❧❡♠❡♥t✱ ❛✜♥ ❞✬❡♥r✐❝❤✐r ❧✬❛♥❛❧②s❡ ❛ér♦❛❝♦✉st✐q✉❡ ❞❡s ❞✐✛ér❡♥ts ♣❤é♥♦♠è♥❡s
♦❜s❡r✈és✳





❚r♦✐s✐è♠❡ ♣❛rt✐❡

❙✐♠✉❧❛t✐♦♥s ♥✉♠ér✐q✉❡s

✾✾





❈❤❛♣✐tr❡ ✺

❙✐♠✉❧❛t✐♦♥s ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡s

▲❡s ❣é♦♠étr✐❡s ♣❡rt✐♥❡♥t❡s ♣♦✉r ❧✬ét✉❞❡ ❞❡ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ❢r✐❝❛t✐✈❡s ♥♦♥ ✈♦✐sé❡s ❝♦♠✲
♣♦rt❡♥t ❞❡ ♠✉❧t✐♣❧❡s ♣❛r❛♠ètr❡s ❣é♦♠étr✐q✉❡s ❡t ❞✬é❝♦✉❧❡♠❡♥t q✉✐ ♣❡✉✈❡♥t ❛✛❡❝t❡r ❝♦♥s✐❞é✲
r❛❜❧❡♠❡♥t ❧✬é❝♦✉❧❡♠❡♥t ❡t ❧✬❛❝♦✉st✐q✉❡✳ ❉❡s ♠♦❞✐✜❝❛t✐♦♥s ❣é♦♠étr✐q✉❡s ♣❡✉✈❡♥t ♥♦t❛♠♠❡♥t
✐♥✢✉❡♥❝❡r ❧❡s ♣❡rt❡s ❝✐♥ét✐q✉❡s✱ ❡t ❞♦♥❝ ❧✬é❝♦✉❧❡♠❡♥t✳ ❆✜♥ ❞✬á♥❛❧②s❡r ♣❧✉s ❡♥ ❞ét❛✐❧ ❧✬✐♥✢✉❡♥❝❡
❞❡ ❧❛ ❣é♦♠étr✐❡ s✉r ❧❡s ♣❡rt❡s ❝✐♥ét✐q✉❡s ♣♦✉r ❧❡s ❣é♦♠étr✐❡s ❞✬✐♥térêt ❡①❛♠✐♥é❡s ❞❛♥s ❝❡tt❡
t❤ès❡✱ ♥♦✉s ❢❛✐s♦♥s ❛♣♣❡❧ ✐❝✐ à ✉♥ ♠♦❞è❧❡ ❞✬é❝♦✉❧❡♠❡♥t ♣♦t❡♥t✐❡❧ ❜✐❞✐♠❡♥s✐♦♥♥❡❧ s✐♠♣❧❡ ♣♦✉r
é✈❛❧✉❡r ❧✬✐♠♣❛❝t ❞❡ ♠♦❞✐✜❝❛t✐♦♥s ❣é♦♠étr✐q✉❡s ❢❛✐t❡s s✉r ✉♥❡ ❣é♦♠étr✐❡ ❞❡ ❝❛♥❛❧ ❝♦♥str✐❝té✳
◆♦✉s é✈❛❧✉❡r♦♥s ♥✉♠ér✐q✉❡♠❡♥t ❧✬❡✛❡t ❞✬✉♥❡ ❝♦♥str✐❝t✐♦♥ ❞✉❡ à ✉♥ ♦✉ ❞❡✉① ♦❜st❛❝❧❡s ✐♥sérés
❞❛♥s ✉♥ ❝❛♥❛❧ ❜✐❞✐♠❡♥s✐♦♥♥❡❧ s✉r ❧❡s ♣❡rt❡s ❝✐♥ét✐q✉❡s à ❧✬❛✐❞❡ ❞❡ ❝❡ ♠♦❞è❧❡ ❜✐❞✐♠❡♥s✐♦♥♥❡❧✳
■❧ ❡st à ♥♦t❡r q✉❡✱ s❛❝❤❛♥t q✉❡ ❧❛ s♦❧✉t✐♦♥ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❡st ♣✉r❡♠❡♥t ♣♦t❡♥t✐❡❧❧❡✱ ♥♦✉s ♥❡
♣r❡♥♦♥s ❡♥ ❝♦♠♣t❡ ❞❛♥s ❝❡ ❝❤❛♣✐tr❡ ❛✉❝✉♥❡ sé♣❛r❛t✐♦♥ ❞✬é❝♦✉❧❡♠❡♥t ♥✐ ❢♦r♠❛t✐♦♥ ❞❡ ❥❡t✳

✺✳✶ ➱❝♦✉❧❡♠❡♥t ♣♦t❡♥t✐❡❧ ♥♦♥ ✈✐sq✉❡✉①

◆♦✉s ❢♦r♠✉❧♦♥s ❧❡ ♣r♦❜❧è♠❡ ❞✬é❝♦✉❧❡♠❡♥t ❜✐❞✐♠❡♥s✐♦♥♥❡❧ ❡♥ ❢❛✐s❛♥t ❛♣♣❡❧ à ✉♥❡ ❢♦♥❝t✐♦♥
❞❡ ❝♦✉r❛♥t ψ✳ ▲✬éq✉❛t✐♦♥ ❞❡ ❝♦♥t✐♥✉✐té ❡t ❧❛ ❝♦♥❞✐t✐♦♥ ❞✬é❝♦✉❧❡♠❡♥t ✐rr♦t❛t✐♦♥♥❡❧ s✬é❝r✐✈❡♥t ✿

∂u

∂x
+
∂v

∂y
= 0, ✭✺✳✶✮

∂v

∂x
− ∂u

∂y
= 0. ✭✺✳✷✮

▲❡s ❝♦♠♣♦s❛♥t❡s ❞✉ ✈❡❝t❡✉r ✈✐t❡ss❡ ~u = (u, v, 0) ♣❡✉✈❡♥t êtr❡ ❝❛❧❝✉❧é❡s à ♣❛rt✐r ❞❡ ❧❛ ❢♦♥❝t✐♦♥
❞❡ ❝♦✉r❛♥t ψ(x, y) ♦✉ ❞✉ ♣♦t❡♥t✐❡❧ ❞❡s ✈✐t❡ss❡s φ(x, y) ❝♦♠♠❡ ✿

u ≡ ∂ψ

∂y
, v ≡ −∂ψ

∂x , ✭✺✳✸✮

u ≡ ∂φ

∂x
, v ≡ ∂φ

∂y , ✭✺✳✹✮

q✉✐ s♦♥t r❡❧✐é❡s ♣❛r ❧❡s ❝♦♥❞✐t✐♦♥s ❞❡ ❈❛✉❝❤②✲❘✐❡♠❛♥♥ ✿

✶✵✶



✶✵✷ ❈❤❛♣✐tr❡ ✺✳ ❙✐♠✉❧❛t✐♦♥s ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡s

∂φ

∂x
=
∂ψ

∂y
,
∂φ

∂y
= −∂ψ

∂x
. ✭✺✳✺✮

▲❡ ♣♦t❡♥t✐❡❧ ❞❡ ✈✐t❡ss❡ φ ❡t ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❝♦✉r❛♥t ψ s♦♥t t♦✉t❡s ❧❡s ❞❡✉① ❞❡s ❢♦♥❝t✐♦♥s ❤❛r✲
♠♦♥✐q✉❡s s❛t✐s❢❛✐s❛♥t ❧✬éq✉❛t✐♦♥ ❞❡ ▲❛♣❧❛❝❡✱ ❞❡ t❡❧❧❡ s♦rt❡ q✉✬♦♥ ❛ ✿

∇2ψ =
∂2ψ

∂x2
+
∂2ψ

∂y2
= 0. ✭✺✳✻✮

❊♥ ♦✉tr❡✱ ♥♦✉s ❛♣♣❧✐q✉♦♥s ✉♥❡ ❝♦♥❞✐t✐♦♥ ❞❡ ♥♦♥✲❣❧✐ss❡♠❡♥t s✉r ❧❡s ♣❛r♦✐s s♦❧✐❞❡s ✭✈✐t❡ss❡ ♥✉❧❧❡
❛✉① ♣❛r♦✐s✮✱ ❞❡ t❡❧❧❡ s♦rt❡ q✉❡ ❧❡s ❞ér✐✈é❡s ❧❡ ❧♦♥❣ ❞❡ ❧❛ s✉r❢❛❝❡ s✬❛♥♥✉❧❡♥t ✭∂ψ∂s = 0✮✳ ❉❡ ♣❧✉s✱
♥♦✉s ✐♠♣♦s♦♥s ✉♥ ♣r♦✜❧ ❞❡ ✈✐t❡ss❡ ✉♥✐❢♦r♠❡ ❡t ♣❛r❛❧❧è❧❡ à ❧✬❡♥tré❡ ❡t à ❧❛ s♦rt✐❡ ❞✉ ❝❛♥❛❧✳
❙✐ ❜✐❡♥ q✉❡ ❧❡ ♣r♦❜❧è♠❡ ❡st t♦t❛❧❡♠❡♥t ❞é✜♥✐✱ ❡t ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❝♦✉r❛♥t ψ(x, y) ♣❡✉t êtr❡
♦❜t❡♥✉❡✳ ▲❡s ❝♦♠♣♦s❛♥t❡s ❞❡ ✈✐t❡ss❡ (u, v) s♦♥t ❝❛❧❝✉❧é❡s à ♣❛rt✐r ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❝♦✉r❛♥t
❛✈❡❝ ❧✬éq✉❛t✐♦♥ ✭✺✳✸✮✳ ❉✬❛✉tr❡s ✈❛r✐❛❜❧❡s ❞✬✐♥térêt t❡❧❧❡ q✉❡ ❧❛ ✈♦rt✐❝✐té ~ω = ~∇× ~u s❡ ré❞✉✐s❡♥t
à ✉♥❡ s❡✉❧❡ ❝♦♠♣♦s❛♥t❡ ♣♦✉r ✉♥ é❝♦✉❧❡♠❡♥t ❜✐❞✐♠❡♥s✐♦♥♥❡❧ ✿

ωz =
∂v

∂x
− ∂u

∂y
✭✺✳✼✮

❈❡tt❡ ✉♥✐q✉❡ ❝♦♠♣♦s❛♥t❡ ♣❡✉t êtr❡ ❝❛❧❝✉❧é❡ à ♣❛rt✐r ❞✉ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡✱ ♣❛r ❧❡q✉❡❧ ♥♦✉s
♣♦✉✈♦♥s ♦❜t❡♥✐r ❞✬❛✉tr❡s q✉❛♥t✐tés t❡❧❧❡ q✉❡ ❧❛ ❢♦r❝❡ t♦✉r❜✐❧❧♦♥♥❛✐r❡ ❡①♣r✐♠é❡ ♣❛r ❧❡ ✈❡❝t❡✉r
❞❡ ▲❛♠❜ ✿

~L = ~u× ~ω. ✭✺✳✽✮

❈❡ ❞❡r♥✐❡r ♣❡r♠❡t ❞✬❡st✐♠❡r ❧✬✐♥t❡♥s✐té ❞❡ ❧❛ s♦✉r❝❡ à ♣❛rt✐r ❞❡ s❛ ❞✐✈❡r❣❡♥❝❡ ∇ ~L✳ P♦✉r ✉♥
é❝♦✉❧❡♠❡♥t ❜✐❞✐♠❡♥s✐♦♥♥❡❧✱ ❝❡❝✐ ♥♦✉s ❞♦♥♥❡ ✿

~L = (ωz × v,−ωz × u, 0). ✭✺✳✾✮

◆♦✉s ♣♦✉✈♦♥s ❛❧♦rs ❡st✐♠❡r ❧✬✐♥t❡♥s✐té ❞❡ ❧❛ s♦✉r❝❡ ♣❛r ❧❡ ❝❛❧❝✉❧ ❞❡ ❧✬✐♥té❣r❛❧❡ ❞❡ ❧❛ ❞✐✈❡r❣❡♥❝❡
❞✉ ✈❡❝t❡✉r ❞❡ ▲❛♠❜ ∇ ~L ❛✉ s❡✐♥ ❞❡ ❧❛ ré❣✐♦♥ s♦✉r❝❡ ♣♦✉r ❧❛q✉❡❧❧❡ ∇ ~L ♥❡ ♣❡✉t ♣❛s êtr❡ ♥é❣❧✐❣é❡✳
❈❡❝✐ ♣r♦✈✐❡♥t ❞❡ ❧❛ ❢♦r♠✉❧❛t✐♦♥ ❛ér♦❛❝♦✉st✐q✉❡ ❡①♣r✐♠é❡ ♣❛r ❧❛ t❤é♦r✐❡ ❞❡ P♦✇❡❧❧ ❬P♦✇✻✹✱
❍♦✇✵✸❪ ✿

(

1

c2
∂2

∂t2
−∇2

)

p = ρ∇ · (~ω × ~u) +∇2

(

1

2
ρ~u2
)

, ✭✺✳✶✵✮

❞❛♥s ❧❛q✉❡❧❧❡ ❧❛ ❞✐✈❡r❣❡♥❝❡ ❞✉ ✈❡❝t❡✉r ❞❡ ▲❛♠❜ ❡st ✉♥❡ s♦✉r❝❡ ♠❛❥❡✉r❡ ❞❡ ❜r✉✐t ♣✉✐sq✉❡ ❧❡
s❡❝♦♥❞ t❡r♠❡ s♦✉r❝❡ à ❞r♦✐t❡ ❡st ❡♥ ❣é♥ér❛❧ ♥é❣❧✐❣❡❛❜❧❡ ❞❡✈❛♥t ❧❡ ♣r❡♠✐❡r t❡r♠❡ s♦✉r❝❡ à



✺✳✷✳ ❆♣♣r♦①✐♠❛t✐♦♥ ❡♥ ❞✐✛ér❡♥❝❡s ✜♥✐❡s ❆❉❙❖❘ ✶✵✸

❞r♦✐t❡✳ ❆✐♥s✐✱ ❛✉ss✐ ❜✐❡♥ ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❧❛ s♦✉r❝❡ q✉❡ s♦♥ ✐♥t❡♥s✐té ♣❡✉✈❡♥t êtr❡ ❞ét❡r♠✐♥é❡s ❡♥
❝♦♥s✐❞ér❛♥t ∇ ~L✳

P♦✉r ✉♥ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ ❜✐❞✐♠❡♥s✐♦♥♥❡❧ ❧❡s ♣r✐♥❝✐♣❛❧❡s q✉❛♥t✐tés ♣❡✉✈❡♥t êtr❡ rés✉♠é❡s
♣❛r ❝❡ q✉✐ s✉✐t ✿

~u = (u, v, 0), ✭✺✳✶✶✮

~ω = (0, 0, ωz) = (0, 0,
∂v

∂x
− ∂u

∂y
), ✭✺✳✶✷✮

~L = (Lx,Ly, 0) = (ωz × v,−ωz × u, 0). ✭✺✳✶✸✮

✺✳✷ ❆♣♣r♦①✐♠❛t✐♦♥ ❡♥ ❞✐✛ér❡♥❝❡s ✜♥✐❡s ❆❉❙❖❘

◆♦✉s ❝❛❧❝✉❧♦♥s ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❝♦✉r❛♥t ❡♥ rés♦❧✈❛♥t ❧✬éq✉❛t✐♦♥ ❞❡ ▲❛♣❧❛❝❡ ✭éq✉❛t✐♦♥ ✭✺✳✻✮✮
♣❛r ✉♥❡ ♠ét❤♦❞❡ ❞❡ ❞✐✛ér❡♥❝❡s ✜♥✐❡s s✉r ✉♥ ♠❛✐❧❧❛❣❡ ❝❛rtés✐❡♥✳ ❈♦♥❝rèt❡♠❡♥t ♣❛r❧❛♥t✱ ✉♥
s❝❤é♠❛ s❡♠✐✲✐♠♣❧✐❝✐t❡ ❡st ❛♣♣❧✐q✉é ♣♦✉r ♦❜t❡♥✐r ✉♥❡ s♦❧✉t✐♦♥ ❡♥ s✉✐✈❛♥t ✉♥ ❛❧❣♦r✐t❤♠❡ ✐tér❛t✐❢
❆❉❙❖❘ ✭❆❧t❡r♥❛t✐✈❡✲❉✐r❡❝t✐♦♥ ❙✉❝❝❡ss✐✈❡ ❖✈❡r✲❘❡❧❛①❛t✐♦♥✮ q✉✐ ❜❛❧❛②❡ ❛❧t❡r♥❛t✐✈❡♠❡♥t ❧✐❣♥❡s
❡t ❝♦❧♦♥♥❡s✳ ❈❡t ❛❧❣♦r✐t❤♠❡ ✐tér❛t✐❢ ❝♦♥s✐st❡ ❡♥ ❧✬❡♥❝❤❛î♥❡♠❡♥t ❞❡s ét❛♣❡s s✉✐✈❛♥t❡s ✿

✶✳ ▲❡ ❞♦♠❛✐♥❡ ❞❡ ❝❛❧❝✉❧ ❡st ❞✐s❝rét✐sé ❛✉ ♠♦②❡♥ ❞✬✉♥ ♠❛✐❧❧❛❣❡ ❝❛rtés✐❡♥✳ ▲❡s ♣❛r❛♠ètr❡s
❞❡ ♠❛✐❧❧❛❣❡ ♣♦✉r ❞❡s ♥♦❡✉❞s ✈♦✐s✐♥s s♦♥t ✐❧❧✉strés s✉r ❧❛ ✜❣✉r❡ ✺✳✶✳ ❯♥ ♥♦❡✉❞ ♣❡✉t
❛♣♣❛rt❡♥✐r à ✶✱ ✷ ♦✉ ✹ s♦✉s✲❞♦♠❛✐♥❡s✳ ❈❤❛q✉❡ s♦✉s✲❞♦♠❛✐♥❡ ❡st ❝❛r❛❝tér✐sé ♣❛r ✉♥ ♣❛s
s♣❛t✐❛❧ ❝♦♥st❛♥t ❛✉ss✐ ❜✐❡♥ ❞❛♥s ❧❛ ❞✐r❡❝t✐♦♥ x ✭∆x✮ q✉❡ ❞❛♥s ❧❛ ❞✐r❡❝t✐♦♥ y ✭∆y✮✳

✷✳ ❉❡s ❝♦♥❞✐t✐♦♥s ❧✐♠✐t❡s s♦♥t ❛♣♣❧✐q✉é❡s ❛✉① ♥♦❡✉❞s ❞❡s s❡❝t✐♦♥s ❞✬❡♥tré❡✱ s♦rt✐❡ ❡t ♣❛r♦✐s✳

✸✳ ▲❡s ♥♦❡✉❞s ❛♣♣❛rt❡♥❛♥t à ✹ ❞♦♠❛✐♥❡s s♦♥t ♠✐s à ❥♦✉r ❡♥ ✉t✐❧✐s❛♥t ❧✬éq✉❛t✐♦♥ ✭✺✳✶✽✮ ✿
∆yb 6= ∆ya ❡t ∆xa 6= ∆xb✳

✹✳ ▲❡s ♥♦❡✉❞s ❛♣♣❛rt❡♥❛♥t à ✷ ❞♦♠❛✐♥❡s s♦♥t ♠✐s à ❥♦✉r ❡♥ ✉t✐❧✐s❛♥t ❧❡s éq✉❛t✐♦♥s ✭✺✳✶✾✮
❡t ✭✺✳✷✵✮ ✿ ∆yb 6= ∆ya ♦✉ ∆xa 6= ∆xb✳

✺✳ ▲❡s ♥♦❡✉❞s ✐♥tér✐❡✉rs ❛♣♣❛rt❡♥❛♥t à ✉♥ s❡✉❧ s♦✉s✲❞♦♠❛✐♥❡ s♦♥t ♠✐s à ❥♦✉r ❡♥ ✉t✐❧✐s❛♥t
❧✬éq✉❛t✐♦♥ ✭✺✳✷✶✮ ✿ ∆yb = ∆ya ❡t ∆xa = ∆xb✳

✻✳ ▲❡ ❜❛❧❛②❛❣❡ ♣❛r ❧✐❣♥❡ ✭✺✳✷✷✮ ❡t ❝♦❧♦♥♥❡ ✭✺✳✷✸✮ ❡st ❛♣♣❧✐q✉é✱ ❡t ❧❡ ♣r♦❝❡ss✉s ❡st ré✐téré ✭♣❛s
❞✬✐tér❛t✐♦♥ k✮ ❥✉sq✉✬à ❛tt❡✐♥❞r❡ ❧❛ ❝♦♥✈❡r❣❡♥❝❡✳ ❈♦♥❝rèt❡♠❡♥t✱ ❧❡s ✐tér❛t✐♦♥s s✬❛rrêt❡♥t
❧♦rsq✉❡ ❧❛ ❝♦♥✈❡r❣❡♥❝❡ ❡st ❛tt❡✐♥t❡✳ ▲❛ ❝♦♥✈❡r❣❡♥❝❡ ❡st ❞ét❡r♠✐♥é❡ ♣❛r ✉♥ s✐♠♣❧❡ ❝r✐tèr❡
❞❡ s❡✉✐❧ ✭ǫ ≤ 10−9✮ s✉r ❧❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧✬❛❝t✉❡❧❧❡ ❡t ❧❛ ♣ré❝é❞❡♥t❡ ✐tér❛t✐♦♥ ♣♦✉r
❧❛ ❢♦♥❝t✐♦♥ ❞❡ ❝♦✉r❛♥t✳ ▲❡s ♣❛r❛♠ètr❡s ❞❡ r❡❧❛①❛t✐♦♥ 1 < ω1,2 < 2 s♦♥t ❝♦♥st❛♥ts ❡t
❞ét❡r♠✐♥❡♥t ❧❛ ✈✐t❡ss❡ ❞❡ ❝♦♥✈❡r❣❡♥❝❡✳



✶✵✹ ❈❤❛♣✐tr❡ ✺✳ ❙✐♠✉❧❛t✐♦♥s ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡s

i

j

∆xa ∆xb∆ya

∆yb

✭❛✮ ❉✐s❝rét✐s❛t✐♦♥ ❞✉ ♠❛✐❧❧❛❣❡

αx = ∆xa −∆xb, αy = ∆ya −∆yb ✭✺✳✶✹✮

βx = ∆xa +∆xb, βy = ∆ya +∆yb ✭✺✳✶✺✮

rx =
αx
βx
, ry =

αy
βy

✭✺✳✶✻✮

y2x = ∆x2a +∆x2b , y2y = ∆y2a +∆y2b ✭✺✳✶✼✮

✭❜✮ P❛r❛♠ètr❡s ❞❡ ❞✐s❝rét✐s❛t✐♦♥ ❞❡ ♠❛✐❧❧❛❣❡

❋✐❣✉r❡ ✺✳✶ ✕ ❉✐s❝rét✐s❛t✐♦♥ ❣é♥ér❛❧❡ ♣♦✉r ✉♥ ♠❛✐❧❧❛❣❡ ❝❛rtés✐❡♥ ❧❡ ❧♦♥❣ ❞❡ ❧❛ ❞✐r❡❝t✐♦♥ ❧♦♥❣✐✲
t✉❞✐♥❛❧❡ x ✭❝♦❧♦♥♥❡ j✮ ❡t ❞❡ ❧❛ ❞✐r❡❝t✐♦♥ tr❛♥s✈❡rs❛❧❡ y ✭❧✐❣♥❡ i✮✳

ψi,j = {y2y [ψi−1,j + ψi+1,j + rx(ψi+1,j − ψi−1,j)]

+ y2x [ψi,j−1 + ψi,j+1 + ry(ψi,j+1 − ψi,j−1)]}
× 1

2(y2x+y
2
y)

✭✺✳✶✽✮

ψi,j =
y2y(ψi−1,j+ψi+1,j)+2∆x2(ψi,j−1+ψi,j+1+ry(ψi,j+1−ψi,j−1))

2(2∆x2+y2y)
✭✺✳✶✾✮

ψi,j =
y2x(ψi,j−1+ψi,j+1)+2∆y2(ψi−1,j+ψi+1,j+rx(ψi+1,j−ψi−1,j))

2(2∆y2+y2x)
✭✺✳✷✵✮

ψi,j =
ψi−1,j+ψi+1,j+β

2(ψi,j−1+ψi,j+1)
2(1+β2)

✭✺✳✷✶✮

ψ
k+ 1

2
i,j = (1− ω1)ψ

k
i,j +

ω1
2(1+β2)

(ψ
k+ 1

2
i−1,j + ψki+1,j + β2(ψk+1

i,j−1 + ψki,j+1)) ✭✺✳✷✷✮

ψk+1
i,j = (1− ω2)ψ

k+ 1
2

i,j + ω2
2(1+β2)

(ψk+1
i−1,j + ψ

k+ 1
2

i+1,j + β2(ψk+1
i,j−1 + ψ

k+ 1
2

i,j+1)) ✭✺✳✷✸✮

✺✳✸ ❈❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ ❛✈❡❝ ✉♥ ♦✉ ❞❡✉① ♦❜st❛❝❧❡s tr❛♣é③♦ï❞❛✉①

◆♦✉s ❝♦♥s✐❞ér♦♥s ❞❡s ❣é♦♠étr✐❡s ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡s ♣❛r❛♠étr✐sé❡s ❞❡ ❝❛♥❛❧ ❛✈❡❝ ✉♥ ♦✉
❞❡✉① ♦❜st❛❝❧❡s tr❛♣é③♦ï❞❛✉① ♣♦✉r ❧❡sq✉❡❧❧❡s ♥♦✉s é✈❛❧✉♦♥s ✉♥❡ s♦❧✉t✐♦♥ ❞✬é❝♦✉❧❡♠❡♥t ♣♦t❡♥t✐❡❧
❡♥ s✉✐✈❛♥t ❧✬❛♣♣r♦❝❤❡ ❡①♣❧✐❝✐té❡ ❞❛♥s ❧❛ ♣❛rt✐❡ ♣ré❝é❞❡♥t❡✳ ❈❡s ❣é♦♠étr✐❡s s♦♥t ❜❛sé❡s s✉r
❧❛ ❣é♦♠étr✐❡ ✉t✐❧✐sé❡ ❞❛♥s ❬●r❛✵✾✱ ❱●P+✶✵✱ ❱❍●❈+✶✷❜✱ ❈◆❱❍+✶✸❪✳ ❈♦♥❝rèt❡♠❡♥t✱ q✉❛tr❡
t②♣❡s ❞❡ ❣é♦♠étr✐❡s ♣❛r❛♠étr✐sé❡s ❞❡ ❝❛♥❛❧ s♦♥t ❞✐st✐♥❣✉é❡s✱ ❝♦♠♠❡ s❝❤é♠❛t✐q✉❡♠❡♥t ✐❧❧✉stré
s✉r ❧❛ ✜❣✉r❡ ✺✳✷✳

Pr❡♠✐èr❡♠❡♥t✱ ♥♦✉s ❝♦♥s✐❞ér♦♥s ✉♥ ❝❛♥❛❧ ❝♦♥t❡♥❛♥t ✉♥ s❡✉❧ ♦❜st❛❝❧❡✱ ♣♦✉r ❧❡q✉❡❧ ❧✬♦✉✈❡r✲
t✉r❡ h✱ ❧✬❛♥❣❧❡ ❞❡ ❢✉✐t❡ ❛✈❛❧ ✈✉ ♣❛r ❧✬é❝♦✉❧❡♠❡♥t θ ≥ 90➦✱ ❡t ❧❛ ❧♦♥❣✉❡✉r ❞❡ ❧❛ ♣❛rt✐❡ ❝♦♥str✐❝té❡
L ♣❡✉✈❡♥t êtr❡ ✈❛r✐é❡✱ ❝♦♠♠❡ s❝❤é♠❛t✐sé s✉r ❧❛ ✜❣✉r❡ ✺✳✷❛✳ ❉❡✉①✐è♠❡♠❡♥t✱ ♥♦✉s ❝♦♥s✐❞ér♦♥s



✺✳✹✳ ❱✐t❡ss❡ ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ✶✵✺

❚❆❇▲❊❆❯ ✺✳✶ ✕ P❛r❛♠ètr❡s ❣é♦♠étr✐q✉❡s é✈❛❧✉és ✿ ❞❡❣ré ❞✬♦✉✈❡rt✉r❡ h./H ❬✪❪✱ ❧♦♥❣✉❡✉r ❞❡
♣❛rt✐❡ ❝♦♥str✐❝té❡ L./H ❡t ❛♥❣❧❡s ✐♠♣♦sés θ. ❬➦❪✳ ▲❡s ❣é♦♠étr✐❡s s♦♥t ❞é♥♦♠♠é❡s ❝♦♠♠❡ ❞é✜♥✐
❞❛♥s ❧❛ ✜❣✉r❡ ✺✳✷✳

●é♦♠étr✐❡ h1,2/H ❬✪❪ L1,2/H ❬✲❪ θ1,2 ❬➦❪ ❛✴❍ ❬✲❪ ❞✴❍ ❬✲❪

❙❖ ✶✵ ✸✵ ✺✵ ✵✳✷ ✵✳✺ ✶ ✶✵✼ ✶✺✵ ✲ ✲
❉❖ ✶✵ ✸✵ ✵✳✷ ✶ ✶✵✼ ✶✺✵ ✵✳✷ ✵✳✺ ✵ ✵✳✷✺ ✵✳✺ ✶
❉❖■ ✶✵ ✸✵ ✵✳✷ ✶ ✶✵✼ ✶✺✵ ✵✳✷ ✵✳✺ ✵ ✵✳✷✺ ✵✳✺ ✶
❉❖✷ ✶✵ ✸✵ ✹✽ ✵✳✺ ✶✵✼ ✲ ✵✳✷✺ ✵✳✺ ✶

✉♥ ❝❛♥❛❧ ❛✈❡❝ ❞❡✉① ♦❜st❛❝❧❡s tr❛♣é③♦ï❞❛✉① ❝♦♠♠❡ ✐❧❧✉stré s✉r ❧❛ ✜❣✉r❡ ✺✳✷❜✳ P♦✉r ❧❡s ❞❡✉①
♦❜st❛❝❧❡s✱ ♥♦✉s ♣♦✉✈♦♥s ❢❛✐r❡ ✈❛r✐❡r ❧✬❛♥❣❧❡ ❛♠♦♥t ✈✉ ♣❛r ❧✬é❝♦✉❧❡♠❡♥t θ1,2 ≥ 90➦✱ ❧✬♦✉✈❡rt✉r❡
h > 0 ❡t ❧❛ ❧♦♥❣✉❡✉r ❞❡ ❧❛ ♣❛rt✐❡ ❝♦♥str✐❝té❡ L1,2✳ ❊♥ ♦✉tr❡✱ ❧❛ ❞✐st❛♥❝❡ ❤♦r✐③♦♥t❛❧❡ d ❡♥tr❡ ❧❡s
❞❡✉① ♦❜st❛❝❧❡s✱ ❛✐♥s✐ q✉❡ ❧❡ ♣♦s✐t✐♦♥♥❡♠❡♥t ✈❡rt✐❝❛❧ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ a rés✉❧t❛♥t ❡♥ ✉♥❡ ♦✉
❞❡✉① ❝♦♥str✐❝t✐♦♥s s✉❝❝❡ss✐✈❡s✱ ♣❡✉✈❡♥t êtr❡ ✈❛r✐és✳ ❚r♦✐s✐è♠❡♠❡♥t✱ ♥♦✉s ❝♦♥s✐❞ér♦♥s ✉♥❡ ❣é♦✲
♠étr✐❡ ❞é✜♥✐❡ ♣❛r ❧❡s ♠ê♠❡s ♣❛r❛♠ètr❡s q✉❡ ❧❛ ❣é♦♠étr✐❡ ♣ré❝é❞❡♥t❡✱ s✐ ❝❡ ♥✬❡st q✉❡ ♣♦✉r ✉♥
❞❡s ♦❜st❛❝❧❡s ❧✬❛♥❣❧❡ ❛✈❛❧ θ1 ❛✉ ❧✐❡✉ ❞❡ ❧✬❛♥❣❧❡ ❛♠♦♥t ♣❡✉t êtr❡ ✈❛r✐é✱ ❝♦♠♠❡ ✐❧❧✉stré s✉r ❧❛ ✜❣✉r❡
✺✳✷❝✳ ❊♥✜♥✱ ♥♦✉s ❝♦♥s✐❞ér♦♥s ✉♥❡ ❣é♦♠étr✐❡ ❛✈❡❝ ❡♥❝♦r❡ ❞❡✉① ♦❜st❛❝❧❡s✱ ❞♦♥t ❧✬✉♥ ❡st ❞é❝❛❧é
✈❡rs ❧✬❛✈❛❧ ❞❡ ♠❛♥✐èr❡ à ♦❜t❡♥✐r ❞❡✉① ❝♦♥str✐❝t✐♦♥s ♣♦✉r ❧❡sq✉❡❧❧❡s ❧✬♦✉✈❡rt✉r❡ h1,2 ♣❡✉t êtr❡ ✈❛✲
r✐é❡✱ ❝♦♠♠❡ ✈✐s✐❜❧❡ s✉r ❧❛ ✜❣✉r❡ ✺✳✷❞✳ ❙❛❝❤❛♥t q✉❡ ♣♦✉r ❝❤❛q✉❡ ♦❜st❛❝❧❡ tr❛♣é③♦ï❞❛❧✱ ✉♥ ❛♥❣❧❡
♣❡✉t êtr❡ ✐♠♣♦sé✱ ❝❡❧❛ ✐♠♣❧✐q✉❡ q✉❡ ❧❛ ❧♦♥❣✉❡✉r ❞❡s ❜❛s❡s ❞✉ tr❛♣è③❡ ✈♦♥t ✈❛r✐❡r é❣❛❧❡♠❡♥t✳
❉❛♥s ❝❤❛q✉❡ ❝❛s✱ ♥♦✉s ❝♦♥s✐❞ér♦♥s θ1,2 = 107➦ ❛✜♥ ❞❡ ❝♦♠♣❛r❡r ❡t ❞❡ ❝♦♠♣❧ét❡r ❧❡s rés✉❧t❛ts
❞❡s ♣ré❝é❞❡♥t❡s ét✉❞❡s ♣♦rt❛♥t s✉r ❝❡s ❣é♦♠étr✐❡s ❬●r❛✵✾✱ ❱●P+✶✵✱ ❱❍●❈+✶✷❜✱ ❈◆❱❍+✶✸❪✳

❯♥ ❡①❡♠♣❧❡ ❞❡ ♠❛✐❧❧❛❣❡ t②♣✐q✉❡ ❞❛♥s ✉♥❡ ré❣✐♦♥ ❝♦♥str✐❝té❡ ❡st ❞♦♥♥é s✉r ❧❛ ✜❣✉r❡ ✺✳✸✳ ▲❡s
♣❛r❛♠ètr❡s t②♣✐q✉❡s ❞✉ ♠❛✐❧❧❛❣❡ s♦♥t ré❝❛♣✐t✉❧és s✉r ❧❡ t❛❜❧❡❛✉ ✺✳✷✳ ❈♦♥❝rèt❡♠❡♥t ♣❛r❧❛♥t✱ ✉♥
♣❛s s♣❛t✐❛❧ ∆x ❡st ✐♥✐t✐❛❧✐sé✱ ❧❡ ♣❛s s♣❛t✐❛❧ ∆y ❡st ❡♥s✉✐t❡ ♦❜t❡♥✉ à ♣❛rt✐r ❞❡s ❛♥❣❧❡s ✐♠♣♦sés

θ1,2 ❡①♣r✐♠és ❡♥ ❞❡❣rés✱ ❡♥ ✉t✐❧✐s❛♥t ❧❛ r❡❧❛t✐♦♥ tan
(

θo1,2−90o

180o π
)

= ∆x
∆y ✳ ❙❛❝❤❛♥t q✉❡ ❧❡s ❞❡✉①

♠ê♠❡s ✈❛❧❡✉rs s♦♥t ✉t✐❧✐sé❡s ♣♦✉r θ1,2 ♣♦✉r t♦✉t❡s ❧❡s ❝♦♥✜❣✉r❛t✐♦♥s ❣é♦♠étr✐q✉❡s ❧✐sté❡s ❞❛♥s
❧❡ t❛❜❧❡❛✉ ✺✳✶✱ ❧❡ r❛♣♣♦rt ❞❡s ♣❛s s♣❛t✐❛✉① ∆x/∆y ❡st é❣❛❧❡♠❡♥t ❧✐♠✐té à ❞❡✉① ✈❛❧❡✉rs ✿ ✵✳✸✶
♣♦✉r θ1,2 = 107➦ ❡t ✶✳✼✸ ♣♦✉r θ1,2 = 150➦✳ ▲❡s ♣❛s s♣❛t✐❛✉① ❛ss♦❝✐és s♦♥t ✐♥❢ér✐❡✉rs à ✶✳✸♠♠
♣♦✉r ❛✉ss✐ ❜✐❡♥ ❧❛ ❞✐r❡❝t✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ x q✉❡ tr❛♥s✈❡rs❛❧❡ y✳ ▲❡ t❛❜❧❡❛✉ ✺✳✷ rés✉♠❡ é❣❛❧❡♠❡♥t
❧❡ ❝r✐tèr❡ ❞❡ ❝♦♥✈❡r❣❡♥❝❡ ǫ ❡t ❧❡s ♣❛r❛♠ètr❡s ❞❡ r❡❧❛①❛t✐♦♥ ω = ω1 = ω2✳

✖✲

✺✳✹ ❱✐t❡ss❡ ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡

✺✳✹✳✶ ❈❤❛♠♣ ❞❡ ✈✐t❡ss❡

▲❛ ✜❣✉r❡ ✺✳✹ ♣rés❡♥t❡ ❧❛ ♥♦r♠❡ ❞✉ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ♥♦r♠❛❧✐sé❡ ♣❛r ❧❛
✈✐t❡ss❡ ❞é❜✐t❛♥t❡ à ❧✬❡♥tré❡ ❞✉ ❝❛♥❛❧ U0✱ ♣♦✉r ❧❡s ❣é♦♠étr✐❡s ❞é❝r✐t❡s s✉r ❧❛ ✜❣✉r❡ ✺✳✷ ❡t ♣♦✉r
❝❡rt❛✐♥❡s ✈❛❧❡✉rs ❞❡ ♣❛r❛♠ètr❡s ❣é♦♠étr✐q✉❡s ❧✐sté❡s ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✺✳✶✳



✶✵✻ ❈❤❛♣✐tr❡ ✺✳ ❙✐♠✉❧❛t✐♦♥s ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡s

L1

h1
H

=
25

θ1

yc

xxc

✭❛✮ ❙❖ ✿ h/H✱ L✱ θ

L2
θ2

L1

h1

H
=

25

θ1

a

d

yc

x
x
(1)
cx

(2)
c

✭❜✮ ❉❖ ✿ h1,2/H✱ L1,2✱ θ1,2✱ a✱ d

L2
θ2

L1

h1

H
=

25

θ1

a

d

yc

xxc

✭❝✮ ❉❖■ ✿ h1,2/H✱ L1,2✱ θ1,2✱ a✱ d

L2

θ2

L1

h1

h2

H
=

25

θ1d

y
(1)
c

y
(2)
c

x
x
(1)
cx

(2)
c

✭❞✮ ❉❖✷ ✿ h1,2/H✱ L1,2✱ θ1,2✱ a✱ d

❋✐❣✉r❡ ✺✳✷ ✕ ■❧❧✉str❛t✐♦♥ ❞❡s ❣é♦♠étr✐❡s ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡s ♣❛r❛♠étr✐sé❡s ❞❡ ❝❛♥❛❧ ❛✈❡❝ ✉♥ ♦✉
❞❡✉① ♦❜st❛❝❧❡s tr❛♣é③♦ï❞❛✉① ❡t ❧❡✉rs ét✐q✉❡tt❡s ❙❖✱ ❉❖✱ ❉❖■✱ ❉❖✷✳ ▲❡s ♣❛r❛♠ètr❡s ❣é♦♠é✲
tr✐q✉❡s s♦♥t ❞é✜♥✐s✳ ▲✬é❝♦✉❧❡♠❡♥t ✈❛ ❞❡ ❧❛ ❣❛✉❝❤❡ ✈❡rs ❧❛ ❞r♦✐t❡✳ ▲❡s ❞✐♠❡♥s✐♦♥s s♦♥t ❞♦♥♥é❡s
❡♥ ♠♠✳ ▲❡s ❧✐❣♥❡s ❤♦r✐③♦♥t❛❧❡s ♣♦✐♥t✐❧❧é❡s ✭❡♥ ❜❧❡✉✮ ✐♥❞✐q✉❡♥t ❧❡s ❛①❡s ❝❡♥tr❛✉① ❧♦♥❣✐t✉❞✐♥❛✉①
❧❡ ❧♦♥❣ ❞✉ ❝❡♥tr❡ ❞❡ ❧✬♦✉✈❡rt✉r❡ à ❧❛ ♣♦s✐t✐♦♥ tr❛♥s✈❡rs❛❧❡ y = h1,2/2✳ ▲❡s ❧✐❣♥❡s ✈❡rt✐❝❛❧❡s
♣♦✐♥t✐❧❧é❡s ✭❡♥ ❜❧❡✉✮ ✐♥❞✐q✉❡♥t ❧❛ ♣♦s✐t✐♦♥ tr❛♥s✈❡rs❛❧❡ y ❧❡ ❧♦♥❣ ❞✉ ❝❡♥tr❡ ❞❡ ❧✬♦✉✈❡rt✉r❡ à ❧❛
♣♦s✐t✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ x = L1,2/2✳

❚❆❇▲❊❆❯ ✺✳✷ ✕ ❈❛r❛❝tér✐st✐q✉❡s ❞❡ ♠❛✐❧❧❛❣❡ ♣♦✉r ❧❡s ❣é♦♠étr✐❡s ✭●é♦✮ rés✉♠é❡s ❞❛♥s ❧❡
t❛❜❧❡❛✉ ✺✳✶ ✿ ♥♦♠❜r❡ t♦t❛❧ ❞❡ ♣♦✐♥ts ❞❡ ♠❛✐❧❧❛❣❡N ✱ ♥♦♠❜r❡ ❞❡ ♣♦✐♥ts ❞❡ ♠❛✐❧❧❛❣❡ ❧♦♥❣✐t✉❞✐♥❛✉①
Nx✱ ♥♦♠❜r❡ ❞❡ ♣♦✐♥ts ❞❡ ♠❛✐❧❧❛❣❡ tr❛♥s✈❡rs❛✉①Ny✱ ♣❛s s♣❛t✐❛❧ ❧♦♥❣✐t✉❞✐♥❛❧∆x✱ ♣❛s tr❛♥s✈❡rs❛❧
s♣❛t✐❛❧ ∆y ❡t r❛♣♣♦rt ❞❡ ♣❛s s♣❛t✐❛✉① ∆x/∆y✳ P♦✉r ❝❤❛q✉❡ ❝♦♥✜❣✉r❛t✐♦♥ ❣é♦♠étr✐q✉❡ ❧❡s
✈❛❧❡✉rs ♠✐♥✐♠❛❧❡s ✭♠✐♥✮ ❡t ♠❛①✐♠❛❧❡s ✭♠❛①✮ s♦♥t ❞♦♥♥é❡s✳ ▲❡ ❝r✐tèr❡ ❞❡ ❝♦♥✈❡r❣❡♥❝❡ ❛♣♣❧✐q✉é
ǫ ❡t ❧❡s ♣❛r❛♠ètr❡s ❞❡ r❡❧❛①❛t✐♦♥ ω = ω1 = ω2 ✉t✐❧✐sés ❞❛♥s ❧❡ s❝❤é♠❛ ❞❡ ❞✐✛ér❡♥❝❡s ✜♥✐❡s
❆❉❙❖❘ s♦♥t ✐♥❞✐q✉és✳

❉✐s❝rét✐s❛t✐♦♥ ❆❉❙❖❘

N × 103 ❬✲❪ Nx × 100 ❬✲❪ Ny × 10 ❬✲❪ ∆x ❬♠♠❪ ∆y ❬♠♠❪ ∆x/∆y ❬✲❪
ω ❬✲❪ ǫ ❬✲❪

●é♦ ♠✐♥ ♠❛① ♠✐♥ ♠❛① ♠✐♥ ♠❛① ♠✐♥ ♠❛① ♠✐♥ ♠❛① ♠✐♥ ♠❛①

❙❖ ✶✳✸ ✶✹✵✵ ✷ ✸✵ ✹ ✼✵ ✵✳✵✸ ✵✳✼ ✵✳✵✸ ✵✳✼

✵✳✸ ✶✳✽

✶✳✶ 10−9

❉❖ ✺ ✷✵✵ ✷ ✶✶ ✷ ✷✷ ✵✳✶ ✵✳✹ ✵✳✵✼ ✶✳✸ ✶✳✶ 10−10

❉❖■ ✺ ✷✵✵ ✷ ✶✶ ✷ ✷✷ ✵✳✶ ✵✳✹ ✵✳✵✼ ✶✳✸ ✶✳✷ 10−13

❉❖✷ ✶✼ ✷✷✵ ✸ ✶✺ ✹ ✷✹ ✵✳✵✻ ✵✳✷ ✵✳✶ ✵✳✼ ✶✳✵✺ 10−9



✺✳✹✳ ❱✐t❡ss❡ ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ✶✵✼

✭❛✮ P♦rt✐♦♥ ❞❡ ♠❛✐❧❧❛❣❡ ✭❜✮ ❩♦♦♠ s✉r ❧✬❡①tré♠✐té ❞❡ ❧✬♦❜st❛❝❧❡

❋✐❣✉r❡ ✺✳✸ ✕ ■❧❧✉str❛t✐♦♥ ❞✉ ♠❛✐❧❧❛❣❡ à ❧✬✐♥tér✐❡✉r ❞❡ ❧❛ ♣❛rt✐❡ ❝♦♥str✐❝té❡ ❞✬✉♥❡ ❣é♦♠étr✐❡
♣♦✉r L = 0.2✱ h/H = 0.3✱ θ = 107➦✳ ▲❡ ♠❛✐❧❧❛❣❡ ❡st s✉♣❡r♣♦sé ❛✉ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ s✐♠✉❧é✳

▲❛ ✜❣✉r❡ ✺✳✹ ♠♦♥tr❡ ❞❡ ♠❛♥✐èr❡ q✉❛❧✐t❛t✐✈❡ q✉❡ ❧❡s ♣❛r❛♠ètr❡s ❣é♦♠étr✐q✉❡s ✕ ❞é❝r✐ts ❞❛♥s
❧❡ t❛❜❧❡❛✉ ✺✳✶ ❡t ❞ét❛✐❧❧és ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✺✳✷ ✕ ♦♥t ❡✛❡❝t✐✈❡♠❡♥t ✉♥❡ ✐♥✢✉❡♥❝❡ s✉r ❧❡ ❝❤❛♠♣
❞❡ ✈✐t❡ss❡ ❞❛♥s ❧❡ ✈♦✐s✐♥❛❣❡ ❞❡ ❧✬♦✉✈❡rt✉r❡ ❡t ❞❡ ❧✬❡①tré♠✐té ❞❡ ❧✬♦❜st❛❝❧❡✳ ◆♦✉s ♣♦✉✈♦♥s ✈♦✐r
q✉❡ ❞❡s ❝❛r❛❝tér✐st✐q✉❡s ♠❛❥❡✉r❡s ❞❡ ❧❛ ✈✐t❡ss❡ t❡❧❧❡s q✉❡ ❧❛ ✈✐t❡ss❡ ♠❛①✐♠❛❧❡✱ ❧❛ s②♠étr✐❡ ❞✉
❝❤❛♠♣ ❞❡ ✈✐t❡ss❡✱ ❧✬ét❡♥❞✉❡ ❡t ❧❛ ♣♦s✐t✐♦♥ ❞❡ ❧❛ ré❣✐♦♥ ❛ss♦❝✐é❡s à ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ✈✐t❡ss❡
s♦♥t ❛✛❡❝té❡s✳

✺✳✹✳✷ Pr♦✜❧ ❧♦♥❣✐t✉❞✐♥❛❧ ❞❡ ✈✐t❡ss❡

❆✜♥ ❞✬é✈❛❧✉❡r q✉❛♥t✐t❛t✐✈❡♠❡♥t ❧✬✐♠♣❛❝t ❞❡ ❧❛ ❣é♦♠étr✐❡ s✉r ❧❡ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡✱ ♥♦✉s
❝♦♥s✐❞ér♦♥s ❧❡s ❞✐str✐❜✉t✐♦♥s ❞❡ ✈✐t❡ss❡ tr❛♥s✈❡rs❛❧❡ ❡t ❧♦♥❣✐t✉❞✐♥❛❧❡ ♥♦r♠❛❧✐sé❡s✳ ❚r♦✐s ❞✐str✐✲
❜✉t✐♦♥s ❞❡ ✈✐t❡ss❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ s♦♥t ❝♦♠♣❛ré❡s✳ ❚♦✉t ❞✬❛❜♦r❞✱ ♥♦✉s ❝♦♥s✐❞ér♦♥s ❧❛ ❞✐str✐❜✉t✐♦♥
✉♥✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ❞❡ ✈✐t❡ss❡ ❝♦♠♠❡ ❧❛ ✈✐t❡ss❡ ❞é❜✐t❛♥t❡ ❧♦❝❛❧❡ U1D(x) = Q/h(x) ❛✈❡❝ Q ❧❡
❞é❜✐t ✈♦❧✉♠✐q✉❡ ❡t h(x) ❧❛ ❤❛✉t❡✉r ❞❡ ❝❛♥❛❧ ✈❛r✐❛❜❧❡✳ ❊♥s✉✐t❡✱ s❛❝❤❛♥t q✉❡ ❧❛ ✈✐t❡ss❡ ✉♥✐❞✐♠❡♥✲
s✐♦♥♥❡❧❧❡ ♣❡✉t êtr❡ ✈✉❡ ❝♦♠♠❡ ✉♥❡ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ❧♦♥❣✐t✉❞✐♥❛❧❡✱ ♥♦✉s ❝♦♥s✐❞ér♦♥s é❣❛❧❡♠❡♥t
❧❛ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ❧♦♥❣✐t✉❞✐♥❛❧❡✳

❆✜♥ ❞✬♦❜t❡♥✐r ✉♥ ♦r❞r❡ ❞✬✐❞é❡ q✉❛♥t✐t❛t✐❢ ❝♦♥❝❡r♥❛♥t ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧✬♦❜st❛❝❧❡ s✉r ❧✬é❝♦✉✲
❧❡♠❡♥t ♣r✐♥❝✐♣❛❧ ❞❛♥s ❧❡ ❝❛♥❛❧✱ ♥♦✉s ❝♦♥s✐❞ér♦♥s ❧❛ ✈❛r✐❛t✐♦♥ ❞❡ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ✈✐t❡ss❡
❧♦♥❣✐t✉❞✐♥❛❧❡ ❡♥tr❡ U1D ❛ss♦❝✐é❡ à ✉♥ é❝♦✉❧❡♠❡♥t ✉♥✐❞✐♠❡♥s✐♦♥♥❡❧ ✐❞é❛❧✱ ❧❛ ✈✐t❡ss❡ ♠♦②❡♥♥❡
❧♦♥❣✐t✉❞✐♥❛❧❡ ♦❜t❡♥✉❡ à ♣❛rt✐r ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❜✐❞✐♠❡♥s✐♦♥♥❡❧ ❡t ❧❛ ✈✐t❡ss❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❧❡
❧♦♥❣ ❞❡ ❧✬❛①❡ ❝❡♥tr❛❧ ❞❡ ❧❛ s❡❝t✐♦♥ ❝♦♥str✐❝té❡✳ ❉❡s ❡①❡♠♣❧❡s ❞❡ ✈✐t❡ss❡s ❧♦♥❣✐t✉❞✐♥❛❧❡s ♣♦✉r ❧❡s
❣é♦♠étr✐❡s ❞é❝r✐t❡s ❞❛♥s ❧❛ ✜❣✉r❡ ✺✳✷ s♦♥t ✐❧❧✉stré❡s ❞❛♥s ❧❛ ✜❣✉r❡ ✺✳✺✳

▲✬❛❝❝é❧ér❛t✐♦♥ ❧❡ ❧♦♥❣ ❞❡ ❧✬♦❜st❛❝❧❡ ✭♦✉ ❞❡s ♦❜st❛❝❧❡s✮ ❢♦r❝❡ ❧❡s ❧✐❣♥❡s ❞❡ ❝♦✉r❛♥t à s❡ ❞é✈✐❡r
❞❡ ❧❛ ❞✐r❡❝t✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❞❡ ♠❛♥✐èr❡ ❛s②♠étr✐q✉❡✳ ❆✐♥s✐✱ ❧❡s ✈✐t❡ss❡s ❧♦♥❣✐✲
t✉❞✐♥❛❧❡s ♠♦②❡♥♥❡s ❞é❝♦✉❧❛♥t ❞❡s ♠♦❞è❧❡s ❞✬é❝♦✉❧❡♠❡♥t ✉♥✐✲ ❡t ❜✐❞✐♠❡♥s✐♦♥♥❡❧s ♣❡✉✈❡♥t êtr❡
❞✐✛ér❡♥ts ❞❛♥s ❧❡ ✈♦✐s✐♥❛❣❡ ❞❡ ❧✬♦❜st❛❝❧❡ ✭♦✉ ❞❡s ♦❜st❛❝❧❡s✮✳ ❈❡♣❡♥❞❛♥t✱ ♣♦✉r ❧❛ ❝♦♥✜❣✉r❛t✐♦♥
✐❧❧✉stré❡ s✉r ❧❛ ✜❣✉r❡ ✺✳✺✱ ♥♦✉s ✈♦②♦♥s q✉❡ ❧❛ ❞✐✛ér❡♥❝❡ s❡ ❧✐♠✐t❡ à ❛♣♣r♦①✐♠❛t✐✈❡♠❡♥t ✶✵✪✳



✶✵✽ ❈❤❛♣✐tr❡ ✺✳ ❙✐♠✉❧❛t✐♦♥s ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡s

✭❛✮ ❙❖ ✭❜✮ ❙❖ ✭❝✮ ❉❖✷

✭❞✮ ❉❖ ✭❡✮ ❉❖ ✭❢✮ ❉❖

✭❣✮ ❉❖■ ✭❤✮ ❉❖■ ✭✐✮ ❉❖■

✭❥✮ ❉❖ ✭❦✮ ❉❖ ✭❧✮ ❉❖✱ d/H = 0.5

❋✐❣✉r❡ ✺✳✹ ✕ ◆♦r♠❡ ❞✉ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ♥♦r♠❛❧✐sé❡ ❡t s✐♠✉❧é❡ U/U0 ♣♦✉r
✉♥ ❝❛♥❛❧ ❡♥✈❡❧♦♣♣❛♥t ✉♥ ♦✉ ❞❡✉① ♦❜st❛❝❧❡s ❝♦♠♠❡ ✐❧❧✉stré s✉r ❧❛ ✜❣✉r❡ ✺✳✷ ❡t ❞ét❛✐❧❧é ❞❛♥s
❧❡ t❛❜❧❡❛✉ ✺✳✶✳ ▲❡s ❝❛r❛❝tér✐st✐q✉❡s ❞✉ ♠❛✐❧❧❛❣❡ ✉t✐❧✐sé s♦♥t ❧✐sté❡s ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✺✳✷✳ ▲❛
✈✐t❡ss❡ s♣❛t✐❛❧❡ U ❡st ♥♦r♠❛❧✐sé❡ ♣❛r ❧❛ ✈✐t❡ss❡ ❞é❜✐t❛♥t❡ à ❧✬❡♥tré❡ ❞✉ ❝❛♥❛❧ U0✳ ▲❡s ❞✐♠❡♥s✐♦♥s
s♣❛t✐❛❧❡s ✭❧♦♥❣✐t✉❞✐♥❛❧❡ x ❡t tr❛♥s✈❡rs❛❧❡ y✮ s♦♥t ♥♦r♠❛❧✐sé❡s ♣❛r ❧❛ ❤❛✉t❡✉r ❞✉ ❝❛♥❛❧ à ❧✬❡♥tré❡
H✳



✺✳✹✳ ❱✐t❡ss❡ ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ✶✵✾
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✭❛✮ ❉❖
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✭❜✮ ❉❖■
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✭❞✮ ❉❖✷

❋✐❣✉r❡ ✺✳✺ ✕ ❱✐t❡ss❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ♥♦r♠❛❧✐sé❡ U/U0c ❛✈❡❝ U rés✉❧t❛♥t ❞❡ ❧❛ ♠♦②❡♥♥❡ ❧♦♥❣✐t✉❞✐✲
♥❛❧❡ ❞❡ ❧❛ s♦❧✉t✐♦♥ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❜✐❞✐♠❡♥s✐♦♥♥❡❧ ✭♠♦②❡♥♥❡ ✷❉✮✱ é❝♦✉❧❡♠❡♥t ✉♥✐❞✐♠❡♥s✐♦♥♥❡❧
✭✐❞é❛❧ ✶❉✮ ❡t ❜✐❞✐♠❡♥s✐♦♥♥❡❧ ❧❡ ❧♦♥❣ ❞❡ ❧✬❛①❡ ❝❡♥tr❛❧ ❞❡ ❧❛ s❡❝t✐♦♥ ❝♦♥str✐❝té❡ ✭❝❡♥tr❡ ✷❉✮✳ ▲❛
✈✐t❡ss❡ U0c ✉t✐❧✐sé❡ ♣♦✉r ♥♦r♠❛❧✐s❡r ❧❡s ✈✐t❡ss❡s r❡♣rés❡♥t❡ ❧❛ ✈✐t❡ss❡ ❞é❜✐t❛♥t❡ à ❧❛ ❝♦♥str✐❝t✐♦♥✳

❈❡ ♥✐✈❡❛✉ ❞✬é❝❛rt ❡st ❢❛✐❜❧❡ ❝♦♠♣❛ré ❛✉① ✈❛❧❡✉rs ♣♦✉✈❛♥t ❛tt❡✐♥❞r❡ ❡♥✈✐r♦♥ ✹✵✪ ♦❜s❡r✈é❡s
❧♦rsq✉✬♦♥ ❝♦♠♣❛r❡ ❧❛ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ✉♥✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ❡t ❧❛ ✈✐t❡ss❡ ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ❧♦♥❣✐✲
t✉❞✐♥❛❧❡ ❛✉ ❝❡♥tr❡ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥✱ ♦✉ ❡♥❝♦r❡ ❧❛ ♣♦s✐t✐♦♥ tr❛♥s✈❡rs❛❧❡ ❝♦rr❡s♣♦♥❞❛♥t à h1,2/2
❛✈❡❝ ❧❛ ♥♦♠❡♥❝❧❛t✉r❡ ❞é✜♥✐❡ ❞❛♥s ❧❛ ✜❣✉r❡ ✺✳✷✳ ◆♦✉s ♦❜s❡r✈♦♥s q✉❡ ❧♦rsq✉❡ ❧❛ ✈✐t❡ss❡ à ❧✬❡①✲
tré♠✐té ❞❡ ❧✬♦❜st❛❝❧❡ ♥✬❡st ♣❛s ✭♦✉ ♠❛r❣✐♥❛❧❡♠❡♥t✮ ✐♥✢✉❡♥❝é❡ ♣❛r ✉♥ ❛✉tr❡ ♦❜st❛❝❧❡✱ ❝♦♠♠❡
❝✬❡st ❧❡ ❝❛s ♣♦✉r ✉♥ ♦❜st❛❝❧❡ s✐♠♣❧❡ ✭❙❖✮ ♦✉ ❡♥ ♣rés❡♥❝❡ ❞❡ ❞❡✉① ♦✉✈❡rt✉r❡s ❝♦♠♠❡ ♣♦✉r ❧❡
❝❛s ❵♦✈❡r❜✐t❡✬ ✭♦❝❝❧✉s✐♦♥ ❞❡♥t❛✐r❡✮ ❡①trê♠❡ ✭❉❖✷✮ ✭❝❢✳ ❝❤❛♠♣s ❞❡ ✈✐t❡ss❡ ❞❛♥s ❧❛ ✜❣✉r❡ ✺✳✹✮✱ ❧❛
✈✐t❡ss❡ ✉♥✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ s✉r❡st✐♠❡ ❧é❣èr❡♠❡♥t ✭≈✺✪✮ ❧❛ ✈✐t❡ss❡ ❝❡♥tr❛❧❡ ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ❛✉
s❡✐♥ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ✭❝✬❡st✲à✲❞✐r❡ à ❧✬❡①tré♠✐té ❞❡ ❧✬♦❜st❛❝❧❡✮✳ ❈❡tt❡ s✉r❡st✐♠❛t✐♦♥ ❝♦♥st❛té❡
♣♦✉r ❧❡ ♠♦❞è❧❡ ❞✬é❝♦✉❧❡♠❡♥t ✉♥✐❞✐♠❡♥s✐♦♥♥❡❧ s✉❣❣èr❡ ✉♥❡ ❛s②♠étr✐❡ tr❛♥s✈❡rs❛❧❡ ❞✉ ❝❤❛♠♣
❞❡ ✈✐t❡ss❡ ❝♦♠♠❡ ♦❜s❡r✈é q✉❛❧✐t❛t✐✈❡♠❡♥t s✉r ❧❛ ✜❣✉r❡ ✺✳✹✳

◆♦✉s ❞ét❛✐❧❧♦♥s ❞❛✈❛♥t❛❣❡ ❝❡ ♣♦✐♥t ❡♥ ❝♦♥s✐❞ér❛♥t ❧❡s ♣r♦✜❧s ❞❡ ✈✐t❡ss❡ tr❛♥s✈❡rs❛❧❡ ❛✉
❝❡♥tr❡ ❞❡ ❧✬❡①tré♠✐té ❞❡ ❧✬♦❜st❛❝❧❡✱ ❝♦♠♠❡ ✐❧❧✉stré s✉r ❧❛ ✜❣✉r❡ ✺✳✷✳ ❉❛♥s ❧❡ ❝❛s ♦ù ♣❧✉s✐❡✉rs
❡①tré♠✐tés ❞✬♦❜st❛❝❧❡ s♦♥t s✉✣s❛♠♠❡♥t ❵♣r♦❝❤❡s✬ ♣♦✉r q✉✬✐❧ ② ❛✐t ✉♥❡ ✐♥✢✉❡♥❝❡ ♠✉t✉❡❧❧❡ s✉r
❧❡ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ ❛✉ ✈♦✐s✐♥❛❣❡ ❞❡s ❡①tré♠✐tés ❞❡s ♦❜st❛❝❧❡s✱ ❧❛ ✈✐t❡ss❡ ✉♥✐❞✐♠❡♥s✐♦♥♥❡❧❧❡
s♦✉s✲❡st✐♠❡ ❥✉sq✉✬à ✹✵✪ ❧❡ ♣r♦✜❧ ❞❡ ✈✐t❡ss❡ ❝❡♥tr❛❧❡ ❧♦♥❣✐t✉❞✐♥❛❧❡✱ ❝♦♠♠❡ ❝✬❡st ❧❡ ❝❛s ♣♦✉r
❉❖ ❡t ❉❖■ ✐❧❧✉strés s✉r ❧❛ ✜❣✉r❡ ✺✳✺✳ ▲✬✐♠♣❛❝t ❞✬✉♥ ♦❜st❛❝❧❡ ❛♠♦♥t s✉r ❧❡ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡
❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ❛✉ ✈♦✐s✐♥❛❣❡ ❞❡ ❧✬❡①tré♠✐té ❞❡ ❧✬♦❜st❛❝❧❡ ❧❡ ♣❧✉s ❡♥ ❛✈❛❧ ♦✉ ❞❡ ❧✬♦✉✈❡rt✉r❡
❡st é❣❛❧❡♠❡♥t ♠♦♥tré✳ ▲✬✐♠♣♦rt❛♥❝❡ ❞❡ ❞ét❛✐❧s ❣é♦♠étr✐q✉❡s ❡st ✐❧❧✉stré❡ ❡♥ ♦❜s❡r✈❛♥t ❧❡s
❞✐✛ér❡♥❝❡s ❛✉ ♥✐✈❡❛✉ ❞❡s ✈✐t❡ss❡s ❝❡♥tr❛❧❡s ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡s ♦❜t❡♥✉❡s ♣♦✉r ❉❖ ✈❡rs✉s ❉❖■✱
s❛❝❤❛♥t q✉❡ ❉❖■ ❡st ♦❜t❡♥✉ à ♣❛rt✐r ❞❡ ❉❖ ❡♥ r❡♠♣❧❛ç❛♥t ❧✬♦❜st❛❝❧❡ ❛✈❛❧ ♣❛r s♦♥ r❡✢❡t ✈❡rt✐❝❛❧✱
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✭❜✮ U2D(x)/U1D(x)

❋✐❣✉r❡ ✺✳✻ ✕ ❘❛♣♣♦rt ❣❧♦❜❛❧ ❞❡ ❧❛ ♠♦②❡♥♥❡ ❡t ❞❡ ❧✬é❝❛rt✲t②♣❡ ✭❜❛rr❡s ✈❡rt✐❝❛❧❡s✮ ❬✪❪ ❡♥tr❡
❧❛ ✈✐t❡ss❡ ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ❧❡ ❧♦♥❣ ❞❡ ❧✬❛①❡ ❝❡♥tr❛❧ U2D ❡t ✉♥✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ U1D ♣♦✉r ❧❡s
❣é♦♠étr✐❡s ❞❡ ❝❛♥❛❧ ✐❧❧✉strés s✉r ❧❛ ✜❣✉r❡ ✺✳✷ ❛✈❡❝ ❧❡s ♣❛r❛♠ètr❡s ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✺✳✶ ✿ ✭❛✮
❛✉ ❝❡♥tr❡ ❧♦♥❣✐t✉❞✐♥❛❧ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ x = xc ✭×✮ ❡t ✭❜✮ ✈❛❧❡✉r ♠♦②❡♥♥❡ ♣♦✉r t♦✉t❡s ❧❡s
♣♦s✐t✐♦♥s ❧♦♥❣✐t✉❞✐♥❛❧❡s x ✭�✮✳ ❊♥ t❛♥t q✉❡ ré❢ér❡♥❝❡✱ ❧❡ r❛♣♣♦rt ❞❡ ✶✵✵✪ ❝♦rr❡s♣♦♥❞❛♥t à
U2D = U1D ❡st ✐♥❞✐q✉é ✭❧✐❣♥❡ ♣♦✐♥t✐❧❧é❡✮✳ ◆♦t♦♥s q✉❡ U1D(xc) ét❛✐t ❞é♥♦♠♠é❡ U0c ❞❛♥s ❧❛
✜❣✉r❡ ✺✳✺✳

❞❡ t❡❧❧❡ s♦rt❡ q✉✬é❝❤❛♥❣❡r ❧❡s ❛♥❣❧❡s ❞✬❛tt❛q✉❡ ❡t ❞❡ ❢✉✐t❡ ❞❡ ❧✬♦❜st❛❝❧❡ ❛♠♦♥t rés✉❧t❡ ❡♥ ✉♥❡
❛✉❣♠❡♥t❛t✐♦♥ ❞❡ ❧❛ ✈✐t❡ss❡ ❝❡♥tr❛❧❡ ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ♠❛①✐♠❛❧❡ ❞✬❡♥✈✐r♦♥ ✶✵✪✳ ▲❡s t❡♥❞❛♥❝❡s
❞✐s❝✉té❡s ♣♦✉r ❧❡s ❡①❡♠♣❧❡s ✐❧❧✉strés s✉r ❧❛ ✜❣✉r❡ ✺✳✹ r❡st❡♥t ❡♥ ♠♦②❡♥♥❡ ✈❛❧❛❜❧❡s ♣♦✉r ❧❡s
❝♦♥✜❣✉r❛t✐♦♥s ❣é♦♠étr✐q✉❡s é✈❛❧✉é❡s ré❝❛♣✐t✉❧é❡s ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✺✳✶✳ ▲❛ ✜❣✉r❡ ✺✳✻ ✐❧❧✉str❡ ❧❛
♠♦②❡♥♥❡ ❡t ❧✬é❝❛rt✲t②♣❡ ❞✉ r❛♣♣♦rt ❡♥tr❡ ❧❛ ✈✐t❡ss❡ ❝❡♥tr❛❧❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ✉♥✐❞✐♠❡♥s✐♦♥♥❡❧❧❡
❡t ❧❛ ✈✐t❡ss❡ ❝❡♥tr❛❧❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ❛✉✭①✮ ❝❡♥tr❡✭s✮ ❞✉ ✭❞❡s✮ ❡①tré♠✐tés ❞❡

❧✬♦❜st❛❝❧❡ ✭♦✉ ❞❡s ♦❜st❛❝❧❡s✮ x(1,2)c ✭✜❣✉r❡ ✺✳✻❛✮ ❡t ❧❡s ✈❛❧❡✉rs ❣❧♦❜❛❧❡s ♣♦✉r t♦✉t❡s ❧❡s ♣♦s✐t✐♦♥s
❧♦♥❣✐t✉❞✐♥❛❧❡s x ❝♦♠❜✐♥é❡s ✭✜❣✉r❡ ✺✳✻❜✮✳

▲❡s ✈❛❧❡✉rs ♠♦②❡♥♥❡s ♣♦✉r ❙❖ ❡t ❉❖✷ ❛✉ ❝❡♥tr❡ ❞❡ ❧✬❡①tré♠✐té ❞❡ ❧✬♦❜st❛❝❧❡ ✭✜❣✉r❡ ✺✳✻❛✮
s♦♥t ✐♥❢ér✐❡✉r❡s à ✶✵✵✪✱ ❝❡ q✉✐ s✐❣♥✐✜❡ ✉♥❡ ♣❧✉s ❣r❛♥❞❡ ✈❛❧❡✉r ❡♥ ♠♦②❡♥♥❡ ❞❡ ❧❛ ✈✐t❡ss❡ ✉♥✐❞✐✲
♠❡♥s✐♦♥♥❡❧❧❡ ❝♦♠♣❛ré❡ à ❧❛ ✈❛❧❡✉r ♦❜t❡♥✉❡ ❛✈❡❝ ✉♥ ♠♦❞è❧❡ ❜✐❞✐♠❡♥s✐♦♥♥❡❧✱ t❛♥❞✐s q✉❡ ❧✬✐♥✈❡rs❡
❡st ♦❜s❡r✈é ♣♦✉r ❉❖ ❡t ❉❖■ ✿ [♠❡❛♥❉❖✷ ♠❡❛♥❙❖] < [♠❡❛♥❉❖ ♠❡❛♥❉❖■]✳ ❈❡♣❡♥❞❛♥t✱ ❧❛ ❧❛r❣❡
ét❡♥❞✉❡ ❞❡s ♣❛r❛♠ètr❡s ❣é♦♠étr✐q✉❡s é✈❛❧✉és ❧✐stés ❞❛♥s ❧❡ t❛❜❧❡❛✉ ✺✳✶ rés✉❧t❡ ❡♥ ✉♥ é❝❛rt✲t②♣❡
✭st❞✮ q✉✐ ❡st ♠✐♥✐♠❛❧ ♣♦✉r ❧❡ ❝❛s ♦❜st❛❝❧❡ s✐♠♣❧❡ ✭❙❖✮ ❡t ❛✉❣♠❡♥t❡ q✉❛♥❞ ❧✬✐♠♣❛❝t ❞✉ ❝❤❛♠♣
❞❡ ✈✐t❡ss❡ ♣rès ❞❡ ❧✬♦❜st❛❝❧❡ ❛♠♦♥t s✉r ❧❡ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ ♣rès ❞❡ ❧✬♦❜st❛❝❧❡ ❛✈❛❧ ❞❡✈✐❡♥t ♣❧✉s
✐♠♣♦rt❛♥t ✿ st❞❙❖ < st❞❉❖ < st❞❉❖✷ < st❞❉❖✷✳ P❛r ❝♦♥séq✉❡♥t✱ ❧✬ét❡♥❞✉❡ ❞❡ ❧✬é❝❛rt✲t②♣❡
♠❡s✉r❡ ❧❛ s❡♥s✐❜✐❧✐té ❞✉ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ à ❧❛ ✈❛r✐❛t✐♦♥ ❞❡s ♣❛r❛♠ètr❡s ❣é♦♠étr✐q✉❡s✱ ❡t ❞♦♥❝
❧❛ ♣❡rt✐♥❡♥❝❡ ❞✬✉♥ ♠♦❞è❧❡ ❞✬é❝♦✉❧❡♠❡♥t ♣✉r❡♠❡♥t ✉♥✐❞✐♠❡♥s✐♦♥♥❡❧ ♣♦✉r r❡♣rés❡♥t❡r ❧❛ ✈✐t❡ss❡
❝❡♥tr❛❧❡ ✭❛✉ ❝❡♥tr❡ ❞❡ ❧✬❡①tré♠✐té ❞❡ ❧✬♦❜st❛❝❧❡✮✱ ❝♦♠♣❛ré à ✉♥ ♠♦❞è❧❡ ❞✬é❝♦✉❧❡♠❡♥t ❜✐❞✐♠❡♥✲
s✐♦♥♥❡❧ t❡♥❛♥t ❝♦♠♣t❡ ❞❡ ❧❛ ♠ê♠❡ ❝❛r❛❝tér✐st✐q✉❡ ♣❤②s✐q✉❡✱ ❝✬❡st✲à✲❞✐r❡ ❧❛ ♥é❝❡ss✐té ❞❡ ♣r❡♥❞r❡
❡♥ ❝♦♠♣t❡ ❧❡s ❞ét❛✐❧s ❞❡ ❧❛ ✈❛r✐❛t✐♦♥ ❞❡ s❡❝t✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❛✉ ✈♦✐s✐♥❛❣❡ ❞❡ ❧✬♦❜st❛❝❧❡✳

▲❛ ✈❛❧❡✉r ♠♦②❡♥♥❡ ❞✉ r❛♣♣♦rt ❣❧♦❜❛❧ U2D(x)/U1D(x) ❡♥tr❡ ❧❡s ✈✐t❡ss❡s ❝❡♥tr❛❧❡s ❧♦♥❣✐✲
t✉❞✐♥❛❧❡s ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ U2D(x) ❡t ✉♥✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ U1D(x) s♦✉❧✐❣♥❡ ❧✬✐♠♣♦rt❛♥❝❡ ❞❡ t❡✲
♥✐r ❝♦♠♣t❡ ❞❡s ❞ét❛✐❧s ❣é♦♠étr✐q✉❡s✱ ♣✉✐sq✉❡ ♣♦✉r t♦✉t❡s ❧❡s ❣é♦♠étr✐❡s é✈❛❧✉é❡s ✭❙❖✱ ❉❖✱



✺✳✹✳ ❱✐t❡ss❡ ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ✶✶✶

❉❖■✱ ❉❖✷✮✱ ❧✬é❝❛rt ❡♥tr❡ ❧❡s ♠♦❞è❧❡s ❞✬é❝♦✉❧❡♠❡♥t ❜✐✲ ❡t ✉♥✐❞✐♠❡♥s✐♦♥♥❡❧ ❞é♣❛ss❡ ✶✵✵✪✳
❊♥ ❝♦♥séq✉❡♥❝❡✱ ❡♥ ♠♦②❡♥♥❡ ❧❛ ✈✐t❡ss❡ ❧♦❝❛❧❡ ❝❡♥tr❛❧❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❡st ❝♦♥s✐❞ér❛❜❧❡♠❡♥t
s♦✉s✲❡st✐♠é❡ ♣❛r ❧❡ ♠♦❞è❧❡ ✉♥✐❞✐♠❡♥s✐♦♥♥❡❧✳ ▲❡s t❡♥❞❛♥❝❡s ❡♥tr❡ ❧❡s ❞✐✛ér❡♥t❡s ❣é♦♠étr✐❡s
♣♦✉r ❧❛ ♠♦②❡♥♥❡ ❡t ❧✬é❝❛rt✲t②♣❡✱ ♣♦✉r ❧❡s ❝❛r❛❝tér✐st✐q✉❡s ❧♦♥❣✐t✉❞✐♥❛❧❡s ❝❡♥tr❛❧❡s ❜✐❞✐♠❡♥✲
s✐♦♥♥❡❧❧❡s ❣❧♦❜❛❧❡s ✭✜❣✉r❡ ✺✳✻❜✮ s♦♥t ✐♥✈❡rsé❡s✱ ♣❛r r❛♣♣♦rt à ❝❡❧❧❡s ♦❜s❡r✈é❡s ❛✉ ❝❡♥tr❡
❞❡ ❧✬♦❜st❛❝❧❡ ✭♦✉ ❞❡s ♦❜st❛❝❧❡s✮✱ ❝♦♠♠❡ ♦❜s❡r✈é s✉r ❧❛ ✜❣✉r❡ ✺✳✻❛✳ ❊♥ ❡✛❡t✱ ❧❡s ✈❛❧❡✉rs
♠♦②❡♥♥❡s ❧♦♥❣✐t✉❞✐♥❛❧❡s ❣❧♦❜❛❧❡s✱ ❛✐♥s✐ q✉❡ ❧❡s é❝❛rts✲t②♣❡s ❛ss♦❝✐és ❝♦rr❡s♣♦♥❞❡♥t ❛✉① r❡✲
❧❛t✐♦♥s [♠❡❛♥❉❖✷ ♠❡❛♥❙❖] > [♠❡❛♥❉❖ ♠❡❛♥❉❖■] ❡t st❞❉❖ < st❞❉❖■ < st❞❉❖✷ < st❞❙❖✳
❆✐♥s✐✱ ❧❛ ✈✐t❡ss❡ ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ❝❡♥tr❛❧❡ ❡st ♣❧✉s s❡♥s✐❜❧❡ ❛✉① ❞ét❛✐❧s ❣é♦♠étr✐q✉❡s ❡t ❛✛❡❝t❡
❞❛✈❛♥t❛❣❡ ❧❛ ✈✐t❡ss❡ ❣❧♦❜❛❧❡ ❧♦rsq✉❡ ❧❛ ❣é♦♠étr✐❡ ❞❡ ❝❛♥❛❧ ❡①❤✐❜❡ ✉♥❡ ♣❡t✐t❡ ♦✉✈❡rt✉r❡ ❡♥tr❡
❧✬❡①tré♠✐té ❞❡ ❧✬♦❜st❛❝❧❡ ❡t ❧❛ ♣❛r♦✐ ❞✉ ❝❛♥❛❧✱ ❝♦♠♠❡ ❝♦♥st❛té ♣♦✉r ❧✬♦❜st❛❝❧❡ s✐♠♣❧❡ ✭❙❖✮ ❡t
❧❡ ❝❛s ❵♦✈❡r❜✐t❡✬ ✭❉❖✷✮✳ ❈❡❝✐ s✬❡①♣❧✐q✉❡ ♣❛r ❧✬❛❝❝é❧ér❛t✐♦♥ ❛❝❝r✉❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❧❡ ❧♦♥❣ ❞❡s
❛rêt❡s ❞❡ ❧✬♦❜st❛❝❧❡✱ ❝♦♠♣❛ré ❛✉① ❣é♦♠étr✐❡s ❞❡ ❝❛♥❛❧ ♣♦✉r ❧❡sq✉❡❧❧❡s ❧✬♦✉✈❡rt✉r❡ ❡st ❞❛✈❛♥t❛❣❡
❝❡♥tré❡ ✭❝❡ q✉✐ ❡st ❧❡ ❝❛s ♣♦✉r ❉❖ ❡t ❉❖■✱ ❝♦♠♠❡ ✈✉ s✉r ❧❛ ✜❣✉r❡ ✺✳✷✮✳

✺✳✹✳✸ Pr♦✜❧ tr❛♥s✈❡rs❛❧ ❞❡ ✈✐t❡ss❡

❙❛❝❤❛♥t q✉❡ ❧❡s ❡✛❡ts ❝✐♥ét✐q✉❡s ♦♥t ✉♥❡ ✐♥✢✉❡♥❝❡ s✉r ❧❛ ✈✐t❡ss❡ ❝❡♥tr❛❧❡✱ ❧❛ ✈✐t❡ss❡ tr❛♥s✲
✈❡rs❛❧❡ ❛✉① ♣♦s✐t✐♦♥s ❧♦♥❣✐t✉❞✐♥❛❧❡s ❞❛♥s ❧❡ ✈♦✐s✐♥❛❣❡ ❞❡ ❧✬❡①tré♠✐té ❞❡ ❧✬♦❜st❛❝❧❡ ✈❛r✐❡ à ♣❛rt✐r
❞✉ ♣r♦✜❧ ✉♥✐❢♦r♠❡ ❝♦rr❡s♣♦♥❞❛♥t à ❧❛ ✈✐t❡ss❡ ❞é❜✐t❛♥t❡ ❧♦❝❛❧❡ ✉♥✐❞✐♠❡♥s✐♦♥♥❡❧❧❡✳ ▲❛ ✜❣✉r❡ ✺✳✼
✐❧❧✉str❡ ❧❡s ♣r♦✜❧s tr❛♥s✈❡rs❛✉① ❛✉① ♣♦s✐t✐♦♥s ❧♦♥❣✐t✉❞✐♥❛❧❡s ❝♦rr❡s♣♦♥❞❛♥t ❛✉ ❝❡♥tr❡ ❞❡ ❧✬❡①✲
tré♠✐té ❞❡ ❧✬♦❜st❛❝❧❡✱ q✉✐ s♦♥t ❞é♥♦♠♠é❡s x1,2c s✉r ❧❛ ✜❣✉r❡ ✺✳✷✳ ▲❡s ♣r♦✜❧s tr❛♥s✈❡rs❛✉① ♣♦✉r
❧❡s ❞✐✛ér❡♥t❡s ✈❛❧❡✉rs ❞❡ ❧✬❛♥❣❧❡ ❞✬❛tt❛q✉❡ ❛♠♦♥t θ1 ✭✶✵✼➦ ♦✉ ✶✺✵➦✮ ❡t ❞❡ ❧❛ ❧♦♥❣✉❡✉r ❞❡ ❧✬❡①tré✲
♠✐té ❞❡ ❧✬♦❜st❛❝❧❡ L1 ✭✷✵✪✱ ✺✵✪ ♦✉ ✶✵✵✪✮ ♣♦✉r ✉♥❡ ❝♦♥✜❣✉r❛t✐♦♥ ♦❜st❛❝❧❡ s✐♠♣❧❡ ❛✈❡❝ ❞❡❣ré
❞✬♦✉✈❡rt✉r❡ h1/H = 30✪✱ ❞é♥♦♠♠é❡ ❵❙❖✬ s✉r ❧❛ ✜❣✉r❡ ✺✳✷✱ s♦♥t ♣rés❡♥tés s✉r ❧❛ ✜❣✉r❡ ✺✳✼❛✳

▲❡ ❝❡♥tr❡ ❞❡ ❧✬❡①tré♠✐té ❞❡ ❧✬♦❜st❛❝❧❡ ❡st ❜✐❡♥ é✈✐❞❡♠♠❡♥t s✐t✉é ❞❛✈❛♥t❛❣❡ ❡♥ ❛✈❛❧ ❞❡ ❧✬❡♥✲
tré❡ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ❞❛♥s ❧❡ ❝❛s ♦ù ❧❛ ❧♦♥❣✉❡✉r ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ♦✉ ❜✐❡♥ ❞❡ ❧✬❡①tré♠✐té ❞❡
❧✬♦❜st❛❝❧❡ L1 ❡st ❛❧❧♦♥❣é❡✳ ❊♥ r❛✐s♦♥ ❞✬✉♥❡ ❛❝❝é❧ér❛t✐♦♥ ❛❝❝r✉❡ ❡♥ ❛♠♦♥t ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ❧❡
❧♦♥❣ ❞❡ ❧✬❡①tré♠✐té ❞❡ ❧✬♦❜st❛❝❧❡✱ ❝♦♠♣❛ré❡ à ❧✬❛❝❝é❧ér❛t✐♦♥ ❧❡ ❧♦♥❣ ❞❡ ❧❛ ♣❛r♦✐ r✐❣✐❞❡ ❡♥ ❣é♥ér❛❧✱
✉♥ ♣r♦✜❧ tr❛♥s✈❡rs❛❧ ❛s②♠étr✐q✉❡ ❡st ♦❜t❡♥✉ à ❧✬❡①tré♠✐té ❞❡ ❧✬♦❜st❛❝❧❡✱ ♣♦✉r ❧❡q✉❡❧ ❧❛ ✈✐t❡ss❡
❡st ♣❧✉s é❧❡✈é❡ ♣rès ❞❡ ❧✬♦❜st❛❝❧❡✱ ♣❛r r❛♣♣♦rt à ❧❛ ♣❛r♦✐ r✐❣✐❞❡✳ ❙❛❝❤❛♥t q✉❡ ❧✬❛❝❝é❧ér❛t✐♦♥
❡st ♣❧✉s ✐♠♣♦rt❛♥t❡ ❧♦rsq✉❡ ❧✬❛♥❣❧❡ ✈✉ ♣❛r ❧✬é❝♦✉❧❡♠❡♥t ❡st ♣❧✉s ❛❜r✉♣t✱ ❧✬❛s②♠étr✐❡ ❛✉❣♠❡♥t❡
❧♦rsq✉❡ ❧✬❛♥❣❧❡ s❡ ré❞✉✐t✱ ❝♦♠♠❡ ♦❜s❡r✈é s✉r ❧❛ ✜❣✉r❡ ✺✳✼❛ q✉❛♥❞ ♥♦✉s ❝♦♠♣❛r♦♥s ❧❡s ♣r♦✜❧s
♣♦✉r ❧❡s ❛♥❣❧❡s ✶✵✼➦❡t ✶✺✵➦✳ P♦✉r ✉♥ ❞❡❣ré ❞✬♦✉✈❡rt✉r❡ ❝♦♥st❛♥t✱ ❧❡s ♣r♦✜❧s tr❛♥s✈❡rs❛✉① ♣r✐s
❧♦✐♥ ❡♥ ❛✈❛❧ ❞❡ ❧✬❡♥tré❡ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ❞❡✈✐❡♥♥❡♥t ♠♦✐♥s s❡♥s✐❜❧❡s ✭❡t ❛✉ ✜♥❛❧ ✐♥s❡♥s✐❜❧❡s✮
❛✉① ✈❛❧❡✉rs ❞❡s ♣❛r❛♠ètr❡s ❣é♦♠étr✐q✉❡s ✭θ1 ♦r L1✮✳ ❙✉r ❧❛ ✜❣✉r❡ ✺✳✼❛✱ ❧✬✐♠♣❛❝t r❡❧❛t✐❢ ❞❡ θ1 ♦✉
L1 ❞❡✈✐❡♥t ♠♦✐♥s ✐♠♣♦rt❛♥t ❧♦rsq✉❡ L1 ❡st ét❡♥❞✉ ❞❡ ✷✵✪ à ✶✵✵✪✳ ❈❡♣❡♥❞❛♥t✱ ♣rès ❞❡ ❧✬❡①tré✲
♠✐té ❞❡ ❧✬♦❜st❛❝❧❡ ❞✬❛tt❛q✉❡✱ ❝✬❡st✲à✲❞✐r❡ à ❧✬❡♥tré❡ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥✱ ❧❡s ♣r♦✜❧s tr❛♥s✈❡rs❛✉①
♥✬❛✉❣♠❡♥t❡♥t ♣❛s ❞❡ ♠❛♥✐èr❡ ♠♦♥♦t♦♥❡✱ ♠❛✐s ❡①❤✐❜❡♥t ✉♥ ♠✐♥✐♠✉♠ ❧♦❝❛❧✱ q✉✐ ♣♦✉rr❛✐t ❛✈♦✐r
✉♥❡ ✐♥✢✉❡♥❝❡ s✉r ❧❡s ♣r♦✜❧s tr❛♥s✈❡rs❛✉① ❞❛♥s ❧❡ ❝❛s ❞❡ ♣❡t✐t❡s ❝♦♥str✐❝t✐♦♥s✳

▲✬❡✛❡t ❞✬✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ❞✉ ❞❡❣ré ❞✬♦✉✈❡rt✉r❡ ❧♦rsq✉❡ ❧❡s ❛✉tr❡s ♣❛r❛♠ètr❡s ❣é♦♠é✲
tr✐q✉❡s s♦♥t ♠❛✐♥t❡♥✉s ❝♦♥st❛♥ts✱ ♣♦✉r ❧❡ ❝❛s ❞❡ ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ♦❜st❛❝❧❡ s✐♠♣❧❡ ✭❙❖✮✱ ❡st



✶✶✷ ❈❤❛♣✐tr❡ ✺✳ ❙✐♠✉❧❛t✐♦♥s ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡s
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✭❝✮ ❉❖ ✿ θ1,2 = 107o✱ L1,2 = 20% ❡t h1/H = 10%

✭❞✮ ❉❖ ✿ θ1,2 = 107o✱ L1,2 = 20% ❡t h1/H = 30%

❋✐❣✉r❡ ✺✳✼ ✕ Pr♦✜❧s tr❛♥s✈❡rs❛✉① ❞❡ ✈✐t❡ss❡ ♥♦r♠❛❧✐sé❡ ❛✉① ♣♦s✐t✐♦♥s ❧♦♥❣✐t✉❞✐♥❛❧❡s x1,2c
❝♦rr❡s♣♦♥❞❛♥t ❛✉ ❝❡♥tr❡ ❞❡ ❧✬❡①tré♠✐té ❞❡ ❧✬♦❜st❛❝❧❡ ♣♦✉r ❧❡s ❣é♦♠étr✐❡s ❞é♥♦♠♠é❡s ❙❖ ✭❛✱❜✮ ❡t
❉❖ ✭❝✱❞✮ s✉r ❧❛ ✜❣✉r❡ ✺✳✷✳ ▲❛ ♣❛rt✐❡ ❣r✐sé❡ ♠❛tér✐❛❧✐s❡ ❧✬♦✉✈❡rt✉r❡ q✉❛♥❞ ❧❛ ♣♦s✐t✐♦♥ tr❛♥s✈❡rs❛❧❡
❡st ♥♦r♠❛❧✐sé❡ ♣❛r ❧❛ ❤❛✉t❡✉r ❞❡ ❝❛♥❛❧ ♥♦♥ ❝♦♥str✐❝té ❝♦♠♠❡ y/H✳



✺✳✹✳ ❱✐t❡ss❡ ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ✶✶✸

✐❧❧✉stré s✉r ❧❛ ✜❣✉r❡ ✺✳✼❜✳ ▲❡ ❧♦♥❣ ❞❡ ❧❛ ♣❛r♦✐ r✐❣✐❞❡✱ ❧❛ ❞✐✛ér❡♥❝❡ ❡♥tr❡ ❧❡s ❞❡❣rés ❞✬♦✉✈❡rt✉r❡
❞❡ ✶✵✪✱ ✸✵✪ ❡t ✺✵✪ ❡st ✐♥❢ér✐❡✉r❡ à ✶✪✱ ❛❧♦rs q✉❡ ❧❡ ❧♦♥❣ ❞✉ ❝❡♥tr❡ ❞❡ ❧✬❡①tré♠✐té ❞❡ ❧✬♦❜st❛❝❧❡✱
❧❛ ❞✐✛ér❡♥❝❡ ❛tt❡✐♥t ✶✵✪✳

▲❡s ♣r♦✜❧s tr❛♥s✈❡rs❛✉① ♣♦✉r ❧❛ ❣é♦♠étr✐❡ ❞❡ ❝❛♥❛❧ ❝♦♥t❡♥❛♥t ❞❡✉① ♦❜st❛❝❧❡s s♦♥t ♣ré✲
s❡♥tés s✉r ❧❡s ✜❣✉r❡s ✺✳✼❝ ❡t ✺✳✼❞ ♣♦✉r ❧❛ ❣é♦♠étr✐❡ ❞é♥♦♠♠é❡ ❵❉❖✬ ❞❛♥s ❧❛ ✜❣✉r❡ ✺✳✷✳ ▲❡s
♣r♦✜❧s tr❛♥s✈❡rs❛✉① ❞✬✉♥❡ ❝♦♥str✐❝t✐♦♥ ❝❡♥tré❡ ❛✈❡❝ ✉♥ ❞❡❣ré ❞✬♦✉✈❡rt✉r❡ ❞❡ h1/H = 10✪
s♦♥t ♣rés❡♥tés s✉r ❧❛ ✜❣✉r❡ ✺✳✼❝✳ ▲❛ ❣é♦♠étr✐❡ ❞❡s ♦❜st❛❝❧❡s ❡st ❝♦♥st❛♥t❡✱ ♠❛✐s ❞é❝❛❧é❡ ❞❛♥s
❧❛ ❞✐r❡❝t✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❡♥ ❛✉❣♠❡♥t❛♥t ❣r❛❞✉❡❧❧❡♠❡♥t ❧❡ ♣❛r❛♠ètr❡ d s✉r ❧❛ ✜❣✉r❡ ✺✳✷ ❞❡
✵✪✱ ❝♦rr❡s♣♦♥❞❛♥t à ✉♥❡ ❝♦♥str✐❝t✐♦♥ s②♠étr✐q✉❡✱ ❥✉sq✉❡ ✶✵✵✪✱ ♣♦✉r ❧❛q✉❡❧❧❡ ❧❡s ❡①tré♠✐tés
❞✬♦❜st❛❝❧❡ ♥❡ s♦♥t ♣❧✉s s✉♣❡r♣♦sé❡s✱ ❝♦♠♠❡ ♠♦♥tré s✉r ❧❛ ✜❣✉r❡ ✺✳✹✳ ❙❛❝❤❛♥t q✉❡ ❧❛ ❝♦♥str✐❝✲
t✐♦♥ ❡st ❝❡♥tré❡✱ ❧❡ ❝❛s ♥♦♥ ❞é❝❛❧é ✭✵✪✮ rés✉❧t❡ ❡♥ ✉♥ ♣r♦✜❧ tr❛♥s✈❡rs❛❧ s②♠étr✐q✉❡✱ ❛✈❡❝ ✉♥
♠✐♥✐♠✉♠ s✉r ❧✬❛①❡ ❝❡♥tr❛❧✱ t❛♥❞✐s q✉✬✉♥❡ ❛❝❝é❧ér❛t✐♦♥ ✐❞❡♥t✐q✉❡ s❡ ♣r♦❞✉✐t ❧❡ ❧♦♥❣ ❞❡s ♣❛r♦✐s
❞✬♦❜st❛❝❧❡✳ ◗✉❛♥❞ ❧❡s ♦❜st❛❝❧❡s s♦♥t ❞é❝❛❧és✱ ❧❡s ♣r♦✜❧s ❛✉ ❝❡♥tr❡ ❞❡ ❧✬♦❜st❛❝❧❡ s✉♣ér✐❡✉r ♦✉
✐♥❢ér✐❡✉r r❡st❡♥t s②♠étr✐q✉❡s✳ P♦✉r ❞❡s r❛✐s♦♥s ❞❡ ❝❧❛rté s❡✉❧ ❧❡ ♣r♦✜❧ à ❧✬♦❜st❛❝❧❡ s✉♣ér✐❡✉r ❡st
♣rés❡♥té✳

▲♦rsq✉❡ ❧❛ ❞✐st❛♥❝❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❡♥tr❡ ❧❡s ❞❡✉① ♦❜st❛❝❧❡s ❛✉❣♠❡♥t❡✱ ❧❡s ♣r♦✜❧s tr❛♥s✈❡r✲
s❛✉① s♦♥t ♠♦✐♥s ❡♠♣r❡✐♥ts ❞❡ ❧❛ ♣rés❡♥❝❡ ❞✉ s❡❝♦♥❞ ♦❜st❛❝❧❡✱ ❞❡ s♦rt❡ q✉❡ ❧❛ ❞✐✛ér❡♥❝❡ r❡❧❛t✐✈❡
❡♥tr❡ ❞❡s ♣r♦✜❧s ♣♦✉r ❞✐✛ér❡♥t❡s ❞✐st❛♥❝❡s ❞✬♦❜st❛❝❧❡ ❞✐♠✐♥✉❡ ❥✉sq✉✬à ❝❡ q✉✬❛✉ ✜♥❛❧ ❧❡s ♣r♦✜❧s
tr❛♥s✈❡rs❛✉① s✬❛♣♣r♦❝❤❡♥t ❞❡s ♣r♦✜❧s ❛tt❡♥❞✉s ♣♦✉r ✉♥ ♦❜st❛❝❧❡ s✐♠♣❧❡✱ ❝♦♠♠❡ ✐❧❧✉stré s✉r
❧❡s ✜❣✉r❡s ✺✳✼❛ ♦✉ ✺✳✼❜✳ ▲♦rsq✉❡ ❧✬♦✉✈❡rt✉r❡ ♥✬❡st ♣❧✉s ❝❡♥tré❡✱ ♠❛✐s ❞é❝❛❧é❡ ❧❡ ❧♦♥❣ ❞❡ ❧❛ ❞✐✲
r❡❝t✐♦♥ tr❛♥s✈❡rs❛❧❡ y✱ ❧❡s ♣r♦✜❧s tr❛♥s✈❡rs❛✉① ❛✉① ♦❜st❛❝❧❡s s✉♣ér✐❡✉rs ❡t ✐♥❢ér✐❡✉rs ♥❡ s♦♥t
♣❧✉s ❛s②♠étr✐q✉❡s✱ s✐ ❜✐❡♥ q✉✬✉♥❡ ❧❛r❣❡ ✈❛r✐❛t✐♦♥ ❞❡s ♣r♦✜❧s tr❛♥s✈❡rs❛✉① ♣♦✉rr❛✐t s❡ ♣r♦❞✉✐r❡
s❡❧♦♥ ❧❡s ♣❛r❛♠ètr❡s ❣é♦♠étr✐q✉❡s✱ ❝♦♠♠❡ ✐❧❧✉stré s✉r ❧❛ ✜❣✉r❡ ✺✳✼❞✳ ▲❛ ✜❣✉r❡ ✺✳✽ ❢♦✉r♥✐t ✉♥❡
❝♦♠♣❛r❛✐s♦♥ ❣❧♦❜❛❧❡ ❞❡ ❧❛ ♠♦②❡♥♥❡ ❡t ❞❡ ❧✬é❝❛rt✲t②♣❡ ❞❡ ❧❛ ✈❛r✐❛t✐♦♥ ξ ❞❡s ♣r♦✜❧s tr❛♥s✈❡rs❛✉①
❞❡ ✈✐t❡ss❡ ❛✉ ❝❡♥tr❡ ❞❡s ❡①tré♠✐tés ❞✬♦❜st❛❝❧❡s✱ U2D(x

1,2
c )✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ♣❛r❛♠ètr❡s ❣é♦♠é✲

tr✐q✉❡s ♣♦✉r ❝❤❛❝✉♥ ❞❡s ❝♦♥✜❣✉r❛t✐♦♥s ❞é❝r✐t❡s ❞❛♥s ❧❛ ✜❣✉r❡ ✺✳✷✳ ▲❛ ✈❛r✐❛t✐♦♥ ξ ♣♦✉r ✉♥ s❡✉❧
♣r♦✜❧ ❞❡ ✈✐t❡ss❡ ❡st ♠❡s✉ré❡ ❝♦♠♠❡

ξ =
max

(

U2D(xc)
)

−min
(

U2D(xc)
)

U0c
, ✭✺✳✷✹✮

♦ù ❧❛ ♥♦r♠❛❧✐s❛t✐♦♥ ❡st ❡✛❡❝t✉é❡ ♣❛r r❛♣♣♦rt à ❧❛ ✈✐t❡ss❡ ✉♥✐❞✐♠❡♥s✐♦♥♥❡❧❧❡ ❞é❜✐t❛♥t❡ ❧♦❝❛❧❡
❝♦rr❡s♣♦♥❞❛♥t❡ U0c = U1D(x

1,2
c )✳ ❊♥ ❣é♥ér❛❧✱ ❧❡s ♦❜s❡r✈❛t✐♦♥s ♣♦✉r ❧❡s ♣r♦✜❧s ❞❡ ✈✐t❡ss❡ tr❛♥s✲

✈❡rs❛✉① à ♣❛rt✐r ❞❡ ❧❛ ✜❣✉r❡ ✺✳✽ ❝♦♥✜r♠❡♥t ❧❡s rés✉❧t❛ts ♣♦✉r ❧❛ ✈✐t❡ss❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ✐❧❧✉stré❡
s✉r ❧❛ ✜❣✉r❡ ✺✳✻❛✳ ❊♥ ❡✛❡t✱ ♣♦✉r t♦✉t❡s ❧❡s ❣é♦♠étr✐❡s ❧❛ ✈❛r✐❛t✐♦♥ ♠♦②❡♥♥❡ tr♦✉✈é❡ ξ ❡st
❧❛r❣❡✱ ❡♥ ♠♦②❡♥♥❡ ❡♥tr❡ ✸✵ ❡t ✶✹✵✪ ❞❡ ❧❛ ✈✐t❡ss❡ ❞é❜✐t❛♥t❡ ❧♦❝❛❧❡✳ ❉❡ ♣❧✉s✱ ❧✬✐♥✢✉❡♥❝❡ ❞❡s
♣❛r❛♠ètr❡s ❣é♦♠étr✐q✉❡s s✉r ❧❛ ✈❛r✐❛t✐♦♥ ❡st ❝♦♥s✐❞ér❛❜❧❡✱ s❛❝❤❛♥t q✉❡ ♣♦✉r t♦✉t❡s ❧❡s ❝♦♥✜✲
❣✉r❛t✐♦♥s ❧✬é❝❛rt✲t②♣❡ ∆ξ ≥ ξ/2✳ ❊♥ ♦✉tr❡✱ ❧❛ ✈❛r✐❛t✐♦♥ ❡st ♠❛①✐♠❛❧❡ ♣♦✉r ❧❡s ❝♦♥✜❣✉r❛t✐♦♥s
❵❉❖✬ ❡t ❵❉❖■✬ s✉r ❧❛ ✜❣✉r❡ ✺✳✷✳
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❋✐❣✉r❡ ✺✳✽ ✕ ❈♦♠♣❛r❛✐s♦♥ ❞❡ ❧❛ ♠♦②❡♥♥❡ ✭�✮ ❡t ❞❡ ❧✬é❝❛rt✲t②♣❡ ✭❜❛rr❡s ✈❡rt✐❝❛❧❡s✮ ❬✪❪ ❞❡
❧❛ ✈❛r✐❛t✐♦♥✱ ξ ± ∆ξ✱ ❞❡s ♣r♦✜❧s ❞❡ ✈✐t❡ss❡ tr❛♥s✈❡rs❛✉① ❛✉ ❝❡♥tr❡ ❞❡s ❡①tré♠✐tés ❞✬♦❜st❛❝❧❡✱
U2D(x

1,2
c )✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ♣❛r❛♠ètr❡s ❣é♦♠étr✐q✉❡s ♣♦✉r ❝❤❛❝✉♥❡ ❞❡s ❝♦♥✜❣✉r❛t✐♦♥s ❞é❝r✐t❡s

s✉r ❧❛ ✜❣✉r❡ ✺✳✷✳ ❊♥ t❛♥t q✉❡ ré❢ér❡♥❝❡✱ ❧❛ ❧✐❣♥❡ ♣♦✐♥t✐❧❧é❡ ✐♥❞✐q✉❡ ✉♥❡ ✈❛r✐❛t✐♦♥ q✉✐ ❝♦ï♥❝✐❞❡
❛✈❡❝ ❧❛ ✈✐t❡ss❡ ❞é❜✐t❛♥t❡ ❧♦❝❛❧❡ U0c = U1D(x

1,2
c )✳

✺✳✺ ❈♦♥❝❧✉s✐♦♥ ❞✉ ❈❤❛♣✐tr❡ ✺

❉❛♥s ❝❡ ❝❤❛♣✐tr❡✱ ♥♦✉s ❛✈♦♥s ❝♦♥s✐❞éré ✉♥ ♠♦❞è❧❡ ❞✬é❝♦✉❧❡♠❡♥t ♣r❡♥❛♥t ❡♥ ❝♦♠♣t❡ ❧✬❛❝❝é❧é✲
r❛t✐♦♥ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❞✉❡ à ❞❡s ❝♦♥tr❛✐♥t❡s ❣é♦♠étr✐q✉❡s✳ ❯♥ ♦✉ ❞❡✉① ♦❜st❛❝❧❡s tr❛♣é③♦ï❞❛✉①
♦♥t été ✐♥sérés ❞❛♥s ✉♥ ❝❛♥❛❧ ✉♥✐❢♦r♠❡ ❞❡ t❡❧❧❡ s♦rt❡ q✉✬❛✉❝✉♥❡ ❛❝❝é❧ér❛t✐♦♥ ♥❡ ❢✉t ✐♥❞✉✐t❡
♣❛r ❧❡ ❝❛♥❛❧ ❡♥✈❡❧♦♣♣❛♥t ❧✬♦❜st❛❝❧❡✱ ♣❛r ❡①❡♠♣❧❡ ♣❛r ❞❡s ❝♦✉r❜✉r❡s✱ ✐♠♣❡r❢❡❝t✐♦♥s ❞❡ ♣❛r♦✐s
♦✉ ♦♥❞✉❧❛t✐♦♥s✳ ▲❡s rés✉❧t❛ts ♦❜t❡♥✉s ♠♦♥tr❡♥t q✉❡ ❧❡s ❣é♦♠étr✐❡s ❛✈❡❝ ♦❜st❛❝❧❡ tr❛♣é③♦ï❞❛❧
s♦♥t ♣❡rt✐♥❡♥t❡s ♣♦✉r ét✉❞✐❡r ❧✬✐♥✢✉❡♥❝❡ ❞❡s ✐♥❝✐s✐✈❡s ✐♥❢ér✐❡✉r❡s ❡t s✉♣ér✐❡✉r❡s✳ ❉❡ ♣❧✉s✱ ❧❡s
❝♦♥✜❣✉r❛t✐♦♥s ❛✈❡❝ ❞♦✉❜❧❡ ♦❜st❛❝❧❡ ❢♦✉r♥✐ss❡♥t ✉♥ ♠♦❞è❧❡ s✐♠♣❧❡ ❞✬é❝♦✉❧❡♠❡♥t ❜✐❞✐♠❡♥s✐♦♥♥❡❧
♣❡rt✐♥❡♥t ♣♦✉r ét✉❞✐❡r ❞✐✛ér❡♥t❡s s✐t✉❛t✐♦♥s ❞✬♦❝❝❧✉s✐♦♥ ❞❡♥t❛✐r❡✳ ❊♥ ❝♦♠♣❧é♠❡♥t ❞❡ ❝❡s s✐♠✉✲
❧❛t✐♦♥s ❜✐❞✐♠❡♥s✐♦♥♥❡❧❧❡s✱ ❞❡s ♠♦❞è❧❡s ✉♥✐❞✐♠❡♥s✐♦♥♥❡❧s s♦♥t ✉t✐❧✐sés ❞❛♥s ❧✬❆♥♥❡①❡ ❇ ♣♦✉r
é✈❛❧✉❡r ❧✬✐♥✢✉❡♥❝❡ ❞❡ ❧❛ ♣rés❡♥❝❡ ❞✬♦❜st❛❝❧❡s s✉r ❧✬❛❝♦✉st✐q✉❡✳ ▲❡ ❝❤❛♣✐tr❡ s✉✐✈❛♥t✱ q✉❛♥t à ❧✉✐✱
tr❛✐t❡ ❞❡ s✐♠✉❧❛t✐♦♥s tr✐❞✐♠❡♥s✐♦♥♥❡❧❧❡s ❞✬é❝♦✉❧❡♠❡♥t ♣r❡♥❛♥t ❡♥ ❝♦♠♣t❡ ❧❛ t✉r❜✉❧❡♥❝❡✱ ❡t ❞❡
♣ré❞✐❝t✐♦♥s ❛ér♦❛❝♦✉st✐q✉❡s à ♣❛rt✐r ❞❡ ❝❡s s✐♠✉❧❛t✐♦♥s✳



❈❤❛♣✐tr❡ ✻

❙✐♠✉❧❛t✐♦♥s ❞❡s ●r❛♥❞❡s ➱❝❤❡❧❧❡s

❙♦♠♠❛✐r❡
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✻✳✶✳✶ Pr✐♥❝✐♣❡ ❞❡ ❧❛ ❙✐♠✉❧❛t✐♦♥ ❞❡s ●r❛♥❞❡s ➱❝❤❡❧❧❡s ✭▲❊❙✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✺
✻✳✶✳✷ ▼♦❞è❧❡s ❛ér♦❛❝♦✉st✐q✉❡s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶✽

✻✳✷ P❛r❛♠ètr❡s ❞❡s s✐♠✉❧❛t✐♦♥s ▲❊❙ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✷

✻✳✷✳✶ ▼♦❞è❧❡ ♥✉♠ér✐q✉❡ tr✐❞✐♠❡♥s✐♦♥♥❡❧ ❞❡ ❧❛ ♠❛q✉❡tt❡ s✐♠♣❧❡ ♦❜st❛❝❧❡ ✳ ✳ ✳ ✳ ✶✷✷
✻✳✷✳✷ ▼✐s❡ ❡♥ ♦❡✉✈r❡ ❞❡s s✐♠✉❧❛t✐♦♥s ▲❊❙ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✸
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✻✳✸ ❘és✉❧t❛ts ❞❡s s✐♠✉❧❛t✐♦♥s ▲❊❙ ❡t ❞✐s❝✉ss✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷✽
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✻✳✹ Pré❞✐❝t✐♦♥ ❛ér♦❛❝♦✉st✐q✉❡ à ♣❛rt✐r ❞❡s ❞♦♥♥é❡s ▲❊❙ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✹

✻✳✹✳✶ ❘é❣é♥ér❛t✐♦♥ ❛❧é❛t♦✐r❡ ❞❡s ❝❤❛♠♣s t✉r❜✉❧❡♥ts ❞❡ ✈✐t❡ss❡ ❡t ❞❡ ♣r❡ss✐♦♥
✐♥st❛♥t❛♥é❡s ♣❛r t✉r❜✉❧❡♥❝❡ s②♥t❤ét✐q✉❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✹

✻✳✹✳✷ ➱t✉❞❡ ❞❡ ❧❛ s♦✉r❝❡ ❛ér♦❛❝♦✉st✐q✉❡ ❞✐♣ô❧❛✐r❡ ✿ ❞✐✈❡r❣❡♥❝❡ ❞✉ ✈❡❝t❡✉r ❞❡
▲❛♠❜ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✹

✻✳✹✳✸ Pré❞✐❝t✐♦♥ ❛ér♦❛❝♦✉st✐q✉❡ ♣❛r ❛♥❛❧♦❣✐❡ ❞❡ ▲✐❣❤t❤✐❧❧ ✿ rés✉❧t❛ts ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✽
✻✳✺ ❈♦♥❝❧✉s✐♦♥ ❞✉ ❈❤❛♣✐tr❡ ✻ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸✾

❉❛♥s ❝❡ ❝❤❛♣✐tr❡✱ ♥♦✉s ❛❜♦r❞♦♥s ❧❡s s✐♠✉❧❛t✐♦♥s ❞❡s ❣r❛♥❞❡s é❝❤❡❧❧❡s ✭❡♥ ❛♥❣❧❛✐s ▲❛r❣❡ ❊❞❞②
❙✐♠✉❧❛t✐♦♥s ✕ ▲❊❙✮✱ ❡✛❡❝t✉é❡s ❡♥ é❝♦✉❧❡♠❡♥t ✐♥❝♦♠♣r❡ss✐❜❧❡ ❛✈❡❝ ✉♥ ♠❛✐❧❧❛❣❡ tr✐❞✐♠❡♥s✐♦♥♥❡❧
r❡♣rés❡♥t❛♥t ❞❛♥s ❧❡s ♠ê♠❡s ❞✐♠❡♥s✐♦♥s ❧❛ ♠❛q✉❡tt❡ ✐♥✲✈✐tr♦ ❢♦r♠é❡ ❞✉ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡
❡t ❞❡ ❧✬❡♠❜♦✉t à ✉♥ ♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡✱ ❝❛r❛❝tér✐sé❡ ❡①♣ér✐♠❡♥t❛❧❡♠❡♥t ❞❛♥s ❧❡s
♣ré❝é❞❡♥ts ❝❤❛♣✐tr❡s✳ ❯♥❡ ❞❡s❝r✐♣t✐♦♥ ♣❧✉s ❞ét❛✐❧❧é❡ ❞✉ ♠❛✐❧❧❛❣❡ ✉t✐❧✐sé ❡st ❞♦♥♥é❡ ❞❛♥s ❧❛
s❡❝t✐♦♥ ✻✳✷✳✶✳ ▲❡ ♣r✐♥❝✐♣❡ ❞❡ ❧❛ ♠ét❤♦❞❡ ❞❡ ❙✐♠✉❧❛t✐♦♥ ❞❡s ●r❛♥❞❡s ➱❝❤❡❧❧❡s ❡st rés✉♠é ❞❛♥s
❧❛ s❡❝t✐♦♥ ✻✳✶✳✶✳

✻✳✶ ❚❤é♦r✐❡

✻✳✶✳✶ Pr✐♥❝✐♣❡ ❞❡ ❧❛ ❙✐♠✉❧❛t✐♦♥ ❞❡s ●r❛♥❞❡s ➱❝❤❡❧❧❡s ✭▲❊❙✮

■❧ ❡①✐st❡ ♣❧✉s✐❡✉rs ♠ét❤♦❞❡s ♣♦✉r s✐♠✉❧❡r ❞❡s é❝♦✉❧❡♠❡♥ts t✉r❜✉❧❡♥ts ✭✜❣✉r❡ ✻✳✶✮✱ ❧❛ ♣❧✉s
♣ré❝✐s❡ ét❛♥t ❧❛ ❉◆❙ ✭❉✐r❡❝t ◆✉♠❡r✐❝❛❧ ❙✐♠✉❧❛t✐♦♥✮✱ q✉✐ rés♦✉t ❞✐r❡❝t❡♠❡♥t ❧❡s éq✉❛t✐♦♥s ❞❡

✶✶✺



✶✶✻ ❈❤❛♣✐tr❡ ✻✳ ❙✐♠✉❧❛t✐♦♥s ❞❡s ●r❛♥❞❡s ➱❝❤❡❧❧❡s

◆❛✈✐❡r✲❙t♦❦❡s✱ ♠❛✐s ❞♦♥t ❧❡ ❝♦ût ❡♥ ❝❛❧❝✉❧ ❡st ♣r♦❤✐❜✐t✐❢✳ ❉❛♥s ❝❡ ❝❤❛♣✐tr❡✱ ♥♦✉s ❛✈♦♥s ♦♣té ♣♦✉r
❧❛ ♠ét❤♦❞❡ ❞❡ ❙✐♠✉❧❛t✐♦♥ ❞❡s ●r❛♥❞❡s ➱❝❤❡❧❧❡s ✭❡♥ ❛♥❣❧❛✐s ▲❛r❣❡ ❊❞❞② ❙✐♠✉❧❛t✐♦♥ ✕ ▲❊❙✮✱
❡♥ r❛✐s♦♥ ❞✬✉♥ ❝♦♠♣r♦♠✐s ❝♦ût ❞❡ ❝❛❧❝✉❧✴♣ré❝✐s✐♦♥ ❛❞❛♣té✳ ❯♥❡ ✐♠♣❧✐❝❛t✐♦♥ ❞❡ ❧❛ t❤é♦r✐❡ ❞❡
❑♦❧♠♦❣♦r♦✈ ❬❑♦❧✹✶❪ ❞✬❛✉t♦✲s✐♠✐❧❛r✐té ❡st q✉❡ ❧❡s t♦✉r❜✐❧❧♦♥s ❞❡ ❣r❛♥❞❡ é❝❤❡❧❧❡ s♦♥t ❞é♣❡♥❞❛♥ts
❞❡ ❧❛ ❣é♦♠étr✐❡ t❛♥❞✐s q✉❡ ❧❡s ♣❧✉s ♣❡t✐t❡s é❝❤❡❧❧❡s s♦♥t ♣❧✉s ✉♥✐✈❡rs❡❧❧❡s✳ ❈❡tt❡ ❝❛r❛❝tér✐st✐q✉❡
♣❡r♠❡t ❞❡ rés♦✉❞r❡ ❡①♣❧✐❝✐t❡♠❡♥t ❧❡s t♦✉r❜✐❧❧♦♥s ❞❡ ❣r❛♥❞❡ é❝❤❡❧❧❡ ❡♥ ✉♥ ❝❛❧❝✉❧ ❡t ✐♠♣❧✐❝✐t❡♠❡♥t
❞❡ t❡♥✐r ❝♦♠♣t❡ ❞❡s ♣❡t✐ts t♦✉r❜✐❧❧♦♥s ❡♥ ✉t✐❧✐s❛♥t ✉♥ ♠♦❞è❧❡ s♦✉s✲♠❛✐❧❧❡ ✭❡♥ ❛♥❣❧❛✐s ❙✉❜✲●r✐❞
❙❝❛❧❡✱ ❙●❙✮✳ ▼❛t❤é♠❛t✐q✉❡♠❡♥t✱ ♦♥ ♣❡✉t ♣❡♥s❡r à ✉♥❡ sé♣❛r❛t✐♦♥ ❞✉ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ ❡♥ ✉♥❡
♣❛rt✐❡ rés♦❧✉❡ ❡t ✉♥❡ ♣❛rt✐❡ s♦✉s✲♠❛✐❧❧❡✳ ▲❛ ♣❛rt✐❡ rés♦❧✉❡ ❞✉ ❝❤❛♠♣ r❡♣rés❡♥t❡ ❧❡s t♦✉r❜✐❧❧♦♥s
❞❡ ❣r❛♥❞❡ é❝❤❡❧❧❡✱ t❛♥❞✐s q✉❡ ❧❛ ♣❛rt✐❡ s♦✉s✲♠❛✐❧❧❡ r❡♣rés❡♥t❡ ❧❡s t♦✉r❜✐❧❧♦♥s ❞❡ ♣❡t✐t❡s é❝❤❡❧❧❡s
❞♦♥t ❧✬❡✛❡t s✉r ❧❡ ❝❤❛♠♣ rés♦❧✉ ❡st ✐♥❝❧✉ à tr❛✈❡rs ❧❡ ♠♦❞è❧❡ s♦✉s✲♠❛✐❧❧❡✳ ❋♦r♠❡❧❧❡♠❡♥t✱ ♦♥
♣❡✉t ✈♦✐r ❧❡ ✜❧tr❛❣❡ ❝♦♠♠❡ ❧❛ ❝♦♥✈♦❧✉t✐♦♥ ❞✬✉♥❡ ❢♦♥❝t✐♦♥ ❛✈❡❝ ✉♥ ♥♦②❛✉ ❞❡ ✜❧tr❛❣❡ G ❬❙❛❣✵✻❪ ✿

ūi(~x) =

∫

G(~x− ~ξ)u(~ξ) d~ξ, ✭✻✳✶✮

q✉✐ rés✉❧t❡ s✉r ❧❛ ❞é❝♦♠♣♦s✐t✐♦♥ ✿

ui = ūi + u′i ✭✻✳✷✮

♦ù ūi ❡st ❧❛ ♣❛rt✐❡ ❞✬é❝❤❡❧❧❡ rés♦❧✈❛❜❧❡ ❡t u′i ❧❛ ♣❛rt✐❡ ❞✬é❝❤❡❧❧❡ s♦✉s✲♠❛✐❧❧❡✳ ❈❡♣❡♥❞❛♥t✱ ❧❡s
✐♠♣❧é♠❡♥t❛t✐♦♥s ❧❡s ♣❧✉s ♣r❛t✐q✉❡s ❞❡ ❧❛ ▲❊❙ ✉t✐❧✐s❡♥t ❧❛ ❣r✐❧❧❡ ❡❧❧❡✲♠ê♠❡ ❝♦♠♠❡ ✜❧tr❡ ✭❧❡ ✜❧tr❡
❜♦ît❡✱ ❜♦① ✜❧t❡r✮ ❡t ♥✬❡✛❡❝t✉❡♥t ♣❛s ❞❡ ✜❧tr❛❣❡ ❡①♣❧✐❝✐t❡✳ P♦✉r ✉♥ é❝♦✉❧❡♠❡♥t ✐♥❝♦♠♣r❡ss✐❜❧❡✱
❧❡s éq✉❛t✐♦♥s ✜❧tré❡s ❞é❝♦✉❧❡♥t ❞❡s éq✉❛t✐♦♥s ❞❡ ◆❛✈✐❡r✲❙t♦❦❡s ✐♥❝♦♠♣r❡ss✐❜❧❡s ✭r❡s♣❡❝t✐✈❡♠❡♥t
éq✉❛t✐♦♥ ❞❡ q✉❛♥t✐té ❞❡ ♠♦✉✈❡♠❡♥t ❡t éq✉❛t✐♦♥ ❞❡ ❝♦♥t✐♥✉✐té✮ ✿

∂ui
∂t

+ uj
∂ui
∂xj

= − 1

ρ0

∂p

∂xi
+

∂

∂xj

[

ν

(

∂ui
∂xj

+
∂uj
∂xi

)]

, ✭✻✳✸✮

∂ui
∂xi

= 0, i = 1, 2, 3. ✭✻✳✹✮

❊♥ s✉❜st✐t✉❛♥t ♣❛r ❧❛ ❞é❝♦♠♣♦s✐t✐♦♥ ui = ūi+u
′
i ✭✈✐t❡ss❡ ✜❧tré❡✮ ❡t p = p̄+p′ ✭♣r❡ss✐♦♥ ✜❧tré❡✮✱

♣✉✐s ❡♥ ✜❧tr❛♥t ❧❡s éq✉❛t✐♦♥s rés✉❧t❛♥t❡s✱ ♦♥ ♦❜t✐❡♥t ❧❡s éq✉❛t✐♦♥s ❞❡ ◆❛✈✐❡r✲❙t♦❦❡s ✜❧tré❡s ✿

∂ūi
∂t

+
∂(ūiūj)

∂xj
= − 1

ρ0

∂p̄

∂xi
+

∂

∂xj

[

ν

(

∂ūi
∂xj

+
∂ūj
∂xi

)]

− ∂τij
∂xj

, ✭✻✳✺✮

∂ūi
∂xi

= 0, i = 1, 2, 3. ✭✻✳✻✮

▲❡ t❡r♠❡ s✉♣♣❧é♠❡♥t❛✐r❡ ∂τij
∂xj

❞é❝♦✉❧❡ ❞❡s t❡r♠❡s ❞✬❛❞✈❡❝t✐♦♥ ♥♦♥✲❧✐♥é❛✐r❡s✱ ❡♥ r❛✐s♦♥ ❞✉ ❢❛✐t
q✉❡
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uj
ui
xj

6= ūj
∂ūi
∂xj

✭✻✳✼✮

❡t ❞♦♥❝✱

τij = ūiūj − uiuj . ✭✻✳✽✮

❉❡s éq✉❛t✐♦♥s s✐♠✐❧❛✐r❡s ♣❡✉✈❡♥t êtr❡ ❞ér✐✈é❡s ♣♦✉r ❧❡ ❝❤❛♠♣ ❞✬é❝❤❡❧❧❡ s♦✉s✲♠❛✐❧❧❡ ✭❝✬❡st✲à✲❞✐r❡
❧❡ ❝❤❛♠♣ rés✐❞✉❡❧✮✳ ▲❡s ♠♦❞è❧❡s ❞❡ t✉r❜✉❧❡♥❝❡ ❞✬é❝❤❡❧❧❡ s♦✉s✲♠❛✐❧❧❡ ❢♦♥t ❣é♥ér❛❧❡♠❡♥t ❛♣♣❡❧ à
❧✬❤②♣♦t❤ès❡ ❞❡ ❇♦✉ss✐♥❡sq ❬❙❝❤✵✼❪ ❡t ❝❤❡r❝❤❡♥t à ❝❛❧❝✉❧❡r ❧❛ ♣❛rt✐❡ ❞é✈✐❛t♦r✐q✉❡ ❞❡ ❧❛ ❝♦♥tr❛✐♥t❡
s♦✉s✲♠❛✐❧❧❡ ❡♥ ✉t✐❧✐s❛♥t ✿

τij −
1

3
τkkδij = −2µsgsS̄ij . ✭✻✳✾✮

S̄ij ❡st ❧❡ t❡♥s❡✉r t❛✉① ❞❡ ❞é❢♦r♠❛t✐♦♥ ♣♦✉r ❧✬é❝❤❡❧❧❡ rés♦❧✉❡ ❞é✜♥✐ ♣❛r

S̄ij =
1

2

(

∂ūi
∂xj

+
∂ūj
∂xi

)

✭✻✳✶✵✮

❡t µsgs ❡st ❧❛ ✈✐s❝♦s✐té t✉r❜✉❧❡♥t❡ s♦✉s✲♠❛✐❧❧❡✳ P❛r s✉❜st✐t✉t✐♦♥ ❞❛♥s ❧❡s éq✉❛t✐♦♥s ❞❡ ◆❛✈✐❡r✲
❙t♦❦❡s ✜❧tré❡s✱ ♦♥ ♦❜t✐❡♥t ❛❧♦rs ✿

∂ūi
∂t

+ ūj
∂ūi
∂xj

= −1

ρ

p̄

∂xi
+

∂

∂xj

(

[ν + νt]
∂ūi
∂xj

)

, ✭✻✳✶✶✮

♦ù ♥♦✉s ❛✈♦♥s ✉t✐❧✐sé ❧❛ ❝♦♥tr❛✐♥t❡ ❞✬✐♥❝♦♠♣r❡ss✐❜✐❧✐té ♣♦✉r s✐♠♣❧✐✜❡r ❧✬éq✉❛t✐♦♥✱ ❡t ❧❛ ♣r❡ss✐♦♥
❡st ♠❛✐♥t❡♥❛♥t ♠♦❞✐✜é❡ ♣♦✉r ✐♥❝❧✉r❡ ❧❡ t❡r♠❡ ❞❡ tr❛❝❡ τkkδij

3 ✳ ▲❡ ♠♦❞è❧❡ ❞❡ ❙♠❛❣♦r✐♥s❦②✲
▲✐❧❧② ❬▲✐❧✾✷❪ ♣❡✉t s❡ rés✉♠❡r ❛✐♥s✐ ✿

τij −
1

3
τkkδij = −2(Cs∆)2|S̄|Sij ✭✻✳✶✷✮

❉❛♥s ❧❡ ♠♦❞è❧❡ ❞❡ ❙♠❛❣♦r✐♥s❦②✲▲✐❧❧②✱ ❧❛ ✈✐s❝♦s✐té ❞❡s t♦✉r❜✐❧❧♦♥s ❡st ♠♦❞é❧✐sé❡ ♣❛r

µsgs = ρ(Cs∆)2|S̄| ✭✻✳✶✸✮

♦ù ❧❛ ❧❛r❣❡✉r ❞✉ ✜❧tr❡ ❡st ✉s✉❡❧❧❡♠❡♥t ♣r✐s❡ à

∆ = (V olume)
1
3 ✭✻✳✶✹✮



✶✶✽ ❈❤❛♣✐tr❡ ✻✳ ❙✐♠✉❧❛t✐♦♥s ❞❡s ●r❛♥❞❡s ➱❝❤❡❧❧❡s

❋✐❣✉r❡ ✻✳✶ ✕ Pr✐♥❝✐♣❛❧❡s ♠ét❤♦❞❡s ❞❡ ❝❛❧❝✉❧ ❡♥ ❞②♥❛♠✐q✉❡ ❞❡s ✢✉✐❞❡s ❝♦♠♣✉t❛t✐♦♥♥❡❧❧❡ ✭t✐ré
❞❡ ❬❙❉❚✵✻❪✮

❡t

S̄ =
√

2SijSij ✭✻✳✶✺✮

✻✳✶✳✷ ▼♦❞è❧❡s ❛ér♦❛❝♦✉st✐q✉❡s

✻✳✶✳✷✳✶ ❆♥❛❧♦❣✐❡ ❞❡ ▲✐❣❤t❤✐❧❧

❈♦♠♠❡ ❜r✐è✈❡♠❡♥t ♠❡♥t✐♦♥♥é ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✶✱ ❧✬❛ér♦❛❝♦✉st✐q✉❡✱ q✉✐ tr❛✐t❡ ❞❡s ❜r✉✐ts
❣é♥érés ♣❛r ❞❡s é❝♦✉❧❡♠❡♥ts ❞✬❛✐r✱ ❡st ✉♥❡ ❞✐s❝✐♣❧✐♥❡ r❡❧❛t✐✈❡♠❡♥t ❥❡✉♥❡ ❞♦♥t ❧❡s ♣r❡♠✐èr❡s
❢♦♥❞❛t✐♦♥s ♣❡✉✈❡♥t êtr❡ ❛ttr✐❜✉é❡s ❛✉① tr❛✈❛✉① ♣✐♦♥♥✐❡rs ❞❡ ❙✐r ❏❛♠❡s ▲✐❣❤t❤✐❧❧ ❬▲✐❣✺✷❪ ✭✶✾✺✷✮✳
▲✐❣❤t❤✐❧❧ ❛ ❞ér✐✈é ✉♥❡ éq✉❛t✐♦♥ ❞✬♦♥❞❡ ♥♦♥ ❧✐♥é❛✐r❡ à ♣❛rt✐r ❞❡s éq✉❛t✐♦♥s ❞❡ ♠♦✉✈❡♠❡♥t ❞✬✉♥
✢✉✐❞❡ ♥♦♥ ♥❡✇t♦♥✐❡♥✳ ■❧ ❧✬❛ é❝r✐t❡ ❞❡ t❡❧❧❡ s♦rt❡ q✉❡ ❧✬♦♣ér❛t❡✉r ❧✐♥é❛✐r❡ ❞✬♦♥❞❡ ✭t❡r♠❡ ❞❡
❣❛✉❝❤❡✮ ❛♣♣❧✐q✉é à ❧❛ ❞❡♥s✐té ❡st ✜①é é❣❛❧ ❛✉① t❡r♠❡s ♥♦♥ ❧✐♥é❛✐r❡s ❞❡ ❞r♦✐t❡✳ ▲❡s t❡r♠❡s ❞❡
❞r♦✐t❡ s♦♥t ✐❞❡♥t✐✜és ❝♦♠♠❡ ❞❡s t❡r♠❡s s♦✉r❝❡s ♣♦✉r ❧❛ ♣r♦♣❛❣❛t✐♦♥ ❛❝♦✉st✐q✉❡ ❞é❝r✐t❡ ♣❛r ❧❡
♠❡♠❜r❡ à ❣❛✉❝❤❡ ✭♣❡rt✉❜❛t✐♦♥ ❞❡ ❞❡♥s✐té✮✳ ❈❡tt❡ ✐❞❡♥t✐✜❝❛t✐♦♥ ❝♦♥st✐t✉❡ ❧❛ ❝é❧è❜r❡ ❛♥❛❧♦❣✐❡
❞❡ ▲✐❣❤t❤✐❧❧✱ ❞♦♥t ❧❛ ❞ér✐✈❛t✐♦♥ ❡st ❞♦♥♥é❡ ❝✐✲❞❡ss♦✉s✳

❘❡♣❛rt♦♥s ❞❡s éq✉❛t✐♦♥s ❞❡ ❝♦♥t✐♥✉✐té ❡t ❞❡ q✉❛♥t✐té ❞❡ ♠♦✉✈❡♠❡♥t ♣♦✉r ✉♥ ✢✉✐❞❡ ✿

∂ρ

∂t
+

∂

∂xi
(ρui) = 0, ✭✻✳✶✻✮

∂

∂xi
(ρui) +

∂

∂xj
(ρuiuj + pij) = 0, ✭✻✳✶✼✮
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♦ù ρ ❡st ❧❛ ❞❡♥s✐té✱ ui ❡t uj ❧❡s ❝♦♠♣♦s❛♥t❡s ❞✉ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ ❞❛♥s ❧❡s ❞❡✉① ❞✐r❡❝t✐♦♥s xi
❡t xj ✳ pij r❡♣rés❡♥t❡ ❧❡ t❡♥s❡✉r ❞❡s ❝♦♥tr❛✐♥t❡s ❡♥ ❝♦♠♣r❡ss✐❜❧❡✱ ❞♦♥♥é ♣❛r ✿

pij = −σij + δijp, ✭✻✳✶✽✮

σij = µ

(

∂ui
∂xj

+
∂ui
∂xj

)

− 2

3
µ
∂uk
∂xk

δij , ✭✻✳✶✾✮

❛✈❡❝ p ❧❡ ❝❤❛♠♣ ❞❡ ♣r❡ss✐♦♥ st❛t✐q✉❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t✱ δij ❧❡ s②♠❜♦❧❡ ❞❡ ❑r♦♥❡❝❦❡r✱ ❡t µ ❧❛
✈✐s❝♦s✐té ❞②♥❛♠✐q✉❡✳ ❊♥ s♦✉str❛②❛♥t ❧❡ ❣r❛❞✐❡♥t ❞❡ ❧✬éq✉❛t✐♦♥ ❞❡ q✉❛♥t✐té ❞❡ ♠♦✉✈❡♠❡♥t à
♣❛rt✐r ❞❡ ❧❛ ❞ér✐✈é❡ t❡♠♣♦r❡❧❧❡ ❞❡ ❧✬éq✉❛t✐♦♥ ❞❡ ❝♦♥t✐♥✉✐té✱ ♦♥ ♦❜t✐❡♥t ✿

∂2ρ

∂t2
=

∂2

∂xi∂xj
(ρuiuj + pij) , ✭✻✳✷✵✮

♦ù pij r❡♣rés❡♥t❡ ❧❛ ♣r❡ss✐♦♥ ❛❣✐ss❛♥t s✉r ❧❡ ✢✉✐❞❡✳ ❊♥s✉✐t❡✱ ❡♥ s♦✉str❛②❛♥t c20
∂2ρ
∂x2i

❞❡s ❞❡✉①

❝ôtés ❞❡ ❧✬éq✉❛t✐♦♥ ✭✻✳✷✵✮✱ ♦♥ ♦❜t✐❡♥t ✿

∂2ρ

∂t2
− c20

∂2ρ

∂x2i
=

∂2

∂xi∂xj

(

ρuiuj + pij − c20ρδij
)

. ✭✻✳✷✶✮

♦ù c0 ❡st ❧❛ ✈✐t❡ss❡ ❝❛r❛❝tér✐st✐q✉❡ ❞✉ s♦♥ ❞❛♥s ❧❡ ♠✐❧✐❡✉ ❡♥t♦✉r❛♥t ❧❛ ré❣✐♦♥ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t✱
❡t ❧❡ t❡r♠❡ ❞❡ ❞r♦✐t❡ ❞❡ ❝❡tt❡ éq✉❛t✐♦♥ ❡st ❧❡ t❡r♠❡ s♦✉r❝❡✱ q✉✐ ♣❡✉t êtr❡ ❡①♣r✐♠é ❝♦♠♠❡

Tij = ρuiuj + pij − c20ρδij ✭✻✳✷✷✮

▲❡ ❝❛❧❝✉❧ ❞✉ ❜r✉✐t ❛ér♦❞②♥❛♠✐q✉❡ q✉❛❞r✉♣ô❧❛✐r❡ r❛②♦♥♥é ❞❛♥s ✉♥ ✢✉✐❞❡ st❛t✐♦♥♥❛✐r❡ ❡t ✐❞é❛❧
♣❡✉t ❞♦♥❝ êtr❡ ❛❝❝♦♠♣❧✐ ♣❛r ❧❛ rés♦❧✉t✐♦♥ ❞❡ ❝❡tt❡ éq✉❛t✐♦♥✳ ▲❡s s♦✉r❝❡s ❞❡ ❜r✉✐t s♦♥t ✉♥❡
❞✐str✐❜✉t✐♦♥ ❞❡ s♦✉r❝❡s q✉❛❞r✉♣ô❧❛✐r❡s ❞♦♥t ❧✬✐♥t❡♥s✐té ♣❛r ✉♥✐té ❞❡ ✈♦❧✉♠❡ ❡st ❧❡ t❡♥s❡✉r ❞❡
▲✐❣❤t❤✐❧❧ Tij ❬❍♦✇✾✽❪✳ ▲❡ t❡♥s❡✉r ❞❡ ▲✐❣❤t❤✐❧❧ ♣❡✉t êtr❡ ❛♣♣r♦①✐♠é ♣❛r

Tij ≈ ρ0uiuj , ✭✻✳✷✸✮

s♦✉s ❧❡s ❤②♣♦t❤ès❡s s✉✐✈❛♥t❡s ✿

X ❋❛✐❜❧❡ ♥♦♠❜r❡ ❞❡ ▼❛❝❤ ✿ ♦♥ ♣❡✉t s✉♣♣♦s❡r q✉❡ ❧❡s ✢✉❝t✉❛t✐♦♥s ❞❡ ✈✐t❡ss❡ s♦♥t ❞❡ ❧✬♦r❞r❡
❞❡ ρ0M2 ❀

X ▲❡ t❡r♠❡ p− c2ρ ❡st ♥✉❧ s✐ ❧✬é❝♦✉❧❡♠❡♥t ❡st ✐s❡♥tr♦♣✐q✉❡ ❝❛r p = c2ρ ❀
X ◆♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s é❧❡✈é ✕ ♦♥ ♣❡✉t s✉♣♣♦s❡r q✉❡ ❧❡s ❡✛❡ts ✈✐sq✉❡✉① s♦♥t ❜✐❡♥ ♣❧✉s
♣❡t✐ts q✉❡ ❧❡s ❡✛❡ts ✐♥❡rt✐❡❧s✱ ❡t ❧❡ t❡♥s❡✉r ❞❡s ❝♦♥tr❛✐♥t❡s ✈✐sq✉❡✉s❡s ❡st ♥é❣❧✐❣é ❝❛r ❧❡s
❝♦♥tr❛✐♥t❡s ❞❡ ❘❡②♥♦❧❞s ρuiuj s♦♥t ❜✐❡♥ ♣❧✉s é❧❡✈é❡s ❀



✶✷✵ ❈❤❛♣✐tr❡ ✻✳ ❙✐♠✉❧❛t✐♦♥s ❞❡s ●r❛♥❞❡s ➱❝❤❡❧❧❡s

X ▲❡s t❡r♠❡s ✈✐sq✉❡✉① ♣❡✉✈❡♥t êtr❡ ♥é❣❧✐❣és s❛❝❤❛♥t q✉❡ ❧❡s t❡r♠❡s ✈✐sq✉❡✉① ❞❛♥s Tij
♣❡✉✈❡♥t êtr❡ ❡①♣r✐♠és ♣❛r −σij = µ ∂ui∂xj

✱ s♦✐t ∂2Tij
∂xi∂xj

= µ ∂3ui
∂xj∂xi∂xj

✱ ❝❡ q✉✐ ❝♦rr❡s♣♦♥❞ à

✉♥❡ s♦✉r❝❡ ❞❡ t②♣❡ ♦❝t✉♣ô❧❡✱ ❞♦♥t ❧❡ r❛②♦♥♥❡♠❡♥t ❛❝♦✉st✐q✉❡ ❡st très ✐♥❡✣❝❛❝❡ ❬▼❡❝✵✷❪✳

❆ ❧✬❡①tér✐❡✉r ❞❡ ❧❛ ré❣✐♦♥ s♦✉r❝❡✱ t♦✉t❡s ❧❡s ❞ér✐✈é❡s ❞❡s ❝♦♠♣♦s❛♥t❡s ❞✉ t❡♥s❡✉r ❞❡ ▲✐❣❤t❤✐❧❧
s✬❛♥♥✉❧❡♥t ❞❛♥s ❧✬❛✐r ❛✉ r❡♣♦s ✭❝❤❛♠♣ ❧✐❜r❡✮✱ ❡t ❧✬♦♥ r❡tr♦✉✈❡ ❧✬éq✉❛t✐♦♥ ❞✬♦♥❞❡ ❤♦♠♦❣è♥❡ ❞❡
❧✬❛❝♦✉st✐q✉❡ ❧✐♥é❛✐r❡ ✿

∂2ρ

∂t2
− c2∆ρ = 0. ✭✻✳✷✹✮

❉❛♥s ❧❡ ❝❛s ❞✬✉♥❡ éq✉❛t✐♦♥ ❞✬♦♥❞❡ ♥♦♥ ❤♦♠♦❣è♥❡ ❝♦♠♠❡ ❧✬éq✉❛t✐♦♥ ❞❡ ▲✐❣❤t❤✐❧❧✱ ✉♥❡
s♦❧✉t✐♦♥ ❣é♥ér❛❧❡ ♣❡✉t êtr❡ ét❛❜❧✐❡ à ❧✬❛✐❞❡ ❞✬✉♥❡ ❢♦♥❝t✐♦♥ ❞❡ ●r❡❡♥ G✱ q✉✐ r❡♣rés❡♥t❡ ❧❛ ré♣♦♥s❡
❡♥ ✉♥ ♣♦✐♥t ❞❡ ♣♦s✐t✐♦♥ ~x à ✉♥❡ ✐♠♣✉❧s✐♦♥ ❡♥ ✉♥ ♣♦✐♥t ❞❡ ♣♦s✐t✐♦♥ ~y é♠✐s❡ à ✉♥ t❡♠♣s r❡t❛r❞é
τ ✳ ▲✬éq✉❛t✐♦♥ ❞✬♦♥❞❡ s✬é❝r✐t ❞❛♥s ❝❡s ❝♦♥❞✐t✐♦♥s✱ ❛✈❡❝ δ ❧❛ ❞✐str✐❜✉t✐♦♥ ❞❡ ❉✐r❛❝ ✿

1

c2
∂2G

∂t2
−∆G = δ(~x− ~y)δ(t− τ) ✭✻✳✷✺✮

❊♥ ❝❤❛♠♣ ❧✐❜r❡✱ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ●r❡❡♥ ❡st ❞♦♥♥é❡ ♣❛r

G(~y, τ ; ~x, t) =
δ(t− τ − d

c )

4πd
, ✭✻✳✷✻✮

❛✈❡❝ d = |~x − ~y| ❧❛ ❞✐st❛♥❝❡ ❡♥tr❡ ♣♦✐♥t s♦✉r❝❡ ❡t ♣♦✐♥t ré❝❡♣t❡✉r✳ ▲❛ s♦❧✉t✐♦♥ ❞❡ ❧✬éq✉❛t✐♦♥
❞✬♦♥❞❡ ♥♦♥ ❤♦♠♦❣è♥❡ ✭❛✈❡❝ s❡❝♦♥❞ ♠❡♠❜r❡ s♦✉r❝❡ Ssource✮ s✬é❝r✐t ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ t❡♠♣♦r❡❧ ✿

p(~x, t) = −
∫∫∫

V

∫

τ
Ssource(~y, τ)G(~y, τ ; ~x, t) dτ dV. ✭✻✳✷✼✮

P❛r ❝♦♥séq✉❡♥t✱ ✉♥❡ s♦❧✉t✐♦♥ ❞❡ ❧✬éq✉❛t✐♦♥ ❞❡ ▲✐❣❤t❤✐❧❧ ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ t❡♠♣♦r❡❧ ❡st ❞♦♥♥é❡
♣❛r ✿

p(~x, t) = c2ρ(~x, t) =

∫∫∫

V

∫

τ
Tij

∂2G

∂yi∂yj
dτ dV. ✭✻✳✷✽✮

▲❛ tr❛♥s❢♦r♠é❡ ❞❡ ❋♦✉r✐❡r ❞❡ ❝❡tt❡ s♦❧✉t✐♦♥ s✬é❝r✐t ✿

P̂ (~x, ω) =

∫ +∞

−∞

p(~x, t)e−iωt dt ✭✻✳✷✾✮

P̂ (~x, ω) =

∫∫∫

V

∫

τ
Tij

∂2Ĝ(ω)

∂yi∂yj
dτ dV, ✭✻✳✸✵✮



✻✳✶✳ ❚❤é♦r✐❡ ✶✷✶

❛✈❡❝ Ĝ(ω) ❧❛ tr❛♥s❢♦r♠é❡ ❞❡ ❋♦✉r✐❡r ❞❡ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ●r❡❡♥ ❡♥ ❝❤❛♠♣ ❧✐❜r❡ q✉✐ s✬é❝r✐t ✿

Ĝ(ω) =
1

4πd

∫ +∞

−∞

δ(t− τ − d

c
)e−iωt dt ✭✻✳✸✶✮

s♦✐t ✿

Ĝ(ω) =
1

4πd
e−iω(τ+

d
c ) =

1

4πd
e−i(ωτ+κd) ✭✻✳✸✷✮

❛✈❡❝ κ = ω
c = 2π

λ ❧❡ ♥♦♠❜r❡ ❞✬♦♥❞❡✱ ❡t λ ❧❛ ❧♦♥❣✉❡✉r ❞✬♦♥❞❡✳ ❖♥ ❛ ❞❡ ♣❧✉s ✿

∂Ĝ(ω)

∂τ
= −iωĜ(ω) = −icκĜ(ω) ✭✻✳✸✸✮

∂Ĝ(ω)

∂yi
= −iκ

(

1 +
1

iκd

)

Ĝ(ω)
∂d

∂yi
✭✻✳✸✹✮

❙❛❝❤❛♥t q✉❡ d2 = |~x− ~y|2 =
∑3

i=1(xi − yi)
2 =

∑3
i=1 d

2
i ❛✈❡❝ di = xi − yi✱ ♦♥ tr♦✉✈❡ q✉❡ ✿

2d
∂d

∂yi
= −2(xi − yi). ✭✻✳✸✺✮

❉❛♥s ❧❡ ❝❤❛♠♣ ❧♦✐♥t❛✐♥ ✭κd >> 1✮✱ ♦♥ ♦❜t✐❡♥t ❧✬❛♣♣r♦①✐♠❛t✐♦♥ ✿

∂Ĝ(ω)

∂yi
= iκ

(

1 +
1

iκd

)

xi − yi
d

Ĝ(ω) ≈ iκ
di
d
Ĝ(ω). ✭✻✳✸✻✮

∂2Ĝ(ω)

∂yi∂yj
= (iκ)2

didj
d2

Ĝ(ω) ✭✻✳✸✼✮

❆✐♥s✐✱ ✉♥❡ s♦❧✉t✐♦♥ ❛♣♣r♦❝❤é❡ ❞❡ ❧✬éq✉❛t✐♦♥ ❞❡ ▲✐❣❤t❤✐❧❧ ❞♦♥♥❛♥t ❧❛ ♣r❡ss✐♦♥ ❛❝♦✉st✐q✉❡ r❛②♦♥✲
♥é❡ ♣❛r ❧❡ ❥❡t ❞❛♥s ❧❡ ❞♦♠❛✐♥❡ ❢réq✉❡♥t✐❡❧✱ ❡♥ ❝❤❛♠♣ ❧♦✐♥t❛✐♥ ❡t s❛♥s ♣❛r♦✐s s♦❧✐❞❡s s✬é❝r✐t ✿

p̂(~x, ω) = − ω2

4πc2

∫∫∫

V

didj
d3

e−iω
d
c

(∫ +∞

−∞

Tije
−iωτdτ

)

dV. ✭✻✳✸✽✮

♦ù ❧❡ t❡r♠❡
∫ +∞

−∞
Tije

−iωτdτ ❡st ❧❛ tr❛♥s❢♦r♠é❡ ❞❡ ❋♦✉r✐❡r ❞✉ t❡♥s❡✉r ❞❡ ▲✐❣❤t❤✐❧❧ T̂ij(ω)✳



✶✷✷ ❈❤❛♣✐tr❡ ✻✳ ❙✐♠✉❧❛t✐♦♥s ❞❡s ●r❛♥❞❡s ➱❝❤❡❧❧❡s

✻✳✶✳✷✳✷ ❆✉tr❡s ❢♦r♠✉❧❛t✐♦♥s ❛ér♦❛❝♦✉st✐q✉❡s

▲✬❛♥❛❧♦❣✐❡ ❞❡ ▲✐❣❤t❤✐❧❧ ❢✉t ♦r✐❣✐♥❡❧❧❡♠❡♥t ❞é✈❡❧♦♣♣é❡ ♣♦✉r ❞❡s é❝♦✉❧❡♠❡♥ts ♥♦♥ ❝♦♥✜♥és✱ ❡t
✐❧ ❡st ❞✐✣❝✐❧❡ ❞❡ ❧❛ t❡st❡r ❞✐r❡❝t❡♠❡♥t ❝❛r ❧❡s t❡r♠❡s s♦✉r❝❡s s♦♥t r❛r❡♠❡♥t ♠❡s✉rés ❬▼❝●✽✽❪✳ ❊♥
r❛✐s♦♥ ❞✬✉♥ ✐♥térêt ♣r❛t✐q✉❡ ❝♦♥s✐❞ér❛❜❧❡✱ ♣♦✉r ✉♥❡ ❧❛r❣❡ ✈❛r✐été ❞✬❛♣♣❧✐❝❛t✐♦♥s ✭❛ér♦♥❛✉t✐q✉❡✱
❢❡rr♦✈✐❛✐r❡✱ ❛✉t♦♠♦❜✐❧❡✱ ❡t❝✳✮✱ ❞❡ ♥♦♠❜r❡✉① tr❛✈❛✉① ♦♥t ❞é❝♦✉❧é ❞❡ ❧✬❛♥❛❧♦❣✐❡ ❞❡ ▲✐❣❤t❤✐❧❧ ❝❡s
s✐① ❞❡r♥✐èr❡s ❞é❝❡♥♥✐❡s ♣♦✉r ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❞❛✈❛♥t❛❣❡ ❞❡ ❝♦♥❞✐t✐♦♥s ❧✐♠✐t❡s ♦✉ ❞❡ t②♣❡s ❞❡
❣é♦♠étr✐❡s✳ ❈❡rt❛✐♥s ❞❡ ❝❡s tr❛✈❛✉① ♦♥t réé❝r✐t ❧✬éq✉❛t✐♦♥ ♦r✐❣✐♥❛❧❡ ❞❡ ▲✐❣❤t❤✐❧❧ ❡♥ ② ✐♥❝♦r♣♦r❛♥t
❞❡s t❡r♠❡s s♦✉r❝❡s ❛❞❞✐t✐♦♥♥❡❧s✳

▲✬❛♥❛❧♦❣✐❡ ❞❡ P♦✇❡❧❧ ❬P♦✇✻✹✱ P♦✇✵✺❪ ❡st ✉♥❡ ❛♣♣r♦①✐♠❛t✐♦♥ ❞❡ ❧✬❛♥❛❧♦❣✐❡ ❞❡ ▲✐❣❤t❤✐❧❧✱ q✉✐
❛ été ♣rés❡♥té❡ ❞❛♥s ❧❡ ❈❤❛♣✐tr❡ ✺ ✭éq✉❛t✐♦♥ ✺✳✶✵✮✳ ▲✬❛♥❛❧♦❣✐❡ ❞❡ ❋❢♦✇❝s ❲✐❧❧✐❛♠s✲❍❛✇❦✐♥❣s
❬❲❍✻✾❪ ♣❡✉t êtr❡ ❝♦♥s✐❞éré❡ ❝♦♠♠❡ ✉♥❡ ❡①t❡♥s✐♦♥ ❞❡ ❧✬❛♥❛❧♦❣✐❡ ❞❡ ▲✐❣❤t❤✐❧❧✱ ❞❛♥s ❧❛ ♠❡s✉r❡
♦ù ❡❧❧❡ ♣❛rt ❞❡s ♠ê♠❡s ❤②♣♦t❤ès❡s✱ ♠❛✐s ♣r❡♥❞ ❡♥ ❝♦♠♣t❡ ❧❡s ❡✛❡ts ❞❡ s✉r❢❛❝❡s ♠♦❜✐❧❡s✳
▲✬❛♥❛❧♦❣✐❡ ❞❡ ❈✉r❧❡ ❬❈✉r✺✺❪ ❡st ♦❜t❡♥✉❡ à ♣❛rt✐r ❞❡ ❧✬❛♥❛❧♦❣✐❡ ❞❡ ❋❢♦✇❝s ❲✐❧❧✐❛♠s✲❍❛✇❦✐♥❣s
❡♥ s✉♣♣♦s❛♥t ❞❡s s✉r❢❛❝❡s ✐♠♠♦❜✐❧❡s✳ ❉❛♥s ❧✬❛♥❛❧♦❣✐❡ ❞❡ P❤✐❧❧✐♣s ❬P❤✐✻✵❪✱ ❧❡s ❡✛❡ts ❞✬✉♥ ♠✐❧✐❡✉
♠♦❜✐❧❡ s♦♥t ♣❛rt✐❡❧❧❡♠❡♥t ♣r✐s ❡♥ ❝♦♠♣t❡✱ ❡t ❧❡s ❡✛❡ts ❞❡ ré❢r❛❝t✐♦♥ s♦♥t ✐♥❝❧✉s ❞❛♥s ❧✬♦♣ér❛t❡✉r
❞✬♦♥❞❡✳ ▲✬é❝♦✉❧❡♠❡♥t ❡♥ ❞❡❤♦rs ❞❡ ❧❛ ré❣✐♦♥ s♦✉r❝❡ ❡st s✉♣♣♦sé ✐❞é❛❧✳ ▲✬❛♥❛❧♦❣✐❡ ❞❡ ▲✐❧❧❡②
❬▲✐❧✼✹❪ ❡st ❜❛sé❡ s✉r ❧❡ ♠ê♠❡ ♣♦✐♥t ❞❡ ❞é♣❛rt q✉❡ ❧✬❛♥❛❧♦❣✐❡ ❞❡ P❤✐❧❧✐♣s✱ ♠❛✐s t♦✉s ❧❡s ❡✛❡ts
❞❡ ♣r♦♣❛❣❛t✐♦♥ s❡ ♣r♦❞✉✐s❛♥t ❞❛♥s ✉♥ é❝♦✉❧❡♠❡♥t ♠♦②❡♥✱ tr❛♥s✈❡rs❛❧❡♠❡♥t ❝✐s❛✐❧❧é✱ s♦♥t à
❧✬✐♥tér✐❡✉r ❞❡ ❧❛ ♣❛rt✐❡ ❛✈❡❝ ♦♣ér❛t❡✉r ❞✬♦♥❞❡ ❞❡ ❧✬éq✉❛t✐♦♥✳ ❉❛♥s ❧✬❛♥❛❧♦❣✐❡ ❞❡ ❍♦✇❡ ❬❍♦✇✼✺❪✱
❧❡ ✈❡❝t❡✉r ❞❡ ✈♦rt✐❝✐té ✭s♦✉s ❢♦r♠❡ ❞✬❛❝❝é❧ér❛t✐♦♥ ❞❡ ❈♦r✐♦❧✐s✮ ❡t ❧❡s ❣r❛❞✐❡♥ts ❞✬❡♥tr♦♣✐❡ s♦♥t
♣❧❛❝és ❞❛♥s ❧❡ t❡r♠❡ s♦✉r❝❡ ❞❡ ❧✬éq✉❛t✐♦♥✱ ❝♦♥st✐t✉❛♥t ❧❛ ♣r✐♥❝✐♣❛❧❡ ❝♦♥tr✐❜✉t✐♦♥ ❞❡s s♦✉r❝❡s ❀
❧❛ ❝♦♠♣r❡ss✐❜✐❧✐té ❞✉ ♠✐❧✐❡✉ ❡st s✉♣♣♦sé❡ ❝♦♥st❛♥t❡ ❡t ❧❡s ♣❡rt❡s ✈✐sq✉❡✉s❡s é✈❛♥❡s❝❡♥t❡s✳

✻✳✷ P❛r❛♠ètr❡s ❞❡s s✐♠✉❧❛t✐♦♥s ▲❊❙

✻✳✷✳✶ ▼♦❞è❧❡ ♥✉♠ér✐q✉❡ tr✐❞✐♠❡♥s✐♦♥♥❡❧ ❞❡ ❧❛ ♠❛q✉❡tt❡ s✐♠♣❧❡ ♦❜st❛❝❧❡

▲❛ ❣é♦♠étr✐❡ ✉t✐❧✐sé❡ ♣♦✉r ❧❡s s✐♠✉❧❛t✐♦♥s ❞❡s ❣r❛♥❞❡s é❝❤❡❧❧❡s r❡♣rés❡♥t❡ ❧❛ ♠❛q✉❡tt❡
❢♦r♠é❡ ❞✉ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ s✐♠♣❧❡ ❡t ❞❡ ❧✬❡♠❜♦✉t ❛✈❡❝ ♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡✱ ❛✈❡❝
❧❡s ♠ê♠❡s ❞✐♠❡♥s✐♦♥s ✭✜❣✉r❡ ✻✳✷✮✳ ◆♦✉s ❞é♥♦t♦♥s t♦✉❥♦✉rs Hc ❧❛ ❤❛✉t❡✉r ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥
❢♦r♠é❡ ❡♥ ❞❡ss♦✉s ❞❡ ❧✬♦❜st❛❝❧❡✳ ❈♦♠♠❡ ♣♦✉r ❧❡s ❡①♣ér✐❡♥❝❡s ✐♥✲✈✐tr♦✱ ♥♦✉s ❢❛✐s♦♥s ✈❛r✐❡r ❧❡
❞❡❣ré ❞✬♦✉✈❡rt✉r❡ Hc

H ✭✷✳✹✱ ✶✵ ❡t ✸✵✪✮✱ ♥é❝❡ss✐t❛♥t ❞♦♥❝ ❞❡ ❝♦♥str✉✐r❡ tr♦✐s ♠❛✐❧❧❛❣❡s ❞✐✛é✲
r❡♥ts✳ ❈♦♠♠❡ ❞❛♥s ❧❡ ❝❤❛♣✐tr❡ ✸✱ ♥♦✉s s✉♣♣♦s♦♥s ✐❝✐ ❛✉ss✐ q✉❡ ❧❡s ♣r♦♣r✐étés ❞❡ ❧✬é❝♦✉❧❡♠❡♥t
✈♦♥t ♣r✐♥❝✐♣❛❧❡♠❡♥t ✈❛r✐❡r ❞❛♥s ❧❡ ♣❧❛♥ ✈❡rt✐❝❛❧ ✭xy✮ ❡♥ r❛✐s♦♥ ❞✉ r❛♣♣♦rt ❞✬❛s♣❡❝t ❞✉ ❝❛♥❛❧
r❡❝t❛♥❣✉❧❛✐r❡ W

H > 4✳ ▲❡ ❝❛♥❛❧ ❛✈❡❝ ❡♠❜♦✉t ❡st r❡❧✐é à ✉♥ ❞♦♠❛✐♥❡ r❡♣rés❡♥t❛♥t ✉♥ ❡s♣❛❝❡
❧✐❜r❡✳ ❈❡t ❡s♣❛❝❡ ❧✐❜r❡ ♣❡r♠❡t ❞❡ s✐♠✉❧❡r ❧✬é❝♦✉❧❡♠❡♥t ❡♥ ❛✈❛❧ ❞❡ ❧✬❡♠❜♦✉t ❛✈❡❝ ♦❜st❛❝❧❡✱ ❡t
❡♥ ♣❛rt✐❝✉❧✐❡r ❧❛ ❢♦r♠❛t✐♦♥ ❞✬✉♥ ❥❡t t✉r❜✉❧❡♥t ✐ss✉ ❞❡ ❧✬♦❜st❛❝❧❡✳ ▲❡s ♣❛r♦✐s ❞❡ ❧✬❡s♣❛❝❡ ❧✐❜r❡
s♦♥t s✐t✉é❡s s✉✣s❛♠♠❡♥t ❧♦✐♥ ❞❡ ❧✬❛①❡ ❧♦♥❣✐t✉❞✐♥❛❧ ✭x✮ ❞✉ ❝❛♥❛❧ ❛✜♥ ❞❡ ♣♦✉✈♦✐r ❝♦♥s✐❞ér❡r
❧✬é❝♦✉❧❡♠❡♥t s✐♠✉❧é ❞❛♥s ❝❡ ❞♦♠❛✐♥❡ ❝♦♠♠❡ ✉♥ ❥❡t ❧✐❜r❡✳ ❊♥✜♥✱ t♦✉s ❧❡s ❛♥❣❧❡s ✈✐❢s ❛✉t♦✉r ❞❡
❧✬♦❜st❛❝❧❡ ❡t à ❧❛ s♦rt✐❡ ❞❡ ❧✬❡♠❜♦✉t s♦♥t ❛rr♦♥❞✐s ❛✜♥ ❞✬♦❜t❡♥✐r ✉♥❡ ❣é♦♠étr✐❡ ✏❛❞♦✉❝✐❡✑✱ ❡t
❞✬é✈✐t❡r ❞❡s ♣♦✐♥ts s✐♥❣✉❧✐❡rs ♣♦✉✈❛♥t ♣♦s❡r ❞❡s ♣r♦❜❧è♠❡s ❞❛♥s ❧❡s s✐♠✉❧❛t✐♦♥s✳



✻✳✷✳ P❛r❛♠ètr❡s ❞❡s s✐♠✉❧❛t✐♦♥s ▲❊❙ ✶✷✸

❚❆❇▲❊❆❯ ✻✳✶ ✕ ❚❛✐❧❧❡s ❞❡s ♠❛✐❧❧❛❣❡s ❣é♥érés

❉❡❣ré ❞✬♦✉✈❡rt✉r❡ Hc

H ◆♦♠❜r❡ ❞✬é❧é♠❡♥ts ◆♦♠❜r❡ ❞❡ ♥÷✉❞s

✷✳✹✪ ✻✹✶✵✻✸✹ ✻✻✸✺✾✻✵
✶✵✪ ✻✷✾✻✼✼✹ ✻✹✾✻✸✻✹
✸✵✪ ✼✻✹✽✷✵✷ ✼✽✼✼✸✷✽

▲❛ ❞✐s❝rét✐s❛t✐♦♥ s♣❛t✐❛❧❡ ❞❡ t♦✉t ❧❡ ❞♦♠❛✐♥❡ ✢✉✐❞❡ ❛ été ré❛❧✐sé❡ ❡♥ ✉t✐❧✐s❛♥t ❧❡ ❧♦❣✐❝✐❡❧
❞❡ ♠❛✐❧❧❛❣❡ ●r✐❞❣❡♥ ✈✶✺ ✭P♦✐♥t✇✐s❡✱ ■♥❝✳✮✳ ❯♥ ♠❛✐❧❧❛❣❡ str✉❝t✉ré ❡st ❞é✜♥✐ ❡♥ ✉t✐❧✐s❛♥t ❞❡s
é❧é♠❡♥ts ✜♥✐s à ❤✉✐t ♥÷✉❞s ✭❤❡①❛❤é❞r❛✉①✮✳ ❉❡s é❧é♠❡♥ts ❞❡ ♣❧✉s ♣❡t✐t❡ t❛✐❧❧❡ s♦♥t ✉t✐❧✐sés
à ♣r♦①✐♠✐té ❞❡s ♣❛r♦✐s ❛✜♥ ❞❡ ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❡s ❡✛❡ts ❞❡ ❝♦✉❝❤❡ ❧✐♠✐t❡✱ t❛♥❞✐s q✉❡ ❧❛
♠❛✐❧❧❛❣❡ ❡st ♣❧✉s ❣r♦ss✐❡r ❞❛♥s ❧❡ ❝÷✉r ❞❡ ❧✬é❝♦✉❧❡♠❡♥t✳ ▲❡ ♠❛✐❧❧❛❣❡ ❡st é❣❛❧❡♠❡♥t ♣❧✉s ✜♥ ❛✉
♥✐✈❡❛✉ ❞❡ ❧❛ ré❣✐♦♥ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ ❡t ❞❛♥s ❧❛ ré❣✐♦♥ ♦ù ❧❡ ❥❡t t✉r❜✉❧❡♥t ❡st ❛ ♣r✐♦r✐ s✐t✉é✳
▲❡s ❧♦♥❣✉❡✉rs ❞❛♥s ❧❡s ❞✐r❡❝t✐♦♥s x ❡t y ❞❡ ❝❤❛q✉❡ é❧é♠❡♥t✱ r❡s♣❡❝t✐✈❡♠❡♥t ∆x ❡t ∆y✱ s♦♥t
✜①é❡s ❛✜♥ ❞❡ ❣❛r❛♥t✐r ❧❛ st❛❜✐❧✐té ❞✉ ♠♦❞è❧❡ ❞✬é❝♦✉❧❡♠❡♥t✱ ❞❡ t❡❧❧❡ s♦rt❡ q✉❡ ♣♦✉r ❝❤❛q✉❡
é❧é♠❡♥t✱ ❧❡ r❛♣♣♦rt ❞✬❛s♣❡❝t ✈ér✐✜❡ 0.4 < ∆x

∆y < 2.5✱ ❛✈❡❝ 2.2 × 10−5 < ∆x < 6.7 × 10−5♠ ❡t

9.5× 10−6 < ∆y < 2.7× 10−5♠✳

❙❡✉❧❡s ❞❡ ❢❛✐❜❧❡s ✈❛r✐❛t✐♦♥s ❞❡s ♣r♦♣r✐étés ❞❡ ❧✬é❝♦✉❧❡♠❡♥t s♦♥t ❛tt❡♥❞✉❡s ❞❛♥s ❧❛ ❞✐r❡❝t✐♦♥
z✱ s✐ ❜✐❡♥ q✉❡ ❧❛ t❛✐❧❧❡ ❞❡s é❧é♠❡♥ts ❞❛♥s ❝❡tt❡ ❞✐r❡❝t✐♦♥ ❡st ♣❧✉s ❣r❛♥❞❡✳ ▲❛ t❛✐❧❧❡ ❞✉ ✜❧tr❡
✉t✐❧✐sé ♣♦✉r ✜❧tr❡r ❧❡s éq✉❛t✐♦♥s ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❞❛♥s ❧❛ ♠ét❤♦❞❡ ❞❡ s✐♠✉❧❛t✐♦♥ ❞❡s ❣r❛♥❞❡s
é❝❤❡❧❧❡s ✭✈♦✐r s❡❝t✐♦♥ ✻✳✶✳✶✮ ❡st ❛✉t♦♠❛t✐q✉❡♠❡♥t ❝❛❧❝✉❧é❡ à ♣❛rt✐r ❞✉ ✈♦❧✉♠❡ ❞❡s é❧é♠❡♥ts✳ ❉❡
♣❧✉s✱ ❞❛♥s ❝❡tt❡ ♠ét❤♦❞❡✱ ❧❡ ✜❧tr❛❣❡ s♣❛t✐❛❧ ♠è♥❡ à ✉♥❡ ❢réq✉❡♥❝❡ ❞❡ ✜❧tr❛❣❡ ♣❛ss❡✲❜❛s ❬❙❛❣✵✻❪✳
❉❛♥s ✉♥❡ ♣❡rs♣❡❝t✐✈❡ ❞❡ ♣ré❞✐❝t✐♦♥ ❞✉ ❜r✉✐t ✐♥❞✉✐t ♣❛r ❧✬é❝♦✉❧❡♠❡♥t✱ ❧❡ ✈♦❧✉♠❡ ❞❡s é❧é♠❡♥ts ❡st
❝❤♦✐s✐ ❛✜♥ ❞❡ ré❞✉✐r❡ ❧✬✐♠♣❛❝t ❞✉ ✜❧tr❛❣❡ ❞❛♥s ❧❛ ❣❛♠♠❡ ❞❡ ❢réq✉❡♥❝❡s ❝♦♥s✐❞éré❡ ✭✵✲✷✵❦❍③✮✳
▲❛ t❛✐❧❧❡ ❞❡s é❧é♠❡♥ts ❡st ❛❞❛♣té❡ s❡❧♦♥ ❧❡ ❞❡❣ré ❞✬♦✉✈❡rt✉r❡✱ ❞❡ t❡❧❧❡ s♦rt❡ q✉❡ ♣❧✉s ❧❡ ❞❡❣ré
❞✬♦✉✈❡rt✉r❡ ❡st ♣❡t✐t✱ ♣❧✉s ❧❡ ♠❛✐❧❧❛❣❡ ❡st ✜♥ ❞❛♥s ❧❛ ré❣✐♦♥ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥✳ ▲❡ ♥♦♠❜r❡ t♦t❛❧
❞✬é❧é♠❡♥ts ❡st ❝♦♠♣r✐s ❡♥tr❡ ✻ ❡t ✽ ♠✐❧❧✐♦♥s ♣♦✉r ❧❡s tr♦✐s ❣é♦♠étr✐❡s ❝♦♥s✐❞éré❡s ✭t❛❜❧❡❛✉ ✻✳✶✮✳

✻✳✷✳✷ ▼✐s❡ ❡♥ ♦❡✉✈r❡ ❞❡s s✐♠✉❧❛t✐♦♥s ▲❊❙

P♦✉r ❡✛❡❝t✉❡r ❧❡s s✐♠✉❧❛t✐♦♥s ❞❡s ❣r❛♥❞❡s é❝❤❡❧❧❡s ❡♥ é❝♦✉❧❡♠❡♥t ✐♥❝♦♠♣r❡ss✐❜❧❡ ❡t ✐s♦✲
t❤❡r♠❡✱ ❛✈❡❝ ❧❡ ♠❛✐❧❧❛❣❡ ❞é❝r✐t ❞❛♥s ❧❛ s❡❝t✐♦♥ ✻✳✷✳✶✱ ♥♦✉s ❛✈♦♥s ✉t✐❧✐sé ❧❡ s♦❧✈❡✉r ❧✐❜r❡
❋r♦♥t❋❧♦✇✴❇❧✉❡ ✈✻✳✶ ❬❑■✾✶✱ ●❑❨✵✻❪✱ ❜✐❡♥ ❛❞❛♣té ❛✉① s✉♣❡r❝❛❧❝✉❧❛t❡✉rs à ❛r❝❤✐t❡❝t✉r❡ ✈❡❝t♦✲
r✐❡❧❧❡ ❬◆♦③✶✵❪✳ ❈❡ s♦❧✈❡✉r✱ ❝♦❞é ❡♥ ❋❖❘❚❘❆◆✼✼✱ ♣❡r♠❡t ❞❡ rés♦✉❞r❡✱ s✉r ❧❡s ❞♦♠❛✐♥❡s ❞✐s❝ré✲
t✐sés ❞✬é❝♦✉❧❡♠❡♥t ❞é❝r✐ts ❞❛♥s ❧❛ s❡❝t✐♦♥ ✻✳✷✳✶ ❧❡s éq✉❛t✐♦♥s ❞❡ ◆❛✈✐❡r✲❙t♦❦❡s ❞❡ q✉❛♥t✐té ❞❡
♠♦✉✈❡♠❡♥t ❡t ❞❡ ❝♦♥t✐♥✉✐té ✜❧tré❡s ✭éq✉❛t✐♦♥s ✭✻✳✺✮ ❡t ✭✻✳✼✮✮✳ ■❧ ✉t✐❧✐s❡ ✉♥ s❝❤é♠❛ ❞❡ ❈r❛♥❦✲
◆✐❝♦❧s♦♥ ❞✬♦r❞r❡ ✷ ✭♠ét❤♦❞❡ ✐♠♣❧✐❝✐t❡✮ ♣♦✉r ❧❛ ❞✐s❝rét✐s❛t✐♦♥ ❞❡ ❧✬éq✉❛t✐♦♥ ❞❡ q✉❛♥t✐té ❞❡ ♠♦✉✲
✈❡♠❡♥t✳ ▲❛ ❧❛r❣❡✉r ❞✉ ✜❧tr❡ ∆ ❡st ❛✉t♦♠❛t✐q✉❡♠❡♥t ❝❛❧❝✉❧é❡ à ♣❛rt✐r ❞❡ ❧❛ t❛✐❧❧❡ ❞✉ ♠❛✐❧❧❛❣❡✱
❞❡ t❡❧❧❡ s♦rt❡ q✉❡ ∆ ❡st ❧❛ r❛❝✐♥❡ ❝✉❜✐q✉❡ ❞✉ ✈♦❧✉♠❡ ❞❡ ❧✬é❧é♠❡♥t✱ ❡t ❧❛ ❝♦♥st❛♥t❡ ❞❡ ❙♠❛❣♦✲
r✐♥s❦② Cs ❡st ❝❛❧❝✉❧é❡ ❡♥ ✉t✐❧✐s❛♥t ❧❛ ♣r♦❝é❞✉r❡ ❞❡s ♠♦✐♥❞r❡s ❝❛rrés ❞❡ ▲✐❧❧② ❬●P▼❈✾✶✱ ▲✐❧✾✷❪✳
▲❡ ❝❤❛♠♣ ❞❡ ♣r❡ss✐♦♥ ❡st ❝❛❧❝✉❧é à ♣❛rt✐r ❞✉ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ ❡♥ ✉t✐❧✐s❛♥t ✉♥❡ ♠ét❤♦❞❡ à ♣❛s
❢r❛❝t✐♦♥♥❡❧s✳ ❆✜♥ ❞❡ ♣rés❡r✈❡r ❧❛ st❛❜✐❧✐té ♥✉♠ér✐q✉❡ ❞✉ ♠♦❞è❧❡✱ ❧❛ ✈❛❧❡✉r ❞✉ ♣❛s ❞❡ t❡♠♣s



✶✷✹ ❈❤❛♣✐tr❡ ✻✳ ❙✐♠✉❧❛t✐♦♥s ❞❡s ●r❛♥❞❡s ➱❝❤❡❧❧❡s

✭❛✮ ❈♦✉♣❡ ❞❛♥s ❧❡ ♣❧❛♥ ✭xy✮

✭❜✮ ❈♦✉♣❡ ❞❛♥s ❧❡ ♣❧❛♥ ✭xz✮

✭❝✮ ❩♦♦♠ s✉r ❧✬♦❜st❛❝❧❡ ❞❛♥s ❧❡ ♣❧❛♥ ✭xy✮ ✭❞✮ P❛r❛♠ètr❡s ❣é♦♠étr✐q✉❡s ✭❛❞❛♣té ❞❡
❬❈◆❱❍+✶✸❪✮

❋✐❣✉r❡ ✻✳✷ ✕ ▼❛✐❧❧❛❣❡ ❣é♥éré s♦✉s ●r✐❞❣❡♥ ✈✶✺ ✭P♦✐♥t✇✐s❡✱ ■♥❝✳✮ ✿ ❣é♦♠étr✐❡ à ✉♥ ♦❜st❛❝❧❡ ❡♥
❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡✳



✻✳✷✳ P❛r❛♠ètr❡s ❞❡s s✐♠✉❧❛t✐♦♥s ▲❊❙ ✶✷✺

δt ✉t✐❧✐sé ♣♦✉r ❡✛❡❝t✉❡r ❧❡s s✐♠✉❧❛t✐♦♥s ❡st ❝❤♦✐s✐❡ ❡♥ ❢♦♥❝t✐♦♥ ❞❡ ❧❛ t❛✐❧❧❡ ❞✉ ♠❛✐❧❧❛❣❡✳ ▲❡s
✈❛❧❡✉rs ❞❡ ♣❛s ❞❡ t❡♠♣s ❝♦rr❡s♣♦♥❞❛♥t ❛✉① tr♦✐s ❞❡❣rés ❞✬♦✉✈❡rt✉r❡ ❝♦♥s✐❞érés✱ ❡t ✐♥❞✐q✉és s✉r
❧❡ t❛❜❧❡❛✉ ✻✳✷ s❛t✐s❢♦♥t ❧❛ ❝♦♥❞✐t✐♦♥ ❞❡ ❈♦✉r❛♥t✲❋r✐❡❞r✐❝❤s✲▲❡✇② ❬❙♦❞✽✺❪✳ ▲❡s ♠ê♠❡s ❞é❜✐ts
✈♦❧✉♠✐q✉❡s q✉❡ ♣♦✉r ❧❡s ♠❡s✉r❡s ❞❡ ✈✐t❡ss❡ ❡♥ ❛✈❛❧ ❞❡ ❧✬♦❜st❛❝❧❡ s♦♥t ❝♦♥s✐❞érés ✭✸✽✱ ✶✵✷ ❡t
✶✾✼▲✴♠✐♥✮✱ ❝♦rr❡s♣♦♥❞❛♥t ❛✉① ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ❞é❜✐t❛♥ts ✹✵✷✱ ✶✵✼✾ ❡t ✷✵✽✹✳ ◆♦✉s ❝♦♥s✐✲
❞ér♦♥s ❛✉ss✐ ❧❡ ❞é❜✐t ❞❡ ✸✼✽▲✴♠✐♥✱ ❝♦rr❡s♣♦♥❞❛♥t ❛✉ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ✹✵✵✵✱ q✉✐ ❛ ❢❛✐t
❧✬♦❜❥❡t ❞❡s ét✉❞❡s ♥✉♠ér✐q✉❡s ♣ré❝é❞❡♥t❡s s✉r ❧❡ ♠♦❞è❧❡ ♥✉♠ér✐q✉❡ ❞❡ ❣é♦♠étr✐❡ ❛✈❡❝ ♦❜st❛❝❧❡
❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡ ❬❱●P+✶✵✱ ❈◆❱❍+✶✸❪✳

❆✉ ♥✐✈❡❛✉ ❞❡s ❝♦♥❞✐t✐♦♥s ❧✐♠✐t❡s✱ ♥♦✉s ✐♠♣♦s♦♥s ✉♥❡ ♣r❡ss✐♦♥ st❛t✐q✉❡ ❞❡ ✵P❛ à ❧❛ s❡❝t✐♦♥
❞❡ s♦rt✐❡ ❞✉ ❞♦♠❛✐♥❡ ❞❡ ❝❤❛♠♣ ❧✐❜r❡✳ P♦✉r ❛ss✉r❡r ❧❛ st❛❜✐❧✐té ❞❡s ❝❛❧❝✉❧s✱ ✉♥❡ ❝♦♥❞✐t✐♦♥
s✉♣♣❧é♠❡♥t❛✐r❡ q✉✐ ✐♠♣♦s❡ ❧❛ ✈✐t❡ss❡ ♥♦r♠❛❧❡ à ③ér♦ ❧♦rsq✉✬✉♥ é❝♦✉❧❡♠❡♥t ✐♥✈❡rs❡ ❡st ❞ét❡❝té
❡st ❛❥♦✉té❡ ❛✜♥ ❞✬❡♠♣ê❝❤❡r t♦✉t❡ ✐♥✈❡rs✐♦♥ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t✳ ➚ ❧✬❡①❝❡♣t✐♦♥ ❞❡s s❡❝t✐♦♥s ❞✬❡♥tré❡
❡t ❞❡ s♦rt✐❡✱ ♥♦✉s s♣é❝✐✜♦♥s ✉♥❡ ❝♦♥❞✐t✐♦♥ ❞❡ ♥♦♥✲❣❧✐ss❡♠❡♥t ♣♦✉r t♦✉t❡s ❧❡s s✉r❢❛❝❡s ❞✉ ❝❛♥❛❧
❡t ❞✉ ❞♦♠❛✐♥❡ ❞❡ ❝❤❛♠♣ ❧✐❜r❡✳ ▲❡s s♣é❝✐✜❝❛t✐♦♥s ❝♦♥❝❡r♥❛♥t ❧❡ ♣r♦✜❧ ❞❡ ✈✐t❡ss❡ ✐♠♣♦sé à ❧❛
s❡❝t✐♦♥ ❞✬❡♥tré❡ ❞✉ ❝❛♥❛❧ ❢♦♥t ❧✬♦❜❥❡t ❞❡ ❧❛ s❡❝t✐♦♥ ✻✳✷✳✸✳

❚♦✉s ❧❡s ❝❛❧❝✉❧s ♦♥t été ❡①é❝✉tés ♣❛r ✉♥ s✉♣❡r❝❛❧❝✉❧❛t❡✉r ❞❡ t②♣❡ ◆❊❈ ❙❳✾✱ ❛♣♣❛rt❡♥❛♥t
❛✉ ❈②❜❡r♠❡❞✐❛ ❈❡♥t❡r ❞❡ ❧✬❯♥✐✈❡rs✐té ❞✬❖s❛❦❛ ❛✉ ❏❛♣♦♥ ✭✜❣✉r❡ ✻✳✸✮✳ ❈❡ s✉♣❡r❝❛❧❝✉❧❛t❡✉r à
❛r❝❤✐t❡❝t✉r❡ ✈❡❝t♦r✐❡❧❧❡ ♣♦ssè❞❡ ✶✻✵ ♣r♦❝❡ss❡✉rs✱ ♣♦✉r ✉♥❡ ✈✐t❡ss❡ ❞❡ ❝❛❧❝✉❧ ❣❧♦❜❛❧❡ ❝❛❞❡♥❝é❡ à
✶✻❚❋▲❖P❙ ❡t ✉♥❡ ♠é♠♦✐r❡ ✈✐✈❡ ❞❡ ✶✵❚♦✳ ▲❡ ❣r♦s ❛✈❛♥t❛❣❡ ❞❡ ❝❡ t②♣❡ ❞❡ ♣❧❛t❡✲❢♦r♠❡ ❞❡ ❝❛❧❝✉❧
❤❛✉t❡✲♣❡r❢♦r♠❛♥❝❡ ❡st q✉❡ ❧✬♦♥ ♣❡✉t ❧❛♥❝❡r ❧❡s ❝❛❧❝✉❧s ❡t ré❝✉♣ér❡r ❧❡s rés✉❧t❛ts ❡♥s✉✐t❡ ♠ê♠❡
❡♥ ét❛♥t s✐t✉é à ❞❡s ♠✐❧❧✐❡rs ❞❡ ❦✐❧♦♠ètr❡s ❬❆❆❇+✶✸❪✱ ♣❛r ♣r♦t♦❝♦❧❡ ❞❡ tr❛♥s❢❡rt ❙❙❍ ✭❙❡❝✉r❡
❙❤❡❧❧✮✳ ▲❡ ❙❳✾ ❞❡ ❧✬❯♥✐✈❡rs✐té ❞✬❖s❛❦❛ ♣❡r♠❡t ❞❡ ❝❛❧❝✉❧❡r ✶✵✵✵✵ ♣❛s ❞❡ t❡♠♣s ❡♥ ❛♣♣r♦①✐♠❛t✐✲
✈❡♠❡♥t ✶✸ ❤❡✉r❡s✳ ▲❡ r❡s♣❡❝t ❞❡ ❧❛ ❝♦♥❞✐t✐♦♥ ❞❡ ❈♦✉r❛♥t✲❋r✐❡❞r✐❝❤s✲▲❡✇② ❛ été ❝♦♥t✐♥✉❡❧❧❡♠❡♥t
✈ér✐✜é ❞✉r❛♥t t♦✉t❡s ❧❡s s✐♠✉❧❛t✐♦♥s✳ ▲❡s ❞♦♥♥é❡s ❜r✉t❡s ❞❡ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ ✐♥st❛♥t❛♥é❡ ❝❛❧✲
❝✉❧é❡s ♣❡✉✈❡♥t ♣❡s❡r ❥✉sq✉❡ ✺✵✵▼♦ ♣❛r ♣❛s ❞❡ t❡♠♣s s❡❧♦♥ ❧❛ ❣é♦♠étr✐❡ s✐♠✉❧é❡ ❬❆❆❇+✶✸❪✳
▲❡s ❞♦♥♥é❡s ♦❜t❡♥✉❡s ♣♦✉r t♦✉t❡s ❧❡s s✐♠✉❧❛t✐♦♥s ♥é❝❡ss✐t❡♥t ❞♦♥❝ ❞❡ très ❣r♦ss❡s q✉❛♥t✐tés
❞✬❡s♣❛❝❡ ❞✐sq✉❡✳ ▲❡ ♣♦st✲tr❛✐t❡♠❡♥t ❞❡s rés✉❧t❛ts ❛ été ❡✛❡❝t✉é ❛✈❡❝ ❧❡ ❧♦❣✐❝✐❡❧ ❧✐❜r❡ ❞❡ ✈✐s✉❛✲
❧✐s❛t✐♦♥ s❝✐❡♥t✐✜q✉❡ P❛r❛❱✐❡✇ ❬❆●▲✵✺❪✱ q✉✐ ❞✐s♣♦s❡ ❞✬✉♥❡ ❛r❝❤✐t❡❝t✉r❡ ❝❧✐❡♥t✲s❡r✈❡✉r ❡t q✉✐
♣❡✉t êtr❡ ♣❛r❛❧❧é❧✐sé✳ P❛r❛❱✐❡✇ ❢♦♥❝t✐♦♥♥❡ ❛✈❡❝ ❧❛ ❜✐❜❧✐♦t❤èq✉❡ ❧✐❜r❡ ❱❚❑ ✭❱✐s✉❛❧✐③❛t✐♦♥ ❚♦♦❧✲
❑✐t ❬❙▼▲✾✼❪✮ q✉✐ ❝♦♥t✐❡♥t ❞❡s ❝❧❛ss❡s ❈✰✰ ✐♠♣❧é♠❡♥té❡s ♣♦✉r ❧❛ ✈✐s✉❛❧✐s❛t✐♦♥ ❞❡ ❞♦♥♥é❡s ❜✐✲
♦✉ tr✐❞✐♠❡♥s✐♦♥♥❡❧❧❡s ❡t ❧❡ tr❛✐t❡♠❡♥t ❞✬✐♠❛❣❡✳

✻✳✷✳✸ Pr♦✜❧s ❞❡ ✈✐t❡ss❡ ✐♠♣♦sés ❡♥ ❡♥tré❡

✻✳✷✳✸✳✶ Pr♦✜❧ ❞✬❡♥tré❡ ✉♥✐❢♦r♠❡

P❛r ❞é❢❛✉t ❛✈❡❝ ❧❡ s♦❧✈❡✉r ❋r♦♥t❋❧♦✇✴❇❧✉❡✱ ❧❡ ♣r♦✜❧ ❞❡ ✈✐t❡ss❡ ✐♠♣♦sé ❡♥ ❡♥tré❡ ❡st ✉♥ ♣r♦✜❧
✉♥✐❢♦r♠❡ s✉r t♦✉t❡ ❧❛ s❡❝t✐♦♥ ❞✬❡♥tré❡ s❛✉❢ s✉r ❧❡s ♣❛r♦✐s ♦ù ❧❛ ✈✐t❡ss❡ ❡st ♥✉❧❧❡✱ ❞é✜♥✐ ♣❛r ❧❡
♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ❞é❜✐t❛♥t ✭❜❛sé s✉r ❧❛ s❡❝t✐♦♥ ❞✬❡♥tré❡✮ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t q✉❡ ❧✬✉t✐❧✐s❛t❡✉r
s♦✉❤❛✐t❡ s✐♠✉❧❡r✳ ❆✉ ❞é❜✉t ❞❡ ❧❛ s✐♠✉❧❛t✐♦♥✱ ❧❛ ✈✐t❡ss❡ ❞✬❡♥tré❡ ❛✉❣♠❡♥t❡ ❣r❛❞✉❡❧❧❡♠❡♥t ❞✉r❛♥t
✶✵✵✵✵ ♣❛s ❞❡ t❡♠♣s✳ P✉✐s ❧❡ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ rés✉❧t❛♥t ❡st s✐♠✉❧é ❛✈❡❝ ✉♥❡ ✈✐t❡ss❡ ❞é❜✐t❛♥t❡
❞✬❡♥tré❡ ❝♦♥st❛♥t❡✳ ❊♥ ❝♦♠♣❧é♠❡♥t ❞❡s ét✉❞❡s ♣ré❝é❞❡♥t❡s ♣♦rt❛♥t s✉r ❧❛ ❣é♦♠étr✐❡ ♥✉♠ér✐q✉❡



✶✷✻ ❈❤❛♣✐tr❡ ✻✳ ❙✐♠✉❧❛t✐♦♥s ❞❡s ●r❛♥❞❡s ➱❝❤❡❧❧❡s

❋✐❣✉r❡ ✻✳✸ ✕ ❙✉♣❡r❝❛❧❝✉❧❛t❡✉r ◆❊❈ ❙❳✾ ❞❡ ❧✬❯♥✐✈❡rs✐té ❞✬❖s❛❦❛ ✭❏❛♣♦♥✮

à ✉♥ ♦❜st❛❝❧❡ ❬❈◆❱❍+✶✸✱ ❱●P+✶✵❪✱ ♦ù s❡✉❧ ❧❡ ♣r♦✜❧ ❞✬❡♥tré❡ ♣❛r ❞é❢❛✉t ✉♥✐❢♦r♠❡ ❛ été ✉t✐❧✐sé✱
♥♦✉s ❝❤❡r❝❤♦♥s ✐❝✐ à t❡st❡r ❞✬❛✉tr❡s t②♣❡s ❞❡ ♣r♦✜❧s ❞✬❡♥tré❡✳ ❉❛♥s ❧❡ ❝♦❞❡ s♦✉r❝❡ ♦r✐❣✐♥❛❧ ❞❡
❋r♦♥t❋❧♦✇✴❇❧✉❡✱ ✐❧ ♥✬② ❛ ♣❛s ❞✬❛✉tr❡s ♣r♦✜❧s ❞✬❡♥tré❡ ✉t✐❧✐s❛❜❧❡s q✉❡ ❧❡ ♣r♦✜❧ ✉♥✐❢♦r♠❡✱ ❛✐♥s✐
♥♦✉s ❛✈♦♥s ❡✉ ❜❡s♦✐♥ ❞✬✐♠♣❧é♠❡♥t❡r ♥♦✉s✲♠ê♠❡s ❞✬❛✉tr❡s t②♣❡s ❞❡ ♣r♦✜❧s ❡♥ ♠♦❞✐✜❛♥t ❧❡ ❝♦❞❡
s♦✉r❝❡ ♦r✐❣✐♥❛❧✱ q✉✐ ❡st ❧✐❜r❡♠❡♥t ♠♦❞✐✜❛❜❧❡✳

✻✳✷✳✸✳✷ Pr♦✜❧ ❞✬❡♥tré❡ ♣❛r❛❜♦❧✐q✉❡ tr✐❞✐♠❡♥s✐♦♥♥❡❧

◆♦✉s ❛✈♦♥s t♦✉t ❞✬❛❜♦r❞ ✐♠♣❧é♠❡♥té ✉♥ ♣r♦✜❧ ❞❡ t②♣❡ ♣❛r❛❜♦❧✐q✉❡ tr✐❞✐♠❡♥s✐♦♥♥❡❧✳ P♦✉r
✉♥❡ s❡❝t✐♦♥ r❡❝t❛♥❣✉❧❛✐r❡✱ ❝♦♥tr❛✐r❡♠❡♥t à ✉♥ ♣r♦✜❧ ❜✐❞✐♠❡♥s✐♦♥♥❡❧ ♣❛r❛❜♦❧✐q✉❡ ❞❡ P♦✐s❡✉✐❧❧❡
❝❧❛ss✐q✉❡✱ ❛✈❡❝ ✉♥ ♣r♦✜❧ tr✐❞✐♠❡♥s✐♦♥♥❡❧ ♣❛r❛❜♦❧✐q✉❡ ❧❛ ❝♦♥❞✐t✐♦♥ ❞✬❛❞❤ér❡♥❝❡ ❡st ✐♠♣♦sé❡ s✉r
t♦✉s ❧❡s ❝ôtés ❞❡ ❧❛ s❡❝t✐♦♥ r❡❝t❛♥❣✉❧❛✐r❡✳ ▲❛ ❢♦r♠✉❧❡ ♠❛t❤é♠❛t✐q✉❡ q✉✐ ❞é✜♥✐t ❝❡ t②♣❡ ❞❡
♣r♦✜❧✱ ❞ér✐✈é❡ ♣❛r ❲❤✐t❡ ❬❲❤✐✾✶❪✱ ❡st ✐♥❞✐q✉é❡ ❝✐✲❞❡ss♦✉s ✿

ue,para(y, z) = Q
βu(y, z)

βq
, ✭✻✳✸✾✮

❛✈❡❝

βu(y, z) =
1

2





H2

4
− z2 − 8H4

π3

∞
∑

n=1,3,5...



(−1)

n− 1

2
cosh

(nπy
H

)

cosh
(

nπW
2H

)

cos
(

nπz
H

)

n3







 , ✭✻✳✹✵✮

❡t

βq =
W 3

6





H

2
− 96W

π5

∞
∑

n=1,3,5,...

tanh
(

nπH
2W

)

n5



 , ✭✻✳✹✶✮



✻✳✷✳ P❛r❛♠ètr❡s ❞❡s s✐♠✉❧❛t✐♦♥s ▲❊❙ ✶✷✼

✭❛✮ ✭❜✮

❋✐❣✉r❡ ✻✳✹ ✕ ■♥✢✉❡♥❝❡ ❞✉ ♥♦♠❜r❡ ❞✬✐tér❛t✐♦♥s n s✉r ❧❡ ♣r♦✜❧ ♣❛r❛❜♦❧✐q✉❡ tr✐❞✐♠❡♥s✐♦♥♥❡❧
✐♠♣❧é♠❡♥té ✿ ✭❛✮ ✸✵ ❡t ✭❜✮ ✻✵ ✐tér❛t✐♦♥s

♦ù Q ❡st ❧❡ ❞é❜✐t ✈♦❧✉♠✐q✉❡✱ H ❧❛ ❤❛✉t❡✉r ❞✉ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡✱ ❡tW ❧❛ ❧❛r❣❡✉r✳ ❊♥ ♣r❛t✐q✉❡✱
✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ ❧✐♠✐t❡r ❧❛ s♦♠♠❡ ✐♥✜♥✐❡ ❡t ❞❡✉① ❧✐♠✐t❡s ♦♥t été t❡sté❡s ✿ n ≤ 30 ♦✉ n ≤ 60✳
▲❛ ❝♦♠♣❛r❛✐s♦♥ ❞❡s ❞❡✉① ❝❛s ❡st ✐❧❧✉stré❡ s✉r ❧❛ ✜❣✉r❡ ✻✳✹✳ ◆♦✉s ❝♦♥st❛t♦♥s q✉❡ ❧❡s ❞❡✉① ♣r♦✜❧s
♦❜t❡♥✉s s♦♥t ♣r❛t✐q✉❡♠❡♥t ✐❞❡♥t✐q✉❡s✳ ❆✐♥s✐ ♥♦✉s r❡t❡♥♦♥s ❧❡ ♣r♦✜❧ ❣é♥éré ❛✈❡❝ ✸✵ ✐tér❛t✐♦♥s✳

✻✳✷✳✸✳✸ Pr♦✜❧ ❞✬❡♥tré❡ t✉r❜✉❧❡♥t

◆♦✉s ❛✈♦♥s é❣❛❧❡♠❡♥t ✈♦✉❧✉ t❡st❡r ❧✬❡✛❡t ❞✬✉♥ ♣r♦✜❧ t✉r❜✉❧❡♥t ✐♠♣♦sé ❡♥ ❡♥tré❡ s✉r ❧❡
❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❞❛♥s ❧❡ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡✳ ❉❡✉① t②♣❡s ❞❡ ♣r♦✜❧ t✉r❜✉❧❡♥t
s♦♥t ❝♦♥s✐❞érés ✿ st❛t✐q✉❡ ✭s❛♥s ✢✉❝t✉❛t✐♦♥s✮ ❡t ❞②♥❛♠✐q✉❡ ✭❛✈❡❝ ✢✉❝t✉❛t✐♦♥s ❛❧é❛t♦✐r❡s✮✳ ▲❡
♣r♦✜❧ t✉r❜✉❧❡♥t st❛t✐q✉❡ ❡st ❜❛sé s✉r ✉♥❡ ❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡ ✶✴✼è♠❡ ✭éq✉❛t✐♦♥ ✭✸✳✷✸✮✱ ❈❤❛♣✐tr❡ ✸✮✳
■❧ ♥❡ ✈❛r✐❡ ♣❛s ❛✉ ❝♦✉rs ❞✉ t❡♠♣s✱ ❞✬♦ù s♦♥ ❝❛r❛❝tèr❡ ❵st❛t✐q✉❡✬✳ ▲❡ ♣r♦✜❧ t✉r❜✉❧❡♥t ❞②♥❛♠✐q✉❡
❡st é❣❛❧❡♠❡♥t ❜❛sé s✉r ✉♥❡ ❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡ ✶✴✼è♠❡✱ ♠❛✐s ✐❧ ✈❛r✐❡ ❛✉ ❝♦✉rs ❞✉ t❡♠♣s✱ s♦✉s ❧❛
❢♦r♠❡ ❞❡ ✢✉❝t✉❛t✐♦♥s ❛❧é❛t♦✐r❡s ❞❡ ✈✐t❡ss❡ ũe,turb(t) ❛✉t♦✉r ❞✬✉♥❡ ✈❛❧❡✉r ♠♦②❡♥♥❡ Ue,turb✱ q✉✐
❡❧❧❡ ♦❜é✐t à ✉♥ ♣r♦✜❧ ❞❡ ❧♦✐ ❞❡ ♣✉✐ss❛♥❝❡ ✶✴✼è♠❡✳ ◆♦✉s ❛✈♦♥s ✐❝✐ ❝❤♦✐s✐ ❞✬✉t✐❧✐s❡r ✉♥ ♠♦❞è❧❡
❣❛✉ss✐❡♥ ♣♦✉r ❧❛ ❧♦✐ ❞❡ ❞✐str✐❜✉t✐♦♥ ❞❡ ♣r♦❜❛❜✐❧✐té ❞❡ ❝❡s ✢✉❝t✉❛t✐♦♥s ❛❧é❛t♦✐r❡s✱ ❡♥ r❛✐s♦♥ ❞✉
❝❛r❛❝tèr❡ q✉❛s✐✲❣❛✉ss✐❡♥ ❞❡s ✢✉❝t✉❛t✐♦♥s ❞❡ ✈✐t❡ss❡ ♠❡s✉ré❡s ❛✉ ✜❧♠ ❝❤❛✉❞ ✭❈❤❛♣✐tr❡ ✸✮ ✿

ue,turb(t) = Ue,turb(t) + ũe,turb(t) ✭✻✳✹✷✮

P♦✉r s✐♠♣❧✐✜❡r✱ ♥♦✉s s✉♣♣♦s♦♥s ❞❛♥s ✉♥ ♣r❡♠✐❡r t❡♠♣s q✉❡ ❧❡s ♠♦♠❡♥ts ❞✬♦r❞r❡ ✸ ❡t ✹ ✭s❦❡✇✲
♥❡ss✱ ❦✉rt♦s✐s✮ s♦♥t ♥✉❧s✱ ♠ê♠❡ s✐ ❧❡s ♠❡s✉r❡s ❛✉ ✜❧♠ ❝❤❛✉❞ ♦♥t ♠♦♥tré ❧❡ ❝♦♥tr❛✐r❡ ✭✈♦✐r
❈❤❛♣✐tr❡ ✸✮✳ ❉❛♥s ❝❡s ❝♦♥❞✐t✐♦♥s✱ ❧❛ ❢♦♥❝t✐♦♥ ❞❡ ♣r♦❜❛❜✐❧✐té ❞❡ ❞✐str✐❜✉t✐♦♥ ♦❜é✐t à ✉♥❡ ❧♦✐
♥♦r♠❛❧❡ ❝❡♥tré❡ s✉r ✵ ❞❡ t❡❧❧❡ s♦rt❡ q✉❡

ũe,turb(t) = randn(t)× Tue × Ue,turb, ✭✻✳✹✸✮



✶✷✽ ❈❤❛♣✐tr❡ ✻✳ ❙✐♠✉❧❛t✐♦♥s ❞❡s ●r❛♥❞❡s ➱❝❤❡❧❧❡s

❚❆❇▲❊❆❯ ✻✳✷ ✕ ❙✐♠✉❧❛t✐♦♥s ▲❊❙ ❡✛❡❝t✉é❡s

Hc

H ❬✪❪ Red Pr♦✜❧ ❞✬❡♥tré❡ δt ❬s❪ Tsim ❬s❪

✸✵ ✷✵✽✹ ❯♥✐❢♦r♠❡ 10−5 ✵✳✻
✶✵ ✷✵✽✹ ❯♥✐❢♦r♠❡ 2× 10−6 ✵✳✶✷
✸✵ ✶✵✼✾ ❯♥✐❢♦r♠❡ 10−5 ✵✳✻
✶✵ ✶✵✼✾ ❯♥✐❢♦r♠❡ 2× 10−6 ✵✳✶✵✽
✸✵ ✹✵✷ ❯♥✐❢♦r♠❡ 10−5 ✵✳✻
✶✵ ✹✵✷ ❯♥✐❢♦r♠❡ 2× 10−6 ✵✳✶✵✽
✷✳✹ ✷✵✽✹ ❯♥✐❢♦r♠❡ 5× 10−7 ✵✳✵✸
✸✵ ✷✵✽✹ P❛r❛❜♦❧✐q✉❡ ✸❉ 10−5 ✵✳✹✽
✸✵ ✹✵✷ P❛r❛❜♦❧✐q✉❡ ✸❉ 10−5 ✵✳✺✹
✶✵ ✷✵✽✹ P❛r❛❜♦❧✐q✉❡ ✸❉ 2× 10−6 ✵✳✶✷
✶✵ ✶✵✼✾ P❛r❛❜♦❧✐q✉❡ ✸❉ 2× 10−6 ✵✳✶✵✽
✸✵ ✷✵✽✹ ▲♦✐ ❞❡ ♣✉✐ss❛♥❝❡ ✶✴✼è♠❡ ✭Tue = 0✪✮ 10−5 ✵✳✹✽
✸✵ ✷✵✽✹ ▲♦✐ ❞❡ ♣✉✐ss❛♥❝❡ ✶✴✼è♠❡ ✭Tue = 10✪✮ 10−5 ✵✳✻
✶✵ ✹✵✵✵ ▲♦✐ ❞❡ ♣✉✐ss❛♥❝❡ ✶✴✼è♠❡ ✭Tue = 0✪✮ 10−6 ✵✳✵✶✽
✶✵ ✹✵✵✵ ▲♦✐ ❞❡ ♣✉✐ss❛♥❝❡ ✶✴✼è♠❡ ✭Tue = 30✪✮ 10−6 ✵✳✵✷✹

❛✈❡❝ −1 ≤ randn(t) ≤ 1 ✉♥ ♥♦♠❜r❡ ❛❧é❛t♦✐r❡ ♦❜é✐ss❛♥t à ✉♥❡ ❧♦✐ ♥♦r♠❛❧❡ ❝❡♥tré❡ ❛✉t♦✉r ❞❡ ✵✱
❡t Tue ✉♥ ♥✐✈❡❛✉ ❞✬✐♥t❡♥s✐té t✉r❜✉❧❡♥t❡ ❬✪❪ ❛r❜✐tr❛✐r❡♠❡♥t ✜①é✳ ❉❛♥s ❝❡ ❝❤❛♣✐tr❡✱ ♥♦✉s ❝♦♥s✐✲
❞ér♦♥s ❧❡s tr♦✐s ♥✐✈❡❛✉① ❞✬✐♥t❡♥s✐té t✉r❜✉❧❡♥t❡ ❞✬❡♥tré❡ ✵✱ ✶✵ ❡t ✸✵✪✱ q✉✐ r❡st❡♥t ❞❡s ✈❛❧❡✉rs
♣❤②s✐q✉❡♠❡♥t ré❛❧✐st❡s ✭< 50✪ ❬●r❛✵✾❪✮✳ ▲❡ ❝❛s Tue = 0✪ ❝♦rr❡s♣♦♥❞ ❛✉ ♣r♦✜❧ ❞✬❡♥tré❡ t✉r✲
❜✉❧❡♥t st❛t✐q✉❡✳ ▲✬❡♥s❡♠❜❧❡ ❞❡s s✐♠✉❧❛t✐♦♥s ▲❊❙ ❡✛❡❝t✉é❡s ✭♣♦✉r ❝❤❛q✉❡ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s✱
❝❤❛q✉❡ t②♣❡ ❞❡ ♣r♦✜❧ ❞✬❡♥tré❡ ❡t ❝❤❛q✉❡ ❞❡❣ré ❞✬♦✉✈❡rt✉r❡ ♦✉ r❛♣♣♦rt ❞✬❛s♣❡❝t✮ ❡st ré❝❛♣✐t✉❧é
❞❛♥s ❧❡ t❛❜❧❡❛✉ ✻✳✷✳

✻✳✸ ❘és✉❧t❛ts ❞❡s s✐♠✉❧❛t✐♦♥s ▲❊❙ ❡t ❞✐s❝✉ss✐♦♥

✻✳✸✳✶ ❱✐s✉❛❧✐s❛t✐♦♥s ❞✬é❝♦✉❧❡♠❡♥ts s✐♠✉❧és

◆♦✉s ❡①❛♠✐♥♦♥s t♦✉t ❞✬❛❜♦r❞ q✉❡❧q✉❡s ✈✐s✉❛❧✐s❛t✐♦♥s ✭❝❛♣t✉r❡s✮ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t s✐♠✉❧é
♣♦✉r ❝❡rt❛✐♥s ❝❛s ❞❡ ✜❣✉r❡✳ ▲❛ ✜❣✉r❡ ✻✳✺ ♣rés❡♥t❡ ❞❡s ✈✐s✉❛❧✐s❛t✐♦♥s ❧♦♥❣✐t✉❞✐♥❛❧❡s ❞❡ ❧❛
♥♦r♠❡ ❞✉ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ ✐♥st❛♥t❛♥é❡ à ♣❧✉s✐❡✉rs ✐♥st❛♥ts s✉❝❝❡ss✐❢s✱ ♣♦✉r ❧❛ ❝♦♥✜❣✉r❛t✐♦♥
❬Hc

H = 2.4% ❀ Red = 2084 ❀ ♣r♦✜❧ ❞✬❡♥tré❡ ✉♥✐❢♦r♠❡❪✱ ❝❡ q✉✐ ♣❡r♠❡t ❞✬♦❜s❡r✈❡r ❧❛ ❢♦r♠❛t✐♦♥
❞✉ ❥❡t ❡♥ s♦rt✐❡ ❞✉ ❝❛♥❛❧ ❛✈❡❝ ♦❜st❛❝❧❡✳ ▲❛ ✜❣✉r❡ ✻✳✻ ♣rés❡♥t❡ ✉♥❡ ✈✐s✉❛❧✐s❛t✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡
❞❡ ❧✬é❝♦✉❧❡♠❡♥t s✐♠✉❧é ❝♦♥✈❡r❣é ❞❡s ♥♦r♠❡s ❞❡s ❝❤❛♠♣s ❞❡ ✈✐t❡ss❡ ♠♦②❡♥♥❡✱ ✈✐t❡ss❡ r♠s✱ ❡t
✈♦rt✐❝✐té✱ ♣♦✉r ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ❬Hc

H = 2.4% ❀ Red = 2084 ❀ ♣r♦✜❧ ❞✬❡♥tré❡ ✉♥✐❢♦r♠❡❪✳ ◆♦✉s
♣♦✉✈♦♥s r❡♠❛rq✉❡r q✉❡ ❧❛ ✈♦rt✐❝✐té ❡st ♠❛①✐♠❛❧❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬❡①trê♠✐té ❞❡ ❧✬♦❜st❛❝❧❡ ✭❞❡
❧✬♦r❞r❡ ❞❡ 104s−1✮✱ s✉r ❧❛ ❢❛❝❡ ❛♠♦♥t✱ ❡t ❡❧❧❡ ❡st é❣❛❧❡♠❡♥t é❧❡✈é❡ ✭❞❡ ❧✬♦r❞r❡ ❞❡ ✺✵✵✵s−1✮
❞❛♥s ❧❡ ✈♦✐s✐♥❛❣❡ ❞✉ ❜♦r❞ ✐♥❢ér✐❡✉r ❞❡ ❧❛ s❡❝t✐♦♥ ❞❡ s♦rt✐❡ ❞❡ ❧❛ ❣é♦♠étr✐❡✳ ❈❡❝✐ ♥♦✉s ❧❛✐ss❡
♣❡♥s❡r q✉❡ ❧❡s s♦✉r❝❡s ❞❡ ❜r✉✐t ❛ér♦❛❝♦✉st✐q✉❡ ♣ré♣♦♥❞ér❛♥t❡s ❞✉ s②stè♠❡ s♦♥t s✐t✉é❡s ❞❛♥s



✻✳✸✳ ❘és✉❧t❛ts ❞❡s s✐♠✉❧❛t✐♦♥s ▲❊❙ ❡t ❞✐s❝✉ss✐♦♥ ✶✷✾

❝❡s ❞❡✉① ré❣✐♦♥s✳ ▲❛ ✜❣✉r❡ ✻✳✼ ♣rés❡♥t❡ ❞❡s ✈✐s✉❛❧✐s❛t✐♦♥s ❧♦♥❣✐t✉❞✐♥❛❧❡s ♣♦✉r ❧❛ ❝♦♥✜❣✉r❛t✐♦♥
❬Hc

H = 10% ❀ Red = 4000 ❀ ♣r♦✜❧ ❞✬❡♥tré❡ t✉r❜✉❧❡♥t s❛♥s ✢✉❝t✉❛t✐♦♥s ✭Tue = 0✪✮❪✳ ▲❡s ♥♦r♠❡s
❞❡s ❝❤❛♠♣s ❞❡ ✈✐t❡ss❡ ✐♥st❛♥t❛♥é❡✱ ✈✐t❡ss❡ ♠♦②❡♥♥❡✱ ✈✐t❡ss❡ r♠s✱ ❡t ✈♦rt✐❝✐té s♦♥t ✐❧❧✉stré❡s
♣♦✉r tr♦✐s ✐♥st❛♥ts ❛❞✐♠❡♥s✐♦♥♥és tU0

H s✉❝❝❡ss✐❢s✳

✻✳✸✳✷ Pr♦✜❧s ❞❡ ✈✐t❡ss❡ s✐♠✉❧és

✻✳✸✳✷✳✶ Pr♦✜❧s tr❛♥s✈❡rs❛✉① ❡♥ ❛♠♦♥t ❞❡ ❧✬♦❜st❛❝❧❡

▲❡s ♣r♦✜❧s tr❛♥s✈❡rs❛✉① ❛♠♦♥t ❞❡ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ s✐♠✉❧és ♣♦✉r ❧❡s ❝♦♥✜❣✉✲
r❛t✐♦♥s ❬Hc

H = 30% ❀ Red = 2084 ❀ ♣r♦✜❧ ❞✬❡♥tré❡ ✉♥✐❢♦r♠❡❪ ❡t ❬Hc

H = 10% ❀ Red = 4000 ❀ ♣r♦✜❧
❞✬❡♥tré❡ t✉r❜✉❧❡♥t à ✢✉❝t✉❛t✐♦♥s ❛❧é❛t♦✐r❡s Tue = 30✪❪ s♦♥t r❡s♣❡❝t✐✈❡♠❡♥t ♣rés❡♥tés s✉r ❧❡s
✜❣✉r❡s ✻✳✽❛ ❡t ✻✳✽❜✱ ♣♦✉r ❞❡s ♣♦s✐t✐♦♥s ❛♠♦♥t s✬ét❡♥❞❛♥t ❞❡ −30Hc ❥✉sq✉❡ s♦✉s ❧✬♦❜st❛❝❧❡✳
❯♥ ♣r♦✜❧ ♣❛r❛❜♦❧✐q✉❡ t❤é♦r✐q✉❡ ❡st ❛❥♦✉té s✉r t♦✉t❡s ❧❡s ✜❣✉r❡s ❝♦♠♠❡ ré❢ér❡♥❝❡✳ ❆✉ ♥✐✈❡❛✉
❞❡ ❧✬♦❜st❛❝❧❡ ✭x = 0✮✱ ❧❡s ❞❡✉① ♣r♦✜❧s ♣rés❡♥t❡♥t ✉♥❡ ❢♦r♠❡ ❢♦rt❡♠❡♥t ❛s②♠étr✐q✉❡✱ ❛✈❡❝ ✉♥❡
❛❝❝é❧ér❛t✐♦♥ ♣❧✉s ♣r♦♥♦♥❝é❡ ❡♥✲❞❡ss♦✉s ❞❡ ❧✬❡①tré♠✐té ❞❡ ❧✬♦❜st❛❝❧❡ q✉❡ ❞❡ ❧✬❛✉tr❡ ❝ôté✱ ♣rès
❞❡ ❧❛ ♣❛r♦✐ ✐♥❢ér✐❡✉r❡ ❞❡ ❧✬❡♠❜♦✉t✳ ◆♦✉s ♣♦✉✈♦♥s ❝♦♥st❛t❡r ✉♥❡ ✐♥✢✉❡♥❝❡ ♠❛❥❡✉r❡ ❞✉ ♣r♦✜❧
❞✬❡♥tré❡ t✉r❜✉❧❡♥t ❞②♥❛♠✐q✉❡ ✐♥❥❡❝té✱ ❛✈❡❝ ❞❡s ♣r♦✜❧s ♣♦✉r x = −30Hc ❡t x = −20Hc ❛②❛♥t
❧❛ ❢♦r♠❡ ❞✬✉♥ ♣r♦✜❧ ❤❛✉t✲❞❡✲❢♦r♠❡✳ ➚ x = −10Hc✱ ❧❡ ♣r♦✜❧ ❡st ❝♦♠♣❧èt❡♠❡♥t ❛s②♠étr✐q✉❡✳
❆✉ ♥✐✈❡❛✉ ❞❡ ❧✬♦❜st❛❝❧❡ ✭x = 0✮✱ ❧❡ ♣r♦✜❧ ♣rés❡♥t❡ ✉♥❡ ❢♦r♠❡ ❛s②♠étr✐q✉❡ ❞✐✛ér❡♥t❡ ❞❡ ❝❡❧❧❡
♦❜s❡r✈é❡ ♣♦✉r ❧❡ ❝❛s ❬Hc

H = 30% ❀ Red = 2084❪ ❛✈❡❝ ✉♥❡ s♦rt❡ ❞✬✐♥✈❡rs✐♦♥ ❞❡ ❝♦♥❝❛✈✐té✳

✻✳✸✳✷✳✷ Pr♦✜❧s tr❛♥s✈❡rs❛✉① ❡♥ ❛✈❛❧ ❞❡ ❧✬♦❜st❛❝❧❡

▲❡s ♣r♦✜❧s tr❛♥s✈❡rs❛✉① ❛✈❛❧ ❞❡ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ s✐♠✉❧és ♣♦✉r ❧❛ ❝♦♥✜✲
❣✉r❛t✐♦♥ ❬Hc

H = 30✪ ❀ Red = 2084❪ à ♣❧✉s✐❡✉rs ♣♦s✐t✐♦♥s ❡♥ ❛✈❛❧ ❞❡ ❧✬♦❜st❛❝❧❡ ✭ x
Hc

=

+0.1 ;+0.2 ;+0.3 ;+0.4 ;+0.5 ;+1.47✮✱ ❛✈❡❝ ♣r♦✜❧ ❞✬❡♥tré❡ t✉r❜✉❧❡♥t ❞②♥❛♠✐q✉❡ ✭Tue = 10✪✮
s♦♥t ♣rés❡♥tés s✉r ❧❛ ✜❣✉r❡ ✻✳✾✳ ❉❡s ❞♦♥♥é❡s ♠❡s✉ré❡s à ❧❛ s♦rt✐❡ ❞❡ ❧✬❡♠❜♦✉t ✭✐ss✉❡s ❞✉ ❈❤❛✲
♣✐tr❡ ✸✮ s♦♥t é❣❛❧❡♠❡♥t ✐♥❝❧✉s❡s ♣♦✉r ❝♦♠♣❛r❛✐s♦♥✳ ▲❡s ♣r♦✜❧s tr❛♥s✈❡rs❛✉① ❛✈❛❧ ♦❜t❡♥✉s ♦♥t
t❡♥❞❛♥❝❡ à ❞❡✈❡♥✐r ❞❡ ♣❧✉s ❡♥ ♣❧✉s s②♠étr✐q✉❡s ❛✉ ❢✉r ❡t à ♠❡s✉r❡ q✉❡ ❧✬♦♥ s✬é❧♦✐❣♥❡ ❞❡ ❧✬♦❜s✲
t❛❝❧❡✳ ▲✬é❝♦✉❧❡♠❡♥t s✬❛❝❝é❧èr❡ ❞❛✈❛♥t❛❣❡ ❛✉ ✈♦✐s✐♥❛❣❡ ❞❡ ❧✬♦❜st❛❝❧❡ q✉❡ ❞✉ ❝ôté ♦♣♣♦sé✱ ❛✉
♥✐✈❡❛✉ ❞❡ ❧❛ ♣❛r♦✐ ✐♥❢ér✐❡✉r❡ ❞❡ ❧✬❡♠❜♦✉t✳

✻✳✸✳✷✳✸ Pr♦✜❧s ❧♦♥❣✐t✉❞✐♥❛✉①

▲❡s ♣r♦✜❧s ❧♦♥❣✐t✉❞✐♥❛✉① ❞❡ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ❡t ❞✬✐♥t❡♥s✐té t✉r❜✉❧❡♥t❡ s✐♠✉❧és ♣♦✉r ❧❡
❞❡❣ré ❞✬♦✉✈❡rt✉r❡ ❞❡ ✶✵✪ ❡t ♣❧✉s✐❡✉rs ❝♦♥❞✐t✐♦♥s ❞✬❡♥tré❡ ❬♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s ❀ t②♣❡ ❞❡ ♣r♦✜❧
❞✬❡♥tré❡❪ s♦♥t ✐❧❧✉strés s✉r ❧❡s ✜❣✉r❡s ✻✳✶✵❛ ❡t ✻✳✶✵❜✱ ❞❡ x = −10Hc à x = +30Hc✳ ❉❡ ♠ê♠❡✱ ❧❡s
♣r♦✜❧s ❧♦♥❣✐t✉❞✐♥❛✉① ❞❡ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ❡t ❞✬✐♥t❡♥s✐té t✉r❜✉❧❡♥t❡ ♣♦✉r ❧✬♦✉✈❡rt✉r❡ ❞❡ ✸✵✪ s♦♥t
✐❧❧✉strés s✉r ❧❡s ✜❣✉r❡s ✻✳✶✶❛ ❡t ✻✳✶✶❜✳ ❉❡s ❞♦♥♥é❡s ♠❡s✉ré❡s ✭♣♦✉r Red = 402 ❡t Red = 2084✮
✐ss✉❡s ❞✉ ❈❤❛♣✐tr❡ ✸ s♦♥t ✐♥❝❧✉s❡s s✉r ❝❡s ✜❣✉r❡s ♣♦✉r ❝♦♠♣❛r❛✐s♦♥✳ ▲❡s ♣r♦✜❧s ♠♦♥tr❡♥t ❞❡s



✶✸✵ ❈❤❛♣✐tr❡ ✻✳ ❙✐♠✉❧❛t✐♦♥s ❞❡s ●r❛♥❞❡s ➱❝❤❡❧❧❡s

✭❛✮ tU0

H
= 0.15 ✭❜✮ tU0

H
= 0.3

✭❝✮ tU0

H
= 0.45 ✭❞✮ tU0

H
= 0.6

✭❡✮ tU0

H
= 0.75 ✭❢✮ tU0

H
= 0.9

✭❣✮ tU0

H
= 1.05 ✭❤✮ tU0

H
= 1.2

❋✐❣✉r❡ ✻✳✺ ✕ ❱✐s✉❛❧✐s❛t✐♦♥s ❧♦♥❣✐t✉❞✐♥❛❧❡s ❞✉ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ ✐♥st❛♥t❛♥é❡ à ♣❧✉s✐❡✉rs ✐♥st❛♥ts
❛❞✐♠❡♥s✐♦♥♥és ✭♦✉✈❡rt✉r❡ ❞❡ ✷✳✹✪ ❀ Red = 2084 ❀ ♣r♦✜❧ ❞✬❡♥tré❡ ✉♥✐❢♦r♠❡✮✱ ❛✈❡❝ U0 ❧❛ ✈✐t❡ss❡
❞é❜✐t❛♥t❡ ❞✬❡♥tré❡ ❡t H ❧❛ ❤❛✉t❡✉r ❞✉ ❝❛♥❛❧



✻✳✸✳ ❘és✉❧t❛ts ❞❡s s✐♠✉❧❛t✐♦♥s ▲❊❙ ❡t ❞✐s❝✉ss✐♦♥ ✶✸✶

✭❛✮ ◆♦r♠❡ ❞✉ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ ♠♦②❡♥♥❡

✭❜✮ ◆♦r♠❡ ❞✉ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ r♠s

✭❝✮ ◆♦r♠❡ ❞✉ ❝❤❛♠♣ ❞❡ ✈♦rt✐❝✐té

❋✐❣✉r❡ ✻✳✻ ✕ ❱✐s✉❛❧✐s❛t✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t s✐♠✉❧é ❝♦♥✈❡r❣é ♣♦✉r ❧❛ ❝♦♥✜❣✉r❛t✐♦♥
❬Hc

H = 30%;Red = 2084 ❀ ♣r♦✜❧ ❞✬❡♥tré❡ ✉♥✐❢♦r♠❡❪



✶✸✷ ❈❤❛♣✐tr❡ ✻✳ ❙✐♠✉❧❛t✐♦♥s ❞❡s ●r❛♥❞❡s ➱❝❤❡❧❧❡s

✭❛✮ |u(t)|✱ tU0

H
= 0.57 ✭❜✮ |u(t)|✱ tU0

H
= 1.15 ✭❝✮ |u(t)|✱ tU0

H
= 1.73

✭❞✮ |U |✱ tU0

H
= 0.57 ✭❡✮ |U |✱ tU0

H
= 1.15 ✭❢✮ |U |✱ tU0

H
= 1.73

✭❣✮ |u′|✱ tU0

H
= 0.57 ✭❤✮ |u′|✱ tU0

H
= 1.15 ✭✐✮ |u′|✱ tU0

H
= 1.73

✭❥✮ |ω|✱ tU0

H
= 0.57 ✭❦✮ |ω|✱ tU0

H
= 1.15 ✭❧✮ |ω|✱ tU0

H
= 1.73

❋✐❣✉r❡ ✻✳✼ ✕ ❱✐s✉❛❧✐s❛t✐♦♥s ❧♦♥❣✐t✉❞✐♥❛❧❡s ❞❡ ❧✬é❝♦✉❧❡♠❡♥t s✐♠✉❧é ♣♦✉r ❧❛ ❝♦♥✜❣✉r❛t✐♦♥
❬Hc

H = 10✪✱ Red = 4000 ❀ ♣r♦✜❧ ❞✬❡♥tré❡ t✉r❜✉❧❡♥t st❛t✐q✉❡ ✭Tue = 0✪✮❪ ♣♦✉r tr♦✐s ✐♥s✲
t❛♥ts ❛❞✐♠❡♥s✐♦♥♥és s✉❝❝❡ss✐❢s tU0

H ✳ ❉❡ ❤❛✉t ❡♥ ❜❛s ✿ ♥♦r♠❡s ❞✉ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ ✐♥st❛♥t❛♥é❡ ❀
♥♦r♠❡s ❞✉ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ❀ ♥♦r♠❡s ❞✉ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ r♠s ❀ ♥♦r♠❡s ❞✉ ❝❤❛♠♣
❞❡ ✈♦rt✐❝✐té✳



✻✳✸✳ ❘és✉❧t❛ts ❞❡s s✐♠✉❧❛t✐♦♥s ▲❊❙ ❡t ❞✐s❝✉ss✐♦♥ ✶✸✸
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✭❛✮
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profil d’entree
x=−30H
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x=0 (sous la dent)

profil parabolique theorique

✭❜✮

❋✐❣✉r❡ ✻✳✽ ✕ Pr♦✜❧s tr❛♥s✈❡rs❛✉① ❞❡ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ♥♦r♠❛❧✐sés ♣❛r ❧❛ ✈❛❧❡✉r
♠❛①✐♠❛❧❡ ♣♦✉r ❞✐✛ér❡♥t❡s ♣♦s✐t✐♦♥s ❛♠♦♥t ✿ ✭❛✮ ❬Hc

H = 30✪ ❀ Red = 2084 ❀ ♣r♦✜❧ ❞✬❡♥tré❡
✉♥✐❢♦r♠❡❪ ❡t ✭❜✮ ❬Hc

H = 10✪ ❀ Red = 4000 ❀ ♣r♦✜❧ ❞✬❡♥tré❡ t✉r❜✉❧❡♥t à ✢✉❝t✉❛t✐♦♥s ❛❧é❛t♦✐r❡s
✭Tue = 30✪✮❪✳
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x=0 (sous la dent)
x=+0.1H

c

x=+0.2H
c

x=+0.3H
c

x=+0.4H
c

x=+0.5H
c

x=+1.47H
c
 (sortie)

x=+1.47H
c
 (sortie, mes.)

❋✐❣✉r❡ ✻✳✾ ✕ Pr♦✜❧s tr❛♥s✈❡rs❛✉① ❞❡ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ❝❛❧❝✉❧és à ♣❧✉s✐❡✉rs ♣♦s✐t✐♦♥s ❡♥ ❛✈❛❧ ❞❡
❧✬♦❜st❛❝❧❡ ❡♥ ❢♦r♠❡ ❞✬✐♥❝✐s✐✈❡ ♣♦✉r ✉♥ ♣r♦✜❧ ❞✬❡♥tré❡ t✉r❜✉❧❡♥t ❞②♥❛♠✐q✉❡ à ✶✵✪ ❬Hc

H = 30✪ ❀
Red = 2084❪



✶✸✹ ❈❤❛♣✐tr❡ ✻✳ ❙✐♠✉❧❛t✐♦♥s ❞❡s ●r❛♥❞❡s ➱❝❤❡❧❧❡s

❝♦♠♣♦rt❡♠❡♥ts très ❞✐✛ér❡♥ts s❡❧♦♥ ❧❡ t②♣❡ ❞❡ ❝♦♥❞✐t✐♦♥ ❞✬❡♥tré❡ ✐♠♣♦sé❡ à ❧✬é❝♦✉❧❡♠❡♥t✳ ◆♦✉s
♣♦✉✈♦♥s t♦✉t❡❢♦✐s r❡♠❛rq✉❡r q✉❡ ❣❧♦❜❛❧❡♠❡♥t ❧✬é❝♦✉❧❡♠❡♥t s✬❛❝❝é❧èr❡ ❡♥ ❛♠♦♥t ❞❡ ❧✬♦❜st❛❝❧❡✱
♣♦✉r ❛tt❡✐♥❞r❡ ✉♥ ♠❛①✐♠✉♠ ❥✉st❡ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧✬♦❜st❛❝❧❡✱ ❡t ✐❧ s✉❜✐t ❡♥s✉✐t❡ ✉♥❡ ❞é❝é❧ér❛t✐♦♥
❥✉sq✉✬❡♥ ❝❤❛♠♣ ❧♦✐♥t❛✐♥✳ ▲❛ s❡❝t✐♦♥ ❞❡ s♦rt✐❡ ❞❡ ❧❛ ❣é♦♠étr✐❡ ♥✉♠ér✐q✉❡ ♥❡ s❡♠❜❧❡ ♣❛s ❛✈♦✐r
❞✬✐♥✢✉❡♥❝❡ s✉r ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t s✐♠✉❧é✱ ❝♦♥tr❛✐r❡♠❡♥t ❛✉① ♠❡s✉r❡s ✭✈♦✐r ❈❤❛♣✐tr❡
✸✮✳ P♦✉r ❧✬♦✉✈❡rt✉r❡ ❞❡ ✸✵✪✱ ❧❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s ✭Red = 2084✮ ♠♦♥tr❡♥t ✉♥ ❜♦♥ ❛❝❝♦r❞
❛✈❡❝ ❧❡s ♣r♦✜❧s s✐♠✉❧és ♣♦✉r Red = 2084✱ ❛✉ ♥✐✈❡❛✉ ❞❡s ♣r♦✜❧s ❞❡ ✈✐t❡ss❡✳

✻✳✹ Pré❞✐❝t✐♦♥ ❛ér♦❛❝♦✉st✐q✉❡ à ♣❛rt✐r ❞❡s ❞♦♥♥é❡s ▲❊❙

❉❛♥s ❝❡tt❡ s❡❝t✐♦♥✱ ♥♦✉s ❝❤❡r❝❤♦♥s à ♣ré❞✐r❡ ❧❡ ❝❤❛♠♣ ❛❝♦✉st✐q✉❡ ❞❡ ❜r✉✐t q✉❛❞r✐♣ô❧❛✐r❡
r❛②♦♥♥é ♣❛r ❧❡ ❥❡t ❞♦♥t ❧❡ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ tr✐❞✐♠❡♥s✐♦♥♥❡❧ ❛ été s✐♠✉❧é ♣❛r s✐♠✉❧❛t✐♦♥ ❞❡s
❣r❛♥❞❡s é❝❤❡❧❧❡s✱ à ❧✬❛✐❞❡ ❞❡ ❧✬❛♥❛❧♦❣✐❡ ❞❡ ▲✐❣❤t❤✐❧❧✱ ❞é❝r✐t❡ ❞❛♥s ❧❛ s❡❝t✐♦♥ ✻✳✹✸✳

✻✳✹✳✶ ❘é❣é♥ér❛t✐♦♥ ❛❧é❛t♦✐r❡ ❞❡s ❝❤❛♠♣s t✉r❜✉❧❡♥ts ❞❡ ✈✐t❡ss❡ ❡t ❞❡ ♣r❡s✲
s✐♦♥ ✐♥st❛♥t❛♥é❡s ♣❛r t✉r❜✉❧❡♥❝❡ s②♥t❤ét✐q✉❡

❆✜♥ ❞❡ s✬❛✛r❛♥❝❤✐r ❞❡ ❧✐♠✐t❛t✐♦♥s ❡♥ ❢réq✉❡♥❝❡ tr♦♣ r❡str✐❝t✐✈❡s ❞❛♥s ✉♥❡ ♦♣t✐q✉❡ ❞❡ ♠♦✲
❞é❧✐s❛t✐♦♥ ❞❡ ❜r✉✐t ❞❡ ❢r✐❝❛t✐✈❡✱ ❝❛r❛❝tér✐sé ♣❛r ❞❡s s♣❡❝tr❡s ❧❛r❣❡ ❜❛♥❞❡ ✭❥✉sq✉❡ ≈✷✵❦❍③✱ ✈♦✐r
❈❤❛♣✐tr❡ ✷✮✱ ♥♦✉s ❝❤♦✐s✐ss♦♥s ❞✬♦♣t❡r ♣♦✉r ✉♥❡ ❛♣♣r♦❝❤❡ st❛t✐st✐q✉❡ ❜❛sé❡ s✉r ❧❡ ❝❤❛♠♣ ♠♦②❡♥
❡t ❧❡ ❝❤❛♠♣ r♠s s✐♠✉❧és ♣❛r ▲❊❙ ❡♥ tr♦✐s ❞✐♠❡♥s✐♦♥s✳ ◆♦✉s ré❣é♥ér♦♥s ❧❡s ❝❤❛♠♣s t✉r❜✉❧❡♥ts
❞❡ ✈✐t❡ss❡ ❡t ❞❡ ♣r❡ss✐♦♥ ✐♥st❛♥t❛♥é❡✱ ❡♥ ✉t✐❧✐s❛♥t ✉♥❡ ❞✐str✐❜✉t✐♦♥ ❣❛✉ss✐❡♥♥❡ ✭❧♦✐ ♥♦r♠❛❧❡✮
♣♦✉r s✐♠✉❧❡r ❧❡s ❝♦♠♣♦s❛♥t❡s ✢✉❝t✉❛♥t❡s ❛❧é❛t♦✐r❡s ❞❡ ✈✐t❡ss❡ ❡t ❞❡ ♣r❡ss✐♦♥ ✭éq✉❛t✐♦♥ ✭✻✳✹✸✮✮
s✉r s✉✣s❛♠♠❡♥t ❞❡ ♣❛s ❞❡ t❡♠♣s s✉❝❝❡ss✐❢s✱ ❛✜♥ ❞❡ ♣♦✉✈♦✐r ♦❜t❡♥✐r ✉♥❡ ♣ré❞✐❝t✐♦♥ ❛ér♦❛❝♦✉s✲
t✐q✉❡ ❥✉sq✉❡ ✺❦❍③✳ ▲❛ ✜❣✉r❡ ✻✳✶✷ ✐❧❧✉str❡ à t✐tr❡ ❞✬❡①❡♠♣❧❡ ✉♥ s✐❣♥❛❧ ❞❡ ✈✐t❡ss❡ ❧♦♥❣✐t✉❞✐♥❛❧❡
ré❣é♥éré ♣❛r ❧♦✐ ♥♦r♠❛❧❡✱ ♣♦✉r ❧❡ ❝❛s ❞❡ ❧✬♦✉✈❡rt✉r❡ ❞❡ ✶✵✪ à Red = 1079✱ à ❧✬❡♠♣❧❛❝❡♠❡♥t ♠❛✲
tér✐❛❧✐sé ♣❛r ❧❡ ♣♦✐♥t r♦✉❣❡ ❞❡ ❧❛ ✜❣✉r❡ ✻✳✶✷❛✳ ▲❛ ❢♦♥❝t✐♦♥ ❞❡ ❞❡♥s✐té ❞❡ ♣r♦❜❛❜✐❧✐té ❞✉ ❝❤❛♠♣
❞❡ ✈✐t❡ss❡ ré❣é♥éré ♠♦♥tr❡ ❝❧❛✐r❡♠❡♥t ✉♥ ♣r♦✜❧ ❣❛✉ss✐❡♥✳ ▲❛ ❞❡♥s✐té s♣❡❝tr❛❧❡ ❞❡ ♣✉✐ss❛♥❝❡
❝♦rr❡s♣♦♥❞❛♥t❡ ♠♦♥tr❡ ✉♥ ❝❡rt❛✐♥ ♥♦♠❜r❡ ❞❡ ♣✐❝s✱ s✐t✉és ♣❛r ❡①❡♠♣❧❡ à St = 0.4 ❡t ✶✳✽✳

✻✳✹✳✷ ➱t✉❞❡ ❞❡ ❧❛ s♦✉r❝❡ ❛ér♦❛❝♦✉st✐q✉❡ ❞✐♣ô❧❛✐r❡ ✿ ❞✐✈❡r❣❡♥❝❡ ❞✉ ✈❡❝t❡✉r
❞❡ ▲❛♠❜

▲❛ ✜❣✉r❡ ✻✳✶✸ ♣rés❡♥t❡ ❞❡s ❡①❡♠♣❧❡s ❞❡ ✈✐s✉❛❧✐s❛t✐♦♥s ❧♦♥❣✐t✉❞✐♥❛❧❡s ❞✉ ❝❤❛♠♣ ❞❡ ❞✐✈❡r✲
❣❡♥❝❡ ❞✉ ✈❡❝t❡✉r ❞❡ ▲❛♠❜✱ ♣♦✉r ❧❡s ❝♦♥✜❣✉r❛t✐♦♥s ❬Hc

H = 30✪ ❀ Red = 2084 ❀ ♣r♦✜❧ ❞✬❡♥tré❡
t✉r❜✉❧❡♥t Tue = 10✪❪ ❡t ❬Hc

H = 30✪ ❀ Red = 2084 ❀ ♣r♦✜❧ ❞✬❡♥tré❡ t✉r❜✉❧❡♥t Tue = 30✪❪✳
◆♦✉s ♣♦✉✈♦♥s ❞✐st✐♥❣✉❡r ♥❡tt❡♠❡♥t tr♦✐s ré❣✐♦♥s ❞✐s❝t✐♥t❡s ✿ ✭✶✮ ✉♥❡ ré❣✐♦♥ ❞❛♥s ❧❛q✉❡❧❧❡ ❧❛
❞✐✈❡r❣❡♥❝❡ ❡st ♥é❣❛t✐✈❡ ✭❞❡ ❧✬♦r❞r❡ ❞❡ −106s−2✮✱ ❛✉ ✈♦✐s✐♥❛❣❡ ❞❡ ❧✬❡①tré♠✐té ❞❡ ❧✬♦❜st❛❝❧❡ ❡t ❛✉
✈♦✐s✐♥❛❣❡ ❞✉ ❜♦r❞ ✐♥❢ér✐❡✉r ❞❡ ❧❛ s❡❝t✐♦♥ ❞❡ s♦rt✐❡ ❞❡ ❧❛ ❣é♦♠étr✐❡✱ ✭✷✮ ✉♥❡ ré❣✐♦♥ ❞❛♥s ❧✬❛①❡
❧♦♥❣✐t✉❞✐♥❛❧ ❞✉ ❥❡t ❢♦r♠é ❡♥ ❛✈❛❧ ❞❡ ❧✬♦❜st❛❝❧❡✱ ♦ù ❧❛ ❞✐✈❡r❣❡♥❝❡ ❡st ♣♦s✐t✐✈❡ ✭❞❡ ❧✬♦r❞r❡ ❞❡
+106s−2✮✱ ❡t ✭✸✮ ✉♥❡ ré❣✐♦♥ ♦ù ❧❛ ❞✐✈❡r❣❡♥❝❡ ♥✉❧❧❡✱ ❞❛♥s t♦✉t ❧❡ r❡st❡ ❞❡ ❧✬❡s♣❛❝❡✳ ■❧ ♥✬❛♣♣❛r❛ît
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402, unif.

1079, unif.

2084, unif.

2084, parab.

4000, turb. (0%)

4000, turb. (30%)

402, mes.

2084, mes.
x

sortie

✭❜✮ ■♥t❡♥s✐té t✉r❜✉❧❡♥t❡

❋✐❣✉r❡ ✻✳✶✵ ✕ Pr♦✜❧s ❧♦♥❣✐t✉❞✐♥❛✉① ❞❡ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ❝❡♥tr❛❧❡ ❡t ❞✬✐♥t❡♥s✐té t✉r❜✉❧❡♥t❡
s✐♠✉❧és ♣♦✉r ❧✬♦✉✈❡rt✉r❡ ❞❡ ✶✵✪ ❡t ❞✐✛ér❡♥t❡s ❝♦♥❞✐t✐♦♥s ❞✬❡♥tré❡✳ ▲❛ ❧✐❣♥❡ ♥♦✐r❡ ✈❡rt✐❝❛❧❡
♠❛tér✐❛❧✐s❡ ❧❛ ♣♦s✐t✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❞❡ ❧❛ s❡❝t✐♦♥ ❞❡ s♦rt✐❡ ❞❡ ❧✬❡♠❜♦✉t✳



✶✸✻ ❈❤❛♣✐tr❡ ✻✳ ❙✐♠✉❧❛t✐♦♥s ❞❡s ●r❛♥❞❡s ➱❝❤❡❧❧❡s

−10 −5 0 5 10 15 20 25 30

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

x/H
c

U
c
/U

m

 

 
402, unif.

1079, unif.

2084, unif.

402, parab.

2084, parab.

2084, turb. (0%)

2084, turb. (10%)

402, mes.

2084, mes.
x

sortie

✭❛✮ ❱✐t❡ss❡ ♠♦②❡♥♥❡ ❝❡♥tr❛❧❡ ❛❞✐♠❡♥s✐♦♥♥é❡

−10 −5 0 5 10 15 20 25 30
0

10

20

30

40

50

60

70

80

90

100

x/H
c

u
’ c

/U
c
 [

%
]

 

 
402, unif.

1079, unif.

2084, unif.

402, parab.

2084, parab.

2084, turb. (0%)

2084, turb. (10%)

402, mes.

2084, mes.
x

sortie

✭❜✮ ■♥t❡♥s✐té t✉r❜✉❧❡♥t❡

❋✐❣✉r❡ ✻✳✶✶ ✕ Pr♦✜❧s ❧♦♥❣✐t✉❞✐♥❛✉① ❞❡ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ❝❡♥tr❛❧❡ ❡t ❞✬✐♥t❡♥s✐té t✉r❜✉❧❡♥t❡
s✐♠✉❧és ♣♦✉r ❧✬♦✉✈❡rt✉r❡ ❞❡ ✸✵✪ ❡t ❞✐✛ér❡♥t❡s ❝♦♥❞✐t✐♦♥s ❞✬❡♥tré❡✳ ▲❛ ❧✐❣♥❡ ♥♦✐r❡ ✈❡rt✐❝❛❧❡
♠❛tér✐❛❧✐s❡ ❧❛ ♣♦s✐t✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ ❞❡ ❧❛ s❡❝t✐♦♥ ❞❡ s♦rt✐❡ ❞❡ ❧✬❡♠❜♦✉t✳
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✭❛✮ ❊♠♣❧❛❝❡♠❡♥t ❞✉ ♣♦✐♥t ❝♦♥s✐❞éré ✭❡♥ r♦✉❣❡✮
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✭❜✮ ❙✐❣♥❛❧ t❡♠♣♦r❡❧ ❞❡ ❧❛ ✈✐t❡ss❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ré✲
❣é♥éré❡ ❛✉ ♥✐✈❡❛✉ ❞✉ ♣♦✐♥t
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S=−0.01 ; K=2.99

✭❝✮ ❋♦♥❝t✐♦♥ ❞❡ ❞❡♥s✐té ❞❡ ♣r♦❜❛❜✐❧✐té ❝♦rr❡s♣♦♥✲
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✭❞✮ ❉❡♥s✐té s♣❡❝tr❛❧❡ ❞❡ ♣✉✐ss❛♥❝❡ ❝♦rr❡s♣♦♥❞❛♥t❡

❋✐❣✉r❡ ✻✳✶✷ ✕ ❊①❡♠♣❧❡ ❞❡ s✐❣♥❛❧ ❞❡ ✈✐t❡ss❡ ❧♦♥❣✐t✉❞✐♥❛❧❡ ré❣é♥éré ♣❛r ❧♦✐ ♥♦r♠❛❧❡ ✿ ♦✉✈❡rt✉r❡
❞❡ ✶✵✪✱ Red = 1079
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✭❛✮ Hc

H
= 30✪✱ Red = 2084✱ ♣r♦✜❧ ❞✬❡♥tré❡ t✉r❜✉✲

❧❡♥t Tue = 10✪
✭❜✮ Hc

H
= 30✪✱ Red = 2084✱ ♣r♦✜❧ ❞✬❡♥tré❡ t✉r❜✉✲

❧❡♥t Tue = 30✪

❋✐❣✉r❡ ✻✳✶✸ ✕ ❱✐s✉❛❧✐s❛t✐♦♥s ❧♦♥❣✐t✉❞✐♥❛❧❡s ❞✉ ❝❤❛♠♣ ❞❡ ❞✐✈❡r❣❡♥❝❡ ❞✉ ✈❡❝t❡✉r ❞❡ ▲❛♠❜
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30% ; Re
d
=2084 (Tu

e
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❋✐❣✉r❡ ✻✳✶✹ ✕ ❈♦♠♣❛r❛✐s♦♥ ❞❡s ♣r♦✜❧s ❧♦♥❣✐t✉❞✐♥❛✉① ❞❡ ❧❛ ❞✐✈❡r❣❡♥❝❡ ❞✉ ✈❡❝t❡✉r ❞❡ ▲❛♠❜
❛✉ ❝❡♥tr❡ ♣♦✉r ❞✐✛ér❡♥t❡s ❝♦♥✜❣✉r❛t✐♦♥s ❞✬❡♥tré❡ ❡t ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s

♣❛s ❞❡ ❞✐✛ér❡♥❝❡ s✐❣♥✐✜❝❛t✐✈❡ ❡♥tr❡ ❧❡s ♣r♦✜❧s ❞✬❡♥tré❡ t✉r❜✉❧❡♥ts à ♥✐✈❡❛✉ ❞❡ t✉r❜✉❧❡♥❝❡ ❞❡
✶✵ ❡t ✸✵✪✳

▲✬é✈♦❧✉t✐♦♥ ❞❡s ❞✐✈❡r❣❡♥❝❡s ❝❡♥tr❛❧❡s ❛❞✐♠❡♥s✐♦♥♥é❡s ♣❛r ❧❛ ✈❛❧❡✉r ♠❛①✐♠❛❧❡ s♦♥t ❧♦♥✲
❣✐t✉❞✐♥❛❧❡♠❡♥t ❝♦♠♣❛ré❡s ♣♦✉r ❞✐✛ér❡♥t❡s ❝♦♥❞✐t✐♦♥s ❞✬❡♥tré❡ ❡t ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s s✉r
❧❛ ✜❣✉r❡ ✻✳✶✹✳ P♦✉r ❧✬♦✉✈❡rt✉r❡ ❞❡ ✸✵✪✱ ♥♦✉s ♣♦✉✈♦♥s ♦❜s❡r✈❡r q✉❡ ❧❛ ✈❛❧❡✉r ♠❛①✐♠❛❧❡ ❡st
❛tt❡✐♥t❡ ♣♦✉r x

Hc
≈ 1.8✱ t❛♥❞✐s q✉❡ ♣♦✉r ❧✬♦✉✈❡rt✉r❡ ❞❡ ✶✵✪ ❧❡ ♠❛①✐♠✉♠ ❡st ❛tt❡✐♥t ♣♦✉r

x
Hc

≈ 0.7✳ P♦✉r ❧✬♦✉✈❡rt✉r❡ ❞❡ ✸✵✪✱ à Red = 2084 ❧❡ ♥✐✈❡❛✉ ❞❡ t✉r❜✉❧❡♥❝❡ ❞✬❡♥tré❡ ✐♥❥❡❝té❡ ♥✬❛
♣❛s ❞✬✐♠♣❛❝t ♠❛❥❡✉r s✉r ❧✬é✈♦❧✉t✐♦♥ ❞❡ ❧❛ ❞✐✈❡r❣❡♥❝❡✱ s✐ ❝❡ ♥✬❡st ♣♦✉r Tue = 10✪ à x

Hc
≥ 10✳

✻✳✹✳✸ Pré❞✐❝t✐♦♥ ❛ér♦❛❝♦✉st✐q✉❡ ♣❛r ❛♥❛❧♦❣✐❡ ❞❡ ▲✐❣❤t❤✐❧❧ ✿ rés✉❧t❛ts

▲❛ ré❣✐♦♥ s♦✉r❝❡ ✉t✐❧✐sé❡ ♣♦✉r ❧❡ ❝❛❧❝✉❧ ❞❡ ♣ré❞✐❝t✐♦♥ ❛ér♦❛❝♦✉st✐q✉❡ ♣❛r ❛♥❛❧♦❣✐❡ ❞❡ ▲✐❣❤✲
t❤✐❧❧ ❞✉ ❜r✉✐t q✉❛❞r✐♣ô❧❛✐r❡ ❞❡ ❥❡t ❡♥ ❝❤❛♠♣ ❧✐❜r❡ ❡st s❝❤é♠❛t✐q✉❡♠❡♥t ✐❧❧✉stré❡ s✉r ❧❛ ✜✲



✻✳✺✳ ❈♦♥❝❧✉s✐♦♥ ❞✉ ❈❤❛♣✐tr❡ ✻ ✶✸✾

❣✉r❡ ✻✳✶✺ ✭❡♥ r♦✉❣❡✮✳ ❉❡s s♣❡❝tr❡s ❛❝♦✉st✐q✉❡s ♦❜t❡♥✉s ❛♣rès rés♦❧✉t✐♦♥ ❞❡ ❧✬éq✉❛t✐♦♥ ❞❡ ▲✐❣❤✲
t❤✐❧❧ ✭s♦❧✉t✐♦♥ ❞♦♥♥é❡ ♣❛r ❧✬éq✉❛t✐♦♥ ✭✻✳✸✽✮✮ à ✉♥ ♣♦✐♥t ré❝❡♣t❡✉r ✭♠✐❝r♦♣❤♦♥❡ ✈✐rt✉❡❧✮ s✐t✉é
à ✵✳✾✹♠ ❡♥ ❛✈❛❧ ❞❡ ❧❛ ré❣✐♦♥ s♦✉r❝❡✱ s❡❧♦♥ ❧❛ ❞✐r❡❝t✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ x✱ s♦♥t ♣rés❡♥tés s✉r ❧❛
✜❣✉r❡ ✻✳✶✻✱ ♣♦✉r ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ❬♦✉✈❡rt✉r❡ ❞❡ ✶✵✪ ❀ Red = 2084 ❀ ♣r♦✜❧ ❞✬❡♥tré❡ ✉♥✐❢♦r♠❡❪✳
❈❡tt❡ ♣♦s✐t✐♦♥ ❞❡ ♠✐❝r♦♣❤♦♥❡ ✈✐rt✉❡❧ ❝♦rr❡s♣♦♥❞ à ❧❛ ♣♦s✐t✐♦♥ ❞✉ ♠✐❝r♦♣❤♦♥❡ ❇✫❑ ✉t✐❧✐sé❡
❞❛♥s ❧❡s ♠❡s✉r❡s ❛❝♦✉st✐q✉❡s ❞✉ ❈❤❛♣✐tr❡ ✹ ❢❛✐t❡s s✉r ❧❡s ♠❛q✉❡tt❡s ❛✈❡❝ ♦❜st❛❝❧❡✭s✮ ❡♥ ❢♦r♠❡
❞✬✐♥❝✐s✐✈❡✳ ▲✬✐♥❝♦r♣♦r❛t✐♦♥ ❞✬✉♥❡ ③♦♥❡ t❛♠♣♦♥ ❞✬é♣❛✐ss❡✉r ✶❝♠ ♣❡r♠❡tt❛♥t ✉♥❡ tr❛♥s✐t✐♦♥ ♣r♦✲
❣r❡ss✐✈❡ ♥♦♥ ❜r✉sq✉❡ ✭s✐♥✉s♦ï❞❛❧❡✮ ❡♥tr❡ ❧❛ ③♦♥❡ s♦✉r❝❡ ✉t✐❧✐sé❡ ♣♦✉r ❧❡ ❝❛❧❝✉❧ ❛❝♦✉st✐q✉❡ ❡t ❧❛
③♦♥❡ ❡♥✈✐r♦♥♥❛♥t❡ ❞✬é❝♦✉❧❡♠❡♥t ❡st é❣❛❧❡♠❡♥t t❡sté❡ ♣♦✉r é✈❛❧✉❡r s♦♥ ❡✛❡t✳ ▲❡s ❧✐❣♥❡s ♣♦✐♥✲
t✐❧❧é❡s r♦✉❣❡s r❡♣rés❡♥t❡♥t ❧❡s ♣❡♥t❡s s♣❡❝tr❛❧❡s S′

1 ✭❡♥tr❡ ✵ ❡t ✺✵✵❍③✮ ❡t S′
2 ✭❡♥tr❡ ✺✵✵ ❡t

✺✵✵✵❍③✮ ♦❜t❡♥✉❡s ♣❛r ré❣r❡ss✐♦♥ ❧✐♥é❛✐r❡ s✉r ❧❡s s♣❡❝tr❡s✳

▲❡s s♣❡❝tr❡s ♦❜t❡♥✉s ♦♥t t♦✉s ❧❛ ♠ê♠❡ ❛❧❧✉r❡✱ t♦✉t❡❢♦✐s✱ ❝❡✉① s❛♥s t✉r❜✉❧❡♥❝❡ ✐♥❥❡❝té❡
♠♦♥tr❡♥t ❞❡s ♥✐✈❡❛✉① très ❢❛✐❜❧❡s ✭✐rré❛❧✐st❡s✮✱ ❝♦♥tr❛✐r❡♠❡♥t à ❝❡✉① ❛✈❡❝ t✉r❜✉❧❡♥❝❡ ✐♥❥❡❝té❡✳
❈❡❝✐ ♠♦♥tr❡ ❜✐❡♥ ❧✬❡✛❡t ✐♠♣♦rt❛♥t ❛✉ ♥✐✈❡❛✉ ❛ér♦❛❝♦✉st✐q✉❡ ❞❡s ✢✉❝t✉❛t✐♦♥s t✉r❜✉❧❡♥t❡s✱ ❡t
♠♦♥tr❡ q✉❡ ❧✬❛♣♣r♦❝❤❡ st❛t✐st✐q✉❡ ❞♦♥♥❡ ❞❡s rés✉❧t❛ts ❡♥ ♣r❡♠✐èr❡ ❛♣♣r♦❝❤❡ r❡❧❛t✐✈❡♠❡♥t ré❛✲
❧✐st❡s ❡♥ t❡r♠❡ ❞❡ ♥✐✈❡❛✉① ❞❡ ❜r✉✐t ❣é♥érés✳ ❈❡❝✐ ♠♦♥tr❡ ❞✬❛✉tr❡ ♣❛rt q✉❡ ❧❛ ❝❛r❛❝tér✐s❛t✐♦♥
st❛t✐st✐q✉❡ ❞❡s tr♦✐s ❝♦♠♣♦s❛♥t❡s ❞✉ ❝❤❛♠♣ ❞❡ ✈✐t❡ss❡ ❛✉① ♣r❡♠✐❡r ✭♠♦②❡♥♥❡✮ ❡t s❡❝♦♥❞ ♦r❞r❡
✭r♠s✮ ♣❡r♠❡t ❞❡ ♠♦❞é❧✐s❡r ❧❡ ❜r✉✐t q✉❛❞r✐♣ô❧❛✐r❡ ❣é♥éré✳ ■❧ s❡r❛ ✐♥tér❡ss❛♥t ❞❡ ✈ér✐✜❡r ❝❡❝✐ s✉r
❞❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s ❞❡ t②♣❡ P■❱ ✭P❛rt✐❝❧❡ ■♥st❛♥t ❱❡❧♦❝✐♠❡tr②✮✳ ■❧ ❡st à ♥♦t❡r ❝❡♣❡♥✲
❞❛♥t q✉✬❛✉❝✉♥ r❛②♦♥♥❡♠❡♥t ❛❝♦✉st✐q✉❡ ♥✬❡st ♣r✐s ❡♥ ❝♦♠♣t❡ ❞❛♥s ❝❡ ♠♦❞è❧❡✱ ❡t ❝❡❝✐ ♠ér✐t❡r❛✐t
à ❧✬❛✈❡♥✐r ❞✬êtr❡ ✐♠♣❧é♠❡♥té✳

▲❡s ✜❣✉r❡s ✻✳✶✼ ❡t ✻✳✶✽ ♣rés❡♥t❡♥t ❧❡s ♣❛r❛♠ètr❡s s♣❡❝tr❛✉① ❞❡ ❧❛ ♠ê♠❡ ♠❛♥✐èr❡ q✉❡ ♣♦✉r
❧❡s s♣❡❝tr❡s ❞❡ ❢r✐❝❛t✐✈❡s ♣r♦♥♦♥❝é❡s ♣❛r ❞❡s ❧♦❝✉t❡✉rs ✭❈❤❛♣✐tr❡ ✷✮ ♣♦✉r ❧❡s ❝♦♥✜❣✉r❛t✐♦♥s
s✐♠✉❧é❡s ❛✈❡❝ ❧✬❛♥❛❧♦❣✐❡ ❞❡ ▲✐❣❤t❤✐❧❧✱ ♣♦✉r ❞❡s ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ❞❡ ✷✵✽✹ ❡t ✹✵✵✵✳ ◆♦✉s
❝♦♥st❛t♦♥s q✉❡ ❧✬✐♥❝♦r♣♦r❛t✐♦♥ ❞✬✉♥❡ ③♦♥❡ t❛♠♣♦♥ ❡♥tr❡ ré❣✐♦♥ ❛❝♦✉st✐q✉❡ ❡t ré❣✐♦♥ ❞✬é❝♦✉✲
❧❡♠❡♥t ♥✬❛ ♣r❡sq✉❡ ♣❛s ❞✬✐♥✢✉❡♥❝❡ s✉r ❧❡s ♣❛r❛♠ètr❡s s♣❡❝tr❛✉① ♦❜t❡♥✉s✳ ■❧ s❡♠❜❧❡ q✉❡ ❧✬❛♠✲
♣❧✐t✉❞❡ ❞②♥❛♠✐q✉❡ ❛✉❣♠❡♥t❡ ❧♦rsq✉❡ ❧❛ ♣❡♥t❡ s♣❡❝tr❛❧❡ S′

1 ✭♣❡♥t❡ s♣❡❝tr❛❧❡ ❡♥tr❡ ✵ ❡t ✺✵✵❍③✮
❛✉❣♠❡♥t❡ é❣❛❧❡♠❡♥t✳ ■❧ ❡st ✐♥tér❡ss❛♥t ❞✬♦❜s❡r✈❡r q✉❡ ❧❛ ♣rés❡♥❝❡ ❞❡ ✢✉❝t✉❛t✐♦♥s t✉r❜✉❧❡♥t❡s
✐♥❥❡❝té❡s ❞❛♥s ❧❛ ré❣✐♦♥ s♦✉r❝❡ ❡♥tr❛î♥❡ ✉♥❡ ❛✉❣♠❡♥t❛t✐♦♥ ♥♦t❛❜❧❡ ❞❡ ❧✬❛♠♣❧✐t✉❞❡ ❞②♥❛♠✐q✉❡✱
♣❛r r❛♣♣♦rt ❛✉ ❝❛s s❛♥s ✢✉❝t✉❛t✐♦♥s t✉r❜✉❧❡♥t❡s✳ ❈♦♥❝❡r♥❛♥t ❧❛ ✜❣✉r❡ ✻✳✶✽✱ ♦♥ ♦❜s❡r✈❡ ❞❡
❢❛ç♦♥ s✐♠✐❧❛✐r❡ q✉❡ ❧❛ ♣❡♥t❡ s♣❡❝tr❛❧❡ S′

2 ✭♣❡♥t❡ s♣❡❝tr❛❧❡ ❡♥tr❡ ✺✵✵ ❡t ✺✵✵✵❍③✮ ❛✉❣♠❡♥t❡ é❣❛✲
❧❡♠❡♥t s❡♥s✐❜❧❡♠❡♥t ❛✈❡❝ ❧❛ ♣rés❡♥❝❡ ❞❡ ✢✉❝t✉❛t✐♦♥s t✉r❜✉❧❡♥t❡s ❞❛♥s ❧❛ ré❣✐♦♥ s♦✉r❝❡✳ ❖♥ ✈♦✐t
❡♥❝♦r❡ é❣❛❧❡♠❡♥t q✉❡ ❧❛ ③♦♥❡ t❛♠♣♦♥ ♥✬❛ ♣r❡sq✉❡ ♣❛s ❞✬✐♥✢✉❡♥❝❡ s✉r ❧❡s ♣❛r❛♠ètr❡s s♣❡❝tr❛✉①
♦❜t❡♥✉s✳

✻✳✺ ❈♦♥❝❧✉s✐♦♥ ❞✉ ❈❤❛♣✐tr❡ ✻

◆♦✉s ❛✈♦♥s ♣✉ ❝♦♥st❛t❡r ✉♥❡ ❢♦rt❡ ✐♥✢✉❡♥❝❡ ❞✉ t②♣❡ ❞❡ ♣r♦✜❧ ❞❡ ✈✐t❡ss❡ ✐♠♣♦sé ❡♥ ❡♥tré❡
s✉r ❧❡ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❧❡ ❧♦♥❣ ❞✉ ❝❛♥❛❧ r❡❝t❛♥❣✉❧❛✐r❡ ❡♥ ❛♠♦♥t ❞❡ ❧✬♦❜st❛❝❧❡✳
◆é❛♥♠♦✐♥s✱ ♣♦✉r ❧❡ ♣r♦✜❧ ❞✬❡♥tré❡ t✉r❜✉❧❡♥t à ✢✉❝t✉❛t✐♦♥s ❛❧é❛t♦✐r❡s✱ ✐❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ r❛❢✲
✜♥❡r ❧❡ ♠♦❞è❧❡ ✉t✐❧✐sé ✭♣❛r ❡①❡♠♣❧❡ ❬❆❊❉✵✺✱ ❉❛✈✵✼❪✮ ❝❛r ❧❡s ✢✉❝t✉❛t✐♦♥s s✐♠✉❧é❡s s✬❛tté♥✉❡♥t



✶✹✵ ❈❤❛♣✐tr❡ ✻✳ ❙✐♠✉❧❛t✐♦♥s ❞❡s ●r❛♥❞❡s ➱❝❤❡❧❧❡s

❋✐❣✉r❡ ✻✳✶✺ ✕ ❘é❣✐♦♥ s♦✉r❝❡ ✭❡♥ r♦✉❣❡✮ ♣♦✉r ❧✬❡st✐♠❛t✐♦♥ ❞✉ ❝❤❛♠♣ ❛❝♦✉st✐q✉❡ q✉❛❞r✐♣ô❧❛✐r❡
r❛②♦♥♥é ♣❛r ❧❡ ❥❡t ✭❛♥❛❧♦❣✐❡ ❞❡ ▲✐❣❤t❤✐❧❧✮✳ ▲❡ ♣♦✐♥t ré❝❡♣t❡✉r ❝♦♥s✐❞éré✱ ❛✉tr❡♠❡♥t ❞✐t ✉♥
♠✐❝r♦♣❤♦♥❡ ✈✐rt✉❡❧ ✭♥♦♥ r❡♣rés❡♥té s✉r ❝❡tt❡ ✜❣✉r❡✮ ❡st s✐t✉é à ✵✳✾✹♠ ❡♥ ❛✈❛❧ ❞❡ ❧❛ ré❣✐♦♥
s♦✉r❝❡✱ ❞❛♥s ❧❛ ❞✐r❡❝t✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ x✳

♣❧✉s ❡♥ ❛♠♦♥t ❞❡ ❧✬é❝♦✉❧❡♠❡♥t✳ ■❧ ❡st ♥é❝❡ss❛✐r❡ ❞❡ ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❡s str✉❝t✉r❡s ❝♦❤ér❡♥t❡s
✭♣❧✉s ❣r❛♥❞❡s é❝❤❡❧❧❡s✮ q✉✐ s♦♥t ❝♦♥✈❡❝té❡s ❡t ✐♥t❡r❛❣✐ss❡♥t ❛✈❡❝ ❧✬é❝♦✉❧❡♠❡♥t ♠♦②❡♥ ❛✉ ❧✐❡✉
❞❡ s❡ ❞✐ss✐♣❡r✳ ❆✉① ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ♠♦❞érés q✉❡ ♥♦✉s ❛✈♦♥s ❝♦♥s✐❞érés✱ ❝❡ ♣r♦❜❧è♠❡ ❡st
❞✬❛✉t❛♥t ♣❧✉s ❝r✉❝✐❛❧✳ ▲❡s rés✉❧t❛ts ❞❡ ❝❡s s✐♠✉❧❛t✐♦♥s✱ ❡♥ ♣❛rt✐❝✉❧✐❡r ❧❛ ♣❛rt✐❡ ♠♦②❡♥♥❡ ❡t ❧❛
♣❛rt✐❡ ✢✉❝t✉❛♥t❡ ❞❡s ❝❤❛♠♣s ❞❡ ✈✐t❡ss❡✱ ❡t ❧❡s q✉❛♥t✐tés q✉✐ ❡♥ ❞é❝♦✉❧❡♥t✱ t❡❧❧❡s q✉❡ ❧❛ ✈♦rt✐❝✐té✱
❛ss♦❝✐é❡s à ❧❡✉r ✈❛❧✐❞❛t✐♦♥ ❡①♣ér✐♠❡♥t❛❧❡✱ r❡♣rés❡♥t❡♥t ✉♥❡ ét❛♣❡ ✉t✐❧❡ ♣♦✉r ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡
❧❛ ♣r♦❞✉❝t✐♦♥ ❛❝♦✉st✐q✉❡ ❞❡ ❢r✐❝❛t✐✈❡✳ ▲✬❛♣♣r♦❝❤❡ st❛t✐st✐q✉❡ ❝♦♠❜✐♥é❡ à ❧✬❛♥❛❧♦❣✐❡ ❞❡ ▲✐❣❤✲
t❤✐❧❧ ✉t✐❧✐sé❡ ♣♦✉r ♣ré❞✐r❡ ❧❡ ❜r✉✐t ❛ér♦❛❝♦✉st✐q✉❡ q✉❛❞r✐♣ô❧❛✐r❡ ❣é♥éré ♣❛r ❧❡ ❥❡t ❧✐❜r❡ ❢♦r♠é
❡♥✲❞❡ss♦✉s ❞❡ ❧✬♦❜st❛❝❧❡ ❡st très s✐♠♣❧❡ ❡t ♥❡ ♣r❡♥❞ ❡♥ ❝♦♠♣t❡ ❛✉❝✉♥ r❛②♦♥♥❡♠❡♥t ❛❝♦✉st✐q✉❡
♥✐ str✉❝t✉r❡ ❝♦❤ér❡♥t❡ ❞❡ ❣r❛♥❞❡ ❞✐♠❡♥s✐♦♥✳ ❊❧❧❡ ❢♦✉r♥✐t t♦✉t❡❢♦✐s ❞❡s ♣r❡♠✐❡rs rés✉❧t❛ts✱ ❡t ❧❡
r❛✣♥❡♠❡♥t ❞❡ ❝❡tt❡ ❛♣♣r♦❝❤❡ ♣♦✉rr❛✐t à ❧✬❛✈❡♥✐r s✉s❝✐t❡r ❞❡s r❡❝❤❡r❝❤❡s ✐♥tér❡ss❛♥t❡s✳



✻✳✺✳ ❈♦♥❝❧✉s✐♦♥ ❞✉ ❈❤❛♣✐tr❡ ✻ ✶✹✶

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
−230

−225

−220

−215

−210

−205

−200

freq. [kHz]

L
p
 [
d
B

 S
P

L
]

✭❛✮ ❙❛♥s t✉r❜✉❧❡♥❝❡ ❡t s❛♥s ③♦♥❡ t❛♠♣♦♥
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✭❜✮ ❙❛♥s t✉r❜✉❧❡♥❝❡ ❡t ❛✈❡❝ ③♦♥❡ t❛♠♣♦♥
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✭❝✮ ❆✈❡❝ t✉r❜✉❧❡♥❝❡ ❡t s❛♥s ③♦♥❡ t❛♠♣♦♥
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✭❞✮ ❆✈❡❝ t✉r❜✉❧❡♥❝❡ ❡t ❛✈❡❝ ③♦♥❡ t❛♠♣♦♥

❋✐❣✉r❡ ✻✳✶✻ ✕ ❙♣❡❝tr❡s ❞❡ ♣r❡ss✐♦♥ ❛❝♦✉st✐q✉❡ r❛②♦♥♥é❡ ♣❛r ❧❡ ❥❡t ❡♥ ❝❤❛♠♣ ❧✐❜r❡ ❡st✐♠és ❛✈❡❝
❧✬❛♥❛❧♦❣✐❡ ❞❡ ▲✐❣❤t❤✐❧❧ ✭éq✉❛t✐♦♥ ✭✻✳✸✽✮✮ ♣♦✉r ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ❬Hc

H = 10✪ ❀ Red = 2084 ❀ ♣r♦✜❧
✉♥✐❢♦r♠❡ ❡♥ ❡♥tré❡❪✳ ▲❡s ❧✐❣♥❡s ♣♦✐♥t✐❧❧é❡s r♦✉❣❡s r❡♣rés❡♥t❡♥t ❧❡s ♣❡♥t❡s s♣❡❝tr❛❧❡s S′

1 ✭❡♥tr❡
✵ ❡t ✺✵✵❍③✮ ❡t S′

2 ✭❡♥tr❡ ✺✵✵ ❡t ✺✵✵✵❍③✮ ♦❜t❡♥✉❡s ♣❛r ré❣r❡ss✐♦♥ ❧✐♥é❛✐r❡ s✉r ❧❡s s♣❡❝tr❡s✳
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1✱ ❞✉ ❞❡❣ré

❞✬♦✉✈❡rt✉r❡✱ ❞❡ ❧❛ ♣rés❡♥❝❡✴❛❜s❡♥❝❡ ❞✬✉♥❡ ③♦♥❡ t❛♠♣♦♥ ✭❵❚❛✬✮✱ ❡t ❞❡ ❧❛ ♣rés❡♥❝❡✴❛❜s❡♥❝❡ ❞❡
✢✉❝t✉❛t✐♦♥s t✉r❜✉❧❡♥t❡s ✭❵❚✉✬✮✳ P❛r ❡①❡♠♣❧❡✱ ❵✶✵✪❚✉❚❛✬ s✐❣♥✐✜❡ ❵❞❡❣ré ❞✬♦✉✈❡rt✉r❡ ❞❡ ✶✵✪
❛✈❡❝ ✢✉❝t✉❛t✐♦♥s t✉r❜✉❧❡♥t❡s ❡t ③♦♥❡ t❛♠♣♦♥✬✳
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❋✐❣✉r❡ ✻✳✶✽ ✕ P❡♥t❡ s♣❡❝tr❛❧❡ S′
2 ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ❞❡❣ré ❞✬♦✉✈❡rt✉r❡ ✭✶✵ ♦✉ ✸✵✪✮✱ ❞❡ ❧❛ ♣ré✲

s❡♥❝❡✴❛❜s❡♥❝❡ ❞✬✉♥❡ ③♦♥❡ t❛♠♣♦♥ ✭❵❚❛✬✮✱ ❡t ❞❡ ❧❛ ♣rés❡♥❝❡✴❛❜s❡♥❝❡ ❞❡ ✢✉❝t✉❛t✐♦♥s t✉r❜✉❧❡♥t❡s
✭❵❚✉✬✮✳ P❛r ❡①❡♠♣❧❡✱ ❵✶✵✪❚✉❚❛✬ s✐❣♥✐✜❡ ❵❞❡❣ré ❞✬♦✉✈❡rt✉r❡ ❞❡ ✶✵✪ ❛✈❡❝ ✢✉❝t✉❛t✐♦♥s t✉r❜✉✲
❧❡♥t❡s ❡t ③♦♥❡ t❛♠♣♦♥✬✳



❈♦♥❝❧✉s✐♦♥ ❣é♥ér❛❧❡ ❡t ♣❡rs♣❡❝t✐✈❡s

❉❛♥s ❝❡tt❡ t❤ès❡✱ ♥♦✉s ❛✈♦♥s ❝❤❡r❝❤é à ❝♦♥tr✐❜✉❡r à ❧✬ét✉❞❡ ❛ér♦❛❝♦✉st✐q✉❡ ❞✬✉♥ ❝❛♥❛❧ r❡❝✲
t❛♥❣✉❧❛✐r❡ ❛✈❡❝ ✉♥ ♦✉ ♣❧✉s✐❡✉rs ♦❜st❛❝❧❡s✳ ▲❡s ❝♦♥❞✐t✐♦♥s ❣é♦♠étr✐q✉❡s ❡t ❞✬é❝♦✉❧❡♠❡♥t é✈❛❧✉é❡s
♦♥t été ❝❤♦✐s✐❡s ❡♥ ❛❝❝♦r❞ ❛✈❡❝ ❧❡s ♦r❞r❡s ❞❡ ❣r❛♥❞❡✉r ♣❡rt✐♥❡♥ts ♣♦✉r ❧❛ ♣r♦❞✉❝t✐♦♥ ❛❝♦✉s✲
t✐q✉❡ ❞❡ ❢r✐❝❛t✐✈❡s ♥♦♥ ✈♦✐sé❡s✳ P❧✉s✐❡✉rs ❛✉t❡✉rs ♦♥t ♠✐s ❡♥ ❛✈❛♥t ❞❛♥s ❞❡s tr❛✈❛✉① ❛♥tér✐❡✉rs
à ❝❡tt❡ t❤ès❡ ❧❛ ♥é❝❡ss✐té ❞✬♦❜t❡♥✐r ❞❡s ❞♦♥♥é❡s ❛❞❞✐t✐♦♥♥❡❧❧❡s ❞✬é❝♦✉❧❡♠❡♥t ❡t ❞✬❛❝♦✉st✐q✉❡
❛✜♥ ❞✬❛♣♣r♦❢♦♥❞✐r ❧❛ ❝♦♠♣ré❤❡♥s✐♦♥ ❞✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❡t ❞❡ ❧❛ ♣r♦❞✉❝t✐♦♥
❛❝♦✉st✐q✉❡ q✉✐ ❡♥ ❞é❝♦✉❧❡✱ ❞❛♥s ❧❡ ❝♦♥t❡①t❡ ❞❡s ❢r✐❝❛t✐✈❡s✳

❆✐♥s✐✱ ✉♥❡ ❧❛r❣❡ ♣❛rt✐❡ ❞❡ ❝❡ tr❛✈❛✐❧ ❛ été ❝♦♥s❛❝ré❡ à ❧✬♦❜t❡♥t✐♦♥ ❞❡ t❡❧❧❡s ❞♦♥♥é❡s✱ ❡t à
❧❡✉r ❝❛r❛❝tér✐s❛t✐♦♥ ♣❛r ❞❡s ét✉❞❡s ❡①♣ér✐♠❡♥t❛❧❡s ❡t ♥✉♠ér✐q✉❡s s②sté♠❛t✐q✉❡s ❞❡ ❧✬✐♥✢✉❡♥❝❡
♣♦t❡♥t✐❡❧❧❡ s✉r ❧❡ ❜r✉✐t ❣é♥éré ❡t s❡s ♣r♦♣r✐étés ❛❝♦✉st✐q✉❡s ❞✬✉♥ ♥♦♠❜r❡ ❧✐♠✐té ❞❡ ♣❛r❛♠ètr❡s
❣é♦♠étr✐q✉❡s sé❧❡❝t✐♦♥♥és✳ ❈♦♥❝rèt❡♠❡♥t ♣❛r❧❛♥t✱ ♥♦✉s ❛✈♦♥s ❡♥ ♣❛rt✐❝✉❧✐❡r ❢❛✐t ✈❛r✐❡r ❧❡ ❞❡❣ré
❞✬♦✉✈❡rt✉r❡ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥✱ ❧❡ ❞é❜✐t ✈♦❧✉♠✐q✉❡ ✭❡t ❞♦♥❝ ❧❡ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s✮✱ ❡t ❧❡s
❝♦♥❞✐t✐♦♥s ✐♥✐t✐❛❧❡s ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ✭♣❛rt✐❡ ♠♦②❡♥♥❡ ❡t ♣❛rt✐❡ ✢✉❝t✉❛♥t❡✮✳ ▲❛ ♥♦♥✲❧✐♥é❛r✐té
❞✉ ❞é✈❡❧♦♣♣❡♠❡♥t ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ❛ t❡♥❞❛♥❝❡ à ❢❛✐r❡ q✉❡ ❧✬é❝♦✉❧❡♠❡♥t s❡ ❵r❛♣♣❡❧❧❡✬ ❞❡ s♦♥
♦r✐❣✐♥❡ ✭❧❡s ♣r♦♣r✐étés ❞✬é❝♦✉❧❡♠❡♥t ❛♠♦♥t✮✱ ❡t ♣❛r ❝♦♥séq✉❡♥t✱ ❧❡s s♦✉r❝❡s ❞❡ ❜r✉✐t ❞❛♥s ❧❡
✈♦✐s✐♥❛❣❡ ♦✉ ❡♥ ❛✈❛❧ ❞❡ ❧✬♦❜st❛❝❧❡ ♣❡✉✈❡♥t ♣♦t❡♥t✐❡❧❧❡♠❡♥t êtr❡ s❡♥s✐❜❧❡♠❡♥t ❞ét❡r♠✐♥é❡s ♣❛r
❧❡s ❝♦♥❞✐t✐♦♥s ✐♥✐t✐❛❧❡s ❛♠♦♥t ❞❡ ❧✬é❝♦✉❧❡♠❡♥t✳

▼✐s à ♣❛rt ❝❡t ❡✛❡t ❵♠é♠♦✐r❡✬✱ ❧❡s ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ❝♦♥s✐❞érés ❝♦✉✈r❡♥t ❧❡ ré❣✐♠❡ ❞❡
tr❛♥s✐t✐♦♥ ❞✬✉♥ é❝♦✉❧❡♠❡♥t ❧❛♠✐♥❛✐r❡ ✈❡rs ✉♥ é❝♦✉❧❡♠❡♥t t✉r❜✉❧❡♥t✱ ❞❡ s♦rt❡ q✉❡ ❞❡s ❝♦♥❞✐t✐♦♥s
✐♥✐t✐❛❧❡s ✈❛r✐❛❜❧❡s ✈♦♥t ❛✛❡❝t❡r ❧❛ st❛❜✐❧✐té ❞❡ ❧✬é❝♦✉❧❡♠❡♥t✱ ❡t ❞♦♥❝ ❧❛ tr❛♥s✐t✐♦♥ ❞❡ ❧❛♠✐♥❛✐r❡
✈❡rs t✉r❜✉❧❡♥t✳ ❊♥ ❝♦♥séq✉❡♥❝❡✱ ❡♥ r❛✐s♦♥ ❞❡ ❧❛ ❝♦♠♣❧❡①✐té ❞✉ ré❣✐♠❡ ❞✬é❝♦✉❧❡♠❡♥t ✐♥❤ér❡♥t❡
à ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ❢r✐❝❛t✐✈❡s ♥♦♥ ✈♦✐sé❡s✱ ♥♦✉s ♥♦✉s s♦♠♠❡s ❢♦❝❛❧✐sés s✉r ❞❡s ❣é♦♠étr✐❡s ❡①trê✲
♠❡♠❡♥t s✐♠♣❧✐✜é❡s✱ ❡t ❧✬ét✉❞❡ ♣♦rt❛✐t ❡♥ ♣❛rt✐❝✉❧✐❡r s✉r ❧❛ ❝❛r❛❝tér✐s❛t✐♦♥ ❡①♣ér✐♠❡♥t❛❧❡ ❞❡s
♣r♦♣r✐étés ❞❡ ❥❡t✱ ❛✐♥s✐ q✉❡ s✉r ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ❜r✉✐t ❡♥ ❢♦♥❝t✐♦♥ ❞✉ ♥♦♠❜r❡ ❞❡ ❘❡②♥♦❧❞s✱ ❞✉
❞❡❣ré ❞✬♦✉✈❡rt✉r❡ ❡t ❞❡s ❝♦♥❞✐t✐♦♥s ✐♥✐t✐❛❧❡s ❞❡ ❧✬é❝♦✉❧❡♠❡♥t✳ ◆♦✉s ❛✈♦♥s ♣✉ ♦❜s❡r✈❡r q✉❡ ❧❡s
♣r♦♣r✐étés ❞✉ ❥❡t é♠✐s ❡♥ ❛✈❛❧ ❞❡ ❧✬♦❜st❛❝❧❡ ✈❛r✐❡♥t très ❢♦rt❡♠❡♥t ❛✉ss✐ ❜✐❡♥ ❞❛♥s ❧❡ ✈♦✐s✐♥❛❣❡
q✉❡ ❞❛♥s ❧❛ ♣❛rt✐❡ ❛✉t♦✲s✐♠✐❧❛✐r❡ ❞✉ ❥❡t✳

▲❡s rés✉❧t❛ts ♦❜t❡♥✉s ❢♦✉r♥✐ss❡♥t ✉♥❡ ✐❧❧✉str❛t✐♦♥ ✐♥tér❡ss❛♥t❡ ❞❡ ❧❛ r✐❝❤❡ss❡ ❞❡ ❧❛ ❞②♥❛✲
♠✐q✉❡ ❞❡ ❧✬é❝♦✉❧❡♠❡♥t✱ q✉✐ ♣❡✉t êtr❡ ♦❜s❡r✈é❡ ♣♦✉r ✉♥❡ ❣é♦♠étr✐❡ ❛ ♣r✐♦r✐ s✐♠♣❧❡✳ ◆é❛♥♠♦✐♥s✱
❝❡ ❝♦♥st❛t ♥✬❡st ♣❛s à ❧❛ ❢❛✈❡✉r ❞✬✉♥❡ ❢♦r♠✉❧❛t✐♦♥ ❵✉♥✐✈❡rs❡❧❧❡✬ ❞✐r❡❝t❡ ❞❡s ♠é❝❛♥✐s♠❡s ❞❡ ♣r♦✲
❞✉❝t✐♦♥ ❞❡ ❢r✐❝❛t✐✈❡s✱ s❛❝❤❛♥t q✉❡ ❧❡s ❝♦♥❞✐t✐♦♥s ❧✐♠✐t❡s ❞❡ ❧✬é❝♦✉❧❡♠❡♥t ♣r♦✈❡♥❛♥t ❞✉ s②stè♠❡
r❡s♣✐r❛t♦✐r❡ ✐♥✐t✐❛❧ s♦♥t ❝♦♠♣❧❡①❡s ❡t ❢♦rt❡♠❡♥t ✈❛r✐❛❜❧❡s ❝❤❡③ ❞❡s ❧♦❝✉t❡✉rs ❤✉♠❛✐♥s✳ ❊♥ ♦✉tr❡✱
♥♦✉s ♣♦✉✈♦♥s é♠❡ttr❡ ❧❛ ❝r✐t✐q✉❡ q✉❡ ❧❛ ❣é♦♠étr✐❡ ❞❡ ❝❛♥❛❧ ✉t✐❧✐sé❡ ❡st ✉♥❡ s✐♠♣❧✐✜❝❛t✐♦♥ ❡①✲
trê♠❡✱ ♣❛r r❛♣♣♦rt à ❧❛ ♣r♦❞✉❝t✐♦♥ s♦♥♦r❡ ❞❡ ❢r✐❝❛t✐✈❡s✱ ét❛♥t ❞♦♥♥é q✉❡ ♥♦✉s ♥♦✉s s♦♠♠❡s
❢♦❝❛❧✐sés s✉r ✉♥ ❥❡t s❡ ❢♦r♠❛♥t ❡♥ ❛✈❛❧ ❞❡ ❧✬♦❜st❛❝❧❡✱ ❡t ♥♦♥ s✉r ✉♥ ❥❡t ❛♠♦♥t ✐♥t❡r❛❣✐ss❛♥t
❛✈❡❝ ✉♥ ♦❜st❛❝❧❡ ❛✈❛❧ ✭❝♦♠♠❡ ❡st ❝❧❛ss✐q✉❡♠❡♥t ❞é❝r✐t❡ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ❢r✐❝❛t✐✈❡s✮✳ ❆✐♥s✐✱
♣♦✉r ♣❛rt✐❡❧❧❡♠❡♥t ré♣♦♥❞r❡ à ❝❡tt❡ ❝r✐t✐q✉❡✱ ❧❡ ❜r✉✐t ✐♥❞✉✐t ♣❛r ❧✬é❝♦✉❧❡♠❡♥t ❛ été ❡①♣ér✐♠❡♥✲
t❛❧❡♠❡♥t ❝❛r❛❝tér✐sé ♣♦✉r ♣❧✉s✐❡✉rs ❝♦♥✜❣✉r❛t✐♦♥s ❞❡ ❝❛♥❛❧ ✿ ✭✶✮ ❝❛♥❛❧ ❝♦♥t❡♥❛♥t ✉♥ ✉♥✐q✉❡

✶✹✸



✶✹✹ ❈♦♥❝❧✉s✐♦♥

♦❜st❛❝❧❡✱ ❡t ✭✷✮ ❝❛♥❛❧ ❝♦♥t❡♥❛♥t ❞❡✉① ♦❜st❛❝❧❡s✳ ❉❡ ♣❧✉s✱ ❧❛ ❝♦♥str✐❝t✐♦♥ ét❛✐t s♦✐t ❝❡♥tré❡ s♦✐t
❛❧✐❣♥é❡ ❛✈❡❝ ❧❛ ♣❛r♦✐✳ ◆♦✉s ❛✈♦♥s ♣✉ ♦❜s❡r✈❡r q✉❡ ❧❡s ❝❛r❛❝tér✐st✐q✉❡s s♣❡❝tr❛❧❡s ❞✉ ❜r✉✐t ❣é✲
♥éré s♦♥t s✐♠✐❧❛✐r❡s à ❝❡❧❧❡s ♦❜s❡r✈é❡s s✉r ❞❡s ❧♦❝✉t❡✉rs ❤✉♠❛✐♥s ♣♦✉r ♣❧✉s✐❡✉rs ❝♦♥✜❣✉r❛t✐♦♥s✳
❈❡ rés✉❧t❛t ♥✬❡st ♣❛s ♥♦♥ ♣❧✉s ❡♥ ❢❛✈❡✉r ❞✬✉♥ ♠é❝❛♥✐s♠❡ ✉♥✐q✉❡ ❡t s✐♠♣❧❡ ❞❡ ♣r♦❞✉❝t✐♦♥ ❞❡
❢r✐❝❛t✐✈❡s✱ ❡t ✐❧ ❢❛✉t ❞♦♥❝ s❡ ♠♦♥tr❡r t♦✉❥♦✉rs très ♣r✉❞❡♥t ❧♦rsq✉❡ ❧✬♦♥ ❣é♥ér❛❧✐s❡ ❞❡s rés✉❧t❛ts
♦❜t❡♥✉s à ♣❛rt✐r ❞❡ ❣é♦♠étr✐❡s s✐♠♣❧✐✜é❡s✳

❈❡❝✐ ét❛♥t ❞✐t✱ ❧❡s rés✉❧t❛ts ♦❜t❡♥✉s ❞❛♥s ❝❡tt❡ t❤ès❡ s❡♠❜❧❡♥t ❡♥❝♦✉r❛❣❡❛♥ts ♣♦✉r ❞❡s ❛♣♣❧✐✲
❝❛t✐♦♥s ❜✐♦♠é❞✐❝❛❧❡s t❡❧❧❡s q✉❡ ❧❛ ré❤❛❜✐❧✐t❛t✐♦♥ ❞❡ ♣❛r♦❧❡ ♦✉ ❧❡s s♦✐♥s ❜✉❝❝♦✲❞❡♥t❛✐r❡s✱ s❛❝❤❛♥t
q✉❡ ❧✬♦♥ ♣❡✉t ♣rés✉♠❡r q✉✬✉♥ ❧♦❝✉t❡✉r ❤✉♠❛✐♥ ♣❡✉t ❛♣♣❧✐q✉❡r ♣❧✉s✐❡✉rs str❛té❣✐❡s ❛rt✐❝✉❧❛✲
t♦✐r❡s ❞✐✛ér❡♥t❡s ♣♦✉r ❣é♥ér❡r ✉♥ s♦♥ ❞❡ ❢r✐❝❛t✐✈❡ ✭s✐❜✐❧❛♥t❡✱ ❧❛❜✐♦✲❞❡♥t❛❧❡✱ ❡t❝✳✮✳ ◆é❛♥♠♦✐♥s✱
✐❧ ❡st ❡♥❝♦r❡ ✉♥❡ ❢♦✐s ♥é❝❡ss❛✐r❡ ❞❡ s❡ ♠♦♥tr❡r ♣r✉❞❡♥t s✉r t♦✉t❡ ❝♦♥❝❧✉s✐♦♥ t✐ré❡ ❤ât✐✈❡♠❡♥t✱
♣✉✐sq✉❡ ❞❛♥s ❝❡tt❡ t❤ès❡ ♥♦✉s ♥✬❛✈♦♥s ♣❛s ♣r✐s ❡♥ ❝♦♠♣t❡ ❧❡s t✐ss✉s ♠♦✉s q✉✐ ♦♥t très ❝❡rt❛✐✲
♥❡♠❡♥t ✉♥ ❡✛❡t s✐❣♥✐✜❝❛t✐❢ s✉r ❧❡s ❝♦♥❞✐t✐♦♥s ❧✐♠✐t❡s✱ ❡t ❞♦♥❝ s✉r ❧❡s s♦✉r❝❡s ❞❡ ❜r✉✐t ❡t ❧❡✉r
❝♦♠♣♦rt❡♠❡♥t ❛❝♦✉st✐q✉❡✳

❊♥ ❝♦♠♣❧é♠❡♥t ❞❡s ❞♦♥♥é❡s ❡①♣ér✐♠❡♥t❛❧❡s✱ ❞❡s ❞♦♥♥é❡s ♥✉♠ér✐q✉❡s ♦♥t été ♦❜t❡♥✉❡s
♣♦✉r ✉♥ é❝♦✉❧❡♠❡♥t st❛t✐♦♥♥❛✐r❡ ✐♥❝♦♠♣r❡ss✐❜❧❡✳ ❆✜♥ ❞✬ét✉❞✐❡r ❧✬❡✛❡t ✐s♦❧é ❞✬✉♥❡ ❛❝❝é❧ér❛t✐♦♥
❝♦♥✈❡❝t✐✈❡ ❛s②♠étr✐q✉❡ ❛♣♣❧✐q✉é❡ s✉r ❧✬é❝♦✉❧❡♠❡♥t ✭❞✉❡ à ❧✬❛s②♠étr✐❡ ❞❡ ❧❛ ❣é♦♠étr✐❡ ❞✉ ❝❛♥❛❧✮
s✉r ❧❛ s♦✉r❝❡ ❞❡ ❜r✉✐t✱ ♥♦✉s ❛✈♦♥s ❝♦♥s✐❞éré ✉♥ é❝♦✉❧❡♠❡♥t ♣♦t❡♥t✐❡❧ ❜✐❞✐♠❡♥s✐♦♥♥❡❧ ♣♦✉r
♣❧✉s✐❡✉rs ❝♦♥✜❣✉r❛t✐♦♥s ❞✬♦❜st❛❝❧❡ ❡t ❞❡❣rés ❞✬♦✉✈❡rt✉r❡✳ P❛r ❛✐❧❧❡✉rs✱ ❧✬❡✛❡t ❞❡s ❝♦♥❞✐t✐♦♥s
✐♥✐t✐❛❧❡s ❛ été é✈❛❧✉é ♣❛r ❞❡s s✐♠✉❧❛t✐♦♥s ❞❡s ❣r❛♥❞❡s é❝❤❡❧❧❡s tr✐❞✐♠❡♥s✐♦♥♥❡❧❧❡s ❞✉ ❝❤❛♠♣
❞✬é❝♦✉❧❡♠❡♥t à ♣❛rt✐r ❞❡sq✉❡❧❧❡s ❧❡ ❜r✉✐t q✉❛❞r✐♣ô❧❛✐r❡ r❛②♦♥♥é ♣❛r ❧❡ ❥❡t ❡♥ ❝❤❛♠♣ ❧✐❜r❡
❛ été ❡st✐♠é✳ ▲❡s s♣❡❝tr❡s ❞❡ ❜r✉✐t ♦❜t❡♥✉s ♦♥t été q✉❛♥t✐✜és ❡♥ ✉t✐❧✐s❛♥t ❞❡s ♣❛r❛♠ètr❡s
s♣❡❝tr❛✉① ♣❡rt✐♥❡♥ts ♣♦✉r ❧✬ét✉❞❡ ❞❡ ❢r✐❝❛t✐✈❡s ♣r♦❞✉✐t❡s ♣❛r ❞❡s ❧♦❝✉t❡✉rs ❤✉♠❛✐♥s✳ ▲✬✐♠♣❛❝t
❞❡s ❝♦♥❞✐t✐♦♥s ❛♠♦♥t s✉r ❧❡ ❜r✉✐t ❣é♥éré ❛ été ♠✐s ❡♥ é✈✐❞❡♥❝❡✳ ➚ ❧✬✐ss✉❡ ❞❡s rés✉❧t❛ts ♦❜t❡♥✉s
❞❛♥s ❝❡tt❡ t❤ès❡✱ ♣❧✉s✐❡✉rs ♣❡rs♣❡❝t✐✈❡s ❞❡ r❡❝❤❡r❝❤❡ ♣❡✉✈❡♥t êtr❡ ❢♦r♠✉❧é❡s✳

▲❛ st❛❜✐❧✐té ❞✉ ❥❡t ❡t ❧❡s ♠é❝❛♥✐s♠❡s ❞❡ tr❛♥s✐t✐♦♥ ♣♦✉r ❧❛ ❝♦♥✜❣✉r❛t✐♦♥ ❞❡ ❝❛♥❛❧ ❛✈❡❝ ✉♥
♦❜st❛❝❧❡ ♣♦✉rr❛✐❡♥t êtr❡ ❡①❛♠✐♥é❡s ❡♥ ❞ét❛✐❧✱ ❡♥ ❢♦♥❝t✐♦♥ ❞❡s ♣❛r❛♠ètr❡s ❣é♦♠étr✐q✉❡s ❡t ❞❡s
❝♦♥❞✐t✐♦♥s ❛♠♦♥t ❞✬é❝♦✉❧❡♠❡♥t✳ ❈❡tt❡ t❤ès❡ s❡ ❝♦♥❝❡♥tr❛✐t s✉r ❧✬é❝♦✉❧❡♠❡♥t à tr❛✈❡rs ✉♥ ❝❛♥❛❧
r✐❣✐❞❡ ❝♦♥t❡♥❛♥t ✉♥ ♦❜st❛❝❧❡ à ✉♥❡ ♣♦s✐t✐♦♥ ❧♦♥❣✐t✉❞✐♥❛❧❡ ✜①❡✱ ♣rès ❞❡ ❧❛ s❡❝t✐♦♥ ❞❡ s♦rt✐❡✳ ■❧
♣♦✉rr❛✐t êtr❡ ✐♥tér❡ss❛♥t ❞❡ ❞é❝❛❧❡r ❧✬♦❜st❛❝❧❡ ❞❛✈❛♥t❛❣❡ ❡♥ ❛♠♦♥t✱ ❞❡ s♦rt❡ q✉❡ ❧✬♦♥ ♣✉✐ss❡
❝♦♥s✐❞ér❡r ❧❡ ❝❛♥❛❧ ❝♦♠♠❡ s❡♠✐✲✐♥✜♥✐✳ ❈❡s ❛s♣❡❝ts s♦♥t ✐♥tr♦❞✉✐ts ❞❡ ♠❛♥✐èr❡ ♣ré❧✐♠✐♥❛✐r❡
❞❛♥s ❧✬❆♥♥❡①❡ ❇ q✉✐ tr❛✐t❡ ❞❡ ❧❛ ♠♦❞é❧✐s❛t✐♦♥ ❞❡ ❧❛ ♠❛tr✐❝❡ ❞❡ tr❛♥s❢❡rt ✭❝♦❡✣❝✐❡♥ts ❞❡ tr❛♥s✲
♠✐ss✐♦♥ ❡t ❞❡ ré✢❡❝t✐♦♥ ❛✉ ♥✐✈❡❛✉ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥✮ r❡♣rés❡♥t❛♥t ❧✬✐♠♣❛❝t ❞❡ ❧✬♦❜st❛❝❧❡ s✉r
❧✬❛❝♦✉st✐q✉❡ ❞✉ ❝❛♥❛❧✱ ♣♦✉r ❞❡s ♠♦❞è❧❡s ❞✬é❝♦✉❧❡♠❡♥t s✐♠♣❧❡s✳ ■❧ s❡r❛✐t é❣❛❧❡♠❡♥t ❥✉❞✐❝✐❡✉①
❞✬ét✉❞✐❡r ❧✬✐♥✢✉❡♥❝❡ ❞❡ ♣❛r♦✐s ❞❡ ❝❛♥❛❧ ♥♦♥ r✐❣✐❞❡s ✭s♦✉♣❧❡s✮✳

❊♥✜♥✱ ❧❡s s✐♠✉❧❛t✐♦♥s ♥✉♠ér✐q✉❡s ❞✬é❝♦✉❧❡♠❡♥t ❡t ❧❡s ♣ré❞✐❝t✐♦♥s ❛❝♦✉st✐q✉❡s ❞❡ ❜r✉✐t ❣é✲
♥éré ♣❛r ❧✬é❝♦✉❧❡♠❡♥t ♥é❝❡ss✐t❡♥t ✉♥ ❛♣♣r♦❢♦♥❞✐ss❡♠❡♥t✳ ❊♥ ♣❛rt✐❝✉❧✐❡r✱ ❧✬✐♥❝♦r♣♦r❛t✐♦♥ ❞❡
str✉❝t✉r❡s ❝♦❤ér❡♥t❡s ❛❧✐♠❡♥t❛♥t ❧❛ t✉r❜✉❧❡♥❝❡ ❞❛♥s ❧✬é❝♦✉❧❡♠❡♥t ❛♠♦♥t✱ ❡t ❞❡ ♠ê♠❡✱ ❧✬♦❜✲
s❡r✈❛t✐♦♥ ❞❡ str✉❝t✉r❡s ❝♦❤ér❡♥t❡s à ❧❛ s♦rt✐❡ ❞✉ ❝❛♥❛❧✱ s❡♠❜❧❡♥t r❡q✉✐s❡s ❞❛♥s ✉♥❡ ♦♣t✐q✉❡
❞❡ ♠♦❞é❧✐s❛t✐♦♥ ❛ér♦❛❝♦✉st✐q✉❡ ♣❧✉s ✜♥❡ ❞❡ ❧❛ ♣r♦❞✉❝t✐♦♥ ❞❡ ❜r✉✐t ❣é♥éré ♣❛r ✉♥ é❝♦✉❧❡♠❡♥t
tr❛✈❡rs❛♥t ✉♥ ❝❛♥❛❧ ❛✈❡❝ ♦❜st❛❝❧❡✭s✮ à ❞❡s ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s ♠♦❞érés✳
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❬❆❆❇+✶✸❪ ❆✳❆♥❝❡❧✱ ■✳❆ss❡♥♠❛❝❤❡r✱ ❑✳ ❇❛❜❛✱ ❏✳❈✐s♦♥♥✐✱ ❨✳ ❋✉❥✐s♦✱ P✳●♦♥❝❛❧✈❡s✱
▼✳ ■♠❜❡rt✱ ❑✳ ❑♦②❛♠❛❞❛✱ P✳ ◆❡②r♦♥✱ ❑✳ ◆♦③❛❦✐ ❡t ❛❧✳ ✿ P❡t❛✢♦✇ ✕ ❛♥
❡①❛♠♣❧❡ ♦❢ ❝♦♠♠✉♥✐❝❛t✐♦♥ ❛♥❞ ❝♦♠♣✉t❛t✐♦♥❛❧ t❡❝❤♥♦❧♦❣✐❡s ✇✐t❤ s♦❝✐❛❧ ✐♠♣❛❝t✳
■♥ ❈♦♠♣✉t❡r ❙♦❢t✇❛r❡ ❛♥❞ ❆♣♣❧✐❝❛t✐♦♥s ❈♦♥❢❡r❡♥❝❡ ❲♦r❦s❤♦♣s ✭❈❖▼P❙❆❈❲✮✱
✷✵✶✸ ■❊❊❊ ✸✼t❤ ❆♥♥✉❛❧✱ ♣❛❣❡s ✼✵✸✕✼✵✽✳ ■❊❊❊✱ ✷✵✶✸✳

❬❆❈▲✵✵❪ ❘✳❏✳ ❆❞r✐❛♥✱ ❑✳❚✳ ❈❤r✐st❡♥s❡♥ ❡t ❩✳❈✳ ▲✐✉ ✿ ❆♥❛❧②s✐s ❛♥❞ ✐♥t❡r♣r❡t❛t✐♦♥ ♦❢
✐♥st❛♥t❛♥❡♦✉s t✉r❜✉❧❡♥t ✈❡❧♦❝✐t② ✜❡❧❞s✳ ❊①♣❡r✐♠❡♥ts ✐♥ ❋❧✉✐❞s✱ ✷✾✭✸✮✿✷✼✺✕✷✾✵✱
✷✵✵✵✳

❬❆❊❉✵✺❪ ◆✳ ❆♥❞❡rss♦♥✱ ▲✳❊✳ ❊r✐❦ss♦♥ ❡t ▲✳ ❉❛✈✐❞s♦♥ ✿ ❊✛❡❝ts ♦❢ ✐♥✢♦✇ ❝♦♥❞✐t✐♦♥s
❛♥❞ s✉❜❣r✐❞ ♠♦❞❡❧ ♦♥ ▲❊❙ ❢♦r t✉r❜✉❧❡♥t ❥❡ts✳ Pr♦❝❡❡❞✐♥❣s ♦❢ ✶✶t❤ ❆■❆❆✴❈❊❆❙
❆❡r♦❛❝♦✉st✐❝s ❈♦♥❢❡r❡♥❝❡✱ ✷✵✵✺✲✷✾✷✺✱ ✷✵✵✺✳

❬❆●▲✵✺❪ ❏✳ ❆❤r❡♥s✱ ❇✳ ●❡✈❡❝✐ ❡t ❈✳ ▲❛✇ ✿ P❛r❛✈✐❡✇ ✿ ❆♥ ❡♥❞✲✉s❡r t♦♦❧ ❢♦r ❧❛r❣❡ ❞❛t❛
✈✐s✉❛❧✐③❛t✐♦♥✳ ❚❤❡ ❱✐s✉❛❧✐③❛t✐♦♥ ❍❛♥❞❜♦♦❦✱ ✼✶✼✿✼✸✶✱ ✷✵✵✺✳

❬❆❑❙✾✾❪ ❨✳❙✳ ❆❦❣✉❧✱ ❈✳ ❑❛♠❜❤❛♠❡tt✉ ❡t ▼✳ ❙t♦♥❡ ✿ ❆✉t♦♠❛t✐❝ ❡①tr❛❝t✐♦♥ ❛♥❞
tr❛❝❦✐♥❣ ♦❢ t❤❡ t♦♥❣✉❡ ❝♦♥t♦✉rs✳ ■❊❊❊ ❚r❛♥s❛❝t✐♦♥s ♦♥ ▼❡❞✐❝❛❧ ■♠❛❣✐♥❣✱ ✶✽✭✶✮✿
✶✵✸✺✕✶✵✹✺✱ ✶✾✾✾✳

❬❆❧♥✶✵❪ ▼✳❍✳ ❆❧♥❛❤❤❛❧ ✿ ❚✉r❜✉❧❡♥t r❡❝t❛♥❣✉❧❛r ❥❡ts✳ ❚❤ès❡ ❞❡ ❞♦❝t♦r❛t✱ ❯♥✐✈❡rs✐t② ♦❢
P❛tr❛s✱ ✷✵✶✵✳

❬❆♥❞✵✶❪ ❏✳❉✳ ❆♥❞❡rs♦♥ ✿ ❋✉♥❞❛♠❡♥t❛❧s ♦❢ ❆❡r♦❞②♥❛♠✐❝s✱ ✈♦❧✉♠❡ ✷✳ ▼❝●r❛✇✲❍✐❧❧ ◆❡✇
❨♦r❦✱ ✷✵✵✶✳

❬❆◆❘❉✾✼❪ ◆✳❆❧❧❡❜♦r♥✱ ❑✳ ◆❛♥❞❛❦✉♠❛r✱ ❍✳ ❘❛s③✐❧❧✐❡r ❡t ❋✳❉✉rst ✿ ❋✉rt❤❡r ❝♦♥tr✐✲
❜✉t✐♦♥s ♦❢ t❤❡ t✇♦✲❞✐♠❡♥s✐♦♥❛❧ ✢♦✇ ✐♥ ❛ s✉❞❞❡♥ ❡①♣❛♥s✐♦♥✳ ❏♦✉r♥❛❧ ♦❢ ❋❧✉✐❞
▼❡❝❤❛♥✐❝s✱ ✸✸✵✿✻✾✕✶✽✽✱ ✶✾✾✼✳

❬❇❛❞✽✾❪ P✳ ❇❛❞✐♥ ✿ ❆❝♦✉st✐❝s ♦❢ ✈♦✐❝❡❧❡ss ❢r✐❝❛t✐✈❡s ✿ ♣r♦❞✉❝t✐♦♥ t❤❡♦r② ❛♥❞ ❞❛t❛✳ ❘❛♣✲
♣♦rt t❡❝❤♥✐q✉❡ ✸✱ ❘♦②❛❧ ■♥st✐t✉t❡ ♦❢ ❚❡❝❤♥♦❧♦❣②✱ ❙t♦❝❦❤♦❧♠✱ ✶✾✽✾✳

❬❇❆●❘✵✽❪ ❈✳ ❇r✉♥✱ ❙✳ ❆✉❜r✉♥✱ ❚✳ ●♦♦ss❡♥s ❡t P✳ ❘❛✈✐❡r ✿ ❈♦❤❡r❡♥t str✉❝t✉r❡s ❛♥❞
t❤❡✐r ❢r❡q✉❡♥❝② s✐❣♥❛t✉r❡ ✐♥ t❤❡ s❡♣❛r❛t❡❞ s❤❡❛r ❧❛②❡r ♦♥ t❤❡ s✐❞❡s ♦❢ ❛ sq✉❛r❡
❝②❧✐♥❞❡r✳ ❋❧♦✇✱ ❚✉r❜✉❧❡♥❝❡ ❛♥❞ ❈♦♠❜✉st✐♦♥✱ ✽✶✭✶✲✷✮✿✾✼✕✶✶✹✱ ✷✵✵✽✳

❬❇❇✵✻❪ ❈✳ ❇♦❣❡② ❡t ❈✳ ❇❛✐❧❧② ✿ ▲❛r❣❡ ❡❞❞② s✐♠✉❧❛t✐♦♥s ♦❢ r♦✉♥❞ ❢r❡❡ ❥❡ts ✉s✐♥❣ ❡①♣❧✐❝✐t
✜❧t❡r✐♥❣ ✇✐t❤✴✇✐t❤♦✉t ❞②♥❛♠✐❝ ❙♠❛❣♦r✐♥s❦② ♠♦❞❡❧✳ ■♥t❡r♥❛t✐♦♥❛❧ ❏♦✉r♥❛❧ ♦❢
❍❡❛t ❛♥❞ ❋❧✉✐❞ ❋❧♦✇✱ ✷✼✭✹✮✿✻✵✸✕✻✶✵✱ ✷✵✵✻✳

❬❇●✾✻❪ ▲✳❍✳ ❇❡♥❡❞✐❝t ❡t ❘✳❉✳ ●♦✉❧❞ ✿ ❚♦✇❛r❞s ❜❡tt❡r ✉♥❝❡rt❛✐♥t② ❡st✐♠❛t❡s ❢♦r
t✉r❜✉❧❡♥❝❡ st❛t✐st✐❝s✳ ❊①♣❡r✐♠❡♥ts ✐♥ ❋❧✉✐❞s✱ ✷✷✭✷✮✿✶✷✾✕✶✸✻✱ ✶✾✾✻✳

❬❇✐s✵✸❪ ●✳ ❇✐s✇❛s ✿ ■♥tr♦❞✉❝t✐♦♥ t♦ ❋❧✉✐❞ ▼❡❝❤❛♥✐❝s ❛♥❞ ❋❧✉✐❞ ▼❛❝❤✐♥❡s✱ ✷❡✳ ❚❛t❛
▼❝●r❛✇✲❍✐❧❧ ❊❞✉❝❛t✐♦♥✱ ✷✵✵✸✳

❬❇♦❞✵✺❪ ❉✳❏✳ ❇♦❞♦♥② ✿ ❚❤❡ ♣r❡❞✐❝t✐♦♥ ❛♥❞ ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ ❥❡t ♥♦✐s❡✳ ❈❡♥t❡r ❢♦r
❚✉r❜✉❧❡♥❝❡ ❘❡s❡❛r❝❤ ❆♥♥✉❛❧ ❘❡s❡❛r❝❤ ❇r✐❡❢s✱ ✸✻✼✸✼✼✱ ✷✵✵✺✳
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❬❇r✉✾✺❪ ❍✳❍✳ ❇r✉✉♥ ✿ ❍♦t✲❲✐r❡ ❆♥❡♠♦♠❡tr②✳ ❖①❢♦r❞ ❯♥✐✈❡rs✐t② Pr❡ss✱ ❖①❢♦r❞✱ ✶✾✾✺✳

❬❇r✉✾✻❪ ❍✳❍✳ ❇r✉✉♥ ✿ ❍♦t✲✇✐r❡ ❛♥❡♠♦♠❡tr② ✿ ♣r✐♥❝✐♣❧❡s ❛♥❞ s✐❣♥❛❧ ❛♥❛❧②s✐s✳ ▼❡❛s✉r❡✲
♠❡♥t ❙❝✐❡♥❝❡ ❛♥❞ ❚❡❝❤♥♦❧♦❣②✱ ✼✭✶✵✮✱ ✶✾✾✻✳
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❝♦♥str✉❝t✐♦♥ ❢r♦♠ ❡①♣❡r✐♠❡♥t❛❧❧② ♦❜t❛✐♥❡❞ ❝♦♥❡✲❜❡❛♠ ♣r♦❥❡❝t✐♦♥s✳ ■❊❊❊ ❚r❛♥✲
s❛❝t✐♦♥s ♦♥ ▼❡❞✐❝❛❧ ■♠❛❣✐♥❣✱ ✻✿✻✼✕✼✸✱ ✶✾✽✼✳

❬❲❱❍▲✶✸❪ ❇✳❲✉✱ ❆✳ ❱❛♥ ❍✐rt✉♠ ❡t ❳✳❨✳ ▲✉♦ ✿ Pr❡ss✉r❡ ❞r✐✈❡♥ st❡❛❞② ✢♦✇ ✐♥ ❝♦♥str✐❝✲
t❡❞ ❝❤❛♥♥❡❧s ♦❢ ❞✐✛❡r❡♥t ❝r♦ss s❡❝t✐♦♥ s❤❛♣❡s✳ ■♥t❡r♥❛t✐♦♥❛❧ ❏♦✉r♥❛❧ ♦❢ ❆♣♣❧✐❡❞
▼❡❝❤❛♥✐❝s✱ ✺✿✶✕✶✾✱ ✷✵✶✸✳
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▼❡s✉r❡s ✐♥✲✈✐✈♦ ✿ ❞♦♥♥é❡s
❝♦♠♣❧é♠❡♥t❛✐r❡s

❉❛♥s ❝❡tt❡ ❛♥♥❡①❡ s♦♥t ♣rés❡♥té❡s ❧❡s ❛✉tr❡s ❞♦♥♥é❡s ❞❡ ♠❡s✉r❡s ✐♥✲✈✐✈♦ ❛ér♦❞②♥❛♠✐q✉❡s
❡t ❛❝♦✉st✐q✉❡s ❡✛❡❝t✉é❡s ❛✈❡❝ ❧❛ st❛t✐♦♥ ❊❱❆✱ ❡♥ ❝♦♠♣❧é♠❡♥t ❞❡s ❞♦♥♥é❡s ♣rés❡♥té❡s ❞❛♥s ❧❡
❈❤❛♣✐tr❡ ✷✳

✶✺✼
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■♥✢✉❡♥❝❡ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ s✉r
❧✬❛ér♦❛❝♦✉st✐q✉❡

❈❡tt❡ ❛♥♥❡①❡ ❡st ♣rés❡♥té❡ ❡♥ ❛♥❣❧❛✐s✳

■♥ t❤✐s ❛♣♣❡♥❞✐①✱ ✇❡ ❝♦♥s✐❞❡r t❤❡ ❞✐s❝♦♥t✐♥✉✐t② ♦❢ t❤❡ ❛❝♦✉st✐❝ ♣r❡ss✉r❡ ❛t t❤❡ ♣♦s✐t✐♦♥
♦❢ ❛ ❝♦♥str✐❝t✐♦♥ ✶✳ ❆t ✜rst✱ ✇❡ ❛♣♣❧② t✇♦ ❡①✐st✐♥❣ ♠♦❞❡❧s ❬❍♦❢✾✽❪ ❡st✐♠❛t✐♥❣ t❤❡ ✐♠♣❛❝t ♦❢ ❛
❞✐❛♣❤r❛❣♠ ♦♥ ❛❡r♦❛❝♦✉st✐❝s t♦ ❛ r❛♥❣❡ ♦❢ ✢♦✇ ✭Q✮ ❛♥❞ ❣❡♦♠❡tr✐❝❛❧ ♣❛r❛♠❡t❡rs ✭❝♦♥str✐❝t✐♦♥
❞❡❣r❡❡✮ r❡❧❡✈❛♥t t♦ t❤✐s ♠❛♥✉s❝r✐♣t✳ ❆s s✉❝❤✱ t❤❡ ❛✐♠ ♦❢ t❤✐s s❡❝t✐♦♥ ✐s t♦ ♣r♦✈✐❞❡ ❛ ✜rst
❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ✐♠♣❛❝t ♦❢ t❤❡ ❝♦♥str✐❝t✐♦♥ ♦♥ t❤❡ ❛❝♦✉st✐❝s✳ ❚❤❡ ♣r♦❜❧❡♠ ✐s s❝❤❡♠❛t✐❝❛❧❧②
❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✳ ❇✳✶✳

Q
H = 25h1

❈❤❛♥♥❡❧ ❝♦♥tr❛❝t✐♦♥ r❛t✐♦ h1/H✳

❋✐❣✉r❡ ❇✳✶ ✕ ❆❡r♦❛❝♦✉st✐❝ r❡s♣♦♥s❡ ❛ ❝♦♥str✐❝t✐♦♥ ❢♦r ✢♦✇ ✇✐t❤ ✈♦❧✉♠❡ ✢♦✇ r❛t❡ Q t❤r♦✉❣❤
❛ ✉♥✐❢♦r♠ ❝❤❛♥♥❡❧ ✇✐t❤ ❝♦♥st❛♥t ❤❡✐❣❤t H = 25♠♠ ❛♥❞ ✈❛r②✐♥❣ ❛♣❡rt✉r❡ h1✳ ❚❤❡ ♠❛✐♥
✢♦✇ ❞✐r❡❝t✐♦♥ ✐s ✐♥❞✐❝❛t❡❞ ✇✐t❤ ❛ str❛✐❣❤t ❛rr♦✇✳ ❆❝♦✉st✐❝ ✇❛✈❡s ✭✐♥❝✐❞❡♥t✱ tr❛♥s♠✐tt❡❞ ❛♥❞
r❡✢❡❝t❡❞✮ ❛r❡ ✐♥❞✐❝❛t❡❞ ✇✐t❤ ✉♥❞✉❧❛t✐♥❣ ❛rr♦✇s✳ ❚❤❡ ❝❤❛♥♥❡❧ ❣❡♦♠❡tr② ✐s ♠❛✐♥❧② ❞❡t❡r♠✐♥❡❞
❜② t❤❡ ❝❤❛♥♥❡❧ ❝♦♥tr❛❝t✐♦♥ r❛t✐♦ h1/H✳

❋❧♦✇ ❞❡✈❡❧♦♣♠❡♥t ✇✐t❤✐♥ t❤❡ ❝❤❛♥♥❡❧ ✇✐t❤ ✜①❡❞ ✇✐❞t❤ ✐s s❝❤❡♠❛t✐❝❛❧❧② ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✳ ❇✳✷✳
❚❤❡ ✢♦✇ ❛❝❝❡❧❡r❛t❡s t❤r♦✉❣❤ t❤❡ ❝♦♥str✐❝t✐♦♥ ❛♥❞ ❛ ❥❡t ♦❢ ❤❡✐❣❤t hj ✐s ❢♦r♠❡❞ ❞♦✇♥str❡❛♠ ❢r♦♠
t❤❡ ❝♦♥str✐❝t✐♦♥✳ ❚❤❡ ❥❡t ❜❡❝♦♠❡s t✉r❜✉❧❡♥t ❛♥❞ r❡❛tt❛❝❤❡s t♦ t❤❡ ✇❛❧❧✳ ❚❤❡ ✢✉✐❞ ❞❡♥s✐t② ρ✱
✈❡❧♦❝✐t② u ❛♥❞ ♣r❡ss✉r❡ p ❞♦✇♥str❡❛♠ t❤❡ ❝♦♥str✐❝t✐♦♥✱ ✇✐t❤✐♥ t❤❡ ❥❡t ❛♥❞ ❞♦✇♥str❡❛♠ ❢r♦♠
t❤❡ ❝♦♥str✐❝t✐♦♥ ✐s ✐♥❞✐❝❛t❡❞ ❜② s✉❜s❝r✐♣ts u✱ j ❛♥❞ d✱ r❡s♣❡❝t✐✈❡❧②✳ ❚❤❡ ❝♦♥tr❛❝t✐♦♥ r❛t✐♦ ✷

❜❡t✇❡❡♥ ❥❡t ✇✐❞t❤ hj ❛♥❞ ❛♣❡rt✉r❡ h1 ✐s ❞❡♥♦t❡❞ V = hj/h1✳

✶✳ ❚❤❡ ❝♦♥str✐❝t✐♦♥ r❡♣r❡s❡♥ts t❤❡ t❡❡t❤ ✐♥ ❛ s②♠♠❡tr✐❝❛❧ ❝♦♥✜❣✉r❛t✐♦♥ ✐♥❞✐❝❛t❡❞ ❉❖ ✐♥ ❋✐❣✳ ✺✳✷ ✇✐t❤

θ1,2 = 90➦❛♥❞ L1,2 ≪ h1✳
✷✳ ❙♦ V ≤ 1 ❤♦❧❞s ✇✐t❤ V = 1 ✐♥ ❛❜s❡♥❝❡ ♦❢ ❛ ✈❡♥❛ ❝♦♥tr❛❝t❛ ❛t t❤❡ ❝♦♥str✐❝t✐♦♥ ✐♥❧❡t ❛♥❞ V < 1 ✐♥ ♣r❡s❡♥❝❡

♦❢ ❛ ✈❡♥❛ ❝♦♥tr❛❝t❛ ❛t t❤❡ ❝♦♥str✐❝t✐♦♥ ✐♥❧❡t✳

✶✻✶



✶✻✷ ❆♥♥❡①❡ ❇✳ ■♥✢✉❡♥❝❡ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ s✉r ❧✬❛ér♦❛❝♦✉st✐q✉❡

H h1 hjuu

pu

ρu

uj

pj

ρj

ud

pd

ρd

✉♣str❡❛♠ ❥❡t r❡❣✐♦♥ ♠✐①✐♥❣ ❞♦✇♥str❡❛♠

❈♦♥tr❛❝t✐♦♥ r❛t✐♦s ✿ ❝❤❛♥♥❡❧ h1/H ❛♥❞ ✈❡♥❛ ❝♦♥tr❛❝t❛ ❥❡t V = hj/h1✳

❋✐❣✉r❡ ❇✳✷ ✕ ❖✈❡r✈✐❡✇ ♦❢ ♠❛❥♦r ❣❡♦♠❡tr✐❝❛❧ ❛♥❞ ✢♦✇ q✉❛♥t✐t✐❡s ❢♦r t❤❡ ♣r♦❜❧❡♠ s❝❤❡♠❛t✐s❡❞
✐♥ ❋✐❣✳ ❇✳✶✳

❇✳✶ ■♥❝♦♠♣r❡ss✐❜❧❡ q✉❛s✐✲st❡❛❞② ♦♥❡✲❞✐♠❡♥s✐♦♥❛❧ ♠❡❛♥ ✢♦✇
t❤r♦✉❣❤ ❛ s❡♠✐✲✐♥✜♥✐t❡ ♣✐♣❡

❲❡ ❛♣♣❧② t❤❡ s❛♠❡ ♠❡t❤♦❞ ❛s ❢♦r t❤❡ ❛❡r♦❛❝♦✉st✐❝ r❡s♣♦♥s❡ ♦❢ ❛ ❞✐❛♣❤r❛❣♠ ✐♥ ❛ ❢✉rt❤❡r
✉♥✐❢♦r♠ ❝❤❛♥♥❡❧ ♦❢ ❤❡✐❣❤t H ❬❍♦❢✾✽❪ ✉♥❞❡r t❤❡ ❛ss✉♠♣t✐♦♥ ♦❢ ❧♦✇ ❍❡❧♠❤♦❧t③ ♥✉♠❜❡r ✭❝♦♠♣❛❝t
s♦✉r❝❡ r❡❣✐♦♥✮ ❛♥❞ ❧♦✇ ❙tr♦✉❤❛❧ ♥✉♠❜❡r✳ ❆♣♣❧②✐♥❣ ❛♥ ✐♥❝♦♠♣r❡ss✐❜❧❡ q✉❛s✐✲st❡❛❞② ✢♦✇ ♠♦❞❡❧
❛♥❞ ♥❡❣❧❡❝t✐♥❣ ✈✐s❝♦✉s ❡✛❡❝ts✱ t❤❡ ❝♦♥t✐♥✉✐t② ❛♥❞ ♠♦♠❡♥t✉♠ ❡q✉❛t✐♦♥s ❛r❡ ❣✐✈❡♥ ❛s

Huu = hjuj , ✭❇✳✶✮

hjuj = Hud, ✭❇✳✷✮

pu +
1

2
ρ0u

2
u = pj +

1

2
ρ0u

2
j , ✭❇✳✸✮

Hpj + hjρ0u
2
j = Hpd +Hρ0u

2
d, ✭❇✳✹✮

✇✐t❤ ρu = ρd = ρj = ρ0 t❤❡ ✢✉✐❞ ❞❡♥s✐t②✳ ❙♦✱ ❛ r❡❧❛t✐♦♥s❤✐♣ ✐s ♦❜t❛✐♥❡❞ r❡❧❛t✐♥❣ t❤❡ ✉♣str❡❛♠
♣r❡ss✉r❡ pu t♦ t❤❡ ❞♦✇♥str❡❛♠ ♣r❡ss✉r❡ pd ❛♥❞ ♣r❡ss✉r❡ r❡❝♦✈❡r② ✐♥ t❤❡ t✉r❜✉❧❡♥t ♠✐①✐♥❣
r❡❣✐♦♥ ✿

pu − pd =
1

2
ρ0u

2
u

(

H

hj
− 1

)2

, ✭❇✳✺✮

pd − pj = ρ0u
2
u

(

H

hj
− 1

)

. ✭❇✳✻✮

❚♦ ❞❡t❡r♠✐♥❡ t❤❡ ❛❝♦✉st✐❝ ❡✛❡❝t ♦❢ t❤❡ ❞✐❛♣❤r❛❣♠✱ s♠❛❧❧ ♣❡rt✉r❜❛t✐♦♥s ❛r❡ ✐♥tr♦❞✉❝❡❞ ✿



❇✳✶✳ ■♥❝♦♠♣r❡ss✐❜❧❡ q✉❛s✐✲st❡❛❞② ♦♥❡✲❞✐♠❡♥s✐♦♥❛❧ ♠❡❛♥ ✢♦✇ t❤r♦✉❣❤ ❛
s❡♠✐✲✐♥✜♥✐t❡ ♣✐♣❡ ✶✻✸

p = pi + p′i, ✭❇✳✼✮

u = ui + u′i, ✭❇✳✽✮

✇✐t❤ t❤❡ ❛❝♦✉st✐❝ ♣r❡ss✉r❡ ♣❡rt✉r❜❛t✐♦♥ p′ = p+ + p− t❤❡ s✉♠ ♦❢ ❛ ❞♦✇♥str❡❛♠ tr❛✈❡❧❧✐♥❣
✇❛✈❡ p+ ❛♥❞ ✉♣str❡❛♠ tr❛✈❡❧❧✐♥❣ ✇❛✈❡ p−✳ ❚❤❡♥ t❤❡ ❛❝♦✉st✐❝ ✈❡❧♦❝✐t② ♣❡rt✉r❜❛t✐♦♥s ✐♥ t❤❡
♣✐♣❡ ❛r❡ r❡❧❛t❡❞ t♦ t❤❡ ❛❝♦✉st✐❝ ♣r❡ss✉r❡ ♣❡rt✉r❜❛t✐♦♥s ❜② ✿ u′ = p+

ρ0c0
− p−

ρ0c0
✳

❚❤❡ ❛❝♦✉st✐❝ ♣❡rt✉r❜❛t✐♦♥s s❛t✐s❢② t❤❡ ❧✐♥❡❛r✐s❡❞ ❡q✉❛t✐♦♥s ✿

p+u − p−u = p+d − p−d , ✭❇✳✾✮

p+u + p−u − (p+d − p−d ) = Mu

(

H

hj
− 1

)2

(p+u − p−u ), ✭❇✳✶✵✮

✇❤❡r❡ Mu = uu
c0

t❤❡ ▼❛❝❤ ♥✉♠❜❡r ♦❢ t❤❡ st❡❛❞② ✢♦✇ ✐♥ t❤❡ ♣✐♣❡ ❜❛s❡❞ ♦♥ t❤❡ ✉♣str❡❛♠ ♠❡❛♥
✢♦✇ ✈❡❧♦❝✐t②✳ ❚❤❡s❡ ❡q✉❛t✐♦♥s ❝❛♥ ❜❡ r❡✇r✐tt❡♥ ✐♥ t❤❡ ❢♦r♠ ♦❢ t❤❡ s❝❛tt❡r✐♥❣ ♠❛tr✐① r❡❧❛t✐♥❣ t❤❡
♦✉t❣♦✐♥❣ ✇❛✈❡s t♦ t❤❡ ✐♥❝♦♠✐♥❣ ✇❛✈❡s ❜② ♠❡❛♥s ♦❢ r❡✢❡❝t✐♦♥ R ❛♥❞ tr❛♥s♠✐ss✐♦♥ ❝♦❡✣❝✐❡♥ts
T ❛s ✿

(

p+d
p−u

)

=

(

T+ R−

R+ T−

)(

p+u
p−d

)

, ✭❇✳✶✶✮

(

p+d
p−u

)

=
1

2 +Muβ

(

2 Muβ

Muβ 2

)(

p+u
p−d

)

, ✭❇✳✶✷✮

✇❤❡r❡ Mu r❡♣r❡s❡♥ts t❤❡ ✐♠♣❛❝t ♦❢ t❤❡ ✐♥✢♦✇ ❜✉❧❦ ✈❡❧♦❝✐t② ♦♥ t❤❡ ♣r❡ss✉r❡ ❧♦ss ❛♥❞ β =
(

H
hj

− 1
)2

=
(

H
Vh1

− 1
)2

r❡♣r❡s❡♥ts t❤❡ ✐♠♣❛❝t ♦❢ t❤❡ ❝♦♥tr❛❝t✐♦♥ ♦♥ t❤❡ ♣r❡ss✉r❡ ❧♦ss✳ ■t ✐s

s❡❡♥ t❤❛t t❤❡ ♣r❡ss✉r❡ ❧♦ss ✐s ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ ❝❤❛♥♥❡❧ ❝♦♥tr❛❝t✐♦♥ r❛t✐♦ H/h1 ❛♥❞ ❜② t❤❡
✈❡♥❛ ❝♦♥tr❛❝t❛ ❝♦♥tr❛❝t✐♦♥ r❛t✐♦ V ✳ ◆♦t❡ t❤❛t V = 1 ❤♦❧❞s ✐♥ ❛❜s❡♥❝❡ ♦❢ ❛ ✈❡♥❛ ❝♦♥tr❛❝t❛✳ ❚❤❡
♠❛tr✐① ✐s s②♠♠❡tr✐❝ ❛♥❞ t❤❡ ❡❧❡♠❡♥ts s❛t✐s❢② t❤❡ r❡❧❛t✐♦♥s❤✐♣ R+ + T+ = R− + T− = 1✳ ❚❤✐s
♣r♦♣❡rt② r❡✢❡❝ts t❤❡ ✐♥❝♦♠♣r❡ss✐❜✐❧✐t② ♦❢ t❤❡ ✢♦✇ ♠♦❞❡❧✳ ❚❤❡ r❡s✉❧t ✐s ♦❜t❛✐♥❡❞ ✉s✐♥❣ ✿

p−u = R+p+u + T−p−d , ✭❇✳✶✸✮

p+d = R−p−d + T+p+u . ✭❇✳✶✹✮

❚❤❡ ✈❡♥❛ ❝♦♥tr❛❝t❛ r❛t✐♦ V ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❝❤❛♥♥❡❧ ❝♦♥tr❛❝t✐♦♥ r❛t✐♦ h1/H ❢♦r ✐♥❝♦♠♣r❡ss✐❜❧❡
✢♦✇ ✐s ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ✐♠♣❧✐❝✐t ❢♦r♠✉❧❛ ❬❇✉s✸✼✱ ❍♦❢✾✽❪ ✿

V
(

h1
H

)

=
hj
h1

=
π

π + 2

(

1
V
H

h1
− V h1

H

)

arctan

(

V h1
H

) . ✭❇✳✶✺✮

❚❤❡ ♥♦♥✲❧✐♥❡❛r ❡q✉❛t✐♦♥ ✐s s♦❧✈❡❞ ✇✐t❤ ❛♥ ✐t❡r❛t✐✈❡ ◆❡✇t♦♥✲❘❛♣❤s♦♥ ♠❡t❤♦❞ ✇✐t❤ ❛❝❝✉r❛❝②
✵✳✵✶ ❝♦♥s✐❞❡r✐♥❣ t❤❛t π

π+2 ≤ V ≤ 1 ✭0.61 ≤ V ≤ 1✮ ❤♦❧❞s ❛s s❡❡♥ ❢r♦♠ ✭❇✳✶✺✮✳ ❆❧t❡r♥❛t✐✈❡❧②✱



✶✻✹ ❆♥♥❡①❡ ❇✳ ■♥✢✉❡♥❝❡ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ s✉r ❧✬❛ér♦❛❝♦✉st✐q✉❡

t❤❡ ❝♦♥tr❛❝t✐♦♥ r❛t✐♦ V ❝❛♥ ❜❡ ❡st✐♠❛t❡❞ ❡①♣❧✐❝✐t❧② ❛s ❢♦❧❧♦✇s ✿

V
(

h1
H

)

=
hj
h1

=
1

1 +

√

α

(

1− h1
H

)

, ✭❇✳✶✻✮

✇❤❡r❡ α = 1 ❬❍♦❢✾✽❪ ✭♣❧❛♥❛r✮ ❛♥❞ α = 0.5 ❬■❞❡✽✻❪ ✭❝✐r❝✉❧❛r✮ ❛r❡ ✉s❡❞✳ ❊st✐♠❛t❡❞ ✈❡♥❛ ❝♦♥tr❛❝✲
t✐♦♥ r❛t✐♦s V ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❝❤❛♥♥❡❧ ❝♦♥tr❛❝t✐♦♥ r❛t✐♦ h1/H ♦❜t❛✐♥❡❞ ✉s✐♥❣ ✭❇✳✶✺✮ ❛♥❞ ✭❇✳✶✻✮
❢♦r α = 1 ❛♥❞ α = 0.5 ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ❇✳✸❞✳ ■t ✐s ♦❜s❡r✈❡❞ t❤❛t ❡st✐♠❛t✐♦♥s ✇✐t❤ ✭❇✳✶✺✮ ❛♥❞
✇✐t❤ ✭❇✳✶✻✮ ❢♦r α = 0.5 ❛r❡ ✐♥ ❣♦♦❞ ❛❣r❡❡♠❡♥t ✇❤❡r❡❛s ✈❛❧✉❡s ♦❜t❛✐♥❡❞ ✉s✐♥❣ α = 1 r❡s✉❧ts
✐♥ ❧♦✇❡r ✈❛❧✉❡s ♦❢ V ✳ ❚❤✐s ✐s ✐♥ ♣❛rt✐❝✉❧❛r t❤❡ ❝❛s❡ ❢♦r ❧❛r❣❡ ❝❤❛♥♥❡❧ ❝♦♥tr❛❝t✐♦♥ r❛t✐♦s ❝♦rr❡s✲
♣♦♥❞✐♥❣ t♦ h1/H ≤ 50 ✇❤✐❝❤ ❛r❡ ❛✐♠❡❞ ✐♥ t❤✐s ✇♦r❦✳ ❙✐♥❝❡ ✭❇✳✶✺✮ ✐s ❜❛s❡❞ ♦♥ ♠❡❛s✉r❡♠❡♥ts
✇❤❡r❡❛s ✭❇✳✶✻✮ ❢♦r α = 1 ✐s ❞❡r✐✈❡❞ ❛ss✉♠✐♥❣ ❛♥ ✐❞❡❛❧ ♦♥❡✲❞✐♠❡♥s✐♦♥❛❧ ✢♦✇ ♠♦❞❡❧ ❬❍♦❢✾✽❪✱
✇❡ ❢✉rt❤❡r ✉s❡ ✭❇✳✶✺✮ ♦r ❛❧t❡r♥❛t✐✈❡❧② ✸ ✭❇✳✶✻✮ ✇✐t❤ α = 0.5 t♦ ❡st✐♠❛t❡ V ✳ ❚❤✐s ❝❤♦✐❝❡ ❝❛♥ ❜❡
❝r✐t✐❝✐s❡❞✱ ❜✉t s✐♥❝❡ ✇❡ ❛✐♠ ❛ ✜rst ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ❛❝♦✉st✐❝ r❡s♣♦♥s❡ ✇❡ ✉s❡ ✐t ❛s ❛ ✇♦r❦✐♥❣
❝♦♥❞✐t✐♦♥✳

❚❤❡ ❡st✐♠❛t❡❞ s❝❛tt❡r✐♥❣ ♠❛tr✐① ❡❧❡♠❡♥ts R± ❛♥❞ T± ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ✉♣str❡❛♠▼❛❝❤ ♥✉♠✲
❜❡r Mu ≤ 5 × 10−3 ❛♥❞ ❝❤❛♥♥❡❧ ❝♦♥tr❛❝t✐♦♥ r❛t✐♦ h1/H ✭✷✳✹✪✱ ✶✵✪ ❛♥❞ ✸✵✪✮ ✉s✐♥❣ ✭❇✳✶✷✮
❛r❡ ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✳ ❇✳✸❛ ❛♥❞ ❋✐❣✳ ❇✳✸❜ ✐♥ ❛❜s❡♥❝❡ ✭V = 1✮ ❛♥❞ ♣r❡s❡♥❝❡ ✭V < 1✮ ♦❢ ❛ ✈❡♥❛
❝♦♥tr❛❝t❛✱ r❡s♣❡❝t✐✈❡❧② ✹✳ ■t ✐s ♦❜s❡r✈❡❞ t❤❛t ❢♦r h1/H = 30✪ ✭❛♥❞ s♦ ❢♦r h1/H ≥ 30✪✮ t❤❡
❡st✐♠❛t❡❞ ❡✛❡❝t ♦❢ t❤❡ ❝♦♥str✐❝t✐♦♥ ♦♥ t❤❡ ❛❝♦✉st✐❝s ✐s ♥❡❣❧✐❣✐❜❧❡ ✭r❡❞✉❝t✐♦♥ ♦❢ tr❛♥s♠✐ss✐♦♥ ❡❧❡✲
♠❡♥t T± <✺✪✮ ✇✐t❤♦✉t ✭V❂✶✮ ❛♥❞ ✇✐t❤ ✭<1✮ ✈❡♥❛ ❝♦♥tr❛❝t❛ ❢♦r ❛❧❧ ❛ss❡ss❡❞ ✉♣str❡❛♠ ▼❛❝❤
♥✉♠❜❡rsMu ≤ 5×10−3✳ ❋♦r h1/H = 10✪✱ t❤❡ ❡st✐♠❛t❡❞ ❡✛❡❝t ♦❢ t❤❡ ❝♦♥str✐❝t✐♦♥ ♦♥ t❤❡ ❛❝♦✉s✲
t✐❝s ✐s st✐❧❧ ❧✐♠✐t❡❞ ❢♦r ❛❧❧ ❛ss❡ss❡❞ ✉♣str❡❛♠ ▼❛❝❤ ♥✉♠❜❡rs ✇✐t❤♦✉t ✈❡♥❛ ❝♦♥tr❛❝t❛ ✭r❡❞✉❝t✐♦♥
♦❢ tr❛♥s♠✐ss✐♦♥ ❡❧❡♠❡♥t T± <✷✵✪✮ ❜✉t ❜❡❝♦♠❡s ✐♠♣♦rt❛♥t ✇✐t❤ ✈❡♥❛ ❝♦♥tr❛❝t❛ ✭r❡❞✉❝t✐♦♥
♦❢ tr❛♥s♠✐ss✐♦♥ ❡❧❡♠❡♥t T± <✹✵✪✱ ✇❤✐❝❤ ✐s t✇✐❝❡ ❛s ♠✉❝❤ ❛s ✇✐t❤♦✉t ✈❡♥❛ ❝♦♥tr❛❝t❛✮ ❛♥❞
t❤❡ ✐♠♣❛❝t ✐♥❝r❡❛s❡s ✇✐t❤ ✐♥❝r❡❛s✐♥❣ ❝❤❛♥♥❡❧ ▼❛❝❤ ♥✉♠❜❡r Mu✳ ❈♦♥s❡q✉❡♥t❧②✱ ❢♦❧❧♦✇✐♥❣ t❤✐s
♠♦❞❡❧✱ t❤❡ ❡✛❡❝t ♦❢ t❤❡ ❝♦♥str✐❝t✐♦♥ ♦♥ t❤❡ ❛❝♦✉st✐❝s ❜❡❝♦♠❡s ✐♠♣♦rt❛♥t ✐♥ t❡r♠s ♦❢ s❝❛tt❡r✐♥❣
♠❛tr✐① ❡❧❡♠❡♥ts ❢♦r ❝❤❛♥♥❡❧ ❝♦♥tr❛❝t✐♦♥ r❛t✐♦s h1/H ≤ 10✪✳ ❋♦r s♠❛❧❧ ❝❤❛♥♥❡❧ ❝♦♥tr❛❝t✐♦♥
r❛t✐♦s✱ s✉❝❤ ❛s h1/H = 2.4✪✱ ✐t ✐s s❡❡♥ t❤❛t ♠♦st ♦❢ t❤❡ ❛❝♦✉st✐❝ ✇❛✈❡s ✇✐❧❧ ❜❡ r❡✢❡❝t❡❞ ✐♥s✲
t❡❛❞ ♦❢ tr❛♥s♠✐tt❡❞ ❢♦r ♠♦st ♦❢ t❤❡ ❛ss❡ss❡❞ ✉♣str❡❛♠ ▼❛❝❤ ♥✉♠❜❡rs✱ Mu < 1.8 × 10−3 ♦r
Mu < 0.8×10−3 ✇✐t❤♦✉t ❛♥❞ ✇✐t❤ ✈❡♥❛ ❝♦♥tr❛❝t❛✱ r❡s♣❡❝t✐✈❡❧②✳ ■t ✐s ❢✉rt❤❡r s❡❡♥ t❤❛t t❤❡ ❞✐s✲
❝r❡♣❛♥❝② ❜❡t✇❡❡♥ t❤❡ s❝❛tt❡r✐♥❣ ❡❧❡♠❡♥ts ✇✐t❤♦✉t ❛♥❞ ✇✐t❤ ✈❡♥❛ ❝♦♥tr❛❝t❛ s❤♦✇s ❛ ♠❛①✐♠✉♠
❢♦r ❛ s♣❡❝✐✜❝ ▼❛❝❤ ♥✉♠❜❡r ✺ ✇❤✐❝❤ ✈❛r✐❡s ✇✐t❤ t❤❡ ❝❤❛♥♥❡❧ ❝♦♥tr❛❝t✐♦♥ r❛t✐♦ h1/H✳ ❉✐✛❡r❡♥t
❜✉❧❦ ▼❛❝❤ ♥✉♠❜❡rs ✇✐t❤✐♥ t❤❡ ❝♦♥str✐❝t✐♦♥ ❛♥❞ ❥❡t ❢♦r Mu = 5× 10−3 ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣✳ ❇✳✸❞
❢♦r t❤❡ ❛ss❡ss❡❞ ❝❤❛♥♥❡❧ ❝♦♥tr❛❝t✐♦♥ r❛t✐♦s ✭✷✳✹✪✱ ✶✵✪ ❛♥❞ ✸✵✪✮✳ ■t ✐s s❡❡♥ t❤❛t t❤❡ ✈❛❧✉❡s
❛♣♣r♦①✐♠❛t❡ ✈❛❧✉❡s ❣r❡❛t❡r t❤❛♥ ✵✳✷ ❢♦r s♠❛❧❧❡st r❛t✐♦ s♦ t❤❛t t❤❡ ❛ss✉♠♣t✐♦♥ ♦❢ ✐♥❝♦♠♣r❡s✲
s✐❜❧❡ ✢♦✇ ❝❛♥ ❜❡ q✉❡st✐♦♥❡❞✳ ❚❤❡r❡❢♦r❡✱ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ s❡❝t✐♦♥✱ ✇❡ ❝♦♥s✐❞❡r ♦♥❡✲❞✐♠❡♥s✐♦♥❛❧
❝♦♠♣r❡ss✐❜❧❡ ✢♦✇ ❢♦❧❧♦✇✐♥❣ t❤❡ ❛♣♣r♦❛❝❤ ♣r♦♣♦s❡❞ ✐♥ ❬❍♦❢✾✽❪✳

✸✳ ❲❤❡♥ ❛♥ ❡①♣❧✐❝✐t ❢♦r♠✉❧❛ ✐s ♣r❡❢❡r❡❞ t♦ ♦❜t❛✐♥ V✳
✹✳ ❚❤❡ ✈❛❧✉❡s ♦❢ Mu ❛♥❞ h1/H ❝♦rr❡s♣♦♥❞ t♦ ♦r❞❡r ♦❢ ♠❛❣♥✐t✉❞❡s ❝♦♥s✐❞❡r❡❞ ✐♥ t❤✐s ✇♦r❦✳
✺✳ ■t ✇♦✉❧❞ ❜❡ ♥✐❝❡ t♦ ❞❡r✐✈❡ t❤✐s ❛♥❛❧②t✐❝❛❧❧② ❢r♦♠ ✭❇✳✶✷✮ ❛♥❞ ✭❇✳✶✻✮✳



❇✳✷✳ ❈♦♠♣r❡ss✐❜❧❡ q✉❛s✐✲st❡❛❞② ♦♥❡✲❞✐♠❡♥s✐♦♥❛❧ ♠❡❛♥ ✢♦✇ t❤r♦✉❣❤ ❛
s❡♠✐✲✐♥✜♥✐t❡ ♣✐♣❡ ✶✻✺
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2.4 10 30 50 100
0.5

0.6

0.7

0.8

0.9

h
1
/H [%]

V

 

 

 Busemann

 Hofmans (α=1)

 Idelchik (α=0.5)

✭❞✮ V(h1/H)

❋✐❣✉r❡ ❇✳✸ ✕ ❛❡r♦❛❝♦✉st✐❝ r❡s♣♦♥s❡ ♦❢ ❛ ❞✐❛❣r❛♠ ❢♦r ✐♥❝♦♠♣r❡ss✐❜❧❡ ♦♥❡✲❞✐♠❡♥s✐♦♥❛❧ ♠❡❛♥
✢♦✇ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ✉♣str❡❛♠ ▼❛❝❤ ♥✉♠❜❡r Mu ≤ 5 × 10−3 ❛♥❞ ❝❤❛♥♥❡❧ ❝♦♥tr❛❝t✐♦♥ r❛t✐♦
h1/H ✭✷✳✹✪✱ ✶✵✪ ❛♥❞ ✸✵✪✮✳ ❛✱❜✱❝✮ ❙❝❛tt❡r✐♥❣ ♠❛tr✐① ❡❧❡♠❡♥ts ✭R± ❛♥❞ T±✮ ✇✐t❤♦✉t ✭V = 1✮
❛♥❞ ✇✐t❤ ✭V < 1✮ ✈❡♥❛ ❝♦♥tr❛❝t❛ ✭❇✳✶✺✮✱ ❞✮ ❜✉❧❦ ▼❛❝❤ ♥✉♠❜❡rs ❛t t❤❡ ❝♦♥str✐❝t✐♦♥ ✐♥❧❡t M1

❛♥❞ ✇✐t❤✐♥ t❤❡ ❥❡t Mj ❛♥❞ ❡✮ ✈❡♥❛ ❝♦♥tr❛❝t✐♦♥ r❛t✐♦ V ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❝❤❛♥♥❡❧ ❝♦♥tr❛❝t✐♦♥
r❛t✐♦ h1/H ❡st✐♠❛t❡❞ ✉s✐♥❣ ✭❇✳✶✺✮ ✭❇✉s❡♠❛♥♥✮ ❛♥❞ ✭❇✳✶✻✮ ✇✐t❤ α = 1 ✭❍♦❢♠❛♥s✮ ❛♥❞ α = 0.5

✭■❞❡❧❝❤✐❦✮✳

❇✳✷ ❈♦♠♣r❡ss✐❜❧❡ q✉❛s✐✲st❡❛❞② ♦♥❡✲❞✐♠❡♥s✐♦♥❛❧ ♠❡❛♥ ✢♦✇
t❤r♦✉❣❤ ❛ s❡♠✐✲✐♥✜♥✐t❡ ♣✐♣❡

❲❡ ❛♣♣❧② t❤❡ s❛♠❡ ♠❡t❤♦❞ ❛s ❞❡s❝r✐❜❡❞ ✐♥ ❬❍♦❢✾✽❪ ✇❤✐❝❤ ✐♥✐t✐❛❧❧② ❡①♣r❡ss❡s t❤❡ s❝❛tt❡r✐♥❣

♠❛tr✐① ✐♥ t❡r♠s ♦❢ t♦t❛❧✲❡♥t❤❛❧♣② ✢✉❝t✉❛t✐♦♥s ✻ ❛t str❡❛♠✇✐s❡ ♣♦s✐t✐♦♥ x✱ B±
x = p±x

ρx
(1 ±Mx)

✇✐t❤ ❧♦❝❛❧ ▼❛❝❤ ♥✉♠❜❡r Mx ❛❣❛✐♥ ✉♥❞❡r t❤❡ ❛ss✉♠♣t✐♦♥ ♦❢ ❧♦✇ ❍❡❧♠❤♦❧t③ ♥✉♠❜❡r ✭❝♦♠♣❛❝t
s♦✉r❝❡ r❡❣✐♦♥✮ ❛♥❞ ❧♦✇ ❙tr♦✉❤❛❧ ♥✉♠❜❡r ✼✳ ■t ✐s s♦✉❣❤t t♦ ♦❜t❛✐♥ ❛ s❝❛tt❡r✐♥❣ ♠❛tr✐① ♦❢ t❤❡
s❛♠❡ ❢♦r♠ ❛s ✐♥ ❝❛s❡ ♦❢ ✐♥❝♦♠♣r❡ss✐❜❧❡ ✢♦✇ ✐♥ ♦r❞❡r t♦ r❡❧❛t❡ ✐♥❝♦♠✐♥❣ ❛❝♦✉st✐❝ ✇❛✈❡s ❜②
♠❡❛♥s ♦❢ r❡✢❡❝t✐♦♥ R ❛♥❞ tr❛♥s♠✐ss✐♦♥ ❝♦❡✣❝✐❡♥ts T ❛s ✿

✻✳ ■t ✐s ❞❡r✐✈❡❞ ❢r♦♠ t❤❡ t♦t❛❧ ❡♥tr♦♣② ✭σ✮ ✇❛✈❡ ❛♣♣r♦❛❝❤ ❬❘♦♥✻✼❪ ❞❡s❝r✐❜✐♥❣ ❝❤❛♥❣❡s ✐♥ ❡♥tr♦♣② ✇❤✐❝❤ ❛r❡

tr❛♥s♣♦rt❡❞ ❜② t❤❡ ♠❛✐♥ ✢♦✇✳

✼✳ ❍❡❧♠❤♦❧t③ ♥✉♠❜❡r He ❛♥❞ ❙tr♦✉❤❛❧ ♥✉♠❜❡r Sr ❛r❡ ❞❡✜♥❡❞ ❛s He =
Hf

cu
❛♥❞ Sr =

fh1

u1
✳



✶✻✻ ❆♥♥❡①❡ ❇✳ ■♥✢✉❡♥❝❡ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ s✉r ❧✬❛ér♦❛❝♦✉st✐q✉❡

(

(1 +Md) p
+
d

(1−Mu) p
−
u

)

=

(

T+ R−

R+ T−

)(

(1 +Mu) p
+
u

(1−Md) p
−

d

)

. ✭❇✳✶✼✮

❚❤❡ ✢♦✇ ✐s s❝❤❡♠❛t✐❝❛❧❧② r❡♣r❡s❡♥t❡❞ ❜② ❋✐❣✳ ❇✳✸✳ ❚❤❡ ♦♥❡✲❞✐♠❡♥s✐♦♥❛❧ ♠❡❛♥ ✢♦✇ ♠♦❞❡❧
❞❡s❝r✐❜❡❞ ❜② ❢♦✉r ❡q✉❛t✐♦♥s ✭❇✳✶✮✱ ✭❇✳✷✮✱ ✭❇✳✸✮ ❛♥❞ ✭❇✳✹✮ ✐s ❡①t❡♥❞❡❞ t♦ ❛❝❝♦✉♥t ❢♦r t❤❡ ✈❛r✐❛❜❧❡
✢✉✐❞ ❞❡♥s✐t②✳ ❚❤❡ ❝♦♠♣r❡ss✐❜❧❡ ♦♥❡✲❞✐♠❡♥s✐♦♥❛❧ ♠❡❛♥ ✢♦✇ ✐s ❞❡s❝r✐❜❡❞ ✇✐t❤ t❤❡ ❢♦❧❧♦✇✐♥❣ s❡t
♦❢ ❡q✉❛t✐♦♥s ✿

ρuHuu = ρjhjuj , ✭❇✳✶✽✮

ρjhjuj = ρdHud, ✭❇✳✶✾✮
γ

γ − 1

pu
ρu

+
1

2
u2u =

γ

γ − 1

pj
ρj

+
1

2
u2j , ✭❇✳✷✵✮

Hpj + ρjhju
2
j = Hpd + ρdHu

2
d, ✭❇✳✷✶✮

γ

γ − 1

pu
ρu

+
1

2
u2u =

γ

γ − 1

pd
ρd

+
1

2
u2d, ✭❇✳✷✷✮

pu
pj

=

(

ρu
ρj

)γ

, ✭❇✳✷✸✮

✭❇✳✷✹✮

✉s✐♥❣ t❤❡ ❛ss✉♠♣t✐♦♥ ♦❢ ❛ ❝❛❧♦r✐❝❛❧❧② ♣❡r❢❡❝t ❣❛s ✽ ✇✐t❤ ❝♦♥st❛♥t r❛t✐♦ ♦❢ s♣❡❝✐✜❝ ❤❡❛ts γ✳
❊q✳ ✭❇✳✶✽✮ ❛♥❞ ❊q✳ ✭❇✳✶✾✮ ❢♦❧❧♦✇ ❢r♦♠ ♠❛ss ❝♦♥s❡r✈❛t✐♦♥✱ ❊q✳ ✭❇✳✷✶✮ ✐s ♦❜t❛✐♥❡❞ ❢r♦♠ ♠♦✲
♠❡♥t✉♠ ❝♦♥s❡r✈❛t✐♦♥ ♥❡❣❧❡❝t✐♥❣ s❤❡❛r ❢♦r❝❡s ❛t t❤❡ ✇❛❧❧s✱ ❊q✳ ✭❇✳✷✵✮ ❛♥❞ ❊q✳ ✭❇✳✷✷✮ ❡①♣r❡ss
❡♥❡r❣② ❝♦♥s❡r✈❛t✐♦♥ ✐♥ ❛❜s❡♥❝❡ ♦❢ ❤❡❛t tr❛♥s❢❡r ❛♥❞ ❜♦❞② ❢♦r❝❡s ❛♥❞ ❊q✳ ✭❇✳✷✸✮ ❡①♣r❡ss❡s t❤❡
✐s❡♥tr♦♣✐❝ r❡❧❛t✐♦♥s❤✐♣ ❢♦r ❛♥ ✐❞❡❛❧ ❣❛s✳

■♥ ♦r❞❡r t♦ ✜♥❞ t❤❡ ❡❧❡♠❡♥ts ♦❢ t❤❡ s❝❛tt❡r✐♥❣ ♠❛tr✐① t❤❡ ❡q✉❛t✐♦♥s ❛r❡ s♣❧✐t ✐♥ t✇♦ ♣❛rts
❛❝❝♦✉♥t✐♥❣ ❢♦r ✿

✕ ♥♦♥✲❧✐♥❡❛r ❡q✉❛t✐♦♥s ❞❡s❝r✐❜✐♥❣ t❤❡ st❡❛❞② ♠❡❛♥ ✢♦✇✱
✕ ❧✐♥❡❛r✐s❡❞ ❡q✉❛t✐♦♥s ❢♦r t❤❡ ❛❝♦✉st✐❝ ♣❡rt✉r❜❛t✐♦♥s✳

❇✳✷✳✶ ❙t❡❛❞② ♠❡❛♥ ✢♦✇

❋r♦♠ ❊q✳ ✭❇✳✶✽✮ ❢♦❧❧♦✇s t❤❛t

u2j =

(

H

hj

)2(ρu
ρj

)2

u2u

= S2R2
uju

2
u, ✭❇✳✷✺✮

✽✳ ❘❛t✐♦ ♦❢ s♣❡❝✐✜❝ ❤❡❛ts ♦r ✐s❡♥tr♦♣✐❝ ❡①♣❛♥s✐♦♥ ❢❛❝t♦r γ =
CP

CV
✐s t❤❡ r❛t✐♦ ♦❢ t❤❡ ❤❡❛t ❝❛♣❛❝✐t② ❛t ❝♦♥st❛♥t

♣r❡ss✉r❡ ✭CP ✮ t♦ t❤❡ ❤❡❛t ❝❛♣❛❝✐t② ❛t ❝♦♥st❛♥t ✈♦❧✉♠❡ ✭CV ✮✳ ❋♦r ❛ ❝❛❧♦r✐❝❛❧❧② ♣❡r❢❡❝t ❣❛s✱ t♦t❛❧ ❡♥t❤❛❧♣②

B = CPT +
1
2
u2

=
γ

γ−1
p

ρ
+

1
2
u2 ✭✇✐t❤ t❡♠♣❡r❛t✉r❡ ❚✮ ❤♦❧❞s s♦ t❤❛t t❤❡ ❡♥❡r❣② ❡q✉❛t✐♦♥ r❡s✉❧ts ✐♥ ❝♦♥s❡r✈❛t✐♦♥

♦❢ t♦t❛❧ ❡♥t❤❛❧♣② Bu = Bd✳ ◆♦t❡ t❤❛t ❢♦r ❛✐r ❛t T = 21.1➦❈ t❤❡ s♣❡❝✐✜❝ ❤❡❛t ②✐❡❧❞s γ ∼= 1.4✳



❇✳✷✳ ❈♦♠♣r❡ss✐❜❧❡ q✉❛s✐✲st❡❛❞② ♦♥❡✲❞✐♠❡♥s✐♦♥❛❧ ♠❡❛♥ ✢♦✇ t❤r♦✉❣❤ ❛
s❡♠✐✲✐♥✜♥✐t❡ ♣✐♣❡ ✶✻✼

✇✐t❤ S = H
hj

= H
Vh1

❛❝❝♦✉♥t✐♥❣ ❢♦r t❤❡ ✈❡♥❛ ❝♦♥tr❛❝t❛ ❡✛❡❝t ❛♥❞ ❞❡♥s✐t② r❛t✐♦ Ruj =
ρu
ρj
✳ ❯s✐♥❣

❊q✳ ✭❇✳✷✺✮ ✇✐t❤ ❊q✳ ✭❇✳✶✽✮ ❛♥❞ s✉❜st✐t✉t✐♥❣

c2 =
γp

ρ
✭❇✳✷✻✮

r❡s✉❧ts ✐♥ ❛♥ ❡①♣r❡ss✐♦♥ ♦❢ t❤❡ ✉♣str❡❛♠ ▼❛❝❤ ♥✉♠❜❡r Mu = uu
c ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❣❡♦♠❡tr② S

❛♥❞ ❞❡♥s✐t② r❛t✐♦ Ruj ❛s ✿

Mu =

√

2

γ − 1

√

√

√

√

1−R1−γ
uj

S2R2
uj − 1

. ✭❇✳✷✼✮

❈♦♥s❡q✉❡♥t❧②✱ ✇❤❡♥ ✉♣str❡❛♠ ▼❛❝❤ ♥✉♠❜❡r Mu ❛♥❞ ❣❡♦♠❡tr② S ❛r❡ ❦♥♦✇♥ ❊q✳ ✭❇✳✷✼✮ ✐s
✉s❡❞ t♦ ❞❡t❡r♠✐♥❡ ❞❡♥s✐t② r❛t✐♦ Ruj ✳ ❖♥❝❡ t❤❡ ❞❡♥s✐t② r❛t✐♦ Ruj ✐s ❦♥♦✇♥ ❊q✳ ✭❇✳✶✽✮ ❝❛♥ ❜❡
✉s❡❞ t♦ ❡st✐♠❛t❡ uj ❛♥❞ ❤❡♥❝❡ Mj ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ✉♣str❡❛♠ ▼❛❝❤ ♥✉♠❜❡r Mu✱ ❣❡♦♠❡tr② S
❛♥❞ ❞❡♥s✐t② r❛t✐♦ Ruj ✿

Mj = SR
γ+1
2

uj Mu, ✭❇✳✷✽✮

✇❤❡r❡ ❊q✳ ✭❇✳✷✻✮ ❛♥❞ ❊q✳ ✭❇✳✷✸✮ ✐s ✉s❡❞ t♦ s✉❜st✐t✉t❡✳

❋r♦♠ ❊q✳ ✭❇✳✷✶✮✱ ❛♥❞ ❛❣❛✐♥ ✉s✐♥❣ ❊q✳ ✭❇✳✷✻✮✱ r❡s✉❧ts ✐♥ ❛ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ❥❡t ▼❛❝❤
♥✉♠❜❡r Mj ❛♥❞ ❞♦✇♥str❡❛♠ ▼❛❝❤ ♥✉♠❜❡r Md ✿

pj
(

1 + S−1γM2
j

)

= pd(1 + γM2
d ). ✭❇✳✷✾✮

❋r♦♠ ♠❛ss ❝♦♥s❡r✈❛t✐♦♥ ❊q✳ ✭❇✳✶✾✮ ❛♥❞ t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ S ❢♦❧❧♦✇s t❤❛t ✿

Rdj =
ρd
ρj
,

= S−1Mj

Md

cj
cd
. ✭❇✳✸✵✮

❯s✐♥❣ t❤✐s ❧❛st ❡①♣r❡ss✐♦♥ ❢♦r t❤❡ ❞❡♥s✐t② r❛t✐♦ Rdj ✱ ❊q✳ ✭❇✳✷✾✮ ❛♥❞ ❛❣❛✐♥ ❊q✳ ✭❇✳✷✻✮ r❡s✉❧ts
✐♥ ❛ q✉❛❞r❛t✐❝ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ Mj ❛♥❞ Md ✿

(

γ − 1

2

)

M2
j + 1 =

c2d
c2j

[(

γ − 1

2

)

M2
d + 1

]

. ✭❇✳✸✶✮

❈♦♥s❡q✉❡♥t❧②✱ t❤❡ ❢♦❧❧♦✇✐♥❣ ♠❡❛♥ ✢♦✇ q✉❛♥t✐t✐❡s ❛r❡ q✉❛♥t✐✜❡❞ ❢♦r ❛ ❣✐✈❡♥ ✉♣str❡❛♠ ▼❛❝❤
♥✉♠❜❡r Mu ❛♥❞ ❣❡♦♠❡tr② S ❛s ❢♦❧❧♦✇s ✿

✕ Ruj(Mu) ❢r♦♠ ❊q✳ ✭❇✳✷✼✮ ✉s✐♥❣ ◆❡✇t♦♥✲❘❛♣❤s♦♥✱

✕ Mj(Ruj ,Mu) ❢r♦♠ ❊q✳ ✭❇✳✷✽✮✱

✕ Md ❢r♦♠ ❊q✳ ✭❇✳✸✶✮✱

✕ Rdj ❢r♦♠ ❊q✳ ✭❇✳✸✵✮✱

✕ Rud ❛s t❤❡ r❛t✐♦ ♦❢ Ruj ❛♥❞ Rdj ✳



✶✻✽ ❆♥♥❡①❡ ❇✳ ■♥✢✉❡♥❝❡ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ s✉r ❧✬❛ér♦❛❝♦✉st✐q✉❡

❇✳✷✳✷ ▲✐♥❡❛r✐s❡❞ ❡q✉❛t✐♦♥s ❢♦r t❤❡ ❛❝♦✉st✐❝ ♣❡rt✉r❜❛t✐♦♥s

▲✐♥❡❛r✐s❡ t❤❡ s❡t ♦❢ s✐① ❡q✉❛t✐♦♥s ❧❛❜❡❧❧❡❞ ❊q✳ ✭❇✳✶✽✮ t♦ ❊q✳ ✭❇✳✷✸✮ ❢♦❧❧♦✇✐♥❣ t❤❡ ❣❡♥❡r❛❧
♠❡t❤♦❞ ♦❢ ❧✐♥❡❛r✐s❛t✐♦♥ ✾ ❛♥❞ ✉s✐♥❣ ❛s ❜❡❢♦r❡ t❤❡ ♥♦t❛t✐♦♥s V = hj/h1 ❛♥❞ S = H/hj ✳ ❙♦ ✇❡
✐♥tr♦❞✉❝❡ ❛s ❜❡❢♦r❡ s♠❛❧❧ ♣❡rt✉r❜❛t✐♦♥s ❛♥❞ ❛♣♣❧② t❤❡ ❢♦❧❧♦✇✐♥❣ ❞❡❝♦♠♣♦s✐t✐♦♥s ✿

p = px + p′x,

u = ux + u′x,

ρ = ρx + ρ′x. ✭❇✳✸✷✮

▲✐♥❡❛r✐s✐♥❣ ✭✇❡ ♦♥❧② r❡t❛✐♥ ✉♣ t♦ ✜rst ♦r❞❡r ♣❡rt✉r❜❛t✐♦♥ t❡r♠s✮ ❛♥❞ ❝♦♠❜✐♥✐♥❣ ❊q✳ ✭❇✳✶✽✮
❛♥❞ ❊q✳ ✭❇✳✶✾✮ ❣✐✈❡s ✿

ρ′uuu + ρuu
′
u = ρ′dud + ρdu

′
d. ✭❇✳✸✸✮

▲✐♥❡❛r✐s✐♥❣ ❊q✳ ✭❇✳✷✵✮ ❛♥❞ ✉s✐♥❣ ❊q✳ ✭❇✳✶✽✮ t♦ ❡①♣r❡ss uj(uu) r❡s✉❧ts ✐♥ ✿

uuu
′
u +

γ

γ − 1

[

p′u
pu

− ρ′u
ρu

]

pu
ρu

=
S2ρ2uu

2
u

ρ2j

[

ρ′u
ρu

+
u′u
uu

−
ρ′j
ρj

]

+
γ

γ − 1

[

p′j
pj

−
ρ′j
ρj

]

pj
ρj
. ✭❇✳✸✹✮

◆❡①t✱ ❧✐♥❡❛r✐s❛t✐♦♥ ♦❢ ❊q✳ ✭❇✳✷✶✮ ❛♥❞ ❛❣❛✐♥ ✉s✐♥❣ ❊q✳ ✭❇✳✶✽✮ ✐♥ ♦r❞❡r t♦ ❡①♣r❡ss uj(uu) ②✐❡❧❞s ✿

p′j + ρ′j
Sρ2uu2u
ρ2j

+ 2ρj
Sρ2uu2u
ρ2j

[

ρ′u
ρu

+
u′u
uu

−
ρ′j
ρj

]

= p′d + ρ′du
2
d + 2ρdudu

′
d. ✭❇✳✸✺✮

❋r♦♠ ❊q✳ ✭❇✳✷✷✮ ✇❡ ♦❜t❛✐♥ ✿

uuu
′
u +

γ

γ − 1

pu
ρu

(

p′u
pu

− ρ′u
ρu

)

= udu
′
d +

γ

γ − 1

pd
ρd

(

p′d
pd

− ρ′d
ρd

)

✭❇✳✸✻✮

❛♥❞ ❢r♦♠ ❊q✳ ✭❇✳✷✸✮ ❢♦❧❧♦✇s ✿

pu
pj

(

p′u
pu

−
p′j
pj

)

=

(

ρu
ρj

)γ [

γ
ρ′u
ρu

− γ
ρ′j
ρj

]

. ✭❇✳✸✼✮

❙♦ ❧✐♥❡❛r✐s✐♥❣ ❊q✳ ✭❇✳✶✽✮ t♦ ❊q✳ ✭❇✳✷✸✮ r❡s✉❧ts ✐♥ ✜✈❡ ❡q✉❛t✐♦♥s✱ ❊q✳ ✭❇✳✸✸✮ t♦ ❊q✳ ✭❇✳✸✼✮✱
✇✐t❤ ✼ ✉♥❦♥♦✇♥s✱ ✐✳❡✳ p′u✱ p

′
d✱ u

′
u✱ u

′
d✱ ρ

′
u✱ ρ

′
d ❛♥❞ ρ′j ✳

❆ ❝❤❛♥❣❡ ♦❢ ✈❛r✐❛❜❧❡s ✶✵ ✐s ❛♣♣❧✐❡❞ t♦ t❤❡ s❡t ♦❢ ❧✐♥❡❛r✐③❡❞ ❡q✉❛t✐♦♥s ✭❊q✳ ✭❇✳✸✸✮ t♦
❊q✳ ✭❇✳✸✼✮✮ ✿

p′u = p+u + p−u , uu =
p+u − p−u
ρucu

, ρ′u =
p+u + p−u + σu

c2u
,

p′d = p+d + p−d , ud =
p+d − p−d
ρdcd

, ρ′d =
p+d + p−d + σd

c2d
,

ρ′j =
p′j + σj

c2j
,

✾✳ ❉❡❝♦♠♣♦s✐t✐♦♥ ♦❢ t❤❡ ♣❤②s✐❝❛❧ q✉❛♥t✐t② ✐♥ ✐ts ♠❡❛♥ ✈❛❧✉❡ ❛♥❞ ❛ s♠❛❧❧ ♣❡rt✉r❜❛t✐♦♥✳
✶✵✳ ❚❤❡ ❛♣♣r♦❛❝❤ ❝♦rr❡s♣♦♥❞s t♦ t❤❡ ♦♥❡ ❛♣♣❧✐❡❞ ✐♥ ❬❍♦❢✾✽❪✳



❇✳✷✳ ❈♦♠♣r❡ss✐❜❧❡ q✉❛s✐✲st❡❛❞② ♦♥❡✲❞✐♠❡♥s✐♦♥❛❧ ♠❡❛♥ ✢♦✇ t❤r♦✉❣❤ ❛
s❡♠✐✲✐♥✜♥✐t❡ ♣✐♣❡ ✶✻✾

❢r♦♠ ✇❤✐❝❤ ❛ s❡t ♦❢ ❡q✉❛t✐♦♥s ✐s ♦❜t❛✐♥❡❞ ✇✐t❤ ❡✐❣❤t ✉♥❦♥♦✇♥s ✭p+u ✱ p
−
u ✱ p

+
d ✱ p

−

d ✱ pj ′✱ σu✱ σd✱
σj✮ ❛♥❞ ❛s ❜❡❢♦r❡ ✇✐t❤ ♥♦t❛t✐♦♥ Rud = ρu

ρd
❛♥❞ S = H

hj
✱ ✇❤✐❝❤ ✐s ✇r✐tt❡♥ ✐♥ ♠❛tr✐① ♥♦t❛t✐♦♥

❛s ✿













1 −1 Mu 0 0

1− S2R2
ujMu 1 + S2R2

ujMu − 1

1−γ
− S2R2

ujM
2
u −Ruj + S2Rγ+2

uj M2
u

γ
γ−1

Ruj

1 1 −1

γ−1
0 0

2SRujMu −2SRujMu 2SRujM
2
u 1− SRγ+1

uj M2
u −1

0 0 −1 0 Rγ
uj























(1 +Mu) p
+
u

(1−Mu) p
−

u

σu
p′j + σj
σj











✭❇✳✸✽✮

=















R(γ−1)/2
ud −R(γ−1)/2

ud MdR(γ−1)/2
ud

0 0 0

Rud Rud − 1
γ−1Rud

1 +Md 1−Md M2
d

0 0 0



















(1 +Md) p
+
d

(1−Md) p
−

d

σd



 .

❚❤✐s ❝❛♥ ❜❡ ❢✉rt❤❡r r❡❞✉❝❡❞ t♦ ❛ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ ♦✉t❣♦✐♥❣ ✭❧❡❢t✮ ❛♥❞ ✐♥❝♦♠✐♥❣ ✭r✐❣❤t✮
✇❛✈❡s ❛s ✿







R(γ−1)/2
ud 1 MdR(γ−1)/2

ud

Rud −1 − 1
γ−1Rud

1 +Md −C2 M2
d











(1 +Md) p
+
d

(1−Mu) p
−
u

σd



 =







1 R(γ−1)/2
ud Mu

1 −Rud − 1
γ−1

C1 −1 +Md C3











(1 +Mu) p
+
u

(1−Md) p
−

d

σu



 ,✭❇✳✸✾✮

✇✐t❤

C1 = B1 +
B3

A3
(A1 − 1), C2 = −B1 +

−A1−1
A3

B3, C3 = B2 −
B3A2

A3

B1 = 2SRujMu, B2 = 2SRujM
2
u −Rγ

uj , B3 = 1− SRγ+1
uj M2

u

A1 = S2R2
ujMu, A2 =

−1
γ−1 − S2R2

ujM
2
u + γ

γ−1R
1−γ
uj , A3 = −Ruj + S2Rγ+2

uj M2
u .

❚❤❡ s♦✉❣❤t s❝❛tt❡r✐♥❣ ♠❛tr✐① ♦❢ t❤❡ ❢♦r♠ ✭❇✳✶✼✮ ✐s t❤❛♥ ❞❡r✐✈❡❞ ❢r♦♠ t❤❡ s❡t ♦❢ ❡q✉❛t✐♦♥s
r❡♣r❡s❡♥t❡❞ ✐♥ ❊q✳ ✭❇✳✸✾✮ ❛❧♦♥❣ ✇✐t❤ t❤❡ ❛ss✉♠♣t✐♦♥ ♦❢ ♥♦ ✐♥❝♦♠✐♥❣ ❡♥tr♦♣② s♦ t❤❛t σu = 0

❤♦❧❞s✳ ❲❡ ❣❡t t❤❛t t❤❡ s❝❛tt❡r✐♥❣ ♠❛tr✐① ❡❧❡♠❡♥ts ✶✶ ❛r❡ ❡①♣r❡ss❡❞ ❛s ✿

T+ =
de− bg

ad− bc
, R− =

df − bh

ad− bc

R+ =
−ce+ ag

ad− bc
, T− =

−cf + ah

ad− bc
, ✭❇✳✹✵✮

✶✶✳ ◆♦t❡ t❤❛t t❤❡ t❡r♠s ❛r❡ ❞✐✛❡r❡♥t ❢r♦♠ t❤❡ ♦♥❡s ❣✐✈❡♥ ✐♥ ❬❍♦❢✾✽❪✳



✶✼✵ ❆♥♥❡①❡ ❇✳ ■♥✢✉❡♥❝❡ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ s✉r ❧✬❛ér♦❛❝♦✉st✐q✉❡

✇❤❡r❡ t❤❡ ❢♦❧❧♦✇✐♥❣ ♥♦t❛t✐♦♥ ✐s ✉s❡❞ ✿

a = R(γ−1)/2
ud − 1 +Md

Md
R(γ−1)/2
ud ,

b = 1 +
C2

Md
R(γ−1)/2
ud ,

c = Rud −
1 +Md

M2
d

(−Rud

γ − 1

)

,

d = −1 +
C2

M2
d

(−Rud

γ − 1

)

,

e = 1− C1

Md
R(γ−1)/2
ud ,

f = Rγ−1
ud − Md − 1

Md
R(γ−1)/2
ud ,

g = 1− C1

M2
d

(−Rud

γ − 1

)

,

h = −Rud −
(Md − 1)

M2
d

(−Rud

γ − 1

)

.

■♥ t❤❡ ❝❛s❡ ♦❢ ❝♦♠♣r❡ss✐❜❧❡ ✢♦✇✱ ✈❡♥❛ ❝♦♥tr❛❝t❛ r❛t✐♦ V ✇✐❧❧ ❞❡♣❡♥❞ ♦♥ t❤❡ ❝❤❛♥♥❡❧ ❝♦♥tr❛❝✲
t✐♦♥ r❛t✐♦ h1/H ✐♥ t❤❡ s❛♠❡ ✇❛② ❛s ❢♦r ✐♥❝♦♠♣r❡ss✐❜❧❡ ✢♦✇ ❢♦❧❧♦✇✐♥❣ ❊q✳ ✭❇✳✶✺✮ ❛♥❞ ♦♥ t❤❡
❥❡t ▼❛❝❤ ♥✉♠❜❡r Mj ❜② ❛❞❞✐♥❣ ❛ t❡r♠ 0.13M2

j ✳ ❚❤❡ ✈❡♥❛ ❝♦♥tr❛❝t❛ r❛t✐♦ ✐s ❡①♣r❡ss❡❞ ❛s ✿

V
(

h1
H
,Mj

)

=
hj
h1

=
π

π + 2

(

1
V
H

h1
− V h1

H

)

arctan

(

V h1
H

) + 0.13M2
j . ✭❇✳✹✶✮

❆❧t❡r♥❛t✐✈❡❧②✱ ✐♥st❡❛❞ ♦❢ t❤❡ t❡r♠ 0.13M2
j ✱ t❤❡ ❢♦❧❧♦✇✐♥❣ ❡①♣r❡ss✐♦♥s ❝❛♥ ❜❡ ✉s❡❞ t♦ ❞❡s❝r✐❜❡

t❤❡ ❞❡♣❡♥❞❡♥❝❡ ♦♥ ❥❡t ▼❛❝❤ ♥✉♠❜❡r Mj ❞✉❡ t♦ ✢♦✇ ❝♦♠♣r❡ss✐❜✐❧✐t② ✿

I =
π

(π + 2(1 + γ−1
2 M2

j )
1

(1−γ)

− π

π + 2
,

II =
(1 + γ−1

2 M2
j )

γ
(γ−1) − 1

γM2
j

− 0.5.

❋r♦♠ ❋✐❣✳ ❇✳✹✱ ✐t ✐s s❡❡♥ t❤❛t ❢♦r ❥❡t ▼❛❝❤ ♥✉♠❜❡rs Mj . 0.4✱ t❤❡ ✉s❡ ♦❢ ❡①♣r❡ss✐♦♥s ✭■✮✱ ✭■■✮
♦r t❡r♠ 0.13M2

j r❡s✉❧ts ✐♥ ❛♣♣r♦①✐♠❛t❡❧② t❤❡ s❛♠❡ ❡st✐♠❛t✐♦♥ ♦❢ t❤❡ ❝♦♠♣r❡ss✐❜❧❡ ❝♦♥tr✐❜✉t✐♦♥
t♦ t❤❡ ✈❡♥❛ ❝♦♥tr❛❝t❛ r❛t✐♦ ✶✷✳

❋✐❣✳ ❇✳✺ s❤♦✇s t❤❡ r❡s✉❧t✐♥❣ s❝❛tt❡r✐♥❣ ♠❛tr✐① ❡❧❡♠❡♥ts ❢♦r ❝♦♠♣r❡ss✐❜❧❡ ♦♥❡✲❞✐♠❡♥s✐♦♥❛❧
♠❡❛♥ ✢♦✇ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ✉♣str❡❛♠ ▼❛❝❤ ♥✉♠❜❡r Mu ❛♥❞ ❝❤❛♥♥❡❧ ❝♦♥tr❛❝t✐♦♥ r❛t✐♦ h1/H
✭✷✳✹✪✱ ✶✵✪ ❛♥❞ ✸✵✪✮✳ ■t ✐s s❡❡♥ t❤❛t t❤❡ s❝❛tt❡r✐♥❣ ♠❛tr✐① ❡❧❡♠❡♥ts ❛r❡ ♥♦ ❧♦♥❣❡r s②♠♠❡✲
tr✐❝ ❛♥❞ t❤❛t t❤❡ ✈❡♥❛ ❝♦♥tr❛❝t❛ ❡♥❢♦r❝❡s t❤❡ ❡✛❡❝t ♦❢ t❤❡ ❝♦♥str✐❝t✐♦♥✳ ■♥ ❛❞❞✐t✐♦♥✱ ✐t ✐s s❡❡♥

✶✷✳ ❖❜✈✐♦✉s❧②✱ t❤❡ ✐♠♣❛❝t ♦❢ Mj ♦♥ t❤❡ ✈❡♥❛ ❝♦♥tr❛❝t❛ ❣♦❡s t♦ ③❡r♦ ❛s Mj r❡❞✉❝❡s✱ s♦ t❤❛t ❢♦r Mj ≪ 1 t❤❡

❛❞❞✐t✐♦♥❛❧ t❡r♠ ✐s ♥❡❣❧✐❣✐❜❧❡✳



❇✳✸✳ ❉✐s❝✉ss✐♦♥ ✶✼✶

0 0.5 1
0.6

0.7

0.8

M
j

V

 

 

Busemann
π

(π+2(1+
(γ−1)

2 M2
j )

1/(1−γ))
−

π

π+2

(1+ γ−1
2 M2

j )
γ/(γ−1)

−1

γM2
j

− 0.5

0.13M2
j

❋✐❣✉r❡ ❇✳✹ ✕ ❱❡♥❛ ❝♦♥tr❛❝t✐♦♥ r❛t✐♦ V(h1/H,Mj) ❢♦r ❝❤❛♥♥❡❧ ❝♦♥tr❛❝t✐♦♥ r❛t✐♦ h1/H = 0.5

❛♥❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❥❡t ▼❛❝❤ ♥✉♠❜❡r Mj ❡st✐♠❛t❡❞ ✉s✐♥❣ ❞✐✛❡r❡♥t ❛♣♣r♦①✐♠❛t✐♦♥s ❢♦r t❤❡
❝♦♠♣r❡ss✐❜❧❡ t❡r♠ ❞❡♣❡♥❞✐♥❣ ♦♥ Mj ❛❞❞❡❞ t♦ t❤❡ ✐♥❝♦♠♣r❡ss✐❜❧❡ ♣♦rt✐♦♥ ✭❇✉s❡♠❛♥♥✮ ✇❤✐❝❤
❞♦❡s ♥♦t ❞❡♣❡♥❞ ♦♥ Mj ✳

t❤❛t ❝♦♠♣r❡ss✐❜✐❧✐t② ❜❡❝♦♠❡s ✐♠♣♦rt❛♥t ❛t ❤✐❣❤ ✢♦✇ r❛t❡s Q✳ ❲✐t❤ r❡s♣❡❝t t♦ t❤❡ ❛♣♣❧✐❝❛t✐♦♥
❝♦♥s✐❞❡r❡❞ ✐♥ t❤✐s ✇♦r❦✱ t❤❡ ✢♦✇ r❛t❡s ♦❜✈✐♦✉s❧② ❡①❝❡❡❞ ✢♦✇ r❛t❡s ❛ss♦❝✐❛t❡❞ ✇✐t❤ ♥♦r♠❛❧ r❡s✲
♣✐r❛t✐♦♥✱ ❜✉t t❤❡ ❡✛❡❝t ♣♦t❡♥t✐❛❧❧② ❛✛❡❝t s✐❜✐❧❛♥t s♣❡❡❝❤ ♣r♦❞✉❝t✐♦♥ ❛s ✇❡❧❧ ❛s ♦t❤❡r ✐♠♣♦rt❛♥t
r❡s♣✐r❛t♦r② ❢✉♥❝t✐♦♥s s✉❝❤ ❛s ❝♦✉❣❤✐♥❣✳

❇✳✸ ❉✐s❝✉ss✐♦♥

❚❤❡ ♠♦❞❡❧ ❛♣♣r♦❛❝❤ ♣r❡s❡♥t❡❞ ✐♥ t❤✐s s❡❝t✐♦♥ ♣r♦✈✐❞❡s ❛ ✜rst s✐♠♣❧❡ ❛tt❡♠♣t t♦ ♠♦❞❡❧ t❤❡
✐♥✢✉❡♥❝❡ ♦❢ ❛ ❝♦♥str✐❝t✐♦♥ ♦♥ t❤❡ ❛❝♦✉st✐❝s✳ ❚❤❡ ❛♣♣❧✐❡❞ ♠♦❞❡❧ ❝❛♥ ❜❡ ❝r✐t✐s❡❞ ✐♥ ♠❛♥② ✇❛②s
❞✉❡ t♦ ✐ts ✉♥❞❡r❧②✐♥❣ ❛ss✉♠♣t✐♦♥s s✉❝❤ ❛s t❤❡ s❡♠✐✲✐♥✜♥✐t❡ ♣✐♣❡ ❛s ✇❡❧❧ t❤❡ s②♠♠❡tr✐❝❛❧ ✢♦✇
♠♦❞❡❧s✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ♥❡①t st❡♣ ✐s t♦ ✉s❡ ❛ t✇♦✲❞✐♠❡♥s✐♦♥❛❧ ✢♦✇ ♠♦❞❡❧ s✉❝❤ ❛s ♣r❡s❡♥t❡❞
♣r❡✈✐♦✉s❧② t♦ ❝❛♣t✉r❡ t❤❡ ❛s②♠♠❡tr② ♦❢ t❤❡ ✢♦✇ ❞✉❡ t♦ t❤❡ tr❛♥s✈❡rs❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ❛♣❡rt✉r❡
❛s ✇❡❧❧ ❛s t♦ ❛❝❝♦✉♥t ❢♦r t❤❡ ✐♠♣❡❞❛♥❝❡✳

❚❤❡ ♠♦t✐✈❛t✐♦♥ t♦ ✉s❡ ❛ ✜♥✐t❡ ♦r s❡♠✐✲✐♥✜♥✐t❡ ♣✐♣❡ ✐♥ t❤❡ ♠♦❞❡❧ ✇✐❧❧✱ ❛♠♦♥❣ ♦t❤❡rs✱ ❞❡♣❡♥❞ ♦♥
t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ t❤❡ ❥❡t ❞♦✇♥str❡❛♠ ❢r♦♠ t❤❡ ❝♦♥str✐❝t✐♦♥✳ ❚❤❡r❡❢♦r❡✱ ✐♥ t❤❡ ♥❡①t s❡❝t✐♦♥ ✇❡
❝♦♥s✐❞❡r ❥❡t r❡❛tt❛❝❤♠❡♥t ❞♦✇♥str❡❛♠ ❢r♦♠ ❛ ❝♦♥str✐❝t✐♦♥ ❢♦r ❞✐✛❡r❡♥t ✢♦✇ ❛♥❞ ❣❡♦♠❡tr✐❝❛❧
❝♦♥❞✐t✐♦♥s ✐♥ ♣r❡s❡♥❝❡ ♦❢ ❛ ❞♦✇♥str❡❛♠ ♣✐♣❡ ✇✐t❤ ✜♥✐t❡ ❧❡♥❣t❤ ❛♥❞ r❡❧❡✈❛♥t t♦ t❤❡ ❛♣♣❧✐❝❛t✐♦♥
❝♦♥s✐❞❡r❡❞ ✐♥ t❤✐s ✇♦r❦✳
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❋✐❣✉r❡ ❇✳✺ ✕ ❆❡r♦❛❝♦✉st✐❝ r❡s♣♦♥s❡ ♦❢ ❛ ❞✐❛❣r❛♠ ❢♦r ❝♦♠♣r❡ss✐❜❧❡ ♦♥❡✲❞✐♠❡♥s✐♦♥❛❧ ♠❡❛♥ ✢♦✇
❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ✉♣str❡❛♠ ▼❛❝❤ ♥✉♠❜❡r Mu ❛♥❞ ❝❤❛♥♥❡❧ ❝♦♥tr❛❝t✐♦♥ r❛t✐♦ h1/H ✭✷✳✹✪✱ ✶✵✪
❛♥❞ ✸✵✪✮✳ ❛✱❜✱❝✮ ❙❝❛tt❡r✐♥❣ ♠❛tr✐① ❡❧❡♠❡♥ts ✭R± ❛♥❞ T±✮ ✐♥ ❛❜s❡♥❝❡ ♦❢ ✈❡♥❛ ❝♦♥tr❛❝t❛✳ ❞✱❡✱❢✮
❙❝❛tt❡r✐♥❣ ♠❛tr✐① ❡❧❡♠❡♥ts ✭R± ❛♥❞ T±✮ ✐♥ ♣r❡s❡♥❝❡ ♦❢ ✈❡♥❛ ❝♦♥tr❛❝t❛ ✭V < 1✮ ❡st✐♠❛t❡❞
✉s✐♥❣ ❊q✳ ✭❇✳✹✶✮✳



❇✳✹✳ ❋❧♦✇ r❡❛tt❛❝❤♠❡♥t ❞♦✇♥str❡❛♠ ❢r♦♠ ❛ s②♠♠❡tr✐❝❛❧ ✐♥❞❡♥t❛t✐♦♥ ✶✼✸

❇✳✹ ❋❧♦✇ r❡❛tt❛❝❤♠❡♥t ❞♦✇♥str❡❛♠ ❢r♦♠ ❛ s②♠♠❡tr✐❝❛❧ ✐♥❞❡♥✲
t❛t✐♦♥

❇✳✹✳✶ ❆❜str❛❝t

❋❧♦✇ r❡❛tt❛❝❤♠❡♥t ✐♥ ❛ ✉♥✐❢♦r♠ ❝❤❛♥♥❡❧ ❞♦✇♥str❡❛♠ ❛ s②♠♠❡tr✐❝❛❧ ✐♥❞❡♥t❛t✐♦♥ ✐s ❡①♣❡✲
r✐♠❡♥t❛❧❧② st✉❞✐❡❞ ❜② ✢♦✇ ✈✐s✉❛❧✐s❛t✐♦♥ ❢♦r ❞✐✛❡r❡♥t ❡①♣❛♥s✐♦♥ ✶✸ r❛t✐♦s ✭6 ≤ H/h ≤ 17✮ ❛♥❞
❘❡②♥♦❧❞s ♥✉♠❜❡rs ✭40 < Re < 3000✮ ✐♥ ❛ r❛♥❣❡ r❡❧❡✈❛♥t t♦ ✢♦✇ ❛♥❞ ❣❡♦♠❡tr✐❝❛❧ ❝♦♥❞✐t✐♦♥s
❝♦♥s✐❞❡r❡❞ ✐♥ t❤✐s ✇♦r❦✳ ❇♦t❤ st❡❛❞② ❛♥❞ ✉♥st❡❛❞② ✢♦✇ ❝♦♥❞✐t✐♦♥s ❛r❡ ❛ss❡ss❡❞✳ ❯♥st❡❛❞②
✢♦✇ ✐s ♦❜t❛✐♥❡❞ ❜② ✐♠♣♦s✐♥❣ ❛ st❡❛❞② ✐♥✢♦✇ ♦✈❡r ❛♥ ♦s❝✐❧❧❛t✐♥❣ r♦✉♥❞❡❞ ✐♥❞❡♥t❛t✐♦♥ ❢♦r ✇❤✐❝❤
t❤❡ ♠❡❛♥ ✢♦✇ ✈❛♥✐s❤❡s ❛t ❝❧♦s✉r❡✳ ❚❤❡ ♦❜s❡r✈❡❞ r❡❛tt❛❝❤♠❡♥t ❧❡♥❣t❤s ♥♦r♠❛❧✐s❡❞ ❜② t❤❡ st❡♣
❤❡✐❣❤t ❛r❡ ✐♥✈❡rs❡❧② ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ❡①♣❛♥s✐♦♥ r❛t✐♦ H/h ❛♥❞ ♥♦ s②♠♠❡tr✐❝❛❧ ✢♦✇ r❡❛t✲
t❛❝❤♠❡♥t ✐s ♦❜s❡r✈❡❞✳ ❚❤❡s❡ ✜♥❞✐♥❣s ❞✐✛❡r ❢r♦♠ r❡♣♦rt❡❞ t❡♥❞❡♥❝✐❡s ❢♦r r❡❛tt❛❝❤♠❡♥t ❧❡♥❣t❤s
❞♦✇♥str❡❛♠ s✉❞❞❡♥ ❡①♣❛♥s✐♦♥s ❝❤❛r❛❝t❡r✐s❡❞ ❜② s♠❛❧❧❡r ❡①♣❛♥s✐♦♥ r❛t✐♦s✳

❇✳✹✳✷ ❇❛❝❦❣r♦✉♥❞

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

❆♥ ❡①t❡♥❞❡❞ ❛♠♦✉♥t ♦❢ ❧✐t❡r❛t✉r❡ ✐s ❛✈❛✐❧❛❜❧❡ ❞❡s❝r✐❜✐♥❣ st❡❛❞② ✢♦✇ ❞♦✇♥s✲
tr❡❛♠ ❢r♦♠ ❛ t✇♦✲❞✐♠❡♥s✐♦♥❛❧ r✐❣❤t✲❛♥❣❧❡❞ s②♠♠❡tr✐❝❛❧ ❝❤❛♥♥❡❧ ❡①♣❛♥s✐♦♥
❬❆◆❘❉✾✼✱ ❇❚▲▼✾✼✱ ❉r✐✾✼✱ ❉P❚✾✸✱ ❙♦❜✽✺✱ ❋▼❈✾✵✱ ❚❲✵✽✱ ❲❛❤✵✼❪✳ ❋r♦♠ t❤❡s❡ st✉✲
❞✐❡s ✐t ✐s ❦♥♦✇♥ t❤❛t ❛t ❧♦✇ ❘❡②♥♦❧❞s ♥✉♠❜❡rs t❤❡ ✢♦✇ r❡♠❛✐♥s s②♠♠❡tr✐❝ ✇✐t❤ s❡♣❛r❛t✐♥❣
r❡❣✐♦♥s ♦❢ ❡q✉❛❧ ❧❡♥❣t❤ ♦♥ ❡✐t❤❡r s✐❞❡ ♦❢ t❤❡ ❝❤❛♥♥❡❧✳ ❚❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ s❡♣❛r❛t✐♥❣ r❡❣✐♦♥s
❞❡♣❡♥❞s ♦♥ t❤❡ ❘❡②♥♦❧❞s ♥✉♠❜❡r✳ ❆t ❤✐❣❤❡r ❘❡②♥♦❧❞s ♥✉♠❜❡rs✱ t❤❡ ✢♦✇ ❜❡❝♦♠❡s ❛s②♠♠❡tr✐❝
❛❜♦✉t t❤❡ ❝❡♥tr❛❧ ♣❧❛♥❡ ❞✉❡ t♦ t❤❡ ✉♥❡q✉❛❧ ❧❡♥❣t❤ ✐♥❝r❡❛s❡ ♦❢ t❤❡ s❡♣❛r❛t✐♥❣ r❡❣✐♦♥s✳ ❚❤❡
r❡s✉❧t ✐s ❛♥ ❛s②♠♠❡tr✐❝ ✢♦✇ ❡①♣❧❛✐♥❡❞ ❜② t❤❡ ❈♦❛♥❞❛ ❡✛❡❝t ❬❲❋✻✺❪✳ ❚❤❡ ❝r✐t✐❝❛❧ ❘❡②♥♦❧❞s
♥✉♠❜❡r ❛t ✇❤✐❝❤ t❤❡ ❛s②♠♠❡tr② ♦❝❝✉rs ✐s ♦❜s❡r✈❡❞ t♦ ❞❡♣❡♥❞ ♦♥ t❤❡ ❝❤❛♥♥❡❧ ❡①♣❛♥s✐♦♥
r❛t✐♦✱ t❤❡ ❝❤❛♥♥❡❧ ❛s♣❡❝t r❛t✐♦ ❛♥❞ t❤❡ ✐♥✐t✐❛❧ ✈❡❧♦❝✐t② ♣r♦✜❧❡✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡
❡①♣❛♥s✐♦♥ ❣❡♦♠❡tr② ✐s s❤♦✇♥ ❜② ❝♦♠♣❛r✐♥❣ ❡①♣❛♥s✐♦♥ ❛♥❣❧❡s ♦❢ ✾✵➦❛♥❞ ✹✺➦ ❬❙♦❜✽✺❪✳

❋♦r ✉♥st❡❛❞② ❝❤❛♥♥❡❧ ✢♦✇ ❞♦✇♥str❡❛♠ ❢r♦♠ ❛♥ ❡①♣❛♥s✐♦♥ ❧✐t❡r❛t✉r❡ ✐s ❧❡ss ❡①t❡♥s✐✈❡✳
▼♦st r❡s❡❛r❝❤ ✐s ❢♦❝✉s❡❞ ♦♥ ✢♦✇ t❤r♦✉❣❤ ❛ s②♠♠❡tr✐❝❛❧ ♦r ❛s②♠♠❡tr✐❝❛❧ ❝❤❛♥♥❡❧ ✇✐t❤ ❛
s✉❞❞❡♥ ❡①♣❛♥s✐♦♥ ❝❤❛r❛❝t❡r✐s❡❞ ❜② ❛ ✾✵➦❡①♣❛♥s✐♦♥ ❛♥❣❧❡✳ ❯♥st❡❛❞② ✢♦✇ ✐s ♠♦st❧② ♦❜t❛✐♥❡❞
❜② ✐♠♣♦s✐♥❣ ❛ ♣✉❧s❛t✐♥❣ ♦r ♦s❝✐❧❧❛t✐♥❣ ✐♥❝♦♠✐♥❣ ✢♦✇ t❤r♦✉❣❤ ❛ ✜①❡❞ ❡①♣❛♥s✐♦♥ ❣❡♦♠❡tr②
❬❘♦s✾✺✱ ❙♦❜✽✺✱ ❘❛❧✽✻✱ ❚✉t✾✷✱ ❚P✾✸❪✳ ❯♥st❡❛❞② ✢♦✇ ♦r✐❣✐♥❛t✐♥❣ ❢r♦♠ ❛♥ ♦s❝✐❧❧❛t✐♥❣ ♣♦rt✐♦♥ ♦❢
t❤❡ ❣❡♦♠❡tr② ❛♥❞ st❡❛❞② ✐♥✢♦✇ ✐s st✉❞✐❡❞ ❢♦r ❛s②♠♠❡tr✐❝❛❧ ❝❤❛♥♥❡❧s ✇✐t❤ ♥♦ ✈❛♥✐s❤✐♥❣ ♠❡❛♥
✢♦✇ ❬❘P✽✽✱ ❘P✽✾✱ P❙✽✺✱ ❍▲▼✵✵❪✳

✶✸✳ ■♥ t❤✐s s❡❝t✐♦♥✱ t❤❡ ✉♥❝♦♥str✐❝t❡❞ ❝❤❛♥♥❡❧ ❤❡✐❣❤t ✐s ❛s ❜❡❢♦r❡ ❞❡♥♦t❡❞ H ✇❤❡r❡❛s h ❞❡♥♦t❡s t❤❡ ♠✐♥✐♠✉♠

❝♦♥str✐❝t✐♦♥ ❤❡✐❣❤t✳



✶✼✹ ❆♥♥❡①❡ ❇✳ ■♥✢✉❡♥❝❡ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ s✉r ❧✬❛ér♦❛❝♦✉st✐q✉❡

❙t❡❛❞② ❛♥❞ ✉♥st❡❛❞② ❝❤❛♥♥❡❧ ✢♦✇ ❞♦✇♥str❡❛♠ ❢r♦♠ ❛ s②♠♠❡tr✐❝❛❧ ❡①♣❛♥s✐♦♥ ❛r❡ ♦❢ ✐♥t❡r❡st
❢♦r ❜✐♦✢✉✐❞s ❛♣♣❧✐❝❛t✐♦♥s s✉❝❤ ❛s ✢♦✇ t❤r♦✉❣❤ t❤❡ ♦r❛❧ tr❛❝t ❞♦✇♥str❡❛♠ ❢r♦♠ t❤❡ ❣❧♦tt✐s
❞✉r✐♥❣ ❤✉♠❛♥ ✉♥✈♦✐❝❡❞ ♦r ✈♦✐❝❡❞ s♦✉♥❞ ♣r♦❞✉❝t✐♦♥✳ ❋♦r s✉❝❤ ❛♣♣❧✐❝❛t✐♦♥s s❤❛r♣✲❡❞❣❡❞
✾✵➦❡①♣❛♥s✐♦♥ ❛♥❣❧❡s ❛r❡ ✉♥❧✐❦❡❧② t♦ ♦❝❝✉r s♦ t❤❛t s✐♠♣❧✐✜❡❞ s♠♦♦t❤ ❝♦♥str✐❝t✐♦♥ ❣❡♦♠❡tr✐❡s
♥❡❡❞ t♦ ❜❡ s♦✉❣❤t✳ ▼♦r❡♦✈❡r✱ ✈❛♥✐s❤✐♥❣ ♠❡❛♥ ✢♦✇ ✐s ❧✐❦❡❧② t♦ ♦❝❝✉r ✭❡✳❣✳ ❛t ❝❧♦s✉r❡ ❞✉r✐♥❣
♣❤♦♥❛t✐♦♥✮ ❬❙❙❉❲+✵✶✱ ❍▼✶✵❪✳

❚❤❡ ❝✉rr❡♥t ❡①♣❡r✐♠❡♥t❛❧ st✉❞② ❞❡❛❧s ✇✐t❤ ✢♦✇ ✈✐s✉❛❧✐s❛t✐♦♥ ♦❢ st❡❛❞② ❛♥❞ ✉♥st❡❛❞② ✢♦✇
t❤r♦✉❣❤ ❛ ❝❤❛♥♥❡❧ ❞♦✇♥str❡❛♠ ❢r♦♠ ❛ s♠♦♦t❤ s②♠♠❡tr✐❝❛❧ ✐♥❞❡♥t❛t✐♦♥ t♦ ✇❤✐❝❤ ❛♥ ♦s❝✐❧❧❛t♦r②
♠♦✈❡♠❡♥t ❝❛♥ ❜❡ ✐♠♣♦s❡❞✳ ❋❧♦✇ r❡❛tt❛❝❤♠❡♥t ❞♦✇♥str❡❛♠ ❢r♦♠ t❤❡ ❝♦♥str✐❝t✐♦♥ ✐s q✉❛♥t✐✲
✜❡❞ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❘❡②♥♦❧❞s ♥✉♠❜❡r✱ ❝❤❛♥♥❡❧ ❡①♣❛♥s✐♦♥ r❛t✐♦ ❛♥❞ ♦s❝✐❧❧❛t✐♦♥ ❢r❡q✉❡♥❝②✳ ■♥
t❤❡ ❢♦❧❧♦✇✐♥❣✱ t❤❡ ❝❤❛♥♥❡❧ ❡①♣❛♥s✐♦♥ ❣❡♦♠❡tr② ❛♥❞ ❡①♣❡r✐♠❡♥t❛❧ s❡t✉♣ ❛r❡ ♣r❡s❡♥t❡❞✳ ◆❡①t✱
♦❜s❡r✈❛t✐♦♥s ♦❢ ✢♦✇ r❡❛tt❛❝❤♠❡♥t ❢♦r st❡❛❞② ❛♥❞ ✉♥st❡❛❞② ✢♦✇ ❝♦♥❞✐t✐♦♥s ❛r❡ ❞✐s❝✉ss❡❞✳

❇✳✹✳✸ ❊①♣❡r✐♠❡♥t❛❧ s❡t✉♣ ❛♥❞ ♣r♦❝❡❞✉r❡

❋❧♦✇ ✈✐s✉❛❧✐s❛t✐♦♥ ✐s ♣❡r❢♦r♠❡❞ ✇✐t❤ t❤❡ ❡①♣❡r✐♠❡♥t❛❧ s❡t✉♣ s❝❤❡♠❛t✐❝❛❧❧② ❞❡♣✐❝t❡❞ ✐♥
❋✐❣✳ ❇✳✻✳ ❆✐r✢♦✇ ✐s ❣❡♥❡r❛t❡❞ ✐♥ ❛ ✢♦✇ ❢❛❝✐❧✐t② ❝♦♥s✐st✐♥❣ ♦❢ ❛♥ ❛✐r ❝♦♠♣r❡ss♦r ✭❆t❧❛s ❈♦♣❝♦
●❆✼✮ ❢♦❧❧♦✇❡❞ ❜② ❛ ♠❛♥✉❛❧ ✈❛❧✈❡ ❛♥❞ ♣r❡ss✉r❡ r❡❣✉❧❛t♦r ✭◆♦r❣r❡♥ ✶✶✲✽✶✽✲✾✽✼✮ ❡♥❛❜❧✐♥❣ ♦♥❡
t♦ ♣r♦✈✐❞❡ ❝♦♥st❛♥t ❛✐r ♣r❡ss✉r❡✳ ❚❤❡ ♣r❡ss✉r❡ r❡❣✉❧❛t♦r ✐s ❝♦♥♥❡❝t❡❞ ✇✐t❤ ❛ t❤❡r♠❛❧ ♠❛ss
✢♦✇ ♠❡t❡r ✭❚❙■ ✹✵✹✵✮ ✈✐❛ ❛ ✉♥✐❢♦r♠ ❞✉❝t ♦❢ ❞✐❛♠❡t❡r ✶❝♠✳ ❉♦✇♥str❡❛♠ ❢r♦♠ t❤❡ ♠❛ss ✢♦✇
♠❡t❡r✱ ❛ ✉♥✐❢♦r♠ ❞✉❝t ♦❢ ❞✐❛♠❡t❡r ✶❝♠ ❝♦♥♥❡❝ts t❤❡ ♠❛ss ✢♦✇ ♠❡t❡r t♦ t❤❡ s❡tt❧✐♥❣ ❝❤❛♠❜❡r
✇✐t❤ ✈♦❧✉♠❡ ✵✳✶✶✷♠3 ❛♥❞ ❞✐♠❡♥s✐♦♥s ✺✻×✺✵×40❝♠ ✭❤❡✐❣❤t×❧❡♥❣t❤×✇✐❞t❤✮✳ ❆ ♠❛♥✉❛❧ ❣❛t❡
✐s ❛tt❛❝❤❡❞ t♦ t❤❡ s❡tt❧✐♥❣ ❝❤❛♠❜❡r ❜② ♠❡❛♥s ♦❢ ❛ t✉❜❡ ♦❢ ❞✐❛♠❡t❡r ✷✺♠♠ ❛♥❞ ❧❡♥❣t❤ ✷✺❝♠✳
❚❤❡ ♥♦③③❧❡ ✉♥❞❡r st✉❞② ✐s ❛tt❛❝❤❡❞ ❞♦✇♥str❡❛♠ ❢r♦♠ t❤❡ ♠❛♥✉❛❧ ❣❛t❡✳

❆ t✇♦✲❞✐♠❡♥s✐♦♥❛❧ ❧❛s❡r ❜❡❛♠ ✐s ❣❡♥❡r❛t❡❞ ❜② ❛ ❝❧❛ss ■■■❜ ❧❛s❡r ❧✐❣❤t s♦✉r❝❡ ✭▲❛s❡r❣❧♦✇
❚❡❝❤♥♦❧♦❣✐❡s✱ ▲❘❙✲✵✺✸✷✲❚❋▼✲✵✵✷✵✵✲✶✵✱ ✷✸✹✳✷♠❲✱ ✇❛✈❡❧❡♥❣t❤ ♦❢ ✺✸✷♥♠✮ t♦ ✇❤✐❝❤ ❛ ✶✵ ❞❡❣r❡❡
❝②❧✐♥❞r✐❝❛❧ ❧❡♥s ✐s ❛❞❞❡❞✳ ❆ ❤✐❣❤ s♣❡❡❞ ❝❛♠❡r❛ ✭❈❛s✐♦✱ ❊❳■▲■▼ Pr♦ ❊❳✲❋✶✮ ✐s ♣♦s✐t✐♦♥❡❞
♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ ❧❛s❡r s❤❡❡t✳

❚✇♦ ❡①♣❡r✐♠❡♥t❛❧ ♣r♦❝❡❞✉r❡s ✭P✶ ❛♥❞ P✷✮ ❛r❡ ❛♣♣❧✐❡❞ t♦ ❡♥s✉r❡ t❤❡ q✉❛❧✐t② ♦❢ t❤❡ ✢♦✇ ✈✐s✉❛✲
❧✐s❛t✐♦♥ ❢♦r ❛❧❧ ❛ss❡ss❡❞ ❘❡②♥♦❧❞s ♥✉♠❜❡rs ❛♥❞ ❡①♣❛♥s✐♦♥ r❛t✐♦s✳ Pr♦❝❡❞✉r❡ P✶ ✐♥✈♦❧✈❡s s♠♦❦❡
✐♥❥❡❝t✐♦♥ ✐♥t♦ t❤❡ s❡tt❧✐♥❣ ❝❤❛♠❜❡r ✉♣ t♦ t❤❡ ❝❧♦s❡❞ ♠❛♥✉❛❧ ❣❛t❡ ❜② ♠❡❛♥s ♦❢ ❛ ❢♦❣ ♠❛❝❤✐♥❡
❛♥❞ ♣r♦❝❡❞✉r❡ P✷ ✉s❡s ✐♥❝❡♥s❡ t♦ ✜❧❧ t❤❡ ♥♦③③❧❡ ❞♦✇♥str❡❛♠ ❢r♦♠ t❤❡ ❝❧♦s❡❞ ♠❛♥✉❛❧ ❣❛t❡
✇✐t❤ s♠♦❦❡ s♦ t❤❛t s♠♦❦❡ ✐s ❛❞❞❡❞ ✐♥ ❛❜s❡♥❝❡ ♦❢ ❛✐r✢♦✇✳ ❋♦r ❜♦t❤ ♣r♦❝❡❞✉r❡s✱ ♦♥❝❡ s✉✣❝✐❡♥t
s♠♦❦❡ ✐s ✐♥❥❡❝t❡❞✱ ❛ st❡❛❞② ✈♦❧✉♠❡ ✢♦✇ r❛t❡ Q ✐s ❛♣♣❧✐❡❞ ❛♥❞ ✐❧❧✉♠✐♥❛t❡❞ s♠♦❦❡ ♣❛tt❡r♥s ❛r❡
r❡❝♦r❞❡❞ ❛t ✸✵✵❢♣s✳



❇✳✹✳ ❋❧♦✇ r❡❛tt❛❝❤♠❡♥t ❞♦✇♥str❡❛♠ ❢r♦♠ ❛ s②♠♠❡tr✐❝❛❧ ✐♥❞❡♥t❛t✐♦♥ ✶✼✺

A

B

C

D

Q

E

F
G M I J

K

x

y

z

x

y

H=33mm

L=170mm

w = 25mm

z

h varied

S2

S1

D=10mm

❋✐❣✉r❡ ❇✳✻ ✕ ❙❝❤❡♠❛t✐❝ ♦✈❡r✈✐❡✇ ♦❢ ❡①♣❡r✐♠❡♥t❛❧ s❡t✉♣ ❛♥❞ ♥♦③③❧❡✬s ❣❡♦♠❡tr② ✿ ✶✮ ❙❡t✉♣ ✿
s❡tt❧✐♥❣ ❝❤❛♠❜❡r ✭❆✮✱ s♠♦❦❡ ❣❡♥❡r❛t♦r ❛♥❞ ✐♥❥❡❝t♦r ❢♦r ♣r♦❝❡❞✉r❡ P✶ ✭❇✮✱ ✈♦❧✉♠❡ ❛✐r✢♦✇ r❛t❡
s✉♣♣❧② ✭◗✮✱ ♣r❡ss✉r❡ r❡❣✉❧❛t♦r ❛♥❞ t❤❡r♠❛❧ ♠❛ss ✢♦✇ ♠❡t❡r ✭❈✮✱ ♠❛♥✉❛❧ ✈❛❧✈❡s ✭❉✮✱ ❧❛s❡r
s♦✉r❝❡ ✭❏✮✱ ❝❛♠❡r❛ ✭❊✮ ♣❡r♣❡♥❞✐❝✉❧❛r t♦ t❤❡ t✇♦✲❞✐♠❡♥s✐♦♥❛❧ ❧❛s❡r s❤❡❡t ✭❑✮✱ ♠❛♥✉❛❧ ❣❛t❡
✭●✮ ✇✐t❤ ❛tt❛❝❤♠❡♥t t✉❜❡ ✭❋✮✱ ♥♦③③❧❡ ✭▼✮✱ ♠❛♥✉❛❧ ✐♥❝❡♥s❡ ❜✉r♥✐♥❣ ❢♦r ♣r♦❝❡❞✉r❡ P✷ ✭■✮✳ ❚❤❡
t✇♦✲❞✐♠❡♥s✐♦♥❛❧ ✐❧❧✉♠✐♥❛t✐♦♥ ❝♦✐♥❝✐❞❡s ✇✐t❤ t❤❡ ♣❧❛♥❡ z = w/2 ❛♥❞ t❤❡ x✲❛①❡s ✐♥❞✐❝❛t❡s t❤❡
♠❛✐♥ ✢♦✇ ❞✐r❡❝t✐♦♥✳ ✷✮ ◆♦③③❧❡ ✿ ✉♥❝♦♥str✐❝t❡❞ ❤❡✐❣❤t H✱ ♠❛①✐♠✉♠ ❛♣❡rt✉r❡ h✱ t♦t❛❧ ♥♦③③❧❡
❧❡♥❣t❤ L✱ ✉♥✐❢♦r♠ ✇✐❞t❤ w✱ ❞✐❛♠❡t❡r D ♦❢ r♦✉♥❞❡❞ ✐♥❧❡t ❝♦♥str✐❝t✐♦♥ ❛♥❞ st❡♣ ♠♦t♦rs ✭s✶ ❛♥❞
s✷✮✳

❇✳✹✳✸✳✶ ◆♦③③❧❡ ❛♥❞ ❡①♣❡r✐♠❡♥t❛❧ ❝♦♥❞✐t✐♦♥s

❚❤❡ ♥♦③③❧❡ ❝♦♥s✐sts ♦❢ ❛ r❡❝t❛♥❣✉❧❛r ❝❤❛♥♥❡❧ t♦ ✇❤✐❝❤ r♦✉♥❞❡❞ ❜❧♦❝❦s ❛r❡ ✐♥s❡rt❡❞ ❝r❡❛t✐♥❣
❛ s②♠♠❡tr✐❝❛❧ ✐♥❞❡♥t❛t✐♦♥ ❛t t❤❡ ✐♥❧❡t ❛s s❤♦✇♥ ✐♥ ❋✐❣ ❇✳✻✳ ❊❛❝❤ ✐♥❞❡♥t❛t✐♦♥ ✐s ❝♦♠♣♦s❡❞ ♦❢
❛ r❡❝t❛♥❣✉❧❛r ❜❧♦❝❦ ✇✐t❤ ❛ s❡♠✐✲❝✐r❝✉❧❛r ❡♥❞✐♥❣ ♦❢ ❞✐❛♠❡t❡r ✶✵♠♠✳ ❆ st❡♣ ♠♦t♦r ✭❘❛❞✐♦s♣❛r❡
▲✾✷✶✷✶✲P✷✮ ✐s ♠♦✉♥t❡❞ t♦ ❡❛❝❤ ✐♥❞❡♥t❛t✐♦♥ s♦ t❤❛t ✐ts ♠♦✈❡♠❡♥t ❛❧♦♥❣ t❤❡ y✲❛①✐s ❝❛♥ ❜❡
❝♦♥tr♦❧❧❡❞ ✭▲❛❜❱✐❡✇✱ ◆❛t✐♦♥❛❧ ■♥str✉♠❡♥ts✮✳ ❆ s②♠♠❡tr✐❝❛❧ ♦s❝✐❧❧❛t♦r② ♠♦✈❡♠❡♥t✱ y(t) =

h sin(2πFt)✱ ✐s ✐♠♣♦s❡❞ t♦ ❜♦t❤ ✐♥❞❡♥t❛t✐♦♥s ❢♦r ✇❤✐❝❤ ❢r❡q✉❡♥❝② F ❛♥❞ ❛♠♣❧✐t✉❞❡ h ❛r❡
✈❛r✐❡❞✳ ❋♦r F > 0✱ t❤❡ ♠❡❛♥ ✢♦✇ ✈❛♥✐s❤❡s ❛t ❝❧♦s✉r❡ ♦❢ t❤❡ ✐♥❞❡♥t❛t✐♦♥✳ ❆ss❡ss❡❞ ❡①♣❡r✐♠❡♥t❛❧
❝♦♥❞✐t✐♦♥s ❛r❡ s✉♠♠❛r✐s❡❞ ✐♥ ❚❛❜❧❡ ❇✳✶✳

❇✳✹✳✹ ❘❡s✉❧ts

❆♥ ❡①❛♠♣❧❡ ♦❢ ❡①♣❡r✐♠❡♥t❛❧ s♠♦❦❡ ♣❛tt❡r♥s ❢♦r st❡❛❞② ❛♥❞ ✉♥st❡❛❞② ✢♦✇ ❝♦♥❞✐t✐♦♥s ✐s
✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✳ ❇✳✼ ❢♦r Re = 178 ❛♥❞ h = 2♠♠✳ ❙t❡❛❞② ❛♥❞ ✉♥st❡❛❞② ✢♦✇ ✜❡❧❞s ❛r❡
❝❤❛r❛❝t❡r✐s❡❞ ❜② ❥❡t ❢♦r♠❛t✐♦♥✳ ❋♦r st❡❛❞② ✢♦✇✱ t❤❡ ❥❡t r❡❛tt❛❝❤❡s t♦ t❤❡ ❝❤❛♥♥❡❧ ✇❛❧❧ ❢♦❧❧♦✇❡❞
❜② ✇❛❧❧ ❞❡t❛❝❤♠❡♥t ❢✉rt❤❡r ❞♦✇♥str❡❛♠✳ ❆ ❧❛r❣❡ r❡❝✐r❝✉❧❛t✐♦♥ ③♦♥❡ ♦❝❝✉rs ❜❡t✇❡❡♥ t❤❡ ❥❡t ❛♥❞



✶✼✻ ❆♥♥❡①❡ ❇✳ ■♥✢✉❡♥❝❡ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ s✉r ❧✬❛ér♦❛❝♦✉st✐q✉❡

❚❆❇▲❊❆❯ ❇✳✶ ✕ ❖✈❡r✈✐❡✇ ❡①♣❡r✐♠❡♥t❛❧ ✢♦✇ ❛♥❞ ❣❡♦♠❡tr✐❝❛❧ ❝♦♥❞✐t✐♦♥s ✇✐t❤ ❦✐♥❡♠❛t✐❝ ❛✐r
✈✐s❝♦s✐t② ν = 1.5× 10−5♠2s−1✳ ◆♦t❡ t❤❡

◗✉❛♥t✐t② ❙②♠❜♦❧ ❱❛❧✉❡

❋r❡q✉❡♥❝② F ❬❍③❪ ≤✹✳✷

❱♦❧✉♠❡ ✢♦✇ r❛t❡ Q❬❧✴♠✐♥❪ 0.8 < Q < 70

❆♣❡rt✉r❡ ❛♠♣❧✐t✉❞❡ h❬♠♠❪ ✷ ✺✳✺

❊①♣❛♥s✐♦♥ r❛t✐♦ H/h ✶✼ ✻

❙t❡♣ ❤❡✐❣❤t (H − h)/2 b❬♠♠❪ ✶✺✳✺ ✶✸✳✼

❈❤❛♥♥❡❧ t♦ st❡♣ r❛t✐♦ H/b ✷✳✶ ✷✳✹

❇✉❧❦ ✈❡❧♦❝✐t② ❛t h Uh = Q
hw ❬♠✴s❪ 4 < Uh < 24

❘❡②♥♦❧❞s ♥✉♠❜❡r Re = Q
νw 40 < Re < 3000

❙tr♦✉❤❛❧ ♥✉♠❜❡r Sr = FD
Uh

<✵✳✵✶

✭❛✮ st❡❛❞② ✭❜✮ ✉♥st❡❛❞②

❋✐❣✉r❡ ❇✳✼ ✕ ❙♠♦❦❡ ♣❛tt❡r♥s ❢♦r st❡❛❞② ✭F = 0❍③✮ ❛♥❞ ✉♥st❡❛❞② ✭F = 2.1❍③✱ NW = 31✮
✢♦✇ ❢♦r h = 2♠♠ ❛♥❞ Re = 178✳

t❤❡ ♦♣♣♦s✐t❡ ✇❛❧❧✳ ❋♦r ✉♥st❡❛❞② ✢♦✇✱ t❤❡ ♦s❝✐❧❧❛t✐♦♥ ♣r❡✈❡♥ts ❥❡t r❡❛tt❛❝❤♠❡♥t✳ ❚❤❡ ❧❛♠✐♥❛r
❥❡t ❝♦r❡ ❜❡❝♦♠❡s ✉♥st❛❜❧❡ ❛♥❞ ✐s ❝❤❛r❛❝t❡r✐s❡❞ ❜② ✉♥❞✉❧❛t✐♦♥ ♣r❡❝❡❞✐♥❣ ❛♥ ❛❝❝❡❧❡r❛t✐♦♥ ✈♦rt❡①✳

■♥ t❤❡ ❢♦❧❧♦✇✐♥❣✱ s♠♦❦❡ ♣❛tt❡r♥s ♦❢ st❡❛❞② ❛♥❞ ✉♥st❡❛❞② ✢♦✇ ❝♦♥❞✐t✐♦♥s ❛r❡ ❞✐s❝✉ss❡❞ ✇✐t❤
r❡s♣❡❝t t♦ ✢♦✇ r❡❛tt❛❝❤♠❡♥t✳ ❘❡❛tt❛❝❤♠❡♥t ♦❝❝✉rs ✐♥ ❝❛s❡ t❤❡ ❞✐st❛♥❝❡ ❢r♦♠ t❤❡ ❝❡♥tr❡❧✐♥❡
♦❢ t❤❡ ❥❡t t♦ t❤❡ ❝❡♥tr❡❧✐♥❡ ♦❢ t❤❡ ❝❤❛♥♥❡❧ ②✐❡❧❞s H/2✳ ❖❜s❡r✈❡❞ str❡❛♠✇✐s❡ ♣♦s✐t✐♦♥s ♦❢ ✢♦✇
r❡❛tt❛❝❤♠❡♥t d ❢♦r st❡❛❞② ❛♥❞ ✉♥st❡❛❞② ✢♦✇ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ❛♣♣❧✐❡❞ ❢r❡q✉❡♥❝② ✭F ✮✱ ❘❡②♥♦❧❞s



❇✳✹✳ ❋❧♦✇ r❡❛tt❛❝❤♠❡♥t ❞♦✇♥str❡❛♠ ❢r♦♠ ❛ s②♠♠❡tr✐❝❛❧ ✐♥❞❡♥t❛t✐♦♥ ✶✼✼

♥✉♠❜❡r ✭Re✮ ❛♥❞ ♠❛①✐♠✉♠ ❛♣❡rt✉r❡ h ❛r❡ s❤♦✇♥ ✐♥ ❋✐❣ ❇✳✽✳ ❯♥st❡❛❞② r❡s✉❧ts ❛r❡ ♦❜t❛✐♥❡❞
❛t ♠❛①✐♠✉♠ ❛♣❡rt✉r❡ y(t) = h✳
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❋✐❣✉r❡ ❇✳✽ ✕ ❖❜s❡r✈❡❞ r❡❛tt❛❝❤♠❡♥t ❧❡♥❣t❤s d ❢♦r st❡❛❞② ✭❞❛s❤❡❞ ❧✐♥❡✮ ❛♥❞ ✉♥st❡❛❞② ✭♥♦
❧✐♥❡✮ ✢♦✇ ❝♦♥❞✐t✐♦♥s ♥♦r♠❛❧✐s❡❞ ❜② t❤❡ st❡♣ ❤❡✐❣❤t b✱ ✐✳❡✳ d/b(Re, h, F )✳ ❋♦r ✉♥st❡❛❞② ✢♦✇
s❤♦✇♥ ✈❛❧✉❡s ❛r❡ t❛❦❡♥ ❛t ♠❛①✐♠✉♠ ❛♣❡rt✉r❡✱ ✐✳❡✳ y(t) = h✳

❇✳✹✳✹✳✶ ❙t❡❛❞② ✢♦✇

❋♦r st❡❛❞② ✢♦✇ ❝♦♥❞✐t✐♦♥s✱ ❥❡t r❡❛tt❛❝❤♠❡♥t ♦❝❝✉rs ❢♦r ❛❧❧ ❛ss❡ss❡❞ ❘❡②♥♦❧❞s ♥✉♠❜❡rs
Re✳ ❋♦r ❧♦✇ ❘❡②♥♦❧❞s ♥✉♠❜❡rs t❤❡ r❡❛tt❛❝❤♠❡♥t ❧❡♥❣t❤ d ✐♥❝r❡❛s❡s ❛❧♠♦st ❧✐♥❡❛r❧② ♦♥ ❛
s❡♠✐✲❧♦❣❛r✐t❤♠✐❝ Re✲s❝❛❧❡ ✉♥t✐❧ ❛ ♠❛①✐♠✉♠ r❡❛tt❛❝❤♠❡♥t ❧❡♥❣t❤ ✐s r❡❛❝❤❡❞ ❢♦r ❛ ❝r✐t✐❝❛❧
❘❡②♥♦❧❞s ♥✉♠❜❡r Resc✳ ❋♦r Re > Resc t❤❡ r❡❛tt❛❝❤♠❡♥t ❧❡♥❣t❤ ❞❡❝r❡❛s❡s✳ ❚❤❡ ❘❡②♥♦❧❞s
♥✉♠❜❡r Resc ❞❡❝r❡❛s❡s ❢r♦♠ Resc(h = 2mm) ≈ 300 t♦ Resc(h = 5.5mm) ≈ 100✱ ✇❤✐❝❤ s✉❣❣❡sts
t❤❡ r❡❧❛t✐♦♥s❤✐♣ Resc(h) ≈ 1/h✳ ❋♦r Re > Resc t❤❡ ❞❡❝❛② ♦❢ d/b ❝❛♥ ❜❡ ❝❤❛r❛❝t❡r✐s❡❞ ❜② ❛ ❧✐♥❡❛r
❞❡❝❛② ♦♥ ❛ s❡♠✐✲❧♦❣❛r✐t❤♠✐❝ Re✲s❝❛❧❡✳ ❋♦r ❛❧❧ ❛ss❡ss❡❞ ❘❡②♥♦❧❞s ♥✉♠❜❡rs Re✱ d/b✲✈❛❧✉❡s ❛r❡
✐♥ t❤❡ r❛♥❣❡ 1 < d/b < 7 ❛♥❞ d/b(h = 5.5mm) > d/b(h = 2mm) s♦ t❤❛t d/b ∼ h✳

❇✳✹✳✹✳✷ ❯♥st❡❛❞② ✢♦✇

❋♦r ✉♥st❡❛❞② ✢♦✇ ❝♦♥❞✐t✐♦♥s✱ ❥❡t ❞❡✈❡❧♦♣♠❡♥t ❛♥❞ r❡❛tt❛❝❤♠❡♥t ❞❡♣❡♥❞ ♦♥ t❤❡ ❘❡②♥♦❧❞s
♥✉♠❜❡r Re ❛s ✇❡❧❧ ❛s ♦♥ t❤❡ ✐♠♣♦s❡❞ ♦s❝✐❧❧❛t✐♦♥ ❢r❡q✉❡♥❝② F ❛s s❤♦✇♥ ✐♥ ❋✐❣✳ ❇✳✽✳ ❘❡❛t✲
t❛❝❤♠❡♥t ♦❝❝✉rs ✐♥ ❝❛s❡ Re ❡①❝❡❡❞s ❛ ❝r✐t✐❝❛❧ ✈❛❧✉❡ Re ≥ Reuc ✳ ❚❤❡ ✈❛❧✉❡ ♦❢ Reuc ❞❡♣❡♥❞s ♦♥
❛♠♣❧✐t✉❞❡ h ❛♥❞ ♦♥ ❢r❡q✉❡♥❝② F ❛s s✉♠♠❛r✐s❡❞ ✐♥ ❚❛❜❧❡ ❇✳✷✳ ❋♦r ❝♦♠♣❧❡t❡♥❡ss ❛❧s♦ ❝r✐t✐❝❛❧
✈❛❧✉❡s Resc ❢♦r st❡❛❞② ✢♦✇ ✭F = 0✮ ❛r❡ ✐♥❞✐❝❛t❡❞✳ ■♥ ❣❡♥❡r❛❧✱ Reuc ✐♥❝r❡❛s❡s ✶✮ ❛s h ❞❡❝r❡❛s❡s



✶✼✽ ❆♥♥❡①❡ ❇✳ ■♥✢✉❡♥❝❡ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ s✉r ❧✬❛ér♦❛❝♦✉st✐q✉❡

❚❆❇▲❊❆❯ ❇✳✷ ✕ ❖✈❡r✈✐❡✇ ♦❢ Res,uc ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ✐♠♣♦s❡❞ ❢r❡q✉❡♥❝② F ✱ ♠❛①✐♠❛❧ ❛♣❡rt✉r❡
h ❛♥❞ r❡s✉❧t✐♥❣ ❲♦♠❡rs❧❡② ♥✉♠❜❡r NW = 2H

√

2πF/ν ❢♦r ❝❤❛♥♥❡❧ ❤❡✐❣❤t H = 33♠♠✳

h ❬♠♠❪ F ❬❍③❪ NW (F ) Res,uc C

✺✳✺ ✵ ✵ ✾✺ ✲
✵✳✼✻ ✶✾ ✶✷✵ ✷✳✼
✶✳✺ ✷✻ ✶✻✵ ✷✳✶

✷✳✵ ✵ ✵ ✷✽✽ ✲
✷✳✶ ✸✶ ✷✽✽ ✶✳✸
✹✳✷ ✹✹ ✺✷✷ ✶✳✶

✭Reuc ∼ 1/h✮ ❛♥❞ ✷✮ ❛s F ♦r ❲♦♠❡rs❧❡② ♥✉♠❜❡r NW ✐♥❝r❡❛s❡s ✭Reuc ∼ F ✮✳ ❈♦♠♣❛r❡❞ t♦ st❡❛❞②
✢♦✇✱ t❤❡ ✐♠♣♦s❡❞ ♦s❝✐❧❧❛t✐♦♥ ✐s s❡❡♥ t♦ ♣r❡✈❡♥t r❡❛tt❛❝❤♠❡♥t ❢♦r Re < Reuc ✱ ❛s ✐❧❧✉str❛t❡❞ ✐♥
❋✐❣✳ ❇✳✼ ❛♥❞ ❋✐❣✳ ❇✳✾✱ ❛♥❞ t♦ r❡❞✉❝❡ t❤❡ r❡❛tt❛❝❤♠❡♥t ❧❡♥❣t❤ d/b ❢♦r Re ≥ Reuc ✳ ■♥ ❛❞❞✐t✐♦♥
Reuc ≥ Resc ❤♦❧❞s✱ s♦ t❤❛t ❢♦r ✉♥st❡❛❞② ✢♦✇ t❤❡ ♥♦r♠❛❧✐s❡❞ r❡❛tt❛❝❤♠❡♥t ❞✐st❛♥❝❡ d/b ✐♥✐t✐❛❧❧②
❞❡❝r❡❛s❡s ❛s Re ✐♥❝r❡❛s❡s ✉♥t✐❧ ✐ts ✈❛❧✉❡ t❡♥❞ t♦ ❛ ❝♦♥st❛♥t C ❢♦r ✇❤✐❝❤ t❤❡ ✈❛❧✉❡ ❞❡♣❡♥❞s ♦♥
t❤❡ s❡t (h, F ) ❛s ✐♥❞✐❝❛t❡❞ ✐♥ ❚❛❜❧❡ ❇✳✷✳ ■♥ ❛❞❞✐t✐♦♥✱ ✐t ✐s ♦❜s❡r✈❡❞ t❤❛t d/b ∼ 1/F ✳ ◆❡✈❡rt❤❡✲
❧❡ss✱ t❤❡ ❢r❡q✉❡♥❝② ❞❡♣❡♥❞❡♥❝❡ ✐s ♠♦r❡ ♣r♦♥♦✉♥❝❡❞ ❢♦r h = 5.5♠♠ t❤❛♥ ❢♦r h = 2♠♠✱ ✇❤✐❝❤
s✉❣❣❡sts t❤❛t t❤❡ ❢r❡q✉❡♥❝② ❞❡♣❡♥❞❡♥❝❡ r❡❞✉❝❡s ❛s t❤❡ ❲♦♠❡rs❧❡② ♥✉♠❜❡r NW ✐♥❝r❡❛s❡s✳ ◆♦
❝♦♥st❛♥t ✈❛❧✉❡ ✐s r❡❛❝❤❡❞ ✐♥ t❤❡ ❛ss❡ss❡❞ r❛♥❣❡ ♦❢ ❘❡②♥♦❧❞s ♥✉♠❜❡rs ❢♦r st❡❛❞② ✢♦✇✳ ❆s ❢♦r
st❡❛❞② ✢♦✇ t❤❡ r❡❧❛t✐♦♥s❤✐♣ d/b ∼ h ✐s ❢♦✉♥❞✳

❇✳✹✳✺ ❉✐s❝✉ss✐♦♥ ❛♥❞ ❝♦♥❝❧✉s✐♦♥

❆♥ ♦✈❡r✈✐❡✇ ♦❢ ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts ✇✐t❤ r❡s♣❡❝t t♦ ✢♦✇ r❡❛tt❛❝❤♠❡♥t ❞♦✇♥str❡❛♠ ❢r♦♠ t❤❡
❝♦♥str✐❝t✐♦♥ ❢♦r st❡❛❞② ❛♥❞ ✉♥st❡❛❞② ✢♦✇ ❝♦♥❞✐t✐♦♥s ✐s ❣✐✈❡♥ ✐♥ ❚❛❜❧❡ ❇✳✸✳

❚❤❡ ❣❡♥❡r❛❧ t❡♥❞❡♥❝✐❡s✱ d/b ∼ h ❛♥❞ Re(u,s)c ∼ 1/h✱ ❛r❡ ✉♥❛❧t❡r❡❞ ✇❤❡♥ ❝♦♠♣❛r✐♥❣ ♣r❡s❡♥t❡❞
r❡s✉❧ts ❢♦r st❡❛❞② ❛♥❞ ✉♥st❡❛❞② ✢♦✇✳ ◆❡✈❡rt❤❡❧❡ss✱ ❢♦r st❡❛❞② ✢♦✇ ❝♦♥❞✐t✐♦♥s✱ ✢♦✇ r❡❛tt❛❝❤✲
♠❡♥t ✐s ♦❜s❡r✈❡❞ ❢♦r ❛❧❧ ❛ss❡ss❡❞ ❘❡②♥♦❧❞s ♥✉♠❜❡rs ✐♥ t❤❡ r❛♥❣❡ 40 < Re < 3000 ✇❤❡r❡❛s ❢♦r
✉♥st❡❛❞② ✢♦✇ r❡❛tt❛❝❤♠❡♥t ✐s ❧✐♠✐t❡❞ t♦ t❤❡ r❛♥❣❡ Reuc (h, F ) < Re < 3000 ✐♥ ✇❤✐❝❤ ❝❛s❡ ❛♥
♦♣❡♥✐♥❣ ✈♦rt❡① r❡❛tt❛❝❤❡s t♦ t❤❡ ✉♣♣❡r ♦r ❧♦✇❡r ✇❛❧❧✳ ❙♦✱ ✐♥❝r❡❛s✐♥❣ t❤❡ ✐♥❞❡♥t❛t✐♦♥ ❢r❡q✉❡♥❝②
♣♦st♣♦♥❡s ✢♦✇ r❡❛tt❛❝❤♠❡♥t t♦ ❤✐❣❤❡r ❘❡②♥♦❧❞s ♥✉♠❜❡rs✳ ❋♦r t❤❡ ❧❛r❣❡st ❛ss❡ss❡❞ ❘❡②♥♦❧❞s
♥✉♠❜❡rs d/b✲✈❛❧✉❡s ❢♦r ✉♥st❡❛❞② ✢♦✇ t❡♥❞s t♦ ❛ ❝♦♥st❛♥t ✈❛❧✉❡ ✇❤✐❝❤ ✐s ♥♦t ♦❜s❡r✈❡❞ ❢♦r
st❡❛❞② ✢♦✇✳ ❚❤❡ r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡ r❡❛tt❛❝❤♠❡♥t ❧❡♥❣t❤ d/l ❛♥❞ t❤❡ ❘❡②♥♦❧❞s ♥✉♠❜❡r
Re ✐s ♣r♦♣♦rt✐♦♥❛❧ ❢♦r Re < Resc ♦r ✐♥✈❡rs❡❧② ♣r♦♣♦rt✐♦♥❛❧ Re > Resc ❢♦r st❡❛❞② ✢♦✇✳ ❋♦r
✉♥st❡❛❞② ✢♦✇ ♦♥❧② t❤❡ ✐♥✈❡rs❡❧② ♣r♦♣♦rt✐♦♥❛❧ r❡❧❛t✐♦♥s❤✐♣ ✐s r❡tr✐❡✈❡❞ ❢♦r Re > Reuc ✳ ❚❤❡
✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ♦s❝✐❧❧❛t✐♥❣ ❣❡♦♠❡tr② ❛♥❞ t❤❡ r❡s✉❧t✐♥❣ ♦♣❡♥✐♥❣ ✈♦rt❡① ✐s ♣♦✐♥t❡❞ ♦✉t s✐♥❝❡
d/b ∼ 1/F ❛♥❞ Reuc ∼ F ✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡ ✈❛❧✉❡s ❛♥❞ t❤❡ r❛♥❣❡ ♦❢ t❤❡ ❝r✐t✐❝❛❧ ❘❡②♥♦❧❞s



❇✳✹✳ ❋❧♦✇ r❡❛tt❛❝❤♠❡♥t ❞♦✇♥str❡❛♠ ❢r♦♠ ❛ s②♠♠❡tr✐❝❛❧ ✐♥❞❡♥t❛t✐♦♥ ✶✼✾

a b c

d e f

g h i

❋✐❣✉r❡ ❇✳✾ ✕ ❊①❡♠♣❧❛r② s♠♦❦❡ ♣❛tt❡r♥s ❢r♦♠ ❝❧♦s✉r❡ ✭❛✮ t♦ ❝❧♦s✉r❡ ✭✐✮ ❢♦r F = 4.2❍③✱
h = 2♠♠✱ Re = 88 ❛♥❞ NW = 44✳

♥✉♠❜❡rs ❢♦r ✉♥st❡❛❞② ✢♦✇ ❛r❡ ✐♥❝r❡❛s❡❞ ❝♦♠♣❛r❡❞ t♦ st❡❛❞② ✢♦✇✱ ✐✳❡✳ Reuc > Resc ❢♦r ✜①❡❞
❛♣❡rt✉r❡ h✳ ◆❡✈❡rt❤❡❧❡ss✱ t❤❡ ✜♥❞✐♥❣s r❡❧❛t❡❞ t♦ t❤❡ ❢r❡q✉❡♥❝② ❞❡♣❡♥❞❡♥❝❡ ♥❡❡❞ t♦ ❜❡ r❡❡✈❛✲
❧✉❛t❡❞ ❛♥❞ ❡①t❡♥❞❡❞ t♦ ❤✐❣❤❡r ♦s❝✐❧❧❛t✐♦♥s ❢r❡q✉❡♥❝✐❡s s✐♥❝❡ ♣r❡s❡♥t❡❞ r❡s✉❧ts s✉❣❣❡st t❤❛t t❤❡
❢r❡q✉❡♥❝② ✐♥✢✉❡♥❝❡ r❡❞✉❝❡s ❛s t❤❡ ❢r❡q✉❡♥❝② ✐s ✐♥❝r❡❛s❡❞✳ ▼♦r❡♦✈❡r✱ ✈❛❧✉❡s ❢♦r ✉♥st❡❛❞② ✢♦✇
r❡❛tt❛❝❤♠❡♥t ❛r❡ ♦❜t❛✐♥❡❞ ❛t ♠❛①✐♠✉♠ ❛♣❡rt✉r❡ ✐♥ ♦r❞❡r t♦ ❝♦♠♣❛r❡ ✇✐t❤ st❡❛❞② ✢♦✇ r❡s✉❧ts✳
❖❜✈✐♦✉s❧②✱ ✐t ✐s ♦❢ ✐♥t❡r❡st t♦ ❝♦♥s✐❞❡r ✢♦✇ r❡❛tt❛❝❤♠❡♥t ❞②♥❛♠✐❝s ❞✉r✐♥❣ t❤❡ ♦s❝✐❧❧❛t✐♦♥ ❝②❝❧❡✳

◆♦ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ ❡①✐st✐♥❣ r❡s✉❧ts r❡♣♦rt❡❞ ✐♥ ❧✐t❡r❛t✉r❡ ✐s ♠❛❞❡ ❢♦r ✉♥st❡❛❞② ✢♦✇ ❞✉❡
t♦ t❤❡ ❧❛❝❦ ♦❢ ❞❛t❛ ❢♦r s②♠♠❡tr✐❝❛❧ ❡①♣❛♥s✐♦♥ ❣❡♦♠❡tr✐❡s✳ ▼♦r❡♦✈❡r ❛s ✐♥❞✐❝❛t❡❞ ✐♥ ❚❛❜❧❡ ❇✳✸
✉♥st❡❛❞② ✢♦✇ ✐s ♠♦st❧② ❞✉❡ t♦ ❛♥ ♦s❝✐❧❧❛t✐♥❣ ♦♥❝♦♠✐♥❣ ✢♦✇ s♦ t❤❛t ♥♦ ✈❛♥✐s❤✐♥❣ ♠❡❛♥ ✢♦✇
♦r ❝♦♠♣❧❡t❡ ❝❧♦s✉r❡ ✐s ❝♦♥s✐❞❡r❡❞✳ ❆s s✉❝❤✱ t❤❡ ❝✉rr❡♥t st✉❞②✱ ❛❧t❤♦✉❣❤ ❧✐♠✐t❡❞✱ ❝♦♥tr✐❜✉t❡s
t♦ ❛ ❧❡ss ❡①♣❧♦r❡❞ ✜❡❧❞ ♦❢ ✉♥st❡❛❞② ✢♦✇ r❡❛tt❛❝❤♠❡♥t✳

Pr❡s❡♥t❡❞ ✜♥❞✐♥❣s ❢♦r t❤❡ r❡❛tt❛❝❤♠❡♥t ❞✐st❛♥❝❡ d/b ❢♦r st❡❛❞② ✢♦✇ ❛r❡ ❞✐s❝✉ss❡❞ ✇✐t❤
r❡s♣❡❝t t♦ ♦❜s❡r✈❛t✐♦♥s r❡♣♦rt❡❞ ✐♥ ❧✐t❡r❛t✉r❡ ❬❆◆❘❉✾✼✱ ❇❚▲▼✾✼✱ ❉r✐✾✼✱ ❋▼❈✾✵✱ ❚❲✵✽✱
❲❛❤✵✼✱ ❙♦❜✽✺❪✳ ◆♦ s②♠♠❡tr✐❝ ✢♦✇ r❡❛tt❛❝❤♠❡♥t ✐s ♦❜s❡r✈❡❞ ✐♥ t❤❡ ❝✉rr❡♥t st✉❞② ❢♦r t❤❡
r❛♥❣❡ 40 < Re < 3000 s♦ t❤❛t t❤❡ s②♠♠❡tr② ❜r❡❛❦❞♦✇♥ ♦❢ r❡❛tt❛❝❤♠❡♥t ❧❡♥❣t❤s ❛❧♦♥❣ ✉♣♣❡r
❛♥❞ ❧♦✇❡r ✇❛❧❧ ♦❝❝✉rs ❢♦r ❝r✐t✐❝❛❧ ❘❡②♥♦❧❞s ♥✉♠❜❡rs Rec ❧❡ss t❤❛♥ ✹✵✱ ✐✳❡✳ Rec < 40✳ ❚❤✐s
✜♥❞✐♥❣ ❝♦♥✜r♠s t❤❡ ♦❜s❡r✈❛t✐♦♥ ✐♥ ❧✐t❡r❛t✉r❡ t❤❛t ❛♥ ✐♥❝r❡❛s❡❞ ❡①♣❛♥s✐♦♥ r❛t✐♦ s❤✐❢ts t❤❡



✶✽✵ ❆♥♥❡①❡ ❇✳ ■♥✢✉❡♥❝❡ ❞❡ ❧❛ ❝♦♥str✐❝t✐♦♥ s✉r ❧✬❛ér♦❛❝♦✉st✐q✉❡

❚❆❇▲❊❆❯ ❇✳✸ ✕ ❖✈❡r✈✐❡✇ ♦❢ ❡①✐st✐♥❣ ❛♥❞ ❝✉rr❡♥t r❡s✉❧ts ❢♦r ✢♦✇ r❡❛tt❛❝❤♠❡♥t d/b

❞♦✇♥str❡❛♠ ❢r♦♠ ❛ s②♠♠❡tr✐❝❛❧ t✇♦✲❞✐♠❡♥s✐♦♥❛❧ ❡①♣❛♥s✐♦♥ ❣❡♦♠❡tr② ❢♦r st❡❛❞② ❛♥❞ ✉♥s✲
t❡❛❞② ✢♦✇ ❝♦♥❞✐t✐♦♥s✳ ❯♥st❡❛❞② r❡s✉❧ts ❛r❡ ♦❜t❛✐♥❡❞ ❛t ♠❛①✐♠✉♠ ❛♣❡rt✉r❡ y(t) = h✳ ❬✶✕
✻❪❂❬❆◆❘❉✾✼✱ ❇❚▲▼✾✼✱ ❉r✐✾✼✱ ❋▼❈✾✵✱ ❚❲✵✽✱ ❲❛❤✵✼❪✳

❙t✉❞② ●❡♦♠❡tr② ❍✴❤ ❋❧♦✇ d/b Re
(s,u)
c

❝✉rr❡♥t ❝✐r❝✉❧❛r 6 ≤ H/h ≤ 17 st❡❛❞② 2 ≤ d/b ≤ 6.5 90 < Resc < 285

✐♥❞❡♥t❛t✐♦♥ ∼ h ∼ 1/h

40 > Rec
❝✉rr❡♥t ❝✐r❝✉❧❛r 6 ≤ H/h ≤ 17 ✉♥st❡❛❞② 1 ≤ d/b ≤ 5 115 < Reuc < 530

✐♥❞❡♥t❛t✐♦♥ 0.76 ≤ F ≤ 4.2❍③ ∼ h ∼ 1/h

♦s❝✐❧❧❛t✐♥❣ ❣❡♦♠❡tr② ∼ 1/F ∼ F

❬✶✕✻❪ ✾✵➦st❡♣ H/h ≤ 8 st❡❛❞② 1 < d/b < 8 160 > Rec > 25

∼ 1/h ∼ h

❬❙♦❜✽✺❪ ✾✵➦st❡♣ H/h ≤ 3 st❡❛❞② 4 < d/b < 11 80 > Rec > 50

✹✺➦st❡♣
❬❙♦❜✽✺❪ ✾✵➦st❡♣ H/h ≤ 3 ✉♥st❡❛❞② ✲ ✲

✹✺➦st❡♣ 0.5 ≤ F ≤ 2.5❍③ ✲ ✲
♦s❝✐❧❧❛t✐♥❣ ✢♦✇

s②♠♠❡tr② ❜r❡❛❦❞♦✇♥ t♦ ❧♦✇❡r ❝r✐t✐❝❛❧ ❘❡②♥♦❧❞s ♥✉♠❜❡rs Rec✳ ❚❤❡ ❡①♣❡r✐♠❡♥t❛❧❧② ♦❜s❡r✈❡❞
❝r✐t✐❝❛❧ ✈❛❧✉❡s ❢♦r st❡❛❞② ✢♦✇ Resc ❛r❡ ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ ♠❛①✐♠✉♠ r❡❛tt❛❝❤♠❡♥t ❧❡♥❣t❤
❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ tr❛♥s✐t✐♦♥ ♦❢ t❤❡ ❧❛♠✐♥❛r t♦ t✉r❜✉❧❡♥t ✢♦✇ r❡❣✐♠❡ ✇❤✐❝❤ ❡①♣❧❛✐♥s t❤❡
r❡✈❡rs❛❧ ♦❢ t❤❡ ❘❡②♥♦❧❞s ♥✉♠❜❡r ❞❡♣❡♥❞❡♥❝❡ ❛t Resc✳ ❈♦♥s❡q✉❡♥t❧②✱ ✐♥❝r❡❛s✐♥❣ t❤❡ ❡①♣❛♥s✐♦♥
r❛t✐♦ H/h ❡①t❡♥❞s t❤❡ ❧❛♠✐♥❛r ✢♦✇ r❡❣✐♠❡ ♠❡❛s✉r❡❞ ❜② t❤❡ ♦❜s❡r✈❡❞ ✈❛❧✉❡s ♦❢ Resc✳ ◆♦t❡
t❤❛t ❢♦r ✉♥st❡❛❞② ✢♦✇✱ r❡❛tt❛❝❤♠❡♥t ♦❜s❡r✈❡❞ ❢♦r y(t) = h ✐s ❛ss♦❝✐❛t❡❞ ✇✐t❤ t❤❡ t✉r❜✉❧❡♥t
✢♦✇ r❡❣✐♠❡ s✐♥❝❡ d/b ∼ 1/Re ❢♦r Re > Reuc ✳ ❚❤❡ ❢♦✉♥❞ t❡♥❞❡♥❝② ❢♦r t❤❡ ♥♦r♠❛❧✐s❡❞
r❡❛tt❛❝❤♠❡♥t ❧❡♥❣t❤ d/b ∼ h✱ ♦❜s❡r✈❡❞ ❢♦r ❜♦t❤ st❡❛❞② ❛♥❞ ✉♥st❡❛❞② ✢♦✇✱ ✐s r❡✈❡rs❡❞
❝♦♠♣❛r❡❞ t♦ d/b ∼ 1/h r❡♣♦rt❡❞ ✐♥ ❧✐t❡r❛t✉r❡✳ ■t ✐s ♥♦t✐❝❡❞ t❤❛t t❤❡ ✐♥❧❡t ❣❡♦♠❡tr② ♦❢ t❤❡
❝✐t❡❞ st✉❞✐❡s ❝♦♥s✐sts ♦❢ ❛ r✐❣❤t ❛♥❣❧❡❞ s✉❞❞❡♥ ❡①♣❛♥s✐♦♥ ♦❢ ✾✵➦✱ ✇❤❡r❡❛s t❤❡ ✐♥❧❡t ❣❡♦♠❡tr②
♦❢ t❤❡ ♥♦③③❧❡ ✉♥❞❡r st✉❞② ❝♦♥s✐sts ♦❢ ❛ r♦✉♥❞❡❞ ✐♥❞❡♥t❛t✐♦♥ ❢♦r ✇❤✐❝❤ t❤❡ ❧❡♥❣t❤ t♦ ❤❡✐❣❤t
r❛t✐♦✱ 1.8 ≤ D/h ≤ 5✱ ✐s r❛t❤❡r s♠❛❧❧ ❝♦♠♣❛r❡❞ t♦ t❤❡ ✐♥❧❡t ❧❡♥❣t❤ t♦ ❤❡✐❣❤t r❛t✐♦ ♦❢ t❤❡ ❝✐t❡❞
❡①♣❡r✐♠❡♥t❛❧ st✉❞✐❡s✳ ❖❜✈✐♦✉s❧②✱ t❤❡ ✐♥❧❡t ❣❡♦♠❡tr② ✇✐❧❧ ❞❡t❡r♠✐♥❡ t❤❡ ✐♥✐t✐❛❧ ✈❡❧♦❝✐t② ♣r♦✜❧❡
♦❢ t❤❡ ❥❡t✳ ■♥ ❛ ♥✉♠❡r✐❝❛❧ st✉❞② ❬❲❛❤✵✼❪ ❛ str♦♥❣ ✐♥❝r❡❛s❡ ♦❢ Rec ✐s ❢♦✉♥❞ ✐♥ ❝❛s❡ t❤❡ ✐♠♣♦s❡❞
✐♥❧❡t ♣r♦✜❧❡ ✐s ✉♥✐❢♦r♠ ✐♥st❡❛❞ ♦❢ ♣❛r❛❜♦❧✐❝ ❢♦r ❛❧❧ ❛ss❡ss❡❞ ❡①♣❛♥s✐♦♥ r❛t✐♦s 2 ≤ H/h ≤ 8✳
❚❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ❡①♣❛♥s✐♦♥ ❣❡♦♠❡tr② ♦♥ t❤❡ ❝r✐t✐❝❛❧ ❘❡②♥♦❧❞s ♥✉♠❜❡r Rec ❛♥❞ t❤❡
r❡❛tt❛❝❤♠❡♥t ❧❡♥❣t❤ d/b ✐s ❡①♣❡r✐♠❡♥t❛❧❧② s❤♦✇♥ ✐♥ ❬❙♦❜✽✺❪ ✇❤❡r❡ ❜♦t❤ ✾✵➦❛♥❞ ✹✺➦❡①♣❛♥s✐♦♥
❛♥❣❧❡s ❛r❡ ❡①♣❡r✐♠❡♥t❛❧❧② ❛ss❡ss❡❞✳ ❇♦t❤ d/b ❛s Rec ❛r❡ ❢♦✉♥❞ t♦ ✐♥❝r❡❛s❡ ❛s t❤❡ ❡①♣❛♥s✐♦♥
❛♥❣❧❡ ✐s ❞❡❝r❡❛s❡❞✳ ■t ✐s ❡✈✐❞❡♥t t❤❛t ❜♦t❤ t❤❡ ✐♥✐t✐❛❧ ✈❡❧♦❝✐t② ♣r♦✜❧❡ ❛s t❤❡ ❡①♣❛♥s✐♦♥ ❣❡♦♠❡tr②
♦❢ t❤❡ ❝✉rr❡♥t ❣❡♦♠❡tr② ❝♦♥tr✐❜✉t❡ t♦ t❤❡ s❤✐❢t ✐♥ Rec✳ ❚❤❡ ✉s❡ ♦❢ ❛ r♦✉♥❞❡❞ ❝♦♥str✐❝t❡❞
r❡❣✐♦♥ ✐♠♣❧✐❡s ❛ s❡♣❛r❛t✐♦♥ ♣♦✐♥t✱ s✐t✉❛t❡❞ ✇✐t❤✐♥ t❤❡ ❝♦♥str✐❝t✐♦♥ ❬❈❱❍P❲✵✽✱ ❱❍❈P✵✾❪✱



❇✳✹✳ ❋❧♦✇ r❡❛tt❛❝❤♠❡♥t ❞♦✇♥str❡❛♠ ❢r♦♠ ❛ s②♠♠❡tr✐❝❛❧ ✐♥❞❡♥t❛t✐♦♥ ✶✽✶

✇❤♦s❡ ❡①❛❝t ❧♦❝❛t✐♦♥ ❞❡♣❡♥❞s ♦♥ t❤❡ ❘❡②♥♦❧❞s ♥✉♠❜❡r Re✳ ❋♦❧❧♦✇✐♥❣ ✢♦✇ s❡♣❛r❛t✐♦♥✱ ❛♥
❛s②♠♠❡tr✐❝❛❧ ✢♦✇ ✐s ❧✐❦❡❧② t♦ ❜❡ ❞❡✈❡❧♦♣❡❞ ✐♥s✐❞❡ t❤❡ ❝♦♥str✐❝t❡❞ ♣♦rt✐♦♥ ❢♦r st❡❛❞② ✢♦✇
❝♦♥❞✐t✐♦♥s ✐♥ ❛❝❝♦r❞❛♥❝❡ ✇✐t❤ t❤❡ ❈♦❛♥❞❛ ❡✛❡❝t✳ ■t ✐s s✉❣❣❡st❡❞ t❤❛t t❤✐s ❛s②♠♠❡tr② ✐♥ t❤❡
✢♦✇ ♣r♦✜❧❡ ❝♦♥tr✐❜✉t❡s t♦ t❤❡ ❛❜s❡♥❝❡ ♦❢ ❛ s②♠♠❡tr✐❝ ✢♦✇ ❞♦✇♥str❡❛♠ ❢r♦♠ t❤❡ ❝♦♥str✐❝✲
t✐♦♥ ❢♦r st❡❛❞② ✢♦✇ ✐♥ t❤❡ ❛ss❡ss❡❞ r❛♥❣❡ ♦❢ ❘❡②♥♦❧❞s ♥✉♠❜❡rs ❛s ✇❡❧❧ ❛s t♦ ❛ s❤♦rt❡♥❡❞
r❡❛tt❛❝❤♠❡♥t ❧❡♥❣t❤ d/b ❝♦♠♣❛r❡❞ t♦ ✈❛❧✉❡s r❡♣♦rt❡❞ ✐♥ ❧✐t❡r❛t✉r❡✳ ❈♦♥s❡q✉❡♥t❧②✱ ♣r♦♣♦s❡❞
r❡❧❛t✐♦♥s❤✐♣s ❢♦r d/h(Re)✱ s✉❝❤ ❛s ❛ ❧✐♥❡❛r ❝♦rr❡❧❛t✐♦♥ ❬❙▼❱✽✻✱ ❲❛❤✵✼❪✱ ❛r❡ ♥♦t ✈❛❧✐❞ ❢♦r t❤❡
st✉❞✐❡❞ ❣❡♦♠❡tr②✳

■♥ ❝♦♥❝❧✉s✐♦♥✱ t❤❡ ❝✉rr❡♥t ❡①♣❡r✐♠❡♥t❛❧ ✢♦✇ ✈✐s✉❛❧✐s❛t✐♦♥ st✉❞② ♣♦✐♥ts ♦✉t t❤❡ s❡✈❡r❡
✐♥✢✉❡♥❝❡ ♦❢ t❤❡ s②♠♠❡tr✐❝❛❧ ❡①♣❛♥s✐♦♥ ❣❡♦♠❡tr② ♦♥ ✢♦✇ r❡❛tt❛❝❤♠❡♥t ❢♦r st❡❛❞② ❛♥❞ ✉♥st❡❛❞②
✢♦✇✳ ▲❛r❣❡ ❡①♣❛♥s✐♦♥ r❛t✐♦s ❛r❡ st✉❞✐❡❞ ❢♦r ❛ s❤♦rt r♦✉♥❞❡❞ s②♠♠❡tr✐❝❛❧ ✐♥❞❡♥t❛t✐♦♥ ❜❡❝❛✉s❡
♦❢ t❤❡ ❧❛❝❦ ♦❢ ❛✈❛✐❧❛❜❧❡ ❞❛t❛ ❞❡s♣✐t❡ ✐ts r❡❧❡✈❛♥❝❡ ❢♦r ❜✐♦✢✉✐❞s ❛♣♣❧✐❝❛t✐♦♥s✳ ❋♦r st❡❛❞② ✢♦✇
♥♦ s②♠♠❡tr✐❝❛❧ ✢♦✇ ♣❛tt❡r♥s ❛r❡ ♦❜s❡r✈❡❞ ✐♥ t❤❡ ❛ss❡ss❡❞ r❛♥❣❡ 40 < Re < 3000 ❛♥❞ t❤❡
r❡❧❛t✐♦♥s❤✐♣ ❜❡t✇❡❡♥ t❤❡ r❡❛tt❛❝❤♠❡♥t ❧❡♥❣t❤✱ t❤❡ ❘❡②♥♦❧❞s ♥✉♠❜❡r ❛♥❞ t❤❡ ❛♣❡rt✉r❡ ❛t t❤❡
✐♥❞❡♥t❛t✐♦♥ ❞❡s❝r✐❜❡❞ ✐♥ ❧✐t❡r❛t✉r❡ ❢♦r s②♠♠❡tr✐❝❛❧ s✉❞❞❡♥ ❝❤❛♥♥❡❧ ❡①♣❛♥s✐♦♥s ✇✐t❤ ❧♦✇❡r
❡①♣❛♥s✐♦♥ r❛t✐♦s ✐s s❤♦✇♥ ♥♦t t♦ ❤♦❧❞✳ ■♥ ❛❞❞✐t✐♦♥✱ ✢♦✇ r❡❛tt❛❝❤♠❡♥t ✐♥ ❝❛s❡ ♦❢ ✉♥st❡❛❞② ✢♦✇
❞✉❡ t♦ ❛ s②♠♠❡tr✐❝❛❧ ♦s❝✐❧❧❛t✐♦♥ ♦❢ t❤❡ ✐♥❞❡♥t❛t✐♦♥ ✐♥✈♦❧✈✐♥❣ ❢✉❧❧ ❝❧♦s✉r❡ ✐s ❞✐s❝✉ss❡❞✳ ❚❤❡
✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ♦♣❡♥✐♥❣ ✈♦rt❡① ♦♥ t❤❡ ♦❝❝✉rr❡♥❝❡ ♦❢ ✢♦✇ r❡❛tt❛❝❤♠❡♥t ✐s s❤♦✇♥ s✐♥❝❡✱ ✉♥❧✐❦❡
❢♦r st❡❛❞② ✢♦✇✱ ✢♦✇ r❡❛tt❛❝❤♠❡♥t ❢♦r ✉♥st❡❛❞② ✢♦✇ ❞♦❡s ♥♦t ♦❝❝✉r ❜❡❧♦✇ ❛ ❝r✐t✐❝❛❧ ❘❡②♥♦❧❞s
♥✉♠❜❡r✳ ■♥ ❛❞❞✐t✐♦♥✱ t❤❡ ✐♥✢✉❡♥❝❡ ♦❢ t❤❡ ♦s❝✐❧❧❛t✐♦♥ ❢r❡q✉❡♥❝② ♦♥ t❤❡ r❡❛tt❛❝❤♠❡♥t ❧❡♥❣t❤ ❛♥❞
❝r✐t✐❝❛❧ ❘❡②♥♦❧❞s ♥✉♠❜❡r ✐s s❤♦✇♥✳ ❋✐♥❛❧❧②✱ ♣r❡s❡♥t❡❞ r❡s✉❧ts ❡♥❝♦✉r❛❣❡ ❢✉rt❤❡r ❡①♣❡r✐♠❡♥t❛❧
❛♥❞ ♠♦❞❡❧❧✐♥❣ st✉❞✐❡s t♦ q✉❛♥t✐❢② ❛♥❞ ✐♥❝r❡❛s❡ t❤❡ ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ ✢♦✇ r❡❛tt❛❝❤♠❡♥t ❢♦r ❧❡ss
st✉❞✐❡❞ ❣❡♦♠❡tr✐❝❛❧ ❛♥❞ ✢♦✇ ❝♦♥❞✐t✐♦♥s✳





❆♥♥❡①❡ ❈

❈❛❧✐❜r❛t✐♦♥ ❡t ❝❛r❛❝tér✐s❛t✐♦♥ ❞❡s
✐♥str✉♠❡♥ts ❞❡ ♠❡s✉r❡

❈✳✶ ❈❛❧✐❜r❛t✐♦♥ ❞✉ ♠✐❝r♦♣❤♦♥❡ ❇✫❑ t②♣❡ ✹✶✾✷

▲❡ ♠✐❝r♦♣❤♦♥❡ ❇✫❑ t②♣❡ ✹✶✾✷✱ ✉t✐❧✐sé ❞❛♥s ❝❡tt❡ t❤ès❡✱ ♣♦rt❡ ❧❡ ♥✉♠ér♦ ❞❡ sér✐❡ ✷✶✶✹✺✷✽✳
❙❛ ré♣♦♥s❡ ❢réq✉❡♥t✐❡❧❧❡ ❡st ♣❧❛t❡ s✉r ✉♥❡ ❧❛r❣❡ ❣❛♠♠❡ ❢réq✉❡♥t✐❡❧❧❡✱ ❡♥tr❡ ✶✵❍③ ❡t ✷✵❦❍③
✭✜❣✉r❡ ❈✳✶✮✳ ■❧ ❡st ♥é❛♥♠♦✐♥s r❡❝♦♠♠❛♥❞é ❞❡ r❡❝❛❧✐❜r❡r ✉♥ ♠✐❝r♦♣❤♦♥❡ ❞❡ ❝❡ t②♣❡ t♦✉s ❧❡s s✐①
♠♦✐s ❡♥✈✐r♦♥✱ ❧❛ s❡♥s✐❜✐❧✐té ❞✉ ♠✐❝r♦♣❤♦♥❡ ♣♦✉✈❛♥t ✈❛r✐❡r ❧é❣èr❡♠❡♥t ❛✉ ❝♦✉rs ❞✉ t❡♠♣s✳ ▲❛
têt❡ ❞❡ ♠❡s✉r❡ ❞❡ ❝❡ ♠✐❝r♦♣❤♦♥❡ ♣❡r♠❡t ❞❡ tr❛♥s❢♦r♠❡r ✉♥❡ ♣r❡ss✐♦♥ ❛❝♦✉st✐q✉❡ ✭♣❛s❝❛❧s✮ ❡♥
t❡♥s✐♦♥ é❧❡❝tr✐q✉❡ ✭✈♦❧ts✮✳ ❆✜♥ ❞❡ ♣♦✉✈♦✐r ❝♦♥♥❛îtr❡ ❧❛ ✈❛❧❡✉r ❡♥ ♣❛s❝❛❧s ❞✉ s✐❣♥❛❧ ❛❝♦✉st✐q✉❡✱ ✐❧
❡st ♥é❝❡ss❛✐r❡ ❞❡ ❞ét❡r♠✐♥❡r ❧❡ ❢❛❝t❡✉r ❞❡ ❝❛❧✐❜r❛t✐♦♥ q✉✐ ♣❡r♠❡t ❞❡ ❝♦♥✈❡rt✐r ❧❡s ✈♦❧ts ♠❡s✉rés
❡♥ ♣❛s❝❛❧s✳ ▲❛ ♣r♦❝é❞✉r❡ ❞❡ ❝❛❧✐❜r❛t✐♦♥ ❢❛✐t ✐♥t❡r✈❡♥✐r ❧❡ ❝❛❧✐❜r❛t❡✉r ❇✫❑ t②♣❡ ✹✷✸✶✳ ❆♣rès
❛✈♦✐r ♣❧❛❝é ❧❡ ♠✐❝r♦♣❤♦♥❡ à ❝❛❧✐❜r❡r ❞❛♥s ❧✬❡♠♣❧❛❝❡♠❡♥t ❛❞éq✉❛t✱ ❧❡ ❝❛❧✐❜r❛t❡✉r ❞é❧✐✈r❡✱ ❛♣rès
♠✐s❡ ❡♥ ♠❛r❝❤❡✱ ✉♥ s✐❣♥❛❧ ❞❡ ✶P❛ ❘▼❙ ✭✾✹❞❇ ❙P▲✮ ❡♥ ❝❤❛♠♣ ♣r♦❝❤❡✳ ■❧ ♣❡✉t é❣❛❧❡♠❡♥t
❞é❧✐✈r❡r ✉♥ ♥✐✈❡❛✉ ❞❡ ✶✶✹❞❇ ❙P▲ s✐ ❧✬♦♥ s♦✉❤❛✐t❡ t❡st❡r ❧❛ ❧✐♥é❛r✐té ❞✉ ♠✐❝r♦✳ ❉✬❛♣rès s❛
❞♦❝✉♠❡♥t❛t✐♦♥✱ ❝❡ s✐❣♥❛❧ ❡st éq✉✐✈❛❧❡♥t à ✉♥ s✐❣♥❛❧ ❞❡ ✾✸✳✽✺❞❇ ❙P▲ ❡♥ ❝❤❛♠♣ ❧♦✐♥t❛✐♥✳ ▲❡
s✐❣♥❛❧ ❞✉ ♠✐❝r♦♣❤♦♥❡ ❡st ❡♥s✉✐t❡ ❡♥✈♦②é ❞❛♥s ✉♥ ❛♠♣❧✐✜❝❛t❡✉r ❇✫❑ t②♣❡ ✺✾✸✺✲▲✱ ♣✉✐s ❞❛♥s
✉♥❡ ❝❛rt❡ ❞✬❛❝q✉✐s✐t✐♦♥ ◆■ ❇◆❈✷✵✾✵✳ ▲❡ ❣❛✐♥ ❞❡ ❧✬❛♠♣❧✐✜❝❛t❡✉r ❞♦✐t êtr❡ ♣r✐s ❡♥ ❝♦♠♣t❡ ❞❛♥s ❧❛
❝❛❧✐❜r❛t✐♦♥✳ ▲❡ ❝❛❧❝✉❧ ❞✉ ❝♦❡✣❝✐❡♥t ❞❡ ❝❛❧✐❜r❛t✐♦♥ s❡ ❢❛✐t ❣râ❝❡ à ✉♥ ♣r♦❣r❛♠♠❡ ▲❛❜❱■❊❲✱ q✉✐
❝❛❧❝✉❧❡ ✉♥ ❝♦❡✣❝✐❡♥t ♣♦✉r ❧❡ ❝❤❛♠♣ ♣r♦❝❤❡ ❡t ✉♥ ❝♦❡✣❝✐❡♥t ♣♦✉r ❧❡ ❝❤❛♠♣ ❧♦✐♥t❛✐♥✳ ■❧ ré❝✉♣èr❡✱
à ♣❛rt✐r ❞❡ ❧❛ ♠❡s✉r❡ ❢❛✐t❡ ❣râ❝❡ ❛✉ ❞✐s♣♦s✐t✐❢ ❞é❝r✐t ♣ré❝é❞❡♠♠❡♥t✱ ✉♥❡ ✈❛❧❡✉r ❡♥ P❛✴❱ q✉✐
♣❡r♠❡t ❧❛ ❝♦♥✈❡rs✐♦♥ ❞✉ s✐❣♥❛❧ é❧❡❝tr✐q✉❡ à ❧❛ s♦rt✐❡ ❞✉ ♠✐❝r♦♣❤♦♥❡ ✭❛✈❛♥t ❧✬❛♠♣❧✐✜❝❛t❡✉r✮ ❡♥
s✐❣♥❛❧ ❛❝♦✉st✐q✉❡✳

❈✳✷ ❆♥é♠♦♠étr✐❡ ✜❧♠ ❝❤❛✉❞ à t❡♠♣ér❛t✉r❡ ❝♦♥st❛♥t❡

❈✳✷✳✶ Pr✐♥❝✐♣❡ ❞❡ ❢♦♥❝t✐♦♥♥❡♠❡♥t ❡t ❝❛❧✐❜r❛t✐♦♥

▲❡ ❝✐r❝✉✐t é❧❡❝tr✐q✉❡ ❞✬✉♥❡ s♦♥❞❡ ✜❧♠✲❝❤❛✉❞ ❡st s❝❤é♠❛t✐q✉❡♠❡♥t ✐❧❧✉stré s✉r ❧❛ ✜❣✉r❡
❈✳✸❜✳ ❙♦♥ ♣r✐♥❝✐♣❡ ♣❡✉t êtr❡ rés✉♠é ❝♦♠♠❡ s✉✐t ✿ ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ ❧❛ s♦♥❞❡ Tf ✱ ❝✬❡st✲à✲
❞✐r❡ ❧❛ rés✐st❛♥❝❡ RW ❡st ♠❛✐♥t❡♥✉❡ ❝♦♥st❛♥t❡✳ ❙✐ ❧❛ s♦♥❞❡ ❡st ❡①♣♦sé❡ à ✉♥❡ ✢✉❝t✉❛t✐♦♥
❞✬é❝♦✉❧❡♠❡♥t✱ ❧❛ rés✐st❛♥❝❡ RW ✈❛r✐❡✱ ❝❡ q✉✐ ♣r♦✈♦q✉❡ ✉♥❡ ✈❛r✐❛t✐♦♥ ❞❡ ❧❛ t❡♥s✐♦♥ Eb ❡♥tr❡

✶✽✸



✶✽✹ ❆♥♥❡①❡ ❈✳ ❈❛❧✐❜r❛t✐♦♥ ❡t ❝❛r❛❝tér✐s❛t✐♦♥ ❞❡s ✐♥str✉♠❡♥ts ❞❡ ♠❡s✉r❡

❋✐❣✉r❡ ❈✳✶ ✕ ❘é♣♦♥s❡ ❢réq✉❡♥t✐❡❧❧❡ ❞✉ ♠✐❝r♦♣❤♦♥❡ ❇✫❑ ✹✶✾✷ ✭❡①tr❛✐t ❞♦❝✉♠❡♥t❛t✐♦♥ ❇rü❡❧
❛♥❞ ❑❥❛❡r✮

❧❡s ❡♥tré❡s ❞❡ ❧✬❛♠♣❧✐✜❝❛t❡✉r A✱ ❡t ❞♦♥❝ ❧❡ ❝♦✉r❛♥t s♦rt❛♥t ❞❡ rétr♦❛❝t✐♦♥ I ♠♦❞✐✜❡ ❧❛ t❡♥s✐♦♥
❞✉ ♣♦♥t ❞❡ ❲❤❡❛tst♦♥❡ E✳ ❙✐ ❧❛ t❡♠♣ér❛t✉r❡ ❞✉ ✢✉✐❞❡ r❡st❡ ❝♦♥st❛♥t❡✱ ❧❛ ❝♦♠♣♦s❛♥t❡ ❧♦❝❛❧❡
✭❞❛♥s ❧❛ ❞✐r❡❝t✐♦♥ ❞❡ ❧❛ s♦♥❞❡✮ ♣❡✉t ❛❧♦rs êtr❡ ❡st✐♠é❡ à ♣❛rt✐r ❞❡ ❧❛ t❡♥s✐♦♥ E✳ ▲❛ ♣r♦❝é❞✉r❡
❞❡ ❝❛❧✐❜r❛t✐♦♥ ❞❡s s♦♥❞❡s ✜❧♠ ❝❤❛✉❞ ✉t✐❧✐sé❡s ❡st ❞é❝r✐t❡ ❡♥ ❞ét❛✐❧s ❞❛♥s ❧❡s ré❢ér❡♥❝❡s ❬●❱P✶✵❪
❡t ❬●❋❲❱✶✷❪✳

❈✳✷✳✷ ■♥❝❡rt✐t✉❞❡s ❡①♣ér✐♠❡♥t❛❧❡s

▲❡s ✐♥❝❡rt✐t✉❞❡s ❡①♣ér✐♠❡♥t❛❧❡s ✐♥❤ér❡♥t❡s ❛✉ ♣r♦t♦❝♦❧❡ ✜❧♠ ❝❤❛✉❞ s♦♥t ♣ré❝✐sé❡s ❞❛♥s ❧❡
t❛❜❧❡❛✉ ❈✳✶✳ ❊①❝❡♣té ❧❡ ❝♦♠♣r❡ss❡✉r✱ ❧✬❡♥s❡♠❜❧❡ ❞✉ ❞✐s♣♦s✐t✐❢ ❡st s✐t✉é ❛✉ ♠✐❧✐❡✉ ❞✬✉♥❡ s❛❧❧❡
❝♦♥✜♥é❡ ❛✜♥ ❞✬é✈✐t❡r t♦✉t❡ ♣❡rt✉r❜❛t✐♦♥ s✉r ❧✬é❝♦✉❧❡♠❡♥t ♠❡s✉ré✳ ▲❛ t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡ ❞❡
❧❛ s❛❧❧❡ ❡st ré❣✉❧é❡ ❛✈❛♥t ❝❤❛q✉❡ ♠❡s✉r❡ ❣râ❝❡ à ✉♥ s②stè♠❡ ❞✬❛✐r ❝♦♥❞✐t✐♦♥♥é ✭s✐t✉é ❛✉ ♣❧❛❢♦♥❞
❞❡ ❧❛ s❛❧❧❡✮ ❛✜♥ ❞❡ ♠✐♥✐♠✐s❡r ❧❡s ✈❛r✐❛t✐♦♥s ❞❡ t❡♠♣ér❛t✉r❡ ❞✉ ✢✉✐❞❡✳ ❯♥❡ ❢♦✐s ❧❛ t❡♠♣ér❛t✉r❡
❛♠❜✐❛♥t❡ ❞❡ ré❢ér❡♥❝❡ Ta,r = 21.5➦❈ ❛tt❡✐♥t❡ ❬❑❖✼✸❪✱ ❧❡ s②stè♠❡ ❞✬❛✐r ❝♦♥❞✐t✐♦♥♥é ❡st ♠❛♥✉❡❧✲
❧❡♠❡♥t ❝♦✉♣é ❛✈❛♥t ❝❤❛q✉❡ ♠❡s✉r❡ ♣♦✉r é✈✐t❡r q✉❡ ❝❡ ❞❡r♥✐❡r ♥❡ ♣❡rt✉r❜❡ ❧✬é❝♦✉❧❡♠❡♥t ❞✉r❛♥t
❧❛ ♠❡s✉r❡✱ ♣❛r ❧❡ ♣r♦❝❡ss✉s ❞❡ ❝❧✐♠❛t✐s❛t✐♦♥✳ P♦✉r ♣r❡♥❞r❡ ❡♥ ❝♦♠♣t❡ ❧❛ ❞ér✐✈❡ t❤❡r♠✐q✉❡ ♥❛✲
t✉r❡❧❧❡ ❞❡ t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡ ❞❡ ❧❛ s❛❧❧❡ ✭♣❛r r❛♣♣♦rt à ❧❛ t❡♠♣ér❛t✉r❡ ❞❡ ré❢ér❡♥❝❡✮✱ ✐❧ ❡st
♥é❝❡ss❛✐r❡ ❞❡ s②sté♠❛t✐q✉❡♠❡♥t ♥♦t❡r ❝❡tt❡ t❡♠♣ér❛t✉r❡ Ta à ❧❛ ✜♥ ❞❡ ❝❤❛q✉❡ ♠❡s✉r❡✱ ❡t ❞❡
❝♦rr✐❣❡r ❡♥s✉✐t❡ ❧❡s t❡♥s✐♦♥s ♠❡s✉ré❡s Emes ♣❛r ❧❡ ✜❧♠ ❝❤❛✉❞ à ❧✬❛✐❞❡ ❞❡ ❧❛ ❢♦r♠✉❧❡ ❞❡ ❑❛♥❡✈❝❡
❡t ❖❦❛ ❬❑❖✼✸❪ ✿

Ecorr = Emes

√

Tf − Ta,r
Tf − Ta

✭❈✳✶✮

❙✐ ❝❡tt❡ ❞ér✐✈❡ t❤❡r♠✐q✉❡ ♥✬❡st ♣❛s ♣r✐s❡ ❡♥ ❝♦♠♣t❡✱ ❧✬❡rr❡✉r r❡❧❛t✐✈❡ ❝♦♠♠✐s❡ ♣❡✉t ❛tt❡✐♥❞r❡
✷✪ ✭❝❢✳ ✜❣✉r❡ ❈✳✷❛✮✳ ▲✬❛♥é♠♦♠étr✐❡ ✜❧♠ ❝❤❛✉❞ ❡st ✉♥❡ t❡❝❤♥✐q✉❡ ❞♦♥t ❧❛ ♠✐s❡ ❡♥ ÷✉✈r❡ ❡st
r❡❧❛t✐✈❡♠❡♥t s✐♠♣❧❡✱ ♠❛✐s ❞♦♥t ❧❛ ♣r♦❝é❞✉r❡ ❞❡ ❝❛❧✐❜r❛t✐♦♥ ❞❡ ❧❛ s♦♥❞❡ ✜❧♠ ❝❤❛✉❞ s✬❛✈èr❡
❞é❧✐❝❛t❡ ❡t r❡q✉✐❡rt ✉♥❡ ❛tt❡♥t✐♦♥ t♦✉t❡ ♣❛rt✐❝✉❧✐èr❡✳ P♦✉r ❡✛❡❝t✉❡r ❝❡tt❡ ♣r♦❝é❞✉r❡ ❞❡ ❝❛❧✐❜r❛✲
t✐♦♥✱ ♥♦✉s ❛✈♦♥s ❛♣♣❧✐q✉é ❧❛ ♠ét❤♦❞❡ ❞❡ ●r❛♥❞❝❤❛♠♣ ❬●❱P✶✵❪✱ ❛❞❛♣té❡ ❛✉① é❝♦✉❧❡♠❡♥ts à



❈✳✷✳ ❆♥é♠♦♠étr✐❡ ✜❧♠ ❝❤❛✉❞ à t❡♠♣ér❛t✉r❡ ❝♦♥st❛♥t❡ ✶✽✺
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−1.4196*X

4
+23.1051*X

3
+−71.521*X

2
+84.8327*X+−35.7626

✭❜✮

❋✐❣✉r❡ ❈✳✷ ✕ ✭❛✮ ❊rr❡✉r r❡❧❛t✐✈❡ ❝♦♠♠✐s❡ s✉r ❧❛ t❡♥s✐♦♥ ♠❡s✉ré❡ ♣❛r ❧❡ ✜❧♠ ❝❤❛✉❞ ❡♥ ♥❡
♣r❡♥❛♥t ♣❛s ❡♥ ❝♦♠♣t❡ ❧❛ ❞ér✐✈❡ t❤❡r♠✐q✉❡ ❞❡ ❧❛ t❡♠♣ér❛t✉r❡ ❛♠❜✐❛♥t❡ ❞❡ ❧❛ s❛❧❧❡ ❞✬❡①♣é✲
r✐♠❡♥t❛t✐♦♥✳ ✭❜✮ ❊①❡♠♣❧❡ ❞❡ ❝♦✉r❜❡ ♣♦❧②♥ô♠✐❛❧❡ ❞❡ ❝❛❧✐❜r❛t✐♦♥ ♦❜t❡♥✉❡ ♣❛r ✐♥t❡r♣♦❧❛t✐♦♥
❞❡s ♣♦✐♥ts ❞❡ ♠❡s✉r❡ ❡♥ s✉✐✈❛♥t ❧❛ ♣r♦❝é❞✉r❡ ❞❡ ●r❛♥❞❝❤❛♠♣ ❬●❱P✶✵❪ ✭×✮✱ ♣♦✉r ❧❛ s♦♥❞❡
✜❧♠ ❝❤❛✉❞ ♥➦✶✺✲✶✺ ✭♣♦❧②♥ô♠❡ ❞❡ ❝❛❧✐❜r❛t✐♦♥ ✐♥❞✐q✉é ❡♥ ❤❛✉t✱ ❝♦❡✣❝✐❡♥t ❞❡ ❞ét❡r♠✐♥❛t✐♦♥
r2 = 0.99✮✳

✭❛✮

✭❜✮

❋✐❣✉r❡ ❈✳✸ ✕ ✭❛✮ ❋✐❧♠ ❝❤❛✉❞ ♠♦❞è❧❡ ❚❙■ ✶✷✵✶✲✷✵ ✭t✐ré ❞✉ s✐t❡ ✐♥t❡r♥❡t ❞❡
❚r✉st ❙❝✐❡♥❝❡ ■♥♥♦✈❛t✐♦♥ ✿ ❤tt♣✿✴✴✇✇✇✳ts✐✳❝♦♠✴✉♣❧♦❛❞❡❞❋✐❧❡s✴Pr♦❞✉❝t❴■♥❢♦r♠❛t✐♦♥✴

▲✐t❡r❛t✉r❡✴❈❛t❛❧♦❣s✴❍♦t✇✐r❡❴❈❛t❛❧♦❣❴✷✾✽✵✹✻✺✳♣❞❢✮✳ ✭❜✮ ❘❡♣rés❡♥t❛t✐♦♥ ❞✉ ❝✐r❝✉✐t é❧❡❝✲
tr✐q✉❡ ❞✬✉♥ ❛♥é♠♦♠ètr❡ à t❡♠♣ér❛t✉r❡ ❝♦♥st❛♥t❡ ✭t✐ré ❞❡ ❬▲❡❦✾✻❪✮✳

http://www.tsi.com/uploadedFiles/Product_Information/Literature/Catalogs/Hotwire_Catalog_2980465.pdf
http://www.tsi.com/uploadedFiles/Product_Information/Literature/Catalogs/Hotwire_Catalog_2980465.pdf


✶✽✻ ❆♥♥❡①❡ ❈✳ ❈❛❧✐❜r❛t✐♦♥ ❡t ❝❛r❛❝tér✐s❛t✐♦♥ ❞❡s ✐♥str✉♠❡♥ts ❞❡ ♠❡s✉r❡

❚❆❇▲❊❆❯ ❈✳✶ ✕ ■♥❝❡rt✐t✉❞❡s ❡①♣ér✐♠❡♥t❛❧❡s ✐♥❤ér❡♥t❡s ❛✉ ♣r♦❝♦t♦❧❡ ✜❧♠ ❝❤❛✉❞ ✉t✐❧✐sé ✭♠ê♠❡
♣r♦t♦❝♦❧❡ q✉❡ ❞❛♥s ❬●❱P✶✵❪✮

■♥str✉♠❡♥t P❧❛❣❡ ❞❡ ♠❡s✉r❡ ■♥❝❡rt✐t✉❞❡

❉é❜✐t ✈♦❧✉♠✐q✉❡ ❚❙■ ✹✵✹✵ ✾✲✸✵✵▲✴♠✐♥ ±2✪
❚❡♠♣ér❛t✉r❡ ❞✉ ✢✉✐❞❡ ❚❙■ ✹✵✹✵ ✷✵✲✷✺➦ ±1➦

❚❡♠♣ér❛t✉r❡ ❞❡ ❧❛ s❛❧❧❡ ❖❚❆❳ ✹✷✶✵✵✶ ✷✵✲✷✺➦ ±0.2➦

Pr❡ss✐♦♥ ❞✉ ✢✉✐❞❡ ❚❙■ ✹✵✹✵ ✾✼✲✶✶✺❦P❛ ±1❦P❛
❙②stè♠❡ ❞✬❛❝q✉✐s✐t✐♦♥ ◆■ P❈■✲▼■❖✲✶✻❳❊✲✶✵ ±10❱ ±72.3➭❱

r❡❧✐é à ❚❙■ ■❋❆ ✸✵✵
❱✐t❡ss❡ ✐♥st❛♥t❛♥é❡ ❚❙■ ✶✷✵✶✲✷✵ > 1.4♠✴s < 1%

❘❡②♥♦❧❞s ♠♦❞érés✱ rés✉♠é❡ ❡♥ ❛♥♥❡①❡ ❈✳ P❛r ❡①❡♠♣❧❡✱ ♣♦✉r ❧✬✉♥❡ ❞❡s s♦♥❞❡s q✉❡ ♥♦✉s ❛✈♦♥s
✉t✐❧✐sé❡s ✭♥✉♠ér♦ ✶✺✲✶✺✮✱ ♥♦✉s ❛✈♦♥s ♦❜t❡♥✉❡s ❧❛ ❝♦✉r❜❡ ♣♦❧②♥ô♠✐❛❧❡ ❞❡ ❝❛❧✐❜r❛t✐♦♥ ✭❞❡ ❞❡❣ré✮
✐❧❧✉stré❡ s✉r ❧❛ ✜❣✉r❡ ❈✳✷❜✳ ▲✬❡rr❡✉r r❡❧❛t✐✈❡ ♠❛①✐♠❛❧❡ ❝♦♠♠✐s❡ ❡♥ ♠❡s✉r❛♥t ❛✈❡❝ ❝❡tt❡ s♦♥❞❡
❡st ✐♥❢ér✐❡✉r❡ à ✼✪ ♣♦✉r ❞❡s ✈✐t❡ss❡s s✉♣ér✐❡✉r❡s à ✷♠✴s✳ ▲❡ ❞ét❛✐❧ ❞✉ ❝❛❧❝✉❧ ❞❡ ❝❡tt❡ ❡rr❡✉r
❡st ❡①♣❧✐❝✐té ❞❛♥s ❧✬❛♥♥❡①❡ ❈✱ ❡t ✐❧❧✉stré s✉r ❧❛ ✜❣✉r❡ ❈✳✹ ❞❛♥s ❝❡tt❡ ♠ê♠❡ ❛♥♥❡①❡✳

▼✐s à ♣❛rt ❧✬❡rr❡✉r ❡①♣ér✐♠❡♥t❛❧❡✱ ♥♦✉s ❡✛❡❝t✉♦♥s ✉♥❡ ❛♥❛❧②s❡ st❛t✐st✐q✉❡ ❛✜♥ ❞✬❡st✐♠❡r
❧✬❡rr❡✉r ❝♦♠♠✐s❡ s✉r ❧❛ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ❡t ❧✬✐♥t❡♥s✐té t✉r❜✉❧❡♥t❡ ♠❡s✉ré❡s à ❝❤❛q✉❡ ♣♦s✐t✐♦♥
❞❡ ❧❛ s♦♥❞❡✱ ❡♥ t❡♥❛♥t ❝♦♠♣t❡ ❞❡ ❧❛ ❢réq✉❡♥❝❡ ❞✬é❝❤❛♥t✐❧❧♦♥♥❛❣❡ ❡t ❞❡ ❧❛ ❞✉ré❡ ❞✬❛❝q✉✐s✐✲
t✐♦♥ ❬●r❛✵✾✱ ●❋❲❱✶✷❪✳ ▲✬❡rr❡✉r st❛t✐st✐q✉❡ ❞é❝♦✉❧❡ ❞✬✉♥❡ ❞é❝♦♠♣♦s✐t✐♦♥ ❞❡ ❘❡②♥♦❧❞s ❡t ❞✬✉♥❡
❤②♣♦t❤ès❡ ❞❡ ❞✐str✐❜✉t✐♦♥ ❣❛✉ss✐❡♥♥❡ ❝❡♥tré❡ s✉r ③ér♦ ♣♦✉r ❧❛ ♣❛rt✐❡ ✢✉❝t✉❛♥t❡✱ ♣♦✉r ❧❛q✉❡❧❧❡
❧❛ ✈❛r✐❛♥❝❡ ❡st ❞✐r❡❝t❡♠❡♥t r❡❧✐é❡ à ❧✬✐♥t❡♥s✐té t✉r❜✉❧❡♥t❡ Tu✳ ▲✬❡rr❡✉r st❛t✐st✐q✉❡ ❝♦♠♠✐s❡ s✉r
❧❛ ✈✐t❡ss❡ ♠♦②❡♥♥❡ ❡st✐♠é❡ ❡st

ǫU =
u′√
2Nind

, ✭❈✳✷✮

❡t ❧✬❡rr❡✉r ❝♦♠♠✐s❡ s✉r ❧✬✐♥t❡♥s✐té t✉r❜✉❧❡♥t❡ ❡st

ǫTu =
U2

2Nind
, ✭❈✳✸✮

❛✈❡❝ Nind ❧❡ ♥♦♠❜r❡ ❞✬é❝❤❛♥t✐❧❧♦♥s ❞❡ ✈✐t❡ss❡ ✐♥st❛♥t❛♥é❡ ✐♥❞é♣❡♥❞❛♥ts ❬❇●✾✻❪✳ ▲❡ ♥♦♠❜r❡
❞✬é❝❤❛♥t✐❧❧♦♥s ✐♥❞é♣❡♥❞❛♥ts ❡st ❛♣♣r♦①✐♠é ♣❛r ❧❡ r❛♣♣♦rt ❡♥tr❡ ❧❛ ❞✉ré❡ ❞✬❛❝q✉✐s✐t✐♦♥ T ✭✸✵s✮
❡t ❧❡ t❡♠♣s ❞✬✐♥té❣r❛t✐♦♥ Tc ♣♦✉r ❧❛ s❡❝t✐♦♥ r❡❝t❛♥❣✉❧❛✐r❡ WH✱ Tc ≈ H

Ud
✱ ❝✬❡st✲à✲❞✐r❡

Nind ≈
N

2Tc
≈ NQ

2WH2
. ✭❈✳✹✮

P♦✉r ❞❡s ♥✐✈❡❛✉① ❞✬✐♥t❡♥s✐té t✉r❜✉❧❡♥t❡ ❞❡ ✷✵ ❡t ✺✵✪ ✭♣❛r ❡①❡♠♣❧❡✮ ❡t ❞❡s ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s
❝♦♠♣r✐s ❡♥tr❡ ✶✵ ❡t ✷✽✸✽✱ ♥♦✉s ♦❜t❡♥♦♥s ❧❡s ❝♦✉r❜❡s ❞✬❡rr❡✉r r❡❧❛t✐✈❡ s✉r ❧❛ ✈✐t❡ss❡ ♣rés❡♥té❡s



❈✳✸✳ ❈❤❛♠❜r❡s ❞❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t ❛ér♦❛❝♦✉st✐q✉❡ ✶✽✼
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❋✐❣✉r❡ ❈✳✹ ✕ ❊rr❡✉r r❡❧❛t✐✈❡ ♠❛①✐♠❛❧❡ ❝♦♠♠✐s❡ s✉r ❧❛ ✈✐t❡ss❡ U ❛✈❡❝ ❧❛ s♦♥❞❡ ✜❧♠✲❝❤❛✉❞
ré❢ér❡♥❝é❡ ✶✺✶✺

s✉r ❧❡s ✜❣✉r❡s ❈✳✺❛ ❡t ❈✳✺❜ ❞❛♥s ❧✬❛♥♥❡①❡ ❈✳ ▲❡s ❡rr❡✉rs r❡❧❛t✐✈❡s ♦❜t❡♥✉❡s s♦♥t r❡s♣❡❝t✐✈❡♠❡♥t
✐♥❢ér✐❡✉r❡s à ✵✳✷✪ ❡t ✵✳✺✪ ♣♦✉r ❧❡s ❞❡✉① ♥✐✈❡❛✉① ❞✬✐♥t❡♥s✐té t✉r❜✉❧❡♥t❡ ❝♦♥s✐❞érés✳

▲✬❡rr❡✉r r❡❧❛t✐✈❡ ♠❛①✐♠❛❧❡ ❡st é✈❛❧✉é❡ ❡♠♣✐r✐q✉❡♠❡♥t ♣❛r ❝❛❧❝✉❧ ❞❡ ❧❛ ♠♦②❡♥♥❡ Ē ❡t ❞❡
❧✬é❝❛rt✲t②♣❡ σE ❞❡ ❧❛ t❡♥s✐♦♥ ♠❡s✉ré❡ ♣♦✉r ❝❤❛q✉❡ ❞é❜✐t ❞❡ ❝❛❧✐❜r❛t✐♦♥ ✭❞✉r❛♥t ✻✵s✮✱ ❡♥ ❝♦♠✲
♣❛r❛♥t ❛✈❡❝ ❧❡s ✈❛❧❡✉rs ❞❡ ✈✐t❡ss❡ ❞❡ ré❢ér❡♥❝❡ Uref (Q) ♣♦✉r ❝❤❛q✉❡ ❞é❜✐t ❢♦✉r♥✐❡s ♣❛r ●r❛♥❞✲
❝❤❛♠♣✳

ǫU = 100 · |a| ✭❈✳✺✮

❈✳✸ ❈❤❛♠❜r❡s ❞❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t ❛ér♦❛❝♦✉st✐q✉❡

▲❡s ❝❤❛♠❜r❡s ❞❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t ❛ér♦❛❝♦✉st✐q✉❡ ✉t✐❧✐sé❡s ♣♦✉r ❧❡s ❡①♣ér✐❡♥❝❡s ❛ér♦❛❝♦✉s✲
t✐q✉❡s ❞❡ ❝❡tt❡ t❤ès❡ s♦♥t ❜r✐è✈❡♠❡♥t ♣rés❡♥té❡s ❝✐✲❞❡ss♦✉s✳ ▲❡s ❝❛r❛❝tér✐st✐q✉❡s ❞❡ r❡♠♣❧✐ss❛❣❡
❡t ✈✐❞❛❣❡ ♣♦✉r ❧❛ ❝❤❛♠❜r❡ ❡♥ ♣❧❡①✐❣❧❛s s♦♥t ✐❧❧✉stré❡s s✉r ❧❛ ✜❣✉r❡ ❈✳✼✳ ▲❛ ❝♦✉r❜❡ ❞✬ét❛♥❝❤é✐té
❞❡ ❧❛ ❝❤❛♠❜r❡ ❡♥ ❜♦✐s ❡t ❧❡s ❝♦♥st❛♥t❡s ❞❡ t❡♠♣s ✭❡♥ r❡♠♣❧✐ss❛❣❡✴✈✐❞❛❣❡✮ ❞❡s ❞✐✛ér❡♥t❡s
❝❤❛♠❜r❡s ❞❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t s♦♥t r❡s♣❡❝t✐✈❡♠❡♥t ✐❧❧✉stré❡s s✉r ❧❡s ✜❣✉r❡s ❈✳✽ ❡t ❈✳✾✳
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✭❜✮

❋✐❣✉r❡ ❈✳✺ ✕ ❊rr❡✉r r❡❧❛t✐✈❡ ❝♦♠♠✐s❡ s✉r ❧❛ ✈✐t❡ss❡ s♦✉s ❧✬❤②♣♦t❤ès❡ ❞✬✉♥ ♥♦♠❜r❡ ❞✬é❝❤❛♥✲
t✐❧❧♦♥s ❞❡ ✈✐t❡ss❡ ✐♥st❛♥t❛♥é❡ ✐♥❞é♣❡♥❞❛♥ts Nind = N

2Tc
♣♦✉r ❞✐✛ér❡♥ts ♥♦♠❜r❡s ❞❡ ❘❡②♥♦❧❞s

❡t ♥✐✈❡❛✉① ❞✬✐♥t❡♥s✐té t✉r❜✉❧❡♥t❡ Tu ✿ ✭❛✮ ✷✵✪ ❀ ✭❜✮ ✺✵✪✳

✭❛✮ ❈❤❛♠❜r❡ ❡♥ ❜♦✐s ✭❜✮ ❈❤❛♠❜r❡ ❡♥ ❞✉r❛❧ ✭❝✮ ❈❤❛♠❜r❡ ❡♥ ♣❧❡①✐❣❧❛s

❋✐❣✉r❡ ❈✳✻ ✕ ❈❤❛♠❜r❡s ❞❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t ❛ér♦❛❝♦✉st✐q✉❡s
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✭❜✮ ✸✵▲✴♠✐♥

❋✐❣✉r❡ ❈✳✼ ✕ ❊①❡♠♣❧❡s ❞❡ ❝♦✉r❜❡s t❡♠♣♦r❡❧❧❡s ❞❡ r❡♠♣❧✐ss❛❣❡✴✈✐❞❛❣❡ ❞❡ ❧❛ ❝❤❛♠❜r❡ ❞❡
❝♦♥❞✐t✐♦♥♥❡♠❡♥t ❡♥ ♣❧❡①✐❣❧❛s
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Q

outlet
 = 0.45*Q

inlet
 + 2.3

❋✐❣✉r❡ ❈✳✽ ✕ ❈♦✉r❜❡ ❞✬ét❛♥❝❤é✐té ❞❡ ❧❛ ❜♦✐t❡ ❞❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t ❡♥ ❜♦✐s ❞✉ ❞✐s♣♦s✐t✐❢ ❞✬❛♥é✲
♠♦♠étr✐❡ ✜❧♠ ❝❤❛✉❞
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boite dural III − R
boite dural III − V
boite dural IV − R
boite dural IV − V
boite plexiglas − R
boite plexiglas − V

❋✐❣✉r❡ ❈✳✾ ✕ ❈♦♥st❛♥t❡s ❞❡ t❡♠♣s ❞❡s ❝❤❛♠❜r❡s ❞❡ ❝♦♥❞✐t✐♦♥♥❡♠❡♥t ❛ér♦❛❝♦✉st✐q✉❡
✭❘❂r❡♠♣❧✐ss❛❣❡ ❀ ❱❂✈✐❞❛❣❡✮





❆♥♥❡①❡ ❉

◆♦t❡ t❡❝❤♥✐q✉❡ ♣❛r✉❡ ❞❛♥s ❧❛ r❡✈✉❡
❆♣♣❧✐❡❞ ❆❝♦✉st✐❝s ✭✷✵✶✷✮
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a b s t r a c t

A non-expensive insulation box for aero-acoustic experiments at moderate Reynolds numbers

Re < 2 � 104 and low Mach numbers M < 0.2 is presented. Its performance is evaluated with particular

attention to unwanted noise sources inherent to the flow facility. Objective acoustic parameters of the

insulation box are assessed.

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The current technical note results from the need to perform

aero-acoustic experiments in an ordinary laboratory room

equipped with a flow facility. The flow facility consists of com-

pressed air circulating in a uniform tube with diameter 1 cm for

which the volume flow rate can be imposed by means of a pressure

regulator (Norgren type 11-818-987) and a manual valve. The oil-

injected rotary screw compressor (Copco GA7) is isolated in a sep-

arated room. The geometries and volume flow rates of interest are

such that studied flows are characterised by moderate Reynolds

numbers Re < 2 � 104 and low Mach numbers M < 0.2. Sound fre-

quencies of interest are less than 10 kHz.

The presence of the pressure regulator and airflow circuit in the

room is a source of constant broadband background noise, which

cannot be filtered out using basic signal processing techniques

since it affects all frequencies. Additional constant noise sources

are due to the experimental procedure such as computers ventila-

tion noise during data acquisition. Besides unwanted noise sources

inherent to the airflow facility or experimental procedure, several

punctual and random unwanted noise sources are related to inside

activities of colleagues or outdoor activities of passengers or traffic.

Consequently, instead of isolating individual noise sources it has

been chosen to integrate a non-expensive experimental box in

the ordinary room which is suitable for aero-acoustic experiments

for flows in the range of interest and serves as an insulation room.

In the following, the design of the insulation box is outlined and

its performance is evaluated in terms of insulation and

quantitative objective acoustic parameters. The design of the box

is successful in case noise produced during aero-acoustic experi-

ments at moderate Reynolds and low Mach numbers can be stud-

ied in acceptable flow and acoustic conditions.

2. Design and instrumentation

The box is inserted in an ordinary room with no acoustical

treatment of volume 49.8 m3 and dimensions 4.45 � 4 � 2.80 m,

length �width � height. Due to the location of windows, entrance

door, space required for experimental material and instruments

(such as the settling chamber for flow experiments) and manufac-

turing issues, the external dimensions of the box are reduced to

2.07 � 2.10 � 2.14 m, length �width � height. A two-dimensional

spatial overview of the ordinary room and insulation box is given

in Fig. 1a.

The insulation box is built in rigid flat wooden fibre board insu-

lation panels with thickness 2.5 cm to which acoustic foam (SE50-

AL-ML, Elastomeres Solutions) with thickness 5 cm is added. The

foam consists out of a basis layer of PVC (polyvinyl chloride 5 kg/

m2) to which PU ether (polyurethane) is added. Therefore, the final

insulation panels of the insulation box are three layered – wood,

PVC, PU ether – with a total thickness of 7.5 cm as illustrated in

Fig. 1b. The foam absorbs frequencies in the range from 100 up

to 10 kHz which is ‘a priori’ suitable for broadband noise sources

such as pressure regulator and PC ventilator. The efficiency of the

acoustic foam depends on the noise frequencies. Characteristics

of the insulation box are summarised in Table 1.

Three trapdoors allow access for instrumentation cables. In

addition, trapdoors can be used to insert the nozzle to be studied.

Trapdoors are made of the same rigid wood panels as the box and
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have internal dimensions 20 � 20 cm, 20 � 20 cm and 70 � 70 cm.

The trapdoors are placed at middle panel height and their positions

are indicated in Fig. 1a. A wooden access door of internal dimen-

sions 70 � 200 cm (width � length) and thickness 4.5 cm, is in-

stalled to allow access inside the box for setting up the

instrumentation. Acoustic foam is added to trapdoors and access

door as well.

Besides insulation from outdoor noise sources, the presence of

acoustic foam intends to avoid acoustic volume resonance frequen-

cies which depend inversely upon the characteristic lengths of the

resonating volume, indicated Lx,y,z in Table 1.

Finally, note that, if required, the whole structure can be dis-

mounted and remounted.

3. Performance and discussion

In the following, the flow and acoustic performances of the

insulation box are evaluated for the aimed range of Reynolds and

Mach numbers.

3.1. Flow performance

Confinement is known to influence the flow [13,6]. The influ-

ence of the reduced volume of the box on the flow is studied for

a typical nozzle geometry of interest such as a free jet issuing from

a round nozzle with diameter d 6 25 mm [15]. The nozzle is placed

central in a wall panel so that the degree of confinement is similar

in all directions.

Jet development involves jet spreading. A spatial overview of

the geometrical maximal jet spreading angle h(x,y) is given as:

h
x

y

� �

¼ arctan
x

y

� �

; ð1Þ

with streamwise direction x and transverse direction y. The origin

(x = 0, y = 0) is taken at the centre of the nozzle’s exit. Based on a

typical value of d 6 25 mm and a far field expansion angle of

h = 9� it is seen that jet development can be studied in the near

and far field up to P80d [13]. Consequently, the dimensions of

the insulation box are satisfying with respect to jet development

experiments.

Besides jet spreading, confinement is known to affect momen-

tum conservation [13,6]. The momentum constraint M/M0 is ex-

pressed as:

M

M0

x

d

� �

¼ 1þ
16

pK2

x

d

� �2 A0

Ar

� ��1

; ð2Þ

with tube exit diameter d, tube exit area A0 ¼ 1
4
pd2

, jet centreline

distance downstream the tube exit x, Ar cross-sectional area of the

room at a given x/d-location, total momentumM0, local jet momen-

tum M and centreline decay constant K. Thus to first order, the local

momentum M in the jet-like part is diminished as x/d increases.

Therefore, Eq. (2) can be used to estimate the return of momentum

in the jet for given decay parameter and room size. A typical value

of the decay parameter for a nozzle with exit diameter d = 25 mm

yields K = 5.9 [15,5]. The two-dimensional cross-section of the box

yields Ar = 3.88 m2 using dimensions given in Table 1. The resulting

momentum constraint M/M0 is illustrated in Fig. 2. The streamwise

distance is expressed with respect to the streamwise length Lx in-

stead of to the nozzle diameter d, which facilitates interpretation

regardless of the diameter d. It is easily seen that for the cross-sec-

tion Ar a momentum loss in the jet smaller than 10%, 20% and 30%

corresponds to streamwise positions of 45%, 65% and 85% of the

streamwise length Lx. As a reference also values for half and twice

the cross-sectional area Ar are shown, indicating that the stream-

wise extent is increased with 20% for 2 � Ar and decreased with

about 15% for Ar/2. Consequently, the current dimensions are

judged to offer a good balance between cross-sectional area and

momentum constraint since for d 6 25 mm jet development can

be studied up to x/dP 36 for M/M0 P 0.9.

3.2. Acoustic performance

An omni directional microphone Bruel & Kjaer (type 4192) with

associated pre-amplifier (B&K 4165) and additional amplifier

(0 6 G 6 50 dB) and power supply (B&K 5935L) is used to perform

sound measurements in the untreated room and in the insulation
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Fig. 1. (a) Two-dimensional spatial overview of experimental room without acoustical treatment with entrance D0, room windows W, compressed air supply �, insulation

box (dashed rectangle) equipped with 3 trapdoors P and door access D1. (b) Illustration of a section of the three-layered insulation panel.

Table 1

Relevant insulation box characteristics. Internal dimensions correspond to length,

Lx � width, Ly � height, Lz. Corresponding values of the absorption coefficient of the

foam af for different frequency ranges are indicated [1].

Values and range

Internal dimensions Lx = 1.92 m, Ly = 1.95 m, Lz = 1.99 m

Internal volume, V 7.45 m3

Internal wall surface, S 22.9 m2

Absorbing foam 98% (af = 0.98) 2500 < F < 10,000 Hz

(Elastomeres Solutions) 80% (af = 0.8) 1000 < F < 2500 Hz

(SE50-AL-ML) <80% (af 6 0.8) 100 < F < 1000 Hz

(linear increase)

Wall thickness 7.5 cm
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box. Sounds are recorded during 10 s consecutively for steady

sources at 216 samples per second. The sensitivity of the micro-

phone is determined with a calibrator (B&K 4231).

3.2.1. Attenuation of external sources

The acoustic performance is firstly evaluated with respect to

unwanted noise sources which are inherent to the measurement

procedure and to the flow facility. Signals are high-pass filtered

with a fifth order Butterworth filter with cutoff frequency

100 Hz, so that the electrical network frequency of 50 Hz and

low frequency noises are excluded. In addition, attenuation below

100 Hz is expected to be insufficient due to the poor attenuation of

the foam as indicated in Table 1. All sound pressure levels are ex-

pressed in dB SPL as:

SPL ¼ 20log10

prms

pref

 !

; ð3Þ

where pref = 2 � 10�5 Pa and prms ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
N

PN
i¼1p

2
i

q

, with pi the ith instan-

taneous acoustic pressure out of N = 655,360 samples.

The attenuation of external noise sources is quantified using a

simple additive model for the sound pressure level so that an un-

wanted source is considered to have no influence in case the differ-

ence between wanted and unwanted source DdB is more than

25 dB.

The attenuation of background noises measured inside and out-

side the insulation box due to airflow supply (180 l/min and 110 l/

min) and PC usage is given in Table 2. In addition, the attenuation

of human conversational speech is shown. SPL-values measured in

the non-treated room are >80 dB for airflow supply, 68 dB for com-

puter usage and 70 dB for the voice sample. Recall that the SPL

level of the voice sample is within the range expected for human

conversational speech [11]. The value of computer usage and voice

are of the same order of magnitude whereas the SPL values mea-

sured for airflow supply are >10 dB larger, so that airflow supply

is the most important source of background noise during the mea-

surements. From Table 2 it is observed that corresponding attenu-

ated values measured in the insulation box approximate the

reference level of 36 dB. In addition, it is seen that all background

noise sources are attenuated with more than 25 dB. Consequently,

the attenuation of SPL for unwanted noise sources inherent to the

measurement procedure and airflow supply is satisfactory.

Next, the spectral attenuation of the insulation box is consid-

ered. Fig. 3 illustrates the attenuation with respect to the reference

level for unwanted noise sources inherent to the experimental pro-

cedure, i.e. airflow supply 110 l/min and PC usage. Both sources are

broadband noises for which the spectrum covers the entire fre-

quency domain when measured in the non-treated room. It is ob-

served that the corresponding spectra measured inside the

insulation box match the reference level for fP 300 Hz and that

for f < 300 Hz the difference with the reference level is less than

10 dB. Note that despite the approximately square shape of the

insulation box, the attenuation is independent of its acoustical

modes. Consequently, as for the attenuation in SPL, the spectral

attenuation of the insulation box for unwanted noise sources

inherent to the measurement procedure and airflow supply is

satisfying.

3.2.2. Acoustic behaviour

The homogeneity and reverberation time of the insulation box

are estimated.

A driver unit of a horn speaker (SHOW/SKY TU-100) is used as a

transducer for producing an arbitrary sound source. A cylindrical

cone is mounted to the driver unit in order to generate a point

source. Electrical signals are connected to a PC through a National

Instruments BNC-2090 Card and a National Instruments (PCI-MIO-

16XE-10) acquisition card. The sent/acquired data are processed

using LabView 8 (National Instruments). Sinusoidal signals are

fed to the driver unit. The frequencies of the sinusoidal signals

are varied between 100 and 10 kHz with frequency steps of

25 Hz. The sound power of the source for all frequencies yields

53 ± 3 dB SWL when assuming a point source.

In order to evaluate the homogeneity of the insulation box dif-

ferent microphone positions are considered for a fixed source loca-

tion in the centre of the box at a height of 18 cm above its floor.

Measurement positions are symmetrical around the source

0 0.2 0.4 0.6 0.8 1
0.4

0.5

0.6

0.7

0.8

0.9

1

M
/M

0

x/L
x

Ar

2 × Ar

Ar/2

Fig. 2. Momentum constraint M/M0(x/Lx) for d = 25 mm, K = 5.9 and Ar = 3.88 m2

(thick solid line), 2 � Ar (dashed line), Ar/2 (thin solid line).

Table 2

Performance of the insulation box for typical background noise due to the

measurement procedure: measured sound pressure levels (SPL) for air supply (180

and 110 l/min) and PC usage in the non-treated room (R) and in the insulation box (I).

Noise Measured SPL levels

Non-treated room

(SPLR)

Insulation box

(SPLI)

Attenuation

(SPLR � SPLI)

180 l/min 92 dB 36 dB >25 dB

110 l/min 82 dB 36 dB >25 dB

PC 68 dB 37 dB >25 dB

Voice 70 dB 38 dB >25 dB

Reference level 36 dB
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Fig. 3. Performance of the insulation box for typical background noises due to the

measurement procedure: Power Spectral Density (PSD) for 110 l/min air supply and

PC usage in the non-treated room (R) and in the insulation box (I).
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position at half-height of the room at a distance of 1.32 and 1.03 m

from the source as schematically indicated in Fig. 4.

The measured mean SPL levels as function of frequency for

microphone positions at a distance of 1.32 m from the source are gi-

ven in Fig. 5a and yield 41.7 ± 2.7 dB. The standard deviation for the

different positions is indicated as well. The maximum standard

deviation is less than 5 dB and its mean yields 1.7 dB corresponding

to 4% of themean dB value. Formeasurement positions at a distance

of 1.03 m, the general tendency of the curve is maintained. The

mean value for all frequencies increases to 43.0 ± 3.8 dB. In addi-

tion, the mean standard deviation for each frequency yields

1.5 dB corresponding to less than 4% of its mean value.

Consequently, the absorption coefficient varies depending on

the frequency whereas spatial homogeneity for a given frequency

has an accuracy of 4%. From the general tendency it is seen that

absorption is reduced for frequencies less than 2500 Hz which is

in accordance with the foam characteristics given in Table 1. In

addition, absorption is observed to be reduced around 8100 Hz.

Fig. 5b illustrates the modelled decay of a point source as a

function of distance r from the source [10,7]. As for experimental

data, the source strength is set to 53 ± 3 dB SWL. The decay is mod-

elled assuming uniform directivity as:

p2
rmsðW; S;a; rÞ ¼ qc

W

4pr2
þ
4Wð1� aÞ

aS

� �

; ð4Þ

with total wall surface S, averaged absorption coefficient a, source
power W and density of air q. The first term corresponds to the di-

rect field the point source and the second term indicates the diffuse

field. Recall that in (4) absorption due to air is neglected due to the

small volume of the insulation box, so that for the highest frequency

of 10 kHz the additional surface is less than 3% of S. Predicted dB SPL

values for 0.8 6 a 6 0.95 provide an accurate estimation for mea-

sured mean dB SPL values as illustrated in Fig. 5b for a = 0.9. Recall

that 0.8 6 a 6 0.95 is in accordance with Table 1 for f P 1000 Hz.

Corresponding reflection coefficients b are defined as b2 = 1 � a so

that 0.44P bP 0.22 holds.

The critical distance from the source rc(a) for which the diffuse

and direct field are of equal strength is estimated as:

rcðS;aÞ ¼
aS

16pð1� aÞ
: ð5Þ

The critical distance decreases rapidly with a, e.g. rc(a = 0.9) =

4.1 m, rc(a = 0.8) = 1.8 m and rc(a = 0.7) = 1.1 m, for a fixed value

of S corresponding to the insulation box given in Table 1. Conse-

quently, the sound field in the insulation box is not diffuse.

Nevertheless, the reverberation time Tr, i.e. the time required

for the sound pressure level to decrease by 60 dB [3,10], is esti-

mated experimentally from the measured impulse response h(t)

of a balloon burst, illustrated in Fig. 6, by means of the Schroeder

integral E(t) as [10]:
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Fig. 4. (a) Overview of the installation of source andmicrophone. Grids are removed during the measurements. (b) Spatial overview of 6 microphone positions (+) in the plane

corresponding to Lz/2 placed symmetrically around the central position of the point source (o labelled A) in the plane corresponding to 0.1 Lz. Positions B, D, E and G are at

1.32 m from the source and positions C and F are at 1.03 m from the source.
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Fig. 5. (a) Mean and standard deviation as function of frequency for the measured SPL resulting from 4 different microphone positions at 1.32 m from the source as function

of frequency f. The horizontal line indicates the background level. (b) Decay as function of distance d from source for a point source of 53 ± 3 dB SWL following (4) for a = 0.9.

The direct field (thin full line), diffuse field (horizontal line) and total field (thick full line) are indicated. Vertical dashed lines correspond to a distance of 1.03 and 1.32 m from

the source. Values of the total dB SPL corresponding to the measurement positions are indicated (�).
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EðtÞ ¼ 10log10

Z 1

t

h
2
ðsÞds

� �

; ð6Þ

Trm ¼ 60 dB
tð�35 dBÞ � tð�5 dBÞ

ð�5 dBÞ � ð�35 dBÞ
; ð7Þ

where t(�XdB) denotes the time when the energy decay E(t) has de-

creased to XdB below its start value. The resulting reverberation

time, estimated from 12 measured impulse responses, yields Trm
= 59 ± 10 ms. Denoting the measured mean value Trm ¼ 59 ms,

the impulse is modelled as:

^h2ðtÞ ¼ e
�13:8t

Trm
; ð8Þ

since 10log10(ĥ
2(t = Trm)) = �60 dB.

In order to validate the influence of the absorption coefficients

a(f), Fig. 7 illustrates the estimated Trm for each octave band in

the range from 89 Hz up to 22.5 kHz. The low frequency range

f 6 355 Hz, corresponding to the first two octave bands, is charac-

terised by large reverberation times Tr > 60 ms with high standard

deviation of 17%. For octave bands with f > 355 Hz, the mean Trm
and its standard deviation decreases gradually to reach

Trm(fP 1400 Hz) = 31 ± 2 ms and the standard deviation reduces

to 6%. For intermediate frequencies 355 < f < 1400 Hz, the reverber-

ation time varies in the range 30 < Trm (355 < f < 1400 Hz) < 60 ms.

The retrieved values are summarised in Table 3. For comparison,

estimations of the reverberation time by Sabine’s equation

TrsðV ; S;aÞ ¼
24Vlogð10Þ

caS [12], by Norris-Eyring theory Trne ¼ � 24Vlogð10Þ
cSlogð1�aÞ

[4] and by the image source method Trism (ISM) [2,8] are summa-

rised in Table 3 and indicated in Fig. 7. It is seen that Norris-Eyring

estimation of the reverberation time is a good approximation for

fP 1400 Hz and Sabine’s formulation can be used for low frequen-

cies 89 < f < 355 Hz. Moreover, for fP 1400 Hz the reverberation

time can be approximated by a constant value independent from

frequency.

Finally, the Schroeder frequency Fc [3,14,9],

Fc ¼ 2000

ffiffiffiffiffi

Tr

V

r

; ð9Þ

based on the estimated reverberation time 30 6 Tr 6 60 ms yields

125 6 Fc 6 180 Hz. Consequently, statistical models can be used

for fP Fc.

4. Conclusion

A non-expensive insulation box for aero-acoustic experiments

at low Mach and moderate Reynolds numbers is integrated in an

ordinary room equipped with air supply. Consequently, its design

is a compromise between flow and acoustic experimental needs
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Fig. 6. (a) Illustration of setup used to generate an impulse response in the insulation box due to a balloon burst. A trapdoor is used to cause the balloon burst without an

experimenter present. (b) Example of normalised measured impulse response h(t) (full line) and modelled impulse response ^hðtÞ ¼ e
�13:8t

Trm (dashed line). (c) Example of

Schroeder integral E(t) obtained from the measured (full line) and modelled (dashed line) impulse response.

Fig. 7. Estimated mean (�) and standard deviation (vertical error bars) of the

reverberation time Trm for each octave band in the range from 89 Hz up to 22.5 kHz.

The centre frequency of each band is indicated. For comparison also the averaged

measured Trm (thin full line), the averaged high-pass filtered Trm(fP 1400 Hz) (thin

dashed line), modelled Trs (thick dashed line) and modelled Trne (thick full line) are

indicated.

Table 3

Overview of predicted and measured reverberation times Tr. Modelled values are obtained for an averaged absorption coefficient in the range 0.8 6 a 6 0.95.

Symbol Method Value (ms) Main error Accuracy

Modelled Trs Sabine’s equation 61 ± 5 Small V, high a Overestimation

Trne Norris-Eyring 28 ± 5 Overestimation a Underestimation

Trism Image source method 25 ± 5 Overestimation a Underestimation

Measured Trm Impulse response 59 ± 10 Biased E(t) Overestimation

Filtered impulse response 31 ± 2 fP 1400 Hz High f

Total Tr 30 6 Tr 6 60 Order of magnitude
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as well as practical limitations. The main characteristics of the

insulation box can be summarised as follows:

� The insulation box has a volume of 7.45 m3 and a total surface

of 22.9 m2. Absorbing foam is used in order to provide absorp-

tion in the frequency range from 100 Hz up to 10 kHz. If needed,

the applied design allows the room to be displaced since it can

be dismounted and remounted.

� The influence of the confinement due to the box on the flow is

evaluated by considering jet development. It is seen that for the

aimed range of Reynolds and Mach numbers the influence is

negligible.

� The box insulates external broadband noises which are inherent

to the aero-acoustic experimental setup and procedure such as

noises due to the air supply regulation system and PC use.

� The homogeneity of measured dB SPL is estimated to have an

accuracy of 4% for all frequencies in the interval 100 Hz up to

10 kHz. An averaged absorption coefficient is estimated from

matching modelled and measured decay behaviour of a point

source to be 0.8 6 a 6 0.95, which is in the characteristic range

of the foam. The corresponding reflection coefficient varies in

the range 0.44P bP 0.22. The critical distance for this range

of absorption coefficients yields rc P 1.8 m and the predicted

reverberation time yields Trne(0.8 6 a 6 0.95) � 28 ± 5 ms.

� From the measured and modelled Tr values, it is seen that the

insulation box is characterised by a short reverberation time

in the range 30 6 Tr 6 60 ms, which can be approximated by a

constant value Tr � 31 ± 2 ms for frequencies fP 1400 Hz. The

associated Schroeder frequency yields 125 6 Fc 6 180 Hz.

Therefore, integration of the insulation box in an ordinary room

equipped with air supply enables to perform aero-acoustic exper-

iments at lowMach and moderate Reynolds numbers in acceptable

flow and acoustic conditions.
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Steady Laminar Axisymmetrical
Nozzle Flow at Moderate
Reynolds Numbers: Modeling
and Experiment
Flow through an axisymmetrical parameterized contraction nozzle of limited size with
area contraction ratio 21.8 and total length 6 cm is studied for moderate Reynolds num-
bers 300<Re< 20,200. The transverse flow profiles at the nozzle exit are characterized
by hot film anemometry for two different spatial step sizes. The flow at the exit is laminar
and uniform in its core. Boundary layer characteristics at the nozzle exit are estimated
from the transverse velocity profiles. Flow throughout the nozzle is modeled by imple-
menting Thwaites laminar axisymmetrical boundary layer solutions in an iterative algo-
rithm for which both universal functions, describing the shape factor and skin friction
parameters respectively, are altered by adding a constant. The value of the constants is
determined by fitting the modified universal functions to tabulated values reported in Ble-
vins (Blevins, R., 1992, Applied Fluid Dynamics Handbook. Krieger, Malabar, FL.). The
model is validated on the measured data. Adding nonzero constants to the universal func-
tions improves the prediction of boundary layer characteristics so that the range of Reyn-
olds numbers for which the discrepancy with experimental findings is less than 4% is
extended from Re> 3000 to Re> 1000. Therefore, the studied contraction nozzle is of
use for applications requiring a small nozzle with known low turbulence flow at the exit
such as moderate Reynolds number free jet studies or bio fluid mechanics (respiration,
speech production,…) and the flow at the exit of the nozzle can be accurately described
by a simple boundary layer algorithm for Re> 1000. [DOI: 10.1115/1.4005690]

1 Introduction

Studies dealing with wind tunnel design are multiple and require
to study the influence of the upstream geometry on the flow charac-
teristics at the inlet of a wind tunnel working section [1–9]. Besides
characterization of the exit profile of the nozzle, corresponding to
the inlet portion to the working section, attention is given to avoid
adverse pressure gradients along the nozzle walls in order to favor
low turbulence inflow to the working section. Despite the amount
of available literature most of the cited studies focus on wind tunnel
applications in aeronautics so that even low-speed wind tunnels
such as proposed in Ref. [4] are characterized by a typical exit di-
ameter of 3 m and Reynolds number of 1.3� 107. Consequently,
the nozzle design and associated flow conditions at the nozzle exit
reported in literature need to be validated for axisymmetrical inlet
nozzles for which the exit diameter is of order of centimeters and
for which the working range is limited to moderate Reynolds num-
bers of order 103. More recently, studies dealing with moderate
Reynolds number free axisymmetrical jet development issuing
from a contraction nozzle suggest that the velocity profile at the
exit exhibits the sought features of uniform core and low turbulence
level [10,11]. Nevertheless a thorough validation is necessary since
the mentioned studies (1) provide a poor description of the contrac-
tion nozzle such as [10] where a contraction nozzle with exit diam-
eter 4cm is mounted into a wall which is likely to alter results for
Reynolds numbers 850�Re� 6750 and/or (2) are limited to a
small range of Reynolds numbers such as in Ref. [11] where a sin-
gle Reynolds number Re¼ 16,000 is experimentally assessed for a
nozzle with exit diameter 14 mm and/or (3) uses commercially
available nozzles such as in Ref. [12] for which the design is fixed

and the smallest diameter is about 5 cm and for which flow features
are not maintained for Reynolds numbers lower than Re� 6500.

Therefore, the current study aims to provide an axisymmetric
contraction nozzle geometry based on the elegant parameterized
geometries developed for wind tunnels [3,4] and to quantify flow
features at the nozzle exit with respect to turbulence intensity and
uniformity in the center. Those features are required as inlet condi-
tions for experimental studies of free jets [10–12], aeroacoustics or
bio fluid mechanics (respiration, speech production, whizzle,…).
The mentioned examples of bio fluid mechanics are demanding
since airflow is characterized by Reynolds numbers Re< 20,200,
Mach number <0.2 and characteristic dimensions which are
smaller than the smallest commercially available nozzle. Conse-
quently, experimental validation of physical modeling of flow de-
velopment and aeroacoustic noise production in relation to the
vocal tract requires a tailored nozzle with known inlet conditions
for low to moderate Reynolds numbers. Obviously, known inflow
conditions can be simply obtained by inserting a pipe in the experi-
mental setup in order to ensure fully developed Poiseuille flow.
Nevertheless, for the aimed range of Reynolds numbers the
required pipe length results in a long experimental setup (orders of
meters [13–15] compared to order of centimeters for the length of
an adult vocal tract [16–18]). In addition, pipe flow results in turbu-
lence levels of 5% which is high compared to the level expected at
the exit of a contraction nozzle [10,11,19,20]. Consequently, pipe
flow is not suitable in case a short nozzle with low turbulence
inflow is aimed. Instead, a short contraction nozzle is sought based
on the parameterized geometries and design criteria proposed in
Refs. [3,4].

In order to quantify flow properties at the nozzle exit experimen-
tally, the transverse velocity profile at the exit of the axisymmetri-
cal contraction nozzle is measured by hot-film anemometry from
which the flow at the nozzle exit is characterized and boundary
layer characteristics are derived [19–22]. In addition, the influence
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of the transverse spatial step on the estimated boundary layer char-
acteristics is assessed.

Besides an experimental validation it is sought to model the flow
properties at the nozzle exit and to validate the outcome on the
measured quantities. In addition, flow modeling can be used to
assess the variation of geometrical nozzle parameters on the flow
properties at the nozzle exit and to describe the flow throughout the
nozzle. Since a flow with uniform center and low turbulence inten-
sity is aimed, it is appropriate to apply laminar boundary layer
theory. A simple and accurate model [19,20,22] is provided by
Thwaites laminar axisymmetrical boundary layer solution [23–25].
The accuracy of the model is further increased by implementation
in an iterative algorithm. Thwaites method exploits a functional
relationship between Thwaites parameter and the boundary layer
shape factor and skin friction parameter which varies as function of
flow and geometrical conditions and is expressed either by tabu-
lated values, e.g., [1] or by universal functions, e.g., [22]. Conse-
quently, validation of the model results should take into account
different functional relationships. In order to do so, it is proposed to
alter the universal functions describing the shape factor and skin
friction parameter by adding a constant to each function. The value
of the constants is determined by fitting the modified universal
functions to the tabulated values [1].

In the following, the nozzle geometry is motivated. Next,
Thwaites laminar boundary layer solution is outlined, the modi-
fied universal functions are introduced and the iterative algorithm
is detailed. In the following section, the experimental setup is
described and the measured flow profiles at the nozzle exit are
characterized. Next, the flow throughout the nozzle is modeled
and experimental and modeled flow results are compared. Finally,
main findings are summarized in the conclusion.

2 Nozzle Geometry

An axisymmetrical contraction nozzle is needed to provide air
inflow with reduced turbulence level and uniformity [3,4,9].
Moreover a small nozzle is preferred in order to facilitate the use
in an experimental setup. The axisymmetrical contraction nozzle
geometry proposed in Ref. [3] is applied. The nozzle radius R(x)
along the contraction is fully defined by two matched cubics as:

RðxÞ ¼ D1

2
� D2

2

� �

1� ðx=LÞ3

ðxm=LÞ2

 !

þ D2

2
; x � xm (1)

RðxÞ ¼ D1

2
� D2

2

� �

1� x=Lð Þ3

ð1� xm=LÞ2
þ D2

2
; x > xm (2)

with x the main streamwise direction, matching point of the cubics
xm, inlet diameter D1, outlet diameter D2 and total nozzle length
L. Consequently, the nozzle geometry is fully determined by four
geometrical parameters (D1, D2, L, xm) compared to six parame-
ters required for the contour nozzle proposed in Ref. [4]. The geo-
metrical parameter set (D1, D2, L, xm) is equivalent to (D1,2, CR,
L, xm) with CR denoting the area contraction ratio defined as
CR¼ (D2/D1)

2.
The exit diameter D2 is determined based on the aimed flow

conditions of moderate Reynolds numbers 300<Re< 20,200 and
low Mach number <0.2. Consequently, characteristic lengths are
smaller than 20mm so that the outlet diameter D2 yields 20 to 25
mm, 20�D2� 25 mm. From studies of the contraction ratio in
relation to the Reynolds number [3,4], it is known that large con-
traction ratios are more tolerant to irregularities occurring for low
velocities due to, e.g., flow separation. Therefore the inlet diame-
ter D1 is set to D1¼ 100 mm resulting in a large area contraction
ratio 15�CR� 22. The total nozzle length is set to 0.6 times the
inlet diameter D1 or L¼ 60 mm3. Due to the high contraction ratio
CR a short outlet length is needed to avoid boundary layer thick-
ening at the exit. Therefore, the matching point is chosen as
xm¼ 52 mm, corresponding to xm¼ 0.86L, so that the outlet length

is less than 5 mm. The resulting nozzle geometry is illustrated in
Fig. 1 for geometrical parameters D1¼ 100 mm, D2¼ 25 mm,
L¼ 60 mm, and xm¼ 52 mm.

3 Laminar Boundary Layer Flow Modeling

At moderate Reynolds numbers the region in which viscous
forces are important is confined to a thin laminar boundary layer ad-
jacent to the wall. The resulting boundary layer theory in presence
of a pressure gradient is described by the Von Kármán momentum
integral equation for steady flows [19,20]. The development of the
laminar boundary layer on the walls of the contraction defined in the
previous section is estimated by Thwaites method to solve the mo-
mentum integral equation for laminar, incompressible and axisym-
metrical boundary layers [23–25]. Outside the boundary layer, the
flow is described as an inviscid irrotational ideal fluid flow in a
channel. In the following U(x) denotes the fluid flow velocity out-
side the boundary layer and u(x, y) indicates the velocity in the
boundary layer.

The flow in the contraction is modeled by calculation of the
laminar boundary-layer momentum thickness,

d2ðxÞ ¼
ð1

0

uðx; yÞ
UðxÞ 1� uðx; yÞ

UðxÞ

� �

dy (3)

as a function of downstream distance x with Thwaites equation
using quasi-similarity assumptions [19,24]:

d22ðxÞR2ðxÞU6ðxÞ � d22ð0ÞR2ð0ÞU6ð0Þ ¼ 0:45�

ðx

0

R2ðxÞU5ðxÞdx

(4)

where U(0), d2(0) and R(0) are the flow velocity, momentum
thickness and radius at the nozzle inlet x¼ 0 and � the kinematic
viscosity. The second term at the left hand side of Eq. (4) takes
into account initial conditions at x¼ 0.

Next, a dimensionless Thwaites parameter k is defined as

k ¼ � d22
�

@UðxÞ
@x

(5)

from which a skin friction parameter S(k),

SðkÞ ¼ d2

UðxÞ
@U

@y
(6)

Fig. 1 Illustration of parameterized axisymmetrical nozzle
geometry, D(x)52R(x), obtained from matching at x5 xm an
upstream cubic (1) (dashed line) and a downstream cubic
(2) (thin full line) with parameters D15 100 mm, D2525 mm,
L5 60 mm, and xm5 52mm. The longitudinal x-axis corre-
sponds to the main streamwise direction and the y-axis to the
transverse direction.
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and boundary layer shape parameter H(k),

HðkÞ ¼ d1ðxÞ
d2ðxÞ

(7)

can be estimated and for which d1 denotes the displacement
thickness,

d1ðxÞ ¼
ð1

0

1� uðx; yÞ
UðxÞ

� �

dy (8)

Note that since the wall shear stress is defined as s ¼ q�@U@y , with q
denoting the fluid density, also the following holds:

SðkÞ ¼ sd2

q�U
(9)

Consequently, the wall shear stress can be derived from the skin
friction parameter S(k) which becomes zero at flow separation and
depends only on the dimensionless Thwaites parameter k.

The skin friction parameter S(k) and shape parameter H(k)
reported in literature are derived from experimental data and pre-
sented as tabulated values [1] or as universal Thwaites functions
[22,26]. It is observed that a discrepancy exists between the tabu-
lated and functional values [1,22,26]. Non zero constants
cH¼ 0.35 and cS¼�0.02 need to be added to the universal
Thwaites functions [22,26] in order to accurately fit the tabulated
values reported in Ref. [1]. The accuracy of the fit is confirmed by
the coefficient of determination which yields 0.97. The resulting
modified universal Thwaites functions are

SðkÞ ¼ 1:8k2 þ 1:57kþ 0:22þ cS; 0 � k � 0:1 (10)

HðkÞ ¼ 5:24k2 � 3:75kþ 2:61þ cH (11)

SðkÞ ¼ 0:018k

0:107þ k
þ 1:402kþ 0:22þ cS; �0:1 � k � 0 (12)

HðkÞ ¼ 0:0731

0:14þ k
þ 2:088þ cH (13)

where the constants cH,S are introduced to account for different
flow and geometrical conditions. Moreover from the cited studies
it is seen that the constants can vary in the range 0� cH� 0.35
and �0.02� cS� 0. Resulting values for H(k) and S(k) obtained
from the modified universal Thwaites functions for zero and non-
zero constants cH,S are illustrated in Fig. 2.

Using nonzero constants (cH¼ 0.35 and cS¼�0.02) instead of
zero constants (cH,S¼ 0) is therefore seen to alter H and S signifi-
cantly since H increases between 10 and 25% and S decreases
between 5% and 10%. Therefore, the constants directly influence
the underlying physics since accounting for the set of non zero
constants in the modeling facilitates flow separation.

Therefore, the influence of two sets of constants cH,S, zero
(cH,S¼ 0) and non zero (cH¼ 0.35 and cS¼�0.02), on the model-
ing outcome is assessed for flow through the nozzle outlined in Sec.
2. In addition, the model outcome will be compared to experimental
data.

The equations outlined in this section are implemented in an iter-
ative algorithm detailed in the flow chart given in appendix 6 which
is applied at each spatial position until the solution converges for k
and U. Briefly, the velocity is initialised using the given volume
flow rate Q and geometrical radius R(x) from which a first estima-
tion of the momentum thickness d2 is obtained so that the Thwaites
parameter k and the displacement thickness d1 can be estimated by
using the expression for H(k) given in Eq. (7). The velocity is than
re-estimated while accounting for the displacement thickness from
which the values of k and U are updated by relaxation and the shear
stress s is estimated with the expression of S(k) in Eq. (6). In order
to increase the accuracy of the model approach, the procedure is
repeated until the retrieved values for U and k converges to within
0.01%.

4 Experimental Setup and Flow Characterization

In order to validate the model outcome and to characterize the
velocity profile at the nozzle outlet, hot film anemometry meas-
urements are performed at the exit. In the following the experi-
mental setup and procedure are described and the measured
velocity profiles are characterized.

4.1 Experimental Setup. The experimental setup is illus-
trated in Fig. 3(a). It consists in an oil injected rotary screw com-
pressor Copco GA7 with an integrated oil/water separator. In
addition, liquid and solid particles as well as oil odors and vapors
are filtered (Copco & Beko DD17, PD17, QD17) out so that dry
air with no oil particulates is delivered. In addition, the compres-
sor is equipped with an air receiver of 300 l.

To avoid any resulting vibrations and flow disturbances, the
compressor [a] is isolated in a separated room. Downstream, a
pressure regulator [b] (Norgren type 11-818-987) and a manual
valve [c] are placed in order to reduce air pressure and prevent
pressure fluctuations during experiments. The pressure regulator
is connected with a thermal mass flow meter (TSI 4040) [d] via a

Fig. 2 Illustration of (a) H(k) for cH5 0 (c50) and cH5 0.35 (c=0) and (b) S(k) for cS5 0 (c50) and cS520.02 (c=0)
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uniform duct of diameter 0.01 m. Then, the air circulates through
a concatenation of diffusers [e]. In order to limit flow separation,
diffusers are filled with steel wool and a first grid with 1mm diam-
eter holes is positioned at 2/3 of the total length of the divergent
inlet section. A uniform pipe diameter with diameter 0.1 m and
length 2 m [f], separating the concatenation of diffusers from the
convergent nozzle [g], is used as a settling chamber to ensure total
flow mixing and contains a second perforated plate at its entrance.

The experimental nozzle is detailed in Fig. 3(b). The nozzle’s ge-
ometry is designed as outlined in Sec. 2 and fully described by the
geometrical parameter set of inlet diameter D1¼ 100 mm, outlet di-
ameter D2¼ 21.4 mm, total length L¼ 60 mm and matching point
xm¼ 52 mm. The experimental nozzle exit presents an area of
0.00036 m2, imposing on the air an area contraction ratio CR¼ 21.8.

The transverse velocity at the nozzle outlet is measured by hot
film anemometry. The hot film [h] (TSI 1201-20; diameter of
dw¼ 50.8 lm and a working length of 1.02 mm) is placed at a dis-
tance (x� L)/D2< 0.04 downstream of the nozzle exit as shown in
Fig. 3(b). The applied streamwise position is in accordance with
Refs. [10,11]. In order to measure the transverse exit velocity pro-
file, the probe is mounted on a two-dimensional stage positioning
system [i] (Chuo Precisio Industrial Co. CAT-C, ALS-250-C2P and
ALS-115-E1P), providing a positioning accuracy in the radial y-
direction perpendicular to the airflow of 2 lm. The probe displace-
ment is controlled by a user-defined matrix implemented in Lab-
VIEW (National Instruments). At each measurement station, the
hot-film output voltage Emeas is collected by a constant temperature
anemometer system [j] (TSI IFA 300) and stored on a computer.
The room temperature at the beginning of each velocity profile
measurement is controlled thanks to an air conditioning system in
order to minimize temperature variations. To account for drift in
room temperature Ta from the reference ambient temperature,
Ta,r¼ 21.5 �C, the measured hot-film output voltages Emeas are cor-
rected to Ecorr [27], with Tf denoting the airflow temperature:

Ecorr ¼ Emeas

Tf � Ta

Tf � Ta; r

� ��1=2

(14)

The velocity is derived from the measured voltages Ecorr follow-
ing the calibration procedure outlined in Ref. [28] resulting in a
calibration curve fitted on a fourth order polynomial law. The cali-
bration procedure consists in an iterative approach based on the
displacement thickness so that boundary layer development is
accounted for. The calibration error is due to the experimental
error on the measured volume flow rates. As such the calibration
method is shown to improve the calibration for low velocities up
to 30% compared to other iterative methods such as described in
Ref. [15]. Consequently the applied calibration procedure is par-
ticularly suitable for moderate Reynolds numbers dealt with in the
current study. It is shown in Ref. [28] that the calibration error is
due to the experimental error on the measured volume flow rates,
so that the error on the measured instantaneous velocities is
smaller than 1% for velocities >1.4 m/s and smaller than 5% for
velocities between 0.17 and 1.4 m/s.

Besides the experimental error, a statistical error analysis is per-
formed in order to estimate the error on the mean velocity and
local turbulence intensity determined from the measured instanta-
neous velocities at each measurement position and accounting for
the data sampling at 40 kHz during 4s [29]. The statistical error
follows from a Reynolds decomposition and further assuming that
the fluctuating portion is described by a Gaussian law distributed
around zero for which the variance is directly related to the turbu-
lence intensity defined as TU¼r/Ue, with r denoting the root
mean square velocity:

r ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

Ntot

X

Ntot

p¼1

U
p
e � Ueð Þ2

v

u

u

t (15)

where Ntot denotes the total number of instantaneous measured
velocities Up

e and Ue denotes the mean velocity. The statistical error
on the estimated mean velocity Ue yields r=

ffiffiffiffiffiffiffiffi

Nind

p
and on the esti-

mated turbulence intensity TU yields U2
e=2Nind with Nind the num-

ber of independent samples [30]. The number of independent
samples is approximated as the ratio between the acquisition time

Fig. 3 (a) A sketch of the apparatus: [a] air supply, [b] pressure regulator, [c] valve, [d] mass flow meter, [e] divergent, [f] uni-
form pipe, [g] convergent nozzle with parameters D15100mm, D2521.4mm, L560mm and xm552mm, [h] hot film, [i] position-
ing system, [j] IFA 300. (b) Detail of the experimental nozzle and velocities of interest: centerline velocity Uc(x, y5 0),
centerline velocity at the inlet U15Uc(x5 0, y5 0) and centerline velocity at exit U25Uc(x5L, y5 0). The transverse velocity at
the nozzle exit Ue(y) is measured at a small distance from the nozzle exit (x2L)/D2<0.04. The complete wall to wall exit veloc-
ity profile is measured with a transverse spatial step size of Dy5 0.1 mm further labeled ‘measured exit profile’. A second par-
tial profile is measured near the wall covering the boundary layer with a precise transverse spatial step size Dy5 0.01 mm
further labeled “measured exit boundary layer” profile.
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of 4s and the integral time � D2=Ue, i.e., Nind � 8Q=pD3
2. The

resulting statistical errors for an assumed turbulence level of 2% is
smaller than the experimental measurement error. It is shown in the
following section, Fig. 5, describing the measured velocity profiles,
that 2% overestimates the measured turbulence level along the
centerline at the exit. Therefore, the measurement error on the vol-
ume flow velocity is the main error source in the performed
measurements.

All used instruments, their corresponding uncertainties and the
error estimations on the measured velocity and statistical quanti-
ties are summarized in Table 1.

4.2 Measured Velocity Profiles at the Nozzle Exit. Trans-
verse flow characteristics at the nozzle exit are measured by plac-
ing the probe at the horizontal centerline of the jet at a distance
(x�L)/D2< 0.04 and displacing the probe in the transverse direc-
tion as schematically illustrated in Fig. 3(b). The streamwise posi-
tioning (x� L)/D2< 0.04 in order to measure the transverse flow
at the nozzle exit is commonly used in literature, e.g. (x� L)/
D2< 0.04 in [10] or (x� L)/D2¼ 0.05 in Ref. [11]. Volume flow
rates are varied in the range 5<Q< 305l/min, which corresponds

to Reynolds numbers 300<Re< 20,200 with Re the Reynolds
number based on the bulk velocity at the nozzle exit, i.e.,
Re¼ 4Q/�p D2.

For each Reynolds number two transverse profiles are measured
with different spatial step sizes. The spatial step sizes are chosen
relative to the hot film diameter, dw¼ 50.8 lm � 0.05 mm, since it
is expected that the accuracy of the step size relative to the sensor
diameter will affect the accuracy of the numerical integration
required in order to determine the boundary layer characteristics at
the nozzle exit such as d1 and d2 defined in Eq. (8) and Eq. (3).
Firstly, the transverse exit profile is measured from wall to wall,
�0.5� y/D2< 0.5, with a transverse spatial step equal to
Dy¼ 0.1mm, i.e., Dy> dw since Dy � 2dw, further labeled
“measured exit” profile. Secondly, a boundary layer profile is meas-
ured with a spatial step Dy¼ 0.01 mm, i.e., Dy< dw since Dy � dw/
5, further labeled “measured exit boundary layer” profile. Finally, it
is remarked that the spatial step size used to measure the transverse
exit profile is not mentioned in the cited studies [10,11].

Measured velocity profiles obtained with spatial steps Dy¼ 0.1
mm and Dy¼ 0.01 mm are illustrated in Fig. 4(b) for �0.5�R/
D2��0.3.

Table 1 Relevant measurement range and corresponding uncertainties of instruments. Upper limits of uncertainties for measured
instantaneous velocities and estimated statistical errors for the first and second velocity moments [28–30] for sampling at 40kHz
during 4s. Statistical errors are estimated assuming 2% turbulence level, i.e., TU5 2%.

Instruments

Quantity Symbol Instrument Relevant measurement range Uncertainty

Flow rate Q TSI model 4040 5–305 l/min 62%
Fluid temperature Tf TSI model 4040 20–25 �C 61 �C
Room temperature Ta OTAX 421001 22–25 �C 60.2 �C
Nozzle exit diameter D2 Manufacturing precision 21.4 mm 60.02 mm
Fluid pressure Pf TSI model 4040 97–115 kPa 61 kPa
Data acquisition Emeas PCI-MIO-16XE-10 (National Instruments)

and IFA300 (TSI)
610V 672.3lV

Transverse positioning Dy CHUO Precisio 0.1 mm and 0.01 mm 60.002 mm

Velocities

Velocity Symbol Error Relevant range Uncertainty

Instantaneous velocity Up measurement error on Q > 1.4m/s < 1%
Mean velocity Ue > 0.17m/s and< 1.4m/s < 5%
Root mean square velocity r < 0.17m/s > 5%

Fig. 4 (a) Comparison of measured exit velocity profiles Ue(y) obtained with spatial step Dy5 0.1 mm (symbols) and meas-
ured exit boundary layer profiles Dy5 0.01 mm (dots) for different Reynolds numbers Re in the range 20.5 £ R/D2 £ 20.3. (b)
Measured normalized transverse exit velocity profiles Ue(y)/U2 for Dy50.1mm and comparison with parabolic, 1/7 power law,
uniform profile with vanishing momentum thickness d25 0 and top hat profile with momentum thickness d25 0.004D2.
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The measured velocity profiles match well for all assessed
Reynolds numbers illustrating that no error is due to the position-
ing of the hot film at (x� L)/D2< 0.04.

Normalized mean exit velocity profiles Ue(y)/U2 with U2 the
exit centerline velocity, are illustrated in Fig. 4(b). The measured
exit profiles are compared to a parabolic velocity profile describ-
ing fully developed pipe flow in Eq. (16), a 1/7 power law profile
describing turbulent flow in Eq. (17), a theoretical uniform profile
corresponding to a top hat velocity profile in Eq. (18) with vanish-
ing momentum thickness d2¼ 0 [31] and a top hat profile account-
ing for boundary layer development with momentum thickness
d2¼ 0.004D2:

Ue ¼ U2 1� 2jyj
D2

� �2
 !

(16)

Ue ¼ U2 1� 2jyj
D2

� �1=7

(17)

Ue ¼
1

2
U2 1� tanh

D2

8d2

2jyj
D2

� D2

2 yj j

� �2
 ! !

(18)

For all assessed Reynolds numbers the variation in mean velocity
is lower than 0.5% in the center portion of the jet jyj=D2 < 0:25.
The top hat profile describes well the uniform flow in the constant
velocity center region as well as the boundary layer region in case
a non vanishing momentum thickness is accounted for d2 6¼ 0.
Nevertheless, it is seen that the boundary layer thickness increases
rapidly for Re< 3000. For Reynolds numbers Re> 3000 the con-
stant velocity region is extended to jyj=D2 < 0:4 in accordance
with observations described by Ref. [10,11]. A small overshoot in
the outer part of the core of the mean exit velocity profiles is
observed. The overshoot is of the order of magnitude reported in
Ref. [11] and smaller than the overshoot observed in Ref. [10].
The contraction nozzle studied by Ref. [10] has no outlet length,
i.e., nozzle outlet for which the nozzle is parallel with the center-
line, which causes the vena contracta effect to be more pro-
nounced in the exit profile. The overshoot might also be effected
due to differences in contraction ratio. The contraction ratios in
the current study and in Ref. [11] are of the same order of magni-
tude whereas information on the contraction ratio of the nozzle
used in Ref. [10] is missing.

Turbulence intensities TU ¼ r
U2

derived on the measured exit velo-
city profiles are presented in Fig. 5.

The centerline turbulence intensities TU (y¼ 0) vary between
0.4% and 1% for all assessed Reynolds numbers and are smaller
than 0.6% for Reynolds number Re> 3000. This very low center-
line turbulence level agrees well with the measurements reported
in Refs. [10,11]. The centerline turbulence intensities decreases
with Reynolds number as was also observed by Ref. [10]. Away
from the centerline the turbulence intensities are seen to be con-
stant throughout the constant region of the mean velocity exit pro-
file. In the boundary layer the turbulence intensity TU increases
and vary in the range of 1.2% up to 1.9%. Retrieved TU values are
again of the same order of magnitude as reported in Refs. [10,11].
In the cited studies [10,11] the turbulence intensity as function of
the exit diameter is shown for one single Reynolds number so that
no comparison can be made for the found variation with Reynolds
number. Nevertheless, the variation is likely due to the error
which becomes large when the velocity approaches zero. Despite
this variation the maximum centerline turbulence level is low, i.e.,
lower than 1%, so that the boundary layer is laminar. In order to
further determine the nature of the boundary layer the measured
boundary layer profiles are compared to the laminar Blasius pro-
file. The measured boundary layer profiles approximate well Bla-
sius laminar boundary layer profile as illustrated in Fig. 6(a)

Fig. 5 Measured turbulence intensities TU3 100 [%] of exit ve-
locity profiles for Dy50.1 mm. In the inner plot, measured cen-
terline turbulence intensities TU(y5 0) are presented as
function Reynolds number Re.

Fig. 6 Boundary layer characterization of the measured mean boundary layer profiles for Dy5 0.01 mm: (a) comparison with
Blasius profile for a laminar boundary layer. (b) Comparison of U1(y1) with linear law of the wall U1

5 y1 for a laminar bound-
ary layer.
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confirming the laminar nature of the boundary layer [19,20]. In
addition, in Fig. 6(b) the measured boundary layer profiles are
seen to be in very good agreement with a linear law of the wall
defined as Uþ¼ yþ with Uþ denoting the velocity normalized by
the friction velocity Us ¼

ffiffiffiffiffiffiffiffi

s=q
p

and yþ indicating the Reynolds
number based on the friction velocity Us and distance from the
wall, i.e., yþD/2 [20,22,32].

So from the measured velocity profiles, it is observed that the
flow at the nozzle exit is laminar and the boundary layer is seen to
be confined to the vicinity of the wall for all assessed Reynolds
numbers Re so that the mean velocity profile has a satisfactory
sharp top-hat shape.

5 Nozzle Flow: Modeling and Experiment

In the current section flow through an axisymmetrical nozzle is
discussed for Reynolds numbers in the range 300<Re< 20,200.
The flow through the nozzle is modeled following the laminar
boundary layer method outlined in Sec. 3. The model outcome is
discussed in Sec. 5.1. Next, the influence of geometrical and
model parameters on the modeled centerline velocity at the nozzle
exit is assessed in Sec. 5.2. In addition, modeled and measured
centerline velocities at the exit of the nozzle are compared.
Finally, the experimental validation of boundary layer characteris-
tics at the nozzle exit is presented in Sec. 5.3.

5.1 Modeled Streamwise Nozzle Flow. The flow through an
axisymmetrical nozzle is modeled following the laminar boundary
layer method outlined in Sec. 3. The constants cH,S introduced in
the modified universal Thwaites functions defined in Eq. (13) are
set to zero so that cH¼ 0 and cS¼ 0. The nozzle geometry
A(x)¼ pR(x)2 is obtained as outlined in Sec. 2 and consequently
fully defined by the parameter set (D1, D2, L, xm) composed out of
inlet diameter D1, outlet diameter D2, total nozzle length L and
streamwise position of matching point xm. In the current section
the parameter set is fixed to the values corresponding to the exper-
imental nozzle: D1¼ 100 mm, D2¼ 21.4 mm, L¼ 60 mm, and
xm¼ 52 mm. The influence of non zero constants on the model
outcome and of varying geometrical nozzle parameters on the
modeled flow outcome at the nozzle exit is discussed in Sec. 5.2.
The modeled streamwise flow quantities for Reynolds numbers in
the range 300<Re< 20,200 are illustrated in Fig. 7.

The modeled mean streamwise centerline velocities normalized
by the inlet velocity, Uc/U1, are illustrated in Fig. 7(a). The cen-
terline velocity increases in the streamwise direction until a maxi-
mum is reached at the nozzle exit. As a benchmark the modeled
centerline velocity is compared to the bulk velocity, defined as the
ratio of volume flow rate Q and area A(x), corresponding to an
ideal fluid for which boundary layer development is neglected
which results in U(x)/U1¼Ax¼ 0/A(x). Consequently, the normal-
ized bulk velocity depends only on the geometry and not on the
Reynolds number Re. At the nozzle outlet the bulk velocity equals
the area contraction ratio CR. From Fig. 7(a) is seen that the nor-
malized modeled centerline velocity profiles collapse to a single
curve for Re> 3000. For Reynolds numbers Re< 3000 on the
other hand the ratio Uc/U1 increases throughout the nozzle due to
an increased flow acceleration for Re< 3000 as shown in Fig. 7(b)
where the streamwise normalized flow acceleration dUc/dx�D1/
U1 is plotted. The flow is accelerated due to the contraction geom-
etry. Downstream the nozzle inlet, the flow accelerates gradually
until a maximum acceleration is reached just downstream the
matching point xm. The position of maximum flow acceleration is
defined by the geometry and independent from the Reynolds num-
ber Re. Downstream the maximum flow acceleration the flow
acceleration reduces until the nozzle exit. As expected from the
centerline velocity, the acceleration of all assessed Reynolds num-
bers collapses except for Re< 3000. The reduced flow accelera-
tion is causing increased boundary layer development for low
Reynolds numbers as was observed experimentally on the mean
exit velocity profiles shown in Fig. 4(a) since a decrease of

velocity leads to an increase of the viscous effects and conse-
quently boundary layer thickening. Consequently, values charac-
terizing the boundary layer such as the displacement thickness d1
and the momentum thickness d2 are expected to decrease as the
Reynolds number increases.

The displacement thickness d1 normalized by the exit diameter
D2 is shown in Fig. 7(c). It is observed that the boundary layer
develops in the almost uniform inlet section of the nozzle result-
ing in an increase of the displacement thickness d1. The displace-
ment parameter d1 increases to 10% of the exit diameter D2,
corresponding to 2% of the inlet diameter D1 for Re> 3000. For
Reynolds numbers Re< 3000 the increase of d1 is more pro-
nounced yielding 25% the exit diameter D2 or 5% of the inlet di-
ameter D1. At the onset of the contraction d1 decreases due to the
flow acceleration in the streamwise direction towards the match-
ing point xm imposing an increased flow velocity which reduces
viscous effects and so the growth of the boundary layer. A mini-
mum is reached at the point of maximum flow acceleration which
is easily identified from Fig. 7(b). For all Reynolds numbers the
displacement thickness is less than 3% at the streamwise location
corresponding to maximum flow acceleration and less than 0.5%
for Re> 3000. Downstream the point of maximum flow accelera-
tion, the flow acceleration reduces towards the nozzle exit due to
the reduced rate of area change. This results in a velocity reduc-
tion which is associated with an increase of viscous effects and so
a boundary layer thickening. As a consequence, boundary layer
parameters d1,2 increase towards the nozzle exit. At the nozzle
exit the discplacement thickness d1 yields less than 1% of the exit
diameter D2 for Re> 3000. For smaller Reynolds numbers
Re< 3000, the displacement thickness d1 increases to 4% of the
exit diameter D2.

The normalized momentum thickness d2/D2 is shown in Fig.
7(d). Comparing d1/D2 shown in Fig. 7(c) to d2/D2 represented in
Fig. 7(d) shows that the tendencies outlined for the normalized
displacement thickness d1/D2 also apply to the normalized mo-
mentum thickness d2/D2, except that the magnitude of d2 is
reduced compared to the magnitude of d1. The ratio of d1 and d2,
which corresponds to the shape factor H following Eq. (7), is
shown in Fig. 7(e). For all assessed Reynolds numbers Re, the
shape factor at the nozzle inlet yields H¼ 2.96, which is associ-
ated with a laminar flow. The shape factor H is seen to decrease
throughout the nozzle with less than 0.5% so that 2.96�H� 2.95
holds throughout the nozzle. Consequently, streamwise variation
of the boundary layer shape factor H � 2.95 is limited which is in
accordance with the flow uniformity aimed for by using a contrac-
tion nozzle. The observed decrease in the shape factor with
increasing Reynolds number Re is less than 0.05% which is of no
significance when accounting for a model error and is of no signif-
icance with respect to the total range of the shape factor shown in
Fig. 2. Therefore, the influence of Reynolds number on the bound-
ary layer shape factor can be neglected.

From Eq. (7) is seen that the shape factor H(k) is only function
of the Thwaites parameter k. Consequently, an almost constant
value of H(k) throughout the nozzle suggests an almost constant
value for the skin friction parameter S(k), defined in Eq. (6), and
suggests an almost constant value for the Thwaites parameter k
defined in Eq. (5). From Fig. 7(g) is seen that the skin friction pa-
rameter at the nozzle inlet yields S¼ 0.2 and increases throughout
the nozzle with less than 3% so that 0.2� S� 0.205 holds
throughout the nozzle. Consequently, streamwise variation of the
skin friction parameter S � 0.2 is indeed limited. The small varia-
tion of S as function of Reynolds number at the nozzle exit is
smaller than 0.5% which is of no significance when accounting
for a model error and is of no significance with respect to the total
range of the skin friction parameter shown in Fig. 2. Since S> 0
for all streamwise positions it is observed that the flow remains
attached to the nozzle walls for all streamwise positions so that no
flow separation occurs. Therefore, the proposed nozzle enables
flow uniformity at the nozzle exit and no flow separation occurs
upstream the nozzle exit. In accordance with the observations for
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the shape factor H(k) and the skin friction parameter S(k) the vari-
ation of the Thwaites parameter k throughout the nozzle, shown in
Fig. 7(e), can be neglected so that k � 0.0015 holds for all stream-
wise positions and for all assessed Reynolds numbers.

The wall shear stress s is estimated following Eq. (9) as
s¼ S(k)�qUc/d2. The physical fluid properties q and � are con-
stant and the skin friction parameter S(k) can be approximated by
the constant value S � 0.2 regardless the Reynolds number.

Fig. 7 Illustration of modeled streamwise flow development through the contraction nozzle
with parameters D15100 mm, D2521.4 mm, L560 mm and xm552 mm, corresponding to area
contraction ratio CR5 21.8, for cH5 0 and cS5 0 as function of different Reynolds numbers in
the range 300 £ Re £ 17,000 (symbols). The vertical dashed-dotted line indicates the matching
point of the cubics x5 xm. The scaled radius of the nozzle is indicated by a solid thick line.
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Consequently, estimated values for s are proportional to the ratio
of the modeled centerline velocity Uc and the momentum thick-
ness d2 since both quantities depend on the streamwise position x
as well as on the Reynolds number Re as seen from Fig. 7(a) and
Fig. 7(d). The estimated wall shear stress s normalized by the
pressure difference due to the contraction assuming an ideal fluid
DP:

DP � q

2
U2

1 CR2 � 1
� �

(19)

� q�2

2

Re2

D2
2

1� 1

CR2

� �

(20)

is shown in Fig. 7(h). The maximum wall shear stress is seen to
occur at a streamwise position located between the position of max-
imum acceleration and the nozzle exit where the streamwise veloc-
ity is maximum. For all assessed Reynolds numbers it is observed
that the estimated wall shear stress is of the same order of magni-
tude as the pressure difference imposed by the contraction since the
normalized wall shear stress varies between 0.5 and 5.5. For Reyn-
olds numbers in the range Re> 6000 the pressure difference is
more important than the wall shear stress as seen from 0.5< s/
DP< 1. For Reynolds numbers 3000<Re< 6000 the normalized
wall shear stress increases in the range 1< s/DP< 2. For Reynolds
numbers Re< 3000 the ratio increases further so that s/DP> 2
holds indicating that viscous fluid forces becomes predominant,
which is in accordance with the findings described for the centerline
velocity Uc, the displacement thickness d1 and the momentum
thickness d2. Moreover, it is noted that although the variation in the
magnitude of the shape factor H(k) and the skin friction parameter
S(k) are to small to be significant, the observed tendencies, i.e.,
increase of H and decrease of S for decreasing Reynolds number,
are in accordance with the loss of relative importance of the pres-
sure gradient DP to the wall shear stress s.

5.2 Modeled and Measured Exit Centerline Velocity. In
Sec. 5.1 the modeled flow throughout the nozzle is described. The
modeled quantities show that a contraction nozzle with area con-
traction ratio CR¼ 21.8 defined by the geometrical parameter set
D1¼ 100 mm, D2¼ 21.4 mm, L¼ 60 mm, and xm¼ 52 mm ena-
bles to obtain flow uniformity at the nozzle exit while flow separa-
tion upstream the nozzle exit is avoided. In the current section the
influence of the nozzle diameters (D1, D2) on the model outcome
is sought for fixed values of the total nozzle length L¼ 60 mm
and the matching point xm¼ 52 mm. The assessed nozzle diame-
ters (D1, D2) and corresponding area contraction ratio CR are
listed in Table 2. It is seen that all assessed contraction ratios sum-
marized in Table 2 are smaller than or of the same order of magni-
tude than CR¼ 21.8 for which no flow separation occurs. Since

flow separation is favored by increasing the contraction ratio, it is
assumed that no flow separation occurs for any of the geometries
summarized in Table 2. The chosen values of D1, D2 and CR ena-
ble to assess the influence of each individual parameter of the set
(D1, D2, CR) on the modeled flow outcome.

Modeled centerline velocities at the nozzle exit U2 normalized
by the centerline velocity at the nozzle inlet U1, i.e., U2/U1, for all
assessed nozzle parameters are shown in Fig. 8. In addition, meas-
ured centerline velocities presented in Sec. 4 are plotted so that,
for the nozzle characterized by the parameter set D1¼ 100 mm,
D2¼ 21.4 mm, L¼ 60 mm, and xm¼ 52 mm, modeled and meas-
ured values can be compared.

Figure 8(a) shows the influence of a variation of exit diameter
D2 for a fixed upstream diameter D1¼ 100mm on the ratio of exit
and inlet centerline velocity U2/U1 as function of Reynolds num-
ber. The exit diameter D2 is varied in the range from 21.2 to 25
mm corresponding to a variation of 10%. For an ideal fluid char-
acterized by an uniform velocity profile throughout the nozzle, the
ratio U2/U1 yields the area contraction ratio, i.e. U2/U1¼CR,
which is determined by the geometry and independent of Reyn-
olds number. From Fig. 8(a) is seen that the variation of the ratio
U2/U1 becomes indeed smaller than 1% for Reynolds numbers
Re> 3000. For Reynolds numbers Re< 3000 the boundary layer
develops rapidly so that the ratio U2/U1 increases in accordance
with observations made on Fig. 7(a). The ratio U2/U1 decreases as
the exit diameter D2 increases due to the decrease in contraction
ratio CR. Modeled and measured velocity ratios U2/U1 are com-
pared for D2¼ 21.4mm. The modeled U2/U1 ratios matches well
with the measured U2/U1 values except for Reynolds numbers
Re< 3000 in which case the modeled values underestimate the
measured velocity ratios. The discrepancy between modeled and
measured values increases from 1% for Re � 3000 to 20% for
Re< 1000. Consequently, the applied model with parameters
cH,S¼ 0 looses accuracy as the boundary layer growths for
Re< 3000 and becomes inaccurate for Re< 1000.

The influence of varying inlet diameter D1 or exit diameter D2

on the velocity ratio U2/U1 for different Reynolds numbers is dis-
cussed from Fig. 8(a) and Fig. 8(b). The geometrical parameters
characterizing the experimental nozzle, D1¼ 100 mm and
D2¼ 21.4 mm resulting in CR¼ 21.8, are taken as a reference.
From Fig. 8(a) is seen that increasing the downstream diameter
D2 with 61% and 17% decreases the predicted velocity ratio U2/
U1 with 63% and 27%, respectively. From Fig. 8(b) is observed
that reducing the inlet diameter D1 with 50% and maintaining a
variation of the upstream diameter D2 with 1% and 17% from its
reference value, reduces the influence of varying the downstream
diameter D2 from its reference value to 1% and 12%. Conse-
quently, the influence of a variation in exit diameter D2 on the
model outcome increases as the inlet diameter D1 increases.
Moreover, it is seen that reducing the inlet diameter D1¼ 100 mm
with 50%, which corresponds to dividing the contraction ratio CR
by 4, decreases the ratio U2/U1 by a factor greater than 4 or a
decrease >25% illustrating the influence of reduced flow accelera-
tion as the contraction ratio decreases.

In Fig. 8(a) and Fig. 8(b) the nozzle parameter D2 is varied
with 61% for a fixed value of D1¼ 100 mm so that a small varia-
tion of 2% on the area contraction ratio CR is imposed. Figure
8(c) shows the model outcome U2/U1 for the same variation of
1% on the exit diameter D2 and a constant area contraction ratio
CR¼ 4.5 which is obtained by increasing the inlet diameter D1

with less than 1%. From Fig. 8(c) is seen that the increase in inlet
and outlet diameter results in an increase of 1% in the ratio U2/U1

for all Reynolds numbers Re which is also observed in Fig. 8(b) in
case only the exit diameter D2 is increased. Consequently, small
variations <1% of the inlet diameter D1 do not influence the
model outcome for U2/U1.

Figure 8(d) shows the influence of the model parameters cH,S on
the model outcome as function of Reynolds numbers. The model
constants are introduced in Eq. (7) for the boundary layer shape fac-
tor H(k) and in Eq. (6) for the skin friction parameter S(k) in order

Table 2 Overview of varied parameters for contraction geome-
tries defined in Eq. (1) and Eq. (2) for fixed matching position
xm5 52 mm and contraction length L5 60 mm: (I) constant inlet
diameter D1, (II) constant outlet diameter D2, (III) constant con-
traction ratio CR and (IV) geometrical nozzle parameters used
for experimental validation as detailed in Sec. 4

D1 [mm] D2 [mm] CR [�]

Modeled I (D1) 100 21.2 22.2
100 21.4 21.8
100 21.6 21.4

II (D2) 100 25 16
50 25 4
50 21.6 5.4

III (CR) 50 21.4 5.5
45.4 21.4 4.5
45.8 21.6 4.5

Experimental validation 100 21.4 21.8
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to determine their dependence on the Thwaites parameter k. The
nozzle geometry is characterized by the reference values for the ge-
ometrical parameters, D1¼ 100 mm and D2¼ 21.4 mm and there-
fore CR¼ 21.8, corresponding to the nozzle used for experiments
described in Sec. 4. The model outcome obtained for zero model
parameters cH,S¼ 0 is compared to the model outcome obtained for
non zero model parameters cH,S= 0. The choice of non zero model
parameters cH¼ 0.35 and cS¼�0.02 is motivated in Sec. 3. For
completeness also the constant value U2/U1¼CR is shown in Fig.
8(d) which provides an underestimation of a boundary layer model
since it assumes an ideal fluid characterized by a uniform velocity
profile for which boundary layer development is neglected. From
Fig. 8(d) is seen that the influence of zero or non zero constants
cH,S on the model outcome can be neglected for Reynolds numbers
Re> 6000 for which the discrepancy between the modeled values
is less than 1%. As the Reynolds number is decreased the discrep-
ancy increases to <3% in the range 6000>Re> 3000 and up to
15% for 3000>Re> 300. Consequently, the choice of model pa-
rameters cH,S determines the model outcome in the range 300<Re
< 3000. In order to evaluate the choice of model parameters cH,S
for the experimentally studied nozzle the model outcome is com-
pared to the measured values for U2/U1. For Reynolds numbers
Re> 3000 both zero and non zero model constants approximate the
measured data to within 2% corresponding with the experimental

error on the ratio U2/U1. For Reynolds numbers in the range
3000>Re> 1000 the accuracy of the model outcome reduces to
within <7% for the use of zero constants and to within <4% for
the use of non zero constants cH,S= 0. For Reynolds numbers
Re< 1000 the difference between measured and modeled U2/U1

ratios increases to more than 20% so that the model outcome is
inaccurate for all assessed cH,S values.

5.3 Modeled and Measured Boundary Layer Characteris-
tics at the Nozzle Exit. In the previous Sec. 5.2 the influence of
geometrical parameters, inlet diameter D1 and outlet diameter D2,
on the model outcome is assessed as well as the use of zero or non
zero model constants cH in Eq. (7) for the boundary layer shape
factor H(k) and cS in Eq. (6) for the skin friction parameter S(k).
The model outcome is validated with respect to the centerline ve-
locity U2 on the measured centerline velocities. In the current sec-
tion experimental validation of the modeled boundary layer
characteristics at the nozzle exit is aimed using the transverse ve-
locity measurements for the nozzle with geometrical parameters
D1¼ 100 mm, D2¼ 21.4 mm, L¼ 60 mm, and xm¼ 52 mm pre-
sented in Sec. 4. The boundary layer characteristics of interest are
the displacement thickness d1, the momentum thickness d2, the
shape factor H¼ d1/d2 and the Thwaites parameter k given in

Fig. 8 Modeled and measured centerline velocity at the nozzle exit normalized by the inlet centerline velocity U2/U1 as func-
tion of Reynolds number Re for (a) fixed inlet diameter D15100 mm, (b) inlet diameter D15 100 mm and D1550 mm, (c) fixed
area contraction ratio CR5 4.5 and (d) fixed area contraction ratio CR5 21.8. The ratio U2/U1 for an ideal fluid yields the area
contraction ratio CR (dashed line labeled ideal). Measured centerline velocities for D15 100 mm and D25 21.4 mm are indi-
cated (measured). Modeled values are obtained for cH5 0 and cS50, denoted cH,S5 0, except in Fig. 8(d) where also results
for cH50.35 and cS520.02, labeled cH,S=0, are shown.
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Eq. (8), Eq. (3), Eq. (7) and Eq. (5), respectively. The influence of
model and experimental parameters on the estimated quantities is
sought. As in Sec. 5.2, the influence of using zero or non zero
model parameters cH,S on the predicted boundary layer character-
istics is assessed. In addition, the influence of the spatial step size
Dy between consecutive positions of the hot film probe used to
measure the transverse profile is assessed. It is detailed in Sec. 4
that for the measured exit profile scanning the complete exit diam-
eter the transverse positioning step size is Dy¼ 0.1 mm and that
for the measured exit boundary layer profile scanning the bound-
ary layer the transverse positioning step size is Dy¼ 0.01 mm.

Figure 9 shows the model predictions and experimental values
for d1, d2, H, and k at the nozzle exit as function of Reynolds
number.

The experimental values are obtained by integration of the
measured transverse velocity profiles following the equations out-
lined in Sec. 3. Estimated values for Dy¼ 0.1 mm overestimates
the estimated values for Dy¼ 0.01 mm with more than 40%. Con-
sequently, the size of the spatial step between consecutive trans-
verse measurement positions determines the accuracy of the
integration and therefore the error on the boundary layer charac-
teristics d1 and d2 since the influence of a streamwise positioning
error can be neglected based on the good match between the
measured exit profile (Dy¼ 0.1 mm) and the measured boundary

layer profile (Dy¼ 0.01 mm) as shown in Fig. 4(a). Therefore,
imposing a spatial step which is smaller than the sensor diameter,
Dy< dw as proposed in Sec. 4, is simple criterion to reduce the
integration error for the non uniform portion of the measured ve-
locity profile. Obviously, this criterion can only be applied in case
a highly accurate positioning system is available. Note that the
discrepancy between values predicted with both profiles reduces
as the Reynolds number increases since the boundary layer thick-
ness reduces so that the spatial step size becomes less important.

From Fig. 9(b) is seen that modeled values of the momentum
thickness d2 do not depend on the applied model constants. On the
other hand, modeled values of the displacement thickness d1
obtained for zero constants cH,S¼ 0 underestimate the values
obtained for non zero constants cH,S= 0 with >10% for all Reyn-
olds numbers.

Figure 9(a) and Fig. 9(b) show that for all Reynolds numbers
300<Re< 20,200 the modeled values of displacement thickness
d1 and momentum thickness d2 obtained for non zero constants
cH,S= 0 are in close agreement with the experimental values
derived on the measured boundary layer profile (Dy¼ 0.01mm).
For Reynolds numbers Re> 3000 the discrepancy between mod-
eled and experimental values is smaller than 2%. The discrepancy
increases as the Reynolds number decreases due to boundary layer
development to <4% in the range 3000>Re> 1000 and to <20%

Fig. 9 Comparison of modeled and experimental assessed normalized boundary layer characteristics d1/D2 (Fig. 9(a)), d2/D2

(Fig. 9(b)), H (Fig. 9(c)) and k (Fig. 9(d)) at the exit of the nozzle with parameters D15100 mm, D2521.4 mm, L560 mm, and
xm552 mm as function of Reynolds number. The influence of model coefficients cH,S and spatial step size Dy in the transverse
exit profile is illustrated for d1 and d2. Zero model constants cH50 and cS50 is denoted cH,S5 0 whereas non zero model con-
stants cH5 0.35 and cS520.02 is denoted cH,S=0. Quantities estimated from transverse profiles using Dy5 0.1mm are
labeled “measured exit profile” and transverse profiles using Dy5 0.01 mm are labeled “measured exit boundary layer.” In
Fig. 9(c) also the theoretical value H5 2.59 for Blasius laminar profile is shown.
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for 1000>Re> 300. The mentioned errors increases with >10%
when the experimental estimation of d1 is compared to the model
outcome with zero constants. Consequently, the introduction of
non zero model constants cH in Eq. (7) for the boundary layer
shape factor H(k) and cS in Eq. (6) for the skin friction parameter
S(k) as shown in Fig. 2 increases the model accuracy as the Reyn-
olds number decreases as seen for the prediction of the centerline
velocity discussed in Sec. 5.2 as well as for the prediction of the
boundary layer thickness d1.

The displacement thickness d1 shown in Fig. 9(a) is approxi-
mately 0.9% of the nozzle exit diameter D2 for Reynolds numbers
in the range Re> 3000. For smaller Reynolds numbers the dis-
placement thickness d1 increases rapidly to 3% for Reynolds num-
bers 3000>Re> 1000 and to 6% for Reynolds numbers
1000>Re> 300.

From Fig. 9(b) is seen that the momentum thickness d2 � 0.004D2

varies little with Reynolds number in the range Re> 3000 so that
using d2¼ 0.004D2 in the top hat velocity profile given in Eq. (18)
allows to approximate the measured shape of the transverse velocity
profile as shown in Fig. 4(b). For Reynolds numbers 300<Re
< 3000 the momentum thickness increases rapidly to about twice
this value, i.e., an increase with 50% to about 1% of the exit diameter
D2, so that 0.004D2� d2� 0.01D2.

An experimental estimation of the shape factor H and Thwaites
parameter k is obtained using the experimental estimations of d1
and d2 associated with spatial step size Dy¼ 0.01 mm. In Fig. 9(c)
and Fig. 9(d) the experimental estimates for H and k are compared
to model predictions for non zero model constants cH,S= 0. The
experimental and modeled values for H are greater than 2.4 con-
firming the laminar nature of the flow. Since modeled d1 values
are larger than experimental d1 values for Re> 3000, the modeled
shape factor H overestimates experimental H values in this range
of Reynolds numbers. For Reynolds numbers Re< 3000, the ex-
perimental boundary layer estimation shows a strong increase
reflecting the increased displacement thickness due to strong
boundary layer development. The small variation of modeled H
values is due to the small variation of modeled k values as shown
in Fig. 9(d). The experimentally estimated k values varies in the
range covered by the modeled values. Consequently, the modeled
and measured values for H and k result in a same order of magni-
tude, but a quantitative comparison results in large errors between
20% and 40%.

6 Conclusion

Flow through a parameterized axisymmetrical contraction noz-
zle of limited size is studied for 300<Re< 20,200 based on trans-
verse velocity measurements at the nozzle exit. The nozzle is
characterized by the nozle exit diameter D¼ 21.4 mm, contraction
ratio CR¼ 21.8 and total length L¼ 6 cm. Transverse exit velocity
profiles are measured and the flow throughout the nozzle is mod-
eled by implementing Thwaites axisymmetrical laminar boundary
layer method in an iterative algorithm.

The following conclusions are made:

• For all assessed Reynolds numbers Re, the measured trans-
verse mean exit velocity profiles show a satisfactory sharp top
hat shape with uniform flow in the range �0.25< y/D< 0.25.
Outside the uniform center, in the range jy/Dj> 0.25, the
boundary layer is found to be laminar. The centerline turbu-
lence intensity yields <1% for all assessed Reynolds numbers.
The displacement thickness d1 yields about 0.9% of the exit di-
ameter for Re> 3000. For Re< 3000, the boundary layer
growths rapidly and d1 increases to 3% of the exit diameter in
the range 1000<Re< 3000 and to 9% of the exit diameter for
300<Re< 1000. Consequently, the small nozzle provides low
turbulence inflow with uniform core flow for Reynolds num-
bers in the range 300<Re< 20,200.

• Reducing the spatial step when scanning the transverse veloc-
ity in the boundary layer to less than the hot film diameter
increases the accuracy of the measured displacement thickness

d1 and momentum thickness d2 with more than 40% for all
assessed Reynolds numbers since errors due to spatial integra-
tion are avoided.

• Two constants are introduced in the universal functions
describing the skin friction parameter and the shape parame-
ter in Thwaites laminar axisymmetrical boundary layer solu-
tion based on tabulated values reported in literature. The
constants allow to extent the Reynolds number range for
which the model is accurate, i.e., the discrepancy between
modeled and measured values is less than 4%, from
3000<Re< 20,200 to 1000<Re< 20,200 for the centerline
velocity as well as for the boundary layer characteristics d1
and d2. Consequently, the implementation of Thwaites lami-
nar axisymmetrical boundary layer solution provides a simple
algorithm to quantify the flow at the exit for Reynolds num-
bers in the range 1000<Re< 20,200. For Reynolds numbers
Re< 1000 the model outcome provides a qualitative estima-
tion since the error increases as the boundary layer develops.

Appendix A: Algorithm Outline

For a given volume flow rate Q and discretized geometry with
area A(x)¼pR(x)2

Ai ¼ pR2
i and 1 � i � L=Dxþ 1 (21)

with i the discretization index in the x direction, the algorithm is
schematically given as follows:

Algorithm 1: Flow chart for Thwaites laminar axisymmetrical
boundary layer approximation

Input: volume flow rate Q and discretised contraction geom-
etry Ai

Output: centerline velocity UðxÞ; kðxÞ; HðxÞ; SðxÞ; d1ðxÞ;
d2ðxÞ and sðxÞ
initialization: Ui

0 ¼ Q=Ai; d20 ¼ 0; d10 ¼ 0; k0 ¼ 0;
for 1 � i � L=Dxþ 1 do

while jUest
i � Uold

i j > �U or jkesti � koldi j > �k do

Ui ¼ Q

pðRi�Hðki�1Þd2;iÞ2
;

d22;i ¼ 0:45�
R2
i
U6

i

Dx
Pi

j¼1 R
2
jU

5
j þ

d22;1R
2
0
U6

1

R2
i
U6

i

;

ki ¼ d2;i
�

Ui�Ui�1

Dx
;

d1;i ¼ d2;iHðkiÞ;
Ui ¼ Q

pðRi�Hðkid2;iÞ2Þ
;

kesti ¼ kold � kkðknewi � koldi Þ;
Uest

i ¼ Uold
i � kUðUnew

i � Uold
i Þ;

si ¼ q�Uest
i

d2;i
Sðkesti Þ;

end
end

The relaxation parameters kU¼ 1� 10�3 and kk¼ 6� 10�5,
convergence parameters eU¼ 1� 10�5 and ek¼ 1� 10�7 and dis-
cretization step Dx¼ 2.6� 10�5m are chosen sufficiently small so
that the simulation results are independent of their numerical
value. The influence of the initialization parameters U0

i ¼ 0,
d02 ¼ 0, d01 ¼ 0 is largest in the uniform inlet portion of the nozzle,
so that its influence can be neglected in the convergent portion.

Acknowledgment

The authors thank the Agence National de la Recherche France
(ANR-09-BLAN-0376) for financial support.

Nomenclature

[�] ¼ dimensionless
� ¼ air kinematic viscosity 1.5� 10�5m2/s
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q ¼ air density 1.2kg/m3

D1 ¼ inlet diameter of axisymmetrical nozzle [m]
D2 ¼ exit diameter of axisymmetrical nozzle [m]

R(x) ¼ radius of the axisymmetrical nozzle [m]
A(x)¼ p R(x)2 ¼ area of the axisymmetrical nozzle [m2]

L ¼ total nozzle length in the x direction [m]
xm ¼ matching point required for parametrical

description of the nozzle [m]
CR¼ (D2/D1)

2 ¼ area contraction ratio of the nozzle [�]
Q ¼ volume airflow rate [m3/s]

Re ¼ 4Q
�pD2

¼ bulk Reynolds number at the exit of the axisym-
metrical nozzle [�]

x ¼ longitudinal streamwise distance from nozzle
inlet at x¼ 0 [m]

y ¼ transverse distance from the centerline of the
nozzle [m]

Dy ¼ transverse step size for anemometry measure-
ments [m]

Ue(y) ¼ transverse flow velocity profile at the exit of the
nozzle (x¼ L, �D2/2� y�D2/2) [m/s]

Uc(x) ¼ centerline flow velocity (0� x� L, y¼ 0) [m/s]
U1 ¼ mean centerline velocity at the inlet of the noz-

zle (x¼ 0, y¼ 0) [m/s]
U2 ¼ mean centerline velocity at the exit of the noz-

zle (x¼L, y¼ 0) [m/s]
U

p
2 ¼ instantaneous centerline velocity at the exit of

the nozzle [m/s]
Ntot ¼ total number of samples [�]
r ¼ second moment of velocity or root mean square

[m/s]
TU ¼ local turbulence intensity [�]

U(x) ¼ flow velocity outside the boundary layer [m/s]
u(x, y) ¼ flow velocity in the boundary layer [m/s]

d2 ¼ momentum thickness [m]
d1 ¼ displacement thickness [m]
k ¼ Thwaites parameter [�]
s ¼ wall shear stress [kg/ms2

S(k) ¼ skin friction parameter [�]
H(k) ¼ boundary layer shape parameter [�]
cS,H ¼ constants [�]
dw ¼ diameter of hot film [m]
Ta ¼ room temperature [�C]
Ta,r ¼ reference ambient temperature [�C]
Tf ¼ fluid temperature [�C]
Pf ¼ fluid pressure [Pa]

Emeas ¼ measured hot-film output voltage [V]
Ecorr ¼ corrected hot-film output voltage [V]
p, i ¼ auxiliary indices [�]

eU,k, kU,k ¼ convergence and relaxation parameters [�]
Nind ¼ number of independent samples [�]

Us ¼
ffiffi

s
q

q

¼ friction velocity [m/s]

Uþ ¼ velocity normalized by friction velocity Us [�]
yþ ¼ Reynolds number based on friction velocity and

distance from the nozzle wall [�]
DP ¼ pressure difference imposed by the area con-

traction of the nozzle [Pa]
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