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❤❛✈❡ ❜❡❡♥ ♣❡$❢♦$♠❡❞✳ ❘❡"✉❧#" "❤♦✇ #❤❛# #❤❡ ♥♦❞❛❧✐③❛#✐♦♥ ✉"❡❞ ✐♥ "✉❝❤ "✐♠✉❧❛#✐♦♥"

$❡♣$❡"❡♥#" #❤❡ "②"#❡♠ ❢❛✐$❧② ✇❡❧❧ ❛♥❞ #❤❛# #❤❡ ❝♦❞❡ ✐" ❝❛♣❛❜❧❡ ♦❢ ♣$❡❞✐❝#✐♥❣ ❜♦#❤

"✐♥❣❧❡✲♣❤❛"❡ ❛♥❞ #✇♦✲♣❤❛"❡ ✢♦✇ ❜❡❤❛✈✐♦$✳ ❍♦✇❡✈❡$✱ ❝❤❛$❛❝#❡$✐"#✐❝ ❝✐$❝✉❧❛#✐♦♥ ✐♥"✲

#❛❜✐❧✐#✐❡" ❤❛✈❡ ♥♦# ❜❡❡♥ ✇❡❧❧ $❡♣$❡"❡♥#❡❞ ❞✉❡ #♦ #❤❡ ♥✉♠❡$✐❝❛❧ ♠❡#❤♦❞" ✉"❡❞ ❜② #❤❡

❝♦♠♣✉#❛#✐♦♥❛❧ ❝♦❞❡✳

✈✐✐



❙✉♠#$✐♦

❉❡❞✐❝❛&'(✐❛ ✐✈

❆❣(❛❞❡❝✐♠❡♥&♦ ✈

❘❡0✉♠♦ ✈✐

❆❜0&(❛❝& ✈✐✐

❮♥❞✐❝❡ ❞❡ ❋✐❣✉(❛0 ①

❮♥❞✐❝❡ ❞❡ ❚❛❜❡❧❛0 ①✈

▲✐0&❛ ❞❡ ❙:♠❜♦❧♦0 ①✈✐

✶ ■♥&(♦❞✉=>♦ ✶

✶✳✶ ❈✐$❝✉❧❛)*♦ ◆❛-✉$❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹

✶✳✷ ❖❜❥❡-✐✈♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼

✶✳✸ ❖$❣❛♥✐③❛)*♦ ❞♦ ❚$❛❜❛❧❤♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼

✷ ❘❡✈✐0>♦ ❇✐❜❧✐♦❣(A✜❝❛ ✽

✸ ❈'❞✐❣♦ ❈♦♠♣✉&❛❝✐♦♥❛❧ ❘❊▲❆H✺✴▼❖❉✸✳✷ ✷✵

✸✳✶ ▼♦❞❡❧♦> ❋@>✐❝♦> ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵

✸✳✷ ❘❡❧❛)C❡> ❞❡ ❋❡❝❤❛♠❡♥-♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✷

✸✳✸ ▼♦❞❡❧♦ ♥✉♠E$✐❝♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✵

✸✳✹ ❉❛❞♦> ❞❡ ❊♥-$❛❞❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✵

✈✐✐✐



✹ ❘❡#✉❧&❛❞♦# ❡ ❉✐#❝✉##-❡# ✸✸

✹✳✶ ❆♣❛&❛'♦ ❊①♣❡&✐♠❡♥'❛❧ ✲ ❈❈◆ ❞♦ ■❊◆✴❈◆❊◆ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✸

✹✳✷ ◆♦❞❛❧✐③❛9:♦ ❞♦ ❘❊▲❆=✺✴▼❖❉✸✳✷ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✵

✹✳✷✳✶ ●❡♦♠❡'&✐❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✵

✹✳✷✳✷ ❊D'&✉'✉&❛ ❞❡ ❈❛❧♦& ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✸

✹✳✸ ❱❡&✐✜❝❛9:♦ ❞♦ ❝♦♠♣♦&'❛♠❡♥'♦ ❞♦ ❈✐&❝✉✐'♦ ❞❡ ❈✐&❝✉❧❛9:♦ ◆❛'✉&❛❧ ✳ ✳ ✳ ✹✹

✹✳✹ ❱❛❧✐❞❛9:♦ ❞♦ ♠♦❞❡❧♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✶

✹✳✺ ❈♦♥❥✉♥'♦ ❞❡ ❙✐♠✉❧❛9L❡D ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✶

✹✳✺✳✶ ❙✐♠✉❧❛9L❡D ▼♦♥♦❢ND✐❝❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✼

✹✳✺✳✷ ❙✐♠✉❧❛9L❡D ❇✐❢ND✐❝❛D ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✵

✺ ❈♦♥❝❧✉#-❡# ❡ ❙✉❣❡#&-❡# ✽✼

❘❡❢❡78♥❝✐❛# ❇✐❜❧✐♦❣7;✜❝❛# ✽✾
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▲✐"#❛ ❞❡ ❋✐❣✉*❛"

✶✳✶ ❋❡♥%♠❡♥♦ ❞❡ ❈✐+❝✉❧❛01♦ ◆❛3✉+❛❧✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹

✶✳✷ ▼❛♣❛8 ❞❡ ✐♥83❛❜✐❧✐❞❛❞❡✳✭■♥3❡+♥❛3✐♦♥❛❧ ❆3♦♠✐❝ ❊♥❡+❣②✱ ✷✵✵✺✮ ✳ ✳ ✳ ✳ ✳ ✼

✷✳✶ ▼♦♥3❛❣❡♠ ❡①♣❡+✐♠❡♥3❛❧ ❡ +❡♣+❡8❡♥3❛01♦ ♥♦ ❘❊▲❆H✺ ✭▼✐8❛❧❡ ❡3 ❛❧✳✱

✶✾✾✾✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵

✷✳✷ ❱❛③1♦ ♣❛+❛ ❝❛♥❛✐8 ♣❛+❛❧❡❧♦8 ❝♦♠ ❛ ♠❡8♠❛ ♣♦3L♥❝✐❛ ✭▲❛❦8❤♠❛♥❛♥ ❡

H❛♥❞❡②✱ ✷✵✶✵✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶

✷✳✸ ❱❛③1♦ ♣❛+❛ ❝❛♥❛✐8 ♣❛+❛❧❡❧♦8 ❝♦♠ ♣♦3L♥❝✐❛8 ❞✐❢❡+❡♥3❡8 ✭▲❛❦8❤♠❛♥❛♥ ❡

H❛♥❞❡②✱ ✷✵✶✵✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶

✷✳✹ ▼♦♥3❛❣❡♠ ❡①♣❡+✐♠❡♥3❛❧ ✭▼❛+3✐♥ ❡ ❚❛②❧♦+✱ ✶✾✾✷✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸

✷✳✺ ✭❆✮ ♥♦❞❛❧✐③❛01♦  ❧✐❝❡ ❡ ✭❇✮ ♥♦❞❛❧✐③❛01♦ ♥1♦✲ ❧✐❝❡ ✭❇❛❥8 ❡3 ❛❧✳✱ ✷✵✵✵✮✳ ✳ ✶✻

✷✳✻ ❈♦♠♣❛+❛01♦ ❡♥3+❡ ♦8 +❡8✉❧3❛❞♦8 ❡①♣❡+✐♠❡♥3❛✐8 ❡ ❞♦ ❘❊▲❆H✺ ✭▼♦✉✲

8❛✈✐❛♥ ❡3 ❛❧✳✱ ✷✵✵✹✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼

✷✳✼ ◆♦❞❛❧✐③❛01♦ ❞♦ ❘❊▲❆H✺ ✭❩❤♦✉ ❡3 ❛❧✳✱ ✷✵✶✸✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✽

✸✳✶ ▼❛♣❛ ❞❡ ❡8❝♦❛♠❡♥3♦ ❣Y8✲❧Z[✉✐❞♦ ✈❡+3✐❝❛❧✳✭❋❧❡3❝❤❡+ ❡ ❙❝❤✉❧3③✱ ✶✾✾✺❛✮ ✳ ✷✸

✸✳✷ ▼❛♣❛ ❞❡ ❡8❝♦❛♠❡♥3♦ ❣Y8✲❧Z[✉✐❞♦ ❤♦+✐③♦♥3❛❧✳✭❋❧❡3❝❤❡+ ❡ ❙❝❤✉❧3③✱ ✶✾✾✺❛✮ ✷✹

✸✳✸ ▼❛♣❛ ❞❡ ♠✐83✉+❛ ♣❛+❛ ❜♦♠❜❛✳ ✭❋❧❡3❝❤❡+ ❡ ❙❝❤✉❧3③✱ ✶✾✾✺❛✮ ✳ ✳ ✳ ✳ ✳ ✳ ✷✹

✸✳✹ ▼❛♣❛ ❞❡ ♠✐83✉+❛ ♣❛+❛ ♣♦♥3♦8 ❞❡ ✐♥❥❡01♦✳✭❋❧❡3❝❤❡+ ❡ ❙❝❤✉❧3③✱ ✶✾✾✺❛✮ ✳ ✷✺

✸✳✺ ❈✉+✈❛ ❞❡ +❡❣✐♠❡ ❞❡ 3+❛♥8❢❡+L♥❝✐❛ ❞❡ ❝❛❧♦+✳✭❋❧❡3❝❤❡+ ❡ ❙❝❤✉❧3③✱ ✶✾✾✺❛✮ ✷✾

✸✳✻ ❊❧❡♠❡♥3♦8 ❝❛+❛❝3❡+Z83✐❝♦8 ❞♦ ❝]❞✐❣♦ ❘❊▲❆H✺✳✭❘❡✐8✱ ✷✵✵✾✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✷

✹✳✶ ❘❡♣+❡8❡♥3❛01♦ ❞♦ ❈✐+❝✉✐3♦ ❞❡ ❈✐+❝✉❧❛01♦ ◆❛3✉+❛❧✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✹

✹✳✷ ●❡♦♠❡3+✐❛ ❞♦ ❈✐+❝✉✐3♦ ❞❡ ❈✐+❝✉❧❛01♦ ◆❛3✉+❛❧ ✭❈❈◆✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✺

✹✳✸ ●❡♦♠❡3+✐❛ ❞♦ ❆[✉❡❝❡❞♦+✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✻
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✹✳✹ ❚#♦❝❛❞♦# ❞❡ ❈❛❧♦#✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✽

✹✳✺ ▲♦❝❛❧✐③❛12♦ ❞♦3 4❡#♠♦♣❛#❡3 ♥♦ ❈❈◆✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾

✹✳✻ ◆♦❞❛❧✐③❛12♦ ❞♦ ❈❈◆✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✶

✹✳✼ ❱❛③2♦ ❞♦ ♣❧❡♥♦ 3✉♣❡#✐♦#✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✹

✹✳✽ ◆♦❞❛❧✐③❛12♦ ❞♦ ♣❧❡♥♦ 3✉♣❡#✐♦#✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✺

✹✳✾ ◆♦❞❛❧✐③❛12♦ ❞♦ ♣❧❡♥♦ 3✉♣❡#✐♦# 3❡♠ ♦ ✈♦❧✉♠❡ 25✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✺

✹✳✶✵ ❈♦♠♣❛#❛12♦ ❞❛ 4❡♠♣❡#❛4✉#❛ ♥♦ ♣❧❡♥♦ 3✉♣❡#✐♦# ♣❛#❛ ❛3 ❞✉❛3 ♥♦❞❛❧✐✲

③❛1B❡3✳✭D♦4E♥❝✐❛ ❡❧F4#✐❝❛✿ 800W ❀ ❱❛③2♦ ❞❡ #❡3❢#✐❛♠❡♥4♦✿ 15l/h✮ ✳ ✳ ✳ ✹✻
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ǫ ❘✉❣♦+✐❞❛❞❡ ❞❛ +✉♣❡,❢2❝✐❡

①✈✐✐



φS ❋❛"♦$ ❞❡ ❢♦$♠❛ ♣❛$❛ ❝❛♥❛✐- ♥.♦ ❝✐$❝✉❧❛$❡-

Γ ❈♦❡✜❝✐❡♥"❡ ❞❡ "$❛♥-❢❡$3♥❝✐❛ ❞❡ ♠❛--❛ ❡♥"$❡ ❢❛-❡-

Γi ▼❛--❛ "$♦❝❛❞❛ ♥❛ ✐♥"❡$❢❛❝❡

Γw ❊♥❡$❣✐❛ $❡❢❡$❡♥"❡ ❛♦ ✈❛♣♦$ ❣❡$❛❞♦ ♥❛ ♣❛$❡❞❡

φk ▼✉❧"✐♣❧✐❝❛❞♦$ ❉❛"❝②✲❲❡✐)❜❛❝❤ ♣❛$❛ ❢$✐❝8.♦ ❞❡ ❞✉❛- ❢❛-❡-
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♦ -!❛♥$♣♦!-❡ ❞❡ ♠❛$$❛✱ ✐♠♣✉❧$♦ ❡ ❡♥❡!❣✐❛ ♥♦$ $✐$-❡♠❛$ ❝♦♥-❡♥❞♦ ♠@❧-✐♣❧❛$ ❢❛$❡$ ✭❣;$✱

❧B:✉✐❞♦ ❡ $C❧✐❞♦$✮ ❞✉!❛♥-❡ ♦ !❡❣✐♠❡ ❞❡ ❝✐!❝✉❧❛89♦ ♥❛-✉!❛❧✳

❉✐✈❡!$♦$ ♣!♦❣!❛♠❛$ ❢♦!❛♠ ❞❡$❡♥✈♦❧✈✐❞♦$ ♣❡❧❛ ❝♦♠✉♥✐❞❛❞❡ ❝✐❡♥-✐✜❝❛ ✐♥-❡!♥❛✲

❝✐♦♥❛❧ ❝♦♠ ♦ ✐♥-✉✐-♦ ♣!❡✈❡! ♦ ❝♦♠♣♦!-❛♠❡♥-♦ ❞❡ ♣❧❛♥-❛$ ♥✉❝❧❡❛!❡$ ❡ ♠♦❞❡❧❛! $❡✉$

❢❡♥H♠❡♥♦$ ❝❛!❛❝-❡!B$-✐❝♦$✳ ❊♥-!❡ ❡$$❡$ ♣!♦❣!❛♠❛$ ❝♦♠♣✉-❛❝✐♦♥❛✐$ ♦$ ❝C❞✐❣♦$ ❞❛ ❢❛✲

♠B❧✐❛ ❘❊▲❆L ♠♦$-!❛♠✲$❡ ❛❞❡:✉❛❞♦ ♣❛!❛ $✐♠✉❧❛! ♦ ❢❡♥H♠❡♥♦ ❞❡ ❝✐!❝✉❧❛89♦ ♥❛-✉!❛❧✱

♣♦✐$ ❢♦✐ ✉♠ ♣!♦❣!❛♠❛ ♦!✐❣✐♥❛❧♠❡♥-❡ ❞❡$❡♥✈♦❧✈✐❞♦ ♣❛!❛ ❡$-✉❞❛! ❛❝✐❞❡♥-❡$ ❞❡ ♣❡!❞❛

❞❡ !❡❢!✐❣❡!❛♥-❡ ❞♦ !❡❛-♦!✱ $❡♥❞♦ ♣!♦♣B❝✐♦ ❛ $✐♠✉❧❛! ❢❡♥H♠❡♥♦$ -❡!♠♦✲❤✐❞!;✉❧✐❝♦$ ❛

❜❛✐①❛ ♣!❡$$9♦ ❡ ✈❛③9♦✱ ❝♦♥❞✐8<❡$ ❛❢❡✐-❛$ N ❝✐!❝✉❧❛89♦ ♥❛-✉!❛❧✳

❖$ ❝C❞✐❣♦$ ❘❊▲❆L -❡♠ $✐❞♦ ❛♠♣❧❛♠❡♥-❡ ✉-✐❧✐③❛❞♦ ♣❡❧❛ ❧✐-❡!❛-✉!❛ ♣❛!❛ $✐✲

♠✉❧❛! -!❛♥$✐❡♥-❡$ ❡ ❛❝✐❞❡♥-❡$ :✉❡ ♣♦❞❡♠ ♦❝♦!!❡! ❡♠ !❡❛-♦!❡$ LWR ✭▲✐❣❤$ ❲❛$❡(

❘❡❛❝$♦( ✲ ❘❡❛-♦!❡$ ❞❡ ➪❣✉❛ ▲❡✈❡✮✱ -❛✐$ ❝♦♠♦✿ ♣❡!❞❛ ❞❡ !❡❢!✐❣❡!❛♥-❡ ♣♦! ♣❡:✉❡♥❛ ♦✉

❣!❛♥❞❡ !✉♣-✉!❛✱ ♣❡!❞❛ ❞❡ ;❣✉❛ ❞❡ ❛❧✐♠❡♥-❛89♦ ❞♦$ ●❱$✱ ♣❡!❞❛ ❞❡ ♣♦-1♥❝✐❛ ❡❧3-!✐❝❛

❡①-❡!♥❛✱ !❡❞✉89♦ ❞❛ ✈❛③9♦ ❞❡ !❡$❢!✐❛♠❡♥-♦ ❞♦ !❡❛-♦! ❡ -!❛♥$✐❡♥-❡$ ♣!❡✈✐$-♦$ $❡♠ ♦

❞❡$❧✐❣❛♠❡♥-♦ ❞♦ !❡❛-♦! ✭❋❧❡-❝❤❡! ❡ ❙❝❤✉❧-③✱ ✶✾✾✺❛✮

❖ ✈❡!$9♦ ❘❊▲❆L✺✴▼❖❉✸✳✷ ❡♠♣!❡❣❛ ♦ ♠♦❞❡❧♦ ❞❡ ❞♦✐$ ✢✉B❞♦$ ♣❛!❛ ❞❡$❝!❡✈❡!

❛ -❡!♠♦✲❤✐❞!;✉❧✐❝❛ ❞♦ ❡$❝♦❛♠❡♥-♦ ❜✐❢;$✐❝♦✳ ❊$$❡ ♠♦❞❡❧♦ 3 ❜❛$❡❛❞♦ ❡♠ ❝♦♥❥✉♥-♦ ❞❡

✈♦❧✉♠❡$ ❞❡ ❝♦♥-!♦❧❡ ❝♦♥❡❝-❛❞♦$ ❡♥-!❡ $✐ ♣♦! ❥✉♥8<❡$ !❡♣!❡$❡♥-❛♥❞♦ ♦ ❡$❝♦❛♠❡♥-♦

❞♦ ✢✉✐❞♦✳ L❛!❛ ❡$$❡ ❝♦♥❥✉♥-♦ 3 !❡$♦❧✈✐❞♦ ♥✉♠❡!✐❝❛♠❡♥-❡ ✉♠ $✐$-❡♠❛ ❞❡ ✻ ❡:✉❛8<❡$

❞✐❢❡!❡♥❝✐❛✐$ ✉♥✐❞✐♠❡♥$✐♦♥❛✐$ ♣❛!❛ ❝♦♥$❡!✈❛89♦ ❞❡ ♠❛$$❛✱ ♠♦♠❡♥-♦ ❡ ❡♥❡!❣✐❛ ❞❛$ ❢❛$❡$

❧B:✉✐❞♦ ❡ ✈❛♣♦!✱ ❛❧3♠ ❞❡ ✉♠❛ ❡:✉❛89♦ ♣❛!❛ ♦ ❜♦!♦ $♦❧@✈❡❧ ❡ ♦✉-!❛ ♣❛!❛ ♦$ ❣❛$❡$ ♥9♦

❝♦♥❞❡♥$;✈❡✐$✳ ❆$ !❡❧❛8<❡$ ❝♦♥$-✐-✉-✐✈❛$ ✉-✐❧✐③❛❞❛$ ♥♦ ❘❊▲❆L✺ ✴ ▼❖❉✸✳✷ ✐♥❝❧✉❡♠

♠♦❞❡❧♦$ ♣❛!❛ ❞❡-❡!♠✐♥❛! ♦$ !❡❣✐♠❡$ ❞❡ ❡$❝♦❛♠❡♥-♦ ❡ ♠♦❞❡❧♦$ !❡❧❛❝✐♦♥❛❞♦$ ❝♦♠

❝✐$❛❧❤❛♠❡♥-♦ ✐♥-❡!❢❛$❡✱ -!♦❝❛ ❞❡ ❝❛❧♦! ❡ -!❛♥$❢❡!1♥❝✐❛ ❞❡ ♠❛$$❛✱ ❢!✐❝89♦ ❞❛ ♣❛!❡❞❡

✸



❡♥"#❡ ♦✉"#♦& ❢❡♥(♠❡♥♦& ✭❋❧❡"❝❤❡# ❡ ❙❝❤✉❧"③✱ ✶✾✾✺❛✮✳

✶✳✶ ❈✐$❝✉❧❛)*♦ ◆❛-✉$❛❧

❆ ❝✐#❝✉❧❛:;♦ ♥❛"✉#❛❧ ❞❡ ✉♠ ✢✉✐❞♦ ♦❝♦##❡ ❜❛&✐❝❛♠❡♥"❡ ♣❡❧❛ ❞✐❢❡#❡♥:❛ ❞❡ ❞❡♥&✐✲

❞❛❞❡& ❡♥"#❡ ✉♠❛ ❝❛♠❛❞❛ ♠❛✐& A✉❡♥"❡ A✉❡ &♦❜❡ ❡ ♦✉"#❛ ♠❛✐& ❢#✐❛ A✉❡ ❞❡&❝❡✳ ❆♣❡♥❛&

❛& ❧❡✐& ❞❛ ❢B&✐❝❛ ❢♦#♥❡❝❡♠ ♦ ♠❡❝❛♥✐&♠♦ ♥❡❝❡&&C#✐♦ ♣❛#❛ ❛ ♠♦✈✐♠❡♥"❛:;♦ ❞♦ ✢✉✐❞♦✳

❊♠ ✉♠ &✐&"❡♠❛ ❞❡ ❝✐#❝✉❧❛:;♦ ♥❛"✉#❛❧ ❝♦♥❢♦#♠❡ ♠♦&"#❛❞♦ ♥❛ ❋✐❣✉#❛ ✶✳✶✱ ❛ ♣#❡&❡♥:❛

❞❛& ❢♦♥"❡& A✉❡♥"❡ ❡ ❢#✐❛ ❝❛✉&❛♠ ✉♠❛ ❞✐❢❡#❡♥:❛ ❞❡ ❞❡♥&✐❞❛❞❡ ❡♥"#❡ ❛& ♣❡#♥❛& ✈❡#"✐❝❛✐&

❞♦ &✐&"❡♠❛ ❡ ❝♦♥&❡A✉❡♥"❡♠❡♥"❡ ✉♠❛ ❞✐❢❡#❡♥:❛ ❞❡ ♣#❡&&;♦ ❡♥"#❡ ♦& ♣♦♥"♦& ❛ ❡ ❜✳

❋✐❣✉#❛ ✶✳✶✿ ❋❡♥(♠❡♥♦ ❞❡ ❈✐#❝✉❧❛:;♦ ◆❛"✉#❛❧✳

◗✉❛♥"♦ K& ❝❛#❛❝"❡#B&"✐❝❛& ❞♦ ❡&❝♦❛♠❡♥"♦✱ ✈❡#✐✜❝❛✲&❡ A✉❡ ❛ ✈❛③;♦ ❛✉♠❡♥"❛ ❝♦♠ ❛

♣♦"M♥❝✐❛ ❞♦ &✐&"❡♠❛ ❡ ❝♦♥&❡A✉❡♥"❡ ♠❛✐♦# &❡#C ❛ #❡"✐#❛❞❛ ❞❡ ❝❛❧♦#✳ ❆& ♣❡#❞❛& ❞❡ ❝❛#❣❛

♥♦& &✐&"❡♠❛& ❞❡ ❝✐#❝✉❧❛:;♦ ♥❛"✉#❛❧ "❛♠❜N♠ ❞❡&❡♠♣❡♥❤❛♠ ✉♠ ♣❛♣❡❧ ✈✐"❛❧ ♥♦& ❡&"❛❞♦&

❡&"❛❝✐♦♥C#✐♦ ❡ "#❛♥&✐❡♥"❡✱ ✐♥"❡#❢❡#✐♥❞♦ ♥❛ ✈❛③;♦ ❡ ♥❛ ❡&"❛❜✐❧✐❞❛❞❡ ❞♦ &✐&"❡♠❛✳ ❯♠

❢❛"♦# ✐♠♣♦#"❛♥"❡ A✉❡ ❛❢❡"❛ ❛ ♣❡#❞❛ ❞❡ ♣#❡&&;♦ N ❛ ❣❡♦♠❡"#✐❛ ❡ ❡♠ ✉♠ #❡❛"♦# ♥✉❝❧❡❛#✱

"❡♠♦& A✉❡ ❧✐❞❛# ❝♦♠ ✈C#✐❛& ❢♦#♠❛& ❣❡♦♠N"#✐❝❛& ❜C&✐❝❛& ✭"✉❜♦& ❝✐#❝✉❧❛#❡&✱ ✈C❧✈✉❧❛&✱

❡"❝✳✮ ❡ ✉♠❛ &N#✐❡ ❞❡ ❞✐&♣♦&✐"✐✈♦& ❡&♣❡❝✐❛✐&✱ ❝♦♠♦ ❢❡✐①❡& ❞❡ ✈❛#❡"❛&✱ "#♦❝❛❞♦#❡& ❞❡

❝❛❧♦#✱ ✈C❧✈✉❧❛&✱ ❜♦♠❜❛&✱ ❡"❝✳

❆ ♥❛"✉#❡③❛ ❞♦ ❡&❝♦❛♠❡♥"♦ ❡♠ #❡❧❛:;♦ ❛♦ ❡&"❛❞♦ ❞♦ ✢✉✐❞♦ ✭♠♦♥♦❢C&✐❝♦ ♦✉ ❜✐❢C✲

&✐❝♦ ❡ ❧❛♠✐♥❛# ♦✉ "✉#❜✉❧❡♥"♦✮✱ ❡ "❛♠❜N♠ ♦ ♣❛❞#;♦ ❞❡ ❡&❝♦❛♠❡♥"♦ ✭❜♦❧❤❛✱ ♣✐&"♦♥❛❞♦✱

✹



❛♥✉❧❛$✱ ❡'❝✮ *+♦ ❝❛$❛❝'❡$-*'✐❝❛* /✉❡ ✐♥✢✉❡♥❝✐❛♠ ❞✐$❡'❛♠❡♥'❡ ♥♦ ❞❡*❡♠♣❡♥❤♦ '❡$♠♦✲

❤✐❞$6✉❧✐❝♦ ❞❛ ❝✐$❝✉❧❛7+♦✳

❆ ♣$✐♥❝✐♣❛❧ ✈❛♥'❛❣❡♠ ❞❡ ✉♠ *✐*'❡♠❛ ❞❡ ❝✐$❝✉❧❛7+♦ ♥❛'✉$❛❧ < ❛ *✐♠♣❧✐❝✐❞❛❞❡✳ ❆

❡❧✐♠✐♥❛7+♦ ❞❡ ❛❧❣✉♥* ❝♦♠♣♦♥❡♥'❡* ♣♦❞❡ *✐♠♣❧✐✜❝❛$ ❜❛*'❛♥'❡ ❛ ❝♦♥*'$✉7+♦✱ ♦♣❡$❛7+♦

❡ ♠❛♥✉'❡♥7+♦ ❞♦ *✐*'❡♠❛✳ ❆❧<♠ ❞✐**♦✱ ❛ ♥+♦ ✉'✐❧✐③❛7+♦ ❞❛* ❜♦♠❜❛* ❡ ❞❛ ❞✐♠✐♥✉✐✲

7+♦ ❞❛ /✉❛♥'✐❞❛❞❡ ❞❡ '✉❜✉❧❛7+♦ ♥❡❝❡**6$✐❛ '❛♠❜<♠ ❡❧✐♠✐♥❛♠ ❝❡♥6$✐♦* ❞❡ ❛❝✐❞❡♥'❡*

❛**♦❝✐❛❞♦* @ ♣❡$❞❛ ❞❡ ✈❛③+♦✱ ❛❝✐❞❡♥'❡* ❞❡ $✉♣'✉$❛ ❞❛ ✈❡❞❛7+♦ ❞❛ ❜♦♠❜❛ ❡ $❡❞✉③ ❛*

❝❤❛♥❝❡* ❞❡ ✉♠ ❛❝✐❞❡♥'❡ ❞❡ ♣❡$❞❛ ❞❡ $❡❢$✐❣❡$❛♥'❡ ♣♦$ $✉♣'✉$❛ ❞❛ '✉❜✉❧❛7+♦✳

❖✉'$❛ ✈❛♥'❛❣❡♠ < /✉❡ ❛ ❞✐*'$✐❜✉✐7+♦ ❞❛ ✈❛③+♦ ❡♠ ♥C❝❧❡♦* ❝♦♠ ❝❛♥❛✐* ♣❛$❛❧❡❧♦*

< ♠✉✐'♦ ♠❛✐* ✉♥✐❢♦$♠❡ ❞♦ /✉❡ ❡♠ ✉♠ *✐*'❡♠❛ ❞❡ ❝✐$❝✉❧❛7+♦ ❢♦$7❛❞❛✳ ❆❧<♠ ❞✐**♦✱ ❛*

❝❛$❛❝'❡$-*'✐❝❛* ❞❛ ✈❛③+♦ ❡♠ ❢✉♥7+♦ ❞❛ ♣♦'D♥❝✐❛ '❛♠❜<♠ *+♦ ♠❡❧❤♦$❡* ❡♠ ✉♠ *✐*'❡♠❛
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♣❛$❛❞♦, ❝♦♠ ❞❛❞♦, ❡①♣❡$✐♠❡♥0❛✐, ❞❛ ♣$I♣$✐❛ ✐♥,0❛❧❛EF♦✱ ✈✐,❛♥❞♦ 0❛♠❜C♠ ❛✈❛❧✐❛$

♣♦,,Z✈❡✐, ✐♥,0❛❜✐❧✐❞❛❞❡, ♦$✐✉♥❞❛, ❞♦, ♠C0♦❞♦, ♥✉♠C$✐❝♦, ❡♠♣$❡❣❛❞♦,✳

✶✳✸ ❖,❣❛♥✐③❛12♦ ❞♦ ❚,❛❜❛❧❤♦

❖ 0$❛❜❛❧❤♦ ❡,0L ♦$❣❛♥✐③❛❞♦ ❞❛ ,❡❣✉✐♥0❡ ❢♦$♠❛✳ ◆♦ ❈❛♣Z0✉❧♦ ✷ ❛♣$❡,❡♥0❛✲,❡

✉♠❛ $❡✈✐,F♦ ❞❛ ❧✐0❡$❛0✉$❛ ,♦❜$❡ ❛ ✉0✐❧✐③❛EF♦ ❞♦ ❝I❞✐❣♦ ❘❊▲❆Q✺ ♥❛ ,✐♠✉❧❛EF♦ ❞❡

❝✐$❝✉❧❛EF♦ ♥❛0✉$❛❧✳ ❏L ♥♦ ❈❛♣Z0✉❧♦ ✸ ,F♦ ♠♦,0$❛❞♦, ♦, ❝♦♥❝❡✐0♦, ❜L,✐❝♦, ❞♦ ❝I❞✐❣♦

❘❊▲❆Q✺✴▼❖❉✸✳✷✳ ❖ ❈❛♣Z0✉❧♦ ✹ ❛♣$❡,❡♥0❛ ❛ ✐♥,0❛❧❛EF♦ ❡①♣❡$✐♠❡♥0❛❧✱ ❛ ❞❡,❝$✐EF♦

❞♦ ♠♦❞❡❧♦ ❡♠♣$❡❣❛❞♦ ♣❛$❛ ,✐♠✉❧❛EF♦✱ ❡ ,F♦ ❛♣$❡,❡♥0❛❞♦, ♦, $❡,✉❧0❛❞♦, ♦❜0✐❞♦, ♣❡❧♦,

♠C0♦❞♦, ❡①♣❡$✐♠❡♥0❛✐, ❡ 0❡I$✐❝♦,✱ ❡ ❛, ❞✐,❝✉,,Y❡, ❞❡,0❡, $❡,✉❧0❛❞♦,✳ ❖ ❝❛♣Z0✉❧♦ ✺

❛♣$❡,❡♥0❛ ❛, ❝♦♥❝❧✉,Y❡, ❡ ❛, ,✉❣❡,0Y❡, ♣❛$❛ 0$❛❜❛❧❤♦, ❢✉0✉$♦,✳
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❘❡✈✐-.♦ ❇✐❜❧✐♦❣23✜❝❛

◆❡"#❡ ❝❛♣'#✉❧♦ "❡+,♦ ❛❜♦+❞❛❞♦" ♦" ❡"#✉❞♦" +❡❛❧✐③❛❞♦" ❡♠ ❛+#✐❣♦" ❞❛ ❧✐#❡+❛#✉+❛

♣❛+❛ ❝✐+❝✉❧❛3,♦ ♥❛#✉+❛❧ ❡♠ +❡❣✐♠❡" ♠♦♥♦❢6"✐❝♦ ❡ ❜✐❢6"✐❝♦" ✉#✐❧✐③❛♥❞♦ ❝7❞✐❣♦ ❝♦♠♣✉✲

#❛❝✐♦♥❛❧ ❘❊▲❆=✺✳

❙❛❜✉♥❞❥✐❛♥ ❡# ❛❧✳ ✭✷✵✵✼✮ ❡"#✉❞❛+❛♠ ❢❡♥G♠❡♥♦" ❞❡ ❝✐+❝✉❧❛3,♦ ♥❛#✉+❛❧ ❡♠ +❡❣✐✲

♠❡" ❞❡ ✉♠❛ ❡ ❞✉❛" ❢❛"❡" ✉"❛♥❞♦ ♦ ❝7❞✐❣♦ ❘❊▲❆=✺✳ ❊❧❡" ❛♣+❡"❡♥#❛+❛♠ ❛ ❝♦♠♣❛+❛3,♦

❡♥#+❡ ♦" +❡"✉❧#❛❞♦" #❡7+✐❝♦" ❡ ❡①♣❡+✐♠❡♥#❛✐" ♣❛+❛ ♦ +❡❣✐♠❡ ❞❡ ✉♠❛ ❡ ❞✉❛" ❢❛"❡"✳ ❆

❝♦♠♣❛+❛3,♦ ❡♥#+❡ ♦" +❡"✉❧#❛❞♦" ♠♦"#+❛ ✉♠❛ ❜♦❛ ❝♦♥❝♦+❞I♥❝✐❛✱ ❋✐❣✉+❛ ✷✳✶✱ ❡♥#+❡ ♦"

+❡"✉❧#❛❞♦" ❡①♣❡+✐♠❡♥#❛✐" ❡ ♦" +❡"✉❧#❛❞♦" ♦+✐✉♥❞♦" ❞♦ ❘❊▲❆=✺

❚❛❜❡❧❛ ✷✳✶✿ ❈♦♠♣❛+❛3,♦ ❡♥#+❡ ♦" +❡❣✐♠❡" ❞❡ ❡"❝♦❛♠❡♥#♦ ❞♦ ❘❊▲❆= ❡♠ ❝♦♠♣❛+❛3,♦

❛ +❡"✉❧#❛❞♦" ❡①♣❡+✐♠❡♥#❛✐" ✭❙❛❜✉♥❞❥✐❛♥ ❡# ❛❧✳✱ ✷✵✵✼✮✳

❚❡♠♣♦ ✭&✮ ❘❊▲❆,✺ ❊①♣❡/✐♠❡♥2❛❧

✹✻✹✵ ,✐&2♦♥❛❞♦ ❇♦❧❤❛

✹✻✺✸ ❆♥✉❧❛/ ❞✐&♣❡/&♦ ❚/❛♥&✐=>♦ ❜♦❧❤❛ ❞❡ ❛❧2❛ ♠✐&2✉/❛✴❞✐&♣❡/&♦

✹✻✻✵ ,✐&2♦♥❛❞♦ ❚/❛♥&✐=>♦ ❜♦❧❤❛ ❞❡ ❛❧2❛ ♠✐&2✉/❛✴❞✐&♣❡/&♦

✹✻✻✹ ❆♥✉❧❛/ ❞✐&♣❡/&♦ ■♥2❡/♠✐2❡♥2❡ ❛❣✐2❛❞♦

✹✻✻✺ ❚/❛♥&✐=>♦ ❆♥✉❧❛/✴,✐&2♦♥❛❞♦ ❆♥✉❧❛/

✹✻✻✻ ❚/❛♥&✐=>♦ ❆♥✉❧❛/✴,✐&2♦♥❛❞♦ ■♥2❡/♠✐2❡♥2❡ ❛❣✐2❛❞♦

✹✻✼✹ ❚/❛♥&✐=>♦ ,✐&2♦♥❛❞♦✴❆♥✉❧❛/ ■♥2❡/♠✐2❡♥2❡

✹✻✽✷ ,✐&2♦♥❛❞♦ ■♥2❡/♠✐2❡♥2❡

✹✻✽✸ ,✐&2♦♥❛❞♦ ❚/❛♥&✐=>♦ ■♥2❡/♠✐2❡♥2❡ ✴❇♦❧❤❛
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❉✬❆✉$✐❛ ❡( ❛❧✳ ✭✶✾✾✼✮ ❞✐1❝✉(✐$❛♠ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞♦ ❝6❞✐❣♦ ❡♠ ♣$❡✈❡$ ❛ ✐♥1(❛❜✐✲

❧✐❞❛❞❡ ♥❛ ❝✐$❝✉❧❛<=♦ ♥❛(✉$❛❧ ♠♦♥♦❢?1✐❝❛✳ ❯♠ ❝✐$❝✉✐(♦ ❡①♣❡$✐♠❡♥(❛❧ ❢♦✐ ❝♦♥1($✉B❞♦

❡ ✉♠❛ 1C$✐❡ ❞❡ ❡①♣❡$✐♠❡♥(♦1 ♣❛$❛ ❞✐❢❡$❡♥(❡1 ❢❛✐①❛1 ❞❡ ♣♦(D♥❝✐❛ ❢♦✐ $❡❛❧✐③❛❞♦ ❛ ✜♠

❞❡ ❛♥❛❧✐1❛$ ❛ ✐♥1(❛❜✐❧✐❞❛❞❡✳ ❖1 $❡1✉❧(❛❞♦1 ❞♦1 ❡①♣❡$✐♠❡♥(♦1 ❢♦$❛♠ ❝♦♠♣❛$❛❞♦1 ❝♦♠

$❡1✉❧(❛❞♦1 ♦❜(✐❞♦1 ♣❡❧♦ ♠♦❞❡❧♦ ❞♦ ❝✐$❝✉✐(♦ ❞♦ ❘❊▲❆K✺✴▼❖❉✸✳✷✳ ❈♦♥❝❧✉✐✉✲1❡ R✉❡

♦ ❝6❞✐❣♦ ❢♦✐ ❝❛♣❛③ ❞❡ ❝❛❧❝✉❧❛$ ❛ ✈❛③=♦ ♣❛$❛ ❛ ❝✐$❝✉❧❛<=♦ ♥❛(✉$❛❧ ♠♦♥♦❢?1✐❝❛✱ ♣$✐♥❝✐✲

♣❛❧♠❡♥(❡ R✉❛♥❞♦ ♦ $❡❣✐♠❡ ❛(✐♥❣❡ ❛ ❝♦♥❞✐<=♦ ❡1(❛❝✐♦♥?$✐❛✳ ❊♠ $❡❧❛<=♦ T1 ♦1❝✐❧❛<U❡1✱

♦ ❝6❞✐❣♦ ♥=♦ ♦❜(❡✈❡ ❜♦❛ ❝♦♥❝♦$❞V♥❝✐❛ ❡ ♦ ♠❛♣❛ ❞❡ ❡1(❛❜✐❧✐❞❛❞❡ ♦$✐✉♥❞♦ ❞♦ ❝6❞✐❣♦

♥=♦ ❢♦✐ ❝♦♥❞✐③❡♥(❡ ❝♦♠ ♦ ♠❛♣❛ ❞❡ ❡1(❛❜✐❧✐❞❛❞❡ ❡①♣❡$✐♠❡♥(❛❧✳ ❆ ❡1(❛❜✐❧✐❞❛❞❡ ❞❛ ❝✐$✲

❝✉❧❛<=♦ ♥❛(✉$❛❧ C ❢♦$(❡♠❡♥(❡ ❛❢❡(❛❞❛ ♣❡❧❛1 ❝♦♥❞✐<U❡1 ✐♥✐❝✐❛✐1 ❡ ♣❡❧❛ ❞✐♥V♠✐❝❛ ❣❡$❛❧

❞♦ 1✐1(❡♠❛✳

❆♠❜$♦1✐♥✐ ❡ ❋❡$$❡$✐ ✭✶✾✾✽✮ ❡ ❆♠❜$♦1✐♥✐ ❡ ❋❡$$❡$✐ ✭✷✵✵✸✮ ❞✐1❝✉(✐$❛♠ ♦ ❡❢❡✐(♦ ❞♦

❡$$♦ ❞❡ ($✉♥❝❛♠❡♥(♦ ♥❛ ❡1(❛❜✐❧✐❞❛❞❡ ❧✐♥❡❛$ ❞❛ ❝✐$❝✉❧❛<=♦ ♠♦♥♦❢?1✐❝❛ ❡♠ 1✐♠✉❧❛<U❡1

♥✉♠C$✐❝❛1✳ ❊❧❡1 $❡❛❧✐③❛$❛♠ ❞✐✈❡$1❛1 1✐♠✉❧❛<U❡1 ❝♦♠ ❘❊▲❆K✺✴▼❖❉✸✳✷ ❡ ❝♦♠♣❛$❛✲

$❛♠ ❝♦♠ ❞❛❞♦1 ❡①♣❡$✐♠❡♥(❛✐1✳ ❈♦♥❝❧✉B$❛♠ R✉❡ ♦ ♦1 ❡$$♦1 ❞❡ ($✉♥❝❛♠❡♥(♦ ❛❢❡(❛♠

❢♦$(❡♠❡♥(❡ ❛ ❡1(❛❜✐❧✐❞❛❞❡ ♣❛$❛ ❞❡(❡$♠✐♥❛❞♦1 ♣$♦❜❧❡♠❛1 ❞❡ ❝✐$❝✉❧❛<=♦ ♥❛(✉$❛❧✱ 1❡♥❞♦

✐♥✢✉❡♥❝✐❛❞♦1 ♣❡❧❛ ❞✐1❝$❡(✐③❛<=♦ ❡1♣❛❝✐❛❧ ❡ ♣❡❧♦ ♣❛11♦ ❞❡ (❡♠♣♦ ❛❞♦(❛❞♦✳ ❚❛♠❜C♠

❝♦♥❝❧✉B$❛♠ R✉❡✱ ❝♦♥❢♦$♠❡ ❡1♣❡$❛❞♦✱ ♠C(♦❞♦1 ❞❡ 1❡❣✉♥❞❛ ♦$❞❡♠ 1❡ ❝♦♠♣♦$(❛♠ ♠✉✐(♦

♠❡❧❤♦$ R✉❡ ♦ ❞❡ ♣$✐♠❡✐$❛ ♦$❞❡♠✱ ❛♣$❡1❡♥(❛♥❞♦ ❡❢❡✐(♦1 ♥✉♠C$✐❝♦1 ♠❛✐1 ❢$❛❝♦1 ❡ ✉♠❛

❝♦♥✈❡$❣D♥❝✐❛ ♠❛✐1 $?♣✐❞❛✳ ❖ ❝6❞✐❣♦ ❘❊▲❆K✺ ♠♦1($♦✉✲1❡ ♣$♦♣❡♥1♦ ❛ ♣$♦❜❧❡♠❛1

♣$♦✈♦❝❛❞♦1 ♣❡❧❛ ✐♥1(❛❜✐❧✐❞❛❞❡ ♥✉♠C$✐❝❛ ❡♠ 1✐(✉❛<U❡1 ❞❡ ✐♥1(❛❜✐❧✐❞❛❞❡ ❞❡ ✢✉①♦✳

▼✐1❛❧❡ ❡( ❛❧✳ ✭✶✾✾✾✮ $❡❛❧✐③❛$❛♠ ❡①♣❡$✐♠❡♥(♦1✱ ❋✐❣✉$❛ ✷✳✶ ♣❛$❛ ❝✐$❝✉❧❛<=♦ ♥❛(✉✲

$❛❧ ♠♦♥♦❢?1✐❝❛ ❡♠ ❞♦✐1 ❞✐❢❡$❡♥(❡1 ❝6❞✐❣♦1 ❝♦♠♣✉(❛❝✐♦♥❛✐1✱ CATHARE ❡ ❘❊▲❆K✺✳

❖1 $❡1✉❧(❛❞♦1 ❢♦$❛♠ ❛♥❛❧✐1❛❞♦1 ❡ ❝♦♠♣❛$❛❞♦1 ❝♦♠ ❞❛❞♦1 ❡①♣❡$✐♠❡♥(❛✐1 ♦❜(✐❞♦1 ♣❡❧♦

▼❚❚✲1 ❧♦♦♣✱ ✉♠ ❝✐$❝✉✐(♦ ❞❡ ❝✐$❝✉❧❛<=♦ ♥❛(✉$❛❧ $❡(❛♥❣✉❧❛$ $❡❛❧✐③❛❞♦ ♣❡❧❛ DITEC

♥❛ ✉♥✐✈❡$1✐❞❛❞❡ ❞❡ ●❡♥♦✈❛✳ ❖1 ❝6❞✐❣♦1 ❈❆❚❍❆❘❊ ❡ ❘❊▲❆K✺✱ ❡♠ (❡$♠♦1 ❛❜✲

1♦❧✉(♦1✱ ❛♣$❡1❡♥(❛$❛♠ ❢$❛❝❛ ❝♦♥❝♦$❞V♥❝✐❛ ❝♦♠ ♦1 ❞❛❞♦1 ❡①♣❡$✐♠❡♥(❛✐1✳ ❖ ❝6❞✐❣♦

CATHARE ♠♦1($♦✉ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ♣$❡✈❡$ ♦ ❡1(❛❞♦ ❡1(❛❝✐♦♥?$✐♦ ❛♣61 ♦ ($❛♥1✐❡♥(❡

✐♥✐❝✐❛❧✱ ♠❛1 ♥=♦ ❢♦✐ ❝❛♣❛③ ❞❡ ♣$❡✈❡$ ❛1 ✐♥1(❛❜✐❧✐❞❛❞❡1✳ ❖ ❝6❞✐❣♦ ❘❊▲❆K✺ ❝♦♥1❡❣✉✐✉

♣$❡✈❡$ ❛❧❣✉♠❛1 ✐♥1(❛❜✐❧✐❞❛❞❡1 ♠❛1 ♥=♦ ♥♦ ♠❡1♠♦ ♥B✈❡❧ ❞♦1 ❛♣$❡1❡♥(❛❞♦1 ♣❡❧♦1 ❡①♣❡✲

$✐♠❡♥(♦1✳ ▼❡1♠♦ ❝♦♠ ♦1 ♣$♦❜❧❡♠❛1 ❛♣$❡1❡♥(❛❞♦1✱ ❞❡✈✐❞♦ ❛♦ ❢❛(♦ ❞❡11❡1 ❢❡♥_♠❡♥♦1

✾



♥!♦ ♣♦❞❡&❡♠ (❡& ❛♥❛❧✐(❛❞♦( ♣♦& ♠♦❞❡❧♦( (✐♠♣❧❡(✱ ♦ ✉(♦ ❞♦( ❝/❞✐❣♦( 1❡&♠♦✲❤✐❞&4✉❧✐❝♦(

❛✐♥❞❛ 5 ✐♥❝❡♥1✐✈❛❞♦ ♣❡❧♦( ❛✉1♦&❡( ♣❛&❛ ❛♥4❧✐(❡ ❞❡ ❝✐&❝✉❧❛7!♦ ♥❛1✉&❛❧ ♠♦♥♦❢4(✐❝❛✳

❋✐❣✉&❛ ✷✳✶✿ ▼♦♥1❛❣❡♠ ❡①♣❡&✐♠❡♥1❛❧ ❡ &❡♣&❡(❡♥1❛7!♦ ♥♦ ❘❊▲❆D✺ ✭▼✐(❛❧❡ ❡1 ❛❧✳✱

✶✾✾✾✮✳

▲❛❦(❤♠❛♥❛♥ ❡ D❛♥❞❡② ✭✷✵✶✵✮ ✉1✐❧✐③❛&❛♠ ♦ ❘❊▲❆D✺ ♣❛&❛ ❡(1✉❞❛& ♥✉♠❡&✐❝❛✲

♠❡♥1❡ ♦ ❝♦♠♣♦&1❛♠❡♥1♦ ❞❛ ❝✐&❝✉❧❛7!♦ ♥❛1✉&❛❧ ❡♠ ❝❛♥❛✐( ♣❛&❛❧❡❧♦( (♦❜ ❜❛✐①❛( ♣♦1N♥✲

❝✐❛ ❡ ♣&❡((!♦ ❡ ❝♦♠♣❛&❛&❛♠ ♦( &❡(✉❧1❛❞♦( ❝♦♠ ✉♠ ♠♦❞❡❧♦ ❡♠ ❡(❝❛❧❛ ❞❡ ✉♠ BWR✳

❋♦&❛♠ &❡❛❧✐③❛❞❛( (✐♠✉❧❛7O❡( ❡♠ ❝♦♥❞✐7O❡( ✐❣✉❛✐( ❞❡ ♣♦1N♥❝✐❛ ❡♠ ❛♠❜♦( ♦( ❝❛♥❛✐( ❡

1❛♠❜5♠ ❝♦♠ ❝♦♥❞✐7!♦ ❞❡ ♣♦1N♥❝✐❛ ❞✐❢❡&❡♥1❡ ❡♠ ❝❛❞❛ ✉♠ ❞♦( ❝❛♥❛✐(✳ D❛&❛ (✐1✉❛7!♦

❞❡ ♣♦1N♥❝✐❛( ✐❣✉❛✐(✱ ♦❜(❡&✈♦✉✲(❡ P✉❡ ❛( ♦(❝✐❧❛7O❡( ❡(1❛✈❛♠ ❡♠ ❢❛(❡✱ ❋✐❣✉&❛ ✷✳✷✱ ♣♦✲

&5♠ P✉❛♥❞♦ ❤❛✈✐❛ ✉♠❛ ❞✐❢❡&❡♥7❛ ❡♥1&❡ ❛( ♣♦1N♥❝✐❛( ❞♦( ❝❛♥❛✐( ❢♦✐ ♣♦((Q✈❡❧ ♣❡&❝❡❜❡&

♣❡❧❛ (✐♠✉❧❛7!♦✱ ❋✐❣✉&❛ ✷✳✸✱ ❛ ❞✐❢❡&❡♥7❛ ❞❡ ❢❛(❡ ♣❛&❛ ♦(❝✐❧❛7!♦ ❞❛ ✈❛③!♦ ❞❡ ❝❛❞❛ ❝❛♥❛❧✳

✶✵



❋✐❣✉$❛ ✷✳✷✿ ❱❛③+♦ ♣❛$❛ ❝❛♥❛✐0 ♣❛$❛❧❡❧♦0 ❝♦♠ ❛ ♠❡0♠❛ ♣♦45♥❝✐❛ ✭▲❛❦0❤♠❛♥❛♥ ❡

:❛♥❞❡②✱ ✷✵✶✵✮✳

❋✐❣✉$❛ ✷✳✸✿ ❱❛③+♦ ♣❛$❛ ❝❛♥❛✐0 ♣❛$❛❧❡❧♦0 ❝♦♠ ♣♦45♥❝✐❛0 ❞✐❢❡$❡♥4❡0 ✭▲❛❦0❤♠❛♥❛♥ ❡

:❛♥❞❡②✱ ✷✵✶✵✮✳

✶✶



❱✐❧❡✐♥✐%❦✐% ❡ ❑❛❧✐❛)❦❛ ✭✷✵✵✸✮ ❞✐%❝✉)✐2❛♠ %♦❜2❡ ❛ ❛♥6❧✐%❡ ❞❡ ✐♥❝❡2)❡③❛% ❡ ❞❡

%❡♥%✐❜✐❧✐❞❛❞❡ ♣❛2❛ ✉♠ ❡✈❡♥)♦ ❞❛ ♣❡2❞❛ ❞❛% ❜♦♠❜❛% ♣2✐♥❝✐♣❛✐% ❞❛ ♣❧❛♥)❛ ♥✉❝❧❡❛2 ❞❡

■❣♥❛❧✐♥❛✳ ❆% ♦✐)♦ ❜♦♠❜❛% ♣2✐♥❝✐♣❛✐% %>♦ ✉)✐❧✐③❛❞❛% ♣❛2❛ ❢❛③❡2 ❛ ❝✐2❝✉❧❛@>♦ ❢♦2@❛❞❛ ❞❛

6❣✉❛ ❞❡ 2❡%❢2✐❛♠❡♥)♦ ❡♠ 2❡❛)♦2❡% ❞♦ )✐♣♦ ❘❇▼❑✳ ❆ ❛♥6❧✐%❡ )❡2♠♦✲❤✐❞26✉❧✐❝❛ ❞❡%)❡

❡✈❡♥)♦ ❢♦✐ 2❡❛❧✐③❛❞❛ ✉%❛♥❞♦ ♦ ❝F❞✐❣♦ ❇❡"#✲❊"#✐♠❛#❡ ❘❊▲❆I✺✴▼❖❉✸✳✸✳ ❯♠❛ ❛♥6❧✐%❡

❞❡ ✐♥❝❡2)❡③❛ ❡ %❡♥%✐❜✐❧✐❞❛❞❡ ❡♠ ❞✐❢❡2❡♥)❡% ♣❛2)❡% ❞♦ ❝✐2❝✉✐)♦ ♣2✐♥❝✐♣❛❧ ❢♦✐ 2❡❛❧✐③❛❞❛ ❡

♣❡2♠✐)✐✉ ✈❡2✐✜❝❛2 ❛ ✐♥✢✉Q♥❝✐❛ ❞♦% ♣❛2R♠❡)2♦% %❡♣❛2❛❞❛♠❡♥)❡ ♥♦% 2❡%✉❧)❛❞♦%✳ ❆♥6❧✐%❡

✐♥❞✐❝♦✉ S✉❡ ❛ ❝✐2❝✉❧❛@>♦ ♥❛)✉2❛❧ ♣2♦♣♦2❝✐♦♥❛ ✉♠ 2❡%❢2✐❛♠❡♥)♦ ❛❞❡S✉❛❞♦ ♥♦ ❝❛%♦ ❞❡

♣❡2❞❛ ❞❡ )♦❞❛% ❛% ❜♦♠❜❛%✱ ❡ S✉❡ ♦ 2❡❛)♦2 U 2❡%❢2✐❛❞♦ ❞❡ ❢♦2♠❛ %❡❣✉2❛✳

▼❛2)✐♥ ❡ ❚❛②❧♦2 ✭✶✾✾✷✮ ❛♣2❡%❡♥)❛2❛♠ ✉♠❛ ❝♦♠♣❛2❛@>♦ ❡♥)2❡ 2❡%✉❧)❛❞♦% ❡①♣❡✲

2✐♠❡♥)❛✐% ❡ ♦% ♦❜)✐❞♦% ❝♦♠ ♦ ❝F❞✐❣♦ ❘❊▲❆I✺✴▼❖❉✸ ♣❛2❛ ❝♦♥❞✐@>♦ ❞❡ ❜❛✐①❛ ✈❛③>♦

❡♠ ❝✐2❝✉❧❛@>♦ ♥❛)✉2❛❧✳ ❖ ❝F❞✐❣♦ ❘❊▲❆I✺✴▼❖❉✸ ❢♦✐ ❛✈❛❧✐❛❞♦ ❡♠ 2❡❧❛@>♦ ❛♦% ❞❛❞♦%

❞❡ ✉♠❛ %❡@>♦ ❞❡ )❡%)❡ ❞❡ 12, 50 ♣♦❧❡❣❛❞❛% ❝♦♠♣♦%)❛ ♣♦2 ❞♦✐% )✉❜♦% ❝♦♥❝Q♥)2✐❝♦%

✈❡2)✐❝❛✐% ❝♦♠ 6❣✉❛ S✉❡ ✢✉✐♥❞♦ ✈❡2)✐❝❛❧♠❡♥)❡ ♣❛2❛ ❝✐♠❛ ❡♠ ❛♠❜♦% ♦% )✉❜♦%✱ ❋✐❣✉2❛

✷✳✹✳ ❖ )✉❜♦ ✐♥)❡2♥♦ ❡2❛ ❞❡ ❛@♦ ✐♥♦①✐❞6✈❡❧ ❡ ❛S✉❡❝✐❞♦ ✉♥✐❢♦2♠❡♠❡♥)❡✳ ❖ )✉❜♦ ❡①)❡✲

2✐♦2 ❡2❛ ♣♦❧✐❝❛2❜♦♥❛)♦ )2❛♥%♣❛2❡♥)❡ ❡ ♥>♦ ❛S✉❡❝✐❞♦✳ ❖ ♣2♦❝❡❞✐♠❡♥)♦ ❡①♣❡2✐♠❡♥)❛❧

2❡❛❧✐③♦✉ ✉♠❛ ♠❛)2✐③ ❞❡ 24 )❡%)❡%✱ ❝♦♠ ❝♦♥❞✐@]❡% ❞❡ ❝✐2❝✉❧❛@>♦ ❢♦2@❛❞❛ ❡ ♥❛)✉2❛❧✱

❝♦♠ ✢✉✐❞♦ ❛S✉❡❝✐❞♦ ❡ ♥>♦ ❛S✉❡❝✐❞♦✱ ♦% )❡%)❡% )❛♠❜U♠ ❢♦2❛♠ 2❡❛❧✐③❛❞♦% ❡♠ ❞✐❢❡2❡♥✲

)❡% ♣2❡%%]❡%✳ ◆♦✈❡ ❞♦% )❡%)❡% 2❡♣2❡%❡♥)❛)✐✈♦% ❞❛% ❝♦♥❞✐@]❡% ❞♦% ❡①♣❡2✐♠❡♥)♦% ❢♦2❛♠

❛♥❛❧✐%❛❞♦% ✉%❛♥❞♦ ♦ ❝F❞✐❣♦ ❘❊▲❆I✺✴▼❖❉✸✳ ❆ ❛♥6❧✐%❡ ❞♦% )❡%)❡% 2❡%✉❧)♦✉ ❞❡ ♠♦❞♦

❣❡2❛❧ ❜♦❛ ❝♦♥❝♦2❞R♥❝✐❛ ❝♦♠ ❛ ❡①♣❡2✐Q♥❝✐❛ ❡♠ 2❡❧❛@>♦ ❛ ✈❛③>♦✳ ◆♦ ❡♥)❛♥)♦✱ ✉♠❛

%U2✐❡ ❞❡ ♣2♦❜❧❡♠❛% ❢♦2❛♠ ♦❜%❡2✈❛❞♦% ❞✉2❛♥)❡ ❛% %✐♠✉❧❛@]❡% ❝♦♠ ♦ ❘❊▲❆I✺✴▼❖❉✸✳

❊%)❡% ♣2♦❜❧❡♠❛% ❡%)>♦ ❧✐❣❛❞♦% _ ❣❡♦♠❡)2✐❛✱ _ ♣❡2❞❛ ❞❡ ❞✐♠❡♥%>♦ ❡ ❛♦% ❢❛)♦2❡% ❞❡

❢♦2♠❛✳

❆2♥❡ ❡) ❛❧✳ ✭✶✾✾✸✮ ❛♣2❡%❡♥)❛2❛♠ ✉♠❛ ❛✈❛❧✐❛@>♦ ❞♦ ❘❊▲❆I✺✴▼❖❉✷ ❡♠ ❝♦♠✲

♣❛2❛@>♦ ♦% ❞❛❞♦% ❞♦ ❚❡%)❡ ❞❡ ❈✐2❝✉❧❛@>♦ ◆❛)✉2❛❧ ❞❛ ❨♦♥❣✲❯♥✐❞❛❞❡ ●✇❛♥❣ 2✳ ❖%

2❡%✉❧)❛❞♦% ❞❛ ❝♦♠♣❛2❛@>♦ 2❡✈❡❧❛2❛♠ S✉❡ ♦ ❝F❞✐❣♦ ♣2❡✈Q ❞❡ ♠❛♥❡✐2❛ ❛❞❡S✉❛❞❛ ♦%

❝♦♠♣♦2)❛♠❡♥)♦% ♠❛❝2♦%❝F♣✐❝♦% ❞♦% ♣❛2R♠❡)2♦% ❤✐❞26✉❧✐❝♦% ♥♦ %✐%)❡♠❛ ♣2✐♠62✐♦ ❡ %❡✲

❝✉♥❞62✐♦✳ ◆♦ )2❛❜❛❧❤♦ )❛♠❜U♠ ❢♦✐ 2❡❛❧✐③❛❞♦ ✉♠ ❡%)✉❞♦ ❞❡ %❡♥%✐❜✐❧✐❞❛❞❡✳ ❱❡2✐✜❝♦✉✲%❡

♦ ❡❢❡✐)♦ ❞❛ )❛①❛ ❞❡ ❞❡%❝❛2❣❛ ❞❡ ✈❛♣♦2 ♥♦ ♣2✐♠62✐♦ ♥❛ )❡♠♣❡2❛)✉2❛ ❞♦ ❝✐2❝✉✐)♦ ♣2✐✲

♠62✐♦✳ ❉✉2❛♥)❡ ♦ ♣2♦❝❡%%♦ ❞❡ ❝✐2❝✉❧❛@>♦ ♥❛)✉2❛❧ ❛ )❡♠♣❡2❛)✉2❛ ♠♦%)2♦✉✲%❡ ♠✉✐)♦

✶✷



❋✐❣✉$❛ ✷✳✹✿ ▼♦♥-❛❣❡♠ ❡①♣❡$✐♠❡♥-❛❧ ✭▼❛$-✐♥ ❡ ❚❛②❧♦$✱ ✶✾✾✷✮✳
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 ❡♥ #✈❡❧ ❛ ❡ '❛ '❛①❛✳

▼❛♥❣❛❧ ❡' ❛❧✳ ✭✷✵✶✷✮ 1❡❛❧✐③♦✉ ✉♠❛ ❛✈❡1✐❣✉❛78♦  ♦❜1❡ ❛ ❛♣❧✐❝❛❜✐❧✐❞❛❞❡ ❞♦ ❝=✲
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❞❛❣❡♠  ❧✐❝❡ ❡ ✉#✐❧✐③❛)❛♠ ♦ ❝=❞✐❣♦ ❘❊▲❆B✺✴▼❖❉✸✳✷✳ ❊ ❝♦♠♣❛)❛)❛♠ ♦& )❡&✉❧#❛❞♦&

❝♦♠ ❞❛❞♦& ❡①♣❡)✐♠❡♥#❛✐& ❡ ❝♦♠ )❡&✉❧#❛❞♦& ❞❡ ♥♦❞❛❧✐③❛I3♦ ❞❡&❡♥✈♦❧✈✐❞❛ ❛♥#❡)✐♦)✲

♠❡♥#❡ ♣❛)❛ ♦ ❝=❞✐❣♦ ❘❊▲❆B✺✴▼❖❉✷✳ ❆ ♥♦❞❛❧✐③❛I3♦  ❧✐❝❡ #❡♠ 3 ✈❡③❡& ♠❛✐& ♥& 

❞♦ L✉❡ ❛ ♥♦❞❛❧✐③❛I3♦ ❞❡&❡♥✈♦❧✈✐❞❛ ❛♥#❡)✐♦)♠❡♥#❡ ❡ ✉#✐❧✐③♦✉ ❛♣)♦①✐♠❛❞❛♠❡♥#❡ 3, 5

✈❡③❡& ♦ #❡♠♣♦ ❞❡ ❈B❯ ♣❛)❛ ❛ &♦❧✉I3♦ ❞♦ ♠❡&♠♦ #)❛♥&✐❡♥#❡✳ ❖& )❡&✉❧#❛❞♦& ♠♦&✲

#)❛♠ L✉❡ ❛ ✉#✐❧✐③❛I3♦ ❢♦)♥❡❝❡ ✐♥❢♦)♠❛IH❡& ♠❛✐& ❞❡#❛❧❤❛❞❛&✳ B♦)X♠ ❛ ♥♦❞❛❧✐③❛I3♦

♥3♦ ❢♦)♥❡❝❡✉ )❡&✉❧#❛❞♦& L✉❛❧✐#❛#✐✈❛♠❡♥#❡ ♠❡❧❤♦)❡& ❞♦ L✉❡ ❛❞♦#❛❞♦& ♣❡❧❛ ♥♦❞❛❧✐③❛I3♦
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❘❊▲❆$✺✴▼❖❉✷✳ ❯♠❛ ❞❛0 ♣♦003✈❡✐0 7❛③9❡0 ♣❛7❛ :❛❧ 7❡0✉❧:❛❞♦✱ ♣♦❞❡7 0❡7 ❛ ❜❛✐①❛

❝♦♥:7✐❜✉✐BC♦ ❞♦0 ❡❢❡✐:♦0 ❞❛ ❣7❛✈✐❞❛❞❡ ❞✉7❛♥:❡ ♦0 :7❛♥0✐❡♥:❡0✳ ❖ ❞❡0❡♥✈♦❧✈✐♠❡♥:♦ ❞❛

♥♦❞❛❧✐③❛BC♦  ❧✐❝❡ ♣7♦✈♦✉ 0❡7 ✉♠ ❜♦♠ ❡①❡7❝3❝✐♦ ♣❛7❛ ♦ :7❡✐♥❛♠❡♥:♦ ♣❡❧❛ ■❆❊❆✱ G✉❡

❛❜♦7❞❛7❛♠ :H♣✐❝♦0 7❡❧❛❝✐♦♥❛❞♦0 ❛♦ ❞❡0❡♥✈♦❧✈✐♠❡♥:♦ ❞❛ ♥♦❞❛❧✐③❛BC♦ ❡ G✉❛❧✐✜❝❛BC♦✳

❋✐❣✉7❛ ✷✳✺✿ ✭❆✮ ♥♦❞❛❧✐③❛BC♦  ❧✐❝❡ ❡ ✭❇✮ ♥♦❞❛❧✐③❛BC♦ ♥C♦✲ ❧✐❝❡ ✭❇❛❥0 ❡: ❛❧✳✱ ✷✵✵✵✮✳

▼♦✉0❛✈✐❛♥ ❡: ❛❧✳ ✭✷✵✵✹✮ 7❡❛❧✐③❛7❛♠ 3 ♠♦❞❡❧❛❣❡♥0 ❞✐❢❡7❡♥:❡0 ♣❛7❛ ✉♠ ❝✐7❝✉✐:♦

❢❡❝❤❛❞♦ ❞❡ ❝✐7❝✉❧❛BC♦ ♥❛:✉7❛❧ 7❡:❛♥❣✉❧❛7✱ ❛ ♣7✐♠❡✐7❛ ❛:7❛✈T0 ❞♦ ♠T:♦❞♦ ❞❡ ❞✐❢❡7❡♥✲

B❛0 ✜♥✐:❛0 ✭❛♥U❧✐0❡ ♥C♦✲❧✐♥❡❛7✮✱ ♦✉:7❛ ❛:7❛✈T0 ❞❛ ❛♣❧✐❝❛BC♦ ❞♦ ♠T:♦❞♦ ❞❡ ♣❡7:✉7❜❛BC♦

✭❛♥U❧✐0❡ ❧✐♥❡❛7✮ ❡ ♣♦7 V❧:✐♠♦ ✉:✐❧✐③❛♥❞♦ ♦ ❝H❞✐❣♦ ❘❊▲❆$✺✳ ❖0 7❡0✉❧:❛❞♦0 ❞♦0 ❞✐❢❡7❡♥✲

:❡0 ♠T:♦❞♦0 ❢♦7❛♠ ❝♦♠♣❛7❛❞♦0 ❡♥:7❡ 0✐✱ ❡ ❝♦♠ ❞❛❞♦0 ❡①♣❡7✐♠❡♥:❛✐0 ❞♦ ●❡♥♦❛ ❧♦♦♣

✭▲❖❖- #1✮✳ ❖0 7❡0✉❧:❛❞♦0 ❞❛ ❛♥U❧✐0❡ ♥✉♠T7✐❝❛ ❡ ❞♦ ❝H❞✐❣♦ ❞♦ 0✐0:❡♠❛ ❘❊▲❆$✺

♠♦0:7❛7❛♠ G✉❡ ✉♠ ❜♦♠ ❛❝♦7❞♦ ❝♦♠ ❞❛❞♦0 ❡①♣❡7✐♠❡♥:❛✐0 ❞❡ LOOP#1✱ ❋✐❣✉7❛ ✷✳✻✳

❩❤♦✉ ❡: ❛❧✳ ✭✷✵✶✸✮ 7❡❛❧✐③❛7❛♠ ❡①:❡♥0❛0 0✐♠✉❧❛B9❡0✱ ❋✐❣✉7❛ ✷✳✼ ♣❛7❛ ❡0:✉❞❛7 ❛

❛♣❧✐❝❛❜✐❧✐❞❛❞❡ ❞♦ ❝H❞✐❣♦ ❘❊▲❆$✺ ♣❛7❛ 0✐♠✉❧❛7 ❛0 ♦0❝✐❧❛B9❡0 ❞❡ ♦♥❞❛0 ❞❡ ❞❡♥0✐❞❛❞❡

✭❉❲❖✮ ❡♠ ❝❛♥❛✐0 7❡:❛♥❣✉❧❛7❡0 ❡0:7❡✐:♦0✱ ❝♦♠♣❛7❛♥❞♦ ♦0 7❡0✉❧:❛❞♦0 ❝♦♠ ❞❛❞♦0 ❡①♣❡✲

7✐♠❡♥:❛✐0✳ ❋♦7❛♠ ✉:✐❧✐③❛❞❛0 ❞✉❛0 0❡B9❡0 ❞❡ :❡0:❡✿ ] ♣7✐♠❡✐7❛ 0C♦ ❛♣❡♥❛0 ❞✉❛0 0❡B9❡0

7❡:❛♥❣✉❧❛7❡0 ❡0:7❡✐:❛0 ❡ ❛ ♦✉:7❛ ❛♣7❡0❡♥:❛ ❞♦✐0 ❝❛♥❛✐0 7❡:❛♥❣✉❧❛7❡0✱ ♣♦7T♠ ❝♦♠ ✉♠
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❋✐❣✉$❛ ✷✳✻✿ ❈♦♠♣❛$❛./♦ ❡♥2$❡ ♦3 $❡3✉❧2❛❞♦3 ❡①♣❡$✐♠❡♥2❛✐3 ❡ ❞♦ ❘❊▲❆;✺ ✭▼♦✉3❛✲

✈✐❛♥ ❡2 ❛❧✳✱ ✷✵✵✹✮✳

❣$❛♥❞❡ ❝❛♥❛❧ ❞❡ ❞❡3✈✐♦✳ ❆3 3✐♠✉❧❛.F❡3 ❢♦$❛♠ ❢❡✐2❛3 ♣❛$❛ ❛✈❛❧✐❛$ ♦ ❝♦♠♣♦$2❛♠❡♥2♦

2❡$♠♦✲❤✐❞$I✉❧✐❝♦ ❡ ♦3 ❧✐♠✐2❡3 ❞❛ ✐♥32❛❜✐❧✐❞❛❞❡ ❞❛ ✈❛③/♦ ♣❛$❛ ✉♠❛ ❛♠♣❧❛ ❣❛♠❛ ❞❡

♣$❡33/♦✱ ❣$❛✉ ❞❡ $❡3❢$✐❛♠❡♥2♦ ❡ ❝♦♥❞✐.F❡3 ❞❡ ✢✉①♦ ❞❡ ❝❛❧♦$✳ ❖3 ❡$$♦3 ❡♥2$❡ ♦3 $❡✲

3✉❧2❛❞♦3 ❞♦ ❝N❞✐❣♦ ❡ ♦3 ❞❛❞♦3 ❡①♣❡$✐♠❡♥2❛✐3 ♣❛$❛ ♦3 ❧✐♠✐2❡3 ❞❡ ✐♥32❛❜✐❧✐❞❛❞❡ ♣❛$❛

❞✐✈❡$3❛3 ❝♦♥❞✐./♦ ♦♣❡$❛❝✐♦♥❛✐3 ♣♦33✐❜✐❧✐2♦✉ ❝❤❡❣❛$ ❛ ✉♠❛ ❡32✐♠❛2✐✈❛ ❞❡ ❡$$♦ ♣❛$❛ ♦

❝N❞✐❣♦✳ ❆ ❝♦♥❞✐./♦ ❞❡ ❉❲❖ ♣❛$❛ ❞♦✐3 ❝❛♥❛✐3 ❡32$❡✐2♦3 ❡ ♣❛$❛ ♦3 ❞♦✐3 ❝❛♥❛✐3 ❝♦♠ ♦

❞❡3✈✐♦ ❡32/♦ $❛③♦❛✈❡❧♠❡♥2❡ ❞❡ ❛❝♦$❞♦ ❝♦♠ ♦3 ❞❛❞♦3 ❡①♣❡$✐♠❡♥2❛✐3✳ ❆ ♣$❡✈✐3/♦ ❞❡

✐♥32❛❜✐❧✐❞❛❞❡ ♣❡❧♦ ❘❊▲❆;✺ ❡32I ❡♠ ± 20% ❞❡ ❡$$♦✱ ♦ Q✉❡ R ✉♠ $❡3✉❧2❛❞♦ $❛③♦I✈❡❧

❞❡ ♣$❡❞✐./♦✳ ❈♦♥2✉❞♦✱ ♦ ❡$$♦ ❡♥2$❡ ♦ ✈❛❧♦$ ❡32✐♠❛❞♦ ♣❡❧♦ ❘❊▲❆; ❡ ♦3 ❞❛❞♦3 ❡①♣❡$✐✲

♠❡♥2❛✐3 2♦$♥❛✲3❡ ♠❛✐3 ❡❧❡✈❛❞♦ 3♦❜ ❝♦♥❞✐.F❡3 ❞❡ ❜❛✐①❛ ♣$❡33/♦ ❝♦♠ 3✉❜✲$❡3❢$✐❛♠❡♥2♦

❛❧2♦ ❡ ❛ ❜❛✐①❛ ✈❛③/♦ ❝♦♠ ❛❧2❛ ♣$❡33/♦✳ ◆❡33❡ 3❡♥2✐❞♦✱ ♦3 $❡3✉❧2❛❞♦3 ❘❊▲❆;✺ 3/♦

3❛2✐3❢❛2N$✐♦3 ❡♠ 3✐32❡♠❛3 3✐♠♣❧❡3✳ ❆3 ❞✐❢❡$❡♥.❛3 ❡♥2$❡ $❡3✉❧2❛❞♦3 ❞♦ ❘❊▲❆;✺ ❡ ❞♦3

$❡3✉❧2❛❞♦3 ❡①♣❡$✐♠❡♥2❛✐3 3✉❣❡$❡♠ ♠❛✐3 2$❛❜❛❧❤♦3 ❞❡ ♣❡3Q✉✐3❛ 3♦❜$❡ ♦ ❛33✉♥2♦✳

❉❛ ❧✐2❡$❛2✉$❛ $❡✈✐32❛✱ ♦❜3❡$✈❛✲3❡ Q✉❡ ❛♣❡3❛$ ❞❡ ❛❧❣✉♥3 ♣❡3Q✉✐3❛❞♦$❡3 ❝♦♥❝❧✉T$❡♠

Q✉❡ ❛3 ❞✐❢❡$❡♥2❡3 ✈❡$3F❡3 ❞♦ ❝N❞✐❣♦ ❘❊▲❆;✺ 3/♦ ❝❛♣❛③❡3 ❞❡ ♣$❡✈❡$ ♦ ❝♦♠♣♦$2❛♠❡♥2♦

❞♦ ❢❡♥U♠❡♥♦ ❞❡ ❝✐$❝✉❧❛./♦ ♥❛2✉$❛❧✱ ♦ ❝N❞✐❣♦ ❛✐♥❞❛ ❛♣$❡3❡♥2❛ ❞❡✜❝✐W♥❝✐❛3 ❡♠ ♣$❡✈❡$

❛3 ✐♥32❛❜✐❧✐❞❛❞❡ ✐♥❡$❡♥2❡3 ❞♦ ❢❡♥U♠❡♥♦✱ ♣$✐♥❝✐♣❛❧♠❡♥2❡ ❡♠ $❡❣✐♠❡ ❜✐❢I3✐❝♦✳ ;♦$ ♦✉✲

2$❛ ❧❛❞♦✱ ♦3 $❡3✉❧2❛❞♦3 ❞♦ ❘❊▲❆;✺ ♠♦32$❛$❛♠ ♣♦$ ❞✐✈❡$3❛3 ✈❡③❡3 ❜♦❛ ❝♦♥❝♦$❞X♥❝✐❛

❞♦3 ♣❛$X♠❡2$♦3 2❡$♠♦✲❤✐❞$I✉❧✐❝♦3 ❞♦3 ❝N❞✐❣♦3 ❡♠ $❡❧❛./♦ ❛♦3 ❞❛❞♦3 ❡①♣❡$✐♠❡♥2❛✐3
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❋✐❣✉$❛ ✷✳✼✿ ◆♦❞❛❧✐③❛/0♦ ❞♦ ❘❊▲❆5✺ ✭❩❤♦✉ ❡; ❛❧✳✱ ✷✵✶✸✮✳
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❡♠ "✐$✉❛'(❡" ❞❡ ❡"$❛❜✐❧✐❞❛❞❡✳ -♦/ ✜♠✱ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞♦ ❝4❞✐❣♦ ❘❊▲❆-✺ ❡♠ "✐♠✉✲

❧❛/ ❛ ❝✐/❝✉❧❛'<♦ ♥❛$✉/❛❧ ❛✐♥❞❛ ♥<♦ ❡"$<♦ ❡"$❛❜❡❧❡❝✐❞❛"✱ ♣/✐♥❝✐♣❛❧♠❡♥$❡ ❡♠ "✐"$❡♠❛"

❝♦♠♣❧❡①♦"✱ ♥❡❝❡""✐$❛♥❞♦ ❞❡ ♠❛✐" ❡"$✉❞♦"✳

❊"$✉❞❛/ ♦ ❈✐/❝✉✐$♦ ❞❡ ❈✐/❝✉❧❛'<♦ ◆❛$✉/❛❧ ❞♦ ■❊◆✱ ✉$✐❧✐③❛♥❞♦ ♦ ❝4❞✐❣♦ ❘❊✲

▲❆-✺✴▼❖❉✸✳✷✱ ❡"$I ❡♠ ❝♦♥"♦♥J♥❝✐❛ ❝♦♠ ❛ ❧✐$❡/❛$✉/❛ ❛♣/❡"❡♥$❛❞❛✳ ❊ $❛♠❜K♠

❛❧✐♥❤❛✈❛❞❛ ❛♦" ♦❜❥❡$✐✈♦" ❞♦ ♣/♦❥❡$♦ ❞♦ ❈❈◆ O✉❡ ❝♦♥"✐"$❡♠ ❡"$✉❞❛/ ♦ ❢❡♥Q♠❡♥♦ ❞❡

❝✐/❝✉❧❛'<♦ ♥❛$✉/❛❧ ❡ ✈❛❧✐❞❛/ ♠♦❞❡❧♦" ❝♦♠♣✉$❛❝✐♦♥❛✐" ❛$/❛✈K" ❞❡ ❝♦♠♣❛/❛'<♦ ❝♦♠

❞❛❞♦" ❡①♣❡/✐♠❡♥$❛✐"✱ ♣❛/❛ ✉♠❛ ♣♦""R✈❡❧ ✉$✐❧✐③❛'<♦ ❞❡"$❡ ♠♦❞❡❧♦ ♥♦ ❛✉①R❧✐♦ ❛♦ ❧✐❝❡♥✲

❝✐❛♠❡♥$♦ ❞❡ ♥♦✈❛" ❝❡♥$/❛✐" ♥✉❝❧❡❛/❡"✳
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❈❛♣#$✉❧♦ ✸

❈)❞✐❣♦ ❈♦♠♣✉$❛❝✐♦♥❛❧

❘❊▲❆4✺✴▼❖❉✸✳✷

❖ ❝"❞✐❣♦ ❝♦♠♣✉*❛❝✐♦♥❛❧ ❞❡ ❛♥/❧✐0❡ ❞❡ *1❛♥0✐❡♥*❡0 ♣❛1❛ 1❡❛*♦1❡0 ❞❡ 1❡❛*♦1 ❞❡

/❣✉❛ ❧❡✈❡ ✭▲❲❘✮✱ ❘❊▲❆;✺✱ ❢♦✐ ❞❡0❡♥✈♦❧✈✐❞♦ ♥♦ ■❞❛❤♦ ▲❛❜♦1❛*"1✐♦ ◆❛❝✐♦♥❛❧ ❞❡ ❊♥✲

❣❡♥❤❛1✐❛ ✭■◆❊▲✮ ♣❛1❛ ❛ ❈♦♠✐00D♦ ❞❡ ❘❡❣✉❧❛♠❡♥*❛ED♦ ◆✉❝❧❡❛1 ❞♦0 ❊❯❆ ✭◆❘❈✮✳ ❖

❝"❞✐❣♦ ✐♥❝❧✉✐ ❛0 ❢❡11❛♠❡♥*❛0 ♥❡❝❡00/1✐❛0 ♣❛1❛ ❞❡0❡♥✈♦❧✈❡1 ❡0*1❛*H❣✐❛0 ❞❡ ❛✈❛❧✐❛ED♦ ❡

♠✐*✐❣❛ED♦ ❞❡ ❛❝✐❞❡♥*❡0✱ ❛EI❡0 ❞♦ ♦♣❡1❛❞♦1 ❡ ❧✐❝❡♥❝✐❛♠❡♥*♦ ❞❛ ✐♥0*❛❧❛ED♦✳ ❖ ❝"❞✐❣♦

✐♥❝❧✉✐ ♠✉✐*♦0 ♠♦❞❡❧♦0 ❞❡ ❝♦♠♣♦♥❡♥*❡0 ❣❡♥H1✐❝♦0 ❛ ♣❛1*✐1 ❞♦0 J✉❛✐0 0✐0*❡♠❛0 ❝♦♠♣❧❡✲

①♦0 ♣♦❞❡♠ 0❡1 0✐♠✉❧❛❞♦0✳ ❖0 ♠♦❞❡❧♦0 ❞❡ ❝♦♠♣♦♥❡♥*❡0 ✐♥❝❧✉❡♠ ❜♦♠❜❛0✱ ✈/❧✈✉❧❛0✱

*✉❜♦0✱ ❡0*1✉*✉1❛0 ❞❡ ❝❛❧♦1✱ ❝✐♥H*✐❝❛ ♣♦♥*✉❛❧✱ ❛J✉❡❝❡❞♦1❡0 ❡❧H*1✐❝♦0✱ *✉1❜✐♥❛0 ❡♥*1❡

♦✉*1♦0✳ ❙✐0*❡♠❛0 ❞❡ ❝♦♥*1♦❧❡ ♣♦❞❡♠ *❛♠❜H♠ 0❡1 0✐♠✉❧❛❞♦0✳ ❊0*❡0 ♣1♦❝❡00♦0 ♣♦❞❡♠

0❡1 ❞❡✜♥✐❞♦0 ❛*1❛✈H0 ❞❡ ♦♣❡1❛EI❡0 ❛❧❣H❜1✐❝❛0 ♦✉ ❧"❣✐❝❛0✳

✸✳✶ ▼♦❞❡❧♦( ❋*(✐❝♦(

❖ ♠♦❞❡❧♦ ❤✐❞1♦❞✐♥N♠✐❝♦ H ❜❛0❡❛❞♦ ❡♠ ✈♦❧✉♠❡0 ❞❡ ❝♦♥*1♦❧❡✱ J✉❡ ♣♦❞❡♠ 0❡1

❝♦♥0✐❞❡1❛❞♦0 ❝♦♠♦ *✉❜♦0 ❞❡ ❝♦11❡♥*❡ ❝♦♠ ❥✉♥EI❡0 ❞❡ ❡♥*1❛❞❛ ❡ 0❛P❞❛✳ ;1♦♣1✐❡❞❛❞❡0

❡0❝❛❧❛1❡0 ❝♦♠♦ ♣1❡00D♦✱ ❡♥❡1❣✐❛✱ ❞❡♥0✐❞❛❞❡ ❡ ❢1❛ED♦ ❞❡ ✈❛③✐♦ 0D♦ 1❡♣1❡0❡♥*❛❞❛0 ♣❡❧❛

♠H❞✐❛ ❞❡♥*1♦ ❞♦ ✈♦❧✉♠❡ ❞❡ ❝♦♥*1♦❧❡ ❡ 0D♦ ❧♦❝❛❧✐③❛❞❛0 ♥♦ ♣♦♥*♦ ❝❡♥*1❛❧ ❞♦ ♠❡0♠♦✳

;♦1 ♦✉*1♦ ❧❛❞♦✱ ♣1♦♣1✐❡❞❛❞❡0 ✈❡*♦1✐❛✐0✱ *❛✐0 ❝♦♠♦✱ ❛0 ✈❡❧♦❝✐❞❛❞❡0 0D♦ ❧♦❝❛❧✐③❛❞❛0 ♥❛0

❥✉♥EI❡0✳ ✭❙❛❜✉♥❞❥✐❛♥ ❡* ❛❧✳✱ ✷✵✵✼✮

✷✵



❖ ❘❊▲❆%✺ ✉(✐❧✐③❛ ✉♠ ♠♦❞❡❧♦ ❞❡ ❡1❝♦❛♠❡♥(♦ ❜✐❢61✐❝♦✱ ♥8♦ ❤♦♠♦❣;♥❡♦ ❡ ❞❡

♥8♦ ❡<✉✐❧=❜>✐♦✳ ❊1(❡ ♠♦❞❡❧♦ @ ❜❛1❡❛❞♦ ♥✉♠❛ ❢♦>♠✉❧❛A8♦ ✉♥✐❞✐♠❡♥1✐♦♥❛❧ ❞❡ (✉❜♦1

❞❡ ❝♦>>❡♥(❡ ♥❛ <✉❛✐1 ❛1 ♣>♦♣>✐❡❞❛❞❡1 ❞♦ ❡1❝♦❛♠❡♥(♦ 18♦ ❛11✉♠✐❞❛1 ❝♦♥1(❛♥(❡1 1♦❜>❡

❛ 1❡A8♦ (>❛♥1✈❡>1❛❧✳ ❖ ♠♦❞❡❧♦ (❡>♠♦✲❤✐❞>6✉❧✐❝♦ ❞♦ ❘❊▲❆%✺ >❡1♦❧✈❡ 6 ❡<✉❛AE❡1 ❞❡

❝❛♠♣♦ ♣❛>❛ ❛1 6 ✈❛>✐6✈❡✐1 ❞❡♣❡♥❞❡♥(❡1✱ ❛ ♣>❡118♦ ✭P ✮✱ ❛1 ❡♥❡>❣✐❛1 ✐♥(❡>♥❛1 ❡1♣❡❝=✜❝❛

❞❡ ❝❛❞❛ ❢❛1❡ ✭Ug✱ Ug✮✱ ❢>❛A8♦ ❞❡ ✈❛③✐♦✭αg ❡ αg✮✮✱ ✈❡❧♦❝✐❞❛❞❡1 ❞❛1 ❢❛1❡1 ✭vg✱ vg✮✱♦♥❞❡

♦1 =♥❞✐❝❡1 ✐♥❞✐❝❛♠ ❛ ❢❛1❡ ❣❛1♦1♦ ✭g✮ ❡ ❧=<✉✐❞❛ ✭g✮ >❡1♣❡❝(✐✈❛♠❡♥(❡ ✳❆1 ✈❛>✐6✈❡✐1

✐♥❞❡♣❡♥❞❡♥(❡1 18♦ (❡♠♣♦ ✭t✮ ❡ ❞✐1(I♥❝✐❛ ✭x✮✳ ❆1 ❡<✉❛AE❡1 ❜61✐❝❛1 ♣❛>❛ ♦ ♠♦❞❡❧♦

❞❡ ♥8♦ ❡<✉✐❧=❜>✐♦ ❞❡ ❞♦✐1 ✢✉✐❞♦1 ❝♦♥1✐1(❡♠ ♥❛1 ❡<✉❛AE❡1 ❞❡ ❝♦♥(✐♥✉✐❞❛❞❡ ✭❊<✳✸✳✶ ❡

❊<✳✸✳✷✮✱ ♠♦♠❡♥(♦ ✭❊<✳✸✳✸ ❡ ❊<✳✸✳✹✮ ❡ ❡♥❡>❣✐❛ ✭❊<✳✸✳✺ ❡ ❊<✳✸✳✻✮ ♣❛>❛ ❝❛❞❛ ✉♠❛ ❞❛1

❢❛1❡1 ❝♦♥1✐❞❡>❛❞❛1✳ ✭❋❧❡(❝❤❡> ❡ ❙❝❤✉❧(③✱ ✶✾✾✺❛✮

❊!✉❛$%❡' ❞❡ ❝♦♥,✐♥✉✐❞❛❞❡

∂αgρg
∂t

+
1

A

∂αgρgvgA

∂x
= −Γg . ✭✸✳✶✮

∂αfρf
∂t

+
1

A

∂αfρfvfA

∂x
= −Γf . ✭✸✳✷✮

❊!✉❛$%❡' ❞❡ ♠♦♠❡♥,♦

αgρgA
∂vg
∂t

+
1

2
αgρgA

∂v2g
∂x

= −αgA
∂P

∂x
+ αgρgBxA− αgρGAFWG(vg)

+ΓgA(vgi−vg)− αgρgAFIG(vg − vf )

−CαgαFρmA[
∂(vf − vg)

∂t
+ vf

∂vg
∂x

− vg
∂vf
∂x

] .

✭✸✳✸✮

αfρfA
∂vf
∂t

+
1

2
αfρfA

∂v2f
∂x

= −αfdA
∂P

∂x
+ αgρfBxA− αfρFAFWF (vf )+

ΓfA(vfI−vf )− αfρFAFIF (vf − vg)

−CαfαgρmA[
∂(vf − vg)

∂t
+ vg

∂vf
∂x

− vf
∂vg
∂x

] .

✭✸✳✹✮
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❊!✉❛$%❡' ❞❡ ❡♥❡*❣✐❛

∂αgρgUg

∂t
+
1

A

∂αgρgUgvgA

∂x
= −P

∂αg

∂t
−

P

A

∂

∂x
(αgvgA)

+Qwg +Qig + Γighg + ΓWhg +DISSg .

✭✸✳✺✮

∂αfρfUf

∂t
+
1

A

∂αfρfUfvfA

∂x
= −P

∂αg

∂t
−

P

A

∂

∂x
(αfvfA) +Qwf

+Qif + Γifhf + Γwhf +DISSf .

✭✸✳✻✮

♦♥❞❡ ρf ✱ ρg ❡ ρm +,♦ -❡+♣❡❝0✐✈❛♠❡♥0❡ ❛+ ❞❡♥+✐❞❛❞❡+ ❞❛ ❢❛+❡ ❧78✉✐❞❛✱ ❞❛ ❢❛+❡

❣❛+♦+❛ ❡ ❞❛ ♠✐+0✉-❛✱ Γ ; ♦ ❝♦❡✜❝✐❡♥0❡ ❞❡ 0-❛♥+❢❡-=♥❝✐❛ ❞❡ ♠❛++❛ ❡♥0-❡ ❛+ ❢❛+❡+✱

❆ ✐♥❞✐❝❛ ❛ ?-❡❛ ❞❡ ❡+❝♦❛♠❡♥0♦✱ Bx -❡♣-❡+❡♥0❛ ❛ ❢♦-@❛ ✐♥;-❝✐❛ ♥❛ ❞✐-❡@,♦ x ❡ ❈ ;

❝♦❡✜❝✐❡♥0❡ ❞❡ ♠❛++❛ ✈✐-0✉❛❧ ✭❆♥❞❡-+❡♥ ❡0 ❛❧✳✱ ✶✾✼✼✮✳ ❖+ 0❡-♠♦+ FWG✱ FIG✱ FWF

❡ FIF ✱ +,♦ ♣❛-0❡ ❞♦ ❝♦❡✜❝✐❡♥0❡ ❞❡ ❛--❛+0❡ ❞❛ ✐♥0❡-❢❛❝❡ ❡ ✈❛-✐❛♠ ❝♦♥❢♦-♠❡ ♦ -❡❣✐♠❡

❞❡ ❡+❝♦❛♠❡♥0♦✱ DISSg ❡ DISSf +,♦ ❛+ +♦♠❛+ ❞♦+ ❡❢❡✐0♦+ ❞❡ ❢-✐❝@,♦ ❞❛+ ❜♦♠❜❛ ❡ ❞❛

♣❛-❡❞❡✳ Qwg ❡ Qwf +,♦ ❛+ 0❛①❛+ ❞❡ 0-❛♥+❢❡-=♥❝✐❛ ❞❡ ❝❛❧♦- ✈♦❧✉♠;0-✐❝❛ ♣♦- ❢❛+❡ ❡ Q ;

❛ 0❛①❛ ✈♦❧✉♠;0-✐❝❛ 0♦0❛❧✳ ❖+ ❝♦❡✜❝✐❡♥0❡+ ΓI ✱ ΓW ❡ QI -❡♣-❡+❡♥0❛♠ -❡+♣❡❝0✐✈❛♠❡♥0❡

❛ ♠❛++❛ 0-♦❝❛❞❛ ❡♥0-❡ ❛+ ❢❛+❡+✱ ♦ ✈❛♣♦- ❣❡-❛❞♦ ♥❛ ♣❛-❡❞❡✱ ❡ ❛ 0-♦❝❛ ❞❡ ❝❛❧♦- ♥❛

✐♥0❡-❢❛❝❡✳

✸✳✷ ❘❡❧❛'(❡) ❞❡ ❋❡❝❤❛♠❡♥0♦

❆+ -❡❧❛@H❡+ ❞❡ ❢❡❝❤❛♠❡♥0♦ ✐♥❝❧✉❡♠ ♠❛♣❛+ ❞❡ -❡❣✐♠❡ ❞❡ ❡+❝♦❛♠❡♥0♦+ ❜❛+❡❛❞♦+

♥♦+ 0-❛❜❛❧❤♦+ ❞❡ ❇❛-♥❡❛ ❡0 ❛❧✳ ✭✶✾✽✵✮ ❡ ❇❛-♥❡❛ ❡0 ❛❧✳ ✭✶✾✽✺✮✱ 8✉❡ +,♦ ✉0✐❧✐③❛❞♦+ ♣❛-❛

❝❛❧❝✉❧❛- ♦ ❛--❛+0♦ ❡ ❝✐+❛❧❤❛♠❡♥0♦✱ 0-❛♥+❢❡-=♥❝✐❛ ❞❡ ❝❛❧♦- ❡♥0-❡ ❛+ ❢❛+❡+ ❡ ❝♦❡✜❝✐❡♥0❡ ❞❡

♠❛++❛ ✈✐-0✉❛❧✳ ❖+ ♠❛♣❛+ ❞❡ -❡❣✐♠❡ +,♦ ❜❛+❡❛❞♦+ ♥♦ ✈♦❧✉♠❡+ ❤✐❞-♦❞✐♥N♠✐❝♦+ ♦✉ ♥❛+

❥✉♥@H❡+✱ ❡ +,♦ ✉0✐❧✐③❛❞♦+ ♣❛-❛ ❝♦♥0-♦❧❛- ❛+ -❡❧❛@H❡+ ❝♦♥+0✐0✉0✐✈❛+✱ ❝♦♠♦ 0-❛♥+❢❡-=♥❝✐❛

❞❡ ❝❛❧♦- ❡ ♠❛++❛ ❡ ❛ ❢-✐❝@,♦ ♥❛ ♣❛-❡❞❡✳ ❙,♦ ✉0✐❧✐③❛❞♦+ 8✉❛0-♦ ♠❛♣❛+✱ ❤♦-✐③♦♥0❛❧ ♣❛-❛

❡+❝♦❛♠❡♥0♦ ❡♠ 0✉❜♦+✱ ✈❡-0✐❝❛❧ ♣❛-❛ ❡+❝♦❛♠❡♥0♦ ❡♠ 0✉❜♦+ ❡ ❢❡✐①❡+✱ ♠❛♣❛ ❞❡ ♠✐+0✉-❛

♣❛-❛ ❜♦♠❜❛+ ❡ ♠❛♣❛ ❞❡ ♠✐+0✉-❛ ♣❡-0♦ ❞❡ ♣♦♥0♦+ ❞❡ ✐♥❥❡@,♦✳

✷✷



▼❛♣❛ ❞❡ %❡❣✐♠❡ ♣❛%❛ ❡)❝♦❛♠❡♥-♦ ✈❡%-✐❝❛❧

❖ ♠❛♣❛ ✈❡&'✐❝❛❧✱ ❋✐❣✉&❛ ✸✳✷ 2 ✉'✐❧✐③❛❞♦ ♣❛&❛ ❛♥❣❧♦7 ❡♥'&❡ 45◦ ❡ 90◦✱ ❡ ♣♦7✲

7✉✐ ♥♦✈❡ &❡❣✐♠❡7 ❡7❝♦❛♠❡♥'♦✱ 9✉❛'&♦ ♣❛&❛ ♣!❡✲❈❍❋ ✱ 9✉❛'&♦ ♣♦7✲❈❍❋ ❡ ✉♠ ♣❛&❛

❡7'&❛'✐✜❝❛❞♦✳ ❖7 ♣!❡✲❈❍❋ 7=♦ ❡7❝♦❛♠❡♥'♦ ❡♠ ❜♦❧❤❛7✱ '❧✉❣✱ ❛♥✉❧❛& ❡ ❣♦'@❝✉❧❛7✳

❋✐❣✉&❛ ✸✳✶✿ ▼❛♣❛ ❞❡ ❡7❝♦❛♠❡♥'♦ ❣D7✲❧@9✉✐❞♦ ✈❡&'✐❝❛❧✳✭❋❧❡'❝❤❡& ❡ ❙❝❤✉❧'③✱ ✶✾✾✺❛✮

▼❛♣❛ ❞❡ %❡❣✐♠❡ ♣❛%❛ ❡)❝♦❛♠❡♥-♦ ❤♦%✐③♦♥-❛❧

❖ ♠❛♣❛ ❤♦&✐③♦♥'❛❧ 2 7❡♠❡❧❤❛♥'❡ ❛♦ ✈❡&'✐❝❛❧✱ ♠❛7 ✉7❛❞♦ ♣❛&❛ J♥❣✉❧♦7 ✐♥❢❡&✐✲

♦&❡7 ❛ 45◦✱ ❡ ♥=♦ ❡7'D ✐♥❝❧✉@❞♦ ♦ &❡❣✐♠❡ ♣♦7✲❈❍❋✳ ❖7 '✐♣♦7 ❞❡ ❡7❝♦❛♠❡♥'♦ 7=♦✱

❡7'&❛'✐✜❝❛L=♦ ❤♦&✐③♦♥'❛❧✱ ❡7❝♦❛♠❡♥'♦ ❡♠ ❜♦❧❤❛✱ '❧✉❣✱ ❛♥✉❧❛&✱ ❣♦'✐❝✉❧❛❞♦ ♣!❡✲❈❍❋✳

▼❛♣❛ ❞❡ %❡❣✐♠❡ ♣❛%❛ ❛❧-❛ ♠✐)-✉%❛

❖ ♠❛♣❛ ❞❡ ✢✉①♦ ❞❡ ❛❧'❛ ♠✐7'✉&❛✱ ❋✐❣✉&❛ ✸✳✸ ✉'✐❧✐③❛❞♦7 ❡♠ ❜♦♠❜❛7 2 ❜❛7❡❛❞♦

♥❛ ❢&❛L=♦ ❞❡ ✈❛③✐♦ ❡ ❝♦♥7✐7'❡ ❡♠ &❡❣✐♠❡ ❞❡ ❜♦❧❤❛ ♣❛&❛ α < 0.5✱ ❣♦'✐❝✉❧❛❞♦ ♣❛&❛

✷✸



❋✐❣✉$❛ ✸✳✷✿ ▼❛♣❛ ❞❡ ❡.❝♦❛♠❡♥3♦ ❣4.✲❧78✉✐❞♦ ❤♦$✐③♦♥3❛❧✳✭❋❧❡3❝❤❡$ ❡ ❙❝❤✉❧3③✱ ✶✾✾✺❛✮

α > 0.95 ❡ ✉♠ $❡❣✐♠❡ ❞❡ 3$❛♥.✐BC♦ ♣❛$❛ 0.5 < α < 0.95✳

❋✐❣✉$❛ ✸✳✸✿ ▼❛♣❛ ❞❡ ♠✐.3✉$❛ ♣❛$❛ ❜♦♠❜❛✳ ✭❋❧❡3❝❤❡$ ❡ ❙❝❤✉❧3③✱ ✶✾✾✺❛✮

♠❛♣❛ ❞❡ %❡❣✐♠❡ ♣❛%❛ ♣♦♥*♦+ ❞❡ ✐♥❥❡-.♦

◆❡♥❤✉♠ ❞♦. 3$F. ♠❛♣❛. ❝♦♠3❡♠♣❧❛ ♣♦$G♠✱ ♦ ♣$♦❝❡..♦ ❞❡ ❝♦♥❞❡♥.❛BC♦ 8✉❡

♦❝♦$$❡ ♥♦. ♣♦♥3♦. ❞❡ ✐♥❥❡BC♦ ❞❛ 4❣✉❛ ❞❡ ❡♠❡$❣F♥❝✐❛✱ .❡♥❞♦ ♥❡❝❡..4$✐♦ ✉♠ 8✉❛$3♦

♠❛♣❛✱ ❋✐❣✉$❛ ✸✳✹

✷✹



❋✐❣✉$❛ ✸✳✹✿ ▼❛♣❛ ❞❡ ♠✐/0✉$❛ ♣❛$❛ ♣♦♥0♦/ ❞❡ ✐♥❥❡45♦✳✭❋❧❡0❝❤❡$ ❡ ❙❝❤✉❧0③✱ ✶✾✾✺❛✮

✷✺



❋❛"♦$ ❞❡ ❋$✐❝)*♦ ♥❛ ■♥"❡$❢❛❝❡

❖ ❢❛#♦% ❞❡ ❢%✐❝*+♦ ♥❛ ✐♥#❡%❢❛❝❡✱ Fig ♣❛%❛ ♦ ✈❛♣♦% ❡ Fif ♣❛%❛ ♦ ❧12✉✐❞♦ ✉#✐❧✐③❛❞♦

♥❛5 ❡2✉❛*6❡5 ❞❡ ♠♦♠❡♥#♦ 5+♦ ❡①♣%❡55♦5 ❡♠ #❡%♠♦5 ❞❛ ❝♦❡✜❝✐❡♥#❡ ❞❡ ❢%✐❝*+♦ ❡♥#%❡

❛5 ❢❛5❡5 ❞❡ ❛❝♦%❞♦ ❝♦♠ ❛5 ❊2✉❛*6❡5 ✸✳✼ ❡ ✸✳✽✳ ❖ ❘❊▲❆B✺✴▼❖❉✸✳✷ ✉#✐❧✐③❛ ❞♦✐5

❞✐❢❡%❡♥#❡5 ♠♦❞❡❧♦5 ❞❡ ❢%✐❝*+♦ ♥❛ ✐♥#❡%❢❛❝❡✱ ♦ ♠H#♦❞♦ ❞!✐❢$ ✢✉① ❡ ♦ ♠H#♦❞♦ ❞!❛❣

❝♦❡✣❝✐❡♥$✳ ❖ ❞!✐✜$ ✢✉① H ✉#✐❧✐③❛❞♦ ♥♦5 ❡5❝♦❛♠❡♥#♦5 ❞❡ ❜♦❧❤❛ ❡ 0❧✉❣✱ ♣❛%❛ ❡5❝♦❛♠❡♥#♦

✈❡%#✐❝❛❧✳ ❊ ♦ ❞!❛❣ ❝♦❡✜❝✐❡♥$❡ ❡♠ #♦❞♦5 ♦5 ♦✉#%♦5 %❡❣✐♠❡5✳

Fig = αgρgFIG(vg − vf ), ✭✸✳✼✮

Fif = αfρfFIF (vf − vg). ✭✸✳✽✮

❈♦❡✜❝✐❡♥"❡ ❞❡ ♠❛11❛ ✈✐$"✉❛❧

❖ ❝♦❡✜❝✐❡♥#❡ ❞❡ ♠❛55❛ ✈✐%#✉❛❧ H ❞❡#❡%♠✐♥❛❞♦ ♣❡❧♦ %❡❣✐♠❡ ❞❡ ❡5❝♦❛♠❡♥#♦ ♥❛5

❥✉♥*6❡5✱ ♣❛%❛ C > 1/2 H ❛♣%♦♣%✐❛❞♦ ♣❛%❛ ❡5❝♦❛♠❡♥#♦ ❡♠ ❜♦❧❤❛5 ♦✉ ❞✐5♣❡%5♦✱ ❡ C = 0

♣❛%❛ ❡5❝♦❛♠❡♥#♦5 ❡5#%❛#✐✜❝❛❞♦5✳ ▼❛5 ❛#✉❛❧♠❡♥#❡ ♥♦ ❘❊▲❆B✺✴▼❖❉✸✳✷ ✉♠ ✈❛❧♦%

❞❡ C > 1/2 H ✉#✐❧✐③❛❞♦ ❡♠ #♦❞♦5 ♦5 ❡5❝♦❛♠❡♥#♦5✳

C =
1

2

(3− 2αg)

αg

. ✭✸✳✾✮

❋❛"♦$ ❞❡ ❋$✐❝)*♦ ♥❛ 5❛$❡❞❡

❖ ❢❛#♦% ❞❡ ❢%✐❝*+♦ ♥❛ ♣❛%❡❞❡ H ❞❡#❡%♠✐♥❛❞♦ ❜❛5❡❛❞♦ ♥♦ ♠❛♣❛ ❞❡ %❡❣✐♠❡ ♣❛%❛

♦5 ✈♦❧✉♠❡5✳ ❆♣❡♥❛5 ♦ ❡❢❡✐#♦ ❝✐5❛❧❤❛♥#❡ H ❝♦♥5✐❞❡%❛❞♦ ❡ ♦5 ❡❢❡✐#♦5 ❞❡ ♠✉❞❛♥*❛5 ❞❡

P%❡❛5 ❛❜%✉♣#❛5 5+♦ ♠♦❞❡❧♦5 ❛#%❛✈H5 ❞❡ ♠♦❞❡❧♦5 ❡5♣❡❝1✜❝♦5 ❞❡ ♣❡%❞❛ ♠❡❝Q♥✐❝❛✱ ♠❛5

♣%♦❝❡55♦5 ♠❛✐5 ❝♦♠♣❧❡①♦5 ♥❡❝❡55✐#❛♠ ❞❡ ✐♥❢♦%♠❛*6❡5 ❞♦ ✉5✉P%✐♦✱ ❛#%❛✈H5 ❞♦ ✐♥♣✉$✳

B❛%❛ ❝❛❧❝✉❧❛% ♦5 ❢❛#♦%❡5 ❞❡ ❢%✐❝*+♦✱ ♣%✐♠❡✐%♦ H ♥❡❝❡55P%✐♦ ❞❡#❡%♠✐♥❛% ♦5 ❝♦❡✜❝✐❡♥#❡5

♠✉❧#✐♣❧✐❝❛❞♦%❡5 ✭φg ❡ φf ✮ ❛#%❛✈H5 ❞❛5 ❊2✉❛*6❡5 ✸✳✶✵✱ ✸✳✶✶✱ ✸✳✶✷ ❡ ✸✳✶✸

(
∂P

∂x
)2φ = φ2

f (
∂P

∂x
)f , ✭✸✳✶✵✮

(
∂P

∂x
)2φ = φ2

g(
∂P

∂x
)g, ✭✸✳✶✶✮

✷✻



(
∂P

∂x
)f =

λ(Re′f )M
2

f

2DρfA2
, ✭✸✳✶✷✮

(
∂P

∂x
)g =

λ(Re′g)M
2

g

2DρgA2
. ✭✸✳✶✸✮

&❛(❛ ✐♠♣❧❡♠❡♥/❛( ♦1 ❡❢❡✐/♦1 ❞♦ ❡1❝♦❛♠❡♥/♦ ❜✐❢61✐❝♦ ♥♦ ❝6❧❝✉❧♦ ❞❡ ❢(✐❝89♦✱ ❞❡✈❡✲

1❡ ❝♦♥1✐❞❡(❛( ❛ ❢(❛89♦ ❞❡ ✈❛③✐♦ ♥❛ ♣❛(❡❞❡ ❞❡ ❛❝♦(❞♦ ❝♦♠ ❛1 ❊?✉❛8@❡1 ✸✳✶✹ ❡ ✸✳✶✺✳

pf
p
= αfW , ✭✸✳✶✹✮

pg
p
= αgW , ✭✸✳✶✺✮

♦♥❞❡ pf ✱pg✱ ❡ p 19♦ ♦1 ♣❡(C♠❡/(♦1 ♠♦❧❤❛❞♦1 ❞❡ ❧✐?✉✐❞♦✱ ✈❛♣♦( ❡ ♠✐1/✉(❛✳ &❛(❛

♦ (❡❣✐♠❡ ❞❡ ❜♦❧❤❛1 19♦ ✉/✐❧✐③❛❞❛1 ❛1 ❊?✉❛8@❡1 ✸✳✶✻ ❡ ✸✳✶✼

αfw = αf , ✭✸✳✶✻✮

αgw = αg, ✭✸✳✶✼✮

&❛(❛ ❡1❝♦❛♠❡♥/♦ ❤♦(✐③♦♥/❛❧ ❡1/(❛/✐✜❝❛❞♦ ✉/✐❧✐③❛♠✲1❡ ❛1 1❡❣✉✐♥/❡1 ❊?✉❛8@❡1 ✸✳✶✽

❡ ✸✳✶✾

αfw = 1−
θ

α
. ✭✸✳✶✽✮

αgw =
θ

α
, ✭✸✳✶✾✮

❖1 ♣❛(L♠❡/(♦1 αgw ❡ αfw 19♦ ❛ ❢(❛89♦ ❞❛1 ❢❛1❡1 ♥❛ ♣❛(❡❞❡✱ ♦ ♣❛(L♠❡/(♦ θ M

❞❛❞♦ ♣❡❧❛ ❊?✉❛89♦ ✸✳✷✵✱ ❡♠ ?✉❡ By M ❛ ❢♦(8❛ ❢♦(8❛ ❞❡ ✐♥M(❝✐❛ ♥❛ ❞✐(❡89♦ y✳

− (
ρm
ρfρg

)(ρf − ρg)(
πDBy

4 sin θ

∂αg

∂x
), ✭✸✳✷✵✮

❙❡♥❞♦ ?✉❡ θ M (❡❧❛❝✐♦♥❛❞♦ ❝♦♠ ❛ ❢(❛89♦ ❞❡ ✈❛③✐♦ ✉1❛❞♦ ♥❛ ❊?✉❛89♦ ✸✳✷✶

αgπ = θ − sin θ cos θ, ✭✸✳✷✶✮
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❖! ❢❛$♦&❡! ❞❡ ❢&✐❝+,♦ !,♦ ❝❛❧❝✉❧❛❞♦!✱ ♣♦& ❝♦&&❡❧❛+1❡! ♣❛&❛ ❡!❝♦❛♠❡♥$♦! ❧❛♠✐✲

♥❛&✱ ❊6✉❛+,♦ ✸✳✷✷ ♦✉ $✉&❜✉❧❡♥$♦✱ ❊6✉❛+,♦ ✸✳✷✸ ❝♦♠ ✐♥$❡&♣♦❧❛+1❡! ♣❛&❛ &❡❣✐♠❡! ❞❡

$&❛♥!✐+,♦✱ ❊6✉❛+,♦ ✸✳✷✹✳

λL =
64

ReφS

, ✭✸✳✷✷✮

1√
λT

= −2 log
10
(

ǫ

3.7D
+
2.51

Re
(1.14− 2log10(

ǫ

D
−
2.51

Re
))), ✭✸✳✷✸✮

λL,T = (3.75−
8250

Re
)(λT,3000 − λL,2200) + λL,2200, ✭✸✳✷✹✮

♦♥❞❡ Re ? ♦ ♥@♠❡&♦ ❞❡ ❘❡②♥♦❧❞!✱ φS ? ✉♠ ❢❛$♦& ❞❡ ❢♦&♠❛ ♣❛&❛ ❝❛♥❛✐! ♥,♦

❝✐&❝✉❧❛&❡!✳ ❖ ♣❛&C♠❡$&♦ ǫ ? ❛ &✉❣♦!✐❞❛❞❡ ❞❛ ♣❛&❡❞❡✱ D ♦ ❞✐C♠❡$&♦ ❤✐❞&E✉❧✐❝♦✱ λL✱

❢❛$♦& ❞❡ ❢&✐❝+,♦ ❧❛♠✐♥❛& ❡ λT ❢❛$♦& ❞❡ ❢&✐❝+,♦ $✉&❜✉❧❡♥$♦✳

❚!❛♥$❢❡!'♥❝✐❛ ❞❡ ❝❛❧♦! ♥❛ ♣❛!❡❞❡

❖ ♠♦❞❡❧♦ ❞❡ $&❛♥!❢❡&F♥❝✐❛ ❞❡ ❝❛❧♦& $❛♠❜?♠ ? ❜❛!❡❛❞♦ ♥✉♠❛ ❛♣&♦①✐♠❛+,♦

✉♥✐❞✐♠❡♥!✐♦♥❛❧ ♣❛&❛ ♦ ❝E❧❝✉❧♦ ❞❛! $❡♠♣❡&❛$✉&❛! ❡ ✢✉①♦! ❞❡ ❝❛❧♦&✳ ❖! ❝♦♥❞✉$♦&❡!

❞❡ ❝❛❧♦& !,♦ ❝♦♥❡❝$❛❞♦! ❛♦! ✈♦❧✉♠❡! ❤✐❞&♦❞✐♥C♠✐❝♦! !✐♠✉❧❛♥❞♦ ♦ ✢✉①♦ ❞❡ ❝❛❧♦&

♣❡&♣❡♥❞✐❝✉❧❛& ❛♦ ❡!❝♦❛♠❡♥$♦✳ ❆ ❡!$&✉$✉&❛ ❞❡ ❝❛❧♦& ? $❡&♠✐❝❛♠❡♥$❡ ❝♦♥❡❝$❛❞❛ ❛♦

✈♦❧✉♠❡ ❤✐❞&♦❞✐♥C♠✐❝♦ ❛$&❛✈?! ❞❡ ✉♠ ✢✉①♦ ❞❡ ❝❛❧♦& 6✉❡ ? ❝❛❧❝✉❧❛❞♦ ❛$&❛✈?! ❞❡ ✉♠❛

❝♦&&❡❧❛+,♦ ❞❡ $&❛♥!❢❡&F♥❝✐❛ ❞❡ ❝❛❧♦& ♣♦& ❝♦♥✈❡❝+,♦✳ ❆! ❝❛♣❛❝✐❞❛❞❡! ❞❡ ♠♦❞❡❧❛❣❡♠

❞❛! ❡!$&✉$✉&❛! ❞❡ ❝❛❧♦& !,♦ ❣❡&❛✐! ❡ ✐♥❝❧✉❡♠ ❝♦♠❜✉!$K✈❡❧ $✐♣♦ ✈❛&❡$❛ ♦✉ ♣❧❛❝❛! ❝♦♠

❛6✉❡❝✐♠❡♥$♦ ♥✉❝❧❡❛& ♦✉ ❡❧?$&✐❝♦✱ $&❛♥!❢❡&F♥❝✐❛ ❞❡ ❝❛❧♦& ❛$&❛✈?! ❞❡ $✉❜♦! ❞♦ ❣❡&❛❞♦&

❞❡ ✈❛♣♦& ❡ $&❛♥!❢❡&F♥❝✐❛ ❞❡ ❝❛❧♦& ❡♠ ♣❛&❡❞❡! ❞❡ $✉❜♦! ❡ ✈❛!♦!✳ ❙,♦ &❡♣&❡!❡♥$❛❞❛! ♣❡❧❛

❝♦♥❞✉+,♦ ❞❡ ❝❛❧♦& ✉♥✐❞✐♠❡♥!✐♦♥❛❧ ❡♠ ❣❡♦♠❡$&✐❛ &❡$❛♥❣✉❧❛&✱ ❝✐❧K♥❞&✐❝❛ ♦✉ ❡!❢?&✐❝❛✳

❋❛$♦&❡! ❞❡ ♠✉❧$✐♣❧✐❝❛+,♦ ❞❡ !✉♣❡&❢K❝✐❡ !,♦ ✉!❛❞♦! ♣❛&❛ ❝♦♥✈❡&$❡& ❛ !✉♣❡&❢K❝✐❡ ✉♥✐$E&✐❛

❞♦ ❝E❧❝✉❧♦ ✉♥✐❞✐♠❡♥!✐♦♥❛❧ ♣❛&❛ ❛ !✉♣❡&❢K❝✐❡ &❡❛❧ ❞❛ ❡!$&✉$✉&❛✳ ❆! ❝♦♥❞✉$✐✈✐❞❛❞❡! ❡

❝❛♣❛❝✐❞❛❞❡! $?&♠✐❝❛! ❞♦! ♠❛$❡&✐❛✐! ✉$✐❧✐③❛❞♦! !,♦ ❢♦&♥❡❝✐❞❛! ❡♠ ❢♦&♠❛ ❞❡ $❛❜❡❧❛

♦✉ ❞❡ ❢✉♥+,♦ ❞♦ $❡♠♣♦ ♣❡❧♦ ✉!✉E&✐♦✳ ❆ ❢♦♥$❡ ❞❡ ❝❛❧♦& ♣♦❞❡ ✈❛&✐❛& ❡!♣❛❝✐❛❧♠❡♥$❡

♣❛&❛ ❝❛❞❛ ✐♥$❡&✈❛❧♦ ❞❛ ♠❛❧❤❛ ❡ $❡♠♣♦&❛❧♠❡♥$❡ ❛$&❛✈?! ❞❛ ♣♦$F♥❝✐❛ ♥✉❝❧❡❛& ❢♦&♥❡❝✐❞❛

♣❡❧❛ ❡6✉❛+,♦ ❞❡ ❝✐♥?$✐❝❛ ♣♦♥$✉❛❧ ♦✉ ❛$&❛✈?! ❞❡ $❛❜❡❧❛ ❞❡ ♣♦$F♥❝✐❛ ♣❡❧♦ $❡♠♣♦✳ ❆!

✷✽



 ❡❧❛$%❡& ❞❡ ❢❡❝❤❛♠❡♥-♦ ✐♥❝❧✉❡♠ ❛ ❝♦♥❞✐$1♦ ❞❡ &✐♠❡- ✐❛✱ ♦✉ ❝♦♥❞✐$%❡& ❛❞✐❛❜4-✐❝❛&

❛❧5♠ ❞❡ ✉♠ ♣❛❝♦-❡ ❞❡ ❝♦  ❡❧❛$%❡& ♣❛ ❛ - ❛♥&❢❡ 7♥❝✐❛ ❞❡ ❝❛❧♦ ♣♦ ❝♦♥✈❡❝$1♦✱ 9✉❡

❛❜ ❛♥❣❡ ❞✐❢❡ ❡♥-❡&  ❡❣✐♠❡& ❞❡ ✢✉①♦ ❞❡ ❝❛❧♦ ✱ ❝♦♠♦✱ ♣♦ ❡①❡♠♣❧♦✱ ❝♦♥✈❡❝$1♦ ❡♠ ✉♠❛

♦✉ ❞✉❛& ❢❛&❡&✱ ♦✉  ❡❣✐♠❡& ❞❡ - ❛♥&✐$1♦ ❝♦♠♦ ❡❜✉❧✐$1♦ ❡ ❝♦♥❞❡♥&❛$1♦✳ ❖ ✢✉①♦ ❞❡

❝❛❧♦ -♦-❛❧ ♥❛ ♣❛ ❡❞❡ 5 ❞❡✜♥✐❞❛ ♣❡❧❛ &❡❣✉✐♥-❡ ❊9✉❛$1♦ ✸✳✷✺✳

q
′′

= hg(Tw − Trefg) + hf (Tw − Treff ), ✭✸✳✷✺✮

❝♦♠ hg ❡ hf ♦& ❝♦❡✜❝✐❡♥-❡& ❞❡ - ❛♥&❢❡ 7♥❝✐❛ ❞❡ ❝❛❧♦ ❞❡ ✈❛♣♦ ❡ ❧F9✉✐❞♦  ❡&♣❡❝✲

-✐✈❛♠❡♥-❡✱ Tw 5 ❛ -❡♠♣❡ ❛-✉ ❛ ❞❛ ♣❛ ❡❞❡ ❡ Trefg ❡ Trefg &1♦ ❛& -❡♠♣❡ ❛-✉ ❛& ❞❡

 ❡❢❡ 7♥❝✐❛ ❞♦ ✈❛♣♦ ❡ ❧F9✉✐❞♦✳ ❆ &❡❣✉✐♥-❡ ❝✉ ✈❛✱ ❋✐❣✉ ❛ ✸✳✺ 5 ✉-✐❧✐③❛❞❛ ♣❛ ❛ ❞❡✜♥✐ ✲

&❡ 9✉❛❧ ❝♦  ❡❧❛$1♦ 5 ❛ ❣♦✈❡ ♥❛♥-❡✳ ▼✉✐-♦& ❢❛-♦ ❡& &1♦ ❝♦♥&✐❞❡ ❛❞♦& ♣❛ ❛ ❞❡❝✐❞✐ 9✉❛❧

❋✐❣✉ ❛ ✸✳✺✿ ❈✉ ✈❛ ❞❡  ❡❣✐♠❡ ❞❡ - ❛♥&❢❡ 7♥❝✐❛ ❞❡ ❝❛❧♦ ✳✭❋❧❡-❝❤❡ ❡ ❙❝❤✉❧-③✱ ✶✾✾✺❛✮

♦ ❝♦❡✜❝✐❡♥-❡ ❞❡ - ❛♥&❢❡ 7♥❝✐❛ ❞❡ ❝❛❧♦ 5 ♦ ♠❛✐& ❛❞❡9✉❛❞♦✱ ❝♦♠♦ ♣♦ ❡①❡♠♣❧♦✱ ❛

♣ ❡&&1♦ ❞♦ ✈♦❧✉♠❡ ❡♠  ❡❧❛$1♦ ❛ ♣ ❡&&1♦ ❝ F-✐❝❛✱ -❡♠♣❡ ❛-✉ ❛ ❞❛ ♣❛ ❡❞❡ ❡♠  ❡❧❛$1♦

-❡♠♣❡ ❛-✉ ❛ ❞❡ &❛-✉ ❛$1♦✱ &❡ 5 ✉♠ ❣4& ♥1♦ ❝♦♥❞❡♥&4✈❡❧✱ &❡ 5 ❧F9✉✐❞♦✱ ✈❛♣♦ ♦✉ ✉♠❛

♠✐&-✉ ❛✳

✷✾



✸✳✸ ▼♦❞❡❧♦ ♥✉♠*+✐❝♦

❆ !♦❧✉%&♦ ♥✉♠)*✐❝❛ ✉.✐❧✐③❛❞❛ ♣❡❧♦ ❘❊▲❆6✺ .❛♥.♦ ♣❛*❛ !♦❧✉%&♦ ❞❛! ❡8✉❛%9❡!

❞❡ ❝❛♠♣♦ ❝♦♠♦ ♣❛*❛ ❛! ❞❡ .*❛♥!❢❡*;♥❝✐❛ ❞❡ ❝❛❧♦* ) ❝♦♥❤❡❝✐❞❛ ❝♦♠♦ !♦❧✉%&♦ !❡♠✐✲

✐♠♣❧✐❝✐.❛✱ ♥❛ 8✉❛❧ ❛ ❡8✉❛%&♦ ❞✐❢❡*❡♥❝✐❛❧ ) *❡!♦❧✈✐❞❛✱ ✉.✐❧✐③❛♥❞♦ ❛! ♣*♦♣*✐❡❞❛❞❡! ❢@!✐❝❛!

❞♦ ♣❛!!♦ ❞❡ .❡♠♣♦ ❛♥.❡*✐♦*✱ ❛❝♦♣❧❛❞❛! ❝♦♠ ✐♥❢♦*♠❛%9❡! ❞♦ ♣❛!!♦ ❞❡ .❡♠♣♦ ❛.✉❛❧✳

❊!!❡ ♠).♦❞♦ ♣❡*♠✐.❡ ✉♠❛ ❡❝♦♥♦♠✐❛ ❞❡ ❝B❧❝✉❧♦✱ ♥❛! !✐♠✉❧❛%9❡! ❞❡ .*❛♥!✐❡♥.❡!✳ 6♦*)♠

❡!!❡ ❡!8✉❡♠❛ ❛❣*❡❣❛ ✐♥!.❛❜✐❧✐❞❛❞❡! ♥✉♠)*✐❝❛! ❣❡*❛❞❛! ❡♠ ❢✉♥%9❡! ❞❛ ♥♦❞❛❧✐③❛%&♦✱

*❡8✉❡*❡♥❞♦ ✉♠❛ ❛♥B❧✐!❡ ❞❡ !❡♥!✐❜✐❧✐❞❛❞❡✳✭▼❛♥❣❛❧ ❡. ❛❧✳✱ ✷✵✶✷✮ ❚❛❧ ❝❛*❛❝.❡*@!.✐❝❛ ❞✐✜✲

❝✉❧.❛ ✉♠❛ ❛♥B❧✐!❡ ❞❡ ✐♥!.❛❜✐❧✐❞❛❞❡! ❤✐❞*♦❞✐♥M♠✐❝❛!✱ ♣♦✐! ✜❧.*♦! ♥✉♠)*✐❝♦! ✉.✐❧✐③❛❞♦!

♣❡❧♦ ❝N❞✐❣♦ ♣♦❞❡♠ ✐♥.❡*❢❡*✐* ❡♠ ❢❡♥O♠❡♥♦! ❢@!✐❝♦! 8✉❡ ❛♣*❡!❡♥.❛♠ *❡!✉❧.❛❞♦! ❝♦♠

❛❧.❛! ❢*❡8✉;♥❝✐❛! ❞❡ ♦!❝✐❧❛%9❡!✳ ❈♦♠♦ ) ♦ ❝❛!♦ ❞♦ ♠♦❞❡❧♦ ❞❡ ❲❛"❡$ ♣❛❝❦✐♥❣✱ 8✉❡ ❛.✉❛

♣❛*❛ ❛♠❡♥✐③❛* ♦! ❡**♦! ♥✉♠)*✐❝♦! ♦*✐✉♥❞♦! ❞❡ .*♦❝❛! *B♣✐❞❛! ❡ ❝♦♥!.❛♥.❡! ♥❛ ❢*❛%&♦

❞❡ ✈❛③✐♦ ♥♦! ✈♦❧✉♠❡! ❤✐❞*♦❞✐♥M♠✐❝♦!✳ ❚❛❧ ✜❧.*♦ ❛♠❡♥✐③❛ ❛! ♦!❝✐❧❛%9❡!✱ ❛.✉❛♥❞♦ ♥❛

6*❡!!&♦ ❝❛❧❝✉❧❛❞❛ !❡♠✐✲✐♠♣❧✐❝✐.❛♠❡♥.❡✱ ♠❛! .❛❧ ✐♥.❡*❢❡*;♥❝✐❛ ♣♦❞❡ ❡!❝♦♥❞❡* ♦!❝✐❧❛✲

%9❡! ❢@!✐❝❛! *❡❛✐! ❞❡ ✉♠ ❝✐*❝✉✐.♦ ❞❡ ❝✐*❝✉❧❛%&♦ ♥❛.✉*❛❧ ❛.✉❛♥❞♦ ♥✉♠ *❡❣✐♠❡ ❜✐❢B!✐❝♦

❝♦♠ ❛❧.❛ ❢*❡8✉;♥❝✐❛ ❞❡ ✐♥!.❛❜✐❧✐❞❛❞❡ ❞❡✈✐❞♦ ❛ ♦♥❞❛! ❞❡ ❞❡♥!✐❞❛❞❡ ♦✉ ✐♥!.❛❜✐❧✐❞❛❞❡

❞❡ ▲❡❞✐♥❡❣❣✳✭◆♦✱ ✶✾✽✺✮

❉❡✈✐❞♦ ❛ ✐!!♦✱ ✉♠ ❡!.✉❞♦ ❞❡ !❡♥!✐❜✐❧✐❞❛❞❡ ❞♦! ✜❧.*♦! ♥✉♠)*✐❝♦! ❥✉♥.❛♠❡♥.❡

❛♦ ❡!.✉❞♦ ❞❛ !❡♥!✐❜✐❧✐❞❛❞❡ ❣❡♦♠).*✐❝❛ !&♦ ✐♠♣♦*.❛♥.❡! ♥❛ ❛✈❛❧✐❛%&♦ ❞❡!.❡ .✐♣♦ ❞❡

❝✐*❝✉✐.♦✳

✸✳✹ ❉❛❞♦1 ❞❡ ❊♥3+❛❞❛

❖! ❞❛❞♦! ❞❡ ❡♥.*❛❞❛ ♥❡❝❡!!B*✐♦! W !✐♠✉❧❛%&♦ ❞❡ ✉♠ !✐!.❡♠❛ ❝♦♠♣❧❡①♦✱ .❛❧ ❝♦♠♦

✉♠ !✐!.❡♠❛ .❡*♠♦♥✉❝❧❡❛*✱ ♣♦❞❡♠ ❛❜*❛♥❣❡* 4 B*❡❛! ❞✐!.✐♥.❛!✿

❍✐❞#♦❞✐♥&♠✐❝❛

6❛*❛ ♠♦❞❡❧❛* ♦! ❝♦♠♣♦♥❡♥.❡! ❤✐❞*♦❞✐♥M♠✐❝♦! !&♦ ♥❡❝❡!!B*✐❛! .♦❞❛! ❛! B*❡❛! ❡

❝♦♠♣*✐♠❡♥.♦! ❞❡ ❡!❝♦❛♠❡♥.♦! ❡ ❛! ♦*✐❡♥.❛%9❡! ❛♥❣✉❧❛*❡! ❞♦! ❝♦♠♣♦♥❡♥.❡!✳ ❆❧)♠ ❞❛!

❝❛*❛❝.❡*@!.✐❝❛! ❞❛ *✉❣♦!✐❞❛❞❡ ❞♦ ♠❛.❡*✐❛❧ ❡ ✐♥.❡*❢❛❝❡ ✢✉✐❞♦✴♣❛*❡❞❡✳ ❊ ✐♥❢♦*♠❛%9❡!
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 ✉✜❝✐❡♥'❡ ♣❛*❛ ❝❛❧❝✉❧❛* ❛ ♣❡*❞❛ ❞❡ ❝❛*❣❛ ✭❣❡♦♠❡'*✐❛ ❝✉*✈❛ ✱ ❡①♣❛♥ 4♦ ❞❡ 5*❡❛✱

❣❡♦♠❡'*✐❛ ❞❡ ✈5❧✈✉❧❛ ❡ ♣❡*❞❛ ❞❡ ❝❛*❣❛ ❧♦❝❛❧✐③❛❞❛✮✳ ❆ ❋✐❣✉*❛ ✸✳✻ ❛♣*❡ ❡♥'❛ ♦ 

♣*✐♥❝✐♣❛✐ ❝♦♠♣♦♥❡♥'❡ ✉'✐❧✐③❛❞♦ ♣❛*❛ *❡❛❧✐③❛* ❛ ♠♦❞❡❧❛❣❡♥ ✳

❊!"#✉"✉#❛! ❞❡ ❈❛❧♦#

❆ ♠♦❞❡❧❛❣❡♠ ❞❛ ❡ '*✉'✉*❛ ❞❡ ❝❛❧♦* = ❞❡✜♥✐❞❛ ♣❡❧❛ ♠❛  ❛ ❡ ❣❡♦♠❡'*✐❛ ❞♦ 

❝♦♠♣♦♥❡♥'❡ ✱ ❝♦♠  ❡✉ '✐♣♦ ❞❡ ♠❛'❡*✐❛✐ ❡ ♣*♦♣*✐❡❞❛❞❡ '❡*♠♦ ❢? ✐❝❛ ✭❡①✳ ❝♦♥✲

❞✉'✐✈✐❞❛❞❡ '=*♠✐❝❛ ❡ ❝❛❧♦* ❡ ♣❡❝?✜❝♦✮✳ ❚❛♠❜=♠ = ♥❡❝❡  5*✐♦ ✐♥❢♦*♠❛* ❛ ❧♦❝❛❧✐③❛C4♦

❞❛ ❢♦♥'❡ D✉❡♥'❡ ✱ ❛ ❞✐ '*✐❜✉✐C4♦ ❞❡ '❡♠♣❡*❛'✉*❛ ✐♥✐❝✐❛❧ ❡ ♦ '✐♣♦ ❞❡ ❝♦♥❞✐C4♦ ❞❡

❝♦♥'♦*♥♦ ❡♠ ❝❛❞❛ ❢❛❝❡✳

❱❛#✐-✈❡✐! ▲0❣✐❝❛! ❡ ❞❡ ❈♦♥"#♦❧❡

❖  ✐ '❡♠❛ ❞❡ ❝♦♥'*♦❧❡ ❞♦ ♠♦❞❡❧♦ ♣♦  ✉✐ ✈❛*✐5✈❡✐ ❧F❣✐❝❛ ♦✉ ❞❡ ❝♦♥'*♦❧❡✳ ❆ 

✈❛*✐5✈❡✐ ❧F❣✐❝❛  4♦ ❞❡✜♥✐❞❛ ❛'*❛✈= ❞❡ *❡❧❛C4♦  ✐♠♣❧❡ ❞❡ ♠❛✐♦* ♦✉ ♠❡♥♦* ❡♠

*❡❧❛C4♦ ❛ ♣❛*G♠❡'*♦ ♣*❡✈✐❛♠❡♥'❡ ✐♥❢♦*♠❛❞♦ ♦✉ ❛ ✈❛*✐5✈❡✐ ❞❡ ❝♦♥'*♦❧❡ ❞❡✜♥✐❞❛ ✳

❆ ✈❛*✐5✈❡✐ ❞❡ ❝♦♥'*♦❧❡  4♦ ❞❡✜♥✐❞❛ ♣♦* ✐♥❢♦*♠❛CH❡ ❞❡ ✜❧'*♦ ✱ ❧✐♠✐'❡ ❞❡  ❛'✉*❛C4♦✱

'❡♠♣♦ ❞❡ ❛❜❡*'✉*❛ ❡ ❢❡❝❤❛♠❡♥'♦ ❞❡ ✈5❧✈✉❧❛ ❡'❝✳

◆❡✉"#5♥✐❝❛

❖ ❘❊▲❆M✺ *❡ ♦❧✈❡ ❛ ❡D✉❛C4♦ ❞❡ ❝✐♥='✐❝❛ ♣♦♥'✉❛❧ ♥❡❝❡  ✐'❛♥❞♦ ❞❛ *❡❛'✐✈✐❞❛❞❡

✐♥✐❝✐❛❧✱ ❞❛❞♦  ♦❜*❡ ❛ ❡①♣♦ ✐C4♦ ❡ ✐♥❢♦*♠❛CH❡  ♦❜*❡ ❛ ❢*❛C4♦ ❞❡ ♥O✉'*♦♥ ❛'*❛ ❛❞♦ ✱

❢*❛C4♦ ❞❡ ♣*♦❞✉'♦ ❞❡ ✜  4♦✱ ❡'❝✳

◆❡ '❡ '*❛❜❛❧❤♦ ❛♣❡♥❛ ♦ ✸ ♣*✐♠❡✐*♦ ❣*✉♣♦  ❡*4♦ ✉'✐❧✐③❛❞♦ 

✸✶
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❈❛♣#$✉❧♦ ✹

❘❡+✉❧$❛❞♦+ ❡ ❉✐+❝✉++0❡+

◆❡"#❡ ❝❛♣'#✉❧♦ "❡+, ❞❡"❝+✐#♦ ♦ ❛♣❛+❛#♦ ❡①♣❡+✐♠❡♥#❛❧ ✉#✐❧✐③❛❞♦ ❝♦♠♦ +❡❢❡+4♥❝✐❛✱

❛ ❞❡"❝+✐67♦ ❞❛ ♥♦❞❛❧✐③❛67♦ ❞♦ ❈❈◆ ♠♦❞❡❧❛❞♦ ♥♦ ❘❊▲❆=✺✴▼❖❉✸✳✷✳ ❊ #❛♠❜G♠

"❡+7♦ ❛♣+❡"❡♥#❛❞♦" +❡"✉❧#❛❞♦" ❞❡ #❡♠♣❡+❛#✉+❛ ❡ ✈❛③7♦ ♦❜#✐❞♦" ❞❡ ✉♠ ❝♦♥❥✉♥#♦ ❞❡

32 "✐♠✉❧❛6J❡" +❡❛❧✐③❛❞❛" ❝♦♠ ❛ ❝♦♠❜✐♥❛67♦ ❞❡ ♣♦#4♥❝✐❛ ✐♥✐❝✐❛❧ ❝♦♠ ❛ ✈❛③7♦ ❞♦ ❧❛❞♦

"❡❝✉♥❞,+✐♦✳

✹✳✶ ❆♣❛&❛'♦ ❊①♣❡&✐♠❡♥'❛❧ ✲ ❈❈◆ ❞♦ ■❊◆✴❈◆❊◆

❖ ❝✐+❝✉✐#♦ ❛ "❡+ "✐♠✉❧❛❞♦ ❝♦♥"✐"#❡ ❞❡ 3 ♣❛+#❡"✿ ❛L✉❡❝❡❞♦+✱ #+♦❝❛❞♦+ ❞❡ ❝❛❧♦+

❡ #❛♥L✉❡ ❞❡ ❡①♣❛♥"7♦✱ ❝♦♠♦ +❡♣+❡"❡♥#❛❞♦ ♥❛ ❋✐❣✉+❛ ✹✳✶✱ ❡ ❡♥❝♦♥#+❛✲"❡ ♥♦ ■♥"#✐#✉#♦

❞❡ ❊♥❣❡♥❤❛+✐❛ ◆✉❝❧❡❛+ ✭■❊◆✮✱ ♥♦ ▲❛❜♦+❛#V+✐♦ ❞❡ ❚❡+♠♦✲❍✐❞+,✉❧✐❝❛ ❊①♣❡+✐♠❡♥#❛❧

✭▲❚❊✮✳ ◆♦ ♣+♦❥❡#♦ ❡ ❝♦♥"#+✉67♦ ❞♦ ❈✐+❝✉✐#♦ ❞❡ ❈✐+❝✉❧❛67♦ ◆❛#✉+❛❧ ✭❈❈◆✮✱ ❢♦✐ ❞❡

✈✐#❛❧ ✐♠♣♦+#Y♥❝✐❛ ❛ ✉#✐❧✐③❛67♦ ❞❡ ♣❛+Y♠❡#+♦" ❞❡ "✐♠✐❧❛+✐❞❛❞❡ ❡ ❡"❝❛❧❛ ♣❛+❛ ❝♦♠♣❛#✐✲

❜✐❧✐③❛67♦ ❞♦ "✐"#❡♠❛ ♣❛""✐✈♦ ❞❡ +❡♠♦67♦ ❞❡ ❝❛❧♦+ +❡"✐❞✉❛❧ ❡♠ =❲❘ ❞❡ ❇❛✐①❛ ❊♥❡+❣✐❛✳

❊"#❛ ✐♥"#❛❧❛67♦ ❡①♣❡+✐♠❡♥#❛❧ ❢♦✐ ❝♦♥"#+✉'❞❛ ❡♠ ❡"❝❛❧❛ +❡❞✉③✐❞❛ ❞❡ 1 : 10 ❡♠ ❛❧#✉+❛

❡♠ +❡❧❛67♦ ❛♦ ❆=✻✵✵✳

◆♦ ✐♥'❝✐♦ ❞♦ ❢❡♥^♠❡♥♦ ♦ ✢✉'❞♦ "❛✐ ❞♦ ❛L✉❡❝❡❞♦+ ❡ ❡♥#+❛ ♥❛ ♣❡+♥❛ L✉❡♥#❡✱ L✉❡

❧❡✈❛ ❛ ,❣✉❛ ♣❛+❛ ♦ #+♦❝❛❞♦+ ❞❡ ❝❛❧♦+ L✉❡ ♣♦""✉✐ #✉❜♦" ❡♠ "❡✉ ✐♥#❡+✐♦+ ❝♦♠ ,❣✉❛ ❛

#❡♠♣❡+❛#✉+❛ ❛♠❜✐❡♥#❡ ♣❛+❛ +❡❛❧✐③❛+ ♦ +❡"❢+✐❛♠❡♥#♦ ❞❛ ,❣✉❛ ✈✐♥❞❛ ❞♦ ❛L✉❡❝❡❞♦+✳

❆ ,❣✉❛ +❡"❢+✐❛❞❛ ❡♥#+❛ ♥❛ ♣❡+♥❛ ❢+✐❛ L✉❡ ♣♦""✉✐ ✉♠❛ ❧✐❣❛67♦ ❝♦♠ ✉♠ #❛♥L✉❡ ❞❡

❡①♣❛♥"7♦ +❡"♣♦♥",✈❡❧ ♣♦+ ♣+♦#❡❣❡+ ♦ ❝✐+❝✉✐#♦ ❞❡ ❣+❛♥❞❡" ❛✉♠❡♥#♦" ❞❡ ♣+❡""7♦✳ ◆❛
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❋✐❣✉$❛ ✹✳✶✿ ❘❡♣$❡-❡♥/❛01♦ ❞♦ ❈✐$❝✉✐/♦ ❞❡ ❈✐$❝✉❧❛01♦ ◆❛/✉$❛❧✳

-❛8❞❛ ❞❛ ♣❡$♥❛ ❢$✐❛ ♦ ✢✉8❞♦ $❡/♦$♥❛ ❛♦ ❛;✉❡❝❡❞♦$✳ ❖ ♣$♦❝❡--♦ ❝♦♥/✐♥✉❛$= ♦❝♦$$❡♥❞♦

❡ ❛ /❡♠♣❡$❛/✉$❛ ❞♦ ❝✐$❝✉✐/♦ /❡♥❞❡$= ❛ ✉♠❛ ❝♦♥-/❛♥/❡ ❝♦♠ ♦ /❡♠♣♦✳ ❖ ❝✐$❝✉✐/♦ ❡①♣❡✲

$✐♠❡♥/❛❧✱ ♠♦-/$❛❞♦ ♥❛ ❋✐❣✉$❛ ✹✳✷✱ C ❝♦♠♣♦-/♦ ♣❡❧❛- -❡0D❡- ❞♦ ❛;✉❡❝❡❞♦$✱ /$♦❝❛❞♦$

❞❡ ❝❛❧♦$✱ /✉❜✉❧❛01♦ ❞❛ ♣❡$♥❛ ;✉❡♥/❡✱ /✉❜✉❧❛01♦ ❞❛ ♣❡$♥❛ ❢$✐❛ ❡ /❛♥;✉❡ ❞❡ ❡①♣❛♥-1♦✳

❖ ❛;✉❡❝❡❞♦$ ❢✉♥❝✐♦♥❛ ❞❡ ❢♦$♠❛ ❛♥=❧♦❣❛ ❛♦ ♥F❝❧❡♦ ❞♦ $❡❛/♦$ ❆H✻✵✵✱ ❝✉❥❛ ♣♦/L♥✲

❝✐❛ /C$♠✐❝❛ ❣❡$❛❞❛ ❡;✉✐✈❛❧❡ ❡♠ ❡-❝❛❧❛ N ♣♦/L♥❝✐❛ ❞❡ ❞❡❝❛✐♠❡♥/♦ ❞❛- $❡❛0D❡- ♥✉❝❧❡❛$❡-

♥♦ ♥F❝❧❡♦ ❞♦ $❡❛/♦$✱ ❡♠ ❝♦♥❞✐01♦ ❞❡ -✉❜✲❝$✐/✐❝❛❧✐❞❛❞❡✳ ❆ ♣♦/L♥❝✐❛ /C$♠✐❝❛ C ❣❡$❛❞❛

♥♦ ❛;✉❡❝❡❞♦$ ♣♦$ 52 $❡-✐-/♦$❡- ❡❧C/$✐❝♦- ❞❡ ❛;✉❡❝✐♠❡♥/♦ ❞❡ ✐♠❡$-1♦✱ ❝♦♠ ❞✐O♠❡/$♦

❡①/❡$♥♦ ❞❡ 9, 5mm ❡ ❛❧/✉$❛ /♦/❛❧ ❞❡ 1, 0984m✱ ❝♦♥❢♦$♠❡ ♠♦-/$❛❞♦ ♥❛ ❋✐❣✉$❛ ✹✳✸✳

❆ ❣❡♦♠❡/$✐❛ ❞♦ ❛;✉❡❝❡❞♦$ ❝♦♥-✐-/❡ ❞❡ ✉♠ ❝✐❧✐♥❞$♦ ❡①/❡$♥♦ ❝♦♠ 0, 1413m ❝♦♠

1, 1m ❞❡ ❛❧/✉$❛ ❡ ♦✉/$♦ ✐♥/❡$♥♦ ❝♦♠ 0, 1143m ❞❡ ❞✐O♠❡/$♦ ❡ 0, 712m ❞❡ ❛❧/✉$❛✳ ◆❛

♣❛$/❡ ✐♥/❡$♥❛ ❞♦ ❛;✉❡❝❡❞♦$✱ ❡♥❝♦♥/$❛♠✲-❡ ❛- -✉❜-❡0D❡- ❞❡♥♦♠✐♥❛❞❛- ❞❡ ❞♦✇♥❝♦♠❡'✱

♣❧❡♥♦ ✐♥❢❡$✐♦$ ❡ ♣❧❡♥♦ -✉♣❡$✐♦$✳ ❖ ❞♦✇♥❝♦♠❡' C ✉♠ ❝❛♥❛❧ ✈❡$/✐❝❛❧ ❝♦♠ ❛❧/✉$❛ ❞❡

0, 61m✱ ♣♦-✐❝✐♦♥❛❞♦ ❡♥/$❡ ♦- ❝✐❧✐♥❞$♦- ✐♥/❡$♥♦ ❡ ♦ ❡①/❡$♥♦ ❞♦ ❛;✉❡❝❡❞♦$✳ ❊-/❛ $❡❣✐1♦

❝♦$$❡-♣♦♥❞❡ N ❞❡-❝✐❞❛ ❞♦ ❡-❝♦❛♠❡♥/♦ ❞♦ ✢✉✐❞♦ ♣$✐♠=$✐♦ ♣$♦✈❡♥✐❡♥/❡ ❞❛ -❛8❞❛ ❞❛

♣❡$♥❛ ❢$✐❛✳ ❖ ✢✉✐❞♦ ♣$✐♠=$✐♦ ❡-❝♦❛❞♦ ♣❡❧♦ ❞♦✇♥❝♦♠❡' C ❞✐$❡❝✐♦♥❛❞♦ N ❡♥/$❛❞❛ ❞♦

❢❡✐①❡ ❞❡ ❛;✉❡❝✐♠❡♥/♦✳ ❊-/❛ ❡♥/$❛❞❛ C ❞❡♥♦♠✐♥❛❞❛ ❞❡ ♣❧❡♥♦ ✐♥❢❡$✐♦$ ❝✉❥❛ ❛❧/✉$❛ C ❞❡

0, 10m✳
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❆ ♣❡#♥❛ &✉❡♥(❡ ) ❢♦#♠❛❞❛ ♣♦# ✸ /❡01❡/ ✢❛♥❣❡❛❞❛/ ❞❡ (✉❜♦/ ❝♦♠ 0, 302m ❞❡

❝♦♠♣#✐♠❡♥(♦✱ ❢❛❜#✐❝❛❞♦ ❡♠ ❛0♦ ✐♥♦①✐❞9✈❡❧ ❝♦♠ ❞✐<♠❡(#♦ ✐♥(❡#♥♦ ❞❡ 0, 0234m✳ ❆

♣❡#♥❛ &✉❡♥(❡ (❡♠ ♦#✐❣❡♠ ♥♦ ❛&✉❡❝❡❞♦# ❡ ❞❡/(✐♥❛✲/❡ ? ❡♥(#❛❞❛ ❞♦ (#♦❝❛❞♦# ❞❡ ❝❛❧♦#✳

❖ (#♦❝❛❞♦# ❞❡ ❝❛❧♦# #❡♣#❡/❡♥(❛ ♦ ❝♦♥❥✉♥(♦ (#♦❝❛❞♦#✲#❡/❡#✈❛(B#✐♦ ❞❡ #❡❝❛#❣❛ ❞❡

❝♦♠❜✉/(C✈❡❧ ❞♦ ♣#♦(B(✐♣♦ ❞❡ #❡♠♦0D♦ ♣❛//✐✈❛ ❞❡ ❝❛❧♦# #❡/✐❞✉❛❧ ✭F❘❍❘✲❍❳✮ ✭▲❡♠♦/✱

✷✵✶✹✮✳ ❖ (#♦❝❛❞♦# ❞❡ ❝❛❧♦# ❝♦♠ ❛❧(✉#❛ ❞❡ 0, 60m✱ ❡♥❝♦♥(#❛✲/❡ /✐(✉❛❞♦ ❛ 0, 644m

❛❝✐♠❛ ❞❛ /❡0D♦ ❛(✐✈❛ ❞❡ ❛&✉❡❝✐♠❡♥(♦✱ /❡♥❞♦ ❝♦♠♣♦/(♦ ♣♦# ✼ (✉❜♦/ #❡(♦/ ✈❡#(✐❝❛✐/ ❞❡

❛0♦ ✐♥♦①✐❞9✈❡❧ ❝♦♠ 0, 031m ❞❡ ❞✐<♠❡(#♦ ✐♥(❡#♥♦✱ ❝♦♥❢♦#♠❡ ♠♦/(#❛❞♦ ♥❛ ❋✐❣✉#❛ ✹✳✹✳

❖/ (✉❜♦/ ❡/(D♦ ♠♦♥(❛❞♦/✱ ✐♥(❡#♥❛♠❡♥(❡✱ ❡♠ ♦✉(#♦ ❝✐❧✐♥❞#♦ ❞❡ 0, 40m ❞❡ ❞✐<♠❡(#♦

✐♥(❡#♥♦✱ ♣♦# ♦♥❞❡ ❝✐#❝✉❧❛ ❛ ✈❛③D♦ ❞❡ #❡/❢#✐❛♠❡♥(♦ /❡❝✉♥❞9#✐♦✳ ❖ (#♦❝❛❞♦# ❞❡ ❝❛❧♦#

) ♦ #❡/♣♦♥/9✈❡❧ ♣❡❧❛ #❡(✐#❛❞❛ ❞❡ ❝❛❧♦# ❞♦ ✢✉✐❞♦ ❞♦ /✐/(❡♠❛ ♣#✐♠9#✐♦✱ ❛(#❛✈)/ ❞❡

❝✐#❝✉❧❛0D♦ ❞❡ 9❣✉❛ ❞❡ #❡/❢#✐❛♠❡♥(♦ /❡❝✉♥❞9#✐♦✳

◆❛ /❛C❞❛ ❞♦ (#♦❝❛❞♦# ❞❡ ❝❛❧♦# (❡♠ ♦#✐❣❡♠ ❛ ♣❡#♥❛ ❢#✐❛✱ &✉❡ ♣♦# /✉❛ ✈❡③ ❧❡✈❛

9 ❡♥(#❛❞❛ ❞♦ ❞♦✇♥❝♦♠❡'✳ ❆/ (✉❜✉❧❛01❡/ ❞❛/ ♣❡#♥❛/ &✉❡♥(❡ ❡ ❢#✐❛ (T♠ ❞✐<♠❡(#♦/

✐♥(❡#♥♦/ &✉❡ ❛(❡♥❞❡♠ ❛♦ ❝#✐()#✐♦ ❞❡ /✐♠✐❧❛#✐❞❛❞❡ ❡♠ #❡❧❛0D♦ ❛♦ ❢❛(♦# ❞❡ ❢#✐❝0D♦ ❣❧♦❜❛❧✳

❯♠ (✉❜♦ ❝✐❧C♥❞#✐❝♦ ❞❡ ❛0♦ ♥❛ ♣♦/✐0D♦ ✈❡#(✐❝❛❧✱ ❞❡♥♦♠✐♥❛❞♦ ❞❡ ❝♦❧✉♥❛ ❞❡ ❡①♣❛♥/D♦✱

❝♦♠ ❞✐<♠❡(#♦ ✐♥(❡#♥♦ ❞❡ 0, 20m ✐♥(❡#❧✐❣❛ ❛ ♣❡#♥❛ ❢#✐❛ ❛♦ (❛♥&✉❡ ❞❡ ❡①♣❛♥/D♦✱ &✉❡ (❡♠

❝♦♠♦ ❢✉♥0D♦ ❛❜/♦#✈❡# ❛/ ✈❛#✐❛01❡/ ❞❡ ✈♦❧✉♠❡ ❞♦ ✢✉✐❞♦ ♣#✐♠9#✐♦ ❝✐#❝✉❧❛♥(❡ ❡ ❛(✉❛#

❝♦♠♦ ✉♠ ♣#❡//✉#✐③❛❞♦#✱ ❡♥❝♦♥(#❛♥❞♦✲/❡ ♣❛#❝✐❛❧♠❡♥(❡ ♣#❡❡♥❝❤✐❞♦ ❝♦♠ 9❣✉❛✳ ❯♠❛

✈9❧✈✉❧❛ ❞❡ ❛❧C✈✐♦ ❞❡ ♣#❡//D♦ ❡♥❝♦♥(#❛✲/❡ ✐♥/(❛❧❛❞❛ ♥♦ (♦♣♦ ❞♦ (❛♥&✉❡ ❞❡ ❡①♣❛♥/D♦✱

❝♦♠ ❛ ❢✉♥0D♦ ❞❡ ❡❧✐♠✐♥❛# /♦❜#❡♣#❡//1❡/ ❛❞✈✐♥❞❛/ ❞❡ ❛❝W♠✉❧♦ ❞❡ ❣9/ ❡ ✈❛♣♦# ♥♦

/✐/(❡♠❛ ♣#✐♠9#✐♦✳ ❖ (❛♥&✉❡ ❞❡ ❡①♣❛♥/D♦ ❡/(9 ♣♦/✐❝✐♦♥❛❞♦ ❛ ❝❡#❝❛ ❞❡ 2, 17m ❛ ♣❛#(✐#

❞❛ ♣❛#(❡ ✐♥❢❡#✐♦# ❞❛ /❡0D♦ ❞♦ ❛&✉❡❝❡❞♦#✳

❖ /✐/(❡♠❛ ♣#✐♠9#✐♦ ❡/(9 (❡#♠✐❝❛♠❡♥(❡ ✐/♦❧❛❞♦ ❞♦ ❛♠❜✐❡♥(❡ ❞♦ ❧❛❜♦#❛(B#✐♦✱ ♣♦#

✉♠❛ ❝❛♠❛❞❛ ❞❡ ❧D ❞❡ ✈✐❞#♦ ❞❡ ✶ ❝♠ ❞❡ ❡/♣❡//✉#❛✱ ♣❛#❛ #❡✈❡/(✐♠❡♥(♦ ❞♦ ❝✐❧✐♥❞#♦ ❞♦

(#♦❝❛❞♦# ❞❡ ❝❛❧♦#✳ ❖ ❝✐#❝✉✐(♦ /❡❝✉♥❞9#✐♦ ❞♦ ❈✐#❝✉✐(♦ ❞❡ ❈✐#❝✉❧❛0D♦ ◆❛(✉#❛❧ (❡♠ /✉❛

❛❧✐♠❡♥(❛0D♦ ❞❡ 9❣✉❛✱ ❛(#❛✈)/ ❞❛ #❡❞❡ ♣#❡❞✐❛❧✳ ❖ /❡❝✉♥❞9#✐♦ ♣♦//✉✐ ✉♠ ❝♦♥(#♦❧❛❞♦#

❞❡ ✈❛③D♦ ♥♦ ✐♥C❝✐♦ ❞♦ ❝✐#❝✉✐(♦✳ ❆♣B/ ❛ (#♦❝❛ ❞❡ ❝❛❧♦# ❡♥(#❡ ♦ /✐/(❡♠❛ ♣#✐♠9#✐♦ ❡

/❡❝✉♥❞9#✐♦ ❛ 9❣✉❛ ❞❡ #❡/❢#✐❛♠❡♥(♦ ❞♦ /✐/(❡♠❛ /❡❝✉♥❞9#✐♦ ) ❞#❡♥❛❞❛ ♣❛#❛ ❛ #❡❞❡

❞❡ ❡/❣♦(♦ ❞♦ ♣#)❞✐♦✳ ❆ ❝✐#❝✉❧❛0D♦ ❞❛ 9❣✉❛ ❞❡ #❡/❢#✐❛♠❡♥(♦ ♥♦ ❧❛❞♦ /❡❝✉♥❞9#✐♦ ❞♦

(#♦❝❛❞♦# ❞❡ ❝❛❧♦# ❡♥❝♦♥(#❛✲/❡ ♥❛ ♠❡/♠❛ (❡♠♣❡#❛(✉#❛ ❞♦ ❛♠❜✐❡♥(❡ ❞♦ ❧❛❜♦#❛(B#✐♦✳
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❆! ✈❛③%❡! ♥❛ ♣❡)♥❛ ❢)✐❛ !,♦ ♠❡❞✐❞❛! ❛0)❛✈1! ❞❡ ♠❡❞✐❞♦) ❞❡ ✈❛③,♦ ❡❧❡0)♦♠❛❣♥1✲

0✐❝♦✱ ♣♦!✐❝✐♦♥❛❞♦ ♣)7①✐♠♦ 9 !❛:❞❛ ❞♦ 0)♦❝❛❞♦) ❞❡ ❝❛❧♦)✳ ❆! ♠❡❞✐<%❡! ❞❡ 0❡♠♣❡)❛0✉)❛!

❞♦ ❝✐)❝✉✐0♦ 0❡)♠♦✲❤✐❞)?✉❧✐❝♦ !,♦ ❡①❡❝✉0❛❞❛! ♣♦) ❞♦③❡ 0❡)♠♦♣❛)❡!✱ ❝♦♥❢♦)♠❡ ♠♦!0)❛❞♦

♥❛ ❋✐❣✉)❛ ✸✳✶✸✱ C✉❡ 0❡♠ ❝♦♠♦ ❢✉♥<,♦ ❛ ♠❡❞✐<,♦ ❞❡ 0❡♠♣❡)❛0✉)❛ ♥❛! )❡❣✐%❡! ❞❡ ✢✉✐❞♦

❡ ♣❛)❡❞❡✳

❋✐❣✉)❛ ✹✳✺✿ ▲♦❝❛❧✐③❛<,♦ ❞♦! 0❡)♠♦♣❛)❡! ♥♦ ❈❈◆✳

❖ 0❡)♠♦♣❛) TC1 ♠❡❞❡ ❛ 0❡♠♣❡)❛0✉)❛ ❞♦ ✢✉✐❞♦ ♥♦ ❞♦✇♥❝♦♠❡'✳ ❖ 0❡)♠♦♣❛)

TC2 ♠❡❞❡ ❛ 0❡♠♣❡)❛0✉)❛ ❞❛ ♣❛)❡❞❡ ♥❛ )❡❣✐,♦ ❝♦))❡!♣♦♥❞❡♥0❡ 9 !❛:❞❛ ❞♦ ❛C✉❡❝❡❞♦) ❡

❡♥0)❛❞❛ ❞❛ ♣❡)♥❛ C✉❡♥0❡✳ ❖ 0❡)♠♦♣❛) TC3 ♠❡❞❡ ❛ 0❡♠♣❡)❛0✉)❛ ❞♦ ✢✉✐❞♦ ♥❛ )❡❣✐,♦

❝♦))❡!♣♦♥❞❡♥0❡ 9 !❛:❞❛ ❞♦ ❛C✉❡❝❡❞♦) ❡ ❡♥0)❛❞❛ ❞❛ ♣❡)♥❛ C✉❡♥0❡✳ ❖ 0❡)♠♦♣❛) TC4

♠❡❞❡ ❛ 0❡♠♣❡)❛0✉)❛ ❞♦ ✢✉✐❞♦ ♥❛ )❡❣✐,♦ ❝♦))❡!♣♦♥❞❡♥0❡ 9 1/3 ❞♦ ❝♦♠♣)✐♠❡♥0♦ ❞❛

♣❡)♥❛ C✉❡♥0❡✳ ❖ 0❡)♠♦♣❛) TC5 ♠❡❞❡ ❛ 0❡♠♣❡)❛0✉)❛ ❞❛ ♣❛)❡❞❡ ♥❛ )❡❣✐,♦ ❝♦))❡!♣♦♥✲

❞❡♥0❡ 9 1/3 ❞♦ ❝♦♠♣)✐♠❡♥0♦ ❞❛ ♣❡)♥❛ C✉❡♥0❡✳ ❖ 0❡)♠♦♣❛) TC6 ♠❡❞❡ ❛ 0❡♠♣❡)❛0✉)❛

❞♦ ✢✉✐❞♦ ♣)✐♠?)✐♦✱ C✉❡ ❝✐)❝✉❧❛ ♥❛ 0✉❜✉❧❛<,♦✱ ♥♦ ✐♥0❡)✐♦) ❞♦ 0)♦❝❛❞♦) ❞❡ ❝❛❧♦)✳ ❖

0❡)♠♦♣❛) TC7 ♠❡❞❡ ❛ 0❡♠♣❡)❛0✉)❛ ❞❛ ♣❛)❡❞❡ ❞❛ 0✉❜✉❧❛<,♦✱ ♥♦ ✐♥0❡)✐♦) ❞♦ 0)♦❝❛❞♦)

❞❡ ❝❛❧♦)✱ ❝♦))❡!♣♦♥❞❡♥❞♦ 9 0❡♠♣❡)❛0✉)❛ ♥❛ ✐♥0❡)❢❛❝❡ ❡♥0)❡ ❡①0❡)✐♦) ❞❛ ♣❛)❡❞❡ ❞❛

0✉❜✉❧❛<,♦ ❞♦ ✢✉✐❞♦ ♣)✐♠?)✐♦ ❡ ♦ ✢✉✐❞♦ !❡❝✉♥❞?)✐♦✱ ♣)7①✐♠♦ 9 ♣❛)❡❞❡ ❞❛ 0✉❜✉❧❛<,♦✳

❖ 0❡)♠♦♣❛) TC8 ♠❡❞❡ ❛ 0❡♠♣❡)❛0✉)❛ ❞♦ ✢✉✐❞♦ ♣)✐♠?)✐♦ ♥❛ )❡❣✐,♦ ❝♦))❡!♣♦♥❞❡♥0❡

9 !❛:❞❛ ❞♦ 0)♦❝❛❞♦) ❞❡ ❝❛❧♦) ❡ ❛ ❡♥0)❛❞❛ ❞❛ ♣❡)♥❛ ❢)✐❛✳ ❖ 0❡)♠♦♣❛) TC9 ♠❡❞❡ ❛

✸✾



 ❡♠♣❡$❛ ✉$❛ ❞❛ ♣❛$❡❞❡ ♥❛ $❡❣✐+♦ ❝♦$$❡.♣♦♥❞❡♥ ❡ / .❛0❞❛ ❞♦  $♦❝❛❞♦$ ❞❡ ❝❛❧♦$ ❡ ❛

❡♥ $❛❞❛ ❞❛ ♣❡$♥❛ ❢$✐❛✳ ❖  ❡$♠♦♣❛$ TC10 ♠❡❞❡ ❛  ❡♠♣❡$❛ ✉$❛ ❞♦ ✢✉✐❞♦✱ ❞♦ .✐. ❡♠❛

.❡❝✉♥❞7$✐♦✱ ♥❛ ❡♥ $❛❞❛ ❞♦  $♦❝❛❞♦$ ❞❡ ❝❛❧♦$✳ ❖  ❡$♠♦♣❛$ TC11 ♠❡❞❡ ❛  ❡♠♣❡$❛✲

 ✉$❛ ❞♦ ✢✉✐❞♦ ♣$✐♠7$✐♦✱ ♥♦ ♣❧❡♥♦ ✐♥❢❡$✐♦$✱ ♥❛ $❡❣✐+♦ ❝♦$$❡.♣♦♥❞❡♥ ❡ / ❡♥ $❛❞❛ ❞♦

❛9✉❡❝❡❞♦$✳ ❖  ❡$♠♦♣❛$ TC12 ♠❡❞❡ ❛  ❡♠♣❡$❛ ✉$❛ ❞♦ ✢✉✐❞♦ .❡❝✉♥❞7$✐♦✱ ♥❛ $❡❣✐+♦

❝♦$$❡.♣♦♥❞❡♥ ❡ / .❛0❞❛ ❞♦  $♦❝❛❞♦$ ❞❡ ❝❛❧♦$✳

✹✳✷ ◆♦❞❛❧✐③❛*+♦ ❞♦ ❘❊▲❆0✺✴▼❖❉✸✳✷

:❛$❛ ♠♦❞❡❧❛$ ♦ ❝✐$❝✉✐ ♦ ❞❡ ❝✐$❝✉❧❛;+♦ ♥❛ ✉$❛❧ ♣❡❧❛ ♣$✐♠❡✐$❛ ✈❡③✱ ❢♦✐ ✉ ✐❧✐③❛❞♦ ♦

❝♦♥❝❡✐ ♦ ❞❡ ♥♦❞❛❧✐③❛;+♦ ❡. $✉ ✉$❛❞❛ ✭ ❧✐❝❡ ♥♦❞❛❧✐③❛*✐♦♥ *❡❝❤♥✐,✉❡ ✮ ❛ ✜♠ ❞❡ ♠❡❧❤♦$❛$

❛ ❝❛♣❛❝✐❞❛❞❡ ❞♦ ❝B❞✐❣♦ ❞❡ .✐♠✉❧❛$ ♦ ❢❡♥C♠❡♥♦ ❞❡ ❝✐$❝✉❧❛;+♦ ♥❛ ✉$❛❧✳ ❆  E❝♥✐❝❛ ❝♦♥✲

.✐. ❡ ❡♠ 9✉❡ ❝❛❞❛ ❝♦$ ❡ ❤♦$✐③♦♥ ❛❧ ❢❡✐ ♦ ♥❛ ♥♦❞❛❧✐③❛;+♦ ♣♦..✉❛ ✈♦❧✉♠❡. ♥❛ ♠❡.♠❛

❝♦ ❛ ❇❛❥. ❡ ❛❧✳ ✭✷✵✵✵✮✳ ❆ ❞✐❢❡$❡♥;❛ ❞❡ ❛❧ ✉$❛ ❡♥ $❡ ♦ ❛9✉❡❝❡❞♦$ ❡ ♦  $♦❝❛❞♦$ ❞❡

❝❛❧♦$ ❢♦✐ ♠❛♥ ✐❞❛ ❡♠ 0, 644m✱ ❝♦♠ ✉♠❛ ♠❛..❛  ♦ ❛❧ ❞❡ 7❣✉❛ ✐❣✉❛❧ ❛ 45Kg ✭❱✐✲

❛♥♥❛ ❡ ❛❧✳✱ ✷✵✶✼✮✳ ❖ ❡.9✉❡♠❛ ❣❡$❛❧ ❞❛ ♥♦❞❛❧✐③❛;+♦ ❞♦ ♠♦❞❡❧♦ ✉ ✐❧✐③❛❞♦ ♥♦ ❝B❞✐❣♦

❘❊▲❆:✺✴▼❖❉✸✳✷ ♣❛$❛ .✐♠✉❧❛$ ♦ ❈✐$❝✉✐ ♦ ❛❝✐♠❛ ❞❡.❝$✐ ♦ E ♠♦. $❛❞♦ ♥❛ ❋✐❣✉$❛ ✹✳✻

✹✳✷✳✶ ●❡♦♠❡()✐❛

❖ ❛9✉❡❝❡❞♦$ ❢♦✐ ♠♦❞❡❧❛❞♦ ✉ ✐❧✐③❛♥❞♦ 17 ❝♦♠♣♦♥❡♥ ❡. ❞♦ ♥Y♠❡$♦ 10 ❛♦ 26✳ ❖.

❝♦♠♣♦♥❡♥ ❡. 10✱ 11 ❡ 12 .+♦ ❜/❛♥❝❤ 9✉❡ ❢♦$♠❛♠ ♦ ❜♦❝❛❧ ❞❡ ❡♥ $❛❞❛ ❞♦ ❛9✉❡❝❡❞♦$✱

♦ ❝♦♠♣♦♥❡♥ ❡ 12 ❡. 7 ❧✐❣❛❞♦ ❛♦ ❝♦♠♣♦♥❡♥ ❡ ✶✸ 9✉❡ E ✉♠ ❆♥♥✉❧✉ ❡ $❡♣$❡.❡♥ ❛ ❛

❡♥ $❛❞❛ ❞♦ ❞♦✇♥❝♦♠❡$ ❞♦ ❛9✉❡❝❡❞♦$✱ ♦ ❝♦♠♣♦♥❡♥ ❡ 13 E ❞✐✈✐❞✐❞♦ ❡♠ 10 ✈♦❧✉♠❡.

9✉❡ ❝♦$$❡.♣♦♥❞❡♠ / $❡❣✐+♦ ❛♥✉❧❛$ ❡♥ $❡ ♦ ❝✐❧✐♥❞$♦ ✐♥ ❡$♥♦ ❡ ❡① ❡$♥♦ ❞♦ ❛9✉❡❝❡❞♦$✳

❖ ✜♠ ❞♦ ❞♦✇♥❝♦♠❡/ E $❡♣$❡.❡♥ ❛❞♦ ♣❡❧♦ ❝♦♠♣♦♥❡♥ ❡ 14✱ 9✉❡ E ✉♠ ❜/❛♥❝❤ ❡ .❡ ❧✐❣❛

❞✐$❡ ❛♠❡♥ ❡ ❛♦ ♣❧❡♥♦ ✐♥❢❡$✐♦$ $❡♣$❡.❡♥ ❛❞♦ ♣❡❧♦. ❜/❛♥❝❤ 15 ❡ 16✳ ❖ ✈♦❧✉♠❡ 15 E

❛ $❡❣✐+♦ ♠❛✐. ❜❛✐①❛ ❞❡  ♦❞♦ ❝✐$❝✉✐ ♦ ❡ ♦ ❝♦♠♣♦♥❡♥ ❡ 16 ❢✉♥❝✐♦♥❛ ❝♦♠♦ ❛ $❡❣✐+♦ ❞❡

❞✐. $✐❜✉✐;+♦ ♣❛$❛ $❡❣✐+♦ ❛9✉❡❝✐❞❛✳ ❆ $❡❣✐+♦ ❛9✉❡❝✐❞❛ ❢♦✐ ❞✐✈✐❞✐❞❛ ❡♠ ❞♦✐. ♣✐♣❡ ✱ ♦

❝♦♠♣♦♥❡♥ ❡ 17 $❡♣$❡.❡♥ ❛ ❛♣❡♥❛. ✉♠ Y♥✐❝♦ .✉❜❝❛♥❛❧✱ ♦ ❝♦♠♣♦♥❡♥ ❡ 18 $❡♣$❡.❡♥ ❛ ♦

$❡. ♦ ❞❛ 7$❡❛ ❞❡ ❡.❝♦❛♠❡♥ ♦ ❞♦ ♥Y❝❧❡♦ ❞♦ ❛9✉❡❝❡❞♦$✳ ❆♠❜♦. ♦. ❝♦♠♣♦♥❡♥ ❡. ❢♦$❛♠

❞✐✈✐❞✐❞♦. ❡♠ 8 ♣❛$ ❡.✱ ❝♦♠ ♦. ✈♦❧✉♠❡. ❞❡ 2 ❛ 7 $❡♣$❡.❡♥ ❛♥❞♦ ❛ $❡❣✐+♦ ❛9✉❡❝✐❞❛✳

✹✵



❋✐❣✉$❛ ✹✳✻✿ ◆♦❞❛❧✐③❛/0♦ ❞♦ ❈❈◆✳

✹✶



❊!!❛ ❞✐✈✐!&♦ ♣❡*♠✐,❡ ✉♠❛ ❛✈❛❧✐❛/&♦ !♦❜*❡ ♦ ❝♦♠♣♦*,❛♠❡♥,♦ ♥❛! ✐♠❡❞✐❛/3❡! ❞❡ ✉♠❛

4♥✐❝❛ ✈❛*❡,❛ ❛!!✐♠ ❝♦♠♦ !❡✉ ❝♦♠♣♦*,❛♠❡♥,♦✳ ❖! ✈♦❧✉♠❡! ❞❡ 20 ❛ 25 !&♦ ❜!❛♥❝❤&

❡ *❡♣*❡!❡♥,❛♠ ♦ ♣❧❡♥♦ !✉♣❡*✐♦*✳ ❆! 8*❡❛! ❞❡ ❡!❝♦❛♠❡♥,♦ ❞♦ ❛9✉❡❝❡❞♦* ❢♦*❛♠ ❝❛❧✲

❝✉❧❛❞❛! ❞❡!❝♦♥!✐❞❡*❛♥❞♦ ❛ 8*❡❛ ♦❝✉♣❛❞❛ ♣❡❧❛! 52 *❡!✐!,<♥❝✐❛!✳ ❆ ♥♦❞❛❧✐③❛/&♦ ❢♦✐

❞❡!❡♥✈♦❧✈✐❞❛ ♣❛*❛ ♣❡*♠✐,✐* ✉♠❛ ♣♦!!>✈❡❧ ❝✐*❝✉❧❛/&♦ ♥♦ ,♦♣♦ ❞♦ ♥4❝❧❡♦✳ ❖ ❝♦♠♣♦✲

♥❡♥,❡ 26 ? ✉♠ ❜!❛♥❝❤ ❡ *❡♣*❡!❡♥,❛ ♦ ❜♦❝❛❧ ❞❡ !❛>❞❛✳ ❖! ❝♦♠♣♦♥❡♥,❡! 27 ❛♦ 31

*❡♣*❡!❡♥,❛♠ ❛ @❡*♥❛ ◗✉❡♥,❡✳ ❖ ❝♦♠♣♦♥❡♥,❡ 27 ? ✉♠ ❜!❛♥❝❤ ❡ *❡♣*❡!❡♥,❛ ❛ *❡❣✐&♦

❤♦*✐③♦♥,❛❧ ✐♥❢❡*✐♦*✱ ♦ ❝♦♠♣♦♥❡♥,❡ 28 ? ✉♠ ♣✐♣❡ ❞✐✈✐❞✐❞♦ ❡♠ 16 ✈♦❧✉♠❡! ❝♦♠♣♦♥❞♦

❛ *❡❣✐&♦ ❛!❝❡♥❞❡♥,❡✱ ❡ ♦! ❝♦♠♣♦♥❡♥,❡! 29 ❡ 30 !&♦ ❜!❛♥❝❤& ❢❛③❡♥❞♦ ♣❛*,❡ ❞❛ *❡❣✐&♦

❤♦*✐③♦♥,❛❧ !✉♣❡*✐♦*✳ ❖ ❜!❛♥❝❤ 31 ? ❛❧✐❣❛/&♦ ❡♥,*❡ ❛ ♣❡*♥❛ 9✉❡♥,❡ ❡ ♦ ,*♦❝❛❞♦* ❞❡

❝❛❧♦*✳ ❖ ,*♦❝❛❞♦* ❞❡ ❝❛❧♦* ❞♦ ❧❛❞♦ ♣*✐♠8*✐♦ ❢♦✐ ❞✐✈✐❞✐❞♦ ❡♠ 3 ❝♦♠♣♦♥❡♥,❡!✳ ❖!

❜!❛♥❝❤& 32 ❡ 34✱ !&♦ *❡!♣❡❝,✐✈❛♠❡♥,❡ ❛ *❡❣✐&♦ ❞❡ ❡♥,*❛❞❛ ❡ !❛>❞❛ ❞♦ ,*♦❝❛❞♦* ❞❡

❝❛❧♦*✳ ❆ *❡❣✐&♦ ❞❡ ,*♦❝❛ ❞❡ ❝❛❧♦* ❢♦✐ ❞❡✜♥✐❞❛ ♣❡❧♦ ♣✐♣❡ 33 ❡ ❞✐✈✐❞♦ ❡♠ 12 ✈♦❧✉♠❡!✱

❝♦♠ 8*❡❛ ❞❡ ❡!❝♦❛♠❡♥,♦ ❡9✉✐✈❛❧❡♥,❡ ❛ 7 ,✉❜♦!✳ ❆ ❢♦*♠❛ ❞♦ ❘❊▲❆@ ❡♥,❡♥❞❡* 9✉❡

♦ ❡!❝♦❛♠❡♥,♦ ♦❝♦**❡*8 ❞✐!,*✐❜✉>❞♦ ♣♦* 7 ,✉❜♦!✱ ? ❛,*❛✈?! ❞♦! ❞✐H♠❡,*♦! ❤✐❞*8✉❧✐❝♦

❞♦! ✈♦❧✉♠❡!✳ ❖! ❝♦♠♣♦♥❡♥,❡! 110 ❛ 114 ❢♦*♠❛♠ ♦ ❧❛❞♦ !❡❝✉♥❞8*✐♦ ❞♦ ,*♦❝❛❞♦* ❞❡

❝❛❧♦*✳ ❖ ❝♦♠♣♦♥❡♥,❡ 110 ? ✉♠ ✈♦❧✉♠❡ ❞❡ ❝♦♥,*♦❧❡ ✭+✐♠❡ ❞❡♣❡♥❞ ✈♦❧✉♠❡✮ ♠❛♥,✐❞♦

❛ ,❡♠♣❡*❛,✉*❛ ❡ ♣*❡!!&♦ ❝♦♥!,❛♥,❡!✱ ♦ ❝♦♠♣♦♥❡♥,❡ 111 ? ✉♠❛ ❥✉♥/&♦ ❞❡♣❡♥❞❡♥,❡

❞♦ ,❡♠♣♦ ✭+✐♠❡ ❞❡♣❡♥❞ ❥✉♥❝+✐♦♥✮ ❡ ❛,*❛✈?! ❞❡❧❛ 9✉❡ ❛ ✈❛③&♦ ❞♦ ❧❛❞♦ !❡❝✉♥❞8*✐♦ ?

♠❛♥,✐❞❛✳ ❖ ✈♦❧✉♠❡ 112 ? ✉♠ ♣✐♣❡ ❡ *❡♣*❡!❡♥,❛ ♦ ❧❛❞♦ ❝❛&❝♦ ❞♦ ,*♦❝❛❞♦* ❞❡ ❝❛❧♦* ❡

? ❞✐✈✐❞✐❞♦ ❡♠ 12 ✈♦❧✉♠❡! ❞❡ ❢♦*♠❛ ❡9✉✐✈❛❧❡♥,❡ ❛♦ ✈♦❧✉♠❡ 33✳ ❖! ❝♦♠♣♦♥❡♥,❡! 113

❡ 114 !&♦ *❡!♣❡❝,✐✈❛♠❡♥,❡ ✉♠❛ ❥✉♥❝+✐♦♥ ❡ ✉♠ ✈♦❧✉♠❡ ❞❡ ❝♦♥,*♦❧❡✳ ❉♦ ✈♦❧✉♠❡ 35

❛♦ 39 !&♦ ❜!❛♥❝❤& ❡ *❡♣*❡!❡♥,❛♠ ❛ ♣❡*♥❛ ❢*✐❛✳ ▲✐❣❛❞♦ K ♣❡*♥❛ ❢*✐❛ ❡!,8 ♦ ,❛♥9✉❡ ❞❡

❡①♣❛♥!&♦✱ *❡♣*❡!❡♥,❛❞♦ ♣❡❧♦! ✈♦❧✉♠❡! 300 ❛ 380✳ ❆ ♥♦❞❛❧✐③❛/&♦ ❞❡❧❡ ❢♦✐ *❡❛❧✐③❛❞❛

❛ ✜♠ ❞❡ 9✉❡ ♣♦!!❛ ❡①✐!,✐* ❝✐*❝✉❧❛/&♦ ♥❛,✉*❛❧ ♣♦* ❡❧❡ 9✉❛♥❞♦ ♥❡❝❡!!8*✐♦✳ ❖! ❝♦♠✲

♣♦♥❡♥,❡! 300 ✭❜!❛♥❝❤✮ ❡ 310 ✭♣✐♣❡✮ *❡♣*❡!❡♥,❛♠ ✉♠❛ ❢*❛/&♦ ❞♦ ,✉❜♦ ❞❡ ❛!❝❡♥!&♦✱

❧✐❣❛❞❛ ❞✐*❡,❛♠❡♥,❡ ❛♦ ,♦♣♦ ❞♦ ,❛♥9✉❡ ❞❡ ❡①♣❛♥!&♦✱ 9✉❡ ❢♦✐ *❡♣*❡!❡♥,❛❞♦ ♣❡❧♦ ✈♦❧✉♠❡

320 ✭❜!❛♥❝❤✮✳ ❖ ❝♦♠♣♦♥❡♥,❡ 310 ❢♦✐ ❞✐✈✐❞✐❞♦ ❡♠ 27 ✈♦❧✉♠❡!✳ ❖ ❝♦♠♣♦♥❡♥,❡ 330 ?

✉♠❛ ✈8❧✈✉❧❛ ❧✐❣❛❞❛ ❞♦ ,♦♣♦ ❞♦ ,❛♥9✉❡ ❛♦ ✈♦❧✉♠❡ 340✱ 9✉❡ *❡♣*❡!❡♥,❛ ❛ ❛,♠♦!❢❡*❛✳

❆ ✈8❧✈✉❧❛ !❡ ❛❜*❡ ❝♦♠ ❛ ♣*❡!!&♦ ❞❡ 1, 4 ❜❛*✳ ❖ ❝♦♠♣♦♥❡♥,❡ 350 ? ♦ ,❛♥9✉❡ ❞❡ ❡①✲

♣❛♥!&♦ ❡♠ !✐✱ ❞✐✈✐❞✐❞♦ ❡♠ 10 ✈♦❧✉♠❡!✳ ❖! ❝♦♠♣♦♥❡♥,❡ 360 ✭❜!❛♥❝❤✮✱ 370 ✭♣✐♣❡✮ ❡

✹✷



380 ✭❜!❛♥❝❤✮ "❡♣"❡%❡♥'❛♠ ❛ '✉❜✉❧❛-.♦ ♣"✐♥❝✐♣❛❧ 2✉❡ ❧✐❣❛ ❛ ♣❡"♥❛ ❢"✐❛ ❛♦ '❛♥2✉❡ ❞❡

❡①♣❛♥%.♦✱ ♦ ❝♦♠♣♦♥❡♥'❡ 370 ❢♦✐ ❞✐✈✐❞✐❞♦ ❡♠ 16 ✈♦❧✉♠❡%✳

❈♦❡✜❝✐❡♥'❡% ❞❡ ♣❡"❞❛ ❞❡ ❝❛"❣❛ ❧♦❝❛❧✐③❛❞❛% ✐❣✉❛✐% ❛ 1, 5 ❢♦"❛♠ ✐♥%❡"✐❞♦% ❡♠

'♦❞❛% ❛% ❥✉♥->❡% ❛♦ ❧♦♥❣♦ ❞♦ ❝✐"❝✉✐'♦✳

✹✳✷✳✷ ❊$%&✉%✉&❛ ❞❡ ❈❛❧♦&

❆% "❡%✐%'@♥❝✐❛% ❡❧A'"✐❝❛% ❢♦"❛♠ ♠♦❞❡❧❛❞❛% ❡♠ 3 "❡❣✐>❡% "❛❞✐❛✐%✱ ❝♦♠ ✉♠❛ "❡✲

%✐%'@♥❝✐❛ ❞❡ ❝♦❜"❡ ❛♦ ❝❡♥'"♦✱ "❡✈❡%'✐❞♦ ♣♦" ✉♠ ♠❛'❡"✐❛❧ ✐%♦❧❛♥'❡ ❡ ❡♥❝❛♣%✉❧❛❞♦ ♣♦"

❛-♦✳ ❋♦"❛♠ ✉'✐❧✐③❛❞❛% ❞✉❛% ❡%'"✉'✉"❛%❀ ✉♠❛ ♣❛"❛ ♠♦❞❡❧❛" ❛♣❡♥❛% ✉♠❛ ✈❛"❡'❛✱ ❡ ❛

♦✉'"❛ ♣❛"❛ ♠♦❞❡❧❛" ❛% ✺✶ ✈❛"❡'❛% "❡%'❛♥'❡%✳ ❆ ❞✐❢❡"❡♥-❛ ❡♥'"❡ ❡❧❛% ❝♦♥%✐%'❡ ❛♣❡♥❛%

♥❛ G"❡❛ ❞❡ ❛2✉❡❝✐♠❡♥'♦✳ ❈❛❞❛ ✉♠❛ ❞❛% ❡%'"✉'✉"❛ ❞❡ ❝❛❧♦"✱ ❢♦✐ ❞✐✈✐❞✐❞❛ ❡♠ ✺ "❡❣✐>❡%

❛①✐❛✐% ❡ ❡%'.♦ ❝♦♥❡❝'❛❞❛% ♣♦" '"♦❝❛ ❞❡ ❝❛❧♦" ❛♦ ✈♦❧✉♠❡% ❝♦""❡%♣♦♥❞❡♥'❡% H "❡❣✐.♦ ❞❡

❛2✉❡❝✐♠❡♥'♦✱ ✈♦❧✉♠❡% 2 ❛ 7 ❞♦% ❝♦♠♣♦♥❡♥'❡% 17 ❡ 18 "❡%♣❡❝'✐✈❛♠❡♥'❡✳ ❆ ♣♦'@♥❝✐❛

❡❧A'"✐❝❛ '♦'❛❧ ❢♦✐ ❞✐✈✐❞✐❞❛ ❞❡ ♠❛♥❡✐"❛ ♣"♦♣♦"❝✐♦♥❛❧✳

❖ '"♦❝❛❞♦" ❞❡ ❝❛❧♦" ❢♦✐ ♠♦❞❡❧❛❞♦ ❛'"❛✈A% ❞❡ ✉♠❛ J♥✐❝❛ ❡%'"✉'✉"❛✱ %❡♥❞♦ ❛

❝♦♥❞✐-.♦ ❞❡ ❝♦♥'♦"♥♦ ❞♦ ❧❛❞♦ ✐♥'❡"♥♦ ❛ '❡♠♣❡"❛'✉"❛ ❞♦ ✢✉✐❞♦ ♣"✐♠G"✐♦ ❡ ❞♦ ❧❛❞♦

❡①'❡"♥♦ ❛ '❡♠♣❡"❛'✉"❛ ❞♦ ✢✉✐❞♦ %❡❝✉♥❞G"✐♦✳

❆% ♣❛"'❡% ♥.♦ ❛'✐✈❛% ❞❛% "❡%✐%'@♥❝✐❛% ❢♦"❛♠ ♠♦❞❡❧❛% ❝♦♠ ❞✉❛% ❝♦♠♣♦♥❡♥'❡% "❛✲

❞✐❛✐%✱ ❝♦♠ ♠❛'❡"✐❛❧ ✐%♦❧❛♥'❡ ❛♦ ❝❡♥'"♦ "❡✈❡%'✐❞♦ ❞❡ ❛-♦❀ ❡❧❛% ❡%'.♦ ❧✐❣❛❞❛% ♣♦" '"♦❝❛

❞❡ ❝❛❧♦" ❛♦% ❝♦♠♣♦♥❡♥'❡% ❞♦ ♥J❝❧❡♦✳ ❚♦❞❛ ❛% ♣❛"❡❞❡% ❞♦ ❈✐"❝✉✐'♦ ❢♦"❛♠ ♠♦❞❡❧❛❞❛%

❝♦♠♦ ❡%'"✉'✉"❛% ❞❡ ❛-♦ ❞❡ '❛❧ ❢♦"♠❛ ❛ %❡"❡♠ %✉♠✐❞♦✉"♦% ❞❡ ❝❛❧♦"✳ ◆♦ ❛2✉❡❝❡❞♦" ♦

❝✐❧✐♥❞"♦ ✐♥'❡"♥♦ ♣♦%%✉✐ 0, 00211m ❞❡ ❡%♣❡%%✉"❛✱ ♦ ❝✐❧✐♥❞"♦ ❡①'❡"♥♦ 0, 00277m✱ '♦❞♦ ♦

"❡%'♦ ❞❛ '✉❜✉❧❛-.♦ ♣♦%%✉✐ ❡%♣❡%%✉"❛ ❞❡ 0, 00165m✳ ❖ '❛♥2✉❡ ❡①'❡"♥♦ ❞♦ '"♦❝❛❞♦" ❞❡

❝❛❧♦" '❡♠ ❡%♣❡%%✉"❛ ❞❡ 0, 0034m✳ ❆% "❡❣✐>❡% ❡①'❡"♥❛% ❞❛% ♣❛"❡❞❡% ❢♦"❛♠ ♠❛♥'✐❞❛%

H '❡♠♣❡"❛'✉"❛ ❝♦♥%'❛♥'❡ ❞❡ 25◦C✱ ❛% ♣❛"❡❞❡% ✐♥'❡"♥❛% ❡%'.♦ ❝♦♥❡❝'❛❞❛% ❛♦ ❝♦♠♣♦✲

♥❡♥'❡% ❝♦""❡%♣♦♥❞❡♥'❡%✱ '❡♥❞♦ '"❛♥%❢❡"@♥❝✐❛ ❞❡ ❝❛❧♦" ♣♦" ❝♦♥✈❡❝-.♦ ❝♦♠♦ ❝♦♥❞✐-.♦

❞❡ ❝♦♥'♦"♥♦✳
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✹✳✸ ❱❡%✐✜❝❛*+♦ ❞♦ ❝♦♠♣♦%0❛♠❡♥0♦ ❞♦ ❈✐%❝✉✐0♦ ❞❡

❈✐%❝✉❧❛*+♦ ◆❛0✉%❛❧

❆ ♥♦❞❛❧✐③❛()♦ ❢♦✐ +❡❛❧✐③❛❞❛ ❞❡ -❛❧ ❢♦+♠❛ /✉❡ ❢♦11❡ ♣♦113✈❡❧ ♦❜1❡+✈❛+ ❞✐❢❡+❡♥-❡1

♣❛+6♠❡-+♦1 -❡+♠♦✲❤✐❞+9✉❧✐❝♦1 ❝♦♠♦ ♣+❡11)♦✱ -❡♠♣❡+❛-✉+❛ ❡ ✈❛③)♦✱ ❝♦♠♦ -❛♠❜<♠

❢❡♥=♠❡♥♦1 ❢31✐❝♦1 ❝❛+❛❝-❡+31-✐❝♦1 ❞♦ ❈❈◆✳ ❖ ❝♦♠♣♦+-❛♠❡♥-♦ ❞♦ ❈✐+❝✉✐-♦ 1❡+9 ❛✈❛✲

❧✐❛❞♦ ❝♦♠ ❛ ♣♦-B♥❝✐❛ ❡❧<-+✐❝❛ ❞❡ 800W ❡ 15l/h✳ ❚❛✐1 ✈❛❧♦+❡1 ❢♦+❛♠ ❡1❝♦❧❤✐❞♦1 ♣♦✐1

❡11❛ ❝♦♠❜✐♥❛()♦ ♣❡+♠❛♥❡❝❡ ♥❛ +❡❣✐)♦ ♠♦♥♦❢91✐❝❛ ❞✉+❛♥-❡ -♦❞❛ ❛ 1✐♠✉❧❛()♦✳

❆ ♥♦❞❛❧✐③❛()♦ ❛♣+❡1❡♥-❛❞❛ ♥❛ ❋✐❣✉+❛ ✹✳✻✱ ❢♦✐ +❡❛❧✐③❛❞❛ ❞❡ -❛❧ ❢♦+♠❛ /✉❡ ♣✉❞❡11❡

❤❛✈❡+ ❝✐+❝✉❧❛()♦✱ ♥♦ -♦♣♦ ❞♦ ♥H❝❧❡♦✱ ❋✐❣✉+❛ ✹✳✼✱ ❝♦♠ ❛ 9❣✉❛ /✉❡♥-❡ 1✉❜✐♥❞♦ ❛-+❛✈<1

❞♦1 ❝♦♠♣♦♥❡♥-❡1 20✱21✱22 ❡ 23 ❛-< ♦ ❝♦♠♣♦♥❡♥-❡ 24✱ ❋✐❣✉+❛ ✹✳✽ ❡ +❡-♦+♥❡ ❛♦ ❜♦❝❛❧

♣❡❧♦ ❝♦♠♣♦♥❡♥-❡ 25✳

❋✐❣✉+❛ ✹✳✼✿ ❱❛③)♦ ❞♦ ♣❧❡♥♦ 1✉♣❡+✐♦+✳

❊11❛ ♥♦❞❛❧✐③❛()♦ ❛♣❡1❛+ ❞❡ ♣+♦♣✐❝✐❛+ ❛♣❡♥❛1 ✉♠❛ ♣❡/✉❡♥❛ ✈❛③)♦ ♥♦1 ✈♦❧✉♠❡1

❞♦ ♣❧❡♥♦ 1✉♣❡+✐♦+ < ❡11❡♥❝✐❛❧ ♣❛+❛ ♣❡+♠✐-✐+ /✉❡ ❛ 9❣✉❛ /✉❡♥-❡ 1✉❜❛ ❡ 1❡ ❡1-❛❜❡❧❡(❛ ❛

❝✐+❝✉❧❛()♦✳ N♦✐1 ❛♦ ❛❞♦-❛+ ❛ ♥♦❞❛❧✐③❛()♦ ❛♣+❡1❡♥-❛❞❛ ♥❛ ❋✐❣✉+❛ ✹✳✾ ♣♦❞❡♠♦1 ♦❜1❡+✲

✹✹



❋✐❣✉$❛ ✹✳✽✿ ◆♦❞❛❧✐③❛/0♦ ❞♦ ♣❧❡♥♦ 4✉♣❡$✐♦$✳

✈❛$ 6✉❡ ❛❧7♠ ❞❡ ♥0♦ ❤❛✈❡$ ❝✐$❝✉❧❛/0♦✱ ❛ <❣✉❛ ✜❝❛ ❡4>❛❣♥❛❞❛ ♠❛♥>❡♥❞♦ ❛ >❡♠♣❡$❛>✉$❛

♣$❛>✐❝❛♠❡♥>❡ ❝♦♥4>❛♥>❡✱ ✈❡$ ❋✐❣✉$❛ ✹✳✶✵✳

❋✐❣✉$❛ ✹✳✾✿ ◆♦❞❛❧✐③❛/0♦ ❞♦ ♣❧❡♥♦ 4✉♣❡$✐♦$ 4❡♠ ♦ ✈♦❧✉♠❡ 25✳

❉❛ ♠❡4♠❛ ❢♦$♠❛ 7 ♣♦44D✈❡❧ ✈❡$✐✜❝❛$ 6✉❡ ❛♣❡4❛$ ❞❛ ❜❛✐①❛ ✈❛③0♦ ♥♦ ❚❛♥6✉❡ ❞❡

❊①♣❛♥40♦✱ ❋✐❣✉$❛ ✹✳✶✶✱ ❡❧❛ ✐♥✢✉❡♥❝✐❛ ♥❛ ♠❡❞✐/0♦ ❞❛ ✈❛③0♦ ♥❛ J❡$♥❛ ❢$✐❛✱ ❋✐❣✉$❛

✹✳✶✷✱ ❝♦♠♣❛$❛♥❞♦ ❛4 ✈❛③L❡4 ❡♥>$❡ ♦ ✈♦❧✉♠❡ 38✱ ♦♥❞❡ ❡4>< ❛ ❧✐❣❛/0♦ ❡♥>$❡ ❛ J❡$♥❛

❋$✐❛ ❡ ♦ ❚❛♥6✉❡ ❝♦♠ ❛ $❡❣✐4>$❛❞❛ ♥♦ ✈♦❧✉♠❡ 39✱ 6✉❡ 7 ♦ ✈♦❧✉♠❡ 4❡❣✉✐♥>❡ ❛ ❧✐❣❛/0♦✳

❆ ♣❡$❞❛ ❞❡ ❝❛$❣❛ ❞❛ ♥♦❞❛❧✐③❛/0♦ ❞♦ ❝✐$❝✉✐>♦ ❢♦✐ ❛❥✉4>❛❞❛ ♣❡❧❛ ✈❛③0♦ ❡①♣❡$✐✲

♠❡♥>❛❧ ♣❛$❛ ♣♦>P♥❝✐❛ ❡❧7>$✐❝❛ ❞❡ 800W ❡ ❝♦♠ ✈❛③0♦ ❞♦ 4❡❝✉♥❞<$✐♦ ❞❡ 15l/h✳ J♦$

❡4❝♦❧❤❛ ❞❡ ♠♦❞❡❧❛❣❡♠✱ ♦♣>♦✉✲4❡ ♣♦$ ✐♠♣♦$ ❛ ♠❡4♠❛ ♣❡$❞❛ ❞❡ ❝❛$❣❛ ❧♦❝❛❧✐③❛❞❛ ❛

✹✺



❋✐❣✉$❛ ✹✳✶✵✿ ❈♦♠♣❛$❛/0♦ ❞❛ 2❡♠♣❡$❛2✉$❛ ♥♦ ♣❧❡♥♦ 6✉♣❡$✐♦$ ♣❛$❛ ❛6 ❞✉❛6 ♥♦❞❛❧✐③❛✲

/9❡6✳✭;♦2<♥❝✐❛ ❡❧>2$✐❝❛✿ 800W ❀ ❱❛③0♦ ❞❡ $❡6❢$✐❛♠❡♥2♦✿ 15l/h✮

❋✐❣✉$❛ ✹✳✶✶✿ ❱❛③0♦ ❞❡ ❡♥2$❛❞❛ ♥♦ ❚❛♥D✉❡ ❞❡ ❊①♣❛♥60♦✳

✹✻



❋✐❣✉$❛ ✹✳✶✷✿ ■♥✢✉.♥❝✐❛ ❞❛ ❝✐$❝✉❧❛23♦ ♥❛5✉$❛❧ ❞♦ ❚❛♥7✉❡ ❞❡ ❊①♣❛♥<3♦ ♥❛< ✈❛③?❡< ❞♦<

✈♦❧✉♠❡< ❞❛ A❡$♥❛ ❋$✐❛✳✭A♦5.♥❝✐❛ ❡❧C5$✐❝❛✿ 800W ❀ ❱❛③$♦ ❞❡ (❡)❢(✐❛♠❡♥.♦✿ 15l/h✮

✹✼



25

4 k = 1, 2

800W 15l/h

NiCr

Al2O3



❋✐❣✉$❛ ✹✳✶✹✿ *♦,-♥❝✐❛ ,0$♠✐❝❛✳✭*♦,-♥❝✐❛ ❡❧0,$✐❝❛✿ 800W ❀ ❱❛③8♦ ❞❡ $❡:❢$✐❛♠❡♥,♦✿

15l/h✮

✹✾



❋✐❣✉$❛ ✹✳✶✺✿ ❚❡♠♣❡$❛/✉$❛ ❞♦ ❝❡♥/$♦ ❡ ❞♦ $❡✈❡5/✐♠❡♥/♦ ❞❛5 $❡5✐5/6♥❝✐❛5✳✭8♦/6♥❝✐❛

❡❧:/$✐❝❛✿ 800W ❀ ❱❛③>♦ ❞❡ $❡5❢$✐❛♠❡♥/♦✿ 15l/h✮

✺✵



❡♠ 1, 4bar✳ ❈♦♠ ✐&&♦ ♣♦❞❡♠♦& ♦❜&❡*✈❛* ✉♠ ❛✉♠❡♥/♦ ❞❡ ♣*❡&&0♦ ❛/1 ♦ ♠♦♠❡♥/♦ ❞❡

❛❜❡*/✉*❛ ❞❡&/❛ ✈2❧✈✉❧❛✱ ❋✐❣✉*❛ ✹✳✶✻✳

❋✐❣✉*❛ ✹✳✶✻✿ ;*❡&&0♦ ❞♦ ❈✐*❝✉✐/♦✳✭;♦/>♥❝✐❛ ❡❧1/*✐❝❛✿ 800W ❀ ❱❛③0♦ ❞❡ *❡&❢*✐❛♠❡♥/♦✿

15l/h✮

◆♦ ❚*♦❝❛❞♦* ❞❡ ❈❛❧♦*✱ 1 *❡❧❡✈❛♥/❡ ♥♦/❛* F✉❡ 67% ❞❛ ❡♥❡*❣✐❛ 1 *❡/✐*❛❞❛ ♥♦

♣*✐♠❡✐*♦ ✈♦❧✉♠❡ ❛/✐✈♦✱ ❋✐❣✉*❛ ✹✳✶✼✱ ❡&&❛ ❝❛*❛❝/❡*H&/✐❝❛ /❛♠❜1♠ ❢♦✐ ♦❜&❡*✈❛❞❛ ♥❛

&✐♠✉❧❛I0♦ ❡♠ ❈❋❉ ❛♣*❡&❡♥/❛❞❛ ♣♦* ❊❧✐❛& ✭✷✵✶✹✮✳ ❆ /❡♠♣❡*❛/✉*❛ ❞❛ /✉❜✉❧❛I0♦ ❞♦

❚*♦❝❛❞♦* ❞❡ ❈❛❧♦* ✜❝❛ ♣*P①✐♠❛ R ♠1❞✐❛ ❡♥/*❡ ❛ /❡♠♣❡*❛/✉*❛ ❞♦ ❧❛❞♦ ♣*✐♠2*✐♦ ❡

&❡❝✉♥❞2*✐♦✱ ❋✐❣✉*❛ ✹✳✶✽

❈♦♥❢♦*♠❡ ❡&♣❡*❛❞♦ ❛ *❡❣✐0♦ ♣❡*♠❛♥❡♥/❡ 1 ❛/✐♥❣✐❞❛ F✉❛♥❞♦ ♦ ❝❛❧♦* ✐♥&❡*✐❞♦

♣❡❧❛& *❡&✐&/>♥❝✐❛& 1 ✐❣✉❛❧ ❛♦ *❡/✐*❛❞♦ ♥♦ /*♦❝❛❞♦*✱ ❝♦♥❢♦*♠❡ ♣♦❞❡ &❡* ♦❜&❡*✈❛❞♦ ♥❛

❋✐❣✉*❛ ✹✳✶✾✳

❚❛♠❜1♠ ❢♦*❛♠ ❝♦♥&✐❞❡*❛❞♦& ♥❛ &✐♠✉❧❛I0♦ ❛& ❡&/*✉/✉*❛& ♠❡/2❧✐❝❛& ♥0♦ ❛/✐✈❛&✱

/❛✐& ❡&/*✉/✉*❛& ✐♥✢✉❡♥❝✐❛♠ ♥❛ *❡❣✐0♦ ❞♦ /*❛♥&✐❡♥/❡✳ ❆/❡♥✉❛♥❞♦ ♦ ❛F✉❡❝✐♠❡♥/♦ ❞❛

2❣✉❛✱ ❢❛③❡♥❞♦ ❝♦♠ F✉❡ ♦ ❝✐*❝✉✐/♦ ❞❡♠♦*❡ ♠❛✐& /❡♠♣♦ ♣❛*❛ ❡&/❛❜✐❧✐③❛* ❡♠ *❡❧❛I0♦

❛ &✐♠✉❧❛I0♦ ♦♥❞❡ ❡❧❛& ♥0♦ ❝♦♥&✐❞❡*❛❞❛&✱ ❋✐❣✉*❛ ✹✳✷✵✳ ◆❛ ♠❡&♠❛ ❋✐❣✉*❛ 1 ♣♦&&H✈❡❧

✺✶



❋✐❣✉$❛ ✹✳✶✼✿ ❈♦♠♣♦$/❛♠❡♥/♦ ❞❛ ♣♦/3♥❝✐❛ $❡/✐$❛❞❛ ♣❡❧♦ ❚$♦❝❛❞♦$ ❞❡ ❈❛❧♦$✳✭8♦/3♥❝✐❛

❡❧9/$✐❝❛✿ 800W ❀ ❱❛③=♦ ❞❡ $❡>❢$✐❛♠❡♥/♦✿ 15l/h✮

✺✷



800W 15l/h

800W

15l/h



800W 15l/h

5◦C



❋✐❣✉$❛ ✹✳✷✶✿ ❈♦♠♣♦$/❛♠❡♥/♦ ❞❛ /❡♠♣❡$❛/✉$❛ ♥❛ 3❡$♥❛ ◗✉❡♥/❡✳✭3♦/6♥❝✐❛ ❡❧9/$✐❝❛✿

800W ❀ ❱❛③=♦ ❞❡ $❡>❢$✐❛♠❡♥/♦✿ 15l/h✮

❋✐❣✉$❛ ✹✳✷✷✿ ❈♦♠♣♦$/❛♠❡♥/♦ ❞❛ /❡♠♣❡$❛/✉$❛ ♥❛ 3❡$♥❛ ❋$✐❛✳

✺✺



❋✐❣✉$❛ ✹✳✷✸✿ ❈♦♠♣♦$/❛♠❡♥/♦ ❞❛ /❡♠♣❡$❛/✉$❛ ♥♦ ❝✐❧✐♥❞$♦ ❡①/❡$♥♦ ❞♦ ❚$♦❝❛❞♦$ ❞❡

❈❛❧♦$✳✭8♦/9♥❝✐❛ ❡❧:/$✐❝❛✿ 800W ❀ ❱❛③>♦ ❞❡ $❡?❢$✐❛♠❡♥/♦✿ 15l/h✮

✺✻



❋✐❣✉$❛ ✹✳✷✹✿ ❈♦♠♣♦$.❛♠❡♥.♦ ❞❛ .❡♠♣❡$❛.✉$❛ ♥♦ ❝✐❧✐♥❞$♦ ❡①.❡$♥♦ ❞♦ ❆6✉❡❝❡✲

❞♦$✳✭9♦.:♥❝✐❛ ❡❧;.$✐❝❛✿ 800W ❀ ❱❛③?♦ ❞❡ $❡@❢$✐❛♠❡♥.♦✿ 15l/h✮

✺✼



❋✐❣✉$❛ ✹✳✷✺✿ ❈♦♠♣♦$/❛♠❡♥/♦ ❞❛ /❡♠♣❡$❛/✉$❛ ♥♦ ❝✐❧✐♥❞$♦ ✐♥/❡$♥♦ ❞♦ ❆6✉❡❝❡✲

❞♦$✳✭9♦/:♥❝✐❛ ❡❧;/$✐❝❛✿ 800W ❀ ❱❛③?♦ ❞❡ $❡@❢$✐❛♠❡♥/♦✿ 15l/h✮

✺✽



800W 15l/h

800W 15l/h



❋✐❣✉$❛ ✹✳✷✽✿ ❚❡♠♣❡$❛/✉$❛ ❞❛ ♣❛$/❡ ✐♥❛/✐✈❛ ❞❛3 $❡3✐3/4♥❝✐❛3✳✭7♦/4♥❝✐❛ ❡❧:/$✐❝❛✿ 800W ❀

❱❛③>♦ ❞❡ $❡3❢$✐❛♠❡♥/♦✿ 15l/h✮

✻✵



✹✳✹ ❱❛❧✐❞❛'(♦ ❞♦ ♠♦❞❡❧♦

 ❛"❛ #✉❛❧✐✜❝❛" ❡ ✈❛❧✐❞❛" ❢♦✐ "❡❛❧✐③❛❞❛ ✉♠❛ ❝♦♠♣❛"❛12♦ ❝♦♠ "❡3✉❧4❛❞♦3 ❡①♣❡✲

"✐♠❡♥4❛✐3 ❡ "❡3✉❧4❛❞♦3 ❞❡ 3✐♠✉❧❛18❡3 ❡♠ ❈❋❉✱ ♦❜4✐❞❛3 ❞♦ 4"❛❜❛❧❤♦ ❞❡ ❱❡"@33✐♠♦

✭✷✵✶✶✮✳ ❊ ♦3 "❡3✉❧4❛❞♦3 ♣❛"❛ 4❡♠♣❡"❛4✉"❛3 ❛♦ ❧♦♥❣♦ ❞♦ ❝✐"❝✉✐4♦✱ ❋✐❣✉"❛3 ✹✳✷✾✱✹✳✸✵✱

✹✳✸✶✱ ✹✳✸✷✱ ✹✳✸✸✱ ✹✳✸✹ ❛♦ ❧♦♥❣♦ ❞♦ ❝✐"❝✉✐4♦ ❡ ❛ ✈❛③2♦ ✈♦❧✉♠L4"✐❝❛ ♥❛ ♣❡"♥❛ ❢"✐❛✱ ❋✐❣✉"❛3

✹✳✸✺✱ ♠♦34"❛♠ #✉❡ ❛ ♥♦❞❛❧✐③❛12♦ ❞♦ ❝✐"❝✉✐4♦ L "❡♣"❡3❡♥4❛4✐✈❛

❋✐❣✉"❛ ✹✳✷✾✿ ❚❡♠♣❡"❛4✉"❛ ♥❛ ❡♥4"❛❞❛ ❞❛ ♣❡"♥❛ ❢"✐❛✳✭ ♦4P♥❝✐❛ ❡❧L4"✐❝❛✿ 800W ❀ ❱❛③2♦

❞❡ "❡3❢"✐❛♠❡♥4♦✿ 15l/h✮

✹✳✺ ❈♦♥❥✉♥1♦ ❞❡ ❙✐♠✉❧❛'3❡4

❯♠❛ ♠❛4"✐③ ❞❡ 32 3✐♠✉❧❛18❡3 ❢♦"❛♠ "❡❛❧✐③❛❞❛3 ♣❛"❛ ❝♦♠♣❛"❛" ♦ ❝♦♠♣♦"4❛✲

♠❡♥4♦ ❞❛ ✈❛③2♦ ❡ 4❡♠♣❡"❛4✉"❛ ❛♦ ❧♦♥❣♦ ❞♦ ❝✐"❝✉✐4♦✳ ❋♦"❛♠ ✉4✐❧✐③❛❞♦3 ❝♦♠♦ "❡❢❡✲

"P♥❝✐❛ ❛ ❧♦❝❛❧✐③❛12♦ ❞♦ 4❡"♠♦♣❛"❡3 ❝♦♥❢♦"♠❡ ❛♣"❡3❡♥4❛❞♦ ♥❛ ❋✐❣✉"❛ ✹✳✺ ❡ ❛ ✈❛③2♦

✈♦❧✉♠L4"✐❝❛ ♥❛ ♣❡"♥❛ ❢"✐❛✳ ❖3 "❡3✉❧4❛❞♦3 ❢♦"❛♠ ❞✐✈✐❞✐❞♦3 ❡♥4"❡ ♠♦♥♦❢T3✐❝♦3 ❡ ❜✐❢T✲

3✐❝♦3✱ ❝♦♥❢♦"♠❡ ❚❛❜❡❧❛ ✹✳✶✳

✻✶



❋✐❣✉$❛ ✹✳✸✵✿ ❚❡♠♣❡$❛/✉$❛ ♥♦ ❞♦✇♥❝♦♠❡'✳✭3♦/4♥❝✐❛ ❡❧7/$✐❝❛✿ 800W ❀ ❱❛③;♦ ❞❡ $❡=❢$✐✲

❛♠❡♥/♦✿ 15l/h✮

✻✷



❋✐❣✉$❛ ✹✳✸✶✿ ❚❡♠♣❡$❛/✉$❛ ♥♦ ♣❧❡♥♦ ✐♥❢❡$✐♦$✳ ✭5♦/6♥❝✐❛ ❡❧8/$✐❝❛✿ 800W ❀ ❱❛③<♦ ❞❡

$❡>❢$✐❛♠❡♥/♦✿ 15l/h✮

✻✸



❋✐❣✉$❛ ✹✳✸✷✿ ❚❡♠♣❡$❛/✉$❛ ♥❛ ❡♥/$❛❞❛ ❞❛ ♣❡$♥❛ 2✉❡♥/❡✳ ✭4♦/6♥❝✐❛ ❡❧9/$✐❝❛✿ 800W ❀

❱❛③=♦ ❞❡ $❡>❢$✐❛♠❡♥/♦✿ 15l/h✮

✻✹



❋✐❣✉$❛ ✹✳✸✸✿ ❚❡♠♣❡$❛.✉$❛ ❡♠ 1/3 ❞❛ ♣❡$♥❛ 1✉❡♥.❡✳ ✭3♦.5♥❝✐❛ ❡❧8.$✐❝❛✿ 800W ❀ ❱❛③<♦

❞❡ $❡=❢$✐❛♠❡♥.♦✿ 15l/h✮

❋✐❣✉$❛ ✹✳✸✹✿ ❚❡♠♣❡$❛.✉$❛ ♥❛ ❡♥.$❛❞❛ ❞♦ .$♦❝❛❞♦$ ❞❡ ❝❛❧♦$✳

✻✺



❋✐❣✉$❛ ✹✳✸✺✿ ❱❛③-♦ ✈♦❧✉♠23$✐❝❛ ♥❛ ♣❡$♥❛ ❢$✐❛✳ ✭:♦3;♥❝✐❛ ❡❧23$✐❝❛✿ 800W ❀ ❱❛③-♦ ❞❡

$❡>❢$✐❛♠❡♥3♦✿ 15l/h✮

✻✻



❚❛❜❡❧❛ ✹✳✶✿ ❘❡❣✐♠❡- ❞❡ ❡-❝♦❛♠❡♥2♦ ❡♠ ❢✉♥56♦ ❞♦ ♣♦28♥❝✐❛ ❞❡ ❛9✉❡❝✐♠❡♥2♦ ❡ ✈❛③6♦

❞❡ <❡-❢<✐❛♠❡♥2♦

 ♦"#♥❝✐❛ ✭❲✮ ✻✵✵ ✽✵✵ ✶✵✵✵ ✶✶✵✵

❱❛③1♦ ✭❧✴❤✮

✸ ❇✐❢89✐❝♦ ❇✐❢89✐❝♦ ❇✐❢89✐❝♦ ❇✐❢89✐❝♦

✻ ❇✐❢89✐❝♦ ❇✐❢89✐❝♦ ❇✐❢89✐❝♦ ❇✐❢89✐❝♦
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❢❛♠D❧✐❛ ❘❊▲❆>✺ $✐♠✉❧❛*❡♠ ❛ ❝✐*❝✉❧❛M0♦ ♥❛1✉*❛❧ ❡♠ *❡❣✐♠❡ ❜✐❢)$✐❝♦✳ >♦*3♠ ❛$ $✐✲

♠✉❧❛MO❡$ ❛♣*❡$❡♥1❛❞❛$ ❞❡♠♦♥$1*❛*❛♠ ✉♠ ❝♦♠♣♦*1❛♠❡♥1♦ ❝♦❡*❡♥1❡ ❝♦♠ ♦ ❡$♣❡*❛❞♦✳

❊♥1*❡ ❛$ $✐♠✉❧❛MO❡$ 4✉❡ ❛1✐♥❣✐*❛♠ ♦ *❡❣✐♠❡ ❜✐❢)$✐❝♦✱ 1❡♠♦$ 3 ❝♦♥❥✉♥1♦$ ❞❡ $✐✲
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♠✉❧❛$%♦✱ (♦)*♥❝✐❛ ❞❡ 600W ❝♦♠ ✈❛③2❡3 ❞❡ 3l/h ❡ 6l/h ❡ )❛♠❜5♠ ♣♦)*♥❝✐❛ ❞❡ 800W

❝♦♠ 8l/h❀ 8✉❡ ❛♣9❡3❡♥)❛9❛♠ ❛♣❡♥❛3 ♣❡8✉❡♥❛3 ❢♦9♠❛$2❡3 ❞❡ ❜♦❧❤❛3 ♣9<①✐♠♦ >3 9❡3✐3✲

)*♥❝✐❛3✱ ♠❛3 ❛♦ ❛)✐♥❣✐9❡♠ ❛ )❡♠♣❡9❛)✉9❛ ❞❡ 3❛)✉9❛$%♦ ♥♦ ❆8✉❡❝❡❞♦9✱ ❛♣9❡3❡♥)❛9❛♠

✉♠ ❝♦♠♣♦9)❛♠❡♥)♦ ♠❛✐3 ♣9<①✐♠♦ ❛ ❞♦3 ❡3❝♦❛♠❡♥)♦3 ❜✐❢B3✐❝♦3 ❞♦ 8✉❡ ❞♦ ♠♦♥♦❢B3✐❝♦✱

❝♦♥❢♦9♠❡ ♣♦❞❡ 3❡9 ♦❜3❡9✈❛❞♦ ♣❡❧❛3 ❋✐❣✉9❛3 ✹✳✹✾✱ ✹✳✺✵✱ ✹✳✺✶✳

❋✐❣✉9❛ ✹✳✹✾✿ ❚❡♠♣❡9❛)✉9❛ ♥❛ ❡♥)9❛❞❛ ❞♦ ❞♦✇♥❝♦♠❡' ✭❚❈✶✮✿ ✭❛✮ 600W ✱ ✭❜✮ 800W ✱

✭❝✮ 1000W ❡ ✭❞✮ 1100W ♣❛9❛ ♦3 ❝❛3♦3 ❜✐❢B3✐❝♦✳

❊3)❡ ❝♦♠♣♦9)❛♠❡♥)♦ ❡3)B ❧✐❣❛❞♦ ❛♦ ❢❛)♦ ❞♦ 9❡❣✐♠❡ ❞❡ )9❛♥3❢❡9*♥❝✐❛ ❞❡ ❝❛❧♦9 )❡9

3✐❞♦ ❛❧)❡9❛❞♦✳ ■33♦ ♣♦❞❡ 3❡9 ❝♦♥✜9♠❛❞♦ ❛♦ ✈❡9✐✜❝❛9 8✉❡ ❛3 )❡♠♣❡9❛)✉9❛3 ❞❡ ❡♥)9❛❞❛ ❡

3❛R❞❛ ❞♦ )9♦❝❛❞♦9 ✈❛9✐❛♠ ❛♣❡♥❛3 ❡♠ 2◦C ❛♣9♦①✐♠❛❞❛♠❡♥)❡✱ ❋✐❣✉9❛3 ✹✳✺✷ ❡ ✹✳✺✸✳■33♦
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❋✐❣✉$❛ ✹✳✺✵✿ ❚❡♠♣❡$❛/✉$❛ ♥❛ ❡♥/$❛❞❛ ❞♦ 3❧❡♥♦ ■♥❢❡$✐♦$✭❚❈✶✶✮✿ ✭❛✮ 600W ✱ ✭❜✮ 800W ✱

✭❝✮ 1000W ❡ ✭❞✮ 1100W ♣❛$❛ ♦> ❝❛>♦> ❜✐❢?>✐❝♦✳
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❋✐❣✉$❛ ✹✳✺✶✿ ❚❡♠♣❡$❛/✉$❛ ♥❛ ♣❛$❡❞❡ ❞❛ ❡♥/$❛❞❛ ❞❛ 2❡$♥❛ ◗✉❡♥/❡✭❚❈✷✮✿ ✭❛✮ 600W ✱

✭❜✮ 800W ✱ ✭❝✮ 1000W ❡ ✭❞✮ 1100W ♣❛$❛ ♦< ❝❛<♦< ❜✐❢><✐❝♦✳
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♠♦"#$❛ &✉❡ ♣$❛#✐❝❛♠❡♥#❡ #♦❞♦ ❝❛❧♦$ $❡#✐$❛❞♦ ❡"#/ ♥❛ ❢♦$♠❛ ❞❡ ❝❛❧♦$ ❧❛#❡♥#❡✳

❋✐❣✉$❛ ✹✳✺✷✿ ❚❡♠♣❡$❛#✉$❛ ♥❛ ♣❛$❡❞❡ ❞❛ ❡♥#$❛❞❛ ❞♦ ❚$♦❝❛❞♦$ ❞❡ ❈❛❧♦$✭❚❈✻✮✿ ✭❛✮

600W ✱ ✭❜✮ 800W ✱ ✭❝✮ 1000W ❡ ✭❞✮ 1100W ♣❛$❛ ♦" ❝❛"♦" ❜✐❢/"✐❝♦✳

❖ ❝♦♠♣♦$#❛♠❡♥#♦ ❞❛ ✈❛③B♦ ❞✉$❛♥#❡ ♦ $❡❣✐♠❡ ❜✐❢/"✐❝♦✱ ❛♣$❡"❡♥#❛ ❛❧❣✉♠❛" ❞❡"✲

❝♦♥#✐♥✉✐❞❛❞❡"✱ ❋✐❣✉$❛ ✹✳✺✹✱ ♣♦$D♠ ♥B♦ ❢♦✐ ♣♦""E✈❡❧ ♦❜"❡$✈❛$ ❛" ♦"❝✐❧❛FG❡" ❝❛$❛❝#❡$E"✲

#✐❝❛" ❞❡"#❡ #✐♣♦ ❞❡ $❡❣✐♠❡ ♥❛ ♠❛✐♦$✐❛ ❞❛" "✐♠✉❧❛FG❡"✳

❆ #❡♥#❛#✐✈❛ ❞❡ ❛❧#❡$❛$ ♦ ♠♦❞❡❧♦ ♣❛❞$B♦ ❞♦ ❘❊▲❆L✺✱ ❞❡"❛#✐✈❛♥❞♦ ♦ ✜❧#$♦ ❲❛"❡$

%❛❝❦✐♥❣ ♥B♦ ♣$♦❞✉③✐✉ ♥❡♥❤✉♠ $❡"✉❧#❛❞♦ ♣❡$❝❡♣#E✈❡❧✳
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❋✐❣✉$❛ ✹✳✺✸✿ ❚❡♠♣❡$❛/✉$❛ ♥❛ ♣❛$❡❞❡ ❞❛ 2❛3❞❛ ❞♦ ❚$♦❝❛❞♦$ ❞❡ ❈❛❧♦$✭❚❈✽✮✿ ✭❛✮

600W ✱ ✭❜✮ 800W ✱ ✭❝✮ 1000W ❡ ✭❞✮ 1100W ♣❛$❛ ♦2 ❝❛2♦2 ❜✐❢>2✐❝♦✳

✽✺



❋✐❣✉$❛ ✹✳✺✹✿ ❱❛③,♦ ♥❛ /❡$♥❛ ❋$✐❛ ❞♦ ❧❛❞♦ ♣$✐♠5$✐♦✿ ✭❛✮ 600W ✱ ✭❜✮ 800W ✱ ✭❝✮ 1000W

❡ ✭❞✮ 1100W ♣❛$❛ ♦; ❝❛;♦; ❜✐❢5;✐❝♦✳
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❈❛♣#$✉❧♦ ✺

❈♦♥❝❧✉+,❡+ ❡ ❙✉❣❡+$,❡+

◆❡"#❡ #$❛❜❛❧❤♦ ❡"#✉❞♦✉✲"❡ ♦ ❝♦♠♣♦$#❛♠❡♥#♦ ❞♦ ❈✐$❝✉✐#♦ ❞❡ ❈✐$❝✉❧❛34♦ ◆❛#✉$❛❧

❞♦ ■❊◆✴❈◆❊◆ ✉#✐❧✐③❛♥❞♦ ♦ ❝9❞✐❣♦ ❝♦♠♣✉#❛❝✐♦♥❛❧ ❘❊▲❆>✺✴▼❖❉✸✳✷✳

❆#$❛✈G" ❞❛ ♥♦❞❛❧✐③❛34♦ ♣$♦♣♦"#❛ ❢♦✐ ♣♦""I✈❡❧ ❡"#✉❞❛$ ❛❧❣✉♥" ❢❡♥J♠❡♥♦" ❧♦❝❛✐"✱

❝♦♠♦ ❛ ✐♥✢✉M♥❝✐❛ ❞❛" ❡"#$✉#✉$❛" ♣❛""✐✈❛" ♥♦ #❡♠♣♦ ❞❡ ❡"#❛❜✐❧✐③❛34♦ ❞❛ ❝✐$❝✉❧❛34♦

❡ ♦ ❛N✉❡❝✐♠❡♥#♦ $❡❛❧✐③❛❞♦ ♣❡❧♦ ❆N✉❡❝❡❞♦$ ♥♦ ❞♦✇♥❝♦♠❡' ❛#$❛✈G" ❞♦ ❝✐❧✐♥❞$♦ ✐♥✲

#❡$♥♦✳ ❊ #❛♠❜G♠ ❛" ❝✐$❝✉❧❛3O❡" ♥❛#✉$❛✐" ❧♦❝❛❧✐③❛❞❛" ♥♦ ♣❧❡♥♦ "✉♣❡$✐♦$ ❡ ♥♦ ❚❛♥N✉❡

❞❡ ❊①♣❛♥"4♦ ❡ ♦ ❝♦♠♣♦$#❛♠❡♥#♦ ❞❛ ♣$❡""4♦ ❞♦ ❈✐$❝✉✐#♦ ❡♠ ❢✉♥34♦ ❞❛ ✈R❧✈✉❧❛ ❞❡

❛❧I✈✐♦✳ ❖❜"❡$✈♦✉✲"❡ N✉❡ ❝♦♠♦ ♦ ❢❡♥J♠❡♥♦ ♦❝♦$$❡ ❡♠ ✉♠❛ ❡"❝❛❧❛ ❞❡ #❡♠♣♦ ❣$❛♥❞❡✱

♦ ❝♦♠♣♦$#❛♠❡♥#♦ ❞❛ #❡♠♣❡$❛#✉$❛ ❞❛" ❡"#$✉#✉$❛" ♠❡#R❧✐❝❛" ♣❛""✐✈❛"✱ ❝♦♠♦ ❛" #✉❜✉✲

❧❛3O❡"✱ ♦✉ ❞❛" ❛#✐✈❛"✱ ❝♦♠♦ ❛" $❡"✐"#M♥❝✐❛"✱ ❛♣$❡"❡♥#❛♠ ❝♦♠♣♦$#❛♠❡♥#♦ ♣$9①✐♠♦" S

#❡♠♣❡$❛#✉$❛ ❞♦ ✢✉✐❞♦ ♥♦" ❛$$❡❞♦$❡"✳

>❛$❛ ♦ ❣$✉♣♦ ❞❡ "✐♠✉❧❛3O❡" ♠♦♥♦❢R"✐❝❛"✱ ♦ ❘❊▲❆>✺ ♠♦"#$♦✉✲"❡ ❝❛♣❛③ ❞❡ $❡✲

♣$❡"❡♥#❛$ ❛ ✐♥"#❛❜✐❧✐❞❛❞❡ ✐♥✐❝✐❛❧✱ ❡ ❛ $❡❣✐4♦ ❡"#❛❝✐♦♥R$✐❛✳ ❆♣$❡"❡♥#❛♥❞♦ ✉♠❛ $❡❧❛34♦

❞✐$❡#❛ ❡♥#$❡ ❛ ♦ ❛✉♠❡♥#♦ ❞❛ ✈❛③4♦ ❡♠ $❡❧❛34♦ S ♣♦#M♥❝✐❛ ❡ ❛ $❡❧❛34♦ ✐♥✈❡$"❛♠❡♥#❡

♣$♦♣♦$❝✐♦♥❛❧ ❡♠ $❡❧❛34♦ S ✈❛③4♦ ❞♦ "❡❝✉♥❞R$✐♦✳

>♦$ ✜♠✱ ♥♦ ❣$✉♣♦ ❞❡ "✐♠✉❧❛3O❡" ❜✐❢R"✐❝❛"✱ ❢♦✐ ♣♦""I✈❡❧ ✈❡$✐✜❝❛$ ❛ ♠✉❞❛♥3❛ ♥♦

♠♦❞❡❧♦ ❞❡ #$♦❝❛ ❞❡ ❝❛❧♦$✱ ♣♦$G♠ ♥4♦ ❢♦✐ ♣♦""I✈❡❧ ✈❡$✐✜❝❛$ ❛" ♦"❝✐❧❛3O❡" ♥❛ ✈❛③4♦✳ ❚❛❧

❢❛#♦ ❡"#R ❡♠ ❝♦♥❝♦$❞U♥❝✐❛ ❝♦♠ ❛ ❧✐#❡$❛#✉$❛✳ ❖ #$❛❜❛❧❤♦ ❛N✉✐ ❛♣$❡"❡♥#❛❞♦ ♣♦❞❡ "❡$

♠❡❧❤♦$❛❞♦ ❡♠ ❛❧❣✉♥" ❛"♣❡❝#♦" ♣❛$❛ ♠❡❧❤♦$ $❡♣$❡"❡♥#❛$ ♦" ❢❡♥J♠❡♥♦" N✉❡ ♦❝♦$$❡♠

❞❡♥#$♦ ❞♦ ❈❈◆✳ ➱ ✐♠♣♦$#❛♥#❡ N✉❡ "❡❥❛ $❡❛❧✐③❛❞♦ ✉♠ ❡"#✉❞♦ ❞❡ "❡♥"✐❜✐❧✐❞❛❞❡ ♠❛✐"

❝♦♠♣❧❡①♦ ❞❛ ♥♦❞❛❧✐③❛34♦✳ ❆""✐♠ ❝♦♠♦ ✉♠❛ ❛♥R❧✐"❡ ♠❛✐" ❝♦♠♣❧❡#❛ ❞❛" ❝❛$❛❝#❡$I"#✐❝❛"
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♠❛"❡$✐❛✐& ❡ ❣❡♦♠)"$✐❝❛& ❞♦ ❈✐$❝✉✐"♦✳ ❆❧)♠ ❞✐&&♦✱ ) ✐♥"❡$❡&&❛♥"❡ "❛♠❜)♠ ✉"✐❧✐③❛$

♠❛✐& $❡&✉❧"❛❞♦& ❡①♣❡$✐♠❡♥"❛✐& "❛♥"♦ ♠♦♥♦❢8&✐❝♦ 9✉❛♥"♦ ❜✐❢8&✐❝♦&✱ ♣❛$❛ $❡❢♦$:❛$ ❛

✈❛❧✐❞❛:<♦ ❞❛ ♠♦❞❡❧❛❣❡♠✳
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❘❡❢❡#$♥❝✐❛) ❇✐❜❧✐♦❣#/✜❝❛)

❆♠❜#♦%✐♥✐✱ ❲✳ ❡ ❋❡##❡#✐✱ ❏✳ ✭✶✾✾✽✮✳ ❚❤❡ ❡✛❡❝7 ♦❢ 7#✉♥❝❛7✐♦♥ ❡##♦# ♦♥ 7❤❡ ♥✉♠❡#✐❝❛❧

♣#❡❞✐❝7✐♦♥ ♦❢ ❧✐♥❡❛# %7❛❜✐❧✐7② ❜♦✉♥❞❛#✐❡% ✐♥ ❛ ♥❛7✉#❛❧ ❝✐#❝✉❧❛7✐♦♥ %✐♥❣❧❡✲♣❤❛%❡ ❧♦♦♣✳

◆✉❝❧❡❛& ❊♥❣✐♥❡❡&✐♥❣ ❛♥❞ ❉❡-✐❣♥✱ ✶✽✸✭✶✲✷✮✿✺✸✕✼✻✳

❆♠❜#♦%✐♥✐✱ ❲✳ ❡ ❋❡##❡#✐✱ ❏✳ ❈✳ ✭✷✵✵✸✮✳ J#❡❞✐❝7✐♦♥ ♦❢ %7❛❜✐❧✐7② ♦❢ ♦♥❡✲❞✐♠❡♥%✐♦♥❛❧

♥❛7✉#❛❧ ❝✐#❝✉❧❛7✐♦♥ ✇✐7❤ ❛ ❧♦✇ ❞✐✛✉%✐♦♥ ♥✉♠❡#✐❝❛❧ %❝❤❡♠❡✳ ❆♥♥❛❧- ♦❢ ◆✉❝❧❡❛&

❊♥❡&❣②✱ ✸✵✭✶✺✮✿✶✺✵✺✕✶✺✸✼✳

❆♥❞❡#%❡♥✱ J✳✱ ❆%7#✉♣✱ J✳✱ ❊❣❡7✱ ▲✳✱ ❡ ❘❛7❤♠❛♥♥✱ ❖✳ ✭✶✾✼✼✮✳ ◆✉♠❡#✐❝❛❧ ❡①♣❡#✐❡♥❝❡

✇✐7❤ 7❤❡ 7✇♦✲✢✉✐❞ ♠♦❞❡❧✱ #✐%S✉❡✳ ■♥ ❚❤❡&♠❛❧ &❡❛❝5♦& -❛❢❡5②✳ ❱♦❧✳ ■■✳

❆#♥❡✱ ◆✳✱ ❈❤♦✱ ❙✳✱ ❡ ❑✐♠✱ ❍✳ ✭✶✾✾✸✮✳ ❆%%❡%%♠❡♥7 ♦❢ #❡❧❛♣✺✴♠♦❞✷ ❝♦♠♣✉7❡# ❝♦❞❡

❛❣❛✐♥%7 7❤❡ ♥❛7✉#❛❧ ❝✐#❝✉❧❛7✐♦♥ 7❡%7 ❞❛7❛ ❢#♦♠ ②♦♥❣✲❣✇❛♥❣ ✉♥✐7 ✷✳ ❚❡❝❤♥✐❝❛❧ #❡✲

♣♦#7✱ ◆✉❝❧❡❛# ❘❡❣✉❧❛7♦#② ❈♦♠♠✐%%✐♦♥✱ ❲❛%❤✐♥❣7♦♥✱ ❉❈ ✭❯♥✐7❡❞ ❙7❛7❡%✮✳ ❖✣❝❡ ♦❢

◆✉❝❧❡❛# ❘❡❣✉❧❛7♦#② ❘❡%❡❛#❝❤❀ ❑♦#❡❛ ❊❧❡❝7#✐❝ J♦✇❡# ❈♦#♣✳✭❑❊J❈❖✮✱ ❚❛❡❥♦♥ ✭❑♦✲

#❡❛✱ ❘❡♣✉❜❧✐❝ ♦❢✮✳ ❘❡%❡❛#❝❤ ❈❡♥7❡#❀ ❑♦#❡❛ ■♥%7✳ ♦❢ ◆✉❝❧❡❛# ❙❛❢❡7②✱ ❚❛❡❥♦♥ ✭❑♦#❡❛✱

❘❡♣✉❜❧✐❝ ♦❢✮✳

❇❛❥%✱ ❚✳✱ ❉❡❜#❡❝✐♥✱ ◆✳✱ ➆❡❣♦♥✱ ❱✳✱ ❑❤❛♥✱ ▲✳✱ ❡ ▼❛❤♠♦♦❞✱ ❆✳ ✭✷✵✵✵✮✳ ❆%%❡%%♠❡♥7

♦❢ ❞✐%❝#❡7✐③❛7✐♦♥ ❛♣♣#♦❛❝❤ ❢♦# #❡❧❛♣✺✴♠♦❞✸ ❝♦♠♣✉7❡# ❝♦❞❡✳ ■♥ 9&♦❝✳ ■♥5✳ ❈♦♥❢✳

◆✉❝❧❡❛& ❊♥❡&❣② ✐♥ ❈❡♥5&❛❧ ❊✉&♦♣❡✱ ♣c❣✐♥❛% ✶✶✕✶✹✳

❇❛#♥❡❛✱ ❉✳✱ ❙❤♦❤❛♠✱ ❖✳✱ ❚❛✐7❡❧✱ ❨✳✱ ❡ ❉✉❦❧❡#✱ ❆✳ ✭✶✾✽✵✮✳ ❋❧♦✇ ♣❛77❡#♥ 7#❛♥%✐7✐♦♥ ❢♦#

❣❛%✲❧✐S✉✐❞ ✢♦✇ ✐♥ ❤♦#✐③♦♥7❛❧ ❛♥❞ ✐♥❝❧✐♥❡❞ ♣✐♣❡%✳ ❝♦♠♣❛#✐%♦♥ ♦❢ ❡①♣❡#✐♠❡♥7❛❧ ❞❛7❛

✇✐7❤ 7❤❡♦#②✳ ■♥5❡&♥❛5✐♦♥❛❧ ❏♦✉&♥❛❧ ♦❢ ▼✉❧5✐♣❤❛-❡ ❋❧♦✇✱ ✻✭✸✮✿✷✶✼✕✷✷✺✳

❇❛#♥❡❛✱ ❉✳✱ ❙❤♦❤❛♠✱ ❖✳✱ ❚❛✐7❡❧✱ ❨✳✱ ❡ ❉✉❦❧❡#✱ ❆✳ ✭✶✾✽✺✮✳ ●❛%✲❧✐S✉✐❞ ✢♦✇ ✐♥ ✐♥❝❧✐♥❡❞

✽✾



 ✉❜❡$✿ ✢♦✇ ♣❛  ❡+♥  +❛♥$✐ ✐♦♥$ ❢♦+ ✉♣✇❛+❞ ✢♦✇✳ ❈❤❡♠✐❝❛❧ ❊♥❣✐♥❡❡+✐♥❣ ❙❝✐❡♥❝❡✱

✹✵✭✶✮✿✶✸✶✕✶✸✻✳

❇❡+❣❧❡$✱ ❆✳ ❊✳✱ ❈♦❧❧✐❡+✱ ❏✳✱ ❉❡❧❤❛②❡✱ ❏✳ ▼✳✱ ❍❡✇✐  ✱ ●✳✱ ❡ ▼❛②✐♥❣❡+✱ ❋✳ ✭✶✾✽✶✮✳ ❚✇♦✲

♣❤❛2❡ ✢♦✇ ❛♥❞ ❤❡❛5 5+❛♥2❢❡+ ✐♥ 5❤❡ ♣♦✇❡+ ❛♥❞ ♣+♦❝❡22 ✐♥❞✉25+✐❡2 ✳ ❍❡♠✐$♣❤❡+❡ ◆❡✇

❨♦+❦✳

❇+❡♥♥❡♥✱ ❈✳ ❊✳ ✭✷✵✵✺✮✳ ❋✉♥❞❛♠❡♥5❛❧2 ♦❢ ♠✉❧5✐♣❤❛2❡ ✢♦✇✳ ❈❛♠❜+✐❞❣❡ ❯♥✐✈❡+$✐ ②

R+❡$$✳

❉✬❆✉+✐❛✱ ❋✳✱ ❋+♦❣❤❡+✐✱ ▼✳✱ ❡ ▼✐$❛❧❡✱ ▼✳ ✭✶✾✾✼✮✳ ❙②$ ❡♠ ❝♦❞❡$ ❝❛♣❛❜✐❧✐ ✐❡$ ✐♥ ♣+❡✲

❞✐❝ ✐♥❣ ✐♥$ ❛❜✐❧✐ ✐❡$ ✐♥ $✐♥❣❧❡✲♣❤❛$❡ ♥❛ ✉+❛❧ ❝✐+❝✉❧❛ ✐♦♥✳ ◆✉❝❧❡❛+ ❊♥❡+❣② ✐♥ ❈❡♥5+❛❧

❊✉+♦♣❡✱ ♣X❣✐♥❛ ✺✺✺✳

❉❛✈✐❡$✱ ❘✳ ▼✳ ❡ ❚❛②❧♦+✱ ●✳ ✭✶✾✺✵✮✳ ❚❤❡ ♠❡❝❤❛♥✐❝$ ♦❢ ❧❛+❣❡$ ❜✉❜❜❧❡$ +✐$✐♥❣  +❤♦✉❣❤

❡① ❡♥❞ ❧✐\✉✐❞$ ❛♥❞  ❤+♦✉❣❤ ❧✐\✉✐❞$ ✐♥  ✉❜❡$✳ ;+♦❝❡❡❞✐♥❣2 ♦❢ 5❤❡ ❘♦②❛❧ ❙♦❝✐❡5② ♦❢

▲♦♥❞♦♥✱ ✷✵✵❆✿✸✼✺✕✸✾✵✳

❊❧✐❛$✱ ❈✳ ❈✳ ❘✳ ✭✷✵✶✹✮✳ ❙✐♠✉❧❛>?♦ ❈♦♠♣✉5❛❝✐♦♥❛❧ ❞♦ ❚+♦❝❛❞♦+ ❞❡ ❈❛❧♦+ ❞❡ ✉♠

❈✐+❝✉✐5♦ ❞❡ ❈✐+❝✉❧❛>?♦ ◆❛5✉+❛❧ ❇✐❢A2✐❝❛✳ ✱ ❯♥✐✈❡+$✐❞❛❞❡ ❋❡❞❡+❛❧ ❞♦ ❘✐♦ ❞❡ ❏❛♥❡✐+♦✳

❋❧❡ ❝❤❡+✱ ❈✳ ❡ ❙❝❤✉❧ ③✱ ❘✳ ✭✶✾✾✺❛✮✳ ❘❊▲❆;✺✴▼❖❉✸ ❈♦❞❡ ▼❛♥✉❛❧ ❱♦❧✉♠❡ ■✿ ❯2❡+✬2

●✉✐❞❡ ❛♥❞ ■♥♣✉5 ❘❡O✉✐+❡♠❡♥52✳

❋❧❡ ❝❤❡+✱ ❈✳ ❡ ❙❝❤✉❧ ③✱ ❘✳ ✭✶✾✾✺❜✮✳ ❘❊▲❆;✺✴▼❖❉✸ ❈♦❞❡ ▼❛♥✉❛❧ ❱♦❧✉♠❡ ■■✿ ❯2❡+✬2

●✉✐❞❡ ❛♥❞ ■♥♣✉5 ❘❡O✉✐+❡♠❡♥52✳

●✉♦③❤✐✱ ❩✳✱ ❳✐♥+♦♥❣✱ ❈✳✱ ❡ ❳✐♥❣✇❡✐✱ ❙✳ ✭✷✵✶✸✮✳ ❆ $ ✉❞② ✉$✐♥❣ +❡❧❛♣✺ ♦♥ ❝❛♣❛❜✐❧✐ ②

❛♥❞ ✐♥$ ❛❜✐❧✐ ② ♦❢  ✇♦✲♣❤❛$❡ ♥❛ ✉+❛❧ ❝✐+❝✉❧❛ ✐♦♥ ✢♦✇ ✉♥❞❡+ ♣❛$$✐✈❡ ❡① ❡+♥❛❧ +❡❛❝ ♦+

✈❡$$❡❧ ❝♦♦❧✐♥❣✳ ❆♥♥❛❧2 ♦❢ ◆✉❝❧❡❛+ ❊♥❡+❣②✱ ✻✵✿✶✶✺✕✶✷✻✳

■♥ ❡+♥❛ ✐♦♥❛❧ ❆ ♦♠✐❝ ❊♥❡+❣②✱ ■✳ ✭✷✵✵✵✮✳ ❊①♣❡+✐♠❡♥5❛❧ ❚❡252 ❛♥❞ ◗✉❛❧✐✜❝❛5✐♦♥ ♦❢

❆♥❛❧②5✐❝❛❧ ▼❡5❤♦❞2 5♦ ❆❞❞+❡22 ❚❤❡+♠♦ ❍②❞+❛✉❧✐❝ ;❤❡♥♦♠❡♥❛ ✐♥ ❆❞✈❛♥❝❡❞ ❲❛5❡+

❈♦♦❧❡❞ ❘❡❛❝5♦+2✳ ■❆❊❆✲❚❊❈❉❖❈✲✶✶✹✾✳

■♥ ❡+♥❛ ✐♦♥❛❧ ❆ ♦♠✐❝ ❊♥❡+❣②✱ ■✳ ✭✷✵✵✶✮✳ ❚❤❡+♠♦ ❍②❞+❛✉❧✐❝ ❘❡❧❛5✐♦♥2❤✐♣ ❢♦+ ❆❞✈❛♥❝❡❞

❲❛5❡+ ❈♦♦❧❡❞ ❘❡❛❝5♦+2✱✳ ■❆❊❆✲❚❊❈❉❖❈✲✶✷✵✸✳

✾✵



■♥"❡$♥❛"✐♦♥❛❧ ❆"♦♠✐❝ ❊♥❡$❣②✱ ■✳ ✭✷✵✵✷✮✳ ◆❛"✉$❛❧ ❈✐$❝✉❧❛"✐♦♥ ❉❛"❛ ❛♥❞ ▼❡"❤♦❞0 ❢♦$

❆❞✈❛♥❝❡❞ ◆✉❝❧❡❛$ 4♦✇❡$ 4❧❛♥" ❉❡0✐❣♥✳ ■❆❊❆✲❚❊❈❉❖❈✲✶✷✽✶✳

■♥"❡$♥❛"✐♦♥❛❧ ❆"♦♠✐❝ ❊♥❡$❣②✱ ■✳ ✭✷✵✵✺✮✳ ◆❛"✉$❛❧ ❈✐$❝✉❧❛"✐♦♥ ✐♥ ❲❛"❡$ ❈♦♦❧❡❞ ◆✉❝❧❡❛$

4♦✇❡$ 4❧❛♥0"0✳ ■❆❊❆✲❚❊❈❉❖❈✲✶✹✼✹✳

■♥"❡$♥❛"✐♦♥❛❧ ❆"♦♠✐❝ ❊♥❡$❣②✱ ■✳ ✭✷✵✶✷✮✳ ◆❛"✉$❛❧ ❈✐$❝✉❧❛"✐♦♥ 4❤❡♥♦♠❡♥❛ ❛♥❞ ▼♦❞❡❧✲

❧✐♥❣ ❢♦$ ❆❞✈❛♥❝❡❞ ❲❛"❡$ ❈♦♦❧❡❞ ❘❡❛❝"♦$0✳ ■❆❊❆✲❚❊❈❉❖❈✲✶✻✼✼✳

❑♦③♠❡♥❦♦✈✱ ❨✳✱ ❘♦❤❞❡✱ ❯✳✱ ❡ ▼❛♥❡$❛✱ ❆✳ ✭✷✵✶✷✮✳ ❱❛❧✐❞❛"✐♦♥ ♦❢ "❤❡ $❡❧❛♣✺ ❝♦❞❡ ❢♦$

"❤❡ ♠♦❞❡❧✐♥❣ ♦❢ ✢❛N❤✐♥❣✲✐♥❞✉❝❡❞ ✐♥N"❛❜✐❧✐"✐❡N ✉♥❞❡$ ♥❛"✉$❛❧✲❝✐$❝✉❧❛"✐♦♥ ❝♦♥❞✐"✐♦♥N

✉N✐♥❣ ❡①♣❡$✐♠❡♥"❛❧ ❞❛"❛ ❢$♦♠ "❤❡ ❝✐$❝✉N "❡N" ❢❛❝✐❧✐"②✳ ◆✉❝❧❡❛$ ❊♥❣✐♥❡❡$✐♥❣ ❛♥❞

❉❡0✐❣♥✱ ✷✹✸✿✶✻✽✕✶✼✺✳

▲❛❦N❤♠❛♥❛♥✱ ❙✳ ❡ W❛♥❞❡②✱ ▼✳ ✭✷✵✶✵✮✳ ◆✉♠❡$✐❝❛❧ ✐♥✈❡N"✐❣❛"✐♦♥ ♦❢ N"❛$"✉♣ ✐♥N"❛❜✐❧✐"✐❡N

✐♥ ♣❛$❛❧❧❡❧✲❝❤❛♥♥❡❧ ♥❛"✉$❛❧ ❝✐$❝✉❧❛"✐♦♥ ❜♦✐❧✐♥❣ N②N"❡♠N✳ ❙❝✐❡♥❝❡ ❛♥❞ ❚❡❝❤♥♦❧♦❣② ♦❢

◆✉❝❧❡❛$ ■♥0"❛❧❧❛"✐♦♥0✱ ✷✵✶✵✳

▲❡♠♦N✱ ❲✳ ❋✳ ✭✷✵✶✹✮✳ ❊0"✉❞♦ ❊①♣❡$✐♠❡♥"❛❧ ❞❡ ❈✐$❝✉❧❛BC♦ ◆❛"✉$❛❧ ❇✐❢E0✐❝❛ ❯❧"$❛0G✲

♥✐❝❛0 ❡ ❞❡ ❱✐0✉❛❧✐③❛BC♦✳ ✱ ❚❡N❡ ❞❡ ❉♦✉"♦$❛❞♦✳ W$♦❣$❛♠❛ ❞❡ W[N✲❣$❛❞✉❛\]♦ ❡♠

❊♥❣❡♥❤❛$✐❛ ◆✉❝❧❡❛$✳ ❈❖WW❊✳ ❯♥✐✈❡$N✐❞❛❞❡ ❋❡❞❡$❛❧ ❞♦ ❘✐♦ ❞❡ ❏❛♥❡✐$♦✳

▲❡♠♦N✱ ❲✳ ❋✳✱ ❋❛❝❝✐♥✐✱ ❏✳ ▲✳ ❍✳✱ ❡ ❙✉✱ ❏✳ ✭✷✵✶✷✮✳ ❊①♣❡$✐♠❡♥"❛❧ N"✉❞② ♦❢ "✇♦✲♣❤❛N❡

♥❛"✉$❛❧ ❝✐$❝✉❧❛"✐♦♥ ❝✐$❝✉✐"✳ ■♥ 4$♦❝❡❡❞✐♥❣0 ♦❢ "❤❡ 14o ❇$❛③✐❧✐❛♥ ❈♦♥❣$❡00 ♦❢ ❚❤❡$♠❛❧

❙❝✐❡♥❝❡0 ❛♥❞ ❊♥❣✐♥❡❡$✐♥❣✱ ❘✐♦ ❞❡ ❏❛♥❡✐$♦✱❘❏✱ ❇$❛③✐❧✳

▲❡♠♦N✱ ❲✳ ❋✳✱ ❋❛❝❝✐♥✐✱ ❏✳ ▲✳ ❍✳✱ ❡ ❙✉✱ ❏✳ ✭✷✵✶✸✮✳ ❋❧♦✇ ✈✐N✉❛❧✐③❛"✐♦♥ ♦❢ ❜✉❜❜❧❡ ❜❡❤❛✲

✈✐♦$ ✉♥❞❡$ "✇♦✲♣❤❛N❡ ♥❛"✉$❛❧ ❝✐$❝✉❧❛"✐♦♥ ✢♦✇ ❝♦♥❞✐"✐♦♥N ✉N✐♥❣ ❤✐❣❤ N♣❡❡❞ ❞✐❣✐"❛❧

❝❛♠❡$❛✳ ■♥ 4$♦❝❡❡❞✐♥❣0 ♦❢ ■♥"❡$♥❛"✐♦♥❛❧ ◆✉❝❧❡❛$ ❆"❧❛♥"✐❝ ❈♦♥❢❡$❡♥❝❡ ✱ ❘❡❝✐❢❡✱ W❊✱

❇$❛③✐❧✳

▲❡✇✐N✱ ❊✳ ❊✳ ✭✶✾✼✼✮✳ ◆✉❝❧❡❛$ 4♦✇❡$ ❘❡❛❝"♦$ ❙❛❢❡"②✳ ❆ ❲✐❧❡②✲✐♥"❡$N❝✐❡♥❝❡ ♣✉❜❧✐❝❛"✐♦♥✱

♣$✐♠❡✐$❛ ❡❞✐\]♦✳

▼❛♥❣❛❧✱ ❆✳✱ ❏❛✐♥✱ ❱✳✱ ❡ ◆❛②❛❦✱ ❆✳ ✭✷✵✶✷✮✳ ❈❛♣❛❜✐❧✐"② ♦❢ "❤❡ $❡❧❛♣✺ ❝♦❞❡ "♦ N✐♠✉❧❛"❡

♥❛"✉$❛❧ ❝✐$❝✉❧❛"✐♦♥ ❜❡❤❛✈✐♦$ ✐♥ "❡N" ❢❛❝✐❧✐"✐❡N✳ 4$♦❣$❡00 ✐♥ ◆✉❝❧❡❛$ ❊♥❡$❣②✱ ✻✶✿✶✕✶✻✳

✾✶



▼❛"#✐♥✱ ❘✳ ❡ ❚❛②❧♦"✱ ❇✳ ✭✶✾✾✷✮✳ ❇❡♥❝❤♠❛"❦✐♥❣ ❛99❡99♠❡♥# ♦❢ "❡❧❛♣✺✴♠♦❞✸ ❢♦" #❤❡ ❧♦✇

✢♦✇ ❛♥❞ ♥❛#✉"❛❧ ❝✐"❝✉❧❛#✐♦♥ ❡①♣❡"✐♠❡♥#✳ ❚❡❝❤♥✐❝❛❧ "❡♣♦"#✱ ❲❡9#✐♥❣❤♦✉9❡ ❙❛✈❛♥♥❛❤

❘✐✈❡" ❈♦✳✱ ❆✐❦❡♥✱ ❙❈ ✭❯♥✐#❡❞ ❙#❛#❡9✮✳

▼✐9❛❧❡✱ ▼✳✱ ❋"♦❣❤❡"✐✱ ▼✳✱ ❉✬❆✉"✐❛✱ ❋✳✱ ❋♦♥#❛♥✐✱ ❊✳✱ ❡ ●❛"❝✐❛✱ ❆✳ ✭✶✾✾✾✮✳ ❆♥❛❧②9✐9

♦❢ 9✐♥❣❧❡✲♣❤❛9❡ ♥❛#✉"❛❧ ❝✐"❝✉❧❛#✐♦♥ ❡①♣❡"✐♠❡♥#9 ❜② 9②9#❡♠ ❝♦❞❡9✳ ■♥"❡$♥❛"✐♦♥❛❧

❥♦✉$♥❛❧ ♦❢ "❤❡$♠❛❧ .❝✐❡♥❝❡.✱ ✸✽✭✶✶✮✿✾✼✼✕✾✽✸✳

▼♦✉9❛✈✐❛♥✱ ❙✳ ❑✳✱ ▼✐9❛❧❡✱ ▼✳✱ ❉✬❆✉"✐❛✱ ❋✳✱ ❡ ❙❛❧❡❤✐✱ ▼✳ ❆✳ ✭✷✵✵✹✮✳ ❚"❛♥9✐❡♥# ❛♥❞

9#❛❜✐❧✐#② ❛♥❛❧②9✐9 ✐♥ 9✐♥❣❧❡✲♣❤❛9❡ ♥❛#✉"❛❧ ❝✐"❝✉❧❛#✐♦♥✳ ❆♥♥❛❧. ♦❢ ◆✉❝❧❡❛$ ❊♥❡$❣②✱

✸✶✭✶✵✮✿✶✶✼✼✕✶✶✾✽✳

◆♦✱ ❍✳ ✭✶✾✽✺✮✳ ❙#✉❞✐❡9 ♦❢ ✇❛#❡" ♣❛❝❦✐♥❣ ♣❤❡♥♦♠❡♥♦♥ ✐♥ 9❛❢❡#② ❛♥❛❧②9✐9 ❝♦❞❡9✳ ■♥

5$♦❝❡❡❞✐♥❣. ♦❢ "❤✐$❞ ✐♥"❡$♥❛"✐♦♥❛❧ "♦♣✐❝❛❧ ♠❡❡"✐♥❣ ♦♥ $❡❛❝"♦$ "❤❡$♠❛❧ ❤②❞$❛✉❧✐❝. ✳

[❡"9❤❛❣❡♥✱ ❇✳ ✭✶✾✽✾✮✳ ▲✐❣❤" ❲❛"❡$ ❘❡❛❝"♦$ ❙❛❢❡"②✳ [❊❘●❆▼❖◆ [❘❊❙❙✱ ♣"✐♠❡✐"❛

❡❞✐]^♦✳

❘❛❜✐❡❡✱ ❆✳✱ ▼✐"③❛❡❡✱ ▼✳ ▼✳✱ ◆❡♠❛#♦❧❧❛❤✐✱ ▼✳ ❘✳✱ ❡ ❆#❢✱ ❆✳ ✭✷✵✶✻✮✳ ❊①♣❡"✐♠❡♥#❛❧

❛♥❞ ♥✉♠❡"✐❝❛❧ ✐♥✈❡9#✐❣❛#✐♦♥ ♦❢ ♥❛#✉"❛❧ ❝✐"❝✉❧❛#✐♦♥ 9#❛❜✐❧✐#② ♦❢ #❤❡ 9❤✉♥❝❧ #❤❡"♠❛❧✲

❤②❞"❛✉❧✐❝ ❧♦♦♣✳ 5$♦❣$❡.. ✐♥ ◆✉❝❧❡❛$ ❊♥❡$❣②✱ ✾✸✿✸✽✻✕✸✾✻✳

❘❡✐9✱ [✳ ✭✷✵✵✾✮✳ ❆✈❛❧✐❛=>♦ ❚❡$♠♦✲❍✐❞$B✉❧✐❝❛ ❞♦ ❘❡❛"♦$ ❚❘■●❆ ■5❘✲❘✶ ❯"✐❧✐③❛♥❞♦

♦ ❈H❞✐❣♦ ❘❊▲❆5✺✳ ✱ ❞✐99❡"#❛]^♦ ❞❡ ♠❡9#"❛❞♦✱ ❉❊◆✱ ❯❋▼●✱ ❇❡❧♦ ❍♦"✐③♦♥#❡✱

❇"❛③✐❧✳

❙❛❜✉♥❞❥✐❛♥✱ ●✳✱ ❆♥❞"❛❞❡✱ ❉✳ ❆✳ ❞✳✱ ❯♠❜❡❤❛✉♥✱ [✳ ❊✳✱ ❚♦""❡9✱ ❲✳ ▼✳✱ ❈❛9#"♦✱ ❆✳ ❏✳

❆✳ ❞✳✱ ❇"❛③✱ ❋✳✱ ❋"❛♥❝✐9❝♦✱ ❆✳✱ ❇♦"❣❡9✱ ❊✳ ▼✳✱ ❇❡❧❝❤✐♦"✱ ❏✳✱ ❘♦❝❤❛✱ ❘✳ ❚✳ ❱✳ ❞✳✱ ❡# ❛❧✳

✭✷✵✵✼✮✳ ❘❡❧❛♣✺ 9✐♠✉❧❛#✐♦♥ ❢♦" ♦♥❡ ❛♥❞ #✇♦✲♣❤❛9❡ ♥❛#✉"❛❧ ❝✐"❝✉❧❛#✐♦♥ ♣❤❡♥♦♠❡♥♦♥✳

❙❛❜✉♥❞❥✐❛♥✱ ●✳✱ ❚♦""❡9✱ ❲✳ ▼✳✱ ▼❛❝❡❞♦✱ ▲✳ ❆✳✱ ▼❡9e✉✐#❛✱ ❘✳ ◆✳✱ ❆♥❞"❛❞❡✱ ❉✳ ❆✳✱

❯♠❜❡❤❛✉♥✱ [✳ ❊✳✱ ❈♦♥#✐✱ ❚✳ ◆✳✱ ▼❛9♦##✐✱ [✳ ❍✳✱ ❏✉♥✐♦"✱ ❆✳ ❇✳✱ ❡ ❆♥❣❡❧♦✱ ●✳

✭✷✵✶✶✮✳ ❆ "❡❧❛♣✺ 9#✉❞② #♦ ✐❞❡♥#✐❢② ✢♦✇ "❡❣✐♠❡ ✐♥ ♥❛#✉"❛❧ ❝✐"❝✉❧❛#✐♦♥ ♣❤❡♥♦♠❡♥♦♥✳

■◆❆❈✷✵✶✶✱ ❇❡❧♦ ❍♦$✐③♦♥"❡✳

❚♦❞"❡❛9✱ ◆✳ ❊✳ ❡ ❑❛③✐♠✐✱ ▼✳ ❙✳ ✭✶✾✾✵✮✳ ◆✉❝❧❡❛$ .②."❡♠. ■✿ ❊❧❡♠❡♥". ♦❢ "❤❡$♠❛❧

❤②❞$❛✉❧✐❝ ❞❡.✐❣♥✱ ✈♦❧✉♠❡ ✶✳ ❚❛②❧♦" ✫ ❋"❛♥❝✐9✳

✾✷



❚♦❞#❡❛&✱ ◆✳ ❊✳ ❡ ❑❛③✐♠✐✱ ▼✳ ❙✳ ✭✷✵✵✶✮✳ ◆✉❝❧❡❛& '②')❡♠' ■■✿ ❊❧❡♠❡♥)' ♦❢ )❤❡&♠❛❧

❤②❞&❛✉❧✐❝ ❞❡'✐❣♥✱ ✈♦❧✉♠❡ ✷✳ ❚❛②❧♦# ✫ ❋#❛♥❝✐&✳

❚♦♥❣✱ ▲✳ ❙✳ ❡ ❲❡✐&♠❛♥✱ ❏✳ ✭✶✾✼✾✮✳ ❚❤❡&♠❛❧ ❛♥❛❧②'✐' ♦❢ ♣&❡''✉&✐③❡❞ ✇❛)❡& &❡❛❝)♦&'✳

❆♠❡#✐❝❛♥ ◆✉❝❧❡❛# ❙♦❝✐❡E②✱ ▲❛●#❛♥❣❡ G❛#❦✱ ■▲✳

❱❡#K&&✐♠♦✱ ●✳ ▲✳ ✭✷✵✶✶✮✳ ▼♦❞❡❧❛❣❡♠ ❡ ❛♥L❧✐&❡ E❡#♠♦✲❤✐❞#L✉❧✐❝❛ ❞❡ ✉♠ ❝✐#❝✉✐E♦ ❞❡

❝✐#❝✉❧❛OP♦ ✉&❛♥❞♦ ✉♠❛ ❢❡##❛♠❡♥E❛ ❞❡ ❝❢❞✳ ❳■❳ ❙❡♠✐♥L#✐♦ ❆♥✉❛❧ G#♦❣#❛♠❛ ■♥&E✐✲

E✉❝✐♦♥❛❧ ❞❡ ❇♦❧&❛& ❞❡ ■♥✐❝✐❛OP♦ ❈✐❡♥EK✜❝❛ ❈◆GV✲G■❇■❈✳

❱✐❛♥♥❛✱ ❆✳ ▲✳✱ ❋❛❝❝✐♥✐✱ ❏✳ ▲✳✱ ❙✉✱ ❏✳✱ ❡E ❛❧✳ ✭✷✵✶✼✮✳ ❚#❛♥&✐❡♥E ♠♦❞❡❧❧✐♥❣ ♦❢ ❛ ♥❛E✉#❛❧

❝✐#❝✉❧❛E✐♦♥ ❧♦♦♣ ✉♥❞❡# ✈❛#✐❛❜❧❡ ♣#❡&&✉#❡✳ ■♥ 9&♦❝❡❡❞✐♥❣' ♦❢ ■♥)❡&♥❛)✐♦♥❛❧ ◆✉❝❧❡❛&

❆)❧❛♥)✐❝ ❈♦♥❢❡&❡♥❝❡✱ ❘❡❝✐❢❡✱ G❊✱ ❇#❛③✐❧✳

❱✐❧❡✐♥✐&❦✐&✱ ❱✳ ❡ ❑❛❧✐❛E❦❛✱ ❆✳ ✭✷✵✵✸✮✳ ❯♥❝❡#E❛✐♥E② ❛♥❞ &❡♥&✐E✐✈✐E② ❛♥❛❧②&✐& ♦❢ ♠❝♣&

E#✐♣ ❡✈❡♥E& ❛E ✐❣♥❛❧✐♥❛ ♥♣♣✳ ◆✉❝❧❡❛& ❡♥❣✐♥❡❡&✐♥❣ ❛♥❞ ❞❡'✐❣♥✱ ✷✷✹✭✷✮✿✷✶✸✕✷✷✺✳

❱✐♥❤❛&✱ G✳ ❆✳ ▼✳✱ ❋❛❝❝✐♥✐✱ ❏✳ ▲✳ ❍✳✱ ❡ ❙✉✱ ❏✳ ✭✷✵✶✸✮✳ ❊①♣❡#✐♠❡♥E❛❧ &E✉❞② ♦❢ ♥❛E✉✲

#❛❧ E✇♦✲♣❤❛&❡ ✢♦✇ ❝✐#❝✉❧❛E✐♦♥ ✉&✐♥❣ ❛ ✈✐&✉❛❧✐③❛E✐♦♥ E❡❝❤♥✐V✉❡✳ ■♥ 9&♦❝❡❡❞✐♥❣' ♦❢

■♥)❡&♥❛)✐♦♥❛❧ ◆✉❝❧❡❛& ❆)❧❛♥)✐❝ ❈♦♥❢❡&❡♥❝❡✱ ❘❡❝✐❢❡✱ G❊✱ ❇#❛③✐❧✳

❲❛❧❧✐&✱ ●✳ ❇✳ ✭✶✾✻✾✮✳ ❖♥❡ ❉✐♠❡♥'✐♦♥❛❧ ❚✇♦✲♣❤❛'❡ ❋❧♦✇✳ ❏♦❤♥ ❲✐❧❡② ❛♥❞ ❙♦♥&✱ ■♥❝✳✱

♣#✐♠❡✐#❛ ❡❞✐OP♦✳

❲❡✐&♠❛♥✱ ❏✳ ❡ ❑❛♥❣✱ ❙✳ ✭✶✾✽✶✮✳ ❋❧♦✇ ♣❛EE❡#♥ E#❛♥&✐E✐♦♥& ✐♥ ✈❡#E✐❝❛❧ ❛♥❞ ✉♣✇❛#❞❧②

✐♥❝❧✐♥❡❞ ❧✐♥❡&✳ ■♥)❡&♥❛)✐♦♥❛❧ ❏♦✉&♥❛❧ ♦❢ ▼✉❧)✐♣❤❛'❡ ❋❧♦✇✱ ✼✭✸✮✿✷✼✶✕✷✾✶✳

❩❤♦✉✱ ❨✳✱ ❩❤❛♥❣✱ ❩✳✱ ▲✐♥✱ ▼✳✱ ❍♦✉✱ ❉✳✱ ❡ ❨❛♥✱ ❳✳ ✭✷✵✶✸✮✳ ❈❛♣❛❜✐❧✐E② ♦❢ #❡❧❛♣✺

♠♦❞✸✳ ✸ ❝♦❞❡ E♦ &✐♠✉❧❛E❡ ❞❡♥&✐E② ✇❛✈❡ ✐♥&E❛❜✐❧✐E② ✐♥ ♣❛#❛❧❧❡❧ ♥❛##♦✇ #❡❝E❛♥❣✉❧❛#

❝❤❛♥♥❡❧&✳ ❆♥♥❛❧' ♦❢ ◆✉❝❧❡❛& ❊♥❡&❣②✱ ✻✵✿✷✺✻✕✷✻✻✳

✾✸


