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❡①❛2✐❞7♦✳ ^❛%❛ ❛ ,✐♠✉❧❛07♦ ♦♥❞❡ ♦ 2✉♠♦% ❢♦✐ ✐♥,❡%✐❞♦ ❞❡,❝❡♥2%❛❧✐③❛❞♦✱ ❛ ❡,2✐♠❛2✐✈❛ ❢♦✐ ♣%❡❝✐,❛✱

❝♦♠ ❡%%♦ ♠Y①✐♠♦ ❞❡ ✷✪✳ ❆ ❛♥Y❧✐,❡ ❡①♣❡%✐♠❡♥2❛❧ ❢♦✐ %❡❛❧✐③❛❞❛ ✉,❛♥❞♦ ✉♠❛ ❝I♠❡%❛ ✐♥❢%❛✈❡%✲

♠❡❧❤❛ ♣❛%❛ ❛❞6✉✐%✐% 2❡%♠♦❣%❛✜❛, ❞❛, ,✉♣❡%❢X❝✐❡, ❞❡ ❢❛♥2♦♠❛, ❞❡ ,✐❧✐❝♦♥❡✳ ◆♦, ❞♦✐, ♣%✐♠❡✐%♦,

❝❛,♦, ❡①♣❡%✐♠❡♥2❛✐, ♦♥❞❡ ♦ 2✉♠♦% ❢♦✐ ♣♦,✐❝✐♦♥❛❞♦ ♥♦ ❝❡♥2%♦ ❡ ❡♠ ❞✐❢❡%❡♥2❡, ♣%♦❢✉♥❞✐❞❛❞❡,✱ ❛

❞❡2❡❝07♦ ❞♦ ❝❡♥2%♦ ❞❛ ❢♦♥2❡ ❞❡ ❝❛❧♦% ❢♦✐ ♦❜2✐❞❛ ❝♦♠ ❛♣❡♥❛, ✸✱✽✪ ❞❡ ❡%%♦✳ ^❛%❛ ♦ ❝❛,♦ ♦♥❞❡ ♦

2✉♠♦% ❢♦✐ ❞❡,❝❡♥2%❛❧✐③❛❞♦✱ ♦ ❡%%♦ ♥❛ ❡,2✐♠❛2✐✈❛ ❢♦✐ ❞❡ ✹✱✺✪✳ ❖✉2%❛, ❡,2✐♠❛2✐✈❛, ♥✉♠8%✐❝❛, ❢♦%❛♠

%❡❛❧✐③❛❞❛, ✉,❛♥❞♦ ✉♠❛ ❣❡♦♠❡2%✐❛ ❜✐❞✐♠❡♥,✐♦♥❛❧ %❡❛❧ ❞❛ ♠❛♠❛ ❡ ✉♠❛ ❣❡♦♠❡2%✐❛ 2%✐❞✐♠❡♥,✐♦♥❛❧

♦❜2✐❞❛ ♣♦% ❡,❝❛♥❡❛♠❡♥2♦ ❞✐❣✐2❛❧ ❞❡ ✉♠ ♠♦❞❡❧♦ ♠❛♠Y%✐♦✱ ♠♦,2%❛♥❞♦ ❛,,✐♠ ❛ ♣%❡❝✐,7♦ ❞❛ 28❝♥✐❝❛

❡♠ ❡,2✐♠❛% 2✉♠♦%❡, ❡♠ ❣❡♦♠❡2%✐❛, ✐%%❡❣✉❧❛%❡,✳ ❉❡,,❛ ❢♦%♠❛✱ ❛ 28❝♥✐❝❛ ♣%♦♣♦,2❛ ❛♣%❡,❡♥2❛ ✉♠

❣%❛♥❞❡ ♣♦2❡♥❝✐❛❧ ♣❛%❛ ❢✉2✉%❛, ❛♣❧✐❝❛01❡, ✐♥ ✈✐✈♦ ❡ ♣♦❞❡ ,❡ 2♦%♥❛% ✉♠❛ ❢❡%%❛♠❡♥2❛ ❝❛♣❛③ ❞❡

❛✉♠❡♥2❛% ❛ ❡,♣❡❝✐✜❝✐❞❛❞❡ ❞❡ 2❡%♠♦❣%❛✜❛, ✐♥❢%❛✈❡%♠❡❧❤❛,✳

$❛❧❛✈'❛(✲❝❤❛✈❡✿ ❝.♥❝❡' ❞❡ ♠❛♠❛✱ ❝♦''❡❧❛23♦ ❧✐♥❡❛'✱ 4❡'♠♦❣'❛✜❛ ✐♥❢'❛✈❡'♠❡❧❤❛✱ ❝.♠❡'❛ ✐♥❢'❛✲

✈❡'♠❡❧❤❛✱ ❢❛♥4♦♠❛



❋✐❣✉❡✐%❡❞♦✱ ❆✳ ❆✳ ❆✳ ❯,❡ ♦❢ ,✉♣❡%✜❝✐❛❧ 3❡♠♣❡%❛3✉%❡ ❝♦%%❡❧❛3✐♦♥, ❛♥❞ 6✉❛❧✐✜❝❛3✐♦♥ ♦❢ 3❤❡ ✐♥❢%❛%❡❞

✐♠❛❣✐♥❣ 3❡❝❤♥✐6✉❡ ❢♦% 3❤❡ ❞❡3❡❝3✐♦♥ ❛♥❞ ❧♦❝❛3✐♦♥ ♦❢ ❜%❡❛,3 3✉♠♦%,✳ ✷✵✶✽✳ ✶✹✻♣✳ ?❤❉ ❚❤❡,✐, ✲

✭▼❡❝❤❛♥✐❝❛❧ ❊♥❣✐♥❡❡%✐♥❣ ?❤❉✮ ✲ ❋❡❞❡%❛❧ ❯♥✐✈❡%,✐3② ♦❢ ❯❜❡%❧I♥❞✐❛✱ ❯❜❡%❧I♥❞✐❛✱ ✷✵✶✽✳

❆❜"#$❛❝#

❇%❡❛,3 ❝❛♥❝❡% ✐, 3❤❡ ♠♦,3 ❢%❡6✉❡♥3❧② ❞✐❛❣♥♦,❡❞ ❝❛♥❝❡% 3②♣❡ ❛♠♦♥❣ ✇♦♠❡♥✱ ❡①❝❧✉❞✐♥❣ ♥♦♥✲

♠❡❧❛♥♦♠❛ ,❦✐♥ ❝❛♥❝❡%,✳ ■3 ✐, ❡,3✐♠❛3❡❞ 3❤❛3 ✺✾ ✼✵✵ ✇♦♠❡♥ ❛%❡ ❧✐❦❡❧② 3♦ ❜❡ ❞✐❛❣♥♦,❡❞ ✇✐3❤

❜%❡❛,3 ❝❛♥❝❡% ✐♥ 3❤❡ ❇%❛③✐❧ ✐♥ ✷✵✶✽✳ ▼❛♠♠♦❣%❛♣❤② ✐, 3❤❡ ♠❛✐♥ ,❝%❡❡♥✐♥❣ 3♦♦❧ ❢♦% 3❤❡ ❞✐❛❣♥♦,✐,

♦❢ 3❤❡ ❞✐,❡❛,❡✳ ❍♦✇❡✈❡%✱ 3❤❡%❡ ❛%❡ ,3✐❧❧ ,❡✈❡%❛❧ ❧✐♠✐3❛3✐♦♥, 3♦ 3❤❡ ❡①❛♠✐♥❛3✐♦♥✱ ♠❛❦✐♥❣ ✐3 ✐♠✲

♣♦,,✐❜❧❡ 3♦ ❞✐❛❣♥♦,❡ 3✉♠♦%, ❢♦% ❛ ❧❛%❣❡ ♣❛%3 ♦❢ 3❤❡ ♣♦♣✉❧❛3✐♦♥✳ ❚❤❡ ♦❜❥❡❝3✐✈❡ ♦❢ 3❤✐, ❚❤❡,✐, ✐,

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

❢%♦♠ ✐♥❢%❛%❡❞ ✐♠❛❣❡,✳ ❚❤❡ ♣%♦♣♦,❡❞ ♠❡3❤♦❞♦❧♦❣② ✐, ❜❛,❡❞ ♦♥ 3❤❡ ✉,❡ ♦❢ ,✉♣❡%✜❝✐❛❧ 3❡♠♣❡%❛3✉%❡

❝♦%%❡❧❛3✐♦♥, ♦❢ ❜%❡❛,3 ,❦✐♥ 3♦ ❞❡3❡❝3 3❤❡ ❤❡❛3 ,♦✉%❝❡ ❡♠✐33❡❞ ❜② ❛ 3✉♠♦%✳ ❚❤❡ ✐♥✢✉❡♥❝❡ ♦❢ 3❤❡%✲

♠♦♣❤②,✐❝❛❧ ♣%♦♣❡%3✐❡, ❛♥❞ ♣❛%❛♠❡3❡%, ❛%❡ ❛♥❛❧②③❡❞✱ ,❤♦✇✐♥❣ 3❤❛3 3❤❡ ♣%✐♦% ❦♥♦✇❧❡❞❣❡ ♦❢ 3❤❡

3✉♠♦% ❝❤❛%❛❝3❡%✐,3✐❝, ✐, ♥♦3 ♥❡❝❡,,❛%② ❢♦% 3❤❡ ❞❡3❡❝3✐♦♥ ♦❢ ✐3, ❝❡♥3❡%✳ ■♥✐3✐❛❧❧②✱ 3❤❡ ❡,3✐♠❛3✐♦♥

♦❢ ❝❛♥❝❡% ❧♦❝❛❧✐③❛3✐♦♥ ✇❛, ♣❡%❢♦%♠❡❞ ✉,✐♥❣ ,✐♠✉❧❛3❡❞ 3❤❡%♠♦❣%❛♣❤② ✐♥ 3❤❡ ❝♦♠♠❡%❝✐❛❧ ,♦❢3✇❛%❡

❈❖▼❙❖▲ ❢%♦♠ ❛ 3❤%❡❡✲❞✐♠❡♥,✐♦♥❛❧ ❤❡♠✐,♣❤❡%✐❝❛❧ ❜%❡❛,3 ❣❡♦♠❡3%② ❢♦% ,✐① ❞✐✛❡%❡♥3 ❝❛,❡,✳ ❋♦%

3❤❡ ,✐♠✉❧❛3❡❞ ✸❉ ❝❛,❡, ✇❤❡%❡ 3❤❡ 3✉♠♦% ✇❛, ♣♦,✐3✐♦♥❡❞ ✐♥ 3❤❡ ❝❡♥3❡% ♦❢ 3❤❡ ❜%❡❛,3 ❛♥❞ ❛3 ❞✐❢✲

❢❡%❡♥3 ❞❡♣3❤,✱ 3❤❡ ✐♥❝❧✉,✐♦♥, ❞❡3❡❝3❡❞ ✇❡%❡ ❛❝❝✉%❛3❡❧② ♦❜3❛✐♥❡❞✳ ❋♦% 3❤❡ ,✐♠✉❧❛3✐♦♥ ✇❤❡%❡ 3❤❡

3✉♠♦% ✇❛, ✐♥,❡%3❡❞ ❞❡❝❡♥3%❛❧✐③❡❞✱ 3❤❡ ❡,3✐♠❛3❡ ✇❛, ❛❝❝✉%❛3❡✱ ✇✐3❤ ❛ ♠❛①✐♠✉♠ ❡%%♦% ♦❢ ✷✪✳

❊①♣❡%✐♠❡♥3❛❧ ❛♥❛❧②,✐, ✇❛, ♣❡%❢♦%♠❡❞ ✉,✐♥❣ ❛♥ ✐♥❢%❛%❡❞ ❝❛♠❡%❛ 3♦ ❛❝6✉✐%❡ 3❤❡%♠♦❣%❛♣❤, ❢%♦♠

♣❤❛♥3♦♠ 3✐,,✉❡, ♦❢ 3❤❡ ,✐❧✐❝♦♥❡✳ ■♥ 3✇♦ ❡①♣❡%✐♠❡♥3❛❧ ❝❛,❡, ✇❤❡%❡ 3❤❡ 3✉♠♦% ✇❛, ♣♦,✐3✐♦♥❡❞ ✐♥

3❤❡ ❝❡♥3❡% ❛♥❞ ❛3 ❞✐✛❡%❡♥3 ❞❡♣3❤,✱ 3❤❡ ❞❡3❡❝3✐♦♥ ♦❢ 3❤❡ ❤❡❛3 ,♦✉%❝❡ ❝❡♥3❡% ✇❛, ♦❜3❛✐♥❡❞ ✇✐3❤

♦♥❧② ✸✳✽ ✪ ❡%%♦%✳ ❋♦% 3❤❡ ❝❛,❡ ✇❤❡%❡ 3❤❡ 3✉♠♦% ✇❛, ❞❡❝❡♥3%❛❧✐③❡❞✱ 3❤❡ ❡%%♦% ✐♥ 3❤❡ ❡,3✐♠❛3❡ ✇❛,

✹✳✺ ✪✳ ❖3❤❡% ♥✉♠❡%✐❝❛❧ ❡,3✐♠❛3❡, ✇❡%❡ ♠❛❞❡ ✉,✐♥❣ ❛ %❡❛❧ 3✇♦✲❞✐♠❡♥,✐♦♥❛❧ ❜%❡❛,3 ❣❡♦♠❡3%② ❛♥❞

❛ 3❤%❡❡✲❞✐♠❡♥,✐♦♥❛❧ ❣❡♦♠❡3%② ♦❜3❛✐♥❡❞ ❜② ❞✐❣✐3❛❧ ,❝❛♥♥✐♥❣ ♦❢ ❛ ♠❛♠♠❛%② ♠♦❞❡❧✱ 3❤✉, ,❤♦✇✐♥❣

3❤❡ ♣%❡❝✐,✐♦♥ ♦❢ 3❤❡ 3❡❝❤♥✐6✉❡ ✐♥ ❡,3✐♠❛3✐♥❣ 3✉♠♦%, ✐♥ ✐%%❡❣✉❧❛% ❣❡♦♠❡3%✐❡,✳ ❚❤❡ 3❡❝❤♥✐6✉❡ ,❤♦✇,

❣%❡❛3 ♣♦3❡♥3✐❛❧ ❢♦% ✐♥ ✈✐✈♦ ❛♣♣❧✐❝❛3✐♦♥, ❛♥❞ ❝❛♥ ❜❡❝♦♠❡ ❛ ❣%❡❛3 3♦♦❧ 3♦ ✐♥❝%❡❛,❡ 3❤❡ ,♣❡❝✐✜❝✐3②

♦❢ 3❤❡%♠❛❧ ✐♠❛❣❡, ❢%♦♠ ✐♥❢%❛%❡❞ ❝❛♠❡%❛,✳

❑❡②✇♦(❞*✿ ❜(❡❛*. ❝❛♥❝❡(✱ ❝♦((❡❧❛.✐♦♥✱ ✐♥❢(❛(❡❞ .❤❡(♠♦❣(❛♣❤②✱ ✐♥❢(❛(❡❞ ❝❛♠❡(❛✱ ♣❤❛♥.♦♠ .✐**✉❡
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σ ❈♦♥8)❛♥)❡ ❞❡ ❙)❡❢❛♥✲❇♦❧)③❛♠♥♥ ❬W/(m2K4)❪

τatm ❚"❛♥8♠✐88✐✈✐❞❛❞❡ ❞❛ ❛)♠♦8❢❡"❛
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εobj ❊♠✐88✐✈✐❞❛❞❡ ❞♦ ♦❜❥❡)♦

c ❈❛❧♦" ❡8♣❡❝:✜❝♦ ❞♦ )❡❝✐❞♦ ❬J/(kgK)❪
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❪
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❪
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❪
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❪
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❪
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t ❚❡♠♣♦ ❬(❪
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♣)♦♣)✐❡❞❛❞❡# ❛❝N#3✐❝❛# ❞♦ 3❡❝✐❞♦ #❛✉❞J✈❡❧ ❡ ❝❛♥❝❡)2❣❡♥♦ ✭❲❆◆●✱ ✷✵✶✼✮✳

❖ ❡①❛♠❡ ❞❡ )❡##♦♥?♥❝✐❛ ♠❛❣♥A3✐❝❛ 3❛♠❜A♠ A ❢)❡I✉❡♥3❡♠❡♥3❡ )❡❛❧✐③❛❞♦ ♣❛)❛ ♠❡❞✐) ♦ 3❛♠❛✲

♥❤♦ ❞♦ ❝?♥❝❡) ❡ ♣)♦❝✉)❛) ♦✉3)♦# 3✉♠♦)❡# ❡♠ ♠✉❧❤❡)❡# ❥J ❞✐❛❣♥♦#3✐❝❛❞❛# ❝♦♠ ❝?♥❝❡) ❞❡ ♠❛♠❛✳

d♦)A♠✱ ♣♦##✉✐ ✉♠❛ ❛❧3❛ 3❛①❛ ❞❡ )❡#✉❧3❛❞♦# ❢❛❧#♦✲♣♦#✐3✐✈♦ ✭❲❆◆●✱ ✷✵✶✼✮✳

◆❛# N❧3✐♠❛# ❞A❝❛❞❛#✱ ❛ ♥❡❝❡##✐❞❛❞❡ ❞❡ ❞✐❛❣♥>#3✐❝♦# ♠❛✐# ❡✜❝❛③❡# ❡ ❞❡ ❜❛✐①♦ ❝✉#3♦ ❧❡✈♦✉ ❛♦

❞❡#❡♥✈♦❧✈✐♠❡♥3♦ ❞❡ ♥♦✈❛# 3❡❝♥♦❧♦❣✐❛#✱ I✉❡ ✈e♠ #❡♥❞♦ ❡①♣❡)✐♠❡♥3❛❞❛# ♣❡❧❛ ❝♦♠✉♥✐❞❛❞❡ ♠A❞✐❝❛

♣❛)❛ ❛✉①✐❧✐❛) ♥❛ ❞❡3❡❝49♦ ♣)❡❝♦❝❡ ❞♦ ❝?♥❝❡) ❞❡ ♠❛♠❛✳ ❉❡#3❛#✱ ❛ ❆♠❡)✐❝❛♥ ❈❛♥❝❡) ❙♦❝✐❡3②

❞❡#3❛❝❛✿ ❛ 3♦♠♦##2♥3❡#❡ ♠❛♠J)✐❛✱ ❛ ✐♠❛❣❡♠ >♣3✐❝❛ ♠❛♠J)✐❛✱ ❛ ✐♠❛❣❡♠ ♠♦❧❡❝✉❧❛) ♠❛♠J)✐❛✱ ❛

♠❛♠♦❣)❛✜❛ ♣♦) ❡♠✐##9♦ ❞❡ ♣>#✐3)♦♥#✱ ❛ ✐♠♣❡❞?♥❝✐❛ ❡❧A3)✐❝❛ ❡ ❛ ❡❧❛#3♦❣)❛✜❛ ✭❙❖❈■❊❚❨✱ ✷✵✶✽❧✮✳

❉❡♥3)❡ ♦# ❡①❛♠❡# ❡♠ ❞❡#❡♥✈♦❧✈✐♠❡♥3♦ ♣❛)❛ ❛✉①✐❧✐❛) ♥❛ ❞❡3❡❝49♦ ♣)❡❝♦❝❡ ❞♦ ❝?♥❝❡) ❞❡ ♠❛♠❛✱

❡①✐#3❡ 3❛♠❜A♠ ❛ 3❡)♠♦❣)❛✜❛ ✐♥❢)❛✈❡)♠❡❧❤❛✳ ❆ 3❡)♠♦❣)❛✜❛ ✉#❛ ✉♠❛ ❝?♠❡)❛ ✐♥❢)❛✈❡)♠❡❧❤❛ ♣❛)❛

♠❡❞✐) ❛ 3❡♠♣❡)❛3✉)❛ ❞❛ ♣❡❧❡ ♥❛ #✉♣❡)❢2❝✐❡ ❞❛ ♠❛♠❛✳ ❈♦♠♦ ❛# ❝A❧✉❧❛# ❝❛♥❝❡)2❣❡♥❛# ♣♦##✉❡♠

✉♠ ✢✉①♦ #❛♥❣✉2♥❡♦ ❡ ♠❡3❛❜♦❧✐#♠♦ ❞✐❢❡)❡♥❝✐❛❞♦ ❡♠ )❡❧❛49♦ ❛# ❝A❧✉❧❛# #❛✉❞J✈❡✐#✱ ❡#3❛ ❛❧3❡)❛49♦

❞❡✈✐❞♦ ❛♦ 3✉♠♦) A 3)❛♥#♠✐3✐❞❛ ♣❛)❛ ♦ 3❡❝✐❞♦ ❝✐)❝✉♥❞❛♥3❡ ❡ ♣♦❞❡ ❛❧3❡)❛) ❛ 3❡♠♣❡)❛3✉)❛ ♥❛

#✉♣❡)❢2❝✐❡ ❞❛ ♠❛♠❛ ❡✱ ♣♦) ✜♠✱ ❛ ❝?♠❡)❛ ✐♥❢)❛✈❡)♠❡❧❤❛ ♣♦❞❡ #❡) ❝❛♣❛③ ❞❡ ❞❡3❡❝3❛) ❡##❡ ❝❛♠♣♦

3A)♠✐❝♦ ❛♥♦)♠❛❧ ✭❑❘❖❊▼❊❘❀ d❖❯❨❙❙❊●❯❘✱ ✷✵✵✽✮✳



✸

❖ ❢❛$♦ ❞❡ (✉❡ ❛ ❛❧$❡+❛,-♦ ❞❛ ❡♥❡+❣✐❛ $1+♠✐❝❛ ✐♥❛$❛ ❞♦ ❝♦+♣♦ ❤✉♠❛♥♦ ♣♦❞❡ 6❡+ ✉♠ ✐♥❞7❝✐♦

♣❛+❛ ❞✐❛❣♥86$✐❝♦ ❞❡ ✉♠❛ ❞♦❡♥,❛ ❥: ❡+❛ ❛✜+♠❛❞♦ ♣♦+ ❍✐♣8❝+❛$❡6 ✭✹✻✵ ✲ ✸✼✵ ❛✳❈✮✱ ❝♦♥6✐❞❡+❛❞♦ ♦

✏♣❛✐ ❞❛ ♠❡❞✐❝✐♥❛✑✳ ❉❡6❞❡ ❡♥$-♦✱ ❛6 ✐♥✈❡6$✐❣❛,K❡6 ❡ ♦❜6❡+✈❛,K❡6 ❝❧7♥✐❝❛6 ♠♦6$+❛+❛♠ (✉❡ ❝❡+$❛6

$❡♠♣❡+❛$✉+❛6 +❡❧❛$✐✈❛6 ❛♦ ❝♦+♣♦ ❤✉♠❛♥♦ ❡+❛♠ ✉♠ ❢❛$♦+ ✐♥❞✐❝❛$✐✈♦ ❞❡ ♣+♦❝❡66♦6 ✜6✐♦❧8❣✐❝♦6

♥♦+♠❛✐6 ❡ ❛♥♦+♠❛✐6 ✭❍■NN❖❈❘❆❚❊❙❀ ❆❉❆▼❙✱ ✶✽✹✾✮✳

▲❛✇6♦♥ ✭✶✾✺✻✮ ❢♦✐ ✉♠ ❞♦6 ♣+✐♠❡✐+♦6 ♣❡6(✉✐6❛❞♦+❡6 ❛ +❡❧❛$❛+ ♦ ✉6♦ ❞❡ ♠❡❞✐,K❡6 ❞❡ $❡♠♣❡✲

+❛$✉+❛6 ♥❛ 6✉♣❡+❢7❝✐❡ ❡①$❡+♥❛ ❞♦ ❝♦+♣♦ ❝♦♠♦ ✉♠ ♣♦667✈❡❧ ♠1$♦❞♦ ♣❛+❛ ♦ ❞✐❛❣♥86$✐❝♦ ❞♦ ❝]♥❝❡+

❞❡ ♠❛♠❛✳ N♦6$❡+✐♦+♠❡♥$❡✱ ▲❛✇6♦♥ ✫ ❈❤✉❣❤$❛✐ ✭✶✾✻✸✮ ✉6❛+❛♠ ❝]♠❡+❛6 ✐♥❢+❛✈❡+♠❡❧❤❛6 ♣❛+❛

❞❡$❡+♠✐♥❛+ (✉❡ ❛ $❡♠♣❡+❛$✉+❛ 6✉♣❡+✜❝✐❛❧ ❞♦ ❝♦+♣♦ ❡♠ $♦+♥♦ ❞❡ ✉♠ $✉♠♦+ 1 ❝❡+❝❛ ❞❡ ✷ ❽ ♠❛✐♦+

(✉❡ ❛ $❡♠♣❡+❛$✉+❛ ❞❛ 6✉♣❡+❢7❝✐❡ ❞❛ ♠❡6♠❛ +❡❣✐-♦ ♥♦ ❧❛❞♦ ♦♣♦6$♦ ❞❛ ♠❛♠❛ 6❛✉❞:✈❡❧✳

❉✉+❛♥$❡ ♦6 ♣+✐♠❡✐+♦6 ❛♥♦6 ❞♦ ✉6♦ ❞❛ $❡+♠♦❣+❛✜❛ ✐♥❢+❛✈❡+♠❡❧❤❛ ♣❛+❛ ❞✐❛❣♥♦6$✐❝❛+ ♦ ❝]♥❝❡+

❞❡ ♠❛♠❛✱ ❛ $❛①❛ ❞❡ +❡6✉❧$❛❞♦6 ♣+❡❝✐6♦6 ❡+❛ ❞❡ ❛♣❡♥❛6 ✹✶✪✳ ❊6$❛ ❜❛✐①❛ ♣+❡❝✐6-♦ ♦❝♦++❡✉ ♣+✐♥✲

❝✐♣❛❧♠❡♥$❡ ❞❡✈✐❞♦ a ❢❛❧$❛ ❞❡ ♣❛❞+K❡6 +❡❧❛$✐✈♦6 a6 ❝♦♥❞✐,K❡6 ❞❡ ♠❡❞✐,K❡6 ❞❡ $❡♠♣❡+❛$✉+❛✳ ❆❧1♠

❞✐66♦✱ ❛ ♠❛✐♦+✐❛ ❞♦6 ♠1❞✐❝♦6 ♥-♦ ❤❛✈✐❛♠ 6✐❞♦ $+❡✐♥❛❞♦6 ❝♦++❡$❛♠❡♥$❡ ♣❛+❛ ✉6❛+ ❛6 ❝]♠❡+❛6 ✐♥✲

❢+❛✈❡+♠❡❧❤❛6✳ ❆ ♣❛+$✐+ ❞♦6 ❛♥♦6 ✷✵✵✵✱ ❝♦♠ ♦ ❛✈❛♥,♦ $❡❝♥♦❧8❣✐❝♦✱ ♦6 ♣❡6(✉✐6❛❞♦+❡6 ♣❛66❛+❛♠ ❛

❡①♣❧♦+❛+ ❝♦♠ ♠❛✐6 ✐♥$❡♥6✐❞❛❞❡ ❛ $❡+♠♦❣+❛✜❛ ❝♦♠♦ ✉♠❛ ♣♦667✈❡❧ $1❝♥✐❝❛ ❞❡ $+✐❛❣❡♠ ♣❛+❛ ❞❡$❡❝$❛+

♣+❡❝♦❝❡♠❡♥$❡ ♦ ❝]♥❝❡+ ❞❡ ♠❛♠❛ ✭❑❆◆❉▲■❑❆❘ ❡! ❛❧✳✱ ✷✵✶✼✮✳

❉✐✈❡+6♦6 ❡6$✉❞♦6 +❡❝❡♥$❡6 +❡✈❡❧❛♠ ❛ ❡✜❝:❝✐❛ ❞❛ $❡+♠♦❣+❛✜❛ ✐♥❢+❛✈❡+♠❡❧❤❛ 6♦❜+❡ ♦✉$+♦6 ❡①❛✲

♠❡6 ♣❛+❛ ❛ ❞❡$❡❝,-♦ ❞♦ ❝]♥❝❡+ ❞❡ ♠❛♠❛ ✭❑❊◆◆❊❉❨❀ ▲❊❊❀ ❙❊❊▲❨✱ ✷✵✵✾❀ ❙❘❊❊ ❡! ❛❧✳✱

✷✵✶✶❀ ❇❖❘❈❍❆❘❚❚ ❡! ❛❧✳✱ ✷✵✶✸❀ ❘❆❙❚●❍❆▲❆▼❀ N❖❯❘●❍❆❙❙❊▼✱ ✷✵✶✻❀ N❆❱■❚❍❘❆ ❡!

❛❧✳✱ ✷✵✶✽✮✳ ❆❧❣✉♥6 ♦✉$+♦6 ❡6$✉❞♦6 ♣✉❜❧✐❝❛❞♦6 ♥♦6 i❧$✐♠♦6 ❛♥♦6 ❥: ❞❡♠♦♥6$+❛♠ ♦ ❝♦♥$+:+✐♦✱ ♦✉

6❡❥❛✱ ❛ ✐♥❡✜❝:❝✐❛ ❞❛ $❡+♠♦❣+❛✜❛ ✐♥❢+❛✈❡+♠❡❧❤❛ ❞❡✈✐❞♦ ❛ 6✉❛ ❜❛✐①❛ 6❡♥6✐❜✐❧✐❞❛❞❡ ❡ ❡6♣❡❝✐✜❝✐❞❛❞❡

✭◆■❊▲▲ ❡! ❛❧✳✱ ✷✵✶✼❀ ◆❊❆▲ ❡! ❛❧✳✱ ✷✵✶✽✮✳

❊♠ ✉♠❛ ❞❡❝❧❛+❛,-♦ ♦✜❝✐❛❧ ❞✐✈✉❧❣❛❞❛ ❡♠ ✷✼ ❞❡ ♦✉$✉❜+♦ ❞❡ ✷✵✶✼✱ ❛ ❆❞♠✐♥✐6$+❛,-♦ ❞❡ ❆❧✐♠❡♥✲

$♦6 ❡ ▼❡❞✐❝❛♠❡♥$♦6 ❞♦6 ❊❯❆ ✭❋❉❆✮✱ 8+❣-♦ ❞♦ ❣♦✈❡+♥♦ ❞♦6 ❊❯❆ +❡6♣♦♥6:✈❡❧ ♣❡❧♦ ❝♦♥$+♦❧❡ ❞♦6

❡(✉✐♣❛♠❡♥$♦6 ♠1❞✐❝♦6✱ ❛✜+♠❛ (✉❡ 6♦♠❡♥$❡ ❛ $❡+♠♦❣+❛✜❛ ✐♥❢+❛✈❡+♠❡❧❤❛ ❞❛ ♠❛♠❛ ♥-♦ 6✉❜6$✐$✉✐

❛ ♠❛♠♦❣+❛✜❛✳ N♦+1♠✱ ♥-♦ ❞❡6❝❛+$❛ ❛ $❡+♠♦❣+❛✜❛ ❝♦♠♦ ✉♠❛ ❢❡++❛♠❡♥$❛ ✏❛❞❥✉✈❛♥$❡✑ ♣❛+❛ ♦

❡①❛♠❡ ❞❡ ♠❛♠♦❣+❛✜❛ ✭●❖❯❘❉✱ ✷✵✶✼❀ ●❖❯❘❉✱ ✷✵✶✽✮✳

✶✳✶ ❖❜❥❡&✐✈♦*

❊6$❡ $+❛❜❛❧❤♦ $❡♠ ❝♦♠♦ ♦❜❥❡$✐✈♦ ♣+✐♥❝✐♣❛❧ ♦ ❞❡6❡♥✈♦❧✈✐♠❡♥$♦ ❞❡ ✉♠ ♣+♦❝❡❞✐♠❡♥$♦ (✉❡ ♣❡+✲

♠✐$❛ ❛ ❞❡$❡❝,-♦ ❡ ❧♦❝❛❧✐③❛,-♦ ❞❛ ♣♦6✐,-♦ ❝❡♥$+❛❧ ❞♦ ❝]♥❝❡+ ❞❡ ♠❛♠❛ ✉6❛♥❞♦ ❛ $❡+♠♦❣+❛✜❛ ✐♥❢+❛✲
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◆♦ ❝♦♥(❡①(♦ ♠2❞✐❝♦✱ (*❛(❛✲+❡ ❞❡ ✉♠ ♣*♦❝❡❞✐♠❡♥(♦ ♥/♦ ✐♥✈❛+✐✈♦✱ =✉❡ ♥/♦ ❡①♣H❡ ♦ ♣❛❝✐❡♥(❡ ❛

*❛❞✐❛7/♦✱ ♥❡♠ +❡=✉❡* ❛ ❝♦♠♣*❡++/♦ ❞♦ (❡❝✐❞♦ ♠❛♠I*✐♦ ✭❝♦♠♦ ♥❛ ♠❛♠♦❣*❛✜❛✮✳ ➱ ❡❝♦♥♦♠✐❝❛✲

♠❡♥(❡ ♠❛✐+ ✈✐I✈❡❧✱ =✉❛♥❞♦ ❝♦♠♣❛*❛❞♦ ❝♦♠ ♠2(♦❞♦+ (*❛❞✐❝✐♦♥❛✐+ ❥I ✉+❛❞♦+ ❢*❡=✉❡♥(❡♠❡♥(❡ ♣❛*❛

❛✉①✐❧✐❛* ♥♦ ❞✐❛❣♥C+(✐❝♦ ❞♦ ❝8♥❝❡* ❞❡ ♠❛♠❛✱ (❛✐+ ❝♦♠♦ ♠❛♠♦❣*❛✜❛✱ ✉❧(*❛++♦♠ ❡ *❡++♦♥8♥❝✐❛

♠❛❣♥2(✐❝❛✳

❆(✉❛❧♠❡♥(❡✱ ❛❧❣✉♥+ ❛✉(♦*❡+ ❞❡❢❡♥❞❡♠ =✉❡ ♦ ❞✐❛❣♥C+(✐❝♦ ❞♦ ❝8♥❝❡* ❞❡ ♠❛♠❛ ♣♦* ✐♠❛❣❡♠

(2*♠✐❝❛ +❡❥❛ ✉♠ ♠2(♦❞♦ ❛❞❥✉✈❛♥(❡✱ ♦✉ +❡❥❛✱ =✉❡ ❛✐♥❞❛ ❞❡✈❡ +❡* ✉(✐❧✐③❛❞♦ ❥✉♥(♦ ❛ ♦✉(*♦ ♠2(♦❞♦

❥I ❝♦♥+♦❧✐❞❛❞♦ ♣❡❧❛ ❝♦♠✉♥✐❞❛❞❡ ♠2❞✐❝❛✳

❆ ❆❝❛❞❡♠✐❛ ■♥(❡*♥❛❝✐♦♥❛❧ ❞❡ ❚❡*♠♦❧♦❣✐❛ ❈❧B♥✐❝❛ ❛✜*♠❛ =✉❡ ❛ (❡*♠♦❣*❛✜❛ ♣♦++✉✐ ❛ ❝❛♣❛✲

❝✐❞❛❞❡ ❞❡ ❞❡(❡❝(❛* ✉♠ ❡+(❛❞♦ ♣*2✲❝❛♥❝❡*♦+♦ ❞❛ ♠❛♠❛✱ ♦✉ +✐♥❛✐+ ❞❡ ❝8♥❝❡* ♥✉♠❛ ❢❛+❡ ♠✉✐(♦

♣*❡❝♦❝❡✳ ■+(♦ +❡ ❞❡✈❡ N+ ✈❛*✐❛7H❡+ ❞❡ (❡♠♣❡*❛(✉*❛ ❡ ❛+ ❛❧(❡*❛7H❡+ ❞♦+ ✈❛+♦+ +❛♥❣✉B♥❡♦+ ♣*♦✲

❞✉③✐❞♦+ ♣❡❧❛+ ♣*✐♠❡✐*❛+ ❛❧(❡*❛7H❡+ ♥❛ ✜+✐♦❧♦❣✐❛ ❞♦ (❡❝✐❞♦✳ ◆♦ ❡♥(❛♥(♦✱ ❛ (❡*♠♦❣*❛✜❛ ♥/♦ (❡♠
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C❛*❛ ♦ ❈♦❧D❣✐♦ ❆♠❡*✐❝❛♥♦ ❞❡ ❚❡*♠♦❧♦❣✐❛ ❈❧E♥✐❝❛✱ ❛ (❡*♠♦❣*❛✜❛ D ✉♠ ♠❛*❝❛❞♦* ❞❡ *✐3❝♦

♣*❡❝♦❝❡ ✈❛❧✐♦3♦ ❡ 3❡❣✉*♦ ❞❡ ♣❛(♦❧♦❣✐❛ ♠❛♠G*✐❛ ❡ ✉♠❛ ❡①❝❡❧❡♥(❡ ❢❡**❛♠❡♥(❛ I✉❛♥❞♦ ✉3❛❞❛ 3♦❜
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❆ ❋❉❆✱ ❝♦♠♦ ❥G ♠❡♥❝✐♦♥❛❞♦✱ ❛✜*♠❛ I✉❡ ❛ (❡*♠♦❣*❛✜❛ ♥/♦ ❞❡✈❡ 3❡* ✉3❛❞❛ ❝♦♠♦ 3✉❜3(✐(✉(♦

❞❛ ♠❛♠♦❣*❛✜❛ ♣❛*❛ ♦ *❛3(*❡❛♠❡♥(♦ ♦✉ ❞✐❛❣♥73(✐❝♦ ❞♦ ❝N♥❝❡* ❞❡ ♠❛♠❛✳ ❖❜3❡*✈❛♥❞♦ I✉❡ ♥/♦
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❞❡ ❡✈✐❞P♥❝✐❛3 3♦❜*❡ ❛ ❡✜❝G❝✐❛ ❞❡3(❛ ♠♦❞❛❧✐❞❛❞❡ ❞❡ *❛3(*❡❛♠❡♥(♦ D ♦ ❢❛(♦* ♣*✐♥❝✐♣❛❧ ♣❛*❛ ♦

♣♦3✐❝✐♦♥❛♠❡♥(♦ ❝♦♥(*G*✐♦ ❛♦ ✉3♦ ❞❛3 ✐♠❛❣❡♥3 (D*♠✐❝❛3 ♣❛*❛ ♦ ❞✐❛❣♥73(✐❝♦ ❞♦ ❝N♥❝❡*✳ ❆❧D♠

❞✐33♦✱ ♦3 ❡❢❡✐(♦3 ❝♦❧❛(❡*❛✐3 ❛❞✈✐♥❞♦3 ❞❡ *❡3✉❧(❛❞♦3 ❢❛❧3♦✲♣♦3✐(✐✈♦3 ❡ ❢❛❧3♦✲♥❡❣❛(✐✈♦3 ♥/♦ ❢♦*❛♠
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♥❛ ❝♦♥❞✐53♦ ❞❡ ♣%'✲%❡❢%✐❣❡%❛53♦✱ ❝♦♥❝❧✉✐♥❞♦ ❛11✐♠ 9✉❡ ❛ %❡❞✉53♦ ❞❡ &❡♠♣❡%❛&✉%❛ ♥❛ 1✉♣❡%❢:❝✐❡

♥3♦ ♠❡❧❤♦%❛ ❛ ❡✜❝✐<♥❝✐❛ ❞♦ 1✐1&❡♠❛ ❞❡ ❞❡&❡❝53♦ ❞❡ ❛♥♦%♠❛❧✐❞❛❞❡1 ♠❛♠=%✐❛1✳ ❆ &'❝♥✐❝❛ ✉1❛❞❛

1✉♣❡%❛ ❛ &❡%♠♦❣%❛✜❛ ❝♦♥✈❡♥❝✐♦♥❛❧ ❡♠ %❡❧❛53♦ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❧♦❝❛❧✐③❛% ❛ ❛♥♦%♠❛❧✐❞❛❞❡ ❡ ♣%❡✈❡%

❛ 1✉❛ ♠❛❧✐❣♥✐❞❛❞❡ 9✉❛♥❞♦ ✉1❛❞❛ ❝♦♠♦ ❢❡%%❛♠❡♥&❛ ❝♦♠♣❧❡♠❡♥&❛% ❥✉♥&♦ ❝♦♠ ❛ ✉❧&%❛11♦♥♦❣%❛✜❛✳

❍❛♥ ❡! ❛❧✳ ✭✷✵✶✺✮ ❛✈❛❧✐❛%❛♠ ❛ ✈✐❛❜✐❧✐❞❛❞❡ ❡ ❡✜❝=❝✐❛ ❞❛ ❡1&✐♠❛&✐✈❛ ❞❛ ❣❡%❛53♦ ❞❡ ❝❛❧♦% ❡

♣%♦❢✉♥❞✐❞❛❞❡ ❞♦ &✉♠♦% ❞❡ ♠❛♠❛ ❡♠ 9✉❛&%♦ ❞✐❢❡%❡♥&❡1 ❝❛1♦1 ❞❡ ♣❛❝✐❡♥&❡1✳ ❯♠❛ 1♦❧✉53♦ ❡♠

%❡❣✐♠❡ ❡1&❛❝✐♦♥=%✐♦ ♣❛%❛ ❛ &%❛♥1❢❡%<♥❝✐❛ ❞❡ ❝❛❧♦% ❢♦✐ ♦❜&✐❞❛ ❝♦♥1✐❞❡%❛♥❞♦ ✉♠❛ ❢♦♥&❡ ❞❡ ❝❛❧♦%

♣♦♥&✉❛❧ ❞❡♥&%♦ ❞♦ &❡❝✐❞♦✳ ❈♦♠ ❜❛1❡ ♥❡11❛ 1♦❧✉53♦✱ ❢♦✐ ❞❡1❡♥✈♦❧✈✐❞♦ ✉♠ ❛❧❣♦%✐&♠♦ 9✉❡ ❣❡%❛

1♦❧✉5L❡1 ♣❛%❛ ♦ ♠♦❞❡❧♦ ❞❡ ❝♦♥❞✉53♦ ♥3♦ ❧✐♥❡❛%✳ ❯1❛♥❞♦ ❛ ❛♥=❧✐1❡ ❞❡ ❛❥✉1&❡ ♥3♦ ❧✐♥❡❛%✱ ✉♠❛

❞✐1&%✐❜✉✐53♦ %❡❣✉❧❛% ❢♦✐ ❞❡%✐✈❛❞❛ ❞♦1 ♣❛❞%L❡1 &'%♠✐❝♦1 ❞❛1 ✐♠❛❣❡♥1 ♦❜&✐❞❛1 ♥❛ 1✉♣❡%❢:❝✐❡ ❞❛

♣❡❧❡ ♣♦% ✉♠❛ ❝#♠❡%❛ ✐♥❢%❛✈❡%♠❡❧❤♦✳ ❖1 %❡1✉❧&❛❞♦1 ♠♦1&%❛%❛♠ 9✉❡ ♦1 ✈❛❧♦%❡1 ❡1&✐♠❛❞♦1 ❞❛

❢♦♥&❡ ❞❡ ❝❛❧♦% ❡♠ ❝❛1♦1 ♠❛❧✐❣♥♦1 ❢♦%❛♠ ♠✉✐&♦ ♠❛✐♦%❡1 ❞♦ 9✉❡ ♦1 ❜❡♥✐❣♥♦1✱ ✐♥❞❡♣❡♥❞❡♥&❡ ❞❛

❞❡♥1✐❞❛❞❡ ♠❛♠=%✐❛✳ ❆1 ♣%♦❢✉♥❞✐❞❛❞❡1 ❡1&✐♠❛❞❛1 ♣❛%❛ ♦1 &✉♠♦%❡1 ✐♥❞✐❝❛%❛♠ ✉♠ ❝♦❡✜❝✐❡♥&❡ ❞❡

❝♦%%❡❧❛53♦ ❡♥&%❡ ♦1 ♣❛❞%L❡1 &'%♠✐❝♦1 1✐♠✉❧❛❞♦1 ❡ ❡①♣❡%✐♠❡♥&❛✐1 ❛❝✐♠❛ ❞❡ ✵✱✾✽✱ ♣♦%'♠ ♥3♦ ❢♦%❛♠

❝♦♠♣❛%❛❞❛1 ❝♦♠ ♣❛%#♠❡&%♦1 %❡❛✐1 ♠❡❞✐❞♦1✳

❉❛1 ✫ ▼✐1❤%❛ ✭✷✵✶✺✮ ❛♣%❡1❡♥&❛%❛♠ ✉♠ ❡1&✉❞♦ ♥✉♠'%✐❝♦ ♣❛%❛ ❞❡&❡%♠✐♥❛% ♦ &❛♠❛♥❤♦✱ ❧♦✲

❝❛❧✐③❛53♦ %❛❞✐❛❧ ❡ ❛♥❣✉❧❛% ❞❡ &✉♠♦%❡1 ♠❛♠=%✐♦1 ✸❉✳ ❖1 ❛✉&♦%❡1 ❛✜%♠❛♠ 9✉❡ ✉♠ ♣❡%✜❧ ❞❡

&❡♠♣❡%❛&✉%❛ ♥❛ 1✉♣❡%❢:❝✐❡ ❞❛ ♠❛♠❛ ' ❡1♣❡❝:✜❝♦ ❞❡ ✉♠ ❝❡%&♦ &❛♠❛♥❤♦ ❡ ❧♦❝❛❧✐③❛53♦ ❞♦ &✉♠♦%✳

❆✜%♠❛♠ ❛✐♥❞❛ 9✉❡ ♦1 ♣❡%✜1 ❞❡ &❡♠♣❡%❛&✉%❛ 13♦ 1❡♠♣%❡ ✉♠❛ ❞✐1&%✐❜✉✐53♦ ❣❛✉11✐❛♥❛✱ ❡♠❜♦%❛

1❡✉ ♣✐❝♦ ❡ =%❡❛ 1❡ ❞✐❢❡%❡♠ ❡♠ %❛③3♦ ❞♦ &❛♠❛♥❤♦ ❡ ❧♦❝❛❧✐③❛53♦ ❞♦ &✉♠♦%✳ T❛%❛ ❛ ♦❜&❡♥53♦ ❞♦1

♣❡%✜1 ❞❡ &❡♠♣❡%❛&✉%❛1 ♥❛ 1✉♣❡%❢:❝✐❡ ❞❛ ♠❛♠❛ ♦❜&✐✈❡%❛♠ ❛ 1♦❧✉53♦ ❞❛ ❡9✉❛53♦ ❞❡ T❡♥♥❡1 ✉1❛♥❞♦

♦ 1♦❢&✇❛%❡ ❝♦♠❡%❝✐❛❧ ❈❖▼❙❖▲✳ ❆♣X1 ❛ ♦❜&❡♥53♦ ❞♦1 ♣❡%✜1 &'%♠✐❝♦1✱ %❡❛❧✐③❛%❛♠ ❛ ❡1&✐♠❛&✐✈❛

1✐♠✉❧&#♥❡❛ ❞♦ &❛♠❛♥❤♦✱ ❧♦❝❛❧✐③❛53♦ %❛❞✐❛❧ ❡ ❛♥❣✉❧❛% ❞♦ &✉♠♦% ✉1❛♥❞♦ ♦ ♠'&♦❞♦ ❞❡ ❛❥✉1&❡ ❞❡

❝✉%✈❛✳ ❖1 %❡1✉❧&❛❞♦1 ❞❛1 ❡1&✐♠❛&✐✈❛1 ❞♦1 ♣❛%#♠❡&%♦1 ❞♦ &✉♠♦% ❛♣%❡1❡♥&❛%❛♠ ✈❛❧♦%❡1 ❞❡ ❡%%♦1

❜❛✐①♦1 ♣❛%❛ ❞❛❞♦1 ❞❡ &❡♠♣❡%❛&✉%❛1 ❞❡ ❡♥&%❛❞❛ 1❡♠ %✉:❞♦✳ T❛%❛ ♦1 ❝❛1♦1 ❝♦♠ ❛❞✐53♦ ❞❡ %✉:❞♦

♥❛1 &❡♠♣❡%❛&✉%❛1 1✐♠✉❧❛❞❛1 ❢♦%❛♠ ♦❜&✐❞♦1 ❡%%♦1 ❞❡ ♥♦ ♠=①✐♠♦ ✶✹✱✺✪✳

❙❛❞❡❣❤✐✲●♦✉❣❤❛%✐ ✫ ▼♦❥%❛ ✭✷✵✶✺❛✮ %❡❛❧✐③❛%❛♠ ✉♠ ❡1&✉❞♦ ♥✉♠'%✐❝♦ ❛❜♦%❞❛♥❞♦ ♦ ✉1♦ ❞❛

✐♠❛❣❡♠ &'%♠✐❝❛ ✐♥&%❛✲♦♣❡%❛&✐✈❛ ✭■❚■✮ ♣❛%❛ ❧♦❝❛❧✐③❛% ❛♥♦%♠❛❧✐❞❛❞❡1 ❡♠ &❡❝✐❞♦1 ❝❡%❡❜%❛✐1✱ ♠❡❧❤♦✲

%❛♥❞♦ ❛11✐♠ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❞✐❛❣♥X1&✐❝♦ ❞♦ ❝✐%✉%❣✐3♦✳ ❆ &'❝♥✐❝❛ ❞❡ &❡%♠♦❣%❛✜❛ ❛11♦❝✐❛❞❛ ❛♦

♠'&♦❞♦ ❞❡ ❞❡&❡❝53♦ &=&✐❧ ❛%&✐✜❝✐❛❧ ❞❡♥♦♠✐♥❛❞❛ ✏&❡%♠♦❣%❛✜❛ ❤=♣&✐❝❛✑ ❢♦✐ ✉1❛❞❛ ♣❛%❛ ✐♥✈❡1&✐❣❛%

❛ ♣%❡1❡♥5❛ ❞❡ ✉♠ ♦❜❥❡&♦ ❛♥♦%♠❛❧ ❝♦♠♦ ✉♠ &✉♠♦% ❝♦♠ ✉♠❛ &❡♠♣❡%❛&✉%❛ ❡❧❡✈❛❞❛ ❡♠ %❡❧❛53♦

❛♦ &❡❝✐❞♦ ♥♦%♠❛❧ ♥♦ ❝'%❡❜%♦✳ ❇❛1❡❛♥❞♦✲1❡ ♥✉♠❛ ❛♥=❧✐1❡ ❞❡ ❡❧❡♠❡♥&♦1 ✜♥✐&♦1 ❡♠ %❡❣✐♠❡ ♣❡%✲



✶✸

♠❛♥❡♥&❡✱ ♦ &❡❝✐❞♦ ❝❡,❡❜,❛❧ ,❡❛❧ ✸❉ ❢♦✐ 1✐♠✉❧❛❞♦ ♣❛,❛ ❛ ❛♣❧✐❝❛45♦ ❞❛ ♠❡&♦❞♦❧♦❣✐❛ ♣,♦♣♦1&❛✳ ❖1

,❡1✉❧&❛❞♦1 ♥✉♠9,✐❝♦1 ✐♥❞✐❝❛,❛♠ :✉❡ 9 ♣♦11;✈❡❧ ❞❡&❡❝&❛, &✉♠♦,❡1 ❝❡,❡❜,❛✐1 ❛&,❛✈91 ❞❛ ✈✐1✉❛❧✐✲

③❛45♦ ❞❛1 &❡♠♣❡,❛&✉,❛1 ♠❡❞✐❞❛1 ♥❛ 1✉♣❡,❢;❝✐❡ ❞♦ &❡❝✐❞♦✳ ❖1 ❛✉&♦,❡1 ❞❡1&❛❝❛,❛♠ ❛✐♥❞❛ :✉❡ ❛

♣,♦❢✉♥❞✐❞❛❞❡ ❡ ♦ &❛♠❛♥❤♦ ❞♦ &✉♠♦, 15♦ ♣❛,@♠❡&,♦1 ❢✉♥❞❛♠❡♥&❛✐1 ♣❛,❛ ❛ ❝♦♥✜,♠❛45♦ ❞❡ ✉♠

,❡1✉❧&❛❞♦ 1❛&✐1❢❛&B,✐♦ ♣❛,❛ ♦ ♠9&♦❞♦✳

❊♠ ♦✉&,♦ &,❛❜❛❧❤♦✱ ❙❛❞❡❣❤✐✲●♦✉❣❤❛,✐ ✫ ▼♦❥,❛ ✭✷✵✶✺❜✮ ❛✜,♠❛,❛♠ :✉❡ ❛ ✐♠❛❣❡♠ &9,♠✐❝❛

✐♥&,❛✲♦♣❡,❛&B,✐❛ 9 ✉♠ ♠9&♦❞♦ ❞❡ ♥❡✉,♦✐♠❛❣❡♠ ♥5♦ ✐♥✈❛1✐✈♦ :✉❡ ♣♦❞❡ ✐♥❞✐❝❛, ❛1 ♠❛,❣❡♥1 ❞❡

&✉♠♦,❡1 ❝❡,❡❜,❛✐1 ♣,✐♠N,✐♦1 ❡ ♠❡&❛1&N&✐❝♦1 ✭❛:✉❡❧❡ :✉❡ 1❡ ❡1♣❛❧❤♦✉ ❛ ♣❛,&✐, ❞♦ ❧✉❣❛, ♦♥❞❡ 1❡

✐♥✐❝✐♦✉ ♣❛,❛ ♦✉&,♦ ❧♦❝❛❧ ❞♦ ❝♦,♣♦✮✳ ◆❡1&❡ ❡1&✉❞♦✱ ✉♠ ,♦❜P ❢♦✐ ❞❡1❡♥✈♦❧✈✐❞♦ ♣❛,❛ ♣❛❧♣❛, ♦ ❝9,❡❜,♦

❡ ♣♦1&❡,✐♦,♠❡♥&❡ ✐❞❡♥&✐✜❝❛, ❛ ❧♦❝❛❧✐③❛45♦ ❞♦ &✉♠♦, ❞✉,❛♥&❡ ♦ ❞✐❛❣♥B1&✐❝♦ ♠✐♥✐♠❛♠❡♥&❡ ✐♥✈❛1✐✈♦

❡♠ ♥❡✉,♦❝✐,✉,❣✐❛✳ ❆ ✈❛,✐❛45♦ ❞❡ &❡♠♣❡,❛&✉,❛ ❞♦ &❡❝✐❞♦ ♦❜&✐❞❛ ♣❡❧♦ 1❡♥1♦, &9,♠✐❝♦ ❧♦❝❛❧✐③❛❞♦

♥♦ ❛♣❛❧♣❛❞♦, ❞♦ ,♦❜P ❢♦✐ ✉1❛❞❛ ❝♦♠♦ ❢❛&♦, ❞❡ ❡①✐1&S♥❝✐❛ ❞♦ &✉♠♦,✳ ❖1 ❡①♣❡,✐♠❡♥&♦1 ❢♦,❛♠

,❡❛❧✐③❛❞♦1 ✉1❛♥❞♦ ✉♠ &❡❝✐❞♦ ❢❛♥&❛1♠❛ ❞❡ N❣❛, 1✐♠✉❧❛♥❞♦ ♦ ❝9,❡❜,♦ ❥✉♥&❛♠❡♥&❡ ❝♦♠ ❛ ♣,❡1❡♥4❛

✐♥&❡,♥❛ ❞❡ ✉♠ ❛:✉❡❝❡❞♦, ❞❡ ,❡1✐1&S♥❝✐❛ ❝♦♠♦ 1❡♥❞♦ ✉♠ &✉♠♦,✳ ❖1 ,❡1✉❧&❛❞♦1 ❡①♣❡,✐♠❡♥&❛✐1
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❝♦♠ /✉P❞♦ ❞❡ ±✶✵✪ ✐♥*❡/✐❞♦ ♥❛* $❡♠♣❡/❛$✉/❛* ❛♥❛❧P$✐❝❛* $✐✈❡/❛♠ ❡//♦* ❞❡ ✻✻✪ ♥❛ ❡*$✐♠❛$✐✈❛

❞❛ ♣/♦❢✉♥❞✐❞❛❞❡✱ ✶✶✪ ♥♦ /❛✐♦ ❡ ✹✪ ♥❛ ✐♥$❡♥*✐❞❛❞❡ ❞♦ $✉♠♦/✳

❋✉ ❡! ❛❧✳ ✭✷✵✶✼✮ ❛♥❛❧✐*❛/❛♠ ♦ ❝♦♠♣♦/$❛♠❡♥$♦ $2/♠✐❝♦ ❞❡♥$/♦ ❞♦ $❡❝✐❞♦ ❞❛ ♣❡❧❡ ❝♦♠ ❛ ♣/❡✲

*❡♥&❛ ❞❡ ✉♠ $✉♠♦/✳ ❆* $❡♠♣❡/❛$✉/❛* *✐♠✉❧❛❞❛* ❢♦/❛♠ ♦❜$✐❞❛* ❛$/❛✈2* ❞♦ ♠2$♦❞♦ ❞❡ *♦❧✉&+❡*



✶✻

♣❛$%✐❝✉❧❛$❡+ ❛♣$♦①✐♠❛❞❛+ ✭▼❆3❙✮ ♣❛$❛ ♦+ ♠♦❞❡❧♦+ %$✐❞✐♠❡♥+✐♦♥❛✐+ ❡+%✉❞❛❞♦+✳ ❖+ $❡+✉❧%❛❞♦+

♠♦+%$❛$❛♠ 9✉❡ ♦+ %✉♠♦$❡+ ❡❧✐♣+♦✐❞❡ ❡ ❤✐♣❡$❜♦❧♦✐❞❡ ♣$♦♣♦$❝✐♦♥❛$❛♠ ❝♦♠♣♦$%❛♠❡♥%♦+ %<$♠✐❝♦+

♠✉✐%♦ ❞✐+%✐♥%♦+ ❞♦ %❡❝✐❞♦ ❞❛ ♣❡❧❡ ❡♠ ❝♦♠♣❛$❛=>♦ ❝♦♠ ♦+ $❡+✉❧%❛♥%❡+ ❞❡ %✉♠♦$❡+ $❡%❛♥❣✉❧❛$❡+✳

❆❧<♠ ❞✐++♦✱ ♦+ %✉♠♦$❡+ ❛++✐♠<%$✐❝♦+ ♣$♦❞✉③✐$❛♠ ❝♦♠♣♦$%❛♠❡♥%♦+ %<$♠✐❝♦+ ❞✐$❡❝✐♦♥❛✐+ ♣❛$❛❧❡❧♦+

B +✉♣❡$❢D❝✐❡ ❞❛ ♣❡❧❡✳

❇♦✉++❡❧❤❛♠ ❡! ❛❧✳ ✭✷✵✶✽✮ ❛♣$❡+❡♥%❛$❛♠ ✉♠ ❛❧❣♦$✐%♠♦ ♣❛$❛❧❡❧♦ ♣❛$❛ ❛ ❡+%✐♠❛%✐✈❛ ❞♦ %❛♠❛♥❤♦

❡ ❧♦❝❛❧✐③❛=>♦ ❞♦ %✉♠♦$ ❝❡$❡❜$❛❧ ❛ ♣❛$%✐$ ❞❛ ❞✐+%$✐❜✉✐=>♦ ❞❛ %❡♠♣❡$❛%✉$❛ ❞❛ +✉♣❡$❢D❝✐❡ ♦❜%✐❞❛

♣♦$ %❡$♠♦❣$❛✜❛ ✐♥❢$❛✈❡$♠❡❧❤❛ +✐♠✉❧❛❞❛✳ ❖ %❡❝✐❞♦ ❝❡$❡❜$❛❧ ♥♦$♠❛❧ ❢♦✐ ♠♦❞❡❧❛❞♦ ❝♦♠♦ ✉♠ ❝✉❜♦

$❡%❛♥❣✉❧❛$ ✐♥❝❧✉✐♥❞♦ ✉♠ %✉♠♦$ ❡+❢<$✐❝♦✳ ❆ ❞✐+%$✐❜✉✐=>♦ ❞❡ %❡♠♣❡$❛%✉$❛ ❢♦✐ ♦❜%✐❞❛ ♣❡❧♦ ♠<%♦❞♦

❞❛+ ❞✐❢❡$❡♥=❛+ ✜♥✐%❛+ ✭▼❉❋✮ ✉+❛♥❞♦ ❛ ❡9✉❛=>♦ ❞❡ 3❡♥♥❡+ ✸❉✳ ❯♠ ❛❧❣♦$✐%♠♦ ❣❡♥<%✐❝♦ ❢♦✐ ✉+❛❞♦

♣❛$❛ $❡+♦❧✈❡$ ♦ ♣$♦❜❧❡♠❛ ✐♥✈❡$+♦ ❡ ❡+%✐♠❛$ ♦ %❛♠❛♥❤♦ ❡ ❛ ❧♦❝❛❧✐③❛=>♦ ❞♦ %✉♠♦$✳ ❆ ✐♠♣❧❡♠❡♥%❛=>♦

♣❛$❛❧❡❧❛ ❞♦ ▼❉❋ $❡❞✉③ +✐❣♥✐✜❝❛%✐✈❛♠❡♥%❡ ♦ %❡♠♣♦ ❞❡ ♣$♦❝❡++❛♠❡♥%♦ ❡ ❛❝❡❧❡$❛ ❛ ✐❞❡♥%✐✜❝❛=>♦

❞♦+ ♣❛$O♠❡%$♦+ ❞♦ %✉♠♦$ ❝❡$❡❜$❛❧✳ ❖ ❡$$♦ ♠P①✐♠♦ ♦❜%✐❞♦ ♥❛+ ❡+%✐♠❛%✐✈❛+ ❢♦✐ ❞❡ ✷✱✷✪ ♣❛$❛ ♦

❞✐O♠❡%$♦ ❞♦ %✉♠♦$✳

❖❜+❡$✈❛✲+❡ ♥♦+ %$❛❜❛❧❤♦+ ❝✐%❛❞♦+ ✉♠❛ ❣$❛♥❞❡ ✈❛$✐❡❞❛❞❡ ❞❡ ♠<%♦❞♦+ 9✉❡ %❡♥%❛♠ ❛✉♠❡♥%❛$ ❛

♣$❡❝✐+>♦ ❞❛ ❞❡%❡❝=>♦ ❞❡ %✉♠♦$❡+ ❛ ♣❛$%✐$ ❛♣❡♥❛+ ❞❡ %❡♠♣❡$❛%✉$❛+ +✉♣❡$✜❝✐❛✐+ ♥❛ ♣❡❧❡✳ 3♦$<♠✱

♠✉✐%♦+ ❞❡+%❡+ ❡+%✉❞♦+ +>♦ ❜❛+❡❛❞♦+ ❡①❝❧✉+✐✈❛♠❡♥%❡ ❡♠ +✐♠✉❧❛=S❡+ ♥✉♠<$✐❝❛+✱ ♥>♦ ♣❡$♠✐%✐♥❞♦

✉♠❛ ❣❛$❛♥%✐❛ ❞❛ ❡✜❝P❝✐❛ ❞❛+ %<❝♥✐❝❛+ ❡♠ ❝❛+♦+ $❡❛✐+✳ ❖✉%$❛+ ♣❡+9✉✐+❛+ ❥P $❡❛❧✐③❛♠ ❡①♣❡$✐♠❡♥%♦+

❡♠ ❧❛❜♦$❛%U$✐♦ ❝♦♠ %❡❝✐❞♦+ ❢❛♥%❛+♠❛+✱ ♠❛+ ♦+ ♠<%♦❞♦+ ♣$♦♣♦+%♦+ ♥❡❝❡++✐%❛♠ ❛❧<♠ ❞❛+ ✐♥❢♦$✲

♠❛=S❡+ ❞❡ %❡♠♣❡$❛%✉$❛+ +✉♣❡$✜❝✐❛✐+✱ %❛♠❜<♠ ❞❛+ ♣$♦♣$✐❡❞❛❞❡+ %❡$♠♦❢D+✐❝❛+ ❞♦ %❡❝✐❞♦ +❛✉❞P✈❡❧

❡ ❞♦ %✉♠♦$✱ %♦$♥❛♥❞♦✲+❡ ❜❡♠ ❧✐♠✐%❛❞♦✱ ♣♦✐+ %❛✐+ ♣$♦♣$✐❡❞❛❞❡+ +>♦ ❞❡ ❞✐❢D❝✐❧ ♦❜%❡♥=>♦ ❡ ✈❛$✐❛♠

♣❛$❛ ❝❛❞❛ ♣❛❝✐❡♥%❡✳

❊+%❡ %$❛❜❛❧❤♦ ❜✉+❝❛ ❞❡+❡♥✈♦❧✈❡$ ✉♠❛ %<❝♥✐❝❛ ✐♥✈❡$+❛✱ ❝❛♣❛③ ❞❡ ✐❞❡♥%✐✜❝❛$ ❛ ❧♦❝❛❧✐③❛=>♦ ❞♦

%✉♠♦$ ❞❡♣❡♥❞❡♥❞♦ ❛♣❡♥❛+ ❞❛+ %❡♠♣❡$❛%✉$❛+ +✉♣❡$✜❝✐❛✐+✱ ❞♦ ♠D♥✐♠♦ ❞❡ ✐♥❢♦$♠❛=S❡+ ♣$<✈✐❛+ ❞❛

♠❛♠❛ ❡ ♥❡♥❤✉♠❛ ✐♥❢♦$♠❛=>♦ ♣$<✈✐❛ $❡❧❛❝✐♦♥❛❞❛ ❛♦ %✉♠♦$✳ ❆❧♠❡❥❛✲+❡ ♦ ❞❡+❡♥✈♦❧✈✐♠❡♥%♦ ❞❡

✉♠❛ ❢❡$$❛♠❡♥%❛ 9✉❡ ❝♦♥%$✐❜✉❛ ❡♠ ✉♠❛ ❢✉%✉$❛ %<❝♥✐❝❛ ❡✜❝❛③ ♥❛ ❞❡%❡❝=>♦ ♣$❡❝♦❝❡ ❞♦ ❝O♥❝❡$ ❞❡

♠❛♠❛✳



❈❛♣#$✉❧♦ ✸

❋✉♥❞❛♠❡♥$♦. ❚❡01✐❝♦.

✸✳✶ ❖ ❝%♥❝❡( ❞❡ ♠❛♠❛

❖ ❝"♥❝❡% & ❝❛%❛❝(❡%✐③❛❞♦ ♣❡❧♦ ❝%❡/❝✐♠❡♥(♦ ❞❡/♦%❞❡♥❛❞♦ ❞❡ ❝&❧✉❧❛/ ❛❧&♠ ❞♦/ ❧✐♠✐(❡/ ❤❛❜✐(✉❛✐/✱

♣♦❞❡♥❞♦ ✐♥✈❛❞✐% (❡❝✐❞♦/ ❡ 6%❣8♦/ ❛❞❥❛❝❡♥(❡/✱ ❡ ❛(& ♠❡/♠♦ ❡/♣❛❧❤❛%✲/❡ ♣❛%❛ ♦✉(%❛/ %❡❣✐;❡/ ❞♦

❝♦%♣♦ ✭♠❡(=/(❛/❡✮✳ ❈♦♠ ♦ %=♣✐❞♦ ♣%♦❝❡//♦ ❞❡ ❞✐✈✐/8♦ ❝❡❧✉❧❛%✱ ❛/ ❝&❧✉❧❛/ ✜❝❛♠ ♠❛✐/ ❛❣%❡//✐✈❛/ ❡

✐♥❝♦♥(%♦❧=✈❡✐/✱ %❡/✉❧(❛♥❞♦ ♥❛ ❢♦%♠❛C8♦ ❞❡ (✉♠♦%❡/ ♠❛❧✐❣♥♦/ ✭❛❝D♠✉❧♦ ❞❡ ❝&❧✉❧❛/ ❝❛♥❝❡%♦/❛/✮ ♦✉

♥❡♦♣❧❛/✐❛/ ♠❛❧✐❣♥❛/✳ ◆♦ ❡♥(❛♥(♦✱ ♣♦❞❡ ♦❝♦%%❡% ❛ ♠✉❧(✐♣❧✐❝❛C8♦ ❞❡ ❝&❧✉❧❛/ /❡♠❡❧❤❛♥(❡/ ❛♦ (❡❝✐❞♦

♦%✐❣✐♥❛❧ ♥♦%♠❛❧✱ ❝♦♥/(✐(✉✐♥❞♦ ✉♠ (✉♠♦% ❜❡♥✐❣♥♦✱ %❛%❛♠❡♥(❡ (♦%♥❛♥❞♦✲/❡ ✉♠ %✐/❝♦ ❞❡ ♠♦%(❡

✭❲❍❖✱ ✷✵✶✽✮✱✭■◆❈❆✱ ✷✵✶✽❜✮✳

❆/ ❝❛✉/❛/ ♣❛%❛ ♦ /✉%❣✐♠❡♥(♦ ❞♦ ❝"♥❝❡% /8♦ ❞✐✈❡%/❛/✱ ♣♦❞❡♥❞♦ /❡% ❞✐✈✐❞✐❞❛/ ❡♥(%❡ ❡①(❡%♥❛/

❡ ✐♥(❡%♥❛/ ❛♦ ♦%❣❛♥✐/♠♦✳ ❆/ ❝❛✉/❛/ ❡①(❡%♥❛/ ❡/(8♦ %❡❧❛❝✐♦♥❛❞❛/ ❛♦ ♠❡✐♦ ❛♠❜✐❡♥(❡✱ ❤=❜✐(♦/ ❡

❝♦/(✉♠❡/ ♣%6♣%✐♦/ ❞♦ ✐♥❞✐✈O❞✉♦✳ ❆/ ❝❛✉/❛/ ✐♥(❡%♥❛/ ❡/(8♦ ❣❡%❛❧♠❡♥(❡ ❝♦%%❡❧❛❝✐♦♥❛❞❛/ ❛ ❢❛(♦%❡/

❣❡♥&(✐❝♦/✳ ❚❛✐/ ❢❛(♦%❡/ ♣♦❞❡♠ ✐♥(❡%❛❣✐% ❞❡ ❞✐❢❡%❡♥(❡/ ❢♦%♠❛/✱ ❛❧(❡%❛♥❞♦ ♦/ %✐/❝♦/ ❞❡ ❞❡/❡♥✈♦❧✈❡%

❛ ❞♦❡♥C❛ ✭■◆❈❆✱ ✷✵✶✽❝✮✳

◗✉❛/❡ (♦❞❛/ ❛/ ❝&❧✉❧❛/ ❞♦ ❝♦%♣♦ ♣♦❞❡♠ /❡ (♦%♥❛% ❝"♥❝❡%✳ ◗✉❛♥❞♦ ♦ ❝%❡/❝✐♠❡♥(♦ ❝❡❧✉❧❛%

❛♥♦%♠❛❧ ✐♥✐❝✐❛✲/❡ ♥❛/ ❝&❧✉❧❛/ ❞❛ ♠❛♠❛✱ ♦❝♦%%❡ ♦ /✉%❣✐♠❡♥(♦ ❞♦ ❝"♥❝❡% ❞❡ ♠❛♠❛✳ ❊/(❡ (✐♣♦ ❞❡

❝"♥❝❡% ✐♥❝✐❞❡ ♣%✐♥❝✐♣❛❧♠❡♥(❡ ♥❛/ ♠✉❧❤❡%❡/✱ ♠❛/ ❡①✐/(❡ ❛ ♣♦//✐❜✐❧✐❞❛❞❡ ❞❡ /✉%❣✐% ♥♦/ ❤♦♠❡♥/✳ ❆

♠❛✐♦%✐❛ ❞♦/ ❝"♥❝❡%❡/ ❞❡ ♠❛♠❛ ❝♦♠❡C❛ ♥♦/ ❞✉❝(♦/ S✉❡ (%❛♥/♣♦%(❛♠ ❧❡✐(❡ ❛(& ♦ ♠❛♠✐❧♦✳ ❖✉(%♦/

❝♦♠❡C❛♠ ♥❛/ ❣❧"♥❞✉❧❛/ ✭❧6❜✉❧♦/✮ S✉❡ ♣%♦❞✉③❡♠ ♦ ❧❡✐(❡ ♠❛(❡%♥♦✳ ❚❛♠❜&♠ ❡①✐/(❡♠ ♦✉(%♦/ (✐♣♦/

❞❡ ❝"♥❝❡% ❞❡ ♠❛♠❛✱ ♣♦%&♠ ♠❛✐/ %❛%♦/ ✭❙❖❈■❊❚❨✱ ✷✵✶✼❜✮✳

❆ ❋✐❣✉%❛ ✸✳✶ ❛♣%❡/❡♥(❛ ❛ ❛♥❛(♦♠✐❛ ❞❛ ♠❛♠❛ S✉❡ & ❝♦♠♣♦/(❛ ❞❡ (❡❝✐❞♦ ❣❧❛♥❞✉❧❛%✱ ❛❞✐♣♦/♦

❡ ✜❜%♦/♦✳ ◆❛/ ♠✉❧❤❡%❡/✱ ♦ (❡❝✐❞♦ ❣❧❛♥❞✉❧❛% & ❝♦♠♣♦/(♦ ❞❡ ❧6❜✉❧♦/ S✉❡ /8♦ %❡/♣♦♥/=✈❡✐/ ♣❡❧❛

♣%♦❞✉C8♦ ❞❡ ❧❡✐(❡ S✉❡ /❡ ✐♥(❡%❧✐❣❛♠ ❝♦♠ ♦ /✐/(❡♠❛ ❞✉❝(❛❧ ❧❛❝(O❢❡%♦ S✉❡ ❞%❡♥❛♠ ♦ ❧❡✐(❡ ♣%♦❞✉③✐❞♦

❛(& ♦ ♠❛♠✐❧♦ ✭❝♦♠♣♦/(♦ ❞❡ ✜❜%❛/ ♠✉/❝✉❧❛%❡/✮✳ ❖ (❡❝✐❞♦ ❛❞✐♣♦/♦ ✭❣♦%❞✉%❛✮✱ ❛❧&♠ ❞❡ %❡✈❡/(✐% ♦

(❡❝✐❞♦ ❣❧❛♥❞✉❧❛% ❝♦♠♣❧❡(❛♠❡♥(❡✱ ♣%❡❡♥❝❤❡ ♦✉(%♦/ ❡/♣❛C♦/✱ ❝♦♥(%✐❜✉✐♥❞♦ ♣❛%❛ ❛ ❢♦%♠❛✱ ✈♦❧✉♠❡

✶✼



✶✽

❡ ❝♦♥&♦'♥♦ ❞❛ ♠❛♠❛✳ ❖- ✈❛-♦- -❛♥❣✉1♥❡♦- &❛♠❜3♠ -❡ ❡♥❝♦♥&'❛♠ ♥❛ ❡-&'✉&✉'❛ ❞❛ ♠❛♠❛✱ ❡ ♦

-✐-&❡♠❛ ❧✐♥❢8&✐❝♦ ❥✉♥&♦ ❝♦♠ ♦- ❣:♥❣❧✐♦- ❧✐♥❢8&✐❝♦- -;♦ '❡-♣♦♥-8✈❡✐- ♣♦' ✜❧&'❛' ❛- -✉❜-&:♥❝✐❛- >✉❡

-;♦ ✐♥❞❡-❡❥8✈❡✐- ❛♦ ♦'❣❛♥✐-♠♦ ✭❍❆❙❙■❖❚❖❯❀ ●❊❉❉❊❙✱ ✷✵✶✸✮✱ ✭❲■◆◆■❑❖❲✱ ✷✵✶✼✮✳

Músculo

Costela

Tecido adiposo

Ductos
lactíferos

Lóbulos

Gânglios
linfáticos

Pele

mamários

Mamilo

❋✐❣✉'❛ ✸✳✶✿ ❆♥❛&♦♠✐❛ ❞❛ ♠❛♠❛ ✭❙❲■❊❘❩❊❲❙❑■✱ ✷✵✶✼✮✳

✸✳✶✳✶ ❚✐♣♦' ♠❛✐' ❝♦♠✉♥' ❞❡ ❝/♥❝❡0 ❞❡ ♠❛♠❛

❊①✐-&❡♠ ♠✉✐&♦- &✐♣♦- ❞❡ ❝:♥❝❡' ❞❡ ♠❛♠❛✱ -❡♥❞♦ >✉❡ ♦- ♠❛✐- ❝♦♠✉♥- -;♦✿ ❝❛'❝✐♥♦♠❛ ❞✉❝&❛❧

✐♥ "✐#✉✱ ❝❛'❝✐♥♦♠❛ ❞✉❝&❛❧ ✐♥✈❛-✐✈♦✱ ❡ ♦ ❝❛'❝✐♥♦♠❛ ❧♦❜✉❧❛' ✐♥✈❛-✐✈♦ ✭❙❖❈■❊❚❨✱ ✷✵✶✼❛✮✳ ❆ ❋✐❣✉'❛

✸✳✷ ❞❡-&❛❝❛ ♦♥❞❡ ❡-&❛- ❝3❧✉❧❛- ❝❛♥❝❡'1❣❡♥❛- ♠❛✐- ❛❢❡&❛♠ ❛ ♠❛♠❛✳

❖ &✐♣♦ ❞❡ ❝:♥❝❡' 3 ❞❡&❡'♠✐♥❛❞♦ ♠❡❞✐❛♥&❡ ❛ ❡-♣❡❝✐✜❝✐❞❛❞❡ ❞❛ ❝3❧✉❧❛ ❛❢❡&❛❞❛ ♥❛ ♠❛♠❛✳ ❖-

❝❛'❝✐♥♦♠❛- -;♦ &✉♠♦'❡- >✉❡ ❝♦♠❡Y❛♠ ♥❛- ❝3❧✉❧❛- ❡♣✐&❡❧✐❛✐- >✉❡ '❡Z♥❡ ['❣;♦- ❡♠ &♦❞♦ ♦ ❝♦'♣♦✳ ❆

❧♦❝❛❧✐③❛Y;♦ ❞♦ ❝:♥❝❡' ♣♦❞❡ -❡' ❞❡-❝'✐&❛ ❝♦♠♦ ✐♥ "✐#✉ ♦✉ ✐♥✈❛-✐✈♦✱ &❛❧ ✈❡'✐✜❝❛Y;♦ 3 '❡❛❧✐③❛❞❛ ♣❡❧♦

♣❛&♦❧♦❣✐-&❛ ❞✉'❛♥&❡ ❛ ❜✐[♣-✐❛✳ ❖- ❝:♥❝❡'❡- ❞❡ ♠❛♠❛ ✐♥ "✐#✉ -;♦ ❛>✉❡❧❡- >✉❡ ♥;♦ ✐♥✈❛❞✐'❛♠ ♦-

&❡❝✐❞♦- ❝✐'❝✉♥❞❛♥&❡-✱ ❥8 ♦- ✐♥✈❛-✐✈♦- -❡ ❡-♣❛❧❤❛'❛♠ ♣❛'❛ ♦ &❡❝✐❞♦ ♠❛♠8'✐♦ ❛❞❥❛❝❡♥&❡ ✭❙❖❈■❊❚❨✱

✷✵✶✼❛✮✳



✶✾

Lóbulo

Ló o normalbul

Lóbulo com células

anormais

Ducto

D o normaluct

Ducto com células

anormais

❋✐❣✉&❛ ✸✳✷✿ ❈❛&❝✐♥♦♠❛ ❞✉❝2❛❧ ❡ ❧♦❜✉❧❛& ✭❆❞❛♣2❛❞♦ ❞❡ ✭❙❖❈■❊❚❨✱ ✷✵✶✼❛✮✮✳

❖ ❝❛&❝✐♥♦♠❛ ❞✉❝2❛❧ ✐♥ "✐#✉ ✭❉❈■❙✮ D ♦ 2✐♣♦ ♠❛✐E ❝♦♠✉♠ ❞❡ ❝F♥❝❡& ❞❡ ♠❛♠❛ ♥G♦ ✐♥✈❛E✐✈♦✱

❝♦&&❡E♣♦♥❞❡♥❞♦ ❛ ❝❡&❝❛ ❞❡ ✷✵✪ ❞♦E ❝❛E♦E ❞❡ ❝F♥❝❡& ❞❡ ♠❛♠❛✳ ❖ ❉❈■❙ D ❝♦♥E✐❞❡&❛❞♦ ♥G♦

✐♥✈❛E✐✈♦✱ ♦✉ E❡❥❛✱ ❛E ❝D❧✉❧❛E K✉❡ ❝♦♥E2✐2✉❡♠ ♦E ❞✉❝2♦E ❞♦ ❧❡✐2❡ ♠✉❞❛&❛♠ ♣❛&❛ ❝D❧✉❧❛E ❝❛♥❝❡&♦E❛E✱

♠❛E ♥G♦ E❡ ❡E♣❛❧❤❛&❛♠ ❛❧D♠ ❞❡ E✉❛E ♣❛&❡❞❡E ♣❛&❛ ♦✉2&♦ 2❡❝✐❞♦ ♠❛♠M&✐♦ ❝✐&❝✉♥❞❛♥2❡✳ ◗✉❛E❡

2♦❞❛E ❛E ♠✉❧❤❡&❡E ❝♦♠ ❡EE❡ ❝F♥❝❡& ❡♠ ❢❛E❡ ✐♥✐❝✐❛❧ ♣♦❞❡♠ E❡& ❝✉&❛❞❛E ✭❙❖❈■❊❚❨✱ ✷✵✶✽❤✮✳

❖ ❝❛&❝✐♥♦♠❛ ❞✉❝2❛❧ ✐♥✈❛E✐✈♦ ✭■❉❈✮ D ♦ 2✐♣♦ ♠❛✐E ❝♦♠✉♠ ❞❡ ❝F♥❝❡& ❞❡ ♠❛♠❛✱ ❝♦&&❡E♣♦♥❞❡♥❞♦

❛ ❝❡&❝❛ ❞❡ ✽✵✪ ❞❡ 2♦❞♦E ♦E ❝F♥❝❡&❡E ❞❡ ♠❛♠❛ ✐♥✈❛E✐✈♦E✳ ❖ ■❉❈ ♦&✐❣✐♥❛✲E❡ ♥❛E ❝D❧✉❧❛E K✉❡ ❢♦&♠❛♠

♦ ❞✉❝2♦ ❧❛❝2R❢❡&♦ ♥❛ ♠❛♠❛✱ &♦♠♣❡ ❛ ♣❛&❡❞❡ ❞♦ ❞✉❝2♦ ❡ ❝&❡E❝❡ ♥♦E 2❡❝✐❞♦E ✈✐③✐♥❤♦E ❞❛ ♠❛♠❛✳ ❆

♣❛&2✐& ❞❡E❞❡ ♣♦♥2♦✱ ♣♦❞❡ ❡E♣❛❧❤❛&✲E❡ ✭♠❡2ME2❛E❡✮ ♣❛&❛ ♦✉2&❛E ♣❛&2❡E ❞♦ ❝♦&♣♦ ❛2&❛✈DE ❞♦ E✐E2❡♠❛

❧✐♥❢M2✐❝♦ ❡ ❞❛ ❝✐&❝✉❧❛TG♦ E❛♥❣✉R♥❡❛ ✭❙❖❈■❊❚❨✱ ✷✵✶✽✐✮✳

❖ ❝❛&❝✐♥♦♠❛ ❧♦❜✉❧❛& ✐♥✈❛E✐✈♦ ✭■▲❈✮ ❝♦&&❡E♣♦♥❞❡ ❛♣&♦①✐♠❛❞❛♠❡♥2❡ ❛ ✶✵✪ ❞♦ 2♦2❛❧ ❞♦E ❝F♥✲

❝❡&❡E ❞❡ ♠❛♠❛ ✐♥✈❛E✐✈♦E✳ ❖ ■▲❈ ❝♦♠❡T❛ ♥♦E ❧W❜✉❧♦E ♠❛♠M&✐♦E✱ K✉❡❜&❛ ❛E ♣❛&❡❞❡E ❡ ✐♥✈❛❞❡ ♦E

2❡❝✐❞♦E ❛❞❥❛❝❡♥2❡E ❞❛ ♠❛♠❛✳ ❆♦ ❧♦♥❣♦ ❞♦ 2❡♠♣♦✱ ♦ ■▲❈ 2❛♠❜D♠ ♣♦❞❡ E❡ ❡E♣❛❧❤❛& ♣❡❧♦E ❣F♥❣❧✐♦E

❧✐♥❢M2✐❝♦E ❡ ✈❛E♦E E❛♥❣✉R♥❡♦E ❛2D ♦✉2&❛E ♣❛&2❡E ❞♦ ❝♦&♣♦✳ ❖ ■▲❈ ♣♦❞❡ E❡& ♠❛✐E ❞✐❢R❝✐❧ ❞❡ ❞❡2❡❝2❛&

♥♦ ❡①❛♠❡ ❢RE✐❝♦ ❡ ❡♠ ✐♠❛❣❡♥E ❝♦♠♦ ❛ ♠❛♠♦❣&❛✜❛✱ K✉❛♥❞♦ ❝♦♠♣❛&❛❞♦ ❝♦♠ ♦ ■❉❈✳ ❈❡&❝❛ ❞❡

✷✵✪ ❞❛E ♠✉❧❤❡&❡E ❝♦♠ ■▲❈ ♣♦❞❡♠ 2❡& ❝F♥❝❡& ❡♠ ❛♠❜♦E ♦E E❡✐♦E ✭❙❖❈■❊❚❨✱ ✷✵✶✽✐✮✳

❊E2✉❞♦E ♠♦E2&❛♠ K✉❡ ♦ ❧♦❝❛❧ ♠❛✐E ❝♦♠✉♠ ❞❡ ✐♥❝✐❞Y♥❝✐❛ ❞❡ ❝F♥❝❡& ❞❡ ♠❛♠❛✱ ❝♦♠♦ ✐❧✉E2&❛❞♦

♣❡❧❛ ❋✐❣✳ ✸✳✸✱ D ♥♦ K✉❛❞&❛♥2❡ E✉♣❡&✐♦& ❡EK✉❡&❞♦ ✭✺✵✪✮✱ E❡❣✉✐❞♦ ♣❡❧♦ K✉❛❞&❛♥2❡ E✉♣❡&✐♦& ❞✐&❡✐2♦



✷✵

✭✶✺✪✮✱ ❞❡♣♦✐- ♦ .✉❛❞1❛♥3❡ ✐♥❢❡1✐♦1 ❡-.✉❡1❞♦ ✭✶✶✪✮ ❡✱ ♣♦1 ✜♠✱ ♦ .✉❛❞1❛♥3❡ ✐♥❢❡1✐♦1 ❞✐1❡✐3♦ ✭✻✪✮

✭❇❨❊❘❀ ●❆▲▲■❆◆❖❀ ❙❍❘■❱❊❘✱ ✷✵✵✷✮✳

mama direita

❋✐❣✉1❛ ✸✳✸✿ ▼❛✐♦1❡- ✐♥❝✐❞M♥❝✐❛- ❞❡ ❝N♥❝❡1 ❞❡ ♠❛♠❛ ♣♦1 .✉❛❞1❛♥3❡ ✭❆❞❛♣3❛❞♦ ❞❡ ✭❇❨❊❘❀ ●❆▲✲

▲■❆◆❖❀ ❙❍❘■❱❊❘✱ ✷✵✵✷✮✮✳

❖- ❡-3P❣✐♦- ❞♦ ❝N♥❝❡1 ❞❡ ♠❛♠❛ ✈❛1✐❛♠ ❞❡ ✵ ❛ ✹✱ ❝♦♠♦ ♠♦-31❛ ❛ ❋✐❣✳ ✸✳✹✱ ❡ -S♦ ❝❧❛--✐✜❝❛❞♦-

❞❡ ❛❝♦1❞♦ ❝♦♠ ❛ ❡①3❡♥-S♦ ❞❛ ❞♦❡♥V❛ ✭❙❖❈■❊❚❨✱ ✷✵✶✽❞✮✳ ◆♦ ❡-3P❣✐♦ ✵✱ ❛ ❞♦❡♥V❛ ❛✐♥❞❛ Z

❝♦♥-✐❞❡1❛❞❛ ♥S♦ ✐♥✈❛-✐✈❛ ❡ ♦ 3✉♠♦1 ♥S♦ ♣♦❞❡ -❡1 ❛♣❛❧♣❛❞♦ ♥❡♠ ♠❡❞✐❞♦✳ ◆♦ ❡-3P❣✐♦ ✶✱ ♦ 3✉♠♦1

♠❡❞❡ ❛3Z ✷ ❝♠ ❡ ❝♦♠❡V❛ ❛ ✐♥✈❛❞✐1 ♦- 3❡❝✐❞♦- ✈✐③✐♥❤♦-✳ ❆♦ ♣❛--❛1 ♣❛1❛ ♦ ❡-3P❣✐♦ ✷✱ ♦ ❝N♥❝❡1

♣♦❞❡ -❡1 ❝♦♥-✐❞❡1❛❞♦ ✐♥✈❛-✐✈♦ ❡ 3❡♠ ❞❡ ✷ ❛ ✺ ❝♠✱ ♣♦❞❡♥❞♦ ✐♥✈❛❞✐1 ❛ ❛①✐❧❛✳ ❖ ❡-3P❣✐♦ ✸ Z

❝❛1❛❝3❡1✐③❛❞♦ ♣❡❧❛ ♣1❡-❡♥V❛ ❞❡ 3✉♠♦1❡- ✐♥✈❛-✐✈♦- ♠❛✐♦1❡- .✉❡ ✺ ❝♠✳ ◆♦ ❡-3P❣✐♦ ✹ ♦ 3✉♠♦1 ❥P

-❛✐✉ ❝♦♠♣❧❡3❛♠❡♥3❡ ❞❛ ♠❛♠❛ ❡ ❛♣1❡-❡♥3❛ ♠❡3P-3❛-❡- ❡♠ ♦✉31♦- ^1❣S♦-✳
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❼ ❉♦# ♥❛ ♠❛♠❛ ♦✉ ♠❛♠✐❧♦❀

❼ ■♥✈❡#./♦ ❞♦ ♠❛♠✐❧♦ ✭#❡2#❛3/♦✮❀

❼ ❈♦##✐♠❡♥2♦ ♠❛♠✐❧❛# ✭❞✐❢❡#❡♥2❡ ❞♦ ❧❡✐2❡ ♠❛2❡#♥♦✮✳

❊♠❜♦#❛ ❛❧❣✉♥. ❞❡..❡. .✐♥2♦♠❛. ♣♦..❛♠ .❡# ❝❛✉.❛❞♦. ♣♦# ♦✉2#♦. ♣#♦❜❧❡♠❛. ❛❧=♠ ❞♦ ❝>♥❝❡# ❞❡

♠❛♠❛✱ ❝❛.♦ ❤❛❥❛ ❛❧❣✉♠❛ .✉.♣❡✐2❛✱ ✉♠ ♣#♦✜..✐♦♥❛❧ ❞❛ C#❡❛ ❞❛ .❛D❞❡ ❞❡✈❡ .❡# ✐♥❢♦#♠❛❞♦ ♣❛#❛ E✉❡

♣♦..❛ .❡# #❡❛❧✐③❛❞❛ ✉♠❛ ✐♥✈❡.2✐❣❛3/♦ ♠❛✐. ❞❡2❛❧❤❛❞❛✳ ❆ ♣❡#❝❡♣3/♦ ❞♦. .✐♥2♦♠❛. = ✐♠♣♦#2❛♥2❡✱

♣♦✐. ❛. ❢❡##❛♠❡♥2❛. ❞❡ 2#✐❛❣❡♠ ♥/♦ ./♦ ❝❛♣❛③❡. ❞❡ ❞❡2❡❝2❛# 2♦❞♦. ♦. 2✐♣♦. ❞❡ ❝>♥❝❡#❡. ❞❡ ♠❛♠❛

✭❙❖❈■❊❚❨✱ ✷✵✶✽❝✮✳

❖ ♦❜❥❡2✐✈♦ ❞♦. 2❡.2❡. ❞❡ 2#✐❛❣❡♠ = #❡❛❧✐③❛# ❛ ❞❡2❡❝3/♦ ♣#❡❝♦❝❡ ❞♦ ❝>♥❝❡# ❞❡ ♠❛♠❛ ❛2#❛✈=.

❞♦ #❛.2#❡❛♠❡♥2♦ ❞❛ ❞♦❡♥3❛ ♣♦# ♠❡✐♦ ❞❡ ❡①❛♠❡. ❢P.✐❝♦. ❡ ❞❡ ✐♠❛❣❡♥.✳ ❖. ❡①❛♠❡. ❢P.✐❝♦. ✭❝❧P♥✐❝♦.

♦✉ ❛✉2♦✲❡①❛♠❡.✮ ✈✐.❛♠ ❡♥❝♦♥2#❛# ❛❧❣✉♠❛ ❛♥♦♠❛❧✐❛ ♥❛ #❡❣✐/♦ ❞❛ ♠❛♠❛ ❜❛.❡❛♥❞♦✲.❡ ♥❛ ❡①♣❡#✐✲

R♥❝✐❛ ❞♦ ♣#♦✜..✐♦♥❛❧ ❞❛ C#❡❛ ❞❛ .❛D❞❡✱ ♦✉ ♣❡❧♦ ❝♦♥❤❡❝✐♠❡♥2♦ ❞❛ ♠✉❧❤❡# .♦❜#❡ ♦ ♣#S♣#✐♦ ❝♦#♣♦✳

❚❡.2❡. ❞❡ ✐♠❛❣❡♥. ❞✐❢❡#❡♥2❡. ♣♦❞❡♠ .❡# ✉.❛❞♦. ♣❛#❛ ♣#♦❝✉#❛# ❡ ❞✐❛❣♥♦.2✐❝❛# ♦ ❝>♥❝❡# ❞❡ ♠❛♠❛✱

2❛✐. ❝♦♠♦ ❛ ♠❛♠♦❣#❛✜❛✱ ✉❧2#❛..♦♥♦❣#❛✜❛✱ #❡..♦♥>♥❝✐❛ ♠❛❣♥=2✐❝❛ ✭▼❘■✮✱ ❡♥2#❡ ♦✉2#♦. 2❡.2❡. ❞❡

✐♠❛❣❡♠ ❞❛ ♠❛♠❛ ♠❛✐. #❡❝❡♥2❡. ✭❙❖❈■❊❚❨✱ ✷✵✶✽❜✮✳

❈❛.♦ ❛❧❣✉♠ ❞♦. ❡①❛♠❡. ❢P.✐❝♦. ♦✉ ❞❡ ✐♠❛❣❡♥. ❞❡2❡❝2❡ ❛❧❣✉♠❛ .✉.♣❡✐2❛ ❞❛ ❞♦❡♥3❛✱ ✉♠❛

❜✐S♣.✐❛ = ❛ D♥✐❝❛ ♠❛♥❡✐#❛ ❞❡ .❛❜❡# ❝♦♠ ❡①❛2✐❞/♦ .❡ ❛ ❛♥♦♠❛❧✐❛ = ✉♠ ❝>♥❝❡#✳ ❉✉#❛♥2❡ ✉♠❛

❜✐S♣.✐❛✱ ✉♠ ♠=❞✐❝♦ ✐#C #❡♠♦✈❡# ❛. ❝=❧✉❧❛. ❞❛ C#❡❛ .✉.♣❡✐2❛ ♣❛#❛ E✉❡ ♣♦..❛♠ .❡# ❝♦♥✜#♠❛❞❛.

❝♦♠♦ .❡♥❞♦ ❝❛♥❝❡#P❣❡♥❛. ♦✉ ♥♦#♠❛✐. ✭❙❖❈■❊❚❨✱ ✷✵✶✽❜✮✳

✸✳✶✳✷✳✶ ❚%❝♥✐❝❛* ❝❧,♥✐❝❛* ❞❡ ✐♠❛❣❡♠ ♠❛♠12✐❛

❈♦♠♦ ❥C ♠❡♥❝✐♦♥❛❞♦✱ ❛ ❞❡2❡❝3/♦ ♣#❡❝♦❝❡ ❞♦ ❝>♥❝❡# ❞❡ ♠❛♠❛ ♣♦❞❡ #❡❞✉③✐# .✐❣♥✐✜❝❛2✐✈❛✲

♠❡♥2❡ ❛. 2❛①❛. ❞❡ ♠♦#2❛❧✐❞❛❞❡ ❞❡✈✐❞♦ ❛ ❞♦❡♥3❛✳ ❆ ♣#✐♥❝✐♣❛❧ ❞✐✜❝✉❧❞❛❞❡ ❡.2C #❡❧❛❝✐♦♥❛❞❛ ♥❛

✐❞❡♥2✐✜❝❛3/♦ ❞❡ ❝=❧✉❧❛. ❝❛♥❝❡#P❣❡♥❛. ❡♠ ❡.2C❣✐♦ ✐♥✐❝✐❛❧✳ ❙❡❣✉♥❞♦ ❛ ❙♦❝✐❡❞❛❞❡ ❆♠❡#✐❝❛♥❛ ❝♦♥✲

2#❛ ♦ ❈>♥❝❡#✱ ❡①✐.2❡♠ ♣♦✉❝❛. ❡✈✐❞R♥❝✐❛. ❞❡ E✉❡ ♦. ❡①❛♠❡. ❝❧P♥✐❝♦. ♦✉ ❛✉2♦✲❡①❛♠❡. ❛❥✉❞❡♠ ❛

❡♥❝♦♥2#❛# ♦ ❝>♥❝❡# ❞❡ ♠❛♠❛ ♣#❡❝♦❝❡♠❡♥2❡✳ ❊♠ #❡❧❛3/♦ ❛♦. ❡①❛♠❡. ❞❡ ✐♠❛❣❡♥.✱ ✐♥❝❧✉✐♥❞♦ ❛ ♠❛✲

♠♦❣#❛✜❛✱ ✉❧2#❛..♦♥♦❣#❛✜❛ ❡ ▼❘■✱ 2♦❞❛. ❡..❛. 2=❝♥✐❝❛. 2R♠ ❛❧❣✉♠❛ ❧✐♠✐2❛3/♦ ❡ .✉❛. ❛♣❧✐❝❛3V❡.

❡.♣❡❝P✜❝❛. ✭❲❆◆●✱ ✷✵✶✼✮✳

▼❛♠♦❣2❛✜❛

❆ ♠❛♠♦❣#❛✜❛ ✭❋✐❣✳ ✸✳✺✮ = ✉♠ ❡①❛♠❡ ❞❡ ✐♠❛❣❡♠ ✭❝♦♠ ❜❛✐①❛ ❞♦.❡ ❞❡ #❛❞✐❛3/♦✮ ❞❛ ♠❛♠❛ E✉❡

♣❡#♠✐2❡ ❛♦ ♠=❞✐❝♦ ♣#♦❝✉#❛# 2✐♣♦. ❞✐❢❡#❡♥2❡. ❞❡ ❛❧2❡#❛3V❡. ♥♦ 2❡❝✐❞♦ ♠❛♠C#✐♦✳ ❖ ♠❛♠S❣#❛❢♦✱

♠CE✉✐♥❛ ♣#♦❥❡2❛❞❛ ♣❛#❛ ❡.2❡ 2✐♣♦ ❞❡ ❡①❛♠❡✱ ♣♦..✉✐ ❞✉❛. ♣❧❛❝❛. E✉❡ ❝♦♠♣#✐♠❡♠ ♦✉ ❛♣❧❛✐♥❛♠ ❛
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♠❛♠❛✱ ✐&&♦ ❛✉♠❡♥+❛ ❛ ,✉❛❧✐❞❛❞❡ ❞❛& ✐♠❛❣❡♥& ❡ ♣❡1♠✐+❡ ❛ ✉+✐❧✐③❛34♦ ❞❡ ♠❡♥♦& 1❛❞✐❛34♦✳ ❆+✉❛❧✲

♠❡♥+❡✱ ❛ ♠❛♠♦❣1❛✜❛ 9 ♦ ♠❡❧❤♦1 +❡&+❡ ❞❡ +1✐❛❣❡♠ ❡①✐&+❡♥+❡ ♣❛1❛ ♦ ❝=♥❝❡1 ❞❡ ♠❛♠❛ ✭❙❖❈■❊❚❨✱

✷✵✶✽❦✮✳

❋✐❣✉1❛ ✸✳✺✿ ❊①❛♠❡ ❞❡ ♠❛♠♦❣1❛✜❛ ✭❆❞❛♣+❛❞♦ ❞❡ ✭❙❖❈■❊❚❨✱ ✷✵✶✽❦✮✮✳

❆& ♠✉❧❤❡1❡& ❝♦♠ 1✐&❝♦ ♠9❞✐♦ ❞❡ ❝=♥❝❡1 ❞❡ ♠❛♠❛✱ ♦✉ &❡❥❛✱ ♠✉❧❤❡1❡& &❡♠ ❤✐&+O1✐❝♦ ♣❡&&♦❛❧

♦✉ ❢❛♠✐❧✐❛1 ❞❛ ❞♦❡♥3❛✱ &❡♠ ✉♠❛ ♠✉+❛34♦ ❣❡♥9+✐❝❛ ,✉❡ ❛✉♠❡♥+❡ ♦ 1✐&❝♦ ❞❡&+❡ +✐♣♦ ❞❡ ❝=♥❝❡1

❡ ,✉❡ ♥4♦ +❡♥❤❛♠ &❡ &✉❜♠❡+✐❞♦ ❛ 1❛❞✐♦+❡1❛♣✐❛ ♥♦ ♣❡✐+♦ ❛♥+❡& ❞♦& ✸✵ ❛♥♦& ❞❡ ✐❞❛❞❡✱ ❞❡✈❡♠

&❡❣✉✐1✱ &❡❣✉♥❞♦ ❛ ❆♠❡1✐❝❛♥ ❈❛♥❝❡1 ❙♦❝✐❡+②✱ ❛& &❡❣✉✐♥+❡& ❞✐1❡+1✐③❡& ♣❛1❛ ❛ +1✐❛❣❡♠ ❛+1❛✈9& ❞❛

♠❛♠♦❣1❛✜❛ ✭❙❖❈■❊❚❨✱ ✷✵✶✽❛✮✿

❼ ▼✉❧❤❡1❡& ❡♥+1❡ ✹✵ ❡ ✹✹ ❛♥♦& +V♠ ❛ ♦♣34♦ ❞❡ 1❡❛❧✐③❛1❡♠ ♦ ❡①❛♠❡ ❛ ❝❛❞❛ ❛♥♦✳

❼ ▼✉❧❤❡1❡& ❡♥+1❡ ✹✺ ❛ ✺✹ ❛♥♦& ❞❡✈❡♠ 1❡❛❧✐③❛1 ♠❛♠♦❣1❛✜❛& +♦❞♦& ♦& ❛♥♦&✳

❼ ▼✉❧❤❡1❡& ❛❝✐♠❛ ❞❡ ✺✺ ❛♥♦& ♣♦❞❡♠ 1❡❛❧✐③❛1 ❛ ♠❛♠♦❣1❛✜❛ ❛ ❝❛❞❛ ❞♦✐& ❛♥♦&✱ ♦✉ ❝♦♥+✐♥✉❛1

❛♥✉❛❧♠❡♥+❡✳

❖ ▼✐♥✐&+91✐♦ ❞❛ ❙❛W❞❡ ❞♦ ❇1❛&✐❧ 1❡❝♦♠❡♥❞❛ ❛& &❡❣✉✐♥+❡& ❞✐1❡+1✐③❡& &♦❜1❡ ♦ 1❛&+1❡❛♠❡♥+♦ ❞♦

❝=♥❝❡1 ❞❡ ♠❛♠❛ ❝♦♠ ❛ ♠❛♠♦❣1❛✜❛ ✭■◆❈❆✱ ✷✵✶✺✮✿

❼ Z❛1❛ ♠✉❧❤❡1❡& ❝♦♠ ♠❡♥♦& ❞❡ ✺✵ ❛♥♦&✱ 9 ❝♦♥+1[1✐♦✱ ♣1✐♥❝✐♣❛❧♠❡♥+❡ ❡♠ ❢✉♥34♦ ❞❛ ♠❡♥♦1

✐♥❝✐❞V♥❝✐❛ ❞♦ ❝=♥❝❡1 ♥❡&&❛ ❢❛✐①❛ ❡+[1✐❛ ❡ ♣♦1 ❝❛✉&❛ ❞❛ ♠❡♥♦1 &❡♥&✐❜✐❧✐❞❛❞❡ ❞❛ ♠❛♠♦❣1❛✜❛&

❡♠ ♠❛♠❛& ❞❡♥&❛&✳

❼ Z❛1❛ ♠✉❧❤❡1❡& ❞❡ ✺✵ ❛ ✻✾ ❛♥♦&✱ 9 ❢❛✈♦1[✈❡❧ ❛♦ 1❛&+1❡❛♠❡♥+♦ ✉&❛♥❞♦ ♠❛♠O❣1❛❢♦& ❝♦♠

♣❡1✐♦❞✐❝✐❞❛❞❡ ❜✐❡♥❛❧✳

❼ Z❛1❛ ♠✉❧❤❡1❡& ❛❝✐♠❛ ❞❡ ✼✵ ❛♥♦&✱ 9 ❝♦♥+1[1✐♦✱ ♣♦✐& ❢❛❧+❛♠ ❡✈✐❞V♥❝✐❛& ❞✐1❡+❛& &♦❜1❡ ❛ ❡✜❝[❝✐❛

❞♦ 1❛&+1❡❛♠❡♥+♦ ♠❛♠♦❣1[✜❝♦ ♥❡&&❛ ❢❛✐①❛ ❡+[1✐❛✳
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❆♣❡%❛' ❞❡ %❡'❡♠ ♦% ♠❡❧❤♦'❡% -❡%-❡% ❞❡ -'✐❛❣❡♠ ❞❡ ❝1♥❝❡' ❞❡ ♠❛♠❛✱ ❛% ♠❛♠♦❣'❛✜❛% ♣♦%✲

%✉❡♠ ❧✐♠✐-❛78❡%✳ ❆❧:♠ ❞❡ ❡♠✐-✐'❡♠ '❛❞✐❛78❡% ✐♦♥✐③❛♥-❡% ❡ %❡'❡♠ ❞❡%❝♦♥❢♦'-❛♥-❡% ❛♦ ♣❛❝✐❡♥-❡✱ ♦

'❡%✉❧-❛❞♦ ❞❛ ♠❛♠♦❣'❛✜❛ ♣♦❞❡ %❡' ❢❛❧%♦✲♥❡❣❛-✐✈♦✱ ♦✉ %❡❥❛✱ ❛ ♠❛♠❛ ♣❛'❡❝❡ ♥♦'♠❛❧ ♠❡%♠♦ ?✉❡ ♦

❝1♥❝❡' ❡%-❡❥❛ ♣'❡%❡♥-❡✳ ❚❛♠❜:♠ ♣♦❞❡ ♦❝♦''❡' ♦ '❡%✉❧-❛❞♦ ❢❛❧%♦✲♣♦%✐-✐✈♦✱ ♦♥❞❡ ♦% ❡①❛♠❡% ✐♥❞✐❝❛♠

❛♥♦'♠❛❧✐❞❛❞❡% ♠❡%♠♦ ?✉❡ ♥C♦ ❡①✐%-❛ ❝1♥❝❡' ♥❛ ♠❛♠❛ ✭❙❖❈■❊❚❨✱ ✷✵✶✽❥✮✳

❖% '❡%✉❧-❛❞♦% ❢❛❧%♦✲♥❡❣❛-✐✈♦ ❡ ❢❛❧%♦✲♣♦%✐-✐✈♦ %C♦ ♠❛✐% ❝♦♠✉♥% ❡♠ ♠✉❧❤❡'❡% ❥♦✈❡♥% ❝♦♠ %❡✐♦%

❞❡♥%♦%✳ ❆ ♠❛♠❛ : ❝♦♥%✐❞❡'❛❞❛ ❝♦♠♦ %❡♥❞♦ ❞❡♥%❛ ?✉❛♥❞♦ -✐✈❡' ♠✉✐-♦ -❡❝✐❞♦ ✜❜'♦%♦ ♦✉ ❣❧❛♥❞✉❧❛'

❡ ♣♦✉❝♦ -❡❝✐❞♦ ❛❞✐♣♦%♦✳ ❆ ❞❡♥%✐❞❛❞❡ ♠❛♠O'✐❛ ♣♦❞❡ %❡' ❝❛'❛❝-❡'✐③❛❞❛ ❡♠ ♠❛♠♦❣'❛✜❛%✳ ▼❛♠❛%

❞❡♥%❛% ♥C♦ %C♦ ❛♥♦'♠❛✐%✱ ♠❛% ❡%-C♦ '❡❧❛❝✐♦♥❛❞❛% ❛ ✉♠ ♠❛✐♦' '✐%❝♦ ❞❡ ❝1♥❝❡'✳ Q❛'❛ ❛ ♠❛✐♦'✐❛ ❞❛%

♠✉❧❤❡'❡%✱ ❛% ♠❛♠❛% -♦'♥❛♠✲%❡ ♠❡♥♦% ❞❡♥%❛% ❝♦♠ ❛ ✐❞❛❞❡ ✭❙❖❈■❊❚❨✱ ✷✵✶✽❥✮✳ ▼✉❧❤❡'❡% ❝♦♠

♠❛♠❛% ❞❡♥%❛% ♣♦%%✉❡♠ ✉♠ '✐%❝♦ ✹✱✼ ✈❡③❡% ♠❛✐♦' ❞❡ ❞❡%❡♥✈♦❧✈❡' ❝1♥❝❡' ❞❡ ♠❛♠❛ ❡♠ ❝♦♠♣❛'❛7C♦

❝♦♠ ♠❛♠❛% ♠❛✐% ❣♦'❞✉'♦%❛% ✭❇❖❨❉ ❡! ❛❧✳✱ ✷✵✵✼✮✳

❆ ❋✐❣✉'❛ ✸✳✻ ❛♣'❡%❡♥-❛ ❛% ?✉❛-'♦ ❝❛-❡❣♦'✐❛% ✉%❛❞❛% ♣❛'❛ ❝❧❛%%✐✜❝❛' ❛ ❞❡♥%✐❞❛❞❡ ♠❛♠O'✐❛✱

❞❡%❞❡ ✉♠❛ ♠❛♠❛ ?✉❛%❡ -♦-❛❧♠❡♥-❡ ❝♦♥%-✐-✉✐♥-❡ ❞❡ -❡❝✐❞♦ ❛❞✐♣♦%♦ ❛-: ✉♠ -❡❝✐❞♦ ♠❛♠O'✐♦ ❡①✲

-'❡♠❛♠❡♥-❡ ❞❡♥%♦ ✭♣♦✉❝❛ ❣♦'❞✉'❛✮✳ ❆% ♠❛♠❛% ❝❛-❡❣♦'✐③❛❞❛% ❝♦♠♦ %❡♥❞♦ ❤❡-❡'♦❣❡♥❡❛♠❡♥-❡

❞❡♥%❛% ♦✉ ❡①-'❡♠❛♠❡♥-❡ ❞❡♥%❛%✱ ❞✐✜❝✉❧-❛♠ ❛ ✈✐%✉❛❧✐③❛7C♦ ❞❡ -✉♠♦'❡% ✭❙❖❈■❊❚❨✱ ✷✵✶✽❡✮✳
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✭❛✮ #$❡❞♦♠✐♥❛♥+❡♠❡♥+❡ ❛❞✐♣♦-♦✳ ✭❜✮ #♦✉❝♦ ❞❡♥-♦✳

✭❝✮ ❍❡+❡$♦❣❡♥❡❛♠❡♥+❡ ❞❡♥-♦✳ ✭❞✮ ❊①+$❡♠❛♠❡♥+❡ ❞❡♥-♦✳

❋✐❣✉&❛ ✸✳✻✿ ❈❛-❡❣♦&✐❛0 ❞❡ ❞❡♥0✐❞❛❞❡ ♠❛♠4&✐❛ ✭❙❖❈■❊❚❨✱ ✷✵✶✽❡✮✳

◆❛0 ♠❛♠♦❣&❛✜❛0✱ ♦ -❡❝✐❞♦ ❞❛ ♠❛♠❛ ❞❡♥0♦ ❛♣&❡0❡♥-❛✲0❡ ♥❛ ❝♦& ❜&❛♥❝❛✳ ▼❛00❛0 ♦✉ -✉♠♦&❡0

❞❡ ♠❛♠❛ -❛♠❜H♠ 0❡ ❛♣&❡0❡♥-❛♠ ❝♦♠♦ ❜&❛♥❝♦0✱ ❧♦❣♦ ♦ -❡❝✐❞♦ ❞❡♥0♦ ♣♦❞❡ ❡0❝♦♥❞❡& ❛❧❣✉♥0

-✉♠♦&❡0 ♥❡0-❡ -✐♣♦ ❞❡ ❡①❛♠❡✳ ❖ -❡❝✐❞♦ ❛❞✐♣♦0♦✱ ❛♦ ❝♦♥-&4&✐♦✱ ❛♣&❡0❡♥-❛✲0❡ ♥❛ ❝♦& ♣&❡-❛✱ ❡♠ ✉♠

❢✉♥❞♦ ♣&❡-♦✱ -♦&♥❛♥❞♦✲0❡ ♠❛✐0 ❢4❝✐❧ ✈✐0✉❛❧✐③❛& ✉♠ -✉♠♦& N✉❡ ❛♣❛&❡❝❡ ♥❛ ❝♦& ❜&❛♥❝❛✳ ❊0-✉❞♦0

❞❡♠♦0-&❛&❛♠ N✉❡ ❛ ✉❧-&❛00♦♥♦❣&❛✜❛ ❡ ❛ &❡00♦♥O♥❝✐❛ ♠❛❣♥H-✐❝❛ ♣♦❞❡♠ ❛❥✉❞❛& ❛ ❡♥❝♦♥-&❛& ❛❧❣✉♥0

-✐♣♦0 ❞❡ ❝O♥❝❡&❡0 ❞❡ ♠❛♠❛ N✉❡ ♥Q♦ ♣♦❞❡♠ 0❡& ❞❡-❡❝-❛❞♦0 ❛-&❛✈H0 ❞❛ ♠❛♠♦❣&❛✜❛✳ R♦&H♠✱ ❡0-❡0

♦✉-&♦0 ❡①❛♠❡0 ❞❡ ✐♠❛❣❡♥0 ♣♦❞❡♠ &❡0✉❧-❛& ❡♠ ♠❛✐0 ❜✐S♣0✐❛0 ❞❡0♥❡❝❡004&✐♦0✱ ❛❧H♠ ❞❡ ♣♦❞❡&❡♠

♣♦00✉✐& ✉♠ ❝✉0-♦ ♠❛✐0 ❡❧❡✈❛❞♦ ✭❙❖❈■❊❚❨✱ ✷✵✶✽❡✮✳

❯❧"#❛%%♦♥♦❣#❛✜❛

❆ ✉❧-&❛00♦♥♦❣&❛✜❛ ❞❛ ♠❛♠❛ H ✉♠❛ ❢❡&&❛♠❡♥-❛ ❞❡ &❛0-&❡❛♠❡♥-♦ ❡❝♦♥U♠✐❝❛✱ ❛♠♣❧❛♠❡♥-❡

❞✐0♣♦♥V✈❡❧✱ ♥Q♦ ❡①♣W❡ ♦ ✐♥❞✐✈V❞✉♦ X &❛❞✐❛YQ♦✱ ❡ H ❝❛♣❛③ ❞❡ ❞❡-❡❝-❛& -✉♠♦&❡0 ❜❛0❡❛♥❞♦✲0❡ ♥♦

❢❡♥U♠❡♥♦ ❞❡ ❛❝Z0-✐❝❛✳ ❆ ❋✐❣✉&❛ ✸✳✼ ✐❧✉0-&❛ ♦ ♣&♦❝❡❞✐♠❡♥-♦ ♣❛&❛ ❡0-❡ ❡①❛♠❡✱ ♦♥❞❡ ✉♠ ❣❡❧ H
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❝♦❧♦❝❛❞♦ '♦❜)❡ ❛ ♣❡❧❡ ❞❛ ♠❛♠❛✱ ❡ ✉♠ /)❛♥'❞✉/♦) 1 ♠♦✈✐❞♦ '♦❜)❡ ❛ ♣❡❧❡✳ ❖ /)❛♥'❞✉/♦) ❡♥✈✐❛

♦♥❞❛' '♦♥♦)❛' ❡ ♠❡❞❡ ❛' ♦♥❞❛' ❛❝6'/✐❝❛' )❡✢❡/✐❞❛' ❛ ♣❛)/✐) ❞❛ ♠❛♠❛✱ 8✉❡ ♣♦❞❡♠ '❡) ❞✐❢❡)❡♥/❡'

❝❛'♦ ❡①✐'/❛♠ ❛♥♦♠❛❧✐❛' ✐♥/❡)♥❛'✳ ❚♦❞♦' ♦' '✐♥❛✐' )❡✢❡/✐❞♦' '<♦ ♣)♦❝❡''❛❞♦'✱ )❡'✉❧/❛♥❞♦ ♥✉♠❛

✐♠❛❣❡♠ 8✉❡ ♣♦❞❡ '❡) ♠♦'/)❛❞❛ ♥❛ /❡❧❛ ❞❡ ✉♠ ❝♦♠♣✉/❛❞♦) ✭❲❆◆●✱ ✷✵✶✼✮✳

❋✐❣✉)❛ ✸✳✼✿ ❊①❛♠❡ ❞❡ ✉❧/)❛''♦♥♦❣)❛✜❛ ❞❛ ♠❛♠❛✳

❖ ✉❧/)❛''♦♠ 1 6/✐❧ ♣❛)❛ ♠✉✐/❛' ❛♥L❧✐'❡'✱ /❛✐' ❝♦♠♦ ✭❙❖❈■❊❚❨✱ ✷✵✶✽❣✮✿

❼ ■❞❡♥/✐✜❝❛) ❛❧/❡)❛RS❡' ♠❛♠L)✐❛' ❡♠ ♠✉❧❤❡)❡' ❝♦♠ /❡❝✐❞♦ ❞❡♥'♦❀

❼ ❉✐❢❡)❡♥❝✐❛) ❝✐'/♦' ❝❤❡✐♦' ❞❡ ❧W8✉✐❞♦ ❡ ♠❛''❛' 'X❧✐❞❛'❀

❼ ❆❥✉❞❛) ❛ ❣✉✐❛) ✉♠❛ ❛❣✉❧❤❛ ❞❡ ❜✐X♣'✐❛✳

❉❡✈✐❞♦ ❛' ❧✐♠✐/❛RS❡' ❝♦♥❤❡❝✐❞❛' ❞❛ ♠❛♠♦❣)❛✜❛✱ ♣)✐♥❝✐♣❛❧♠❡♥/❡ ❡♠ ♠✉❧❤❡)❡' ❝♦♠ /❡❝✐❞♦

♠❛♠L)✐♦ ♠❛✐' ❞❡♥'♦✱ ❛ ✉❧/)❛''♦♥♦❣)❛✜❛ 1 )❡❝♦♠❡♥❞❛❞❛ ❝♦♠♦ ✉♠ ❡①❛♠❡ '✉♣❧❡♠❡♥/❛) Z ♠❛♠♦✲

❣)❛✜❛ ♣❛)❛ ✐♥❞✐✈W❞✉♦' ❝♦♠ ❛❧/♦ )✐'❝♦ ❞❡ ❝\♥❝❡) ❞❡ ♠❛♠❛✱ ❛✉♠❡♥/❛♥❞♦ ❛' /❛①❛' ❞❡ ❞❡/❡❝R<♦ ❞❛

❞♦❡♥R❛ ❡♠ ✵✱✸✼✪ ✭❍❖❖▲❊❨❀ ❙❈❖❯❚❚❀ a❍■▲a❖❚❚❙✱ ✷✵✶✸✮✳

◆♦ ❡♥/❛♥/♦✱ ❛ ✉❧/)❛''♦♥♦❣)❛✜❛ ♠❛♠L)✐❛ ♥<♦ 1 ❝❛♣❛③ ❞❡ ❞❡/❡❝/❛) ♠✉✐/♦' /✐♣♦' ❞❡ /✉♠♦✲

)❡' ❞❡✈✐❞♦ ❛♦ ❢❛/♦ ❞❡ 8✉❡ ❛' ♣)♦♣)✐❡❞❛❞❡' ❛❝6'/✐❝❛' ❞♦' /❡❝✐❞♦' '❛✉❞L✈❡✐' ❡ ❝❛♥❝❡)♦'♦' '❡)❡♠

♠✉✐/♦ '✐♠✐❧❛)❡'✳ ❆❧1♠ ❞✐''♦✱ ♦ ✉❧/)❛''♦♠ )❡8✉❡) ♠1❞✐❝♦' ❡①♣❡)✐❡♥/❡' ❡ ❝✉✐❞❛❞♦'♦'✱ ♦ 8✉❡ ❛❢❡/❛

'✐❣♥✐✜❝❛/✐✈❛♠❡♥/❡ ❛ '❡♥'✐❜✐❧✐❞❛❞❡ ❡ ❛ ❡'♣❡❝✐✜❝✐❞❛❞❡ ❞♦' )❡'✉❧/❛❞♦' ✭❲❆◆●✱ ✷✵✶✼✮✳

❘❡""♦♥%♥❝✐❛ ♠❛❣♥+,✐❝❛

❖ ❡①❛♠❡ ❞❡ )❡''♦♥\♥❝✐❛ ♠❛❣♥1/✐❝❛ ✭▼❘■✮ ✉'❛ ♦♥❞❛' ❞❡ )L❞✐♦' ❡ ❢♦)/❡' ✐♠<' ♣❛)❛ ♦❜/❡)

✐♠❛❣❡♥' ❞❡/❛❧❤❛❞❛' ❞♦ ✐♥/❡)✐♦) ❞♦ ❝♦)♣♦✳ ❆ ▼❘■ ❞❛ ♠❛♠❛ ✭❋✐❣✳ ✸✳✽✮ 1 ❢)❡8✉❡♥/❡♠❡♥/❡ )❡❛❧✐③❛❞❛

❡♠ ♠✉❧❤❡)❡' 8✉❡ ❥L ❢♦)❛♠ ❞✐❛❣♥♦'/✐❝❛❞❛' ❝♦♠ ❝\♥❝❡) ❞❡ ♠❛♠❛✱ ❝♦♠ ♦ ♦❜❥❡/✐✈♦ ❞❡ ♠❡❞✐) ♦

/❛♠❛♥❤♦ ❞♦ ❝\♥❝❡) ❡ ♣)♦❝✉)❛) ♦✉/)♦' /✉♠♦)❡' ♥❛ ♠❛♠❛ ✭❙❖❈■❊❚❨✱ ✷✵✶✽❢✮✳
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❋✐❣✉&❛ ✸✳✽✿ ❊①❛♠❡ ❞❡ &❡11♦♥4♥❝✐❛ ♠❛❣♥67✐❝❛ ❞❛ ♠❛♠❛ ✭❙❖❈■❊❚❨✱ ✷✵✶✽❢✮✳
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❢❛❧1♦✲♣♦1✐7✐✈♦✱ ❛❧7♦ ❝✉17♦✱ ❝♦♥1✉♠♦ ❞❡ 7❡♠♣♦✱ ❢❛❧7❛ ❞❡ ♥M♠❡&♦ ❛❞❡N✉❛❞♦ ❞❡ ❡N✉✐♣❛♠❡♥7♦1 ♥♦1
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❡+(G♦ +❡♥❞♦ ❞❡+❡♥✈♦❧✈✐❞♦+ ♣❛#❛ ❝♦♠❜✐♥❛# ❛ ✐♠❛❣❡♠ H♣(✐❝❛ ❝♦♠ ♦✉(#♦+ (❡+(❡+ ❞❡ ✐♠❛❣❡♠ ❝♦♠♦

❛ ▼❘■ ❡ ✉❧(#❛++♦♠ ✭●❖❉❆❱❆❘❚❨ ❡! ❛❧✳✱ ✷✵✶✺✮✳

Placa fixa
Placa móvel

Placa fixa Fonte

de luz

Detector de luz

Tecido mamário

Alvo

❋✐❣✉#❛ ✸✳✾✿ ❈♦♥✜❣✉#❛FG♦ ❞♦ ❡①❛♠❡ ♠❛♠R#✐♦ ♣♦# ✐♠❛❣❡♠ H♣(✐❝❛ ✭❆❞❛♣(❛❞♦ ❞❡ ✭●❖❉❆❱❆❘❚❨
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❞♦ (❡❝✐❞♦ ♥♦#♠❛❧ ❡♠ #❡❧❛FG♦ ❛ ♣❛++❛❣❡♠ ❞❛ +✉❜+(_♥❝✐❛ #❛❞✐♦❛(✐✈❛✳ ❆ ❣#❛♥❞❡ ❞❡+✈❛♥(❛❣❡♠

❞❡+(❡ ❡①❛♠❡ ❡+(R #❡❧❛❝✐♦♥❛❞♦ ❝♦♠ ❛ ❡①♣♦+✐FG♦ ❞♦ ❝♦#♣♦ ❛ #❛❞✐❛FG♦ ✭❖✬❈❖◆◆❖❘❀ ❘❍❖❉❊❙❀

❍❘❯❙❑❆✱ ✷✵✵✾✮✳
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❆ ♠❛♠♦❣'❛✜❛ ♣♦' ❡♠✐,,-♦ ❞❡ ♣/,✐0'♦♥, ✭3❊▼✮ 7 ✉♠ 0❡,0❡ ❞❡ ✐♠❛❣❡♠ ❛♣'♦✈❛❞♦ ♣❡❧❛ ❋❉❆
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7 ✐♥❥❡0❛❞❛ ♥♦ ,❛♥❣✉❡ ♣❛'❛ ❞❡0❡❝0❛' ❝7❧✉❧❛, ❝❛♥❝❡'E❣❡♥❛,✳ ❈♦♠♦ ❛, ❝7❧✉❧❛, ❞♦ ❝I♥❝❡' ❞❡♠♦♥,0'❛♠
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I✉❛❧I✉❡& ♠❡✐♦✱ ♠❛C ❝♦♠ ♠❛✐♦& ❡✜❝✐F♥❝✐❛ ♥♦ ✈J❝✉♦✳ ❚♦❞♦C ♦C ❝♦&♣♦C ❝♦♠ 6❡♠♣❡&❛6✉&❛ C✉♣❡&✐♦&

❛♦ ③❡&♦ ❛❜C♦❧✉6♦ ❡♠✐6❡♠ &❛❞✐❛AB♦ 6E&♠✐❝❛✱ ❝✉❥♦ ❡C♣❡❝6&♦ ❞❡ ♦♥❞❛ ❡❧❡6&♦♠❛❣♥E6✐❝♦ ✈❛&✐❛ ❞❡ ✵✱✶

❛ ✶✵✵ µm✱ ♦♥❞❡ CB♦ ✐♥❝❧✉H❞♦C ✉♠❛ ❢&❛AB♦ ❞♦ ❡C♣❡❝6&♦ ✉❧6&❛✈✐♦❧❡6❛ ❡ ❛ 6♦6❛❧✐❞❛❞❡ ❞♦ ✈✐CH✈❡❧ ❡ ♦

✐♥❢&❛✈❡&♠❡❧❤♦✱ ❝♦♠♦ ❛♣&❡C❡♥6❛❞♦ ♥❛ ❋✐❣✳ ✸✳✶✷ ✭❇❊❘●▼❆◆❀ ■◆❈❘❖X❊❘❆✱ ✷✵✶✶✮✳
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❋✐❣✉&❛ ✸✳✶✷✿ ❊,♣❡❝0&♦ ❞❡ ♦♥❞❛, ❡❧❡0&♦♠❛❣♥60✐❝❛,✳

❆ &❛❞✐❛89♦ ❡♠✐0✐❞❛ ♣❡❧♦, ❝♦&♣♦, ♥❛ 0❡♠♣❡&❛0✉&❛ ❛♠❜✐❡♥0❡ ,✐0✉❛✲,❡ ♥❛ &❡❣✐9♦ ❡,♣❡❝0&❛❧ ❞♦

✐♥❢&❛✈❡&♠❡❧❤♦✱ @✉❡ ,❡ ❡,0❡♥❞❡ ❞❡ ✵✱✼✻ ❛ ✶✵✵ µm✳ ❖, ❝♦&♣♦, ❡♠✐0❡♠ &❛❞✐❛8E❡, ✈✐,F✈❡✐, ✭✵✱✹✵ ❛

✵✱✼✻ µm✮ ❛ ♣❛&0✐& ❞❡ ✽✵✵ ❑✳ ❆ &❛❞✐❛89♦ ✐♥❢&❛✈❡&♠❡❧❤❛ ✭■❘✮ 6 ❝♦♥,0❛♥0❡♠❡♥0❡ ❡♠✐0✐❞❛✱ ❛❜,♦&✈✐❞❛

♦✉ 0&❛♥,♠✐0✐❞❛ ❛0&❛✈6, ❞♦ ✈♦❧✉♠❡ ❞❛ ♠❛06&✐❛✱ ♦✉ ,❡❥❛✱ ❛ &❛❞✐❛89♦ 6 ✉♠ ❢❡♥O♠❡♥♦ ✈♦❧✉♠60&✐❝♦✳

❈♦♥0✉❞♦✱ ♣❛&❛ ,Q❧✐❞♦, ♦♣❛❝♦,✱ ❝♦♠♦ ♠❡0❛✐,✱ ♠❛❞❡✐&❛ ❡ ♣❡❞&❛,✱ ❛ &❛❞✐❛89♦ 6 ❝♦♥,✐❞❡&❛❞❛ ✉♠

❢❡♥O♠❡♥♦ ❞❡ ,✉♣❡&❢F❝✐❡ ✭❈❊◆●❊▲✱ ✷✵✵✷✮✳

U❛&❛ @✉❛♥0✐✜❝❛& ❛♣&♦♣&✐❛❞❛♠❡♥0❡ ❛ &❛❞✐❛89♦ 06&♠✐❝❛✱ ❞❡✈❡✲,❡ 0&❛0❛& ❛ ,✉❛ ❞❡♣❡♥❞W♥❝✐❛ ❝♦♠

♦ ❝♦♠♣&✐♠❡♥0♦ ❞❡ ♦♥❞❛ ✭❡❢❡✐0♦ ❡,♣❡❝0&❛❧✮ ❡ ❝♦♠ ❛ ❞✐,0&✐❜✉✐89♦ ❞✐&❡❝✐♦♥❛❧ ✭❡❢❡✐0♦ ❞✐&❡❝✐♦♥❛❧✮✳ ❆,

,✉♣❡&❢F❝✐❡, ❡♠✐0❡♠ ❡ &❡✢❡0❡♠ &❛❞✐❛8E❡,✱ ❛,,✐♠✱ ❛ &❛❞✐❛89♦ 0♦0❛❧ @✉❡ ❞❡✐①❛ ✉♠❛ ,✉♣❡&❢F❝✐❡ ❝♦♥,✐,0❡

♥❛ &❛❞✐♦,✐❞❛❞❡✱ ❏✱ @✉❡ 0&❛0❛✲,❡ ❞❛ ,♦♠❛ ❞♦, ❝♦♠♣♦♥❡♥0❡, ❞♦ ♣♦❞❡& ❡♠✐,,✐✈♦✱ ❡✱ ❝♦♠ ❛ ♣❛&❝❡❧❛

❞❡ ✐&&❛❞✐❛89♦ &❡✢❡0✐❞❛ ♣❡❧❛ ,✉♣❡&❢F❝✐❡✱ ❝♦♠♦ ♠♦,0&❛❞♦ ♥❛ ❋✐❣✳ ✸✳✶✸✳ ❖ ♣♦❞❡& ❡♠✐,,✐✈♦ ❞❡ ✉♠❛

,✉♣❡&❢F❝✐❡ 6 ❛ 0❛①❛ ♥❛ @✉❛❧ ❛ &❛❞✐❛89♦ 6 ❡♠✐0✐❞❛ ♣♦& ✉♥✐❞❛❞❡ ❞❡ [&❡❛ ❡♠ 0♦❞♦, ♦, ❝♦♠♣&✐♠❡♥0♦,

❞❡ ♦♥❞❛, ❡ ❞✐&❡8E❡, ♣♦,,F✈❡✐,✳ ❆ ✐&&❛❞✐❛89♦✱ ●✱ 6 ♦ ✢✉①♦ ❞❡ &❛❞✐❛89♦ ✐♥❝✐❞❡♥0❡ ,♦❜&❡ ❛ ,✉♣❡&❢F❝✐❡

❡♠ 0♦❞❛, ❛, ❞✐&❡8E❡, ♣♦,,F✈❡✐, ✭❈❊◆●❊▲✱ ✷✵✵✷✮✳

❋✐❣✉&❛ ✸✳✶✸✿ ❚✐♣♦, ❞❡ ✢✉①♦ ❞❡ &❛❞✐❛89♦✿ ♣♦❞❡& ❡♠✐,,✐✈♦✱ ✐&&❛❞✐❛89♦ ❡ &❛❞✐♦,✐❞❛❞❡✳

◆❛ ♣&[0✐❝❛✱ ♥❡❝❡,,✐0❛✲,❡ ❞❡0❡&♠✐♥❛& ♦ ♣♦❞❡& ❡♠✐,,✐✈♦✱ ❛ ✐&&❛❞✐❛89♦ ♦✉ ❛ &❛❞✐♦,✐❞❛❞❡ ❞❡ ✉♠❛

,✉♣❡&❢F❝✐❡ &❡❛❧✳ U❛&❛ ✐,,♦ 6 ♥❡❝❡,,[&✐♦ ✐♥0&♦❞✉③✐& ♦ ❝♦♥❝❡✐0♦ ❞❡ ❝♦&♣♦ ♥❡❣&♦✳ ❯♠ ❝♦&♣♦ ♥❡❣&♦ 6

✐❞❡❛❧✐③❛❞♦ ❝♦♠♦ ✉♠ ♣❡&❢❡✐0♦ ❡♠✐,,♦& ❡ ❛❜,♦&✈❡❞♦& ❞❡ &❛❞✐❛89♦ 06&♠✐❝❛✳ ❊♠ ❞❡0❡&♠✐♥❛❞❛ 0❡♠✲
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♣❡#❛%✉#❛ ❡ ❝♦♠♣#✐♠❡♥%♦ ❞❡ ♦♥❞❛✱ ♥❡♥❤✉♠❛ /✉♣❡#❢1❝✐❡ ♣♦❞❡ ❡♠✐%✐# ♠❛✐/ ❡♥❡#❣✐❛ ❞♦ 3✉❡ ♦ ❝♦#♣♦

♥❡❣#♦✳ ❯♠ ❝♦#♣♦ ♥❡❣#♦ ❛❜/♦#✈❡ %♦❞❛ ❛ #❛❞✐❛89♦ ✐♥❝✐❞❡♥%❡✱ ✐♥❞❡♣❡♥❞❡♥%❡ ❞♦ /❡✉ ❝♦♠♣#✐♠❡♥%♦

❞❡ ♦♥❞❛ ❡ ❞❡ /✉❛ ❞✐#❡89♦✳ ❆❧<♠ ❞✐//♦✱ ♦ ❝♦#♣♦ ♥❡❣#♦ < ❝♦♥/✐❞❡#❛❞♦ ✉♠ ❡♠✐//♦# ❞✐❢✉/♦✱ ♦✉ /❡❥❛✱

❛ #❛❞✐❛89♦ ❡♠✐%✐❞❛ < ✐♥❞❡♣❡♥❞❡♥%❡ ❞❛ ❞✐#❡89♦ ✭❈❊◆●❊▲✱ ✷✵✵✷✮✳

❆ ✐♥%❡♥/✐❞❛❞❡ %♦%❛❧ ❞❛ ❡♥❡#❣✐❛ ❞❡ #❛❞✐❛89♦ %<#♠✐❝❛ ❡♠✐%✐❞❛ ♣♦# ✉♠ ❝♦#♣♦ ♥❡❣#♦✱ ❡♠ %♦❞❛/

❛/ ❞✐#❡8G❡/ ❡ ❛♦ ❧♦♥❣♦ ❞❡ %♦❞♦/ ♦/ ❝♦♠♣#✐♠❡♥%♦/ ❞❡ ♦♥❞❛✱ ♣♦❞❡ /❡# ❝♦♥❤❡❝✐❞❛ ❛ ♣❛#%✐# ❞❛ ❧❡✐ ❞❡

❙%❡❢❛♥✲❇♦❧%③♠❛♥♥ 3✉❡ ♣♦❞❡ /❡# ❡/❝#✐%❛ ❝♦♠♦

Ecn = σT 4[W/m2] ✭✸✳✶✮

♦♥❞❡ σ = 5, 67.10−8W/(m2K4) < ❛ ❝♦♥/%❛♥%❡ ❞❡ ❙%❡❢❛♥✲❇♦❧%③♠❛♥♥ ❡ T < ❛ %❡♠♣❡#❛%✉#❛ ❛❜/♦❧✉%❛

❞❛ /✉♣❡#❢1❝✐❡ ❡♠ K✳

❆//✐♠✱ ✉♠ ❝♦#♣♦ ♥❡❣#♦ ♣♦❞❡ /❡#✈✐# ❝♦♠♦ ✉♠❛ #❡❢❡#M♥❝✐❛ ♣❛#❛ ❞❡/❝#❡✈❡# ❛/ ❝❛#❛❝%❡#1/%✐❝❛/ ❞❡

❡♠✐//9♦ ❡ ❛❜/♦#89♦ ❞❡ /✉♣❡#❢1❝✐❡/ #❡❛✐/✳

✸✳✷✳✶✳✶ $%♦♣%✐❡❞❛❞❡, %❛❞✐♦❛-✐✈❛,

❆ ♠❛✐♦#✐❛ ❞♦/ ♠❛%❡#✐❛✐/ /9♦ ❝♦♥/✐❞❡#❛❞♦/ ♦♣❛❝♦/ ❡♠ #❡❧❛89♦ ❛ #❛❞✐❛89♦ %<#♠✐❝❛✱ ✐//♦ /✐❣♥✐✲

✜❝❛ 3✉❡ ❛ #❛❞✐❛89♦ < ❡♠✐%✐❞❛ ♦✉ ❛❜/♦#✈✐❞❛ ❞❡♥%#♦ ❞♦/ ♣#✐♠❡✐#♦/ ♠1❝#♦♥/ ❞❛ /✉♣❡#❢1❝✐❡✳ ▼❡/♠♦

♠❛%❡#✐❛✐/ ❝♦♠♦ ✈✐❞#♦ ❡ P❣✉❛✱ 3✉❡ ♣❡#♠✐%❡♠ ❛ ♣❡♥❡%#❛89♦ ❞❡ #❛❞✐❛89♦ ✈✐/1✈❡❧✱ %❛♠❜<♠ /9♦ ❝♦♥/✐✲

❞❡#❛❞♦/ ♣#❛%✐❝❛♠❡♥%❡ ♦♣❛❝♦/ Q #❛❞✐❛89♦ ✐♥❢#❛✈❡#♠❡❧❤❛✳ R♦#<♠✱ ♦/ ♠❛%❡#✐❛✐/ ♣♦❞❡♠ ❛♣#❡/❡♥%❛#

❝♦♠♣♦#%❛♠❡♥%♦/ ❞✐❢❡#❡♥%❡/ ❡♠ /✐%✉❛8G❡/ #❡❛✐/✳ R♦# ✐//♦✱ ❞❡✈❡✲/❡ ❡♥%❡♥❞❡# ❛❧❣✉♥/ ❢❡♥S♠❡♥♦/

❝♦♠♦ ❛ ❡♠✐//✐✈✐❞❛❞❡✱ ❛❜/♦#%✐✈✐❞❛❞❡✱ #❡✢❡%✐✈✐❞❛❞❡ ❡ %#❛♥/♠✐//✐✈✐❞❛❞❡ ✭❈❊◆●❊▲✱ ✷✵✵✷✮✳

❊♠✐,,✐✈✐❞❛❞❡

❆ ❡♠✐//✐✈✐❞❛❞❡ ✭ε✮ ❞❡ ✉♠❛ /✉♣❡#❢1❝✐❡ #❡♣#❡/❡♥%❛ ❛ #❛③9♦ ❡♥%#❡ ❛ #❛❞✐❛89♦ ❡♠✐%✐❞❛ ♣❡❧❛ /✉✲

♣❡#❢1❝✐❡ ❡♠ ✉♠❛ ❞❡%❡#♠✐♥❛❞❛ %❡♠♣❡#❛%✉#❛ ❡ ❛ #❛❞✐❛89♦ ❡♠✐%✐❞❛ ♣♦# ✉♠ ❝♦#♣♦ ♥❡❣#♦ ♥❛ ♠❡/♠❛

%❡♠♣❡#❛%✉#❛✳ ❆ ❡♠✐//✐✈✐❞❛❞❡ ❞❡ ✉♠❛ /✉♣❡#❢1❝✐❡ #❡❛❧ ♥9♦ < ❝♦♥/%❛♥%❡ ✭♠❡/♠♦ ♣♦❞❡♥❞♦ /❡# ❝♦♥✲

/✐❞❡#❛❞❛ ❡♠ ✈P#✐♦/ ❝❛/♦/✮✱ ♣♦❞❡♥❞♦ ✈❛#✐❛# ❝♦♠ ❛ %❡♠♣❡#❛%✉#❛ ❞❛ /✉♣❡#❢1❝✐❡✱ ♦ ❝♦♠♣#✐♠❡♥%♦ ❞❡

♦♥❞❛ ❡ ❛ ❞✐#❡89♦ ❞❛/ #❛❞✐❛8G❡/ ❡♠✐%✐❞❛/✳ ❖ ✈❛❧♦# ❞❡ ε ✈❛#✐❛ ❡♥%#❡ ✵ ❡ ✶✱ ❝❛#❛❝%❡#✐③❛♥❞♦ ♦ 3✉❛♥%♦

✉♠❛ /✉♣❡#❢1❝✐❡ #❡❛❧ /❡ ❛♣#♦①✐♠❛ ❞❡ ✉♠ ❝♦#♣♦ ♥❡❣#♦✳ ❆//✐♠✱ ❛ ❡♥❡#❣✐❛ %♦%❛❧ ❡♠✐//✐✈❛ ❞❡ ✉♠❛

/✉♣❡#❢1❝✐❡ #❡❛❧ ♣♦❞❡ /❡# ♦❜%✐❞❛ ♣♦#

E = εEcn = εσT 4[W/m2] ✭✸✳✷✮
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✷✵✶✶✮✳

❋✐❣✉(❛ ✸✳✶✹✿ ❆❜/♦(*+♦✱ (❡✢❡①+♦ ❡ (❛❞✐❛*+♦ ✐♥❝✐❞❡♥4❡ ❡♠ ✉♠ ♠❛4❡(✐❛❧ /❡♠✐4(❛♥/♣❛(❡♥4❡ ✭❈❊◆✲

●❊▲✱ ✷✵✵✷✮✳
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♦❜❥❡$♦✱ ❛ '❡✢❡$✐❞❛ ♣❡❧♦ ♦❜❥❡$♦ ❡ ❛ ❛$♠♦,❢R'✐❝❛✳

Objeto

Atmosfera
câmera infravermelha

Eobj

Erefl

Eatm

Trefl

Eobj

Erefl

̍

̍

❋✐❣✉'❛ ✸✳✶✺✿ ❘❛❞✐❛56♦ '❡❝❡❜✐❞❛ ♣❡❧❛ ❝N♠❡'❛ ✐♥❢'❛✈❡'♠❡❧❤❛ ✭❆❞❛♣$❛❞♦ ❞❡ ✭❯❙❆▼❊◆❚■❆●❆ ❡!

❛❧✳✱ ✷✵✶✹✮✮✳

❆ ♣'✐♠❡✐'❛ ❢♦♥$❡ R ❛ ❡♥❡'❣✐❛ '❛❞✐❛♥$❡ ❡♠✐$✐❞❛ ♣❡❧♦ ♦❜❥❡$♦ ✭Eobj✮✳ ◆♦ ❡♥$❛♥$♦✱ ❡♠ ❢✉♥56♦

❞❛ $'❛♥,♠✐,,✐✈✐❞❛❞❡ ❞❛ ❛$♠♦,❢❡'❛ ✭τatm✮✱ ✉♠❛ ♣❛'$❡ ❞❡,,❛ '❛❞✐❛56♦ R ❛❜,♦'✈✐❞❛ ♣❡❧❛ ❛$♠♦,❢❡'❛✳

❆,,✐♠✱ ❛ ❡♠✐,,6♦ ❞♦ ♦❜❥❡$♦ ❞❡$❡❝$❛❞❛ ♣❡❧❛ ❝N♠❡'❛ ♣♦❞❡ ,❡' ❞❛❞❛ ♣♦'

E ′

obj = εobj.τatm.σ.T
4

obj ✭✸✳✸✮

♦♥❞❡ εobj R ❛ ❡♠✐,,✐✈✐❞❛❞❡ ❞♦ ♦❜❥❡$♦ ❡ Tobj R ❛ $❡♠♣❡'❛$✉'❛ ❞❛ ,✉♣❡'❢0❝✐❡ ❞♦ ♦❜❥❡$♦✳

❖ ,❡❣✉♥❞♦ ❝♦♠♣♦♥❡♥$❡ '❡❝❡❜✐❞♦ ♣❡❧❛ ❝N♠❡'❛ '❡❢❡'❡✲,❡ ❛ '❛❞✐❛56♦ ✐♥❢'❛✈❡'♠❡❧❤❛ '❡✢❡$✐❞❛ ♣❡❧❛

,✉♣❡'❢0❝✐❡ ❞♦ ♦❜❥❡$♦ ✭Erefl✮✱ ,❡♥❞♦ L✉❡ ♣❛'$❡ ❞❡,,❛ ❡♥❡'❣✐❛ $❛♠❜R♠ R ❛❜,♦'✈✐❞❛ ♣❡❧❛ ❛$♠♦,❢❡'❛✳

U♦'$❛♥$♦✱ ❛ ❡♠✐,,6♦ '❡✢❡$✐❞❛ ♣❡❧♦ ❝♦'♣♦ R ❡,❝'✐$❛ ❝♦♠♦

E ′

refl = ρobj.τatm.σ.T
4

refl ✭✸✳✹✮

♦♥❞❡ Trefl R ❛ $❡♠♣❡'❛$✉'❛ '❡✢❡$✐❞❛ ❡ ρobj R ❛ '❡✢❡$✐✈✐❞❛❞❡ ❞❛ ,✉♣❡'❢0❝✐❡ ❞♦ ♦❜❥❡$♦ L✉❡ ♣♦❞❡ ,❡'



✸✻

❞❛❞❛ ♣♦&

ρobj = (1− εobj) ✭✸✳✺✮

▲♦❣♦✱ ❛ ❝♦♠♣♦♥❡♥2❡ ❞❡ ❡♠✐445♦ &❡✢❡2✐❞❛ ♠❡❞✐❞❛ ♣❡❧❛ ❝8♠❡&❛ 9 ❞❛❞❛ ♣♦&

E ′

refl = (1− εobj).τatm.σ.T
4

refl ✭✸✳✻✮

❖ 2❡&❝❡✐&♦ ❝♦♠♣♦♥❡♥2❡ 9 ❛ ❡♠✐445♦ ❞❡ &❛❞✐❛;5♦ ✐♥❢&❛✈❡&♠❡❧❤❛ ❞❛ ❛2♠♦4❢❡&❛ ?✉❡ ♣♦❞❡ 4❡&

❡①♣&❡44♦ ❝♦♠♦ 4❡♥❞♦

Eatm = (1− τatm).σ.T
4

atm ✭✸✳✼✮

♦♥❞❡ Tatm 9 ❛ 2❡♠♣❡&❛2✉&❛ ❛2♠♦4❢9&✐❝❛✳

❆ ❡♥❡&❣✐❛ &❛❞✐❛♥2❡ 2♦2❛❧ ✭Wtot✮ &❡❝❡❜✐❞❛ ♣❡❧❛ ❝8♠❡&❛ ✐♥❢&❛✈❡&♠❡❧❤❛ 9 ♦❜2✐❞❛ ♣❡❧❛ 4♦♠❛ ❞♦4

2&E4 ❝♦♠♣♦♥❡♥2❡4 ♠❡❞✐❞♦4 ♣❡❧♦ ❡?✉✐♣❛♠❡♥2♦

Wtot = E ′

obj + E ′

refl + Eatm ✭✸✳✽✮

❙✉❜42✐2✉✐♥❞♦ ❛4 ❊?4✳ ✸✳✸✱ ✸✳✻ ❡ ✸✳✼ ♥❛ ❊?✳ ✭✸✳✽✮✱ ❡ ❡✈✐❞❡♥❝✐❛♥❞♦ ❛ 2❡♠♣❡&❛2✉&❛ ❞❛ 4✉♣❡&❢I❝✐❡

❞♦ ♦❜❥❡2♦✱ ♦❜29♠✲4❡ ❛ ❡?✉❛;5♦ ♠✉✐2♦ ✉4❛❞❛ ♣♦& ❢❛❜&✐❝❛♥2❡4 ❞❡ ❝8♠❡&❛4 ✐♥❢&❛✈❡&♠❡❧❤❛ ♣❛&❛

&❡❛❧✐③❛& ♠❡❞✐;M❡4 ❞❡ 2❡♠♣❡&❛2✉&❛✱ ❞❛❞❛ ♣♦&

Tobj =
4

√

Wtot − (1− εobj).τatm.σ.T 4

refl − (1− τatm).σ.T 4
atm

εobj.τatm.σ
✭✸✳✾✮
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❞✐428♥❝✐❛ ❡♥2&❡ ❛ 4✉♣❡&❢I❝✐❡ ❞♦ ♦❜❥❡2♦ ❡ ❛ ❝8♠❡&❛✱ ❣❡&❛❧♠❡♥2❡ ♣&R①✐♠♦ ❞❡ ✶ ✭✉♠✮✳ ❆44✐♠✱ ♥♦
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❝♦♥✈❡❝71♦ %*$♠✐❝❛ ❞♦ ❛♠❜✐❡♥%❡ ❡①%❡$♥♦✱ ❥2 ❛ '✉♣❡$❢C❝✐❡ ✐♥%❡$♥❛ ❞❛ ♠❛♠❛ ✭❝♦♠♦ ❛♣$❡'❡♥%❛ ❛ ❋✐❣✳

✹✳✶❜✮ ❡'%2 '✉❥❡✐%❛ G ✉♠❛ %❡♠♣❡$❛%✉$❛ ♥♦$♠❛❧♠❡♥%❡ ❝♦♥'%❛♥%❡ ✭Tc✮ ✐❣✉❛❧ ❛ %❡♠♣❡$❛%✉$❛ ✐♥%❡$♥❛

❞♦ ❝♦$♣♦✳

L

W

H

Tc

h,T∞h,T

∞h,T

∞h,T

∞h,T

∞h,T

∞h,T

Tc

Tumor

Tumor

(a) mama real (b) mama esférica (c) mama cartesiana

x

y

z

❋✐❣✉$❛ ✹✳✶✿ ❙✐♠♣❧✐✜❝❛71♦ ❞❛ ❣❡♦♠❡%$✐❛ $❡❛❧ ❞❛ ♠❛♠❛ ♣❛$❛ ❝♦♦$❞❡♥❛❞❛' ❝❛$%❡'✐❛♥❛'✳

❈♦♥'✐❞❡$❛♥❞♦ B✉❡ ✉'✉❛❧♠❡♥%❡ ♦' %❡'%❡' ❝❧C♥✐❝♦' ✉'❛♥❞♦ %❡$♠♦❣$❛✜❛ ✐♥❢$❛✈❡$♠❡❧❤❛ '1♦ $❡❛❧✐✲

③❛❞♦' ❡♠ ❝♦♥❞✐7;❡' ❞❡ ❡'%❛❞♦ ❡'%❛❝✐♦♥2$✐♦ ❝♦♠ ❜❛'❡ ❡♠ ♣$♦%♦❝♦❧♦' ♠*❞✐❝♦' ✭❘■◆●❀ ❆▼▼❊❘✱

✷✵✵✵✮✱✭◆●✱ ✷✵✵✾✮✱ ✭❇❘■❖❙❈❍■ ❡! ❛❧✳✱ ✷✵✶✵✮✱ ♦ ❝♦♠♣♦$%❛♠❡♥%♦ %*$♠✐❝♦ ❝❛$❛❝%❡$✐③❛❞♦ ♣❡❧♦ ♣$♦✲

❝❡''♦ ❞❡ %$❛♥'❢❡$Y♥❝✐❛ ❞❡ ❝❛❧♦$ ♣❛$❛ ♦ ♣$♦❜❧❡♠❛ ❜✐♦✲%*$♠✐❝♦ ✐❞❡❛❧✐③❛❞♦ ♣❡❧❛ ❋✐❣✳ ✹✳✶❝ ♣♦❞❡ '❡$

❡①♣$❡''♦ ♣❡❧❛ ❡B✉❛71♦ ❞❡ Z❡♥♥❡' ❡♠ $❡❣✐♠❡ ❡'%❛❝✐♦♥2$✐♦ ❡ '❡♠ ❢♦♥%❡ ❞❡ ❝❛❧♦$ ❡①%❡$♥❛

k∇2T + wρscs(Ta − T ) +Qm = 0 ✭✹✳✶✮

♦♥❞❡ k * ❛ ❝♦♥❞✉%✐✈✐❞❛❞❡ %*$♠✐❝❛ ❞♦ %❡❝✐❞♦✳ ❆' ♣$♦♣$✐❡❞❛❞❡' w✱ ρs ❡ cs✱ $❡♣$❡'❡♥%❛♠ $❡'♣❡❝✲

%✐✈❛♠❡♥%❡✱ ❛ ♣❡$❢✉'1♦✱ ❛ ♠❛''❛ ❡'♣❡❝C✜❝❛ ❡ ♦ ❝❛❧♦$ ❡'♣❡❝C✜❝♦ ❞♦ '❛♥❣✉❡✳ ❆ ❣❡$❛71♦ ❞❡ ❝❛❧♦$

✈♦❧✉♠*%$✐❝❛ ♠❡%❛❜[❧✐❝❛ ❞♦ %❡❝✐❞♦ * ❞❛❞♦ ♣♦$ Qm ❡ T * ❛ %❡♠♣❡$❛%✉$❛ ❞♦ %❡❝✐❞♦✳ ❖ ❞♦♠C♥✐♦ ❞♦

%❡❝✐❞♦ ❡'%2 '✉❥❡✐%♦ ❛' '❡❣✉✐♥%❡' ❝♦♥❞✐7;❡' ❞❡ ❝♦♥%♦$♥♦✿

◆❛ '✉♣❡$❢C❝✐❡ ✐♥%❡$♥❛ ❞❛ ♠❛♠❛ G %❡♠♣❡$❛%✉$❛ ♣$❡'❝$✐%❛

T (x, y, z = 0) = Tc ✭✹✳✷✮

❡ ❡♠ %♦❞❛' ❛' ♦✉%$❛' '✉♣❡$❢C❝✐❡' ❞♦ ♠♦❞❡❧♦ ❝❛$%❡'✐❛♥♦ * ❝♦♥'✐❞❡$❛❞♦ ❝♦♥✈❡❝71♦ %*$♠✐❝❛✱ ❝♦♠



✹✵

❝♦❡✜❝✐❡♥(❡ ❞❡ ❝♦♥✈❡❝+,♦ ❤ ❡ (❡♠♣❡0❛(✉0❛ ❛♠❜✐❡♥(❡ T∞

−k
∂T

∂η
= h(T − T∞) ✭✹✳✸✮

✹✳✷ ■❞❡❛❧✐③❛*+♦ ❞❛ -.❝♥✐❝❛ ♣2♦♣♦3-❛

❆ ✐❞❡✐❛ ❛❣♦0❛ : ;✉❡ ❛ ❧♦❝❛❧✐③❛+,♦ ❞♦ ❝❡♥(0♦ ❞❡ ✉♠❛ ❢♦♥(❡ ❞❡ ❝❛❧♦0 ♠❡(❛❜?❧✐❝❛ (✉♠♦0❛❧ @❡❥❛

❡@(✐♠❛❞❛ ✉@❛♥❞♦ ❛♣❡♥❛@ ❛@ (❡♠♣❡0❛(✉0❛@ ❞❡ ✉♠❛ B♥✐❝❛ @✉♣❡0❢C❝✐❡ ❞❛ ♣❡❧❡ ❞❛ ♠❛♠❛ ✭@✉♣❡0❢C❝✐❡

❡♠ ③ ❂ ❍ ❞♦ ♠♦❞❡❧♦ ❝❛0(❡@✐❛♥♦ ❥F ❛♣0❡@❡♥(❛❞♦ ♥❛ ❋✐❣✳ ✹✳✶❝✮✱ ✐♥❞❡♣❡♥❞❡♥(❡ ❞❡ ✈❛❧♦0❡@ ❡@♣❡❝C✜❝♦@

❞❛@ ♣0♦♣0✐❡❞❛❞❡@ (:0♠✐❝❛@ ❡ ♣❛0J♠❡(0♦@ ❞♦@ (❡❝✐❞♦@ ;✉❡ ❝♦♠♣K❡♠ ❛ ♠❛♠❛✳

❆ ❡@(✐♠❛(✐✈❛ ❞♦ ❝❡♥(0♦ ❞♦ (✉♠♦0 @❡0F 0❡❛❧✐③❛❞❛ ❝♦♥@✐❞❡0❛♥❞♦ ♦@ @❡❣✉✐♥(❡@ ♣0❡@@✉♣♦@(♦@✿

✭✐✮ ❆ ♣0❡@❡♥+❛ ❞♦ (✉♠♦0 ❛❢❡(❛ @♦♠❡♥(❡ ❛@ ❝:❧✉❧❛@ ❝❛♥❝❡0C❣❡♥❛@✱ ♦✉ @❡❥❛✱ ❛@ ❝:❧✉❧❛@ @❛✉❞F✲

✈❡✐@ ♣♦@@✉❡♠ ♦ ♠❡@♠♦ ❝♦♠♣♦0(❛♠❡♥(♦ @❡ ❡@(,♦ ♥✉♠❛ ♠❛♠❛ @❛✉❞F✈❡❧ ♦✉ ❡♠ ✉♠❛ ♠❛♠❛ ;✉❡

(❡♥❤❛ ♣0❡@❡♥+❛ ❞❡ ✉♠ (✉♠♦0✳ ■@@♦ @✐❣♥✐✜❝❛ ;✉❡ ❛@ ♣0♦♣0✐❡❞❛❞❡@ (❡0♠♦❢C@✐❝❛@ ❞❛@ ❝:❧✉❧❛@ @❛✉❞F✲

✈❡✐@ (❡♠ @❡✉@ ✈❛❧♦0❡@ ✐♥❛❧(❡0❛❞♦@✱ ✐♥❞❡♣❡♥❞❡♥(❡♠❡♥(❡ ❞❡ ❡①✐@(✐0❡♠ ❝:❧✉❧❛@ ❝❛♥❝❡0C❣❡♥❛@ ❡♠ @✉❛

✈✐③✐♥❤❛♥+❛✳

✭✐✐✮ ❊♠❜♦0❛ ❛@ ♠❛♠❛@ ❝♦♠ ❝J♥❝❡0 (❡♥❤❛♠ ♠❛✐♦0 ✈❛@❝✉❧❛0✐③❛+,♦ ❡✱ ♣♦0(❛♥(♦✱ ♠❛✐♦0 ♣❡0❢✉@,♦

@❛♥❣✉C♥❡❛✱ ❡@@❡ ❡❢❡✐(♦ (❛♠❜:♠ : 0❡@(0✐(♦ ❛♣❡♥❛@ Q@ ❝:❧✉❧❛@ ❞♦ (✉♠♦0✳ ◆❡@@❡ ❝❛@♦✱ ✉♠❛ ♠❛✐♦0

♣❡0❢✉@,♦ @❛♥❣✉C♥❡❛ ♥❛ 0❡❣✐,♦ (✉♠♦0❛❧ ❛❧(❡0❛ ❛ (0♦❝❛ ❞❡ ❝❛❧♦0 ❡♥(0❡ ♦ (❡❝✐❞♦ ❞❛ 0❡❣✐,♦ ❡ ♦ @❛♥❣✉❡

❝✐0❝✉❧❛♥(❡✱ 0❡@✉❧(❛♥❞♦ ❛@@✐♠ ♥❛ ❛❧(❡0❛+,♦ ❞❛ ✐♥(❡♥@✐❞❛❞❡ ❞❛ ❣❡0❛+,♦ ❞❡ ❝❛❧♦0 ❡♠✐(✐❞❛ ♣❡❧♦ (✉♠♦0✳

❆♦ ❝♦♥@✐❞❡0❛0 ❡@(❛@ ❤✐♣?(❡@❡@✱ (0❛(❛✲@❡ ❛ ♣❛0(✐0 ❞❡ ❡♥(,♦ ❛ (0❛♥@❢❡0S♥❝✐❛ ❞❡ ❝❛❧♦0 ♥❛ ♠❛♠❛

❡♠ ❞♦✐@ ❝❛@♦@ ❞✐@(✐♥(♦@✿ ♦ ♣0✐♠❡✐0♦ : ✉♠ ♣0♦❜❧❡♠❛ @❛✉❞F✈❡❧ ✭♦♥❞❡ ❛ ♠❛♠❛ ♥,♦ ♣♦@@✉✐ ❝J♥❝❡0✮✱

❡ ♥♦ @❡❣✉♥❞♦ ❝♦♥@✐❞❡0❛✲@❡ ✉♠ ♣❛❝✐❡♥(❡ ❝♦♠ ❝J♥❝❡0 ❞❡ ♠❛♠❛✳ ❆ ❋✐❣✉0❛ ✹✳✷ ❛♣0❡@❡♥(❛ ♦ ♣❧❛♥♦

❞❡ ❝♦0(❡ ①✲③ ❡♠ ② ❂ ❲✴✷ ❞❛ ♠❛♠❛ ❞❛ ❋✐❣✳ ✹✳✶❝✱ ♣❛0❛ ✉♠ ❝❛@♦ @❛✉❞F✈❡❧ ✭❋✐❣✳ ✹✳✷❛✮ ❡ ♦✉(0♦

❝♦♠ ❝J♥❝❡0 ✭❋✐❣✳ ✹✳✷❜✮✳
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0

H

✭❛✮ ▼❛♠❛ %❡♠ '✉♠♦*✳

Tumor

Tecido
saudável

T (x,y,z=H)t

Tcx

z

∞h T,

∞h T,

∞h T,
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0

H

✭❜✮ ▼❛♠❛ ❝♦♠ '✉♠♦*✳

❋✐❣✉&❛ ✹✳✷✿ ❱✐,-❛ ❞❡ ❝♦&-❡ ♥♦ ♣❧❛♥♦ ①✲③ ❡♠ ② ❂ ❲✴✷ ❞❛ ♠❛♠❛ ❝❛&-❡,✐❛♥❛ ❞❛ ❋✐❣✳ ✹✳✶❝✳

❖❜,❡&✈❛✲,❡ @✉❡ ♥❛ ♠❛♠❛ ,❛✉❞A✈❡❧ ❞❛ ❋✐❣✳ ✹✳✷❛ ♥B♦ ❤A ♣&❡,❡♥D❛ ❞❡ ❝E❧✉❧❛, ❝❛♥❝❡&F❣❡♥❛, ❡ ❛,

-❡♠♣❡&❛-✉&❛, ❡♠ &❡❣✐♠❡ ❡,-❛❝✐♦♥A&✐♦ ♥❛ ,✉♣❡&❢F❝✐❡ ❡♠ ③ ❂ ❍ ♣♦❞❡♠ ,❡& ❞❛❞❛, ♣♦& Ts(x, y, z =

H)✳ I❛&❛ ♦ ❝❛,♦ ❞❛ ♠❡,♠❛ ♠❛♠❛✱ ♠❛, ❝♦♠ -✉♠♦&✱ ❛♣&❡,❡♥-❛❞♦ ♥❛ ❋✐❣✳ ✹✳✷❜✱ ❛ ❣❡&❛DB♦ ❞❡ ❝❛❧♦&

♠❡-❛❜K❧✐❝❛ ❞❛, ❝E❧✉❧❛, ❝❛♥❝❡&F❣❡♥❛, ♣♦❞❡♠ ♠♦❞✐✜❝❛& ❛ ❞✐,-&✐❜✉✐DB♦ ❞❛, -❡♠♣❡&❛-✉&❛, ❡♠ -♦❞♦

♦ ❞♦♠F♥✐♦ ❞❛ ♠❛♠❛✱ ✐♥❝❧✉,✐✈❡ ♥❛ ,✉♣❡&❢F❝✐❡ ❡♠ ③ ❂ ❍✱ ❣❡&❛♥❞♦ ✉♠ ♥♦✈♦ ♣❡&✜❧ ❞❡ -❡♠♣❡&❛-✉&❛

❞❛❞♦ ♣♦& Tt(x, y, z = H)✳

❈♦♥,✐❞❡&❛♥❞♦✲,❡ @✉❡ ❛ ❝♦♠♣♦,✐DB♦ -❡❝✐❞✉❛❧ ♥❛, ❞✉❛, ♠❛♠❛,✱ ❝♦♠ ❡①❝❡DB♦ ❞❛ &❡❣✐B♦ ♦♥❞❡

,✉&❣✐✉ ♦ -✉♠♦&✱ ✜❝♦✉ ✐♥❛❧-❡&❛❞❛✳ ❊ @✉❡ ❛♠❜♦, ♦, ♣❡&✜, ❞❡ -❡♠♣❡&❛-✉&❛ ❡♠ ③ ❂ ❍ ❢♦&❛♠ ♦❜-✐❞♦,

✉,❛♥❞♦ ♦ ♠❡,♠♦ ♣&♦-♦❝♦❧♦ ♠E❞✐❝♦✳ I♦❞❡✲,❡ ❛✜&♠❛& @✉❡ ❛ ❞✐❢❡&❡♥D❛ ❡♥-&❡ Tt(x, y, z = H) ❡

Ts(x, y, z = H) ❞❛&✲,❡✲A ❡①❝❧✉,✐✈❛♠❡♥-❡ ❡♠ &❛③B♦ ❞♦ ,✉&❣✐♠❡♥-♦ ❞♦ ❝O♥❝❡& ❞❡ ♠❛♠❛✳

❆,,✐♠ ,❡♥❞♦✱ ❞❡✜♥❡✲,❡ ✉♠❛ ♥♦✈❛ ✈❛&✐A✈❡❧✱ θ(x, y, z = H)✱ @✉❡ E ❜❛,❡❛❞❛ ♥❛ ❞✐❢❡&❡♥D❛ ❡♥-&❡

❛, -❡♠♣❡&❛-✉&❛, ❝♦♠ ❡ ,❡♠ -✉♠♦& ♥❛ ,✉♣❡&❢F❝✐❡ ③ ❂ ❍ ❞❛ ♠❛♠❛✱ ❡ ♣♦❞❡ ,❡& ❡,❝&✐-❛ ❝♦♠♦ ,❡♥❞♦

θ(x, y, z = H) = Tt(x, y, z = H)− Ts(x, y, z = H) ✭✹✳✹✮



✹✷

❈♦♠ ♦ ♦❜❥❡(✐✈♦ ❞❡ ♥-♦ ❞❡♣❡♥❞❡/ ❞❛ ✐♥(❡♥1✐❞❛❞❡ ❞❛ ✈❛/✐❛2-♦ ❞❛1 (❡♠♣❡/❛(✉/❛1 ❝❛✉1❛❞❛

♣❡❧❛ ♣/❡1❡♥2❛ ❞♦ (✉♠♦/ ♥❛ ♠❛♠❛✱ (/❛❜❛❧❤❛✲1❡ ❝♦♠ ✉♠❛ ✈❛/✐❛2-♦ ❞❡ (❡♠♣❡/❛(✉/❛ ♥♦/♠❛❧✐③❛❞❛✱

θn(x, y, z = H)✱ ♦✉ 1❡❥❛✱ ❞✐✈✐❞✐✲1❡ ♦ ♣❡/✜❧ (;/♠✐❝♦ θ(x, y, z = H) ♣❡❧♦ 1❡✉ ✈❛❧♦/ ♠<①✐♠♦ ❞❡

✈❛/✐❛2-♦ ❞❡ (❡♠♣❡/❛(✉/❛ θmax(x, y, z = H)

θn(x, y, z = H) =
θ(x, y, z = H)

θmax(x, y, z = H)
✭✹✳✺✮

❆ ✈❛/✐<✈❡❧ θn(x, y, z = H) 1❡/< 1❡♠♣/❡ ✉♠ ♣❡/✜❧ ❞❡ ✈❛/✐❛2-♦ ❞❡ (❡♠♣❡/❛(✉/❛ ♥♦/♠❛❧✐③❛❞♦ ♥❛

1✉♣❡/❢D❝✐❡ ❞❛ ♣❡❧❡ ❞❛ ♠❛♠❛ ♦❜(✐❞♦ ❛ ♣❛/✐/ ❞❛1 (❡♠♣❡/❛(✉/❛1 1✐♠✉❧❛❞❛1✴❡①♣❡/✐♠❡♥(❛✐1 ❞❡ ✉♠❛

♠❛♠❛ ❞❡♣♦✐1 ❡ ❛♥(❡1 ❞❡ ❝♦♥(/❛✐/ ✉♠ ❝F♥❝❡/✳

G❡/❝❡❜❡✲1❡ ❡♥(-♦ H✉❡ θn(x, y, z = H) ♣♦❞❡ ♣♦11✉✐/ ✐♥❢♦/♠❛2I❡1 (;/♠✐❝❛1 H✉❡ ❝❛/❛❝(❡/✐③❛♠

✉♠ ❝F♥❝❡/✱ ❞❡1❞❡ H✉❡ ❛ ❡♥❡/❣✐❛ (;/♠✐❝❛ ❡♠✐(✐❞❛ ♣❡❧♦ (✉♠♦/ ❛❧❝❛♥❝❡ ❛ 1✉♣❡/❢D❝✐❡ ❞❛ ♣❡❧❡ ❞❛

♠❛♠❛✳ ❆❧;♠ ❞✐11♦✱ ♣♦❞❡✲1❡ ❛❞♠✐(✐/ H✉❡ ❛ ✐♥(❡♥1✐❞❛❞❡ ❞♦1 ❡❢❡✐(♦1 ❞♦1 ❝♦♥(♦/♥♦1 ❞♦ ♣/♦❜❧❡♠❛ 1❡❥❛

❡❧✐♠✐♥❛❞❛ ❛♣K1 ❛ 1✉❜(/❛2-♦ ❡ ♥♦/♠❛❧✐③❛2-♦ ❞❛1 (❡♠♣❡/❛(✉/❛1 Tt(x, y, z = H) ❡ Ts(x, y, z = H)✳

G♦/(❛♥(♦✱ ❜✉1❝❛✲1❡ /❡❛❧✐③❛/ ❛ ❝♦//❡❧❛2-♦ ❡♥(/❡ θn(x, y, z = H) ❡ ❛ 1♦❧✉2-♦ ❞❡ ✉♠ ♣/♦❜❧❡♠❛

❛✉①✐❧✐❛/ ♣❛/❛ ❡♥❝♦♥(/❛/ ✉♠ ♣♦11D✈❡❧ ❝F♥❝❡/ ❞❡ ♠❛♠❛✳ ❊♥(/❡(❛♥(♦✱ ❡1(❛ ❢✉♥2-♦ ❞❡ ❝♦//❡❧❛2-♦

❛ 1❡/ ♣/♦♣♦1(❛✱ ❛♣❡♥❛1 ✐❞❡♥(✐✜❝❛/< ❛ ❧♦❝❛❧✐③❛2-♦ ❞♦ ❝❡♥(/♦ ❞♦ (✉♠♦/ ❛ ♣❛/(✐/ ❞❡ (❡♠♣❡/❛(✉/❛1

1✉♣❡/✜❝✐❛✐1✳

❖ ♣/♦❜❧❡♠❛ ❛✉①✐❧✐❛/ ❛ 1❡/ /❡1♦❧✈✐❞♦ ❡♠ /❡❣✐♠❡ ❡1(❛❝✐♦♥</✐♦ ❡①❝❧✉1✐✈❛♠❡♥(❡ ♣❡❧♦ ♠;(♦❞♦ ❞♦1

❡❧❡♠❡♥(♦1 ✜♥✐(♦1 ✉1❛♥❞♦ ♦ 1♦❢(✇❛/❡ ❝♦♠❡/❝✐❛❧ ❈❖▼❙❖▲➞✱ ❜❛1❡✐❛✲1❡ ♥❛1 1❡❣✉✐♥(❡1 ❝♦♥1✐❞❡/❛2I❡1

✭❛ 1❡/❡♠ ♣/♦✈❛❞❛1 ♥♦ ♣/K①✐♠♦ ❝❛♣D(✉❧♦✮✿

✭✐✮ ❆ ❣❡♦♠❡(/✐❛ ♦/✐❣✐♥❛❧ ❞❛ ♠❛♠❛ ❞❡✈❡ 1❡/ ✉1❛❞❛✱ ♦✉ 1❡❥❛✱ 1❡ ❛1 (❡♠♣❡/❛(✉/❛1 Tt(x, y, z = H)

❡ Ts(x, y, z = H) ❢♦/❛♠ ♦❜(✐❞❛1 ♥❛ 1✉♣❡/❢D❝✐❡ ❞❡ ✉♠❛ ♠❛♠❛ /❡❛❧✱ ❡1(❛ ♠❡1♠❛ ❣❡♦♠❡(/✐❛ /❡❛❧

❞❡✈❡ 1❡/ ✉1❛❞❛ ♥❛ 1♦❧✉2-♦ ❞♦ ♣/♦❜❧❡♠❛ ❛✉①✐❧✐❛/✳

✭✐✐✮ ❉❡✈❡✲1❡ ❝♦♥❤❡❝❡/ ❛1 ❝♦♥❞✐2I❡1 ❞❡ ❝♦♥(♦/♥♦ ❛ H✉❛❧ ❛ ♠❛♠❛ ❡1(< 1✉❥❡✐(❛✳ G♦/;♠✱ ♦1

✈❛❧♦/❡1 ❞❡ Tc ❡ T∞ ♣♦❞❡♠ 1❡/ ❝♦♥1✐❞❡/❛❞♦1 ✐❣✉❛✐1 ❛ ✵ ❽ ✭❡1(❡1 ✈❛❧♦/❡1 ♥-♦ ♣♦11✉❡♠ ✐♥✢✉V♥❝✐❛

❛♦ (/❛❜❛❧❤❛/✲1❡ ❝♦♠ ❛ ✈❛/✐<✈❡❧ θn✮✳ ❏< ♦ ✈❛❧♦/ ❞♦ ❝♦❡✜❝✐❡♥(❡ ❞❡ ❝♦♥✈❡❝2-♦ (;/♠✐❝❛✱ h✱ ❞❡✈❡ 1❡/

❝♦♥❤❡❝✐❞♦ ❡ ✐❣✉❛❧ ❛♦ ❞♦1 ❡①♣❡/✐♠❡♥(♦1 ♦♥❞❡ 1-♦ ❛❞H✉✐/✐❞❛1 ❛1 (❡♠♣❡/❛(✉/❛1 Tt ❡ Ts✳ ❖ ✈❛❧♦/ ❞❡

h ; ♥❡❝❡11</✐♦✱ ♣♦✐1 ❝❛/❛❝(❡/✐③❛ ❛ ❢♦/♠❛ ❞♦ ♣❡/✜❧ (;/♠✐❝♦ ♥❛ 1✉♣❡/❢D❝✐❡ ❞❛ ♣❡❧❡✳

✭✐✐✐✮ ❆1 ♣/♦♣/✐❡❞❛❞❡1 (;/♠✐❝❛1 ❞♦ (❡❝✐❞♦ (✉♠♦/❛❧ ♥-♦ ♣/❡❝✐1❛♠ 1❡/ ❝♦♥❤❡❝✐❞❛1✱ ✐11♦ ♣♦/H✉❡

(❛✐1 ✈❛❧♦/❡1 ❛♣❡♥❛1 ♠♦❞✐✜❝❛♠ ❛ ✐♥(❡♥1✐❞❛❞❡ ♥❛ H✉❛❧ ♦ ❝❛❧♦/ ; (/❛♥1❢❡/✐❞♦ ❛ ♣❛/(✐/ ❞❛ ❢♦♥(❡

(✉♠♦/❛❧✱ ♥-♦ ❛❧(❡/❛♥❞♦ ❛1 ❝♦//❡❧❛2I❡1 H✉❡ 1❡/-♦ /❡❛❧✐③❛❞❛1 ✉1❛♥❞♦ (❡♠♣❡/❛(✉/❛1 ♥♦/♠❛❧✐③❛❞❛1✳

❙✉❣❡/❡✲1❡✱ ❛11✐♠✱ ✉1❛/ ✈❛❧♦/❡1 ✉♥✐(</✐♦1 ♥♦ ❙■ ✭✐❣✉❛✐1 ❛ ✶✮ ♣❛/❛ (♦❞❛1 ❛1 ♣/♦♣/✐❡❞❛❞❡1 ❞♦ (✉♠♦/✳

✭✐✈✮ ◆❡❝❡11✐(❛✲1❡ ❝♦♥❤❡❝❡/ ✉♠ ✈❛❧♦/ ❛♣/♦①✐♠❛❞♦ ❞❛ ❝♦♥❞✉(✐✈✐❞❛❞❡ (;/♠✐❝❛ ❞♦ (❡❝✐❞♦ 1❛✉❞<✲

✈❡❧✱ ♣♦✐1 ❛ ❢♦/♠❛ ❝♦♠♦ ❛ ❡♥❡/❣✐❛ (;/♠✐❝❛ ❡♠✐(✐❞❛ ♣❡❧♦ (✉♠♦/ ❝❤❡❣❛ [ 1✉♣❡/❢D❝✐❡ ❞❡♣❡♥❞❡ ❞❡1(❛

♣/♦♣/✐❡❞❛❞❡✳ ◆❛ ✈❡/❞❛❞❡✱ ♣/❡❝✐1❛✲1❡ ❛♣❡♥❛1 1❛❜❡/ H✉❡ ♦1 (❡❝✐❞♦1 ❜✐♦❧K❣✐❝♦1 1-♦ ♠❛(❡/✐❛✐1 ❞❡



✹✸

❜❛✐①❛ ❝♦♥❞✉+✐✈✐❞❛❞❡ +./♠✐❝❛✱ ❝✉❥♦3 ✈❛❧♦/❡3 35♦ ❝♦♠♣/❡❡♥❞✐❞♦3 ❡♥+/❡ ✵✱✶✾ ❡ ✵✱✺✷ W/(mK)✱ ❝♦♥✲

❢♦/♠❡ ❛ ❧✐+❡/❛+✉/❛ ✭●❆❯❚❍❊❘■❊✱ ✶✾✽✵✮✱ ✭❆●◆❊▲▲■❀ ❇❆❘❘❊❆❀ ❚❯❘◆❊❘✱ ✷✵✶✶✮✱ ✭❍❖❙❙❆■◆❀

▼❖❍❆▼▼❆❉■✱ ✷✵✶✻✮✳ ◗✉❛❧T✉❡/ ✈❛❧♦/ ✉3❛❞♦ ♥❡3+❡ ✐♥+❡/✈❛❧♦ 3❡/U 3❛+✐3❢❛+V/✐♦✳ ❖ ♠❡3♠♦ . ✈U✲

❧✐❞♦ ♣❛/❛ ❛ ♣❡/❢✉35♦ 3❛♥❣✉X♥❡❛ ❞❛ ♠❛♠❛✱ ♦♥❞❡ ♦3 ✈❛❧♦/❡3 ♠X♥✐♠♦3 ❡ ♠U①✐♠♦3 ❡♥❝♦♥+/❛❞♦3 ♥❛

❧✐+❡/❛+✉/❛ ❡3+5♦ ❝♦♠♣/❡❡♥❞✐❞♦3 ❡♥+/❡ ✵✱✵✵✵✶✽ ❡ ✵✱✵✵✵✺✷ s−1
✳

✭✈✮ ❆ ❣❡/❛Y5♦ ❞❡ ❝❛❧♦/ ✈♦❧✉♠.+/✐❝❛ ❡ ♦ ✈♦❧✉♠❡ ❞♦ +✉♠♦/ +❛♠❜.♠ ♥5♦ ♣/❡❝✐3❛♠ 3❡/ ❝♦♥❤❡❝✐❞♦3✳

❚❛✐3 ✈❛❧♦/❡3 ❛❧+❡/❛♠ ❛♣❡♥❛3 ❛ ✐♥+❡♥3✐❞❛❞❡ ❞❛ ❡♥❡/❣✐❛ ❡♠✐+✐❞❛ ♣❡❧♦ ❝[♥❝❡/✳ ❙✉❣❡/❡✲3❡ ✉3❛/ ✈❛❧♦/❡3

❞❡ ✶ W/m3
❡ ✶ mm3

✱ /❡3♣❡❝+✐✈❛♠❡♥+❡✱ ♣❛/❛ ❛ ❣❡/❛Y5♦ ❞❡ ❝❛❧♦/ ✈♦❧✉♠.+/✐❝❛ ❡ ♦ ✈♦❧✉♠❡ ❞♦ +✉♠♦/✳

✭✈✐✮ ❆ ❣❡/❛Y5♦ ❞❡ ❝❛❧♦/ ✈♦❧✉♠.+/✐❝❛ ❞❛ /❡❣✐5♦ 3❛✉❞U✈❡❧ ❞❛ ♠❛♠❛ +❡✈❡ ♦ 3❡✉ ❡❢❡✐+♦ ❛♥✉❧❛❞♦

❛♣V3 ❛ 3✉❜+/❛Y5♦ ❞❛3 +❡♠♣❡/❛+✉/❛3 Tt ❡ Ts✱ ❧♦❣♦✱ ♥5♦ . ♥❡❝❡33U/✐♦ ♦ 3❡✉ ❝♦♥❤❡❝✐♠❡♥+♦ ❡ 3❡ ♣♦❞❡

❝♦♥3✐❞❡/U✲❧❛ ✐❣✉❛❧ \ ③❡/♦✳

❆♣V3 +♦❞❛3 ❛3 ❝♦♥3✐❞❡/❛Y^❡3✱ . ♣♦33X✈❡❧ ♦❜+❡/ ✉♠ ♣❡/✜❧ ❞❡ +❡♠♣❡/❛+✉/❛ ❛✉①✐❧✐❛/ ♥❛ 3✉♣❡/❢X❝✐❡

❞❛ ♣❡❧❡ ❞❛ ♠❛♠❛✱Y (x, y, z = H)✱ ♣❛/❛ ❝❛❞❛ 3✉♣♦3+❛ ❧♦❝❛❧✐③❛Y5♦ ❝❡♥+/❛❧ ❞♦ +✉♠♦/✳ ❖✉ 3❡❥❛✱

♦ ❝❡♥+/♦ ❞❡ ✉♠ +✉♠♦/ ❤✐♣♦+.+✐❝♦ 3❡/U ✐♥3❡/✐❞♦ ❡♠ ❞✐✈❡/3❛3 ❧♦❝❛❧✐③❛Y^❡3 ❛♦ ❧♦♥❣♦ ❞♦ ❞♦♠X♥✐♦

❞❛ ♠❛♠❛✳ ❊♠ 3❡❣✉✐❞❛✱ ❝❛❞❛ ♣❡/✜❧ +./♠✐❝♦ ❛✉①✐❧✐❛/ ❝❛❧❝✉❧❛❞♦ ♥❛ 3✉♣❡/❢X❝✐❡ ❞❛ ♠❛♠❛ 3❡/U

❝♦//❡❧❛❝✐♦♥❛❞♦ ❝♦♠ ❛ ✈❛/✐❛Y5♦ ❞❡ +❡♠♣❡/❛+✉/❛ ♥♦/♠❛❧✐③❛❞❛ θn(x, y, z = H)✳

❆ ❝♦//❡❧❛Y5♦ ❡♥+/❡ ♦3 ♣❡/✜3 ❞❡ +❡♠♣❡/❛+✉/❛ Y (x, y, z = H) ❡ θn(x, y, z = H) 35♦ ♦❜+✐❞♦3

✉3❛♥❞♦ ♦ ❝♦❡✜❝✐❡♥+❡ ❞❡ `❡❛/3♦♥ ✭r✮✱ T✉❡ ♠❡❞❡ ♦ ❣/❛✉ ❞❡ /❡❧❛Y5♦ ❧✐♥❡❛/ ❡♥+/❡ ❞♦✐3 ❝♦♥❥✉♥+♦3

❞❡ ❞❛❞♦3✳ ❚/❛+❛✲3❡ ❞❡ ✉♠ X♥❞✐❝❡ ❛❞✐♠❡♥3✐♦♥❛❧ T✉❡ ♣♦❞❡ ✈❛/✐❛/ ❡♥+/❡ ✲✶✱✵ ❡ ✶✱✵ ❡ . ❞❛❞♦ ♣♦/

✭●■❇❇❖◆❙❀ ❈❍❆❑❘❆❇❖❘❚■✱ ✷✵✵✸✮

r =

∑n

i=1
(Yi − Ȳ )(θn,i − θ̄n)

√

∑n

i=1
(Yi − Ȳ )2

∑n

i=1
(θn,i − θ̄n)2

✭✹✳✻✮

♦♥❞❡ Ȳ ❡ θ̄n 35♦ ❛3 ♠.❞✐❛3 ❛/✐+♠.+✐❝❛3 ❞❡ ❛♠❜❛3 ❛3 ✈❛/✐U✈❡✐3✳

❙❡ r = 1 ❛ ❝♦//❡❧❛Y5♦ . ❝♦♥3✐❞❡/❛❞❛ ♣❡/❢❡✐+❛ ♣♦3✐+✐✈❛ ❡♥+/❡ ❛3 ❞✉❛3 ✈❛/✐U✈❡✐3✳ ❈❛3♦ r = −1✱ ❛

❝♦//❡❧❛Y5♦ . ♣❡/❢❡✐+❛ ♥❡❣❛+✐✈❛ ❡♥+/❡ ❛3 ❞✉❛3 ✈❛/✐U✈❡✐3✳ ❊ 3❡ r = 0✱ 3✐❣♥✐✜❝❛ T✉❡ ❛3 ❞✉❛3 ✈❛/✐U✈❡✐3

♥5♦ ❞❡♣❡♥❞❡♠ ❧✐♥❡❛/♠❡♥+❡ ✉♠❛ ❞❛ ♦✉+/❛✱ ♠❛3 ♣♦❞❡ ❡①✐3+✐/ ✉♠❛ ♦✉+/❛ ❞❡♣❡♥❞c♥❝✐❛ T✉❡ ❞❡✈❡

3❡/ ✐♥✈❡3+✐❣❛❞❛✳

❖ ♦❜❥❡+✐✈♦ ♥♦ ❝U❧❝✉❧♦ ❞❛3 ❝♦//❡❧❛Y^❡3 ❞❡ Y (x, y, z = H) ❡ θn(x, y, z = H) 3❡/U ❡♥❝♦♥+/❛/ ♦

✈❛❧♦/ ♠❛✐3 ♣/V①✐♠♦ ❞❡ ✶✱ ♦✉ 3❡❥❛✱ ❞❡3❡❥❛✲3❡ ❡♥❝♦♥+/❛/ ♦ ♠❡❧❤♦/ ♣❡/✜❧ ❞❡ +❡♠♣❡/❛+✉/❛ ❛✉①✐❧✐❛/

T✉❡ 3❡ ❝♦//❡❧❛❝✐♦♥❛ ❝♦♠ ♦3 ❞❛❞♦3 ♦/✐❣✐♥❛✐3✱ ❡3+❡ ♣❡/✜❧ ❛✉①✐❧✐❛/ V+✐♠♦ ✐♥❞✐❝❛/U ♦ ❝❡♥+/♦ ❞♦ +✉♠♦/

♥❛ ♠❛♠❛ ✐♥✈❡3+✐❣❛❞❛✳



❈❛♣#$✉❧♦ ✺

❆♥+❧✐-❡ ❞❛ ✐♥✢✉1♥❝✐❛ ❞❛- ♣3♦♣3✐❡❞❛❞❡- ❡

♣❛34♠❡$3♦- $❡3♠♦❢#-✐❝♦- ♥♦- ♣❡3✜- ❞❛-

$❡♠♣❡3❛$✉3❛- ♥❛ -✉♣❡3❢#❝✐❡ ❞❛ ♣❡❧❡ ❞❛

♠❛♠❛

◆❡"#❡ ❝❛♣'#✉❧♦✱ ❞✐"❝✉#✐✲"❡ ❛ ✐♥✢✉1♥❝✐❛ ❞❛" ♣2♦♣2✐❡❞❛❞❡" ❡ ♣❛23♠❡#2♦" ❞❛ ♠❛♠❛ ♥♦" ♣❡2✜" ❞❛"

#❡♠♣❡2❛#✉2❛" "✉♣❡2✜❝✐❛✐" ❞❛ ♣❡❧❡✳ ❈♦♠ ✐""♦✱ ♣2❡#❡♥❞❡✲"❡ ♠♦"#2❛2 ❛ 2❛③9♦ ♣❡❧❛ :✉❛❧ ❛ #;❝♥✐❝❛

♣2♦♣♦"#❛ ♥♦ ❝❛♣'#✉❧♦ ❛♥#❡2✐♦2 ✉#✐❧✐③❛ ❛♣❡♥❛" ✈❛2✐❛=>❡" ❞❡ #❡♠♣❡2❛#✉2❛" ♥♦2♠❛❧✐③❛❞❛" ❡ ✐♥❞❡♣❡♥❞❡

❞❡ ❞✐✈❡2"❛" ❝❛2❛❝#❡2'"#✐❝❛" #❡2♠♦❢'"✐❝❛" ❞♦ #❡❝✐❞♦ ❜✐♦❧A❣✐❝♦ "❛✉❞C✈❡❧ ✭♥♦2♠❛❧✮ ❡ ❝❛♥❝❡2'❣❡♥♦✳

❆ ❋✐❣✉2❛ ✺✳✶ ❛♣2❡"❡♥#❛ ❛ ❣❡♦♠❡#2✐❛ ❤❡♠✐"❢;2✐❝❛ :✉❡ 2❡♣2❡"❡♥#❛ ✉♠ ♠♦❞❡❧♦ "✐♠♣❧✐✜❝❛❞♦ ❞❛

♠❛♠❛ ❞❡ 2❛✐♦ ✐❣✉❛❧ ❛ ✺✵ ♠♠✳ ❯"❛♥❞♦ ♦ "♦❢#✇❛2❡ ❝♦♠❡2❝✐❛❧ ❈❖▼❙❖▲➞✱ ❝❛❧❝✉❧❛✲"❡ ❛" #❡♠♣❡2❛✲

#✉2❛" ♣❛2❛ ♦ #❡❝✐❞♦ ❜✐♦❧A❣✐❝♦ "✐♠✉❧❛❞♦ ✉"❛♥❞♦ ❛ ❡:✉❛=9♦ ❞❡ R❡♥♥❡" ❡♠ 2❡❣✐♠❡ ❡"#❛❝✐♦♥C2✐♦ ✭❊:✳

✭✹✳✶✮✮✱ "✉❥❡✐#❛ ❛" ♠❡"♠❛" ❝♦♥❞✐=>❡" ❞❡ ❝♦♥#♦2♥♦ ❛♣2❡"❡♥#❛❞❛" ♥♦ ♣2♦❜❧❡♠❛ ❞♦ ❝❛♣'#✉❧♦ ❛♥#❡2✐♦2✿

#❡♠♣❡2❛#✉2❛ ♣2❡"❝2✐#❛✱ Tc ❂ ✸✼ ❽✱ ♥❛ "✉♣❡2❢'❝✐❡ ✐♥#❡2♥❛ ❞❛ ♠❛♠❛ ❡ #♦❞❛" ❛" ♦✉#2❛" "✉♣❡2❢'❝✐❡"

❡①#❡2♥❛" ❡"#9♦ ❡①♣♦"#❛" ❛♦ ♠❡✐♦ ❝♦♥✈❡❝#✐✈♦ ♥❛#✉2❛❧ ❝♦♠ h ❂ ✺ W/(m2K) ❡ #❡♠♣❡2❛#✉2❛ ❛♠❜✐✲

❡♥#❡✱ T∞ ❂ ✷✺ ❽✳ ❆ #❡♠♣❡2❛#✉2❛ ❛2#❡2✐❛❧ ❞♦ "❛♥❣✉❡ ; ❛❞♠✐#✐❞❛ ✐❣✉❛❧ ❛ ✸✼ ❽✳ ❆" ♣2♦♣2✐❡❞❛❞❡"

#❡2♠♦❢'"✐❝❛" ✉#✐❧✐③❛❞❛" ✐♥✐❝✐❛❧♠❡♥#❡ ♥❛" "✐♠✉❧❛=>❡" "9♦ ❧✐"#❛❞❛" ♥❛ ❚❛❜✳ ✺✳✶✳

✹✹



✹✺

(a) linha de corte (b) plano de corte

Tumor

x

y

z

Tc

h,T∞

❋✐❣✉&❛ ✺✳✶✿ ▼♦❞❡❧♦ ❤❡♠✐2❢4&✐❝♦ 2✐♠♣❧✐✜❝❛❞♦ ❞❛ ♠❛♠❛✳

❚❛❜❡❧❛ ✺✳✶✿ :&♦♣&✐❡❞❛❞❡2 ;❡&♠♦❢<2✐❝❛2 ❞♦2 ;❡❝✐❞♦2 ❜✐♦❧=❣✐❝♦2 ✭●❆❯❚❍❊❘■❊✱ ✶✾✽✵✮✱✭❘■❱❖▲❚❆

❡! ❛❧✳✱ ✶✾✾✾✮✱✭❍❖❙❙❆■◆❀ ▼❖❍❆▼▼❆❉■✱ ✷✵✶✻✮

✳

:&♦♣&✐❡❞❛❞❡2 ❱❛❧♦& ❚❡❝✐❞♦

❈♦♥❞✉;✐✈✐❞❛❞❡ ;4&♠✐❝❛✱ k 0, 36 W/(mK) ◆♦&♠❛❧

0, 70 W/(mK) ❚✉♠♦&

:❡&❢✉2W♦ 2❛♥❣✉<♥❡❛✱ w 0, 00018 1/s ◆♦&♠❛❧

0, 009 1/s ❚✉♠♦&

▼❛22❛ ❡2♣❡❝<✜❝❛✱ ρ ✾✷✵ kg/m3
❆♠❜♦2

❈❛❧♦& ❡2♣❡❝<✜❝♦✱ c ✸✵✵✵ J/(kgK) ❆♠❜♦2

●❡&❛YW♦ ❞❡ ❝❛❧♦& ✈♦❧✉♠4;&✐❝❛✱ Qm 450 W/m3
◆♦&♠❛❧

68000 W/m3
❚✉♠♦&

❖❜2❡&✈❛✲2❡ [✉❡ ❛ ❋✐❣✳ ✺✳✶❛ ❛♣&❡2❡♥;❛ ❡♠ ❛③✉❧ ✉♠❛ ❧✐♥❤❛ ❞❡ ❝♦&;❡ [✉❡ ❝✐&❝✉♥❞❛ ❛ 2✉♣❡&❢<❝✐❡

❡①;❡&♥❛ ❞❛ ♠❛♠❛✳ ❚♦❞❛2 ❛2 ;❡♠♣❡&❛;✉&❛2 2✉♣❡&✜❝✐❛✐2 ❛♣&❡2❡♥;❛❞❛2 ♥❡2;❡ ❝❛♣<;✉❧♦ ❢♦&❛♠ ♦❜;✐❞❛2

❛ ♣❛&;✐& ❞❡2;❛ ❧✐♥❤❛ ❞❡ ❝♦&;❡✳ ◆❛ ❋✐❣✳ ✺✳✶❜✱ ❛ ❝&✐❛YW♦ ❞❡ ✉♠ ♣❧❛♥♦ ❞❡ ❝♦&;❡ ♥❛ ♠❛♠❛ ❝♦♠ ♦

♦❜❥❡;✐✈♦ ❞❡ ❢❛❝✐❧✐;❛& ❛2 ♣❛&❛♠❡;&✐③❛Y_❡2 ❛ 2❡&❡♠ ✐♠♣♦2;❛2 ❛♦ ;✉♠♦& ♥❛ 2✐♠✉❧❛Y_❡2 4 ♦❜2❡&✈❛❞❛✳

✺✳✶ ❊$%✉❞♦ ❞❡ ❝♦♥✈❡-❣/♥❝✐❛ ❞❡ ♠❛❧❤❛$ ♥✉♠5-✐❝❛$

❚♦❞❛2 ❛2 2✐♠✉❧❛Y_❡2 ♥✉♠4&✐❝❛2 ❛♣&❡2❡♥;❛❞❛2 ♥❡2;❡ ;&❛❜❛❧❤♦ ❢♦&❛♠ &❡❛❧✐③❛❞❛2 ♥♦ 2♦❢;✇❛&❡

❝♦♠❡&❝✐❛❧ ❈❖▼❙❖▲✱ [✉❡ 2❡ ❜❛2❡✐❛ ♥❛ 2♦❧✉YW♦ ❞❡ ♣&♦❜❧❡♠❛2 ❛;&❛✈42 ❞♦ ♠4;♦❞♦ ❞♦2 ❡❧❡♠❡♥;♦2

✜♥✐;♦2✳ :❛&❛ ❛ ♦❜;❡♥YW♦ ❞♦2 &❡2✉❧;❛❞♦2 ❛♣&❡2❡♥;❛❞♦2 ♥❡2;❡ ❝❛♣<;✉❧♦✱ ✉♠ ❡2;✉❞♦ ❞❡ ❝♦♥✈❡&❣a♥❝✐❛

❞❡ ♠❛❧❤❛2 ♥✉♠4&✐❝❛2 ❢♦✐ ♣&❡✈✐❛♠❡♥;❡ &❡❛❧✐③❛❞♦ ❝♦♠ ♦ ♦❜❥❡;✐✈♦ ❞❡ 2❡❧❡❝✐♦♥❛& ❛ ♠❛❧❤❛ ♠❛✐2
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❛♣$♦♣$✐❛❞❛ ♣❛$❛ ❛( (✐♠✉❧❛,-❡(✳ ❆ ❚❛❜❡❧❛ ✺✳✷ ❧✐(5❛ ❝✐♥❝♦ ♦♣,-❡( ❞❡ ♠❛❧❤❛( ❡ (✉❛( $❡(♣❡❝5✐✈❛(

:✉❛♥5✐❞❛❞❡( ❞❡ ❡❧❡♠❡♥5♦( 5❡5$❛;❞$✐❝♦( :✉❡ ❢♦$❛♠ (❡❧❡❝✐♦♥❛❞❛( ♣❛$❛ ❛ (♦❧✉,=♦ ❞❛ ❊:✳ ✭✹✳✶✮ ✭♦

(♦❢5✇❛$❡ ❈❖▼❙❖▲ ♣♦((✉✐ ✉♠ ♠H❞✉❧♦ ❡(♣❡❝I✜❝♦ ♣❛$❛ (♦❧✉,=♦ ❞❡ ♣$♦❜❧❡♠❛( ❞❡ ❜✐♦5$❛♥(❢❡$K♥❝✐❛

❞❡ ❝❛❧♦$✮ ✉(❛♥❞♦ ♦ ♠♦❞❡❧♦ ❤❡♠✐(❢;$✐❝♦ ❛♣$❡(❡♥5❛❞♦ ♥❛ ❋✐❣✳ ✺✳✶ ✭(❡♠ 5✉♠♦$✮ ❝♦♠ (✉❛( $❡(♣❡❝5✐✈❛(

♣$♦♣$✐❡❞❛❞❡( ❡ ♣❛$N♠❡5$♦( ❥P ♠❡♥❝✐♦♥❛❞♦( ❛♥5❡$✐♦$♠❡♥5❡✳

❚❛❜❡❧❛ ✺✳✷✿ ▼❛❧❤❛( ♥✉♠;$✐❝❛( ❛♥❛❧✐(❛❞❛( ♥♦ ❡(5✉❞♦ ❞❡ ❝♦♥✈❡$❣K♥❝✐❛✳

▼❛❧❤❛ ♥✉♠;$✐❝❛ ❊❧❡♠❡♥5♦( 5❡5$❛;❞$✐❝♦(

✶ ✺✼✶✶

✷ ✾✽✾✷

✸ ✷✾✷✻✵
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❆ ❋✐❣✉'❛ ✺✳✹ ❛♣'❡-❡♥/❛ 0✉❛/'♦ ❝❛-♦- ❞✐-/✐♥/♦- ❞❡ ❝4♥❝❡' ❞❡ ♠❛♠❛ ✈✐-/♦- ♥♦ ♣❧❛♥♦ ❞❡ ❝♦'/❡
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✺✳✹❞✮✳

10,0 mm

✭❛✮ ❚✉♠♦' ✶✳

20,0 mm

✭❜✮ ❚✉♠♦' ✷✳

30,0 mm

✭❝✮ ❚✉♠♦' ✸✳

40,0 mm

✭❞✮ ❚✉♠♦' ✹✳
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Q❛'❛ ♦ /✉♠♦' ✸✱ ❡ ♣'✐♥❝✐♣❛❧♠❡♥/❡ ♦ /✉♠♦' ✹✱ ♦ ❛✉♠❡♥/♦ ❞❡ /❡♠♣❡'❛/✉'❛ ❡♠ '❡❧❛IJ♦ ❛♦ /❡❝✐❞♦

-❡♠ /✉♠♦' < ♠❛✐- -✐❣♥✐✜❝❛/✐✈♦✳
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$❛♠❜4♠ ❝❛✉#❛♠ ✉♠❛ ♣❡,✉❡♥❛ ♠✉❞❛♥@❛ ♥♦# ♣❡.✜# $4.♠✐❝♦# ♥♦.♠❛❧✐③❛❞♦#✳

◆❡#$❡ ❝❛♣:$✉❧♦✱ ❛ $4❝♥✐❝❛ ♣.♦♣♦#$❛ 4 #✉❜♠❡$✐❞❛ ❛ ❞✐❢❡.❡♥$❡# $❡#$❡#✱ ❝✉❥♦ ♦❜❥❡$✐✈♦ 4 ❡#$✐♠❛.

❛ ❧♦❝❛❧✐③❛@<♦ ❞❡ $✉♠♦.❡# ✉#❛♥❞♦ ❛♣❡♥❛# $❡♠♣❡.❛$✉.❛# ♣.♦✈❡♥✐❡♥$❡# ❞❡ $❡.♠♦❣.❛✜❛# #✐♠✉❧❛❞❛#

❞❛ ♠❛♠❛✳ ❋❛③✲#❡ $❛♠❜4♠ ✉♠❛ ❛♥?❧✐#❡ #♦❜.❡ ❛ ♥❡❝❡##✐❞❛❞❡ ❞❡ #❡ ❝♦♥❤❡❝❡. ♣.❡✈✐❛♠❡♥$❡ ❛#

♣.♦♣.✐❡❞❛❞❡# $❡.♠♦❢:#✐❝❛# ❞♦ $❡❝✐❞♦ #❛✉❞?✈❡❧✳

❆ ❋✐❣✉.❛ ✻✳✶ ❛♣.❡#❡♥$❛ ♦ ♠♦❞❡❧♦ ❤❡♠✐#❢4.✐❝♦ ,✉❡ .❡♣.❡#❡♥$❛ ❛ ♠❛♠❛ ❞❡ .❛✐♦ ✐❣✉❛❧ ❛ ✺✵

♠♠✱ ,✉❡ 4 #✐♠✉❧❛❞❛ ♥♦ ❈❖▼❙❖▲ ❝♦♠ ❡ #❡♠ ♦ $✉♠♦. ❡#❢4.✐❝♦ ♦❜#❡.✈❛❞♦ ♥❛ ♠❡#♠❛ ✜❣✉.❛✳ ❆#

❝♦♥❞✐@L❡# ❞❡ ❝♦♥$♦.♥♦ ❞♦ ♠♦❞❡❧♦ #<♦ ❛# ♠❡#♠❛# ❥? ✉#❛❞❛# ♥❡#$❡ $.❛❜❛❧❤♦✱ ♦✉ #❡❥❛✱ $❡♠♣❡.❛$✉.❛

♣.❡#❝.✐$❛✱ Tc✱ ♥❛ #✉♣❡.❢:❝✐❡ ✐♥$❡.♥❛ ✭③ ❂ ✵✮ ❞❛ ♠❛♠❛ ❡ ❝♦♥✈❡❝@<♦ $4.♠✐❝❛ ♥❛ #✉♣❡.❢:❝✐❡ ❡①$❡.♥❛

❡①♣♦#$❛ ❛♦ ❛♠❜✐❡♥$❡✳ ❆ ♠❛❧❤❛ ♥✉♠4.✐❝❛ ✉$✐❧✐③❛❞❛ 4 ❝♦♠♣♦#$❛ ♣♦. ✶✵✽✵✸✼ ❡❧❡♠❡♥$♦# $❡$.❛4❞.✐❝♦#✳

✻✼
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x

y

z

Tc h,T∞

❋✐❣✉$❛ ✻✳✶✿ ▼♦❞❡❧♦ ❤❡♠✐1❢3$✐❝♦ ❞❛ ♠❛♠❛ 1✐♠✉❧❛❞♦ ♥♦ ❈❖▼❙❖▲✳

✻✳✶ ▼❛♠❛ &❡♠ (✉♠♦+

:❛$❛ ❛ ❡1;✐♠❛;✐✈❛ ❞❡ ✉♠ ❝=♥❝❡$ ❛;$❛✈31 ❞❛ ;3❝♥✐❝❛ ♣$♦♣♦1;❛✱ ❞❡✈❡✲1❡ ✐♥✐❝✐❛❧♠❡♥;❡✱ ♦❜;❡$

❛1 ;❡♠♣❡$❛;✉$❛1 1✉♣❡$✜❝✐❛✐1 ♥❛ ♣❡❧❡ ❞❛ ♠❛♠❛ 1❡♠ ;✉♠♦$✳ :❛$❛ ✐11♦✱ ✉♠❛ ♠❛♠❛ 1❛✉❞C✈❡❧ 3

1✐♠✉❧❛❞❛ ✉1❛♥❞♦ ❛1 ♣$♦♣$✐❡❞❛❞❡1 ;❡$♠♦❢D1✐❝❛1 ❥C ❧✐1;❛❞❛1 ♥❛ ❚❛❜✳ ✺✳✶✱ ♦♥❞❡ ❝♦♥1✐❞❡$♦✉✲1❡ Tc

❂ Ta ❂ ✸✼ ❽✱ T∞ ❂ ✷✺ ❽ ❡ h ❂ ✺ W/(m2K)✳ ❆ ;❡$♠♦❣$❛✜❛ ✐♥❢$❛✈❡$♠❡❧❤❛ 1✐♠✉❧❛❞❛ ❞❛

1✉♣❡$❢D❝✐❡ ❞❛ ♣❡❧❡ ❞❛ ♠❛♠❛ 1❡♠ ;✉♠♦$ 3 ❛♣$❡1❡♥;❛❞❛ ♥❛ ❋✐❣✳ ✻✳✷✳ ❖❜1❡$✈❛✲1❡ ✉♠❛ ❞✐1;$✐❜✉✐MN♦

❞❡ ;❡♠♣❡$❛;✉$❛ ✉♥✐❢♦$♠❡ ❛♦ ❧♦♥❣♦ ❞❛ 1✉♣❡$❢D❝✐❡✱ ❞❡1❞❡ ♦ ❝♦♥;♦$♥♦ ✐♥;❡$♥♦ ❞❛ ♠❛♠❛ ❞❡ ✸✼ ❽

❛;3 ♦ ♣♦♥;♦ 1✉♣❡$✜❝✐❛❧ ❝❡♥;$❛❧ ❞❡ ✸✸✱✷✵ ❽✳

ºC

ºC

x

y

❋✐❣✉$❛ ✻✳✷✿ ❚❡$♠♦❣$❛✜❛ ✐♥❢$❛✈❡$♠❡❧❤❛ 1✐♠✉❧❛❞❛ ❞❛ ♠❛♠❛ 1❡♠ ;✉♠♦$✳

✻✳✷ ▼❛♠❛ ❝♦♠ (✉♠♦+

■♠❛❣✐♥❛♥❞♦✲1❡ ❛❣♦$❛ ♦ 1✉$❣✐♠❡♥;♦ ❞❡ ✉♠ ;✉♠♦$ ♥❛ ♠❛♠❛✱ 1✐♠✉❧❛✲1❡ ♥✉♠❡$✐❝❛♠❡♥;❡ ❝✐♥❝♦

❝❛1♦1 ❞✐1;✐♥;♦1 ❞❡ ❞✐❢❡$❡♥;❡1 ;✉♠♦$❡1 ❞❡ ♠❛♠❛✳ ❊♠ ;♦❞❛1 ❛1 1✐♠✉❧❛MR❡1✱ ❛1 ♣$♦♣$✐❡❞❛❞❡1 ❧✐1;❛❞❛1



✻✾

♥❛ ❚❛❜✳ ✺✳✶ ❢♦+❛♠ ♥♦✈❛♠❡♥/❡ ✉/✐❧✐③❛❞❛5✳

✻✳✷✳✶ ❈❛&♦ &✐♠✉❧❛❞♦ ✶

◆♦ ♣+✐♠❡✐+♦ ❝❛5♦ 5✐♠✉❧❛❞♦ ❞❡ ✉♠ ❝9♥❝❡+ ❞❡ ♠❛♠❛✱ ✉♠ /✉♠♦+ ❡5❢;+✐❝♦ ❢♦✐ ✐♥5❡+✐❞♦ ❝♦♠

❞✐9♠❡/+♦ ❞❡ ✶✵ ♠♠ ♥♦ ❝❡♥/+♦ ❞♦ ♣❧❛♥♦ ①✲② ❡ ❝❡♥/+❛❧✐③❛❞♦ ♥❛ ♣♦5✐@A♦ ③ ❂ ✹✵ ♠♠✳ ❆ ❋✐❣✉+❛ ✻✳✸

❛♣+❡5❡♥/❛ ❛ /❡+♠♦❣+❛✜❛ 5✐♠✉❧❛❞❛ ♣❛+❛ ❡5/❡ ❝❛5♦ ❞❡ ❝9♥❝❡+ ❞❡ ♠❛♠❛✳ ❖❜5❡+✈❛✲5❡ ♥❡5/❡ ❝❛5♦ J✉❡

❛ ❞✐5/+✐❜✉✐@A♦ ❞❡ /❡♠♣❡+❛/✉+❛ ♥❛ 5✉♣❡+❢K❝✐❡ ❢♦✐ ❛❧/❡+❛❞❛ ❡♠ +❡❧❛@A♦ ❛♦ ❝❛5♦ 5❡♠ /✉♠♦+✱ ♦♥❞❡ ♥♦

❝❡♥/+♦ ❞❛ 5✉♣❡+❢K❝✐❡ ♦❝♦++❡✉ ✉♠ ❛✉♠❡♥/♦ 5✐❣♥✐✜❝❛/✐✈♦ ❞❡ /❡♠♣❡+❛/✉+❛✳

ºC

ºC

❋✐❣✉+❛ ✻✳✸✿ ❚❡+♠♦❣+❛✜❛ ✐♥❢+❛✈❡+♠❡❧❤❛ 5✐♠✉❧❛❞❛ ❞❛ ♠❛♠❛ ❝♦♠ /✉♠♦+ ✲ ❝❛5♦ ✶✳

❖ ❛✉♠❡♥/♦ ❞❡ /❡♠♣❡+❛/✉+❛ ♦❝♦++✐❞♦ ♥❛ 5✉♣❡+❢K❝✐❡ ❞❛ ♠❛♠❛ ❛♣N5 ❛ ♣+❡5❡♥@❛ ❞♦ /✉♠♦+ ;

♦❜5❡+✈❛❞♦ ❝♦♠ ♠❛✐5 ❞❡/❛❧❤❡5 ♥❛ ❋✐❣✳ ✻✳✹✱ ♦♥❞❡ ; +❡❛❧✐③❛❞❛ ❛ 5✉❜/+❛@A♦ ❡♥/+❡ ❛ ✐♠❛❣❡♠ ❞❛ ♠❛♠❛

❝♦♠ /✉♠♦+ ✭❋✐❣✳ ✻✳✸✮ ❡ 5❡♠ /✉♠♦+ ✭❋✐❣✳ ✻✳✷✮✱ ♦❜/❡♥❞♦✲5❡ ❛55✐♠ ❛ ✈❛+✐❛@A♦ ❞❛5 /❡♠♣❡+❛/✉+❛5

♥❛ 5✉♣❡+❢K❝✐❡✱ θ ✭❊J✳ ✭✹✳✹✮✮✳ ❆ ✈❛+✐❛@A♦ ♠S①✐♠❛ ❞❡ /❡♠♣❡+❛/✉+❛ ❞❡ ❛♣+♦①✐♠❛❞❛♠❡♥/❡ ✶✱✹ ❽

♦❝♦++❡✉ ❡①❛/❛♠❡♥/❡ ♥♦ ❝❡♥/+♦ ❞❛ 5✉♣❡+❢K❝✐❡✱ ❝♦♠♦ ❥S ❡5♣❡+❛❞♦✳ ❈♦♠♦ ♦ ♦❜❥❡/✐✈♦ ; ❡5/✐♠❛+ ❛

❧♦❝❛❧✐③❛@A♦ ❞♦ /✉♠♦+ ✉5❛♥❞♦ ❛♣❡♥❛5 /❡♠♣❡+❛/✉+❛5 5✉♣❡+✜❝✐❛✐5 ♥❛ ♠❛♠❛✱ ♣+♦♣V❡♠✲5❡ ❝+✐❛+ ✉♠❛

❧✐♥❤❛ ❞❡ ❝♦+/❡ ♥❛ 5✉♣❡+❢K❝✐❡ ❞❛ ♠❛♠❛ J✉❡ ✐♥/❡+❝❡♣/❛ ♦ ♣♦♥/♦ ❞❡ ♠❛✐♦+ ✈❛+✐❛@A♦ ❞❡ /❡♠♣❡+❛/✉+❛✳

❊5/❛ ❧✐♥❤❛ ♣+♦❞✉③✐+S ♦ ♣❡+✜❧ ❞❡ /❡♠♣❡+❛/✉+❛ J✉❡ 5❡+S ✉5❛❞♦ ♥❛5 ❝♦++❡❧❛@V❡5 ♣❛+❛ ❛ ❡5/✐♠❛/✐✈❛

❞♦ ❝❡♥/+♦ ❞♦ /✉♠♦+✳
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ºC
Linha de corte

x

y

❋✐❣✉&❛ ✻✳✹✿ ❉✐❢❡&❡♥0❛ ❡♥1&❡ ❛2 1❡&♠♦❣&❛✜❛2 2✐♠✉❧❛❞❛2 ❞❛ ♠❛♠❛ ❝♦♠ ❡ 2❡♠ 1✉♠♦& ✲ ❝❛2♦ ✶✳

❆ ❧✐♥❤❛ ❞❡ ❝♦&1❡ ❝&✐❛❞❛ ♥❛ ❋✐❣✳ ✻✳✹ ❣❡&❛ ♦ ♣❡&✜❧ ❞❡ ✈❛&✐❛0?♦ ❞❛2 1❡♠♣❡&❛1✉&❛2 ❡♥1&❡ ♦ ❝❛2♦

❞❡ ❝@♥❝❡& ❞❡ ♠❛♠❛ ❡ ❛ ♠❛♠❛ 2❛✉❞A✈❡❧ B✉❡ C ❛♣&❡2❡♥1❛❞♦ ♥❛ ❋✐❣✳ ✻✳✺✳ ❈♦♠♦ ♦ ♣♦♥1♦ ❞❡

♠❛✐♦& ✈❛&✐❛0?♦ 1C&♠✐❝❛ ❢♦✐ ♥♦ ❝❡♥1&♦ ❞❛ 2✉♣❡&❢F❝✐❡✱ C ♣♦22F✈❡❧ ❛✜&♠❛& B✉❡ ♦ 1✉♠♦& ❡♥❝♦♥1&❛✲2❡

♥❛2 ❝♦♦&❞❡♥❛❞❛2 ❝❡♥1&❛✐2 ❞♦ ♣❧❛♥♦ ①✲② ✭♣♦✐2 ❛2 ❢&♦♥1❡✐&❛2 ❞❛ ♠❛♠❛ ❡21?♦ ❡①♣♦21❛2 K2 ♠❡2♠❛2

❝♦♥❞✐0L❡2 1C&♠✐❝❛2✮✱ ♦✉ 2❡❥❛✱ ① ❂ ✵ ❡ ② ❂ ✵✳ ❘❡21❛ ❡21✐♠❛& ❛♣❡♥❛2 ❛ ♣&♦❢✉♥❞✐❞❛❞❡ ❡♠ &❡❧❛0?♦

❛♦ ❡✐①♦ ③ ❡♠ B✉❡ ♦ ❝❡♥1&♦ ❞♦ 1✉♠♦& 2❡ ❡♥❝♦♥1&❛✳
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❋✐❣✉&❛ ✻✳✺✿ R❡&✜❧ ❞❡ ✈❛&✐❛0?♦ ❞❛2 1❡♠♣❡&❛1✉&❛2 2✐♠✉❧❛❞❛2 ♥❛ ❧✐♥❤❛ ❞❡ ❝♦&1❡ ♣❛&❛ ♦ ❝❛2♦ ✶✳

R❛&❛ ❛2 ❡21✐♠❛1✐✈❛2 ❞♦ ❝❡♥1&♦ ❞♦ 1✉♠♦& 2?♦ ❝♦♥2✐❞❡&❛❞❛2 ❛2 2❡❣✉✐♥1❡2 ❝♦♥❞✐0L❡2✿

✶✳ ❆ ❣❡♦♠❡1&✐❛ ♦&✐❣✐♥❛❧ ❞❛ ♠❛♠❛ ❡ 2✉❛2 ❝♦♥❞✐0L❡2 ❞❡ ❝♦♥1♦&♥♦ ❞❡✈❡♠ 2❡& ✉2❛❞❛2✳
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✷✳ ❖% ♣❛()♠❡,(♦% Tc ❡ T∞ %.♦ ✐❣✉❛❧❛❞♦% 4 ✵ ❽✳ ❖ ❝♦❡✜❝✐❡♥,❡ ❞❡ ❝♦♥✈❡❝:.♦ ,;(♠✐❝❛ h ❞❡✈❡
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❞❛❞♦% ✭❆❣✐❧❡♥-➞✸✹✾✼✷❆✮ ❡ ❛3♠❛③❡♥❛❞❛% ♥♦ ❝♦♠♣✉-❛❞♦3✳ ❆% ✐♠❛❣❡♥% -:3♠✐❝❛% -❛♠❜:♠ %<♦

❛3♠❛③❡♥❛❞❛% ♥♦ ❝♦♠♣✉-❛❞♦3✳ ➱ ✐♠♣♦3-❛♥-❡ ❞❡%-❛❝❛3 >✉❡ ♦ ❡❢❡✐-♦ ❞❛ ♣❡3❢✉%<♦ %❛♥❣✉@♥❡❛ ✈❡♥♦%❛

♥<♦ ❢♦✐ %✐♠✉❧❛❞♦ ♥♦% ❡①♣❡3✐♠❡♥-♦%✳ ❆ ❋✐❣✉3❛ ✼✳✶❜ ❛♣3❡%❡♥-❛ ✉♠❛ ❢♦-♦ 3❡❛❧ ❞♦ ❡①♣❡3✐♠❡♥-♦✳

Banho termostático

Fonte de potência

Aquisição de dados

PC

Câmera térmica

Trocador de calor

Plana fina

Silicone

✭❛✮ ❉❡%❡♥❤♦ ❡%)✉❡♠,-✐❝♦✳ ✭❜✮ ❋♦-♦ 3❡❛❧✳

❋✐❣✉3❛ ✼✳✶✿ ❊①♣❡3✐♠❡♥-♦ 3❡❛❧✐③❛❞♦ ❡♠ ❧❛❜♦3❛-G3✐♦ ♣❛3❛ ❛ ❛>✉✐%✐H<♦ ❞❡ ✐♠❛❣❡♥% -:3♠✐❝❛% ❞❡

-❡❝✐❞♦% ❢❛♥-❛%♠❛% ✉%❛♥❞♦ ✉♠❛ ❝I♠❡3❛ ✐♥❢3❛✈❡3♠❡❧❤❛✳

❆ ❋✐❣✉3❛ ✼✳✷ ❛♣3❡%❡♥-❛ ♦ ♠♦❞❡❧♦ 3❡-❛♥❣✉❧❛3 ❞♦ -❡❝✐❞♦ ❢❛♥-❛%♠❛ ❢❡✐-♦ ❞❡ %✐❧✐❝♦♥❡✳ ❆ ❡%❝♦❧❤❛

❞❡%%❡ ♠❛-❡3✐❛❧ : ❥✉%-✐✜❝❛❞❛ ♣♦3 ♣♦%%✉✐3 ✉♠❛ ❝♦♥❞✉-✐✈✐❞❛❞❡ -:3♠✐❝❛ ✐❣✉❛❧ ❛ ✵✱✷✻ W/(mK)✳ ❊%%❡

✈❛❧♦3✱ ♣♦3 %✉❛ ✈❡③✱ ❡♥❝♦♥-3❛✲%❡ ❞❡♥-3♦ ❞❛ ✈❛3✐❛H<♦ ❞❛% ❝♦♥❞✉-✐✈✐❞❛❞❡% -:3♠✐❝❛% ❡♥❝♦♥-3❛❞❛% ♥❛

❧✐-❡3❛-✉3❛ ♣❛3❛ ♦ -❡❝✐❞♦ ♠❛♠P3✐♦✳

xy

z

❋✐❣✉3❛ ✼✳✷✿ ❆♠♦%-3❛ ❞♦ -❡❝✐❞♦ ❢❛♥-❛%♠❛ ❞❛ ♠❛♠❛ ❞❡ %✐❧✐❝♦♥❡✳

Q❛3❛ ❝♦♥%-3✉✐3 ❛% ❛♠♦%-3❛% ❞❡ %✐❧✐❝♦♥❡✱ ♣3✐♠❡✐3♦ ❢♦✐ ❢❡✐-❛ ❛ ♣3✐♠❡✐3❛ ❝❛♠❛❞❛ ❞❡ %✐❧✐❝♦♥❡ ✉%❛♥❞♦

✉♠ ♠♦❧❞❡✱ ❝♦♠♦ ♠♦%-3❛ ❛ ❋✐❣✳ ✼✳✸✳ ❊♠ %❡❣✉✐❞❛✱ ♣♦%✐❝✐♦♥♦✉✲%❡ ♦ 3❡%✐%-♦3 ♥♦ ❧♦❝❛❧ ❞❡%❡❥❛❞♦✱ ❡✱

♣♦3 ✜♠✱ ❝♦♠♣❧❡-♦✉✲%❡ ❛ ❝♦♥%-3✉H<♦ ❞♦ ♠♦❞❡❧♦✱ ❝♦♠♦ ❥P ✈✐%-♦ ✉♠ ❡①❡♠♣❧♦ ♥❛ ❋✐❣✳ ✼✳✷✳
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❋✐❣✉&❛ ✼✳✸✿ ❉❡.❛❧❤❡1 ♥❛ ❝♦♥1.&✉56♦ ❞♦ ♠♦❞❡❧♦ ❞❡ 1✐❧✐❝♦♥❡ ❝♦♠ &❡1✐1.♦&✳

❖ ✉1♦ ❞❛ ❝:♠❡&❛ ✐♥❢&❛✈❡&♠❡❧❤❛ ♣❛&❛ ♠❡❞✐5>❡1 ♣&❡❝✐1❛1 ❞❡♣❡♥❞❡ ❞❛ ❞❡✜♥✐56♦ ❞❡ ❛❧❣✉♥1 ♣❛&:✲

♠❡.&♦1✱ .❛✐1 ❝♦♠♦✿ ❛ ❡♠✐11✐✈✐❞❛❞❡ ❞❛ &❛❞✐❛56♦ ❞❛ 1✉♣❡&❢B❝✐❡ ❞♦ ♦❜❥❡.♦❀ ❛ .❡♠♣❡&❛.✉&❛ &❡✢❡.✐❞❛

❞♦ ♦❜❥❡.♦❀ ❛ ❞✐1.:♥❝✐❛ ❡♥.&❡ ♦ ♦❜❥❡.♦ ❡ ❛ ❝:♠❡&❛❀ ❛ .❡♠♣❡&❛.✉&❛ ❛.♠♦1❢G&✐❝❛ ❡ ❛ ✉♠✐❞❛❞❡ &❡❧❛.✐✈❛

❞♦ ❛& ❡♥.&❡ ❛ ❝:♠❡&❛ ❡ ♦ ♦❜❥❡.♦✳

◆♦ ❡♥.❛♥.♦✱ ❝♦♠♦ ❥I ♠❡♥❝✐♦♥❛❞♦✱ ❛ .G❝♥✐❝❛ ♣&♦♣♦1.❛ ♥6♦ ♥❡❝❡11✐.❛ ❞♦ ❝♦♥❤❡❝✐♠❡♥.♦ ❞♦1

✈❛❧♦&❡1 ♣&❡❝✐1♦1 ❞❡ .❡♠♣❡&❛.✉&❛✱ ❡ 1✐♠ ❞♦ ♣❡&✜❧ ❞❡ .❡♠♣❡&❛.✉&❛ ♥❛ 1✉♣❡&❢B❝✐❡ ❞❛ ❛♠♦1.&❛✳ ❆11✐♠✱

♥6♦ ❢♦✐ ♥❡❝❡11I&✐♦ ❞❡✜♥✐& ❝♦♠ ♣&❡❝✐16♦ ♦1 ✈❛❧♦&❡1 ❞♦1 ♣❛&:♠❡.&♦1 ♥❛ ❝:♠❡&❛✱ ♦1 ♠❡1♠♦1 ❢♦&❛♠

♠❛♥.✐❞♦1 ❝♦♠ 1❡✉1 ✈❛❧♦&❡1 ♣❛❞&>❡1 ❞♦ ♣&K♣&✐♦ ❢❛❜&✐❝❛♥.❡✳

❚♦❞♦1 ♦1 ❡①♣❡&✐♠❡♥.♦1 ❢♦&❛♠ &❡❛❧✐③❛❞♦1 ❡♠ &❡❣✐♠❡ ❡1.❛❝✐♦♥I&✐♦✱ ❛11✐♠ ❝♦♠♦ ❛1 1✐♠✉❧❛5>❡1

♥✉♠G&✐❝❛1✳ ❆ .❡♠♣❡&❛.✉&❛ ❞♦ ❜❛♥❤♦ .❡&♠♦1.I.✐❝♦ G ♠❛♥.✐❞❛ ❛ ❛♣&♦①✐♠❛❞❛♠❡♥.❡ ✸✼ ❽✱ ❡ ❛

1✉♣❡&❢B❝✐❡ ✐♥❢❡&✐♦& ❞♦ 1✐❧✐❝♦♥❡ ♣❡&♠❛♥❡❝❡ ❛ ✉♠❛ .❡♠♣❡&❛.✉&❛ ✉♠ ♣♦✉❝♦ ♠❡♥♦& ❞✉&❛♥.❡ ♦1 ❡①♣❡✲

&✐♠❡♥.♦1✱ ❝♦♠♦ ♠♦1.&❛ ❛ ❋✐❣✳ ✼✳✹✳ ❆ .❡♠♣❡&❛.✉&❛ ❛♠❜✐❡♥.❡ ✈❛&✐❛ ❡♥.&❡ ❛♣&♦①✐♠❛❞❛♠❡♥.❡ ✷✷ ❡

✷✹ ❽ ❞✉&❛♥.❡ ♦ ❡①♣❡&✐♠❡♥.♦✱ ❝♦♠♦ ♠♦1.&❛ ❛ ❋✐❣✳ ✼✳✺✱ ❡ ♦ ❝♦❡✜❝✐❡♥.❡ ❞❡ ❝♦♥✈❡❝56♦ .G&♠✐❝❛ G

1✉♣♦1.♦ ✐❣✉❛❧ ❛ ✶✵ W/(m2K)✳



✾✷

0 1000 2000 3000 4000 5000 6000
36

36.1

36.2

36.3

36.4

36.5

36.6

36.7

36.8

36.9

37

Tempo [s]

T
e

m
p

e
ra

tu
ra

 [
ºC

]

❋✐❣✉&❛ ✼✳✹✿ ❚❡♠♣❡&❛0✉&❛ ♥❛ 2✉♣❡&❢4❝✐❡ ✐♥❢❡&✐♦& ❞♦ 2✐❧✐❝♦♥❡ ❞✉&❛♥0❡ ♦ ❡①♣❡&✐♠❡♥0♦✳

0 1000 2000 3000 4000 5000 6000
21

21.5

22

22.5

23

23.5

24

24.5

Tempo [s]

T
e

m
p

e
ra

tu
ra

 [
ºC

]

❋✐❣✉&❛ ✼✳✺✿ ❚❡♠♣❡&❛0✉&❛ ❞♦ ❛♠❜✐❡♥0❡ ❞✉&❛♥0❡ ♦ ❡①♣❡&✐♠❡♥0♦✳

❆2 ✐♠❛❣❡♥2 0=&♠✐❝❛2 ❛ 2❡&❡♠ ❛♣&❡2❡♥0❛❞❛2 ❢♦&❛♠ ♦❜0✐❞❛2 ❡♠ ❞✉❛2 2✐0✉❛>?❡2 ❞✐20✐♥0❛2 ♣❛&❛

❝❛❞❛ ✉♠ ❞♦2 0&@2 ❝❛2♦2 ❡20✉❞❛❞♦2✳ A&✐♠❡✐&♦✱ ❛ ❢♦♥0❡ ❞❡ ❡♥❡&❣✐❛ ❝♦♥❡❝0❛❞❛ ❛♦ &❡2✐20♦& ♣❡&♠❛✲

♥❡❝❡✉ ❞❡2❧✐❣❛❞❛✱ ❡ ❛22✐♠✱ ❞❡♣♦✐2 D✉❡ ♦ ❢❡♥E♠❡♥♦ 0=&♠✐❝♦ ❛❧❝❛♥>♦✉ ♦ &❡❣✐♠❡ ❡20❛❝✐♦♥F&✐♦✱ ❢♦&❛♠

❛❞D✉✐&✐❞❛2 ✐♠❛❣❡♥2 0=&♠✐❝❛2 ♣❛&❛ ❛ ♠❛♠❛ ❞❡ 2✐❧✐❝♦♥❡ ❝♦♥2✐❞❡&❛❞❛ 2❡♠ 0✉♠♦& ✭♠❛♠❛ 2❛✉❞F✈❡❧✮✳

A♦& J❧0✐♠♦✱ ❛ ❢♦♥0❡ ❞❡ ❡♥❡&❣✐❛ ❢♦✐ ❧✐❣❛❞❛ ❛0= ✉♠❛ ♣♦0@♥❝✐❛ D✉❡ ❛✉♠❡♥0❛22❡ ❛ 0❡♠♣❡&❛0✉&❛ ♥❛

2✉♣❡&❢4❝✐❡ ❞❡ ♥♦ ♠F①✐♠♦ ✸ ❽ ✭♠=❞✐❛ ❞♦ ❛✉♠❡♥0♦ ❞❡ 0❡♠♣❡&❛0✉&❛ ❡♠ 0❡&♠♦❣&❛✜❛2 ♠=❞✐❝❛2 ❡♥✲

❝♦♥0&❛❞❛2 ♥❛ ❧✐0❡&❛0✉&❛✮ ♣❛&❛ ❛ ❛♠♦20&❛ ❡♠ &❡❣✐♠❡ ❡20❛❝✐♦♥F&✐♦✱ ♣♦22✐❜✐❧✐0❛♥❞♦ ❛ ❛D✉✐2✐>M♦ ❞❛2

✐♠❛❣❡♥2 0=&♠✐❝❛2 ♣❛&❛ ❛ ♠❛♠❛ ❝♦♥2✐❞❡&❛❞❛ ❝♦♠ 0✉♠♦&✳

◆♦ 0♦0❛❧✱ ❢♦&❛♠ ❝♦❧❡0❛❞❛2 ✶✽✵✵ ✐♠❛❣❡♥2 0=&♠✐❝❛2 ♣❛&❛ ♦2 0&@2 ❝❛2♦2✱ 2❡♥❞♦ ✻✵✵ ♣❛&❛ ❝❛❞❛ ✉♠
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❞♦$ ❝❛$♦$✱ ♦♥❞❡ ✸✵✵ ♣❛,❛ ❛ ♠❛♠❛ $❡♠ .✉♠♦, ❡ ✸✵✵ ♣❛,❛ ❛ ♠❛♠❛ ❝♦♠ .✉♠♦,✳ ❖ ❛❧.♦ ♥3♠❡,♦ ❞❡
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❖ ♣,✐♠❡✐,♦ ❝❛$♦ ❡①♣❡,✐♠❡♥.❛❧ ❡♥✈♦❧✈❡✉ ✉♠❛ ❛♠♦$.,❛ ❞❡ $✐❧✐❝♦♥❡ ❝♦♠ ❞✐♠❡♥$=❡$ ▲ ❂ ✽✹✱✾✼
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❋✐❣✉,❛ ✼✳✻✿ ●❡♦♠❡.,✐❛ ❡ ❞✐♠❡♥$=❡$ ❞❛ ❛♠♦$.,❛ ❞❡ $✐❧✐❝♦♥❡ ✲ ❝❛$♦ ❡①♣❡,✐♠❡♥.❛❧ ✶✳
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✈♦❧✉♠❡3 ❞♦ 6✉♠♦' ♣❛'❛ ♦ ❝❛3♦ ❡①♣❡'✐♠❡♥6❛❧ ✶
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❙❡♥❞♦ ❛))✐♠✱ -❛♠❜/♠ ♥0♦ / ♥❡❝❡))23✐♦ ❝♦♥❤❡❝❡3 ♣3❡✈✐❛♠❡♥-❡ ♦ ✈♦❧✉♠❡ ❞♦ -✉♠♦3 ♣❛3❛ ❞❡✲

-❡❝-❛3 ❛ ♣3♦❢✉♥❞✐❞❛❞❡ ❞♦ )❡✉ ❝❡♥-3♦ ❛-3❛✈/) ❞❛ -/❝♥✐❝❛ ♣3♦♣♦)-❛✳

✼✳✺✳✸ ■♥✢✉(♥❝✐❛ ❞❛ ❣❡/❛01♦ ❞❡ ❝❛❧♦/ ❞♦ 4✉♠♦/

❆❧-❡3♦✉✲)❡ -❛♠❜/♠ ❛ ✐♥-❡♥)✐❞❛❞❡ ❞❛ ❣❡3❛>0♦ ❞❡ ❝❛❧♦3 ❞♦ -✉♠♦3 ♣❛3❛ Qm,t,1 ❂ ✵✱✶ ❡ Qm,t,2

❂ ✶✵✵✵✵✵ W/m3
✳ ❆ ❋✐❣✉3❛ ✼✳✸✸ ❛♣3❡)❡♥-❛ ❛) ♥♦✈❛) ❝♦33❡❧❛>C❡)✱ ❡ ♥♦✈❛♠❡♥-❡ ❢♦3❛♠ ♦❜-✐❞❛) ❛)

♠❡)♠❛) ❡)-✐♠❛-✐✈❛) ❥2 ❞❡-❡3♠✐♥❛❞❛) ♣❛3❛ ♦ ❝❛)♦ ❡①♣❡3✐♠❡♥-❛❧ ✶✳
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Posição no eixo z do centro do tumor [mm]

❋✐❣✉$❛ ✼✳✸✸✿ ❈♦$$❡❧❛./❡0 ♣❛$❛ ❛ ❞❡3❡$♠✐♥❛.6♦ ❞❛ ♣$♦❢✉♥❞✐❞❛❞❡ ❞♦ ❝❡♥3$♦ ❞♦ 3✉♠♦$ ✉0❛♥❞♦

❞✐❢❡$❡♥3❡0 ✐♥3❡♥0✐❞❛❞❡0 ❞❡ ❣❡$❛.6♦ ❞❡ ❝❛❧♦$ ❞♦ 3✉♠♦$ ♣❛$❛ ♦ ❝❛0♦ ❡①♣❡$✐♠❡♥3❛❧ ✶

✼✳✺✳✹ ■♥✢✉(♥❝✐❛ ❞❛ ❝♦♥❞✉.✐✈✐❞❛❞❡ .12♠✐❝❛ ❞♦ .❡❝✐❞♦ 4❛✉❞5✈❡❧

;♦$ <❧3✐♠♦✱ ♦ ❡❢❡✐3♦ ❞❛ ❝♦♥❞✉3✐✈✐❞❛❞❡ 3?$♠✐❝❛ ❞♦ 3❡❝✐❞♦ 0❛✉❞@✈❡❧ 3❛♠❜?♠ ❢♦✐ ❛♥❛❧✐0❛❞❛✳ ❖0

✈❛❧♦$❡ k1 ❂ ✵✱✶✱ k2 ❂ ✵✱✺ ❡ k3 ❂ ✶✱✵ W/(mK) ❢♦$❛♠ 0❡❧❡❝✐♦♥❛❞♦0 ♣❛$❛ ❛ ❛♥@❧✐0❡✳ ❆ ❋✐❣✉$❛

✼✳✸✹ ❛♣$❡0❡♥3❛ ♦0 $❡0✉❧3❛❞♦0 ❞♦ ❝@❧❝✉❧♦ ❞❛0 ❝♦$$❡❧❛./❡0 ♣❛$❛ ❝❛❞❛ ✈❛❧♦$ 0❡❧❡❝✐♦♥❛❞♦ ♣❛$❛ ❛

❝♦♥❞✉3✐✈✐❞❛❞❡ 3?$♠✐❝❛ ❞♦ 3❡❝✐❞♦ 0❛✉❞@✈❡❧✳ ❆ ♠❛✐♦$ ❝♦$$❡❧❛.6♦ ♣❛$❛ k1 ❢♦✐ ✵✱✾✾✾✸ ♣❛$❛ ♦ ❝❡♥3$♦

❞♦ 3✉♠♦$ ❡♠ ③ ❂ ✸✾ ♠♠✱ ♣❛$❛ k2 ❢♦✐ ✵✱✾✾✾✷ ♣❛$❛ ♦ ❝❡♥3$♦ ❞♦ 3✉♠♦$ ❡♠ ③ ❂ ✹✵ ♠♠ ❡ ♣❛$❛ k3

❢♦✐ ✵✱✾✾✾✷ ♣❛$❛ ♦ ❝❡♥3$♦ ❞♦ 3✉♠♦$ ❡♠ ③ ❂ ✹✶ ♠♠✳
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❋✐❣✉&❛ ✼✳✸✹✿ ❈♦&&❡❧❛12❡3 ♣❛&❛ ❛ ❞❡6❡&♠✐♥❛19♦ ❞❛ ♣♦3✐19♦ ❝❡♥6&❛❧ ❞♦ 6✉♠♦& ✉3❛♥❞♦ ❞✐❢❡&❡♥6❡3

❝♦♥❞✉6✐✈✐❞❛❞❡3 6=&♠✐❝❛3 ❞♦ 6❡❝✐❞♦ 3❛✉❞>✈❡❧ ♣❛&❛ ♦ ❝❛3♦ ❡①♣❡&✐♠❡♥6❛❧ ✶

@♦❞❡✲3❡ ❝♦♥❝❧✉✐& B✉❡ ❛ ✈❛&✐❛19♦ ✐♠♣♦36❛ ♥❛ ❝♦♥❞✉6✐✈✐❞❛❞❡ 6=&♠✐❝❛ ❞♦ 6❡❝✐❞♦ 3❛✉❞>✈❡❧ &❡✲

3✉❧6♦✉ ❡♠ ❞✐❢❡&❡♥6❡3 ❡36✐♠❛6✐✈❛3 ♣❛&❛ ♦ ❝❡♥6&♦ ❞♦ 6✉♠♦& ❞♦ ❝❛3♦ ✶✳ @❛&❛ ❝❛❞❛ ❝❛3♦ ❡36✉❞❛❞♦✱

♦❝♦&&❡✉ ❛♣❡♥❛3 ✉♠ ♣❡B✉❡♥❛ ✈❛&✐❛19♦ ♥❛ ❡36✐♠❛6✐✈❛ ❞♦ ❝❡♥6&♦ ❞♦ 6✉♠♦&✱ 3❡♥❞♦ B✉❡ ♦3 ❡&&♦3

♦❜6✐❞♦3 ✉3❛♥❞♦ k1✱ k2 ❡ k3 ❢♦&❛♠ ✷✱✸✸ ♠♠ ✭✹✱✽✪✮✱ ✶✱✸✸ ♠♠ ✭✷✱✼✪✮ ❡ ✵✱✸✸ ♠♠ ✭✵✱✼✪✮✱ &❡3♣❡❝6✐✲

✈❛♠❡♥6❡✳



❈❛♣#$✉❧♦ ✽

❊*$✐♠❛$✐✈❛ ❞❡ $✉♠♦0❡* ❡♠ *✐♠✉❧❛12❡*

♥✉♠40✐❝❛* ✉*❛♥❞♦ ✉♠❛ ❣❡♦♠❡$0✐❛

❜✐❞✐♠❡♥*✐♦♥❛❧ 0❡❛❧ ❞❛ ♠❛♠❛

❊!"❡ ❝❛♣'"✉❧♦ ❛♣+❡!❡♥"❛ +❡!✉❧"❛❞♦! ♥✉♠/+✐❝♦! ❞❡ ❡!"✐♠❛"✐✈❛! ❞♦! "+2! ♣+✐♥❝✐♣❛✐! "✐♣♦! ❞❡

❝3♥❝❡+ ❞❡ ♠❛♠❛ ❛"+❛✈/! ❞❛! !✐♠✉❧❛45❡! ❞♦! "✉♠♦+❡! ✉!❛♥❞♦ ✉♠❛ ❣❡♦♠❡"+✐❛ ❜✐❞✐♠❡♥!✐♦♥❛❧ 8✉❡

!✐♠✉❧❛ ❛ ❛♥❛"♦♠✐❛ +❡❛❧ ❞❛ ♠❛♠❛✳ ❉❡!!❛ ❢♦+♠❛✱ ♣+❡"❡♥❞❡✲!❡ ❞❡♠♦♥!"+❛+ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❛ "/❝♥✐❝❛

♥❛ !♦❧✉4>♦ ❞❡ ♣+♦❜❧❡♠❛! ❞❡ ❣❡♦♠❡"+✐❛! ♠❛✐! ❝♦♠♣❧❡①❛!✳

✽✳✶ ▼❛♠❛ &❛✉❞)✈❡❧

❆ ❋✐❣✉+❛ ✽✳✶ ❛♣+❡!❡♥"❛ ♦ ♠♦❞❡❧♦ ♥✉♠/+✐❝♦ ❜✐❞✐♠❡♥!✐♦♥❛❧ ❞❛ ♠❛♠❛ ✉"✐❧✐③❛❞♦ ♥❛! !✐♠✉❧❛45❡!

❞❡!"❡ ❝❛♣'"✉❧♦ ✭❡!"❡ ♠♦❞❡❧♦ ❢♦✐ ♦❜"✐❞♦ ❞❛ ❛♥❛"♦♠✐❛ +❡❛❧ ❞❛ ♠❛♠❛ ❛♣+❡!❡♥"❛❞❛ ♥❛ ❋✐❣✳ ✸✳✶✮✳ ❖

♠♦❞❡❧♦ / ❝♦♠♣♦!"♦ ♣♦+ ❞✐✈❡+!♦! ❝♦♠♣♦♥❡♥"❡! ❞♦ "❡❝✐❞♦ ♠❛♠I+✐♦✱ ❝♦♠♦ ❥I ❝♦♠❡♥"❛❞♦ ♥❛ !❡4>♦

✸✳✶✳ ❆ !✉♣❡+❢'❝✐❡ ❡①"❡+♥❛ ❞❛ ♣❡❧❡ ❞❛ ♠❛♠❛ ❢♦✐ ❡①♣♦!"❛ ❛♦ ♠❡✐♦ ❝♦♥✈❡❝"✐✈♦✱ !❡♥❞♦ ♦ ❝♦❡✜❝✐❡♥"❡

❞❡ ❝♦♥✈❡❝4>♦ ❞❡ ✶✵ W/(m2K) ❡ ❛ "❡♠♣❡+❛"✉+❛ ❛♠❜✐❡♥"❡ ✐❣✉❛❧ ❛ ✷✺ ❽✳ ❆ "❡♠♣❡+❛"✉+❛ ❞❛

!✉♣❡+❢'❝✐❡ ✐♥"❡+♥❛ ✭❝♦!"❡❧❛✮ ❢♦✐ ♠❛♥"✐❞❛ ❝♦♥!"❛♥"❡ ❛ ✸✼ ❽✳ ❆! ❞❡♠❛✐! ♣+♦♣+✐❡❞❛❞❡! "❡+♠♦❢'!✐❝❛!

✉"✐❧✐③❛❞❛! ♣❛+❛ ♦! "❡❝✐❞♦! ❜✐♦❧P❣✐❝♦! !>♦ ❧✐!"❛❞❛! ♥❛ ❚❛❜✳ ✽✳✶✳ ❆♣P! ♦ ❡!"✉❞♦ ❞❡ ❝♦♥✈❡+❣2♥❝✐❛

❞❡ ♠❛❧❤❛✱ !❡❧❡❝✐♦♥♦✉✲!❡ ❛ ♠❛❧❤❛ ❝♦♠♣♦!"❛ ♣♦+ ✷✶✾✵✾ ❡❧❡♠❡♥"♦! "+✐❛♥❣✉❧❛+❡! ♣❛+❛ ❛! !✐♠✉❧❛45❡!

❞❡!"❡ ❝❛♣'"✉❧♦✳
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Pele

Superfície da pele

Ductos lactíferos

Lóbulos mamários

Gânglios linfáticos

Tecido

1
6
.1

3
 c

m

8,90 cm

Costela

temperatura constante
convecção térmica

adiposo

❋✐❣✉&❛ ✽✳✶✿ ▼♦❞❡❧♦ ♥✉♠2&✐❝♦ ❜✐❞✐♠❡♥5✐♦♥❛❧ 6✉❡ 5✐♠✉❧❛ ❛ ❛♥❛7♦♠✐❛ &❡❛❧ ❞❛ ♠❛♠❛✳

❚❛❜❡❧❛ ✽✳✶✿ 9&♦♣&✐❡❞❛❞❡5 7❡&♠♦❢<5✐❝❛5 ♣❛&❛ ♦5 7❡❝✐❞♦5 ❜✐♦❧=❣✐❝♦5 ❞❛ ♠❛♠❛ ❜✐❞✐♠❡♥5✐♦♥❛❧ ✭❆●✲

◆❊▲▲■❀ ❇❆❘❘❊❆❀ ❚❯❘◆❊❘✱ ✷✵✶✶✮✱✭❍❖❙❙❆■◆❀ ▼❖❍❆▼▼❆❉■✱ ✷✵✶✻✮✳

9&♦♣&✐❡❞❛❞❡5 ❱❛❧♦& ❚❡❝✐❞♦

❈♦♥❞✉7✐✈✐❞❛❞❡ 72&♠✐❝❛✱ k 0, 21 W/(mK) 9❡❧❡ ❡ ●♦&❞✉&❛

0, 52 W/(mK) ❉✉❝7♦✱ ▲=❜✉❧♦ ❡ ●U♥❣❧✐♦ ❧✐♥❢V7✐❝♦

0, 62 W/(mK) ❚✉♠♦&

9❡&❢✉5W♦ 5❛♥❣✉<♥❡❛✱ w 2, 2× 10−4 1/s 9❡❧❡ ❡ ●♦&❞✉&❛

5, 2× 10−4 1/s ❉✉❝7♦✱ ▲=❜✉❧♦ ❡ ●U♥❣❧✐♦ ❧✐♥❢V7✐❝♦

1, 6× 10−2 1/s ❚✉♠♦&

▼❛55❛ ❡5♣❡❝<✜❝❛✱ ρ ✶✵✵✵ kg/m3
❚♦❞♦5 ♦5 7❡❝✐❞♦5 5❛✉❞V✈❡✐5

❈❛❧♦& ❡5♣❡❝<✜❝♦✱ c ✹✶✽✻ J/kgK ❚♦❞♦5 ♦5 7❡❝✐❞♦5 5❛✉❞V✈❡✐5

●❡&❛ZW♦ ❞❡ ❝❛❧♦& ✈♦❧✉♠27&✐❝❛✱ Qm ✹✷✵ W/m3
❚♦❞♦5 ♦5 7❡❝✐❞♦5 5❛✉❞V✈❡✐5

1× 105 W/m3
❚✉♠♦&

❚♦❞❛5 ❛5 ♣&♦♣&✐❡❞❛❞❡5 ❡ ♣❛&U♠❡7&♦5 7❡&♠♦❢<5✐❝♦5 ♠❡♥❝✐♦♥❛❞♦5 ❛♥7❡&✐♦&♠❡♥7❡ ❢♦&❛♠ ✉7✐❧✐③❛❞♦5

❡♠ 7♦❞♦5 ♦5 ❝❛5♦5 5✐♠✉❧❛❞♦5 ♥❡57❡ ❝❛♣<7✉❧♦✳

■♥✐❝✐❛❧♠❡♥7❡✱ ✉♠ ❝❛5♦ ❡♥✈♦❧✈❡♥❞♦ ✉♠❛ ♠❛♠❛ 5❛✉❞V✈❡❧ ✭5❡♠ 7✉♠♦&✮ ❢♦✐ ❛♥❛❧✐5❛❞♦ 7❡&♠✐❝❛✲
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♠❡♥%❡✳ ❆ ❋✐❣✉,❛ ✽✳✷ ❛♣,❡1❡♥%❛ ❛ ❞✐1%,✐❜✉✐45♦ ❞❛1 %❡♠♣❡,❛%✉,❛1 ♣❛,❛ ❛ ♠❛♠❛ 1✐♠✉❧❛❞❛ ♥❡11❛

1✐%✉❛45♦✳ ❖❜1❡,✈❛✲1❡ ✉♠ ❝♦♠♣♦,%❛♠❡♥%♦ %<,♠✐❝♦ %=♣✐❝♦ ❞❡ ✉♠ %❡❝✐❞♦ ♠❛♠>,✐♦ 1❡♠ ❛♥♦♠❛❧✐❛1✱

♦♥❞❡ ♦ ❣,❛❞✐❡♥%❡ ❞❡ %❡♠♣❡,❛%✉,❛ ♦❝♦,,❡ ❛ ♣❛,%✐, ❞❛ 1✉♣❡,❢=❝✐❡ ✐♥%❡,♥❛ ❛%< ❛ 1✉♣❡,❢=❝✐❡ ❡①%❡,♥❛

❞❛ ♣❡❧❡✳

x

y

ºC

ºC

❋✐❣✉,❛ ✽✳✷✿ ❉✐1%,✐❜✉✐45♦ ❞❛1 %❡♠♣❡,❛%✉,❛1 ❡♠ ✉♠❛ ♠❛♠❛ 1❛✉❞>✈❡❧ ✭1❡♠ %✉♠♦,✮✳

✽✳✷ ❈❛%❝✐♥♦♠❛ ❞✉❝-❛❧ ✐♥ "✐#✉

❖ ❝❛,❝✐♥♦♠❛ ❞✉❝%❛❧ ✐♥ "✐#✉✱ %❛♠❜<♠ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❉❈■❙✱ < ✉♠ ❞♦1 ♣,✐♥❝✐♣❛✐1 %✐♣♦1 ❞❡

❝J♥❝❡, ❞❡ ♠❛♠❛ ❡ ❢♦✐ ❛♥❛❧✐1❛❞♦ %❡,♠✐❝❛♠❡♥%❡ ♥❡1%❛ ❡%❛♣❛✳ ❆ ❋✐❣✉,❛ ✽✳✸❛ ❛♣,❡1❡♥%❛ ♦ ♠♦❞❡❧♦ ❞❛

♠❛♠❛ ❝♦♠ ❉❈■❙✱ ♦♥❞❡ ✉♠ ♣❡K✉❡♥♦ %✉♠♦, ❡1❢<,✐❝♦ ❝♦♠ ❞✐J♠❡%,♦✱ d✱ ❞❡ ✵✱✷✺ ❝♠ ❢♦✐ ❝❡♥%,❛❧✐③❛❞♦

❞❡♥%,♦ ❞❡ ✉♠ ❞♦1 ❞✉❝%♦1 ❧❛❝%=❢❡,♦1✱ ♠❛✐1 ♣,❡❝✐1❛♠❡♥%❡ ♥❛1 ❝♦♦,❞❡♥❛❞❛1 ① ❂ ✺✱✻✹ ❝♠ ❡ ② ❂ ✼✱✵✶

❝♠✳

❆ ❞✐1%,✐❜✉✐45♦ ❞❛1 %❡♠♣❡,❛%✉,❛1 ♥❛ ♠❛♠❛ ❝♦♠ ❉❈■❙ < 1❡♠❡❧❤❛♥%❡ ❛♦ ❝❛1♦ 1❡♠ %✉♠♦,✱

❝♦♥❢♦,♠❡ ♣♦❞❡ 1❡, ♦❜1❡,✈❛❞♦ ♥❛ ❋✐❣✳ ✽✳✸❜✳ ❆ ,❛③5♦ ♣❛,❛ ✐11♦ ❛❝♦♥%❡❝❡, ❡1%> ,❡❧❛❝✐♦♥❛❞♦ ❛♦

♣❡K✉❡♥♦ %❛♠❛♥❤♦ ❞❡11❡ %✉♠♦, ♥5♦ ✐♥✈❛1✐✈♦✱ ❣❡,❛♥❞♦ ♣♦✉❝♦ ❝❛❧♦, ♠❡%❛❜T❧✐❝♦ ❛♥♦,♠❛❧✱ ❝❛✉1❛♥❞♦

♠=♥✐♠❛1 ✈❛,✐❛4U❡1 %<,♠✐❝❛1 ♥❛ ♠❛♠❛✳ ▼❡1♠♦ ❛11✐♠✱ ❛✐♥❞❛ < ♣♦11=✈❡❧ ♦❜1❡,✈❛, ✉♠❛ ♣❡K✉❡♥❛

♠✉❞❛♥4❛ ♥❛1 %❡♠♣❡,❛%✉,❛1 ♣,T①✐♠❛1 ❛ ,❡❣✐5♦ ❞♦ %✉♠♦,✱ ♠❛1 ♥❡♥❤✉♠❛ ✈❛,✐❛45♦ ❞❡ %❡♠♣❡,❛%✉,❛

✈✐1=✈❡❧ < ♥♦%❛❞❛ ♥❛ 1✉♣❡,❢=❝✐❡ ❞❛ ♣❡❧❡✳
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DCIS
x = 5 64 cm,
y = 7 01 cm,
d = 0 25 cm,

✭❛✮

ºC

ºCx

y

✭❜✮

❋✐❣✉&❛ ✽✳✸✿ ❈❛&❝✐♥♦♠❛ ❞✉❝2❛❧ ✐♥ "✐#✉ ✿ ✭❛✮ ▼♦❞❡❧♦ ♥✉♠8&✐❝♦✱ ✭❜✮ ❉✐<2&✐❜✉✐=>♦ ❞❛< 2❡♠♣❡&❛2✉&❛<✳

❆ ❋✐❣✉&❛ ✽✳✹ ❛♣&❡<❡♥2❛ ❛< 2❡♠♣❡&❛2✉&❛< ♦❜2✐❞❛< ❛ ♣❛&2✐& ❞❛ <✉♣❡&❢B❝✐❡ ❞❛ ♣❡❧❡ ♣❛&❛ ♦< ❝❛<♦<

<❡♠ 2✉♠♦& ❡ ❝♦♠ ❉❈■❙✳ ❖❜<❡&✈❛✲<❡ H✉❡ ♦< ♣❡&✜< 28&♠✐❝♦< <>♦ ✈✐<✉❛❧♠❡♥2❡ ✐❞J♥2✐❝♦<✱ 2♦&♥❛♥❞♦

❞✐❢B❝✐❧ ❛✜&♠❛& ❛❧❣✉♠❛ ❞✐❢❡&❡♥=❛ ❡♥2&❡ ♦< ❞♦✐< ❝❛<♦<✳ ❊♥2&❡2❛♥2♦✱ ❛♦ &❡❛❧✐③❛& ❛ <✉❜2&❛=>♦ ❡♥2&❡

❛< 2❡♠♣❡&❛2✉&❛< ❝♦♠ ❉❈■❙ ❡ <❡♠ 2✉♠♦&✱ ♦❜28♠✲<❡ ♦ ♣❡&✜❧ ❞❡ ✈❛&✐❛=>♦ ❞❛< 2❡♠♣❡&❛2✉&❛< ❡♥2&❡

♦< ❞♦✐< ❝❛<♦<✱ ❝♦♠♦ ♠♦<2&❛❞♦ ♥❛ ❋✐❣✳ ✽✳✺✳ ❖❜<❡&✈❛✲<❡ ❛❣♦&❛ ✉♠❛ ♣❡H✉❡♥❛ ✈❛&✐❛=>♦ ❡♥2&❡ ❛<

2❡♠♣❡&❛2✉&❛< ✭❛♣&♦①✐♠❛❞❛♠❡♥2❡ ✵✱✵✻ ❽✮ ❝❛✉<❛❞❛ ♣❡❧♦ <✉&❣✐♠❡♥2♦ ❞♦ ❉❈■❙ ♥❛ <✉♣❡&❢B❝✐❡ ❞❛

♣❡❧❡✳
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DCIS

❋✐❣✉&❛ ✽✳✹✿ Q❡&✜< ❞❛< 2❡♠♣❡&❛2✉&❛< ♥❛ <✉♣❡&❢B❝✐❡ ❞❛ ♣❡❧❡ ✭❉❈■❙ ① ♠❛♠❛ <❛✉❞R✈❡❧✮✳
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❋✐❣✉&❛ ✽✳✺✿ ❱❛&✐❛,-♦ ❞❛0 1❡♠♣❡&❛1✉&❛0 ♥❛ 0✉♣❡&❢7❝✐❡ ❞❛ ♣❡❧❡ ❝❛✉0❛❞❛ ♣❡❧♦ ❉❈■❙✳

❆ ♣❛&1✐& ❞♦ ♣❡&✜❧ ❞❡ ✈❛&✐❛,-♦ ❞❛0 1❡♠♣❡&❛1✉&❛0 ❛♣&❡0❡♥1❛❞♦ ♥❛ ❋✐❣✳ ✽✳✺✱ 0❡❣✉❡✲0❡ ❛ 1C❝♥✐❝❛

♣&♦♣♦01❛ ♣❛&❛ &❡❛❧✐③❛& ❛ ❡01✐♠❛1✐✈❛ ❞♦ 1✉♠♦&✳ ❖ ♣&F①✐♠♦ ♣❛00♦ C ❡♥❝♦♥1&❛& ♦ ♣♦♥1♦ ♥❛ 0✉♣❡&❢7❝✐❡

❞❛ ♣❡❧❡ ❞❛ ♠❛♠❛ ♦♥❞❡ ♦❝♦&&❡✉ ❛ ♠❛✐♦& ✈❛&✐❛,-♦ ❞❡ 1❡♠♣❡&❛1✉&❛ ✭∆Tmax✮✱ ♠❛&❝❛♥❞♦✲♦ ♥❛ ♣♦0✐,-♦

❝♦&&❡1❛ ♥❛ ❣❡♦♠❡1&✐❛ ❞❛ ♠❛♠❛ ♣&❡✈✐❛♠❡♥1❡ ♦❜1✐❞❛✱ ❝♦♠♦ ♠♦01&❛❞♦ ♥❛ ❋✐❣✳ ✽✳✻✳ ❊♠ 0❡❣✉✐❞❛✱

❞♦✐0 ♣♦♥1♦0 ❛✉①✐❧✐❛&❡0 M✉❡ 0❡&✈❡♠ ❝♦♠♦ &❡❢❡&N♥❝✐❛ ♣❛&❛ ❛ ❣❡&❛,-♦ ❞❡ 1&N0 ❢✉♥,O❡0 ❞❡ &❡01&✐,-♦

❢✭①✱②✮✱ ❣✭①✱②✮ ❡ ♠✭①✱②✮ 0-♦ ♠❛&❝❛❞♦0✳ ❯♠ ❧✐♠✐1❡ ✐♥❢❡&✐♦& ♥❛ ❞✐&❡,-♦ ① 1❛♠❜C♠ ❢♦✐ ❝&✐❛❞♦ ♣❡❧❛

❢✉♥,-♦ ❞❡ &❡01&✐,-♦ ♣✭①✱②✮✳ ❊00❛0 M✉❛1&♦ ❢✉♥,O❡0 ❞❡ &❡01&✐,-♦ 0-♦ ✉0❛❞❛0 ♣❛&❛ ❧✐♠✐1❛& ❛ &❡❣✐-♦

❞❡ ❜✉0❝❛ ❞♦ 1✉♠♦&✱ ❥S M✉❡ 0❡&✐❛ ❞❡0♥❡❝❡00S&✐♦ &❡❛❧✐③❛& ❛ ❜✉0❝❛ ❡♠ 1♦❞♦ ♦ ❞♦♠7♥✐♦ ❞❛ ♠❛♠❛✳
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ΔT

ponto auxiliar

ponto auxiliar

f(x,y)

p(x,y)

g(x,y)

m(x,y)

x

y

max

❋✐❣✉&❛ ✽✳✻✿ ❈&✐❛,-♦ ❞❛ &❡❣✐-♦ ❞❡ ❜✉2❝❛ ♣❛&❛ ❛ ❡25✐♠❛5✐✈❛ ❞♦ ❉❈■❙✳

◆❡25❡ ❡25✉❞♦✱ ♦2 ♣&♦❜❧❡♠❛2 ❛✉①✐❧✐❛&❡2 ✉2❛♥❞♦ ❛ ♠❡2♠❛ ❣❡♦♠❡5&✐❛ ❜✐❞✐♠❡♥2✐♦♥❛❧ ❞❛ ♠❛♠❛

❞❡✈❡♠ 2❡& &❡2♦❧✈✐❞♦2 2❡♠ ♦ ❝♦♥❤❡❝✐♠❡♥5♦ ♣&A✈✐♦ ❞❛2 ♣&♦♣&✐❡❞❛❞❡2 ❡ ♣❛&B♠❡5&♦2 ❞♦ 5✉♠♦&✳ ❊♠

&❡❧❛,-♦ ❛♦2 ❝♦❡✜❝✐❡♥5❡ ❞❡ ❝♦♥❞✉5✐✈✐❞❛❞❡ 5A&♠✐❝❛ ❞❛2 ❞✐❢❡&❡♥5❡2 ❝❛♠❛❞❛2 ❞♦ 5❡❝✐❞♦ ♠❛♠F&✐♦✱

❛♣❡♥❛2 ✉♠ G♥✐❝♦ ✈❛❧♦& ♠A❞✐♦ ❢♦✐ ✉2❛❞♦✱ ❡✈✐5❛♥❞♦ ❛22✐♠ ❛ ❞❡♣❡♥❞H♥❝✐❛ ❞♦ ❝♦♥❤❡❝✐♠❡♥5♦ ❡①❛5♦

❡ ❞❡5❛❧❤❛❞♦ ❞❡22❛ ♣&♦♣&✐❡❞❛❞❡✱ ♦ I✉❡ &❡2✉❧5❛&✐❛ ♥♦ ❛✉♠❡♥5♦ ❞❛ ❝♦♠♣❧❡①✐❞❛❞❡ ❞♦ ♣&♦❜❧❡♠❛✳ ❖2

✈❛❧♦&❡2 ❞❛2 ♣&♦♣&✐❡❞❛❞❡2 ❞♦ 2❛♥❣✉❡ ❞❡✈❡♠ 2❡& ❝♦♥❤❡❝✐❞♦2✳

❆ ❚❛❜❡❧❛ ✽✳✷ ❧✐25❛ ♦2 ✈❛❧♦&❡2 ❞❛2 ♣&♦♣&✐❡❞❛❞❡2 5❡&♠♦❢N2✐❝❛2 ❞♦2 5❡❝✐❞♦2 ❜✐♦❧O❣✐❝♦2 ✉2❛❞♦2

♥❛ 2♦❧✉,-♦ ❞♦2 ♣&♦❜❧❡♠❛2 ❛✉①✐❧✐❛&❡2✳ ❆ ♠❛22❛ ❡2♣❡❝N✜❝❛ ❡ ♦ ❝❛❧♦& ❡2♣❡❝N✜❝♦ ❞♦ 2❛♥❣✉❡ ❢♦&❛♠

♦2 ♠❡2♠♦2 ✈❛❧♦&❡2 ✉2❛❞♦2 ♥♦ ♣&♦❜❧❡♠❛ ♦&✐❣✐♥❛❧✳ ❆2 5❡♠♣❡&❛5✉&❛2 ❞❛ 2✉♣❡&❢N❝✐❡ ✐♥5❡&♥❛ ❡ ❞♦

❛♠❜✐❡♥5❡ ♣♦❞❡♠ 2❡& ❝♦♥2✐❞❡&❛❞❛2 ✐❣✉❛✐2 ❛ ✵ ❽✱ ❡ ♦ ❝♦❡✜❝✐❡♥5❡ ❞❡ ❝♦♥✈❡❝,-♦ ❞❡✈❡ 5❡& ♦ ♠❡2♠♦

✈❛❧♦& ❞❡ ✶✵ W/(m2K)✳ ❊25❛ ❝♦♥✜❣✉&❛,-♦ ❞❡ ❞❛❞♦2 ♣❛&❛ ♦2 ♣&♦❜❧❡♠❛2 ❛✉①✐❧✐❛&❡2 ❢♦✐ ✉5✐❧✐③❛❞❛

❡♠ 5♦❞♦2 ♦2 ❝❛2♦2 ❞❡25❡ ❝❛♣N5✉❧♦✳
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❚❛❜❡❧❛ ✽✳✷✿ +,♦♣,✐❡❞❛❞❡1 2❡,♠♦❢51✐❝❛1 ❞♦1 2❡❝✐❞♦1 ❜✐♦❧7❣✐❝♦1 ✉1❛❞♦1 ♥♦ ♣,♦❜❧❡♠❛ ❛✉①❧✐❛,✳

+,♦♣,✐❡❞❛❞❡1 ❱❛❧♦, ❚❡❝✐❞♦

❈♦♥❞✉2✐✈✐❞❛❞❡ 2?,♠✐❝❛✱ k 0, 37 W/(mK) ❚♦❞♦1 ♦1 2❡❝✐❞♦1 1❛✉❞A✈❡✐1

1 W/(mK) ❚✉♠♦,

+❡,❢✉1B♦ 1❛♥❣✉5♥❡❛✱ w 2, 2× 10−4 1/s +❡❧❡ ❡ ●♦,❞✉,❛

5, 2× 10−4 1/s ❉✉❝2♦✱ ▲7❜✉❧♦ ❡ ●F♥❣❧✐♦ ❧✐♥❢A2✐❝♦

1, 6× 10−2 1/s ❚✉♠♦,

●❡,❛GB♦ ❞❡ ❝❛❧♦, ✈♦❧✉♠?2,✐❝❛✱ Qm ✵ W/m3
❚♦❞♦1 ♦1 2❡❝✐❞♦1 1❛✉❞A✈❡✐1

1 W/m3
❚✉♠♦,

❉❡♥2,♦ ❞❛ ,❡❣✐B♦ ❞❡ ❜✉1❝❛✱ ❞❡❧✐♠✐2❛❞❛ ♣♦, I✉❛2,♦ ❢✉♥GJ❡1 ❞❡ ,❡12,✐GB♦ ✭❝♦♠♦ ❥A ♠♦12,❛❞♦

♥❛ ❋✐❣✳ ✽✳✻✮✱ 2✉♠♦,❡1 ❝♦♠ ❞✐F♠❡2,♦ ❞❡ ✶ ♠♠ ❡ ❝❡♥2,❛❧✐③❛❞♦1 ❛ ❝❛❞❛ ✶ ♠♠ ❢♦,❛♠ 1✐♠✉❧❛❞♦1

✐♥❞✐✈✐❞✉❛❧♠❡♥2❡ ♥♦ ❈❖▼❙❖▲✳ ❈❛❞❛ 1✐♠✉❧❛GB♦ ❣❡,♦✉ ✉♠ ♣❡,✜❧ ❞❡ 2❡♠♣❡,❛2✉,❛ ❛✉①✐❧✐❛, ♥❛

1✉♣❡,❢5❝✐❡ ❞❛ ♣❡❧❡ ❞❛ ♠❛♠❛✳ ❊12❡1 ♣❡,✜1✱ ♣♦, 1✉❛ ✈❡③✱ ❢♦,❛♠ ❝♦,,❡❧❛❝✐♦♥❛❞♦1 ❝♦♠ ❛ ✈❛,✐❛GB♦

2?,♠✐❝❛ ❥A ♦❜2✐❞❛ ♣❛,❛ ♦ ❉❈■❙ ✭❋✐❣✳ ✽✳✺✮✳

◆♦ 2♦2❛❧✱ ❢♦,❛♠ ❝,✐❛❞♦1 ✷✼✽✽ ❝❡♥2,♦1 ❞❡ 2✉♠♦,❡1 ❤✐♣♦2?2✐❝♦1 ❞❡♥2,♦ ❞❛ ,❡❣✐B♦ ❞❡ ❜✉1❝❛✳

❆ ❋✐❣✉,❛ ✽✳✼❛ ❛♣,❡1❡♥2❛ ❛1 ❝♦,,❡❧❛GJ❡1 ♦❜2✐❞❛1 ❡♥2,❡ ❝❛❞❛ ♣❡,✜❧ ❞❡ 2❡♠♣❡,❛2✉,❛ ❛✉①✐❧✐❛, ❡ ❛

✈❛,✐❛GB♦ 2?,♠✐❝❛ ❝❛✉1❛❞❛ ♣❡❧♦ ❉❈■❙ ♥❛ 1✉♣❡,❢5❝✐❡ ❞❛ ♣❡❧❡ ❞❛ ♠❛♠❛✳ ❉✐✈❡,1♦1 ❛❧2♦1 ✈❛❧♦,❡1 ♣❛,❛

❛1 ❝♦,,❡❧❛GJ❡1 ❢♦,❛♠ ❝❛❧❝✉❧❛❞♦1✱ ♠❛1 ❛♣❡♥❛1 ♦1 ♠❛✐♦,❡1 ❢♦,❛♠ ❞❡12❛❝❛❞♦1 ♥❛ ❋✐❣✳ ✽✳✼❜✳ ❆ ♠❛✐♦,

❝♦,,❡❧❛GB♦ ❝❛❧❝✉❧❛❞❛ ❢♦✐ ✵✱✾✾✾✾ ♣❛,❛ ♦ ♥\♠❡,♦ ❞❡ ❜✉1❝❛ ✶✼✾✵✱ I✉❡ ❝♦,,❡1♣♦♥❞❡ ❛1 ❝♦♦,❞❡♥❛❞❛1

❝❡♥2,❛✐1 ① ❂ ✺✱✻✸ ❡ ② ❂ ✻✱✾✾ ❝♠ ❞♦ 2✉♠♦,✳
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♦ &✉♠♦+ ❢♦✐ ✐♥%❡+✐❞♦ ♥♦ ❝❡♥&+♦ ❞❛ ♠❛♠❛ ❡ ❡♠ ♣+♦❢✉♥❞✐❞❛❞❡% ❞✐❢❡+❡♥&❡%✳ ❊♠ ❛♠❜♦% ♦% ❝❛%♦%

❛% ❡%&✐♠❛&✐✈❛% ❢♦+❛♠ ♣+❡❝✐%❛%✱ ❝♦♠ ❡++♦ ♠J①✐♠♦ ❞❡ ✸✱✽✪ ♣❛+❛ ❛ ❞❡&❡❝D5♦ ❞❛ ♣+♦❢✉♥❞✐❞❛❞❡ ❞♦

❝❡♥&+♦ ❞❛ ✐♥❝❧✉%5♦✳

◆♦ &❡+❝❡✐+♦ ❝❛%♦ ❡①♣❡+✐♠❡♥&❛❧✱ ♦ &✉♠♦+ ❢♦✐ ✐♥%❡+✐❞♦ ❞❡%❝❡♥&+❛❧✐③❛❞♦ ❡ ❞✐%&❛♥&❡ ✷✻✱✺ ♠♠ ❞❛

%✉♣❡+❢8❝✐❡ %✉♣❡+✐♦+ ❞♦ &❡❝✐❞♦✳ ❆ ❡%&✐♠❛&✐✈❛ ♣❛+❛ ♦ ❝❡♥&+♦ ❞❡%%❡ &✉♠♦+ &❛♠❜@♠ ❢♦✐ %❛&✐%❢❛&H+✐❛✱

❝♦♠ ❡++♦ ♠J①✐♠♦ ❞❡ ✹✱✺✪✳

❆✐♥❞❛ ♥♦ ❡%&✉❞♦ ❡①♣❡+✐♠❡♥&❛❧✱ ✉♠❛ ❛♥J❧✐%❡ %♦❜+❡ ❛ ✐♥✢✉T♥❝✐❛ ❞♦ ❝♦♥❤❡❝✐♠❡♥&♦ ♣+@✈✐♦ ❞♦%

✈❛❧♦+❡% ❞❛% ♣+♦♣+✐❡❞❛❞❡% ❡ ♣❛+N♠❡&+♦% ♥❛ ❞❡&❡❝D5♦ ❞♦ &✉♠♦+ ❢♦✐ +❡❛❧✐③❛❞❛✳ ❖❜%❡+✈♦✉✲%❡ A✉❡ ❛

❝♦♥❞✉&✐✈✐❞❛❞❡ &@+♠✐❝❛✱ ♦ ✈♦❧✉♠❡ ❡ ❛ ❣❡+❛D5♦ ❞❡ ❝❛❧♦+ ❞♦ &✉♠♦+ ♥5♦ ♣+❡❝✐%❛♠ %❡+ ❝♦♥❤❡❝✐❞❛%

❝♦♠ ❡①❛&✐❞5♦ ♣❛+❛ ❛ ♦❜&❡♥D5♦ %❛&✐%❢❛&H+✐❛ ❞❛ ❧♦❝❛❧✐③❛D5♦ ❞♦ &✉♠♦+ ✉%❛♥❞♦ ❛ &@❝♥✐❝❛ ♣+♦♣♦%&❛

♥❡%%❡ &+❛❜❛❧❤♦✳

❙✐♠✉❧❛DE❡% ♥✉♠@+✐❝❛% &❛♠❜@♠ ❢♦+❛♠ +❡❛❧✐③❛❞❛% ♣❛+❛ ✈❡+✐✜❝❛+ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❛ &@❝♥✐❝❛ ❡♠

❡%&✐♠❛+ &✉♠♦+❡% ❡♠ ❣❡♦♠❡&+✐❛% ❝♦♠♣❧❡①❛% ❞❛ ♠❛♠❛✳ >❛+❛ ✐%%♦✱ ✉♠ ♠♦❞❡❧♦ ❜✐❞✐♠❡♥%✐♦♥❛❧ +❡❛❧

❞❛ ♠❛♠❛ ❢♦✐ %✐♠✉❧❛❞♦✱ ❡ ❛% ❞❡&❡❝DE❡% ♣❛+❛ ♦✉&+♦% &+T% ❝❛%♦% ❢♦+❛♠ +❡❛❧✐③❛❞❛% ❝♦♠ ♣+❡❝✐%5♦✳

>♦+ W❧&✐♠♦✱ ✉♠ ♠♦❞❡❧♦ +❡❛❧ ❞❡ ✉♠❛ ♠❛♠❛ ❢♦✐ ❡%❝❛♥❡❛❞♦ ❡ %✐♠✉❧❛DE❡% ♥✉♠@+✐❝❛% &+✐❞✐♠❡♥%✐♦✲

♥❛✐% ❞❡♠♦♥%&+❛+❛♠ A✉❡ ❛ &@❝♥✐❝❛ &❛♠❜@♠ ❢♦✐ ❝❛♣❛③ ❞❡ ❧♦❝❛❧✐③❛+ ♦ ❝❡♥&+♦ ❞♦ &✉♠♦+ ❝♦♠ ♣+❡❝✐%5♦✳

◆♦ ❡♥&❛♥&♦✱ ✉♠❛ ❛♥J❧✐%❡ ♠❛✐% +✐❣♦+♦%❛ ❡♠ +❡❧❛D5♦ ❛ ♠❛❧❤❛ ♥✉♠@+✐❝❛ &+✐❞✐♠❡♥%✐♦♥❛❧ ❞♦ ❈❖▼❙❖▲

❞❡✈❡ %❡+ ✐♥✈❡%&✐❣❛❞❛✳

❉✐❛♥&❡ ❞♦% +❡%✉❧&❛❞♦% ♦❜&✐❞♦%✱ ♣♦❞❡✲%❡ ❛✜+♠❛+ A✉❡ ❡%%❡ &+❛❜❛❧❤♦ ❢♦✐ ❝❛♣❛③ ❞❡ ♠♦%&+❛+ ❛

♣♦%%✐❜✐❧✐❞❛❞❡ ❞♦ ❞❡%❡♥✈♦❧✈✐♠❡♥&♦ ❞❡ ✉♠❛ &@❝♥✐❝❛ +❡❧❛&✐✈❛♠❡♥&❡ %✐♠♣❧❡% ♣❛+❛ ❛ ❞❡&❡❝D5♦ ❞❛

❧♦❝❛❧✐③❛D5♦ ❞♦ ❝❡♥&+♦ ❞❡ &✉♠♦+❡% ♠❛♠J+✐♦% ✉%❛♥❞♦ ❛♣❡♥❛% ✐♠❛❣❡♥% &@+♠✐❝❛% ♦❜&✐❞❛% ❛ ♣❛+&✐+

❞❡ &❡+♠♦❣+❛✜❛% ✐♥❢+❛✈❡+♠❡❧❤❛%✳ ❖ ♣+❡%❡♥&❡ ❡%&✉❞♦ ❝♦♥&+✐❜✉✐ ♣❛+❛ ♦ ❞❡%❡♥✈♦❧✈✐♠❡♥&♦ ❞❡ ✉♠❛

❢❡++❛♠❡♥&❛ A✉❡ ❛✉①✐❧✐❡ ♥♦ ❡♥&❡♥❞✐♠❡♥&♦ ❞♦ ♣+♦❜❧❡♠❛ ❜✐♦✲&@+♠✐❝♦✱ ❛%%✐♠ ❝♦♠♦ ♥❛ ❛♥J❧✐%❡ ❞❛

✈✐❛❜✐❧✐❞❛❞❡ ❞❛ &❡+♠♦❣+❛✜❛ ❝♦♠♦ ❡①❛♠❡ ♣❛+❛ ♦ ❞✐❛❣♥H%&✐❝♦ ♣+❡❝♦❝❡ ❞❡ &✉♠♦+❡% ♠❛♠J+✐♦%✳



✶✸✽

 !♦♣♦$%❛ ❞❡ %!❛❜❛❧❤♦$ ❢✉%✉!♦$

❆ ♣❡&'✉✐&❛ ❞❡&❡♥✈♦❧✈✐❞❛ ♥❡&&❛ ❚❡&❡ ♣♦&&✐❜✐❧✐2♦✉ ♦ &✉3❣✐♠❡♥2♦ ❞❡ ❞✐✈❡3&❛& ♦✉23❛& ✐❞❡✐❛& ❞❡

♣❡&'✉✐&❛&✱ ❣❛3❛♥2✐♥❞♦ ❛&&✐♠ ❛ ❝♦♥2✐♥✉✐❞❛❞❡ ❞❡&&❡ ❡&2✉❞♦ ❛23❛✈8& ❞♦& &❡❣✉✐♥2❡& 23❛❜❛❧❤♦& ❢✉2✉3♦&✿

❼ ❯2✐❧✐③❛3 ❛❧❣♦3✐2♠♦& ❞❡ ♦2✐♠✐③❛>?♦ ♣❛3❛ ♠❡❧❤♦3❛3 ♦ ❞❡&❡♠♣❡♥❤♦ ❞❛ 28❝♥✐❝❛✳

❼ ❘❡❛❧✐③❛3 &✐♠✉❧❛>B❡& ✉&❛♥❞♦ ❣❡♦♠❡23✐❛& ❞❛ ♠❛♠❛ ❛✐♥❞❛ ♠❛✐& ❝♦♠♣❧❡①❛&✱ ♣♦&&✐❜✐❧✐2❛♥❞♦

♣♦&&D✈❡✐& ❛❥✉&2❡& ❞❛ 28❝♥✐❝❛ ❛♥2❡& ❞♦ &❡✉ ✉&♦ ✐♥ ✈✐✈♦✳

❼ ❉❡2❡❝2❛3 ❡①♣❡3✐♠❡♥2❛❧♠❡♥2❡ ♦✉23♦& ❝❛&♦& ❞❡ 2✉♠♦3❡& ✉&❛♥❞♦ 2❡❝✐❞♦& ❢❛♥2❛&♠❛& ♠❛✐& 3❡❛✲

❧✐&2❛&✳

❼ ❆♣3♦❢✉♥❞❛3 ❛ ❛♥H❧✐&❡ ❞❛ ✐♥✢✉J♥❝✐❛ ❞❛& ❝❛3❛❝2❡3D&2✐❝❛& 2❡3♠♦❢D&✐❝❛& ❞❛ ♠❛♠❛ ♥❛ ❡&2✐♠❛2✐✈❛

❞♦& 2✉♠♦3❡&✳

❼ ❉❡2❡❝2❛3 2✉♠♦3❡& ♠❛♠H3✐♦& ✉&❛♥❞♦ ❛ 2❡3♠♦❣3❛✜❛ ✐♥❢3❛✈❡3♠❡❧❤❛ ✐♥ ✈✐✈♦✳

❼ ❉❡&❡♥✈♦❧✈❡3 ✉♠ ♥♦✈♦ ❡①❛♠❡ ♣❛3❛ ❛✉①✐❧✐❛3 ♥♦ ❞✐❛❣♥L&2✐❝♦ ♣3❡❝♦❝❡ ❞♦ ❝M♥❝❡3 ❞❡ ♠❛♠❛✳



❘❡❢❡#$♥❝✐❛) ❇✐❜❧✐♦❣#/✜❝❛)

❆❇❙❆▲❆◆✱ ❍✳ ❡! ❛❧✳ ❙✐♠✉❧❛-✐♦♥ ❛♥❞ ✐♥✈❡3-✐❣❛-✐♦♥ ♦❢ 6✉❛♥-✉♠ ❞♦- ❡✛❡❝-3 ❛3 ✐♥-❡9♥❛❧ ❤❡❛-✲

❣❡♥❡9❛-♦9 3♦✉9❝❡ ✐♥ ❜9❡❛3- -✉♠♦9 3✐-❡✳ ❏♦✉(♥❛❧ ♦❢ ❚❤❡(♠❛❧ ❇✐♦❧♦❣②✱ ❊❧3❡✈✐❡9✱ ✈✳ ✸✼✱ ♥✳ ✼✱ ♣✳

✹✾✵✕✹✾✺✱ ✷✵✶✷✳

❆❈❈❚✳ ❲❤❛! ✐3 ❜(❡❛3! !❤❡(♠♦❣(❛♣❤②✳ ✷✵✶✽✳ ❉✐3♣♦♥L✈❡❧ ❡♠✿ ❁❤--♣✿✴✴✇✇✇✳-❤❡9♠♦❧♦❣②♦♥❧✐♥❡✳

♦9❣✴❇9❡❛3-✴❜9❡❛3-❴-❤❡9♠♦❣9❛♣❤②❴✇❤❛-✳❤-♠❃✳

❆●◆❊▲▲■✱ ❏✳ W✳❀ ❇❆❘❘❊❆✱ ❆✳❀ ❚❯❘◆❊❘✱ ❈✳ ❱✳ ❚✉♠♦9 ❧♦❝❛-✐♦♥ ❛♥❞ ♣❛9❛♠❡-❡9 ❡3-✐♠❛-✐♦♥ ❜②

-❤❡9♠♦❣9❛♣❤②✳ ▼❛!❤❡♠❛!✐❝❛❧ ❛♥❞ ❈♦♠♣✉!❡( ▼♦❞❡❧❧✐♥❣✱ ❊❧3❡✈✐❡9✱ ✈✳ ✺✸✱ ♥✳ ✼✱ ♣✳ ✶✺✷✼✕✶✺✸✹✱ ✷✵✶✶✳

❆●◆❊▲▲■✱ ❏✳ W✳❀ W❆❉❘❆✱ ❈✳❀ ❚❯❘◆❊❘✱ ❈✳ ❱✳ ❙❤❛♣❡ ♦♣-✐♠✐③❛-✐♦♥ ❢♦9 -✉♠♦9 ❧♦❝❛-✐♦♥✳ ❈♦♠✲

♣✉!❡(3 ✫ ▼❛!❤❡♠❛!✐❝3 ✇✐!❤ ❆♣♣❧✐❝❛!✐♦♥3✱ ❊❧3❡✈✐❡9✱ ✈✳ ✻✷✱ ♥✳ ✶✶✱ ♣✳ ✹✵✻✽✕✹✵✽✶✱ ✷✵✶✶✳

❆▼❆▲❯✱ ❲✳ ❡! ❛❧✳ ■♥❢9❛9❡❞ ✐♠❛❣✐♥❣ ♦❢ -❤❡ ❜9❡❛3-✖❛♥ ♦✈❡9✈✐❡✇✳ ▼❡❞✐❝❛❧ ❉❡✈✐❝❡3 ❛♥❞ ❙②3!❡♠3✿

❚❤❡ ❇✐♦♠❡❞✐❝❛❧ ❊♥❣✐♥❡❡(✐♥❣ ❍❛♥❞❜♦♦❦✳ ❈❘❈ F(❡33✱ ❈♦♥♥❡❝!✐❝✉!✱ ❯❙❆ ✱ ♣✳ ✷✺✕✶✱ ✷✵✵✻✳

❆▼❘■✱ ❆✳❀ W❯▲❑❖✱ ❙✳ ❍✳❀ ❲■▲❑■◆❙❖◆✱ ❆✳ ❏✳ W♦-❡♥-✐❛❧✐-✐❡3 ♦❢ 3-❡❛❞②✲3-❛-❡ ❛♥❞ -9❛♥3✐❡♥-

-❤❡9♠♦❣9❛♣❤② ✐♥ ❜9❡❛3- -✉♠♦✉9 ❞❡♣-❤ ❞❡-❡❝-✐♦♥✿ ❆ ♥✉♠❡9✐❝❛❧ 3-✉❞②✳ ❈♦♠♣✉!❡( ♠❡!❤♦❞3 ❛♥❞

♣(♦❣(❛♠3 ✐♥ ❜✐♦♠❡❞✐❝✐♥❡✱ ❊❧3❡✈✐❡9✱ ✈✳ ✶✷✸✱ ♣✳ ✻✽✕✽✵✱ ✷✵✶✻✳

❆❘❆c❏❖✱ ▼✳ ❈✳❀ ▲■▼❆✱ ❘✳ ❈✳❀ ❙❖❯❩❆✱ ❘✳ ▼✳ ❉✳ ■♥-❡9✈❛❧ 3②♠❜♦❧✐❝ ❢❡❛-✉9❡ ❡①-9❛❝-✐♦♥ ❢♦9

-❤❡9♠♦❣9❛♣❤② ❜9❡❛3- ❝❛♥❝❡9 ❞❡-❡❝-✐♦♥✳ ❊①♣❡(! ❙②3!❡♠3 ✇✐!❤ ❆♣♣❧✐❝❛!✐♦♥3✱ ❊❧3❡✈✐❡9✱ ✈✳ ✹✶✱ ♥✳ ✶✺✱
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✷✵✶✼✳

●❆❯❚❍❊❘■❊✱ ▼✳ ❚❤❡-♠♦♣❛1❤♦❧♦❣② ♦❢ ❜-❡❛01 ❝❛♥❝❡-✿ ♠❡❛0✉-❡♠❡♥1 ❛♥❞ ❛♥❛❧②0✐0 ♦❢ ✐♥ ✈✐✈♦

1❡♠♣❡-❛1✉-❡ ❛♥❞ ❜❧♦♦❞ ✢♦✇✳ ❆♥♥❛❧- ♦❢ !❤❡ ◆❡✇ ❨♦(❦ ❆❝❛❞❡♠② ♦❢ ❙❝✐❡♥❝❡-✱ ❲✐❧❡② ❖♥❧✐♥❡ ▲✐❜-❛-②✱

✈✳ ✸✸✺✱ ♥✳ ✶✱ ♣✳ ✸✽✸✕✹✶✺✱ ✶✾✽✵✳

●■❇❇❖◆❙✱ ❏✳ ❉✳❀ ❈❍❆❑❘❆❇❖❘❚■✱ ❙✳ ◆♦♥♣❛(❛♠❡!(✐❝ ❙!❛!✐-!✐❝❛❧ ■♥❢❡(❡♥❝❡✳ ✹✳ ❡❞✳ ❬❙✳❧✳✿ 0✳♥✳❪✱

✷✵✵✸✳

●▲❆❙❙✱ ❙✳ ❇✳❀ ❙❍❆❍✱ ❩✳ ❆✳ ❈❧✐♥✐❝❛❧ ✉1✐❧✐1② ♦❢ ♣♦0✐1-♦♥ ❡♠✐00✐♦♥ ♠❛♠♠♦❣-❛♣❤②✳ ■♥✿ ❚❆❨▲❖❘

✫ ❋❘❆◆❈■❙✳ ❇❛②❧♦( ❯♥✐✈❡(-✐!② ▼❡❞✐❝❛❧ ❈❡♥!❡( *(♦❝❡❡❞✐♥❣-✳ ❬❙✳❧✳❪✱ ✷✵✶✸✳ ✈✳ ✷✻✱ ♥✳ ✸✱ ♣✳ ✸✶✹✕✸✶✾✳

●❖❉❆❱❆❘❚❨✱ ❆✳ ❡! ❛❧✳ ❖♣1✐❝❛❧ ✐♠❛❣✐♥❣ ❢♦- ❜-❡❛01 ❝❛♥❝❡- ♣-❡0❝-❡❡♥✐♥❣✳ ❇(❡❛-! ❈❛♥❝❡(✿ ❚❛(❣❡!-

❛♥❞ ❚❤❡(❛♣②✱ ❉♦✈❡ c-❡00✱ ✈✳ ✼✱ ♣✳ ✶✾✸✱ ✷✵✶✺✳

●❖❯❘❉✱ ❊✳ ❇-❡❛01 1❤❡-♠♦❣-❛♣❤② ❛❧♦♥❡ ♥♦ 0✉❜01✐1✉1❡ ❢♦- ♠❛♠♠♦❣-❛♣❤②✳ ❚❤❡ ▲❛♥❝❡! ❖♥❝♦❧♦❣②✱

❊❧0❡✈✐❡-✱ ✈✳ ✶✽✱ ♥✳ ✶✷✱ ♣✳ ❡✼✶✸✱ ✷✵✶✼✳

●❖❯❘❉✱ ❊✳ ❈♦--❡❝1✐♦♥ 1♦ ❧❛♥❝❡1 ♦♥❝♦❧✳ ✷✵✶✽✳

❍❆◆✱ ❋✳ ❡! ❛❧✳ ❆ 0✐♠♣❧❡ ❛♥❞ ❡✣❝✐❡♥1 ♠❡1❤♦❞ ❢♦- ❜-❡❛01 ❝❛♥❝❡- ❞✐❛❣♥♦0✐0 ❜❛0❡❞ ♦♥ ✐♥❢-❛-❡❞

1❤❡-♠❛❧ ✐♠❛❣✐♥❣✳ ❈❡❧❧ ❜✐♦❝❤❡♠✐-!(② ❛♥❞ ❜✐♦♣❤②-✐❝-✱ ❙♣-✐♥❣❡-✱ ✈✳ ✼✶✱ ♥✳ ✶✱ ♣✳ ✹✾✶✕✹✾✽✱ ✷✵✶✺✳

❍❆❙❙■❖❚❖❯✱ ❋✳❀ ●❊❉❉❊❙✱ ❉✳ ❆♥❛1♦♠② ♦❢ 1❤❡ ❤✉♠❛♥ ♠❛♠♠❛-② ❣❧❛♥❞✿ ❈✉--❡♥1 01❛1✉0 ♦❢

❦♥♦✇❧❡❞❣❡✳ ❈❧✐♥✐❝❛❧ ❛♥❛!♦♠②✱ ❲✐❧❡② ❖♥❧✐♥❡ ▲✐❜-❛-②✱ ✈✳ ✷✻✱ ♥✳ ✶✱ ♣✳ ✷✾✕✹✽✱ ✷✵✶✸✳

❍■cc❖❈❘❆❚❊❙❀ ❆❉❆▼❙✱ ❋✳ ❚❤❡ ●❡♥✉✐♥❡ ❲♦(❦- ♦❢ ❍✐♣♣♦❝(❛!❡-❀ ❚(❛♥-❧❛!❡❞ ❢(♦♠ !❤❡ ●(❡❡❦❀

✇✐!❤ ❛ *(❡❧✐♠✐♥❛(② ❉✐-❝♦✉(-❡ ❛♥❞ ❆♥♥♦!❛!✐♦♥- ❜② ❋(❛♥❝✐- ❆❞❛♠- ✳ ❬❙✳❧✳❪✿ ❙②❞❡♥❤❛♠ ❙♦❝✐❡1②✱

✶✽✹✾✳

❍❖❖▲❊❨✱ ❘✳ ❏✳❀ ❉❯❘❆◆❉✱ ▼✳ ❆✳❀ c❍■▲c❖❚❚❙✱ ▲✳ ❊✳ ❆❞✈❛♥❝❡0 ✐♥ ❞✐❣✐1❛❧ ❜-❡❛01 1♦♠♦0②♥1❤❡✲

0✐0✳ ❆♠❡(✐❝❛♥ ❏♦✉(♥❛❧ ♦❢ ❘♦❡♥!❣❡♥♦❧♦❣②✱ ❆♠ ❘♦❡♥1❣❡♥ ❘❛② ❙♦❝✱ ✈✳ ✷✵✽✱ ♥✳ ✷✱ ♣✳ ✷✺✻✕✷✻✻✱ ✷✵✶✼✳

❍❖❖▲❊❨✱ ❘✳ ❏✳❀ ❙❈❖❯❚❚✱ ▲✳ ▼✳❀ c❍■▲c❖❚❚❙✱ ▲✳ ❊✳ ❇-❡❛01 ✉❧1-❛0♦♥♦❣-❛♣❤②✿ 01❛1❡ ♦❢ 1❤❡

❛-1✳ ❘❛❞✐♦❧♦❣②✱ ❘❛❞✐♦❧♦❣✐❝❛❧ ❙♦❝✐❡1② ♦❢ ◆♦-1❤ ❆♠❡-✐❝❛✱ ■♥❝✳✱ ✈✳ ✷✻✽✱ ♥✳ ✸✱ ♣✳ ✻✹✷✕✻✺✾✱ ✷✵✶✸✳

❍❖❙❙❆■◆✱ ❙✳❀ ▼❖❍❆▼▼❆❉■✱ ❋✳ ❆✳ ❚✉♠♦- ♣❛-❛♠❡1❡- ❡01✐♠❛1✐♦♥ ❝♦♥0✐❞❡-✐♥❣ 1❤❡ ❜♦❞② ❣❡♦✲

♠❡1-② ❜② 1❤❡-♠♦❣-❛♣❤②✳ ❈♦♠♣✉!❡(- ✐♥ ❇✐♦❧♦❣② ❛♥❞ ▼❡❞✐❝✐♥❡✱ ✈✳ ✼✻✱ ♣✳ ✽✵✕✾✸✱ ❙❡1❡♠❜❡- ✷✵✶✻✳

■❆❈❚✱ ■✳ ❆✳ ♦❢ ❈✳ ❚✳ ❲❤❛! ✐- ❜(❡❛-! !❤❡(♠♦❣(❛♣❤②✳ ✷✵✶✽✳ ❉✐0♣♦♥e✈❡❧ ❡♠✿ ❁❤11♣✿✴✴✇✇✇✳✐❛❝1✲♦-❣✳

♦-❣✴♣❛1✐❡♥10✴❜-❡❛011❤❡-♠♦❣-❛♣❤②✴✇❤❛1✲✐0✲❜-❡❛01✲1❤❡-♠✳❤1♠❧❃✳

■◆❈❆✳ ❉✐(❡!(✐③❡- ♣❛(❛ ❛ ❞❡!❡❝OP♦ ❞♦ ❝Q♥❝❡( ❞❡ ♠❛♠❛ ♥♦ ❇(❛-✐❧✳ ❬❙✳❧✳✿ 0✳♥✳❪✱ ✷✵✶✺✳

■◆❈❆✳ ❊-!✐♠❛!✐✈❛ ✷✵✶✽ ■♥❝✐❞W♥❝✐❛ ❞❡ ❈Q♥❝❡( ♥♦ ❇(❛-✐❧✳ ❬❙✳❧✳✿ 0✳♥✳❪✱ ✷✵✶✽✳



✶✹✷

■◆❈❆✳ ❖ !✉❡ $ ♦ ❝'♥❝❡)❄ ✷✵✶✽✳ ❉✐,♣♦♥0✈❡❧ ❡♠✿ ❁❤88♣✿✴✴✇✇✇✳✐♥❝❛✳❣♦✈✳❜?✴❝♦♥8❡✉❞♦❴✈✐❡✇✳❛,♣❄

✐❞❂✸✷✷✳❃

■◆❈❆✳ ❖ !✉❡ ❝❛✉,❛ ♦ ❝'♥❝❡)❄ ✷✵✶✽✳ ❉✐,♣♦♥0✈❡❧ ❡♠✿ ❁❤88♣✿✴✴✇✇✇✳✐♥❝❛✳❣♦✈✳❜?✴❝♦♥8❡✉❞♦❴✈✐❡✇✳

❛,♣❄✐❞❂✽✶❃✳

❑❆◆❉▲■❑❆❘✱ ❙✳ ●✳ ❡- ❛❧✳ ■♥❢?❛?❡❞ ✐♠❛❣✐♥❣ 8❡❝❤♥♦❧♦❣② ❢♦? ❜?❡❛,8 ❝❛♥❝❡? ❞❡8❡❝8✐♦♥✕❝✉??❡♥8

,8❛8✉,✱ ♣?♦8♦❝♦❧, ❛♥❞ ♥❡✇ ❞✐?❡❝8✐♦♥,✳ ■♥-❡)♥❛-✐♦♥❛❧ ❏♦✉)♥❛❧ ♦❢ ❍❡❛- ❛♥❞ ▼❛,, ❚)❛♥,❢❡)✱ ❊❧,❡✈✐❡?✱

✈✳ ✶✵✽✱ ♣✳ ✷✸✵✸✕✷✸✷✵✱ ✷✵✶✼✳

❑❊▲▲❊❘✱ ❑✳ ❍✳❀ ❙❊■▲❊❘✱ ▲✳ ❆♥ ❛♥❛❧②,✐, ♦❢ ♣❡?✐♣❤❡?❛❧ ❤❡❛8 8?❛♥,❢❡? ✐♥ ♠❛♥✳ ❏♦✉)♥❛❧ ♦❢ ❆♣♣❧✐❡❞

:❤②,✐♦❧♦❣②✱ ✈✳ ✸✵✱ ♥✳ ✺✱ ♣✳ ✼✼✾✕✼✽✻✱ ✶✾✼✶✳

❑❊◆◆❊❉❨✱ ❉✳ ❆✳❀ ▲❊❊✱ ❚✳❀ ❙❊❊▲❨✱ ❉✳ ❆ ❝♦♠♣❛?❛8✐✈❡ ?❡✈✐❡✇ ♦❢ 8❤❡?♠♦❣?❛♣❤② ❛, ❛ ❜?❡❛,8 ❝❛♥✲

❝❡? ,❝?❡❡♥✐♥❣ 8❡❝❤♥✐Z✉❡✳ ■♥-❡❣)❛-✐✈❡ ❝❛♥❝❡) -❤❡)❛♣✐❡,✱ ❙❛❣❡ [✉❜❧✐❝❛8✐♦♥, ❙❛❣❡ ❈❆✿ ▲♦, ❆♥❣❡❧❡,✱

❈❆✱ ✈✳ ✽✱ ♥✳ ✶✱ ♣✳ ✾✕✶✻✱ ✷✵✵✾✳

❑❊❘▲■❑❖❲❙❑❊✱ ❑✳ ❡- ❛❧✳ ❖✉8❝♦♠❡, ♦❢ ,❝?❡❡♥✐♥❣ ♠❛♠♠♦❣?❛♣❤② ❜② ❢?❡Z✉❡♥❝②✱ ❜?❡❛,8 ❞❡♥,✐8②✱

❛♥❞ ♣♦,8♠❡♥♦♣❛✉,❛❧ ❤♦?♠♦♥❡ 8❤❡?❛♣②✳ ❏❆▼❆ ✐♥-❡)♥❛❧ ♠❡❞✐❝✐♥❡✱ ❆♠❡?✐❝❛♥ ▼❡❞✐❝❛❧ ❆,,♦❝✐❛8✐♦♥✱

✈✳ ✶✼✸✱ ♥✳ ✾✱ ♣✳ ✽✵✼✕✽✶✻✱ ✷✵✶✸✳

❑▲■◆●❊❘✱ ❍✳ ●✳ ❍❡❛8 8?❛♥,❢❡? ✐♥ ♣❡?❢✉,❡❞ ❜✐♦❧♦❣✐❝❛❧ 8✐,,✉❡ ✲ ✐✐✳ 8❤❡ ✧♠❛❝?♦,❝♦♣✐❝✧8❡♠♣❡?❛8✉?❡

❞✐,8?✐❜✉8✐♦♥ ✐♥ 8✐,,✉❡✳ ❇✉❧❧❡-✐♥ ♦❢ ▼❛-❤❡♠❛-✐❝❛❧ ❇✐♦❧♦❣②✱ ✈✳ ✹✵✱ ♣✳ ✶✽✸✕✶✾✾✱ ✶✾✼✽✳

❑❘❖❊▼❊❘✱ ●✳❀ [❖❯❨❙❙❊●❯❘✱ ❏✳ ❚✉♠♦? ❝❡❧❧ ♠❡8❛❜♦❧✐,♠✿ ❝❛♥❝❡?✬, ❛❝❤✐❧❧❡,✬ ❤❡❡❧✳ ❈❛♥❝❡) ❝❡❧❧✱

❊❧,❡✈✐❡?✱ ✈✳ ✶✸✱ ♥✳ ✻✱ ♣✳ ✹✼✷✕✹✽✷✱ ✷✵✵✽✳

▲❆❲❙❖◆✱ ❘✳ ■♠♣❧✐❝❛8✐♦♥, ♦❢ ,✉?❢❛❝❡ 8❡♠♣❡?❛8✉?❡, ✐♥ 8❤❡ ❞✐❛❣♥♦,✐, ♦❢ ❜?❡❛,8 ❝❛♥❝❡?✳ ❈❛♥❛❞✐❛♥

▼❡❞✐❝❛❧ ❆,,♦❝✐❛-✐♦♥ ❏♦✉)♥❛❧✱ ❈❛♥❛❞✐❛♥ ▼❡❞✐❝❛❧ ❆,,♦❝✐❛8✐♦♥✱ ✈✳ ✼✺✱ ♥✳ ✹✱ ♣✳ ✸✵✾✕✸✶✵✱ ✶✾✺✻✳
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