
❯◆■❱❊❘❙■❉❆❉❊ ❊❙❚❆❉❯❆▲ ❉❊ ❈❆▼P■◆❆❙
❋❆❈❯▲❉❆❉❊ ❉❊ ❊◆●❊◆❍❆❘■❆ ◗❯❮▼■❈❆

➪r❡❛ ❞❡ ❈♦♥❝❡♥tr❛çã♦

❉❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ Pr♦❝❡ss♦s ◗✉í♠✐❝♦s

❙✐♠✉❧❛çã♦ ❞❛ ❈♦♠❜✉stã♦ ❞❡ ❈♦q✉❡ ❡♠ ❘❡❣❡♥❡r❛❞♦r❡s

❋❈❈ ❯s❛♥❞♦ ❋❧✉✐❞♦❞✐♥â♠✐❝❛ ❈♦♠♣✉t❛❝✐♦♥❛❧

❆✉t♦r✿ ❊♥❣✳ ◆❛t❛❧✐❛ Pr✐❡t♦ ❏✐♠é♥❡③

❖r✐❡♥t❛❞♦r✿ Pr♦❢✳ ❉r✳ ▼✐❧t♦♥ ▼♦r✐

❉✐ss❡rt❛çã♦ ❞❡ ▼❡str❛❞♦ ❛♣r❡s❡♥t❛❞❛ à ❋❛❝✉❧❞❛❞❡

❞❡ ❊♥❣❡♥❤❛r✐❛ ◗✉í♠✐❝❛ ❝♦♠♦ ♣❛rt❡ ❞♦s r❡q✉✐s✐t♦s

❡①✐❣✐❞♦s ♣❛r❛ ❛ ♦❜t❡♥çã♦ ❞♦ tít✉❧♦ ❞❡ ▼❡str❡ ❡♠

❊♥❣❡♥❤❛r✐❛ ◗✉í♠✐❝❛

❈❛♠♣✐♥❛s ✲ ❙ã♦ P❛✉❧♦

❆❣♦st♦ ❞❡ ✷✵✶✶



✐✐

❋■❈❍❆ ❈❆❚❆▲❖●❘➪❋■❈❆ ❊▲❆❇❖❘❆❉❆ P❊▲❆

❇■❇▲■❖❚❊❈❆ ❉❆ ➪❘❊❆ ❉❊ ❊◆●❊◆❍❆❘■❆ ❊ ❆❘◗❯■❚❊❚❯❘❆ ✲ ❇❆❊ ✲ ❯◆■❈❆▼P

❚ít✉❧♦ ❡♠ ■♥❣❧ês✿ ❙✐♠✉❧❛t✐♦♥ ♦❢ ❝♦❦❡ ❝♦♠❜✉st✐♦♥ ✐♥ ❋❈❈ r❡❣❡♥❡r❛t♦rs ✉s✐♥❣
❝♦♠♣✉t❛t✐♦♥❛❧ ✢✉✐❞ ❞②♥❛♠✐❝s

P❛❧❛✈r❛s✲❝❤❛✈❡ ❡♠ ■♥❣❧ês✿ ▼✉❧t✐♣❤❛s❡ ❋❧♦✇✱ ❈♦♠❜✉st✐♦♥✱ ❈♦❦❡
➪r❡❛ ❞❡ ❝♦♥❝❡♥tr❛çã♦✿ ❉❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ Pr♦❝❡ss♦s ◗✉í♠✐❝♦s
❚✐t✉❧❛çã♦✿ ▼❡str❡ ❡♠ ❊♥❣❡♥❤❛r✐❛ ◗✉í♠✐❝❛
❇❛♥❝❛ ❡①❛♠✐♥❛❞♦r❛✿ ❲❛❧❞✐r P❡❞r♦ ▼❛rt✐❣♥♦♥✐✱ ❖s✈❛❧❞✐r P❡r❡✐r❛ ❚❛r❛♥t♦
❉❛t❛ ❞❛ ❞❡❢❡s❛✿ ✷✺✴✵✽✴✷✵✶✶
Pr♦❣r❛♠❛ ❞❡ Pós ●r❛❞✉❛çã♦✿ ❊♥❣❡♥❤❛r✐❛ ◗✉í♠✐❝❛



✐✐✐

❉✐ss❡rt❛çã♦ ❞❡ ▼❡str❛❞♦ ❞❡❢❡♥❞✐❞❛ ♣♦r ◆❛t❛❧✐❛ Pr✐❡t♦ ❏✐♠é♥❡③ ❡ ❛♣r♦✈❛❞❛ ❡♠ ✷✺ ❞❡ ❆❣♦st♦

❞❡ ✷✵✶✶ ♣❡❧❛ ❜❛♥❝❛ ❡①❛♠✐♥❛❞♦r❛ ❝♦♥st✐t✉í❞❛ ♣❡❧♦s ❞♦✉t♦r❡s



✐✈

♣❛❧❛❜r❛



✈

❊❙❚❊ ❊❳❊▼P▲❆❘ ❈❖❘❘❊❙P❖◆❉❊ ➚ ❱❊❘❙➹❖ ❋■◆❆▲ ❉❆ ❉■❙❙❊❘❚❆➬➹❖

❉❊❋❊◆❉■❉❆ P❊▲❆ ❆▲❯◆❆◆❆❚❆▲■❆ P❘■❊❚❖ ❏■▼➱◆❊❩✱ ❊ ❖❘■❊◆❚❆❉❆ P❊▲❖ P❘❖❋✳❉❘✳

❈❆▼P■◆❆❙✱ ✷✵✶✶



✈✐

♣❛❧❛❜r❛



✈✐✐

✏❚♦❞❛ ❛ ♥♦ss❛ ❝✐ê♥❝✐❛✱ ❝♦♠♣❛r❛❞❛ ❝♦♠ ❛ r❡❛❧✐❞❛❞❡✱

é ♣r✐♠✐t✐✈❛ ❡ ✐♥❢❛♥t✐❧ ✲ ❡✱ ♥♦ ❡♥t❛♥t♦✱

é ❛ ❝♦✐s❛ ♠❛✐s ♣r❡❝✐♦s❛ q✉❡ t❡♠♦s✑✳

✭❆❧❜❡rt ❊✐♥st❡✐♥✮

✏▲❛ ♠❡♠♦r✐❛ ❞❡❧ ❝♦r❛③ó♥ ❡❧✐♠✐♥❛ ❧♦s ♠❛❧♦s r❡❝✉❡r❞♦s

② ♠❛❣♥✐✜❝❛ ❧♦s ❜✉❡♥♦s✱ ② ❣r❛❝✐❛s ❛ ❡s❡ ❛rt✐✜❝✐♦✱

❧♦❣r❛♠♦s s♦❜r❡❧❧❡✈❛r ❡❧ ♣❛s❛❞♦✑✳

✭●❛❜r✐❡❧ ●❛r❝í❛ ▼❛rq✉❡③✮

✏◗✉❡♠ s❛❜❡ ❝♦♥❝❡♥tr❛r✲s❡ ♥✉♠❛ ❝♦✐s❛ ❡ ✐♥s✐st✐r ♥❡❧❛

❝♦♠♦ ú♥✐❝♦ ♦❜❥❡t✐✈♦✱ ♦❜té♠✱ ❛♦ ❝❛❜♦✱

❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❢❛③❡r q✉❛❧q✉❡r ❝♦✐s❛✑✳

✭▼❛❤❛t♠❛ ●❛♥❞❤✐✮



✈✐✐✐

♣❛❧❛❜r❛



✐①

❆♦s ♠❡✉s ♣❛✐s✱ ❢♦r❛♠ ❡❧❡s q✉❡

♠♦❞❡❧❛r❛♠ ❛ ♣❡ss♦❛ q✉❡ s♦✉ ❤♦❥❡✳



①

♣❛❧❛❜r❛



❆❣r❛❞❡❝✐♠❡♥t♦s

Pr✐♠❡✐r♦✱ ❛❣r❛❞❡ç♦ ❛ ❉❡✉s ♣♦r t♦❞❛s ❛s ❜ê♥çã♦s ❡ ♣♦r ❡st❛r ❛♦ ♠❡✉ ❧❛❞♦ ❡♠ ❝❛❞❛ ✉♠ ❞♦s

♠❡✉s ♣❛ss♦s✱ ❧✉t❛♥❞♦ ❝♦♥tr❛ ❛s ❛❞✈❡rs✐❞❛❞❡s ❡ ✈✐❝✐ss✐t✉❞❡s ❞♦ ❞✐❛ ❛ ❞✐❛ ❡ ❝♦❧♦❝❛♥❞♦ ♥❛ ♠✐♥❤❛

✈✐❞❛ ♣❡ss♦❛s ✐♠♣♦rt❛♥t❡s q✉❡ ❛❥✉❞❛r❛♠ ♥❛ ❢♦r♠❛çã♦ ❞♦ ♠❡✉ ❝❛rát❡r✳

❆❣r❛❞❡ç♦ à ♠✐♥❤❛ ❢❛♠✐❧✐❛✱ ♣❡❧♦ ❛♣♦✐♦ ✐♥❝♦♥❞✐❝✐♦♥❛❧✱ ♣❡❧❛ ❢♦rç❛✱ ♣❡❧❛ ❝♦♥✜❛♥ç❛ q✉❡ s❡♠♣r❡

t✐✈❡r❛♠ ♥♦ ♠❡✉ s✉❝❡ss♦ ♣❡ss♦❛❧ ❡ ♣r♦✜ss✐♦♥❛❧ ❡✱ s♦❜r❡t✉❞♦✱ ♣❡❧❛ s✉❛ ❡s♣❡r❛♥ç❛ ✐♠♦rt❛❧ ❞♦

♠❡✉ r❡t♦r♥♦ ❛♦ s❡✐♦ ❢❛♠✐❧✐❛r ❞❡♣♦✐s ❞❡ ✉♠❛ ❧♦♥❣❛ ❡ tr♦♣❡ç❛❞❛ ❥♦r♥❛❞❛✳

➚ ❋❛❝✉❧❞❛❞❡ ❞❡ ❊♥❣❡♥❤❛r✐❛ ◗✉í♠✐❝❛ ❞❛ ❯◆■❈❆▼P✱ à ❡♠♣r❡s❛ P❊❚❘❖❇❘❆❙r ❡ ❛♦

Pr♦❢❡ss♦r ▼✐❧t♦♥ ▼♦r✐ ♣❡❧❛ ♦♣♦rt✉♥✐❞❛❞❡ ❞❡ ❢❛③❡r ♣❛rt❡ ❞❡st❡ ♣r♦❡♠✐♥❡♥t❡ ❣r✉♣♦ ❞❡ ♣❡sq✉✐s❛✱

❡s♣❡❝✐❛❧♠❡♥t❡ ♦ ▼❛①✱ s✉❛ ❝♦❧❛❜♦r❛çã♦ ❞✉r❛♥t❡ t♦❞♦ ♦ ♣r♦❝❡ss♦✱ ❢♦✐ ✈❛❧✐♦s❛ ♣❛r❛ ♦ s✉❝❡ss♦ ❞❡st❡

♣r♦❥❡t♦✳

❆ ●❡r♠á♥ ●♦♥③á❧❡③ ❙✐❧✈❛✱ ❤♦♠❡♠ ♠❛r❛✈✐❧❤♦s♦ q✉❡ t❡♠ s✐❞♦ ♦ ♠❡✉ s✉♣♦rt❡ ❡ ❛ ♠✐♥❤❛

♣r♦t❡çã♦ ♥♦s ❞✐❛s ♠❛✐s ❞✐❢í❝❡✐s✳ ❙❡r ❤✉♠❛♥♦ ❝♦♠ ♦ q✉❛❧ ❞❡s❡❥♦ ❡ ❡s♣❡r♦ ♣❛ss❛r ♦ r❡st♦ ❞❛

♠✐♥❤❛ ✈✐❞❛✳

❊✱ ❛ t♦❞❛s ❛s ♣❡ss♦❛s q✉❡ ❛❧❣✉♠❛ ♠❛♥❡✐r❛ ❝♦♥tr✐❜✉ír❛♠ ♣❛r❛ q✉❡ ❡st❛ ♠❡t❛ ❢♦ss❡ ✜♥❛❧✲

♠❡♥t❡ ❛❧❝❛♥ç❛❞❛✳

①✐



①✐✐



❘❡s✉♠♦

❈r❛q✉❡❛♠❡♥t♦ ❈❛t❛❧ít✐❝♦ ❋❧✉✐❞✐③❛❞♦ ✭❋❈❈✮ é ✉♠ ♣r♦❝❡ss♦ ❛♠♣❧❛♠❡♥t❡ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❝♦♥✲

✈❡rt❡r ❢r❛çõ❡s ❞❡ ❤✐❞r♦❝❛r❜♦♥❡t♦s ❞❡ ó❧❡♦s ❜r✉t♦s ❞❡ ♣❡tró❧❡♦ ❝♦♠ ❡❧❡✈❛❞♦ ♣♦♥t♦ ❞❡ ❡❜✉❧✐çã♦✱

❛ ♣r♦❞✉t♦s ♠❛✐s ✈❛❧✐♦s♦s t❛✐s ❝♦♠♦ ❣❛s♦❧✐♥❛ ❡ ❣❛s❡s ♦❧❡❢í♥✐❝♦s ✭❛❧❝❡♥♦s✮✳ ❉✉r❛♥t❡ ❛s r❡❛çõ❡s

❞❡ ❝r❛q✉❡❛♠❡♥t♦✱ ♦ ❝❛t❛❧✐s❛❞♦r é ❞❡s❛t✐✈❛❞♦ r❛♣✐❞❛♠❡♥t❡ ❞❡✈✐❞♦ à ❞❡♣♦s✐çã♦ ❞❡ ❝♦q✉❡ ♥❛

s✉❛ s✉♣❡r❢í❝✐❡✳ ❊♠ ✉♥✐❞❛❞❡s ✐♥❞✉str✐❛✐s ❞❡ ❋❈❈✱ ♦ ❝❛t❛❧✐s❛❞♦r ❞❡s❛t✐✈❛❞♦ é ❝♦♥t✐♥✉❛♠❡♥t❡

r❡❣❡♥❡r❛❞♦ ✉t✐❧✐③❛♥❞♦ ✉♠ r❡❣❡♥❡r❛❞♦r✱ ❝♦♥❡❝t❛❞♦ ❛♦ r❡❛t♦r r✐s❡r✳ ❆❧é♠ ❞❛ r❡❣❡♥❡r❛çã♦ ❞♦

❝❛t❛❧✐s❛❞♦r ✭❝♦♠❜✉stã♦ ❞❡ ❝♦q✉❡ ♣❡❧♦ ❝♦♥t❛t♦ ❝♦♠ ♦ ❛r✮✱ ♦ r❡❣❡♥❡r❛❞♦r ❋❈❈ ❢♦r♥❡❝❡ t❛♠✲

❜é♠ ❛ ❡♥❡r❣✐❛ ♥❡❝❡ssár✐❛ ♣❛r❛ ❛s r❡❛çõ❡s ❞❡ ❝r❛q✉❡❛♠❡♥t♦ ❡♥❞♦tér♠✐❝❛s✳ ❖ ♦❜❥❡t✐✈♦ ❞❡st❡

tr❛❜❛❧❤♦ ❞❡ ♣❡sq✉✐s❛ é s✐♠✉❧❛r ❛ ❝♦♠❜✉stã♦ ❞❡ ❝♦q✉❡ ❡♠ ✉♠ r❡❣❡♥❡r❛❞♦r tr✐❞✐♠❡♥s✐♦♥❛❧✱

❛♥❛❧✐s❛❞♦ ✈❛r✐á✈❡✐s ❞❡ s❛í❞❛ ❝♦♠♦ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ❝❛r❜♦♥♦✱ t❡♠♣❡r❛t✉r❛✱ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧

❡ r❛❞✐❛❧ ❞❛s ❢❛s❡s só❧✐❞❛ ❡ ❣❛s♦s❛✱ ❡ ❢r❛çã♦ ✈♦❧✉♠étr✐❝❛ ❞❡ só❧✐❞♦s✱ ♠❡❞✐❛♥t❡ ❛ té❝♥✐❝❛ ❞❡

❋❧✉✐❞♦❞✐♥â♠✐❝❛ ❈♦♠♣✉t❛❝✐♦♥❛❧ ✭❈❋❉✮✳ P❛r❛ ✐st♦✱ sã♦ ✉t✐❧✐③❛❞❛s ❞✉❛s ❝♦♥✜❣✉r❛çõ❡s ❞❡ r❡✲

❣❡♥❡r❛❞♦r ❝♦♠ ❞✐♠❡♥sõ❡s ❡ ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦ t♦♠❛❞❛s ❞❛ ❧✐t❡r❛t✉r❛✳ P❛r❛ ❛ ♠♦❞❡❧❛❣❡♠

♠❛t❡♠át✐❝❛ ❡ ♥✉♠ér✐❝❛ ✉t✐❧✐③❛r❛♠✲s❡ ♦s s♦❢t✇❛r❡s ❝♦♠❡r❝✐❛✐s ❆◆❙❨❙✲❈❋❳ ❱✶✶ ❡ ❋▲❯❊◆❚

❱✶✷✱ ❥✉♥t♦ ❝♦♠ s✉❜✲r♦t✐♥❛s ❞❡s❡♥✈♦❧✈✐❞❛s ❞✉r❛♥t❡ ❛ ♣❡sq✉✐s❛✳ ❋♦r❛♠ ❝♦♠♣❛r❛❞♦s s✐st❡♠❛s ❞❡

r❡❛çã♦ ❤♦♠♦❣ê♥❡❛ ❡ ❤❡t❡r♦❣ê♥❡❛ ✉t✐❧✐③❛♥❞♦ ♦ ♠♦❞❡❧♦ ❝✐♥ét✐❝♦ ❋✐♥✐t❡✲❘❛t❡ ❧❛♠✐♥❛r✱ ♥♦ q✉❛❧

❛s t❛①❛s ❞❡ r❡❛çã♦ sã♦ ❞❡t❡r♠✐♥❛❞❛s ♣❡❧❛s ❡①♣r❡ssõ❡s ❝✐♥ét✐❝❛s ❞❡ ❆rr❤❡♥✐✉s✳ ❉♦ ❞❡s❡♥✈♦❧✈✐✲

♠❡♥t♦ ❞❛s s✐♠✉❧❛çõ❡s ♦❜t✐✈❡r❛♠✲s❡ r❡s✉❧t❛❞♦s s❛t✐s❢❛tór✐♦s q✉❡ s❡rã♦ út❡✐s ♥♦ ❡♥t❡♥❞✐♠❡♥t♦

❞♦ ❝♦♠♣❧❡①♦ ♣r♦❝❡ss♦ ❞❛ r❡❣❡♥❡r❛çã♦ ❞❡ ❝❛t❛❧✐s❛❞♦r❡s ♣❛r❛ ♣r♦❝❡ss♦s ❞❡ ❋❈❈✳

P❛❧❛✈r❛s✲❝❤❛✈❡✿ ❈❋❉✱ ❈♦♠❜✉stã♦ ❞❡ ❈♦q✉❡✱ ❊s❝♦❛♠❡♥t♦ ▼✉❧t✐❢ás✐❝♦✱ ❋❈❈✳
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❆❜str❛❝t

❋❧✉✐❞✐③❡❞ ❈❛t❛❧②t✐❝ ❈r❛❝❦✐♥❣ ✭❋❈❈✮ ✐s ❛ ✇✐❞❡❧② ✉s❡❞ ♣r♦❝❡ss t♦ ❝♦♥✈❡rt ❤②❞r♦❝❛r❜♦♥

❢r❛❝t✐♦♥s ♦❢ ❝r✉❞❡ ♣❡tr♦❧❡✉♠ ♦✐❧s ✇✐t❤ ❤✐❣❤ ❜♦✐❧✐♥❣ ♣♦✐♥t t♦ ♠♦r❡ ✈❛❧✉❛❜❧❡ ♣r♦❞✉❝ts s✉❝❤ ❛s

❣❛s♦❧✐♥❡ ❛♥❞ ♦❧❡✜♥ ❣❛s❡s ✭❛❧❦❡♥❡s✮✳ ❉✉r✐♥❣ t❤❡ ❝r❛❝❦✐♥❣ r❡❛❝t✐♦♥s✱ t❤❡ ❝❛t❛❧②st ✐s q✉✐❝❦❧② ❞❡✲

❛❝t✐✈❛t❡❞ ❞✉❡ t♦ ❝♦❦❡ ❞❡♣♦s✐t✐♦♥ ♦♥ ✐ts s✉r❢❛❝❡✳ ■♥ ❋❈❈ ✐♥❞✉str✐❛❧ ✉♥✐ts✱ ❞❡❛❝t✐✈❛t❡❞ ❝❛t❛❧②st

✐s ❝♦♥t✐♥✉♦✉s❧② r❡❣❡♥❡r❛t❡❞ ✉s✐♥❣ ❛ r❡❣❡♥❡r❛t♦r✱ ❝♦♥♥❡❝t❡❞ t♦ t❤❡ r✐s❡r r❡❛❝t♦r✳ ■♥ ❛❞❞✐t✐♦♥ t♦

❝❛t❛❧②st r❡❣❡♥❡r❛t✐♦♥ ✭❝♦❦❡ ❝♦♠❜✉st✐♦♥ ❜② ❝♦♥t❛❝t ✇✐t❤ ❛✐r✮✱ ❋❈❈ r❡❣❡♥❡r❛t♦r ❛❧s♦ ♣r♦✈✐❞❡s

t❤❡ ♥❡❝❡ss❛r② ❡♥❡r❣② ❢♦r ❡♥❞♦t❤❡r♠✐❝ ❝r❛❝❦✐♥❣ r❡❛❝t✐♦♥s✳ ❚❤❡ ❛✐♠ ♦❢ t❤✐s r❡s❡❛r❝❤ ✇❛s t♦

s✐♠✉❧❛t❡ t❤❡ ❝♦❦❡ ❝♦♠❜✉st✐♦♥ ✐♥ ❛ t❤r❡❡✲❞✐♠❡♥s✐♦♥❛❧ r❡❣❡♥❡r❛t♦r✱ ❛♥❛❧②③✐♥❣ ♦✉t♣✉t ✈❛r✐❛❜❧❡s

❛s ❝♦❦❡ ❝♦♥❝❡♥tr❛t✐♦♥✱ t❡♠♣❡r❛t✉r❡✱ ❛①✐❛❧ ❛♥❞ r❛❞✐❛❧ ✈❡❧♦❝✐t② ♦❢ s♦❧✐❞ ❛♥❞ ❣❛s❡♦✉s ♣❤❛s❡s✱ ❛♥❞

s♦❧✐❞ ✈♦❧✉♠❡ ❢r❛❝t✐♦♥ t❤r♦✉❣❤ t❤❡ t❡❝❤♥✐q✉❡ ♦❢ ❈♦♠♣✉t❛t✐♦♥❛❧ ❋❧✉✐❞ ❉②♥❛♠✐❝s ✭❈❋❉✮✳ ❋♦r

t❤✐s ♣✉r♣♦s❡ t✇♦ ❝♦♥✜❣✉r❛t✐♦♥s ♦❢ r❡❣❡♥❡r❛t♦r ✇❡r❡ ✉s❡❞ ✇✐t❤ ❞✐♠❡♥s✐♦♥s ❛♥❞ ❜♦✉♥❞❛r② ❝♦♥✲

❞✐t✐♦♥s t❛❦❡♥ ❢r♦♠ t❤❡ ❧✐t❡r❛t✉r❡✳ ❋♦r ♠❛t❤❡♠❛t✐❝❛❧ ❛♥❞ ♥✉♠❡r✐❝❛❧ ♠♦❞❡❧✐♥❣✱ t❤❡ ❝♦♠♠❡r❝✐❛❧

s♦❢t✇❛r❡ ❆◆❙❨❙✲❈❋❳ ❱✶✶ ❛♥❞ ❋▲❯❊◆❚ ❱✶✷ ✇❡r❡ ✉s❡❞✱ ✇✐t❤ s✉❜r♦✉t✐♥❡s ❞❡✈❡❧♦♣❡❞ ❞✉r✐♥❣

t❤❡ r❡s❡❛r❝❤✳ ❍♦♠♦❣❡♥❡♦✉s ❛♥❞ ❤❡t❡r♦❣❡♥❡♦✉s r❡❛❝t✐♦♥ s②st❡♠s ✇❡r❡ ❝♦♠♣❛r❡❞ ✉s✐♥❣ t❤❡

❧❛♠✐♥❛r ❋✐♥✐t❡✲❘❛t❡ ❦✐♥❡t✐❝ ♠♦❞❡❧✱ ✐♥ ✇❤✐❝❤ t❤❡ r❡❛❝t✐♦♥ r❛t❡s ❛r❡ ❞❡t❡r♠✐♥❡❞ ❜② ❆rr❤❡♥✐✉s

❦✐♥❡t✐❝ ❡①♣r❡ss✐♦♥s✳ ❚❤❡ s✐♠✉❧❛t✐♦♥ ♦❢ t❤✐s s②st❡♠ ♣r♦❞✉❝❡❞ s❛t✐s❢❛❝t♦r② r❡s✉❧ts t❤❛t ✇✐❧❧ ❜❡

✉s❡❢✉❧ ✐♥ ✉♥❞❡rst❛♥❞✐♥❣ t❤❡ ❝♦♠♣❧❡① ♣r♦❝❡ss ♦❢ ❝❛t❛❧②st r❡❣❡♥❡r❛t✐♦♥ ❢♦r ❋❈❈ ♣r♦❝❡ss❡s✳

❑❡②✇♦r❞s✿ ❈❋❉✱ ❈♦❦❡ ❈♦♠❜✉st✐♦♥✱ ▼✉❧t✐♣❤❛s❡ ❋❧♦✇✱ ❋❈❈✳
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❙✉♠ár✐♦

▲✐st❛ ❞❡ ❋✐❣✉r❛s ①①✐✐✐

▲✐st❛ ❞❡ ❚❛❜❡❧❛s ①①✈✐✐

◆♦♠❡♥❝❧❛t✉r❛ ①①✐①

✶ ■◆❚❘❖❉❯➬➹❖ ✶
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✻✳✶✹ ▼é❞✐❛ t❡♠♣♦r❛❧ ❞♦ ❝❛❧♦r ❞❡ r❡❛çã♦✱ ❛♣ós ✶✾✱✺ s❡❣✳ ❞❡ s✐♠✉❧❛çã♦✳ ❈❛s♦ ✶✳ ✳ ✳ ✳ ✼✺

✻✳✶✺ P❡r✜❧ ❞❡ t❡♠♣❡r❛t✉r❛ ❞❡ ❛♠❜❛s ❢❛s❡s ❛♣ós ✶✾✱✺ s❡❣✉♥❞♦s ❞❡ s✐♠✉❧❛çã♦✳ ❈❛s♦ ✷✳ ✼✼

✻✳✶✻ ▼é❞✐❛ t❡♠♣♦r❛❧ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛s ❢❛s❡s✳ ❈❛s♦ ✷✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✽

✻✳✶✼ P❡r✜❧ ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❞❛s ❞✉❛s ❢❛s❡s ❛♣ós ✶✾✱✺ s❡❣✉♥❞♦s ❞❡ s✐♠✉❧❛çã♦✳ ❈❛s♦ ✷✳ ✼✾

✻✳✶✽ ❉✐❛❣r❛♠❛ ❞❡ ✈❡t♦r❡s ✈❡❧♦❝✐❞❛❞❡ ❞❛s ❢❛s❡s só❧✐❞❛ ❡ ❣❛s♦s❛✳ ❈❛s♦ ✷✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✵

✻✳✶✾ ❉✐❛❣r❛♠❛ ❞❛s ❧✐♥❤❛s ❞❡ ❝♦rr❡♥t❡ ♣❛r❛ ♦ ❡s❝♦❛♠❡♥t♦ ❞❛s ❞✉❛s ❢❛s❡s✳ ❈❛s♦ ✷✳ ✳ ✽✵

✻✳✷✵ P❡r✜s r❛❞✐❛✐s ❞♦s ❝❛♠♣♦s ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❛ três ❛❧t✉r❛s ❞❡ r❡❣❡♥❡r❛❞♦r✳ ❛✮ ✻ ♠

❜✮ ✶✷ ♠ ❝✮ ✷✸ ♠✳ ❈❛s♦ ✷✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✶

✻✳✷✶ P❡r✜❧ ❛①✐❛❧ ❞♦s ❝❛♠♣♦s ❞❡ ❢r❛çã♦ ✈♦❧✉♠étr✐❝❛ ❞❛ ❢❛s❡ só❧✐❞❛ ❛♣ós ✶✾✱✺ s❡❣ ❞❡

s✐♠✉❧❛çã♦✳ ❈❛s♦ ✷✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✷

✻✳✷✷ ▼é❞✐❛ t❡♠♣♦r❛❧ ❞♦s ❝❛♠♣♦s ❞❡ ❢r❛çã♦ ✈♦❧✉♠étr✐❝❛ ❞❛ ❢❛s❡ ❞✐s♣❡rs❛ ♥❛s ❛❧t✉r❛s

❞❡ ❛✮ ✻ ♠ ❜✮ ✶✷ ♠ ❝✮ ✷✸ ♠✳ ❈❛s♦ ✷✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✷

✻✳✷✸ P❡r✜s r❛❞✐❛✐s ❞❛ ❢r❛çã♦ ✈♦❧✉♠étr✐❝❛ ❞❡ só❧✐❞♦s ❛ ❞✐❢❡r❡♥t❡s ❛❧t✉r❛s ❛✮ ✻ ♠ ❜✮

✶✷ ♠ ❝✮ ✷✸ ♠✳ ❈❛s♦ ✷✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✸

✻✳✷✹ P❡r✜❧ ❛①✐❛❧ ❞❛ ❢r❛çã♦ ♠áss✐❝❛ ❞❡ CO2 ♣❛r❛ ❛s ❞✉❛s ♠❡t♦❞♦❧♦❣✐❛s ❞❡ r❡❛çã♦✿

❤♦♠♦❣ê♥❡❛ ✭❡sq✉❡r❞❛✮ ❡ ❤❡t❡r♦❣ê♥❡❛ ✭❞✐r❡✐t❛✮✳ ❈❛s♦ ✷✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽✸



▲✐st❛ ❞❡ ❚❛❜❡❧❛s

✶✳✶ Pr♦❞✉çã♦ ❞❡ ♣❡tró❧❡♦ ❡ ❣ás ♥❛t✉r❛❧✱ ✷✵✶✵✳ ❋♦♥t❡✿ ✇✇✇✳♣❡tr♦❜r❛s✳❝♦♠✳❜r✳ ✳ ✳ ✷

✷✳✶ Pr♦❝❡ss♦s ❞❡ ❝♦♥✈❡rsã♦ ♣♦r ❞❡❝♦♠♣♦s✐çã♦✳ ❋♦♥t❡✿❖❙❍❆ ✭✶✾✾✷✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽

✷✳✷ ❈♦♥❥✉♥t♦ ❞❡ ó①✐❞♦s ❞❡ ♥✐tr♦❣ê♥✐♦✳ ❋♦♥t❡✿ ●❯ ✭✷✵✵✸✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵

✸✳✶ ❈♦♥st❛♥t❡s ❞♦ ♠♦❞❡❧♦ ❞❡ t✉r❜✉❧ê♥❝✐❛✳ ❋♦♥t❡✿ ▲❆❯◆❉❊❘ ❡ ❙P❆▲❉■◆● ✭✶✾✼✷✮✳ ✸✼

✺✳✶ ❉✐♠❡♥sõ❡s ❞♦ r❡❣❡♥❡r❛❞♦r✳ ❋♦♥t❡✿ ❇❆■ ❡t ❛❧✳ ✭✶✾✾✼✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✷

✺✳✷ ❚✐♣♦s ❞❡ ♠❛❧❤❛s ✉t✐❧✐③❛❞❛s ♥♦s t❡st❡s ❝♦♠♣✉t❛❝✐♦♥❛✐s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✹

✺✳✸ ❈♦♥❞✐çõ❡s ❞❡ ♦♣❡r❛çã♦ ✉s❛❞❛s ♥♦s t❡st❡s ❞❡ ♠❛❧❤❛✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✺

✺✳✹ ❊st❛tíst✐❝❛s ❞♦s ❡q✉✐♣❛♠❡♥t♦s ❡ ❢❡rr❛♠❡♥t❛s ❞✐s♣♦♥í✈❡✐s ♥❛s s✐♠✉❧❛çõ❡s✳ ✳ ✳ ✳ ✺✻

✺✳✺ ❈♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s ❡ ❞❡ ❝♦♥t♦r♥♦ ♣❛r❛ ♦ s✐st❡♠❛ ❞❡ ❝♦♠❜✉stã♦ ❞❡ ❝♦q✉❡✳ ❋♦♥t❡✿

❇❆■ ❡t ❛❧✳ ✭✶✾✾✽✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✶

✺✳✻ ❈♦♥❥✉♥t♦ ❞❡ r❡❛çõ❡s ✈♦❧✉♠étr✐❝❛s ✉s❛❞❛s ♥❛s s✐♠✉❧❛çõ❡s✳ ❋♦♥t❡ ❛❞❛♣t❛❞❛✿

❇❖▲▲❆❙ ❡t ❛❧✳ ✭✷✵✵✼✮✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷

①①✈✐✐
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◆♦♠❡♥❝❧❛t✉r❛

▲❡tr❛s ❧❛t✐♥❛s

C ❈♦♥❝❡♥tr❛çã♦ [kg/m3]

CD ❈♦❡✜❝✐❡♥t❡ ❞❡ ❛rr❛st❡

ds ❉✐â♠❡tr♦ ❞❛ ♣❛rtí❝✉❧❛ [m]

f ❋✉♥çã♦ ❞❡ ❛rr❛st❡

G ▼♦❞✉❧♦ ❞❡ ❡❧❛st✐❝✐❞❛❞❡

~g ❆❝❡❧❡r❛çã♦ ❣r❛✈✐t❛❝✐♦♥❛❧ [m/s2]

H ❊♥t❛❧♣✐❛ ❡s♣❡❝í✜❝❛ [J/kg]

❦ ❈♦❡✜❝✐❡♥t❡ ❝✐♥ét✐❝♦

k ❊♥❡r❣✐❛ ❝✐♥ét✐❝❛ t✉r❜✉❧❡♥t❛ [m2/s2]

Ksg ❈♦❡✜❝✐❡♥t❡ ❞❡ tr♦❝❛ ❞❡ q✉❛♥t✐❞❛❞❡ ❞❡ ♠♦✈✐♠❡♥t♦ ♥❛ ✐♥t❡r❢❛s❡

Mw P❡s♦ ▼♦❧❡❝✉❧❛r [kg/kmol]

n ◆ú♠❡r♦ ❞❡ ❢❛s❡s

N ◆ú♠❡r♦ t♦t❛❧ ❞❡ ❡s♣é❝✐❡s ♥♦ s✐st❡♠❛ ❞❡ r❡❛çã♦

①①✐①



①①① ◆❖▼❊◆❈▲❆❚❯❘❆

Nu ◆ú♠❡r♦ ❞❡ ◆✉ss❡❧t

p Pr❡ssã♦ [Pa]

Pr ◆ú♠❡r♦ ❞❡ ♣r❛♥❞t❧

Ri ❘❛③ã♦ ❞❡ ♣r♦❞✉çã♦ ❞❛ ❡s♣é❝✐❡ i

Re ◆ú♠❡r♦ ❞❡ ❘❡②♥♦❧❞s

Si ❘❛③ã♦ ❞❡ ♣r♦❞✉çã♦ ♣❡❧❛ ❛❞✐çã♦ ❞❛ ❢❛s❡ ❞✐s♣❡rs❛

Sc ◆ú♠❡r♦ ❞❡ ❙❝❤♠✐❞t

t ❚❡♠♣♦ [s]

T ❚❡♠♣❡r❛t✉r❛ [K]

u ❈♦♠♣♦♥❡♥t❡ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ♥❛ ❞✐r❡çã♦ ① [m/s]

v ❈♦♠♣♦♥❡♥t❡ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ♥❛ ❞✐r❡çã♦ ② [m/s]

~v ❱❡t♦r ✈❡❧♦❝✐❞❛❞❡ [m/s]

w ❈♦♠♣♦♥❡♥t❡ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ♥❛ ❞✐r❡çã♦ ③ [m/s]

Y ❋r❛çã♦ ♠áss✐❝❛

▲❡tr❛s ❣r❡❣❛s

α ❋r❛çã♦ ❞❡ ✈♦❧✉♠❡

αmax ❋r❛çã♦ ✈♦❧✉♠étr✐❝❛ ♠á①✐♠❛ ❞❛ ❢❛s❡ ♣❛rt✐❝✉❧❛❞❛

β ❘❛③ã♦ ♠♦❧❛r CO/CO2 ♥❛ ❝♦rr❡♥t❡ ❞❡ ♣r♦❞✉t♦s ❞❡ ❝♦♠❜✉stã♦

γ ❈♦❡✜❝✐❡♥t❡ ❞❡ tr♦❝❛ tér♠✐❝❛ ❡♥tr❡ ❛s ❢❛s❡s



①①①✐

∆ Pr❡s❡♥ç❛ ❞❡ ❝❛❧♦r

ε ❚❛①❛ ❞❡ ❞✐ss✐♣❛çã♦ t✉r❜✉❧❡♥t❛ [m2/s3]

η ❊①♣♦❡♥t❡ ❞❛ t❛①❛ ❞❡ r❡❛çã♦

λ ❈♦♥❞✉t✐✈✐❞❛❞❡ tér♠✐❝❛ [W/m−K]

µ ❱✐s❝♦s✐❞❛❞❡ [Pa− s]

ρ ▼❛ss❛ ❡s♣❡❝í✜❝❛ [kg/m3]

τp ❚❡♠♣♦ ❞❡ r❡❧❛①❛çã♦ ❞❛ ♣❛rtí❝✉❧❛ [s]

υ ❈♦❡✜❝✐❡♥t❡ ❡st❡q✉✐♦♠étr✐❝♦

❙✉❜s❝r✐t♦s

C ❈❛r❜♦♥♦

g ❋❛s❡ ❣❛s♦s❛

H ❍✐❞r♦❣ê♥✐♦

l ▲❛♠✐♥❛r

max ▼á①✐♠❛

r ❘❡❛çã♦

s ❋❛s❡ ♣❛rt✐❝✉❧❛❞❛

t ❚✉r❜✉❧❡♥t♦

vel ❱❡❧♦❝✐❞❛❞❡

vm ▼❛ss❛ ✈✐rt✉❛❧



①①①✐✐ ◆❖▼❊◆❈▲❆❚❯❘❆

❆❜r❡✈✐❛t✉r❛s

❆◆P ❆❣ê♥❝✐❛ ◆❛❝✐♦♥❛❧ ❞♦ P❡tró❧❡♦✱ ●ás ◆❛t✉r❛❧ ❡ ❇✐♦❝♦♠❜✉stí✈❡✐s

❈❆❉ ❉❡s❡♥❤♦ ❆ss✐st✐❞♦ ♣♦r ❈♦♠♣✉t❛❞♦r ✭❈♦♠♣✉t❡r ❆✐❞❡❞ ❉❡s✐❣♥✮

❈❋❉ ❋❧✉✐❞♦❞✐♥â♠✐❝❛ ❈♦♠♣✉t❛❝✐♦♥❛❧ ✭❈♦♠♣✉t❛t✐♦♥❛❧ ❋❧✉✐❞ ❉②♥❛♠✐❝s✮

❈❙❚❘ ❘❡❛t♦r ❈♦♥tí♥✉♦ ❞❡ ❚❛♥q✉❡ ❆❣✐t❛❞♦ ✭❈♦♥t✐♥✉♦✉s ❙t✐rr❡❞✲❚❛♥❦ ❘❡❛❝t♦r✮

❋❈❈ ❈r❛q✉❡❛♠❡♥t♦ ❈❛t❛❧ít✐❝♦ ❋❧✉✐❞✐③❛❞♦ ✭❋❧✉✐❞✐③❡❞ ❈❛t❛❧②t✐❝ ❈r❛❝❦✐♥❣✮

▲♣q❣❡ ▲❛❜♦r❛tór✐♦ ❞❡ Pr♦❝❡ss♦s ◗✉í♠✐❝♦s ❡ ●❡stã♦ ❊♠♣r❡s❛r✐❛❧

▼❆❚ ❚❡st❡s ❞❡ ▼✐❝r♦ ❆t✐✈✐❞❛❞❡ ✭▼✐❝r♦ ❆❝t✐✈✐t② ❚❡sts✮

▼❉❋ ▼ét♦❞♦ ❞❡ ❉✐❢❡r❡♥ç❛s ❋✐♥✐t❛s

▼❊❋ ▼ét♦❞♦ ❞❡ ❊❧❡♠❡♥t♦s ❋✐♥✐t♦s

▼❱❋ ▼ét♦❞♦ ❞❡ ❱♦❧✉♠❡s ❋✐♥✐t♦s

❘❙▼ ▼é❞✐❛ ◗✉❛❞rát✐❝❛ ✭❘♦♦t ▼❡❛♥ ❙q✉❛r❡✮

❙■ ❙✐st❡♠❛ ■♥t❡r♥❛❝✐♦♥❛❧ ❞❡ ❯♥✐❞❛❞❡s

❚●❆ ❆♥❛❧✐s❡ ❚❡r♠♦ ✕ ●r❛✈✐♠étr✐❝❛ ✭❚❤❡r♠♦ ●r❛✈✐♠❡♥tr✐❝ ❆♥❛❧②s✐s✮

❚P❖ ❖①✐❞❛çã♦ ♣♦r ❚❡♠♣❡r❛t✉r❛ Pr♦❣r❛♠❛❞❛ ✭❚❡♠♣❡r❛t✉r❡✕Pr♦❣r❛♠♠❡❞ ❖①✐❞❛t✐♦♥✮

❯❉❋ ❋✉♥çã♦ ❉❡✜♥✐❞❛ ♣❡❧♦ ❯s✉ár✐♦ ✭❯s❡r ✕ ❉❡✜♥❡❞ ❋✉♥❝t✐♦♥✮



❈❛♣ít✉❧♦ ✶

■◆❚❘❖❉❯➬➹❖

❆ ❆❣ê♥❝✐❛ ◆❛❝✐♦♥❛❧ ❞♦ P❡tró❧❡♦✱ ●ás ◆❛t✉r❛❧ ❡ ❇✐♦❝♦♠❜✉stí✈❡✐s ✭❆◆P✮ ❞✐✈✉❧❣♦✉ s❡✉

❇♦❧❡t✐♠ ❞❛ Pr♦❞✉çã♦ ❞❡ P❡tró❧❡♦ ❡ ●ás ◆❛t✉r❛❧✱ r❡❢❡r❡♥t❡ ❛ ♥♦✈❡♠❜r♦ ❞❡ ✷✵✶✵✱ q✉❡ r❡❣✐str❛

r❡❝♦r❞❡ ♥❛ ♣r♦❞✉çã♦ ❜r❛s✐❧❡✐r❛ ❞❡ ♣❡tró❧❡♦ ❡ ❣ás ♥❛t✉r❛❧✳ ❆ ♣r♦❞✉çã♦ ❞❡ ♣❡tró❧❡♦ ❢♦✐ ❞❡

❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✷✱✵✽✾ ♠✐❧❤õ❡s ❞❡ ❜❛rr✐s ♣♦r ❞✐❛ ❡ ❞❡ ❣ás ♥❛t✉r❛❧ ❞❡ ✻✻✱✷ ♠✐❧❤õ❡s ❞❡ m3 ♣♦r

❞✐❛✳ ❖ ❛✉♠❡♥t♦ ♥❛ ♣r♦❞✉çã♦ ❞❡ ♣❡tró❧❡♦ ✜❝♦✉ ❡♠ t♦r♥♦ ❞❡ ✺✱✷✪ ❡♠ ❝♦♠♣❛r❛çã♦ ❛ ♥♦✈❡♠❜r♦

❞❡ ✷✵✵✾✱ ❡ ♥♦ ❣ás ❢♦✐ ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✶✷✪ ❝♦♠♣❛r❛❞♦ ❝♦♠ ♥♦✈❡♠❜r♦ ❞❡ ✷✵✵✾✳

❆♣r♦①✐♠❛❞❛♠❡♥t❡ ✾✶✱✷✪ ❞❛ ♣r♦❞✉çã♦ ❞❡ ♣❡tró❧❡♦ ❡ ❣ás ♥❛t✉r❛❧ ♥♦ ❇r❛s✐❧ ❢♦r❛♠ ❡①tr❛í❞♦s

❞❡ ❝❛♠♣♦s ❡①♣❧♦r❛❞♦s ♣❡❧❛ P❡tr♦❜r❛sr✳ ❊♠ ❝❛♠♣♦s ♠❛rít✐♠♦s ❜r❛s✐❧❡✐r♦s ❢♦✐ ♣r♦❞✉③✐❞♦ ✾✶✱✸✪

❞♦ ♣❡tró❧❡♦ ❡ ✼✺✱✸✪ ❞♦ ❣ás ♥❛t✉r❛❧✳ ❆ ❚❛❜❡❧❛ ✶✳✶ ♠♦str❛ ❛ ♣r♦❞✉çã♦ ❞❡ ♣❡tró❧❡♦ ❡ ❣ás ♥❛t✉r❛❧

❡♠ barris/dia ❡ m3/dia r❡s♣❡❝t✐✈❛♠❡♥t❡✳

P❛r❛ ♦ s❡t♦r ❞♦ ♣❡tró❧❡♦ ❢♦✐ ✉♠❛ ❞é❝❛❞❛ ❞❡ ❣r❛♥❞❡ ❝r❡s❝✐♠❡♥t♦✳ ◆♦ ❛♥♦ ✷✵✵✵✱ ♦ s❡t♦r

❝♦♥tr✐❜✉í❛ ❝♦♠ ✺✱✸✷✪ ❞♦ Pr♦❞✉t♦ ■♥t❡r♥♦ ❇r✉t♦ ✭P■❇✮ ♥♦ ❇r❛s✐❧✱ ❛❣♦r❛ ✉❧tr❛♣❛ss❛ ✶✶✪

✭❋✐❣✉r❛ ✶✳✶✮✳ ❘❡s❡r✈❛s ❞❡ ❤✐❞r♦❝❛r❜♦♥❡t♦s✱ ♣r♦❞✉çã♦✱ ❞✐✈❡rs✐✜❝❛çã♦ ❡ q✉❛❧✐❞❛❞❡ ❞❡ ❝♦♠✲

❜✉stí✈❡✐s ❝r❡s❝❡r❛♠ ♥❡ss❡ ♣❡rí♦❞♦✶✳

❆ ❯♥✐❞❛❞❡ ❞❡ ❈r❛q✉❡❛♠❡♥t♦ ❈❛t❛❧ít✐❝♦ ❋❧✉✐❞✐③❛❞♦ ✭❋❈❈✮✱ ♣❛ss♦✉ ♣♦r ✉♠ ♣❡rí♦❞♦ ♥♦tá✈❡❧

❞❡ ✐♥♦✈❛çã♦ q✉❡ ♣❡r♠✐t✐✉ ❝♦♥✈❡rtê✲❧❛ ♥❛ ✉♥✐❞❛❞❡ ❧í❞❡r ♥❛ ♠❛✐♦r✐❛ ❞❛s r❡✜♥❛r✐❛s✳ ❆ ❤✐stór✐❛

❞❡st❡ ♣r♦❝❡ss♦ ❝♦♠❡ç♦✉ ♥♦ ❧❛❜♦r❛tór✐♦ ❞❡ ❊✉❣❡♥❡ ❍♦✉♥❞r② ❡ ❢♦✐ ❝❛t❛♣✉❧t❛❞♦ ♣❡❧♦ s✉r❣✐♠❡♥t♦

❞❛ s❡❣✉♥❞❛ ❣✉❡rr❛ ♠✉♥❞✐❛❧ ❝♦♠♦ ✉♠ ❞♦s ♣r✐♥❝✐♣❛✐s ♠❡✐♦s ❞❡ ♣r♦❞✉çã♦ ❞❡ ❝♦♠❜✉stí✈❡❧ ♣❛r❛

❛✈✐❛çã♦✳ ❖ ❞❡st❛q✉❡ ❞❛ ✉♥✐❞❛❞❡ ❋❈❈ ❢♦✐ ❛✉♠❡♥t❛♥❞♦ ♥♦ ♠✉♥❞♦ ❞♦ r❡✜♥♦ ❛♣ós ❛ ❣✉❡rr❛✳ ❆

✉♥✐❞❛❞❡ ❞❡ ❋❈❈ ♣❛ss♦✉ ♣♦r ✉♠❛ sér✐❡ ❞❡ ♠✉❞❛♥ç❛s ❢✉♥❞❛♠❡♥t❛✐s✱ ✐♥❝❧✉✐♥❞♦ ❛ ❝❤❡❣❛❞❛ ❞♦s

❝❛t❛❧✐s❛❞♦r❡s ❞❡ ③❡ó❧✐t❛✱ r❡sí❞✉♦s ❞❡ ❝r❛q✉❡❛♠❡♥t♦ ❡♥tr❡ ♦✉tr♦s ✭❋▲❊❚❈❍❊❘✱ ✷✵✵✽✮✳

✶❤tt♣✿✴✴✇✇✇✳❛♥♣✳❣♦✈✳❜r

✶



✷ ■◆❚❘❖❉❯➬➹❖ ✶✳✶

❋✐❣✉r❛ ✶✳✶✿ ❊st✐♠❛t✐✈❛ ❞❛ ❝♦♥tr✐❜✉✐çã♦ ❞♦ s❡t♦r ♣❡tró❧❡♦ ❛♦ P■❇ ❇r❛s✐❧❡✐r♦✱ ✶✾✾✼✴✷✵✵✹✳ ❋♦♥t❡✿
❆◆P✳

❚❛❜❡❧❛ ✶✳✶✿ Pr♦❞✉çã♦ ❞❡ ♣❡tró❧❡♦ ❡ ❣ás ♥❛t✉r❛❧✱ ✷✵✶✵✳ ❋♦♥t❡✿ ✇✇✇✳♣❡tr♦❜r❛s✳❝♦♠✳❜r✳

❊❙❚❆❉❖ P❊❚❘Ó▲❊❖ ●➪❙ ◆❆❚❯❘❆▲
E ❜❛rr✐s✴❞✐❛ ♠✐❧ m3/dia

❘❊●■➹❖ ❚❊❘❘❆ ▼❆❘ ❚❖❚❆▲ ❚❊❘❘❆ ▼❆❘ ❚❖❚❆▲
❘✐♦ ❞❡ ❏❛♥❡✐r♦ ✖ ✶✳✺✾✼✳✸✽✼ ✶✳✺✾✼✳✸✽✼ ✖ ✷✸✳✹✼✵ ✷✸✳✹✼✵
❊s♣ír✐t♦ ❙❛♥t♦ ✶✷✳✸✾✶ ✶✽✶✳✺✼✵ ✶✾✸✳✾✻✷ ✶✵✷ ✶✶✳✸✼✽ ✶✶✳✹✽✵
❆♠❛③♦♥❛s ✺✷✳✾✻✹ ✖ ✺✷✳✾✻✹ ✾✳✽✼✻ ✖ ✾✳✽✼✻
❇❛❤✐❛ ✹✾✳✵✺✻ ✹✶✼ ✹✾✳✹✼✷ ✷✳✽✷✺ ✷✳✺✺✸ ✺✳✸✼✽
❘✳ ●✳ ◆♦rt❡ ✺✷✳✺✹✵ ✽✳✸✷✶ ✻✵✳✽✻✶ ✼✻✹ ✹✸✻ ✶✳✷✵✵
❙❡r❣✐♣❡ ✸✻✳✾✼✻ ✺✳✵✾✻ ✹✷✳✵✼✷ ✷✻✼ ✶✳✼✽✷ ✷✳✵✹✾
❙ã♦ P❛✉❧♦ ✖ ✶✻✳✾✽✸ ✶✻✳✾✽✸ ✖ ✶✷✽ ✶✷✽
❆❧❛❣♦❛s ✻✳✵✽✷ ✷✶✽ ✻✳✸✵✵ ✶✳✷✵✽ ✷✼✽ ✶✳✹✽✻
❈❡❛rá ✶✳✽✽✷ ✺✳✻✹✽ ✼✳✺✸✵ ✶ ✽✽ ✽✾
P❛r❛♥á ✸✳✸✾✸ ✖ ✸✳✸✾✸ ✶✸✷ ✖ ✶✸✷
❚♦t❛❧ ❇r❛s✐❧ ✷✶✺✳✷✽✹ ✶✳✽✶✺✳✻✸✾ ✷✳✵✸✵✳✾✷✹ ✶✺✳✶✼✹ ✹✵✳✶✶✹ ✺✺✳✷✷✽
➪❢r✐❝❛ ✖ ✺✻✳✾✵✽ ✺✻✳✾✵✽ ✖ ✖ ✖
❆♠ér✐❝❛ ❞♦ ◆♦rt❡ ✖ ✶✳✶✾✽ ✶✳✶✾✽ ✖ ✷✺✽ ✷✺✽
❆♠ér✐❝❛ ❞♦ ❙✉❧ ✽✶✳✽✵✵ ✖ ✽✶✳✽✵✵ ✶✺✳✻✷✷ ✖ ✶✺✳✻✷✷
✭❝♦♥s♦❧✐❞❛❞❛✮
❆♠ér✐❝❛ ❞♦ ❙✉❧ ✼✳✼✷✺ ✖ ✼✳✼✷✺ ✾✽ ✖ ✾✽
✭♥ã♦ ❝♦♥s♦❧✐❞❛❞❛✮
❚♦t❛❧ ❡①t❡r✐♦r ✽✾✳✺✷✺ ✺✽✳✶✵✻ ✶✹✼✳✻✸✶ ✶✺✳✼✷✵ ✷✺✽ ✶✺✳✾✼✽
❚♦t❛❧ P❡tr♦❜r❛s ✸✵✹✳✽✵✾ ✶✳✽✼✸✳✼✹✺ ✷✳✶✼✽✳✺✺✺ ✸✵✳✽✾✹ ✹✵✳✸✼✷ ✼✶✳✷✻✻

❆ ♣❛rt✐r ❞❡ ✷✵✵✻✱ ❛s ✉♥✐❞❛❞❡s ❞❡ ❋❈❈ ❡stã♦ ❢✉♥❝✐♦♥❛♥❞♦ ❛♦ r❡❞♦r ❞❡ ✹✵✵ r❡✜♥❛r✐❛s ❞❡
♣❡tró❧❡♦ ❛ ♥í✈❡❧ ♠✉♥❞✐❛❧ ❡ ❝❡r❝❛ ❞❡ ✉♠ t❡rç♦ ❞♦ ♣❡tró❧❡♦ r❡✜♥❛❞♦ é tr❛♥s❢♦r♠❛❞♦ ❝♦♠ ♣r♦❝❡s✲
s♦s ❞❡ ❝r❛q✉❡❛♠❡♥t♦ ❝❛t❛❧ít✐❝♦✱ ♣❛r❛ ♣r♦❞✉③✐r ❣❛s♦❧✐♥❛ ❞❡ ❛❧t❛ ♦❝t❛♥❛❣❡♠ ❡ ó❧❡♦s ❝♦♠❜✉stí✈❡✐s✳



✶✳✷ ▼❖❚■❱❆➬➹❖ ✸

✶✳✶ ▼♦t✐✈❛çã♦

➱ ❛tr❛✈és ❞❛ ❝♦♠❜✉stã♦ ❞❡ ❝♦q✉❡ ♥♦ ♣r♦❝❡ss♦ ❞❡ r❡❣❡♥❡r❛çã♦ ❞♦ ❝❛t❛❧✐s❛❞♦r✱ q✉❡ s❡ ❢♦r♥❡❝❡
❡♥❡r❣✐❛ ❛ t♦❞♦ ♦ s✐st❡♠❛ ❞❡ ❋❈❈❀ ❡s♣❡❝✐❛❧♠❡♥t❡ ❛ ❡♥❡r❣✐❛ ♥❡❝❡ssár✐❛ ♣❛r❛ q✉❡ ❛s r❡❛çõ❡s
❡♥❞♦tér♠✐❝❛s ♣r❡s❡♥t❡s ♥♦ r❡❛t♦r r✐s❡r ♣♦ss❛♠ s❡ ❞❡s❡♥✈♦❧✈❡r✳ ❆❧é♠ ❞✐ss♦✱ ❞❛ q✉❛❧✐❞❛❞❡ ❞♦
❝❛t❛❧✐s❛❞♦r ❡✢✉❡♥t❡ ❞♦ r❡❣❡♥❡r❛❞♦r ❞❡♣❡♥❞❡ ❛ ❝♦♥✈❡rsã♦ ❞❛ q✉❡❜r❛ ❞❡ ❤✐❞r♦❝❛r❜♦♥❡t♦s ❡ ♦
s❡✉ t❡♠♣♦ ❞❡ ✈✐❞❛ út✐❧✱ ♦ q✉❛❧ ❣❡r❛r✐❛ ♠❡♥♦s ❝✉st♦s ♦♣❡r❛❝✐♦♥❛✐s ❞❡✈✐❞♦ à r❡✉t✐❧✐③❛çã♦ ♣♦r
♠❛✐s t❡♠♣♦ ❞♦ ❡st♦q✉❡ ❞❡ ❝❛t❛❧✐s❛❞♦r✳

✶✳✷ ❖❜❥❡t✐✈♦s

❖❜❥❡t✐✈♦ ●❡r❛❧

❙✐♠✉❧❛r ❛ ❝♦♠❜✉stã♦ ❞❡ ❝♦q✉❡ ❡♠ r❡❣❡♥❡r❛❞♦r❡s ❋❈❈ t✐♣♦ r✐s❡r✱ ❛♥❛❧✐s❛♥❞♦ ✈❛r✐á✈❡✐s ❞❡
r❡s♣♦st❛ ✢✉✐❞♦❞✐♥â♠✐❝❛s ❡ ❝✐♥ét✐❝❛s t❛✐s ❝♦♠♦ t❡♠♣❡r❛t✉r❛✱ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧ ❡ r❛❞✐❛❧ ❞❛s ❢❛s❡s
só❧✐❞❛ ❡ ❣❛s♦s❛✱ ❢r❛çã♦ ✈♦❧✉♠étr✐❝❛ ❞❛ ❢❛s❡ ❞✐s♣❡rs❛ ❡ ❝♦♠♣♦s✐çã♦ ❞♦s ♣r✐♥❝✐♣❛✐s r❡❛❣❡♥t❡s ❡
♣r♦❞✉t♦s ♣r❡s❡♥t❡s ♥♦ s✐st❡♠❛ r❡❛t✐✈♦✱ ♠❡❞✐❛♥t❡ ❛ té❝♥✐❝❛ ❞❡ ❋❧✉✐❞♦❞✐♥â♠✐❝❛ ❈♦♠♣✉t❛❝✐♦♥❛❧
✭❈❋❉✮✱ ❝♦♠ ♦ ✐♥t✉✐t♦ ❞❡ ❝❛r❛❝t❡r✐③❛r ♦ ❝♦♠♣❧❡①♦ ❢❡♥ô♠❡♥♦ ❡ ❡♥t❡♥❞❡r ♦s ♠❡❝❛♥✐s♠♦s ❢ís✐❝♦s
❡ q✉í♠✐❝♦s ♣r❡s❡♥t❡s ♥♦ ♣r♦❝❡ss♦ ❞❡ r❡❣❡♥❡r❛çã♦ ❋❈❈✳

❖❜❥❡t✐✈♦s ❊s♣❡❝í✜❝♦s

• ❘❡♣r♦❞✉③✐r ❡✴♦✉ ❝r✐❛r ❛ ❣❡♦♠❡tr✐❛ ❡ ♠❛❧❤❛ ❝♦♠♣✉t❛❝✐♦♥❛❧ ❞♦ ❡q✉✐♣❛♠❡♥t♦ ❛ ♣❛rt✐r
❞❡ tr❛❜❛❧❤♦s ❞❛ ❧✐t❡r❛t✉r❛ ❡s♣❡❝✐❛❧✐③❛❞❛✱ ❡ r❡❛❧✐③❛r ♦s t❡st❡s r❡❢❡r❡♥t❡s à ✐♥❞❡♣❡♥❞ê♥❝✐❛
♥✉♠ér✐❝❛ ❞❛ ♠❛❧❤❛✳

• ❉❡✜♥✐r ❛tr❛✈és ❞❡ ❝♦♥s✉❧t❛s ❜✐❜❧✐♦❣rá✜❝❛s ❡ t❡st❡s ♦s ♠♦❞❡❧♦s ✢✉✐❞♦❞✐♥â♠✐❝♦ ❡ ❝✐♥ét✐❝♦✱
❛❞❡q✉❛❞♦s ♣❛r❛ ❛ ❝♦♠❜✉stã♦ ❞❡ ❝♦q✉❡✱ ❛ss✐♠ ❝♦♠♦ ♦s ♣❛râ♠❡tr♦s ❢ís✐❝♦s✱ q✉í♠✐❝♦s ❡
♥✉♠ér✐❝♦s q✉❡ ❞❡s❝r❡✈❡♠ ♦ ♣r♦❝❡ss♦✳

• ❆✈❛❧✐❛r ♦s ♠♦❞❡❧♦s ❡s❝♦❧❤✐❞♦s ❝♦♠ ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♣✉❜❧✐❝❛❞♦s ♥❛ ❧✐t❡r❛t✉r❛✱ ❛ ✜♠
❞❡ ♦❢❡r❡❝❡r ❝♦♥✜❛❜✐❧✐❞❛❞❡ ❛♦ ♣r❡s❡♥t❡ tr❛❜❛❧❤♦ ❞❡ ♣❡sq✉✐s❛✳

• ❙✐♠✉❧❛r ♦ s✐st❡♠❛ r❡❛t✐✈♦ ♣❛r❛ ❞✐✈❡rs❛s ❝♦♥✜❣✉r❛çõ❡s ❞❡ r❡❣❡♥❡r❛❞♦r t✐♣♦ r✐s❡r✱ ♠❡✲
❞✐❛♥t❡ ❛ ❛♣❧✐❝❛çã♦ ❞♦s ♠♦❞❡❧♦s ❥á ✈❛❧✐❞❛❞♦s ♥♦ s♦❢t✇❛r❡ ❝♦♠❡r❝✐❛❧ ❋▲❯❊◆❚r ❱❡rsã♦
✶✷✳
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• ❆♥❛❧✐s❛r ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♥❛s s✐♠✉❧❛çõ❡s✱ ❝♦♠♣❛r❛♥❞♦ ❞✐❢❡r❡♥t❡s ❝❛s♦s ❞❡ ❡st✉❞♦
❝♦♠ ♦ ✐♥t✉✐t♦ ❞❡ ❝❛r❛❝t❡r✐③❛r ❡ ❡❧✉❝✐❞❛r ♦ ♣r♦❝❡ss♦ ❞❡ ❝♦♠❜✉stã♦ ❞❡ ❝♦q✉❡ ❡♠ r❡❣❡♥❡r✲
❛❞♦r❡s ❋❈❈ t✐♣♦ r✐s❡r✳

✶✳✸ ❖r❣❛♥✐③❛çã♦ ❞❛ ❉✐ss❡rt❛çã♦

❆ ❋✐❣✉r❛ ✶✳✷ ❛♣r❡s❡♥t❛ ♦ ❞✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ r❡❢❡r❡♥t❡ à ♦r❣❛♥✐③❛çã♦ ❞❛ ❞✐ss❡rt❛çã♦ ❞❡
♠❡str❛❞♦✳

❊st❛ ❞✐ss❡rt❛çã♦ é ❞✐✈✐❞✐❞❛ ❡♠ ✽ ❈❛♣ít✉❧♦s✿ ♥♦ ❈❛♣ít✉❧♦ ✶ ❡♥❝♦♥tr❛✲s❡ ❛ ■♥tr♦❞✉çã♦✱
❖❜❥❡t✐✈♦s ●❡r❛❧ ❡ ❊s♣❡❝í✜❝♦s✱ ❡ ❛ ▼♦t✐✈❛çã♦ ❞♦ tr❛❜❛❧❤♦ ❛♣r❡s❡♥t❛❞♦ ♥❡st❛ ❞✐ss❡rt❛çã♦✳ ◆♦
❈❛♣ít✉❧♦ ✷ ♠♦str❛✲s❡ ✉♠ ♣❡r❝♦rr✐❞♦ ♣❡❧♦ ❊st❛❞♦ ❞❛ ❆rt❡ ♥♦ t❡♠❛ ❞❡ ❋❈❈ ❡ ❝♦♠❜✉stã♦ ❞❡
❝♦q✉❡✱ ♦s ❛✈❛♥ç♦s ❛ ♥í✈❡❧ ❞❡ ♣❡sq✉✐s❛ ❡ ♦ ❋✉♥❞❛♠❡♥t♦ ❚❡ór✐❝♦ ♥❡❝❡ssár✐♦ ♣❛r❛ ❞❡s❡♥✈♦❧✈❡r ♦
tr❛❜❛❧❤♦✳

◆♦s ❈❛♣ít✉❧♦s ✸ ❡ ✹ é ❛♣r❡s❡♥t❛❞❛ ❛ ▼♦❞❡❧❛❣❡♠ ▼❛t❡♠át✐❝❛ ❡ ◆✉♠ér✐❝❛ ✉t✐❧✐③❛❞❛s ♥❛
s✐♠✉❧❛çã♦ ❞❛ ❝♦♠❜✉stã♦ ❞❡ ❝♦q✉❡ ❡♠ r❡❣❡♥❡r❛❞♦r❡s ❋❈❈ ❝♦♠ s❡✉s r❡s♣❡❝t✐✈♦s ♣❛râ♠❡tr♦s
❞❡ ❛♥❛❧✐s❡✳ ❖ ❈❛♣ít✉❧♦ ✺ ❞❡s❝r❡✈❡ ❛ ▼❡t♦❞♦❧♦❣✐❛ ✉t✐❧✐③❛❞❛ ♥❛s s✐♠✉❧❛çõ❡s q✉❡ ❝♦rr❡s♣♦♥❞❡ à
❣❡♦♠❡tr✐❛✱ ❛ ♠❛❧❤❛ ❡ ❛s ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s ❡ ❞❡ ❝♦♥t♦r♥♦✱ ❛ss✐♠ ❝♦♠♦ ✉♠❛ ❜r❡✈❡ ❞❡s❝r✐çã♦ ❞❛
té❝♥✐❝❛ ✉t✐❧✐③❛❞❛ ✭❋❧✉✐❞♦❞✐♥â♠✐❝❛ ❈♦♠♣✉t❛❝✐♦♥❛❧✮✱ ❝♦♠♦ ❢❡rr❛♠❡♥t❛ ♥✉♠ér✐❝❛ ❞❡ s♦❧✉çã♦ ❡
♦ s♦❢t✇❛r❡ ❡♠♣r❡❣❛❞♦✳

◆♦ ❈❛♣ít✉❧♦ ✻ ❡♥❝♦♥tr❛♠✲s❡ ♦s ❘❡s✉❧t❛❞♦s ❞❛s s✐♠✉❧❛çõ❡s ❞❡s❡♥✈♦❧✈✐❞❛s ❡ s✉❛s ❛♥❛❧✐s❡s ❞❡✲
t❛❧❤❛❞❛s ♣❛r❛ ❝❛❞❛ ♣❛râ♠❡tr♦ ❡st❛❜❡❧❡❝✐❞♦✳ ❖ ❈❛♣ít✉❧♦ ✼ ♠♦str❛ ❛s ❈♦♥❝❧✉sõ❡s ❡ ❛s Pr♦♣♦st❛s
♣❛r❛ ❚r❛❜❛❧❤♦s ❋✉t✉r♦s ❛ ❞❡s❡♥✈♦❧✈❡r ♥❡st❛ ár❡❛✳ ❖ ❈❛♣ít✉❧♦ ✽ ♠♦str❛ ❛❧❣✉♠❛ ✐♥❢♦r♠❛çã♦
❛♥❡①❛ ❡✱ ✜♥❛❧♠❡♥t❡✱ ❛♣r❡s❡♥t❛♠✲s❡ ❛s ❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s ✉t✐❧✐③❛❞❛s ♣❛r❛ s✉st❡♥t❛r ❛
♣r❡s❡♥t❡ ❞✐ss❡rt❛çã♦ ❡ q✉❡✱ s❡r✈✐rã♦ ♣❛r❛ ❛ ❝♦♥s✉❧t❛ ♣♦st❡r✐♦r ❞♦s t❡♠❛s ❛q✉✐ tr❛t❛❞♦s✳
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❈❛♣ít✉❧♦ ✷

❋❯◆❉❆▼❊◆❚❖ ❚❊Ó❘■❈❖ ❊ ❊❙❚❆❉❖
❉❆ ❆❘❚❊

✷✳✶ ■♥tr♦❞✉çã♦

❖ r❡✜♥♦ ❞♦ ♣❡tró❧❡♦ ❝♦♠❡ç❛ ❝♦♠ ❛ ❞❡st✐❧❛çã♦ ❞❡ ó❧❡♦s ❜r✉t♦s ❞❡ ♣❡tró❧❡♦ ❡♠ ❣r✉♣♦s
s❡♣❛r❛❞♦s ❞❡ ❤✐❞r♦❝❛r❜♦♥❡t♦s✳ ❖s ♣r♦❞✉t♦s r❡s✉❧t❛♥t❡s sã♦ ❞✐r❡t❛♠❡♥t❡ r❡❧❛❝✐♦♥❛❞♦s ❝♦♠ ❛s
❝❛r❛❝t❡ríst✐❝❛s ❞♦ ♣❡tró❧❡♦ ♣r♦❝❡ss❛❞♦✳ ❖s ❝♦♠♣♦st♦s r❡s✉❧t❛♥t❡s ❞❛ ❞❡st✐❧❛çã♦ sã♦ ❝♦♥✈❡rt✐❞♦s
♣♦st❡r✐♦r♠❡♥t❡ ❡♠ ♣r♦❞✉t♦s ♠❛✐s út❡✐s ❡ ✈❛❧✐♦s♦s✱ ❛❧t❡r♥❛♥❞♦ ♦ t❛♠❛♥❤♦ ❡ ❛ ❡str✉t✉r❛ ❞❛s
♠♦❧é❝✉❧❛s ❞♦s ❤✐❞r♦❝❛r❜♦♥❡t♦s ❛tr❛✈és ❞❡ ♣r♦❝❡ss♦s ❞❡ ❝♦♥✈❡rsã♦ ♦✉ r❡❢♦r♠❛ ❝❛t❛❧ít✐❝❛✶✳

❊st❡s ♣r♦❞✉t♦s✱ ❞❡♣♦✐s ❞❡ ❝♦♥✈❡rt✐❞♦s sã♦ s✉❜♠❡t✐❞♦s ❛ tr❛t❛♠❡♥t♦s ❡ ♣r♦❝❡ss♦s ❞❡ s❡♣❛✲
r❛çã♦✱ t❛✐s ❝♦♠♦ ❡①tr❛çã♦✱ ♣❛r❛ r❡♠♦✈❡r ❝♦♠♣♦♥❡♥t❡s ✐♥❞❡s❡❥á✈❡✐s ❡ ♠❡❧❤♦r❛r ❛ q✉❛❧✐❞❛❞❡ ❞♦
♣r♦❞✉t♦✳ ❘❡✜♥❛r✐❛s ✐♥t❡❣r❛❞❛s ✐♥❝♦r♣♦r❛♠ ❢r❛❝✐♦♥❛♠❡♥t♦✱ ❝♦♥✈❡rsã♦✱ tr❛t❛♠❡♥t♦✱ ♦♣❡r❛çõ❡s
❞❡ ♠✐st✉r❛ ❡ t❛♠❜é♠ ♣♦❞❡♠ ✐♥❝❧✉✐r ♣r♦❝❡ss❛♠❡♥t♦ ♣❡tr♦q✉í♠✐❝♦✳ ❆ ❚❛❜❡❧❛ ✷✳✶ ♠♦str❛ ✉♠❛
✈✐sã♦ ❣❡r❛❧ ❞♦s ♣r♦❝❡ss♦s ❞❡ ❝♦♥✈❡rsã♦ ♣♦r ❞❡❝♦♠♣♦s✐çã♦✳

✷✳✷ ❈r❛q✉❡❛♠❡♥t♦ ❈❛t❛❧ít✐❝♦ ❋❧✉✐❞✐③❛❞♦ ✭❋❈❈✮

❋❈❈ é ✉♠ ♣r♦❝❡ss♦ ❞❡ ❝♦♥✈❡rsã♦ ❛♠♣❧❛♠❡♥t❡ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❝♦♥✈❡rt❡r ❢r❛çõ❡s ❞❡ ❤✐❞r♦✲
❝❛r❜♦♥❡t♦s ❞❡ ó❧❡♦s ❜r✉t♦s ❞❡ ♣❡tró❧❡♦ ❝♦♠ ❡❧❡✈❛❞♦ ♣♦♥t♦ ❞❡ ❡❜✉❧✐çã♦✱ ❛ ♣r♦❞✉t♦s ♠❛✐s
✈❛❧✐♦s♦s t❛✐s ❝♦♠♦ ❣❛s♦❧✐♥❛ ❡ ❣❛s❡s ♦❧❡❢í♥✐❝♦s ✭❛❧❝❡♥♦s✮✳ ❆ ❝♦♥✈❡rsã♦ ❞❡ ❢r❛çõ❡s ♣❡s❛❞❛s ❞❡
♣❡tró❧❡♦ ♣❛r❛ ❢r❛çõ❡s ❧❡✈❡s ❢♦✐ ♦r✐❣✐♥❛❧♠❡♥t❡ ❢❡✐t❛ ♣♦r ❝r❛q✉❡❛♠❡♥t♦ tér♠✐❝♦✱ q✉❡ ❢♦✐ q✉❛s❡
❝♦♠♣❧❡t❛♠❡♥t❡ s✉❜st✐t✉í❞❛ ♣♦r ❝r❛q✉❡❛♠❡♥t♦ ❝❛t❛❧ít✐❝♦✱ ❥á q✉❡ ♣r♦❞✉③ ♠❛✐s ❣❛s♦❧✐♥❛ ❝♦♠

✶❉♦ t❡r♠♦ ❡♠ ✐♥❣❧ês✿ r❡❢♦r♠✐♥❣ ❀ ❝♦♥s✐st❡ ♥❛ tr❛♥s❢♦r♠❛çã♦ ❞❡ ❤✐❞r♦❝❛r❜♦♥❡t♦s ❞❡ ❝❛❞❡✐❛ ❛❧✐❢át✐❝❛ ❡♠
❤✐❞r♦❝❛r❜♦♥❡t♦s ❛r♦♠át✐❝♦s ❞✐❛♥t❡ ❞♦ ✉s♦ ❞❡ ❝❛t❛❧✐s❛❞♦r❡s ❡ ❛q✉❡❝✐♠❡♥t♦✳

✼
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❚❛❜❡❧❛ ✷✳✶✿ Pr♦❝❡ss♦s ❞❡ ❝♦♥✈❡rsã♦ ♣♦r ❞❡❝♦♠♣♦s✐çã♦✳ ❋♦♥t❡✿❖❙❍❆ ✭✶✾✾✷✮✳

Pr♦❝❡ss♦ ❆çã♦ ▼ét♦❞♦ Pr♦♣ós✐t♦ ▼❛tér✐❛✲♣r✐♠❛✭s✮ Pr♦❞✉t♦✭s✮
❈r❛q✉❡❛♠❡♥t♦ ❆❧t❡r❛çã♦ ❈❛t❛❧ít✐❝♦ Pr♦❞✉③✐r ●❛só❧❡♦✱ ❝♦q✉❡ ❞❛ ●❛s♦❧✐♥❛✱
❝❛t❛❧ít✐❝♦ ❣❛s♦❧✐♥❛ ❞❡st✐❧❛çã♦ ♠❛tér✐❛✲♣r✐♠❛

♣❡tr♦q✉í♠✐❝❛
❈❛r❜♦♥✐③❛çã♦ P♦❧✐♠❡r✐③❛çã♦ ❚ér♠✐❝♦ ❈♦♥✈❡rt❡r ●❛só❧❡♦✱ ❝♦q✉❡ ❞❛ ●❛s♦❧✐♥❛✱

r❡sí❞✉♦s ❞❡ ❞❡st✐❧❛çã♦ ♠❛tér✐❛✲♣r✐♠❛
✈á❝✉♦ ♣❡tr♦q✉í♠✐❝❛

❍✐❞r♦✲ ❍✐❞r♦❣❡♥❛çã♦ ❈❛t❛❧ít✐❝♦ ❈♦♥✈❡rt❡r ❛ ●❛só❧❡♦✱ ó❧❡♦ Pr♦❞✉t♦s
❝r❛q✉❡❛♠❡♥t♦ ❤✐❞r♦❝❛r❜♦♥❡t♦s ❝r❛q✉❡❛❞♦✱ r❡sí❞✉♦s ❧❡✈❡s ❞❡

❧❡✈❡s q✉❛❧✐❞❛❞❡
❘❡❢♦r♠❛❞♦ ❉❡❝♦♠♣♦s✐çã♦ ❚ér♠✐❝♦✴ Pr♦❞✉③✐r ●ás ❞❡ss✉❧❢✉r❛❞♦ ❍✐❞r♦❣ê♥✐♦
♣♦r ✈❛♣♦r ❞❡ ❈❛t❛❧ít✐❝♦ ❤✐❞r♦❣ê♥✐♦ O2✱ ✈❛♣♦r CO✱ CO2

❤✐❞r♦❣ê♥✐♦
❈r❛q✉❡❛♠❡♥t♦ ❉❡❝♦♠♣♦s✐çã♦ ❚ér♠✐❝♦ ◗✉❡❜r❛r ❈♦♠❜✉stí✈❡❧ ♣❡s❛❞♦ ◆❛❢t❛
♣♦r ✈❛♣♦r ♠♦❧é❝✉❧❛s ❉❡st✐❧❛❞♦ ❞❡ ❝r❛q✉❡❛❞❛✱

❧♦♥❣❛s ❝♦❧✉♥❛ ❛t♠♦s❢ér✐❝❛ ❝♦q✉❡✱ r❡sí❞✉♦s
✈✐s❝♦rr❡❞✉çã♦ ❉❡❝♦♠♣♦s✐çã♦ ❚ér♠✐❝♦ ❘❡❞✉③✐r ❘❡sí❞✉♦s ❞❡ ❉❡st✐❧❛❞♦✱

✈✐s❝♦s✐❞❛❞❡ ❝♦❧✉♥❛ ❛t♠♦s❢ér✐❝❛ ❛❧❝❛trã♦

♠❛✐♦r ♦❝t❛♥❛❣❡♠✳ ❚❛♠❜é♠ ♣r♦❞✉③ ❣❛s❡s ❞❡r✐✈❛❞♦s q✉❡ sã♦ ♠❛✐s ♦❧❡❢í♥✐❝♦s ❡✱ ♣♦rt❛♥t♦✱ ♠❛✐s
✈❛❧✐♦s♦s ❞♦ q✉❡ ❛q✉❡❧❡s ♣r♦❞✉③✐❞♦s ♣♦r ❝r❛q✉❡❛♠❡♥t♦ tér♠✐❝♦✳ ❆ ❋✐❣✉r❛ ✷✳✶ ♠♦str❛ ✉♠ ❞✐❛✲
❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞♦ ♣r♦❝❡ss♦✳

❆ ♠❛tér✐❛✲♣r✐♠❛ ♣❛r❛ ♦ ♣r♦❝❡ss♦ ❞❡ ❋❈❈ é✱ ❣❡r❛❧♠❡♥t❡✱ ❛ ♣❛rt❡ ❞♦ ♣❡tró❧❡♦ q✉❡ t❡♠ ✉♠
♣♦♥t♦ ❞❡ ❡❜✉❧✐çã♦ ✐♥✐❝✐❛❧ ❞❡ 340◦C ♦✉ s✉♣❡r✐♦r à ♣r❡ssã♦ ❛t♠♦s❢ér✐❝❛ ❡ ✉♠ ♣❡s♦ ♠♦❧❡❝✉❧❛r
♠é❞✐♦ ✈❛r✐❛♥❞♦ ❞❡ ❝❡r❝❛ ❞❡ ✷✵✵ ✕ ✻✵✵ g/mol ♦✉ s✉♣❡r✐♦r✳

❖ ♣r♦❝❡ss♦ ❋❈❈ ✈❛♣♦r✐③❛ ❡ q✉❡❜r❛ ❛s ♠♦❧é❝✉❧❛s ❞❡ ❝❛❞❡✐❛ ❧♦♥❣❛ ❞❡ ❤✐❞r♦❝❛r❜♦♥❡t♦s ❧íq✉✐✲
❞♦s ❝♦♠ ♣♦♥t♦ ❞❡ ❡❜✉❧✐çã♦ ❡❧❡✈❛❞♦✱ ❡♠ ♠♦❧é❝✉❧❛s ♠❛✐s ❝✉rt❛s ❡♠ ❝♦♥t❛t♦ ❝♦♠ ✉♠ ❝❛t❛❧✐s❛❞♦r
❞❡ ❧❡✐t♦ ✢✉✐❞✐③❛❞♦ ❡♠ ♣ó✱ ❛ ❛❧t❛ t❡♠♣❡r❛t✉r❛ ❡ ♣r❡ssã♦ ♠♦❞❡r❛❞❛✳ ❆s ✉♥✐❞❛❞❡s ❝♦♥✈❡♥❝✐♦♥❛✐s
❞❡ ❋❈❈ ♦♣❡r❛♠ ❡♠ ❜❛❧❛♥ç♦ ❞❡ ❡♥❡r❣✐❛✳ ❖ ❝❛❧♦r ♣r♦❞✉③✐❞♦ ♣❡❧❛ ❝♦♠❜✉stã♦ ❞❡ ❝♦q✉❡ ♥♦
r❡❣❡♥❡r❛❞♦r é ❛♣r♦✈❡✐t❛❞♦ ❞❡ ✈ár✐❛s ♠❛♥❡✐r❛s ✭❈❊❘◗❯❊■❘❆ ❡t ❛❧✳✱ ✷✵✵✽✮✿

• ❆q✉❡❝❡r ❛ ❛❧✐♠❡♥t❛çã♦ ❛té ❛ t❡♠♣❡r❛t✉r❛ ❞❡ r❡❛çã♦✳

• ❋♦r♥❡❝❡r ❛ ❡♥❡r❣✐❛ ♣❛r❛ ❛s r❡❛çõ❡s ❞❡ ❝r❛q✉❡❛♠❡♥t♦ ❡♥❞♦tér♠✐❝❛s✳

• ❆q✉❡❝❡r ♦ ❛r ❞❡ ❝♦♠❜✉stã♦ ❡ ♦ ❝♦q✉❡ ❞♦ ❝❛t❛❧✐s❛❞♦r ❣❛st♦ ❛té ❛ t❡♠♣❡r❛t✉r❛ ❞♦ r❡❣❡♥✲
❡r❛❞♦r✳

• ❙✉♣r✐r ❛ ♣❡r❞❛ ❞❡ ❝❛❧♦r ❞♦ r✐s❡r✴r❡❣❡♥❡r❛❞♦r✳

• ❆q✉❡❝❡r ♦ ✈❛♣♦r ❛té ❛ t❡♠♣❡r❛t✉r❛ ❞❡ s❛í❞❛✳

❖ ❡st✉❞♦ ❞❛s ✉♥✐❞❛❞❡s ❞❡ ❋❈❈ t❡♠ s✐❞♦ ✉♠❛ ❛t✐✈✐❞❛❞❡ ✐♥t❡r❡ss❛♥t❡ ❞❡✈✐❞♦ à ❝♦♠♣❧❡①✐❞❛❞❡
❞♦ s✐st❡♠❛ ❡ ♦s ✐♥❝❡♥t✐✈♦s ❡❝♦♥ô♠✐❝♦s ❛ss♦❝✐❛❞♦s✳ ❖s ♠♦❞❡❧♦s sã♦ ❝❧❛ss✐✜❝❛❞♦s ❞❡♣❡♥❞❡♥❞♦ ❞♦
❡sq✉❡♠❛ ❝✐♥ét✐❝♦ ♦✉ ❞❛ ❝♦♥✜❣✉r❛çã♦ ❞♦ r❡❛t♦r ✭▼❆❨❆✲❨❊❙❈❆❙ ❡ ▲ÓP❊❩✲■❙❯◆❩❆✱ ✶✾✾✼✮✳
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❡stá✈❡❧ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ♣❛r❛ ❞❡s❡♥✈♦❧✈❡r ♦ ❡st✐♠❛❞♦r ❞❡ ♣❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧♦✱ ❛❞♦t❛♥❞♦ ✉♠
❛❧❣♦r✐t♠♦ ❞❡ ♣r♦❣r❛♠❛çã♦ q✉❛❞rát✐❝❛ s✉❝❡ss✐✈❛ ♣❛r❛ ❧♦❝❛❧✐③❛r ❞❡ ❢♦r♠❛ ❡✜❝✐❡♥t❡ ❛s ♠❡❧❤♦r❡s
s♦❧✉çõ❡s ✭❍❆◆ ❡t ❛❧✳✱ ✷✵✵✹✮✳

❉✉r❛♥t❡ ❛ ♠♦❞❡❧❛❣❡♠ ❝✐♥ét✐❝❛ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❋❈❈✱ ❛ ♠❡t♦❞♦❧♦❣✐❛ s✐♠♣❧✐✜❝❛❞❛ ♣❛r❛ ❡st✐✲
♠❛r ♦s ♣❛râ♠❡tr♦s ❝✐♥ét✐❝♦s ✉s❛♥❞♦ ❚❡st❡s ❞❡ ▼✐❝r♦ ❆t✐✈✐❞❛❞❡ ✭▼❆❚✮✱ ❛♣❧✐❝❛✲s❡ ♣❛r❛ ❝♦❧❡t❛r
❞❛❞♦s ❝✐♥ét✐❝♦s ❡①♣❡r✐♠❡♥t❛✐s✱ às ❞✐❢❡r❡♥t❡s t❡♠♣❡r❛t✉r❛s✱ ❡ ❝♦♠♣❛rá✲❧♦s ❝♦♠ ❞❛❞♦s ❞❛ ❧✐t❡r✲
❛t✉r❛ ✭❆❇❯▲✲❍❆▼❆❨❊▲✱ ✷✵✵✸✮✳ ❆ ♦t✐♠✐③❛çã♦ ❞❡st❡ ♣r♦❝❡ss♦ ✈❡♠ s❡♥❞♦ ❛♥❛❧✐s❛❞❛ ♠❡❞✐❛♥t❡
♦ ✉s♦ ❞❡ ❛❧❣♦r✐t♠♦s ❣❡♥ét✐❝♦s ❡ s✉❛s ✈❛r✐❛♥t❡s✱ ❛s q✉❛✐s r❡q✉❡r❡♠ ❛❧t♦ ❡s❢♦rç♦ ❝♦♠♣✉t❛❝✐♦♥❛❧✱
s❡♥❞♦ ❞❡s❡❥á✈❡❧ ❛❧❣✉♠❛ ❛❞❛♣t❛çã♦ ♣❛r❛ ❛❝❡❧❡r❛r ♦ ♣r♦❝❡ss♦ ❞❡ s♦❧✉çã♦ ✭❑❆❙❆❚ ❡ ●❯P❚❆✱
✷✵✵✸✮✳

◆♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❋❈❈✱ ❛ ♦♣❡r❛çã♦ ❞❡ ♣❧❛♥t❛s ♣✐❧♦t♦ ♣❡r♠✐t❡ ❛ ❡①❡❝✉çã♦
❞❡ ❝❛s♦s ❞❡ ❡st✉❞♦ ♣❛r❛ ♦ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❡ r❡s♣♦st❛s ❞✐♥â♠✐❝❛s✱ ❡❢❡t✉❛♥❞♦ ♠✉❞❛♥ç❛s ♥❛s
✈❛r✐á✈❡✐s ♠❛♥✐♣✉❧❛❞❛s✱ ❛❧é♠ ❞❡ ❝♦♠♣❛r❛r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ✉♥✐❞❛❞❡ ❝♦♠ ♦s r❡s✉❧t❛❞♦s
♣r❡❞✐t♦s ♣❡❧❛ s✐♠✉❧❛çã♦✳ P♦❞❡♠ t❛♠❜é♠ s✉r❣✐r ❝♦♥❝❧✉sõ❡s út❡✐s s♦❜r❡ ❛s s✐♠✐❧❛r✐❞❛❞❡s ❡♥tr❡
❛ ♣❧❛♥t❛ ♣✐❧♦t♦ ❡ ✉♥✐❞❛❞❡s ❝♦♠❡r❝✐❛✐s✱ ❛ss✐♠ ❝♦♠♦ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞♦ s✐♠✉❧❛❞♦r ❞❡ ❞❡s❝r❡✈❡r
❛s ♣r✐♥❝✐♣❛✐s ❝❛r❛❝t❡ríst✐❝❛s ❞✐♥â♠✐❝❛s ❞♦ s✐st❡♠❛ ✐♥t❡❣r❛❞♦ ❡ ♦ ❡s❝❛❧❛♠❡♥t♦ ❞♦ ❡q✉✐♣❛♠❡♥t♦
✭❇❖▲▲❆❙ ❡t ❛❧✳✱ ✷✵✵✼✮✳

✷✳✸ ❘❡❣❡♥❡r❛❞♦r❡s ❋❈❈

❉✉r❛♥t❡ ❛s r❡❛çõ❡s ❞❡ ❝r❛q✉❡❛♠❡♥t♦✱ ♦ ❝❛t❛❧✐s❛❞♦r é ❞❡s❛t✐✈❛❞♦ r❛♣✐❞❛♠❡♥t❡ ❞❡✈✐❞♦ à
❞❡♣♦s✐çã♦ ❞❡ ❝♦q✉❡ ♥❛ s✉❛ s✉♣❡r❢í❝✐❡✳ ❊♠ ✉♥✐❞❛❞❡s ✐♥❞✉str✐❛✐s ❞❡ ❋❈❈✱ ♦ ❝❛t❛❧✐s❛❞♦r ❞❡✲
s❛t✐✈❛❞♦ é ❝♦♥t✐♥✉❛♠❡♥t❡ r❡❣❡♥❡r❛❞♦ ❡♠♣r❡❣❛♥❞♦ ✉♠ r❡❣❡♥❡r❛❞♦r ❝♦♥❡❝t❛❞♦ ❛♦ r❡❛t♦r r✐s❡r✳
❆❧é♠ ❞❛ r❡❣❡♥❡r❛çã♦ ❞♦ ❝❛t❛❧✐s❛❞♦r ✭❝♦♠❜✉stã♦ ❞❡ ❝♦q✉❡ ♣❡❧♦ ❝♦♥t❛t♦ ❝♦♠ ♦ ❛r✮✱ ♦ r❡❣❡♥❡r✲
❛❞♦r ❋❈❈ ❢♦r♥❡❝❡ t❛♠❜é♠ ❛ ❡♥❡r❣✐❛ ♥❡❝❡ssár✐❛ ♣❛r❛ ❛s r❡❛çõ❡s ❞❡ ❝r❛q✉❡❛♠❡♥t♦ ❡♥❞♦tér♠✐❝❛s
✭❘❆◆❆❉❊✱ ✷✵✵✷✮✳ ❆ ❋✐❣✉r❛ ✷✳✷ ♠♦str❛ ✉♠ ❞✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞♦ ❡q✉✐♣❛♠❡♥t♦✷✳

❖ ❛r r❡q✉❡r✐❞♦ ♣❛r❛ ❛ ❝♦♠❜✉stã♦ ❞❡ ❝♦q✉❡ é ❢♦r♥❡❝✐❞♦ ♣♦r ✉♠ s♦♣r❛❞♦r ❞❡ ❛r ✐♥❥❡t❛❞♦
♥♦ r❡❣❡♥❡r❛❞♦r ❛tr❛✈és ❞❡ ✉♠ ❞✐str✐❜✉✐❞♦r ❧♦❝❛❧✐③❛❞♦ ♥♦ ❢✉♥❞♦ ❞♦ ❡q✉✐♣❛♠❡♥t♦❀ ❡st❡ ❝♦♥✲
t❛t♦ ❞♦ ❛r ❝♦♠ ❛s ♣❛rtí❝✉❧❛s só❧✐❞❛s ❞❡ ❝❛t❛❧✐s❛❞♦r ❢♦r♠❛♠ ♦ ❧❡✐t♦ ✢✉✐❞✐③❛❞♦✱ ❡ss❡♥❝✐❛❧ ♥♦
❝r❛q✉❡❛♠❡♥t♦ ❝❛t❛❧ít✐❝♦✳

❖ ♣r♦❝❡ss♦ ❞❡ r❡❣❡♥❡r❛çã♦ ❞♦ ❝❛t❛❧✐s❛❞♦r ♦❝♦rr❡ ❜❛s✐❝❛♠❡♥t❡ ❛tr❛✈és ❞❛s s❡❣✉✐♥t❡s ❡t❛♣❛s✿

• ❈❛t❛❧✐s❛❞♦r ❣❛st♦ ♣r♦✈❡♥✐❡♥t❡ ❞♦ r❡❛t♦r r✐s❡r ❡ ❝♦♥t❡♥❞♦ ❝♦q✉❡ ♥❛ s✉❛ s✉♣❡r❢í❝✐❡✱ ❡s❝♦❛
♣❛r❛ ♦ ✐♥t❡r✐♦r ❞♦ ❧❡✐t♦ ✢✉✐❞✐③❛❞♦ ❞♦ r❡❣❡♥❡r❛❞♦r❀

• ❆r ♣❛r❛ ❛ q✉❡✐♠❛ ❞♦ ❝♦q✉❡ é ✐♥❥❡t❛❞♦ ♥♦ r❡❣❡♥❡r❛❞♦r ❛tr❛✈és ❞♦ ❞✐str✐❜✉✐❞♦r✱ ❡q✉✐♣❛✲
♠❡♥t♦ ❢♦r♠❛❞♦ ♣♦r ♣❡q✉❡♥♦s t✉❜♦s ❝♦♠ ❞❡③❡♥❛s ❞❡ ❢✉r♦s ♥❛ s✉❛ s✉♣❡r❢í❝✐❡✱ ♣❛r❛ ❛

✷◆❡st❡ tr❛❜❛❧❤♦ ❞❡ ♣❡sq✉✐s❛ ❢♦✐ ✉t✐❧✐③❛❞♦ ✉♠ r❡❣❡♥❡r❛❞♦r t✐♣♦ r✐s❡r✳ P♦r ❡st❛ r❛③ã♦✱ ❛ ❋✐❣✉r❛ ✷✳✷ é ✉s❛❞❛
✉♥✐❝❛♠❡♥t❡ ❝♦♠♦ ♠❡✐♦ ❞✐❞át✐❝♦ ❞❡ ❝♦♠♣r❡❡♥sã♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ r❡❣❡♥❡r❛çã♦✳



✷✳✸ ❘❊●❊◆❊❘❆❉❖❘❊❙ ❋❈❈ ✶✶

❋✐❣✉r❛ ✷✳✷✿ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞❡ ✉♠ r❡❣❡♥❡r❛❞♦r ❋❈❈✳ ❋♦♥t❡ ❛❞❛♣t❛❞❛✿ ❘❆◆❆❉❊
✭✷✵✵✷✮✳



✶✷ ❋❯◆❉❆▼❊◆❚❖ ❚❊Ó❘■❈❖ ❊ ❊❙❚❆❉❖ ❉❆ ❆❘❚❊ ✷✳✸

♣❛ss❛❣❡♠ ❞♦ ❛r✳ ❖ ❞✐str✐❜✉✐❞♦r✱ ❧♦❝❛❧✐③❛❞♦ ♥♦ ❢✉♥❞♦ ❞♦ r❡❣❡♥❡r❛❞♦r✱ ♣r♦♣✐❝✐❛ ✉♠❛ ❞✐s✲
tr✐❜✉✐çã♦ ❤♦♠♦❣ê♥❡❛ ❞❡ ❛r ♥♦ ✐♥t❡r✐♦r ❞♦ r❡❣❡♥❡r❛❞♦r ❡ ❛ ❢♦r♠❛çã♦ ❞♦ ❧❡✐t♦ ✢✉✐❞✐③❛❞♦❀

• ◆♦ ❧❡✐t♦ ✢✉✐❞✐③❛❞♦ ✭❢❛s❡ ❞❡♥s❛✮ ❛❝♦♥t❡❝❡ ❛ ❝♦♠❜✉stã♦ ❞♦ ❝♦q✉❡ ❡ ❛ r❡❛t✐✈❛çã♦ ❞♦ ❝❛t❛❧✲
✐s❛❞♦r❀

• ❯♠❛ ♣❛rt❡ ❞♦ ❝❛t❛❧✐s❛❞♦r é ❛rr❛st❛❞❛ ♣❡❧♦s ❣❛s❡s ❞❡ ❝♦♠❜✉stã♦ ♣❛r❛ ❛ r❡❣✐ã♦ s✉♣❡r✐♦r ❞♦
r❡❣❡♥❡r❛❞♦r ✭❢❛s❡ ❞✐❧✉í❞❛✮✳ ❊st❛s ♣❛rtí❝✉❧❛s ❞❡ ❝❛t❛❧✐s❛❞♦r sã♦ ❝♦❧❡t❛❞❛s ♣❡❧♦s ❝✐❝❧♦♥❡s
❡ r❡t♦r♥❛♠ ♣❛r❛ ♦ ❧❡✐t♦ ✢✉✐❞✐③❛❞♦❀

• ❈❛t❛❧✐s❛❞♦r r❡❛t✐✈❛❞♦ é ❡♥✈✐❛❞♦ ♣❛r❛ ❛ ❜❛s❡ ❞♦ r❡❛t♦r r✐s❡r ♣❛r❛ ♣❛rt✐❝✐♣❛r ♥♦✈❛♠❡♥t❡
❞♦ ♣r♦❝❡ss♦ ❞❡ ❝♦♥✈❡rsã♦❀

• ❖s ❣❛s❡s ❞❡ ❝♦♠❜✉stã♦ ❡s❝♦❛♠ ♣❛r❛ ❢♦r❛ ❞♦ r❡❣❡♥❡r❛❞♦r ♣❡❧❛ s✉❛ ♣❛rt❡ s✉♣❡r✐♦r ❡ sã♦
❡♥✈✐❛❞♦s ♣❛r❛ s✐st❡♠❛s ❞❡ r❡❝✉♣❡r❛çã♦ ❞❡ ❡♥❡r❣✐❛✳

❖ ❡st✉❞♦ ❞♦s r❡❣❡♥❡r❛❞♦r❡s ❋❈❈ ❝♦♠❡ç♦✉ ❝♦♠ ♦ tr❛❜❛❧❤♦ ❢❡✐t♦ ♣♦r ❊❘❘❆❩❯ ❡t ❛❧✳ ✭✶✾✼✾✮✱
♥♦ q✉❛❧ ♣r♦♣õ❡♠ ✉♠ ♠♦❞❡❧♦ ♠❛t❡♠át✐❝♦ ❞❛ ❢♦r♠❛çã♦ ❞❡ ♠❛❧❤❛s ❞❡ ❛r ✐♥❝❧✉✐♥❞♦ ❡❢❡✐t♦s
tér♠✐❝♦s✱ ❢❛③❡♥❞♦ ❛ s❡♠❡❧❤❛♥ç❛ ❝♦♠ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ✉♠ r❡❛t♦r ❈❙❚❘ ❡ ✉t✐❧✐③❛♥❞♦
❝♦♠♦ ❢♦♥t❡ ❞❡ ❝♦♠♣❛r❛çã♦✱ ♦s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❡ ✉♠❛ ♣❧❛♥t❛ ❞❡ ❡s❝❛❧❛ ✐♥❞✉str✐❛❧ ❞❡
❝r❛q✉❡❛♠❡♥t♦ ❝❛t❛❧ít✐❝♦ ♥❛ ❆r❣❡♥t✐♥❛✳ ❊st❛ ♣❧❛♥t❛ ✐♥❞✉str✐❛❧ é ❜❛s❡❛❞❛ ❡♠ ❙í❧✐❝❛✕❆❧✉♠✐♥❛
❝♦♠♦ ❝❛t❛❧✐s❛❞♦r✳

❊❧❡s ❡♥❝♦♥tr❛r❛♠ q✉❡ ♥♦ ❧❡✐t♦ ✢✉✐❞✐③❛❞♦ ❢♦r♠❛♠✲s❡ ❞✉❛s r❡❣✐õ❡s ❞❡ ♦♣❡r❛çã♦ ❝❛r❛❝t❡rís✲
t✐❝❛s✿ ❆ r❡❣✐ã♦ ❆✱ ♦♥❞❡ ♦ ♣r♦❝❡ss♦ ❞❡♣❡♥❞❡ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❞❛ ❝♦♥❝❡♥tr❛çã♦ ✐♥✐❝✐❛❧ ❞❡ ❝♦q✉❡
❡ ❛ r❡❣✐ã♦ ❇ ♦♥❞❡ ♦ ♣r♦❝❡ss♦ é ✐♥✢✉❡♥❝✐❛❞♦ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♣❡❧♦ ❛❜❛st❡❝✐♠❡♥t♦ ❞❡ ♦①✐❣ê♥✐♦✳

P♦st❡r✐♦r♠❡♥t❡✱ ♦s ❝❛t❛❧✐s❛❞♦r❡s ❞❡ ❙í❧✐❝❛ ✕ ❆❧✉♠✐♥❛ ❢♦r❛♠ s✉❜st✐t✉í❞♦s ♣♦r ❝❛t❛❧✐s❛❞♦r❡s
❞❡ ③❡ó❧✐t❛s ❛❜r❛♥❣❡♥❞♦ ♠❛✐♦r❡s t❡♠♣❡r❛t✉r❛s ❞❡ ♦♣❡r❛çã♦ ❡ ❛✉♠❡♥t❛♥❞♦ ❛ ❢❛✐①❛ ❞❡ 620 −
630◦C ♣❛r❛ ✉♠❛ ❢❛✐①❛ ❞❡ 680− 700◦C ✭▲❆❙❆ ❡t ❛❧✳✱ ✶✾✽✶✮✳

❊st❛ ♣r✐♠❡✐r❛ ♠♦❞❡❧❛❣❡♠ ❞❡✐①♦✉ ❝❧❛r♦ q✉❡ ❛ r❡❣❡♥❡r❛çã♦ ❞❡ ❝♦q✉❡ ❡♠ s✐st❡♠❛s ❞❡ ❝r❛q✉❡✲
❛♠❡♥t♦ ❝❛t❛❧ít✐❝♦ é ✉♠ ♣r♦❝❡ss♦ ❝♦♠♣❧❡①♦ ❡ q✉❡ ✉♠ só ♠♦❞❡❧♦ ❣❡r❛❧ ♥ã♦ ♣♦❞❡r✐❛ ❞❡s❝r❡✈❡r
❡①❛t❛♠❡♥t❡ ♦ s❡✉ ❝♦♠♣♦rt❛♠❡♥t♦✳ ❖ ♣r♦❝❡ss♦ r❡❛❧ ♥ã♦ ❛♣r❡s❡♥t❛ ❢♦r♠❛çã♦ ❞❡ ♠❛❧❤❛s ❞❡ ❛r✱
❛s q✉❛✐s ✐♥✐❜❡♠ ❛ ❝♦♠❜✉stã♦ ❞♦ ❝♦q✉❡✳

P❛r❛ ❝♦rr✐❣✐r ❡st❡ ❡rr♦ ❢♦✐ ♣r♦♣♦st♦ ✉♠ ♠♦❞❡❧♦ ❞❡ ❞✉❛s r❡❣✐õ❡s❀ ♠❛s✱ ❞❡✈✐❞♦ às s✉❛s s✉✲
♣♦s✐çõ❡s ✭❜♦r❜✉❧❤❛s ❞❡ ✐❣✉❛❧ t❛♠❛♥❤♦ ❡ s❡♠ ♣r❡s❡♥ç❛ ❞❡ ❝❛t❛❧✐s❛❞♦r ❡♠ ✉♠❛ ❞❛s r❡❣✐õ❡s✮✱
❡st❡ ♠♦❞❡❧♦ é ❜❛st❛♥t❡ ❧✐♠✐t❛❞♦✱ ❡✱ ❡♠ ❝♦♥s❡q✉ê♥❝✐❛✱ ❢♦✐ ♣r♦♣♦st♦ ✉♠ ♠♦❞❡❧♦ ❞❡ ❜♦r❜✉❧✲
❤❛♠❡♥t♦ q✉❡ ❧❡✈❛ ❡♠ ❝♦♥t❛ ♦s ❡❢❡✐t♦s q✉❡ ❢♦r❛♠ ❞❡s❝♦♥s✐❞❡r❛❞♦s ♥♦ ♠♦❞❡❧♦ ❞❡ ❞✉❛s r❡❣✐õ❡s✳
❆ ❝✐♥ét✐❝❛ ❞❡ ❝♦♠❜✉stã♦ ❞❡ ❝♦q✉❡ é ❞❡ s❡❣✉♥❞❛ ♦r❞❡♠✱ ♠♦str❛♥❞♦ ♦ ♠❡♥♦r ❡rr♦ r❡s♣❡✐t♦ ❛♦s
❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❡ ✉♠❛ ♣❧❛♥t❛ ✐♥❞✉str✐❛❧ ✭▲❊❊ ❡t ❛❧✳✱ ✶✾✽✾✮✳

❈♦♠ ❡st❡ ♠♦❞❡❧♦✱ ▲❊❊ ❡t ❛❧✳ ✭✶✾✽✾✮ ❡♥❝♦♥tr❛r❛♠ ❛ s❡❣✉✐♥t❡ ✐♥✢✉ê♥❝✐❛ ❞❛s ✈❛r✐á✈❡✐s ❡♠
❝♦♥s✐❞❡r❛çã♦ s♦❜r❡ ♦ ♣r♦❝❡ss♦ ❞❡ r❡❣❡♥❡r❛çã♦✿

• ❯♠ ❛✉♠❡♥t♦ ♥❛ t❛①❛ ❞❡ ❝✐r❝✉❧❛çã♦ ❞❡ ❝❛t❛❧✐s❛❞♦r ❞✐♠✐♥✉✐rá ❛ t❡♠♣❡r❛t✉r❛ ❞❡ s❛í❞❛
❞♦ ❝❛t❛❧✐s❛❞♦r ❡ ❛ ❡①t❡♥sã♦ ❞❛ ❝♦♥✈❡rsã♦ ❞♦ ❝♦q✉❡✱ s❡ ♦ ❝♦♥t❡ú❞♦ ♦r✐❣✐♥❛❧ ❞❡ ❝♦q✉❡



✷✳✸ ❘❊●❊◆❊❘❆❉❖❘❊❙ ❋❈❈ ✶✸

♥♦ ❝❛t❛❧✐s❛❞♦r ♥ã♦ ♠✉❞❛✳ ■st♦ ❞❡✈✐❞♦ ❛♦ ❝✉rt♦ t❡♠♣♦ ❞❡ r❡s✐❞ê♥❝✐❛ ❞♦ ❝❛t❛❧✐s❛❞♦r ♥♦
r❡❣❡♥❡r❛❞♦r✳

• ❯♠ ❛✉♠❡♥t♦ ♥❛ t❡♠♣❡r❛t✉r❛ ❞♦ ❝❛t❛❧✐s❛❞♦r ❣❛st♦ à ❡♥tr❛❞❛ ❞♦ r❡❣❡♥❡r❛❞♦r ❛✉♠❡♥t❛rá
❛ ❡①t❡♥sã♦ ❞❛ ❝♦♥✈❡rsã♦ ❞♦ ❝♦q✉❡ ❡ ❛ t❡♠♣❡r❛t✉r❛ ❞♦ ❝❛t❛❧✐s❛❞♦r r❡❣❡♥❡r❛❞♦ ♥❛ s❛í❞❛✳

• ❯♠ ❛✉♠❡♥t♦ ♥❛ ❞❡♣♦s✐çã♦ ❞❡ ❝♦q✉❡ s♦❜r❡ ♦ ❝❛t❛❧✐s❛❞♦r ❝❛✉s❛rá ✉♠ ❛✉♠❡♥t♦ ✐♥✐❝✐❛❧ ♥❛
t❡♠♣❡r❛t✉r❛ ❞♦ ❝❛t❛❧✐s❛❞♦r r❡❣❡♥❡r❛❞♦ s❡♠ ♥❡♥❤✉♠❛ ✈❛r✐❛çã♦ ❛❞✐❝✐♦♥❛❧✳

• ❯♠ ❛✉♠❡♥t♦ ♥❛ t❛①❛ ❞❡ ❡s❝♦❛♠❡♥t♦ ❞❡ ❛r ❛✉♠❡♥t❛r❛ ❛ ❝♦♥✈❡rsã♦ ❞❡ ❝♦q✉❡✱ ♠❛s ✉♠
❛❜❛st❡❝✐♠❡♥t♦ ❡①❝❡ss✐✈♦ ❞✐♠✐♥✉✐rá ❛ t❡♠♣❡r❛t✉r❛ ❞❡ s❛í❞❛ ❞♦ ❝❛t❛❧✐s❛❞♦r✳

❊♠ ✶✾✾✵ ❝♦♠❡ç♦✉✲s❡ ❡st✉❞❛r ❛ ✐♥✢✉ê♥❝✐❛ ❞♦s ♣❛❞rõ❡s ❞❡ ❡s❝♦❛♠❡♥t♦ ❞❡ ❝❛t❛❧✐s❛❞♦r ❡
♦ ✐♠♣❛❝t♦ ❞❛ ♠✐st✉r❛ r❛❞✐❛❧ s♦❜r❡ ❛ ❡✜❝✐ê♥❝✐❛ ❞♦ r❡❣❡♥❡r❛❞♦r✱ ❛♣r♦①✐♠❛♥❞♦ ♦ ❡s❝♦❛♠❡♥t♦
❜✐❢ás✐❝♦ ✭❛r ✕ ❝❛t❛❧✐s❛❞♦r✮✱ ❛ ✉♠ ♠♦❞❡❧♦ ❞❡ ❡s❝♦❛♠❡♥t♦ ♣s❡✉❞♦✲❤♦♠♦❣ê♥❡♦✱ ❡♠ q✉❡ ❛ ✈✐s❝♦s✐✲
❞❛❞❡ ❡❢❡t✐✈❛ é ♦ r❡s✉❧t❛❞♦ ❞❛ ❛❣✐t❛çã♦ ❣❡r❛❞❛ ♣❡❧♦ ❡s❝♦❛♠❡♥t♦ ❞❡ ❛r✱ ❝❤❡❣❛♥❞♦ ❛ r❡s✉❧t❛❞♦s
s❛t✐s❢❛tór✐♦s✱ ♠❛s só ♥♦ ❡st❛❞♦ ❡stá✈❡❧ ❞♦ ♣r♦❝❡ss♦ ✭❙❆P❘❊ ❡t ❛❧✳✱ ✶✾✾✵✮✳

◆♦ ✐♥t✉✐t♦ ❞❡ ❛❧❝❛♥ç❛r q✉❡ ✉♠❛ ♠♦❞❡❧❛❣❡♠ ♠❛t❡♠át✐❝❛ ❞❡s❝r❡✈❛ ♦ ♣r♦❝❡ss♦ r❡❛❧ ❞❡ r❡❣❡♥✲
❡r❛çã♦❀ ❢♦r❛♠ r❡❛❧✐③❛❞❛s s✐♠✉❧❛çõ❡s ❝♦♠♣✉t❛❝✐♦♥❛✐s ✭❈❋❉✮✱ ❝♦♠ ❛❥✉❞❛ ❞❡ ♠ét♦❞♦s ♥✉♠ér✐❝♦s
❝♦♠♦ ❘✉♥❣❡ ❑✉tt❛ ❞❡ ✹ ♦r❞❡♠✱ ❞✐❢❡r❡♥ç❛s ✜♥✐t❛s ❡ ✈♦❧✉♠❡s ✜♥✐t♦s ✭❇❆■ ❡t ❛❧✳✱ ✶✾✾✼✱ ✶✾✾✽❀
P❊◆❚❊❆❉❖✱ ✷✵✵✸✮✳

❈♦♠ ♦ ❛✈❛♥ç♦ ❞❛ t❡❝♥♦❧♦❣✐❛ ❡ ♦ ❛✉♠❡♥t♦ ❞❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ♣r♦❝❡ss❛♠❡♥t♦ ❝♦♠♣✉t❛❝✐♦♥❛❧✱
❛ ❝♦♠❜✉stã♦ ❞❡ ❝♦q✉❡ ♣❛ss♦✉ ❛ s❡r s✐♠✉❧❛❞❛ ❝♦♠ ❛ té❝♥✐❝❛ ❞❡ ❋❧✉✐❞♦❞✐♥â♠✐❝❛ ❈♦♠♣✉t❛❝✐♦♥❛❧
✭❈❋❉✮✸✳ ❚r❛❜❛❧❤♦s ♣❛r❛ s❛❧✐❡♥t❛r sã♦ ♦s ❢❡✐t♦s ♣♦r ▼❖❘❊■❘❆ ✭✷✵✵✷✮ ❡ ❋❆▲❚❩■ ❡t ❛❧✳ ✭✷✵✵✼✮✱
♦s q✉❛✐s tr❛③❡♠ ❛✈❛♥ç♦s ♥♦ ✉s♦ ❞❡ s♦❢t✇❛r❡s ❝♦♠❡r❝✐❛✐s ❞❡ ❈❋❉ ♣❛r❛ ❛ ♠♦❞❡❧❛❣❡♠ ❞❡ r❡❣❡♥✲
❡r❛❞♦r❡s ❞❡ ❝r❛q✉❡❛♠❡♥t♦ ❝❛t❛❧ít✐❝♦✱ ✉s❛♥❞♦ ♠❛❧❤❛s ❝♦♠♣✉t❛❝✐♦♥❛✐s ❞❡ ❞✉❛s ❞✐♠❡♥sõ❡s✳

❖ ♣r✐♠❡✐r♦ ❛✉t♦r ❢❡③ ❛ ❛♣r♦①✐♠❛çã♦ ❊✉❧❡r✐❛♥❛ ✕ ❊✉❧❡r✐❛♥❛ ♣❛r❛ s✐♠✉❧❛r ✉♠❛ r❡❛çã♦ ❞❡
❝♦♠❜✉stã♦ ❤♦♠♦❣ê♥❡❛✳ ❊♥q✉❛♥t♦ q✉❡✱ ♦s s❡❣✉♥❞♦s r❡❛❧✐③❛r❛♠ ❛ s✐♠✉❧❛çã♦ ❞❛ r❡❛çã♦ ❤❡t✲
❡r♦❣ê♥❡❛ ✭❣ás ✕ só❧✐❞♦✮ ❛❧é♠ ❞❛ r❡❛çã♦ ❤♦♠♦❣ê♥❡❛ ♣❛r❛ ♣r❡❞✐③❡r ❡ ❛♥❛❧✐s❛r ❛s ❡♠✐ssõ❡s ❞❡
NOx ❡♠ ✉♠❛ ✉♥✐❞❛❞❡ ❞❡ ❋❈❈✳

❙❈❍❲❆❘❩ ❡ ▲❊❊ ✭✷✵✵✼✮ ❞❡s❡♥✈♦❧✈❡r❛♠ ❛ s✐♠✉❧❛çã♦ ❞❛ ❝♦♠❜✉stã♦ ❞❡ ❝♦q✉❡ ❡ ❛ tr❛♥s✲
❢❡rê♥❝✐❛ ❞❡ ❝❛❧♦r ❡♠ ✉♠ r❡❣❡♥❡r❛❞♦r ❋❈❈✱ ♣❡❧❛ ✐♥❝❧✉sã♦ ❞❡ s❡✐s ✈❛r✐á✈❡✐s ❡s❝❛❧❛r❡s ❛❧é♠ ❞❛
♣r❡ssã♦✱ ✈❡❧♦❝✐❞❛❞❡ ❞♦s só❧✐❞♦s✱ ✈❡❧♦❝✐❞❛❞❡ ❞♦ ❣ás ❡ ❛ ❢r❛çã♦ ❞❡ ✈♦❧✉♠❡✳ ❊st❛s ✈❛r✐á✈❡✐s sã♦✿
t❡♠♣❡r❛t✉r❛ ❞♦s só❧✐❞♦s✱ t❡♠♣❡r❛t✉r❛ ❞♦ ❣ás✱ ❢r❛çã♦ ♠áss✐❝❛ ❞❡ ❝♦q✉❡ ♥♦ ❝❛t❛❧✐s❛❞♦r ❡ ❛s
❢r❛çõ❡s ♠áss✐❝❛s ❞❡ O2✱ CO ❡ CO2 ♥❛ ❢❛s❡ ❣❛s♦s❛✳ ❊❧❡s ✉t✐❧✐③❛r❛♠ ✉♠❛ ♠❛❧❤❛ tr✐❞✐♠❡♥s✐♦♥❛❧
r❡♣r♦❞✉③✐❞❛ ❞♦ ❡q✉✐♣❛♠❡♥t♦ r❡❛❧ ❞❡ ✉♠❛ r❡✜♥❛r✐❛ ♥❛ ❆✉strá❧✐❛✳

❘❡❝❡♥t❡♠❡♥t❡✱ ❈❆❖ ❡t ❛❧✳ ✭✷✵✵✽✮ ❡st❛❜❡❧❡❝❡r❛♠ ✉♠♠♦❞❡❧♦ r❡❛t✐✈♦ ❜✐❢ás✐❝♦ ❞❡ ❛❝♦r❞♦ ❝♦♠
❛s ❝❛r❛❝t❡ríst✐❝❛s ❞❛ r❡❛çã♦ ❞❡ ❝♦♠❜✉stã♦ ❞❡ ❝♦q✉❡ ❡ ❛ ❢♦r♠❛çã♦ ❞❡ ❝❧✉st❡rs ♥❛s ♣❛rtí❝✉❧❛s
❞❡ ❝❛t❛❧✐s❛❞♦r ♥♦ ♣r♦❝❡ss♦ ❞❡ ❋❈❈✳ ❊❧❡s r❡❛❧✐③❛r❛♠ s✐♠✉❧❛çõ❡s ♥✉♠ér✐❝❛s ♣❛r❛ ❛♥❛❧✐s❛r ♦
❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ❡s❝♦❛♠❡♥t♦ ❣ás ✕ só❧✐❞♦✱ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ❝❛❧♦r ❡ ❝♦♠❜✉stã♦ ❞❡ ❝♦q✉❡ ❡♠
✉♠ r❡❣❡♥❡r❛❞♦r ❝♦♠❡r❝✐❛❧✱ ♦❜t❡♥❞♦ ❞✐str✐❜✉✐çõ❡s ❞❡ ✈❡❧♦❝✐❞❛❞❡✱ t❡♠♣❡r❛t✉r❛ ❡ ❝♦♥❝❡♥tr❛çã♦

✸❊st❛ té❝♥✐❝❛ s❡rá ❞❡t❛❧❤❛❞❛ ♥❛ ❙❡çã♦ ✷✳✼✳✶✳





✷✳✹ ❉❊❙❆❚■❱❆➬➹❖ ❉❊ ❈❆❚❆▲■❙❆❉❖❘❊❙ ❋❈❈ ✶✺

♣r❡s❡♥t❡s ♥❛ ♠❛tér✐❛✲♣r✐♠❛ ♦✉ ♣❡❧❛ ♣❡r❞❛ ❞❡ ❛❧✉♠✐♥❛t♦ ♥♦ ❝❛t❛❧✐s❛❞♦r ❞❡ ③❡ó❧✐t❛✳

❉✉r❛♥t❡ ♦ ♣r♦❝❡ss♦ ❞❡ ❋❈❈✱ ✉♠❛ ♣♦rçã♦ s✐❣♥✐✜❝❛t✐✈❛ ❞❡ ♠❛tér✐❛✲♣r✐♠❛ é tr❛♥s❢♦r♠❛❞❛
❡♠ ❝♦q✉❡✳ ❊st❡ ❝♦q✉❡ ❞❡s❛t✐✈❛ t❡♠♣♦r❛r✐❛♠❡♥t❡ ♦s sít✐♦s ❛t✐✈♦s ❞♦ ❝❛t❛❧✐s❛❞♦r ♣♦r ❡♥✈❡✲
♥❡♥❛♠❡♥t♦✱ ♦❜str✉çã♦ ❞❡ ♣♦r♦s ♦✉ ❛♠❜♦s❀ ❞❛♥❞♦ ❝♦♠♦ r❡s✉❧t❛❞♦ ✉♠❛ ♣❡r❞❛ ❞❡ ❛t✐✈✐❞❛❞❡
❝♦♥s✐❞❡rá✈❡❧✳ ❆ ❞❡s❛t✐✈❛çã♦ ❞❡ ❝❛t❛❧✐s❛❞♦r❡s é ✐♥❡✈✐tá✈❡❧✱ ♠❛s ❛❧❣✉♠❛s ❞❛s s✉❛s ❝♦♥s❡q✉ê♥✲
❝✐❛s ♣♦❞❡♠ s❡r ✐♠♣❡❞✐❞❛s ♦✉ r❡t❛r❞❛s ✭❋❖❘❩❆❚❚■ ❡ ▲■❊❚❚■✱ ✶✾✾✾✮✳ P❛r❛ r❡❝✉♣❡r❛r s✉❛
❛t✐✈✐❞❛❞❡✱ ♦s ❝❛t❛❧✐s❛❞♦r❡s ❋❈❈ sã♦ ❝♦♥t✐♥✉❛♠❡♥t❡ r❡❝✐r❝✉❧❛❞♦s ❡♥tr❡ ♦ r❡❛t♦r r✐s❡r ❡ ♦ r❡✲
❣❡♥❡r❛❞♦r✳ ◆♦ r❡❣❡♥❡r❛❞♦r✱ ♦ ❝♦q✉❡ é ❝♦♥✈❡rt✐❞♦ ❡♠ CO✱ CO2✱ H2O✱ NOx ❡ SOx✳

✷✳✹✳✶ ▼♦❞♦s ❞❡ ❞❡s❛t✐✈❛çã♦

❆ ❞❡s❛t✐✈❛çã♦ ❞❡ ❝❛t❛❧✐s❛❞♦r❡s ♣❛r❛ ❈r❛q✉❡❛♠❡♥t♦ ❈❛t❛❧ít✐❝♦ ❋❧✉✐❞✐③❛❞♦✱ ♣♦❞❡ t❡r ❞♦✐s
t✐♣♦s ❞❡ ❝❛✉s❛s✿ ❢ís✐❝❛s ❡ q✉í♠✐❝❛s✳ ❆ ♣r✐♠❡✐r❛ ❝♦♥té♠ ❢❡♥ô♠❡♥♦s ❝♦♠♦ s✐♥t❡r✐③❛çã♦ ✭♣❡r❞❛ ❞❡
s✉♣❡r❢í❝✐❡ ❛t✐✈❛ ❛tr❛✈és ❞❛ ♠♦❞✐✜❝❛çã♦ ❡str✉t✉r❛❧ ❞♦ ❝❛t❛❧✐s❛❞♦r✮✱ ♦❝❧✉sã♦ ✭♦❜str✉çã♦✮✱ ♣❡r❞❛
❞❡ s✉♣❡r❢í❝✐❡ ❛t✐✈❛✱ ❡♥tr❡ ♦✉tr♦s✳

◆♦ ❡♥t❛♥t♦✱ ♦s ❝❛t❛❧✐s❛❞♦r❡s ❞❡ ③❡ó❧✐t❛ ✉t✐❧✐③❛❞♦s ✐♥❞✉str✐❛❧♠❡♥t❡ sã♦ s✉✜❝✐❡♥t❡♠❡♥t❡
❡stá✈❡✐s ♣❛r❛ ❡✈✐t❛r ❛q✉❡❧❡s ❢❡♥ô♠❡♥♦s✱ ♥❛s ❝♦♥❞✐çõ❡s ❞❡ ♦♣❡r❛çã♦ ♣❛r❛ ❛s q✉❛✐s ❢♦r❛♠
❞❡s❡♥❤❛❞♦s✳ ❉❡ ♠❛♥❡✐r❛ s✐♠✐❧❛r ❛❝♦♥t❡❝❡ ❝♦♠ ♦s ❝❛t❛❧✐s❛❞♦r❡s ♣❛r❛ ❝r❛q✉❡❛♠❡♥t♦✿ ❛ s✉❛
❡st❛❜✐❧✐❞❛❞❡ ❢ís✐❝❛ ♣❡r♠✐t❡ ✉♠ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❝♦♥tí♥✉♦ ❞✉r❛♥t❡ ✈ár✐♦s ♠❡s❡s✳ ❉❡ ❢❛t♦✱ ❛s
❝❛✉s❛s q✉í♠✐❝❛s sã♦ ♦ ♣r✐♥❝✐♣❛❧ ♣r♦❜❧❡♠❛ ❡ ♣♦❞❡♠ s❡r s✉❜❞✐✈✐❞✐❞❛s ❡♠ três ❝❛t❡❣♦r✐❛s
✭❈❊❘◗❯❊■❘❆ ❡t ❛❧✳✱ ✷✵✵✽✮✿

• ❉❡❣r❛❞❛çã♦ q✉í♠✐❝❛✳ ➱ ❛ r❡❛çã♦ ❞❡ ✉♠ ❝♦♠♣♦♥❡♥t❡ ❝♦♠ ❛ ❢❛s❡ ❝❛t❛❧ít✐❝❛✱ ❝❛✉s❛♥❞♦ ❛
❞❡str✉✐çã♦ ♦✉ ♣❡r❞❛ ❞❡ r❡❛t✐✈✐❞❛❞❡ ❞♦ ❝❛t❛❧✐s❛❞♦r✳ ❖s ❛❣❡♥t❡s ♣r✐♥❝✐♣❛✐s sã♦ ♦s ♠❡t❛✐s
❛❧❝❛❧✐♥♦s q✉❡ ♥❡✉tr❛❧✐③❛♠ ♦s sít✐♦s á❝✐❞♦s ❡ ♦ ✈❛♣♦r q✉❡ ❝❛✉s❛ ❛ ♣❡r❞❛ ❞❡ ❛❧✉♠✐♥❛t♦ ❞❛s
③❡ó❧✐t❛s✳

• ❊♥✈❡♥❡♥❛♠❡♥t♦✳ ❊①♣r❡ss❛ ❛ ❛❞s♦rçã♦ ✐rr❡✈❡rsí✈❡❧ ❞❡ ✐♠♣✉r❡③❛s s♦❜r❡ ♦s sít✐♦s ❛t✐✈♦s
❞♦ ❝❛t❛❧✐s❛❞♦r✳ ■st♦ ❧❡✈❛ à r❡❞✉çã♦ ♣❡r♠❛♥❡♥t❡ ❞❛ ❛t✐✈✐❞❛❞❡✳ ◆♦ ♣r♦❝❡ss♦ ❞❡ ❋❈❈✱ ♦s
♣r✐♥❝✐♣❛✐s ✈❡♥❡♥♦s sã♦ ♦ ♥✐tr♦❣ê♥✐♦ ❜ás✐❝♦ ❡ ♦ ❝♦q✉❡✳

• ■♥❝r✉st❛çõ❡s✳ ❙♦❜ ❡st❛ ❞❡♥♦♠✐♥❛çã♦ ❡♥❝♦♥tr❛r❛♠✲s❡ t♦❞♦s ♦s ❢❡♥ô♠❡♥♦s ❞❡ ❞❡♣♦s✐çã♦ ❞❡
❝♦q✉❡ ❡ ❞❡ ♠❛t❡r✐❛✐s ✐♥♦r❣â♥✐❝♦s✱ ❝♦♠♦ ♠❡t❛✐s✳ ❊st❡s ❝♦♠♣♦st♦s ❜❧♦q✉❡✐❛♠ ❛ ❡str✉t✉r❛
♣♦r♦s❛ ❡ ♦ ❛❝❡ss♦ ❛♦s sít✐♦s ❛t✐✈♦s✳ ❊♠ ♣r♦❝❡ss♦s ❞❡ ❋❈❈✱ ❡st❡ t✐♣♦ ❞❡ ❞❡s❛t✐✈❛çã♦
♦❝♦rr❡ ❡①❝❧✉s✐✈❛♠❡♥t❡ ❞❡✈✐❞♦ ❛ ❞❡♣♦s✐çã♦ ❞❡ ❝♦q✉❡✳

❊♠ ♣r♦❝❡ss♦s ❞❡ ❝r❛q✉❡❛♠❡♥t♦ ❝❛t❛❧ít✐❝♦ ❋❧✉✐❞✐③❛❞♦✱ ❛ r❡❣❡♥❡r❛çã♦ ❞♦ ❝❛t❛❧✐s❛❞♦r é
❛t✐♥❣✐❞❛ ♣❡❧❛ ❝♦♠❜✉stã♦ ❝♦♠ ❛r✳ P♦r t❛♥t♦✱ t♦❞♦s ♦s ❢❡♥ô♠❡♥♦s ❞❡ ❞❡s❛t✐✈❛çã♦ ♣♦❞❡♠ s❡r
❛❣r✉♣❛❞♦s ❡♠ ❞✉❛s ❝❛t❡❣♦r✐❛s✿ ❛q✉❡❧❡s q✉❡ ♣♦❞❡♠ s❡r r❡♠♦✈✐❞♦s ♣♦r ❝♦♠❜✉stã♦ ✭r❡✈❡rsí✈❡✐s✮
❡ ♦s ❝❛t❛❧✐s❛❞♦r❡s q✉❡ ❞❡✈❡♠ s❡r s✉❜st✐t✉í❞♦s ❛♣ós ❝❡rt♦ ♥ú♠❡r♦ ❞❡ ❝✐❝❧♦s ✭✐rr❡✈❡rsí✈❡✐s✮✳



✶✻ ❋❯◆❉❆▼❊◆❚❖ ❚❊Ó❘■❈❖ ❊ ❊❙❚❆❉❖ ❉❆ ❆❘❚❊ ✷✳✹

✷✳✹✳✷ ❉❡s❛t✐✈❛çã♦ r❡✈❡rsí✈❡❧ ✕ ❝♦q✉❡

❆ ❞❡s❛t✐✈❛çã♦ ❞❡ ❝❛t❛❧✐s❛❞♦r❡s ❋❈❈ ❞❡✈✐❞♦ ❛♦ ❝♦q✉❡ é ❝❛✉s❛❞❛ ♣♦r ❡♥✈❡♥❡♥❛♠❡♥t♦ ❞❡
sít✐♦s á❝✐❞♦s ♦✉ ♣♦r ♦❜str✉çã♦ ❞❡ ♣♦r♦✳ ◆♦ ♣r✐♠❡✐r♦ ❝❛s♦✱ ✉♠❛ ♠♦❧é❝✉❧❛ ❞❡ ❝♦q✉❡ ❜❧♦q✉❡✐❛
✉♠ sít✐♦ ❛t✐✈♦ ❛❢❡t❛♥❞♦ ❛ s❡❧❡t✐✈✐❞❛❞❡ ❞❛ r❡❛çã♦✳ ❖ ❡❢❡✐t♦ ❞❡ ❞❡s❛t✐✈❛çã♦ é ♠❛✐s ♣r♦♥✉♥❝✐❛❞♦
♥♦ ❝❛s♦ ❞❡ ♦❜str✉çã♦ ❞❡ ♣♦r♦✱ ♦♥❞❡ ✉♠❛ ♠♦❧é❝✉❧❛ ❞❡ ❝♦q✉❡ ❜❧♦q✉❡✐❛ ♦ ❛❝❡ss♦ ❞♦s r❡❛❣❡♥t❡s
♣❛r❛ ♠❛✐s ❞❡ ✉♠ sít✐♦ ❛t✐✈♦✳

❆♥t❡s ❞❛ ♦❜str✉çã♦ ❞♦s ♣♦r♦s✱ ❛s ♠♦❧é❝✉❧❛s ♣♦❞❡♠ s❡ ❞✐str✐❜✉✐r ❞❡ ♠❛♥❡✐r❛ ❤♦♠♦❣ê♥❡❛ ❛♦
❧♦♥❣♦ ❞♦s ❝r✐st❛✐s ❞❡ ③❡ó❧✐t❛✱ s❡♥❞♦ ♠❛✐s ❝♦♥❝❡♥tr❛❞♦ ♥❛ s✉♣❡r❢í❝✐❡ ❡①t❡r♥❛ ✭❜♦❝❛ ❞♦s ♣♦r♦s✮✳
❙❡ ❡st❡ ❢♦r ♦ ❝❛s♦✱ ♦ ❞✐â♠❡tr♦ ❡❢❡t✐✈♦ ❞♦s ♣♦r♦s é r❡❞✉③✐❞♦ ❡ ❛ r❡s✐stê♥❝✐❛ à ❞✐❢✉sã♦ ❞♦s
r❡❛❣❡♥t❡s ❛✉♠❡♥t❛✳ q✉❛♥❞♦ s❡ t❡♠ ❝♦♥t❡ú❞♦ ❞❡ ❝♦q✉❡ ❛❧t♦✱ ❛s ♠♦❧é❝✉❧❛s ♣❡s❛❞❛s ❞❡ ❝♦q✉❡
♣♦❞❡♠ s❡ ❛❝✉♠✉❧❛r ♥❛ s❛í❞❛ ❡ ❜❧♦q✉❡❛r ❛s ♠♦❧é❝✉❧❛s ❞❡ r❡❛❣❡♥t❡s ♥❛s ❡♥tr❛❞❛s ❞♦ ♣♦r♦✳

✷✳✹✳✸ ❈❛r❛❝t❡r✐③❛çã♦ ❞♦ ❝♦q✉❡

❖ ❝♦q✉❡ ♣♦❞❡ s❡r ❞❡✜♥✐❞♦ ❝♦♠♦ t♦❞♦s ♦s ❝♦♠♣♦st♦s ❝♦♠ ✉♠❛ r❛③ã♦ ❞❡ ❤✐❞r♦❣ê♥✐♦ ♣❛r❛
❝❛r❜♦♥♦ H/C = 0, 3−1, 0✱ ❡st❛ ❢❛✐①❛ ✐♥❞✐❝❛ q✉❡ ❛ ♠❛✐♦r✐❛ ❞♦ ❝♦q✉❡ ❡st❛ ❝♦♠♣♦st♦ ❞❡ ❡s♣é❝✐❡s
♣♦❧✐❛r♦♠át✐❝❛s ✭❇❆❨❘❆❑❚❆❘ ❡ ❑❯●▲❊❘✱ ✷✵✵✸✮✳ ❊♠ ♣r♦❝❡ss♦s ❞❡ r❡✜♥♦✱ ♦ ❝♦q✉❡ ♣♦❞❡ s❡r
❞❡✜♥✐❞♦ t❛♠❜é♠ ❝♦♠♦ ♦ ❝♦♥❥✉♥t♦ ❞❡ s✉❜♣r♦❞✉t♦s r❡t✐❞♦s ❞❡♥tr♦ ❞❛s ♣❛rtí❝✉❧❛s ❞❡ ❝❛t❛❧✐s❛❞♦r
❛♣ós ❛ r❡❛çã♦✳ ❆ r❡t❡♥çã♦ ❞❛q✉❡❧❛s ♠♦❧é❝✉❧❛s é ❞❡✈✐❞♦ à s✉❛ ❜❛✐①❛ ✈♦❧❛t✐❧✐❞❛❞❡ ❡ ❛❞s♦rçã♦
❡♠ sít✐♦s á❝✐❞♦s✳

❆s ♣r♦♣r✐❡❞❛❞❡s ❞♦ ❝♦q✉❡✱ t❛✐s ❝♦♠♦ t❡♦r✱ ♥❛t✉r❡③❛ ❡ ❧♦❝❛❧✐③❛çã♦ ❞✉r❛♥t❡ ♦ ♣r♦❝❡ss♦ ❞❡
❋❈❈✱ é ❛❢❡t❛❞♦ ♣❡❧❛ ❝♦♠♣♦s✐çã♦ ❞❛ ❛❧✐♠❡♥t❛çã♦✱ t✐♣♦ ❞❡ ❝❛t❛❧✐s❛❞♦r ❡ ❝♦♥❞✐çõ❡s ❞❡ r❡❛çã♦✳ ❊s✲
t❛s ♣r♦♣r✐❡❞❛❞❡s ❢♦r♥❡❝❡♠ ❛❧❣✉♠❛ ✐❞❡✐❛ s♦❜r❡ ♦ ❞❡s❡♠♣❡♥❤♦ ❞♦ ❝❛t❛❧✐s❛❞♦r ❋❈❈✱ ❡ ❛❧é♠ ❞✐ss♦✱
tê♠ ✉♠❛ ✐♠♣♦rt❛♥t❡ ❢✉♥çã♦ ♥❛ ❝✐♥ét✐❝❛ ❞❡ ❝♦♠❜✉stã♦ ❞✉r❛♥t❡ ♦ ♣r♦❝❡ss♦ ❞❡ r❡❣❡♥❡r❛çã♦✳
P♦rt❛♥t♦✱ é ✐♠♣♦rt❛♥t❡ ✉♠ ❡st✉❞♦ ❞❡t❛❧❤❛❞♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❞♦ ❝♦q✉❡✱ ♣❛r❛ ❞❡s❡♥✈♦❧✈❡r
♥♦✈♦s ❝❛t❛❧✐s❛❞♦r❡s ❡ ♠❡❧❤♦r❛r ♦ ♣r♦❝❡ss♦ ✐♥❞✉str✐❛❧ ❞❡ ❋❈❈✳

◆❡st❡ s❡♥t✐❞♦✱ ❇❆❨❘❆❑❚❆❘ ❡ ❑❯●▲❊❘ ✭✷✵✵✸✮✱ ❡①❛♠✐♥❛r❛♠ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ ❛♠♦str❛s
❞❡ ❝❛t❛❧✐s❛❞♦r❡s ❝♦♥t❡♥❞♦ ❝♦q✉❡ ♥❛ s✉❛ s✉♣❡r❢í❝✐❡✱ ♣❡❧❛ té❝♥✐❝❛ ❞❡ ❖①✐❞❛çã♦ ♣♦r ❚❡♠♣❡r❛t✉r❛
Pr♦❣r❛♠❛❞❛ ✭❚P❖✮✱ ♣❛r❛ ❞❡t❡r♠✐♥❛r ❛s ❞✐❢❡r❡♥ç❛s ♥♦ t❡♦r ❡ ❛ ♥❛t✉r❡③❛ ❞♦ ❝♦q✉❡✳

❯♠ ❡st✉❞♦ ❞❡t❛❧❤❛❞♦ ❞❡ ❝❛r❛❝t❡r✐③❛çã♦ ❞❡ ✉♠ ❝❛t❛❧✐s❛❞♦r ❝♦♠❡r❝✐❛❧ ❣❛st♦ ♣r♦✈❡♥✐❡♥t❡
❞♦ ♣r♦❝❡ss♦ ❞❡ ❝r❛q✉❡❛♠❡♥t♦ ❝❛t❛❧ít✐❝♦✱ ♠♦str❛ q✉❡ ♦ ❝♦q✉❡ ❡stá ❝♦♥st✐t✉í❞♦ ♣r✐♥❝✐♣❛❧♠❡♥t❡✱
♣♦r ❝♦♠♣♦♥❡♥t❡s ❛r♦♠át✐❝♦s ❝♦♥❞❡♥s❛❞♦s✳ ❊st❛s ♠♦❧é❝✉❧❛s ❡stã♦ ❧♦❝❛❧✐③❛❞❛s ♥♦s ♠❡s♦♣♦r♦s
❞❛ ♠❛tr✐③ ❞♦ ❝❛t❛❧✐s❛❞♦r ✭❈❊❘◗❯❊■❘❆ ❡t ❛❧✳✱ ✷✵✵✺✮✳ ➱ ✐♥t❡r❡ss❛♥t❡ s❛❧✐❡♥t❛r q✉❡✱ ❛ ♣❡s❛r ❞❡
❛♣r❡s❡♥t❛r ✉♠ t❡♦r ❞❡ ❝❛r❜♦♥♦ ♥❛ ❢❛✐①❛ ❞❡ 0, 7− 1, 5% ❡♠ ♣❡s♦✱ ♦s ❝❛t❛❧✐s❛❞♦r❡s ❝♦♠❡r❝✐❛✐s
❞❡ ❝r❛q✉❡❛♠❡♥t♦ ❝❛t❛❧ít✐❝♦ ❛✐♥❞❛ t❡♠ ❛❧❣✉♠❛ ❛t✐✈✐❞❛❞❡ ✭❙P❘❊❚❩ ❡ ❙❊❉❘❆◆✱ ✷✵✵✶✮✳



✷✳✺ ❉❊❙❆❚■❱❆➬➹❖ ❉❊ ❈❆❚❆▲■❙❆❉❖❘❊❙ ❋❈❈ ✶✼

✷✳✹✳✹ ❚✐♣♦s ❞❡ ❝♦q✉❡

❊♠ ♣r♦❝❡ss♦s ❞❡ ❈r❛q✉❡❛♠❡♥t♦ ❈❛t❛❧ít✐❝♦ ❋❧✉✐❞✐③❛❞♦ sã♦ ✐❞❡♥t✐✜❝❛❞♦s ♣r✐♥❝✐♣❛❧♠❡♥t❡
q✉❛tr♦ t✐♣♦s ❞❡ ❝♦q✉❡ ✿

• ❈♦q✉❡ ❝❛t❛❧ít✐❝♦✿ Pr♦✈❡♠ ❞❛ ❝♦♥❞❡♥s❛çã♦ ❡ ❞❡s✐❞r♦❣❡♥❛çã♦✳

• ❈♦q✉❡ tér♠✐❝♦✿ ❋♦r♠❛❞♦ ♣♦r ✉♠ ♠❡❝❛♥✐s♠♦ ❞❡ r❛❞✐❝❛✐s ❧✐✈r❡s✳ ➱ ✐♠♣♦rt❛♥t❡ ♥❛ r❡❛çã♦
❛ t❡♠♣❡r❛t✉r❛s ❡❧❡✈❛❞❛s ❡ ♥♦s r❡♥❞✐♠❡♥t♦s ❞❡ ❤✐❞r♦❣ê♥✐♦ ❡ ♠❡♥♦s ✐♠♣♦rt❛♥t❡ ❞♦ q✉❡
♦ ❝♦q✉❡ ❝❛t❛❧ít✐❝♦✱ ❞❡✈✐❞♦ ❛♦ ❜❛✐①♦ ❣r❛✉ ❞❡ ❝r❛q✉❡❛♠❡♥t♦ tér♠✐❝♦ ❡♠ ❝♦♥❞✐çõ❡s tí♣✐❝❛s
❞❡ ❋❈❈✳

• ❈♦q✉❡ ❛❞✐t✐✈♦✿ ♣r♦✈❡♠ ❞❡ ♠♦❧é❝✉❧❛s ♣❡s❛❞❛s ❞❡ ❝♦q✉❡ q✉❡ ❥á ❡stã♦ ♣r❡s❡♥t❡s ♥❛ ❛❧✐✲
♠❡♥t❛çã♦✳

• ❈♦q✉❡ ❝♦♥t❛♠✐♥❛♥t❡✿ Pr♦✈❡♠ ❞❛ ❞❡s✐❞r♦❣❡♥❛çã♦ ❝❛t❛❧✐s❛❞❛ ♣♦r ♥íq✉❡❧ ✭◆✐✮✱ ❢❡rr♦ ✭❋❡✮
❡ ✈❛♥á❞✐♦ ✭❱ ✮✳

❆ ❢♦r♠❛çã♦ ❞❡ ❝♦q✉❡ ❝❛t❛❧ít✐❝♦ ❡stá ✐♥✢✉❡♥❝✐❛❞❛ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♣♦r q✉❛tr♦ ❢❛t♦r❡s✿

• Pr♦♣r✐❡❞❛❞❡s ❞❛ ❛❧✐♠❡♥t❛çã♦✿ ❘❡s✉❧t❛❞♦s ♠♦str❛♠ q✉❡ ❛ ♣r❡s❡♥ç❛ ❞❡ ❛❧❝❡♥♦s ❡ ❝♦♠✲
♣♦st♦s ❛r♦♠át✐❝♦s ♥❛ ❛❧✐♠❡♥t❛çã♦ ❞♦ r❡❣❡♥❡r❛❞♦r ❛✉♠❡♥t❛♠ s✉❜st❛♥❝✐❛❧♠❡♥t❡ ❛ t❛①❛
❞❡ ❢♦r♠❛çã♦ ❞❡ ❝♦q✉❡ ✭❈❊❘◗❯❊■❘❆ ❡t ❛❧✳✱ ✷✵✵✶✮✳

• ❈♦♥❞✐çõ❡s ❞❡ ♦♣❡r❛çã♦✿ ❆ t❡♠♣❡r❛t✉r❛ t❡♠ ✉♠❛ ❢✉♥çã♦ ✐♠♣♦rt❛♥t❡ t❛♥t♦ ♥❛ t❛①❛ ❞❡
❢♦r♠❛çã♦ q✉❛♥t♦ ♥❛ ❝♦♠♣♦s✐çã♦ ❞♦ ❝♦q✉❡✳ ❈♦♠ t❡♠♣❡r❛t✉r❛s ♣❡rt♦ ❞❡ 250◦C ❛ r❛③ã♦
H/C é s✐♠✐❧❛r à ❞♦s r❡❛❣❡♥t❡s✱ ❡ ❛s ♠♦❧é❝✉❧❛s ❞❡ ❝♦q✉❡ ❢♦r♠❛❞❛s sã♦ ❛❧t❛♠❡♥t❡ ❞❡♣❡♥✲
❞❡♥t❡s ❞❛ ❛❧✐♠❡♥t❛çã♦✳ P♦r ♦✉tr♦ ❧❛❞♦✱ às ❛❧t❛s t❡♠♣❡r❛t✉r❛s ✭r❡❧❡✈❛♥t❡s ♣❛r❛ ♦ ❝❛s♦ ❞♦
♣r♦❝❡ss♦ ❋❈❈✮✱ ♦ ❝♦q✉❡ é ❛❧t❛♠❡♥t❡ ♣♦❧✐✲❛r♦♠át✐❝♦ ✭❜❛✐①❛ r❛③ã♦ H/C✮✱ ❡ ❛ ♥❛t✉r❡③❛
❞♦s r❡❛❣❡♥t❡s ♥ã♦ é tã♦ r❡❧❡✈❛♥t❡✳ ❈♦♠ r❡s♣❡✐t♦ à ♣r❡ssã♦✱ ❞❡✈✐❞♦ ❛ s✉❛ ♥❛t✉r❡③❛ ❜✐✲
♠♦❧❡❝✉❧❛r✱ ❛s r❡❛çõ❡s ❞❡ ❢♦r♠❛çã♦ ❞❡ ❝♦q✉❡ sã♦ ❢❛✈♦r❡❝✐❞❛s ♣❡❧❛s ❛❧t❛s ♣r❡ssõ❡s ♣❛r❝✐❛✐s
❞♦s r❡❛❣❡♥t❡s✳

• ❆❝✐❞❡③ ❞♦ ❝❛t❛❧✐s❛❞♦r✿ ❆ ♠❛ss❛ ❡s♣❡❝í✜❝❛ ❞♦ sít✐♦ á❝✐❞♦ é t❛♠❜é♠ ✐♠♣♦rt❛♥t❡ ♥❛ ❢♦r✲
♠❛çã♦ ❞❡ ❝♦q✉❡✳ ❈♦♠ ❛ ♣r♦①✐♠✐❞❛❞❡ ❞♦s sít✐♦s á❝✐❞♦s ♦❝♦rr❡rá ✉♠❛ ❢♦r♠❛çã♦ rá♣✐❞❛
❞❡ ❝♦q✉❡ ❡✱ ♣♦rt❛♥t♦✱ ❞❡s❛t✐✈❛çã♦ ❞♦ ❝❛t❛❧✐s❛❞♦r✳

• ❊str✉t✉r❛ ♣♦r♦s❛ ❞♦ ❝❛t❛❧✐s❛❞♦r✿ ◆♦ ❝❛s♦ ❞❛s ③❡ó❧✐t❛s✱ ❛ ❡str✉t✉r❛ ❞♦ ♣♦r♦ é ♦ ♣❛râ♠❡tr♦
♠❛✐s ✐♠♣♦rt❛♥t❡ ♣❛r❛ ❞❡t❡r♠✐♥❛r ❛ ❝♦♠♣♦s✐çã♦ ❞♦ ❝♦q✉❡ ❢♦r♠❛❞♦ ❛ ❛❧t❛s t❡♠♣❡r❛t✉r❛s✳
❩❡ó❧✐t❛s ❝♦♠ ❝❛❞❡✐❛s ❝✉rt❛s ❢♦r♠❛♠ ♠♦❧é❝✉❧❛s ♣❡q✉❡♥❛s ❝♦♠♦ ❛♥tr❛❝❡♥♦s ❡ ♣✐r❡♥♦s✱
❡♥q✉❛♥t♦ q✉❡✱ ③❡ó❧✐t❛s ❝♦♠ ❝❛❞❡✐❛s ❧♦♥❣❛s ♣❡r♠✐t❡♠ ❛ ♣r♦❞✉çã♦ ❞❡ ❝♦♠♣♦st♦s ♠❛✐s
✈♦❧✉♠♦s♦s✳



✶✽ ❋❯◆❉❆▼❊◆❚❖ ❚❊Ó❘■❈❖ ❊ ❊❙❚❆❉❖ ❉❆ ❆❘❚❊ ✷✳✺

✷✳✺ ❈♦♠❜✉stã♦ ❞❡ ❈♦q✉❡

◆♦ ♣r♦❝❡ss♦ ❞❡ r❡❣❡♥❡r❛çã♦✱ ❛ ❝♦♠❜✉stã♦ ♣♦❞❡ s❡r t♦t❛❧✱ ♦♥❞❡ t♦❞♦ ♦ ❝❛r❜♦♥♦ ❞♦ ❝♦q✉❡
é tr❛♥s❢♦r♠❛❞♦ ❡♠ CO2✱ s❡♥❞♦ ❧✐❜❡r❛❞♦ ❞✐r❡t❛♠❡♥t❡ ♥❛ ❛t♠♦s❢❡r❛✱ ❝♦♠♦ ♣❛rt❡ ❞♦s ❣❛s❡s ❞❡
❝♦♠❜✉stã♦❀ ♦✉ ♣❛r❝✐❛❧✱ ♦♥❞❡ ♦ ❣ás ❞❡ ❝♦♠❜✉stã♦ q✉❡ ❝♦♥té♠ ✉♠❛ ♠✐st✉r❛ ❞❡ CO ❡ CO2

♣❛ss❛ ♣♦r ✉♠❛ ❝❛❧❞❡✐r❛ ♣❛r❛ ❝♦♠♣❧❡t❛r ❛ q✉❡✐♠❛ ❞❡ CO ❛♣r♦✈❡✐t❛♥❞♦ ❛ ❡♥❡r❣✐❛ ♥❛ ❣❡r❛çã♦
❞❡ ✈❛♣♦r✳ ❊♥tr❡ ♦s ❣❛s❡s ❞❡ ❝♦♠❜✉stã♦ q✉❡ sã♦ ❡♠✐t✐❞♦s ♣❛r❛ ❛ ❛t♠♦s❢❡r❛ ❡stã♦✿ O2✱ N2✱ CO✱
CO2✱ NOx ❡ SOx ✭❘❖◆❈❖▲❆❚❚❖✱ ✷✵✵✼✮✳

❖s ♠❡❝❛♥✐s♠♦s ❡ ❛ ❝✐♥ét✐❝❛ ❞❛ r❡❣❡♥❡r❛çã♦ tê♠ s✐❞♦ ♣❡sq✉✐s❛❞♦s ❞❡s❞❡ ♦s ❛♥♦s ✹✵ ❡ ✈ár✐♦s
❡st✉❞♦s ❡stã♦ ♣✉❜❧✐❝❛❞♦s ♥❛ ❧✐t❡r❛t✉r❛ ❡s♣❡❝✐❛❧✐③❛❞❛✳ ◆♦ ❡♥t❛♥t♦✱ ♥♦s ♣r♦❝❡ss♦s ❞❡ ❋❈❈ ❛
✐♥tr♦❞✉çã♦ ❞❡ ③❡ó❧✐t❛s ❝♦♠♦ ❝❛t❛❧✐s❛❞♦r❡s ♣❡r♠✐t❡ ❛ ♦♣❡r❛çã♦ ❞♦ r❡❣❡♥❡r❛❞♦r ❛ t❡♠♣❡r❛t✉r❛s
❞❡ ❛té 800◦C ❡ ✉♠ ❝♦♥t❡ú❞♦ ❞❡ ❝♦q✉❡ r❡s✐❞✉❛❧ ❛❜❛✐①♦ ❞❡ ✵✱✵✺✪ ❛♣ós ❛ r❡❣❡♥❡r❛çã♦ ❞❡✈✐❞♦ à
s✉❛ ❛❧t❛ ❛t✐✈✐❞❛❞❡ ❡ ❡st❛❜✐❧✐❞❛❞❡ tér♠✐❝❛ ✭❉■▼■❚❘■❆❉■❙ ❡t ❛❧✳✱ ✶✾✾✽❀ ❲❆◆● ❡t ❛❧✳✱ ✶✾✽✻✮✳

◆♦ ✐♥✐❝✐♦ ❞❛ r❡❛çã♦ ❞❡ ❝♦♠❜✉stã♦✱ ❛ t❛①❛ ❞❡ CO2 é ♠✉✐t♦ ❜❛✐①❛ ❡ ❛✉♠❡♥t❛ r❛♣✐❞❛♠❡♥t❡
❛té ✉♠ ♣✐❝♦ ❞❡ ❢r❛çã♦ ♠áss✐❝❛ ❝♦♠ ♦ ♣r♦❝❡❞❡r ❞❛ r❡❛çã♦✳ ▲♦❣♦ ❛♣ós ♦ ♣❛ss♦ ♣❡❧♦ ✈❛❧♦r ♠á①✐♠♦
❛t✐♥❣✐❞♦✱ ❡st❛ t❛①❛ ❝♦♠❡ç❛ ❞❡❝❧✐♥❛r ❡①♣♦♥❡♥❝✐❛❧♠❡♥t❡ ❝♦♠ ♦ t❡♠♣♦ ❞❡ r❡❛çã♦✱ ❛♣r❡s❡♥t❛♥❞♦
❝❛r❛❝t❡ríst✐❝❛s ❞❡ ✉♠❛ r❡❛çã♦ ❝♦♠ ❝✐♥ét✐❝❛ ❞❡ ♣r✐♠❡✐r❛ ♦r❞❡♠ ✭❲❆◆● ❡t ❛❧✳✱ ✶✾✽✻✮✳

❲❆◆● ❡t ❛❧✳ ✭✶✾✽✻✮ ❛♥❛❧✐s❛r❛♠ ❛ ❝♦♠❜✉stã♦ ❞❡ ❝♦q✉❡ ❞❡♣♦s✐t❛❞♦ ❡♠ ❝❛t❛❧✐s❛❞♦r❡s ❞❡
③❡ó❧✐t❛ ♣❛r❛ ❝r❛q✉❡❛♠❡♥t♦ ❝❛t❛❧ít✐❝♦ ✉t✐❧✐③❛♥❞♦ ♦s ♠♦❞❡❧♦s ❝✐♥ét✐❝♦s ♠♦str❛❞♦s ❛ s❡❣✉✐r✿

✭✐✮ ▼♦❞❡❧♦ ❞❡ r❡❛çã♦ s✐♠♣❧❡s

coque
k
→ CO + CO2

✭✐✐✮ ▼♦❞❡❧♦ ❞❡ r❡❛çã♦ ❡♠ sér✐❡

coque
k1,O2

−−−→ CyOx

k2,O2

−−−→ CO+ CO2

❋✐♥❛❧♠❡♥t❡ ❡❧❡s ♣r♦♣✉s❡r❛♠ ✉♠ ♠♦❞❡❧♦ ❝✐♥ét✐❝♦ ❞❡ t✐♣♦ sér✐❡ ❝♦♥s❡❝✉t✐✈♦ ❝♦♠ ♦ ✐♥t✉✐t♦ ❞❡
✉♥✐✜❝❛r ❛ ❛♥á❧✐s❡ ❞❡ ❝♦♠❜✉stã♦ ❞❡ ❈❛r❜♦♥♦ (C) ❡ ❍✐❞r♦❣ê♥✐♦ (H) ♥♦ ❝♦q✉❡ ♣❛r❛ ❛ r❡❣❡♥❡r❛çã♦
❞❡ ❝❛t❛❧✐s❛❞♦r❡s ❞❡ ❝r❛q✉❡❛♠❡♥t♦ ❝❛t❛❧ít✐❝♦✱ ❝♦♠♦ ♠♦str❛❞♦ ❛ s❡❣✉✐r✿



✷✳✺ ❈❖▼❇❯❙❚➹❖ ❉❊ ❈❖◗❯❊ ✶✾

❘❊◆ ❡t ❛❧✳ ✭✷✵✵✼✮✱ ❡①❛♠✐♥❛r❛♠ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ❝♦♠❜✉stã♦ ❞❡ ❛♠♦str❛s ❞❡ ❝♦q✉❡
❞❡r✐✈❛❞❛s ❞♦ ó❧❡♦ ◆✐❡❧❜✉r❣ ❡ s❡✉s ❛s❢❛❧t❡♥♦s✱ às ❞✐❢❡r❡♥t❡s t❡♠♣❡r❛t✉r❛s✱ ✉t✐❧✐③❛♥❞♦ ✏❆♥❛❧✐s❡
❚❡r♠♦ ✕ ●r❛✈✐♠étr✐❝❛✑ ✭❚●❆✮✳ ❊❧❡s ❡♥❝♦♥tr❛r❛♠ q✉❡ ❛ r❡❛t✐✈✐❞❛❞❡ ❞♦ ❝♦q✉❡ é ✐♥✈❡rs❛♠❡♥t❡
♣r♦♣♦r❝✐♦♥❛❧ à t❡♠♣❡r❛t✉r❛✳

❖ ♣r♦❝❡ss♦ ❞❡ ❋❈❈ é ✉♠❛ ❞❛s ♠❛✐♦r❡s ❢♦♥t❡s ✐♥❞✐✈✐❞✉❛✐s ❞❡ ❡♠✐ssã♦ ❞❡ CO2 ♣♦rq✉❡
r❡♣r❡s❡♥t❛ ✸✵✪ ❞❛s ❡♠✐ssõ❡s t♦t❛✐s ❡♠ ✉♠❛ r❡✜♥❛r✐❛✳ ❆♣ós ❛ r❡❛çã♦✱ ♦ ❝♦q✉❡ ❡stá ♣r❡s❡♥t❡
♥♦ ❝❛t❛❧✐s❛❞♦r ❡♠ ✉♠❛ q✉❛♥t✐❞❛❞❡ ❞❡ ✶ ✕ ✷ ✪ ♣❡s♦ ✭❙❆◆❚❖❙ ❡t ❛❧✳✱ ✷✵✵✽✮✳ P♦r r❛③õ❡s
❛♠❜✐❡♥t❛✐s ❡ ❞❡ ♦♣❡r❛çã♦✱ ❛s ✐♥❞✉str✐❛s ❞❡ r❡✜♥♦ ❝♦♠❡ç❛r❛♠ ❛ ✉s❛r ❝❛t❛❧✐s❛❞♦r❡s ❞❡ ③❡ó❧✐t❛
❜❛s❡❛❞♦s ❡♠ ♣❧❛t✐♥❛ ♦✉ ♦✉tr♦s ❛❞✐t✐✈♦s✱ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ♠✐♥✐♠✐③❛r ❛s ❡♠✐ssõ❡s ❞❡ CO ❞♦s
❣❛s❡s ❞❡ ❝♦♠❜✉stã♦✳

❉■▼■❚❘■❆❉■❙ ❡t ❛❧✳ ✭✶✾✾✽✮✱ r❡❛❧✐③❛r❛♠ ✉♠ ❡st✉❞♦ ❡①♣❡r✐♠❡♥t❛❧ ❞❛ ❝✐♥ét✐❝❛ ❞❡ ❝♦♠✲
❜✉stã♦ ❞❡ ❝♦q✉❡ ❡♠ ✉♠ ❝❛t❛❧✐s❛❞♦r ❋❈❈ ❞❡ ③❡ó❧✐t❛ ❝♦♠ ❡ s❡♠ ♣❧❛t✐♥❛ ✭Pt✮✱ ❡♠ ✉♠❛ ❢❛✐①❛ ❞❡
t❡♠♣❡r❛t✉r❛ ❞❡ 550◦ − 710◦C✱ ✉s❛♥❞♦ ♦ ♠♦❞❡❧♦ ❝✐♥ét✐❝♦ t✐♣♦ ✭✐✮ ❞❡ ❲❆◆● ❡t ❛❧✳ ✭✶✾✽✻✮✳ ❖s
❛✉t♦r❡s ✈❛❧✐❞❛r❛♠ ❛ ❡①♣r❡ssã♦ ❞❛ t❛①❛ ❝✐♥ét✐❝❛ ♠♦str❛❞❛ ♥❛ ❡q✉❛çã♦ ✷✳✶✳

−
dCC

dt
= kPO2

CC ✭✷✳✶✮

❆❘❆◆❉❊❙ ❡t ❛❧✳ ✭✶✾✾✾✮ ❡st✉❞❛r❛♠ ❛ ❝♦♠❜✉stã♦ ❞❡ ❝♦q✉❡ ❞❡♣♦s✐t❛❞♦ ❡♠ ✉♠ ❝❛t❛❧✐s❛❞♦r
✐♥❞✉str✐❛❧ ❞❡ ❝r❛q✉❡❛♠❡♥t♦ ❝❛t❛❧ít✐❝♦ ✉s❛♥❞♦ ❝❛❧♦r✐♠❡tr✐❛ ❞✐❢❡r❡♥❝✐❛❧ ❞❡ ✈❛rr❡❞✉r❛ ❡ ♦ s❡❣✉✐♥t❡
♠♦❞❡❧♦ ❝✐♥ét✐❝♦✿

CHn +

[
β + 2

2 (β + 1)
+

n

4

]

O2 →
β

β + 1
CO +

β

β + 1
CO2 +

n

2H2O
✭✷✳✷✮

❖♥❞❡✱ CHn é ♦ ❝♦q✉❡ ❡ β é ❛ r❛③ã♦ ♠♦❧❛r✱ CO/CO2✱ ♥❛ ❝♦rr❡♥t❡ ❞❡ ♣r♦❞✉t♦s ❞❛ ❝♦♠✲
❜✉stã♦✳

❊❧❡s ❡♥❝♦♥tr❛r❛♠ q✉❡ ❛ r❛③ã♦H/C ❞♦ ❝♦q✉❡ ❛❢❡t❛ ❝♦♥s✐❞❡r❛✈❡❧♠❡♥t❡ ♦ ❝❛❧♦r ❞❡ ❝♦♠❜✉stã♦
q✉❡ t❛♠❜é♠ ❞❡♣❡♥❞❡ ❞❛s ❝♦♥❞✐çõ❡s ❞❛ r❡❛çã♦ ✭❝♦♠♣♦s✐çã♦ ❞❛ ❛❧✐♠❡♥t❛çã♦✱ t❡♠♣♦ ❞❡ ❝♦♥t❛t♦
❡ r❛③ã♦ C/O✮✳ ◆♦ ❡♥t❛♥t♦✱ ❛ ✈❛r✐á✈❡❧ ❞❡ ♠❛✐♦r ✐♥❝✐❞ê♥❝✐❛ ♥♦ ❝❛❧♦r ❞❡ ❝♦♠❜✉stã♦ ❞♦ ❝♦q✉❡ é



✷✵ ❋❯◆❉❆▼❊◆❚❖ ❚❊Ó❘■❈❖ ❊ ❊❙❚❆❉❖ ❉❆ ❆❘❚❊ ✷✳✻

❛ t❡♠♣❡r❛t✉r❛ ❞❡ ❝♦♠❜✉stã♦❀ ♦ ❝❛❧♦r ❞❡ ❝♦♠❜✉stã♦ ❞✐♠✐♥✉✐ q✉❛♥❞♦ ❛ t❡♠♣❡r❛t✉r❛s ❛✉♠❡♥t❛
❝♦♠♦ ❝♦♥s❡q✉ê♥❝✐❛ ❞❛ ❞✐♠✐♥✉✐çã♦ ❞❛ r❛③ã♦ CO2/CO ♥♦s ❣❛s❡s ❞❡ ❝♦♠❜✉stã♦✳

✷✳✻ ❊♠✐ssõ❡s ❞❡ NOx ❡♠ ❘❡❣❡♥❡r❛❞♦r❡s ❋❈❈

P❛r❛ ❛❧❝❛♥ç❛r ❛ ❝♦♠❜✉stã♦ ❝♦♠♣❧❡t❛ ❞❡♥tr♦ ❞❡ ✉♠ r❡❣❡♥❡r❛❞♦r✱ é ♥❡❝❡ssár✐♦ ✉♠ ❡①❝❡ss♦
❝♦♥s✐❞❡rá✈❡❧ ❞❡ ♦①✐❣ê♥✐♦✱ ♦ q✉❡ r❡❞✉③ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ q✉❡✐♠❛ ❞❡ ❝♦q✉❡ ❡ ❛✉♠❡♥t❛ ❛s ❡♠✐ssõ❡s
❞❡ NOx ✭❙❆P❘❊ ❡t ❛❧✳✱ ✶✾✾✵✮✳

✷✳✻✳✶ ❖①✐❞♦s ❞❡ ♥✐tr♦❣ê♥✐♦ ✕ NOx

NOx é ✉♠❛ ♠✐st✉r❛ ❞❡ ❣❛s❡s ❝♦♠♣♦st❛ ❞❡ ♥✐tr♦❣ê♥✐♦ ❡ ♦①✐❣ê♥✐♦ ❡♠ ❞✐✈❡rs❛s q✉❛♥t✐❞❛❞❡s✳
❆ ❚❛❜❡❧❛ ✷✳✷ ❛♣r❡s❡♥t❛ ♦ ❝♦♥❥✉♥t♦ ❞❡ ❝♦♠♣♦st♦s NOx ❡ s✉❛s ♣r♦♣r✐❡❞❛❞❡s✳

❚❛❜❡❧❛ ✷✳✷✿ ❈♦♥❥✉♥t♦ ❞❡ ó①✐❞♦s ❞❡ ♥✐tr♦❣ê♥✐♦✳ ❋♦♥t❡✿ ●❯ ✭✷✵✵✸✮✳

◆♦♠❡ ❋ór♠✉❧❛ Pr♦♣r✐❡❞❛❞❡s
Ó①✐❞♦ ♥✐tr♦s♦ N2O ●ás ✐♥❝♦❧♦r✱ s♦❧ú✈❡❧ ❡♠ á❣✉❛
Ó①✐❞♦ ♥ítr✐❝♦ NO ●ás ✐♥❝♦❧♦r
❉✐ó①✐❞♦ ❞❡ ❞✐♥✐tr♦❣ê♥✐♦ N2O2 ▲❡✈❡♠❡♥t❡ s♦❧ú✈❡❧ ❡♠ á❣✉❛
❚r✐ó①✐❞♦ ❞❡ ❞✐♥✐tr♦❣ê♥✐♦ N2O3 ❙ó❧✐❞♦ ♣r❡t♦✱ s♦❧ú✈❡❧ ❡♠ á❣✉❛✱ ❞❡❝♦♠♣õ❡✲s❡ ❡♠ á❣✉❛
❉✐ó①✐❞♦ ❞❡ ♥✐tr♦❣ê♥✐♦ NO2 ●ás ✈❡r♠❡❧❤♦✕♠❛rr♦♠
❚❡tró①✐❞♦ ❞❡ ❞✐♥✐tr♦❣ê♥✐♦ N2O4 ▼✉✐t♦ s♦❧ú✈❡❧ ❡♠ á❣✉❛✱ ❞❡❝♦♠♣õ❡✲s❡ ❡♠ á❣✉❛
P❡♥tó①✐❞♦ ❞❡ ❞✐♥✐tr♦❣ê♥✐♦ N2O5 ❙ó❧✐❞♦ ❜r❛♥❝♦✱ ♠✉✐t♦ s♦❧ú✈❡❧ ❡♠ á❣✉❛✱ ❞❡❝♦♠♣õ❡✲s❡ ❡♠ á❣✉❛

❉♦✐s ❞♦s ó①✐❞♦s ❞❡ ♥✐tr♦❣ê♥✐♦ ♠❛✐s s✐❣♥✐✜❝❛t✐✈♦s t♦①✐❝♦❧♦❣✐❝❛♠❡♥t❡ sã♦ NO ❡ NO2✳ ❖ NO
é ✉♠ ❣ás ❞❡ ❝❤❡✐r♦ ❞♦❝❡ ❛❝❡♥t✉❛❞♦ à t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✱ ❡♥q✉❛♥t♦ q✉❡ ♦ NO2 t❡♠ ❝❤❡✐r♦
❢♦rt❡ ❡ à t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ é ✉♠ ❧íq✉✐❞♦✱ t♦r♥❛♥❞♦✲s❡ ✉♠ ❣ás ♠❛rr♦♠ ✕ ❛✈❡r♠❡❧❤❛❞♦
❛❝✐♠❛ ❞❡ 70◦F ✳

❊❧❡s sã♦ t❛♠❜é♠ ♦s ♣r✐♥❝✐♣❛✐s ó①✐❞♦s ❞❡ ♥✐tr♦❣ê♥✐♦ ❢♦r♠❛❞♦s ❞✉r❛♥t❡ ❛ ❝♦♠❜✉stã♦ ❞❡
❝♦q✉❡ ❡♠ r❡❣❡♥❡r❛❞♦r❡s ❋❈❈✳

✷✳✻✳✷ ❋♦r♠❛çã♦ ❞❡ NOx ❡♠ ✉♠ r❡❣❡♥❡r❛❞♦r ❋❈❈

❖s ó①✐❞♦s ❞❡ ♥✐tr♦❣ê♥✐♦ ❢♦r♠❛❞♦s ❡♠ ♣r♦❝❡ss♦s ❞❡ ❝♦♠❜✉stã♦ sã♦ ❞❡✜♥✐❞♦s ♣❡❧♦s ❞✐❢❡r✲
❡♥t❡s ♠❡❝❛♥✐s♠♦s ❞♦s q✉❛✐s ❡❧❡s s✉r❣✐r❛♠✳ P♦rt❛♥t♦✱ sã♦ ♥♦♠❡❛❞♦s ❝♦♠♦ NOx tér♠✐❝♦✱ NOx

❝♦♠❜✉stí✈❡❧ ❡ NOx ♣♦♥t✉❛❧✳



✷✳✻ ❊▼■❙❙Õ❊❙ ❉❊ NOX ❊▼ ❘❊●❊◆❊❘❆❉❖❘❊❙ ❋❈❈ ✷✶

❖ NOx tér♠✐❝♦ é ❢♦r♠❛❞♦ ♣♦r ✉♠❛ sér✐❡ ❞❡ r❡❛çõ❡s q✉í♠✐❝❛s ❡♠ q✉❡ ♦ ♦①✐❣ê♥✐♦ ❡ ♦
♥✐tr♦❣ê♥✐♦ s❡ ❞✐ss♦❝✐❛♠ ♥♦ ❛r ❞❡ ❝♦♠❜✉stã♦ ❡✱ ❡♠ ❝♦♥s❡q✉ê♥❝✐❛✱ r❡❛❣❡♠ ♣❛r❛ ❢♦r♠❛r NOx✱
às t❡♠♣❡r❛t✉r❛s ♠✉✐t♦ ❛❧t❛s✳

❖ NOx ♣♦♥t✉❛❧ é ✉♠❛ ❢♦r♠❛ ❞❡ NOx tér♠✐❝♦✱ ❢♦r♠❛❞♦ ❛ ♣❛rt✐r ❞♦ ♥✐tr♦❣ê♥✐♦ ♠♦❧❡❝✉❧❛r
♥♦ ❛r✱ r❡❛❣✐♥❞♦ ♥❛s r❡❣✐õ❡s r✐❝❛s ❡♠ ❝♦♠❜✉stí✈❡❧✳ ❊st❡ ◆✐tr♦❣ê♥✐♦ ♦①✐❞❛✲s❡ ❥✉♥t♦ ❝♦♠ ♦ ❝♦♠✲
❜✉stí✈❡❧ ❡ t♦r♥❛✲s❡ NOx ❞✉r❛♥t❡ ❛ ❝♦♠❜✉stã♦✳ ❆ ❝♦♥tr✐❜✉✐çã♦ ❞♦ NOx ♣♦♥t✉❛❧ s♦❜r❡ ♦ NOx

t♦t❛❧ é ❞❡s♣r❡③í✈❡❧ ♥❛ ♠❛✐♦r✐❛ ❞♦s ♣r♦❝❡ss♦s ❞❡ ❝♦♠❜✉stã♦ ✭●❯✱ ✷✵✵✸✮✳

❖ NOx ❝♦♠❜✉stí✈❡❧ é ❢♦r♠❛❞♦ ♣❡❧❛ ♦①✐❞❛çã♦ ❞♦s ❝♦♠♣♦st♦s ❞❡ ♥✐tr♦❣ê♥✐♦ ♥❛ ❢❛s❡ ❣❛s♦s❛
♣r❡s❡♥t❡s ♥♦ ❝♦♠❜✉stí✈❡❧✱ ❡ t❡♠ ❛ ♠❛✐♦r ❝♦♥tr✐❜✉✐çã♦ ♥❛ ❢♦r♠❛çã♦ ❞❡ NOx ❞❡♥tr♦ ❞♦ r❡❣❡♥✲
❡r❛❞♦r ❋❈❈✱ ♣♦r ✐ss♦ s❡rá ❞❡t❛❧❤❛❞♦ ❛ s❡❣✉✐r✳

◆❛✈✐❡r✲❙t♦❦❡s

NOx ❈♦♠❜✉stí✈❡❧

❆❧é♠ ❞♦ ❝♦q✉❡✱ ♦ ♥✐tr♦❣ê♥✐♦ ♦r❣â♥✐❝♦ t❛♠❜é♠ é ❞❡♣♦s✐t❛❞♦ ♥♦ ❝❛t❛❧✐s❛❞♦r ❞✉r❛♥t❡ ❛s
r❡❛çõ❡s ❞❡ ❝r❛q✉❡❛♠❡♥t♦ ❡ é ♣r❡❞♦♠✐♥❛♥t❡ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♥❛ ♣r❡s❡♥ç❛ ❞❡ ❛❧✐♠❡♥t❛çã♦ ♣❡✲
s❛❞❛✱ ❛ q✉❛❧ ❝♦♥té♠ ❛❧t♦s ♥í✈❡✐s ❞❡ ❝♦♠♣♦st♦s ❛r♦♠át✐❝♦s ❡ ♥✐tr♦❣ê♥✐♦ ✭❉■❙❍▼❆◆ ❡t ❛❧✳✱
✶✾✾✽✮✳

❩❍❆❖ ❡t ❛❧✳ ✭✶✾✾✼✮ s✉❣❡r❡♠ q✉❡ ❡①✐st❡ ✉♠❛ ❛♥❛❧♦❣✐❛ ❡♥tr❡ ♦ ♣r♦❝❡ss♦ ❞❡ r❡❣❡♥❡r❛çã♦
✭❝♦♠❜✉stã♦ ❞❡ ❝♦q✉❡✮ ❡ ❛ ❝♦♠❜✉stã♦ ❞❡ ❝❛r✈ã♦ ❡♠ ✉♠ ❧❡✐t♦ ✢✉✐❞✐③❛❞♦✳ ❊♥tã♦✱ s❡❣✉✐♥❞♦ ❛ s✉❛
s✉❣❡stã♦✱ ❡s♣❡r❛✲s❡ q✉❡ ♦ ♥✐tr♦❣ê♥✐♦ ❞❡♣♦s✐t❛❞♦ ♥♦ ❝❛t❛❧✐s❛❞♦r ❋❈❈✱ ♣r♦✈❛✈❡❧♠❡♥t❡ ❛♣r❡s❡♥t❡
✉♠❛ tr❛♥s❢♦r♠❛çã♦ s✐♠✐❧❛r à ❞❛ ❝♦♠❜✉stã♦ ❞❡ ❝❛r✈ã♦✱ ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✹✳

❆ ♣❛rt✐r ❞❛s ❛♥❛❧✐s❡s q✉í♠✐❝❛s ❢❡✐t❛s ❛♦ ♥✐tr♦❣ê♥✐♦✱ ♦s ❛✉t♦r❡s ❡♥❝♦♥tr❛r❛♠ q✉❡ ♦ ❛❧t♦
❡①❝❡ss♦ ❞❡ ❛r ❡ ♦ ✉s♦ ❡①❝❡ss✐✈♦ ❞❡ ♣r♦♠♦t♦r❡s ❞❡ ❝♦♠❜✉stã♦ ❝♦♠♦ ❛❞✐t✐✈♦s ❜❛s❡❛❞♦s ❡♠
♣❧❛t✐♥❛✱ ♣♦❞❡r✐❛♠ ❣❡r❛r ❣r❛♥❞❡s ❡♠✐ssõ❡s ❞❡ NOx✳

❋✐❣✉r❛ ✷✳✹✿ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞♦s ♠❡❝❛♥✐s♠♦s ❞❡ ❢♦r♠❛çã♦ ❞❡ NOx✳ ❋♦♥t❡
❛❞❛♣t❛❞❛✿ ❩❍❆❖ ❡t ❛❧✳ ✭✶✾✾✼✮✳



✷✷ ❋❯◆❉❆▼❊◆❚❖ ❚❊Ó❘■❈❖ ❊ ❊❙❚❆❉❖ ❉❆ ❆❘❚❊ ✷✳✻

❲❆◆● ❡t ❛❧✳ ✭✷✵✵✾✮✱ s✐♠✉❧❛r❛♠ ❛ ❝♦♠❜✉stã♦ ❞❡ ❝❛r✈ã♦ ✉t✐❧✐③❛♥❞♦ ✉♠ ♠♦❞❡❧♦ tr✐❞✐♠❡♥✲
s✐♦♥❛❧ ♣❛r❛ ❛ ✢✉✐❞♦❞✐♥â♠✐❝❛ ❡ ❛ ❝✐♥ét✐❝❛✳ ❆ ❢❡rr❛♠❡♥t❛ ✉t❧✐③❛❞❛ ♣❡❧♦s ❛✉t♦r❡s é ❛ té❝♥✐❝❛
❞❡ ❋❧✉✐❞♦❞✐♥â♠✐❝❛ ❈♦♠♣✉t❛❝✐♦♥❛❧✳ ❊❧❡s ❝♦♠♣❛r❛r❛♠ ♦s r❡s✉❧t❛❞♦s ❞❛ s✐♠✉❧❛çã♦ ❝♦♠ ❞❛❞♦s
❡①♣❡r✐♠❡♥t❛✐s ❞❡ ✉♠ t✐♣♦ ❝♦❧♦♠❜✐❛♥♦ ❞❡ ❝❛r✈ã♦✳ ❊st❡ tr❛❜❛❧❤♦ ❡①♣❡r✐♠❡♥t❛❧ ❢♦✐ r❡❛❧✐③❛❞♦ ♣♦r
❖❈❆▼P❖ ❡t ❛❧✳ ✭✷✵✵✸✮

❆ ❛❧✐♠❡♥t❛çã♦ ♣❛r❛ ❛s ✉♥✐❞❛❞❡s ❞❡ ❋❈❈ ❡stá ❝♦♠♣♦st❛ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♣♦r ♥❛❢t❡♥♦s
❛r♦♠át✐❝♦s ❡ ❛❧❝❡♥♦s✳ ◆ã♦ ♦❜st❛♥t❡✱ ❛❧é♠ ❞♦s ❤✐❞r♦❝❛r❜♦♥❡t♦s✱ ❛ ❛❧✐♠❡♥t❛çã♦ ♣❛r❛ ♦ ♣r♦✲
❝❡ss♦ ❞❡ ❋❈❈ ❝♦♥té♠ t❛♠❜é♠ q✉❛♥t✐❞❛❞❡s ♥ã♦ ❞❡s♣r❡③í✈❡✐s ❞❡ ♦①✐❣ê♥✐♦ ✭✵ ✕ ✷✪✮✱ ❡♥①♦❢r❡
✭✵ ✕ ✼✱✺✪✮ ❡ ♥✐tr♦❣ê♥✐♦ ✭✵✕✵✱✹✪✮✱ ❝❛❞❛ ✉♠ ❝♦♠ s✉❛s ♣r♦♣r✐❡❞❛❞❡s q✉í♠✐❝❛s ❝♦rr❡s♣♦♥❞❡♥t❡s
✭❈❊❘◗❯❊■❘❆ ❡t ❛❧✳✱ ✷✵✵✽✮✳

❇❆❘❚❍ ❡t ❛❧✳ ✭✷✵✵✹✮ r❡❛❧✐③❛r❛♠ ❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❡ ❞❡♣ós✐t♦s ❝❛r❜♦♥á❝❡♦s ❞❡ ✉♠ ❝❛t❛❧✲
✐s❛❞♦r ❣❛st♦ ♣r♦✈❡♥✐❡♥t❡ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❋❈❈✱ ✉s❛♥❞♦ té❝♥✐❝❛s ❞❡ ❡s♣❡❝tr♦s❝♦♣✐❛ ❞❡ ♠❛ss❛s
❡ t❡♥❞♦ ❝♦♠♦ ❜❛s❡ ♦s ❞❛❞♦s ❞❡ ❛❧✐♠❡♥t❛çã♦ ❞❡ ✉♠❛ r❡✜♥❛r✐❛ ❡✉r♦♣❡✐❛ q✉❡ ❝♦♥té♠ ✵✱✶✺✪
❡♠ ♣❡s♦ ❞❡ N2 ❡ ✵✱✵✼✺✪ ❡♠ ♣❡s♦ ❞❡ N ✳ ❆ ❋✐❣✉r❛ ✷✳✺ ❛♣r❡s❡♥t❛ ♦s ❝♦♠♣♦st♦s q✉❡ ❝♦♥té♠
♥✐tr♦❣ê♥✐♦ ♥❛ ❛❧✐♠❡♥t❛çã♦ ❞❛ ♠❛✐♦r✐❛ ❞❛s ✉♥✐❞❛❞❡s ❞❡ ❋❈❈✳ ❊st❛ ❛❧✐♠❡♥t❛çã♦ ❝♦rr❡s♣♦♥❞❡
♣r✐♥❝✐♣❛❧♠❡♥t❡ à ❛r♦♠át✐❝♦s ♣♦❧✐❝í❝❧✐❝♦s ❞❡r✐✈❛❞♦s ❞♦ ♣✐rr♦❧ t❛✐s ❝♦♠♦ ❛❧q✉✐❧❝❛r❜❛③ó✐s✱ ❛❧q✉✐❧✲
❜❡♥③♦❝❛r❜❛③ó✐s✱ ❛❧q✉✐❧q✉✐♥♦❧✐♥❛s✱ ❡♥tr❡ ♦✉tr♦s✳

❋✐❣✉r❛ ✷✳✺✿ ❈♦♠♣♦st♦s q✉❡ ❝♦♥té♠ ♥✐tr♦❣ê♥✐♦ ♥❛ ❛❧✐♠❡♥t❛çã♦ ❞❡ ✉♠❛ r❡✜♥❛r✐❛
❡✉r♦♣❡✐❛✳ ❋♦♥t❡ ❛❞❛♣t❛❞❛✿ ❇❆❘❚❍ ❡t ❛❧✳ ✭✷✵✵✹✮✳
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❖s ❛✉t♦r❡s ❡♥❝♦♥tr❛r❛♠ q✉❡ ❞✉r❛♥t❡ ❛ r❡❣❡♥❡r❛çã♦ ♦①✐❞❛t✐✈❛✱ ❡st❡s ❝♦♠♣♦st♦s ❞❡ ❝❛❞❡✐❛
❧♦♥❣❛ ❞❡ ♥✐tr♦❣ê♥✐♦ sã♦ ❝♦♥✈❡rt✐❞♦s ❡♠ ❝♦♠♣♦st♦s ♠❡♥♦r❡s ❞❡ t✐♣♦ ❝❛r❜❛③♦❧ ❡ q✉✐♥♦❧✐♥❛✳
❚❛♠❜é♠ ❡♥❝♦♥tr❛r❛♠ q✉❡ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞❛ t❡♠♣❡r❛t✉r❛ ❞❡ ♦①✐❞❛çã♦✱ ❛s ❡s♣é❝✐❡s ❞❡ ❝♦q✉❡
❝♦♥t❡♥❞♦ ♦ ♥✐tr♦❣ê♥✐♦ ♠❡♥♦r✱ sã♦ ❛❝✉♠✉❧❛❞❛s ♥❛ s✉♣❡r❢í❝✐❡ ❞♦ ❝❛t❛❧✐s❛❞♦r✱ ❡ q✉❡✱ ❛❝✐♠❛ ❞❡
550◦C ❛s ♠♦❧é❝✉❧❛s ❞❡ t✐♣♦ ♣✐rr♦❧ ❡ ❞❡r✐✈❛❞♦s ❞❡ ♣✐r✐❞✐♥❛ sã♦ ❝♦♥✈❡rt✐❞♦s ❡♠N2 ❡ NO ✭♥❛ ❢❛s❡
❞✐❧✉í❞❛ ❞♦ r❡❣❡♥❡r❛❞♦r✱ ♦♥❞❡ ❛ t❡♠♣❡r❛t✉r❛ é s✉♣❡r✐♦r ❞❡ 700◦C✮✱ r❡❞✉③✐♥❞♦ ♦s ❝♦♠♣♦st♦s
✐♥t❡r♠❡❞✐ár✐♦s ❞❡ ♥✐tr♦❣ê♥✐♦ ❝♦♠♦ NH3 ❡ HCN ✳

◆♦ ♣r♦❝❡ss♦ ❞❡ ❋❈❈✱ ♦s ❝♦♠♣♦st♦s ❝♦♥t❡♥❞♦ ♥✐tr♦❣ê♥✐♦ ❡ NOx ♣♦❞❡♠✲s❡ ❛♣r❡s❡♥t❛r ❞❡
três ❢♦r♠❛s✿

• ❊s♣é❝✐❡s q✉❡ ❝♦♥té♠ ❝♦♠♣♦st♦s ❞❡ ♥✐tr♦❣ê♥✐♦ ♥❛ ❛❧✐♠❡♥t❛çã♦✿ sã♦ ❛q✉❡❧❛s ❡s♣é❝✐❡s
q✉❡ ✈❡♠ ❥✉♥t♦ ❞❛ ♠❛tér✐❛✲♣r✐♠❛ ✭❝♦♠♣♦st♦s ❛r♦♠át✐❝♦s ❡ ❛❧❝❡♥♦s✮✱ ♣❛r❛ ♣r♦❝❡ss♦s
❞❡ ❝r❛q✉❡❛♠❡♥t♦ ❝❛t❛❧ít✐❝♦✳

• ❈♦♠♣♦st♦s ❞❡ ♥✐tr♦❣ê♥✐♦ ❢♦r♠❛❞♦ ❥✉♥t♦ ❝♦♠ ❛ ❢♦r♠❛çã♦ ❞❡ ❝♦q✉❡ ♥❛ s✉♣❡r❢í❝✐❡ ❞♦
❝❛t❛❧✐s❛❞♦r ✿ ❉✉r❛♥t❡ ❛s r❡❛çõ❡s ❡♥❞♦tér♠✐❝❛s ❞❡ ❝r❛q✉❡❛♠❡♥t♦✱ ❛♣r❡s❡♥t❛✲s❡ ❢♦r♠❛çã♦
❞❡ NOx✳

• ◆✐tr♦❣ê♥✐♦ q✉❡ é tr❛♥s❢♦r♠❛❞♦ ❞✉r❛♥t❡ ♦ ♣r♦❝❡ss♦ ❞❡ r❡❣❡♥❡r❛çã♦✿ ♥❛ ❡t❛♣❛ ❞❡ r❡❣❡♥✲
❡r❛çã♦✱ ❤á ❢♦r♠❛çã♦ ❞❡ NOx ♥♦ ❞❡❝♦rr❡r ❞❛ ❝♦♠❜✉stã♦ ❞❡ ❝♦q✉❡✳

❱ár✐♦s ❛✉t♦r❡s tê♠ ❛♥❛❧✐s❛❞♦ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ ❛s r♦t❛s ❞❡ ❢♦r♠❛çã♦ ❞❡ ❝♦♠♣♦st♦s NOx

❡♠ ❝❛t❛❧✐s❛❞♦r❡s ❣❛st♦s ♣r♦✈❡♥✐❡♥t❡s ❞❡ ♣❧❛♥t❛s ♣✐❧♦t♦ ❞❡ ❝r❛q✉❡❛♠❡♥t♦ ❝❛t❛❧ít✐❝♦✱ ❡ ♣r♦♣♦st♦
s❡✉ r❡s♣❡❝t✐✈♦ ♠❡❝❛♥✐s♠♦ ❞❡ ❢♦r♠❛çã♦ ❞❡ NOx ♣❛r❛ ♣r♦❝❡ss♦ ❞❡ ❋❈❈ ✭❇❆❇■❈❍ ❡t ❛❧✳✱ ✷✵✵✺❀
❍❆❘❉■◆● ❡t ❛❧✳✱ ✷✵✵✶❀ ❙❚❊❱❊◆❙❖◆ ❡t ❛❧✳✱ ✷✵✵✺✮✳ P❛r❛ ♦ ❝❛s♦ ❞❡ r❡❣❡♥❡r❛❞♦r❡s✱ ❛ r♦t❛
♣r♦♣♦st❛ ❞❡ ❢♦r♠❛çã♦ ❞❡ ❝♦♠♣♦st♦s ❞❡ ♥✐tr♦❣ê♥✐♦ é ♠♦str❛❞❛ ♥❛ ❋✐❣✉r❛ ✷✳✻✳

❋✐❣✉r❛ ✷✳✻✿ ▼❡❝❛♥✐s♠♦ ❞❡ r❡❛çã♦ ❡①♣❛♥❞✐❞♦ ❞❛ ❢♦r♠❛çã♦ ❞❡ NOx ♥♦ ♣r♦❝❡ss♦
❋❈❈✳ ❋♦♥t❡ ❛❞❛♣t❛❞❛✿ ❍❆❘❉■◆● ❡t ❛❧✳ ✭✷✵✵✶✮✳



✷✹ ❋❯◆❉❆▼❊◆❚❖ ❚❊Ó❘■❈❖ ❊ ❊❙❚❆❉❖ ❉❆ ❆❘❚❊ ✷✳✼

❋❆▲❚❩■ ❡t ❛❧✳ ✭✷✵✵✼✮ ❛♥❛❧✐s❛r❛♠ ❛s ❡♠✐ssõ❡s ♥♦❝✐✈❛s ♣r♦✈❡♥✐❡♥t❡s ❞❡ ✉♠❛ ✉♥✐❞❛❞❡ ❞❡
❋❈❈✱ ❢❛③❡♥❞♦ s✐♠✉❧❛çõ❡s ♥✉♠ér✐❝❛s ❞♦ ❡s❝♦❛♠❡♥t♦ r❡❛t✐✈♦ ❣ás ✕ só❧✐❞♦ ♥♦ r❡❣❡♥❡r❛❞♦r✱
✉s❛♥❞♦ té❝♥✐❝❛s ❞❡ ❋❧✉✐❞♦❞✐♥â♠✐❝❛ ❈♦♠♣✉t❛❝✐♦♥❛❧✱ ❡s♣❡❝✐✜❝❛♠❡♥t❡ ♦ s♦❢t✇❛r❡ ❝♦♠❡r❝✐❛❧
❋▲❯❊◆❚r ❱✻✳✵✳

❖s ❛✉t♦r❡s r❡❛❧✐③❛r❛♠ ❛ ❞❡s❝r✐çã♦ ❡s♣❛❝✐❛❧ ❞♦ ❡s❝♦❛♠❡♥t♦ ♠✉❧t✐❢ás✐❝♦ ❞❛s ❢❛s❡s só❧✐❞❛
✭❝♦q✉❡ ❞❡♣♦s✐t❛❞♦ ♥❛s ♣❛rtí❝✉❧❛s ❞❡ ❝❛t❛❧✐s❛❞♦r✮ ❡ ❣❛s♦s❛ ✭♠✐st✉r❛ ❞❡ ❣❛s❡s✮ ❞❡♥tr♦ ❞♦ r❡✲
❣❡♥❡r❛❞♦r✱ ✉s❛♥❞♦ ♦ ♠♦❞❡❧♦ ❊✉❧❡r✐❛♥♦ ✕ ❊✉❧❡r✐❛♥♦ ♣❛r❛ ❡st✉❞❛r ❛ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ❝❛❧♦r
❡♥tr❡ ❛s ❢❛s❡s ❡ ❛ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ♠❛ss❛ ❞❡✈✐❞♦ à r❡❛çã♦ q✉í♠✐❝❛ ❡♥tr❡ ❛s ❡s♣é❝✐❡s ❞❛s ❢❛s❡s
❤♦♠♦❣ê♥❡❛ ✭❣ás ✕ ❣ás✮ ❡ ❤❡t❡r♦❣ê♥❡❛ ✭❝♦q✉❡ ✕ ❣ás✮✳

✷✳✼ ❊①♣❡r✐♠❡♥t❛çã♦ ◆✉♠ér✐❝❛

❊①✐st❡♠ três ♠❡t♦❞♦❧♦❣✐❛s ❢✉♥❞❛♠❡♥t❛✐s ♣❛r❛ ❛♥❛❧✐s❡s ❞❡ ♣r♦❜❧❡♠❛s ❞❡ ❡♥❣❡♥❤❛r✐❛✿

• ▼ét♦❞♦s ❛♥❛❧ít✐❝♦s

• ▼ét♦❞♦s ♥✉♠ér✐❝♦s ✭❡①♣❡r✐♠❡♥t❛çã♦ ♥✉♠ér✐❝❛✮

• ❊①♣❡r✐♠❡♥t❛çã♦ ♥♦ ❧❛❜♦r❛tór✐♦✳

❖s ♠ét♦❞♦s ❛♥❛❧ít✐❝♦s ❡ ♥✉♠ér✐❝♦s ❢❛③❡♠ ♣❛rt❡ ❞♦s ♠ét♦❞♦s t❡ór✐❝♦s✱ ♥♦ s❡♥t✐❞♦ q✉❡ ♦s ❞♦✐s
tê♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ r❡s♦❧✈❡r ❛s ❡q✉❛çõ❡s ❞✐❢❡r❡♥❝✐❛✐s ❞♦ ♠♦❞❡❧♦ ♠❛t❡♠át✐❝♦✳ ❆ ❞✐❢❡r❡♥ç❛ r❛❞✐❝❛
♥❛ ❝♦♠♣❧❡①✐❞❛❞❡ ❞❛s ❡q✉❛çõ❡s q✉❡ ❝❛❞❛ ♠ét♦❞♦ ❝♦♥s❡❣✉❡ r❡s♦❧✈❡r✳ ❖s ♠ét♦❞♦s ❛♥❛❧ít✐❝♦s sã♦
❛♣❧✐❝❛❞♦s ❣❡r❛❧♠❡♥t❡ à ❣❡♦♠❡tr✐❛s ❡ ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦ s✐♠♣❧❡s✳

❊♠ r❡❧❛çã♦ à ❡①♣❡r✐♠❡♥t❛çã♦ ♥♦ ❧❛❜♦r❛tór✐♦✱ ❛ ❣r❛♥❞❡ ✈❛♥t❛❣❡♠ ❝♦rr❡s♣♦♥❞❡ ❛♦ ❢❛t♦ ❞❡
tr❛❜❛❧❤❛r ❝♦♠ ❛ ❝♦♥✜❣✉r❛çã♦ r❡❛❧ ❞♦ ❡q✉✐♣❛♠❡♥t♦ ❡ ❞♦ ♣r♦❝❡ss♦ s✉❜♠❡t✐❞♦ às ❛♥❛❧✐s❡s✳ ◆♦
❡♥t❛♥t♦✱ ✐ss♦ ❡♥✈♦❧✈❡ ✉♠ ❛❧t♦ ❝✉st♦ ❡ ❛❧❣✉♠❛s ✈❡③❡s✱ ♦ ❡①♣❡r✐♠❡♥t♦ ♥ã♦ ♣♦❞❡ s❡r r❡❛❧✐③❛❞♦
♣♦r q✉❡stõ❡s ❞❡ s❡❣✉r❛♥ç❛ ♦✉ ♣❡❧❛ ❞✐✜❝✉❧❞❛❞❡ ❞❡ r❡♣r♦❞✉③✐r ❛s ❝♦♥❞✐çõ❡s r❡❛✐s✳

❆ ❡①♣❡r✐♠❡♥t❛çã♦ ♥✉♠ér✐❝❛✱ ♣r❛t✐❝❛♠❡♥t❡✱ ♥ã♦ ❛♣r❡s❡♥t❛ r❡str✐çõ❡s❀ s❡♥❞♦ ❝❛♣❛③ ❞❡ r❡✲
s♦❧✈❡r ♣r♦❜❧❡♠❛s ❝♦♠ ❣❡♦♠❡tr✐❛s ❝♦♠♣❧❡①❛s ❡ ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦ ❣❡r❛✐s❀ ❣❡r❛♥❞♦ r❡s✉❧t❛✲
❞♦s ❝♦♠ r❡❧❛t✐✈❛ r❛♣✐❞❡③✳

P♦r ✐ss♦✱ s❡ ❢❛③ ♥❡❝❡ssár✐♦ ❛♣❧✐❝❛r ❡♠ ❡♥❣❡♥❤❛r✐❛ ✉♠❛ ❛ss♦❝✐❛çã♦ ❛❞❡q✉❛❞❛ ❡♥tr❡ ❡①♣❡r✲
✐♠❡♥t❛çã♦ ♥✉♠ér✐❝❛ ❡ ❡①♣❡r✐♠❡♥t❛çã♦ ♥♦ ❧❛❜♦r❛tór✐♦✱ r❡s✉❧t❛♥❞♦ ❡♠ ✉♠ ♣r♦❥❡t♦ ❞❡ ♠❛✐♦r
q✉❛❧✐❞❛❞❡ ❡ r❡♥t❛❜✐❧✐❞❛❞❡ ✭▼❆▲■❙❑❆✱ ✷✵✵✹✮✳



✷✳✼ ❊❳P❊❘■▼❊◆❚❆➬➹❖ ◆❯▼➱❘■❈❆ ✷✺

✷✳✼✳✶ ❋❧✉✐❞♦❞✐♥â♠✐❝❛ ❈♦♠♣✉t❛❝✐♦♥❛❧ ✭❈❋❉✮

❆ ❋❧✉✐❞♦❞✐♥â♠✐❝❛ ❈♦♠♣✉t❛❝✐♦♥❛❧ é ✉♠❛ té❝♥✐❝❛ ❞❛ ❞✐♥â♠✐❝❛ ❞♦s ✢✉✐❞♦s ♦♥❞❡ sã♦ ✉t✐✲
❧✐③❛❞♦s ♦s ♣r✐♥❝í♣✐♦s ❞❡ ❝♦♥s❡r✈❛çã♦ ❡ ❛s ❡q✉❛çõ❡s r✐❣♦r♦s❛s ❞❡ ♠♦✈✐♠❡♥t♦ ❞♦ ✢✉✐❞♦ ✭◆❛✈✐❡r✲
❙t♦❦❡s✮✱ ❥✉♥t♦ ❝♦♠ ♠♦❞❡❧♦s ❡s♣❡❝✐❛❧✐③❛❞♦s ❞❡ t✉r❜✉❧ê♥❝✐❛✳ ❊ss❡s ♠♦❞❡❧♦s sã♦ ♠❛✐s r✐❣♦r♦s♦s
❡✱ ♣♦rt❛♥t♦✱ ♠❛✐s ❛❝❡✐tá✈❡✐s q✉❡ ♦s ♠♦❞❡❧♦s ❡♠♣ír✐❝♦s✳

❖s ♠♦❞❡❧♦s ❡♠♣ír✐❝♦s sã♦ ❛♣r♦①✐♠❛çõ❡s q✉❡ ❛❣r✉♣❛♠ ❞✐❢❡r❡♥t❡s ❢❡♥ô♠❡♥♦s ♣❛r❛ ❡❧✐♠✐♥❛r
✉♠ ♥ú♠❡r♦ ❞❡s❝♦♥❤❡❝✐❞♦ ❞❡ ♣❛râ♠❡tr♦s✳ P♦r ❡st❛ r❛③ã♦✱ ❡st❡s ♠♦❞❡❧♦s ♥ã♦ sã♦ ❝♦♥✜á✈❡✐s ❡
♣♦rt❛♥t♦✱ ♥ã♦ ❞❡✈❡♠ s❡r ❣❡♥❡r❛❧✐③❛❞♦s✳

❖s ♠♦❞❡❧♦s ❞❡ ❈❋❉ ♣♦❞❡♠ s❡r ❞✐✈✐❞✐❞♦s ❡♠ ❞♦✐s ❣r✉♣♦s✿ ♠♦❞❡❧♦ ❊✉❧❡r✐❛♥♦ ✕ ❊✉❧❡r✐❛♥♦✱
♦♥❞❡ ❛s ❢❛s❡s só❧✐❞❛ ❡ ❣❛s♦s❛ sã♦ ❝♦♥s✐❞❡r❛❞❛s ❝♦♠♦ ✢✉✐❞♦s ❝♦♥tí♥✉♦s ❡ ✐♥t❡r♣❡♥❡tr❛♥t❡s✱
❡ ♦ ♠♦❞❡❧♦ ❊✉❧❡r✐❛♥♦ ✕ ▲❛❣r❛♥❣✐❛♥♦✱ ♦♥❞❡ ♦ ❣ás é ❝♦♥s✐❞❡r❛❞♦ ❝♦♠♦ ✉♠❛ ❢❛s❡ ✢✉✐❞❛ ❡ ♦
só❧✐❞♦ ❝♦♠♦ ✉♠❛ ❢❛s❡ ❞✐s❝r❡t❛✱ ❡st❡ ♠♦❞❡❧♦ ❝❛❧❝✉❧❛ ❛ tr❛❥❡tór✐❛ ❞❡ ❝❛❞❛ ♣❛rtí❝✉❧❛ ✐♥❞✐✈✐❞✉❛❧✱
✉t✐❧✐③❛♥❞♦ ❛ s❡❣✉♥❞❛ ❧❡✐ ❞❡ ◆❡✇t♦♥✳ ❆ ✐♥t❡r❛çã♦ ❡♥tr❡ ❛s ♣❛rtí❝✉❧❛s ♣♦❞❡ s❡r ❞❡s❝r✐t❛ ♣❡❧❛
❡♥❡r❣✐❛ ♣♦t❡♥❝✐❛❧ ♦✉ ❛ ❞✐♥â♠✐❝❛ ❞❛s ❝♦❧✐sõ❡s✳

❊st❡ ♠ét♦❞♦ t❡♠ ❛ ✈❛♥t❛❣❡♠ ❞❡ ❝♦♥❤❡❝❡r ❡①❛t❛♠❡♥t❡ ❛ tr❛❥❡tór✐❛ ❞❛s ♣❛rtí❝✉❧❛s ❡ ❛s
✈❛r✐á✈❡✐s ❞♦ s✐st❡♠❛✳ ◆♦ ❡♥t❛♥t♦✱ ♣❛r❛ ♦❜t❡r ❡st❛ ✐♥❢♦r♠❛çã♦ é ♥❡❝❡ssár✐♦ ✉♠ ❡s❢♦rç♦ ❝♦♠✲
♣✉t❛❝✐♦♥❛❧ ♠✉✐t♦ ❛❧t♦✱ ❛✐♥❞❛ ♠❛✐s q✉❛❞♦ ♦s ❝❛♠♣♦s ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❞♦ só❧✐❞♦ ❡ ❞♦ ❣ás sã♦
❛❝♦♣❧❛❞♦s✳

❆ ❞✐❢❡r❡♥ç❛ ❜ás✐❝❛ ❡♥tr❡ ♦s ❞♦✐s ♠♦❞❡❧♦s é q✉❡ ♦ s✐st❡♠❛ ❞❡ r❡❢❡rê♥❝✐❛ ❊✉❧❡r✐❛♥♦ ✕ ▲❛✲
❣r❛♥❣✐❛♥♦ s❡❣✉❡ ♦ ♠♦✈✐♠❡♥t♦ ❞❛s ♣❛rtí❝✉❧❛s✱ ❡♥q✉❛♥t♦ q✉❡✱ ♦ s✐st❡♠❛ ❞❡ r❡❢❡rê♥❝✐❛ ❊✉❧❡r✐❛♥♦
✕ ❊✉❧❡r✐❛♥♦ ❡♥❝♦♥tr❛✲s❡ ✜①♦ ❡♠ r❡❧❛çã♦ ❛♦ s✐st❡♠❛✳

❆ té❝♥✐❝❛ ❞❡ ❈❋❉ t❡♠ ❡✈♦❧✉í❞♦ ❞❡s❞❡ ✉♠ ♣❡q✉❡♥♦ ❡ ❢❡❝❤❛❞♦ ❣r✉♣♦ ❞❡ ❡♥t✉s✐❛st❛s ❛té
✉♠❛ ❣r❛♥❞❡ ❡ ♣r♦♠✐ssór✐❛ ❡♠♣r❡s❛✳ ❖s ❛✈❛♥ç♦s ♥❛ ♣❡sq✉✐s❛ ✉t✐❧✐③❛♥❞♦ ❈❋❉ ❝♦♠♦ ❢❡rr❛♠❡♥t❛
❝♦♠♣✉t❛❝✐♦♥❛❧ ❛✉♠❡♥t❛♠ r❛♣✐❞❛♠❡♥t❡ ❛ss✐♠ ❝♦♠♦ ♦s s❡✉s ❝❛♠♣♦s ❞❡ ❛çã♦✳

❆❧❣✉♠❛s ❞❛s ♠✉✐t❛s ❛♣❧✐❝❛çõ❡s ❞❡ ❈❋❉ sã♦ ♠♦str❛❞❛s ❛ s❡❣✉✐r ✭❈❋❳✱ ✷✵✵✻✮✿

• Pr♦❝❡ss♦s ✐♥❞✉str✐❛✐s✿ ❚❛♥q✉❡s ❞❡ ♠✐st✉r❛✱ r❡❛t♦r❡s q✉í♠✐❝♦s✳

• ❙❛ú❞❡ ❡ s❡❣✉r❛♥ç❛✿ ❡❢❡✐t♦s ❞♦ ❢♦❣♦ ❡ ❞❛ ❢✉♠❛ç❛ ♥❛s ♣❡ss♦❛s✳

• ■♥❞✉str✐❛ ❛✉t♦♠♦❜✐❧íst✐❝❛✿ ▼♦❞❡❧❛❣❡♠ ❞❛ ❝♦♠❜✉stã♦ ❡ ❛❡r♦❞✐♥â♠✐❝❛ ❞♦ ❛✉t♦♠ó✈❡❧✳

• ❊❧❡trô♥✐❝❛✿ ❚r❛♥s❢❡rê♥❝✐❛ ❞❡ ❝❛❧♦r ❞❡♥tr♦ ❡ ❛♦ r❡❞♦r ❞❛s ♣❧❛❝❛s ❞❡ ❝✐r❝✉✐t♦s ❡❧❡trô♥✐❝♦s✳◆❛✈✐❡r✲
❙t♦❦❡s

• ▼❡✐♦ ❛♠❜✐❡♥t❡✿ ❉✐s♣❡rsã♦ ❞❡ ❝♦♥t❛♠✐♥❛♥t❡s ♥♦ ❛r ♦✉ ♥❛ á❣✉❛✳

• P♦t❡♥❝✐❛ ❡ ❡♥❡r❣✐❛✿ ❖t✐♠✐③❛çã♦ ❞❡ ♣r♦❝❡ss♦s ❞❡ ❝♦♠❜✉stã♦✳

• ❈✐ê♥❝✐❛ ♠é❞✐❝❛✿ ❊s❝♦❛♠❡♥t♦ ❛tr❛✈és ❞❡ ✈❛s♦s s❛♥❣✉í♥❡♦s✳



✷✻ ❋❯◆❉❆▼❊◆❚❖ ❚❊Ó❘■❈❖ ❊ ❊❙❚❆❉❖ ❉❆ ❆❘❚❊ ✷✳✼

❖s ❝ó❞✐❣♦s ❞❡ ❈❋❉ ❞❡s❝r❡✈❡♠ ❡s❝♦❛♠❡♥t♦s ❞❡ ✢✉✐❞♦s ❜❛s❡❛❞♦s ♥❛s ❡q✉❛çõ❡s ❞❡ ❝♦♥✲
s❡r✈❛çã♦ ❞❡ ♠❛ss❛✱ ❡♥❡r❣✐❛ ❡ q✉❛♥t✐❞❛❞❡ ❞❡ ♠♦✈✐♠❡♥t♦✱ ✉t✐❧✐③❛♥❞♦ ❞✐❢❡r❡♥t❡s ❡str❛té❣✐❛s ❞❡
s♦❧✉çã♦ ♣❛r❛ ❛s ❡q✉❛çõ❡s ❜ás✐❝❛s ❡ ♦s ♠♦❞❡❧♦s ❢ís✐❝♦s ✭❇❆■ ❡t ❛❧✳✱ ✶✾✾✽✮✳

❆❧❣✉♥s tr❛❜❛❧❤♦s ♣❛r❛ s❛❧✐❡♥t❛r s♦❜r❡ ♦ ♣r♦❝❡ss♦ ❞❡ r❡❣❡♥❡r❛çã♦ ✉t✐❧✐③❛♥❞♦ ✢✉✐❞♦❞✐♥â♠✐❝❛
❝♦♠♣✉t❛❝✐♦♥❛❧✱ sã♦ ♥♦♠❡❛❞♦s ❛ s❡❣✉✐r✿ ❙❆P❘❊ ❡t ❛❧✳ ✭✶✾✾✵✮✱ ▼❖❘❊■❘❆ ✭✷✵✵✷✮✱ ❋❆▲❚❩■ ❡t ❛❧✳
✭✷✵✵✼✮✱ ❙❈❍❲❆❘❩ ❡ ▲❊❊ ✭✷✵✵✼✮ ❡ ❈❆❖ ❡t ❛❧✳ ✭✷✵✵✽✮✳

✷✳✼✳✷ ▼❛❧❤❛s ❈♦♠♣✉t❛❝✐♦♥❛✐s

❯♠❛ ♠❛❧❤❛ ❝♦♠♣✉t❛❝✐♦♥❛❧ é ❞❡✜♥✐❞❛ ❝♦♠♦ ❛ r❡♣r❡s❡♥t❛ç◆❛✈✐❡r✲❙t♦❦❡sã♦ ❞✐s❝r❡t❛ ❞❡ ✉♠
❞❡t❡r♠✐♥❛❞♦ ❞♦♠í♥✐♦ ❞❡ s♦❧✉çã♦ ❡ t❛♠❜é♠ ❝♦♠♦ ♦s ❧♦❝❛✐s ♦✉ ✈♦❧✉♠❡s ❞❡ ❝♦♥tr♦❧❡ ❡♠ q✉❡
❛s ✈❛r✐á✈❡✐s sã♦ ❝❛❧❝✉❧❛❞❛s✳ ❊st❡s ✈♦❧✉♠❡s ♣♦❞❡♠ t❡r ❞✐✈❡rs❛s ❢♦r♠❛s ♦♥❞❡ ❛s ♣r✐♥❝✐♣❛✐s sã♦
❤❡①❛❡❞r♦s ❡ t❡tr❛❡❞r♦s ✭❞✐❛❣r❛♠❛s ✭❛✮ ❡ ✭❜✮ ❞❛ ❋✐❣✉r❛ ✷✳✼✮✳

❊①✐st❡♠ ❞♦✐s t✐♣♦s ❞❡ ♠❛❧❤❛s✿ ♠❛❧❤❛s ❡str✉t✉r❛❞❛s ❡ ♠❛❧❤❛s ♥ã♦ ❡str✉t✉r❛❞❛s✳ ❯♠❛ ♠❛❧❤❛
❡str✉t✉r❛❞❛ t❡♠ ❢❛♠í❧✐❛s ❞❡ ❧✐♥❤❛s ✐❞❡♥t✐✜❝❛❞❛s ♥♦ ♣❧❛♥♦ ❝❛rt❡s✐❛♥♦ ❡ ❝❛❞❛ ✈♦❧✉♠❡ ✐♥t❡r♥♦
t❡♠ ♦ ♠❡s♠♦ ♥ú♠❡r♦ ❞❡ ✈✐③✐♥❤♦s✳ ◆❛s ♠❛❧❤❛s ♥ã♦ ❡str✉t✉r❛❞❛s ❝❛❞❛ ✈♦❧✉♠❡ ❞❡ ❝♦♥tr♦❧❡ ♣♦❞❡
t❡r ✉♠ ♥ú♠❡r♦ ✈❛r✐á✈❡❧ ❞❡ ❡❧❡♠❡♥t♦s ✈✐③✐♥❤♦s✱ t♦r♥❛♥❞♦✲❛ ❛❞❛♣tá✈❡❧ ❛ ❣❡♦♠❡tr✐❛s ❝♦♠♣❧❡①❛s✱
♠❛s ❝♦♠ ✉♠ ❛❧t♦ ❡s❢♦rç♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ ✭▼❆▲■❙❑❆✱ ✷✵✵✹✮✳

❋✐❣✉r❛ ✷✳✼✿ ❚✐♣♦s ❞❡ ♠❛❧❤❛ ❝♦♠♣✉t❛❝✐♦♥❛❧ ✭❛✮ ❤❡①❛é❞r✐❝❛ ✭❜✮ t❡tr❛é❞r✐❝❛✳ ❋♦♥t❡✿
❘❆◆❆❉❊ ✭✷✵✵✷✮✳
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P❛râ♠❡tr♦s q✉❡ ❞❡t❡r♠✐♥❛♠ ❛ q✉❛❧✐❞❛❞❡ ❞❡ ✉♠❛ ♠❛❧❤❛ ❤❡①❛é❞r✐❝❛

❛✮ ❉❡t❡r♠✐♥❛♥t❡✿ ❈❛❧❝✉❧❛ ❛ ❞❡❢♦r♠❛çã♦ ❞♦s ❡❧❡♠❡♥t♦s ❞❛ ♠❛❧❤❛✳ ■st♦ é✱ ❝❛❧❝✉❧❛r ♣r✐♠❡✐r♦
♦ ❥❛❝♦❜✐❛♥♦ ❞❡ ❝❛❞❛ ❤❡①❛❡❞r♦ ❡ ❞❡♣♦✐s ♥♦r♠❛❧✐③❛r ♦ ❞❡t❡r♠✐♥❛♥t❡ ❞❛ ♠❛tr✐③✳ ❖ ✈❛❧♦r ❞♦
❞❡t❡r♠✐♥❛♥t❡ ❡♥❝♦♥tr❛✲s❡ ❡♠ ✉♠❛ ❢❛✐①❛ ❡♥tr❡ ✵ ❡ ✶✱ ♦♥❞❡ ✶ ✭✉♠✮ r❡♣r❡s❡♥t❛ ✉♠ ❝✉❜♦
♣❡r❢❡✐t♦✱ ❡♥q✉❛♥t♦ q✉❡ ✵ ✭③❡r♦✮ r❡♣r❡s❡♥t❛ ✉♠ ❝✉❜♦ t♦t❛❧♠❡♥t❡ ✐♥✈❡rt✐❞♦ ❝♦♠ ✈♦❧✉♠❡
♥❡❣❛t✐✈♦✳ ❊♠ ❣❡r❛❧ ♣❛r❛ ❛ ♠❛✐♦r✐❛ ❞♦s ♣r♦❜❧❡♠❛s ❞❡ ❋❧✉✐❞♦❞✐♥â♠✐❝❛ ❈♦♠♣✉t❛❝✐♦♥❛❧
✭❈❋❉✮ é ❛❝❡✐tá✈❡❧ ✉♠ ✈❛❧♦r ♠❛✐♦r ❛ ✵✱✸ ✭■❈❊▼✱ ✷✵✵✾✮✳

❜✮ ➶♥❣✉❧♦✿ ❱❡r✐✜❝❛ ♦ ❞❡s✈✐♦ ❞♦ â♥❣✉❧♦ ✐♥t❡r♥♦ ♠á①✐♠♦ ❞❡ ✾✵ ❣r❛✉s ♣❛r❛ ❝❛❞❛ ✉♠ ❞♦s
❡❧❡♠❡♥t♦s✳ ❊①✐st❡♠ ❞✐❢❡r❡♥t❡s t✐♣♦s ❞❡ t♦❧❡râ♥❝✐❛ ♣❛r❛ ❛ ✈❡r✐✜❝❛çã♦ ❞♦ â♥❣✉❧♦ ✐♥t❡r♥♦✱
❞❡♣❡♥❞❡♥❞♦ ❞♦ s♦❢t✇❛r❡ ✉t✐❧✐③❛❞♦✳ ❙❡ ♦s ❡❧❡♠❡♥t♦s sã♦ ❞✐st♦r❝✐❞♦s ❡ ♦s â♥❣✉❧♦s ✐♥t❡r♥♦s
sã♦ ♣❡q✉❡♥♦s✱ ❛ ♣r❡❝✐sã♦ ❞❛ s♦❧✉çã♦ ❞✐♠✐♥✉✐rá✳ ❯♠ ✈❛❧♦r ❛❝❡✐tá✈❡❧ ♣❛r❛ ♦ â♥❣✉❧♦ ❞❡✈❡
❡st❛r ❛❝✐♠❛ ❞❡ ✷✼◦

✷✳✼✳✸ ❉✐s❝r❡t✐③❛çã♦ ❞❛s ❡q✉❛çõ❡s ❞❡ ◆❛✈✐❡r✲❙t♦❦❡s

❆s ❡q✉❛çõ❡s ❞❡ ◆❛✈✐❡r✲❙t♦❦❡s✹ sã♦ ❡q✉❛çõ❡s ❞✐❢❡r❡♥❝✐❛✐s ♣❛r❝✐❛✐s ♥ã♦ ❧✐♥❡❛r❡s q✉❡ ❞❡✲
s❝r❡✈❡♠ ♦ ❡s❝♦❛♠❡♥t♦ ❞❡ ✢✉✐❞♦s ◆❡✇t♦♥✐❛♥♦s✳ ❊st❛s ❡q✉❛çõ❡s ♣❡r♠✐t❡♠ ❞❡t❡r♠✐♥❛r ♦s ❝❛♠✲
♣♦s ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❡ ❞❡ ♣r❡ssã♦ ❡♠ ✉♠ ❡s❝♦❛♠❡♥t♦✳ P❛r❛ ❛♣❧✐❝❛r ❛ ❡q✉❛çã♦ ❞❡ ◆❛✈✐❡r✲❙t♦❦❡s✱
é ♥❡❝❡ssár✐♦ ❢❛③❡r ❛❧❣✉♠❛s s✉♣♦s✐çõ❡s s♦❜r❡ ♦s ✢✉✐❞♦s✳ ❆ ♣r✐♠❡✐r❛ é q✉❡ ✉♠ ✢✉✐❞♦ é ✉♠ ♠❡✐♦
❝♦♥t✐♥✉♦✳ ❖✉tr❛ ❤✐♣ót❡s❡ ♥❡❝❡ssár✐❛ é q✉❡ t♦❞❛s ❛s ✈❛r✐á✈❡✐s ❞❡ ✐♥t❡r❡ss❡ t❛✐s ❝♦♠♦ ♣r❡ssã♦✱ ✈❡✲
❧♦❝✐❞❛❞❡✱ ❞❡♥s✐❞❛❞❡✱ t❡♠♣❡r❛t✉r❛✱ ❡♥tr❡ ♦✉tr❛s✱ sã♦ ✑❞✐❢❡r❡♥❝✐á✈❡✐s✑ ✭✐st♦ é✱ ♥ã♦ t❡♠ tr❛♥s✐çã♦
❞❡ ❢❛s❡✮✳

❆ s♦❧✉çã♦ ❛♥❛❧ít✐❝❛ ❞❛s ❡q✉❛çõ❡s ❞❡ ◆❛✈✐❡r✲❙t♦❦❡s é ♣r❛t✐❝❛♠❡♥t❡ ❛♣❧✐❝á✈❡❧ ♣❛r❛ ❡s❝♦❛✲
♠❡♥t♦s s✐♠♣❧❡s ❡♠ ❝♦♥❞✐çõ❡s s✐♠♣❧✐✜❝❛❞❛s✱ ♣♦r ✐ss♦✱ ♣❛r❛ ❛ s♦❧✉çã♦ ❞❡ ❡s❝♦❛♠❡♥t♦s r❡❛✐s
❡♠ ❡♥❣❡♥❤❛r✐❛ ♦♣t❛✲s❡ ♣♦r s✉❜st✐t✉✐r ❛s ❡q✉❛çõ❡s ♣♦r ❛♣r♦①✐♠❛çõ❡s ❛❧❣é❜r✐❝❛s ❞❡ ❢♦r♠❛ q✉❡
♣♦ss❛♠ s❡r ❝❛❧❝✉❧❛❞❛s ♣♦r ✉♠ ♠ét♦❞♦ ♥✉♠ér✐❝♦ ✭❈❋❳✱ ✷✵✵✻✮✳

❆ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ s♦❧✉çã♦ ♥✉♠ér✐❝❛ ❜❛s❡❛❞❛ ❡♠ ✈♦❧✉♠❡s ❞❡ ❝♦♥tr♦❧❡✺ ❝♦♥s✐st❡ ❡♠ três
♣❛ss♦s ❢✉♥❞❛♠❡♥t❛✐s✿

• ❉✐✈✐sã♦ ❞♦ ❞♦♠í♥✐♦ ❞❡ s♦❧✉çã♦ ❡♠ ✈♦❧✉♠❡s ❞❡ ❝♦♥tr♦❧❡ ♠❡❞✐❛♥t❡ ♦ ✉s♦ ❞❡ ✉♠❛ ♠❛❧❤❛
❝♦♠♣✉t❛❝✐♦♥❛❧✳

• ■♥t❡❣r❛çã♦ ❞❛s ❡q✉❛çõ❡s q✉❡ r❡❣❡♠ ♦ ❡s❝♦❛♠❡♥t♦ ♣❛r❛ ❝❛❞❛ ✈♦❧✉♠❡ ❞❡ ❝♦♥tr♦❧❡✱ ❝♦♥✈❡rt❡♥❞♦✲
❛s ❡♠ ❡q✉❛çõ❡s ❛❧❣é❜r✐❝❛s ❞❛s ✈❛r✐á✈❡✐s ❞✐s❝r❡t❛s ❞❡♣❡♥❞❡♥t❡s ✭✏❞❡s❝♦♥❤❡❝✐❞❛s✑✮✱ t❛✐s
❝♦♠♦ ✈❡❧♦❝✐❞❛❞❡s✱ ♣r❡ssã♦ ❡ ❡s❝❛❧❛r❡s ❞❡ ❝♦♥s❡r✈❛çã♦✳

✹❉❡♥♦♠✐♥❛❞❛s ❛ss✐♠ ❛♣ós ❈❧❛✉❞❡✲▲♦✉✐s ◆❛✈✐❡r ❡ ●❡♦r❣❡ ●❛❜r✐❡❧ ❙t♦❦❡s ❞❡s❡♥✈♦❧✈❡r❡♠ ✉♠ ❝♦♥❥✉♥t♦ ❞❡
❡q✉❛çõ❡s q✉❡ ❞❡s❝r❡✈❡r✐❛♠ ♦ ♠♦✈✐♠❡♥t♦ ❞❛s s✉❜stâ♥❝✐❛s ✢✉✐❞❛s t❛✐s ❝♦♠♦ ❧íq✉✐❞♦s ❡ ❣❛s❡s✳

✺❊st❛ ♠❡t♦❞♦❧♦❣✐❛ s❡rá ❞❡t❛❧❤❛❞❛ ♥♦ ❈❛♣ít✉❧♦ ✹✳



✷✽ ❋❯◆❉❆▼❊◆❚❖ ❚❊Ó❘■❈❖ ❊ ❊❙❚❆❉❖ ❉❆ ❆❘❚❊ ✷✳✼

• ▲✐♥❡❛r✐③❛çã♦ ❞❛s ❡q✉❛çõ❡s ❞✐s❝r❡t✐③❛❞❛s ❡ s♦❧✉çã♦ ❞♦ s✐st❡♠❛ ❧✐♥❡❛r ❞❡ ❡q✉❛çõ❡s ♣❛r❛
❛t✉❛❧✐③❛r ♦s ✈❛❧♦r❡s ❞❛s ✈❛r✐á✈❡✐s ❞❡♣❡♥❞❡♥t❡s✳

✷✳✼✳✹ ❆❝♦♣❧❛♠❡♥t♦ Pr❡ssã♦ ✕ ❱❡❧♦❝✐❞❛❞❡

❊st❛ té❝♥✐❝❛ ❡♠♣r❡❣❛ ✉♠ ❛❧❣♦r✐t♠♦ q✉❡ ❢❛③ ♣❛rt❡ ❞♦s♠ét♦❞♦s ❞❡ ♣r♦❥❡çã♦✱ ♦♥❞❡ ❛ r❡str✐çã♦
❞❡ ❝♦♥s❡r✈❛çã♦ ❞❛ ♠❛ss❛ ✭❝♦♥t✐♥✉✐❞❛❞❡✮✱ ♥♦ ❝❛♠♣♦ ❞❡ ✈❡❧♦❝✐❞❛❞❡s é ❛❧❝❛♥ç❛❞❛ ❛tr❛✈és ❞❛
r❡s♦❧✉çã♦ ❞❡ ✉♠❛ ❡q✉❛çã♦ ❞❡ ♣r❡ssã♦ ✭♦✉ ❝♦rr❡çã♦ ❞❛ ♣r❡ssã♦✮✱ ❞❡r✐✈❛❞❛ ❞❛ ❡q✉❛çã♦ ❞❡
❝♦♥t✐♥✉✐❞❛❞❡ ❡ ❞❛s ❡q✉❛çõ❡s ❞❡ q✉❛♥t✐❞❛❞❡ ❞❡ ♠♦✈✐♠❡♥t♦✳

❙❡♠♣r❡ q✉❡ ❛s ❡q✉❛çõ❡s q✉❡ r❡❣❡♠ ♦ ❡s❝♦❛♠❡♥t♦ s❡❥❛♠ ♥ã♦ ❧✐♥❡❛r❡s ❡ ❛❝♦♣❧❛❞❛s ✉♠❛ à
♦✉tr❛✱ ♦ ♣r♦❝❡ss♦ ❞❡ s♦❧✉çã♦ ❡♥✈♦❧✈❡ ✐t❡r❛çõ❡s ♦♥❞❡ t♦❞♦ ♦ ❝♦♥❥✉♥t♦ ❞❡ ❡q✉❛çõ❡s é r❡s♦❧✈✐❞♦
r❡♣❡t✐❞❛♠❡♥t❡ ❛té ❛t✐♥❣✐r ❛ ❝♦♥✈❡r❣ê♥❝✐❛ ✭❈❍❖❘■◆✱ ✶✾✻✽✮✳

❆ té❝♥✐❝❛ ❞❡ ❛❝♦♣❧❛♠❡♥t♦ Pr❡ssã♦ ✕ ❱❡❧♦❝✐❞❛❞❡ é ✉s❛❞❛ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♣❛r❛ ♦ ❡s❝♦❛♠❡♥t♦
❞❡ ✢✉✐❞♦ ✐♥❝♦♠♣r❡ssí✈❡✐s ❡ ❧❡✈❡♠❡♥t❡ ❝♦♠♣r❡ssí✈❡✐s ❝♦♠ ✈❡❧♦❝✐❞❛❞❡s ♠♦❞❡r❛❞❛s✳

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

• ❆❧❣♦r✐t♠♦ s❡❣r❡❣❛❞♦ ✭s❡♣❛r❛❞♦✮✿ ◆❡st❡ ❛❧❣♦r✐t♠♦ ❛s ❡q✉❛çõ❡s sã♦ r❡s♦❧✈✐❞❛s s❡q✉❡♥❝✐❛❧✲
♠❡♥t❡ ✭✉♠❛ ❛♣ós ❛ ♦✉tr❛✮✳ ❖ r❡q✉❡r✐♠❡♥t♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ é ♣♦✉❝♦ ♠❛s ❛ ❝♦♥✈❡r❣ê♥❝✐❛
é r❡❧❛t✐✈❛♠❡♥t❡ ❜❛✐①❛✳

• ❆❧❣♦r✐t♠♦ ❛❝♦♣❧❛❞♦✿ ❖ s✐st❡♠❛ ❞❡ ❡q✉❛çõ❡s é r❡s♦❧✈✐❞♦ ❡♠ ❝♦♥❥✉♥t♦✳ ◆❡st❡ ❝❛s♦✱ ❛ ❝♦♥✲
✈❡r❣ê♥❝✐❛ ♠❡❧❤♦r❛ s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡✱ ❝♦♠♣❛r❛❞❛ ❝♦♠ ♦ ♠ét♦❞♦ s❡❣r❡❣❛❞♦❀ ♥♦ ❡♥t❛♥t♦✱
♦ r❡q✉❡r✐♠❡♥t♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ é ❞❡ ✶✱✺ ❛ ✷ ✈❡③❡s ♠❛✐♦r✳



✷✳✼ ❊❳P❊❘■▼❊◆❚❆➬➹❖ ◆❯▼➱❘■❈❆ ✷✾

❋✐❣✉r❛ ✷✳✽✿ ❋❧✉①♦❣r❛♠❛ ❞♦s ♠ét♦❞♦s ❞❡ s♦❧✉çã♦ ❞♦ s♦❧✈❡r ❜❛s❡❛❞♦ ♥❛ ♣r❡ssã♦ ✭❛✮
❛❧❣♦r✐t♠♦ s❡❣r❡❣❛❞♦ ✭❜✮ ❛❧❣♦r✐t♠♦ ❛❝♦♣❧❛❞♦✳ ❋♦♥t❡ ❛❞❛♣t❛❞❛✿ ❋▲❯❊◆❚ ✭✷✵✵✾✮✳



✸✵ ❋❯◆❉❆▼❊◆❚❖ ❚❊Ó❘■❈❖ ❊ ❊❙❚❆❉❖ ❉❆ ❆❘❚❊ ✷✳✼



❈❛♣ít✉❧♦ ✸

▼❖❉❊▲❆●❊▼ ▼❆❚❊▼➪❚■❈❆

✸✳✶ ■♥tr♦❞✉çã♦

❖ t❡r♠♦ ❡s❝♦❛♠❡♥t♦ ♠✉❧t✐❢ás✐❝♦ é ✉s❛❞♦ ❣❡r❛❧♠❡♥t❡ ♣❛r❛ ❞❡♥♦t❛r ♦ ❡s❝♦❛♠❡♥t♦ ❞❡ ✉♠
✢✉✐❞♦ q✉❡ ❝♦♥té♠ ♠❛✐s ❞❡ ✉♠❛ ❢❛s❡ ♦✉ ❝♦♠♣♦♥❡♥t❡ ✭❇❘❊◆◆❊◆✱ ✷✵✵✻✮✳ ❚❛♠❜é♠ é ♣♦ssí✈❡❧
❞❡✜♥í✲❧♦ ❝♦♠♦ s✐st❡♠❛s ❡♠ q✉❡ ❞✐❢❡r❡♥t❡s ❢❛s❡s ✢✉✐❞❛s ❡✴♦✉ só❧✐❞❛s ❡stã♦ ♣r❡s❡♥t❡s s✐♠✉❧✲
t❛♥❡❛♠❡♥t❡❀ ♦s ✢✉✐❞♦s ♣♦❞❡♠ s❡r ❞✐❢❡r❡♥t❡s ❢❛s❡s ❞❛ ♠❡s♠❛ s✉❜stâ♥❝✐❛ ♦✉ ❢❛s❡s ❡ s✉❜stâ♥❝✐❛s
❞✐❢❡r❡♥t❡s ✐♥t❡r❛❣✐♥❞♦ ❡♥tr❡ ❡❧❡s ✭P❘❖❙P❊❘❊❚❚■ ❡ ❚❘❨●●❱❆❙❖◆✱ ✷✵✵✽✮✳

❖ ❝♦♠♣♦rt❛♠❡♥t♦ ❡ ❛ ❢♦r♠❛ ❞❛s ✐♥t❡r❢❛s❡s ❡♠ ✉♠❛ ♠✐st✉r❛ ♠✉❧t✐❢ás✐❝❛ ❞❡s❝r❡✈❡♠ ♦
q✉❡ s❡ ❝❤❛♠❛ r❡❣✐♠❡ ❞❡ ❡s❝♦❛♠❡♥t♦ ♦✉ ♣❛❞rã♦ ❞❡ ❡s❝♦❛♠❡♥t♦✳ ❊①✐st❡♠ ❢♦rç❛s ❝♦♥❝♦rr❡♥t❡s
♦✉ ♠❡❝❛♥✐s♠♦s q✉❡ ♦❝♦rr❡♠ ❛♦ ♠❡s♠♦ t❡♠♣♦✱ ❞❡♥tr♦ ❞♦ ✢✉✐❞♦ ♠✉❧t✐❢ás✐❝♦❀ ♦ ❡q✉✐❧í❜r✐♦
❡♥tr❡ ❡ss❛s ❢♦rç❛s ❞❡t❡r♠✐♥❛ ♦ ♣❛❞rã♦ ❞❡ ❡s❝♦❛♠❡♥t♦✳ ❖s ❢❛t♦r❡s q✉❡ ❞❡✜♥❡♠ ❡st❡ r❡❣✐♠❡ ❞❡
❡s❝♦❛♠❡♥t♦ sã♦✿

• Pr♦♣r✐❡❞❛❞❡s ❞❛ ❢❛s❡✱ ❢r❛çõ❡s ❞❡ ✈♦❧✉♠❡ ❡ ✈❡❧♦❝✐❞❛❞❡s✳

• Pr❡ssã♦ ❡ t❡♠♣❡r❛t✉r❛ ❞❡ ♦♣❡r❛çã♦✳

• ❉✐â♠❡tr♦✱ ❢♦r♠❛✱ ✐♥❝❧✐♥❛çã♦ ❡ r✉❣♦s✐❞❛❞❡ ❞♦ t✉❜♦✳

• Pr❡s❡♥ç❛ ❞❡ q✉❛❧q✉❡r t✐♣♦ ❞❡ tr❛❜❛❧❤♦ à ♠♦♥t❛♥t❡ ♦✉ à ❥✉s❛♥t❡ ✭❝✉r✈❛s✱ ✈á❧✈✉❧❛s✱ ✉♥✐õ❡s
❡♠ ❢♦r♠❛ ❞❡ ❚✱ ❡♥tr❡ ♦✉tr♦s✮✳

• ❚✐♣♦ ❞❡ ❡s❝♦❛♠❡♥t♦✿ ❡st❛❞♦ ❡stá✈❡❧✱ ♣s❡✉❞♦✲❡stá✈❡❧ ♦✉ tr❛♥s✐❡♥t❡✳

❊①✐st❡♠ q✉❛tr♦ t✐♣♦s ❞❡ ♠♦❞❡❧♦s ❞❡ ❡s❝♦❛♠❡♥t♦ ♠✉❧t✐❢ás✐❝♦ ✭❋❆▲❈❖◆❊ ❡t ❛❧✳✱ ✷✵✵✾✮✿

✐✮ ❊♠♣ír✐❝♦✿ ❖s ❞❛❞♦s ❞♦ ❣r❛❞✐❡♥t❡ ❞❡ ♣r❡ssã♦ ❡ ❢r❛çã♦ ❞❡ ✈❛③✐♦ ❡stã♦ r❡❧❛❝✐♦♥❛❞♦s ❝♦♠
✈❛r✐á✈❡✐s ❞♦ s✐st❡♠❛ ❛tr❛✈és ❞❡ ❡q✉❛çõ❡s ❡♠♣ír✐❝❛s✳ ❊st❡s ♠♦❞❡❧♦s só s❡ ❛♣❧✐❝❛♠ ❡♠ ✉♠
♥ú♠❡r♦ ❧✐♠✐t❛❞♦ ❞❡ ❝♦♥❞✐çõ❡s✳ ❙ã♦ r❡❧❛t✐✈❛♠❡♥t❡ s✐♠♣❧❡s ❡ rá♣✐❞♦s✳

✸✶
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✐✐✮ ❋❡♥♦♠❡♥♦❧ó❣✐❝♦✿ ❋❡✐t❛s ♦❜s❡r✈❛çõ❡s ❞♦s ♣❛❞rõ❡s ❞❡ ❡s❝♦❛♠❡♥t♦✱ ♦s ♠♦❞❡❧♦s sã♦ ❝♦♥✲
str✉í❞♦s ❝♦♠ ❧❡✐s ❞❡ ❢❡❝❤❛♠❡♥t♦ ❛❞❡q✉❛❞❛s ♣❛r❛ r❡♣r❡s❡♥t❛r ♦ ❡s❝♦❛♠❡♥t♦ ❡♠ ❢✉♥çã♦
❞❛s ❝❛r❛❝t❡ríst✐❝❛s ♣❛❞rã♦✳

✐✐✐✮ ▼✉❧t✐✲✢✉✐❞♦✿ ❆s ❡q✉❛çõ❡s ❢♦r♠❛✐s q✉❡ r❡❣❡♠ ♦ ❡s❝♦❛♠❡♥t♦ ✭♠❛ss❛✱ ❡♥❡r❣✐❛ ❡ q✉❛♥✲
t✐❞❛❞❡ ❞❡ ♠♦✈✐♠❡♥t♦✮ sã♦ r❡s♦❧✈✐❞❛s ❥✉♥t♦ ❝♦♠ ❛s ❧❡✐s ❞❡ ❢❡❝❤❛♠❡♥t♦ ✭❣❡r❛❧♠❡♥t❡
❜❛s❡❛❞❛s ❡♠ ❞❛❞♦s ❡♠♣ír✐❝♦s✮ ♣❛r❛ ❝❛❞❛ ✢✉✐❞♦✱ ❧❡✈❛♥❞♦ ❡♠ ❝♦♥t❛ ❛s ✐♥t❡r❛çõ❡s✳

✐✈✮ ▼♦♥✐t♦r❛♠❡♥t♦ ❞❛ ✐♥t❡r❢❛s❡✿ ❡st❛ ♠♦❞❡❧❛❣❡♠ ♣❡r♠✐t❡ ❝❛❧❝✉❧❛r ♦s ❞❡t❛❧❤❡s ❞❛ ❡str✉✲
t✉r❛ ✐♥t❡r❢❛❝✐❛❧ ❛tr❛✈és ❞❡ ❞✐✈❡rs❛s té❝♥✐❝❛s✳

✸✳✷ ▼♦❞❡❧♦ ❋❧✉✐❞♦❞✐♥â♠✐❝♦

❆ ❞❡s❝r✐çã♦ ❞♦ ❡s❝♦❛♠❡♥t♦ ♠✉❧t✐❢ás✐❝♦ ❝♦♠♦ ✉♠❛ ❝♦♥tí♥✉❛ ✐♥t❡r♣❡♥❡tr❛çã♦ ❞❛s ❢❛s❡s
✭♠♦❞❡❧♦ ❊✉❧❡r✐❛♥♦ ✕ ❊✉❧❡r✐❛♥♦✮ ✐♥❝♦r♣♦r❛ ♦ t❡r♠♦ ✏❢r❛çã♦ ❞❡ ✈♦❧✉♠❡ ❞❛ ❢❛s❡✑✳ ❆ ❢r❛çã♦
❞❡ ✈♦❧✉♠❡ r❡♣r❡s❡♥t❛ ♦ ❡s♣❛ç♦ ♦❝✉♣❛❞♦ ♣♦r ❝❛❞❛ ❢❛s❡✱ ❡ ❛s ❧❡✐s ❞❡ ❝♦♥s❡r✈❛çã♦ ❞❡ ♠❛ss❛ ❡ ❞❡
q✉❛♥t✐❞❛❞❡ ❞❡ ♠♦✈✐♠❡♥t♦ s❡rã♦ s❛t✐s❢❡✐t❛s ♣❛r❛ ❝❛❞❛ ❢❛s❡ ✐♥❞✐✈✐❞✉❛❧♠❡♥t❡✱ ❝✉♠♣r✐♥❞♦✲s❡ ❛
s❡❣✉✐♥t❡ ❝♦♥❞✐çã♦✿

n∑

q=1

αq = 1 ✭✸✳✶✮

✸✳✷✳✶ ❊q✉❛çõ❡s ❞❡ ❈♦♥t✐♥✉✐❞❛❞❡

❆s ❡q✉❛çõ❡s ❞❡ ❝♦♥t✐♥✉✐❞❛❞❡ ♣❛r❛ ❛ ❢❛s❡ ❣❛s♦s❛ ❡ ❛ ❢❛s❡ só❧✐❞❛ ❡stã♦ r❡♣r❡s❡♥t❛❞❛s ♣♦r✿

∂

∂t
(αgρg) +▽ · (αgρg~vg) = 0 ✭✸✳✷✮

∂

∂t
(αsρs) +▽ · (αsρs~vs) = 0 ✭✸✳✸✮

❖♥❞❡ −→v ❝♦rr❡s♣♦♥❞❡ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❝❛❞❛ ❢❛s❡✱ ♦s s✉❜s❝r✐t♦s g ❡ s r❡♣r❡s❡♥t❛♠ ❛ ❢❛s❡
❣❛s♦s❛ ❡ ❛ ❢❛s❡ ♣❛rt✐❝✉❧❛❞❛ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ◆ã♦ ❢♦✐ ❝♦♥s✐❞❡r❛❞❛ ❛ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ♠❛ss❛
❡♥tr❡ ❛s ❢❛s❡s✳
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✸✳✷✳✷ ❊q✉❛çõ❡s ❞❡ ◗✉❛♥t✐❞❛❞❡ ❞❡ ▼♦✈✐♠❡♥t♦

❆s ❡q✉❛çõ❡s ❞❡ q✉❛♥t✐❞❛❞❡ ❞❡ ♠♦✈✐♠❡♥t♦ ♣❛r❛ ❛ ❢❛s❡ ❣❛s♦s❛ ❡ ❛ ❢❛s❡ só❧✐❞❛ ❡stã♦ r❡♣r❡✲
s❡♥t❛❞❛s ♣♦r✿

∂

∂t
(αgρg~vg) +▽ · (αgρg~vg~vg) = −αg ▽ p+▽ ·

[

αgµg

(

▽~vg + (▽~vg)
T
)]

+ αgρg~g +Ksg (~vs − ~vg) ✭✸✳✹✮

∂

∂t
(αsρs~vs) +▽ · (αsρs~vs~vs) = −αsG▽ αs +▽ ·

[

αsµs

(

▽~vs + (▽~vs)
T
)]

+ αsρs~g +Ksg (~vg − ~vs) ✭✸✳✺✮

❊♠ q✉❡ µ r❡♣r❡s❡♥t❛ ❛ ✈✐s❝♦s✐❞❛❞❡✱ −→g ❛ ❛❝❡❧❡r❛çã♦ ❞❛ ❣r❛✈✐❞❛❞❡✱ p ❛ ♣r❡ssã♦✱ G ♦ ♠♦❞✉❧♦
❞❡ ❡❧❛st✐❝✐❞❛❞❡ ❡ Ksg ❛ tr❛♥s❢❡rê♥❝✐❛ ❞❡ q✉❛♥t✐❞❛❞❡ ❞❡ ♠♦✈✐♠❡♥t♦ ♥❛ ✐♥t❡r❢❛s❡✱ q✉❡ ♣♦ss✉✐ ❛
s❡❣✉✐♥t❡ ❢♦r♠❛ ❣❡r❛❧ ✭●■❉❆❙P❖❲✱ ✶✾✾✹✮✿







Ksg = 150
αs (1− αg)µg

αgd2s
+ 1, 75

αsρg |~vs − ~vg|

ds
|αg ≤ 0, 8

Ksg =
3

4
CD

αsαgρg |~vs − ~vg|

ds
α−2,65
g |αg > 0, 8

✭✸✳✻✮

❖♥❞❡✱ ds é ♦ ❞✐â♠❡tr♦ ❞❛s ♣❛rtí❝✉❧❛s ❞❛ ❢❛s❡ só❧✐❞❛ ❡ CD é ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❛rr❛st❡✱ ♦ q✉❛❧
é ❜❛s❡❛❞♦ ♥♦ ♥ú♠❡r♦ ❞❡ ❘❡②♥♦❧❞s r❡❧❛t✐✈♦ ✭Res✮✳







24 (1 + 0, 15Re0,687s )

Res
|Res ≤ 1000

0, 44 |Res > 1000

✭✸✳✼✮

❖ ♥ú♠❡r♦ ❞❡ ❘❡②♥♦❧❞s r❡❧❛t✐✈♦ ❡stá r❡♣r❡s❡♥t❛❞♦ ♣♦r✿

Res =
ρg |~vs − ~vg| ds

µg

✭✸✳✽✮
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❖ ♠♦❞✉❧♦ ❞❡ ❡❧❛st✐❝✐❞❛❞❡ ❞❛❞♦ ♣♦r ●■❉❆❙P❖❲ ✭✶✾✾✹✮ é ♠♦str❛❞♦ ❛ s❡❣✉✐r✿

G = exp [CG (αs − αs,max)] ✭✸✳✾✮

❖♥❞❡

αs,max ❂ ❢r❛çã♦ ✈♦❧✉♠étr✐❝❛ ♠á①✐♠❛ ❞❛ ❢❛s❡ ♣❛rt✐❝✉❧❛❞❛✳

P❛r❛ ❡s❢❡r❛s ♠♦♥♦❞✐s♣❡rs❛s✱ ♦ ❧✐♠✐t❡ ❞❡ ❡♠♣❛❝♦t❛♠❡♥t♦ ❡♥❝♦♥tr❛✲s❡ ❛♦ r❡❞♦r ❞❡ ✵✱✻✸✳

✸✳✷✳✸ ❊q✉❛çã♦ ❞❡ ❊♥❡r❣✐❛

P❛r❛ ❞❡s❝r❡✈❡r ❛ ❝♦♥s❡r✈❛çã♦ ❞❡ ❡♥❡r❣✐❛ ♣❡❧♦ ♠♦❞❡❧♦ ❊✉❧❡r✐❛♥♦✕❊✉❧❡r✐❛♥♦✱ ♣♦❞❡ s❡r ❡s❝r✐t❛
✉♠❛ ❡q✉❛çã♦ ❞❡ ❡♥t❛❧♣✐❛ ♣❛r❛ ❝❛❞❛ ❢❛s❡✿

∂

∂t
(αgρgHg) +▽ · (αgρg~vgHg) = ▽ · (αgλg ▽ Tg) + γ (Ts − Tg) + αgρg

∑

r

∆Hr
∂Cr

∂t
✭✸✳✶✵✮

∂

∂t
(αsρsHs) +▽ · (αsρs~vsHs) = ▽ · (αsλs ▽ Ts) + γ (Tg − Ts) ✭✸✳✶✶✮

❖♥❞❡

H ❂ ❊♥t❛❧♣✐❛ ❡s♣❡❝í✜❝❛

T ❂ ❚❡♠♣❡r❛t✉r❛

γ ❂ ❈♦❡✜❝✐❡♥t❡ ❞❡ tr♦❝❛ tér♠✐❝❛ ❡♥tr❡ ❛s ❢❛s❡s

λ ❂ ❈♦♥❞✉t✐✈✐❞❛❞❡ tér♠✐❝❛

❖ ❝♦❡✜❝✐❡♥t❡ ❞❡ tr♦❝❛ tér♠✐❝❛ ❡♥tr❡ ❛s ❢❛s❡s é ♠♦❞❡❧❛❞♦ ✉s❛♥❞♦ ❛ s❡❣✉✐♥t❡ ❝♦rr❡❧❛çã♦✿

γ =
Nuλ

ds
✭✸✳✶✷✮
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P❛r❛ ♦ ❝❛s♦ ❞❡ ❡s❝♦❛♠❡♥t♦s ♠✉❧t✐❢ás✐❝♦s✱ ♦ ♥ú♠❡r♦ ❞❡ ◆✉ss❡❧t é ❞❡t❡r♠✐♥❛❞♦ ♣❡❧❛ s❡❣✉✐♥t❡
❝♦rr❡❧❛çã♦ ✭❘❆◆❩ ❡ ▼❆❘❙❍❆▲✱ ✶✾✺✷✮✿

Nu = 2, 0 + 0, 6Re1/2s Pr1/3 ✭✸✳✶✸✮

✸✳✷✳✹ ❚r❛♥s♣♦rt❡ ❞❡ ❊s♣é❝✐❡s

∂

∂t
(αgρgYi,g)

︸ ︷︷ ︸

I

+▽ · (αgρg~vgYi,g)
︸ ︷︷ ︸

II

= αgRi,g
︸ ︷︷ ︸

III

+ αgSi,g
︸ ︷︷ ︸

IV

✭✸✳✶✹✮

◆❛ ❊q✉❛çã♦ ✸✳✶✹✱ Ri é ❛ r❛③ã♦ ❧✐q✉✐❞❛ ❞❡ ♣r♦❞✉çã♦ ❞❛ ❡s♣é❝✐❡ i ♣❡❧❛ r❡❛çã♦✱ ❡ Si é ❛ r❛③ã♦
❞❡ ♣r♦❞✉çã♦ ❞❡✈✐❞❛ à ❛❞✐çã♦ ❞❛ ❢❛s❡ ❞✐s♣❡rs❛✳ ❊st❛ ❡q✉❛çã♦ é r❡s♦❧✈✐❞❛ ♣❛r❛ N − 1 ❡s♣é❝✐❡s
s❡♥❞♦ N ♦ ♥ú♠❡r♦ t♦t❛❧ ❞❡ ❡s♣é❝✐❡s ❡ ❝✉♠♣r✐♥❞♦✲s❡ q✉❡ ♦ s♦♠❛tór✐♦ ❞❛s ❢r❛çõ❡s ♠áss✐❝❛s
s❡❥❛ ❛ ✉♥✐❞❛❞❡✳

❖s t❡r♠♦s ❞❛ ❡q✉❛çã♦ ✸✳✶✹ sã♦✿

■✮ ❚❡r♠♦ tr❛♥s✐❡♥t❡

■■✮ ❚❡r♠♦ ❝♦♥✈❡❝t✐✈♦

■■■✮ ❚❡r♠♦ ❞❛ r❡❛çã♦ ❤♦♠♦❣ê♥❡❛

■❱✮ ❚❡r♠♦ ❞❡ ♣r♦❞✉çã♦ ❤♦♠♦❣ê♥❡❛

✸✳✷✳✺ ❊q✉❛çõ❡s ❞❡ ❋❡❝❤❛♠❡♥t♦

❚✉r❜✉❧ê♥❝✐❛

❆ t✉r❜✉❧ê♥❝✐❛ ❝♦♥s✐st❡ ♥❛s ✢✉t✉❛çõ❡s ❞♦ ❝❛♠♣♦ ❞❡ ❡s❝♦❛♠❡♥t♦ ♥♦ t❡♠♣♦ ❡ ♥♦ ❡s♣❛ç♦✱
t❡♥❞♦ ✉♠ ❡❢❡✐t♦ s✐❣♥✐✜❝❛t✐✈♦ s♦❜r❡ ❛s ❝❛r❛❝t❡ríst✐❝❛s ❞♦ ❡s❝♦❛♠❡♥t♦✳ ➱ ✉♠ ♣r♦❝❡ss♦ ❝♦♠♣❧❡①♦✱
♣r✐♥❝✐♣❛❧♠❡♥t❡ ♣♦rq✉❡ é tr✐❞✐♠❡♥s✐♦♥❛❧✱ ✐♥stá✈❡❧ ❡ ❝♦♥té♠ ♠ú❧t✐♣❧❛s ❡s❝❛❧❛s✳ ❆ t✉r❜✉❧ê♥❝✐❛
♦❝♦rr❡ q✉❛♥❞♦ ❛s ❢♦rç❛s ✐♥❡r❝✐❛✐s ❞♦ ✢✉✐❞♦ t♦r♥❛♠✲s❡ s✐❣♥✐✜❝❛t✐✈❛s ❡♠ ❝♦♠♣❛r❛çã♦ ❝♦♠ ❛s
❢♦rç❛s ✈✐s❝♦s❛s✱ ❡ é ❝❛r❛❝t❡r✐③❛❞❛ ♣♦r ✉♠ ♥ú♠❡r♦ ❞❡ ❘❡②♥♦❧❞s ❡❧❡✈❛❞♦ ✭❈❋❳✱ ✷✵✵✻✮✳
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❇❛s✐❝❛♠❡♥t❡✱ ♦s ♠♦❞❡❧♦s ❞❡ t✉r❜✉❧ê♥❝✐❛ ❢♦r♥❡❝❡♠ ❛ s♦❧✉çã♦ ❛♦ ♣r♦❜❧❡♠❛ ❞❡ ❢❡❝❤❛♠❡♥t♦
❞❛s ❡q✉❛çõ❡s ❞❡ ◆❛✈✐❡r✕❙t♦❦❡s✳ ❖ ❡s❝♦❛♠❡♥t♦ t✉r❜✉❧❡♥t♦ ❡♥❝♦♥tr❛✲s❡ ❛ss♦❝✐❛❞♦ ❝♦♠ ✈❛❧♦r❡s
❛❧t♦s ❞❡ ❛tr✐t♦✱ ❛rr❛st❡ ❡ q✉❡❞❛ ❞❡ ♣r❡ssã♦✳ ◆♦ ❡♥t❛♥t♦✱ ♥❛ ♠❛✐♦r✐❛ ❞❛s ❛♣❧✐❝❛çõ❡s ❞❡ ❡♥✲
❣❡♥❤❛r✐❛✱ ❛s ✈❛♥t❛❣❡♥s ♦❜t✐❞❛s ♣❡❧♦ ❛♣r✐♠♦r❛♠❡♥t♦ ♥♦ tr❛♥s♣♦rt❡ sã♦ ♠❛✐s ✈❛❧✐♦s❛s q✉❡ ❛s
♣❡r❞❛s ♣♦r ❛tr✐t♦ ✭❘❆◆❆❉❊✱ ✷✵✵✷✮✳

❆ ✈✐s❝♦s✐❞❛❞❡ ❡❢❡t✐✈❛ ❞❛ ❢❛s❡ ❣ás é ♣r❡❞✐t❛ ♠❡❞✐❛♥t❡ ❛ s♦♠❛ ❞❛ ✈✐s❝♦s✐❞❛❞❡ ♠♦❧❡❝✉❧❛r ❡ ❛
✈✐s❝♦s✐❞❛❞❡ t✉r❜✉❧❡♥t❛✿

µg = µl,g + µt,g ✭✸✳✶✺✮

❖s ♠♦❞❡❧♦s ❞❡ t✉r❜✉❧ê♥❝✐❛ ❞❡ ❞✉❛s ❡q✉❛çõ❡s sã♦ ❛♠♣❧❛♠❡♥t❡ ✉t✐❧✐③❛❞♦s ♣♦rq✉❡ ♦❢❡r❡❝❡♠
✉♠ ❡q✉✐❧í❜r✐♦ ❡♥tr❡ ❡s❢♦rç♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ ❡ ♣r❡❝✐sã♦ ♥✉♠ér✐❝❛✳ ◆❡st❡s ♠♦❞❡❧♦s✱ ❛ ✈❡❧♦❝✐❞❛❞❡
❞❛ t✉r❜✉❧ê♥❝✐❛ é ❝❛❧❝✉❧❛❞❛ ❛ ♣❛rt✐r ❞❛ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ t✉r❜✉❧❡♥t❛ q✉❡ ✈❡♠ ❞❛ r❡s♣❡❝t✐✈❛
❡q✉❛çã♦ ❞❡ tr❛♥s♣♦rt❡✳ ❆ ❡s❝❛❧❛ ❞❡ ❧♦♥❣✐t✉❞❡ t✉r❜✉❧❡♥t❛ ❡st✐♠❛✲s❡ ❛ ♣❛rt✐r ❞❛ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛
t✉r❜✉❧❡♥t❛ κ ✭✈❛r✐❛çã♦ ❞❛s ✢✉t✉❛çõ❡s ♥❛ ✈❡❧♦❝✐❞❛❞❡✮ q✉❡ t❡♠ ❞✐♠❡♥sõ❡s ❞❡ m2/s2 ♥♦ ❙■✱ ❡ ❞❛
t❛①❛ ❞❡ ❞✐ss✐♣❛çã♦ t✉r❜✉❧❡♥t❛✱ q✉❡ t❡♠ ❞✐♠❡♥sõ❡s ❞❡ κ ♣♦r ✉♥✐❞❛❞❡ ❞❡ t❡♠♣♦✱ ♣❛r❛ ♠♦❞❡❧♦s
κ− ε ♦✉ ❢r❡q✉ê♥❝✐❛ ❞❛ t✉r❜✉❧ê♥❝✐❛ ♣❛r❛ ♠♦❞❡❧♦s κ− ω ✭❈❋❳✱ ✷✵✵✻✮✳

◆❡st❡ tr❛❜❛❧❤♦ ✉t✐❧✐③♦✉✲s❡ ♦ ♠♦❞❡❧♦ ❞❡ t✉r❜✉❧ê♥❝✐❛ ❞❡ ❞✉❛s ❡q✉❛çõ❡s κ − ε ✏❘❡❛❧✐③❛❜❧❡✑✳
❊st❡ ♠♦❞❡❧♦ ❢♦✐ ♣r♦♣♦st♦ ♣♦r ▲❆❯◆❉❊❘ ❡ ❙P❆▲❉■◆● ✭✶✾✼✷✮✱ ❡ ❛♣r❡s❡♥t❛ r♦❜✉st❡③✱ ❡❝♦♥♦✲
♠✐❛ ❡ r❛③♦á✈❡❧ ♣r❡❝✐sã♦ ♣❛r❛ ✉♠❛ ❛♠♣❧❛ ❢❛✐①❛ ❞❡ ❡s❝♦❛♠❡♥t♦s t✉r❜✉❧❡♥t♦s✳ ➱ ✉♠ ♠♦❞❡❧♦
s❡♠✐✲❡♠♣ír✐❝♦ ❜❛s❡❛❞♦ ♥❛s ❡q✉❛çõ❡s ❞❡ tr❛♥s♣♦rt❡ ♣❛r❛ ❛ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ t✉r❜✉❧❡♥t❛ ✭κ✮ ❡
s✉❛ t❛①❛ ❞❡ ❞✐ss✐♣❛çã♦ ✭ε✮✳ ❖ ♠♦❞❡❧♦ ❛ss✉♠❡ q✉❡ ♦ ❡s❝♦❛♠❡♥t♦ é ❝♦♠♣❧❡t❛♠❡♥t❡ t✉r❜✉❧❡♥t♦
❡ q✉❡✱ ♦s ❡❢❡✐t♦s ❞❛ ✈✐s❝♦s✐❞❛❞❡ ♠♦❧❡❝✉❧❛r sã♦ ❞❡s♣r❡③í✈❡✐s✳

❆ ✈✐s❝♦s✐❞❛❞❡ t✉r❜✉❧❡♥t❛ µt,g é ❝❛❧❝✉❧❛❞❛ ♣❡❧❛ ❝♦♠❜✐♥❛çã♦ ❞❡ κ ❡ ε ❛ss✐♠✿

µt,g = ρgCµ
κ2

ε
✭✸✳✶✻✮

❖♥❞❡✱ Cµ é ✉♠❛ ❝♦♥st❛♥t❡✳ ❆s ❡q✉❛çõ❡s ❞❡ tr❛♥s♣♦rt❡ ♣❛r❛ ♦ ♠♦❞❡❧♦ κ−ε sã♦ ♠♦str❛❞❛s
❛ s❡❣✉✐r✿

∂

∂t
(ρgκ) +▽ · (ρg~vgκ) = ▽ ·

[(

µl,g +
µt,g

σκ

)

▽ κ

]

+ P κ − ρgε ✭✸✳✶✼✮
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∂

∂t
(ρgε) +▽ · (ρg~vgε) = ▽ ·

[(

µl,g +
µt,g

σε

)

▽ ε

]

+
ε

κ
(C1,εP

κ + C2,ερgε) ✭✸✳✶✽✮

❖♥❞❡✱ C1,ε ❡ C2,ε sã♦ ❝♦♥st❛♥t❡s❀ σκ ❡ σε sã♦ ♦s ♥ú♠❡r♦s ❞❡ Pr❛♥❞t❧ t✉r❜✉❧❡♥t♦ ♣❛r❛ κ
❡ ε r❡s♣❡❝t✐✈❛♠❡♥t❡✳ P κ é ❛ ♣r♦❞✉çã♦ ❞❛ t✉r❜✉❧ê♥❝✐❛✱ ❛ q✉❛❧ é ♠♦❞❡❧❛❞❛ ❝♦♠♦ ♠♦str❛❞♦ ❛
s❡❣✉✐r✿

P κ = µt,g ▽ ~vg ·
(

▽~vg + (▽~vg)
T
)

✭✸✳✶✾✮

❆ ❚❛❜❡❧❛ ✸✳✶ ♠♦str❛ ♦ ✈❛❧♦r ❞❛s ❝♦♥st❛♥t❡s ❞♦ ♠♦❞❡❧♦ ❞❡ t✉r❜✉❧ê♥❝✐❛✳

❚❛❜❡❧❛ ✸✳✶✿ ❈♦♥st❛♥t❡s ❞♦ ♠♦❞❡❧♦ ❞❡ t✉r❜✉❧ê♥❝✐❛✳ ❋♦♥t❡✿
▲❆❯◆❉❊❘ ❡ ❙P❆▲❉■◆● ✭✶✾✼✷✮✳

C1,ε C2,ε Cµ σκ σε

✶✱✹✹ ✶✱✾✷ ✵✱✵✾ ✶✱✵ ✶✱✸

❚✉r❜✉❧ê♥❝✐❛ ♥❛ r❡❣✐ã♦ ♣ró①✐♠❛ à ♣❛r❡❞❡

❆ ♣r❡s❡♥ç❛ ❞❛s ♣❛r❡❞❡s ❛❧t❡r❛ ❛ t✉r❜✉❧ê♥❝✐❛ ❞❡✈✐❞♦ ❛♦ ❛♠♦rt❡❝✐♠❡♥t♦✳ ❊①♣❡r✐♠❡♥t♦s
♠♦str❛♠ q✉❡ ❛ r❡❣✐ã♦ ♣ró①✐♠❛ à ♣❛r❡❞❡ ♣♦❞❡ s❡r ❞✐✈✐❞✐❞❛ ❡♠ três ❝❛♠❛❞❛s✿

✐✮ ❈❛♠❛❞❛ ✈✐s❝♦s❛✱ ♦ ❡s❝♦❛♠❡♥t♦ é ❧❛♠✐♥❛r ❡ ♣r❡❞♦♠✐♥❛ ❛ ✈✐s❝♦s✐❞❛❞❡ ♠♦❧❡❝✉❧❛r✳

✐✐✮ ❈❛♠❛❞❛ ✐♥t❡r♠é❞✐❛ ♦✉ ❞❡ ❛♠♦rt❡❝✐♠❡♥t♦✱ ❡♠ q✉❡ ❛ ✈✐s❝♦s✐❞❛❞❡ ♠♦❧❡❝✉❧❛r ❡ ❛ t✉r❜✉❧ê♥❝✐❛
tê♠ ❛ ♠❡s♠❛ r❡❧❡✈â♥❝✐❛✳

✐✐✐✮ ❈❛♠❛❞❛ ❝♦♠♣❧❡t❛♠❡♥t❡ t✉r❜✉❧❡♥t❛✱ ♦♥❞❡ ♣r❡❞♦♠✐♥❛ ❛ t✉r❜✉❧ê♥❝✐❛✳

❆ r❡❣✐ã♦ ♣ró①✐♠❛ à ♣❛r❡❞❡ é ♠♦❞❡❧❛❞❛ ❝♦♠ ❛s ❝❤❛♠❛❞❛s ❢✉♥çõ❡s ❞❡ ♣❛r❡❞❡✱ ♦♥❞❡ ❛s r❡❣✐õ❡s
✐♥t❡r♥❛s ✭❛❢❡t❛❞❛s ♣❡❧❛ ✈✐s❝♦s✐❞❛❞❡✮ ♥ã♦ sã♦ ♠♦❞❡❧❛❞❛s✱ ❡♠ ✈❡③ ❞✐ss♦✱ sã♦ ✉s❛❞❛s ❢♦r♠✉❧❛s
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s❡♠✐✲❡♠♣ír✐❝❛s ✭❢✉♥çõ❡s ❞❡ ♣❛r❡❞❡✮✱ s❡r✈✐♥❞♦ ❞❡ ♣♦♥t❡ ❡♥tr❡ ❛ r❡❣✐ã♦ ❛❢❡t❛❞❛ ♣❡❧❛ ✈✐s❝♦s✐❞❛❞❡
❡ ❛ r❡❣✐ã♦ ❝♦♠♣❧❡t❛♠❡♥t❡ t✉r❜✉❧❡♥t❛ ✭❋✐❣✉r❛ ✸✳✶✮✳ ❆s ❢✉♥çõ❡s ❞❡ ♣❛r❡❞❡ sã♦ ❛♠♣❧❛♠❡♥t❡
✉s❛❞❛s ❡♠ ❡s❝♦❛♠❡♥t♦s ✐♥❞✉str✐❛✐s✶✳

❋✐❣✉r❛ ✸✳✶✿ ❋✉♥çõ❡s ❞❡ ♣❛r❡❞❡✳ ❋♦♥t❡ ❛❞❛♣t❛❞❛✿ ❘❆◆❆❉❊ ✭✷✵✵✷✮✳

✸✳✸ ▼♦❞❡❧♦ ❈✐♥ét✐❝♦

❆s t❛①❛s ❞❡ r❡❛çã♦ q✉❡ ❛♣❛r❡❝❡♠ ♥♦s t❡r♠♦s ❢♦♥t❡ ❞❛ ❊q✉❛çã♦ ✸✳✶✹ sã♦ ❝❛❧❝✉❧❛❞❛s ♣❛r❛
❡s❝♦❛♠❡♥t♦s t✉r❜✉❧❡♥t♦s ♣♦r q✉❛tr♦ t✐♣♦s ❞❡ ♠♦❞❡❧♦s✿

• ✏❋✐♥✐t❡ ✕ ❘❛t❡✑ ❧❛♠✐♥❛r✿ ❖ ❡❢❡✐t♦ ❞❛s ✢✉t✉❛çõ❡s t✉r❜✉❧❡♥t❛s é ❞❡s♣r❡③❛❞♦ ❡ ❛s t❛①❛s ❞❡
r❡❛çã♦ sã♦ ❞❡t❡r♠✐♥❛❞❛s ♣❡❧❛s ❡①♣r❡ssõ❡s ❝✐♥ét✐❝❛s ❞❡ ❆rr❤❡♥✐✉s✳

• ✏❊❞❞② ✕ ❉✐ss✐♣❛t✐♦♥✑✿ ❆ss✉♠❡ q✉❡ ❛ t❛①❛ ❞❡ r❡❛çã♦ é ❝♦♥tr♦❧❛❞❛ ♣❡❧❛ t✉r❜✉❧ê♥❝✐❛✱ ❛ss✐♠
❡✈✐t❛♠✲s❡ ♦s ❝á❧❝✉❧♦s ❞✐s♣❡♥❞✐♦s♦s ❞❛ ❝✐♥ét✐❝❛ q✉í♠✐❝❛ ❞❡ ❆rr❤❡♥✐✉s✳ ❊st❡ ♠♦❞❡❧♦ é
❝♦♠♣✉t❛❝✐♦♥❛❧♠❡♥t❡ ❧❡✈❡✱ ♠❛s ♣❛r❛ r❡s✉❧t❛❞♦s r❡❛❧✐st❛s✱ ❞❡✈❡♠ s❡r ✉s❛❞♦s s♦♠❡♥t❡ ✉♠
♦✉ ❞♦✐s ♣❛ss♦s ♥♦s ♠❡❝❛♥✐s♠♦s ❞❡ ❧✐❜❡r❛çã♦ ❞❡ ❝❛❧♦r✳

• ✏❋✐♥✐t❡ ✕ ❘❛t❡✴❊❞❞② ✕ ❉✐ss✐♣❛t✐♦♥✑ ✿ ◆❡st❡ ♠♦❞❡❧♦✱ ❛s ❞✉❛s t❛①❛s ❞❡ r❡❛çã♦ sã♦ ❝❛❧❝✉✲
❧❛❞❛s ❡ ❛ t❛①❛ ❞❡ r❡❛çã♦ ❧íq✉✐❞❛ é ❝♦♥s✐❞❡r❛❞❛ ❝♦♠♦ ❛ ♠í♥✐♠❛ ❞❛s ❞✉❛s✳

• ✏❊❞❞② ✕ ❉✐ss✐♣❛t✐♦♥ ❈♦♥❝❡♣t ✭❊❉❈✮✑✿ P♦❞❡✲s❡ ✐♥❝❧✉✐r ✉♠❛ ❝✐♥ét✐❝❛ ❞❡t❛❧❤❛❞❛ ❞❡ ❆r✲
r❤❡♥✐✉s ♣❛r❛ ❛s ❝❤❛♠❛s t✉r❜✉❧❡♥t❛s✱ ♣r❡❝✐s❛♥❞♦ ♠❛✐♦r ❡s❢♦rç♦ ❝♦♠♣✉t❛❝✐♦♥❛❧✳

✶❉❡t❛❧❤❡s s♦❜r❡ ❛ ♠♦❞❡❧❛❣❡♠ ❞❛ r❡❣✐ã♦ ♣ró①✐♠❛ ❞❛ ♣❛r❡❞❡ ♣♦❞❡♠ s❡ ❡♥❝♦♥tr❛r ❡♠ ❋▲❯❊◆❚ ✭✷✵✵✾✮✳
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✸✳✸✳✶ ▼♦❞❡❧♦ ✏❋✐♥✐t❡ ✕ ❘❛t❡✑ ▲❛♠✐♥❛r

❖ ♠♦❞❡❧♦ ✏❋✐♥✐t❡ ✕ ❘❛t❡✑ ❧❛♠✐♥❛r ❝❛❧❝✉❧❛ ♦s t❡r♠♦s ❢♦♥t❡ ✉s❛♥❞♦ ❛s ❡①♣r❡ssõ❡s ❞❡ ❆rr❤❡✲
♥✐✉s✷✳ ❊st❡ ♠♦❞❡❧♦ ❞❡s♣r❡③❛ ♦s ❡❢❡✐t♦s ❞❛s ✢✉t✉❛çõ❡s t✉r❜✉❧❡♥t❛s✳ ❆ ❢♦♥t❡ ❧íq✉✐❞❛ ❞❡ ❡s♣é❝✐❡s
q✉í♠✐❝❛s i ❞❡✈✐❞♦ à r❡❛çã♦ é ❝❛❧❝✉❧❛❞❛ ❝♦♠♦ ♦ s♦♠❛tór✐♦ ❞❛s ❢♦♥t❡s ❞❡ r❡❛çã♦ ❞❡ ❆rr❤❡♥✐✉s
❛♦ r❡❞♦r ❞❛s NR r❡❛çõ❡s ❡♠ q✉❡ ❛s ❡s♣é❝✐❡s ♣❛rt✐❝✐♣❛♠✿

Ri = Mw,i

NR∑

r=1

R̂i,r ✭✸✳✷✵✮

❖♥❞❡✱ Mw,i é ♦ ♣❡s♦ ♠♦❧❡❝✉❧❛r ❞❛ ❡s♣é❝✐❡ i✱ ❡ R̂i,r é ❛ r❛③ã♦ ❞❡ ❆rr❤❡♥✐✉s ♠♦❧❛r ❞❡
❝r✐❛çã♦✴❞❡str✉✐çã♦ ❞❛ ❡s♣é❝✐❡ i ♥❛ r❡❛çã♦ r✳ ❊st❛ r❡❛çã♦ ♣♦❞❡ ♦❝♦rr❡r ♥❛ ❢❛s❡ ❝♦♥tí♥✉❛ ♦✉ ♥❛
s✉♣❡r❢í❝✐❡ ❞❛ ♣❛r❡❞❡✳

❈♦♥s✐❞❡r❛♥❞♦ ❛ r❡❛çã♦ r ❡s❝r✐t❛ ❞❡ ❢♦r♠❛ ❣❡r❛❧✱

N∑

i=1

υ
′

i,rMi ⇐
kb,r

kf,r
⇒

N∑

i=1

υ
′′

i,rMi ✭✸✳✷✶✮

❖♥❞❡✱

υ
′

i,r ❂ ❝♦❡✜❝✐❡♥t❡ ❡st❡q✉✐♦♠étr✐❝♦ ❞♦ r❡❛❣❡♥t❡ i ♥❛ r❡❛çã♦ r

υ
′′

i,r ❂ ❝♦❡✜❝✐❡♥t❡ ❡st❡q✉✐♦♠étr✐❝♦ ❞♦ ♣r♦❞✉t♦ i ♥❛ r❡❛çã♦ r

Mi ❂ sí♠❜♦❧♦ q✉❡ ❞❡♥♦t❛ ✏❡s♣é❝✐❡ i✑

kf,r ❂ ❝♦♥st❛♥t❡ ❞❛ t❛①❛ ❞❛ r❡❛çã♦ r ♣❛r❛ ❢r❡♥t❡

kb,r ❂ ❝♦♥st❛♥t❡ ❞❛ t❛①❛ ❞❛ r❡❛çã♦ r ♣❛r❛ trás

P❛r❛ r❡❛çõ❡s ♥ã♦ r❡✈❡rsí✈❡✐s✱ R̂i,r ❞❛ ❡q✉❛çã♦ ✸✳✷✵ ❡stá ❞❛❞❛ ♣♦r✿

R̂i,r = Γ
(

υ
′′

i,r − υ
′

i,r

)
(

kf,r

N∏

j=1

[Cj,r]

(

η
′

j,r+η
′′

j,r

)

)

✭✸✳✷✷✮

✷❆ ❡q✉❛çã♦ ❢♦✐ ♣r♦♣♦st❛ ✐♥✐❝✐❛❧♠❡♥t❡ ♣❡❧♦ q✉í♠✐❝♦ ❤♦❧❛♥❞ês ❏✳ ❍✳ ❈❛♠✐♦♥❡t❡✬t ❍♦✛ ❡♠ ✶✽✽✹❀ ❝✐♥❝♦ ❛♥♦s
♠❛✐s t❛r❞❡ ❡♠ ✶✽✽✾✱ ♦ q✉í♠✐❝♦ s✉❡❝♦ ❙✈❛♥t❡ ❆rr❤❡♥✐✉s ❢♦r♥❡❝❡✉ ✉♠❛ ❥✉st✐✜❝❛çã♦ ❡ ✉♠❛ ✐♥t❡r♣r❡t❛çã♦ ❢ís✐❝❛
♣❛r❛ ❡❧❛✳
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❖♥❞❡

Cj,r ❂ ❝♦♥❝❡♥tr❛çã♦ ♠♦❧❛r ❞❛ ❡s♣é❝✐❡ j ♥❛ r❡❛çã♦ r ✭kgmol/m3✮

η
′

j,r ❂ ❡①♣♦❡♥t❡ ❞❛ t❛①❛ ❞❡ r❡❛çã♦ ♣❛r❛ ♦ r❡❛❣❡♥t❡ j ♥❛ r❡❛çã♦ r

η
′′

j,r ❂ ❡①♣♦❡♥t❡ ❞❛ t❛①❛ ❞❡ r❡❛çã♦ ♣❛r❛ ♦ ♣r♦❞✉t♦ j ♥❛ r❡❛çã♦ r

Γ r❡♣r❡s❡♥t❛ ♦ ❡❢❡✐t♦ ❧íq✉✐❞♦ ❞♦s ✏t❡r❝❡✐r♦s ❝♦r♣♦s✑ s♦❜r❡ ❛ t❛①❛ ❞❡ r❡❛çã♦✱ ❛ss✐♠✿

Γ =
N∑

j

γj,rCj ✭✸✳✷✸✮

❊♠ q✉❡ γj,r é ❛ ❡✜❝✐ê♥❝✐❛ ❞♦ ✏t❡r❝❡✐r♦ ❝♦r♣♦✑ ❞❛ ❡s♣é❝✐❡ j ♥❛ r❡❛çã♦ r✳ ❆ ❝♦♥st❛♥t❡ kf,r
❞❛ ❡q✉❛çã♦ ✸✳✷✷ é ❝❛❧❝✉❧❛❞❛ ✉s❛♥❞♦ ❛ ❡①♣r❡ssã♦ ❞❡ ❆rr❤❡♥✐✉s✿

kf,r = ArT
βrexp−Er/RT ✭✸✳✷✹✮

❖♥❞❡

Ar ❂ ❢❛t♦r ♣ré✲❡①♣♦♥❡♥❝✐❛❧ ✭✉♥✐❞❛❞❡s ❝♦♥s✐st❡♥t❡s✮

βr ❂ ❡①♣♦❡♥t❡ ❞❡♣❡♥❞❡♥t❡ ❞❛ t❡♠♣❡r❛t✉r❛ ✭❛❞✐♠❡♥s✐♦♥❛❧✮

Er ❂ ❡♥❡r❣✐❛ ❞❡ ❛t✐✈❛çã♦ ♣❛r❛ ❛ r❡❛çã♦ ✭J/kgmol✮

R ❂ ❝♦♥st❛♥t❡ ✉♥✐✈❡rs❛❧ ❞♦s ❣❛s❡s ✭J/kgmolK✮

✸✳✸✳✷ ▼♦❞❡❧♦ ✏❊❞❞② ✕ ❉✐ss✐♣❛t✐♦♥✑

❆ ♠❛✐♦r✐❛ ❞♦s ❝♦♠❜✉stí✈❡✐s sã♦ q✉❡✐♠❛❞♦s r❛♣✐❞❛♠❡♥t❡✱ ❡ ❛ t❛①❛ ❣❧♦❜❛❧ ❞❡ r❡❛çã♦ é
❝♦♥tr♦❧❛❞❛ ♣❡❧❛ t✉r❜✉❧ê♥❝✐❛ ❞❛ ♠✐st✉r❛✳ P❛r❛ s✐st❡♠❛s ❝♦♠ ❡♥tr❛❞❛s ✏♥ã♦ ♣ré ✕ ♠✐st✉r❛❞❛s✑✱
❛ t✉r❜✉❧ê♥❝✐❛ ❝♦♥✈❡rt❡✴♠✐st✉r❛ ❧❡♥t❛♠❡♥t❡ ♦ ❝♦♠❜✉stí✈❡❧ ❡ ♦ ❛❣❡♥t❡ ♦①✐❞❛♥t❡ ❞❡♥tr♦ ❞❛s
③♦♥❛s ❞❡ r❡❛çã♦ ♦♥❞❡ ❡❧❡s sã♦ q✉❡✐♠❛❞♦s r❛♣✐❞❛♠❡♥t❡✳ ◆❡st❡s ❝❛s♦s✱ ❞✐ss❡ss❡ q✉❡ ♦ ♣r♦❝❡ss♦
é ❧✐♠✐t❛❞♦ ♣❡❧❛ ♠✐st✉r❛ ❡ ❛s t❛①❛s ❞❡ ❝✐♥ét✐❝❛ q✉í♠✐❝❛ ♣♦❞❡♠ s❡r ❞❡s♣r❡③❛❞❛s ✭❋▲❯❊◆❚✱
✷✵✵✾✮✳



✸✳✸ ▼❖❉❊▲❖ ❈■◆➱❚■❈❖ ✹✶

❆ ❛ ✐♥t❡r❛çã♦ q✉í♠✐❝❛ ✕ t✉r❜✉❧ê♥❝✐❛ ♥♦ ♠♦❞❡❧♦ ❊❞❞② ✕ ❉✐ss✐♣❛t✐♦♥ é ❜❛s❡❛❞♦ ♥♦ tr❛❜❛❧❤♦
❞❡ ▼❆●◆❯❙❙❊◆ ❡ ❍❏❊❘❚❆●❊❘ ✭✶✾✼✻✮❀ ♦♥❞❡ ❛ r❛③ã♦ ❧íq✉✐❞❛ ❞❡ ♣r♦❞✉çã♦ ❞❛ ❡s♣é❝✐❡ i ♥❛
r❡❛çã♦ r✱ Ri,r✱ ✈❡♠ ❞❛❞❛ ♣❡❧❛ ♠❡♥♦r ❞❛s ❞✉❛s ❡①♣r❡ssõ❡s ♠♦str❛❞❛s ❛ s❡❣✉✐r ✭✈❛❧♦r ❧✐♠✐t❛♥t❡✮✿

Ri,r = υ
′

i,rMw,iAρ
ǫ

k
min
ℜ

(

Yℜ

υ
′

ℜ,rMw,ℜ

)

✭✸✳✷✺✮

Ri,r = υ
′

i,rMw,iABρ
ǫ

k

∑

P YP
∑N

j υ
′′

j,rMw,j

✭✸✳✷✻✮

❖♥❞❡✱

YP ❂ ❢r❛çã♦ ♠áss✐❝❛ ❞❡ ✉♠ ❞♦s ♣r♦❞✉t♦s✱ P

Yℜ ❂ ❢r❛çã♦ ♠áss✐❝❛ ❞❡ ✉♠ ❞♦s r❡❛❣❡♥t❡s✱ ℜ

A ❂ ❝♦♥st❛♥t❡ ❡♠♣ír✐❝❛ ✭✹✱✵✮

B ❂ ❝♦♥st❛♥t❡ ❡♠♣ír✐❝❛ ✭✵✱✺✮

◆❛s ❊q✉❛çõ❡s ✸✳✷✺ ❡ ✸✳✷✻ ❛ t❛①❛ ❞❡ r❡❛çã♦ q✉í♠✐❝❛ ❡stá ❣♦✈❡r♥❛❞❛ ♣❡❧❛ ❡s❝❛❧❛ ❞❡ t❡♠♣♦

❞❛ ♠✐st✉r❛ ✭❧❛r❣❡ ✕ ❡❞❞②✮✱
k

ǫ
✱ ❝♦♠♦ ♥♦ ♠♦❞❡❧♦ ❛♣r❡s❡♥t❛❞♦ ♣♦r ❙P❆▲❉■◆● ✭✶✾✼✵✮✳ ❆ ❝♦♠✲

❜✉stã♦ ❛❝♦♥t❡❝❡ ♥❛ ♣r❡s❡♥ç❛ ❞❛ t✉r❜✉❧ê♥❝✐❛ (
k

ǫ
> 0)✱ ❡ ♥ã♦ é ♣r❡❝✐s♦ ✉♠❛ ❢♦♥t❡ ❞❡ ✐❣♥✐çã♦

♣❛r❛ ❝♦♠❡ç❛r ❛ ❝♦♠❜✉stã♦✳ ■st♦ é ❣❡r❛❧♠❡♥t❡ ❛❝❡✐t♦ ♣❛r❛ s✐st❡♠❛s ❝♦♠ ❡♥tr❛❞❛s ♥ã♦ ♣ré✕
♠✐st✉r❛❞❛s✱ ♠❛s ♣❛r❛ s✐st❡♠❛s ❝♦♠ ❡♥tr❛❞❛s ♣ré✕♠✐st✉r❛❞❛s✱ ♦s r❡❛❣❡♥t❡s ✈ã♦ q✉❡✐♠❛r ❧♦❣♦
q✉❡ ❡♥tr❛♠ ♥♦ ❞♦♠í♥✐♦ ❞❡ s♦❧✉çã♦✱ ❛ ♠♦♥t❛♥t❡ ❞❛ ❡st❛❜✐❧✐③❛çã♦ ❞♦ ❝♦♥t❛t♦ ❡♥tr❡ ❡❧❡s✳ P❛r❛
r❡♠❡❞✐❛r ✐ss♦✱ ❡①✐st❡ ♦ ♠♦❞❡❧♦ ✏❋✐♥✐t❡ ✕ ❘❛t❡✴❊❞❞② ✕ ❉✐ss✐♣❛t✐♦♥✑✱ ♦♥❞❡ sã♦ ❢❡✐t♦s ♦s ❝á❧❝✉❧♦s
❞❡ ❛♠❜♦s ♠♦❞❡❧♦s ✭❊q✉❛çõ❡s ✸✳✷✷✱ ✸✳✷✺ ❡ ✸✳✷✻✮✳ ❆ t❛①❛ ❧íq✉✐❞❛ ❞❡ r❡❛çã♦ ✈❡♠ ❞❛❞❛ ❝♦♠♦ ♦
♠í♥✐♠♦ ❞❛s ❞✉❛s t❛①❛s✳
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✹✳✶ ■♥tr♦❞✉çã♦

❖s ♠ét♦❞♦s tr❛❞✐❝✐♦♥❛✐s ♣❛r❛ ❛ s♦❧✉çã♦ ♥✉♠ér✐❝❛ ❞❡ s✐st❡♠❛s ❞❡ ❡q✉❛çõ❡s ❞✐❢❡r❡♥❝✐❛✐s
♣❛r❝✐❛✐s sã♦✿ ♦ ▼ét♦❞♦ ❞❡ ❉✐❢❡r❡♥ç❛s ❋✐♥✐t❛s ✭▼❉❋✮✱ ▼ét♦❞♦ ❞❡ ❱♦❧✉♠❡s ❋✐♥✐t♦s ✭▼❱❋✮ ❡
▼ét♦❞♦ ❞❡ ❊❧❡♠❡♥t♦s ❋✐♥✐t♦s ✭▼❊❋✮✳ ❊①✐st❡♠ ♦✉tr♦s ♠ét♦❞♦s✱ t❛✐s ❝♦♠♦ ♦s ♠ét♦❞♦s ❡s♣❡❝✲
tr♦s❝ó♣✐❝♦s✱ ♠ét♦❞♦s ❞❡ ❡❧❡♠❡♥t♦s ❞❡ ❝♦♥t♦r♥♦ ♦✉ ❛✉tô♠❛t♦s ❝❡❧✉❧❛r❡s✱ ♠❛s sã♦ ❣❡r❛❧♠❡♥t❡
r❡str✐t♦s ❛ ❝❛s♦s ❡s♣❡❝í✜❝♦s✳

◆♦ ❝♦♥t❡①t♦ ❞❡ ♣❛❝♦t❡s ❞❡ s♦❢t✇❛r❡ ❝♦♠❡r❝✐❛✐s ❞❡ ✢✉✐❞♦❞✐♥â♠✐❝❛ ❝♦♠♣✉t❛❝✐♦♥❛❧✱ ♦ ♠ét♦❞♦
❞❡ ✈♦❧✉♠❡s ✜♥✐t♦s é ♦ ♠ét♦❞♦ ❡♠♣r❡❣❛❞♦ ❡♠ t♦❞♦s ❛q✉❡❧❡s ❝♦♠ ❡♥❢♦q✉❡ ✐♥❞✉str✐❛❧✳ ❆ ♣r❡❢❡r✲
ê♥❝✐❛ ❡stá ❡♠ ❢✉♥çã♦ ❞❛ r♦❜✉st❡③✱ ❞❡✈✐❞♦ às s✉❛s ❝❛r❛❝t❡r✐st✐❝❛s ❝♦♥s❡r✈❛t✐✈❛s✱ ❥á q✉❡✱ ♣❛r❛ ♦
❡s❝♦❛♠❡♥t♦ ❞❡ ✢✉✐❞♦s é ✐♠♣♦rt❛♥t❡ s❛t✐s❢❛③❡r ♦s ♣r✐♥❝í♣✐♦s ❞❡ ❝♦♥s❡r✈❛çã♦ ♥♦ ♥í✈❡❧ ❞✐s❝r❡t♦✳
❈♦♠ ❡st❡ ♠ét♦❞♦✱ ♥ã♦ ❡①✐st❡ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❛ ❡①✐st❡♥❝✐❛ ❞❡ ❢♦♥t❡s✴s✉♠✐❞♦✉r♦s ❞❡ ❣r❛♥❞❡③❛s
❝♦♠♦ ♠❛ss❛✱ q✉❛♥t✐❞❛❞❡ ❞❡ ♠♦✈✐♠❡♥t♦ ❡ ❡♥❡r❣✐❛ ❞❡♥tr♦ ❞♦♠í♥✐♦ ❞❡ s♦❧✉çã♦ ✭▼❆▲■❙❑❆✱
✷✵✵✹✮✳

◗✉❛❧q✉❡r ♠ét♦❞♦ ♥✉♠ér✐❝♦ ✉s❛❞♦ ♥❛ ❞✐s❝r❡t✐③❛çã♦ ❞❛s ❡q✉❛çõ❡s ❞✐❢❡r❡♥❝✐❛✐s ❞❡ ❡s❝♦❛✲
♠❡♥t♦✱ ❞❡✈❡ t❡r ❛s s❡❣✉✐♥t❡s ❝❛r❛❝t❡r✐st✐❝❛s ✭❘❆◆❆❉❊✱ ✷✵✵✷✮✿

• ❈♦♥s✐stê♥❝✐❛✿ ❊♠ ✉♠ ♠ét♦❞♦ ❝♦♥s✐st❡♥t❡✱ ♦ ❡rr♦ ❡♥tr❡ ❛ ❡q✉❛çã♦ ❞✐s❝r❡t✐③❛❞❛ ❡ ❛
❡q✉❛çã♦ ❡①❛t❛ ✭❝❤❛♠❛❞♦ ❡rr♦ ❞❡ tr✉♥❝❛♠❡♥t♦✮ t❡♥❞❡ ❛ ③❡r♦✱ ❝♦♠ ♦ ❡s♣❛ç❛♠❡♥t♦ ❞❛
♠❛❧❤❛ t❡♥❞❡♥❞♦ ❛ ③❡r♦✳

• ❊st❛❜✐❧✐❞❛❞❡✿ ❚❡r ❛♣r♦①✐♠❛çõ❡s ❝♦♥s✐st❡♥t❡s ♥ã♦ ❣❛r❛♥t❡ q✉❡ ❛ s♦❧✉çã♦ ❞♦ s✐st❡♠❛ ❞❡
❡q✉❛çõ❡s ❞✐s❝r❡t✐③❛❞♦ s❡rá ❛ s♦❧✉çã♦ ❞❡ ✉♠❛ ❡q✉❛çã♦ ❡①❛t❛ ♥♦ ❧✐♠✐t❡ ❞❡ ✉♠ ♣❡q✉❡♥♦
t❛♠❛♥❤♦ ❞❡ ♣❛ss♦✳ ❊♠ q✉❛❧q✉❡r ♠ét♦❞♦ ♥✉♠ér✐❝♦✱ ♦s ❡rr♦s ❛♣❛r❡❝❡♠ ♥♦ ♣❡r❝✉rs♦ ❞♦
♣r♦❝❡ss♦ ❞❡ s♦❧✉çã♦✳ P❛r❛ ❛ss❡❣✉r❛r ❛ ❡st❛❜✐❧✐❞❛❞❡✱ ❛❧❣✉♥s ♠ét♦❞♦s ♣r❡❝✐s❛♠ ✐♠♣♦r
❧✐♠✐t❡s ♥♦ ♣❛ss♦ ❞❡ t❡♠♣♦ ♦✉ ✉t✐❧✐③❛r té❝♥✐❝❛s ❞❡ r❡❧❛①❛♠❡♥t♦✳

✹✸
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• ❈♦♥✈❡r❣ê♥❝✐❛✿ ❙❡ ❛ s♦❧✉çã♦ ❞❛s ❡q✉❛çõ❡s ❞✐s❝r❡t✐③❛❞❛s t❡♥❞❡ à s♦❧✉çã♦ ❡①❛t❛ ❞❛s ❡q✉❛çõ❡s
❞✐❢❡r❡♥❝✐❛✐s ❝♦♠ ♦ ❡s♣❛ç❛♠❡♥t♦ ❞❛ ♠❛❧❤❛ t❡♥❞❡♥❞♦ ❛ ③❡r♦✱ ♣♦❞❡ s❡ ✐♥❢❡r✐r q✉❡ ♦ ♠ét♦❞♦
é ❝♦♥✈❡r❣❡♥t❡✳

✹✳✷ ▼ét♦❞♦ ❞❡ ❱♦❧✉♠❡s ❋✐♥✐t♦s ✭▼❱❋✮

◆♦ ♠ét♦❞♦ ❞❡ ✈♦❧✉♠❡s ✜♥✐t♦s✱ ❛ ❞✐s❝r❡t✐③❛çã♦ é ♦❜t✐❞❛ ♣❡❧❛ ✐♥t❡❣r❛çã♦ ❞❛s ❡q✉❛çõ❡s ❞❡
tr❛♥s♣♦rt❡ ❛♦ r❡❞♦r ❞❡ ✉♠ ✈♦❧✉♠❡ ❞❡ ❝♦♥tr♦❧❡ ✜♥✐t♦✳

❈♦♥s✐❞❡r❛♥❞♦ ❛ ❢♦r♠❛ ❣❡r❛❧ ❞❛s ❡q✉❛çõ❡s ❞❡ tr❛♥s♣♦rt❡✿

∂ (ρφ)

∂t
︸ ︷︷ ︸

I

+▽ · (ρ~vφ)
︸ ︷︷ ︸

II

= ▽ · (ρ▽ φ)
︸ ︷︷ ︸

III

+ Sφ
︸︷︷︸

IV

✭✹✳✶✮

❖♥❞❡✱

■✮ ❚❡r♠♦ tr❛♥s✐❡♥t❡

■■✮ ❚❡r♠♦ ❝♦♥✈❡❝t✐✈♦ ♦✉ ❛❞✈❡❝t✐✈♦

■■■✮ ❚❡r♠♦ ❞✐❢✉s✐✈♦

■❱✮ ❚❡r♠♦ ❢♦♥t❡

❆s ❡q✉❛çõ❡s ❞❡ tr❛♥s♣♦rt❡ sã♦ ✐♥t❡❣r❛❞❛s ❡♠ ❝❛❞❛ ❝é❧✉❧❛ ❝♦♠♣✉t❛❝✐♦♥❛❧ ✉s❛♥❞♦ ♦ t❡♦r❡♠❛
❞❛ ❞✐✈❡r❣ê♥❝✐❛✶ ❛♦ ❧♦♥❣♦ ❞❡ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦ ∆t✿

∫ t+∆t

t

{∫

V

∂ (ρφ)

∂t
dV +

∮

ρφ~v · d ~A =

∮

Γφ ▽ φ · d ~A+

∫

V

SφdV

}

dt ✭✹✳✷✮

✶❖ t❡♦r❡♠❛ ❞❛ ❞✐✈❡r❣ê♥❝✐❛ é ✉♠❛ ❧❡✐ ❞❡ ❝♦♥s❡r✈❛çã♦ ❛ q✉❛❧ ❡st❛❜❡❧❡❝❡ q✉❡ ♦ ✈♦❧✉♠❡ t♦t❛❧ ❞❡ t♦❞❛s ❛s
❢♦♥t❡s ❡ s✉♠✐❞♦✉r♦s✱ q✉❡r ❞✐③❡r✱ ♦ ✈♦❧✉♠❡ ✐♥t❡❣r❛❧ ❞❛ ❞✐✈❡r❣ê♥❝✐❛ é ✐❣✉❛❧ ❛♦ ❡s❝♦❛♠❡♥t♦ ❧íq✉✐❞♦ ❛tr❛✈és ❞❛s
❢r♦♥t❡✐r❛s ❞♦ ✈♦❧✉♠❡✳
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❖♥❞❡✱

φ ❂ ♣r♦♣r✐❡❞❛❞❡ ♦✉ q✉❛♥t✐❞❛❞❡ ❡s❝❛❧❛r

A ❂ ✈❡t♦r ❞❡ s✉♣❡r❢í❝✐❡

Γφ ❂ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❞✐❢✉sã♦ ♣❛r❛ φ

▽φ ❂ ❣r❛❞✐❡♥t❡ ❞❡ φ

Sφ ❂ t❡r♠♦ ❢♦♥t❡ ❞❡ φ ♣♦r ✉♥✐❞❛❞❡ ❞❡ ✈♦❧✉♠❡

❖s ✈❛❧♦r❡s ❞❛s ✈❛r✐á✈❡✐s sã♦ ♦❜t✐❞♦s ♣❡❧♦ ✉s♦ ❞❡ té❝♥✐❝❛s ❛♣r♦♣r✐❛❞❛s ❞❡ ❧✐♥❡❛r✐③❛çã♦ ❡
✐♥t❡r♣♦❧❛çã♦✳ ❉❡✈✐❞♦ q✉❡✱ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦s ♠ét♦❞♦s ♥✉♠ér✐❝♦s ❞❡♣❡♥❞❡ ❡♠ ♣❛rt❡ ❞❛ ❧✐♥✲
❡❛r✐③❛çã♦ ❡ ✐♥t❡r♣♦❧❛çã♦ ❞♦ t❡r♠♦ ❢♦♥t❡✱ ❡st❛ ❧✐♥❡❛r✐③❛çã♦ tr❛♥s❢♦r♠❛ ❛s ❡q✉❛çõ❡s ❞✐❢❡r❡♥❝✐❛✐s
❡♠ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ❡q✉❛çõ❡s ❛❧❣é❜r✐❝❛s ❧✐♥❡❛r❡s✳

❆ ❞✐s❝r❡t✐③❛çã♦ ❡s♣❛❝✐❛❧ s❡ r❡❧❛❝✐♦♥❛ ❝♦♠ ♦ t❡r♠♦ ❝♦♥✈❡❝t✐✈♦ ❞❛ ❡q✉❛çã♦ ❞❡ tr❛♥s♣♦rt❡
❡ ❛ ❞✐s❝r❡t✐③❛çã♦ t❡♠♣♦r❛❧ s❡ r❡❧❛❝✐♦♥❛ ❝♦♠ ♦ t❡r♠♦ tr❛♥s✐❡♥t❡ ❞♦ ♠❡s♠♦✳ ❆s té❝♥✐❝❛s ❞❡
❞✐s❝r❡t✐③❛çã♦ ❡ ❧✐♥❡❛r✐③❛çã♦ ❞❡ ❝❛❞❛ ✉♠ ❞♦s t❡r♠♦s ❞❛ ❊q✉❛çã♦ ✹✳✷ ♣♦❞❡♠ s❡r ❡s❝❧❛r❡❝✐❞❛s
❝♦♥s✐❞❡r❛♥❞♦ ♦ ✈♦❧✉♠❡ ✜♥✐t♦ ❜✐❞✐♠❡♥s✐♦♥❛❧ P ❞❛ ❋✐❣✉r❛ ✹✳✶✳

❋✐❣✉r❛ ✹✳✶✿ ❘❡♣r❡s❡♥t❛çã♦ ❡ ♥♦t❛çã♦ ❞♦s ✈♦❧✉♠❡s ✜♥✐t♦s✳

❉❡ ❛❝♦r❞♦ ❝♦♠ ❛ ♥♦t❛çã♦ ❞❛ ❋✐❣✉r❛ ✹✳✶✱ ♦ t❡r♠♦ ❞✐❢✉s✐✈♦ ♣♦❞❡ s❡r r❡♣r❡s❡♥t❛❞♦ ❞❛ s❡❣✉✐♥t❡
❢♦r♠❛✿

∮

Γφ ▽ φ · d ~A =
ΓφAO

hO

(φP − φO) = DO (φP − φO) ✭✹✳✸✮
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❖♥❞❡✱

AO ❂ ár❡❛ ❞❛ ❢❛❝❡ ♦❡st❡

hO ❂ ❞✐stâ♥❝✐❛ ❡♥tr❡ ♦ ♥ó ♦❡st❡ ✭❖✮ ❡ ♦ ❝❡♥tr♦ ✭P✮

DO ❂ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❞✐❢✉sã♦ ❞❛ ❢❛s❡ ♦❡st❡

✹✳✷✳✶ ▲✐♥❡❛r✐③❛çã♦ ❞♦ ❚❡r♠♦ ❋♦♥t❡

❯♠ t❡r♠♦ ❢♦♥t❡ ❣❡♥ér✐❝♦ ♣❛r❛ ❛ ❧✐♥❡❛r✐③❛çã♦ ♣♦❞❡ s❡r ❡①♣r❡ss♦ ❝♦♠♦ ♠♦str❛ ❛ ❊q✳ ✹✳✹

SφPVP = Sφ
C + Sφ

PφP ✭✹✳✹✮

❖♥❞❡✱ SφP é ♦ ✈❛❧♦r ❞♦ t❡r♠♦ ❢♦♥t❡ Sφ ♥♦ ❝❡♥tr♦ ❞❛ ❝é❧✉❧❛ P ✱ ❡ VP é ♦ ✈♦❧✉♠❡ ❞❛ ❝é❧✉❧❛
❝♦♠♣✉t❛❝✐♦♥❛❧ ❝❡♥tr❛❞❛ ❛♦ r❡❞♦r ❞♦ ♥ó P ✳

❆ ❧✐♥❡❛r✐③❛çã♦ ❞♦ t❡r♠♦ ❢♦♥t❡ SφP ✱ ❞❡✈❡ s❡r ✉♠❛ ❜♦❛ r❡♣r❡s❡♥t❛çã♦ ❞❛ r❡❧❛çã♦ ❡♥tr❡ S ❡
φ✳ ❉❡♣❡♥❞❡♥❞♦ ❞❛ ❢♦r♠❛ ❢✉♥❝✐♦♥❛❧ ❞❡ SφP ✱ ❡①✐st❡♠ ✈ár✐❛s ❢♦r♠❛s ❞❡ ❢♦r♠✉❧❛r ♦s ❝♦❡✜❝✐❡♥t❡s
Sφ
C ❡ Sφ

P ✳ ❖ ♠ét♦❞♦ s✉❣❡r✐❞♦ ♣♦r P❆❚❆◆❑❆❘ ✭✶✾✽✵✮ é ♠♦str❛❞♦ ❛ s❡❣✉✐r✿

SφP = S∗

φP +

(
dSφP

dφ

)∗

(φP − φ∗

P ) ✭✹✳✺✮

❖♥❞❡ ∗ ✐♥❞✐❝❛ ♦ ✈❛❧♦r ❞❛ ✐t❡r❛çã♦ ❛♥t❡r✐♦r✳ ❊st❡ t✐♣♦ ❞❡ ❧✐♥❡❛r✐③❛çã♦ é r❡❝♦♠❡♥❞❛❞♦ ❞❡s❞❡
q✉❡✱ ♦ t❡r♠♦ ❢♦♥t❡ ❞✐♠✐♥✉❛ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞❡ φ✳ ❆ss✐♠✱ ♦s ❝♦❡✜❝✐❡♥t❡s ❞♦ t❡r♠♦ ❢♦♥t❡ ♣♦❞❡♠
s❡r r❡♣r❡s❡♥t❛❞♦s ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛s ❡q✉❛çõ❡s ✹✳✻ ❡ ✹✳✼✿

Sφ
C =

[

S∗

φP −

(
dSφP

dφ

)∗

φ∗

P

]

VP ✭✹✳✻✮

Sφ
P =

(
dSφP

dφ

)∗

VP ✭✹✳✼✮
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✹✳✸ ❉✐s❝r❡t✐③❛çã♦ ❊s♣❛❝✐❛❧ ✭❚❡r♠♦ ❈♦♥✈❡❝t✐✈♦✮

❯♠ ❣r❛♥❞❡ ♥ú♠❡r♦ ❞❡ ♠ét♦❞♦s ❡ ❛❜♦r❞❛❣❡♥s t❡♠ s✐❞♦ ❞❡s❡♥✈♦❧✈✐❞♦ ❝♦♠ ♦ ✐♥t✉✐t♦ ❞❡
❞✐s❝r❡t✐③❛r ❡s♣❛❝✐❛❧♠❡♥t❡ ♦ s✐st❡♠❛ ❞❡ ❡q✉❛çõ❡s ❞✐❢❡r❡♥❝✐❛✐s ♣❛r❝✐❛✐s✳ ❆s ❛❜♦r❞❛❣❡♥s ✉t✐❧✐③❛❞❛s
♥❡st❡ tr❛❜❛❧❤♦ sã♦ ✏✉♣✇✐♥❞✑ ❞❡ ♣r✐♠❡✐r❛ ❡ ❞❡ s❡❣✉♥❞❛ ♦r❞❡♠✳

✹✳✸✳✶ ❯♣✇✐♥❞ ❞❡ Pr✐♠❡✐r❛ ❖r❞❡♠

❖ ♠ét♦❞♦ ❞❡ ❞✐s❝r❡t✐③❛çã♦ ✏✉♣✇✐♥❞✑ r❡s♦❧✈❡ ❡q✉❛çõ❡s ❞✐❢❡r❡♥❝✐❛✐s ♣❛r❝✐❛✐s✱ ✉s❛♥❞♦ ❞✐❢❡r✲
❡♥❝✐❛çã♦ ♣❛r❝✐❛❧ ♥❛ ❞✐r❡çã♦ ❞❡t❡r♠✐♥❛❞❛ ♣❡❧♦ s✐♥❛❧ ❞❛s ✈❡❧♦❝✐❞❛❞❡s ❝❛r❛❝t❡ríst✐❝❛s✳ ◆❡st❡
♠ét♦❞♦✱ ♦ ✈❛❧♦r ❞❛ ❢✉♥çã♦ ♥❛ ✐♥t❡r❢❛❝❡ (φo) é ✐❣✉❛❧ ❛♦ ✈❛❧♦r ❞❛ ❢✉♥çã♦ ♥♦ ✈♦❧✉♠❡ ❛ ♠♦♥t❛♥t❡
(φO)✳ ❆ss✐♠✱ ♦ t❡r♠♦ ❝♦♥✈❡❝t✐✈♦ s❡rá ❞❡s❝r✐t♦ ♣♦r✿

∮

ρφ~v · d ~A = ρvoAoφO = CoφO ✭✹✳✽✮

❖♥❞❡✱ Co é ♦ ❝♦❡✜❝✐❡♥t❡ ❝♦♥✈❡❝t✐✈♦ ♥❛ ❢❛❝❡ ♦❡st❡✳ ■st♦ ❣❡r❛ ✉♠ ❝♦❡✜❝✐❡♥t❡ ♠❛tr✐❝✐❛❧ ♣❛r❛
♦ ♣♦♥t♦ ♥♦❞❛❧ ♦❡st❡✱ ❞❛ ❢♦r♠❛✿

Ao = MAX (Co, 0) +Do ✭✹✳✾✮

✹✳✸✳✷ ❯♣✇✐♥❞ ❞❡ ❙❡❣✉♥❞❛ ❖r❞❡♠

❊st❡ ♠ét♦❞♦ ♠❡❧❤♦r❛ ❛ ♣r❡❝✐sã♦ ❞❛ ❞✐s❝r❡t✐③❛çã♦ ❡s♣❛❝✐❛❧ ❝♦♠♣❛r❛❞♦ ❝♦♠ ♠ét♦❞♦ ❞❡
♣r✐♠❡✐r❛ ♦r❞❡♠✱ ❞❡✈✐❞♦ à ❡①tr❛♣♦❧❛çã♦ ❞❡ ❞♦✐s ♣♦♥t♦s ✉♣✇✐♥❞ ♣❛r❛ ❛ ❢❛❝❡✳ ❊♥tã♦✱ (φo) s❡rá✿

φo =
3

2
φO −

1

2
φOO = φO +

1

2
(φO − φOO) ✭✹✳✶✵✮

❖ ❝♦❡✜❝✐❡♥t❡ ❞❛ ❢❛❝❡ ❧❡st❡ ❡ ♦ ❝♦❡✜❝✐❡♥t❡ ♠❛tr✐❝✐❛❧ sã♦ ♠♦str❛❞♦s ❛ s❡❣✉✐r✿



✹✽ ▼❖❉❊▲❆●❊▼ ◆❯▼➱❘■❈❆ ✹✳✹

φl =
3

2
φP −

1

2
φO ✭✹✳✶✶✮

Ao = MAX (Co, 0) +
1

2
MAX (Cl, 0) +Do ✭✹✳✶✷✮

✹✳✹ ❉✐s❝r❡t✐③❛çã♦ ❚❡♠♣♦r❛❧ ✭❚❡r♠♦ ❚r❛♥s✐❡♥t❡✮

P❛r❛ s✐♠✉❧❛çõ❡s tr❛♥s✐❡♥t❡s✱ ❛s ❡q✉❛çõ❡s q✉❡ r❡❣❡♠ ♦ ❡s❝♦❛♠❡♥t♦ ❞❡✈❡♠ s❡r ❞✐s❝r❡t✐③❛❞❛s
♥♦ ❡s♣❛ç♦ ❡ ♥♦ t❡♠♣♦✳ ❆ ❞✐s❝r❡t✐③❛çã♦ ❡s♣❛❝✐❛❧ é s✐♠✐❧❛r à ❞♦ ❝❛s♦ ❡st❛❝✐♦♥ár✐♦✱ ❡♥q✉❛♥t♦
q✉❡✱ ❛ ❞✐s❝r❡t✐③❛çã♦ t❡♠♣♦r❛❧ ❡♥✈♦❧✈❡ ❛ ✐♥t❡❣r❛çã♦ ❞❡ ❝❛❞❛ t❡r♠♦ ❞❛s ❡q✉❛çõ❡s ❞✐❢❡r❡♥❝✐❛✐s
❛♦ ❧♦♥❣♦ ❞❡ ✉♠ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦ ∆t✳

❆ ❡①♣r❡ssã♦ ❣❡♥ér✐❝❛ ♣❛r❛ ❛ ❡✈♦❧✉çã♦ t❡♠♣♦r❛❧ ❞❛ ✈❛r✐á✈❡❧ φ ✈❡♠ ❞❛❞❛ ♣♦r✿

∂φ

∂t
= F (φ) ✭✹✳✶✸✮

❖♥❞❡ ❛ ❢✉♥çã♦ F ✐♥❝♦r♣♦r❛ ❛❧❣✉♠❛ ❞✐s❝r❡t✐③❛çã♦ ❡s♣❛❝✐❛❧✳ ❆ ❞✐s❝r❡t✐③❛çã♦ t❡♠♣♦r❛❧ ❞❡
♣r✐♠❡✐r❛ ♦r❞❡♠ ♣♦❞❡✲s❡ ❡①♣r❡ss❛r ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ❊q✉❛çã♦ ✹✳✶✹✿

φn+1 − φn

∆t
= F (φ) ✭✹✳✶✹✮

❊ ❛ ❞✐s❝r❡t✐③❛çã♦ ❞❡ s❡❣✉♥❞❛ ♦r❞❡♠ ❝♦♠ ❛ ❊q✉❛çã♦ ✹✳✶✺✿

3φn+1 − 4φn + φn−1

2∆t
= F (φ) ✭✹✳✶✺✮
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❖♥❞❡✱

φ ❂ q✉❛♥t✐❞❛❞❡ ❡s❝❛❧❛r

n+ 1 ❂ ✈❛❧♦r ♥♦ ♥í✈❡❧ ❞❡ t❡♠♣♦ s❡❣✉✐♥t❡✱ t+∆t

n ❂ ✈❛❧♦r ♥♦ ♥í✈❡❧ ❞❡ t❡♠♣♦ ❛t✉❛❧✱ t

n− 1 ❂ ✈❛❧♦r ♥♦ ♥í✈❡❧ ❞❡ t❡♠♣♦ ❛♥t❡r✐♦r✱ t−∆t

❯♠❛ ✈❡③ ❞✐s❝r❡t✐③❛❞❛ ❛ ❞❡r✐✈❛❞❛ t❡♠♣♦r❛❧✱ ❞❡✈❡✲s❡ ❡st✐♠❛r F (φ)✳ P❛r❛ ✐ss♦✱ ❡①✐st❡♠ ❞✉❛s
❢♦r♠❛s✿ ✐♥t❡❣r❛çã♦ ✐♠♣❧í❝✐t❛ ❡ ❡①♣❧í❝✐t❛ ❞♦ t❡♠♣♦✳

✹✳✹✳✶ ■♥t❡❣r❛çã♦ ■♠♣❧í❝✐t❛ ❞♦ ❚❡♠♣♦

❊st❡ ♠ét♦❞♦ ❝♦♥s✐st❡ ❡♠ ❛✈❛❧✐❛r F (φ)✱ ❡♠ ✉♠ ♥í✈❡❧ ❞❡ t❡♠♣♦ ❢✉t✉r♦✿

φn+1 − φn

∆t
= F

(
φn+1

)
⇒ φn+1 = φn +∆tF

(
φn+1

)
✭✹✳✶✻✮

❆ ✈❛♥t❛❣❡♠ ❞❡st❡ ♠ét♦❞♦ é ♦ ❢❛t♦ ❞❡ s❡r ❡stá✈❡❧ ✐♥❝♦♥❞✐❝✐♦♥❛❧♠❡♥t❡ ❡♠ r❡❧❛çã♦ ❛♦
t❛♠❛♥❤♦ ❞♦ ♣❛ss♦ ❞❡ t❡♠♣♦✳

✹✳✹✳✷ ■♥t❡❣r❛çã♦ ❊①♣❧í❝✐t❛ ❞♦ ❚❡♠♣♦

❊st❡ ♠ét♦❞♦ ❛✈❛❧✐❛ F (φ) ♥♦ ♥í✈❡❧ ❞❡ t❡♠♣♦ ❛t✉❛❧✿

φn+1 − φn

∆t
= F (φn) ⇒ φn+1 = φn +∆tF (φn) ✭✹✳✶✼✮

❊st❡ ♠ét♦❞♦ é ♣♦✉❝♦ r❡❝♦♠❡♥❞á✈❡❧ ♣❛r❛ ♣r♦❜❧❡♠❛s q✉❡ sã♦ r❡s♦❧✈✐❞♦s ♠❡❞✐❛♥t❡ ♦ ❛❝♦♣❧❛✲
♠❡♥t♦ Pr❡ssã♦ ✕ ❱❡❧♦❝✐❞❛❞❡✳
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❈❛♣ít✉❧♦ ✺

▼❊❚❖❉❖▲❖●■❆

✺✳✶ ■♥tr♦❞✉çã♦

❆ ♠❡t♦❞♦❧♦❣✐❛ ♣❛r❛ r❡s♦❧✈❡r ♣r♦❜❧❡♠❛s ❞❡ ❋❧✉✐❞♦❞✐♥â♠✐❝❛ ❈♦♠♣✉t❛❝✐♦♥❛❧ é ♠♦str❛❞❛
❡sq✉❡♠❛t✐❝❛♠❡♥t❡ ♠❡❞✐❛♥t❡ ♦ ❛❧❣♦r✐t♠♦ ❣❡r❛❧ ❞❛ ❋✐❣✉r❛ ✺✳✶✿

❋✐❣✉r❛ ✺✳✶✿ ❆❧❣♦r✐t♠♦ ❣❡r❛❧ ♣❛r❛ r❡s♦❧✈❡r ✉♠ ♣r♦❜❧❡♠❛ ❞❡ ❈❋❉✳ ❋♦♥t❡ ❛❞❛♣t❛❞❛✿
❘❆◆❆❉❊ ✭✷✵✵✷✮✳

❊st❛ ♠❡t♦❞♦❧♦❣✐❛ é ❛♣❧✐❝á✈❡❧ ♣❛r❛ ♣r♦❜❧❡♠❛s t❛♥t♦ ❜✐❞✐♠❡♥s✐♦♥❛✐s q✉❛♥t♦ tr✐❞✐♠❡♥s✐♦♥❛✐s
❡ ❝♦♥s✐st❡ ❡♠ três ❡t❛♣❛s ♣r✐♥❝✐♣❛✐s✿ ♣ré✲♣r♦❝❡ss❛♠❡♥t♦✱ s♦❧✈❡r ❡ ♣ós✲♣r♦❝❡ss❛♠❡♥t♦✳

✺✶
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❆s ❡t❛♣❛s ♣r❡❧✐♠✐♥❛r❡s ❛♦ ♣ré✲♣r♦❝❡ss❛♠❡♥t♦ ❝♦♥s✐st❡♠ ♥❛ ❝r✐❛çã♦✴r❡♣r♦❞✉çã♦ ❞❛ ❣❡♦♠❡✲
tr✐❛ ❡ ❞❛ ♠❛❧❤❛ ❝♦♠♣✉t❛❝✐♦♥❛❧✳ ❆ ❣❡♦♠❡tr✐❛ é r❡❛❧✐③❛❞❛ ❡♠ ✉♠ s♦❢t✇❛r❡ ❞❡ ❈❆❉ ✭❈♦♠♣✉t❡r
❆✐❞❡❞ ❉❡s✐❣♥✮✱ ♦♥❞❡ sã♦ ❛tr✐❜✉í❞❛s ❛s ❞✐♠❡♥sõ❡s ❛ss✐♠ ❝♦♠♦ ❛s ❡♥tr❛❞❛s ❡ s❛í❞❛s ❞♦ ❞♦♠í♥✐♦
❞❡ s♦❧✉çã♦✳

❆ ♠❛❧❤❛ ❝♦♥s✐st❡ ♥❛ ❞✐✈✐sã♦ ❞♦ ❞♦♠í♥✐♦ ❞❡ s♦❧✉çã♦ ❡♠ ✈♦❧✉♠❡s ❞❡ ❝♦♥tr♦❧❡✱ s♦❜r❡ ♦s q✉❛✐s
s❡rã♦ r❡s♦❧✈✐❞❛s ❛s ❡q✉❛çõ❡s ❞❡ tr❛♥s♣♦rt❡✱ ♠❡❞✐❛♥t❡ ♦ ✉s♦ ❞❡ ♠ét♦❞♦s ♥✉♠ér✐❝♦s✳ ❉❡✈✐❞♦
q✉❡ ❛ ♣r❡❝✐sã♦ ❞♦s r❡s✉❧t❛❞♦s ❞❛ s✐♠✉❧❛çã♦ ❞❡♣❡♥❞❡ ❡♠ ❣r❛♥❞❡ ♣❛rt❡ ❞❛ q✉❛❧✐❞❛❞❡ ❞❛ ♠❛❧❤❛✱
❞✐t❛ q✉❛❧✐❞❛❞❡ é ♠❡❞✐❞❛ ♠❡❞✐❛♥t❡ ♣❛râ♠❡tr♦s ❝♦♠♦ ♦ â♥❣✉❧♦ ♠í♥✐♠♦ ❡♥tr❡ ♦s ✈♦❧✉♠❡s✱ ❡ ♦
❞❡t❡r♠✐♥❛♥t❡✳ ❖ s♦❢t✇❛r❡ ✉t✐❧✐③❛❞♦ ♥❡st❡ tr❛❜❛❧❤♦ ♣❛r❛ ❛ ❣❡♦♠❡tr✐❛ ❡ ❛ ♠❛❧❤❛ ❝♦♠♣✉t❛❝✐♦♥❛❧
❝♦rr❡s♣♦♥❞❡ ❛♦ ♣❛❝♦t❡ ❝♦♠❡r❝✐❛❧ ❆◆❙❨❙ ✕ ■❈❊▼r ❱❡rsã♦ ✶✶✳

◆❛ ❡t❛♣❛ ❞❡ ♣ré✲♣r♦❝❡ss❛♠❡♥t♦✱ sã♦ ✐♥s❡r✐❞❛s ❛s ✈❛r✐á✈❡✐s ❞❛s ❡q✉❛çõ❡s ❞❡ tr❛♥s♣♦rt❡✱
❡q✉❛çõ❡s ❞❡ ❡st❛❞♦✱ ♠♦❞❡❧♦s ❢ís✐❝♦s✱ ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s ❡ ❞❡ ❝♦♥t♦r♥♦ ❡ ❞❡♠❛✐s ♣r♦♣r✐❡❞❛❞❡s✱
❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ❝❛r❛❝t❡r✐③❛r ❛❞❡q✉❛❞❛♠❡♥t❡ ♦ s✐st❡♠❛ ✭❋✐❣✉r❛ ✺✳✶✮✳ ❆♣ós ❞❡✜♥✐r ♦ s✐st❡♠❛✱
sã♦ ❝♦♥✜❣✉r❛❞♦s ♦s ❛❥✉st❡s ❞♦ s♦❧✈❡r❀ t❛✐s ❝♦♠♦ ♦ t✐♣♦ ❞❡ ❞✐s❝r❡t✐③❛çã♦ ❡s♣❛❝✐❛❧ ❡ t❡♠♣♦r❛❧✱
❛ss✐♠ ❝♦♠♦ ♦s ❝r✐tér✐♦s ❞❡ ❝♦♥✈❡r❣ê♥❝✐❛✱ t❡♠♣♦ ❞❡ s✐♠✉❧❛çã♦ ❡♥tr❡ ♦✉tr♦s✳

◆❛ ❡t❛♣❛ ❞❡ ♣ós✲♣r♦❝❡ss❛♠❡♥t♦ sã♦ ❛✈❛❧✐❛❞♦s ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♠❡❞✐❛♥t❡ ❛ ♦❜s❡r✈❛çã♦
❞❡ ♣❡r✜s ❞❛s ✈❛r✐á✈❡✐s ❞❡ r❡s♣♦st❛ ❡ ❣rá✜❝♦s ❡♠ ✷❉ ♦✉ ❝♦♥t♦r♥♦s ❡♠ ✸❉ ♣❛r❛ ❛ ❝♦♠♣❛r❛çã♦
❝♦♠ ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♦✉ ❛ ✈✐s✉❛❧✐③❛çã♦ ❝❧❛r❛ ❞♦s r❡s✉❧t❛❞♦s ❞❛ s✐♠✉❧❛çã♦✳ ❖s s♦❢t✇❛r❡s
✉t✐❧✐③❛❞♦s ♣❛r❛ ❛s ❡t❛♣❛s s✉♣r❛❝✐t❛❞❛s ❝♦rr❡s♣♦♥❞❡♠ ❛♦s ♣❛❝♦t❡s ❝♦♠❡r❝✐❛✐s ❋▲❯❊◆❚r ❱❡r✲
sã♦ ✶✷ ❡ ❆◆❙❨❙ ✕ ❈❋❳r ❱❡rsã♦ ✶✷✳

❆ s❡❣✉✐r✱ s❡rá ❛♣r❡s❡♥t❛❞❛ ❛ ♠❡t♦❞♦❧♦❣✐❛ ✉s❛❞❛ ♣❛r❛ ❛ s✐♠✉❧❛çã♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ r❡❣❡♥✲
❡r❛çã♦ ❋❈❈ ✉t✐❧✐③❛♥❞♦ ❛ té❝♥✐❝❛ ❞❡ ❋❧✉✐❞♦❞✐♥â♠✐❝❛ ❈♦♠♣✉t❛❝✐♦♥❛❧✳

✺✳✷ ●❡♦♠❡tr✐❛

❖ ❡st✉❞♦ ❞❛ ❝♦♠❜✉stã♦ ❡♠ r❡❣❡♥❡r❛❞♦r❡s ❋❈❈ ❢♦✐ r❡❛❧✐③❛❞♦ ❛❞❛♣t❛♥❞♦ ❛ ❣❡♦♠❡tr✐❛ ❝✐❧í♥✲
❞r✐❝❛ ♣r♦♣♦st❛ ♥♦ tr❛❜❛❧❤♦ ❞❡ ❇❆■ ❡t ❛❧✳ ✭✶✾✾✼✮✱ q✉❡ ♣♦ss✉✐ ❛s ❞✐♠❡♥sõ❡s ♠♦str❛❞❛s ♥❛ ❚❛❜❡❧❛
✺✳✶✿

❚❛❜❡❧❛ ✺✳✶✿ ❉✐♠❡♥sõ❡s ❞♦ r❡❣❡♥❡r❛❞♦r✳ ❋♦♥t❡✿ ❇❆■ ❡t ❛❧✳ ✭✶✾✾✼✮

▼❡❞✐❞❛ ❱❛❧♦r ✭m✮

❈♦♠♣r✐♠❡♥t♦ ✸✵

❉✐â♠❡tr♦ ✵✱✸

❆s ❛♥❛❧✐s❡s ❞❡ ❝♦♠❜✉stã♦ ❞❡ ❝♦q✉❡ ❢♦r❛♠ ❢❡✐t❛s ♣❛r❛ ❞✉❛s ❣❡♦♠❡tr✐❛s ❞✐❢❡r❡♥t❡s✳ ❆
♣r✐♠❡✐r❛ ❝♦rr❡s♣♦♥❞❡ à ❝♦♥✜❣✉r❛çã♦ ♦r✐❣✐♥❛❧ ♣r♦♣♦st❛ ♣❡❧♦s ❛✉t♦r❡s✳



✺✳✸ ●❊❖▼❊❚❘■❆ ✺✸

❆ s❡❣✉♥❞❛ ❝♦rr❡s♣♦♥❞❡ à ✐♥s❡rçã♦ ❞❡ ✉♠❛ ❡♥tr❛❞❛ ❧❛t❡r❛❧ ❞❡ ✵✱✸ ♠❡tr♦s ❞❡ ❞✐â♠❡tr♦✱
❢♦r♠❛♥❞♦ ✉♠ â♥❣✉❧♦ ❞❡ 45◦ ❝♦♠ r❡s♣❡✐t♦ ❛♦ ❡✐①♦ ❤♦r✐③♦♥t❛❧✱ s✐t✉❛❞❛ ❛ ✉♠❛ ❞✐stâ♥❝✐❛ ❞❡ ✶
♠❡tr♦ ❛❝✐♠❛ ❞❛ ❜❛s❡ ❞♦ r❡❣❡♥❡r❛❞♦r ❡ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ✵✱✺ ♠❡tr♦s✳ ❖ ❝♦♠♣r✐♠❡♥t♦ t♦t❛❧ ❞❡st❛
❝♦♥✜❣✉r❛çã♦ é ❞❡ ✸✶ ♠❡tr♦s ❝♦♠ ♦ ✐♥t✉✐t♦ ❞❡ ❝♦♠♣❡♥s❛r ♦ ❡s♣❛ç♦ ❡♥tr❡ ❛ ❜❛s❡ ❞♦ r❡❣❡♥❡r❛❞♦r
❡ ❛ ❡♥tr❛❞❛ ❧❛t❡r❛❧ ✶✳ ❖ ✈❛❧♦r ❞♦ ❞✐â♠❡tr♦ ❞❛ ❡♥tr❛❞❛ ❧❛t❡r❛❧ ❢♦✐ ❡s❝♦❧❤✐❞♦ ❝♦♠ ♦ ✐♥t✉✐t♦ ❞❡
r❡❛❧✐③❛r ❛ ❝♦♠♣❛r❛çã♦ ❞❛ ✐♥s❡rçã♦ ❞♦s ❝♦♠♣♦st♦s ♥❛ ♠❡s♠❛ ár❡❛✱ ♣♦r ❧✉❣❛r❡s ❞✐❢❡r❡♥t❡s✳

❊st❛ ♠♦❞✐✜❝❛çã♦ ❞❛ ❣❡♦♠❡tr✐❛ ♦r✐❣✐♥❛❧ ❢♦✐ ♣r♦♣♦st❛ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ♦❜t❡r ✉♠ ♣❛❞rã♦
❞❡ ♠✐st✉r❛ ❡s♣❡❝í✜❝♦ ❡✱ ❛❧é♠ ❞✐ss♦✱ t❡r ✉♠ s✐st❡♠❛ ❞❡ ❝♦♠❜✉stã♦ ♥ã♦ ♣ré✲♠✐st✉r❛❞♦ ♥♦
r❡❣❡♥❡r❛❞♦r✳ ◗✉❡r ❞✐③❡r✱ q✉❡ ♦ ❝♦♠❜✉stí✈❡❧ ❡ ♦ ❛❣❡♥t❡ ♦①✐❞❛♥t❡ ✐♥❣r❡ss❡♠ ♥♦ ❞♦♠í♥✐♦ ❞❡
s♦❧✉çã♦ ♣♦r ❡♥tr❛❞❛s ❞✐❢❡r❡♥t❡s✳

❊st❛s ❣❡♦♠❡tr✐❛s ❢♦r❛♠ ❝r✐❛❞❛s ♥♦ s♦❢t✇❛r❡ ❝♦♠❡r❝✐❛❧ ❞❡ ❈❆❉✱ ❆◆❙❨❙ ✕ ■❈❊▼r ❱❡rsã♦
✶✶✳ ❖❜s❡r✈❛✲s❡ q✉❡ ❛ ❣❡♦♠❡tr✐❛ ❞♦ r❡❣❡♥❡r❛❞♦r ❛♣r❡s❡♥t❛❞♦ ♥❡st❡ tr❛❜❛❧❤♦✱ t❡♠ ❛ ❝♦♥✜❣✉r❛çã♦
❞❡ ✉♠ r❡❛t♦r r✐s❡r✳ ❆ ❋✐❣✉r❛ ✺✳✷ ❛♣r❡s❡♥t❛ ❛ ❣❡♦♠❡tr✐❛ ♠♦❞✐✜❝❛❞❛ ♣r♦♣♦st❛ ♣❛r❛ ❡st❡ tr❛❜❛❧❤♦
❞❡ ♣❡sq✉✐s❛ ❝♦♠ s✉❛s r❡s♣❡❝t✐✈❛s ❞✐♠❡♥sõ❡s✳

❋✐❣✉r❛ ✺✳✷✿ ●❡♦♠❡tr✐❛ ♣r♦♣♦st❛ ❞♦ r❡❣❡♥❡r❛❞♦r t✐♣♦ r✐s❡r ♣❛r❛ ❛ ❝♦♠❜✉stã♦ ❞❡
❝♦q✉❡ ♥ã♦ ♣ré ✲ ♠✐st✉r❛❞❛✳

✶❊st❛s ♠♦❞✐✜❝❛çõ❡s ❢♦r❛♠ ❜❛s❡❛❞❛s ❡♠ ❡st✉❞♦s ❛♥t❡r✐♦r❡s ❢❡✐t♦s ♥♦ ▲P◗●❡✳



✺✹ ▼❊❚❖❉❖▲❖●■❆ ✺✳✸

✺✳✸ ▼❛❧❤❛ ❈♦♠♣✉t❛❝✐♦♥❛❧

❆ ♠❛❧❤❛ ❝♦♠♣✉t❛❝✐♦♥❛❧✱ q✉❡ ❝♦rr❡s♣♦♥❞❡ à ❞✐✈✐sã♦ ❞♦ ❞♦♠í♥✐♦ ❞❡ s♦❧✉çã♦ ❡♠ ✈♦❧✉♠❡s
❞❡ ❝♦♥tr♦❧❡ ♣❛r❛ ❛ ♣♦st❡r✐♦r ❞✐s❝r❡t✐③❛çã♦ ❞❛s s✉❛s ❡q✉❛çõ❡s ❞❡ tr❛♥s♣♦rt❡✱ t❡♠ q✉❡ ♣❛ss❛r
♣♦r r✐❣♦r♦s♦s t❡st❡s ❞❡ ♠❛❧❤❛✱ ❛♥t❡s ❞❡ ❝♦♠❡ç❛r ❛s s✐♠✉❧❛çõ❡s✱ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ❛ss❡❣✉r❛r
❛ ✐♥❞❡♣❡♥❞ê♥❝✐❛ ♥✉♠ér✐❝❛ ❞❛ ♠❛❧❤❛ ❝♦♠ r❡s♣❡✐t♦ ❛♦ ♥ú♠❡r♦ ❞❡ ✈♦❧✉♠❡s ❞❡ ❝♦♥tr♦❧❡✳

◆❛ s❡çã♦ ✺✳✸✳✶ s❡rã♦ ♠♦str❛❞♦s ♦s t❡st❡s ♣r❡❧✐♠✐♥❛r❡s ❞❡ ♠❛❧❤❛✱ ❝♦♠ s❡✉s ❝r✐tér✐♦s ❞❡
q✉❛❧✐❞❛❞❡ ❝❛r❛❝t❡ríst✐❝♦s

✺✳✸✳✶ ❚❡st❡s ❞❡ ▼❛❧❤❛ ❡ P❛râ♠❡tr♦s ❞❡ ◗✉❛❧✐❞❛❞❡

❖s t❡st❡s ❞❡ ♠❛❧❤❛ ♣❛r❛ ❡st❡ tr❛❜❛❧❤♦ ❢♦r❛♠ r❡❛❧✐③❛❞♦s ♣❛r❛ ❛ ❣❡♦♠❡tr✐❛ ♣r♦♣♦st❛ ♣♦r
❇❆■ ❡t ❛❧✳ ✭✶✾✾✼✮✳ ❆♣ós ♦s r❡s✉❧t❛❞♦s ❞♦s t❡st❡s✱ s❡rã♦ t❡st❛❞❛s ❛s ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s ❡ ❞❡
❝♦♥t♦r♥♦ ❞♦ tr❛❜❛❧❤♦ ❞♦s ♠❡s♠♦s ❛✉t♦r❡s ♥♦ ❛♥♦ s❡❣✉✐♥t❡ ✭❇❆■ ❡t ❛❧✳✱ ✶✾✾✽✮✳

❉❡ ❛❝♦r❞♦ ❝♦♠ ❛ ✐♥❢♦r♠❛çã♦ ♠♦str❛❞❛ ♥❛ ❚❛❜❡❧❛ ✺✳✶✱ ❢♦r❛♠ ❢❡✐t♦s t❡st❡s ❝♦♠♣✉t❛❝✐♦♥❛✐s
♣❛r❛ s❡✐s t✐♣♦s ❞❡ ♠❛❧❤❛✱ ♦s q✉❛✐s ❝♦♠❡ç❛r❛♠ ❝♦♠ ❛ ❞✐✈✐sã♦ ❞♦ ❞♦♠í♥✐♦ ❞❡ s♦❧✉çã♦ ❡♠ ✶✵✵
♠✐❧ ✈♦❧✉♠❡s ❞❡ ❝♦♥tr♦❧❡✱ q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛ ✉♠❛ ♠❛❧❤❛ ✏❣r♦ss❡✐r❛✑✱ ❡ ♣♦st❡r✐♦r♠❡♥t❡ ❢♦✐✲s❡
❛✉♠❡♥t❛♥❞♦ ♦ ♥ú♠❡r♦ ❞❡ ✈♦❧✉♠❡s ♣❛r❛ ❝♦♠♣❛r❛r ❞✐❢❡r❡♥t❡s ✈❛r✐á✈❡✐s t❛✐s ❝♦♠♦ ✈❡❧♦❝✐❞❛❞❡ ❡
❞✐❢❡r❡♥ç❛ ❞❡ ♣r❡ssã♦✳ ❊st❛s ♠❛❧❤❛s sã♦ ♠♦str❛❞❛s ♥❛ ❚❛❜❡❧❛ ✺✳✷✳

❚❛❜❡❧❛ ✺✳✷✿ ❚✐♣♦s ❞❡ ♠❛❧❤❛s ✉t✐❧✐③❛❞❛s ♥♦s t❡st❡s ❝♦♠♣✉t❛❝✐♦♥❛✐s✳

▼❛❧❤❛ ❱♦❧✉♠❡s ❞❡ ❝♦♥tr♦❧❡ ✭♠✐❧✮ ➶♥❣✉❧♦ ♠í♥✐♠♦ ❉❡t❡r♠✐♥❛♥t❡

✶ ✶✵✵ 45◦ ✵✱✼✺

✷ ✷✵✵ 45◦ ✵✱✼✺

✸ ✺✵✵ 45◦ ✵✱✼✺

✹ ✼✵✵ 45◦ ✵✱✼✺

✺ ✾✵✵ 45◦ ✵✱✼✺

✻ ✶✵✵✵ 45◦ ✵✱✼✺

❖s ♣❛râ♠❡tr♦s ❞❡ q✉❛❧✐❞❛❞❡ t❛✐s ❝♦♠♦ â♥❣✉❧♦ ♠í♥✐♠♦ ❡ ❞❡t❡r♠✐♥❛♥t❡✱ ❢♦r❛♠ ❞❡✜♥✐❞♦s ♥❛
s❡çã♦ ✷✳✼✳✷✱ ❝♦♠ s✉❛s r❡s♣❡❝t✐✈❛s ❢❛✐①❛s s✉❣❡r✐❞❛s✳

❆ ❋✐❣✉r❛ ✺✳✸ ❛♣r❡s❡♥t❛ ❞❡t❛❧❤❡s ❞❡ ✉♠❛ ❞❛s ♠❛❧❤❛s ✉t✐❧✐③❛❞❛s ♥♦s t❡st❡s ❢❡✐t♦s ♣❛r❛
❡♥❝♦♥tr❛r ❛ ✐♥❞❡♣❡♥❞ê♥❝✐❛ ♥✉♠ér✐❝❛✳ ❆s ❝♦♥❞✐çõ❡s ❞❡ ♦♣❡r❛çã♦ ✉t✐❧✐③❛❞❛s ♥♦s t❡st❡s ❞❡ ♠❛❧❤❛
sã♦ ♠♦str❛❞❛s ♥❛ ❚❛❜❡❧❛ ✺✳✸✳



✺✳✸ ▼❆▲❍❆ ❈❖▼P❯❚❆❈■❖◆❆▲ ✺✺

❋✐❣✉r❛ ✺✳✸✿ ❉❡t❛❧❤❡s ❞❡ ✉♠❛ ❞❛s ♠❛❧❤❛s ✉t✐❧✐③❛❞❛s ♥♦s t❡st❡s ❞❡ ✐♥❞❡♣❡♥❞ê♥❝✐❛
❝♦♠♣✉t❛❝✐♦♥❛❧

❚❛❜❡❧❛ ✺✳✸✿ ❈♦♥❞✐çõ❡s ❞❡ ♦♣❡r❛çã♦ ✉s❛❞❛s ♥♦s t❡st❡s ❞❡ ♠❛❧❤❛✳

❙♦❢t✇❛r❡ ❆◆❙❨❙✕❈❋❳ ❱✶✷r

❚✐♣♦ ❞❡ s✐♠✉❧❛çã♦ ❊st❛❞♦ ❡st❛❝✐♦♥ár✐♦

▼♦❞❡❧♦ ❞❡ t✉r❜✉❧ê♥❝✐❛ ✏κ− ε ❘❡❛❧✐③❛❜❧❡✑

❚r❛♥s❢❡rê♥❝✐❛ ❞❡ ❝❛❧♦r ❙✐st❡♠❛ ✐s♦tér♠✐❝♦ ❛ 25◦C

❋❧✉✐❞♦ ❆r ❡♥tr❛♥❞♦ ❛ 4, 5m/s ✭❇❆■ ❡t ❛❧✳✱ ✶✾✾✼✮

Pr❡ssã♦ ❞❡ ♦♣❡r❛çã♦ ✶✵✶✸✷✺ Pa

■♥t❡♥s✐❞❛❞❡ t✉r❜✉❧❡♥t❛ 5, 00%

P❛r❛ ❛ r❡❛❧✐③❛çã♦ ❞❡ t♦❞❛s ❛s s✐♠✉❧❛çõ❡s ♣r❡s❡♥t❡s ♥❡st❡ tr❛❜❛❧❤♦ ❞❡ ♣❡sq✉✐s❛✱ ❢♦r❛♠ ✉t✐✲
❧✐③❛❞♦s três ❝❧✉st❡rs ✭❛❣❧♦♠❡r❛❞♦ ❞❡ ❝♦♠♣✉t❛❞♦r❡s✮✷✱ ❝♦♠ ❝❛r❛❝t❡ríst✐❝❛s ❞❡ ❛❧t♦ ❞❡s❡♠♣❡♥❤♦
❝♦♠♣✉t❛❝✐♦♥❛❧✱ ❛ ✜♠ ❞❡ ❝❤❡❣❛r ❛ r❡s✉❧t❛❞♦s ❞❡ ❛❧t❛ q✉❛❧✐❞❛❞❡ ❡ ❡ t❡♠♣♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ ♠♦❞✲
❡r❛❞♦✳ ❆s ❡st❛tíst✐❝❛s ❞♦s ❡q✉✐♣❛♠❡♥t♦s ❡ ❛s ❢❡rr❛♠❡♥t❛s ❞✐s♣♦♥í✈❡✐s ♣❛r❛ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦
❞♦ ♣r♦❥❡t♦ sã♦ r❡❧❛t❛❞❛s ♥❛ ❚❛❜❡❧❛ ✺✳✹✳

✷❯♠ ❝❧✉st❡r é ❢♦r♠❛❞♦ ♣♦r ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ❝♦♠♣✉t❛❞♦r❡s✱ q✉❡ ✉t✐❧✐③❛ ✉♠ t✐♣♦ ❡s♣❡❝✐❛❧ ❞❡ s✐st❡♠❛ ♦♣❡r❛✲
❝✐♦♥❛❧ ❝❧❛ss✐✜❝❛❞♦ ❝♦♠♦ ✏❙✐st❡♠❛ ❞✐str✐❜✉í❞♦✑✳



✺✻ ▼❊❚❖❉❖▲❖●■❆ ✺✳✸

❚❛❜❡❧❛ ✺✳✹✿ ❊st❛tíst✐❝❛s ❞♦s ❡q✉✐♣❛♠❡♥t♦s ❡ ❢❡rr❛♠❡♥t❛s ❞✐s♣♦♥í✈❡✐s ♥❛s s✐♠✉✲
❧❛çõ❡s✳

P❘❖❈❊❉■▼❊◆❚❖ ✴ ❙❖❋❚❲❆❘❊ ✴

❊◗❯■P❆▼❊◆❚❖ ❈❆❘❆❈❚❊❘❮❙❚■❈❆❙

●❡♦♠❡tr✐❛ ■❈❊▼r ❱❡rsã♦ ✶✶ ❜② ❆◆❙❨❙ ✐♥❝✳

▼❛❧❤❛ ❈♦♠♣✉t❛❝✐♦♥❛❧ ■❈❊▼r ❱❡rsã♦ ✶✶ ❜② ❆◆❙❨❙ ✐♥❝✳

❙✐♠✉❧❛çã♦ ❈❋❉ ❋▲❯❊◆❚r ❱❡rsã♦ ✶✷✱ ❈❋❳r ❱❡rsã♦ ✶✷ ❜② ❆◆❙❨❙ ✐♥❝✳

Pr♦❝❡ss❛❞♦r ✷✵ ♣r♦❝❡ss❛❞♦r❡s ◗✉❛❞✲❈♦r❡ ❍❚ ✷✱✾✸ ●❍③

❈❧✉st❡r ✶ ▼❡♠♦r✐❛ ✭❘❆▼✮ ✸✷ ●❇

◆♦♠❡ ▼❖❘❊■❆

Pr♦❝❡ss❛❞♦r ✸✵ ♣r♦❝❡ss❛❞♦r❡s ❉✉❛❧✲❈♦r❡ ✸✱✵ ●❍③

✷ ♣r♦❝❡ss❛❞♦r❡s ❉✉❛❧✲◆♦❞❡ ✸✱✵ ●❍③

❈❧✉st❡r ✷ ▼❡♠♦r✐❛ ✭❘❆▼✮ ✽ ●❇

◆♦♠❡ ❙❆▲❚❊■❘❆

Pr♦❝❡ss❛❞♦r ✷✻ ♣r♦❝❡ss❛❞♦r❡s ◗✉❛❞✲❈♦r❡ ✶✱✻✻ ●❍③

❈❧✉st❡r ✸ ▼❡♠♦r✐❛ ✭❘❆▼✮ ✹ ●❇

◆♦♠❡ P❆▼P❖

■♥✐❝✐❛❧♠❡♥t❡✱ ❝♦♠♣❛r♦✉✲s❡ ♦ ♣❡r✜❧ r❛❞✐❛❧ ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❛♣ós ✶✺ ♠❡tr♦s ❞❛ ❡♥tr❛❞❛ ❞♦
r❡❣❡♥❡r❛❞♦r✳

❋✐❣✉r❛ ✺✳✹✿ P❡r✜❧ ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❡♠ ✉♠ ❝♦rt❡ r❛❞✐❛❧ ❛♦s ✶✺ ♠❡tr♦s ❞❛ ❡♥tr❛❞❛ ❞♦
r❡❣❡♥❡r❛❞♦r✳



✺✳✸ ▼❆▲❍❆ ❈❖▼P❯❚❆❈■❖◆❆▲ ✺✼

❈♦♠♦ ♦ ❛r ❡stá ❡♥tr❛♥❞♦ ♥♦ ❞♦♠í♥✐♦ ❞❡ s♦❧✉çã♦ ❝♦♠ ✈❡❧♦❝✐❞❛❞❡ ✉♥✐❢♦r♠❡✱ ❡s♣❡r❛✲s❡ ✉♠
♣❡r✜❧ ❛❝❤❛t❛❞♦ q✉❛♥❞♦ ♦ ❡s❝♦❛♠❡♥t♦ t❡♥❤❛ ❡st❛❜✐❧✐③❛❞♦✱ ❞❡✈✐❞♦ q✉❡ ♦ ♣❛❞rã♦ ❞❡ ❡s❝♦❛♠❡♥t♦
é ❛❧t❛♠❡♥t❡ t✉r❜✉❧❡♥t♦ ❝♦♠ Re = 90.000 ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✭❇■❘❉ ❡t ❛❧✳✱ ✶✾✽✼✮✳ ❊st❡ ♣❡r✜❧
❞❡ ✈❡❧♦❝✐❞❛❞❡ é ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✺✳✹✳ ❖❜s❡r✈❛✲s❡ ✉♠❛ ♣❡q✉❡♥❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ♦ ♣❡r✜❧ ❞❛
♠❛❧❤❛ ❞❡ ✶✵✵ ♠✐❧ ✈♦❧✉♠❡s ❞❡ ❝♦♥tr♦❧❡ ❝♦♠ r❡s♣❡✐t♦ às ♦✉tr❛s ♠❛❧❤❛s✳

❈❛❧❝✉❧♦✉✲s❡ t❛♠❜é♠ ❛ ❞✐❢❡r❡♥ç❛ ❞❡ ♣r❡ssã♦ ❡♥tr❡ ❛ ❡♥tr❛❞❛ ❡ ❛ s❛í❞❛ ❞♦ r❡❣❡♥❡r❛❞♦r ♣❛r❛
❝❛❞❛ ✉♠❛ ❞❛s s❡✐s ♠❛❧❤❛s✱ ♦❜t❡♥❞♦✲s❡ ♦s r❡s✉❧t❛❞♦s ❛♣r❡s❡♥t❛❞♦s ♥❛ ❋✐❣✉r❛ ✺✳✺✳

❋✐❣✉r❛ ✺✳✺✿ ❉✐❢❡r❡♥ç❛ ❞❡ ♣r❡ssã♦ ❡♥tr❡ ❛ ❡♥tr❛❞❛ ❡ ❛ s❛í❞❛ ❞♦ r❡❣❡♥❡r❛❞♦r ♣❛r❛
♦s ❞✐❢❡r❡♥t❡s t❛♠❛♥❤♦s ❞❡ ♠❛❧❤❛✳

❉❡♣♦✐s ❞❡ ❞❡t❡r♠✐♥❛❞♦ ♥ú♠❡r♦ ❞❡ ✈♦❧✉♠❡s ❞❡ ❝♦♥tr♦❧❡✱ ❛ ❞✐❢❡r❡♥ç❛ ❞❡ ♣r❡ssã♦ ❡♥tr❡ ❛s
♠❛❧❤❛s ❛♣r❡s❡♥t❛ ✉♠❛ t❡♥❞ê♥❝✐❛ ❝♦♥st❛♥t❡ ❛♦ r❡❞♦r ❞❡ ✷✷✱✸ Pa✱ ♦ q✉❡ ♣❡r♠✐t❡ ❛✜r♠❛r q✉❡
❞❡♣♦✐s ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✷✵✵ ♠✐❧ ✈♦❧✉♠❡s ❞❡ ❝♦♥tr♦❧❡✱ ♦ t❛♠❛♥❤♦ ❞❛ ♠❛❧❤❛ é ✐♥❞❡♣❡♥❞❡♥t❡
♥♦s ❝á❧❝✉❧♦s ✢✉✐❞♦❞✐♥â♠✐❝♦s ❡ ❝✐♥ét✐❝♦s ❞♦ ❡s❝♦❛♠❡♥t♦❀ t❡♥❞♦ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ❡s❝♦❧❤❡r ✉♠❛
♠❛❧❤❛ ❝♦♠♣✉t❛❝✐♦♥❛❧ q✉❡ ❡q✉✐❧✐❜r❡ ❛ ♣r❡❝✐sã♦ ❞♦s ❝á❧❝✉❧♦s ❝♦♠ ♦ ❡s❢♦rç♦✴t❡♠♣♦ ❝♦♠♣✉t❛✲
❝✐♦♥❛❧✳ ❆ ❋✐❣✉r❛ ✺✳✻✱ ♠♦str❛ ❛ ♠❛❧❤❛ ❡s❝♦❧❤✐❞❛ ♣❛r❛ ♦ r❡❣❡♥❡r❛❞♦r ❞❡ ✉♠❛ ❡♥tr❛❞❛✳

◆♦t❛✲s❡ t❛♠❜é♠ q✉❡✱ ❡①❝❧✉✐♥❞♦ ❛ ♣r✐♠❡✐r❛ ♠❛❧❤❛ ✭✶✵✵ ♠✐❧ ✈♦❧✉♠❡s ❞❡ ❝♦♥tr♦❧❡✮ ♥ã♦ ❡①✐st❡
❞✐❢❡r❡♥ç❛ s✐❣♥✐✜❝❛t✐✈❛ ♥❛s ✈❛r✐á✈❡✐s ❞❡ r❡s♣♦st❛ ❛♥❛❧✐s❛❞❛s ✭❋✐❣✉r❛ ✺✳✺✮✳ ❙♦❜ ❡st❛ ♣r❡♠✐ss❛
❢♦✐ ❝r✐❛❞❛ ❛ ♥♦✈❛ ♠❛❧❤❛✱ ♦♥❞❡ ♦ ❝❛t❛❧✐s❛❞♦r q✉❡ ❝♦♥té♠ ♦ ❝♦q✉❡ ❞❡♣♦s✐t❛❞♦ ✭❝♦♠❜✉stí✈❡❧✮
s❡rá ✐♥s❡r✐❞♦ ♣❡❧❛ ❡♥tr❛❞❛ ❧❛t❡r❛❧✱ ❡ ♦ ❛r ✭❛❣❡♥t❡ ♦①✐❞❛♥t❡✮ ♣❡❧❛ ♣❛rt❡ ✐♥❢❡r✐♦r ❞♦ r❡❣❡♥❡r❛❞♦r
✭❋✐❣✉r❛ ✺✳✼✮✳
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❋✐❣✉r❛ ✺✳✻✿ ▼❛❧❤❛ ❡s❝♦❧❤✐❞❛ ♣❛r❛ ♦ r❡❣❡♥❡r❛❞♦r ❝♦♠ ❛ ❝♦♥✜❣✉r❛çã♦ ♣r♦♣♦st❛ ♣♦r
❇❆■ ❡t ❛❧✳ ✭✶✾✾✼✮✳

✺✳✹ ❈♦♥s✐❞❡r❛çõ❡s ❞♦ Pr♦❝❡ss♦

❆s ♣r✐♥❝✐♣❛✐s ❝♦♥s✐❞❡r❛çõ❡s ❛❞♦t❛❞❛s ♥❛s s✐♠✉❧❛çõ❡s tr❛♥s✐❡♥t❡s ❞♦ s✐st❡♠❛ ❞❡ ❝♦♠❜✉stã♦
❞❡ ❝♦q✉❡ ♣❛r❛ ❛ r❡❣❡♥❡r❛çã♦ ❞♦ ❝❛t❛❧✐s❛❞♦r ❣❛st♦ ♣r♦✈❡♥✐❡♥t❡ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❝r❛q✉❡❛♠❡♥t♦
❝❛t❛❧ít✐❝♦ ✢✉✐❞✐③❛❞♦ sã♦ ❧✐st❛❞❛s ❛ s❡❣✉✐r✿

• ❆ ❢♦rç❛ ✏❧✐❢t✑✱ q✉❡ ❛❣❡ s♦❜r❡ ❛s ♣❛rtí❝✉❧❛s ❞❡✈✐❞♦ ❛♦s ❣r❛❞✐❡♥t❡s ❞❡ ✈❡❧♦❝✐❞❛❞❡ ♥♦ ❝❛♠♣♦
❞❡ ❡s❝♦❛♠❡♥t♦✱ ♥❛ ❢❛s❡ ♣r✐♠ár✐❛ ♣r✐♥❝✐♣❛❧♠❡♥t❡✱ ♥ã♦ ❢♦✐ ✐♥❝❧✉í❞❛ ♥❛ ♠♦❞❡❧❛❣❡♠ ❞♦
s✐st❡♠❛✱ ❞❡✈✐❞♦ q✉❡ ❡st❛ ❢♦rç❛ é s✐❣♥✐✜❝❛t✐✈❛ s♦♠❡♥t❡ ♣❛r❛ ♣❛rtí❝✉❧❛s ❝♦♠ ❞✐â♠❡tr♦
r❡❧❛t✐✈❛♠❡♥t❡ ❣r❛♥❞❡✳ ◆❡st❡ ♠♦❞❡❧♦✱ ♦ ❞✐â♠❡tr♦ ❞❛s ♣❛rtí❝✉❧❛s é ♠❡♥♦r ❞♦ q✉❡ ♦ ❡s✲
♣❛ç❛♠❡♥t♦ ❡♥tr❡ ❡❧❛s✳

• ◗✉❛♥❞♦ ❛ ❢❛s❡ s❡❝✉♥❞ár✐❛ ❛❝❡❧❡r❛ ❡♠ r❡❧❛çã♦ à ❢❛s❡ ♣r✐♠ár✐❛✱ ❛ ✐♥ér❝✐❛ ❞❛ ♠❛ss❛ ❞❛ ❢❛s❡
♣r✐♠ár✐❛✱ ❡♥❝♦♥tr❛❞❛ ♣❡❧❛s ♣❛rtí❝✉❧❛s ❛❝❡❧❡r❛❞❛s✱ ❡①❡r❝❡ ✉♠❛ ✏❢♦rç❛ ❞❡ ♠❛ss❛ ✈✐rt✉❛❧✑
s♦❜r❡ ❛s ♣❛rtí❝✉❧❛s✳ ◆❡st❛ ♠♦❞❡❧❛❣❡♠✱ ❞✐t❛ ❢♦rç❛ ♥ã♦ ❢♦✐ ✐♥❝❧✉í❞❛✳

• ❖ s✐st❡♠❛ ♠✉❧t✐❢ás✐❝♦ ❢♦✐ s✐♠✉❧❛❞♦ ♠❡❞✐❛♥t❡ ❛ ✉t✐❧✐③❛çã♦ ❞♦ ♠♦❞❡❧♦ ❊✉❧❡r✐❛♥♦ ✕ ❊✉❧❡✲
r✐❛♥♦✱ ❡♠ q✉❡ ❛s ❢❛s❡s sã♦ ❝♦♥s✐❞❡r❛❞❛s ❝♦♠♦ ❞♦✐s ✢✉✐❞♦s ✐♥t❡r♣❡♥❡tr❛♥t❡s✳

• P❛r❛ ♦ s✐st❡♠❛ r❡❛t✐✈♦ ❡♠ ❢❛s❡ ❤♦♠♦❣ê♥❡❛✱ ♥ã♦ ❢♦✐ ❝♦♥s✐❞❡r❛❞❛ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ♠❛ss❛
❡♥tr❡ ❛s ❢❛s❡s✳



✺✳✺ P❆❘➶▼❊❚❘❖❙ ◆❯▼➱❘■❈❖❙ ✺✾

❋✐❣✉r❛ ✺✳✼✿ ▼❛❧❤❛ ❝♦♠♣✉t❛❝✐♦♥❛❧ ♠♦❞✐✜❝❛❞❛ ✭❞✉❛s ❡♥tr❛❞❛s✮✳

• ❖ ♠♦❞❡❧♦ ❞❡ ❛rr❛st❡ ✉t✐❧✐③❛❞♦ ❢♦✐ ♦ ❞❡s❡♥✈♦❧✈✐❞♦ ♣♦r ●■❉❆❙P❖❲ ✭✶✾✾✹✮✳

• ❊s❝♦❧❤❡✉✲s❡ ♦ ♠♦❞❡❧♦ ❞❡ t✉r❜✉❧ê♥❝✐❛ κ− ε ✏r❡❛❧✐③❛❜❧❡✑✱ ❝♦♠ ♦ ✉s♦ ❞❡ ❢✉♥çõ❡s st❛♥❞❛r❞
♣❛r❛ ❛ ♠♦❞❡❧❛❣❡♠ ♥❛ r❡❣✐ã♦ ♣❡rt♦ ❞❛ ♣❛r❡❞❡✳

• ❖ ♠♦❞❡❧♦ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ❝❛❧♦r ✉t✐❧✐③❛❞♦ ❢♦✐ ♦ ❞❡s❡♥✈♦❧✈✐❞♦ ♣♦r ❘❆◆❩ ❡ ▼❆❘❙❍❆▲
✭✶✾✺✷✮✳

• ❋✐③❡r❛♠✲s❡ ❞✉❛s ❝♦♥s✐❞❡r❛çõ❡s t♦♠❛❞❛s ❝♦♠♦ ❝❛s♦s ❞❡ ❡st✉❞♦ ♣❛r❛ ❛s r❡❛çõ❡s ❞❡ ❝♦♠✲
❜✉stã♦ ❞❡ ❝♦q✉❡✿ ❛ ♣r✐♠❡✐r❛ é ✉♠ ❝♦♥❥✉♥t♦ ❞❡ s❡✐s r❡❛çõ❡s ✈♦❧✉♠étr✐❝❛s ❡ ❤♦♠♦❣ê♥❡❛s
❡♠ ❢❛s❡ ❣❛s♦s❛✱ ❡ ❛ s❡❣✉♥❞❛ ❝♦♥s✐❞❡r❛ ✉♠ s✐st❡♠❛ ❞❡ ✉♠❛ r❡❛çã♦ ❡♠ ❢❛s❡ ❤❡t❡r♦❣ê♥❡❛
q✉❡ s❡ ❞❡s❡♥✈♦❧✈❡ ♥❛ s✉♣❡r❢í❝✐❡ ❞♦ ❝❛t❛❧✐s❛❞♦r✳

✺✳✺ P❛râ♠❡tr♦s ◆✉♠ér✐❝♦s

❆ s❡❣✉✐r sã♦ ♥♦♠❡❛❞♦s ❜r❡✈❡♠❡♥t❡ ♦s ❞✐❢❡r❡♥t❡s ♣❛râ♠❡tr♦s ♥✉♠ér✐❝♦s✱ ❛ss✐♠ ❝♦♠♦ ♦s
s♦❢t✇❛r❡s ✉t✐❧✐③❛❞♦s ❞✉r❛♥t❡ ❝❛❞❛ ❡t❛♣❛ ♥♦ ♣r♦❝❡ss♦ ❞❡ s✐♠✉❧❛çã♦✳
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• ❖s s♦❢t✇❛r❡s ❝♦♠❡r❝✐❛✐s ✉t✐❧✐③❛❞♦s ❢♦r❛♠✿ ❋▲❯❊◆❚r ❱✶✷ ♣❛r❛ ❛s s✐♠✉❧❛çõ❡s ❛♣❧✐❝❛♥❞♦
♦ ♠ét♦❞♦ ❞♦s ✈♦❧✉♠❡s ✜♥✐t♦s✱ ❈❋❳r ❱✶✷ ♣❛r❛ ♦ ♣ós✲♣r♦❝❡ss❛♠❡♥t♦ ❡ ❛♥❛❧✐s❡ ❞❡ r❡s✉❧✲
t❛❞♦s✱ ❡ ■❈❊▼r ❱✶✶ ♣❛r❛ ❛ ❝r✐❛çã♦ ❞❛ ❣❡♦♠❡tr✐❛ ❡ ❛ ♠❛❧❤❛ ❝♦♠♣✉t❛❝✐♦♥❛❧✳

• ❖ ♣❛ss♦ ❞❡ t❡♠♣♦ ✉t✐❧✐③❛❞♦ ❡♠ t♦❞❛s ❛s s✐♠✉❧❛çõ❡s ❡♥❝♦♥tr♦✉✲s❡ ♥❛ ❢❛✐①❛ ❞❡ 10−3 ❛té
10−5 s❡❣✉♥❞♦s✱ ❞❡♣❡♥❞❡♥❞♦ ❞♦ t✐♣♦ ❞❡ t❡st❡✳

• ❖ t❡♠♣♦ r❡❛❧ s✐♠✉❧❛❞♦ ✈❛r✐❛ ♥❛ ❢❛✐①❛ ❞❡ ✶✺ ❛té ✷✵ s❡❣✉♥❞♦s✳

• P❛r❛ ❛ ❞✐s❝r❡t✐③❛çã♦ ❞♦ t❡r♠♦ ❝♦♥✈❡❝t✐✈♦ ✭❞✐s❝r❡t✐③❛çã♦ ❡s♣❛❝✐❛❧✮ ❢♦✐ ✉t✐❧✐③❛❞♦ ♦ ♠ét♦❞♦
❯♣✇✐♥❞ ❞❡ ♣r✐♠❡✐r❛ ♦r❞❡♠✳

• P❛r❛ ❛ ❞✐s❝r❡t✐③❛çã♦ ❞♦ t❡r♠♦ tr❛♥s✐❡♥t❡ ✭❞✐s❝r❡t✐③❛çã♦ t❡♠♣♦r❛❧✮ ❢♦✐ ✉t✐❧✐③❛❞♦ ♦ ❡s✲
q✉❡♠❛ ❞❡ ❊✉❧❡r ✐♠♣❧í❝✐t♦ ❞❡ s❡❣✉♥❞❛ ♦r❞❡♠✳

• ❯t✐❧✐③♦✉✲s❡ ✉♠ ♥ú♠❡r♦ ♠á①✐♠♦ ❞❡ ✹✵ ✐t❡r❛çõ❡s ♣♦r ♣❛ss♦ ❞❡ t❡♠♣♦✱ ♦ q✉❛❧ s❡ ❡♥❝♦♥tr❛
❞❡♥tr♦ ❞❛ ❢❛✐①❛ s✉❣❡r✐❞❛ ♣❡❧♦s ❞❡s❡♥✈♦❧✈❡❞♦r❡s ❞♦ s♦❢t✇❛r❡✳

• ❖ ❝r✐tér✐♦ ❞❡ ❝♦♥✈❡r❣ê♥❝✐❛ ✉t✐❧✐③❛❞♦ ❢♦✐ ♦ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛ ❘▼❙ ✭❘♦♦t ▼❡❛♥ ❙q✉❛r❡✮
❝♦♠ ✈❛❧♦r ♠í♥✐♠♦ ❞❡ 10−3✳

✺✳✻ ❈♦♥❞✐çõ❡s ■♥✐❝✐❛✐s ❡ ❞❡ ❈♦♥t♦r♥♦

❆s ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s ❡ ❞❡ ❝♦♥t♦r♥♦ ❞❛ ♣❛rt❡ ❝✐♥ét✐❝❛ ❞♦ ♣r♦❝❡ss♦ ❢♦r❛♠ ❞✐✈✐❞✐❞❛s ❞❡♣❡♥✲
❞❡♥❞♦ ❞♦ s✐st❡♠❛ r❡❛t✐✈♦✳ ◗✉❡r ❞✐③❡r✱ ❛s s❡✐s r❡❛çõ❡s ❞❡s❡♥✈♦❧✈✐❞❛s ❡♠ ❢❛s❡ ❤♦♠♦❣ê♥❡❛ ❡ ❛
r❡❛çã♦ ❞❡s❡♥✈♦❧✈✐❞❛ ♥❛ ❢❛s❡ ❤❡t❡r♦❣ê♥❡❛✳

❋♦r❛ ♦ s✐st❡♠❛ r❡❛t✐✈♦✱ ❛s ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s ❡ ❞❡ ❝♦♥t♦r♥♦ ✢✉✐❞♦❞✐♥â♠✐❝❛s ❢♦r❛♠ ❛❞❛♣✲
t❛❞❛s ❞❡ ❇❆■ ❡t ❛❧✳ ✭✶✾✾✽✮ ❡ ❛❧❣✉♥s ❞❛❞♦s ❞❛ ✐♥❞✉str✐❛✸✳ ❆ ❚❛❜❡❧❛ ✺✳✺ ❛♣r❡s❡♥t❛ ❛s ❝♦♥❞✐çõ❡s
✐♥✐❝✐❛✐s ❡ ❞❡ ❝♦♥t♦r♥♦ ✢✉✐❞♦❞✐♥â♠✐❝❛s ✉t✐❧✐③❛❞❛s ♥❛s ❞✉❛s ❝♦♥✜❣✉r❛çõ❡s ❞❡ r❡❣❡♥❡r❛❞♦r✳

✸P❡tr♦❜r❛sr✳
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❚❛❜❡❧❛ ✺✳✺✿ ❈♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s ❡ ❞❡ ❝♦♥t♦r♥♦ ♣❛r❛ ♦ s✐st❡♠❛ ❞❡ ❝♦♠❜✉stã♦ ❞❡
❝♦q✉❡✳ ❋♦♥t❡✿ ❇❆■ ❡t ❛❧✳ ✭✶✾✾✽✮✳

❊♥tr❛❞❛ ❞❡ ❛r ❱❡❧♦❝✐❞❛❞❡✿ ✻ m/s

❚❡♠♣❡r❛t✉r❛✿ ✸✶✸ K

❊♥tr❛❞❛ ❞❡ ❝❛t❛❧✐s❛❞♦r ❋❧✉①♦ ♠áss✐❝♦✿ ✹✵ kg/m2s

❚❡♠♣❡r❛t✉r❛✿ ✼✻✸ K

❙❛í❞❛ ✏Pr❡ss✉r❡ ❖✉t❧❡t✑✿ ♣r❡ssã♦ ❛t♠♦s❢ér✐❝❛

P❛r❡❞❡ ✏♥♦ ❙❧✐♣✑

❉✐â♠❡tr♦ ♠é❞✐♦✿ 60 µm

▼❛ss❛ ❡s♣❡❝í✜❝❛✿ 1600 kg/m3

Pr♦♣r✐❡❞❛❞❡s ❞❛s ♣❛rtí❝✉❧❛s P❡s♦ ♠♦❧❡❝✉❧❛r✿ 28, 966 kg/kmol

✭❙❆▼❯❊▲❙❇❊❘● ❡ ❍❏❊❘❚❆●❊❘✱ ✶✾✾✻✮ ❈❛♣❛❝✐❞❛❞❡ ❝❛❧♦rí✜❝❛✿ 1197, 5 J/kgK

❈♦♥❞✉t✐✈✐❞❛❞❡ tér♠✐❝❛✿ 0, 6069 W/mK

❱✐s❝♦s✐❞❛❞❡✿ 1, 83x10−5 m2/s2

❈♦♥t❡ú❞♦ ❞❡ ❈ ♥♦ ❝❛t❛❧✐s❛❞♦r ❣❛st♦ ✶✱✷✺ ✪✇

❘❛③ã♦ ♠áss✐❝❛ ❍✴❈ ✵✱✸

▼♦❞❡❧♦ ❞❡ t✉r❜✉❧ê♥❝✐❛ κ− ε ✏r❡❛❧✐③❛❜❧❡✑

■♥t❡♥s✐❞❛❞❡ ♠é❞✐❛ ❞❛ t✉r❜✉❧ê♥❝✐❛ ✿ ✺✪ ✭❋▲❯❊◆❚✱ ✷✵✵✾✮

✺✳✻✳✶ ❙✐st❡♠❛ ❞❡ ❘❡❛çã♦ ❡♠ ❋❛s❡ ❍♦♠♦❣ê♥❡❛

❖ s✐st❡♠❛ ❞❡ r❡❛çã♦ ❡♠ ❢❛s❡ ❤♦♠♦❣ê♥❡❛ ❝♦rr❡s♣♦♥❞❡ ❛ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ s❡✐s r❡❛çõ❡s q✉❡
❡♥✈♦❧✈❡♠ ❛ ♣r❡s❡♥ç❛ ❞❡ ❝❛r❜♦♥♦✱ ♦①✐❣ê♥✐♦ ❡ ❤✐❞r♦❣ê♥✐♦ ❝♦♠♦ r❡❛❣❡♥t❡s ♥❛ ❝♦♠❜✉stã♦ ❞❡
❝♦q✉❡✳ ❉❡♥tr♦ ❞♦s ♣r♦❞✉t♦s✱ ❡♥❝♦♥tr❛✲s❡ ♦ CO✱ CO2 ❡ H2O✳

❊st❡ ❝♦♥❥✉♥t♦ ❞❡ r❡❛çõ❡s ✈♦❧✉♠étr✐❝❛s ✭❚❛❜❡❧❛ ✺✳✻✮ é ♦ r❡s✉❧t❛❞♦ ❞❛ ♣❡sq✉✐s❛ ❞♦s tr❛❜❛❧❤♦s
r❡❧❛t❛❞♦s ♥❛ ❧✐t❡r❛t✉r❛ ❡s♣❡❝✐❛❧✐③❛❞❛ s♦❜r❡ ♦ t❡♠❛ ❞❡ ❝♦♠❜✉stã♦ ❞❡ ❝♦q✉❡ ❡♠ r❡❣❡♥❡r❛❞♦r❡s
❋❈❈✳
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❚❛❜❡❧❛ ✺✳✻✿ ❈♦♥❥✉♥t♦ ❞❡ r❡❛çõ❡s ✈♦❧✉♠étr✐❝❛s ✉s❛❞❛s ♥❛s s✐♠✉❧❛çõ❡s✳ ❋♦♥t❡ ❛❞❛♣✲
t❛❞❛✿ ❇❖▲▲❆❙ ❡t ❛❧✳ ✭✷✵✵✼✮✳

❘❡❛çã♦ Ar ❯♥✐❞❛❞❡s ❞❡ Ar ❖r❞❡♠ Er J/kgmol ❘❡❢❡rê♥❝✐❛

C + 0, 5O2 → CO 1, 40E + 08 m3mol−1s−1 [C][O2] 1, 61E + 08 ▼❖❘▲❊❨ ❡ ▲❆❙❆ ✭✶✾✽✼✮

CO + 0, 5O2 → CO2 2, 24E + 12 m1,5mol−0,5s−1 [CO][O2]
0,5 1, 78E + 08 ❍❖❲❆❘❉ ❡t ❛❧✳ ✭✶✾✼✸✮

CO2 + CO → 0, 5O2 5, 00E + 08 s−1 [CO2][CO][O2]
0,5 1, 70E + 08 ❆❘❚❍❯❘ ✭✶✾✺✶✮

CO +H2O → CO2 +H2 7, 60E + 04 m1,5mol−1,5s−1 [CO]0,5[H2O] 1, 64E + 08 ▼❆❙❙❖❚❍ ✭✶✾✻✼✮

CO2 +H2 → CO +H2O 2, 20E + 11 mmol−0,333s−1 [CO2][H2]
0,333 2, 74E + 08 ▼❆❙❙❖❚❍ ✭✶✾✻✼✮

H2 + 0, 5O2 → H2O 9, 87E + 08 m3mol−1s−1 [H2][O2] 3, 10E + 07 ❲❆◆● ❡t ❛❧✳ ✭✶✾✽✻✮

✺✳✻✳✷ ❙✐st❡♠❛ ❞❡ ❘❡❛çã♦ ❡♠ ❋❛s❡ ❍❡t❡r♦❣ê♥❡❛

❆s ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s ❡ ❞❡ ❝♦♥t♦r♥♦ ✢✉✐❞♦❞✐♥â♠✐❝❛s ♣❛r❛ ♦ s✐st❡♠❛ ❞❡ r❡❛çã♦ ❡♠ ❢❛s❡
❤❡t❡r♦❣ê♥❡❛ sã♦ ❛s ♠❡s♠❛s ❞❛ ❚❛❜❡❧❛ ✺✳✺✳ ◆❡st❡ ❝❛s♦✱ ❛ q✉❡✐♠❛ ❞❡ ❝♦q✉❡ s❡rá ❞❡s❡♥✈♦❧✈✐❞❛
♥❛ s✉♣❡r❢í❝✐❡ ❞♦ ❝❛t❛❧✐s❛❞♦r ❛♣❧✐❝❛♥❞♦ ❛s ❡①♣r❡ssõ❡s ❝✐♥ét✐❝❛s ❞❡ ❆rr❤❡♥✐✉s✳ P❛r❛ ✐ss♦✱ ✉t✐❧✐③♦✉✲
s❡ ✉♠❛ s✉❜r♦t✐♥❛ ❝♦♠♣❛tí✈❡❧ ❝♦♠ ♦ s♦❢t✇❛r❡ ❝♦♠❡r❝✐❛❧ ❋▲❯❊◆❚r ❱❡rsã♦ ✶✷ ❞❡♥♦♠✐♥❛❞❛
❯❉❋ ❯s❡r ✕ ❉❡✜♥❡❞ ❋✉♥❝t✐♦♥

❯♠❛ ✏❋✉♥çã♦ ❉❡✜♥✐❞❛ ♣❡❧♦ ❯s✉❛r✐♦✑ ♦✉ ❯❉❋ é ✉♠❛ ❢✉♥çã♦ q✉❡ é ♣r♦❣r❛♠❛❞❛ ❡ ❝❛rr❡❣❛❞❛
❞✐♥❛♠✐❝❛♠❡♥t❡ ♥♦ s♦❢t✇❛r❡ ❋▲❯❊◆❚r ♣❛r❛ ♠❡❧❤♦r❛r ❛s ❝❛r❛❝t❡ríst✐❝❛s ♣❛❞rã♦ ❞♦ ❝ó❞✐❣♦
❝♦♠❡r❝✐❛❧✳ ❆s ❯❉❋ sã♦ ❡s❝r✐t❛s ❡♠ ❧✐♥❣✉❛❣❡♠ ❞❡ ♣r♦❣r❛♠❛çã♦ C + + ✉s❛♥❞♦ ❛❧❣✉♠ ❡❞✐t♦r
❞❡ t❡①t♦✳ ❖ ❛rq✉✐✈♦ ❞♦ ❝ó❞✐❣♦ é s❛❧✈♦ ❝♦♠ ❡①t❡♥sã♦ ✏✯✳❝✑✳

❆s ❯❉❋ ♣❡r♠✐t❡♠ ❝✉st♦♠✐③❛r ♦ s♦❢t✇❛r❡ ❋▲❯❊◆❚r ♣❛r❛ ❛t❡♥❞❡r às ♥❡❝❡ss✐❞❛❞❡s ♣❛r✲
t✐❝✉❧❛r❡s ❞❡ ♠♦❞❡❧❛❣❡♠✳ ❊st❛s ❢✉♥çõ❡s ♣♦❞❡♠ s❡r ✉t✐❧✐③❛❞❛s ❡♠ ✉♠❛ ❣r❛♥❞❡ ✈❛r✐❡❞❛❞❡ ❞❡
❛♣❧✐❝❛çõ❡s✿

• P❡rs♦♥❛❧✐③❛r ❞❛s ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦✱ ❞❡✜♥✐r ❛s ♣r♦♣r✐❡❞❛❞❡s ❞❡ ✉♠ ♠❛t❡r✐❛❧✱ t❛①❛s
❞❡ r❡❛çã♦ ✈♦❧✉♠étr✐❝❛s ❡ s✉♣❡r✜❝✐❛✐s✱ t❡r♠♦s ❢♦♥t❡ ❞❛s ❡q✉❛çõ❡s ❞❡ tr❛♥s♣♦rt❡✱ ❢✉♥çõ❡s
❞❡ ❞✐❢✉s✐✈✐❞❛❞❡✱ ❡♥tr❡ ♦✉tr♦s✳

• ❆❥✉st❛r ❞♦s ✈❛❧♦r❡s ❝❛❧❝✉❧❛❞♦s ❛ ❝❛❞❛ ♣❛ss♦ ❞❡ ✐t❡r❛çã♦✳

• ■♥✐❝✐❛❧✐③❛r ✉♠❛ s♦❧✉çã♦✳

• ▼❡❧❤♦r❛♠❡♥t♦ ❞♦ ♣ós✲♣r♦❝❡ss❛♠❡♥t♦✳

• ▼❡❧❤♦r❛♠❡♥t♦ ❞♦s ♠♦❞❡❧♦s ❞❡ ❋▲❯❊◆❚r ✭♣♦r ❡①❡♠♣❧♦✱ ♦ ♠♦❞❡❧♦ ❞❛ ❢❛s❡ ❞✐s❝r❡t❛✱
♠♦❞❡❧♦ ❞❛ ♠✐st✉r❛ ♠✉❧t✐❢ás✐❝❛✱ ♠♦❞❡❧♦ ❞❡ r❛❞✐❛çã♦✮✳

◆❛ ❙❡çã♦ ✽✳✶ ❡♥❝♦♥tr❛✲s❡ ♦ ❝ó❞✐❣♦ ✉t✐❧✐③❛❞♦ ♥❛s s✐♠✉❧❛çõ❡s ♣❛r❛ ❛ r❡❛çã♦ ❞❡ ♣r✐♠❡✐r❛
♦r❞❡♠ ❡♠ ❢❛s❡ ❤❡t❡r♦❣ê♥❡❛✿

C +O2 → CO2



❈❛♣ít✉❧♦ ✻

❘❊❙❯▲❚❆❉❖❙

✻✳✶ ■♥tr♦❞✉çã♦

❋✐❣✉r❛ ✻✳✶✿ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞♦s ❝❛s♦s ❞❡ ❡st✉❞♦ ❛♥❛❧✐s❛❞♦s ♥❡st❡ tr❛❜❛❧❤♦✳

✻✸
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❆ s❡❣✉✐r✱ ❞✉r❛♥t❡ ♦ ❝♦♥t❡ú❞♦ ❞❡st❡ ❝❛♣ít✉❧♦✱ sã♦ ❛♣r❡s❡♥t❛❞❛s ❛ ✈❛❧✐❞❛çã♦ ❞♦ ♠♦❞❡❧♦ ❞❡
❈❋❉ ❝♦♠ ♦s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❡ ❛ ❛♥❛❧✐s❡ ❞♦s ❝❛s♦s ❞❡ ❡st✉❞♦ ✉t✐❧✐③❛❞♦s ♣❛r❛ ❞❡s❡♥✈♦❧✈❡r
♦ tr❛❜❛❧❤♦ ❞❡ ♣❡sq✉✐s❛ ❡ ❛ s✐♠✉❧❛çã♦ ❞❛ ❝♦♠❜✉stã♦ ❞❡ ❝♦q✉❡ ❡♠ r❡❣❡♥❡r❛❞♦r❡s ❋❈❈✳ ❙ã♦
❞♦✐s ♦s ❝❛s♦s ❞❡ ❡st✉❞♦ ♣r✐♥❝✐♣❛✐s✱ s♦❜r❡ ♦s q✉❛✐s s❡rã♦ ❡st✉❞❛❞♦s ♣❡r✜s ❛①✐❛✐s ❡ r❛❞✐❛✐s
❞❡ t❡♠♣❡r❛t✉r❛✱ ✈❡❧♦❝✐❞❛❞❡✱ ❢r❛çã♦ ✈♦❧✉♠étr✐❝❛ ❞❡ ❝❛t❛❧✐s❛❞♦r ❡ ❝♦♠♣♦s✐çã♦ ❞♦s ♣r✐♥❝✐♣❛✐s
❝♦♠♣♦♥❡♥t❡s ♣r❡s❡♥t❡s ❡♠ ❝❛❞❛ s✐st❡♠❛ r❡❛t✐✈♦✳

P❛r❛ ❝❛❞❛ ❝❛s♦ ❞❡ ❡st✉❞♦ ❢♦r❛♠ ❛♣❧✐❝❛❞♦s ❞♦✐s s✐st❡♠❛s ❞❡ r❡❛çã♦✿ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ r❡❛çõ❡s
❡♠ ❢❛s❡ ❤♦♠♦❣ê♥❡❛ ✭r❡❛çõ❡s ✈♦❧✉♠étr✐❝❛s✮ ❡ ✉♠❛ r❡❛çã♦ ❡♠ ❢❛s❡ ❤❡t❡r♦❣ê♥❡❛ ❞❡s❡♥✈♦❧✈✐❞❛
♠❡❞✐❛♥t❡ ♦ ❝ó❞✐❣♦ ❞❡ ♣r♦❣r❛♠❛çã♦ ♠♦str❛❞♦ ♥♦ ❈❛♣ít✉❧♦ ✽✳

❆ ❝♦♥t✐♥✉❛çã♦✱ sã♦ ❧✐st❛❞♦s ♦s ❝❛s♦s ❞❡ ❡st✉❞♦✿

❈❛s♦ ✶✳▼❡❞✐❛♥t❡ ♦ ✉s♦ ❞❛ ❣❡♦♠❡tr✐❛ ♦r✐❣✐♥❛❧✱ ♣r♦♣♦st❛ ♣♦r ❇❆■ ❡t ❛❧✳ ✭✶✾✾✼✮ ❡ ❛s ❝♦♥❞✐çõ❡s
✐♥✐❝✐❛✐s ❡ ❞❡ ❝♦♥t♦r♥♦ ♣r♦♣♦st❛s ♣❡❧♦ ♠❡s♠♦ ❛✉t♦r ❡♠ tr❛❜❛❧❤♦ ♣✉❜❧✐❝❛❞♦ ♥♦ ❛♥♦
s❡❣✉✐♥t❡ ✭❇❆■ ❡t ❛❧✳✱ ✶✾✾✽✮✱ ❢♦✐ ♦❜s❡r✈❛❞♦ ♦ ♣❛❞rã♦ ❞❡ ❡s❝♦❛♠❡♥t♦ ❡ ❛s ♣r♦♣r✐❡❞❛❞❡s
✢✉✐❞♦❞✐♥â♠✐❝❛s ❞❛s ❢❛s❡s só❧✐❞❛ ❡ ❣❛s♦s❛✳ ❆♣ós ❛t✐♥❣✐r ❛ ❝♦♥✈❡r❣ê♥❝✐❛ ✢✉✐❞♦❞✐♥â♠✐❝❛✱
❢♦r❛♠ ❛♣❧✐❝❛❞♦s ♦s ❞♦✐s s✐st❡♠❛s ❞❡ r❡❛çã♦ s✉♣r❛❝✐t❛❞♦s✳

❈❛s♦ ✷✳ ◆❡st❡ ❝❛s♦ ❞❡ ❡st✉❞♦ ✉t✐❧✐③♦✉✲s❡ ❛ ❣❡♦♠❡tr✐❛ ♠♦❞✐✜❝❛❞❛ ✭❋✐❣✉r❛ ✺✳✷✮ ❞❡♥♦♠✐♥❛♥❞♦
♦ ♣r♦❝❡ss♦ ❝♦♠♦ ✏❈♦♠❜✉stã♦ ♥ã♦ ♣ré✲♠✐st✉r❛❞❛✑✱ ♥♦ q✉❛❧✱ ♦ ❝♦♠❜✉stí✈❡❧ ❡ ♦ ❛❣❡♥t❡
♦①✐❞❛♥t❡ sã♦ ✐♥s❡r✐❞♦s ♣♦r ❡♥tr❛❞❛s ❞✐❢❡r❡♥t❡s✳ ❆s ❝♦♥❞✐çõ❡s ✢✉✐❞♦❞✐♥â♠✐❝❛s✱ ❝✐♥ét✐❝❛s
❡ ♦s s✐st❡♠❛s ❞❡ r❡❛çã♦ ✉t✐❧✐③❛❞♦s sã♦ ♦s ♠❡s♠♦s ❞♦ ❝❛s♦ ✶✱ ✐st♦ ❝♦♠ ♦ ✐♥t✉✐t♦ ❞❡ ❛♥❛❧✐s❛r
❛s ♣♦ssí✈❡✐s ♠✉❞❛♥ç❛s ♥♦ ♣❛❞rã♦ ❞❡ ❡s❝♦❛♠❡♥t♦ ❡ ♥❛ ❝♦♠❜✉stã♦✳

✻✳✷ ❱❛❧✐❞❛çã♦ ❞♦ ▼♦❞❡❧♦ ❞❡ ❈❋❉

◆❡st❡ tr❛❜❛❧❤♦ ❞❡ ♣❡sq✉✐s❛✱ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ♦s ♠♦❞❡❧♦s ♠❛t❡♠át✐❝♦s ❡ ♥✉♠ér✐❝♦s ❢♦r♥❡❝✐✲
❞♦s ♣❡❧♦ s♦❢t✇❛r❡ ❝♦♠❡r❝✐❛❧ ❞❡ ❋❧✉✐❞♦❞✐♥â♠✐❝❛ ❈♦♠♣✉t❛❝✐♦♥❛❧ ❆◆❙❨❙ ✕ ❋▲❯❊◆❚r ❱❡rsã♦
✶✷✶✱ ❛ss✐♠ ❝♦♠♦ ❝ó❞✐❣♦s ❞❡ ♣r♦❣r❛♠❛çã♦ ❝♦♠♣❛tí✈❡✐s ❛♦ ♠❡s♠♦✳ ❖s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♥❛s
s✐♠✉❧❛çõ❡s ♠❡❞✐❛♥t❡ ♦s ♠♦❞❡❧♦s ❞❡ ❈❋❉ ❞❡✈❡♠ s❡r ✈❛❧✐❞❛❞♦s ❝♦♠ ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✱ ❞❡
❢♦r♠❛ q✉❡ ❡st❡s s❡❥❛♠ ❝♦♥✜á✈❡✐s ❡ ♣♦ss❛♠ s❡r ❛❞♦t❛❞♦s ❝♦♠ s❡❣✉r❛♥ç❛ ♥❛ ♦t✐♠✐③❛çã♦ ❞❡
♣r♦❝❡ss♦s r❡❛✐s ♦✉ ❡♠ ♣❡sq✉✐s❛s ❢✉t✉r❛s✳

P❛r❛ ❛ ✈❛❧✐❞❛çã♦ ❞♦ ♠♦❞❡❧♦ ❛q✉✐ ❛♣r❡s❡♥t❛❞♦✱ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ♦s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❡
✉♠ r❡❣❡♥❡r❛❞♦r t✐♣♦ r✐s❡r ❞❡ ❡s❝❛❧❛ ♣✐❧♦t♦ ❝♦♠ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ✺①✶✵4 t/a ♦♣❡r❛♥❞♦ ❛t✉❛❧♠❡♥t❡
❡♠ ✉♠❛ r❡✜♥❛r✐❛ ❞❡ ❉❛♥❛♥❣ ♥❛ ❝♦st❛ ❧❡st❡ ❞❛ ❈❤✐♥❛ ✭❇❆■ ❡t ❛❧✳✱ ✶✾✾✽✮✳

❖ ❡st✉❞♦ ❡①♣❡r✐♠❡♥t❛❧ ❝♦♥s✐st✐✉ ♥❛ r❡❛❧✐③❛çã♦ ❞❡ ❛♥❛❧✐s❡s ❞❡ ❝♦♥t❡ú❞♦ ❞❡ ❝❛r❜♦♥♦ ❡ t❡♠✲
♣❡r❛t✉r❛ ❡♠ ❛♠♦str❛s ❞❡ ❝❛t❛❧✐s❛❞♦r r❡t✐r❛❞❛s ❞❡ três s❡çõ❡s ❞❡♥tr♦ ❞♦ r❡❣❡♥❡r❛❞♦r✳ ❆ ✈❡✲
❧♦❝✐❞❛❞❡ s✉♣❡r✜❝✐❛❧ ❞♦ ❣ás ♥❛ ❡♥tr❛❞❛ ❞♦ r❡❣❡♥❡r❛❞♦r é ❞❡ 7 m/s ❡ ♦ ✢✉①♦ ❞❡ r❡❝✐r❝✉❧❛çã♦

✶❊st❡s ♠♦❞❡❧♦s ❢♦r❛♠ ❞❡t❛❧❤❛❞♦s ♥♦s ❈❛♣ít✉❧♦s ✸ ❡ ✹✳



✻✳✷ ❱❆▲■❉❆➬➹❖ ❉❖ ▼❖❉❊▲❖ ❉❊ ❈❋❉ ✻✺

❞❡ só❧✐❞♦s ❢♦✐ ❡st✐♠❛❞❛ ❝♦♠♦ 214 kg/m2s✱ ❜❛s❡❛❞♦ ♥♦ ❜❛❧❛♥ç♦ ❞❡ ❈❛r❜♦♥♦✳ ❆ ❣❡♦♠❡tr✐❛
✉t✐❧✐③❛❞❛ ♥♦s t❡st❡s ❞❡ ✈❛❧✐❞❛çã♦ ❞♦ s✐st❡♠❛ é ❛ ♣r♦♣♦st❛ ♣♦r ❇❆■ ❡t ❛❧✳ ✭✶✾✾✼✮✷ ❡ ❢♦r❛♠
✉t✐❧✐③❛❞❛s ❝♦♠♦ ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s✱ 0, 5%w ❞❡ ❝❛r❜♦♥♦ ❝♦♠ r❛③ã♦ ♠áss✐❝❛ ❞❡ ❤✐❞r♦❣ê♥✐♦ ♣❛r❛
❝❛r❜♦♥♦ ♥♦ ❝♦q✉❡ ✭H/C✮ ❞❡ ✵✱✸ ❡ t❡♠♣❡r❛t✉r❛ ❞❡ ✶✶✺✼ K✳

❆ s❡❣✉✐r✱ é ❛♣r❡s❡♥t❛❞❛ ❛ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ♦ ♠♦❞❡❧♦ ♣r❡❞✐t♦ ♥❛s s✐♠✉❧❛çõ❡s ❡ ♦s ❞❛❞♦s
❡①♣❡r✐♠❡♥t❛✐s✱ ♣❛r❛ ❛ ❝♦♠♣♦s✐çã♦ ❞♦ ❝❛r❜♦♥♦ ❡ ❛ t❡♠♣❡r❛t✉r❛ ❞♦ r❡❣❡♥❡r❛❞♦r✳

❋✐❣✉r❛ ✻✳✷✿ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ ♦s r❡s✉❧t❛❞♦s ❞❛ s✐♠✉❧❛çã♦ ✭−✮ ❝♦♠ ♦s ❞❛❞♦s
❡①♣❡r✐♠❡♥t❛✐s ✭�✮✱ ❞❛ ❝♦♠♣♦s✐çã♦ ❞♦ ❝❛r❜♦♥♦ ❛♣ós ✶✺ s❡❣✉♥❞♦s ❞❡ s✐♠✉❧❛çã♦✳

❆ ❋✐❣✉r❛ ✻✳✷ ♠♦str❛ ❛ ❝♦♠♣❛r❛çã♦ ❞♦s r❡s✉❧t❛❞♦s ♣r❡❞✐t♦s ♥❛s s✐♠✉❧❛çõ❡s ❝♦♠ ♦s ❞❛❞♦s
❡①♣❡r✐♠❡♥t❛✐s ❛♣r❡s❡♥t❛❞♦s ♣♦r ❇❆■ ❡t ❛❧✳ ✭✶✾✾✽✮✱ ✉t✐❧✐③❛♥❞♦ ♦s ♠♦❞❡❧♦s ✢✉✐❞♦❞✐♥â♠✐❝♦s ❡
❝✐♥ét✐❝♦s ❡s♣❡❝✐✜❝❛❞♦s ♥♦ ❈❛♣ít✉❧♦ ✸✱ ♦ ♠ét♦❞♦ ♥✉♠ér✐❝♦ ❞♦ ❈❛♣ít✉❧♦ ✹✱ ❡ ❛s ♣r♦♣r✐❡❞❛❞❡s
❞❛s ♣❛rtí❝✉❧❛s ❞❛ ❚❛❜❡❧❛ ✺✳✺✳

❊st❛ ❋✐❣✉r❛ ♠♦str❛ q✉❡ ♦s r❡s✉❧t❛❞♦s ❞❛s s✐♠✉❧❛çõ❡s ♣♦ss✉❡♠ ✉♠❛ t❡♥❞ê♥❝✐❛ ❢❛✈♦rá✈❡❧
♥❛ ❞✐♠✐♥✉✐çã♦ ❞❡ ❝❛r❜♦♥♦ ♥♦ s✐st❡♠❛✱ ❛té ♦ ♣♦♥t♦ ♦♥❞❡ s❡ tê♠ ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✳ ❉❡✈✐❞♦
q✉❡ ♦ tr❛❜❛❧❤♦ ❡①♣❡r✐♠❡♥t❛❧ ❢❡✐t♦ ♣❡❧♦s ❛✉t♦r❡s ♣♦ss✉✐ ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❛té ✽ m ❞❡ ❝♦♠✲
♣r✐♠❡♥t♦ ❞♦ r❡❣❡♥❡r❛❞♦r t✐♣♦ r✐s❡r✱ ❛ ♣❛rt✐r ❞♦s ✾ m ❛ ❋✐❣✉r❛ ✻✳✷ ❝♦rr❡s♣♦♥❞❡ ❛ ✉♠❛ ❧✐♥❤❛
♣♦♥t✐❧❤❛❞❛✱ ❥á q✉❡ ♥ã♦ ♣ô❞❡ s❡r ❝♦♠♣❛r❛❞❛ ❝♦♠ ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❡✱ ♣♦rt❛♥t♦✱ ♥ã♦ s❡ t❡♠

✷❆s ❞✐♠❡♥sõ❡s ❞❛ ❣❡♦♠❡tr✐❛ sã♦ ❛♣r❡s❡♥t❛❞❛s ♥❛ ❚❛❜❡❧❛ ✺✳✶✳



✻✻ ❘❊❙❯▲❚❆❉❖❙ ✻✳✸

❝❡rt❡③❛ ❛❜s♦❧✉t❛ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡st❡ s✐st❡♠❛ ♥♦ r❡st❛♥t❡ ❞♦ ❝♦♠♣r✐♠❡♥t♦✳ ❆ s✐♠✉❧❛çã♦
❢♦✐ ❞❡s❡♥✈♦❧✈✐❞❛ ♣❛r❛ ✉♠ t❡♠♣♦ ❞❡ ✶✺ s❡❣✉♥❞♦s✱ ❛♣❧✐❝❛♥❞♦ ♦ s✐st❡♠❛ r❡❛t✐✈♦ ❞❛ ❚❛❜❡❧❛ ✺✳✻✳

❉❛ ♠❡s♠❛ ❢♦r♠❛ q✉❡ ❛ ❋✐❣✉r❛ ✻✳✷✱ ❛ ❋✐❣✉r❛ ✻✳✸ ❛♣r❡s❡♥t❛ ❛ ❝♦♠♣❛r❛çã♦ ❡♥tr❡ ♦s r❡s✉❧t❛❞♦s
♣r❡❞✐t♦s ♥❛s s✐♠✉❧❛çõ❡s ❡ ♦s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❡ ❇❆■ ❡t ❛❧✳ ✭✶✾✾✽✮ ❛♣ós ✶✺ s❡❣✉♥❞♦s ❞❡
t❡♠♣♦ r❡❛❧ s✐♠✉❧❛❞♦✱ t❡♥❞♦ ❞❡st❛ ✈❡③✱ ❝♦♠♦ ✈❛r✐á✈❡❧ ❞❡ ❝♦♠♣❛r❛çã♦ ❛ t❡♠♣❡r❛t✉r❛ ❞❡♥tr♦
❞♦ r❡❣❡♥❡r❛❞♦r✳ ❖❜s❡r✈❛✲s❡ ✉♠❛ ❡❧❡✈❛çã♦ ❞❡ ❞✐t❛ t❡♠♣❡r❛t✉r❛ ♣❡rt♦ ❞❛ ❡♥tr❛❞❛ ❞♦ r❡❛t♦r✱
❛t✐♥❣✐♥❞♦ ♦ ✈❛❧♦r ♠á①✐♠♦ ❞❡ ✶✷✶✺ K✱ ❡ ❛ s✉❛ ♣♦st❡r✐♦r ❞✐♠✐♥✉✐çã♦ ❛té ❛❧❝❛♥ç❛r ✉♠ ✈❛❧♦r
❝♦♥st❛♥t❡ ❛♦ r❡❞♦r ❞❡ ✶✶✼✹ K✳ ❊st❛ ❞✐♠✐♥✉✐çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ❛♣ós ❞❡t❡r♠✐♥❛❞❛ ❛❧t✉r❛ ❞❡
r❡❛t♦r ♣♦❞❡r✐❛ s❡r ♣❡❧❛ ❝♦♥❞✐çã♦ ❞❛ ♣❛r❡❞❡✱ ❡①✐st❡ ❧✐❜❡r❛çã♦ ❞❡ ❝❛❧♦r ❞❡✈✐❞♦ q✉❡ ❛ ♣❛r❡❞❡
♥ã♦ é ✶✵✵ ✪ ❛❞✐❛❜át✐❝❛✳ ❊st❛ t❡♥❞ê♥❝✐❛ ❛ ❞✐♠✐♥✉✐r ❛ t❡♠♣❡r❛t✉r❛ é ❞❡✈✐❞♦ q✉❡ ♦ ❣ás ❡stá
❡♥tr❛♥❞♦ ❝♦♠ ♠❡♥♦r t❡♠♣❡r❛t✉r❛ ❡ ♠❛✐♦r ✈❡❧♦❝✐❞❛❞❡ ❞♦ q✉❡ ❛ ❢❛s❡ ♣❛rt✐❝✉❧❛❞❛✳

❋✐❣✉r❛ ✻✳✸✿ ❈♦♠♣❛r❛çã♦ ❡♥tr❡ ♦s r❡s✉❧t❛❞♦s ❞❛ s✐♠✉❧❛çã♦ ❝♦♠ ✭−✮ ❡ s❡♠ ✭−·−✮
❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ✭�✮✱ ❞❛ t❡♠♣❡r❛t✉r❛ ❞♦ r❡❣❡♥❡r❛❞♦r t✐♣♦ r✐s❡r ❛♣ós ✶✺ s❡❣✉♥❞♦s
❞❡ s✐♠✉❧❛çã♦✳

❊st❡ ♣❡r✜❧ ❞❡ t❡♠♣❡r❛t✉r❛ ❞♦ r❡❣❡♥❡r❛❞♦r t✐♣♦ r✐s❡r ❢♦✐ ✈❛❧✐❞❛❞♦ ❝♦rr❡t❛♠❡♥t❡ ❛té ✽ m
❞❡ ❝♦♠♣r✐♠❡♥t♦✳ P♦ré♠✱ ♦ ❛✉t♦r ♥ã♦ ❛♣r❡s❡♥t❛ ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❛♣ós ❡st❡ ❝♦♠♣r✐♠❡♥t♦✱
♣♦r t❛❧ ♠♦t✐✈♦✱ ❞♦s ✾ ❛♦s ✸✵ m ❛♣r❡s❡♥t❛✲s❡ ✉♠❛ ❧✐♥❤❛ ♣♦♥t✐❧❤❛❞❛ ❞❡✈✐❞♦ à ✐♥❝❡rt❡③❛ ❞♦
❝♦♠♣♦rt❛♠❡♥t♦ ❛♣ós ❛q✉❡❧❡ ♣♦♥t♦✳

◆❡st❛ ♦r❞❡♠ ❞❡ ✐❞❡✐❛s✱ é ♣♦ssí✈❡❧ ❛♣❧✐❝❛r ♦s ♠♦❞❡❧♦s ✈❛❧✐❞❛❞♦s ❡♠ ✉♠❛ sér✐❡ ❞❡ ❝❛s♦s ❞❡
❡st✉❞♦ q✉❡ sã♦ r❡❧❛t❛❞♦s ❛ s❡❣✉✐r✳



✻✳✸ ❈❆❙❖ ✶✳ ❈❖▼❇❯❙❚➹❖ P❘➱✲▼■❙❚❯❘❆❉❆ ✻✼

✻✳✸ ❈❆❙❖ ✶✳ ❈♦♠❜✉stã♦ Pré✲▼✐st✉r❛❞❛

P❛r❛ ❡st❡ ♣r✐♠❡✐r♦ ❝❛s♦ ❞❡ ❡st✉❞♦✱ ❢♦r❛♠ ✉t✐❧✐③❛❞❛s ❛s ❞✐♠❡♥sõ❡s ❞♦ r❡❣❡♥❡r❛❞♦r ❞❛ ❚❛❜❡❧❛
✺✳✶✳ ❊st❛ s✐♠✉❧❛çã♦ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞❛ ❞✉r❛♥t❡ ✶✾✱✺ s❡❣✉♥❞♦s ❞❡ t❡♠♣♦ r❡❛❧ ❞♦ ♣r♦❝❡ss♦✱ ✉t✐✲
❧✐③❛♥❞♦ ♦ ♠♦❞❡❧♦ ❝✐♥ét✐❝♦ ✏❋✐♥✐t❡ ✕ ❘❛t❡✴❊❞❞② ✕ ❉✐ss✐♣❛t✐♦♥✑✳ ❖ ♠♦❞❡❧♦ ❞❡ t✉r❜✉❧ê♥❝✐❛ ✉t✐✲
❧✐③❛❞♦ ❢♦✐ κ−ε ✏❘❡❛❧✐③❛❜❧❡✑ ❡ ❛s ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s ❡ ❞❡ ❝♦♥t♦r♥♦✱ ❢♦r❛♠ ❛s r❡❧❛t❛❞❛s ♥❛ ❚❛❜❡❧❛
✺✳✺✳ ❖ ❝♦♥t❡ú❞♦ ✐♥✐❝✐❛❧ ❞❡ ❝❛r❜♦♥♦ ♥♦ ❝❛t❛❧✐s❛❞♦r ❢♦✐ ❞❡ ✶✱✷✺ %w✳

◆❡st❡ ❝❛s♦✱ ♦ ❝♦♠❜✉stí✈❡❧ ❡ ♦ ❛❣❡♥t❡ ♦①✐❞❛♥t❡ sã♦ ✐♥s❡r✐❞♦s ♥♦ s✐st❡♠❛ ♣❡❧❛ ♠❡s♠❛ ❡♥tr❛❞❛✱
♣♦r ✐ss♦ é ❝❤❛♠❛❞❛ ❈♦♠❜✉stã♦ ♣ré✲♠✐st✉r❛❞❛✳ ◆❛s s✐♠✉❧❛çõ❡s tr❛♥s✐❡♥t❡s ❞❡ ❝♦♠❜✉stã♦ ❞❡
❝♦q✉❡✱ ❢♦r❛♠ ❝❛❧❝✉❧❛❞❛s ❛s ♠é❞✐❛s t❡♠♣♦r❛✐s ❞❛s ♣r✐♥❝✐♣❛✐s ✈❛r✐á✈❡✐s ❞❡ r❡s♣♦st❛✱ t❛✐s ❝♦♠♦
t❡♠♣❡r❛t✉r❛ ❡ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❛♠❜❛s ❢❛s❡s✱ ❢r❛çã♦ ✈♦❧✉♠étr✐❝❛ ❞♦s só❧✐❞♦s ❡ ❝♦♠♣♦s✐çõ❡s ❞♦s
♣r✐♥❝✐♣❛✐s r❡❛❣❡♥t❡s ❡ ♣r♦❞✉t♦s✳ ❚❛♠❜é♠ ❢♦r❛♠ ❡①tr❛í❞♦s ♣❡r✜s ❛①✐❛✐s ❡ r❛❞✐❛✐s✱ ♦s q✉❛✐s
s❡rã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛s s❡çõ❡s ❛ s❡❣✉✐r✳

✻✳✸✳✶ ❚❡♠♣❡r❛t✉r❛ ❞❛s ❋❛s❡s

❋♦r❛♠ ❛♥❛❧✐s❛❞♦s ♣❡r✜s ❛①✐❛✐s ❡♠ ❞✉❛s ❞✐♠❡♥sõ❡s ❞❡ t❡♠♣❡r❛t✉r❛ ❱s✳ ❈♦♠♣r✐♠❡♥t♦ ❞♦
r❡❣❡♥❡r❛❞♦r ♣❛r❛ ❛s ❢❛s❡s só❧✐❞❛ ❡ ❣❛s♦s❛✱ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❋✐❣✉r❛ ✻✳✹✱ ♥❛ q✉❛❧ é ♣♦ssí✈❡❧
♦❜s❡r✈❛r q✉❡ ❛♣ós ♦ ♠♦♠❡♥t♦ ♠á①✐♠♦ ❞❡ r❡❛çã♦✱ ❝♦♠❡ç❛ ❛ ❞✐♠✐♥✉✐çã♦ ♣r♦❣r❡ss✐✈❛ ❞❛ t❡♠✲
♣❡r❛t✉r❛ ♥❛ ♠❡❞✐❞❛ ❡♠ q✉❡ ♦s r❡❛❣❡♥t❡s ❡ ♦s ♣r♦❞✉t♦s ❡s❝♦❛♠ ❛tr❛✈és ❞♦ r❡❣❡♥❡r❛❞♦r✳ ❊st❡
✈❛❧♦r ❞❡ t❡♠♣❡r❛t✉r❛ ♠❛♥t❡♠✲s❡ ✜♥❛❧♠❡♥t❡ ❡♠ ✉♠ ✈❛❧♦r ❝♦♥st❛♥t❡ ❛♦ r❡❞♦r ❞♦s ✽✵✵ K✳

❋✐❣✉r❛ ✻✳✹✿ P❡r✜s ❛①✐❛✐s ❞❡ t❡♠♣❡r❛t✉r❛ ❞❛s ❢❛s❡s só❧✐❞❛ ❡ ❣❛s♦s❛✱ ❛♣ós ✶✾✱✺ s❡❣✳
❞❡ s✐♠✉❧❛çã♦✳ ❈❛s♦ ✶✳



✻✽ ❘❊❙❯▲❚❆❉❖❙ ✻✳✸

❋✐❣✉r❛ ✻✳✺✿ ❚❡♠♣❡r❛t✉r❛ ♠é❞✐❛ ♥♦ t❡♠♣♦ ❞♦ r❡❣❡♥❡r❛❞♦r t✐♣♦ r✐s❡r✱ ❛♣ós ✶✾✱✺ s❡❣✳
❞❡ s✐♠✉❧❛çã♦✳ ❈❛s♦ ✶✳



✻✳✸ ❈❆❙❖ ✶✳ ❈❖▼❇❯❙❚➹❖ P❘➱✲▼■❙❚❯❘❆❉❆ ✻✾

◆♦ ♣❡r✜❧ ❞❛ ❋✐❣✉r❛ ✻✳✹ ♦❜s❡r✈❛✲s❡ t❛♠❜é♠ ❛ ❢❛✐①❛ ❞❡ t❡♠♣❡r❛t✉r❛✱ ❛ q✉❛❧ ❝♦♠❡ç❛ ❡♠ ✸✶✸
K ♣❛r❛ ❛ ❢❛s❡ ❣❛s♦s❛ ❡ ❡♠ ✼✻✸ K ♣❛r❛ ❛ ❢❛s❡ só❧✐❞❛✱ q✉❡ ❝♦rr❡s♣♦♥❞❡♠ às ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s
❞♦ r❡❣❡♥❡r❛❞♦r ♥♦ tr❛❜❛❧❤♦ ❛♣r❡s❡♥t❛❞♦ ♣♦r ❇❆■ ❡t ❛❧✳ ✭✶✾✾✽✮✳

❆ ❋✐❣✉r❛ ✻✳✺ ♠♦str❛ ♦ ♣❡r✜❧ ♠é❞✐♦ ❞❡ t❡♠♣❡r❛t✉r❛ ❞❡♥tr♦ ❞♦ r❡❣❡♥❡r❛❞♦r t✐♣♦ r✐s❡r✱
r❡♣r❡s❡♥t❛❞❛ ♣❡❧❛ ❣❡♦♠❡tr✐❛ ❝♦♠♣❧❡t❛ ❡ ♦ ❞❡t❛❧❤❡ à ❡♥tr❛❞❛ ❞♦ r❡❛t♦r q✉❡ é ♦ ♣♦♥t♦ ❞❡ ♠❛✐♦r
t❡♠♣❡r❛t✉r❛✱ ♣❛r❛ ✉♠ t❡♠♣♦ ❞❡ s✐♠✉❧❛çã♦ ❞❡ ✶✾✱✺ s❡❣✉♥❞♦s✳ ◆❡st❡s ♣❡r✜s é ♣♦ssí✈❡❧ ♦❜s❡r✈❛r
q✉❡✱ ❞❡✈✐❞♦ às r❡❛çõ❡s ❡①♦tér♠✐❝❛s ❞❡ ❝♦♠❜✉stã♦✱ ❛♣r❡s❡♥t❛✲s❡ ✉♠ ❛✉♠❡♥t♦ ❞❡ t❡♠♣❡r❛t✉r❛✱
❝❤❡❣❛♥❞♦ ❛♦ ✈❛❧♦r ❛♣r♦①✐♠❛❞♦ ❞❡ ✶✷✼✼ K✳ ❆♣ós ❡st❡ ♣♦♥t♦ ♠á①✐♠♦✱ ❝♦♠❡ç❛ ✉♠❛ ❞✐♠✐♥✉✐çã♦
❣r❛❞✉❛❧ ❞❛ t❡♠♣❡r❛t✉r❛ ❛té s✉❛ ❡st❛❜✐❧✐③❛çã♦ ❡♠ ✉♠ ✈❛❧♦r ❝♦♥st❛♥t❡✳

❊st❛ ❞✐♠✐♥✉✐çã♦ ❞❛ t❡♠♣❡r❛t✉r❛ ❛❝♦♥t❡❝❡ ❛♣ós ❛s r❡❛çõ❡s ❡①♦tér♠✐❝❛s ❞❡ ❝♦♠❜✉stã♦ ❡
♣♦❞❡ s❡r ❝❛✉s❛❞❛ ♣❡❧❛ ❞✐❢❡r❡♥ç❛ ❞❛s ✈❡❧♦❝✐❞❛❞❡s ❡♥tr❡ ❛s ❞✉❛s ❢❛s❡s ❡ ❛ ❝♦♥❞✐çã♦ ❞❛ ♣❛r❡❞❡
❡♠ q✉❡ ♥ã♦ é ❛❞✐❛❜át✐❝❛✱ ❡ ♣♦r t❛♥t♦✱ ❡①✐st❡ ✉♠❛ tr♦❝❛ ❞❡ ❝❛❧♦r ❝♦♠ ♦ ❛♠❜✐❡♥t❡✳

✻✳✸✳✷ ❱❡❧♦❝✐❞❛❞❡ ❞❛s ❋❛s❡s

◆❡st❛ ❙❡çã♦✱ sã♦ ❛♣r❡s❡♥t❛❞♦s ♦s ♣❡r✜s ❛①✐❛✐s ❡ r❛❞✐❛✐s ❞❡ ✈❡❧♦❝✐❞❛❞❡ t❛♥t♦ ❞❛ ❢❛s❡ só❧✐❞❛
q✉❛♥t♦ ❞❛ ❢❛s❡ ❣❛s♦s❛ ♣❛r❛ ♦ ❝❛s♦ ✶✱ ❛♣ós ✶✾✱✺ s❡❣✉♥❞♦s ❞❡ t❡♠♣♦ r❡❛❧ s✐♠✉❧❛❞♦✳ ❚❛♠❜é♠
é ♠♦str❛❞♦ ♦ s❡♥t✐❞♦ ❞♦ ❡s❝♦❛♠❡♥t♦❀ q✉❡r ❞✐③❡r✱ q✉❛❧ é ♦ ❝❛♠✐♥❤♦ ♣r❡❢❡r❡♥❝✐❛❧ q✉❡ t❡♠ ❛
♠✐st✉r❛ ❞❛s ❢❛s❡s ❞❡♥tr♦ ❞♦ r❡❣❡♥❡r❛❞♦r✳

❋✐❣✉r❛ ✻✳✻✿ P❡r✜s ❛①✐❛✐s ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❞❛s ❢❛s❡s só❧✐❞❛ ❡ ❣❛s♦s❛✱ ❛♣ós ✶✾✱✺ s❡❣✳
❞❡ s✐♠✉❧❛çã♦✳ ❈❛s♦ ✶✳
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❆ ❋✐❣✉r❛ ✻✳✻✱ ♠♦str❛ ♦s ♣❡r✜s ❛①✐❛✐s ❞❛s ♠é❞✐❛s t❡♠♣♦r❛✐s ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❞♦ r❡❣❡♥❡r❛❞♦r
♣❛r❛ ❛s ❞✉❛s ❢❛s❡s✱ ❛♣ós ❛t✐♥❣✐r ♦ t❡♠♣♦ r❡❛❧ ❞❡ s✐♠✉❧❛çã♦ ❞❡ ✶✾✱✺ seg✳ ❖❜s❡r✈❛♠✲s❡ ❛s
❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s ❞❡ ❝❛❞❛ ✉♠❛ ❞❛s ❢❛s❡s ❡✱ ♣♦r t❛♥t♦✱ ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛s ❞✉❛s ✈❡❧♦❝✐❞❛❞❡s✳
❊st❛ ❋✐❣✉r❛ ♠♦str❛ t❛♠❜é♠ q✉❡ ❛ ✈❡❧♦❝✐❞❛❞❡ s❡ ♠❛♥té♠ ❡♠ ✉♠ ✈❛❧♦r ♣ró①✐♠♦ ❞❛ ❝♦♥❞✐çã♦
❞❡ ❡♥tr❛❞❛ ❞❛ ❢❛s❡ ❣❛s♦s❛✳

❋✐❣✉r❛ ✻✳✼✿ ❱❡❧♦❝✐❞❛❞❡ ♠é❞✐❛ ♥♦ t❡♠♣♦ ❞♦ r❡❣❡♥❡r❛❞♦r ♣❛r❛ ❛ ❢❛s❡ só❧✐❞❛✱ ❛♣ós
✶✾✱✺ s❡❣✳ ❞❡ s✐♠✉❧❛çã♦✳ ❈❛s♦ ✶✳

❊♥ ❣❡r❛❧✱ ❛ ✈❡❧♦❝✐❞❛❞❡ ♠é❞✐❛ ♥♦ t❡♠♣♦ ❞❛s ❢❛s❡s só❧✐❞❛ ❡ ❣❛s♦s❛ ♣♦ss✉✐ ✉♠ ❝❛♠✐♥❤♦
♣r❡❢❡r❡♥❝✐❛❧ ♥♦ s❡♥t✐❞♦ ❞❛s ♣❛r❡❞❡s ❞♦ r❡❛t♦r✱ ❝♦♠♦ ♠♦str❛❞♦ ♥❛ ❋✐❣✉r❛ ✻✳✼✳ ■st♦ s✐❣♥✐✜❝❛
q✉❡ ♦ t❡♠♣♦ ❞❡ r❡s✐❞ê♥❝✐❛ ❞❛ ♠✐st✉r❛ ❜✐❢ás✐❝❛ é ❞❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ✺ seg✳
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❖s ♣❡r✜s r❛❞✐❛✐s ❞❡ ✈❡❧♦❝✐❞❛❞❡✱ t❛♥t♦ ❞❛ ❢❛s❡ ❣❛s♦s❛ q✉❛♥t♦ ❞❛ ❢❛s❡ só❧✐❞❛✱ sã♦ ♠♦str❛❞♦s
♥❛s ❋✐❣✉r❛s ✻✳✽ ❡ ✻✳✾ ♣❛r❛ ❞✐❢❡r❡♥t❡s ❛❧t✉r❛s ❞❡♥tr♦ ❞♦ r❡❣❡♥❡r❛❞♦r t✐♣♦ r✐s❡r✳ ❊st❡s ♣❡r✜s
♠♦str❛♠ t❡♥❞ê♥❝✐❛s s✐♠✐❧❛r❡s ♥❛s ❞✉❛s ❢❛s❡s✱ ❛ss✐♠ ❝♦♠♦ ❛ t❡♥❞ê♥❝✐❛ ❞♦ ✢✉✐❞♦ ❡s❝♦❛r ♣r❡❢✲
❡r❡♥❝✐❛❧♠❡♥t❡ ♣❡❧❛s ♣❛r❡❞❡s ❞♦ r❡❛t♦r✳ ❊st❛ ♠❛❣♥✐t✉❞❡ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ♣❡r♠✐t❡ q✉❡ ♦ ❝♦♥t❛t♦
❡♥tr❡ ♦s r❡❛❣❡♥t❡s s❡❥❛ ❛❞❡q✉❛❞❛✱ ♣❡r♠✐t✐♥❞♦ q✉❡ ♦s ❝♦♠♣♦♥❡♥t❡s ✐♥t❡r❛❥❛♠ ❡♥tr❡ ❡❧❡s ♣❛r❛
♦❜t❡r ♦s ♣r♦❞✉t♦s ❞❡ r❡❛çã♦✳

❋✐❣✉r❛ ✻✳✽✿ P❡r✜s r❛❞✐❛✐s ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ❢❛s❡ ❣❛s♦s❛ ❛ ❞✐❢❡r❡♥t❡s ❛❧t✉r❛s ♥♦
r❡❣❡♥❡r❛❞♦r ❛♣ós ✶✾✱✺ s❡❣✳ ❞❡ s✐♠✉❧❛çã♦✳ ❈❛s♦ ✶✳ ❛✮ ✶✹♠ ❜✮ ✶✾♠ ❝✮ ✷✾♠✳ ❈❛s♦ ✶✳

❋✐❣✉r❛ ✻✳✾✿ P❡r✜s r❛❞✐❛✐s ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ❢❛s❡ só❧✐❞❛ ❛ ❞✐❢❡r❡♥t❡s ❛❧t✉r❛s ♥♦
r❡❣❡♥❡r❛❞♦r ❛♣ós ✶✾✱✺ s❡❣✳ ❞❡ s✐♠✉❧❛çã♦✳ ❈❛s♦ ✶✳ ❛✮ ✶✹ ♠ ❜✮ ✶✾ ♠ ❝✮ ✷✾♠✳ ❈❛s♦
✶✳
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✻✳✸✳✸ ❋r❛çã♦ ❱♦❧✉♠étr✐❝❛ ❞❛ ❋❛s❡ ❙ó❧✐❞❛

P❛r❛ ❛♥❛❧✐s❛r ❡st❛ ✈❛r✐á✈❡❧ ❞♦ ♣r♦❝❡ss♦✱ ❢♦✐ ✉t✐❧✐③❛❞❛ ❝♦♠♦ ❝♦♥❞✐çã♦ ✐♥✐❝✐❛❧ ✉♠❛ ❢r❛çã♦ ❞❡
✵✳✹ ❞❡ ❝❛t❛❧✐s❛❞♦r ❡ ✉♠ ❧✐♠✐t❡ ❞❡ ❡♠♣❛❝♦t❛♠❡♥t♦ ❞❡ ✵✱✻✸✳

❋✐❣✉r❛ ✻✳✶✵✿ ▼é❞✐❛ t❡♠♣♦r❛❧ ❞♦s ❝❛♠♣♦s ❞❡ ❢r❛çã♦ ✈♦❧✉♠étr✐❝❛ ❞❛ ❢❛s❡ ❞✐s♣❡rs❛
♥❛s ❛❧t✉r❛s ❞❡✿ ❛✮ ✶✹ ♠ ❜✮ ✶✾ ♠ ❝✮ ✷✾♠✳ ❈❛s♦ ✶✳

❋✐❣✉r❛ ✻✳✶✶✿ P❡r✜❧ r❛❞✐❛❧ ❞❡ ❢r❛çã♦ ✈♦❧✉♠étr✐❝❛ ❞❡ só❧✐❞♦s ♣❛r❛ ❞✐❢❡r❡♥t❡s ❛❧t✉r❛s
♥♦ r❡❣❡♥❡r❛❞♦r✳ ❛✮ ✶✹ ♠ ❜✮ ✶✾ ♠ ❝✮ ✷✾♠✳ ❈❛s♦ ✶✳
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❆ ❋✐❣✉r❛ ✻✳✶✵ ❛♣r❡s❡♥t❛ ♦s ♣❡r✜s ❞❡ ❢r❛çã♦ ✈♦❧✉♠étr✐❝❛ ❞❛ ❢❛s❡ ❞✐s♣❡rs❛ ❛ ❞✐❢❡r❡♥t❡s
❛❧t✉r❛s ✭✶✹✱ ✶✾ ❡ ✷✾ ♠✳✮✱ ♥♦ ✐♥t❡r✐♦r ❞♦ r❡❣❡♥❡r❛❞♦r✳ ❖❜s❡r✈❛✲s❡ ❛ t❡♥❞ê♥❝✐❛ ❞♦s só❧✐❞♦s ❞❡ s❡
❞✐r✐❣✐r ❛té ❛s ♣❛r❡❞❡s✱ ❢♦r♠❛♥❞♦ ✉♠ ❛♥❡❧ ❞❡ ❝❛t❛❧✐s❛❞♦r s✐♠✐❧❛r ❛♦ ❞♦ ✏❝♦r❡ ❛♥♥✉❧✉s✑✱ q✉❡ é
❝♦♠✉♠ ♣❛r❛ ❡st❡ t✐♣♦ ❞❡ ♣r♦❝❡ss♦ ♥❛ ✐♥❞✉str✐❛ ❞♦ ♣❡tró❧❡♦✳

❖s ♣❡r✜s r❛❞✐❛✐s ❡♠ ❞✉❛s ❞✐♠❡♥sõ❡s ❞❛ ♠é❞✐❛ t❡♠♣♦r❛❧ ❞❡ ❢r❛çã♦ ✈♦❧✉♠étr✐❝❛ ❞❡ só❧✐❞♦s
❛ três ❛❧t✉r❛s ❞✐❢❡r❡♥t❡s sã♦ ♠♦str❛❞♦s ♥❛ ❋✐❣✉r❛ ✻✳✶✶✳ ❊st❡s ♣❡r✜s ❡s❝❧❛r❡❝❡♠ ❛ t❡♥❞ê♥❝✐❛
❞♦s só❧✐❞♦s ❞❡ s❡ ❛♣r♦①✐♠❛r às ♣❛r❡❞❡s ❞♦ r❡❣❡♥❡r❛❞♦r✳

✻✳✸✳✹ ❈♦♠♣♦s✐çã♦ ❞♦s ❘❡❛❣❡♥t❡s ❡ Pr♦❞✉t♦s

P❛r❛ ❡st❡ ♣r✐♠❡✐r♦ ❝❛s♦ ❞❡ ❡st✉❞♦✱ ❢♦r❛♠ ✉t✐❧✐③❛❞❛s ❞✉❛s ♠❡t♦❞♦❧♦❣✐❛s ❞❡ r❡❛çã♦✿ ♦ ❝♦♥✲
❥✉♥t♦ ❞❡ r❡❛çõ❡s ✈♦❧✉♠étr✐❝❛s ❞❛ ❚❛❜❡❧❛ ✺✳✻✱ ❛s q✉❛✐s ❝♦♥té♠ C✱ O2 ❡ H2 ❝♦♠♦ ♣r✐♥❝✐♣❛✐s
r❡❛❣❡♥t❡s✱ ❡ ❛ r❡❛çã♦ ❡♠ ❢❛s❡ ❤❡t❡r♦❣ê♥❡❛✱ ❛ q✉❛❧ ❢♦✐ ❛♣❧✐❝❛❞❛ ♠❡❞✐❛♥t❡ ✉♠❛ ❯❉❋ ❝♦♠♣❛tí✈❡❧
❝♦♠ ♦ s♦❢t✇❛r❡ ❋▲❯❊◆❚r ❱✶✷ ✸✳

❋✐❣✉r❛ ✻✳✶✷✿ ❋r❛çõ❡s ♠áss✐❝❛s ❞❡ C ❡ CO2 ♥♦ ❝♦♠❡ç♦ ❡ ♥♦ ✜♠ ❞♦ ♣r♦❝❡ss♦ ❞❛s
❞✉❛s ♠❡t♦❞♦❧♦❣✐❛s ❞❡ r❡❛çã♦ ❛♣ós ✶✾✱✺ s❡❣✳ ❞❡ s✐♠✉❧❛çã♦✳ ❈❛s♦ ✶✳

✸❊st❡ ❝ó❞✐❣♦ ❝♦♠♣❛rtí✈❡❧ ❝♦♠ ♦ s♦❢t✇❛r❡ ❋▲❯❊◆❚r é ❉❡t❛❧❤❛❞♦ ♥♦ ❈❛♣ít✉❧♦ ✽✳
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❆s ❝♦♠♣♦s✐çõ❡s ❞♦s ♣r✐♥❝✐♣❛✐s ❝♦♠♣♦♥❡♥t❡s ♣r❡s❡♥t❡s ♥♦ s✐st❡♠❛ r❡❛t✐✈♦ ❞❡ ❝♦♠❜✉stã♦✱
sã♦ ♠♦str❛❞❛s ♥❛ ❋✐❣✉r❛ ✻✳✶✷✳ ❖❜s❡r✈❛✲s❡ q✉❡ ♣❛r❛ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ r❡❛çã♦ ❤♦♠♦❣ê♥❡❛
✭❝♦r ✈❡r♠❡❧❤❛ ♥❛ ❋✐❣✉r❛✮✱ ♦ ❈❛r❜♦♥♦ ❛♣r❡s❡♥t♦✉ ✉♠❛ r❡❞✉çã♦ ❞♦ s❡✉ t❡♦r✱ q✉❡ ✐♥✐❝✐❛❧♠❡♥t❡
❝♦♥t✐♥❤❛ ✶✱✷✺%w ✭❝♦r ❛③✉❧✮ ❡ ♥♦ ✜♥❛❧ ❞♦ ♣r♦❝❡ss♦ r❡❛t✐✈♦ ♦ t❡♦r ❞❡ ❈❛r❜♦♥♦ ❢♦✐ ❞❡ ✵✱✽✶%w ♥❛
s❛í❞❛ ❞♦ r❡❣❡♥❡r❛❞♦r✳ P❛r❛ ❛ ♠❡t♦❞♦❧♦❣✐❛ r❡❛t✐✈❛ ❡♠ ❢❛s❡ ❤❡t❡r♦❣ê♥❡❛✱ ♦✉ s❡❥❛✱ ♥❛ s✉♣❡r❢í❝✐❡
❞♦ ❝❛t❛❧✐s❛❞♦r ✭❝♦r ✈❡r❞❡✮✱ ❛♣r❡s❡♥t♦✉✲s❡ r❡❞✉çã♦ ♠❡♥♦r ❞♦ t❡♦r ❞❡ ❈❛r❜♦♥♦✱ ❝♦♥t❡♥❞♦ ♥♦
✜♥❛❧ ❞♦ ♣r♦❝❡ss♦ r❡❛t✐✈♦ ✉♠❛ ❢r❛çã♦ ♠áss✐❝❛ ❞❡ ✵✱✾✺ %w✳

❖ CO2 t❡✈❡ ✉♠❛ ❝♦♠♣♦s✐çã♦ ❞❡ ✶✱✻ %w ♥❛ s❛í❞❛ ❞♦ r❡❣❡♥❡r❛❞♦r ♣❛r❛ ♦ ❝♦♥❥✉♥t♦ ❞❡
r❡❛çõ❡s ✈♦❧✉♠étr✐❝❛s✱ ♠♦str❛♥❞♦ ❛ ♣r❡s❡♥ç❛ ❞❡ r❡❛çõ❡s ❡①♦tér♠✐❝❛s ❡ ❛ ♣r♦❞✉çã♦ ❞❡ ❣❛s❡s ❞❡
❝♦♠❜✉stã♦✳ ▲❡♠❜r❛♥❞♦ q✉❡✱ ❡st❛s r❡❛çõ❡s ♣❡r♠✐t❡♠ q✉❡✱ ❛♣ós ❛ r❡❣❡♥❡r❛çã♦✱ ♦ ❝❛t❛❧✐s❛❞♦r
s❡❥❛ r❡❝✐r❝✉❧❛❞♦ ♥♦✈❛♠❡♥t❡ ❛♦ r❡❛t♦r r✐s❡r✱ ❞❛♥❞♦ ❝♦♥t✐♥✉✐❞❛❞❡ ❛♦ ♣r♦❝❡ss♦ ❞❡ ❝r❛q✉❡❛♠❡♥t♦
❝❛t❛❧ít✐❝♦ ✢✉✐❞✐③❛❞♦✱ ❋❈❈✳

P♦r ♦✉tr♦ ❧❛❞♦✱ ❛ ❝♦♠♣♦s✐çã♦ ❞❡ CO2 ❛♦ ✜♥❛❧ ❞♦ ♣r♦❝❡ss♦ r❡❛t✐✈♦ ❡♠ ❢❛s❡ ❤❡t❡r♦❣ê♥❡❛ ❢♦✐
❞❡ ✵✱✸ %w✳ ❊st❡ ✈❛❧♦r ❞❡ ❢r❛çã♦ ♠áss✐❝❛ ♥❛ s❡❣✉♥❞❛ ♠❡t♦❞♦❧♦❣✐❛ é ❜❡♠ ♠❡♥♦r✱ ❝♦♠♣❛r❛❞♦
❝♦♠ ♦ r❡s✉❧t❛❞♦ ❞♦ s✐st❡♠❛ ❤♦♠♦❣ê♥❡♦✳ ■st♦ ♣♦❞❡r✐❛ s❡r ♦ r❡s✉❧t❛❞♦ ❞❛ r♦❜✉st❡③ ❞❛ ❯❉❋✱
❥á q✉❡ ❡❧❛ ❞❡s❝r❡✈❡ ✉♠❛ r❡❛çã♦ s✐♠♣❧❡s ❞❡ ♣r✐♠❡✐r❛ ♦r❞❡♠ s❡♠ ❛ ♣r❡s❡♥ç❛ ❞❡ ❤✐❞r♦❣ê♥✐♦
♥❡♠ r❡❛çõ❡s r❡✈❡rs❛s ♥♦ s✐st❡♠❛ r❡❛t✐✈♦✳ ➱ ♥❡❝❡ssár✐♦ ❛✐♥❞❛✱ tr❛❜❛❧❤❛r ♥♦ ♠❡❧❤♦r❛♠❡♥t♦ ❞♦
❝ó❞✐❣♦✳

❋✐❣✉r❛ ✻✳✶✸✿ ❉✐♠✐♥✉✐çã♦ ❞❛ ❝♦♠♣♦s✐çã♦ ❞❡ ❈❛r❜♦♥♦ ♣❛r❛ ❝❛❞❛ ✉♠❛ ❞❛s ♠❡t♦❞♦❧♦✲
❣✐❛s ❞❡ r❡❛çã♦✳

❆s ❋✐❣✉r❛ ✻✳✶✸ ♠♦str❛ ♦s ♣❡r✜s ❞❡ ❞✐♠✐♥✉✐çã♦ ❞❛ ❝♦♠♣♦s✐çã♦ ❞❡ ❈❛r❜♦♥♦ ♣❛r❛ ❛s ❞✉❛s
♠❡t♦❞♦❧♦❣✐❛s r❡❛t✐✈❛s✱ ❡✈✐❞❡♥❝✐❛♥❞♦ q✉❡ ❞♦ s✐st❡♠❛ ❞❡ r❡❛çã♦ ❡♠ ❢❛s❡ ❤♦♠♦❣ê♥❡❛ ❢♦r❛♠
♦❜t✐❞♦s ♦s r❡s✉❧t❛❞♦s ♠❛✐s s❛t✐s❢❛tór✐♦s✳
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❙❡ ❜❡♠ é s❛❜✐❞♦ q✉❡ ♥♦ ♣r♦❝❡ss♦ r❡❛❧ ❞❡ r❡❣❡♥❡r❛çã♦✱ ❛s r❡❛çõ❡s ❞❡ ❝♦♠❜✉stã♦ ❞❡ ❝♦q✉❡
sã♦ ❞❡s❡♥✈♦❧✈✐❞❛s ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♥❛ s✉♣❡r❢í❝✐❡ ❞♦ ❝❛t❛❧✐s❛❞♦r✱ ❡st❡s r❡s✉❧t❛❞♦s ❝♦♠♣❛r❛t✐✈♦s
❞❛s ♠❡t♦❞♦❧♦❣✐❛s ❞❡ r❡❛çã♦ sã♦ ♦ ❝♦♠❡ç♦ ♣❛r❛ ♦ ❛♣r✐♠♦r❛♠❡♥t♦ ❞♦ s✐st❡♠❛ r❡❛t✐✈♦ ❡♠ ❢❛s❡
❤❡t❡r♦❣ê♥❡❛✳

✻✳✸✳✺ ❈❛❧♦r ❞❡ r❡❛çã♦

❆ ❋✐❣✉r❛ ✻✳✶✹✱ ♠♦str❛ ♦ ❝❛❧♦r ❞❡ r❡❛çã♦ ❞♦ s✐st❡♠❛✳ P♦❞❡ s❡ ♦❜s❡r✈❛r q✉❡ ♦ ♠❛✐♦r ✈❛❧♦r
❞❛ ✈❛r✐á✈❡❧ s❡ ❡♥❝♦♥tr❛ ♥❛ ❡♥tr❛❞❛ ❞♦ r❡❣❡♥❡r❛❞♦r✱ ♥♦ ❝♦♠❡ç♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ r❡❛çã♦✱ ❡✈✐❞❡♥✲
❝✐❛♥❞♦ q✉❡ ❡st❛s r❡❛çõ❡s sã♦ ♠✉✐t♦ rá♣✐❞❛s ❡ ❛❧t❛♠❡♥t❡ ❡①♦tér♠✐❝❛s✳

❋✐❣✉r❛ ✻✳✶✹✿ ▼é❞✐❛ t❡♠♣♦r❛❧ ❞♦ ❝❛❧♦r ❞❡ r❡❛çã♦✱ ❛♣ós ✶✾✱✺ s❡❣✳ ❞❡ s✐♠✉❧❛çã♦✳
❈❛s♦ ✶✳
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❆s s✐♠✉❧❛çõ❡s ♣❛r❛ ❡st❡ ❝❛s♦ ❞❡ ❡st✉❞♦ ❢♦r❛♠ ❞❡s❡♥✈♦❧✈✐❞❛s ✉t✐❧✐③❛♥❞♦ ❛ ❣❡♦♠❡tr✐❛ ❞❛
❋✐❣✉r❛ ✺✳✷ ❥✉♥t♦ ❝♦♠ ❛s ❝♦♥❞✐çõ❡s ✢✉✐❞♦❞✐♥â♠✐❝❛s ❡ ❝✐♥ét✐❝❛s ❞♦ ❝❛s♦ ❞❡ ❡st✉❞♦ ❛♥t❡r✐♦r✱ ❛♣❧✐✲
❝❛♥❞♦ ❞❡ ♠❛♥❡✐r❛ s❡♠❡❧❤❛♥t❡ ❛s ❞✉❛s ♠❡t♦❞♦❧♦❣✐❛s r❡❛t✐✈❛s✳ ❊st❛s ❛♥❛❧✐s❡s ❢♦r❛♠ r❡❛❧✐③❛❞❛s
❝♦♠ ♦ ✐♥t✉✐t♦ ❞❡ ❝♦♠♣❛r❛r ♣❛❞rõ❡s ❞❡ ♠✐st✉r❛✱ ♣r♦♣r✐❡❞❛❞❡s ❞♦ ❡s❝♦❛♠❡♥t♦ ❡ ❞❡s❡♠♣❡♥❤♦
❞❛ ❝✐♥ét✐❝❛ ❞❡ r❡❣❡♥❡r❛çã♦✳

❖ t❡♠♣♦ r❡❛❧ ❞♦ ♣r♦❝❡ss♦ s✐♠✉❧❛❞♦ é t❛♠❜é♠ ❞❡ ✶✾✱✺ seg ❝♦♠♦ ♥♦ ❝❛s♦ ✶ ❡ ♦s t❡st❡s ❢♦r❛♠
❢❡✐t♦s s♦❜ ❛ ♣r❡♠✐ss❛ ❞❡ q✉❡ ♦s ♠♦❞❡❧♦s ✉t✐❧✐③❛❞♦s ♥❡st❡ ♥♦✈♦ s✐st❡♠❛ ❥á ❢♦r❛♠ ✈❛❧✐❞❛❞♦s
♠❡❞✐❛♥t❡ ❛ ❝♦♠♣❛r❛çã♦ ❝♦♠ ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ✭❙❡çã♦ ✻✳✷✮✳

◆❡st❛ ♠♦❞✐✜❝❛çã♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❝♦♠❜✉stã♦✱ ♦ ❝♦♠❜✉stí✈❡❧ ❡ ♦ ❛❣❡♥t❡ ♦①✐❞❛♥t❡ sã♦
✐♥s❡r✐❞♦s ♥♦ ❞♦♠í♥✐♦ ❞❡ s♦❧✉çã♦ ♣♦r ❞✉❛s ❡♥tr❛❞❛s ❞✐❢❡r❡♥t❡s✱ s❡♣❛r❛❞❛s ✉♠❛ ❞❛ ♦✉tr❛ ♣♦r
✉♠❛ ❞✐stâ♥❝✐❛ ❞❡ ✶ m ❡ ✉♠ â♥❣✉❧♦ ❞❡ 45◦✱ ❝♦♠ ♦ q✉❛❧ é ❝❤❛♠❛❞❛ ✏❈♦♠❜✉stã♦ ♥ã♦ Pré✲
♠✐st✉r❛❞❛✑✳

❆ s❡❣✉✐r✱ sã♦ ❛♣r❡s❡♥t❛❞❛s ❛s ♠é❞✐❛s t❡♠♣♦r❛✐s ❞♦s ❝❛♠♣♦s ❞❛s ♣r✐♥❝✐♣❛✐s ✈❛r✐á✈❡✐s ✢✉✲
✐❞♦❞✐♥â♠✐❝❛s ❡ ❝✐♥ét✐❝❛s✱ q✉❡ ❢♦r❛♠ ♦ r❡s✉❧t❛❞♦ ❞❛s s✐♠✉❧❛çõ❡s tr❛♥s✐❡♥t❡s ❡ tr✐❞✐♠❡♥s✐♦♥❛✐s
❞♦ ♣r♦❝❡ss♦ ❞❡ r❡❣❡♥❡r❛çã♦ ❡♠ ✉♥✐❞❛❞❡s ❞❡ ❋❈❈✳

✻✳✹✳✶ ❚❡♠♣❡r❛t✉r❛ ❞❛s ❋❛s❡s

❆ ❋✐❣✉r❛ ✻✳✶✺ ❛♣r❡s❡♥t❛ ♦s ♣❡r✜s ❛①✐❛✐s ❞❡ t❡♠♣❡r❛t✉r❛ ❞❛s ❢❛s❡s só❧✐❞❛ ❡ ❣❛s♦s❛ ❛♣ós ✶✾✱✺
s❡❣✉♥❞♦s ❞❡ t❡♠♣♦ r❡❛❧✳ ❊st❡s ♣❡r✜s ♠♦str❛♠ q✉❡ ♦ ♠á①✐♠♦ ✈❛❧♦r ❞❡ t❡♠♣❡r❛t✉r❛ ❛t✐♥❣✐❞♦
♥❛s s✐♠✉❧❛çõ❡s é ❞❡ ✼✻✸ K ♥♦ ♣♦♥t♦ ❞❡ ❡♥❝♦♥tr♦ ❡♥tr❡ ❛s ❞✉❛s ❡♥tr❛❞❛s✱ ♥♦ q✉❛❧ t❡♠✲s❡
❛ ♣r❡s❡♥ç❛ ❞❡ t✉r❜✉❧ê♥❝✐❛ ❡ ❝♦♥t❛t♦ ❡♥tr❡ ♦s ❝♦♠♣♦♥❡♥t❡s ❞❛s ❢❛s❡s✳ ❆♣ós ❡st❡ ♣♦♥t♦ ❞❡
❡♥❝♦♥tr♦✱ ❛s ❞✉❛s ❢❛s❡s ❝♦♠❡ç❛♠ ❡s❝♦❛r ❛tr❛✈és ❞♦ r❡❣❡♥❡r❛❞♦r✱ ♠❛♥t❡♥❞♦ ♦ ✈❛❧♦r ♠é❞✐♦ ❞❡
t❡♠♣❡r❛t✉r❛ ❛♦ r❡❞♦r ❞❡ ✻✹✶ K✳

❆ r❛③ã♦ ♣❡❧❛ q✉❛❧ ❛ t❡♠♣❡r❛t✉r❛ ♥ã♦ ❡①❝❡❞❡ ♦ ✈❛❧♦r ❞❛ ❝♦♥❞✐çã♦ ✐♥✐❝✐❛❧ ♣❛r❛ ❛ ❢❛s❡ ❞✐s♣❡rs❛
♣♦❞❡r✐❛ s❡r q✉❡ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛s ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦ ♣r♦♣♦st❛s ♣♦r ❇❆■ ❡t ❛❧✳ ✭✶✾✾✽✮ ❛
✈❡❧♦❝✐❞❛❞❡ ✐♥✐❝✐❛❧ ❞❛ ❢❛s❡ só❧✐❞❛ ✭❡♥tr❛❞❛ ❧❛t❡r❛❧✮ é ♠✉✐t♦ ❜❛✐①❛ ❝♦♠♣❛r❛❞❛ ❝♦♠ ❛ ✈❡❧♦❝✐❞❛❞❡
❞❛ ❢❛s❡ ❣❛s♦s❛✱ ✐st♦ ❢❛③ q✉❡ ♠❡s♠♦ ❞❡♣♦✐s ❞❡ ❛t✐♥❣✐r ♦ t❡♠♣♦ ❞❡ s✐♠✉❧❛çã♦ ❡st❛❜❡❧❡❝✐❞♦✱ q✉❡
❢♦✐ ❞❡ ✶✾✱✺ s❡❣✉♥❞♦s✱ ❛✐♥❞❛ ♦ ❝♦♥t❛t♦ ❡♥tr❡ ♦s r❡❛❣❡♥t❡s ♥ã♦ é s✉✜❝✐❡♥t❡ ♣❛r❛ ❛❧❝❛♥ç❛r ♦ ♣♦♥t♦
♠á①✐♠♦ ❞❛ r❡❛çã♦ ❞❡ ❝♦♠❜✉stã♦✳

❖ ♦❜❥❡t✐✈♦ ♣r✐♥❝✐♣❛❧ ♥♦ ♠♦♠❡♥t♦ ❞❛ r❡❛❧✐③❛çã♦ ❞♦ ❝❛s♦ ✷ ❢♦✐ ❛ ❝♦♠♣❛r❛çã♦ ❞❛s s✐♠✉❧❛çõ❡s
❝♦♠ ♦s r❡s✉❧t❛❞♦s ❞♦ ❝❛s♦ ✶✱ ❡ ♦❜s❡r✈❛r ❛s ♣♦ssí✈❡✐s ♠✉❞❛♥ç❛s ✭❢❛✈♦rá✈❡✐s ❡ ❞❡s❢❛✈♦rá✈❡✐s✮
❛♦ ✉t✐❧✐③❛r ❛ ❣❡♦♠❡tr✐❛ ♠♦❞✐✜❝❛❞❛ ❝♦♠ ❛s ♠❡s♠❛s ❝♦♥❞✐çõ❡s ❞♦ tr❛❜❛❧❤♦ ❛♣r❡s❡♥t❛❞♦ ♣♦r
❇❆■ ❡t ❛❧✳ ✭✶✾✾✽✮✳ P♦ré♠✱ é ♥❡❝❡ssár✐♦ ♦ ❛❥✉st❡ ❞❛s ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦ ♣❛r❛ ❡st❛ ♥♦✈❛
❝♦♥✜❣✉r❛çã♦ ❞❡ r❡❣❡♥❡r❛❞♦r✳
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❋✐❣✉r❛ ✻✳✶✺✿ P❡r✜❧ ❞❡ t❡♠♣❡r❛t✉r❛ ❞❡ ❛♠❜❛s ❢❛s❡s ❛♣ós ✶✾✱✺ s❡❣✉♥❞♦s ❞❡ s✐♠✉✲
❧❛çã♦✳ ❈❛s♦ ✷✳

❆ ✜❣✉r❛ ❄❄ ♠♦str❛ ♦ ❞✐❛❣r❛♠❛ ❡♠ ❞✉❛s ❞✐♠❡♥sõ❡s ❞♦ ✈❛❧♦r ♠é❞✐♦ ♥♦ t❡♠♣♦ ❞❛ t❡♠♣❡r✲
❛t✉r❛ ❞❛s ❢❛s❡s✳ ❖❜s❡r✈❛✲s❡ q✉❡ só ♥❛ ❛❧t✉r❛ ❞❡ ✶ m ❞❡ ❝♦♠♣r✐♠❡♥t♦ ❞♦ r❡❣❡♥❡r❛❞♦r ❡①✐st❡
✉♠❛ ❧❡✈❡ ❡❧❡✈❛çã♦ ❞❛ t❡♠♣❡r❛t✉r❛✱ ❝♦♥✈❡r❣✐♥❞♦ ♣♦st❡r✐♦r♠❡♥t❡ ❡♠ ✉♠ ✈❛❧♦r ❝♦♥st❛♥t❡✳
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✻✳✹✳✷ ❱❡❧♦❝✐❞❛❞❡ ❞❛s ❋❛s❡s

❋✐❣✉r❛ ✻✳✶✻✿ ▼é❞✐❛ t❡♠♣♦r❛❧ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛s ❢❛s❡s✳ ❈❛s♦ ✷✳

❆ ❋✐❣✉r❛ ✻✳✶✻ ❛♣r❡s❡♥t❛ ❛s ♠é❞✐❛s t❡♠♣♦r❛✐s ❞♦s ❝❛♠♣♦s ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❞❛s ❢❛s❡s só❧✐❞❛
❡ ❣❛s♦s❛ ♣❛r❛ ♦ s❡❣✉♥❞♦ ❝❛s♦ ❞❡ ❡st✉❞♦ ❛♣ós ✶✾✱✺ s❡❣✉♥❞♦s ❞❡ t❡♠♣♦ r❡❛❧ s✐♠✉❧❛❞♦✳ ◆❡st❛
❋✐❣✉r❛ é ♣♦ssí✈❡❧ ♦❜s❡r✈❛r q✉❡ ♦ ✈❛❧♦r ❞❛ ✈❡❧♦❝✐❞❛❞❡ s❡ ❡st❛❜✐❧✐③❛ ❛♦ r❡❞♦r ❞❡ ✻ m/s ❛ ♣❛rt✐r
❞❛ ❛❧t✉r❛ ❞❡ ✷ m ❛té ❛ s❛í❞❛ ❞♦ r❡❣❡♥❡r❛❞♦r✳

❆ ❋✐❣✉r❛ ✻✳✶✼ ♠♦str❛ ♦ ❝❛♠✐♥❤♦ ♣r❡❢❡r❡♥❝✐❛❧ ❞♦ ❡s❝♦❛♠❡♥t♦ ❞❛ ♠✐st✉r❛ ❞❛s ❢❛s❡s ❞❡♥tr♦
❞♦ r❡❣❡♥❡r❛❞♦r✱ ♦❜s❡r✈❛♥❞♦✲s❡ ❛ t❡♥❞ê♥❝✐❛ ❞❡ ❡s❝♦❛r ♣❡rt♦ ❞❛s ♣❛r❡❞❡s✱ ♦♥❞❡ ♦ ✈❛❧♦r é ♠❛✐♦r✳

◆♦ ♣♦♥t♦ ❞❡ ❡♥❝♦♥tr♦ ❞❛s ❞✉❛s ❢❛s❡s ❛♣r❡s❡♥t❛✲s❡ t✉r❜✉❧ê♥❝✐❛✱ ❛ q✉❛❧ é ♠♦str❛❞❛ ♥♦
❞✐❛❣r❛♠❛ ❞❡ ✈❡t♦r❡s ❞❛ ❋✐❣✉r❛ ✻✳✶✽✳ ❖❜s❡r✈❛✲s❡ q✉❡ ♦ ♠♦✈✐♠❡♥t♦ ❝✐r❝✉❧❛r ❞❛s ❢❛s❡s ♥ã♦ s❡
❡♥❝♦♥tr❛ ♥❛ ✐♥t❡rs❡❝çã♦ ❞❛s ❞✉❛s ❡♥tr❛❞❛s ❡ s✐♠✱ ♥❛ ❡♥tr❛❞❛ ❧❛t❡r❛❧ ❞♦ r❡❣❡♥❡r❛❞♦r✳ ■st♦
❞❡✈✐❞♦ ♣r♦✈❛✈❡❧♠❡♥t❡ à ♠❛❣♥✐t✉❞❡ ♠❛✐♦r ❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ❢❛s❡ ❣❛s♦s❛✱ ♣♦rt❛♥t♦✱ ♣❛rt❡ ❞♦
❣ás q✉❡ ❡s❝♦❛ ❞❡♥tr♦ ❞♦ r❡❣❡♥❡r❛❞♦r ✐♥✈❛❞❡ ❛ ❡♥tr❛❞❛ ❧❛t❡r❛❧ ♣r♦❞✉③✐♥❞♦ ❛ ❛♥t❡❝✐♣❛çã♦ ❞♦s
r❡❞❡♠♦✐♥❤♦s✳

❆ ❋✐❣✉r❛ ✻✳✶✽ t❛♠❜é♠ ❡s❝❧❛r❡❝❡ ♦ s❡♥t✐❞♦ ❡ ❛ ❞✐r❡çã♦ ❞♦ ❡s❝♦❛♠❡♥t♦ ♠❡❞✐❛♥t❡ ♦ ✉s♦ ❞❡
✈❡t♦r❡s✱ ♦ q✉❡ ❢❛❝✐❧✐t❛ ❛ ✈✐s✉❛❧✐③❛çã♦ ❞♦ s✐st❡♠❛✳ ❉❛ ♠❡s♠❛ ❢♦r♠❛✱ ❛ ❋✐❣✉r❛ ✻✳✶✾ ❛♣r❡s❡♥t❛ ❛s
❧✐♥❤❛s ❞❡ ❝♦rr❡♥t❡ ♣❛r❛ ♦ ❡s❝♦❛♠❡♥t♦ ❞♦ ❣ás ❡ ❞❛s ♣❛rtí❝✉❧❛s✳ ◆❛s ❧✐♥❤❛s ❞❡ ❝♦rr❡♥t❡ ❞❛ ❢❛s❡
só❧✐❞❛ é ♣♦ssí✈❡❧ r❡❝♦♥❤❡❝❡r ♦s r❡❞❡♠♦✐♥❤♦s q✉❡ sã♦ ❢♦r♠❛❞♦s ♥❛ ❡♥tr❛❞❛ ❧❛t❡r❛❧✱ ♣ró①✐♠♦ ❞❛
✐♥t❡rs❡❝çã♦ ❞❛s ❞✉❛s ❡♥tr❛❞❛s✳

❖s ♣❡r✜s r❛❞✐❛✐s ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ❢❛s❡ ❞✐s♣❡rs❛ sã♦ ♠♦str❛❞♦s ♥❛ ❋✐❣✉r❛ ✻✳✷✵ ♣❛r❛ três



✻✳✹ ❈❆❙❖ ✷✳ ❈❖▼❇❯❙❚➹❖ ◆➹❖ P❘➱✲▼■❙❚❯❘❆❉❆ ✼✾

❋✐❣✉r❛ ✻✳✶✼✿ P❡r✜❧ ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❞❛s ❞✉❛s ❢❛s❡s ❛♣ós ✶✾✱✺ s❡❣✉♥❞♦s ❞❡ s✐♠✉❧❛çã♦✳
❈❛s♦ ✷✳

❛❧t✉r❛s ❞✐❢❡r❡♥t❡s ❞♦ r❡❣❡♥❡r❛❞♦r✿ ✹✱ ✶✷ ❡ ✷✺ m✳ ❖❜s❡r✈❛✲s❡ q✉❡ ♦ ✈❛❧♦r ♠á①✐♠♦ ❞❡ ✈❡❧♦❝✐❞❛❞❡
❡♥❝♦♥tr❛✲s❡ ❛♦ r❡❞♦r ❞❡ ✶✷ m/s ♥♦ ❝♦♠❡ç♦ ❞♦ r❡❛t♦r ✭✹ m✮✳
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❞❡ t❡♠♣♦ r❡❛❧ s✐♠✉❧❛❞♦ ♣❛r❛ ❛s ♠❡t♦❞♦❧♦❣✐❛s r❡❛t✐✈❛s ❤♦♠♦❣ê♥❡❛ ❡ ❤❡t❡r♦❣ê♥❡❛✳ P♦❞❡ s❡
♦❜s❡r✈❛r q✉❡ ❡♠❜♦r❛ ❡①✐st❛ ♣r♦❞✉çã♦ ❞❡ CO2✱ ❛ q✉❛♥t✐❞❛❞❡ é ♠✉✐t♦ ❜❛✐①❛ ❝♦♠♣❛r❛❞❛ ❝♦♠
♦s r❡s✉❧t❛❞♦s ❞♦ ❝❛s♦ ✶✳

❆ r❛③ã♦ ♣❡❧❛ q✉❛❧ ♥♦ ❝❛s♦ ✶ ❛ r❡❛çã♦ ❝♦♠❡ç❛ ❛ ♣❛rt✐r ❞♦ ✐♥✐❝✐♦ ❞♦ ♣r♦❝❡ss♦ é ♣♦rq✉❡ q✉❛♥❞♦
♦s r❡❛❣❡♥t❡s sã♦ ✐♥s❡r✐❞♦s ♥♦ s✐st❡♠❛✱ ❡st❡s ❡♥❝♦♥tr❛♠✲s❡ ♣r❡✈✐❛♠❡♥t❡ ♣ré✲♠✐st✉r❛❞♦s✱ ❡♥tã♦✱
♠❡s♠♦ q✉❡ ❛ ❢❛s❡ ❞✐s♣❡rs❛ ❡st❡❥❛ ❡♥tr❛♥❞♦ ❝♦♠ ✈❡❧♦❝✐❞❛❞❡ ❜❛✐①❛✱ ❡st❛ ✈❛r✐á✈❡❧ ♥ã♦ ❛❢❡t♦✉
❞❡ ♠❛♥❡✐r❛ s✐❣♥✐✜❝❛t✐✈❛ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❛s r❡❛çõ❡s✳ ❏á ♥♦ ❝❛s♦ ❞❛ ❝♦♠❜✉stã♦ ♥ã♦ ♣ré✲
♠✐st✉r❛❞❛✱ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❡♥tr❛❞❛ t❛♥t♦ ❞❛ ❢❛s❡ ❣❛s♦s❛ q✉❛♥t♦ ❞❛ ❢❛s❡ ❞✐s♣❡rs❛ sã♦ ✈❛r✐á✈❡✐s
✐❣✉❛❧♠❡♥t❡ s✐❣♥✐✜❝❛t✐✈❛s ❞❡✈✐❞♦ q✉❡✱ ❛s ❞✉❛s ❢❛s❡s ❞❡✈❡♠ s❡ ❡♥❝♦♥tr❛r ❡ s❡ ♠✐st✉r❛r ❛♥t❡s ❞♦
❝♦♠❡ç♦ ❞❛s r❡❛çõ❡s✳

❆s ❛♥❛❧✐s❡s ❞❡ ❝♦♠♣♦s✐çã♦ ♥❛ s❛í❞❛ ❞❡ r❡❛❣❡♥t❡s ❡ ♣r♦❞✉t♦s ❞❡✈❡♠ s❡r r❡❛❧✐③❛❞❛s ❛♣ós
❛ ♠♦❞✐✜❝❛çã♦ ❞❛ ❝♦♥❞✐çã♦ ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❞❛ ❢❛s❡ ❞✐s♣❡rs❛ ♥❛ ❡♥tr❛❞❛ ❧❛t❡r❛❧✳ ◆❡st❡ s✐st❡♠❛
❢♦r❛♠ ✉t✐❧✐③❛❞❛s ❛s ❝♦♥❞✐çõ❡s r❡❧❛t❛❞❛s ♥♦ tr❛❜❛❧❤♦ ❞❡ ❇❆■ ❡t ❛❧✳ ✭✶✾✾✽✮✱ ♠❛s ❛ ♣❡sq✉✐s❛
s♦❜r❡ r❡❣❡♥❡r❛çã♦ ❞❡ ❝❛t❛❧✐s❛❞♦r❡s ♣❛r❛ ♣r♦❝❡ss♦s ❞❡ ❈r❛q✉❡❛♠❡♥t♦ ❈❛t❛❧ít✐❝♦ ❋❧✉✐❞✐③❛❞♦
❡stá ❛❜❡rt❛ ❛ ♠❡❧❤♦r❛s ❡ ♦t✐♠✐③❛çã♦ ❞♦s r❡s✉❧t❛❞♦s ❛q✉✐ ❛♣r❡s❡♥t❛❞♦s✱ ❞❛♥❞♦ ❝♦♥t✐♥✉✐❞❛❞❡
❛♦ ❝♦♠♣❧❡①♦ ❡①❡r❝í❝✐♦ ❞♦ ❛♣r❡♥❞✐③❛❞♦✳
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❈❖◆❈▲❯❙Õ❊❙ ❊ ❙❯●❊❙❚Õ❊❙

❖ r❡❣❡♥❡r❛❞♦r é ✉♠ ❡q✉✐♣❛♠❡♥t♦ ✈✐t❛❧ ♥♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ ❈r❛q✉❡❛♠❡♥t♦
❈❛t❛❧ít✐❝♦ ❋❧✉✐❞✐③❛❞♦ ✭❋❈❈✮✳ P♦r t❛❧ r❛③ã♦ ❛ r❡❧❡✈â♥❝✐❛ ❞♦ s❡✉ ❡st✉❞♦ ❡ ❛♥❛❧✐s❡ ❞❡t❛❧✲
❤❛❞❛ ❞❛s s✉❛s ✈❛r✐á✈❡✐s ❞❡ r❡s♣♦st❛✳

❆ ❧✐t❡r❛t✉r❛ ❡s♣❡❝✐❛❧✐③❛❞❛ ❥✉♥t♦ ❝♦♠ ❛ ❡①♣❡r✐ê♥❝✐❛ ❞♦ ❣r✉♣♦ ❞❡ ♣❡sq✉✐s❛✱ ❢♦r♥❡❝❡♠ ❛s ❢❡rr❛✲
♠❡♥t❛s ♥❡❝❡ssár✐❛s ♣❛r❛ ❛ r❡❛❧✐③❛çã♦ ❞❡ ✉♠❛ ❞✐✈❡rs❛ ❡ ❛❜r❛♥❣❡♥t❡ q✉❛♥t✐❞❛❞❡ ❞❡ t❡st❡s
❡ ❡♥s❛✐♦s ❝♦♠♣✉t❛❝✐♦♥❛✐s ♣r❡❧✐♠✐♥❛r❡s à ❝♦♥✈❡r❣ê♥❝✐❛ ❞♦ ♣r♦❝❡ss♦✱ ♦s q✉❛✐s ❢❛✈♦r❡❝❡♠
❛ ✈✐❛❜✐❧✐❞❛❞❡ ❞❛s s✐♠✉❧❛çõ❡s✳

❆ ✈❛❧✐❞❛çã♦ ❝♦♠ ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞♦s ♠♦❞❡❧♦s ✢✉✐❞♦❞✐♥â♠✐❝♦s ❡ ❝✐♥ét✐❝♦s ✉t✐❧✐③❛❞♦s ♥❛
❝♦♠❜✉stã♦ ❞❡ ❝♦q✉❡ ♣❛r❛ ❛ r❡❣❡♥❡r❛çã♦ ❞❡ ❝❛t❛❧✐s❛❞♦r❡s ❞❡ ❋❈❈ ❢♦✐ s❛t✐s❢❛tór✐❛ ❛té ♦
♣♦♥t♦ ♦♥❞❡ ❢♦r❛♠ ❡♥❝♦♥tr❛❞♦s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✱ ❢❛t♦ q✉❡ ♣♦ss✐❜✐❧✐t❛ ❛ ❝♦♥t✐♥✉✐❞❛❞❡
❞♦ tr❛❜❛❧❤♦ ❞❡ ♣❡sq✉✐s❛✱ ♦❢❡r❡❝❡♥❞♦ ❝♦♥✜❛❜✐❧✐❞❛❞❡ ♥❛s s✐♠✉❧❛çõ❡s ❡ t❡st❡s s✉❜s❡qü❡♥t❡s✳

❖s r❡s✉❧t❛❞♦s ❞❛s s✐♠✉❧❛çõ❡s ♣❛r❛ ♦ ♣r♦❝❡ss♦ ❞❡ ❝♦♠❜✉stã♦ ♥ã♦ ♣ré✲♠✐st✉r❛❞❛ r❡✈❡❧❛r❛♠ ✉♠
❞❡s❡♠♣❡♥❤♦ ❢❛✈♦rá✈❡❧ ♥❛ q✉❡✐♠❛ ❞❡ ❝♦q✉❡✱ ❡s♣❡❝✐❛❧♠❡♥t❡ q✉❛♥❞♦ ✉t✐❧✐③❛❞❛ ❛ ♠❡t♦❞♦❧♦✲
❣✐❛ ❞❡ r❡❛çã♦ ❡♠ ❢❛s❡ ❤♦♠♦❣ê♥❡❛ ✭❝♦♥❥✉♥t♦ ❞❡ r❡❛çõ❡s ✈♦❧✉♠étr✐❝❛s✮✳ ◆❛ ♠❡t♦❞♦❧♦❣✐❛
❞❡ r❡❛çã♦ ❤❡t❡r♦❣ê♥❡❛ ♦ ❞❡s❡♠♣❡♥❤♦ ❢♦✐ ♠❡♥♦r✱ ♠❛s ✈✐s❧✉♠❜r♦✉✲s❡ ❛ ♣r♦❞✉çã♦ ❞❡ CO2✳
➱ ♥❡❝❡ssár✐❛ ❛ r❡❢♦r♠✉❧❛çã♦ ❞❡st❛ s❡❣✉♥❞❛ ♠❡t♦❞♦❧♦❣✐❛✱ ❡s♣❡❝✐✜❝❛♠❡♥t❡ ❛ r❡✈✐sã♦ ❡
♣♦ssí✈❡❧ ❛♣❧✐❝❛çã♦ ❞❡ ♠❡❧❤♦r❛s ♦✉ r❡✜♥♦ ♥♦ ❝ó❞✐❣♦ q✉❡ ❞❡s❝r❡✈❡ ❛ ❝♦♠❜✉stã♦ ❞❡ ❝♦q✉❡
♥❛ s✉♣❡r❢í❝✐❡ ❞♦ ❝❛t❛❧✐s❛❞♦r✳

❆♣❡s❛r ❞❡ q✉❡ ♦ s✐st❡♠❛ ❞❡ ❝♦♠❜✉stã♦ ❞❡ ❝♦q✉❡ ♥ã♦ ♣ré✲♠✐st✉r❛❞❛ ♥ã♦ ♦❜t❡✈❡ ♦ ❞❡s❡♠♣❡♥❤♦
❞❡s❡❥❛❞♦ ♥❛ ❝✐♥ét✐❝❛ ❞❡ r❡❣❡♥❡r❛çã♦✱ ♦s r❡s✉❧t❛❞♦s ❞❛s s✐♠✉❧❛çõ❡s tr❛♥s✐❡♥t❡s ✉t✐❧✐③❛♥❞♦
❛s ❞✉❛s ♠❡t♦❞♦❧♦❣✐❛s ❞❡ r❡❛çã♦ ♦❢❡r❡❝❡♠ ✉♠❛ ✐❞é✐❛ s♦❜r❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ♣r♦❝❡ss♦✱
❞❡✐①❛♥❞♦ ♦ ❡s♣❛ç♦ ❛❜❡rt♦ ♣❛r❛ ♥♦✈❛s ♣❡r❣✉♥t❛s ❡ r❡s♣♦st❛s ♥❛ ❝♦♠♣r❡❡♥sã♦ ❞♦ ♣r♦❝❡ss♦
❞❡ ❋❈❈✳

❘❡❝♦♠❡♥❞❛✲s❡ ♦ ❛❥✉st❡ ❞❛s ❝♦♥❞✐çõ❡s ✐♥✐❝✐❛✐s ❡ ❞❡ ❝♦♥t♦r♥♦ ♣❛r❛ ♦ s✐st❡♠❛ ❞❡ ❝♦♠❜✉stã♦
♥ã♦ ♣ré✲♠✐st✉r❛❞❛✱ ❛ ✜♠ ❞❡ ♠❡❧❤♦r❛r ❡ ❞❡s❡♥✈♦❧✈❡r ❛ ♦t✐♠✐③❛çã♦ ❞♦ ♣r♦❝❡ss♦ r❡❛t✐✈♦✳

✽✺
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❖ ❡st✉❞♦ ❞❛s ❡♠✐ssõ❡s ❞❡ ◆✐tr♦❣ê♥✐♦ ❡ ❝♦♠♣♦st♦s NOx✱ ❛ss✐♠ ❝♦♠♦ ❛ ❛♥❛❧✐s❡ ❞♦ s✐st❡♠❛
✐♥❝❧✉✐♥❞♦ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ♠❛ss❛ ❡♥tr❡ ❛s ❞✉❛s ❢❛s❡s ♣❛r❛ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ r❡❛çã♦
❤❡t❡r♦❣ê♥❡❛ é r❡❝♦♠❡♥❞❛❞♦ ♥♦ ♣r❡s❡♥t❡ tr❛❜❛❧❤♦✳

❈♦♥s✐❞❡r❛r ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ❛♣❧✐❝❛r ♦ ♠♦❞❡❧♦ ✏❊✉❧❡r✐❛♥♦ ✕ ▲❛❣r❛♥❣✐❛♥♦✑ ♥❛ ❝♦♠❜✉stã♦
❞❡ ❝♦q✉❡ ❡♠ r❡❣❡♥❡r❛❞♦r❡s ❞❡ ❋❈❈ ❝♦♠ ♦ ✐♥t✉✐t♦ ❞❡ ❢❛③❡r ♦ s❡❣✉✐♠❡♥t♦ ❞❡t❛❧❤❛❞♦ ❞♦
❝♦♠♣♦rt❛♠❡♥t♦ ❞❛s ♣❛rtí❝✉❧❛s ❞❡ ❝❛t❛❧✐s❛❞♦r✳ ❊st❡ ♠♦❞❡❧♦ ❝❛❧❝✉❧❛ ❛ tr❛❥❡tór✐❛ ❞❡ ❝❛❞❛
♣❛rtí❝✉❧❛ ✐♥❞✐✈✐❞✉❛❧ ✉t✐❧✐③❛♥❞♦ ❛ s❡❣✉♥❞❛ ❧❡✐ ❞❡ ◆❡✇t♦♥✱ ❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ❛s ♣❛rtí❝✉❧❛s
♣♦❞❡ s❡r ❞❡s❝r✐t❛ ♣❡❧❛ ❡♥❡r❣✐❛ ♣♦t❡♥❝✐❛❧ ♦✉ ❛ ❞✐♥â♠✐❝❛ ❞❡ ❝♦❧✐sõ❡s✳ ❊st❛ ♠❡t♦❞♦❧♦❣✐❛
t❡♠ ❛ ✈❛♥t❛❣❡♠ ❞❡ ❝♦♥❤❡❝❡r ❡①❛t❛♠❡♥t❡ ❛ tr❛❥❡tór✐❛ ❞❛ ♣❛rtí❝✉❧❛ ❡ ❛s ✈❛r✐á✈❡✐s ❞♦
s✐st❡♠❛✳ ◆♦ ❡♥t❛♥t♦✱ r❡q✉❡r ❛❧t♦ ❡s❢♦rç♦ ❝♦♠♣✉t❛❝✐♦♥❛❧✱ ❛✐♥❞❛ ♠❛✐s q✉❛♥❞♦ ♦s ❝❛♠♣♦s
❞❡ ✈❡❧♦❝✐❞❛❞❡ ❞❛s ❢❛s❡s só❧✐❞❛ ❡ ❣❛s♦s❛ ❡stã♦ ❛❝♦♣❧❛❞♦s✳



❈❛♣ít✉❧♦ ✽
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✽✳✶ ❈ó❞✐❣♦ ❞❡ Pr♦❣r❛♠❛çã♦ ❡♠❈ ♣❛r❛ ❛ ❘❡❛çã♦ ❞❡ ❈♦♠✲
❜✉stã♦ ❞❡ ❈♦q✉❡ ❡♠ ❋❛s❡ ❍❡t❡r♦❣ê♥❡❛

P❛r❛ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❛s s✐♠✉❧❛çõ❡s ❞♦ s✐st❡♠❛ r❡❛t✐✈♦ ❡♠ ❢❛s❡ ❤❡t❡r♦❣ê♥❡❛✱ ❢♦✐ ♥❡❝❡ssár✐❛
✉♠❛ s✉❜✲r♦t✐♥❛ ❝❤❛♠❛❞❛ ❯s❡r ❉❡✜♥❡❞ ❋✉♥❝t✐♦♥ ✭❯❉❋✮ ❡s❝r✐t❛ ❡♠ ❧✐♥❣✉❛❣❡♠ ❞❡ ♣r♦❣r❛♠❛çã♦
❈✱ ❡ ❝♦♠♣❛tí✈❡❧ ❝♦♠ ♦ s♦❢t✇❛r❡ ❝♦♠❡r❝✐❛❧ ❆◆❙❨❙ ✕ ❋▲❯❊◆❚r✳

❊st❛ s✉❜✲r♦t✐♥❛ ♣❛r❛ ❛ r❡❛çã♦ C +O2 → CO2 ❡♠ ❢❛s❡ ❤❡t❡r♦❣ê♥❡❛ é ♠♦str❛❞❛ ❛ s❡❣✉✐r✳

#include "udf.h"

static const real Arrhenius = 1.4e08;

static const real E_Activation = 1.612e08;

#define SMALL_S 1.e-29

DEFINE_HET_RXN_RATE(arrh,c,t,hr,mw,yi,rr,rr_t)

{

Domain **domain_reactant = hr->domain_reactant;

real *stoich_reactant = hr->stoich_reactant;

Thread **pt=THREAD_SUB_THREADS(t);

/* for each phase */

Thread *tp = pt[0];

Thread *ts = pt[1];

int *reactant = hr->reactant;

int i;

int sp_id;

int dindex;

Thread *t_reactant;

✽✼
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real ci;

/* obtain temperature from cell for each phase */

real Tp=C_T(c,tp);

real Ts=C_T(c,ts);

real T=(Tp+Ts)/2.;

/* instead of compute rr directly, compute log(rr) and then

take exp */

*rr = 0;

for (i=0; i < hr->n_reactants; i++)

{

sp_id = reactant[i]; /* species ID to access mw and yi */

if (sp_id == -1) sp_id = 0; /* if phase does not have species,

mw, etc. will be stored at index 0 */

dindex = DOMAIN_INDEX(domain_reactant[i]);

/* domain index to access mw & yi */

t_reactant = THREAD_SUB_THREAD(t,dindex);

/* get conc. */

ci = yi[dindex][sp_id]*C_R(c,t_reactant)/mw[dindex][sp_id];

ci = MAX(ci,SMALL_S);

*rr += stoich_reactant[i]*log(ci);

}

*rr += log(Arrhenius + SMALL_S) -

E_Activation/(UNIVERSAL_GAS_CONSTANT*T);

/* 1.e-40 < rr < 1.e40 */

*rr = MAX(*rr,-40);

*rr = MIN(*rr,40);

*rr = exp(*rr);

✽✳✷ ●❡♦♠❡tr✐❛ ❡ ❉✐♠❡♥sõ❡s ❉❡t❛❧❤❛❞❛s ❞♦ Pr♦❥❡t♦

❯♠ ❞✐❛❣r❛♠❛ ❛ ❡s❝❛❧❛ r❡❛❧ ❞♦ ❡q✉✐♣❛♠❡♥t♦ t♦♠❛❞♦ ❞❛ ❧✐t❡r❛t✉r❛ ❡ ❞♦ ❡q✉✐♣❛♠❡♥t♦ ♠♦❞✐✲
✜❝❛❞♦ ❢♦r❛♠ ❞❡s❡♥❤❛❞♦s ♥♦ ❙♦❢t✇❛r❡ ❝♦♠❡r❝✐❛❧ ❞❡ ❈❆❉ ✏❙♦❧✐❞❲♦r❦sr✑✳ ❊st❡s ❞✐❛❣r❛♠❛s tê♠
❝♦♠♦ ♦❜❥❡t✐✈♦ ❛ ❢á❝✐❧ r❡♣r♦❞✉çã♦ ❞❛s ❣❡♦♠❡tr✐❛s ❡♠ tr❛❜❛❧❤♦s ❢✉t✉r♦s✳



●❊❖▼❊❚❘■❆ ❊ ❉■▼❊◆❙Õ❊❙ ❉❊❚❆▲❍❆❉❆❙ ❉❖ P❘❖❏❊❚❖ ✽✾



✾✵ ❆◆❊❳❖❙



❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s

❆❇❯▲✲❍❆▼❆❨❊▲✭✷✵✵✸✮ ▼✳ ❆❇❯▲✲❍❆▼❆❨❊▲✳ ❑✐♥❡t✐❝ ♠♦❞❡❧✐♥❣ ♦❢ ❤✐❣❤✕s❡✈❡r✐t② ✢✉✲
✐❞✐③❡❞ ❝❛t❛❧②t✐❝ ❝r❛❦✐♥❣✳ ❋✉❡❧✱ ✽✷✿✶✶✶✸✕✶✶✶✽✳ ❈✐t❛❞♦ ♥❛ ♣á❣✳ ✶✵

❆▲■ ❡t ❛❧✳✭✶✾✾✼✮ ❍✳ ❆▲■✱ ❙✳ ❘❖❍❆◆■✱ ❡ ❏✳ P✳ ❈❖❘❘■❖❯✳ ▼♦❞❡❧❧✐♥❣ ❛♥❞ ❝♦♥tr♦❧ ♦❢ ❛ r✐s❡r
t②♣❡ ✢✉✐❞ ❝❛t❛❧②t✐❝ ❝r❛❝❦✐♥❣ ✭❢❝❝✮ ✉♥✐t✳ ❊♠ ❚r❛♥s ■❈❤❡♠❊ ✼✺ ❆✳ ❈✐t❛❞♦ ♥❛ ♣á❣✳ ✾

❆❘❆◆❉❊❙ ❡t ❛❧✳✭✶✾✾✾✮ ❏✳ ▼✳ ❆❘❆◆❉❊❙✱ ■✳ ❆❇❆❏❖✱ ■✳ ❋❊❘◆➪◆❉❊❩✱ ❉✳ ▲ÓP❊❩✱ ❡
❏✳ ❇■▲❇❆❖✳ ❑✐♥❡t✐❝s ♦❢ ❣❛s❡♦✉s ♣r♦❞✉❝t ❢♦r♠❛t✐♦♥ ✐♥ t❤❡ ❝♦❦❡ ❝♦♠❜✉st✐♦♥ ♦❢ ❛ ✢✉✐❞✐③❡❞
❝❛t❛❧②t✐❝ ❝r❛❝❦✐♥❣ ❝❛t❛❧②st✳ ■♥❞✉str✐❛❧ ❛♥❞ ❊♥❣✐♥❡❡r✐♥❣ ❈❤❡♠✐str② ❘❡s❡❛r❝❤✱ ✸✽✿✸✷✺✺✕✸✷✻✵✳
❈✐t❛❞♦ ♥❛ ♣á❣✳ ✶✾

❆❘❚❍❯❘✭✶✾✺✶✮ ❏✳ ❘✳ ❆❘❚❍❯❘✳ ❘❡❛❝t✐♦♥ ❜❡t✇❡❡♥ ❝❛r❜♦♥ ❛♥❞ ♦①②❣❡♥✳ ❊♠ ❚r❛♥s❛❝t✐♦♥s
♦❢ t❤❡ ❋❛r❛❞❛② ❙♦❝✐❡t②✳ ❈✐t❛❞♦ ♥❛ ♣á❣✳ ✻✷

❇❆❇■❈❍ ❡t ❛❧✳✭✷✵✵✺✮ ■✳ ❱✳ ❇❆❇■❈❍✱ ❑✳ ❙❊❙❍❆◆✱ ❡ ▲✳ ▲❊❋❋❊❘❚❙✳ ◆❛t✉r❡ ♦❢ ♥✐tr♦❣❡♥
s♣❡❝✐❡ ✐♥ ❝♦❦❡ ❛♥❞ t❤❡✐r r♦❧❡ ✐♥ ♥♦① ❢♦r♠❛t✐♦♥ ❞✉r✐♥❣ ❢❝❝ ❝❛t❛❧②st r❡❣❡♥❡r❛t✐♦♥✳ ❆♣♣❧✐❡❞
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