
❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞❡ ❈❛♠♣✐♥❛ ●r❛♥❞❡
❈❡♥tr♦ ❞❡ ❊♥❣❡♥❤❛r✐❛ ❊❧étr✐❝❛ ❡ ■♥❢♦r♠át✐❝❛

❈✉rs♦ ❞❡ ●r❛❞✉❛çã♦ ❡♠ ❊♥❣❡♥❤❛r✐❛ ❊❧étr✐❝❛

▼❛t✐❛s ❘✐❜❡✐r♦ ▼á①✐♠♦ ❞❡ ▲❛✈ôr

▼♦❞❡❧❛❣❡♠ ❡ ❙✐♠✉❧❛çã♦ ❞♦ ▼ó❞✉❧♦ ❞❡ ❊❢❡✐t♦
P❡❧t✐❡r ❡ ❆❧t❡r♥❛t✐✈❛s ❞❡ ❈♦♥tr♦❧❡

❈❛♠♣✐♥❛ ●r❛♥❞❡✱ P❛r❛í❜❛

❏✉♥❤♦ ❞❡ ✷✵✶✶



▼❛t✐❛s ❘✐❜❡✐r♦ ▼á①✐♠♦ ❞❡ ▲❛✈ôr

▼♦❞❡❧❛❣❡♠ ❡ ❙✐♠✉❧❛çã♦ ❞♦ ▼ó❞✉❧♦ ❞❡ ❊❢❡✐t♦
P❡❧t✐❡r ❡ ❆❧t❡r♥❛t✐✈❛s ❞❡ ❈♦♥tr♦❧❡

❚r❛❜❛❧❤♦ ❞❡ ❈♦♥❝❧✉sã♦ ❞❡ ❈✉rs♦ s✉❜♠❡t✐❞♦ à

❯♥✐❞❛❞❡ ❆❝❛❞ê♠✐❝❛ ❞❡ ❊♥❣❡♥❤❛r✐❛ ❊❧étr✐❝❛ ❞❛

❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞❡ ❈❛♠♣✐♥❛ ●r❛♥❞❡

❝♦♠♦ ♣❛rt❡ ❞♦s r❡q✉✐s✐t♦s ♥❡❝❡ssár✐♦s ♣❛r❛ ❛

♦❜t❡♥çã♦ ❞♦ ❣r❛✉ ❞❡ ❇❛❝❤❛r❡❧ ❡♠ ❈✐ê♥❝✐❛s ♥♦

❉♦♠í♥✐♦ ❞❛ ❊♥❣❡♥❤❛r✐❛ ❊❧étr✐❝❛✳

➪r❡❛ ❞❡ ❈♦♥❝❡♥tr❛çã♦✿ ❙✐st❡♠❛s ❞❡ ❈♦♥tr♦❧❡

❖r✐❡♥t❛❞♦r✿
●❡♦r❣❡ ❆❝✐♦❧✐ ❏ú♥✐♦r

❈❛♠♣✐♥❛ ●r❛♥❞❡✱ P❛r❛í❜❛

❏✉♥❤♦ ❞❡ ✷✵✶✶



▼❛t✐❛s ❘✐❜❡✐r♦ ▼á①✐♠♦ ❞❡ ▲❛✈ôr

▼♦❞❡❧❛❣❡♠ ❡ ❙✐♠✉❧❛çã♦ ❞♦ ▼ó❞✉❧♦ ❞❡ ❊❢❡✐t♦
P❡❧t✐❡r ❡ ❆❧t❡r♥❛t✐✈❛s ❞❡ ❈♦♥tr♦❧❡

❚r❛❜❛❧❤♦ ❞❡ ❈♦♥❝❧✉sã♦ ❞❡ ❈✉rs♦ s✉❜♠❡t✐❞♦ à

❯♥✐❞❛❞❡ ❆❝❛❞ê♠✐❝❛ ❞❡ ❊♥❣❡♥❤❛r✐❛ ❊❧étr✐❝❛ ❞❛

❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞❡ ❈❛♠♣✐♥❛ ●r❛♥❞❡

❝♦♠♦ ♣❛rt❡ ❞♦s r❡q✉✐s✐t♦s ♥❡❝❡ssár✐♦s ♣❛r❛ ❛

♦❜t❡♥çã♦ ❞♦ ❣r❛✉ ❞❡ ❇❛❝❤❛r❡❧ ❡♠ ❈✐ê♥❝✐❛s ♥♦

❉♦♠í♥✐♦ ❞❛ ❊♥❣❡♥❤❛r✐❛ ❊❧étr✐❝❛✳

➪r❡❛ ❞❡ ❈♦♥❝❡♥tr❛çã♦✿ ❙✐st❡♠❛s ❞❡ ❈♦♥tr♦❧❡

❆♣r♦✈❛❞♦ ❡♠ ✴ ✴

Pr♦❢❡ss♦r ❆✈❛❧✐❛❞♦r

❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞❡ ❈❛♠♣✐♥❛ ●r❛♥❞❡

Pr♦❢❡ss♦r ●❡♦r❣❡ ❆❝✐♦❧✐ ❏ú♥✐♦r

❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞❡ ❈❛♠♣✐♥❛ ●r❛♥❞❡
❖r✐❡♥t❛❞♦r✱ ❯❋❈●



❉❡❞✐❝♦ ❡st❡ tr❛❜❛❧❤♦ ❞❡ ❝♦♥❝❧✉sã♦ ❞❡ ❝✉rs♦ ❛♦s ♠❡✉s ♣❛✐s✱

q✉❡ ♠❡ ❞❡r❛♠ ❛ ❢♦rç❛ q✉❡ ♣r❡❝✐s❡✐ ♥♦s ♠♦♠❡♥t♦s ♠❛✐s

❞✐❢í❝❡✐s ❞❡ss❛ ❡t❛♣❛ ❞❛ ♠✐♥❤❛ ✈✐❞❛✱ ❡ q✉❡ ♠❡ ♣r♦♣♦r❝✐♦♥❛r❛♠

❛ ❢♦r♠❛çã♦ í♥t❡❣r❛ ❞♦ ♠❡✉ ❝❛rát❡r✳

✐



❆❣r❛❞❡ç♦ ❛ ❉❡✉s ❡♠ ♣r✐♠❡✐r♦ ❧✉❣❛r✱ ♣♦r t❡r ♠❡ ♣❡r♠✐t✐❞♦ ❝♦♥❝❧✉✐r ❡ss❛ ❡t❛♣❛ ❞❛ ♠✐♥❤❛ ✈✐❞❛ ❝♦♠ s❛ú❞❡

❡ ♣❡rs❡✈❡r❛♥ç❛✳ ❆❣r❛❞❡ç♦ ❛♦s ♠❡✉ ♣❛✐ ▲✉✐s ❘❛✐♠✉♥❞♦ ❡ ♠✐♥❤❛ ♠ã❡ ❆♥tô♥✐❛ ▼á①✐♠♦ ♣❡❧♦s ✈♦ss♦s

❡s❢♦rç♦s ♣❛r❛ ♠❡ ♦❢❡r❡❝❡r ✉♠❛ ❡❞✉❝❛çã♦ ❞❡ q✉❛❧✐❞❛❞❡ ❡ ♦ ❛♣♦✐♦ ♣❛r❛ q✉❡ ❡✉ ♣✉❞❡ss❡ s✉♣❡r❛r ♦s

♠♦♠❡♥t♦s ♠❛✐s ❞✐❢í❝✐❡✐s✱ q✉❡ ❞❡ ❢❛t♦ ❢♦r❛♠ ❡ss❡♥❝✐❛✐s ♣❛r❛ ❡st❛r ❝♦♥❝❧✉✐♥❞♦ ❡ss❡ ❝✉rs♦✳ ❆❣r❛❞❡ç♦

t❛♠❜é♠ à ♠✐♥❤❛s ✐r♠âs ❘♦❜ér✐❛ ▼á①✐♠♦ ❡ ❘♦❣ér✐❛ ▼á①✐♠♦ ♣♦r t❡r❡♠ ♠❡ ❛♣✐♦❛❞♦ s❡♠♣r❡ q✉❡ ♣r❡❝✐s❡✐✳

❆❣r❛❞❡ç♦ ❛♦ ▲❛❜♦r❛tór✐♦ ❞❡ ■♥str✉♠❡♥t❛çã♦ ❊❧❡trô♥✐❝❛ ❡ ❈♦♥tr♦❧❡ ✭▲■❊❈✮ ♣♦r t♦❞♦ ♦ ❝♦♥❤❡❝✐♠❡♥t♦

♣r♦♣♦r❝✐♦♥❛❞♦ ♣❡❧♦s ✐♥t❡❣r❛♥t❡s ❞✉r❛♥t❡ ♦ t❡♠♣♦ ❞❡ ❡st✉❞♦ ♥♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ss❡ tr❛❜❛❧❤♦ ❡ ♦✉tr♦s

♣r♦❥❡t♦s ♥♦s q✉❛✐s ♣❛rt✐❝✐♣❡✐✳ ❯♠ ❛❣r❛❞❡❝✐♠❡♥t♦ ❛♦ Pr♦❢✳ ●❡♦r❣❡ ❆❝✐♦❧✐ ❏ú♥✐♦r ❡ ❛♦ Pr♦❢✳ Pér✐❝❧❡s

❘❡s❡♥❞❡ ❇❛rr♦s ♣♦r t❡r❡♠ ♠❡ ♦r✐❡♥t❛❞♦ ♣❛r❛ s❡❣✉✐r r✉♠♦ ❝❡rt♦ ❛♦ ❛♣r❡♥❞✐③❛❞♦ ❞✉r❛♥t❡ ❛s ❛t✐✈✐❞❛❞❡s

❞❡s❡♥✈♦❧✈✐❞❛s ❛té ❛ ✜♥❛❧✐③❛çã♦ ❞❡ss❡ tr❛❜❛❧❤♦ ❞❡ ❝♦♥❝❧✉sã♦ ❞❡ ❝✉rs♦✳ ❆❣r❛❞❡ç♦ ❛ t♦❞♦s ♦s ♠❡✉s ❛♠✐❣♦s

❡ ❝♦♠♣❛♥❤❡✐r♦s ❞♦ ❝✉rs♦ ❞❡ ❊♥❣❡♥❤❛r✐❛ ❊❧étr✐❝❛ q✉❡ ♣❛ss❛r❛♠ ♣❡❧❛ ♠✐♥❤❛ ✈✐❞❛ ❡ q✉❡ ❝♦♥tr✐❜✉✐r❛♠ ❞❡

❢♦r♠❛ s✐❣♥✐✜❝❛t✐✈❛ ♣❛r❛ ❛ ♠✐♥❤❛ ❢♦r♠❛çã♦✳

✐✐



✧◗✉❡ ♦s ✈♦ss♦s ❡s❢♦rç♦s ❞❡s❛✜❡♠ ❛s ✐♠♣♦ss✐❜✐❧✐❞❛❞❡s✱ ❧❡♠❜r❛✐✲✈♦s ❞❡ q✉❡

❛s ❣r❛♥❞❡s ❝♦✐s❛s ❞♦ ❤♦♠❡♠ ❢♦r❛♠ ❝♦♥q✉✐st❛❞❛s ❞♦ q✉❡ ♣❛r❡❝✐❛ ✐♠♣♦ssí✈❡❧✳✧

❈❤❛r❧❡s ❈❤❛♣❧✐♥

✐✐✐



❘❡s✉♠♦

❖s ♠ó❞✉❧♦s P❡❧t✐❡r✱ t❛♠❜é♠ ❝♦♥❤❡❝✐❞♦s ❝♦♠♦ ♣❛st✐❧❤❛s t❡r♠♦❡❧étr✐❝❛s✱ sã♦ ♣❡q✉❡♥♦s ❞✐s♣♦s✐t✐✈♦s

q✉❡ ❢✉♥❝✐♦♥❛♠ ❝♦♠♦ ❜♦♠❜❛s ❞❡ ❝❛❧♦r ✉t✐❧✐③❛♥❞♦ ❛ t❡❝♥♦❧♦❣✐❛ ❞❛ ♠❛tér✐❛ ❝♦♥❞❡♥s❛❞❛✱ ♦✉ s❡❥❛✱ ✉♠

r❛♠♦ q✉❡ t❡♠ ❝♦♠♦ ♦❜❥❡t✐✈♦ ❡st✉❞❛r ❛ ❝♦♠♣♦s✐çã♦ q✉í♠✐❝❛ ❡ ♦ ❛rr❛♥❥♦ ❛tô♠✐❝♦ ❞❛s s✉♣❡r❢í❝✐❡s ❞♦s

só❧✐❞♦s✳

❚❛✐s ♠ó❞✉❧♦s sã♦ ❡ss❡♥❝✐❛❧♠❡♥t❡ ❢♦r♠❛❞♦ ♣♦r ✉♠ ♣❛r ❞❡ ♣❧❛❝❛s ❝❡râ♠✐❝❛s r❡❝❤❡❛❞❛s ❝♦♠ ♣❡q✉❡♥♦s

❝✉❜♦s ❞❡ t❡❧✉r❡♥♦ ❞❡ ❜✐s♠✉t♦ (Bi2Te3)✳

❙❡✉ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❡ ♦♣❡r❛çã♦ sã♦ ❜❛s❡❛❞♦s ♥♦ ✧❊❢❡✐t♦ P❡❧t✐❡r✧✱ ❞❡s❝♦❜❡rt♦ ❡♠ ✶✽✸✹✳ ◗✉❛♥❞♦ s❡

❛♣❧✐❝❛ ✉♠❛ ❝♦rr❡♥t❡ ♥♦s t❡r♠✐♥❛✐s ❞♦ ♠♦❞✉❧♦ ♦ ❝❛❧♦r ♠♦✈❡ ❞❡ ✉♠ ❧❛❞♦ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛ ✉♠❛ ♣❧❛❝❛

♣❛r❛ ♦ ♦✉tr♦ ♦♥❞❡ ♦ ♠❡s♠♦ ❞❡✈❡ s❡r r❡♠♦✈✐❞♦ ♣♦r ✉♠ ❞✐ss✐♣❛❞♦r✳ ◗✉❛♥❞♦ ✐♥✈❡rt✐❞♦s ♦s ♣ó❧♦s✱ ♦✉ s❡❥❛✱

❛ ❝♦rr❡♥t❡ ✐♥✈❡rt❡ ♦ s❡♥t✐❞♦✱ ♦ ♠❡s♠♦ ❧❛❞♦ q✉❡ ❡r❛ r❡t✐r❛❞♦ ❝❛❧♦r s❡ t♦r♥❛ ✉♠ ❡①❝❡❧❡♥t❡ ❛q✉❡❝❡❞♦r✭✈❡r

r❡❢❡rê♥❝✐❛ ❬✹❪✮✳

❆t✉❛❧♠❡♥t❡ sã♦ ✉s❛❞♦s ❡♠ ♣❡q✉❡♥❛s ✉♥✐❞❛❞❡s ❞❡ r❡s❢r✐❛♠❡♥t♦ ❝♦♠♦ ❝❤✐♣s ♠✐❝r♦♣r♦❝❡ss❛❞♦r❡s ♦✉

❛té ♣❡q✉❡♥❛s ❣❡❧❛❞❡✐r❛s ♣♦rtát❡✐s✳

❆s ❣r❛♥❞❡s ✈❛♥t❛❣❡♥s ❞♦ ✉s♦ ❞♦s ♠ó❞✉❧♦s P❡❧t✐❡r sã♦ ❛ ❛✉sê♥❝✐❛ ❞❡ ♣❡ç❛s ♠ó✈❡✐s✱ ❣ás ❢r❡♦♥✱

❜❛r✉❧❤♦ ❡ ✈✐❜r❛çã♦❀ ❛❧é♠ ❞♦ t❛♠❛♥❤♦ r❡❞✉③✐❞♦✱ ❛❧t❛ ❞✉r❛❜✐❧✐❞❛❞❡ ❡ ♣r❡❝✐sã♦✳ ❊❧❛s sã♦ ✉t✐❧✐③❛❞❛s ❤♦❥❡

❡♠ ✐♥ú♠❡r♦s s❡t♦r❡s✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♦s ❞❡ ❜❡♥s ❞❡ ❝♦♥s✉♠♦✱ ❛✉t♦♠♦t✐✈♦✱ ✐♥❞✉str✐❛❧ ❡ ♠✐❧✐t❛r✳

✶



❙✉♠ár✐♦

✶ ■♥tr♦❞✉çã♦ ✺

✶✳✶ ❖❜❥❡t✐✈♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺

✷ ❘❡✈✐sã♦ ❈♦♥❝❡✐t✉❛❧ ✼

✷✳✶ ❈❛❧♦r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼

✷✳✶✳✶ ❈❛❧♦r ❊s♣❡❝í✜❝♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼

✷✳✷ ❚r❛♥s❢❡rê♥❝✐❛ ❞❡ ❈❛❧♦r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼

✷✳✷✳✶ ▲❡✐ ❞❛ ❈♦♥❞✉çã♦ tér♠✐❝❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼

✷✳✷✳✷ ❈♦♥❞✉tâ♥❝✐❛ ❚ér♠✐❝❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽

✷✳✷✳✸ ❈♦♥✈❡❝çã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽

✷✳✷✳✹ ▲❡✐ ❞❡ ◆❡✇t♦♥ ❞♦ ❘❡s❢r✐❛♠❡♥t♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✽

✷✳✸ ❊❢❡✐t♦ ❚ér♠♦❡❧étr✐❝♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾

✷✳✸✳✶ ❊❢❡✐t♦ ❙❡❡❜❡❝❦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾

✷✳✸✳✷ ❊❢❡✐t♦ P❡❧t✐❡r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵

✷✳✸✳✸ ❊❢❡✐t♦ ❚❤♦♠s♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✶

✸ ▼♦❞❡❧❛❣❡♠ ✶✷

✸✳✶ ▼♦❞❡❧♦ ❞♦ ❙✐st❡♠❛ ❉✐♥â♠✐❝♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷

✸✳✶✳✶ ▼❛t❡r✐❛❧ ❚❡r♠♦❡tétr✐❝♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷

✸✳✶✳✷ ❋❛❝❡s q✉❡♥t❡ ❡ ❢r✐❛ ❞❛ P❛st✐❧❤❛ ❚❡r♠♦❡❧étr✐❝❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹

✸✳✶✳✸ ▼♦❞❡❧♦ ♥ã♦✲❧✐♥❡❛r r❡❞✉③✐❞♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻

✸✳✶✳✹ ▲✐♥❡❛r✐③❛çã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✼

✸✳✷ ▼♦❞❡❧♦ ❧✐♥❡❛r r❡❞✉③✐❞♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾

✸✳✷✳✶ ▼♦❞❡❧♦ ▲✐♥❡❛r ❡♠ ❊s♣❛ç♦ ❞❡ ❊st❛❞♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✵

✹ ❆❧t❡r♥❛t✐✈❛s ❞❡ ❝♦♥tr♦❧❡ ✷✸

✹✳✶ ❘❡❣✉❧❛❞♦r ▲✐♥❡❛r ▼✉❧t✐✈❛r✐á✈❡❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✸

✹✳✷ ❋✐❧tr♦ ❞❡ ❑❛❧♠❛♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✼

✹✳✸ ❈♦♥tr♦❧❡ P■❉ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✹

✹✳✸✳✶ ❆çã♦ Pr♦♣♦r❝✐♦♥❛❧✲❉❡r✐✈❛t✐✈❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✹

✹✳✸✳✷ ❆çã♦ Pr♦♣♦r❝✐♦♥❛❧✲■♥t❡❣r❛❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✹

✹✳✸✳✸ ❆çã♦ Pr♦♣♦r❝✐♦♥❛❧✲■♥t❡❣r❛❧✲❉❡r✐✈❛t✐✈♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✹

✺ ❙✐♠✉❧❛❞♦r ❞♦ ▼ó❞✉❧♦ ❞❡ ❊❢❡✐t♦ P❡❧t✐❡r ✸✻

✺✳✶ ❈♦♥✜❣✉r❛çõ❡s ✐♥✐❝✐❛✐s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼

✺✳✷ ❚❡st❡s ❘❡❛❧✐③❛❞♦s ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✵

✺✳✷✳✶ P♦♥t♦ ❞❡ ♦♣❡rçã♦ ✶ ✲ ✷✺♦❈ à ✸✵♦❈ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✵

✺✳✷✳✷ P♦♥t♦ ❞❡ ♦♣❡r❛çã♦ ✷ ✲ ✺♦❈ à ✶✺♦❈ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✹

✺✳✸ ❖▲❊ ❢♦r Pr♦❝❡ss ❈♦♥tr♦❧ ✭❖P❈✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✽
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✺✳✸✳✶ ❉❡✜♥✐çã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✽

✺✳✹ ❖P❈✲❉❆ ❚♦♦❧❦✐t ❆❞✈♦s♦❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✾

✻ ❈♦♥❝❧✉sã♦ ✺✷

✸



▲✐st❛ ❞❡ ❋✐❣✉r❛s

✶ Pr✐♥❝✐♣✐♦ ❞❡ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦s ♠ó❞✉❧♦s t❡r♠♦❡❧étr✐❝♦s P❡❧t✐❡r (Fonte−www.peltier.com.br−

acessadoemjunhode2011) ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻

✷ P❛r ❞❡ ❝♦♥❞✉t♦r❡s ❝♦♠ ♠❛t❡r✐❛✐s ❞✐st✐♥t♦s ❝♦♠ ❥✉♥çõ❡s ❡♠ ❞✐❢❡r❡♥t❡s t❡♠♣❡r❛t✉r❛s ✳ ✳ ✳ ✳ ✶✵

✸ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞❡ ✉♠ ♠♦❞✉❧♦ ❞❡ ❡❢❡✐t♦ P❡❧t✐❡r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷

✹ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞❛ ❥✉♥çã♦ P◆ ❞❛ ♣❛st✐❧❤❛ t❡r♠♦❡❧étr✐❝❛ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✸

✺ ❆❞✐❝✐♦♥❛♥❞♦ ✉♠ s❡t♣♦✐♥t ❛♦ ▲▼❘ ♣❛r❛ ♦ ♣r♦❝❡ss♦ ❞❡ ❡❢❡✐t♦ P❡❧t✐❡r ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✺

✻ ❘❡s✉❧t❛❞♦ ❞❛ s✐♠✉❧❛çã♦ ♣❛r❛ ♦ ❝♦♥tr♦❧❡ ❞❛ t❡♠♣❡r❛t✉r❛ ❝♦♠ ♦ ▲▼❘ ❞♦ ❡❢❡✐t♦ P❡❧t✐❡r ✳ ✳ ✳ ✷✻

✼ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞♦ ♣r♦❝❡ss♦ ✉s❛♥❞♦ ♦ ✜❧tr♦ ❞❡ ❑❛❧♠❛♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽

✽ ❉✐❛❣r❛♠❛ ❞❡ ❜❧♦❝♦s ❞♦ ✜❧tr♦ ❞❡ ❑❛❧♠❛♥ ✉s❛♥❞♦ ♦ s✐♠✉❧✐♥❦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾

✾ ❉✐❛❣r❛♠❛ ❞❡ ❜❧♦❝♦s ❞♦ s✐st❡♠❛ ❝♦♠ ✜❧tr♦ ❞❡ ❑❛❧♠❛♥ s❡♠ r❡❛❧✐♠❡♥t❛çã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✵

✶✵ ❉✐❛❣r❛♠❛ ❞❡ ❜❧♦❝♦s ❞♦ s✐st❡♠❛ ❝♦♠ ✜❧tr♦ ❞❡ ❑❛❧♠❛♥ ❝♦♠ r❡❛❧✐♠❡♥t❛çã♦ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✵

✶✶ ❘❡s✉❧t❛❞♦ ❞❛ s✐♠✉❧❛çã♦ ❞♦ ♣r♦❝❡ss♦ ❝♦♠ r❡❛❧✐♠❡♥t❛çã♦ ✉s❛♥❞♦ ♦ ✜❧tr♦ ❞❡ ❑❛❧♠❛♥ ✳ ✳ ✳ ✳ ✸✶

✶✷ ●rá✜❝♦ r❡❢❡r❡♥t❡s ❛♦s ❡st❛❞♦s ❡st✐♠❛❞♦s ♣❡❧❛ ❞✐♥â♠✐❝❛ ❞♦ ❋✐❧tr♦ ❞❡ ❑❛❧♠❛♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✷
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✶ ■♥tr♦❞✉çã♦

❖s ♠ó❞✉❧♦s ❞❡ ❡❢❡✐t♦ P❡❧t✐❡r✱ tê♠ ❝♦♠♦ ♣r✐♥❝✐♣❛❧ ❝♦♠♣♦♥❡♥t❡ ❛s ♣❛st✐❧❤❛s t❡r♠♦❡❧étr✐❝❛s✱ q✉❡ sã♦

♣❡q✉❡♥❛s ✉♥✐❞❛❞❡s q✉❡ ♦♣❡r❛♠ ❝♦♠♦ ❜♦♠❜❛s ❞❡ ❝❛❧♦r✳ ❊ss❛s ✉♥✐❞❛❞❡s ❣❡r❛❧♠❡♥t❡ ♣♦ss✉❡♠ ✉♠❛ ❢♦r♠❛

q✉❛❞r❛❞❛ ❡ ❡s♣❡ss✉r❛ ❞❡ ❛❧❣✉♥s ♠✐❧í♠❡tr♦s✳ ❚❛✐s ♠ó❞✉❧♦s sã♦ ❜❛s✐❝❛♠❡♥t❡ ❢♦r♠❛❞♦s ♣♦r ✉♠ ♣❛r ❞❡

♣❧❛❝❛s ❝❡râ♠✐❝❛s✱ r❡❝❤❡❛❞♦ ❝♦♠ ❥✉♥çõ❡s P◆✱ ♦✉ s❡❥❛✱ ❡str✉t✉r❛ ❢✉♥❞❛♠❡♥t❛❧ ❞♦s ❝♦♠♣♦♥❡♥t❡s ❡❧❡trô♥✐❝♦s

❝♦♠✉♠❡♥t❡ ❞❡♥♦♠✐♥❛❞♦s s❡♠✐❝♦♥❞✉t♦r❡sq✉❡✱ q✉❡ ♥♦ ❝❛s♦ ❞❛s ♣❛st✐❧❤❛s t❡r♠♦❡❧étr✐❝❛s✱ sã♦ ♣❡q✉❡♥♦s

❝✉❜♦s ❞❡ ❇✐✷❚❡✸ ✭t❡❧✉r❡t♦ ❞❡ ❜✐s♠✉t♦✮✱ q✉❡ ❞❡s❡♠♣❡♥❤❛♠✳ ❙❡✉ ❢✉♥❝✐♦♥❛♠❡♥t♦ é ❜❛s❡❛❞♦ ♥♦ ❊❢❡✐t♦

P❡❧t✐❡r✱ ♦❜s❡r✈❛❞♦ ♣❡❧❛ ♣r✐♠❡✐r❛ ✈❡③ ❡♠ ✶✽✸✹ ♣♦r ❏❡❛♥ ❈❤❛r❧❡s ❆t❤❛♥❛s❡ P❡❧t✐❡r✭✈❡r r❡❢❡rê♥❝✐❛ ❬✺❪✮✳

◗✉❛♥❞♦ ✉♠❛ ❝♦rr❡♥t❡ ❡❧étr✐❝❛ ♣❡r❝♦rr❡ ♦s t❡r♠✐♥❛✐s ❞❛ ♣❛st✐❧❤❛✱ ♦ ❝❛❧♦r ❞❡ ✉♠❛ ❞❛s ❢❛❝❡s ❞❛ ♣❛st✐❧❤❛✱

❣❡r❛❧♠❡♥t❡ ❡♠ ❝♦♥t❛t♦ ❝♦♠ ✉♠❛ ❢♦♥t❡ ❞❡ ❝❛❧♦r✱ s❡ ♠♦✈❡ ♣❛r❛ ❛ ♦✉tr❛ ❢❛❝❡✱ ♦♥❞❡ é r❡t✐r❛❞♦ ♣♦r ✉♠ ❞✐ss✐✲

♣❛❞♦r✳ ❙❡ ♦ s❡♥t✐❞♦ ❞❛ ❝♦rr❡♥t❡ ❛♣❧✐❝❛❞❛ ♥♦s t❡r♠✐♥❛✐s ❞❛ ♣❛st✐❧❤❛ ❢♦r ✐♥✈❡rt✐❞♦✱ ♦ ❡❢❡✐t♦ ✐♥✈❡rt❡ ♦ ✢✉①♦ ❞❡

❝❛❧♦r ❞❛ ♣❛st✐❧❤❛✱ s❡ t♦r♥❛♥❞♦ ✉♠ ❛q✉❡❝❡❞♦r ❛♦ ✐♥✈és ❞❡ ✉♠ r❡s❢r✐❛❞♦r✳ ❚❛✐s ♠ó❞✉❧♦s sã♦ ✉s❛❞♦s ♣r✐♥❝✐✲

♣❛❧♠❡♥t❡ ❡♠ s✐st❡♠❛s ❞❡ r❡❢r✐❣❡r❛çã♦ ❞❡ ❞✐s♣♦s✐t✐✈♦s ❡❧❡trô♥✐❝♦s✱ ❝♦♠♦ ❝❤✐♣s ♠✐❝r♦♣r♦❝❡ss❛❞♦s✱ ♣♦❞❡♥❞♦

s❡r ✉s❛❞♦ ❛té ❡♠ r❡❢r✐❣❡r❛❞♦r❡s ❞❡ ♣❡q✉❡♥♦ ♣♦rt❡✳ ❙❡✉ ❢✉♥❝✐♦♥❛♠❡♥t♦ ♣❡r♠✐t❡ ❛ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ♥♦

♠á①✐♠♦ ✷✺✵❲✱ ♦ q✉❡ ✐♥✈✐❛❜✐❧✐③❛ ♦ s❡✉ ✉s♦ ❡♠ ❛♣❛r❡❧❤♦s ❞❡ ❛r ❝♦♥❞✐❝✐♦♥❛❞♦✱ ♦ ❡sq✉❡♠❛ ❞❡ ❢✉♥❝✐♦♥❛♠❡♥t♦

❞❛ ♣❛st✐❧❤❛ t❡r♠♦❧étr✐❝❛ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞❛ ♥❛ ✜❣✉r❛ ✶✭✈❡r r❡❢❡rê♥❝✐❛ ❬✹❪✮✳

P❛r❛ q✉❡ s❡❥❛ ♣♦ssí✈❡❧ ♣r♦❥❡t❛r ❡ ❞✐♠❡♥s✐♦♥❛r q✉❛❧q✉❡r ♣r♦❝❡ss♦ r❡❛❧✱ é ♥❡❝❡ssár✐♦ ❝♦♥❤❡❝❡r ✈❛r✐á✈❡✐s

q✉❡ r❡♣r❡s❡♥t❛♠ ❞❡t❡r♠✐♥❛❞❛s ❣r❛♥❞❡③❛s ❢ís✐❝❛s✱ ❝♦♠♦ t❡♠♣❡r❛t✉r❛✱ ♣r❡ssã♦ ♦✉ ♥í✈❡❧✳ ❆ ♣❛rt✐r ❞❡ t❛❧

❝♦♥❤❡❝✐♠❡♥t♦✱ é ♣♦ssí✈❡❧ ❞❡s❡♥✈♦❧✈❡r ✉♠ ♠♦❞❡❧♦ q✉❡ s❡❥❛ ❝❛♣❛③ ❞❡ s✐♠✉❧❛r ✜❡❧♠❡♥t❡ ♦ ♣r♦❝❡ss♦✱ ❡ ♦❜t❡r

♦s ❞❛❞♦s s✉✜❝✐❡♥t❡s ♣❛r❛ ❛ ✐♠♣❧❡♠❡♥t❛çã♦ ❞♦ ♣r♦❝❡ss♦ ❝♦♠ ❛s ❡s♣❡❝✐✜❝❛çõ❡s ♥❡❝❡ssár✐❛s✳

P❛r❛ ♦ ♠ó❞✉❧♦ ❞❡ ❡❢❡✐t♦ P❡❧t✐❡r✱ ♣r❡❝✐s❛♠♦s ❡♥❝♦♥tr❛r ❛s ❡q✉❛çõ❡s q✉❡ r❡♣r❡s❡♥t❛♠ ♦ ♠♦❞❡❧♦ ♥ã♦✲

❧✐♥❡❛r✱ ♣❛r❛ q✉❡ s❡❥❛ ♣♦ssí✈❡❧ ♦❜t❡r ❛ t❡♠♣❡r❛t✉r❛ ❡♠ ❛♠❜❛s ❛s ❢❛❝❡s ♣❛r❛ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ✐♥st❛♥t❡

❞❡ t❡♠♣♦✱ ❛ ♣❛rt✐r ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞✐♥â♠✐❝♦ ❞❛s ✈❛r✐á✈❡✐s q✉❡ ❝❛r❛❝t❡r✐③❛♠ ♦ ♠♦❞❡❧♦ ♥ã♦ ❧✐♥❡❛r ❞♦

♣r♦❝❡ss♦ ❞❡ P❡❧t✐❡r✳

❖ ♠♦❞❡❧♦ ♥ã♦✲❧✐♥❡❛r q✉❡ r❡♣r❡s❡♥t❛ ♦ ♠ó❞✉❧♦ ❞❡ ❡❢❡✐t♦ P❡❧t✐❡r✱ ❞❡✈❡ s❡r ❢❡✐t♦ ❞❡ t❛❧ ❢♦r♠❛ q✉❡ s❡

❧❡✈❡ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❛s ♥ã♦ ❧✐♥❡❛r✐❞❛❞❡s ✐♠♣♦st❛s ♣❡❧♦ ♠❡s♠♦✱ ❛ss✐♠ ❝♦♠♦ ♦ ❝♦♥tr♦❧❛❞♦r q✉❡ ❞❡✈❡ s❡r

♣r♦❥❡t❛❞♦ ♣❛r❛ tr❛❜❛❧❤❛r ❡♠ ✉♠❛ ❞❡t❡r♠✐♥❛❞❛ ❢❛✐①❛ ❞❡ ♦♣❡r❛çã♦✳

◗✉❛♥❞♦ s❡ q✉❡r ❞❡t❡r♠✐♥❛r ♦ ❝♦♥tr♦❧❡ ❞❡ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ♣r♦❝❡ss♦✱ é ♥❡❝❡ssár✐♦ ❝♦♥❤❡❝❡r ✈❛r✐á✈❡✐s q✉❡

r❡♣r❡s❡♥t❛♠ ❞❡t❡r♠✐♥❛❞❛s ❣r❛♥❞❡③❛s ❢ís✐❝❛s✱ ❝♦♠♦ t❡♠♣❡r❛t✉r❛✱ ♣r❡ssã♦ ♦✉ ♥í✈❡❧✭✈❡r r❡❢❡rê♥❝✐❛ ❬✶❪✮✳ P❛r❛

♦ ♠♦❞✉❧♦ P❡❧t✐❡r✱ ♣r❡❝✐s❛♠♦s ♠❡❞✐r ❛ t❡♠♣❡r❛t✉r❛ ❡♠ ❛♠❜❛s ❛ s✉❛ ❢❛❝❡✳ ▲♦❣♦✱ ❢♦✐ ♥❡❝❡ssár✐♦ ❡♥❝♦♥tr❛r

✉♠ ♠♦❞❡❧♦ ♠❛t❡♠át✐❝♦ q✉❡ ♣r♦♣♦r❝✐♦♥❡ ✐ss♦✳ ❆ ♣❛rt✐r ❞❡ss❡ ♠♦❞❡❧♦✱ ✉t✐❧✐③❛♥❞♦ ✉♠❛ ❛♣❧✐❝❛çã♦ ❡♠ ❈★✱

❞❡s❡♥✈♦❧✈✐❞❛ ♥♦ ❛♠❜✐❡♥t❡ ❞❡ ♣r♦❣r❛♠❛çã♦ ❞♦ ❱✐s✉❛❧ ❙t✉❞✐♦ ✷✵✵✽✱ s❡rá ♣♦ssí✈❡❧ s✐♠✉❧❛r ❛s ❡q✉❛çõ❡s ♥ã♦✲

❧✐♥❡❛r❡s q✉❡ r❡♣r❡s❡♥t❛♠ ♦ ♣r♦❝❡ss♦ r❡❛❧ ❞❡ ❢♦r♠❛ s✐st❡♠át✐❝❛ ❡ ♦❜t❡r ♦s r❡s✉❧t❛❞♦s ♥❡❝❡ssár✐♦s ♣❛r❛ ❛

♣❡sq✉✐s❛✳

✶✳✶ ❖❜❥❡t✐✈♦s

P❛r❛ q✉❡ t❛❧ ♠ó❞✉❧♦ s❡❥❛ ✉s❛❞♦ ❞❡ ❢♦r♠❛ ❡✜❝❛③✱ é ♥❡❝❡ssár✐♦ ♦ ✉s♦ ❞❡ ✉♠ ❝♦♥tr♦❧❛❞♦r ❝❛♣❛③ ❞❡ ❧❡✈❛r

♦ ✈❛❧♦r ❞❛ t❡♠♣❡r❛t✉r❛ ❡♠ ✉♠❛ ❞❛s ❢❛❝❡s✱ ♣❛r❛ ✉♠ ✈❛❧♦r ❞❡ r❡❢❡rê♥❝✐❛ ♣r❡✈✐❛♠❡♥t❡ ❞❡t❡r♠✐♥❛❞♦✱ ♣❛r❛

✺



✐ss♦✱ s❡rã♦ ❞❡s❡♥✈♦❧✈✐❞❛s ❛♣❧✐❝❛çõ❡s ❞❡ ❝♦♥tr♦❧❡ ❝♦♠♦ ♦ ❝♦♥tr♦❧❛❞♦r P■❉✳ ❆❧é♠ ❞❡ ❛♣❧✐❝❛çõ❡s ❞❡ ❝♦♥tr♦❧❡

ót✐♠♦✱ ❛ ♣❛rt✐r ❞♦ ♠♦❞❡❧♦ ❧✐♥❡❛r ❡♠ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s✱ ❝♦♠♦ ♦ ❘❡❣✉❧❛❞♦r ▲✐♥❡❛r ▼✉❧t✐✈❛r✐á✈❡❧ ✭▲▼❘✮ ❡

❋✐❧tr♦ ❞❡ ❑❛❧♠❛♥✳

❆ ♣❛rt✐r ❞♦ ♠♦❞❡❧♦ ♦❜t✐❞♦✱ é ♣r❡❝✐s♦ ❝♦♥❤❡❝❡r ♦s ❡❢❡✐t♦s ❞❛s ✈❛r✐❛çõ❡s ❞❡ t❛✐s ❣r❛♥❞❡③❛s ❢ís✐❝❛s ♦✉

♣❛râ♠❡tr♦s q✉❡ r❡♣r❡s❡♥t❛♠ ♣r♦♣r✐❡❞❛❞❡s ♠❛t❡r✐❛✐s✳ P❛r❛ ✐ss♦ ❡①✐st❡ ❛ s✐♠✉❧❛çã♦✱ ❝♦♠♦ ✉♠❛ ❢♦r♠❛ ❞❡

r❡❛❧✐③❛r ♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞❡ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ♣r♦❝❡ss♦ ❛ ♣❛rt✐r ❞❡ ✈❛r✐❛çõ❡s ♥❛s ✈❛r✐á✈❡✐s q✉❡ r❡♣r❡s❡♥t❛♠

♦ ♠♦❞❡❧♦✳

❆ss✐♠ s❡rã♦ ❛♣r❡s❡♥t❛❞❛s ♣♦st❡r✐♦r♠❡♥t❡ ❛❧❡♠ ❞♦ ♠♦❞❡❧♦ P❡❧t✐❡r✱ ❛ s✐♠✉❧❛çã♦ ❞♦ ♣r♦❝❡ss♦ ❡♠ t❡♠♣♦

r❡❛❧ ✉t✐❧✐③❛♥❞♦ ✉♠❛ ❛♣❧✐❝❛çã♦ ❞❡s❡♥✈♦❧✈✐❞❛ ♥♦ ❛♠❜✐❡♥t❡ ❞❡ ♣r♦❣r❛♠❛çã♦ ❞♦ ❱✐s✉❛❧ ❙t✉❞✐♦ ✷✵✵✽ ❛❧é♠ ❞❛s

♣r♦♣♦st❛s ❞❡ ❝♦♥tr♦❧❡ ❡♠ ♠❛❧❤❛ ❛❜❡rt❛ ❡ ♠❛❧❤❛ ❢❡❝❤❛❞❛✳

❆❧❡♠ ❞✐ss♦✱ ♣r♦♣♦st❛s ❞❡ ❝♦♥tr♦❧❡ ót✐♠♦ ♣❛r❛ ♦ ♠♦❞❡❧♦ P❡❧t✐❡r s❡rã♦ ❛♣r❡s❡♥t❛❞❛s ❛ ♣❛rt✐r ❞♦ ♠♦❞❡❧♦

❧✐♥❡❛r ❡♠ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s ❡♥❝♦♥tr❛❞♦✳ ❋♦✐ ✐♠♣❧❡♠❡♥t❛❞♦ ✉♠ r❡❣✉❧❛❞♦r ❧✐♥❡❛r ♠✉❧t✐✈❛r✐á✈❡❧ ✭▲▼❘✮ ❡ ♦

✜❧tr♦ ❞❡ ❑❛❧♠❛♥ ❝♦♠♦ ❢♦r♠❛ ❞❡ ♦❜t❡r ♦ ❝♦♥tr♦❧❡ ót✐♠♦ ❞♦ ♣r♦❝❡ss♦✳

❋✐❣✉r❛ ✶✿ Pr✐♥❝✐♣✐♦ ❞❡ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦s ♠ó❞✉❧♦s t❡r♠♦❡❧étr✐❝♦s P❡❧t✐❡r (Fonte−www.peltier.com.br−
acessadoemjunhode2011)

❊♠ r❡s✉♠♦ ♣♦❞❡✲s❡ ✈❡r q✉❡ ♦s ♦❜❥❡t✐✈♦s ❞❡ss❡ tr❛❜❛❧❤♦ ❞❡ ❝♦♥❝❧✉sã♦ ❞❡ ❝✉rs♦ t❡♠ ❝♦♠♦ ♦❜❥❡t✐✈♦s

❣❡r❛✐s r❡✉♥✐r ♦s ♣r✐♥❝✐♣❛✐s ❝♦♥❝❡✐t♦s ❛♣❧✐❝❛❞♦s à ê♥❢❛s❡ ❞❡ ❝♦♥tr♦❧❡ ❡ ❛✉t♦♠❛çã♦✱ ♣❛r❛ q✉❡ s❡❥❛ ♣♦ssí✈❡❧

s❡❞✐♠❡♥t❛r ♦ ❝♦♥❤❡❝✐♠❡♥t♦ ❛tr❛✈és ❞❛s ❛♣❧✐❝❛çõ❡s ❞❡ ♠♦❞❡❧❛❣❡♠✱ s✐♠✉❧❛çã♦✱ ❛♣❧✐❝❛çõ❡s ❞❡ ❝♦♥tr♦❧❡ ❡

❝♦♠✉♥✐❝❛çã♦ ❡♥tr❡ ❝❧✐❡♥t❡ ❡ s❡r✈✐❞♦r ✉s❛♥❞♦ ♦ ♣❛❞rã♦ ❞❡ ❝♦♠✉♥✐❝❛çã♦ ❖P❈✳ ❊ ❝♦♠♦ ♦❜❥❡t✐✈♦s ❡s♣❡❝í✜❝♦s✿

∗ ❖❜t❡r ♦ ♠♦❞❡❧♦ ♥ã♦✲❧✐♥❡❛r q✉❡ r❡♣r❡s❡♥t❛ ♦ ♠ó❞✉❧♦ ❞❡ ❡❢❡✐t♦ P❡❧t✐❡r❀

∗ ❉❡s❡♥✈♦❧✈❡r ✉♠ s✐♠✉❧❛❞♦r ❡♠ ❈★✱ q✉❡ s❡❥❛ ❝❛♣❛③ ❞❡ r❡♣r❡s❡♥t❛r ♦ ♠♦❞❡❧♦ ❞✐♥â♠✐❝♦ ♥ã♦✲❧✐♥❡❛r ❞♦

♣r♦❝❡ss♦ ❛❜♦r❞❛❞♦❀

∗ ❘❡❛❧✐③❛r ♦ ❝♦♥tr♦❧❡ P■❉ ❞♦ s✐♠✉❧❛❞♦r ❞♦ ♠ó❞✉❧♦ ❞❡ ❡❢❡✐t♦ P❡❧t✐❡r❀

∗ ■♠♣❧❡♠❡♥t❛r ✉♠ r❡❣✉❧❛❞♦r ❧✐♥❡❛r ♠✉❧t✐✈❛r✐á✈❡❧✱ ❝♦♠♦ ❛♣❧✐❝❛çã♦ ❞❡ ❝♦♥tr♦❧❡ ♣❛r❛ ♦ s✐♠✉❧❛❞♦r ❞♦ ♠ó❞✉❧♦

❞❡ ❡❢❡✐t♦ P❡❧t✐❡r❀

✻



∗ ■♠♣❧❡♠❡♥t❛r ♦ ✜❧tr♦ ❞❡ ❑❛❧♠❛♥✱ ❝♦♠♦ ❛♣❧✐❝❛çã♦ ❞❡ ❝♦♥tr♦❧❡ ♣❛r❛ ♦ s✐♠✉❧❛❞♦r ❞♦ ♠♦❞✉❧♦ ❞❡ ❡❢❡✐t♦

P❡❧t✐❡r❀

∗ ❊st❛❜❡❧❡❝❡r ❛ ❝♦♠✉♥✐❝❛çã♦ ❝♦♠ ♣❛❞rã♦ ❖P❈ ❡♥tr❡ ❛s ✈❛r✐á✈❡✐s ❞♦ ♣r♦❝❡ss♦ ❡ ✉♠ ❝❧✐❡♥t❡ ❖P❈ ❡①t❡r♥♦

❛tr❛✈és ❞❡ ✉♠ s❡r✈✐❞♦r ❖P❈✳

✷ ❘❡✈✐sã♦ ❈♦♥❝❡✐t✉❛❧

✷✳✶ ❈❛❧♦r

P♦❞❡✲s❡ ❞❡✜♥✐r ♦ ❝❛❧♦r✱ ❝♦♠♦ ✉♠ ♣r♦❝❡ss♦ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ❡♥❡r❣✐❛ tér♠✐❝❛ ❞❡ ✉♠ s✐st❡♠❛ t❡r✲

♠♦❞✐♥â♠✐❝♦ ♣❛r❛ ♦✉tr♦✱ ❡♠ ✈✐rt✉❞❡ ❞❛ ❡♥❡r❣✐❛ ♣❡❧♦ ❝♦♥t❛t♦ tér♠✐❝♦ ♦✉ ❞✐❢❡r❡♥ç❛ ❞❡ t❡♠♣❡r❛t✉r❛ ❡♥tr❡

❡❧❡s✳ ❚❛❧ ❡♥❡r❣✐❛ tér♠✐❝❛✱ ❝♦rr❡s♣♦♥❞❡ ❛ s♦♠❛ ❞❛s ❡♥❡r❣✐❛s ❝✐♥ét✐❝❛s ❞❛s ♣❛rtí❝✉❧❛s ♠✐❝r♦s❝ó♣✐❝❛s q✉❡

❝♦♥st✐t✉❡♠ ♦ s✐st❡♠❛ t❡r♠♦❞✐♥â♠✐❝♦✳ ❆ t❡♠♣❡r❛t✉r❛ é ✉♠❛ ❣r❛♥❞❡③❛ q✉❡ ♠❡❞❡ ♦ ❣r❛✉ ❞❡ ❧✐❜❡r❞❛❞❡ ❞❛s

♣❛rtí❝✉❧❛s ❞❡ ✉♠ s✐st❡♠❛ ❡♠ ❡q✉✐❧í❜r✐♦ tér♠✐❝♦✱ ♦✉ s❡❥❛✱ ♥♦ ❡st❛❞♦ t❡r♠♦❞✐♥â♠✐❝♦ ❞♦s s✐st❡♠❛s ❛♣ós ♦

❝♦♥t❛t♦ tér♠✐❝♦✳

✷✳✶✳✶ ❈❛❧♦r ❊s♣❡❝í✜❝♦

❖ ❝❛❧♦r ❡s♣❡❝í✜❝♦ é ✉♠❛ ❣r❛♥❞❡③❛ ❢ís✐❝❛ q✉❡ ❞❡t❡r♠✐♥❛ ❛ ✈❛r✐❛çã♦ tér♠✐❝❛ ❞❡ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ❝♦r♣♦

❛♦ r❡❝❡❜❡r ✉♠❛ ❞❡t❡r♠✐♥❛❞❛ q✉❛♥t✐❞❛❞❡ ❞❡ ❝❛❧♦r✳ ❚❡♠ ❝♦♠♦ ✉♥✐❞❛❞❡ ♥♦ ❙■ ❏✴❣✳❑✱ ♦✉ s❡❥❛✱ é ❛ ❡♥❡r❣✐❛

♥❡❝❡ssár✐❛ ♣❛r❛ ❛✉♠❡♥t❛r ❡♠ ✉♠ ❣r❛✉ ❑❡❧✈✐♥ ❛ t❡♠♣❡r❛t✉r❛ ❡♠ ✉♠❛ ❣r❛♠❛ ❞♦ ❞❡t❡r♠✐♥❛❞♦ ❝♦r♣♦✳

✷✳✷ ❚r❛♥s❢❡rê♥❝✐❛ ❞❡ ❈❛❧♦r

❆ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ❝❛❧♦r ♦❝♦rr❡ q✉❛♥❞♦ ❞♦✐s ♦✉ ♠❛✐s ❝♦r♣♦s q✉❡ ❡stã♦ ❝♦♠ t❡♠♣❡r❛t✉r❛s ❞✐❢❡r❡♥t❡s sã♦

❝♦❧♦❝❛❞♦s ❡♠ ❝♦♥t❛t♦✱ ❢❛③❡♥❞♦ ♦ ❝❛❧♦r ✢✉✐r ❞♦ ❝♦r♣♦ ♠❛✐s q✉❡♥t❡ ♣❛r❛ ♦ ❝♦r♣♦ ♠❛✐s ❢r✐♦✳ ❊ss❛ tr❛♥s❢❡rê♥❝✐❛

❞♦ ❝❛❧♦r ❞❡ ✉♠ ❝♦r♣♦ ♠❛✐s q✉❡♥t❡ ♣❛r❛ ✉♠ ♠❛✐s ❢r✐♦ ♣♦❞❡ ♦❝♦rr❡r ♣♦r ❝♦♥✈❡❝çã♦✱ ❝♦♥❞✉çã♦ ♦✉ r❛❞✐❛çã♦✳

✷✳✷✳✶ ▲❡✐ ❞❛ ❈♦♥❞✉çã♦ tér♠✐❝❛

❈♦♥❞✉çã♦ tér♠✐❝❛ ♦✉ ❞✐❢✉sã♦ tér♠✐❝❛ é ❛ tr❛♥❢❡rê♥❝✐❛ ❞❡ ❡♥❡r❣✐❛ tér♠✐❝❛ ❡♥tr❡ át♦♠♦s ♦✉ ♠♦❧é❝✉❧❛s

✈✐③✐♥❤❛s ❞❡ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ❝♦r♣♦ ❞❡✈✐❞♦ ❛♦ ❣r❛❞✐❡♥t❡ ❞❡ t❡♠♣❡r❛t✉r❛✳ ❊ss❡ ❢❡♥ô♠❡♥♦ ❢♦✐ ❡q✉❛❝✐♦♥❛❞♦

♣♦r ♣♦r ❋♦✉r✐❡r✱ ❛tr❛✈és ❞❛ ▲❡✐ ❞❛ ❝♦♥❞✉çã♦ tér♠✐❝❛ ♦✉ ▲❡✐ ❞❡ ❋♦✉r✐❡r✱ q✉❡ ❡st❛❜❡❧❡❝❡ q✉❡ ♦ ✢✉①♦ ❞❡

❝❛❧♦r ❛tr❛✈és ❞❡ ✉♠❛ s✉♣❡r❢í❝✐❡ ❙ ❞❡ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ❝♦r♣♦ é ♣r♦♣♦r❝✐♦♥❛❧ à s✉❛ ár❡❛ ❡ ❛♦ ❣r❛❞✐❡♥t❡ ❞❡

t❡♠♣❡r❛t✉r❛ s♦❜r❡ ❛ ♠❡s♠❛✳ P♦❞❡ s❡r ❛♥❛❧✐s❛❞❛ ❛ ♣❛rt✐r ❞❛ ❢♦r♠❛ ✐♥t❡❣r❛❧ ♥❛ ❡q✉❛çã♦ ✶✿

dQ

dt
= −k

∮

S

∇T.d
−→
A ✭✶✮

♦♥❞❡✿

dQ
dt

✲ ❋❧✉①♦ ❞❡ ❝❛❧♦r ♣♦r ✉♥✐❞❛❞❡ ❞❡ t❡♠♣♦ q✉❡ ❛tr❛✈❡ss❛ ❛ s✉♣❡r❢í❝✐❡ ❙✱ ❞❛❞♦ ❡♠ ❲❛tts❀

k ✲ ❈♦♥❞✉t✐✈✐❞❛❞❡ tér✐♠✐❝❛ ❞♦ ♠❛t❡r✐❛❧✱ ❡♠ ❲✴♠✳❑❀

✼



d
−→
A ✲ ❊❧❡♠❡♥t♦ ❞❡ ár❡❛ ❞❡ s✉♣❡r❢í❝✐❡ ♦r✐❡♥t❛❞♦✱ ❡♠ m2❀

∇T ✲ ●r❛❞✐❡♥t❡ ❞❡ t❡♠♣❡r❛t✉r❛✱ ❡♠ K.m−1✳

❆ ❡q✉❛çã♦ ❞✐❢❡r❡♥❝✐❛❧ ✶✱ q✉❛♥❞♦ ✐♥t❡❣r❛❞❛ ♣❛r❛ ✉♠ ♠❛t❡r✐❛❧ ❤♦♠♦❣ê♥❡♦ ❞❡ s✉♣❡r❢í❝✐❡ ♣❧❛♥❛ ❡♥tr❡ ❞♦✐s

♣♦♥t♦s ❛ ✉♠❛ t❡♠♣❡r❛t✉r❛ ❝♦♥st❛♥t❡ ❞á ♦ ✢✉①♦ ❞❡ ❝❛❧♦r r❡♣r❡s❡♥t❛❞♦ ♥❛ ❡q✉❛çã♦ ✷✳

dQ

dt
= −kA

dT

dx
✭✷✮

dT
dx

é ♦ ❣r❛❞✐❡♥t❡ ❞❡ t❡♠♣❡r❛t✉r❛ ♥❛ ❞✐r❡çã♦ ♣❡r♣❡♥❞✐❝✉❧❛r à s✉♣❡r❢í❝✐❡✱ ❡♠ ❑✴♠✳

✷✳✷✳✷ ❈♦♥❞✉tâ♥❝✐❛ ❚ér♠✐❝❛

❚♦♠❛♥❞♦ ❝♦♠♦ r❡❢❡rê♥❝✐❛ ❛ ❡q✉❛çã♦ ✷✱ ❡ ❛❞♠✐t✐♥❞♦ q✉❡ ❛ ❞✐str✐❜✉✐çã♦ ❞❡ t❡♠♣❡r❛t✉r❛ é ✉♥✐❢♦r♠❡✱

♣♦❞❡✲s❡ ❞❡✜♥✐r ❛ ❝♦♥❞✉tâ♥❝✐❛ tér♠✐❝❛ ♣❡❧❛ ❡q✉❛çã♦ ✸✿

U =
kA

∆x
✭✸✮

❆♥❛❧♦❣❛♠❡♥t❡ à r❡s✐stê♥❝✐❛ ❡❧étr✐❝❛ ❞❛ ▲❡✐ ❞❡ ❖❤♠✱ t❡♠✲s❡ q✉❡ ❛ r❡s✐tê♥❝✐❛ tér♠✐❝❛ é ❛ r❡❝í♣r♦❝❛ ❞❛

❝♦♥❞✉tâ♥❝✐❛ tér♠✐❝❛✱ ❞❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✹✿

R =
1

U
✭✹✮

❚♦♠❛♥❞♦ ❝♦♠♦ ❜❛s❡ ❛s ❡q✉❛çõ❡s ✷✱ ✸ ❡ ✹✱ ❛ ▲❡✐ ❞❡ ❋♦✉r✐❡r ♣♦❞❡ s❡r ❡♥✉♥❝✐❛❞❛ ❝♦♠♦ ♠♦str❛ ❛ ❡q✉❛çã♦

✺✿

dQ

dt
= −

∆T

R
= −U∆T ✭✺✮

✷✳✷✳✸ ❈♦♥✈❡❝çã♦

❈♦♥✈❡❝çã♦ é ♦ ♠♦✈✐♠❡♥t♦ ❞❡ ♠♦❧é❝✉❧❛s ❡♠ ✢✉✐❞♦s✳ ❊❧❡ ♥ã♦ ♣♦❞❡ t❡r ❧✉❣❛r ❡♠ só❧✐❞♦s✱ ✉♠❛ ✈❡③ q✉❡

♥❡♠ ♦s ✢✉①♦s ❞❡ ❝♦rr❡♥t❡s ❞❡ ♠❛ss❛ ♦✉ ❞✐❢✉sã♦ s✐❣♥✐✜❝❛t✐✈♦s ♣♦❞❡♠ ♦❝♦rr❡r ❡♠ só❧✐❞♦s✳ ❊①✐st❡♠ ❞♦✐s

t✐♣♦s ♣r✐♥❝✐♣❛✐s ❞❡ ❝♦♥✈❡❝çã♦ ❞♦ ❝❛❧♦r✿

• ❈❛❧♦r ❝❛✉s❛ ♦ ♠♦✈✐♠❡♥t♦ ❞♦ ✢✉✐❞♦✱ ❡♥q✉❛♥t♦ ❛♦ ♠❡s♠♦ t❡♠♣♦ t❛♠❜é♠ ❢♦r♥❡❝❡ ♦ ♣ró♣r✐♦ ❝❛❧♦r ❛

s❡r tr❛♥s♣♦rt❛❞♦ ♣♦r ❡ss❡ ♠♦✈✐♠❡♥t♦ ❞♦ ✢✉✐❞♦ ❞❡✈✐❞♦ ❛ s✐♠♣❧❡s ❞✐❢❡r❡♥ç❛s ❞❡ ❞❡♥s✐❞❛❞❡✱ t❛♠❜é♠

❝♦♥❤❡❝✐❞❛ ❝♦♠♦ ❝♦♥✈❡❝çã♦ ♥❛t✉r❛❧✳

• ❖ ❝❛❧♦r é tr❛♥s♣♦rt❛❞♦ ♣❛ss✐✈❛♠❡♥t❡ ♣♦r ✉♠ ♠♦✈✐♠❡♥t♦ ✢✉✐❞♦ q✉❡ ♦❝♦rr❡r✐❛ ❞❡ q✉❛❧q✉❡r ♠❛♥❡✐r❛

s❡♠ ♦ ♣r♦❝❡ss♦ ❞❡ ❛q✉❡❝✐♠❡♥t♦✳ ❊st❡ ♣r♦❝❡ss♦ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ❝❛❧♦r é ❢r❡q✉❡♥t❡♠❡♥t❡ ❝❤❛♠❛❞♦

❝♦♥✈❡❝çã♦ ❢♦rç❛❞❛ ♦✉✱ ♦❝❛s✐♦♥❛❧♠❡♥t❡✱ ❛❞✈❡❝çã♦ ❞❡ ❝❛❧♦r✳

✷✳✷✳✹ ▲❡✐ ❞❡ ◆❡✇t♦♥ ❞♦ ❘❡s❢r✐❛♠❡♥t♦

❆ ❧❡✐ ❞❡ ◆❡✇t♦♥ ❞♦ r❡s❢r✐❛♠❡♥t♦✱ ❡st❛❜❡❧❡❝❡ ❛ r❡❧❛çã♦ ❞❡ ♣r♦♣♦r❝✐♦♥❛❧✐❞❛❞❡ ❡♥tr❡ ❛ t❛①❛ ❞❡ tr❛♥s❢❡rê♥❝✐❛

❞❡ ❝❛❧♦r ❞❡ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ❝♦r♣♦✱ ❞❡✈✐❞♦ ❛ ❝♦♥✈❡❝çã♦ ❡ ❛ ❞✐❢❡r❡♥ç❛ ❞❡ t❡♠♣❡r❛t✉r❛ ❡♥tr❡ ♦ ❝♦r♣♦ ❡ ♦

✽



❛♠❜✐❡♥t❡ ♥❛ ár❡❛ q✉❡ s❡ ❡st❛❜❡❧❡❝❡ ♦ ❝♦♥t❛t♦ tér♠✐❝♦✱ ❝♦♠♦ ♣♦❞❡ s❡r ❛♥❛❧✐s❛❞❛ ♥❛ ❡q✉❛çã♦ ✻✿

dQ

dt
= hA∆T ✭✻✮

❖♥❞❡✿

dQ
dt

✲ ❋❧✉①♦ ❞❡ ❝❛❧♦r ♣♦r ✉♥✐❞❛❞❡ ❞❡ t❡♠♣♦ q✉❡ ❛tr❛✈❡ss❛ ❛ s✉♣❡r❢í❝✐❡ ❙✱ ❞❛❞♦ ❡♠ ❲❛tts❀

h ✲ ❈♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s❢❡rê♥❝✐❛ t❡r♠✐❝❛✱ ❞❛❞♦ ❡♠ W/m2.K❀

∆T ✲ ❉✐❢❡r❡♥ç❛ ❞❡ t❡♠♣❡r❛t✉r❛ ❡♥tr❡ ♦ ❛♠❜✐❡♥t❡ ❡ ♦ ❝♦r♣♦ ❡♠ q✉❡stã♦✱ ❞❛❞♦ ❡♠ ❑❀

✷✳✸ ❊❢❡✐t♦ ❚ér♠♦❡❧étr✐❝♦

❖ ❡❢❡✐t♦ t❡r♠♦❡❧étr✐❝♦ é ❛ ❝♦♥✈❡rsã♦ ❞✐r❡t❛ ❞❛ ❞✐❢❡r❡♥ç❛ ❞❡ t❡♠♣❡r❛t✉r❛ ❡♠ t❡♥sã♦ ❡❧étr✐❝❛ ❡ ✈✐❝❡✲✈❡rs❛✳

❯♠ ❞✐s♣♦s✐t✐✈♦ t❡r♠♦❡❧étr✐❝♦ t❡♠ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ❝r✐❛r ✉♠❛ t❡♥sã♦ ❡❧étr✐❝❛ q✉❛♥❞♦ ❤á ✉♠❛ ❞✐❢❡r❡♥ç❛ ❞❡

t❡♠♣❡r❛t✉r❛ ❡♥tr❡ s❡✉s t❡r♠✐♥❛✐s✱ t❛❧ ❢❡♥ô♠❡♥♦ é ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❊❢❡✐t♦ ❙❡❡❜❡❝❦✳ ❖❝♦rr❡♥❞♦ r❡❝✐♣r♦❝❛✲

♠❡♥t❡✱ ♦✉ s❡❥❛✱ q✉❛♥❞♦ ✉♠❛ t❡♥sã♦ ❡❧étr✐❝❛ é ❛♣❧✐❝❛❞❛✱ ❝r✐❛✲s❡ ✉♠❛ ❞✐❢❡r❡♥ç❛ ❞❡ t❡♠♣❡r❛t✉r❛ ✭❝♦♥❤❡❝✐❞♦

❝♦♠♦ ❡❢❡✐t♦ P❡❧t✐❡r✮✳ ◆❛ ❡s❝❛❧❛ ❛tô♠✐❝❛ ✉♠ ❣r❛❞✐❡♥t❡ ❞❡ t❡♠♣❡r❛t✉r❛ ❛♣❧✐❝❛❞❛ ♣r♦✈♦❝❛ ♣♦rt❛❞♦r❡s ❝❛r✲

r❡❣❛❞♦s ♥♦ ❝♦r♣♦✱ ♦♥❞❡ ❡❧étr♦♥s ❡ ❧❛❝✉♥❛s s❡ ❞❡s❧♦❝❛♠ ♣❛r❛ ❛s ❡①tr❡♠✐❞❛❞❡s ♦♥❞❡ ❤á ♠❡♥♦r ❝♦♥❝❡♥tr❛çã♦

❞♦s ♠❡s♠♦s✳ ❆ss✐♠✱ ❝♦♠ ♦ ❛❝ú♠✉❧♦ ❞❡ ❝❛r❣❛s ♥❛s ❡①tr❡♠✐❞❛❞❡s ❞♦ ❝♦♥❞✉t♦r s✉r❣❡ ✉♠❛ ❞✐❢❡r❡♥ç❛ ❞❡

♣♦t❡♥❝✐❛❧✳ ❙❡♥❞♦ ♥❡❝❡ss❛r✐♦ ❛✉♠❡♥t❛r ❛ ❞✐❢❡r❡♥ç❛ ❞❡ t❡♠♣❡r❛t✉r❛ ♣❛r❛ ♦❜t❡r ✉♠❛ ♠❛✐♦r ❞✐❢❡r❡♥ç❛ ❞❡

♣♦t❡♥❝✐❛❧✳

❊ss❡ ❡❢❡✐t♦ ♣♦❞❡ s❡r ✉s❛❞♦ ♣♦r ❛❧❣✉♥s ❞✐s♣♦s✐t✐✈♦s ♣❛r❛ ❣❡r❛r ❡❧❡tr✐❝✐❞❛❞❡✱ ♠❡❞✐r t❡♠♣❡r❛t✉r❛s✱ ❡s❢r✐❛r

♦❜❥❡t♦s ♦✉ ❛q✉❡❝ê✲❧♦s✳ ▲♦❣♦ ♦ ❡s❢r✐❛♠❡♥t♦ ♦✉ ♦ ❛q✉❡❝✐♠❡♥t♦ é ❞❡t❡r♠✐♥❛❞♦ ♣❡❧❛ ♣♦❧❛r✐❞❛❞❡ ❞❛ t❡♥sã♦

❡♥✈♦❧✈✐❞❛ ♥♦ ♣r♦❝❡ss♦✳

❚❛❧ ❡❢❡✐t♦ t❡r♠♦❡❧étr✐❝♦ ❡♥✈♦❧✈❡ três ❡❢❡✐t♦s ✐❞❡♥t✐✜❝❛❞♦s s❡♣❛r❛❞❛♠❡♥t❡✱ ♦ ❡❢❡✐t♦ ❙❡❡❜❡❝❦✱ ♦ ❡❢❡✐t♦

P❡❧t✐❡r ❡ ♦ ❡❢❡✐t♦ ❚❤♦♠s♦♥✳

✷✳✸✳✶ ❊❢❡✐t♦ ❙❡❡❜❡❝❦

❖ ❡❢❡✐t♦ ❙❡❡❜❡❝❦ ❢♦✐ ❞❡s❝♦❜❡rt♦ ♣❡❧♦ ❢ís✐❝♦ ❊st♦♥✐❛♥♦ ❚❤♦♠❛s ❏♦❤❛♥♥ ❙❡❡❜❛❝❦ ❡♠ ✶✽✷✶✱ ❡ ♣♦❞❡ s❡r

❞❡✜♥✐❞♦ ❝♦♠♦ ❛ ♣r♦❞✉çã♦ ❞❡ ✉♠❛ ❞✐❢❡r❡♥ç❛ ❞❡ ♣♦t❡♥❝✐❛❧ ❡♥tr❡ ❞✉❛s ❥✉♥çõ❡s ❞❡ ❝♦♥❞✉t♦r❡s ✭♦✉ s❡♠✐❝♦♥✲

❞✉t♦r❡s✮ ❞❡ ♠❛t❡r✐❛✐s ❞✐❢❡r❡♥t❡s q✉❛♥❞♦ s✉❜♠❡t✐❞♦s ❛ t❡♠♣❡r❛t✉r❛s ❞✐❢❡r❡♥t❡s✱ ❝♦♠ t❛❧ ❡❢❡✐t♦ é ♣♦ssí✈❡❧

♦❜t❡r ✉♠❛ t❡♥sã♦ ♥❛ ♦r❞❡♠ ❞❡ ♠✐❝r♦✈♦❧ts ♣♦r ❑❡❧✈✐♥✱ ❝♦♠♦ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ♥❛ ✜❣✉r❛ ✷✿

✾



❋✐❣✉r❛ ✷✿ P❛r ❞❡ ❝♦♥❞✉t♦r❡s ❝♦♠ ♠❛t❡r✐❛✐s ❞✐st✐♥t♦s ❝♦♠ ❥✉♥çõ❡s ❡♠ ❞✐❢❡r❡♥t❡s t❡♠♣❡r❛t✉r❛s

❚❛❧ ❡❢❡✐t♦ ♣♦❞❡ s❡r r❡♣r❡s❡♥t❛❞♦ ♣❡❧❛ ❡q✉❛çã♦ ✼✿

V =

∫ T2

T1

SB(T )− SA(T )dT ✭✼✮

❖♥❞❡ SA(T ) ❡ SB(T ) sã♦ ♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ ❙❡❡❜❡❝❦ ❞♦s ♠❛t❡r✐❛✐s q✉❡ ❝♦♥st✐t✉❡♠ ♦s ❝♦♥❞✉t♦❡s ❆ ❡

❇✱ T1 ❡ T2 r❡♣r❡s❡♥t❛♠ ❛ ❞✐❢❡r❡♥ç❛ ❞❡ t❡♠♣❡r❛t✉r❛ ♥❛ ❥✉♥çã♦ ❞♦s ♠❛t❡r✐❛✐s✳ ❖s ❝♦❡✜❝✐❡♥t❡s ❞❡ ❙❡❡❜❡❝❦

sã♦ ♥ã♦✲❧✐♥❡❛r❡s ❡ ❞❡♣❡♥❞❡♠ ❞❛ t❡♠♣❡r❛t✉r❛ ❛❜s♦❧✉t❛✱ ♠❛t❡r✐❛❧✱ ❡ ❞❛ ❡str✉t✉r❛ ♠♦❧❡❝✉❧❛r✳ ❆ ✉♥✐❞❛❞❡

q✉❡ r❡♣r❡s❡♥t❛ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❙❡❡❜❛❝❦ é µV/K✳

❆❞✐♠✐t✐♥❞♦ q✉❡ ♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ ❙❡❡❜❛❝❦ ♣♦❞❡♠ s❡r ❝♦♥s✐❞❡r❛❞♦s ❝♦♥st❛♥t❡s ❡♠ ✉♠❛ ❝❡rt❛ ❢❛✐①❛ ❞❡

t❡♠♣❡r❛t✉r❛✱ ❛ ❡q✉❛çã♦ ✼ ♣♦❞❡ s❡r ❛♣r♦①✐♠❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✽✿

V = (SB − SA)(T2 − T1) ✭✽✮

❖ ❊❢❡✐t♦ ❙❡❡❜❡❝❦ é ♠✉✐t♦ ✉t✐❧✐③❛❞♦ ❛t✉❛❧♠❡♥t❡ ❡♠ t❡r♠ô♠❡tr♦s ❡♠ q✉❡ s❡ ♠❡❞❡ ❛ t❡♠♣❡r❛t✉r❛ ❛tr❛✈és

❞❡ ✉♠ ✈♦❧tí♠❡tr♦ ❝❛❧✐❜r❛❞♦ ♣❛r❛ ❡ss❛s ❛♣❧✐❝❛çõ❡s✳

✷✳✸✳✷ ❊❢❡✐t♦ P❡❧t✐❡r

❖ ❡❢❡✐t♦ P❡❧t✐❡r ❢♦✐ ♦❜s❡r✈❛❞♦ ♣❡❧❛ ♣r✐♠❡✐r❛ ✈❡③ ♣♦r ❏❡❛♥ ❈❤❛r❧❡s ❆t❤❛♥❛s❡ P❡❧t✐❡r ❡♠ ✶✽✸✹✱ ❡ ❝♦♥s✐st❡

♥❛ ♣r♦❞✉çã♦ ❞❡ ✉♠ ❣r❛❞✐❡♥t❡ ❞❡ t❡♠♣❡r❛t✉r❛ ❡♠ ❞✉❛s ❥✉♥çõ❡s ❞❡ ❝♦♥❞✉t♦r❡s ✭♦✉ s❡♠✐❝♦♥❞✉t♦r❡s✮ ❞❡

❞✐❢❡r❡♥t❡s ♠❛t❡r✐❛✐s q✉❛♥❞♦ s✉❜♠❡t✐❞♦s ❛ ✉♠❛ t❡♥sã♦ ❡❧étr✐❝❛ ❡♠ ✉♠ ❝✐r❝✉✐t♦ ❢❡❝❤❛❞♦✱ ❡♠✐t✐♥❞♦ ♦✉

❛❜s♦r✈❡♥❞♦ ❝❛❧♦r ♥❛ ❥✉♥çã♦✱ ❞❡♣❡♥❞❡♥❞♦ ❞❛ ♣♦❧❛r✐❞❛❞❡ ❡❧étr✐❝❛ ❛❞❡q✉❛❞❛✳ ❖ ❡❢❡✐t♦ ♣♦❞❡ s❡r ♠♦❞❡❧❛❞♦ ❛

♣❛rt✐r ❞❛ ❡q✉❛çã♦ ✾✿

dQ

dt
= (ΠB −ΠA)I ✭✾✮

❖♥❞❡✿

✶✵



ΠAeΠB ✲ ❈♦❡✜❝✐❡♥t❡s ❞❡ P❡❧t✐❡r ♣❛r❛ ♦s ♠❛t❡r✐❛✐s ❆ ❡ ❇ r❡s♣❡❝✐✈❛♠❡♥t❡❀

I ✲ ❈♦rr❡♥t❡ ❡❧étr✐❝❛ ❛♣❧✐❝❛❞❛ q✉❡ ♣❛ss❛ ♣❡❧❛ ❥✉♥çã♦ ❡♠ ❆✳

❖s ❝♦❡✜❝✐❡♥t❡s ❞❡ P❡❧t✐❡r ❡ ❙❡❡❜❡❝❦ ♣♦❞❡♠ s❡r r❡❧❛❝✐♦♥❛❞♦s ❛ ♣❛rt✐r ❞❛ r❡❧❛çã♦ ❞❡ ♣r♦♣♦r❝✐♦♥❛❧✐❞❛❞❡

✶✵✱ ♦♥❞❡ s❡ t❡♠ ♥♦ ❧❛❞♦ ❡sq✉❡r❞♦ ❞❛ ❡q✉❛çã♦ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ P❡❧t✐❡r ❡ ♥♦ ❧❛❞♦ ❞✐r❡✐t♦ ♦ ♣r♦❞✉t♦ ❡♥tr❡ ♦

❝♦❡✜❝✐❡♥t❡ ❞❡ ❙❡❡❜❡❝❦ ❡ ❛ t❡♠♣❡r❛t✉r❛ ❡♠ ❑❡❧✈✐♥✿

Π = ST ✭✶✵✮

✷✳✸✳✸ ❊❢❡✐t♦ ❚❤♦♠s♦♥

❖ ❡❢❡✐t♦ ❚❤♦♠s♦♥ ❢♦✐ ❡st✉❞❛❞♦ ♣❡❧❛ ♣r✐♠❡✐r❛ ✈❡③ ♣♦r ❲✐❧❧✐❛♥ ❚❤♦♠s♦♥ ❡♠ ✶✽✺✶✱ ❡ ❡❧❡ ✈❡r✐✜❝♦✉

♦ ❛♣❛r❡❝✐♠❡♥t♦ ❞❡ ✉♠❛ t❡♥sã♦ ❡❧étr✐❝❛ ❡♥tr❡ ❞♦✐s ♣♦♥t♦s ❝♦♠ t❡♠♣❡r❛t✉r❛s ❞✐❢❡r❡♥t❡s✱ ❞❡s❝r❡✈❡♥❞♦ ❛

❝❛♣❛❝✐❞❛❞❡ ❞❡ ✉♠ ♠❛t❡r✐❛❧ ❝♦♥❞✉t♦r s✉❜♠❡t✐❞♦ ❛ ✉♠❛ ❝♦rr❡♥t❡ ❡❧étr✐❝❛ ❡ ✉♠ ❣r❛❞✐❡♥t❡ ❞❡ t❡♠♣❡r❛t✉r❛

❡♠ ♣r♦❞✉③✐r ♦✉ ❛❜s♦r✈❡r ❝❛❧♦r✳ ❙❡ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❝♦rr❡♥t❡ ❡❧étr✐❝❛ ❏ ✢✉✐ ♣♦r ✉♠ ❝♦♥❞✉t♦r ❤♦♠♦❣ê♥❡♦✱ ♦

❝❛❧♦r ♣r♦❞✉③✐❞♦ ♣♦❞❡ s❡r ❡♥❝♦♥tr❛❞♦ ♣❡❧❛ ❡q✉❛çã♦ ✶✶✿

q = ρJ2 − µJ
dT

dx
✭✶✶✮

❖♥❞❡✿

ρ ✲ r❡s✐st✐✈✐❞❛❞❡ ❞♦ ♠❛t❡r✐❛❧ ❝♦♥❞✉t♦r ❡♠ ❖❤♠✳♠❀

µ ✲ ❈♦❡✜❝✐❡♥t❡ ❞❡ ❚❤♦♠s♦♥ ❞♦ ♠❛t❡r✐❛❧ ❝♦♥❞✉t♦r✱ ❡♠ ❏✴P❛❀

dT
dx

✲ ●r❛❞✐❡♥t❡ ❞❡ t❡♠♣❡r❛t✉r❛ ❞♦ ❝♦♥❞✉t♦r❀

J ✲ ❉❡♥s✐❞❛❞❡ ❞❡ ❝♦rr❡♥t❡ ❡♠ ❆✴ m2

❖ ♣r✐♠❡✐r♦ t❡r♠♦ ❞❛ ❡q✉❛çã♦ ✶✶ s❡ r❡❢❡r❡ ❛♦ ❛q✉❡❝✐♠❡♥t♦ ♣❡❧❛ ▲❡✐ ❞❡ ❏♦✉❧❡✱ ❡ ♦ s❡❣✉♥❞♦ t❡r♠♦

❝♦rr❡s♣♦♥❞❡ ❛♦ ❛q✉❡❝✐♠❡♥t♦ ♣❡❧❛ ▲❡✐ ❞❡ ❚❤♦♠s♦♥✳

❖ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❚❤♦♠s♦♥ ❡ ❙❡❡❜❡❝❦ sã♦ s❛♦ ❡♥❝♦♥tr❛❞♦s ♣❡❧❛ ❡q✉❛çã♦ ✶✸✿

µ = T
dS

dT
✭✶✷✮

✶✶



✸ ▼♦❞❡❧❛❣❡♠

✸✳✶ ▼♦❞❡❧♦ ❞♦ ❙✐st❡♠❛ ❉✐♥â♠✐❝♦

❊ss❡ ❡st✉❞♦ ❢♦✐ ❜❛s❡❛❞♦✱ ♥♦ ♠♦❞❡❧♦ ❞❡ ✉♠ r❡s❢r✐❛❞♦r ♥♦ q✉❛❧ s❡ ✉t✐❧✐③♦✉ ✉♠❛ ♣❛st✐❧❤❛ ❞❡ ❡❢❡✐t♦ P❡❧t✐❡r

❝♦♠ s❡✉s r❡s♣❡❝t✐✈♦s t❡r♠✐♥❛✐s ✭t❡r♠✐♥❛❧ ❢r✐♦ ❡ t❡r♠✐♥❛❧ q✉❡♥t❡✮✱ ✉♠ ❞✐ss✐♣❛❞♦r ✭❤❡❛ts✐♥❦✮ ❝♦♥❡❝t❛❞♦

❞✐r❡t❛♠❡♥t❡ ❝♦♠ ❛ ♣❧❛❝❛ ❞❡ ❝❡râ♠✐❝❛ q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛♦ ❧❛❞♦ q✉❡♥t❡ ❞✐ss✐♣❛♥❞♦ ❝❛❧♦r ♣❛r❛ ♦ ❛♠❜✐❡♥t❡

❡ ✉♠❛ ✉♥✐❞❛❞❡ ❞❡ tr♦❝❛ ❞❡ ❝❛❧♦r ❝♦♥❡❝t❛❞❛ ❞✐r❡t❛♠❡♥t❡ ❝♦♠ ♦ ❧❛❞♦ q✉❡♥t❡✱ ❝♦♠♦ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ♥❛

✜❣✉r❛ ✸✳

❋✐❣✉r❛ ✸✿ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞❡ ✉♠ ♠♦❞✉❧♦ ❞❡ ❡❢❡✐t♦ P❡❧t✐❡r

✸✳✶✳✶ ▼❛t❡r✐❛❧ ❚❡r♠♦❡tétr✐❝♦

❖ ♠❛t❡r✐❛❧ q✉❡ ❝♦♥st✐t✉✐ ♦ ✐♥t❡r✐♦r ❞❛ ♣❛st✐❧❤❛ t❡r♠♦❡❧étr✐❝❛ ❝♦rr❡s♣♦♥❞❡ ❛ ✉♠❛ ❥✉♥çã♦ ❞❡ ❞♦✐s ❡❧❡✲

♠❡♥t♦s ❝♦♥❞✉t♦r❡s ✭✈❡r ✜❣✉r❛ ✹✮✱ ✉♠ ❡❧❡♠❡♥t♦ ❞♦ t✐♣♦ ◆ ❡ ♦✉tr♦ ❞♦ t✐♣♦ P✱ ❡ ❛tr❛✈és ❞♦ ❡❢❡✐t♦ ❚❤♦♠s♦♥

♣♦❞❡✲s❡ ♦❜t❡r ❛ r❡❧❛çã♦ q✉❡ r❡♣r❡s❡♥t❛ ❛ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ❝❛❧♦r ❞♦ ❧❛❞♦ q✉❡♥t❡ ♣❛r❛ ♦ ❧❛❞♦ ❢r✐♦ ❞❛ ♣❛st✐❧❤❛

t❡r♠♦❡❧étr✐❝❛✳ ❖♥❞❡ ✉♠ ❝❛❧♦r ♣r♦❞✉③✐❞♦ ♣❡❧♦ ❡❢❡✐t♦ ❚❤♦♠s♦♥ ♥✉♠ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦ ∂t ♣❛r❛ ✉♠ ✈♦❧✉♠❡

A∂x✱ ❛ ✉♠❛ ❞✐stâ♥❝✐❛ ① ❞♦ ❧❛❞♦ ❢r✐♦✱ ♣♦❞❡ s❡r ❡♥❝♦♥tr❛❞♦ ♥❛ ❡q✉❛çã♦ ✶✸✿

Qproduzido = qA∂x∂t = (A∂x∂t)(ρJ2 − µJ
∂T (x, t)

∂x
) ✭✶✸✮

❖♥❞❡✿

A ✲ ➪r❡❛ ❞❛ s❡❝çã♦ tr❛♥s✈❡rs❛❧ ❞❡ ✉♠ ❡❧❡♠❡♥t♦ ❞❛ ❥✉♥çã♦❀

T (x, t) ✲ ❚❡♠♣❡r❛t✉r❛ ❞♦ s❡♠✐❝♦♥❞✉t♦r ❡♠ ❢✉♥çã♦ ❞❛ ❞✐stâ♥❝✐❛ ① ❡♠ ✉♠ ✐♥st❛♥t❡ t❀

ρ ✲ r❡s✐st✐✈✐❞❛❞❡ ❞♦ ♠❛t❡r✐❛❧ ✭Ωm✮❀

✶✷



❋✐❣✉r❛ ✹✿ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞❛ ❥✉♥çã♦ P◆ ❞❛ ♣❛st✐❧❤❛ t❡r♠♦❡❧étr✐❝❛

J ✲ ❉❡♥s✐❞❛❞❡ ❞❡ ❝♦rr❡♥t❡❀

µ ✲ ❈♦❡✜❝✐❡♥t❡ ❞❡ ❚❤♦♠s♦♥ ❡♠ V K−1✳

◆❛ s❡❝çã♦ tr❛♥s✈❡rs❛❧✱ ❡①✐st❡ ✉♠❛ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ❝❛❧♦r q✉❡ ♣♦❞❡ s❡r ❞❡t❡r♠✐♥❛❞❛ ♣❡❧❛ ❧❡✐ ❞❡ ❋♦✉r✐❡r✱

❛tr❛✈és ❞❛ ❡q✉❛çã♦ ✶✱ ♣❛r❛ ♦ ❝❛s♦ ❞❛ ❥✉♥çã♦ t❡♠♦s ❛ ❡q✉❛çã♦ ✶✹✿

Qtransferido = kA
∂T (x, t)

∂x
∂t ✭✶✹✮

P❛r❛ ✉♠ ❝❛❧♦r ❡s♣❡❝í✜❝♦ ❈ ❞♦ s❡♠✐❝♦♥❞✉t♦r ✉s❛❞♦ ❡ γ ❛ ❞❡♥s✐❞❛❞❡✱ t❡♠♦s q✉❡ ♦ ❝❛❧♦r ❛❜s♦r✈✐❞♦ ♣❛r❛

✉♠❛ ✈❛r✐❛çã♦ ❞❡ t❡♠♣❡r❛t✉r❛ ∂T (x, t) ❡♠ ✉♠ ✐♥t❡r✈❛❧♦ ❞❡ t❡♠♣♦ ∂t ♦ ❝❛❧♦r ❛❜s♦r✈✐❞♦ ♣❡❧♦ ♠❛t❡r✐❛❧

t❡r♠♦❡❧étr✐❝♦ é ❞❛❞♦ ♣❡❧❛ ❡q✉❛çã♦ ✶✹✿

Qabsorvido = CγA∂x∂T (x, t) ✭✶✺✮

❆ss✐♠✱ ♣❡❧❛ ❝♦♥s❡r✈❛çã♦ ❞❡ ❡♥❡r❣✐❛✱ t❡♠♦s q✉❡ ♦ ❝❛❧♦r ❛❜s♦r✈✐❞♦ ♣❡❧♦ ♠❛t❡r✐❛❧ t❡r♠♦❡❧étr✐❝♦ é ✐❣✉❛❧ ❛

s♦♠❛ ❞❛s ♣❛r❝❡❧❛s ❝♦♠♣♦st❛s ♣❡❧♦ ❝❛❧♦r ♣r♦❞✉③✐❞♦ ♣❡❧♦ ❡❢❡✐t♦ ❚❤♦♠s♦♥ ❡ ♦ ❝❛❧♦r tr❛♥s❢❡r✐❞♦ ♣❡❧❛ ❧❡✐ ❞❡

❋♦✉r✐❡r✱ ♣❡❧❛ ❡q✉❛çã♦ ✶✻✿

CγA∂x∂T (x, t) = kA
∂T (x, t)

∂x
∂t+ (A∂x∂t)(ρJ2 − µJ

∂T (x, t)

∂x
) ✭✶✻✮

❙✐♠♣❧✐✜❝❛♥❞♦ ❛ ❡q✉❛çã♦ ✶✻✱ s❛❜❡♥❞♦ q✉❡ ❛ ❞❡♥s✐❞❛❞❡ ❞❡ ❝♦rr❡♥t❡ ❏ é ♣r♦♣♦r❝✐♦♥❛❧ à r❡❧❛çã♦ ❡♥tr❡ ❛

❝♦rr❡♥t❡ ■ q✉❡ ♣❛ss❛ ♣❡❧❛ ❥✉♥çã♦ ❡ ár❡❛ ❞❛ s❡❝çã♦ tr❛♥s✈❡rs❛❧ ✭■ ❂ ❏❆✮✱ ❛ss✐♠✱ ♣❡❧❛ ❡q✉❛çã♦ ✶✼✱ t❡♠♦s ♦

❜❛❧❛♥ç♦ ❞❡ ❡♥❡r❣✐❛ ♥♦ ♠❛t❡r✐❛❧ t❡r♠♦❡❧étr✐❝♦✱ ♦✉ s❡❥❛✱ ❛ ♣❛rt❡ q✉❡ ❝♦rr❡s♣♦♥❞❡ à ✐♥t❡r❛çã♦ ❞❛ t❡♠♣❡r❛t✉r❛

❡♥tr❡ ♦ ✐♥t❡r✐♦r ❞❛ ♣❛st✐❧❤❛ t❡r♠♦❡❧étr✐❝❛ ❡ s✉❛s r❡s♣❡❝t✐✈❛s ❢❛❝❡s✿

Cγ
∂T (x, t)

∂t
= k

∂2T (x, t)

∂x2
− µ

I

A

∂T (x, t)

∂x
+ ρ

I2

A2
✭✶✼✮

✶✸



◆❛ ❡q✉❛çã♦ ✶✼✱ ♦ t❡r♠♦ ❛ ❡sq✉❡r❞❛ ❝♦rr❡s♣♦♥❞❡ ❛ ✈❛r✐❛çã♦ ❞❡ ❝❛❧♦r ♣r♦✈❡♥✐❡♥t❡ ❞♦ ❝❛❧♦r ❡s♣❡❝✐✜❝♦ ❞♦

♠♦❞✉❧♦ P❡❧t✐❡r✱ ♦ ♣r✐♠❡✐r♦ t❡r♠♦ ❛ ❞✐r❡✐t❛ ❝♦rr❡s♣♦♥❞❡ ❛ t❡♠♣❡r❛t✉r❛ ❞♦ ♠❡✐♦ tér♠✐❝♦ ♣❡❧❛ ❝♦♥❞✉t✐✈✐❞❛❞❡

❞❛ ❥✉♥çã♦ ♣✲♥✱ ♦ s❡❣✉♥❞♦ t❡r♠♦ ❞❛ ❞✐r❡✐t❛ ❡st❛ r❡❧❛❝✐♦♥❛❞♦ ❝♦♠ ♦ ❝❛❧♦r r❡s✉❧t❛♥t❡ ❞♦ ❡❢❡✐t♦ ❚❤♦♠s♦♥✱ ♦✉

s❡❥❛✱ ❡st❛ r❡❧❛❝✐♦♥❛❞♦ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞♦ ❝♦♥❞✉t♦r s✉❜♠❡t✐❞♦ ❛ ✉♠❛ ❝♦rr❡♥t❡ ❡❧étr✐❝❛ ✱ ❝♦♠ ✉♠❛ ❞✐❢❡r❡♥ç❛

❞❡ t❡♠♣❡r❛t✉r❛ ❡♠ s✉❛s ❡①tr❡♠✐❞❛❞❡s ♣♦❞❡r ❡♠✐t✐r ♦✉ ❛❜s♦r✈❡r ❝❛❧♦r✳ ❏á ♦ t❡r❝❡✐r♦ t❡r♠♦ ❞❛ ❞✐r❡✐t❛

❝♦rr❡s♣♦♥❞❡ ❛ ♣♦t❡♥❝✐❛ ❞✐ss✐♣❛❞❛ ❞♦ ♠❛t❡r✐❛❧ ♣♦r ❡❢❡✐t♦ ❏♦✉❧❡✳

✸✳✶✳✷ ❋❛❝❡s q✉❡♥t❡ ❡ ❢r✐❛ ❞❛ P❛st✐❧❤❛ ❚❡r♠♦❡❧étr✐❝❛

❖❜s❡r✈❛♥❞♦ ❛ ❡q✉❛çã♦ ✾ q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛ ✈❛r✐❛çã♦ ❞❡ ❝❛❧♦r ♣❡❧♦ ❡❢❡✐t♦ P❡❧t✐❡r✱ ❡ r❡❧❛❝✐♦♥❛♥❞♦ ❛

♠❡s♠❛ ❝♦♠ ❛ ❡q✉❛çã♦ ✶✵✱ ♣♦❞❡✲s❡ ❞❡t❡r♠✐♥❛r q✉❡ ♦ ❝❛❧♦r ❛❜s♦r✈✐❞♦ ♣❡❧❛ ❢❛❝❡ ❢r✐❛ ♣❡❧♦ ❡❢❡✐t♦ P❡❧t✐❡r✱ é

❞❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✶✽✿

QPL = −InαPNTL ✭✶✽✮

❖♥❞❡✿

n ✲ ◆ú♠❡r♦ ❞❡ ❥✉♥çõ❡s ❞❛ ♣❛st✐❧❤❛ t❡r♠♦❡❧étr✐❝❛❀

αPN ✲ ❉✐❢❡r❡♥ç❛ ❡♥tr❡ ♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ ❙❡❡❜❡❝❦ ❡♥tr❡ ♦s s❡♠✐❝♦♥❞✉t♦r❡s t✐♣♦ ◆ ❡ t✐♣♦ P❀

TL ✲ ❚❡♠♣❡r❛t✉r❛ ♥❛ ❢❛❝❡ ❢r✐❛ ❞❛ ♣❛st✐❧❤❛ t❡r♠♦❡❧étr✐❝❛❀

J ✲ ❉❡♥s✐❞❛❞❡ ❞❡ ❝♦rr❡♥t❡✳

❖❜s❡r✈❛♥❞♦ ❛ ❡q✉❛çã♦ ✶ q✉❡ r❡♣r❡s❡♥t❛ ❛ ❧❡✐ ❞❛ ❈♦♥❞✉çã♦ tér♠✐❝❛ ♦✉ ❧❡✐ ❞❡ ❋♦✉r✐❡r✱ ♣♦❞❡♠♦s ♦❜t❡r

❛ t❛①❛ ❞❡ ❝❛❧♦r ❛❜s♦r✈✐❞♦ ♣♦r ❝♦♥❞✉çã♦ ❞♦ ❧❛❞♦ q✉❡♥t❡ ♣❛r❛ ♦ ❧❛❞♦ ❢r✐♦✱ ♣❡❧❛ ❡q✉❛çã♦ ✶✾✿

QK = −kAm

dT (x, t)

dx

∣∣∣
x=0

✭✶✾✮

❙❛❜❡♥❞♦ q✉❡ ♦ ❝❛❧♦r ❢♦r♥❡❝✐❞♦ ♣❡❧♦ ❧❛❞♦ ❢r✐♦ é ❞❛❞♦ ♣♦r QL✱ t❡♠♦s q✉❡ ♦ ❜❛❧❛♥ç♦ ❞❡ ❡♥❡r❣✐❛ ❞♦ ❧❛❞♦

❢r✐♦ é ❞❛❞♦ ♣❡❧❛ ❡q✉❛çã♦ ✷✵✿

(MLCL +MCCC)
dTL

dt
= QL −QK − InαPNTL ✭✷✵✮

❖♥❞❡✿

Am ✲ ➪r❡❛ ❞❛s ♣❧❛❝❛s ❝❡râ♠✐❝❛s ❞❛ ♣❛st✐❧❤❛ t❡r♠♦❡❧étr✐❝❛❀

CL ✲ ❈♦♥❞✉t✐✈✐❞❛❞❡ tér♠✐❝❛ ♠é❞✐❛ ❞❛ ❥✉♥çã♦ P◆ ❞❛ ♣❛st✐❧❤❛ t❡r♠♦❡❧étr✐❝❛ ❞❛❞❛ ❡♠ Wm−1K−1✳

CL ✲ ❈❛♣❛❝✐❞❛❞❡ tér♠✐❝❛ ❞♦ tr♦❝❛❞♦r ❞❡ ❝❛❧♦r kJkg−1K−1❀

CC ✲ ❈❛♣❛❝✐❞❛❞❡ tér♠✐❝❛ ❞❛ ♣❧❛❝❛ ❞♦ t❡r♠✐♥❛❧ ❢r✐♦ kJkg−1K−1❀

ML ✲ ▼❛ss❛ ❞♦ tr♦❝❛❞♦r ❞❡ ❝❛❧♦r ✭❦❣✮❀

MC ✲ ▼❛ss❛ ❞♦ tr♦❝❛❞♦r ❞❡ ❝❛❧♦r ✭❦❣✮✳

✶✹



❖ ❧❛❞♦ q✉❡♥t❡ ❡stá ❝♦♥❡❝t❛❞♦ ❛ ✉♠ ❞✐ss✐♣❛❞♦r q✉❡ ✐rá ❧✐❜❡r❛r ♦ ❝❛❧♦r ❛❜s♦r✈✐❞♦ ♣❡❧♦ ❝♦♥❥✉♥t♦ ❛ ✉♠❛

t❛①❛ ♣r♦♣♦r❝✐♦♥❛❧ ❛♦ ♣r♦❞✉t♦ ❡♥tr❡ ❛ ❞✐❢❡r❡♥ç❛ ❞❡ t❡♠♣❡r❛t✉r❛ ❞♦ ❧❛❞♦ q✉❡♥t❡ TH ❡ ❛♠❜✐❡♥t❡ Ta✱ ♦

❝♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ❝❛❧♦r ❞♦ ❞✐ss✐♣❛❞♦r h ❡ ❛ ár❡❛ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ❝❛❧♦r Am✿

QH = −hAm(TH − Ta) ✭✷✶✮

❙✐♠✐❧❛r♠❡♥t❡ ❛♦ ❜❛❧❛♥ç♦ ❞❡ ❡♥❡r❣✐❛ ♣❛r❛ ♦ ❧❛❞♦ ❢r✐♦ t❡♠♦s t❛♠❜é♠ q✉❡ ❛s t❛①❛s ❞❡✈✐❞♦ ❛♦ ❡❢❡✐t♦

P❡❧t✐❡r ❡ ❛ ❝♦♥❞✉çã♦ t❡r♠✐❝❛✱ sã♦ ❞❛❞❛s ♣❡❧❛s ❡q✉❛çõ❡s ✷✷ ❡ r❡s♣❡❝t✐✈❛♠❡♥t❡

QPH = InαPNTH ✭✷✷✮

❡

QO = −kAm

dT (x, t)

dx

∣∣∣
x=L

✭✷✸✮

▲♦❣♦✱ ♦ ❜❛❧❛♥ç♦ ❞❡ ❡♥❡r❣✐❛ ❞♦ ❝♦♥❥✉♥t♦ ❢♦r♠❛❞♦ ♣❡❧❛ ❢❛❝❡ q✉❡♥t❡ ❞❛ ♣❛st✐❧❤❛ t❡r♠♦❡❧étr✐❝❛ ❡ ♦ ❞✐ss✐✲

♣❛❞♦r é ❞❛❞❛ ♣♦r✿

(MFCF +MHCH)
dTH

dt
= IαPNTH +Q0 − hAF (TH − TA) ✭✷✹✮

❖♥❞❡✿

Q0 ✲ é ❛ ❝♦♥❞✉çã♦ ❞❡ ❝❛❧♦r ❡♥tr❡ ♦ ❧❛❞♦ q✉❡♥t❡ ❡ ❛ ♣❛st✐❧❤❛ t❡r♠♦❡❧étr✐❝❛ ❡♠ ❲❀

TH ✲ ❚❡♠❡♣❡r❛t✉r❛ ❞❛ ❢❛❝❡ q✉❡♥t❡ ✭❑✮❀

TA ✲ ❚❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ ✭❑✮❀

AF ✲ ➪r❡❛ t♦t❛❧ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ❝❛❧♦r ✭m2✮❀

MF ✲ ▼❛ss❛ ❞♦ ❞✐ss✐♣❛❞♦r ✭❦❣✮❀

MH ✲ ▼❛ss❛ ❞❛ ♣❧❛❝❛ ❞❡ ❝❡râ♠✐❝❛ ❞♦ t❡r♠✐♥❛❧ q✉❡♥t❡ ✭❦❣✮❀

CF ✲ ❈❛♣❛❝✐❞❛❞❡ tér♠✐❝❛ ❞♦ ❞✐ss✐♣❛❞♦r ✭kJkg−1K−1✮❀

CH ✲ ❈❛♣❛❝✐❞❛❞❡ tér♠✐❝❛ ❞❛ ♣❧❛❝❛ ❞♦ t❡r♠✐♥❛❧ q✉❡♥t❡ ✭kJkg−1K−1✮❀

❤ ✲ ❈♦❡✜❝✐❡♥t❡ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ❝❛❧♦r ❞♦ ❞✐ss✐♣❛❞♦r ✭Wm−2K−1✮✳

P♦❞❡ s❡r ♦❜s❡r✈❛❞❛ ♥❛ ❡q✉❛çã♦ ✷✹ q✉❡ ♦ ♣r✐♠❡✐r♦ t❡r♠♦ ❞❛ ❡q✉❛çã♦ ❝♦rr❡s♣♦♥❞❡ ❛ ✈❛r✐❛çã♦ ❞❡ t❡♠✲

♣❡r❛t✉r❛ ♥♦ ❧❛❞♦ q✉❡♥t❡✳ ❖ ♣r✐♠❡✐r♦ t❡r♠♦ ❞♦ ❧❛❞♦ ❞✐r❡✐t♦ ❞❛ ❡q✉❛çã♦ ❝♦rr❡s♣♦♥❞❡ à t❡♠♣❡r❛t✉r❛ ❞❛

♣❧❛❝❛ ❞♦ ❧❛❞♦ q✉❡♥t❡ ❡ ♦ t❡r❝❡✐r♦ t❡r♠♦ ❝♦rr❡s♣♦♥❞❡ à tr❛♥s❢❡rê♥❝✐❛ ❞❡ ❝❛❧♦r ♣♦r ❝♦♥✈❡❝çã♦ ❡♥tr❡ ♦ ❧❛❞♦

q✉❡♥t❡ ❡ ♦ ❛♠❜✐❡♥t❡ ♣❡❧♦ ❞✐ss✐♣❛❞♦r✳

✶✺



✸✳✶✳✸ ▼♦❞❡❧♦ ♥ã♦✲❧✐♥❡❛r r❡❞✉③✐❞♦

❆♥t❡r✐♦r♠❡♥t❡✱ ♦ ♠♦❞❡❧♦ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦ ❞❡s❝♦♥s✐❞❡r❛♥❞♦ ♦ ❝❛❧♦r ❡♠✐t✐❞♦ ♣♦r r❛❞✐❛çã♦ ❛ss✉♠✐♥❞♦

❛❧❣✉♥s ♣❛râ♠❡tr♦s ❝♦♥st❛♥t❡s ❝♦♠ ❛ ✈❛r✐❛çã♦ ❞❡ t❡♠♣❡r❛t✉r❛✱ ❝♦♠♦ r❡s✐st✐✈✐❞❛❞❡✱ ❝♦♥❞✉t✐✈✐❞❛❞❡ ❡ ♦

❝♦❡✜❝✐❡♥t❡ ❞❡ ❙❡❡❜❡❝❦✳ P❛r❛ s✐♠♣❧✐✜❝❛r ♦ ♠♦❞❡❧♦ ❡♥❝♦♥tr❛❞♦✱ ♣♦❞❡✲s❡ ❝♦♥s✐❞❡r❛r ✉♠❛ ♣❡q✉❡♥❛ ✈❛r✐❛çã♦

❞♦ t❡r♠♦ αPN ❝♦♠ ❛ ✈❛r✐❛çã♦ ❞❡ t❡♠♣❡r❛t✉r❛✱ ❡ ❛ss✐♠ ❛ ❡q✉❛çã♦ ✶✸ t♦r♥❛✲s❡ ❞❡s❝♦♥s✐❞❡rá✈❡❧✱ ♣♦✐s

❝♦rr❡s♣♦♥❞❡ ❥✉st❛♠❡♥t❡ ❛ ✈❛r✐❛çã♦ ❞♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❙❡❡❜❡❝❦✭✈❡r r❡❢❡rê♥❝✐❛ ❬✸❪✮✳ ❆ss✐♠✱ ♦ t❡r❝❡✐r♦ t❡r♠♦

❞❛ ❡q✉❛çã♦ ✶✼ t❛♠❜é♠ t♦r♥❛✲s❡ ❞❡s❝♦♥s✐❞❡rá✈❡❧✳ ❈♦♥s✐❞❡r❛♥❞♦ ♣❡q✉❡♥❛ ❛ ❝❛♣❛❝✐❞❛❞❡ tér♠✐❝❛ ❞♦ ♠❛t❡r✐❛❧

s❡♠✐❝♦♥❞✉t♦r✱ ♣♦❞❡✲s❡ ❡♥tã♦ ❛♥✉❧❛r ♦ ♣r✐♠❡✐r♦ t❡r♠♦ ❞❛ ❡q✉❛çã♦ ✶✼✱ ❛ss✐♠✱ ❛ ❡q✉❛çã♦ q✉❡ ❝♦rr❡s♣♦♥❞❡

❛♦ ❜❛❧❛ç♦ ❞❡ ❡♥❡r❣✐❛ ♥♦ ♠❛t❡r✐❛❧ s❡♠✐❝♦♥❞✉t♦r s❡ r❡s✉♠❡ ❛✿

k
∂2T (x, t)

∂x2
+ ρ

I2

A2
= 0 ✭✷✺✮

❘❡❡s❝r❡✈❡♥❞♦ ♦ s❡❣✉♥❞♦ t❡r♠♦ ❞❛ ❡q✉❛çã♦ ✷✺ ❡♠ t❡r♠♦s ❞❡ r❡s✐stê♥❝✐❛ ❘ ❞❛ ♣❛st✐❧❤❛ t❡r♠♦❡❧étr✐❝❛✱

❧♦❣♦ ❛ r❡s✐stê♥❝✐❛ ❞❡ ✉♠ ❞♦s s❡❣♠❡♥t♦s ❞❛ ❥✉♥çã♦ P◆✱ ♣♦❞❡ s❡r ❞❛❞❛ ♣❡❧❛ ♠❡t❛❞❡ ❞❛ r❡s✐stê♥❝✐❛ ❞❡ ✉♠❛

❥✉♥çã♦✱ s❛❜❡♥❞♦ q✉❡ n é ♦ ♥ú♠❡r♦ ❞❡ ❥✉♥çõ❡s✱ ♦✉ s❡❥❛✱ R é ❛ r❡s✐stê♥❝✐❛ t♦t❛❧ ❞♦ ♠❛t❡r✐❛❧ t❡r♠♦❡❧étr✐❝♦✱

❛ ❡q✉❛çã♦ é ❞❛❞❛ ♣♦r✿

RP = RN =
R

2n
✭✷✻✮

❆ss✐♠✱ s✉❜st✐t✉✐♥❞♦ ♥❛ ❡q✉❛çã♦ ✷✺✱ s❛❜❡♥❞♦ q✉❡ R
2n = ρL

A
✱ ❡ s✐♠♣❧✐✜❝❛♥❞♦✱ t❡♠♦s ❛ ❡q✉❛çã♦✿

k
∂2T (x, t)

∂x2
+

1

ρ

( R

2nL

)2

I2 = 0 ✭✷✼✮

❘❡s♦❧✈❡♥❞♦ ❛ ❡q✉❛çã♦ ✷✼ ❝♦♠ ❛s ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦ T (0, t) = TL ❡ T (L, t) = TH ✱ ♣♦❞❡♠♦s ♦❜t❡r

❛ s❡❣✉✐♥t❡ ❡q✉❛çã♦✿

T (x, t) = TL −
1

2kρ

( R

2nL

)2

x2 +
( 1

2kρ

( R

2nL

)2

L+
(TH − TL

L

))
x ✭✷✽✮

❯s❛♥❞♦✿

Z =
1

2kρ

( R

2nL

)2

✭✷✾✮

❆ ❡q✉❛çã♦ ✶✾✱ s❡ r❡s✉♠❡ ❛ s❡❣✉✐♥t❡ ❡q✉❛çã♦✿

kAm

dT (x, t)

dx

∣∣∣
x=0

= kAmZL+ kAm

(TH − TL

L

)
✭✸✵✮

❉❡ ❢♦r♠❛ ❛♥á❧♦❣❛✱ ❛ ❡q✉❛çã♦

−kAm

dT (x, t)

dx

∣∣∣
x=L

= kAmZL− kAm

(TH − TL

L

)
✭✸✶✮

✶✻



❈♦♥s✐❞❡r❛♥❞♦ ✉♠❛ ❞✐stâ♥❝✐❛ ♠í♥✐♠❛ ❡♥tr❡ ♦s ❡❧❡♠❡♥t♦s ❞❛ ❥✉♥çã♦ P◆✱ ♣♦❞❡♠♦s ❛❞♠✐t✐r q✉❡ Am =

2nA✱ ❛ss✐♠ ♣♦❞❡♠♦s ♠❛♥♣✉❧❛r ❛ ❡q✉❛çã♦ ✷✾ ❞❛ s❡❣✉✐♥t❡ ❢♦r♠❛✿

kAmZL = kAm

1

2kρ

( R

2nL

)2

L =
1

2

AR2I2

ρL2n
✭✸✷✮

❙❛❜❡♥❞♦ q✉❡ R
2n = ρL

A
✱ t❡♠♦s q✉❡✿

1

2

AR2I2

ρL2n
=

1

2

2n

R

R2I2

2n
=

RI2

2
✭✸✸✮

❋✐♥❛❧♠❡♥t❡ ❛s ❡q✉❛çõ❡s ✷✵ ❡ ✷✹ r❡❢❡r❡♥t❡s ❛♦ ❜❛❧❛♥ç♦ ❞❡ ❡♥❡r❣✐❛ ♥❛s ❞✉❛s ❢❛❝❡s ♣♦❞❡♠ s❡r r❡❡s❝r✐t❛s

❞❛ s❡❣✉✐♥t❡ ❢♦r♠❛✿

(MLCL +MCCC)
dTL

dt
= QL + kAm

(TH − TL)

L
+

RI2

2
− InαPNTL ✭✸✹✮

(MFCF +MHCH)
dTH

dt
= IαPNTH − kAm

(TH − TL)

L
+

RI2

2
− hAF (TH − TA) ✭✸✺✮

T (x, t) = TL − Zx2 +
(
ZL+

(TH − TL

L

))
x ✭✸✻✮

✸✳✶✳✹ ▲✐♥❡❛r✐③❛çã♦

❆s ❡q✉❛çõ❡s ✶✼✱ ✷✵ ❡ ✷✹✱ sã♦ ❛s ❡q✉❛çõ❡s ❞✐♥â♠✐❝❛s ♣r✐♥❝✐♣❛✐s ♥♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ♠ó❞✉❧♦ ❞❡

❡❢❡✐t♦ P❡❧t✐❡r✳ ❉❡✈✐❞♦ ❛ ❛❧t❛ ♥ã♦ ❧✐♥❡❛r✐❞❛❞❡ ❞♦ ♠♦❞❡❧♦✱ ❡①✐st❡ ✉♠❛ ❞❡♣❡♥❞ê♥❝✐❛ ❞❛ t❡♠♣❡r❛t✉r❛ ❝♦♠

❛s ♣r♦♣r✐❡❞❛❞❡s ❢ís✐❝❛s✱ ❝♦♠♦ ❛q✉❡❝✐♠❡♥t♦ ♣♦r ❡❢❡✐t♦ ❏♦✉❧❡ ❡ ♦ ♣ró♣r✐♦ ❡❢❡✐t♦ P❡❧t✐❡r✱ ❛ss✐♠✱ ♣❛r❛ ✉s❛r

té❝♥✐❝❛s ❞❡ ❝♦♥tr♦❧❡ ♠❛✐s s♦✜st✐❝❛❞❛s✱ é ♥❡❝❡ssár✐♦ ❡❧✐♠✐♥❛r ❛s ♥ã♦ ❧✐♥❡❛r✐❞❛❞❡s q✉❡ ♦ ♠♦❞❡❧♦ ✐♠♣ô❡ ♥♦

s✐st❡♠❛✳

❈♦♠♦ ♥❡ss❡ tr❛❜❛❧❤♦ ❛❜♦r❞❛ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ r❡❢r✐❣❡r❛çã♦ ❞♦ ♠ó❞✉❧♦ ❞❡ ❡❢❡✐t♦ P❡❧t✐❡r✱ ♦✉ s❡❥❛✱ ❛

✈❛r✐á✈❡❧ ✉s❛❞❛ ❡♠ t♦❞❛s ❛s ❛❧t❡r♥❛t✐✈❛s ❞❡ ❝♦♥tr♦❧❡ ❝♦♠♦ ✈❛r✐á✈❡❧ ❞♦ ♣r♦❝❡ss♦ é ❛ t❡♠♣❡r❛t✉r❛ ❞♦ ❧❛❞♦

❢r✐♦ TL✱ t❡♠♦s q✉❡ ❛ ❧✐♥❡❛r✐③❛çã♦ é ❢❡✐t❛ ❛♣❡♥❛s ♣❛r❛ ❛ ❡q✉❛çã♦ ❞❛ ❢❛❝❡ ❢r✐❛ ❞♦ ♠♦❞❡❧♦ ❡♥❝♦♥tr❛❞♦✳

❚❡♠♦s q✉❡ ❛s ✈❛r✐á✈❡✐s ❞♦ s✐st❡♠❛ sã♦ ❝♦♠♣♦st❛s ♣❡❧❛ s♦♠❛ ❡♥tr❡ ♦ ✈❛❧♦r ❞❛ ✈❛r✐á✈❡❧ ❡♠ r❡❣✐♠❡

♣❡r♠❛♥❡♥t❡ ❡ ♦ ✈❛❧♦r q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛ ♣❡rt✉r❜❛çã♦ ❞♦ s✐st❡♠❛✱ ♦✉ s❡❥❛✿

T (x, t) = T (x) + T̃ (x, t);

TH(t) = TH + T̃H(t);

QL(t) = QL + Q̃(t);

TL(t) = TL + T̃L(t);

Ta(t) = T a + T̃a(t);

I(t) = I + Ĩ(t).

✶✼



P♦❞❡✲s❡ ❡♥❝♦♥tr❛r ✉♠❛ r❡❧❛çã♦ ❛♣r♦①✐♠❛❞❛ ♣❛r❛ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❙❡❡❜❡❝❦✱ ❡①♣❛♥❞✐♥❞♦ ❛ r❡❧❛çã♦ ❡♠

sér✐❡s ❞❡ ❚❛②❧♦r✿

αPN (t) = αL + T̃L

µ

TL

= αH + T̃H

µ

TH

✭✸✼✮

❆ss✐♠✱ s✉❜st✐t✉✐♥❞♦ ❛s ✈❛r✐á✈❡✐s ❧✐♥❡❛r✐③❛❞❛s ❡ ❛ ❡q✉❛çã♦ ✸✼ ♥❛s ❡q✉❛çõ❡s ✶✼✱ ✷✵ ❡ ✷✹✱ ❡ ✐❣♥♦r❛♥❞♦

t❡r♠♦s ❞❡ ♦r❞❡♠ ♠❛✐s ❛❧t❛ ❞❛ sér✐❡ ❞❡ ❚❛②❧♦r✱ ♣♦❞❡✲s❡ ♦❜t❡r ♣❛r❛ ♣r♦♣r✐❡❞❛❞❡s ❝♦♥st❛♥t❡s ❞❡ µ✱ k✱ ρ✱ C

❡ γ✿

Cγ
∂T̃

∂t
= k

∂2T̃

∂x2
− µ

I

A

∂T̃

∂x
+
[2ρI
A2

−
µ(TH − TL)

AL

]
Ĩ ✭✸✽✮

(MLCL +MCCC)
dT̃L

dt
= Q̃L − (αL + µ)IT̃L − αLTLĨ + kA

∂T̃

∂x

∣∣∣
x=0

✭✸✾✮

(MFCF +MHCH)
dT̃H

dt
= (αH + µ)IT̃H + αHTH Ĩ − kA

∂T̃

∂x

∣∣∣
x=L

✭✹✵✮

❆ ❡q✉❛çã♦ ✸✽✱ é ♦❜t✐❞❛ ❛ss✉♠✐♥❞♦ q✉❡ ❛ ❞✐str✐❜✉✐çã♦ ❞❡ t❡♠♣❡r❛t✉r❛ ❡♠ r❡❣✐♠❡ ♣❡r♠❛♥❡♥t❡ ♥♦

♠❛t❡r✐❛❧ t❡r♠♦❡❧étr✐❝♦ é ❧✐♥❡❛r✳ ▲♦❣♦ d(x)/dx ≈ (TH − TL)

❘❡s♦❧✈❡♥❞♦ ❛s ❡q✉❛çõ❡s✱ ✸✽✱ ✸✾ ❡ ✹✵ ♣♦r tr❛♥s❢♦r♠❛❞❛ ❞❡ ▲❛♣❧❛❝❡✱ ♣♦❞❡✲s❡ ♦❜t❡r q✉❡ ❛ ❢✉♥çã♦ ❞❡

tr❛♥s❢❡rê♥❝✐❛ ❞❛ ♣❡rt✉r❜❛çã♦ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛ t❡♠♣❡r❛t✉r❛ ❞♦ ❧❛❞♦ ❢r✐♦ é ❞❛❞❛ ♣♦r✿

T̃L(s) = GI(s)Ĩ(s) +GQ(s)Q̃L(s) +Ga(s)T̃a(s) ✭✹✶✮

❙❛❜❡♥❞♦ q✉❡✿

GI(s) =
N(s)

sD(s)
✭✹✷✮

GQ(s) =
EHsinh(qL) +Akqcosh(qL)

D(s)
✭✹✸✮

Ga(s) =
AAFhkq

D(s)
✭✹✹✮

❖♥❞❡✿

N(s) = Akq[αLTLcosh(qL)− αHTH ] + αLTLEHsenh(qL)s+
Akqβ

Cγ
[EH(1− coshρL)−AkρsenhρL]

✭✹✺✮

D(s) = akqELcosh(qL) + EHELsinh(qL) +AkqEHcosh(ρL) +A2k2pqsenh(ρL) ✭✹✻✮

✶✽



p(s) =

µI
A

+

√
µ2I

2

A2 + 4kCγs

2k
✭✹✼✮

p(s) =

µI
A

−

√
µ2I

2

A2 + 4kCγs

2k
✭✹✽✮

EL(s) = (MLCL +MCCC)s+ (µ+ αL)I ✭✹✾✮

EL(s) = (MFCF +MHCH)s+ hAF − (µ+ αH)I ✭✺✵✮

β =
2ρI

A2
− µ

TH − TL

AL
✭✺✶✮

❆ ❡q✉❛çã♦ ✹✹ ✐♥❞✐❝❛ q✉❡ ❛ t❡♠♣❡r❛t✉r❛ ❞♦ ❧❛❞♦ ❢r✐♦ ❞❛ ♣❛st✐❧❤❛ t❡r♠♦❡❧étr✐❝❛ é ❛❢❡t❛❞❛ ♣❡❧❛s ✈❛r✐❛çõ❡s

♥❛ ❝♦rr❡♥t❡ I✱ ♥♦ ❝❛❧♦r ❢♦r♥❡❝✐❞♦ ❛♦ ❧❛❞♦ ❢r✐♦ QL ❡ ❛ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ Ta✳ ❊ ❛s ❢✉♥çõ❡s ❞❡ tr❛♥s❢❡r✲

ê♥❝✐❛ GI(s)✱ GQ(s) ❡ Ga(s)✱ ❝♦rr❡s♣♦♥❞❡♠ à ❛❧t❡r❛çã♦ ♥♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ s✐st❡♠❛ ❞✐♥â♠✐❝♦ ❝❛✉s❛❞❛

♣❡❧❛ ✈❛r✐❛çã♦ ♥♦ ✈❛❧♦r ❞❛ ❝♦rr❡♥t❡✱ ❝❛❧♦r ❢♦r♥❡❝✐❞♦ ❛♦ ❧❛❞♦ ❢r✐♦ ❡ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

P♦r ❛❧t❡r♥❛t✐✈❛ ❞❡ s✐♠♣❧✐✜❝❛çã♦ ❞♦ ♠♦❞❡❧♦✱ ♣♦❞❡✲s❡ ❛ss✉♠✐r q✉❡ ♦ ❝❛❧♦r ❢♦r♥❡❝✐❞♦ ♣❛r❛ ❛ ❢❛❝❡ ❢r✐❛ ❞❛

♣❛st✐❧❤❛ t❡r♠♦❡❧étr✐❝❛ é ❝♦♥st❛♥t❡✱ ❡ ✉♠❛ ❝♦♥❞✐çã♦ ✜①❛ ♣❛r❛ ❛ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡✱ ❛ss✐♠✱ ♦ ♠♦❞❡❧♦

❞♦ s✐st❡♠❛ ❞✐♥â♠✐❝♦ s❡ r❡s✉♠❡ ❛♣❡♥❛s ❛ ❡q✉❛çã♦ ✺✷✿

GI(s) =
T̃L(s)

Ĩ(s)
=

N(s)

sD(s)
✭✺✷✮

✸✳✷ ▼♦❞❡❧♦ ❧✐♥❡❛r r❡❞✉③✐❞♦

❈♦♠♦ ✉♠❛ ❢♦r♠❛ ❞❡ s✐♠♣❧✐✜❝❛r ♦ s✐st❡♠❛ ❞❡ ❝♦♥tr♦❧❡✱ é ♣♦ssí✈❡❧ r❡❞✉③✐r ❛ ❡q✉❛çã♦ ❞♦ ♠♦❞❡❧♦ ❞✐♥â♠✐❝♦

❞❡ ♦r❞❡♠ ✐♥✜♥✐t❛ ♠♦str❛❞♦ ♥❛ ❡q✉❛çã♦ ✺✸✱ ♣❛r❛ ✉♠ ♠♦❞❡❧♦ ❞❡ s❡❣✉♥❞❛ ♦r❞❡♠✳ ◆❛ ♣r❛t✐❝❛ ♦ ❡❢❡✐t♦ ❚❤♦♠✲

s♦♥ ♥♦ ♠♦❞✉❧♦ t❡r♠♦❡❧étr✐❝♦ é ♣❡q✉❡♥♦ ❝♦♠♣❛r❛❞♦ ❝♦♠ ♦ ❡❢❡✐t♦ ❙❡❡❜❛❝❦✳ ❆ss✐♠ ❛❧❣✉♠❛s s✐♠♣❧✐✜❝❛çõ❡s

♣♦❞❡♠ s❡r ❢❡✐t❛s✿

GI(s) =
TL(s)

I(s)
=

N(s)

sD(s)
✭✺✸✮

αH = αL = αPN ;

p(s) = q(s) = λ(s) =
√

Cγs
k

;

cosh γL ≃ 1 + λ2L2

2 ;

sinhλL ≃ λL.

❋❛③❡♥❞♦ ❡ss❛s ❝♦♥s✐❞❡r❛çõ❡s ♣♦❞❡♠♦s ♦❜t❡r ♦ ♠♦❞❡❧♦ r❡❞✉③✐❞♦ ♣❛r❛ ♦ ♠♦❞❡❧♦ ❞♦ r❡s❢r✐❛❞♦r t❡r✲

♠♦❡❧étr✐❝♦✳ ❊ ❛ ♣❛rt✐r ❞❛ ❢✉♥çã♦ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ❞❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✺✹✱ ❡ t❡♠♦s ❝♦♠♦ ❡♥tr❛❞❛ ❞♦

✶✾



♣r♦❝❡ss♦ ❛ ❝♦rr❡♥t❡ q✉❡ ❝✐r❝✉❧❛ ♣❡❧♦s t❡r♠✐♥❛✐s ❞♦ ♠♦❞✉❧♦ P❡❧t✐❡r✱ ❡ ❝♦♠♦ s❛í❞❛ t❡♠♦s ❛ t❡♠♣❡r❛t✉r❛ ❞♦

❧❛❞♦ ❢r✐♦ ❞❛ ♣❛st✐❧❤❛ t❡r♠♦❡❧étr✐❝❛✿

GI(s) =
TL(s)

I(s)
= −K

s
z1

+ 1
[

s
p1

+ 1
] [

s
p2

+ 1
] ✭✺✹✮

❆ ♣❛rt✐r ❞❛ ❡q✉❛çã♦ ❞♦ ♠♦❞❡❧♦ r❡❞✉③✐❞♦ ♣♦❞❡♠♦s ♦❜t❡r ♦ ♠♦❞❡❧♦ ❡♠ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s✱ ♣❛r❛ ♣♦st❡✲

r✐♦r♠❡♥t❡ r❡❛❧✐③❛r ♦ ♣r♦❥❡t♦ ❞❡ ❝♦♥tr♦❧❛❞♦r❡s ♣❛r❛ ♦ ♠♦❞❡❧♦ P❡❧t✐❡r✳

✸✳✷✳✶ ▼♦❞❡❧♦ ▲✐♥❡❛r ❡♠ ❊s♣❛ç♦ ❞❡ ❊st❛❞♦s

❆ ❢✉♥çã♦ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ♥❛ ❢♦r♠❛ ❞❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✺✹ ♦♥❞❡ TL(s) é ❛ s❛í❞❛ ❡ I(s) é ❛ ❡♥tr❛❞❛✳

P♦❞❡♠♦s ♦❜s❡r✈❛r q✉❡ ❛ ❢✉♥çã♦ ❞❡ tr❛♥❢❡rê♥❝✐❛ é ❡q✉✐✈❛❧❡♥t❡ ❛ ✉♠❛ ❢✉♥çã♦ ❞❡ ♣r✐♠❡✐r❛ ♦r❞❡♠ ❝♦♠ ❛tr❛s♦✱

❡ ♦ ♠♦❞❡❧♦ ❧✐♥❡❛r ❡♠ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s ♣♦❞❡ s❡r ❡♥❝♦♥tr❛❞♦ ♣❡❧♦ ♠ét♦❞♦ ❛♣r❡s❡♥t❛❞♦ ❛ s❡❣✉✐r✱ ♦♥❞❡ s❡rá

♦❜t✐❞❛ ❛ ❋♦r♠❛ ❈❛♥ô♥✐❝❛ ❈♦♥tr♦❧á✈❡❧✱ ♦✉ s❡❥❛✱ ✉♠❛ ♠❛♥❡✐r❛ ❞❡ ♦❜t❡r ❛s ✈❛r✐á✈❡✐s ❞❡ ❡st❛❞♦ ❞♦ ♣r♦❝❡ss♦

❛❞♠✐t✐♥t♦ q✉❡ ❛s ♠❡s♠❛s ♣♦❞❡♠ s❡r ❝♦♥tr♦❧❛❞❛s✱ ❡♠ ✉♠ t❡♠♣♦ ✜♥✐t♦✳

GI(s) =
TL(s)

I(s)
= −K

1

τs+ 1
e−θs ✭✺✺✮

❙❛❜❡♥❞♦ q✉❡ ♦ ♣r♦❝❡ss♦ é ❞❡ ♣r✐♠❡✐r❛ ♦r❞❡♠ ❡ ❛❞♠✐t✐♥❞♦ q✉❡ ♦ ❛tr❛s♦ ❝♦rr❡s♣♦♥❞❡♥t❡ é ✶✱ ✉s❛♥❞♦ ❛

❢✉♥çã♦ Pade ❞♦ ▼❛t❧❛❜✱ ♣♦❞❡♠♦s r❡♣r❡s❡♥t❛r t❛❧ ❛tr❛s♦ ❝♦♠♦ −s+2
s+2 ✱ ❧♦❣♦ ❛ ❢✉♥çã♦ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ♣♦❞❡

s❡r ❛♣r❡s❡♥t❛❞❛ ❞❛ s❡❣✉✐♥t❡ ❢♦r♠❛✿ ♦♥❞❡

GI(s) =
TL(s)

I(s)
= −K

1

τs+ 1

−s+ 2

s+ 2
✭✺✻✮

❆ss✐♠✱ ♠✉❧t✐♣❧✐❝❛♥❞♦ ♦ ♥✉♠❡r❛❞♦r ❡ ♦ ❞❡♥♦♠✐♥❛❞♦r ♣♦r ✉♠❛ ✈❛r✐á✈❡❧ Z(s)✱ ♣♦❞❡✲s❡ ♦❜t❡r ♦s s❡❣✉✐♥t❡s

t❡r♠♦s✿

GI(s) =
Z(s)

U(s)

Y (s)

Z(s)
=

TL(s)

I(s)
= −K

−s+ 2

τs2 + (2τ + 1)s+ 2
✭✺✼✮

❙❡♣❛r❛♥❞♦ ❛s ❞✉❛s ❢r❛çõ❡s✿

Z(s)

U(s)
=

1

s2 + (2τ+1)
τ

s+ 2
τ

✭✺✽✮

❡

Y (s)

Z(s)
=

K

τ
(−s+ 2) ✭✺✾✮

❆ss✐♠✱ ❛♣❧✐❝❛♥❞♦ ❛ tr❛♥s❢♦r♠❛❞❛ ✐♥✈❡rs❛ ❞❡ ▲❛♣❧❛❝❡ t❡♠♦s q✉❡ ❛ ❡q✉❛çã♦ r❡❢❡r❡♥t❡ ❛ ❡♥tr❛❞❛ ❞♦

♣r♦❝❡ss♦ ✜❝❛ ❞❛ ❢♦r♠❛✿

d2Z

dt2
+

(
2τ + 1

τ

)
dZ

dt
+

2

τ
Z = u(t) ✭✻✵✮

✷✵



y(t) =
−K

τ

dZ

dt
+

2K

τ
Z ✭✻✶✮

P♦❞❡♠♦s ❡s❝♦❧❤❡r ❛s ✈❛r✐á✈❡✐s ❞❡ ❡st❛❞♦✿

X1 = Z ✭✻✷✮

X2 = Ẋ1 = Ż ✭✻✸✮

❙✉❜st✐t✉✐♥❞♦ ❛s ✈❛r✐á✈❡✐s ❞❡ ❡st❛❞♦ ♥❛ ❡q✉❛çã♦ ✻✵✱ t❡♠♦s q✉❡✿

Ẋ2 +

(
2τ + 1

τ

)
X2 +

2

τ
X1 = u(t) ✭✻✹✮

■s♦❧❛♥❞♦ ❛s ✈❛r✐á✈❡✐s ❞❡ ❡st❛❞♦ ❝♦♠ ❞❡r✐✈❛❞❛ ❞❡ ♣r✐♠❡✐r♦ ❣r❛✉ t❡♠♦s q✉❡✿

Ẋ1 = X2 ✭✻✺✮

Ẋ2 = −
2τ + 1

τ
X2 −

2

τ
X1 + u(t) ✭✻✻✮

❙✉❜st✐t✉✐♥❞♦ ❛s ✈❛r✐á✈❡✐s ❞❡ ❡st❛❞♦ ♥❛ q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛ s❛í❞❛ ❞♦ s✐st❡♠❛✱ t❡♠♦s✿

y(t) = −
K

τ
Ż +

2K

τ
Z = −

K

τ
X2 +

2K

τ
X1 ✭✻✼✮

❉❡ss❛ ❢♦r♠❛ ♣♦❞❡✲s❡ ♦❜t❡r ♦ ♠♦❞❡❧♦ ❧✐♥❡❛r ❡♠ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s ❧❡✈❛♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❛ ❝♦♥tr♦❧❛✲

❜✐❧✐❞❛❞❡ ❞♦ s✐st❡♠❛✱ ❧♦❣♦ ❛s ❡q✉❛çõ❡s ❞❡ ❡st❛❞♦ s❛♦ ❛s s❡❣✉✐t❡s✿

Ż = AX +BX ✭✻✽✮

Y = CX ✭✻✾✮

❖✉ s❡❥❛✱


 Ẋ1

Ẋ2


 =


 0 1

− 2τ+1
τ

− 2
τ




 X1

X2


+


 0

1


u(t)

❡

y(t) =
[

2K
τ

−K
τ

]

 X1

X2




❋♦✐ ✉s❛❞♦ ✉♠ ❛❧❣♦r✐t♠♦ ❞❡ ✐❞❡♥t✐✜❝❛çã♦ ❞❡ s✐st❡♠❛s ♣❛r❛ ♦❜t❡r ♦s ✈❛❧♦r❡s ❞♦ ❣❛♥❤♦ K = −32, 35 ❡ ❞❛

❝♦♥st❛♥t❡ ❞❡ t❡♠♣♦ τ = 21, 72 q✉❡ r❡♣r❡s❡♥t❛ ♦ ♣♦♥t♦ ❞❡ ♦♣❡r❛çã♦ ❡♥tr❡ ❛s t❡♠♣❡r❛t✉r❛s ❞❡ 20♦C ❡ 30♦C

✷✶



♣❛r❛ ♦ s✐♠✉❧❛❞♦r q✉❡ s❡rá ❞✐s❝✉t✐❞♦ ♣♦st❡r✐♦r♠❡♥t❡✱ ❛❞♠✐t✐♥❞♦ q✉❡ ♦ s✐♠✉❧❛❞♦r r❡♣r❡s❡♥t❛ ✜❡❧♠❡♥t❡ ♦

♣r♦❝❡ss♦ r❡❛❧ ❞♦ ▼ó❞✉❧♦ ❞❡ ❊❢❡✐t♦ P❡❧t✐❡r✱ ♦ ♠♦❞❡❧♦ ❧✐♥❡❛r ❡♠ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s ♣❛r❛ ♦ ♣♦♥t♦ ❞❡ ♦♣❡r❛çã♦

❞❡s❝r✐t♦ é ♦ s❡❣✉✐♥t❡✿


 Ẋ1

Ẋ2


 =


 0 1

−2, 0460 −0, 0921




 X1

X2


+


 0

1


u(t)

❡

y(t) =
[
−2, 9788 1, 4894

]

 X1

X2




✷✷



✹ ❆❧t❡r♥❛t✐✈❛s ❞❡ ❝♦♥tr♦❧❡

✹✳✶ ❘❡❣✉❧❛❞♦r ▲✐♥❡❛r ▼✉❧t✐✈❛r✐á✈❡❧

❖ ▲▼❘ é ✉♠ ❝♦♥tr♦❧❛❞♦r ♠✉❧t✐✈❛r✐á✈❡❧✱ s❡♥❞♦ ♥❡❝❡ssár✐♦ t❡r ♦ ♠♦❞❡❧♦ ❧✐♥❡❛r ♥♦ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s✳

❯♠❛ ❞❛s ❞❡s✈❛♥t❛❣❡♥s é ❛ ❞✐✜❝✉❧❞❛❞❡ ❞♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞♦ ♠♦❞❡❧♦ ❡♠ ❛❧❣✉♥s ❝❛s♦s✭✈❡r r❡❢❡rê♥❝✐❛ ❬✷❪✮✳

P❛r❛ r❡❛❧✐③❛r ♦ ♣r♦❥❡t♦ ❞♦ ▲▼❘ ♣r❡❝✐s❛♠♦s ✐♥✐❝✐❛❧♠❡♥t❡ ♦❜t❡r ♦ ♠♦❞❡❧♦ ❧✐♥❡❛r ❡♠ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s ❞♦

s✐st❡♠❛ ❡ ❡♠ s❡❣✉✐❞❛ ♦❜t❡r ♦ ♠♦❞❡❧♦ ❞✐s❝r❡t♦ ❛tr❛✈és ❞❛ ❢ór♠✉❧❛ ✼✵✿

Ẍ = AX +BX ✭✼✵✮

❊♠ s❡❣✉✐❞❛ ❞❡✈❡♠♦s r❡s♦❧✈❡r ❛ ❡q✉❛çã♦ ❞❡ ❘✐❝❛tt✐ ♣❛r❛ ♦❜t❡r ♦ ❣❛♥❤♦ ❑❝✱ ❧♦❣♦ ✉s❛♠♦s ❛ ❢✉♥çã♦ ▲◗❘

❞♦ ▼❛t❧❛❜ ♣❛r❛ ✐ss♦✳

❋♦✐ ❞❡✜♥✐❞♦ ♦s ♦✉tr♦s ♣❛râ♠❡tr♦s ❞❛ ▲◗❘ ✭♦✉ s❡❥❛ ❛s ♠❛tr✐③❡s ❘ ❡ ◗ ❝♦♠♦ ♠❛tr✐③❡s ✐❞❡♥t✐❞❛❞❡s ♣♦✐s

é ♣r❡❝✐s♦ ✉s❛r ♠❛tr✐③❡s ❞✐❛❣♦♥❛✐s ❝♦♠ ♦ ✈❛❧♦r ✶ ♥❛ ❞✐❛❣♦♥❛❧ ♣r✐♥❝✐♣❛❧✱ ♦✉ s❡❥❛ ♠❛tr✐③❡s ✐❞❡♥t✐❞❛❞❡s✮✱ ❛

❢✉♥çã♦ ▲◗❘ r❡t♦r♥❛ ♦ ✈❛❧♦r ❞♦ ❣❛♥❤♦ ❑❝✱ ❛ s♦❧✉çã♦ ❞❛ ❡q✉❛çã♦ ❞❡ ❘✐❝❛tt✐ ❙ ❡ ❛ ♠❛tr✐③ ❞♦s ❛✉t♦✈❛❧♦r❡s

❊✳ ❖ ❣❛♥❤♦ ❞❛ ♠❛tr✐③ ❞♦ ❝♦♥tr♦❧❛❞♦r ❑❝ ♣♦❞❡ s❡r ❞❛❞❛ ♣♦r✿

uK = KC .XX ✭✼✶✮

❊ ❛ ❛çã♦ ✐♥t❡❣r❛❧ ♥♦ ♠♦❞❡❧♦ ❞♦ ▲▼❘ ❛♣❡♥❛s ✐♥tr♦❞✉③✐♥❞♦ ❛ ✐♥t❡❣r❛❧ ❞♦s ❡st❛❞♦s ❞♦ ♠♦❞❡❧♦ ✉s❛❞♦✱ ♦✉

s❡❥❛✱ ♣❡❧❛ ❡q✉❛çã♦ ✼✷✿

z =

∫
xdx ✭✼✷✮

❖✉ ♣♦❞❡ s❡r ❞❛❞❛ ♣♦r✿

dz

dt
= x ✭✼✸✮

❊ t❛♠❜é♠ s✉❜st✐t✉✐♥❞♦ ♦s ❛r❣✉♠❡♥t♦s ❞❛ s❡❣✉✐♥t❡ ❡q✉❛çã♦ ❞❡ ❡st❛❞♦s✿

dz

dt


 x

z


 =


 A 0

I 0




 x

z


+


 B

0


u(t) ✭✼✹✮

❆ss✐♠ ❝♦♠♦ r❡s✉❧t❛❞♦✱ t❡♠♦s ❛ s❡❣✉✐♥t❡ ❧❡✐ ❞❡ ❝♦♥tr♦❧❡✿

u(t) =
[
KC KI

]

 x

z


 = KCx+KI

∫
xdt ✭✼✺✮

❆ss✐♠✱ ❝♦♠♦ ❥á ♦❜t❡♠♦s ♦ ♠♦❞❡❧♦ ❧✐♥❡❛r ❡♠ ❡s♣❛ç♦ ❞❡ ❡st❛❞♦s✱ ✉s❛♠♦s ❛ s❡❣✉✐♥t❡ r♦t✐♥❛ ♣❛r❛ ♦ ❝❛❧❝✉❧♦

❞❛ ❡q✉❛çã♦ ❞❡ ❘✐❝❛tt✐ ♣❛r❛ ♦ ♣r♦❝❡ss♦ ❞♦ ♠♦❞✉❧♦ P❡❧t✐❡r✿

✪❆❧✉♥♦✿ ▼❛t✐❛s ❘✐❜❡✐r♦ ▼á①✐♠♦ ❞❡ ▲❛✈ôr

✪▼♦❞❡❧♦ ❞❡ ❡❢❡✐t♦ P❡❧t✐❡r

✷✸



❆ ❂ ❬✵ ✶❀ ✲✷✳✵✹✻ ✲✵✳✵✾✷✶❪❀

❇ ❂ ❬✵❀ ✶❪❀

❘ ❂ ❬✶❪❀

◗ ❂ ❬✶ ✵❀ ✵ ✶❪❀

✪❙♦❧✉çã♦ ❞❛ ❡q✉❛çã♦ ❞❡ ❘✐❝❛tt✐

❬❑✱❙✱❊❪ ❂ ▲◗❘✭❆✱❇✱◗✱❘✮

❉❡st❛ ❢♦r♠❛✱ ❢♦✐ ♦❜t✐❞♦ ❝♦♠♦ r❡s✉❧t❛❞♦ ❞❛ ♣r✐♠❡✐r❛ ❝❤❛♠❛❞❛ ❞❛ ❢✉♥çã♦ ▲◗❘ ❛ s❡❣✉✐♥t❡ ♠❛tr✐③ ❑❝

✐♥❞✐❝❛❞❛ ❛❜❛✐①♦✿

KC =
[
0, 2313 1, 1208

]

❆ s♦❧✉çã♦ ♣❛r❛ ❛ ❡q✉❛çã♦ ❞❡ ❘✐❝❛tt✐ ❢♦✐ ❞❛❞❛ ♣❡❧❛ ♠❛tr✐③ ❙✿

S =


 2, 5737 0, 2313

0, 2313 1, 1208




P❛r❛ ♦❜t❡r ♦ ❣❛♥❤♦ ✐♥t❡❣r❛❧ ❢♦✐ ♥❡❝❡ssár✐♦ ✉s❛r ❛ ❡q✉❛çã♦ ✶✺ ♣❛r❛ ♦❜t❡r ♥♦✈♦s ✈❛❧♦r❡s ♣❛r❛ ❛s ❝♦♥st❛♥t❡s

❆ ❡ ❇✱ ❡ ❛ss✐♠ ✉s❛r ♥♦✈❛♠❡♥t❡ ♥❛ ❢✉♥çã♦ ▲◗❘ ❡ ♦❜t❡r ✉♠❛ ♠❛tr✐③ ♥❛ q✉❛❧ s❡✉s ✈❛❧♦r❡s ❝♦♥t❡♠ t❛♥t♦ ❛

♠❛tr✐③ ❞❡ ❣❛♥❤♦ ♣r♦♣♦r❝✐♦♥❛❧ q✉❛♥t♦ ❛ ❞❡ ❣❛♥❤♦ ✐♥t❡❣r❛❧✱ ❝♦♠ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞❛ ♥❛ ❡q✉❛çã♦ ✶✻✱ ❝♦♠♦

♣♦❞❡ s❡r ✈✐st❛ ♥❛ r♦t✐♥❛ ✐♥❞✐❝❛❞❛ ❛❜❛✐①♦✿

✪❈❛❧❝✉❧♦ ❞♦ ♥♦✈♦ ❑❝ ❡ ❑✐

❆✐ ❂ ❬✵ ✶ ✵ ✵❀ ✲✷✳✵✹✻ ✲✵✳✵✾✷✶ ✵ ✵❀ ✶ ✵ ✵ ✵ ❀ ✵ ✶ ✵ ✵❪❀

❇✐ ❂ ❬✵❀ ✶❀ ✵❀ ✵❪❀

❘✐ ❂ ❬✶❪❀

◗✐ ❂ ❬✶ ✵ ✵ ✵❀ ✵ ✶ ✵ ✵❀ ✵ ✵ ✶ ✵❀ ✵ ✵ ✵ ✶❪❀

❬❑✐✱❙✐✱❊✐❪ ❂ ▲◗❘✭❆✐✱❇✐✱◗✐✱❘✐✮

❆ss✐♠✱ ❛ ♠❛tr✐③ ❝♦♥st❛♥t❡ ♦❜t✐❞❛ ❢♦✐ ❛ s❡❣✉✐♥t❡✿

K =
[
1, 0750 1, 6851 1 0

]

◆❡❧❛ ♣♦❞❡♠♦s s❡♣❛r❛r ❛ ♠❛tr✐③ ❞❡ ❣❛♥❤♦ ♣r♦♣♦r❝✐♦♥❛❧ ❑❝ ❞❛❞♦ ♣❡❧❛ ♠❛tr✐③✿

KC =
[
1, 0750 1, 6851

]

❊ ♠❛tr✐③ ❞❡ ❣❛♥❤♦ ✐♥t❡❣r❛❧ ❑✐ ❞❛❞♦ ♣❡❧❛ ♠❛tr✐③✿

KI =
[
1 0

]

❆♣ós ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛s ❝♦♥st❛♥t❡s✱ ❢♦✐ ♥❡❝❡ssár✐♦ ❝♦♥str✉✐r ♦ ❞✐❛❣r❛♠❛ ❞❡ ❜❧♦❝♦s r❡♣r❡s❡♥t❛❞♦ ♥❛

✜❣✉r❛ ❄❄ ❝♦♠ ♦ s✐st❡♠❛ ❡♠ ♠❛❧❤❛ ❢❡❝❤❛❞❛ ♣❛r❛ ♦ ✉s♦ ❞♦ ▲▼❘✱ ♣❛r❛ ✈❡r✐✜❝❛r ♦ ❡❢❡✐t♦ ❞❡ss❡ r❡❣✉❧❛❞♦r ❢♦✐

❛❞✐❝✐♦♥❛❞♦ ✉♠ ❞✐stúr❜✐♦ ❝♦♠♦ ❢♦r♠❛ ❞❡ ❞❡❣r❛✉ ♥❛ ❡♥tr❛❞❛ ❞♦ s✐st❡♠❛ ✭❉✐stúr❜✐♦✮✳ ❋♦✐ ✈❡r✐✜❝❛❞♦ ❧♦❣♦ ❛♣ós

✷✹



q✉❡ ♦ r❡❣✉❧❛❞♦r ❢♦✐ ♣r♦❥❡t❛❞♦ ❞❡ ❢♦r♠❛ ❡✜❝✐❡♥t❡✱ ✈✐st♦ q✉❡ ♦ s✐♥❛❧ ❢♦✐ ♣❛r❛ ③❡r♦ ❡♠ r❡❣✐♠❡ ♣❡r♠❛♥❡♥t❡✱ ♦

q✉❡ ❞❡ ❢❛t♦ ❡r❛ ❡s♣❡r❛❞♦✱ ♣♦✐s ❛ ❡str❛té❣✐❛ ❞❡ ❝♦♥tr♦❧❡ ✉s❛♥❞♦ ♦ ▲▼❘ é ❥✉st❛♠❡♥t❡ ❡❧✐♠✐♥❛r ♦ ❡❢❡✐t♦ ❞♦s

❞✐stúr❜✐♦s ❝❛✉s❛❞♦s ♥♦ ♠❡✐♦ ♦♥❞❡ ♦ ♣r♦❝❡ss♦ ♦♣❡r❛✳

❉❡st❛ ❢♦r♠❛ ❢♦✐ ♣r♦❥❡t❛❞♦ ♦ r❡❣✉❧❛❞♦r✱ ♣❛r❛ ♦❜t❡r ✉♠ ✈❛❧♦r ❞❡ r❡❢❡r❡♥❝✐❛ ♣r❡❝✐s❛♠♦s ❛♣❧✐❝❛r ✉♠ ❞❡❣r❛✉

❝♦♠ ♦ ✈❛❧♦r ❞❡ r❡❢❡r❡♥❝✐❛ ❡ ✉s❛r ✉♠ s♦♠❛❞♦r ❞✐r❡t❛♠❡♥t❡ ❝♦♠ ♦ ✈❛❧♦r ❞♦ ❡st❛❞♦✱ ♣♦✐s ❝♦♠♦ ♦ ✈❛❧♦r ❞♦

❡st❛❞♦ é ❧❡✈❛❞♦ ♣❛r❛ ③❡r♦ t❡r❡♠♦s ♦ ✈❛❧♦r ♥❛ s❛í❞❛ ✐❣✉❛❧ ❛♦ ✈❛❧♦r ❞❡ r❡❢❡r❡♥❝✐❛ ✭❙❡t P♦✐♥t✮✱ ❧♦❣♦ ❡st❛

❡str❛té❣✐❛ ❢❛rá ❝♦♠ q✉❡ ♦ ▲▼❘ r❡❛❧✐③❡ ♦ ❝♦♥tr♦❧❡ ót✐♠♦ ❞♦ ♣r♦❝❡ss♦ ✉s❛❞♦✱ ♣❛r❛ ♦ ❝❛s♦ ✉s❛♠♦s ♣❛r❛ ❛

t❡♠♣❡r❛t✉r❛ ♥❛ s❛í❞❛ ❞♦ ♣r♦❝❡ss♦ ✉♠ ✈❛❧♦r ❞❡ ✷✼♦❈ ✱ ❧♦❣♦ ♣♦❞❡♠♦s ♦❜s❡r✈❛r ❛ s❛í❞❛ ♥❛ ✜❣✉r❛ ✻✱ ❢♦✐

❛♣❧✐❝❛❞♦ ✉♠ ❞❡❣r❛✉ ❞❡ ✺ ♥♦ ❞✐stúr❜✐♦ ❞♦ s✐st❡♠❛ ♥♦ t❡♠♣♦ ✸✵ ♣❛r❛ ✈❡r✐✜❝❛r ❛ ❡✜❝✐ê♥❝✐❛ ❞♦ ❝♦♥tr♦❧❡ ❞♦

r❡❣✉❧❛❞♦r ❧✐♥❡❛r ♠✉❧t✐✈❛r✐á✈❡❧✳

❋✐❣✉r❛ ✺✿ ❆❞✐❝✐♦♥❛♥❞♦ ✉♠ s❡t♣♦✐♥t ❛♦ ▲▼❘ ♣❛r❛ ♦ ♣r♦❝❡ss♦ ❞❡ ❡❢❡✐t♦ P❡❧t✐❡r

✷✺



❋✐❣✉r❛ ✻✿ ❘❡s✉❧t❛❞♦ ❞❛ s✐♠✉❧❛çã♦ ♣❛r❛ ♦ ❝♦♥tr♦❧❡ ❞❛ t❡♠♣❡r❛t✉r❛ ❝♦♠ ♦ ▲▼❘ ❞♦ ❡❢❡✐t♦ P❡❧t✐❡r

✷✻



✹✳✷ ❋✐❧tr♦ ❞❡ ❑❛❧♠❛♥

❯♠❛ ❞❛s ♠❛✐♦r❡s ❞✐✜❝✉❧❞❛❞❡s ♥♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❝♦♥tr♦❧❡ ❞❡ ♣r♦❝❡ss♦s ❡stá ♥♦ ❢❛t♦ ❞❡ ❡st✐♠❛r t♦❞♦s

♦s ❡st❛❞♦s ❞✐s♣♦♥í✈❡✐s✱ ♣♦✐s ❞✉r❛♥t❡ ❛s ♠❡❞✐çõ❡s ❞♦s ❡st❛❞♦s sã♦ ❛♣r❡s❡♥t❛❞♦s r✉í❞♦s✱ t♦r♥❛♥❞♦ ❛ss✐♠

♣r❛t✐❝❛♠❡♥t❡ ✐♠♣♦ssí✈❡❧ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦s ❡st❛❞♦s ❡♠ ❛❧❣✉♥s ❝❛s♦s✳ P❛r❛ ❛♠❡♥✐③❛r ❡ss❡s ❡❢❡✐t♦s ❡①✐st❡

♦ ✜❧tr♦ ❞❡ ❑❛❧♠❛♥ ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡ ❡st✐♠❛r ♦ ❡st❛❞♦ ❛t✉❛❧ ❛ ♣❛rt✐r ❞❛s ❡♥tr❛❞❛s ❡ s❛í❞❛s ❞♦ ♣r♦❝❡ss♦✭✈❡r

r❡❢❡rê♥❝✐❛ ❬✷❪✮✳ ▼❛s ✈❛❧❡ r❡ss❛❧t❛r ♦ ❝♦♥❝❡✐t♦ ❞❡ ♦❜s❡r✈❛❜✐❧✐❞❛❞❡✱ ♦✉ s❡❥❛✱ ✉♠ s✐st❡♠❛ é ❞✐t♦ ♦❜s❡r✈á✈❡❧

q✉❛♥❞♦ ♣♦❞❡♠♦s r❡❝♦♥str✉✐r ♦ ✈❡t♦r ❞❡ ❡st❛❞♦s ❛ ♣❛rt✐r ❞❡ ♠❡❞✐çõ❡s ❞❛ s❛í❞❛✱ ❝♦♠♦ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦

❛❜❛✐①♦✿

dx

dt
= Ax+Bu

y = Cx

❆ ♣❛rt✐r ❞❛ ♠❛tr✐③ ❞❡ ♦❜s❡r✈❛❜✐❧✐❞❛❞❡ W ✱ ♣♦❞❡♠♦s s❛❜❡r s❡ ♦ s✐st❡♠❛ é ♦❜s❡r✈á✈❡❧ s❡ ❛ ♦r❞❡♠ ❞❛

♠❛tr✐③ ❢♦r ✐❣✉❛❧ ❛♦ ♥✉♠❡r♦ ❞❡ ❡st❛❞♦s ❞♦ ♣r♦❝❡ss♦ ❡♠ q✉❡stã♦✳

W = [CT |ATCT |(A2)TCT |...(An−1)TCT ]

P❛r❛ ♦ ❝❛s♦ ❞♦ ♠♦❞✉❧♦ P❡❧✐t❡r✱ ✉s❛r❡♠♦s ❛s s❡❣✉✐♥t❡s ❝♦♥st❛♥t❡s ❞♦ ♠♦❞❡❧♦ ❧✐♥❡❛r ❡♠ ❡s♣❛ç♦ ❞❡

❡st❛❞♦s✿

A =


 0 1

−2, 046 −0, 0921




B =


 0

1




❋❛③❡♥❞♦ ♦s t❡st❡s ♥♦ ♠❛t❧❛❜✱ ✈❡♠♦s q✉❡ ♦ s✐st❡♠❛ é ♦❜s❡r✈á✈❡❧✳ ❆ss✐♠✱ ♣♦❞❡♠♦s ❝♦♥str✉✐r ♦ ✜❧tr♦

❞❡ ❦❛❧♠❛♥ ♣❛r❛ ♦ ♣r♦❝❡ss♦ ❞♦ ❡✈❛♣♦r❛❞♦r✳ ❖ ✜❧tr♦ ❞❡ ❦❛❧♠❛♥ é ♦✉tr♦ s✐st❡♠❛ q✉❡ ❞❡♣❡♥❞❡ ❛♣❡♥❛s ❞❛

❞✐♥â♠✐❝❛ ❞♦ ♣ró♣r✐♦ ♠♦❞✉❧♦ P❡❧t✐❡r✳

x̃(k + 1) = Φx̂(k) + ∆u(k) + Θd(k)

P❛r❛ ❡st✐♠❛r ♦ ❡st❛❞♦ ✉t✐❧✐③❛✲s❡ ♦ s✐st❡♠❛ ❛❜❛✐①♦ ♦♥❞❡ ❑ é ❛ ♠❛tr✐③ ❞❡ ❣❛♥❤♦ ❞♦ ✜❧tr♦ ❞❡ ❦❛❧♠❛♥✳

x̂(k) = x̃(k) +K(k)[y(k)− Cx̃(k)]

❋♦r♠❛♥❞♦✲s❡ ❛ss✐♠ ♦ s✐st❡♠❛ ❞❛ ✜❣✉r❛ ✼✿

✷✼



❋✐❣✉r❛ ✼✿ ❉✐❛❣r❛♠❛ ❡sq✉❡♠át✐❝♦ ❞♦ ♣r♦❝❡ss♦ ✉s❛♥❞♦ ♦ ✜❧tr♦ ❞❡ ❑❛❧♠❛♥

❆ss✐♠✱ t❡♠♦s q✉❡ ❛ ❝♦♥st❛♥t❡ K ❞♦ ✜❧tr♦ ❞❡ ❑❛❧♠❛♥ ♣♦❞❡ s❡r ❡♥❝♦♥tr❛❞❛ ❛ ♣❛rt✐r ❞❛s ❡q✉❛çõ❡s

K(k) = P (k)CTR−1

M(k + 1) = ΦP (k)ΦT + ΓQΓT

P (k) = (I −K(k)C)M(k)

❚♦❞♦ ♦ s✐st❡♠❛ q✉❡ ❝♦♠♣õ❡ ♦ ✜❧tr♦ ❞❡ ❦❛❧♠❛♥ é r❡❝✉rs✐✈♦✱ ♠❛s ♣❛r❛ s✐♠✉❧❛r♠♦s ✉t✐❧✐③❛r❡♠♦s ♦ ✈❛❧♦r

❡st❛❝✐♦♥ár✐♦ ❞❡ K✳ P❛r❛ ♦ ❝❛s♦ ❞♦ ❡✈❛♣♦r❛❞♦r✱ ♦ ❑ ❡st❛❝✐♦♥ár✐♦ ❡♥❝♦♥tr❛❞♦ ❛ ♣❛rt✐r ❞❛ ❡q✉❛çã♦ ❑❛❧♠❛♥

❞♦ ▼❆❚▲❆❇ ✐♥s❡r✐❞❛ ♥❛ r♦t✐♥❛ ❛❜❛✐①♦✿

❆ ❂ ❬✵ ✶❀ ✲✷✳✵✹✻ ✲✵✳✵✾✷✶❪❀

❇ ❂ ❬✵❀ ✶❪❀

❈ ❂ ❬✲✷✱✾✼✽✽ ✶✱✹✽✾✹❪❀

P❧❛♥t ❂ ss✭❆✱❇✱❈✱✵✮

◗ ❂ ✶❀ ❘ ❂ ✶❀

❬❦❛❧♠❢✱▲✱P✱▼❪ ❂ ❦❛❧♠❛♥✭P❧❛♥t✱◗✱❘✮

▲♦❣♦ ♦ ❑ ❡st❛❝✐♦♥❛r✐♦ ❡♥❝♦♥tr❛❞♦ é ❞❛❞♦ ♣♦r✿

✷✽



K =


 −0, 6482

0, 1965




❆ s✐♠✉❧❛çã♦ ❞♦ ✜❧tr♦ ❞❡ ❑❛❧♠❛♥ ❢♦✐ r❡❛❧✐③❛❞❛ ♥♦ s✐♠✉❧✐♥❦✱ ❝♦♠♦ ❡st❛ r❡♣r❡s❡♥t❛❞♦ ♥❛ ✜❣✉r❛ ✾✿

❋✐❣✉r❛ ✽✿ ❉✐❛❣r❛♠❛ ❞❡ ❜❧♦❝♦s ❞♦ ✜❧tr♦ ❞❡ ❑❛❧♠❛♥ ✉s❛♥❞♦ ♦ s✐♠✉❧✐♥❦

❆ss✐♠✱ ♦ ❞✐❛❣r❛♠❛ ❞❡ ❜❧♦❝♦s ❞♦ s✐st❡♠❛ ❡♠ ♠❛❧❤❛ ❛❜❡rt❛ ❝♦♠ ♦ ❜❧♦❝♦ q✉❡ r❡♣r❡s❡♥t❛ ♦ ✜❧tr♦ ❞❡

❑❛❧♠❛♥ ❡st❛ r❡♣r❡s❡♥t❛❞♦ ♥❛ ✜❣✉r❛ ✾✿

✷✾



❋✐❣✉r❛ ✾✿ ❉✐❛❣r❛♠❛ ❞❡ ❜❧♦❝♦s ❞♦ s✐st❡♠❛ ❝♦♠ ✜❧tr♦ ❞❡ ❑❛❧♠❛♥ s❡♠ r❡❛❧✐♠❡♥t❛çã♦

P❛r❛ ♦ ❝❛s♦ ❢♦✐ ✉s❛❞♦ ✉♠ ❙❡t P♦✐♥t ❞❡ ✷✼◦❈ ♣❛r❛ ❛ t❡♠♣❡r❛t✉r❛ ♥♦ ❧❛❞♦ ❢r✐♦✱ ❛ss✐♠ ♣♦❞❡♠♦s ❝♦♠♣❛r❛r

❛ ✜❣✉r❛ ✶✶ ❝♦♠ ❛ ✜❣✉r❛ ✻✱ ♦❜s❡r✈❛♥❞♦ q✉❡ ❝♦♠ ♦ ✜❧tr♦ ❞❡ ❑❛❧♠❛♥ t❡♠♦s ✉♠❛ r❡s♣♦st❛ ♠❛✐s s✉❛✈❡ ❞♦

♣r♦❝❡ss♦✱ ❡❧✐♠✐♥❛♥❞♦ ❝♦♠ ♠❛✐s ❡✜❝✐ê♥❝✐❛ ❛ ♣❡rt✉r❜❛çã♦ ✉s❛❞❛✱ ❧♦❣♦ ♣♦❞❡♠♦s ♦❜t❡r ✉♠ ❝♦♥tr♦❧❡ ót✐♠♦ ❞♦

♣r♦❝❡ss♦ ❞♦ ♠♦❞✉❧♦ ❞❡ ❡❢❡✐t♦ P❡❧t✐❡r ❛ ♣❛rt✐r ❞♦ ✜❧tr♦ ❞❡ ❑❛❧♠❛♥✳

❋✐❣✉r❛ ✶✵✿ ❉✐❛❣r❛♠❛ ❞❡ ❜❧♦❝♦s ❞♦ s✐st❡♠❛ ❝♦♠ ✜❧tr♦ ❞❡ ❑❛❧♠❛♥ ❝♦♠ r❡❛❧✐♠❡♥t❛çã♦

✸✵



❋✐❣✉r❛ ✶✶✿ ❘❡s✉❧t❛❞♦ ❞❛ s✐♠✉❧❛çã♦ ❞♦ ♣r♦❝❡ss♦ ❝♦♠ r❡❛❧✐♠❡♥t❛çã♦ ✉s❛♥❞♦ ♦ ✜❧tr♦ ❞❡ ❑❛❧♠❛♥

❆ ✜❣✉r❛ ✶✶✱ r❡♣r❡s❡♥t❛ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ s❛✐❞❛ ❞♦ ♣r♦❝❡ss♦✱ q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛♦ ❝♦♠♣♦rt❛♠❡♥t♦

r❡♣r❡s❡♥t❛❞♦ ♥♦ ❡st❛❞♦ ❡st✐♠❛❞♦ ♠♦str❛❞♦ ♥❛ ✜❣✉r❛ ✶✷✱ ♦ q✉❡ t♦r♥❛ ♦ ✜❧tr♦ ❞❡ ❑❛❧♠❛♥ ✉♠ ❡st✐♠❛❞♦r ❞❡

❡st❛❞♦s ❛❧t❛♠❡♥t❡ ❡✜❝✐❡♥t❡✳

✸✶



❋✐❣✉r❛ ✶✷✿ ●rá✜❝♦ r❡❢❡r❡♥t❡s ❛♦s ❡st❛❞♦s ❡st✐♠❛❞♦s ♣❡❧❛ ❞✐♥â♠✐❝❛ ❞♦ ❋✐❧tr♦ ❞❡ ❑❛❧♠❛♥

❆ss✐♠ ♣♦❞❡♠♦s ♦❜s❡r✈❛r ♣❡❧♦ ❣rá✜❝♦ ❞❛ ✜❣✉r❛ ✶✸✱ q✉❡ ❡①✐st❡ ✉♠❛ ♣❡q✉❡♥❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ♦s ❞♦✐s

❣rá✜❝♦s q✉❡ ❝♦rr❡s♣♦♥❞❡♠ à s❛í❞❛ ❞♦ ♣r♦❝❡ss♦✳

✸✷



❋✐❣✉r❛ ✶✸✿ ●rá✜❝♦ r❡❢❡r❡♥t❡s ❛♦s ❡st❛❞♦s ❡st✐♠❛❞♦s ♣❡❧❛ ❞✐♥â♠✐❝❛ ❞♦ ❋✐❧tr♦ ❞❡ ❑❛❧♠❛♥

✸✸



✹✳✸ ❈♦♥tr♦❧❡ P■❉

✹✳✸✳✶ ❆çã♦ Pr♦♣♦r❝✐♦♥❛❧✲❉❡r✐✈❛t✐✈❛

❆ s❛í❞❛ ❞❡ ✉♠ ♣r♦❝❡ss♦ ❛♣r❡s❡♥t❛ ✉♠❛ ❝❡rt❛ ❞✐♥â♠✐❝❛ ❝♦♠ ❛ ♠✉❞❛♥ç❛ ❞❛ ✈❛r✐á✈❡❧ ❞❡ ❝♦♥tr♦❧❡ ❛♣ós ✉♠

❞❡t❡r♠✐♥❛❞♦ t❡♠♣♦✳ ▲♦❣♦✱ ❞❡♣❡♥❞❡♥❞♦ ❞❡ t❛❧ ❞✐♥â♠✐❝❛ ♦ s✐♥❛❧ ❞❡ ❝♦♥tr♦❧❡ ❡st❛rá ❡♠ ❛tr❛s♦ ♣❛r❛ ❝♦rr✐❣✐r

♦ ❡rr♦ q✉❡ s❡ ✈❡r✐✜❝❛ ♥♦ ♠♦♠❡♥t♦✱ ♣♦r t❛❧ ❢❛t♦ ❡①✐st❡♠ tr❛♥s✐tór✐♦s ❝♦♠ ❡❧❡✈❛❞♦s ✈❛❧♦r❡s ❞❡ ❛♠♣❧✐t✉❞❡

❡ ♣❡r✐♦❞♦ ❞❡ ♦s❝✐❧❛çã♦✱ ♣♦❞❡♥❞♦ ❛té ❣❡r❛r ✐♥st❛❜✐❧✐❞❛❞❡ ♥♦ s✐st❡♠❛✳ ❆ ❛çã♦ ❞❡r✐✈❛t✐✈❛ ❝♦♠❜✐♥❛❞❛ ❝♦♠

❛ ❛çã♦ ♣r♦♣♦r❝✐♦♥❛❧✱ t❡♠ ❛ ❢✉♥çã♦ ❞❡ ❛♥t❡❝✐♣❛r ❛ ❛çã♦ ❞❡ ❝♦♥tr♦❧❡ ♣❛r❛ q✉❡ ❛ r❡s♣♦st❛ ❞♦ ♣r♦❝❡ss♦ s❡❥❛

♠❛✐s rá♣✐❞❛✱ ❡ ❞❡ ❢❛t♦ t❛❧ ❛çã♦ ❡①❡r❝❡ ✉♠❛ ❢✉♥çã♦ ❞❡ ♣r❡❞✐çã♦✱ ❛ ❡str✉t✉r❛ ❜ás✐❝❛ ❞❡ ✉♠ ❝♦♥tr♦❧❛❞♦r P❉

é ❞❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✽✵✿

u(t) = Kp(e(t) + Td

de(t)

dt
) ✭✼✻✮

❖♥❞❡ ✉✭t✮ é ❛ ❡♥tr❛❞❛ ❞♦ ♣r♦❝❡ss♦ ❡ ❡✭t✮ é ♦ ❡rr♦ ❡♠ r❡❣✐♠❡✱ ♣❛ss❛♥❞♦ ♣❛r❛ ♦ ❞♦♠í♥✐♦ ❞❛ ❢r❡q✉ê♥❝✐❛✱

❛ ❡str✉t✉r❛ ❜ás✐❝❛ ❞♦ ❝♦♥tr♦❧❛❞♦r P❉ ♣♦❞❡ s❡r ❞❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✼✼

Gc(s) = Kp(1 + Tds) ✭✼✼✮

✹✳✸✳✷ ❆çã♦ Pr♦♣♦r❝✐♦♥❛❧✲■♥t❡❣r❛❧

❆ ❛çã♦ ✐♥t❡❣r❛❧ é r❡s♣♦♥sá✈❡❧ ♣♦r ❢❛③❡r ❝♦♠ q✉❡ ♦ ❡rr♦ s❡❥❛ ♥✉❧♦✱ ❡♠ r❡❣✐♠❡ ♣❡r♠❛♥❡♥t❡ ♥♦s ♣r♦❝❡ss♦s

♥♦s q✉❛✐s ❞❡s❡❥❛♠ s❡r r❡❛❧✐③❛❞♦s ♦ ❝♦♥tr♦❧❡✳ ◆♦ ❡♥t❛♥t♦✱ ❛ ❛çã♦ ✐♥t❡❣r❛❧ t❡♥❞❡ ❛ ♣✐♦r❛r ❛ ❡st❛❜✐❧✐❞❛❞❡

r❡❧❛t✐✈❛ ❞♦ s✐st❡♠❛✳ ❆ss✐♠✱ ♣❛r❛ ❝♦♠♣❡♥s❛r t❛❧ ✐♥st❛❜✐❧✐❞❛❞❡✱ ♣♦❞❡ s❡r ❛❞✐❝✐♦♥❛❞❛ ❛ ❛çã♦ ♣r♦♣♦r❝✐♦♥❛❧✱

♥♦ q✉❛❧ ♦ s✐♥❛❧ ❞❡ ❝♦♥tr♦❧❡ é ❞❛❞♦ ♣♦r✿

u(t) = Kp(e(t) +
1

Ti

∫ t

0

e(τ)) ✭✼✽✮

P♦❞❡✲s❡ ✈❡r q✉❡ ❛ ❛çã♦ ✐♥t❡❣r❛❧✱ é ❛ ✐♥t❡❣r❛❧ ❞♦ ❡rr♦ ❡♠ r❡❣✐♠❡ ♣❡r♠❛♥❡♥t❡✱ ❛ss✐♠✱ ♣❛ss❛♥❞♦ ♣❛r❛ ♦

❞♦♠í♥✐♦ ❞❛ ❢r❡q✉ê♥❝✐❛ t❡♠♦s q✉❡ ❛ ❛çã♦ ♣r♦♣♦r❝✐♦♥❛❧✲✐♥t❡❣r❛❧ ♣♦❞❡ s❡r ❞❛❞❛ ♣❡❧❛ ❡q✉❛çã♦ ✼✾✿

Cc(s) = Kp(1 +
1

Tis
) ✭✼✾✮

✹✳✸✳✸ ❆çã♦ Pr♦♣♦r❝✐♦♥❛❧✲■♥t❡❣r❛❧✲❉❡r✐✈❛t✐✈♦

❖ ❝♦♥tr♦❧❛❞♦r P■❉ ❝♦♠❜✐♥❛ ❛s ✈❛♥t❛❣❡♥s ❞♦s ❝♦♥tr♦❧❛❞♦r❡s P■ ❡ P❉✳ ❖✉ s❡❥❛✱ ❛ss♦❝✐❛ ❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ s❡

♦❜t❡r ❡rr♦ ♥✉❧♦ ❡♠ r❡❣✐♠❡ ♣❡r♠❛♥❡♥t❡ ❡ ♦ ❡❢❡✐t♦ ❞❡s❡st❛❜✐❧✐③❛❞♦r ❞♦ ❝♦♥tr♦❧❛❞♦r P■ à ❛çã♦ ❞❡ ❡st❛❜✐❧✐❞❛❞❡

r❡❧❛t✐✈❛ ❞♦ s✐st❡♠❛ ♦❜t❡♥❞♦ ✉♠❛ r❡s♣♦st❛ ♠❛✐s rá♣✐❞❛ ❞❡✈✐❞♦ ♦ ❡❢❡✐t♦ ❛♥t❡❝✐♣❛tór✐♦ ❞♦ ❝♦♥tr♦❧❛❞♦r P❉✳

❆ ❢✉♥çã♦ ❞❡ tr❛♥s❢❡rê♥❝✐❛ ❞♦ ❝♦♥tr♦❧❛❞♦r P■❉ ♣♦❞❡ s❡r ❞❛❞❛ ♣♦r✿

Gpid =
u(s)

r(s)
= K(1 +

1

Tis
+ Tds) ✭✽✵✮

✸✹



◆♦ s✐♠✉❧❛❞♦r✱ ♣❛r❛ s❡ ♦❜t❡r ♦ ❝♦♥tr♦❧❡ ❡♠ ♠❛❧❤❛ ❢❡❝❤❛❞❛✱ é ♥❡❝❡ssár✐♦ ❛❜✐❧✐t❛r ❛ r❛❞✐♦ ❇♦① ▼❛❧❤❛

❢❡❝❤❛❞❛✱ ♥❡ss❡ ❝❛s♦ ♦ ✈❛❧♦r ❞❛ t❡①t❜♦① ❈♦rr❡♥t❡ ✭■✮ ✜❝❛ ❞❡s❛❜✐❧✐t❛❞♦ ♣❛r❛ ❝♦♥✜❣✉r❛çã♦✱ ♣♦✐s ♦ ❝♦♥tr♦❧❛❞♦r

s❡ ❡♥❝❛rr❡❣❛ ❞❡ ❝❛❧❝✉❧❛r ♦ s❡✉ ✈❛❧♦r✳ ◆❡ss❡ ❝❛s♦✱ é ♥❡❝❡ssár✐♦ ❛ ❝♦♥✜❣✉r❛çã♦ ❞♦s ♣❛râ♠❡tr♦s ❞♦ ❝♦♥tr♦❧❛❞♦r✱

q✉❡ ❝♦rr❡s♣♦♥❞❡♠ ❛♦s ❣❛♥❤♦s ❞♦ ♠❡s♠♦ ❑♣✱ ❑✐ ❡ ❑❞✱ ❡ ✉♠ ✈❛❧♦r ❞♦ ❙❡t P♦✐♥t✱ ❝♦♠♦ ✈❛❧♦r ❞❡ r❡❢❡rê♥❝✐❛

♣❛r❛ ❛ t❡♠♣❡r❛t✉r❛ q✉❡ s❡ ❞❡s❡❥❛ ♣❛r❛ ❛ ❢❛❝❡ ❢r✐❛✳ ❋♦r❛♠ r❡❛❧✐③❛❞♦s t❡st❡s ❡♠ ❞✐❢❡r❡♥t❡s ♣♦♥t♦s ❞❡

♦♣❡r❛çã♦ ♣❛r❛ ♦❜s❡r✈❛r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ❝♦♥tr♦❧❡ P■❉ s♦❜r❡ ♦ s✐♠✉❧❛❞♦r✳

✸✺



✺ ❙✐♠✉❧❛❞♦r ❞♦ ▼ó❞✉❧♦ ❞❡ ❊❢❡✐t♦ P❡❧t✐❡r

❆♣ós ❛ ♦❜t❡♥çã♦ ❞♦ ♠♦❞❡❧♦ ♥ã♦ ❧✐♥❡❛r q✉❡ r❡♣r❡s❡♥t❛ ♦ ♠ó❞✉❧♦ ❞❡ ❡❢❡✐t♦ P❡❧t✐❡r✱ s✉r❣✐✉ ❛ ♥❡❝❡ss✐❞❛❞❡

❞❡ ♦❜t❡r ❛ r❡s♣♦st❛ ❞♦ s✐st❡♠❛ ❡♠ t❡♠♣♦ r❡❛❧ ♣❛r❛ ❡♥t❡♥❞❡r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ♠♦❞❡❧♦ ♥❛ ♣r❡s❡♥ç❛

❞❡ ❞✐stúr❜✐♦s✱ ♦✉ s❡❥❛✱ ❛ r❡s♣♦st❛ ❞♦ s✐st❡♠❛ à ✉♠ ❞❡❣r❛✉ ❛♣❧✐❝❛❞♦ ❡♠ ❛❧❣✉♠ ♣❛râ♠❡tr♦ ♦✉ ❝♦❡✜❝✐❡♥t❡

❝❛r❛❝t❡ríst✐❝♦ ❞♦ ♠♦❞❡❧♦✱ ❡ ✐♠♣❧❡♠❡♥t❛r ✉♠ ❝♦♥tr♦❧❛❞♦r ♣❛r❛ ❛❧❣✉♠❛s ✈❛r✐á✈❡✐s ❞♦ s✐st❡♠❛✱ q✉❡ ♥♦ ❝❛s♦✱

❝♦♠♦ s❡ ❞❡s❡❥❛ ♦❜t❡r ❛ t❡♠♣❡r❛t✉r❛ ❞❛ ❢❛❝❡ ❢r✐❛ ❞❛ ♣❛st✐❧❤❛ t❡r♠♦❡❧étr✐❝❛✳

❋♦✐ ❞❡s❡♥✈♦❧✈✐❞❛ ✉♠❛ ❛♣❧✐❝❛çã♦ ❡♠ ❈★ ✉s❛♥❞♦ ♦ ❛♠❜✐❡♥t❡ ❞❡ ♣r♦❣r❛♠❛çã♦ ❞♦ ❱✐s✉❛❧ ❙t✉❞✐♦ ✷✵✵✽✱ ❝♦♠

♦ ♦❜❥❡t✐✈♦ ❞❡ s✐♠✉❧❛r ❛s ❡q✉❛çõ❡s ♥ã♦ ❧✐♥❡❛r❡s ❞♦ ♠ó❞✉❧♦ P❡❧✐❡r ❡♠ t❡♠♣♦ r❡❛❧✱ ❛ss✐♠✱ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦

❞♦ ❛♣❧✐❝❛t✐✈♦ q✉❡ ❛ ❛ ♣❛rt✐r ❞❡ s✉❝❡ss✐✈❛s ✐♥t❡❣r❛çõ❡s ♥✉♠ér✐❝❛s✱ ✉s❛♥❞♦ ♦ ♠ét♦❞♦ ❞❡ ✐♥t❡❣r❛çã♦ ♥✉♠ér✐❝❛

❞❡ ❊✉❧❡r✱ ❢♦ss❡ ❝❛♣❛③ ❞❡ ♦❜t❡r s♦❧✉çõ❡s ❞❛s ❡q✉❛çõ❡s ♥ã♦✲❧✐♥❡❛r❡s ♥♦ t❡♠♣♦ q✉❡ r❡♣r❡s❡♥t❛♠ ♦ ♠♦❞❡❧♦✱ ❡

❛♦ ♠❡s♠♦ t❡♠♣♦ ❞✐s♣♦♥✐❜✐❧✐③❛♥❞♦ ♦ ✈❛❧♦r ❞❛s ✈❛r✐á✈❡✐s ❡♠ t❡♠♣♦ r❡❛❧ ♣❛r❛ ♦ ♠♦♥✐t♦r❛♠❡♥t♦ ❡ ❡st✉❞♦ ❞♦

❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ s✐st❡♠❛✳ ❆❧é♠ ❞✐ss♦ ❛ ❛♣❧✐❝❛çã♦ ♦❢❡r❡❝❡ ❛♦ ♦♣❡r❛❞♦r✱ ❛❧t❡r♥❛t✐✈❛s ♣❛r❛ ✉♠❛ ♠❡❧❤♦r

❛♥á❧✐s❡ ❞♦ s✐st❡♠❛ ♥❛ ♣r❡s❡♥ç❛ ❞❡ ❞✐stúr❜✐♦s ♥♦ s✐st❡♠❛ ❝♦♠♦ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ♠✉❞❛♥ç❛ ♥♦s ♣❛râ♠❡tr♦s

♥♦ ♠♦♠❡♥t♦ ❞❛ s✐♠✉❧❛çã♦ ❡ ❛❧t❡r♥❛t✐✈❛s ❞❡ ❝♦♥tr♦❧❡ t❛♥t♦ ❡♠ ♠❛❧❤❛ ❛❜❡rt❛ q✉❛♥t♦ ❡♠ ♠❛❧❤❛ ❢❡❝❤❛❞❛✱ ❛

✐♥t❡r❢❛❝❡ ♣r✐♥❝✐♣❛❧ ❞❛ ❛♣❧✐❝❛çã♦ ♣♦❞❡ s❡r ✈✐s✉❛❧✐③❛❞❛ ♥❛ ✜❣✉r❛ ✶✹✿

❋✐❣✉r❛ ✶✹✿ ■♥t❡r❢❛❝❡ ✐♥✐❝✐❛❧ ❞♦ ♣r♦❣r❛♠❛

✸✻



❆ ❛♣❧✐❝❛çã♦ ❞❡s❝r❡✈❡ ♦ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦ ♠♦❞❡❧♦ P❡❧t✐❡r✳ P❛r❛ ❡ss❡ ❝❛s♦ ❢♦✐ ✉s❛❞♦ ♥❛s r❡s♣❡❝t✐✈❛s

t❡①t❜♦① ♦s ✈❛❧♦r❡s ❞❡ ❡♥tr❛❞❛ ❞♦ ♣r♦❝❡ss♦✱ ♦✉ s❡❥❛✱ ♦s ♣❛râ♠❡tr♦s ✉s❛❞♦s ♥❛s ❡q✉❛çõ❡s ❞❡ t❡♠♣❡r❛t✉r❛✳

P♦❞❡♠♦s ♦❜s❡r✈❛r ♦s ✈❛❧♦r❡s ❞❛ t❡♠♣❡r❛t✉r❛ ❡♠ t❡♠♣♦ r❡❛❧ t❛♥t♦ ♥♦ ❣rá✜❝♦ q✉❛♥t♦ ♥❛s t❡①t❜♦①❡s q✉❡

❝♦rr❡s♣♦♥❞❡♠ ❛ t❡♠♣❡r❛t✉r❛ ♥♦ ❧❛❞♦ q✉❡♥t❡ ❡ ❧❛❞♦ ❢r✐♦✳

✺✳✶ ❈♦♥✜❣✉r❛çõ❡s ✐♥✐❝✐❛✐s

P❛r❛ ✐♥✐❝✐❛r ♦ ♣r♦❣r❛♠❛✱ ❜❛st❛ ❝❧✐❝❛r ♥♦ ❜♦tã♦ ✐♥✐❝✐❛r✱ q✉❡ ❛♦ s❡r ❝❧✐❝❛❞♦ ♠✉❞❛ ♦ ❡st❛❞♦ ♣❛r❛ P❛r❛r

q✉❡ ♣❛✉s❛ ❛ ❡①❡❝✉çã♦ ❞♦ ♣r♦❣r❛♠❛ ❛♦ s❡r ❝❧✐❝❛❞♦ ♥♦✈❛♠❡♥t❡✳ ❆♦ ❝❧✐❝❛r ♥♦ ❜♦tã♦ ③❡r❛r✱ ♦ ♣r♦❣r❛♠❛ ✈♦❧t❛

❛♦ ❡st❛❞♦ ✐♥✐❝✐❛❧✱ ❝♦♠ ❛s r❡s♣❡❝t✐✈❛s ❝♦♥❞✐çõ❡s ❞❡ t❡♠♣❡r❛t✉r❛ ❛♠❜✐❡♥t❡ ❞❡s❝r✐t❛s ♥♦ ❝ó❞✐❣♦ ❢♦♥t❡ ❞♦

❛♣❧✐❝❛t✐✈♦✳

❖ ♣r♦❣r❛♠❛ ♣❡r♠✐t❡ ♣❛r❛ ♦ ✉s✉ár✐♦ r❡❛❧✐③❛r ❝♦♥tr♦❧❡ ❞❛ t❡♠♣❡r❛t✉r❛ ❞♦ ❧❛❞♦ q✉❡♥t❡ ❡♠ ♠❛❧❤❛ ❛❜❡rt❛

♦✉ ❡♠ ♠❛❧❤❛ ❢❡❝❤❛❞❛✳ P❛r❛ ♦ ❝❛s♦ ❡♠ ♠❛❧❤❛ ❛❜❡rt❛ ❝♦♠♦ ❡stá ♠♦str❛❞♦ ♥❛ ✜❣✉r❛ ✶✺ ✉s❛✲s❡ ❝♦♠♦ ✈❛r✐á✈❡❧

❞❡ ❝♦♥tr♦❧❡ ♦ ♣❛râ♠❡tr♦ ♥❛ t❡①t❜♦① ❈♦rr❡♥t❡ ✭■✮ q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛ ❝♦rr❡♥t❡ q✉❡ ♣❛ss❛ ♣❡❧❛ ❥✉♥çã♦ P◆

❡ ♥♦s t❡r♠✐♥❛✐s ❞❛ ♣❛st✐❧❤❛ t❡r♠♦❡❧étr✐❝❛✳ P❛r❛ ♠✉❞❛r ♦ ✈❛❧♦r ❞♦ ♣❛râ♠❡tr♦ ❜❛st❛ ❝❧✐❝❛r ✉♠❛ ✈ê③ ♥❛

t❡①t❜♦① ❝♦rr❡s♣♦♥❞❡♥t❡✱ ❛❧t❡r❛r ♦ ✈❛❧♦r ♥❛ ❢♦r♠ q✉❡ ❛♣❛r❡❝❡ ❧♦❣♦ ❡♠ s❡❣✉✐❞❛ ❡ ❝❧✐❝❛r ❡♠ ❖❦✳ P❛r❛ ♦ ❝❛s♦

♠♦str❛❞♦ ❜❛ ✜❣✉r❛ ✶✺✱ ❢♦✐ ✉s❛❞♦ ✉♠ ✈❛❧♦r ❞❡ ❝♦rr❡♥t❡ ❞❡ ✶✱✺ ❆✱ ❡ ♦ q✉❡ ♣♦❞❡✲s❡ ♦❜s❡r✈❛r ♥♦ ❣rá✜❝♦ é

q✉❡ ♦ ❡❢❡✐t♦ ❞❡ P❡❧t✐❡r ❛t✉❛ ❛✉♠❡♥t❛♥❞♦ ❛ t❡♠♣❡r❛t✉r❛ ❡♠ ✉♠❛ ❢❛❝❡ ❡ ❞✐♠✐♥✉✐♥❞♦ ❡♠ ♦✉tr❛✳ P♦ré♠✱

❞❡✈✐❞♦ ❛♦ ❡❢❡✐t♦ ❞❛ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ❝❛❧♦r ❞♦ ❧❛❞♦ q✉❡♥t❡ ♣❛r❛ ♦ ❧❛❞♦ ❢r✐♦✱ ♣♦❞❡✲s❡ ♦❜s❡r✈❛r q✉❡ ❡♠ ✉♠

❞❡t❡r♠✐♥❛❞♦ ♣♦♥t♦ ❛ t❡♠♣❡r❛t✉r❛ ♥❛ ❢❛❝❡ ❢r✐❛ ❝♦♠❡ç❛ ❛ ❛✉♠❡♥t❛r ♣r♦♣♦r❝✐♦♥❛❧♠❡♥t❡ à t❡♠♣❡r❛t✉r❛ ❞❛

❢❛❝❡ q✉❡♥t❡✳

❖s ♣❛râ♠❡tr♦s ✉s❛❞♦s ♥♦ s✐♠✉❧❛❞♦r ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦s ❞❛❞♦s ❞✐s♣♦♥✐❜✐❧✐③❛❞♦s ♥❛

r❡❢❡rê♥❝✐❛ ❜✐❜❧✐♦❣rá✜❝❛ [3]✱ ❛ss✐♠ t❡♠♦s q✉❡ ♦s ✈❛❧♦r❡s ♣❛r❛ ♦s ♣❛râ♠❡tr♦s sã♦✿

QL ❂ ✺ ❲❀

α ❂ ✵✱✵✵✵✺✸ ❱✴❑❀

ML ❂ ✵✱✵✶ ❦❣❀

MC ❂ ✵✱✵✶ ❦❣❀

MF ❂ ✵✱✸✹ ❦❣❀

CL ❂ ✹✵✵ ❦❏✴❦❣✳❑❀

CC ❂ ✺✵✵ ❦❏✴❦❣✳❑❀

CF ❂ ✺✵✵ ❦❏✴❦❣✳❑❀

CH ❂ ✺✵✵ ❦❏✴❦❣✳❑❀

k ❂ ✶✱✺ ❲✴♠✳❑❀

Ta ❂ ✷✺ ♦❈❀

✸✼



h ❂ ✶✵ ❲✴ m2 ✳❑❀

Af ❂ ✵✱✸ m2❀

A ❂ ✵✱✵✵✵✾ m2❀

L ❂ ✵✱✵✵✷✺ ♠❀

n ❂ ✶✷✼❀

R ❂ ✺✱✾ ❖❤♠❀

❋✐❣✉r❛ ✶✺✿ ❈♦♥tr♦❧❡ ❡♠ ♠❛❧❤❛ ❛❜❡rt❛

❈♦♠ ✉♠ ❞✉♣❧♦ ❝❧✐❝❦ ♥♦ ❣rá✜❝♦ ❞♦ ❛♣❧✐❝❛t✐✈♦✱ ♣♦❞❡✲s❡ ❛♠♣❧✐❛r ♦ ❣rá✜❝♦ ♣❛r❛ ✈✐s✉❛❧✐③❛çã♦ ♠❛✐s ❞❡t❛❧❤❛❞❛

❞♦ ❡❢❡✐t♦ P❡❧t✐❡r ❡ ❞❛ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ❝❛❧♦r ❞❛ ❢❛❝❡ ❢r✐❛ ♣❛r❛ ❛ ❢❛❝❡ q✉❡♥t❡ ❡♠ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ♣♦♥t♦ ❞❡

♦♣❡r❛çã♦✱ ❝♦♠♦ ♣♦❞❡ s❡r ✈✐st♦ ♥❛ ✜❣✉r❛ ✶✻✿

✸✽



❋✐❣✉r❛ ✶✻✿ ❈♦♥tr♦❧❡ ❡♠ ♠❛❧❤❛ ❛❜❡rt❛

✸✾



❋✐❣✉r❛ ✶✼✿ ❈♦♥tr♦❧❡ ❡♠ ♠❛❧❤❛ ❢❡❝❤❛❞❛ ❞❛ t❡♠♣❡r❛t✉r❛ ❞❛ ❢❛❝❡ ❢r✐❛

✺✳✷ ❚❡st❡s ❘❡❛❧✐③❛❞♦s

❘❡❛❧✐③❛♥❞♦ ❛ ❝♦♥✜❣✉r❛çã♦ ❞✐♥â♠✐❝❛ ❞♦ s✐♠✉❧❛❞♦r ❞♦ ♠ó❞✉❧♦ ❞❡ ❡❢❡✐t♦ P❡❧t✐❡r✱ ✉s❛♥❞♦ ♠❛❧❤❛ ❢❡❝❤❛❞❛✱

❢♦✐ ♣♦ssí✈❡❧ r❡❧✐③❛r t❡st❡s ♣❛r❛ ❝♦♠♣r♦✈❛r ❛ ❡✜❝✐ê♥❝✐❛ ❞♦ s✐♠✉❧❛❞♦r✱ ❛ss✐♠ ❢♦r❛♠ ❡s❝♦❧❤✐❞♦s ♣♦♥t♦s ❞❡

♦♣❡r❛çã♦ ❡s♣❡❝í✜❝♦s ♣❛r❛ q✉❡ ♦ ❝♦♥tr♦❧❡ P■❉ ❛t✉❡ ❡♠ ✉♠ ❞❡t❡r♠✐♥❛❞♦ s❡t ♣♦✐♥t✱ ♣❛r❛ ❝❛❞❛ s✐♠✉❧❛çã♦ ❢♦✐

✈❛r✐❛❞♦ ♦ ✈❛❧♦r ❞♦ ♣❛râ♠❡tr♦ QL✱ q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛ ❝♦♥❞✉çã♦ tér♠✐❝❛ ❞♦ tr♦❝❛❞♦r ❞❡ ❝❛❧♦r✱ ♦✉ s❡❥❛ ❛

❝❛r❣❛ tér♠✐❝❛ ❡ ♦ ❧❛❞♦ ❢r✐♦✱ ❛ss✐♠ é ♣♦ssí✈❡❧ ❝♦♠♣❛r❛r ♦ t❡♠♣♦ ❡♠ q✉❡ ❛ ✈❛r✐á✈❡❧ ❞❡ r❡❢❡rê♥❝✐❛ ❛t✐♥❣❡ ♦

✈❛❧♦r ❞❡ r❡❣✐♠❡✱ ♦✉ s❡❥❛✱ ♦ s❡t ♣♦✐♥t ❝♦♠ ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s ❞❡ ❝❛r❣❛s tér♠✐❝❛s✳

✺✳✷✳✶ P♦♥t♦ ❞❡ ♦♣❡rçã♦ ✶ ✲ ✷✺♦❈ à ✸✵♦❈

P❛r❛ ♦ ❝❛s♦✱ ❢♦✐ ✈❛r✐❛❞♦ ♦ ✈❛❧♦r ❞♦ s❡t ♣♦✐♥t ❞❡♥tr♦ ❞❡ ✉♠❛ ❢❛✐①❛ ❞❡ ♦♣❡r❛çã♦ ❡♥tr❡ 25♦Ce30♦C✳

❋♦r❛♠ ✉s❛❞♦s ♦s ✈❛❧♦r❡s 0.05, 0.01e0.1 ❝♦rr❡s♣♦♥❞❡♥t❡s ❛♦s ❣❛♥❤♦s ♣r♦♣♦r❝✐♦♥❛❧✱ ✐♥t❡❣r❛❧ ❡ ❞❡r✐✈❛t✐✈♦

r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❡ ♣❛r❛ ♦ ♣r✐♠❡✐r♦ ❝❛s♦ ❢♦✐ ✉s❛❞♦ ✉♠ ✈❛❧♦r ❞❡ ✵❲ ♣❛r❛ QL✱ ♦✉ s❡❥❛✱ ♥❡♥❤✉♠❛ ❝♦♥❞✉çã♦

tér♠✐❝❛ ❡♥tr❡ ♦ tr♦❝❛❞♦r ❞❡ ❝❛❧♦r ❡ ♦ ❧❛❞♦ ❢r✐♦✳ ❖s ✈❛❧♦r❡s ❞♦ s❡t ♣♦✐♥t ❢♦r❛♠ 27♦C, 22♦Ce28♦C✱ ❛ ✐♥t❡r❢❛❝❡

❞♦ s✐♠✉❧❛❞♦r ♣♦❞❡ s❡r ✈✐s✉s❛❧✐③❛❞♦ ♥❛ ✜❣✉r❛ ✶✽ ❡ ♦ ❣rá✜❝♦ ❡♠ t❡❧❛ ❝❤❡✐❛ ♥❛ ✜❣✉r❛ ✶✾✿

✹✵



❋✐❣✉r❛ ✶✽✿ ■♥t❡r❢❛❝❡ ❞♦ s✐♠✉❧❛❞♦r ♣❛r❛ ❛ ♣r✐♠❡✐r❛ ❢❛✐①❛ ❞❡ ♦♣❡r❛çã♦ ❝♦♠ QL = 0W

✹✶



❋✐❣✉r❛ ✶✾✿ ●rá✜❝♦ ❡♠ t❡❧❛ ❝❤❡✐❛ ♣❛r❛ ❛ ♣r✐♠❡✐r❛ ❢❛✐①❛ ❞❡ ♦♣❡r❛çã♦ ❝♦♠ QL = 0W

▼✉❞❛♥❞♦ ♦ ✈❛❧♦r ❞❡ QL ♣❛r❛ 5W ♣♦❞❡♠♦s ♦❜s❡r✈❛r q✉❡ ♣❛r❛ ❡ss❡ ❝❛s♦ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ t❡♠♣❡r✲

❛t✉r❛ ♥ã♦ é tã♦ s✉❛✈❡ s❡ ❝♦♠♣❛r❛❞♦ ❛♦ q✉❡ ❢♦✐ ✈❡r✐✜❝❛❞♦ ♥❛ ✜❣✉r❛ ✶✾✱ ♣♦✐s s❡ ♦❜s❡r✈❛ ♥♦ ♣r✐♠❡✐r♦ ❞❡❣r❛✉

❞♦ s❡t ♣♦✐♥t ✉♠ ♣✐❝♦ ♠❛✐s ❡❧❡✈❛❞♦ ❞❡ t❡♠♣❡r❛t✉r❛✱ ♣❛r❛ ❡ss❡ ❝❛s♦ ♣♦❞❡✲s❡ ✈✐s✉❛❧✐③❛r ♥❛s ✜❣✉r❛s ✷✵ ❡ ✷✶✿

✹✷



❋✐❣✉r❛ ✷✵✿ ■♥t❡r❢❛❝❡ ❞♦ s✐♠✉❧❛❞♦r ♣❛r❛ ❛ ♣r✐♠❡✐r❛ ❢❛✐①❛ ❞❡ ♦♣❡r❛çã♦ ❝♦♠ QL = 5W

✹✸



❋✐❣✉r❛ ✷✶✿ ●rá✜❝♦ ❡♠ t❡❧❛ ❝❤❡✐❛ ♣❛r❛ ❛ ♣r✐♠❡✐r❛ ❢❛✐①❛ ❞❡ ♦♣❡r❛çã♦ ❝♦♠ QL = 5W

✺✳✷✳✷ P♦♥t♦ ❞❡ ♦♣❡r❛çã♦ ✷ ✲ ✺♦❈ à ✶✺♦❈

P❛r❛ ❡ss❡ s❡❣✉♥❞♦ ❝❛s♦✱ ❢♦✐ ✈❛r✐❛❞♦ ♦ ✈❛❧♦r ❞♦ s❡t ♣♦✐♥t ❞❡♥tr♦ ❞❡ ✉♠❛ ❢❛✐①❛ ❞❡ ♦♣❡r❛çã♦ ❡♥tr❡

5♦Ce15♦C✳ ❋♦r❛♠ ✉s❛❞♦s ♦s ♠❡s♠♦s ✈❛❧♦r❡s ❝♦rr❡s♣♦♥❞❡♥t❡s ❛♦s ❣❛♥❤♦s ♣r♦♣♦r❝✐♦♥❛❧✱ ✐♥t❡❣r❛❧ ❡ ❞❡r✐✈❛✲

t✐✈♦ ❛♦ ♣r✐♠❡✐r♦ t❡st❡✱ ❡ ❞❡♥tr♦ ❞❡ss❛ ❢❛✐①❛ ❞❡ ♦♣❡r❛çã♦ ❢♦✐ r❡❛❧✐③❛❞♦ ✉♠ ♣r✐♠❡✐r♦ ❡①♣❡r✐♠❡♥t♦ ✉s❛♥❞♦

✉♠ ✈❛❧♦r ❞❡ ✵❲ ♣❛r❛ QL✱ ♦✉ s❡❥❛✱ ♥❡♥❤✉♠❛ ❝♦♥❞✉çã♦ tér♠✐❝❛ ❡♥tr❡ ♦ tr♦❝❛❞♦r ❞❡ ❝❛❧♦r ❡ ♦ ❧❛❞♦ ❢r✐♦✳ ❖s

✈❛❧♦r❡s ❞♦ s❡t ♣♦✐♥t ❢♦r❛♠ 5♦C, 10♦Ce15♦C✱ ❛ ✐♥t❡r❢❛❝❡ ❞♦ s✐♠✉❧❛❞♦r ♣♦❞❡ s❡r ✈✐s✉s❛❧✐③❛❞♦ ♥❛ ✜❣✉r❛ ✷✷ ❡

♦ ❣rá✜❝♦ ❡♠ t❡❧❛ ❝❤❡✐❛ ♥❛ ✜❣✉r❛ ✷✸✿

✹✹



❋✐❣✉r❛ ✷✷✿ ■♥t❡r❢❛❝❡ ❞♦ s✐♠✉❧❛❞♦r ♣❛r❛ ❛ s❡❣✉♥❞❛ ❢❛✐①❛ ❞❡ ♦♣❡r❛çã♦ ❝♦♠ QL = 0W

✹✺



❋✐❣✉r❛ ✷✸✿ ●rá✜❝♦ ❡♠ t❡❧❛ ❝❤❡✐❛ ♣❛r❛ ❛ s❡❣✉♥❞❛ ❢❛✐①❛ ❞❡ ♦♣❡r❛çã♦ ❝♦♠ QL = 0W

◆♦✈❛♠❡♥t❡ ♠✉❞❛♥❞♦ ♦ ✈❛❧♦r ❞❡ QL ♣❛r❛ 5W ♣♦❞❡♠♦s ♦❜s❡r✈❛r q✉❡ ♣❛r❛ ❡ss❡ ❝❛s♦ ♦ ❝♦♠♣♦rt❛♠❡♥t♦

❞❛ t❡♠♣❡r❛t✉r❛ t❡✈❡ ✉♠ ♠❛✐♦r ❞❡❝❛✐♠❡♥t♦ ❝♦♠♣❛r❛❞♦ ❛♦ q✉❡ ❢♦✐ ✈❡r✐✜❝❛❞♦ ♥❛ ✜❣✉r❛ ✷✸✱ ♣♦✐s s❡ ♦❜s❡r✈❛

♥♦ ♣r✐♠❡✐r♦ ❞❡❣r❛✉ ❞♦ s❡t ♣♦✐♥t ❤♦✉✈❡ ✉♠❛ ♠❡♥♦r ✐♥✢✉ê♥❝✐❛ ❞❛ ❝♦♥❞✉çã♦ tér♠✐❝❛ ❞♦ tr♦❝❛❞♦r ❞❡ ❝❛❧♦r

♣❛r❛ ♦ ❧❛❞♦ ❢r✐♦✱ ♣❛r❛ ❡ss❡ ❝❛s♦ ♣♦❞❡✲s❡ ✈✐s✉❛❧✐③❛r ♥❛s ✜❣✉r❛s ✷✹ ❡ ✷✺✿

✹✻



❋✐❣✉r❛ ✷✹✿ ■♥t❡r❢❛❝❡ ❞♦ s✐♠✉❧❛❞♦r ♣❛r❛ ❛ s❡❣✉♥❞❛ ❢❛✐①❛ ❞❡ ♦♣❡r❛çã♦ ❝♦♠ QL = 5W

✹✼



❋✐❣✉r❛ ✷✺✿ ●rá✜❝♦ ❡♠ t❡❧❛ ❝❤❡✐❛ ♣❛r❛ ❛ s❡❣✉♥❞❛ ❢❛✐①❛ ❞❡ ♦♣❡r❛çã♦ ❝♦♠ QL = 5W

✺✳✸ ❖▲❊ ❢♦r Pr♦❝❡ss ❈♦♥tr♦❧ ✭❖P❈✮

✺✳✸✳✶ ❉❡✜♥✐çã♦

❖P❈ é ✉♠ ♣❛❞rã♦ ❞❡ ❝♦♠✉♥✐❝❛çã♦ ❜❛s❡❛❞❛s ♥❛s t❡❝♥♦❧♦❣✐❛s ❖▲❊✱ ❈❖▼ ❡ ❉❈❖▼✱ q✉❡ ❢♦r❛♠ ❞❡✲

s❡♥✈♦❧✈✐❞❛s ♣❡❧❛ ▼✐❝r♦s♦❢t ♣❛r❛ s✐st❡♠❛s q✉❡ ♦♣❡r❛♠ ❝♦♠ ❛rq✉✐t❡t✉r❛ ❜❛s❡❛❞❛ ❡♠ ▼✐❝r♦s♦❢t ❲✐♥❞♦✇s✳

●❡r❛❧♠❡♥t❡ é ✉t✐❧✐③❛❞❛ ❡♠ ✐♥t❡r❢❛❝❡s ❡ ♠ét♦❞♦s ♣❛r❛ ♦ ✉s♦ ❡♠ ❝♦♥tr♦❧❡ ❞❡ ♣r♦❝❡ss♦s ❝♦♠ ♦ ♦❜❥❡t✐✈♦ ❞❡

❢❛❝✐❧✐t❛r ❡ ♣❛❞r♦♥✐③❛r ❛s ❛♣❧✐❝❛çõ❡s ❞❡ ❛✉t♦♠❛çã♦ ❡♠ ❣❡r❛❧✳

❖P❈ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦ ♣❛r❛ ❝♦♥❡❝t❛r s♦❢t✇❛r❡s q✉❡ ✉t✐❧✐③❛♠ ♦ s✐st❡♠❛ ♦♣❡r❛❝✐♦♥❛❧ ❲✐♥❞♦✇s✳ P❡❧♦ s❡✉

♣❛❞rã♦ ❞❡ ❝♦♠✉♥✐❝❛çã♦ ✉t✐❧✐③❛ ♠ét♦❞♦s ❝♦♥s✐st❡♥t❡s q✉❡ ♣❡r♠✐t❡♠ ♦ ❛❝❡ss♦ ❞❡ ❞✐s♣♦s✐t✐✈♦s ♥ã♦ ✐♠♣♦rt❛♥t♦

♦ s❡✉ t✐♣♦✱ ❢❛❜r✐❝❛♥t❡ ♦✉ ✈❡rsã♦✳ ❆ss✐♠ ♣❡r♠✐t✐♥❞♦ q✉❡ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ✉♠ s♦❢t✇❛r❡ ♥ã♦ ♣r❡❝✐s❡ s❡

♣r❡♦❝✉♣❛r ❝♦♠ ♦ ❤❛r❞✇❛r❡ ❛ q✉❡ ❡❧❡ ✈❛✐ s❡ ❝♦♥❡❝t❛r✳ ❆ss✐♠ ♦ ♣r♦❣r❛♠❛ ♣♦❞❡ s❡r ❡s❝r✐t♦ ❛♣❡♥❛s ✉♠❛ ✈❡③

❡ ❞❡♣♦✐s s❡r r❡✉t✐❧✐③❛❞♦ ❡♠ ♦✉tr❛s ❛♣❧✐❝❛çõ❡s ❛♣❧✐❝❛çõ❡s✭✈❡r r❡❢❡rê♥❝✐❛ ❬✺❪✮✳

✹✽



◆❡ss❡ ♣r♦❥❡t♦ ❢♦✐ ✉s❛❞♦ ♦ ♣❛❞rã♦ ❖P❈ ❉❆✱ ♣❛r❛ r❡❛❧✐③❛r ❛ ❝♦♠✉♥✐❝❛çã♦ ❡♥tr❡ ✉♠ ❝❧✐❡♥t❡ ❖P❈ ❡ ❛

s✐♠✉❧❛çã♦ q✉❡ ❞❡ ❢❛t♦ ❝♦rr❡s♣♦♥❞❡ à ✉♠ ❝❧✐❡♥t❡ ❖P❈✳ ❋♦✐ ✉♠❛ ❢♦r♠❛ ❞❡ ✉♠ ❝❧✐❡♥t❡ ♣♦❞❡r r❡❛❧✐③❛r ♦

❝♦♥tr♦❧❡ ♦✉ ♦ ♠♦♥✐t♦r❛♠❡♥t♦ ❞❛s ✈❛r✐á✈❡✐s q✉❡ ❝♦♠♣õ❡♠ ♦ ♠♦❞❡❧♦ P❡❧t✐❡r✱ ❛tr❛✈és ❞❡ ❡s❝r✐t❛ ♦✉ ❧❡✐t✉r❛

♥♦s ✐t❡♥s ❖P❈ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❞✐s♣♦♥✐❜✐❧✐③❛❞♦s ♣❡❧♦ s❡r✈✐❞♦r ❖P❈ ♣❛❞rã♦ ✉s❛❞♦ ♥♦ ▲■❊❈✱ s❡r✈✐❞♦r ✶✵✵

♠❛❧❤❛s✳

❚❛❧ ♦♣❡r❛çã♦ ♣♦❞❡ s❡r r❡❛❧✐③❛❞❛ q✉❛♥❞♦ ❛❜✐❧✐t❛♠♦s ❛ ❝❤❡❝❦ ❇♦① ❖P❈ ♥♦ ❛♣❧✐❝❛t✐✈♦✱ ♥❡ss❡ ❝❛s♦ ♦

♣r♦❣r❛♠❛ ❡stá ❛♣t♦ ❛ s❡ ❝♦♠✉♥✐❝❛r ❞✐r❡t❛♠❡♥t❡ ❝♦♠ ♦ s❡r✈✐❞♦r ✉t✐❧✐③❛❞♦ ♥♦ ❧❛❜♦r❛tór✐♦✳ ❆ ❝♦♥✜❣✉r❛çã♦

❞❛s ❚❛❣s ❖P❈ ♣♦❞❡ s❡r ❢❡✐t❛ ❝❧✐❝❛♥❞♦ ♥♦ ❇♦tã♦ ❖P❈✳ ❆ss✐♠ ♣♦❞❡ s❡r ❛❝❡ss❛❞♦ ✉♠❛ ❢♦r♠ ❖P❈❈❧✐❡♥t❋♦r♠

♠♦str❛❞❛ ♥❛ ✜❣✉r❛ ✷✻✱ q✉❡ ♣♦ss✐❜✐❧✐t❛ ❛♦ ✉s✉ár✐♦ ✈❛r✐❛s ♦♣çõ❡s ❝♦♠♦✿

• ❘❡❛❧✐③❛r ✉♠ ❜r♦✇s❡ ❞♦s ❝♦♠♣✉t❛❞♦r❡s ♣r❡s❡♥t❡s ♥❛ r❡❞❡❀

• ❘❡❛❧✐③❛r ✉♠ ❜r♦✇s❡ ♥♦s s❡r✈✐❞♦r❡s ❞❛ r❡❞❡✱ ♥♦ ❝❛s♦ ♦ s❡r✈✐❞♦r ▲■❊❈ ✶✵✵ ♠❛❧❤❛s❀

• ❘❡❛❧✐③❛r ✉♠ ❜r♦✇s❡ ♥♦s ✐t❡♥s ❖P❈ ❞✐s♣♦♥í✈❡✐s ♥♦ s❡r✈✐❞♦r ❡s❝♦❧❤✐❞♦ ❀

• ❈♦♥✜❣✉r❛r ♦s r❡s♣❡❝t✐✈♦s ✐t❡♥s ❖P❈ q✉❡ s❡rã♦ ✉s❛❞♦s ♣❛r❛ ♦♣❡r❛çã♦ ❞❡ ❧❡✐t✉r❛ ❡ ❡s❝r✐t❛✳

❋✐❣✉r❛ ✷✻✿ ■♥t❡r❢❛❝❡ ❞❡ ❝♦♥✜❣✉r❛çã♦ ❞♦s ✐t❡♥s ❖P❈ ❞♦ ♣r♦❣r❛♠❛

✺✳✹ ❖P❈✲❉❆ ❚♦♦❧❦✐t ❆❞✈♦s♦❧

❉❡✈✐❞♦ ❛ ❝♦♠♣❧❡①✐❞❛❞❡ ❞❛s ❢❡rr❛♠❡♥t❛s ✉s❛❞❛s ♣❛r❛ ❝♦♠✉♥✐❝❛çã♦ ❡♥tr❡ ❝❧✐❡♥t❡s ❡ s❡r✈✐❞♦r❡s ❝♦♠♦

❈❖▼ ❡ ❉❈❖▼✱ ❢♦✐ ✉s❛❞♦ ♦ t♦♦❧❦✐t ❆❞✈♦s♦❧ q✉❡ ♣❡r♠✐t❡ ❛ ❝r✐❛çã♦ ❞❡ s❡r✈✐❞♦r❡s ❡ ❝❧✐❡♥t❡s q✉❡ ✉t✐❧✐③❛♠ ♦

♣❛❞rã♦ ❖P❈ ♣❛r❛ ❝♦♠✉♥✐❝❛çã♦ ❡♠ s✉❛s ❛♣❧✐❝❛çõ❡s ❡♠ ❈★✳ ◆♦ ❝❛s♦ ❞♦ s✐♠✉❧❛❞♦r ❢♦✐ ✉s❛❞♦ ✉♠ ❝❧✐❡♥t❡

❞✐s♣♦♥í✈❡❧ ♥♦ t♦♦❧❦✐t ❆❞✈♦s♦❧ ❛♣❡♥❛s ♣❛r❛ t❡st❛r ❛ ❢✉♥❝✐♦♥❛❧✐❞❛❞❡ ❞❛ ❝♦♠✉♥✐❝❛çã♦ ❖P❈ ❞♦ ❛♣❧✐❝❛t✐✈♦✭✈❡r

r❡❢❡rê♥❝✐❛ ❬✻❪✮✱ ❡ ❛ss✐♠ r❡❛❧✐③❛r ❛ ❧❡✐t✉r❛ ❡ ❡s❝r✐t❛ ♥❛s ✈❛r✐á✈❡✐s ❞♦ ♠♦❞❡❧♦ P❡❧t✐❡r✳

✹✾



◆❛ ✜❣✉r❛ ✷✼✱ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞❛ q✉❡ ♦ ❝❧✐❡♥t❡ ❖P❈ ❞♦ t♦♦❧❦✐t ❆❞✈♦s♦❧ ❡stá ❧❡♥❞♦ ♦ ✈❛❧♦r ❞❛s t❡♠♣❡r✲

❛t✉r❛s ❞❛s ❢❛❝❡s q✉❡♥t❡ ❡ ❢r✐❛ ❡ ♠♦str❛♥❞♦ ♥❛s ❚❛❣s ▼❛❧❤❛✵✶✳P❱ ❡ ▼❛❧❤❛✵✷✳P❱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❋✐❣✉r❛ ✷✼✿ ■♥t❡r❢❛❝❡ ♣r✐♥❝✐♣❛❧ ❞♦ ❝❧✐❡♥t❡ ❖P❈ ❞♦ t♦♦❧❦✐t ❆❞✈♦s♦❧

❏á ❛ ❚❛❣ ▼❛❧❤❛✵✶✳▼❱❊s❝r✐t❛ ❝♦rr❡s♣♦♥❞❡ ❛ ❝♦rr❡♥t❡ q✉❡ ♣♦❞❡ s❡r ❛❧t❡r❛❞❛ q✉❛♥❞♦ ❢♦r ❝❧✐❝❛❞❛✱ ♥❡ss❡

♠♦♠❡♥t♦ ❛♣❛r❡❝❡ ✉♠ ❝❛♠♣♦ ♥♦ q✉❛❧ ♣♦❞❡ s❡r ❝♦❧♦❝❛❞♦ ✉♠ ✈❛❧♦r ❞❡ r❡❢❡rê♥❝✐❛ ♣❛r❛ ❛ ❝♦rr❡♥t❡ ❡ ❧♦❣♦ ❡♠

s❡❣✉✐❞❛ ❞❡✈❡ s❡r ❝❧✐❝❛❞♦ ❲r✐t❡ ❝♦♠♦ ♠♦str❛ ❛ ✜❣✉r❛ ✷✽✳ ◆❡ss❡ ♠♦♠❡♥t♦ ♦ ❝❧✐❡♥t❡ ❡s❝r❡✈❡ ♥♦ s❡r✈✐❞♦r

▲■❊❈ ✶✵✵ ♠❛❧❤❛s ♦ r❡s♣❡❝t✐✈♦ ✈❛❧♦r s❡t❛❞♦✱ ❡ ❛ss✐♠ ♦ s✐♠✉❧❛❞♦r ❧❡r ❡ss❡ ✈❛❧♦r ❡ ❜❛st❛ ❝❧✐❝❛r ❡♠ ❆t✉❛❧✐③❛r

♣❛r❛ ♠✉❞❛r ♦ ✈❛❧♦r ❞❛ ❝♦rr❡♥t❡ ♣❛r❛ ♦ ✈❛❧♦r r❡q✉✐s✐t❛❞♦ ♣❡❧♦ ❝❧✐❡♥t❡✳

✺✵



❋✐❣✉r❛ ✷✽✿ ■♥t❡r❢❛❝❡ ❞❡ ❝♦♥✜❣✉r❛çã♦ ❞❡ ❡s❝r✐t❛ ♣❛r❛ ♦ ❝❧✐❡♥t❡ ❖P❈

✺✶



✻ ❈♦♥❝❧✉sã♦

❉✐❛♥t❡ ❞❡ t✉❞♦ q✉❡ ❢♦✐ ♠♦str❛❞♦ ♥♦ r❡❧❛tór✐♦ é ♣♦ssí✈❡❧ ❝♦♥❝❧✉✐r q✉❡ é ✐♠❡♥s✉rá✈❡❧ ♦ ❝♦♥❤❡❝✐♠❡♥t♦

❛❞q✉✐r✐❞♦ ♥❛ ❛❜♦r❞❛❣❡♠ ❞♦ ♠♦❞❡❧♦ ♠❛t❡♠át✐❝♦ ❞♦ ♠ó❞✉❧♦ ❞❡ ❡❢❡✐t♦ P❡❧t✐❡r✱ ❧❡✈❛♥❞♦ ❡♠ ❝♦♥s✐❞❡r❛çã♦

❣r❛♥❞❡ ♣❛rt❡ ❞♦s ❢❛t♦r❡s ❡①t❡r♥♦s q✉❡ ♣♦❞❡♠ ✐♥✢✉❡♥❝✐❛r ♥♦ ❞❡s❡♥♣❡♥❤♦ ❞❡ss❡ ❞✐s♣♦s✐t✐✈♦✳

❆ss✐♠ ❝♦♠♦ ♥♦ ♣r♦❥❡t♦ ❞♦ s✐♠✉❧❛❞♦r ❡♠ ❈★✱ q✉❡ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦ ❝♦♠ ❝❛rát❡r ❞✐❞át✐❝♦✱ ♠❛s ❛♦ ♠❡s♠♦
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