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❖s ♣r✐♥❝✐♣❛✐s sí♠❜♦❧♦s ✉t✐❧✐③❛❞♦s ♥❡st❡ tr❛❜❛❧❤♦ ❢♦r❛♠✿

a ✲t❡r♠♦ q✉❛❞rát✐❝♦ ❞♦ ❛❥✉st❡ à ❡q✉❛çã♦ ❞❡ ❋♦r❝❤❤❡✐♠❡r ▼1▲−4❚0

a ✲❛❧t✉r❛ ❞❛ ❡♥tr❛❞❛ ❞❡ ❛❧✐♠❡♥t❛çã♦ ▼0▲1❚0

A ✲ár❡❛ ❞❡ ❞♦ ✜❧tr♦ ▼0▲2❚0

Bc ✲❞✐â♠❡tr♦ ❞♦ ✉♥❞❡r✢♦✇ ▼0▲1❚0

b ✲t❡r♠♦ ❧✐♥❡❛r ❞♦ ❛❥✉st❡ à ❡q✉❛çã♦ ❞❡ ❉❛r❝② ▼1▲−3❚−2

b ✲❧❛r❣✉r❛ ❞❡ ❡♥tr❛❞❛ ❞❛ ❛❧✐♠❡♥t❛çã♦ ▼0▲1❚0

b ✲✈❡t♦r ✐♥t❡♥s✐❞❛❞❡ ❞❡ ❝❛♠♣♦ ▼0▲0❚0

β ✲♣❛râ♠❡tr♦ ❞❛ ❡q✉❛çã♦ ✷✳✶✺ ▼0▲−1❚0

β ✲♥ú♠❡r♦ ❞❡ ❊✉❧❡r s❡❣✉♥❞♦ ▼❛ss❛r❛♥✐ ✭✶✾✾✼✮ ♥❛ ❡q✉❛çã♦ ✷✳✷✺ ▼0▲0❚0

c ✲♣❛râ♠❡tr♦ ❞❛ ❡q✉❛çã♦ ✷✳✶✻ ▼0▲0❚0

C ✲♣❛râ♠❡tr♦ ❞❛ ❡q✉❛çã♦ ✷✳✷✷ ▼0▲2❚1

C2 ✲♣❛râ♠❡tr♦ ❞❛ ❊q✉❛çã♦ ✷✳✶✽ ▼0▲−1❚0

δ ✲♣❛râ♠❡tr♦ ❞♦ ♠♦❞❡❧♦ ✷✳✷ ▼0▲0❚0

D ✲❞✐â♠❡tr♦ ❝❛r❛❝t❡ríst✐❝♦ ❞❛ ♣❛rtí❝✉❧❛ ▼0▲1❚0

D ✲❞✐â♠❡tr♦ ❞♦ ❝✐❧✐♥❞r♦ ❞♦ ❝✐❝❧♦♥❡ ▼0▲1❚0

D∗ ✲❞✐â♠❡tr♦ ❞❡ ❈♦rt❡ ▼0▲1❚0

d′ ✲♣❛râ♠❡tr♦ ❞♦ ♠♦❞❡❧♦ ❘❘❇ ▼0▲1❚0

d50 ✲❞✐â♠❡tr♦ ❞❡ ❝♦rt❡ ❞❡ ✺✵✪ ▼0▲1❚0

d63,2 ✲❞✐â♠❡tr♦ ❞❡ ❝♦rt❡ ❞❡ ✻✸✱✷✪ ▼0▲1❚0

Dx ✲❞✐â♠❡tr♦ ❞♦ ✈♦rt❡① ✜♥❞❡r ▼0▲1❚0

S ✲❝♦♠♣r✐♠❡♥t♦ ❞♦ ✈♦rt❡① ✜♥❞❡r ▼0▲1❚0

e ✲✈❡t♦r ♥♦r♠❛❧ à s✉♣❡r❢í❝✐❡ s✐♥❣✉❧❛r ▼0▲0❚0

ǫ ✲❞✐ss✐♣❛çã♦ ❞❛ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ t✉r❜✉❧❡♥t❛ ▼0▲0❚0

ǫ ✲♣♦r♦s✐❞❛❞❡ ❞♦ ♠❡✐♦ ▼0▲0❚0

φ ✲♣r♦♣r✐❡❞❛❞❡ ❞❡ tr❛♥s♣♦rt❡ ▼0▲0❚0

φE ✲♣r♦♣r✐❡❞❛❞❡ ❞❡ tr❛♥s♣♦rt❡ ♥♦ ♥ó ❊ ▼0▲0❚0

φe ✲♣r♦♣r✐❡❞❛❞❡ ❞❡ tr❛♥s♣♦rt❡ ♥❛ ❢❛❝❡ ▼0▲0❚0

φP ✲♣r♦♣r✐❡❞❛❞❡ ❞❡ tr❛♥s♣♦rt❡ ♥♦ ♥ó P ▼0▲0❚0

✭❈♦♥t✐♥✉❛ ♥❛ ♣ró①✐♠❛ ♣á❣✐♥❛✮



①① ❙✐♠❜♦❧♦❣✐❛

φP ✲❢r❛çã♦ ❞❡ ✈♦❧✉♠étr✐❝❛ ❞❡ só❧✐❞♦s ▼0▲0❚0

φW ✲♣r♦♣r✐❡❞❛❞❡ ❞❡ tr❛♥s♣♦rt❡ ♥♦ ♥ó ❲ ▼0▲0❚0

Fc ✲❢♦rç❛ ❝❡♥trí❢✉❣❛ ♥❛ ❡q✉❛çã♦ ✷✳✶✾ ▼1▲1❚−2

Fd ✲❢♦rç❛ ❞❡ ❢♦rç❛ ❞❡ ❛rr❛st❡ ♥❛ ❡q✉❛çã♦ ✷✳✷✵ ▼1▲1❚−2

h ✲❛❧t✉r❛ ❞❛ s❡çã♦ ❝✐❧✐♥❞rít✐❝❛ ▼0▲1❚0

hc ✲❛❧t✉r❛ ❞❛ s❡çã♦ ❝ô♥✐❝❛ ▼0▲1❚0

Ht ✲❛❧t✉r❛ t♦t❛❧ ❞♦ ❝✐❝❧♦♥❡ ▼0▲1❚0

k ✲❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ t✉r❜✉❧❡♥t❛ ▼0▲0❚0

K ✲♣❛râ♠❡tr♦ ❞❛ ❡q✉❛çã♦ ✷✳✶ ▼0▲1❚0

K ✲♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦ ♠❡✐♦ ♣♦r♦s♦ ▼0▲2❚0

L ✲❊s♣❡ss✉r❛ ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡ ▼0▲1❚0

m ✲♣❛râ♠❡tr♦ ❞❛ ❡q✉❛çã♦ ✷✳✶ ▼0▲0❚0

md ✲❢♦rç❛ r❡s✐st✐✈❛ ❡①❡r❝✐❞❛ ♣❡❧♦ ✢✉✐❞♦ s♦❜r❡ ♦ ♠❡✐♦ ♣♦r♦s♦ ▼1▲1❚−2

m ✲♠❛ss❛ ▼1▲0❚0

η ✲❡✜❝✐ê♥❝✐❛ ❣❧♦❜❛❧ ❞❡ ❝♦❧❡t❛ ▼0▲0❚0

η ✲❡✜❝✐ê♥❝✐❛ ✐♥❞✐✈✐❞✉❛❧ ❞❡ ❝♦❧❡t❛ ▼0▲0❚0

n ✲♣❛râ♠❡tr♦ ❞♦ ♠♦❞❡❧♦ ❘❘❇ ▼0▲0❚0

Rep ✲♥ú♠❡r♦ ❞❡ ❘❡②♥♦❧❞s ❞❛ ♣❛rtí❝✉❧❛ ▼0▲0❚0

Pe ✲♣r❡ssã♦ ❡①❡r❝✐❞❛ ♥♦s ♣♦r♦s s♦❜r❡ ♦ ✢✉✐❞♦ ▼1▲−1❚−2

∆PT ✲q✉❡❞❛ ❞❡ ♣r❡ssã♦ t♦t❛❧ ♥♦ ✜❧tr♦ ♥❛ ❡q✉❛çã♦ ✷✳✶✼ ▼1▲−1❚−2

∆p ✲q✉❡❞❛ ❞❡ ♣r❡ssã♦ ♥♦ ❝✐❝❧♦♥❡ ♥❛ ❡q✉❛çã♦ ✷✳✷✸ ▼1▲−1❚−2

∆Pm ✲s♦♠❛ ❞❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ♥♦ ♠❡✐♦ ✜❧tr❛♥t❡ ♥❛ ❡q✉❛çã♦ ✷✳✶✼ ▼1▲−1❚−2

∆PC ✲q✉❡❞❛ ❞❡ ♣r❡ssã♦ ♥❛ t♦rt❛ ❞❡ ✜❧tr❛çã♦ ♥❛ ❡q✉❛çã♦ ✷✳✶✼ ▼1▲−1❚−2

p2 ✲♣r❡ssã♦ ♥♦ t♦♣♦ ❞♦ tr♦♥❝♦ ❞❡ ❝♦♥❡ ✭♣♦♥t♦ ✷✮ ▼1▲−1❚−2

p1 ✲♣r❡ssã♦ ♥♦ ✈ért✐❝❡ ❞♦ tr♦♥❝♦ ❞❡ ❝♦♥❡ ✭♣♦♥t♦ ✶✮ ▼1▲−1❚−2

Pe ✲♥ú♠❡r♦ ❞❡ P❡❝❧❡t ▼0▲0❚0

q ✲✈❡❧♦❝✐❞❛❞❡ s✉♣❡r✜❝✐❛❧ ❞♦ ✢✉✐❞♦ ▼0▲1❚−1

Q ✲✈❛③ã♦ ✈♦❧✉♠étr✐❝❛ ❞♦ ✢✉✐❞♦ ▼0▲3❚−1

r ✲✈❡t♦r ♣♦s✐çã♦ ▼0▲1❚0

r ✲❝♦♠♣r✐♠❡♥t♦ ❞❛ ❣❡r❛tr✐③ ♥♦ tr♦♥❝♦ ❞❡ ❝♦♥❡ ▼0▲1❚0

R2 ✲❝♦♠♣r✐♠❡♥t♦ ❞❛ ❣❡r❛tr✐③ ♥♦ tr♦♥❝♦ ❞❡ ❝♦♥❡ ♥♦ ♣♦♥t♦ ✷ ▼0▲1❚0

R1 ✲❝♦♠♣r✐♠❡♥t♦ ❞❛ ❣❡r❛tr✐③ ♥♦ tr♦♥❝♦ ❞❡ ❝♦♥❡ ♥♦ ♣♦♥t♦ ✶ ▼0▲1❚0

Rf ✲r❛③ã♦ ❞❡ ✜❧tr❛❞♦ ▼0▲0❚0

r ✲❞✐stâ♥❝✐❛ ❞❛ ♣❛rtí❝✉❧❛ ❛♦ ❡✐①♦ ❞♦ ❝✐❝❧♦♥❡ ♥❛ ❡q✉❛çã♦ ✷✳✶✾ ▼0▲1❚0

t ✲t❡♠♣♦ ▼0▲0❚1

ui ✲❝♦♠♣♦♥❡♥t❡ i ♠é❞✐♦ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞♦ ✢✉✐❞♦ ▼0▲1❚−1

ui ✲❝♦♠♣♦♥❡♥t❡ i ❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞♦ ✢✉✐❞♦ ▼0▲1❚−1

uc ✲✈❡❧♦❝✐❞❛❞❡ ♠é❞✐❛ ♥♦ ✐♥t❡r✐♦r ❞♦ ❝✐❝❧♦♥❡ ▼0▲1❚−1

vt ✲✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧ ▼0▲1❚−1

vr ✲✈❡❧♦❝✐❞❛❞❡ r❛❞✐❛❧ ▼0▲1❚−1

vf ✲✈❡❧♦❝✐❞❛❞❡ ✐♥t❡rst✐❝✐❛❧ ❞♦ ✢✉✐❞♦ ▼0▲1❚−1

φP ✲Pr♦♣r✐❡❞❛❞❡ ❞❡ tr❛♥s♣♦rt❡ ♥♦ ♥ó P ▼0▲0❚0

Ω ✲✈❡❧♦❝✐❞❛❞❡ ❛♥❣✉❧❛r ♥❛ ❡q✉❛çã♦ ✷✳✷✶ ▼0▲0❚−1

θ ✲â♥❣✉❧♦ ❞♦ tr♦♥❝♦ ❞❡ ❝♦♥❡ ❞♦ ❝✐❝❧♦♥❡ ▼0▲0❚−1

X ✲❢r❛çã♦ ♠áss✐❝❛ ❞❛s ♣❛rtí❝✉❧❛s ▼0▲0❚0

xi ✲♣♦♥t♦ ♥♦ ❡s♣❛ç♦ ▼0▲1❚0

✭❈♦♥t✐♥✉❛ ♥❛ ♣ró①✐♠❛ ♣á❣✐♥❛✮



❙✐♠❜♦❧♦❣✐❛ ①①✐

Y ✲❢r❛çã♦ ❡♠ ✈♦❧✉♠❡ ❞❡ ♣❛rtí❝✉❧❛s ▼0▲0❚0

ρ̄i ✲❝♦♥❝❡♥tr❛çã♦ ♠áss✐❝❛ ❞♦ ❝♦♥st✐t✉✐♥t❡ i ▼1▲−3❚0

∆ρ ✲✈❛r✐❛çã♦ ❞❛s ♠❛ss❛s ❡s♣❡❝í✜❝❛s ❞♦s ❝♦♥st✐t✉✐♥t❡s ▼1▲−3❚0

µ ✲✈✐s❝♦s✐❞❛❞❡ ❞♦ ❣ás ▼1▲−1❚−1

ρ ✲♠❛ss❛ ❡s♣❡❝í✜❝❛ ❞♦ ❣ás ▼1▲−3❚0

ρp ✲♠❛ss❛ ❡s♣❡❝í✜❝❛ ❞♦ só❧✐❞♦ ▼1▲−3❚0

u′

iu
′

j ✲t❡♥s♦r ❞❡ ✈✐s❝♦s♦ ❞❡ ❘❡②♥♦❧❞s ▼0▲0❚1

τij ✲t❡♥s♦r ❞❡ ✈✐s❝♦s♦ ❞❡ ❘❡②♥♦❧❞s ▼0▲0❚1

τe ✲t❡♠♣♦ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛♦ ✈órt✐❝❡ ❞❡ ♠❛✐♦r ❡s❝❛❧❛ ▼0▲0❚1

τp ✲t❡♠♣♦ ❞❡ r❡s✐❞ê♥❝✐❛ ❞❛ ♣❛rtí❝✉❧❛ ▼0▲0❚1

ζc ✲♣❛râ♠❡tr♦ ♥❛ ❡q✉❛çã♦ ✷✳✷✸ ▼0▲0❚1





❘❊❙❯▼❖

❖ ♣r♦❝❡ss♦ ❞❡ s❡♣❛r❛çã♦ ❡♠ ❝✐❝❧♦♥❡s ✜❧tr❛♥t❡s é ❛♥á❧♦❣♦ ❛♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❢❡♥♦♠❡♥♦❧ó✲
❣✐❝♦ ❡♠ ❝✐❝❧♦♥❡ ❝♦♥✈❡♥❝✐♦♥❛❧✱ ❡♥tr❡t❛♥t♦✱ ❛ ♣r❡s❡♥ç❛ ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡ ♣r♦♣♦r❝✐♦♥❛ ♣❡r✲
t✉❜❛çõ❡s s✐❣♥✐✜❝❛t✐✈❛s ♥♦ ❡s❝♦❛♠❡♥t♦✳ ❆♥❛❧✐s❛♥❞♦ ♦ ♣r♦❝❡ss♦ ❞❡ s❡♣❛r❛çã♦ ❡♠ ❝✐❝❧♦♥❡s
✜❧tr❛♥t❡s✱ ✈❡r✐✜❝♦✉✲s❡ q✉❡ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ✐♥t❡r❢❡r❡ ♥♦ ❝♦♠♣♦rt❛♠❡♥t♦ ✢✉✐❞♦❞✐♥â♠✐❝♦
❡ ❞❡✈✐❞♦ ❛❧❣✉♠❛s ✐♥❝♦♥s✐stê♥❝✐❛s ♥❛ ❢♦r♠❛ ❞❡ ❞❡t❡r♠✐♥❛çã♦ ❛té ❡♥tã♦✱ ❢❡③ ♣❛rt❡ ❞♦s ♦❜✲
❥❡t✐✈♦s ❞❡st❛ t❡s❡ ❛ ♣r♦♣♦s✐çã♦ ❞❡ ♠❡t♦❞♦❧♦❣✐❛s ❛❧t❡r♥❛t✐✈❛s ♣❛r❛ s❡ ❞❡t❡r♠✐♥❛r ❛ ♣❡r✲
♠❡❛❜✐❧✐❞❛❞❡ ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡✳ ❖ ♣r❡s❡♥t❡ tr❛❜❛❧❤♦ ❢✉♥❞❛♠❡♥t♦✉✲s❡ ♥♦ ❡st✉❞♦✱ ❛♥á❧✐s❡ ❡
❝♦♠♣r❡❡♥sã♦ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ✢✉✐❞♦❞✐♥â♠✐❝♦ ❡♠ ❝✐❝❧♦♥❡s ✜❧tr❛♥t❡s✳ ◆❛ ✐♥✈❡st✐❣❛çã♦✱
❢♦r❛♠ ✉t✐❧✐③❛❞❛s té❝♥✐❝❛s ❡①♣❡r✐♠❡♥t❛✐s ❡ ❝♦♥❤❡❝✐♠❡♥t♦s ❞❡ ✢✉✐❞♦❞✐♥â♠✐❝❛ ❝♦♠♣✉t❛❝✐♦✲
♥❛❧ ✭❈❋❉✮✱ ♣❛r❛ ♦ ♠❡❧❤♦r ❡♥t❡♥❞✐♠❡♥t♦ ❞♦ ❝♦♠♣❧❡①♦ ♣r♦❝❡ss♦ ❞❡ s❡♣❛r❛çã♦ ❡♠ ❝✐❝❧♦♥❡s
✜❧tr❛♥t❡s✳ ❆ ♣r✐♥❝✐♣❛❧ ❝♦♥tr✐❜✉✐çã♦ ❞♦ ❡st✉❞♦ ❢♦✐ ❛✈❛❧✐❛r ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❛ ❛❧t✉r❛ ❞❛
❛❧✐♠❡♥t❛çã♦✱ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ♥♦ ❝♦♥❡ ❡ ❛ ✈❛③ã♦ ✈♦❧✉♠étr✐❝❛ ❞❡ ❛❧✐♠❡♥t❛çã♦✱ ❛ ✜♠ ❞❡
❡st✉❞❛r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ✢✉✐❞♦❞✐♥â♠✐❝♦ ♥♦ ✐♥t❡r✐♦r ❞♦ ❡q✉✐♣❛♠❡♥t♦✳ ❈♦♠♦ r❡s✉❧t❛❞♦s
❡①♣❡r✐♠❡♥t❛✐s ❞❡ ❧❛❜♦r❛tór✐♦✱ ✈❡r✐✜❝♦✉✲s❡ q✉❡ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ é ✐♥✢✉❡♥❝✐❛❞❛ ♣❡❧❛ ❢♦r♠❛
❣❡♦♠étr✐❝❛ ❞❛ ár❡❛✱ ❞❡ ♠♦❞♦ q✉❡ ❛ ♠❡t♦❞♦❧♦❣✐❛ ♣r♦♣♦st❛ ♥❛ t❡s❡ ❢♦✐ ❛ ♠❛✐s ❛❞❡q✉❛❞❛✱
♣♦r ❧❡✈❛r ❡♠ ❝♦♥s✐❞❡r❛çã♦ ♦s ❡❢❡✐t♦s ❣❡♦♠étr✐❝♦s ❞❛ ár❡❛ ❡ ♣r❡s❡r✈❛r ❛s ❝❛r❛❝t❡ríst✐❝❛s
r❡❛✐s ❞♦ ❡s❝♦❛♠❡♥t♦✳ ❆✐♥❞❛ ❡♠ r❡❧❛çã♦ ❛♦s r❡s✉❧t❛❞♦s ❞❡ ❧❛❜♦r❛tór✐♦✱ ✈❡r✐✜❝♦✉✲s❡ q✉❡
❡♠ ❡❧❡✈❛❞❛s ✈❡❧♦❝✐❞❛❞❡s ❞❡ ❛❧✐♠❡♥t❛çã♦ ❛ ❞✐❢❡r❡♥ç❛ ♥❛ ❡✜❝✐ê♥❝✐❛ ❞❡ s❡♣❛r❛çã♦ ❡♥tr❡ ♦s
❝✐❝❧♦♥❡s ❝♦♥✈❡♥❝✐♦♥❛❧ ❡ ✜❧tr❛♥t❡ ✜❝♦✉ ❡♠ t♦r♥♦ ❞❡ ✺✪✳ ❚❛♠❜é♠ ❢♦✐ ❛✈❛❧✐❛❞♦ ♦ ❡❢❡✐t♦ ❞❛
✐♥❥❡çã♦ ❞❡ ♣❛rtí❝✉❧❛s s♦❜r❡ ❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ❡♠ ❝✐❝❧♦♥❡s ✜❧tr❛♥t❡ ❡ ❝♦♥✈❡♥❝✐♦♥❛❧❀ ♥❡st❡s
❝❛s♦s❀ ♥❡st❡ ❝❛s♦✱ ❛♠❜♦s ♣r♦♣♦r❝✐♦♥❛r❛♠ ❛ ❞✐♠✐♥✉✐çã♦ ❞❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ❛♦ s❡ ✐♥❥❡t❛r
♣❛rt✐❝✉❧❛❞♦✳ ❊♠ r❡❧❛çã♦ ❛♦s r❡s✉❧t❛❞♦s ♥✉♠ér✐❝♦s✱ ❢♦r❛♠ ❛♥❛❧✐s❛❞♦s ❡st❛t✐st✐❝❛♠❡♥t❡ ❛
s✐❣♥✐✜❝â♥❝✐❛ ❞❛s ✈❛r✐á✈❡✐s ✐♥❞❡♣❡♥❞❡♥t❡s ❡♠ r❡❧❛çã♦ ❛♦ ♥ú♠❡r♦ ❞❡ ❊✉❧❡r ✭Eu✮ ❡ ❛ r❛③ã♦ ❞❡
✜❧tr❛❞♦ ✭Rf ✮✳ ❱❡r✐✜❝♦✉✲s❡ q✉❡ ❛s três ✈❛r✐á✈❡✐s ❛♥❛❧✐s❛❞❛s ❢♦r❛♠ s✐❣♥✐✜❝❛t✐✈❛s ♥♦ ♣r♦❝❡ss♦
❡♠ r❡❧❛çã♦ às ✈❛r✐á✈❡✐s r❡s♣♦st❛✳ ❖s r❡s✉❧t❛❞♦s ❞❛s s✐♠✉❧❛çõ❡s ♥✉♠ér✐❝❛s ♠♦str❛r❛♠ q✉❡
❛❧t✉r❛ ❞❛ ❛❧✐♠❡♥t❛çã♦ ❢♦✐ ❛ ✈❛r✐á✈❡❧ q✉❡ ♠❛✐s ✐♥t❡r❢❡r✐✉ ♥♦ ❞❡s❡♠♣❡♥❤♦ ❞♦ ❝✐❝❧♦♥❡ ✜❧tr❛♥t❡
✭Eu✮❀ ❡♠ r❡❧❛çã♦ ❛ Rf ❛ ✈❛r✐á✈❡❧ ❞❡t❡r♠✐♥❛♥t❡ ❢♦✐ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡✳ ❊♠ s❡ tr❛t❛♥❞♦ ❞♦
❝♦♠♣♦rt❛♠❡♥t♦ ❢❡♥♦♠❡♥♦❧ó❣✐❝♦✱ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❛♣r❡s❡♥t♦✉ ❡❢❡✐t♦ s✐❣♥✐✜❝❛t✐✈♦ s♦❜r❡ ♦
♣❡r✜❧ ❞❡ ✈❡❧♦❝✐❞❛❞❡s t❛♥❣❡♥❝✐❛❧ ♣❛r❛ ❜❛✐①❛s ✈❛③õ❡s ❝♦♥t❡♥❞♦ ♦ ❝✐❝❧♦♥❡ ✉♠❛ ♣❡q✉❡♥❛ ❛❧t✉r❛
❞❛ ❛❧✐♠❡♥t❛çã♦✳

P❛❧❛✈r❛s ❝❤❛✈❡✿ ❙❡♣❛r❛çã♦ só❧✐❞♦✲●ás✱ ❝✐❝❧♦♥❡✱ ✜❧tr❛çã♦✱ ✢✉✐❞♦❞✐♥â♠✐❝❛ ❝♦♠♣✉t❛❝✐♦♥❛❧✳





❆❇❙❚❘❆❈❚

❚❤❡ ♣r♦❝❡ss ♦❢ s❡♣❛r❛t✐♦♥ ✐♥ ✜❧t❡r✐♥❣ ❝②❝❧♦♥❡ ✐s ❛♥❛❧♦❣♦✉s t♦ t❤❡ ♣❤❡♥♦♠❡♥♦❧♦❣✐❝❛❧ ❜❡❤❛✲
✈✐♦r ✐♥ t❤❡ ❝♦♥✈❡♥t✐♦♥❛❧ ❝②❝❧♦♥❡✱ ❤♦✇❡✈❡r✱ t❤❡ ♣r❡s❡♥❝❡ ♦❢ t❤❡ ✜❧t❡r ♠❡❞✐✉♠ ♣r♦✈✐❞❡s
s✐❣♥✐✜❝❛♥t ✢♦✇ ❞✐st✉r❜❛♥❝❡s✳ ❆♥❛❧②③✐♥❣ t❤❡ ♣r♦❝❡ss ♦❢ s❡♣❛r❛t✐♦♥ ✐♥ ✜❧t❡r✐♥❣ ❝②❝❧♦♥❡✱ ✐t
✇❛s ❢♦✉♥❞ t❤❛t ♣❡r♠❡❛❜✐❧✐t② ✐♥t❡r❢❡r❡s ♦♥ t❤❡ ✢✉✐❞ ❞②♥❛♠✐❝ ❜❡❤❛✈✐♦r ❛♥❞ ❜❡❝❛✉s❡ s♦♠❡
✐♥❝♦♥s✐st❡♥❝✐❡s ✐♥ t❤❡ ❢♦r♠ ♦❢ ❞❡t❡r♠✐♥❛t✐♦♥ ✉♥t✐❧ t❤❡♥✱ ✇❛s ♣❛rt ♦❢ t❤❡ ♦❜❥❡❝t✐✈❡s ♦❢ t❤✐s
t❤❡s✐s t❤❡ ♣r♦♣♦s✐t✐♦♥ ♦❢ ❛❧t❡r♥❛t✐✈❡ ♠❡t❤♦❞♦❧♦❣✐❡s t♦ ❞❡t❡r♠✐♥❡ t❤❡ ♣❡r♠❡❛❜✐❧✐t② ♦❢ t❤❡
✜❧t❡r ♠❡❞✐✉♠✳ ❚❤✐s ✇♦r❦ ✇❛s ❜❛s❡❞ ♦♥ t❤❡ st✉❞②✱ ❛♥❛❧②s✐s ❛♥❞ ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ t❤❡ ✢✉✐❞
❞②♥❛♠✐❝ ❜❡❤❛✈✐♦r ✐♥ ✜❧t❡r✐♥❣ ❝②❝❧♦♥❡s✳ ■♥ r❡s❡❛r❝❤✱ ✇❡ ✉s❡❞ ❡①♣❡r✐♠❡♥t❛❧ t❡❝❤♥✐q✉❡s ❛♥❞
❦♥♦✇❧❡❞❣❡ ♦❢ ❝♦♠♣✉t❛t✐♦♥❛❧ ✢✉✐❞ ❞②♥❛♠✐❝s✱ ❢♦r t❤❡ ❜❡tt❡r ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ t❤❡ ❝♦♠♣❧❡①
♣r♦❝❡ss ♦❢ s❡♣❛r❛t✐♦♥ ✐♥ ✜❧t❡r✐♥❣ ❝②❝❧♦♥❡s✳ ❚❤❡ ♠❛✐♥ ❝♦♥tr✐❜✉t✐♦♥ ♦❢ t❤✐s st✉❞② ✇❛s t♦
❡✈❛❧✉❛t❡ t❤❡ ❧❡♥❣t❤ ♦❢ t❤❡ ❤❡✐❣❤t ♦❢ t❤❡ ❢❡❡❞✱ t❤❡ ♣❡r♠❡❛❜✐❧✐t② ✐♥ t❤❡ ❝♦♥❡ ❛♥❞ t❤❡ ✈♦❧✉♠❡✲
tr✐❝ ✢♦✇ r❛t❡ ♦❢ ❢❡❡❞✱ ✐♥ ♦r❞❡r t♦ st✉❞② t❤❡ ✢✉✐❞ ❞②♥❛♠✐❝ ❜❡❤❛✈✐♦r ✐♥s✐❞❡ t❤❡ ❡q✉✐♣♠❡♥t✳
❆s ❧❛❜♦r❛t♦r② ❡①♣❡r✐♠❡♥t❛❧ r❡s✉❧ts✱ ✐t ✇❛s ❢♦✉♥❞ t❤❛t ♣❡r♠❡❛❜✐❧✐t② ✐s ✐♥✢✉❡♥❝❡❞ ❜② t❤❡
❣❡♦♠❡tr✐❝ s❤❛♣❡ ♦❢ t❤❡ ❛r❡❛✱ s♦ t❤❛t t❤❡ ♠❡t❤♦❞♦❧♦❣② ♣r♦♣♦s❡❞ ✐♥ t❤❡ t❤❡s✐s ✇❛s t❤❡
♠♦st ❛♣♣r♦♣r✐❛t❡✱ t❛❦✐♥❣ ✐♥t♦ ❛❝❝♦✉♥t t❤❡ ❣❡♦♠❡tr✐❝ ❡✛❡❝ts ❛♥❞ ♣r❡s❡r✈❡ t❤❡ r❡❛❧ ❢❡❛t✉r❡s
♦❢ t❤❡ ✢♦✇✳ ❲✐t❤ r❡❣❛r❞ t♦ t❤❡ ❧❛❜ r❡s✉❧ts✱ ✐t ✇❛s ❢♦✉♥❞ t❤❛t ❛t ❤✐❣❤ ❢❡❡❞ s♣❡❡❞s t❤❡
❞✐✛❡r❡♥❝❡ ✐♥ s❡♣❛r❛t✐♦♥ ❡✣❝✐❡♥❝② ♦❢ ❝♦♥✈❡♥t✐♦♥❛❧ ❛♥❞ ✜❧t❡r✐♥❣ ❝②❝❧♦♥❡s ✇❛s ❛r♦✉♥❞ ✺ ✪✳
■t ✇❛s ❛❧s♦ ❡✈❛❧✉❛t❡❞ t❤❡ ❡✛❡❝t ♦❢ ✐♥❥❡❝t✐♦♥ ♦❢ ♣❛rt✐❝❧❡s ♦♥ ♣r❡ss✉r❡ ❞r♦♣ ✐♥ ✜❧t❡r✐♥❣ ❛♥❞
❝♦♥✈❡♥t✐♦♥❛❧ ❝②❝❧♦♥❡s❀ ✐♥ t❤✐s ❝❛s❡✱ ❜♦t❤ ♣r♦✈✐❞❡❞ t❤❡ ❞❡❝r❡❛s❡ ♦❢ ♣r❡ss✉r❡ ❞r♦♣ ✇❤❡♥ ②♦✉
✐♥❥❡❝t ♣❛rt✐❝✉❧❛t❡s✳ ■♥ r❡❧❛t✐♦♥ t♦ t❤❡ ♥✉♠❡r✐❝❛❧ r❡s✉❧ts ✇❡r❡ st❛t✐st✐❝❛❧❧② ❛♥❛❧②③❡❞ t❤❡
s✐❣♥✐✜❝❛♥❝❡ ♦❢ ✐♥❞❡♣❡♥❞❡♥t ✈❛r✐❛❜❧❡s ✐♥ r❡❧❛t✐♦♥ t♦ t❤❡ ❊✉❧❡r ♥✉♠❜❡r ✭Eu✮ ❛♥❞ t❤❡ r❡❛s♦♥
♦❢ t❤❡ ✜❧tr❛t❡ ✭Rf ✮✳ ■t ✇❛s ❢♦✉♥❞ t❤❛t t❤❡ t❤r❡❡ ❛♥❛❧②③❡❞ ✈❛r✐❛❜❧❡s ✇❡r❡ s✐❣♥✐✜❝❛♥t ✐♥
t❤❡ ♣r♦❝❡ss ✐♥ r❡❧❛t✐♦♥ t♦ t❤❡ r❡s♣♦♥s❡ ✈❛r✐❛❜❧❡s✳ ❚❤❡ r❡s✉❧ts ♦❢ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s
❤❛✈❡ s❤♦✇♥ t❤❛t t❤❡ ❢❡❡❞ ❤❡✐❣❤t ✇❛s t❤❡ ✈❛r✐❛❜❧❡ t❤❛t ♠♦st ✐♥t❡r❢❡r❡❞ ✐♥ t❤❡ ❝②❝❧♦♥❡ ✜❧t❡r
♣❡r❢♦r♠❛♥❝❡ ✭Eu✮❀ ❛❜♦✉t Rf t❤❡ ✈❛r✐❛❜❧❡ ❞❡t❡r♠✐♥❛♥t ✇❛s t❤❡ ♣❡r♠❡❛❜✐❧✐t②✳ ■♥ t❤❡ ❝❛s❡
♦❢ t❤❡ ♣❤❡♥♦♠❡♥♦❧♦❣✐❝❛❧ ❜❡❤❛✈✐♦r✱ t❤❡ ♣❡r♠❡❛❜✐❧✐t② ♣r❡s❡♥t❡❞ s✐❣♥✐✜❝❛♥t ❡✛❡❝t ♦♥ t❤❡
t❛♥❣❡♥t✐❛❧ s♣❡❡❞s ♣r♦✜❧❡ ❢♦r ❧♦✇ ✢♦✇s r❛t❡ ❝♦♥t❛✐♥✐♥❣ ❛ s♠❛❧❧ ❝②❝❧♦♥❡ ❢❡❡❞ ❤❡✐❣❤t✳

❑❡② ✇♦r❞s✿ s♦❧✐❞✲❣❛s s❡♣❛r❛t✐♦♥✱ ❝②❝❧♦♥❡✱ ✜❧tr❛t✐♦♥✱ ❝♦♠♣✉t❛t✐♦♥❛❧ ✢✉✐❞ ❞②♥❛♠✐❝s✳
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■♥tr♦❞✉çã♦

❖
❝✐❝❧♦♥❡ é ✉♠ ❡q✉✐♣❛♠❡♥t♦ ❞❡ s❡♣❛r❛çã♦ só❧✐❞♦ ✢✉✐❞♦ ♠✉✐t♦ ✉t✐❧✐③❛❞♦ ❡♠ ❞✐✈❡r✲

s♦s ♣r♦❝❡ss♦s ✐♥❞✉str✐❛✐s✳ ❋❛t♦r❡s ❝♦♠♦ ❛ s✐♠♣❧✐❝✐❞❛❞❡ ♥❛ ❝♦♥str✉çã♦✱ ❡str✉t✉r❛

❝♦♠♣❛❝t❛✱ ❛✉sê♥❝✐❛ ❞❡ ♣❛rt❡s ♠ó✈❡✐s ❡ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♦ ❜❛✐①♦ ❝✉st♦ ❞❡ ♦♣❡r❛çã♦

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

❡ ♣❛rt✐❝✉❧❛❞♦s ✭❇❖❨❙❆◆ ❡t ❛❧✳✱ ✶✾✽✷✮✳

❍♦✛♠❛♥♥ ❡ ❙t❡✐♥ ✭✷✵✵✼✮ ❛❜♦r❞❛♠✱ ❛❧❣✉♠❛s ✈❛♥t❛❣❡♥s ❞♦ ❝✐❝❧♦♥❡ ❢r❡♥t❡ ♦✉tr♦s ❡q✉✐✲

♣❛♠❡♥t♦s ❞❡ s❡♣❛r❛çã♦✱ ♦ q✉❡ t♦r♥❛ ♦ ❝✐❝❧♦♥❡ tã♦ ✈❡rsát✐❧✿

• ♦ ♣r♦❞✉t♦ r❡❝♦❧❤✐❞♦ ❛♦ ✜♥❛❧ ❞♦ ♣r♦❝❡ss♦ ❞❡ s❡♣❛r❛çã♦ ♣❡r♠❛♥❡❝❡ s❡❝♦❀

• ♦s ❝✉st♦s ❞❡ ✐♥✈❡st✐♠❡♥t♦ ❡ ❞❡ ♠❛♥✉t❡♥çã♦ sã♦ ❜❛✐①♦s ♥❛ ♠❛✐♦r✐❛ ❞❛s ❛♣❧✐❝❛çõ❡s❀

• é ✉♠ ❡q✉✐♣❛♠❡♥t♦ ♠✉✐t♦ ❝♦♠♣❛❝t♦ ♥❛ ♠❛✐♦r✐❛ ❞❛s ❛♣❧✐❝❛çõ❡s❀

• ♣♦❞❡ s❡r ✉s❛❞♦ s♦❜ ❝♦♥❞✐çõ❡s ❞❡ ♦♣❡r❛çã♦ ❡①tr❡♠❛s✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ❡♠ ❛❧t❛s ♣r❡s✲

sõ❡s ❡ t❡♠♣❡r❛t✉r❛s ❝♦♠ ❛❧✐♠❡♥t❛çã♦ ❞❡ ♣r♦❞✉t♦s q✉✐♠✐❝❛♠❡♥t❡ ❛❣r❡ss✐✈♦s❀

• ♥ã♦ ❛♣r❡s❡♥t❛ ♣❛rt❡s ♠ó✈❡✐s✱ ♠✐♥✐♠✐③❛♥❞♦ ♣r♦❜❧❡♠❛s ❞❡ ♠❛♥✉t❡♥çã♦❀

• ♣♦❞❡ s❡r ❝♦♥str✉í❞♦ ❛ ♣❛rt✐r ❞❡ ♠❛t❡r✐❛✐s ❞✐✈❡rs♦s✱ ❞❡ ❛❝♦r❞♦ ❝♦♠ ❛ ♥❡❝❡ss✐❞❛❞❡

❞♦ s❡r✈✐ç♦✱ ✐♥❝❧✉✐♥❞♦ ❛ ♣❧❛❝❛ ❞❡ ❛ç♦✱ ♠❡t❛✐s ❢✉♥❞✐❞♦s✱ ❧✐❣❛s✱ ❛❧✉♠í♥✐♦✱ ♣❧ást✐❝♦s✱

❝❡râ♠✐❝❛s✱ ❡♥tr❡ ♦✉tr♦s❀
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• ♣♦❞❡ s❡r r❡✈❡st✐❞♦ ✐♥t❡r♥❛♠❡♥t❡ ❝♦♠ ♠❛t❡r✐❛❧ r❡s✐st❡♥t❡ à ❡r♦sã♦ ♦✉ r❡s✐st❡♥t❡ à

❝♦rr♦sã♦✳ ❆s s✉♣❡r❢í❝✐❡s ✐♥t❡r♥❛s ♣♦❞❡♠ ❛✐♥❞❛ s❡r ❡❧❡❝tr♦ ♣♦❧✐❞❛s ❛ ✜♠ ❞❡ ♠✐♥✐♠✐③❛r

♣r♦❜❧❡♠❛s ❞❡ ✐♥❝r✉st❛çã♦❀

• ♣♦❞❡ s❡♣❛r❛r só❧✐❞♦s ♦✉ ♣❛rtí❝✉❧❛s ❧íq✉✐❞❛s✳

❯♠ ❝✐❝❧♦♥❡ ❝♦♥✈❡♥❝✐♦♥❛❧ ❛♣r❡s❡♥t❛ ✉♠ ❝♦r♣♦ ❝✐❧í♥❞r✐❝♦ ❝♦♠ ✉♠❛ s❡çã♦ ❝ô♥✐❝❛ ❝♦♥❡❝✲

t❛❞❛ ♥❛ ♣❛rt❡ ✐♥❢❡r✐♦r✱ ✉♠ ❞✉t♦ ❞❡ ❛❧✐♠❡♥t❛çã♦ r❡t❛♥❣✉❧❛r t❛♥❣❡♥❝✐❛❧ ❝♦♥❡❝t❛❞♦ ♥❛ ♣❛rt❡

❝✐❧í♥❞r✐❝❛✱ ♣ró①✐♠♦ ❛♦ t♦♣♦✱ ❡ ❞♦✐s ❞✉t♦s ❞❡ s❛í❞❛✿ ✉♠ ❝♦♠✉♠❡♥t❡ ❞❡♥♦♠✐♥❛❞♦ ❞❡ ✉♥❞❡r✲

✢♦✇✱ ❧♦❝❛❧✐③❛❞♦ ♥♦ ❢✉♥❞♦ ❞❛ s❡çã♦ ❝ô♥✐❝❛✱ ❡ ♦ ♦✉tr♦ ❧♦❝❛❧✐③❛❞♦ ♥♦ t♦♣♦ ❞❛ s❡çã♦ ❝✐❧í♥❞r✐❝❛✱

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

❋✐❣✉r❛ ✶✳✶✿ ❋❧✉✐❞♦❞✐♥â♠✐❝❛ ❡♠ ❈✐❝❧♦♥❡ ❈♦♥✈❡♥❝✐♦♥❛❧ ✭❊▲❙❆❨❊❉❀ ▲❆❈❖❘✱ ✷✵✶✶❛✮✳

❖❣❛✇❛ ✭✶✾✾✼✮✱ ❝♦♠ ♠✉✐t❛ ♣r♦♣r✐❡❞❛❞❡✱ ❞❡s❝r❡✈❡ ❛s ❝❛r❛❝t❡ríst✐❝❛s ❢❡♥♦♠❡♥♦❧ó❣✐❝❛s ❞♦

❡s❝♦❛♠❡♥t♦ ❡♠ ❝✐❝❧♦♥❡ ❝♦♥✈❡♥❝✐♦♥❛❧✳ ❙❡❣✉♥❞♦ ♦ ❛✉t♦r ❛ s✉s♣❡♥sã♦ ❣ás✲só❧✐❞♦ é ❛❧✐♠❡♥t❛❞❛
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t❛♥❣❡♥❝✐❛❧♠❡♥t❡ ♥♦ ❝✐❝❧♦♥❡✱ ♦ q✉❡ ♣r♦✈♦❝❛ ✉♠ ♠♦✈✐♠❡♥t♦ ❣✐r❛tór✐♦ q✉❡ ❧❡✈❛ ❛ ❢♦r♠❛çã♦

❞❡ ✉♠ ✈órt✐❝❡ ♥❛ s❡çã♦ ❛♥✉❧❛r ❡♥tr❡ ♦ ❞✉t♦ ❞❡ s❛í❞❛ ✭✈♦rt❡① ✜♥❞❡r✮ ❡ ♦ ❝♦r♣♦ ❝✐❧í♥❞r✐❝♦

❞♦ ❝✐❝❧♦♥❡✱ ♦r✐❣✐♥❛♥❞♦ ❛ss✐♠ ✉♠ ❡s❝♦❛♠❡♥t♦ ❞❡s❝❡♥❞❡♥t❡ ❡♠ s❡✉ ✐♥t❡r✐♦r✳ ❉❡✈✐❞♦ à ❛çã♦

❞❡ ❢♦rç❛s ❝❡♥trí❢✉❣❛s✱ ♣❛rtí❝✉❧❛s ♠❛✐♦r❡s sã♦ ❝❛rr❡❛❞❛s ❡♠ ❞✐r❡çã♦ à ♣❛r❡❞❡ ✐♥t❡r♥❛ ❞♦

❝♦r♣♦ ❝✐❧í♥❞r✐❝♦ ❞♦ ❝✐❝❧♦♥❡✱ ❧❡✈❛♥❞♦ ❛ ❢♦r♠❛çã♦ ❞❡ ✉♠ ✈órt✐❝❡ ❡①t❡r♥♦✳ ❖ ❣ás✱ ♣♦r s✉❛

✈❡③✱ ❞❡✈✐❞♦ ♦ ♠♦✈✐♠❡♥t♦ ❞❡s❝❡♥❞❡♥t❡ ❡ ♦ ❝❤♦q✉❡ ❝♦♠ ❛s ♣❛r❡❞❡s ❞♦ ❝✐❝❧♦♥❡✱ ♣r♦♣✐❝✐❛

✉♠ ❡s❝♦❛♠❡♥t♦ ❣✐r❛tór✐♦ ❡♠ ❛❧t❛ ✈❡❧♦❝✐❞❛❞❡✱ ♣r♦♠♦✈❡♥❞♦ ✉♠ s✐❣♥✐✜❝❛t✐✈♦ ✐♥❝r❡♠❡♥t♦

♥❛ ✐♥t❡♥s✐❞❛❞❡ ❞❡ t✉r❜✉❧ê♥❝✐❛✳ ❊st❡ ❛✉♠❡♥t♦ ♥❛ t✉r❜✉❧ê♥❝✐❛ é ❛ ❢♦rç❛ ♠♦tr✐③ ♥❡❝❡ssár✐❛

♣❛r❛ ♣r♦♠♦✈❡r ✉♠❛ ❞✐s♣❡rsã♦ ❞❛ q✉❛♥t✐❞❛❞❡ ❞❡ ♠♦✈✐♠❡♥t♦ ❛ss♦❝✐❛❞❛ ❛ r❡str✐çã♦ ❞❡ ár❡❛✱

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

❡①✐stê♥❝✐❛ ❞❡ ✉♠❛ ③♦♥❛ ❞❡ ❜❛✐①❛ ♣r❡ssã♦ ❛♦ ❧♦♥❣♦ ❞♦ ❡✐①♦ ❝❡♥tr❛❧ ❞♦ ❝✐❝❧♦♥❡❀ ♦❝❛s✐♦♥❛♥❞♦

❛ r❡✈❡rsã♦ ❞♦ ❡s❝♦❛♠❡♥t♦ ❡✱ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡✱ ❛ ❢♦r♠❛çã♦ ❞❡ ✉♠ ♥♦✈♦ ✈órt✐❝❡ ✐♥t❡r♥♦✱

❛s❝❡♥❞❡♥t❡ ❝♦♥t❡♥❞♦ ❣ás ♠❛✐s ❧✐♠♣♦✳ ❉❛❞❛ ❛ ❝♦♠♣❧❡①✐❞❛❞❡ ❞♦ ❡s❝♦❛♠❡♥t♦✱ ❛ ❢♦r♠❛çã♦ ❞♦

❞✉♣❧♦ ✈órt✐❝❡ ❡♠ ❝✐❝❧♦♥❡s é ✉♠❛ ❞❛s ♠♦t✐✈❛çõ❡s ♣❛r❛ ❡①❛✉st✐✈♦s ❡st✉❞♦s ❞♦s ❢❡♥ô♠❡♥♦s

❞❡ t✉r❜✉❧ê♥❝✐❛ ❡♠ t❛✐s ❡q✉✐♣❛♠❡♥t♦s ✭❉■❆❙✱ ✷✵✵✾✮✳

❖ ❝✐❝❧♦♥❡ ✜❧tr❛♥t❡ é ✉♠ ❡q✉✐♣❛♠❡♥t♦ ❞❡ s❡♣❛r❛çã♦ ❣ás✲só❧✐❞♦✱ ❞♦t❛❞♦ ❞❡ ✉♠❛ ♣❛✲

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

❡q✉✐♣❛♠❡♥t♦✱ ❛❧é♠ ❞❛s ❝♦rr❡♥t❡s ❞❡✿ ❛❧✐♠❡♥t❛çã♦✱ ✉♥❞❡r✢♦✇ ❡ ♦✈❡r✢♦✇✱ ❤á ❛✐♥❞❛ ✉♠❛

❝♦rr❡♥t❡ ❞❡ s❛í❞❛ ❛❞✐❝✐♦♥❛❧ ❞❡ ❣ás✱ ♣r♦✈❡♥✐❡♥t❡ ❞♦ ♣r♦❝❡ss♦ ❞❡ ✜❧tr❛çã♦ q✉❡ ♦❝♦rr❡ ♥❛ r❡✲

❣✐ã♦ ❝ô♥✐❝❛ ✭❉❆▼❆❙❈❊◆❖❀ ❇❆❘❘❖❩❖✱ ✷✵✵✽✮✳ ❖ ❡sq✉❡♠❛ ❞❡ s❡♣❛r❛çã♦ ❡♠ ❝✐❝❧♦♥❡s ✜❧tr❛♥t❡

é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✶✳✷✳

❖ ❝✐❝❧♦♥❡ ✜❧tr❛♥t❡ é ✉♠ ❡q✉✐♣❛♠❡♥t♦ ❞❡ s❡♣❛r❛çã♦ só❧✐❞♦ ❣ás✱ ♥ã♦ ❝♦♥✈❡♥❝✐♦♥❛❧✱ q✉❡

♣♦ss✐❜✐❧✐t❛ ❛ s❡♣❛r❛çã♦ ❣ás✲só❧✐❞♦ ❡♠ ❛❧t❛s ✈❛③õ❡s ❞❡ ❛❧✐♠❡♥t❛çã♦✳ P❛r❛ ♣❛rt✐❝✉❧❛❞♦s ❝♦♠

❞✐str✐❜✉✐çã♦ ❞❡ t❛♠❛♥❤♦s ❡❧❡✈❛❞♦s✱ ♦ ❝✐❝❧♦♥❡ ✜❧tr❛♥t❡ é ✉♠ ❡q✉✐♣❛♠❡♥t♦ ❜❛st❛♥t❡ út✐❧✱

✉♠❛ ✈❡③ q✉❡ ♣r♦♣♦r❝✐♦♥❛ ✉♠ ❜❛✐①♦ ❝✉st♦ ❡♥❡r❣ét✐❝♦✱ ❝♦♠ ✉♠❛ ❡✜❝✐ê♥❝✐❛ ❞❡ ❝♦❧❡t❛ s✐♠✐❧❛r

❛ ❞❡ ✉♠ ❝✐❝❧♦♥❡ ❝♦♥✈❡♥❝✐♦♥❛❧✳

❖ ❝✐❝❧♦♥❡ ✜❧tr❛♥t❡ ❢♦✐ ♦❜❥❡t♦ ❞❡ ♣❡❞✐❞♦ ❞❡ ♣❛t❡♥t❡ ❞♦ ❉❡♣❛rt❛♠❡♥t♦ ❞❡ ❊♥❣❡♥❤❛r✐❛

◗✉í♠✐❝❛ ❞❛ ❯❋❯ ✭❛t✉❛❧♠❡♥t❡ ❋❛❝✉❧❞❛❞❡ ❞❡ ❊♥❣❡♥❤❛r✐❛ ◗✉í♠✐❝❛✮ ♣r♦♣♦st❛ ♣♦r ❉❛♠❛s✲

❝❡♥♦ ❡ ❇❛rr♦③♦ ✭✷✵✵✽✮✳ ❊st❡ ❡q✉✐♣❛♠❡♥t♦ t❡✈❡ ❝♦♠♦ ♣♦♥t♦s ❞❡ ♣❛rt✐❞❛ ✈ár✐♦s ❡st✉❞♦s

r❡❛❧✐③❛❞♦s ♥❛ ❋❊◗❯■✴❯❋❯✿ ❘♦❞r✐❣✉❡s ✭✷✵✵✶✮✱ ❆♥❞r❛❞❡ ❡t ❛❧✳ ✭✷✵✵✷✮ ❡ ▲❛❝❡r❞❛ ✭✷✵✵✼✮✳

▼❡s♠♦ ❝♦♠ ♦s ❡st✉❞♦s ❛♥t❡r✐♦r♠❡♥t❡ ❝✐t❛❞♦s✱ ♣♦✉❝♦ s❡ ❡♥❝♦♥tr❛♠ ♥❛ ❧✐t❡r❛t✉r❛✱ tr❛✲

❜❛❧❤♦s q✉❡ ❛❜♦r❞❡♠ ❡s♣❡❝✐✜❝❛♠❡♥t❡ ❝✐❝❧♦♥❡s ✜❧tr❛♥t❡s✳ ❆ ♠♦t✐✈❛çã♦ ♣❛r❛ ❡st❡ tr❛❜❛❧❤♦ é

❝♦♠♣r❡❡♥❞❡r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ s❡♣❛r❛çã♦ ❡♠ ✉♠ ❡q✉✐♣❛♠❡♥t♦ ❞❡ s❡♣❛r❛çã♦ ❣ás✲só❧✐❞♦✱

♥ã♦ ❝♦♥✈❡♥❝✐♦♥❛❧✱ q✉❡ ♣♦ss✐❜✐❧✐t❛ ❛ ✉t✐❧✐③❛çã♦ ❞❡ ✉♠❛ ♠❛✐♦r ✈❛③ã♦ ❞❡ ♦♣❡r❛çã♦ ❛ ✉♠ ❝✉st♦

❡♥❡r❣ét✐❝♦ r❡❞✉③✐❞♦✳

❖ ♣r❡s❡♥t❡ tr❛❜❛❧❤♦ ❢✉♥❞❛♠❡♥t❛✲s❡ ♥♦ ❡st✉❞♦✱ ❛♥á❧✐s❡ ❡ ❝♦♠♣r❡❡♥sã♦ ❞♦ ❝♦♠♣♦rt❛✲



✹ ❈❛♣ít✉❧♦ ✶ ✲ ■♥tr♦❞✉çã♦

❋✐❣✉r❛ ✶✳✷✿ ❈✐❝❧♦♥❡ ❋✐❧tr❛♥t❡✳

♠❡♥t♦ ✢✉✐❞♦❞✐♥â♠✐❝♦ ❡♠ ❝✐❝❧♦♥❡s ✜❧tr❛♥t❡s✳ ◆❛ ✐♥✈❡st✐❣❛çã♦✱ s❡rã♦ ✉t✐❧✐③❛❞♦s té❝♥✐❝❛s ❡

❝♦♥❤❡❝✐♠❡♥t♦s ❞❡ ✢✉✐❞♦❞✐♥â♠✐❝❛ ❝♦♠♣✉t❛❝✐♦♥❛❧ ✭❈❋❉✮✱ ♣❛r❛ ♦ ♠❡❧❤♦r ❡♥t❡♥❞✐♠❡♥t♦ ❞♦

❝♦♠♣❧❡①♦ ♣r♦❝❡ss♦ ❞❡ s❡♣❛r❛çã♦ ❡♠ ❝✐❝❧♦♥❡s ✜❧tr❛♥t❡s✳ ❆ ♣r✐♥❝✐♣❛❧ ❝♦♥tr✐❜✉✐çã♦ ❞♦ ❡st✉❞♦

é ❛✈❛❧✐❛r ❛❧❣✉♠❛s ✈❛r✐á✈❡✐s ❣❡♦♠étr✐❝❛s✱ ❡str✉t✉r❛✐s ❡ ♦♣❡r❛❝✐♦♥❛✐s✿ ❞✐♠❡♥sã♦ ❞❛ ❛❧t✉r❛

❞❛ ❛❧✐♠❡♥t❛çã♦✱ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ♥♦ ❝♦♥❡ ❡ ✈❛③ã♦ ✈♦❧✉♠étr✐❝❛ ❞❡ ❛❧✐♠❡♥t❛çã♦ r❡s♣❡❝t✐✈❛✲

♠❡♥t❡✱ ✈✐s❛♥❞♦ s❡♠♣r❡✱ ✉♠ ♠❡❧❤♦r ❡♥t❡♥❞✐♠❡♥t♦ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ✢✉✐❞♦❞✐♥â♠✐❝♦ ♥♦

✐♥t❡r✐♦r ❞♦ ❡q✉✐♣❛♠❡♥t♦✳ ❆ ❝♦♥❝❧✉sã♦ ❞♦ tr❛❜❛❧❤♦ ♣❡r♣❛ss❛ ♣❡❧❛ ✈❡r✐✜❝❛çã♦ ♥✉♠ér✐❝❛ ❞❛

♠♦❞❡❧❛❣❡♠ ♣♦r ♠❡✐♦ ❞❡ ❡①♣❡r✐♠❡♥t♦s r❡❛❧✐③❛❞♦s ♥❛ ✉♥✐❞❛❞❡ ❡①♣❡r✐♠❡♥t❛❧✳ ❆♣ós ❛ ✈❡✲

r✐✜❝❛çã♦✱ s❡rã♦ ❢❡✐t❛s ❛♥á❧✐s❡s✱ ❛ ✜♠ ❞❡ ❛✈❡r✐❣✉❛r ♦s ❡❢❡✐t♦s ❞❛s ✈❛r✐á✈❡✐s ❛♣r❡s❡♥t❛❞❛s ❡

s✉❣❡r✐r ❛ ♠❡❧❤♦r ❝♦♥✜❣✉r❛çã♦ ♣❛r❛ ♦ ❝✐❝❧♦♥❡ ✜❧tr❛♥t❡✳



✶✳✶✳ ❖❜❥❡t✐✈♦s ✺

✶✳✶ ❖❜❥❡t✐✈♦s

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

✜❧tr❛♥t❡s t❡✈❡ ❝♦♠♦ ♣r✐♥❝✐♣❛✐s ♦❜❥❡t✐✈♦s✿

✶✳ ❞❛r ❝♦♥t✐♥✉✐❞❛❞❡ ❛♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♣r❡✈✐❛♠❡♥t❡ ❝♦♠ ♦ ❡st✉❞♦ ❞❡ ❝✐❝❧♦♥❡s ✜❧✲

tr❛♥t❡s ✭▲❆❈❊❘❉❆✱ ✷✵✵✼✮❀

✷✳ ❝♦♥str✉✐r ✉♠❛ ✉♥✐❞❛❞❡ ♣✐❧♦t♦ ♣❛r❛ q✉❡ ♦s ❝✐❝❧♦♥❡s ✜❧tr❛♥t❡s ❢♦ss❡♠ ❞❡✈✐❞❛♠❡♥t❡

✐♥st❛❧❛❞♦s✱ ❛ ✜♠ ❞❡ q✉❡ ♣✉❞❡ss❡♠ s❡r r❡♣r♦❞✉③✐❞❛s ❝♦♥❞✐çõ❡s ♦♣❡r❛❝✐♦♥❛✐s ♥❛s ❞❡✲

♣❡♥❞ê♥❝✐❛s ❞♦ ❧❛❜♦r❛tór✐♦ ❞❡ ♦♣❡r❛çõ❡s ✉♥✐tár✐❛s ❞♦ ■♥st✐t✉t♦ ❋❡❞❡r❛❧ ❞♦ ◆♦rt❡ ❞❡

▼✐♥❛s ✭■❋◆▼●✮ ♥♦ ❝❛♠♣✉s ▼♦♥t❡s ❈❧❛r♦s❀

✸✳ ♣r♦♣♦r ✉♠❛ ♠❡t♦❞♦❧♦❣✐❛ ❡①♣❡r✐♠❡♥t❛❧ q✉❡ ✈✐❛❜✐❧✐③❡ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ♣❡r♠❡❛❜✐❧✐✲

❞❛❞❡ ❡♠ ❝✐❝❧♦♥❡s ✜❧tr❛♥t❡s❀

✹✳ ❛✈❛❧✐❛r✱ ✈✐❛ ❡①♣❡r✐♠❡♥t♦s ❞❡ s✐♠✉❧❛çã♦✱ ♦s ❡❢❡✐t♦s ❞❛ ❞✐♠❡♥sã♦ ❛❧t✉r❛ ❞❛ ❛❧✐♠❡♥t❛çã♦✱

❞❛ ✈❛③ã♦ ✈♦❧✉♠étr✐❝❛ ❞❡ ❛❧✐♠❡♥t❛çã♦ ❡ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡✱ s♦❜r❡ ♦

♥ú♠❡r♦ ❞❡ ❊✉❧❡r ❡ s♦❜r❡ ❛ r❛③ã♦ ❞❡ ✜❧tr❛❞♦ ❡♠ ❝✐❝❧♦♥❡s ✜❧tr❛♥t❡s❀

✺✳ ❞✐s❝✉t✐r ♥✉♠❡r✐❝❛♠❡♥t❡ ❛s ❞✐❢❡r❡♥ç❛s ❡♥tr❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ✢✉✐❞♦❞✐♥â♠✐❝♦ ❡♠

❝✐❝❧♦♥❡s ❝♦♥✈❡♥❝✐♦♥❛❧ ❡ ✜❧tr❛♥t❡✱ ✈✐❛ s✐♠✉❧❛çã♦ ✸❉ ❡♠ ❈❋❉✳





❈❆P❮❚❯▲❖ ✷

❘❡✈✐sã♦ ❇✐❜❧✐♦❣rá✜❝❛

◆
❡st❡ ❝❛♣ít✉❧♦ sã♦ ❛♣r❡s❡♥t❛❞❛s ❛s ♣✉❜❧✐❝❛çõ❡s ♠❛✐s r❡♣r❡s❡♥t❛t✐✈❛s ❡♠ r❡❧❛çã♦

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

❡✈♦❧✉çõ❡s ❡ ❝♦♥tr❛♣♦♥t♦s✳

✷✳✶ ❈✐❝❧♦♥❡s

❆ ♣r✐♠❡✐r❛ ♣r♦♣♦st❛ ❞❡ ♣❛t❡♥t❡ ♣❛r❛ ✉♠ ❝✐❝❧♦♥❡ ❢♦✐ s✉❜♠❡t✐❞❛ ♣♦r ❏♦❤♥ ▼✳ ❋✐♥❝❤✱ ♥♦s

❊st❛❞♦s ❯♥✐❞♦s✱ ♥♦ ❛♥♦ ❞❡ ✶✽✽✺✱ ❛♦ q✉❛❧ ❞❡♥♦♠✐♥♦✉ ♦ ❡q✉✐♣❛♠❡♥t♦ ❝r✐❛❞♦ ❞❡ ❉✉st ❈♦❧❧❡❝✲

t♦r✱ ❝♦♥❢♦r♠❡ ❋✐❣✉r❛ ✶ ❡♠ ❛♥❡①♦✳ P♦st❡r✐♦r♠❡♥t❡✱ s♦♠❡♥t❡ ♣♦r ✈♦❧t❛ ❞❡ ✶✾✷✵✱ t♦r♥♦✉✲s❡

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

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

t❡♠♣♦ ✉♠❛ ✐♥t❡♥s❛ ❡✈♦❧✉çã♦ q✉❛♥t♦ à ♣❡sq✉✐s❛ ❡ ✉t✐❧✐③❛çã♦ ❞❡s❞❡ ❡q✉✐♣❛♠❡♥t♦ ❡♠ ❛♣❧✐✲

❝❛çõ❡s ✐♥❞✉str✐❛✐s✱ ❞❡ ♠♦❞♦ q✉❡ ❛✈❛♥ç♦s ♥♦ ♣r♦❥❡t♦ ❞❡ss❡s ❡q✉✐♣❛♠❡♥t♦s ❢♦ss❡♠ ♦❜t✐❞♦s

✭❍❖❋❋▼❆◆◆❀ ❙❚❊■◆✱ ✷✵✵✼✮✳

❈✐❝❧♦♥❡s sã♦ ❡q✉✐♣❛♠❡♥t♦s ✐♥❞✉str✐❛✐s ♠✉✐t♦ ✉t✐❧✐③❛❞♦s ♥❛ s❡♣❛r❛çã♦ ❞❡ ♣❛rtí❝✉❧❛s✱

♣♦✐s ❝♦♥t❡♠♣❧❛♠ ❡str✉t✉r❛ r♦❜✉st❛ ❡ ❝♦♥str✉çã♦ ♠✉✐t♦ s✐♠♣❧❡s✳ ◆❛ s❡♣❛r❛çã♦ ❣ás✲só❧✐❞♦✱

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

❞❡ ✐♥✈❡st✐♠❡♥t♦ ❡ ❞❡ ♦♣❡r❛çã♦✱ ❛❧✐❛❞♦s à ❛❧t❛ ❝♦♥✜❛❜✐❧✐❞❛❞❡❀ ♦ q✉❡ t♦r♥❛ ❡st❡ ❡q✉✐♣❛✲

♠❡♥t♦ ✉♠❛ ❞❛s ♣r✐♦r✐❞❛❞❡s ♥❛ ❤✐❡r❛rq✉✐❛ ❞❡ t❡❝♥♦❧♦❣✐❛s ❛ s❡r❡♠ ❛❞♦t❛❞❛s✳ ❈✐❝❧♦♥❡s tê♠

s✐❞♦ ✉t✐❧✐③❛❞♦s✱ ❝♦♠ s✉❝❡ss♦✱ ❡♠ ❞✐✈❡rs❛s ❛♣❧✐❝❛çõ❡s ✐♥❞✉str✐❛✐s✱ ❞❛s ♠❛✐s s✐♠♣❧❡s às ♠❛✐s



✽ ✷✳✶✳ ❈✐❝❧♦♥❡s

❝♦♠♣❧❡①❛s✿ ❝♦♠♦ ❝♦♥❞✐çõ❡s ❛❧t❛♠❡♥t❡ ❡r♦s✐✈❛s✱ ❛♣❧✐❝❛çõ❡s ❡♠ ❛❧t❛s t❡♠♣❡r❛t✉r❛s ❞❡ ❢✉♥✲

❝✐♦♥❛♠❡♥t♦✱ ♣♦❞❡♥❞♦ ❡①❝❡❞❡r ❛té ✶✵✵✵♦❈ ❡ ❡♠ ❛♣❧✐❝❛çõ❡s ❡♠ ❛❧t❛s ♣r❡ssõ❡s✱ ♣♦❞❡♥❞♦ s❡r

s✉♣❡r✐♦r❡s ❛ ✶✵✵ ❜❛r ✭❍❖❋❋▼❆◆◆❀ ❙❚❊■◆✱ ✷✵✵✼✮✳

❊♥tr❡t❛♥t♦✱ ❝♦♠♦ q✉❛❧q✉❡r ❡q✉✐♣❛♠❡♥t♦✱ ❝❛❜❡ r❡ss❛❧t❛r q✉❡ ♦ ❝✐❝❧♦♥❡ t❛♠❜é♠ ❛♣r❡✲

s❡♥t❛ ❛❧❣✉♠❛s ❞❡s✈❛♥t❛❣❡♥s✿

• ❜❛✐①❛ ❡✜❝✐ê♥❝✐❛ ♣❛r❛ t❛♠❛♥❤♦s ❞❡ ♣❛rtí❝✉❧❛s ♠❡♥♦r❡s q✉❡ ♦ ❞✐â♠❡tr♦ ❞❡ ❝♦rt❡✱ s♦❜

❝♦♥❞✐çõ❡s ❞❡ ❜❛✐①❛ ❛❧✐♠❡♥t❛çã♦ ❞❡ só❧✐❞♦s✳

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

✐♥❝❧✉✐♥❞♦ ✜❧tr♦s ❞❡ ♠❛♥❣❛s ❡ ❧❛✈❛❞♦r❡s ❞❡ ❜❛✐①❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦✳

• s✉❥❡✐t♦ ❛ ❞❡s❣❛st❡ ❡r♦s✐✈♦ ❡ ✐♥❝r✉st❛çõ❡s q✉❛♥❞♦ s❡ ♣r♦❝❡ss❛ ❛❜r❛s✐✈♦s✳

• ♣♦❞❡ ♦♣❡r❛r ❛❜❛✐①♦ ❞❛s ❡①♣❡❝t❛t✐✈❛s✱ s❡ ♥ã♦ ♣r♦❥❡t❛❞♦s ❡ ♦♣❡r❛❞♦s ❝♦rr❡t❛♠❡♥t❡✳

❊♠❜♦r❛ ❡st❡s ♣r♦❜❧❡♠❛s✱ ❜❡♠ ❝♦♠♦ ❛ ❡r♦sã♦ ❡ ❛ ✐♥❝r✉st❛çã♦ ♠❡♥❝✐♦♥❛❞♦s ❛❝✐♠❛✱

♥ã♦ sã♦ ❡①❝❧✉s✐✈♦s ♣❛r❛ ♦s ❝✐❝❧♦♥❡s✳

❆♣❡s❛r ❞♦s ♣r✐♥❝í♣✐♦s q✉❡ r❡❣❡♠ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ✢✉✐❞♦❞✐♥â♠✐❝♦ ❡♠ ❝✐❝❧♦♥❡s ♥ã♦

t❡r❡♠ ♠✉❞❛❞♦ ❞❡s❞❡ s✉❛ ✐♥✈❡♥çã♦ ❛♦ ✜♥❛❧ ❞❡ ✶✽✵✵✱ ❛♦ ❧♦♥❣♦ ❞♦s ❛♥♦s✱ ♠✉✐t♦s t❡st❡s ❡

❛♣❧✐❝❛çõ❡s ✐♥❞✉str✐❛✐s t❡♠ ✈✐❛❜✐❧✐③❛❞♦s s✐❣♥✐✜❝❛t✐✈♦s ❛✈❛♥ç♦s ❡♠ ♣r♦❥❡t♦s✳ ❆❧❣✉♥s ❛✉t♦r❡s

r❡❛❧✐③❛r❛♠ ❡st✉❞♦s ✐♥t❡r❡ss❛♥t❡s s♦❜r❡ ♦ ♣r♦❥❡t♦ ❞❡ ❝✐❝❧♦♥❡s✿ ❛s ♣r♦♣♦rçõ❡s r❡❧❛t✐✈❛s ❞❡

❣❡♦♠❡tr✐❛ ❡ ❞❛ ❡♥tr❛❞❛ ❢♦r❛♠ ❛✈❛❧✐❛❞❛ ♣♦r ❊❧s❛②❡❞ ❡ ▲❛❝♦r ✭✷✵✶✶❛✮✱ ❛s ❞✐♠❡♥sõ❡s ♥♦ ✈♦rt❡①

✜♥❞❡r ❡ s❡✉s ❡❢❡✐t♦s ❢♦r❛♠ ❛♥❛❧✐s❛❞♦s ♣♦r ❘❛♦✉✜ ❡t ❛❧✳ ✭✷✵✵✽✮✱ ❑❡♣❛ ✭✷✵✶✵✮ ❡ ❊❧s❛②❡❞ ❡

▲❛❝♦r ✭✷✵✶✸✮✱ ♦s ❡❢❡✐t♦s ❞❛ ❢♦r♠❛ ❞♦ ❝✐❧✐♥❞r♦ ❞♦ ❝✐❝❧♦♥❡ ❢♦✐ ❛♥❛❧✐s❛❞♦ ♣♦r ▲❡❡ ❡t ❛❧✳ ✭✷✵✵✻✮✱

♦ ❝♦♥❡ ❡ s✉❛s ❢♦r♠❛s ❢♦r❛♠ ❡st✉❞❛❞❛s ♣♦r ❨♦s❤✐❞❛ ✭✷✵✶✸✮✱ ♦ ❝♦❧❡t♦r ❡ s✉❛s ❞✐♠❡♥sõ❡s ❢♦✐

❡st✉❞♦ ♣♦r P❛r❦ ❡t ❛❧✳ ✭✷✵✶✷✮✳ ❊ss❡s sã♦ s♦♠❡♥t❡ ❛❧❣✉♥s✱ ❞♦s ♠✉✐t♦s tr❛❜❛❧❤♦s ❡①✐st❡♥t❡s

♥❛ ❧✐t❡r❛t✉r❛✱ q✉❡ ♣r♦♣✉s❡r❛♠ ♠♦❞✐✜❝❛çõ❡s ♥❛s ❝♦♥✜❣✉r❛çõ❡s ❣❡♦♠étr✐❝❛s ✈✐s❛♥❞♦ ✉♠

♠❡❧❤♦r ❞❡s❡♠♣❡♥❤♦✳

❖s ❝✐❝❧♦♥❡s sã♦ ❡q✉✐♣❛♠❡♥t♦s ❞❡ s❡♣❛r❛çã♦ q✉❡ s❡ ❡♥q✉❛❞r❛♠ ❡♥tr❡ ♦s s❡♣❛r❛❞♦r❡s

❝❡♥trí❢✉❣♦s✳ ➱ ✉♠ ❡q✉✐♣❛♠❡♥t♦ ❞❡s♣r♦✈✐❞♦ ❞❡ ♣❛rt❡s ♠ó✈❡✐s✱ q✉❡ ❛♣r❡s❡♥t❛ ❝♦♠♦ ♠♦tr✐③✱

❛ ❢♦rç❛ ❝❡♥trí❢✉❣❛ ♣❛r❛ s❡♣❛r❛r ♣❛rtí❝✉❧❛s só❧✐❞❛s ❡①✐st❡♥t❡s ♥♦ ✢✉①♦ ❣❛s♦s♦✳ ❖ ✢✉✐❞♦✱

❥✉♥t❛♠❡♥t❡ ❝♦♠ ♣❛rtí❝✉❧❛s✱ sã♦ ❛❧✐♠❡♥t❛❞♦s t❛♥❣❡♥❝✐❛❧♠❡♥t❡ ❡ ♣❡rt♦ ❞♦ t♦♣♦ ❞❡ ♠♦❞♦

q✉❡ ❞ê ♦r✐❣❡♠ ❛ ✉♠❛ ❡s♣✐r❛❧ ❛①✐❛❧ ❡ ❞❡s❝❡♥❞❡♥t❡ ❞❡ ❣ás✳ ❆ ♣r❡s❡♥ç❛ ❞♦ ❝❛♠♣♦ ❞❡ ❢♦rç❛s

❝❡♥trí❢✉❣❛s ❢❛③ ❝♦♠ q✉❡ ❛s ♣❛rtí❝✉❧❛s ❞❡ ❡♥tr❛❞❛ ♣♦ss❛♠ s❡ ❞❡s❧♦❝❛r ❛té ❛s ♣❛r❡❞❡s✱ ♦♥❞❡

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

r❡t✐❞❛s sã♦ ❝♦❧❡t❛❞❛s ♥♦ ✉♥❞❡r✢♦✇✳



✷✳✶✳ ❈✐❝❧♦♥❡s ✾

✷✳✶✳✶ Pr✐♥❝í♣✐♦s ❇ás✐❝♦s ❞♦ ❋✉♥❝✐♦♥❛♠❡♥t♦ ❡♠ ❈✐❝❧♦♥❡s

❊♥tr❡ ♦s ❞✐✈❡rs♦s t✐♣♦s ❞❡ ❝✐❝❧♦♥❡s ❡①✐st❡♥t❡s✱ ♦ ♠♦❞❡❧♦ ♠❛✐s ✉t✐❧✐③❛❞♦ ♥❛ ✐♥❞✉str✐❛ é

♦ ❞❡ ✢✉①♦ ✐♥✈❡rs♦ ❝♦♠ ❛❧✐♠❡♥t❛çã♦ t❛♥❣❡♥❝✐❛❧✱ ❞❡♥♦♠✐♥❛❞♦ ♥❡st❛ t❡s❡ ♣♦r ❝✐❝❧♦♥❡s✳ ◆❡st❡

❡q✉✐♣❛♠❡♥t♦ ♦ ✢✉✐❞♦ ❡♥tr❛ t❛♥❣❡♥❝✐❛❧♠❡♥t❡ ♥❛ s❡çã♦ r❡t❛♥❣✉❧❛r ❧♦❝❛❧✐③❛❞❛ ♥♦ t♦♣♦ ❞❛

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

❞❡s❝❡♥❞❡♥t❡ ❡ r♦t❛t✐✈❛ ♣ró①✐♠♦ ❞❛ ♣❛r❡❞❡ ❛té ✉♠ ❞❡t❡r♠✐♥❛❞♦ ❧♦❝❛❧✱ ✜♥❛❧ ❞♦ ✈órt✐❝❡✱ ♦♥❞❡

❛ ❝♦♠♣♦♥❡♥t❡ ❛①✐❛❧ ❞❡ ✈❡❧♦❝✐❞❛❞❡ s❡rá ✐♥✈❡rt✐❞♦✱ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ♦ ✢✉✐❞♦ ♣❛ss❡ ❛ s✉❜✐r

❛①✐❛❧♠❡♥t❡✳ ❆ ❛s❝❡♥sã♦ ❞♦ ❣ás s❡ ❞❡s❡♥✈♦❧✈❡ ♥❛s ♣r♦①✐♠✐❞❛❞❡s ❞♦ ❡✐①♦ ❝❡♥tr❛❧ ❞♦ ❝✐❝❧♦♥❡✱

❞❡ ♠♦❞♦ q✉❡✱ ❝♦♠ ❛ ♣❡r♠❛♥ê♥❝✐❛ ❞♦ ❡s❝♦❛♠❡♥t♦✱ ✉♠ ✈órt✐❝❡ ❞✉♣❧♦ é ❢♦r♠❛❞♦✱ ❝♦♠♦

❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✶✳✶✳ ❖ ✈órt✐❝❡ ✐♥t❡r♥♦ ♣r♦♣✉❧s✐♦♥❛ ♦ ✢✉①♦ ❞❡ ❣ás✱ ❢❛③❡♥❞♦ ❝♦♠

q✉❡ ❡st❡ s❛✐❛ ♣❡❧♦ ❞✉t♦ ❝❡♥tr❛❧ ❞❡♥♦♠✐♥❛❞♦ ✈♦rt❡① ✜♥❞❡r✳ ❆ ♣r♦♣✉❧sã♦ ✐♥t❡r♥❛ ❞♦ ❣ás ♥♦

❝♦r♣♦ ❞♦ ❝✐❝❧♦♥❡ ❧❡✈❛ à ❡st❛❜✐❧✐❞❛❞❡ ❞♦s ✈órt✐❝❡s ✐♥t❡r♥♦ ❡ ❡①t❡r♥♦ ✉♠❛ ✈❡③ q✉❡ ♠✐♥✐♠✐③❛

♦s ❡❢❡✐t♦s ❞❛ ❛❧✐♠❡♥t❛çã♦ s♦❜r❡ ♦ ✈órt✐❝❡✳ ❈❛❜❡ r❡ss❛❧t❛r✱ q✉❡ ❛ ✐♥✈❡rsã♦ ♣❡❝✉❧✐❛r ❛ ❡st❡

t✐♣♦ ❞❡ ❡s❝♦❛♠❡♥t♦ ❡♠ ❝✐❝❧♦♥❡s é ❛♣❛r❡♥t❡♠❡♥t❡ ♦r✐❣✐♥❛❞❛ ❡ ✐♥✢✉❡♥❝✐❛❞❛ ♣❡❧♦ ❝❛♠♣♦ ❞❡

♣r❡ssã♦ ❞❡♥tr♦ ❞♦ ❝✐❝❧♦♥❡✱ ❡ ♥ã♦ ❞✐r❡t❛ ❡ ✉♥✐❝❛♠❡♥t❡ ♣❡❧❛ ❢♦r♠❛ ❝ô♥✐❝❛ ♦✉ ❞✐♠❡♥sõ❡s

❣❡♦♠étr✐❝❛s ✭❈❖❘❚❊❙❀ ●■▲✱ ✷✵✵✼✮✳

✷✳✶✳✷ ❚✐♣♦s ❞❡ ❈✐❝❧♦♥❡s

❖s ❝✐❝❧♦♥❡s sã♦ ❛♣r❡s❡♥t❛❞♦s s♦❜ ❞✐✈❡rs♦s t✐♣♦s✱ ♦❜❡❞❡❝❡♥❞♦ ❛ ✉♠ ♣❛❞rã♦ ❜ás✐❝♦✱

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

❛①✐❛❧✳ ❖s ❝✐❝❧♦♥❡s sã♦ ❛❣r✉♣❛❞♦s ❡♠ ❢❛♠í❧✐❛s✱ ❡♠ q✉❡ ❝❛❞❛ ✉♠❛ ♣♦ss✉✐ ❝♦♠♦ ❝❛r❛❝t❡ríst✐❝❛s

❜ás✐❝❛s ❛s r❡❧❛çõ❡s ❝♦♥st❛♥t❡s ❡♥tr❡ s✉❛s ♠❡❞✐❞❛s ❣❡♦♠étr✐❝❛s ❝♦♠ ♦ ❞✐â♠❡tr♦ ❞❛ ♣❛rt❡

❝✐❧í♥❞r✐❝❛ ✭❉✮✳ ❆s ♣r✐♥❝✐♣❛✐s ❢❛♠í❧✐❛s ❞❡ ❝✐❝❧♦♥❡s✱ q✉❡ ❥á ❢♦r❛♠ ❜❡♠ ❡st✉❞❛❞❛s sã♦✿ ❝✐❝❧♦♥❡

t✐♣♦ ▲❛♣♣❧❡✱ ❝✐❝❧♦♥❡ t✐♣♦ ❙t❛✐r♠❛♥❞ ❡ ♦ ❝✐❝❧♦♥❡ t✐♣♦ ◆✐✐❣❛s✳ ❉❡t❛❧❤❡s s♦❜r❡ ❝❛❞❛ ❢❛♠í❧✐❛

❞❡ ❝✐❝❧♦♥❡s ♣♦❞❡♠ s❡r ❡♥❝♦♥tr❛❞❛s ❡♠ ▼❛ss❛r❛♥✐ ✭✶✾✾✼✮ ❡ ❍♦✛♠❛♥♥ ❡ ❙t❡✐♥ ✭✷✵✵✼✮✳

❈✐❝❧♦♥❡s ❋✐❧tr❛♥t❡s

❈♦♠♦ ❛❞✐❛♥t❛❞♦ ♥♦ ❈❛♣ít✉❧♦ ✶✱ ♦ ❝✐❝❧♦♥❡ ✜❧tr❛♥t❡ é ✉♠ t✐♣♦ ❞❡ ❡q✉✐♣❛♠❡♥t♦ ❞❡

s❡♣❛r❛çã♦ ♥ã♦ ❝♦♥✈❡♥❝✐♦♥❛❧ q✉❡ s❡ ❞✐❢❡r❡♥❝✐❛ ❞♦s ❞❡♠❛✐s✱ ❞❡✈✐❞♦ à ❡①✐stê♥❝✐❛ ❞❡ ✉♠❛

s❛í❞❛ ❛❞✐❝✐♦♥❛❧✳ ❆ ❡①✐stê♥❝✐❛ ❞❡ ✉♠❛ s❛í❞❛ ❡①tr❛✱ ♣❡❧♦ ✜❧tr♦✱ ❢❛③ ❝♦♠ q✉❡ ❛ ♣❡r❞❛ ❞❡ ❝❛r❣❛

❞✐♠✐♥✉❛ ❞✉r❛♥t❡ ❛ ♦♣❡r❛çã♦ ✭❘❖❉❘■●❯❊❙✱ ✷✵✵✶✮✳

❖ ❡st✉❞♦ ❡ ❛ ❣❡r❛çã♦ ❞❛ ♣❛t❡♥t❡ ❛♣r❡s❡♥t❛❞❛ ♣♦r ❉❛♠❛s❝❡♥♦ ❡ ❇❛rr♦③♦ ✭✷✵✵✽✮✱ é r❡✲

s✉❧t❛❞♦ ❞❡ ✉♠❛ s❡q✉ê♥❝✐❛ ❞❡ ♣❡sq✉✐s❛s r❡❛❧✐③❛❞❛s ♥❛ ❋❛❝✉❧❞❛❞❡ ❞❡ ❊♥❣❡♥❤❛r✐❛ ◗✉í♠✐❝❛ ❞❛

❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞❡ ❯❜❡r❧â♥❞✐❛ ✭❯❋❯✮✳ ❖s tr❛❜❛❧❤♦s r❡❛❧✐③❛❞♦s ♣❡❧♦s ❛✉t♦r❡s ❇❛rr♦③♦



✶✵ ✷✳✶✳ ❈✐❝❧♦♥❡s

❡t ❛❧✳ ✭✶✾✾✷✮✱ ❱✐❡✐r❛ ✭✶✾✾✼✮✱ ❙♦✉③❛ ✭✶✾✾✾✮ ❡ ❱✐❡✐r❛ ✭✷✵✵✶✮❀ ❛té ❡♥tã♦ ❝♦♠ ❤✐❞r♦❝✐❝❧♦♥❡s ✜❧✲

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

❊♠ s❡ tr❛t❛♥❞♦ ❞❡ ❝✐❝❧♦♥❡s ✜❧tr❛♥t❡s✱ s♦♠❡♥t❡ ❝♦♠ ♦ tr❛❜❛❧❤♦ ❞❡ ❘♦❞r✐❣✉❡s ✭✷✵✵✶✮✱

✐♥✐❝✐♦✉✲s❡ ❡❢❡t✐✈❛♠❡♥t❡ ❛s ♣❡sq✉✐s❛s ❝♦♠ ❝✐❝❧♦♥❡s ✜❧tr❛♥t❡s✱ ❞❡♥♦♠✐♥❛❞♦s ❛té ❡♥tã♦ ❞❡

❝✐❝❧♦♥❡s ❝♦♠ ♠❛♥❣❛s✳ ❊♠ s❡✉ ❡st✉❞♦✱ ♦ ❛✉t♦r r❡❛❧✐③♦✉ ✉♠❛ sér✐❡ ❞❡ ❡①♣❡r✐♠❡♥t♦s ❡♠

❝✐❝❧♦♥❡s ❝♦♠ ❣❡♦♠❡tr✐❛s s✐♠✐❧❛r❡s ❛♦ ▲❛♣♣❧❡✱ ♥♦s q✉❛✐s ❛ ♣❛rt❡ ❝ô♥✐❝❛ ♠❡tá❧✐❝❛ ❢♦r❛ s✉❜s✲

t✐t✉í❞❛ ♣♦r ✉♠❛ ♣❛rt❡ ❝ô♥✐❝❛ ❝♦♥❢❡❝❝✐♦♥❛❞❛ ❡♠ t❡❝✐❞♦ ✜❧tr❛♥t❡✳ ❋♦r❛♠ ✉t✐❧✐③❛❞♦s três

t✐♣♦s ❞❡ t❡❝✐❞♦s ❝♦♠ ❞✐❢❡r❡♥t❡s ♣❡r♠❡❛❜✐❧✐❞❛❞❡s ♦♥❞❡ ❛✈❛❧✐♦✉✲s❡ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ ♦ ❞❡✲

s❡♠♣❡♥❤♦ ❞♦s ❝✐❝❧♦♥❡s ✜❧tr❛♥t❡s ♦♣❡r❛♥❞♦ ❝♦♠ s✉s♣❡♥sã♦ ❞❡ ♣ó ❞❡ r♦❝❤❛ ❢♦s❢át✐❝❛ ❡♠ ❛r✳

❈♦♠♦ r❡s✉❧t❛❞♦s✱ ♦ ❛✉t♦r ✈❡r✐✜❝♦✉ q✉❡ ♦s ♥ú♠❡r♦s ❞❡ ❊✉❧❡r ✭❢♦rç❛ ❞❡ ♣r❡ssã♦✴❢♦rç❛ ❞❡

✐♥ér❝✐❛✮✱ ♣❛r❛ ♦s ❝✐❝❧♦♥❡s ✜❧tr❛♥t❡s✱ ❢♦r❛♠ s❡♠♣r❡ ✐♥❢❡r✐♦r❡s ❛♦s ❞♦ t✐♣♦ ❝♦♥✈❡♥❝✐♦♥❛❧✳ ❊♠

❝♦♥tr❛♣❛rt✐❞❛✱ q✉❛♥t♦ às ❡✜❝✐ê♥❝✐❛s ❞❡ ❝♦❧❡t❛✱ ❡st❛s ❢♦r❛♠ ❧❡✈❡♠❡♥t❡ ♠❡♥♦r❡s ♥♦s ❝✐❝❧♦♥❡s

✜❧tr❛♥t❡s✳

❆♥❞r❛❞❡ ❡t ❛❧✳ ✭✷✵✵✷✮✱ ❞❛♥❞♦ ❝♦♥t✐♥✉✐❞❛❞❡ ❛♦ tr❛❜❛❧❤♦ ❞❡ ❘♦❞r✐❣✉❡s ✭✷✵✵✶✮✱ ❛✈❛❧✐❛r❛♠

❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ ♦ ❡❢❡✐t♦ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❛ ♣❛rt❡ ❝ô♥✐❝❛ s♦❜r❡ ❛ ♣❡r❢♦r♠❛♥❝❡ ❞❡ ✉♠

❝✐❝❧♦♥❡ ❝♦♠ ♠❛♥❣❛s✳ ❈♦♠♦ r❡s✉❧t❛❞♦s✱ ♦s ❛✉t♦r❡s ❝♦♥s❡❣✉✐r❛♠ ✈❡r✐✜❝❛r q✉❡ ✉♠ ❛✉♠❡♥t♦

♥♦ t❛♠❛♥❤♦ ❞❛ ♣❛rt❡ ❝ô♥✐❝❛ ❞♦ ❝✐❝❧♦♥❡ ❝♦♠ ♠❛♥❣❛s ♦❝❛s✐♦♥♦✉ ✉♠❛ r❡❞✉çã♦ ♥♦ ♥ú♠❡r♦

❞❡ ❊✉❧❡r ❡ ✉♠ ♣❡q✉❡♥♦ ❛✉♠❡♥t♦ ♥❛ ❡✜❝✐ê♥❝✐❛ ❣❧♦❜❛❧ ❞❡ ❝♦❧❡t❛✳ ◆♦ ❡st✉❞♦✱ t❛♠❜é♠

❢♦✐ ❝♦♠♣❛r❛❞♦ ♦s ❞❡s❡♠♣❡♥❤♦s ❞♦ ❝✐❝❧♦♥❡ ❝♦♥✈❡♥❝✐♦♥❛❧✱ ❝♦♠ ✉♠ ❞❡ ♠❡s♠❛ ❝♦♥✜❣✉r❛çã♦

❣❡♦♠étr✐❝❛ ❝♦♠ ♠❛♥❣❛s✱ ✈❡r✐✜❝❛♥❞♦ q✉❡ ❛ ✈❡rsã♦ ❝♦♥t❡♥❞♦ ❝♦♥❡ ✜❧tr❛♥t❡✱ ❡♠ t♦❞♦s ♦s

❝❛s♦s ❡st✉❞❛❞♦s✱ ♣r♦♣✐❝✐♦✉ r❡❞✉çõ❡s ❝♦♥s✐❞❡rá✈❡✐s ♥♦ ♥ú♠❡r♦ ❞❡ ❊✉❧❡r ❡ ✉♠ ♣❡q✉❡♥♦

❛✉♠❡♥t♦ ♥♦ ❞✐â♠❡tr♦ ❞❡ ❝♦rt❡✳

❙♦♠❡♥t❡ ♠❛✐s t❛r❞❡✱ ❝♦♠ ▲❛❝❡r❞❛ ✭✷✵✵✼✮ ♣r♦ss❡❣✉✐♥❞♦ ❝♦♠ ♦s tr❛❜❛❧❤♦s ❞❡ ❘♦❞r✐❣✉❡s

✭✷✵✵✶✮ ❡ ❆♥❞r❛❞❡ ❡t ❛❧✳ ✭✷✵✵✷✮✱ r❡t♦♠♦✉✲s❡ ♦ ❡st✉❞♦ ❞♦ ❥á ❞❡♥♦♠✐♥❛❞♦ ❝✐❝❧♦♥❡ ✜❧tr❛♥t❡✳

◆♦ ❡st✉❞♦✱ ❝♦♠♣❛r♦✉✲s❡ ♦ ❞❡s❡♠♣❡♥❤♦ ❞❡ ❝✐❝❧♦♥❡s ❝♦♥✈❡♥❝✐♦♥❛✐s ❡ ✜❧tr❛♥t❡s✱ ❛tr❛✈és ❞❡

r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❡ ❞❡ s✐♠✉❧❛çã♦ ♥✉♠ér✐❝❛ ✈✐❛ ❈❋❉ ❡♠ ❞✉❛s ❞✐♠❡♥sõ❡s✳ ❈♦♠♦

r❡s✉❧t❛❞♦s ✈❡r✐✜❝♦✉✲s❡ q✉❡ ♦s ♥ú♠❡r♦s ❞❡ ❊✉❧❡r ♣❛r❛ ♦s ❝✐❝❧♦♥❡s ✜❧tr❛♥t❡s ❢♦r❛♠ s❡♠♣r❡

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

❞❡ ♣r❡ssã♦✱ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡✱ ❝♦♠ ♠❡♥♦r ❝♦♥s✉♠♦ ❞❡ ❡♥❡r❣✐❛✳ ❈♦♥❝❧✉✐✉✲s❡ t❛♠❜é♠

q✉❡ ♦s ❞✐â♠❡tr♦s ❞❡ ❝♦rt❡ ♦❜t✐❞♦s ♣❛r❛ ♦s ❝✐❝❧♦♥❡s ✜❧tr❛♥t❡s ❢♦r❛♠ s✉♣❡r✐♦r❡s ❛♦s ❞♦

❝♦♥✈❡♥❝✐♦♥❛❧✱ ✐♥❞✐❝❛♥❞♦ ✉♠❛ ♠❡♥♦r ❡✜❝✐ê♥❝✐❛ ♥❛ ❝♦❧❡t❛ ❞❡ ♣❛rtí❝✉❧❛s ✜♥❛s✳ ◆♦ ♠❡s♠♦

❡st✉❞♦✱ ✉t✐❧✐③❛♥❞♦ ❛ té❝♥✐❝❛ ❞❡ s✉♣❡r❢í❝✐❡ r❡s♣♦st❛✱ s❡ ♣r♦♣ôs ❡st✉❞❛r ❛ ✐♥✢✉ê♥❝✐❛ ❞❡ q✉❛tr♦

✈❛r✐á✈❡✐s ❣❡♦♠étr✐❝❛s✿ ❞✐â♠❡tr♦ ❞♦ ❞✉t♦ ❞❡ s❛í❞❛ ❞♦ ♦✈❡r✢♦✇✱ ♦ ❞✐â♠❡tr♦ ❞♦ ✉♥❞❡r✢♦✇✱ ❛

❛❧t✉r❛ ❞❛ ♣❛rt❡ ❝ô♥✐❝❛ ❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞♦ ✈♦rt❡① ✜♥❞❡r✱ s♦❜r❡ ❛ ❡✜❝✐ê♥❝✐❛ ❞❡ s❡♣❛r❛çã♦

❞❡ ❝✐❝❧♦♥❡✳

❯♠❛ ❛❞❛♣t❛çã♦ ❞❡ ❝✐❝❧♦♥❡s ✜❧tr❛♥t❡s é ♣r♦♣♦st❛ ♣♦r ❋✉❦✉✐ ❡t ❛❧✳ ✭✷✵✶✶✮✱ q✉❡ ♠♦❞✐✜❝❛ ♦

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



✷✳✶✳ ❈✐❝❧♦♥❡s ✶✶

✉♠ ❝♦♥❡ ♣♦r♦s♦ ❞❡ ♠❡t❛❧ s✐♥t❡r✐③❛❞♦✳ ❆ ❞✐❢❡r❡♥ç❛ ♥♦ ♠♦❞❡❧♦ ♣r♦♣♦st♦ é ❞❡✈✐❞♦ ✉♠❛

✐♥❥❡çã♦ ❡①t❡r♥❛ ❞❡ ❛r ❧✐♠♣♦ ♥♦ ❝♦♥❡ ♣♦r♦s♦✳ ❈♦♠ r❡s✉❧t❛❞♦s✱ ♦s ❛✉t♦r❡s ✈❡r✐✜❝❛r❛♠ q✉❡

♦ ❝♦♥tr♦❧❡ ❛❞❡q✉❛❞♦ ❞❛ ✈❛③ã♦ ❞❡ ❛r ✐♥❥❡t❛❞♦ ♣♦ss✐❜✐❧✐t❛ r❡❞✉çõ❡s ♥♦ ❞✐â♠❡tr♦ ❞❡ ❝♦rt❡ ❡

♥❛ ❞❡♣♦s✐çã♦ ❞❡ ♣❛rt✐❝✉❧❛❞♦s ♥❛ s✉♣❡r❢í❝✐❡ ❞♦ ❝♦♥❡✳

❖ q✉❡ s❡ ♦❜s❡r✈❛ ❝♦♠ ♦s ♣♦✉❝♦s tr❛❜❛❧❤♦s ❡①✐st❡♥t❡s ❛♣r❡s❡♥t❛❞♦s é q✉❡ ♠✉✐t♦ ❛✐♥❞❛

s❡ t❡♠ ❛ ❡st✉❞❛r s♦❜r❡ ❝✐❝❧♦♥❡s ✜❧tr❛♥t❡✳ ❖ tr❛❜❛❧❤♦ ♣r♦♣♦st♦ ♣♦r ▲❛❝❡r❞❛ ✭✷✵✵✼✮ é ♦

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

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

❞❡t❡r♠✐♥❛çã♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡✱ ♦ ❡❢❡✐t♦ ❞❛ ✈❛③ã♦ ❞❡ ❛❧✐♠❡♥t❛çã♦ s♦❜r❡

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

❊♠ s❡ tr❛t❛♥❞♦ ❞♦ ❡st✉❞♦ ✢✉✐❞♦❞✐♥â♠✐❝♦✱ ✈❡r✐✜❝❛✲s❡ q✉❡ ♥♦s tr❛❜❛❧❤♦s ♣r❡s❡♥t❡s ♥❛

❧✐t❡r❛t✉r❛ ♣♦✉❝♦ ❞✐s❝✉t✐r❛♠ ♦ ♣r♦❝❡ss♦ ❢❡♥♦♠❡♥♦❧ó❣✐❝♦ ❞❡ s❡♣❛r❛çã♦ ❡♠ ❝✐❝❧♦♥❡s ✜❧tr❛♥t❡s✳

P♦rt❛♥t♦✱ ❛ ♣r♦♣♦st❛ ❞❡ s✐♠✉❧❛çã♦ ✈✐❛ ❈❋❉ ❡♠ ✸❉ ❝♦♠ r❡❣✐♠❡ tr❛♥s✐❡♥t❡✱ ❞❡✈✐❞♦ à

❝❛r❛❝t❡ríst✐❝❛ ❞♦ ❡s❝♦❛♠❡♥t♦ ❡♠ ❝✐❝❧♦♥❡s✱ é ✉♠❛ ❛❧t❡r♥❛t✐✈❛ ✐♥t❡r❡ss❛♥t❡ q✉❡ ❞❡✈❡ s❡r

❡①♣❧♦r❛❞❛✳

✷✳✶✳✸ ●r❛♥✉❧♦♠❡tr✐❛ ❞❛s P❛rtí❝✉❧❛s

❆ ❛♥á❧✐s❡ ❣r❛♥✉❧♦♠étr✐❝❛ é ❛ té❝♥✐❝❛ q✉❡ ♣❡r♠✐t❡ ❝❧❛ss✐✜❝❛r ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ♣❛rtí❝✉❧❛s✱

❝♦♥❢♦r♠❡ ❛ ❞✐str✐❜✉✐çã♦ ❞♦s ❞✐❢❡r❡♥t❡s t❛♠❛♥❤♦s✳ ❊st❛ ❞✐str✐❜✉✐çã♦ ♣♦❞❡ s❡r ❝❛r❛❝t❡r✐③❛❞❛

♣♦r ✉♠❛ ❢r❛çã♦ ❡♠ ♠❛ss❛ ❞❡ ♣❛rtí❝✉❧❛s ✭❳ ✮✱ ❝♦♠ ❞✐â♠❡tr♦ ♠❡♥♦r q✉❡ ❉ ✭❞✐â♠❡tr♦ ❝❛r❛❝✲

t❡ríst✐❝♦ ❞❡ ❝❛❞❛ ❛♥á❧✐s❡✮✳ ❖ ❝♦♥❤❡❝✐♠❡♥t♦ ❞❛s ❞✐str✐❜✉✐çõ❡s ❣r❛♥✉❧♦♠étr✐❝❛s ❞♦s só❧✐❞♦s✱

♥❛ ❡♥tr❛❞❛ ❡ ♥❛s s❛í❞❛s ❞❡ ❡q✉✐♣❛♠❡♥t♦s ❞❡ s❡♣❛r❛çã♦ ❣ás✲só❧✐❞♦ é ❢✉♥❞❛♠❡♥t❛❧ ♣❛r❛ ❛

❞❡t❡r♠✐♥❛çã♦ ❞❛ ❡✜❝✐ê♥❝✐❛ ❞❡ s❡♣❛r❛çã♦ ♥♦ ❝✐❝❧♦♥❡s✳

❆s ❛♥á❧✐s❡s ❣r❛♥✉❧♦♠étr✐❝❛s ♣♦❞❡♠ s❡r ❢❡✐t❛s ♣♦r ❞✐✈❡rs❛s té❝♥✐❝❛s ❡①♣❡r✐♠❡♥t❛✐s✱

s❡♥❞♦ ❛ ♠❛✐s s✐♠♣❧❡s ♦ ♣❡♥❡✐r❛♠❡♥t♦✳ ❊①✐st❡♠ t❛♠❜é♠ ❡q✉✐♣❛♠❡♥t♦s ♠❛✐s s♦✜st✐❝❛❞♦s ❡

❝❛r♦s q✉❡ ♣❡r♠✐t❡♠ ❡❢❡t✉❛r ✉♠❛ ❛♥á❧✐s❡ ❣r❛♥✉❧♦♠étr✐❝❛ ❝♦♠ ❜♦❛ ♣r❡❝✐sã♦✱ ❝♦♠♦ ♦ ❡q✉✐♣❛✲

♠❡♥t♦ ▼❛❧✈❡r♥ ▼❛st❡rs✐③❡r✳ ◆❡st❡ tr❛❜❛❧❤♦✱ ❛ té❝♥✐❝❛ ✉t✐❧✐③❛❞❛ ♣❛r❛ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛

❞✐str✐❜✉✐çã♦ ❣r❛♥✉❧♦♠étr✐❝❛ ❞♦ ♠❛t❡r✐❛❧ ♣❛rt✐❝✉❧❛❞♦ ❡♠ ❡st✉❞♦ ❢♦✐ ❛ té❝♥✐❝❛ ❞❡ ❞✐❢r❛çã♦ ❛

❧❛s❡r✱ ✈✐❛ ▼❛❧✈❡r♥ ▼❛st❡rs✐③❡r✳

❚é❝♥✐❝❛ ❞❡ ❉✐❢r❛çã♦ ❛ ▲❛s❡r ✭▼❛❧✈❡r♥ ▼❛st❡rs✐③❡r✮

❆ ❚é❝♥✐❝❛ ❞❡ ❞✐❢r❛çã♦ ❛ ❧❛s❡r ♣❡r♠✐t❡ ❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❡ ❛♠♦str❛s ❞❡ ♠❛t❡r✐❛✐s q✉❡

✈ã♦ ❞❡s❞❡ ❝❡♥t❡♥❛s ❞❡ ♥❛♥ô♠❡tr♦s ❛ ✈ár✐♦s ♠✐❧í♠❡tr♦s ❞❡ t❛♠❛♥❤♦✳ ❖ ❛♥❛❧✐s❛❞♦r ❞❡

t❛♠❛♥❤♦ ❞❡ ♣❛rtí❝✉❧❛ ♣♦r ❞✐❢r❛çã♦ ❧❛s❡r ▼❛st❡rs✐③❡r✱ ❡♠ s✉❛ ✈❡rsã♦ ✸✵✵✵ ✉t✐❧✐③❛❞♦ ♥❡st❛



✶✷ ✷✳✶✳ ❈✐❝❧♦♥❡s

t❡s❡✱ é ✉♠ ❡q✉✐♣❛♠❡♥t♦ q✉❡ ♣r♦♣♦r❝✐♦♥❛ ❛ ♦❜t❡♥çã♦ ❞❡ ❞✐str✐❜✉✐çõ❡s rá♣✐❞❛s ❡ ♣r❡❝✐s❛s ❞♦

t❛♠❛♥❤♦ ❞❛s ♣❛rtí❝✉❧❛s ♣❛r❛ ❞✐s♣❡rsõ❡s s❡❝❛s ❡ ú♠✐❞❛s✳ ❖ ❢✉♥❝✐♦♥❛♠❡♥t♦ ❞♦ ❡q✉✐♣❛♠❡♥t♦

♣❛rt❡ ❞❛ ♠❡❞✐çã♦ ❞❛ ✐♥t❡♥s✐❞❛❞❡ ❞❛ ❧✉③ ❡s♣❛❧❤❛❞❛ à ♠❡❞✐❞❛ q✉❡ ✉♠ ❢❡✐①❡ ❞❡ ❧❛s❡r ✐♥t❡r❛❣❡

❝♦♠ ❛s ♣❛rtí❝✉❧❛s ❞✐s♣❡rs❛s ❞❛ ❛♠♦str❛✳ ❊ss❡s ❞❛❞♦s sã♦ ❡♥tã♦ ❛♥❛❧✐s❛❞♦s ♣❛r❛ ❝❛❧❝✉❧❛r

❛ ❞✐str✐❜✉✐çã♦ ❞♦ t❛♠❛♥❤♦ ❞❛s ♣❛rtí❝✉❧❛s ♦❜t✐❞❛s ❛ ♣❛rt✐r ❞♦ ♣❛❞rã♦ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦

❣❡r❛❞♦✳

❯♠ s✐st❡♠❛ tí♣✐❝♦ ❞♦ ❡q✉✐♣❛♠❡♥t♦ ▼❛❧✈❡r♥ ▼❛st❡rs✐③❡r é ❝♦♥st✐t✉í❞♦ ♣♦r três ❡❧❡✲

♠❡♥t♦s ♣r✐♥❝✐♣❛✐s✿

• ❇❛♥❝❛❞❛ ó♣t✐❝❛✿ ♥❛s q✉❛✐s ❛ ❛♠♦str❛✱ ❞❡✈✐❞❛♠❡♥t❡ ❞✐s♣❡rs❛✱ ❛tr❛✈❡ss❛ ❛ ár❡❛ ❞❡

♠❡❞✐çã♦ ❞❛ ❜❛♥❝❛❞❛ ó♣t✐❝❛ ❡ ✉♠ ❢❡✐①❡ ❞❡ ❧❛s❡r ✐♥❝✐❞❡ s♦❜r❡ ❛s ♣❛rtí❝✉❧❛s✳ ◆❡st❛

♣❛rt❡✱ ✉♠❛ sér✐❡ ❞❡ ❞❡t❡❝t♦r❡s ♠❡❞❡♠ ♣r❡❝✐s❛♠❡♥t❡ ❛ ✐♥t❡♥s✐❞❛❞❡ ❞❛ ❧✉③ ❞✐❢✉♥❞✐❞❛

♣❡❧❛s ♣❛rtí❝✉❧❛s ♥❛ ❛♠♦str❛ ♣❛r❛ ❝♦♠♣r✐♠❡♥t♦s ❞❡ ♦♥❞❛ ❞❡ ❧✉③ ✈❡r♠❡❧❤❛ ❡ ❛③✉❧ ❡

♣♦r ✉♠❛ ❛♠♣❧❛ ❣❛♠❛ ❞❡ â♥❣✉❧♦s❀

• ❯♥✐❞❛❞❡s ❞❡ ❞✐s♣❡rsã♦ ❞❡ ❛♠♦str❛s✿ ♦♥❞❡ ❛ ❞✐s♣❡rsã♦ ❞❛ ❛♠♦str❛ é ♠❛♥t✐❞♦

s♦❜ ❝♦♥tr♦❧❡✱ ♣♦r ✈ár✐❛s ✉♥✐❞❛❞❡s ❞❡ ❞✐s♣❡rsã♦✱ ❡♠ ♠❡✐♦ ❧íq✉✐❞♦ ♦✉ ❛ s❡❝♦✳ ❊s✲

s❛s ❛ss❡❣✉r❛♠ q✉❡ ❛s ♣❛rtí❝✉❧❛s ❝❤❡❣✉❡♠ à ár❡❛ ❞❡ ♠❡❞✐çã♦ ❞❛ ❜❛♥❝❛❞❛ ó♣t✐❝❛ ♥❛

❝♦♥❝❡♥tr❛çã♦ ❝♦rr❡t❛ ❡ ❡♠ ❡st❛❞♦ ❞❡ ❞✐s♣❡rsã♦ ❛❞❡q✉❛❞♦ ❡ ✉♥✐❢♦r♠❡❀

• ❙♦❢t✇❛r❡ ❞♦ ✐♥str✉♠❡♥t♦✿ ❝♦♥tr♦❧❛ ♦ s✐st❡♠❛ ❞✉r❛♥t❡ ♦ ♣r♦❝❡ss♦ ❞❡ ♠❡❞✐çã♦

❡ ❛♥❛❧✐s❛ ♦s ❞❛❞♦s ❞❡ ❡s♣❛❧❤❛♠❡♥t♦✱ ♣❛r❛ ❝❛❧❝✉❧❛r ❛ ❞✐str✐❜✉✐çã♦ ❞♦ t❛♠❛♥❤♦ ❞❛s

♣❛rtí❝✉❧❛s✳ ❆❧é♠ ❞✐ss♦✱ ♦ s♦❢t✇❛r❡ ❢♦r♥❡❝❡ ✐♥❢♦r♠❛çõ❡s ❞❛ ♠❡❞✐çã♦ ❡♠ t❡♠♣♦ r❡❛❧

❞✉r❛♥t❡ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞♦ ♠ét♦❞♦ ❡ ✉♠❛ ❢❡rr❛♠❡♥t❛ q✉❡✱ ❛♦ ✜♥❛❧ ❞❛ ❛♥á❧✐s❡✱

❛✈❛❧✐❛ ❛ q✉❛❧✐❞❛❞❡ ❞♦s r❡s✉❧t❛❞♦s✳

❉❡t❛❧❤❡s ♠❛✐s té❝♥✐❝♦s ❡♠ r❡❧❛çã♦ ❛♦ ♣r♦❝❡ss♦ ❞❡ ❝❛r❛❝t❡r✐③❛çã♦ ❞❡ ♣❛rtí❝✉❧❛s sã♦

❛♣r❡s❡♥t❛❞♦s ♥♦ ❝❛♣ít✉❧♦ ✸✳

✷✳✶✳✹ ❆❥✉st❡s ❛ ▼♦❞❡❧♦s ❞❡ ❉✐str✐❜✉✐çã♦ ●r❛♥✉❧♦♠étr✐❝❛

❊♠ ❡s❝❛❧❛ ✐♥❞✉str✐❛❧✱ ❣r❛♥❞❡s q✉❛♥t✐❞❛❞❡s ❞♦s ♣❛rt✐❝✉❧❛❞♦s ♠❛♥✉s❡❛❞♦s ♥♦s ❞✐✈❡rs♦s

♣r♦❝❡ss♦s ♥ã♦ sã♦ ✉♥✐❢♦r♠❡s✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ q✉❛♥t♦ ❛♦ t❛♠❛♥❤♦ ❞❛s ♣❛rtí❝✉❧❛s✳ ◆❡ss❡s

♣r♦❝❡ss♦s é ❢✉♥❞❛♠❡♥t❛❧ ♦ ❝♦♥❤❡❝✐♠❡♥t♦ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞✐♥â♠✐❝♦ ❞♦ ♠❛t❡r✐❛❧ ♣❛r✲

t✐❝✉❧❛❞♦✱ s❡♥❞♦ ❢r❡q✉❡♥t❡♠❡♥t❡ ♥❡❝❡ssár✐♦ ❞❡✜♥✐r ♦ s✐st❡♠❛ ♣❛rt✐❝✉❧❛❞♦ ❝♦♠♦ ✉♠ t♦❞♦✳

❙❡♥❞♦ ❛ss✐♠✱ ❡♠ ❧✉❣❛r ❞❡ ✉♠ ú♥✐❝♦ t❛♠❛♥❤♦ ❡s♣❡❝í✜❝♦ ❞❡ ♣❛rtí❝✉❧❛ t♦r♥❛✲s❡ ♥❡❝❡ssár✐♦

❝♦♥❤❡❝❡r ❛ ❞✐str✐❜✉✐çã♦ ❣❧♦❜❛❧ ❞❡ t❛♠❛♥❤♦s ❞❡ ♣❛rtí❝✉❧❛s✱ ❛tr❛✈és ❞❛ q✉❛❧ s❡❥❛ ♣♦ssí✈❡❧

❞❡✜♥✐r ❞✐â♠❡tr♦s ♠é❞✐♦s q✉❡ ♣♦ss❛♠ r❡♣r❡s❡♥t❛r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ t♦❞♦s ♦s t❛♠❛♥❤♦s

❞♦ ♠❛t❡r✐❛❧ ♣❛rt✐❝✉❧❛❞♦ ❡♠ q✉❡stã♦✳



✷✳✶✳ ❈✐❝❧♦♥❡s ✶✸

❯♠❛ ✈❛r✐❡❞❛❞❡ ❞❡ ♠♦❞❡❧♦s q✉❡ ❛♣r❡s❡♥t❛♠ ❢✉♥çõ❡s ❞✐str✐❜✉✐çã♦ sã♦ ❡♥❝♦♥tr❛❞♦s ♥❛

❧✐t❡r❛t✉r❛✳ ◆♦ ❛❥✉st❡ ❞❡ ♠♦❞❡❧♦s ❞❡ ❞✐str✐❜✉✐çã♦ ❞❡ ♣❛rtí❝✉❧❛s✱ ♣r❡❢❡r❡♠✲s❡ ♦s ♠♦❞❡❧♦s

❝♦♠ ♠❡♥♦r ♥ú♠❡r♦ ❞❡ ♣❛râ♠❡tr♦s✳ ❉❡♥tr❡ t❛✐s ♠♦❞❡❧♦s✱ ❡①✐st❡♠✱ ❛❧❣✉♥s ❞♦s q✉❛✐s s❡

❛❥✉st❛♠ ♠✉✐t♦ ❜❡♠ ❛♦ t❛♠❛♥❤♦ ❞❡ ❞✐str✐❜✉✐çõ❡s ❞❡ ❞✐✈❡rs♦s t✐♣♦s ❞❡ ♣❛rt✐❝✉❧❛❞♦s ✐♥❞✉s✲

tr✐❛✐s✳ P♦rt❛♥t♦✱ ❛s ♦♣çõ❡s ❡♥tr❡ ♦s ♠♦❞❡❧♦s ❛ ❞♦✐s ♣❛râ♠❡tr♦s q✉❡ tê♠ s✐❞♦ ♠❛✐s ✉s❛❞♦s

♣❛r❛ ❞❡s❝r❡✈❡r ❛ ❞✐str✐❜✉✐çã♦ ❞❡ t❛♠❛♥❤♦ ❞❡ ♣❛rtí❝✉❧❛s✿ ●❛t❡s✲●❛✉❞✐♥✲❙❝❤✉♠❛♥♥ ✭●●❙✮✱

❘♦s✐♥✲❘❛♠♠❧❡r✲❇❡♥♥❡t ✭❘❘❇✮ ❡ ▲♦❣✲◆♦r♠❛❧ ✭▲◆✮✳

❆❥✉st❡s ❞❡ ●❛t❡s✲●❛✉❞✐♥✲❙❤✉♠❛♥♥ ✭●●❙✮

❖ ♠♦❞❡❧♦ ●●❙ ❝❛r❛❝t❡r✐③❛✲s❡ ♣♦r ♣♦ss✉✐r ❞♦✐s ♣❛râ♠❡tr♦s✱ ❝♦♥❢♦r♠❡ ♠♦str❛ ❛ ❊q✉❛✲

çã♦ ✷✳✶❀ ♦♥❞❡✿ ❦ ❡ ♠ sã♦ ♦s ♣❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧♦✱ ❳ é ❛ ❢r❛çã♦ ❝✉♠✉❧❛t✐✈❛ ❡ ❉ é ♦

❞✐â♠❡tr♦ ❞❛ P❛rtí❝✉❧❛✳

X =

(

D

K

)m

✭✷✳✶✮

❆❥✉st❡ ▲♦❣ ◆♦r♠❛❧

❖ ❛❥✉st❡ ▲♦❣✲◆♦r♠❛❧ é r❡♣r❡s❡♥t❛❞♦ ♣❡❧❛ ❊q✉❛çã♦ ✷✳✷✱ ♦♥❞❡✿ D50 ❡ δ sã♦ ♦s ♣❛râ♠❡tr♦s

❞♦ ♠♦❞❡❧♦✳

X =

(

1 + erf(z)

2

)

✭✷✳✷✮

♦♥❞❡✿

z = ln

(

D/D50√
2 ln δ

)

✭✷✳✸✮

erf =





2√
π

z
∫

0

e−z2dz



 ✭✷✳✹✮

❆ r❡♣r❡s❡♥t❛çã♦ ❣rá✜❝❛ ❞♦ ♠♦❞❡❧♦ ▲♦❣✲◆♦r♠❛❧ ❢♦r♥❡❝❡ s❡♠♣r❡ ✉♠❛ ❝✉r✈❛ ❡♠ ❙✳



✶✹ ✷✳✶✳ ❈✐❝❧♦♥❡s

❆❥✉st❡ ❞❡ ❘♦s✐♥✲❘❛♠♠❧❡r✲❇❡♥♥❡t ✭❘❘❇✮

❖ ♠♦❞❡❧♦ ❘❘❇ é ❝❛r❛❝t❡r✐③❛❞♦ ♣♦r ♣♦ss✉✐r ❞♦✐s ♣❛râ♠❡tr♦s ❛❥✉stá✈❡✐s✳ ➱ ✉♠❛ ❢✉♥çã♦

s✐♠♣❧❡s q✉❡ r❡❧❛❝✐♦♥❛ ❞✐r❡t❛♠❡♥t❡ ♦ ❞✐â♠❡tr♦ ❉ ❞❛ ♣❛rtí❝✉❧❛ ❝♦♠ ❛ ❢r❛çã♦ ❡♠ ♠❛ss❛ ❞❡

♣❛rtí❝✉❧❛s ❝♦♠ ❞✐â♠❡tr♦s ♠❡♥♦r❡s q✉❡ ❉✱ ❝♦♥❢♦r♠❡ ♠♦str❛ ❛ ❊q✉❛çã♦ ✷✳✺✱ ♦♥❞❡ ♥ ❡ D′

sã♦ ♦s ♣❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧♦ ❡ ❳ ❡ ❉ sã♦ ❛ ❢r❛çã♦ ❝✉♠✉❧❛t✐✈❛ ❡ ❞✐â♠❡tr♦ ❞❛ ♣❛rtí❝✉❧❛

r❡s♣❡❝t✐✈❛♠❡♥t❡✳

X = 1−
[

exp−
(

D

D′

)n]

✭✷✳✺✮

✷✳✶✳✺ ❊✜❝✐ê♥❝✐❛ ❞❡ ❙❡♣❛r❛çã♦ ❡♠ ❈✐❝❧♦♥❡

❚♦❞♦s ♦s ♣r✐♥❝í♣✐♦s q✉❡ ♥♦rt❡✐❛♠ ♦ ❡s❝♦❛♠❡♥t♦ ❡♠ ❝✐❝❧♦♥❡ tê♠ ❝♦♠♦ ✜♥❛❧✐❞❛❞❡ ❛

s❡♣❛r❛çã♦ ❞❡ só❧✐❞♦s✱ ❛ ♣❛rt✐r ❞❡ ✉♠ ❡s❝♦❛♠❡♥t♦ ❞❡ ❣ás ❝❛rr❡❣❛❞♦ ❞❡ ♣❛rtí❝✉❧❛s✳ ❙❡♥❞♦

❛ss✐♠✱ é ❞❡ ❢✉♥❞❛♠❡♥t❛❧ ✐♠♣♦rtâ♥❝✐❛ ♠❡♥s✉r❛r ♦ q✉❛♥t♦ ❡✜❝✐❡♥t❡ s❡rá ❛ s❡♣❛r❛çã♦✳ ❆

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

❢♦rç❛s q✉❡ ❛❣❡♠ s♦❜r❡ ❡❧❛s✱ ♦♥❞❡ ❛ ❢♦rç❛ r❡s✉❧t❛♥t❡ ✈❛✐ ❝❛rr❡❛r ♦s só❧✐❞♦s ❛té ❛s ♣❛r❡❞❡s

❞♦ ❝✐❝❧♦♥❡✳

◆❛ ❧✐t❡r❛t✉r❛ s❡♠♣r❡ sã♦ ❛♣r❡s❡♥t❛❞❛s ❛s ❢♦rç❛s ❝❡♥trí❢✉❣❛✱ ❞❡ ❛rr❛st❡ ❡ ❣r❛✈✐t❛❝✐♦♥❛❧

❝♦♠♦ s❡♥❞♦ ❛s ♠❛✐s ✐♠♣♦rt❛♥t❡s ♥♦ ♣r♦❝❡ss♦ ❞❡ s❡♣❛r❛çã♦✳ ❊♥tr❡t❛♥t♦✱ ❛❧é♠ ❞❡ss❛s✱

♣♦❞❡♠ ❛t✉❛r ♦✉tr❛s ❢♦rç❛s ❛✐♥❞❛ ♥ã♦ ✐♥t❡✐r❛♠❡♥t❡ ❝♦♠♣r❡❡♥❞✐❞❛s ❡ q✉❡ ♠✉✐t❛s ✈❡③❡s sã♦

❞❡s❝♦♥s✐❞❡r❛❞❛s✱ ❝♦♠♦ ❛s ❢♦rç❛s ❞❡ ✐♥t❡r❛çã♦ ♣❛rtí❝✉❧❛s✲♣❛rtí❝✉❧❛s ❡ ♣❛rtí❝✉❧❛s✲s✉♣❡r❢í❝✐❡

❞♦ ❝✐❝❧♦♥❡ ✭❈❖❘❚❊❙❀ ●■▲✱ ✷✵✵✼✮✳

❆ ❡✜❝✐ê♥❝✐❛ ❡♠ ❝✐❝❧♦♥❡s ♣♦❞❡ s❡r ✐♥✢✉❡♥❝✐❛❞❛ ♣♦r ✉♠❛ sér✐❡ ❞❡ ❢❛t♦r❡s✱ t❛✐s ❝♦♠♦✿ ❛s

❝♦♥❞✐çõ❡s ❞❡ ♦♣❡r❛çã♦✱ ❛s ♣r♦♣r✐❡❞❛❞❡s ❢ís✐❝❛s ❞♦ ♠❛t❡r✐❛❧ ♣❛rt✐❝✉❧❛❞♦ ❡ ❛ ❣❡♦♠❡tr✐❛ ❞♦

❝✐❝❧♦♥❡✳ ❖ ❛✉♠❡♥t♦ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❡♥tr❛❞❛ ❛✉♠❡♥t❛ ❛ ❢♦rç❛ ❝❡♥trí❢✉❣❛ ❡ ❛ ❡✜❝✐ê♥❝✐❛✱

♠❛s ❡♠ ❝♦♥tr❛♣❛rt✐❞❛✱ ❢❛③ ❝♦♠ q✉❡ ❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦ t❛♠❜é♠ ❛✉♠❡♥t❡ s❡ ❛❝❡♥t✉❡✳ ❆

❞✐♠✐♥✉✐çã♦ ❞❛ ✈✐s❝♦s✐❞❛❞❡ ❞♦ ❣ás ❛✉♠❡♥t❛ t❛♠❜é♠ ❛ ❡✜❝✐ê♥❝✐❛✱ ♣♦✐s ❛ ❢♦rç❛ ❞❡ ❛rr❛st❡ é

❞✐♠✐♥✉í❞❛ ✭❋❆❇■❆❖ ❡t ❛❧✳✱ ✷✵✶✵✮✳

❆ ❝❛♣❛❝✐❞❛❞❡ ❞❡ r❡t❡♥çã♦ ❞❡ ♣❛rtí❝✉❧❛s ❞❡ ✉♠ ❝✐❝❧♦♥❡ é ♠❡❞✐❞❛ ♣❡❧❛ s✉❛ ❡✜❝✐ê♥❝✐❛

❣❧♦❜❛❧ ❞❡ ❝♦❧❡t❛ ✭η̄✮✱ ❞❡✜♥✐❞❛ ❝♦♠♦ ❛ ❢r❛çã♦ ❞❡ só❧✐❞♦s ❛❧✐♠❡♥t❛❞♦s q✉❡ sã♦ ❝♦❧❡t❛❞♦s ♥♦

❝✐❝❧♦♥❡✳ ❆ ❡✜❝✐ê♥❝✐❛ ❣❧♦❜❛❧ é ❣❡r❛❧♠❡♥t❡ ♦ q✉❡ ♠❛✐s s❡ ✐♥t❡r❡ss❛ ❡♠ s❡ tr❛t❛♥❞♦ ❞❡ ✉♠

♣r♦❝❡ss♦ ✐♥❞✉str✐❛❧✳ ❊♥tr❡t❛♥t♦✱ q✉❛♥❞♦ s❡ ❞❡s❡❥❛ ❛✈❛❧✐❛r ♦ ❞❡s❡♠♣❡♥❤♦ ❞♦ ❝✐❝❧♦♥❡ ♣❛r❛

✉♠ ❞❡t❡r♠✐♥❛❞♦ t❛♠❛♥❤♦ ❞❡ ♣❛rtí❝✉❧❛✱ ❡st❛ ♥ã♦ é ❛ ♠❡❧❤♦r ❢♦r♠❛ ❞❡ s❡ q✉❛♥t✐✜❝❛r ❛

❡✜❝✐ê♥❝✐❛✳
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❉❡✈✐❞♦ ❛s ❛♠♦str❛s ❞❡ ♣❛rtí❝✉❧❛s ♥♦ ❝✐❝❧♦♥❡ ❛♣r❡s❡♥t❛r❡♠ ❞✐❢❡r❡♥t❡s t❛♠❛♥❤♦s✱ é

❝♦♠✉♠ ❡ ❜❛st❛♥t❡ ✉s✉❛❧ ✐❞❡♥t✐✜❝❛r ❛ ❡✜❝✐ê♥❝✐❛ ❞❡ s❡♣❛r❛çã♦ r❡❢❡r❡♥t❡ ❛ ✉♠ t❛♠❛♥❤♦

❡s♣❡❝í✜❝♦ ❞❡ ♣❛rtí❝✉❧❛ ✭❉✮✳ P❛r❛ ❞❡t❡r♠✐♥❛❞♦s t❛♠❛♥❤♦s ❞❡ ♣❛rtí❝✉❧❛s✱ t❡♠✲s❡ ✉♠❛ ❢✉♥çã♦

❝♦♥tí♥✉❛ η(❉)✱ q✉❡ ♣♦❞❡ s❡r ❞❡✜♥✐❞❛ ❝♦♠♦ ✉♠❛ ❢✉♥çã♦ ❡✜❝✐ê♥❝✐❛ ✐♥❞✐✈✐❞✉❛❧ ❞❡ ❝♦❧❡t❛ ❞♦

❝✐❝❧♦♥❡✱ r❡❧❛t✐✈❛ ❛♦s t❛♠❛♥❤♦s ❞❡ ♣❛rtí❝✉❧❛s ❉✳ ❍♦✛♠❛♥♥ ❡ ❙t❡✐♥ ✭✷✵✵✷✮ ❛♣r❡s❡♥t❛ ✉♠

♠♦❞❡❧♦ ♠❛t❡♠át✐❝♦ ❝♦♠ ❛ ❞❡✜♥✐çã♦ ❞❡ η(D)✱ ❡♠ r❡❧❛çã♦ ❛ η̄✳ ❊♥tr❡t❛♥t♦✱ ♦ ✐♥✈❡rs♦

❞❛ r❡❧❛çã♦ ♣r♦♣♦st❛ ♣♦r ❍♦✛♠❛♥♥ ❡ ❙t❡✐♥ ✭✷✵✵✷✮ ♣♦❞❡ s❡r ❛♣r❡s❡♥t❛❞❛ ❞❡ ✉♠❛ ❢♦r♠❛

❞✐❢❡r❡♥t❡✱ ❧❡✈❛♥❞♦ ❛ ✉♠❛ r❡❧❛çã♦ ✉♠ t❛♥t♦ ♠❛✐s s✐❣♥✐✜❝❛t✐✈❛✿ s❡ ❳✭❉✮ é ❛ ❞✐str✐❜✉✐çã♦ ❞❡

t❛♠❛♥❤♦s ❞❡ ♣❛rtí❝✉❧❛s✱ ♥❛ ❡♥tr❛❞❛ ❞♦ ❝✐❝❧♦♥❡✱ t❡♠✲s❡ ✉♠❛ r❡❧❛çã♦ ❞✐r❡t❛ ♣❛r❛ ❛ ❡✜❝✐ê♥❝✐❛

❣❧♦❜❛❧ ❞❡ ❝♦❧❡t❛ η̄ ❛♣r❡s❡♥t❛❞❛ ♣❡❧❛ ❊q✉❛çã♦ ✷✳✻✳

η̄ =

∝
∫

0

X(D)η(D)dD ✭✷✳✻✮

❆ ❡✜❝✐ê♥❝✐❛ ✐♥❞✐✈✐❞✉❛❧ ❞❡ ❝♦❧❡t❛ ♣♦❞❡ s❡r ❞❡✜♥✐❞❛ ❝♦♠♦ ♦ ❢❛t♦r r❡❛❧ ❞❡ ♠❡❞✐❞❛ ❞❛

❡✜❝✐ê♥❝✐❛ ❞♦ ❝✐❝❧♦♥❡✳ P❡❧❛ s✉❛ ♣ró♣r✐❛ ❞❡✜♥✐çã♦✱ t❛❧ ❢❛t♦r ❞❡♣❡♥❞❡ ❛♣❡♥❛s ❞❛s ❝❛r❛❝t❡ríst✐✲

❝❛s ❞♦ ❝✐❝❧♦♥❡✱ ❡ ♥ã♦ ❞❛ ❞✐str✐❜✉✐çã♦ ❞❡ ♣❛rtí❝✉❧❛s ❞❛ ❛❧✐♠❡♥t❛çã♦❀ ❛♦ ❝♦♥trár✐♦ ❞♦ q✉❡ s❡

✈ê ♥❛ ❊q✉❛çã♦ ✷✳✻✱ ♦♥❞❡ ❛ ❡✜❝✐ê♥❝✐❛ ❣❧♦❜❛❧ ❞❡♣❡♥❞❡✿ t❛♥t♦ ❞✐str✐❜✉✐çã♦ ❣r❛♥✉❧♦♠étr✐❝❛✱

❝♦♠♦ ❞❛s ❞✐♠❡♥sõ❡s ❞♦ ❝✐❝❧♦♥❡✳

❊✜❝✐ê♥❝✐❛ ■♥❞✐✈✐❞✉❛❧ ❞❡ ❈♦❧❡t❛

❆ ❡✜❝✐ê♥❝✐❛ ✐♥❞✐✈✐❞✉❛❧ ❞❡ ❝♦❧❡t❛ é ❞❡✜♥✐❞❛ ❝♦♠♦ ❛ ❢r❛çã♦ ♠áss✐❝❛ ❞❡ só❧✐❞♦s ❛❧✐♠❡♥t❛❞❛

q✉❡ é ❝❛♣t✉r❛❞❛ ♣❡❧♦ ❝✐❝❧♦♥❡✱ ♣❛r❛ ♣❛rtí❝✉❧❛s ❞❡ ✉♠ ❞❡t❡r♠✐♥❛❞♦ ❞✐â♠❡tr♦✳ ❖ ❣rá✜❝♦

❞❡ ❡✜❝✐ê♥❝✐❛ ✐♥❞✐✈✐❞✉❛❧ ❞❡ ❝♦❧❡t❛ ❝♦♠ ♦ ❞✐â♠❡tr♦ ❞❡ ♣❛rtí❝✉❧❛ é ❝❤❛♠❛❞♦ ❞❡ ❈✉r✈❛ ❞❡

❊✜❝✐ê♥❝✐❛ ❞♦ ❝✐❝❧♦♥❡✳ ❯♠❛ ❝✉r✈❛ ❞❡ ❡✜❝✐ê♥❝✐❛ tí♣✐❝❛ é ♠♦str❛❞❛ ♥❛ ❋✐❣✉r❛ ✷✳✶✳

❈♦♥❢♦r♠❡ ▼❛ss❛r❛♥✐ ✭✶✾✾✼✮✱ ❛ ❡✜❝✐ê♥❝✐❛ ✐♥❞✐✈✐❞✉❛❧ ❞❡ ❝♦❧❡t❛ r❡❧❛t✐✈❛ à ♣❛rtí❝✉❧❛ ❝♦♠

❞✐â♠❡tr♦ ❉ ♣♦❞❡ s❡r ❡①♣r❡ss❛ ❞❡ ❛❝♦r❞♦ ❛❧❣✉♠❛s ❝♦rr❡❧❛çõ❡s ❡♠♣ír✐❝❛s ♣❛r❛ ❝✐❝❧♦♥❡s✳ ❙❡✲

❣✉♥❞♦ ♦ ❛✉t♦r✱ ❛ ❡✜❝✐ê♥❝✐❛ ✐♥❞✐✈✐❞✉❛❧ ❞❡ ❝♦❧❡t❛ η
(

D
D∗

)

❞❡♣❡♥❞❡ ❡①❝❧✉s✐✈❛♠❡♥t❡ ❞❛ ❝♦♥❋✐✲

❣✉r❛çã♦ ❞♦ ❡q✉✐♣❛♠❡♥t♦✱ ❞♦ r❡❣✐♠❡ ❞❡ ❡s❝♦❛♠❡♥t♦ ❞♦ ✢✉✐❞♦ ❡ ❞❛ ❞✐♥â♠✐❝❛ ❞❛s ♣❛rtí❝✉❧❛s✳

❈✐❝❧♦♥❡s ❞❡ ▲❛♣♣❧❡ ❡ ❞❡ ❙t❛✐r♠❛♥❞ ❛♣r❡s❡♥t❛♠ ♦ ♠♦❞❡❧♦ ❡♠♣ír✐❝♦ ❛♣r❡s❡♥t❛❞♦ ❝♦♥❢♦r♠❡

❊q✉❛çã♦ ✷✳✼

η

(

D

D∗

)

=

(

D/D∗

)2

1 +
(

D/D∗

)2 ✭✷✳✼✮



✶✻ ✷✳✶✳ ❈✐❝❧♦♥❡s

❋✐❣✉r❛ ✷✳✶✿ ❈✉r✈❛ ❞❡ ❡✜❝✐ê♥❝✐❛ tí♣✐❝❛ ♥♦ ❝✐❝❧♦♥❡ ✭❍❖❋❋▼❆◆◆❀ ❙❚❊■◆✱ ✷✵✵✼✮✳

❊✜❝✐ê♥❝✐❛ ❚♦t❛❧ ♦✉ ●❧♦❜❛❧ ❞❡ ❈♦❧❡t❛

➱ ❛ r❡❧❛çã♦ ❡♥tr❡ ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ♣❛rt✐❝✉❧❛❞♦s ❝♦❧❡t❛❞♦s ♥♦ ❝✐❝❧♦♥❡ ❡ ♦ t♦t❛❧ ❛❧✐♠❡♥✲

t❛❞♦✳ ❆ ❢✉♥çã♦ ❡✜❝✐ê♥❝✐❛ ❣❧♦❜❛❧ ❞❡ ❝♦❧❡t❛ ❞❡♣❡♥❞❡ ❞❛ ❞✐str✐❜✉✐çã♦ ❣r❛♥✉❧♦♠étr✐❝❛ ❞❛

❛♠♦str❛ ❞❡ ♣❛rtí❝✉❧❛s✱ X = X(D)✳ ❈♦♥❤❡❝✐❞❛ ❛ ❞✐str✐❜✉✐çã♦ ❣r❛♥✉❧♦♠étr✐❝❛✱ é ♣♦ssí✈❡❧

❡st❛❜❡❧❡❝❡r ♦ ✈❛❧♦r ❞❛ ❡✜❝✐ê♥❝✐❛ ❣❧♦❜❛❧ ❞❡ ❝♦❧❡t❛ ♥♦ ❝❛♠♣♦ ❝❡♥trí❢✉❣♦ ❝♦♥❢♦r♠❡ ❛ ❊q✉❛çã♦

✷✳✽ ✿

η̄ =

1
∫

0

η

(

D

D∗

)

dX ✭✷✳✽✮

❆ ✐♥t❡❣r❛çã♦ ❞❛ ❊q✉❛çã♦ ✷✳✽✱ ♣❛r❛ ✉♠❛ s✐t✉❛çã♦ ❜❛st❛♥t❡ tí♣✐❝❛ ❞❡ ❞✐str✐❜✉✐çã♦ ❣r❛♥✉✲

❧♦♠étr✐❝❛✱ r❡♣r❡s❡♥t❛❞❛ ♣❡❧♦ ♠♦❞❡❧♦ ❘♦s✐♥✲❘❛♥♥❧❡r✲❇❡♥♥❡t ✭❘❘❇✮✱ ❞❡s❝r✐t♦ ♣❡❧❛ ❊q✉❛çã♦

✷✳✾✱ r❡s✉❧t❛ ♥❛ ❊q✉❛çã♦ ✷✳✶✵✱ q✉❛♥❞♦ ❛♣❧✐❝❛❞❛ ❛♦s t✐♣♦s ❞❡ ❝✐❝❧♦♥❡s ❞❡ ▲❛♣♣❧❡ ❡ ❞❡ ❙t❛✐r✲

♠❛♥❞✳ ◗✉❛♥t♦ à ❊q✉❛çã♦ ✷✳✾✱ ❝❛❜❡ r❡ss❛❧t❛r q✉❡ ❳ é ❛ ❢r❛çã♦ ❡♠ ♠❛ss❛ ❞❛s ♣❛rtí❝✉❧❛s

❝♦♠ ❞✐â♠❡tr♦ ♠❡♥♦r q✉❡ ❉ ❡ q✉❡ ❉✬ ❡ ♥ sã♦ ♦s ♣❛râ♠❡tr♦s ❞♦ ♠♦❞❡❧♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✿

❞✐â♠❡tr♦ ❞❛ ♣❛rtí❝✉❧❛ q✉❡ ❝♦rr❡s♣♦♥❞❡ ❛ X = 0, 632 ❡ ❛ ❞✐s♣❡rsã♦ ✭▼❆❙❙❆❘❆◆■✱ ✶✾✾✼✮✳

X = 1− exp

[

−
(

D

D′

)n]

✭✷✳✾✮

η̄ =

1,11n
0,118+n

1, 81− 0, 322n+
(

D
′

D∗

) · D
′

D∗
✭✷✳✶✵✮



✷✳✷✳ ❋✐❧tr❛çã♦ ✶✼

✷✳✷ ❋✐❧tr❛çã♦

❆ ✜❧tr❛çã♦ é ✉♠❛ ♦♣❡r❛çã♦ ❞❡ s❡♣❛r❛çã♦ ❢ís✐❝❛✱ q✉❡ é ✉s❛❞♦ ♣❛r❛ ❛ s❡♣❛r❛r ♣❛rtí❝✉❧❛s

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

✜❧tr❛♥t❡✱ ❛♣❡♥❛s ♦s ❣ás ✭❛r✮ ♣❛ss❛ ♣❡❧♦ ✜❧tr♦✱ ❡♥q✉❛♥t♦ ❛s ♣❛rtí❝✉❧❛s sã♦ ❝♦❧❡t❛❞❛s✳ ❆ ❡✜❝✐✲

ê♥❝✐❛ ❞❡ ❝♦❧❡t❛ ❞♦ ✜❧tr♦ ❞❡♣❡♥❞❡ ❞❛ ♣♦r♦s✐❞❛❞❡✱ ❞❡♥s✐❞❛❞❡ ❞❡ ❡♠♣❛❝♦t❛♠❡♥t♦✱ ✈❡❧♦❝✐❞❛❞❡

♥♦♠✐♥❛❧✱ ♦ t❛♠❛♥❤♦ ❞❛s ♣❛rtí❝✉❧❛s ❡ ❛ ❡s♣❡ss✉r❛ ❞♦ ✜❧tr♦✱ ❝♦♥❢♦r♠❡ r❡❣❡♠ ♦s ♠❡❝❛♥✐s♠♦s

❢ís✐❝♦s ❞❛ ✜❧tr❛çã♦ ✭❙❊❱■▲▲❊✱ ✶✾✾✼✮✳

❉✉r❛♥t❡ ♦ ♣r♦❝❡ss♦✱ ♦ ✜❧tr♦ ♣♦❞❡ r❡t❡r ♦ só❧✐❞♦ ❞❛ s✉s♣❡♥sã♦ s♦❜r❡ ❛ s✉♣❡r❢í❝✐❡ ❞♦

♠❡✐♦ ❞❡ ✜❧tr❛♥t❡✱ ❢♦r♠❛♥❞♦ ♦ q✉❡ ❞❡♥♦♠✐♥❛♠♦s ❞❡ t♦rt❛ ❞❡ ✜❧tr❛çã♦✳ ❆ ❢♦r♠❛çã♦ ❞❛ t♦rt❛

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

❙❡ ♥ã♦ ❢♦r ❡st❡ ♦ ❝❛s♦✱ é ♥❡❝❡ssár✐♦✱ ♣❛r❛ ❝♦❜r✐r ♦ ♠❡✐♦ ❞❡ ✜❧tr❛♥t❡✱ ✉♠❛ ❢♦❧❤❛ ✜♥❛ ❞❡

✉♠ ♠❛t❡r✐❛❧ ✜❜r♦s♦✱ ❝❤❛♠❛❞♦ ❛✉①✐❧✐❛r ❞❡ ✜❧tr♦ q✉❡ ❜❧♦q✉❡✐❛ ❛s ♣❛rtí❝✉❧❛s ♣❛ss❛♥t❡s ♣❡❧♦

♠❡✐♦ ✜❧tr❛♥t❡✳ ❆ ❢♦r♠❛çã♦ ❞❡ t♦rt❛s sã♦ ❝❛r❛❝t❡ríst✐❝❛s ❡♠ ✜❧tr❛çã♦ ❝✉❥♦ ♠❡✐♦ ✜❧tr❛♥t❡ é

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

◗✉❛♥❞♦ ♦ ❡s❝♦❛♠❡♥t♦ ❞❛ s✉s♣❡♥sã♦ só❧✐❞♦ ✢✉✐❞♦ é ♣❛r❛❧❡❧❛ à s✉♣❡r❢í❝✐❡ ❞♦ ♠❡✐♦ ✜❧✲

tr❛♥t❡✱ ♦ ♠❡✐♦ r❡té♠ ❛s ♣❛rtí❝✉❧❛s✱ ♣❡r♠✐t✐♥❞♦ q✉❡ ♦ ✢✉✐❞♦ ♣❛ss❡✳ ◆♦ ❡♥t❛♥t♦✱ ❞❛❞♦ à

❝❛r❛❝t❡ríst✐❝❛s ❞♦ ❡s❝♦❛♠❡♥t♦✱ q✉❡ ♣r♦❞✉③ ✉♠❛ ❡❧❡✈❛❞❛ t❡♥sã♦ ❞❡ ❝✐s❛❧❤❛♠❡♥t♦ ♥❛s s✉✲

♣❡r❢í❝✐❡s só❧✐❞❛s✱ ❛ ❢♦r♠❛çã♦ ❞❡ ✉♠❛ ❝❛♠❛❞❛ só❧✐❞❛ ✭t♦rt❛ ❞❡ ✜❧tr❛çã♦✮ s♦❜r❡ ♦ ♠❡✐♦ ❞❡

✜❧tr❛♥t❡ é ❡✈✐t❛❞❛✱ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ❛s ♣❛rtí❝✉❧❛s ✈♦❧t❡♠ ♣❛r❛ ❛ s✉s♣❡♥sã♦ ✭❈❖◆❈❍❆✱

✷✵✶✹✮✳ ❆ ♥ã♦ ❢♦r♠❛çã♦ ❞❡ t♦rt❛ é ✉♠❛ ❝❛r❛❝t❡ríst✐❝❛ ♠✉✐t♦ ❝♦♠✉♠ ❡♠ ✜❧tr❛çã♦ ❞❡ ✢✉①♦

❝r✉③❛❞♦✱ ♠❛s t❛♠❜é♠ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞❛ ♥♦ ♣r♦❝❡ss♦ ❞❡ ✜❧tr❛çã♦ q✉❡ ♦❝♦rr❡ ❡♠ ❝✐❝❧♦♥❡

✜❧tr❛♥t❡ ✭❘❖❉❘■●❯❊❙✱ ✷✵✵✶✮✳

✷✳✷✳✶ ❊q✉❛çõ❡s ❞♦ ❊s❝♦❛♠❡♥t♦ ❞❡ ✉♠❛ Ú♥✐❝❛ ❋❛s❡ ❡♠ ▼❡✐♦ P♦✲

r♦s♦

P❛r❛ ✉♠ ❡s❝♦❛♠❡♥t♦ ❞❡ ✉♠ ✢✉✐❞♦ ✈✐s❝♦s♦✱ ❛tr❛✈és ❞❡ ✉♠ ♠❡✐♦ ♣♦r♦s♦✱ ♦♥❞❡ s❡❥❛♠

✈á❧✐❞❛s ❛s s❡❣✉✐♥t❡s ❤✐♣ót❡s❡✿ ❛s ♣❛rtí❝✉❧❛s sã♦ ♣❡q✉❡♥❛s ❡♠ r❡❧❛çã♦ ❛♦ r❡❝✐♣✐❡♥t❡✱ ❛♣r❡s❡♥✲

t❛♥❞♦ t❛♠❛♥❤♦s ❡ ❢♦r♠❛s ✉♥✐❢♦r♠❡s✱ ♦ ♠❡✐♦ ♣♦r♦s♦ é ✐♥❝♦♠♣r❡ssí✈❡❧✱ rí❣✐❞♦ ❡ ✐♥❞❡❢♦r♠á✈❡❧✱

♥ã♦ ❤á tr❛♥s❢❡rê♥❝✐❛ ❞❡ ♠❛ss❛ ❡♥tr❡ ♦ só❧✐❞♦ ❡ ♦ ✢✉✐❞♦ ❡ ❛s ♣❛rtí❝✉❧❛s ❡stã♦ ❝♦♥t✐❞♦s ♥✉♠

r❡❝✐♣✐❡♥t❡ ❝♦♠ ♣❛r❡❞❡s ✐♠♣❡r♠❡á✈❡✐s s❡♠ ❛tr✐t♦❀ ♦ ♣r♦❝❡ss♦ ♣♦❞❡ s❡r ❞❡s❝r✐t♦ ❛ ♣❛rt✐r ❞♦s

s✐st❡♠❛s ❞❡ ❊q✉❛çõ❡s ♣❛r❛ ♣❛rtí❝✉❧❛s✱ ♠✉✐t♦ ❜❡♠ ❛♣r❡s❡♥t❛❞♦ ♣♦r ▼❛ss❛r❛♥✐ ✭✶✾✾✼✮✳

❖ ❡s❝♦❛♠❡♥t♦ ❛tr❛✈és ❞♦ ♠❡✐♦ ♣♦r♦s♦ rí❣✐❞♦✱ ♣♦❞❡ s❡r ❞❡s❝r✐t♦ ♣❡❧❛s ❧❡✐s ❞❛ ❝♦♥t✐✲

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



✶✽ ✷✳✷✳ ❋✐❧tr❛çã♦

✢✉✐❞♦ ✐♥❝♦♠♣r❡ssí✈❡❧✱ s❡♥❞♦ ❡st❡ ❛ ♣❛rt❡ ❞✐♥â♠✐❝❛✱ ❝❤❡❣❛✲s❡ à ❡q✉❛çã♦✿

ρ

[

∂ε

∂t
+∇ · (ε✈f )

]

= 0 ✭✷✳✶✶✮

❖ ❜❛❧❛♥ç♦ ❞❡ ♠❛ss❛ ♣❛r❛ ❛ ♠✐st✉r❛ ♥♦ ✈♦❧✉♠❡ ❞❡ ✢✉✐❞♦ é✿

∇ · q = 0

q = ε✈f

vs = 0

✭✷✳✶✷✮

❖ ❜❛❧❛♥ç♦ ❞❡ ♠♦♠❡♥t♦ ❧✐♥❡❛r ♥♦ ✈♦❧✉♠❡ ❞❡ ✢✉✐❞♦ é✿

∇pe = −♠d

ε
✭✷✳✶✸✮

❡♠ q✉❡ ♦ r é ♦ ✈❡t♦r ♣♦s✐çã♦✱ ε(r, t) = (1−ϕ(r, t)) é ❛ ♣♦r♦s✐❞❛❞❡ ❞♦ ♠❡✐♦✱ ϕ(r, t) é ❛ ❢r❛çã♦

✈♦❧✉♠étr✐❝❛ ❞♦ só❧✐❞♦✱ ✈f (r, t) é ❛ ✈❡❧♦❝✐❞❛❞❡ ✐♥t❡rst✐❝✐❛❧ ❞♦ ✢✉✐❞♦✱ q(r, t) é ❛ ✈❡❧♦❝✐❞❛❞❡

s✉♣❡r✜❝✐❛❧ ❞♦ ✢✉✐❞♦✱ pe(r, t) é ❛ ♣r❡ssã♦ ❡①❡r❝✐❞❛ ♥♦s ♣♦r♦s s♦❜r❡ ♦ ✢✉✐❞♦ ❡ ♠d(r, t) ❛ ❢♦rç❛

r❡s✐st✐✈❛ ❡①❡r❝✐❞❛ ♣❡❧♦ ✢✉✐❞♦ s♦❜r❡ ♦ ♠❡✐♦ ♣♦r♦s♦✳ ❆ ❢♦rç❛ r❡s✐st✐✈❛ ♠d(r, t) s❡rá ❞❡s❝r✐t♦

♣♦st❡r✐♦r♠❡♥t❡ ♣❡❧❛s ❧❡✐s ❉❛r❝②✱ ❋♦r❝❤❤❡✐♠❡r✱ ❛ ❞❡♣❡♥❞❡r ❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞♦ ❡s❝♦❛♠❡♥t♦✳

✷✳✷✳✷ ❋✉♥❞❛♠❡♥t♦s ❞❡ ❋✐❧tr❛çã♦

❊♠ ✶✽✺✻✱ é ♣r♦♣♦st❛ ♣♦r ❉❛r❝② ❛ ♣r✐♠❡✐r❛ ❝♦rr❡❧❛çã♦ ❡①♣❡r✐♠❡♥t❛❧ ♣❛r❛ ♦ ✢✉①♦ ✈✐s✲

❝♦s♦✱ ❛tr❛✈és ❞❡ ✉♠ ♠❡✐♦ ♣♦r♦s♦ ✐♥❝♦♠♣r❡ssí✈❡❧✱ ❢♦r♠❛❞♦ ♣♦r ♣❛rtí❝✉❧❛s ✜①❛s✳ ❉❛r❝②

❡st❛❜❡❧❡❝✐❛ ✉♠❛ r❡❧❛çã♦ ❧✐♥❡❛r ❡♥tr❡ ♦ ✢✉①♦ ❞❡ ✈♦❧✉♠❡ ♣♦r ✉♥✐❞❛❞❡ ❞❡ ár❡❛ ❡ ❛ q✉❡❞❛

❞❡ ♣r❡ssã♦ ❛tr❛✈és ❞♦ ❧❡✐t♦ ♣♦r♦s♦✳ ❉❡s❞❡ ❡♥tã♦✱ ♦s ❡s❝♦❛♠❡♥t♦s ❧❡♥t♦s✱ ❛tr❛✈és ❞❡ ♠❡✐♦s

♣♦r♦s♦s✱ sã♦ tr❛t❛❞♦s ♣❡❧❛ ❧❡✐ ❞❡ ❉❛r❝②✳

❉✉r❛♥t❡ ♠✉✐t♦ t❡♠♣♦✱ ❛ ✜♠ ❞❡ ♣r❡✈❡r ❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦ s♦❜r❡ ✉♠ ♠❡✐♦ ♣♦r♦s♦✱ ❛

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

❢♦r❛ ♣r❡✈✐st♦ ♣❡❧❛ ❧❡✐ ❞❡ ❉❛r❝②✱ ❊q✉❛çã♦ ✷✳✶✹❀ ♦♥❞❡ q é ❛ ✈❡❧♦❝✐❞❛❞❡ s✉♣❡r✜❝✐❛❧ ✭ms−1✮✱ µ

❛ ✈✐s❝♦s✐❞❛❞❡ ✭P❛✳s✮ ❡ K é ❛ ❝♦♥st❛♥t❡ ❞❡ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡ ✭m2✮✳

−∇p =
µ

K
q ✭✷✳✶✹✮

❊♠❜♦r❛ ❛ ❧❡✐ ❞❡ ❉❛r❝②✱ s❡❥❛ ❜❛st❛♥t❡ ✉t✐❧✐③❛❞❛✱ ♣❛r❛ ❡s❝♦❛♠❡♥t♦s ❡♠ ✜❧tr♦s✱ ❡st❛

❛♣r❡s❡♥t❛ ❞✉❛s ❧✐♠✐t❛çõ❡s ✭▲❆●❊✱ ✶✾✾✽✮✿ ✭1✮ ❛ ✈❛③ã♦ ✈♦❧✉♠étr✐❝❛ ❞♦ ❡s❝♦❛♠❡♥t♦ ❞❡✈❡



✷✳✷✳ ❋✐❧tr❛çã♦ ✶✾

s❡r ❜❛✐①❛✱ s❡♥❞♦ ✈á❧✐❞❛ ❡ss❡♥❝✐❛❧♠❡♥t❡ ♥♦ r❡❣✐♠❡ ❧❛♠✐♥❛r✱ ♣❛r❛ ✢✉✐❞♦ ✐♥❝♦♠♣r❡ssí✈❡❧✱

♥❡✇t♦♥✐❛♥♦ ❡ ✐s♦tér♠✐❝♦❀ ✭2✮ ❛ ❧❡✐ ❞❡ ❉❛r❝② é ✉♠❛ ❡q✉❛çã♦ ❞✐❢❡r❡♥❝✐❛❧ ❞❡ ♣r✐♠❡✐r❛ ♦r❞❡♠✱

❞✐❢❡r❡♥t❡♠❡♥t❡ ❞❛ ❡q✉❛çã♦ ❞❡ ❙t♦❦❡s✱ q✉❡ é ✉♠❛ ❡q✉❛çã♦ ❞✐❢❡r❡♥❝✐❛❧ ❞❡ s❡❣✉♥❞❛ ♦r❞❡♠✳

❆❧❣✉♠❛s ✐♠♣❧✐❝❛çõ❡s ❢ís✐❝❛s ♦r✐✉♥❞❛s ❞❛ ♥ã♦ ❛♣❧✐❝❛❜✐❧✐❞❛❞❡s ❞❛ ❡q✉❛çã♦ ❞❡ ❉❛r❝② sã♦

❛♣r❡s❡♥t❛❞❛s ❡ ❞✐s❝✉t✐❞❛s ♣♦r ▲❛❣❡ ✭✶✾✾✽✮✳

❯♠❛ ❡✈♦❧✉çã♦ à ❡q✉❛çã♦ ❞❡ ❉❛r❝②✱ ♣❛r❛ ❡s❝♦❛♠❡♥t♦s ❡♠ ❛❧t❛s ✈❡❧♦❝✐❞❛❞❡s✱ é ❛ ❡q✉❛✲

çã♦ ❞❡ ❋♦r❝❤❤❡✐♠❡r✱ ❡st❛❜❡❧❡❝✐❞❛ ♣❡❧❛ ❊q✉❛çã♦ ✷✳✶✺✱ ♦♥❞❡ ♦ ♣❛râ♠❡tr♦ β é ♦ ❝♦❡✜❝✐❡♥t❡

❞❡ r❡s✐stê♥❝✐❛ ❝✐♥ét✐❝❛ ❡ ❞❡♣❡♥❞❡ ❞❛s ❝♦♥❞✐çõ❡s ❞♦ ❡s❝♦❛♠❡♥t♦✱ s❡♥❞♦ ❞❡t❡r♠✐♥❛❞❛ ❡①♣❡✲

r✐♠❡♥t❛❧♠❡♥t❡✳

−∇p =
µ

K
q+ ρβq2 ✭✷✳✶✺✮

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

é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❊q✉❛çã♦ ✷✳✶✻✱ ♣r♦♣♦st❛ ♣♦r ▼❛ss❛r❛♥✐ ✭✶✾✽✾✮✳ q✉❡ ❛♦ ♦❜s❡r✈❛r q✉❡ ❛

❝♦rr❡❧❛çã♦ ❛♣r❡s❡♥t❛❞❛ ♣♦r ❉❛r❝② ♥ã♦ ❡r❛ ✉♥✐✈❡rs❛❧♠❡♥t❡ ✈á❧✐❞❛✱ s❡♥❞♦ r❡str✐t❛ ❛ ❡s❝♦✲

❛♠❡♥t♦s ❧❡♥t♦s✱ ▼❛ss❛r❛♥✐ ✭✶✾✽✾✮ ♣r♦♣ôs ✉♠❛ ❡①t❡♥sã♦ ♣❛r❛ ❡s❝♦❛♠❡♥t♦s ♠❛✐s rá♣✐❞♦s✱

❛tr❛✈és ❞❛ t❡♦r✐❛ ❞❡ ❡s❝♦❛♠❡♥t♦ ❡♠ ♠❡✐♦s ♣♦r♦s♦s ❡ ❛ ❡q✉❛çã♦ ❞♦ ♠♦✈✐♠❡♥t♦❀ q✉❡ ❢♦r❛ ❛

✐♥t❡❣r❛❞❛ ❝♦♠ ❛ ❡①♣r❡ssã♦ ♣❛r❛ ❢♦rç❛ r❡s✐st✐✈❛ ❞❡ ❋♦r❝❤❤❡✐♠❡r✳

∆p

L
=

µ

K
q+

cρ√
K

q2 ✭✷✳✶✻✮

❆♦ ❧♦♥❣♦ ❞♦s ❛♥♦s✱ ✈ár✐❛s ❊q✉❛çõ❡s tê♠ s✐❞♦ ♣r♦♣♦st❛s ❛ ✜♠ ❞❡ ❞❡✜♥✐r ❛ ❞❡♣❡♥❞ê♥❝✐❛

❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❡ ❞♦ ♣❛râ♠❡tr♦ ❝ ❝♦♠ ❛ ♣♦r♦s✐❞❛❞❡✳ ❙❡❣✉♥❞♦ ❈♦♥❝❤❛ ✭✷✵✶✹✮✱ ❛s

❊q✉❛çõ❡s ♠❛✐s ✉t✐❧✐③❛❞❛s sã♦ ❛q✉❡❧❛s ♣r♦♣♦st❛s ♣♦r ❑♦③❡♥② ✭✶✾✷✼✮✱ ❈❛r♠❛♥ ✭✶✾✸✼✮ ❡

▼❛ss❛r❛♥✐ ✭✶✾✾✼✮✳

✷✳✷✳✸ ❱❛r✐á✈❡✐s ✐♠♣♦rt❛♥t❡s ♥❛ ❋✐❧tr❛çã♦ ❡♠ t❡❝✐❞♦

❯♠❛ ❝❛r❛❝t❡ríst✐❝❛ ✐♠♣♦rt❛♥t❡ ❛♦ ❛♥❛❧✐s❛r ♦s ❢❡♥ô♠❡♥♦s ❞❡ tr❛♥s♣♦rt❡ ❡♠ ♠❡✐♦s ♣♦r♦✲

s♦s é ❛ ♣r❡s❡♥ç❛ ❞❡ ❞♦✐s ♠❛t❡r✐❛✐s ❤♦♠♦❣ê♥❡♦s✱ s❡♥❞♦ ✉♠ ✜①♦ ♦✉ ❧✐❣❡✐r❛♠❡♥t❡ ❞❡❢♦r♠á✈❡❧

❡ ♦ ♦✉tr♦ ♠ó✈❡❧✱ ♥♦ q✉❛❧ ❡①✐st❡ ✉♠❛ s✉♣❡r❢í❝✐❡ q✉❡ ♦s s❡♣❛r❛♠✳ ❆ s✉♣❡r❢í❝✐❡ ♥♦r♠❛❧✲

♠❡♥t❡ é ❝❛r❛❝t❡r✐③❛❞❛ ♣♦r ✉♠❛ ♣♦r♦s✐❞❛❞❡ ✈♦❧✉♠étr✐❝❛ ✭ǫ✮ ❡ ♣❡❧❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ✭❑✮

✭◆❆❘❆❙■▼❍❆◆✱ ✷✵✶✷✮✳

❙❡❣✉♥❞♦ ❙❡✈✐❧❧❡ ✭✶✾✾✼✮✱ ❛♦ s❡ ❛♥❛❧✐s❛r ♦ ♣r♦❝❡ss♦ ❞❡ ✜❧tr❛çã♦ ❡♠ t❡❝✐❞♦s✱ ♦ s✉❝❡ss♦ ♥♦

♣r♦❥❡t♦ ❡ ♥❛ ♦♣❡r❛çã♦ ❞❡♣❡♥❞❡♠ ❞❛ ❛ss♦❝✐❛çã♦ ❞❡ q✉❛tr♦ ✈❛r✐á✈❡✐s ❞❡ ♣r♦❥❡t♦✿
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• ❛ ♣❡r❞❛ ❞❡ ❝❛r❣❛❀

• ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ✜❧tr❛çã♦❀

• ♦ ♠❡✐♦ ✜❧tr❛♥t❡❀

• ❛ té❝♥✐❝❛ ❞❡ ❧✐♠♣❡③❛✳

❆ s❡❣✉✐r✱ s❡rã♦ ❞✐s❝✉t✐❞♦s ♦s ❡❢❡✐t♦s ❛ss♦❝✐❛❞♦s à ♣❡r❞❛ ❞❡ ❝❛r❣❛✱ à ✈❡❧♦❝✐❞❛❞❡ ❞❡

✜❧tr❛çã♦ ❡ à ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡✳

◗✉❡❞❛ ❞❡ ♣r❡ssã♦ ♥♦ ✜❧tr♦

❆ ♣❡r❞❛ ❞❡ ❝❛r❣❛ ❡♠ ✉♠ ✜❧tr♦ é ❛ ♣r❡ssã♦ ❞✐❢❡r❡♥❝✐❛❧ ❡♥tr❡ ❛s t♦♠❛❞❛s ❞❡ ♣r❡ssã♦ ♥♦s

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

♣❛rtí❝✉❧❛s sã♦ ❝♦❧❡t❛❞❛s ♥❛ s✉♣❡r❢í❝✐❡ ❞♦s ♠❡s♠♦s✳ ❖ ❛✉♠❡♥t♦ ❞❛ ♣❡r❞❛ ❞❡ ❝❛r❣❛ ❞✉r❛♥t❡

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

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

❆ ♣❡r❞❛ ❞❡ ❝❛r❣❛ ♠á①✐♠❛ ❡♠ ✉♠ ✜❧tr♦ ♣♦❞❡ s❡r ✉t✐❧✐③❛❞❛ ♣❛r❛ ❞❡t❡r♠✐♥❛r ❛ ♣♦tê♥❝✐❛

r❡q✉❡r✐❞❛✳ ◆♦r♠❛❧♠❡♥t❡✱ ❛ ♣❡r❞❛ ❞❡ ❝❛r❣❛ ♠á①✐♠❛ é ♦ ❢❛t♦r ❧✐♠✐t❛♥t❡ q✉❡ ❞❡t❡r♠✐♥❛

q✉❛♥❞♦ ❛ ❧✐♠♣❡③❛ ❞❡✈❡ s❡r ❢❡✐t❛✳ ❉❡st❛ ♠❛♥❡✐r❛✱ ♦s ❝✐❝❧♦s ❞❡ ❧✐♠♣❡③❛ ❞♦s ✜❧tr♦s sã♦

❛❝✐♦♥❛❞♦s✱ ❛tr❛✈és ❞♦ ❝♦♥tr♦❧❡ ❞❛ ♣❡r❞❛ ❞❡ ❝❛r❣❛✱ ♦✉ s❡❥❛✱ q✉❛♥❞♦ ✉♠ ✈❛❧♦r ♠á①✐♠♦ ❞❡

♣❡r❞❛ ❞❡ ❝❛r❣❛ é ❛❧❝❛♥ç❛❞♦✳ ❖s ✈❛❧♦r❡s ❞❡ ♣❡r❞❛s ❞❡ ❝❛r❣❛ ♦♣❡r❛❝✐♦♥❛✐s✱ ♥♦r♠❛❧♠❡♥t❡ s❡

❡♥❝♦♥tr❛♠ ♥❛ ❢❛✐①❛ ❞❡ ✼✺✵ ❛ ✷✵✵✵ P❛ ✭❙❊❱■▲▲❊✱ ✶✾✾✼✮✳

❊①✐st❡♠ ♥❛ ❧✐t❡r❛t✉r❛ ❞✐❢❡r❡♥t❡s ❡q✉❛çõ❡s ✉t✐❧✐③❛❞❛s ♣❛r❛ ❞❡s❝r❡✈❡r ❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦

❡♠ ♣r♦❝❡ss♦s ❞❡ ✜❧tr❛çã♦✳ ❯♠❛ ❞❡❧❛s é ❛ ❝♦rr❡❧❛çã♦ ❛♣r❡s❡♥t❛❞❛ ♣❡❧❛ ❊q✉❛çã♦ ✷✳✶✼✱ ❡♠

q✉❡ ❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦ t♦t❛❧ ♥♦ ✜❧tr♦ ✭∆PT ✮ é ❛ s♦♠❛ ❞❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ♥♦ ♠❡✐♦ ✜❧tr❛♥t❡

✭∆Pm✮ ❡ ❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ❞❡✈✐❞♦ à t♦rt❛ ❞❡ ✜❧tr❛çã♦ ❢♦r♠❛❞❛ ✭∆PC✮✳ ❊♥tr❡t❛♥t♦✱ ❛

❊q✉❛çã♦ ✷✳✶✼ ♥ã♦ ❞❡✈❡ s❡r ❛ ❡q✉❛çã♦ ❛ s❡r ✉t✐❧✐③❛❞❛ ❡♠ ❝✐❝❧♦♥❡s ✜❧tr❛♥t❡s✱ ♣♦✐s❀ ❝♦♥❢♦r♠❡

❘♦❞r✐❣✉❡s ✭✷✵✵✶✮✱ ❡♠ ❢✉♥çã♦ ás ❢♦rç❛s ❝✐s❛❧❤❛♥t❡s✱ ❛ ❢♦r♠❛çã♦ ❞❛ t♦rt❛ é ✐♠♣❡❞✐❞❛✳

∆PT = ∆Pm +∆PC ✭✷✳✶✼✮

❱❡❧♦❝✐❞❛❞❡ ❞❡ ✜❧tr❛çã♦

❆ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ✜❧tr❛çã♦ ❞♦ ❣ás ♥❛ ✐♥t❡r❢❛❝❡ ❞❡ ✉♠ t❡❝✐❞♦ é ❞❡♥♦♠✐♥❛❞❛ ❞❡ ✈❡❧♦❝✐❞❛❞❡

s✉♣❡r✜❝✐❛❧ ❞❡ ✜❧tr❛çã♦✳ ❊st❛ é ❛ ✈❛r✐á✈❡❧✱ q✉❡ ❛tr❛✈és ❞❛ ✈❛③ã♦ ❞♦ ❣ás✱ ♣♦ss✐❜✐❧✐t❛ ❛

❞❡t❡r♠✐♥❛çã♦ ❞❛ ár❡❛ t♦t❛❧ ❡❢❡t✐✈❛ ❞❡ ✜❧tr❛çã♦ ✭❙❊❱■▲▲❊✱ ✶✾✾✼✮✳ ❆ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ✜❧tr❛çã♦
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é ✉♠ ♣❛râ♠❡tr♦ ❢✉♥❞❛♠❡♥t❛❧ ❞❡ ♣r♦❥❡t♦ ♣❛r❛ ✜❧tr♦s ❞❡ t❡❝✐❞♦✱ ♣♦✐s ❡♠ ❝♦♥❥✉♥t♦ ❝♦♠ ♦

♠ét♦❞♦ ❞❡ ❧✐♠♣❡③❛ ✉t✐❧✐③❛❞♦✱ ♣♦ss✐❜✐❧✐t❛ ❞❡t❡r♠✐♥❛r ❛s ❞✐♠❡♥sõ❡s ❞♦ ✜❧tr♦ ❡ ❛ ❡st✐♠❛t✐✈❛

✐♥✐❝✐❛❧ ❞❡ ❝✉st♦✱ ✉♠❛ ✈❡③ q✉❡ ✐♥✢✉❡♥❝✐❛ s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ♥♦ ❝✉st♦ ❡♥❡r❣ét✐❝♦✳

P❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦ ▼❡✐♦ ❋✐❧tr❛♥t❡

❆ ♣❡r♠❡❛❜✐❧✐❞❛❞❡✱ ✉♠❛ ♣r♦♣r✐❡❞❛❞❡ q✉❡ ❞❡♣❡♥❞❡ ❡①❝❧✉s✐✈❛♠❡♥t❡ ❞❛ ♠❛tr✐③ ♣♦r♦s❛✱ é

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

s♦❜ ✐♥✢✉ê♥❝✐❛ ❞❡ ✉♠ ❣r❛❞✐❡♥t❡ ❞❡ ♣r❡ssã♦ ✭▼❆❙❙❆❘❆◆■✱ ✶✾✾✼✮✳

▲❛❣❡ ✭✶✾✾✽✮ ❞✐s❝✉t❡ ❛ t❡♦r✐❛ ♣♦r trás ❞❛ ❧❡✐ ❞❡ ❉❛r❝②✱ r❡❛✜r♠❛♥❞♦ ❛❧❣✉♥s ❝♦♥❝❡✐t♦s

✐♠♣♦rt❛♥t❡s✿

✶✳ q✉❛✐sq✉❡r ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♣♦❞❡♠ s❡r ❛❥✉st❛❞♦s ✉t✐❧✐③❛♥❞♦ ❊q✉❛çõ❡s ❧✐♥❡❛r❡s ♦✉

q✉❛❞rát✐❝❛s❀

✷✳ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❡ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ r❡s✐stê♥❝✐❛ ✐♥❡r❝✐❛❧ sã♦ ✈❛❧♦r❡s ♦❜t✐❞♦s ❛ ♣❛rt✐r

❞❡ ❛❥✉st❡s ❛♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❡ ❞❡♣❡♥❞❡♠ ❞❡ ✉♠❛ ✈❛r✐❡❞❛❞❡ ❞❡ ❞❛❞♦s✳

❙❡❣✉♥❞♦ ❙❡✈✐❧❧❡ ✭✶✾✾✼✮✱ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡✱ ♣❛r❛ ✢✉①♦ ❞❡ ❣ás✱ é ❞❡✲

t❡r♠✐♥❛❞❛ ♣❡❧❛ ❡str✉t✉r❛ ❞♦s t❡❝✐❞♦s✱ r❡s✉❧t❛♥t❡ ❞❡ ❡♥tr❡❧❛ç❛♠❡♥t♦s ❞♦s ✜♦s ❞❡ ✜❜r❛s

❢♦r♠❛❞❛s✳ ◗✉❛♥❞♦ ♥♦✈♦s✱ ♦s t❡❝✐❞♦s ❞✐s♣♦♥✐❜✐❧✐③❛♠ ♣♦r♦s ❝♦♠ ❛❜❡rt✉r❛s s✐❣♥✐✜❝❛t✐✈❛✲

♠❡♥t❡ ♠❛✐♦r❡s q✉❡ ♦ t❛♠❛♥❤♦ ❞❛s ♣❛rtí❝✉❧❛s✳ ❈♦♠ ✐ss♦✱ ❞✉r❛♥t❡ ❛ ✜❧tr❛çã♦✱ ✐♥✐❝✐❛❧♠❡♥t❡

❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦ ❣ás é ♣r❡❞♦♠✐♥❛♥t❡♠❡♥t❡ ♠❛✐♦r✱ ♣♦✐s ♦ ♠❡✐♦ ✜❧tr❛♥t❡ ♦❢❡r❡❝❡ ♠❡♥♦r

r❡s✐stê♥❝✐❛ ❛♦ ❡s❝♦❛♠❡♥t♦✳ ❊♥tr❡t❛♥t♦✱ ❛♣ós ❛❧❣✉♠ t❡♠♣♦ ❞❡ ❢✉♥❝✐♦♥❛♠❡♥t♦✱ ❛❧❣✉♠❛s ♣❛r✲

tí❝✉❧❛s ❛tr❛✈❡ss❛♠ ♦ ♠❡✐♦ ✜❧tr❛♥t❡✱ ❛♣❛r❡❝❡♥❞♦ ♥♦ ❡✢✉❡♥t❡✱ ❡♥q✉❛♥t♦ ♦✉tr❛s sã♦ ❝♦❧❡t❛❞❛s

♥❛ s✉♣❡r❢í❝✐❡ ❞♦ t❡❝✐❞♦ ♦✉ ♥♦ ✐♥t❡r✐♦r ❞❛ ❡str✉t✉r❛✱ ❞✐♠✐♥✉✐♥❞♦ ❛ss✐♠ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦

♠❡✐♦ ✜❧tr❛♥t❡✳

❆ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❢♦✐ ❛♣r❡s❡♥t❛❞❛ ♥❛s ❊q✉❛çõ❡s ✷✳✶✹✱ ✷✳✶✺ ❡ ✷✳✶✻✱ r❡❢❡r❡♥t❡s às ❝♦r✲

r❡❧❛çõ❡s ❞❡ ❉❛r❝②✱ ❋♦r❝❤❤❡✐♠❡r ❡ ▼❛ss❛r❛♥✐ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❊♠ t♦❞❛s ❛s ❊q✉❛çõ❡s✱

❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ r❡♣r❡s❡♥t❛ ♦ r❡s✉❧t❛❞♦ ❞❛ ♣r❡❞♦♠✐♥â♥❝✐❛ ❞❛s ❢♦rç❛s ✈✐s❝♦s❛s ♥♦ ❡s❝♦✲

❛♠❡♥t♦✳ ❊♠ ❡❧❡✈❛❞♦s ♥ú♠❡r♦s ❞❡ ❘❡②♥♦❧❞s✱ ♣r❡❞♦♠✐♥❛✲s❡ ❛s ❢♦rç❛s ✐♥❡r❝✐❛✐s✱ ❞❛♥❞♦ ♦

❝❛rát❡r ♣❛r❛❜ó❧✐❝♦ ♣❛r❛ ❛ ❢♦rç❛ r❡s✐st✐✈❛✱ ❝❛r❛❝t❡ríst✐❝♦ ❞❛ ❊q✉❛çã♦ ✷✳✶✺✱ ♣r♦♣♦st❛ ♣♦r

❋♦r❝❤❤❡✐♠❡r✳

❆s ❊q✉❛çõ❡s ❞❡ ❉❛r❝②✱ ❋♦r❝❤❤❡✐♠❡r ❡ ▼❛ss❛r❛♥✐ sã♦ ✉t✐❧✐③❛❞❛s ❝♦♠♦ ❊q✉❛çõ❡s ❝♦♥s✲

t✐t✉t✐✈❛s ♣❛r❛ ❛s ❢♦rç❛s r❡❧❛t✐✈❛s ❞❡ ✐♥t❡r❛çã♦ ❣ás✲só❧✐❞♦ ✭❈❖◆❈❍❆✱ ✷✵✶✹✮✳ ◆♦ s❡✉ ❧✐✈r♦✱ ♦

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

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



✷✷ ✷✳✸✳ ❊s❝♦❛♠❡♥t♦ ♥♦ ■♥t❡r✐♦r ❞❡ ❈✐❝❧♦♥❡s

✉♠❛ ♠❛tr✐③ ♣♦r♦s❛✱ rí❣✐❞❛ ❡ ❤♦r✐③♦♥t❛❧✱ ❝♦♠ ♣♦r♦s✐❞❛❞❡ ❝♦♥st❛♥t❡✳ ❈♦♠ ❛ ♦❜t❡♥çã♦ ❞❡

✉♠❛ ❡q✉❛çã♦ ✜♥❛❧✱ ♦ ❛✉t♦r ♠♦str❛ q✉❡✱ ❛ ♣❛rt✐r ❞❡ ❞❛❞♦s ❞❡ ♣r❡ssã♦ ❡ ✈❡❧♦❝✐❞❛❞❡ s✉♣❡r✜✲

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

♠❡t♦❞♦❧♦❣✐❛ ❞❡ ♣❡r♠❡❛♠❡tr✐❛ ❛♣r❡s❡♥t❛❞❛ ♣♦r ▼❛ss❛r❛♥✐ ✭✶✾✾✼✮✳

P❛r❛ ❡s❝♦❛♠❡♥t♦s ❡♠ ♠❡✐♦ ♥ã♦ s❛t✉r❛❞♦s✱ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦ ♠❡✐♦ ♣♦r♦s♦ ❞❡♣❡♥❞❡

❡①❝❧✉s✐✈❛♠❡♥t❡ ❞❛ ❡str✉t✉r❛ ❞❛ ♠❛tr✐③ ♣♦r♦s❛✱ s❡♥❞♦ ✐♥❞❡♣❡♥❞❡♥t❡ ❞♦ r❡❣✐♠❡ ❞❡ ❡s❝♦❛✲

♠❡♥t♦✱ s♦♠❡♥t❡ q✉❛♥❞♦ ❛ ♣r❡ssã♦ ❞♦ ❛r ❢♦r ♠✉✐t♦ ♠❛✐♦r ❞♦ q✉❡ ♣❡s♦ ❞♦ ❛r ♥♦ ♠❡✐♦ ♣♦r♦s♦

✭❈❖◆❈❍❆✱ ✷✵✶✹✮✳

❖ ♠❛♥✉❛❧ ❞♦ s♦❢t✇❛r❡ ❋▲❯❊◆❚ ❛♣r❡s❡♥t❛ ✉♠ ♠♦❞❡❧♦ r❡♣r❡s❡♥t❛❞♦ ♣❡❧❛ ❊q✉❛çã♦

✷✳✶✽✱ ❛♥á❧♦❣❛ à ❡q✉❛çã♦ ❞❡ ❋♦r❝❤❤❡✐♠❡r✱ q✉❡ ❞❡s❝r❡✈❡ ♦ ❡s❝♦❛♠❡♥t♦ ❡♠ ♠❡✐♦ ♣♦r♦s♦s✱

♣❛r❛ ❡s❝♦❛♠❡♥t♦s ♠♦♥♦❢ás✐❝♦ ❡ ♠✉❧t✐❢ás✐❝♦s✱ ✉t✐❧✐③❛♥❞♦ ❛ ✈❡❧♦❝✐❞❛❞❡ s✉♣❡r✜❝✐❛❧ ✭❋▲❯❊◆❚✱

✷✵✶✶✮✳ ◆❛ ❊q✉❛çã♦ ✷✳✶✽✱ K é ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡ ❡ C2 é ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡

r❡s✐stê♥❝✐❛ ✐♥❡r❝✐❛❧✱ ♣♦❞❡♥❞♦ ❛♠❜♦s s❡r❡♠ ❞❡t❡r♠✐♥❛❞♦s ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✱ ❛ ♣❛rt✐r ❞❡

❞❛❞♦s ❡♠♣ír✐❝♦s ❞❡ ✈❛③ã♦ ✈♦❧✉♠étr✐❝❛ ❡ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ♥♦ ♠❡✐♦ ♣♦r♦s♦✳ ◆♦t❛✲s❡ q✉❡

❡①✐st❡ ✉♠❛ ❛♥❛❧♦❣✐❛ ❡♥tr❡ ❛s ❊q✉❛çõ❡s ✷✳✶✽ ❡ ✷✳✶✺✳

−∇p =
µ

K
q+

1

2
ρC2q

2 ✭✷✳✶✽✮

❆♥❛❧✐s❛♥❞♦ ♦ ♠♦❞❡❧♦ ♣r♦♣♦st♦✱ ❛ ❞❡♣❡♥❞❡r ❞❛s ❝♦♦r❞❡♥❛❞❛s ❣❡♦♠étr✐❝❛s ✉t✐❧✐③❛❞❛s✱

♦s ❝♦❡✜❝✐❡♥t❡s ❧✐♥❡❛r❡s ❡ q✉❛❞rát✐❝♦s✱ ❞♦ ❛❥✉st❡ ❛♦ ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✱ ♣♦ss✐❜✐❧✐t❛ ❛

❞❡t❡r♠✐♥❛çã♦ ❞❡ K ❡ C2 ✱ ✉♠❛ ✈❡③ q✉❡ ♦s ✈❛❧♦r❡s ❞❡ ✈✐s❝♦s✐❞❛❞❡ ❞✐♥â♠✐❝❛ ✭µ✮ ❡ ♠❛ss❛

❡s♣❡❝í✜❝❛ ✭ρ✮ sã♦ ❝♦♥❤❡❝✐❞♦s✳

◆♦s ♣r♦❝❡ss♦s ✐♥❞✉str✐❛✐s✱ ❞❛❞❛ à ♣r❛t✐❝✐❞❛❞❡✱ é ✉t✐❧✐③❛❞♦ ❛ ❝♦♦r❞❡♥❛❞❛ ❝❛rt❡s✐❛♥❛

♣❧❛♥❛✱ ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦ ❞♦s ✜❧tr♦s✳ ❊♥tr❡t❛♥t♦✱ s❡❣✉♥❞♦ ▼❛ss❛r❛♥✐ ✭✶✾✽✺✮✱ ❛ ✜❧tr❛çã♦

s♦❜r❡ ✉♠❛ s✉♣❡r❢í❝✐❡ ❝✐❧í♥❞r✐❝❛ ♦✉ ❡s❢ér✐❝❛ ♣r♦♣♦r❝✐♦♥❛ ✉♠❛ ❝❛♣❛❝✐❞❛❞❡ ❞❡ ✜❧tr❛çã♦ s✉♣❡✲

r✐♦r✱ ♣♦✐s✱ ❝♦♠ ♦ ❝r❡s❝✐♠❡♥t♦ ❞❛ t♦rt❛✱ ❛ ár❡❛ ❞❡ ✜❧tr❛çã♦ ❛✉♠❡♥t❛ ❝♦♠ ♦ t❡♠♣♦✱ ❝♦♥❢♦r♠❡

é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✷

✷✳✸ ❊s❝♦❛♠❡♥t♦ ♥♦ ■♥t❡r✐♦r ❞❡ ❈✐❝❧♦♥❡s

❊♠ ❡q✉✐♣❛♠❡♥t♦s ❝❡♥trí❢✉❣♦s✱ ❝♦♠♦ ♦ ❝✐❝❧♦♥❡✱ ♦ ❣ás ❝♦♥t❡♥❞♦ ♣❛rtí❝✉❧❛s✱ ❛♣r❡s❡♥t❛ ✉♠

❡s❝♦❛♠❡♥t♦ ❣✐r❛tór✐♦ ❡♠ ❢♦r♠❛ ❞❡ ✈órt✐❝❡✳ ❖ ❡s❝♦❛♠❡♥t♦ ❡♠ ✈órt✐❝❡ é ♣r♦✈♦❝❛❞♦ ❞❡✈✐❞♦

♦ ❢❛t♦ ❞♦ ✢✉①♦ ❞❡ ❛❧✐♠❡♥t❛çã♦ s❡r t❛♥❣❡♥❝✐❛❧ ❛♦ ❝♦r♣♦ ❞❡ ❝✐❧✐♥❞r♦✱ ❛♦ q✉❛❧✱ ♥♦r♠❛❧♠❡♥t❡

❛♣r❡s❡♥t❛ ✉♠❛ s❡çã♦ ❞❡ ❡♥tr❛❞❛ r❡t❛♥❣✉❧❛r✳ ➚ ♠❡❞✐❞❛ q✉❡ ♦ ❣ás ❛✈❛♥ç❛ ♥♦ ✐♥t❡r✐♦r ❞♦

❝✐❝❧♦♥❡✱ ❡st❡ ❣✐r❛ ❡ s❡ ♠♦✈❡ ♥❛ ❞✐r❡çã♦ ❛①✐❛❧ ♣❛r❛ ❜❛✐①♦✳ ◆❛ ♣❛rt❡ ❝ô♥✐❝❛✱ ♦ ❣ás é ❢♦rç❛❞♦





✷✹ ✷✳✸✳ ❊s❝♦❛♠❡♥t♦ ♥♦ ■♥t❡r✐♦r ❞❡ ❈✐❝❧♦♥❡s

❋✐❣✉r❛ ✷✳✸✿ ❊s❝♦❛♠❡♥t♦ ❡♠ ❝✐❝❧♦♥❡ ✭❊▲❙❆❨❊❉❀ ▲❆❈❖❘✱ ✷✵✶✶❛✮✳

✼✳ ❛ ❛❧t✉r❛ ❞❛ s❡çã♦ ❝ô♥✐❝❛ ❤❝ ♦✉ ❞♦ ❝✐❧✐♥❞r♦ ✭h✮❀

✽✳ ♦ ❞✐â♠❡tr♦ ❞♦ ❢✉♥❞♦ ❞♦ ❝♦♥❡ ♦✉ ❞✐â♠❡tr♦ ❞♦ ✉♥❞❡r✢♦✇ ✭ Bc✮❀

◆♦ ❝✐❝❧♦♥❡ ❛s ♣❛rtí❝✉❧❛s sã♦ s❡♣❛r❛❞❛s ❞♦ ❣ás ❛♦ s❡r❡♠ ❧❡✈❛❞❛s ❝♦♥tr❛ ❛ ♣❛r❡❞❡ ♣❡❧❛

❛çã♦ ❞❛ ❢♦rç❛ ❝❡♥trí❢✉❣❛✳ ❆❞♠✐t❡✲s❡ q✉❡ ❛s ♣❛rtí❝✉❧❛s s❡ ♠♦✈❡♠ ❝♦♠ ✉♠❛ ✈❡❧♦❝✐❞❛❞❡

t❛♥❣❡♥❝✐❛❧ ✐❣✉❛❧ à ❞♦ ❣ás✱ ❡ ✉♠❛ ✈❡❧♦❝✐❞❛❞❡ r❛❞✐❛❧ vr✳ ❆s ❢♦rç❛s q✉❡ ❛❣❡♠ ❡♠ ✉♠❛ ♣❛rtí❝✉❧❛

♥♦ ❝♦r♣♦ ❞♦ ❝✐❝❧♦♥❡✱ ♥❛ ❞✐r❡çã♦ r❛❞✐❛❧✱ sã♦ ❛ ❢♦rç❛ ❝❡♥trí❢✉❣❛✱ ❞❛❞❛ ♣❡❧❛ ❊q✉❛çã♦ ✷✳✶✾✱ ❡ ❛

❢♦rç❛ ❞❡ ❛rr❛st❡✱ q✉❡✱ ♣❛r❛ Re < 1✱ é ❣❡r❛❧♠❡♥t❡ ❡①♣r❡ss❛ ♣❡❧❛ ❧❡✐ ❞❡ ❙t♦❦❡s ❛♣r❡s❡♥t❛❞♦

♣❡❧❛ ❊q✉❛çã♦ ✷✳✷✵✱ ❡♠ q✉❡ Dp é ♦ ❞✐â♠❡tr♦ ❞❛ ♣❛rtí❝✉❧❛✱ ρp é ❛ ♠❛ss❛ ❡s♣❡❝í✜❝❛ ❞❛

♣❛rtí❝✉❧❛✱ r é ❛ ❞✐stâ♥❝✐❛ ❞❛ ♣❛rtí❝✉❧❛ ❛♦ ❡✐①♦ ❞♦ ❝✐❝❧♦♥❡✱ µ é ❛ ✈✐s❝♦s✐❞❛❞❡ ❞♦ ❣ás ❡ vr é

❛ ✈❡❧♦❝✐❞❛❞❡ r❛❞✐❛❧ ❞♦ ❣ás✳

Fc =
πD3

pρpv
2
t

6r
✭✷✳✶✾✮

Fd = 3πµDp(ur − vr) ✭✷✳✷✵✮

❙❡❣✉♥❞♦ ❈♦rt❡s ❡ ●✐❧ ✭✷✵✵✼✮✱ ❛ ❡①♣❧✐❝❛çã♦ ❜ás✐❝❛ ♣❛r❛ ♦ ♣r✐♥❝✐♣✐♦ ❞❡ s❡♣❛r❛çã♦ ❡♠



✷✳✸✳ ❊s❝♦❛♠❡♥t♦ ♥♦ ■♥t❡r✐♦r ❞❡ ❈✐❝❧♦♥❡s ✷✺

✉♠ ❝✐❝❧♦♥❡ é ❞❡ q✉❡ ❛s ♣❛rtí❝✉❧❛s só❧✐❞❛s✱ ♠❛✐s ❞❡♥s❛s q✉❡ ♦ ❣ás✱ t♦r♥❛♠✲s❡ s✉❥❡✐t❛s ❛ ✉♠❛

❢♦rç❛ ❝❡♥trí❢✉❣❛ ❞❡ ♠❛✐♦r ✐♥t❡♥s✐❞❛❞❡✱ ❞❡ ♠♦❞♦ q✉❡ ❡st❛s sã♦ ❞✐r❡❝✐♦♥❛❞❛s às ♣❛r❡❞❡s✳ ❆♦

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

❡s❝♦❛♠❡♥t♦✳ ❖s só❧✐❞♦s ❡♥tã♦ s❡♣❛r❛❞♦s ❝✐s❛❧❤❛♠ ♣❡❧❛ ♣❛r❡❞❡ ❝ô♥✐❝❛ ❡ sã♦ ❝♦❧❡t❛❞♦s ♥❛

♣❛rt❡ ✐♥❢❡r✐♦r✳ ❊♥tr❡t❛♥t♦✱ ❝❛❜❡ r❡ss❛❧t❛r q✉❡ ❡①✐st❡♠ ♦✉tr♦s ❢❡♥ô♠❡♥♦s q✉❡ ❞❡✈❡♠ s❡r

❝♦♥s✐❞❡r❛❞♦s✱ ♣♦✐s ✐♥t❡r❢❡r❡♠ ♥♦ ♣r♦❝❡ss♦ ❞❡ s❡♣❛r❛çã♦✿ ♣❛rtí❝✉❧❛s ♣❡q✉❡♥❛s q✉❡ s❡❣✉❡♠

♦ ❣ás✱ ♣❛rtí❝✉❧❛s q✉❡ r❡❜❛t❡♠ ❡ sã♦ r❡✲✐♥tr♦❞✉③✐❞❛s ♥❛ ❝♦rr❡♥t❡ ❣❛s♦s❛ ❡ ♦ ❛rr❛st❡ ❞✐r❡t♦

♦✉ ❜②✲♣❛ss ♥❛ ♣❛rt❡ ✐♥❢❡r✐♦r ❞❛ s❡çã♦ ❝ô♥✐❝❛✱ ♥❛ ❡♥tr❛❞❛ ❞♦ ✈♦rt❡① ✜♥❞❡r ❡ ❡♠ t♦❞❛ ❛

❡①t❡♥sã♦ ❞❛ ❢r♦♥t❡✐r❛ ❡♥tr❡ ♦s ✈órt✐❝❡s ✐♥t❡r♥♦ ❡ ❡①t❡r♥♦✳

✷✳✸✳✶ ❈♦♠♣♦♥❡♥t❡s ❞❡ ❱❡❧♦❝✐❞❛❞❡s ❡♠ ❈✐❝❧♦♥❡

❊s❝♦❛♠❡♥t♦ ❣✐r❛tór✐♦ ♦✉ ❡♠ ✈órt✐❝❡ ❡stá ♣r❡s❡♥t❡ ❡♠ ✈ár✐♦s t✐♣♦s ❞❡ ❡q✉✐♣❛♠❡♥t♦✱ t❛✐s

❝♦♠♦✿ ❝✐❝❧♦♥❡s✱ ❤✐❞r♦❝✐❝❧♦♥❡s✱ s♣r❛② ❞r②❡rs ❡ ♦✉tr♦s ✭❍❖❋❋▼❆◆◆❀ ❙❚❊■◆✱ ✷✵✵✼✮✳ ❊st❡ t✐♣♦

❞❡ ❡s❝♦❛♠❡♥t♦✱ ❛♣r❡s❡♥t❛ ❞✉❛s ❝❛r❛❝t❡ríst✐❝❛s ❢ís✐❝❛s ❜❡♠ ♣❡❝✉❧✐❛r❡s✱ ❝♦♥❢♦r♠❡ ❛ ❋✐❣✉r❛

✷✳✹✱ q✉❡ ♣♦❞❡♠ s❡r ❞❡✜♥✐❞❛s✿

• ♦ ❡s❝♦❛♠❡♥t♦ ❞❡ ✈órt✐❝❡ ❢♦rç❛❞♦✱ ❢♦r❝❡❞ ✈♦rt❡① ✢♦✇✱ ♥♦ q✉❛❧ ♦ ✢✉①♦ ❛♣r❡s❡♥t❛ ❛

♠❡s♠❛ ❞✐str✐❜✉✐çã♦ ❞❡ ✈❡❧♦❝✐❞❛❞❡s t❛♥❣❡♥❝✐❛❧ ❞❡ ✉♠ ❝♦r♣♦ só❧✐❞♦ ❡♠ r♦t❛çã♦✳

• ♦ ❡s❝♦❛♠❡♥t♦ ❞❡ ✈órt✐❝❡ ❧✐✈r❡✱ ❢r❡❡ ✈♦rt❡① ✢♦✇✱ é ♦ ✢✉①♦ ❣✐r❛tór✐♦ s✐♠✐❧❛r ❛♦ ❡s❝♦❛✲

♠❡♥t♦ s❡♠ ❛tr✐t♦✱ ♦♥❞❡ ♦ ✢✉①♦ ❛♣r❡s❡♥t❛r✐❛ ❛ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧ ❝♦rr❡s♣♦♥❞❡♥t❡

❛ ✉♠❛ ✈❡❧♦❝✐❞❛❞❡ ❛♥❣✉❧❛r ❝♦♥st❛♥t❡ ❛♦ ❧♦♥❣♦ ❞❡ t♦❞♦s ♦s r❛✐♦s ✳

❖ ♣♦♥t♦ ❞❡ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧ ♠á①✐♠❛ é ❞❡✜♥✐❞♦ ❝♦♠♦ ♦ r❛✐♦ ❞♦ ✈órt✐❝❡ ✐♥t❡r♥♦✳ ❆

✈❡❧♦❝✐❞❛❞❡ ♥❡st❡ ♣♦♥t♦ ♣♦❞❡ ❝❤❡❣❛r ❛ ✈❛❧♦r❡s ✈ár✐❛s ✈❡③❡s s✉♣❡r✐♦r ❛ ✈❡❧♦❝✐❞❛❞❡ ♠é❞✐❛ ❞❡

❡♥tr❛❞❛✳ ❖ ❞✐â♠❡tr♦ ❞♦ ✈órt✐❝❡ ✐♥t❡r♥♦ ✈❛r✐❛ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❞❡ ✵✱✺ ❛ ✶✱✵ ✈❡③❡s ♦ r❛✐♦

❞♦ ✈♦rt❡① ✜♥❞❡r ✭▲❊■❚❍ ❡t ❛❧✳✱ ✶✾✽✹✮✳ ❆ ✈❛r✐❛çã♦ ❛①✐❛❧ ❞♦ ♣❡r✜❧ ❞❡ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧ é

❜❛✐①❛✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♥❛ r❡❣✐ã♦ ❞❡ s❡♣❛r❛çã♦ ❞♦ ❝✐❝❧♦♥❡✱ ❝♦♠♣♦st❛ ♣❡❧♦ ❝♦r♣♦ ❝✐❧í♥❞r✐❝♦

❡ ❝ô♥✐❝♦✳

❈♦♠♣♦♥❡♥t❡ ❚❛♥❣❡♥❝✐❛❧ ❞❡ ❱❡❧♦❝✐❞❛❞❡ ♥♦ ❈✐❝❧♦♥❡

❊♠ ✉♠ ❡s❝♦❛♠❡♥t♦ ✐❞❡❛❧ ❝♦♠ s✇✐r❧✱ ❣✐r❛tór✐♦✱ ❞❡ ✉♠ ✢✉✐❞♦ ❝♦♠ ✈✐s❝♦s✐❞❛❞❡ ✐♥✜♥✐t❛✱

❛♣r❡s❡♥t❛♥❞♦ ❝❛r❛❝t❡ríst✐❝❛s ❜❡♠ ♣ró①✐♠❛s ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ✉♠ só❧✐❞♦✱ ♥ã♦ ❡①✐st❡

❝✐s❛❧❤❛♠❡♥t♦ ❡♥tr❡ ❛s ❝❛♠❛❞❛s ❛❞❥❛❝❡♥t❡s ❡♠ ❞✐❢❡r❡♥t❡s r❛✐♦s✳ ◆❡st❡ ❝❛s♦✱ ♦s ❡❧❡♠❡♥t♦s ❡♠

t♦❞❛s ❛s ♣♦s✐çõ❡s r❛❞✐❛✐s ♣♦ss✉❡♠ ❛ ♠❡s♠❛ ✈❡❧♦❝✐❞❛❞❡ ❛♥❣✉❧❛r ❡ ❛ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧

♥❡st❡ ❡s❝♦❛♠❡♥t♦ é ❞❛❞❛ ♣❡❧❛ ❊q✉❛çã♦ ✷✳✷✶✳ ❊♠ q✉❡ Ω é ❛ ✈❡❧♦❝✐❞❛❞❡ ❛♥❣✉❧❛r ❡ r é ♦



✷✻ ✷✳✸✳ ❊s❝♦❛♠❡♥t♦ ♥♦ ■♥t❡r✐♦r ❞❡ ❈✐❝❧♦♥❡s

❋✐❣✉r❛ ✷✳✹✿ P❡r✜❧ ❞❡ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧ ♥❛ r❡❣✐ã♦ ❞❡ s❡♣❛r❛çã♦ ❡♠ ✉♠ ❝✐❝❧♦♥❡ ✭❍❖❋❋✲
▼❆◆◆❀ ❙❚❊■◆✱ ✷✵✵✼✮✳

r❛✐♦✳ ❊st❛ é ❛ ❞✐str✐❜✉✐çã♦ ❞❡ ✈❡❧♦❝✐❞❛❞❡s ♣❛r❛ ♦ ♣r✐♠❡✐r♦ t✐♣♦ ✐❞❡❛❧ ❞❡ ❡s❝♦❛♠❡♥t♦ ❝♦♠

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

vt = Ωr ✭✷✳✷✶✮

❊♠ ✉♠ ❡s❝♦❛♠❡♥t♦ ❝♦♠ s✇✐r❧✱ ❞❡ ✉♠ ✢✉✐❞♦ ✐♥✈ís❝✐❞♦✱ ♥♦ q✉❛❧ ♦ ♠♦✈✐♠❡♥t♦ ❞❡ ✉♠

❞❛❞♦ ❡❧❡♠❡♥t♦ ❞❡ ✢✉✐❞♦ ♥ã♦ é ✐♥✢✉❡♥❝✐❛❞♦ ♣❡❧♦s ❡❧❡♠❡♥t♦s ❞❡ ✢✉✐❞♦s ✈✐③✐♥❤♦s✱ ❤á ♣♦rt❛♥t♦

✉♠❛ ❝♦♥s❡r✈❛çã♦ ❞❡ ♠♦♠❡♥t♦ ❛♥❣✉❧❛r ❡ ❛ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧ ❡♥tã♦ é ❞❛❞❛ ♣❡❧❛ ❊q✉❛çã♦

✷✳✷✷✱ ❡♠ q✉❡ ❈ é ✉♠❛ ❝♦♥st❛♥t❡✳ ❊st❡ é ♦ s❡❣✉♥❞♦ t✐♣♦ ❞❡ ❡s❝♦❛♠❡♥t♦ ✐❞❡❛❧ ❝♦♠ s✇✐r❧

✐❞❡❛❧ é ❞❡♥♦♠✐♥❛❞♦ ❞❡ ❡s❝♦❛♠❡♥t♦ ❝♦♠ ✈órt✐❝❡ ❧✐✈r❡✳

vt =
C

r
✭✷✳✷✷✮

❊♥tr❡t❛♥t♦✱ ♥♦ ❝❛s♦ ❞❡ ✉♠ ❡s❝♦❛♠❡♥t♦ r❡❛❧✱ ♦ ✢✉✐❞♦ t❡rá ✉♠❛ ✈✐s❝♦s✐❞❛❞❡ ✜♥✐t❛ ♥ã♦✲

♥✉❧❛ ❡ ❡①✐st✐rá tr❛♥s❢❡rê♥❝✐❛ ❞❡ ♠♦♠❡♥t♦ ❛♥❣✉❧❛r ❡♥tr❡ ❡❧❡♠❡♥t♦s ❞❡ ❞✐❢❡r❡♥t❡s ❝❛♠❛❞❛s

❛❞❥❛❝❡♥t❡s❀ ◆❡st❡ ❝❛s♦✱ ✉♠❛ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ♠♦♠❡♥t♦ ❛♥❣✉❧❛r ❛❞✐❝✐♦♥❛❧ ❛❝♦♥t❡❝❡ ♣♦r

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

♠❡♥t♦s ❞❡ ✢✉✐❞♦s ❡♥tr❡ ❛s ❝❛♠❛❞❛s ✭❍❖❋❋▼❆◆◆❀ ❙❚❊■◆✱ ✷✵✵✼✮✳



✷✳✸✳ ❊s❝♦❛♠❡♥t♦ ♥♦ ■♥t❡r✐♦r ❞❡ ❈✐❝❧♦♥❡s ✷✼

❈♦♠♣♦♥❡♥t❡ ❆①✐❛❧ ❞❡ ❱❡❧♦❝✐❞❛❞❡ ❡♠ ❈✐❝❧♦♥❡s

❆ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧ é r❡s♣♦♥sá✈❡❧✱ ♠❛✐s ❞♦ q✉❡ ❛ ❣r❛✈✐❞❛❞❡✱ ♣❡❧♦ tr❛♥s♣♦rt❡ ❞❡ ♣❛rtí❝✉✲

❧❛s ♣❛r❛ ♦ ❡q✉✐♣❛♠❡♥t♦ ❞❡ ❝♦❧❡t❛✳ ❉❡ ❢♦r♠❛ ❣❡r❛❧✱ ♦ ❣ás ❡s❝♦❛ ♥❛ ❞✐r❡çã♦ ❞❡s❝❡♥❞❡♥t❡ ♣❡rt♦

❞❛ ♣❛r❡❞❡ ❡ ❛s❝❡♥❞❡♥t❡ ♣❡rt♦ ❞♦ ❡✐①♦ ❞♦ ❝✐❝❧♦♥❡✳ ❖ ❡s❝♦❛♠❡♥t♦ ❞❡s❝❡♥❞❡♥t❡ ❛♣r❡s❡♥t❛

✉♠ ♠á①✐♠♦ ♣ró①✐♠♦ à ♣❛r❡❞❡✱ ❡ ♦ ❡s❝♦❛♠❡♥t♦ ❛s❝❡♥❞❡♥t❡ ❛♣r❡s❡♥t❛ ♣❡r✜s ❡♠ ❢♦r♠❛t♦ ❞❡

❱ ♦✉ ❲✱ ❝♦♠ ✉♠ ♠á①✐♠♦ ♦✉ ✉♠ ❞❡❝❧✐✈❡ ♥♦ ❡✐①♦ ❞❡ s✐♠❡tr✐❛✱ ❡♠ s❡ tr❛t❛♥❞♦ ❞❡ ❝✐❝❧♦♥❡

❝♦♥✈❡♥❝✐♦♥❛❧ ✭❈❖❘❚❊❙❀ ●■▲✱ ✷✵✵✼✮✳

❈♦♠♣♦♥❡♥t❡ ❘❛❞✐❛❧ ❞❡ ❱❡❧♦❝✐❞❛❞❡ ❡♠ ❈✐❝❧♦♥❡s

❆ ❝♦♠♣♦♥❡♥t❡ r❛❞✐❛❧ ❞❡ ✈❡❧♦❝✐❞❛❞❡ é ❛ q✉❡ ❛♣r❡s❡♥t❛ ♠❛✐♦r ❞✐✜❝✉❧❞❛❞❡ ❞❡ ♠❡❞✐çã♦✳

●❡r❛❧♠❡♥t❡✱ ❛ss✉♠❡✲s❡ q✉❡ ♣♦ss✉✐ ♠❛❣♥✐t✉❞❡ ♠✉✐t♦ ♠❡♥♦r q✉❡ ❛s ♦✉tr❛s ❝♦♠♣♦♥❡♥t❡s✱

❝♦♥s✐❞❡r❛çã♦ ✈á❧✐❞❛ q✉❛♥❞♦ é ❝♦♥s✐❞❡r❛❞♦ s♦♠❡♥t❡ ❛ r❡❣✐ã♦ ❞♦ ✈órt✐❝❡ ❡①t❡r♥♦✳ ❆ ✈❡❧♦✲

❝✐❞❛❞❡ r❛❞✐❛❧ ❛✉♠❡♥t❛ s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ♣ró①✐♠♦ ❛♦ ❝❡♥tr♦ ❞♦ ✈órt✐❝❡✱ ❞✐r❡❝✐♦♥❛❞❛ ❛♦

❝❡♥tr♦✱ ❡s♣❡❝✐❛❧♠❡♥t❡ ♥❛ ✈✐③✐♥❤❛♥ç❛ ❞♦ ✈♦rt❡① ✜♥❞❡r ✭❈❖❘❚❊❙❀ ●■▲✱ ✷✵✵✼✮✳

✷✳✸✳✷ ❈❛r❛❝t❡ríst✐❝❛s ❆❞✐❝✐♦♥❛✐s ❞♦ ❊s❝♦❛♠❡♥t♦ ❞♦ ●ás

Pr♦❝❡ss✐♥❣ ❱♦rt❡① ❈♦r❡

❖ ❢❡♥ô♠❡♥♦ ❞♦ Pr❡❝❡ss✐♥❣ ❱♦rt❡① ❈♦r❡ ✭P❱❈✮ é ✉♠❛ ✐♥st❛❜✐❧✐❞❛❞❡ q✉❡ ❛❝♦♥t❡❝❡ ❡♠

❡s❝♦❛♠❡♥t♦s r♦t❛tór✐♦s✱ ❡♠ ❞❡t❡r♠✐♥❛❞❛s ❝♦♥❞✐çõ❡s ❞❡ ♦♣❡r❛çã♦✳ P❛r❛ ❝✐❝❧♦♥❡s✱ ♦♣❡r❛♥❞♦

❡♠ ❝♦♥❞✐çõ❡s ❡♥❝♦♥tr❛❞❛s ✐♥❞✉str✐❛❧♠❡♥t❡✱ ♦ P❱❈ q✉❛s❡ s❡♠♣r❡ ❡st❛rá ♣r❡s❡♥t❡✳ ◆❡st❛s

❝♦♥❞✐çõ❡s✱ ♦ ✈órt✐❝❡ ❝❡♥tr❛❧ ♥ã♦ ❡stá ❛❧✐♥❤❛❞♦ ❝♦♠ ♦ ❡✐①♦ ❞❡ s✐♠❡tr✐❛ ❞♦ ❝✐❝❧♦♥❡✱ ❛♣r❡s❡♥✲

t❛♥❞♦ ✉♠ ♠♦✈✐♠❡♥t♦ ❞❡ ♣r❡❝❡ssã♦ ❡♠ t♦r♥♦ ❞❡st❡✳ ❊st❡ ♠♦✈✐♠❡♥t♦ ❝r✐❛ ✉♠ ❛❧t♦ ♥í✈❡❧ ❞❡

✢✉t✉❛çã♦ ♥♦ ❝❛♠♣♦ ❞❡ ❡s❝♦❛♠❡♥t♦✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♥❛ r❡❣✐ã♦ ❝❡♥tr❛❧ ❞♦ ❝✐❝❧♦♥❡✱ ❡ t❛♠❜é♠

✐♥✢✉❡♥❝✐❛ ♥❛ s❡♣❛r❛çã♦ ❞❡ ♣❛rtí❝✉❧❛s✳

❨❛③❞❛❜❛❞✐ ❡t ❛❧✳ ✭✶✾✾✹✮✱ ❛♣r❡s❡♥t❛ ✉♠ ♥♦✈♦ ♠♦❞❡❧♦ ♣❛r❛ ❞❡s❝r❡✈❡r ♦ P❱❈✱ ❞❡♠♦s✲

tr❛♥❞♦ ❞❡ ❢♦r♠❛ ❝❧❛r❛✱ q✉❡ ♦ ❢❡♥ô♠❡♥♦ é ❝❛✉s❛❞♦ ♣❡❧♦ ❞❡s❧♦❝❛♠❡♥t♦ r❡❛❧ ❞♦ ✈órt✐❝❡ ✐♥t❡r♥♦

❡ ♣❡❧♦ ❣✐r♦ ❡♠ t♦r♥♦ ❞♦ ❝❡♥tr♦ ❣❡♦♠étr✐❝♦ ❞♦ s✐st❡♠❛✳ ◆♦ ❡st✉❞♦✱ ❢♦r❛♠ ❛✈❛❧✐❛❞❛s ❛s ❝❛✲

r❛❝t❡ríst✐❝❛s ❣❡r❛✐s ❞♦ ❢❡♥ô♠❡♥♦ P❱❈ ❡♠ ❝✐❝❧♦♥❡s✳ ❖s ❛✉t♦r❡s ❛♥❛❧✐s❛r❛♠ ♦ ❡❢❡✐t♦ ❞♦ P❱❈

s♦❜r❡ ❛ r❡❣✐ã♦ ❞❡ ✐♥✈❡rsã♦ ❞♦ ❡s❝♦❛♠❡♥t♦ ❡ ❛ r❡❧❛çã♦ ❡♥tr❡ ❛♠❜♦s✳ ❈♦♠♦ ❝♦♥❝❧✉sã♦ ♣r✐♥❝✐✲

♣❛❧✱ ✈❡r✐✜❝❛r❛♠ q✉❡ ❛ ③♦♥❛ ❞❡ ✐♥✈❡rsã♦ ❞♦ ❡s❝♦❛♠❡♥t♦✱ ❞❡s❧♦❝❛ ♦ ✈órt❡① ✐♥t❡r♥♦ ✭❝❡♥tr❛❧✮✱

❣❡r❛♥❞♦ ♦ P❱❈✳ ◆♦ ❡st✉❞♦ t❛♠❜é♠ ✈❡r✐✜❝♦✉✲s❡ q✉❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❡ ♣♦s✐çã♦ ❞♦ P❱❈ sã♦

❛❧t❡r❛❞♦s ♣❡❧♦ ♥ú♠❡r♦ ❞❡ ❘❡②♥♦❧❞s✳

◆♦ ❝✐❝❧♦♥❡✱ ♦ ❢❡♥ô♠❡♥♦ ♣r❡❝❡ss✐♥❣ ✈♦rt❡① ❝♦r❡ ✭P❱❈✮ ❡stá ♣r❡s❡♥t❡ ❡♠ q✉❛s❡ t♦❞❛s ❛s



✷✽ ✷✳✸✳ ❊s❝♦❛♠❡♥t♦ ♥♦ ■♥t❡r✐♦r ❞❡ ❈✐❝❧♦♥❡s

♣♦s✐çõ❡s ❛①✐❛✐s ❞♦ ❝✐❝❧♦♥❡✱ ♦ q✉❡ ❧❡✈❛ ❛ ♦s❝✐❧❛çõ❡s ♥♦ ❡✐①♦ ❝❡♥tr❛❧ ❞♦ ✈órt✐❝❡ ♣❡r✐♦❞✐❝❛♠❡♥t❡✱

❞❡ ♠♦❞♦ q✉❡ ♦ ❝❛♠♣♦ ❞❡ ❡s❝♦❛♠❡♥t♦ s❡❥❛ ♥❛t✉r❛❧♠❡♥t❡ tr❛♥s✐❡♥t❡ ✭❲❯ ❡t ❛❧✳✱ ✷✵✵✼✮✳

Pr❡❝❡ss✐♥❣ ❱♦rt❡① ❊♥❞

❖ ❢❡♥ô♠❡♥♦ ❞❡♥♦♠✐♥❛❞♦ Pr❡❝❡ss✐♥❣ ✈♦rt❡① ❡♥❞ ✭P❱❊✮✱ ♦♥❞❡ t❡r♠✐♥❛ ♦ ✈órt✐❝❡ ✱ ✐♥✢✉✲

❡♥❝✐❛ s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ♥♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ❝✐❝❧♦♥❡s✳ ❆s ❝❛r❛❝t❡ríst✐❝❛s ❞❡ss❡ ❢❡♥ô♠❡♥♦

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

❝♦♠♣♦rt❛♠❡♥t♦ ❡♠ ❝✐❝❧♦♥❡s✱ t❛♥t♦ q✉❡ ✈❡♠ s❡♥❞♦ ❡①❛✉st✐✈❛♠❡♥t❡ ♣❡sq✉✐s❛❞♦s ✭❍❖❋❋✲

▼❆◆◆❀ ❙❚❊■◆✱ ✷✵✵✼✮✳

❆ ♣♦s✐çã♦ ♦♥❞❡ ♦ ✈órt✐❝❡ ❡①t❡r♥♦ ✐♥✈❡rt❡✱ ♣❛r❛ ❝✐♠❛ ♥♦ ❝✐❝❧♦♥❡✱ é ❞❡♥♦♠✐♥❛❞♦ ❞❡

✈♦rt❡① ❡♥❞✳ ❆ ❞✐stâ♥❝✐❛ ❛①✐❛❧ ❡♥tr❡ ♦ ✈♦rt❡① ❋✐♥❞❡r ❡ ♦ ✈♦rt❡① ❡♥❞ é ♦ q✉❡ ❞❡♥♦♠✐♥❛ ❞❡

❝♦♠♣r✐♠❡♥t♦ ♥❛t✉r❛❧ ❞♦ ✈órt✐❝❡✱ s❡♥❞♦ ✉♠❛ ✈❛r✐á✈❡❧ ✐♠♣♦rt❛♥t❡ ❛♦ s❡ ❛♥❛❧✐s❛r ♦ ❞❡s❡♠✲

♣❡♥❤♦ ❞❡ ❝✐❝❧♦♥❡s✳ ❈❛s♦ ♦ ✈órt✐❝❡ ♥ã♦ ♣r❡❡♥❝❤❛ ♦ ✈♦❧✉♠❡ ❞♦ ❝✐❝❧♦♥❡ ❡ ♥ã♦ ❛t✐♥❥❛ ✈ért✐❝❡

❞♦ ❝♦♥❡✱ ❛ ❡str✉t✉r❛ ❞❡ ❞✉♣❧♦ ✈órt✐❝❡ é ❞❡❢♦r♠❛❞❛ ❡ ❛ ❡✜❝✐ê♥❝✐❛ ❞❡ s❡♣❛r❛çã♦ ❞✐♠✐♥✉✐✳

❖ ♠❡s♠♦ ♣♦❞❡ ❛❝♦♥t❡❝❡r ❝♦♠ ❛ ❡✜❝✐ê♥❝✐❛✱ ❝❛s♦ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞♦ ✈órt✐❝❡ s❡❥❛ ❡①❝❡ss✐✈♦✳

P♦rt❛♥t♦ ♦ ✈órt✐❝❡ ❞❡✈❡ ❛♣r❡s❡♥t❛r ✉♠ ✈♦rt❡① ❡♥❞✱ q✉❡ ♣r♦♣♦r❝✐♦♥❡ ✉♠ ❝♦♠♣r✐♠❡♥t♦ ✐❣✉❛❧

♦✉ ❧✐❣❡✐r❛♠❡♥t❡ ♠❛✐♦r q✉❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞♦ ❝✐❝❧♦♥❡ ♣❛r❛ ✉♠❛ ❡❧❡✈❛❞❛ ❡✜❝✐ê♥❝✐❛ ✭❆❱❈■ ❡t

❛❧✳✱ ✷✵✶✸✮✳

❊s❝♦❛♠❡♥t♦s ❙❡❝✉♥❞ár✐♦s

❆ ❡①♣❛♥sã♦ ❞♦ ❣ás ♥♦ ✐♥t❡r✐♦r ❞♦ ❝✐❝❧♦♥❡ ❣❡r❛ ✉♠❛ r❡❣✐ã♦ ❞❡ ❡s❝♦❛♠❡♥t♦ ♠✉✐t♦ ❝♦♠✲

♣❧❡①♦ ❡ ❜❛st❛♥t❡ t✉r❜✉❧❡♥t♦✳ ❉❡✈✐❞♦ ❛ ❢♦rt❡ t✉r❜✉❧ê♥❝✐❛ ♥♦ ✐♥t❡r✐♦r ❞♦ ❝✐❝❧♦♥❡✱ ❡ ❞✐❢❡r❡♥t❡s

❝❛♠♣♦s ❞❡ ♣r❡ssã♦✱ ♦ ❡s❝♦❛♠❡♥t♦ ❣✐r❛tór✐♦ ♣r♦♣✐❝✐❛ r❡❣✐õ❡s ❞❡ ❝✉rt♦✲❝✐r❝✉✐t♦ ❡ r❡❝✐r❝✉❧❛çã♦✱

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

❝♦♠♦ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✺✳

❙❡❣✉♥❞♦ ❨❛③❞❛❜❛❞✐ ❡t ❛❧✳ ✭✶✾✾✹✮✱ ❛ ❡①✐stê♥❝✐❛ ❞❡ ✉♠❛ ③♦♥❛ ❞❡ r❡❝✐r❝✉❧❛çã♦ ♥♦ ❝❡♥tr♦

❞♦ ✈órt✐❝❡ é ✉♠❛ ❝❛r❛❝t❡ríst✐❝❛ ❞♦s ❡s❝♦❛♠❡♥t♦s r♦t❛tór✐♦✱ ❡ s❡ ❞❡s❡♥✈♦❧✈❡ ❡♠ ❡s❝♦❛♠❡♥t♦s

❝♦♠ ♥ú♠❡r♦s ❞❡ s✇✐r❧ ❛❝✐♠❛ ❞❡ ✉♠ ✈❛❧♦r ❝rít✐❝♦✱ t✐♣✐❝❛♠❡♥t❡ ✵✱✻✳ ❆s ❝❛r❛❝t❡ríst✐❝❛s ♣r❡✲

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

❢♦r❛♠ ❛♥❛❧✐s❛❞❛ ♣♦r ❈♦rt❡s ❡ ●✐❧ ✭✷✵✵✼✮ ❡ ❲❛♥❣ ❡t ❛❧✳ ✭✷✵✶✶✮✳



✷✳✸✳ ❊s❝♦❛♠❡♥t♦ ♥♦ ■♥t❡r✐♦r ❞❡ ❈✐❝❧♦♥❡s ✷✾

❋✐❣✉r❛ ✷✳✺✿ ❖s ❡s❝♦❛♠❡♥t♦s s❡❝✉♥❞ár✐♦s ❝❛✉s❛❞♦s ♣❡❧❛ t✉r❜✉❧ê♥❝✐❛ ♥♦ ❝✐❝❧♦♥❡ ✭❍❖❋❋▼❆◆◆❀

❙❚❊■◆✱ ✷✵✵✼✮✳

✷✳✸✳✸ ◗✉❡❞❛ ❞❡ Pr❡ssã♦

❆ ♣r❡ssã♦ t♦t❛❧ ❡♠ q✉❛❧q✉❡r ♣♦♥t♦ ❞♦ ❝✐❝❧♦♥❡ é ❞❛❞❛ ♣❡❧❛ s♦♠❛ ❞❛ ♣r❡ssã♦ ❡stát✐❝❛ ❝♦♠

❛ ♣r❡ssã♦ ❞✐♥â♠✐❝❛ ♥❛q✉❡❧❡ ♣♦♥t♦✳ ❆ ♣r❡ssã♦ t♦t❛❧ ♥♦ ❝✐❝❧♦♥❡ ❞❡❝r❡s❝❡ ♠♦♥♦t♦♥✐❝❛♠❡♥t❡

❞❡ ✉♠ ♠á①✐♠♦ ✈❛❧♦r ♥❛ ♣❛r❡❞❡ ♣❛r❛ ✉♠ ✈❛❧♦r ♠í♥✐♠♦ ♥♦ ❝❡♥tr♦✳ P♦r ❝❛✉s❛ ❞♦s ❛❧t♦s

✈❛❧♦r❡s ❞❡ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧ ♣r❡s❡♥t❡s✱ ❛ ♣r❡ssã♦ ❞✐♥â♠✐❝❛ ❛t✐♥❣❡ ✈❛❧♦r❡s tã♦ ❛❧t♦s

q✉❡ ❛ ♣r❡ssã♦ ❡stát✐❝❛ ❛ss✉♠❡ ✈❛❧♦r❡s ♥❡❣❛t✐✈♦s ❝♦♠ r❡❧❛çã♦ à ♣r❡ssã♦ ❛t♠♦s❢ér✐❝❛ ✭▲❊■❚❍

❡t ❛❧✳✱ ✶✾✽✹✮✳ ❆ ❋✐❣✉r❛ ✷✳✻ ♠♦str❛ ♦s ♣❡r✜s ♠❡❞✐❞♦s ♣♦r ▲✐♥❞❡♥ ❛♣✉❞ ✭▲❊■❚❍ ❡t ❛❧✳✱ ✶✾✽✹✮

❞❛s ❝♦♠♣♦♥❡♥t❡s ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❡ ❞❛ ♣r❡ssã♦ ♥❛ r❡❣✐ã♦ ❞❡ s❡♣❛r❛çã♦ ❞❡ ✉♠ ❝✐❝❧♦♥❡✳

❆ ♣❡r❞❛ ❞❡ ❝❛r❣❛ ♥♦ ❝✐❝❧♦♥❡ é ✉♠ ✐♠♣♦rt❛♥t❡ ♣❛râ♠❡tr♦ ❞❡ ❞❡s❡♠♣❡♥❤♦ ❞♦ ❝✐❝❧♦♥❡✳

P♦❞❡♠ s❡r ❝✐t❛❞❛s três ❝♦♥tr✐❜✉✐çõ❡s ♣r✐♥❝✐♣❛✐s ♣❛r❛ ❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ♥♦ ✐♥t❡r✐♦r ❞❡ ✉♠

❝✐❝❧♦♥❡✿

• ♣❡r❞❛s ♥❛ ❡♥tr❛❞❛❀

• ♣❡r❞❛s ♥❛ r❡❣✐ã♦ ❞❡ s❡♣❛r❛çã♦❀

• ♣❡r❞❛s ♥♦ ✈♦rt❡① ✜♥❞❡r ❀

❆s ♣❡r❞❛s ❛ss♦❝✐❛❞❛s à ❛❧✐♠❡♥t❛çã♦ ✭❡♥tr❛❞❛✮ s❡ r❡❢❡r❡ às ♣❡r❞❛s ❛ss♦❝✐❛❞❛s à ❡①♣❛♥sã♦

❞♦ ❣ás ❛♦ ❡♥tr❛r ♥♦ ❝♦r♣♦ ❞♦ ❝✐❝❧♦♥❡✱ ❡ ♣♦❞❡ s❡r ❞❡s❝♦♥s✐❞❡r❛❞❛✱ ❡♠ ♠✉✐t❛s s✐t✉❛çõ❡s✱ ♣♦r



✸✵ ✷✳✸✳ ❊s❝♦❛♠❡♥t♦ ♥♦ ■♥t❡r✐♦r ❞❡ ❈✐❝❧♦♥❡s

❋✐❣✉r❛ ✷✳✻✿ P❡r✜s r❛❞✐❛✐s ❞❡ ✭❛✮ ❱❡❧♦❝✐❞❛❞❡ ❚❛♥❣❡♥❝✐❛❧✱ ✭❜✮ ❱❡❧♦❝✐❞❛❞❡ ❆①✐❛❧✱ ✭❝✮ ❱❡❧♦❝✐✲
❞❛❞❡ ❘❛❞✐❛❧ ❡ ✭❞✮ Pr❡ssã♦ ✭▲❊■❚❍ ❡t ❛❧✳✱ ✶✾✽✹✮✳

s❡r ♠✉✐t♦ ♠❡♥♦r✱ q✉❛♥❞♦ ❝♦♠♣❛r❛❞❛s ❝♦♠ ❛s ❞❡♠❛✐s ❝♦♥tr✐❜✉✐çõ❡s ✭❈❍❊◆❀ ❙❍■✱ ✷✵✵✼✮✳ ❆s

♣❡r❞❛s ♥❛ r❡❣✐ã♦ ❞❡ s❡♣❛r❛çã♦ ✐♥❝❧✉❡♠ ❛s ♣❡r❞❛s ♣♦r ❛tr✐t♦ ♥❛ ♣❛r❡❞❡ ❡ ❞❡✈✐❞♦ à ❢♦r♠❛çã♦

❞♦ ✈órt✐❝❡ ✭▲❊■❚❍ ❡t ❛❧✳✱ ✶✾✽✹✮✳ ❆ ú❧t✐♠❛ ❝♦♥tr✐❜✉✐çã♦ s❡ r❡❢❡r❡ às ♣❡r❞❛s ❞❡ ❝❛r❣❛ s♦❢r✐❞❛s

♥❛ ❡♥tr❛❞❛ ❞♦ ✈♦rt❡① ✜♥❞❡r✳

❊①✐st❡♠ ♥❛ ❧✐t❡r❛t✉r❛ ✉♠❛ ✈❛r✐❡❞❛❞❡ ❞❡ ♠♦❞❡❧♦s ❡♠♣ír✐❝♦s q✉❡ ❜✉s❝❛♠ ❞❡s❝r❡✈❡r ❛

q✉❡❞❛ ❞❡ ♣r❡ssã♦ ❡♠ ❝✐❝❧♦♥❡s✳ ❖❣❛✇❛ ✭✶✾✽✹✮ ❛♣r❡s❡♥t❛ ✉♠❛ ❡q✉❛çã♦ ❡♠♣ír✐❝❛ ♣❛r❛ ❛



✷✳✸✳ ❊s❝♦❛♠❡♥t♦ ♥♦ ■♥t❡r✐♦r ❞❡ ❈✐❝❧♦♥❡s ✸✶

♣❡r❞❛ ❞❡ ❝❛r❣❛ ♥♦ ♦ ❡s❝♦❛♠❡♥t♦ ❞❡ ❣ás ❡♠ ❝✐❝❧♦♥❡s q✉❡ ♣♦❞❡ ♣♦❞❡ s❡r ❞❛❞❛ ♣❡❧❛ ❊q✉❛çã♦

✷✳✷✸✱ ❡♠ q✉❡ vi é ❛ ✈❡❧♦❝✐❞❛❞❡ ♠é❞✐❛ ❞❡ ❡♥tr❛❞❛✱ ρ é ❛ ♠❛ss❛ ❡s♣❡❝í✜❝❛ ❞♦ ❣ás ❡ ζc é

❝❤❛♠❛❞♦ ❞❡ ❝♦❡✜❝✐❡♥t❡ ❞❡ ♣❡r❞❛ ❞❡ ❝❛r❣❛✳ ❊st❡ ❝♦❡✜❝✐❡♥t❡ é ❢✉♥çã♦✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡✱ ❞❛

❣❡♦♠❡tr✐❛ ❞♦ ❝✐❝❧♦♥❡✳

∆p = ζcρ
v2i
2

✭✷✳✷✸✮

❊①✐st❡♠ ♠✉✐t❛s ❡①♣r❡ssõ❡s ♣❛r❛ ♦ ❝á❧❝✉❧♦ ❞❡ ζc✱ s❡♥❞♦ q✉❡ ❛❧❣✉♠❛s sã♦ ❜❛st❛♥t❡s

s✐♠♣❧❡s✱ ❝♦♠♦ ❛ ❞❡ ▲❛♣♣❧❡ ❡ ❙❤❡♣❤❡r❞ ✭❛♣✉❞ ✭▲❊■❚❍ ❡t ❛❧✳✱ ✶✾✽✹✮✮✱ ❞❛❞❛ ♣❡❧❛ ❊q✉❛çã♦

✷✳✷✹

ζc = 16
ab

D2
x

✭✷✳✷✹✮

❈♦♥❢♦r♠❡ ▼❛ss❛r❛♥✐ ✭✶✾✾✼✮✱ ❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ♥♦ ❝✐❝❧♦♥❡ ❡stá ❛ss♦❝✐❛❞❛ à ✈❛③ã♦ ❞❡

❛❧✐♠❡♥t❛çã♦ ♥♦ ❝✐❝❧♦♥❡✳ ❙❡❣✉♥❞♦ ♦ ❛✉t♦r✱ ❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ♦r✐✉♥❞❛ ❞❛ ❞✐❢❡r❡♥ç❛ ❞❡

♣r❡ssã♦ ❡♥tr❡ ❛ ❡♥tr❛❞❛ ❞❛ ❛❧✐♠❡♥t❛çã♦ ❡ s❛í❞❛ ❞♦ ♦✈❡r✢♦✇ ♣♦❞❡ s❡r ♦❜t✐❞❛ ❛ ♣❛rt✐r ❞❛

❊q✉❛çã♦ ✷✳✷✺✳

β =
−∆p

ρu2
c/2

✭✷✳✷✺✮

uc =
Q

πD2
c/4

✭✷✳✷✻✮

◆❛s ❊q✉❛çõ❡s ✷✳✷✺ ❡ ✷✳✷✻✱ uc ❡Q sã♦ ❛ ✈❡❧♦❝✐❞❛❞❡ ♠é❞✐❛ ♥♦ ✐♥t❡r✐♦r ❞♦ ❝✐❝❧♦♥❡ ❡ ❛ ✈❛③ã♦

✈♦❧✉♠étr✐❝❛ ❞❡ ✢✉✐❞♦✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❖ ♣❛râ♠❡tr♦ β é ♦ ♥ú♠❡r♦ ❞❡ ❊✉❧❡r ❡ ❞❡♣❡♥❞❡

❞❛s ❝♦♥✜❣✉r❛çõ❡s ❣❡♦♠étr✐❝❛s ❞♦ ❡q✉✐♣❛♠❡♥t♦ ❡ ❡stá ❛ss♦❝✐❛❞♦ ❛♦ ❝✉st♦ ❡♥❡r❣ét✐❝♦ ❞♦

❡q✉✐♣❛♠❡♥t♦✳

❆♦ ♠❡❞✐r ❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ❡♠ ❝✐❝❧♦♥❡s✱ ♣r✐♠❡✐r♦ ❤á q✉❡ s❡ ❞❡✜♥✐r ♦ q✉❡ r❡❛❧♠❡♥t❡

é ❡ss❛ ❞✐❢❡r❡♥ç❛ ❞❡ ♣r❡ssã♦ ❡♥tr❡ ❛ ❛❧✐♠❡♥t❛çã♦ ❡ ❛ s❛í❞❛ ❞♦ ♦✈❡r✢♦✇✳ ◆♦ ❡s❝♦❛♠❡♥t♦

❣✐r❛tór✐♦ ❡♠ ❝✐❝❧♦♥❡s✱ ❛s ❝♦♥tr✐❜✉✐çõ❡s ❞❡ ♣r❡ssõ❡s ❡stát✐❝❛ ❡ ❞✐♥â♠✐❝❛ ♣❛r❛ ❛ ♣r❡ssã♦

t♦t❛❧ ✈❛r✐❛♠ ❢♦rt❡♠❡♥t❡ ❡♠ t♦❞♦ ♦ ❡q✉✐♣❛♠❡♥t♦✳ ❉✐❢❡r❡♥t❡♠❡♥t❡ ❞❡ ♦✉tr♦s ❡q✉✐♣❛♠❡♥t♦

❝♦♠ ❞✐str✐❜✉✐çã♦ ✉♥✐❢♦r♠❡ ❞❡ ♣r❡ssã♦✱ ♥♦ ❝✐❝❧♦♥❡✱ s❡❣✉♥❞♦ ❍♦✛♠❛♥♥ ❡ ❙t❡✐♥ ✭✷✵✵✼✮✱ ❛

♣r❡ssã♦ ❛ s❡r ♠❡❞✐❞❛ ❡♥tr❡ ❛ ❡♥tr❛❞❛ ❞♦ ❝✐❝❧♦♥❡ ❡ ❛ s❛í❞❛ ❞♦ ♦✈❡r✢♦✇ ❞❡✈❡ s❡r ❛ ♣r❡ssã♦

t♦t❛❧✱ ✉♠❛ ✈❡③ q✉❡ ❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦ t♦t❛❧ ❞❡ ♣r❡ssã♦ é ✐❣✉❛❧ à ❞✐ss✐♣❛çã♦ ❞❡ ❡♥❡r❣✐❛

♠❡❝â♥✐❝❛ ♣♦r ✉♥✐❞❛❞❡ ❞❡ ✈♦❧✉♠❡ ♥♦ ❣ás q✉❡ s❡ ❡s❝♦❛✳

❆ ♣r❡ssã♦ ❡stát✐❝❛ ♥❛ s❡❝çã♦ tr❛♥s✈❡rs❛❧ ❞❡ ❡♥tr❛❞❛ é ❞✐str✐❜✉í❞❛ ✉♥✐❢♦r♠❡♠❡♥t❡✱ ✉♠❛



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

✈❡③ q✉❡ ♥ã♦ ❤á ♠♦✈✐♠❡♥t♦ ❣✐r❛tór✐♦✳ ▲♦❣♦ ❛ t♦♠❛❞❛ ❞❡ ♣r❡ssã♦ ♥❛ ❡♥tr❛❞❛ ♣♦❞❡ s❡r

❢❛❝✐❧♠❡♥t❡ ♠❡❞✐❞❛ ♥❛ ♣❛r❡❞❡✳ ❊♠ ❝♦♥tr❛♣❛rt✐❞❛✱ ❛ ♣r❡ssã♦ ❡stát✐❝❛ ♥❛ s❛í❞❛ ❞♦ ♦✈❡r✢♦✇

é ❜❡♠ ❞✐❢❡r❡♥t❡ ❞❛q✉❡❧❛ ♠❡❞✐❞❛ ♥❛ s❡çã♦ tr❛♥s✈❡rs❛❧ à ♣❛r❡❞❡ ❞❡ s❛í❞❛✱ ❡♠ ❢✉♥çã♦ ❞♦

❢♦rt❡ ❡s❝♦❛♠❡♥t♦ ❣✐r❛tór✐♦✳ ◆❛ s❛í❞❛✱ ♦ ✢✉①♦ ❣✐r❛tór✐♦ ❣❛♥❤❛ ♣r❡ssã♦ ❞✐♥â♠✐❝❛ q✉❡ ♣♦❞❡

s❡r s✐❣♥✐✜❝❛t✐✈❛ ❞✐✜❝✉❧t❛♥❞♦ ❛ss✐♠ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ♣r❡ssã♦ ❡stát✐❝❛ ✭❈❍❊◆❀ ❙❍■✱ ✷✵✵✼✮✳

❆ ♣r❡s❡♥ç❛ ❞❡ só❧✐❞♦s ♥♦ ❝✐❝❧♦♥❡ ♣r♦✈♦❝❛ ✉♠❛ ✉♠❛ r❡❞✉çã♦ ♥❛ ♣❡r❞❛ ❞❡ ❝❛r❣❛✱ ♠❡s♠♦

❡♠ ❝♦♥❝❡♥tr❛çõ❡s ♠✉✐t♦ ❜❛✐①❛s✳ ❊st❛ ❞✐♠✐♥✉✐çã♦ ❡stá r❡❧❛❝✐♦♥❛❞❛ ❛♦ ❛✉♠❡♥t♦ ❞♦ ❛tr✐t♦

♥❛ ♣❛r❡❞❡✱ ❞❡✈✐❞♦ à ❛❞❡rê♥❝✐❛ ❞❡ ❛❧❣✉♠❛s ♣❛rtí❝✉❧❛s à ❡❧❛s✱ ♦ q✉❡ ❝❛✉s❛ ✉♠❛ ❞✐♠✐♥✉✐çã♦

❞❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ✈órt✐❝❡ ❡ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡ ✉♠❛ ❞✐♠✐♥✉✐çã♦ ❞❛s ♣❡r❞❛s ❛ss♦❝✐❛❞❛s à

❢♦r♠❛çã♦ ❞♦ ✈órt✐❝❡ ❡ à ❡♥tr❛❞❛ ❞♦ ✈♦rt❡① ✜♥❞❡r ✭❨❯❯ ❡t ❛❧✳✱ ✶✾✼✽❀ ❍❖❋❋▼❆◆◆❀ ❙❚❊■◆✱

✷✵✵✷✮✳

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

❆ ❞✐♥â♠✐❝❛ ❞❡ ✢✉✐❞♦s ❝♦♠♣✉t❛❝✐♦♥❛❧✱ ❡♠ ✐♥❣❧ês ❈❋❉ ❈♦♠♣✉t❛t✐♦♥❛❧ ❋❧✉✐❞ ❉②♥❛♠✐❝s

✭❈❋❉✮✱ é ✉♠❛ s✉❜✲ár❡❛ ❞❛ ❈♦♠♣✉t❛çã♦ ❈✐❡♥tí✜❝❛ q✉❡ tr❛t❛ ❞♦s ❡st✉❞♦s ❞❡ ♠ét♦❞♦s

❝♦♠♣✉t❛❝✐♦♥❛✐s ♣❛r❛ ♠♦❞❡❧❛❣❡♠ ❞❡ ❢❡♥ô♠❡♥♦s ❢ís✐❝♦s ❡♥✈♦❧✈❡♥❞♦ ♦ ❡s❝♦❛♠❡♥t♦ ❞❡ ✢✉✐❞♦s✳

❆♦ ❧♦♥❣♦ ❞♦s ❛♥♦s✱ ❣r❛ç❛s ❛♦s r❡❝❡♥t❡s ❛✈❛♥ç♦s ♥♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ t❡❝♥♦❧♦❣✐❛s ❞❛

❝♦♠♣✉t❛çã♦✱ ❛ ❞✐♥â♠✐❝❛ ❞♦s ✢✉✐❞♦s ❝♦♠♣✉t❛❝✐♦♥❛❧ ✭❈❋❉✮ t❡♠ s❡ t♦r♥❛❞♦ ♠✉✐t♦ út✐❧ ♣❛r❛

♣❛r❛ ✉♠❛ ♠❡❧❤♦r ❝♦♠♣r❡❡♥sã♦ ❡ ♦t✐♠✐③❛çã♦ ❞❡ ♣r♦❝❡ss♦s ✭❱❊❘❙❚❊❊●❀ ▼❆▲❆▲❆❙❊❑❊❘❆✱

✷✵✵✼✮✳

❈❋❉ ❧✐❞❛ ❝♦♠ ❛ s♦❧✉çã♦ ❞❡ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ❡q✉❛çõ❡s ❞❡ ❞✐♥â♠✐❝❛s ❞❡ ✢✉✐❞♦s✱ ♣♦r ♠❡✐♦

❞❛ ✉t✐❧✐③❛çã♦ ❞❡ ❝♦♠♣✉t❛❞♦r❡s✳ ❈❋❉ ❡①✐❣❡✱ r❡❧❛t✐✈❛♠❡♥t❡✱ ♣♦✉❝❛s ❤✐♣ót❡s❡s r❡str✐t✐✈❛s❀

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

❞✐✈❡rs❛s ✈❛r✐á✈❡✐s✳ ❝♦♥✜❣✉r❛çõ❡s ❝♦♠♣❧❡①❛s ♣♦❞❡♠ s❡r tr❛t❛❞❛s ♣♦r ♠ét♦❞♦s r❡❧❛t✐✈❛♠❡♥t❡

s✐♠♣❧❡s ❡ ❢á❝❡✐s ❞❡ ❛♣❧✐❝❛r✱ ❞❡ ♠♦❞♦ q✉❡ s❡❥❛ ♣♦ssí✈❡❧ ✐♥❝♦r♣♦r❛r ✉♠❛ ❣r❛♥❞❡ ✈❛r✐❡❞❛❞❡

❞❡ ♣r♦❝❡ss♦s s✐♠✉❧t❛♥❡❛♠❡♥t❡✳

❆s s✐♠✉❧❛çõ❡s ❡♠ ❈❋❉ ❛t✉❛♠ ❝♦♠♦ ✉♠❛ ♣♦♥t❡ ❡♥tr❡ ❛ t❡♦r✐❛ ❡ ❛ r❡❛❧✐❞❛❞❡✳ ❊st❛s

✈✐s❛♠ s✉♣r✐♠✐r ❛ ❣r❛♥❞❡ ❧❛❝✉♥❛ q✉❡ ❡①✐st❡ ❡♠ ❛❧❣✉♠❛s ár❡❛s ❞♦ ❝♦♥❤❡❝✐♠❡♥t♦✳ ❆ té❝✲

♥✐❝❛ ♥✉♠ér✐❝❛ ❛♣r❡s❡♥t❛ ❛ ✈❛♥t❛❣❡♠ ❞❡ ♦❢❡r❡❝❡r ✉♠ ❞✐❛❣♥óst✐❝♦ s♦❜r❡ ♦ ♣r♦❜❧❡♠❛✱ ❛♥t❡s

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

❞❡t❛❧❤❛❞❛♠❡♥t❡ ♣r❡✈✐st♦✱ ♣♦ss❛ ❛♣r❡s❡♥t❛ ✐♥❢♦r♠❛çõ❡s ♣r❡❝✐s❛s s♦❜r❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦

❞♦ ✢✉✐❞♦✱ ❡♠ ❝♦♥❞✐çõ❡s q✉❡ ♠✉✐t❛s ✈❡③ ♥ã♦ s❡r✐❛ ♦❜t✐❞❛s ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✳ ❊♥tr❡t❛♥t♦✱

❛s ✈❛♥t❛❣❡♥s ❞❡ s❡ ✉t✐❧✐③❛r ❈❋❉ ❡stã♦ ❝♦♥❞✐❝✐♦♥❛❞❛s à s♦❧✉çã♦ ♣r❡❝✐s❛ ❞❛s ❡q✉❛çõ❡s ❞❡

❞✐♥â♠✐❝❛ ❞♦s ✢✉✐❞♦s✱ ♦ q✉❡ ♣❛r❛ ❛ ♠❛✐♦r✐❛ ❞♦s ❡s❝♦❛♠❡♥t♦s ❞❡ ✐♥t❡r❡ss❡ ❡♠ ❡♥❣❡♥❤❛r✐❛



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

✭❈✐❝❧♦♥❡s✮✱ sã♦ ❝♦♠♣❧❡①❛s✳ ❊♠ ♠✉✐t♦s ❝❛s♦s✱ ❡q✉í✈♦❝♦s ♣♦❞❡♠ s✉r❣✐r ❡♠ ❞✐❢❡r❡♥t❡s ❡t❛♣❛s

❞♦ ♣r♦❝❡ss♦ ❞❡ s✐♠✉❧❛çã♦ ♥✉♠ér✐❝❛s✿

• ♥❛ ♠♦❞❡❧❛❣❡♠ ❞❛s ❡q✉❛çõ❡s ❞✐♥â♠✐❝❛s ❞❡ ✢✉✐❞♦s❀

• ♥♦s ❞❛❞♦s ❞❡ ❡♥tr❛❞❛ ❡ ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦❀

• ♥♦s ♠ét♦❞♦s ♥✉♠ér✐❝♦s ❡ ❝♦♥✈❡r❣ê♥❝✐❛❀

• ♥❛s r❡str✐çõ❡s ❝♦♠♣✉t❛❝✐♦♥❛✐s❀

• ♥❛ ✐♥t❡r♣r❡t❛çã♦ ❞♦s r❡s✉❧t❛❞♦s✱ ❞❡♥tr❡ ♦✉tr♦s✳

❈♦♥❢♦r♠❡ ♦ ♦❜❥❡t✐✈♦ ❞❛ s✐♠✉❧❛çã♦ ❡ ♣r❡❝✐sã♦ ❞♦s ❞❛❞♦s ♦❜t✐❞♦s✱ ✉♠ ❡♥❣❡♥❤❡✐r♦ ♣♦❞❡

♠❡❧❤♦r❛r s✉❛s ❛♥á❧✐s❡s ❡ ♣r♦❥❡t♦s✱ s✐♠✉❧❛♥❞♦ ❝♦♥❞✐çõ❡s ❡①tr❡♠❛s ♦♥❞❡ ♦ ❝✉st♦ ❡ ❞✐✜❝✉❧❞❛❞❡

❞❛ ❡①♣❡r✐♠❡♥t❛çã♦ ♣rát✐❝❛ s❡r✐❛ ✐♥✈✐á✈❡❧✳ ❖s ❞❛❞♦s ♦❜t✐❞♦s ❛tr❛✈és ❞❛ s✐♠✉❧❛çã♦ ♥✉♠ér✐❝❛

♥✉♠ér✐❝❛ ❞❡✈❡♠ s❡r✱ ❡✈✐❞❡♥t❡♠❡♥t❡✱ ❝♦♥✜á✈❡✐s ♣❛r❛ q✉❡ ♣♦ss❛♠ s❡r ❛♣❧✐❝❛❞♦s✳ ❊♥tr❡t❛♥t♦✱

♦s ❞❡s✈✐♦s ❞❛ s♦❧✉çã♦ ❝♦rr❡t❛ s✉❜❞✐✈✐❞❡♠✲s❡ ❡♠ ❞✉❛s ❝❧❛ss❡s✿

• ❊rr♦s ♣✉r❛♠❡♥t❡ ♥✉♠ér✐❝♦s✱ ♦r✐✉♥❞♦s ❞❡ ✉♠❛ s♦❧✉çã♦ ❡rr❛❞❛ ♦❜t✐❞❛ ♠❡s♠♦ ❛ ♣❛rt✐r

❞♦ ❝♦rr❡t♦ ♠♦❞❡❧❛♠❡♥t♦ ♠❛t❡♠át✐❝♦✳ ◆❡st❡ ❝❛s♦✱ ♦s ❛s♣❡❝t♦s ❞❡ ♣r❡❝✐sã♦ ♥✉♠é✲

r✐❝❛ ❞❛ ♠áq✉✐♥❛ ❡♥✈♦❧✈✐❞❛✱ ❡ r❡str✐çõ❡s ❞❡ ❝♦♥✈❡r❣ê♥❝✐❛ ❞♦s ♠ét♦❞♦s ❡ ❛❧❣♦r✐t♠♦s

❛♣❧✐❝❛❞♦s✱ ♣♦❞❡♠ s❡r ♦s ❝❛✉s❛❞♦r❡s✳

• ❊rr♦s ❞❛ ♠♦❞❡❧❛❣❡♠ ♠❛t❡♠át✐❝❛✱ ♥♦ q✉❛❧ ❛s ❡q✉❛çõ❡s ❛♣❧✐❝❛❞❛s ❛♦ ♣r♦❜❧❡♠❛ ♥ã♦

♠♦❞❡❧❛♠ ❜❡♠✱ ✜s✐❝❛♠❡♥t❡✱ ♦ ❢❡♥ô♠❡♥♦ q✉❡ ♦❝♦rr❡✳

❆s s❡çõ❡s ❡ s✉❜s❡çõ❡s s✉❜s❡q✉❡♥t❡s tr❛t❛rã♦ ❞❡ t❡♠❛s ✐♠♣♦rt❛♥t❡s ♣❛r❛ ❛ ♠♦❞❡❧❛❣❡♠

♠❛t❡♠át✐❝❛ ♣❛r❛ ♦s ♣r♦❜❧❡♠❛s ❞❡ ✐♥t❡r❡ss❡ ♥❡st❛ t❡s❡✿ ❝✐❝❧♦♥❡ ✜❧tr❛♥t❡✳

✷✳✹✳✶ ▼ét♦❞♦s ❞❡ ❉✐s❝r❡t✐③❛çã♦

❆ ❞✐s❝r❡t✐③❛çã♦ ❝♦♥s✐st❡ ❡♠ ❞✐✈✐❞✐r ♦ ❞♦♠í♥✐♦ ❞❡ ❝á❧❝✉❧♦ ❡♠ ✉♠ ❝❡rt♦ ♥ú♠❡r♦ ❞❡ s✉❜✲

❞♦♠í♥✐♦s✳ ❖ ♠ét♦❞♦ ❞❡ ❞✐s❝r❡t✐③❛çã♦ é ✉♠❛ ❢♦r♠❛ ❞❡ s❡ ❛♣r♦①✐♠❛r ❊q✉❛çõ❡s ❞✐❢❡r❡♥❝✐❛✐s

♣❛r❝✐❛✐s ❡♠ ❊q✉❛çõ❡s ❛❧❣é❜r✐❝❛s✱ ♣♦r ♠❡✐♦ ❞❡ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ♣♦♥t♦s ❞✐s❝r❡t♦s ♥♦ ❡s♣❛ç♦

❡ ♥♦ t❡♠♣♦✳ ◆❛ ❧✐t❡r❛t✉r❛ é ❛♣r❡s❡♥t❛❞❛ ✉♠❛ ✈❛r✐❡❞❛❞❡ ❞❡ ♠ét♦❞♦s ❞❡ ❞✐s❝r❡t✐③❛çã♦✱

❡♥tr❡t❛♥t♦✱ ♦s ♠ét♦❞♦s ♠❛✐s ✉t✐❧✐③❛❞♦s sã♦✿ ❉✐❢❡r❡♥ç❛s ❋✐♥✐t❛s ✭▼❉❋✮✱ ❊❧❡♠❡♥t♦s ❋✐♥✐✲

t♦s ✭▼❊❋✮ ❡ ❱♦❧✉♠❡s ❋✐♥✐t♦s✭▼❱❋✮✳ ❚♦❞♦s ♦s ♠ét♦❞♦s ❝✐t❛❞♦s t❡♥❞❡♠ ❛ ❣❡r❛r ❛ ♠❡s♠❛

s♦❧✉çã♦✱ ❞❡s❞❡ q✉❡ ❛ ♠❛❧❤❛ ♣r♦♣♦st❛ ♣❛r❛ s♦❧✉çã♦ ❛♣r❡s❡♥t❡ ✉♠ ❣r❛✉ ❞❡ r❡✜♥♦ ❡❧❡✈❛❞♦✳

◆♦ ❡♥t❛♥t♦✱ ❛❧❣✉♥s ♠ét♦❞♦s sã♦ ♠❛✐s ❛♣r♦♣r✐❛❞♦s q✉❡ ♦✉tr♦s✱ ❞❡ ❛❝♦r❞♦ ❝♦♠ ♦ t✐♣♦ ❞❡

❛♣❧✐❝❛çã♦✳ ◆❡st❡ tr❛❜❛❧❤♦ s♦♠❡♥t❡ ♦ ♠ét♦❞♦ ❞♦s ✈♦❧✉♠❡s ✜♥✐t♦s é ❝♦♥s✐❞❡r❛❞♦✳



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

▼ét♦❞♦ ❞❡ ❱♦❧✉♠❡s ❋✐♥✐t♦s

❆s ❊q✉❛çõ❡s ❞✐s❝r❡t✐③❛❞❛s sã♦ ♦❜t✐❞❛s ♣♦r ♠❡✐♦ ❞❛ ✐♥t❡❣r❛çã♦ ❞❛s ❡q✉❛çõ❡s ❞❡ ❝♦♥✲

s❡r✈❛çã♦ ♣❛r❛ ❛ ♣r♦♣r✐❡❞❛❞❡ ❞❡ tr❛♥s♣♦rt❡ ❛♦ ❧♦♥❣♦ ❞❡ ✉♠ ✈♦❧✉♠❡ ❞❡ ❝♦♥tr♦❧❡ ✜♥✐t♦ ✭❱❈✮✳

◆❡st❛ s❡çã♦✱ ❛s♣❡❝t♦s ❣❡r❛✐s ❞♦ ♠ét♦❞♦ sã♦ ❞✐s❝✉t✐❞♦s ❜r❡✈❡♠❡♥t❡✱ ✉s❛♥❞♦✲s❡ ✉♠❛ ❡q✉❛çã♦

❞❡ ❝♦♥s❡r✈❛çã♦ ❣❡♥ér✐❝❛ ♣❛r❛ ❣r❛♥❞❡③❛ ❞❡ ❝♦♥s❡r✈❛çã♦ φ✳ ❯♠❛ ❞❡s❝r✐çã♦ ♠❛✐s ❞❡t❛❧❤❛❞❛

s♦❜r❡ ♦ ♠ét♦❞♦ ♣♦❞❡ s❡r ❡♥❝♦♥tr❛❞❛ ♥♦ ❧✐✈r♦ ❞❡ P❛t❛♥❦❛r ✭✶✾✽✵✮✳

❖ ♠ét♦❞♦ ❞❡ ✈♦❧✉♠❡s ✜♥✐t♦s é ✉♠❛ ❛❜♦r❞❛❣❡♠ ♥✉♠ér✐❝❛ q✉❡ ♣♦❞❡ s❡r ✉t✐❧✐③❛❞❛

♣❛r❛ r❡s♦❧✈❡r ♣r♦❜❧❡♠❛s ❞✐✈❡rs♦s ❞❡ ❡♥❣❡♥❤❛r✐❛✱ ❡♥✈♦❧✈❡♥❞♦ ❊q✉❛çõ❡s ❞✐❢❡r❡♥❝✐❛✐s ♣❛r❝✐❛✐s

✭❊❉P✮✳ ❖ ♠ét♦❞♦ ❞❡ ✈♦❧✉♠❡s ✜♥✐t♦s ❜❛s❡✐❛✲s❡ ♥❛ ❞✐s❝r❡t✐③❛çã♦ ❞♦ ❞♦♠í♥✐♦✱ s❡♠❡❧❤❛♥t❡

❛♦ q✉❡ é ♣r♦♣♦st♦ ♣❡❧♦s ♠ét♦❞♦s ❞❡ ❞✐❢❡r❡♥ç❛s ✜♥✐t❛s ❡ ❡❧❡♠❡♥t♦s ✜♥✐t♦s✱ ❞✐❢❡r❡♥❝✐❛♥❞♦

s♦♠❡♥t❡ q✉❛♥t♦ à ❢♦r♠❛ ❞❡ ♦❜t❡♥çã♦ ❞❛ s♦❧✉çã♦ ❛♣r♦①✐♠❛❞❛ ❞❛s ❡q✉❛çõ❡s ❞✐❢❡r❡♥❝✐❛✐s

✭P■◆❚❖❀ ▲❆●❊✱ ✶✾✾✼✮✳

❈♦♥❢♦r♠❡ P❛t❛♥❦❛r ✭✶✾✽✵✮✱ ❛ ✐❞❡✐❛ ♣r✐♥❝✐♣❛❧ ❞❛ ❢♦r♠✉❧❛çã♦ ♣♦r ✈♦❧✉♠❡s ✜♥✐t♦s é ❞❡

❢á❝✐❧ ❡♥t❡♥❞✐♠❡♥t♦ ❡ ❛♣r❡s❡♥t❛ ✉♠❛ ✐♥t❡r♣r❡t❛çã♦ ❢ís✐❝❛ ❞✐r❡t❛✳ ◆❡st❡ ♠ét♦❞♦✱ ♦ ❞♦♠í♥✐♦

❞❡ ❝á❧❝✉❧♦ é ❞✐✈✐❞✐❞♦ ❡♠ ✉♠ ❝❡rt♦ ♥ú♠❡r♦ ❞❡ ✈♦❧✉♠❡s ❞❡ ❝♦♥tr♦❧❡ ✭❱❈✮ q✉❡ ♥ã♦ s❡ s♦✲

❜r❡♣õ❡♠✱ ♦♥❞❡ ❝❛❞❛ ✉♠ ❞❡st❡s ✈♦❧✉♠❡s ❛♣r❡s❡♥t❛♠ ✐♥t❡r♥❛♠❡♥t❡ ✉♠ ♣♦♥t♦ ♥♦❞❛❧✳ ◆♦

❝❡♥tr♦✐❞❡ ❞❡ ❝❛❞❛ ❱❈✱ ❧♦❝❛❧✐③❛✲s❡ ✉♠ ♥ó ❝♦♠♣✉t❛❝✐♦♥❛❧✱ ♦♥❞❡ sã♦ ❝❛❧❝✉❧❛❞♦s ♦s ✈❛❧♦r❡s ❞❛s

✈❛r✐á✈❡✐s❀ s❡♥❞♦ ♦s ✈❛❧♦r❡s ❞❛s ✈❛r✐á✈❡✐s ♥❛s s✉♣❡r❢í❝✐❡s ❞♦s ❱❈ ♦❜t✐❞♦s ♣♦r ✐♥t❡r♣♦❧❛çã♦

❡♠ ❢✉♥çã♦ ❞♦s ✈❛❧♦r❡s ♥♦❞❛✐s ✭❝❡♥tr♦✐❞❡ ❞♦ ❱❈✮✳ ❆s ✐♥t❡❣r❛✐s ❞❡ ✈♦❧✉♠❡ ❡ ❞❡ s✉♣❡r❢í❝✐❡

sã♦ ❛♣r♦①✐♠❛❞❛s ✉s❛♥❞♦ ❢ór♠✉❧❛s ❞❡ q✉❛❞r❛t✉r❛ ❛♣r♦♣r✐❛❞❛s✳ ❈♦♠♦ r❡s✉❧t❛❞♦ ✜♥❛❧ é

✉♠❛ ❡q✉❛çã♦ ❛❧❣é❜r✐❝❛ ♣❛r❛ ❝❛❞❛ ❱❈✱ ♥❛ q✉❛❧ ❛♣❛r❡❝❡♠ ♦s ✈❛❧♦r❡s ❞❛s ✈❛r✐á✈❡✐s ♥♦ ♥ó ❡♠

❢✉♥çã♦ ❞❡ ♥ós ✈✐③✐♥❤♦s✳

❊♠ ❣❡r❛❧✱ ❛s ❡q✉❛çõ❡s ❞❡ ❝♦♥s❡r✈❛çã♦ ❛♣r❡s❡♥t❛♠ t❡r♠♦s q✉❡ r❡♣r❡s❡♥t❛♠✿ ♦ ❛❝ú✲

♠✉❧♦✱ ♦ tr❛♥s♣♦rt❡ ❝♦♥✈❡❝t✐✈♦✱ ♦ tr❛♥s♣♦rt❡ ❞✐❢✉s✐✈♦ ❡ ❛ ❣❡r❛çã♦ ❞❡ ✉♠❛ ❞❛❞❛ ❣r❛♥❞❡③❛✱

❝♦♥❢♦r♠❡ ❊q✉❛çã♦ ✷✳✷✼✳ ❖ ♣r✐♠❡✐r♦ t❡r♠♦ ❞♦ ♠❡♠❜r♦ ❡sq✉❡r❞♦ é ♦ t❡r♠♦ ❞❡ ❛❝ú♠✉❧♦✱

❡♥q✉❛♥t♦ q✉❡ ♦ ♦✉tr♦ t❡r♠♦ ❞❡st❡ ♠❡s♠♦ ❧❛❞♦ ❞❛ ❡q✉❛çã♦ é ♦ ❢❛t♦r ❛ss♦❝✐❛❞♦ ❛♦ tr❛♥s✲

♣♦rt❡ ♣♦r ❝♦♥✈❡❝çã♦✳ ◆♦ ♠❡♠❜r♦ ❞✐r❡✐t♦ ❞❛ ❊q✉❛çã♦ ✷✳✷✼✱ ♦ ♣r✐♠❡✐r♦ t❡r♠♦ ❝♦rr❡s♣♦♥❞❡

❛♦ tr❛♥s♣♦rt❡ ❞✐❢✉s✐✈♦✱ s❡♥❞♦ ♦ ú❧t✐♠♦ ♦ t❡r♠♦ ❢♦♥t❡ ♦✉ ❞❡ ❣❡r❛çã♦ ✭P■◆❚❖❀ ▲❆●❊✱ ✶✾✾✼✮✳

∂

∂t
(ρφ) +∇ · (ρvφ) = ∇ · (Γ∇φ) + S ✭✷✳✷✼✮

◆❛ ❊q✉❛çã♦ ✷✳✷✼✱ φ é ❛ ❣r❛♥❞❡③❛ ❝♦♥s❡r✈❛❞❛✱ Γ é ❛ ❞✐❢✉s✐✈✐❞❛❞❡ ❞❡st❛ ❣r❛♥❞❡③❛ ❡ ❙ é

♦ t❡r♠♦ ❞❡ ❣❡r❛çã♦✳

❈♦♠♦ ❢r✐s❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ❛ ❛♣r♦①✐♠❛çã♦ ❞✐s❝r❡t❛ ❞❡ ✉♠❛ ❡q✉❛çã♦ ❞❡ ❝♦♥s❡r✈❛çã♦✱

♣❡❧♦ ♠ét♦❞♦ ❞♦s ✈♦❧✉♠❡s ✜♥✐t♦s✱ t❡♠ ♣♦r ♦❜❥❡t✐✈♦ ❞✐✈✐❞✐r ♦ ❞♦♠í♥✐♦ ❞❡ ❝á❧❝✉❧♦ ❡♠ ✉♠



✷✳✹✳ ❋❧✉✐❞♦❞✐♥â♠✐❝❛ ❈♦♠♣✉t❛❝✐♦♥❛❧ ✭❈❋❉✮ ✸✺

♥ú♠❡r♦ ✜♥✐t♦ ❞❡ s✉❜❞♦♠í♥✐♦s✱ ♥♦s q✉❛✐s ❛ ❧❡✐ ❢ís✐❝❛ ❞❡ ❝♦♥s❡r✈❛çã♦ t❡♥❤❛ ✈❛❧✐❞❛❞❡ ♣❛r❛

✉♠❛ ❞❡t❡r♠✐♥❛❞❛ ❛♣r♦①✐♠❛çã♦✳ ❊st❛ ❛♣r♦①✐♠❛çã♦ ♣♦❞❡ s❡r ♦❜t✐❞❛ ❞❡ ❞✉❛s ❢♦r♠❛s✿ ❛

♣r✐♠❡✐r❛ ❢♦r♠❛ é ❛ ✉t✐❧✐③❛çã♦ ❞♦ ❜❛❧❛♥ç♦ ❞❛ ♣r♦♣r✐❡❞❛❞❡ ❝♦♥s❡r✈❛❞❛ φ✱ ♣❛r❛ ❝❛❞❛ ✉♠

❞♦s s✉❜❞♦♠í♥✐♦s❀ ♦ s❡❣✉♥❞♦ ♠♦❞♦ é ❛ ✐♥t❡❣r❛çã♦ ❞❛ ❡q✉❛çã♦ ❞❡ ❝♦♥s❡r✈❛çã♦ ✭ ❊q✉❛çã♦

✷✳✷✼✮ ♥♦ ✈♦❧✉♠❡ ❞♦ s✉❜❞♦♠í♥✐♦✳ ❊✈✐❞❡♥t❡♠❡♥t❡✱ ❛♠❜♦s ♦s ♠ét♦❞♦s ❝❤❡❣❛♠ ❛♦ ♠❡s♠♦

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

❞❡ ❝♦♥s❡r✈❛çã♦ ❡♠ ✉♠ ✈♦❧✉♠❡ ✜♥✐t♦ ✭P■◆❚❖❀ ▲❆●❊✱ ✶✾✾✼✮✳

❖ ▼❱❋ ♣♦❞❡ s❡r ❛♣❧✐❝❛❞♦ ❛ q✉❛❧q✉❡r t✐♣♦ ❞❡ ♠❛❧❤❛✱ ♣♦r ✐ss♦ ❛❞❛♣t❛✲s❡ ❛ ❣❡♦♠❡tr✐❛s

❝♦♠♣❧❡①❛s✳ ❆ ♠❛❧❤❛ ❞❡✜♥❡ ❛♣❡♥❛s ❛s ❢r♦♥t❡✐r❛s ❞♦ ✈♦❧✉♠❡ ❞❡ ❝♦♥tr♦❧❡ ❡ ♥ã♦ ♥❡❝❡ss✐t❛ ❡st❛r

r❡❧❛❝✐♦♥❛❞❛ ❝♦♠ ✉♠ s✐st❡♠❛ ❞❡ ❝♦♦r❞❡♥❛❞❛s✳ ❖ ♠ét♦❞♦✱ ❝♦♠♦ ❛✜r♠❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡✱ é

✐♥❡r❡♥t❡♠❡♥t❡ ❝♦♥s❡r✈❛t✐✈♦✱ ❝♦♥t❛♥❞♦ q✉❡ ♦s ✐♥t❡❣r❛✐s ❞❡ s✉♣❡r❢í❝✐❡ ✭q✉❡ r❡♣r❡s❡♥t❛♠ ✢✉✲

①♦s ❝♦♥✈❡❝t✐✈♦s ❡ ❞✐❢✉s✐✈♦s✮ s❡❥❛♠ ♦s ♠❡s♠♦s ❡♠ ❢❛❝❡s ♣❛rt✐❧❤❛❞❛s ♣♦r ❱❈✳ ❆ ❛♣r♦①✐♠❛çã♦

❝♦♠ ♦ ▼❱❋ é t❛❧✈❡③ ❛ ❞❡ ❝♦♠♣r❡❡♥sã♦ ♠❛✐s s✐♠♣❧❡s✱ ♣♦✐s t♦❞♦s ♦s t❡r♠♦s q✉❡ ♣r❡❝✐s❛♠

❞❡ s❡r ❛♣r♦①✐♠❛❞♦s tê♠ s✐❣♥✐✜❝❛❞♦ ❢ís✐❝♦✱ r❛③ã♦ ♣❡❧❛ q✉❛❧ é ♣♦♣✉❧❛r ❡♥tr❡ ❡♥❣❡♥❤❡✐r♦s✳

❆ ❞❡s✈❛♥t❛❣❡♠ ❞♦ ▼❱❋ ❡♠ r❡❧❛çã♦ ❛♦ ▼❉❋ é ♦ ❢❛t♦ ❞❡ ♠ét♦❞♦s ❞❡ ♦r❞❡♠ s✉♣❡r✐♦r

à s❡❣✉♥❞❛ ♦r❞❡♠ s❡r❡♠ ♠❛✐s ❞✐❢í❝❡✐s ❞❡ ❞❡s❡♥✈♦❧✈❡r ❡♠ ✸❉✱ ❝♦♠ ♠❛❧❤❛s ♥ã♦ ❡str✉t✉r❛✲

❞❛s✳ ■st♦ é ❞❡✈✐❞♦ ❛♦ ❢❛t♦ ❞❛ ❛♣r♦①✐♠❛çã♦ ♣♦r ❱❋ r❡q✉❡r❡r três ♥í✈❡✐s ❞❡ ❛♣r♦①✐♠❛çã♦✿

✐♥t❡r♣♦❧❛çã♦✱ ❞✐❢❡r❡♥❝✐❛❜✐❧✐❞❛❞❡ ❡ ✐♥t❡❣r❛çã♦ ✭▼❆▲■❙❑❆✱ ✷✵✵✵✮✳

✷✳✹✳✷ ▼❛❧❤❛s ◆✉♠ér✐❝❛s

➱ ✉♠❛ r❡♣r❡s❡♥t❛çã♦ ♥✉♠ér✐❝❛ ❞❛ ❞✐s❝r❡t✐③❛çã♦✱ ❞♦ ❞♦♠í♥✐♦ ❣❡♦♠étr✐❝♦✱ ♥♦ q✉❛❧ ♦

♣r♦❜❧❡♠❛ s❡rá r❡s♦❧✈✐❞♦✳ ❖s ♣♦♥t♦s ♦♥❞❡ ❛s ✈❛r✐á✈❡✐s sã♦ ❝❛❧❝✉❧❛❞♦s sã♦ ❞❡✜♥✐❞♦s ♣❡❧❛

♠❛❧❤❛ ♥✉♠ér✐❝❛✱ q✉❡ ❞✐✈✐❞❡ ♦ ❞♦♠í♥✐♦ ❞❛ s♦❧✉çã♦ ♥✉♠ ♥ú♠❡r♦ ✜♥✐t♦ ❞❡ s✉❜✲❞♦♠í♥✐♦s

✭❡❧❡♠❡♥t♦s✱ ✈♦❧✉♠❡s ❞❡ ❝♦♥tr♦❧❡✱ ❡t❝✳✮✳ ❖s t✐♣♦s ❞❡ ♠❛❧❤❛s ♣♦❞❡♠ s❡r ❛❣r✉♣❛❞♦s ❞♦

s❡❣✉✐♥t❡ ♠♦❞♦✿

Malhas











Ortogonais → Estruturadas

Não ortogonais →
{

Estruturadas

Não estruturadas

▼❛❧❤❛s ❖rt♦❣♦♥❛✐s ❡ ▼❛❧❤❛s ◆ã♦ ❖rt♦❣♦♥❛✐s

❖s ♠ét♦❞♦s ❞❡ r❡♦❧♦❣✐❛ ❝♦♠♣✉t❛❝✐♦♥❛❧ ❜❛s❡❛❞♦s ❡♠ s✐st❡♠❛s ❞❡ ❝♦♦r❞❡♥❛❞❛s ♦rt♦❣♦✲

♥❛✐s ✭♦✉ ❈❛rt❡s✐❛♥♦s✮ ♦✉ ❝✐❧í♥❞r✐❝♦s ❛♣r❡s❡♥t❛♠ ❞✐✈❡rs❛s ❧✐♠✐t❛çõ❡s ❡♠ ❣❡♦♠❡tr✐❛s✱ q✉❛♥❞♦

s❡ tr❛t❛ ❞❡ ♣r♦❜❧❡♠❛s q✉❡ ❡♥✈♦❧✈❡♠ ✐rr❡❣✉❧❛r❡s✳ ❯♠❛ ❜♦❛ r❡❢❡rê♥❝✐❛ s♦❜r❡ ❣❡r❛çã♦ ❞❡ ♠❛✲

❧❤❛s ♣♦❞❡♠ s❡r ❡♥❝♦♥tr❛❞❛s ❡♠ ▼❛❧✐s❦❛ ✭✷✵✵✵✮✳



✸✻ ✷✳✹✳ ❋❧✉✐❞♦❞✐♥â♠✐❝❛ ❈♦♠♣✉t❛❝✐♦♥❛❧ ✭❈❋❉✮

▼❛❧❤❛s ❊str✉t✉r❛❞❛s ❡ ▼❛❧❤❛s ◆ã♦ ❊str✉t✉r❛❞❛s

▼❛❧❤❛s ❡str✉t✉r❛❞❛s sã♦ ♠❛❧❤❛s q✉❡✱ ❛♦ ❝♦♥s✐❞❡r❛r ❛♣❡♥❛s ♦s ❛s♣❡❝t♦s ❣❡♦♠étr✐❝♦s✱

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

❞❡ ❝♦♦r❞❡♥❛❞❛s✱ ❞❡✈✐❞♦ ❝❛❞❛ ✈♦❧✉♠❡ ✐♥t❡r♥♦ ❛♣r❡s❡♥t❛r ✉♠❛ ❧❡✐ ❞❡ ❝♦♥str✉çã♦✿ ✈♦❧✉♠❡s

s❡♠♣r❡ ❝♦♠ ♦ ♠❡s♠♦ ♥ú♠❡r♦ ❞❡ ✈✐③✐♥❤♦s✳ ❯♠❛ ♠❛❧❤❛ ❡str✉t✉r❛❞❛ ♣♦ss✉✐ ✈♦❧✉♠❡s ♦r✲

❞❡♥❛❞♦s✱ ❞❡ ♠♦❞♦ q✉❡✱ ❛♣ós ♦ ♣r♦❝❡ss♦ ❞❡ ✐♥t❡❣r❛çã♦ ❡ ✉t✐❧✐③❛çã♦ ❞❡ ✉♠ ❡sq✉❡♠❛ ❞❡

✐♥t❡r♣♦❧❛çã♦✱ r❡s✉❧t❛rá ♥✉♠❛ ♠❛tr✐③ ❞❡ ❝♦❡✜❝✐❡♥t❡s ❞♦s t✐♣♦ ❞✐❛❣♦♥❛❧ ✭▼❆▲■❙❑❆✱ ✷✵✵✵✮✳

P♦rt❛♥t♦✱ ❞❡✈✐❞♦ ❛s ♠❛❧❤❛s ❡str✉t✉r❛❞❛s ♣❡r♠✐t✐r❡♠ ❢á❝✐❧ ♦r❞❡♥❛çã♦✱ ✐ss♦ ♣❡r♠✐t❡ ✉♠❛

s♦❧✉çã♦ ♠❛✐s ❢á❝✐❧ ❡ ♠❛✐s ❡✜❝✐❡♥t❡ ❞♦ ♣r♦❜❧❡♠❛✳ ❆ ❋✐❣✉r❛ ✷✳✼ ❛♣r❡s❡♥t❛ ♦ ❡sq✉❡♠❛ ❞❡

✉♠❛ ♠❛❧❤❛ ❜✐❞✐♠❡♥s✐♦♥❛❧ ❡str✉t✉r❛❞❛✳

❋✐❣✉r❛ ✷✳✼✿ ▼❛❧❤❛ ❡str✉t✉r❛❞❛ ✭❚❯ ❡t ❛❧✳✱ ✷✵✵✼✮✳

❉❡ ♠♦❞♦ ❣❡r❛❧✱ ♦s ♣r♦❜❧❡♠❛s r❡❛✐s ❛♣r❡s❡♥t❛♠ ❣r❛♥❞❡s ❞✐✜❝✉❧❞❛❞❡s q✉❛♥t♦ à ❝♦♠♣❧❡✲

①✐❞❛❞❡ ❞❛ ❣❡♦♠❡tr✐❛✱ ✐♠♣♦ss✐❜✐❧✐t❛♥❞♦✱ ❡♠ ♠✉✐t♦s ❝❛s♦s✱ ❛ ✉t✐❧✐③❛çã♦ ❞❡ ♠❛❧❤❛s ❡str✉t✉✲

r❛❞❛s✳ P❛r❛ ❡st❛s s✐t✉❛çõ❡s✱ ❧❛♥ç❛♠ s❡ ♠ã♦ ❞❡ ♠❛❧❤❛s ♥ã♦ ❡str✉t✉r❛❞❛s✱ ❝♦♥❢♦r♠❡ ❋✐❣✉r❛

✷✳✽✱ ♣♦r ❡st❛s s❡r❡♠ ♠❛✐s ✈❡rsát❡✐s✱ ❝♦♠ ♠❛✐♦r ❢❛❝✐❧✐❞❛❞❡ à ❛❞❛♣t❛t✐✈✐❞❛❞❡ ❡ ❡①tr❡♠❛♠❡♥t❡

♠❛✐s ❛♣t❛s ♣❛r❛ ❞✐s❝r❡t✐③❛r ❣❡♦♠❡tr✐❛s ✐rr❡❣✉❧❛r❡s✿ ❝♦♠ ❝❛♥t♦s ❡ s❛❧✐ê♥❝✐❛s✳ ❊♥tr❡t❛♥t♦✱

❞✐❢❡r❡♥t❡♠❡♥t❡ ❞♦ t✐♣♦ ❡str✉t✉r❛❞❛✱ ❡st❡ t✐♣♦ ❞❡ ♠❛❧❤❛ ❡♥❝♦♥tr❛ ❞✐✜❝✉❧❞❛❞❡s q✉❛♥t♦ à

♦r❞❡♥❛çã♦✱ ♦ q✉❡ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡ ❞❛rá ♦r✐❣❡♠ ❛ ♠❛tr✐③❡s ♥ã♦ ❞✐❛❣♦♥❛✐s✳ P♦rt❛♥t♦✱ ❛

❞✐✜❝✉❧❞❛❞❡ ❞❡ ♦r❞❡♥❛çã♦✱ ❞❛rá ♦r✐❣❡♠ ❛ ♠❛tr✐③❡s ♠❛✐s ❝♦♠♣❧❡①❛s ✭❜❛♥❞❛s ❧❛r❣❛s✮✱ q✉❡

✐♠♣♦ss✐❜✐❧✐t❛♠ ❛ ❛♣❧✐❝❛çã♦ ❞❡ ♠✉✐t♦s ♠ét♦❞♦s ❞❡ s♦❧✉çã♦ ❞❡ s✐st❡♠❛s ❧✐♥❡❛r❡s ✭▼❆▲■❙❑❆✱



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

✷✵✵✵✮✳

❋✐❣✉r❛ ✷✳✽✿ ▼❛❧❤❛ ♥ã♦ ❡str✉t✉r❛❞❛ ✭❚❯ ❡t ❛❧✳✱ ✷✵✵✼✮✳

❉❛❞♦ ❛♦ ❡①♣♦st♦✱ ❝❛❜❡ s❛❧✐❡♥t❛r✱ q✉❡ ❝❛❞❛ ✉♠ ❞♦s t✐♣♦s ❞❡ ❞✐s❝r❡t✐③❛çã♦ ❛♣r❡s❡♥t❛

✈❛♥t❛❣❡♥s ❡ ❞❡s✈❛♥t❛❣❡♥s✳ ▲♦❣♦ ❛ ❡s❝♦❧❤❛ ❞♦ ♠ét♦❞♦ ❞❡♣❡♥❞❡rá ❞❛ ♥❛t✉r❡③❛ ❞♦ ♣r♦❜❧❡♠❛✳

❯♠❛ ❜♦❛ r❡❢❡rê♥❝✐❛ s♦❜r❡ t✐♣♦s ❞❡ ♠❛❧❤❛s é ♦ ❧✐✈r♦ ❞❡ P❛t❛♥❦❛r ✭✶✾✽✵✮✳

✷✳✹✳✸ ❊sq✉❡♠❛s ❞❡ ■♥t❡r♣♦❧❛çã♦

◆❛ ❧✐t❡r❛t✉r❛ ❡①✐st❡ ✉♠❛ ❣r❛♥❞❡ q✉❛♥t✐❞❛❞❡ ❞❡ tr❛❜❛❧❤♦s q✉❡ ❛❜♦r❞❛♠ ❝♦♥❝❡✐t♦s ✐♠✲

♣♦rt❛♥t❡s s♦❜r❡ ❡sq✉❡♠❛s ❞❡ ✐♥t❡r♣♦❧❛çã♦ tr❛❞✐❝✐♦♥❛✐s ❡ ❡sq✉❡♠❛s ♥✉♠ér✐❝♦s ❞❡ ❛❧t❛ ♦r❞❡♠

♣❛r❛ ❛ ✐♥t❡r♣♦❧❛çã♦✿ ✉s❛❞♦s ♣❛r❛ ❞❡✜♥✐r ❛s ✈❛r✐á✈❡✐s ♥❛s ❢❛❝❡s ❛ ♣❛rt✐r ❞❡ ✈❛❧♦r❡s ♥♦s ❝❡♥✲

tr♦ ❞♦s ✈♦❧✉♠❡s ❞❡ ❝♦♥tr♦❧❡s✳ ❉❡♥tr❡ ❛❧❣✉♠❛s ❞❛s r❡❢❡rê♥❝✐❛s ♠❛✐s ✉t✐❧✐③❛❞❛s ♣♦❞❡♠ ❝✐t❛r✿

P❛t❛♥❦❛r ✭✶✾✽✵✮✱ ▼❛❧✐s❦❛ ✭✷✵✵✵✮ ❡ ❱❡rst❡❡❣ ❡ ▼❛❧❛❧❛s❡❦❡r❛ ✭✷✵✵✼✮✳

❚♦❞♦s ♦s ❡sq✉❡♠❛s ♥✉♠ér✐❝♦s ❞❡✈❡♠ ❛♣r❡s❡♥t❛r ❛s s❡❣✉✐♥t❡s ♣r♦♣r✐❡❞❛❞❡s✿ ❝♦♥s❡r✲

✈❛çã♦✱ ❞❡❧✐♠✐t❛çã♦ ❡ tr❛♥s♣♦rt❡✳ ◗✉❛♥t♦ à ❝♦♥s❡r✈❛çã♦✱ s❡♠♣r❡ ❛ ❝♦♥s❡r✈❛çã♦ ❣❧♦❜❛❧ ❞❛

♣r♦♣r✐❡❞❛❞❡ ✢✉✐❞♦ φ ❞❡✈❡ s❡r ❛ss❡❣✉r❛❞❛✳ ◗✉❛♥t♦ à ❞❡❧✐♠✐t❛çã♦✱ ♦ ❞♦♠í♥✐♦ ❞❡ ❝á❧❝✉❧♦

❞❡✈❡ s❡r ❞❡❧✐♠✐t❛❞♦✱ ♦✉ s❡❥❛✱ ♦s ✈❛❧♦r❡s ♣r❡✈✐st♦s ♣❡❧♦ s✐st❡♠❛ ❞❡✈❡♠ ❡st❛r ❞❡♥tr♦ ❞❡ ❧✐✲

♠✐t❡s r❡❛❧✐st❛s✳ P❛r❛ ♣r♦❜❧❡♠❛s ❧✐♥❡❛r❡s✱ s❡♠ ❢♦♥t❡s ♦✉ ❣❡r❛çã♦✱ ❡ss❡s s❡r✐❛♠ ♦s ✈❛❧♦r❡s

♠á①✐♠♦s ❡ ♠í♥✐♠♦s ❞❛s ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦✳ ▼❛s✱ ❝♦♠♦ ♦ ❡s❝♦❛♠❡♥t♦ ❞❡ ✢✉✐❞♦s é

♥ã♦ ❧✐♥❡❛r✱ ❡♠ ♠✉✐t♦s ❝❛s♦s✱ ♦s ✈❛❧♦r❡s ♥♦ ❞♦♠í♥✐♦ ♣♦❞❡♠ ❡st❛r ❢♦r❛ ❞❛ ❢❛✐①❛ ❞❡ ✈❛❧♦r❡s

❞❡ ❝♦♥t♦r♥♦✳ ◗✉❛♥t♦ ❛♦ tr❛♥s♣♦rt❡✱ ❞✐❢✉sã♦ ♦❝♦rr❡ ❡♠ t♦❞❛s ❛s ❞✐r❡çõ❡s❀ ♠❛s ❝♦♥✈❡❝çã♦

♦❝♦rr❡ s♦♠❡♥t❡ ♥❛ ❞✐r❡çã♦ ❞♦ ✢✉①♦✳ ❖ ❡sq✉❡♠❛ ♥✉♠ér✐❝♦ ❞❡✈❡ ✐❞❡♥t✐✜❝❛r ♦ s❡♥t✐❞♦ ❞♦

❡s❝♦❛♠❡♥t♦✱ ✉♠❛ ✈❡③ q✉❡ ❡st❡ ❛❢❡t❛ ❛s ❝♦rr❡♥t❡s ❞❡ ❝♦♥✈❡❝çã♦ ❝♦♥tr❛ ❞✐❢✉sã♦✳



✸✽ ✷✳✹✳ ❋❧✉✐❞♦❞✐♥â♠✐❝❛ ❈♦♠♣✉t❛❝✐♦♥❛❧ ✭❈❋❉✮

❊st❛ s❡çã♦ t❡♠ ❝♦♠♦ ♦❜❥❡t✐✈♦✱ ❛♣r❡s❡♥t❛r ❞✐❢❡r❡♥t❡s ❡sq✉❡♠❛s ♥✉♠ér✐❝♦s ❝♦♠♣✉t❛❝✐✲

♦♥❛✐s✱ ✉t✐❧✐③❛❞♦s ❡♠ ❈❋❉✳ ❊st❡s ❡sq✉❡♠❛s s❡ ❞✐❢❡r❡♥❝✐❛♠✱ ♥ã♦ s♦♠❡♥t❡ q✉❛♥t♦ à ❢♦r♠❛

❞❡ ❞✐s❝r❡t✐③❛çã♦✱ ♣❛r❛ ❛♣r♦①✐♠❛r ♦ s✐st❡♠❛ ❞❡ ❊q✉❛çõ❡s ❞✐❢❡r❡♥❝✐❛✐s✱ ❡♠ ✉♠ s✐st❡♠❛ ❞❡

❊q✉❛çõ❡s ❛❧❣é❜r✐❝❛s✱ ♠❛s t❛♠❜é♠ q✉❛♥t♦ ❛♦ ♠♦❞❡❧♦ ❞❡ t✉r❜✉❧ê♥❝✐❛ ❛❞♦t❛❞♦✱ q✉❡ s❡rã♦

❞✐s❝✉t✐❞♦s ❡♠ s❡çõ❡s ♣♦st❡r✐♦r❡s✳

❊sq✉❡♠❛ ❋✐rst✲❖r❞❡r ❯♣✇✐♥❞

❊st❡ é ♦ ❡sq✉❡♠❛ ♥✉♠ér✐❝♦ ❞❡ ✐♥t❡r♣♦❧❛çã♦ ♠❛✐s s✐♠♣❧❡s✳ ◆❡st❡ ❡sq✉❡♠❛✱ ❝♦♥❢♦r♠❡

❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✾✱ ❛ss✉♠❡✲s❡ q✉❡ ♦ ✈❛❧♦r ❞❛ ✈❛r✐á✈❡❧ tr❛♥s♣♦rt❡ ❞❛ ❢❛❝❡ s❡❥❛

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

❡st❛❜❡❧❡❝✐❞♦ ♥♦ ❝❡♥tr♦ ❞♦ ✈♦❧✉♠❡ ❞❡ ❝♦♥tr♦❧❡ ❛♥t❡r✐♦r à ❢❛❝❡✳ ❆s ♣r✐♥❝✐♣❛✐s ✈❛♥t❛❣❡♥s

❞♦ ❡sq✉❡♠❛ ❞❡ ✐♥t❡r♣♦❧❛çã♦ ❞❡ ♣r✐♠❡✐r❛ ♦r❞❡♠ ✉♣✇✐♥❞ ✭❯❉❙✮ é ♦ ❢❛t♦ ❞❡ s❡r ❞❡ ❢á❝✐❧

✐♠♣❧❡♠❡♥t❛çã♦ ❡ ♦ r❡s✉❧t❛❞♦ é ❜❛st❛♥t❡ ❡stá✈❡❧✳ ❊♠ ❝♦♥tr❛ ♣❛rt✐❞❛✱ é ✉♠ ❡sq✉❡♠❛ q✉❡

❛♣r❡s❡♥t❛ ❞✐❢✉sã♦ ♥✉♠ér✐❝❛✱ ❞❡ ♠♦❞♦ q✉❡ ♦s ❣r❛❞✐❡♥t❡s ♥♦ ❝❛♠♣♦ ❞❡ ❡s❝♦❛♠❡♥t♦ t❡♥❞❡♠

❛ s❡r ♥ã♦ ♠✉✐t♦ ♣r❡❝✐s♦s✳ ❊st❡ ❡sq✉❡♠❛ é ♠✉✐t❛s ✈❡③❡s ✉t✐❧✐③❛❞♦s ♣❛r❛ ✐♥✐❝✐❛r ♦s ❝á❧❝✉❧♦s

✭▼❆▲■❙❑❆✱ ✷✵✵✵✮✳

❋✐❣✉r❛ ✷✳✾✿ ❊sq✉❡♠❛ ❞❡ ✐♥t❡r♣♦❧❛çã♦✿ ♣r✐♠❡✐r❛ ♦r❞❡♠ ✉♣✇✐♥❞✳

❊sq✉❡♠❛ ❈❡♥tr❛❧ ❉✐✛❡r❡♥❝✐♥❣ ❙❝❤❡♠❡

P❡❧♦ ❡sq✉❡♠❛ ❈❡♥tr❛❧ ❞✐✛❡r❡♥❝✐♥❣ s❝❤❡♠❡ ♦✉ ❞✐❢❡r❡♥ç❛s ❝❡♥tr❛✐s ✭❈❉❙✮✱ ❞❡t❡r♠✐♥❛✲s❡

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

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



✷✳✹✳ ❋❧✉✐❞♦❞✐♥â♠✐❝❛ ❈♦♠♣✉t❛❝✐♦♥❛❧ ✭❈❋❉✮ ✸✾

❋✐❣✉r❛ ✷✳✹✳✸✳ ❊st❡ ❡sq✉❡♠❛ é ♠❛✐s ♣r❡❝✐s♦ q✉❡ ♦ ❞❡ ♣r✐♠❡✐r❛ ♦r❞❡♠✱ ✈✐st♦ ♥❛ s❡çã♦ ❛♥t❡✲

r✐♦r✱ ✉♠❛ ✈❡③ q✉❡ ❛♣r❡s❡♥t❛ ✉♠ ♣❡q✉❡♥♦ ❡rr♦ ❞❡ tr✉♥❝❛♠❡♥t♦✱ ❞❡✈✐❞♦ ✉t✐❧✐③❛r ❛♣❡♥❛s ❞♦✐s

♣♦♥t♦s ♥♦❞❛✐s✳ ❊♥tr❡t❛♥t♦✱ ♦ ✉s♦ ❞❡ ❈❉❙ ♥❛ ❛♣r♦①✐♠❛çã♦ ❞❡ t❡r♠♦s ❛❞✈❡❝t✐✈♦s ♣r♦♣✐❝✐❛✱

♥❛ ♠❛✐♦r✐❛ ❞❛s ✈❡③❡s✱ ❛ ❣❡r❛çã♦ ❞❡ ♠❛tr✐③❡s ❝♦♠ ❝♦❡✜❝✐❡♥t❡s ♥❡❣❛t✐✈♦s✱ ♣♦✐s ❛ ✈✐❛❜✐❧✐❞❛❞❡

❞♦ ❈❉❙ é ♣❛r❛ Pe ≤ 2❀ ♦ q✉❡ é ♣r❛t✐❝❛♠❡♥t❡ ✐♠♣♦ssí✈❡❧✱ ❡♠ ♣r♦❜❧❡♠❛s r❡❛✐s✱ ❣❛r❛♥t✐r

✉♠ r❡✜♥♦ ❞❡ t♦❞❛ ❛ ♠❛❧❤❛ q✉❡ ❛❞❡q✉❡ ❛ t❛❧ ❡s♣❡❝✐✜❝❛çã♦ ✭▼❆▲■❙❑❆✱ ✷✵✵✵✮✳ P♦rt❛♥t♦✱

♦ ❡sq✉❡♠❛ ❞❡ ❞✐❢❡r❡♥ç❛s ❝❡♥tr❛✐s ❝♦♥❞✉③ ❛ ♦s❝✐❧❛çõ❡s ♦✉ ❞✐✈❡r❣ê♥❝✐❛ ♥❛ s♦❧✉çã♦✱ ❝❛s♦ ♦

♥ú♠❡r♦ ❞❡ P❡❝❧❡t ✭P❡✮ ❧♦❝❛❧ s❡❥❛ ♠❛✐♦r ❞♦ q✉❡ ✷✳

❙❡♥❞♦ ♦ ♥ú♠❡r♦ ❞❡ P❡❝❧❡t ❛ r❡❧❛çã♦ ❡♥tr❡ ♦s ❢❛t♦r❡s ❝♦♥✈❡❝t✐✈♦ ❡ ❞✐❢✉s✐✈♦ ❞❡ tr❛♥s♣♦rt❡✱

Pe =
ρvL

Γ
✱ é ❝♦♠✉♠✱ ❡♠ ♠✉✐t♦s ❝❛s♦s ♦♣t❛r✱ ♣❛r❛ ❛s ❝é❧✉❧❛s ❝♦♠ Pe > 2✱ ♣❡❧❛ ✉t✐❧✐③❛çã♦

❞♦ ❡sq✉❡♠❛ ❞❡ ♣r✐♠❡✐r❛ ♦r❞❡♠ ✉♣✇✐♥❞✳ ❊st❡ t✐♣♦ ❞❡ ❡sq✉❡♠❛ é ❞❡♥♦♠✐♥❛❞♦ ❞❡ ❡sq✉❡♠❛

❤í❜r✐❞♦ ✭▼❆▲■❙❑❆✱ ✷✵✵✵✮✳

❋✐❣✉r❛ ✷✳✶✵✿ ❊sq✉❡♠❛ ❞❡ ✐♥t❡r♣♦❧❛çã♦✿ ❞✐❢❡r❡♥ç❛s ❝❡♥tr❛✐s

❊sq✉❡♠❛ P♦✇❡r✲❧❛✇

❊st❡ ❡sq✉❡♠❛ ❜❛s❡✐❛✲s❡ ♥❛ s♦❧✉çã♦ ❛♥❛❧ít✐❝❛ ❞❛ ❡q✉❛çã♦ ❞❡ ❛❞✈❡❝çã♦✴❞✐❢✉sã♦ ✉♥✐❞✐✲

♠❡♥s✐♦♥❛❧✳ ❖ ✈❛❧♦r ❞❛ ❢❛❝❡ é ❞❡t❡r♠✐♥❛❞♦ ♣♦r ♠❡✐♦ ❞❡ ✉♠ ❛❥✉st❡ ❡①♣♦♥❡♥❝✐❛❧ ❛tr❛✈és

❞♦s ✈❛❧♦r❡s ❞❛s ❝é❧✉❧❛s✳ ❆ ❛♣r♦①✐♠❛çã♦ ❞♦ ♣❡r✜❧ ❡①♣♦♥❡♥❝✐❛❧ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❊q✉❛çã♦

✷✳✷✽ ❞❡ P♦✇❡r ▲❛✇✱ ❝♦♥❢♦r♠❡ ❋✐❣✉r❛ ✷✳✶✶✳ P❛r❛ ♦s ❝❛s♦s ♦♥❞❡ Pe > 10✱ ❛ ❞✐❢✉sã♦ é

✐♥s✐❣♥✐✜❝❛♥t❡✱ ❧♦❣♦ r❡❝♦♠❡♥❞❛✲s❡ ✉♠ ❡sq✉❡♠❛ ❞❡ ♣r✐♠❡✐r❛ ♦r❞❡♠ ✉♣✇✐♥❞✳

φe = φP − (1− 0, 1Pe)5

Pe
(φe − φP ) ✭✷✳✷✽✮



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

❋✐❣✉r❛ ✷✳✶✶✿ ❊sq✉❡♠❛ ❞❡ ✐♥t❡r♣♦❧❛çã♦✿P❛✇❡r ▲❛✇✳

❊sq✉❡♠❛ ❙❡❝♦♥❞✲❖r❞❡r ❯♣✇✐♥❞

◆❡st❡ ❡sq✉❡♠❛✱ ❞❡t❡r♠✐♥❛✲s❡ ♦ ✈❛❧♦r ❞❛ ❢❛❝❡✱ φ✱ ❛ ♣❛rt✐r ❞♦s ✈❛❧♦r❡s ♥♦s ❝❡♥tr♦ ❞❡ ❞✉❛s

❝é❧✉❧❛s ❛♥t❡r✐♦r❡s à ❢❛❝❡✱ ❝♦♥❢♦r♠❡ ❋✐❣✉r❛ ✷✳✶✷❀ ♦♥❞❡ ✉♠❛ ♣r❡❝✐sã♦ ❞❡ ♦r❞❡♠ ❡❧❡✈❛❞❛ é

♦❜t✐❞❛ ✈✐❛ ✉♠❛ ❡①♣❛♥sã♦ ❡♠ sér✐❡ ❞❡ ❚❛②❧♦r à ♣❛rt✐r ❞♦s ✈❛❧♦r❡s ♥♦ ❝❡♥tr♦✐❞❡ ❞❛s ❝é❧✉❧❛s✳

❖ ❡sq✉❡♠❛ ❞❡ s❡❣✉♥❞❛ ♦r❞❡♠ ✉♣✇✐♥❞ é ♠❛✐s ♣r❡❝✐s♦ ❞♦ q✉❡ ♦ ❞❡ ♣r✐♠❡✐r❛ ♦r❞❡♠ ✉♣✇✐♥❞✳

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

❞❛ ❢❛✐①❛ ❞❡ ✈❛❧♦r❡s ❞❛ ❝é❧✉❧❛✳ P♦rt❛♥t♦✱ é ♥❡❝❡ssár✐♦ ❛ ❛♣❧✐❝❛çã♦ ❞❡ ❢✉♥çõ❡s ❞❡ ♣❛r❡❞❡s

❡s♣❡❝✐✜❝❛s ♣❛r❛ ♦s ✈❛❧♦r❡s ♥♦♠✐♥❛✐s ♣r❡✈✐st♦s✳ ❊st❡ ❡sq✉❡♠❛ é ✉♠ ❞♦s ♠❛✐s ♣♦♣✉❧❛r❡s

❡sq✉❡♠❛s ♥✉♠ér✐❝♦s✱ ♣♦✐s ❛ss♦❝✐❛ ♣r❡❝✐sã♦ ❡ ❡st❛❜✐❧✐❞❛❞❡ ♥✉♠ só ❡sq✉❡♠❛ ✭▼❆▲■❙❑❆✱

✷✵✵✵✮✳

❊sq✉❡♠❛ ◗✉✐❝❦✲◗✉❛❞r❛t✐❝ ❯♣✇✐♥❞ ❢♦r ❈♦♥✈❡❝t✐✈❡ ❑✐♥❡♠❛t✐❝s

❆ ❢✉♥çã♦ ❞❡ ✐♥t❡r♣♦❧❛çã♦◗✉✐❝❦✲◗✉❛❞r❛t✐❝ ❯♣✇✐♥❞ ❢♦r ❈♦♥✈❡❝t✐✈❡ ❑✐♥❡♠❛t✐❝s ✭◗❯■❈❑✮

é ❜❛st❛♥t❡ ❞✐❢✉♥❞✐❞❛✱ s❡♥❞♦ ✉♠❛ ♦♣çã♦ ❡♠ ❛❧❣✉♥s ♣❛❝♦t❡s ❝♦♠❡r❝✐❛✐s ❞❡ ❞✐♥â♠✐❝❛ ❞♦s ✢✉✐✲

❞♦s ❝♦♠♣✉t❛❝✐♦♥❛❧ ✭❈❋❉✮✳ ◆❡st❡ ❡sq✉❡♠❛✱ ✉♠❛ ❝✉r✈❛ q✉❛❞rát✐❝❛ é ❝♦♥str✉í❞❛ ❛tr❛✈és ❞❡

três ♥ós✿ ❞♦✐s ❛♥t❡r✐♦r❡s à ❢❛❝❡ ❡ ✉♠ ♣♦st❡r✐♦r✱ ❝♦♥❢♦r♠❡ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✶✸✳

❖ ❡sq✉❡♠❛ ◗❯■❈❑ é ♠✉✐t♦ ♣r❡❝✐s♦✱ ♠❛s ❡♠ ③♦♥❛s ❝♦♠ ❡❧❡✈❛❞♦s ❣r❛❞✐❡♥t❡s✱ ♦s r❡s✉❧t❛✲

❞♦s ♣♦❞❡♠ s❡r s✉❜❡st✐♠❛❞♦s ♦✉ s✉♣❡r❡st✐♠❛❞♦s✱ ♦ q✉❡ ♣♦❞❡ r❡s✉❧t❛r ❡♠ ♣r♦❜❧❡♠❛s ❞❡

❡st❛❜✐❧✐❞❛❞❡ ♥♦ ❝á❧❝✉❧♦✳ ❖ ❡sq✉❡♠❛ ◗❯■❈❑ ♥♦r♠❛❧♠❡♥t❡ s❡rá ♠❛✐s ♣r❡❝✐s♦ ❡♠ ♠❛❧❤❛s

❡str✉t✉r❛❞❛s ❛❧✐♥❤❛❞❛s ❝♦♠ ❛ ❞✐r❡çã♦ ❞♦ ❡s❝♦❛♠❡♥t♦ ✭❆◆❙❨❙✱ ✷✵✶✶✮✳



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

❋✐❣✉r❛ ✷✳✶✷✿ ❊sq✉❡♠❛ ❞❡ ✐♥t❡r♣♦❧❛çã♦✿ s❡❣✉♥❞❛ ♦r❞❡♠ ✉♣✇✐♥❞✳

❋✐❣✉r❛ ✷✳✶✸✿ ❊sq✉❡♠❛ ❞❡ ✐♥t❡r♣♦❧❛çã♦✿ ◗✉❛❞r❛t✐❝ ❯♣str❡❛♠ ■♥t❡r♣♦❧❛t✐♦♥ ❈♦♥✈❡❝t✐✈❡
❑✐♥❡t✐❝s ✭◗❯■❈❑✮✳

✷✳✹✳✹ ❘❡s♦❧✉çã♦ ❞❡ ❙✐st❡♠❛s ❞❡ ❊q✉❛çõ❡s ❆❧❣é❜r✐❝❛s

❱ár✐♦s ♠ét♦❞♦s ❞❡ ❞✐s❝r❡t✐③❛çã♦ ❞❛s ❡q✉❛çõ❡s ❞✐❢❡r❡♥❝✐❛✐s ♣❛r❝✐❛✐s ❢♦r❛♠ ❛♣r❡s❡♥t❛❞♦s

♥❛ s❡çã♦ ✷✳✹✳✶✳ ❆tr❛✈és ❞❡st❡ ♣r♦❝❡ss♦✱ ♦❜té♠✲s❡ ✉♠ s✐st❡♠❛ ❞❡ ❡q✉❛çõ❡s ❛❧❣é❜r✐❝❛s q✉❡

♣r❡❝✐s❛♠ s❡r r❡s♦❧✈✐❞♦s ♣♦r ❛❧❣✉♥s ♠ét♦❞♦s ♥✉♠ér✐❝♦s✳ ❆ ❝♦♠♣❧❡①✐❞❛❞❡ ❡ t❛♠❛♥❤♦ ❞❡st❡



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

❝♦♥❥✉♥t♦ ❞❡ ❡q✉❛çõ❡s ❞❡♣❡♥❞❡♠ ❞❛ ❞✐♠❡♥sã♦ ❡ ❞❛ ❣❡♦♠❡tr✐❛ ❞♦ ♣r♦❜❧❡♠❛ ❢ís✐❝♦✳ ❙❡ ❛s

❡q✉❛çõ❡s sã♦ ❧✐♥❡❛r❡s ♦✉ ♥ã♦ ❧✐♥❡❛r❡s ✐♥t❡r❢❡r✐rá ♥❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ ♠ét♦❞♦s ♥✉♠ér✐❝♦s

♠❛✐s ❡✜❝✐❡♥t❡s ❡ r♦❜✉st♦s ♣❛r❛ r❡s♦❧✈❡r ♦ s✐st❡♠❛ ✭❚❯ ❡t ❛❧✳✱ ✷✵✵✼✮✳

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

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

❆s ♠❛tr✐③❡s ♦❜t✐❞❛s ❝❛r❛❝t❡r✐③❛♠✲s❡ ♣♦r ♣♦ss✉ír❡♠ ✉♠ ❛❧t♦ í♥❞✐❝❡ ❞❡ ❡s♣❛rs✐❞❛❞❡✳ ❆ r❡✲

s♦❧✉çã♦ ❞♦ s✐st❡♠❛ ❞❡ ❊q✉❛çõ❡s ♣♦❞❡ s❡r ♦❜t✐❞❛ ❛tr❛✈és ❞❡ ❞♦✐s ♣r♦❝❡❞✐♠❡♥t♦s✿ ❞❡ ❢♦r♠❛

❞✐r❡t❛ ♦✉ ❞❡ ❢♦r♠❛ ✐t❡r❛t✐✈❛✳

❖s ♠ét♦❞♦s ❞✐r❡t♦s ✉t✐❧✐③❛♠ ♣r♦❝❡❞✐♠❡♥t♦s q✉❡ s❡ ❜❛s❡✐❛♠ ❡♠ ❡❧✐♠✐♥❛çã♦ ❛❧❣é❜r✐❝❛

♣❛r❛ ♦❜t❡r ❛ s♦❧✉çã♦ ❛ s♦❧✉çã♦ ❡①❛t❛ ❡♠ ✉♠ ♥ú♠❡r♦ ✜①♦ ❞❡ ♦♣❡r❛çõ❡s✳ ❊♥tr❡ ❡st❡s ♠é✲

t♦❞♦s ♣♦❞❡✲s❡ ❡❧❡♥❝❛r✿ ❛ ❡❧✐♠✐♥❛çã♦ ●❛✉ss✐❛♥❛✱ ❛ ❡❧✐♠✐♥❛çã♦ ❞❡ ●❛✉ss✲❏♦r❞❛♥✱ ❛ ✐♥✈❡rsã♦

♠❛tr✐❝✐❛❧✱ ❛ ❞❡❝♦♠♣♦s✐çã♦ ▲❯ ❡ ♦ ❛❧❣♦r✐t♠♦ ❞❡ ❚❤♦♠❛s ✭P■◆❚❖❀ ▲❆●❊✱ ✶✾✾✼✮✳

❖s ♠ét♦❞♦s ✐t❡r❛t✐✈♦s ❧❡✈❛♠ ❛ ✉♠❛ s♦❧✉çã♦ ❛♣r♦①✐♠❛❞❛ ♣❛r❛ ♦ s✐st❡♠❛ ❞❡ ❡q✉❛çõ❡s

✉t✐❧✐③❛♥❞♦ ✉♠ ♣r♦❝❡❞✐♠❡♥t♦ ✐t❡r❛t✐✈♦ ❛ ♣❛rt✐r ❞❡ ✉♠❛ s♦❧✉çã♦ ❛♣r♦①✐♠❛❞❛ ✐♥✐❝✐❛❧ ✭❝❤✉t❡✮✳

❖ q✉❛♥t♦ ❛ ✈❛r✐á✈❡❧ s❡ ❛♣r♦①✐♠❛ ❞❛ s♦❧✉çã♦ ❡①❛t❛ é ❞❡t❡r♠✐♥❛❞♦ ♣❡❧♦ ♥ú♠❡r♦ ❞❡ ✐t❡r❛çõ❡s✱

t❡♥❞♦ ❝♦♠♦ ♣r✐♥❝✐♣❛✐s r❡♣r❡s❡♥t❛♥t❡s ♦s ♠ét♦❞♦s ❞❡ ❏❛❝♦❜✐ ❡ ❞❡ ●❛✉ss✲❙❡✐❞❡❧ ✭❚❯ ❡t ❛❧✳✱

✷✵✵✼✮✳

❖ ❋▲❯❊◆❚ ✉t✐❧✐③❛ ✉♠ ♠ét♦❞♦ ❝♦♥❤❡❝✐❞♦ ❝♦♠♦ ❢❛t♦r✐③❛çã♦ ♠✉❧t✐❣r✐❞ ▲❯ ✐♥❝♦♠♣❧❡t❛

❛❝❡❧❡r❛❞❛ ✭▼✉❧t✐❣r✐❞ ❛❝❝❡❧❡r❛t❡❞ ■♥❝♦♠♣❧❡t❡ ▲♦✇❡r ❯♣♣❡r ❢❛❝t♦r✐③❛t✐♦♥✱ ♦✉ ▼● ■▲❯ ✮✱ ❝♦♥✲

❢♦r♠❡ ❞❡s❝r✐t♦ ♣♦r ❍✉t❝❤✐♥s♦♥ ❡ ❘❛✐t❤❜② ✭✶✾✽✻✮✳ ❯♠ ❡st✉❞♦ ♠❛✐s ❞❡t❛❧❤❛❞♦ s♦❜r❡ ♠é✲

t♦❞♦s ✐t❡r❛t✐✈♦s ♣❛r❛ s♦❧✉çã♦ ❞❡ s✐st❡♠❛s ❧✐♥❡❛r❡s ♣♦❞❡♠ s❡r ❡♥❝♦♥tr❛❞♦s ❡♠✿ ▼❛❧✐s❦❛

✭✷✵✵✵✮❀ P✐♥t♦ ❡ ▲❛❣❡ ✭✶✾✾✼✮❀ ❱❡rst❡❡❣ ❡ ▼❛❧❛❧❛s❡❦❡r❛ ✭✷✵✵✼✮ ❡ ❋❧✉❡♥t✷✵✶✶✳

❈❋❉ ❜❛s❡✐❛✲s❡ ❢✉♥❞❛♠❡♥t❛❧♠❡♥t❡ ♥❛s ❡q✉❛çõ❡s q✉❡ r❡❣❡♠ ❞❛ ❞✐♥â♠✐❝❛ ❞♦s ✢✉✐❞♦s✳

❆s ❡q✉❛çõ❡s q✉❡ r❡❣❡♠ ♦s ❢❡♥ô♠❡♥♦s r❡♣r❡s❡♥t❛♠ ❛✜r♠❛çõ❡s ♠❛t❡♠át✐❝❛s ❞❛s ❧❡✐s ❢ís✐❝❛s

❞❡ ❝♦♥s❡r✈❛çã♦✳ ❖ ♦❜❥❡t✐✈♦ ❞❛s s❡çõ❡s s✉❜s❡q✉❡♥t❡s é ❛♣r❡s❡♥t❛r ❛ ❞❡r✐✈❛çã♦ ❡ ❞✐s❝✉ssã♦

❞❡ ❛❧❣✉♠❛s ❞❡st❛s ❡q✉❛çõ❡s✳

✷✳✹✳✺ ▼♦❞❡❧❛❣❡♠ ❞❛ ❋❛s❡ ●❛s♦s❛

❚♦❞♦s ♦s ♠♦✈✐♠❡♥t♦s ❞❡ ✢✉✐❞♦s✱ s❡❥❛♠ ❡❧❡s ❧❛♠✐♥❛r ♦✉ t✉r❜✉❧❡♥t♦✱ sã♦ r❡❣✐❞♦s ♣♦r

✉♠ ❝♦♥❥✉♥t♦ ❞❡ ❡q✉❛çõ❡s ❞✐♥â♠✐❝❛s ❞❡ ❝♦♥s❡r✈❛çã♦✿ ❡q✉❛çã♦ ❞❛ ❝♦♥t✐♥✉✐❞❛❞❡✱ ❛ ❡q✉❛çã♦

❞♦ ♠♦✈✐♠❡♥t♦ ❡ ❛ ❡q✉❛çã♦ ❞❛ ❡♥❡r❣✐❛ ✭❇■❘❉ ❡t ❛❧✳✱ ✷✵✵✼✮✳



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

❆ ❊q✉❛çã♦ ❞❡ ❈♦♥s❡r✈❛çã♦ ❞❡ ▼❛ss❛

❆ ❡q✉❛çã♦ ❞❡ ❝♦♥s❡r✈❛çã♦ ❞❡ ♠❛ss❛ ♦r✐❣✐♥❛✲s❡ ❛ ♣❛rt✐r ✉♠ ❜❛❧❛♥ç♦ ♠❛t❡r✐❛❧❀ ❡♠ s✉❛

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

t❛❞❛ ♣❡❧❛ ❊q✉❛çã♦ ✷✳✷✾✳ ❆ ❧❡✐ ❞❛ ❝♦♥t✐♥✉✐❞❛❞❡ ❛✜r♠❛ q✉❡✱ ♣❛r❛ ❡s❝♦❛♠❡♥t♦s ❡♠ r❡❣✐♠❡

tr❛♥s✐❡♥t❡✱ ❞❡ ✢✉✐❞♦s ❝♦♠♣r❡ssí✈❡✐s ❡ ✐♥❝♦♠♣r❡ssí✈❡❧✱ ♦ ❛❝ú♠✉❧♦ ❞❡ ♠❛ss❛ ♥♦ ❡❧❡♠❡♥t♦ ❞❡

✢✉✐❞♦ é ✐❣✉❛❧ à ❞✐❢❡r❡♥ç❛ ❞❡ ♠❛ss❛ q✉❡ ❡♥tr❛ ❡ q✉❡ s❛✐ ♥♦ ✈♦❧✉♠❡ ❞❡ ❝♦♥tr♦❧❡ ✭❇■❘❉ ❡t ❛❧✳✱

✷✵✵✼✮✳

∂ρ

∂t
+

∂

∂xi

(ρui) = 0 ✭✷✳✷✾✮

◆❛ ❊q✉❛çã♦ ✷✳✷✾✱ vi(~x, t) r❡♣r❡s❡♥t❛ ❛ ❝♦♠♣♦♥❡♥t❡ ✐ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞♦ ✢✉✐❞♦ ❡♠ ✉♠

♣♦♥t♦ ♥♦ ❡s♣❛ç♦ ❡ ♥♦ t❡♠♣♦ ❡ ρ(~x, t) é ❛ ♠❛ss❛ ❡s♣❡❝í✜❝❛ ❞♦ ✢✉✐❞♦✳ P❛r❛ ✢✉✐❞♦s ✐♥❝♦♠✲

♣r❡ssí✈❡✐s✱ ❛ ♠❛ss❛ ❡s♣❡❝í✜❝❛ ✭ρ✮ é ❝♦♥st❛♥t❡ ❡ ❛ ❧❡✐ ❞❛ ❝♦♥t✐♥✉✐❞❛❞❡ ♣♦❞❡ s❡r r❡♣r❡s❡♥t❛❞❛

♣❡❧❛ ❊q✉❛çã♦ ✷✳✸✵✿

∂uj

∂xj

= 0 ✭✷✳✸✵✮

❆ ❊q✉❛çã♦ ❞❡ ❈♦♥s❡r✈❛çã♦ ❞❡ ▼♦♠❡♥t♦ ▲✐♥❡❛r

❆ ❡q✉❛çã♦ ❞❡ ❝♦♥s❡r✈❛çã♦ ❞♦ ♠♦♠❡♥t♦ é r❡s✉❧t❛❞♦ ❞♦ ❜❛❧❛♥ç♦ ❞❡ ❢♦rç❛s ❞❡ ❝❛♠♣♦

❡ ❞❡ s✉♣❡r❢í❝✐❡ ♥♦ ❡❧❡♠❡♥t♦ ❞❡ ✢✉✐❞♦ ✭❱❊❘❙❚❊❊●❀ ▼❆▲❆▲❆❙❊❑❊❘❆✱ ✷✵✵✼✮✳ ❆ ❡q✉❛çã♦

❞❡ ♠♦♠❡♥t♦✱ t♦♠❛♥❞♦ ❝♦♠♦ r❡❢❡rê♥❝✐❛ ✉♠ ♣♦♥t♦ ✐♥❡r❝✐❛❧ ✜①♦✱ é ❞❡s❝r✐t❛ ♣♦r ❇❛t❝❤❡❧♦r

✭✷✵✵✵✮✱ ♣♦❞❡♥❞♦ s❡r r❡♣r❡s❡♥t❛❞❛ ♣❡❧❛ ❊q✉❛çã♦ ✷✳✸✶✿

∂

∂t
(ρui) +

∂

∂xj

(ρuiuj) = − ∂p

∂xi

+
∂τij
∂xj

✭✷✳✸✶✮

♦♥❞❡✱ vi(~x, t) r❡♣r❡s❡♥t❛ ❛ ❝♦♠♣♦♥❡♥t❡ ✐ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞♦ ✢✉✐❞♦ ♥✉♠ ♣♦♥t♦ ♥♦ ❡s♣❛ç♦ ❡

♥♦ t❡♠♣♦❀ p(~x, t) ❛ ♣r❡ssã♦ ❡stát✐❝❛❀ τij(~x, t) é ♦ t❡♥s♦r ❞❡ ✈✐s❝♦s♦ ❞❡ ❘❡②♥♦❧❞s ❡ ρ(~x, t) é

❛ ♠❛ss❛ ❡s♣❡❝í✜❝❛ ❞♦ ✢✉✐❞♦✳

❖ t❡♥s♦r ❞❡ ❘❡②♥♦❧❞s é ❞❛❞♦ ♣❡❧❛ ❊q✉❛çã♦ ✷✳✸✷✱ s❡♥❞♦ sij ♠♦❞❡❧❛❞♦ ♣❡❧❛ ❊q✉❛çã♦

✷✳✸✸ ✳

τij = 2µ(sij −
1

3
skkδij) ✭✷✳✸✷✮



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

sij =
1

2
(
∂ui

∂xj

+
∂uj

∂xi

) ✭✷✳✸✸✮

❖ ♥ú♠❡r♦ ❞❡ ▼❛❝❤ ❛ss♦❝✐❛❞♦ ❛♦ ❡s❝♦❛♠❡♥t♦ ❡♠ ❝✐❝❧♦♥❡s é ❜❡♠ ♥♦♠✐♥❛❧✱ ♦ q✉❡ ✈❛❧✐❞❛

❛ ❝♦♥s✐❞❡r❛çã♦ ❞❡ ❡s❝♦❛♠❡♥t♦ ✐♥❝♦♠♣r❡ssí✈❡❧✳ ❊♥tr❡t❛♥t♦✱ s❡♥❞♦ ♦ ❛r ✉♠ ✢✉✐❞♦ ♥❡✇t♦♥✐✲

❛♥♦✱ ❛ t❡♥sã♦ ✈✐s❝♦s❛ ❡stá ❛ss♦❝✐❛❞❛ ❛♦ ♠♦✈✐♠❡♥t♦ ❞♦ ✢✉✐❞♦ ✐♥❝♦♠♣r❡ssí✈❡❧✱ ♣♦r ♠❡✐♦ ❞❛

✈✐s❝♦s✐❞❛❞❡ ✭❏❆❨❆❘❆❏❯✱ ✷✵✵✾✮✳ ❙❡♥❞♦ ❛ss✐♠✱ ❛ ❢♦r♠❛ s✐♠♣❧✐✜❝❛❞❛ ❞❛ ❡q✉❛çã♦ ❞❡ ♠♦♠❡♥t♦

❡♠ ❡s❝♦❛♠❡♥t♦ ✐♥❝♦♠♣r❡ssí✈❡❧ ♣♦❞❡ s❡r r❡♣r❡s❡♥t❛❞❛ ♣❡❧❛ ❊q✉❛çã♦ ✷✳✸✹✱ ❞❡♥♦♠✐♥❛❞❛ ❞❡

❡q✉❛çã♦ ❞❡ ◆❛✈✐❡r✲❙t♦❦❡s✳

∂ui

∂t
+ uj

∂ui

∂xj

= −1

ρ

∂p

∂xi

+ ν
∂2ui

∂xj∂xj

✭✷✳✸✹✮

❉✐❢❡r❡♥t❡s ♠❡t♦❞♦❧♦❣✐❛s ♣❛r❛ s♦❧✉çã♦ ❞❛s ❡q✉❛çõ❡s ❞❡ ◆❛✈✐❡r ❙t♦❦❡s sã♦ ❛♣r❡s❡♥t❛❞❛s

♥❛ s❡çã♦ ✷✳✹✳✻✱ ♦♥❞❡ s❡rã♦ ❛♣r❡s❡♥t❛❞♦s ❞✐❢❡r❡♥t❡s ♠♦❞❡❧♦s ❞❡ t✉r❜✉❧ê♥❝✐❛✳

◆❡st❛ t❡s❡✱ ♦s ❡❢❡✐t♦s ❞❛ t❡♠♣❡r❛t✉r❛ sã♦ ✐❣♥♦r❛❞♦s ❡✱ ♣♦rt❛♥t♦✱ ❛ ❡q✉❛çã♦ ❞❡ ❡♥❡r❣✐❛ é

❞❡s❛❝♦♣❧❛❞❛ ❞❛s ❡q✉❛çõ❡s ❞❡ ❝♦♥t✐♥✉✐❞❛❞❡ ❡ ❞♦ ♠♦✈✐♠❡♥t♦✱ ♣♦rt❛♥t♦ ♥ã♦ ❢♦r❛ ❛♣r❡s❡♥t❛❞❛✳

✷✳✹✳✻ ▼♦❞❡❧❛❣❡♠ ❞❛ ❚✉r❜✉❧ê♥❝✐❛

◆❛ ♠❡❝â♥✐❝❛ ❞♦s ✢✉✐❞♦s✱ ❛ t✉r❜✉❧ê♥❝✐❛ é ✉♠ r❡❣✐♠❡ ❞❡ ♠♦✈✐♠❡♥t♦ ❞❡ ✢✉✐❞♦ ❝❛r❛❝t❡✲

r✐③❛❞♦ ♣❡❧❛ ✢✉t✉❛çã♦ ❛❧❡❛tór✐❛ ❞❛s ✈❛r✐á✈❡✐s ♥♦ t❡♠♣♦ ❡ ♥♦ ❡s♣❛ç♦✱ ❞❡ ♠♦❞♦ q✉❡ ✈❛❧♦r❡s

♠é❞✐♦s ❡st❛t✐st✐❝❛♠❡♥t❡ ❞✐st✐♥t♦s ♣♦❞❡♠ s❡r ♦❜s❡r✈❛❞♦s ✭❍■◆❩❊✱ ✶✾✼✺✮✳

❆ t✉r❜✉❧ê♥❝✐❛ ♥♦s ✢✉✐❞♦s ❡stá ❡♥tr❡ ♦s ♠❛✐s ❝♦♠♣❧❡①♦s ❡ ❡s♣❡t❛❝✉❧❛r❡s ❢❡♥ô♠❡♥♦s

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

❝❛r❛❝t❡r✐③❛❞❛ ♣♦r ♣r♦❝❡ss♦s ♥ã♦ ❧✐♥❡❛r❡s ❞❡ tr♦❝❛ ❞❡ ♠❛ss❛✱ ❡♥❡r❣✐❛ ❡ q✉❛♥t✐❞❛❞❡ ❞❡ ♠♦✲

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

❡ ❞❡ ❝♦♠♣r✐♠❡♥t♦ ✭❙■▲❱❊■❘❆ ◆❊❚❖✱ ✷✵✵✹✮✳

❆ ✐♠♣♦rtâ♥❝✐❛ ♣rát✐❝❛ ❞❛ ❝♦♠♣r❡❡♥sã♦ ❞❛ t✉r❜✉❧ê♥❝✐❛ é ♠✉✐t♦ ❣r❛♥❞❡ ❡ ❝r❡s❝❡♥t❡ ♥♦s

❞✐❛s ❛t✉❛✐s✳ ❆ t✉r❜✉❧ê♥❝✐❛ é ❡st✉❞❛❞❛ ♣♦r ❞✐❢❡r❡♥t❡s ár❡❛s ❞❛s ❝✐ê♥❝✐❛s✱ ❝❛❞❛ ✉♠❛ ❝♦♠ s✉❛s

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

❢❡♥ô♠❡♥♦s ♥❛t✉r❛✐s✳ ❊♥tr❡ ❛❧❣✉♠❛s r❡❢❡rê♥❝✐❛s ✐♠♣♦rt❛♥t❡s✱ ♦♥❞❡ ♠❛✐♦r❡s ❞❡t❛❧❤❡s s♦❜r❡

t✉r❜✉❧ê♥❝✐❛ ♣♦❞❡♠ s❡r ❡♥❝♦♥tr❛❞♦s✱ tê♠✲s❡✿ ❍✐♥③❡ ✭✶✾✼✺✮✱ ❲✐❧❝♦① ❡t ❛❧✳ ✭✶✾✾✽✮✱ ❙✐❧✈❡✐r❛

◆❡t♦ ✭✷✵✵✹✮ ❡ ❙♦❞❥❛ ✭✷✵✵✼✮ ✳

❖s ❡s❝♦❛♠❡♥t♦s ♥♦ ✐♥t❡r✐♦r ❞❡ s❡♣❛r❛❞♦r❡s ❝✐❝❧ô♥✐❝♦s ❡♠ ❣❡r❛❧ sã♦ t✉r❜✉❧❡♥t♦s✱ tr❛♥✲

s✐❡♥t❡ ❡ tr✐❞✐♠❡♥s✐♦♥❛✐s ✭❉❊❘❑❙❊◆ ❡t ❛❧✳✱ ✷✵✵✻✮✳ ❉❡st❛ ❢♦r♠❛✱ ♦ ❝♦♥❤❡❝✐♠❡♥t♦ ❞❡ss❡ ❢❡♥ô✲



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

♠❡♥♦ é ✉♠❛ ❡t❛♣❛ ✐♠♣♦rt❛♥t❡ ♥❛ ♠♦❞❡❧❛❣❡♠ ♥✉♠ér✐❝❛ ❞❡ ❡s❝♦❛♠❡♥t♦s ❡♠ ❝✐❝❧♦♥❡s✳ P♦r✲

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

✉♠ t❡r♠♦ q✉❡ tr❛❞✉③❛ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❣❧♦❜❛❧ ❞❡ss❡ ❡s❝♦❛♠❡♥t♦✱ ❡s♣❡❝✐✜❝❛♥❞♦ ♦ t❛♠❛✲

♥❤♦ ❞♦s ✈órt✐❝❡s ✭♦✉ t✉r❜✐❧❤õ❡s✮✱ q✉❡ ❞❡♣❡♥❞❡♠ ❡ss❡♥❝✐❛❧♠❡♥t❡ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ♠é❞✐❛ ❞♦

❡s❝♦❛♠❡♥t♦ ❡ ❞❛s ❝❛r❛❝t❡ríst✐❝❛s ❣❡♥ér✐❝❛s ❞♦ s✐st❡♠❛ ✭❍❖❋❋▼❆◆◆❀ ❙❚❊■◆✱ ✷✵✵✼✮✳

❆ ❝♦♥tí♥✉❛ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ❡♥❡r❣✐❛ ❞♦s t✉r❜✐❧❤õ❡s ♠❛✐♦r❡s✱ ♣❛r❛ ♦s ♠❡♥♦r❡s é ❞❡♥♦♠✐✲

♥❛❞♦ ❞❡ ❝❛s❝❛t❛ ❞❡ ❡♥❡r❣✐❛✳ ❖ t❛♠❛♥❤♦ ❞♦s t✉r❜✐❧❤õ❡s ❡stá ✐♥t✐♠❛♠❡♥t❡ ❧✐❣❛❞♦ às ❡s❝❛❧❛s

❞❡ t✉r❜✉❧ê♥❝✐❛✱ ❞❡s❞❡ ❡s❝❛❧❛s ♠❛✐♦r❡s ❛té ❛s ❡s❝❛❧❛s ♠❡♥♦r❡s✱ ♦♥❞❡ ♦❝♦rr❡♠ ❛s ❞✐ss✐♣❛çõ❡s

❞❡ ❡♥❡r❣✐❛✳ ❖s t✉r❜✐❧❤õ❡s ♠❛✐♦r❡s sã♦ ❞❡♣❡♥❞❡♥t❡s ❞❛s ♠❡❞✐❞❛s ❞❡ ❡s❝♦❛♠❡♥t♦✱ s❡♥❞♦

❝❛r❛❝t❡r✐③❛❞♦s ❛ ♣❛rt✐r ❞❡ ❝❛r❛❝t❡ríst✐❝❛s ♠é❞✐❛s ❞♦ ❡s❝♦❛♠❡♥t♦✳ ❆ss✐♠✱ s✉❛s ❡s❝❛❧❛s t✉r✲

❜✉❧❡♥t❛s sã♦ ❣r❛♥❞❡s ❡♠ ❝♦♠♣❛r❛çã♦ ❝♦♠ ♦s ❡❢❡✐t♦s ✈✐s❝♦s♦s✱ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ❛ ❡str✉t✉r❛

s❡❥❛ ❛❧t❛♠❡♥t❡ ❛♥✐s♦tró♣✐❝❛✳ ❖s ♣❡q✉❡♥♦s t✉r❜✐❧❤õ❡s✱ ❡♥tr❡t❛♥t♦✱ ❛♣r❡s❡♥t❛♠ ❡s❝❛❧❛s ❞❡

t✉r❜✉❧ê♥❝✐❛ ♠✉✐t♦ ♠❡♥♦r❡s✱ ❢❛③❡♥❞♦ ❝♦♠ q✉❡ ♦ ❡s❝♦❛♠❡♥t♦ s❡❥❛ ✐s♦tró♣✐❝♦✱ ✉♠❛ ✈❡③ q✉❡

♦s ❡❢❡✐t♦s ✈✐s❝♦s♦s sã♦ ❞♦♠✐♥❛♥t❡s ✭❚❯ ❡t ❛❧✳✱ ✷✵✵✼✮✳ ◗✉❛♥t♦ à ❞❡s❝r✐çã♦ ❞♦s ❝♦♥❝❡✐t♦s

❛ss♦❝✐❛❞♦s ❛♦ ❝♦♠♣r✐♠❡♥t♦ ❝❛r❛❝t❡ríst✐❝♦ ❞♦ ❡s❝♦❛♠❡♥t♦ ❡ ❡s❝❛❧❛ ❞❡ t✉r❜✉❧ê♥❝✐❛✱ é ✉♠❛

❛❜♦r❞❛❣❡♠ ✉♠ t❛♥t♦ ❝♦♠♣❧❡①❛ ❡ ❢♦❣❡ ❞♦ ❡s❝♦♣♦ ❞❛ t❡s❡✳ ❯♠❛ ❧♦♥❣❛ ❞✐s❝✉ssã♦ s♦❜r❡ ♦

❛ss✉♥t♦ é ❛♣r❡s❡♥t❛❞❛ ♣♦r ❲✐❧❝♦① ❡t ❛❧✳ ✭✶✾✾✽✮ ❡ ❙✐❧✈❡✐r❛ ◆❡t♦ ✭✷✵✵✹✮✳

❆s q✉❛tr♦ ♣r✐♥❝✐♣❛✐s ❛❜♦r❞❛❣❡♥s ♥✉♠ér✐❝❛s ✉t✐❧✐③❛❞❛s ♣❛r❛ r❡s♦❧✈❡r ❛s ❊q✉❛çõ❡s ❞❡

◆❛✈✐❡r✲❙t♦❦❡s sã♦✿ ❆❜♦r❞❛❣❡♠ ❞✐r❡❝t ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥ ✭❉◆❙✮✱ ❛❜♦r❞❛❣❡♠ ❧❛r❣❡ ❡❞❞②

s✐♠✉❧❛t✐♦♥✭▲❊❙✮✱ ❛❜♦r❞❛❣❡♠ ❞❡t❛❝❤❡❞ ❡❞❞② s✐♠✉❧❛t✐♦♥ ✭❉❊❙✮ ❡ ❛ ❛❜♦r❞❛❣❡♠ r❡②♥♦❧❞s

❛✈❡r❛❣❡❞ ♥❛✈✐❡r st♦❦❡s✭❘❆◆❙✮✳ ❉❡♥tr❡ t♦❞❛s ❛s ❛❜♦r❞❛❣❡♥s✱ ❛ ♠❛✐s ♣r❡❝✐s❛ é ❛ ❉◆❙✱

♦♥❞❡ t♦❞❛ ❛ ❢❛✐①❛ ❞❡ ❡s❝❛❧❛s ❡s♣❛❝✐❛✐s ❡ t❡♠♣♦r❛✐s ❞❡ t✉r❜✉❧ê♥❝✐❛ sã♦ r❡s♦❧✈✐❞❛s ✭❍■◆❩❊✱

✶✾✼✺✮✳ ❊♥tr❡t❛♥t♦✱ t❛❧ ❛❜♦r❞❛❣❡♠ ❛♣r❡s❡♥t❛ ✉♠ ❝✉st♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ ♠✉✐t♦ ❛❧t♦✳ ◆❡st❛

t❡s❡✱ s❡rá ❞❛❞♦ ê♥❢❛s❡ às ❛❜♦r❞❛❣❡♥s ❘❆◆❙ ❡ ▲❊❙✳ ❯♠❛ ❞✐s❝✉ssã♦ ♠❛✐s ❡❧❛❜♦r❛❞❛ s♦❜r❡

❛❜♦r❞❛❣❡♥s ❞❡ ❞✐✈❡rs♦s ♠♦❞❡❧♦s ❞❡ t✉r❜✉❧ê♥❝✐❛s ❛♣❧✐❝❛❞♦s ❡♠ ❈❋❉ ♣♦❞❡ s❡r ❡♥❝♦♥tr❛❞❛s

❡♠ ❲✐❧❝♦① ❡t ❛❧✳ ✭✶✾✾✽✮✱ ❙✐❧✈❡✐r❛ ◆❡t♦ ✭✷✵✵✹✮ ❡ ❱❡rst❡❡❣ ❡ ▼❛❧❛❧❛s❡❦❡r❛ ✭✷✵✵✼✮✳

◗✉❛♥t♦ ❛♦s ❝♦♥❝❡✐t♦s ❛ss♦❝✐❛❞♦s ❡s❝❛❧❛s ❞❡ t✉r❜✉❧ê♥❝✐❛✱ ♦ ♣r♦❝❡ss♦ ❞❡ ❞❡❝♦♠♣♦s✐çã♦

❞❛s ❡s❝❛❧❛s ❞❡✉ ♦r✐❣❡♠ ❛ ❞♦✐s ❣r✉♣♦s ❞❡ ❊q✉❛çõ❡s✿

• ❊q✉❛çõ❡s ♠é❞✐❛s ❞❡ ❘❡②♥♦❧❞s ✭✶✽✽✹✮✱ ♣❛r❛ ❛s q✉❛✐s ❛s ❡s❝❛❧❛s ❞❛ t✉r❜✉❧ê♥❝✐❛ sã♦

s❡♣❛r❛❞❛s ♥❛s ❡s❝❛❧❛s r❡❧❛t✐✈❛s ❛♦ ❝♦♠♣♦rt❛♠❡♥t♦ ♠é❞✐♦ ❡ ♥❛s ❡s❝❛❧❛s r❡❧❛t✐✈❛s às

✢✉t✉❛çõ❡s ❡♠ r❡❧❛çã♦ ❛ ❡st❛ ♠é❞✐❛❀

• ❊q✉❛çõ❡s ❞❡ ◆❛✈✐❡r✲❙t♦❦❡s ✜❧tr❛❞❛s ✭❙♠❛❣♦r✐♥s❦②✱ ✶✾✻✸✮✱ ♣❛r❛ ❛s q✉❛✐s ❛s ❡s❝❛❧❛s

❞❛ t✉r❜✉❧ê♥❝✐❛ sã♦ s❡♣❛r❛❞❛s ❡♠ ❞♦✐s ❣r✉♣♦s✱ ♦✉ s❡❥❛✱ ♦ ❣r✉♣♦ ❞❛s ❣r❛♥❞❡s ❡s❝❛❧❛s

❡ ♦ ❣r✉♣♦ ❞❛s ♣❡q✉❡♥❛s ❡s❝❛❧❛s ♦✉ ❡s❝❛❧❛s s✉❜✲♠❛❧❤❛✳



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

❊q✉❛çõ❡s ▼é❞✐❛s ❞❡ ❘❡②♥♦❧❞s ✭❘❆◆❙✮

❖ ❡s❝♦❛♠❡♥t♦ t✉r❜✉❧❡♥t♦ ❡♠ ❝✐❝❧♦♥❡s é t✐❞♦ ❝♦♠♦ tr❛♥s✐❡♥t❡✱ ✐s♦tér♠✐❝♦ ❡ ✐♥❝♦♠♣r❡s✲

sí✈❡❧✳ ❙❡♥❞♦ ❛ss✐♠✱ ❛s ❊q✉❛çõ❡s ♠é❞✐❛s ❞❡ ❘❡②♥♦❧❞s ✭❘❆◆❙✮✱ ♣❛r❛ ❛ ❝♦♥s❡r✈❛çã♦ ❞❡

♠❛ss❛ ❡ ♣❛r❛ ❛s ❊q✉❛çõ❡s ❞❡ ◆❛✈✐❡r✲❙t♦❦❡s✱ ♣♦❞❡♠ s❡r ♦❜t✐❞❛s ❛ ♣❛rt✐r ❞❛ ❞❡❝♦♠♣♦s✐çã♦

❡♠ ❡s❝❛❧❛s ❞❡ t✉r❜✉❧ê♥❝✐❛ ✭❝♦♠ ul = ūl + u′

l✮ ❡ ❞❛ tr❛♥s❢♦r♠❛çã♦ ❞❛s ❊q✉❛çõ❡s ✷✳✸✵ ❡

✷✳✸✹ ❡♠ ❊q✉❛çõ❡s ♠é❞✐❛s✱ ✈✐❛ ♠❛♥✐♣✉❧❛çã♦ ♠❛t❡♠át✐❝❛✳ P♦rt❛♥t♦✱ ❝♦♠♦ r❡s✉❧t❛❞♦ ✜♥❛❧✱

tê♠✲s❡ ❛s ❊q✉❛çõ❡s ✷✳✸✺ ❡ ✷✳✸✻✱ r❡❢❡r❡♥t❡s ás ❊q✉❛çõ❡s ❞❛ ❝♦♥t✐♥✉✐❞❛❞❡ ❡ ❞❡ ◆❛✈✐❡r ❙t♦❦❡s

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

∂ūi

∂xi

= 0 ✭✷✳✸✺✮

∂ūi

∂t
+

∂

∂xj

(ūiūj) = −1

ρ

∂p̄

∂xi

+
∂

∂xj

[

ν

(

∂ūi

∂xj

+
∂ūj

∂xi

)

− u′

iu
′

j

]

✭✷✳✸✻✮

❯♠❛ ♦❜s❡r✈❛çã♦ ✐♠♣♦rt❛♥t❡ ♥❛ ❣❡r❛çã♦ ❞❛ ❡q✉❛çã♦ ❞❡ ◆❛✈✐❡r ❙t♦❦❡s ♠é❞✐❛✱ é ♦ s✉r❣✐✲

♠❡♥t♦ ❞♦ t❡♥s♦r ♠é❞✐♦ ❞❡ ❘❡②♥♦❧s✳ ◆❛ ❊q✉❛çã♦ ✷✳✸✻✱ ♦❜s❡r✈❛✲s❡ q✉❡ ♦ r❡s✉❧t❛❞♦ ✐♠❡❞✐❛t♦

❞♦ ♣r♦❝❡ss♦ ❞❡ ❞❡❝♦♠♣♦s✐çã♦ ❞❡ ❡s❝❛❧❛s ❡ ❞❛s tr❛♥s❢♦r♠❛çõ❡s ❞❛s ❊q✉❛çõ❡s ♦r✐❣✐♥❛✐s ❡♠

❊q✉❛çõ❡s ♠é❞✐❛s✱ é ♦ s✉r❣✐♠❡♥t♦ ❞❡ ✉♠ t❡♥s♦r ❛❞✐❝✐♦♥❛❧ τij = u′

iu
′

j✱ ❞❡♥♦♠✐♥❛❞♦ t❡♥s♦r

❞❡ ❘❡②♥♦❧❞s✱ q✉❡ ♣♦❞❡ s❡r r❡❡s❝r✐t♦ ♥❛ ❢♦r♠❛ ♠❛tr✐❝✐❛❧ ❛♣r❡s❡♥t❛❞❛ ♥❛ ❊q✉❛çã♦ ✷✳✸✼✳

❊st❡ t❡♥s♦r é s✐♠étr✐❝♦ ✭τij ❂τji✮ ❡ ❛♣r❡s❡♥t❛ ♥❛t✉r❡③❛ ❢ís✐❝❛ s❡♠❡❧❤❛♥t❡ ❛♦ t❡♥s♦r ✈✐s❝♦s♦

♠♦❧❡❝✉❧❛r✱ ❛♣❡s❛r ❞❡ s✉❛ ♦r✐❣❡♠✱ ❧✐❣❛❞❛ ❛♦ t❡r♠♦ ♥ã♦ ❧✐♥❡❛r ✭❙■▲❱❊■❘❆ ◆❊❚❖✱ ✷✵✵✹❀ ❚❯ ❡t

❛❧✳✱ ✷✵✵✼✮✳

τij =







u′u′ u′υ′ u′w′

υ′u′ υ′υ′ υ′w′

w′u′ w′υ′ w′w′






✭✷✳✸✼✮

❈♦♠♦ ❝✐t❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ❛ ❛❜♦r❞❛❣❡♠ ✈✐❛ ❊q✉❛çõ❡s ♠é❞✐❛s ❞❡ ❘❡②♥♦❧❞s r❡q✉❡r

♠❡♥♦s r❡❝✉rs♦s ❝♦♠♣✉t❛❝✐♦♥❛✐s ❞♦ q✉❡ ❛s ❛❜♦r❞❛❣❡♥s ▲❊❙ ♦✉ ❉◆❙✳ ❊♥tr❡t❛♥t♦✱ ♣♦r ♥ã♦

r❡s♦❧✈❡r ♦s ❢❡♥ô♠❡♥♦s ❞❡ ❡s❝♦❛♠❡♥t♦ ❡♠ ❡s❝❛❧❛ ♠❡♥♦r❡s✱ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❘❆◆❙ ❛♣r❡s❡♥t❛

♣r♦❜❧❡♠❛s ❞❡ ❢❡❝❤❛♠❡♥t♦ ❞❛s ❊q✉❛çõ❡s ❞❡ t✉r❜✉❧ê♥❝✐❛ ✭❙❍❯❑▲❆ ❡t ❛❧✳✱ ✷✵✶✸✮✳

❊q✉❛çõ❡s ❞❡ ◆❛✈✐❡r✲❙t♦❦❡s ❋✐❧tr❛❞❛s ♦✉ ❞❡ ●r❛♥❞❡s ❊s❝❛❧❛s

◆❡st❛ ❛❜♦r❞❛❣❡♠✱ ✉♠ ✈❛❧♦r ✐♥st❛♥tâ♥❡♦ ❞❡ ✉♠❛ ✈❛r✐á✈❡❧ ❞❡ tr❛♥s♣♦rt❡ ✭φ(x, t)✮ é

❞❡❝♦♠♣♦st♦ ♥✉♠ ✈❛❧♦r ✜❧tr❛❞♦ ✭ φ̄(x, t)✮✱ ❡ ✉♠ ❝♦♠♣♦♥❡♥t❡ ✢✉t✉❛♥t❡ ✭φ(x, t)′✮✱ ❝♦♥❢♦r♠❡



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

❛♣r❡s❡♥t❛❞♦ ♣❡❧❛ ❊q✉❛çã♦ ✷✳✸✽✳

φ(x, t) = φ̄(x, t) + φ(x, t)′ ✭✷✳✸✽✮

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

❞♦ ♣r♦❝❡ss♦ ❞❡ ♠é❞✐❛✳ ❖ ♣r♦❝❡ss♦ ❞❡ ✜❧tr❛❣❡♠ ♣♦❞❡ s❡r ❞❡✜♥✐❞♦ ❛ ♣❛rt✐r ❞❛ ✐♥t❡❣r❛❧ ❞❡

❝♦♥✈♦❧✉çã♦ ❡♥✈♦❧✈❡♥❞♦ ❛ ❢✉♥çã♦ ✭φ✮ ❛ s❡r ✜❧tr❛❞❛✱ ❡ ✉♠❛ ❢✉♥çã♦ ✜❧tr♦ ❛♣r♦♣r✐❛❞❛ ✭G✮✱ q✉❡

♣♦❞❡ s❡r ✉♠❛ ❢✉♥çã♦ t❡♠♣♦r❛❧ ♦✉ ❡s♣❛❝✐❛❧❀ ❝♦♠♦ ✐❧✉str❛ ❛ ❊q✉❛çã♦ ✷✳✸✾✱ ♣❛r❛ ✉♠ ✜❧tr♦

❡s♣❛❝✐❛❧✳

φ̄(x̄, t) =

∫

V

G(~x− ~x′)φ(~x′, t)d~x′ ✭✷✳✸✾✮

◆❛s ❊q✉❛çõ❡s ❋✐❧tr❛❞❛s✱ ♦ t❡♥s♦r ❞❡ ❘❡②♥♦❧❞s τij✱ q✉❡ ♠♦❞❡❧❛ ❛ tr❛♥s❢❡rê♥❝✐❛ ❞❡

❡♥❡r❣✐❛ ❡♥tr❡ ❛ ❜❛♥❞❛ r❡s♦❧✈✐❞❛ ✭❣r❛♥❞❡s ❡s❝❛❧❛s✮ ❡ ❛ ❜❛♥❞❛ ♥ã♦ r❡s♦❧✈✐❞❛ ❞♦ ❡s♣❡❝tr♦

✭♣❡q✉❡♥❛s ❡s❝❛❧❛s✮ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❊q✉❛çã♦ ✷✳✹✶✳ ❖ ❢❡❝❤❛♠❡♥t♦ ❞❛s ❊q✉❛çõ❡s ✜❧tr❛❞❛s✱

s❡♠❡❧❤❛♥t❡ ❛♦ ❢❡❝❤❛♠❡♥t♦ ❡♠ ❘❆◆❙✱ ♣❛ss❛ ♣❡❧♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ♠♦❞❡❧♦s ❞❡ t✉r❜✉✲

❧ê♥❝✐❛ q✉❡ ♣♦ss❛♠ ♣r❡✈❡r ❛s t❡♥sõ❡s ❞❡ ❘❡②♥♦❧❞s ❡ ♦s t❡r♠♦s ❡s❝❛❧❛r❡s ❞❡ tr❛♥s♣♦rt❡✱

❡st❛❜❡❧❡❝❡♥❞♦ ✉♠❛ r❡❧❛çã♦ ❡♥tr❡ ❛s t❡♥sõ❡s ❞❡ ❘❡②♥♦❧❞s ❡ ♦ ❝❛♠♣♦ ❞❡ ✈❡❧♦❝✐❞❛❞❡ ♠é❞✐❛

✭❙■▲❱❊■❘❆ ◆❊❚❖✱ ✷✵✵✹✮✳

∂ūi

∂t
+

∂

∂xj

(ūiūj) = −1

ρ

∂p̄

∂xi

+
∂

∂xj

[

ν

(

∂ūi

∂xj

+
∂ūj

∂xi

)

− τij

]

✭✷✳✹✵✮

♦♥❞❡ τij é ❛♣r❡s❡♥t❛❞♦ ♣❡❧❛ ❊q✉❛çã♦ ✷✳✹✶

τij = +u′

iu
′

j + u′

iūj + ūiu′

j + Lij

Lij = ūiūj − ūiūj

✭✷✳✹✶✮

▼♦❞❡❧♦s ❞❡ ❚✉r❜✉❧ê♥❝✐❛

❆ ♠❛✐♦r ♣❛rt❡ ❞♦s ♣r♦❜❧❡♠❛s ♣rát✐❝♦s ❞❡ ❡♥❣❡♥❤❛r✐❛ é ❝❛r❛❝t❡r✐③❛❞❛ ♣♦r ♥ú♠❡r♦s ❞❡

❘❡②♥♦❧❞s ❡❧❡✈❛❞♦s✱ ♦✉ s❡❥❛✱ s♦❜❡ ❝♦♥❞✐çõ❡s ❞❡ t✉r❜✉❧ê♥❝✐❛✳ ❙❡♥❞♦ ❛ss✐♠✱ ❛ s♦❧✉çã♦ ❞❡

♠✉✐t♦s ♣r♦❜❧❡♠❛s ♣❡r♣❛ss❛ ♣❡❧♦ ❢❡❝❤❛♠❡♥t♦ ❞♦ ♠♦❞❡❧♦ ❞❡ t✉r❜✉❧ê♥❝✐❛✳ ❆ ♠♦❞❡❧❛❣❡♠

❞❛ t✉r❜✉❧ê♥❝✐❛ ♣♦❞❡ ❛♣r❡s❡♥t❛r ❞✉❛s t❡♥❞ê♥❝✐❛s✿ ❛ ♠♦❞❡❧❛❣❡♠ ❡st❛tíst✐❝❛ ❝❧áss✐❝❛✱ q✉❡

é ❝❛r❛❝t❡r✐③❛❞❛ ♣❡❧❛ s✐♠✉❧❛çã♦ ♥✉♠ér✐❝❛ q✉❡ ❜✉s❝❛ ❡♥t❡♥❞❡r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ♠é❞✐♦

❞♦s ❡s❝♦❛♠❡♥t♦s t✉r❜✉❧❡♥t♦s ❡ ❛ ♠♦❞❡❧❛❣❡♠ s✉❜✲♠❛❧❤❛✱ q✉❡ é ❛ s✐♠✉❧❛çã♦ ♥✉♠ér✐❝❛ ❞❡



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

❣r❛♥❞❡s ❡s❝❛❧❛s✱ ♦♥❞❡ ❛s ❣r❛♥❞❡s ❡str✉t✉r❛s t✉r❜✐❧❤♦♥❛r❡s sã♦ r❡s♦❧✈✐❞❛s ❡①♣❧✐❝✐t❛♠❡♥t❡ ❡

❛s ♠❡♥♦r❡s ❡str✉t✉r❛s sã♦ ♠♦❞❡❧❛❞❛s ✭❱❊❘❙❚❊❊●❀ ▼❆▲❆▲❆❙❊❑❊❘❆✱ ✷✵✵✼✮✳

❖ ♣r✐♠❡✐r♦ ❣r✉♣♦✱ ❜❛s❡❛❞♦ ♥❛ ♠♦❞❡❧❛❣❡♠ ❡st❛tíst✐❝❛ ❝❧áss✐❝❛✱ ♣♦❞❡ s❡r s✉❜❞✐✈✐❞✐❞♦s

♥♦s ♠♦❞❡❧♦s ❛ ③❡r♦ ❊q✉❛çõ❡s ❞❡ tr❛♥s♣♦rt❡✱ ❛ ✉♠❛ ❡q✉❛çã♦✱ ❛ ❞✉❛s ❡ ❛té ❛ s❡✐s ❊q✉❛✲

çõ❡s ❛❞✐❝✐♦♥❛✐s ❞❡ tr❛♥s♣♦rt❡✳ ❏á ♥♦s ♠♦❞❡❧♦s ❝♦♥t❡♠♣♦râ♥❡♦s✱ ❛ s✐♠✉❧❛çã♦ ♥✉♠ér✐❝❛ ❞❡

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

♠♦❞❡❧❛❣❡♠ s✉❜✲♠❛❧❤❛ ❡ ❞❛ ❙✐♠✉❧❛çã♦ ❞❡ ●r❛♥❞❡s ❊s❝❛❧❛s ✭❙●❊✮✳ ❆♦s ♠♦❞❡❧♦s ❝❧áss✐❝♦s

✐♥t❡r❡ss❛♠✲s❡ ♣❡❧♦ ❝♦♠♣♦rt❛♠❡♥t♦ ♠é❞✐♦ ❡ ♣♦r ✐♥❢♦r♠❛çõ❡s ♣✉r❛♠❡♥t❡ ❡st❛tíst✐❝❛s ❞♦s

❡s❝♦❛♠❡♥t♦s t✉r❜✉❧❡♥t♦s ✭❱❊❘❙❚❊❊●❀ ▼❆▲❆▲❆❙❊❑❊❘❆✱ ✷✵✵✼✮✳

❆ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ t✉r❜✉❧ê♥❝✐❛ ❝♦♠ ❜❛s❡ ♥❛ s✐♠✉❧❛çã♦ ❡♠ ❣r❛♥❞❡s ❡s❝❛❧❛s ✭❙●❊✮✱ ❝♦♠♦

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

❡s♣❛ç♦✳ ❈♦♠ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❙●❊✱ ♦❜❥❡t✐✈❛♠✲s❡ ❛ ♦❜t❡♥çã♦ ❞❡ ✐♥❢♦r♠❛çõ❡s ✐♥st❛♥tâ✲

♥❡❛s ❛ss✐♠ ❝♦♠♦ ❞❡ ✐♥❢♦r♠❛çõ❡s ❡st❛tíst✐❝❛s✳ ◆❡st❡ ❝❛s♦✱ é ♥❡❝❡ssár✐♦ ❛ ✉t✐❧✐③❛çã♦ ❞❡

♠ét♦❞♦s t❡ór✐❝♦s ♣❛r❛ s❡ ❝♦♠♣r❡❡♥❞❡r ✜s✐❝❛♠❡♥t❡ ❛ t✉r❜✉❧ê♥❝✐❛✳✭❱❊❘❙❚❊❊●❀ ▼❆▲❆▲❆❙❊✲

❑❊❘❆✱ ✷✵✵✼✮✳

❖s ♠♦❞❡❧♦s ❝❧áss✐❝♦s ❞❡ t✉r❜✉❧ê♥❝✐❛ sã♦ ❜❛s❡❛❞♦s ♥♦s ✈❛❧♦r❡s ♠é❞✐♦s ♦❜t✐❞♦s ✈✐❛ ❡q✉❛✲

çã♦ ❞❡ ◆❛✈✐❡r✲❙t♦❦❡s ✭❘❆◆❙✮✳ ❚❛✐s ♠♦❞❡❧♦s sã♦ ❝❧❛ss✐✜❝❛❞♦s ❝♦♥❢♦r♠❡ ♦ ♥ú♠❡r♦ ❞❡ ❊q✉❛✲

çõ❡s ❞✐❢❡r❡♥❝✐❛✐s ♣❛r❝✐❛✐s ✭P❉❊✮ ❛❞✐❝✐♦♥❛✐s q✉❡ ❞❡✈❡rã♦ s❡r r❡s♦❧✈✐❞❛s✿

• ♠♦❞❡❧♦s ❝♦♠ ③❡r♦ ❊q✉❛çõ❡s✿ ❚r❛t❛✲s❡ ❞❡ t♦❞❛ ✉♠❛ ❢❛♠í❧✐❛ ❞❡ ♠♦❞❡❧♦s ❜❛s❡❛❞♦s

♥❛ ❤✐♣ót❡s❡ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ♠✐st✉r❛ ❞❡ Pr❛♥❞t❧ ❀

• ♠♦❞❡❧♦s ❞❡ ✉♠❛ ❡q✉❛çã♦✿ ♠♦❞❡❧♦ ❦✲▲ ♦♥❞❡ ❦✿ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ t✉r❜✉❧❡♥t❛✱ ❝✉❥♦

❝á❧❝✉❧♦ ♣❛ss❛ ♣❡❧❛ s♦❧✉çã♦ ❞❡ ✉♠❛ ❡q✉❛çã♦ ❞❡ tr❛♥s♣♦rt❡ ❛❞✐❝✐♦♥❛❧ ❡ ▲✿ ❈♦♠♣r✐♠❡♥t♦

❝❛r❛❝t❡ríst✐❝♦✱ ❡st✐♠❛❞♦ ♣❛r❛ ❝❛❞❛ ♣r♦❜❧❡♠❛ ❡♠ ❛♥á❧✐s❡❀

• ♠♦❞❡❧♦s ❝♦♠ ❞✉❛s ❊q✉❛çõ❡s✿ ✐♥❝❧✉✐ ♦s ♠♦❞❡❧♦s ❦✲ε ✭st❛♥❞❛r❞✱ ❘◆●✱ ❞❡ r❡❛❧✐✲

③❛çã♦✮✱ ♠♦❞❡❧♦s ❦✲ω ❡ ♠♦❞❡❧♦ ❆❙▼❀

• ♠♦❞❡❧♦ ❝♦♠ ❙❡✐s ❊q✉❛çõ❡s✿ ♠♦❞❡❧♦ ❞♦ t❡♥s♦r ❞❡ ❘❡②♥♦❧❞s ✭❘❙▼✮✳

❖s ♠♦❞❡❧♦s ❞❡ t✉r❜✉❧ê♥❝✐❛ t❛♠❜é♠ ♣♦❞❡♠ s❡r ❝❧❛ss✐✜❝❛❞♦s s❡❣✉♥❞♦ ❛ ❞❡♣❡♥❞ê♥❝✐❛

♦✉ ♥ã♦ ❞♦ ❝♦♥❝❡✐t♦ ❞❡ ✈✐s❝♦s✐❞❛❞❡ t✉r❜✉❧❡♥t❛✳ ❊st❡ ❝♦♥❝❡✐t♦ ❢♦✐ ♣r♦♣♦st♦ ♣♦r ❇♦✉ss✐♥❡sq

❡♠ 1877✱ ❡♠ q✉❡ ♦ t❡♥s♦r ❞❡ r❡②♥♦❧❞s ♣♦❞❡ s❡r r❡❡s❝r✐t♦✱ ❡♠ ♥♦t❛çã♦ t❡♥s♦r✐❛❧✱ ❝♦♥❢♦r♠❡

❛ ❊q✉❛çã♦ ✷✳✹✷✱ ♦♥❞❡ νt é ❛ ✈✐s❝♦s✐❞❛❞❡ t✉r❜✉❧❡♥t❛ ❡ k ✱ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❊q✉❛çã♦ ✷✳✹✸✱ é

❛ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ t✉r❜✉❧❡♥t❛✳ P♦rt❛♥t♦✱ ♥❡st❛ ❛❜♦r❞❛❣❡♠✱ ❇♦✉ss✐♥❡sq s❡ ♣r♦♣õ❡ ❛ ❢❡❝❤❛r

♦ s✐st❡♠❛ ❞❡ ❊q✉❛çõ❡s✱ ♠♦❞❡❧❛♥❞♦ ♦ t❡♥s♦r ❞❡ ❘❡②♥♦❧❞s ❝♦♠ ♦ ❝♦♥❝❡✐t♦ ❞❡ ✈✐s❝♦s✐❞❛❞❡



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

t✉r❜✉❧❡♥t❛✳

τij = −u′

iu
′

j = νt

(

∂ūi

∂xj

+
∂ūj

∂xi

)

− 2

3
kδij ✭✷✳✹✷✮

k ≡ 1

2

(

u′

iu
′

j

)

=
1

2

(

u′2 + ν ′2 + w′2
)

✭✷✳✹✸✮

❖ t❡r♠♦ ❡♥✈♦❧✈❡♥❞♦ ♦ ❞❡❧t❛ ❞❡ ❑r♦♥❡❝❦❡r δij ✱ ♥❛ ❊q✉❛çã♦ ✷✳✹✷✱ s✉r❣❡ ❞❡✈✐❞♦ à

♥❡❝❡ss✐❞❛❞❡ ❞❡ ❝♦♠♣❛t✐❜✐❧✐③❛r ❛ ❞❡✜♥✐çã♦ ❞❡ k ❛❝✐♠❛ ❝♦♠ ❛ s♦♠❛ ❞♦ tr❛ç♦ ❞♦ t❡♥s♦r ❞❡

❘❡②♥♦❧❞s ♠♦❞❡❧❛❞♦ ❛tr❛✈és ❞❛ ❤✐♣ót❡s❡ ❞❡ ❇♦✉ss✐♥❡sq ✭❙■▲❱❊■❘❆ ◆❊❚❖✱ ✷✵✵✹✮✳

❘❡ss❛❧t❛✲s❡ q✉❡ νt é ✉♠❛ ♣r♦♣r✐❡❞❛❞❡ ❞♦ ❡s❝♦❛♠❡♥t♦ ❡ ♥ã♦ ❞♦ ✢✉✐❞♦✱ ❝♦♠♦ ❛ ✈✐s✲

❝♦s✐❞❛❞❡ ♠♦❧❡❝✉❧❛r✳ ❊st❛ ❝❛r❛❝t❡ríst✐❝❛ ✐♠♣❧✐❝❛ ♥❛ ❞✐✜❝✉❧❞❛❞❡ ♠❛✐♦r ❞❡ ❛✈❛❧✐❛çã♦ ❞❡st❛

♣r♦♣r✐❡❞❛❞❡✱ ✉♠❛ ✈❡③ q✉❡ ❡❧❛ ❞❡♣❡♥❞❡ ❞❛ ♥❛t✉r❡③❛ ❞♦ ♣ró♣r✐♦ ❡s❝♦❛♠❡♥t♦✱ ❝♦♥st✐t✉✐♥❞♦✲s❡

♥✉♠❛ ❢♦rt❡ ♥ã♦ ❧✐♥❡❛r✐❞❛❞❡ ♥❛ s♦❧✉çã♦ ❞❛s ❊q✉❛çõ❡s✳ ❚r❛t❛✲s❡ ❞❡ ✉♠❛ ♣r♦♣r✐❡❞❛❞❡ q✉❡

❞❡♣❡♥❞❡ ❞♦ ❡s♣❛ç♦ ❡ ❞♦ t❡♠♣♦ ✭❲■▲❈❖❳ ❡t ❛❧✳✱ ✶✾✾✽✮✳

❆ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ t✉r❜✉❧❡♥t❛ ✭k✮ t❛♠❜é♠ ❛♣❛r❡❝❡ ♥♦ ♠♦❞❡❧♦ ❞❡ ❢❡❝❤❛♠❡♥t♦ ♣r♦♣♦st♦

♣♦r ❇♦✉ss✐♥❡sq✳ ◆♦ ❡♥t❛♥t♦✱ ❝♦♠♦ ❡❧❛ ❞❡♣❡♥❞❡ ❛♣❡♥❛s ❞♦ tr❛ç♦ ❞♦ t❡♥s♦r ❞❡ ❘❡②♥♦❧❞s✱

❡❧❛ t❡♠ ✉♠❛ ♥❛t✉r❡③❛ s❡♠❡❧❤❛♥t❡ à ♣r❡ssã♦ ❛♦ q✉❛❧ ♣♦❞❡ s❡r ✐♥❝♦r♣♦r❛❞❛✳

❆ s❡❣✉✐r sã♦ ❛♣r❡s❡♥t❛❞♦s✱ ❞❡ ♠❛♥❡✐r❛ r❡s✉♠✐❞❛✱ ♦s ❝♦♥❝❡✐t♦s ❡ ❊q✉❛çõ❡s q✉❡ ❝♦♠✲

♣õ❡♠ ❛❧❣✉♥s ❞♦s ♣r✐♥❝✐♣❛✐s ♠♦❞❡❧♦s ❞❡ t✉r❜✉❧ê♥❝✐❛ ✉t✐❧✐③❛❞♦s ❡♠ ❡♥❣❡♥❤❛r✐❛✱ ♣❛r❛ ♠♦❞❡✲

❧❛r ♦ t❡♥s♦r ❞❡ ❘❡②♥♦❧❞s✳ ❊♥tr❡t❛♥t♦✱ ❛❧❣✉♥s ♦✉tr♦s ♠♦❞❡❧♦s sã♦ ❞❡s❝r✐t♦s ❡♠ ❱❡rst❡❡❣ ❡

▼❛❧❛❧❛s❡❦❡r❛ ✭✷✵✵✼✮✳

▼♦❞❡❧♦ k − ε

❖ ♠♦❞❡❧♦ k − ε✱ ❝♦♠♦ ❝✐t❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ❡♥q✉❛❞r❛ ♥❛ ❝❧❛ss❡ ❞♦s ♠♦❞❡❧♦s ❞❡♥♦✲

♠✐♥❛❞♦s ❞❡ ❞✉❛s ❊q✉❛çõ❡s✳ ❊st❡ ♠♦❞❡❧♦ é ❛♠♣❧❛♠❡♥t❡ ✉t✐❧✐③❛❞♦ ❞❛❞❛ s✉❛ ✈❡rs❛t✐❧✐❞❛❞❡

❡ à ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ r❡♣r❡s❡♥t❛r ✉♠❛ ❛♠♣❧❛ ❣❛♠❛ ❞❡ ❢❡♥ô♠❡♥♦s ❢ís✐❝♦s ❛ ✉♠ ❜❛✐①♦ ❝✉st♦

❝♦♠♣✉t❛❝✐♦♥❛❧✳

P❛r❛ ❡st❡ t✐♣♦ ❞❡ ♠♦❞❡❧♦✱ sã♦ ❡♠♣r❡❣❛❞❛s ❞✉❛s ✈❛r✐á✈❡✐s✿ ❛ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ t✉r❜✉❧❡♥t❛

✭k✮ ❡ ❛ ❞✐ss✐♣❛çã♦ ❞❛ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ t✉r❜✉❧❡♥t❛ ✭ǫ✮✳ ❆ ♣r✐♠❡✐r❛ r❡♣r❡s❡♥t❛ ❛ ✈❛r✐â♥❝✐❛

❞❛s ✢✉t✉❛çõ❡s ❞❡ ✈❡❧♦❝✐❞❛❞❡s✱ ❡♥q✉❛♥t♦ ❛ s❡❣✉♥❞❛ q✉❛♥t✐✜❝❛ ❛ t❛①❛ ♥❛ q✉❛❧ ❛ ❞✐ss✐♣❛çã♦

❞❡ ❡♥❡r❣✐❛ ♦❝♦rr❡✳ ❖ ♠♦❞❡❧♦ K − ǫ✱ ❝♦♥t❡♠♣❧❛ ❛ ❤✐♣ót❡s❡ ❞❡ ✈✐s❝♦s✐❞❛❞❡ t✉r❜✉❧❡♥t❛✱ ❞❡

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

❡ t✉r❜✉❧❡♥t♦s ✭❙❖❉❏❆✱ ✷✵✵✼✮✳



✺✵ ✷✳✹✳ ❋❧✉✐❞♦❞✐♥â♠✐❝❛ ❈♦♠♣✉t❛❝✐♦♥❛❧ ✭❈❋❉✮

❆s ❊q✉❛çõ❡s q✉❡ ❝❛r❛❝t❡r✐③❛♠ ❡st❡ ♠♦❞❡❧♦✱ ❝♦♥❢♦r♠❡ ❛♣r❡s❡♥t❛❞♦ ♣♦r ❲✐❧❝♦① ❡t ❛❧✳

✭✶✾✾✽✮✱ sã♦ ❛s s❡❣✉✐♥t❡s✿

• ❱✐s❝♦s✐❞❛❞❡ t✉r❜✉❧❡♥t❛ ❝✐♥❡♠át✐❝❛✿

νt = Cµ

k2

ε
✭✷✳✹✹✮

• ❊♥❡r❣✐❛ ❝✐♥ét✐❝❛ t✉r❜✉❧❡♥t❛✿

∂k

∂t
+

∂

∂xj

(ūjk) = −u′

ju
′

j

∂ūi

∂xj

+
∂

∂xj

((

ν +
νt
σk

)

∂k

∂xj

)

− ε ✭✷✳✹✺✮

• ❚❛①❛ ❞❡ ❞✐ss✐♣❛çã♦ ❡s♣❡❝í✜❝❛✿

∂ε

∂t
+

∂

∂xj

(ūjε) = −Cε1
ε

k
u′

iu
′

j

∂ūi

∂xj

− Cε2
ε2

k
+

∂

∂xj

((

ν +
νt
σε

)

∂ε

∂xj

)

✭✷✳✹✻✮

• ❘❡❧❛çõ❡s ❝♦♠♣❧❡♠❡♥t❛r❡s ❡ ❝♦♥st❛♥t❡s ❞❡ ❢❡❝❤❛♠❡♥t♦✿

Cε1 = 1, 44;Cε2 = 1, 92;Cµ = 0, 09; σk = 1, 0; σε = 1, 3 ✭✷✳✹✼✮

ω =
ε

Cµk
; ℓ = Cµk

3/2
/

ε ✭✷✳✹✽✮

❖s ♠♦❞❡❧♦s ❞❡ t✉r❜✉❧ê♥❝✐❛ ❞♦ t✐♣♦ ❞♦ k − ε✱ ♥ã♦ r❡♣r❡s❡♥t❛ ♠✉✐t♦ ❜❡♠ ♦ ❝♦♠♣♦rt❛✲

♠❡♥t♦ ✢✉✐❞♦❞✐♥â♠✐❝♦ ❡♠ ❝✐❝❧♦♥❡✱ ❞❛❞❛ à ❝❛r❛❝t❡ríst✐❝❛ ❛♥✐s♦tró♣✐❝❛ ❞♦ ❡s❝♦❛♠❡♥t♦ ✭❈❖❘✲

❚❊❙❀ ●■▲✱ ✷✵✵✼❀ ❍❖❋❋▼❆◆◆❀ ❙❚❊■◆✱ ✷✵✵✼✮✳

▼♦❞❡❧♦ ❞❛s ❚❡♥sõ❡s ❞❡ ❘❡②♥♦❧❞s ✭❘❙▼✮

❖s ♠♦❞❡❧♦s ❞❡ t✉r❜✉❧ê♥❝✐❛ ❞❡ ❞✉❛s ❊q✉❛çõ❡s✱ ✐♥❝❧✉s✐✈❡ ♦ k − ε✱ ♥ã♦ sã♦ ❝❛♣❛③❡s ❞❡

♣r❡✈❡r ♦s ❝♦♠♣♦rt❛♠❡♥t♦s ♠❛✐s s✉t✐s ✐♥❡r❡♥t❡ ❛ ❡s❝♦❛♠❡♥t♦ ❛♥✐s♦tró♣✐❝♦s ✭❱❊❘❙❚❊❊●❀

▼❆▲❆▲❆❙❊❑❊❘❆✱ ✷✵✵✼✮✳ ❯♠❛ ❛❧t❡r♥❛t✐✈❛ ♣❛r❛ ❡s❝♦❛♠❡♥t♦s ❛♥✐s♦tró♣✐❝♦s✱ ❝♦♠♦ ♥♦ ❝✐✲

❝❧♦♥❡✱ é ❛ ✉t✐❧✐③❛çã♦ ❞♦ ♠♦❞❡❧♦ ❜❛s❡❛❞♦ ♥❛s t❡♥sõ❡s ❞❡ ❘❡②♥♦❧❞s ✭❘❙▼✮✳

❖ ♠♦❞❡❧♦ ❘❙▼ ♥ã♦ ❝♦♥t❡♠♣❧❛ ❛ ❤✐♣ót❡s❡ ❞❛ ✈✐s❝♦s✐❞❛❞❡ t✉r❜✉❧❡♥t❛ ❞❡ ❇♦✉ss✐♥❡sq✱

❝♦♠♦ ♥♦ ♠♦❞❡❧♦ k − ε✳ ❖ ♠♦❞❡❧♦ ❘❙▼ é ✉♠ t✐♣♦ ❞❡ ♠♦❞❡❧♦ ♠✉✐t♦ ♠❛✐s ✈❡rsát✐❧ q✉❡ ♦

k − ε✳ P♦✐s✱ ❛ ♣❛rt✐r ❞❡ ✉♠ ♠❡s♠♦ ❝♦♥❥✉♥t♦ ❞❡ ❝♦♥st❛♥t❡s✱ ♦ ♠♦❞❡❧♦ é ❝❛♣❛③ ❞❡ s✐♠✉❧❛r

❡s❝♦❛♠❡♥t♦s ♠❛✐s ❞✐✈❡rs✐✜❝❛❞♦s✱ ❝♦♠ ❜♦❛ ❝♦♥✜❛❜✐❧✐❞❛❞❡✳ ❊♥tr❡t❛♥t♦✱ ❛ r♦❜✉st❡③ ❞❡st❡

♠♦❞❡❧♦ ✈❡♠ ❛❝♦♠♣❛♥❤❛❞❛ ❞❡ ✉♠ ♠❛✐♦r ❝✉st♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ ✭❙■▲❱❊■❘❆ ◆❊❚❖✱ ✷✵✵✹✮✳



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

❖ ♠♦❞❡❧♦ ❞❛s t❡♥sõ❡s ❞❡ ❘❡②♥♦❧❞s ❡stá ❢✉♥❞❛♠❡♥t❛❞♦ ❡♠ ❞❡❞✉③✐r ❞✐r❡t❛♠❡♥t❡ ❛s

❊q✉❛çõ❡s ❞❡ tr❛♥s♣♦rt❡ ♣❛r❛ ❛s t❡♥sõ❡s ❞❡ ❘❡②♥♦❧❞s ✭❲■▲❈❖❳ ❡t ❛❧✳✱ ✶✾✾✽✮✳ ◆❡st❡ ♠♦❞❡❧♦✱

❡stã♦ ♣r❡s❡♥t❡s ❛s ❊q✉❛çõ❡s ❞❛ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ t✉r❜✉❧❡♥t❛ ❡ ❞❛ ❞✐ss✐♣❛çã♦ ✈✐s❝♦s❛✱ q✉❡

❢❛③❡♠ ♣❛rt❡ ❞❡ ✉♠ ❝♦♥❥✉♥t♦ s❡✐s ❊q✉❛çõ❡s ❞❡ tr❛♥s♣♦rt❡ ❛❞✐❝✐♦♥❛✐s✱ ♣❛r❛ ❛s ❝♦♠♣♦♥❡♥t❡s

❞♦ t❡♥s♦r ❞❡ ❘❡②♥♦❧❞s✳

❖ ♠♦❞❡❧♦ ❘❙▼ é ❝♦♥s✐❞❡r❛❞♦ ♦ ♠♦❞❡❧♦ ❞❡ t✉r❜✉❧ê♥❝✐❛ ❡♥tr❡ ♦s ❘❆◆❙✱ ♦ ♠❛✐s ❛❞❡✲

q✉❛❞♦ ♣❛r❛ ❡s❝♦❛♠❡♥t♦s ❡♠ ❝✐❝❧♦♥❡ ✭❲❆◆● ❡t ❛❧✳✱ ✷✵✵✻❛✮✳ ❆ ♦r✐❣❡♠ ❞♦ ♠♦❞❡❧♦ ❘❙▼ s❡

❜❛s❡✐❛ ♥♦ tr❛❜❛❧❤♦ ❞❡ ❛♣r❡s❡♥t❛❞♦ ♣♦r ▲❛✉♥❞❡r ❡t ❛❧✳ ✭✶✾✼✺✮ ❀ ❞❡ ♠♦❞♦ q✉❡ ❛ ❊q✉❛çã♦

✷✳✸✻✱ ♣♦ss❛ s❡r ❞❡s❝r✐t❛ ♣❛r❛ ✉♠ ✢✉✐❞♦ ✐♥❝♦♠♣r❡ssí✈❡❧✱ ❝♦♥❢♦r♠❡ ✭❙❆❋■❑❍❆◆■ ❡t ❛❧✳✱ ✷✵✶✵✮✿

∂ūi

∂t
+ ūj

∂ūi

∂xj

= −1

ρ

∂p̄

∂xi

+ ν
∂2ūi

∂xj∂xi

− ∂

∂xj

Rij ✭✷✳✹✾✮

♦♥❞❡ ui é ❛ ✈❡❧♦❝✐❞❛❞❡ ♠é❞✐❛ ❞♦ ✢✉✐❞♦✱ xi é ❛ ♣♦s✐çã♦✱ p̄ é ❛ ♣r❡ssã♦ ♠é❞✐❛✱ ρ é ❛ ♠❛ss❛

❡s♣❡❝í✜❝❛ ❝♦♥st❛♥t❡ ❞♦ ❣ás✱ ν ❛ ✈✐s❝♦s✐❞❛❞❡ ❝✐♥❡♠át✐❝❛ t✉r❜✉❧❡♥t❛ ❡ Rij = τij = u′

iu
′

j é ♦

t❡♥s♦r ❞❡ ❘❡②♥♦❧❞s✳

❖ ♠♦❞❡❧♦ ❞❡ t✉r❜✉❧ê♥❝✐❛ ❘❙▼ ❢♦r♥❡❝❡ ❊q✉❛çõ❡s ❞✐❢❡r❡♥❝✐❛s ❞❡ tr❛♥s♣♦rt❡ ♣❛r❛ ❛✈❛✲

❧✐❛çã♦ ❞❛s ❝♦♠♣♦♥❡♥t❡s ❞❛ t❡♥sã♦ t✉r❜✉❧❡♥t❛ ❊q✉❛çã♦ ✭❊q✳ ✷✳✺✵✮✳

∂
∂t
Rij + ūk

∂
∂xk

Rij =
∂

∂xk

(

νt
σk

∂
∂xk

Rij

)

−
[

Rik
∂ūj

∂xk
+Rjk

∂ūi

∂xk

]

−C1
ε
K

[

Rij − 2
3
− δijK

]

− C2

[

Pij − 2
3
δijP

]

− 2
3
δijε

✭✷✳✺✵✮

♦♥❞❡✱ ♦ t❡r♠♦ ♣r♦❞✉çã♦ ❞❡ t✉r❜✉❧ê♥❝✐❛ é ❞❡✜♥✐❞♦ ❝♦♠♦ ✭❊q✳ ✷✳✺✶✮✳ ✭❙❆❋■❑❍❆◆■ ❡t ❛❧✳✱

✷✵✶✵✮✿

Pij = −
[

Rik

∂uj

∂xk

+Rjk

∂ui

∂xk

]

;P =
1

2
Pij ✭✷✳✺✶✮

❈♦♠ P s❡♥❞♦ ❛ ♣r♦❞✉çã♦ ❞❡ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ ✢✉t✉❛♥t❡✳ νt é ❛ ✈✐s❝♦s✐❞❛❞❡ ❝✐♥❡♠át✐❝❛

t✉r❜✉❧❡♥t❛❀ ❡ σk = 1✱ C1 = 1, 8✱ C2 = 0, 6 sã♦ ❛s ❝♦♥st❛♥t❡s ❡♠♣ír✐❝❛s✳ ❆ ❊q✉❛çã♦ ❞❡

tr❛♥s♣♦rt❡ ♣❛r❛ ❛ t❛①❛ ❞❡ ❞✐ss✐♣❛çã♦ ❞❡ t✉r❜✉❧ê♥❝✐❛✱ ❝♦♥❢♦r♠❡ ▲❛✉♥❞❡r ❡t ❛❧✳ ✭✶✾✼✺✮✱ é ✿

∂ε

∂t
+ ūj

∂ε

∂xj

=
∂

∂xj

[

(

ν +
νt
σε

) ∂ε

∂xj

]

− Cε1 ε

K
Rij

∂ūi

∂xj

− Cε2 ε
2

K
✭✷✳✺✷✮

◆❛ ❊q✉❛çã♦ ✷✳✺✷✱ K = 1
2
u′

iu
′

j é ❛ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ t✉r❜✉❧❡♥t❛ ❡ ǫ é ❛ t❛①❛ ❞❡ ❞✐ss✐♣❛çã♦

t✉r❜✉❧❡♥t❛✳ ❖s ✈❛❧♦r❡s ❞❛s ❝♦♥st❛♥t❡s sã♦ σǫ = 1, 3✱ Cε1 = 1, 44 ❡ Cε1 = 1, 92✳

◆♦s ♣❛rá❣r❛❢♦s s✉❜s❡q✉❡♥t❡s✱ sã♦ ❛♣r❡s❡♥t❛❞♦s ❛❧❣✉♠❛s r❡❢❡rê♥❝✐❛s✱ ❞❛ ✈❛st❛ ❧✐t❡r❛t✉r❛

q✉❡ ❛❜♦r❞❛ ❛ ✉t✐❧✐③❛çã♦ ❞♦ ♠♦❞❡❧♦ ❘❙▼✱ ♥♦ ❡st✉❞♦ ❞❡ ❝✐❝❧♦♥❡s✳



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

❙❧❛❝❦ ❡t ❛❧✳ ✭✷✵✵✵✮ ❛✈❛❧✐❛r❛♠ ♦ ♠♦❞❡❧♦ ❞ ❘❙▼ ❡ ♦ ♠♦❞❡❧♦ ❞❡ t✉r❜✉❧ê♥❝✐❛ ♣❛r❛ s✐♠✉✲

❧❛çã♦ ❞❡ ❣r❛♥❞❡s ❡s❝❛❧❛s ✭▲❊❙✮✱ ♣❛r❛ ✉♠ ❝✐❝❧♦♥❡ ❝♦♠ ❞✐â♠❡tr♦ ❞❡ 205 ♠✐❧í♠❡tr♦s✳ ◆♦

tr❛❜❛❧❤♦✱ ❢♦✐ ❛♣r❡s❡♥t❛❞♦ q✉❡✱ ❝♦♠ ✉♠❛ ♠❛❧❤❛ r❡❧❛t✐✈❛♠❡♥t❡ ❣r♦ss❡✐r❛✱ ♦ ♠♦❞❡❧♦ ❘❙▼

❛♣r❡s❡♥t♦✉ ❜♦❛ ❝♦♥❝♦r❞â♥❝✐❛ ❡♥tr❡ ❛s ♠❡❞✐❞❛s ♣r❡✈✐st❛s ❡ ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✳ ❖s ❛✉t♦✲

r❡s s❛❧✐❡♥t❛r❛♠ q✉❡ ♦s r❡s✉❧t❛❞♦s ✈✐❛ ♦ ♠♦❞❡❧♦ ▲❊❙ sã♦ ♠❛✐s ❝❛r♦s ❝♦♠♣✉t❛❝✐♦♥❛❧♠❡♥t❡✱

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

♥❛ ♣r❡✈✐sã♦ ❞❡ ❡✜❝✐ê♥❝✐❛ ❞❡ s❡♣❛r❛çã♦✳ ❊♥tr❡t❛♥t♦✱ ❞❡✐①❛r❛♠ ❝❧❛r♦ q✉❡ ♦ ♠♦❞❡❧♦ ❘❙▼ é

✉♠ ❜♦♠ ♠♦❞❡❧♦ ♣❛r❛ ♣r❡❞✐③❡r ❛ ❞✐♥â♠✐❝❛ ❞♦ ❡s❝♦❛♠❡♥t♦ ❡♠ ❝✐❝❧♦♥❡s✳

❖s ❛✉t♦r❡s ❉✐❛s ✭✷✵✵✾✮ ❡ ❊❧s❛②❡❞ ❡ ▲❛❝♦r ✭✷✵✶✷✮✱ ❡♠ ♣❛rt✐❝✉❧❛r✱ ❞❡♥tr❡ ♠✉✐t♦s✱ ✉t✐❧✐③❛✲

r❛♠ ♦ ♠♦❞❡❧♦ ❞❡ t✉r❜✉❧ê♥❝✐❛ ❞❛s t❡♥sõ❡s ❞❡ ❘❡②♥♦❧❞s ✭❘❙▼✮✱ ✈❡r✐✜❝❛♥❞♦ q✉❡ t❛❧ ♠♦❞❡❧♦

♣♦❞❡ ❞❡s❝r❡✈❡r✱ ❝♦♠ ♣r❡❝✐sã♦✱ ♦s ❝❛♠♣♦s ❞❡ ❡s❝♦❛♠❡♥t♦s ❡♠ ❝✐❝❧♦♥❡s❀ ❛ss♦❝✐❛❞♦ à ❛❜♦r❞❛✲

❣❡♠ ❧❛❣r❛♥❣✐❛♥❛✱ ♦ ♠♦❞❡❧♦ ♣♦❞❡ r❛str❡❛r ❛ tr❛❥❡tór✐❛ ❞❛s ♣❛rtí❝✉❧❛s ♥♦ ✐♥t❡r✐♦r ❞❡ ❝✐❝❧♦♥❡s✳

❊♥tr❡t❛♥t♦✱ ❙❤✉❦❧❛ ❡t ❛❧✳ ✭✷✵✶✸✮✱ ✈❡r✐✜❝♦✉ q✉❡ ♦ ♠♦❞❡❧♦ ❘❙▼✱ ♠❡s♠♦ ❛♣r❡s❡♥t❛❞♦ ❜♦♠

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

♥ã♦ ❢♦✐ ❝❛♣❛③ ❞❡ ♣r❡✈❡r ♣r❡❝✐s❛♠❡♥t❡ ❛s ✢✉t✉❛çõ❡s ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❡ ❡✜❝✐ê♥❝✐❛ ❞❡ ❝♦❧❡t❛✱

❡s♣❡❝✐❛❧♠❡♥t❡ ♣❛r❛ ♣❡q✉❡♥❛s ♣❛rtí❝✉❧❛s✳ ❖ ❛✉t♦r ❛✐♥❞❛ ❛✜r♠❛ q✉❡ ♦ P❱❈ é ✐❞❡♥t✐✜❝❛❞♦

❝♦♠ ♠❛✐♦r ♣r❡❝✐sã♦ ♣❡❧♦ ♠♦❞♦ ▲❊❙ q✉❡ ♣❡❧♦ ♠♦❞❡❧♦ ❘❙▼✳

▼♦❞❡❧♦ ▲❊❙

❆ té❝♥✐❝❛ ❞❡ s✐♠✉❧❛çã♦ ❡♠ ❣r❛♥❞❡s ❡s❝❛❧❛s✱ ❡♠ ✐♥❣❧ês ▲❛r❣❡ ❡❞❞② s✐♠✉❧❛t✐♦♥ ✭▲❊❙✮✱

❜❛s❡✐❛✲s❡ ♥❛ t❡♦r✐❛ ❞❡ ❛✉t♦✲s✐♠✐❧❛r✐❞❛❞❡ ❞❡s❡♥✈♦❧✈✐❞❛ ♣♦r ❑♦❧♠♦❣♦r♦✈✱ ❡♠ q✉❡ ❛s ❣r❛♥❞❡s

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

♠❡♥♦r❡s sã♦ ♠❛✐s ✉♥✐✈❡rs❛✐s ✭❏❆❨❆❘❆❏❯✱ ✷✵✵✾✮✳ ❆ss✐♠✱ ♦s ❣r❛♥❞❡s t✉r❜✐❧❤õ❡s tr✐❞✐♠❡♥s✐✲

♦♥❛✐s✱ r❡❣✐❞♦s ♣❡❧❛s ❝♦♥❞✐çõ❡s ❞❡ ❣❡♦♠❡tr✐❛s ❡ ❞❡ ❝♦♥t♦r♥♦ ❞♦ ❡s❝♦❛♠❡♥t♦✱ sã♦ ❝❛❧❝✉❧❛❞♦s

❞✐r❡t❛♠❡♥t❡ ✭r❡s♦❧✈✐❞♦✮❀ ❡♥q✉❛♥t♦ q✉❡ ❛s ❡s❝❛❧❛s ♠❡♥♦r❡s✱ s❡♥❞♦ ♠❛✐s ✐s♦tró♣✐❝❛s✱ sã♦

♠♦❞❡❧❛❞♦s✱ ❝♦♠♦ ✐❧✉str❛ ❛ ❋✐❣✉r❛ ✷✳✶✹✳

❋✐❣✉r❛ ✷✳✶✹✿ ❆ ❞❡❝♦♠♣♦s✐çã♦ ❞♦ ❡s♣❡❝tr♦ ❞❡ ❡♥❡r❣✐❛ ✭❙❍❆▲❆❇❨✱ ✷✵✵✼✮✳

❯♠❛ ❜♦❛ r❡❢❡rê♥❝✐❛ ♣❛r❛ ❛♣❧✐❝❛çã♦ ❞❡ ▲❊❙ ❡♠ ❝✐❝❧♦♥❡s é ♦ tr❛❜❛❧❤♦ ❞❡s❡♥✈♦❧✈✐❞♦

♣♦r ❉❡r❦s❡♥ ✭✷✵✵✸✮✳ ◆♦ ❡st✉❞♦ ❛ ❡✜❝✐ê♥❝✐❛ ❞❡ ✉♠ ❝✐❝❧♦♥❡ ❙t❛✐r♠❛♥❞ ❞❡ ❛❧t❛ ❡✜❝✐ê♥❝✐❛ ❢♦✐



✷✳✹✳ ❋❧✉✐❞♦❞✐♥â♠✐❝❛ ❈♦♠♣✉t❛❝✐♦♥❛❧ ✭❈❋❉✮ ✺✸

❛✈❛❧✐❛❞♦ ❛tr❛✈és ❞❡ ❢❡rr❛♠❡♥t❛s ❝♦♠♣✉t❛❝✐♦♥❛✐s ❞❡ ❈❋❉✳ P❛r❛ ✐st♦ ❢♦✐ ✉s❛❞♦ ♦ ♠♦❞❡❧♦ ▲❊❙

✭▲❛r❣❡✲❊❞❞② ❙✐♠✉❧❛t✐♦♥s✮ ♣❛r❛ ❛ t✉r❜✉❧ê♥❝✐❛✳ ❖ tr❛❜❛❧❤♦ ❢♦✐ ✈❛❧✐❞❛❞♦ ❜❛s❡❛♥❞♦ s❡ ♥♦s

❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♦❜t✐❞♦s ♣♦r ❍♦❡❦str❛ ❡t ❛❧✳ ✭✶✾✾✾✮✱ ♠♦str❛♥❞♦ q✉❡ ❡st❛ ♠❡t♦❞♦❧♦❣✐❛

♥✉♠ér✐❝❛ ❞❡ s✐♠✉❧❛çã♦ ♣♦❞❡r✐❛ ♦❜t❡r r❡s✉❧t❛❞♦s s❛t✐s❢❛tór✐♦s✳

❆ té❝♥✐❝❛ ❞❡ s✐♠✉❧❛çã♦ ❡♠ ❣r❛♥❞❡s ❡s❝❛❧❛s é ♠❛✐s ♣r❡❝✐s❛ ♥❛ ❞❡s❝r✐çã♦ ❞♦ ❝♦♠♣♦r✲

t❛♠❡♥t♦ ❞❡ ❡s❝♦❛♠❡♥t♦ t✉r❜✉❧❡♥t♦ ♦♥❞❡ ❡①✐st❡♠ ♠❛✐♦r❡s ❡s♣❡❝tr♦s ❞❡ ❡♥❡r❣✐❛✱ ❡♠ ❞❡tr✐✲

♠❡♥t♦ ❛♦s ❞❡ ♠❡♥♦r❡s ❡s❝❛❧❛s✱ ❝♦♥❢♦r♠❡ ✐❧✉str❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✶✺✳ ❆ té❝♥✐❝❛ ▲❊❙ ❜❛s❡✐❛✲s❡

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

♣r✐♠❡✐r❛♠❡♥t❡✱ ❞❡ ♠♦❞♦ q✉❡ ❛s ❡s❝❛❧❛s q✉❡ ❛♣r❡s❡♥t❛♠ t❛♠❛♥❤♦s ❝❛r❛❝t❡ríst✐❝♦s ♠❛✐♦r❡s

q✉❡ ❞❛ ♠❛❧❤❛ sã♦ ❝❤❛♠❛❞♦s ❞❡ ❣r❛♥❞❡s ♦✉ ❡s❝❛❧❛s r❡s♦❧✈✐❞❛s✱ ❡♥q✉❛♥t♦ ♦✉tr♦s sã♦ ❝❤❛✲

♠❛❞♦s ❞❡ ❡s❝❛❧❛s ♣❡q✉❡♥❛s ♦✉ s✉❜✲♠❛❧❤❛✳ ❆s ❡s❝❛❧❛s ♣❡q✉❡♥❛s sã♦ ❝♦♥t❡♠♣❧❛❞❛s ❛tr❛✈és

❞❡ ♠♦❞❡❧♦s ❞❡♥♦♠✐♥❛❞♦s ❞❡ s✉❜✲♠❛❧❤❛ ✭❙❍❆▲❆❇❨✱ ✷✵✵✼✮✳ ❊st✉❞♦s ♠❛✐s ❞❡t❛❧❤❛❞♦s s♦❜r❡

❛ ♠♦❞❡❧❛❣❡♠ ▲❊❙ ♣♦❞❡♠ s❡r ❡♥❝♦♥tr❛❞♦s ❡♠ ❞✐✈❡rs❛s r❡❢❡rê♥❝✐❛s✱ ❝♦♠♦✿ ❲✐❧❝♦① ❡t ❛❧✳

✭✶✾✾✽✮ ❡ P♦♣❡ ✭✷✵✵✵✮✳

❋✐❣✉r❛ ✷✳✶✺✿ ❈❛s❝❛t❛ ❞❡ ❡♥❡r❣✐❛ ✭❙❍❆▲❆❇❨✱ ✷✵✵✼✮✳

❆ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❙✐♠✉❧❛çã♦ ❞❡ ●r❛♥❞❡s ❊s❝❛❧❛s s❡ ♣♦s✐❝✐♦♥❛ ❞❡ ❢♦r♠❛ ✐♥t❡r♠❡❞✐ár✐❛

❡♥tr❡ ♦s ♠♦❞❡❧♦s ❘❙▼ ❡ ❉◆❙✱ ✈✐❛❜✐❧✐③❛♥❞♦ ❛ s✐♠✉❧❛çã♦ ❞❛ ♥❛t✉r❡③❛ ❢ís✐❝❛ ❞❡ ❡s❝♦❛♠❡♥t♦s

t✉r❜✉❧❡♥t♦s✱ ♠❡s♠♦ ❛ ❛❧t♦s ♥ú♠❡r♦s ❞❡ ❘❡②♥♦❧❞s✱ ❝♦♥❢♦r♠❡ ♣♦❞❡ s❡r ♦❜s❡r✈❛❞♦ ♥❛ ❋✐❣✉r❛

✷✳✶✹ ✭❱❊❘❙❚❊❊●❀ ▼❆▲❆▲❆❙❊❑❊❘❆✱ ✷✵✵✼✮✳



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

✷✳✹✳✼ ▼❡t♦❞♦❧♦❣✐❛ ❈❋❉

◆❛ s❡çõ❡s ❛♥t❡r✐♦r❡s ❢♦r❛♠ ❛♣r❡s❡♥t❛❞♦s✱ ❞❡ ♠❛♥❡✐r❛ ❜❡♠ s✉❝✐♥t❛✱ ❛❧❣✉♠❛s ❊q✉❛çõ❡s

❞✐❢❡r❡♥❝✐❛✐s✱ q✉❡ ❛ss♦❝✐❛❞❛s ❛ ✉♠❛ ❢♦rt❡ ❜❛s❡ t❡ór✐❝❛✱ ❝♦♥st✐t✉✐ t♦❞❛ ❛ ❢✉♥❞❛♠❡♥t❛çã♦

♣❛r❛ ❛ ♠♦❞❡❧❛❣❡♠ ♠❛t❡♠át✐❝❛ ❡♠ ❝✐❝❧♦♥❡s✳ ❊♥tr❡t❛♥t♦✱ ❞❡✈✐❞♦ ♦ ❝♦♥❥✉♥t♦ ❞❡ ❊q✉❛çõ❡s

❞✐❢❡r❡♥❝✐❛✐s ❛♣r❡s❡♥t❛❞♦ ♥ã♦ t❡r ✉♠❛ s♦❧✉çã♦ ❛♥❛❧ít✐❝❛✱ ❤á ❛ ♥❡❝❡ss✐❞❛❞❡ ❞❡ s❡ ✉t✐❧✐③❛r ✉♠

♠ét♦❞♦ ♥✉♠ér✐❝♦ ❝♦♠♦ ✉♠❛ ❢❡rr❛♠❡♥t❛ ❞❡ ❝á❧❝✉❧♦✳ ❆ ❛♣❧✐❝❛çã♦ ❞❡ ✉♠ ♠ét♦❞♦ ♥✉♠ér✐❝♦

♥❛ s♦❧✉çã♦ ♥ã♦ é ✉♠❛ s✐t✉❛çã♦ tr✐✈✐❛❧✱ r❡q✉❡r ♠✉✐t❛ ❡①♣❡rt✐s❡ ❡ ❝♦♥❤❡❝✐♠❡♥t♦✱ ♣r✐♥❝✐✲

♣❛❧♠❡♥t❡ q✉❛♥❞♦ s❡ tr❛t❛ ❞❡ ❣❡♦♠❡tr✐❛s ❝♦♠♣❧❡①❛s✱ ❝♦♠♦ ♦ ❝✐❝❧♦♥❡ ✜❧tr❛♥t❡ ❛♣r❡s❡♥t❛❞♦

♥❡st❛ t❡s❡✳

❖ ❈ó❞✐❣♦ ❈♦♠♣✉t❛❝✐♦♥❛❧ ❋▲❯❊◆❚

◆❡st❛ t❡s❡✱ ❝♦♠♦ s♦❢t✇❛r❡ ♥✉♠ér✐❝♦✱ ❢♦✐ ✉t✐❧✐③❛❞♦ ✉♠ ♣❛❝♦t❡ ❝♦♠♣✉t❛❝✐♦♥❛❧ ❝♦♠❡r❝✐❛❧✱

❋▲❯❊◆❚ ❞✐str✐❜✉í❞♦ ♣❡❧❛ ❆◆❙❨ ■♥❝✳ ❖ ❋▲❯❊◆❚ 14.0 é ✉♠ ❝ó❞✐❣♦ ❝♦♠❡r❝✐❛❧ ♣❛r❛ ❛

♠♦❞❡❧❛❣❡♠ ❞❡ ❡s❝♦❛♠❡♥t♦s ❞❡ ✢✉✐❞♦✱ tr❛♥s❢❡rê♥❝✐❛ ❞❡ ❝❛❧♦r ❡ r❡❛çã♦ q✉í♠✐❝❛✳ ❖ ❋▲❯✲

❊◆❚ ♣♦❞❡ ♠♦❞❡❧❛r ✉♠❛ ❛♠♣❧❛ ❣❛♠❛ ❞❡ ❢❡♥ô♠❡♥♦s ❢ís✐❝♦s✱ ✐♥❝❧✉✐♥❞♦✿ ❣❡♦♠❡tr✐❛s ✷❉ ✴

✸❉ ❡♠ ❝♦♦r❞❡♥❛❞❛s ❝❛rt❡s✐❛♥❛s✱ ❝✐❧í♥❞r✐❝❛s ♦✉ ❝♦♦r❞❡♥❛❞❛s ❝✉r✈✐❧í♥❡❛s ❣❡r❛✐s❀ ❡s❝♦❛♠❡♥✲

t♦s ❡♠ ❡st❛❞♦s ❡st❛❝✐♦♥ár✐♦ ♦✉ tr❛♥s✐❡♥t❡❀ ❡s❝♦❛♠❡♥t♦s ✐♥❝♦♠♣r❡ssí✈❡❧ ♦✉ ❝♦♠♣r❡ssí✈❡❧❀

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

r❛❞✐❛çã♦ ❡ ❡s❝♦❛♠❡♥t♦ ❛tr❛✈és ❞❡ ♠❡✐♦s ♣♦r♦s♦s ✭❋▲❯❊◆❚✱ ✷✵✶✶✮✳

❆tr❛✈és ❞♦ ❋❯❊◆❚✱ é ♣❡r♠✐t✐❞♦ ♠♦❞❡❧❛r ✉♠❛ ❣r❛♥❞❡ ✈❛r✐❡❞❛❞❡ ❞❡ ❢❡♥ô♠❡♥♦s✱ r❡✲

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

✉t✐❧✐③❛♥❞♦ ♦ ♠ét♦❞♦ ❞❡ ✈♦❧✉♠❡s ✜♥✐t♦s✳ ❆s ❡q✉❛çõ❡s ❞❡ tr❛♥s♣♦rt❡ sã♦ ❞✐s❝r❡t✐③❛❞❛s ❡♠

❝❛❞❛ ✈♦❧✉♠❡ ✜♥✐t♦ ♦✉ ♠❛❧❤❛✳ ❯♠ s✐st❡♠❛ ♥ã♦ ❡s❝❛❧♦♥❛❞♦ é ✉s❛❞♦ ♣❛r❛ ♦ ❛r♠❛③❡♥❛♠❡♥t♦

❞♦s ✈❛❧♦r❡s ❞✐s❝r❡t♦s ❞❡ ✈❡❧♦❝✐❞❛❞❡s ❡ ♣r❡ssõ❡s✳ ❆ ✐♥t❡r♣♦❧❛çã♦ ♣♦❞❡ s❡r r❡❛❧✐③❛❞❛ ❛tr❛✈és

❞❡ ❡sq✉❡♠❛s ❞❡ ♣r✐♠❡✐r❛ ♦r❞❡♠✱ P♦✇❡r✲▲❛✇ ♦✉✱ ♦♣❝✐♦♥❛❧♠❡♥t❡✱ ✈✐❛ ❡sq✉❡♠❛s ❞❡ ♦r❞❡♠

s✉♣❡r✐♦r✱ ❢r✐s❛❞♦s ♥❛ s❡çã♦ ✷✳✹✳✸✳ ❊♠ ❝✐❝❧♦♥❡s✱ ❛s ❡q✉❛çõ❡s ❞✐s❝r❡t✐③❛❞❛s sã♦ r❡s♦❧✈✐❞❛s

✉s❛♥❞♦ ♦ ❛❧❣♦r✐t♠♦ ❙■▼P▲❊❈✱ ❞❡ ❢♦r♠❛ ✐t❡r❛t✐✈❛ ❡ ❛❝❡❧❡r❛çã♦ ♠✉❧t✐❣r✐❞✳ ❯♠❛ ❝♦♠♣r❡✲

❡♥sã♦ ❜ás✐❝❛ ❞❛s té❝♥✐❝❛s ❛❝✐♠❛ ❧✐st❛❞❛s é ❞❡t❡r♠✐♥❛♥t❡ ♣❛r❛ r❡❛❧✐③❛çã♦ ❞❛s s✐♠✉❧❛çõ❡s

✭▼❆▲■❙❑❆✱ ✷✵✵✵✮✳

❖s ❝ó❞✐❣♦s ❝♦♠♣✉t❛❝✐♦♥❛✐s ❝♦♠ ❈❋❉ ❜❛s❡✐❛♠✲s❡ ❡♠ ❛❧❣♦r✐t♠♦s ♥✉♠ér✐❝♦s q✉❡ ❧✐❞❛♠

❝♦♠ ❡s❝♦❛♠❡♥t♦ ❞❡ ✢✉✐❞♦s✳ ❆ ✜♠ ❞❡ ❢❛❝✐❧✐t❛r ♦ ❛❝❡ss♦✱ ♠✉✐t♦s s♦❢t✇❛r❡s ❝♦♠❡r❝✐❛✐s ♣r♦✲

♣♦r❝✐♦♥❛♠ s♦✜st✐❝❛❞❛s ✐♥t❡r❢❛❝❡s ❛♦ ♦ ✉s✉ár✐♦✱ ♣♦ss✐❜✐❧✐t❛♥❞♦ ❢á❝✐❧ ❡♥tr❛❞❛ ❞❡ ❞❛❞♦s ❡

❛♥á❧✐s❡ ❞❡ r❡s✉❧t❛❞♦s✳ P♦rt❛♥t♦✱ t♦❞♦s ♦s ❝ó❞✐❣♦s ❛♣r❡s❡♥t❛♠ ❛s s❡❣✉✐♥t❡s ♣❛rt❡s ❝♦♠♦

❡❧❡♠❡♥t♦s ♣r✐♥❝✐♣❛✐s ❡♠ ❈❋❉✿

• ✉♠ ♣ré✲♣r♦❝❡ss❛❞♦r❀





✺✻ ✷✳✹✳ ❋❧✉✐❞♦❞✐♥â♠✐❝❛ ❈♦♠♣✉t❛❝✐♦♥❛❧ ✭❈❋❉✮

• ❝r✐❛çã♦ ❞❛ ♠❛❧❤❛❀

• ❞❡✜♥✐çã♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❞♦s ✢✉✐❞♦s❀

• ❝r✐❛çã♦ ❞❛s r❡❣✐õ❡s ❞❡ ❡s❝♦❛♠❡♥t♦ ❡ ❞❡✜♥✐çã♦ ❞❛s ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦❀

❆ ✜♠ ❞❡ ♠❡❧❤♦r❛r ❛ ♣r♦❞✉t✐✈✐❞❛❞❡✱ ♦s ♣r✐♥❝✐♣❛✐s ❝ó❞✐❣♦s ❝♦♠❡r❝✐❛s ✐♥❝❧✉❡♠ ✐♥t❡r❢❛❝❡s

♣ró♣r✐❛s q✉❡ ♣♦ss✐❜✐❧✐t❛♠ ✐♠♣♦rt❛r ❞❛❞♦s ❞♦s ❣❡r❛❞♦r❡s ❞❡ ❣❡♦♠❡tr✐❛s ❡ ♠❛❧❤❛s ♣❛r❛

♦ ♣r♦❝❡ss❛❞♦r✳ ◆♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡st❛ t❡s❡✱ ♣❛r❛ ❡t❛♣❛ ❞❡ ❣❡r❛çã♦ ❞❡ ❣❡♦♠❡tr✐❛s ❡

♠❛❧❤❛s✱ ❢♦✐ ✉t✐❧✐③❛❞♦s ♦ ●❆▼❇■❚ ✈❡rsã♦ ✷✱✸✳✶✻✳

❈❛❜❡ s❛❧✐❡♥t❛r q✉❡ ❡st❛ é ✉♠❛ ❞❛s ❡t❛♣❛s ♣r✐♠♦r❞✐❛✐s✱ ✉♠❛ ✈❡③ q✉❡ ❛ ❡❧❛❜♦r❛çã♦ ❞❡

✉♠❛ ♠❛❧❤❛ ❝♦♠♣❧❡①❛✱ ❝❛s♦ ❞♦ ❝✐❝❧♦♥❡ ✜❧tr❛♥t❡✱ r❡q✉❡r ✉♠❛ ❝❡rt❛ ❡①♣❡r✐ê♥❝✐❛✳ ▼❛✐♦r❡s

❞❡t❛❧❤❡s ♣♦❞❡♠ s❡r ♦❜s❡r✈❛❞♦s ❡♠ ●❆▼❇■❚ ✭✷✵✵✹✮✳

◆❡st❛ ❡t❛♣❛ t❛♠❜é♠ s❡ ❡st❛❜❡❧❡❝❡ ✈ár✐❛s ❝♦♥s✐❞❡r❛çõ❡s ❡♠ r❡❧❛çã♦ à s♦❧✉çã♦ ♥✉♠ér✐❝❛✳

❆ ❞❡✜♥✐çã♦ ❞❛s ♣r♦♣r✐❡❞❛❞❡s ❞♦s ✢✉✐❞♦s é ❡①❡❝✉t❛❞♦ ♥♦ ❋▲❯❊◆❚✱ q✉❡ ❛ ❝❛rr❡❣❛ ❛ ♠❛❧❤❛

❡①♣♦rt❛❞❛ ❞♦ ●❆▼❇■❚✱ ♦♥❞❡ ❥á ❢♦r❛ ❞❡✜♥✐❞❛s t♦❞❛s ❛s ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦✱ ♣♦❞❡♥❞♦

❡st❛s s❡r❡♠ ❛❧t❡r❛❞❛s ♥♦ ❋▲❯❊◆❚✱ s❡ ♥❡❝❡ssár✐♦✳ ◆♦ ❋▲❯❊◆❚✱ r❡❛❧✐③❛✲s❡ ❛s s❡❣✉✐♥t❡s

❞❡✜♥✐çõ❡s✿

• ✢✉✐❞♦s ❡ só❧✐❞♦s ❡①✐st❡♥t❡s ♥♦ ❞♦♠í♥✐♦✱ ❝♦♠ s✉❛ r❡s♣❡❝t✐✈❛s ♣r♦♣r✐❡❞❛❞❡s❀

• ♠♦❞❡❧♦s ♠❛t❡♠át✐❝♦s ❛ s❡r❡♠ ❡♠♣r❡❣❛❞♦s❀

• ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦❀

• ♣❛râ♠❡tr♦s ❞❡ ❝❛❧❝✉❧♦❀

• ✈❛r✐á✈❡✐s ❡ ❢✉♥çõ❡s ❡①tr❛s✱ ❞❡✜♥✐❞❛s ♣❡❧♦ ✉s✉ár✐♦❀

• ❢r❡q✉ê♥❝✐❛ ❞♦s ❛rq✉✐✈♦s ❞❡ ❜❛❝❦✉♣ ❡ ❞❡ r❡s✉❧t❛❞♦s ✐♥t❡r♠❡❞✐ár✐♦s✳

❆♦ ✜♥❛❧ ❞❡st❛ ❡t❛♣❛✱ ✉♠ ❛rq✉✐✈♦ ❝♦♠ ❞❡✜♥✐çõ❡s ❡ ✐♥❢♦r♠❛çõ❡s ♥❡❝❡ssár✐❛s ❡♠ ❡t❛♣❛s

♣♦st❡r✐♦r❡s✱ ♣❛r❛ s♦❧✉çã♦ ❞♦ ♣r♦❜❧❡♠❛ ❢♦✐ ❝r✐❛❞♦✳

Pr♦❝❡ss❛♠❡♥t♦ ✭❙♦❧✈❡r✮

◆❡st❛ ❡t❛♣❛ é ♦♥❞❡ ❛ s♦❧✉çã♦ ♥✉♠ér✐❝❛ é ❡①❡❝✉t❛❞❛ ❞❡ ❢❛t♦✳ ❉❡✈✐❞♦ ❛ s♦❧✉çã♦ s❡r

❡①❡❝✉t❛❞❛ ♣♦r ♠ét♦❞♦ ✐t❡r❛t✐✈♦✱ ♦ ❛❝♦♠♣❛♥❤❛♠❡♥t♦ ❞♦s r❡s✉❧t❛❞♦s ♣♦❞❡♠ s❡r ❢❡✐t♦s ❛ t♦❞♦

♠♦♠❡♥t♦✱ ♣❡r♠✐t✐♥❞♦ ❛ q✉❛❧q✉❡r ♠♦♠❡♥t♦ ❛s ❛♥á❧✐s❡s q✉❛♥❞♦ às ❝♦♥❞✐çõ❡s ❞❛ s✐♠✉❧❛çã♦✱

❝♦♥❢♦r♠❡ ✐❧✉str❛ ❛ ❋✐❣✉r❛ ✷✳✶✻✳

❊♠ ❧✐♥❤❛s ❣❡r❛✐s✱ ♦ ❛❧❣♦r✐t♠♦ ♥✉♠ér✐❝♦ s♦❧✉❝✐♦♥❛❞♦r ❝♦♥t❡♠♣❧❛ ❛s s❡❣✉✐♥t❡s ❡t❛♣❛s✿



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

• ✐♥t❡❣r❛çã♦ ❞❛s ❡q✉❛çõ❡s q✉❡ r❡❣❡♠ ♦ ❡s❝♦❛♠❡♥t♦ ❛♦ ❧♦♥❣♦ ❞❡ t♦❞♦ ♦ ✈♦❧✉♠❡ ❞❡

❝♦♥tr♦❧❡❀

• ❞✐s❝r❡t✐③❛çã♦✿ ❝♦♥✈❡rsã♦ ❞❛s ❊q✉❛çõ❡s ✐♥t❡❣r❛✐s r❡s✉❧t❛♥t❡s ❡♠ ✉♠ s✐st❡♠❛ ❞❡ ❡q✉❛✲

çõ❡s ❛❧❣é❜r✐❝❛s❀

• s♦❧✉çã♦ ❞❛s ❡q✉❛çõ❡s ❛❧❣é❜r✐❝❛s ♣♦r ✉♠ ♠ét♦❞♦ ✐t❡r❛t✐✈♦✳

◆♦ ♠ét♦❞♦ ❞❡ s♦❧✉çã♦ ♣♦r ✈♦❧✉♠❡s ✜♥✐t♦s✱ ❛❜♦r❞❛❞♦ ♥❡st❛ t❡s❡✱ ♣♦❞❡ ✉s❛r ♦s ♠ét♦❞♦s

❞❡ s♦❧✉çã♦ s❡❣r❡❣❛❞♦ ♦✉ ❛❝♦♣❧❛❞♦✳ P❛r❛ ✐ss♦✱ ✉t✐❧✐③❛✲s❡ ❛❧❣✉♥s ♠ét♦❞♦s ❡s♣❡❝í✜❝♦s ❞❡

❞✐s❝r❡t✐③❛çã♦✱ ❛ss♦❝✐❛❞♦s ❛ ✉♠ ♦ ♠ét♦❞♦ ✐t❡r❛t✐✈♦ ❞❡ s♦❧✉çã♦ ❞♦ s✐st❡♠❛ ❞❡ ❊q✉❛çõ❡s✳

▼ét♦❞♦ ❙❡❣r❡❣❛❞♦

❈♦♠ ♠ét♦❞♦s s❡❣r❡❣❛❞♦s✱ ✉♠❛ ❡q✉❛çã♦ r❡❢❡r❡♥t❡ ❛ ✉♠❛ ❞❡t❡r♠✐♥❛❞❛ ✈❛r✐á✈❡❧ é r❡✲

s♦❧✈✐❞❛ ♣❛r❛ t♦❞❛s ❛s ❝é❧✉❧❛s✱ ❡ s♦♠❡♥t❡ ❞❡♣♦✐s✱ ❛ ❡q✉❛çã♦ ✈❛✐ ♣❛r❛ ❛ ♣ró①✐♠❛ ✈❛r✐á✈❡❧

q✉❡ é r❡s♦❧✈✐❞❛ ♣❛r❛ t♦❞❛s ❛s ❝é❧✉❧❛s✳ ❖ ♠ét♦❞♦ ❞❡ s♦❧✉çã♦ s❡❣r❡❣❛❞♦ é ♦ ♠ét♦❞♦ ♣❛❞rã♦

♥❛ ♠❛✐♦r✐❛ ❞♦s ❝ó❞✐❣♦s ❞❡ ✈♦❧✉♠❡s ✜♥✐t♦s ❝♦♠❡r❝✐❛✐s✱ ❝♦♠♦ ♦ ❋▲❯❊◆❚✳ ❊st❡ ♠ét♦❞♦ é

♠❛✐s ❛❞❡q✉❛❞♦ ♣❛r❛ ❡s❝♦❛♠❡♥t♦s ✐♥❝♦♠♣r❡ssí✈❡✐s ♦✉ ❡s❝♦❛♠❡♥t♦s ❝♦♠♣r❡ssí✈❡✐s ❡♠ ❜❛✐①♦s

♥ú♠❡r♦s ❞❡ ▼❛❝❤ ✭❋▲❯❊◆❚✱ ✷✵✶✶✮✳ ❖ ♣r♦❝❡❞✐♠❡♥t♦ ♣❛r❛ ♦ ♠ét♦❞♦ ❞❡ s♦❧✉çã♦ s❡❣r❡❣❛❞❛

é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✶✼✳

❋✐❣✉r❛ ✷✳✶✼✿ Pr♦❝❡❞✐♠❡♥t♦ ❞♦ ▼ét♦❞♦ ❙❡❣r❡❣❛❞♦✭❋▲❯❊◆❚✱ ✷✵✶✶✮✳



✺✽ ✷✳✹✳ ❋❧✉✐❞♦❞✐♥â♠✐❝❛ ❈♦♠♣✉t❛❝✐♦♥❛❧ ✭❈❋❉✮

▼ét♦❞♦ ❆❝♦♣❧❛❞♦

P❛r❛ ♠ét♦❞♦s ❛❝♦♣❧❛❞♦s✱ ❡♠ ✉♠❛ ❞❛❞❛ ❝é❧✉❧❛✱ t♦❞❛s ❛s ❡q✉❛çõ❡s ❞❛s ✈❛r✐á✈❡✐s sã♦

r❡s♦❧✈✐❞❛s s✐♠✉❧t❛♥❡❛♠❡♥t❡✱ ❡ ❡st❡ ♣r♦❝❡ss♦ é r❡♣❡t✐❞♦ ♣❛r❛ t♦❞❛s ❛s ❝é❧✉❧❛s✳ ❊s❝♦❛♠❡♥t♦s

❝♦♠♣r❡ssí✈❡✐s✱ ❡♠ ❡❧❡✈❛❞♦s ♥ú♠❡r♦ ❞❡ ▼❛❝❤✱ ❡s♣❡❝✐❛❧♠❡♥t❡ q✉❛♥❞♦ ❡♥✈♦❧✈❡♠ ♦♥❞❛s ❞❡

❝❤♦q✉❡✱ sã♦ r❡s♦❧✈✐❞♦s ❞❡ ❢♦r♠❛ ♠❛✐s ♣r❡❝✐s❛ ♣❡❧♦ ♠ét♦❞♦ ❛❝♦♣❧❛❞♦ ✭❋▲❯❊◆❚✱ ✷✵✶✶✮✳ ❖

♣r♦❝❡❞✐♠❡♥t♦ ♣❛r❛ ♦ ♠ét♦❞♦ ❞❡ s♦❧✉çã♦ ❛❝♦♣❧❛❞♦ é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✷✳✶✽✳

❋✐❣✉r❛ ✷✳✶✽✿ Pr♦❝❡❞✐♠❡♥t♦ ❞♦ ♠ét♦❞♦ ❛❝♦♣❧❛❞♦✭❋▲❯❊◆❚✱ ✷✵✶✶✮✳

❊♠ s✐♠✉❧❛çõ❡s tr❛♥s✐❡♥t❡s✱ t❛♥t♦ ♣❛r❛ ♦ ♠ét♦❞♦ s❡❣r❡❣❛❞♦ q✉❛♥t♦ ♣❛r❛ ♦ ❛❝♦♣❧❛❞♦✱

❞❡✈❡✲s❡ ❡s♣❡❝✐✜❝❛r ♦ ♣❛ss♦ ❞❡ ✈❛r✐❛çã♦ ❞♦ ❡s❝♦❛♠❡♥t♦ ❝♦♠ t❡♠♣♦ ✭♣❛ss♦ ❞❡ t❡♠♣♦✮✳ ❈❛s♦

❙❡❥❛ ♥❡❝❡ssár✐♦ ✉♠❛ s♦❧✉çã♦ ♠❛✐s ♣r❡❝✐s❛ ❝♦♠ ♦ t❡♠♣♦✱ ❛ s♦❧✉çã♦ ❞❡✈❡ ❝♦♥✈❡r❣✐r ❛ ❝❛❞❛

♣❛ss♦ ❞❡ t❡♠♣♦✳ ❈❛s♦ ❝♦♥trár✐♦✱ ❛ ❝♦♥✈❡r❣ê♥❝✐❛✱ ❛ ❝❛❞❛ ♣❛ss♦ ❞❡ t❡♠♣♦ ♥ã♦ é ♥❡❝❡ssár✐♦✳

❯♠❛ ❜♦❛ ❞✐s❝✉ssã♦ ❛ r❡s♣❡✐t♦ ❞❛ ❞❡✜♥✐çã♦ ❞♦ ✭♣❛ss♦ ❞❡ t❡♠♣♦✮ é ❛♣r❡s❡♥t❛❞❛ ♣♦r ❊❧s❛②❡❞

✭✷✵✶✶✮✳

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

♥❛ ❋✐❣✉r❛ ✷✳✶✾✳

❆♦ ✜♥❛❧ ❞❡ t♦❞♦s ❡st❡s ♣r♦❝❡ss♦s✱ q✉❛♥❞♦ s❡ ❛t✐♥❣❡ ❛ ❝♦♥✈❡r❣ê♥❝✐❛✱ ♦ s♦❧✈❡r ❞♦ ❋▲❯✲

❊◆❚ ❝r✐❛ ✉♠ ❛rq✉✐✈♦ ❞❡ r❡s♣♦st❛ ❛ s❡r ✉t✐❧✐③❛❞♦ ♥❛ ♣ró①✐♠❛ ❡t❛♣❛✱ ♦ ♣ós✲♣r♦❝❡ss❛♠❡♥t♦✳

Pós✲♣r♦❝❡ss❛♠❡♥t♦

❙❡♠❡❧❤❛♥t❡ à ❡t❛♣❛ ❞❡ ♣ré✲♣r♦❝❡ss❛♠❡♥t♦✱ ✉♠ ❣r❛♥❞❡ ❛✈❛♥ç♦ t❡♠ ♦❝♦rr✐❞♦ ♥♦ ❝❛♠♣♦

❞♦ ♣ós✲♣r♦❝❡ss❛♠❡♥t♦✳ ❈♦♠ ♦ ❛✉♠❡♥t♦ ❞♦ ♣♦❞❡r ❝♦♠♣✉t❛❝✐♦♥❛❧ ❛❧✐❛❞♦ à ❡①❝❡❧❡♥t❡ ❝❛♣❛✲

❝✐❞❛❞❡ ❣rá✜❝❛ ❞♦s ❝♦♠♣✉t❛❞♦r❡s r❡❝❡♥t❡s✱ ♦s ♣❛❝♦t❡s ❞❡ ❈❋❉ sã♦ ❡q✉✐♣❛❞♦s ❝♦♠ ❢❡rr❛✲

♠❡♥t❛s ✈❡rsát❡✐s ❞❡ ✈✐s✉❛❧✐③❛çõ❡s✱ q✉❡ ♣♦ss✐❜✐❧✐t❛♠ ❛♥á❧✐s❡ ♣r❡❝✐s❛s ❞♦s r❡s✉❧t❛❞♦s✳



✷✳✹✳ ❋❧✉✐❞♦❞✐♥â♠✐❝❛ ❈♦♠♣✉t❛❝✐♦♥❛❧ ✭❈❋❉✮ ✺✾

❋✐❣✉r❛ ✷✳✶✾✿ Pr♦❝❡❞✐♠❡♥t♦ ❞♦ ♠ét♦❞♦ tr❛♥s✐❡♥t❡✭❋▲❯❊◆❚✱ ✷✵✶✶✮✳

❊st❛ ❡t❛♣❛ ✐♥❝❧✉❡♠✿

• ❣rá✜❝♦s ✈❡t♦r✐❛✐s✳

• ❣rá✜❝♦s ❞❡ ❝♦♥t♦r♥♦✳

• ❣rá✜❝♦s ❞❡ s✉♣❡r❢í❝✐❡✳

• r❛str❡❛♠❡♥t♦ ❞❡ ♣❛rtí❝✉❧❛✳

• s❛í❞❛ ❡♠ ❝♦r❡s ❞♦s ❞❛❞♦s✳

• ❛♥✐♠❛çõ❡s ♣❛r❛ r❡s✉❧t❛❞♦s ❞✐♥â♠✐❝♦s✳

✷✳✹✳✽ ❆♣❧✐❝❛çã♦ ❞❡ ❈❋❉ ❡♠ ❈✐❝❧♦♥❡s

❆♣❡s❛r ❞♦ ❣r❛♥❞❡ ❛✈❛♥ç♦ ❡ ❛✉♠❡♥t♦ ♥♦ ♣♦❞❡r ❞❡ ♣r♦❝❡ss❛♠❡♥t♦ ❞♦s ❝♦♠♣✉t❛❞♦r❡s ❡

❛ ❞✐♠✐♥✉✐çã♦ ❝♦♥st❛♥t❡ ❞❡ ❝✉st♦ ❞❡st❡s✱ s✐♠✉❧❛çõ❡s ❡♠ ❈❋❉✱ ❈♦♠♣✉t❛t✐♦♥❛❧ ❋❧✉✐❞ ❉②♥❛✲

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

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

❛ ❛♣❧✐❝❛çã♦ ❞❡ ♠♦❞❡❧♦s r♦❜✉st♦s q✉❡ ✈✐s❛♠ r❡♣r♦❞✉③✐r t♦❞❛s ❛s ❝❛r❛❝t❡ríst✐❝❛s ❞♦ ❡s❝♦❛✲

♠❡♥t♦✳

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

r❡q✉❡r ♦ ✉s♦ ❞❡ ♠♦❞❡❧♦s ❞❡ t✉r❜✉❧ê♥❝✐❛ ♠❛✐s s♦✜st✐❝❛❞♦s ❡ ❡sq✉❡♠❛s ❞❡ ❞✐s❝r❡t✐③❛çã♦

❞❡ ♦r❞❡♥s ♠❛✐♦r❡s✳ ❆❧é♠ ❞✐ss♦✱ ❛ ✐♥st❛❜✐❧✐❞❛❞❡ ❞♦ ✈órt✐❝❡ ✐♥t❡r♥♦ ❢❛③ ❝♦♠ q✉❡ s❡❥❛♠

♥❡❝❡ssár✐❛s s✐♠✉❧❛çõ❡s tr❛♥s✐❡♥t❡s ♣❛r❛ ❝❛♣t❛r ❡st❡ ❢❡♥ô♠❡♥♦ ✭❈❖❘❚❊❙❀ ●■▲✱ ✷✵✵✼✮✳ ❈♦♠



✻✵ ✷✳✹✳ ❋❧✉✐❞♦❞✐♥â♠✐❝❛ ❈♦♠♣✉t❛❝✐♦♥❛❧ ✭❈❋❉✮

♦❜❥❡t✐✈♦ ❞✐s❝✉t✐r ❛❧❣✉♥s ❝♦♥❝❡✐t♦s s♦❜r❡ s✐♠✉❧❛çõ❡s ❡♠ ❝✐❝❧♦♥❡s✱ sã♦ ❛♣r❡s❡♥t❛❞♦s ❛ s❡❣✉✐r✱

❛❧❣✉♥s r❡❢❡r❡♥❝✐❛✐s t❡ór✐❝♦s ♠❛✐s s✐❣♥✐✜❝❛t✐✈♦s✳

❯♠ ❞♦s tr❛❜❛❧❤♦s ♣✐♦♥❡✐r♦s ♥♦ ❡st✉❞♦ ❞♦ ❝♦♠♣❧❡①♦ ❡ ✐♥t❡r❡ss❛♥t❡ ❡s❝♦❛♠❡♥t♦ ❡♠ ❝✐✲

❝❧♦♥❡s✱ ✉s❛♥❞♦ ❈❋❉✱ ❢♦✐ r❡❛❧✐③❛❞♦ ♣♦r ❇♦②s❛♥ ❡t ❛❧✳ ✭✶✾✽✷✮✱ q✉❛♥❞♦ ❡st✉❞❛r❛♠ ❛ s✐♠✉❧❛çã♦

❞❡ ❝✐❝❧♦♥❡s ❛ ♣❛rt✐r ❞❡ té❝♥✐❝❛s ❞❡ ✢✉✐❞♦❞✐♥â♠✐❝❛ ❝♦♠♣✉t❛❝✐♦♥❛❧ ♣❡❧♦ ♠♦❞❡❧♦ ❞❡ ▲❛❣r❛♥❣❡✳

❉❛♥❞♦ ❝♦♥t✐♥✉✐❞❛❞❡ ❛♦ ❡st✉❞♦ ❞❡ s✐♠✉❧❛çã♦ ❡♠ ❝✐❝❧♦♥❡s✱ ❈r✐st❡❛ ❡ ▼❛❧❢❛ ✭✶✾✾✹✮ ❛♣r❡✲

s❡♥t❛r❛♠ ✉♠ ❡st✉❞♦ ❞❡ s✐♠✉❧❛çã♦ tr✐❞✐♠❡♥s✐♦♥❛❧ ❡♠ ✉♠ ❝✐❝❧♦♥❡✳ ◆♦ ❡st✉❞♦✱ ✉t✐❧✐③♦✉✲s❡

♣❡❧❛ ♣r✐♠❡✐r❛ ✈❡③ ✉♠ ❝ó❞✐❣♦ ❝♦♠❡r❝✐❛❧ ❞❡ s✐♠✉❧❛çã♦ ♦ ❋❧❯❊◆❚ ✹✳✷✱ ♦♥❞❡ ❢♦r❛♠ ❛✈❛❧✐❛❞♦s

♦ r❡✜♥❛♠❡♥t♦ ❞❛ ♠❛❧❤❛✱ ❡sq✉❡♠❛s ❞❡ ❞✐s❝r❡t✐③❛çã♦ ❡ ♠♦❞❡❧♦ ❞❡ t✉r❜✉❧ê♥❝✐❛✳

P♦r ♠❡✐♦ ❞❡ ✉♠❛ s✐♠✉❧❛çã♦ tr✐❞✐♠❡♥s✐♦♥❛❧ ✭✸❉✮ ✈✐❛ ❈❋❉✱ ❈r✐st❡❛ ❡ ❈♦❣✉❡ ✭✶✾✾✽✮✱

s✐♠✉❧❛r❛♠ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ✢✉✐❞♦❞✐♥â♠✐❝♦ ❞♦s ❝♦♠♣♦♥❡♥t❡s ✈❡t♦r✐❛✐s ❞❛ ✈❡❧♦❝✐❞❛❞❡✱ ❞❛

q✉❡❞❛ ❞❡ ♣r❡ssã♦✱ ❡ ❞❛ ❡✜❝✐ê♥❝✐❛ ❞❡ ❝♦❧❡t❛ ❡♠ ❝✐❝❧♦♥❡s✳ ❈♦♠♦ ♠♦❞❡❧♦ ❞❡ t✉r❜✉❧ê♥❝✐❛✱ ❢♦✐

✉t✐❧✐③❛❞♦ ♦ ♠♦❞❡❧♦ ❘❆◆❙ ❞❡ ❘❡②♥♦❧❞s ❙tr❡ss ▼♦❞❡❧ ✭❘❙▼✮ ❡ ♣❛r❛ ♦ ❛❝♦♣❧❛♠❡♥t♦ ♣r❡ssã♦✲

✈❡❧♦❝✐❞❛❞❡ ❢♦✐ ✉s❛❞♦ ♦ s✐st❡♠❛ ❙■▼P▲❊❈✱ ❝♦♠ ♦ ❡sq✉❡♠❛ ❞❡ ✐♥t❡r♣♦❧❛çã♦ ❯P❲■◆❉✳

❈♦♠♦ r❡s✉❧t❛❞♦s✱ ❝♦♥st❛t♦✉✲s❡ q✉❡ s❡ ♣♦❞❡ ❞❡t❡r♠✐♥❛r ❛ ✐♥✢✉ê♥❝✐❛ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ✢✉t✉❛♥t❡

❞❛s ❢❛s❡s ❝♦♥tí♥✉❛ ❡ ❞❡s❝♦♥t✐♥✉❛✱ ♦❜s❡r✈❛♥❞♦ r❡❣✐õ❡s ❞❡ ❢♦r♠❛çã♦ ❞❡ ✈órt✐❝❡ ❡ ③♦♥❛s ❞❡

r❡❝✐r❝✉❧❛çã♦✳

❆✈❝✐ ❡ ❑❛r❛❣♦③ ✭✷✵✵✸✮ ❞❡s❡♥✈♦❧✈❡r❛♠ ✉♠ ♠♦❞❡❧♦ ♠❛t❡♠át✐❝♦ ♣❛r❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦

❞✐â♠❡tr♦ ❞❡ ❝♦rt❡ ❡ ❡✜❝✐ê♥❝✐❛ ✐♥❞✐✈✐❞✉❛❧ ❞❡ ❝♦❧❡t❛ ❡♠ ❝✐❝❧♦♥❡s✳ ◆♦ ❡st✉❞♦✱ ♦s ❛✉t♦r❡s

✜③❡r❛♠ ❝♦♥s✐❞❡r❛çõ❡s s♦❜r❡✿ ♦ r❡❣✐♠❡ ❞❡ ❡s❝♦❛♠❡♥t♦✱ ♦s ♣❛râ♠❡tr♦s ❣❡♦♠étr✐❝♦s✱ ❛s ♣r♦✲

♣r✐❡❞❛❞❡s ❞❛s ♣❛rtí❝✉❧❛s ❡ ❛ ❛❝❡❧❡r❛çã♦✳ ❖ tr❛❜❛❧❤♦✱ ❢♦✐ ❝♦♥s✐❞❡r❛❞♦ q✉❡ ❛ ♠✐st✉r❛ ❞❡

✢✉✐❞♦ ❡ ♣❛rtí❝✉❧❛s ❢♦ss❡ ❤♦♠♦❣ê♥❡❛ ❡ q✉❡ ❛ ❛❝❡❧❡r❛çã♦ ❞✐♠✐♥✉✐r✐❛✱ ❞❡♣❡♥❞❡♥❞♦ ❞♦ ❛tr✐t♦

❡ ❞❛ ❣❡♦♠❡tr✐❛✳ ❖ ♠♦❞❡❧♦ ♣r♦♣♦st♦ ♣❡❧♦s ❛✉t♦r❡s ♣♦❞❡ s❡r ✉t✐❧✐③❛❞♦ ❝♦♠ s✉❝❡ss♦ ♣❛r❛

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

r❛t✐✜❝❛r❛♠✲s❡ q✉❡ ❛ ❡✜❝✐ê♥❝✐❛ ❞❡ ❝♦❧❡t❛ ❞❡♣❡♥❞❡ ❞♦ r❡❣✐♠❡ ❞❡ ❡s❝♦❛♠❡♥t♦✱ q✉❡ ❝♦♥s❡q✉❡♥✲

t❡♠❡♥t❡ é ❛❢❡t❛❞♦ ♣♦r ♦✉tr♦s ♣❛râ♠❡tr♦s ❝♦♠♦✿ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❛❧✐♠❡♥t❛çã♦✱ t❡♠♣❡r❛t✉r❛✱

✈✐s❝♦s✐❞❛❞❡ ❡ r✉❣♦s✐❞❛❞❡ ❞❛ s✉♣❡r❢í❝✐❡✳ ❖s ❛✉t♦r❡s ✈❡r✐✜❝❛r❛♠ t❛♠❜é♠✱ ❛ ♣❛rt✐r ❞❡ r❡✲

s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❡ ❞❡ s✐♠✉❧❛çã♦✱ q✉❡ ♠❛♥t❡♥❞♦ ❛s ❞❡♠❛✐s ♣r♦♣♦rçõ❡s ❣❡♦♠étr✐❝❛s

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

❝❡rt♦ ♣♦♥t♦❀ q✉❡ ❛ ❧❛r❣✉r❛ ❞❛ ❡♥tr❛❞❛ ❞❛ ❛❧✐♠❡♥t❛çã♦ t❡♠ ✐♥✢✉ê♥❝✐❛ ♠✉✐t♦ s✐❣♥✐✜❝❛t✐✈❛

s♦❜r❡ ♦ ❞✐â♠❡tr♦ ❞❡ ❝♦rt❡ ❡ q✉❡ ❛ ❛❧t✉r❛ ❞❡ ❡♥tr❛❞❛ ❞❛ ❛❧✐♠❡♥t❛çã♦✱ q✉❡ ❡stá ❛ss♦❝✐❛❞♦

❛♦ ♦ ❞✐â♠❡tr♦ ❤✐❞rá✉❧✐❝♦✱ ♣♦❞❡ ❝❛✉s❛r ❛❧❣✉♠❛ ❛❧t❡r❛çã♦ ❞♦s r❡s✉❧t❛❞♦s✳

❩❤❛♦ ❡t ❛❧✳ ✭✷✵✵✻✮ s✐♠✉❧❛r❛♠ ♦ ❡s❝♦❛♠❡♥t♦ ❣ás✲só❧✐❞♦ ❡♠ ❞♦✐s t✐♣♦s ❞❡ ❝✐❝❧♦♥❡s✱ ❛♦s

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

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

❡♠ ❡s♣✐r❛❧✳ P❛r❛ r❡❛❧✐③❛çã♦ ❞❛s s✐♠✉❧❛çõ❡s✱ ♦s ❛✉t♦r❡s ✉t✐❧✐③❛r❛♠ ♦ s♦❢t✇❛r❡ ❝♦♠❡r❝✐❛❧



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

❋▲❯❊◆❚ ✈❡rsã♦ ✻✳✶✱ ❛♦ q✉❛❧ ❛ ❢❛s❡ ❣❛s♦s❛ ❢♦r❛ tr❛t❛❞❛ ❝♦♠♦ ✉♠ ♠❡✐♦ ❝♦♥tí♥✉♦✱ t❡♥❞♦

✉♠ r❡❢❡r❡♥❝✐❛❧ ❊✉❧❡r✐❛♥♦✳ P❛r❛ ♦ ❛❝♦♣❧❛♠❡♥t♦ ♣r❡ssã♦✲✈❡❧♦❝✐❞❛❞❡✱ ❢♦✐ ✉t✐❧✐③❛❞♦ ♦ ❛❧❣♦r✐t♠♦

❙■▼P▲❊✱ ✉t✐❧✐③❛♥❞♦ ♦ ❡sq✉❡♠❛ ❞❡ ✐♥t❡r♣♦❧❛çã♦ ◗❯■❈❑ ❡ ♦ ♠♦❞❡❧♦ ❞❡ t✉r❜✉❧ê♥❝✐❛ ❘❙▼✳

❆ ❢❛s❡ ❞✐s❝r❡t❛✱ ♣❛rt✐❝✉❧❛❞❛✱ ❢♦✐ tr❛t❛❞❛ ❡♠ ✉♠ r❡❢❡r❡♥❝✐❛❧ ❧❛❣r❛♥❣✐❛♥♦✱ ❞❡ ♠♦❞♦ q✉❡

❝❛❞❛ ♣❛rtí❝✉❧❛ é r❛str❡❛❞❛ ❞❡s❞❡ ❛ ❡♥tr❛❞❛ ❞❡ ❛❧✐♠❡♥t❛çã♦✱ ❛té ♦ ♣♦♥t♦ q✉❡ s❡❥❛ ❝♦❧❡t❛❞❛

♦✉ ♥ã♦✳ ◗✉❛♥t♦ à ❝♦❧❡t❛ ❞❛s ♣❛rtí❝✉❧❛s✱ ❛s ♠❡s♠❛s ❡r❛♠ r❡t✐❞❛s ❛♦ t♦❝❛r ❛s ♣❛r❡❞❡s

❧❛t❡r❛❧ ❡ ❞❡ ❢✉♥❞♦ ❞♦ ❝✐❝❧♦♥❡✳ ❆s ♠❛❧❤❛s ✉t✐❧✐③❛❞❛s ❢♦r❛♠ ❞♦ t✐♣♦ ❤❡①❛é❞r✐❝❛s✱ ♦♥❞❡ ♦s

❝✐❝❧♦♥❡s ❝♦♠ ❡♥tr❛❞❛ ❝♦♥✈❡♥❝✐♦♥❛❧ ❡ ❝♦♠ ❡♥tr❛❞❛ ❞✉♣❧❛ ❡♠ ❡s♣✐r❛❧ ❛♣r❡s❡♥t❛✈❛♠ ✼✺✳✼✵✵

❡ ✼✾✳✻✷✵ ❡❧❡♠❡♥t♦s r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ◗✉❛♥t♦ às ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦s✱ ❛ss✉♠✐r❛♠ ✉♠

♣❡r✜❧ ✉♥✐❢♦r♠❡ ♣❛r❛ ❛ ✈❡❧♦❝✐❞❛❞❡ ♥❛ ❡♥tr❛❞❛ ❞♦ ✢✉✐❞♦ ❡ ✉♠❛ ✐♥❥❡çã♦ ❞❡ ✹✳✵✵✵ ♣❛rtí❝✉❧❛s✳

◆❛ s❛í❞❛✱ t♦♠❛r❛♠ ❝♦♠♦ ❝♦♥❞✐çã♦ ❞❡ ❝♦♥t♦r♥♦ ♦ ❡s❝♦❛♠❡♥t♦ ❝♦♠♣❧❡t❛♠❡♥t❡ ❞❡s❡♥✈♦❧✈✐❞♦✱

❡♥q✉❛♥t♦ q✉❡ ♥❛s ♣❛r❡❞❡s✱ ❛❞♠✐t✐r❛♠ ❛ ❝♦♥❞✐çã♦ ❞❡ ♥ã♦ ❞❡s❧✐③❛♠❡♥t♦✱ ❝♦♠ ❛♣❧✐❝❛çã♦ ❞❛

❧❡✐ ❞❡ ♣❛r❡❞❡✳ ◆♦ ❡st✉❞♦✱ ❋♦✐ ✉t✐❧✐③❛❞♦ ✉♠ ♣❛ss♦ ♥♦ t❡♠♣♦ ❞❡ ✵✱✵✷ s ❡ ✉♠ ❝r✐tér✐♦ ❞❡

❝♦♥✈❡r❣ê♥❝✐❛ ❞❡ 10−3✳ ❈♦♠♦ r❡s✉❧t❛❞♦s✱ ♦ ❛✉t♦r❡s ✈❡r✐✜❝❛r❛♠ q✉❡ ❛ ✉t✐❧✐③❛çã♦ ❞❡ ✉♠❛

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

✉♠❛ ♠❛✐♦r ❡✜❝✐ê♥❝✐❛ ❞❡ s❡♣❛r❛çã♦✱ ♠❡s♠♦ q✉❡ s❡ t❡♥❤❛ ✉♠❛ ❞✐♠✐♥✉✐çã♦ ♥❛ ✈❡❧♦❝✐❞❛❞❡

t❛♥❣❡♥❝✐❛❧✳ ❆❧❡♠ ❞✐ss♦✱ ♥♦ tr❛❜❛❧❤♦ ❢♦✐ ♣♦ssí✈❡❧ ✈❡r✐✜❝❛r q✉❡ ❛ ✉t✐❧✐③❛çã♦ ❞❡ té❝♥✐❝❛s ❞❡

❈❋❉✱ ♠❡s♠♦ s❡♥❞♦ ❝♦♠♣❧❡①❛s ❡ ❝♦♠♣✉t❛❝✐♦♥❛❧♠❡♥t❡ ❝❛r❛s✱ ❛s s✐♠✉❧❛çõ❡s ♥✉♠ér✐❝❛s sã♦

❝❛♣❛③❡s ❞❡ ❢♦r♥❡❝❡r ❜♦♥s r❡s✉❧t❛❞♦s✳

❙❤❛❧❛❜② ✭✷✵✵✼✮ ❡♠ s✉❛ t❡s❡ ❞❡ ❞♦✉t♦r❛❞♦✱ r❡❛❧✐③♦✉ ✉♠ ❡st✉❞♦ s♦❜r❡ ♦ ♣♦t❡♥❝✐❛❧ ❞❛

♠❡t♦❞♦❧♦❣✐❛ ▲❊❙ ♥❛ s✐♠✉❧❛çã♦ ❞♦ ❡s❝♦❛♠❡♥t♦ ❡♠ ❝✐❝❧♦♥❡s✳ ◆♦ tr❛❜❛❧❤♦✱ ♦ ❛✉t♦r ❛❜♦r❞♦✉

❞♦✐s ❞✐❢❡r❡♥t❡s ❝ó❞✐❣♦s ❝♦♠♣✉t❛❝✐♦♥❛✐s✿ ✉♠ ♦ ❝ó❞✐❣♦ ❝♦♠❡r❝✐❛❧ ❈❋❳ ✹✳✹ ❡ ♦ ♦✉tr♦ ♦ ❝ó❞✐❣♦

❞❡ ♣❡sq✉✐s❛✳ P❛r❛ ♠♦❞❡❧❛❣❡♠ ❞❛ ❢❛s❡ ❞✐s❝r❡t❛✱ ✉t✐❧✐③❛♥❞♦ ♦ ❝ó❞✐❣♦ ♦ ❝ó❞✐❣♦ ❞❡ ♣❡sq✉✐s❛

▼■❙❚❘❆▲✲✸❉✱ ♦ ❛✉t♦r ♦♣t❛ ♣❡❧❛ ❛❜♦r❞❛❣❡♠ ❊✉❧❡r✐❛♥❛✲▲❛❣r❛♥❣✐❛♥❛✱ ♣♦r s❡r ✐♥❞✐❝❛❞❛

♣❛r❛ ❡s❝♦❛♠❡♥t♦s ❞✐s♣❡rs♦s ❞❡ ♣❛rtí❝✉❧❛s✱ s✐♠✐❧❛r❡s ❛♦ ❡♥❝♦♥tr❛❞♦s ❡♠ ❝✐❝❧♦♥❡s✳ P❛r❛

❣❡r❛çã♦ ❞❛s ♠❛❧❤❛s✱ ✉t✐❧✐③♦✉✲s❡ ♦ s♦❢t✇❛r❡ ❝♦♠❡r❝✐❛❧ ■❈❊▼✱ ❣❡r❛♥❞♦ ❞✉❛s ♠❛❧❤❛s✿ ✉♠❛

♠❛❧❤❛ ❣r♦ss❡✐r❛✱ ❝♦♥t❡♥❞♦ ✻✻✵✳✵✵✵ ❡❧❡♠❡♥t♦s✱ ♦✉tr❛ ❝♦♠ ✶✳✸✵✵✳✵✵✵ ❡❧❡♠❡♥t♦s ❞❡♥♦♠✐♥❛❞❛

❞❡ ✜♥❛✳ ◗✉❛♥t♦ às ✐♥t❡r❛çõ❡s só❧✐❞♦ ✢✉✐❞♦✱ ♦ ❛✉t♦r ❝♦♥s✐❞❡r❛ ♦s ❡❢❡✐t♦s ❞❛ ❢❛s❡ ❝♦♥tí♥✉❛

s♦❜r❡ ❛ ❢❛s❡ ❞✐s❝r❡t❛✱ ❡♥tr❡t❛♥t♦✱ ❞❡s♣r❡③❛ ♦s ❡❢❡✐t♦s ❞❛s ♣❛rtí❝✉❧❛s ♥❛ t✉r❜✉❧ê♥❝✐❛ ❞❛ ❢❛s❡

❝♦♥tí♥✉❛ ✭♦♥❡ ✇❛②✮✳ ❈♦♠ r❡❧❛çã♦ às ❝♦❧✐sõ❡s✱ ♦ ❛✉t♦r ❞❡s♣r❡③❛ ♦ ❝❤♦q✉❡ ❡♥tr❡ ♣❛rtí❝✉❧❛s✱

♠❛s ❝♦♥s✐❞❡r❛ ❛s ❝♦❧✐sõ❡s ♣❛rtí❝✉❧❛✲♣❛r❡❞❡✱ ♣❛r❛ ♦ q✉❛❧ ✉t✐❧✐③♦✉ ✉♠ ♠♦❞❡❧♦ ❡s♣❡❝í✜❝♦ ♣❛r❛

r✉❣♦s✐❞❛❞❡ ❞❛ ♣❛r❡❞❡✳ ◆❛ ♠♦❞❡❧❛❣❡♠ ❞❛ t✉r❜✉❧ê♥❝✐❛✱ ♦♣t♦✉✲s❡ ♣♦r três ♠♦❞❡❧♦s ❞✐❢❡r❡♥t❡s✱

♦s ♠♦❞❡❧♦s k − ω ❡ ♦ ♠♦❞❡❧♦ ❞❛s t❡♥sõ❡s ❞❡ ❘❡②♥♦❧❞s ✭❘❙▼✮✱ q✉❛♥❞♦ ✉t✐❧✐③❛❞♦ ♦ ❝ó❞✐❣♦

❝♦♠❡r❝✐❛❧ ❡ ♦ ♠♦❞❡❧♦ s✉❜✲♠❛❧❤❛ ❞❡ ❙♠❛❣♦r✐♥s❦②✱ ❝♦♠ ❛ ❢✉♥çã♦ ❞❡ ❛♠♦rt❡❝✐♠❡♥t♦ ❞❡ ❱❛♥

❉r✐❡st✱ q✉❛♥❞♦ ✉t✐❧✐③❛❞♦ ♦ ❝ó❞✐❣♦ ❞❡ ♣❡sq✉✐s❛✳ ❊♠ s❡ tr❛t❛♥❞♦ ❞♦s r❡s✉❧t❛❞♦s✱ ✈❡r✐✜❝♦✉✲s❡

q✉❡ ♦ ♠♦❞❡❧♦ k − ω é ✐♥❢❡r✐♦r ❛♦s ♠♦❞❡❧♦s ❘❙▼ ❡ ▲❊❙✳ ◆♦ ❡♥t❛♥t♦✱ ♦ ❛✉t♦r ✈❛✐ ❛❧é♠✱

❛✜r♠❛♥❞♦ q✉❡ ♦ ♠♦❞❡❧♦ ❞❡ ❙♠❛❣♦r✐♥s❦② ❢♦r♥❡❝❡ r❡s✉❧t❛❞♦s ♠❡❧❤♦r❡s ❞♦ q✉❡ ♦ ♠♦❞❡❧♦

❘❙▼✱ ♠❡s♠♦ ♣❛r❛ ❛ ♠❛❧❤❛ ❣r♦ss❡✐r❛✱ ❝♦♥❝❧✉✐♥❞♦ q✉❡ ▲❊❙ é ❛ ❢❡rr❛♠❡♥t❛ ❛♣r♦♣r✐❛❞❛ ♣❛r❛



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

❛ s✐♠✉❧❛çã♦ ❞❛ t✉r❜✉❧ê♥❝✐❛ ❡♠ ❝✐❝❧♦♥❡s✳

❑❛②❛ ❡ ❑❛r❛❣♦③ ✭✷✵✵✽✮ s❡ ♣r♦♣✉s❡r❛♠ ❛ ❡st✉❞❛r ❛ ❛♣❧✐❝❛❜✐❧✐❞❛❞❡ ❞❡ ✈ár✐♦s ❡sq✉❡✲

♠❛s ♥✉♠ér✐❝♦s ❡ ♠♦❞❡❧♦s ❞❡ t✉r❜✉❧ê♥❝✐❛ ♥♦ ❡st✉❞♦ ❞♦ ❡s❝♦❛♠❡♥t♦ ♥♦ ✐♥t❡r✐♦r ❞❡ ❝✐❝❧♦♥❡✳

❯t✐❧✐③❛♥❞♦ ✉♠ ♣❛❝♦t❡ ♥✉♠ér✐❝♦ ❝♦♠❡r❝✐❛❧ ✭❋❧❯❊◆❚✮✱ ♥❛ ❛♥á❧✐s❡ tr✐❞✐♠❡♥s✐♦♥❛❧ ❞♦ ❡s❝♦❛✲

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

❞❡ ✐♥t❡r♣♦❧❛çã♦ P❘❊❙❚❖ ♣❛r❛ ♣r❡ssã♦✱ ♦ ❛❧❣♦rít✐♠♦ ❙■▼P▲❊❈ ♣❛r❛ ♦ ❛❝♦♣❧❛♠❡♥t♦ ❞❡

t✉r❜✉❧ê♥❝✐❛ ❘❙▼ ❛♣r❡s❡♥t❛♠ r❡s✉❧t❛❞♦s s❛t✐s❢❛tór✐♦s q✉❛♥❞♦ ❛♣❧✐❝❛❞♦s ❡♠ ❡s❝♦❛♠❡♥t♦s

❣✐r❛tór✐♦s✱ ❛♥✐s♦tró♣✐❝♦s ❡ ❝♦♠♣❧❡①♦s ❝♦♠♦ ♦ ❞♦ ❝✐❝❧♦♥❡✳

❲❛♥❣ ✭✷✵✵✾✮ ❡st✉❞♦✉ ♦ ❡❢❡✐t♦ ❞❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ só❧✐❞♦s ❡♠ ✉♠ ❝✐❝❧♦♥❡ ❝♦♠ ❡♥tr❛❞❛

❡♠ ✈♦❧✉t❛✱ ♣♦r ♠❡✐♦ ❞❛ ❞✐♥â♠✐❝❛ ❞♦s ✢✉✐❞♦s ❝♦♠♣✉t❛❝✐♦♥❛❧✳ ◆♦ tr❛❜❛❧❤♦✱ ❢♦✐ ✉t✐❧✐③❛❞♦ ♦

s♦❢t✇❛r❡ ❝♦♠❡r❝✐❛❧ ❋▲❯❊◆❚ ✈✳ ✻✳✶✳ P❛r❛ ♠♦❞❡❧❛❣❡♠ ❞❛ t✉r❜✉❧ê♥❝✐❛✱ ♦s ❛✉t♦r❡s ♦♣t❛r❛♠

♣❡❧♦ ♠♦❞❡❧♦ ❘❙▼✱ ❝♦♠ ♦ ❛❧❣♦r✐t♠♦ ❙■▼P▲❊❈ ♣❛r❛ ♦ ❛❝♦♣❧❛♠❡♥t♦ ♣r❡ssã♦ ✈❡❧♦❝✐❞❛❞❡ ❡

✉♠ ❡sq✉❡♠❛ ◗❯■❈❑ ❞❡ ♦r❞❡♠ ❡❧❡✈❛❞❛ ♣❛r❛ ❛s ✐♥t❡r♣♦❧❛çõ❡s✳ ❊♠ s❡✉s ❡st✉❞♦s✱ ❝♦♥s✐❞❡✲

r❛r❛♠ ❝♦♠♦ ♣❛rt✐❝✉❧❛❞♦s ✉♠ t❛❧❝♦ ❝♦♠ ❞✐â♠❡tr♦s ❞❡ ✶µm✱ ✹µm✱ ✽ µm ❡ ✶✽ µm✱ ♠❛ss❛

❡s♣❡❝í✜❝❛ ❞❡ ✷✳✼✵✵ Kg/m3 ❡ ♥✉♠❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ só❧✐❞♦s ♥❛ ❡♥tr❛❞❛ ❞❡ ✵✱✵✸ Kg/m3

✱ ♦ q✉❡ r❡♣r❡s❡♥t❛ ✉♠❛ ❢r❛çã♦ ✈♦❧✉♠étr✐❝❛ ♣❛r❛ ❢❛s❡ só❧✐❞❛ ♠✉✐t♦ ♠❡♥♦r ❞♦ q✉❡ 1%✱ ❞❡

♠♦❞♦ q✉❡ ✱ ❝♦♠ ❡①❝❡çã♦ ❞❡ r❡❣✐õ❡s ♣ró①✐♠❛s ❛ ♣❛r❡❞❡s✱ ❛ ❛❜♦r❞❛❣❡♠ ▲❛❣r❛♥❣✐❛♥❛ ❉P▼

✭❉✐s❝r❡t❡ P❤❛s❡ ▼♦❞❡❧✮ ♣♦❞❡r✐❛ s❡r ✉t✐❧✐③❛❞❛✳ P❛r❛ ❞✐s♣❡rsã♦ t✉r❜✉❧❡♥t❛ ❞❛s ♣❛rtí❝✉❧❛s✱

♦s ❛✉t♦r❡s ❡s❝♦❧❤❡r❛♠ ♦ ♠♦❞❡❧♦ ❉❘❲ ✭❉✐s❝r❡t❡ ❘❛♥❞♦♠ ❲❛❧❦✮✳ ❚❛♠❜é♠ ❝♦♥s✐❞❡r❛r❛♠

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

s♦s❛✱ s❡❣✉✐♥❞♦ ✉♠❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ ❞✉❛s ✈✐❛s✳ ❆s s✐♠✉❧❛çõ❡s ❢♦r❛♠ r❡❛❧✐③❛❞❛s ❡♠ r❡❣✐♠❡

tr❛♥s✐❡♥t❡✱ ❝♦♠ ♣❛ss♦ ❞❡ t❡♠♣♦ ✐❣✉❛❧ ❛ 1, 0x10−4 s✱ ♣❛rt✐♥❞♦ ❞❡ ✉♠ ❝❛♠♣♦ ♣r❡✈✐❛♠❡♥t❡

❝❛❧❝✉❧❛❞♦ ❡♠ r❡❣✐♠❡ ♣❡r♠❛♥❡♥t❡✳ ❈♦♠♦ ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦✱ ♥❛ ❡♥tr❛❞❛✱ ♦s ❛✉t♦r❡s

❝♦♥s✐❞❡r❛r❛♠ q✉❡ ❛s ✈❡❧♦❝✐❞❛❞❡s✱ t❛♥t♦ ❞♦ ❣ás q✉❛♥t♦ ❞❛s ♣❛rtí❝✉❧❛s✱ ❡r❛♠ ❞❡ ✷✵ ♠✴s ❡

❛ ♣❛rt✐r ❞♦ ✐♥st❛♥t❡ ❞❡ t❡♠♣♦ ✐♥✐❝✐❛❧ ✭t = 0s✮✱ ✹✺✵ ♣❛rtí❝✉❧❛s ❢♦r❛♠ ❝♦♥t✐♥✉❛♠❡♥t❡ ❛❧✐✲

♠❡♥t❛❞❛s ♣♦r ♣❛ss♦ ❞❡ t❡♠♣♦✳ ◆♦ ❞✉t♦ ❞❡ s❛í❞❛ ❞♦ ♦✈❡r✢♦✇✱ ❛❞♠✐t✐r❛♠ ❛ ❝♦♥❞✐çã♦ ❞❡

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

sár✐♦ ❡st❡♥❞❡r ❡st❡ ❞✉t♦✳ ◆❛s ♣❛r❡❞❡s ❛❞♠✐t✐r❛♠ ❛ ❝♦♥❞✐çã♦ ❞❡ ♥ã♦ ❞❡s❧✐③❛♠❡♥t♦✱ ❝♦♠ ❛

✉t✐❧✐③❛çã♦ ❞❡ ❧❡✐ ❞❡ ♣❛r❡❞❡ ♣❛r❛ ♦ ✢✉✐❞♦✱ ❡ r❡✢❡①ã♦ ❡❧ást✐❝❛ ♣❛r❛ ♣❛rtí❝✉❧❛s❀ ➱ ✐♠♣♦rt❛♥t❡

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

♦s ❛✉t♦r❡s r❡❛❧✐③❛r❛♠ ✉♠ ❡st✉❞♦ ✉t✐❧✐③❛♥❞♦ ♦ ♠ét♦❞♦ ❞❡ t❡♥t❛t✐✈❛ ❡ ❡rr♦✳ ❖ ♥ú♠❡r♦ ❞❡

♣❛rtí❝✉❧❛s ❞❡♥tr♦ ❞♦ ❝✐❝❧♦♥❡ só s❡ ❡st❛❜✐❧✐③♦✉ ❛♣ós ✸✵✳✵✵✵ ♣❛ss♦s ❞❡ t❡♠♣♦✱ ❡ ♦ t♦t❛❧ ❞❡ ♣❛r✲

tí❝✉❧❛s ❞❡♥tr♦ ❞♦ ❝✐❝❧♦♥❡ ✉❧tr❛♣❛ss♦✉ 1, 0x106✳ ❖s ❛✉t♦r❡s r❡❛❧✐③❛♠ ✉♠ ❡st✉❞♦ ❞❡t❛❧❤❛❞♦

❞❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ ♣❛rtí❝✉❧❛s ❛♦ ❧♦♥❣♦ ❞♦ ❝♦r♣♦ ❞♦ ❝✐❝❧♦♥❡✱ ♠♦str❛♥❞♦ ✈❛r✐❛çõ❡s ❞❡ ❝♦♥✲

❝❡♥tr❛çã♦✳ P❛r❛ ❞❡t❡r♠✐♥❛❞♦s ❞✐â♠❡tr♦s ❡♠ r❡❣✐õ❡s ♣❛r✐❡t❛✐s✱ ❛ ❝♦♥❝❡♥tr❛çã♦ ❧♦❝❛❧ ❝❤❡❣❛

❛ s❡r ❞❡ ❛té ✶✻✵ ✈❡③❡s ❛ ❝♦♥❝❡♥tr❛çã♦ ✐♥✐❝✐❛❧✳ ❖s ❛✉t♦r❡s ❝♦♥❝❧✉❡♠ q✉❡ ♦ ❡s❝♦❛♠❡♥t♦ ❞❛

❢❛s❡ ❣❛s♦s❛ ❛♣r❡s❡♥t❛ ♠♦❞✐✜❝❛çõ❡s s✐❣♥✐✜❝❛t✐✈❛s ❞❡✈✐❞♦ à ♣r❡s❡♥ç❛ ❞❛ ❢❛s❡ ♣❛rt✐❝✉❧❛❞❛✱ ❡

q✉❡ q✉❛♥t♦ ♠❛✐♦r ❛ ❝♦♥❝❡♥tr❛çã♦ ❞❡ só❧✐❞♦s✱ ♠❛✐s ♦ s✇✐r❧ é r❡❞✉③✐❞♦✳ ❚❛♠❜é♠ ❝♦♥st❛t❛♠



✷✳✹✳ ❋❧✉✐❞♦❞✐♥â♠✐❝❛ ❈♦♠♣✉t❛❝✐♦♥❛❧ ✭❈❋❉✮ ✻✸

q✉❡ q✉❛♥t♦ ♠❡♥♦r ❢♦r ♦ ❞✐â♠❡tr♦ ❞❛s ♣❛rtí❝✉❧❛s ♠❛✐♦r❡s s❡rã♦ ♦s ❡❢❡✐t♦s ❞❛ r❡❝✐r❝✉❧❛çã♦

❞❡ ♣❛rtí❝✉❧❛s q✉❡ ❥á ❡st❛✈❛♠ ♥♦ ❝♦❧❡t♦r✳

❨♦s❤✐❞❛ ❡t ❛❧✳ ✭✷✵✶✵✮ r❡❛❧✐③❛r❛♠ ✉♠ tr❛❜❛❧❤♦ ❝♦♠ ♦❜❥❡t✐✈♦ ❞❡ ❛✈❛❧✐❛r ♦s ❡❢❡✐t♦s ❞❛

❢♦r♠❛ ❞♦ ✈ért✐❝❡ ❞♦ ❝♦♥❡ s♦❜r❡ ♦ ❞❡s❡♠♣❡♥❤♦ ♥❛ s❡♣❛r❛çã♦ ❞❡ ♣❛rtí❝✉❧❛s ❡♠ ❝✐❝❧♦♥❡s✱ ✈✐❛

❡①♣❡r✐♠❡♥t♦s ❡♠♣ír✐❝♦s ❡ ❈❋❉✳ ◆♦ ❡st✉❞♦✱ ❱❡r✐✜❝♦✉✲s❡ q✉❡ ♦ â♥❣✉❧♦ ❞♦ ✈ért✐❝❡ ❞♦ ❝♦♥❡

ót✐♠♦ é 70◦ ❛♦ q✉❛❧ ♣r♦♣♦r❝✐♦♥♦✉ ♦ ♠❡♥♦r ❞✐â♠❡tr♦ ❞❡ ❝♦rt❡✳ ❖s ❛✉t♦r❡s ✈❡r✐✜❝❛r❛♠ q✉❡

♦ â♥❣✉❧♦ ❞♦ ❝♦♥❡ ❛❢❡t❛ ♦ ❞❡s❡♠♣❡♥❤♦ ♥❛ s❡♣❛r❛çã♦ ❞❡ ♣❛rtí❝✉❧❛s ❡♠ ❡❧❡✈❛❞❛s ✈❡❧♦❝✐❞❛❞❡s

❞❡ ❡♥tr❛❞❛✱ ✉♠❛ ✈❡③ q✉❡ ❛s ♣❛rtí❝✉❧❛s s❡ ❡♥❝♦♥tr❛♠ ❧♦♥❣❡ ♥♦ á♣✐❝❡ ❞♦ ❝♦♥❡✳

❊♠ r❡❧❛çã♦ ❛♦ ❞❡s❡♠♣❡♥❤♦ ❞♦ ❝✐❝❧♦♥❡✱ ❑❡♣❛ ✭✷✵✶✵✮✱ ✈❡r✐✜❝❛♠ q✉❡ ❛ ❝✉r✈❛ ❞❡ ❡✜❝✐ê♥❝✐❛

❞❡ ❝♦❧❡t❛ ♣♦❞❡ s❡r ♦❜t✐❞❛✱ ❝❛❧❝✉❧❛♥❞♦ ❛ r❛③ã♦ ❡♥tr❡ ❛ ❢r❛çã♦ ❞❡ ♣❛rtí❝✉❧❛s q✉❡ ❡s❝❛♣❛r❛♠

❞♦ ❝✐❝❧♦♥❡ ❡ ♣❛rtí❝✉❧❛s ❛❧✐♠❡♥t❛❞❛s✳

●r♦♥❛❧❞ ❡ ❉❡r❦s❡♥ ✭✷✵✶✶✮ s✐♠✉❧❛r❛♠ ♦ ❡s❝♦❛♠❡♥t♦ ♠♦♥♦❢ás✐❝♦ ❡♠ ✉♠ ❝✐❝❧♦♥❡✱ ❛♥❛❧✐✲

s❛♥❞♦ ❞✐❢❡r❡♥t❡s ♠♦❞❡❧♦s ❞❡ t✉r❜✉❧ê♥❝✐❛ ❡ ❞❡ ❞✐s❝r❡t✐③❛çã♦✳ ◆❛s s✐♠✉❧❛çõ❡s✱ ♦s r❡s✉❧t❛❞♦s

♦❜t✐❞♦s ❢♦r❛♠ ❛♥❛❧✐s❛❞♦s à ♣❛rt✐r ❞❡ ❞♦✐s ❞✐❢❡r❡♥t❡s ❡sq✉❡♠❛s ❞❡ ❞✐s❝r❡t✐③❛çã♦✿ ▲❛tt✐❝❡✲

❇♦❧t③♠❛♥♥ ❡ ✈♦❧✉♠❡s ✜♥✐t♦s✳ ◆♦ tr❛❜❛❧❤♦✱ ♦s ❛✉t♦r❡s t❛♠❜é♠ ❝♦♠♣❛r❛♠ ❛s ♠❡t♦❞♦❧♦❣✐❛s

❘❆◆❙ ❡ ▲❊❙ ♣❛r❛ ♠♦❞❡❧❛❣❡♠ ❞❛ t✉r❜✉❧ê♥❝✐❛ ♥♦ ❝✐❝❧♦♥❡✱ ✉t✐❧✐③❛♥❞♦✱ ♦s ♠♦❞❡❧♦ ❞❛s t❡♥sõ❡s

❞❡ ❘❡②♥♦❧❞s ✭❘❙▼✮ ❡ ♦ ♠♦❞❡❧♦ ❞❡ ❙♠❛❣♦r✐♥s❦② r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ◆♦ ❡st✉❞♦✱ ♦s ❛✉t♦r❡s

❡♠♣r❡❣❛r❛♠ ❞♦✐s ❝ó❞✐❣♦s ❝♦♠♣✉t❛❝✐♦♥❛✐s✱ s❡♥❞♦✿ ♦ ❝ó❞✐❣♦ ❝♦♠❡r❝✐❛❧ ❋❧✉❡♥t ✈✳ ✻✳✸✳✷✻✱

♣❛r❛ ❛s s✐♠✉❧❛çõ❡s q✉❡ ✉t✐❧✐③❛r❛♠ ♦ ♠ét♦❞♦ ❞♦s ✈♦❧✉♠❡s ✜♥✐t♦s ❡ ✉♠ ❝ó❞✐❣♦ ❞❡ ♣❡sq✉✐s❛✱

♥ã♦✲❝♦♠❡r❝✐❛❧✱ ♣❛r❛ ❛s s✐♠✉❧❛çõ❡s ❝♦♠ ♦ ♠ét♦❞♦ ❞❡ ▲❛tt✐❝❡ ❇♦❧t③♠❛♥♥✳ ◆❛s s✐♠✉❧❛çõ❡s

❝♦♠ ♦ ♠ét♦❞♦ ❞♦s ✈♦❧✉♠❡s ✜♥✐t♦s✱ ♦s ❛✉t♦r❡s ✉t✐❧✐③❛r❛♠ ✉♠❛ ♠❛❧❤❛ ❝♦♥t❡♥❞♦ ❛♣r♦①✐♠❛❞❛✲

♠❡♥t❡ 10, 0x106 ❝é❧✉❧❛s✱ ♣❛r❛ ♠♦❞❡❧❛❣❡♠ ❘❆◆❙ ❡ ❛♣r♦①✐♠❛❞❛♠❡♥t❡ 5, 0x106 ❝é❧✉❧❛s✱ ♣❛r❛

♠♦❞❡❧❛❣❡♠ ❝♦♠ ❛ ♠❡t♦❞♦❧♦❣✐❛ ▲❊❙✳ ◆❛s s✐♠✉❧❛çõ❡s ❝♦♠ ♦ ♠ét♦❞♦ ❞❡ ▲❛tt✐❝❡ ❇♦❧t③♠❛♥♥✱

♦s ❛✉t♦r❡s ✉t✐❧✐③❛r❛♠ ✉♠ ❡s♣❛ç❛♠❡♥t♦ ❞❡D/200✳ ❆s s✐♠✉❧❛çõ❡s ❡♠ r❡❣✐♠❡ ♣❡r♠❛♥❡♥t❡✱

❝♦♠ ♦ ♠ét♦❞♦ ❞❡ ✈♦❧✉♠❡s ✜♥✐t♦s ❘❆◆❙✱ ♥ã♦ ❧❡✈❛r❛♠ à ❝♦♥✈❡r❣ê♥❝✐❛ ❞♦ ❝❛♠♣♦ ❞❡ ❡s❝♦❛✲

♠❡♥t♦❀ ❞❡ t❛❧ ❢♦r♠❛ q✉❡ ♦s r❡s✉❧t❛❞♦s ❝♦♠ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❘❆◆❙ ❢♦r❛♠ ♦❜t✐❞♦s ❝♦♠ ✉♠❛

❛❜♦r❞❛❣❡♠ tr❛♥s✐❡♥t❡✳ ❙❡❣✉♥❞♦ ●r♦♥❛❧❞ ❡ ❉❡r❦s❡♥ ✭✷✵✶✶✮✱ ♦s ♣❡r✜s ♠é❞✐♦s ❞❡ ✈❡❧♦❝✐❞❛❞❡

t❛♥❣❡♥❝✐❛❧ ♦❜t✐❞♦s ♣❡❧❛ ♠❡t♦❞♦❧♦❣✐❛ ▲❊❙✱ t❛♥t♦ ♣❡❧♦ ♠ét♦❞♦ ❞♦s ✈♦❧✉♠❡s ✜♥✐t♦s✱ q✉❛♥t♦

♣♦r ▲❛tt✐❝❡ ❇♦❧③t♠❛♥♥✱ sã♦ ♠✉✐t♦ ♣ró①✐♠♦s ❞♦s ♣❡r✜s ❡①♣❡r✐♠❡♥t❛✐s✳ ◆♦ ❡♥t❛♥t♦✱ ♣❛r❛

❛ ❛❜♦r❞❛❣❡♠ ❘❆◆❙✱ ✈❡r✐✜❝♦✉✲s❡ q✉❡ ❡st❛ s✉❜❡st✐♠❛ ♦s ♥í✈❡✐s ❞❡ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧✳

◗✉❛♥t♦ à ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧ ♠é❞✐❛✱ ❞✐❢❡r❡♥t❡♠❡♥t❡ ❞❛ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧✱ ♦s r❡s✉❧t❛❞♦s

♥ã♦ ❛♣r❡s❡♥t❛r❛♠ ♥❛❞❛ ❞❡ s✐❣♥✐✜❝❛♥t❡✱ ❡♠ r❡❧❛çã♦ às ♠❡t♦❞♦❧♦❣✐❛s ✉t✐❧✐③❛❞❛s✱ ✉♠❛ ✈❡③

q✉❡ ❛ ❝♦♥s✐stê♥❝✐❛ ❞♦s r❡s✉❧t❛❞♦s ♥✉♠ér✐❝♦s ❝♦♠ ♦s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♥ã♦ ❢♦✐ s❛t✐s❢❛tó✲

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

❞❡ ♣r❡❝❡ssã♦ ❞♦ ❝❡♥tr♦ ❞♦ ✈órt✐❝❡ ✭P❱❈✮✱ ❡①✐st❡ ✉♠ ❡❧❡✈❛❞♦ ♥í✈❡❧ ❞❡ ✢✉t✉❛çõ❡s ♥❛s r❡✲

❣✐õ❡s ♣ró①✐♠❛s à r❡❣✐ã♦ ❛①✐❛❧✱ ♥♦ ❝❡♥tr♦ ❞♦ ❝✐❝❧♦♥❡✳ ❈♦♥❢♦r♠❡ ●r♦♥❛❧❞ ❡ ❉❡r❦s❡♥ ✭✷✵✶✶✮✱

❡♥q✉❛♥t♦ ❛s s✐♠✉❧❛çõ❡s ❝♦♠ ♦ ♠♦❞❡❧♦ ▲❊❙ ❢♦r❛♠ ❝❛♣❛③❡s ❞❡ ❝❛♣t✉r❛r ❝♦rr❡t❛♠❡♥t❡ t❛❧



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

❝♦♠♣♦rt❛♠❡♥t♦✱ ♦ ♠♦❞❡❧♦ ❘❆◆❙ ♥ã♦ ❢♦✐ ❝❛♣❛③ ❞❡ ♣r❡✈❡r ♦ ❢❡♥ô♠❡♥♦✳ P♦rt❛♥t♦✱ ♦s ❛✉✲

t♦r❡s ❝♦♥❝❧✉❡♠ q✉❡ s✐♠✉❧❛çõ❡s ❜❛s❡❛❞❛s ❡♠ ♠♦❞❡❧♦s ❘❆◆❙✱ ❡♠ ♠❛❧❤❛s r❡❧❛t✐✈❛♠❡♥t❡

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

❡s❢♦rç♦ ❝♦♠♣✉t❛❝✐♦♥❛❧ r❡❧❛t✐✈❛♠❡♥t❡ ❜❛✐①♦❀ ❊♥q✉❛♥t♦ q✉❡ s✐♠✉❧❛çõ❡s ❜❛s❡❛❞❛s ♠♦❞❡❧♦s

▲❊❙✱ ❝♦♠ ♠❛❧❤❛s ✜♥❛s✱ sã♦ ❝❛♣❛③❡s ❞❡ r❡✈❡❧❛r ♠❛✐s s♦❜r❡ ❛ ❢ís✐❝❛ ❞♦ ❡s❝♦❛♠❡♥t♦✱ ❝♦♠ ♦

ô♥✉s ❞❡ ✉♠ ♠❛✐♦r ❝✉st♦ ❝♦♠♣✉t❛❝✐♦♥❛❧✳

❆s ❞✐♠❡♥sõ❡s ❞❛ ❡♥tr❛❞❛ ❞❡ ✉♠ ❝✐❝❧♦♥❡ sã♦ ❞✐♠❡♥sõ❡s ❢✉♥❞❛♠❡♥t❛✐s✱ ❝✉❥♦ ❡❢❡✐t♦ s♦❜r❡

♦ ❞❡s❡♠♣❡♥❤♦ é ❜❡st❛♥t❡ s✐❣♥✐✜❝❛t✐✈♦✳ ❊❧s❛②❡❞ ❡ ▲❛❝♦r ✭✷✵✶✶❛✮ ❡st✉❞❛r❛♠ ♦s ❡❢❡✐t♦s

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

✉t✐❧✐③❛♥❞♦ ♦ ♠♦❞❡❧♦ ❞❡ t✉r❜✉❧ê♥❝✐❛✱ ❞❡ t❡♥sõ❡s ❞❡ ❘❡②♥♦❧❞s ✭❘❙▼✮ ❡ ♠♦❞❡❧♦ ❢❛s❡ ❞✐s❝r❡t❛

✭❉P▼✮✱ ❞❡ ♠♦❞♦ q✉❡ ✉♠❛ r❛③ã♦ ót✐♠❛ ❡♥tr❡ ❛ ❧❛r❣✉r❛ ❡ ❛❧t✉r❛ ❢♦✐ ♦❜t✐❞❛✳

❆③❛❞✐ ❡ ❆③❛❞✐ ✭✷✵✶✷✮ ❞❡s❡♥✈♦❧✈❡r❛♠ ✉♠ ❡st✉❞♦ ❛♥❛❧ít✐❝♦ ❞♦ ❡❢❡✐t♦ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡

❡♥tr❛❞❛ s♦❜r❡ ♦ ❞❡s❡♠♣❡♥❤♦ ❞♦ ❝✐❝❧♦♥❡✱ ✉t✐❧✐③❛♥❞♦ ✉♠ ♠♦❞❡❧♦ ♠❛t❡♠át✐❝♦ ❞❡s❡♥✈♦❧✈✐❞♦✳

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

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

❛ ❞✐♠✐♥✉✐çã♦ ❞♦ ❞✐â♠❡tr♦ ❞❡ ❝♦rt❡ ♣❛r❛ ✈❛r✐❛❞❛s ❣❡♦♠❡tr✐❛s ❞♦ ❝✐❝❧♦♥❡✳ ❆✐♥❞❛ ✈❡r✐✜❝❛✲

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

✐♥❞❡♣❡♥❞❡♥t❡ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❡♥tr❛❞❛✳ ❊♠ r❡❧❛çã♦ ❛♦ ❡❢❡✐t♦ ❞❛ ❣❡♦♠❡tr✐❛ s♦❜r❡ ♦ ❞❡✲

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

❛❧t❛s ✈❛③õ❡s✳ ❊♠ r❡❧❛çã♦ à r✉❣♦s✐❞❛❞❡ s✉♣❡r✜❝✐❛❧✱ ✈❡r✐✜❝♦✉✲s❡ q✉❡ ♦ ❛✉♠❡♥t♦ ❛ r✉❣♦s✐❞❛❞❡

❞❛s ♣❛r❡❞❡s ❞♦ ❝✐❝❧♦♥❡ ❞❡s❛❝❡❧❡r❛ ❛s ♣❛rtí❝✉❧❛s ♥❛ ❞✐r❡çã♦ r❛❞✐❛❧ ❡ ❡❧❡✈❛ ♦ ❞✐â♠❡tr♦ ❞❡

❝♦rt❡✳

❨❛♥❣ ❡t ❛❧✳ ✭✷✵✶✸✮✱ ❡st✉❞❛r❛♠ ♦ ❡❢❡✐t♦ ❞❛s ❞✐♠❡♥sõ❡s ❞❛ ❛❧✐♠❡♥t❛çã♦✱ s♦❜r❡ ❛ ❡✜❝✐ê♥❝✐❛

❞❡ s❡♣❛r❛çã♦✳ ◆♦ ❡st✉❞♦✱ ♦s ❛✉t♦r❡s ✈❡r✐✜❝❛r❛♠ q✉❡ ♦ ❡❢❡✐t♦ ❞❛s ❞✐♠❡♥sõ❡s ❞❡ ❡♥tr❛❞❛ é

s✐❣♥✐✜❝❛t✐✈♦ ♣❛r❛ ♦ ❞❡s❡♠♣❡♥❤♦ ❞♦ ❝✐❝❧♦♥❡✳ ◆♦ tr❛❜❛❧❤♦✱ ♦ ❡❢❡✐t♦ ❞❛s ❞✐♠❡♥sõ❡s ❞❡ ❡♥tr❛❞❛

s♦❜r❡ ❛ ❛❧t✉r❛ ót✐♠❛ ❞♦ ❝✐❝❧♦♥❡ t❛♠❜é♠ ❢♦✐ ❛✈❛❧✐❛❞♦✱ ❛tr❛✈és ❞❡ ❡①♣❡r✐♠❡♥t♦s ❡ s✐♠✉❧❛çõ❡s

✈✐❛ ❈❋❉✳ ❖s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ✐♥❞✐❝❛r❛♠ q✉❡ ❛ ❛❧t✉r❛ ót✐♠❛ ❞♦ ❝✐❝❧♦♥❡ r❡❞✉③ ❝♦♠ ❛

❞✐♠✐♥✉✐çã♦ ❞❛s ❞✐♠❡♥sõ❡s ❞❡ ❡♥tr❛❞❛ ❞❡ ❛r ♥♦ ❝✐❝❧♦♥❡✳ ❆s s✐♠✉❧❛çõ❡s ✈✐❛ ❈❋❉ ❛♣♦♥t❛r❛♠

♣❛r❛ ✉♠❛ ❞✐♠✐♥✉✐çã♦ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞♦ ✈órt✐❝❡ ♥❛t✉r❛❧✱ ❝♦♠ ❛ r❡❞✉çã♦ ❞❛s ❞✐♠❡♥sõ❡s

❞❛ ❛❧✐♠❡♥t❛çã♦✳ ❈♦♠♦ r❡s✉❧t❛❞♦✱ ♦s ❛✉t♦r❡s ✈❡r✐✜❝❛r❛♠ q✉❡ ♦ ❛✉♠❡♥t♦ ❞❛ ❛❧t✉r❛ ❞♦

❝♦♥❡ r❡s✉❧t❛ ❡♠ ✉♠❛ ❡①t❡♥sã♦ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ✈órt✐❝❡ ♥❛t✉r❛❧ ❡ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡ ✉♠

✐♥❝r❡♠❡♥t♦ ♥❛ ❡✜❝✐ê♥❝✐❛✳ ❖s ❛✉t♦r❡s ❝♦♥❝❧✉ír❛♠ ❡♥tã♦ q✉❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞♦ ✈órt✐❝❡

♥❛t✉r❛❧ ❞❡s❡♠♣❡♥❤❛ ✉♠ ♣❛♣❡❧ ♣r✐♠♦r❞✐❛❧ ♥❛ ❞❡t❡r♠✐♥❛çã♦ ❛ ❛❧t✉r❛ ót✐♠❛ ❞♦ ❝✐❝❧♦♥❡✱ ❡

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

❛tr✐❜✉í❞❛ á ✐♥t❡r❢❡rê♥❝✐❛ ❞❡ss❛s ❞✐♠❡♥sõ❡s ♥♦ ❝♦♠♣r✐♠❡♥t♦ ❞♦ ✈órt✐❝❡ ♥❛t✉r❛❧✳



✷✳✹✳ ❋❧✉✐❞♦❞✐♥â♠✐❝❛ ❈♦♠♣✉t❛❝✐♦♥❛❧ ✭❈❋❉✮ ✻✺

✷✳✹✳✾ ❈❋❉ ❡♠ ▼❡✐♦s P♦r♦s♦s

❆♦ ❧♦♥❣♦ ❞♦s ❛♥♦s✱ ♦ ♣r♦❥❡t♦ ❞❡ ✜❧tr♦s sã♦ ❣❡r❛❧♠❡♥t❡ ❜❛s❡❛❞♦s ❡♠ ❡♥s❛✐♦s ❞❡ ❧❛❜♦r❛✲

tór✐♦s✿ ♣r♦tót✐♣♦s sã♦ ❝♦♥str✉í❞♦s✱ t❡st❛❞♦s✱ ♠♦❞✐✜❝❛❞♦ ❡ ♦t✐♠✐③❛❞♦s✳ ❊♠❜♦r❛ t❛✐s t❡st❡s

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

❡♥t❡s✳ ❈♦♥str✉✐r ❡ t❡st❛r ✉♠ ♣r♦tót✐♣♦ é ♥❛ ♠❛✐♦r✐❛ ❞❛s ✈❡③❡s ❝❛r♦✱ ❞❡♠❛♥❞❛ t❡♠♣♦✱ ❡

♥❡♠ s❡♠♣r❡ ♣❡r♠✐t❡ ✉♠❛ ✢❡①✐❜✐❧✐❞❛❞❡ ♥❡❝❡ssár✐❛ ♣❛r❛ ❛✈❛❧✐❛r ❛s ✈❛r✐á✈❡✐s ❞❡ ❞❡s❡♠♣❡♥❤♦

❞♦ ✜❧tr♦✳

❆ té❝♥✐❝❛ ❞❡ ❈❋❉ ♣❡r♠✐t❡ ❛♥❛❧✐s❛r ♦s ❡❢❡✐t♦s ❞❡ ✈ár✐❛s ❡ ❝♦♥❞✐çõ❡s✱ ♥♦ ♣r♦❥❡t♦ ❞❡

✜❧tr♦s✱ ♣❡r♠✐t✐♥❞♦ ♠♦❞✐✜❝❛çõ❡s ❞❡ ❢♦r♠❛ r❡❧❛t✐✈❛♠❡♥t❡ rá♣✐❞❛✳ ❯♠❛ ✐♥✈❡st✐❣❛çã♦ ❝♦♠✲

♣✉t❛❝✐♦♥❛❧ ♣♦❞❡ s❡r r❡❛❧✐③❛❞❛ ❝♦♠ ♥♦tá✈❡❧ r❛♣✐❞❡③✳ ❖ ❝✉st♦ ❝♦♠ ❈❋❉✱ ♥❛ ♠❛✐♦r✐❛ ❞❛s

❛♣❧✐❝❛çõ❡s é ✐♥❢❡r✐♦r ❛♦ ❝✉st♦ ❞❡♠❛♥❞❛❞♦ ♥❛ ❝♦♥str✉çã♦ ❞❡ ✉♠❛ ✉♥✐❞❛❞❡ ❡①♣❡r✐♠❡♥t❛❧ q✉❡

♣❡r♠✐t❛ ❛♥á❧✐s❡ s✐♠✐❧❛r✳ ❖s r❡s✉❧t❛❞♦s ❛♣r❡s❡♥t❛❞♦s ✈✐❛ ❈❋❉ ❢♦r♥❡❝❡ ✐♥❢♦r♠❛çõ❡s ❞❡t❛❧❤❛✲

❞❛s ❡ ❝♦♠♣❧❡t❛s✳ ❊❧❡ ♣♦❞❡ ❢♦r♥❡❝❡r ✈❛❧♦r❡s ❞❡ ✈❛rá✈❡✐s r❡❧❡✈❛♥t❡s ✭t❛✐s ❝♦♠♦ ✈❡❧♦❝✐❞❛❞❡✱

♣r❡ssã♦✱ t❡♠♣❡r❛t✉r❛✱ ❝♦♥❝❡♥tr❛çã♦✱ ❡t❝✮ ❡♠ t♦❞♦ ♦ ❞♦♠í♥✐♦ ❞❡ ✐♥t❡r❡ss❡✳ ❯♠ ❡♥❣❡♥❤❡✐r♦

♣♦❞❡ ❛✈❛❧✐❛r ❛s ✐♠♣❧✐❝❛çõ❡s ❞❡ ❝❡♥t❡♥❛s ❞❡ ❞✐❢❡r❡♥t❡s ❝♦♥✜❣✉r❛çõ❡s ❡♠ ✉♠ ❝✉rt♦ ♣❡rí♦❞♦

❞❡ t❡♠♣♦ ❡ ❞❡ ♠♦❞♦ ❛ ❡s❝♦❧❤❡r ❛ ♠❡❧❤♦r ❝♦♥❞✐çã♦ ❞❡ ♣r♦❥❡t♦✳

❆♣❧✐❝❛çã♦ ❞❡ ❈❋❉ ❡♠ ▼❡✐♦s ❋✐❧tr❛♥t❡s

❆t✉❛❧♠❡♥t❡✱ ❝♦♠ ♦s r❡❝❡♥t❡s ❛✈❛♥ç♦s ❡♠ té❝♥✐❝❛s ♥✉♠ér✐❝❛s✱ t❡♠ ♣♦ss✐❜✐❧✐t❛❞♦ ❞❡t❡r✲

♠✐♥❛r ♦s ♣❡r✜s ❞❡ ❡s❝♦❛♠❡♥t♦ ❛tr❛✈és ❞❡ ✉♠ ✜❧tr♦ ❡ ♣r❡✈❡r ♦s ✈❛❧♦r❡s ♠é❞✐♦s ❞❡ q✉❡❞❛ ❞❡

♣r❡ssã♦✱ ❝♦♥❤❡❝❡♥❞♦ ♣r❡✈✐❛♠❡♥t❡ ❛s ♣r♦♣r✐❡❞❛❞❡s ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡✳ ❱✐❛ ❈❋❉✱ é ♣♦ssí✈❡❧

❛✈❛❧✐❛r ❛ ❞❡♣♦s✐çã♦ ❞❡ ♣❛rt✐❝✉❧❛❞♦s ♥♦ ✜❧tr♦ ❡ ❛s ❛❧t❡r❛çõ❡s r❡s✉❧t❛♥t❡s ♥❛s ♣r♦♣r✐❡❞❛❞❡s

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

❆♣❧✐❝❛çã♦ ❞❡ ❈❋❉ ❡♠ ♠❡✐♦s ✜❧tr❛♥t❡s✱ ✈✐s❛ ❛♥❛❧✐s❛r ❛s ✐♥✢✉ê♥❝✐❛s ❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡

✜❧tr❛çã♦ ❡ ❞❛ ♠á①✐♠❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ♥♦ ♠❡✐♦✳ ❯♠❛ ❛♣❧✐❝❛çã♦ ♣✐♦♥❡✐r❛✱ ❛♦ ✉t✐❧✐③❛r

❛ ♠❡t♦❞♦❧♦❣✐❛ ♥✉♠ér✐❝❛ ♥♦ ❡st✉❞♦ ❞❛ ✜❧tr❛çã♦✱ é ♣r♦♣♦st❛ ♣♦r ❉✐tt❧❡r ❡ ❑❛s♣❡r ✭✶✾✾✾✮✱

q✉❡ ✉t✐❧✐③♦✉ ✉♠ ♠♦❞❡❧♦ ♠♦❞❡❧♦ ❜✐❞✐♠❡♥s✐♦♥❛❧✱ ❡♠ r❡❣✐♠❡ s❡♠✐✲❡st❛❝✐♦♥ár✐♦✱ ♣❛r❛ ♣r❡✈❡r

❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ❝♦♠♦ ✉♠❛ ❢✉♥çã♦ ❞❛ ❡✜❝✐ê♥❝✐❛ ❞❡ r❡❣❡♥❡r❛çã♦ ❡ ❞♦s ♣❛❞rõ❡s ❞❡ r❡❣❡✲

♥❡r❛çã♦ ❞❡ ✜❧tr♦s ❝❡râ♠✐❝♦s✳ ◆♦ ❡st✉❞♦✱ ❧❡✈❛ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ❛ ❡s♣❡ss✉r❛ ❡ ❛ r❡s✐stê♥❝✐❛

❞♦ ✢✉①♦ ❛♦ ♣ró♣r✐♦ ♠❡✐♦✳ ❈♦♠♦ r❡s✉❧t❛❞♦s✱ ✈❡r✐✜❝❛r❛♠ q✉❡ ❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ❛✉♠❡♥t❛

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

❜❛✐①❛ ❡✜❝✐ê♥❝✐❛ ❞❡ r❡❣❡♥❡r❛çã♦✳

❚❛♥t❤❛♣❛♥✐❝❤❛❦♦♦♥ ❡t ❛❧✳ ✭✷✵✵✽✮ ✐♥✈❡st✐❣❛r❛♠ ❛ r❡♠♦çã♦ ❞❡ ♣❛rtí❝✉❧❛s ♥❛ ❡①❛✉stã♦

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

◆♦ ❡st✉❞♦✱ ♦s ❛✉t♦r❡s ✉t✐❧✐③❛♥❞♦ ❝♦♠♦ ❢❡rr❛♠❡♥t❛ ❝♦♠♣✉t❛❝✐♦♥❛❧ ♦ s♦❢t✇❛r❡ ❋▲❯❊◆❚✱



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

♣❛r❛ s✐♠✉❧❛r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ❡s❝♦❛♠❡♥t♦ ❞♦ ❣ás✱ ♣♦ss✐❜✐❧✐t❛♥❞♦ ♦❜s❡r✈❛r ♦ ❝♦♠♣♦r✲

t❛♠❡♥t♦ ❞✐♥â♠✐❝♦ ❞♦ ❡s❝♦❛♠❡♥t♦ ❞♦ ❣ás ♥❛ ✈❡❧❛ ❡♠ ❡st✉❞♦✱ ❛ ❞✐str✐❜✉✐çã♦ ❞❡ ✈❡❧♦❝✐❞❛❞❡

♥❛ s✉♣❡r❢í❝✐❡ ❞❡st❛✱ ❛ ❢♦r♠❛çã♦ ❞❛ t♦rt❛ ❡ ♦ ♣✉❧s♦ ❞❡ ❧✐♠♣❡③❛✳ ❈♦♠♦ r❡s✉❧t❛❞♦s✱ ♦s ❛✉✲

t♦r❡s✱ ❝♦♠ ❜❛s❡ ❡♠ ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♦❜t✐❞♦s✱ ✈❡r✐✜❝❛r❛♠ ❞✉r❛♥t❡ ❛ s✐♠✉❧❛çã♦✱ q✉❡ ❛

❢♦r♠❛çã♦ ❞❛ t♦rt❛ s♦❜r❡ ❛ ✈❡❧❛ ❝❡râ♠✐❝❛✱ ❛♣r❡s❡♥t♦✉ ❛❧❣✉♠❛ ✐♥❝♦♥s✐stê♥❝✐❛✿ ❛♦ ✐♥✈és ❞❡

s❡r ✉♥✐❢♦r♠❡✱ ❝♦♠♦ ♦❝♦rr❡✉ ♥♦ ❡①♣❡r✐♠❡♥t♦✱ ❛ ❢♦r♠❛çã♦ ❞❛ t♦rt❛ ♥❛ s✐♠✉❧❛çã♦ ❛♣r❡s❡♥t♦✉

r❡❣✐õ❡s ❝♦♠ ❞✐❢❡r❡♥t❡s ❡s♣❡ss✉r❛s✳

❚✉♥❣ ❡t ❛❧✳ ✭✷✵✵✻✮ ❛✈❛❧✐❛r❛♠ ♦s ❡❢❡✐t♦s ❞♦ tr❛t❛♠❡♥t♦ ❞❡ ❝❛❧❛♥❞r❛❣❡♠ ❡ ❞❛ ♣❡r♠❡❛✲

❜✐❧✐❞❛❞❡ ❞♦s ✜❧❛♠❡♥t♦s ❞❡ ✉♠ ✜❧tr♦ ❞❡ t❡❝✐❞♦✱ ❛tr❛✈és ❞❡ ❛♥á❧✐s❡ q✉❛♥t✐t❛t✐✈❛ ❞❛s ❢♦rç❛s

♠✐❝r♦s❝ó♣✐❝❛s✳ P♦r ♠❡✐♦ ❞❡ s✐♠✉❧❛çã♦ ♥✉♠ér✐❝❛✱ ✉t✐❧✐③❛♥❞♦ ♦ s♦❢t✇❛r❡ ❋▲❯❊◆❚ ✺✳✺✱ ❝♦♠

❛ ❛❧❣♦r✐t♠♦ ❙■▼P▲❊ ❡ ❝♦♠ ♦ ❡sq✉❡♠❛ ❞❡ ✐♥t❡r♣♦❧❛çã♦ ❞❡ s❡❣✉♥❞❛ ♦r❞❡♠ ♣♦✇❡r✲❧❛✇✱

❢♦r❛♠ ❡st✉❞❛❞♦s ♦s ♣❡r✜s ❞❡ ❡s❝♦❛♠❡♥t♦ ❡ ❛ r❡s✐stê♥❝✐❛ à ✜❧tr❛çã♦ ❛♣ós ❛ ❝❛❧❛♥❞r❛❣❡♠✳

❆ s✐♠✉❧❛çã♦ ♥✉♠ér✐❝❛✱ ❡♠ r❡❣✐♠❡ tr❛♥s✐❡♥t❡✱ ✉t✐❧✐③❛♥❞♦ ♦ ♠ét♦❞♦ ❞❡ ▲❛❣r❛♥❣❡✱ ❢♦✐ ❝❛♣❛③

❞❡ ♣r❡✈❡r ♦ ❡♥t✉♣✐♠❡♥t♦ ❞♦s ♣♦r♦s ❡ ❛ ❢♦r♠❛çã♦ ❞❛s t♦rt❛s ❞❡ ✜❧tr❛çã♦✱ ❡♠ ❞✐❢❡r❡♥t❡s

t❡❝✐❞♦s ❝❛❧❛♥❞r❛❞♦s✱ ❝♦♠ ❞✐❢❡r❡♥t❡s ♣♦r♦s✐❞❛❞❡s ❡ ♣❡r♠❡❛❜✐❧✐❞❛❞❡s ❞♦s ✜❧❛♠❡♥t♦s✳ ❈♦♠♦

r❡s✉❧t❛❞♦s✱ ♦s ❛✉t♦r❡s ♠♦str❛r❛♠ q✉❡✱ ❛♣❡s❛r ❞❛ r❡s✐stê♥❝✐❛ ❛♦ ✢✉①♦ ❞❡ ❣ás ❛✉♠❡♥t❛r ♥♦s

t❡❝✐❞♦s✱ ❛♣ós ❛ ❝❛❧❛♥❞r❛❣❡♠✱ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ é r❡t✐✜❝❛❞❛ ❡ ♦ ❡♥t✉♣✐♠❡♥t♦ ❞♦s ♣♦r♦s ❞♦

✜❧tr♦ é ♠❡♥♦r✳

❲❛♥❣ ❡t ❛❧✳ ✭✷✵✵✻❜✮ ❡st✉❞❛r❛♠ ❛ s✐♠✉❧❛çã♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❞❡ t❡❝✐❞♦s ❝♦♠ ♠✉❧t✐✜✲

❧❛♠❡♥t♦s✳ P❡❧❛ ♣r✐♠❡✐r❛ ✈❡③✱ ✉♠❛ ❣❡♦♠❡tr✐❛ ❡♠ ✸❉✱ ❝♦♠ ❛rr❛♥❥♦ ❤❡①❛❣♦♥❛❧✱ ♣❛r❛ t❡❝✐❞♦s

❡♠ ♠✉❧t✐✜❧❛♠❡♥t♦s✱ é ✉t✐❧✐③❛❞❛ ♣❛r❛ ❞❡t❡r♠✐♥❛r ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡✳ ❈♦♠♦ s♦❢t✇❛r❡ ♥✉♠é✲

r✐❝♦✱ ❢♦✐ ✉t✐❧✐③❛❞♦ ♦ ❋▲❯❊◆❚✱ q✉❡ ❝♦♥t❡♠♣❧❛ ♦ ♠♦❞❡❧♦ ❞❡ ♠❡✐♦s ♣♦r♦s♦s ✭♣♦r♦✉s ♠❡❞✐❛✮✱

❡♠♣r❡❣❛❞♦ ♥♦ ❡st✉❞♦✱ ♦♥❞❡ é ✐♥❝♦r♣♦r❛❞♦ ❛ r❡s✐stê♥❝✐❛ ❛♦ ❡s❝♦❛♠❡♥t♦ ♥♦ ♠❡✐♦ ♣♦r♦s♦

♣♦r ♠❡✐♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❡ ❛ ❡s♣❡ss✉r❛ ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡✳ ❈♦♠♦ r❡s✉❧t❛❞♦s✱ ♦s ❛✉t♦r❡s

✈❡r✐✜❝❛r❛♠ q✉❡ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛s ♣❡r♠❡❛❜✐❧✐❞❛❞❡s ✈✐❛ ❈❋❉ t❡✈❡ ❜♦❛ ❝♦♥❝♦r❞â♥❝✐❛ ❝♦♠

♦ ♠♦❞❡❧♦ ❛♥✐s♦tró♣✐❝♦ ❤♦♠♦❣ê♥❡♦ ❞❡ ♣r♦♣♦st♦ ♣♦r ●❡❜❛rt ✭✶✾✾✷✮✳ ❊♥tr❡t❛♥t♦✱ ❡♠❜♦r❛

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

q✉❡ ♦ ♠♦❞❡❧♦ ❞❡ ●❡❜❛rt s✉❜❡st✐♠❛ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦s t❡❝✐❞♦s✱ ♠❡s♠♦ ❡♠ ❢r❛çõ❡s ❞❡

✜♦s ❞❡ ❛❧t♦ ✈♦❧✉♠❡ ❞❡ só❧✐❞♦✳

❯♠ ❡st✉❞♦ ❝♦♠♣✉t❛❝✐♦♥❛❧✱ ❝♦♠ ✉♠ ♠♦❞❡❧♦ ❞❡ ✜❧tr♦ ❡♠ ❧❡✐t♦ ✜①♦ ❡♠ ❡s❝❛❧❛ ♣✐❧♦t♦✱ ❢♦✐

r❡❛❧✐③❛❞♦ ♣♦r P♦r❝✐✉♥❝✉❧❛ ❡t ❛❧✳ ✭✷✵✶✵✮✳ ◆❡st❡ tr❛❜❛❧❤♦✱ ♦s ❛✉t♦r❡s r❡❛❧✐③❛r❛♠ ❞✐❢❡r❡♥t❡s

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

❛ ♣❡r❞❛ ❞❡ ❝❛r❣❛ ♠í♥✐♠❛ ✐♥✐❝✐❛❧ ♥♦ ✜❧tr♦✱ ✉t✐❧✐③❛♥❞♦ ♦ s♦❢t✇❛r❡ ❝♦♠❡r❝✐❛❧ ❆◆❙❨❙ ❈❋❳✳

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

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

❝❤❡❣❛r ❛té q✉❛tr♦ ✈❡③❡s ♦ ✈❛❧♦r ❞❛ ❝❛r❣❛ ✐♥✐❝✐❛❧✳

▲♦ ❡t ❛❧✳ ✭✷✵✶✵✮ ✉t✐❧✐③❛r❛♠ ♦ s♦❢t✇❛r❡ ❝♦♠❡r❝✐❛❧ ❋▲❯❊◆❚ ♣❛r❛ ❞❡s❡♥✈♦❧✈❡r ✉♠ ♠♦❞❡❧♦



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

♥✉♠ér✐❝♦ ♣❛r❛ ❛♥❛❧✐s❛r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ✉♠ ✢✉①♦ tr❛♥s✐❡♥t❡ ❡♠ ✜❧tr♦s ❞❡ ❝❛rt✉❝❤♦s

♣❧✐ss❛❞♦s✱ ❡♠ ✉♠ ❝♦❧❡t♦r ❞❡ ♣ó ❞✉r❛♥t❡ ❛ ❧✐♠♣❡③❛ ♣♦r ❥❛t♦ ♣✉❧s❛♥t❡✳ ❆ ✈❛❧✐❞❛çã♦ ❞❛

s✐♠✉❧❛çã♦ ❢♦✐ r❡❛❧✐③❛❞❛ ❛tr❛✈és ❞❡ ✈❛❧♦r❡s ♥✉♠ér✐❝♦s ♣❛r❛ ❛ ♣r❡ssã♦ ❡stát✐❝❛ ♥❛ s✉♣❡r❢í❝✐❡

❞❡ ✉♠ ✜❧tr♦✱ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛ ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✳ ❖s ❛✉t♦r❡s ❝♦♥❝❧✉ír❛♠ q✉❡ ♦s ✈❛❧♦r❡s

♥✉♠ér✐❝♦s ❛♣r❡s❡♥t❛r❛♠ ❜♦❛ ❝♦♥❝♦r❞â♥❝✐❛ ❝♦♠ ♦s ❞❛❞♦s ❞❡ t❡st❡ ❞♦ ✜❧tr♦ ❞✉r❛♥t❡ ♣❡rí♦✲

❞♦s ✐♠♣♦rt❛♥t❡s❀ ❞❡ ❢♦r♠❛ q✉❡✱ ✐♥❢♦r♠❛çõ❡s q✉❡ s❡r✐❛♠ ✐♥✈✐á✈❡✐s ♣♦r ♠❡✐♦ ❡①♣❡r✐♠❡♥t❛❧✱

t♦r♥❛♠ ✈✐á✈❡✐s ❛ ♦t✐♠✐③❛çã♦✱ ❛♥á❧✐s❡s ❡ ♣r♦❥❡t♦ ❞❡ ✜❧tr♦s✱ ❛tr❛✈és ❞❡ ❈❋❉✳

❘♦❝❤❛ ✭✷✵✶✵✮✱ ❡st✉❞♦✉ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❡ ✜❧tr♦s ❞❡ t❡❝✐❞♦ ✈✐❛ ✢✉✐❞♦❞✐♥â♠✐❝❛ ❝♦♠✲

♣✉t❛❝✐♦♥❛❧✳ ❖ ❡st✉❞♦ ✐♥✈❡st✐❣❛ ❛ ✐♥✢✉ê♥❝✐❛ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ✜❧tr❛çã♦ ❡ ❞♦ ♥ú♠❡r♦ ❞❡

❝✐❝❧♦s ♥❛ ✢✉✐❞♦❞✐♥â♠✐❝❛ ❞♦ ❣ás ❛tr❛✈és ❞❛ té❝♥✐❝❛ ❞❡ ❈❋❉✳ P♦r ♠❡✐♦ ❞❡ ❈❋❉✱ ✈❡r✐✜❝♦✉✲s❡

q✉❡ q✉❡ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ✜❧tr❛çã♦ t❡♠ ♠❛✐♦r ✐♥✢✉ê♥❝✐❛ ♥❛ ✢✉✐❞♦❞✐♥â♠✐❝❛ ❞♦ ❣ás q✉❡ ♦

♥ú♠❡r♦ ❞❡ ❝✐❝❧♦s✳ ◗✉❛♥t♦ ❛♦s t✐♣♦s ❞❡ ♠❡✐♦ ✜❧tr❛♥t❡s ❞❡ t❡❝✐❞♦s ✉t✐❧✐③❛❞♦s✱ ✈❡r✐✜❝♦✉✲s❡

q✉❡ ❛s s✐♠✉❧❛çõ❡s ❝♦♠ t❡❝✐❞♦ ❞❡ ❛❧❣♦❞ã♦ s❡ ♠♦str❛r❛♠ ❜❡♠ ♠❛✐s ❢❛✈♦rá✈❡✐s à ✜❧tr❛çã♦ ❞❡

❣❛s❡s✱ q✉❡ ❛s ✜❧tr❛çõ❡s ❡♠ ❢❡❧tr♦ ❞❡ ♣♦❧✐♣r♦♣✐❧❡♥♦✳

❈♦r❜✐♥✐ ✭✷✵✶✷✮ r❡❛❧✐③♦✉ ✉♠ ❡st✉❞♦ ❝♦♠ ✉♠ ✜❧tr♦ ❣r❛♥✉❧❛r ❞❡ ❧❡✐t♦ ✜①♦ ✉t✐❧✐③❛❞♦ ♣❛r❛

r❡♠♦çã♦ ❞❡ ♠❛t❡r✐❛❧ ♣❛rt✐❝✉❧❛❞♦ s❡❝♦✱ ♦r✐✉♥❞♦ ❞❛ q✉❡✐♠❛ ❞♦ ❝❛r✈ã♦✳ ❈♦♠♦ ♣❛rt❡ ❞♦

tr❛❜❛❧❤♦✱ ♣r✐♠❡✐r❛♠❡♥t❡ ❢♦✐ ❢❡✐t♦ ✉♠ ❡st✉❞♦ ❞♦ ♠♦❞❡❧♦ ❞♦ ✜❧tr♦ ✉t✐❧✐③❛♥❞♦ ♦ s✐♠✉❧❛❞♦r

❝♦♠❡r❝✐❛❧ ❆◆❙❨❙ ❈❋❳ ✶✶✳✵✱ ❝♦♠♦ ❢❡rr❛♠❡♥t❛ ❝♦♠♣✉t❛❝✐♦♥❛❧✳ ◆❡st❡ ❡st✉❞♦✱ ❢♦✐ ♣♦ssí✈❡❧

✈❡r✐✜❝❛r ❛ ♣❡r❞❛ ❞❡ ❝❛r❣❛ ❞♦ ❧❡✐t♦✱ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞♦ ❣ás ♥❛ ❡♥tr❛❞❛ ❞♦ ❧❡✐t♦✱ ❛s ❧✐♥❤❛s ❞❡

❝♦rr❡♥t❡ ❞♦ ❣ás ❡ ♦s ♣♦♥t♦s ❞❡ t✉r❜✉❧ê♥❝✐❛ ❡ r❡❝✐r❝✉❧❛çã♦ ❛♥t❡r✐♦r à ❡①♣❡r✐♠❡♥t❛çã♦✳ ❆

♣❛rt✐r ❞♦s r❡s✉❧t❛❞♦s ❞❛s s✐♠✉❧❛çõ❡s✱ ❢♦✐ ♣♦ssí✈❡❧ ❛✜r♠❛r q✉❡ ❛ s✐♠✉❧❛çã♦ ❝♦♠♣✉t❛❝✐♦✲

♥❛❧ s❡ ♠♦str♦✉ ✉♠❛ ❢❡rr❛♠❡♥t❛ ✐♠♣♦rt❛♥t❡ ♥♦ ❡st✉❞♦ ❞❡ ❡s❝♦❛♠❡♥t♦s ❡♠ ❧❡✐t♦s ♣♦r♦s♦s

❣r❛♥✉❧❛r❡s✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡ ♥❛ ✈❡r✐✜❝❛çã♦ ❞♦ ❢❡♥ô♠❡♥♦ ❢ís✐❝♦ ❡ ♥♦ ❡st✉❞♦ ❞❛ ❣❡♦♠❡tr✐❛✳

❋♦✐ ✉t✐❧✐③❛❞♦ ♦ ♠♦❞❡❧♦ ❞❡ t✉r❜✉❧ê♥❝✐❛ k − ω✱ q✉❡ ❛♣r❡s❡♥t♦✉ ❜♦❛ ❝♦♥✈❡r❣ê♥❝✐❛ ♣❛r❛ ♦

♣r♦❜❧❡♠❛✳ ❊♥tr❡t❛♥t♦✱ ♦s r❡s✉❧t❛❞♦s ❝♦♠♣✉t❛❝✐♦♥❛✐s ♦❜t✐❞♦s ♥♦ tr❛❜❛❧❤♦ ♥ã♦ ❢♦r❛♠ tã♦

♣r❡❝✐s♦s✱ ❛♣r❡s❡♥t❛♥❞♦ ✉♠ ❞❡s✈✐♦ ❡♠ t♦r♥♦ ❞❡ 37% ♥❛s s✐♠✉❧❛çõ❡s q✉❛♥❞♦ ❢♦r❛ ✉t✐❧✐③❛❞♦

♦ ✈❛❧♦r t❡ór✐❝♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❡ 85% q✉❛♥❞♦ ❛ s✐♠✉❧❛çã♦ ❢♦✐ r❡❛❧✐③❛❞❛ ❝♦♠ ✈❛❧♦r ❡①✲

♣❡r✐♠❡♥t❛❧✳ ❆ ♣r✐♥❝✐♣❛❧ ❥✉st✐✜❝❛t✐✈❛✱ s❡❣✉♥❞♦ ❛ ❛✉t♦r❛✱ ❡stá ♥♦ ❡♠♣r❡❣♦ ❞❛ ▲❡✐ ❞❡ ❉❛r❝②

❡ ♥❛s s✐♠♣❧✐✜❝❛çõ❡s ❢❡✐t❛s ♥♦ ♠♦❞❡❧♦✱ ✉t✐❧✐③❛❞❛s ♥♦ ❙♦❢t✇❛r❡ ❆◆❙❨❙ ❘© ❈❋❳ ✶✶✳✵✱ ♣❛r❛

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

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

✐♠♣♦rtâ♥❝✐❛ ❞❡st❡ ❢❡♥ô♠❡♥♦✱ ❝♦♠♦✿ ❛ ❡s❢❡r✐❝✐❞❛❞❡ ❡ ♦ ❞✐â♠❡tr♦ ❞❛s ♣❛rtí❝✉❧❛s ❞♦ ❧❡✐t♦✳

❍♦ss❡✐♥✐ ❡ ❚❛❢r❡s❤✐ ✭✷✵✶✷✮✱ ♣r♦♣✉s❡r❛♠ ✉♠❛ ♠❡t♦❞♦❧♦❣✐❛ ♣❛r❛ s✐♠✉❧❛çã♦ ❞❡ q✉❡❞❛ ❞❡

♣r❡ssã♦ ❡ ❡✜❝✐ê♥❝✐❛ ❞❡ ❝♦❧❡t❛ ♥✉♠ ✜❧tr♦ ♠é❞✐♦✱ ❞✉r❛♥t❡ ♦ ❝❛rr❡❣❛♠❡♥t♦ ✐♥st❛♥tâ♥❡♦ ❞❡

♣❛rtí❝✉❧❛s✱ ✉s❛♥❞♦ ♦ ❝ó❞✐❣♦ ❝♦♠❡r❝✐❛❧ ❋▲❯❊◆❚✳ P❛r❛ ❞❡t❡r♠✐♥❛r ❛ ❡✜❝✐ê♥❝✐❛ ❞❡ ❝♦❧❡t❛ ❞❛s

♣❛rtí❝✉❧❛s ❡ ♦s ❧♦❝❛✐s ❞❡ ❞❡♣♦s✐çã♦ ❞❛s ♣❛rtí❝✉❧❛s s♦❜r❡ ❛s ✜❜r❛s✱ ❛s s✐♠✉❧❛çõ❡s ❝♦♠♣r❡❡♥✲

❞✐❛♠ ❡♠ r❡s♦❧✈❡r ♦s ❝❛♠♣♦s ❞❡ ❡s❝♦❛♠❡♥t♦ ❞♦ ❛r ❡ ❛s tr❛❥❡tór✐❛s ❞❛s ♣❛rtí❝✉❧❛s✱ s❡❣✉♥❞♦



✻✽ ✷✳✹✳ ❋❧✉✐❞♦❞✐♥â♠✐❝❛ ❈♦♠♣✉t❛❝✐♦♥❛❧ ✭❈❋❉✮

♦ ♣r✐♥❝í♣✐♦ ❞❡ ▲❛❣r❛♥❣❡✳ ❈♦♠♦ r❡s✉❧t❛❞♦s✱ ♦s ❛✉t♦r❡s ✈❡r✐✜❝❛r❛♠ q✉❡ ❛ ❡str❛té❣✐❛ ❞❡

♠♦❞❡❧❛❣❡♠ ❛♣r❡s❡♥t❛❞❛ ♥♦ tr❛❜❛❧❤♦ ♣❡r♠✐t✐❛ r❛str❡❛r ♣❛rtí❝✉❧❛s ❞❡ ❞✐❢❡r❡♥t❡s t❛♠❛♥❤♦s✱

♣♦ss✐❜✐❧✐t❛♥❞♦ ✐❞❡♥t✐✜❝❛r ❛ ❢♦r♠❛çã♦ ❞❡♣ós✐t♦s✳ ❱❡r✐✜❝❛♥❞♦ q✉❡ ❛s t❛①❛s ❞❡ ❛✉♠❡♥t♦ ❞❛

❡✜❝✐ê♥❝✐❛ ❞❡ ❝♦❧❡t❛ ❡ ❞❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦ sã♦ ♠❛✐♦r❡s ♣❛r❛ ✜❧tr♦s ❝❛rr❡❣❛❞♦s ❝♦♠ ♣❛rtí✲

❝✉❧❛s ♠❡♥♦r❡s✱ q✉❛♥❞♦ ❛ q✉❛♥t✐❞❛❞❡ ❞❡ ♠❛ss❛ ❛❧✐♠❡♥t❛❞❛ ❡r❛ ♠❛♥t✐❞❛ ❝♦♥st❛♥t❡✳ ❈❛s♦

❝♦♥trár✐♦✱ s✐♠✉❧❛♥❞♦ ✉♠❛ ✜❜r❛ ❝♦♠ ✉♠ ❞✐â♠❡tr♦ ❞❡ ✷✵ µm✱ ❝❛rr❡❣❛❞❛s ❝♦♠ ♣❛rtí❝✉❧❛s

❝♦♠ ✉♠ ❞✐â♠❡tr♦ ❞❡ ✷ µm✱ ♦❜s❡r✈❛r❛♠ q✉❡ q✉❛s❡ ♥❡♥❤✉♠ ❛✉♠❡♥t♦ ♥❛ t❛①❛ ❞❡ ❡✜❝✐ê♥❝✐❛

❞❡ ❝♦❧❡t❛ ❞❛s ♣❛rtí❝✉❧❛s✱ ❡ ✉♠ ❛✉♠❡♥t♦ ❜❡♠ ♠❡♥♦s ♣r♦♥✉♥❝✐❛❞♦ q✉❡❞❛ ♣r❡ssã♦✳

❙❛❧❡❤ ❡ ❚❛❢r❡s❤✐ ✭✷✵✶✹✮✱ ♣r♦♣✉s❡r❛♠ ✉♠ ♠♦❞❡❧♦ s❡♠✐✲♥✉♠ér✐❝♦✱ ✷✲❉✱ ♣❛r❛ ♣r❡✈❡r ❛

q✉❡❞❛ ❞❡ ♣r❡ssã♦ ✐♥st❛♥tâ♥❡❛ ❡ ❡✜❝✐ê♥❝✐❛ ❞❡ ❝♦❧❡t❛ ❞❡ ✜❧tr♦s✱ ❝♦♥❢❡❝❝✐♦♥❛❞♦s ❞❡ ♣r❡❣❛s

r❡t❛♥❣✉❧❛r❡s ❡ tr✐❛♥❣✉❧❛r❡s✳ ■♥s♣✐r❛❞♦ ❞❡ s✐♠✉❧❛çõ❡s ❛♥t❡r✐♦r❡s ❈❋❉✱ ♦ ♠♦❞❡❧♦ s❡♠✐✲

♥✉♠ér✐❝♦ ✉t✐❧✐③❛ ♣❡r✜s ♠é❞✐♦s ❞❡ ✈❡❧♦❝✐❞❛❞❡✱ ♥❛s ❞✐r❡çõ❡s ❛①✐❛✐s ❡ ❧❛t❡r❛✐s✳ ❈♦♠ r❡s✉❧t❛✲

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

❡ ❡✜❝✐ê♥❝✐❛ ❞❡ ❝♦❧❡t❛ ❞❡ ✉♠ ✜❧tr♦ ❝♦♠ ✉♠ t❡♠♣♦ ❞❡ ❈P❯ ♠í♥✐♠♦✳



❈❆P❮❚❯▲❖ ✸

▼❛t❡r✐❛✐s ❡ ▼ét♦❞♦s

◆
❡st❡ ❝❛♣ít✉❧♦ ❛♣r❡s❡♥t❛ ✉♠❛ ❞❡s❝r✐çã♦ ❞❡t❛❧❤❛❞❛ ❞❛ ✉♥✐❞❛❞❡ ❡①♣❡r✐♠❡♥t❛❧ ❡

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

tr❛❜❛❧❤♦✱ ❛ss✐♠ ❝♦♠♦ ❛s ♠❡t♦❞♦❧♦❣✐❛s ✉t✐❧✐③❛❞❛s ♥♦s ❡①♣❡r✐♠❡♥t♦s ❞❡ ❧❛❜♦r❛tór✐♦

❡ ♥✉♠ér✐❝♦s✳

✸✳✶ ❙✐st❡♠❛ ❊①♣❡r✐♠❡♥t❛❧

❖ s✐st❡♠❛ ❡①♣❡r✐♠❡♥t❛❧ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❛♥á❧✐s❡ ❞♦ ❞❡s♣❡♥❤♦ ❞❡ ❝✐❝❧♦♥❡s ❝♦♥✈❡♥❝✐♦♥❛❧ ❡

✜❧tr❛♥t❡ ❝♦♥s✐st❡ ❜❛s✐❝❛♠❡♥t❡ ❡♠ ✉♠ s✐st❡♠❛ ❞❡ tr❛♥s♣♦rt❡ ♣♥❡✉♠át✐❝♦ ❣ás✲só❧✐❞♦✱ ❞❡s❡♥✲

✈♦❧✈✐❞♦ ♣❛r❛ r❡❛❧✐③❛çã♦ ❞❡st❡ tr❛❜❛❧❤♦✳ ❖ s✐st❡♠❛ ❡①♣❡r✐♠❡♥t❛❧ ❢♦✐ ❞❡s❡♥✈♦❧✈✐❞♦ ♥♦ ❧❛❜♦✲

r❛tór✐♦ ❞❡ ♦♣❡r❛çõ❡s ✉♥✐tár✐❛s ❞♦ ■♥st✐t✉t♦ ❋❡❞❡r❛❧ ❞♦ ◆♦rt❡ ❞❡ ▼✐♥❛s ●❡r❛✐s ✭■❋◆▼●✮

❞♦ ❈❛♠♣✉s ▼♦♥t❡s ❈❧❛r♦s✳ ❆ ❝♦♥str✉çã♦ ❡ ✐♠♣❧❡♠❡♥t❛çã♦ ❞❛ ✉♥✐❞❛❞❡ ❡①♣❡r✐♠❡♥t❛❧ ✈✐s❛

❢✉t✉r❛♠❡♥t❡ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ ❞✐✈❡rs♦s tr❛❜❛❧❤♦s ♥❛s ❧✐♥❤❛s ❞❡ ♣❡sq✉✐s❛ ❞❡ ♣r♦❝❡ss♦s

❞❡ s❡♣❛r❛çã♦ ❡ tr❛♥s♣♦rt❡ ♣♥❡✉♠át✐❝♦✳

❖ s✐st❡♠❛ ❡①♣❡r✐♠❡♥t❛❧ ❢♦✐ ✐❞❡❛❧✐③❛❞♦ ❛ ✜♠ ❞❡ s❡ ♦❜t❡r ♠❡❞✐❞❛s ♠❛❝r♦s❝ó♣✐❝❛s ♠é❞✐❛s

❞❡ ✈❛③ã♦✱ ♣r❡ssã♦✱ ✈❡❧♦❝✐❞❛❞❡✱ ❡✜❝✐ê♥❝✐❛ ❞❡ s❡♣❛r❛çã♦ ❡ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦s

✜❧tr♦s✳ ❖ s✐st❡♠❛ ❢✉♥❝✐♦♥❛ ♣♦r ♣r❡ssã♦ ♣♦s✐t✐✈❛ ♣♦r ♠❡✐♦ ❞❡ ✉♠ ❡①❛✉st♦r ❝❡♥trí❢✉❣♦ ❧♦❝❛✲

❧✐③❛❞♦ ♥♦ ✐♥✐❝✐♦ ❞❛ t✉❜✉❧❛çã♦✱ s❡♥❞♦ ❛❝✐♦♥❛❞♦ ❡ ❝♦♥tr♦❧❛❞♦ ♣♦r ✉♠ ✐♥✈❡rs♦r ❞❡ ❢r❡q✉ê♥❝✐❛

❝♦♥❢♦r♠❡ ❋✐❣✉r❛s ✸✳✶✱ ✸✳✷ ❡ ✸✳✸✱ q✉❡ ✐❧✉str❛♠ ♦ ❡sq✉❡♠❛ ❣❡r❛❧ ❞♦ ❛♣❛r❛t♦ ❡①♣❡r✐♠❡♥t❛❧

✉t✐❧✐③❛❞♦ ♣❛r❛ ♦s ❝✐❝❧♦♥❡s ❝♦♥✈❡♥❝✐♦♥❛❧ ❡ ✜❧tr❛♥t❡✳



✼✵ ✸✳✶✳ ❙✐st❡♠❛ ❊①♣❡r✐♠❡♥t❛❧

❋✐❣✉r❛ ✸✳✶✿ ❊sq✉❡♠❛ ❣❡r❛❧ ❞❛ ✉♥✐❞❛❞❡ ❡①♣❡r✐♠❡♥t❛❧ ❞❡ tr❛♥s♣♦rt❡ ♣♥❡✉♠át✐❝♦✳



✸✳✶✳ ❙✐st❡♠❛ ❊①♣❡r✐♠❡♥t❛❧ ✼✶

❋✐❣✉r❛ ✸✳✷✿ ❊sq✉❡♠❛ ❣❡r❛❧ ❞❛ ✉♥✐❞❛❞❡ ❡①♣❡r✐♠❡♥t❛❧ ♣❛r❛ ♦ ❝✐❝❧♦♥❡ ❝♦♥✈❡♥❝✐♦♥❛❧✳



✼✷ ✸✳✶✳ ❙✐st❡♠❛ ❊①♣❡r✐♠❡♥t❛❧

❋✐❣✉r❛ ✸✳✸✿ ❊sq✉❡♠❛ ❣❡r❛❧ ❞❛ ✉♥✐❞❛❞❡ ❡①♣❡r✐♠❡♥t❛❧ ♣❛r❛ ♦ ❝✐❝❧♦♥❡ ✜❧tr❛♥t❡✳



✸✳✶✳ ❙✐st❡♠❛ ❊①♣❡r✐♠❡♥t❛❧ ✼✸

❖ s✐st❡♠❛ ❡①♣❡r✐♠❡♥t❛❧ é ❝♦♠♣♦st♦ ♣♦r✿

• ✵✶ ❝✐r❝✉✐t♦ ❞❡ tr❛♥s♣♦rt❡ ♣♥❡✉♠át✐❝♦ q✉❡ ♣♦ss✐❜✐❧✐t❛ ❛❧t❡r❛çã♦ ❞❡ ♠❡✐♦ ❞❡ r❡t❡♥çã♦

❞❡ ♣❛rt✐❝✉❧❛❞♦s❀

• ✵✶ ♠ó❞✉❧♦ ❞❡ ❝✐❝❧♦♥❡ ❝♦♥✈❡♥❝✐♦♥❛❧✴✜❧tr❛♥t❡✱ ❝♦♠ ✈✐s♦r ♥❛ ♣❛rt❡ ❝✐❧í♥❞r✐❝❛✱ ❞♦t❛❞♦

❞❡ ✉♠ s❡ r❡s❡r✈❛tór✐♦ ♣❛r❛ ❝♦❧❡t❛ ❞♦s só❧✐❞♦s ✭❤♦♦♣❡r✮✱ ❝♦♥❢♦r♠❡ ❝♦♥✜❣✉r❛çã♦ ❛♣r❡✲

s❡♥t❛❞❛ ♣❡❧❛ ❋✐❣✉r❛ ✸✳✷❀

• ✵✶ ❛❧✐♠❡♥t❛❞♦r ✈♦❧✉♠étr✐❝♦ ❞❡ só❧✐❞♦s ❞♦ t✐♣♦ r♦s❝❛✱ ❝♦♥tr♦❧❛❞♦ ♣♦r ✐♥✈❡rs♦r ❞❡

❢r❡q✉ê♥❝✐❛✱ ♣❛r❛ ❛❧✐♠❡♥t❛çã♦ ❞❡ ♣❛rt✐❝✉❧❛❞♦s ♥♦ ❝✐r❝✉✐t♦ ❞❡ tr❛♥s♣♦rt❡ ♣♥❡✉♠át✐❝♦❀

• ✵✷ ♠❡❞✐❞♦r❡s ❞❡ ✈❛③ã♦ t✐♣♦ ❱❡♥t✉r✐ ✐❞ê♥t✐❝♦s❀

• ✵✶ t❡r♠ô♠❡tr♦ ❞❡ ♠❡r❝úr✐♦❀

• ✵✶ ❝✐r❝✉✐t♦ ♣♥❡✉♠át✐❝♦✱ ❝♦♥str✉í❞♦ ❝♦♠ ❞✉t♦s ❞❡ ✼✺ ♠♠ ❞❡ ❞✐â♠❡tr♦ ❝♦♠♣♦st♦ ♣♦r

s❡çõ❡s ❡♠ ❛❝rí❧✐❝♦ ♣❛r❛ ✈✐s✉❛❧✐③❛çã♦ ❞♦ ✢✉①♦ ❞❡ ❛❧✐♠❡♥t❛çã♦ ❡ ❝♦♠ ✉♠ ❝♦♠♣r✐♠❡♥t♦

t♦t❛❧ ❞❡ ✻ ♠❀

• ✵✶ ❡①❛✉st♦r ❝❡♥trí❢✉❣♦ t✐♣♦ ❧✐♠✐t ❧♦❛❞ ❞❡ ✺ ❈❱❀

• ✵✶ ✐♥✈❡rs♦r ❞❡ ❢r❡q✉ê♥❝✐❛ ♣❛r❛ ❝♦♥tr♦❧❡ ❞❡ r♦t❛çã♦✴✈❛③ã♦❀

• ✵✶ ♣❛✐♥❡❧ ❝♦♠♣♦st♦ ♣♦r ✵✹ ♠❛♥ô♠❡tr♦s ❞❡ t✉❜♦ ❡♠ ❯ ♣❛r❛ ♠❡❞✐çã♦ ❞❡ ♣r❡ssã♦

❞✐❢❡r❡♥❝✐❛❧ ❡ ♣❛r❛ ♠❡❞✐çã♦ ❞❛s ♣❡r❞❛ ❞❡ ❝❛r❣❛ ❞♦ ❝✐❝❧♦♥❡❀

• ✵✶ ♣❛✐♥❡❧ ❡❧étr✐❝♦✱ ❝♦♥str✉í❞♦ ❝♦♥❢♦r♠❡ ◆❘ ✶✵✱ ♣r♦✈✐❞♦ ❞❡ ❝♦♥tr♦❧❡ ❞❡ r♦t❛çã♦ ❞❡ ❞♦

❡①❛✉st♦r ❡ ❞❛s ✈á❧✈✉❧❛s r♦t❛t✐✈❛s ❞♦ s✐st❡♠❛❀

• ✵✶ ✜❧tr♦ ❞❡ ♠❛♥❣❛s✱ ♥♦ ♦✈❡r✢♦✇✳

❆ ❞✐♠❡♥sõ❡s ❜ás✐❝❛s ❞♦ ❝✐❝❧♦♥❡✱ ❡♠ ♠✐❧í♠❡tr♦s✱ t❛♥t♦ ♣❛r❛ ♦ ❝✐❝❧♦♥❡ ❝♦♥✈❡♥❝✐♦♥❛❧✱

q✉❛♥t♦ ✜❧tr❛♥t❡✱ ❡stã♦ r❡♣r❡s❡♥t❛❞♦s ♥❛ ❋✐❣✉r❛ ✸✳✹✳

✸✳✶✳✶ ❈♦♥tr♦❧❡ ❞❡ ❱❛③ã♦ ❞❛ ❋❛s❡ ●❛s♦s❛

❖ ❡s❝♦❛♠❡♥t♦ é ✐♥✐❝✐❛❞♦ ❛tr❛✈és ❞♦ ❛❝✐♦♥❛♠❡♥t♦ ❞♦ ❡①❛✉st♦r ❝❡♥trí❢✉❣♦✱ ❧♦❝❛❧✐③❛❞♦ ♥♦

✐♥í❝✐♦ ❞❛ ❧✐♥❤❛ ❞❡ tr❛♥s♣♦rt❡ ♣♥❡✉♠át✐❝♦✱ ♣♦r ♠❡✐♦ ❞❡ ✉♠ ❝♦♥tr♦❧❡ ♠❛♥✉❛❧ ♥♦ ✐♥✈❡rs♦r ❞❡

❢r❡q✉ê♥❝✐❛✳ ◆❛ ❧✐♥❤❛ ❞❡ ❛❧✐♠❡♥t❛çã♦ ❞❡ ❛r✱ ❡①✐st❡ ✉♠ ✈❡♥t✉r✐ ❡ ✉♠ t❡r♠ô♠❡tr♦✱ ❛tr❛✈és

❞♦s q✉❛✐s t♦r♥❛♠ ♣♦ssí✈❡❧ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛s ✈❛③õ❡s ✈♦❧✉♠étr✐❝❛s ❡ ♠áss✐❝❛s ❞❛ ❢❛s❡

❣❛s♦s❛ ❡ ❡st✐♠❛♥❞♦ t❛♠❜é♠ ❛ ✈❡❧♦❝✐❞❛❞❡ ♥❛ ❡♥tr❛❞❛ ❞♦ ❝✐❝❧♦♥❡✱ ✉t✐❧✐③❛❞❛ ♣❛r❛ ❛ ❡①❡❝✉çã♦

❞♦s ❡①♣❡r✐♠❡♥t♦s✳



✼✹ ✸✳✶✳ ❙✐st❡♠❛ ❊①♣❡r✐♠❡♥t❛❧

❋✐❣✉r❛ ✸✳✹✿ ❉✐♠❡♥sõ❡s ❜ás✐❝❛s ❞♦s ❝✐❝❧♦♥❡s✳

❆ ❋✐❣✉r❛ ✸✳✺ ❛♣r❡s❡♥t❛ ♦ ❣rá✜❝♦ ❞❡ ❝❛❧✐❜r❛çã♦ ❞♦ ✈❡♥t✉r✐✱ ❡♠ ❢✉♥çã♦ ❞❛ ♣r❡ssã♦

❞✐❢❡r❡♥❝✐❛❧ ♦❜t✐❞❛ ♥♦ ♠❛♥ô♠❡tr♦ ✐♥❝❧✐♥❛❞♦ ❡ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ♠é❞✐❛ ♥❛ ❡♥tr❛❞❛ ❞♦ ❝✐❝❧♦♥❡✳

❆ ♣❛rt✐r ❞❛s ♠❡❞✐❞❛s ❞❡ ♣r❡ssã♦ ❞❡ ♣r❡ssã♦ ❞✐❢❡r❡♥❝✐❛❧ ❡♠ ✉♠ ♠❛♥ô♠❡tr♦ ✐♥❝❧✐♥❛❞♦✱ ❢♦✐

♣♦ssí✈❡❧ ❞❡t❡r♠✐♥❛r ❛ ✈❡❧♦❝✐❞❛❞❡ ♠é❞✐❛ ❞❡ ❡♥tr❛❞❛ ♥♦ ❝✐❝❧♦♥❡✳

✸✳✶✳✷ ❈♦♥tr♦❧❡ ❞❡ ❆❧✐♠❡♥t❛çã♦ ❞❡ P❛rt✐❝✉❧❛❞♦s

❯♠❛ ♦✉tr❛ ✈❛r✐á✈❡❧ ❛ s❡r ❝♦♥tr♦❧❛❞❛ é ❛ ✈❛③ã♦ ❞❡ ❛❧✐♠❡♥t❛çã♦ ❞❡ ♣❛rt✐❝✉❧❛❞♦s✳ ❊st❛

❛❧✐♠❡♥t❛çã♦ é r❡❛❧✐③❛❞❛ ♣♦r ✉♠❛ r♦s❝❛ ❞♦s❛❞♦r❛ ❝♦♥❡❝t❛❞❛ ❛ ✉♠ ✐♥✈❡rs♦r ❞❡ ❢r❡q✉ê♥❝✐❛ q✉❡

r❡❣✉❧❛ ❛ ❡♥tr❛❞❛ ❞❡ só❧✐❞♦ ♥♦ s✐st❡♠❛✳ ❆ r❛③ã♦ ❞❡ ❝❛r❣❛ ✭RC✮ ♣♦❞❡ s❡r ❝❛❧❝✉❧❛❞❛ ❛tr❛✈és

❞♦ q✉♦❝✐❡♥t❡ ❡♥tr❡ ❛ ✈❛③ã♦ ♠áss✐❝❛ ❞❡ só❧✐❞♦s ❛❧✐♠❡♥t❛❞♦s ✭ṁS ✮ ❡ ❛ ✈❛③ã♦ ✈♦❧✉♠étr✐❝❛

❞❡ ❣ás ✭Qg✮✱ ❝♦♥❢♦r♠❡ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❊q✉❛çã♦ ✸✳✶✳

RC =
ṁS

Qg

✭✸✳✶✮

P❛r❛ ✉♠❛ ♠❡❧❤♦r ❞✐str✐❜✉✐çã♦ ❞❡ ♣❛rtí❝✉❧❛s ❛♦ ❧♦♥❣♦ ❞♦ ❞✉t♦✱ q✉❡ ❧❡✈❛ à ❡♥tr❛❞❛ ❞♦



✸✳✶✳ ❙✐st❡♠❛ ❊①♣❡r✐♠❡♥t❛❧ ✼✺

❋✐❣✉r❛ ✸✳✺✿ ❈✉r✈❛ ❞❡ ❝❛❧✐❜r❛çã♦ ❞♦ ✈❡♥t✉r✐✳

❝✐❝❧♦♥❡✱ ✉♠ t✉❜♦ ✐♥t❡r♥♦ ❢♦r❛ ❝♦♥❡❝t❛❞♦ à r♦s❝❛ ❞♦s❛❞♦r❛ ❞❡ ❛❧✐♠❡♥t❛çã♦✱ ❞❡ ❢♦r♠❛ ❛

♣r♦♠♦✈❡r ✉♠❛ ♠❡❧❤♦r ♠✐st✉r❛ ❡ s✉❝çã♦ ❞❛s ♣❛rtí❝✉❧❛s✱ ❛♦ s❡r❡♠ ❝❛rr❡❣❛❞❛s ♣❡❧♦ ✢✉①♦ ❞❡

❛r ❞♦ s✐st❡♠❛✱ ♦ q✉❡ s❡ tr❛❞✉③ ❡♠ ✉♠❛ ❞✐s♣❡rsã♦ ♠❛✐s ❤♦♠♦❣ê♥❡❛ ❞❡ ♣❛rtí❝✉❧❛s ♥♦ ♠❡✐♦✳

❉❡t❛❧❤❡s ❞♦ s✐st❡♠❛ ❞❡ ❛❧✐♠❡♥t❛çã♦ ❞❡ ♣❛rt✐❝✉❧❛❞♦s✱ ♣♦❞❡♠ s❡r ✈✐s✉❛❧✐③❛❞♦s ♥❛ ❋✐❣✉r❛

✸✳✻✳

❆ ✜♠ ❞❡ s❡ ❝♦♥tr♦❧❛r ❛ ✈❛③ã♦ ❞❡ só❧✐❞♦s ❛❧✐♠❡♥t❛❞♦s✱ ❝♦♥❢♦r♠❡ ❛ ❢r❡q✉ê♥❝✐❛ ♥♦ ✐♥✈❡r✲

s♦r✱ ❢♦✐ r❡❛❧✐③❛❞❛ ❛ ❝❛❧✐❜r❛çã♦ ❞❛ r♦s❝❛ ❞❡ ❛❧✐♠❡♥t❛çã♦✱ ❝♦♥❢♦r♠❡ ♦ t✐♣♦ ❞❡ ♣❛rt✐❝✉❧❛❞♦s

❛❧✐♠❡♥t❛❞♦✳ P❛r❛ ❛ ♠❛❣♥❡s✐t❛✱ ❛ ❝❛❧✐❜r❛çã♦ ❡stá ❞✐s♣♦st❛ ♥❛ ❋✐❣✉r❛ ✸✳✼

✸✳✶✳✸ ❈❛r❛❝t❡r✐③❛çã♦ ❞♦ ▼❛t❡r✐❛❧ P❛rt✐❝✉❧❛❞♦

❖ ♠❛t❡r✐❛❧ ♣❛rt✐❝✉❧❛❞♦ ✉t✐❧✐③❛❞♦ ❢♦✐ ♦ ♣ó ❞❡ ▼❛❣♥❡s✐t❛ ❢♦r♥❡❝✐❞♦ ♣❡❧❛ ❊♠♣r❡s❛ ▼❆●✲

◆❊❙■❚❆ ❙✳❆ ❧♦❝❛❧✐③❛❞❛ ❡♠ ❈♦♥t❛❣❡♠ ▼✐♥❛s ●❡r❛✐s✳ ❆ ❝❛r❛❝t❡r✐③❛çã♦ ❞♦ ♠❛t❡r✐❛❧ ♣❛rt✐✲

❝✉❧❛❞♦ ❢♦✐ ✉♠❛ ❞❛s ❡t❛♣❛s ❢✉♥❞❛♠❡♥t❛✐s ❛♦ s❡ ❡st✉❞❛r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ✢✉✐❞♦❞✐♥â♠✐❝♦

❞❛ ♣❛rtí❝✉❧❛ ♥♦ ✐♥t❡r✐♦r ❞♦ ❝✐❝❧♦♥❡✳ ❊♥tr❡ ❛s ♣r♦♣r✐❡❞❛❞❡s ❢✉♥❞❛♠❡♥t❛✐s ❞❛s ♣❛rtí❝✉❧❛s✱

s❡ ❡♥❝♦♥tr❛♠ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ♠❛ss❛ ❡s♣❡❝í✜❝❛ ❡ ❞❛ ❞✐str✐❜✉✐çã♦ ❣r❛♥✉❧♦♠étr✐❝❛ ❞♦

♣❛rt✐❝✉❧❛❞♦✳





✸✳✶✳ ❙✐st❡♠❛ ❊①♣❡r✐♠❡♥t❛❧ ✼✼

• M1 é ❛ ♠❛ss❛ ❞♦ ♣✐❝♥ô♠❡tr♦ ✈❛③✐♦❀

• M2 é ❛ ♠❛ss❛ ❞♦ ♣✐❝♥ô♠❡tr♦ ❝♦♥t❡♥❞♦ s♦♠❡♥t❡ ❛ ♠♦str❛ ❞❡ ♣❛rt✐❝✉❧❛❞♦❀

• M3 é ❛ ♠❛ss❛ r❡❢❡r❡♥t❡ ❛♦ ♣✐❝♥ô♠❡tr♦ ❝♦♥t❡♥❞♦ ❛ ❛♠♦str❛ ❡ ❝♦♠♣❧❡t❛❞♦ ❝♦♠ ♦ ✢✉✐❞♦

♣✐❝♥♦♠étr✐❝♦ ✭á❣✉❛✮✱ ❛té ❛t✐♥❣✐r ♦ ✈♦❧✉♠❡ t♦t❛❧❀

• M4 é ❛ ♠❛ss❛ ❞♦ ♣✐❝♥ô♠❡tr♦ ❝❤❡✐♦✱ ❝♦♥t❡♥❞♦ s♦♠❡♥t❡ ♦ ✢✉✐❞♦ ♣✐❝♥♦♠étr✐❝♦

❆tr❛✈és ❞❛ ❧❡✐t✉r❛ ❞❛s ♠❛ss❛s s✉♣r❛❝✐t❛❞❛s ❞❡✈✐❞❛♠❡♥t❡ ♣❡s❛❞❛s ❡♠ ✉♠❛ ❜❛❧❛♥ç❛

s❡♠✐✲❛♥❛❧ít✐❝❛ ❞❡ ❝♦♠ ♣r❡❝✐sã♦ ✭±0, 001 ❣✮✱ ❢♦✐ ♣♦ssí✈❡❧ ❞❡t❡r♠✐♥❛r ❛ ♠❛ss❛ ❡s♣❡❝í✜❝❛ ❞♦

só❧✐❞♦ ❛ ♣❛rt✐r ❞❛ ❊q✉❛çã♦ ✸✳✷✱ ✉♠❛ ✈❡③ q✉❡ ❛ ♠❛ss❛ ❞❛ ❛♠♦str❛ é [M2 −M1] ❡ ♦ ✈♦❧✉♠❡

é [(M4 −M3)− (M2 −M1)] /ρ✱ ♦♥❞❡ ρ é ❛ ♠❛ss❛ ❡s♣❡❝í✜❝❛ ❞♦ ✢✉✐❞♦ ♣✐❝♥♦♠étr✐❝♦✳

ρp =
[M2 −M1] ρ

[(M4 −M3)− (M2 −M1)]
✭✸✳✷✮

❆ ♠❛ss❛ ❡s♣❡❝í✜❝❛ ❛♣❛r❡♥t❡ ❞❛ ♠❛❣♥❡s✐t❛ ❡♥❝♦♥tr❛❞❛ ♣♦r ❡st❡ ♠ét♦❞♦ ❢♦✐ ❞❡ ✭✷✱✽✽±✵✱✵✶✮

❣✴❝♠3.

❉❡t❡r♠✐♥❛çã♦ ❞❛ ❉✐str✐❜✉✐çã♦ ●r❛♥✉❧♦♠étr✐❝❛

❆ ❝✉r✈❛ ❞❡ ❞✐str✐❜✉✐çã♦ ❣r❛♥✉❧♦♠étr✐❝❛✱ ♣❛r❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❛ ❛♠♦str❛ ❞❡ ♣❛rtí❝✉❧❛s✱

❢♦✐ ♦❜t✐❞❛ ❝♦♠ ❛ té❝♥✐❝❛ ❞❡ ❞✐❢r❛çã♦ ❧❛s❡r ❛tr❛✈és ❞❡ ✉♠ ▼❛❧✈❡r♥ ▼❛st❡rs✐③❡r ✸✵✵✵ q✉❡

r❡❛❧✐③❛ ❛♥á❧✐s❡s ❞❡ ❞✐str✐❜✉✐çã♦ ❞♦ t❛♠❛♥❤♦ ❞❡ ♣❛rtí❝✉❧❛ ♥❛ ❢❛✐①❛ ❞❡ ✵✱✵✶ ❛ ✸✺✵✵ ♠✐❝rô✲

♠❡tr♦s✳ ❊st❡ é ✉♠ ♠ét♦❞♦ ✈♦❧✉♠étr✐❝♦ ❡ ♦s ❝á❧❝✉❧♦s ♣❛r❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦ t❛♠❛♥❤♦ ❞❡

♣❛rtí❝✉❧❛s é ❜❛s❡❛❞♦ ♥♦ ♠♦❞❡❧♦ ♠❛t❡♠át✐❝♦ ❞❡ ❡s♣❛❧❤❛♠❡♥t♦ ❞❡ ▼✐❡✱ q✉❡ ❝♦♥s✐❞❡r❛ ❛s

♣❛rtí❝✉❧❛s ❝♦♠♦ s❡♥❞♦ ❡s❢ér✐❝❛s ❡ ♥ã♦ sã♦ ♦♣❛❝❛s✳

P❛r❛ r❡❛❧✐③❛r ✉♠❛ ❛♥á❧✐s❡ ✉t✐❧✐③❛♥❞♦ t❛❧ té❝♥✐❝❛ t♦♠❛✲s❡ ✉♠❛ ❛♠♦str❛ ❞❡ só❧✐❞♦ ❞❡

❛♣r♦①✐♠❛❞❛♠❡♥t❡ ❞♦✐s ❣r❛♠❛s✱ ❝♦❧♦❝❛✲s❡ ❡♠ ✉♠ ❜éq✉❡r ❞❡ ✺✵✵ ♠▲ ❝♦♥t❡♥❞♦ á❣✉❛ ❞❡✐♦♥✐✲

③❛❞❛✳ ❆❞✐❝✐♦♥❛♠✲s❡ ❛♦ ❜éq✉❡r ❝✐♥❝♦ ❣♦t❛s ❞♦ ❞❡✢♦❝✉❧❛♥t❡ ♣♦❧✐❝r✐❧❛t♦ ❞❡ só❞✐♦ s❡❣✉✐❞♦ ❞❡

✶ ♠✐♥ s♦❜ ❛❣✐t❛çã♦ ❡ ✉❧tr❛✲s♦♠ ❛ ✜♠ ❞❡ s❡♣❛r❛r ♣❛rtí❝✉❧❛s ❡✈❡♥t✉❛❧♠❡♥t❡ ❛❣❧♦♠❡r❛❞❛s✳

❆ s✉s♣❡♥sã♦ é ❛♥❛❧✐s❛❞❛ ♣❡❧♦ ❡q✉✐♣❛♠❡♥t♦ q✉❡ ❢♦r♥❡❝❡ ❛ ❞✐str✐❜✉✐çã♦ ❣r❛♥✉❧♦♠étr✐❝❛ ❞❛

❛♠♦str❛✳ ❆ ❞✐str✐❜✉✐çã♦ é ❝❛r❛❝t❡r✐③❛❞❛ ♣♦r ✉♠❛ ❢r❛çã♦ ❡♠ ✈♦❧✉♠❡ ❞❡ ♣❛rtí❝✉❧❛s Y ❝♦♠

❞✐â♠❡tr♦ ✐♥❢❡r✐♦r ♦✉ ✐❣✉❛❧ ❛ D✱ ❝❛r❛❝t❡ríst✐❝♦ ❞❡ ❝❛❞❛ t✐♣♦ ❞❡ ❛♥á❧✐s❡✳

P❛r❛ ❝❛❞❛ ❛♠♦str❛ ❛♥❛❧✐s❛❞❛ sã♦ r❡t✐r❛❞❛s ✺ ❧❡✐t✉r❛s ❝♦♠ ✐♥t❡r✈❛❧♦ ❞❡ ✶ s❡❣✉♥❞♦✱

♦♥❞❡ ❞❡st❛s ❧❡✐t✉r❛s é ❢❡✐t❛ ✉♠❛ ♠é❞✐❛ ❛r✐t♠ét✐❝❛ ♣❛r❛ ♦❜t❡♥çã♦ ❞❛ ♠é❞✐❛ ❞❛s ❢r❛çõ❡s

✈♦❧✉♠étr✐❝❛s ❛❝✉♠✉❧❛t✐✈❛ ❞❡ ❝❛❞❛ ❡①♣❡r✐♠❡♥t♦✳



✼✽ ✸✳✶✳ ❙✐st❡♠❛ ❊①♣❡r✐♠❡♥t❛❧

❚♦❞❛s ❛s ❛♥á❧✐s❡s ❣r❛♥✉❧♦♠étr✐❝❛s ❞❡st❛ t❡s❡ ❢♦r❛♠ r❡❛❧✐③❛❞❛s ♥♦ ❧❛❜♦r❛tór✐♦ ❞❡ ❝♦♥✲

tr♦❧❡ ❞❡ ♣r♦❞✉çã♦ ❞❛ ❘■▼❆ ■♥❞✉str✐❛❧ ❙❆✱ q✉❡ ♣r♦❞✉③ ❛ ❧✐♥❤❛ ❝♦♠♣❧❡t❛ ❞❡ ♣r♦❞✉t♦s ❞❡

♠❛❣♥és✐♦✱ ❞❡st❛❝❛♥❞♦ ♦s ❧✐♥❣♦t❡s ❞❡ ♠❛❣♥és✐♦ ♠❡tá❧✐❝♦✱ ❛s ❞✐❢❡r❡♥t❡s ❧✐❣❛s ❞❡ ♠❛❣♥és✐♦✱

♠❛❣♥és✐♦ ❡♠ ♣ó ❡ ❞❡ss✉❧❢✉r❛♥t❡s à ❜❛s❡ ❞❡ ♠❛❣♥és✐♦ ❡ ♣❡ç❛s ❢✉♥❞✐❞❛s ❡♠ ❧✐❣❛s ❞❡ ♠❛❣✲

♥és✐♦✱ ❧♦❝❛❧✐③❛❞❛ ♥❛ ❝✐❞❛❞❡ ❞❡ ❈❛♣✐tã♦ ❊♥é❛s ♥♦ ♥♦rt❡ ❞❡ ▼✐♥❛s ●❡r❛✐s✳ ❆ ❞✐str✐❜✉✐çã♦

❣r❛♥✉❧♦♠étr✐❝❛ ❝✉♠✉❧❛t✐✈❛ ❞❛ ❛♠♦str❛ é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ✸✳✽✳

❋✐❣✉r❛ ✸✳✽✿ ❉✐str✐❜✉✐çã♦ ●r❛♥✉❧♦♠étr✐❝❛ ❛❝✉♠✉❧❛t✐✈❛ ❞❛ ▼❛❣♥❡s✐t❛

P❛r❛ ❛ r❡♣r❡s❡♥t❛çã♦ ❞❛s ❞✐str✐❜✉✐çõ❡s ❣r❛♥✉❧♦♠étr✐❝❛s ❞♦s só❧✐❞♦s ✉t✐❧✐③♦✉✲s❡ ♦ ♠♦❞❡❧♦

❞❡ ❘♦s✐♥✲❘❛♠♠❧❡r✲❇❡♥♥❡t ✭❘❘❇✮ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❊q✉❛çã♦ ✭✷✳✾✮✱ s❡♥❞♦ D′ ❡ n ❞❡t❡r♠✐✲

♥❛❞♦s ♣♦r té❝♥✐❝❛s ❞❡ r❡❣r❡ssã♦ ♥ã♦✲❧✐♥❡❛r✳

❖s ♣❛râ♠❡tr♦s ❛❥✉stá✈❡✐s ❞♦ ♠♦❞❡❧♦ ❘❘❇✱ ♣❛r❛ r❡♣r❡s❡♥t❛çõ❡s ❞❡ ❞✐str✐❜✉✐çõ❡s ❞❡

t❛♠❛♥❤♦s ❞❡ ♣❛rtí❝✉❧❛s ❞❛ ♠❛❣♥❡s✐t❛ r❡❢❡r❡♥t❡ à ❋✐❣✉r❛ ✸✳✽ ❡stã♦ ❝♦♥t✐❞♦s ♥❛ ❚❛❜❡❧❛ ✸✳✶✳



✸✳✶✳ ❙✐st❡♠❛ ❊①♣❡r✐♠❡♥t❛❧ ✼✾

❚❛❜❡❧❛ ✸✳✶✿ P❛râ♠❡tr♦s ❞♦ ❛❥✉st❡ ❘❘❇✳

❙ó❧✐❞♦
P❛râ♠❡tr♦s ❞♦ ❛❥✉st❡ ❘❘❇

r2
D′❬µm] n ❬✲❪

▼❛❣♥❡s✐t❛ ✶✼✷✱✸✽±✶✱✹✾ ✶✱✸✵✽±✵✱✵✶ ✵✱✾✾✽

❖s ❝♦❡✜❝✐❡♥t❡s ❞❡ ❝♦rr❡❧❛çõ❡s q✉❛❞rát✐❝♦s r2 ♣❛r❛ ♦s ❛❥✉st❡ ❞♦s ♣❛râ♠❡tr♦s d′ ❡ n✱

❛♣r❡s❡♥t❛❞♦s ♥❛ ❚❛❜❡❧❛ ✸✳✶✱ ✐♥❞✐❝❛♠ q✉❡✱ ❡♠ ♠é❞✐❛✱ ✾✾% ❞❛ ✈❛r✐❛❜✐❧✐❞❛❞❡ ❞♦s r❡s✉❧t❛❞♦s

❡①♣❡r✐♠❡♥t❛✐s ♣♦❞❡♠ s❡r ❡①♣❧✐❝❛❞♦s ♣❡❧♦ ♠♦❞❡❧♦✳

✸✳✶✳✹ ❉❡t❡r♠✐♥❛çã♦ ❞❛ P❡r♠❡❛❜✐❧✐❞❛❞❡ ❡ ❞♦ ❈♦❡✜❝✐❡♥t❡ ❞❡ ❘❡✲

s✐stê♥❝✐❛ ■♥❡r❝✐❛❧ ❞♦ ▼❡✐♦ ❋✐❧tr❛♥t❡

❆ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡✱ ❝♦♥❢♦r♠❡ ▼❛ss❛r❛♥✐ ✭✶✾✾✼✮✱ ❝❛r❛❝t❡r✐③❛ ♦ ❣r❛✉

❞❡ ❢❛❝✐❧✐❞❛❞❡ ❡♠ q✉❡ ♦ ✢✉✐❞♦ s❡ ♠♦✈❡ ♥♦ ♠❡✐♦ ✜❧tr❛♥t❡✳ ❊st❛ ♣r♦♣r✐❡❞❛❞❡ é ❞❡t❡r♠✐♥❛❞❛

❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ ♣♦r ♣❡r♠❡❛♠❡tr✐❛✱ ❛tr❛✈és ❞❡ ✉♠ ❝♦♥❥✉♥t♦ ❞❡ ♠❡❞✐❞❛s ❞❡ ✈❛③ã♦ ❡

❞❡ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ❡❢❡t✉❛❞❛s✳ ❈♦♠ ♦ ❛❥✉st❡ ❛♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❛ ♠♦❞❡❧♦s

❡s♣❡❝í✜❝♦s✱ s❡ ❝❛❧❝✉❧❛ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡✳

❖ ♠❡✐♦ ✜❧tr❛♥t❡ ✉t✐❧✐③❛❞♦ ♥♦ tr♦♥❝♦ ❞❡ ❝♦♥❡ ✜❧tr❛♥t❡ ❢♦✐ ♦ ♣♦❧✐♣r♦♣✐❧❡♥♦✱ ❝♦♠ ❡s♣❡ss✉r❛

❞❡ ✷ ♠✐❧í♠❡tr♦s✱ ❛♦ q✉❛❧ ❢♦r❛♠ ♠♦❞❡❧❛❞♦s ♣❛r❛ ❢♦r♠❛r ✉♠ tr♦♥❝♦ ❞❡ ❝♦♥❡✱ ✜r♠❡ ❡ rí❣✐❞♦✱

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

❆ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡ é ✉♠ ❞♦s ♣♦♥t♦s ❝❤❛✈❡ ❛♦ s❡

❡st✉❞❛r ❝✐❝❧♦♥❡s ✜❧tr❛♥t❡s✳ ❆♦ ❛♥❛❧✐s❛r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❡♠ ❝✐❝❧♦♥❡s ✜❧tr❛♥t❡s ✈❡r✐✜❝❛✲s❡

q✉❡ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ✐♥t❡r❢❡r❡ s✐❣♥✐✜❝❛♥t❡♠❡♥t❡ ♥♦ ❝♦♠♣♦rt❛♠❡♥t♦ ✢✉✐❞♦❞✐♥â♠✐❝♦ ♥♦

✐♥t❡r✐♦r ❞♦ ❝✐❝❧♦♥❡ ✭❘❖❉❘■●❯❊❙✱ ✷✵✵✶✮✳ ❊♥tr❡t❛♥t♦✱ ❞❛❞❛ ❛s ✐♥❝♦♥s✐stê♥❝✐❛s ❛♣r❡s❡♥t❛❞❛s

♣♦r ❘♦❞r✐❣✉❡s ✭✷✵✵✶✮ ❡ ▲❛❝❡r❞❛ ✭✷✵✵✼✮ ♥❛ ❢♦r♠❛ ❞❡ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ♥♦

❝♦♥❡ ✜❧tr❛♥t❡✱ ❛ ♠❡t♦❞♦❧♦❣✐❛ ♣r♦♣♦st❛ ♣❡❧♦s ❛✉t♦r❡s ❛✐♥❞❛ ♥ã♦ é ✉♠ ❝♦♥s❡♥s♦✳ P♦rt❛♥t♦✱

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

❞❡t❡r♠✐♥❛r ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡✳

❆s ♣❡r♠❡❛❜✐❧✐❞❛❞❡s ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡✱ ❢♦r❛♠ ❞❡t❡r♠✐♥❛❞❛s ❛ ♣❛rt✐r ❞❛s s❡❣✉✐♥t❡s ▼❡✲

t♦❞♦❧♦❣✐❛s✿

• ▼❡t♦❞♦❧♦❣✐❛ ✵✶✱ ❝♦♥✈❡♥❝✐♦♥❛❧✱ ✉t✐❧✐③❛❞❛ ♣♦r ❘♦❝❤❛ ✭✷✵✶✵✮❀

• ▼❡t♦❞♦❧♦❣✐❛ ✵✷✱ ✉♠❛ ❛❞❛♣t❛çã♦ à ♠❡t♦❞♦❧♦❣✐❛ ❞♦ ▲❆❇❙❊P✲❯❋❯✱ ✉t✐❧✐③❛❞❛ ♣♦r

❘♦❞r✐❣✉❡s ❡t ❛❧✳ ✭✷✵✵✸✮❀



✽✵ ✸✳✶✳ ❙✐st❡♠❛ ❊①♣❡r✐♠❡♥t❛❧

• ▼❡t♦❞♦❧♦❣✐❛ ✵✸✱ ✉♠❛ ♥♦✈❛ ♠❡t♦❞♦❧♦❣✐❛✱ ♣r♦♣♦st❛ ❞❛ t❡s❡✳

P❛r❛ ❛s ♠❡t♦❞♦❧♦❣✐❛s ♣r♦♣♦st❛s✱ ❝♦♠ ♦s ❡①♣❡r✐♠❡♥t♦s ❝♦♠ t❡❝✐❞♦s ✐♥✐❝✐❛❧♠❡♥t❡ ♥♦✈♦s

♣❡r❝❡❜❡✉✲s❡ ✉♠ ❛✉♠❡♥t♦ ❣r❛❞❛t✐✈♦ ♥❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦✳ ❊st❡ ❛✉♠❡♥t♦ ♦❝♦rr❡✉ ❞❡✈✐❞♦ ♦

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

✜❧tr❛çã♦ ✐♥t❡r♥❛✱ ✜❝❛♥❞♦ ❛❧✐ r❡t✐❞♦s ✭❝♦❧♠❛t❛çã♦✮✳ ❆ ❡t❛♣❛ ❞❡ ❝♦❧♠❛t❛çã♦ ♦❝♦rr❡✉ ❞✉r❛♥t❡

✉♠ ♣❡rí♦❞♦ ❞❡ t❡♠♣♦ ❝✉rt♦ ❡ ❧♦❣♦ ❡st❛❜❡❧❡❝❡✉ ✉♠ ❡stá❣✐♦ ❡♠ q✉❡ ❛ ♣r❡ssã♦ s❡ ♠❛♥té♠

❝♦♥st❛♥t❡ ❝♦♠ ❛ ✈❛③ã♦❀ ✐♥❞✐❝❛♥❞♦ q✉❡ ❛ ❝♦❧♠❛t❛çã♦ ❞♦ ♠❡✐♦ s❡ ❝♦♠♣❧❡t♦✉✱ ♥ã♦ ❤❛✈❡♥❞♦ ♦

❝r❡s❝✐♠❡♥t♦ ❡ ❢♦r♠❛çã♦ ❞❡ t♦rt❛ ❞❡✈✐❞♦ ♦ ❝✐s❛❧❤❛♠❡♥t♦✳ ❆ ♣❛rt✐r ❞❡ ❡♥tã♦ ❢♦r❛♠ t♦♠❛❞❛s

❛s ♠❡❞✐❞❛s ❞❡ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ❝♦♥❢♦r♠❡ ❛ ✈❛③ã♦ ✈♦❧✉♠étr✐❝❛ ❞❡ ❛❧✐♠❡♥t❛çã♦✳

❆ ❝❛r❛❝t❡r✐③❛çã♦ ❞♦s ♠❡✐♦s ✜❧tr❛♥t❡s ❢♦✐ ❝♦♥❞✉③✐❞❛ ❝♦♥❢♦r♠❡ ❛s ♠❡t♦❞♦❧♦❣✐❛s ♣r♦✲

♣♦st❛s✱ ❝♦rr❡❧❛❝✐♦♥❛♥❞♦ s❡❥❛ ❛ ✈❡❧♦❝✐❞❛❞❡ s✉♣❡r✜❝✐❛❧✱ ❛ss♦❝✐❛❞❛ à ✈❛③ã♦ ✈♦❧✉♠étr✐❝❛ ❞♦

✢✉✐❞♦ q✉❡ ❛tr❛✈❡ss❛✈❛ ❛ ♣❛r❡❞❡ ✜❧tr❛♥t❡✱ ❝♦♠ ❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ♥♦ ♠❡✐♦ ✜❧tr❛♥t❡✳ ❆s

❡q✉❛çõ❡s ♣❛r❛ ❝❛❞❛ ♠❡t♦❞♦❧♦❣✐❛ ❢♦r❛♠ ♦❜t✐❞❛s ❛ ♣❛rt✐r ❞❛s ❡q✉❛çõ❡s ❞❛ ❝♦♥t✐♥✉✐❞❛❞❡ ❡

❞❡ ♠♦♠❡♥t♦ ❛ss♦❝✐❛❞❛s às ❡q✉❛çõ❡s ❞❡ ❉❛r❝② ❡ ❋♦r❝❤❤❡✐♠❡r✱ ❝♦♥s✐❞❡r❛♥❞♦ ♦ ✢✉✐❞♦ ✭❛r✮

❝♦♠♦ ✐♥❝♦♠♣r❡ssí✈❡❧ ❡ ❝♦♠ ❡s❝♦❛♠❡♥t♦ ✉♥✐❞✐r❡❝✐♦♥❛❧ ♥♦ ✜❧tr♦✳ ❆ ♦❜t❡♥çã♦ ❞❛s ❡q✉❛çõ❡s

sã♦ ❞✐s❝✉t✐❞❛s ♥♦ ❈❛♣ít✉❧♦ ✹ ❡ ❛♣r❡s❡♥t❛❞❛s ♥♦s ❛♣ê♥❞✐❝❡s ❆✱ ❇ ❡ ❈✳

◆❛s ♠❡t♦❞♦❧♦❣✐❛s ❛♣r❡s❡♥t❛❞❛s✱ ♦ ♦❜❥❡t✐✈♦ é ❞❡t❡r♠✐♥❛r ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ✈✐❛ ❛❥✉st❡

❞♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✳ ❈♦♥❤❡❝❡♥❞♦ ❞✐❢❡r❡♥t❡s ✈❛③õ❡s ✈♦❧✉♠étr✐❝❛s ❞❡ ❛❧✐♠❡♥t❛çã♦✱

❛ss♦❝✐❛❞❛s às r❡s♣❡❝t✐✈❛s q✉❡❞❛s ❞❡ ♣r❡ssã♦ ♥♦ ✜❧tr♦✱ ♣♦❞❡r✐❛ s❡ ♦❜t❡r ♦ ✈❛❧♦r ❞❛ ♣❡r♠❡✲

❛❜✐❧✐❞❛❞❡ ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡ ✭❑✮✱ ✉♠❛ ✈❡③ q✉❡ ❛s ❞❡♠❛✐s ♣r♦♣r✐❡❞❛❞❡s ❞♦ s✐st❡♠❛ ❡r❛♠

t♦❞❛s ❝♦♥❤❡❝✐❞❛s ✭♣r♦♣r✐❡❞❛❞❡s ❞♦ ✢✉✐❞♦ ❡ ❞✐♠❡♥sõ❡s ❣❡♦♠étr✐❝❛s ❞♦ tr♦♥❝♦ ❞❡ ❝♦♥❡✮✳

P♦rt❛♥t♦✱ ❛s ❡st✐♠❛t✐✈❛s ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❡ ❞♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ r❡s✐stê♥❝✐❛ ✐♥❡r❝✐❛❧ ❢♦r❛♠

♦❜t✐❞❛s ❛tr❛✈és ❞❡ r❡❣r❡ssõ❡s ❧✐♥❡❛r❡s ❡ ♥ã♦ ❧✐♥❡❛r❡s✱ ❛❥✉st❛♥❞♦ às ❡q✉❛çõ❡s ❞❡ ❉❛r❝② ❡

❋♦r❝❤❤❡✐♠❡r✱ ❡♠♣r❡❣❛♥❞♦ ♦ s♦❢t✇❛r❡ ❙❚❆❚■❙❚■❈❆ ❘©✱ ❝✉❥♦s ✈❛❧♦r❡s ❡stã♦ ♥♦ ❆♣ê♥❞✐❝❡

❉✳

▼❡t♦❞♦❧♦❣✐❛ ✵✶ ♣❛r❛ ❉❡t❡r♠✐♥❛çã♦ ❞❛ P❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦ ▼❡✐♦ ❋✐❧tr❛♥t❡

❈♦♥❢♦r♠❡ ❛♣r❡s❡♥t❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ♣❛r❛ s❡ ❞❡t❡r♠✐♥❛r ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦ ♠❡✐♦

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

tr✐❛✱ ✉t✐❧✐③❛❞❛ ♣♦r ❘♦❝❤❛ ✭✷✵✶✵✮✳ ◆❡st❛ ♠❡t♦❞♦❧♦❣✐❛ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❢♦✐ ❞❡t❡r♠✐♥❛❞❛

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

✉♠❛ ✈❡③ q✉❡ ❛ ✈❛③ã♦ ❞❡ ❡s❝♦❛♠❡♥t♦ ❡ ❛ ár❡❛ ♥♦r♠❛❧ ❛♦ s❡♥t✐❞♦ ❞♦ ✢✉①♦ ❡r❛♠ ❝♦♥❤❡❝✐❞❛s✳

P❛r❛ ❝❛❞❛ ♠❡❞✐❞❛ ❞❡ ✈❛③ã♦✱ ❡r❛♠ ♠❡❞✐❞❛s ❛ ♣r❡ssã♦ ❞✐❢❡r❡♥❝✐❛❧ r❡s✉❧t❛♥t❡ ♥♦ ♠❡✐♦ ✜❧✲

tr❛♥t❡✱ ♣♦r ♠❡✐♦ ❞❡ ✉♠ ♠❛♥ô♠❡tr♦ ✐♥❝❧✐♥❛❞♦✳ ❈♦♠ ♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❡ q✉❡❞❛

❞❡ ♣r❡ssã♦ ❡ ✈❡❧♦❝✐❞❛❞❡ s✉♣❡r✜❝✐❛❧ ♦❜t✐❞♦s ❛ ♣❛rt✐r ❞❛ ✈❛③ã♦ ✈♦❧✉♠étr✐❝❛ ❡ ❞❛ ár❡❛ ❞❡



✸✳✶✳ ❙✐st❡♠❛ ❊①♣❡r✐♠❡♥t❛❧ ✽✶

✜❧tr❛çã♦✱ ❝♦♥str✉ír❛♠✲s❡ ❛s ❝✉r✈❛s q✉❡ ♣♦ss✐❜✐❧✐t❛r❛♠ ❛❥✉st❡s ♣❛r❛ ❞❡t❡r♠✐♥❛r ❛ ♣❡r♠❡❛✲

❜✐❧✐❞❛❞❡✱ t♦♠❛♥❞♦ ❛ ❊q✉❛çã♦ ✷✳✶✹ ❞❡ ❉❛r❝②✱ ❡ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❡ ❛ ❝♦♥st❛♥t❡ ✐♥❡r❝✐❛❧ ❞❡

✜❧tr❛çã♦✱ ❛ ♣❛rt✐r ❞❛ ❊q✉❛çã♦ ✷✳✶✺ ❞❡ ❋♦r❝❤❤❡✐♠❡r✳

❖ ❡q✉✐♣❛♠❡♥t♦ ✉t✐❧✐③❛❞♦ ♥❡st❛ ♠❡t♦❞♦❧♦❣✐❛ ❝♦♥s✐st✐✉ ❞❡ ✉♠ ❞✉t♦ ❞❡ ❞✐â♠❡tr♦ ✐♥t❡r♥♦

✾✵ ♠✐❧í♠❡tr♦s✱ ♣r♦✈✐❞♦ ❝♦♠ ❞✉❛s t♦♠❛❞❛s ❞❡ ♣r❡ssã♦ ❡stát✐❝❛✱ s❡♣❛r❛❞❛s ♣♦r ✉♠❛ ❞✐stâ♥❝✐❛

❞❡ ✷ ♠✐❧í♠❡tr♦s ✭❡s♣❡ss✉r❛ ❞♦ ✜❧tr♦✮✳ ❖ ♠❡✐♦ ♣♦r♦s♦ ❢♦✐ ✜①❛❞♦ ♥♦ ✐♥t❡r✐♦r ❞♦ t✉❜♦✱

❝♦♥❢♦r♠❡ ✐❧✉str❛ ❛ ❋✐❣✉r❛ ✸✳✾✳ ❆ ✈❛③ã♦ ❞❡ ❛r ❡r❛ ❝♦♥tr♦❧❛❞❛ ♠❛♥✉❛❧♠❡♥t❡✱ ❛tr❛✈és ❞❡ ✉♠

✐♥✈❡rs♦r ❞❡ ❢r❡q✉ê♥❝✐❛ ❡ ♠❡❞✐❞❛ ❛tr❛✈és ❞❡ ✉♠ r♦tâ♠❡tr♦✳

❋✐❣✉r❛ ✸✳✾✿ ❊str✉t✉r❛ ❞❡ ✜❧tr❛çã♦ s✐♠✐❧❛r ❛♦ ✉t✐❧✐③❛❞♦ ♣♦r ❘♦❝❤❛ ✭✷✵✶✵✮ ✳

▼❡t♦❞♦❧♦❣✐❛ ✵✷ ♣❛r❛ ❉❡t❡r♠✐♥❛çã♦ ❞❛ P❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦ ▼❡✐♦ ❋✐❧tr❛♥t❡

❆♠❡t♦❞♦❧♦❣✐❛ ✵✷✱ ♣❛r❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡✱ ❢✉♥❞❛♠❡♥t♦✉✲

s❡ ❡♠ ✉♠❛ ♠♦❞✐✜❝❛çã♦ ❞❛ ♠❡t♦❞♦❧♦❣✐❛ ❞♦ ▲❆❇❙❊P✲❯❋❯✱ ✉t✐❧✐③❛❞❛ ♣♦r ❘♦❞r✐❣✉❡s ❡t ❛❧✳

✭✷✵✵✸✮✳ ◆❛ ♠❡t♦❞♦❧♦❣✐❛ ✉t✐❧✐③❛❞❛ ♣♦r ❘♦❞r✐❣✉❡s ❡t ❛❧✳ ✭✷✵✵✸✮✱ ♦s ❞❛❞♦s ❞❡ ✈❛③ã♦ ❡ ❞❡

q✉❡❞❛ ❞❡ ♣r❡ssã♦✱ ❢♦r❛♠ ♦❜t✐❞♦s ♥❛ ♣ró♣r✐❛ ✉♥✐❞❛❞❡ ❡①♣❡r✐♠❡♥t❛❧✱ ❝♦♠ ❛ ✈❡❞❛çã♦ ❞♦s

❞✉t♦s ❞❡ s❛í❞❛ ❞♦ ✉♥❞❡r✢♦✇ ❡ ❞♦ ♦✈❡r✢♦✇✱ ❝♦♥❢♦r♠❡ ❛ ❋✐❣✉r❛ ✸✳✶✵✳ ❉❡s❞❡ ♠♦❞♦✱ ❛ s❛í❞❛

❞❡ ❛r ♦❝♦rr✐❛ s♦♠❡♥t❡ ♣❡❧♦ tr♦♥❝♦ ❞❡ ❝♦♥❡ ❞❡ t❡❝✐❞♦✳ ◆♦s ❡①♣❡r✐♠❡♥t♦s ♣r♦♣♦st♦s ♣❡❧♦

❛✉t♦r✱ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❡♥tr❛❞❛ ❞♦ ❛r ❡r❛ ♠❡❞✐❞❛ ❛tr❛✈és ❞❡ ✉♠❛ ♣❧❛❝❛ ❞❡ ♦r✐❢í❝✐♦ ❧✐❣❛❞❛ ❛

✉♠ ♠❛♥ô♠❡tr♦ ❞✐❢❡r❡♥❝✐❛❧ ❡ ❛ ♣r❡ssã♦ ❞✐❢❡r❡♥❝✐❛❧ ❞♦ ✜❧tr♦ ❡r❛ ❛ ♣ró♣r✐❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦



✽✷ ✸✳✶✳ ❙✐st❡♠❛ ❊①♣❡r✐♠❡♥t❛❧

♥♦ ❝✐❝❧♦♥❡ ✭❡♥tr❡ ❡♥tr❛❞❛ ❡ s❛í❞❛ ❞♦ ♦✈❡r✢♦✇✮✱ q✉❡ t❛♠❜é♠ ❡r❛ ❞❡t❡r♠✐♥❛❞❛ ♣❡❧♦ ❞❡s♥í✈❡❧

❞❛ ❝♦❧✉♥❛ ❞❡ á❣✉❛ ❞♦ ♠❛♥ô♠❡tr♦✳ ❙❡♥❞♦ ❛ss✐♠✱ ❞✐s♣♦♥❞♦✲s❡ ❞❡st❡s ♣❛r❡s ❞❡ ✈❛❧♦r❡s ❡

❞❛s ❝❛r❛❝t❡ríst✐❝❛s ❣❡♦♠étr✐❝❛s ❞♦s ♠❡✐♦s✱ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ♣♦❞❡r✐❛ s❡r ♦❜t✐❞❛ ❛tr❛✈és ❞❡

✉♠❛ r❡❣r❡ssã♦ ❧✐♥❡❛r✱ ✉♠❛ ✈❡③ q✉❡ ❢♦r❛ ❛♣❧✐❝❛❞❛ à ❡q✉❛çã♦ ❞❡ ❉❛r❝② ✷✳✶✹✳

❋✐❣✉r❛ ✸✳✶✵✿ ❊sq✉❡♠❛ ❞❡ ✜❧tr❛çã♦ ❝♦♠ ✈❡❞❛çã♦ ❞♦ ♦✈❡r✢♦✇

❆ ❛❧t❡r❛çã♦ ❞❛ ♠❡t♦❞♦❧♦❣✐❛ ✉t✐❧✐③❛❞❛ ♣♦r ❘♦❞r✐❣✉❡s ❡t ❛❧✳ ✭✷✵✵✸✮✱ ♣r♦♣♦st❛ ♥❡st❛

t❡s❡✱ ❢✉♥❞❛♠❡♥t❛✲s❡ ♥❛s t♦♠❛❞❛s ❞❛s ♠❡❞✐❞❛s ❞❡ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ♥♦ ✜❧tr♦✱ ✉t✐❧✐③❛❞❛s

♣❛r❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡✳ ❊♥q✉❛♥t♦ ♦ ❛✉t♦r ✉t✐❧✐③♦✉ ❛ ♣ró♣r✐❛ q✉❡❞❛ ❞❡

♣r❡ssã♦ ♥♦ ❝✐❝❧♦♥❡✱ ❡♥tr❡ ❡♥tr❛❞❛ ❡ s❛í❞❛ ❞♦ ♦✈❡r✢♦✇ ❀ ♥❡st❛ ♠❡t♦❞♦❧♦❣✐❛✱ ✉t✐❧✐③♦✉✲s❡ ❛

q✉❡❞❛ ❞❡ ♣r❡ssã♦ ♥♦ tr♦♥❝♦ ❞❡ ❝♦♥❡ ✜❧tr❛♥t❡✱ ❝♦♥❢♦r♠❡ ❛ ❋✐❣✉r❛ ✸✳✶✵✳ P❛r❛ ❝❛❞❛ ✈❛③ã♦ ❞❡

❛❧✐♠❡♥t❛çã♦✱ ♠❡❞✐❛✲s❡ ❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ❡♥tr❡ ♦ t♦♣♦ ❡ ♦ ✈ért✐❝❡ ❞♦ tr♦♥❝♦ ❞❡ ❝♦♥❡✱ ❞❡

♠♦❞♦ q✉❡✱ ❛tr❛✈és ❞♦ ❝♦♥❤❡❝✐♠❡♥t♦ ❞❛ ár❡❛ ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡✱ ❞❡t❡r♠✐♥❛✈❛✲s❡ ❛ ✈❡❧♦❝✐❞❛❞❡

♠é❞✐❛ s✉♣❡r✜❝✐❛❧ ❞❡ ✜❧tr❛çã♦✳

◆❡st❛ t❡s❡✱ ✉t✐❧✐③❛♥❞♦ ❡st❛ ♠❡t♦❞♦❧♦❣✐❛✱ ❛ ✈❛③ã♦ ❞❡ ❛❧✐♠❡♥t❛çã♦ ❢♦✐ ❞❡t❡r♠✐♥❛❞❛ ❛

♣❛rt✐r ❞❡ ✉♠ t✉❜♦ ✈❡♥t✉r✐✱ ❧♦❝❛❧✐③❛❞♦ ♥❛ ❧✐♥❤❛ ❞❡ ❛❧✐♠❡♥t❛çã♦ ❞♦ ❝✐❝❧♦♥❡✱ ❝♦♥❢♦r♠❡ ❛♣r❡✲

s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✸✳ ❆ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ❡♥tr❡ ♦ t♦♣♦ ❡ ♦ ✈ért✐❝❡ ❞♦ tr♦♥❝♦ ❞❡ ❝♦♥❡

❢♦✐ ❞❡t❡r♠✐♥❛❞❛ ♣♦r ♠♦♥ô♠❡tr♦s ❡♠ ❯✱ q✉❡ ✉t✐❧✐③❛✈❛ á❣✉❛ ❝♦♠ ✢✉✐❞♦ ♠❛♥♦♠étr✐❝♦✱ r❡✲

♣r❡s❡♥t❛❞♦s ♥❛ ❋✐❣✉r❛ ✸✳✶✶✳ ❈♦♠♦ ♥ã♦ ❤❛✈✐❛ s❛í❞❛s ❡①tr❛s✱ q✉❡ ♥ã♦ ✈✐❛ ♦ ✜❧tr♦✱ ❛ ✈❛③ã♦



✸✳✶✳ ❙✐st❡♠❛ ❊①♣❡r✐♠❡♥t❛❧ ✽✸

✈♦❧✉♠étr✐❝❛ ❡r❛ ❛ ♠❡s♠❛ ❞❡ ❛❧✐♠❡♥t❛çã♦✱ ❞❡ ♠♦❞♦ q✉❡✱ ❝♦♠ ♦ ❝♦♥❤❡❝✐♠❡♥t♦ ❞❛ ár❡❛

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

❋✐❣✉r❛ ✸✳✶✶✿ ❙✐st❡♠❛ ❞❡ ♠❡❞✐çã♦ ❞❛s q✉❡❞❛s ❞❡ ♣r❡ssã♦ ♥♦ ❝✐❝❧♦♥❡✳

❈♦♠ ♦s r❡s✉❧t❛❞♦s ❞❡ ✈❛③ã♦ ❡ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ♥♦ ♠❡✐♦ ✜❧tr❛♥t❡✱ ❝♦♥❤❡❝❡♥❞♦ ❛ ár❡❛

♣❧❛♥✐✜❝❛❞❛ ❞♦ ✜❧tr♦✱ ❛ ♣❛rt✐r ❞❛s ❝♦rr❡❧❛çõ❡s ♣r♦♣♦st❛s ♣♦r ❞❡ ❉❛r❝② ❡ ❋♦r❝❤❤❡✐♠❡r✱

❞❡t❡r♠✐♥❛✈❛✲s❡ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ✭❑✮ ❡ ❝♦♥st❛♥t❡ ✐♥❡r❝✐❛❧ ❞❡ ✜❧tr❛çã♦ ✭C2✮✳ ❖s r❡s✉❧t❛❞♦s

♦r✐✉♥❞♦s ❞♦s ❡①♣❡r✐♠❡♥t♦s ❡stã♦ ❞✐s♣♦st♦s ♥♦ ❆♣ê♥❞✐❝❡ ❉✳

▼❡t♦❞♦❧♦❣✐❛ ✵✸ ♣❛r❛ ❉❡t❡r♠✐♥❛çã♦ ❞❛ P❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦ ▼❡✐♦ ❋✐❧tr❛♥t❡

❱❡r✐✜❝❛♥❞♦ q✉❡ ❛♠❜❛s ❛s ♠❡t♦❞♦❧♦❣✐❛s ❛♣r❡s❡♥t❛❞❛s ❛♥t❡r✐♦r♠❡♥t❡ ❢✉♥❞❛♠❡♥t❛♠✲

s❡ ❡♠ ❡q✉❛çõ❡s ♦❜t✐❞❛s ❛ ♣❛rt✐r ❞❡ ❝♦rr❡❧❛çõ❡s ❡♠ ❝♦♦r❞❡♥❛❞❛s ❝❛rt❡s✐❛♥❛s✱ ❝♦♠ ✢✉①♦

♥♦r♠❛❧ à s✉♣❡r❢í❝✐❡ ♣❧❛♥❛ ❞♦ ✜❧tr♦ ❡ ❝♦♠ ❡s❝♦❛♠❡♥t♦s ❞✐❢❡r❡♥t❡s ❞❛q✉❡❧❡s ❡♥❝♦♥tr❛❞♦s ❡♠

❝✐❝❧♦♥❡s✱ ❡st❛ t❡s❡ ♣r♦♣ôs ✉♠❛ ♠❡t♦❞♦❧♦❣✐❛ ✉t✐❧✐③❛♥❞♦ ❝♦♦r❞❡♥❛❞❛s ❡s❢ér✐❝❛s ♣❛r❛ ♦❜t❡♥çã♦

❞❛s ❡q✉❛çõ❡s ❛ s❡r❡♠ ❛❥✉st❛❞❛s ❛♦s r❡s✉❧t❛❞♦s ❞❡ q✉❡❞❛ ❞❡ ♣r❡ssã♦✱ ✈❛③ã♦ ❡ ✈❡❧♦❝✐❞❛❞❡

s✉♣❡r✜❝✐❛❧ ❞❡ ✜❧tr❛çã♦✳

❉✐❢❡r❡♥t❡♠❡♥t❡ ❞♦ ♠ét♦❞♦ ❛♥t❡r✐♦r✱ ❛ ✈❛③ã♦ ❞❡ ❛❧✐♠❡♥t❛çã♦ ♥ã♦ ❡r❛ ✐❣✉❛❧ ❛ ✈❛③ã♦ ❞❡



✽✹ ✸✳✶✳ ❙✐st❡♠❛ ❊①♣❡r✐♠❡♥t❛❧

✢✉✐❞♦ ✜❧tr❛❞♦✳ ◆❡st❛ ♠❡t♦❞♦❧♦❣✐❛✱ ♦ t✉❜♦ ❞❡ s❛í❞❛ ❞♦ ♦✈❡r✢♦✇ ♥ã♦ ❡r❛ ✈❡❞❛❞♦✱ ❞❡ ❢♦r♠❛

q✉❡✱ ❛❧é♠ ❞♦ ✢✉①♦ ❞❡ s❛í❞❛ r❡❢❡r❡♥t❡ ❛♦ ✜❧tr♦✱ ❡①✐st✐❛ ❛✐♥❞❛ ✉♠❛ s❛í❞❛ ❡①tr❛ ♥♦ ♦✈❡r✢♦✇✳

❙❡♠❡❧❤❛♥t❡ à ❢♦r♠❛ ❞❡ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ✈❛③ã♦ ❞❡ ❛❧✐♠❡♥t❛çã♦✱ ❡st❛ ✈❛③ã♦ ❞❡ s❛í❞❛ ♥♦

♦✈❡r✢♦✇ ❢♦✐ ❞❡t❡r♠✐♥❛❞❛ ❡♠ ✉♠ ♠❡❞✐❞♦r ❞❡ ✈❛③ã♦ t✐♣♦ ✈❡♥t✉r✐ ✐❞ê♥t✐❝♦ ❛♦ ❧♦❝❛❧✐③❛❞♦ ♥❛

❧✐♥❤❛ ❞❡ ❛❧✐♠❡♥t❛çã♦ ❞♦ ✢✉①♦✱ ✐♠❡❞✐❛t❛♠❡♥t❡ ❛♣ós ♦ ❝✐❝❧♦♥❡✳ ❆ ❡str✉t✉r❛ ✉t✐❧✐③❛❞❛ ♣♦❞❡

s❡r ✈✐s✉❛❧✐③❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✸✳

❆ ✈❛③ã♦ ❞❡ ✜❧tr❛çã♦ ♥❡st❡ ❝❛s♦ ❡r❛ ❡①❛t❛♠❡♥t❡ ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛ ✈❛③ã♦ ❞❡ ❛❧✐♠❡♥t❛çã♦

❞❡ ❛r ♥❛ ❡♥tr❛❞❛ ❞♦ ❝✐❝❧♦♥❡ ❡ ❛q✉❡❧❛ ❞❡t❡r♠✐♥❛❞❛ ♥❛ s❛í❞❛ ❞♦ ♦✈❡r✢♦✇✳ ❆tr❛✈és ❞❛ ✈❛③ã♦

❞❡ ✜❧tr❛❞♦ ♣♦ss✐❜✐❧✐t❛✲s❡ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ✈❡❧♦❝✐❞❛❞❡ s✉♣❡r✜❝✐❛❧ ❞❡ ✜❧tr❛çã♦✳ ❊ss❛ ❢♦r♠❛

❞❡ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ r❡✢❡t❡ ♦ r❡❛❧ ❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ ✜❧tr❛çã♦

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

❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✱ ❡stã♦ ♣r❡s❡♥t❡s ♥♦ ❆♣ê♥❞✐❝❡ ❉✳

P❛r❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❡ ❞♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ r❡s✐stê♥❝✐❛ ✐♥❡r❝✐❛❧✱ ❢♦r❛♠

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

à ♠❡t♦❞♦❧♦❣✐❛ ✷✳ ❆ ♣❛rt✐r ❞❛ ❊q✉❛çã♦ ✸✳✸✱ ♦❜t✐❞❛ ❛ ♣❛rt✐r ❞❛ ❡q✉❛çã♦ ❞❡ ❋♦r❝❤❤❡✐♠❡r✱

❛♦ q✉❛❧ ❧❡✈♦✉✲s❡ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ♦ ❡❢❡✐t♦ ❣❡♦♠étr✐❝♦ ❞❛ ár❡❛ ❞♦ ❝♦♥❡✱ ❞❡t❡r♠✐♥♦✉✲s❡ ❛

♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡✳ ❆ ❢♦r♠❛ ❞❡ ♦❜t❡♥çã♦ ❞❛ ❊q✉❛çã♦ ✸✳✸ é ❞✐s❝✉t✐❞❛ ❡♠

❞❡t❛❧❤❡s ♥♦ ❆♣ê♥❞✐❝❡ ❈✳

∆P =
µL

Kπsenθ

(

1

R1

− 1

R2

)

Q+
C2ρL

2π2sen2θ

(

1

R3
1

− 1

R3
2

)

Q2 ✭✸✳✸✮

✸✳✶✳✺ ❉❡t❡r♠✐♥❛çã♦ ❞❛s ▼❡❞✐❞❛s ❞❡ ◗✉❡❞❛ ❞❡ Pr❡ssã♦ ♥♦s ❈✐❝❧♦✲

♥❡s

❆s ♠❡❞✐çõ❡s ❞❡ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ♥♦ ❝✐❝❧♦♥❡✱ ♦❜t✐❞❛s ❞✉r❛♥t❡ ♦s ❡①♣❡r✐♠❡♥t♦s r❡❛❧✐③❛✲

❞♦s ♥❛ ✉♥✐❞❛❞❡ ❡①♣❡r✐♠❡♥t❛❧✱ sã♦ ♣r✐♠♦r❞✐❛✐s ♣❛r❛ ❛♥á❧✐s❡ ❞♦ ❞❡s❡♠♣❡♥❤♦ ❞♦ ❝✐❝❧♦♥❡✱ ✉♠❛

✈❡③ q✉❡ ❡st❛s ♠❡❞✐❞❛s t❛♠❜é♠ sã♦ ✉t✐❧✐③❛❞❛s ♣❛r❛ ✈❛❧✐❞❛çã♦ ❞♦s ♠♦❞❡❧♦s ♥✉♠ér✐❝♦s✳ ❖s

✈❛❧♦r❡s ❞❛s q✉❡❞❛s ❞❡ ♣r❡ssã♦ ❢♦r❛♠ ❞❡t❡r♠✐♥❛❞♦s ❛tr❛✈és ❞❛ ♠❡❞✐çã♦ ❞❛ ♣r❡ssã♦ ❡stát✐❝❛

♥❛ ❡♥tr❛❞❛ ❞♦ ❝✐❝❧♦♥❡✱ ✉♠❛ ✈❡③ q✉❡ ❛ s❛í❞❛ ❞♦ ♦✈❡r✢♦✇ ❡st❛✈❛ ❛❜❡rt♦ à ❛t♠♦s❢❡r❛✱ ♣❛r❛

❡st❡ ✜♠✳ P❛r❛ ✐ss♦✱ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s ♦s ♠❛♥ô♠❡tr♦s ❛♣r❡s❡♥t❛❞♦s ♥❛ ❋✐❣✉r❛ ✸✳✶✶

✸✳✶✳✻ ▼❡❞✐❞❛s ❞❡ ❊✜❝✐ê♥❝✐❛ ●❧♦❜❛❧ ❞❡ ❈♦❧❡t❛

❖ ❞❡s❡♠♣❡♥❤♦ ❞❡ ✉♠ ❝✐❝❧♦♥❡ ♣♦❞❡ s❡r ❞❡✜♥✐❞♦ ❜❛s✐❝❛♠❡♥t❡ ♣♦r ❞♦✐s ❢❛t♦r❡s✱ ❛ q✉❡❞❛

❞❡ ♣r❡ssã♦✱ q✉❡ s❡ r❡❧❛❝✐♦♥❛ ❝♦♠ ♦ ❝✉st♦ ❞❡ ♦♣❡r❛çã♦ ❞♦ ❡q✉✐♣❛♠❡♥t♦ ♥♦ q✉❡ t❛♥❣❡ ❛♦

❝♦♥s✉♠♦ ❞❡ ❡♥❡r❣✐❛ ❡ ❛ ❡✜❝✐ê♥❝✐❛ ❞❡ ❝♦❧❡t❛ q✉❡✱ s❡❣✉♥❞♦ ❇❡r♥❛r❞♦ ✭✷✵✵✺✮✱ ♣♦❞❡ s❡r ❞❡✜♥✐❞❛



✸✳✷✳ ▼♦❞❡❧❛❣❡♠ ❈♦♠♣✉t❛❝✐♦♥❛❧ ✽✺

❝♦♠♦ ❛ r❛③ã♦ ❡♥tr❡ ❛ ♠❛ss❛ ❞❡ só❧✐❞♦s ❝♦❧❡t❛❞❛ ❡ ❛ ♠❛ss❛ ❞❡ só❧✐❞♦s ✐♥tr♦❞✉③✐❞❛ ♥♦ ❝✐❝❧♦♥❡✳

❆ ❡✜❝✐ê♥❝✐❛ ❣❧♦❜❛❧ ❞❡ ❝♦❧❡t❛ é ♦❜t✐❞❛ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ ❛tr❛✈és ❞❛ r❛③ã♦ ❞❛ ♠❛ss❛ ❞❡

só❧✐❞♦ ❝♦❧❡t❛❞❛ ♥♦ ❝♦❧❡t♦r✱ ❧♦❝❛❧✐③❛❞♦ ♥♦ ❢✉♥❞♦ ❞♦ ❝✐❝❧♦♥❡✱ ❡ ❛ ♠❛ss❛ ❞❡ só❧✐❞♦ ❛❧✐♠❡♥t❛❞♦

♥❛ ❡♥tr❛❞❛ ❞♦ ❝✐❝❧♦♥❡✳ ❆ ♠❛ss❛ ❛❧✐♠❡♥t❛❞❛ ❢♦✐ ♠❡❞✐❞❛ ❝♦♠ ✉♠❛ ❜❛❧❛♥ç❛ s❡♠✐✲❛♥❛❧ít✐❝❛

❞❡ ♣r❡❝✐sã♦ ✭±0, 001 ❣✮✱ ❛♦ q✉❛❧ ❛ ✈❛③ã♦ ❞❡ ❛❧✐♠❡♥t❛çã♦ ❞❡ ♣❛rtí❝✉❧❛ é ❝♦♥tr♦❧❛❞❛ ✈✐❛ ✉♠

✐♥✈❡rs♦r ❞❡ ❢r❡q✉ê♥❝✐❛✱ ❝♦♥❢♦r♠❡ ❝✉r✈❛ ❞❡ ❝❛❧✐❜r❛çã♦ ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ✸✳✼✳ ❆♦ ✜♥❛❧

❞♦ ❡①♣❡r✐♠❡♥t♦✱ ♦ ♠❛t❡r✐❛❧ só❧✐❞♦ ❝♦❧❡t❛❞♦ ♥♦ r❡❝✐♣✐❡♥t❡ ❝♦❧❡t♦r é r❡t✐r❛❞♦ ❡ s✉❛ ♠❛ss❛ é

♠❡❞✐❞❛✳

✸✳✷ ▼♦❞❡❧❛❣❡♠ ❈♦♠♣✉t❛❝✐♦♥❛❧

◆❡st❛ s❡çã♦✱ sã♦ ❛♣r❡s❡♥t❛❞♦s ♦s ♠❛t❡r✐❛✐s ❡ ♠❡t♦❞♦❧♦❣✐❛ ♥✉♠ér✐❝❛ ✉t✐❧✐③❛❞♦s ♥❛ r❡✲

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

✜❧tr❛♥t❡✳

✸✳✷✳✶ ❈♦♥✜❣✉r❛çõ❡s ❞♦s ❈✐❝❧♦♥❡s

❆s ❞✐♠❡♥sõ❡s ❞♦s ❝✐❝❧♦♥❡s sã♦ ❛♣r❡s❡♥t❛❞❛s ♥❛ ❚❛❜❡❧❛ ✸✳✷✱ ❝♦♥❢♦r♠❡ ❞✐♠❡♥sõ❡s ❛♣r❡✲

s❡♥t❛❞❛s ♥❛ ❋✐❣✉r❛ ✸✳✹✳

❚❛❜❡❧❛ ✸✳✷✿ ❉✐♠❡♥sõ❡s ❞♦s ❝✐❝❧♦♥❡s✳

❉✐♠❡♥sõ❡s ❋✐❧tr❛♥t❡ ✭♠♠✮ ❈♦♥✈❡♥❝✐♦♥❛❧ ✭♠♠✮
❉✐â♠❡tr♦ ❞♦ ❝✐❧✐♥❞r♦ ✭Dc✮ ✶✾✵ ✶✾✵
❆❧t✉r❛ t♦t❛❧ ❞♦ ❝✐❝❧♦♥❡ ✭Ht✮ ✽✷✵ ✽✷✵
❆❧t✉r❛ ❞❛ ❛❧✐♠❡♥t❛çã♦ ✭a✮ ✾✹ ✾✹
▲❛r❣✉r❛ ❞❛ ❛❧✐♠❡♥t❛çã♦ ✭b✮ ✹✹ ✹✹

❉✐â♠❡tr♦ ❞♦ ✈♦rt❡① ✜♥❞❡r ✭Dx✮ ✶✵✹ ✶✵✹
❈♦♠♣r✐♠❡♥t♦ ❞♦ ✈♦rt❡① ✜♥❞❡r ✭S✮ ✶✷✺ ✶✷✺

❆❧t✉r❛ ❞♦ ❈✐❧✐♥❞r♦ ✭h✮ ✸✾✾ ✸✾✾
❆❧t✉r❛ ❞❛ s❡çã♦ ❝ô♥✐❝❛ ✭hc✮ ✸✽✻ ✸✽✻
❉✐â♠❡tr♦ ❞♦ ✉♥❞❡r✢♦✇ ✭Bc✮ ✹✹ ✹✹

P❛r❛ r❡❛❧✐③❛çã♦ ❞❛s s✐♠✉❧❛çõ❡s✱ ❛ ✜♠ ❞❡ ❛✈❡r✐❣✉❛r ♦ ❡❢❡✐t♦ ❣❡♦♠étr✐❝♦ ❞♦ ❝♦♠♣r✐✲

♠❡♥t♦ ❞❛ ❛❧t✉r❛ ❞❛ ❛❧✐♠❡♥t❛çã♦✱ s♦♠❡♥t❡ ❡st❛ ❞✐♠❡♥sã♦ ❢♦✐ ❛❧t❡r❛❞❛ ♣❛r❛ ❛ ❝♦♥✜❣✉r❛çã♦

❞♦ ❝✐❝❧♦♥❡✳ ❆s ♦✉tr❛s ✈❛r✐á✈❡✐s ✐♥❞❡♣❡♥❞❡♥t❡s ❛♥❛❧✐s❛❞❛s ❢♦r❛♠ ❛ ✈❛③ã♦ ✈♦❧✉♠étr✐❝❛ ❞❡ ❛❧✐✲

♠❡♥t❛çã♦ ❡ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡✳ P❛r❛ ✐ss♦ ❢♦✐ ❡❧❛❜♦r❛❞♦ ✉♠ ♣❧❛♥❡❥❛♠❡♥t♦

❡st❛tíst✐❝♦✳



✽✻ ✸✳✷✳ ▼♦❞❡❧❛❣❡♠ ❈♦♠♣✉t❛❝✐♦♥❛❧

✸✳✷✳✷ P❧❛♥❡❥❛♠❡♥t♦ ❞♦s ❊①♣❡r✐♠❡♥t♦s ◆✉♠ér✐❝♦s

❖ ♣❧❛♥❡❥❛♠❡♥t♦ ❡①♣❡r✐♠❡♥t❛❧ é ❡ss❡♥❝✐❛❧ ♥♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❝✐❡♥tí✜❝♦✳ ❆ ❡①❡❝✉çã♦

❞❡ ✉♠ ❡①♣❡r✐♠❡♥t♦ é ❛♣❡♥❛s ✉♠ t❡st❡ ♦✉ ✉♠❛ sér✐❡ ❞❡ t❡st❡s✳ ▼✉✐t♦s ❡①♣❡r✐♠❡♥t♦s sã♦

r❡❛❧✐③❛❞♦s ❛ t♦❞♦ ♠♦♠❡♥t♦✱ ❡♥tr❡t❛♥t♦✱ ❛ ✈❛❧✐❞❛❞❡ ❞❛s ❝♦♥❝❧✉sõ❡s ♦r✐✉♥❞❛s ❞❡♣❡♥❞❡♠✱ ❡♠

❣r❛♥❞❡ ♣❛rt❡✱ ❞❛ ❢♦r♠❛ ❝♦♠♦ ♦s ❡①♣❡r✐♠❡♥t♦s ❢♦r❛♠ ❡①❡❝✉t❛❞♦s✳ P♦rt❛♥t♦✱ ♦ ♣❧❛♥❡❥❛✲

♠❡♥t♦ ❞♦s ❡①♣❡r✐♠❡♥t♦s ❞❡s❡♠♣❡♥❤❛ ✉♠❛ ♣❛♣❡❧ ♣r✐♠♦r❞✐❛❧ ♥❛ s♦❧✉çã♦ ❞♦ ♣r♦❜❧❡♠❛ q✉❡

♦ ♠♦t✐✈♦✉ ✭▼❖◆❚●❖▼❊❘❨❀ ❘❯◆●❊❘✱ ✷✵✶✵✮✳

◗✉❛♥❞♦ ✈ár✐❛s ✈❛r✐á✈❡✐s ✐♥✢✉❡♥❝✐❛♠ ♥❛ r❡s♣♦st❛✱ ❡①✐st❡♠ ❞✐❢❡r❡♥t❡s ♣♦ss✐❜✐❧✐❞❛❞❡s ❞❡

♣❧❛♥❡❥❛♠❡♥t♦s ❡①♣❡r✐♠❡♥t❛✐s✳ ❊♥tr❡ ♦s ❞✐✈❡rs♦s ♠ét♦❞♦s ❡①✐st❡♥t❡s ♥❛ ❧✐t❡r❛t✉r❛✱ ✉♠ ❞♦s

♠❛✐s ✉t✐❧✐③❛❞♦s é ♦ ♣❧❛♥❡❥❛♠❡♥t♦ ❢❛t♦r✐❛❧ ✭❇❖❳ ❡t ❛❧✳✱ ✶✾✼✽✮✳

❆ ♣r❡♦❝✉♣❛çã♦ ✐♥❡r❡♥t❡ à ✉t✐❧✐③❛çã♦ ❞❡ ♣❧❛♥❡❥❛♠❡♥t♦ ❢❛t♦r✐❛❧ ❡♠ ❞♦✐s ♥í✈❡✐s é ♦ ♣r❡s✲

s✉♣♦st♦ ❞❡ ❧✐♥❡❛r✐❞❛❞❡✳ ◆❡♠ s❡♠♣r❡ ❛ ❧✐♥❡❛r✐❞❛❞❡ é ✉♠ ❢❛t♦r ♥❡❝❡ssár✐♦✱ ♣♦❞❡♥❞♦ s❡r

❞❡s♥❡❝❡ssár✐❛ ❡✱ ♠✉✐t❛s ✈❡③❡s✱ ❡st❛ ♣♦❞❡ s❡r s✐♠♣❧❡s♠❡♥t❡ ❛♣r♦①✐♠❛❞❛ ✭▼❖◆❚●❖▼❊❘❨❀

❘❯◆●❊❘✱ ✷✵✶✵✮✳ ❯♠❛ ❛❧t❡r♥❛t✐✈❛ ❛♦ ♠ét♦❞♦ ♣✉r❛♠❡♥t❡ ❢❛t♦r✐❛❧ é P❧❛♥❡❥❛♠❡♥t♦ ❈♦♠✲

♣♦st♦ ❈❡♥tr❛❧ ✭P❈❈✮✳ ❖ P❈❈ é ✉♠ ♣❧❛♥❡❥❛♠❡♥t♦ ❢❛t♦r✐❛❧ ❞❡ ♣r✐♠❡✐r❛ ♦r❞❡♠✱ ❛✉♠❡♥t❛❞♦

♣♦r ❝❡rt♦s ♣♦♥t♦s ❛❞✐❝✐♦♥❛✐s✱ ❞❡ ♠♦❞♦ ❛ ♣❡r♠✐t✐r ❛ ❡st✐♠❛çã♦ ❞❡ ♣❛râ♠❡tr♦s ✐♥❞❡♣❡♥❞❡♥✲

t❡s ❞❡ ✉♠❛ s✉♣❡r❢í❝✐❡ ❞❡ s❡❣✉♥❞❛ ♦r❞❡♠ q✉❡ ♥♦r♠❛❧♠❡♥t❡ é ✉t✐❧✐③❛❞♦ q✉❛♥❞♦ s❡ t❡♠ ✉♠❛

q✉❛♥t✐❞❛❞❡ ❡①❝❡ss✐✈❛ ❞❡ ❡①♣❡r✐♠❡♥t♦s✳

❉❛❞♦ ❛♦ ❡①♣♦st♦✱ ❛ ✜♠ ❞❡ ❞❛r ✉♠❛ ♠❛✐♦r ❛❜r❛♥❣ê♥❝✐❛ ❛♦ ♣❧❛♥❡❥❛♠❡♥t♦ ❡①♣❡r✐♠❡♥t❛❧✱

✉♠ ♣❧❛♥❡❥❛♠❡♥t♦ ❝♦♠♣♦st♦ ❝❡♥tr❛❧ ♦rt♦❣♦♥❛❧ ❢♦✐ ❡❧❛❜♦r❛❞♦✳ ◆♦ P❈❈✱ ✉t✐❧✐③♦✉✲s❡ ✉♠ ♣❧❛✲

♥❡❥❛♠❡♥t♦ ❢❛t♦r✐❛❧ ❛ ❞♦✐s ♥í✈❡✐s ❝♦♠ três ✈❛r✐á✈❡✐s ❛❝r❡❝✐❞♦ ❞❡ q✉❛tr♦ ré♣❧✐❝❛s ❧♦❝❛❧✐③❛❞♦s

♥♦ ♣♦♥t♦ ❝❡♥tr❛❧ ❡ s❡✐s ❡①♣❡r✐♠❡♥t♦s ♥♦s ♣♦♥t♦s ❛①✐❛✐s ✭α✮✱ t♦t❛❧✐③❛♥❞♦ 18 ❡①♣❡r✐♠❡♥t♦s

❛♣r❡s❡♥t❛❞♦s ♥❛ ❚❛❜❡❧❛ ✸✳✸✳ ❆s ✈❛r✐á✈❡✐s ❛♥❛❧✐s❛❞❛s ♥♦s ❡①♣❡r✐♠❡♥t♦s ❢♦r❛♠✿

• X1 ✲ ❈♦♠♣r✐♠❡♥t♦ ❞❛ ❛❧t✉r❛ ❞❛ ❛❧✐♠❡♥t❛çã♦ ✭m✮❀

• X2 ✲ ❱❛③ã♦ ✈♦❧✉♠étr✐❝❛ ❞❡ ❛❧✐♠❡♥t❛çã♦ ✭m3/s✮❀

• X3 ✲ P❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡ ✭m2✮✳

❖s ✈❛❧♦r❡s r❡❢❡r❡♥t❡s ❛♦s ♥í✈❡✐s ❞❡ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❢♦r❛♠ ❡st❛❜❡❧❡❝✐❞♦s ❛ ♣❛rt✐r ❞❡

t❡st❡s ❡ ❡①♣❡r✐♠❡♥t♦s r❡❛❧✐③❛❞♦s ♣r❡✈✐❛♠❡♥t❡✳ ❖s ✈❛❧♦r❡s r❡❢❡r❡♥t❡s ❛♦s ♥í✈❡✐s ❞❡ ✈❛③ã♦ ❞❡

❛❧✐♠❡♥t❛çã♦ ♥♦ ❝✐❝❧♦♥❡ ❢♦r❛♠ r❡t✐r❛❞♦s ❞❛ ❧✐t❡r❛t✉r❛✱ ❝♦♥❞✐❝✐♦♥❛❞♦s à ❢❛✐①❛ ❞❡ ✈❡❧♦❝✐❞❛❞❡

❞❡ ❛❧✐♠❡♥t❛çã♦ ❡st❛❜❡❧❡❝✐❞❛ ♣❛r❛ ❝✐❝❧♦♥❡s✳ P♦r s✉❛ ✈❡③✱ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❛ ❛❧t✉r❛ ❞❛

❛❧✐♠❡♥t❛çã♦ ❜❛s❡♦✉✲s❡ ❡♠ ❛❧❣✉♠❛s r❡❢❡rê♥❝✐❛s q✉❡ ❛ss♦❝✐❛♠ t❛❧ ❞✐♠❡♥sã♦ ❝♦♠ ♦ ♠❡❧❤♦r



✸✳✷✳ ▼♦❞❡❧❛❣❡♠ ❈♦♠♣✉t❛❝✐♦♥❛❧ ✽✼

❞❡s❡♠♣❡♥❤♦ ❞♦ ❡q✉✐♣❛♠❡♥t♦✳

Xi = 2
(ξi−ξ̄i)

di

ξi = X

ξ̄i =
(X+1+X−1)

2

di = X+1 −X−1

✭✸✳✹✮

♦♥❞❡✿

Xi✿ ✈❛❧♦r ❞❛ ✈❛r✐á✈❡❧ ❝♦❞✐✜❝❛❞❛❀

X ✿ ✈❛❧♦r ❞❛ ✈❛r✐á✈❡❧ r❡❛❧ ❛ s❡r ❝❛❧❝✉❧❛❞♦❀

X+1 ✿ ✈❛❧♦r ❞❛ ✈❛r✐á✈❡❧ ♦r✐❣✐♥❛❧ ♥♦ ♥í✈❡❧ ❛❧t♦❀

X−1 ✿ ✈❛❧♦r ❞❛ ✈❛r✐á✈❡❧ ♦r✐❣✐♥❛❧ ♥♦ ♥í✈❡❧ ❜❛✐①♦❀

❚❛❜❡❧❛ ✸✳✸✿ ▼❛tr✐③ ❞♦ P❧❛♥❡❥❛♠❡♥t♦ ❊①♣❡r✐♠❡♥t❛❧

❱❛r✐á✈❡✐s ❝♦❞✐✜❝❛❞❛s ❱❛r✐á✈❡✐s ♥ã♦ ❝♦❞✐✜❝❛❞❛s

❊①♣❡r✐♠❡♥t♦ X1 X2 X3 a(m) Qv(m
3/s) K(m2)

✶ −1 −1 −1 0, 057 0, 04 1, 00× 10−11

✷ −1 −1 +1 0, 057 0, 04 5, 00× 10−11

✸ −1 +1 −1 0, 057 0, 08 1, 00× 10−11

✹ −1 +1 +1 0, 057 0, 08 5, 00× 10−11

✺ +1 −1 −1 0, 133 0, 04 1, 00× 10−11

✻ +1 −1 +1 0, 133 0, 04 5, 00× 10−11

✼ +1 +1 −1 0, 133 0, 08 1, 00× 10−11

✽ +1 +1 +1 0, 133 0, 08 5, 00× 10−11

✾ −α 0 0 0, 041 0, 06 3, 00× 10−11

✶✵ +α 0 0 0, 149 0, 06 3, 00× 10−11

✶✶ 0 −α 0 0, 095 0, 032 3, 00× 10−11

✶✷ 0 +α 0 0, 095 0, 088 3, 00× 10−11

✶✸ 0 0 −α 0, 095 0, 06 1, 72× 10−12

✶✹ 0 0 +α 0, 095 0, 06 5, 83× 10−11

✶✺ 0 0 0 0, 095 0, 06 3, 00× 10−11

✶✻ 0 0 0 0, 095 0, 06 3, 00× 10−11

✶✼ 0 0 0 0, 095 0, 06 3, 00× 10−11

✶✽ 0 0 0 0, 095 0, 06 3, 00× 10−11

❖ ✈❛❧♦r ❞❡ α s❡❧❡❝✐♦♥❛❞♦ ❢♦✐ ✶✱✹✶✹✱ ♦❜t✐❞♦ ❛ ♣❛rt✐r ❞❛ ❊q✉❛çã♦ ✸✳✺✱ ❛ ✜♠ ❞❡ ♣r♦♣♦r❝✐♦✲

♥❛r ✉♠ P❈❈ ♦rt♦❣♦♥❛❧✱ ✐st♦ é✱ ✉♠ ♣❧❛♥❡❥❛♠❡♥t♦ ♦♥❞❡ ❛ ♠❛tr✐③ ❞❡ ✈❛r✐â♥❝✐❛ ❡ ❝♦✈❛r✐â♥❝✐❛

sã♦ ❞✐❛❣♦♥❛✐s ❡ ♦s ♣❛râ♠❡tr♦s ❡st✐♠❛❞♦s ♥ã♦ sã♦ ❝♦rr❡❧❛❝✐♦♥❛❞♦s ❡♥tr❡ s✐ ✭❇❖❳ ❡t ❛❧✳✱

✶✾✼✽✮✳ ❆ ♣❛rt✐r ❞❛s ✈❛r✐á✈❡✐s ❝♦❞✐✜❝❛❞❛s é ♣♦ssí✈❡❧ ❞❡t❡r♠✐♥❛r ❛s ♠❡s♠❛s ♥ã♦ ❝♦❞✐✜❝❛❞❛s



✽✽ ✸✳✷✳ ▼♦❞❡❧❛❣❡♠ ❈♦♠♣✉t❛❝✐♦♥❛❧

✉t✐❧✐③❛♥❞♦ ❛ ❊q✉❛çã♦ ✸✳✹✳

α =
(

Q·G

4

)
1/4

Q =

[

(G+ T )
1/2 −G

1/2

]2 ✭✸✳✺✮

❡♠ q✉❡ G é ♦ ♥ú♠❡r♦ ❞❡ ♣♦♥t♦s ❢❛t♦r✐❛✐s ✭G = 2k✮✱ s❡ ❝♦♠♣❧❡t♦✱ T é ♦ ♥ú♠❡r♦ ❞❡ ♣♦♥t♦s

❛❞✐❝✐♦♥❛✐s ♥♦ P❈❈ ✭T = 2k✮ ✰ ♥ú♠❡r♦ ❞❡ ré♣❧✐❝❛s ❝❡♥tr❛✐s✮ ❡ k é ♦ ♥ú♠❡r♦ ❞❡ ✈❛r✐á✈❡✐s✳

▼❡t♦❞♦❧♦❣✐❛ ❞❡ ❙✉♣❡r❢í❝✐❡ ❞❡ ❘❡s♣♦st❛ ✭▼❙❘✮

❆ ▼❡t♦❞♦❧♦❣✐❛ ❞❡ ❙✉♣❡r❢í❝✐❡ ❞❡ ❘❡s♣♦st❛ ✭▼❙❘✮ t❡♠ ❝♦♠♦ ❢✉♥❞❛♠❡♥t♦ ♦ ♣❧❛♥❡❥❛✲

♠❡♥t♦ ❢❛t♦r✐❛❧ ❞♦s ❡①♣❡r✐♠❡♥t♦s ✭❇❖❳ ❡t ❛❧✳✱ ✶✾✼✽✮✳ ❆ ▼❙❘ é ✉♠ ❝♦♥❥✉♥t♦ ❞❡ té❝♥✐❝❛s

♠❛t❡♠át✐❝❛s ❡ ❡st❛tíst✐❝❛s q✉❡ sã♦ ✐♥❞✐s♣❡♥sá✈❡✐s ♣❛r❛ ❛♥á❧✐s❡ ❡ ❣❡r❛çã♦ ❞❡ ♠♦❞❡❧♦s ❡♠

❛♣❧✐❝❛çõ❡s ♦♥❞❡ ❛ ✈❛r✐á✈❡❧ r❡s♣♦st❛ é ✐♥✢✉❡♥❝✐❛❞❛ ♣♦r ❞✐✈❡rs❛s ✈❛r✐á✈❡✐s ❡ ❝✉❥♦ ♦❜❥❡t✐✈♦

s❡❥❛ ♦t✐♠✐③❛çã♦ ✭▼❖◆❚●❖▼❊❘❨❀ ❘❯◆●❊❘✱ ✷✵✶✵✮✳ P♦rt❛♥t♦✱ ♥❛ ❝❛r❛❝t❡r✐③❛çã♦ ❞❡ ✉♠ ❡①✲

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

s❡❣✉✐♥t❡ é ❞❡t❡r♠✐♥❛r ❛ r❡❣✐ã♦ ♥❛ q✉❛❧ ♦s ❢❛t♦r❡s ♠❛✐s ✐♠♣♦rt❛♥t❡s ❧❡✈❛♠ ❛ ✉♠❛ r❡s♣♦st❛

ót✐♠❛✳

❆ ▼❡t♦❞♦❧♦❣✐❛ ❞❡ ❙✉♣❡r❢í❝✐❡ ❘❡s♣♦st❛ ✈❡♠ s❡♥❞♦ ✉t✐❧✐③❛❞❛ ❢r❡q✉❡♥t❡♠❡♥t❡ ♥♦s ❝❛♠✲

♣♦s ❞❛ ❡♥❣❡♥❤❛r✐❛ ❡ ❞❛ ✐♥❞ústr✐❛✱ ♦♥❞❡ ❤á ♥❡❝❡ss✐❞❛❞❡ ❞❡ s❡ ❛✈❛❧✐❛r ✈ár✐♦s ♣❛râ♠❡tr♦s

✭❊▲❙❆❨❊❉❀ ▲❆❈❖❘✱ ✷✵✶✶❜✮✳ P♦rt❛♥t♦✱ ❛ ✜♠ ❞❡ r❡❛❧✐③❛r ❛ ❛♥á❧✐s❡ ✈✐❛ ▼❙❘ ❢♦r❛♠ r❡❛❧✐③❛✲

❞♦s ♣r✐♠❡✐r♦ ♦s ❡①♣❡r✐♠❡♥t♦s ❞❡✜♥✐❞♦s ♥❛ ♠❛tr✐③ ❞❡ ♣❧❛♥❡❥❛♠❡♥t♦ ❛♣r❡s❡♥t❛❞❛ ♥❛ ❚❛❜❡❧❛

✸✳✸✳ ❈♦♠ ♦s ❡①♣❡r✐♠❡♥t♦s r❡❛❧✐③❛❞♦s✱ t❡♥❞♦ ❝♦♠♦ ✈❛r✐á✈❡✐s r❡s♣♦st❛ ♦ ♥ú♠❡r♦ ❞❡ ❊✉❧❡r

✭Eu✮ ❡ ❛ ❘❛③ã♦ ❞❡ ✜❧tr❛t♦ ✭Rf ✮✱ ❢♦✐ ♣♦ssí✈❡❧ ❛❥✉st❛r ♦s r❡s✉❧t❛❞♦s ♥✉♠ér✐❝♦s ❡①♣❡r✐♠❡♥✲

t❛✐s t❛❜✉❧❛❞♦s✳ ❖ ❛❥✉st❡ ❞♦s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❢♦✐ r❡❛❧✐③❛❞♦ ❝♦♠ ♦ ❛✉①í❧✐♦ ❞♦ s♦❢t✇❛r❡

❙t❛t✐st✐❝❛ ✼✳✵✱ ✉s❛♥❞♦ r❡❣r❡ssã♦ ♠ú❧t✐♣❧❛✱ ♣❡❧♦ ♠ét♦❞♦ ❞♦s ♠í♥✐♠♦s q✉❛❞r❛❞♦s✳ ❈♦♠

❛ ❞❡t❡r♠✐♥❛çã♦ ❞♦s ♣❛râ♠❡tr♦s ♣♦❞❡✲s❡ ❛❥✉st❛r ♦s ❞❛❞♦s ❛ ✉♠ ♣♦❧✐♥ô♠✐♦ ❞❡ 2❛ ♦r❞❡♠✱

r❡♣r❡s❡♥t❛❞♦ ❡♠ s✉❛ ❢♦r♠❛ ❣❡♥❡r❛❧✐③❛❞❛ ♣❡❧❛ ❊q✉❛çã♦ ✸✳✻✳

Y = β0 +
3
∑

i=1

βiXi +
3
∑

i=1

βiiX
2
ii +

∑∑

i<j

βijXiXj ✭✸✳✻✮

◆❛ ❊q✉❛çã♦ ✸✳✻✱ β0✱ βi✱ βii✱ ❡ βij sã♦ ♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ r❡❣r❡ssã♦ ❛ss♦❝✐❛❞♦s ❛♦ t❡r♠♦s

❧✐♥❡❛r✱ q✉❛❞rát✐❝♦ ❡ ❞❡ ✐♥t❡r❛çã♦ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ P♦r s✉❛ ✈❡③✱ Xi ❡ Xj sã♦ ✈❛r✐á✈❡✐s

✐♥❞❡♣❡♥❞❡♥t❡s ❡ Y é ❛ ✈❛r✐á✈❡❧ ❞❡ r❡s♣♦st❛ ✭◆ú♠❡r♦ ❞❡ ❊✉❧❡r ❡ ❘❛③ã♦ ❞❡ ✜❧tr❛❞♦✮✳



✸✳✷✳ ▼♦❞❡❧❛❣❡♠ ❈♦♠♣✉t❛❝✐♦♥❛❧ ✽✾

✸✳✷✳✸ ❊str✉t✉r❛ ❈♦♠♣✉t❛❝✐♦♥❛❧

❆s s✐♠✉❧❛çõ❡s ❢♦r❛♠ r❡❛❧✐③❛❞❛s ❡♠ ✉♠ ❝❧✉st❡r ❢♦r♠❛❞♦ ♣♦r s❡✐s ❝♦♠♣✉t❛❞♦r❡s ❝♦♠

♣r♦❝❡ss❛❞♦r ■♥t❡❧ ❘© ❈♦r❡ ✐✺ ❡ ✽●❇ ❞❡ ♠❡♠ór✐❛ ❡♠ ♣❛r❛❧❡❧♦✱ ✉t✐❧✐③❛♥❞♦ ♦ s♦❢t✇❛r❡ ❋▲❯✲

❊◆❚ ✶✹✳✵ ❞❛ ❆◆❙❨❙ ❚❡❝❤♥♦❧♦❣②✳ ❆ ✉t✐❧✐③❛çã♦ ❞❡ ❝❧✉st❡rs ✈✐s❛ s✉❜st✐t✉✐r ♦s ❝♦♠♣✉t❛❞♦r❡s

❞❡ ❛❧t❛ ♣❡r❢♦r♠❛♥❝❡✱ q✉❡ ♥♦r♠❛❧♠❡♥t❡ ❞❡♠❛♥❞❛♠ ✉♠ ❝✉st♦ ❡❧❡✈❛❞♦✳ ❆ ❡str✉t✉r❛ ❝♦♠✲

♣✉t❛❝✐♦♥❛❧ ✉t✐❧✐③❛❞❛ é ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛ ✸✳✶✷

❋✐❣✉r❛ ✸✳✶✷✿ ❙✐st❡♠❛ ❝♦♠♣✉t❛❝✐♦♥❛❧ ✉t✐❧✐③❛❞♦✳

✸✳✷✳✹ ❈♦♥str✉çã♦ ❞❛s ●❡♦♠❡tr✐❛s ❡ ▼❛❧❤❛s

◆❡st❛ ❡t❛♣❛ ❞❡ ❡❧❛❜♦r❛çã♦ ❞❛s ❣❡♦♠❡tr✐❛s ❡ ❝♦♥str✉çõ❡s ❞❡ ♠❛❧❤❛s✱ q✉❡ s❡ ❡♥❝♦♥tr❛

♥❛ ❢❛s❡ ❞❡ ♣ré✲♣r♦❝❡ss❛♠❡♥t♦✱ ❢♦✐ ✉t✐❧✐③❛❞❛ ✉♠❛ ❢❡rr❛♠❡♥t❛ ❞❡ ♠♦❞❡❧❛❣❡♠ ❞❡ ❣❡♦♠❡tr✐❛s✱

♦ s♦❢t✇❛r❡ ●❆▼❇■❚ ✈❡rsã♦ ✷✳✶✸✳✷✳ ❊st❛ ❡t❛♣❛ ❝♦♥s✐st❡ ❞♦s s❡❣✉✐♥t❡s ♣❛ss♦s✿

✶✳ ❈♦♥str✉çã♦ ❞❛ ❣❡♦♠❡tr✐❛ ❞❡ ✐♥t❡r❡ss❡❀

✷✳ ❉❡✜♥✐çã♦ ❞❛s ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦s✱ ❞✐❢❡r❡♥❝✐❛♥❞♦ ❛s r❡❣✐õ❡s ✐♥t❡r♥❛s ♦♥❞❡ ❤á

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

✸✳ ❘❡✜♥♦ ❞❛s ♠❛❧❤❛s❀

✹✳ ■♥❞❡♣❡♥❞ê♥❝✐❛ ❞❡ ♠❛❧❤❛s✳



✾✵ ✸✳✷✳ ▼♦❞❡❧❛❣❡♠ ❈♦♠♣✉t❛❝✐♦♥❛❧

❆ ❋✐❣✉r❛ ✸✳✶✸ ❛♣r❡s❡♥t❛ ♦ s✐st❡♠❛ ❞❡ ❣❡r❛çã♦ ❞❡ ♠❛❧❤❛s ♣❛r❛ ❝✐❝❧♦♥❡s✳ ❆ ✐♠❛❣❡♠

♣r❡s❡♥t❡ ♥❡st❛ ✜❣✉r❛ ❝♦rr❡s♣♦♥❞❡ à ❣❡♦♠❡tr✐❛ ❞❡ ✉♠❛ ❝✐❝❧♦♥❡ ✜❧tr❛♥t❡ ❝♦♠ ♠❛❧❤❛ ❡str✉✲

t✉r❛❞❛✳

❋✐❣✉r❛ ✸✳✶✸✿ ❙✐st❡♠❛ ❞❡ ❣❡r❛çã♦ ❞❡ ♠❛❧❤❛s ♣❛r❛ ❝✐❝❧♦♥❡s ✜❧tr❛♥t❡s✳

❆s ♠❛❧❤❛s ✸❉ ❣❡r❛❞❛s ❛ ♣❛rt✐r ❞♦ ●❆▼❇■❚ sã♦ ❢♦r♠❛❞❛s ♣♦r ❝é❧✉❧❛s ❤❡①❛é❞r✐❝❛s

t♦t❛❧♠❡♥t❡ ❡str✉t✉r❛❞❛s ❛ ✜♠ ❞❡ ❢❛❝✐❧✐t❛r ❛ s✐♠✉❧❛çã♦✳ ❆s ❞✐♠❡♥sõ❡s ❞❛s ❣❡♦♠❡tr✐❛s

❡stã♦ ❞✐s♣♦st❛s ♥❛ ❚❛❜❡❧❛ ✸✳✷ ❡ s❡❣✉❡♠ ❛ ♠❡s♠❛ ❝♦♥❢♦r♠❛çã♦ ❛♣r❡s❡♥t❛❞❛ ♥❛ ❋✐❣✉r❛

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

❡st❛❜❡❧❡❝✐❞♦s ♣❡❧♦ ♣❧❛♥❡❥❛♠❡♥t♦ ❞♦s ❡①♣❡r✐♠❡♥t♦s ♥✉♠ér✐❝♦s✳

P❛r❛ ❣❡r❛çã♦ ❞❛ ❣❡♦♠❡tr✐❛ ❡ ♠❛❧❤❛s ♣❛r❛ ❝✐❝❧♦♥❡s ✜❧tr❛♥t❡s✱ ❛ ♣r❡s❡♥ç❛ ❞♦ ♠❡✐♦ ✜❧✲

tr❛♥t❡ ❢♦✐ ✉♠ ❝♦♠♣❧✐❝❛❞♦r ♣❛r❛ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡st❛✳ ❆ ❡str✉t✉r❛ ❞♦ ❝✐❝❧♦♥❡ ✜❧tr❛♥t❡

é s❡♠❡❧❤❛♥t❡ àq✉❡❧❛ ♣r♦♣♦st❛ ♣❛r❛ ❝✐❝❧♦♥❡s ❝♦♥✈❡♥❝✐♦♥❛✐s ❞❡s❝r✐t❛ ♣♦r ❲❡❝❡❧ ✭✷✵✵✾✮✳ ❊♥✲

tr❡t❛♥t♦✱ ❛ s✉♣❡r❢í❝✐❡ r❡❢❡r❡♥t❡ à r❡❣✐ã♦ ❝ô♥✐❝❛ ❡♠ ❝✐❝❧♦♥❡ ❝♦♥✈❡♥❝✐♦♥❛❧ é s✉❜st✐t✉í❞❛ ♣♦r

✉♠❛ s✉♣❡r❢í❝✐❡ q✉❡ ❢❛③ ♣❛rt❡ ❞♦ ✐♥t❡r✐♦r ❞♦ ❝✐❝❧♦♥❡✱ ❝♦♠ ✉♠❛ ❝♦♥❞✐çã♦ ❞❡ ❝♦♥t♦r♥♦ ❞❡ ♠❡✐♦

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

❡♠ ♠❡✐♦s ♣♦r♦s♦s ♣❛r❛ ❡s❝♦❛♠❡♥t♦s ✉♥✐❞✐r❡❝✐♦♥❛✐s✳ ◆❛ s❛í❞❛ ❞♦ ✜❧tr♦ r❡❢❡r❡♥t❡ à s❡çã♦

❝ô♥✐❝❛ t❡♠✲s❡ ✉♠❛ ❝♦♥❞✐çã♦ ❞❡ ♣r❡ssã♦ ❞❡ s❛í❞❛✱ ❝♦♥❢♦r♠❡ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✸✳✶✸✳

✸✳✷✳✺ ❈♦♥❞✐çõ❡s ❞❡ ❈♦♥t♦r♥♦s

❈♦♠ r❡❧❛çã♦ às ❝♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦s✱ ❛s ❚❛❜❡❧❛s ✸✳✹ ❡ ✸✳✺ ❛♣r❡s❡♥t❛♠ ❛s ❝♦♥s✐❞❡✲

r❛çõ❡s ♣❛r❛ ❝❛❞❛ ❞❡❧✐♠✐t❛çã♦ ♥♦ ❞♦♠í♥✐♦ ❞❡ ❝á❧❝✉❧♦✳



✸✳✷✳ ▼♦❞❡❧❛❣❡♠ ❈♦♠♣✉t❛❝✐♦♥❛❧ ✾✶

❚❛❜❡❧❛ ✸✳✹✿ ❈♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦ ♥♦s ❝✐❝❧♦♥❡s ❈♦♥✈❡♥❝✐♦♥❛✐s✳

➪r❡❛ ❡s♣❡❝✐✜❝❛❞❛ ❈♦♥❞✐çã♦ ❞❡ ❝♦♥t♦r♥♦
❊♥tr❛❞❛ ❞❛ ❛❧✐♠❡♥t❛çã♦ ❱❡❧♦❝✐t② ■♥❧❡t

❙❛í❞❛ ❞♦ ❖✈❡r✢♦✇ Pr❡ss✉r❡ ♦✉t❧❡t
P❛r❡❞❡ rí❣✐❞❛s ❞♦ ❝✐❝❧♦♥❡ ◆♦ ❙❧✐♣

❚❛❜❡❧❛ ✸✳✺✿ ❈♦♥❞✐çõ❡s ❞❡ ❝♦♥t♦r♥♦ ♥♦s ❝✐❝❧♦♥❡s ✜❧tr❛♥t❡s✳

➪r❡❛ ❡s♣❡❝✐✜❝❛❞❛ ❈♦♥❞✐çã♦ ❞❡ ❝♦♥t♦r♥♦
❊♥tr❛❞❛ ❞❛ ❛❧✐♠❡♥t❛çã♦ ❱❡❧♦❝✐t② ■♥❧❡t

❙❛í❞❛ ❞♦ ❖✈❡r✢♦✇ Pr❡ss✉r❡ ♦✉t❧❡t
❋✐❧tr♦ P♦r✉s ❏✉♠♣

❙❛í❞❛ ❞♦ ✜❧tr♦ Pr❡ss✉r❡ ♦✉t❧❡t
P❛r❡❞❡ rí❣✐❞❛s ❞♦ ❝✐❝❧♦♥❡ ◆♦ ❙❧✐♣

❊♠ r❡❧❛çã♦ à ❝♦♥❞✐çã♦ ❞❡ ❝♦♥t♦r♥♦ P♦r♦✉s ❏✉♠♣ ♣❛r❛ ❝✐❝❧♦♥❡s ✜❧tr❛♥t❡s ♦s ✈❛❧♦r❡s ❞❡

❡♥tr❛❞❛✱ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ✭α✮ ❡ ❝♦❡✜❝✐❡♥t❡ ❞❡ r❡s✐stê♥❝✐❛ ✐♥❡r❝✐❛❧ ✭C2✮ ❢♦r❛♠ ❞❡t❡r♠✐♥❛❞♦s

❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡✱ ❛ ♣❛rt✐r ❞✐✈❡rs♦s ✈❛❧♦r❡s ❞❡ ✈❛③ã♦ ✈♦❧✉♠étr✐❝❛ ❡ q✉❡❞❛ ❞❡ ♣r❡ssã♦

❛tr❛✈és ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡✳

✸✳✷✳✻ ❆♥á❧✐s❡ ❞❡ ■♥❞❡♣❡♥❞ê♥❝✐❛ ❞❡ ▼❛❧❤❛s

❖ ❡st✉❞♦ ♣❛r❛ ❛♥á❧✐s❡ ❞❡ ✐♥❞❡♣❡♥❞ê♥❝✐❛ ❞❡ ♠❛❧❤❛s ❢♦✐ r❡❛❧✐③❛❞♦ ❡♠ ✉♠ ❝✐❝❧♦♥❡ ❋✐❧✲

tr❛♥t❡✱ ✉t✐❧✐③❛♥❞♦ ♦ ♠♦❞❡❧♦ ❞❡ t✉r❜✉❧ê♥❝✐❛ ▲❊❙✱ ♣❛r❛ ❛s q✉❛✐s ♦s r❡s✉❧t❛❞♦s ❡stã♦ ❞✐s♣♦st♦s

♥❛ ❚❛❜❡❧❛ ✸✳✻✳ P❛r❛ ✐ss♦✱ três ♥í✈❡✐s ❡♠ q✉❛♥t✐❞❛❞❡s ❞❡ ❝é❧✉❧❛s ❢♦r❛♠ t❡st❛❞♦s✱ ❞❡ ❢♦r♠❛

❛ ❝♦♥s✐❞❡r❛r q✉❡ ♦s r❡s✉❧t❛❞♦s ❞❛s s✐♠✉❧❛çõ❡s ♥ã♦ ❛♣r❡s❡♥t❛r✐❛ ✉♠❛ ❞❡♣❡♥❞ê♥❝✐❛ s✐❣♥✐✜✲

❝❛t✐✈❛ ❛♦ ♥ú♠❡r♦ ❞❡ ✈♦❧✉♠❡s ❞❡ ❝❛❞❛ ♠❛❧❤❛✳ ❉✉r❛♥t❡ ❛s s✐♠✉❧❛çõ❡s✱ ❢♦✐ ✉t✐❧✐③❛❞❛ ✉♠❛

✈❡❧♦❝✐❞❛❞❡ ♥❛ ❡♥tr❛❞❛ ❞❛ ❛❧✐♠❡♥t❛çã♦ ❞❡ ✶✺ ♠✴s✱ ❝♦♠ ✉♠ t❡♠♣♦ ❞❡ s✐♠✉❧❛çã♦ ❞❡ ✷✱✵ s✳

❚❛❜❡❧❛ ✸✳✻✿ ❚❡st❡ ❞❡ ✐♥❞❡♣❡♥❞ê♥❝✐❛ ❞❡ ♠❛❧❤❛s✳

◗✉❛❧✐❞❛❞❡ ❞❛s ♠❛❧❤❛s ◆♦ ❞❡ ◆ó ◗✉❡❞❛ ❞❡ Pr❡ssã♦ ✭P❛✮
●r♦ss❡✐r❛ ✻✵✵✳✵✵✵ ✷✹✵

■♥t❡r♠❡❞✐ár✐❛ ✽✵✵✳✵✵✵ ✷✷✺
❋✐♥❛ ✾✵✵✳✵✵✵ ✷✶✺

❈♦♠♦ ❝r✐tér✐♦ ❞❡ ✈❡r✐✜❝❛çã♦ ♣❛r❛ q✉❡ ❢♦ss❡ ❝♦♥s✐❞❡r❛❞♦ ❛ ✐♥❞❡♣❡♥❞ê♥❝✐❛ ❞❛s ♠❛❧❤❛s✱

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

❚❛❜❡❧❛ ✸✳✻✱ ✈❡r✐✜❝❛✲s❡ q✉❡ ♦s r❡s✉❧t❛❞♦s ❝♦♠♣✉t❛❝✐♦♥❛✐s ♥❛s três ♠❛❧❤❛s ❢♦r❛♠ ♠❡♥♦r❡s



✾✷ ✸✳✷✳ ▼♦❞❡❧❛❣❡♠ ❈♦♠♣✉t❛❝✐♦♥❛❧

q✉❡ 5% ❞❛ ♠❛❧❤❛ ✐♥t❡r♠❡❞✐ár✐❛ ♣❛r❛ ❛ ♠❛❧❤❛ ✜♥❛✱ ❞❡ ♠♦❞♦ q✉❡ ♦s r❡s✉❧t❛❞♦s s♦❜r❡ ❛

♠❛❧❤❛ ❝♦♠ ✽✵✵✳✵✵✵ ❝é❧✉❧❛s ❥á ♣♦❞❡♠ s❡r ❝♦♥s✐❞❡r❛❞♦s ❝♦♠♦ s✉✜❝✐❡♥t❡♠❡♥t❡ ♣r❡❝✐s♦s✳

✸✳✷✳✼ ❈♦♥✜❣✉r❛çã♦ ❞♦ ❙♦❧✈❡r

❙♦❢t✇❛r❡ ❯t✐❧✐③❛❞♦

❈♦♥❢♦r♠❡ ❛♣r❡s❡♥t❛❞♦ ♥❛ s❡çã♦ ✷✳✹✳✼✱ ♦ s♦❢t✇❛r❡ ❝♦♠❡r❝✐❛❧ ✉t✐❧✐③❛❞♦ ♥❛s s✐♠✉❧❛çõ❡s

❢♦✐ ♦ ❋❯❊◆❚ ✶✹✳✵✱ ❝♦♠ ❧✐❝❡♥ç❛ ✈✐t❛❧í❝✐❛ ♣❡rt❡♥❝❡♥t❡ à ❋❛❝✉❧❞❛❞❡ ❞❡ ❊♥❣❡♥❤❛r✐❛ ◗✉í♠✐❝❛

❞❛ ❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞❡ ❯❜❡r❧â♥❞✐❛ ✭❋❊◗✮✳ ▼❛✐s ❞❡t❛❧❤❡s s♦❜r❡ ♦ s♦❢t✇❛r❡ ♣♦❞❡♠ s❡r

♦❜s❡r✈❛❞♦s ❡♠ ❋❧✉❡♥t ✭✷✵✶✶✮✳

▼♦❞❡❧♦s ❞❡ ❚✉r❜✉❧ê♥❝✐❛

❆ ❝❤❛✈❡ ♣❛r❛ s✉❝❡ss♦ ❡♠ s✐♠✉❧❛çõ❡s ✈✐❛ ❈❋❉ ❡♠ ❝✐❝❧♦♥❡s r❡s✐❞❡ ♥❛ ❞❡s❝r✐çã♦ ❝♦♠✲

♣❧❡t❛ ❡ ♣r❡❝✐s❛ ❞♦ ❝♦♠♣♦rt❛♠❡♥t♦ t✉r❜✉❧❡♥t♦ ❞♦ ❡s❝♦❛♠❡♥t♦ ✭●❘■❋❋■❚❍❙❀ ❇❖❨❙❆◆✱ ✶✾✾✻✮✳

❈♦♠♦ ❞✐s❝✉t✐❞♦ ♥❛ s❡çã♦ ✷✳✹✳✻✱ ❡①✐st❡ ✉♠❛ ✈❛r✐❡❞❛❞❡ ❞❡ ♠♦❞❡❧♦s ❞❡ t✉r❜✉❧ê♥❝✐❛ ❞✐s♣♦♥í✲

✈❡✐s ♥♦ ♠❛♥✉❛❧ ❞♦ ❙♦❢t✇❛r❡ ✉t✐❧✐③❛❞♦ ✭❋▲❯❊◆❚✱ ✷✵✶✶✮✳ ❊♥tr❡t❛♥t♦✱ ❞❛❞♦ à ❝♦♠♣❧❡①✐❞❛❞❡

❞♦ ❡s❝♦❛♠❡♥t♦ tr❛♥s✐❡♥t❡✱ tr✐❞✐♠❡♥s✐♦♥❛❧ ❡ r♦t❛tór✐♦ ✐♥❡r❡♥t❡ ❛ ❝✐❝❧♦♥❡s❀ ♦s ♠♦❞❡❧♦s ♠❛✐s

✉t✐❧✐③❛❞♦s sã♦ ♦ ♠♦❞❡❧♦ ❞❡ t❡♥sõ❡s ❞❡ ❘❡②♥♦❧❞s ❡ ♦ ♠♦❞❡❧♦ ❡♠ ❣r❛♥❞❡ ❡s❝❛❧❛s✳ P♦r✲

t❛♥t♦✱ ♣❛r❛ ❛s s✐♠✉❧❛çõ❡s r❡❛❧✐③❛❞❛s ♥❡st❛ t❡s❡✱ ❢♦r❛♠ ✉t✐❧✐③❛❞♦s s♦♠❡♥t❡ ♦s ♠♦❞❡❧♦s ❞❡

t✉r❜✉❧ê♥❝✐❛ ❘❙▼ ❡ ▲❊❙✳

❆ ♠❡t♦❞♦❧♦❣✐❛ ▲❊❙ ✈❡♠ s❡♥❞♦ ✉t✐❧✐③❛❞❛ ❡♠ ♠✉✐t♦s tr❛❜❛❧❤♦s ❛ ✜♠ ❞❡ ❛♥❛❧✐s❛r ♦

❝♦♠♣❧❡①♦ ❝♦♠♣♦rt❛♠❡♥t♦ ✢✉✐❞♦❞✐♥â♠✐❝♦ ❡♠ ❝✐❝❧♦♥❡s✳ ❈♦♠♦ ❡①❡♠♣❧♦s✱ ♣♦❞❡♠✲s❡ ❝✐t❛r ♦s

tr❛❜❛❧❤♦s ❞❡ ❙❧❛❝❦ ❡t ❛❧✳ ✭✷✵✵✵✮✱ ❙❤❛❧❛❜② ✭✷✵✵✼✮✱ ❉❡r❦s❡♥ ❡t ❛❧✳ ✭✷✵✵✽✮ ❡ ❊❧s❛②❡❞ ❡ ▲❛❝♦r

✭✷✵✶✵✮✳ ◆❡st❛ t❡s❡✱ ❝♦♠ ❡str❛té❣✐❛ ♥✉♠ér✐❝❛✱ ❛s s✐♠✉❧❛çõ❡s ✈✐❛ ▲❊❙ ❝♦♠❡ç❛r❛♠ ❝♦♠ ♦

♠♦❞❡❧♦ ❞❡ t✉r❜✉❧ê♥❝✐❛ ❞❡ t❡♥sõ❡s ❞❡ ❘❡②♥♦❧❞s ✭❘❙▼✮ ♣❛r❛ ❛ ✐♥✐❝✐❛❧✐③❛çã♦ ❞♦ ❡s❝♦❛♠❡♥t♦✳

❊♠ s❡❣✉✐❞❛✱ ❛♣ós ✶✵✵✵✵ ✐t❡r❛çõ❡s ❛♣ós ❡st❛❜❡❧❡❝✐♠❡♥t♦ ❞♦ ❝❛♠♣♦ ❞❡ ❡s❝♦❛♠❡♥t♦✱ ❢♦✐

❛♣❧✐❝❛❞❛ ❛ ♠❡t♦❞♦❧♦❣✐❛ ❞❡ s✐♠✉❧❛çã♦ ❡♠ ❣r❛♥❞❡s ❡s❝❛❧❛s ✭▲❊❙✮ ✉t✐❧✐③❛♥❞♦ ♦ ♠♦❞❡❧♦ s✉❜✲

♠❛❧❤❛ ❞❡ ❙♠❛❣♦r✐♥s❦②✳

❊s❝♦❧❤❛s ❞♦s ❊sq✉❡♠❛s ❞❡ ❉✐s❝r❡t✐③❛çã♦

❈♦♠ ❜❛s❡ ♥♦s tr❛❜❛❧❤♦s ❞❡ ❑❛②❛ ❡ ❑❛r❛❣♦③ ✭✷✵✵✽✮ ❡ ❙❤✉❦❧❛ ❡t ❛❧✳ ✭✷✵✶✶✮✱ q✉❡ ❞✐s❝✉t❡♠

❛s ♠❡❧❤♦r❡s ❝♦♥✜❣✉r❛çõ❡s ❡ s❡❧❡çã♦ ❞❡ ❡sq✉❡♠❛s ♥✉♠ér✐❝♦s✱ ♣❛r❛ q✉❡ ♣♦ss❛♠ s❡r ✉t✐❧✐③❛❞♦s

❡♠ s✐♠✉❧❛çõ❡s ❡♠ ❝✐❝❧♦♥❡s✱ ❛ s❡❣✉✐r sã♦ ❛♣r❡s❡♥t❛❞♦s ♦s ❡sq✉❡♠❛s ❞❡ ❞✐s❝r❡t✐③❛çã♦ ❛ s❡r❡♠

✉t✐❧✐③❛❞♦s ♥❛ t❡s❡ ❡♠ r❡❧❛çã♦ ❛♦ ♠♦❞❡❧♦ ❘❙▼✿



✸✳✷✳ ▼♦❞❡❧❛❣❡♠ ❈♦♠♣✉t❛❝✐♦♥❛❧ ✾✸

• ♦ ❡sq✉❡♠❛ P❘❊❙❚❖ ❢♦✐ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❛ ✐♥t❡r♣♦❧❛çã♦ ❞❡ ♣r❡ssã♦❀

• ♦ ❛❧❣♦r✐t♠♦ ❙■▼P▲❊❈ ♣❛r❛ ❛❝♦♣❧❛♠❡♥t♦ ❞❡ ♣r❡ssã♦ ✈❡❧♦❝✐❞❛❞❡❀

• ♦ ❡sq✉❡♠❛ ◗❯■❈❑ ♣❛r❛ ❛s ❡q✉❛çõ❡s ❞❡ q✉❛♥t✐❞❛❞❡ ❞❡ ♠♦✈✐♠❡♥t♦❀

• ♦ ❡sq✉❡♠❛ s❡❝♦♥❞✲♦r❞❡r ✉♣✇✐♥❞ ♣❛r❛ ❛ ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ t✉r❜✉❧❡♥t❛❀

• ♦ ❡sq✉❡♠❛ ❞❡ ❞✐s❝r❡t✐③❛çã♦ ✜rst✲♦r❞❡r ✉♣✇✐♥❞ ♣❛r❛ ❛s ❡q✉❛çõ❡s ❞❛s t❡♥sõ❡s ❞❡ ❘❡②✲

♥♦❧❞s✳

❈♦♠ ❜❛s❡ ♥♦s tr❛❜❛❧❤♦s ❞❡s❡♥✈♦❧✈✐❞♦s ♣♦r ❙❧❛❝❦ ❡t ❛❧✳ ✭✷✵✵✵✮✱ ❙❤✉❦❧❛ ❡t ❛❧✳ ✭✷✵✶✶✮✱

❊❧s❛②❡❞ ✭✷✵✶✶✮ q✉❡ ❞✐s❝✉t❡♠ ♦ ♣♦t❡♥❝✐❛❧ ❞♦ ♠♦❞❡❧♦ ▲❊❙ ♥❛ s✐♠✉❧❛çã♦ ❡♠ ❝✐❝❧♦♥❡s ❡ ♥♦

♠❛♥✉❛❧ ❞♦ ❋▲❯❊◆❚ ✭❋▲❯❊◆❚✱ ✷✵✶✶✮✱ ❛ s❡❣✉✐r sã♦ ❛♣r❡s❡♥t❛❞♦s ♦s ❡sq✉❡♠❛s ❞❡ ❞✐s❝r❡t✐✲

③❛çã♦ ❛ s❡r❡♠ ✉t✐❧✐③❛❞♦s ♥❛ t❡s❡ ❡♠ r❡❧❛çã♦ ❛♦ ♠♦❞❡❧♦ ▲❊❙✿

• ♦ ❡sq✉❡♠❛ P❘❊❙❚❖ ❢♦✐ ✉t✐❧✐③❛❞♦ ♣❛r❛ ❛ ✐♥t❡r♣♦❧❛çã♦ ❞❡ ♣r❡ssã♦❀

• ♦ ❛❧❣♦r✐t♠♦ ❙■▼P▲❊❈ ♣❛r❛ ❛❝♦♣❧❛♠❡♥t♦ ❞❡ ♣r❡ssã♦ ✈❡❧♦❝✐❞❛❞❡❀

• ♦ ❡sq✉❡♠❛ ◗❯■❈❑ ♣❛r❛ ❛s ❡q✉❛çõ❡s ❞♦ ♠♦♠❡♥t♦❀

• ♦ ❡sq✉❡♠❛ ❞❡ ❞✐s❝r❡t✐③❛çã♦ ❜♦✉♥❞❡❞ ❝❡♥tr❛❧ ❞✐✛❡r❡♥❝❡ s❝❤❡♠❡ ♣❛r❛ ❛s ❡q✉❛çõ❡s ❞❛s

t❡♥sõ❡s ❞❡ ❘❡②♥♦❧❞s ✭❋▲❯❊◆❚✱ ✷✵✶✶✮✳

❊♠ ❛♠❜♦s ♦s ♠♦❞❡❧♦s✱ ♣❛r❛ ♠♦❞❡❧❛r ❛ r❡❣✐ã♦ ❞❡ ❡s❝♦❛♠❡♥t♦ ♣ró①✐♠❛ às ♣❛r❡❞❡s✱ ❢♦✐

✉t✐❧✐③❛❞❛ ❛ ❢✉♥çã♦ ♣❛❞rã♦✳

P❛r❛ ❛s s✐♠✉❧❛çõ❡s ❡♠ ❣r❛♥❞❡ ❡s❝❛❧❛s✱ ❝♦♠♦ ❡str❛té❣✐❛ ❞❡ s✐♠✉❧❛çã♦✱ ❡st❛s ✐♥✐❝✐❛r❛♠

♥♦ r❡❣✐♠❡ tr❛♥s✐❡♥t❡✱ ✉t✐❧✐③❛♥❞♦ ♦ ♠♦❞❡❧♦ ❞❡ t✉r❜✉❧ê♥❝✐❛ ❘❙▼✱ ❝♦♠ ✉♠ ♣❛ss♦ ♥♦ t❡♠♣♦

❞❡ 1×10−4 ♣❛r❛ ❛ ✐♥✐❝✐❛❧✐③❛çã♦ ❞♦ ❝❛♠♣♦ ❞❡ ❡s❝♦❛♠❡♥t♦✳ P♦st❡r✐♦r♠❡♥t❡✱ ❝♦♠ ❛♣r♦①✐♠❛✲

❞❛♠❡♥t❡ ✶✵✵✵✵ ✐t❡r❛çõ❡s✱ ♦ ♠♦❞❡❧♦ ❞❡ t✉r❜✉❧ê♥❝✐❛ ❢♦✐ ❛❧t❡r❛❞♦ ♣❛r❛ ♦ ❞❡ ❣r❛♥❞❡s ❡s❝❛❧❛s✱

❝♦♠ ✉♠ ♣❛ss♦ ❞❡ t❡♠♣♦ ❞❡ 1 × 10−6✱ ✉t✐❧✐③❛♥❞♦ ♦ ❛❧❣♦r✐t♠♦ ❞❡ s♦❧✉çã♦ ✐♠♣❧í❝✐t♦ s❡❣r❡✲

❣❛❞♦✱ ❝♦♥❢♦r♠❡ ❛ ♣r♦♣♦s✐çã♦ ❛♣r❡s❡♥t❛❞❛ ♣♦r ❊❧s❛②❡❞ ✭✷✵✶✶✮✱ ❡♠ s✉❛ t❡s❡ ❞❡ ❞♦✉t♦r❛❞♦

❡ ❛t❡♥❞❡♥❞♦ r❡❝♦♠❡♥❞❛çõ❡s ❞♦ ❋❧✉❡♥t ✭✷✵✶✶✮ q✉❡ ❛♣r❡s❡♥t❛ ❡ ❞✐s❝✉t❡ ❛❧❣✉♠❛s s✉❣❡stõ❡s

♣❛r❛ ❛ ❞❡✜♥✐çã♦ ❞♦ t✐♠❡ st❡♣❀ s✉❣❡r✐♥❞♦ q✉❡ ♣❛r❛ ✉♠❛ ❡s❝♦❧❤❛ ❝♦rr❡t❛ ❞♦ ♣❛ss♦ ❞❡ t❡♠♣♦✱

❛♦ ✜♥❛❧ ❞❛ s✐♠✉❧❛çã♦ ♦ ♥ú♠❡r♦ ♠á①✐♠♦ ❞❡ ❈♦✉r❛♥t ❞❡✈❡ s❡r ✐♥❢❡r✐♦r ❛ ✹✵✳

❈r✐tér✐♦ ❞❡ ❈♦♥✈❡r❣ê♥❝✐❛

❊♠ r❡❧❛çã♦ ❛♦s ❝r✐tér✐♦s ❞❡ ❝♦♥✈❡r❣ê♥❝✐❛✱ ❡♠ ♣r✐♠❡✐r♦ ❧✉❣❛r✱ ✉♠❛ s♦❧✉çã♦ ❝♦♥✈❡r❣❡

q✉❛♥❞♦ t♦❞❛s ❛s ❡q✉❛çõ❡s ❞✐s❝r❡t✐③❛❞❛s ❛t✐♥❣❡♠ ✉♠❛ t♦❧❡râ♥❝✐❛ ❡s♣❡❝✐✜❝❛❞❛✳ ❊♠ s❡❣✉♥❞♦



✾✹ ✸✳✷✳ ▼♦❞❡❧❛❣❡♠ ❈♦♠♣✉t❛❝✐♦♥❛❧

❧✉❣❛r✱ ❛ s♦❧✉çã♦ ♥✉♠ér✐❝❛ ❛t✐♥❣✐✉ ❛ ❝♦♥✈❡r❣ê♥❝✐❛ q✉❛♥❞♦ ♥ã♦ ❤á ♠❛✐s ✈❛r✐❛çã♦ ❞♦ r❡sí❞✉♦

❝♦♠ ✐♥t❡r❛çã♦ ❛❞✐❝✐♦♥❛❧✳ ❊♠ t❡r❝❡✐r♦ ❧✉❣❛r✱ ♦s ❜❛❧❛♥ç♦s ❣❧♦❜❛✐s ❞❡ ♠❛ss❛✱ ♠♦♠❡♥t♦ ❡

❡♥❡r❣✐❛ ❡ ❡s❝❛❧❛r❡s ❞❡✈❡♠ s❡r ♦❜t✐❞♦s✳ ❉✉r❛♥t❡ ♦ ♣r♦❝❡❞✐♠❡♥t♦ ♥✉♠ér✐❝♦✱ ♦s ✈❛❧♦r❡s

❞♦s r❡sí❞✉♦s ❞❡✈❡♠ s❡r ♠♦♥✐t♦r❛❞♦s ❛♦ ❧♦♥❣♦ ❞❡ t♦❞❛ ❛ s✐♠✉❧❛çã♦❀ ♣♦rt❛♥t♦✱ ♣❛r❛ ✉♠❛

❝♦♥✈❡r❣ê♥❝✐❛ s❛t✐s❢❛tór✐❛✱ ♦s r❡sí❞✉♦s ❞❡✈❡♠ ❞✐♠✐♥✉✐r à ♠❡❞✐❞❛ q✉❡ ♦ ♣r♦❝❡ss♦ ♥✉♠ér✐❝♦

♣r♦❣r✐❞❡✳ ❈❛s♦ ♦ ❝♦♥trár✐♦ s❡❥❛ ♦❜s❡r✈❛❞♦ ❡ ♦ r❡sí❞✉♦ ❛✉♠❡♥t❡✱ ❛ s♦❧✉çã♦ ♥✉♠ér✐❝❛ é

❝❧❛ss✐✜❝❛❞❛ ❝♦♠♦ s❡♥❞♦ ✐♥stá✈❡❧ ✭❞✐✈❡r❣❡♥t❡✮ ✭❋▲❯❊◆❚✱ ✷✵✶✶✮✳

❆ ❡t❛♣❛ ❞❡ ✈❡r✐✜❝❛çã♦ ❞❛ ❝♦♥✈❡r❣ê♥❝✐❛ é ❝r✉❝✐❛❧ ♥♦ ♣r♦❝❡ss♦ ❞❡ s✐♠✉❧❛çã♦✳ ➱ q✉❛♥❞♦

s❡ ❛✈❛❧✐❛ s❡ ❛ s✐♠✉❧❛çã♦ ❛t✐♥❣✐✉ ♦✉ ♥ã♦ ♦ s❡✉ ✜♠✳ ❊♠ r❡❧❛çã♦ ❛♦ ♣r♦❝❡ss♦ ❞❡ ❝♦♥✈❡r❣ê♥❝✐❛✱

♦❜s❡r✈❛❞♦ ♥❡ss❛ t❡s❡✱ ❞♦✐s ❛s♣❡❝t♦s ❢♦r❛♠ ❝♦♥s✐❞❡r❛❞♦s✿ ♣r✐♠❡✐r♦✱ ♦ r❡sí❞✉♦ ❞❡✈❡r✐❛ s❡r

♠❡♥♦r q✉❡ 1 × 10−6✱ ❝♦♠♦ ❝r✐tér✐♦ ❞❡ ❝♦♥✈❡r❣ê♥❝✐❛❀ ❡♠ s❡❣✉♥❞♦✱ ✈❛❧♦r❡s r❡♣r❡s❡♥t❛t✐✈♦s

❞❡ ✈❛③ã♦ ♠áss✐❝❛✱ ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❡ ❞❡ ♣r❡ssã♦ ❢♦r❛♠ ♠♦♥✐t♦r❛❞♦s ❡♠ ✉♠ ♣♦♥t♦ ♥♦ ✐♥t❡r✐♦r

❞♦ ❝✐❝❧♦♥❡ ✭♠❡✐♦ ❞♦ ❝✐❝❧♦♥❡✮ ❡ ♥❛ s❛í❞❛ ❞♦ ♦✈❡r✢♦✇ ❛té s❡ t♦r♥❛r❡♠ ❝♦♥st❛♥t❡s✳ ❆♣❡s❛r

❞❛ ♠❛✐♦r✐❛ ❞❛s s✐♠✉❧❛çõ❡s ❛t✐♥❣✐r❡♠ s✉❛s r❡s♣❡❝t✐✈❛s ❝♦♥✈❡r❣ê♥❝✐❛s ❡♥tr❡ ♦s t❡♠♣♦s ❞❡

1, 6 ❛ 1, 8 s✱ t♦❞❛s ❢♦r❛♠ ♣r♦❧♦♥❣❛❞❛s ❡♠✱ ♥♦ ♠í♥✐♠♦✱ ❛té ✷ s❡❣✉♥❞♦s✱ ♣❛r❛ ❣❛r❛♥t✐r ❛

❝♦♥✈❡r❣ê♥❝✐❛✳

❱❡r✐✜❝❛çã♦ ❞♦s ❘❡s✉❧t❛❞♦s

P❛r❛ q✉❡ ✉♠❛ s♦❧✉çã♦ ✈✐❛ ❈❋❉ s❡❥❛ ✈❛❧✐❞❛ é ♣r❡❝✐s♦ q✉❡ s❡ ❛✈❛❧✐❡ ♦ ❞❡s❡♠♣❡♥❤♦ q✉❛♥✲

t✐t❛t✐✈❛♠❡♥t❡✳ ❆ ✈❡r✐✜❝❛çã♦ ❞♦s ♣r♦❝❡❞✐♠❡♥t♦s é ♥❡❝❡ssár✐❛ ♣❛r❛ ❛✈❛❧✐❛r s❡ ❛ s♦❧✉çã♦✱ ✈✐❛

❈❋❉✱ ♥ã♦ ❛♣r❡s❡♥t♦✉ ✉♠❛ ❞❡♣❡♥❞ê♥❝✐❛ s✐❣♥✐✜❝❛t✐✈❛ ❝♦♠ ❛ ♠❛❧❤❛ ✉t✐❧✐③❛❞❛ ✭✐♥❞❡♣❡♥❞ê♥❝✐❛

❞❡ ♠❛❧❤❛✮ ♦✉ à ❝♦♥✈❡r❣ê♥❝✐❛✳

❆ ✈❡r✐✜❝❛çã♦ ❞♦s r❡s✉❧t❛❞♦s ♥✉♠ér✐❝♦s✱ ❛♣ós ✉♠❛ ❝❡rt✐✜❝❛çã♦ ❞❛ ✐♥❞❡♣❡♥❞ê♥❝✐❛ ❞❡

♠❛❧❤❛s s❛t✐s❢❛tór✐❛✱ ❢♦✐ r❡❛❧✐③❛❞❛ ❛ ♣❛rt✐r ❞❛ ♦❜t❡♥çã♦ ❞❡ ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❡ ♥✉♠ér✐❝♦s

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

✜❧tr❛♥t❡✳



❈❆P❮❚❯▲❖ ✹

❆♥á❧✐s❡ ❞♦s ❘❡s✉❧t❛❞♦s

◆
❡st❡ ❝❛♣ít✉❧♦ sã♦ ❛♣r❡s❡♥t❛❞♦s ♦s ♣r✐♥❝✐♣❛✐s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ❛tr❛✈és ❞♦s ❡♥✲

s❛✐♦s ❡①♣❡r✐♠❡♥t❛✐s ❡ ❞❡ ♠♦❞❡❧❛❣❡♠ ❝♦♠♣✉t❛❝✐♦♥❛❧ ❡♠ ❝✐❝❧♦♥❡s ❞♦ t✐♣♦ ❝♦♥✈❡♥✲

❝✐♦♥❛❧ ❡ ❞♦ t✐♣♦ ✜❧tr❛♥t❡✳ ❖ ❝❛♣ít✉❧♦ é ❜❛s✐❝❛♠❡♥t❡ ❞✐✈✐❞✐❞♦ ❡♠ ❞✉❛s ♣❛rt❡s✿ ✭✶✮

❛♣r❡s❡♥t❛çã♦ ❡ ❞✐s❝✉ssã♦ ❞♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♥♦ ❧❛❜♦r❛tór✐♦ ❡ ✭✷✮ ❛♣r❡s❡♥t❛çã♦

❞♦s r❡s✉❧t❛❞♦s ♥✉♠ér✐❝♦s✳ ❖s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s s❡r✈✐r❛♠ ❞❡ ❜❛s❡ ♣❛r❛ r❡❛❧✐③❛çã♦

❞❡ t♦❞❛ ❛ ❡①♣❡r✐♠❡♥t❛çã♦ ♥✉♠ér✐❝❛✳

✹✳✶ ❘❡s✉❧t❛❞♦s ❊①♣❡r✐♠❡♥t❛✐s ❡♠ ▲❛❜♦r❛tór✐♦

✹✳✶✳✶ ❉❡t❡r♠✐♥❛çã♦ ❞❛ P❡r♠❡❛❜✐❧✐❞❛❞❡ ❡♠ ❈✐❝❧♦♥❡ ❋✐❧tr❛♥t❡

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

❝❤❛✈❡ ❞♦ tr❛❜❛❧❤♦✳ P❛r❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛s ♣❡r♠❡❛❜✐❧✐❞❛❞❡s✱ ❝♦♠♦ ♠❡♥❝✐♦♥❛❞♦ ♥❛ s❡çã♦

✸✳✶✱ ❢♦r❛♠ ✉t✐❧✐③❛❞❛s três ♠❡t♦❞♦❧♦❣✐❛s ❞✐❢❡r❡♥t❡s❀ ♦s r❡s✉❧t❛❞♦s s❡rã♦ ❞✐s❝✉t✐❞♦s ❛ s❡❣✉✐r✳

❆✈❛❧✐❛çã♦ ❞❛ ▼❡t♦❞♦❧♦❣✐❛ ✵✶ ♣❛r❛ ❉❡t❡r♠✐♥❛çã♦ ❞❛ P❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦ ▼❡✐♦

❋✐❧tr❛♥t❡

❈♦♠♦ ❞✐t♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ❡st❛ ♠❡t♦❞♦❧♦❣✐❛ ❝♦♥s✐st❡ ❡♠ ❞❡t❡r♠✐♥❛r ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡

❞♦ ♠❡✐♦ ✜❧tr❛♥t❡ ❝♦♠ s❡çã♦ ♥♦r♠❛❧ ❛♦ s❡♥t✐❞♦ ❞♦ ✢✉①♦ ❞❡ ❛r✳ ❆ ♠❡t♦❞♦❧♦❣✐❛ ✉t✐❧✐③❛❞❛ ♣♦r



✾✻ ✹✳✶✳ ❘❡s✉❧t❛❞♦s ❊①♣❡r✐♠❡♥t❛✐s ❡♠ ▲❛❜♦r❛tór✐♦

❘♦❝❤❛ ✭✷✵✶✵✮✱ ❜❛s❡❛✈❛✲s❡ ❡♠ ♦❜t❡r ❞❛❞♦s ❞❡ ✈❡❧♦❝✐❞❛❞❡ s✉♣❡r✜❝✐❛❧ ❡ ❞❡ q✉❡❞❛ ❞❡ ♣r❡ssã♦✱

❛ ✜♠ ❞❡ q✉❡ ♦ ❛❥✉st❡ ❞❡ t❛✐s ❞❛❞♦s✱ às ❡q✉❛çõ❡s ❞❡ ❉❛r❝② ✭❊q✉❛çã♦ ✷✳✶✹✮ ❡ ❞❡ ❋♦r❝❤❤❡✐♠❡r

✭❊q✉❛çã♦ ✷✳✶✺✮✱ ♣♦ss✐❜✐❧✐t❛ss❡♠ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡✳

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

❞♦ ✜❧tr♦ ♣❧❛♥♦✳ ❆s ❋✐❣✉r❛s ✹✳✶ ❡ ✹✳✷ ✐❧✉str❛♠ ♦s ❛❥✉st❡s ❛♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❡

q✉❡❞❛ ❞❡ ♣r❡ssã♦ ❝♦♠ ❛ ✈❡❧♦❝✐❞❛❞❡ s✉♣❡r✜❝✐❛❧ ❞❡ ✜❧tr❛çã♦ ♣❛r❛ ❛s ❡q✉❛çõ❡s ❞❡ ❉❛r❝② ❡

❋♦r❝❤❤❡✐♠❡r r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ◆❛ r❡❛❧✐③❛çã♦ ❞♦s ❡①♣❡r✐♠❡♥t♦s✱ ❡st❡s ❢♦r❛♠ r❡❛❧✐③❛❞♦s ❡♠

tr✐♣❧✐❝❛t❛s✱ ❛♦s q✉❛✐s ♦s ❞❛❞♦s ❡stã♦ ❞✐s♣♦st♦s ♥♦ ❆♣ê♥❞✐❝❡ ❉✳

❋✐❣✉r❛ ✹✳✶✿ ❆♥á❧✐s❡ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❝♦♥❢♦r♠❡ ▼❡t♦❞♦❧♦❣✐❛ ✵✶✿ ❡q✉❛çã♦ ❞❡ ❉❛r❝②✳

❆ ❛✈❛❧✐❛çã♦ ❞♦s r❡s✉❧t❛❞♦s ♣❛r❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡✱ ♣♦r ♠❡✐♦ ❞❡ ❛♥á✲

❧✐s❡ ❡st❛tíst✐❝❛✱ ✈✐❛ ❛ ♠❡t♦❞♦❧♦❣✐❛ ✵✶❀ ❝♦♥s✐st❡ ❞❡ ✉♠❛ ❛♠♦str❛ ❞❡ ❞❛❞♦s ❛❧❡❛tór✐❛ ❝♦♠

❞✐str✐❜✉✐çã♦ ❞❡ ❡rr♦s t❡♥❞❡♥❞♦ ♣❛r❛ ❛ ♥♦r♠❛❧✐❞❛❞❡ q✉❛♥❞♦ ♦ ♥ú♠❡r♦ ❞❡ ❝♦♠♣♦♥❡♥t❡s é

❣r❛♥❞❡ ✭N(η, σ2)✮✳ ◆♦t❛✲s❡ ❛ ♣❛rt✐r ❞❛s ❋✐❣✉r❛s ✹✳✶ ❡ ✹✳✷✱ q✉❡ ❡♠ ❛♠❜♦s ♦s ❝❛s♦s✱ ♦s ❞❛✲

❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❛❥✉st❛r❛♠ ❜❡♠ ❛♦s ♠♦❞❡❧♦s ♣r♦♣♦st♦s✱ ✉♠❛ ✈❡③ q✉❡ ♦s ❝♦❡✜❝✐❡♥t❡s ❞❡

❝♦rr❡❧❛çã♦ ✐♥❞✐❝❛r❛♠ q✉❡ ❝❡r❝❛ ❞❡ ✾✾✱✹% ❞♦s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♥❛ ❋✐❣✉r❛ ✹✳✶ ❡ ✾✾✱✼✪

❞♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♥❛ ❋✐❣✉r❛ ✹✳✷ ♣✉❞❡r❛♠ s❡r r❡♣r❡s❡♥t❛❞♦s ♣❡❧♦s ♠♦❞❡❧♦s ❞❡



✹✳✶✳ ❘❡s✉❧t❛❞♦s ❊①♣❡r✐♠❡♥t❛✐s ❡♠ ▲❛❜♦r❛tór✐♦ ✾✼

❋✐❣✉r❛ ✹✳✷✿ ❆♥á❧✐s❡ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❝♦♥❢♦r♠❡ ▼❡t♦❞♦❧♦❣✐❛ ✵✶✿ ❡q✉❛çã♦ ❞❡ ❋♦r❝❤❤❡✐♠❡r✳

❉❛r❝② ❡ ❋♦r❝❤❤❡✐♠❡r✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❆ ♣❛rt✐r ❞❛ ❋✐❣✉r❛ ✹✳✶✱ ❝♦♥❤❡❝❡♥❞♦ ❛s ♣r♦♣r✐❡❞❛❞❡s ❢ís✐❝❛s ❞♦ ❛r ✭✈✐s❝♦s✐❞❛❞❡ ❡ ♠❛ss❛

❡s♣❡❝í✜❝❛✮✱ ❡s♣❡ss✉r❛ ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡ ❡ ♣♦r ❛♥❛❧♦❣✐❛ à ❡q✉❛çã♦ ❞❡ ❉❛r❝②✱ ❢♦✐ ♣♦ssí✈❡❧

❞❡t❡r♠✐♥❛r ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ✭❑✮ ❞♦ ❛r ♥♦ ♠❡✐♦ ✜❧tr❛♥t❡✳ ❆ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❡♥❝♦♥tr❛❞❛

❢♦✐ ❞❡ K = 8, 54× 10−11 ♠2.

❆ ♣❛rt✐r ❞❛ ❋✐❣✉r❛ ✹✳✷✱ ❝♦♥❤❡❝❡♥❞♦ ❛s ♣r♦♣r✐❡❞❛❞❡s ❢ís✐❝❛s ❞♦ ❛r ✭✈✐s❝♦s✐❞❛❞❡ ♠❛ss❛

❡s♣❡❝í✜❝❛✮✱ ❡s♣❡ss✉r❛ ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡ ❡ ❢❛③❡♥❞♦ ❛♥❛❧♦❣✐❛ à ❡q✉❛çã♦ ❞❡ ❋♦r❝❤❤❡✐♠❡r✱ ❢♦✐

♣♦ssí✈❡❧ ❞❡t❡r♠✐♥❛r ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ✭❑✮ ❡ ❛ ❝♦♥st❛♥t❡ ❞❡ r❡s✐stê♥❝✐❛ ✐♥❡r❝✐❛❧ C2✱ ❝♦♥❢♦r♠❡

s✉❣❡r❡ ♦ ❋❧✉❡♥t ✭✷✵✶✶✮ ✉t✐❧✐③❛♥❞♦ ✉♠❛ ❡q✉❛çã♦ ❛♥á❧♦❣❛ à ❡q✉❛çã♦ ❞❡ ❋♦r❝❤❤❡✐♠❡r✳ ❆

♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❡♥❝♦♥tr❛❞❛ ❢♦✐ K = 9, 88× 10−11m2 ❡ ♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ r❡s✐stê♥❝✐❛ ✐♥❡r❝✐❛❧

❡♥❝♦♥tr❛❞♦ ❢♦✐ C2 = 1, 48× 104 ♠−1.

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

❞❡❧♦ ❞❡ ❉❛r❝②✱ q✉❛♥t♦ ♣❡❧♦ ♠♦❞❡❧♦ ❞❡ ❋♦r❝❤❤❡✐♠❡r✱ ♦s ✈❛❧♦r❡s ❞❡ ♣❡r♠❡❛❜✐❧✐❞❛❞❡s sã♦

♣ró①✐♠♦s❀ ♦ q✉❡ ♣❡r♠✐t❡ ❛ ❡st✐♠❛t✐✈❛ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ♣♦r q✉❛❧q✉❡r ✉♠ ❞♦s ♠♦❞❡❧♦s✳



✾✽ ✹✳✶✳ ❘❡s✉❧t❛❞♦s ❊①♣❡r✐♠❡♥t❛✐s ❡♠ ▲❛❜♦r❛tór✐♦

❖s ✈❛❧♦r❡s ❞❛ ❝♦♥st❛♥t❡ ✐♥❡r❝✐❛❧ ✭C2✮ ❢♦r❛♠ ❞❡t❡r♠✐♥❛❞♦s s♦♠❡♥t❡ ♣❡❧❛ ❡q✉❛çã♦ ❞❡ ❋♦r✲

❝❤❤❡✐♠❡r✱ ❡♥tr❡t❛♥t♦✱ ✈❡r✐✜❝❛✲s❡ q✉❡ ♦s ❡❢❡✐t♦s ❝✐♥ét✐❝♦s sã♦ ♠í♥✐♠♦s✱ ✉♠❛ ✈❡③ q✉❡ ♦ ❛❥✉st❡

❧✐♥❡❛r ❢♦✐ ♠✉✐t♦ ❜♦♠✳

❆✈❛❧✐❛çã♦ ❞❛ ▼❡t♦❞♦❧♦❣✐❛ ✵✷ ♣❛r❛ ❉❡t❡r♠✐♥❛çã♦ ❞❛ P❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦ ▼❡✐♦

❋✐❧tr❛♥t❡

❆ ♠❡t♦❞♦❧♦❣✐❛ ✵✷✱ ♣❛r❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡✱ é ✉♠❛ ❛❞❛♣t❛çã♦ ❞❛ ♠❡t♦✲

❞♦❧♦❣✐❛ ✉t✐❧✐③❛❞❛ ♣♦r ❘♦❞r✐❣✉❡s ❡t ❛❧✳ ✭✷✵✵✸✮✳ ❈♦♥❢♦r♠❡ ❛♣r❡s❡♥t❛❞♦ ♥❛ s❡çã♦ ✸✳✶✱ ❡st❛

♠❡t♦❞♦❧♦❣✐❛ ❝♦♥s✐st❡ ❡♠ ❞❡t❡r♠✐♥❛r ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ♥♦ tr♦♥❝♦ ❞♦ ❝♦♥❡ ✜❧tr❛♥t❡ ❞♦ ❝✐✲

❝❧♦♥❡✱ ♥❛ ♣ró♣r✐❛ ✉♥✐❞❛❞❡ ❡①♣❡r✐♠❡♥t❛❧✳ ❆s t♦♠❛❞❛s ❞❡ ♣r❡ssã♦ ♥♦ t♦♣♦ ❞♦ ❝♦♥❡ ❡ ♥♦ s❡✉

á♣✐❝❡✱ ♣♦ss✐❜✐❧✐t❛r❛♠ ❞❡t❡r♠✐♥❛r ❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ♥♦ ✜❧tr♦✱ ✉♠❛ ✈❡③ q✉❡ ❡st❡ ❡st❛✈❛

❡①♣♦st♦ à ❛t♠♦s❢❡r❛✳

P❛r❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ✈❡❧♦❝✐❞❛❞❡ s✉♣❡r✜❝✐❛❧✱ ❢♦✐ t♦♠❛❞❛ ❛ ♠❡s♠❛ ✈❛③ã♦ ❞❡ ❛❧✐♠❡♥t❛✲

çã♦✱ ✉♠❛ ✈❡③ q✉❡ ❛ s❛í❞❛ ❞♦ ♦✈❡r✢♦✇ ♥ã♦ ❡①✐st✐❛✳ ❙❡♥❞♦ ❛ss✐♠✱ ❝♦♥❤❡❝❡♥❞♦ ❛ ár❡❛ ♣❧❛♥❛

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

❞❡ ✜❧tr❛çã♦ ♣❛r❛ ❝❛❞❛ ✈❛③ã♦ ❞❡ ❛❧✐♠❡♥t❛çã♦ ❡ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡ ❛ss♦❝✐❛❞❛ à q✉❡❞❛ ❞❡

♣r❡ssã♦ ♥♦ ✜❧tr♦✳

❆s ❋✐❣✉r❛s ✹✳✸ ❡ ✹✳✹ ✐❧✉str❛♠ ♦s ❛❥✉st❡s ❞♦s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❛♦s ♠♦❞❡❧♦s ♣r♦♣♦st♦s

♣♦r ❉❛r❝② ❡ ❋♦r❝❤❤❡✐r♠❡r✱ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

❆ ❛♥á❧✐s❡ ❞♦s r❡s✉❧t❛❞♦s ♣❛r❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡✱ ♣♦r ♠❡✐♦ ❞❡ ❛♥á❧✐s❡

❡st❛tíst✐❝❛✱ ✈✐❛ ❛ ♠❡t♦❞♦❧♦❣✐❛ ✵✷ ❝♦♥s✐st✐✉ ❞❡ ✉♠❛ ❛♠♦str❛ ❞❡ ❞❛❞♦s ❛❧❡❛tór✐❛ ❡ q✉❡

❛ ❞✐str✐❜✉✐çã♦ ❞❡ ❡rr♦s t❡♥❞❡ ♣❛r❛ ❛ ♥♦r♠❛❧✐❞❛❞❡ ✭N(η, σ2)✮✳ ❖ ❛❥✉st❡ ❞♦s r❡s✉❧t❛❞♦s

❡①♣❡r✐♠❡♥t❛✐s ❛♦s ♠♦❞❡❧♦s ♣r♦♣♦st♦s ✐♥❞✐❝❛r❛♠ ❝♦❡✜❝✐❡♥t❡s ❞❡ ❝♦rr❡❧❛çã♦ ❞❡ ✾✽✱✾% ♣❛r❛ ♦s

r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❛ ❋✐❣✉r❛ ✹✳✸ ❡ ❞❡ ✾✾✱✼✪ ♣❛r❛ ♦s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❛ ❋✐❣✉r❛

✹✳✹✱ r❡♣r❡s❡♥t❛♥❞♦ ❜❡♠ ♦s ♠♦❞❡❧♦s ❞❡ ❉❛r❝② ❡ ❋♦r❝❤❤❡✐♠❡r r❡s♣❡❝t✐✈❛♠❡♥t❡✳ ❊♥tr❡t❛♥t♦✱

♥♦t❛✲s❡ ❛ ♣❛rt✐r ❞❛s ❋✐❣✉r❛s ✹✳✸ ❡ ✹✳✹✱ q✉❡ ♦ ❛❥✉st❡ ❛♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♣❡❧♦

♠♦❞❡❧♦ ❞❡ ❋♦r❝❤❤❡✐r♠❡r ❛♣r❡s❡♥t♦✉ ♠❡❧❤♦r r❡s✉❧t❛❞♦✳

❆♥❛❧✐s❛♥❞♦ ❛ ❋✐❣✉r❛ ✹✳✸✱ ❝♦♥❤❡❝❡♥❞♦ ❛s ♣r♦♣r✐❡❞❛❞❡s ❢ís✐❝❛s ❞♦ ❛r ✭✈✐s❝♦s✐❞❛❞❡ ❡ ♠❛ss❛

❡s♣❡❝í✜❝❛✮✱ ❡s♣❡ss✉r❛ ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡ ❡ ♣♦r ❛♥❛❧♦❣✐❛ à ❡q✉❛çã♦ ❞❡ ❉❛r❝②✱ ❢♦✐ ♣♦ssí✈❡❧

❞❡t❡r♠✐♥❛r ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ♥♦ ♠❡✐♦ ✜❧tr❛♥t❡✳ P♦rt❛♥t♦✱ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❡♥❝♦♥tr❛❞❛

❢♦✐ ❞❡ K = 4, 95× 10−11 ♠2.

❆ ♣❛rt✐r ❞❛ ❋✐❣✉r❛ ✹✳✹✱ ❝♦♥❤❡❝❡♥❞♦ ❛s ♣r♦♣r✐❡❞❛❞❡s ❢ís✐❝❛s ❞♦ ❛r ✭✈✐s❝♦s✐❞❛❞❡ ❡ ♠❛ss❛

❡s♣❡❝í✜❝❛✮✱ ❡s♣❡ss✉r❛ ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡ ❡ ❢❛③❡♥❞♦ ❛♥❛❧♦❣✐❛ à ❊q✉❛çã♦ ✷✳✶✽✱ ❢♦✐ ♣♦ssí✈❡❧

❞❡t❡r♠✐♥❛r ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ✭❑✮ ❡ ❛ ❝♦♥st❛♥t❡ ❞❡ r❡s✐stê♥❝✐❛ ✐♥❡r❝✐❛❧ C2✳ ❙❡♥❞♦ ❛ss✐♠✱ ❛

♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❡♥❝♦♥tr❛❞❛ ❢♦✐ K = 5, 77× 10−11m2 ❡ C2❂✸✱✶✾×104m−1.



✹✳✶✳ ❘❡s✉❧t❛❞♦s ❊①♣❡r✐♠❡♥t❛✐s ❡♠ ▲❛❜♦r❛tór✐♦ ✾✾

❋✐❣✉r❛ ✹✳✸✿ ❆♥á❧✐s❡ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❝♦♥❢♦r♠❡ ❡q✉❛çã♦ ❞❡ ❉❛r❝② ❡♠ ár❡❛ ♣❧❛♥❛✳

❆♦ ♦❜s❡r✈❛r ♦s ✈❛❧♦r❡s ❞❡ ♣❡r♠❡❛❜✐❧✐❞❛❞❡s ♦❜t✐❞♦s✱ ✈❡r✐✜❝❛✲s❡ q✉❡ ♦s ✈❛❧♦r❡s ♦❜t✐❞♦s

♣❡❧♦ ♠♦❞❡❧♦ ❧✐♥❡❛r ❞❡ ❉❛r❝② ❡ ♣❡❧♦ ♠♦❞❡❧♦ q✉❛❞rát✐❝♦ ❞❡ ❋♦r❝❤❤❡✐♠❡r sã♦ ♣ró①✐♠♦s✳

❊♥tr❡t❛♥t♦✱ ♣❛r❛ ❛s ❛♥á❧✐s❡s ❢❡✐t❛s✱ ❝❛❜❡ r❡ss❛❧t❛r q✉❡ ♦ ❡s❝♦❛♠❡♥t♦ ❢♦✐ ♥♦r♠❛❧ à s✉♣❡r❢í❝✐❡

❞♦ ✜❧tr♦ ❡ q✉❡ ♦ t✐♣♦ ❞❡ ❡s❝♦❛♠❡♥t♦ ✐♥❡r❡♥t❡ ❛ ❝❛❞❛ ❡①♣❡r✐♠❡♥t♦ r❡❛❧✐③❛❞♦ é ❞✐❢❡r❡♥t❡

❞❛q✉❡❧❡ ♦❜s❡r✈❛❞♦ ❡♠ ❝✐❝❧♦♥❡ ✜❧tr❛♥t❡✳ ❆ ✈❡❞❛çã♦ ❞❛ s❛í❞❛ ❞♦ ♦✈❡r✢♦✇ ❞❡ ❛❧❣✉♠❛ ❢♦r♠❛

❧❡✈❛ ❛ ♠♦❞✐✜❝❛çã♦ ♥♦ t✐♣♦ ❞❡ ❡s❝♦❛♠❡♥t♦✳ P❛r❛ ❡st❡ ❝❛s♦✱ ♦s ❡❢❡✐t♦s ❝❛r❛❝t❡ríst✐❝♦s ❞♦

❡s❝♦❛♠❡♥t♦ r♦t❛tór✐♦ ♥❛ s❡çã♦ ❝ô♥✐❝❛ ♥ã♦ ❢♦r❛♠ ❝♦♥s✐❞❡r❛❞♦s✳

❆✈❛❧✐❛çã♦ ❞❛ ▼❡t♦❞♦❧♦❣✐❛ ✵✸ ♣❛r❛ ❉❡t❡r♠✐♥❛çã♦ ❞❛ P❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦ ▼❡✐♦

❋✐❧tr❛♥t❡

❆ ✜♠ ❞❡ ❞❡t❡r♠✐♥❛r ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❛ ♣❛rt✐r ❞❡ ✉♠ ❡s❝♦❛♠❡♥t♦ q✉❡ r❡✢❡t✐ss❡ ♦ r❡❛❧

❝♦♠♣♦rt❛♠❡♥t♦ ❞♦ ♣r♦❝❡ss♦ ❞❡ ✜❧tr❛çã♦ ♥♦ ❝✐❝❧♦♥❡ ✜❧tr❛♥t❡✱ ❡st❛ t❡s❡ ♣r♦♣ôs ❛ ♠❡t♦❞♦❧♦❣✐❛

✵✸✳ ❊st❛ ♠❡t♦❞♦❧♦❣✐❛ ❜❛s❡✐❛✲s❡ ❡♠ ❞❡t❡r♠✐♥❛r ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ♥♦ ❝♦♥❡✱ ❝♦♥s✐❞❡r❛♥❞♦

q✉❡ ♣❛rt❡ ❞❛ ✈❛③ã♦ ❞❡ ❛❧✐♠❡♥t❛çã♦ s❛✐ ♣❡❧♦ ✜❧tr♦ ❡ ♦ r❡st❛♥t❡ s❛✐ ♣❡❧❛ s❛í❞❛ ❞♦ ♦✈❡r✢♦✇✳



✶✵✵ ✹✳✶✳ ❘❡s✉❧t❛❞♦s ❊①♣❡r✐♠❡♥t❛✐s ❡♠ ▲❛❜♦r❛tór✐♦

❋✐❣✉r❛ ✹✳✹✿ ❆♥á❧✐s❡ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❝♦♥❢♦r♠❡ ▼❡t♦❞♦❧♦❣✐❛ ✵✷✿ ❡q✉❛çã♦ ❞❡ ❋♦r❝❤❤❡✐♠❡r✳

❆ ♠❡t♦❞♦❧♦❣✐❛ ✵✸ ❝♦♥s✐st✐✉ ❡♠ ❞❡s❡♥✈♦❧✈❡r ✉♠❛ ❡q✉❛çã♦✱ ❡♠ ❝♦♦r❞❡♥❛❞❛ ❡s❢ér✐❝❛s✱

❛ ✜♠ ❞❡ ❛✈❛❧✐❛r✱ ❛ ♣❛rt✐r ❞♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✱ ♦ ❡❢❡✐t♦ ❣❡♦♠étr✐❝♦ ❞❛ ár❡❛ ❞❡

✜❧tr❛çã♦ s♦❜r❡ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡✳ ❖ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ♣❛r❛ ♦❜t❡♥çã♦ ❞❛

❊q✉❛çã♦ ✹✳✶ é ❛♣r❡s❡♥t❛❞♦ ♥♦ ❛♣ê♥❞✐❝❡ ❈✳

❆ ♣❛rt✐r ❞❡ ✉♠❛ ❛♥❛❧♦❣✐❛ à ❊q✉❛çã♦ ✷✳✶✽✱ r❡❝♦♠❡♥❞❛❞❛ ♣❡❧♦ ♠❛♥✉❛❧ ❞♦ s♦❢t✇❛r❡

s♦❧✉❝✐♦♥❛❞♦r ✉t✐❧✐③❛❞♦ ♦ ❋❧✉❡♥t ✭✷✵✶✶✮✱ ✉♠❛ ❡q✉❛çã♦ ❢❡♥♦♠❡♥♦❧ó❣✐❝❛ ♣❛r❛ ❛ ✜❧tr❛çã♦ ❡♠

✉♠❛ s✉♣❡r❢í❝✐❡ ❝ô♥✐❝❛ é ❣❡r❛❞❛✳

P2 − P1 =

[

µL

πKsenθ

(

1

R1

− 1

R2

)]

Q+

[

C2ρL

2π2sen2θ

(

1

R3
1

− 1

R3
2

)]

Q2 ✭✹✳✶✮

◆❛ ❊q✉❛çã♦ ✹✳✶✱ P2 ❡ P1 sã♦ ❛s ♣r❡ssõ❡s ❡stát✐❝❛s ♥♦ t♦♣♦ ❡ ♥♦ á♣✐❝❡ ❞♦ ❝♦♥❡✱ r❡s♣❡❝✲

t✐✈❛♠❡♥t❡✱ µ é ❛ ✈✐s❝♦s✐❞❛❞❡ ❛❜s♦❧✉t❛ ❞♦ ❛r✱ ρ é ❛ ♠❛ss❛ ❡s♣❡❝í✜❝❛ ❞♦ ❛r✱ θ é ♦ ❛♥❣✉❧♦ ❞♦

tr♦♥❝♦ ❞♦ ❝♦♥❡✱ R2 ❡ R1 ❛s ❣❡r❛tr✐③❡s ❞♦ tr♦♥❝♦ r❡❢❡r❡♥t❡s ❛♦ t♦♣♦ ❡ ❛♦ á♣✐❝❡✱ r❡s♣❡❝t✐✈❛✲

♠❡♥t❡✱ ◗ ❛ ✈❛③ã♦ ✈♦❧✉♠étr✐❝❛ ❞❡ ❛❧✐♠❡♥t❛çã♦✱ ❑ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡ ❡ C2

❛ ❝♦♥st❛♥t❡ ❞❡ r❡s✐stê♥❝✐❛ ✐♥❡r❝✐❛❧✳



✹✳✶✳ ❘❡s✉❧t❛❞♦s ❊①♣❡r✐♠❡♥t❛✐s ❡♠ ▲❛❜♦r❛tór✐♦ ✶✵✶

P♦r ❛♥❛❧♦❣✐❛ ❛ ❡q✉❛çã♦ q✉❛❞rát✐❝❛ ✷✳✶✽✱ t❡♠✲s❡ q✉❡ ❑ ♣♦❞❡ s❡r ♦❜t✐❞❛ ♣❡❧❛ ❊q✉❛çã♦

✹✳✷ ❡ C2 ♣❡❧❛ ❊q✉❛çã♦ ✹✳✸✳ ❙❡♥❞♦ ❛ss✐♠✱ ♦s ❝♦❡✜❝✐❡♥t❡s ❛ss♦❝✐❛❞♦s ❛♦s t❡r♠♦s q✉❛❞rát✐❝♦

✭❛✮ ❡ ❧✐♥❡❛r ✭❜✮✱ ♦r✐✉♥❞♦s ❞♦s ❛❥✉st❡ ❞♦s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s✱ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✺❀

♣♦ss✐❜✐❧✐t❛♠ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❡ ❞♦ ❝♦❡✜❝✐❡♥t❡ ❞❡ r❡s✐stê♥❝✐❛ ✐♥❡r❝✐❛❧✳ ❆

❋✐❣✉r❛ ✹✳✺ ❛♣r❡s❡♥t❛ ♦ ♣❡r✜❧ ❞❡ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ♥♦ ♠❡✐♦ ✜❧tr❛♥t❡✱ ❝♦♥❢♦r♠❡ ❛ ✈❛③ã♦ ❞❡

✜❧tr❛❞♦✳

K =

[

µL

πbsenθ

(

1

R1

− 1

R2

)]

✭✹✳✷✮

C2 =





2π2sen2θa

ρL
(

1
R3

1

− 1
R3

2

)



 ✭✹✳✸✮

❆ ❛♥á❧✐s❡ ❞♦s r❡s✉❧t❛❞♦s ✈✐❛ ❛ ♠❡t♦❞♦❧♦❣✐❛ ✵✸✱ ♣❛r❛ ✉♠❛ ❛♠♦str❛ ❛❧❡❛tór✐❛ ❡ ❝♦♠

❞✐str✐❜✉✐çã♦ ♥♦r♠❛❧✱ ♠♦str♦✉ q✉❡ ♦ ❛❥✉st❡ ❞♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s à ❊q✉❛çã♦ ✹✳✶

✐♥❞✐❝♦✉ ✉♠ ❝♦❡✜❝✐❡♥t❡ ❞❡ ❝♦rr❡❧❛çã♦ ❞❡ ✾✾✱✾% ♣❛r❛ ♦s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❛ ❋✐❣✉r❛ ✹✳✺✱

r❡♣r❡s❡♥t❛♥❞♦ ❜❡♠ ♦ ♠♦❞❡❧♦ ❞❡ ❋♦r❝❤❤❡✐♠❡r✳

❋✐❣✉r❛ ✹✳✺✿ ❆♥á❧✐s❡ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❝♦♥❢♦r♠❡ ▼❡t♦❞♦❧♦❣✐❛ ✵✸✳

❖s ✈❛❧♦r❡s ♦❜t✐❞♦s ❛ ♣❛rt✐r ❞❛ r❡❛❧✐③❛çã♦ ❞❡ss❛ ♠❡t♦❞♦❧♦❣✐❛ ❢♦r❛♠✿ C2 = 1, 49 ×
104m−1 ❡ K = 12, 9 × 10−11m2✳ ❆♦ ❛♥❛❧✐s❛r ❛ ❚❛❜❡❧❛ ✹✳✶✱ ✈❡r✐✜❝❛✲s❡ q✉❡ ♦ ✈❛❧♦r ❞❛

♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❢♦✐ s✉♣❡r✐♦r q✉❛♥❞♦ ❞❡t❡r♠✐♥❛❞♦ ♣❡❧❛ ♠❡t♦❞♦❧♦❣✐❛ ✵✸✱ ♥❛ ♣ró♣r✐❛ ✉♥✐❞❛❞❡

❡①♣❡r✐♠❡♥t❛❧ q✉❛♥❞♦ ❡①✐st✐❛ ✉♠ ✢✉①♦ ❞❡ s❛í❞❛ ♥♦ ♦✈❡r✢♦✇✳ ❖s r❡s✉❧t❛❞♦s ❝♦rr♦❜♦r❛♠ ❝♦♠



✶✵✷ ✹✳✶✳ ❘❡s✉❧t❛❞♦s ❊①♣❡r✐♠❡♥t❛✐s ❡♠ ▲❛❜♦r❛tór✐♦

❛q✉❡❧❡s ❛♣r❡s❡♥t❛❞♦s ♣♦r ▼❛ss❛r❛♥✐ ✭✶✾✽✺✮✱ r❛t✐✜❝❛♥❞♦ q✉❡ ❛ ❣❡♦♠❡tr✐❛ ❝ô♥✐❝❛ ✭❡s❢ér✐❝❛✮

♣r♦♣♦r❝✐♦♥♦✉ ✉♠❛ ♠❛✐♦r ❝❛♣❛❝✐❞❛❞❡ ❞❡ ✜❧tr❛çã♦✱ ✉♠❛ ✈❡③ q✉❡ ❛♣r❡s❡♥t♦✉ ✉♠ ♠❛✐♦r ✈❛❧♦r

❞❡ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ q✉❛♥❞♦ ❛♥❛❧✐s❛❞♦ ❛s ♠❡t♦❞♦❧♦❣✐❛s ♣r♦♣♦st❛s✳

❚❛❜❡❧❛ ✹✳✶✿ ❱❛❧♦r❡s ❞❡ P❡r♠❡❛❜✐❧✐❞❛❞❡✱ ❝♦♥❢♦r♠❡ ❡q✉❛çã♦ ❞❡ ❋♦r❝❤❤❡✐♠❡r✳

▼❡t♦❞♦❧♦❣✐❛ P❡r♠❡❛❜✐❧✐❞❛❞❡ ❑ ✭♠2)
✵✶ 9, 88× 10−11

✵✷ 5, 77× 10−11

✵✸ 12, 9× 10−11

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

❡st❡s ❛♣r❡s❡♥t❛♠ ♦r❞❡♥s ❞❡ ❣r❛♥❞❡③❛s s❡♠❡❧❤❛♥t❡s✳ ❆♦ ❛♥❛❧✐s❛r ❛ ❚❛❜❡❧❛ ✹✳✷✱ ✈❡r✐✜❝❛✲s❡

q✉❡ ♦s ✈❛❧♦r❡s ❞♦s ❝♦❡✜❝✐❡♥t❡s ❞❡ r❡s✐stê♥❝✐❛ ✐♥❡r❝✐❛❧ ✈✐❛ ♠❡t♦❞♦❧♦❣✐❛s ✵✶ ❡ ✵✸ sã♦ ❜❡♠

♣ró①✐♠♦s ❡ ♦ C2 ❛ss♦❝✐❛❞♦ à ♠❡t♦❞♦❧♦❣✐❛ ✷ ❢♦✐ ♦ q✉❡ ❛♣r❡s❡♥t♦✉ ♠❛✐♦r ✈❛❧♦r✳ P♦rt❛♥t♦✱

❝♦♠ ❜❛s❡ ♥♦s r❡s✉❧t❛❞♦s ❣❡r❛❞♦s✱ ❝❛❜❡ ✐♥❢❡r✐r q✉❡ ♦s ❡❢❡✐t♦s ❝✐♥ét✐❝♦ r❡❢❡r❡♥t❡s às três

♠❡t♦❞♦❧♦❣✐❛ t❡st❛❞❛s✱ ❛♣r❡s❡♥t❛♠ r❡s✐stê♥❝✐❛s s❡♠❡❧❤❛♥t❡s s♦❜r❡ ♦ ♣r♦❝❡ss♦ ❞❡ ✜❧tr❛çã♦

♥♦ ♠❡✐♦ ✜❧tr❛♥t❡ ✉t✐❧✐③❛❞♦✳

❚❛❜❡❧❛ ✹✳✷✿ ❱❛❧♦r❡s ❈♦❡✜❝✐❡♥t❡ ✐♥❡r❝✐❛❧ C2 ❝♦♥❢♦r♠❡ ❡q✉❛çã♦ ❞❡ ❋♦r❝❤❤❡✐♠❡r✳

▼❡t♦❞♦❧♦❣✐❛ ❈♦❡✜❝✐❡♥t❡ ✐♥❡r❝✐❛❧ C2 ✭♠−1)
✵✶ ✶✱✹✽×104

✵✷ ✸✱✶✾×104

✵✸ ✶✱✹✾×104

❈♦♠♦ r❡s✉❧t❛❞♦s ❞❛s ❛✈❛❧✐❛çõ❡s r❡❢❡r❡♥t❡s às ♠❡t♦❞♦❧♦❣✐❛s ❞✐s❝✉t✐❞❛s✱ ✈❡r✐✜❝❛✲s❡ q✉❡

❛ ♠❛✐s ❛❞❡q✉❛❞❛ ♣❛r❛ ❞❡t❡r♠✐♥❛r ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❡♠ ❝✐❝❧♦♥❡s ✜❧tr❛♥t❡ ❢♦✐ ❛ ♠❡t♦❞♦❧♦❣✐❛

✵✸✳ ❊st❛ ♠❡t♦❞♦❧♦❣✐❛ ❛❧é♠ ❞❡ ❝♦♥t❡♠♣❧❛r ❛s ❝❛r❛❝t❡ríst✐❝❛s ♦❜s❡r✈❛❞❛s ♥♦ ❡s❝♦❛♠❡♥t♦ ❡♠

❝✐❝❧♦♥❡✱ ❧❡✈❛ ❡♠ ❝♦♥s✐❞❡r❛çã♦ ♦ ❡❢❡✐t♦ ❣❡♦♠étr✐❝♦ ❞❛ ár❡❛ s✉♣❡r✜❝✐❛❧ ♥❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛

♣❡r♠❡❛❜✐❧✐❞❛❞❡✳

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

✜❧tr❛♥t❡s✱ ❛♣r❡s❡♥t❛r❛♠ ❛❧❣✉♥s ♣♦♥t♦s ✐♥❝♦♥s✐st❡♥t❡s✳ ◆♦ tr❛❜❛❧❤♦ ❛♣r❡s❡♥t❛❞♦ ♣♦r ❘♦✲

❞r✐❣✉❡s ✭✷✵✵✶✮ ✈❡r✐✜❝❛✲s❡ q✉❡ ❛ ♠❡t♦❞♦❧♦❣✐❛ ✉t✐❧✐③❛❞❛ é ✐♠♣ró♣r✐❛ ✉♠❛ ✈❡③ q✉❡ ❛ q✉❡❞❛

❞❡ ♣r❡ssã♦ ♥♦ ❝✐❝❧♦♥❡ ♥ã♦ ❝♦rr❡s♣♦♥❞❡ à q✉❡❞❛ ❞❡ ♣r❡ssã♦ ♥♦ ✜❧tr♦❀ ❛❧é♠ ❞♦ ❡s❝♦❛♠❡♥t♦

❝♦♠ ❛ ✈❡❞❛çã♦ ❞♦ ♦✈❡r✢♦✇ ♥ã♦ s❡r ❛q✉❡❧❡ ❝❛r❛❝t❡ríst✐❝♦ ♦❜s❡r✈❛❞♦ ❡♠ ❝✐❝❧♦♥❡ ✜❧tr❛♥t❡✳

◆♦ tr❛❜❛❧❤♦ ❞❡ ▲❛❝❡r❞❛ ✭✷✵✵✼✮ ✈❡r✐✜❝❛✲s❡ q✉❡ ❛s ✈❡❧♦❝✐❞❛❞❡s ✉t✐❧✐③❛❞❛s ♣❛r❛ ❞❡t❡r♠✐♥❛r ❛

♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❢♦✐ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❛❧✐♠❡♥t❛çã♦ ❡ ♥ã♦ ❛ ✈❡❧♦❝✐❞❛❞❡ s✉♣❡r✜❝✐❛❧ ❞❡ ✜❧tr❛çã♦✱

❛ss♦❝✐❛♥❞♦ ❡st❛s à q✉❡❞❛ ❞❡ ♣r❡ssã♦ ❞♦ ❝✐❝❧♦♥❡ ❡ ♥ã♦ ♥♦ ✜❧tr♦✱ ✐♥❝♦rr❡♥❞♦ ❞❡ ❡rr♦s✳ ❆

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



✹✳✶✳ ❘❡s✉❧t❛❞♦s ❊①♣❡r✐♠❡♥t❛✐s ❡♠ ▲❛❜♦r❛tór✐♦ ✶✵✸

✈❛③ã♦ ✈♦❧✉♠étr✐❝❛ ❞❡ ✜❧tr❛❞♦ ❡ ❞❛ ár❡❛ ❞❡ ✜❧tr❛çã♦✳ P♦rt❛♥t♦✱ ❝✐❡♥t❡ q✉❡ ❛ ❞❡t❡r♠✐♥❛çã♦

❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ é ✉♠❛ ❡t❛♣❛ ♣r✐♠♦r❞✐❛❧ ♥❛ s✐♠✉❧❛çã♦ ♥✉♠ér✐❝❛✱ r❛t✐✜❝❛✲s❡ q✉❡ ❛ ♠❡✲

t♦❞♦❧♦❣✐❛ ✵✸ ❞❡✈❡ s❡r ✉t✐❧✐③❛❞❛ ♥❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡✱ ✉♠❛ ✈❡③ q✉❡ ❛ ár❡❛

❞❛ s✉♣❡r❢í❝✐❡✱ ❛ss♦❝✐❛❞♦ ❛♦ ❡s❝♦❛♠❡♥t♦ r♦t❛tór✐♦✱ ✐♥t❡r❢❡r❡ ♥♦s ✈❛❧♦r❡s ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡

♥♦ tr♦♥❝♦ ❞❡ ❝♦♥❡ ✜❧tr❛♥t❡✳

✹✳✶✳✷ ❆♥á❧✐s❡ ❞❡ ❉❡s❡♠♣❡♥❤♦ ❞♦s ❈✐❝❧♦♥❡s ❈♦♥✈❡♥❝✐♦♥❛✐s ❡ ❋✐❧✲

tr❛♥t❡s

❆ ❛♥á❧✐s❡ ❞♦ ❞❡s❡♠♣❡♥❤♦ ❡♠ ❝✐❝❧♦♥❡s ❝♦♥✈❡♥❝✐♦♥❛✐s ❡ ✜❧tr❛♥t❡s ❢♦✐ r❡❛❧✐③❛❞❛ ♣♦r ♠❡✐♦

❞❛ ♦❜t❡♥çã♦ ❞❡ r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❡ ❡✜❝✐ê♥❝✐❛ ❣❧♦❜❛❧ ❞❡ ❝♦❧❡t❛ ❡ ❞❡ q✉❡❞❛ ❞❡

♣r❡ssã♦ ♥♦ ❝✐❝❧♦♥❡✳ ❈♦♥❢♦r♠❡ ♠❡t♦❞♦❧♦❣✐❛s ❞✐s❝r✐♠✐♥❛❞❛s ♥❛ s❡çã♦ ✸✳✶✱ sã♦ ❛♣r❡s❡♥t❛❞♦s

❛ s❡❣✉✐r ♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ❝✐❝❧♦♥❡s ❝♦♥✈❡♥❝✐♦♥❛✐s ❡ ✜❧tr❛♥t❡s✳

❊✜❝✐ê♥❝✐❛ ❞❡ ❈♦❧❡t❛ ❡♠ ❈✐❝❧♦♥❡ ❈♦♥✈❡♥❝✐♦♥❛❧

❆ ✜♠ ❞❡ ❢❛③❡r ✉♠ ♣❛r❛❧❡❧♦ ❡♥tr❡ ♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♣❛r❛ ❝✐❝❧♦♥❡s ✜❧tr❛♥t❡s✱ ❢♦✐

❞❡t❡r♠✐♥❛❞❛ ❛ ❡✜❝✐ê♥❝✐❛ ❡♠ ❝✐❝❧♦♥❡ ❝♦♥✈❡♥❝✐♦♥❛❧✳ ◆♦s ❡①♣❡r✐♠❡♥t♦s✱ ❢♦✐ ✉t✐❧✐③❛❞❛ ❛ ♠❛❣✲

♥❡s✐t❛ ❝♦♠♦ ♣❛rt✐❝✉❧❛❞♦✱ ❛ ✉♠❛ ✈❛③ã♦ ♠áss✐❝❛ ❞❡ ✵✱✵✵✺ ❦❣✴s ✱ ♣❛r❛ ❛♥á❧✐s❡ ❞❛ ❡✜❝✐ê♥❝✐❛

❡♠ ❝✐❝❧♦♥❡s✳ ❆ ❋✐❣✉r❛ ✹✳✻✱ ❛♣r❡s❡♥t❛ ♦s r❡s✉❧t❛❞♦s ❞❡ ❡✜❝✐ê♥❝✐❛ ❣❧♦❜❛❧ ❞❡ ❝♦❧❡t❛✱ ❝♦♥❢♦r♠❡

❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❛❧✐♠❡♥t❛çã♦ ♥♦ ❝✐❝❧♦♥❡ ❝♦♥✈❡♥❝✐♦♥❛❧✳

❆♦ ♦❜s❡r✈❛r ❛ ❋✐❣✉r❛ ✹✳✻✱ ✈❡r✐✜❝❛✲s❡ q✉❡ ❛ ❡✜❝✐ê♥❝✐❛ ❣❧♦❜❛❧ ❞❡ ❝♦❧❡t❛ ♣❛r❛ ❛ ♠❛❣♥❡s✐t❛

❛t✐♥❣❡ s❡✉ ♠á①✐♠♦ ❛ ♣❛rt✐r ❞❡ ✉♠❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ✶✺ ♠✴s✳ ■st♦ s❡ ❞❡✈❡ ❛♦ ❞✐â♠❡tr♦ ❞❡

❝♦rt❡ ❝♦♠ ✶✼✷✱✸✽ µ♠ ❞❛ ♣❛rtí❝✉❧❛ ♥❛ ❛♠♦str❛ s❡r ❡❧❡✈❛❞♦✳

❊✜❝✐ê♥❝✐❛ ❞❡ ❈♦❧❡t❛ ❡♠ ❈✐❝❧♦♥❡ ❋✐❧tr❛♥t❡

❙❡♠❡❧❤❛♥t❡ ❛♦ ❝✐❝❧♦♥❡ ❝♦♥✈❡♥❝✐♦♥❛❧✱ ❢♦r❛♠ r❡❛❧✐③❛❞♦s ❡①♣❡r✐♠❡♥t♦s ❝♦♠ ♦ ❝✐❝❧♦♥❡

✜❧tr❛♥t❡✱ ❛✈❛❧✐❛♥❞♦ ❛ ❡✜❝✐ê♥❝✐❛ ❣❧♦❜❛❧ ❞❡ ❝♦❧❡t❛✳ ❆ ❋✐❣✉r❛ ✹✳✼ ✐❧✉str❛ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛

❡✜❝✐ê♥❝✐❛ ❣❧♦❜❛❧ ❞❡ ❝♦❧❡t❛ ❝♦♥❢♦r♠❡ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❛❧✐♠❡♥t❛çã♦✳ ◆❛ ❛❧✐♠❡♥t❛çã♦✱ ❢♦r❛♠

✐♥❥❡t❛❞❛s ♣❛rtí❝✉❧❛s ❞❡ ▼❛❣♥❡s✐t❛✱ ❛ ✉♠❛ ✈❛③ã♦ ♠áss✐❝❛ ❞❡ ✵✱✵✵✺ ❦❣✴s✳

❆♥❛❧✐s❛♥❞♦ ♦s r❡s✉❧t❛❞♦s ❛♣r❡s❡♥t❛❞♦s ♥❛ ❋✐❣✉r❛ ✹✳✼✱ ✈❡r✐✜❝❛✲s❡ q✉❡ ♦s ✈❛❧♦r❡s ♠é❞✐♦s

❞❡ ❡✜❝✐ê♥❝✐❛ ❣❧♦❜❛❧ ❞❡ ❝♦❧❡t❛ ♣❛r❛ ✈❡❧♦❝✐❞❛❞❡s ❞❡ ❛❧✐♠❡♥t❛çã♦ ❛❝✐♠❛ ❞❡ ✶✻ ♠✴s✱ s❡ ❡♥❝♦♥✲

tr❛♠ ❡♠ t♦r♥♦ ❞❡ ✾✺%✳ ❚❛✐s r❡s✉❧t❛❞♦s✱ ❞❡ ❛❧❣✉♠❛ ❢♦r♠❛✱ r❡✢❡t❡♠ ♦ q✉❡ ❢♦r❛ ♦❜s❡r✈❛❞♦

♥❛ ❋✐❣✉r❛ ✹✳✻✱ ♣❛r❛ ❝✐❝❧♦♥❡ ❝♦♥✈❡♥❝✐♦♥❛❧✱ ❞❡✈✐❞♦ ♦ ❡❧❡✈❛❞♦ ❞✐â♠❡tr♦ ❞❡ ❝♦rt❡ ✭✶✼✷✱✸✽ µ♠✮✳

❊♥tr❡t❛♥t♦✱ ✈❡r✐✜❝❛✲s❡ q✉❡ ❡♠ ♠❡s♠❛s ❢❛✐①❛s ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❛❧✐♠❡♥t❛çã♦✱ ❛ ❡✜❝✐ê♥❝✐❛



✶✵✹ ✹✳✶✳ ❘❡s✉❧t❛❞♦s ❊①♣❡r✐♠❡♥t❛✐s ❡♠ ▲❛❜♦r❛tór✐♦

❋✐❣✉r❛ ✹✳✻✿ ❊✜❝✐ê♥❝✐❛ ❣❧♦❜❛❧ ❞❡ ❝♦❧❡t❛ ❡♠ ❝✐❝❧♦♥❡ ❈♦♥✈❡♥❝✐♦♥❛❧✳

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

❛♣r❡s❡♥t❛❞♦s ♣♦r ❘♦❞r✐❣✉❡s ✭✷✵✵✶✮✳

❆ ❋✐❣✉r❛ ✹✳✽ ❝♦♠♣❛r❛ ♦ ❞❡s❡♠♣❡♥❤♦ ❞♦s ❝✐❝❧♦♥❡s ❝♦♥✈❡♥❝✐♦♥❛✐s ❡ ✜❧tr❛♥t❡s ❡♠ r❡❧❛çã♦

à ❡✜❝✐ê♥❝✐❛ ❣❧♦❜❛❧ ❞❡ ❝♦❧❡t❛✳ ◆❡st❛ ✜❣✉r❛✱ ✈❡r✐✜❝❛✲s❡ q✉❡ ♣❛r❛ ✉♠❛ ♠❡♥♦r ✈❡❧♦❝✐❞❛❞❡

✭✶✹ ♠✴s✮✱ ❛ ❞✐❢❡r❡♥ç❛ ♥❛ ❡✜❝✐ê♥❝✐❛ ❡♥tr❡ ♦s ❝✐❝❧♦♥❡s ❢♦✐ ❞❡ ✶✺%✳ ❆ ♠❡♥♦r ❡✜❝✐ê♥❝✐❛ ♥❛

♠♦❞❛❧✐❞❛❞❡ ✜❧tr❛♥t❡ ♣♦ss✐✈❡❧♠❡♥t❡ ❡stá ❛ss♦❝✐❛❞❛ ❛ ✉♠❛ ♠❡♥♦r ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧ q✉❡

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

❊♥tr❡t❛♥t♦✱ ❛♦ ❛✉♠❡♥t❛r ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❛❧✐♠❡♥t❛çã♦ ✭♣❛r❛ ✈❛❧♦r❡s ❡♠ t♦r♥♦ ❞❡ ✷✵ ♠✴s✮✱

♣♦❞❡✲s❡ ♥♦t❛r q✉❡ ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛s ❡✜❝✐ê♥❝✐❛s ❣❧♦❜❛✐s ♥❛ ♠♦❞❛❧✐❞❛❞❡ ❝♦♥✈❡♥❝✐♦♥❛❧

❡ ✜❧tr❛♥t❡ ❢♦✐ 5%✳ P♦rt❛♥t♦✱ ✈❡r✐✜❝❛✲s❡ q✉❡ ❡♠ ❡❧❡✈❛❞❛s ✈❡❧♦❝✐❞❛❞❡s ❞❡ ❛❧✐♠❡♥t❛çã♦✱

♦♣❡r❛♥❞♦ ❡♠ ❡❧❡✈❛❞❛s ✈❛③õ❡s✱ ❛ ✉t✐❧✐③❛çã♦ ❞❛ ♠♦❞❛❧✐❞❛❞❡ ✜❧tr❛♥t❡ ❞❡ ❝✐❝❧♦♥❡ ❞❡✈❛ s❡r

❧❡✈❛❞❛ ❡♠ ❝♦♥s✐❞❡r❛çã♦✱ ♣♦r ❛ss♦❝✐❛r ❡❧❡✈❛❞❛s ❝❛♣❛❝✐❞❛❞❡s ❞❡ ♦♣❡r❛çã♦ ❛ ❝✉st♦s r❡❞✉③✐❞♦s

❝♦♠ ✉♠❛ ❜♦❛ ❡✜❝✐ê♥❝✐❛ ❞❡ s❡♣❛r❛çã♦✳



✹✳✶✳ ❘❡s✉❧t❛❞♦s ❊①♣❡r✐♠❡♥t❛✐s ❡♠ ▲❛❜♦r❛tór✐♦ ✶✵✺

❋✐❣✉r❛ ✹✳✼✿ ❊✜❝✐ê♥❝✐❛ ❣❧♦❜❛❧ ❝♦❧❡t❛ ❡♠ ❝✐❝❧♦♥❡ ❋✐❧tr❛♥t❡✳

◗✉❡❞❛ ❞❡ Pr❡ssã♦ ❡♠ ❈✐❝❧♦♥❡ ❈♦♥✈❡♥❝✐♦♥❛❧

❈♦♠♦ ❢r✐s❛❞♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦ é ♦ ♣❛râ♠❡tr♦ ❞❡ ❞❡s❡♠♣❡♥❤♦ ❞♦

❝✐❝❧♦♥❡✱ ❛ss♦❝✐❛❞♦ ❛♦ ❝✉st♦ ❡♥❡r❣ét✐❝♦✳ ❙✐♠✐❧❛r ❛♦ q✉❡ ❢♦r❛ r❡❛❧✐③❛❞♦ ♣❛r❛ ❡✜❝✐ê♥❝✐❛✱ ♦

♠❡s♠♦ ❢♦✐ ❢❡✐t♦ ♣❛r❛ ❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦✳ ❆ ❋✐❣✉r❛ ✹✳✾ ❛♣r❡s❡♥t❛ ♦s r❡s✉❧t❛❞♦s ❞❡ q✉❡❞❛

❞❡ ♣r❡ssã♦ ❡♠ ❝✐❝❧♦♥❡ ❝♦♥✈❡♥❝✐♦♥❛❧✱ ❝♦♠ ❡ s❡♠ ♦ ❡❢❡✐t♦ ❞❡ ✐♥❥❡çã♦ ❞❡ ♣❛rtí❝✉❧❛s✳

◆❛ ❋✐❣✉r❛ ✹✳✾ ✈❡r✐✜❝❛✲s❡ q✉❡ ❤á ✉♠❛ r❡❞✉çã♦ ♥❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦✱ ❞❡✈✐❞♦ ❛ ✐♥❥❡çã♦

❞❡ ♣❛rtí❝✉❧❛s ♥♦ ❝✐❝❧♦♥❡ ❝♦♥✈❡♥❝✐♦♥❛❧✱ ♦ q✉❡ ❢♦✐ ♦❜s❡r✈❛❞♦ ❛ t❡♠♣♦s ♣♦r ❨✉✉ ❡t ❛❧✳ ✭✶✾✼✽✮✳

❊ss❛ r❡❞✉çã♦ ❞❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦✱ ♣♦ss✐✈❡❧♠❡♥t❡ ❡stá ❛ss♦❝✐❛❞❛ ❛♦ ♠❛✐♦r ❛tr✐t♦✱ ♦❝❛s✐✲

♦♥❛❞♦ ♣❡❧❛s ♣r❡s❡♥ç❛ ❞❡ ♣❛rtí❝✉❧❛s ♥❛ ♣❛r❡❞❡ ❞♦ ❝✐❝❧♦♥❡✳ ❖ ♠❛✐♦r ❛tr✐t♦✱ ❢❛③ ❝♦♠ q✉❡

❞✐♠✐♥✉❛ ❛ tr♦❝❛ ❞❡ q✉❛♥t✐❞❛❞❡ ❞❡ ♠♦✈✐♠❡♥t♦ ♥❛ ❢♦r♠❛çã♦ ❞♦s ✈órt✐❝❡s✱ ❞✐♠✐♥✉✐❞♦ ❛ss✐♠

❛ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧ ❞♦ ✢✉✐❞♦ ❛ss♦❝✐❛❞❛ ♥❛ ❡♥tr❛❞❛ ❞♦ ✈♦rt❡① ✜♥❞❡r✳ ❆ ❞✐♠✐♥✉✐çã♦ ❞❛

✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧ ♥❛ ❡♥tr❛❞❛ ❞♦ ✈♦rt❡① ✜♥❞❡r ❢❛③ ❝♦♠ q✉❡ ❛ ❡♥❡r❣✐❛ ❞✐ss✐♣❛❞❛ s❡❥❛ ❛

♠í♥✐♠❛ ♣♦ssí✈❡❧ ✭❍❖❋❋▼❆◆◆ ❡t ❛❧✳✱ ✶✾✾✷✮✳



✶✵✻ ✹✳✶✳ ❘❡s✉❧t❛❞♦s ❊①♣❡r✐♠❡♥t❛✐s ❡♠ ▲❛❜♦r❛tór✐♦

❋✐❣✉r❛ ✹✳✽✿ ❊✜❝✐ê♥❝✐❛ ❣❧♦❜❛❧ ❞❡ ❝♦❧❡t❛ ❡♠ ❝✐❝❧♦♥❡s ❝♦♥✈❡♥❝✐♦♥❛❧ ❡ ❋✐❧tr❛♥t❡✳

◗✉❡❞❛ ❞❡ Pr❡ssã♦ ❡♠ ❈✐❝❧♦♥❡ ❋✐❧tr❛♥t❡

❯♠❛ ❞❛s ♠♦t✐✈❛çõ❡s ♣❛r❛ ✉t✐❧✐③❛çã♦ ❞♦ ❝✐❝❧♦♥❡ ✜❧tr❛♥t❡ é ❝❛♣❛❝✐❞❛❞❡ ❞❡ ♦♣❡r❛çã♦

❡♠ ❡❧❡✈❛❞❛s ✈❛③õ❡s ❞❡ ♦♣❡r❛çã♦ ❛ ❝✉st♦ ❡♥❡r❣ét✐❝♦ r❡❞✉③✐❞♦✱ ♦✉ s❡❥❛ ❛ r❡❞✉③✐❞❛s q✉❡❞❛s

❞❡ ♣r❡ssã♦✳ ❙❡♥❞♦ ❛ss✐♠✱ ❛ ❋✐❣✉r❛ ✹✳✶✵ ✐❧✉str❛ ♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❡ q✉❡❞❛ ❞❡

♣r❡ssã♦ ♣❛r❛ ❝✐❝❧♦♥❡s ✜❧tr❛♥t❡s✱ ❝♦♠ ❡ s❡♠ ✐♥❥❡çã♦ ❞❡ ♣❛rt✐❝✉❧❛❞♦s✳ ❖❜s❡r✈❛✲s❡ q✉❡ ❤á

✉♠ ❛❝rés❝✐♠♦ ♥❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ❝♦♥❢♦r♠❡ ♦ ❛✉♠❡♥t♦ ❞❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❛❧✐♠❡♥t❛çã♦ ♥♦

❝✐❝❧♦♥❡✳

❆♥❛❧✐s❛♥❞♦ ❛ ❋✐❣✉r❛ ✹✳✶✵ ✈❡r✐✜❝❛✲s❡ q✉❡ ❛ ✐♥❥❡çã♦ ❞❡ ♣❛rtí❝✉❧❛s ❞✐♠✐♥✉✐ ❞r❛st✐❝❛♠❡♥t❡

❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ♥♦ ❝✐❝❧♦♥❡✱ ❝♦♠ ✈✐és ❞❡ ❞✐♠✐♥✉✐çã♦ ♠❛✐♦r ❛✐♥❞❛ ❡♠ ❡❧❡✈❛❞❛s ✈❡❧♦❝✐✲

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

❝♦♥✈❡♥❝✐♦♥❛❧✳ ❊♥tr❡t❛♥t♦✱ ♦❜s❡r✈♦✉✲s❡ ❡①♣❡r✐♠❡♥t❛❧♠❡♥t❡ q✉❡ ❞✉r❛♥t❡ ✉♠ ❧♦♥❣♦ t❡♠♣♦

❞❡ ♦♣❡r❛çã♦✱ ❝♦♠ ❛ s❛t✉r❛çã♦ ❞♦ ✜❧tr♦ ❤á ✉♠❛ s❛❧t♦ ♥❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦✱ ❛✉♠❡♥t❛♥❞♦

❞r❛st✐❝❛♠❡♥t❡ ❛ ♣r❡ssã♦✱ ♦ q✉❡ ✐♥❞✐❝❛ ❛ ♣♦ss✐❜✐❧✐❞❛❞❡ ❞❡ ❡①✐stê♥❝✐❛ ❞❡ ✜❧tr❛çã♦ ✐♥t❡r♥❛✱

✉♠❛ ✈❡③ q✉❡ ❛ ❞❡♣♦s✐çã♦ é r❡❞✉③✐❞❛ ❞❡✈✐❞♦ ❛s ❢♦rç❛s ❞❡ ❝✐s❛❧❤❛♠❡♥t♦✳

❆♦ ❛♥❛❧✐s❛r ❛s ❋✐❣✉r❛s ✹✳✾ ❡ ✹✳✶✵ ✈❡r✐✜❝❛✲s❡ q✉❡ ♣❛r❛ ✉♠❛ ♠❡s♠❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❛❧✐✲



✹✳✶✳ ❘❡s✉❧t❛❞♦s ❊①♣❡r✐♠❡♥t❛✐s ❡♠ ▲❛❜♦r❛tór✐♦ ✶✵✼

❋✐❣✉r❛ ✹✳✾✿ ◗✉❡❞❛ ❞❡ ♣r❡ssã♦ ❡♠ ❝✐❝❧♦♥❡ ❈♦♥✈❡♥❝✐♦♥❛❧ ❝♦♠ ❡ s❡♠ ✐♥❥❡çã♦ ❞❡ ♣❛rtí❝✉❧❛s✳

♠❡♥t❛çã♦ ✭✶✹ ♠✴s✮✱ ♦ ❡❢❡✐t♦ ❞❛ ✐♥❥❡çã♦ ❞❡ ♣❛rtí❝✉❧❛s ❢♦✐ ♠❛✐s s❡♥sí✈❡❧ ♥❛ ♠♦❞❛❧✐❞❛❞❡

❝♦♥✈❡♥❝✐♦♥❛❧✳ ❊♥q✉❛♥t♦ ♥♦ ✜❧tr❛♥t❡ ♦❝❛s✐♦♥♦✉✲s❡ ✉♠❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ❞❡ ✶✹✻ P❛✱ ♥♦

❝♦♥✈❡♥❝✐♦♥❛❧ ❡st❛ ❢♦✐ ❞❡ ✷✵✵ P❛✳ P♦ss✐✈❡❧♠❡♥t❡✱ ❛ ♣r❡s❡♥ç❛ ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡ ♣r♦♣♦r❝✐♦♥♦✉

✉♠ ♠❡♥♦r ❛tr✐t♦ ♥❛ ♣❛r❡❞❡ ❞❛ s❡çã♦ ❝ô♥✐❝❛✱ ♦ q✉❡ ❞❡ ❝❡rt❛ ❢♦r♠❛ ✈✐❛❜✐❧✐③♦✉ ✉♠❛ ❞✐♠✐♥✉✐✲

çã♦ ♠❛✐s s✉❛✈❡ ♥❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ❞♦ ❝✐❝❧♦♥❡ ❝♦♥✈❡♥❝✐♦♥❛❧ ❛♦ ❛❞✐❝✐♦♥❛r ♣❛rt✐❝✉❧❛❞♦✳

❯♠❛ ❞❛s ♦❜s❡r✈❛çõ❡s ❡①♣❡r✐♠❡♥t❛✐s ♥♦ tr❛❜❛❧❤♦ ❢♦✐ ♦ ❡❢❡✐t♦ ❞♦ ♣r♦❧♦♥❣❛♠❡♥t♦ ❞❛ s❛í❞❛

❞♦ ♦✈❡r✢♦✇ s♦❜r❡ ❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ♥♦ ❝✐❝❧♦♥❡ ✜❧tr❛♥t❡✳ ❆ ♣r❡s❡♥ç❛ ❞❡ t❛❧ t✉❜♦✱ ❝♦♠

♦ ♣r♦❧♦♥❣❛♠❡♥t♦ ❞❛ s❛í❞❛ ❞♦ ♦✈❡r✢♦✇✱ ❢❛✈♦r❡❝❡✉ ❛ ❢♦r♠❛çã♦ ❞❡ ✉♠ ❡s❝♦❛♠❡♥t♦ ❡st❛❜❡❧❡✲

❝✐❞♦ ♥❛ s❛í❞❛✳ ❱❡r✐✜❝♦✉✲s❡ q✉❡ ❛ ❝♦♥❡①ã♦ ♥ã♦ ✐♥t❡r❢❡r✐✉ ♥❛ ❞✐❢❡r❡♥ç❛ ❞❡ ♣r❡ssã♦ ❡♥tr❡ ❛

❛❧✐♠❡♥t❛çã♦ ❡ ❛ s❛í❞❛ ❞♦ ♦✈❡r✢♦✇✱ s❡❥❛ ♥❛ ♣r❡s❡♥ç❛ ❞❡ ♣❛rt✐❝✉❧❛❞♦ ♦✉ ♥ã♦✳ P♦ss✐✈❡❧♠❡♥t❡✱

♦ ❛✉♠❡♥t♦ ❞❡ ♣r❡ssã♦ ❡stát✐❝❛ ❛ss♦❝✐❛❞♦ ❛♦ ♣r♦❧♦♥❣❛♠❡♥t♦ ❞♦ t✉❜♦ ❢♦✐ ❝♦♠♣❛tí✈❡❧ ❝♦♠ ❛

❞✐♠✐♥✉✐çã♦ ❞❛ ♣r❡ssã♦ ❞✐♥â♠✐❝❛ ❛ss♦❝✐❛❞❛ ❛♦ ❡s❝♦❛♠❡♥t♦ r♦t❛tór✐♦✳ ❚❛✐s r❡s✉❧t❛❞♦s ❝♦r✲

r♦❜♦r❛♠ ❛ ❛✜r♠❛çã♦ ❞❡ ❍♦✛♠❛♥♥ ❡ ❙t❡✐♥ ✭✷✵✵✼✮✳ ❙❡❣✉♥❞♦ ♦s ❛✉t♦r❡s✱ ♦ ♣r♦❧♦♥❣❛♠❡♥t♦

❞♦ ❞✉t♦ ❞❡ s❛í❞❛ ❞♦ ♦✈❡r✢♦✇ ❞✐♠✐♥✉✐ ♦ ✈órt✐❝❡ ♥❛ s❛í❞❛ ❞♦ ♦✈❡r✢♦✇✳

❆♦ ❛♥❛❧✐s❛r ❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ❡♠ ❝✐❝❧♦♥❡s ❝♦♥✈❡♥❝✐♦♥❛❧ ❡ ✜❧tr❛♥t❡ s❡♠ ✐♥❥❡çã♦ ❞❡

♣❛rtí❝✉❧❛s✱ ✈❡r✐✜❝❛✲s❡✱ q✉❡ ♣❛r❛ ❡❧❡✈❛❞❛s ✈❡❧♦❝✐❞❛❞❡s ❞❡ ❛❧✐♠❡♥t❛çã♦✱ ♦ ❝✉st♦ ❡♥❡r❣ét✐❝♦ é



✶✵✽ ✹✳✶✳ ❘❡s✉❧t❛❞♦s ❊①♣❡r✐♠❡♥t❛✐s ❡♠ ▲❛❜♦r❛tór✐♦

❋✐❣✉r❛ ✹✳✶✵✿ ◗✉❡❞❛ ❞❡ ♣r❡ssã♦ ❡♠ ❝✐❝❧♦♥❡ ❋✐❧tr❛♥t❡✳

♠❡♥♦r ♣❛r❛ ❛ ♠♦❞❛❧✐❞❛❞❡ ✜❧tr❛♥t❡ ❞❡ ❝✐❝❧♦♥❡ ❡♠ r❡❧❛çã♦ ❛♦ ❝♦♥✈❡♥❝✐♦♥❛❧✳ ❚❛❧ ♦❜s❡r✈❛çã♦

♣♦❞❡ s❡r ✈✐s✉❛❧✐③❛❞❛ ♥❛ ❋✐❣✉r❛ ✹✳✶✶✳

◆♦t❛✲s❡ ♥❛ ❋✐❣✉r❛ ✹✳✶✶ ♦ ❡❢❡✐t♦ ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡ s♦❜r❡ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ❡♠ ❝✐❝❧♦✲

♥❡s ✜❧tr❛♥t❡s✳ ❱❡r✐✜❝❛✲s❡ q✉❡ ♣❛r❛ ✈❡❧♦❝✐❞❛❞❡ ♠❡♥♦r❡s ✭✐♥❢❡r✐♦r ❛ ✶✷ ♠✴s✮ ❛s q✉❡❞❛s ❞❡

♣r❡ssã♦ ❡♠ ❝✐❝❧♦♥❡s ❝♦♥✈❡♥❝✐♦♥❛❧ ❡ ✜❧tr❛♥t❡ sã♦ ❜❡♠ ♣ró①✐♠❛s✳ ❊♥tr❡t❛♥t♦✱ ❡♠ ❡❧❡✈❛❞❛s

✈❡❧♦❝✐❞❛❞❡s ❞❡ ❛❧✐♠❡♥t❛çã♦ ❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ♥❛ ♠♦❞❛❧✐❞❛❞❡ ✜❧tr❛♥t❡ é ❜❡♠ ✐♥❢❡r✐♦r✳

P♦rt❛♥t♦✱ ❛ ♠❡♥♦r q✉❡❞❛ ❞❡ ♣r❡ssã♦ ♥♦s ❝✐❝❧♦♥❡s ✜❧tr❛♥t❡s ♣r♦✈❛✈❡❧♠❡♥t❡ ❡stá ❛ss♦❝✐✲

❛❞❛ às ♠❡♥♦r❡s ♣❛r❝❡❧❛s ❞❡ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ♥❛ r❡❣✐ã♦ ❞❡ s❡♣❛r❛çã♦ ❡ ♥❛ s❛í❞❛ ❞♦ ✈♦rt❡①

✜♥❞❡r✳ ❈♦♠ r❡❧❛çã♦ à r❡❣✐ã♦ ❞❡ s❡♣❛r❛çã♦✱ ♦ ♠❡♥♦r ❛tr✐t♦ ❝♦♠ ❛ ♣❛r❡❞❡ ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡

❞✐♠✐♥✉✐ ❛s q✉❡❞❛s ❞❡ ♣r❡ssã♦✱ ❛❧é♠ ❞❛ ♣r❡s❡♥ç❛ ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡ ♣r♦♣♦r❝✐♦♥❛r ❛ ❞✐♠✐♥✉✐✲

çã♦ ❞❛ tr♦❝❛ ❞❡ q✉❛♥t✐❞❛❞❡ ❞❡ ♠♦✈✐♠❡♥t♦ ♥❛ ❢♦r♠❛çã♦ ❞♦s ✈órt✐❝❡s ✐♥t❡r♥♦ ❡ ❡①t❡r♥♦✳ ❊♠

r❡❧❛çã♦ às q✉❡❞❛s ❞❡ ♣r❡ssã♦ ♥❛ s❛í❞❛ ❞♦ ✈♦rt❡① ✜♥❞❡r✱ ❡st❛s sã♦ ♠❡♥♦r❡s ❞❡✈✐❞♦ ❛ ❞✐♠✐✲

♥✉✐çã♦ ❞❛ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧ ♥❛ ♣r❡s❡♥ç❛ ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡✳ P♦rt❛♥t♦✱ ❞❡ ♠❛♥❡✐r❛ ❣❡r❛❧✱

❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ❡stá ❛ss♦❝✐❛❞❛ à ❞✐♠✐♥✉✐çã♦ ♥❛ ✐♥t❡♥s✐❞❛❞❡ ❞♦ ❡s❝♦❛♠❡♥t♦ ❣✐r❛tór✐♦

♥♦ ✐♥t❡r✐♦r ❞♦ ❝✐❝❧♦♥❡ ✜❧tr❛♥t❡✳



✹✳✷✳ ❘❡s✉❧t❛❞♦s ◆✉♠ér✐❝♦s ❊①♣❡r✐♠❡♥t❛✐s ✶✵✾

❋✐❣✉r❛ ✹✳✶✶✿ ◗✉❡❞❛ ❞❡ ♣r❡ssã♦ ❡♠ ❝✐❝❧♦♥❡s ❝♦♥✈❡♥❝✐♦♥❛❧ ❡ ❋✐❧tr❛♥t❡✳

✹✳✷ ❘❡s✉❧t❛❞♦s ◆✉♠ér✐❝♦s ❊①♣❡r✐♠❡♥t❛✐s

❖s r❡s✉❧t❛❞♦s ❛♣r❡s❡♥t❛❞♦s ♥❡st❛ s❡çã♦ sã♦ ♦r✐✉♥❞♦s ❞❛s s✐♠✉❧❛çõ❡s ❝♦♠ ❝✐❝❧♦♥❡s ❝♦♥✲

✈❡♥❝✐♦♥❛❧ ❡ ✜❧tr❛♥t❡✳ ❆s s✐♠✉❧❛çõ❡s tr✐❞✐♠❡♥s✐♦♥❛✐s✱ ❡♠ r❡❣✐♠❡ tr❛♥s✐❡♥t❡✱ ✈✐s❛♠ ❛✈❡r✐❣✉❛r

♦ ❝♦♠♣♦rt❛♠❡♥t♦ ✢✉✐❞♦❞✐♥â♠✐❝♦ ❡♠ ❝✐❝❧♦♥❡s ✜❧tr❛♥t❡s✳ P❛r❛ ❛s s✐♠✉❧❛çõ❡s✱ ❢♦r❛♠ ✉t✐❧✐✲

③❛❞♦s ♦s ♠♦❞❡❧♦s ❞❡ t✉r❜✉❧ê♥❝✐❛ ❘❙▼ ❡ ▲❊❙✱ s❡♥❞♦ q✉❡ s♦♠❡♥t❡ ♦ s❡❣✉♥❞♦ ❢♦r❛ ✉t✐❧✐③❛❞♦

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

❝♦♥t♦r♥♦s ❞❡ ✈❡❧♦❝✐❞❛❞❡s ❛①✐❛❧ ❡ t❛♥❣❡♥❝✐❛❧✳

❖s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♥✉♠ér✐❝♦s ❢♦r❛♠ r❡❛❧✐③❛❞♦s ❝♦♥❢♦r♠❡ ♣❧❛♥❡❥❛♠❡♥t♦ ❝♦♠✲

♣♦st♦ ❝❡♥tr❛❧ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❚❛❜❡❧❛ ✹✳✸✳ ◆❡ss❛ t❛❜❡❧❛✱ sã♦ ❛♣r❡s❡♥t❛❞♦s ❛s ✈❛r✐á✈❡✐s

✐♥❞❡♣❡♥❞❡♥t❡s ❝♦❞✐✜❝❛❞❛s ❡ ♥ã♦ ❝♦❞✐✜❝❛❞❛s r❡❢❡♥t❡s à ❛❧t✉r❛ ❞❛ ❛❧✐♠❡♥t❛çã♦ ✭❛✮✱ ❛ ✈❛③ã♦

✈♦❧✉♠étr✐❝❛ ❞❡ ❛❧✐♠❡♥t❛çã♦ ✭◗✮ ❡ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡ ✭❑✮✳ ❈♦♠♦ ✈❛r✐á✈❡✐s

❞❡♣❡♥❞❡♥t❡s✱ tê♠✲s❡ ♦ ♥ú♠❡r♦ ❞❡ ❊✉❧❡r ✭Eu✮ ❡ ❛ r❛③ã♦ ❞❡ ✜❧tr❛❞♦ ✭Rf ✮✳



✶✶✵ ✹✳✷✳ ❘❡s✉❧t❛❞♦s ◆✉♠ér✐❝♦s ❊①♣❡r✐♠❡♥t❛✐s

❚❛❜❡❧❛ ✹✳✸✿ ▼❛tr✐③ ❞♦ P❧❛♥❡❥❛♠❡♥t♦ ❊①♣❡r✐♠❡♥t❛❧

❱❛r✐á✈❡✐s ❝♦❞✐✜❝❛❞❛s ❱❛r✐á✈❡✐s ♥ã♦ ❝♦❞✐✜❝❛❞❛s ❱❛r✐á✈❡✐s ❘❡s♣♦st❛

❊①♣❡r✐♠❡♥t♦ X1 X2 X3 ❛ ✭♠✮ ◗ ✭♠3/s) ❑ ✭♠2) Eu Rf

✶ −1 −1 −1 0, 057 0, 04 1, 00× 10−11 6, 38 0, 60
✷ −1 −1 +1 0, 057 0, 04 5, 00× 10−11 2, 24 0, 79
✸ −1 +1 −1 0, 057 0, 08 1, 00× 10−11 3, 27 0, 55
✹ −1 +1 +1 0, 057 0, 08 5, 00× 10−11 1, 63 0, 93
✺ +1 −1 −1 0, 133 0, 04 1, 00× 10−11 8, 39 0, 17
✻ +1 −1 +1 0, 133 0, 04 5, 00× 10−11 6, 22 0, 56
✼ +1 +1 −1 0, 133 0, 08 1, 00× 10−11 4, 76 0, 17
✽ +1 +1 +1 0, 133 0, 08 5, 00× 10−11 5, 02 0, 78
✾ −α 0 0 0, 041 0, 06 3, 00× 10−11 1, 54 0, 83
✶✵ +α 0 0 0, 149 0, 06 3, 00× 10−11 7, 69 0, 53
✶✶ 0 −α 0 0, 095 0, 032 3, 00× 10−11 5, 43 0, 46
✶✷ 0 +α 0 0, 095 0, 088 3, 00× 10−11 3, 93 0, 76
✶✸ 0 0 −α 0, 095 0, 06 1, 72× 10−12 5, 79 0, 05
✶✹ 0 0 +α 0, 095 0, 06 5, 83× 10−11 3, 47 0, 83
✶✺ 0 0 0 0, 095 0, 06 3, 00× 10−11 4, 55 0, 66
✶✻ 0 0 0 0, 095 0, 06 3, 00× 10−11 4, 55 0, 66
✶✼ 0 0 0 0, 095 0, 06 3, 00× 10−11 4, 55 0, 66
✶✽ 0 0 0 0, 095 0, 06 3, 00× 10−11 4, 55 0, 66

✹✳✷✳✶ ●❡r❛çã♦ ❞❛s ▼❛❧❤❛s ❞❡ ❈✐❝❧♦♥❡s

❈♦♠♦ ❡♥❢❛t✐③❛❞♦ ♥❛ s❡çã♦ ✷✳✹✳✷✱ ❛ ❡s❝♦❧❤❛ ❞♦s t✐♣♦s ❡ ❛ ❝♦♥str✉çã♦ ❞❛s ♠❛❧❤❛s é ✉♠❛

❞❛s ❡t❛♣❛s ♣r✐♠♦r❞✐❛✐s ❞❛ s✐♠✉❧❛çã♦✳ ❆s ❝❛r❛❝t❡ríst✐❝❛s ❞❛ ♠❛❧❤❛ ✐♥✢✉❡♥❝✐❛ ❞✐r❡t❛♠❡♥t❡

♥❛ ♣r❡❝✐sã♦ ❞♦s r❡s✉❧t❛❞♦s ❡ ♥♦ t❡♠♣♦ ❞❡ s✐♠✉❧❛çã♦✳ P♦rt❛♥t♦✱ ❡♠ s❡ tr❛t❛♥❞♦ ❞❡ ❝✐❝❧♦✲

♥❡s ✜❧tr❛♥t❡s✱ ♣❛r❛ s✐♠✉❧❛çõ❡s tr✐❞✐♠❡♥s✐♦♥❛✐s✱ ❛ ❣❡r❛çã♦ ❞❡ ♠❛❧❤❛s ❢♦✐ ✉♠❛ ❞❛s ❡t❛♣❛s

❞❡t❡r♠✐♥❛♥t❡s ❞✉r❛♥t❡ ❛s s✐♠✉❧❛çõ❡s✳

●❡r❛çã♦ ❞❛s ▼❛❧❤❛s ❞❡ ❈✐❝❧♦♥❡s ❈♦♥✈❡♥❝✐♦♥❛✐s

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

s✐♠♣❧❡s✱ ✉♠❛ ✈❡③ q✉❡ ♥❛ ❧✐t❡r❛t✉r❛✱ ❡♥❝♦♥tr❛♠✲s❡ tr❛❜❛❧❤♦s q✉❡ s❡r✈❡♠ ❞❡ r❡❢❡rê♥❝✐❛ ✭❲❊✲

❈❊▲✱ ✷✵✵✾❀ ❉■❆❙✱ ✷✵✵✾✮✳ ❯♠ ❡①❡♠♣❧♦ ❞❡ ❣❡♦♠❡tr✐❛s ❡ ♠❛❧❤❛s ❡♠ ❝✐❝❧♦♥❡s ❝♦♥✈❡♥❝✐♦♥❛✐s é

❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✶✷✳







✹✳✷✳ ❘❡s✉❧t❛❞♦s ◆✉♠ér✐❝♦s ❊①♣❡r✐♠❡♥t❛✐s ✶✶✸

✹✳✷✳✸ ❈♦♠♣♦rt❛♠❡♥t♦ ❋❧✉✐❞♦❞✐♥â♠✐❝♦ ❡♠ ❈✐❝❧♦♥❡ ❈♦♥✈❡♥❝✐♦♥❛❧

❖ ❝♦♠♣♦rt❛♠❡♥t♦ ❡♠ ❝✐❝❧♦♥❡ ❝♦♥✈❡♥❝✐♦♥❛❧ é ❜❡♠ ❝❛r❛❝t❡ríst✐❝♦ ❞❡✈✐❞♦ à ❢♦r♠❛çã♦

❞♦s ✈órt✐❝❡s ✐♥t❡r♥♦ ❡ ❡①t❡r♥♦ ❝♦♠ ✉♠❛ ❞✐♠✐♥✉✐çã♦ ♥❛ r❡❣✐ã♦ ❝❡♥tr❛❧ ❞♦ ❝✐❝❧♦♥❡✳ ❖s

♣❡r✜s ❞❡ ♣r❡ssã♦ ❡ ❞❡ ✈❡❧♦❝✐❞❛❞❡s t❛♥❣❡♥❝✐❛✐s ❡ ❛①✐❛✐s sã♦ ❜❡♠ ❞❡✜♥✐❞♦s✱ ❝♦♥❢♦r♠❡ ❥á ❢♦r❛

❛♣r❡s❡♥t❛❞♦ ♣♦r ▲❡✐t❤ ❡t ❛❧✳ ✭✶✾✽✹✮✳

❉❛❞❛ ❛ ❝♦♥✜❣✉r❛çã♦ ❞♦ ❝✐❝❧♦♥❡ ❝♦♥✈❡♥❝✐♦♥❛❧ ✉t✐❧✐③❛❞♦ ♥❡st❛ t❡s❡✱ ♦s ❝♦♥t♦r♥♦s ❞❡

♣r❡ssã♦✱ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧ ❡ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧ sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ❋✐❣✉r❛ ✹✳✶✺✳

❋✐❣✉r❛ ✹✳✶✺✿ ❖s ❣rá✜❝♦s ❞❡ ❝♦♥t♦r♥♦s ♣❛r❛ ✉♠ t❡♠♣♦ ♠é❞✐♦ ♥❛ s❡çã♦ ❨❂✵✳ ❉❛ ❡sq✉❡r❞❛
♣❛r❛ ❛ ❞✐r❡✐t❛✿ ❛ ♣r❡ssã♦ ❡stát✐❝❛ ✭◆✴m2✮✱ ❛ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧ ✭♠✴s✮ ❡ ❛ ✈❡❧♦❝✐❞❛❞❡
❛①✐❛❧ ✭♠✴s✮✳ ❉♦ t♦♣♦ ❛ ❛té ♦ ❝♦❧❡t♦r ❞♦ ❝✐❝❧♦♥❡✳

◗✉❛♥t♦ ❛♦s ❝♦♥t♦r♥♦s ❞❡ ♣r❡ssã♦✱ ✈❡r✐✜❝❛✲s❡✱ ❛ ♣❛rt✐r ❞❛ ❋✐❣✉r❛ ✹✳✶✺ q✉❡ ❛ ♣r❡ssã♦

❞✐♠✐♥✉✐ r❛❞✐❛❧♠❡♥t❡ ❞❛ ♣❛r❡❞❡ ♣❛r❛ ♦ ❝❡♥tr♦ ❞♦ ❝✐❝❧♦♥❡✱ ❛♣r❡s❡♥t❛♥❞♦ ✉♠❛ ♣r❡ssã♦ ♠á✲

①✐♠❛ ♣ró①✐♠♦ à ♣❛r❡❞❡✳ ❆ ♣r❡ssã♦ ❞✐♠✐♥✉✐ ❛té ❛ ♣♦s✐çã♦ r❛❞✐❛❧ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛♦ r❛✐♦

❞♦ ✈♦rt❡① ✜♥❞❡r✳ ❊♠ ❞✐stâ♥❝✐❛ r❛❞✐❛❧ ♠❡♥♦r✱ ❛ ❢♦r♠❛çã♦ ❞♦ ❞✉♣❧♦ ✈órt✐❝❡ ❢❛③ ❝♦♠ q✉❡

❣❡r❡ ✉♠ ✈á❝✉♦ ♥❛ r❡❣✐ã♦ ❝❡♥tr❛❧ ❞♦ ❝✐❝❧♦♥❡✳ ❆ r❡❣✐ã♦ ❞❡ ♣r❡ssã♦ ♥❡❣❛t✐✈❛ ❡stá ❛ss♦❝✐❛❞❛ ❛

❡①✐stê♥❝✐❛ ❞♦ ✈órt✐❝❡ ❢♦rç❛❞♦✱ ❞❡✈✐❞♦ à ❡❧❡✈❛❞❛ ✈❡❧♦❝✐❞❛❞❡ ❛♥❣✉❧❛r✳ ❖ ❣r❛❞✐❡♥t❡ ❞❡ ♣r❡s✲

sã♦ é ♠❛✐♦r ❛♦ ❧♦♥❣♦ ❞❛ ❞✐r❡çã♦ r❛❞✐❛❧✱ ❞✐❢❡r❡♥t❡♠❡♥t❡ ❞♦ ❣r❛❞✐❡♥t❡ ❛①✐❛❧ ❞❡ ♣r❡ssã♦ q✉❡

é ❜❛✐①♦✳ ❉❛❞❛ ❛s ❝✐r❝✉♥stâ♥❝✐❛s✱ ♦ ❡s❝♦❛♠❡♥t♦ ❝✐❝❧ô♥✐❝♦✱ é ✉♠ ❡s❝♦❛♠❡♥t♦ ❛ss✐♠étr✐❝♦✱

♣♦❞❡♥❞♦ s❡r ❝♦♥✜r♠❛❞♦ ❛ ♣❛rt✐r ❞❛ ❢♦r♠❛ ❞♦s ❝♦♥t♦r♥♦s ❞❡ ♣r❡ssã♦ ♥❛ r❡❣✐ã♦ ❝❡♥tr❛❧ ❞♦

❝✐❝❧♦♥❡✳

◗✉❛♥t♦ ❛♦s ❝♦♥t♦r♥♦s ❞❡ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧✱ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ é s✐♠✐❧❛r ❛♦ ♣❡r✜❧

❞❡ ❘❛♥❦✐♥❡ ✭❍❖❋❋▼❆◆◆❀ ❙❚❊■◆✱ ✷✵✵✼✮✳ ❖s ✈❛❧♦r❡s ❞❡ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧ ❛✉♠❡♥t❛♠✱

❞❛ ♣❛r❡❞❡ ♣❛r❛ ♦ ❝❡♥tr♦✱ t❡♥❞♦ ✉♠ ♠á①✐♠♦✱ ♥❛ ♣♦s✐çã♦ r❛❞✐❛❧ ❝♦rr❡s♣♦♥❞❡♥t❡ ❛♦ r❛✐♦ ❞♦

✈♦rt❡① ✜♥❞❡r✳



✶✶✹ ✹✳✷✳ ❘❡s✉❧t❛❞♦s ◆✉♠ér✐❝♦s ❊①♣❡r✐♠❡♥t❛✐s

◗✉❛♥t♦ à ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧✱ ✈❡r✐✜❝❛✲s❡ ✉♠❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡s❝❡♥❞❡♥t❡ ♣ró①✐♠♦ à ♣❛r❡❞❡ ❡

✉♠❛ ✈❡❧♦❝✐❞❛❞❡ ❛s❝❡♥❞❡♥t❡ ♣ró①✐♠♦ à r❡❣✐ã♦ ❝❡♥tr❛❧✳ ❆ ♣❛rt✐r ❞♦s ❝♦♥t♦r♥♦s ❞❡ ✈❡❧♦❝✐❞❛❞❡

✈❡r✐✜❝❛✲s❡ ❛ ❡①✐stê♥❝✐❛ ❞❡ Pr♦❝❡ss✐♥❣ ❱♦rt❡① ❈♦r❡ ✭P❱❈✮ ♥❛ r❡❣✐ã♦ ❝❡♥tr❛❧ ❞♦ ❝✐❝❧♦♥❡✳

✹✳✷✳✹ ❈♦♠♣♦rt❛♠❡♥t♦ ❋❧✉✐❞♦❞✐♥â♠✐❝♦ ❡♠ ❈✐❝❧♦♥❡ ❋✐❧tr❛♥t❡

❖ ❝♦♠♣♦rt❛♠❡♥t♦ ❡♠ ❝✐❝❧♦♥❡ ✜❧tr❛♥t❡ é s✐♠✐❧❛r àq✉❡❧❡ ❡♥❝♦♥tr❛❞♦ ❡♠ ❝✐❝❧♦♥❡ ❝♦♥✲

✈❡♥❝✐♦♥❛❧ ❡♠ r❡❧❛çã♦ ❛♦s ❝♦♥t♦r♥♦s ❞❡ ♣r❡ssã♦ ❡ ✈❡❧♦❝✐❞❛❞❡✳ ❖s ❣rá✜❝♦s ❞❡ ❝♦♥t♦r♥♦s

♣❛r❛ ♦ ❝✐❝❧♦♥❡ ✜❧tr❛♥t❡✱ ♣❛r❛ ♦s ❡①♣❡r✐♠❡♥t♦s ❡①❡❝✉t❛❞♦s sã♦ ❛♣r❡s❡♥t❛❞♦s ♥♦ ❛♣ê♥❞✐❝❡

❊✳ P❛r❛ ✉♠ t❡♠♣♦ ♠é❞✐♦ ♥❛ s❡çã♦ ❨❂✵✱ ❞❛ ❡sq✉❡r❞❛ ♣❛r❛ ❛ ❞✐r❡✐t❛✿ ❛ ♣r❡ssã♦ ❡stát✐❝❛✱

❛ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧ ❡ ❛ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧ sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛ ✜❣✉r❛ ✹✳✶✻✳ ❊♥tr❡t❛♥t♦✱

♥♦t❛✲s❡ q✉❡ ❛ ♣r❡s❡♥ç❛ ❞❡ ✉♠❛ s❛í❞❛ ❛❞✐❝✐♦♥❛❧ ♥♦ ✜❧tr♦ ♣r♦✈♦❝❛ ♣❡rt✉❜❛çõ❡s s✐❣♥✐✜❝❛t✐✈❛s

♥♦s ❝♦♥t♦r♥♦s ❞❡ ♣r❡ssã♦ ❡✱ ♣r✐♥❝✐♣❛❧♠❡♥t❡✱ ♥♦s ❞❡ ✈❡❧♦❝✐❞❛❞❡s ❛①✐❛❧ ❡ t❛♥❣❡♥❝✐❛❧✳

❋✐❣✉r❛ ✹✳✶✻✿ ❖s ❣rá✜❝♦s ❞❡ ❝♦♥t♦r♥♦s ♣❛r❛ ✉♠ t❡♠♣♦ ♠é❞✐♦ ♥❛ s❡çã♦ ❨❂✵✳ ❉❛ ❡sq✉❡r❞❛
♣❛r❛ ❛ ❞✐r❡✐t❛✿ ❛ ♣r❡ssã♦ ❡stát✐❝❛ ✭◆✴m2✮✱ ❛ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧ ✭♠✴s✮ ❡ ❛ ✈❡❧♦❝✐❞❛❞❡
❛①✐❛❧ ✭♠✴s✮✳ ❉♦ t♦♣♦ ❛té ♦ ❝♦❧❡t♦r ❞♦ ❝✐❝❧♦♥❡✳

❆ ❢♦r♠❛çã♦ ❞♦ ❞✉♣❧♦ ✈órt✐❝❡ ❡♠ ❝✐❝❧♦♥❡ ✜❧tr❛♥t❡ s♦❢r❡ ✐♥✢✉ê♥❝✐❛ s✐❣♥✐✜❝❛t✐✈❛ ❞❛ ♣❡r✲

♠❡❛❜✐❧✐❞❛❞❡ ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡✳ ❆s ✜❣✉r❛s ❛♣r❡s❡♥t❛❞❛s ♥♦ ❛♣ê♥❞✐❝❡ ❋✱ ♠♦str❛♠ ❝♦♠♦ ❛

♣r❡s❡♥ç❛ ❞♦ ✜❧tr♦✱ ❛ ❞❡♣❡♥❞❡r ❞♦s ✈❛❧♦r❡s ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡✱ ♠♦❞✐✜❝❛♠ ❞❡ ❝❡rt❛ ❢♦r♠❛

♦s ♣❡r✜s ❝❛r❛❝t❡ríst✐❝♦s ❞❡ ✈❡❧♦❝✐❞❛❞❡s ❛①✐❛❧ ❡ t❛♥❣❡♥❝✐❛❧✳

❊♠ r❡❧❛çã♦ ❛♦s ❝♦♥t♦r♥♦s ❞❡ ♣r❡ssã♦ ❛♣r❡s❡♥t❛❞♦s ♥♦ ❛♣ê♥❞✐❝❡ ❊✱ ♦ ♣♦♥t♦ ❝❤❛✈❡ ❢♦✐

♦ ✈❛❧♦r ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❛tr✐❜✉í❞❛ ❛♦ ♠❡✐♦ ✜❧tr❛♥t❡✳ P❛r❛ ✈❛❧♦r❡s ❞❡ ♣❡r♠❡❛❜✐❧✐❞❛❞❡

s✉♣❡r✐♦r❡s ❛ 1 × 10−10✱ ✈❡r✐✜❝♦✉✲s❡ ♣r❡✈✐❛♠❡♥t❡ ❛ ♥ã♦ ❢♦r♠❛çã♦ ❞♦ ❞✉♣❧♦ ✈órt✐❝❡✱ s❡♥❞♦



✹✳✷✳ ❘❡s✉❧t❛❞♦s ◆✉♠ér✐❝♦s ❊①♣❡r✐♠❡♥t❛✐s ✶✶✺

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

❖ ❡❢❡✐t♦ ❞✐r❡t♦ ❞❡ s❡ ❞✐♠✐♥✉✐r ♦s ✈❛❧♦r❡s ❞❡ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ é ♦ ❛✉♠❡♥t♦ s✐❣♥✐✜❝❛t✐✈♦ ❞❛

✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧✱ q✉❡ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡ ❧❡✈❛ ❛ ✉♠❛ ♠❛✐♦r ❡✜❝✐ê♥❝✐❛ ❞❡ ❝♦❧❡t❛ ❞❡✈✐❞♦

♦ ❡❢❡✐t♦ ❞❛ ❢♦rç❛ ❞❡ ✐♥ér❝✐❛✳ P♦rt❛♥t♦✱ ♦ ❛✉♠❡♥t♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ r❡❞✉③ ❛ q✉❡❞❛ ❞❡

♣r❡ssã♦✱ ❡♠ ❝♦♥tr❛♣❛rt✐❞❛ ♣♦❞❡ r❡❞✉③✐r ❛ ❡✜❝✐ê♥❝✐❛ ❞❡ ❝♦❧❡t❛✳

✹✳✷✳✺ ❆♥á❧✐s❡ ❞❛s ❱❛r✐á✈❡✐s ❡♠ ❈✐❝❧♦♥❡s ❋✐❧tr❛♥t❡s

P❛r❛ r❡❛❧✐③❛çã♦ ❞❛s ❛♥á❧✐s❡s r❡❢❡r❡♥t❡s ❛ s✐❣♥✐✜❝â♥❝✐❛ ❞❡ ❝❛❞❛ ✈❛r✐á✈❡❧ r❡s♣♦st❛✱ ❢♦r❛♠

✉t✐❧✐③❛❞♦s q✉❛❞r♦ ❞❡ ❆◆❖❱❆✱ ❞✐❛❣r❛♠❛s ❞❡ P❛r❡t♦ ❡ ❣rá✜❝♦s ❞❡ s✉♣❡r❢í❝✐❡ ❞❡ r❡s♣♦st❛✳

❆s té❝♥✐❝❛s ❡st❛tíst✐❝❛s ✉t✐❧✐③❛❞❛s ❛❥✉❞❛r❛♠ ❞✐s❝❡r♥✐r q✉❛✐s ✈❛r✐á✈❡✐s t❡r✐❛♠ ❡❢❡✐t♦s s♦❜r❡

♦ ♥ú♠❡r♦ ❞❡ ❊✉❧❡r ❡ s♦❜r❡ ❛ ❘❛③ã♦ ❞❡ ✜❧tr❛❞♦ ♥♦ ❝✐❝❧♦♥❡ ✜❧tr❛♥t❡✳

❊♠ r❡❧❛çã♦ ❛♦s ♥ú♠❡r♦s ❞❡ ❊✉❧❡r✱ ❢♦✐ ✉t✐❧✐③❛❞❛ ❛ ❡q✉❛çã♦ ❝❧áss✐❝❛ ❞❛ ♠❡❝â♥✐❝❛ ❞♦s

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

r❡❣✐♠❡ t✉r❜✉❧❡♥t♦ ❡st❛❜❡❧❡❝✐❞♦✱ ❝♦♥❢♦r♠❡ ❛♣r❡s❡♥t❛ ❛ ❊q✉❛çã♦ ✹✳✹✱ q✉❡ s❡❣✉♥❞♦ ❍♦✛♠❛♥♥

❡ ❙t❡✐♥ ✭✷✵✵✼✮ é ♠❛✐s ♣♦♣✉❧❛r ❡♥tr❡ ♦s ♣r♦❥❡t✐st❛s ❞❡ ❡q✉✐♣❛♠❡♥t♦✳ ❆ ✉t✐❧✐③❛çã♦ ❞❛ ❊q✉❛çã♦

✹✳✹ ❣❡r♦✉ r❡s✉❧t❛❞♦s ❡st❛tíst✐❝♦s s❛t✐s❢❛tór✐♦s✱ ✉♠❛ ✈❡③ q✉❡ ❛ ❛♠♦str❛ ❞❡ ❞❛❞♦s é ❛❧❡❛tór✐❛

❡ q✉❡ ❛ ❞✐str✐❜✉✐çã♦ ❞❡ ❡rr♦s t❡♥❞❡ ♣❛r❛ ❛ ♥♦r♠❛❧✐❞❛❞❡ ✭N(η, σ2)✮✳

Eu =
−2∆P

ρv2e
✭✹✳✹✮

❊❢❡✐t♦s ❞❛s ❱❛r✐á✈❡✐s s♦❜r❡ ♦ ◆ú♠❡r♦ ❞❡ ❊✉❧❡r ✭❊✉✮

❆ ❛♥á❧✐s❡ ❞❡ ✈❛r✐â♥❝✐❛ ✭❆◆❖❱❆✮ ❛♣r❡s❡♥t❛❞❛ ♥❛ ❚❛❜❡❧❛ ✹✳✹ ♠♦str❛ q✉❡ ♦ ♠♦❞❡❧♦

r❡♣r❡s❡♥t❛ ❛ ✈❛r✐❛❜✐❧✐❞❛❞❡ ❞♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❝♦♠ R2 = 0, 95595❀ ♦ q✉❡ s✐❣♥✐✲

✜❝❛ ❞✐③❡r q✉❡ ♦ ♠♦❞❡❧♦ ♣r♦♣♦st♦ ❢♦✐ ❛❞❡q✉❛❞♦ ♣❛r❛ ❞❡s❝r❡✈❡r ❛ ✐♥✢✉ê♥❝✐❛ ❞❛s ✈❛r✐á✈❡✐s

✐♥❞❡♣❡♥❞❡♥t❡s ❡♠ r❡❧❛çã♦ ❛♦ ♥ú♠❡r♦ ❞❡ ❊✉❧❡r✳

❆ ✜♠ ❞❡ ✈✐s✉❛❧✐③❛r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛s ✈❛r✐á✈❡✐s ♥♦ ❡s♣❛ç♦ ❛♠♦str❛❧✱ ❞✐❛❣r❛♠❛s

❞❡ P❛r❡t♦ ❡ ❣rá✜❝♦s ❞❡ s✉♣❡r❢í❝✐❡s r❡s♣♦st❛s ❢♦r❛♠ ❡❧❛❜♦r❛❞♦s✳ ❖ ❞✐❛❣r❛♠❛ ❞❡ P❛r❡t♦✱

r❡♣r❡s❡♥t❛❞♦ ♣❡❧❛ ❋✐❣✉r❛ ✹✳✶✼✱ ✐❧✉str❛ ❣r❛✜❝❛♠❡♥t❡ ❛ ✐♠♣♦rtâ♥❝✐❛ ❞❡ ❝❛❞❛ ❢❛t♦r ❡♠ r❡❧❛çã♦

❛♦ ♥ú♠❡r♦ ❞❡ ❊✉❧❡r✳ ❖ ❞✐❛❣r❛♠❛ ❞❡ P❛r❡t♦ é ✉♠ ❤✐st♦❣r❛♠❛ ❞❡ ❢r❡q✉ê♥❝✐❛ ❡♠ q✉❡

♦ ❝♦♠♣r✐♠❡♥t♦ ❞❡ ❝❛❞❛ ❜❛rr❛ ❡stá ❛ss♦❝✐❛❞♦ ❛♦ ❡❢❡✐t♦ ❡st✐♠❛❞♦ ❞❛ ✈❛r✐á✈❡❧✳ ❆ ❧✐♥❤❛

✈❡rt✐❝❛❧ ♥♦ ❞✐❛❣r❛♠❛ ❞❡ P❛r❡t♦ ❞❡❧✐♠✐t❛ ♦ ✐♥í❝✐♦ ❞❛s ✈❛r✐á✈❡✐s q✉❡ ❛♣r❡s❡♥t❛♠ ✉♠ ❣r❛✉ ❞❡

s✐❣♥✐✜❝â♥❝✐❛ ♠❛✐♦r ♦✉ ✐❣✉❛❧ ❛ ✾✺✪ ❡ q✉❡ sã♦ ❡st❛t✐st✐❝❛♠❡♥t❡ s✐❣♥✐✜❝❛t✐✈❛s

❇❛s❡❛♥❞♦ ♥♦ ❞✐❛❣r❛♠❛ ❞❡ P❛r❡t♦ ♥❛ ❋✐❣✉r❛ ✹✳✶✼ ❡ ♥❛ t❛❜❡❧❛ ❞❡ ❆♥♦✈❛ ❞❛ ❚❛❜❡❧❛ ✹✳✹✱



✶✶✻ ✹✳✷✳ ❘❡s✉❧t❛❞♦s ◆✉♠ér✐❝♦s ❊①♣❡r✐♠❡♥t❛✐s

❚❛❜❡❧❛ ✹✳✹✿ ❆♥á❧✐s❡ ❞❡ ✈❛r✐â♥❝✐❛ ✭❆◆❖❱❆✮ ❡ ❈♦❡✜❝✐❡♥t❡s ❞❡ r❡❣r❡ssã♦ ♣❛r❛ ❊✉
❱❛r✐á✈❡❧ ❈♦❡✜❝✐❡♥t❡ ❞❡ r❡❣r❡ssã♦ ❱❛❧♦r ❞❡ ❋ ❱❛❧♦r ❞❡ P

β0 ✹✱✺✸✺✽✾✽
▲✐♥❡❛r

β1 ✶✱✻✸✵✸✽✸ ✾✼✱✽✺✹✶✷ ✵✱✵✵✵✵✵✾
β2 ✲✵✱✽✽✾✾✼✹ ✷✾✱✶✺✼✼✻ ✵✱✵✵✵✻✹✻
β3 ✲✵✱✾✶✹✽✷✶ ✸✵✱✽✵✽✺✼ ✵✱✵✵✵✺✹✶

◗✉❛❞rát✐❝♦
β11 ✵✱✵✺✶✸✻✽ ✵✱✵✻✹✼✻ ✵✱✽✵✺✺✹✽
β22 ✵✱✵✽✷✽✹✹ ✵✱✶✻✽✹✸ ✵✱✻✾✷✷✼✾
β33 ✵✱✵✺✽✸✾✷ ✵✱✵✽✸✻✽ ✵✱✼✼✾✼✷✾

■♥t❡r❛çã♦
β12 ✲✵✱✶✸✼✽✹✶ ✵✱✹✻✻✸✵ ✵✱✺✶✸✾✼✾
β13 ✵✱✹✽✹✷✼✻ ✺✱✼✺✺✻✺ ✵✱✵✹✸✷✸✽
β23 ✵✱✻✶✹✹✷✹ ✾✱✷✻✹✾✽ ✵✱✵✶✺✾✼✵

❘2 ✵✱✾✺✺✾✺

❋✐❣✉r❛ ✹✳✶✼✿ ❉✐❛❣r❛♠❛ ❞❡ P❛r❡t♦ ♣❛r❛ ❛ ✈❛r✐á✈❡❧ ❊✉✳

♥♦t❛✲s❡ q✉❡ ❡①✐st❡♠ três ❢❛t♦r❡s s✐❣♥✐✜❝❛♥t❡s ❡ ❡❢❡✐t♦s ❞❡ ✐♥t❡r❛çõ❡s✱ ❝♦♠ ♥í✈❡❧ ❞❡ ❝♦♥✜❛♥ç❛

❞❡ ✾✺✪ ✿ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡❀ ❛ ❛❧t✉r❛ ❞❛ ❛❧✐♠❡♥t❛çã♦❀ ❛ ✈❛③ã♦ ✈♦❧✉♠étr✐❝❛ ❞❡ ❛❧✐♠❡♥t❛çã♦✱

❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ❛ ✈❛③ã♦ ❡ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❡ ✐♥t❡r❛çã♦ ❡♥tr❡ ❛ ❛❧t✉r❛ ❞❛ ❛❧✐♠❡♥t❛çã♦ ❡



✹✳✷✳ ❘❡s✉❧t❛❞♦s ◆✉♠ér✐❝♦s ❊①♣❡r✐♠❡♥t❛✐s ✶✶✼

❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡✳ ❆♦ ♦❜s❡r✈❛r ♦ ❞✐❛❣r❛♠❛ ❞❡ P❛r❡t♦ ♥❛ ❋✐❣✉r❛ ✹✳✶✼✱

✈❡r✐✜❝❛✲s❡ ❡❢❡✐t♦s ❛♥t❛❣ô♥✐❝♦s ❞❛ ✈❛r✐á✈❡❧ ❛❧t✉r❛ ❞❛ ❛❧✐♠❡♥t❛çã♦ ❡♠ r❡❧❛çã♦ ❛s ♦✉tr❛s ❞✉❛s

✈❛r✐á✈❡✐s✱ ♦✉ s❡❥❛✱ ♦ ♥ú♠❡r♦ ❞❡ ❊✉❧❡r ❛✉♠❡♥t❛ ❝♦♠ ❛ ❡❧❡✈❛çã♦ ❞❛ ❛❧t✉r❛ ❡ ❞✐♠✐♥✉✐ ❝♦♠ ♦

❛✉♠❡♥t♦ ❞❛s ♦✉tr❛s ✈❛r✐á✈❡✐s✳

❊♠ r❡❧❛çã♦ às ✈❛r✐á✈❡✐s ❛♥❛❧✐s❛❞❛s✱ ❛ ✈❛r✐á✈❡❧ ♠❛✐s s✐❣♥✐✜❝❛t✐✈❛ ❢♦✐ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❛

❛❧t✉r❛ ❞❛ ❛❧✐♠❡♥t❛çã♦✳ ❖ ❛✉♠❡♥t♦ ❞❛ ❞✐♠❡♥sã♦ ❞❛ ❛❧✐♠❡♥t❛çã♦ ❡❧❡✈❛ Eu ❞❡✈✐❞♦ ❛ ❞✐♠✐✲

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

♥❛ s❛í❞❛ ❞♦ ✈♦rt❡① ✜♥❞❡r✱ ♦ ✈❛❧♦r ❞❡ Eu ♣♦❞❡ ❞✐♠✐♥✉✐r ❛ ❞❡♣❡♥❞❡r ❞❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦✳

P❛r❛ ✈✐s✉❛❧✐③❛r ♦ ❡❢❡✐t♦ ❞❛s ✈❛r✐á✈❡✐s s✐❣♥✐✜❝❛t✐✈❛s s♦❜r❡ ♦ ♥ú♠❡r♦ ❞❡ Eu✱ s✉♣❡r❢í❝✐❡s

❞❡ r❡s♣♦st❛s ❞♦ ♠♦❞❡❧♦ ❢♦r❛♠ ❣❡r❛❞❛s✱ ✈❛r✐❛♥❞♦ ❞✉❛s ❞❛s ✈❛r✐á✈❡✐s✱ ❞❡♥tr♦ ❞❛ ❢❛✐①❛ ❡①✲

♣❡r✐♠❡♥t❛❧✱ t♦♠❛♥❞♦ ♦s ❞❡♠❛✐s ✈❛❧♦r❡s ❞❛s ✈❛r✐á✈❡✐s ♥♦ ♣♦♥t♦ ❝❡♥tr❛❧✳ ❆ ❋✐❣✉r❛ ✹✳✶✽

❢♦✐ ❣❡r❛❞❛ ✈❛r✐❛♥❞♦ ❛ ✈❛③ã♦ ❞❡ ❛❧✐♠❡♥t❛çã♦ ❡ ❛❧t✉r❛ ❞❛ ❛❧✐♠❡♥t❛çã♦ s❡♠ ❡❢❡✐t♦ ❞❡ ✐♥t❡✲

r❛çã♦ ❡♥tr❡ ❛s ✈❛r✐á✈❡✐s✳ ❖ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ❝✉r✈❛ é ❧✐♥❡❛r ❝♦♠ ❡❢❡✐t♦ ♣r❡♣♦♥❞❡r❛♥t❡

❞❛ ❞✐♠❡♥sã♦ ❞❛ ❛❧✐♠❡♥t❛çã♦✱ q✉❡ ❛♣r❡s❡♥t❛ ♠❛✐♦r s❡♥s✐❜✐❧✐❞❛❞❡✱ ❝♦♥❢♦r♠❡ r❛t✐✜❝❛❞♦ ♣❡❧❛

❞✐❛❣r❛♠❛ ❞❡ P❛r❡t♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✶✼✳ P♦rt❛♥t♦✱ ❛ r❡❣✐ã♦ ❞❡ ♠❡♥♦r❡s ♥ú♠❡r♦s

❞❡ ❊✉❧❡r ❡stã♦ ❛ss♦❝✐❛❞❛s ❛♦ ❛✉♠❡♥t♦ ❞❛ ✈❛③ã♦ ❞❡ ❛❧✐♠❡♥t❛çã♦ ❝♦♠ ❞✐♠✐♥✉✐çã♦ ❞❛ ❛❧t✉r❛

❞❛ ❛❧✐♠❡♥t❛çã♦✱ ✉♠❛ ✈❡③ q✉❡ ❛♠❜♦s ❛✉♠❡♥t❛♠ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❡♥tr❛❞❛ ❞♦ ❝✐❝❧♦♥❡✳ ❖

❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ✈❛r✐á✈❡❧ r❡s♣♦st❛ ❡♠ r❡❧❛çã♦ ❛♦s t❡r♠♦s ✐♥❞❡♣❡♥❞❡♥t❡s✱ ❝♦♥s✐❞❡r❛♥❞♦

s♦♠❡♥t❡ ♦s t❡r♠♦s s✐❣♥✐✜❝❛t✐✈♦s é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❊q✉❛çã♦ ✹✳✺✳

Eu = 4, 66 + 1, 63X1 − 0, 89X2 ✭✹✳✺✮

❆ ❋✐❣✉r❛ ✹✳✶✾ ❢♦✐ ❣❡r❛❞❛ ✈❛r✐❛♥❞♦ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❡ ❛ ❛❧t✉r❛ ❞❛ ❛❧✐♠❡♥t❛çã♦ ❡♠ s✉❛

❢♦r♠❛s ❝♦❞✐✜❝❛❞❛s✳ ❖ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ❝✉r✈❛ é ♥ã♦ ❧✐♥❡❛r ❞❡✈✐❞♦ ❛♦ ❡❢❡✐t♦ ❞❡ ✐♥t❡r❛çã♦

❞❛s ❞✉❛s ✈❛r✐á✈❡✐s✳ ◆❡st❡ ❝❛s♦✱ ✈❡r✐✜❝❛✲s❡ q✉❡ ♦ ❡❢❡✐t♦ ❞❛ ❞✐♠❡♥sã♦ ❞❛ ❛❧✐♠❡♥t❛çã♦ é

♣r❡♣♦♥❞❡r❛♥t❡ ❡♠ r❡❧❛çã♦ ❛♦s ❡❢❡✐t♦s ❞❡ ✐♥t❡r❛çã♦ ❡ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ q✉❡ ❛♣r❡s❡♥t❛♠

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

P❛r❡t♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✶✼✳ P♦rt❛♥t♦✱ ♦s ♠❡♥♦r❡s ✈❛❧♦r❡s ❞❡ Eu sã♦ ♦❜t✐❞♦s ❛

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

❞❛ ❛❧t✉r❛ ❞❛ ❛❧✐♠❡♥t❛çã♦✳ ■st♦ s❡ ❞❡✈❡ ❛♦ ❡❢❡✐t♦ ❞❛ ❛❧t✉r❛ s♦❜r❡ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❡♥tr❛❞❛

✭❞✐♠✐♥✉✐♥❞♦✮ ❡ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ s♦❜r❡ ❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ✭❞✐♠✐♥✉✐♥❞♦✮✳ ❖ ❝♦♠♣♦rt❛✲

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

♦s t❡r♠♦s s✐❣♥✐✜❝❛t✐✈♦s é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❊q✉❛çã♦ ✹✳✻

Eu = 4, 66 + 1, 63X1 − 0, 91X3 + 0, 48X1X3 ✭✹✳✻✮

❆ ❋✐❣✉r❛ ✹✳✷✵ ❢♦✐ ❣❡r❛❞❛ ✈❛r✐❛♥❞♦ ❛ ✈❛③ã♦ ❞❡ ❛❧✐♠❡♥t❛çã♦ ❡ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦ ♠❡✐♦



✶✶✽ ✹✳✷✳ ❘❡s✉❧t❛❞♦s ◆✉♠ér✐❝♦s ❊①♣❡r✐♠❡♥t❛✐s

❋✐❣✉r❛ ✹✳✶✽✿ ❙✉♣❡r❢í❝✐❡ ❞❡ r❡s♣♦st❛ ♣❛r❛ ❊✉ ❡♠ ❢✉♥çã♦ ❞❡ X1 ❡ X2✳

❋✐❣✉r❛ ✹✳✶✾✿ ❙✉♣❡r❢í❝✐❡ r❡s♣♦st❛ ♣❛r❛ ❊✉ ❡♠ ❢✉♥çã♦ ❞❡ X1 ❡ X3✳

✜❧tr❛♥t❡✳ ❖ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ s✉♣❡r❢í❝✐❡ é ♥ã♦ ❧✐♥❡❛r✱ ❝♦♠ ❡❢❡✐t♦s s✐♠✐❧❛r❡s ❡♥tr❡ ❛s ❞✉❛s

✈❛r✐á✈❡✐s✱ ♠❛s ❝♦♠ ❡❢❡✐t♦ ❞❡ ✐♥t❡r❛çã♦ ❡♥tr❡ ❛s ✈❛r✐á✈❡✐s✱ ❝♦♥❢♦r♠❡ r❛t✐✜❝❛❞♦ ♣❡❧❛ ❞✐❛✲

❣r❛♠❛ ❞❡ P❛r❡t♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✶✼✳ ❆ ✐♥t❡r❛çã♦ ❡♥tr❡ ❛s ❞✉❛s ✈❛r✐á✈❡✐s ♣r♦♣✐❝✐❛



✹✳✷✳ ❘❡s✉❧t❛❞♦s ◆✉♠ér✐❝♦s ❊①♣❡r✐♠❡♥t❛✐s ✶✶✾

✉♠ ❡❢❡✐t♦ ❝♦♥trár✐♦ ❛♦ ❞❡ ❝❛❞❛ ✈❛r✐á✈❡❧✳ ❊♥q✉❛♥t♦ ♦ ❛✉♠❡♥t♦✱ s❡❥❛ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ♦✉

✈❛③ã♦✱ ❧❡✈❛ à ❞✐♠✐♥✉✐çã♦ ❞❡ Eu✱ ♦ ❡❢❡✐t♦ ❞❡ ✐♥t❡r❛çã♦ ❛✉♠❡♥t❛ ♦ ♥ú♠❡r♦ ❞❡ ❊✉❧❡r✳ ❈♦♠♦

❞✐t♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ♦ ❛✉♠❡♥t♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❞✐♠✐♥✉✐ ❛ ♣r❡ssã♦ ❡stát✐❝❛ ♥♦ ❝✐❝❧♦♥❡

❡✱ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡✱ ❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦✱ ❡♥q✉❛♥t♦ ♦ ❛✉♠❡♥t♦ ❞❛ ✈❛③ã♦ ❡❧❡✈❛ ❛ ✈❡❧♦❝✐✲

❞❛❞❡ ❞❡ ❛❧✐♠❡♥t❛çã♦✱ ♣♦rt❛♥t♦ ❡♠ r❡❧❛çã♦ ❛ ❡ss❛s ✈❛r✐á✈❡✐s ♦ ❝✉st♦ ❡♥❡r❣ét✐❝♦ s❡rá ♠❡♥♦r

q✉❛♥t♦ ♠❛✐♦r❡s ❢♦r❡♠ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❡ ❛ ✈❛③ã♦ ❞❡ ♦♣❡r❛çã♦✳ ❖ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛

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

s✐❣♥✐✜❝❛t✐✈♦s é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❊q✉❛çã♦ ✹✳✼

Eu = 4, 66− 0, 89X2 − 0, 91X3 + 0, 61X2X3 ✭✹✳✼✮

❋✐❣✉r❛ ✹✳✷✵✿ ❙✉♣❡r❢í❝✐❡ ❞❡ r❡s♣♦st❛ ♣❛r❛ ❊✉ ❡♠ ❢✉♥çã♦ ❞❡ X2 ❡ X3✳

❊❢❡✐t♦s ❞❛s ❱❛r✐á✈❡✐s s♦❜r❡ ❛ ❘❛③ã♦ ❞❡ ❋✐❧tr❛❞♦ ✭❘f )

❆ r❛③ã♦ ❞❡ ✜❧tr❛❞♦ ❡stá ❛ss♦❝✐❛❞❛ ás ❢♦rç❛s ❞❡ ✐♥ér❝✐❛ ✐♥❡r❡♥t❡s ❛♦s ❡s❝♦❛♠❡♥t♦ ❡ à

r❡s✐stê♥❝✐❛ à ✜❧tr❛çã♦✱ s❡♥❞♦ ❡st❛ ❞❡✜♥✐❞❛ ❝♦♠♦ ❛ r❛③ã♦ ❡♥tr❡ ❛ ✈❛③ã♦ ✈♦❧✉♠étr✐❝❛ ❞❡

✜❧tr❛❞♦ ❡ ❛ ✈❛③ã♦ ✈♦❧✉♠étr✐❝❛ ❛❧✐♠❡♥t❛❞❛ ♥♦ ❝✐❝❧♦♥❡✳ ❙❡♠❡❧❤❛♥t❡ ❛♦ q✉❡ ❢♦r❛ ❢❡✐t♦ ♣❛r❛ ♦

♥ú♠❡r♦ ❞❡ ❊✉❧❡r✱ ♦ ♠❡s♠♦ ❢♦✐ r❡❛❧✐③❛❞♦✱ ❛ ✜♠ ❞❡ ❛✈❛❧✐❛r ♦ ❡❢❡✐t♦ ❞❛s ✈❛r✐á✈❡✐s ❞❡♣❡♥❞❡♥t❡s

s♦❜r❡ ❛ r❛③ã♦ ❞❡ ❋✐❧tr❛❞♦ ✭Rf ✮✳

❆ ❛♥á❧✐s❡ ❞❡ ✈❛r✐â♥❝✐❛ ✭❆◆❖❱❆✮ ❛♣r❡s❡♥t❛❞❛ ♥❛ ❚❛❜❡❧❛ ✹✳✺ ♠♦str❛ q✉❡ ♦ ♠♦❞❡❧♦



✶✷✵ ✹✳✷✳ ❘❡s✉❧t❛❞♦s ◆✉♠ér✐❝♦s ❊①♣❡r✐♠❡♥t❛✐s

r❡♣r❡s❡♥t❛ ❛ ✈❛r✐❛❜✐❧✐❞❛❞❡ ❞♦s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❝♦♠ R2 = 0, 96473❀ ♦ q✉❡ ❝❛❜❡ ✐♥❢❡r✐r

q✉❡ t❛❧ ♠♦❞❡❧♦ ♣r♦♣♦st♦ ❞❡s❝r❡✈❡ ❜❡♠ ❛ ✐♥✢✉ê♥❝✐❛ ❞❛s ✈❛r✐á✈❡✐s ✐♥❞❡♣❡♥❞❡♥t❡s ❡♠ r❡❧❛çã♦

❛ r❛③ã♦ ✈♦❧✉♠étr✐❝❛ ❞❡ ✜❧tr❛❞♦✳

❚❛❜❡❧❛ ✹✳✺✿ ❆♥á❧✐s❡ ❞❡ ✈❛r✐â♥❝✐❛ ✭❆◆❖❱❆✮ ❡ ❈♦❡✜❝✐❡♥t❡s ❞❡ r❡❣r❡ssã♦ ♣❛r❛ Rf

❱❛r✐á✈❡❧ ❈♦❡✜❝✐❡♥t❡ ❞❡ r❡❣r❡ssã♦ ❱❛❧♦r ❞❡ ❋ ❱❛❧♦r ❞❡ P
β0 ✵✱✻✺✹✻✼✽

▲✐♥❡❛r
β1 ✲✵✱✶✸✹✺✽✷ ✹✽✱✶✾✸✵ ✵✱✵✵✵✶✶✾
β2 ✵✱✵✻✶✾✶✺ ✶✵✱✷✵✵✵ ✵✱✵✶✷✼✸✶
β3 ✵✱✷✷✷✸✻✷ ✶✸✶✱✺✻✷✸ ✵✱✵✵✵✵✵✸

◗✉❛❞rát✐❝♦
β11 ✵✱✵✷✵✻✹✻ ✵✱✼✺✻✶ ✵✱✹✵✾✽✼✽
β22 ✲✵✱✵✶✹✹✹✽ ✵✱✸✼✵✸ ✵✱✺✺✾✼✸✺
β33 ✲✵✱✵✾✾✶✼✵ ✶✼✱✹✹✺✸ ✵✱✵✵✸✵✾✸

■♥t❡r❛çã♦
β12 ✵✱✵✶✺✼✽✵ ✵✱✹✹✶✼ ✵✱✺✷✹✾✾✵
β13 ✵✱✵✺✹✼✻✸ ✺✱✸✶✾✽ ✵✱✵✹✾✾✻✹
β23 ✵✱✵✺✵✻✽✼ ✹✱✺✺✼✸ ✵✱✵✻✺✸✵✺

❘2 ✵✱✾✻✹✼✸

❇❛s❡❛♥❞♦ ♥♦ ❞✐❛❣r❛♠❛ ❞❡ P❛r❡t♦ r❡♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✷✶ ❡ ♥❛ t❛❜❡❧❛ ❞❡ ❆♥♦✈❛ ❞❛

❚❛❜❡❧❛ ✹✳✺✱ ✈❡r✐✜❝❛✲s❡ q✉❡ ❡①✐st❡♠ três ❢❛t♦r❡s s✐❣♥✐✜❝❛♥t❡s✱ ❡❢❡✐t♦ ❞❡ ✐♥t❡r❛çã♦ ❡ ♦ ❡❢❡✐t♦

q✉❛❞rát✐❝♦✱ ❝♦♠ ♥í✈❡❧ ❞❡ ❝♦♥✜❛♥ç❛ ❞❡ ✾✺✪✿ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❀ ❛ ❛❧t✉r❛ ❞❛ ❛❧✐♠❡♥t❛çã♦

❀ ❛ ✈❛③ã♦ ✈♦❧✉♠étr✐❝❛ ❞❡ ❛❧✐♠❡♥t❛çã♦✱ ❛ ✐♥t❡r❛çã♦ ❡♥tr❡ ❛ ❛❧t✉r❛ ❞❛ ❛❧✐♠❡♥t❛çã♦ ❡ ❛

♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❡ ♦ t❡r♠♦ q✉❛❞rát✐❝♦ r❡❢❡r❡♥t❡ à ♣❡r♠❡❛❜✐❧✐❞❛❞❡✳ ❆ ✈❛r✐á✈❡❧ ✈❛③ã♦ ❞❡

❛❧✐♠❡♥t❛çã♦✱ ♠❡s♠♦ s❡♥❞♦ ✉♠❛ ✈❛r✐á✈❡❧ s✐❣♥✐✜❝❛t✐✈❛✱ é ♦ ❢❛t♦r q✉❡ ♠❡♥♦s ❛❢❡t❛ Rf ✱ s❡♥❞♦

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

❆ ❋✐❣✉r❛ ✹✳✷✷ ❛♣r❡s❡♥t❛ ♦ ❣rá✜❝♦ ❞❡ s✉♣❡r❢í❝✐❡ r❡s♣♦st❛ ♣❛r❛ Rf ❡♠ ❢✉♥çã♦ ❞❛ ❛❧t✉r❛

❞❛ ❛❧✐♠❡♥t❛çã♦ ❡ ❞❛ ✈❛③ã♦ ❞❡ ❛❧✐♠❡♥t❛çã♦✱ ♠❛♥t❡♥❞♦ ❛ ♦✉tr❛ ✈❛r✐á✈❡❧ ♥♦ ♣♦♥t♦ ❝❡♥tr❛❧✳ ❖

❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ s✉♣❡r❢í❝✐❡ é ❧✐♥❡❛r✱ ❝♦♠ ❡❢❡✐t♦ ♠❛✐♦r ♣❛r❛ ❛ ❞✐♠❡♥sã♦ ❞❛ ❛❧✐♠❡♥t❛çã♦

❡♠ r❡❧❛çã♦ ❛ ✈❛③ã♦ ❞❡ ❛❧✐♠❡♥t❛çã♦✱ ❝♦♥❢♦r♠❡ ✐❧✉str❛ ♦ ❞✐❛❣r❛♠❛ ❞❡ P❛r❡t♦ ❛♣r❡s❡♥t❛❞♦

♥❛ ❋✐❣✉r❛ ✹✳✷✶✳ P♦rt❛♥t♦✱ ❡♠ r❡❧❛çã♦ às ❞✉❛s ✈❛r✐á✈❡✐s ✐♥❞❡♣❡♥❞❡♥t❡s✱ ❛ r❡❣✐ã♦ ❛ss♦❝✐❛❞❛

❛♦ ♠❛✐♦r ✈❛❧♦r ❞❡ Rf ❡stá ❛ss♦❝✐❛❞❛ ❛♦ ❛✉♠❡♥t♦ ❞❛ ✈❛③ã♦ ❝♦♠ ❞✐♠✐♥✉✐çã♦ ❞❛ ❛❧t✉r❛

❞❛ ❛❧✐♠❡♥t❛çã♦✱ ✉♠❛ ✈❡③ q✉❡ ❡♠ ❛♠❜♦s ♦s ❝❛s♦s✱ ❡❧❡✈❛✲s❡ ❛ ✈❡❧♦❝✐❞❛❞❡ ❞❡ ❡♥tr❛❞❛ ❞❡

♠♦❞♦ q✉❡ ❛ ❢♦rç❛ ❞❡ ✐♥ér❝✐❛ ♥♦ ✐♥t❡r✐♦r ❞♦ ❝✐❝❧♦♥❡ t♦r♥❛✲s❡ ♠❛✐♦r✳ ❖ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛

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

s✐❣♥✐✜❝❛t✐✈♦s é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❊q✉❛çã♦ ✹✳✽

Rf = 0, 66− 0, 13X1 + 0, 06X2 ✭✹✳✽✮



✹✳✷✳ ❘❡s✉❧t❛❞♦s ◆✉♠ér✐❝♦s ❊①♣❡r✐♠❡♥t❛✐s ✶✷✶

❋✐❣✉r❛ ✹✳✷✶✿ ❉✐❛❣r❛♠❛ ❞❡ P❛r❡t♦ ♣❛r❛ ❛ ✈❛r✐á✈❡❧ Rf ✳

❆ ❋✐❣✉r❛ ✹✳✷✸ ❛♣r❡s❡♥t❛ ♦ ❣rá✜❝♦ ❞❡ s✉♣❡r❢í❝✐❡ ❞❡ r❡s♣♦st❛ ♣❛r❛ ❛ r❛③ã♦ ❞❡ ✜❧tr❛❞♦

❡♠ ❢✉♥çã♦ ❞❛ ❛❧t✉r❛ ❞❛ ❛❧✐♠❡♥t❛çã♦ ❡ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡✳ ❖ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ s✉♣❡r❢í❝✐❡

é ♥ã♦ ❧✐♥❡❛r ❞❡✈✐❞♦ ❛♦ ❡❢❡✐t♦ ❞❡ ✐♥t❡r❛çã♦ ❞❛s ✈❛r✐á✈❡✐s ❡ ♦ ❡❢❡✐t♦ q✉❛❞rát✐❝♦ ❛ss♦❝✐❛❞♦

à ♣❡r♠❡❛❜✐❧✐❞❛❞❡✳ ◆❡st❡ ❝❛s♦✱ ✈❡r✐✜❝❛✲s❡ q✉❡ ♦ ❡❢❡✐t♦ ❧✐♥❡❛r ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ é ♣r❡✲

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

❝♦♥❢♦r♠❡ ✐❧✉str❛ ♦ ❞✐❛❣r❛♠❛ ❞❡ P❛r❡t♦ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✷✶✳ ◆♦t❛✲s❡ q✉❡ ♦ ✈❛❧♦r ❞❡

Rf s❡rá ♠❛✐♦r ♥♦s ❝❛s♦s ❞❡ ♠❛✐♦r ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❛ss♦❝✐❛❞❛ ❛♦ ❝✐❝❧♦♥❡ ❝♦♠ ♠❡♥♦r ❛❧t✉r❛

♥❛ ❛❧✐♠❡♥t❛çã♦✱ ❣r❛ç❛s ❛♦s ♠❛✐♦r❡s ❡❢❡✐t♦s ❝✐♥ét✐❝♦s ♣r♦♣♦r❝✐♦♥❛❞♦s ❛♦ ❡s❝♦❛♠❡♥t♦✳ ❖

❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ✈❛r✐á✈❡❧ r❡s♣♦st❛ ❡♠ r❡❧❛çã♦ ❛♦s t❡r♠♦s ✐♥❞❡♣❡♥❞❡♥t❡s✱ ❝♦♥s✐❞❡r❛♥❞♦

s♦♠❡♥t❡ ♦s t❡r♠♦s s✐❣♥✐✜❝❛t✐✈♦s é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❊q✉❛çã♦ ✹✳✾

Rf = 0, 66− 0, 13X1 + 0, 22X3 + 0, 06X1X3 − 0, 10X2
3 ✭✹✳✾✮

❆ ❋✐❣✉r❛ ✹✳✷✹ ❛♣r❡s❡♥t❛ ♦ ❣rá✜❝♦ ❞❡ s✉♣❡r❢í❝✐❡ r❡s♣♦st❛ ♣❛r❛ Rf ❡♠ ❢✉♥çã♦ r❡s♣❡❝✲

t✐✈❛s ✈❛r✐á✈❡✐s ❝♦❞✐✜❝❛❞❛s ❞❡ ✈❛③ã♦ ❡ ❞❡ ♣❡r♠❡❛❜✐❧✐❞❛❞❡✳ ❖❜s❡r✈❛♥❞♦ ❛ ✜❣✉r❛✱ ♥♦t❛✲s❡ ❛

♣r❡❞♦♠✐♥â♥❝✐❛ ❞❡ ✉♠❛ ❝♦♠♣♦rt❛♠❡♥t♦ q✉❛❞rát✐❝♦ ♥❛ s✉♣❡r❢í❝✐❡ ❞❡✈✐❞♦ à ♣❡r♠❡❛❜✐❧✐❞❛❞❡✱

♥ã♦ ❝♦♥t❡♠♣❧❛♥❞♦ ❡❢❡✐t♦s ❞❡ ✐♥t❡r❛çã♦ ❡♥tr❡ ❛s ✈❛r✐á✈❡✐s✳ ❊♥tr❡t❛♥t♦✱ ❛ r❡❧❛çã♦ ❝♦♠ ❛



✶✷✷ ✹✳✷✳ ❘❡s✉❧t❛❞♦s ◆✉♠ér✐❝♦s ❊①♣❡r✐♠❡♥t❛✐s

❋✐❣✉r❛ ✹✳✷✷✿ ❙✉♣❡r❢í❝✐❡ ❞❡ r❡s♣♦st❛ ♣❛r❛ Rf ❡♠ ❢✉♥çã♦ ❞❡ X1 ❡ X2✳

❋✐❣✉r❛ ✹✳✷✸✿ ❙✉♣❡r❢í❝✐❡ ❞❡ r❡s♣♦st❛ ♣❛r❛ Rf ❡♠ ❢✉♥çã♦ ❞❡ X1 ❡ X3✳



✹✳✷✳ ❘❡s✉❧t❛❞♦s ◆✉♠ér✐❝♦s ❊①♣❡r✐♠❡♥t❛✐s ✶✷✸

✈❛③ã♦ é ❞❡ ♣r♦♣♦r❝✐♦♥❛❧✐❞❛❞❡ ❞❛❞♦s ❛♦s ✈❛❧♦r❡s ♣♦s✐t✐✈♦s ❞♦s ❝♦❡✜❝✐❡♥t❡s ❛♣r❡s❡♥t❛❞♦s ♥❛

❚❛❜❡❧❛ ✹✳✺✳ ❖ ❝♦♠♣♦rt❛♠❡♥t♦ ❞❛ ✈❛r✐á✈❡❧ r❡s♣♦st❛ ❡♠ r❡❧❛çã♦ ❛♦s t❡r♠♦s ✐♥❞❡♣❡♥❞❡♥t❡s✱

❝♦♥s✐❞❡r❛♥❞♦ s♦♠❡♥t❡ ♦s t❡r♠♦s s✐❣♥✐✜❝❛t✐✈♦s é ❛♣r❡s❡♥t❛❞♦ ♥❛ ❊q✉❛çã♦ ✹✳✶✵

Rf = 0, 66 + 0, 06X2 + 0, 22X3 + 0, 05X2X3 − 0, 10X2
3 ✭✹✳✶✵✮

❋✐❣✉r❛ ✹✳✷✹✿ ❙✉♣❡r❢í❝✐❡ ❞❡ r❡s♣♦st❛ ♣❛r❛ Rf ❡♠ ❢✉♥çã♦ ❞❡ X2 ❡ X3✳

✹✳✷✳✻ ❊❢❡✐t♦ ❞❛ P❡r♠❡❛❜✐❧✐❞❛❞❡ s♦❜r❡ ♦ ❊s❝♦❛♠❡♥t♦ ❞♦ ❈✐❝❧♦♥❡

❋✐❧tr❛♥t❡

❈♦♠♦ ❞✐t♦ ❛♥t❡r✐♦r♠❡♥t❡✱ ❛ ♣r❡s❡♥ç❛ ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡ ❣❡r❛ ❛❧❣✉♠❛s ✐♥st❛❜✐❧✐❞❛❞❡s ♥♦s

✈órt✐❝❡s ❢♦r♠❛❞♦s ♥♦ ✐♥t❡r✐♦r ❞♦ ❝✐❝❧♦♥❡✳ ❯♠❛ ❞❛s ❢♦r♠❛s ❞❡ ❛♥❛❧✐s❛r ♦ ❝♦♠♣♦rt❛♠❡♥t♦

✢✉✐❞♦❞✐♥â♠✐❝♦ ❡♠ ❝✐❝❧♦♥❡s é ❛♥❛❧✐s❛♥❞♦ ♦s ♣❡r✜s ❞❡ ✈❡❧♦❝✐❞❛❞❡s t❛♥❣❡♥❝✐❛❧ ❡ ❛①✐❛❧✳ P❛r❛

✐ss♦✱ ✈❡r✐✜❝❛♥❞♦ q✉❡ ♦s ✈❛❧♦r❡s ♠á①✐♠♦s ❞❡ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧ ❡st❛✈❛♠ ❛ss♦❝✐❛❞♦s à

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

❡♠ ❩❂ ✶✱✶✾✺ ♠✳

❆ ♣❛rt✐r ❞♦ ♣❧❛♥❡❥❛♠❡♥t♦ ❞❡ ❡①♣❡r✐♠❡♥t♦s ♥✉♠ér✐❝♦s ❡①❡❝✉t❛❞♦ ♥♦ ❋▲❯❊◆❚✱ ❛♥❛✲

❧✐s❛♥❞♦ s♦♠❡♥t❡ ❛ ♣❛rt❡ ❢❛t♦r✐❛❧✱ ❢♦✐ ♣♦ssí✈❡❧ ❛✈❛❧✐❛r ♦ ❡❢❡✐t♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ s♦❜r❡ ♦



✶✷✹ ✹✳✷✳ ❘❡s✉❧t❛❞♦s ◆✉♠ér✐❝♦s ❊①♣❡r✐♠❡♥t❛✐s

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

♠✐♥❛❞♦s ♦s ✈❛❧♦r❡s ❞❡ ✈❡❧♦❝✐❞❛❞❡s ❛①✐❛❧ ❡ t❛♥❣❡♥❝✐❛❧ ♥❛ s❡çã♦ ❞❡ s❡♣❛r❛çã♦✱ ❝♦rr❡s♣♦♥❞❡♥t❡

à ❡♥tr❛❞❛ ❞♦ ✈♦rt❡① ✜♥❞❡r✳

❆s ❋✐❣✉r❛s ✹✳✷✺✱ ✹✳✷✻ ✱ ✹✳✷✼ ✱✹✳✷✽ ❛♣r❡s❡♥t❛♠ ♦s ❡❢❡✐t♦s ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ s♦❜r❡ ♦s

♣❡r✜s ❞❡ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧ ❡♠ ❢✉♥çã♦ ❞❛ ❞✐stâ♥❝✐❛ r❛❞✐❛❧✱ ❛♠❜❛s ❛❞✐♠❡♥s✐♦♥❛❧✐③❛❞❛s✳

❋✐❣✉r❛ ✹✳✷✺✿ P❡r✜s r❛❞✐❛✐s ❞❡ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧ ♥♦ ♣❧❛♥♦ ❳❩ ✭❨ ❂ ✵✮ ❡♠ ❩❂✶✱✵✾✺ ♠
❝♦♠ ◗ ❂ ✵✱✵✹ m3/s ❡ ❛ ❂ ✵✱✵✺✼ ♠✳

❖❜s❡r✈❛♥❞♦✲s❡ ❛ ❋✐❣✉r❛ ✹✳✷✺✱ ♥♦t❛✲s❡ q✉❡ ❛s ✈❡❧♦❝✐❞❛❞❡s t❛♥❣❡♥❝✐❛✐s ❛✉♠❡♥t❛♠ ❝♦♠

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

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

❞❡ ❝♦❧❡t❛ ♥♦ ❝✐❝❧♦♥❡ ✜❧tr❛♥t❡ ❞❡✈✐❞♦ ♦ ❛✉♠❡♥t♦ ❞❛ ❢♦rç❛ ❞❡ ✐♥ér❝✐❛ ✭❢♦rç❛ ❝❡♥trí❢✉❣❛✮

❛ss♦❝✐❛❞❛ à ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧✳ ❊♠ ❝♦♥tr❛♣❛rt✐❞❛✱ ♦ ❛✉♠❡♥t♦ ❞♦ ✈❛❧♦r ❞❛ ✈❡❧♦❝✐❞❛❞❡

t❛♥❣❡♥❝✐❛❧✱ ♥❛ s❛í❞❛ ❞♦ ✈♦rt❡① ✜♥❞❡r ❡❧❡✈❛rá ❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ❞♦ ❝✐❝❧♦♥❡ ❞❡✈✐❞♦ ❛

✈❡❧♦❝✐❞❛❞❡ ✭❍❖❋❋▼❆◆◆❀ ❙❚❊■◆✱ ✷✵✵✼✮✱ ❛✉♠❡♥t❛♥❞♦ ❛ss✐♠ ♦ ❝♦♥s✉♠♦ ❡♥❡r❣ét✐❝♦✳

❆♦ ❢❛③❡r ✉♠❛ ❛♥á❧✐s❡ s❡♠❡❧❤❛♥t❡ r❡❢❡r❡♥t❡ à ❋✐❣✉r❛ ✹✳✷✻✱ ✈❡r✐✜❝❛✲s❡ q✉❡ ♦ ❡❢❡✐t♦ ❞❛ ❞✐✲

♠✐♥✉✐çã♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❢♦✐ ♠❡♥♦s s✐❣♥✐✜❝❛t✐✈♦ ❡♠ r❡❧❛çã♦ ❛♦ ✈órt✐❝❡ ❡①t❡r♥♦ ✭✈órt✐❝❡

❧✐✈r❡✮✱ q✉❛♥❞♦ s❡ ♦♣❡r❛ ♦ ❝✐❝❧♦♥❡ ✜❧tr❛♥t❡ ♥✉♠❛ ♠❛✐♦r ✈❛③ã♦ ✈♦❧✉♠étr✐❝❛ ❞❡ ❛❧✐♠❡♥t❛çã♦✳

■st♦ é ♣r♦✈♦❝❛❞♦ ♣❡❧♦ ❛✉♠❡♥t♦ ❞❛ ✈❛③ã♦✱ q✉❡ ♠✐♥✐♠✐③❛ ♦s ❡❢❡✐t♦s ❞❛ ❞✐♠✐♥✉✐çã♦ ❞❛ ♣❡r✲

♠❡❛❜✐❧✐❞❛❞❡✱ ♠❛♥t❡♥❞♦ ❛s ❝❛r❛❝t❡ríst✐❝❛ ❝✐♥ét✐❝❛s ✐♥✈❛r✐á✈❡✐s ♣ró①✐♠♦ à ♣❛r❡❞❡ ❞♦ ❝✐❝❧♦♥❡✱

♠❡s♠♦ ❝♦♠ ❛ ❞✐♠✐♥✉✐çã♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡✳



✹✳✷✳ ❘❡s✉❧t❛❞♦s ◆✉♠ér✐❝♦s ❊①♣❡r✐♠❡♥t❛✐s ✶✷✺

❋✐❣✉r❛ ✹✳✷✻✿ P❡r✜s r❛❞✐❛✐s ❞❡ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧ ♥♦ ♣❧❛♥♦ ❳❩ ✭❨ ❂ ✵✮ ❡♠ ❩❂✶✱✵✾✺ ♠
❝♦♠ ◗ ❂ ✵✱✵✽ m3/s ❡ ❛ ❂ ✵✱✵✺✼ ♠✳

❋✐❣✉r❛ ✹✳✷✼✿ P❡r✜s r❛❞✐❛✐s ❞❡ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧ ♥♦ ♣❧❛♥♦ ❳❩ ✭❨ ❂ ✵✮ ❡♠ ❩❂✶✱✵✾✺ ♠
❝♦♠ ◗ ❂ ✵✱✵✹ m3/s ❡ ❛ ❂ ✵✱✶✸✸ ♠✳



✶✷✻ ✹✳✷✳ ❘❡s✉❧t❛❞♦s ◆✉♠ér✐❝♦s ❊①♣❡r✐♠❡♥t❛✐s

❋✐❣✉r❛ ✹✳✷✽✿ P❡r✜s r❛❞✐❛✐s ❞❡ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧ ♥♦ ♣❧❛♥♦ ❳❩ ✭❨ ❂ ✵✮ ❡♠ ❩❂✶✱✵✾✺ ♠
❝♦♠ ◗ ❂ ✵✱✵✽ m3/s ❡ ❛ ❂ ✵✱✶✸✸ ♠✳

❆♦ ❛♥❛❧✐s❛r ❛s ❋✐❣✉r❛s ✹✳✷✼ ❡ ✹✳✷✽✱ ✈❡r✐✜❝❛✲s❡ q✉❡ ♦ ❡❢❡✐t♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ♥♦ ❡s✲

❝♦❛♠❡♥t♦ é ♠í♥✐♠♦✱ ✐ss♦ s❡ ❞❡✈❡ ❛♦ ❛✉♠❡♥t♦ ❞❛ ❛❧t✉r❛ ❞❛ ❛❧✐♠❡♥t❛çã♦✳ P♦ss✐✈❡❧♠❡♥t❡

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

♣❡rt✉❜❛çõ❡s ♥♦ ❡s❝♦❛♠❡♥t♦ ♦r✐✉♥❞❛s ❞❛ ❞✐♠✐♥✉✐çã♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡✳ ❆♦ ❝♦♠♣❛r❛r ❛s

❋✐❣✉r❛s ✹✳✷✺ ❡ ✹✳✷✼ ❛ ♦❜❡r✈❛çã♦ é ✈á❧✐❞❛✱ ✳

P♦rt❛♥t♦ ❛ ♣❛rt✐r ❞❛ ❛♥á❧✐s❡ ❞❛s ❋✐❣✉r❛s ✹✳✷✺✱✹✳✷✻✱ ✹✳✷✼✱ ❡ ✹✳✷✽✱ ❋✐❝❛ ❡①♣❧✐❝✐t♦ q✉❡

q✉❛♥t♦ ♠❡♥♦r❡s ❢♦r❡♠ ❛ ✈❛③ã♦ ❞❡ ♦♣❡r❛çã♦ ❡ ❛ ❛❧t✉r❛ ❞❛ ❛❧✐♠❡♥t❛çã♦✱ ♠❛✐♦r s❡rá ❛ s❡♥s✐✲

❜✐❧✐❞❛❞❡ ❞♦ ♣r♦❝❡ss♦ ❞❡ s❡♣❛r❛çã♦ à ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❞♦ ♠❡✐♦ ✜❧tr❛♥t❡✳

❆s ❋✐❣✉r❛s ❋✳✶✱ ❋✳✷ ✱ ❋✳✸ ✱❋✳✹✱ ❧♦❝❛❧✐③❛❞❛s ♥♦ ❆♣ê♥❞✐❝❡ ❋✱ r❡tr❛t❛♠ ♦s ❡❢❡✐t♦s ❞❛ ♣❡r✲

♠❡❛❜✐❧✐❞❛❞❡ s♦❜r❡ ❛ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧ ❡♠ ❢✉♥çã♦ ❞❛ ❞✐stâ♥❝✐❛ r❛❞✐❛❧✱ ❛♠❜❛s ❛❞✐♠❡♥s✐♦♥❛❧✐✲

③❛❞❛s✳ ❊♠ r❡❧❛çã♦ ❛♦s ♣❡r✜s ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧✱ ✈❡r✐✜❝❛✲s❡ q✉❡ ♦ ❡❢❡✐t♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡

❢♦✐ ♠í♥✐♠♦✳ ❙♦♠❡♥t❡ ❡♠ ❜❛✐①❛s ✈❛③õ❡s ❡ ♠❡♥♦r ❛❧t✉r❛ ❞❛ ❛❧✐♠❡♥t❛çã♦✱ r❡♣r❡s❡♥t❛❞♦s ♣❡❧❛

❋✐❣✉r❛ ❋✳✶✱ ❛ ✈❛r✐❛çã♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ♣r♦♣♦r❝✐♦♥♦✉ ♠♦❞✐✜❝❛çõ❡s ♠❛✐s s✐❣♥✐✜❝❛t✐✈❛s ♥♦

❡s❝♦❛♠❡♥t♦✳ ❖ ❜❛✐①♦ ❡❢❡✐t♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ s♦❜r❡ ♦s ♣❡r✜s ❞❡ ✈❡❧♦❝✐❞❛❞❡s ❛①✐❛✐s ♣♦❞❡

✐♥t❡r❢❡r✐r ♥❛ ❡✜❝✐ê♥❝✐❛ ❞❡ ❝♦❧❡t❛✱ ✉♠❛ ✈❡③ q✉❡ ❛ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧ ❞❡s❝❡♥❞❡♥t❡ ♣ró①✐♠♦ à

♣❛r❡❞❡ ❞♦ ❝✐❝❧♦♥❡ ❝♦♥tr✐❜✉✐ s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ♣❛r❛ ❝♦❧❡t❛ ❞♦ ♣❛rt✐❝✉❧❛❞♦✳



✹✳✷✳ ❘❡s✉❧t❛❞♦s ◆✉♠ér✐❝♦s ❊①♣❡r✐♠❡♥t❛✐s ✶✷✼

✹✳✷✳✼ ❊❢❡✐t♦ ❞❛ ❱❛③ã♦ ❞❡ ❆❧✐♠❡♥t❛çã♦ s♦❜r❡ ♦ ❊s❝♦❛♠❡♥t♦ ❞♦

❈✐❝❧♦♥❡ ❋✐❧tr❛♥t❡

❖ ❡❢❡✐t♦ ❞❛ ✈❛③ã♦ s♦❜r❡ ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ✢✉✐❞♦❞✐♥â♠✐❝♦ ❡♠ ❝✐❝❧♦♥❡s ✜❧tr❛♥t❡s ♣♦❞❡

s❡r ❛♥❛❧✐s❛❞♦ ❡♠ ❢✉♥çã♦ ❞♦s ♣❡r✜s ❞❡ ✈❡❧♦❝✐❞❛❞❡s ♥♦ ✐♥t❡r✐♦r ❞♦ ❝✐❝❧♦♥❡✳ ❖s ♣❡r✜s ❞❡ ✈❡❧♦✲

❝✐❞❛❞❡s t❛♥❣❡♥❝✐❛❧ sã♦ ❛♣r❡s❡♥t❛❞♦s ♥❛s ❋✐❣✉r❛s ✹✳✷✾✱ ✹✳✸✵ ✱ ✹✳✸✶ ✱✹✳✸✷ ❡ ♦s ❞❡ ✈❡❧♦❝✐❞❛❞❡

❛①✐❛❧ ♥❛s ❋✐❣✉r❛s ❋✳✺✱ ❋✳✻ ✱ ❋✳✼ ✱❋✳✽ ♥♦ ❆♣❡♥❞✐❝❡ ❋✳

❋✐❣✉r❛ ✹✳✷✾✿ P❡r✜s r❛❞✐❛✐s ❞❡ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧ ♥♦ ♣❧❛♥♦ ❳❩ ✭❨ ❂ ✵✮ ❡♠ ❩❂✶✱✵✾✺ ♠
❝♦♠ ❑ ❂ 1, 00× 10−11m2/s ❡ ❛ ❂ ✵✱✵✺✼ ♠✳

❈♦♠ ❜❛s❡ ♥❛ ❋✐❣✉r❛ ✹✳✷✾✱ ✈❡r✐✜❝❛✲s❡ q✉❡ ♦ ❛✉♠❡♥t♦ ❞❛ ✈❛③ã♦ ❞❡ ❛❧✐♠❡♥t❛çã♦ r❡❞✉③

♦ ♣❡r✜❧ ❞❡ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧✱ ❞✐♠✐♥✉✐♥❞♦ ♦s ✈❛❧♦r❡s ♠á①✐♠♦s✳ ❊♥tr❡t❛♥t♦✱ ❛ ❞✐♠✐♥✉✐✲

çã♦ s✐❣♥✐✜❝❛t✐✈❛ ❞❛ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧ s♦♠❡♥t❡ ❢♦✐ ✈❡r✐✜❝❛❞❛ ♣❛r❛ ❜❛✐①♦s ✈❛❧♦r❡s ❞❡

♣❡r♠❡❛❜✐❧✐❞❛❞❡s✱ ❝♦♥❢♦r♠❡ ❛♣r❡s❡♥t❛❞♦ ♥❛s ❋✐❣✉r❛s ✹✳✷✾ ❡ ✹✳✸✶✳ P❛r❛ ✉♠❛ ♠❛✐♦r ♣❡r♠❡✲

❛❜✐❧✐❞❛❞❡✱ ❝❛s♦s ❛♣r❡s❡♥t❛❞♦s ♥❛s ❋✐❣✉r❛s ❋✳✻ ❡ ❋✳✽✱ ✈❡r✐✜❝❛♠✲s❡ ❡❢❡✐t♦s ✐♥s✐❣♥✐✜❝❛♥t❡s ♥❛

❢♦r♠❛çã♦ ❞♦s ✈órt✐❝❡s✳

❆♦ ❝♦♠♣❛r❛r ❛s ❋✐❣✉r❛s ✹✳✷✾ ❡ ✹✳✸✶✱ ♥♦t❛✲s❡ q✉❡ ♦ ❛✉♠❡♥t♦ ❞❛ ✈❛③ã♦ ♣r♦✈♦❝❛ ♣❡rt✉❜❛✲

çõ❡s ❞✐❢❡r❡♥t❡s ❡♠ r❡❧❛çã♦ ❛♦s ✈órt✐❝❡s ✐♥t❡r♥♦ ❡ ❡①t❡r♥♦✳ ❊♥q✉❛♥t♦ q✉❡ ♣❛r❛ ✉♠❛ ♠❡♥♦r

❛❧t✉r❛ ❞❛ s❡çã♦ ❞❡ ❛❧✐♠❡♥t❛çã♦ ♦ ❡❢❡✐t♦ ❞❛ ✈❛③ã♦ é ♣r❡❞♦♠✐♥❛♥t❡ ♥♦ ✈órt✐❝❡ ❡①t❡r♥♦✱ ♣❛r❛

✉♠❛ ♠❛✐♦r ❛❧t✉r❛✱ ♦ ❡❢❡✐t♦ ❞❛ ❞✐♠✐♥✉✐çã♦ ❞❛ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧ ❡stá ❛ss♦❝✐❛❞♦ ❛♦ ✈ór✲

t✐❝❡ ✐♥t❡r♥♦✳ P♦ss✐✈❡❧♠❡♥t❡✱ t❛❧ ❡❢❡✐t♦ é ❞❡✈✐❞♦ ❛ ♠❛✐♦r tr♦❝❛ ❞❡ q✉❛♥t✐❞❛❞❡ ❞❡ ♠♦✈✐♠❡♥t♦

❥✉♥t♦ à ♣❛r❡❞❡ ❞♦ ❝✐❝❧♦♥❡✱ ❢❛t♦ q✉❡ ♣r♦♣✐❝✐❛ ✉♠❛ ♠❡♥♦r ❡♥❡r❣✐❛ ❝✐♥ét✐❝❛ ♣❛r❛ ♦ ✢✉✐❞♦ ♥❛



✶✷✽ ✹✳✷✳ ❘❡s✉❧t❛❞♦s ◆✉♠ér✐❝♦s ❊①♣❡r✐♠❡♥t❛✐s

❋✐❣✉r❛ ✹✳✸✵✿ P❡r✜s r❛❞✐❛✐s ❞❡ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧ ♥♦ ♣❧❛♥♦ ❳❩ ✭❨ ❂ ✵✮ ❡♠ ❩❂✶✱✵✾✺ ♠
❝♦♠ ❑ ❂ 5, 00× 10−11m2/s ❡ ❛ ❂ ✵✱✵✺✼ ♠✳

❋✐❣✉r❛ ✹✳✸✶✿ P❡r✜s r❛❞✐❛✐s ❞❡ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧ ♥♦ ♣❧❛♥♦ ❳❩ ✭❨ ❂ ✵✮ ❡♠ ❩❂✶✱✵✾✺ ♠
❝♦♠ ❑ ❂ 1, 00× 10−11m2/s ❡ ❛ ❂ ✵✱✶✸✸ ♠✳



✹✳✷✳ ❘❡s✉❧t❛❞♦s ◆✉♠ér✐❝♦s ❊①♣❡r✐♠❡♥t❛✐s ✶✷✾

❋✐❣✉r❛ ✹✳✸✷✿ P❡r✜s r❛❞✐❛✐s ❞❡ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧ ♥♦ ♣❧❛♥♦ ❳❩ ✭❨ ❂ ✵✮ ❡♠ ❩❂✶✱✵✾✺ ♠
❝♦♠ ❑ ❂ 5, 00× 10−11m2/s ❡ ❛ ❂ ✵✱✶✸✸ ♠✳

r❡❣✐ã♦ ❝❡♥tr❛❧ ❞♦ ❝✐❝❧♦♥❡ ✜❧tr❛♥t❡ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞❛ ✈❛③ã♦✳

◗✉❛♥t♦ ❛♦ ❡❢❡✐t♦ ❞❛ ✈❛③ã♦ s♦❜r❡ ❛ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧✱ ✈❡r✐✜❝❛✲s❡ q✉❡ ♦ ❡❢❡✐t♦ ❞❛ ✈❛③ã♦

s♦♠❡♥t❡ ❛♣r❡s❡♥t♦✉ ✈❛r✐❛çã♦ s✐❣♥✐✜❝❛t✐✈❛ ♣❛r❛ ✉♠ ♠❡♥♦r ✈❛❧♦r ❞❡ ♣❡r♠❡❛❜✐❧✐❞❛❞❡✱ ❝♦♥✲

❢♦r♠❡ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ❋✳✺✳ P❛r❛ t♦❞♦s ♦s ♦✉tr♦s ❝❛s♦s ❛♣r❡s❡♥t❛❞♦s ♥❛s ❋✐❣✉r❛s

❋✳✻✱ ❋✳✼✱ ❋✳✽✱ ✈❡r✐✜❝❛✲s❡ q✉❡ ♦ ❡❢❡✐t♦ ❞❛ ✈❛③ã♦ ♥ã♦ é ♠✉✐t♦ s✐❣♥✐✜❝❛t✐✈♦✳ ❊♠ ❜❛✐①❛ ♣❡r✲

♠❡❛❜✐❧✐❞❛❞❡ ❡ ♠❡♥♦r ❛❧t✉r❛ ❞❛ ❛❧✐♠❡♥t❛çã♦✱ ❤♦✉✈❡ ✉♠❛ ✐♥✈❡rsã♦ ♥♦ ♣❡r✜❧ ❞❡ ✈❡❧♦❝✐❞❛❞❡

❛①✐❛❧ ❝♦♠ ♦ ❛✉♠❡♥t♦ ❞❛ ✈❛③ã♦✳

✹✳✷✳✽ ❊❢❡✐t♦ ❞❛ ❆❧t✉r❛ ❞❛ ❆❧✐♠❡♥t❛çã♦ s♦❜r❡ ♦ ❊s❝♦❛♠❡♥t♦ ❞♦

❈✐❝❧♦♥❡ ❋✐❧tr❛♥t❡

❖ ❡❢❡✐t♦ ❞❛ ❛❧t✉r❛ ❞❛ ❛❧✐♠❡♥t❛çã♦✱ ❝♦♥❢♦r♠❡ ❛♣r❡s❡♥t❛❞♦ ♥❛ ❋✐❣✉r❛ ✹✳✶✼ é ✉♠❛ ✈❛✲

r✐á✈❡❧ q✉❡ ✐♥t❡r❢❡r❡ ♥♦ ❞❡s❡♠♣❡♥❤♦ ❞♦ ❝✐❝❧♦♥❡ ✜❧tr❛♥t❡✳ ❆✜♠ ❞❡ ❛✈❛❧✐❛r ♦ ❡❢❡✐t♦ ❞❡st❛

✈❛r✐á✈❡❧ s♦❜r❡ ♦s ♣❡r✜s ❞❡ ✈❡❧♦❝✐❞❛❞❡s ♥♦ ✐♥t❡r✐♦r ❞♦ ❝✐❝❧♦♥❡✱ ❢♦r❛♠ ❡❧❛❜♦r❛❞♦s ♦s ♣❡r✜s

❞❡ ✈❡❧♦❝✐❞❛❞❡s t❛♥❣❡♥❝✐❛❧✱ ❛♣r❡s❡♥t❛❞♦s ♥❛s ❋✐❣✉r❛s ✹✳✸✸✱ ✹✳✸✹ ✱ ✹✳✸✺ ✱ ✹✳✸✻❀ ❡ ♦s ♣❡r✜s ❞❡

✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧✱ ❛♣r❡s❡♥t❛❞♦s ♥❛s ❋✐❣✉r❛s ❋✳✾✱ ❋✳✶✵ ✱ ❋✳✶✶ ✱ ❋✳✶✷ ❧♦❝❛❧✐③❛❞❛s ♥♦ ❆♣ê♥❞✐❝❡

❋✳

❆♥❛❧✐s❛♥❞♦ ♦s ♣❡r✜s ❞❡ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧ ❛ss♦❝✐❛❞♦s às ✜❣✉r❛s ❝✐t❛❞❛s✱ ✈❡r✐✜❝❛✲s❡



✶✸✵ ✹✳✷✳ ❘❡s✉❧t❛❞♦s ◆✉♠ér✐❝♦s ❊①♣❡r✐♠❡♥t❛✐s

❋✐❣✉r❛ ✹✳✸✸✿ P❡r✜s r❛❞✐❛✐s ❞❡ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧ ♥♦ ♣❧❛♥♦ ❳❩ ✭❨ ❂ ✵✮ ❡♠ ❩❂✶✱✵✾✺ ♠
❝♦♠ ❑ ❂ 1, 00× 10−11m2/s ❡ ◗ ❂ ✵✱✵✹ m3/s✳

❋✐❣✉r❛ ✹✳✸✹✿ P❡r✜s r❛❞✐❛✐s ❞❡ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧ ♥♦ ♣❧❛♥♦ ❳❩ ✭❨ ❂ ✵✮ ❡♠ ❩❂✶✱✵✾✺ ♠
❝♦♠ ❑ ❂ 5, 00× 10−11m2/s ❡ ◗ ❂ ✵✱✵✹ m3/s✳



✹✳✷✳ ❘❡s✉❧t❛❞♦s ◆✉♠ér✐❝♦s ❊①♣❡r✐♠❡♥t❛✐s ✶✸✶

❋✐❣✉r❛ ✹✳✸✺✿ P❡r✜s r❛❞✐❛✐s ❞❡ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧ ♥♦ ♣❧❛♥♦ ❳❩ ✭❨ ❂ ✵✮ ❡♠ ❩❂✶✱✵✾✺ ♠
❝♦♠ ❑ ❂ 1, 00× 10−11m2/s ❡ ◗ ❂ ✵✱✵✽ m3/s✳

❋✐❣✉r❛ ✹✳✸✻✿ P❡r✜s r❛❞✐❛✐s ❞❡ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧ ♥♦ ♣❧❛♥♦ ❳❩ ✭❨ ❂ ✵✮ ❡♠ ❩❂✶✱✵✾✺ ♠
❝♦♠ ❑ ❂ 5, 00× 10−11m2/s ❡ ◗ ❂ ✵✱✵✽ m3/s✳



✶✸✷ ✹✳✷✳ ❘❡s✉❧t❛❞♦s ◆✉♠ér✐❝♦s ❊①♣❡r✐♠❡♥t❛✐s

q✉❡ ♦ ❛✉♠❡♥t♦ ❞❛ ❞✐♠❡♥sã♦ ❞❛ ❛❧t✉r❛ ❞❛ ❛❧✐♠❡♥t❛çã♦ ❧❡✈❛ ❛ ✉♠❛ ❛✉♠❡♥t♦ ♥♦s ✈❛❧♦r❡s ♠á✲

①✐♠♦s ❞❡ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧ ❡♠ t♦❞♦s ♦s ❝❛s♦s ❛♥❛❧✐s❛❞♦s✱ ❝♦♥❢♦r♠❡ é ❛♣r❡s❡♥t❛❞♦ ♥❛s

❋✐❣✉r❛s ✹✳✸✹✱ ✹✳✸✺✱✹✳✸✻✱ ❡①❝❡t♦ ♣❛r❛ ♦ ❝❛s♦ ♦♥❞❡ t❡♠✲s❡ ❜❛✐①♦s ✈❛❧♦r❡s ❞❡ ♣❡r♠❡❛❜✐❧✐❞❛❞❡

❡ ✈❛③ã♦ ❞❡ ♦♣❡r❛çã♦✳

❊♠ r❡❧❛çã♦ ❛♦s ♣❡r✜s ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧✱ ❛♣r❡s❡♥t❛❞♦s✱ ✈❡r✐✜❝❛✲s❡ q✉❡ ♦ ❛✉♠❡♥t♦

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

❝❡rt❛ ❢♦r♠❛ ❢❛✈♦r❡❝❡ ❛ ❝♦❧❡t❛ ❞❡ ♣❛rtí❝✉❧❛s ♥♦ ❝✐❝❧♦♥❡ ♠❡❧❤♦r❛♥❞♦ ❛ ❡✜❝✐ê♥❝✐❛✳

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

❞❛ ❛❧t✉r❛ ❞❛ ❛❧✐♠❡♥t❛çã♦ s♦❜r❡ ❛ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧ é ♠❡♥♦s s✐❣♥✐✜❝❛t✐✈♦✱ ❝♦♥❢♦r♠❡ ❛ ❋✐❣✉r❛

❋✳✶✷✳



❈❆P❮❚❯▲❖ ✺

❈♦♥❝❧✉sõ❡s ❡ ❙✉❣❡stõ❡s

❊
st❡ ❝❛♣ít✉❧♦✱ ❝♦♠ ❜❛s❡ ♥♦s r❡s✉❧t❛❞♦s ♦❜t✐❞♦s ♥❡st❛ ♣❡sq✉✐s❛✱ ❛♣r❡s❡♥t❛ ❛s ♣r✐♥✲

❝✐♣❛✐s ❝♦♥❝❧✉sõ❡s ♦❜t✐❞❛s r❡❢❡r❡♥t❡s ❛♦ ❡st✉❞♦ t❡ór✐❝♦✲❡①♣❡r✐♠❡♥t❛❧ s♦❜r❡ ❝✐❝❧♦♥❡s

✜❧tr❛♥t❡s ❡ ♣r♦♣õ❡ s✉❣❡stõ❡s ♣❛r❛ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ❞❡ tr❛❜❛❧❤♦s ❢✉t✉r♦s✳

✺✳✶ ❈♦♥❝❧✉sõ❡s

• ❖ tr❛t❛♠❡♥t♦ ❡st❛tíst✐❝♦ ❞♦s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♠♦str♦✉ q✉❡ ❛ ✈❛r✐á✈❡❧ ❝♦♠♣r✐♠❡♥t♦

❞❛ ❛❧t✉r❛ ❞❛ ❛❧✐♠❡♥t❛çã♦ ❢♦✐ ❛ ✈❛r✐á✈❡❧ ❝♦♠ ♠❛✐♦r ❡❢❡✐t♦ s♦❜r❡ ♦ ❞❡s❡♠♣❡♥❤♦ ✭Eu✮❀

• ❖ tr❛t❛♠❡♥t♦ ❡st❛tíst✐❝♦ ❞♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♠♦str♦✉ q✉❡ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡

❞♦ ♠❡✐♦ ✜❧tr❛♥t❡ ❢♦✐ ❛ ✈❛r✐á✈❡❧ ❝♦♠ ♠❛✐♦r ❡❢❡✐t♦ s♦❜r❡ ❛ r❛③ã♦ ❞❡ ✜❧tr❛❞♦ ✭Rf ✮❀

• ❆♣ós ❛♥á❧✐s❡ ❞♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❡ ❝♦♠♣✉t❛❝✐♦♥❛✐s✱ ❢♦✐ ♣♦ssí✈❡❧ ✈❡r✐✜❝❛r q✉❡

❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❛❢❡t❛ s✐❣♥✐✜❝❛t✐✈❛♠❡♥t❡ ♦s ♣❡r✜s ❞❡ ✈❡❧♦❝✐❞❛❞❡s ♥♦ ✐♥t❡r✐♦r ❞♦ ❝✐❝❧♦♥❡

✜❧tr❛♥t❡❀

• ❆♣ós ❛♥á❧✐s❡ ❞♦s r❡s✉❧t❛❞♦s ❝♦♠♣✉t❛❝✐♦♥❛✐s✱ ♥♦t♦✉✲s❡ q✉❡ ♦ ❝♦♠♣r✐♠❡♥t♦ ❞❛ ❛❧t✉r❛ ❞❛

❛❧✐♠❡♥t❛çã♦ ✐♥t❡r❢❡r❡ ♥♦ ❞❡s❡♠♣❡♥❤♦ ✭Eu✮ ❡ ♥♦ ❝♦♠♣♦rt❛♠❡♥t♦ ✢✉✐❞♦❞✐♥â♠✐❝♦ ❡♠ ❝✐❝❧♦♥❡

✜❧tr❛♥t❡✱ ♥♦ q✉❡ ❞✐③ r❡s♣❡✐t♦ ❛♦s ♣❡r✜s ❞❡ ✈❡❧♦❝✐❞❛❞❡s❀

•❆♣ós ❛♥á❧✐s❡ ❞♦s r❡s✉❧t❛❞♦s ❝♦♠♣✉t❛❝✐♦♥❛✐s✱ ❢♦✐ ♣♦ssí✈❡❧ ✈❡r✐✜❝❛r q✉❡ ❛ ✈❛③ã♦ ✈♦❧✉♠étr✐❝❛

❞❛ ❛❧✐♠❡♥t❛çã♦ ✐♥t❡r❢❡r❡ ♥♦ ❞❡s❡♠♣❡♥❤♦ ❡ ♥♦ ❝♦♠♣♦rt❛♠❡♥t♦ ✢✉✐❞♦❞✐♥â♠✐❝♦ ❡♠ ❝✐❝❧♦♥❡



✶✸✹ ✺✳✷✳ ❙✉❣❡stõ❡s ♣❛r❛ ❚r❛❜❛❧❤♦s ❋✉t✉r♦s

✜❧tr❛♥t❡❀

• ❖s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ♠♦str❛r❛♠ q✉❡ ❛

❣❡♦♠❡tr✐❛ ✐♥t❡r❢❡r❡ ♥❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❡♠ ❝✐❝❧♦♥❡ ✜❧tr❛♥t❡❀

• ❉❡♥tr❡ ❛s ♠❡t♦❞♦❧♦❣✐❛s ♣r♦♣♦st❛s ♣❛r❛ ❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡✱ ❛ ♠❡t♦❞♦❧♦✲

❣✐❛ ✵✸ ❢♦✐ ❛ q✉❡ ❛♣r❡s❡♥t♦✉ r❡s✉❧t❛❞♦s ♠❛✐s ❝♦❡r❡♥t❡s✱ ♣♦r ❧❡✈❛r ❡♠ ❝♦♥s✐❞❡r❛çã♦ ♦s ❡❢❡✐t♦s

❣❡♦♠étr✐❝♦s ❛ss♦❝✐❛❞♦s à ár❡❛ ❞♦ ✜❧tr♦ ❡ ❛♦ ♠❡s♠♦ t❡♠♣♦ ♣r❡s❡r✈❛r ❛s ❝❛r❛❝t❡ríst✐❝❛s

r❡❛✐s ❞♦ ❡s❝♦❛♠❡♥t♦❀ s❡♥❞♦ ✐♥❞✐❝❛❞❛ ♣❛r❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❡♠ ❝✐❝❧♦♥❡s

✜❧tr❛♥t❡s❀

• ❊♠ ❡❧❡✈❛❞❛s ✈❡❧♦❝✐❞❛❞❡s ❞❡ ❛❧✐♠❡♥t❛çã♦✱ ❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ❡♠ ❝✐❝❧♦♥❡s ✜❧tr❛♥t❡s sã♦

✐♥❢❡r✐♦r❡s àq✉❡❧❛s ❡♥❝♦♥tr❛❞❛s ❡♠ ❝✐❝❧♦♥❡ ❝♦♥✈❡♥❝✐♦♥❛❧ ♥❛s ♠❡s♠❛s ❝♦♥❞✐çõ❡s✳

✺✳✷ ❙✉❣❡stõ❡s ♣❛r❛ ❚r❛❜❛❧❤♦s ❋✉t✉r♦s

• ❊st✉❞❛r✱ ✈✐❛ ❈❋❉✱ ♦ ❡❢❡✐t♦ ❞❛ ✐♥❥❡çã♦ ❡①t❡r♥❛ ❞❡ ❛r ❧✐♠♣♦ ♣❡❧♦ ❝♦♥❡ s♦❜r❡ ♦ ❝♦♠♣♦rt❛✲

♠❡♥t♦ ✢✉✐❞♦❞✐♥â♠✐❝♦ ❡ ❞❡s❡♠♣❡♥❤♦ ❡♠ ❝✐❝❧♦♥❡s ✜❧tr❛♥t❡s✱ ♣r♦♣♦st❛ ♣r✐♠❡✐r❛♠❡♥t❡ ♣♦r

❋✉❦✉✐ ❡t ❛❧✳ ✭✷✵✶✶✮❀

• ❊st✉❞❛r ♦ ❡❢❡✐t♦ ❞❡ ❞✐❢❡r❡♥t❡s ♠❡✐♦s ✜❧tr❛♥t❡s ❝❡râ♠✐❝♦s✱ ❛✈❛❧✐❛♥❞♦ ♦ ❡❢❡✐t♦ ❞❛ ♣❡r♠❡❛✲

❜✐❧✐❞❛❞❡ ❡♠ r❡❧❛çã♦ ♦ ❞❡s❡♠♣❡♥❤♦ ❞❡ ❝✐❝❧♦♥❡s❀

• ❆♣❡r❢❡✐ç♦❛r ❛ té❝♥✐❝❛ ♥✉♠ér✐❝❛✱ ❛✜♠ ❞❡ ❡♥t❡♥❞❡r ♦ ♠❡❧❤♦r ♣r♦❝❡ss♦ ❞❡ ✜❧tr❛çã♦ ❡♠

❜❛✐①íss✐♠❛s ♣❡r♠❡❛❜✐❧✐❞❛❞❡s❀

• ❆✈❛❧✐❛r ♥✉♠❡r✐❝❛♠❡♥t❡ ♦ ❡❢❡✐t♦ ❞♦ ❝♦♠♣r✐♠❡♥t♦ ❞♦ ✈órt✐❝❡ s♦❜r❡ ♦ ❞❡s❡♠♣❡♥❤♦ ❞❡

❝✐❝❧♦♥❡s ✜❧tr❛♥t❡s❀

• ❊st✉❞❛r ♦ ❝♦♠♣♦rt❛♠❡♥t♦ ♣❛r❛ ❞✐❢❡r❡♥t❡s ✈❛③õ❡s ♠áss✐❝❛s ❞❡ ❛❧✐♠❡♥t❛çã♦❀

• ❆♠♣❧✐❛r ❡st❡ ❡st✉❞♦ ♣❛r❛ ♦✉tr♦s só❧✐❞♦s✳
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✶✾✼✽✳
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❙❡♣❛r❛t✐♦♥ ❛♥❞ P✉r✐✜❝❛t✐♦♥ ❚❡❝❤♥♦❧♦❣②✱ ❊❧s❡✈✐❡r✱ ✈✳ ✽✵✱ ♥✳ ✷✱ ♣✳ ✸✺✻✕✸✻✸✱ ✷✵✶✶✳

●❆▼❇■❚✱ ●✳ ✷✳✷ t✉t♦r✐❛❧ ❣✉✐❞❡✳ ▲❡❜❛♥♦♥✱ ◆❍✳✱ ❋❧✉❡♥t ■♥❝✳✱ ❙❡t❡♠❜❡r ✷✵✵✹✳

●❊❇❆❘❚✱ ❇✳ P❡r♠❡❛❜✐❧✐t② ♦❢ ✉♥✐❞✐r❡❝t✐♦♥❛❧ r❡✐♥❢♦r❝❡♠❡♥ts ❢♦r rt♠✳ ❏♦✉r♥❛❧ ♦❢ ❝♦♠♣♦s✐t❡
♠❛t❡r✐❛❧s✱ ❙❛❣❡ P✉❜❧✐❝❛t✐♦♥s✱ ✈✳ ✷✻✱ ♥✳ ✽✱ ♣✳ ✶✶✵✵✕✶✶✸✸✱ ✶✾✾✷✳

●❘■❋❋■❚❍❙✱ ❲✳❀ ❇❖❨❙❆◆✱ ❋✳ ❈♦♠♣✉t❛t✐♦♥❛❧ ✢✉✐❞ ❞②♥❛♠✐❝s ✭❈❋❉✮ ❛♥❞ ❡♠♣✐r✐❝❛❧
♠♦❞❡❧❧✐♥❣ ♦❢ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❛ ♥✉♠❜❡r ♦❢ ❝②❝❧♦♥❡ s❛♠♣❧❡rs✳ ❏♦✉r♥❛❧ ♦❢ ❆❡r♦s♦❧
❙❝✐❡♥❝❡✱ ❊❧s❡✈✐❡r✱ ✈✳ ✷✼✱ ♥✳ ✷✱ ♣✳ ✷✽✶✕✸✵✹✱ ✶✾✾✻✳

●❘❖◆❆▲❉✱ ●✳❀ ❉❊❘❑❙❊◆✱ ❏✳ ❙✐♠✉❧❛t✐♥❣ t✉r❜✉❧❡♥t s✇✐r❧✐♥❣ ✢♦✇ ✐♥ ❛ ❣❛s ❝②❝❧♦♥❡✿ ❛
❝♦♠♣❛r✐s♦♥ ♦❢ ✈❛r✐♦✉s ♠♦❞❡❧✐♥❣ ❛♣♣r♦❛❝❤❡s✳ P♦✇❞❡r t❡❝❤♥♦❧♦❣②✱ ❊❧s❡✈✐❡r✱ ✈✳ ✷✵✺✱
♥✳ ✶✱ ♣✳ ✶✻✵✕✶✼✶✱ ✷✵✶✶✳

❍■◆❩❊✱ ❏✳ ❚✉r❜✉❧❡♥❝❡✱ ✼✾✵ ♣♣✳ ◆❡✇ ❨♦r❦✿ ▼❝●r❛✇✲❍✐❧❧✱ ✶✾✼✺✳

❍❖❊❑❙❚❘❆✱ ❆✳❀ ❉❊❘❑❙❊◆✱ ❏✳❀ ❆❑❑❊❘✱ ❍✳ ❱✳ ❉✳ ❆♥ ❡①♣❡r✐♠❡♥t❛❧ ❛♥❞ ♥✉♠❡r✐❝❛❧ st✉❞②
♦❢ t✉r❜✉❧❡♥t s✇✐r❧✐♥❣ ✢♦✇ ✐♥ ❣❛s ❝②❝❧♦♥❡s✳ ❈❤❡♠✐❝❛❧ ❊♥❣✐♥❡❡r✐♥❣ ❙❝✐❡♥❝❡✱ ❊❧s❡✈✐❡r✱
✈✳ ✺✹✱ ♥✳ ✶✸✱ ♣✳ ✷✵✺✺✕✷✵✻✺✱ ✶✾✾✾✳

❍❖❋❋▼❆◆◆✱ ❆✳❀ ❙❆◆❚❊◆✱ ❆✳ ❱✳❀ ❆▲▲❊◆✱ ❘✳❀ ❈▲■❋❚✱ ❘✳ ❊✛❡❝ts ♦❢ ❣❡♦♠❡tr② ❛♥❞ s♦❧✐❞
❧♦❛❞✐♥❣ ♦♥ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❣❛s ❝②❝❧♦♥❡s✳ P♦✇❞❡r ❚❡❝❤♥♦❧♦❣②✱ ❊❧s❡✈✐❡r✱ ✈✳ ✼✵✱ ♥✳ ✶✱
♣✳ ✽✸✕✾✶✱ ✶✾✾✷✳



✶✸✽ ❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s

❍❖❋❋▼❆◆◆✱ ❆✳ ❈✳❀ ❙❚❊■◆✱ ▲✳ ❊✳ ●❛s ❝②❝❧♦♥❡s ❛♥❞ s✇✐r❧ t✉❜❡s✳ ❙♣r✐♥❣❡r✲❱❡r❧❛❣ ❇❡r❧✐♥
❍❡✐❞❡❧❜❡r❣✱ ❙♣r✐♥❣❡r✱ ✈✳ ✷✵✵✽✱ ✷✵✵✷✳

❍❖❋❋▼❆◆◆✱ ❆✳ ❈✳❀ ❙❚❊■◆✱ ▲✳ ❊✳ ●❛s ❝②❝❧♦♥❡s ❛♥❞ s✇✐r❧ t✉❜❡s✿ Pr✐♥❝✐♣❧❡s✱ ❞❡s✐❣♥ ❛♥❞
♦♣❡r❛t✐♦♥✳ ❇❡r❧✐♥✱ ❍❡✐❞❡❧❜❡r❣✿ ❙♣r✐♥❣❡r✲❱❡r❧❛❣ ❇❡r❧✐♥ ❍❡✐❞❡❧❜❡r❣✱ ✷✵✵✼✳

❍❖❙❙❊■◆■✱ ❙✳❀ ❚❆❋❘❊❙❍■✱ ❍✳ ❱✳ ▼♦❞❡❧✐♥❣ ♣❛rt✐❝❧❡✲❧♦❛❞❡❞ s✐♥❣❧❡ ✜❜❡r ❡✣❝✐❡♥❝② ❛♥❞ ✜❜❡r
❞r❛❣ ✉s✐♥❣ ❛♥s②s✕✢✉❡♥t ❝❢❞ ❝♦❞❡✳ ❈♦♠♣✉t❡rs ✫ ❋❧✉✐❞s✱ ❊❧s❡✈✐❡r✱ ✈✳ ✻✻✱ ♣✳ ✶✺✼✕✶✻✻✱
✷✵✶✷✳

❍❯❚❈❍■◆❙❖◆✱ ❇✳❀ ❘❆■❚❍❇❨✱ ●✳ ❆ ♠✉❧t✐❣r✐❞ ♠❡t❤♦❞ ❜❛s❡❞ ♦♥ t❤❡ ❛❞❞✐t✐✈❡ ❝♦rr❡❝t✐♦♥
str❛t❡❣②✳ ◆✉♠❡r✐❝❛❧ ❍❡❛t ❚r❛♥s❢❡r✱ P❛rt ❆✿ ❆♣♣❧✐❝❛t✐♦♥s✱ ❚❛②❧♦r ✫ ❋r❛♥❝✐s✱ ✈✳ ✾✱ ♥✳ ✺✱
♣✳ ✺✶✶✕✺✸✼✱ ✶✾✽✻✳

❏❆❨❆❘❆❏❯✱ ❙✳ ❚✳ ❙t✉❞② ♦❢ t❤❡ ❛✐r ✢♦✇ ❛♥❞ ❛❡r♦s♦❧ tr❛♥s♣♦rt ✐♥ t❤❡ ❤✉♠❛♥ ✉♣♣❡r ❛✐r✇❛②
✉s✐♥❣ ▲❊❙ ❛♥❞ ❉❊❙ ♠❡t❤♦❞♦❧♦❣✐❡s✳ ❚❡s❡ ✭❉♦✉t♦r❛❞♦✮ ✖ ❱r✐❥❡ ❯♥✐✈❡rs✐t❡✐t ❇r✉ss❡❧✱
✷✵✵✾✳

❑❆❨❆✱ ❋✳❀ ❑❆❘❆●❖❩✱ ■✳ P❡r❢♦r♠❛♥❝❡ ❛♥❛❧②s✐s ♦❢ ♥✉♠❡r✐❝❛❧ s❝❤❡♠❡s ✐♥ ❤✐❣❤❧② s✇✐r❧✐♥❣
t✉r❜✉❧❡♥t ✢♦✇s ✐♥ ❝②❝❧♦♥❡s✳ ❈✉rr❡♥t s❝✐❡♥❝❡✱ ✈✳ ✾✹✱ ♥✳ ✶✵✱ ♣✳ ✶✷✼✸✕✶✷✼✽✱ ✷✵✵✽✳

❑❊P❆✱ ❆✳ ❉✐✈✐s✐♦♥ ♦❢ ♦✉t❧❡t ✢♦✇ ✐♥ ❛ ❝②❝❧♦♥❡ ✈♦rt❡① ✜♥❞❡rt❤❡ ❈❋❉ ❝❛❧❝✉❧❛t✐♦♥s✳ ❙❡♣❛✲
r❛t✐♦♥ ❛♥❞ P✉r✐✜❝❛t✐♦♥ ❚❡❝❤♥♦❧♦❣②✱ ❊❧s❡✈✐❡r✱ ✈✳ ✼✺✱ ♥✳ ✷✱ ♣✳ ✶✷✼✕✶✸✶✱ ✷✵✶✵✳

❑❖❩❊◆❨✱ ❏✳ Ü❜❡r ❦❛♣✐❧❧❛r❡ ▲❡✐t✉♥❣ ❞❡s ❲❛ss❡rs ✐♠ ❇♦❞❡♥✿✭❆✉❢st✐❡❣✱ ❱❡rs✐❝❦❡r✉♥❣ ✉♥❞
❆♥✇❡♥❞✉♥❣ ❛✉❢ ❞✐❡ ❇❡✇äss❡r✉♥❣✮✳ ❙✐t③✉♥❣s❜❡r ❆❦❛❞✿ ❍ö❧❞❡r✲P✐❝❤❧❡r✲❚❡♠♣s❦②✱ ✶✾✷✼✳

▲❆❈❊❘❉❆✱ ❆✳ ❋✳ ❊st✉❞♦ ❞♦s ❡❢❡✐t♦s ❞❛s ✈❛r✐á✈❡✐s ❣❡♦♠étr✐❝❛s ♥♦ ❞❡s❡♠♣❡♥❤♦ ❞❡ ❝✐❝❧♦♥❡s
❝♦♥✈❡♥❝✐♦♥❛✐s ❡ ✜❧tr❛♥t❡s✳ ❚❡s❡ ✭❉♦✉t♦r❛❞♦✮ ✖ ❯♥✐✈❡rs✐❞❛❞❡ ❋❡❞❡r❛❧ ❞❡ ❯❜❡r❧â♥❞✐❛✿
❋❊◗✴❯❋❯✱ ✷✵✵✼✳

▲❆●❊✱ ❏✳ ❚❤❡ ❢✉♥❞❛♠❡♥t❛❧ t❤❡♦r② ♦❢ ✢♦✇ t❤r♦✉❣❤ ♣❡r♠❡❛❜❧❡ ♠❡❞✐❛ ❢r♦♠ ❞❛r❝② t♦ t✉r✲
❜✉❧❡♥❝❡✳ ❚r❛♥s♣♦rt ♣❤❡♥♦♠❡♥❛ ✐♥ ♣♦r♦✉s ♠❡❞✐❛✱ ❊❧s❡✈✐❡r✱ ♣✳ ✶✱ ✶✾✾✽✳

▲❆❯◆❉❊❘✱ ❇✳❀ ❘❊❊❈❊✱ ●✳ ❏✳❀ ❘❖❉■✱ ❲✳ Pr♦❣r❡ss ✐♥ t❤❡ ❞❡✈❡❧♦♣♠❡♥t ♦❢ ❛ r❡②♥♦❧❞s✲
str❡ss t✉r❜✉❧❡♥❝❡ ❝❧♦s✉r❡✳ ❏♦✉r♥❛❧ ♦❢ ✢✉✐❞ ♠❡❝❤❛♥✐❝s✱ ❈❛♠❜r✐❞❣❡ ❯♥✐✈ Pr❡ss✱ ✈✳ ✻✽✱
♥✳ ✵✸✱ ♣✳ ✺✸✼✕✺✻✻✱ ✶✾✼✺✳

▲❊❊✱ ❏✳ ❲✳❀ ❨❆◆●✱ ❍✳ ❏✳❀ ▲❊❊✱ ❉✳ ❨✳ ❊✛❡❝t ♦❢ t❤❡ ❝②❧✐♥❞❡r s❤❛♣❡ ♦❢ ❛ ❧♦♥❣✲❝♦♥❡❞ ❝②❝❧♦♥❡
♦♥ t❤❡ st❛❜❧❡ ✢♦✇✲✜❡❧❞ ❡st❛❜❧✐s❤♠❡♥t✳ P♦✇❞❡r t❡❝❤♥♦❧♦❣②✱ ❊❧s❡✈✐❡r✱ ✈✳ ✶✻✺✱ ♥✳ ✶✱ ♣✳
✸✵✕✸✽✱ ✷✵✵✻✳

▲❊■❚❍✱ ❉✳❀ ❋❆❨❊❉✱ ▼✳❀ ❖❚❚❊◆✱ ▲✳ ❍❛♥❞❜♦♦❦ ♦❢ ♣♦✇❞❡r s❝✐❡♥❝❡ ❛♥❞ t❡❝❤♥♦❧♦❣②✳ ❱❛♥
◆♦str❛♥❛ ❘❤❡✐♥❤♦❧❞✱ ♣✳ ✼✸✵✱ ✶✾✽✹✳

▲❖✱ ▲✳ ▼✳❀ ❍❯✱ ❙✳ ❈✳❀ ❈❍❊◆✱ ❉✳ ❘✳❀ P❯■✱ ❉✳ ❨✳ ◆✉♠❡r✐❝❛❧ st✉❞② ♦❢ ♣❧❡❛t❡❞ ❢❛❜r✐❝
❝❛rtr✐❞❣❡s ❞✉r✐♥❣ ♣✉❧s❡✲❥❡t ❝❧❡❛♥✐♥❣✳ P♦✇❞❡r ❚❡❝❤♥♦❧♦❣②✱ ❊❧s❡✈✐❡r✱ ✈✳ ✶✾✽✱ ♥✳ ✶✱ ♣✳
✼✺✕✽✶✱ ✷✵✶✵✳

▼❆▲■❙❑❆✱ ❈✳ ❘✳ ❚r❛♥s❢❡rê♥❝✐❛ ❞❡ ❝❛❧♦r ❡ ♠❡❝â♥✐❝❛ ❞♦s ✢✉✐❞♦s ❝♦♠♣✉t❛❝✐♦♥❛❧✳ ❘✐♦ ❞❡
❏❛♥❡✐r♦✲❘❏✿ ▲❚❈✱ ✷✵✵✵✳

▼❆❙❙❆❘❆◆■✱ ●✳ ❋✐❧tr❛çã♦✳ ❘✐♦ ❞❡ ❏❛♥❡✐r♦✿ ❘❇❊✱ ✶✾✽✺✳



❘❡❢❡rê♥❝✐❛s ❇✐❜❧✐♦❣rá✜❝❛s ✶✸✾

▼❆❙❙❆❘❆◆■✱ ●✳ ❆s♣❡❝t♦s ❞❛ ✢✉✐❞♦❞✐♥â♠✐❝❛ ❡♠ ♠❡✐♦s ♣♦r♦s♦s✳ ❘❡✈✐st❛ ❇r❛s✐❧❡✐r❛ ❞❡
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❆♣ê♥❞✐❝❡ ❆

❊q✉❛çõ❡s ♣❛r❛ ❉❡t❡r♠✐♥❛çã♦ ❞❛s P❡r♠❡❛❜✐❧✐❞❛❞❡s ✈✐❛

▼❡t♦❞♦❧♦❣✐❛ ✵✶

❊ st❡ ❛♣ê♥❞✐❝❡ ❛♣r❡s❡♥t❛ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ♣❛r❛ ♦❜t❡♥çã♦ ❞❛s ❡q✉❛çõ❡s ♣❛r❛

❞❡t❡r♠✐♥❛çã♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡✱ ❝♦♥❢♦r♠❡ ❛ ♠❡t♦❞♦❧♦❣✐❛ ✵✶ ✉t✐❧✐③❛❞❛✳

P❛r❛ ❛ ▼❡t♦❞♦❧♦❣✐❛ ✵✶✱ ❢♦✐ ❝♦♥s✐❞❡r❛❞♦ ✉♠ ❡s❝♦❛♠❡♥t♦ ❞❡ ✉♠ ✢✉✐❞♦ ✈✐s❝♦s♦ ❛tr❛✈és

❞❡ ✉♠ ✜❧tr♦ ❞❡ t❡❝✐❞♦ ♣❧❛♥♦✱ ❡♠ q✉❡ ❛s s❡❣✉✐♥t❡s ❤✐♣ót❡s❡s sã♦ ✈á❧✐❞❛s✿

•♠❡✐♦ ✜❧tr❛♥t❡ ✐♥❝♦♠♣r❡ssí✈❡❧

•❡s❝♦❛♠❡♥t♦ ✉♥✐❞✐r❡❝✐♦♥❛❧✳

•✢✉✐❞♦ ✐♥❝♦♠♣r❡ssí✈❡❧✳

•❛ ❢♦rç❛ ❞❡ ✐♥t❡r❛çã♦ só❧✐❞♦✲✢✉✐❞♦✱ ♥♦ ♠❡✐♦ ✜❧tr❛♥t❡✱ ❢♦✐ ❞❡s❝r✐t❛ ♣❡❧❛ ❡q✉❛çã♦ ❞❡

❋♦r❝❤❡✐♠❡r✳

•❝♦♦r❞❡♥❛❞❛s ♣❧❛♥❛s



✶✹✻ ❆♣ê♥❞✐❝❡ ❆

❊q✉❛çã♦ ❞❡ ❉❛r❝② ♣❛r❛ ❛ ▼❡t♦❞♦❧♦❣✐❛ ✵✶

❆ ♦❜t❡♥çã♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡✱ ❝♦♥❢♦r♠❡ ♠♦❞❡❧♦ ❞❡ ❉❛r❝②✱ ✈✐❛ ♠❡t♦❞♦❧♦❣✐❛ ✵✶✱ ♣❛rt❡

❞❛ ❊q✉❛çã♦ ❆✳✶✳

∇p = − µ

K
q ✭❆✳✶✮

❈♦♥s✐❞❡r❛♥❞♦ q✉❡ ♦ ❡s❝♦❛♠❡♥t♦ é ✉♥✐❞✐r❡❝✐♦♥❛❧ ♥♦ s❡♥t✐❞♦ ❞❡ ①✱ ❛ ❊q✉❛çã♦ ❆✳✶ ♣♦❞❡

s❡r r❡❡❧❛❜♦r❛❞❛ ♥❛ ❢♦r♠❛ ❞❛ ❊q✉❛çã♦ ❆✳✷✳

∂p

∂x
= − µ

K
q ✭❆✳✷✮

❙❡♥❞♦ ❝♦♥❤❡❝✐❞❛ ❛ ár❡❛ ❞❡ ✜❧tr❛çã♦ ❞♦ ✜❧tr♦ ✭❆✮✱ ♥♦r♠❛❧ ❛♦ s❡♥t✐❞♦ ❞♦ ✢✉①♦✱ ❛ ❊q✉❛çã♦

❆✳✷ ✜❝❛ ♥❛ ❢♦r♠❛ ❞❛ ❊q✉❛çã♦ ❆✳✸✱ ❡♠ q✉❡ ◗ é ❛ ✈❛③ã♦ ✈♦❧✉♠étr✐❝❛✳

∂p

∂x
= − µ

K

Q

A
✭❆✳✸✮

❖ r❡s✉❧t❛❞♦ ❞❛ s❡♣❛r❛çã♦ ❞❡ ✈❛r✐á✈❡✐s ❡ ✐♥t❡❣r❛çã♦ ❞❛ ❊q✉❛çã♦ ❆✳✸✱ ❝♦♥❢♦r♠❡ ❡q✉❛çõ❡s

❆✳✹ ❡ ❆✳✺✱ ❧❡✈❛ à ❊q✉❛çã♦ ❆✳✻✱ ❡♠ q✉❡ pe ❡ pi sã♦ ❛s ♣r❡ssõ❡s ❡stát✐❝❛s ❛ ❥✉s❛♥t❡ ❡ ❛

♠♦♥t❛♥t❡ ❞♦ ✜❧tr♦ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

dp = − µ

K

Q

A
dx ✭❆✳✹✮

pe
∫

pi

dp =

L
∫

0

− µ

K

Q

A
dx ✭❆✳✺✮

pe − pi = − µ

K

Q

A
L ✭❆✳✻✮

❆ ❊q✉❛çã♦ ❆✳✻ ♣♦❞❡ s❡r ❡s❝r✐t❛ ❡♠ ❢✉♥çã♦ ❞❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ✭∆p✮✱ ❝♦♥❢♦r♠❡ ❊q✉❛✲

çã♦ ❆✳✼✳

∆p = − µ

K

Q

A
L ✭❆✳✼✮

❆ ♣❛rt✐r ❞❛ ❊q✉❛çã♦ ❆✳✼✱ t❡♥❞♦ ♦s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❡ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ♥♦ ✜❧tr♦✱



❆♣ê♥❞✐❝❡ ❆ ✶✹✼

❡♠ ❢✉♥çã♦ ❞❛ ✈❛③ã♦ ❞❡ ✜❧tr❛çã♦ ❡ ❝♦♥❤❡❝❡♥❞♦ ❛ ár❡❛ ❞❡ ✜❧tr❛çã♦❀ t♦r♥❛ ♣♦ssí✈❡❧ ♦ ❛❥✉st❡

❧✐♥❡❛r à ❊q✉❛çã♦ ❆✳✼✳ P♦st❡r✐♦r♠❡♥t❡✱ é ✈✐á✈❡❧ ❞❡t❡r♠✐♥❛r ♦ ❝♦❡✜❝✐❡♥t❡ ❧✐♥❡❛r r❡♣r❡s❡♥t❛❞♦

♣❡❧❛ ❊q✉❛çã♦ ❆✳✽ ❡ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❝♦♥❢♦r♠❡ ❛ ❊q✉❛çã♦ ❆✳✾✳

a = − µ

K
L ✭❆✳✽✮

K = −µ

a
L ✭❆✳✾✮

❊q✉❛çã♦ ❞❡ ❋♦r❝❤❤❡✐♠❡r ♣❛r❛ ▼❡t♦❞♦❧♦❣✐❛ ✵✶

❆ ♦❜t❡♥çã♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡✱ ❝♦♥❢♦r♠❡ ♠♦❞❡❧♦ ❞❡ ❋♦r❝❤❤❡✐♠❡r✱ ✈✐❛ ♠❡t♦❞♦❧♦❣✐❛ ✵✶✱

s❡❣✉❡ ♦ ♠❡s♠♦ ♣r♦❝❡❞✐♠❡♥t♦ ♣❛r❛ ♦❜t❡♥çã♦ ❞❛ ❡q✉❛çã♦ ✈✐❛ ♠♦❞❡❧♦ ❞❡ ❉❛r❝②✳ ❖ ♣♦♥t♦

❞❡ ♣❛rt✐❞❛ é ❛ ❊q✉❛çã♦ ❆✳✶✵✳

∇p = − µ

K
q − 1

2
C2ρq

2 ✭❆✳✶✵✮

❈♦♥s✐❞❡r❛♥❞♦ q✉❡ ♦ ❡s❝♦❛♠❡♥t♦ é ✉♥✐❞✐r❡❝✐♦♥❛❧ ♥♦ s❡♥t✐❞♦ ❞❡ ①✱ ❛ ❊q✉❛çã♦ ❆✳✶✵ ♣♦❞❡

s❡r r❡❡❧❛❜♦r❛❞❛ ♥❛ ❢♦r♠❛ ❞❛ ❊q✉❛çã♦ ❆✳✶✶✳

∂p

∂x
= − µ

K
q − 1

2
C2ρq

2 ✭❆✳✶✶✮

❙❡♥❞♦ ❝♦♥❤❡❝✐❞❛ ❛ ár❡❛ ❞❡ ✜❧tr❛çã♦ ❞♦ ✜❧tr♦ ✭❆✮✱ ♥♦r♠❛❧ ❛♦ s❡♥t✐❞♦ ❞♦ ✢✉①♦✱ ❛ ❊q✉❛çã♦

❆✳✶✶ ✜❝❛ ♥❛ ❢♦r♠❛ ❞❛ ❊q✉❛çã♦ ❆✳✶✷✳

∂p

∂x
= − µ

K

Q

A
− 1

2
C2ρ

(

Q

A

)2

✭❆✳✶✷✮

❖ r❡s✉❧t❛❞♦ ❞❛ s❡♣❛r❛çã♦ ❞❡ ✈❛r✐á✈❡✐s ❡ ✐♥t❡❣r❛çã♦ ❞❛ ❊q✉❛çã♦ ❆✳✶✷✱ ❝♦♥❢♦r♠❡ ❡q✉❛✲

çõ❡s ❆✳✶✸ ❡ ❆✳✶✹✱ ❧❡✈❛ à ❊q✉❛çã♦ ❆✳✶✺✱ ❡♠ q✉❡ pe ❡ pi sã♦ ❛s ♣r❡ssõ❡s ❡stát✐❝❛s ❛ ❥✉s❛♥t❡

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

dp = −
(

µ

K

Q

A
+

1

2
C2ρ

(

Q

A

)2
)

dx ✭❆✳✶✸✮



✶✹✽ ❆♣ê♥❞✐❝❡ ❆

pe
∫

pi

dp =

L
∫

0

−
(

µ

K

Q

A
+

1

2
C2ρ

(

Q

A

)2
)

dx ✭❆✳✶✹✮

pe − pi = − µ

K

(

Q

A

)

L− 1

2
C2ρL

(

Q

A

)2

✭❆✳✶✺✮

❆ ❊q✉❛çã♦ ❆✳✶✺ ♣♦❞❡ s❡r ❡s❝r✐t❛ ❡♠ ❢✉♥çã♦ ❞❛ q✉❡❞❛ ❞❡ Pr❡ssã♦ ✭∆p✮✱ ❝♦♥❢♦r♠❡

❊q✉❛çã♦ ❆✳✶✻✳

∆p = −µL

K

(

Q

A

)

− 1

2
C2ρL

(

Q

A

)2

✭❆✳✶✻✮

❆ ♣❛rt✐r ❞❛ ❊q✉❛çã♦ ❆✳✶✻✱ t❡♥❞♦ ♦s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❡ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ♥♦

✜❧tr♦ ❡♠ ❢✉♥çã♦ ❞❛ ✈❛③ã♦ ❞❡ ✜❧tr❛çã♦ ❡ ❝♦♥❤❡❝❡♥❞♦ ❛ ár❡❛ ❞❡ ✜❧tr❛çã♦❀ t♦r♥❛ ♣♦ssí✈❡❧ ♦

❛❥✉st❡ q✉❛❞rát✐❝♦ à ❊q✉❛çã♦ ❆✳✶✻✳ P♦st❡r✐♦r♠❡♥t❡✱ é ✈✐á✈❡❧ ❞❡t❡r♠✐♥❛r ♦s ❝♦❡✜❝✐❡♥t❡s

❧✐♥❡❛r ❡ q✉❛❞rát✐❝♦✱ r❡♣r❡s❡♥t❛❞♦s ♣❡❧❛s ❡q✉❛çõ❡s ❆✳✶✼ ❡ ❆✳✶✽ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ P♦rt❛♥t♦✱

❝♦♠ t❛✐s ❝♦❡✜❝✐❡♥t❡s✱ é ♣♦ssí✈❡❧ ❞❡t❡r♠✐♥❛r ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❛ ♣❛rt✐r ❞❛ ❊q✉❛çã♦ ❆✳✾ ❡

♦ ❝♦❡✜❝✐❡♥t❡ ✐♥❡r❝✐❛❧ ❛ ♣❛rt✐r ❞❛ ❊q✉❛çã♦ ❆✳✷✵✳

b = −µL

K
✭❆✳✶✼✮

a = −1

2
C2ρL ✭❆✳✶✽✮

K = −µL

b
✭❆✳✶✾✮

C2 = − 2a

ρL
✭❆✳✷✵✮



❆♣ê♥❞✐❝❡ ❇

❊q✉❛çõ❡s ♣❛r❛ ❉❡t❡r♠✐♥❛çã♦ ❞❛s P❡r♠❡❛❜✐❧✐❞❛❞❡s ✈✐❛

▼❡t♦❞♦❧♦❣✐❛ ✵✷

❊
st❡ ❛♣ê♥❞✐❝❡ ❛♣r❡s❡♥t❛ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ♣❛r❛ ♦❜t❡♥çã♦ ❞❛s ❡q✉❛çõ❡s ♣❛r❛

❞❡t❡r♠✐♥❛çã♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡✱ ❝♦♥❢♦r♠❡ ❛ ♠❡t♦❞♦❧♦❣✐❛ ✵✷ ✉t✐❧✐③❛❞❛✳

P❛r❛ ❛ ▼❡t♦❞♦❧♦❣✐❛ ✵✷✱ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❢♦✐ ❞❡t❡r♠✐♥❛❞❛ ♥❛ ♣ró♣r✐❛ ✉♥✐❞❛❞❡ ❡①♣❡✲

r✐♠❡♥t❛❧✳ ❋♦✐ ❝♦♥s✐❞❡r❛❞♦ ✉♠ ❡s❝♦❛♠❡♥t♦ ❞❡ ✉♠ ✢✉✐❞♦ ✈✐s❝♦s♦ ❛tr❛✈és ❞❡ ✉♠ ✜❧tr♦ ❞❡

t❡❝✐❞♦ ❝ô♥✐❝♦✱ ❝♦♠ t♦♠❛❞❛s ❞❡ ♣r❡ssã♦ ♥♦ t♦♣♦ ❡ ♥♦ ✈ért✐❝❡ ❞♦ tr♦♥❝♦ ❞❡ ❝♦♥❡✱ ✉♠❛ ✈❡③

q✉❡ ❛ ♣r❡ssã♦ ❡①t❡r♥❛ é ❛ ♣r❡ssã♦ ❛t♠♦s❢ér✐❝❛✱ ❡♠ q✉❡ ❛s s❡❣✉✐♥t❡s ❤✐♣ót❡s❡s sã♦ ✈á❧✐❞❛s✿

•♠❡✐♦ ✜❧tr❛♥t❡ ✐♥❝♦♠♣r❡ssí✈❡❧

•❡s❝♦❛♠❡♥t♦ ✉♥✐❞✐r❡❝✐♦♥❛❧✳

•✢✉✐❞♦ ✐♥❝♦♠♣r❡ssí✈❡❧✳

•❛ ❢♦rç❛ ❞❡ ✐♥t❡r❛çã♦ só❧✐❞♦✲❧íq✉✐❞♦✱ ♥♦ ♠❡✐♦ ✜❧tr❛♥t❡✱ ❢♦r❛♠ ❞❡s❝r✐t❛s ♣❡❧❛s ❡q✉❛çõ❡s

❞❡ ❉❛r❝② ❡ ❋♦r❝❤❤❡✐♠❡r✳

•❆ ár❡❛ ♣❧❛♥✐✜❝❛❞❛ ✜❧tr❛çã♦ é ❞❡t❡r♠✐♥❛❞❛ ❝♦♥❢♦r♠❡ ❛ ✜❣✉r❛ ❇✳✶✳

•❢♦r♠❛ ❝♦♥s✐❞❡r❛❞♦s ✈❛❧♦r❡s ♠é❞✐♦s ❞❡ ✈❛③ã♦ ❡ q✉❡❞❛❞❡ ♣r❡ssã♦



✶✺✵ ❆♣ê♥❞✐❝❡ ❇

❋✐❣✉r❛ ❇✳✶✿ ❚r♦♥❝♦ ❞❡ ❈♦♥❡ ❡♠ ❝♦♦r❞❡♥❛❞❛s ❝✐❧í♥❞r✐❝❛s

❊q✉❛çã♦ ❞❡ ❉❛r❝② ♣❛r❛ ▼❡t♦❞♦❧♦❣✐❛ ✵✷

❆ ♦❜t❡♥çã♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡✱ ❝♦♥❢♦r♠❡ ♠♦❞❡❧♦ ❞❡ ❉❛r❝②✱ ✈✐❛ ♠❡t♦❞♦❧♦❣✐❛ ✵✷✱ ♣❛rt❡

❞❛ ❊q✉❛çã♦ ❇✳✶✳

∇p = − µ

K
q ✭❇✳✶✮

❈♦♥s✐❞❡r❛♥❞♦ q✉❡ ♦ ❡s❝♦❛♠❡♥t♦ é ✉♥✐❞✐r❡❝✐♦♥❛❧ ♥♦ s❡♥t✐❞♦ r❛❞✐❛❧ ✭r✮✱ ❛ ❊q✉❛çã♦ ❇✳✶

♣♦❞❡ s❡r r❡❡❧❛❜♦r❛❞❛ ♥❛ ❢♦r♠❛ ❞❛ ❊q✉❛çã♦ ❇✳✷✳

∂p

∂r
= − µ

K

(

Q

A

)

✭❇✳✷✮

❙❡♥❞♦ ❝♦♥❤❡❝✐❞❛ ❛ ár❡❛ ♣❧❛♥✐✜❝❛❞❛ ❞❡ ✜❧tr❛çã♦✱ ♥♦ ❞♦ ✜❧tr♦ ❝ô♥✐❝♦ ✭❆✮✱ ♥♦r♠❛❧ ❛♦

s❡♥t✐❞♦ ❞♦ ✢✉①♦✱ ❛ ❊q✉❛çã♦ ❇✳✷ ✜❝❛ ♥❛ ❢♦r♠❛ ❞❛ ❊q✉❛çã♦ ❇✳✸✳

dp =

(

− µ

K

(

Q

A

))

dr ✭❇✳✸✮

❖ r❡s✉❧t❛❞♦ ❞❛ s❡♣❛r❛çã♦ ❞❡ ✈❛r✐á✈❡✐s ❡ ✐♥t❡❣r❛çã♦ ❞❛ ❊q✉❛çã♦ ❇✳✸✱ ❝♦♥❢♦r♠❡ ❡q✉❛çõ❡s

❇✳✹ ❡ ❇✳✺✱ ❧❡✈❛ à ❊q✉❛çã♦ ❇✳✻✳

dp =

(

− µ

K

(

Q

A

))

dr ✭❇✳✹✮



❆♣ê♥❞✐❝❡ ❇ ✶✺✶

patm
∫

pi

dp =

re
∫

ri

(

− µ

K

(

Q

A

))

dr ✭❇✳✺✮

(patm)− (pi) =

(

− µ

K

(

Q

A

))

(re − ri) ✭❇✳✻✮

❆ ❊q✉❛çã♦ ❇✳✻ ♣♦❞❡ s❡r ❡s❝r✐t❛ ❡♠ ❢✉♥çã♦ ❞❛ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ♠é❞✐❛ ♥♦ ✜❧tr♦✱

❝♦♥s✐❞❡r❛❞❛ ❛ ❞✐❢❡r❡♥ç❛ ❞❛ ♣r❡ssã♦ ❡stát✐❝❛ ✐♥t❡r♥❛ ♥♦ t♦♣♦ ❡ ♥♦ ✈ért✐❝❡ ❞♦ ❝♦♥❡ ✭∆p =

p2−p1✮✱ ✉♠❛ ✈❡③ q✉❡ ❛ ♣r❡ssã♦ ❡①t❡r♥❛ é ❛ ❛t♠♦s❢ér✐❝❛ ❡ ❞❛ ❡s♣❡ss✉r❛ ❞♦ ✜❧tr♦ ✭L = re−ri✮✱

❝♦♥❢♦r♠❡ ❡q✉❛çõ❡s ❇✳✼ ❡ ❇✳✽

(p2 − p1) =

(

−µL

K

(

Q

A

))

✭❇✳✼✮

∆p = −µL

K

(

Q

A

)

✭❇✳✽✮

❆ ♣❛rt✐r ❞❛ ❊q✉❛çã♦ ❇✳✽✱ t❡♥❞♦ ♦s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❡ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ♥♦ ✜❧tr♦ ❡

✈❛③ã♦ ❞❡ ✜❧tr❛çã♦✱ ❝♦♥❤❡❝❡♥❞♦ ❛ ár❡❛ ❞❡ ✜❧tr❛çã♦❀ t♦r♥❛ ♣♦ssí✈❡❧ ♦ ❛❥✉st❡ ❧✐♥❡❛r à ❊q✉❛çã♦

❇✳✼✳ P♦st❡r✐♦r♠❡♥t❡✱ é ✈✐á✈❡❧ ❞❡t❡r♠✐♥❛r ♦ ❝♦❡✜❝✐❡♥t❡ ❧✐♥❡❛r r❡♣r❡s❡♥t❛❞♦ ♣❡❧❛ ❊q✉❛çã♦

❇✳✾ ❡ ❝♦♥s❡q✉❡♥t❡♠❡♥t❡ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❝♦♥❢♦r♠❡ ❇✳✶✵✳

a = −µL

K
✭❇✳✾✮

K = −µL

a
✭❇✳✶✵✮

❊q✉❛çã♦ ❞❡ ❋♦r❝❤❤❡✐♠❡r ♣❛r❛ ▼❡t♦❞♦❧♦❣✐❛ ✵✷

❆ ♦❜t❡♥çã♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡✱ ❝♦♥❢♦r♠❡ ♠♦❞❡❧♦ ❞❡ ❋♦r❝❤❤❡✐♠❡r✱ ✈✐❛ ♠❡t♦❞♦❧♦❣✐❛ ✵✷✱

♣❛rt❡ ❞❛ ❊q✉❛çã♦ ❇✳✶✶✳

∇p = − µ

K
q − 1

2
C2ρq

2 ✭❇✳✶✶✮

❈♦♥s✐❞❡r❛♥❞♦ q✉❡ ♦ ❡s❝♦❛♠❡♥t♦ é ✉♥✐❞✐r❡❝✐♦♥❛❧ ♥♦ s❡♥t✐❞♦ ❞❡ r❛❞✐❛❧ ✭r✮✱ ❛ ❊q✉❛çã♦



✶✺✷ ❆♣ê♥❞✐❝❡ ❇

❇✳✶✶ ♣♦❞❡ s❡r r❡❡❧❛❜♦r❛❞❛ ♥❛ ❢♦r♠❛ ❞❛ ❊q✉❛çã♦ ❇✳✶✷✳

∂p

∂r
= − µ

K

(

Q

A

)

− 1

2
C2ρ

(

Q

A

)2

✭❇✳✶✷✮

❙❡♥❞♦ ❝♦♥❤❡❝✐❞❛ ❛ ár❡❛ ❞❡ ✜❧tr❛çã♦ ❞♦ ✜❧tr♦ ❝ô♥✐❝♦ ✭❆✮✱ ♥♦r♠❛❧ ❛♦ s❡♥t✐❞♦ ❞♦ ✢✉①♦✱

❛ ❊q✉❛çã♦ ❄❄ ✜❝❛ ♥❛ ❢♦r♠❛ ❞❛ ❊q✉❛çã♦ ❇✳✶✸✳

dp =

(

− µ

K

(

Q

A

)

− 1

2
C2ρ

(

Q

A

)2
)

dr ✭❇✳✶✸✮

❖ r❡s✉❧t❛❞♦ ❞❛ s❡♣❛r❛çã♦ ❞❡ ✈❛r✐á✈❡✐s ❡ ✐♥t❡❣r❛çã♦ ❞❛ ❊q✉❛çã♦ ❇✳✶✸✱ ❝♦♥❢♦r♠❡ ❡q✉❛✲

çõ❡s ❇✳✶✹ ❡ ❇✳✶✺✱ ❧❡✈❛ à ❊q✉❛çã♦ ❇✳✶✻✳

patm
∫

pi

dp =

ri
∫

re

(

− µ

K

(

Q

A

)

− 1

2
C2ρ

(

Q

A

)2
)

dr ✭❇✳✶✹✮

(patm)− (pi) =

(

− µ

K

(

Q

A

)

− 1

2
C2ρ

(

Q

A

)2
)

(re − ri) ✭❇✳✶✺✮

❆ ❊q✉❛çã♦ ❇✳✶✺ ♣♦❞❡ s❡r ❡s❝r✐t❛ ❡♠ ❢✉♥çã♦ ❞❛ ❞✐❢❡r❡♥ç❛ ❞❛ ♣r❡ssã♦ ❡stát✐❝❛ ✐♥t❡r♥❛✱

♥♦ t♦♣♦ ❡ ♥♦ ✈ért✐❝❡ ❞♦ ❝♦♥❡ ✭∆p = p2−p1✮✱ ✉♠❛ ✈❡③ q✉❡ ❛ ♣r❡ssã♦ ❡①t❡r♥❛ é ❛ ❛t♠♦s❢ér✐❝❛

❡ ❛ ❡s♣❡ss✉r❛ ❞♦ ✜❧tr♦ ✭L = re − ri✮ é ❝♦♥st❛♥t❡✱ ❝♦♥❢♦r♠❡ ❡q✉❛çõ❡s ❇✳✶✻✳

∆p = −µL

K

(

Q

A

)

− 1

2
C2ρL

(

Q

A

)2

✭❇✳✶✻✮

❆ ♣❛rt✐r ❞❛ ❊q✉❛çã♦ ❇✳✶✻✱ t❡♥❞♦ ♦s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❡ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ♥♦

✜❧tr♦ ❡♠ ❢✉♥çã♦ ❞❛ ✈❛③ã♦ ❞❡ ✜❧tr❛çã♦ ❡ ❝♦♥❤❡❝❡♥❞♦ ❛ ár❡❛ ♣❧❛♥✐✜❝❛❞❛ ❞❡ ✜❧tr❛çã♦❀ t♦r♥❛

♣♦ssí✈❡❧ ♦ ❛❥✉st❡ q✉❛❞rát✐❝♦ à ❊q✉❛çã♦ ❇✳✶✻✳ P♦st❡r✐♦r♠❡♥t❡✱ é ✈✐á✈❡❧ ❞❡t❡r♠✐♥❛r ♦s

❝♦❡✜❝✐❡♥t❡s ❧✐♥❡❛r ❡ q✉❛❞rát✐❝♦ r❡♣r❡s❡♥t❛❞♦s ♣❡❧❛s ❡q✉❛çõ❡s ❇✳✶✼ ❡ ❇✳✶✽ r❡s♣❡❝t✐✈❛♠❡♥t❡✳

P♦st❡r✐♦r♠❡♥t❡✱ ❞❡t❡r♠✐♥❛✲s❡ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ♣❡❧❛ ❇✳✶✾ ❡ ♦ ❝♦❡✜❝✐❡♥t❡ ✐♥❡r❝✐❛❧ ♣❡❧❛

❊q✉❛çã♦ ❇✳✷✵✳

b = −µL

K
✭❇✳✶✼✮

a = −1

2
C2ρL ✭❇✳✶✽✮



❆♣ê♥❞✐❝❡ ❇ ✶✺✸

K = −µL

b
✭❇✳✶✾✮

C2 = − 2a

ρL
✭❇✳✷✵✮





❆♣ê♥❞✐❝❡ ❈

❊q✉❛çõ❡s ♣❛r❛ ❉❡t❡r♠✐♥❛çã♦ ❞❛s P❡r♠❡❛❜✐❧✐❞❛❞❡s ✈✐❛

▼❡t♦❞♦❧♦❣✐❛ ✵✸

❊ st❡ ❛♣ê♥❞✐❝❡ ❛♣r❡s❡♥t❛ ♦ ❞❡s❡♥✈♦❧✈✐♠❡♥t♦ ♣❛r❛ ♦❜t❡♥çã♦ ❞❛s ❡q✉❛çõ❡s ♣❛r❛

❞❡t❡r♠✐♥❛çã♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡✱ ❝♦♥❢♦r♠❡ ❛ ♠❡t♦❞♦❧♦❣✐❛ ✵✸ ✉t✐❧✐③❛❞❛✳

❆ ♠❡t♦❞♦❧♦❣✐❛ ✵✸ ❜❛s❡✐❛✲s❡ ♥❛ ❣❡r❛çã♦ ❞❡ ✉♠❛ ❡q✉❛çã♦ ♣❛r❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ♣❡r♠❡✲

❛❜✐❧✐❞❛❞❡ ❛ ♣❛rt✐r ❞❡ ❝♦♦r❞❡♥❛❞❛s ❡s❢ér✐❝❛s✱ q✉❡ ❞á ♦r✐❣❡♠ ❛♦ ❝♦♥❡✱ ❝♦♥❢♦r♠❡ r❡♣r❡s❡♥t❛

❛ ✜❣✉r❛ ❈✳✶✳ ◆❡st❛ ♠❡t♦❞♦❧♦❣✐❛✱ ❢♦✐ ❝♦♥s✐❞❡r❛❞♦ ✉♠ ❡❧❡♠❡♥t♦ ❞❡ ár❡❛ q✉❡ ✈❛r✐❛ ❝♦♠ ♦

â♥❣✉❧♦ ❞♦ ❝♦♥❡✳

P❛r❛ ❛ ▼❡t♦❞♦❧♦❣✐❛ ✵✸✱ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❢♦✐ ❞❡t❡r♠✐♥❛❞❛ ♥❛ ♣ró♣r✐❛ ✉♥✐❞❛❞❡ ❡①♣❡✲

r✐♠❡♥t❛❧✳ ❋♦✐ ❝♦♥s✐❞❡r❛❞♦ ✉♠ ❡s❝♦❛♠❡♥t♦ ❞❡ ✉♠ ✢✉✐❞♦ ✈✐s❝♦s♦ ❛tr❛✈és ❞❡ ✉♠ ✜❧tr♦ ❞❡

t❡❝✐❞♦ ❝ô♥✐❝♦✱ ❝♦♠ t♦♠❛❞❛s ❞❡ ♣r❡ssã♦ ♥♦ t♦♣♦ ✭♣♦♥t♦ ✷✮ ❡ ♥♦ á♣✐❝❡ ❞♦ tr♦♥❝♦ ❞❡ ❝♦♥❡

✭♣♦♥t♦ ✶✮✱ ❡♠ q✉❡ ❛s s❡❣✉✐♥t❡s ❤✐♣ót❡s❡s sã♦ ✈á❧✐❞❛s✿

•♠❡✐♦ ✜❧tr❛♥t❡ ✐♥❝♦♠♣r❡ssí✈❡❧

•❡s❝♦❛♠❡♥t♦ ✉♥✐❞✐r❡❝✐♦♥❛❧✳

•✢✉✐❞♦ ✐♥❝♦♠♣r❡ssí✈❡❧✳

•❛ ❢♦rç❛ ❞❡ ✐♥t❡r❛çã♦ só❧✐❞♦✲❧íq✉✐❞♦✱ ♥♦ ♠❡✐♦ ✜❧tr❛♥t❡✱ ❢♦✐ ❞❡s❝r✐t❛ ♣❡❧❛ ❡q✉❛çã♦ ❞❡

❋♦r❝❤❡✐♠❡r✳



✶✺✻ ❆♣ê♥❞✐❝❡ ❈

❋✐❣✉r❛ ❈✳✶✿ ❚r♦♥❝♦ ❞❡ ❈♦♥❡ ❡♠ ❝♦♦r❞❡♥❛❞❛s ❡s❢ér✐❝❛s

•❝♦♦r❞❡♥❛❞❛s ❊s❢ér✐❝❛

❊q✉❛çã♦ ❞❡ ❋♦r❝❤❤❡✐♠❡r ♣❛r❛ ▼❡t♦❞♦❧♦❣✐❛ ✵✸

❆ ❡q✉❛çã♦ ♣❛r❛ ❞❡t❡r♠✐♥❛çã♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❡ ❞♦ ❝♦❡✜❝✐❡♥t❡ ✐♥❡r❝✐❛❧ ✈✐❛ ♠❡t♦❞♦✲

❧♦❣✐❛ ✵✸ é s♦♠❡♥t❡ ♣❛r❛ ❛ ❡q✉❛çã♦ ❞❡ ❋♦r❝❤❤❡✐♠❡r✳

❆ ár❡❛ ❞♦ ✜❧tr♦ ❡ ✉♠❛ ❢✉♥çã♦ ❞❛ ❣❡r❛tr✐③ ❞♦ ❝♦♥❡ ✭r✮ ❡ ❞♦ ❛♥❣✉❧♦ ❞♦ ❝♦♥❡ ✭θ✮✱ ❝♦♥❢♦r♠❡

❊q✉❛çã♦ ❈✳✶✱ ❝♦♠ ❞❡r✐✈❛❞❛ r❡♣r❡s❡♥t❛❞❛ ♥❛ ❊q✉❛çã♦ ❈✳✷ ✳

A = πr2senθ ✭❈✳✶✮

dA = 2πrsenθdr ✭❈✳✷✮

❆ ♦❜t❡♥çã♦ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ❡ ♦ ❝♦❡✜❝✐❡♥t❡ ✐♥❡r❝✐❛❧✱ ❝♦♥❢♦r♠❡ ♠♦❞❡❧♦ ❞❡ ❋♦r❝❤❤❡✐✲

♠❡r✱ ✈✐❛ ♠❡t♦❞♦❧♦❣✐❛ ✵✸✱ ♣❛rt❡ ❞❛ ❡q✉❛çã♦ ❈✳✸✳

∇p = − µ

K
q − 1

2
C2ρq

2 ✭❈✳✸✮

❈♦♥s✐❞❡r❛♥❞♦ q✉❡ ♦ ❡s❝♦❛♠❡♥t♦ é ✉♥✐❞✐r❡❝✐♦♥❛❧ ♥♦ s❡♥t✐❞♦ ❞❡ θ✱ ❡♠ ❝♦♦r❞❡♥❛❞❛s

❡s❢ér✐❝❛s✱ ❛ ❊q✉❛çã♦ ❈✳✸ ♣♦❞❡ s❡r r❡❡❧❛❜♦r❛❞❛ ♥❛ ❢♦r♠❛ ❞❛ ❊q✉❛çã♦ ❈✳✹✳

1

r

∂p

∂θ
= − µ

K
q − 1

2
C2ρq

2 ✭❈✳✹✮



❆♣ê♥❞✐❝❡ ❈ ✶✺✼

❆ ✈❡❧♦❝✐❞❛❞❡ s✉♣❡r✜❝✐❛❧ ❞❡ ✜❧tr❛çã♦ é ❛ r❡❧❛çã♦ ❡♥tr❡ ❛ ✈❛③ã♦ ✈♦❧✉♠étr✐❝❛ ❞❡ ✜❧tr❛❞♦

✭◗✮ ❡ ár❡❛ ❞❡ ✜❧tr❛çã♦ ✭❆✮✳ P♦rt❛♥t♦ ❛ ❊q✉❛çã♦ ❈✳✹ ♣♦❞❡ s❡r tr❛♥s❢♦r♠❛❞❛ ♥❛ ❊q✉❛çã♦

❈✳✺✳

1

r

∂p

∂θ
= − µ

K

(

Q

A

)

− 1

2
C2ρ

(

Q

A

)2

✭❈✳✺✮

❙❡♥❞♦ ❛ ár❡❛ ❞❡ ✜❧tr❛çã♦ ❞♦ ✜❧tr♦ ❝ô♥✐❝♦ ❡ s✉❛ ❞❡r✐✈❛❞❛ ❞❡✜♥✐❞♦s ♣❡❧❛s ❡q✉❛çõ❡s ❈✳✶

❡ ❈✳✷ r❡s♣❡❝t✐✈❛♠❡♥t❡✱ ❛ ❊q✉❛çã♦ ❈✳✺ ✜❝❛r ♥❛ ❢♦r♠❛ ❞❛ ❊q✉❛çã♦ ❈✳✻✳

1

r

∂p

∂θ
= − µ

K

(

Q

πr2senθ

)

− 1

2
C2ρ

(

Q

πr2senθ

)2

✭❈✳✻✮

❙✐♠♣❧✐✜❝❛♥❞♦✱ t❡♠✲s❡ ❛ ❊q✉❛çã♦ ❈✳✼

∂p

∂θ
= − µ

K

(

Q

πrsenθ

)

− 1

2
C2ρ

(

Q2

π2r3sen2θ

)

✭❈✳✼✮

❙❛❜❡♥❞♦ q✉❡ dp = ∆p ❡ dθ = L✱ s❡♥❞♦ ∆p ❛ ❞✐❢❡r❡♥ç❛ ❡♥tr❡ ❛ ♣r❡ssã♦ ❡stát✐❝❛ ✐♥t❡r♥❛

❡ ❛ ♣r❡ssã♦ ❛t♠♦s❢ér✐❝❛ ❡①t❡r♥❛ ❡ ▲ ❛ ❡s♣❡ss✉r❛ ❞♦ ✜❧tr♦✱ ❛ ❊q✉❛çã♦ ❈✳✼ ♣♦❞❡ ✜❝❛r ♥❛

❢♦r♠❛ ❞❛ ❊q✉❛çã♦ ❈✳✽✳

∆p

L
= − µ

K

(

Q

πrsenθ

)

− 1

2
C2ρ

(

Q2

π2r3sen2θ

)

✭❈✳✽✮

❘❡❛rr❛♥❥❛♥❞♦ ❡ ❞❡r✐✈❛♥❞♦ ❛ ❊q✉❛çã♦ ❈✳✽ ❡♠ r❡❧❛çã♦ ❛ r✱ t❡♠✲s❡ ❛ ❊q✉❛çã♦ ❈✳✾✳

d∆p =

(

µQL

Kπsenθ

1

r2
+

3C2ρQ
2L

2π2sen2θ

1

r4

)

dr ✭❈✳✾✮

■♥t❡❣r❛♥❞♦ ❛ ❊q✉❛çã♦ ❈✳✾✱ t❡♠✲s❡ ❛ ❊q✉❛çã♦ ❈✳✶✵✳

∆p2
∫

∆p1

d∆p =

R2
∫

R1

(

µQL

Kπsenθ

1

r2

)

dr +

R2
∫

R1

(

3C2ρQ
2L

2π2sen2θ

1

r4

)

dr ✭❈✳✶✵✮

❖ r❡s✉❧t❛❞♦ ❞❛ ✐♥t❡❣r❛çã♦ ❞❛ ❊q✉❛çã♦ ❈✳✶✵ é ❛ ❊q✉❛çã♦ ❈✳✶✶✳

(p2 − patm)− (p1 − patm) =
µQL

Kπsenθ

(

1

R1

− 1

R2

)

+
C2ρQ

2L

2π2sen2θ

(

1

R3
1

− 1

R3
2

)

✭❈✳✶✶✮



✶✺✽ ❆♣ê♥❞✐❝❡ ❈

❈♦♠♦ r❡s✉❧t❛❞♦ ✜♥❛❧✱ ❝❤❡❣❛✲s❡ à ❊q✉❛çã♦ ❈✳✶✷✱ ❡♠ q✉❡ ∆P é ❛ ❞✐❢❡r❡♥ç❛ ❞❡ ♣r❡ssã♦

❡stát✐❝❛ ❡♥tr❡ ♦ t♦♣♦ ✭P2✮ ❡ ♦ á♣✐❝❡ ✭P1✮✱ ❞♦ tr♦♥❝♦ ❞❡ ❝♦♥❡✳

∆P =
µL

Kπsenθ

(

1

R1

− 1

R2

)

Q+
C2ρL

2π2sen2θ

(

1

R3
1

− 1

R3
2

)

Q2 ✭❈✳✶✷✮

❆ ♣❛rt✐r ❞❛ ❊q✉❛çã♦ ❈✳✶✷✱ t❡♥❞♦ ♦s ❞❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ❞❡ q✉❡❞❛ ❞❡ ♣r❡ssã♦ ♥♦ ✜❧tr♦

❡♠ ❢✉♥çã♦ ❞❛ ✈❛③ã♦ ❞❡ ✜❧tr❛çã♦❀ t♦r♥❛✲s❡ ♣♦ssí✈❡❧ ♦ ❛❥✉st❡ q✉❛❞rát✐❝♦ à ❊q✉❛çã♦ ❈✳✶✷✳

P♦st❡r✐♦r♠❡♥t❡✱ é ✈✐á✈❡❧ ❞❡t❡r♠✐♥❛r ♦s ❝♦❡✜❝✐❡♥t❡s ❧✐♥❡❛r ❡ q✉❛❞rát✐❝♦ r❡♣r❡s❡♥t❛❞♦s ♣❡❧❛s

❡q✉❛çõ❡s ❈✳✶✸ ❡ ❈✳✶✹ r❡s♣❡❝t✐✈❛♠❡♥t❡✳ P♦rt❛♥t♦✱ ❞❡t❡r♠✐♥❛✲s❡ ❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡ ♣❡❧❛ ❈✳✶✺

❡ ♦ ❝♦❡✜❝✐❡♥t❡ ✐♥❡r❝✐❛❧ ♣❡❧❛ ❊q✉❛çã♦ ❈✳✶✻✳

b =
µL

Kπsenθ

(

1

R1

− 1

R2

)

✭❈✳✶✸✮

a =
C2ρL

2π2sen2θ

(

1

R3
1

− 1

R3
2

)

✭❈✳✶✹✮

K =
µL

bπsenθ

(

1

R1

− 1

R2

)

✭❈✳✶✺✮

C2 =
2aπ2sen2θ

ρL
(

1
R3

1

− 1
R3

2

) ✭❈✳✶✻✮



❆♣ê♥❞✐❝❡ ❉

❘❡s✉❧t❛❞♦s ❊①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ❉❡t❡r♠✐♥❛çã♦ ❞❛

P❡r♠❡❛❜✐❧✐❞❛❞❡

❊
st❡ ❛♣ê♥❞✐❝❡ ❛♣r❡s❡♥t❛ ♦s r❡s✉❧t❛❞♦s ❡①♣❡r✐♠❡♥t❛✐s ♣❛r❛ ❞❡t❡r♠✐♥❛çã♦ ❞❡ ♣❡r✲

♠❡❛❜✐❧✐❞❛❞❡ ❡♠ tr✐♣❧✐❝❛t❛✱ ❝♦♥❢♦r♠❡ ❝❛❞❛ t✐♣♦ ❞❡ ♠❡t♦❞♦❧♦❣✐❛ ❛❞♦t❛❞❛✳



✶✻✵ ❆♣ê♥❞✐❝❡ ❉

❘❡s✉❧t❛❞♦s ❞❛ ♠❡t♦❞♦❧♦❣✐❛ ✵✶

❚❛❜❡❧❛ ❉✳✶✿ ❘❡s✉❧t❛❞♦s ❞❡ ♣❡r♠❡❛❜✐❧✐❞❛❞❡✿ ▼❡t♦❞♦❧♦❣✐❛ ✵✶✳

❘❡s✉❧t❛❞♦s ❞❡ ♣❡r♠❡❛❜✐❧✐❞❛❞❡✿ ▼❡t♦❞♦❧♦❣✐❛ ✵✶
❊①♣✳ ✵✶ ❊①♣✳ ✵✷ ❊①♣✳ ✵✸

❱❡❧✳
✜❧tr❛çã♦ ✭♠✴s✮

✲ ∆P
✜❧tr♦ ✭P❛✮

❱❡❧✳
✜❧tr❛çã♦ ✭♠✴s✮

✲ ∆P
✜❧tr♦ ✭P❛✮

❱❡❧✳
✜❧tr❛çã♦ ✭♠✴s✮

✲ ∆P
✜❧tr♦ ✭P❛✮

✵✱✷✼ ✶✾✺✱✾ ✵✱✷✼ ✶✾✺✱✾ ✵✱✸✻ ✶✾✺✱✾
✵✱✻✸ ✷✾✸✱✽ ✵✱✺✹ ✷✹✹✱✾ ✵✱✺✹ ✷✼✹✱✷
✶✱✵✽ ✹✶✶✱✹ ✵✱✾✾ ✸✼✷✱✷ ✵✱✾✾ ✸✾✶✱✽
✶✱✼✶ ✻✷✻✱✽ ✶✱✹✹ ✺✷✽✱✾ ✶✱✺✸ ✺✹✽✱✺
✷✱✷✻ ✽✵✸✱✶ ✶✱✾✵ ✼✷✹✱✽ ✶✱✾✵ ✼✷✹✱✽
✷✱✽✵ ✶✳✵✸✽✱✷ ✷✱✸✺ ✾✵✶✱✶ ✷✱✹✹ ✾✵✶✱✶
✸✱✷✺ ✶✳✶✾✹✱✾ ✷✱✾✽ ✶✳✶✸✻✱✶ ✷✱✾✽ ✶✳✶✼✺✱✸
✸✱✼✵ ✶✳✹✸✵✱✵ ✸✱✹✸ ✶✳✸✺✶✱✻ ✸✱✸✹ ✶✳✹✶✵✱✹
✸✱✽✽ ✶✳✻✷✺✱✾ ✸✱✽✽ ✶✳✺✽✻✱✼ ✸✱✼✾ ✶✳✺✻✼✱✶
✹✱✹✷ ✶✳✽✹✶✱✸ ✹✱✹✷ ✶✳✽✹✶✱✸ ✹✱✷✹ ✶✳✼✽✷✱✻
✹✱✻✾ ✷✳✵✶✼✱✻ ✺✱✵✺ ✷✳✵✺✻✱✽ ✺✱✵✺ ✷✳✵✸✼✱✷
✺✱✸✷ ✷✳✶✸✺✱✷ ✺✱✶✹ ✷✳✵✺✻✱✽ ✺✱✷✸ ✷✳✷✸✸✱✶
✺✱✺✶ ✷✳✶✺✹✱✽ ✺✱✻✵ ✷✳✹✵✾✱✹ ✺✱✻✾ ✷✳✹✷✾✱✵
✺✱✻✵ ✷✳✹✵✾✱✹ ✺✱✼✽ ✷✳✹✷✾✱✵
✺✱✼✽ ✷✳✹✷✾✱✵ ✺✱✼✽ ✷✳✹✷✾✱✵
✻✱✷✸ ✷✳✹✹✽✱✻



❆♣ê♥❞✐❝❡ ❉ ✶✻✶

❘❡s✉❧t❛❞♦s ❞❛ ♠❡t♦❞♦❧♦❣✐❛ ✵✷

❚❛❜❡❧❛ ❉✳✷✿ ❘❡s✉❧t❛❞♦s ❞❡ ♣❡r♠❡❛❜✐❧✐❞❛❞❡✿ ▼❡t♦❞♦❧♦❣✐❛ ✵✷✳

❘❡s✉❧t❛❞♦s ❞❡ ♣❡r♠❡❛❜✐❧✐❞❛❞❡✿ ▼❡t♦❞♦❧♦❣✐❛ ✵✷
❊①♣✳ ✵✶ ❊①♣✳ ✵✷ ❊①♣✳ ✵✸

❱❡❧✳
✜❧tr❛çã♦ ✭♠✴s✮

✲ ∆P
✜❧tr♦ ✭P❛✮

❱❡❧✳
✜❧tr❛çã♦ ✭♠✴s✮

✲ ∆P
✜❧tr♦ ✭P❛✮

❱❡❧✳
✜❧tr❛çã♦ ✭♠✴s✮

✲ ∆P
✜❧tr♦ ✭P❛✮

✵✱✶✽✶ ✾✼✱✾ ✵✱✶✽✶ ✾✼✱✾ ✵✱✶✽✶ ✾✼✱✾
✵✱✷✹✸ ✶✺✻✱✼ ✵✱✷✹✸ ✶✸✼✱✶ ✵✱✷✹✸ ✶✺✻✱✼
✵✱✷✾✶ ✶✾✺✱✾ ✵✱✷✾✶ ✶✼✻✱✸ ✵✱✷✾✶ ✶✼✻✱✸
✵✱✸✸✷ ✷✶✺✱✺ ✵✱✸✸✷ ✷✵✺✱✼ ✵✱✸✸✷ ✷✵✺✱✼
✵✱✸✻✽ ✷✹✹✱✾ ✵✱✸✻✽ ✷✸✺✱✶ ✵✱✸✻✽ ✷✹✹✱✾
✵✱✹✵✵ ✷✼✹✱✷ ✵✱✹✵✵ ✷✻✹✱✹ ✵✱✹✵✵ ✷✼✹✱✷
✵✱✹✷✾ ✸✵✸✱✻ ✵✱✹✷✾ ✷✾✸✱✽ ✵✱✹✷✾ ✸✶✸✱✹
✵✱✹✺✼ ✸✷✸✱✷ ✵✱✹✺✼ ✸✷✸✱✷ ✵✱✹✺✼ ✸✷✸✱✷
✵✱✹✽✸ ✸✹✷✱✽ ✵✱✹✽✸ ✸✹✷✱✽ ✵✱✹✽✸ ✸✹✷✱✽
✵✱✺✵✼ ✸✼✷✱✷ ✵✱✺✵✼ ✸✻✷✱✹ ✵✱✺✵✼ ✸✻✷✱✹
✵✱✺✸✶ ✸✽✷✱✵ ✵✱✺✸✶ ✸✽✷✱✵ ✵✱✺✸✶ ✸✼✷✱✷
✵✱✺✺✸ ✹✵✶✱✻ ✵✱✺✺✸ ✸✾✶✱✽ ✵✱✺✺✸ ✹✵✶✱✻
✵✱✺✼✹ ✹✷✶✱✷ ✵✱✺✼✹ ✹✶✶✱✹ ✵✱✺✼✹ ✹✶✶✱✹
✵✱✺✾✺ ✹✸✶✱✵ ✵✱✺✾✺ ✹✸✶✱✵ ✵✱✺✾✺ ✹✸✶✱✵
✵✱✻✶✺ ✹✺✵✱✺ ✵✱✻✶✺ ✹✹✵✱✼ ✵✱✻✶✺ ✹✹✵✱✼
✵✱✻✸✹ ✹✻✵✱✸ ✵✱✻✸✹ ✹✺✵✱✺ ✵✱✻✸✹ ✹✻✵✱✸
✵✱✻✺✸ ✹✼✾✱✾ ✵✱✻✺✸ ✹✼✵✱✶ ✵✱✻✺✸ ✹✼✵✱✶
✵✱✻✼✶ ✹✽✾✱✼ ✵✱✻✼✶ ✹✽✾✱✼ ✵✱✻✼✶ ✹✽✾✱✼
✵✱✻✽✽ ✺✵✾✱✸ ✵✱✻✽✽ ✹✾✾✱✺ ✵✱✻✽✽ ✹✾✾✱✺
✵✱✼✵✺ ✺✶✾✱✶ ✵✱✼✵✺ ✺✶✹✱✷ ✵✱✼✵✺ ✺✶✾✱✶
✵✱✼✷✷ ✺✷✽✱✾ ✵✱✼✷✷ ✺✷✽✱✾ ✵✱✼✷✷ ✺✷✹✱✵
✵✱✼✸✽ ✺✹✽✱✺ ✵✱✼✸✽ ✺✹✽✱✺ ✵✱✼✸✽ ✺✷✽✱✾



✶✻✷ ❆♣ê♥❞✐❝❡ ❉

❘❡s✉❧t❛❞♦s ❞❛ ♠❡t♦❞♦❧♦❣✐❛ ✵✸

❚❛❜❡❧❛ ❉✳✸✿ ❘❡s✉❧t❛❞♦s ❞❡ ♣❡r♠❡❛❜✐❧✐❞❛❞❡✿ ▼❡t♦❞♦❧♦❣✐❛ ✵✸✳

❘❡s✉❧t❛❞♦s ❞❡ ♣❡r♠❡❛❜✐❧✐❞❛❞❡✿ ▼❡t♦❞♦❧♦❣✐❛ ✵✸
❊①♣✳ ✵✶ ❊①♣✳ ✵✷ ❊①♣✳ ✵✸

❱❛③ã♦
✜❧tr❛çã♦ ✭♠3/s)

✲ ∆P
✜❧tr♦ ✭P❛✮

❱❛③ã♦
✜❧tr❛çã♦ ✭♠3/s)

✲ ∆P
✜❧tr♦ ✭P❛✮

❱❛③ã♦
✜❧tr❛çã♦ ✭♠3/s)

✲ ∆P
✜❧tr♦ ✭P❛✮

✵✱✵✶✺ ✸✾✱✷ ✵✱✵✻✽ ✶✾✱✻ ✵✱✵✼✶ ✶✾✱✻
✵✱✵✷✺ ✾✽✱✵ ✵✱✶✵✻ ✸✾✱✷ ✵✱✶✵✻ ✸✾✱✷
✵✱✵✸✸ ✶✸✼✱✷ ✵✱✶✹✶ ✼✽✱✹ ✵✱✶✸✽ ✺✽✱✽
✵✱✵✹✵ ✶✾✺✱✾ ✵✱✶✼✻ ✾✽✱✵ ✵✱✶✼✸ ✾✽✱✵
✵✱✵✹✻ ✷✸✺✱✶ ✵✱✶✾✾ ✾✽✱✵ ✵✱✶✾✻ ✶✶✼✱✻
✵✱✵✺✷ ✷✾✸✱✾ ✵✱✷✷✺ ✶✸✼✱✷ ✵✱✷✷✽ ✶✸✼✱✷
✵✱✵✺✽ ✸✸✸✱✶ ✵✱✷✺✺ ✶✺✻✱✼ ✵✱✷✺✺ ✶✺✻✱✼
✵✱✵✻✸ ✸✾✶✱✾ ✵✱✷✼✼ ✶✾✺✱✾ ✵✱✷✽✵ ✶✾✺✱✾
✵✱✵✻✽ ✹✸✶✱✶ ✵✱✷✾✾ ✷✶✺✱✺ ✵✱✷✾✾ ✷✶✺✱✺
✵✱✵✼✸ ✹✼✵✱✷ ✵✱✸✶✽ ✷✸✺✱✶ ✵✱✸✶✽ ✷✺✹✱✼
✵✱✵✼✼ ✺✵✾✱✹ ✵✱✸✸✽ ✷✺✹✱✼ ✵✱✸✸✽ ✷✼✹✱✸
✵✱✵✽✷ ✺✹✽✱✻ ✵✱✸✻✵ ✷✾✸✱✾ ✵✱✸✻✵ ✷✾✸✱✾
✵✱✵✽✻ ✺✽✼✱✽ ✵✱✸✼✾ ✸✶✸✱✺ ✵✱✸✼✾ ✸✶✸✱✺
✵✱✵✾✵ ✻✵✼✱✹ ✵✱✸✾✾ ✸✸✸✱✶ ✵✱✸✾✾ ✸✸✸✱✶
✵✱✵✾✹ ✻✷✼✱✵ ✵✱✹✶✾ ✸✺✷✱✼ ✵✱✹✶✾ ✸✺✷✱✼

✵✱✹✸✽ ✸✼✷✱✸ ✵✱✹✸✽ ✸✼✷✱✸
✵✱✹✺✹ ✸✾✶✱✾ ✵✱✹✺✹ ✸✾✶✱✾
✵✱✹✼✷ ✹✶✶✱✺ ✵✱✹✼✷ ✹✶✶✱✺
✵✱✹✽✾ ✹✸✶✱✶ ✵✱✹✽✾ ✹✸✶✱✶
✵✱✺✵✻ ✹✺✵✱✼ ✵✱✺✵✻ ✹✺✵✱✼
✵✱✺✷✸ ✹✼✵✱✷ ✵✱✺✷✸ ✹✼✵✱✷
✵✱✺✸✻ ✹✽✾✱✽ ✵✱✺✸✾ ✹✽✾✱✽
✵✱✺✺✷ ✺✵✾✱✹ ✵✱✺✺✷ ✺✵✾✱✹
✵✱✺✻✽ ✺✷✾✱✵ ✵✱✺✻✽ ✺✷✾✱✵
✵✱✺✽✸ ✺✹✽✱✻ ✵✱✺✽✸ ✺✹✽✱✻
✵✱✺✾✽ ✺✻✽✱✷ ✵✱✺✾✽ ✺✻✽✱✷
✵✱✻✶✸ ✺✽✼✱✽ ✵✱✻✶✸ ✺✽✼✱✽
✵✱✻✷✼ ✻✵✼✱✹ ✵✱✻✷✹ ✻✵✼✱✹
✵✱✻✸✽ ✻✷✼✱✵ ✵✱✻✸✽ ✻✷✼✱✵
✵✱✻✺✷ ✻✹✻✱✻ ✵✱✻✺✷ ✻✹✻✱✻



❆♣ê♥❞✐❝❡ ❊

❈♦♥t♦r♥♦s ❞♦s P❡r✜s ❞❡ Pr❡ssã♦ ♣❛r❛ ♦ ❈✐❝❧♦♥❡

❋✐❧tr❛♥t❡

❊
st❡ ❛♣ê♥❞✐❝❡ ❛♣r❡s❡♥t❛ ♦s ❣rá✜❝♦s ❞❡ ❝♦♥t♦r♥♦s ♣❛r❛ ♦ ❝✐❝❧♦♥❡ ❋✐❧tr❛♥t❡✱ ❝♦♥✲

❢♦r♠❡ ♦ ♣❧❛♥❡❥❛♠❡♥t♦ ❝♦♠♣♦st♦ ❝❡♥tr❛❧ r❡❛❧✐③❛❞♦✳ ❖s ❝♦♥t♦r♥♦s sã♦ r❡❢❡r❡♥t❡s ❛♦

♣❧❛♥♦ ❳❩ ✭❨ ❂ ✵✮✱ ✉t✐❧✐③❛♥❞♦ ♦ ♠♦❞❡❧♦ ❞❡ t✉r❜✉❧ê♥❝✐❛ ▲❊❙✳



✶✻✹ ❆♣ê♥❞✐❝❡ ❊

❋✐❣✉r❛ ❊✳✶✿ ❖s ❣rá✜❝♦s ❞❡ ❝♦♥t♦r♥♦s ♣❛r❛ ✉♠ t❡♠♣♦ ♠é❞✐♦ ♥❛ s❡çã♦ ❨❂✵ ♥♦ ❝✐❝❧♦♥❡
❋✐❧tr❛♥t❡ ❞♦ ❊①♣❡r✐♠❡♥t♦ ✵✶✳ ✭❛✮ ✿ ♣r❡ssã♦ ❡stát✐❝❛ ✭◆✴m2✮❀ ✭❜✮✿ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧
✭♠✴s✮❀ ✭❝✮✿ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧ ✭♠✴s✮✳

❋✐❣✉r❛ ❊✳✷✿ ❖s ❣rá✜❝♦s ❞❡ ❝♦♥t♦r♥♦s ♣❛r❛ ✉♠ t❡♠♣♦ ♠é❞✐♦ ♥❛ s❡çã♦ ❨❂✵ ♥♦ ❝✐❝❧♦♥❡
❋✐❧tr❛♥t❡ ❞♦ ❊①♣❡r✐♠❡♥t♦ ✵✷✳ ✭❛✮ ✿ ♣r❡ssã♦ ❡stát✐❝❛ ✭◆✴m2✮❀ ✭❜✮✿ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧
✭♠✴s✮❀ ✭❝✮✿ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧ ✭♠✴s✮✳



❆♣ê♥❞✐❝❡ ❊ ✶✻✺

❋✐❣✉r❛ ❊✳✸✿ ❖s ❣rá✜❝♦s ❞❡ ❝♦♥t♦r♥♦s ♣❛r❛ ✉♠ t❡♠♣♦ ♠é❞✐♦ ♥❛ s❡çã♦ ❨❂✵ ♥♦ ❝✐❝❧♦♥❡
❋✐❧tr❛♥t❡ ❞♦ ❊①♣❡r✐♠❡♥t♦ ✵✸✳ ✭❛✮ ✿ ♣r❡ssã♦ ❡stát✐❝❛ ✭◆✴m2✮❀ ✭❜✮✿ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧
✭♠✴s✮❀ ✭❝✮✿ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧ ✭♠✴s✮✳

❋✐❣✉r❛ ❊✳✹✿ ❖s ❣rá✜❝♦s ❞❡ ❝♦♥t♦r♥♦s ♣❛r❛ ✉♠ t❡♠♣♦ ♠é❞✐♦ ♥❛ s❡çã♦ ❨❂✵ ♥♦ ❝✐❝❧♦♥❡
❋✐❧tr❛♥t❡ ❞♦ ❊①♣❡r✐♠❡♥t♦ ✵✹✳ ✭❛✮ ✿ ♣r❡ssã♦ ❡stát✐❝❛ ✭◆✴m2✮❀ ✭❜✮✿ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧
✭♠✴s✮❀ ✭❝✮✿ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧ ✭♠✴s✮✳



✶✻✻ ❆♣ê♥❞✐❝❡ ❊

❋✐❣✉r❛ ❊✳✺✿ ●rá✜❝♦s ❞❡ ❝♦♥t♦r♥♦s ♣❛r❛ ✉♠ t❡♠♣♦ ♠é❞✐♦ ♥❛ s❡çã♦ ❨❂✵ ♥♦ ❝✐❝❧♦♥❡
❋✐❧tr❛♥t❡ ❞♦ ❊①♣❡r✐♠❡♥t♦ ✵✺✳ ✭❛✮ ✿ ♣r❡ssã♦ ❡stát✐❝❛ ✭◆✴m2✮❀ ✭❜✮✿ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧
✭♠✴s✮❀ ✭❝✮✿ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧ ✭♠✴s✮✳

❋✐❣✉r❛ ❊✳✻✿ ●rá✜❝♦s ❞❡ ❝♦♥t♦r♥♦s ♣❛r❛ ✉♠ t❡♠♣♦ ♠é❞✐♦ ♥❛ s❡çã♦ ❨❂✵ ♥♦ ❝✐❝❧♦♥❡
❋✐❧tr❛♥t❡ ❞♦ ❊①♣❡r✐♠❡♥t♦ ✵✻✳ ✭❛✮ ✿ ♣r❡ssã♦ ❡stát✐❝❛ ✭◆✴m2✮❀ ✭❜✮✿ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧
✭♠✴s✮❀ ✭❝✮✿ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧ ✭♠✴s✮✳



❆♣ê♥❞✐❝❡ ❊ ✶✻✼

❋✐❣✉r❛ ❊✳✼✿ ●rá✜❝♦s ❞❡ ❝♦♥t♦r♥♦s ♣❛r❛ ✉♠ t❡♠♣♦ ♠é❞✐♦ ♥❛ s❡çã♦ ❨❂✵ ♥♦ ❝✐❝❧♦♥❡
❋✐❧tr❛♥t❡ ❞♦ ❊①♣❡r✐♠❡♥t♦ ✵✼✳ ✭❛✮ ✿ ♣r❡ssã♦ ❡stát✐❝❛ ✭◆✴m2✮❀ ✭❜✮✿ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧
✭♠✴s✮❀ ✭❝✮✿ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧ ✭♠✴s✮✳

❋✐❣✉r❛ ❊✳✽✿ ●rá✜❝♦s ❞❡ ❝♦♥t♦r♥♦s ♣❛r❛ ✉♠ t❡♠♣♦ ♠é❞✐♦ ♥❛ s❡çã♦ ❨❂✵ ♥♦ ❝✐❝❧♦♥❡
❋✐❧tr❛♥t❡ ❞♦ ❊①♣❡r✐♠❡♥t♦ ✵✽✳ ✭❛✮ ✿ ♣r❡ssã♦ ❡stát✐❝❛ ✭◆✴m2✮❀ ✭❜✮✿ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧
✭♠✴s✮❀ ✭❝✮✿ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧ ✭♠✴s✮✳



✶✻✽ ❆♣ê♥❞✐❝❡ ❊

❋✐❣✉r❛ ❊✳✾✿ ●rá✜❝♦s ❞❡ ❝♦♥t♦r♥♦s ♣❛r❛ ✉♠ t❡♠♣♦ ♠é❞✐♦ ♥❛ s❡çã♦ ❨❂✵ ♥♦ ❝✐❝❧♦♥❡
❋✐❧tr❛♥t❡ ❞♦ ❊①♣❡r✐♠❡♥t♦ ✵✾✳ ✭❛✮ ✿ ♣r❡ssã♦ ❡stát✐❝❛ ✭◆✴m2✮❀ ✭❜✮✿ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧
✭♠✴s✮❀ ✭❝✮✿ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧ ✭♠✴s✮✳

❋✐❣✉r❛ ❊✳✶✵✿ ●rá✜❝♦s ❞❡ ❝♦♥t♦r♥♦s ♣❛r❛ ✉♠ t❡♠♣♦ ♠é❞✐♦ ♥❛ s❡çã♦ ❨❂✵ ♥♦ ❝✐❝❧♦♥❡
❋✐❧tr❛♥t❡ ❞♦ ❊①♣❡r✐♠❡♥t♦ ✶✵✳ ✭❛✮ ✿ ♣r❡ssã♦ ❡stát✐❝❛ ✭◆✴m2✮❀ ✭❜✮✿ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧
✭♠✴s✮❀ ✭❝✮✿ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧ ✭♠✴s✮✳



❆♣ê♥❞✐❝❡ ❊ ✶✻✾

❋✐❣✉r❛ ❊✳✶✶✿ ●rá✜❝♦s ❞❡ ❝♦♥t♦r♥♦s ♣❛r❛ ✉♠ t❡♠♣♦ ♠é❞✐♦ ♥❛ s❡çã♦ ❨❂✵ ♥♦ ❝✐❝❧♦♥❡
❋✐❧tr❛♥t❡ ❞♦ ❊①♣❡r✐♠❡♥t♦✶✶✳ ✭❛✮ ✿ ♣r❡ssã♦ ❡stát✐❝❛ ✭◆✴m2✮❀ ✭❜✮✿ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧
✭♠✴s✮❀ ✭❝✮✿ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧ ✭♠✴s✮✳

❋✐❣✉r❛ ❊✳✶✷✿ ●rá✜❝♦s ❞❡ ❝♦♥t♦r♥♦s ♣❛r❛ ✉♠ t❡♠♣♦ ♠é❞✐♦ ♥❛ s❡çã♦ ❨❂✵ ♥♦ ❝✐❝❧♦♥❡
❋✐❧tr❛♥t❡ ❞♦ ❊①♣❡r✐♠❡♥t♦ ✶✷✳ ✭❛✮ ✿ ♣r❡ssã♦ ❡stát✐❝❛ ✭◆✴m2✮❀ ✭❜✮✿ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧
✭♠✴s✮❀ ✭❝✮✿ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧ ✭♠✴s✮✳



✶✼✵ ❆♣ê♥❞✐❝❡ ❊

❋✐❣✉r❛ ❊✳✶✸✿ ●rá✜❝♦s ❞❡ ❝♦♥t♦r♥♦s ♣❛r❛ ✉♠ t❡♠♣♦ ♠é❞✐♦ ♥❛ s❡çã♦ ❨❂✵ ♥♦ ❝✐❝❧♦♥❡
❋✐❧tr❛♥t❡ ❞♦ ❊①♣❡r✐♠❡♥t♦ ✶✸✳ ✭❛✮ ✿ ♣r❡ssã♦ ❡stát✐❝❛ ✭◆✴m2✮❀ ✭❜✮✿ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧
✭♠✴s✮❀ ✭❝✮✿ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧ ✭♠✴s✮✳

❋✐❣✉r❛ ❊✳✶✹✿ ●rá✜❝♦s ❞❡ ❝♦♥t♦r♥♦s ♣❛r❛ ✉♠ t❡♠♣♦ ♠é❞✐♦ ♥❛ s❡çã♦ ❨❂✵ ♥♦ ❝✐❝❧♦♥❡
❋✐❧tr❛♥t❡ ❞♦ ❊①♣❡r✐♠❡♥t♦ ✶✹✳ ✭❛✮ ✿ ♣r❡ssã♦ ❡stát✐❝❛ ✭◆✴m2✮❀ ✭❜✮✿ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧
✭♠✴s✮❀ ✭❝✮✿ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧ ✭♠✴s✮✳



❆♣ê♥❞✐❝❡ ❊ ✶✼✶

❋✐❣✉r❛ ❊✳✶✺✿ ●rá✜❝♦s ❞❡ ❝♦♥t♦r♥♦s ♣❛r❛ ✉♠ t❡♠♣♦ ♠é❞✐♦ ♥❛ s❡çã♦ ❨❂✵ ♥♦ ❝✐❝❧♦♥❡
❋✐❧tr❛♥t❡ ❞♦ ❊①♣❡r✐♠❡♥t♦ ✶✺✳ ✭❛✮ ✿ ♣r❡ssã♦ ❡stát✐❝❛ ✭◆✴m2✮❀ ✭❜✮✿ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧
✭♠✴s✮❀ ✭❝✮✿ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧ ✭♠✴s✮✳

❋✐❣✉r❛ ❊✳✶✻✿ ●rá✜❝♦s ❞❡ ❝♦♥t♦r♥♦s ♣❛r❛ ✉♠ t❡♠♣♦ ♠é❞✐♦ ♥❛ s❡çã♦ ❨❂✵ ♥♦ ❝✐❝❧♦♥❡
❋✐❧tr❛♥t❡ ❞♦ ❊①♣❡r✐♠❡♥t♦ ✶✻✳ ✭❛✮ ✿ ♣r❡ssã♦ ❡stát✐❝❛ ✭◆✴m2✮❀ ✭❜✮✿ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧
✭♠✴s✮❀ ✭❝✮✿ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧ ✭♠✴s✮✳



✶✼✷ ❆♣ê♥❞✐❝❡ ❊

❋✐❣✉r❛ ❊✳✶✼✿ ●rá✜❝♦s ❞❡ ❝♦♥t♦r♥♦s ♣❛r❛ ✉♠ t❡♠♣♦ ♠é❞✐♦ ♥❛ s❡çã♦ ❨❂✵ ♥♦ ❝✐❝❧♦♥❡
❋✐❧tr❛♥t❡ ❞♦ ❊①♣❡r✐♠❡♥t♦ ✶✼✳ ✭❛✮ ✿ ♣r❡ssã♦ ❡stát✐❝❛ ✭◆✴m2✮❀ ✭❜✮✿ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧
✭♠✴s✮❀ ✭❝✮✿ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧ ✭♠✴s✮✳

❋✐❣✉r❛ ❊✳✶✽✿ ●rá✜❝♦s ❞❡ ❝♦♥t♦r♥♦s ♣❛r❛ ✉♠ t❡♠♣♦ ♠é❞✐♦ ♥❛ s❡çã♦ ❨❂✵ ♥♦ ❝✐❝❧♦♥❡
❋✐❧tr❛♥t❡ ❞♦ ❊①♣❡r✐♠❡♥t♦ ✶✽✳ ✭❛✮ ✿ ♣r❡ssã♦ ❡stát✐❝❛ ✭◆✴m2✮❀ ✭❜✮✿ ✈❡❧♦❝✐❞❛❞❡ t❛♥❣❡♥❝✐❛❧
✭♠✴s✮❀ ✭❝✮✿ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧ ✭♠✴s✮✳



❆♣ê♥❞✐❝❡ ❋

P❡r✜s ❞❡ ✈❡❧♦❝✐❞❛❞❡s ❛①✐❛✐s ❡♠ ❝✐❝❧♦♥❡ ❋✐❧tr❛♥t❡

❊
st❡ ❛♣ê♥❞✐❝❡ ❛♣r❡s❡♥t❛ ♦s r❡s✉❧t❛❞♦s ♥✉♠ér✐❝♦s ♣❛r❛ ♦s ♣❡r✜s ❞❡ ✈❡❧♦❝✐❞❛❞❡

❛①✐❛❧ ♥♦ ♣❧❛♥♦ ❳❩ ✭❨ ❂ ✵✮ ❡♠ ❩❂✶✱✵✾✺ ♠✱ ♣❛r❛ ❞✐❢❡r❡♥t❡s ✈❛❧♦r❡s ❞❛ ❛❧t✉r❛ ❞❛

❛❧✐♠❡♥t❛çã♦✱ ❞❛ ✈❛③ã♦ ✈♦❧✉♠étr✐❝❛ ❞❛ ❛❧✐♠❡♥t❛çã♦ ❡ ❞❛ ♣❡r♠❡❛❜✐❧✐❞❛❞❡✱ ❡st❛❜❡✲

❧❡❝✐❞♦s ♣❡❧♦ ♣❧❛♥❡❥❛♠❡♥t♦ ❞♦s ❡①♣❡r✐♠❡♥t♦s ♥✉♠ér✐❝♦s✳



✶✼✹ ❆♣ê♥❞✐❝❡ ❋

❋✐❣✉r❛ ❋✳✶✿ P❡r✜s r❛❞✐❛✐s ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧ ♥♦ ♣❧❛♥♦ ❳❩ ✭❨ ❂ ✵✮ ❡♠ ❩❂✶✱✵✾✺ ♠ ❝♦♠
◗ ❂ ✵✱✵✹ m3/s ❡ ❛ ❂ ✵✱✵✺✼ ♠✳

❋✐❣✉r❛ ❋✳✷✿ P❡r✜s r❛❞✐❛✐s ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧ ♥♦ ♣❧❛♥♦ ❳❩ ✭❨ ❂ ✵✮ ❡♠ ❩❂✶✱✵✾✺ ♠ ❝♦♠
◗ ❂ ✵✱✵✽ m3/s ❡ ❛ ❂ ✵✱✵✺✼ ♠✳



❆♣ê♥❞✐❝❡ ❋ ✶✼✺

❋✐❣✉r❛ ❋✳✸✿ P❡r✜s r❛❞✐❛✐s ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧ ♥♦ ♣❧❛♥♦ ❳❩ ✭❨ ❂ ✵✮ ❡♠ ❩❂✶✱✵✾✺ ♠ ❝♦♠
◗ ❂ ✵✱✵✹ m3/s ❡ ❛ ❂ ✵✱✶✸✸ ♠✳

❋✐❣✉r❛ ❋✳✹✿ P❡r✜s r❛❞✐❛✐s ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧ ♥♦ ♣❧❛♥♦ ❳❩ ✭❨ ❂ ✵✮ ❡♠ ❩❂✶✱✵✾✺ ♠ ❝♦♠
◗ ❂ ✵✱✵✽ m3/s ❡ ❛ ❂ ✵✱✶✸✸ ♠✳



✶✼✻ ❆♣ê♥❞✐❝❡ ❋

❋✐❣✉r❛ ❋✳✺✿ P❡r✜s r❛❞✐❛✐s ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧ ♥♦ ♣❧❛♥♦ ❳❩ ✭❨ ❂ ✵✮ ❡♠ ❩❂✶✱✵✾✺ ♠ ❝♦♠
❑ ❂ 1, 00× 10−11 ❡ ❛ ❂ ✵✱✵✺✼ ♠✳

❋✐❣✉r❛ ❋✳✻✿ P❡r✜s r❛❞✐❛✐s ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧ ♥♦ ♣❧❛♥♦ ❳❩ ✭❨ ❂ ✵✮ ❡♠ ❩❂✶✱✵✾✺ ♠ ❝♦♠
❑ ❂ 5, 00× 10−11 ❡ ❛ ❂ ✵✱✵✺✼ ♠✳



❆♣ê♥❞✐❝❡ ❋ ✶✼✼

❋✐❣✉r❛ ❋✳✼✿ P❡r✜s r❛❞✐❛✐s ❞❡ ✈❡❧♦❝✐❞❛❞❡ ❛①✐❛❧ ♥♦ ♣❧❛♥♦ ❳❩ ✭❨ ❂ ✵✮ ❡♠ ❩❂✶✱✵✾✺ ♠ ❝♦♠
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