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▼❡✐♥ ✈♦r③ü❣❧✐❝❤❡r ❉❛♥❦ ❣✐❧t ❍❡rr♥ ❆♦✳❯♥✐✈✳ Pr♦❢✳ ❉✐♣❧✳ ✲■♥❣✳ ❉r✳ t❡❝❤♥✳ ❘❡✐♥❤❛r❞ ❲✐❧❧✐♥❣❡r✱ ❞❡r
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❉✐❡ ✈♦r❧✐❡❣❡♥❞❡ ❆r❜❡✐t st❡❧❧t ❯♥t❡rs✉❝❤✉♥❣❡♥ ③✉r ❜❡tr✐❡❜❧✐❝❤❡♥ ❙t❛❜✐❧✐täts❣r❡♥③❡ ✭P✉♠♣❣r❡♥③❡✮
❡✐♥❡s ❛♠ ■♥st✐t✉t ❢ür ❊♥❡r❣✐❡t❡❝❤♥✐❦ ✉♥❞ ❚❤❡r♠♦❞②♥❛♠✐❦ ✈♦r❤❛♥❞❡♥❡♥ ❘❛❞✐❛❧❣❡❜❧äs❡s ❛♥✳ ❉❛❜❡✐
✇✉r❞❡♥ ③✉♥ä❝❤st ❛♥❛❧②t✐s❝❤❡ ▼♦❞❡❧❧❡ ❛♥❣❡✇❛♥❞t✱ ✉♠ ❡✐♥❡♥ ❊✐♥❜❧✐❝❦ ✐♥ ❞❛s ③✉ ❡r✇❛rt❡♥❞❡
❱❡r❤❛❧t❡♥ ③✉ ❡r❧❛♥❣❡♥✳ ❉❛♥❛❝❤ ✇✉r❞❡♥ st❛t✐♦♥är❡ ✉♥❞ ✐♥st❛t✐♦♥är❡ ▼❡ss✉♥❣❡♥ ❛♥ ❇❡tr✐❡❜s♣✉♥❦✲
t❡♥ ♥❛❤❡ ✉♥❞ ❥❡♥s❡✐ts ❞❡r ❙t❛❜✐❧✐täts❣r❡♥③❡ ❞✉r❝❤❣❡❢ü❤rt✱ ❞✐❡ ❡r❧❛✉❜t❡♥ ❞✐❡s❡ ③✉ ❧♦❦❛❧✐s✐❡r❡♥ ✉♥❞
❞❛s ❙②st❡♠✈❡r❤❛❧t❡♥ ✐♠ ✐♥st❛❜✐❧❡♥ ❇❡r❡✐❝❤ ③✉ ❜❡st✐♠♠❡♥✳ ❆♥s❝❤❧✐❡ÿ❡♥❞ ✇✉r❞❡♥ ❞✐❡ ❊r❣❡❜♥✐ss❡
❜❡✐❞❡r ❆♥sät③❡ ✈❡r❣❧✐❝❤❡♥ ✉♥❞ ❡♥ts♣r❡❝❤❡♥❞❡ ❙❝❤❧✉ss❢♦❧❣❡r✉♥❣❡♥ ❣❡③♦❣❡♥✳

❆❜str❛❝t

❚❤❡ t❤❡s✐s ❛t ❤❛♥❞ st✉❞✐❡s t❤❡ ♦♣❡r❛t✐♦♥❛❧ st❛❜✐❧✐t② ❧✐♠✐t ✭s✉r❣❡ ❧✐♥❡✮ ♦❢ ❛ ❝❡♥tr✐❢✉❣❛❧ ❜❧♦✇❡r ✇❤✐❝❤
✐s ❧♦❝❛t❡❞ ❛t t❤❡ ■♥st✐t✉t❡ ❢♦r ❊♥❡r❣② ❙②st❡♠s ❛♥❞ ❚❤❡r♠♦❞②♥❛♠✐❝s✳ ■♥ ❛ ✜rst st❡♣ ❛♥❛❧②t✐❝❛❧
♠♦❞❡❧s ❛r❡ ❛♣♣❧✐❡❞ t♦ ❣❡t ❛♥ ✐♥s✐❣❤t ✐♥ t❤❡ ❡①♣❡❝t❡❞ ❜❡❤❛✈✐♦✉r✳ ■♥ ❛ s❡❝♦♥❞ st❡♣ st❛t✐♦♥❛r② ❛♥❞
tr❛♥s✐❡♥t ♠❡❛s✉r❡♠❡♥ts ❛r❡ ♣❡r❢♦r♠❡❞ ♦♥ st❛❜❧❡ ❛s ✇❡❧❧ ❛s ✉♥st❛❜❧❡ ♦♣❡r❛t✐♦♥❛❧ ♣♦✐♥ts t♦ ❧♦❝❛t❡
t❤❡ s✉r❣❡ ❧✐♥❡ ❛♥❞ ✐♥✈❡st✐❣❛t❡ t❤❡ ♣♦st✲s✉r❣❡ ❜❡❤❛✈✐♦✉r✳ ❋✐♥❛❧❧② t❤❡ r❡s✉❧ts ♦❢ ❜♦t❤ ❛♣♣r♦❛❝❤❡s
❛r❡ ❝♦♠♣❛r❡❞ ❛♥❞ ❝♦♥❝❧✉s✐♦♥s ❛r❡ ❣✐✈❡♥✳
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◆♦t❛t✐♦♥

▼❛✐♥ ❙②♠❜♦❧s

❙②♠❜♦❧ ❉✐♠❡♥s✐♦♥ ❉❡s❝r✐♣t✐♦♥

A m2 ❛r❡❛

B ✕ ♣❛r❛♠❡t❡r

C Pa ❝♦♠♣r❡ss♦r ♣r❡ss✉r❡ r✐s❡

C m④s ❛❜s♦❧✉t❡ ✈❡❧♦❝✐t② s♣❡❝tr✉♠

D m ❞✐❛♠❡t❡r

E V ✈♦❧t❛❣❡

F Pa ♣r❡ss✉r❡ ❞r♦♣ ❛❝r♦ss t❤r♦tt❧❡

G ✕ ♣❛r❛♠❡t❡r

I A ❝✉rr❡♥t

L m ❧❡♥❣t❤

N ✕ r♦t♦r r❡✈♦❧✉t✐♦♥s

P Pa ♣r❡ss✉r❡ s♣❡❝tr✉♠

R m r❛❞✐✉s

R J④♣kg Kq s♣❡❝✐✜❝ ❣❛s ❝♦♥st❛♥t

Re ✕ ❘❡②♥♦❧❞s ♥✉♠❜❡r

T K t❡♠♣❡r❛t✉r❡

T s t✐♠❡ ♣❡r✐♦❞

Tu ✕ t✉r❜✉❧❡♥❝❡ ✐♥t❡♥s✐t②

V m3 ✈♦❧✉♠❡

a m④s s♣❡❡❞ ♦❢ s♦✉♥❞

b m ❜❧❛❞❡ ❤❡✐❣❤t

■❱



❙②♠❜♦❧ ❉✐♠❡♥s✐♦♥ ❉❡s❝r✐♣t✐♦♥

c m④s ❛❜s♦❧✉t❡ ✈❡❧♦❝✐t②

f Hz ❢r❡q✉❡♥❝②

h J④kg s♣❡❝✐✜❝ ❡♥t❤❛❧♣②

j ✕ ✐♠❛❣✐♥❛r② ✉♥✐t

m ✕ ❡①♣♦♥❡♥t ✐♥ ✈❡❧♦❝✐t② ♣r♦✜❧❡

n 1④s✱ rpm r♦t❛t✐♦♥❛❧ s♣❡❡❞

p Pa ♣r❡ss✉r❡

r m2④s2✱ Pa2 ❛✉t♦ ✴ ❝r♦ss ❝♦rr❡❧❛t✐♦♥

t s t✐♠❡

u m④s ❝✐r❝✉♠❢❡r❡♥t✐❛❧ ✈❡❧♦❝✐t②

w m④s r❡❧❛t✐✈❡ ✈❡❧♦❝✐t②

∆ ✕ ❞✐✛❡r❡♥❝❡

Π ✕ ♣r❡ss✉r❡ r❛t✐♦

α o✱ rad ❛❜s♦❧✉t❡ ✢♦✇ ❛♥❣❧❡

β o✱ rad r❡❧❛t✐✈❡ ✢♦✇ ❛♥❣❧❡

δ ✕ ❞✐❛♠❡t❡r ♥✉♠❜❡r

κ ✕ ✐s❡♥tr♦♣✐❝ ❡①♣♦♥❡♥t

ν m2④s ❦✐♥❡♠❛t✐❝ ✈✐s❝♦s✐t②

ρ kg④m3 ❞❡♥s✐t②

σ ✕ s♣❡❡❞ ♥✉♠❜❡r

τ s ❝♦♠♣r❡ss♦r ✢♦✇ r❡❧❛①❛t✐♦♥ t✐♠❡

ψ ✕ ❜❧❛❞❡ ❧♦❛❞✐♥❣

ω Hz ❍❡❧♠❤♦❧t③ ❢r❡q✉❡♥❝②

❱



❙✉❜s❝r✐♣ts

❙②❜s❝r✐♣t ❉❡s❝r✐♣t✐♦♥

A ❛r♠❛t✉r❡

C ❝♦♠♣r❡ss♦r✱ ❝♦♠♣r❡ss♦r ❞✉❝t

Or ♦r✐✜❝❡

P ♣❧❡♥✉♠

RMS r♦♦t ♠❡❛♥ sq✉❛r❡❞

SS st❡❛❞② st❛t❡

T t❤r♦tt❧❡✱ t❤r♦tt❧❡ ❞✉❝t

a ❛♠❜✐❡♥t✱ ❛❝t✉❛❧

m ♠❡❛♥✱ ♠❡r✐❞✐♦♥❛❧

max ♠❛①✐♠✉♠

min ♠✐♥✐♠✉♠

r r❡❢❡r❡♥❝❡

s st❛t✐❝✱ ✐s❡♥tr♦♣✐❝

t t♦t❛❧

u ❝✐r❝✉♠❢❡r❡♥t✐❛❧ ❝♦♠♣♦♥❡♥t

w ✇✐r❡

❙✉♣❡rs❝r✐♣ts

❙②❜s❝r✐♣t ❉❡s❝r✐♣t✐♦♥

✾ ♠❛ss ♦r ✈♦❧✉♠❡ ✢♦✇ r❛t❡

˜ ❞✐♠❡♥s✐♦♥❧❡ss

♠❡❛♥ ✈❛❧✉❡

✶ ✢✉❝t✉❛t✐♥❣ ♣❛rt✱ ❞❡r✐✈❛t✐✈❡

� ❝♦♠♣❧❡♠❡♥t❛r②

✝ ♠❛r❦✐♥❣ ❞✐✛❡r❡♥❝❡ t♦ s✐♠✐❧❛r ✈❛❧✉❡

❱■



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

❙②❜s❝r✐♣t ❉❡s❝r✐♣t✐♦♥

❛ ❛♠❜✐❡♥t

❖r✱✶ ✉♣str❡❛♠ ♦❢ ♦r✐✜❝❡

❖r✱✷ ❞♦✇♥str❡❛♠ ♦❢ ♦r✐✜❝❡

✵ ✐♥❧❡t ❞✉❝t✱ ♠❡❛s✉r✐♥❣ ♣❧❛♥❡

✶ ✉♣str❡❛♠ ♦❢ ❜❧❛❞✐♥❣

✷ ❞♦✇♥str❡❛♠ ♦❢ ❜❧❛❞✐♥❣

✸ ♦✉t❧❡t ❜❧♦✇❡r

❱■■



❈❤❛♣t❡r ✶

■♥tr♦❞✉❝t✐♦♥

❈❡♥tr✐❢✉❣❛❧ ♦r r❛❞✐❛❧ ❝♦♠♣r❡ss♦rs ❛r❡ ✇✐❞❡❧② ✐♥ ✉s❡ ❢♦r ♠♦r❡ t❤❛♥ ♦♥❡ ❝❡♥t✉r② ♥♦✇✳ ❚❤❡✐r
❡st❛❜❧✐s❤♠❡♥t ❛s ❛ st❛♥❞❛r❞ ❞❡✈✐❝❡ t♦ ❞❡❧✐✈❡r ♣r❡ss✉r✐③❡❞ ❛✐r ❢♦r ✐♥❞✉str✐❛❧ ❛♣♣❧✐❝❛t✐♦♥s ❞❛t❡s
❜❛❝❦ t♦ t❤❡ ❡♥❞ ♦❢ t❤❡ ✶✾th ❝❡♥t✉r②✳ ◆♦✇❛❞❛②s t❤✐s ✜❡❧❞ st✐❧❧ ❡①❤✐❜✐ts t❤❡ ♠♦st ♠❛♥✐❢♦❧❞ s❝♦♣❡
♦❢ ❛♣♣❧✐❝❛t✐♦♥ ❢♦r t❤❡s❡ ♠❛❝❤✐♥❡s✳

❚❤❡ ♥❡①t s✐❣♥✐✜❝❛♥t st❡♣ ✐♥ ❝❡♥tr✐❢✉❣❛❧ ❝♦♠♣r❡ss♦rs✬ ❤✐st♦r② ✇❛s t❤❡✐r ✉s❡ ✐♥ ❡❛r❧② ❣❛s t✉r❜✐♥❡s
❛s t❤❡ ♦♥❡ ❜② ❊❧❧✐♥❣ ✇❤✐❝❤ ❞❡❧✐✈❡r❡❞ ♣♦s✐t✐✈❡ ♣♦✇❡r ❛s ❡❛r❧② ❛s ✶✾✵✸✳ ❍❡r❡✐♥❛❢t❡r t❤❡② ❤❛✈❡ s❡r✈❡❞
❢♦r t❤❡ t✉r❜♦❝❤❛r❣✐♥❣ ♦❢ ♣✐st♦♥ ❡♥❣✐♥❡s ❞♦✇♥ t♦ t❤❡ ♣r❡s❡♥t ❞❛②✳ ❚❤❡ ♥❡①t ✜❡❧❞ ♦❢ ❛♣♣❧✐❝❛t✐♦♥
t❤❛t ♦♣❡♥❡❞ ✉♣ ❣❛✈❡ ❛ str♦♥❣ ✐♠♣❡t✉s t♦ t❤❡ ❢✉rt❤❡r ❞❡✈❡❧♦♣♠❡♥t✿ t❤❡ ❥❡t ❡♥❣✐♥❡✳ ❊✈❡r s✐♥❝❡ ✈♦♥
❖❤❛✐♥✬s ❍❡❲ ✸❇ ❡♥❣✐♥❡ ✭♠❛✐❞❡♥ ✢✐❣❤t ✶✾✸✾✮ ❛♥❞ ❲❤✐tt❧❡✬s ❲✶ ❡♥❣✐♥❡ ✭♠❛✐❞❡♥ ✢✐❣❤t ✶✾✹✶✮ t❤❡
❝❡♥tr✐❢✉❣❛❧ ❝♦♠♣r❡ss♦r ❤❛s ❤❛❞ ✐ts ♣❧❛❝❡ ✐♥ ❛❡r♦♥❛✉t✐❝s✳ ❉✉❡ t♦ ✐ts s❧✐♠♠❡r s❤❛♣❡ ❛♥❞ ❣r❡❛t❡r
✢♦✇ ❝❛♣❛❝✐t② t❤❡ ❛①✐❛❧ ❝♦♠♣r❡ss♦r ✇❛s t❤❡ s✉❝❝❡ss❢✉❧ ♦♥❡ ✐♥ ❧❛r❣❡ ❛✐r❝r❛❢t ♣r♦♣✉❧s✐♦♥✱ ❜✉t t❤❡
❝❡♥tr✐❢✉❣❛❧ ♦♥❡ ✐s st✐❧❧ ✐♥ ✉s❡ ❢♦r s♠❛❧❧ ❥❡t ❡♥❣✐♥❡s✱ s❤❛❢t ❡♥❣✐♥❡s ✐♥ t✉r❜♦♣r♦♣s ❛♥❞ ❤❡❧✐❝♦♣t❡rs ❛♥❞
❛s ❛✉①✐❧✐❛r② ♣♦✇❡r ✉♥✐t ✭❆P❯✮ ❢♦r ❛❧❧ t②♣❡ ♦❢ ❛✐r❝r❛❢t✳ ❆♥ ♦✈❡r✈✐❡✇ ♦❢ t❤❡ ✈❛r✐♦✉s ❛♣♣❧✐❝❛t✐♦♥s
♦❢ ❝❡♥tr✐❢✉❣❛❧ ❝♦♠♣r❡ss♦rs ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✶✳✶✳ ❆ ♠♦r❡ ❞❡t❛✐❧❡❞ ❤✐st♦r② ❜♦❛r❞ ♦♥ t❤✐s t♦♣✐❝
❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❬✶✶❪✳

■♥st❛❜✐❧✐t② ♣❤❡♥♦♠❡♥❛ r❡❢❡rr❡❞ ❛s st❛❧❧ ❛♥❞ s✉r❣❡ ❤❛✈❡ ❛❧✇❛②s ❜❡❡♥ ❛ ❝♦♠♠♦♥ s♦✉r❝❡ ♦❢
♣r♦❜❧❡♠s ❢♦r ❜♦t❤ ❜❛s✐❝ ❝♦♠♣r❡ss♦r t②♣❡s✳ ❚❤❡✐r ♣r❡❞✐❝t✐♦♥ ❛♥❞ ❞❡t❛✐❧❡❞ ✉♥❞❡rst❛♥❞✐♥❣ ✐s ❤❛r❞
❜✉t ✈❡r② ✈❛❧✉❛❜❧❡ s✐♥❝❡ t❤❡② ❧✐♠✐t t❤❡ ♣❡r❢♦r♠❛♥❝❡ ❛♥❞ ♦♣❡r❛t✐♦♥❛❧ ♣♦✐♥ts ✇✐t❤ ❜❡st ❡✣❝✐❡♥❝②
❛♥❞ ❤✐❣❤❡st ♣r❡ss✉r❡ r✐s❡ ❛r❡ ✉s✉❛❧❧② ❧♦❝❛t❡❞ q✉✐t❡ ❝❧♦s❡ t♦ t❤❡ st❛❜✐❧✐t② ❧✐♥❡✳ ❚❤✉s✱ ♦♥ t❤❡ ♦♥❡
❤❛♥❞ ✐t ✐s ❞❡s✐r❛❜❧❡ t♦ ♦❜t❛✐♥ ♠♦❞❡❧s t❤❛t ❛r❡ ❛❜❧❡ t♦ ❣✐✈❡ ❛ ❣♦♦❞ ♣r❡❞✐❝t✐♦♥ ♦❢ t❤❡ st❛❜✐❧✐t②
❝❤❛r❛❝t❡r✐st✐❝s ❞✉r✐♥❣ t❤❡ ❞❡s✐❣♥ ♣r♦❝❡ss✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞ t❤❡r❡ ✐s ❛♥ ✐♥t❡r❡st ❢♦r ♠♦❞❡❧s t❤❛t
❝❛♥ s❡r✈❡ ❛s ❛ ❜❛s✐s ❢♦r ❝♦♥tr♦❧ s②st❡♠s t❤❛t ❡♥❧❛r❣❡ t❤❡ ♦♣❡r❛t✐♦♥❛❧ r❛♥❣❡ ❛♥❞ ✐♠♣r♦✈❡ s❛❢❡t②✳
▼♦❞❡❧s ❢♦r t❤❡ ❞❡s✐❣♥ ♣r♦❝❡ss ❝❛♥ ❜❡ q✉✐t❡ ❝♦♠♣❧❡① ❛♥❞ ❛r❡ ❛✐♠❡❞ ❛t ❛ ❝♦♠♣r❡❤❡♥s✐✈❡ ✢♦✇
❛♥❛❧②s✐s ✇❤✐❧❡ ♠♦❞❡❧s ❢♦r t❤❡ s❡❝♦♥❞ ♣✉r♣♦s❡ ❤❛✈❡ t♦ ❜❡ r❛t❤❡r s✐♠♣❧❡ ❛♥❞ ❢♦❝✉s❡❞ ♦♥ t❤❡ ♦✈❡r❛❧❧
s②st❡♠ ❜❡❤❛✈✐♦✉r ❛s t❤❡② ❤❛✈❡ t♦ ❣✐✈❡ ❢❛st ✐♥♣✉t t♦ t❤❡ ❝♦♥tr♦❧❧❡r ❜❛s❡❞ ♦♥ ❧✐tt❧❡ ✐♥❢♦r♠❛t✐♦♥✳

❙✐♥❝❡ ❛ ❜❡tt❡r ✉♥❞❡rst❛♥❞✐♥❣ ♦❢ ✉♥st❛❜❧❡ ❜❡❤❛✈✐♦✉r ♣r♦♠✐s❡s ❝♦♥s✐❞❡r❛❜❧❡ ❜❡♥❡✜ts ❛ ❧♦t ♦❢
❡✛♦rt ❤❛s ❜❡❡♥ ♣✉t ✐♥ ❜♦t❤ ♦❢ t❤❡ ♠❡♥t✐♦♥❡❞ ❛♣♣r♦❛❝❤❡s ❜✉t ✐t ❝❛♥ ❜❡ ♦❜s❡r✈❡❞ t❤❛t st❛❧❧ ❛♥❞
s✉r❣❡ ✐s ♠✉❝❤ ❧❡ss ✇❡❧❧ ❡①♣❧❛✐♥❡❞ ✐♥ r❛❞✐❛❧ ❝♦♠♣r❡ss♦rs t❤❛♥ ✐♥ ❛①✐❛❧ ♦♥❡s ✭s❡❡ ❬✹✱ ♣✳ ✸✻✹❢❪✮✳ ❚❤✐s
♠❛② ❤❛✈❡ s❡✈❡r❛❧ r❡❛s♦♥s ❛s t❤❡ ❝♦♠♣❛r❛❜❧② ❝♦♠♣❧❡① ✢♦✇ r❡❣✐♠❡ ✐♥ ❝❡♥tr✐❢✉❣❛❧ ❝♦♠♣r❡ss♦rs ❜✉t
❛❧s♦ ❧❡ss r❡s❡❛r❝❤ ❞✉❡ t♦ t❤❡✐r ❤✐❣❤❡r t♦❧❡r❛♥❝❡ t♦ st❛❧❧❡❞ r❡❣✐♦♥s ♦r t❤❡ ♦❜s❡r✈❛t✐♦♥ t❤❛t t❤❡
♦♣t✐♠✉♠ ♦♣❡r❛t✐♦♥❛❧ ♣♦✐♥t ✐s ✉s✉❛❧❧② ♥♦t t❤❛t ❝❧♦s❡ t♦ t❤❡ s✉r❣❡ ❧✐♥❡ ❛s ✐♥ ❛①✐❛❧ ❝♦♠♣r❡ss♦rs ✭s❡❡
❬✷✱ ♣✳✶✶✵✾❪✮✳

❍♦✇❡✈❡r✱ t❤❡ ♣r❡s❡♥t st✉❞② ✇❛♥ts t♦ ♠❛❦❡ ❛ ♠♦❞❡st ❝♦♥tr✐❜✉t✐♦♥ t♦ t❤✐s ✇✐❞❡ ❛♥❞ ✐♥t❡r❡st✐♥❣

✶
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✭❛✮ ❉❊▼❆● ■♥❞✉str✐❛❧ ❜❧♦✇❡r

Stage 1

Stage 4

Stage 2

Stage 3

✭❜✮ ❉❊▼❆● ✹✲st❛❣❡ ❣❡❛r❡❞ ❝♦♠♣r❡ss♦r

✭❝✮ ❉❊▼❆● ✶✶✲st❛❣❡ ❝♦♠♣r❡ss♦r

✭❞✮ ❚✉r❜♦♠é❝❛ ▼❛r✐❜♦ré ■■ ❥❡t ❡♥❣✐♥❡

❋✐❣✉r❡ ✶✳✶✿ ■❧❧✉str❛t✐♦♥ ♦❢ t❤❡ ✈❛r✐♦✉s ❛♣♣❧✐❝❛t✐♦♥s ❢♦r ❝❡♥tr✐❢✉❣❛❧ ❝♦♠♣r❡ss♦rs✱ ❛❧❧ ✜❣✉r❡s t❛❦❡♥
❢r♦♠ ❬✻❪✳

✜❡❧❞ ♦❢ r❡s❡❛r❝❤✳ ■t ✐s ♥❡❡❞❧❡ss t♦ s❛② t❤❛t t❤❡ ❧✐♠✐t❡❞ s❝♦♣❡ ♦❢ ❛ ❞✐♣❧♦♠❛ t❤❡s✐s ❛♥❞ t❤❡ ✉♥✐✈❡r✲
s✐t②✬s ✐♥❢r❛str✉❝t✉r❛❧ ❛♥❞ ♣❡rs♦♥♥❡❧ s✐t✉❛t✐♦♥ ✐♥❤✐❜✐t ❡①t❡♥s✐✈❡ ♠❡❛s✉r❡♠❡♥ts ❛♥❞ s✐♠✉❧❛t✐♦♥s✳
❍❡♥❝❡✱ ■ ❣♦t ✕ ❛❧s♦ ❞✉r✐♥❣ ♠② ❛❝t✐✈✐t✐❡s ❛s ❛ ❧❛❜♦r❛t♦r② ❛ss✐st❛♥t ✕ ❛ ❧✐tt❧❡ ✐♥s✐❣❤t ✐♥ t❤❡ ❞❛✐❧②
r♦✉t✐♥❡ ♦❢ ❛❝❛❞❡♠✐❝ r❡s❡❛r❝❤ ♦r t❤❡ ❛rt ♦❢ t❤❡ ♣♦ss✐❜❧❡✳

❆❧t❤♦✉❣❤ ✐t ✇❛s tr✐❡❞ t♦ ❛✈♦✐❞ ✐♥❝♦♥s✐st❡♥❝✐❡s ✐♥ ♥♦♠❡♥❝❧❛t✉r❡ s♦♠❡ s②♠❜♦❧s ✇✐❧❧ ❤❛✈❡ ❛
❞✐✛❡r❡♥t ♠❡❛♥✐♥❣ ✐♥ ❞✐✛❡r❡♥t ❝♦♥t❡①ts✳ ❖t❤❡r✇✐s❡ ✉♥✉s✉❛❧ ❞❡♥♦♠✐♥❛t✐♦♥s ✇♦✉❧❞ ❤❛✈❡ ❜❡❡♥
♥❡❝❡ss❛r② ✇❤✐❝❤ ✇♦✉❧❞ ♥♦t ❤❛✈❡ ✐♠♣r♦✈❡❞ r❡❛❞❛❜✐❧✐t② ❛♥❞ ❛s ❘✳❲✳ ❊♠❡rs♦♥ s❛✐❞✱ ❛ ❢♦♦❧✐s❤
❝♦♥s✐st❡♥❝② ✐s t❤❡ ❤♦❜❣♦❜❧✐♥ ♦❢ ❧✐tt❧❡ ♠✐♥❞s✳

✷



❈❤❛♣t❡r ✷

❚❤❡♦r② ♦♥ ❈♦♠♣r❡ss♦r ❙t❛❜✐❧✐t②

✷✳✶ ❉❡✜♥✐t✐♦♥ ♦❢ ❈♦♠♣r❡ss♦r ❙t❛❜✐❧✐t②

❚❤❡ st❛❜✐❧✐t② ♦❢ ❛ st❛t❡ ❝❛♥ ❣❡♥❡r❛❧❧② ❜❡ ❞❡✜♥❡❞ ❛s t❤❡ ✐♠♠✉♥✐t② t♦ s♠❛❧❧ ♣❡rt✉r❜❛t✐♦♥s✳ ■♥
t❤❡ ❝♦♥t❡①t ♦❢ ❝♦♠♣r❡ss♦rs t✇♦ ❜❛s✐❝ t②♣❡s ♦❢ st❛❜✐❧✐t② ❝❛♥ ❜❡ ✐❞❡♥t✐✜❡❞✿ ♦♣❡r❛t✐♦♥❛❧ ♦r st❛t✐❝
st❛❜✐❧✐t② ❛♥❞ ❛❡r♦❞②♥❛♠✐❝ ♦r ❞②♥❛♠✐❝ st❛❜✐❧✐t②✳ ❚❤❡ ✜rst ♦♥❡ ✐s ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ ♠❛t❝❤✐♥❣ ♦❢
t❤❡ ❝♦♠♣r❡ss♦r ❝❤❛r❛❝t❡r✐st✐❝ ❛♥❞ t❤❡ t❤r♦tt❧❡ ❧✐♥❡✳ ❙t❛❜❧❡ ♦♣❡r❛t✐♦♥ ✐s ❣✐✈❡♥ ❛s ❧♦♥❣ ❛s t❤❡ s❧♦♣❡
♦❢ t❤❡ t❤r♦tt❧❡ ❧✐♥❡ ✐s ❣r❡❛t❡r t❤❛♥ t❤❡ s❧♦♣❡ ♦❢ t❤❡ ❝♦♠♣r❡ss♦r ❝❤❛r❛❝t❡r✐st✐❝ ✐♥ t❤❡ ♦♣❡r❛t✐♦♥❛❧
♣♦✐♥t✳ ❋♦r ❛ st❛❜❧❡ ♣♦✐♥t ❛ s♠❛❧❧ ✐♥❝r❡❛s❡ ♦❢ t❤❡ ✢♦✇ r❛t❡ ❧❡❛❞s t♦ ❛ ❞❡❝r❡❛s❡ ♦❢ t❤❡ ♣r❡ss✉r❡ r✐s❡
✇❤❡r❡❜② t❤❡ ♦r✐❣✐♥❛❧ ❡q✉✐❧✐❜r✐✉♠ ✇✐❧❧ ❜❡ r❡st♦r❡❞✳ ❆♥ ❛♥❛❧♦❣♦✉s ❝♦♥s✐❞❡r❛t✐♦♥ ❝❛♥ ❜❡ ♠❛❞❡ ❢♦r
❛ s♠❛❧❧ s❤✐❢t t♦ ❛ ❧♦✇❡r ✢♦✇ r❛t❡✳ ■❢ t❤✐s ❝r✐t❡r✐♦♥ ✐s ✈✐♦❧❛t❡❞ ❛ ❤✐❣❤❡r ✢♦✇ r❛t❡ ❧❡❛❞s t♦ ❛ ❤✐❣❤❡r
♣r❡ss✉r❡ r✐s❡ ❛♥❞ t❤❡ ♦t❤❡r ✇❛② r♦✉♥❞ ✇❤✐❝❤ ❞r✐✈❡s ♦♣❡r❛t✐♦♥ ❛✇❛② ❢r♦♠ t❤❡ ♦r✐❣✐♥❛❧ ♣♦✐♥t ✳

❚❤✐s s✐♠♣❧❡ ❛♣♣r♦❛❝❤ ❝❛♥♥♦t ❡①♣❧❛✐♥ ❛❧❧ ✐♥st❛❜✐❧✐t② ♣❤❡♥♦♠❡♥❛ t❤❛t ♦❝❝✉r ✐♥ r❡❛❧ ♠❛❝❤✐♥❡s✳
❚❤❡r❡❢♦r❡✱ ♦♥❡ ❤❛s t♦ ❝♦♥s✐❞❡r ❛ s❡❝♦♥❞ t②♣❡ ♦❢ st❛❜✐❧✐t②✳ ■❢ st❡❛❞② st❛t❡ ♦♣❡r❛t✐♦♥ ❝❛♥♥♦t ❜❡
❡st❛❜❧✐s❤❡❞ ❛❧t❤♦✉❣❤ t❤❡ st❛t✐❝ st❛❜✐❧✐t② ❝r✐t❡r✐♦♥ ✐s s❛t✐s✜❡❞ ❛❡r♦❞②♥❛♠✐❝ ♦r ❞②♥❛♠✐❝ ✐♥st❛❜✐❧✐t②
✐s t❤❡ r❡❛s♦♥✳ ❖❢t❡♥ ✐t ✐s t❤✐s ❤❛r❞❡r t♦ ♣r❡❞✐❝t ❦✐♥❞ ♦❢ ✐♥st❛❜✐❧✐t② ✇❤✐❝❤ ❧✐♠✐ts t❤❡ ♦♣❡r❛t✐♦♥❛❧
r❛♥❣❡ ❞✉❡ t♦ st❛❧❧ ❛♥❞ s✉r❣❡ ✭s❡❡ ❬✹✱ ♣✳ ✸✺✾❢❪✱ ❬✻✱ ♣✳ ✹✼✼❢❪✱ ❬✶✵✱ ♣✳ ✶✾✹✛❪✱ ❬✶✹✱ ♣✳ ✶✲✹ ✛❪✮ ✳ ❚❤❡ t❤❡s✐s
❛t ❤❛♥❞ ❞❡❛❧s ✇✐t❤ t❤✐s ✜❡❧❞ ♦❢ ✐♥st❛❜✐❧✐t②✳

✷✳✷ ❙t❛❧❧ ❛♥❞ ❙✉r❣❡

✷✳✷✳✶ ❙t❛❧❧

■♥ t❤❡ t❤❡♦r② ♦❢ ❛✐r❢♦✐❧s st❛❧❧ ♠❡❛♥s t❤❛t t❤❡ ❜♦✉♥❞❛r② ❧❛②❡r ✐s s❡♣❛r❛t✐♥❣ s✐♥❝❡ ✐t ✐s ♥♦t ❛❜❧❡ t♦
✇✐t❤st❛♥❞ ❛ ❝❡rt❛✐♥ ♣r❡ss✉r❡ r✐s❡✳ ❋♦r ❛ ❣✐✈❡♥ ❛✐r❢♦✐❧ t❤❡ ♦♥s❡t ♦❢ t❤✐s ♣❤❡♥♦♠❡♥♦♥ ✐s ✉s✉❛❧❧②
❞❡♣❡♥❞❡♥t ♦♥ t❤❡ ❛♥❣❧❡ ♦❢ ❛tt❛❝❦ ❛♥❞ t♦ ❛ ❧❡ss❡r ❡①t❡♥t ♦♥ t❤❡ ❘❡②♥♦❧❞s ♥✉♠❜❡r✳

❲✐t❤ t✉r❜♦♠❛❝❤✐♥❡r② ♦r ✇✐t❤ ❝♦♠♣r❡ss♦rs ✐♥ ♣❛rt✐❝✉❧❛r t❤❡ s✐t✉❛t✐♦♥ ✐s ❛ ❜✐t ❞✐✛❡r❡♥t ❢r♦♠
t❤❡ s✐♥❣❧❡ ❛✐r❢♦✐❧ ✐♥ ❛♥ ✉♥❞✐st✉r❜❡❞ ❡①t❡r♥❛❧ ✢♦✇✳ ❚❤❡ ♠♦st ♦❜✈✐♦✉s ❞✐✛❡r❡♥❝❡ ✐s t❤❡ ❢❛❝t t❤❛t
♠✉❧t✐♣❧❡ ❛✐r❢♦✐❧s ♦r ❜❧❛❞❡s ❛r❡ ✉s❡❞ ✐♥ ❡❛❝❤ r♦✇✳ ❆♥♦t❤❡r ♠❛❥♦r ❞✐✛❡r❡♥❝❡ ✐s t❤❛t ✐♥ ♠✉❧t✐✲st❛❣❡
♠❛❝❤✐♥❡s ❡✈❡r② r♦✇ ❞♦✇♥str❡❛♠ t❤❡ ✜rst ♦♥❡ ✐s ❢❛❝✐♥❣ ❛♥ ✐♥❤♦♠♦❣❡♥❡♦✉s ✢♦✇✳ ❖♥❡ ❝❛♥ ❛❧s♦
♠❡♥t✐♦♥ t❤❡ ❤✐❣❤❡r ❡✛❡❝t ♦❢ t❤❡ ✇❛❧❧s ✇✐t❤ t❤❡✐r ❛ss♦❝✐❛t❡❞ ❜♦✉♥❞❛r② ❧❛②❡rs ❛♥❞ t❤❡ ❡✛❡❝t ♦❢ t✐♣
❝❧❡❛r❛♥❝❡ ✐♥ r♦t❛t✐♥❣ r♦✇s✳

◆♦✇ ✐♥ t❤❡ ❝♦♥t❡①t ♦❢ ❝♦♠♣r❡ss♦rs ♦♥❡ ❝❛♥ ✐❞❡♥t✐❢② t✇♦ t②♣❡s ♦❢ st❛❧❧✳ ❚❤❡ ✜rst ♦♥❡ ✐s
✐♥❞✐✈✐❞✉❛❧ st❛❧❧ ✇❤✐❝❤ ✇♦✉❧❞ ❜❡ ❡①♣❡❝t❡❞ ❛ss✉♠✐♥❣ ✐❞❡♥t✐❝❛❧ ❜❧❛❞❡s ❛♥❞ ❛ ❤♦♠♦❣❡♥❡♦✉s ✢♦✇✳ ■t
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ϕ 
❋✐❣✉r❡ ✷✳✶✿ ■❧❧✉str❛t✐♦♥ ♦❢ t❤❡ ♣r❡ss✉r❡ ❞r♦♣ ✐♥ ❛①✐❛❧ ❛♥❞ r❛❞✐❛❧ ❝♦♠♣r❡ss♦rs ✐♥ t❤❡ ♣r❡s❡♥❝❡ ♦❢
st❛❧❧❀ ✜❣✉r❡ t❛❦❡♥ ❢r♦♠ ❬✺✱ ♣✳ ✻❪ ❛♥❞ ❛❞❛♣t❡❞❀ ❢♦r ❞❡✜♥✐t✐♦♥s ♦❢ ψ ❛♥❞ ϕ s❡❡ ❜❡❧♦✇✳

♦❝❝✉rs ✇❤❡♥ t❤❡ ❡♥t✐r❡ ❜❧❛❞❡ r♦✇ st❛❧❧s ❛t ♦♥❝❡✳ ❉✉❡ t♦ ❞❡✈✐❛t✐♦♥s ❢r♦♠ t❤❡ ✐❞❡❛❧ ❛ss✉♠♣t✐♦♥s
♠❡♥t✐♦♥❡❞ ❛❜♦✈❡ t❤❡ ♠♦st ❝♦♠♠♦♥ t②♣❡ ♦❢ st❛❧❧ ✐s r♦t❛t✐♥❣ st❛❧❧ ✇❤❡r❡ ❥✉st ❛ ❢❡✇ ❜❧❛❞❡s ❛r❡
st❛❧❧❡❞ ❛t ♦♥❝❡✳ ❚❤❡r❡ ♠❛② ❜❡ ♦♥❡ ♦r s❡✈❡r❛❧ st❛❧❧ ❝❡❧❧s r♦t❛t✐♥❣ ✐♥ t❤❡ s❛♠❡ ❞✐r❡❝t✐♦♥ ❛s t❤❡
r♦t♦r ❛t s♦♠❡ ❢r❛❝t✐♦♥ ♦❢ ✐ts r♦t❛t✐♦♥❛❧ s♣❡❡❞✳ ❚❤❡s❡ ❝❡❧❧s ♠❛② ❡①t❡♥❞ r✐❣❤t ❛❝r♦ss t❤❡ ❛♥♥✉❧✉s
✭❦♥♦✇♥ ❛s ❢✉❧❧✲s♣❛♥ st❛❧❧✮ ♦r ❥✉st ❝♦✈❡r ❛ ♣❛rt ♦❢ ✐ts ❤❡✐❣❤t ✭❦♥♦✇♥ ❛s ♣❛rt✲s♣❛♥ st❛❧❧✮✳

❍♦✇❡✈❡r✱ r♦t❛t✐♥❣ st❛❧❧ ❛❧✇❛②s ❧❡❛❞s t♦ ❛ ❞r♦♣ ✐♥ ♣r❡ss✉r❡ r✐s❡ ❛t ❛ ❣✐✈❡♥ ✢♦✇✳ ❆s ♣r❡s❡♥t❡❞
✐♥ ❋✐❣✳ ✷✳✶ ❛①✐❛❧ ❝♦♠♣r❡ss♦rs t②♣✐❝❛❧❧② ❡①❤✐❜✐t ❛ r♦t❛t✐♥❣ st❛❧❧ ❢❡❛t✉r✐♥❣ ❛ ❧❛r❣❡ ❞r♦♣ ✐♥ ♣r❡ss✉r❡
r✐s❡ ❛♥❞ ✢♦✇ ✭s♦ ❝❛❧❧❡❞ ❛❜r✉♣t ♦r ❞❡❡♣ st❛❧❧✮ ✇❤✐❧❡ ❝❡♥tr✐❢✉❣❛❧ ♦♥❡s ✉s✉❛❧❧② ❡①♣❡r✐❡♥❝❡ ❥✉st ❛♥
✐♥❛♣♣r❡❝✐❛❜❧❡ ❞r♦♣ ✐♥ ♦✈❡r❛❧❧ ♣❡r❢♦r♠❛♥❝❡ ✭s♦ ❝❛❧❧❡❞ ♣r♦❣r❡ss✐✈❡ ♦r ♠✐❧❞ st❛❧❧✮✳

❚❤✐s ✐s ❜❡❝❛✉s❡ ♠✉❝❤ ♦❢ t❤❡ ♣r❡ss✉r❡ r✐s❡ ✐s ♣r♦❞✉❝❡❞ ❜② ❝❡♥tr✐❢✉❣❛❧ ❢♦r❝❡s ✇❤✐❝❤ ❤❛✈❡ ❛♥
❡✛❡❝t ♦♥ ❛ s❡♣❛r❛t❡❞ ✢♦✇ t♦♦✳ ❚❤✉s✱ ✐t ✐s ♦❢t❡♥ ❢❡❛s✐❜❧❡ t♦ ♦♣❡r❛t❡ ✐♥ ❛ s❛t✐s❢❛❝t♦r② ✇❛② ❡✈❡♥
✇✐t❤ r♦t❛t✐♥❣ st❛❧❧ ♣r❡s❡♥t ✭s❡❡ ❬✹✱ ♣✳ ✸✻✹✛❪✮✳ ❚❤✐s ♠❛② ❜❡ t❤❡ ❝❛✉s❡ t❤❛t t❤❡ ❣r❡❛t❡st r❡s❡❛r❝❤
❡✛♦rt ❤❛s ❜❡❡♥ ✇✐t❤ st❛❧❧ ♦❢ ❛①✐❛❧ ❝♦♠♣r❡ss♦rs✳

✷✳✷✳✷ ❙✉r❣❡

■♥ ❝❛s❡ ♦❢ s✉r❣❡ t❤❡ ✇❤♦❧❡ ❝♦♠♣r❡ss✐♦♥ s②st❡♠ ✐s ✉♥st❛❜❧❡✳ ❚❤✐s ✢♦✇ st❛t❡ ✐s ❝❤❛r❛❝t❡r✐③❡❞ ❜②
✢✉❝t✉❛t✐♦♥s ♦❢ t❤❡ ❛✈❡r❛❣❡ ✢♦✇ t❤r♦✉❣❤ t❤❡ ❝♦♠♣r❡ss♦r ❛s ✇❡❧❧ ❛s ♦❢ t❤❡ ♣r❡ss✉r❡ r✐s❡✳ ❚❤✐s
r❡s✉❧ts ✐♥ ❛ s♦ ❝❛❧❧❡❞ s✉r❣❡ ❝②❝❧❡ ✇❤✐❝❤ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❛♥ ✐❞❡❛❧✐③❡❞ ✈❡rs✐♦♥ ✐♥ ❋✐❣✳ ✷✳✸✳ ■♥ s✉r❣❡
♦♣❡r❛t✐♦♥ t❤❡ s②st❡♠ ✐s ✉♥❛❜❧❡ t♦ ❛tt❛✐♥ ❛ st❛❜❧❡ ♦♣❡r❛t✐♦♥❛❧ ♣♦✐♥t ✭s❡❡ ❋✐❣✳ ✷✳✷✮✳ ❚❤❡ ❧♦❛❞✐♥❣
❛♥❞ ✉♥❧♦❛❞✐♥❣ ♦❢ t❤❡ ❝♦♠♣r❡ss✐♦♥ s②st❡♠ ❧❡❛❞ t♦ ❤❡❛✈② tr❛♥s✐❡♥t ♠❡❝❤❛♥✐❝❛❧ ❧♦❛❞s✳ ❈♦♠♣❛r❡❞
t♦ r♦t❛t✐♥❣ st❛❧❧ t❤❡ t✐♠❡ s❝❛❧❡ ❢♦r s✉r❣❡ ✐s ❧♦♥❣❡r ❛♥❞ ✐♥ ❝♦♥tr❛st t♦ st❛❧❧ ✐t ✐s ❞❡t❡r♠✐♥❡❞ ❜② t❤❡
t✐♠❡ t♦ ✜❧❧ ❛♥❞ ❡♠♣t② t❤❡ st♦r❛❣❡ ✈♦❧✉♠❡ ♥♦t t❤❡ ✢♦✇ ♣❛tt❡r♥ ✐♥ ❛♥❞ ❛r♦✉♥❞ t❤❡ ❝♦♠♣r❡ss♦r
✭s❡❡ ❬✹✱ ♣✳ ✸✻✶❪✮✳ ❚②♣✐❝❛❧ ❢r❡q✉❡♥❝✐❡s ♦❢ ♣r❡ss✉r❡ ❛♥❞ ✈❡❧♦❝✐t② ✢✉❝t✉❛t✐♦♥s ❝❛✉s❡❞ ❜② s✉r❣❡ ❛r❡
5✄10Hz ✇❤✐❧❡ st❛❧❧ ❧❡❛❞s t♦ ♦♥❡ ♦r❞❡r ♦❢ ♠❛❣♥✐t✉❞❡ ❣r❡❛t❡r ❞♦♠✐♥❛♥t ❢r❡q✉❡♥❝✐❡s ♦❢ ❛❜♦✉t 50✄

✹
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❋✐❣✉r❡ ✷✳✷✿ ❚r❛♥s✐❡♥t s②st❡♠ r❡s♣♦♥s❡ s✉❜s❡q✉❡♥t t♦ ✐♥✐t✐❛❧ ✐♥st❛❜✐❧✐t②❀ ✜❣✉r❡ t❛❦❡♥ ❢r♦♠ ❬✶✵✱
♣✳ ✷✵✺❪ ❛♥❞ ❛❞❛♣t❡❞✳

100Hz✳ ❙✐♠✐❧❛r t♦ st❛❧❧ ♦♥❡ ❝❛♥ ❞✐st✐♥❣✉✐s❤ ❜❡t✇❡❡♥ ♠✐❧❞ ❛♥❞ ❞❡❡♣ ♦r ✈✐♦❧❡♥t s✉r❣❡ ❞❡♣❡♥❞✐♥❣ ♦♥
✐ts ✐♥t❡♥s✐t②✳ ❯♥❧✐❦❡ st❛❧❧ s✉r❣❡ ✐s ❛ ♦♥❡✲❞✐♠❡♥s✐♦♥❛❧ ♣❤❡♥♦♠❡♥♦♥ ✇❤✐❝❤ s✐♠♣❧✐✜❡s ✐ts ❞❡t❡❝t✐♦♥
❛♥❞ ❛♥❛❧②s✐s✳

■♥ ❬✼❪ ❡✐❣❤t ♣❛r❛♠❡t❡rs ❤❛✈❡ ❜❡❡♥ ✐❞❡♥t✐✜❡❞ ✇❤✐❝❤ ❡✛❡❝t t❤❡ s✉r❣✐♥❣ ♦❢ ❝❡♥tr✐❢✉❣❛❧ ❝♦♠♣r❡ss♦rs✿

• ●r❛❞✐❡♥t ♦❢ ❝♦♠♣r❡ss♦r ♣r❡ss✉r❡ r✐s❡ ❝❤❛r❛❝t❡r✐st✐❝ ❛♥❞ t❤❡ ❧✐♠✐t❡❞ ❛❡r♦❞②♥❛♠✐❝ ♣❡r❢♦r✲
♠❛♥❝❡ r❛♥❣❡ ♦❢ ❡❛❝❤ ❝♦♠♣♦♥❡♥t

• ■♥❞✉❝❡r ✐♥❝✐❞❡♥❝❡

• ■♠♣❡❧❧❡r ❜❧❛❞❡ ❜❛❝❦s✇❡❡♣

• ■♥❧❡t s✇✐r❧

• ◆✉♠❜❡r ♦❢ ❞✐✛✉s❡r ❛♥❞ ✐♠♣❡❧❧❡r ✈❛♥❡s

• Pr❡ss✉r❡ r❡❝♦✈❡r② ✇✐t❤✐♥ t❤❡ s❡♠✐✈❛♥❡❧❡ss✲s♣❛❝❡ ✭❙❱❙✮ ❛♥❞ ✐♥❝✐❞❡♥❝❡ ♦♥ t❤❡ ❞✐✛✉s❡r ✈❛♥❡
❧❡❛❞✐♥❣ ❡❞❣❡

• ❉✐✛✉s❡r ❝❤❛♥♥❡❧ ♣r❡ss✉r❡ r❡❝♦✈❡r② ❛♥❞ ❝♦❧❧❡❝t♦r t②♣❡

• ❈❛s✐♥❣ tr❡❛t♠❡♥ts

❚♦ ❞✐s❝✉ss t❤❡♠ ✇♦✉❧❞ ❣♦ ❜❡②♦♥❞ t❤❡ s❝♦♣❡ ♦❢ t❤✐s ✇♦r❦ ❜✉t t❤✐s ❧✐st✐♥❣ ❝❛♥ ❜❡ ❛ ❣✉✐❞❛♥❝❡ ✐♥
t❤❡ ❞❡s✐❣♥ ♣r♦❝❡ss ✇❤❡♥ ❝♦♥s✐❞❡r✐♥❣ t❤❡ s✉r❣❡ ✐ss✉❡✳

✷✳✸ ●r❡✐t③❡r✬s ▲✉♠♣❡❞ P❛r❛♠❡t❡r ▼♦❞❡❧

✷✳✸✳✶ ❖r✐❣✐♥❛❧ ▼♦❞❡❧

■♥ ✶✾✼✻ ●r❡✐t③❡r ✭s❡❡ ❬✾❪✮ ♦✛❡r❡❞ ❛ s②st❡♠ ✐♥st❛❜✐❧✐t② ♠♦❞❡❧ ❢♦r ❛①✐❛❧ ✢♦✇ ❝♦♠♣r❡ss♦rs ❜❛s❡❞ ♦♥
s②st❡♠ ❝♦♠♣♦♥❡♥t ❝❤❛r❛❝t❡r✐st✐❝s ✇❤✐❝❤ ❛❧❧♦✇s t♦ ♣r❡❞✐❝t ✇❤❡t❤❡r ❛ ❝❡rt❛✐♥ ❝♦♥✜❣✉r❛t✐♦♥ ✇✐❧❧

✺
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❋✐❣✉r❡ ✷✳✸✿ ■❞❡❛❧✐③❡❞ s✉r❣❡ ❝②❝❧❡✱ ✐❧❧✉str❛t✐♥❣ ❛ ♣❤❛s❡ s❤✐❢t ♦❢ ❛ q✉❛rt❡r ♣❡r✐♦❞ ❜❡t✇❡❡♥ ♣r❡ss✉r❡
r✐s❡ ❛♥❞ ✢♦✇ r❛t❡✳

❡①❤✐❜✐t st❛❧❧ ♦r s✉r❣❡ ❛♥❞ ✇❤❛t t❤❡ tr❛♥s✐❡♥t ❜❡❤❛✈✐♦✉r ✇✐❧❧ ❧♦♦❦ ❧✐❦❡✳ ❆❧t❤♦✉❣❤ ●r❡✐t③❡r✬s t❤❡♦r②
✇❛s ❞❡✈❡❧♦♣❡❞ ❢♦r ❛①✐❛❧ ❝♦♠♣r❡ss♦rs ✐t t✉r♥❡❞ ♦✉t t♦ ❜❡ s✉✐t❛❜❧❡ ❢♦r ❝❡♥tr✐❢✉❣❛❧ ❝♦♠♣r❡ss♦rs t♦♦
✇❤❡♥ ✉s✐♥❣ ❛ s♠❛❧❧❡r r❡❧❛①❛t✐♦♥ t✐♠❡ ✭s❡❡ ❜❡❧♦✇✮ ❛s ❤❛s ❜❡❡♥ r❡♣♦rt❡❞ ❜② ❍❛♥s❡♥ ❡t ❛❧✳ ✭s❡❡ ❬✽✱
♣✳ ✸✾✹❪✮✳

❚❤❡ ❡q✉✐✈❛❧❡♥t ❝♦♠♣r❡ss✐♦♥ s②st❡♠ ✉s❡❞ ✐♥ t❤❡ ❞❡s❝r✐❜❡❞ ♠♦❞❡❧ ✐s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✳ ✷✳✹✳
❖♥❡ ❝❛♥ ❢♦r♠✉❧❛t❡ t❤❡ ❡q✉❛t✐♦♥ ♦❢ ♠♦t✐♦♥ ❢♦r t❤❡ ❞✉❝t ❜❡t✇❡❡♥ ❝♦♠♣r❡ss♦r ❛♥❞ ♣❧❡♥✉♠ ❢♦r ❛♥
✐♥❝♦♠♣r❡ss✐❜❧❡ ✢♦✇ ❛s

p2t ✏ pPt � ρ
LC➺
0

dc

dt
ds . ✭✷✳✶✮

compressor

plenum

throttle

LC LT

1 2 3 4 = 1
P

❋✐❣✉r❡ ✷✳✹✿ ❊q✉✐✈❛❧❡♥t ❝♦♠♣r❡ss✐♦♥ s②st❡♠ ✉s❡❞ ❜② ●r❡✐t③❡r✳

✻
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❆❢t❡r ✐♥t❡❣r❛t✐♥❣ t❤❡ ❧❛st t❡r♠ t❤✐s ❡q✉❛t✐♦♥ ❝❛♥ ❜❡ r❡❛rr❛♥❣❡❞ ❛s ❢♦❧❧♦✇s✿

dc

dt
LCρAC ✏ ♣p2t ✁ pPtqAC

✏ ♣✁ ♣pPt ✁ p1tq❧♦♦♦♦♦♠♦♦♦♦♦♥
∆p

�♣p2t ✁ p1tq❧♦♦♦♦♠♦♦♦♦♥
C

qAC

✏ ♣✁∆p� CqAC .

✭✷✳✷✮

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

dc

dt
LTρAT ✏ ♣♣pPt ✁ p1tq❧♦♦♦♦♦♠♦♦♦♦♦♥

∆p

✁♣p3t ✁ p1tq❧♦♦♦♦♠♦♦♦♦♥
F

qAT

✏ ♣∆p✁ F qAT .

✭✷✳✸✮

❆ss✉♠✐♥❣ ✐♥❝♦♠♣r❡ss✐❜❧❡ ✢♦✇ t❤❡ ❞❡r✐✈❛t✐✈❡ ♦❢ ♠❛ss ✢♦✇ ✇✐t❤ r❡s♣❡❝t t♦ t✐♠❡ ✐s ❥✉st ❛ ❢✉♥❝t✐♦♥
♦❢ t❤❡ ❝❤❛♥❣❡ ✐♥ ✈❡❧♦❝✐t② ✇❤✐❝❤ r❡❛❞s

d ✾m

dt
✏ dc

dt
ρA. ✭✷✳✹✮

❯s✐♥❣ t❤✐s r❡❧❛t✐♦♥ ❊q✳ ✭✷✳✷✮ ❛♥❞ ❊q✳ ✭✷✳✸✮ ❝❛♥ ❜❡ ♠♦❞✐✜❡❞ t♦

d ✾mC

dt

LC

AC

✏ ✁∆p� C ✭✷✳✺✮

❛♥❞
d ✾mT

dt

LT

AT

✏ ∆p✁ F . ✭✷✳✻✮

❆s ❛ ♥❡①t st❡♣ ✐t s❡❡♠s ❧❡❣✐t t♦ ❛ss✉♠❡ t❤❛t t❤❡ ♣r❡ss✉r❡ ❞r♦♣ ❛❝r♦ss t❤❡ t❤r♦tt❧❡ ✐s ❡q✉❛❧ t♦ t❤❡
❞②♥❛♠✐❝ ♣r❡ss✉r❡ ❛t t❤❡ ❞✐s❝❤❛r❣❡ ♣❧❛♥❡✳ ❚❤✐s ❛❧❧♦✇s t♦ ✜♥❞ ❢♦r F t❤❡ r❡❧❛t✐♦♥

F ✏ 1

2
ρc2T,a ✏

1

2
ρc2T,a

ρA2
T,a

ρA2
T,a

✏ ✾m2
T

2ρA2
T,a

. ✭✷✳✼✮

◆♦t❡ t❤❛t cT,a ❛♥❞ AT,a r❡❢❡r t♦ t❤❡ ❞✐s❝❤❛r❣❡ ♣❧❛♥❡✳ ❋♦r ❛ ✈❛r✐❛❜❧❡ ❛r❡ ♥♦③③❧❡ ♦r ❛ ✈❛❧✈❡ t❤✐s
♠❡❛♥s t❤❛t AT,a ✐s t❤❡ ♠❛♥✐♣✉❧❛t❡❞ ✈❛r✐❛❜❧❡✳ ■t ✐s ♥♦t t❤❡ ✜①❡❞ ❞✉❝t ❛r❡❛ AT ✳ ❚❤❡♥ ❊q✳ ✭✷✳✻✮
✜♥❛❧❧② ❜❡❝♦♠❡s

d ✾mT

dt

LT

AT

✏ ∆p✁ ✾m2
T

2ρA2
T

. ✭✷✳✽✮

▼❛ss ❝♦♥s❡r✈❛t✐♦♥ ❢♦r t❤❡ ♣❧❡♥✉♠ ✐s ❣✐✈❡♥ ❜②

✾mC ✁ ✾mT ✏ VP
dρ

dt
✭✷✳✾✮

s✐♥❝❡ t❤❡ ♣❧❡♥✉♠ ✈♦❧✉♠❡ ✐s ❝♦♥st❛♥t✳ ❚♦ s✉❜st✐t✉t❡ t❤❡ t✐♠❡ ❞❡r✐✈❛t✐✈❡ ♦❢ t❤❡ ❞❡♥s✐t② ✐t ✐s
❛ss✉♠❡❞ t❤❛t t❤❡ t❤❡r♠♦❞②♥❛♠✐❝ ♣r♦❝❡ss ✐♥ t❤❡ ♣❧❡♥✉♠ ✐s ✐s❡♥tr♦♣✐❝ ✇❤✐❝❤ ❛❧❧♦✇s t♦ ✉s❡

pP

✂
1

ρP

✡κ

✏ constant . ✭✷✳✶✵✮

✼
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◆♦t❡ t❤❛t t❤❡ ✈❡❧♦❝✐t② ✐♥ t❤❡ ♣❧❡♥✉♠ ✐s ♥❡❣❧✐❣✐❜❧❡ ✭pPt ✏ pP ✮✳ ❆❢t❡r ❞✐✛❡r❡♥t✐❛t✐♦♥ ❛♥❞ r❡❛r✲
r❛♥❣✐♥❣ ♦♥❡ ❣❡ts

dρP

dt
✏ ρP

κpP

dpP

dt
. ✭✷✳✶✶✮

❆❞❞✐t✐♦♥❛❧❧② ✐t ✐s ❛ss✉♠❡❞ t❤❛t ρP ④pP ✐s ♥❡❛r❧② t❤❡ s❛♠❡ ❛s ρa④pa ✇❤✐❝❤ ✐s ❥✉st✐✜❡❞ ❜② t❤❡
❝♦♥❞✐t✐♦♥ t❤❛t t❤❡ ♣r❡ss✉r❡ ❛♥❞ t❡♠♣❡r❛t✉r❡ r❛t✐♦ ♦❢ t❤❡ ❝♦♠♣r❡ss✐♦♥ s②st❡♠ ❛r❡ ♥❡❛r ✉♥✐t②✳
❚❤❡♥ t❤❡ ♠❛ss ❝♦♥s❡r✈❛t✐♦♥ ✐♥ t❤❡ ♣❧❡♥✉♠ ✐s

✾mC ✁ ✾mT ✏ VP
ρ

κp

dpP

dt
. ✭✷✳✶✷✮

❲❤❡♥ r❡❛❝❤✐♥❣ t❤❡ st❛❧❧ ❧✐♠✐t ❧✐♥❡ t❤❡ ❝♦♠♣r❡ss♦r ❞♦❡s ♥♦t r❡s♣♦♥❞ q✉❛s✐✲st❡❛❞✐❧② t♦ ❝❤❛♥❣❡s
✐♥ ♠❛ss ✢♦✇✳ ❆❝t✉❛❧❧② ❛ ✜♥✐t❡ ❛♠♦✉♥t ♦❢ t✐♠❡ ✭✉s✉❛❧❧② s❡✈❡r❛❧ r♦t♦r r❡✈♦❧✉t✐♦♥s✮ ✐s ♥❡❡❞❡❞ t♦
❡st❛❜❧✐s❤ ❛ ❢✉❧❧② ❞❡✈❡❧♦♣❡❞ r♦t❛t✐♥❣ st❛❧❧ ♣❛tt❡r♥✳ ❚❤✐s ❢❛❝t ✐s s✐♠✉❧❛t❡❞ ❜②

τ
dC

dt
✏ CSS ✁ C, ✭✷✳✶✸✮

✇❤❡r❡ CSS ✐s t❤❡ st❡❛❞② st❛t❡ ♣r❡ss✉r❡ r✐s❡ ❛♥❞ τ ✐s t❤❡ r❡❧❛①❛t✐♦♥ t✐♠❡ ✇❤✐❝❤ ❤❛s t♦ ❜❡ ❞❡t❡r✲
♠✐♥❡❞ ❜② ♠❡❛s✉r❡♠❡♥ts r❡s♣❡❝t✐✈❡❧② ❡st✐♠❛t❡❞ ❜❛s❡❞ ♦♥ t❤❡ ❝♦♠♣r❡ss♦r✬s ❣❡♦♠❡tr②✳ ●❡♥❡r❛❧❧②
✐t ✐s ❞✐✛❡r❡♥t ❢♦r ❛①✐❛❧ ❛♥❞ r❛❞✐❛❧ ♠❛❝❤✐♥❡s ❛s s❛✐❞ ❛❜♦✈❡✳ ●r❡✐t③❡r ❡①♣r❡ss❡s t❤✐s r❡❧❛①❛t✐♦♥ t✐♠❡
❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ♥✉♠❜❡r ♦❢ r❡✈♦❧✉t✐♦♥s ♥❡❡❞❡❞ ❢♦r st❛❧❧ ❞❡✈❡❧♦♣♠❡♥t ✇❤✐❝❤ r❡❛❞s

τ ✏ N
2πR2

u2
. ✭✷✳✶✹✮

❚❤❡ s②st❡♠ ✐s ❢✉❧❧② ❞❡s❝r✐❜❡❞ ❜② t❤❡ ❊q✳ ✭✷✳✺✮✱ ✭✷✳✽✮✱ ✭✷✳✻✮✱ ✭✷✳✶✸✮ ❛♥❞ ✭✷✳✼✮✳ ❚❤❡s❡ ❡q✉❛t✐♦♥s ❝❛♥
♥♦✇ ❜❡ ❡①♣r❡ss❡❞ ♥♦♥❞✐♠❡♥s✐♦♥❛❧❧②✳ ❚❤❡ ❢♦❧❧♦✇✐♥❣ ❡q✉❛t✐♦♥s ✐♥tr♦❞✉❝❡ ❞✐♠❡♥s✐♦♥❧❡ss ✈❛r✐❛❜❧❡s
✐♥ ♣❧❛❝❡ ♦❢ t❤❡ ❞✐♠❡♥s✐♦♥❡❞ ✈❛r✐❛❜❧❡s✿

✾m̃ ✏ ✾m

ρu2AC

, p̃ ✏ p
1

2
ρu2

2

, t̃ ✏ tω , τ̃ ✏ 2πNR2ω

u2
. ✭✷✳✶✺✮

❚❤❡ ❍❡❧♠❤♦❧t③ ❢r❡q✉❡♥❝② ω ✇❤✐❝❤ ✐s ❣✐✈❡♥ ❜②

ω ✏ a

❝
AC

LCVP
✭✷✳✶✻✮

✐s t❤❡ ♥❛t✉r❛❧ ❢r❡q✉❡♥❝② ♦❢ t❤❡ ❞✉❝t✲♣❧❡♥✉♠ s②st❡♠ ✇✐t❤♦✉t ❝♦♠♣r❡ss♦r ❛♥❞ t❤r♦tt❧❡✳ ❚❤❡ s♣❡❡❞
♦❢ s♦✉♥❞ a ❢♦r ❛♥ ✐❞❡❛❧ ❣❛s ✐s

a ✏
❄
κRT . ✭✷✳✶✼✮

■♥ ❞✐♠❡♥s✐♦♥❧❡ss ❢♦r♠ t❤❡ s②st❡♠ ❡q✉❛t✐♦♥s ❢r♦♠ ❛❜♦✈❡ ❜❡❝♦♠❡

d ✾m̃C

dt̃
✏ B♣C̃ ✁∆p̃q , ✭✷✳✶✽✮

d ✾m̃T

dt̃
✏ B

G

✁
∆p̃✁ F̃

✠
, ✭✷✳✶✾✮

d∆p̃

dt̃
✏ 1

B
♣ ✾m̃C ✁ ✾m̃T q , ✭✷✳✷✵✮

✽
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dC̃

dt̃
✏
✂
1

τ̃

✡
♣C̃SS ✁ C̃q . ✭✷✳✷✶✮

■♥ t❤❡s❡ ❡q✉❛t✐♦♥s t❤❡ ♥♦✇ ❢❛♠♦✉s B ♣❛r❛♠❡t❡r ✐s

B ✏ u2

2a

❝
VP

ACLC

✒ pressure forces

inertial forces
. ✭✷✳✷✷✮

❆s ✐♥❞✐❝❛t❡❞ ✐t ❣✐✈❡s ❛ r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ♣r❡ss✉r❡ ❢♦r❝❡s ❛♥❞ ✐♥❡rt✐❛❧ ❢♦r❝❡s ✭s❡❡ ❬✺✱ ♣✳ ✻❢❪✮✳ ■❢
♣r❡ss✉r❡ ❢♦r❝❡s ❛r❡ ❞♦♠✐♥❛♥t✱ t❤❡ s②st❡♠ ✇✐❧❧ ❡①❤✐❜✐t s✉r❣❡ ❜❡❤❛✈✐♦✉r✳ ■❢ ✐♥❡rt✐❛ ❢♦r❝❡s ❛r❡
❞♦♠✐♥❛♥t ✐♥st❡❛❞ t❤❡ ❝♦♠♣r❡ss♦r ✇✐❧❧ ❥✉st ❡①♣❡r✐❡♥❝❡ r♦t❛t✐♥❣ st❛❧❧✳ ❚❤✉s✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦
❞❡t❡r♠✐♥❡ ❛ ❝r✐t✐❝❛❧ ✈❛❧✉❡ ♦❢ B ❞❡♠❛r❝❛t✐♥❣ s✉r❣❡ ❢r♦♠ st❛❧❧ ❜❡❤❛✈✐♦✉r ❢♦r ❛ ❣✐✈❡♥ ❝♦♠♣r❡ss♦r✳
❚♦ ♠❛❦❡ t❤❡ ♣❤②s✐❝❛❧ s✐❣♥✐✜❝❛♥❝❡ ❝❧❡❛r❡r t❤❡ ♣❛r❛♠❡t❡r ❝❛♥ ❜❡ r❡✇r✐tt❡♥ ❛s

B ✏ ♣ρu22④2qAC

ρu2ωLCAC

. ✭✷✳✷✸✮

❚❤❡ ♥✉♠❡r❛t♦r ✐s ❛ ✈❛❧✉❡ ♣r♦♣♦rt✐♦♥❡❞ t♦ t❤❡ ❝♦♠♣r❡ss♦r✬s ♣r❡ss✉r❡ r✐s❡ ❝❛♣❛❜✐❧✐t② ♠✉❧t✐♣❧✐❡❞ ❜②
t❤❡ ❞✉❝t ❛r❡❛✳ ■t r❡♣r❡s❡♥ts t❤❡ ❞r✐✈✐♥❣ ❢♦r❝❡ ❢♦r t❤❡ ❛❝❝❡❧❡r❛t✐♦♥ ♦❢ t❤❡ ✢✉✐❞ ✐♥ t❤❡ ❞✉❝t✳ ❚❤❡
❞❡♥♦♠✐♥❛t♦r ❝♦♥t❛✐♥s t❤❡ ♣r♦❞✉❝t ρLCAC ✇❤✐❝❤ ✐s t❤❡ ♠❛ss ✐♥ t❤❡ ❞✉❝t✳ ❚❤❡ ❛①✐❛❧ ✈❡❧♦❝✐t② c ✐s
❛♣♣r♦①✐♠❛t❡❧② ♣r♦♣♦rt✐♦♥❛❧ t♦ U ✳ ❚❤✐s ♠❡❛♥s t❤❛t t❤❡ ❞❡♥♦♠✐♥❛t♦r ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ ρcωLCAC

✇❤✐❝❤ ❣✐✈❡s t❤❡ ❢♦r❝❡ ✇❤✐❝❤ ✐s r❡q✉✐r❡❞ t♦ ♣r♦❞✉❝❡ s♠❛❧❧ ✢♦✇ ♦s❝✐❧❧❛t✐♦♥s ✐♥ t❤❡ ❞✉❝t ♦r ✐♥ ♦t❤❡r
✇♦r❞s t♦ ♦✈❡r❝♦♠❡ t❤❡ ✢✉✐❞✬s ✐♥❡rt✐❛ ✭s❡❡ ❬✹✱ ♣✳ ✸✾✷❢❪ ❛♥❞ ❬✶✵✱ ♣✳ ✷✵✺❪ ✮✳

❚❤❡ s❡❝♦♥❞ ♣❛r❛♠❡t❡r G ✇❤✐❝❤ ❛♣♣❡❛rs t♦ ❤❛✈❡ ❥✉st ♠✐♥♦r ✐♥✢✉❡♥❝❡ ♦♥ t❤❡ s②st❡♠ ❜❡❤❛✈✐♦✉r
✐s ❣✐✈❡♥ ❜②

G ✏ ACLT

ATLC

. ✭✷✳✷✹✮

✷✳✸✳✷ ❖✈❡r❛❧❧ ❙✉r❣❡ ❈②❝❧❡ Pr♦♣❡rt✐❡s ❛♥❞ P❤②s✐❝❛❧ ▼❡❝❤❛♥✐s♠

■♥ ♦r❞❡r t♦ ❛♥❛❧②t✐❝❛❧❧② ❡①❛♠✐♥❡ t❤❡ ♦✈❡r❛❧❧ s✉r❣❡ ♣r♦♣❡rt✐❡s ✐t ✐s ✉s❡❢✉❧ t♦ ❝♦♥s✐❞❡r ❛ s✐♠♣❧❡r
♠♦❞❡❧✳ ●r❡✐t③❡r ❝❛rr✐❡s ♦✉t ❛♥ ❛♥❛❧②s✐s ✇✐t❤ t❤❡ s❛♠❡ ❛✐♠ ✐♥ ❬✾✱ ♣✳ ✶✾✻❢❪✳ ❆ ✈❡r② ❡❝♦♥♦♠✐❝ ❛♥❞
q✉✐t❡ ✐♥t✉✐t✐✈❡ tr❡❛t♠❡♥t ❤❛s ❜❡❡♥ ❛♣♣❧✐❡❞ ❜② ❙t❡♥♥✐♥❣ ✐♥ ❬✶✼✱ ♣✳ ✶✽❢❪ ✇❤✐❝❤ s❡r✈❡❞ ❛s ❛ ❜❛s✐s ❢♦r
t❤❡ ❢♦❧❧♦✇✐♥❣ ❝♦♥s✐❞❡r❛t✐♦♥s✳ ❚♦ r❡❞✉❝❡ ❝♦♠♣❧❡①✐t② ♦❢ t❤❡ ♠♦r❡ ❣❡♥❡r❛❧ ♠♦❞❡❧ ❛❜♦✈❡ t❤❡ ✐♥❡rt✐❛
❢♦r❝❡s ✐♥ t❤❡ t❤r♦tt❧❡ ❞✉❝t ❛r❡ ♥❡❣❧❡❝t❡❞✳ ❚❤✐s ♠❡❛♥s

∆p ✏ F. ✭✷✳✷✺✮

❚❤❡r❡❢♦r❡✱ ❊q✳ ✭✷✳✻✮ r❡s♣❡❝t✐✈❡❧② ✭✷✳✽✮ ✐s s❛t✐s✜❡❞ ✐❞❡♥t✐❝❛❧❧②✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡ ❝♦♠♣r❡ss♦r
r❡s♣♦♥s❡ ✐s t❛❦❡♥ t♦ ❜❡ q✉❛s✐✲st❡❛❞②✳ ❚❤✐s ♠❛❦❡s ❊q✳ ✷✳✶✸ ♦❜s♦❧❡t❡✳ ■♥tr♦❞✉❝✐♥❣ t❤❡ ❧✐♥❡❛r
r❡❧❛t✐♦♥s

✾m ✏ ✾m� δ ✾m, ✭✷✳✷✻✮

∆p ✏ ∆p�
✂
d∆p

d ✾mT

✡
δ ✾mT ✏ F � F ✶ δ ✾mT , ✭✷✳✷✼✮

C ✏ CSS ✏ CSS �
✂
dCSS

d ✾mC

✡
δ ✾mC ✏ CSS � C ✶

SS δ ✾mC , ✭✷✳✷✽✮

❢♦r s♠❛❧❧ ♣❡rt✉r❜❛t✐♦♥s ❛♥❞ ✉s✐♥❣ t❤❡ ✐❞❡♥t✐t②

CSS ✏ F ✭✷✳✷✾✮

✾
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❋✐❣✉r❡ ✷✳✺✿ ❚❤❡ ♠❡❝❤❛♥✐❝❛❧ ❛♥❛❧♦❣✉❡ ♦❢ t❤❡ ❝♦♠♣r❡ss✐♦♥ s②st❡♠❀ t❤❡ ❞❛♠♣✐♥❣ ❞✉❡ t♦ t❤❡ t❤r♦tt❧❡
❤❛s ❜❡❡♥ ♥❡❣❧❡❝t❡❞ ❢♦r t❤❡ ❧✐♥❡❛r✐③❡❞ ❛♥❛❧②s✐s❀ t❛❦❡♥ ❛♥❞ ❛❞❛♣t❡❞ ❢r♦♠ ❬✶✵✱ ♣✳ ✶✾✻❪✳

♦♥❡ ❛rr✐✈❡s ❛t t❤❡ ❡q✉❛t✐♦♥ s②st❡♠

d δ ✾mC

dt

LC

AC

✏ C ✶
SS δ ✾mC ✁ F ✶ δ ✾mT , ✭✷✳✸✵✮

d δ ✾mT

dt
F ✶VP

ρ

κp
✏ δ ✾mC ✁ δ ✾mT . ✭✷✳✸✶✮

❚❤❡s❡ t✇♦ ❡q✉❛t✐♦♥s ❝❛♥ ❜❡ r❡❞✉❝❡❞ t♦ ♦♥❡ s✐♥❣❧❡ s❡❝♦♥❞ ♦r❞❡r ♦r❞✐♥❛r② ❞✐✛❡r❡♥t✐❛❧ ❡q✉❛t✐♦♥ ❜②
❡❧✐♠✐♥❛t✐♥❣ ❡✐t❤❡r δ ✾mC ♦r δ ✾mT ❛s ❢♦❧❧♦✇s✿

d2 δ ✾mC

dt2
F ✶LCVPρ

ACpκ
� d δ ✾mC

dt

✂
LC

AC

✁ C ✶
SSF ✶VPρ

pκ

✡
� δ ✾mC

�
F ✶ ✁ C ✶

SS

✟ ✏ 0 . ✭✷✳✸✷✮

❚❤✐s ❡q✉❛t✐♦♥ ❤❛s ❝♦♥st❛♥t ❝♦❡✣❝✐❡♥ts ✐❢ t❤❡ ❞✐st✉r❜❛♥❝❡s ❛r❡ s♠❛❧❧✳ ❚❤❡ ❛♥❛❧♦❣② t♦ ❛ ♠❡❝❤❛♥✐❝❛❧
s②st❡♠ ❛s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✷✳✺ ✐s ♦❜✈✐♦✉s✳ ❚❤❡ ❝♦❡✣❝✐❡♥t ♦❢ d2 δ ✾mC

dt2
✐s ❛❧✇❛②s ♣♦s✐t✐✈❡ ❢♦r ❛♥② r❡❛❧

✈❛❧✈❡✳ ◆♦✇ t❤❡r❡ ❛r❡ t✇♦ ♣♦ss✐❜✐❧✐t✐❡s ❢♦r ✉♥st❛❜❧❡ ❜❡❤❛✈✐♦✉r✳ ❚❤❡ ✜rst ♦♥❡ ✐s t❤❛t t❤❡ ❝♦❡✣❝✐❡♥t
♦❢ δ ✾mC ✐s ♥❡❣❛t✐✈❡ ✇❤✐❝❤ ♠❡❛♥s t❤❛t t❤❡ s❧♦♣❡ ♦❢ t❤❡ ❝♦♠♣r❡ss♦r ❝❤❛r❛❝t❡r✐st✐❝ ✐s st❡❡♣❡r t❤❛♥
t❤❛t ♦❢ t❤❡ t❤r♦tt❧❡ ❧✐♥❡✳ ❚❤✐s s✐t✉❛t✐♦♥ ❤❛s ❛❧r❡❛❞② ❜❡❡♥ ✐❞❡♥t✐✜❡❞ ❛s st❛t✐❝ ✐♥st❛❜✐❧✐t②✳ ■♥ t❤❡
❛♥❛❧♦❣✉❡ t❤✐s ♠❡❛♥s ❛ ♥❡❣❛t✐✈❡ s♣r✐♥❣ r❛t❡✳ ❚❤❡ s❡❝♦♥❞ ♣♦ss✐❜✐❧✐t② ✐s t❤❛t t❤❡ ❝♦❡✣❝✐❡♥t ♦❢ d δ ✾mC

dt

❜❡❝♦♠❡s ♥❡❣❛t✐✈❡✳ ■♥ t❤✐s ❝❛s❡ t❤❡ s②st❡♠ ✐s ❞②♥❛♠✐❝❛❧❧② ✉♥st❛❜❧❡ ❛♥❞ ✇✐❧❧ ❡①♣❡r✐❡♥❝❡ s✉r❣❡✳
❚❤✐s ❝♦rr❡s♣♦♥❞s t♦ ♥❡❣❛t✐✈❡ ❞❛♠♣✐♥❣ ✐♥ t❤❡ ❛♥❛❧♦❣✉❡✳

✷✳✸✳✸ ❆♣♣❧✐❝❛t✐♦♥ t♦ t❤❡ Pr❡s❡♥t ❚❡st ❙t❛♥❞

■t ✇❛s ♥♦t ♣♦ss✐❜❧❡ t♦ r❡❛❧✐③❡ ❛ t❡st st❛♥❞ ❝♦♥✜❣✉r❛t✐♦♥ ❛s ✉s❡❞ ❜② ●r❡✐t③❡r ❛♥❞ ❙t❡♥♥✐♥❣✳
❍❡♥❝❡✱ t❤❡ ♠♦❞❡❧ ❛❜♦✈❡ ❝❛♥ ❥✉st ❜❡ ❛♣♣❧✐❡❞ t♦ ❛ ✜❝t✐✈❡ t❡st st❛♥❞✳ ◆❡✈❡rt❤❡❧❡ss✱ t❤✐s t❤❡♦r❡t✐❝❛❧
❛♣♣r♦❛❝❤ ❛❧❧♦✇s t♦ ❣❡t ❛♥ ✐❞❡❛ ♦❢ t❤❡ ✐♥st❛❜✐❧✐t② ❝❤❛r❛❝t❡r✐st✐❝s✳

❆t ✜rst t❤❡ st❛t✐❝ ✐♥st❛❜✐❧✐t② ❝r✐t❡r✐♦♥ s❤❛❧❧ ❜❡ ❡✈❛❧✉❛t❡❞✳ ❚❤❡r❡❢♦r❡✱ ✇❡ ❝♦♥s✐❞❡r t❤❡ ❧♦✇❡st
♠❡❛s✉r❡❞ ✢♦✇ r❛t❡ ❢♦r ❡❛❝❤ r♦t❛t✐♦♥❛❧ s♣❡❡❞ ✭s❡❡ ❋✐❣✳ ✻✳✶✮✳ ❆ss✉♠✐♥❣ t❤❛t F ❝❛♥ ❜❡ ❛♣♣r♦①✐♠❛t❡❞
❜②

F ✏ k ✾m
2

T ✏ k ✾m
2
. ✭✷✳✸✸✮

✶✵
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n rrpms ✾Vmin rm3④ss F ✏ ∆p ✏ CSS rPas k r♣mkgq✁1s F ✶ rPa s④kgs C ✶✝
SS rPa s④kgs

✸✵✵✵ ✵✳✵✼✽ ✷✸✺✸ ✷✼✸✺✼✵ ✺✵✼✹✸ ✷✺✸✺

✹✵✵✵ ✵✳✶✺✺ ✹✷✷✾ ✶✷✹✺✶✷ ✹✺✽✾✹ ✷✸✻✼

✺✵✵✵ ✵✳✶✾✶ ✻✹✵✺ ✶✷✹✶✾✶ ✺✻✹✵✼ ✷✻✶✽

❚❛❜❧❡ ✷✳✶✿ ❱❛❧✉❡s ❢♦r t❤❡ ❡✈❛❧✉❛t✐♦♥ ♦❢ t❤❡ st❛t✐❝ st❛❜✐❧✐t② ❝r✐t❡r✐♦♥❀ ✝ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ ❞❡r✐✈❛t✐✈❡
♦❢ ❝✉r✈❡ ✜t ♦❢ ❝♦♠♣r❡ss♦r ❝❤❛r❛❝t❡r✐st✐❝s ✭s❡❡ ❚❛❜✳ ✻✳✶✮✳

t❤❡ ✈❛❧✉❡s ✐♥ ❚❛❜✳ ✷✳✶ ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ❢♦r ❡❛❝❤ ♦♣❡r❛t✐♦♥❛❧ ♣♦✐♥t ✇❤❡♥ ❛❞❞✐t✐♦♥❛❧❧② ❛ss✉♠✐♥❣ ❛
❞❡♥s✐t②✳ ❋♦r t❤❡ ❣✐✈❡♥ ✈❛❧✉❡s ❛ ❞❡♥s✐t② ♦❢ ρ ✏ 1.189 kg

m3 ✇❛s ✉s❡❞✳ ■♥ ❢❛❝t t❤✐s ✈❡r② ❝♦❡✣❝✐❡♥t ❤❛s

q✉❛❧✐t❛t✐✈❡❧② ♥♦ ✐♥✢✉❡♥❝❡ ♦♥ t❤❡ r❡s✉❧t✳ ■t ✐s ♦❜✈✐♦✉s t❤❛t ❢♦r ♥♦♥❡ ♦❢ t❤❡s❡ ♣♦✐♥ts C ✶
SS ➙ F ✶

✇❤✐❝❤ ♠❡❛♥s t❤❛t t❤❡② ❛r❡ st❛t✐❝❛❧❧② st❛❜❧❡✳ ❚❤✐s ❝r✐t❡r✐♦♥ ✐s ❢✉❧❧② ✈❛❧✐❞ ❛❧s♦ ❢♦r t❤❡ t❡st st❛♥❞
✐♥ ❝❤❛♣t❡r ✹ s✐♥❝❡ ♦♥❧② t❤❡ t❤r♦tt❧❡ ❧✐♥❡ ❛♥❞ t❤❡ ❝♦♠♣r❡ss♦r ♠❛♣ ❛r❡ ❣❡r♠❛♥❡ ❤❡r❡✳
❚❤❡ ❝r✐t❡r✐♦♥ ❢♦r st❛t✐❝ ✐♥st❛❜✐❧✐t② ✐s

C ✶
SS ➙ pκLC

ACVPρ

1

F ✶
. ✭✷✳✸✹✮

❚♦ ♠❛❦❡ ❛♥ ❡✈❛❧✉❛t✐♦♥ ♣♦ss✐❜❧❡ t❤❡ ❢♦❧❧♦✇✐♥❣ ♥✉♠❡r✐❝❛❧ ✈❛❧✉❡s ❤❛✈❡ ❜❡❡♥ ✐♥s❡rt❡❞ ✭❞❡♥s✐t② ❛s
❛❜♦✈❡✮✿

AC ✏ 0.09898m2 , LC ✏ 7m, p ✏ 1013hPa , κ ✏ 1.4 . ✭✷✳✸✺✮

❚❤❡ ♣♦❧②♥♦♠✐❛❧ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ ❝♦♠♣r❡ss♦r ❝❤❛r❛❝t❡r✐st✐❝s ✐s ❣✐✈❡♥ ✐♥ s❡❝t✐♦♥ ✻✳✶✳ ❋♦r t❤❡
❧✐♥❡❛r✐③❡❞ ❛♥❛❧②s✐s t❤❡ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ ❢✉❧❧ ❝❤❛r❛❝t❡r✐st✐❝ ❤❛s ❜❡❡♥ ✉s❡❞✳ ◆♦t❡ t❤❛t str✐❝t❧②
t❤❡ t♦t❛❧✲t♦✲t♦t❛❧ ❝❤❛r❛❝t❡r✐st✐❝ ❤❛s t♦ ❜❡ ✉s❡❞ ❜✉t ❢♦r t❤❡ ❣✐✈❡♥ ❝♦♥✜❣✉r❛t✐♦♥ ✇✐t❤ ❛❧♠♦st ❡q✉❛❧
✐♥❧❡t ❛♥❞ ♦✉t❧❡t ❞✐❛♠❡t❡rs t❤❡ ♠❛①✐♠✉♠ ❞✐✛❡r❡♥❝❡ ❢r♦♠ st❛t✐❝ t♦ t♦t❛❧ ♣r❡ss✉r❡ r✐s❡ ✐s ❜❡❧♦✇
2Pa ✇❤✐❝❤ ✐s ❞❡✜♥✐t❡❧② ❜❡❧♦✇ t❤❡ ✉♥❝❡rt❛✐♥t② ♦❢ t❤❡ ♠❡❛s✉r❡♠❡♥t✳

❚❤❡ r❡s✉❧ts ❢♦r t✇♦ ❞✐✛❡r❡♥t ♣❧❡♥✉♠ ✈♦❧✉♠❡s ✐♥ ❚❛❜✳ ✷✳✷ ❛♥❞ ✷✳✸ ❛♥❞ t❤❡✐r ❝♦♠♣❛r✐s♦♥ t♦
❚❛❜✳ ✷✳✶ ❝❧❡❛r❧② r❡✈❡❛❧ s♦♠❡ tr❡♥❞s✳ ❚❤❡ ❞②♥❛♠✐❝ st❛❜✐❧✐t② ❝r✐t❡r✐♦♥ ✐s ✉s✉❛❧❧② t❤❡ ♦♥❡ ✇❤✐❝❤ ✐s
✈✐♦❧❛t❡❞ ✜rst✳ ❆♥♦t❤❡r ♦❜s❡r✈❛t✐♦♥ t❤❛t ❝❛♥ ❛❧r❡❛❞② ❜❡ ♠❛❞❡ ✐♥ ❊q✳ ✭✷✳✸✹✮ ✐s t❤❛t t❤❡ ♦♥s❡t ♦❢
❞②♥❛♠✐❝ ✐♥st❛❜✐❧✐t② ✐s ❛❧✇❛②s ❧♦❝❛t❡❞ ♦♥ t❤❡ ♣♦s✐t✐✈❡❧② s❧♦♣❡❞ s✐❞❡ ♦❢ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝✳ ❆ ❣r❡❛t❡r
♣❧❡♥✉♠ ✈♦❧✉♠❡ s❤✐❢ts t❤✐s ♣♦✐♥t t♦✇❛r❞s t❤❡ ♠❛①✐♠✉♠ ♣r❡ss✉r❡ r✐s❡✳ ❈♦♥s❡q✉❡♥t❧② t❤❡r❡ ✐s ♥♦
s✉❝❤ t❤✐♥❣ ❛s ♦♥❡ s✐♥❣❧❡ s✉r❣❡ ❧✐♥❡ ❢♦r ❛ ❣✐✈❡♥ ♠❛❝❤✐♥❡✳ ■t ❛❧✇❛②s ❞❡♣❡♥❞s ♦♥ t❤❡ ❝♦♥✜❣✉r❛t✐♦♥
♦❢ t❤❡ ✇❤♦❧❡ s②st❡♠✳
❚♦ ❣❡t ❛♥ ✐♥s✐❣❤t ✐♥t♦ t❤❡ ♣♦st✲s✉r❣❡ ❜❡❤❛✈✐♦✉r t❤❡ ❛ss✉♠♣t✐♦♥ ♦❢ s♠❛❧❧ ♣❡rt✉r❜❛t✐♦♥s ✐s ♥♦
❧♦♥❣❡r ✈❛❧✐❞✳ ❚❤✐s ♠❡❛♥s t❤❛t t❤❡ ❢✉❧❧ ✜rst ♦r❞❡r ♦r❞✐♥❛r② ❞✐✛❡r❡♥t✐❛❧ ❡q✉❛t✐♦♥ s②st❡♠ ❢r♦♠
❛❜♦✈❡ ❤❛s t♦ ❜❡ s♦❧✈❡❞ ❢♦r ❡❛❝❤ t✐♠❡ st❡♣✳ ■♥ ♦r❞❡r t♦ ❛❝❤✐❡✈❡ t❤❡ s❛♠❡ ♦r❞❡r ♦❢ ♠❛❣♥✐t✉❞❡ ♦❢
♣r❡ss✉r❡ r✐s❡ ❛♥❞ ♠❛ss ✢♦✇ t❤❡ ❞✐♠❡♥s✐♦♥❧❡ss ❡q✉❛t✐♦♥s ❤❛✈❡ ❜❡❡♥ ✉s❡❞✳ ❚❤✐s ♠❛❞❡ ❛ ❢✉♥❝t✐♦♥❛❧
r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ ❞✐♠❡♥s✐♦♥❧❡ss ❝♦♠♣r❡ss♦r ♠❛♣ ♥❡❝❡ss❛r② ✇❤✐❝❤ ✐s ❣✐✈❡♥ ✐♥ s❡❝t✐♦♥ ✻✳✶✳ ◆♦t❡
t❤❛t t❤❡ ✉♥st❛❜❧❡ ❜r❛♥❝❤ ♦❢ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝s ♥❡❛r ③❡r♦ ♠❛ss ✢♦✇ ✐s ❥✉st ❛♥ ❡st✐♠❛t✐♦♥ s✐♥❝❡
✐t ❝♦✉❧❞ ♥♦t ❜❡ ♠❡❛s✉r❡❞✳ ❲✐t❤♦✉t t❤✐s ❛rt✐✜❝✐❛❧ ♣❛rt ♥♦ st❛❜❧❡ s✉r❣❡ ❝②❝❧❡ ❢♦r ❣r❡❛t ♣❧❡♥✉♠
✈♦❧✉♠❡s ❝♦✉❧❞ ❜❡ ❛❝❤✐❡✈❡❞✳ ◆♦t❡ t❤❛t ❢♦r t❤❡ ❢✉❧❧ ❛♥❛❧②s✐s s♦♠❡ ♠❡❛s✉r❡❞ ♦♣❡r❛t✐♦♥❛❧ ♣♦✐♥t
❝♦rr❡s♣♦♥❞✐♥❣ t♦ ❤✐❣❤ ♠❛ss ✢♦✇s ❤❛✈❡ ♥♦t ❜❡❡♥ ✐♥❝❧✉❞❡❞ ✐♥ t❤❡ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ t❤❡ ♣♦❧②♥♦♠✐❛❧
✜t✳

✶✶
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n rrpms ✾Vmin rm3④ss F ✏ ∆p ✏ CSS rPas k r♣mkgq✁1s F ✶ rPa s④kgs C ✶✝
SS rPa s④kgs

✸✵✵✵ ✵✳✶✻✵✸ ✷✹✹✾ ✻✼✹✵✽ ✷✺✻✾✻ ✸✸✳✶

✹✵✵✵ ✵✳✷✶✾✹ ✹✸✵✺ ✻✸✷✻✺ ✸✸✵✵✺ ✷✺✳✺

✺✵✵✵ ✵✳✷✼✼✶ ✻✺✶✹ ✻✵✵✵✽ ✸✾✺✹✵ ✷✶✳✷

❚❛❜❧❡ ✷✳✷✿ ❱❛❧✉❡s ❛t t❤❡ ♦♣❡r❛t✐♦♥❛❧ ♣♦✐♥t ❛t ✇❤✐❝❤ t❤❡ ❞②♥❛♠✐❝ st❛❜✐❧✐t② ❝r✐t❡r✐♦♥ ✐s ✈✐♦❧❛t❡❞
✜rst❀ VP ✏ 10m3❀ ✝ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ ❞❡r✐✈❛t✐✈❡ ♦❢ ❝✉r✈❡ ✜t ♦❢ ❝♦♠♣r❡ss♦r ❝❤❛r❛❝t❡r✐st✐❝s ✭s❡❡
❚❛❜✳ ✻✳✶✮✳

n rrpms ✾Vmin rm3④ss F ✏ ∆p ✏ CSS rPas k r♣mkgq✁1s F ✶ rPa s④kgs C ✶✝
SS rPa s④kgs

✸✵✵✵ ✵✳✶✷✵✼ ✷✹✸✶ ✶✶✽✵✽✵ ✸✸✽✽✸ ✽✸✵✳✵

✹✵✵✵ ✵✳✶✾✷✸ ✹✷✾✸ ✽✷✵✻✾ ✸✼✺✹✵ ✼✹✾✳✵

✺✵✵✵ ✵✳✷✹✼✸ ✻✺✵✸ ✼✺✷✷✵ ✹✹✷✸✷ ✻✸✺✳✼

❚❛❜❧❡ ✷✳✸✿ ❱❛❧✉❡s ❛t t❤❡ ♦♣❡r❛t✐♦♥❛❧ ♣♦✐♥t ❛t ✇❤✐❝❤ t❤❡ ❞②♥❛♠✐❝ st❛❜✐❧✐t② ❝r✐t❡r✐♦♥ ✐s ✈✐♦❧❛t❡❞
✜rst❀ VP ✏ 0.3m3❀ ✝ ❝❛❧❝✉❧❛t❡❞ ❢r♦♠ ❞❡r✐✈❛t✐✈❡ ♦❢ ❝✉r✈❡ ✜t ♦❢ ❝♦♠♣r❡ss♦r ❝❤❛r❛❝t❡r✐st✐❝s ✭s❡❡
❚❛❜✳ ✻✳✶✮✳

❇❡s✐❞❡s ❣❡♦♠❡tr② ❛♥❞ t❤❡ ❝♦♠♣r❡ss♦r ♠❛♣ r❡♣r❡s❡♥t❛t✐♦♥ t❤❡ ✐♥♣✉t ✈❛❧✉❡s ❛r❡ t❤❡ ❞❡♥s✐t②✱
t❤❡ r♦t❛t✐♦♥❛❧ s♣❡❡❞✱ t❤❡ ♣❛r❛♠❡t❡r N ✱ t❤❡ ✐♥✐t✐❛❧ ♠❛ss ✢♦✇ r❛t❡ ❛♥❞ t❤❡ t❤❡ t❤r♦tt❧❡ s❡tt✐♥❣
✇❤✐❝❤ ✐s ❞❡s❝r✐❜❡❞ ❜② k̃✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ t❤❡ ♣r❡ss✉r❡ ❞r♦♣ ❛❝r♦ss t❤❡ t❤r♦tt❧❡ ❤❛s ❜❡❡♥ ♠♦❞❡❧❧❡❞
❛♥❛❧♦❣✉❡ t♦ t❤❡ ❧✐♥❡❛r✐③❡❞ ❛♥❛❧②s✐s ❛s

F̃ ✏ k̃ ✾m̃2
T . ✭✷✳✸✻✮

❚❤❡ ▼❛t❧❛❜ ❝♦❞❡s ✉s❡❞ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❆♣♣❡♥❞✐① ❆✳ ❚❤❡② ❤❛✈❡ ❜❡❡♥ ✈❛❧✐❞❛t❡❞ ❜② ❝♦♠♣❛r✐s♦♥
t♦ s✐♠✉❧❛t✐♦♥ r❡s✉❧ts ❣✐✈❡♥ ✐♥ ❬✽❪ ❛♥❞ ❬✶✷❪✳ ❚❤❡ s✐♠✉❧❛t✐♦♥ ❢♦r t❤❡ ❣✐✈❡♥ ❜❧♦✇❡r ❣✐✈❡s q✉❛❧✐t❛t✐✈❡❧②
r❡❛❧✐st✐❝ r❡s✉❧ts ✭s❡❡ ❋✐❣✳ ✷✳✻ ❛♥❞ ❋✐❣✳ ✷✳✼✮✳ ❋♦r ❜♦t❤ ♦❢ t❤❡♠ t❤❡ s✐♠✉❧❛t❡❞ t✐♠❡ ♣❡r✐♦❞ ✇❛s 10 s✳
❆s ❡①♣❡❝t❡❞ t❤❡ ❝r✐t✐❝❛❧ t❤r♦tt❧❡ s❡tt✐♥❣s r❡♣r❡s❡♥t ♦♣❡r❛t✐♦♥❛❧ ♣♦✐♥ts ♦♥ t❤❡ ♣♦s✐t✐✈❡❧② s❧♦♣❡❞
♣❛rt ♦❢ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝✳

■t ❤❛s t♦ ❜❡ ❡♠♣❤❛s✐③❡❞ t❤❛t t❤❡ s✉r❣❡ ❜❡❤❛✈✐♦✉r ❛♥❞ ✐ts ♦♥s❡t ❛r❡ ✐♥✢✉❡♥❝❡❞ ❜② t❤❡ ❣❡♦♠❡tr②
♣❛r❛♠❡t❡rs ✇❤✐❝❤ ❤❛✈❡ ❜❡❡♥ ❝❤♦s❡♥ ❛r❜✐tr❛r✐❧②✳ ❚❤✉s✱ t❤❡ s✉r❣❡ ❧✐♥❡ ❛♥❞ t❤❡ s✉r❣❡ ❝②❝❧❡ ✇✐❧❧
❧♦♦❦ ❞✐✛❡r❡♥t ❢♦r ❞✐✛❡r❡♥t ❝♦♥✜❣✉r❛t✐♦♥s✳

✶✷
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0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
0.8

0.85
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˙̃mC [−]

∆
p̃
[−

]

❋✐❣✉r❡ ✷✳✻✿ ❙✐♠✉❧❛t❡❞ s✉r❣❡ ❝②❝❧❡ ❢♦r n ✏ 5000rpm✱ N ✏ 0.5✱ LC ✏ 7m✱ LT ✏ 3m✱ ✾mC,initial ✏
✾mT,initial ✏ 0.45kg④s✱ DC ✏ DT ✏ 0.355m✱ ρ ✏ 1.189kg④m3✱ a ✏ 340m④s✱ VP ✏ 10m3✱
k̃ ✏ 1100❀ ❞♦t r❡♣r❡s❡♥ts t❤❡ ✐♥✐t✐❛❧ ♦♣❡r❛t✐♦♥❛❧ ♣♦✐♥t✳

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07
0.8

0.85

0.9

0.95

1

1.05

1.1

˙̃mC [−]

∆
p̃
[−

]

❋✐❣✉r❡ ✷✳✼✿ ❙✐♠✉❧❛t❡❞ s✉r❣❡ ❝②❝❧❡ ❢♦r n ✏ 5000rpm✱ N ✏ 0.5✱ LC ✏ 7m✱ LT ✏ 3m✱ ✾mC,initial ✏
✾mT,initial ✏ 0.45kg④s✱ DC ✏ DT ✏ 0.355m✱ ρ ✏ 1.189kg④m3✱ a ✏ 340m④s✱ VP ✏ 0.3m3✱
k̃ ✏ 1400❀ ❞♦t r❡♣r❡s❡♥ts t❤❡ ✐♥✐t✐❛❧ ♦♣❡r❛t✐♦♥❛❧ ♣♦✐♥t✳

✶✸
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✷✳✹ ❚❤♦✉❣❤ts ♦♥ ❚✉r❜✉❧❡♥❝❡ ■♥t❡♥s✐t② ❛♥❞ ❘▼❙✲❱❛❧✉❡s

■♥ t❤❡ ♣r❡❧✐♠✐♥❛r② st❛❣❡s ♦❢ t❤✐s t❤❡s✐s ❛ ✜rst ♠♦t✐✈❛t✐♦♥ ✇❛s ❛❝❤✐❡✈❡❞ ❜② s♦♠❡ s✐♠♣❧❡ t❤♦✉❣❤ts
❝♦♥❝❡r♥✐♥❣ t❤❡ ❝♦❤❡r❡♥❝❡ ♦❢ t❤❡ t✉r❜✉❧❡♥❝❡ ✐♥t❡♥s✐t② Tu0✱ t❤❡ ✢♦✇ ❝♦❡✣❝✐❡♥t ϕ✝ ❛♥❞ r♦♦t✲
♠❡❛♥✲sq✉❛r❡ ✭❘▼❙✮ ✈❛❧✉❡s ♦❢ t❤❡ ♣r❡ss✉r❡ s✐❣♥❛❧ ✇❤❡♥ ❛♣♣r♦❛❝❤✐♥❣ t❤❡ s✉r❣❡ ❧✐♥❡✳ ❆ss✉♠✐♥❣
✐♥❝♦♠♣r❡ss✐❜❧❡ ✢♦✇ ♦♥❡ ❝❛♥ ✉s❡ t❤❡ ❇❡r♥♦✉❧❧✐ ❡q✉❛t✐♦♥ ❢♦r ❞❡✜♥✐♥❣ t❤❡ t♦t❛❧ ♣r❡ss✉r❡ pt ✇❤✐❝❤
❧❡❛❞s t♦

pt ✏ p� ρ c2

2
. ✭✷✳✸✼✮

■♥tr♦❞✉❝✐♥❣ ❛ s❡♣❛r❛t✐♦♥ ❜❡t✇❡❡♥ ♠❡❛♥ ✈❛❧✉❡s ✇❤✐❝❤ ❛r❡ ♠❛r❦❡❞ ✇✐t❤ ❛ ❜❛r ✭ ✮ ❛♥❞ ✢✉❝t✉❛t✐♥❣
♣❛rts ♠❛r❦❡❞ ✇✐t❤ ❛ ❞❛s❤ ✭✶✮ ♦♥❡ ❝❛♥ ❛❝❤✐❡✈❡

pt � p✶t ✏ p� p✶ � ρ ♣c� c✶q2
2

. ✭✷✳✸✽✮

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

pt ✏ p� ρ c✶2

2❧♦♦♠♦♦♥
pRMS

�ρ c
2

2
. ✭✷✳✸✾✮

❋✉rt❤❡r♠♦r❡✱ t❤❡ ✢♦✇ ❝♦❡✣❝✐❡♥t ϕ✝ ❛♥❞ t❤❡ t✉r❜✉❧❡♥❝❡ ✐♥t❡♥s✐t② Tu ❢♦r ✐s♦tr♦♣✐❝ t✉r❜✉❧❡♥❝❡
✭s❡❡ s❡❝t✐♦♥ ✺✳✶✳✹✮❛r❡ ❞❡✜♥❡❞ ❜②

ϕ✝ ✏ c0

u2
✭✷✳✹✵✮

❛♥❞

Tu ✏
❛
c✶2

c
. ✭✷✳✹✶✮

❘❡❛rr❛♥❣✐♥❣ s♦♠❡ t❡r♠s ❛♥❞ ✐♥tr♦❞✉❝✐♥❣ t❤❡s❡ t✇♦ ❞✐♠❡♥s✐♦♥❧❡ss ♥✉♠❜❡rs t❤❡ ✇❛♥t❡❞ r❡❧❛t✐♦♥
❝❛♥ ❜❡ ❢♦✉♥❞✿

p0,RMS

ρ u2
2

✏ 1

2

c✶2
0

u2
2

✏ 1

2

c✶2
0

c2
0

c2
0

u2
2

✏ 1

2
Tu20 ϕ

✝2. ✭✷✳✹✷✮

❚r❡❛t✐♥❣ t❤✐s ❛s ❛ ✈❛❧✐❞ ❡q✉❛t✐♦♥ ♦♥❡ ✇♦✉❧❞ ❡①♣❡❝t pRMS t♦ ❞❡❝r❡❛s❡ ♠♦♥♦t♦♥♦✉s❧② ✇❤❡♥
t❤r♦tt❧✐♥❣✳ ❆s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✷✳✽ t❤✐s ✐s ♥♦t t❤❡ ❝❛s❡✳ ❖❜✈✐♦✉s❧② ♥♦♥❡ ♦❢ t❤❡ ♣❤❡♥♦♠❡♥❛
st❛❧❧ ♦r s✉r❣❡ ❤❛✈❡ ❜❡❡♥ t❛❦❡♥ ✐♥t♦ ❝♦♥s✐❞❡r❛t✐♦♥✳ ❚❤✉s✱ ❛ q✉❛❧✐t❛t✐✈❡❧② ❞✐✛❡r❡♥t ❜❡❤❛✈✐♦✉r ❝❛♥
❜❡ ❛♥ ✐♥❞✐❝❛t✐♦♥ ♦❢ s②st❡♠ ✐♥st❛❜✐❧✐t②✳ ❆♥ ✉♥❦♥♦✇♥ q✉❛♥t✐t② ✐♥ t❤✐s ❝♦♥t❡①t ✐s Tu✳ ■t ❝❛♥ ❥✉st
❜❡ ♣r❡❞✐❝t❡❞ ❜❛s❡❞ ♦♥ ♠❡❛s✉r❡❞ ♣r❡ss✉r❡ ❘▼❙ ✈❛❧✉❡s✳ ■♥ ♦r❞❡r t♦ ❝♦♠♣❛r❡ ♠❡❛s✉r❡♠❡♥ts t♦
t❤✐s s✐♠♣❧❡ ♠♦❞❡❧ ✭s❡❡ s❡❝t✐♦♥ ✻✳✺✮ t❤❡ ❡q✉❛t✐♦♥ ❛❜♦✈❡ ❤❛s t♦ ❜❡ r❡❛rr❛♥❣❡❞ t♦

Tu0 ✏
❞

2 p0,RMS

ρu2
2
ϕ✝2

. ✭✷✳✹✸✮

❚❤❡ t✉r❜✉❧❡♥❝❡ ✐♥t❡♥s✐t② ♣r❡❞✐❝t❡❞ ❜② t❤✐s ♠♦❞❡❧ ✐s ♥♦t r❡❛❧✐st✐❝ ♦❢ ❝♦✉rs❡ ❜✉t ✐t ❝❛♥ st✐❧❧ ❜❡ ❛
❣♦♦❞ ❛♣♣r♦①✐♠❛t✐♦♥ ❢♦r t❤❡ q✉❛❧✐t❛t✐✈❡ ❜❡❤❛✈✐♦✉r ✭s❡❡ ❋✐❣ ✷✳✾✮✳ ❲❤❡t❤❡r ♦r ♥♦t t❤✐s ✐s t❤❡ ❝❛s❡
✇✐❧❧ ❜❡ ❞✐s❝✉ss❡❞ ✐♥ s❡❝t✐♦♥ ✻✳✺✳

✶✹
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❋✐❣✉r❡ ✷✳✽✿ ❘▼❙ ❞❡✈✐❛t✐♦♥s ♦❢ t❤❡ s❧♦✇ ♣✐❡③♦r❡s✐t✐✈❡ ✐♥❧❡t ♣r❡ss✉r❡ ♠❡❛s✉r✐♥❣✳
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❋✐❣✉r❡ ✷✳✾✿ ❚✉r❜✉❧❡♥❝❡ ✐♥t❡♥s✐t② ✭❜✮ ♣r❡❞✐❝t❡❞ ❛❝❝♦r❞✐♥❣ t♦ ❊q✳ ✭✷✳✹✸✮✳

✶✺



❈❤❛♣t❡r ✸

▼❡❛s✉r❡♠❡♥t ❚❡❝❤♥♦❧♦❣②

✸✳✶ ❈♦♥st❛♥t ❚❡♠♣❡r❛t✉r❡ ❍♦t ❲✐r❡ ❆♥❡♠♦♠❡tr② ✭❈❚❆✮

abc

d

f

e g
h

i
j

a TU-Ethernet

b PC and AT-MIO 16E10 A/D converter

c NI SCB-68 connector box

d Dantec 90N10 frame

e Dantec 55P14 single-probe

f Thermocouple

g Compressor

h Filter

i Pressure vessel (7 bar)

j Filter

k Dantec 90H02 flow unit

kRS-232

❋✐❣✉r❡ ✸✳✶✿ ❈♦♥✜❣✉r❛t✐♦♥ ♦❢ t❤❡ ❈❚❆ s②st❡♠✳

❚❤❡ ♦✈❡r❛❧❧ ❝♦♥✜❣✉r❛t✐♦♥ ♦❢ t❤❡ ❈❚❆ ♠❡❛s✉r❡♠❡♥t ❡q✉✐♣♠❡♥t ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✸✳✶✳ ■♥ ❈❚❆ ❛
❤♦t ✇✐r❡ ✇✐t❤ ❛ ❞✐❛♠❡t❡r ♦❢ ❥✉st ❛ ❢❡✇ µm ✐s ❜❡✐♥❣ ❝♦♦❧❡❞ ❜② t❤❡ st✉❞✐❡❞ ✢♦✇✳ ❚❤❡ ✈♦❧t❛❣❡ ♥❡❡❞❡❞
t♦ ❦❡❡♣ t❤❡ ✇✐r❡✬s t❡♠♣❡r❛t✉r❡ ❝♦♥st❛♥t ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ ✢♦✇ ✈❡❧♦❝✐t②✬s ♠❛❣♥✐t✉❞❡✳ ❇❡❝❛✉s❡
♦❢ ✐ts s♠❛❧❧ ❞✐♠❡♥s✐♦♥s t❤❡ ✇✐r❡✬s t❤❡r♠❛❧ ✐♥❡rt✐❛ ✐s ✈❛♥✐s❤✐♥❣❧② ❧♦✇ ✇❤✐❝❤ ❛❧❧♦✇s ✈❡r② ❤✐❣❤ t✐♠❡
r❡s♦❧✉t✐♦♥s ❡✈❡♥ ❛❜❧❡ t♦ ♠❡❛s✉r❡ t✉r❜✉❧❡♥t ✢✉❝t✉❛t✐♦♥s✳ ❋♦r t❤❡ t❤❡s✐s ❛t ❤❛♥❞ ❛ ❉❆◆❚❊❈
✺✺P✶✹ s✐♥❣❧❡ ♣r♦❜❡ ✇❛s ✉s❡❞ ✭s❡❡ ❋✐❣✳ ✸✳✷✮✳ ❚❤✐s ♣r♦❜❡ ❛❧❧♦✇s ♦♥❡✲❞✐♠❡♥s✐♦♥❛❧ ♠❡❛s✉r❡♠❡♥ts
✇❤✐❝❤ ✐s s✉✣❝✐❡♥t ❢♦r t❤❡ ♣r❡s❡♥t ♣✉r♣♦s❡✳ ❚❤❡ ♠❡❛s✉r✐♥❣ ♣❧❛♥❡ ♦❢ t❤✐s ♣r♦❜❡ ✐s ♣❡r♣❡♥❞✐❝✉❧❛r
t♦ t❤❡ ♣r♦❜❡s ❛①✐s s✐♥❝❡ ✐t ✐s ♠❡❛♥t t♦ ❜❡ ✐♥ t❤❡ ♠❛✐♥ ✢♦✇ ❞✐r❡❝t✐♦♥✳ ❚❤❡ ❧❡♥❣t❤ ♦❢ t❤✐s ♣r♦❜❡✬s
✇✐r❡ ✐s 1.25mm ❛♥❞ ✐ts ❞✐❛♠❡t❡r ✐s 5µm ✳

❚❤❡ tr❛❞✐t✐♦♥❛❧ ❝❛❧✐❜r❛t✐♦♥ ❡q✉❛t✐♦♥ ❢♦r s✐♥❣❧❡ ♥♦r♠❛❧ ♣r♦❜❡s ❜❛s❡❞ ♦♥ ❤✐st♦r② ❛♥❞ ♣❤②s✐❝❛❧
❝♦♥s✐❞❡r❛t✐♦♥s ✐s ❞❡✜♥❡❞ ❛s ❛ ♣♦✇❡r ❧❛✇ ✭s❡❡ ❬✸✱ ♣✳ ✾✺❢❪✮ ✇❤✐❝❤ r❡❛❞s

E2 ✏ A�B cn ✭✸✳✶✮

✇✐t❤ E ❛s ♠❡❛s✉r❡❞ ✈♦❧t❛❣❡✳ ❚❤✐s ❡q✉❛t✐♦♥ ✐s ✈❛❧✐❞ ❢♦r ❛ ❝♦♠♣❛r❛❜❧② s♠❛❧❧ ❘❡②♥♦❧❞s ♥✉♠❜❡r
r❛♥❣❡✳ ❋✉rt❤❡r♠♦r❡ ❛♥ ✐♥✈❡rs✐♦♥ ❤❛s t♦ ❜❡ ❞♦♥❡ t♦ ❞❡r✐✈❡ t❤❡ ✢♦✇ ✈❡❧♦❝✐t② ❢r♦♠ ❛ ♠❡❛s✉r❡❞
✈♦❧t❛❣❡✳ ❖✉t ♦❢ t❤❡s❡ r❡❛s♦♥s ❛ ♣♦❧②♥♦♠✐❛❧ ✜t ♦❢ t❤❡ ❢♦r♠

c ✏ C5 � C4E � C3E
2 � C2E

3 � C1E
4 . ✭✸✳✷✮
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❋✐❣✉r❡ ✸✳✷✿ ❉❆◆❚❊❈ ❈❚❆ s✐♥❣❧❡ ♣r♦❜❡ ✺✺P✶✹✱ ✜❣✉r❡ t❛❦❡♥ ❢r♦♠ t❤❡ ❉❆◆❚❊❈ ❉②♥❛♠✐❝s
❝❛t❛❧♦❣✉❡ ✧Pr♦❜❡s ❢♦r ❍♦t✲✇✐r❡ ❆♥❡♠♦♠❡tr②✧✳

❤❛s ❜❡❡♥ ✉s❡❞ ✭s❡❡ ❋✐❣✳ ✸✳✸ ❛♥❞ ❬✸✱ ♣✳ ✾✽❢❪✮✳ ❙✉❝❤ ❝✉r✈❡ ✜ts t❡♥❞ t♦ ♦s❝✐❧❧❛t❡ ✇❤❡♥ ♠❡❛s✉r✐♥❣
✈❡❧♦❝✐t✐❡s ♦✉ts✐❞❡ t❤❡ ❝❛❧✐❜r❛t✐♦♥ ❜❛♥❞ ❜✉t ❢♦r t❤❡ ❣✐✈❡♥ t❛s❦ ✐t ❝♦✉❧❞ ❜❡ ❡♥s✉r❡❞ t❤❛t ♥♦♥❡ ♦❢
t❤❡ ♠❡❛s✉r❡❞ ✈❡❧♦❝✐t✐❡s ❡①❝❡❡❞s t❤♦s❡ ❧✐♠✐ts✳

■♥ ♦r❞❡r t♦ ❛✈♦✐❞ ❡✛❡❝ts ❝❛✉s❡❞ ❜② t❡♠♣❡r❛t✉r❡ ❝❤❛♥❣❡s ✐♥ t❤❡ ♠❡❞✐✉♠ t❤❡ ♣r♦❜❡ ✐s ❡q✉✐♣♣❡❞
✇✐t❤ ❛ t❤❡r♠♦❝♦✉♣❧❡ ✇❤✐❝❤ ❛❧❧♦✇s ❛✉t♦♠❛t✐❝ t❡♠♣❡r❛t✉r❡ ❝♦♠♣❡♥s❛t✐♦♥✳ ❋♦r ✐ts ❢✉♥❝t✐♦♥❛❧
♣r✐♥❝✐♣❧❡ s❡❡ t❤❡ ♥❡①t s❡❝t✐♦♥✳ ❚❤❡ t❡♠♣❡r❛t✉r❡ ❝♦♠♣❡♥s❛t✐♦♥ ✐s ✐♠♣❧❡♠❡♥t❡❞ ❛s

Ekorr ✏ E

✂
Tw ✁ Tr
Tw ✁ Ta

✡0.5

, ✭✸✳✸✮

✇❤❡r❡ Tw st❛♥❞s ❢♦r t❤❡ ✇✐r❡ t❡♠♣❡r❛t✉r❡✱ Tr ❢♦r t❤❡ r❡❢❡r❡♥❝❡ t❡♠♣❡r❛t✉r❡ ❛♥❞ Ta ❢♦r t❤❡ ❛❝t✉❛❧
✢♦✇ t❡♠♣❡r❛t✉r❡✳
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❋✐❣✉r❡ ✸✳✸✿ ❈❛❧✐❜r❛t✐♦♥ ❝✉r✈❡ ♦❢ t❤❡ ✺✺P✶✹ ❤♦t✲✇✐r❡ ♣r♦❜❡ ❛t r❡❢❡r❡♥❝❡ t❡♠♣❡r❛t✉r❡✱ ✜tt❡❞ ✇✐t❤
❛ ❢♦✉rt❤✲♦r❞❡r✲♣♦❧②♥♦♠✐❛❧✳
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❇❡❝❛✉s❡ ♦❢ t❤❡ ❧♦✇ ✢♦✇ ✈❡❧♦❝✐t✐❡s ❛t ♠❛①✐♠✉♠ t❤r♦tt❧❡ ❝❧♦s✐♥❣ ✐t ❤❛s t♦ ❜❡ t❛❦❡♥ ✐♥t♦ ❝♦♥✲
s✐❞❡r❛t✐♦♥ t❤❛t t❤❡ ❛ss✉♠♣t✐♦♥ ♦❢ ♣✉r❡ ❢♦r❝❡❞✲❝♦♥✈❡❝t✐♦♥ ❤❡❛t tr❛♥s❢❡r ♠❛② ♥♦ ❧♦♥❣❡r ❜❡ ✈❛❧✐❞
✭s❡❡ ❬✸✱ ♣✳ ✶✵✺✛❪✮✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ✇✐r❡ ❘❡②♥♦❧❞s ♥✉♠❜❡r ❛t t❤❡ ❧♦✇❡st ♦❝❝✉r✐♥❣ ✈❡❧♦❝✐t② ❤❛s t♦
❜❡ ❝❛❧❝✉❧❛t❡❞✱ ✇❤✐❝❤ ✐s

Rew,min ✏ c dw

ν
✓ 1.5 ☎ 5 ☎ 10✁6

160 ☎ 10✁7 ✏ 0.4687 . ✭✸✳✹✮

❚❤✐s ✈❛❧✉❡ ✐s ❣r❡❛t❡r t❤❛♥ t❤❡ ❝r✐t✐❝❛❧ ✇✐r❡ ❘❡②♥♦❧❞s ♥✉♠❜❡r ✇❤✐❝❤ ✐s ✉s✉❛❧❧② ♥♦t ❤✐❣❤❡r t❤❛♥ 0.1✳
❍❡♥❝❡✱ t❤❡ ❛ss✉♠♣t✐♦♥ ♦❢ ♣✉r❡ ❢♦r❝❡❞✲❝♦♥✈❡❝t✐♦♥ ❤❡❛t tr❛♥s❢❡r ✐s ❥✉st✐✜❡❞ ❢♦r t❤❡ ♠❡❛s✉r❡♠❡♥ts
♣❡r❢♦r♠❡❞✳

✸✳✷ ❚❡♠♣❡r❛t✉r❡ ❙❡♥s♦r

❋♦r t❤❡ t❡♠♣❡r❛t✉r❡ ♠❡❛s✉r❡♠❡♥ts ❛t t❤❡ ❜❧♦✇❡r✬s ✐♥❧❡t ✭st❛t✐♦♥ ✵✮ ❛♥❞ ♦✉t❧❡t ✭st❛t✐♦♥ ✸✮ t✇♦
Pt✶✵✵ ♣❧❛t✐♥ r❡s✐st❛♥❝❡ t❤❡r♠♦♠❡t❡rs ♠❛♥✉❢❛❝t✉r❡❞ ❜② ❚❡st♦ ❤❛✈❡ ❜❡❡♥ ✉s❡❞✳ ❚❤❡ ♦♣❡r❛t✐♥❣
♣r✐♥❝✐♣❧❡ ♦❢ t❤✐s t②♣❡ ♦❢ t❤❡r♠♦♠❡t❡rs ✐s ❜❛s❡❞ ♦♥ t❤❡ t❡♠♣❡r❛t✉r❡ ❞❡♣❡♥❞❡♥❝❡ ♦❢ ❛♥ ✐♥st❛❧❧❡❞
❡❧❡❝tr✐❝ r❡s✐st❛♥❝❡✳ Pt✶✵✵ t❤❡r♠♦♠❡t❡rs ❢❡❛t✉r❡ ❛ ♥♦♠✐♥❛❧ r❡s✐st❛♥❝❡ ♦❢ 100Ω ❛t 0oC✳

❆❞❞✐t✐♦♥❛❧❧② ❛ t❤❡r♠♦❝♦✉♣❧❡ ✐s ✉s❡❞ ❜② t❤❡ ❈❚❆ s②st❡♠✳ ❚❤✐s t②♣❡ ♦❢ t❤❡r♠♦♠❡t❡r ✐s ❜❛s❡❞
♦♥ t❤❡ ❙❡❡❜❡❝❦ ❡✛❡❝t ✇❤✐❝❤ s❛②s t❤❛t t❤❡ ❝✉rr❡♥t ✢♦✇ ✐♥ ❛ ❝❧♦s❡❞ ❝✐r❝✉✐t ❝♦♥s✐st✐♥❣ ♦❢ t✇♦
❞✐✛❡r❡♥t ♠❡t❛❧❧✐❝ ❝♦♥❞✉❝t♦rs ✐s ♣r♦♣♦rt✐♦♥❛❧ t♦ t❤❡ t❡♠♣❡r❛t✉r❡ ♦❢ t❤❡ ❝♦♥♥❡❝t✐♦♥ ♣♦✐♥t ✭s❡❡ ❬✶✸✱
♣✳ ✶✷✾✛❪✮✳

✸✳✸ ❘♦t❛t✐♦♥❛❧ ❙♣❡❡❞ ❙❡♥s♦r

❚♦ ♠❡❛s✉r❡ t❤❡ r♦t❛t✐♦♥❛❧ s♣❡❡❞ ❛♥ ✐♥❞✉❝t✐✈❡ ❖▼❘❖◆ ❊✷❇ ♣r♦①✐♠✐t② s❡♥s♦r ❤❛s ❜❡❡♥ ✉s❡❞✳
❚❤✐s s❡♥s♦r t②♣❡ ❝♦♥s✐sts ♦❢ ❛ ❝♦✐❧ t❤❛t ✐s ✇♦✉♥❞ ❛r♦✉♥❞ ❛ ❢❡rr✐t❡ ❝♦r❡ ❛t t❤❡ s❡♥s♦r ❤❡❛❞✳ ❆
❤✐❣❤ ❢r❡q✉❡♥❝② ✐s ❛♣♣❧✐❡❞ t♦ t❤✐s✳ ❚❤❡ ❣❡♥❡r❛t❡❞ ♦s❝✐❧❧❛t✐♥❣ ❡❧❡❝tr♦♠❛❣♥❡t✐❝ ✜❡❧❞ ✐s ♠♦♥✐t♦r❡❞
❜② ❛♥ ✐♥t❡r♥❛❧ ❝✐r❝✉✐tr②✳ ❲❤❡♥ ❛ ♠❡t❛❧❧✐❝ ♦❜❥❡❝t ✐s ♠♦✈❡❞ t♦✇❛r❞s t❤❡ s❡♥s♦r t❤❡ ♠❡♥t✐♦♥❡❞
♦s❝✐❧❧❛t✐♦♥s ❞❡❝r❡❛s❡ t✐❧❧ t❤❡② ✜♥❛❧❧② st♦♣✳ ❲❤❡♥ t❤✐s ❤❛♣♣❡♥s t❤❡ s❡♥s♦r✬s ♦✉t♣✉t ✐s s✇✐t❝❤❡❞ t♦
♦♥✳ ❚❤✉s✱ ❡✈❡r② ♣❛ss✐♥❣ ♦❢ ❛ s♣❡❝✐❛❧ tr❡❛t❡❞ ♠❛r❦ r♦t❛t✐♥❣ ✇✐t❤ t❤❡ s❤❛❢t ✐♥❞✐❝❛t❡s t❤❛t ❛♥♦t❤❡r
r❡✈♦❧✉t✐♦♥ ✐s ❝♦♠♣❧❡t❡❞✳ ❲❤❡♥ s✐♠✉❧t❛♥❡♦✉s❧② ♠❡❛s✉r✐♥❣ t❤❡ t✐♠❡ t❤❡ r♦t❛t✐♦♥❛❧ s♣❡❡❞ ❝❛♥ ❜❡
❞❡t❡r♠✐♥❡❞✳

✸✳✹ ❋❧♦✇ ❘❛t❡ ▼❡❛s✉r❡♠❡♥t

❚❤❡ ✢♦✇ r❛t❡ ✐s ♠❡❛s✉r❡❞ ✇✐t❤ ❛♥ ♦r✐✜❝❡✱ ♦♥❡ ♦❢ t❤❡ Pt✶✵✵ s❡♥s♦rs ✭s❡❡ s❡❝t✐♦♥ ✸✳✷✮ ❛♥❞ t✇♦
❍♦♥❡②✇❡❧❧ ♣r❡ss✉r❡ tr❛♥s❞✉❝❡rs ❞❡s❝r✐❜❡❞ ✐♥ s❡❝t✐♦♥ ✸✳✺✳✶ ✇❤✐❝❤ ❣✐✈❡ t❤❡ st❛t✐❝ ♣r❡ss✉r❡ ✉♣str❡❛♠
❛♥❞ ❞♦✇♥str❡❛♠ ♦❢ t❤❡ ♦r✐✜❝❡✳ ❚❤❡✐r ♣♦s✐t✐♦♥ ✐s q✉❛❧✐t❛t✐✈❡❧② s❤♦✇♥ ✐♥ ❋✐❣✳ ✹✳✶✳ ❚❤❡ ❝❛❧❝✉❧❛t✐♦♥
t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❛❝t✉❛❧ ♠❡❛♥ ✢♦✇ r❛t❡ ✐s ❞♦♥❡ ❛❝❝♦r❞✐♥❣ t♦ ❉■◆ ❊◆ ■❙❖ ✺✶✻✼ ✭✷✵✶✸✮✳

❯♥❢♦rt✉♥❛t❡❧② t❤❡ ♦r✐✜❝❡ ❝❛✉s❡❞ ❛ ❤❡❛✈✐❧② t✉r❜✉❧❡♥t ✢♦✇ ❛t t❤❡ ✐♥❧❡t✳ ❚❤✐s ❧❡❛❞ t♦ ❝♦♠✲
♣❧✐❝❛t✐♦♥s ✇✐t❤ t❤❡ t✐♠❡ r❡s♦❧✈❡❞ ♠❡❛s✉r❡♠❡♥ts ✇❤✐❝❤ ♠❛❞❡ ❛ r❡♠♦✈❛❧ ♦❢ t❤❡ ♦r✐✜❝❡ ♥❡❝❡ss❛r②✳
❚♦ ❞❡t❡r♠✐♥❡ t❤❡ ♦♣❡r❛t✐♦♥❛❧ ♣♦✐♥t ❢♦r t❤❡s❡ ♠❡❛s✉r❡♠❡♥ts t❤❡ ❞❛t❛ ❢r♦♠ t❤❡ ❈❚❆ ❛♥❞ t❤❡
❊◆❉❊❱❈❖ s❡♥s♦r ❤❛✈❡ ❜❡❡♥ ✉s❡❞✳ ❚❤❡ ✢♦✇ r❛t❡ ❝❛❧❝✉❧❛t✐♦♥ ❢♦r t❤✐s ❝❛s❡ ✐s ❞❡s❝r✐❜❡❞ ✐♥ s❡❝t✐♦♥
✺✳✷✳

✶✽
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✸✳✺ Pr❡ss✉r❡ ❚r❛♥s❞✉❝❡r

✸✳✺✳✶ ▲♦✇ ❚✐♠❡ ❘❡s♦❧✉t✐♦♥

❋♦r t❤❡ s❧♦✇ ♣r❡ss✉r❡ ♠❡❛s✉r❡♠❡♥ts ❍♦♥❡②✇❡❧❧ ✶✹✷P❈✵✶❉ ♣r❡ss✉r❡ tr❛♥s❞✉❝❡rs ❤❛✈❡ ❜❡❡♥ ✉s❡❞✳
❚❤❡② ❢❡❛t✉r❡ ❛ ❞✐✛❡r❡♥t✐❛❧ ♠❡❛s✉r✐♥❣ r❛♥❣❡ ♦❢ 0 ✄ 6900Pa ✇❤✐❝❤ ✐s s❛t✐s❢❛❝t♦r② ❢♦r t❤❡ ❣✐✈❡♥
t❛s❦✳ ❆♥ ❡①❝✐t❛t✐♦♥ ✈♦❧t❛❣❡ ♦❢ 8V ✐s ♥❡❡❞❡❞✳

✸✳✺✳✷ ❍✐❣❤ ❚✐♠❡ ❘❡s♦❧✉t✐♦♥

❋♦r t❤❡ t✐♠❡✲r❡s♦❧✈❡❞ ♣r❡ss✉r❡ ♠❡❛s✉r❡♠❡♥ts ❛♥ ♣✐❡③♦r❡s✐st✐✈❡ ❊◆❉❊❱❈❖ ✽✺✵✻❇✲✷ ♣r❡ss✉r❡
tr❛♥s❞✉❝❡r ❤❛s ❜❡❡♥ ✉s❡❞✳ ■ts ❞✐✛❡r❡♥t✐❛❧ ♠❡❛s✉r✐♥❣ r❛♥❣❡ ✐s 2 psig ✇❤✐❝❤ ❡q✉❛❧s 13790Pa✳ ❚❤❡
❡①❝✐t❛t✐♦♥ ✈♦❧t❛❣❡ ♥❡❡❞❡❞ ✐s 10V ❛♥❞ t❤❡ s❡♥s♦r✬s s❡♥s✐t✐✈✐t② ✐s 181.0mV ④psi ♦r 0.0263mV ④Pa✳
❚❤❡ ❞❡✈✐❝❡✬s t✐♠❡ r❡s♦❧✉t✐♦♥ ✐s r❡str✐❝t❡❞ t♦ 10 kHz ❜② t❤❡ ❞❛t❛ ❛❝q✉✐s✐t✐♦♥ s②st❡♠ ✐♥ t❤❡ ❣✐✈❡♥
t❡st st❛♥❞ ✭s❡❡ s❡❝t✐♦♥ ✸✳✻✮✳ ❋♦r t❤❡ ♣✉r♣♦s❡ ♦❢ ✐❞❡♥t✐❢②✐♥❣ ♣r❡ss✉r❡ ✢✉❝t✉❛t✐♦♥s ❞✉❡ t♦ s✉r❣❡ ✐t
✐s st✐❧❧ ❤✐❣❤❧② s❛t✐s❢❛❝t♦r②✳

❯♥❢♦rt✉♥❛t❡❧② ❛ ♣❛r❛s✐t✐❝ ❢r❡q✉❡♥❝② ❡q✉❛❧ t♦ t❤❡ ❣r✐❞ ❢r❡q✉❡♥❝② ❝♦✉❧❞ ♥♦t ❜❡ s✉♣♣r❡ss❡❞ ❜②
❛♥② ♦❢ t❤❡ ❛✈❛✐❧❛❜❧❡ ♣♦✇❡r s✉♣♣❧② ✉♥✐ts ❛s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✳ ✸✳✹✳ ❚❤❡ ❞❡✈✐❝❡ r❡s✉❧t✐♥❣ ✐♥ t❤❡
❧♦✇❡st ❛♠♣❧✐t✉❞❡ ❛t 50Hz ✭▼❆◆❙❖◆ ❊P✕✻✶✸✮ ❤❛s ❜❡❡♥ ✉s❡❞✳ ❋✉rt❤❡r♠♦r❡ t❤✐s ♦s❝✐❧❧❛t✐♦♥ ❤❛s
❜❡❡♥ ✜❧t❡r❡❞ ❛✇❛② ✐♥ t❤❡ ❞❛t❛ r❡❞✉❝t✐♦♥ ♣r♦❝❡ss ✭s❡❡ s❡❝t✐♦♥ ✺✳✶✳✸✮✳

❚❤❡ ♦✛s❡t ❛t ③❡r♦ ♣r❡ss✉r❡ ❞✐✛❡r❡♥❝❡ ❤❛s t✉r♥❡❞ ♦✉t t♦ ❜❡ 0.8865mV r❡s♣❡❝t✐✈❡❧② 33.71Pa✳
❍❡♥❝❡✱ t❤❡ ✉s❡❞ ❧✐♥❡❛r ❝❛❧✐❜r❛t✐♦♥ ❝✉r✈❡ ✇❛s p ✏ ✁33.71Pa� 3802.28 Pa

V
☎E ✇❤❡r❡ E st❛♥❞s ❢♦r

t❤❡ tr❛♥s❞✉❝❡r✬s ♦✉t♣✉t ✈♦❧t❛❣❡✳
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✭❛✮ ▼❆◆❙❖◆ ❊P✕✻✶✸
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✭❜✮ δ ❊❧❡❦tr♦♥✐❦❛ ❊ ✵✸✵✕✶
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✭❝✮ ❇❆❙❊t❡❝❤ ❇❚✕✸✵✺

❋✐❣✉r❡ ✸✳✹✿ Pr❡ss✉r❡ s✐❣♥❛❧ s♣❡❝tr❛ ❛t ❛♠❜✐❡♥t ♣r❡ss✉r❡ ✉s✐♥❣ ❞✐✛❡r❡♥t ♣♦✇❡r s✉♣♣❧✐❡s❀ ❞❡✜♥✐t✐♦♥
♦❢ ❋♦✉r✐❡r tr❛♥s❢♦r♠ s❡❡ ❜❡❧♦✇✳

✸✳✻ ❉❛t❛ ❆❝q✉✐s✐t✐♦♥ ❙②st❡♠

❋♦r t❤❡ ❞❛t❛ ❛❝q✉✐s✐t✐♦♥ ♦❢ t❤❡ ♣r❡ss✉r❡ ❛♥❞ t❡♠♣❡r❛t✉r❡ ♠❡❛s✉r❡♠❡♥ts t✇♦ ❯❙❇✕✻✵✵✽ ❜② ◆❛✲
t✐♦♥❛❧ ■♥str✉♠❡♥ts ❤❛✈❡ ❜❡❡♥ ✉s❡❞✳ ❚❤❡✐r ♠❛①✐♠✉♠ s❛♠♣❧✐♥❣ r❛t❡ ✐s 10kHz✳
❚❤❡ ❈❚❆ ✉s❡s ✐ts ♦✇♥ ✐♥t❡❣r❛t❡❞ ❉❛t❛ ❛❝q✉✐s✐t✐♦♥ s②st❡♠ ❜② ❉❆◆❚❊❈ ✇❤✐❝❤ ✐s ❝❛❧❧❡❞ ❙tr❡❛♠▲✐♥❡✳

✶✾



❈❤❛♣t❡r ✹

❚❡st ❙t❛♥❞ ❈♦♥✜❣✉r❛t✐♦♥

✹✳✶ ●❡♥❡r❛❧ ◆♦t❡s

❆ s❝❤❡♠❡ ♦❢ t❤❡ t❡st st❛♥❞ ❝♦♥✜❣✉r❛t✐♦♥ ✐s ❣✐✈❡♥ ✐♥ ❋✐❣✳ ✹✳✶✳ ❆❞❞✐t✐♦♥❛❧❧② s♦♠❡ ♣❤♦t♦❣r❛♣❤✐❡s ❛r❡
♣r❡s❡♥t❡❞ ✐♥ ❆♣♣❡♥❞✐① ❇✳ ❉✉❡ t♦ t❤❡ ❧✐♠✐t❡❞ ✜♥❛♥❝✐❛❧ ❛♥❞ s♣❛t✐❛❧ ♣♦ss✐❜✐❧✐t✐❡s ❛t t❤❡ ✐♥st✐t✉t❡ ✐t
✇❛s ♥♦t ♣♦ss✐❜❧❡ t♦ ♣❧❛❝❡ t❤❡ t❤r♦tt❧❡ ❞♦✇♥str❡❛♠ ♦❢ t❤❡ ❝♦♠♣r❡ss♦r ✇❤✐❝❤ ✇♦✉❧❞ ❤❛✈❡ ♣r♦✈✐❞❡❞
❛♥ ✉♥❞✐st✉r❜❡❞ ✐♥❧❡t ✢♦✇✳ ■t ✇❛s ❛❧s♦ ♥♦t ♣♦ss✐❜❧❡ t♦ r❡❛❧✐③❡ ❛ ✜♥✐t❡ ♣❧❡♥✉♠ ✭✜①❡❞ ♦r ❛❞❥✉st❛❜❧❡✮
t♦ st✉❞② ✐ts ✐♥✢✉❡♥❝❡ ♦♥ t❤❡ s②st❡♠ ❜❡❤❛✈✐♦✉r✳ ❚❤✉s✱ t❤❡ ❜❧♦✇❡r ✇♦r❦s ❛t ❢r❡❡ ❞✐s❝❤❛r❣❡ ❛♥❞
✇✐t❤ ❛♥ ✐♥❧❡t ❞✉❝t ❛s ❞❡s❝r✐❜❡❞ ✐♥ ❉■◆ ❊◆ ■❙❖ ✺✽✵✶ ✭✷✵✵✽✮✱ s❡❝t✐♦♥ ✷✻✳✸✳ ❚❤❡ ✐♥❧❡t ❞✉❝t✐♥❣
❢❡❛t✉r❡s ❛ ✐♥♥❡r ❞✐❛♠❡t❡r ♦❢ 355mm✳

M

throttle orifice

gear-

box

heat exchanger

T3

blower engine

pOr,1 ΔpOr

-

T0p0pa=p3

CTA p0'

n

❋✐❣✉r❡ ✹✳✶✿ ❙❝❤❡♠❡ ♦❢ t❤❡ t❡st st❛♥❞ ❝♦♥✜❣✉r❛t✐♦♥✳

✹✳✷ P♦✇❡r ❈♦♥✈❡rt❡r

❚❤❡ ♣♦✇❡r ❝♦♥✈❡rt❡r ✉s❡❞ ✐s ❛ ❇❇❈ ❱❡r✐tr♦♥ ❆❙❉ ✻✻✵✶ ✇❤✐❝❤ ♦✛❡rs ❛ q✉✐t❡ ❛❝❝✉r❛t❡ ❝✉rr❡♥t
✐♥❞✐❝❛t✐♦♥ ✇✐t❤ ❥✉st ❛ ♠✐♥♦r t❡♥❞❡♥❝② t♦✇❛r❞s t♦♦ ❧✐tt❧❡ ✈❛❧✉❡s✳ ■ts ❝r❡❞✐❜✐❧✐t② ✐s s✉♣♣♦rt❡❞ ❜②
♣❛r❛❧❧❡❧ ♠❡❛s✉r❡♠❡♥ts ❛t t❤❡ ❡♥❣✐♥❡ ✐ts❡❧❢ ✇❤✐❝❤ ❤❛✈❡ ❜❡❡♥ ♣❡r❢♦r♠❡❞ ❢♦r s♦♠❡ s❡❧❡❝t❡❞ s❡tt✐♥❣s✳
❚❤❡ r❡s✉❧ts ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✳ ✹✳✷✳ ❚❤❡ ❡♥❣✐♥❡✬s r♦t❛t✐♦♥❛❧ s♣❡❡❞ ✐s ❛❧s♦ ❞✐s♣❧❛②❡❞ ✇❤✐❝❤ ❛❧❧♦✇s
t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ✐♠♣❡❧❧❡r s♣❡❡❞ ❛❞❞✐t✐♦♥❛❧❧② t♦ t❤❡ ✐♥❞✉❝t✐✈❡ s❡♥s♦r✳

✷✵
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   Measured values
   Exact match
    10% deviation

❋✐❣✉r❡ ✹✳✷✿ ❈✉rr❡♥t ✐♥❞✐❝❛t✐♦♥ ♦❢ t❤❡ ♣♦✇❡r ❝♦♥✈❡rt❡r ❝♦♠♣❛r❡❞ t♦ t❤❡ ❝✉rr❡♥t ♠❡❛s✉r❡❞ ❞✐r❡❝t❧②
❛t t❤❡ ❡♥❣✐♥❡

✳

✹✳✸ ❉✐r❡❝t ❈✉rr❡♥t ▼♦t♦r

❚❤❡ ❜❧♦✇❡r ✐s ❞r✐✈❡♥ ❜② ❛♥ ❊▲■◆ ● ✷✵ s❡♣❛r❛t❡❧② ❡①❝✐t❡❞ ❞✐r❡❝t ❝✉rr❡♥t ❡♥❣✐♥❡ ✈✐❛ ❛ ❣❡❛r❜♦①
✭s❡❡ s❡❝t✐♦♥ ✹✳✹✮✳ ❚❤✐s ❡♥❣✐♥❡ ❤❛s t❤❡ ❢♦❧❧♦✇✐♥❣ s♣❡❝✐✜❝❛t✐♦♥s✳

❱♦❧t❛❣❡✿ ✹✹✵ ❱
❈✉rr❡♥t✿ ✽✼ ❆
P♦✇❡r✿ ✸✹ ❦❲

❊❧❡❝tr✐❝❛❧ ❡①❝✐t❛t✐♦♥ ❢♦r ✸✵✵✵ r♣♠ ✐❞❧❡ s♣❡❡❞✿
❊①❝✐t✐♥❣ ✈♦❧t❛❣❡✿ ✶✾✵ ❱
❊①❝✐t✐♥❣ ❝✉rr❡♥t✿ ✵✳✷✻ ❆

❊❧❡❝tr✐❝❛❧ ❡①❝✐t❛t✐♦♥ ❢♦r ✷✵✵✵ r♣♠ ✐❞❧❡ s♣❡❡❞✿
❊①❝✐t✐♥❣ ✈♦❧t❛❣❡✿ ✹✹✵ ❱
❊①❝✐t✐♥❣ ❝✉rr❡♥t✿ ✵✳✻ ❆

✹✳✹ ●❡❛r❜♦①

❊♥❣✐♥❡ ❛♥❞ ❜❧♦✇❡r ❛r❡ ❝♦♥♥❡❝t❡❞ ✈✐❛ ❛ s✐♥❣❧❡✲st❛❣❡ ❣❡❛r❜♦① ♠❛♥✉❢❛❝t✉r❡❞ ❜② ❙●P ✭❙✐♠♠❡r✐♥❣✕
●r❛③✕P❛✉❦❡r✮ t❤❛t ✐s ❢❡❛t✉r✐♥❣ ❛♥ ✐♥t❡r♥❛❧ ❣❡❛r ♣✉♠♣ ✭s❡❡ ❜❡❧♦✇✮✳ ❚❤❡ tr❛♥s♠✐ss✐♦♥ r❛t✐♦
❜❡t✇❡❡♥ ❡♥❣✐♥❡ ❛♥❞ ❜❧♦✇❡r ✐s 37④126 r❡s♣❡❝t✐✈❡❧② 1④3.405✳ ❆ ❝❧♦s❡r ❧♦♦❦ ♦♥ t❤❡ ❣❡❛r❜♦① ✐s
♣r❡s❡♥t❡❞ ✐♥ ❬✶✺✱ ♣✳ ✶✸❪✳

✷✶
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✹✳✺ ▲✉❜r✐❝❛t✐♦♥ ❛♥❞ ❈♦♦❧✐♥❣ ❙②st❡♠

✹✳✺✳✶ ❚♦♦t❤✐♥❣ ❖✐❧ ❙✉♣♣❧②

❚❤❡ t♦♦t❤✐♥❣ ♦✐❧ s✉♣♣❧② ✐s ❡♥s✉r❡❞ ❜② ❛♥ ✐♥t❡r♥❛❧ ❣❡❛r ♣✉♠♣ ✇❤✐❝❤ ✐s ❞r✐✈❡♥ ❜② t❤❡ ♠❛✐♥ tr❛✐♥
✇✐t❤ ❛ tr❛♥s♠✐ss✐♦♥ r❛t✐♦ ♦❢ 4④1 r❡s♣❡❝t✐✈❡❧② 1④0.25✳

✹✳✺✳✷ ❇❡❛r✐♥❣ ❖✐❧ ❙✉♣♣❧②

❚❤❡ ❜❡❛r✐♥❣ ♦✐❧ s✉♣♣❧② ✐s ❞♦♥❡ ❜② ❛♥ ❡①t❡r♥❛❧ ❣❡❛r ♣✉♠♣ ✇❤✐❝❤ ✐s ❞r✐✈❡♥ ❜② ❛♥ ❆❊● ▼❋❲ ✶✼✽
r♦t❛r② ❝✉rr❡♥t ❛s②♥❝❤r♦♥♦✉s ❡♥❣✐♥❡ ✇✐t❤ ❛ ♣♦✇❡r ♦❢ ✶✳✽ ❦❲ ❛♥❞ ❛ r♦t❛t✐♦♥❛❧ s♣❡❡❞ ♦❢ ✶✸✺✵ r♣♠✳

✹✳✺✳✸ ❖✐❧ ❈♦♦❧✐♥❣

❇♦t❤ ♦✐❧ ♣✉♠♣s ❛r❡ ✉s✐♥❣ t❤❡ s❛♠❡ ♦✐❧ r❡s❡r✈♦✐r✳ ❚❤❡ ✇❛r♠❡❞ ♦✐❧ ✐s ❜❡✐♥❣ ❝♦♦❧❡❞ ❜② ❛♥ ♦✐❧✴✇❛t❡r
❤❡❛t ❡①❝❤❛♥❣❡r ✐♥ ♦r❞❡r t♦ ❦❡❡♣ t❤❡ ❜❡❛r✐♥❣ t❡♠♣❡r❛t✉r❡s ✇✐t❤✐♥ ❛ ❝❡rt❛✐♥ ❜❛♥❞✳ ❚❤❡ ✇❛t❡r ✢♦✇
r❛t❡ ❝❛♥ ❜❡ ❛❞❥✉st❡❞ ❜② ❤❛♥❞✳

✹✳✻ ❇❧♦✇❡r

✹✳✻✳✶ ●❡♥❡r❛❧ ❈❤❛r❛❝t❡r✐st✐❝s

❚❤❡ ❙●P ✭❙✐♠♠❡r✐♥❣✕●r❛③✕P❛✉❦❡r✮ ❍❘ ✹✵✴✹✵ ✐s ❛ ❧♦✇ ♣r❡ss✉r❡ r❛t✐♦ ❝❡♥tr✐❢✉❣❛❧ ❝♦♠♣r❡ss♦r✱
✇✐t❤ ❛ ✈❛♥❡❧❡ss ❞✐✛✉s❡r ❛♥❞ ❛ s♣✐r❛❧ ❤♦✉s✐♥❣✳ ❈♦♠♣r❡ss♦rs ♦❢ t❤✐s ❝❧❛ss ❛r❡ ✉s✉❛❧❧② ❝❛❧❧❡❞ ❜❧♦✇❡rs✳
❚❤❡ ❝♦♠♣r❡ss♦r ♠❛♣ ✐s ❦♥♦✇♥ ❢r♦♠ ♣r❡✈✐♦✉s ♠❡❛s✉r❡♠❡♥ts ❛t t❤❡ ✐♥st✐t✉❡ ✭s❡❡ ❬✶✺❪✮✳ ■ts r❡❧❡✈❛♥t
r❡❣✐♦♥ ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✹✳✸✳ ❋♦r t❤✐s ❜❧♦✇❡r t❤❡ st❛t✐❝ ❛♥❞ t♦t❛❧ ♣r❡ss✉r❡ r✐s❡ ❛r❡ ♣r❛❝t✐❝❛❧❧②
❡q✉✐✈❛❧❡♥t s✐♥❝❡ D0 ❛❧♠♦st ❡q✉❛❧s D3 ❛♥❞ t❤❡ ❞❡♥s✐t② ❝❛♥ ❜❡ ❛ss✉♠❡❞ ❛s ❝♦♥st❛♥t ❞✉❡ t♦ t❤❡
❧♦✇ ♣r❡ss✉r❡ ❞✐✛❡r❡♥❝❡✳ ❚❤✐s ❛❧❧♦✇s t♦ s✐♠♣❧✐❢② t❤❡ ●✐❜❜s ❢✉♥❞❛♠❡♥t❛❧ ❡q✉❛t✐♦♥ t♦

∆hs ✏ ∆p

ρ
. ✭✹✳✶✮

❈♦♥s❡q✉❡♥t❧② t❤❡ ✐s❡♥tr♦♣✐❝ ❜❧❛❞❡ ❧♦❛❞✐♥❣ ✇❤✐❝❤ ✐s ❞❡✜♥❡❞ ❛s

ψs ✏ ∆hs,t
1

2
u2
2

✭✹✳✷✮

❝❛♥ ❛❧s♦ ❜❡ ❡①♣r❡ss❡❞ ❜②

ψs ✓ ∆pt
1

2
ρu2

2

. ✭✹✳✸✮

❆ ❝❤❛r❛❝t❡r✐st✐❝ ✈❛❧✉❡ ❝♦♠♠♦♥❧② ✉s❡❞ ✇✐t❤ ❤✐❣❤ ♣❡r❢♦r♠❛♥❝❡ ❝♦♠♣r❡ss♦rs ✇❤❡r❡ ❝♦♠♣r❡ss✐❜❧❡
❡✛❡❝ts ❛r❡ ✐♠♣♦rt❛♥t ✐s t❤❡ ♣r❡ss✉r❡ r❛t✐♦

Πt ✏ p3t

p0t
. ✭✹✳✹✮

❚❤❡ ✢♦✇ ❝♦❡✣❝✐❡♥t ϕ ❢♦r r❛❞✐❛❧ ♠❛❝❤✐♥❡s ✐s ✉s✉❛❧❧② ❞❡✜♥❡❞ ❛s

ϕ ✏ cm2

u2
. ✭✹✳✺✮
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❋✐❣✉r❡ ✹✳✸✿ ❉✐✛❡r❡♥t ✇❛②s ♦❢ ♣r❡s❡♥t✐♥❣ t❤❡ ❙●P ❍❘ ✹✵✴✹✵ ❝♦♠♣r❡ss♦r ♠❛♣ ❢♦r t❤❡ st✉❞✐❡❞
s♣❡❡❞s✳

❋✐❣✉r❡ ✹✳✹✿ ■♠♣❡❧❧❡r ❛♥❞ ✐♥❧❡t s❡❝t✐♦♥ ♦❢ t❤❡ ❙●P ❍❘ ✹✵✴✹✵✳
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✹✳✻✳✷ ■♠♣❡❧❧❡r

❚❤❡ s❤r♦✉❞❡❞ r❛❞✐❛❧ ✐♠♣❡❧❧❡r ✇✐t❤ t❤❡ ❞✐♠❡♥s✐♦♥s ✐♥ ❚❛❜✳ ✹✳✶ ❝❛rr✐❡s ✶✻ ❜❛❝❦✇❛r❞ ❝✉r✈❡❞ ❜❧❛❞❡s
t❤❛t ❛r❡ ♠♦✉♥t❡❞ ✇✐t❤ r✐✈❡ts✳ ■ts ♣♦s✐t✐♦♥ ✐♥ t❤❡ ❈♦r❞✐❡r ❞✐❛❣r❛♠ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❋✐❣✳ ✹✳✺✳ ❚❤❡
❞❡✜♥✐t✐♦♥s ❢♦r t❤❡ ❞✐♠❡♥s✐♦♥❧❡ss s♣❡❡❞ ♥✉♠❜❡r ❛♥❞ ❞✐❛♠❡t❡r ♥✉♠❜❡r ❛r❡ ❣✐✈❡♥ ❜②

σ ✏ 21④4 n
❛

✾V π

∆h
3④4
s

, ✭✹✳✻✮

δ ✏ D2

❄
π ♣∆hsq1④4

23④4
❛

✾V
. ✭✹✳✼✮

❙✐♥❝❡ ✐t ✐s ❛ ✇✐❞❡ s♣r❡❛❞ ❡rr♦r t❤❛t t❤❡ ❈♦r❞✐❡r ❧✐♥❡ r❡♣r❡s❡♥ts ❜❡st ❡✣❝✐❡♥❝② ❝♦♥✜❣✉r❛t✐♦♥s ✐t ✐s
✇♦rt❤ t♦ ♠❡♥t✐♦♥ t❤❛t ✐♥ ❢❛❝t ❝❧❛ss✐❝❛❧ ❛①✐❛❧ ❛♥❞ r❛❞✐❛❧ ❝♦♠♣r❡ss♦rs ❛r❡ ❧♦❝❛t❡❞ ♦♥ t❤✐s ❢❛♠♦✉s
❧✐♥❡ ❥✉st ❜❡❝❛✉s❡ ♦❢ ❦✐♥❡♠❛t✐❝ r❡❛s♦♥s ❛s ❞❡s❝r✐❜❡❞ ✐♥ ❬✶✽❪✳ ❚❤❡ ❢r♦♥t ❛♥❞ ❜❛❝❦ ❡♥❞ ❛r❡ ❡❛❝❤
❡q✉✐♣♣❡❞ ✇✐t❤ t❤r❡❡ st❡♣ ❧❛❜②r✐♥t❤ s❡❛❧s✳

▼❡❛♥ ✐♥❧❡t ❜❧❛❞❡ ❞✐❛♠❡t❡r D1m ✷✸✵ ♠♠

❖✉t❧❡t ❜❧❛❞❡ ❞✐❛♠❡t❡r D2 ✹✵✵ ♠♠

❖✉t❧❡t ❜❧❛❞❡ ❤❡✐❣❤t b2 ✷✹ ♠♠

■♥❧❡t ❝♦♠♣❧❡♠❡♥t❛r② r❡❧❛t✐✈❡ ♠❡t❛❧ ❛♥❣❧❡ β�
1,m 37o

❖✉t❧❡t ❝♦♠♣❧❡♠❡♥t❛r② r❡❧❛t✐✈❡ ♠❡t❛❧ ❛♥❣❧❡ β�
2,m 42o 20✶

❚❛❜❧❡ ✹✳✶✿ ▼❛✐♥ ❞✐♠❡♥s✐♦♥s ♦❢ t❤❡ ❙●P ❍❘ ✹✵✴✹✵ ✐♠♣❡❧❧❡r✳
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SGP HR 40/40

❋✐❣✉r❡ ✹✳✺✿ ❚❤❡ ❙●P ❍❘ ✹✵✴✹✵ ✐♥ t❤❡ ❈♦r❞✐❡r ❉✐❛❣r❛♠❀ ❉❛t❛ t❛❦❡♥ ❢r♦♠ ❬✶✱ ♣✳ ✼✾✛❪✳
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✹✳✻✳✸ ❉✐✛✉s❡r ❛♥❞ ❱♦❧✉t❡ ❍♦✉s✐♥❣

❆s ✉s✉❛❧ ✇✐t❤ ♠❛❝❤✐♥❡s ♦❢ t❤✐s t②♣❡ t❤❡ ❜❧♦✇❡r ✐s ❡q✉✐♣♣❡❞ ✇✐t❤ ❛ ✈❛♥❡❧❡ss ❞✐✛✉s❡r ❛♥❞ ❛ s♦
❝❛❧❧❡❞ ✈♦❧✉t❡ ♦r s♣✐r❛❧ ❤♦✉s✐♥❣✳ ■ts ❝r♦ss s❡❝t✐♦♥❛❧ ❛r❡❛ ✐s ✐♥❝r❡❛s✐♥❣ ❛❧♠♦st ❧✐♥❡❛r❧② ✇✐t❤ t❤❡
❛♥❣❧❡ ❛s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✹✳✻✳ ❆ ✜♥❛❧ ❧✐♥❡❛r ❞✐❛♠❡t❡r ✐♥❝r❡❛s❡ ❢r♦♠ 286mm ❛t ϕ ✏ 360o t♦
350mm ✐s r❡❛❧✐③❡❞ ✈✐❛ ❛ str❛✐❣❤t ❞✐✛✉s❡r✳
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❋✐❣✉r❡ ✹✳✻✿ ■♥♥❡r ❞✐❛♠❡t❡r ❛♥❞ ❝r♦ss s❡❝t✐♦♥❛❧ ❛r❡❛ ❢✉♥❝t✐♦♥s ♦❢ t❤❡ s♣✐r❛❧ ❤♦✉s✐♥❣ ❛❝❝♦r❞✐♥❣ t♦
❞❡s✐❣♥ ❞r❛✇✐♥❣s✳

✹✳✼ ❖r✐✜❝❡

❚❤❡ ♦r✐✜❝❡ ✉s❡❞ ✇❛s ❝❛rr✐❡❞ ♦✉t ❛❝❝♦r❞✐♥❣ t♦ t❤❡ s♣❡❝✐✜❝❛t✐♦♥s ✐♥ ❋✐❣✳ ✹✳✼ ✇✐t❤ ■DOr ✏ 211mm✳
❙✐♥❝❡ ✐t ❝❛✉s❡❞ ❛ ❤✐❣❤ t✉r❜✉❧❡♥❝❡ ✢♦✇ ✐t ❤❛s ❜❡❡♥ r❡♠♦✈❡❞ ❢♦r ♠♦st ♦❢ t❤❡ tr❛♥s✐❡♥t ♠❡❛s✉r❡✲
♠❡♥ts✳

45°

Ø
D

D

Ø
D

O
r

front side
rear side

flow direction

❋✐❣✉r❡ ✹✳✼✿ ❖r✐✜❝❡ ❞✐♠❡♥s✐♦♥s ❛❝❝♦r❞✐♥❣ t♦ ❉■◆ ❊◆ ■❙❖ ✺✶✻✼ ✕ ✷ ✭✷✵✶✸✮✳
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✹✳✽ ❚❤r♦tt❧❡

❚❤❡ ✉s❡❞ t❤r♦tt❧❡ ✇❛s ♠❛♥✉❢❛❝t✉r❡❞ ❜② ❊♠✐❧❡ ❊❣❣❡r ✫ ❈♦✳ ■t ❛❧❧♦✇s ✐♥✜♥✐t✐✈❡ ✈❛r✐❛❜❧❡ ♠❛♥✉❛❧
❛❞❥✉st✐♥❣ ♦❢ t❤❡ ❡✛❡❝t✐✈❡ ✢♦✇ ❞✐❛♠❡t❡r ❢r♦♠ 0% t♦ 100%✳ ■♥ t❤❡ ❢✉❧❧② ♦♣❡♥❡❞ ♣♦s✐t✐♦♥ t❤❡ ❝❧❡❛r
s♣❛♥ ♦❢ t❤❡ t❤r♦tt❧❡ ✐s 220mm ✇❤✐❝❤ ❝♦rr❡s♣♦♥❞s t♦ ❛♥ ❛r❡❛ ♦❢ 0.0314m2✳ ■ts ❝❧♦s✐♥❣ ♠❡❝❤❛♥✐s♠
✐s s✐♠✐❧❛r t♦ ❛ ❝❛♠❡r❛ ❞✐❛♣❤r❛❣♠ ✭s❡❡ ❛❧s♦ t❤❡ ♣❤♦t♦❣r❛♣❤✐❡s ✐♥ ❆♣♣❡♥❞✐① ❇✮✳

✹✳✾ ❈♦♠♣✉t❡rs

❚✇♦ ❝♦♠♣✉t❡rs ❤❛✈❡ ❜❡❡♥ ✉s❡❞ ❛t t❤❡ ❞❡s❝r✐❜❡❞ t❡st st❛♥❞✳ ❆ r❛t❤❡r ♦❧❞ ♦♥❡ ❢♦r t❤❡ ❈❚❆ ♠❡❛✲
s✉r❡♠❡♥ts s✐♥❝❡ t❤❡ ✐♥t❡❣r❛t✐♦♥ ♦❢ t❤✐s ❡q✉✐♣♠❡♥t t♦ ❛ ♠♦r❡ ♠♦❞❡r♥ s②st❡♠ ✐s ❢❛✐r❧② ❝♦♠♣❧✐❝❛t❡❞✱
❛♥❞ ❛♥♦t❤❡r ❢♦r ❛❧❧ ♦t❤❡r ♠❡❛s✉r❡♠❡♥ts✳ ❚❤❡✐r ❛rr❛♥❣❡♠❡♥t ❝❛♥ ❜❡ s❡❡♥ ♦♥ ♣❤♦t♦❣r❛♣❤✐❡s ✐♥
❆♣♣❡♥❞✐① ❇ ✇✐t❤ t❤❡ ❝♦♠♣✉t❡r ✉s❡❞ ❢♦r ❈❚❆ ♦♥ t❤❡ ❧❡❢t✳
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❈❤❛♣t❡r ✺

❉❛t❛ ❆♥❛❧②s✐s

✺✳✶ ❚✐♠❡✲❙❡r✐❡s ❆♥❛❧②s✐s

✺✳✶✳✶ ❋♦✉r✐❡r ❚r❛♥s❢♦r♠✱ ❉✐s❝r❡t❡ ❋♦✉r✐❡r ❚r❛♥s❢♦r♠ ✭❉❋❚✮ ❛♥❞ ❋❛st ❋♦✉r✐❡r
❚r❛♥s❢♦r♠ ✭❋❋❚✮

■♥ ♦r❞❡r t♦ ❜❡ ❛❜❧❡ t♦ ✜♥❞ ❞♦♠✐♥❛♥t ❢r❡q✉❡♥❝✐❡s ✐♥ ❛ s✐❣♥❛❧ ✕ ❛s ❤❡r❡ t♦ ✐❞❡♥t✐❢② s✉r❣❡ ✕ ✐t ✐s
❞❡s✐r❛❜❧❡ t♦ ♦❜t❛✐♥ t❤❡ s✐❣♥❛❧✬s ❛♠♣❧✐t✉❞❡ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ t❤❡ ❝♦rr❡s♣♦♥❞✐♥❣ ❢r❡q✉❡♥❝②✳ ❚❤❡r❡✲
❢♦r❡✱ t❤❡ s♦ ❝❛❧❧❡❞ ✭❝♦♥t✐♥✉♦✉s✮ ❋♦✉r✐❡r tr❛♥s❢♦r♠ ✐s ✉s❡❞ ✇❤✐❝❤ ✐s ❞❡✜♥❡❞ ❛s

X♣fq ✏
✽➺

✁✽

x e✁j2πftdt . ✭✺✳✶✮

❯s✉❛❧❧② ♦♥❡ ✐s ❝♦♥❢r♦♥t❡❞ ✇✐t❤ ❛ ✜♥✐t❡ ♥✉♠❜❡r ♦❢ ❞✐s❝r❡t❡ ✈❛❧✉❡s ✇❤❡♥ ♣❡r❢♦r♠✐♥❣ ❡①♣❡r✐♠❡♥t❛❧
♠❡❛s✉r❡♠❡♥ts✳ ❚❤✉s✱ ♦♥❡ ❤❛s t♦ ❞♦ ❛ ❉❋❚ ✇❤✐❝❤ ❣✐✈❡s ❛ ❞✐s❝r❡t❡ s♣❡❝tr✉♠✳ ❚❤✐s tr❛♥s❢♦r♠ ✐s
❛❝❤✐❡✈❡❞ ❜②

X♣fkq ✏ 1

N

N✁1➳
n✏0

xn e
✁j2πnk④N , n, k ✏ 0, . . . , N ✁ 1 . ✭✺✳✷✮

❚❤❡ ❉❋❚ t❛❦❡s O♣N2q ❛r✐t❤♠❡t✐❝❛❧ ♦♣❡r❛t✐♦♥s ✇❤✐❝❤ ♠❡❛♥s ❛ r❛♣✐❞❧② ✐♥❝r❡❛s✐♥❣ ♥❡❡❞ ❢♦r ❝♦♠✲
♣✉t✐♥❣ ❝❛♣❛❝✐t② ✇❤❡♥ ✐♥❝r❡❛s✐♥❣ t❤❡ ♥✉♠❜❡r ♦❢ ♣♦✐♥ts✳ ❋♦rt✉♥❛t❡❧② ✐t ✐s ♣♦ss✐❜❧❡ t♦ ✐♠♣r♦✈❡ t❤❡
tr❛♥s❢♦r♠✬s ♣❡r❢♦r♠❛♥❝❡ ❜② ✉s✐♥❣ ❛ ❋❋❚ ❛❧❣♦r✐t❤♠ ✇❤✐❝❤ ✐s ❢❛❝t♦r✐③✐♥❣ t❤❡ ❉❋❚ ♠❛tr✐① ✐♥t♦ ❛
♣r♦❞✉❝t ♦❢ s♣❛rs❡ ❢❛❝t♦rs✳ ❚❤❡♥ ❥✉st O♣N logNq ♦♣❡r❛t✐♦♥s ❛r❡ ♥❡❡❞❡❞✳ ❚❤✐s ❛❧❣♦r✐t❤♠✬s s♣❡❡❞
✐s ❜❡st ✇❤❡♥ ✉s✐♥❣ ❛ s✐❣♥❛❧ ❧❡♥❣t❤ t❤❛t ✐s ❛ ♣♦✇❡r ♦❢ t✇♦✳

❙✐♥❝❡ t❤❡ t✐♠❡✲❤✐st♦r② r❡❝♦r❞ y♣tq ♦❢ ❛ ✜♥✐t❡ t✐♠❡ T ✐s ❡①t❡♥❞❡❞ t♦ ❛♥ ✉♥❧✐♠✐t❡❞ ♣❡r✐♦❞✐❝
t✐♠❡✲❤✐st♦r② r❡❝♦r❞ ♦♥❡ ✐s ❝♦♥❢r♦♥t❡❞ ✇✐t❤ s♦ ❝❛❧❧❡❞ s♣❡❝tr❛❧ ❧❡❛❦❛❣❡ ✭❡①❝❡♣t t❤❡ s✐❣♥❛❧ ✐s ✐♥ ❢❛❝t
❚✲♣❡r✐♦❞✐❝✮✳ ❚❤✐s ♠❡❛♥s t❤❛t t❤❡ ❝♦♠♣✉t❡❞ s♣❡❝tr✉♠ ❝♦♥t❛✐♥s ❢r❡q✉❡♥❝✐❡s t❤❛t ❞♦ ♥♦t ♦❝❝✉r ✐♥
t❤❡ ❛♥❛❧②s❡❞ ✭✐♥✜♥✐t❡✮ s✐❣♥❛❧✳ ■♥ ♦r❞❡r t♦ s✉♣♣r❡ss t❤✐s ❡✛❡❝t ✇✐♥❞♦✇ ❢✉♥❝t✐♦♥s ❛r❡ ✉s❡❞ ✇❤✐❝❤
❛r❡ ❢❛❞✐♥❣ ♦✉t t❤❡ s✐❣♥❛❧ ❛t t❤❡ ❡♥❞s ♦❢ t❤❡ ✐♥t❡r✈❛❧✳ ❈♦♠♠♦♥❧② ✉s❡❞ ✇✐♥❞♦✇ ❢✉♥❝t✐♦♥s t♦❣❡t❤❡r
✇✐t❤ t❤❡✐r ❝♦rr❡s♣♦♥❞✐♥❣ s♣❡❝tr❛ ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✺✳✶✳

❲❤❡♥ ✐t ❝♦♠❡s t♦ s❡❧❡❝t ❛♥ ❛♣♣r♦♣r✐❛t❡ ✇✐♥❞♦✇ ❢✉♥❝t✐♦♥ t❤❡ ♠❛✐♥ ❝r✐t❡r✐❛ ❝♦rr❡s♣♦♥❞ t♦
t❤❡✐r s♣❡❝tr❛❧ s❤❛♣❡✳ ❚✇♦ ✐♠♣♦rt❛♥t ♦♥❡s ❛r❡ t❤❡ ❜❛♥❞✇✐❞t❤ ♦❢ t❤❡ ♠❛✐♥ ❧♦❜❡ ❛♥❞ t❤❡ ♣❡❛❦ ❧❡✈❡❧
♦❢ t❤❡ s✐❞❡ ❧♦❜❡s✳ ❋♦r t❤❡ t❤❡s✐s ❛t ❤❛♥❞ t❤❡ ❍❛♠♠✐♥❣ ✇✐♥❞♦✇ ✇❛s ✉s❡❞ ✇❤✐❝❤ ✐s ❞❡✜♥❡❞ ❛s

✷✼
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❋✐❣✉r❡ ✺✳✶✿ ❈♦♠♠♦♥❧② ✉s❡❞ ✇✐♥❞♦✇ ❢✉♥❝t✐♦♥s ✭❛✮ ❛♥❞ t❤❡✐r ❝♦rr❡s♣♦♥❞✐♥❣ s♣❡❝tr❛ ✭❜✮✳

fHamming♣nq ✏ 0.54✁ 0.46 cos
✁
2π

n

N

✠
, 0 ↕ n ↕ N. ✭✺✳✸✮

■♥ ❣❡♥❡r❛❧ t❤❡ ✉s❡ ♦❢ ❛♥② ♦❢ t❤❡s❡ t❛♣❡r✐♥❣ ♦♣❡r❛t✐♦♥s t♦ ♠✐♥✐♠✐③❡ t❤❡ s✐❞❡ ❧♦❜❡ ❧❡❛❦❛❣❡ ✇✐❧❧
r❡s✉❧t ✐♥ ❛ ❜r♦❛❞❡r ❜❛♥❞✇✐❞t❤ ♦❢ t❤❡ ♠❛✐♥ ❧♦❜❡ ❛♥❞ ❝♦♥s❡q✉❡♥t❧② ❛ ❧♦✇❡r ❢r❡q✉❡♥❝② s❡❧❡❝t✐✈✐t②✳
❚❤✐s ❝❛♥ ❜❡ ❝♦✉♥t❡r❡❞ ❜② ✐♥❝r❡❛s✐♥❣ t❤❡ ❜❧♦❝❦ ❞✉r❛t✐♦♥ T ❛♥❞ ❜② ♦✈❡r❧❛♣♣✐♥❣ t❤❡ ❜❧♦❝❦s✳ ❋♦r
t❤❡ ❛♥❛❧②s✐s ✇✐t❤✐♥ t❤✐s ✇♦r❦ ❛♥ ♦✈❡r❧❛♣♣✐♥❣ ♦❢ 50% ❤❛s ❜❡❡♥ ❝❤♦s❡♥✳

✺✳✶✳✷ ❆✉t♦ ❛♥❞ ❈r♦ss ❈♦rr❡❧❛t✐♦♥

❆s ❞❡s❝r✐❜❡❞ ❢♦r ❡①❛♠♣❧❡ ✐♥ ❬✸✱ ♣✳ ✹✷✽✛❪✱ t❤❡ ❛✉t♦❝♦rr❡❧❛t✐♦♥ ❢✉♥❝t✐♦♥ ❛❧❧♦✇s t♦ ♦❜t❛✐♥ ❛♥ ❛ss❡ss✲
♠❡♥t ♦❢ t❤❡ ❣❡♥❡r❛❧ ❞❡♣❡♥❞❡♥❝❡ ♦❢ t✐♠❡✲❤✐st♦r② r❡❝♦r❞ ✈❛❧✉❡s ❛t ♦♥❡ t✐♠❡ ♦♥ ✈❛❧✉❡s ❛t ❛♥♦t❤❡r
t✐♠❡✳ ■t ❛❧❧♦✇s t♦ ❞❡t❡❝t ♣❡r✐♦❞✐❝ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❡ s✐❣♥❛❧ ❛♥❞ ✐s ✉s❡❞ t♦ ❝❛❧❝✉❧❛t❡ t❤❡ ✐♥t❡❣r❛❧
t✐♠❡✲s❝❛❧❡ ❛♥❞ ✐♥t❡❣r❛❧ ❧❡♥❣t❤✲s❝❛❧❡ ✇❤✐❝❤ ❛r❡ ❝❤❛r❛❝t❡r✐st✐❝ ✈❛❧✉❡s ❢♦r ❛ t✉r❜✉❧❡♥t ✢♦✇✳ ❚❤❡
❛✉t♦❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t✇♦ ✈❛❧✉❡s ❛t ❞✐✛❡r❡♥t t✐♠❡s ❝❛♥ ❜❡ ❢♦r♠✉❧❛t❡❞ ❛s

rxx♣τq ✏ lim
TÑ✽

1

T

T➺
0

x♣tqx♣t� τq dt . ✭✺✳✹✮

❚♦ st✉❞② t❤❡ ❣❡♥❡r❛❧ ❞❡♣❡♥❞❡♥❝❡ ❜❡t✇❡❡♥ t✇♦ ❞✐✛❡r❡♥t s❡ts ♦❢ ✈❛❧✉❡s✱ ❡✳ ❣✳ ♣r❡ss✉r❡ ❛♥❞ ✈❡❧♦❝✐t②
♠❡❛s✉r❡♠❡♥t r❡s✉❧ts✱ t❤❡ ❝r♦ss❝♦rr❡❧❛t✐♦♥ ❢✉♥❝t✐♦♥ ✐s ✉s❡❞✳ ■❢ t❤❡ s✐❣♥❛❧s ❤❛✈❡ ❝♦♠♣♦♥❡♥ts ✐♥
❝♦♠♠♦♥ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❞❡t❡r♠✐♥❡ ❛ ❝❤❛r❛❝t❡r✐st✐❝ t✐♠❡ ❞❡❧❛②✳ ❚❤❡ ❝r♦ss❝♦rr❡❧❛t✐♦♥ ❢✉♥❝t✐♦♥ ✐s
❞❡✜♥❡❞ ✐♥ ❛ s✐♠✐❧❛r ♠❛♥♥❡r ❛s t❤❡ ❛✉t♦❝♦rr❡❧❛t✐♦♥ ❢✉♥❝t✐♦♥ ❛s

rxy♣τq ✏ lim
TÑ✽

1

T

T➺
0

x♣tq y♣t� τq dt . ✭✺✳✺✮
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✺✳✶✳✸ ❋✐❧t❡r✐♥❣

■■❘ ◆♦t❝❤ ❋✐❧t❡r

❆s ♠❡♥t✐♦♥❡❞ ✐♥ s❡❝t✐♦♥ ✸✳✺✳✷ t❤❡ ❊◆❉❊❱❈❖ ♣r❡ss✉r❡ s✐❣♥❛❧ ❡①❤✐❜✐ts ❛ ❞♦♠✐♥❛♥t ♣❛r❛s✐t✐❝
❢r❡q✉❡♥❝② ❛t 50Hz✳ ❚♦ ❡❧✐♠✐♥❛t❡ t❤✐s ♣❡❛❦ ✐♥ t❤❡ s♣❡❝tr✉♠ ❛ s❡❝♦♥❞ ♦r❞❡r ■■❘ ✭■♥✜♥✐t❡ ■♠♣✉❧s❡
❘❡s♣♦♥s❡✮ ♥♦t❝❤ ✜❧t❡r ❤❛s ❜❡❡♥ ✉s❡❞✳ ❚❤❡ ♥❡❝❡ss❛r② ✐♥♣✉ts ❛r❡ t❤❡ ♥♦r♠❛❧✐③❡❞ ❢r❡q✉❡♥❝② ❛t
✇❤✐❝❤ t❤❡ ♥♦t❝❤ s❤❛❧❧ ❜❡ ❧♦❝❛t❡❞ ❛♥❞ t❤❡ ❜❛♥❞✇✐❞t❤ ❛t ✁3 dB ❛♠♣❧✐✜❝❛t✐♦♥✳ ❚❤❡r❡❢♦r❡✱ t❤❡
❢r❡q✉❡♥❝② ✐s ♥♦r♠❛❧✐③❡❞ ❜② t❤❡ ◆②q✉✐st ❢r❡q✉❡♥❝②✳ ❚❤✐s ❢r❡q✉❡♥❝② ✐s ❤❛❧❢ t❤❡ s❛♠♣❧✐♥❣ ❢r❡q✉❡♥❝②
❛♥❞ t❤❡ ❤✐❣❤❡st ❢r❡q✉❡♥❝② t❤❛t ❝❛♥ ❜❡ ❞❡t❡❝t❡❞ ❢♦r ❛ ❣✐✈❡♥ s❛♠♣❧✐♥❣ r❛t❡✳

▲♦✇ P❛ss ❋✐❧t❡r

❋♦r s♦♠❡ st✉❞✐❡s ✐t ✇❛s ❛❞✈❛♥t❛❣❡♦✉s t♦ ✜❧t❡r ❢r❡q✉❡♥❝✐❡s t❤❛t ❛r❡ t♦♦ ❤✐❣❤ t♦ ❜❡ r❡❧❛t❡❞ t♦
s✉r❣❡✳ ❚❤❡r❡❢♦r❡✱ ❛ ✜rst ♦r❞❡r ❇✉tt❡r✇♦rt❤ ❧♦✇ ♣❛ss ✜❧t❡r ❤❛s ❜❡❡♥ ✉s❡❞✳ ❆♣❛rt ❢r♦♠ ♦r❞❡r ❛♥❞
✜❧t❡r t②♣❡ t❤❡ ♦♥❧② ♥❡❝❡ss❛r② ✐♥♣✉t ✐s t❤❡ ♥♦r♠❛❧✐③❡❞ ❝✉t♦✛ ❢r❡q✉❡♥❝②✳

✺✳✶✳✹ ❚✉r❜✉❧❡♥❝❡ ■♥t❡♥s✐t②

❚❤❡ ✜rst st❡♣ ✐♥ ❞❡s❝r✐❜✐♥❣ t✉r❜✉❧❡♥❝❡ ✐♥ ❛ ♠❡❛s✉r❡❞ ✢♦✇ ✐s t♦ s❡♣❛r❛t❡ t❤❡ ✈❡❧♦❝✐t②✬s ♠❡❛♥
✈❛❧✉❡ ❢r♦♠ ✐ts ✢✉❝t✉❛t✐♥❣ ♣❛rt✳ ❚❤✐s ❝❛♥ ❜❡ ❞♦♥❡ ✐♥ ❛❧❧ s♣❛t✐❛❧ ❞✐r❡❝t✐♦♥s✳ ❚❤✉s✱ ✇❡ ❞❡✜♥❡

u ✏ u� u✶ , v ✏ v � v✶ , w ✏ w � w✶ , ✭✺✳✻✮

✇❤❡r❡ u, v ❛♥❞ w st❛♥❞ ❢♦r t❤❡ s♣❛t✐❛❧ ✈❡❧♦❝✐t② ❝♦♠♣♦♥❡♥ts ✐♥ t❤✐s ❝♦♥t❡①t✳ ❉✉r✐♥❣ t❤❡ ❞❛t❛
❛♥❛❧②s✐s t❤❡ ♠❡❛♥ ✈❛❧✉❡ ✐s ❢♦✉♥❞ ❜② ❛r✐t❤♠❡t✐❝ ❛✈❡r❛❣✐♥❣✳ ◆♦✇ t❤❡ ♠♦st ❜❛s✐❝ q✉❛♥t✐t② t♦
❞❡s❝r✐❜❡ ❛ t✉r❜✉❧❡♥t ✢♦✇✱ t❤❡ t✉r❜✉❧❡♥❝❡ ✐♥t❡♥s✐t②✱ ❝❛♥ ❣❡♥❡r❛❧❧② ❜❡ ❞❡✜♥❡❞ ❛s

Tu ✏

❣❢❢❡ 1

3

✁
u✶2 � v✶2 � w✶2

✠
u2 � v2 � w2

. ✭✺✳✼✮

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

u✶2 ✏ v✶2 ✏ w✶2 ✭✺✳✽✮

❛r❡ ✈❛❧✐❞ ✇❤✐❝❤ ❛❧❧♦✇ t♦ s✐♠♣❧✐❢② ❊q✳ ✭✺✳✼✮ t♦

Tu ✏
❛
u✶2

u
, ✭✺✳✾✮

✇❤✐❝❤ ❝❛♥ ❜❡ ❞❡t❡r♠✐♥❡❞ ✉s✐♥❣ ❛ s✐♥❣❧❡✲✇✐r❡ ♣r♦❜❡✳ ❙✇✐t❝❤✐♥❣ ❜❛❝❦ t♦ t❤❡ ✉s✉❛❧ ♥♦♠❡♥❝❧❛t✉r❡
✇✐t❤✐♥ t❤✐s ✇♦r❦ ♦♥❡ ❝❛♥ ♥♦✇ ✇r✐t❡

Tu ✏
❛
c✶2

c
. ✭✺✳✶✵✮

✷✾
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✺✳✷ ❈♦♠♣r❡ss♦r ▼❛♣ ▼❡❛s✉r❡♠❡♥t

❋♦r t❤❡ ❝♦♠♣r❡ss♦r ♠❛♣ ♠❡❛s✉r❡♠❡♥t t✇♦ ❞✐✛❡r❡♥t ❛♣♣r♦❛❝❤❡s ❤❛✈❡ ❜❡❡♥ ❛♣♣❧✐❡❞✳ ❚❤❡ ❝❧❛ss✐❝
♦♥❡ ❤❛s ❜❡❡♥ ❝❛rr✐❡❞ ♦✉t ❛❝❝♦r❞✐♥❣ t♦ ❉■◆ ❊◆ ■❙❖ ✺✶✻✼ ✭✷✵✶✸✮✳ ❋♦r t❤✐s ♠❡t❤♦❞ s❡✈❡r❛❧
✐t❡r❛t✐♦♥s ❛♥❞ t❤❡ r❡♣❡❛t❡❞ s♦❧✉t✐♦♥ ♦❢ ❛♥ ❡q✉❛t✐♦♥ s②st❡♠ ✇❛s ♥❡❝❡ss❛r②✳ ❚❤❡ ▼❛t❧❛❜ ❝♦❞❡
✉s❡❞ ✐s ❣✐✈❡♥ ✐♥ ❆♣♣❡♥❞✐① ❆✳

❋♦r t❤❡ ❝♦♠♣r❡ss♦r ♠❛♣ ♠❡❛s✉r❡♠❡♥t ❜❛s❡❞ ♦♥ t❤❡ ❤♦t✲✇✐r❡ ♣r♦❜❡ ❛♥❞ t❤❡ ❢❛st r❡s♣♦♥s❡
♣r❡ss✉r❡ ♣r♦❜❡ ❛ s✐♠♣❧❡ ❛ss✉♠♣t✐♦♥ ♦♥ t❤❡ t✉r❜✉❧❡♥t ✈❡❧♦❝✐t② ♣r♦✜❧❡ ❤❛❞ t♦ ❜❡ ♠❛❞❡✳ ❚❤❡r❡❢♦r❡✱
t❤❡ ♣♦✇❡r ❧❛✇

c♣rq ✏ cmax

✁
1✁ r

R

✠ 1

m

✭✺✳✶✶✮

❤❛s ❜❡❡♥ ❛♣♣❧✐❡❞ ✭s❡❡ ❬✶✻✱ ♣✳ ✶✾✽✛❪✮✳ ❚❤❡ ♠❡❛♥ ✈❛❧✉❡ ✐s ❝♦♥s❡q✉❡♥t❧② ❣✐✈❡♥ ❜②

cm ✏ 1

R2π

2π➺
0

R➺
0

c♣rqr drdϕ ✭✺✳✶✷✮

✏ 2 cmax

R2

R➺
0

r
✁
1✁ r

R

✠ 1

m

dr ✭✺✳✶✸✮

✏ 2 cmaxm
2

2m2 � 3m� 1
. ✭✺✳✶✹✮

❚❤❡ ❡①♣♦♥❡♥t m ❤❛s ❜❡❡♥ ✐♥t❡r♣♦❧❛t❡❞ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ❘❡②♥♦❧❞s ♥✉♠❜❡r ✭s❡❡ ❚❛❜✳ ✺✳✶✮✳ ❇❡✲
❝❛✉s❡ ♦❢ t❤❛t ✐t❡r❛t✐♦♥s ✇❡r❡ ♥❡❝❡ss❛r②✳ ❚❤❡ ❝♦❞❡ ✐s ❣✐✈❡♥ ✐♥ ❆♣♣❡♥❞✐① ❆✳

Re 4 ☎ 103 105 6 ☎ 105 1.2 ☎ 106 2 ☎ 106

m 6 7 8 9 10

❚❛❜❧❡ ✺✳✶✿ ❊①♣♦♥❡♥t m ❢♦r ❞✐✛❡r❡♥t ❘❡②♥♦❧❞s ♥✉♠❜❡rs ❛❝❝♦r❞✐♥❣ t♦ ❬✶✻✱ ♣✳ ✷✵✶❪✳

✺✳✸ ■♥❧❡t ❋❧♦✇ ❆♥❣❧❡

❆♥ ✐♥t❡r❡st✐♥❣ ✈❛❧✉❡ ❢♦r t❤❡ ♦♥s❡t ♦❢ ✐♥st❛❜✐❧✐t② ✐s t❤❡ ❞❡✈✐❛t✐♦♥ ♦❢ t❤❡ ✐♥❧❡t ✐♥❝✐❞❡♥❝❡ ❛♥❣❧❡✳ ❲✐t❤
t❤❡ ❞❡✜♥✐t✐♦♥s ✐♥ ❋✐❣✳ ✺✳✷ ❛♥❞ ❛ss✉♠✐♥❣ α1 ✏ 90o ✐t ❢♦❧❧♦✇s ❢r♦♠

β�
1
✏ arctan

c1

u1
. ✭✺✳✶✺✮

❚❤❡ ❛❜s♦❧✉t❡ ✈❡❧♦❝✐t② c1 ✐s ❦♥♦✇♥ ❢r♦♠ t❤❡ ❈❚❆ ♠❡❛s✉r❡♠❡♥t ❛♥❞ t❤❡ ♠❡❛♥ ❝✐r❝✉♠❢❡r❡♥t✐❛❧
✈❡❧♦❝✐t② ❛t t❤❡ ❜❧❛❞❡ ✐♥❧❡t u1 ✐s ❦♥♦✇♥ ❢r♦♠ t❤❡ r♦t❛t✐♦♥❛❧ s♣❡❡❞ ❛♥❞ t❤❡ ✐♠♣❡❧❧❡r r❛❞✐✉s✳ ❆❣❛✐♥
❛ss✉♠✐♥❣ α1 ✏ 90o t❤❡ r❡❧❛t✐✈❡ ✈❡❧♦❝✐t② ✈❛❧✉❡ ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ❜②

w1 ✏
❜
c2
1
� u2

1
. ✭✺✳✶✻✮

✸✵
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❋✐❣✉r❡ ✺✳✷✿ ❱❡❧♦❝✐t② tr✐❛♥❣❧❡s r❡s♣❡❝t✐✈❡❧② ♣❛r❛❧❧❡❧♦❣r❛♠s ♦❢ ❛ ❝❡♥tr✐❢✉❣❛❧ ❝♦♠♣r❡ss♦r st❛❣❡❀ t❛❦❡♥
❢r♦♠ ❬✻✱ ♣✳ ✸✷✾❪ ❛♥❞ ❛❞❛♣t❡❞✳

✸✶



❈❤❛♣t❡r ✻

▼❡❛s✉r❡♠❡♥t ❘❡s✉❧ts

✻✳✶ ❈♦♠♣r❡ss♦r ▼❛♣

❆s ❛ ✜rst st❡♣ t❤❡ ❝❧❛ss✐❝❛❧ ♠❡t❤♦❞ t♦ ♦❜t❛✐♥ t❤❡ ❝♦♠♣r❡ss♦r ♠❛♣ ✉s✐♥❣ t❤❡ ♦r✐✜❝❡ ✢♦✇ r❛t❡
♠❡❛s✉r❡♠❡♥t ❛♥❞ s❧♦✇ t❡♠♣❡r❛t✉r❡ ❛♥❞ ♣r❡ss✉r❡ s❡♥s♦rs ❤❛s ❜❡❡♥ ♣❡r❢♦r♠❡❞✳ ❚❤❡ r❡s✉❧ts ✇❤✐❝❤
❛r❡ ✐♥ ❛❝❝♦r❞❛♥❝❡ ✇✐t❤ t❤❡ r❡s✉❧ts ♣r❡s❡♥t❡❞ ✐♥ ❬✶✺❪ ❤❛✈❡ ❛❧r❡❛❞② ❜❡❡♥ ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✹✳✸✳

❙✐♥❝❡ t❤❡ ♦r✐✜❝❡ ❤❛❞ t♦ ❜❡ r❡♠♦✈❡❞ ❢♦r t❤❡ ♠❛✐♥ ♣❛rt ♦❢ t❤✐s st✉❞② t❤✐s ♠❡t❤♦❞ ❝♦✉❧❞ ♥♦t
❜❡ ✉s❡❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡ s✉r❣❡ ❧✐♥❡✳ ❚❤✉s✱ t❤❡ ♠❡❛♥ ✈❛❧✉❡s ♦❢ t❤❡ ❢❛st s❡♥s♦rs ❤❛❞ t♦ ❜❡ ✉s❡❞✳
❋♦r t❤❡ ✢♦✇ r❛t❡ ♠❡❛s✉r✐♥❣ t❤❡ ✈❡❧♦❝✐t② ♣r♦✜❧❡ ❞❡s❝r✐❜❡❞ ✐♥ s❡❝t✐♦♥ ✺✳✷ ❤❛s ❜❡❡♥ ❛ss✉♠❡❞✳
❆ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ♠❛♣s ♦❜t❛✐♥❡❞ ✇✐t❤ ❜♦t❤ ♠❡♥t✐♦♥❡❞ ♠❡t❤♦❞s ✐s ❣✐✈❡♥ ✐♥ ❋✐❣✳ ✻✳✶✳ ❚❤❡
❞❡✈✐❛t✐♦♥ ✐s ❝❛✉s❡❞ ❜② t❤❡ ✉♥❝❡rt❛✐♥t② ♦❢ t❤❡ ✈❡❧♦❝✐t② ♣r♦✜❧❡ ❛ss✉♠♣t✐♦♥ ❛♥❞ ❜② t❤❡ ❝♦♠♣❛r❛❜❧②
❤✐❣❤ ✉♥❝❡rt❛✐♥t② ♦❢ t❤❡ ❢❛st s❡♥s♦rs ❝♦♥❝❡r♥✐♥❣ t❤❡ ♠❡❛s✉r❡❞ ♠❡❛♥ ✈❛❧✉❡s✳ ❚❤✐s ✐s ❡s♣❡❝✐❛❧❧② t❤❡
❝❛s❡ ✇✐t❤ t❤❡ ♣r❡ss✉r❡ tr❛♥s❞✉❝❡r ❞✉❡ t♦ ✐ts ❛❣❡ ❛♥❞ t❤❡ ❧✐tt❧❡ ❞♦❝✉♠❡♥t❛t✐♦♥ ❛✈❛✐❧❛❜❧❡✳

❋♦r t❤❡ ❞✐♠❡♥s✐♦♥❡❞ ❝❛❧❝✉❧❛t✐♦♥s ✐♥ s❡❝t✐♦♥ ✷✳✸✳✸ ❛ 7th ♦r❞❡r ♣♦❧②♥♦♠✐❛❧ ✜t ❞❡✜♥❡❞ ❜②

∆ps ✏ C1 ✾m7 � C2 ✾m6 � ☎ ☎ ☎ � C7 ✾m� C8 ✭✻✳✶✮

❤❛s ❜❡❡♥ ❝r❡❛t❡❞✳ ❚❤❡ ❢♦r♠ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ ♠❛ss ✢♦✇ r❛t❡ ✇❛s ❞❡✜♥❡❞ t♦ ❜❡ ❛♣♣r♦♣r✐❛t❡ t♦ t❤❡
❛♥❛❧②t✐❝❛❧ ❛♣♣r♦❛❝❤✳ ❚♦ ❛❝❤✐❡✈❡ ❛♥ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t ♠❛ss ✢♦✇ r❛t❡ ❛ ❞❡♥s✐t② ♦❢
ρ ✏ 1.189 kg④m3 ❤❛s ❜❡❡♥ ❛ss✉♠❡❞✳ ❚❤❡ ♣♦❧②♥♦♠✐❛❧✬s ❝♦❡✣❝✐❡♥ts ❛r❡ ❣✐✈❡♥ ✐♥ ❚❛❜✳ ✻✳✶✳ ❚❤❡
♦r❞❡r ♦❢ t❤✐s ✜t ❤❛s ❜❡❡♥ ❝❤♦s❡♥ s✐♥❝❡ ❧♦✇❡r ♦r❞❡r ❛♣♣r♦①✐♠❛t✐♦♥s ✇❡r❡ ♥♦t ❛❜❧❡ t♦ r❡♣r❡s❡♥t t❤❡
✈❡r② ❧❡❢t ♣❛rt ♦❢ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝s s✉✣❝✐❡♥t❧② ✇❡❧❧ ❛♥❞ ❤✐❣❤❡r ♦r❞❡r ❛♣♣r♦①✐♠❛t✐♦♥s ❡①❤✐❜✐t❡❞
♦s❝✐❧❧❛t♦r② ❜❡❤❛✈✐♦✉r ✇✐t❤✐♥ t❤❡ ♠❡❛s✉r❡❞ ♣❛rt ♦❢ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝s✳ ❍❡♥❝❡✱ t❤❡ ❝❤♦s❡♥ ❢✉♥❝t✐♦♥
❛♣♣❡❛rs t♦ ❜❡ ❛ ❣♦♦❞ ❝♦♠♣r♦♠✐s❡ ❛s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✳ ✻✳✷✳

❋♦r t❤❡ ❞✐♠❡♥s✐♦♥❧❡ss ❛♥❛❧②s✐s ❛ 5th✲♦r❞❡r ♣♦❧②♥♦♠✐❛❧ ✜t ♦❢ t❤❡ ❧❡❢t ♣❛rt ♦❢ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝
❞❡✜♥❡❞ ❜②

∆p̃s ✏ C1
✾m̃5 � C2

✾m̃4 � ☎ ☎ ☎ � C5
✾m̃� C6 ✭✻✳✷✮

❤❛s ❜❡❡♥ ❝r❡❛t❡❞✳ ❆❞❞✐t✐♦♥❛❧❧② t♦ t❤❡ ♠❡❛s✉r❡❞ ♣♦✐♥ts t✇♦ ❡st✐♠❛t❡❞ ♣♦✐♥ts ❛t ❧♦✇❡r ♠❛ss ✢♦✇s
❤❛✈❡ ❜❡❡♥ ❛❞❞❡❞ t♦ ♦❜t❛✐♥ ❛ ♥❡❣❛t✐✈❡❧② s❧♦♣❡❞ ❜r❛♥❝❤ ♦❢ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝ ❝❧♦s❡ t♦ ③❡r♦ ♠❛ss
✢♦✇✳ ❚❤❡ ❝♦❡✣❝✐❡♥ts ♦❢ t❤✐s ✜t ❛r❡ ❣✐✈❡♥ ✐♥ ❚❛❜✳ ✻✳✷✳ ❚❤❡ ♦r❞❡r ♦❢ t❤❡ ✜t ✇❛s ❛❣❛✐♥ ❛ ❝♦♠♣r♦♠✐s❡
❜❡t✇❡❡♥ ❛❝❝✉r❛❝② ❛♥❞ ♦s❝✐❧❧❛t♦r② ❜❡❤❛✈✐♦✉r✳

✸✷
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n=5000 rpm

n=4000 rpm

n=3000 rpm

❋✐❣✉r❡ ✻✳✶✿ ❈♦♠♣❛r✐s♦♥ ♦❢ ♠❡❛s✉r❡❞ ❝♦♠♣r❡ss♦r ♠❛♣✱ ♦r✐✜❝❡ ✭r❡❞✮ ❛♥❞ ❢❛st s❡♥s♦r ✭❜❧❛❝❦✮ ♠❡❛✲
s✉r❡♠❡♥ts✳

❈♦❡✣❝✐❡♥ts ∆ps♣ ✾V q ❢♦r ✸✵✵✵ r♣♠
rPa s④m3s ☎ 105

∆ps♣ ✾V q ❢♦r ✹✵✵✵ r♣♠
rPa s④m3s ☎ 105

∆ps♣ ✾V q ❢♦r ✺✵✵✵ r♣♠
rPa s④m3s ☎ 105

C1 0.9855Pa s7④m21 0.4317Pa s7④m21 0.1305Pa s7④m21

C2 ✁4.1816Pa s6④m18 ✁2.4290Pa s6④m18 ✁0.8969Pa s6④m18

C3 7.1556Pa s5④m15 5.5385Pa s5④m15 2.5016Pa s5④m15

C4 ✁6.3277Pa s4④m12 ✁6.5659Pa s4④m12 ✁3.6333Pa s4④m12

C5 3.0816Pa s3④m9 4.3137Pa s3④m9 2.9291Pa s3④m9

C6 ✁0.8422Pa s2④m6 ✁1.5740Pa s2④m6 ✁1.3180Pa s6④m2

C7 0.1160Pa s④m3 0.2883Pa s④m3 0.2998Pa s④m3

C8 0.0183Pa 0.0227Pa 0.0387Pa

❚❛❜❧❡ ✻✳✶✿ ❈♦❡✣❝✐❡♥ts ♦❢ t❤❡ 7th✲♦r❞❡r ♣♦❧②♥♦♠✐❛❧ ❝✉r✈❡ ✜t ♦❢ t❤❡ ❝♦♠♣r❡ss♦r ❝❤❛r❛❝t❡r✐st✐❝s✳

✸✸
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✭❛✮ ❈♦♠♣❧❡t❡ ♠❛♣ ✭❜✮ ❩♦♦♠ ♦❢ 3000 rpm

✭❝✮ ❩♦♦♠ ♦❢ 4000 rpm ✭❞✮ ❩♦♦♠ ♦❢ 5000 rpm

❋✐❣✉r❡ ✻✳✷✿ ■❧❧✉str❛t✐♦♥ ♦❢ t❤❡ ♣♦❧②♥♦♠✐❛❧ ❝✉r✈❡ ✜t ♦❢ t❤❡ ❝♦♠♣r❡ss♦r ♠❛♣✳

❈♦❡✣❝✐❡♥ts ∆p̃s♣ ✾m̃T q ❢♦r ✸✵✵✵ r♣♠ ❬✲❪ ∆p̃s♣ ✾m̃T q ❢♦r ✹✵✵✵ r♣♠ ❬✲❪ ∆p̃s♣ ✾m̃T q ❢♦r ✺✵✵✵ r♣♠ ❬✲❪

C1 ✲✷✶✸✻✽✼✸✳✷ ✲✶✹✽✽✵✺✸✳✹ ✲✶✽✼✸✷✼✼✳✸

C2 ✹✻✻✷✾✻✳✾ ✸✸✼✻✸✹✳✷ ✹✷✸✽✹✾✳✹

C3 ✲✸✻✶✺✾✳✺ ✲✷✼✸✷✶✳✶ ✲✸✹✷✽✸✳✶

C4 ✶✶✸✺✳✽ ✽✾✻✳✽ ✶✶✸✽✳✵

C5 ✲✶✶✳✾ ✲✶✵✳✶ ✲✶✸✳✶

C6 ✶✳✵ ✶✳✵ ✶✳✵

❚❛❜❧❡ ✻✳✷✿ ❈♦❡✣❝✐❡♥ts ♦❢ t❤❡ 5th✲♦r❞❡r ♣♦❧②♥♦♠✐❛❧ ❝✉r✈❡ ✜t ♦❢ t❤❡ ❧❡❢t ♣❛rt ♦❢ t❤❡ ❞✐♠❡♥s✐♦♥❧❡ss
❝♦♠♣r❡ss♦r ❝❤❛r❛❝t❡r✐st✐❝s✳

✸✹
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✻✳✷ ❚✐♠❡ ❉♦♠❛✐♥ ❆♥❛❧②s✐s

■♥ ♦r❞❡r t♦ ✇✐t♥❡ss t❤❡ ♦♥s❡t ♦❢ s✉r❣❡ ♠❡❛s✉r❡♠❡♥ts✱ ❞✉r✐♥❣ ❝❧♦s✐♥❣ ❢r♦♠ t❤❡ st❛❜❧❡ t♦ t❤❡
✉♥st❛❜❧❡ s❡❝t✐♦♥ ♦❢ ❡❛❝❤ ❝❤❛r❛❝t❡r✐st✐❝ ❤❛✈❡ ❜❡❡♥ ♣❡r❢♦r♠❡❞✳ ❚❤❡ r❡s✉❧ts ♦❢ t❤❡s❡ ♠❡❛s✉r❡♠❡♥ts
❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✳ ✻✳✸ ❛♥❞ ❋✐❣✳ ✻✳✹✳ ❲❤✐❧❡ t❤❡ ♦♥s❡t ♦❢ s✉r❣❡ ❝❛♥ ❝❧❡❛r❧② ❜❡ s❡❡♥ ✐♥ t❤❡ ♣r❡ss✉r❡
s✐❣♥❛❧ t❤❡r❡ ✐s ♦♣t✐❝❛❧❧② ♥♦ s✐❣♥✐✜❝❛♥t ❝❤❛♥❣❡ ✐♥ t❤❡ ✈❡❧♦❝✐t② s✐❣♥❛❧ ✕ ❡①❝❡♣t ❛ ❝♦♥t✐♥✉♦✉s ❞❡❝r❡❛s❡
♦❢ ❝♦✉rs❡✳ ◆❡✈❡rt❤❡❧❡ss✱ ✐t ✐s ♥♦t ♣♦ss✐❜❧❡ t♦ ❧♦❝❛t❡ t❤❡ s✉r❣❡ ❧✐♥❡ ❜❛s❡❞ ♦♥ t❤✐s r❡❝♦r❞s s✐♥❝❡ ♥♦
tr✐❣❣❡r✐♥❣ ❜❡t✇❡❡♥ t❤❡ ♣r❡ss✉r❡ ❛♥❞ t❤❡ ✈❡❧♦❝✐t② ♠❡❛s✉r❡♠❡♥t ✇❛s ❛♣♣❧✐❡❞✳ ❚❤✐s ♠❡❛♥s t❤❛t ♥♦
r❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ❛♥ ❡✈❡♥t ✐♥ t❤❡ ♣r❡ss✉r❡ r❡❝♦r❞ ❛♥❞ ❛ ❝♦rr❡s♣♦♥❞✐♥❣ ✢♦✇ r❛t❡ ❝❛♥ ❜❡ ♠❛❞❡✳ ■♥
♦t❤❡r ✇♦r❞s✱ t❤❡ ♦♣❡r❛t✐♦♥❛❧ ♣♦✐♥t ❛t ✇❤✐❝❤ t❤❡ ♣r❡ss✉r❡ ♦s❝✐❧❧❛t✐♦♥s st❛rt ❝❛♥ ♥♦t ❜❡ ❞❡t❡r♠✐♥❡❞
❢r♦♠ t❤❡s❡ s✐❣♥❛❧s✳

❍♦✇❡✈❡r✱ ❛t ❝♦♥st❛♥t t❤r♦tt❧✐♥❣ ✐♥ t❤❡ ✉♥st❛❜❧❡ ❛r❡❛ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❡st❛❜❧✐s❤ ❛ r❡❧❛t✐♦♥
❜❡t✇❡❡♥ t❤❡ ♣r❡ss✉r❡ ❛♥❞ t❤❡ ✈❡❧♦❝✐t② s✐❣♥❛❧✳ ❙✐♥❝❡ ❜♦t❤ s❤♦✉❧❞ ❡①❤✐❜✐t ❧♦✇ ❢r❡q✉❡♥❝② ♦s❝✐❧❧❛t✐♦♥s
✇✐t❤ t❤❡ s❛♠❡ ♣❡r✐♦❞ t✐♠❡ ✐t s❤♦✉❧❞ ❜❡ ♣♦ss✐❜❧❡ t♦ ✜♥❞ ❛ ❝❤❛r❛❝t❡r✐st✐❝ t✐♠❡ s❤✐❢t ❛♣♣❧②✐♥❣ ❛ ❝r♦ss
❝♦rr❡❧❛t✐♦♥ ✭s❡❡ s❡❝t✐♦♥ ✺✳✶✳✷✮✳ ❚♦ ❛❝❤✐❡✈❡ ❛ r❡s✉❧t t❤❛t ✐s ♥♦t ❞✐st♦rt❡❞ ❜② st♦❝❤❛st✐❝ ✢✉❝t✉❛t✐♦♥s
❛ ❧♦✇ ♣❛ss ♣r❡✜❧t❡r✐♥❣ ❤❛s ❜❡❡♥ ❛♣♣❧✐❡❞✳ ■❢ ❛ ❝❤❛r❛❝t❡r✐st✐❝ t✐♠❡ ❧❛❣ ❝❛♥ ❜❡ ✐❞❡♥t✐✜❡❞ ✐t ✐s ♣♦ss✐❜❧❡
t♦ ♠❛t❝❤ t❤❡ s✐❣♥❛❧s ✇✐t❤ ❛ s❤✐❢t ♦❢ ❛ q✉❛rt❡r ♣❡r✐♦❞ ❛s ❞❡s❝r✐❜❡❞ ✐♥ s❡❝t✐♦♥ ✷✳✷✳✷✳ ❖❢ ❝♦✉rs❡ ✐t ✐s
♥❡❝❡ss❛r② ❢♦r t❤✐s ♣✉r♣♦s❡ t♦ ❦♥♦✇ t❤❡ s✉r❣❡ ❢r❡q✉❡♥❝② ❛s ✇❡❧❧ ✭s❡❡ s❡❝t✐♦♥ ✻✳✸✮✳ ❯♥❢♦rt✉♥❛t❡❧②
t❤❡ t✐♠❡ ❧❛❣ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ♠❛①✐♠✉♠ ♦❢ t❤❡ ❝r♦ss ❝♦rr❡❧❛t✐♦♥ ❢✉♥❝t✐♦♥ ✐s ❣r❡❛t❡r t❤❛♥
❛ ♣❡r✐♦❞✳ ❚❤✐s ❝♦✉❧❞ ❜❡ ❝❛✉s❡❞ ❜② s❧✐❣❤t ❝❤❛♥❣❡s ♦❢ t❤❡ s✉r❣❡ ❝②❝❧❡✬s ❝♦✉rs❡ ♦✈❡r t✐♠❡✳ ❚❤✐s
❡①♣❧❛♥❛t✐♦♥ ✐s ❛❧s♦ s✉♣♣♦rt❡❞ ❜② t❤❡ ❡①✐st❡♥❝❡ ♦❢ ❝♦♥s✐❞❡r❛❜❧❡ s✐❞❡ ❧♦❜❡s ✭s❡❡ ❋✐❣✳ ✻✳✺✮✳ ❚❤❡
r❡s♣❡❝t✐✈❡ s✐❞❡ ❧♦❜❡ ✇✐t❤✐♥ ❛ ♣❡r✐♦❞ t✐♠❡ ❛r♦✉♥❞ ③❡r♦ s❡r✈❡❞ ❛s ❛ ❜❛s✐s ❢♦r t❤❡ ♣❧♦tt✐♥❣ ♦❢ t❤❡
s✉r❣❡ ❝②❝❧❡s ✐♥ ❋✐❣✳ ✻✳✼ ❛♥❞ ✻✳✽✳ ■t ✐s ❝❧❡❛r t❤❛t t❤❡s❡ ♣❧♦ts s❤♦✉❧❞ ❜❡ ❤❛♥❞❧❡❞ ✇✐t❤ ❝❛✉t✐♦♥ s✐♥❝❡
t❤❡② ❛r❡ s✉❜❥❡❝t t♦ ❝♦♥s✐❞❡r❛❜❧❡ ✉♥❝❡rt❛✐♥t✐❡s✳

❆❞❞✐t✐♦♥❛❧❧②✱ ✐❢ ♥♦ ❝❤❛r❛❝t❡r✐st✐❝ t✐♠❡ ❧❛❣ ❝❛♥ ❜❡ ❢♦✉♥❞ ❢♦r ❛ ❝❡rt❛✐♥ ✢♦✇ r❛t❡ t❤✐s ✐♥❞✐❝❛t❡s
t❤❛t t❤❡r❡ ✐s ♥♦ r❡❧❛t❡❞ ❧♦✇ ❢r❡q✉❡♥❝② ♦s❝✐❧❧❛t✐♦♥✳ ❚❤✉s✱ t❤❡ s❤❛♣❡ ♦❢ t❤❡ ❝r♦ss ❝♦rr❡❧❛t✐♦♥
❢✉♥❝t✐♦♥ ❝❛♥ s❡r✈❡ ❛s ❛ ❝r✐t❡r✐♦♥ ❢♦r t❤❡ s✉r❣❡ ❧✐♥❡ ✐❞❡♥t✐✜❝❛t✐♦♥ ❛s ✇❡❧❧ ✭s❡❡ ❋✐❣✳ ✻✳✻✮✳
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✭❛✮ 4000 rpm
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✭❜✮ 5000 rpm

❋✐❣✉r❡ ✻✳✸✿ Pr❡ss✉r❡ ❞✉r✐♥❣ t❤r♦tt❧❡ ❝❧♦s✐♥❣ t♦ ❧♦✇❡st ✢♦✇ r❛t❡✳
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✭❛✮ 4000 rpm
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✭❜✮ 5000 rpm

❋✐❣✉r❡ ✻✳✹✿ ❱❡❧♦❝✐t② ❞✉r✐♥❣ t❤r♦tt❧❡ ❝❧♦s✐♥❣ t♦ ❧♦✇❡st ✢♦✇ r❛t❡✳

✭❛✮ ✭❜✮

❋✐❣✉r❡ ✻✳✺✿ ❈r♦ss ❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ ♣r❡ss✉r❡ ❛♥❞ ✈❡❧♦❝✐t② s✐❣♥❛❧ ❢♦r ♠✐♥✐♠✉♠ ✢♦✇ r❛t❡ ❛t
5000 rpm s❤♦✇✐♥❣ ❛ ♠❛✐♥ ❧♦❜❡ ❛t ✁0.2064s ✐♥ ✭❛✮ ❛♥❞ ❛ s✐❞❡ ❧♦❜❡ ❛t ✁0.0580s ✐♥ ✭❜✮✳

✸✻
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✭❛✮ 3000 rpm ✭❜✮ 4000 rpm ✭❝✮ 5000 rpm

❋✐❣✉r❡ ✻✳✻✿ ◆♦r♠❛❧✐③❡❞ ❝r♦ss ❝♦rr❡❧❛t✐♦♥ ❢✉♥❝t✐♦♥s ❛s ❛ ♠❡❛s✉r❡ ❢♦r s✉r❣❡ ✐♥❝❡♣t✐♦♥

❋✐❣✉r❡ ✻✳✼✿ ❙✉r❣❡ ❝②❝❧❡s ✇✐t❤ ❞❡❧❛② ♦❢ ❛ ❢❡✇ s❡❝♦♥❞s ❢♦r 4000 rpm✱ ❡❛❝❤ ♠❛r❦❡❞ ✇✐t❤ ❛ ❞✐✛❡r❡♥t
❝♦❧♦r✳
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❋✐❣✉r❡ ✻✳✽✿ ❙✉r❣❡ ❝②❝❧❡s ✇✐t❤ ❞❡❧❛② ♦❢ ❛ ❢❡✇ s❡❝♦♥❞s ❢♦r 5000 rpm✱ ❡❛❝❤ ♠❛r❦❡❞ ✇✐t❤ ❛ ❞✐✛❡r❡♥t
❝♦❧♦r✳

✻✳✸ ❋r❡q✉❡♥❝② ❉♦♠❛✐♥ ❆♥❛❧②s✐s

❆ ❢r❡q✉❡♥❝② ❞♦♠❛✐♥ ❛♥❛❧②s✐s ♦❢ t❤❡ ♣r❡ss✉r❡ ❛♥❞ t❤❡ ✈❡❧♦❝✐t② s✐❣♥❛❧ ❝❛♥ ♣r♦✈✐❞❡ ✐♥❢♦r♠❛t✐♦♥
❛❜♦✉t t❤❡ t✇♦ ❜❛s✐❝ q✉❡st✐♦♥s✱ ✇❤❡♥ s✉r❣❡ ♦❝❝✉rs✱ ❛♥❞✱ ❛t ✇❤❛t ❢r❡q✉❡♥❝② t❤✐s ♦s❝✐❧❧❛t♦r②
❜❡❤❛✈✐♦✉r t❛❦❡s ♣❧❛❝❡✳

❋✐❣✉r❡ ✻✳✾ ❣✐✈❡s ❛♥ ✐♠♣r❡ss✐♦♥ ♦❢ ❤♦✇ t❤❡ ✈❡❧♦❝✐t② s♣❡❝tr❛ ❝❤❛♥❣❡ ✇❤❡♥ s✉r❣❡ ♦❝❝✉rs✳ ❆❧t❤♦✉❣❤
t❤❡ s♣❡❝tr✉♠ ✐♥ t❤❡ st❛❜❧❡ ♦♣❡r❛t✐♦♥❛❧ r❛♥❣❡ ❧♦♦❦s ❢✉♥❞❛♠❡♥t❛❧❧② ❞✐✛❡r❡♥t ❢r♦♠ t❤❛t ✐♥ ❛ ❝❧❡❛r❧②
✉♥st❛❜❧❡ ♦♣❡r❛t✐♦♥❛❧ ♣♦✐♥t t❤✐s ❛♥❛❧②s✐s ❣✐✈❡s ♥♦ ❝❧❡❛r r❡s✉❧t ♦♥ t❤❡ s✉r❣❡ ❧✐♥❡ ❧♦❝❛t✐♦♥✳ ❲❤❡t❤❡r
t❤❡ s♣❡❝tr✉♠ ❢♦r ϕ ✏ 0.08 ❛♥❞ 4000rpm ❢♦r ❡①❛♠♣❧❡ ❛❧r❡❛❞② r❡✢❡❝ts s✉r❣❡ ♦r ♥♦t ✐s ❛ ❞✐✣❝✉❧t
q✉❡st✐♦♥✳ ❚❤❡r❡❢♦r❡✱ ✐t ✐s ❛ ♠❛tt❡r ♦❢ ♣❡rs♦♥❛❧ ❛ss❡ss♠❡♥t ✇❤❛t s♣❡❝tr✉♠ ❝♦rr❡s♣♦♥❞s t♦ t❤❡
♦♥s❡t ♦❢ ✐♥st❛❜✐❧✐t②✳

❆ ❧♦♦❦ ❛t t❤❡ ♣r❡ss✉r❡ s♣❡❝tr❛ ✭s❡❡ ❋✐❣✳ ✻✳✶✷✮ ❞♦❡s ♥♦t ✐♠♣r♦✈❡ t❤❡ s✐t✉❛t✐♦♥ ❛ ❧♦t s✐♥❝❡ t❤❡
♣❡❛❦s ❛t t❤❡ s✉r❣❡ ❢r❡q✉❡♥❝② ❞♦ ♥♦t ❛r✐s❡ s✉❞❞❡♥❧② ❛t ❛ s♣❡❝✐✜❝ ✢♦✇ r❛t❡✳ ❋✉rt❤❡r♠♦r❡✱ t❤❡
♣r❡ss✉r❡ s✐❣♥❛❧s ❡①❤✐❜✐t ❞♦♠✐♥❛♥t ❢r❡q✉❡♥❝✐❡s ✇❤✐❝❤ ❞♦ ♥♦t ♦❝❝✉r ✭t♦ t❤❛t ❡①t❡♥t✮ ✐♥ t❤❡ ✈❡❧♦❝✐t②
s✐❣♥❛❧s✳ ❖♥❡ ✇♦✉❧❞ ♣r♦❜❛❜❧② t❛❦❡ ♥♦ ♥♦t✐❝❡ ♦❢ t❤❡s❡ ❢r❡q✉❡♥❝✐❡s ✐♥ t❤❡ ✈❡❧♦❝✐t② s♣❡❝tr✉♠ ✐❢ ♥♦t
s❡❛r❝❤✐♥❣ ❢♦r t❤❡♠✳ ❚❤❡s❡ ♦s❝✐❧❧❛t✐♦♥s ❛r❡ ✐♥❞❡♣❡♥❞❡♥t ♦❢ t❤❡ r♦t❛t✐♦♥❛❧ s♣❡❡❞ ✇❤✐❝❤ r✉❧❡s ♦✉t
r♦t❛t✐♥❣ st❛❧❧ ❛s ❛ s♦✉r❝❡ ❜❡❝❛✉s❡ t❤✐s ♣❤❡♥♦♠❡♥♦♥ ✇♦✉❧❞ ❧❡❛❞ t♦ ❞♦♠✐♥❛♥t ❢r❡q✉❡♥❝✐❡s ❛t s♦♠❡
❢r❛❝t✐♦♥ ♦❢ t❤❡ r♦t♦r s♣❡❡❞✳ ❍♦✇❡✈❡r✱ t❤❡ r❡❧❡✈❛♥t ❞♦♠✐♥❛♥t ❢r❡q✉❡♥❝② ❢♦r s✉r❣❡ ❝❛♥ ❥✉st ❜❡ t❤❡
❧♦✇❡st ♦♥❡✳

❋✐❣✉r❡s ✻✳✶✵ ❛♥❞ ✻✳✶✶ ✜♥❛❧❧② ❣✐✈❡ s♣❡❝tr❛ ✐♥ t❤❡ ✉♥st❛❜❧❡ ❛r❡❛ ✇✐t❤ t❤❡ ❤✐❣❤❧✐❣❤t❡❞ s✉r❣❡
❢r❡q✉❡♥❝✐❡s✳ ❚❤❡✐r ✈❛❧✉❡s ❛r❡ ❣✐✈❡♥ ✐♥ ❚❛❜✳ ✼✳✷✳ ❋♦r ❛❧❧ ♠❡❛s✉r❡♠❡♥ts ❛t ❛ ❣✐✈❡♥ s❡tt✐♥❣ t❤❡
♠❡❛s✉r✐♥❣ ♣❡r✐♦❞ ✇❛s 10 s ❛♥❞ t❤❡ s✐❣♥❛❧s ❤❛✈❡ ❜❡❡♥ ❞✐✈✐❞❡❞ ✐♥ ❡✐❣❤t ✇✐♥❞♦✇s ✇✐t❤ ❛♥ ♦✈❡r❧❛♣♣✐♥❣
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♦❢ 50%✳ ❚❤✐s ♠❡❛♥s t❤❛t ❡❛❝❤ ✇✐♥❞♦✇ ❤❛❞ ❛ ❧❡♥❣t❤ ♦❢ 2.22 s ✇❤✐❝❤ r❡s✉❧ts ✐♥ ❛ ❢r❡q✉❡♥❝②
r❡s♦❧✉t✐♦♥ ♦❢ 0.45Hz✳

✭❛✮ 4000 rpm ✭❜✮ 5000 rpm

❋✐❣✉r❡ ✻✳✾✿ ❱❡❧♦❝✐t② s♣❡❝tr❛ ✇❤❡♥ t❤r♦tt❧✐♥❣ ❢r♦♠ ❤✐❣❤❡st t♦ ❧♦✇❡st ✢♦✇ r❛t❡✳

✭❛✮ 3000 rpm ✭❜✮ 4000 rpm ✭❝✮ 5000 rpm

❋✐❣✉r❡ ✻✳✶✵✿ ❱❡❧♦❝✐t② s♣❡❝tr❛ ❞✉r✐♥❣ s✉r❣❡✱ s✉r❣❡ ❢r❡q✉❡♥❝✐❡s ❤✐❣❤❧✐❣❤t❡❞✳
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✭❛✮ 3000 rpm ✭❜✮ 4000 rpm ✭❝✮ 5000 rpm

❋✐❣✉r❡ ✻✳✶✶✿ Pr❡ss✉r❡ s♣❡❝tr❛ ❞✉r✐♥❣ s✉r❣❡✱ s✉r❣❡ ❢r❡q✉❡♥❝✐❡s ❤✐❣❤❧✐❣❤t❡❞✳

✻✳✹ ■♥❧❡t ❋❧♦✇ ❆♥❣❧❡

❆s ❞❡s❝r✐❜❡❞ ✐♥ s❡❝t✐♦♥ ✺✳✸ t❤❡ ♠❡❛♥ ✐♥❧❡t ✢♦✇ ❛♥❣❧❡ ❝❛♥ ❜❡ ❝❛❧❝✉❧❛t❡❞ ✐♥ ❛ ♦♥❡✲❞✐♠❡♥s✐♦♥❛❧
✇❛② ❢r♦♠ ❣❡♦♠❡tr②✱ r♦t❛t✐♦♥❛❧ s♣❡❡❞ ❛♥❞ ✢♦✇ r❛t❡✳ ❈❛rr②✐♥❣ ♦✉t t❤✐s ❝❛❧❝✉❧❛t✐♦♥ t❤❡ r❡s✉❧ts
♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✳ ✻✳✶✸ ❛r❡ ❛❝❤✐❡✈❡❞✳ ■♥ t❤✐s ✜❣✉r❡ t❤❡ ♠❡❛s✉r❡❞ ✢♦✇ r❛t❡s ❛r❡ ♠❛r❦❡❞ ❛s ✇❡❧❧✳ ❚❤❡
✈❛❧✉❡s ♦❢ ∆β�

1
❢♦r t❤❡ ❝r✐t✐❝❛❧ ✢♦✇ r❛t❡s ❛r❡ ❧♦❝❛t❡❞ ❜❡t✇❡❡♥ ✁25o ❛♥❞ ✁30o✳ ❚❤✐s ❝♦rr❡s♣♦♥❞s

t♦ ❛♥ ❛❝t✉❛❧ ✐♥❧❡t ✢♦✇ ❛♥❣❧❡ β�
1

♦❢ 12o t♦ 7o ✇❤✐❝❤ r❡s✉❧ts ✐♥ ❛ q✉✐t❡ ✢❛t ✈❡❧♦❝✐t② tr✐❛♥❣❧❡✳

✻✳✺ ❚✉r❜✉❧❡♥❝❡ ■♥t❡♥s✐t②

❚❤❡ ♠❡❛s✉r❡❞ t✉r❜✉❧❡♥❝❡ ✐♥t❡♥s✐t② ❝♦♠♣❛r❡❞ t♦ t❤❡ ♦♥❡ ♣r❡❞✐❝t❡❞ ❛❝❝♦r❞✐♥❣ t♦ s❡❝t✐♦♥ ✷✳✹ ✭s❡❡
❋✐❣✳ ✻✳✶✹✮ ❣✐✈❡ ❛ q✉❛❧✐t❛t✐✈❡❧② ❣♦♦❞ ❛❣r❡❡♠❡♥t ✇❤❡r❡❛s t❤❡✐r ❛❜s♦❧✉t❡ ✈❛❧✉❡s ❞✐✛❡r ❛ ❧♦t✳ ■t ❤❛s t♦
❜❡ ❡♠♣❤❛s✐③❡❞ t❤❛t t❤❡ ❘▼❙✲✈❛❧✉❡s ✉s❡❞ ❢♦r t❤❡ ♣r❡❞✐❝t✐♦♥ ❛r❡ t❤❡ ♦♥❡s ♦❢ t❤❡ st❛t✐❝ ❝♦♠♣r❡ss♦r
♠❡❛s✉r❡♠❡♥t✳ ❚❤❡r❡❢♦r❡✱ ✐t ✐s ✇♦rt❤ t♦ ❝❤❡❝❦ t❤❡✐r ❛❝❝♦r❞❛♥❝❡ ✇✐t❤ t❤❡ ❘▼❙✲✈❛❧✉❡s ♦❢ t❤❡ ❢❛st
♣r❡ss✉r❡ ♠❡❛s✉r❡♠❡♥ts✳ ❚❤✐s ❝♦♠♣❛r✐s♦♥ ✐s ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✳ ✻✳✶✺ ✇❤✐❝❤ s❤♦✇s t❤❛t ❢♦r t❤❡ ✢♦✇
r❛t❡s st✉❞✐❡❞ ✐♥ t❤❡ st❛t✐❝ ♠❡❛s✉r❡♠❡♥ts t❤❡ ❛❝❝♦r❞❛♥❝❡ s❡❡♠s t♦ ❜❡ q✉✐t❡ ❣♦♦❞✳

❆♥♦t❤❡r q✉❡st✐♦♥ t♦ ❛♥s✇❡r ✐s ✐❢ t❤❡ ❛ss✉♠♣t✐♦♥ 1

2
ρc✶2 ✓ pRMS ✏

❜
p✶2 ❝❛♥ ❜❡ ❥✉st✐✜❡❞✳

■t t✉r♥s ♦✉t t❤❛t t❤✐s ✐s t❤❡ ♠❛✐♥ r❡❛s♦♥ ❢♦r t❤❡ ❜✐❣ q✉❛♥t✐t❛t✐✈❡ ❞✐✛❡r❡♥❝❡ ♦❢ ♠❡❛s✉r❡❞ ❛♥❞
♣r❡❞✐❝t❡❞ t✉r❜✉❧❡♥❝❡ ✐♥t❡♥s✐t②✳ ❱❛❧✉❡s ♦❢ pRMS ❛r❡ t②♣✐❝❛❧❧② t✇♦ ♦r❞❡rs ♦❢ ♠❛❣♥✐t✉❞❡ ❣r❡❛t❡r
t❤❛♥ ✈❛❧✉❡s ♦❢ 1

2
ρc✶2 ❢♦r t❤✐s ❛♣♣❧✐❝❛t✐♦♥✳ ❆❧s♦ t❤❡✐r q✉❛❧✐t❛t✐✈❡ ❜❡❤❛✈✐♦r ✐s ❞✐✛❡r❡♥t ❛s ♣r❡s❡♥t❡❞

✐♥ ❋✐❣✳ ✻✳✶✻✳ ❚❤✐s ♠❡❛♥s t❤❛t t❤❡ s✐♠♣❧❡ ❛♣♣r♦❛❝❤ ✐♥ s❡❝t✐♦♥ ✷✳✹ ❝❛♥ ♥♦t ❜❡ s✉♣♣♦rt❡❞ ❜②
♠❡❛s✉r❡♠❡♥ts✳ ◆❡✈❡rt❤❡❧❡ss✱ Tu ❛♥❞ pRMS ❡①❤✐❜✐t ❛ q✉❛❧✐t❛t✐✈❡❧② s✐♠✐❧❛r ❜❡❤❛✈✐♦✉r✳
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❈❍❆P❚❊❘ ✻✳ ▼❊❆❙❯❘❊▼❊◆❚ ❘❊❙❯▲❚❙

✭❛✮ 3000 rpm

✭❜✮ 4000 rpm

✭❝✮ 5000 rpm

❋✐❣✉r❡ ✻✳✶✷✿ Pr❡ss✉r❡ s♣❡❝tr❛ ✇❤❡♥ t❤r♦tt❧✐♥❣ t♦ ❧♦✇❡st ✢♦✇ r❛t❡✳

✹✶



❈❍❆P❚❊❘ ✻✳ ▼❊❆❙❯❘❊▼❊◆❚ ❘❊❙❯▲❚❙

❋✐❣✉r❡ ✻✳✶✸✿ ❉❡✈✐❛t✐♦♥ ♦❢ ✐♥❧❡t ✢♦✇ ❛♥❣❧❡ ❢r♦♠ ❜❧❛❞❡ ❛♥❣❧❡❀ ♠❛r❦❡rs r❡♣r❡s❡♥t ♠❡❛s✉r❡❞ ✢♦✇
r❛t❡s✳
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❋✐❣✉r❡ ✻✳✶✹✿ ❈♦♠♣❛r✐s♦♥ ♦❢ ♠❡❛s✉r❡❞ ✭❛✮ ❛♥❞ ♣r❡❞✐❝t❡❞ ✭❜✮ t✉r❜✉❧❡♥❝❡ ✐♥t❡♥s✐t②✳

✹✷



❈❍❆P❚❊❘ ✻✳ ▼❊❆❙❯❘❊▼❊◆❚ ❘❊❙❯▲❚❙
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❋✐❣✉r❡ ✻✳✶✺✿ ❈♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ❘▼❙✲✈❛❧✉❡s ♠❡❛s✉r❡❞ ❜② t❤❡ s❧♦✇ ❍♦♥❡②✇❡❧❧ ✭❜❧❛❝❦✮ ❛♥❞ t❤❡
❢❛st ❊◆❉❊❱❈❖ ✭r❡❞✮ ♣r❡ss✉r❡ tr❛♥s❞✉❝❡r✳
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❋✐❣✉r❡ ✻✳✶✻✿ ❈♦♠♣❛r✐s♦♥ ♦❢

❜
p✶2 ❛♥❞ 0.5 ρ c✶2✳
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❈❤❛♣t❡r ✼

❙✉♠♠❛r② ❛♥❞ ❈♦♥❝❧✉s✐♦♥s

❚❤❡ ✜rst ❛♣♣r♦❛❝❤ t❤❛t ❤❛s ❜❡❡♥ ♠❛❞❡ ✇✐t❤✐♥ t❤✐s t❤❡s✐s ✇❛s ❛♥ ❛♥❛❧②t✐❝❛❧ ✐♥✈❡st✐❣❛t✐♦♥ ♦❢ t❤❡
♦✈❡r❛❧❧ s②st❡♠ ❜❡❤❛✈✐♦✉r✳ ❆ ❞❡t❛✐❧❡❞ s✐♠✉❧❛t✐♦♥ ♦❢ t❤❡ ♣r❡s❡♥t t❡st st❛♥❞ ❤❛s ♥♦t ❜❡❡♥ ♣♦ss✐❜❧❡
❞✉❡ t♦ ✐ts ✜①❡❞ ❝♦♥✜❣✉r❛t✐♦♥✳ ◆❡✈❡rt❤❡❧❡ss✱ ✐t ❤❛s ❜❡❡♥ ♣♦ss✐❜❧❡ t♦ s❤♦✇ t❤❛t t❤❡ ♦♣❡r❛t✐♦♥❛❧
♣♦✐♥t ❝♦rr❡s♣♦♥❞✐♥❣ t♦ t❤❡ ♦♥s❡t ♦❢ s✉r❣❡ ♠✉st ❜❡ ❧♦❝❛t❡❞ ♦♥ t❤❡ ♣♦s✐t✐✈❡❧② s❧♦♣❡❞ ❜r❛♥❝❤ ♦❢ t❤❡
❝♦♠♣r❡ss♦r ❝❤❛r❛❝t❡r✐st✐❝✳ ❋✉rt❤❡r♠♦r❡✱ ❛ ❣r❡❛t❡r ♣❧❡♥✉♠ ✈♦❧✉♠❡ ❧❡❛❞ t♦ ❛ s✉r❣❡ ❧✐♠✐t ❝❧♦s❡r t♦
t❤❡ ♠❛①✐♠✉♠ ♣r❡ss✉r❡ r✐s❡ ✐♥ t❤✐s ❛♥❛❧②s✐s✳ ◆♦✇✱ t❤❡ ♣❧❡♥✉♠ ✈♦❧✉♠❡ ❢♦r t❤❡ ❣✐✈❡♥ t❡st st❛♥❞ ✐s
♣r❛❝t✐❝❛❧❧② ✐♥✜♥✐t❡✳ ❚❤❡r❡❢♦r❡✱ t❤✐s ❛♥❛❧②s✐s s✉❣❣❡st❡❞ t❤❛t ♥♦ st❛❜❧❡ ♦♣❡r❛t✐♦♥ ♦♥ t❤❡ ♣♦s✐t✐✈❡❧②
s❧♦♣❡❞ ♣❛rt ♦❢ t❤❡ ❝❤❛r❛❝t❡r✐st✐❝ ❝❛♥ ❜❡ ❡st❛❜❧✐s❤❡❞✳

■♥ ❛ s❡❝♦♥❞ st❡♣ ♠❡❛s✉r❡♠❡♥ts ❤❛✈❡ ❜❡❡♥ ♣❡r❢♦r♠❡❞ ✐♥ ♦r❞❡r t♦ ✈❡r✐❢② t❤✐s ♣r❡❞✐❝t✐♦♥✳ ❚❤❡
✐♥❧❡t ✈❡❧♦❝✐t② ❛s ✇❡❧❧ ❛s t❤❡ ✐♥❧❡t ♣r❡ss✉r❡ ❤❛✈❡ ❜❡❡♥ ♠❡❛s✉r❡❞ ✇✐t❤ s❡♥s♦rs ❢❡❛t✉r✐♥❣ ❧♦✇ ❛♥❞ ❤✐❣❤
t✐♠❡ r❡s♦❧✉t✐♦♥✳ ❚❤❡ ❝♦♠♣r❡ss♦r ♠❛♣ ♠❡❛s✉r❡♠❡♥t ❜❛s❡❞ ♦♥ t❤❡ ✐♥t❡❣r❛❧ ♣r♦❝❡❞✉r❡ ❞❡s❝r✐❜❡❞
✐♥ ❉■◆ ❊◆ ■❙❖ ✺✶✻✼ ✭✷✵✶✸✮ ✐s ♠♦r❡ ❛❝❝✉r❛t❡ t❤❛♥ t❤❛t ❜❛s❡❞ ♦♥ t❤❡ ❢❛st s❡♥s♦rs✳ ❋♦rt✉♥❛t❡❧②
t❤❡ ❛❣r❡❡♠❡♥t ✇❛s ❣♦♦❞ ❡♥♦✉❣❤ t♦ ❥✉st✐❢② t❤❡ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ t❤❡ s✉r❣❡ ❧✐♥❡ ✉s✐♥❣ ♦♥❧② t❤❡
❤✐❣❤ t✐♠❡ r❡s♦❧✉t✐♦♥ s❡♥s♦rs✳ ❚❤✐s ❤❛s ❜❡❡♥ ♥❡❝❡ss❛r② s✐♥❝❡ t❤❡ ♦r✐✜❝❡ ❝❛✉s❡❞ ❛ ❤✐❣❤❧② t✉r❜✉❧❡♥t
✐♥❧❡t ✢♦✇ ❛♥❞ ❞✐st✉r❜❡❞ t❤❡ s✉r❣❡ ❞❡t❡❝t✐♦♥✳

❚♦ ❞❡✜♥❡ t❤❡ ♦♥s❡t ♦❢ st❛❧❧ t✇♦ ❝r✐t❡r✐❛ ❤❛✈❡ ❜❡❡♥ ❛♣♣❧✐❡❞✳ ❚❤❡ ✜rst ♦♥❡ ❞❡❛❧s ✇✐t❤ t❤❡ ❝r♦ss
❝♦rr❡❧❛t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ♣r❡ss✉r❡ ❛♥❞ t❤❡ ✈❡❧♦❝✐t② s✐❣♥❛❧✳ ■❢ ❛ ❝❤❛r❛❝t❡r✐st✐❝ t✐♠❡ ❧❛❣ ✕ ♦r ✐♥ ♦t❤❡r
✇♦r❞s ❛ ❝♦rr❡❧❛t✐♦♥ ✕ ❜❡t✇❡❡♥ t❤❡s❡ t✇♦ t✐♠❡ r❡❝♦r❞s ❝♦✉❧❞ ❜❡ ❢♦✉♥❞ ❛t ❛ ❣✐✈❡♥ ♦♣❡r❛t✐♦♥❛❧ ♣♦✐♥t
t❤✐s ♣♦✐♥t ❤❛s ❜❡❡♥ ❝♦♥s✐❞❡r❡❞ ❛s ✉♥st❛❜❧❡✳ ❚❤❡ r❡s✉❧t✐♥❣ ✈❛❧✉❡s ❛r❡ ♣r❡s❡♥t❡❞ ✐♥ ❚❛❜✳ ✼✳✶✳

❚❤❡ s❡❝♦♥❞ ❝r✐t❡r✐♦♥ ✐s ❜❛s❡❞ ♦♥ t❤❡ ✈❡❧♦❝✐t② ❛♥❞ s✉r❣❡ s♣❡❝tr❛✳ ❆♥ ✉♥st❛❜❧❡ ♦♣❡r❛t✐♦♥❛❧
♣♦✐♥t ✐s t❤❡r❡❜② ❝❤❛r❛❝t❡r✐③❡❞ ❜② ❛ ❝♦rr❡s♣♦♥❞✐♥❣ s♣❡❝tr✉♠ ✇✐t❤ ❛ s✐❣♥✐✜❝❛♥t ♣❡❛❦ ❛t ❛ ❧♦✇
❢r❡q✉❡♥❝② ✭5✄ 10Hz✮✳ ❆❞❞✐t✐♦♥❛❧❧② t♦ t❤❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ s✉r❣❡ ❧✐♥❡ t❤✐s ✐♥✈❡st✐❣❛t✐♦♥ ❛❧s♦ ❣✐✈❡s
t❤❡ s✉r❣❡ ❢r❡q✉❡♥❝②✳ ❚❤❡ r❡s✉❧ts ❛r❡ ❣✐✈❡♥ ✐♥ ❚❛❜✳ ✼✳✷✳ ❇♦t❤ r❡s✉❧ts ❛r❡ ❛❧s♦ ❣r❛♣❤✐❝❛❧❧② ♣r❡s❡♥t❡❞
✐♥ ❋✐❣✳ ✼✳✶✳ ■t ❝❛♥ ❝❧❡❛r❧② ❜❡ s❡❡♥ t❤❛t t❤❡ ♦♥s❡t ♦❢ ✐♥st❛❜✐❧✐t② ✐s ❧♦❝❛t❡❞ ❛t t❤❡ ♠❛①✐♠✉♠ ♣r❡ss✉r❡
r✐s❡ ♦r ❝❧♦s❡ t♦ ✐t ❛s ♣r❡❞✐❝t❡❞ ❜② t❤❡ ❧✉♠♣❡❞ ♣❛r❛♠❡t❡r ♠♦❞❡❧✳

❚❤❡ ❞❡s❝r✐❜❡❞ ✐♥✈❡st✐❣❛t✐♦♥s ♣r♦✈✐❞❡❞ ♥♦ s❤❛r♣ s✉r❣❡ ❧✐♥❡ ❜✉t t❤✐s ✐s ♥♦t ❛ s❤♦rt❝♦♠✐♥❣ ♦❢
t❤❡ r❡s✉❧ts s✐♥❝❡ ✐♥ ❢❛❝t t❤❡r❡ ✐s ♥♦ s❤❛r♣ s✉r❣❡ ❧✐♥❡✳ ■t ✐s r❛t❤❡r ❛♥ ❛r❡❛ ♦♥ t❤❡ ❝♦♠♣r❡ss♦r
♠❛♣ t❤❛t t❡♥❞s t♦ ❡①❤✐❜✐t ✉♥st❛❜❧❡ ❜❡❤❛✈✐♦✉r✳ ❚❤❡r❡ ❛r❡ ♠❛♥② ❢❛❝t♦rs ✐♥✢✉❡♥❝✐♥❣ t❤❡ ❛❝t✉❛❧
st❛❜✐❧✐t② ❧✐♠✐t✿ ♣❧❡♥✉♠ ✈♦❧✉♠❡✱ q✉❛❧✐t② ♦❢ ✐♥❧❡t ✢♦✇✱ ❢❛st ♦r s❧♦✇ t❤r♦tt❧✐♥❣✱ ❡t❝✳ ❚❤❡r❡❢♦r❡✱
❛♥ ❛❝❝✉r❛t❡ ❦♥♦✇❧❡❞❣❡ ♦❢ t❤❡ s✉r❣❡ ❧✐♥❡ ❛❧♦♥❡ ✇✐❧❧ ♥♦t ❛❧❧♦✇ t♦ s✐❣♥✐✜❝❛♥t❧② r❡❞✉❝❡ t❤❡ s✉r❣❡
♠❛r❣✐♥ ❢♦r ♠❛❝❤✐♥❡s t❤❛t ❛r❡ ♦♣❡r❛t❡❞ ✐♥ ❛ ❞②♥❛♠✐❝ ♠❛♥♥❡r✳ ■♥ ❛❞❞✐t✐♦♥ ✐t ♥❡❡❞s s✉r❣❡ ❝♦♥tr♦❧
♠❡❝❤❛♥✐s♠s t❤❛t ❛r❡ ❛❜❧❡ t♦ ✐♥❤✐❜✐t t❤✐s ♣❤❡♥♦♠❡♥♦♥ ✕ ❛❧s♦ ✐❢ ✐t ♦❝❝✉rs ✉♥❡①♣❡❝t❡❞❧② ❛t ❛♥
♦♣❡r❛t✐♦♥❛❧ ♣♦✐♥t t❤❛t ✐s ❝♦♥s✐❞❡r❡❞ t♦ ❜❡ st❛❜❧❡✳

✹✹



❈❍❆P❚❊❘ ✼✳ ❙❯▼▼❆❘❨ ❆◆❉ ❈❖◆❈▲❯❙■❖◆❙

❙♣❡❡❞ ❈r✐t✐❝❛❧ t❤r♦tt❧❡ ♦♣❡♥✐♥❣✯ ϕcrit
✾Vcrit

rrpms r%s r✁s rm3④ss
✸✵✵✵ 5✄ 10 0.06✄ 0.11 0.116✄ 0.208

✹✵✵✵ 5✄ 6 0.06✄ 0.07 0.155✄ 0.185

✺✵✵✵ 6✄ 7 0.07✄ 0.08 0.230✄ 0.265

❚❛❜❧❡ ✼✳✶✿ ▼❡❛s✉r❡❞ s✉r❣❡ ❝❤❛r❛❝t❡r✐st✐❝s ❜❛s❡❞ ♦♥ ❝r♦ss ❝♦rr❡❧❛t✐♦♥❀ ✯ ♦r✐✜❝❡ r❡♠♦✈❡❞✳

❙♣❡❡❞ ❈r✐t✐❝❛❧ t❤r♦tt❧❡ ♦♣❡♥✐♥❣✯ ϕcrit
✾Vcrit fsurge,c fsurge,p

rrpms r%s r✁s rm3④ss rHzs rHzs
✸✵✵✵ 5✄ 10 0.06✄ 0.11 0.116✄ 0.208 ✼✳✾ ✻✳✽

✹✵✵✵ 6✄ 7 0.07✄ 0.08 0.185✄ 0.213 ✼✳✸ ✻✳✽

✺✵✵✵ 7✄ 8 0.08✄ 0.09 0.265✄ 0.296 ✻✳✽ ✻✳✻

❚❛❜❧❡ ✼✳✷✿ ▼❡❛s✉r❡❞ s✉r❣❡ ❝❤❛r❛❝t❡r✐st✐❝s ❜❛s❡❞ ♦♥ s♣❡❝tr❛❀ ✯ ♦r✐✜❝❡ r❡♠♦✈❡❞✳

❋✐❣✉r❡ ✼✳✶✿ ❙✉r❣❡ ❧✐♥❡ ❞❡t❡r♠✐♥❡❞ ❜❛s❡❞ ♦♥ s♣❡❝tr❛ ✭❣r❡❡♥✮ ❛♥❞ ❝r♦ss ❝♦rr❡❧❛t✐♦♥ ✭❜❧✉❡✮✱ ❝❤❛r❛❝✲
t❡r✐st✐❝s ♠❡❛s✉r❡❞ ✇✐t❤ ❢❛st ✭❜❧❛❝❦✮ ❛♥❞ s❧♦✇ ✭r❡❞✮ s❡♥s♦rs✳

✹✺



❈❍❆P❚❊❘ ✼✳ ❙❯▼▼❆❘❨ ❆◆❉ ❈❖◆❈▲❯❙■❖◆❙

❆❞❞✐t✐♦♥❛❧❧② ❛♥ ✐♥✈❡st✐❣❛t✐♦♥ ♦♥ ❛ s✐♠♣❧❡ ♠♦❞❡❧ ✇❤✐❝❤ ❝♦rr❡❧❛t❡s ♣r❡ss✉r❡ ✢✉❝t✉❛t✐♦♥s ❛♥❞
t✉r❜✉❧❡♥❝❡ ✐♥t❡♥s✐t② ❤❛s ❜❡❡♥ ♠❛❞❡✳ ❯♥❢♦rt✉♥❛t❡❧② t❤✐s ♠♦❞❡❧ ❝♦✉❧❞ ♥♦t ❜❡ s✉♣♣♦rt❡❞ ❜②
♠❡❛s✉r❡♠❡♥ts✳ ◆❡✈❡rt❤❡❧❡ss✱ t✉r❜✉❧❡♥❝❡ ✐♥t❡♥s✐t② ❛♥❞ t❤❡ ♣r❡ss✉r❡ ❘▼❙ ✈❛❧✉❡s s❤♦✇❡❞ s✐♠✐❧❛r
tr❡♥❞s ❛t ❧♦✇ ♠❛ss ✢♦✇ r❛t❡s✳

✹✻



❆♣♣❡♥❞✐① ❆✿ ▼❛t❧❛❜ ❈♦❞❡s

▲✉♠♣❡❞ P❛r❛♠❡t❡r ▼♦❞❡❧

❣r❡✐t③❡r❴❞❧✳♠

✶ ❝ ❧ ❡ ❛ r ❛ ❧ ❧ ❀ ❝ ❧ ♦ s ❡ ❛ ❧ ❧ ❀ ❝ ❧ ❝ ❀
✷ ✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪
✸ ❣ ❧ ♦❜❛ ❧ ❇ ● t❛✉❴❞❧ ❈♦❴❞❧ ❦❴❞❧ ❀
✹ ♥❂✺✵✵✵❀ ✪ r ♦ t ❛ t ✐ ♦ ♥ ❛ ❧ s♣❡❡❞ ❬ r♣♠ ❪
✺ ❘❴✷❂✵✳✷❀ ✪ ❜❧❛❞❡ ♦✉ t ❧ ❡ t r❛❞ ✐✉ s ❬♠❪
✻ ◆❂✵✳✺❀ ✪ ♣❛r❛♠❡t❡r ❬✁ ❪
✼ ▲❴❈❂✼❀ ✪ ❧❡♥❣t❤ ♦ ❢ ✐ ♥ ❧ ❡ t ❞✉❝t ❬♠❪
✽ ▲❴❚❂✸❀ ✪ ❧❡♥❣t❤ ♦ ❢ ♦✉ t ❧ ❡ t ❞✉❝t
✾ ❉❴❈❂✵✳✸✺✺❀ ✪ ❞✐❛♠❡t❡r ♦ ❢ ✐ ♥ ❧ ❡ t ❞✉❝t ❬♠❪
✶✵ ❉❴❚❂✵✳✸✺✺❀ ✪ ❞✐❛♠❡t❡r ♦ ❢ ♦✉ t ❧ ❡ t ❞✉❝t ❬♠❪
✶✶ ♠❴❈❴st❂✵✳✹✺❀ ✪ ✐ ♥ ✐ t ✐ ❛ ❧ ♠❛ss ❢ ❧♦✇ ❬ ❦❣✴ s ❪
✶✷ ❦❴❞❧❂✶✹✵✵❀ ✪ ❞ ✐♠❡♥s ✐ ♦♥ ❧ ❡ s s t ❤ r ♦ t t ❧ ❡ ❝ ♦ ❡ ❢ ❢ ✐ ❝ ✐ ❡ ♥ t ❬✁ ❪
✶✸ r❤♦ ❂✶✳✶✽✾❀ ✪ ❞❡♥s ✐ t②
✶✹ ❱❴P❂✵✳✸❀ ✪ ♣❧❡♥✉♠ ✈♦❧✉♠❡
✶✺ ✪ ❝ ♦ ❡ ❢ ❢ ✐ ❝ ✐ ❡ ♥ t s ♦ ❢ ❝♦♠♣r❡ss♦r ❝ ❤ ❛ r ❛ ❝ t ❡ r ✐ t ✐ ❝ r ❡♣ r ❡ s ❡♥ t ❛ t ✐ ♦♥
✶✻ ❈♦❴❞❧❂❬✁✶✽✼✸✷✼✼✳✷✼✵✹✽✷✽✼ ✹✷✸✽✹✾✳✸✺✶✸✺✽✽✽✷ ✁✸✹✷✽✸✳✵✾✽✾✸✾✷✽✼✷

✶✶✸✼✳✾✽✸✽✷✷✶✻✺✼✹ ✁✶✸✳✶✹✺✸✵✽✻✾✵✶✽✷✽ ✵ ✳✾✾✽✻✸✻✷✶✷✻✹✼✶✻✻ ❪ ❀
✶✼ ✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪
✶✽ ❯❂♥✴✻✵∗✷∗ ♣✐ ∗❘❴✷❀ ✪ ❝ ✐ r ❝ ✉♠ ❢ ❡ r ❡ ♥ t ✐ ❛ ❧ s♣❡❡❞ ❬ r❛❞✴ s ❪
✶✾ ❆❴❈❂❉❴❈❫✷∗ ♣✐ ✴✹ ❀ ✪ ❝ r ♦ s s s ❡ ❝ t ✐ ♦ ♥ ❛ ❧ ❛r❡❛ ✐ ♥ ❧ ❡ t ❞✉❝t ❬♠❫✷❪
✷✵ ❆❴❚❂❉❴❚❫✷∗ ♣✐ ✴✹ ❀ ✪ ❝ r ♦ s s s ❡ ❝ t ✐ ♦ ♥ ❛ ❧ ❛r❡❛ ♦✉ t ❧ ❡ t ❞✉❝t ❬♠❫✷❪
✷✶ ♦♠❡❣❛❂✸✹✵∗✭❆❴❈✴✭▲❴❈∗❱❴P✮ ✮ ❫✵ ✳ ✺ ❀ ✪ ❍❡❧♠❤♦❧t③ ❢ r❡q✉❡♥❝② ❬❍③ ❪
✷✷ ❇❂❯✴✭✷∗♦♠❡❣❛∗▲❴❈✮ ❀ ✪ ❇ ♣❛r❛♠❡t❡r ❬✁ ❪
✷✸ ●❂▲❴❚∗❆❴❈✴✭▲❴❈∗❆❴❚✮ ❀ ✪ ● ♣❛r❛♠❡t❡r ❬✁ ❪
✷✹ t❛✉❴❞❧❂♣✐ ∗❘❴✷✴▲❴❈∗✭◆✴❇✮ ❀ ✪ ❞ ✐♠❡♥s ✐ ♦♥ ❧ ❡ s s r ❡ ❧ ❛ ① ❛ t ✐ ♦ ♥ t✐♠❡ ❬✁ ❪
✷✺ ♠❴❈❴st❴❞❧❂♠❴❈❴st✴✭ r❤♦∗❯∗❆❴❈✮ ❀ ✪ ❞ ✐♠❡♥s ✐ ♦♥ ❧ ❡ s s ✐ ♥ ✐ t ✐ ❛ ❧ ♠❛ss ❢ ❧♦✇ ❬✁ ❪
✷✻ ✪ ❞ ✐♠❡♥s ✐ ♦♥ s ❧ ❡ s s ✐ ♥ ✐ t ✐ ❛ ❧ ♣ r ❡ s s✉ r ❡ r ✐ s ❡
✷✼ ❈❴❙❙❴st❛rt❴❞❧❂❈♦❴❞❧ ✭✻ ✮✰♠❴❈❴st❴❞❧∗❈♦❴❞❧ ✭✺ ✮✰♠❴❈❴st❴❞❧❫✷∗❈♦❴❞❧ ✭✹ ✮✰♠❴❈❴st❴❞❧❫✸∗

❈♦❴❞❧ ✭✸ ✮✰♠❴❈❴st❴❞❧❫✹∗❈♦❴❞❧ ✭✷ ✮✰♠❴❈❴st❴❞❧❫✺∗❈♦❴❞❧ ✭✶ ✮ ❀
✷✽
✷✾ ✪ s♦ ❧ ✈ ❡
✸✵ ❬ t❴❞❧ ✱ ①❴❞❧❪❂♦❞❡✹✺ ✭ ❅❣r❡✐t③❡r❴❡q✉❛t✐♦♥s❴❞❧ ✱ ❬ ✵ ✱ ✶ ✵ ✵ ✵ ❪ ✱ ❬♠❴❈❴st❴❞❧ ✱♠❴❈❴st❴❞❧ ✱

❈❴❙❙❴st❛rt❴❞❧ ✱ ❈❴❙❙❴st❛rt❴❞❧ ❪ ✮ ❀ ✪ s♦ ❧ ✈ ❡ ❞❡

▲✐st✐♥❣ ✼✳✶✿ ❋✐❧❡ ❢♦r t❤❡ ●r❡✐t③❡r ♠♦❞❡❧ s✐♠✉❧❛t✐♦♥

✹✼



❣r❡✐t③❡r❴❡q✉❛t✐♦♥s❴❞❧✳♠

✶ ❢✉♥❝ t ✐ ♦♥ ①♣ ❂ ❣r❡ ✐ t ③❡ r❴❡q✉❛t ✐♦♥s❴❞❧ ✭ t ✱ s ♦ ❧ ✮
✷ ✪s ♦ ❧ ✭✶ ✮❂♠❴❈❴❞❧
✸ ✪s ♦ ❧ ✭✷ ✮❂♠❴❚❴❞❧
✹ ✪s ♦ ❧ ✭✸ ✮❂❈❴❞❧
✺ ✪s ♦ ❧ ✭✹ ✮❂❉❴♣❴❞❧
✻ ❣ ❧ ♦❜❛ ❧ ❇ ● ❈♦❴❞❧ t❛✉❴❞❧ ❦❴❞❧ ❀
✼ ①♣❂③❡ r♦ s ✭✹ ✱ ✶ ✮ ❀
✽ ①♣ ✭✶ ✮❂❇∗✭✁ s ♦ ❧ ✭✹ ✮✰s ♦ ❧ ✭✸ ✮ ✮ ❀
✾ ①♣ ✭✷ ✮❂✭❇✴●✮ ∗✭ s ♦ ❧ ✭✹ ✮✁❦❴❞❧∗ s ♦ ❧ ✭✷ ✮ ❫✷✮ ❀
✶✵ ①♣ ✭✸✮❂✶✴t❛✉❴❞❧ ∗✭❈♦❴❞❧ ✭✻ ✮✰s ♦ ❧ ✭✶ ✮ ∗❈♦❴❞❧ ✭✺ ✮✰s ♦ ❧ ✭✶ ✮ ❫✷∗❈♦❴❞❧ ✭✹ ✮✰s ♦ ❧ ✭✶ ✮ ❫✸∗❈♦❴❞❧

✭✸ ✮✰s ♦ ❧ ✭✶ ✮ ❫✹∗❈♦❴❞❧ ✭✷ ✮✰s ♦ ❧ ✭✶ ✮ ❫✺∗❈♦❴❞❧ ✭✶ ✮✁s ♦ ❧ ✭✸ ✮ ✮ ❀
✶✶ ①♣ ✭✹✮❂✭✶✴❇✮ ∗✭ s ♦ ❧ ✭✶ ✮✁s ♦ ❧ ✭✷ ✮ ✮ ❀
✶✷ ❡♥❞

▲✐st✐♥❣ ✼✳✷✿ ❋✐❧❡ ❞❡✜♥✐♥❣ t❤❡ ❡q✉❛t✐♦♥ s②st❡♠ ❢♦r t❤❡ ●r❡✐t③❡r ♠♦❞❡❧✳

❈♦♠♣r❡ss♦r ▼❛♣ ▼❡❛s✉r❡♠❡♥t

❙●P❴♠❛♣❴✶✳♠

✶ ❝ ❧ ❡ ❛ r ❛ ❧ ❧ ❀ ❝ ❧ ♦ s ❡ ❛ ❧ ❧ ❀ ❝ ❧ ❝ ❀
✷ ✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪
✸ ❞❇❂✵✳✷✶✶❀ ✪ ✐♥♥❡r ♦ r ✐ ❢ ✐ ❝ ❡ ❞✐❛♠❡t❡r ❬♠❪
✹ ❉❂✵✳✸✺✺❀ ✪ ✐♥♥❡r ❞✉❝t ❞✐❛♠❡t❡r ❬♠❪
✺ ❉✸❂✵✳✸✺✵❀ ✪ ✐♥♥❡r ✈♦ ❧✉ t❡ ❞✐❛♠❡t❡r ❛t ❜❧♦✇❡r ♦✉ t ❧ ❡ t ❬♠❪
✻ ❉✷❂✵✳✹✵✵❀ ✪ ♦✉ t ❧ ❡ t ✐♠♣❡ ❧ ❧ ❡ r ❞✐❛♠❡t❡r ❬♠❪
✼ ❜✷❂✵✳✵✷✹❀ ✪ ❜❧❛❞❡ ❤❡ ✐❣❤t ❛t ♦✉ t ❧ ❡ t ❬♠❪
✽ ❢♣❂④ ✬ ✶✺✵✻✶✺✵✶✳ t①t ✬ ✪ ❢ ✐ ❧ ❡ ♣❛t❤s
✾ ✬ ✶✺✵✻✶✺✵✷✳ t①t ✬
✶✵ ✬ ✶✺✵✻✶✺✵✸✳ t①t ✬ ⑥ ❀
✶✶ ♣❯❂r❡♣♠❛t ✭ ❬ ✾✽✼✾✵ ✾✽✽✹✵ ✾✽✾✵✵ ❪ ✱ ✶✶ ✱ ✶ ✮ ❀ ✪ ❛♠❜✐❡♥t ♣ r ❡ s s✉ r ❡ ❬ P❛ ❪
✶✷ ❤✉♠❂❬✵✳✻✻ ✵ ✳✻✽ ✵ ✳ ✻ ✽ ❪ ❀ ✪ ❤✉♠✐❞✐t② ❬✁ ❪
✶✸ ♥✉❂❬✶✻✵✳✺✸∗✶✵❫✭✁✼✮ ✶✺✾✳✽✻✺∗✶✵❫✭✁✼✮ ✶✻✵✳✵✺✺∗✶✵❫✭✁✼✮ ❪ ❀ ✪ ❦✐♥❡♠❛t ✐❝ ✈ ✐ s ❝ ♦ s ✐ t ②

❬♠❫✷✴ s ❪
✶✹ ❝♣❂✶✵✵✼❀ ✪ s ♣ ❡ ❝ ✐ ❢ ✐ ❝ ❤❡❛t ❝❛♣❛❝ ✐ t② ❬ ❏ ✴✭ ❦❣ ❑✮ ❪
✶✺ ❦❛♣♣❛❂✶✳✹ ❀ ✪ ✐ s ❡ ♥ t r ♦ ♣ ✐ ❝ ❡①♣♦♥❡♥t ❬✁ ❪
✶✻
✶✼ ✪ Pt✶✵✵ ❝ ❛ ❧ ✐ ❜ r ❛ t ✐ ♦ ♥ ❞❛t❛
✶✽ ❚✵❴❦❛❧✐❜❂❬✶✵ ✶✵ ❀ ✶✸ ✶ ✸ ✳ ✶ ❀ ✶✻ ✶ ✻ ✳ ✶ ❀ ✶✾ ✶ ✾ ✳ ✶ ❀ ✷✷ ✷ ✷ ✳ ✶ ❀ ✷✺ ✷ ✺ ✳ ✷ ❀
✶✾ ✷✽ ✷ ✽ ✳ ✷ ❀ ✸✶ ✸ ✶ ✳ ✷ ❀ ✸✹ ✸ ✹ ✳ ✷ ❪ ❀
✷✵ ❚✸❴❦❛❧✐❜❂❬✶✵ ✾ ✳ ✾ ❀ ✶✸ ✶ ✷ ✳ ✾ ❀ ✶✻ ✶ ✺ ✳ ✾ ❀ ✶✾ ✶ ✾ ✳ ✶ ❀ ✷✷ ✷ ✷ ✳ ✶ ❀ ✷✹ ✳✾ ✷ ✺ ✳ ✶ ❀
✷✶ ✷✽ ✷ ✽ ✳ ✷ ❀ ✸✶ ✸ ✶ ✳ ✸ ❀ ✸✹ ✸ ✹ ✳ ✸ ❪ ❀
✷✷ ✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪
✷✸
✷✹ ✪ ✐ ♥ ✐ t ✐ ❛ ❧ ✐ ③ ❡
✷✺ ▼❂③❡ r♦ s ✭✶✶ ✱✶✸ ✱✸ ✮ ❀ ❚✵❂③❡ r♦ s ✭✶✶ ✱✸ ✮ ❀ ❚✸❂③❡ r♦ s ✭✶✶ ✱✸ ✮ ❀ ♣❇✶❂③❡ r♦ s ✭✶✶ ✱✸ ✮ ❀
✷✻ ♣❇✷❂③❡ r♦ s ✭✶✶ ✱✸ ✮ ❀ ♣✵❂③❡ r♦ s ✭✶✶ ✱✸ ✮ ❀ ♣❴s❛t✵❂③❡ r♦ s ✭✶✶ ✱✸ ✮ ❀ ♣❴s❛t✸❂③❡ r♦ s ✭✶✶ ✱✸ ✮ ❀
✷✼ r❤♦✵❂③❡ r♦ s ✭✶✶ ✱✸ ✮ ❀ r❤♦✸❂③❡ r♦ s ✭✶✶ ✱✸ ✮ ❀ ♠❞♦t❂③❡ r♦ s ✭✶✶ ✱✸ ✮ ❀ ❱❞♦t✵❂③❡ r♦ s ✭✶✶ ✱✸ ✮ ❀
✷✽ ❱❞♦t✸❂③❡ r♦ s ✭✶✶ ✱✸ ✮ ❀ ❝♠✵❂③❡ r♦ s ✭✶✶ ✱✸ ✮ ❀ ❝♠✷❂③❡ r♦ s ✭✶✶ ✱✷ ✮ ❀ ❝♠✸❂③❡ r♦ s ✭✶✶ ✱✸ ✮ ❀
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✷✾ ✉✷❂③❡ r♦ s ✭✶✶ ✱✸ ✮ ❀ ♣✵t❂③❡ r♦ s ✭✶✶ ✱✸ ✮ ❀ ♣✸t❂③❡ r♦ s ✭✶✶ ✱✸ ✮ ❀ ♣s✐❴s❂③❡ r♦ s ✭✶✶ ✱✸ ✮ ❀
✸✵
✸✶ ✪ ✐ ❞ ❡ ♥ t ✐ ❢ ② ❛♥❞ ❝ ❛ ❧ ❝ ✉ ❧ ❛ t ❡ ❣❡♥❡ r❛ ❧ ❞❛t❛
✸✷ ❢ ♦ r ✐ ❂✶✿ ❧ ❡♥❣t❤ ✭ ❢♣ ✮
✸✸ ▼✭ ✿ ✱ ✿ ✱ ✐ ✮❂❞❧♠r❡❛❞ ✭ ❢♣ ④ ✐ ⑥✮ ❀
✸✹ ❚✵ ✭ ✿ ✱ ✐ ✮❂✐♥ t ❡ r♣✶ ✭ ❚✵❴❦❛❧✐❜ ✭ ✿ ✱ ✷ ✮ ✱ ❚✵❴❦❛❧✐❜ ✭ ✿ ✱ ✶ ✮ ✱▼✭ ✿ ✱ ✻ ✱ ✐ ✮ ✮ ❀
✸✺ ❚✸ ✭ ✿ ✱ ✐ ✮❂✐♥ t ❡ r♣✶ ✭ ❚✸❴❦❛❧✐❜ ✭ ✿ ✱ ✷ ✮ ✱ ❚✸❴❦❛❧✐❜ ✭ ✿ ✱ ✶ ✮ ✱▼✭ ✿ ✱ ✼ ✱ ✐ ✮ ✮ ❀
✸✻ ♣❇✶ ✭ ✿ ✱ ✐ ✮❂♣❯✭ ✿ ✱ ✐ ✮✁▼✭ ✿ ✱ ✸ ✱ ✐ ✮ ❀
✸✼ ♣❇✷ ✭ ✿ ✱ ✐ ✮❂♣❇✶ ✭ ✿ ✱ ✐ ✮✁▼✭ ✿ ✱ ✷ ✱ ✐ ✮ ❀
✸✽ ♣✵ ✭ ✿ ✱ ✐ ✮❂♣❯✭ ✿ ✱ ✐ ✮✁▼✭ ✿ ✱ ✹ ✱ ✐ ✮ ❀
✸✾ ♣❴s❛t✵ ✭ ✿ ✱ ✐ ✮ ❂✻✶✶✳✻✺✼∗ ❡①♣ ✭✶✼ ✳✷✼✾✾ ✁✹✶✵✷ ✳✾✾ ✳✴✭❚✵ ✭ ✿ ✱ ✐ ✮ ✰✷✸✼✳✹✸✶✮ ✮ ❀
✹✵ ♣❴s❛t✸ ✭ ✿ ✱ ✐ ✮ ❂✻✶✶✳✻✺✼∗ ❡①♣ ✭✶✼ ✳✷✼✾✾ ✁✹✶✵✷ ✳✾✾ ✳✴✭❚✸ ✭ ✿ ✱ ✐ ✮ ✰✷✸✼✳✹✸✶✮ ✮ ❀
✹✶ r❤♦✵ ✭ ✿ ✱ ✐ ✮ ❂✶✳✴✭✽ ✳✸✶✹✹✼✷∗ ✭❚✵ ✭ ✿ ✱ ✐ ✮ ✰✷✼✸✳✶✺✮ ✮ ✳∗ ✭ ✵ ✳ ✵ ✶ ✽∗❤✉♠✭ ✐ ✮ ∗♣❴s❛t✵ ✭ ✿ ✱ ✐ ✮

✰✵✳✵✷✽✾✻∗✭ ♣✵ ✭ ✿ ✱ ✐ ✮✁❤✉♠✭ ✐ ✮ ∗♣❴s❛t✵ ✭ ✿ ✱ ✐ ✮ ✮ ✮ ❀
✹✷ r❤♦✸ ✭ ✿ ✱ ✐ ✮ ❂✶✳✴✭✽ ✳✸✶✹✹✼✷∗ ✭❚✸ ✭ ✿ ✱ ✐ ✮ ✰✷✼✸✳✶✺✮ ✮ ✳∗ ✭ ✵ ✳ ✵ ✶ ✽∗❤✉♠✭ ✐ ✮ ∗♣❴s❛t✸ ✭ ✿ ✱ ✐ ✮

✰✵✳✵✷✽✾✻∗✭♣❯✭ ✿ ✱ ✐ ✮✁❤✉♠✭ ✐ ✮ ∗♣❴s❛t✸ ✭ ✿ ✱ ✐ ✮ ✮ ✮ ❀
✹✸ ❡♥❞
✹✹ ❆✵❂♣✐ ∗❉❫✷✴✹❀❆✷❂♣✐ ∗❉✷∗❜✷ ❀❆✸❂♣✐ ∗❉✸❫✷✴✹❀ ✪ ❝ ❛ ❧ ❝ ✉ ❧ ❛ t ❡ ❛r❡❛s
✹✺
✹✻ ❢ ♦ r ❥ ❂✶✿✸ ✪ ❝ ❛ ❧ ❝ ✉ ❧ ❛ t ❡ ♠❛ss ❢ ❧♦✇ r❛ t ❡
✹✼ ❢ ♦ r ✐ ❂✶✿✶✶
✹✽ ♠❞♦t ✭ ✐ ✱ ❥ ✮❂♦r ✐ ❢ ✐ ❝ ❡❴ ❢ ❧ ♦✇❴r❛ t ❡ ✭❞❇✱❉✱ r❤♦✵ ✭ ✐ ✱ ❥ ✮ ✱♣❇✶✭ ✐ ✱ ❥ ✮ ✱♣❇✷✭ ✐ ✱ ❥ ✮ ✱ ❦❛♣♣❛ ✱

♥✉✭ ❥ ✮ ✮ ❀
✹✾ ❡♥❞
✺✵ ❡♥❞
✺✶
✺✷ ✪ ❝❛ ❧ ❝ ✉ ❧ ❛ t ❡ r❡♠❛✐♥✐♥❣ ✈❛ ❧✉❡ s ♦ ❢ ✐ ♥ t ❡ r ❡ s t
✺✸ ❢ ♦ r ✐ ❂✶✿✸
✺✹ ❱❞♦t✵ ✭ ✿ ✱ ✐ ✮❂♠❞♦t ✭ ✿ ✱ ✐ ✮ ✳ ✴ r❤♦✵ ✭ ✿ ✱ ✐ ✮ ❀
✺✺ ❱❞♦t✸ ✭ ✿ ✱ ✐ ✮❂♠❞♦t ✭ ✿ ✱ ✐ ✮ ✳ ✴ r❤♦✸ ✭ ✿ ✱ ✐ ✮ ❀
✺✻ ❝♠✵ ✭ ✿ ✱ ✐ ✮❂❱❞♦t✵ ✭ ✿ ✱ ✐ ✮ ✴❆✵ ❀
✺✼ ❝♠✷ ✭ ✿ ✱ ✐ ✮❂❱❞♦t✵ ✭ ✿ ✱ ✐ ✮ ✴❆✷ ❀
✺✽ ❝♠✸ ✭ ✿ ✱ ✐ ✮❂❱❞♦t✸ ✭ ✿ ✱ ✐ ✮ ✴❆✸ ❀
✺✾ ✉✷ ✭ ✿ ✱ ✐ ✮❂❉✷∗▼✭ ✿ ✱ ✽ ✱ ✐ ✮ ∗ ♣✐ ✴✻✵ ❀
✻✵ ♣✵t ✭ ✿ ✱ ✐ ✮❂♣✵ ✭ ✿ ✱ ✐ ✮✰r❤♦✵ ✭ ✿ ✱ ✐ ✮ ✳∗ ❝♠✵ ✭ ✿ ✱ ✐ ✮ ✳❫✷✴✷ ❀
✻✶ ♣✸t ✭ ✿ ✱ ✐ ✮❂♣❯✭ ✿ ✱ ✐ ✮✰r❤♦✸ ✭ ✿ ✱ ✐ ✮ ✳∗ ❝♠✸ ✭ ✿ ✱ ✐ ✮ ✳❫✷✴✷ ❀
✻✷ ♣s✐❴s ✭ ✿ ✱ ✐ ✮❂✭♣✸t ✭ ✿ ✱ ✐ ✮✁♣✵t ✭ ✿ ✱ ✐ ✮ ✮ ✳ ✴ ✭ ✵ ✳ ✺ ∗ r❤♦✵ ✭ ✿ ✱ ✐ ✮ ✳∗ ✉✷ ✭ ✿ ✱ ✐ ✮ ✳❫✷✮ ❀
✻✸ ❡♥❞
✻✹ ♣❤✐❂❝♠✷ ✳ ✴ ✉✷ ❀
✻✺ ♣✐❴st❛t❂♣❯✳✴ ♣✵ ❀
✻✻ ♣✐❴t♦t❂♣✸t ✳ ✴ ♣✵t ❀
✻✼ ❞❡❧t❛❴❤t❂✭♣✸t✁♣✵t ✮ ✳ ✴ r❤♦✵ ❀
✻✽ ❚✵t❂❚✵✰✶✴❝♣∗❝♠✵ ✳❫✷✴✷ ❀

▲✐st✐♥❣ ✼✳✸✿ ❋✐❧❡ ❢♦r t❤❡ ❞❛t❛ r❡❞✉❝t✐♦♥ ♦❢ t❤❡ ❝♦♠♣r❡ss♦r ♠❛♣ ♠❡❛s✉r❡♠❡♥t ✭♦r✐✜❝❡✮
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♦r✐✜❝❡❴✢♦✇❴r❛t❡✳♠

✶ ❢✉♥❝ t ✐ ♦♥ ❬ ♠❞♦t❪❂ ♦r ✐ ❢ ✐ ❝ ❡❴ ❢ ❧ ♦✇❴r❛ t ❡ ✭❞ ✱❉✱ r❤♦✶ ✱ ♣❇✶ ✱ ♣❇✷ ✱ ❦❛♣♣❛ ✱ ♥✉✮
✷ ✪ ❚❤❡ ❢✉♥❝ t ✐ ♦♥ ❬ ♠❞♦t❪❂ ♦r ✐ ❢ ✐ ❝ ❡❴ ❢ ❧ ♦✇❴r❛ t ❡ ✭❞ ✱❉✱ r❤♦✶ ✱ ♣❇✶ ✱ ♣❇✷ ✱ ❦❛♣♣❛ ✱ ♥✉✮
✸ ✪ ❝ ❛ ❧ ❝ ✉ ❧ ❛ t ❡ s t❤❡ ♠❛ss ❢ ❧♦✇ r❛ t ❡ ❛❝❝♦r❞ ✐♥❣ t♦ ❉■◆ ❊◆ ■❙❖ ✺✶✻✼
✹ ✪
✺ ✪ ■♥♣✉t ✿
✻ ✪ ❞ ✿ ✐♥♥❡r ♦ r ✐ ❢ ✐ ❝ ❡ ❞✐❛♠❡t❡r ❬♠❪
✼ ✪ ❉ ✿ ✐♥♥❡r ❞✉❝t ❞✐❛♠❡t❡r ❬♠❪
✽ ✪ ♣❇✶ ✿ ♦✈❡r ❧❛♣ ♦ ❢ ✇✐♥❞♦✇s ✭✵✳✺❂✺✵✪✮ ❬✁ ❪
✾ ✪ ♣❇✷ ✿ ❝ ✉ t ♦ ❢ ❢ ❢ r❡q✉❡♥❝② ❢ ♦ r ❧♦✇ ♣❛ss ❢ ✐ ❧ t ❡ r ❬❍③ ❪
✶✵ ✪ ❦❛♣♣❛ ✿ ✐ s ❡ ♥ t r ♦ ♣ ✐ ❝ ❡①♣♦♥❡♥t ❬✁ ❪
✶✶ ✪ ♥✉ ✿ ❦ ✐♥❡♠❛t ✐❝ ✈ ✐ s ❝ ♦ s ✐ t ② ❬♠❫✷✴ s ❪
✶✷ ✪
✶✸ ✪ ❖✉t♣✉t ✿
✶✹ ✪ ♠❞♦t ✿ ♠❛ss ❢ ❧♦✇ r❛ t ❡ ❬ ❦❣✴ s ❪
✶✺
✶✻ ❜❡t❛❂❞✴❉❀
✶✼ ❞❡ ❧ t❛♣❂♣❇✶✁♣❇✷ ❀
✶✽ ❡♣ s ✐ ❧ ♦♥✶ ❂✶✁✭✵✳✸✺✶✰✵✳✷✺✻∗ ❜❡t❛ ❫✹✰✵✳✾✸∗ ❜❡t❛ ❫✽✮∗✭✶✁✭♣❇✷✴♣❇✶✮ ❫✭✶✴❦❛♣♣❛ ✮ ✮ ❀
✶✾ ❛r❡❛❂❉❫✷∗ ♣✐ ✴✹ ❀
✷✵
✷✶ ✪ s♦ ❧ ✈ ❡ ❡q✉❛t ✐♦♥ s②st❡♠
✷✷ ♦♣t ✐♦♥s ❂ ♦♣t ✐♠s❡t ✭ ✬❚♦❧❋✉♥ ✬ ✱ ✶❡✁✽✱ ✬❚♦❧❳ ✬ ✱ ✶❡✁✽✮ ❀
✷✸ s ♦ ❧❂❢ s ♦ ❧ ✈ ❡ ✭ ❅❡q✉❛t✐♦♥s ✱ ❬ ✵ ✳ ✶ ❀ ✶ ✵ ❫ ✺ ❀ ✵ ✳ ✵ ✶ ❀ ✶ ✵ ✵ ❪ ✱ ♦♣t ✐♦♥s ✮ ❀
✷✹ ♠❞♦t❂s ♦ ❧ ✭✶ ✮ ❀
✷✺
✷✻ ✪ ❞ ❡ ❢ ✐ ♥ ✐ t ✐ ♦ ♥ ♦ ❢ ❡q✉❛t ✐♦♥ s②st❡♠
✷✼ ❢✉♥❝ t ✐ ♦♥ ❊❙ ❂ ❡q✉❛t ✐♦♥s ✭ s ♦ ❧ ✮
✷✽ ❊❙✭✶✮❂s ♦ ❧ ✭✶ ✮ ✳ ✴ ✭ r❤♦✶∗ ❛r❡❛ ✮ ∗❉✴♥✉✁s ♦ ❧ ✭✷ ✮ ❀
✷✾ ❊❙✭✷✮ ❂✵✳✺✾✻✶ ✰ ✵✳✵✷✻✶∗ ❜❡t❛❫✷✁ ✵ ✳✷✶✻∗ ❜❡t❛❫✽ ✰ ✵✳✵✵✵✺✷✶∗✭✶✵❫✻∗ ❜❡t❛ ✴ s ♦ ❧ ✭✷ ✮ ✮

❫✵✳✼✰✭✵✳✵✶✽✽✰✵✳✵✵✻✸∗ s ♦ ❧ ✭✸ ✮ ✮ ∗❜❡t❛ ❫✸✳✺∗✭✶✵❫✻✴ s ♦ ❧ ✭✷ ✮ ✮ ❫✵✳✸✁ s ♦ ❧ ✭✹ ✮ ❀✪
✰✵✳✵✹✸∗✭✶✁✵✳✶✶∗ s ♦ ❧ ✭✸ ✮ ✮ ∗❜❡t❛❫✹✴✭✶✁❜❡t❛ ❫✹✮ ❀

✸✵ ❊❙✭✸✮❂s ♦ ❧ ✭✹ ✮ ∗ ❡♣ s ✐ ❧ ♦♥✶ ∗ ♣✐ ∗❞❫✷∗✭✷∗ ❞❡ ❧ t❛♣ ∗ r❤♦✶ ✮ ❫✵✳✺✴✭✹∗✭✶✁ ❜❡t❛ ❫✹✮ ❫✵ ✳✺✮✁s ♦ ❧ ✭✶ ✮ ❀
✸✶ ❊❙✭✹✮ ❂✭✶✾✵✵✵∗ ❜❡t❛ ✴ s ♦ ❧ ✭✷ ✮ ✮ ❫✵✳✽✁ s ♦ ❧ ✭✸ ✮ ❀
✸✷ ❡♥❞
✸✸ ❡♥❞

▲✐st✐♥❣ ✼✳✹✿ ❋✐❧❡ ❢♦r t❤❡ ♠❛ss ✢♦✇ r❛t❡ ❝❛❧❝✉❧❛t✐♦♥ ✭♦r✐✜❝❡✮

❙●P❴♠❛♣❴✷✳♠

✶ ❝ ❧ ❡ ❛ r ❛ ❧ ❧ ❀ ❝ ❧ ♦ s ❡ ❛ ❧ ❧ ❀ ❝ ❧ ❝ ❀
✷ ✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪
✸ ♥②❂✶✺✸✳✷∗✶✵❫✁✼❀ ✪ ❦✐♥❡♠❛t ✐❝ ✈ ✐ s ❝ ♦ s ✐ t ✐ ② ❬♠❫✷✴ s ❪
✹ ❉❴✐❂✵✳✸✺✺❀ ✪ ✐♥♥❡r ❞✐❛♠❡t❡r ♦ ❢ ✐ ♥ ❧ ❡ t ❞✉❝t ❬♠❪
✺ ✪ ❢ ✐ ❧ ❡ ♣ ❛ t ❤ ❢ ♦ r ✸✵✵✵ ✱ ✹✵✵✵ ❛♥❞ ✺✵✵✵ r♣♠
✻ ❏❴❝t❛❴✸✵✵✵❂④ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✵✶❴❝s✈ ✳ t①t ✬
✼ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✵✷❴❝s✈ ✳ t①t ✬
✽ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✵✸❴❝s✈ ✳ t①t ✬
✾ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✵✹❴❝s✈ ✳ t①t ✬
✶✵ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✵✺❴❝s✈ ✳ t①t ✬

✺✵



✶✶ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✵✻❴❝s✈ ✳ t①t ✬
✶✷ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✵✼❴❝s✈ ✳ t①t ✬
✶✸ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✵✽❴❝s✈ ✳ t①t ✬
✶✹ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✵✾❴❝s✈ ✳ t①t ✬
✶✺ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✶✵❴❝s✈ ✳ t①t ✬
✶✻ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✶✶❴❝s✈ ✳ t①t ✬
✶✼ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✶✷❴❝s✈ ✳ t①t ✬ ⑥ ❀
✶✽ ❏❴❝t❛❴✹✵✵✵❂④ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✶✸❴❝s✈ ✳ t①t ✬
✶✾ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✶✹❴❝s✈ ✳ t①t ✬
✷✵ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✶✺❴❝s✈ ✳ t①t ✬
✷✶ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✶✻❴❝s✈ ✳ t①t ✬
✷✷ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✶✼❴❝s✈ ✳ t①t ✬
✷✸ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✶✽❴❝s✈ ✳ t①t ✬
✷✹ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✶✾❴❝s✈ ✳ t①t ✬
✷✺ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✷✵❴❝s✈ ✳ t①t ✬
✷✻ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✷✶❴❝s✈ ✳ t①t ✬
✷✼ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✷✷❴❝s✈ ✳ t①t ✬
✷✽ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✷✸❴❝s✈ ✳ t①t ✬
✷✾ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✷✹❴❝s✈ ✳ t①t ✬
✸✵ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✷✺❴❝s✈ ✳ t①t ✬ ⑥ ❀
✸✶ ❏❴❝t❛❴✺✵✵✵❂④ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✷✼❴❝s✈ ✳ t①t ✬
✸✷ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✷✽❴❝s✈ ✳ t①t ✬
✸✸ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✷✾❴❝s✈ ✳ t①t ✬
✸✹ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✸✵❴❝s✈ ✳ t①t ✬
✸✺ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✸✶❴❝s✈ ✳ t①t ✬
✸✻ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✸✷❴❝s✈ ✳ t①t ✬
✸✼ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✸✸❴❝s✈ ✳ t①t ✬
✸✽ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✸✹❴❝s✈ ✳ t①t ✬
✸✾ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✸✺❴❝s✈ ✳ t①t ✬
✹✵ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✸✻❴❝s✈ ✳ t①t ✬
✹✶ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✸✼❴❝s✈ ✳ t①t ✬
✹✷ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✸✽❴❝s✈ ✳ t①t ✬
✹✸ ✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✸✾❴❝s✈ ✳ t①t ✬ ⑥ ❀
✹✹ ❏❴❡❞❝❴✸✵✵✵❂④ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✵✶❴❡❞❝ ✳ ❞❛t ✬
✹✺ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✵✷❴❡❞❝ ✳ ❞❛t ✬
✹✻ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✵✸❴❡❞❝ ✳ ❞❛t ✬
✹✼ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✵✹❴❡❞❝ ✳ ❞❛t ✬
✹✽ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✵✺❴❡❞❝ ✳ ❞❛t ✬
✹✾ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✵✻❴❡❞❝ ✳ ❞❛t ✬
✺✵ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✵✼❴❡❞❝ ✳ ❞❛t ✬
✺✶ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✵✽❴❡❞❝ ✳ ❞❛t ✬
✺✷ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✵✾❴❡❞❝ ✳ ❞❛t ✬
✺✸ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✶✵❴❡❞❝ ✳ ❞❛t ✬
✺✹ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✶✶❴❡❞❝ ✳ ❞❛t ✬
✺✺ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✶✷❴❡❞❝ ✳ ❞❛t ✬ ⑥ ❀
✺✻ ❏❴❡❞❝❴✹✵✵✵❂④ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✶✸❴❡❞❝ ✳ ❞❛t ✬
✺✼ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✶✹❴❡❞❝ ✳ ❞❛t ✬
✺✽ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✶✺❴❡❞❝ ✳ ❞❛t ✬
✺✾ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✶✻❴❡❞❝ ✳ ❞❛t ✬
✻✵ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✶✼❴❡❞❝ ✳ ❞❛t ✬
✻✶ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✶✽❴❡❞❝ ✳ ❞❛t ✬
✻✷ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✶✾❴❡❞❝ ✳ ❞❛t ✬

✺✶



✻✸ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✷✵❴❡❞❝ ✳ ❞❛t ✬
✻✹ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✷✶❴❡❞❝ ✳ ❞❛t ✬
✻✺ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✷✷❴❡❞❝ ✳ ❞❛t ✬
✻✻ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✷✸❴❡❞❝ ✳ ❞❛t ✬
✻✼ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✷✹❴❡❞❝ ✳ ❞❛t ✬
✻✽ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✷✺❴❡❞❝ ✳ ❞❛t ✬ ⑥ ❀
✻✾ ❏❴❡❞❝❴✺✵✵✵❂④ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✷✼❴❡❞❝ ✳ ❞❛t ✬
✼✵ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✷✽❴❡❞❝ ✳ ❞❛t ✬
✼✶ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✷✾❴❡❞❝ ✳ ❞❛t ✬
✼✷ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✸✵❴❡❞❝ ✳ ❞❛t ✬
✼✸ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✸✶❴❡❞❝ ✳ ❞❛t ✬
✼✹ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✸✷❴❡❞❝ ✳ ❞❛t ✬
✼✺ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✸✸❴❡❞❝ ✳ ❞❛t ✬
✼✻ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✸✹❴❡❞❝ ✳ ❞❛t ✬
✼✼ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✸✺❴❡❞❝ ✳ ❞❛t ✬
✼✽ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✸✻❴❡❞❝ ✳ ❞❛t ✬
✼✾ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✸✼❴❡❞❝ ✳ ❞❛t ✬
✽✵ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✸✽❴❡❞❝ ✳ ❞❛t ✬
✽✶ ✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✸✾❴❡❞❝ ✳ ❞❛t ✬ ⑥ ❀
✽✷ ✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪
✽✸ ❞✶❂♠❛① ✭ ❬ ❧ ❡♥❣t❤ ✭ ❏❴❝t❛❴✸✵✵✵ ✮ ✱ ❧ ❡♥❣t❤ ✭ ❏❴❝t❛❴✹✵✵✵ ✮ ✱ ❧ ❡♥❣t❤ ✭ ❏❴❝t❛❴✺✵✵✵ ✮ ❪ ✮ ❀
✽✹ ❝❴♠❛①❂③❡ r♦ s ✭❞✶ ✱ ✸ ✮ ❀♣❴♠❂③❡ r♦ s ✭❞✶ ✱ ✸ ✮ ❀❝❴♠❂③❡ r♦ s ✭❞✶ ✱ ✸ ✮ ❀ ✪ ✐ ♥ ✐ t ✐ ❛ ❧ ✐ ③ ❡
✽✺ ❘❡❂③❡ r♦ s ✭❞✶ ✱ ✸ ✮ ❀♠❂③❡ r♦ s ✭❞✶ ✱ ✸ ✮ ❀ ✪ ✐ ♥ ✐ t ✐ ❛ ❧ ✐ ③ ❡
✽✻ ❆❂❉❴✐❫✷∗ ♣✐ ✴✹ ❀ ✪ ❝ r ♦ s s s ❡ ❝ t ✐ ♦ ♥ ❛ ❧ ❛r❡❛ ♦ ❢ ✐ ♥ ❧ ❡ t ❞✉❝t
✽✼
✽✽ ✪ ❝❛ ❧ ❝ ✉ ❧ ❛ t ❡ ♠❡❛♥ ♣ r ❡ s s✉ r ❡ s ❛♥❞ ❝ ❡♥ t r ❛ ❧ ✈ ❡ ❧ ♦ ❝ ✐ t ✐ ❡ s
✽✾ ❢ ♦ r ✐ ❂✶✿ ❧ ❡♥❣t❤ ✭ ❏❴❝t❛❴✸✵✵✵ ✮
✾✵ ❬⑦ ✱⑦ ✱❝❴♠❛①✭ ✐ ✱ ✶ ✮ ✱⑦ ✱⑦ ✱⑦ ✱⑦ ✱⑦ ✱⑦❪❂ ❝t❛ ✭ ❏❴❝t❛❴✸✵✵✵④ ✐ ⑥ ✱ ✶ ✱ ✵ ✳ ✺ ✮ ❀
✾✶ ❬⑦ ✱⑦ ✱♣❴♠✭ ✐ ✱ ✶ ✮ ✱⑦ ✱⑦ ✱⑦❪❂ ❡❞❝ ✭ ❏❴❡❞❝❴✸✵✵✵④ ✐ ⑥ ✱ ✶ ✱ ✵ ✳ ✺ ✱ ✷✵✵ ✮ ❀
✾✷ ❡♥❞
✾✸ ❢ ♦ r ✐ ❂✶✿ ❧ ❡♥❣t❤ ✭ ❏❴❝t❛❴✹✵✵✵ ✮
✾✹ ❬⑦ ✱⑦ ✱❝❴♠❛①✭ ✐ ✱ ✷ ✮ ✱⑦ ✱⑦ ✱⑦ ✱⑦ ✱⑦ ✱⑦❪❂ ❝t❛ ✭ ❏❴❝t❛❴✹✵✵✵④ ✐ ⑥ ✱ ✶ ✱ ✵ ✳ ✺ ✮ ❀
✾✺ ❬⑦ ✱⑦ ✱♣❴♠✭ ✐ ✱ ✷ ✮ ✱⑦ ✱⑦ ✱⑦❪❂ ❡❞❝ ✭ ❏❴❡❞❝❴✹✵✵✵④ ✐ ⑥ ✱ ✶ ✱ ✵ ✳ ✺ ✱ ✷✵✵ ✮ ❀
✾✻ ❡♥❞
✾✼ ❢ ♦ r ✐ ❂✶✿ ❧ ❡♥❣t❤ ✭ ❏❴❝t❛❴✺✵✵✵ ✮
✾✽ ❬⑦ ✱⑦ ✱❝❴♠❛①✭ ✐ ✱ ✸ ✮ ✱⑦ ✱⑦ ✱⑦ ✱⑦ ✱⑦ ✱⑦❪❂ ❝t❛ ✭ ❏❴❝t❛❴✺✵✵✵④ ✐ ⑥ ✱ ✶ ✱ ✵ ✳ ✺ ✮ ❀
✾✾ ❬⑦ ✱⑦ ✱♣❴♠✭ ✐ ✱ ✸ ✮ ✱⑦ ✱⑦ ✱⑦❪❂ ❡❞❝ ✭ ❏❴❡❞❝❴✺✵✵✵④ ✐ ⑥ ✱ ✶ ✱ ✵ ✳ ✺ ✱ ✷✵✵ ✮ ❀
✶✵✵ ❡♥❞
✶✵✶
✶✵✷ ✪ ❝❛ ❧ ❝ ✉ ❧ ❛ t ❡ t❤r♦✉❣❤❢ ❧♦✇ ✈ ❡ ❧ ♦ ❝ ✐ t ✐ ❡ s ❜❛s❡❞ ♦♥ ♣♦✇❡r ❧❛✇
✶✵✸ ❢ ♦ r ✐ ❂✶✿✸
✶✵✹ ❢ ♦ r ❥ ❂✶✿❞✶
✶✵✺ ❬❝❴♠✭ ❥ ✱ ✐ ✮ ✱❘❡✭ ❥ ✱ ✐ ✮ ✱♠✭ ❥ ✱ ✐ ✮ ❪❂♠❴✐♥t❡r♣ ✭❝❴♠❛①✭ ❥ ✱ ✐ ✮ ✱ ♥② ✱❉❴✐✮ ❀
✶✵✻ ❡♥❞
✶✵✼ ❡♥❞
✶✵✽
✶✵✾ ❱❂❝❴♠∗❆❀ ✪ ❝❛ ❧ ❝ ✉ ❧ ❛ t ❡ ❢ ❧♦✇ r ❛ t ❡ s

▲✐st✐♥❣ ✼✳✺✿ ❋✐❧❡ ❢♦r t❤❡ ❞❛t❛ r❡❞✉❝t✐♦♥ ♦❢ t❤❡ ❝♦♠♣r❡ss♦r ♠❛♣ ♠❡❛s✉r❡♠❡♥t
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♠❴✐♥t❡r♣✳♠

✶ ❢✉♥❝ t ✐ ♦♥ ❬❝❴♠✱❘❡ ✱♠❪❂♠❴✐♥t❡r♣ ✭❝❴♠❛① ✱ ♥② ✱▲✮
✷ ✪ ❚❤❡ ❢✉♥❝ t ✐ ♦♥ ❬❝❴♠✱❘❡ ✱♠❪❂♠❴✐♥t❡r♣ ✭❝❴♠❛①✮ ❝ ❛ ❧ ❝ ✉ ❧ ❛ t ❡ s t❤❡ t❤r♦✉❣❤❢ ❧♦✇
✸ ✪ ✈❡ ❧ ♦ ❝ ✐ t ② ✐♥ ❛ ♣✐♣❡ ❜❛s❡❞ ♦♥ t❤❡ ❝ ❡♥ t r ❛ ❧ ✈ ❡ ❧ ♦ ❝ ✐ t ② ✉s ✐♥❣ ❛ ♣♦✇❡r✁❧❛✇
✹ ✪ ❛ss✉♠♣t✐♦♥ ❢ ♦ r t❤❡ ✈ ❡ ❧ ♦ ❝ ✐ t ② ❞ ✐ s t r ✐ ❜ ✉ t ✐ ♦ ♥
✺ ✪
✻ ✪ ■♥♣✉t ✿
✼ ✪ ❝❴♠❛① ✿ ♠❡❛s✉r❡❞ ♠❡❛♥ ✈ ❡ ❧ ♦ ❝ ✐ t ② ✐♥ ❝❡♥t❡ r ♦ ❢ ♣ ✐♣❡ ❬♠✴ s ❪
✽ ✪ ♥② ✿ ❦ ✐♥❡♠❛t ✐❝ ✈ ✐ s ♦ s ✐ t ② ❬♠❫✷✴ s ❪
✾ ✪ ▲ ✿ ❝ ❤ ❛ r ❛ ❝ t ❡ r ✐ s t ✐ ❝ ❧ ❡♥❣t❤ ❬♠❪
✶✵ ✪
✶✶ ✪ ❖✉t♣✉t ✿
✶✷ ✪ ❝❴♠ ✿ t❤r♦✉❣❤❢ ❧♦✇ ✈ ❡ ❧ ♦ ❝ ✐ t ② ❬♠✴ s ❪
✶✸ ✪ ❘❡ ✿ ❘❡②♥♦❧❞s ♥✉♠❜❡r ❬✁ ❪
✶✹ ✪ ♠ ✿ ♣♦✇❡r ❧❛✇ ❝ ♦ ❡ ❢ ❢ ✐ ❝ ✐ ❡ ♥ t
✶✺
✶✻ ❞❡ ❧ t ❛ ❂✶✵❫✸❀ ✪ s t ❛ r t ✈❛ ❧✉❡
✶✼ ❤❂▲✴♥② ❀ ✪ ❝♦♥st❛♥t ♣❛rt ♦ ❢ ❘❡
✶✽ ❘❡✷❂❝❴♠❛①∗❤ ❀ ✪ s t ❛ r t ✈❛ ❧✉❡
✶✾ ♠❂✵❀ ✪ ✐ ♥ ✐ t ✐ ❛ ❧ ✐ ③ ❡ ♣♦✇❡r ❧❛✇ ❝ ♦ ❡ ❢ ❢ ✐ ❝ ✐ ❡ ♥ t
✷✵ ✇❤✐ ❧ ❡ ❞❡ ❧ t❛ ❃✶✵✵ ✪ ✐ ♥ t ❡ r ♣ ♦ ❧ ❛ t ✐ ♦ ♥ ❢ ♦ r ♠
✷✶ ❘❡✶❂❘❡✷ ❀
✷✷ ✐ ❢ ❘❡✶❁✶✵❫✺✫✫❘❡✶❃✹∗✶✵❫✸
✷✸ ♠❂✻✰✶✴✾✻✵✵✵∗✭❘❡✶✁✹∗✶✵❫✸✮ ❀
✷✹ ❡ ❧ s ❡ ✐ ❢ ❘❡✶❃✶✵❫✺✫✫❘❡✶❁✻∗✶✵❫✺
✷✺ ♠❂✼✰✶✴✺✵✵✵✵✵∗✭❘❡✶✁✶✵❫✺✮ ❀
✷✻ ❡♥❞
✷✼ ❝❴♠✶❂❝❴♠❛①∗✷∗♠❫✷✴✭✷∗♠❫✷✰✸∗♠✰✶✮ ❀
✷✽ ❘❡✷❂❝❴♠✶∗❤ ❀
✷✾ ❞❡ ❧ t ❛❂❛❜s ✭❘❡✶✁❘❡✷✮ ❀ ✪ ❝❤❡❝❦ ✐♥❣ t❡r♠✐♥❛t ✐♦♥ ❝♦♥❞ ✐ t ✐ ♦♥
✸✵ ❡♥❞
✸✶ ❝❴♠❂❝❴♠✶❀ ✪ ❢ ✐ ♥ ❛ ❧ ✈❛ ❧✉❡
✸✷ ❘❡❂❘❡✷ ❀ ✪ ❢ ✐ ♥ ❛ ❧ ✈❛ ❧✉❡
✸✸ ❡♥❞

▲✐st✐♥❣ ✼✳✻✿ ❋✐❧❡ ❢♦r t❤❡ ✐♥t❡r♣♦❧❛t✐♦♥ ♦❢ ❝♦❡✣❝✐❡♥t ❛ ❢♦r t❤❡ t❤r♦✉❣❤✢♦✇ ✈❡❧♦❝✐t②

❚✐♠❡ ❙❡r✐❡s ❆♥❛❧②s✐s

❝t❛✳♠

✶ ❢✉♥❝ t ✐ ♦♥ ❬ ❢ s ✱ t ✱✈❴♠✱ ✈❴❢❧ ✱ ❢❴❛①❴✇✐♥ ✱❱❴❢❧❴✇❴❛✈❣ ✱❚✉✱ t❴✐ ✱ ❧❴✐ ❪❂ ❝t❛ ✭ ❢♣ ✱❑✱ ♦ ❧ ✮
✷
✸ ✪ ❚❤❡ ❢✉♥❝ t ✐ ♦♥ ❬ ❢ s ✱ t ✱✈❴♠✱ ✈❴❢❧ ✱ ❢❴❛①❴✇✐♥ ✱❱❴❢❧❴✇❴❛✈❣ ✱❚✉✱ t❴✐ ✱ ❧❴✐ ❪❂ ❝t❛ ✭ ❢♣ ✱❑✱ ♦ ❧ ✮
✹ ✪ ❛♥❛ ❧②③❡ s ❛ t✐♠❡✁r ❡ s ♦ ❧ ✈ ❡❞ ✈ ❡ ❧ ♦ ❝ ✐ t ② ♠❡❛s✉r✐♥❣
✺ ✪
✻ ✪ ■♥♣✉t ✿
✼ ✪ ❢♣ ✿ ❢ ✐ ❧ ❡ ♣ ❛ t ❤
✽ ✪ ❑ ✿ ♥✉♠❜❡r ♦ ❢ ✇✐♥❞♦✇s ✐♥ ✇❤✐❝❤ t❤❡ s ✐ ❣ ♥ ❛ ❧ ✐ s ❞ ✐✈ ✐❞❡❞ ❬✁ ❪
✾ ✪ ♦ ❧ ✿ ♦✈❡r ❧❛♣ ♦ ❢ ✇✐♥❞♦✇s ✭✵✳✺❂✺✵✪✮ ❬✁ ❪
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✶✵ ✪ ❢❝❴❧♣ ✿ ❝ ✉ t ♦ ❢ ❢ ❢ r❡q✉❡♥❝② ❢ ♦ r ❧♦✇ ♣❛ss ❢ ✐ ❧ t ❡ r ❬❍③ ❪
✶✶ ✪
✶✷ ✪ ❖✉t♣✉t ✿
✶✸ ✪ ❢ s ✿ s❛♠♣❧✐♥❣ ❢ r❡q✉❡♥❝② ❬❍③ ❪
✶✹ ✪ t ✿ t✐♠❡ ❬ s ❪
✶✺ ✪ ✈❴♠ ✿ ♠❡❛♥ ✈ ❡ ❧ ♦ ❝ ✐ t ② ❬♠✴ s ❪
✶✻ ✪ ✈❴❢❧ ✿ ❢ ❧ ✉ ❝ t ✉ ❛ t ✐ ♥ ❣ ✈ ❡ ❧ ♦ ❝ ✐ t ② ❬♠✴ s ❪
✶✼ ✪ ❢❴❛①❴✇✐♥ ✿ ❢ r❡q✉❡♥❝② ❛① ✐ s ❢ ♦ r s ✐ ♥ ❣ ❧ ❡✁s ✐❞❡❞ s♣❡❝tr✉♠ ❬❍③ ❪
✶✽ ✪ ❱❴❢❧❴✇❴❛✈❣ ✿ ❞♦✉❜❧❡✁s ✐❞❡❞ s♣❡❝tr✉♠ ♦❢ ✈ ❡ ❧ ♦ ❝ ✐ t ② ✈❛ ❧✉❡ s ❬♠✴ s ❪
✶✾ ✪ ❚✉ ✿ t✉r❜✉ ❧❡♥❝❡ ✐ ♥ t ❡ ♥ s ✐ t ② ❬✁ ❪
✷✵ ✪ t❴✐ ✿ ✐ ♥ t ❡ ❣ r ❛ ❧ t✐♠❡ s ❝ ❛ ❧ ❡ ❬ s ❪
✷✶ ✪ ❧❴✐ ✿ ✐ ♥ t ❡ ❣ r ❛ ❧ ❧ ❡♥❣t❤ s ❝ ❛ ❧ ❡ ❬♠❪
✷✷
✷✸ ✪ r❡❛❞ ❞❛t❛
✷✹ ❢ ✐ ❞ ✵ ❂ ❢♦♣❡♥ ✭ ❢♣ ✱ ✬ r ✬ ✮ ❀ ❞❛t❛❂❞❧♠r❡❛❞ ✭ ❢♣ ✱ ✬ ✱ ✬ ✮ ❀ ❢ ❝ ❧ ♦ s ❡ ✭ ❢ ✐ ❞ ✵ ✮ ❀
✷✺
✷✻ ✪ ✐ ❞ ❡ ♥ t ✐ ❢ ② ❞❛t❛
✷✼ t❂❞❛t❛ ✭ ✿ ✱ ✶ ✮ ❀ ✪ t✐♠❡ ❬ s ❪
✷✽ ✈❂❞❛t❛ ✭ ✿ ✱ ✷ ✮ ❀ ✪ ✈ ❡ ❧ ♦ ❝ ✐ t ② ❬♠✴ s ❪
✷✾
✸✵ ◆❂❧❡♥❣t❤ ✭ t ✮ ❀ ✪ ♥✉♠❜❡r ♦ ❢ ♠❡❛s✉r❡❞ ✈❛ ❧✉❡s
✸✶ ❢ s❂◆✴ ❝ ❡ ✐ ❧ ✭♠❛①✭ t ✮ ✮ ❀ ✪ s❛♠♣❧✐♥❣ ❢ r❡q✉❡♥❝②
✸✷
✸✸ ✈❴♠❂♠❡❛♥✭✈ ✮ ❀ ✪ ♠❡❛♥ ✈ ❡ ❧ ♦ ❝ ✐ t ② ❬♠✴ s ❪
✸✹ ✈❴❢❧❂✈✁✈❴♠❀ ✪ ❢ ❧ ✉ ❝ t ✉ ❛ t ✐ ♥ ❣ ✈ ❡ ❧ ♦ ❝ ✐ t ② ✈❡❝ t♦ r ❬♠✴ s ❪
✸✺
✸✻ ◆❴✇❂❢ ❧ ♦ ♦ r ✭◆✴✭✵ ✳ ✺∗❑✰✵✳✺✮ ✮ ❀ ✪ ♥✉♠❜❡r ♦ ❢ ✈❛ ❧✉❡ s ♣❡r ✇✐♥❞♦✇
✸✼ ✈❴❢❧❴✇❂③❡ r♦ s ✭◆❴✇✱❑✮ ❀ ✪ ✐ ♥ ✐ t ✐ ❛ ❧ ✐ ③ ❡ ✈❡❝ t♦ r ❝♦♥t❛ ✐♥ ✐♥❣ ✇✐♥❞♦✇s
✸✽ ✈❴❢❧❴✇ ✭ ✿ ✱ ✶ ✮❂✈❴❢❧ ✭ ✶ ✿◆❴✇✮ ❀ ✪ ❢ ✐ r s t ✇✐♥❞♦✇
✸✾ ✈❴❢❧❴✇ ✭ ✿ ✱ ❡♥❞ ✮❂✈❴❢❧ ✭ ❡♥❞✁◆❴✇✰✶✿❡♥❞ ✮ ❀ ✪ ❧ ❛ s t ✇✐♥❞♦✇
✹✵ ❥❂♦ ❧ ∗◆❴✇❀
✹✶ ❢ ♦ r ✐ ❂✶✿✭❑✁✷✮
✹✷ ✈❴❢❧❴✇ ✭ ✿ ✱ ✐ ✮❂✈❴❢❧ ✭ ❥ ✿ ✭ ❥✰◆❴✇✁✶✮ ✮ ❀ ✪ r❡♠❛✐♥✐♥❣ ✇✐♥❞♦✇s
✹✸ ❥❂❥✰❝ ❡ ✐ ❧ ✭◆❴✇✴✷✮ ❀
✹✹ ❡♥❞ ❀
✹✺
✹✻ ❢✉♥❝❴✇ ❂ r❡♣♠❛t ✭❤❛♠♠✐♥❣✭◆❴✇✮ ✱✶ ✱❑✮ ❀ ✪ ❞❡ ❢ ✐ ♥ ❡ ✇✐♥❞♦✇ ❢✉♥❝ t ✐ ♦♥
✹✼ ✈❴❢ ❧❴❢ ❢ t ❂ ✈❴❢❧❴✇ ✳∗ ❢✉♥❝❴✇ ❀ ✪ ❛♣♣❧② ✇✐♥❞♦✇ ❢✉♥❝ t ✐ ♦♥ ♦♥ ❡❛❝❤ ✇✐♥❞♦✇
✹✽ ◆❋❋❚❴✇ ❂ ✷❫♥❡①t♣♦✇✷ ✭◆❴✇✮ ❀ ✪ ♥✉♠❜❡r ♦ ❢ ♣♦ ✐♥ t s ❢ ♦ r ❢ ❢ t ❜❡❧♦✇
✹✾ ❱❴❢❧❴✇ ❂ ❢ ❢ t ✭ ✈❴❢ ❧❴❢ ❢t ✱◆❋❋❚❴✇✮ ✳ ✴◆❋❋❚❴✇❀ ✪ ❢ ❛ s t ❢ ♦ ✉ r ✐ ❡ r tr❛♥s❢♦♠
✺✵ ❱❴❢❧❴✇❴❛✈❣❂s✉♠✭ ❛❜s ✭❱❴❢❧❴✇✮ ✱✷ ✮ ✴❑❀ ✪ ❛✈❡r❛❣❡ ❛♠♦♥❣ ✇✐♥❞♦✇s
✺✶
✺✷ ❢❴❛①❴✇✐♥ ❂✵✿ ❢ s ✴◆❋❋❚❴✇✿ ❢ s ✴✷ ❀ ✪ ❝♦rr❡s♣♦♥❞ ✐♥❣ ❢ r❡q✉❡♥❝② ✈❛ ❧✉❡s ❬❍③ ❪
✺✸
✺✹ ✪ ❛✉ t ♦ ❝ ♦ r r ❡ ❧ ❛ t ✐ ♦ ♥
✺✺ ❛❝ ❢❂❛✉t♦❝♦r r ✭ ✈❴❢❧ ✱ ◆✁✶✱ ❬ ❪ ✱ ❬ ❪ ✮ ❀
✺✻ ❢ ♦ r ✐ ❂✶✿◆
✺✼ ✐ ❢ ❛ ❝ ❢ ✭ ✐ ✮❃✵
✺✽ ❝♦♥t ✐♥✉❡
✺✾ ❡ ❧ s ❡
✻✵ ♥❂✐ ❀
✻✶ ❜r❡❛❦

✺✹



✻✷ ❡♥❞
✻✸ ❡♥❞
✻✹ t❴✐❂✶✴ ❢ s ∗s✉♠✭ ❛❝ ❢ ✭ ✶ ✿ ♥ ✮ ✮ ❀ ✪ ✐ ♥ t ❡ ❣ r ❛ ❧ t✐♠❡ s ❝ ❛ ❧ ❡ ❬ s ❪
✻✺ ❧❴✐❂t❴✐∗✈❴♠❀ ✪ ✐ ♥ t ❡ ❣ r ❛ ❧ ❡ ❧ ❡♥❣t❤ s ❝ ❛ ❧ ❡ ❬♠❪
✻✻ ❚✉❂✭s✉♠✭ ✈❴❢❧ ✳❫✷✮ ✴◆✮ ❫✵✳✺✴✈❴♠❀ ✪ t✉r❜✉ ❧❡♥❝❡ ✐ ♥ t ❡ ♥ s ✐ t ② ❬✁ ❪
✻✼ ❡♥❞

▲✐st✐♥❣ ✼✳✼✿ ❋✐❧❡ ❢♦r t❤❡ ❞❛t❛ r❡❞✉❝t✐♦♥ ♦❢ ❛ ✈❡❧♦❝✐t② ♠❡❛s✉r❡♠❡♥t

❡❞❝✳♠

✶ ❢✉♥❝ t ✐ ♦♥ ❬ ❢ s ✱ t ✱♣❴♠✱ ♣❴❢ ❧❴❢ ✐❴❢ ✐ ✱ ❢❴❛①❴✇✐♥ ✱ P❴❢❧❴✇❴❛✈❣❪❂❡❞❝ ✭ ❢♣ ✱❑✱ ♦❧ ✱ ❢❝❴❧♣ ✮
✷
✸ ✪ ❚❤❡ ❢✉♥❝ t ✐ ♦♥ ❬ ❢ s ✱ t ✱♣❴♠✱ ♣❴❢ ❧❴❢ ✐❴❢ ✐ ✱ ❢❴❛①❴✇✐♥ ✱ P❴❢❧❴✇❴❛✈❣❪❂❡❞❝ ✭ ❢♣ ✱❑✱ ♦❧ ✱ ❢❝❴❧♣ ✮
✹ ✪ ❛♥❛ ❧②③❡ s ❛ t✐♠❡✁r ❡ s ♦ ❧ ✈ ❡❞ ♣r ❡ s s✉ r ❡ ♠❡❛s✉r✐♥❣
✺ ✪
✻ ✪ ■♥♣✉t ✿
✼ ✪ ❢♣ ✿ ❢ ✐ ❧ ❡ ♣ ❛ t ❤
✽ ✪ ❑ ✿ ♥✉♠❜❡r ♦ ❢ ✇✐♥❞♦✇s ✐♥ ✇❤✐❝❤ t❤❡ s ✐ ❣ ♥ ❛ ❧ ✐ s ❞ ✐✈ ✐❞❡❞ ❬✁ ❪
✾ ✪ ♦ ❧ ✿ ♦✈❡r ❧❛♣ ♦ ❢ ✇✐♥❞♦✇s ✭✵✳✺❂✺✵✪✮ ❬✁ ❪
✶✵ ✪ ❢❝❴❧♣ ✿ ❝ ✉ t ♦ ❢ ❢ ❢ r❡q✉❡♥❝② ❢ ♦ r ❧♦✇ ♣❛ss ❢ ✐ ❧ t ❡ r ❬❍③ ❪
✶✶ ✪
✶✷ ✪ ❖✉t♣✉t ✿
✶✸ ✪ ❢ s ✿ s❛♠♣❧✐♥❣ ❢ r❡q✉❡♥❝② ❬❍③ ❪
✶✹ ✪ t ✿ t✐♠❡ ❬ s ❪
✶✺ ✪ ♣❴♠ ✿ ♠❡❛♥ ♣r❡ s s✉ r ❡ ❬ ❤P❛ ❪
✶✻ ✪ ♣❴❢ ❧❴❢ ✐❴❢ ✐ ✿ ❢ ❧ ✉ ❝ t ✉ ❛ t ✐ ♥ ❣ ♣ r ❡ s s ✳ ✱ st♦♣❜❛♥❞ ✰ ❧♦✇♣❛ss ❢ ✐ ❧ t ❡ r ❡ ❞ ❬ ❤P❛ ❪
✶✼ ✪ ❢❴❛①❴✇✐♥ ✿ ❢ r❡q✉❡♥❝② ❛① ✐ s ❢ ♦ r s ✐ ♥ ❣ ❧ ❡✁s ✐❞❡❞ s♣❡❝tr✉♠ ❬❍③ ❪
✶✽ ✪ P❴❢❧❴✇❴❛✈❣ ✿ ❞♦✉❜❧❡✁s ✐❞❡❞ s♣❡❝tr✉♠ ♦❢ ♣ r ❡ s s✉ r ❡ ✈❛ ❧✉❡ s ❬ ❤P❛ ❪
✶✾
✷✵ ✪ r❡❛❞ ❞❛t❛
✷✶ ❢ ✐ ❞ ✵ ❂ ❢♦♣❡♥ ✭ ❢♣ ✱ ✬ r ✬ ✮ ❀ ❢ ✐ ❞ ✶ ❂ ❢♦♣❡♥ ✭ ✬ ❤❡ ❧♣❞❛t ✳ t♠♣ ✬ ✱ ✬✇ ✬ ✮ ❀
✷✷ ❢✇ r ✐ t ❡ ✭ ❢ ✐❞✶ ✱ s t r r ❡ ♣ ✭ ❝❤❛r ✭ ❢ r ❡❛❞ ✭ ❢ ✐ ❞ ✵ ✮ ✮ ✬ ✱ ✬ ✱ ✬ ✱ ✬ ✳ ✬ ✮ ✮ ❀ ❢ ❝ ❧ ♦ s ❡ ✭ ❢ ✐ ❞ ✵ ✮ ❀
✷✸ ❢ ❝ ❧ ♦ s ❡ ✭ ❢ ✐ ❞ ✶ ✮ ❀ ❉❛t❛ ❂ ❞❧♠r❡❛❞ ✭ ✬ ❤❡ ❧♣❞❛t ✳ t♠♣ ✬ ✮ ❀ ❞ ❡ ❧ ❡ t ❡ ✬ ❤❡ ❧♣❞❛t ✳ t♠♣ ✬ ❀
✷✹ t❂❉❛t❛ ✭ ✿ ✱ ✶ ✮ ❀ ♣❂❉❛t❛ ✭ ✿ ✱ ✷ ✮ ❀
✷✺
✷✻ ◆❂❧❡♥❣t❤ ✭ t ✮ ❀ ✪ ♥✉♠❜❡r ♦ ❢ ♠❡❛s✉r❡❞ ✈❛ ❧✉❡s
✷✼ ❢ s❂◆✴ ❝ ❡ ✐ ❧ ✭♠❛①✭ t ✮ ✮ ❀ ✪ s❛♠♣❧✐♥❣ ❢ r❡q✉❡♥❝②
✷✽
✷✾ ♣❴♠❂♠❡❛♥✭♣✮ ❀ ✪ ♠❡❛♥ ♣r❡ s s✉ r ❡ ❬ ❤P❛ ❪
✸✵ ♣❴❢❧❂♣✁♣❴♠❀ ✪ ❢ ❧ ✉ ❝ t ✉ ❛ t ✐ ♥ ❣ ♣ r ❡ s s✉ r ❡ ✈❡❝ t♦ r ❬ ❤P❛ ❪
✸✶
✸✷ ✪ ❢ ✐ ❧ t ❡ r ♣ ❛ r ❛ s ✐ t ✐ ❝ ❢ r❡q✉❡♥❝② ❛t ✺✵❍③
✸✸ ✇♦ ❂ ✺✵✴✭ ❢ s ✴✷✮ ❀ ✪ ♥♦r♠❛❧ ✐③❡❞ ❢ r❡q✉❡♥❝② ❝♦rr❡ s♣♦♥❞ ✐♥❣ t♦ ✺✵❍③
✸✹ q❂✷✺❀ ✪ q✉❛ ❧ ✐ t ② ❢ ❛ ❝ t ♦ r
✸✺ ❜✇ ❂ ✇♦✴q ❀ ✪ ❜❛♥❞✇✐❞t❤ ❛t ✁✸❞❇
✸✻ ❬ ❜ ✱ ❛ ❪ ❂ ✐ ✐ r ♥ ♦ t ❝ ❤ ✭✇♦ ✱❜✇✮ ❀ ✪ ❝ r ❡❛ t ❡ ❛ ✷♥❞ ♦r❞❡r ✐ ✐ r ♥♦t❝❤ ❢ ✐ ❧ t ❡ r
✸✼ ♣❴❢ ❧❴❢ ✐❂❢ ✐ ❧ t ❡ r ✭❜ ✱ ❛ ✱ ♣❴❢❧ ✮ ❀ ✪ ❢ ✐ ❧ t ❡ r ❡ ❞ ❢ ❧ ✉ ❝ t ✉ ❛ t ✐ ♥ ❣ ♣ r ❡ s s✉ r ❡ ✈❡❝ t♦ r ❬ ❤P❛ ❪
✸✽
✸✾ ◆❴✇❂❢ ❧ ♦ ♦ r ✭◆✴✭✵ ✳ ✺∗❑✰✵✳✺✮ ✮ ❀ ✪ ♥✉♠❜❡r ♦ ❢ ✈❛ ❧✉❡ s ♣❡r ✇✐♥❞♦✇
✹✵ ♣❴❢❧❴✇❂③❡ r♦ s ✭◆❴✇✱❑✮ ❀ ✪ ✐ ♥ ✐ t ✐ ❛ ❧ ✐ ③ ❡ ✈❡❝ t♦ r ❝♦♥t❛ ✐♥ ✐♥❣ ✇✐♥❞♦✇s
✹✶ ♣❴❢❧❴✇ ✭ ✿ ✱ ✶ ✮❂♣❴❢❧❴❢ ✐ ✭ ✶ ✿◆❴✇✮ ❀ ✪ ❢ ✐ r s t ✇✐♥❞♦✇

✺✺



✹✷ ♣❴❢❧❴✇ ✭ ✿ ✱ ❡♥❞ ✮❂♣❴❢ ❧❴❢ ✐ ✭ ❡♥❞✁◆❴✇✰✶✿❡♥❞ ✮ ❀ ✪ ❧ ❛ s t ✇✐♥❞♦✇
✹✸ ❥❂♦ ❧ ∗◆❴✇❀
✹✹ ❢ ♦ r ✐ ❂✶✿✭❑✁✷✮
✹✺ ♣❴❢❧❴✇ ✭ ✿ ✱ ✐ ✮❂♣❴❢ ❧❴❢ ✐ ✭ ❥ ✿ ✭ ❥✰◆❴✇✁✶✮ ✮ ❀ ✪ r❡♠❛✐♥✐♥❣ ✇✐♥❞♦✇s
✹✻ ❥❂❥✰❝ ❡ ✐ ❧ ✭◆❴✇✴✷✮ ❀
✹✼ ❡♥❞ ❀
✹✽
✹✾ ❢✉♥❝❴✇ ❂ r❡♣♠❛t ✭❤❛♠♠✐♥❣✭◆❴✇✮ ✱✶ ✱❑✮ ❀ ✪ ❞❡ ❢ ✐ ♥ ❡ ✇✐♥❞♦✇ ❢✉♥❝ t ✐ ♦♥
✺✵ ♣❴❢ ❧❴❢ ❢ t ❂ ♣❴❢❧❴✇ ✳∗ ❢✉♥❝❴✇ ❀ ✪ ❛♣♣❧② ✇✐♥❞♦✇ ❢✉♥❝ t ✐ ♦♥ ♦♥ ❡❛❝❤ ✇✐♥❞♦✇
✺✶ ◆❋❋❚❴✇ ❂ ✷❫♥❡①t♣♦✇✷ ✭◆❴✇✮ ❀ ✪ ♥✉♠❜❡r ♦ ❢ ♣♦ ✐♥ t s ❢ ♦ r ❢ ❢ t ❜❡❧♦✇
✺✷ P❴❢❧❴✇ ❂ ❢ ❢ t ✭ ♣❴❢❧❴❢❢t ✱◆❋❋❚❴✇✮ ✳ ✴◆❋❋❚❴✇❀ ✪ ❢ ❛ s t ❢ ♦ ✉ r ✐ ❡ r tr❛♥s ❢♦r♠
✺✸ P❴❢❧❴✇❴❛✈❣❂s✉♠✭ ❛❜s ✭P❴❢❧❴✇✮ ✱✷ ✮ ✴❑❀ ✪ ❛✈❡r❛❣❡ ❛♠♦♥❣ ✇✐♥❞♦✇s
✺✹
✺✺ ❢❴❛①❴✇✐♥ ❂✵✿ ❢ s ✴◆❋❋❚❴✇✿ ❢ s ✴✷ ❀ ✪ ❝♦rr❡s♣♦♥❞ ✐♥❣ ❢ r❡q✉❡♥❝② ✈❛ ❧✉❡s ❬❍③ ❪
✺✻
✺✼ ✪ ❢ ✐ ❧ t ❡ r ❤✐❣❤ ❢ r ❡ q✉ ❡♥ ❝ ✐ ❡ s
✺✽ ❬ ❜ ✱ ❛❪❂ ❜✉tt❡ r ✭✶ ✱ ❢❝❴❧♣ ∗✷✴ ❢ s ✱ ✬ ❧♦✇ ✬ ✮ ❀ ✪ ✶ s t ♦r❞❡r ❇✉tt❡r✇♦rt❤ ❢ ✐ ❧ t ❡ r
✺✾ ♣❴❢ ❧❴❢ ✐❴❢ ✐ ❂ ❢ ✐ ❧ t ❡ r ✭❜ ✱ ❛ ✱ ♣❴❢ ❧❴❢ ✐ ✮ ❀ ✪ ❧♦✇ ♣❛ss ❢ ✐ ❧ t ❡ r ❡ ❞ ♣ r ❡ s s✉ r ❡ s ✐ ❣ ♥ ❛ ❧
✻✵ ❡♥❞

▲✐st✐♥❣ ✼✳✽✿ ❋✐❧❡ ❢♦r t❤❡ ❞❛t❛ r❡❞✉❝t✐♦♥ ♦❢ ❛ ♣r❡ss✉r❡ ♠❡❛s✉r❡♠❡♥t

❙●P❴❝♦♠❜✳♠

✶ ❝ ❧ ❡ ❛ r ❛ ❧ ❧ ❀ ❝ ❧ ♦ s ❡ ❛ ❧ ❧ ❀ ❝ ❧ ❝ ❀
✷ ✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪
✸ ❑❂✹❀ ✪ ♥✉♠❜❡r ♦ ❢ ✇✐♥❞♦✇s ✐♥ ✇❤✐❝❤ t❤❡ s ✐ ❣ ♥ ❛ ❧ s ❛r❡ ❞ ✐✈ ✐❞❡❞
✹ ♦ ❧ ❂✵✳✺ ❀ ✪ ♦✈❡r ❧❛♣♣ ✐♥❣ ♦ ❢ ✇✐♥❞♦✇s ✭✵✳✺❂✺✵✪✮
✺ r❤♦ ❂✶✳✷✺❀ ✪ ❞❡♥s ✐ t② ❬ ❦❣✴♠❫✸❪
✻ ✉✷❂✶✵✹❀ ✪ r♦ t♦ r t ✐ ♣ s♣❡❡❞ ❬♠✴ s ❪
✼ ❢❝❴❧♣❂✶✺❀ ✪ ❝✉ t ♦ ❢ ❢ ❢ r❡q✉❡♥❝② ❢ ♦ r ❧♦✇♣❛ss ❢ ✐ ❧ t ❡ r ✐ ♥ ❣ ♦ ❢ ♣ r ❡ s s✉ r ❡ s ✐ ❣ ♥ ❛ ❧ ❬ ❍③ ❪
✽ ♠❛①❴♣❡r❂✶✵❀ ✪ ♠❛①✐♠✉♠ ❡①♣❡❝t❡❞ ♣❡r ✐♦❞ ♦ ❢ ♣ r ❡ s s✉ r ❡ ♦ s ❝ ✐ ❧ ❧ ❛ t ✐ ♦ ♥
✾ ❢ ✐ ❧ ❡♣❛ t❤❴❝t❛❂✬▼❡ss❞❛t❡♥✴ ❝t❛ ✴✶✷✵✹✶✻✸✾❴❝s✈ ✳ t①t ✬ ❀ ✪ ♣❛t❤ t♦ ✈ ❡ ❧ ♦ ❝ ✐ t ② ❢ ✐ ❧ ❡
✶✵ ❢ ✐ ❧ ❡♣❛t❤❴❡❞❝❂✬▼❡ss❞❛t❡♥✴❡❞❝ ✴✶✷✵✹✶✻✸✾❴❡❞❝ ✳ ❞❛t ✬ ❀ ✪ ♣❛t❤ t♦ ♣ r ❡ s s✉ r ❡ ❢ ✐ ❧ ❡
✶✶ ✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪
✶✷
✶✸ ❬ ❢ s ✱ t ✱✈❴♠✱ ✈❴❢❧ ✱ ❢❴❛①❴✇✐♥ ✱❱❴❢❧❴✇❴❛✈❣ ✱❚✉✱⑦ ✱⑦❪❂ ❝t❛ ✭ ❢ ✐ ❧ ❡♣❛t❤❴❝t❛ ✱❑✱ ♦ ❧ ✮ ❀
✶✹ ❬⑦ ✱⑦ ✱♣❴♠✱ ♣❴❢❧❴❢ ✐❴❢ ✐ ✱⑦ ✱P❴❢❧❴✇❴❛✈❣❪❂❡❞❝ ✭ ❢ ✐ ❧ ❡♣❛t❤❴❡❞❝ ✱❑✱ ♦❧ ✱ ❢❝❴❧♣ ✮ ❀
✶✺
✶✻ ✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪✪
✶✼ ✪ ❛♥❛ ❧ ② s ✐ s ♦ ❢ ❞❛t❛ ❝ ♦ r r ❡ ❧ ❛ t ✐ ♦ ♥
✶✽
✶✾ ❬ ❜ ✱ ❛❪❂ ❜✉tt❡ r ✭✶ ✱ ❢❝❴❧♣ ∗✷✴ ❢ s ✱ ✬ ❧♦✇ ✬ ✮ ❀ ✪ ✶ s t ♦r❞❡r ❇✉tt❡r✇♦rt❤ ❢ ✐ ❧ t ❡ r
✷✵ ✈❴❢ ❧❴❢ ✐ ❂ ❢ ✐ ❧ t ❡ r ✭❜ ✱ ❛ ✱ ✈❴❢❧ ✮ ❀✪ ❢ ✐ ❧ t ❡ r ❡ ❞ ✈ ❡ ❧ ♦ ❝ ✐ t ② s ✐ ❣ ♥ ❛ ❧
✷✶
✷✷ ✪ ❝ r ♦ s s ❝ ♦ r r ❡ ❧ ❛ t ✐ ♦ ♥
✷✸ ❬ r ✱ ❧ ❛❣ ❪ ❂ ①❝♦rr ✭ ✈❴❢❧❴❢✐ ✱ ♣❴❢ ❧❴❢ ✐❴❢ ✐ ✱ ♠❛①❴♣❡r∗ ❢ s ✱ ✬ ❝ ♦ ❡ ❢ ❢ ✬ ✮ ❀
✷✹ ❬⑦ ✱ ■ ❪ ❂ ♠❛①✭ ❛❜s ✭ r ✮ ✮ ❀
✷✺ ❧ ❛ ❣❉ ✐ ❢ ❢ ❂ ❧❛❣ ✭ ■ ✮ ❀
✷✻ t ✐♠❡❉✐ ❢ ❢ ❂ ❧ ❛ ❣❉ ✐ ❢ ❢ ✴ ❢ s ❀

▲✐st✐♥❣ ✼✳✾✿ ❋✐❧❡ ❢♦r t❤❡ ❝♦rr❡❧❛t✐♦♥ ❛♥❛❧②s✐s ♦❢ ❛ ✈❡❧♦❝✐t② ❛♥❞ ❛ ♣r❡ss✉r❡ ♠❡❛s✉r❡♠❡♥t
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❬✹❪ ❈✉♠♣st②✱ ◆✳❆✳ ✱ ❈♦♠♣r❡ss♦r ❆❡r♦❞②♥❛♠✐❝s✱ ▲♦♥❣♠❛♥ ❙❝✐❡♥t✐✜❝ ✫ ❚❡❝❤♥✐❝❛❧ ✱ ✶✾✽✾✳

❬✺❪ ❉❛②✱ ■✳ ❏✳ ✱ ❙t❛❧❧✱ ❙✉r❣❡✱ ❛♥❞ ✼✺ ❨❡❛rs ♦❢ ❘❡s❡❛r❝❤✱ ❚r❛♥s❛❝t✐♦♥s ♦❢ t❤❡ ❆❙▼❊ ✕ ❏♦✉r♥❛❧ ♦❢
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●ött✐♥❣❡♥ ❍❡✐❞❡❧❜❡r❣ ✶✾✻✶✳

❬✼❪ ❊❧❞❡r✱ ❘✳ ▲✳ ✱ ●✐❧❧✱ ▼✳❊✳ ✱ ❆ ❉✐s❝✉ss✐♦♥ ♦❢ t❤❡ ❋❛❝t♦rs ❆✛❡❝t✐♥❣ ❙✉r❣❡ ✐♥ ❈❡♥tr✐❢✉❣❛❧ ❈♦♠✲

♣r❡ss♦rs✱ ❚r❛♥s❛❝t✐♦♥s ♦❢ t❤❡ ❆❙▼❊ ✕ ❏♦✉r♥❛❧ ♦❢ ❊♥❣✐♥❡❡r✐♥❣ ❢♦r ●❛s ❚✉r❜✐♥❡s ❛♥❞ P♦✇❡r✱
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❬✽❪ ❍❛♥s❡♥✱ ❑✳ ❊✳ ✱ ❏ør❣❡♥s❡♥✱ P✳ ✱ ▲❛rs❡♥✱ P✳ ❙✳ ✱ ❊①♣❡r✐♠❡♥t❛❧ ❛♥❞ ❚❤❡♦r❡t✐❝❛❧ ❙t✉❞② ♦❢ ❙✉r❣❡ ✐♥
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