
■♥st❛❧❧❛t✐♦♥ ❆❡r♦❞②♥❛♠✐❝s ♦❢ ❈✐✈✐❧ ❆❡r♦✲❊♥❣✐♥❡

❊①❤❛✉st ❙②st❡♠s

❏♦❤♥ ❏✳ ❖tt❡r ❛✱∗✱ ❚♦♠❛s③ ❙t❛➠❦♦✇s❦✐❛✱ ▼❛tt❤❡✇ ❘♦❜✐♥s♦♥❛✱ ❉❛✈✐❞ ●
▼❛❝▼❛♥✉s❛

❛Pr♦♣✉❧s✐♦♥ ❊♥❣✐♥❡❡r✐♥❣ ❈❡♥tr❡✱ ❙❝❤♦♦❧ ♦❢ ❆❡r♦s♣❛❝❡✱ ❚r❛♥s♣♦rt ❛♥❞ ▼❛♥✉❢❛❝t✉r✐♥❣✱
❈r❛♥✜❡❧❞ ❯♥✐✈❡rs✐t②✱ ❇❡❞❢♦r❞s❤✐r❡✱ ▼❑✹✸ ✵❆▲

❆❜str❛❝t

❲✐t❤♦✉t ❝❛r❡❢✉❧ ❝♦♥s✐❞❡r❛t✐♦♥ ♦❢ ❛❡r♦❞②♥❛♠✐❝ ✐♥st❛❧❧❛t✐♦♥ ❡✛❡❝ts ♦♥ ❡①✲

❤❛✉st s②st❡♠ ♣❡r❢♦r♠❛♥❝❡ t❤❡ ♣r♦❥❡❝t❡❞ ❜❡♥❡✜ts ♦❢ ❤✐❣❤ ❜②♣❛ss r❛t✐♦ ❡♥❣✐♥❡s

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

s✐♦♥ s②st❡♠ ✐♥t❡❣r❛t✐♦♥ ✐♥ ♦r❞❡r t♦ q✉❛♥t✐❢② t❤❡ ❡✛❡❝t t❤❛t ❛✐r❝r❛❢t ✐♥st❛❧❧❛t✐♦♥

❤❛s ♦♥ t❤❡ ❛❡r♦❞②♥❛♠✐❝ ♣❡r❢♦r♠❛♥❝❡ ♦❢ s❡♣❛r❛t❡✲❥❡t ❛❡r♦✲❡♥❣✐♥❡ ❡①❤❛✉st s②s✲

t❡♠s✳ ❲✐t❤✐♥ t❤✐s st✉❞② t❤❡ s❡♥s✐t✐✈✐t② ♦❢ ❡①❤❛✉st ♥♦③③❧❡ ♣❡r❢♦r♠❛♥❝❡ ♠❡tr✐❝s

t♦ ❛✐r❝r❛❢t ✐♥❝✐❞❡♥❝❡ ❛♥❞ ✉♥❞❡r ✇✐♥❣ ♣♦s✐t✐♦♥ ✇❡r❡ ✐♥✈❡st✐❣❛t❡❞ ❢♦r t✇♦ ❡♥✲

❣✐♥❡s ♦❢ ❞✐✛❡r❡♥t s♣❡❝✐✜❝ t❤r✉st✳ ❯♣♦♥ ✐♥st❛❧❧❛t✐♦♥✱ t❤r✉st ❣❡♥❡r❛t✐♦♥ ✇❛s

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

♦♥ t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ❡♥❣✐♥❡ r❡❧❛t✐✈❡ t♦ t❤❡ ✇✐♥❣ ❧❡❛❞✐♥❣ ❡❞❣❡✳ ❚❤❡ ❞♦♠✐✲

♥❛♥t ✐♥st❛❧❧❛t✐♦♥ ❡✛❡❝t ✇❛s ♦❜s❡r✈❡❞ ♦♥ t❤❡ ❡①❤❛✉st ❛❢t❡r❜♦❞✐❡s ❛♥❞✱ ♦✈❡r t❤❡

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

✐✜❡❞ ✈❡❧♦❝✐t② ❝♦❡✣❝✐❡♥t ✇❛s s❤♦✇♥ t♦ ✈❛r② ✉♣ t♦ ✶ ✪ r❡❧❛t✐✈❡ t♦ ❛♥ ✐s♦❧❛t❡❞

❡♥❣✐♥❡✳ ❋✉rt❤❡r♠♦r❡✱ ❞✉❡ t♦ ✈❛r✐❛t✐♦♥s ✐♥ t❤❡ ❝♦r❡ ♥♦③③❧❡ ♠❛ss ✢♦✇ r❛t❡ ❜②

∗❈♦rr❡s♣♦♥❞✐♥❣ ❛✉t❤♦r✳
❊✲♠❛✐❧ ❛❞❞r❡ss✿ ❥❥♦tt❡r✷✻❅❣♠❛✐❧✳❝♦♠

Pr❡♣r✐♥t s✉❜♠✐tt❡❞ t♦ ❆❡r♦s♣❛❝❡ ❙❝✐❡♥❝❡ ❛♥❞ ❚❡❝❤♥♦❧♦❣② ✭❆❊❙❈❚❊✮ ❋❡❜r✉❛r② ✶✹✱ ✷✵✶✾

e805814
Text Box
Aerospace Science and Technology, Volume 89, June 2019,  pp. 345-355
DOI:10.1016/j.ast.2019.03.046



e805814
Text Box

e805814
Text Box
Published by Elsevier. This is the Author Accepted Manuscript issued with: Creative Commons Attribution Non-Commercial No Derivatives License (CC:BY:NC:ND 4.0).  
The final published version (version of record) is available online at DOI; 10.1016/j.ast.2019.03.046:. Please refer to any applicable publisher terms of use.



e805814
Text Box



✉♣ t♦ ✶✵✪ r❡❧❛t✐✈❡ t♦ ❛♥ ✐s♦❧❛t❡❞ ❡♥❣✐♥❡✱ ✐t ✐s ❝♦♥❝❧✉❞❡❞ t❤❛t ❛❡r♦❞②♥❛♠✐❝

✐♥st❛❧❧❛t✐♦♥ ❡✛❡❝ts ♥❡❡❞ t♦ ❜❡ t❛❦❡♥ ✐♥t♦ ❝♦♥s✐❞❡r❛t✐♦♥ ✇❤❡♥ s✐③✐♥❣ t❤❡ ❝♦r❡

♥♦③③❧❡ ✐♥ ♦r❞❡r t♦ ❡♥s✉r❡ ❡♥❣✐♥❡ ♦♣❡r❛❜✐❧✐t②✳

❑❡②✇♦r❞s✿ ❊♥❣✐♥❡✲❛✐r❢r❛♠❡ ✐♥t❡❣r❛t✐♦♥✱ ❊①❤❛✉st ♥♦③③❧❡✱ ❆❡r♦✲❡♥❣✐♥❡✱

❉✐s❝❤❛r❣❡ ❝♦❡✣❝✐❡♥t✱ ❱❡❧♦❝✐t② ❝♦❡✣❝✐❡♥t❀❈♦♠♣✉t❛t✐♦♥❛❧ ✢✉✐❞ ❞②♥❛♠✐❝s❀

Pr♦♣✉❧s✐♦♥ s②st❡♠ ✐♥t❡❣r❛t✐♦♥✳

◆♦♠❡♥❝❧❛t✉r❡

❘♦♠❛♥ ❙②♠❜♦❧s

α ❆♥❣❧❡ ♦❢ ❆tt❛❝❦ ❞❡❣r❡❡s

ṁ ▼❛ss ✢♦✇ r❛t❡ kgs−1

c ❲✐♥❣ ❈❤♦r❞ ♠

CBypass
d ✱ CCore

d ❇②♣❛ss ❛♥❞ ❈♦r❡ ❉✐s❝❤❛r❣❡ ❈♦❡✣❝✐❡♥ts ◆♦♥❡

Cp Pr❡ss✉r❡ ❈♦❡✣❝✐❡♥t ◆♦♥❡

CV ∗ ▼♦❞✐✜❡❞ ❱❡❧♦❝✐t② ❈♦❡✣❝✐❡♥t ◆♦♥❡

CV ❱❡❧♦❝✐t② ❈♦❡✣❝✐❡♥t ◆♦♥❡

dx, dz ❆①✐❛❧ ❛♥❞ ✈❡rt✐❝❛❧ ❞✐st❛♥❝❡ ❢r♦♠ ✇✐♥❣ ❧❡❛❞✐♥❣ ❡❞❣❡ t♦ ♥❛❝❡❧❧❡ tr❛✐❧✐♥❣

❡❞❣❡ ♠

FG ●❛✉❣❡ ❙tr❡❛♠ ❋♦r❝❡ ❦◆

FN ❙t❛♥❞❛r❞ ◆❡t ❚❤r✉st ❦◆

✷



Fs ❙♣❡❝✐✜❝ ❚❤r✉st Nskg−1

GPF ●r♦ss Pr♦♣✉❧s✐♦♥ ❋♦r❝❡ ❦◆

GPF∗ ▼♦❞✐✜❡❞ ●r♦ss Pr♦♣✉❧s✐♦♥ ❋♦r❝❡ ❦◆

P ❚♦t❛❧ ♣r❡ss✉r❡ P❛

p ❙t❛t✐❝ ♣r❡ss✉r❡ P❛

R ❯♥✐✈❡rs❛❧ ●❛s ❈♦♥st❛♥t JK−1mol−1

T ❚♦t❛❧ t❡♠♣❡r❛t✉r❡ ❑

V ❱❡❧♦❝✐t② ms−1

y+ ◆♦♥✲❞✐♠❡♥s✐♦♥❛❧ ✇❛❧❧ ❞✐st❛♥❝❡ ◆♦♥❡

❦ ❚✉r❜✉❧❡♥t ❑✐♥❡t✐❝ ❊♥❡r❣② Jkg−1

●r❡❡❦ ❙②♠❜♦❧s

∆ ❈❤❛♥❣❡ ❞✉❡ t♦ ✐♥st❛❧❧❛t✐♦♥ ◆♦♥❡

γ ❘❛t✐♦ ♦❢ s♣❡❝✐✜❝ ❤❡❛ts ◆♦♥❡

ω ❙♣❡❝✐✜❝ ❞✐ss✐♣❛t✐♦♥ m2s−2kg−1

φ ❙✉r❢❛❝❡ ❢♦r❝❡ ◆

ρ ❉❡♥s✐t② kgm−3

τw ❙✉r❢❛❝❡ s❤❡❛r ❢♦r❝❡ ◆

θ ❚❤r✉st ❢♦r❝❡ ◆

✸



❙✉♣❡rs❝r✐♣ts ❛♥❞ ❙✉❜s❝r✐♣ts

()Ideal ❆t ✐❞❡❛❧ ✐s❡♥tr♦♣✐❝ ❝♦♥❞✐t✐♦♥s

()atm ❆t ❢r❡❡str❡❛♠ ✐♥✜♥✐t②

()critical ❆t ❝❤♦❦✐♥❣ ❝♦♥❞✐t✐♦♥s

❆❝r♦♥②♠s

❆■❆❆ ❆♠❡r✐❝❛♥ ■♥st✐t✉t❡ ♦❢ ❆❡r♦♥❛✉t✐❝s ❛♥❞ ❆str♦♥❛✉t✐❝s

❇P❘ ❇②♣❛ss ❘❛t✐♦

❈❋❉ ❈♦♠♣✉t❛t✐♦♥❛❧ ❋❧✉✐❞ ❉②♥❛♠✐❝s

❈◆P❘ ❈♦r❡ ◆♦③③❧❡ Pr❡ss✉r❡ ❘❛t✐♦

❈❘▼ ❈♦♠♠♦♥ ❘❡s❡❛r❝❤ ▼♦❞❡❧

❋◆P❘ ❋❛♥ ◆♦③③❧❡ Pr❡ss✉r❡ ❘❛t✐♦

❋P❘ ❋❛♥ Pr❡ss✉r❡ ❘❛t✐♦

●❊▼■◆■ ●❡♦♠❡tr✐❝ ❊♥❣✐♥❡ ▼♦❞❡❧❧❡r ■♥❝❧✉❞✐♥❣ ◆♦③③❧❡ ■♥st❛❧❧❛t✐♦♥

▲P❚ ▲♦✇ Pr❡ss✉r❡ ❚✉r❜✐♥❡

▼❋❈❘ ▼❛ss ❋❧♦✇ ❈❛♣t✉r❡ ❘❛t✐♦

❖P❘ ❖✈❡r❛❧❧ Pr❡ss✉r❡ ❘❛t✐♦

❘❆◆❙ ❘❡②♥♦❧❞s ❆✈❡r❛❣❡ ◆❛✈✐❡r ❙t♦❦❡s

❙❋❈ ❙♣❡❝✐✜❝ ❋✉❡❧ ❈♦♥s✉♠♣t✐♦♥

✹



❙❙❚ ❙❤❡❛r ❙tr❡ss ❚r❛♥s♣♦rt

✶✳ ■♥tr♦❞✉❝t✐♦♥

✶✳✶✳ ❇❛❝❦❣r♦✉♥❞

❚❤❡ ♥❡①t ❣❡♥❡r❛t✐♦♥ ♦❢ ❧❛r❣❡ t✉r❜♦❢❛♥ ❡♥❣✐♥❡s ❛r❡ ❡①♣❡❝t❡❞ t♦ ♦♣❡r❛t❡

✇✐t❤ ❤✐❣❤❡r ❜②♣❛ss r❛t✐♦s ✭❇P❘✮ ❬✶❪✱ ❧♦✇ ❋❛♥ Pr❡ss✉r❡ ❘❛t✐♦s ✭❋P❘✮ ❛♥❞

❧♦✇ s♣❡❝✐✜❝ t❤r✉st ✭Fs✮ ✐♥ ♦r❞❡r t♦ ✐♥❝r❡❛s❡ ♣r♦♣✉❧s✐✈❡ ❡✣❝✐❡♥❝② ❛♥❞ ❤❡♥❝❡

r❡❞✉❝❡ s♣❡❝✐✜❝ ❢✉❡❧ ❝♦♥s✉♠♣t✐♦♥ ✭❙❋❈✮ ❬✷❪✳ ❱❛❧✉❡s ♦❢ ❇P❘ ❢♦r ❢✉t✉r❡ t✉r✲

❜♦❢❛♥ ❛❡r♦✲❡♥❣✐♥❡s ❛r❡ ❡①♣❡❝t❡❞ t♦ ❧✐❡ ❜❡t✇❡❡♥ ✶✹ ❛♥❞ ✷✶ ❬✸❪ ❝♦♠♣❛r❡❞ ✇✐t❤

❝✉rr❡♥t ❣❡♥❡r❛t✐♦♥ t✉r❜♦❢❛♥ ❡♥❣✐♥❡s ✇❤✐❝❤ ❤❛✈❡ ❇P❘s ❜❡t✇❡❡♥ ✾ ❛♥❞ ✶✶ ❬✹❪✳

❙✐♠✐❧❛r❧②✱ ❢♦r ❝♦♥✈❡♥t✐♦♥❛❧ ❝✐✈✐❧ ❢❛♥s ❛ ❞❡s✐❣♥ ❋P❘ ❝❛♥ ❜❡ ❡①♣❡❝t❡❞ t♦ ❧✐❡

❜❡t✇❡❡♥ ✶✳✻ t♦ ✶✳✽ ❬✺❪ ❛♥❞ ❋P❘ ✈❛❧✉❡s ❝❛♥ ❜❡ ❡①♣❡❝t❡❞ t♦ ❜❡ ❛s ❧♦✇ ❛s ✶✳✹

❢♦r ✉❧tr❛✲❤✐❣❤ ❇P❘ ❡♥❣✐♥❡s ❬✻❪✳ ❆♥ ✐♥❝r❡❛s❡ ✐♥ ❜②♣❛ss r❛t✐♦ ❝❛♥ ❜❡ ❛❝❤✐❡✈❡❞

t❤r♦✉❣❤ t❤❡ r❡❞✉❝t✐♦♥ ♦❢ t❤❡ ❝♦r❡ ♠❛ss ✢♦✇✱ ❛♥ ✐♥❝r❡❛s❡ ✐♥ ❜②♣❛ss ♠❛ss ✢♦✇

♦r t❤r♦✉❣❤ ❛ ❝♦♠❜✐♥❛t✐♦♥ ♦❢ ❜♦t❤✳ ❍♦✇❡✈❡r✱ t❤❡ r❡❞✉❝t✐♦♥ ♦❢ ❝♦r❡ ♠❛ss ✢♦✇

✐s s♦♠❡✇❤❛t ❧✐♠✐t❡❞ ❛♥❞ ✐t ✐s ♣r❡❞✐❝t❡❞ t❤❛t t❤❡ ✐♥❝r❡❛s❡ ✐♥ ❇P❘ ✇✐❧❧ ❜❡

♠♦st❧② ❛❝❤✐❡✈❡❞ t❤r♦✉❣❤ ❧❛r❣❡r ❜②♣❛ss ♠❛ss ✢♦✇s ❬✸❪✳ ❆s ❛ r❡s✉❧t✱ ❡♥❣✐♥❡s

✇✐❧❧ ♥❡❡❞ t♦ ✐♥❝♦r♣♦r❛t❡ ❧❛r❣❡r ❢❛♥ ❞✐❛♠❡t❡rs ✐♥ ♦r❞❡r t♦ ♣❛ss t❤❡ ✐♥❝r❡❛s❡❞

t♦t❛❧ ❡♥❣✐♥❡ ♠❛ss ✢♦✇✳ ❲✐t❤ ✐♥❝r❡❛s❡❞ ❡♥❣✐♥❡ ♠❛ss ✢♦✇s t❤❡r❡ ❢♦❧❧♦✇s ❛

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

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

t❤❡ ❣r♦ss ❛♥❞ ♥❡t t❤r✉st ✐♥❝r❡❛s❡s✱ ❧♦ss❡s ✐♥ t❤❡ ❡①❤❛✉st s②st❡♠ ❝♦✉❧❞ ❧✐♠✐t

♣♦t❡♥t✐❛❧ ❙❋❈ ✐♠♣r♦✈❡♠❡♥ts✳ ❚❤❡r❡❢♦r❡✱ ✐t ✐s ✐♠♣❡r❛t✐✈❡ t❤❛t ❢✉t✉r❡ ❡♥❣✐♥❡

✺



❝♦♥✜❣✉r❛t✐♦♥s ✐♥❝♦r♣♦r❛t❡ ♠♦r❡ ❛❡r♦❞②♥❛♠✐❝❛❧❧② ❡✣❝✐❡♥t ❡①❤❛✉st s②st❡♠s ✐♥

♦r❞❡r t♦ ♠❡❡t t❤❡ ❞❡♠❛♥❞ ❢♦r r❡❞✉❝❡❞ ❡♥❣✐♥❡ ❙❋❈✳

✶✳✷✳ ❊①❤❛✉st s②st❡♠ ❞❡s✐❣♥

❚❤❡ ♣r✐♠❛r② ♣✉r♣♦s❡ ♦❢ ❛♥ ❡①❤❛✉st s②st❡♠ ✐s t♦ ❣❡♥❡r❛t❡ t❤r✉st ✇❤✐❧st

♠✐♥✐♠✐s✐♥❣ t❤❡ ❧♦ss ♦❢ t♦t❛❧ ♣r❡ss✉r❡ ❬✼❪✳ ❚❤❡ ✈❡❧♦❝✐t② ❛♥❞ ❞✐s❝❤❛r❣❡ ❝♦❡❢✲

✜❝✐❡♥ts ❛r❡ t✇♦ ♥♦♥✲❞✐♠❡♥s✐♦♥❛❧ ♣❡r❢♦r♠❛♥❝❡ ♠❡tr✐❝s ✇❤✐❝❤ ❛r❡ ❝♦♠♠♦♥❧②

✉s❡❞ t♦ q✉❛♥t✐❢② t❤❡ ❛❡r♦❞②♥❛♠✐❝ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❛♥ ❡①❤❛✉st s②st❡♠✳ ❚❤❡

✈❡❧♦❝✐t② ❝♦❡✣❝✐❡♥t ✐s ❛ ♠❡❛s✉r❡ ♦❢ t❤❡ t❤r✉st ❧♦st ❞✉❡ t♦ ♥♦♥✲✐s❡♥tr♦♣✐❝ ✢♦✇

❢❡❛t✉r❡s✳ ❘❡❞✉❝t✐♦♥s ✐♥ t❤❡ ♥♦③③❧❡ ♠❛ss ✢♦✇ r❛t❡ ❞✉❡ t♦ ❜♦✉♥❞❛r② ❧❛②❡r

❣r♦✇t❤✱ t♦t❛❧ ♣r❡ss✉r❡ ❧♦ss❡s✱ ✢♦✇ ❜❧♦❝❦❛❣❡✱ ❛♥❞ ✢♦✇ s✉♣♣r❡ss✐♦♥ ❛r❡ ❛❝✲

❝♦✉♥t❡❞ ❢♦r ❜② t❤❡ ❞✐s❝❤❛r❣❡ ❝♦❡✣❝✐❡♥t✳ ❋✉rt❤❡r♠♦r❡✱ ♦♣❡r❛❜✐❧✐t② ♦❢ t❤❡

❡♥❣✐♥❡ ✐s ❡♥s✉r❡❞ ❜② ❛♥ ❡①❤❛✉st s②st❡♠ ✇❤✐❝❤ ❛❧❧♦✇s t❤❡ ❞❡s✐r❡❞ ❢❛♥ ❛♥❞

▲♦✇ Pr❡ss✉r❡ ❚✉r❜✐♥❡ ✭▲P❚✮ ❡①✐t ✢♦✇ ❝❛♣❛❝✐t✐❡s t♦ ❜❡ ♠❡t ❬✽❪✳ ■❢✱ ❞✉❡ t♦

✐♥st❛❧❧❛t✐♦♥ ♦♥t♦ t❤❡ ❛✐r❝r❛❢t✱ t❤❡ r❡q✉✐r❡❞ ♠❛ss ✢♦✇s ❛r❡ ♥♦t ♠❡t t❤❡ ❡♥❣✐♥❡

♠❛② ❜❡ ❢♦r❝❡❞ t♦ ♦♣❡r❛t❡ ❛✇❛② ❢r♦♠ t❤❡ ❞❡s✐❣♥ ♣♦✐♥t✳ ■♥ ♦r❞❡r t♦ ❝♦♠♣❡♥s❛t❡

❢♦r ❛♥② ✐♥❝♦♠♣❛t✐❜❧❡ ♠❛ss ✢♦✇s✱ t❤❡ ♥♦③③❧❡ t❤r♦❛t ❛r❡❛s ❛r❡ ♦❢t❡♥ ✐♥❝r❡❛s❡❞

♦r ❞❡❝r❡❛s❡❞ ❛❝❝♦r❞✐♥❣❧②✳ ❍♦✇❡✈❡r✱ ❦♥♦✇❧❡❞❣❡ ♦❢ ❛✐r❝r❛❢t ✐♥st❛❧❧❛t✐♦♥ ❡✛❡❝ts

❝❛♥ ❤❡❧♣ ♠✐t✐❣❛t❡ ❧❛r❣❡ ♠♦❞✐✜❝❛t✐♦♥s t♦ t❤❡ ♥♦③③❧❡ ❞❡s✐❣♥ ❧❛t❡ ✐♥ t❤❡ ❞❡s✐❣♥

♣r♦❝❡ss✳

✶✳✸✳ ■♥st❛❧❧❛t✐♦♥ ❆❡r♦❞②♥❛♠✐❝s

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

❞❡tr✐♠❡♥t❛❧ t♦ ❛✐r❝r❛❢t ❞r❛❣✿ t②♣✐❝❛❧❧② ❜❡t✇❡❡♥ ✸✵ ❛♥❞ ✺✵ ❞r❛❣ ❝♦✉♥ts ♣❡r t✇♦

❡♥❣✐♥❡s ❬✾❪✱ ✇✐t❤ t❤❡ r❡❧❛t✐✈❡ ❡♥❣✐♥❡ s✐③❡ ❛♥❞ ❛①✐❛❧ ♣♦s✐t✐♦♥ ✐❞❡♥t✐✜❡❞ ❛s ❦❡②

✻



♣❡r❢♦r♠❛♥❝❡ s❡♥s✐t✐✈✐t✐❡s❬✶✵✕✶✷❪✳ ❆s ❛ r❡s✉❧t ♦❢ ❧❛r❣❡r ❢❛♥ ❞✐❛♠❡t❡rs✱ ❛❡r♦❞②✲

♥❛♠✐❝ ✐♥t❡r❢❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❡♥❣✐♥❡ ❛♥❞ ❛✐r❢r❛♠❡ ✐s ❡①♣❡❝t❡❞ t♦ ❜❡❝♦♠❡

❛ ♠♦r❡ s✐❣♥✐✜❝❛♥t ❝♦♥s✐❞❡r❛t✐♦♥ ❬✶✸❪✳ ■♥ s♦♠❡ ❝❛s❡s ✐♥st❛❧❧❛t✐♦♥ ❡✛❡❝ts ❝❛♥

❜❡ str♦♥❣ ❡♥♦✉❣❤ t♦ ♦✉t✇❡✐❣❤ t❤❡ ❜❡♥❡✜ts ♦❢ ✐♥❝r❡❛s❡❞ ❇P❘ ❬✸❪✳ ❍♦✇❡✈❡r✱

t❤❡r❡ ✐s ❛ ❞❡❛rt❤ ♦❢ ❧✐t❡r❛t✉r❡ ✇❤✐❝❤ ✐s ❢♦❝✉s❡❞ ♦♥ t❤❡ ❡✛❡❝t ♦❢ ❡♥❣✐♥❡✲❛✐r❢r❛♠❡

✐♥t❡❣r❛t✐♦♥ ♦♥ ❡♥❣✐♥❡ ♣❡r❢♦r♠❛♥❝❡✳ ❙✉❝❤ ✐♥st❛❧❧❛t✐♦♥ ❡✛❡❝ts ❛r❡ ♠❛♥✐❢❡st❡❞

t❤r♦✉❣❤ ❝❤❛♥❣❡s ✐♥ ♥❛❝❡❧❧❡ ❞r❛❣✱ ✈❛r✐❛t✐♦♥s ✐♥ ❣r♦ss t❤r✉st ❛♥❞ ❝♦r❡ ♠❛ss ✢♦✇

r❛t❡ ❬✶✹❪✳ ●✐✈❡♥ t❤❛t ❤✐❣❤❡r ❇P❘ ❡♥❣✐♥❡s ✇✐❧❧ ❜❡ ♠♦r❡ s❡♥s✐t✐✈❡ t♦ ❝❤❛♥❣❡s

✐♥ ❣r♦ss t❤r✉st✱ t❤❡ ✐♥t❡❣r❛t✐♦♥ ♦❢ t❤❡ ❡♥❣✐♥❡ ♦♥t♦ t❤❡ ❛✐r❢r❛♠❡ s❤♦✉❧❞ ❛✐♠ t♦

♠✐♥✐♠✐s❡ t❤r✉st ❧♦ss ❛♥❞ ❤❡♥❝❡ ❛♥② ❛❞✈❡rs❡ ❡✛❡❝ts ♦♥t♦ t❤❡ ❡①❤❛✉st s②st❡♠✳

✶✳✹✳ ❉❡t❡r♠✐♥❛t✐♦♥ ♦❢ ✐♥✲✢✐❣❤t t❤r✉st

■♥ ❛❞❞✐t✐♦♥ t♦ t❤❡ ❞✐r❡❝t ✐♠♣❛❝t ♦❢ ❡①❤❛✉st s②st❡♠ ♣❡r❢♦r♠❛♥❝❡ ♦♥ ❡♥❣✐♥❡

❙❋❈✱ ♥♦③③❧❡ ♣❡r❢♦r♠❛♥❝❡ ♠❡tr✐❝s ❛r❡ ❛❧s♦ ✐♠♣♦rt❛♥t ❞✉❡ t♦ t❤❡✐r ❦❡② r♦❧❡ ✐♥

t❤❡ ❞❡t❡r♠✐♥❛t✐♦♥ ♦❢ t❤r✉st ❛♥❞ ❞r❛❣ ✐♥✲✢✐❣❤t ❬✶✺❪✳ ❋♦r ♣r❛❝t✐❝❛❧ r❡❛s♦♥s✱

t❤❡ ❞✐r❡❝t ♠❡❛s✉r❡♠❡♥t ♦❢ t❤r✉st ✐♥ ✢✐❣❤t ✐s ♥♦t ②❡t ❢❡❛s✐❜❧❡ ❬✶✻❪✳ ❆❧t❤♦✉❣❤

r❡s❡❛r❝❤ ❤❛s ❜❡❡♥ ✉♥❞❡rt❛❦❡♥ ✐♥ t❤❛t ❞♦♠❛✐♥ ❬✶✼❪✱ ✐t ✐s ❝♦♠♠♦♥ ♣r❛❝t✐❝❡

❢♦r t❤r✉st t♦ ❜❡ ❞❡❞✉❝❡❞ ✐♥❞✐r❡❝t❧② ❢r♦♠ ❡♥❣✐♥❡ ♦♣❡r❛t✐♥❣ ♣❛r❛♠❡t❡rs ❛♥❞

❞r❛❣ ❞❡t❡r♠✐♥❡❞ ❜② ❡q✉❛t✐♥❣ ✐t t♦ t❤❡ t❤r✉st r❡q✉✐r❡❞ ❢♦r st❡❛❞② ❧❡✈❡❧ ✢✐❣❤t

❬✶✻✱ ✶✽❪✳ ❖♥❡ ♠❡t❤♦❞ ❢♦r t❤❡ ♠❡❛s✉r❡♠❡♥t ♦❢ ❣r♦ss t❤r✉st ✐♥✲✢✐❣❤t ✐s t♦

♠❡❛s✉r❡ t❤❡ t♦t❛❧ ♣r❡ss✉r❡ ❛t t❤❡ ✐♥❧❡t t♦ ❡❛❝❤ ♥♦③③❧❡ ❞✉❝t✱ ❝❛❧❝✉❧❛t❡ t❤❡ ✐❞❡❛❧

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

t❤❡ ✐s❡♥tr♦♣✐❝ t❤r✉st ❜② ❛ ✈❡❧♦❝✐t② ❝♦❡✣❝✐❡♥t ❡✈❛❧✉❛t❡❞ ❢r♦♠ ❛ st❛t✐❝ ❣r♦✉♥❞

t❡st ❬✶✽❪✳ ❍♦✇❡✈❡r✱ t❤✐s ♠❡t❤♦❞ ✇♦r❦s ✉♥❞❡r t❤❡ ❛ss✉♠♣t✐♦♥ t❤❛t t❤❡ ✈❡❧♦❝✐t②

❛♥❞ ❞✐s❝❤❛r❣❡ ❝♦❡✣❝✐❡♥ts ❞♦ ♥♦t ✈❛r② ❜❡t✇❡❡♥ st❛t✐❝ ❝❛❧✐❜r❛t✐♦♥ t❡sts ❛♥❞

✢✐❣❤t ❝♦♥❞✐t✐♦♥s✳ ❚❤❡r❡❢♦r❡✱ ❦♥♦✇❧❡❞❣❡ ♦❢ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ✐♥st❛❧❧❡❞

✼



❛♥❞ ✐s♦❧❛t❡❞ ♥♦③③❧❡ ♣❡r❢♦r♠❛♥❝❡ ♠❡tr✐❝s ✐s r❡q✉✐r❡❞ t♦ ❡♥s✉r❡ t❤❡ ❝♦rr❡❝t

♣r❡❞✐❝t✐♦♥ ♦❢ ✐♥✲✢✐❣❤t t❤r✉st✳

❋♦r ❝♦♠♣✉t❛t✐♦♥❛❧ st✉❞✐❡s ✇❤✐❝❤ ♠♦❞❡❧ ❡①❤❛✉st ❥❡ts✱ ❛s ♦♣♣♦s❡❞ t♦ t❤r♦✉❣❤✲

✢♦✇ ♥❛❝❡❧❧❡s ✭❚❋◆✮✱ t❤❡ ♥❡t ♣r♦♣✉❧s✐✈❡ ❢♦r❝❡ ♦❢ t❤❡ ❝♦♥✜❣✉r❛t✐♦♥ ❝❛♥ ❜❡

r❡❛❞✐❧② ❞❡t❡r♠✐♥❡❞ ❢r♦♠ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s ❬✶✾❪✳ ❍♦✇❡✈❡r✱ t❤❡r❡ ❛r❡ ♠✉❧✲

t✐♣❧❡ ♠❡t❤♦❞s t♦ ❞✐st✐♥❣✉✐s❤ ❜❡t✇❡❡♥ t❤r✉st ❛♥❞ ❞r❛❣ ❬✶✾❪✳ ❙✉❝❤ t❤r✉st ❛♥❞

❞r❛❣ ❡①tr❛❝t✐♦♥ ♠❡t❤♦❞s ❝❛♥ ❜❡ s♣❧✐t ✐♥t♦ t✇♦ ❝❛t❡❣♦r✐❡s✿ ❢❛r✲✜❡❧❞ ❡①tr❛❝t✐♦♥

♠❡t❤♦❞s ❬✶✾✕✷✹❪ ❛♥❞ ♥❡❛r✲✜❡❧❞ ❡①tr❛❝t✐♦♥ ♠❡t❤♦❞s ❬✷✺✕✷✽❪✳ ❙❡✈❡r❛❧ st✉❞✐❡s

❤❛✈❡ ❝♦♠♣❛r❡❞ ❢❛r✲✜❡❧❞ ❛♥❞ ♥❡❛r✲✜❡❧❞ ♠❡t❤♦❞s ❢♦r t❤❡ ♣r❡❞✐❝t✐♦♥ ♦❢ ❛✐r❢r❛♠❡

❞r❛❣✱ ✇✐t❤ ❛ ❞✐✛❡r❡♥❝❡ ✐♥ t❤❡ ♦r❞❡r ♦❢ ✶✵✲✷✵ ❛✐r❢r❛♠❡ ❞r❛❣ ❝♦✉♥ts ❜❡t✇❡❡♥

t❤❡ t✇♦ ♠❡t❤♦❞s ❬✷✵✱ ✷✸❪✳

✶✳✺✳ ❙❝♦♣❡ ♦❢ ❲♦r❦

❋♦r t❤❡ ♣r♦♣♦s❡❞ ❜❡♥❡✜ts ♦❢ ❤✐❣❤❡r ❇P❘ ❡♥❣✐♥❡s t♦ ❜❡ r❡❛❧✐③❡❞ ✐t ✐s ✈✐t❛❧

t❤❛t ❢✉rt❤❡r r❡s❡❛r❝❤ ❜❡ ❝♦♥❞✉❝t❡❞ ✐♥t♦ t❤❡ ❡✛❡❝ts ♦❢ ❡♥❣✐♥❡✲❛✐r❢r❛♠❡ ✐♥t❡✲

❣r❛t✐♦♥ ♦♥ ❡①❤❛✉st s②st❡♠ ♣❡r❢♦r♠❛♥❝❡✳ ❚❤✐s ✇♦r❦ ❛♣♣r♦❛❝❤❡s ❡♥❣✐♥❡ ✐♥st❛❧✲

❧❛t✐♦♥ ✇✐t❤ ❛♥ ❡♥❣✐♥❡ ❝❡♥tr❡❞ ✈✐❡✇ ♦♥ ❛✐r❝r❛❢t ✐♥st❛❧❧❛t✐♦♥ ❡✛❡❝ts✳ ❆❧t❤♦✉❣❤

♣r❡✈✐♦✉s ✇♦r❦ ❤❛s ❛ss❡ss❡❞ t❤❡ ❡✛❡❝t ♦❢ ✐♥st❛❧❧❛t✐♦♥ ♦♥ t❤❡ ♥❡t ♣r♦♣✉❧s✐✈❡ ❢♦r❝❡

❣❡♥❡r❛t❡❞ ❜② t❤❡ ❡♥❣✐♥❡ ❬✶✹✱ ✷✾✕✸✶❪✱ ✐t ✐s ♥❡❝❡ss❛r② t♦ ✉♥❞❡rst❛♥❞ ❤♦✇ ❡❛❝❤

❡♥❣✐♥❡ s✉❜s②st❡♠ ♣❡r❢♦r♠s ✉♣♦♥ ✐♥st❛❧❧❛t✐♦♥✳ ❚❤❡ ❡①❤❛✉st s②st❡♠ ♦❢ ❤✐❣❤

❜②♣❛ss r❛t✐♦ ❡♥❣✐♥❡s ✐s ♦❢ ♣❛rt✐❝✉❧❛r ✐♠♣♦rt❛♥❝❡ ❛s✱ ❞✉❡ t♦ ❛♥ ✐♥❝r❡❛s❡❞ r❛t✐♦

❜❡t✇❡❡♥ ❣r♦ss ❛♥❞ ♥❡t t❤r✉st✱ ❧♦ss❡s ✐♥ t❤❡ ❡①❤❛✉st s②st❡♠ ✇✐❧❧ ❤❛✈❡ ❛ ❣r❡❛t❡r

❡✛❡❝t ♦♥ ❡♥❣✐♥❡ ❙❋❈ ❝♦♠♣❛r❡❞ t♦ ❧♦✇❡r ❜②♣❛ss r❛t✐♦ ❡♥❣✐♥❡s✳ ❋✉rt❤❡r♠♦r❡✱

✇✐t❤ t❤❡ ❡①♣❡❝t❡❞ ✐♥❝r❡❛s❡ t♦ ❡♥❣✐♥❡ ❢❛♥ ❞✐❛♠❡t❡rs✱ ❢✉t✉r❡ ♣r♦♣✉❧s✐♦♥ s②s✲

t❡♠s ✇✐❧❧ ❜❡ ♠♦r❡ ❝❧♦s❡❧② ✐♥t❡❣r❛t❡❞ t♦ t❤❡ ❛✐r❢r❛♠❡❀ t❤❡r❡❢♦r❡ t❤❡ ❡✛❡❝ts ♦❢

✐♥st❛❧❧❛t✐♦♥ ♦♥ t❤❡ ❡①❤❛✉st s②st❡♠ ♥❡❡❞ t♦ ❜❡ ✉♥❞❡rst♦♦❞ ✐♥ ♦r❞❡r t♦ ♣r♦❞✉❝❡

✽



❛♥ ♦♣t✐♠❛❧ ❡♥❣✐♥❡✲❛✐r❢r❛♠❡ s②st❡♠✳

❚❤❡ r❡s❡❛r❝❤ ❛✐♠ ♦❢ t❤✐s ♣❛♣❡r ✐s t♦ ❝♦♠♣❧❡t❡ ❛ ♥✉♠❡r✐❝❛❧ st✉❞② ✐♥ ♦r❞❡r

t♦ ❛ss❡ss ❤♦✇ ❛ ♣♦❞❞❡❞ ✉♥❞❡r✇✐♥❣ ❛✐r❝r❛❢t ✐♥st❛❧❧❛t✐♦♥ ❛❧t❡rs t❤❡ ❛❡r♦❞②✲

♥❛♠✐❝ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ❡①❤❛✉st s②st❡♠✳ ❚❤❡ s♣❡❝✐✜❝ ♥♦✈❡❧ ❝♦♥tr✐❜✉t✐♦♥s

♦❢ t❤✐s ✇♦r❦ ❛r❡✿ t❤❡ q✉❛♥t✐✜❝❛t✐♦♥ ♦❢ ❝❤❛♥❣❡s t♦ ❡①❤❛✉st s②st❡♠ ♣❡r❢♦r♠❛♥❝❡

❞✉❡ t♦ ✉♥❞❡r✇✐♥❣ ✐♥st❛❧❧❛t✐♦♥❀ t❤❡ ✐❞❡♥t✐✜❝❛t✐♦♥ ♦❢ ❦❡② ❛❡r♦❞②♥❛♠✐❝ ❢❡❛t✉r❡s

✇❤✐❝❤ ❣♦✈❡r♥ t❤❡ ❜❡❤❛✈✐♦✉r ♦❢ ✐♥st❛❧❧❡❞ ❛❡r♦✲❡♥❣✐♥❡ ❡①❤❛✉st s②st❡♠s ❛♥❞

t❤❡ ❛ss❡ss♠❡♥t ♦❢ ❤♦✇ ❡♥❣✐♥❡ ❛r❝❤✐t❡❝t✉r❡ ✐♠♣❛❝ts ✐♥st❛❧❧❡❞ ❡①❤❛✉st s②st❡♠

♣❡r❢♦r♠❛♥❝❡✳

✷✳ ▼❡t❤♦❞♦❧♦❣②

❚❤❡ ♠❡t❤♦❞♦❧♦❣② s❡t ♦✉t t♦ ❛❝❤✐❡✈❡ t❤❡s❡ ♦❜❥❡❝t✐✈❡s ❝❛♥ ❜❡ ❜r♦❦❡♥ ✐♥t♦

❢♦✉r s❡❝t✐♦♥s✿ ✜rst❧②✱ ❛ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ❛✐r❢r❛♠❡ ❛♥❞ ✐♥st❛❧❧❛t✐♦♥ ♣♦s✐t✐♦♥s

t♦ ❜❡ ✐♥✈❡st✐❣❛t❡❞ ✐s ♣r❡s❡♥t❡❞✳ ❚❤✐s ✐s t❤❡♥ ❢♦❧❧♦✇❡❞ ❜② ❛♥ ♦✈❡r✈✐❡✇ ♦❢

t❤❡ t❤❡r♠♦❞②♥❛♠✐❝ ❛♥❞ ❛❡r♦❞②♥❛♠✐❝ ❞❡s✐❣♥ ♦❢ t❤❡ t✇♦ ❡♥❣✐♥❡s t♦ ❜❡ ✐♥✲

✈❡st✐❣❛t❡❞✳ ❚❤✐r❞❧②✱ t❤❡ t❤r✉st ❛♥❞ ❜♦♦❦❦❡❡♣✐♥❣ s②st❡♠ ❛♥❞ ❛❡r♦❞②♥❛♠✐❝

♣❡r❢♦r♠❛♥❝❡ ♠❡tr✐❝s ❛r❡ ❞❡✜♥❡❞✳ ❋✐♥❛❧❧②✱ ❞❡t❛✐❧s ♦❢ t❤❡ ❝♦♠♣✉t❛t✐♦♥❛❧ ❣r✐❞

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

✷✳✶✳ ❆✐r❢r❛♠❡ ❛♥❞ ■♥st❛❧❧❛t✐♦♥ P♦s✐t✐♦♥s

❚❤❡ ❛✐r❢r❛♠❡ ✉s❡❞ ✐♥ t❤✐s st✉❞② ✐s t❤❡ ◆❆❙❆ ❈♦♠♠♦♥ ❘❡s❡❛r❝❤ ▼♦❞❡❧

✭❈❘▼✮ ✇❤✐❝❤ ✇❛s ❞❡s✐❣♥❡❞ t♦ r❡♣r❡s❡♥t ❛ ✇✐❞❡ ❜♦❞② ❝✐✈✐❧ tr❛♥s♣♦rt ❛✐r❝r❛❢t

❝❛♣❛❜❧❡ ♦❢ ❝❛rr②✐♥❣ ✷✺✵✲✸✵✵ ♣❛ss❡♥❣❡rs ❬✸✷❪✳ ❙♣❡❝✐✜❝❛❧❧②✱ t❤❡ ✇✐♥❣✴❜♦❞②✴❤♦r✐③♦♥t❛❧✲

t❛✐❧ ❣❡♦♠❡tr② ❬✸✸❪ ❢r♦♠ t❤❡ ❢♦✉rt❤ ❉r❛❣ Pr❡❞✐❝t✐♦♥ ❲♦r❦s❤♦♣ ✇❛s ✉s❡❞✳ ❚❤❡

♦♣❡r❛t✐♥❣ ❝♦♥❞✐t✐♦♥ ❢♦r t❤✐s st✉❞② ❝♦rr❡s♣♦♥❞s t♦ ❛♥ ❛❧t✐t✉❞❡ ♦❢ ✸✺✱✵✵✵ ❢t✱ ❛
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▼❛❝❤ ♥✉♠❜❡r ♦❢ ✵✳✽✷ ❛♥❞ ❛ ❧✐❢t ❝♦❡✣❝✐❡♥t ♦❢ ✵✳✺✳ ❆❧t❤♦✉❣❤ t❤❡ ❈❘▼ ❛✐r✲

❢r❛♠❡ ✇❛s ❞❡s✐❣♥❡❞ t♦ ❝r✉✐s❡ ❛t ❛ ▼❛❝❤ ♥✉♠❜❡r ✵✳✽✺✱ ❛ ▼❛❝❤ ♥✉♠❜❡r ♦❢ ✵✳✽✷

✇❛s ❝❤♦s❡♥ ✐♥ ♦r❞❡r t♦ ❛✈♦✐❞ ❛❞✈❡rs❡ ❞r❛❣ ❝❤❛r❛❝t❡r✐st✐❝s t❤❛t ❛r♦s❡ ❞✉❡ t♦ ❛

❝♦r♥❡r s❡♣❛r❛t✐♦♥ ❛t t❤❡ ✇✐♥❣ ❢✉s❡❧❛❣❡ ❥✉♥❝t✐♦♥ ❛t ❛ ❢r❡❡str❡❛♠ ▼❛❝❤ ♥✉♠❜❡r

♦❢ ✵✳✽✺ ❬✸✹✱ ✸✺❪✳ ❆ ❧✐❢t ❝♦❡✣❝✐❡♥t ♦❢ ✵✳✺ ✇❛s s❡❧❡❝t❡❞ ❛s t❤✐s ✐s t❤❡ ♥♦♠✐♥❛❧

❞❡s✐❣♥ ❝♦♥❞✐t✐♦♥ ♦❢ t❤❡ ❈❘▼ ❛✐r❢r❛♠❡ ❬✸✷❪✳ ▼♦r❡♦✈❡r✱ ❛ r❛♥❣❡ ♦❢ ❡♥❣✐♥❡ ♣♦✲

s✐t✐♦♥s ✉♥❞❡r t❤❡ ❈❘▼ ✇✐♥❣ ✇❡r❡ ✐♥✈❡st✐❣❛t❡❞ ✇✐t❤ t❤❡ r❡❧❛t✐✈❡ ♣♦s✐t✐♦♥ ♦❢

t❤❡ ❢❛♥ ❝♦✇❧ tr❛✐❧✐♥❣ ❡❞❣❡ t♦ t❤❡ ✇✐♥❣ ❧❡❛❞✐♥❣ ❡❞❣❡ t❤❡ ❞❡✜♥✐♥❣ ♣❛r❛♠❡t❡r

✭❋✐❣✉r❡ ✶✮✳ ❚❤❡ s♣❛♥✇✐s❡ ❧♦❝❛t✐♦♥ ♦❢ t❤❡ ❡♥❣✐♥❡ ✇❛s ❤❡❧❞ ❝♦♥st❛♥t✳ ❚❤❡ ❛①✐❛❧

❞✐st❛♥❝❡ ❢r♦♠ t❤❡ ✇✐♥❣ ❧❡❛❞✐♥❣ ❡❞❣❡ t♦ t❤❡ tr❛✐❧✐♥❣ ❡❞❣❡ ♦❢ t❤❡ ♥❛❝❡❧❧❡✱ dx/c✱

✈❛r✐❡❞ ❢r♦♠ ✵✳✵✺ t♦ ✵✳✸✺ ❛♥❞ t❤❡ ✈❡rt✐❝❛❧ ♣♦s✐t✐♦♥ ❢r♦♠ t❤❡ ✇✐♥❣ ❧❡❛❞✐♥❣ ❡❞❣❡

t♦ t❤❡ ♥❛❝❡❧❧❡ tr❛✐❧✐♥❣ ❡❞❣❡✱ dz/c ✈❛r✐❡❞ ❢r♦♠ ✵✳✵✼ t♦ ✵✳✷✷ ✭❋✐❣✉r❡ ✶✮✳ ❲✐t❤✐♥

t❤✐s s❝♦♣✐♥❣ st✉❞②✱ ❛❝r♦ss ❛ ✇✐❞❡ r❛♥❣❡ ♦❢ ❡♥❣✐♥❡ ✐♥st❛❧❧❛t✐♦♥ ♣♦s✐t✐♦♥s✱ t❤❡

❡♥❣✐♥❡ ♣②❧♦♥ ✇❛s ♥♦t ♠♦❞❡❧❧❡❞ ❛s ❛ ❜❡s♣♦❦❡ ♣②❧♦♥ ❞❡s✐❣♥ ✇♦✉❧❞ ❤❛✈❡ ❜❡❡♥

r❡q✉✐r❡❞ ❢♦r ❡❛❝❤ ❡♥❣✐♥❡ ♣♦s✐t✐♦♥✳ ❙✉❝❤ ❛ ❞❡s✐❣♥ ❡①❡r❝✐s❡ ✐s ❜❡②♦♥❞ t❤❡ s❝♦♣❡

♦❢ t❤✐s st✉❞②✳

✷✳✷✳ ❚❤r✉st ❛♥❞ ❉r❛❣ ❆❝❝♦✉♥t✐♥❣

❆ t❤r✉st✲❞r❛❣ ❜♦♦❦❦❡❡♣✐♥❣ ♠❡t❤♦❞ ♠✉st ❜❡ ❡st❛❜❧✐s❤❡❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡

❝♦rr❡❝t ❞✐✈✐s✐♦♥ ♦❢ ❧♦ss❡s ❜❡t✇❡❡♥ t❤❡ ❛✐r❢r❛♠❡ ❛♥❞ ❡♥❣✐♥❡✳ ❆❧t❤♦✉❣❤ t❤❡

♥❡t ❡✛❡❝t ♦❢ ✐♥st❛❧❧❛t✐♦♥ ✐s ♥♦t ❛✛❡❝t❡❞ ❜② t❤❡ ❞✐✈✐s✐♦♥ ♦❢ t❤r✉st ❛♥❞ ❞r❛❣✱

✇✐t❤♦✉t ❛ ❝♦rr❡❝t s♣❧✐t t❤❡ ❧♦ss❡s ✇✐t❤✐♥ t❤❡ s②st❡♠ ✇✐❧❧ ♥♦t ❜❡ ❛❧❧♦❝❛t❡❞

❝♦rr❡❝t❧②✳ ❲✐t❤✐♥ t❤✐s r❡s❡❛r❝❤ t❤❡ ❡✛❡❝t ♦❢ ✐♥st❛❧❧❛t✐♦♥ ♦♥ t❤❡ ❛✐r❢r❛♠❡ ✐s

♥♦t ❝♦♥s✐❞❡r❡❞✱ ✐♥st❡❛❞ t❤❡ ❢♦❝✉s ✐s ♦♥ ❡♥❣✐♥❡ ❡①❤❛✉st ♣❡r❢♦r♠❛♥❝❡✱ ✐✳❡✳ t❤❡

t❤r✉st ❞♦♠❛✐♥✳ ❚❤❡ ❡✛❡❝t ♦❢ ✐♥st❛❧❧❛t✐♦♥ t♦ t❤❡ ❞r❛❣ ❞♦♠❛✐♥ ❛♥❞ ❝r✉✐s❡ ❢✉❡❧

❜✉r♥ ✐s r❡♣♦rt❡❞ ❜② ❙t❛➠❦♦✇s❦✐ ❡t ❛❧✳❬✶✹✱ ✷✾✱ ✸✵❪✳

✶✵



❚❤❡ t❤r✉st ❛♥❞ ❞r❛❣ ❜♦♦❦❦❡❡♣✐♥❣ ♠❡t❤♦❞ ❛♥❞ ❡♥❣✐♥❡ st❛t✐♦♥ ♥✉♠❜❡r✐♥❣

s②st❡♠ ✭❋✐❣✉r❡ ✷✮ ❡♠♣❧♦②❡❞ ✐♥ t❤✐s ✇♦r❦ ✇❡r❡ ❜❛s❡❞ ✉♣♦♥ ❛♥ ❡st❛❜❧✐s❤❡❞

♠❡t❤♦❞ ❬✶✻❪✳ ❚❤❡ s②♠❜♦❧s θ ❛♥❞ φ ❞❡♥♦t❡ ✇❛❧❧ ❢♦r❝❡s t❤❛t ❧✐❡ ✐♥ t❤❡ t❤r✉st

❛♥❞ ❞r❛❣ ❞♦♠❛✐♥s r❡s♣❡❝t✐✈❡❧②✳ ❊❛❝❤ ✇❛❧❧ ❢♦r❝❡ ✇❛s ❡✈❛❧✉❛t❡❞ t❤r♦✉❣❤ t❤❡

♥✉♠❡r✐❝❛❧ ✐♥t❡❣r❛t✐♦♥ ♦❢ ♣r❡ss✉r❡ ❛♥❞ s❤❡❛r✲str❡ss t❡r♠s ❛❧♦♥❣ ❡❛❝❤ ✈✐s❝♦✉s

s✉r❢❛❝❡✳ ❚❤❡ ❣❛✉❣❡ str❡❛♠ ❢♦r❝❡ ❛♥❞ ♠❛ss ✢♦✇ r❛t❡ ❛t ❛ ❣✐✈❡♥ ❡♥❣✐♥❡ st❛t✐♦♥

✭✇✐t❤ t❤❡ st❛t✐♦♥ ♥✉♠❜❡r ❞❡♥♦t❡❞ ❛s ❛ s✉❜s❝r✐♣t✮ ❛r❡ r❡♣r❡s❡♥t❡❞ ❜② t❤❡

s②♠❜♦❧s FG ❛♥❞ ṁ✳ ❚❤❡ ✐❞❡❛❧ ❢✉❧❧②✲❡①♣❛♥❞❡❞ ❥❡t ✈❡❧♦❝✐t② ✐s ❞❡♥♦t❡❞ ✇✐t❤ t❤❡

s②♠❜♦❧ V ideal ✭❊q✳ ✶ ❢r♦♠ ❬✸✻❪✮✳ ◆♦t❡ t❤❛t t❤❡ s✉♣❡rs❝r✐♣t D ❞❡♥♦t❡s t❤❛t ❛

❢♦r❝❡ ❤❛s ❜❡❡♥ r❡s♦❧✈❡❞ ✐♥t♦ t❤❡ êD ❞✐r❡❝t✐♦♥ ✭✇❤✐❝❤ ✐s ❛❧✐❣♥❡❞ ✇✐t❤ t❤❡ ❞r❛❣

❛①✐s ❛s s❤♦✇♥ ✐♥ ❋✐❣✉r❡ ✷✮✳

❚❤❡ ✈❡❧♦❝✐t② ❝♦❡✣❝✐❡♥t✱ CV ✐♥ ❊q✳ ✷✱ ✐s ❞❡✜♥❡❞ ❛s t❤❡ r❛t✐♦ ♦❢ t❤❡ ❛❝t✉❛❧

❣r♦ss ♣r♦♣✉❧s✐✈❡ ❢♦r❝❡✱ GPFD ✐♥ ❊q✳ ✸✱ ❣❡♥❡r❛t❡❞ ❢r♦♠ ❛ ♥♦③③❧❡ t♦ t❤❡ t❤r✉st

✇❤✐❝❤ ❜❡ ♦❜t❛✐♥❡❞ ✐❢ t❤❡ ❝♦r❡ ❛♥❞ ❢❛♥ str❡❛♠s ✇❡r❡ t♦ ❡①♣❛♥❞ ✐s❡♥tr♦♣✐❝❛❧❧②

t♦ t❤❡ ❛t♠♦s♣❤❡r✐❝ st❛t✐❝ ♣r❡ss✉r❡✳ ❚❤❡ ♠♦❞✐✜❡❞ ✈❡❧♦❝✐t② ❝♦❡✣❝✐❡♥t✱ C∗

V ✐♥

❊q✳ ✹✱ ✐s ❞❡✜♥❡❞ ❛s r❛t✐♦ ♦❢ t❤❡ ♠♦❞✐✜❡❞ ❣r♦ss ♣r♦♣✉❧s✐✈❡ ❢♦r❝❡✱ GPFD
∗

✐♥

❊q✳ ✺✱ t♦ t❤❡ ✐❞❡❛❧ ✐s❡♥tr♦♣✐❝ r❡❢❡r❡♥❝❡ t❤r✉st✳ ❚❤❡ ✈❡❧♦❝✐t② ❝♦❡✣❝✐❡♥t s❡r✈❡s

t♦ q✉❛♥t✐❢② t❤❡ ♥♦③③❧❡ ♣❡r❢♦r♠❛♥❝❡ ✇✐t❤✐♥ t❤❡ ❞✉❝ts ✇❤❡r❡❛s t❤❡ ♠♦❞✐✜❡❞

✈❡❧♦❝✐t② ❝♦❡✣❝✐❡♥t ❛❝❝♦✉♥ts ❢♦r ❜♦t❤ t❤❡ ✐♥t❡r♥❛❧ ♥♦③③❧❡ ❛♥❞ t❤❡ ❡①t❡r♥❛❧

❛❢t❡r❜♦❞✐❡s✳

✶✶



V ideal =

√

√

√

√

2γRT

(γ − 1)

(

1−

(

1

NPRp

)
γ−1

γ

)

✭✶✮

CD
V =

GPFD

ṁ7V ideal
9 + ṁ13V ideal

19

✭✷✮

GPFD = FD
G19 + FD

G9 ✭✸✮

CD
V ∗

=
GPFD

∗

ṁ7V ideal
9 + ṁ13V ideal

19

✭✹✮

GPFD
∗

= FD
G19 + FD

G9 + θDcc + θDplug ✭✺✮

❆t ❝r✉✐s❡ ❝♦♥❞✐t✐♦♥s t❤❡ ♥❡t ♣r♦♣✉❧s✐✈❡ ❢♦r❝❡ ✭NPFD✱ ❊q✳ ✻✮ q✉❛♥t✐✜❡s

t❤❡ ♦✈❡r❛❧❧ ❛❡r♦❞②♥❛♠✐❝ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ❡♥❣✐♥❡✳ ❍♦✇❡✈❡r✱ ❛s t❤❡ ♥♦③③❧❡

❞✐s❝❤❛r❣❡ ❝♦❡✣❝✐❡♥ts ❛♥❞ ♠❛ss ✢♦✇ r❛t❡s ❛r❡ ♥♦t ❦♥♦✇♥ ❛ ♣r✐♦r✐✱ ♠❛ss ✢♦✇

❝♦♥t✐♥✉✐t② ❜❡t✇❡❡♥ t❤❡ ✐♥t❛❦❡ ❛♥❞ ♥♦③③❧❡s ❝❛♥♥♦t ❜❡ ❣✉❛r❛♥t❡❡❞ ✐♥ t❤❡ ❈❋❉

s✐♠✉❧❛t✐♦♥✳ ❆s s✉❝❤ ❛ ❝♦rr❡❝t❡❞ ♥❡t ♣r♦♣✉❧s✐✈❡ ❢♦r❝❡ ✭NPFD
c ✱ ❊q✳ ✼✮ ❤❛s

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

❝❛❧❝✉❧❛t❡❞ ❢♦r ✜①❡❞ ♥♦③③❧❡ ♠❛ss ✢♦✇ r❛t❡s✳ ❚❤✐s ❝♦rr❡❝t✐♦♥ ✇❛s ♠❛❞❡ ❜❛s❡❞

♦♥ t❤❡ ✈❛❧✉❡ ♦❢ CD
V ∗

❝❛❧❝✉❧❛t❡❞ ❢r♦♠ ❡❛❝❤ ❈♦♠♣✉t❛t✐♦♥❛❧ ❋❧✉✐❞ ❉②♥❛♠✐❝

✭❈❋❉✮ s♦❧✉t✐♦♥ ❛♥❞ t❤❡ ♥♦③③❧❡ ♠❛ss ✢♦✇ r❛t❡s ✭ṁCycle
7 ❛♥❞ ṁCycle

13 ✮ r❡q✉✐r❡❞

❜② t❤❡ ✵❉ ❝②❝❧❡ ❛♥❛❧②s✐s ✭❙❡❝t✐♦♥ ✷✳✸✮✳ ❚❤❡ st❛♥❞❛r❞ ♥❡t t❤r✉st ✭FN✮ ♦❢ ❛

s❡♣❛r❛t❡✲❥❡t ❛❡r♦✲❡♥❣✐♥❡ ✐s ❣✐✈❡♥ ❜② ❊q✳ ✽✳

✶✷



NPFD = GPFD
∗

− FD
G0 − (φD

pre + φD
cowl) ✭✻✮

NPFD
c = CD

V ∗
(ṁCycle

7 V ideal
7 + ṁCycle

13 V ideal
13 )− FD

G0 − (φD
pre + φD

cowl) ✭✼✮

FD
N = FD

G19 + FD
G9 − ṁ2V0 ✭✽✮

❆ ❞✐s❝❤❛r❣❡ ❝♦❡✣❝✐❡♥t ✐s ❞❡✜♥❡❞ ❛s t❤❡ r❛t✐♦ ♦❢ t❤❡ ❛❝t✉❛❧ ♠❛ss ✢♦✇

r❛t❡ t❤❛t ✢♦✇s t❤r♦✉❣❤ ❛ ♥♦③③❧❡ t♦ t❤❡ ✐❞❡❛❧ ♠❛ss ✢♦✇ r❛t❡ ✇❤✐❝❤ ✇♦✉❧❞

✢♦✇ t❤r♦✉❣❤ t❤❡ ♥♦③③❧❡ ✇❤✐❝❤ ❡①♣❛♥❞s t♦ t❤❡ ❛♠❜✐❡♥t st❛t✐❝ ♣r❡ss✉r❡ ✉♥❞❡r

✐s❡♥tr♦♣✐❝ ❝♦♥❞✐t✐♦♥s ✭ Cd =
ṁ

ṁIdeal ❬✸✻❪✮✳ ❚❤❡ ♦♣❡r❛t✐♥❣ ♣♦✐♥t ♦❢ ❡❛❝❤ ❡①❤❛✉st

♥♦③③❧❡ ✐s ❝❤❛r❛❝t❡r✐③❡❞ ❜② t❤❡ ♥♦③③❧❡ ♣r❡ss✉r❡ r❛t✐♦ ✭NPR = P
patm

✮ ✇❤✐❝❤ ✐s

❞❡✜♥❡❞ ❛s t❤❡ r❛t✐♦ ❜❡t✇❡❡♥ t❤❡ t♦t❛❧ ♣r❡ss✉r❡ ❛t t❤❡ ✐♥❧❡t ♦❢ t❤❡ ♥♦③③❧❡✱

P ✱ ❛♥❞ t❤❡ ❛t♠♦s♣❤❡r✐❝ st❛t✐❝ ♣r❡ss✉r❡✱ patm✳ ❆s s❡♣❛r❛t❡✲❥❡t ♥♦③③❧❡s ❛r❡

❝♦♥s✐❞❡r❡❞ ✐♥ t❤✐s ✇♦r❦✱ t❤❡r❡ ❛r❡ t✇♦ ♥♦③③❧❡ ♣r❡ss✉r❡ r❛t✐♦s ♦❢ ✐♥t❡r❡st✳ ❚❤❡

❢❛♥ ♥♦③③❧❡ ♣r❡ss✉r❡ ✭FNPR✮ ❛♥❞ t❤❡ ❝♦r❡ ♥♦③③❧❡ ♣r❡ss✉r❡ r❛t✐♦ ✭CNPR✮✳

◆♦t❡ t❤❛t t❤❡ FNPR ❛♥❞ CNPR ❛r❡ ✉s❡❞ ✐♥ ❊q✳ ✶ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ✐❞❡❛❧

❢✉❧❧② ❡①♣❛♥❞❡❞ ❥❡t ✈❡❧♦❝✐t②✳

✷✳✸✳ ❊♥❣✐♥❡ ●❡♦♠❡tr② ❛♥❞ ❉❡s✐❣♥

❚♦ ✐♥✈❡st✐❣❛t❡ t❤❡ ❛❡r♦❞②♥❛♠✐❝ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❛❡r♦✲❡♥❣✐♥❡ ❡①❤❛✉st ♥♦③✲

③❧❡s ❛♥ ❛♣♣r♦♣r✐❛t❡ ❡♥❣✐♥❡ ❝②❝❧❡ ♠✉st ❜❡ ❞❡✜♥❡❞✳ ❲✐t❤✐♥ t❤❡ ❝♦♥t❡①t ♦❢ t❤✐s

✇♦r❦✱ t❤❡ ♣r✐♠❛r② ♣✉r♣♦s❡ ♦❢ t❤❡ ❡♥❣✐♥❡ ❝②❝❧❡ ❛♥❛❧②s✐s ✐s t♦ ♣r♦✈✐❞❡ ❜♦✉♥❞❛r②

❝♦♥❞✐t✐♦♥s ❢♦r t❤❡ ❈❋❉ ❝❛❧❝✉❧❛t✐♦♥s ❛s ✇❡❧❧ ❛s t♦ ♣r♦✈✐❞❡ ✐♥✐t✐❛❧ ❡st✐♠❛t❡s ❢♦r

t❤❡ ❡♥❣✐♥❡ st❛♥❞❛r❞ ♥❡t t❤r✉st ❛♥❞ ❙❋❈✳ ❚❤❡ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ❞❡r✐✈❡❞

❢r♦♠ t❤❡ ❝②❝❧❡ ❛♥❛❧②s✐s ❝♦♥s✐st❡❞ ♦❢ t❤❡ ✐♥t❛❦❡ ♠❛ss ✢♦✇ r❛t❡ ✭ṁ2✮✱ ♥♦③③❧❡

♣r❡ss✉r❡ r❛t✐♦s ❛t ❝r✉✐s❡ ✭FNPR ❛♥❞ CNPR✮ ❛♥❞ t❤❡ t♦t❛❧ t❡♠♣❡r❛t✉r❡s
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❛t t❤❡ ❢❛♥ ❢❛❝❡✱ ❜②♣❛ss ✐♥❧❡t ❛♥❞ ❝♦r❡ ✐♥❧❡t ✭T2✱ T13 ❛♥❞ T7 r❡s♣❡❝t✐✈❡❧②✮✳

❚❤❡ ❡♥❣✐♥❡ ❝②❝❧❡s ♣r❡s❡♥t❡❞ ✇✐t❤✐♥ t❤✐s st✉❞② ✇❡r❡ ♠♦❞❡❧❧❡❞ ✇✐t❤ t❤❡ ③❡r♦✲

❞✐♠❡♥s✐♦♥❛❧ ✭✵❉✮ ♠♦❞✉❧❛r ❣❛s t✉r❜✐♥❡ ♣❡r❢♦r♠❛♥❝❡ ❝♦❞❡ ❚✉r❜♦♠❛t❝❤ ❬✸✼❪✳

❚✇♦ ❡♥❣✐♥❡ ❝②❝❧❡s ✇❡r❡ ❡①❛♠✐♥❡❞ ✐♥ t❤✐s st✉❞②✱ ✇❤✐❝❤ ✇❡r❡ ❞❡✈❡❧♦♣❡❞

❛s ♣❛rt ♦❢ ❛ ♣r❡✈✐♦✉s ✐♥st❛❧❧❛t✐♦♥ st✉❞② ❜② ❙t❛➠❦♦✇s❦✐ ❡t ❛❧ ✳ ❬✷✾❪✱ ❡❛❝❤

❡♥❣✐♥❡ ❢❡❛t✉r❡❞ ❛ st❛♥❞❛r❞ ♥❡t t❤r✉st r❡q✉✐r❡♠❡♥t ✭❊q✳ ✽✮ ❝♦♥st❛♥t ❛❝r♦ss

❜♦t❤ ❝②❝❧❡s ♦❢ ✺✺✳✼ ❦◆✳ ❚❤✐s r❡q✉✐r❡♠❡♥t ✇❛s s❡t ❜② t❤❡ ❞r❛❣ ♦❢ t❤❡ ❈❘▼

❝♦♥✜❣✉r❛t✐♦♥ ❛t t❤❡ ❝❤♦s❡♥ ♦♣❡r❛t✐♥❣ ❝♦♥❞✐t✐♦♥ ❛♥❞ ❧✐❢t ❝♦❡✣❝✐❡♥t ♦❢ ✵✳✺✳ ❚❤❡

♦♣❡r❛t✐♥❣ ♣♦✐♥t ♦❢ t❤❡ ❝②❝❧❡ ❢♦r ❊♥❣✐♥❡ ✶ ✭❊✶✮ ✇❛s ❜❛s❡❞ ✉♣♦♥ ♦♣❡♥ s♦✉r❝❡

❡st✐♠❛t✐♦♥s ♦❢ ❡♥❣✐♥❡s ♦❢ ❛ s✐♠✐❧❛r t❤r✉st ❝❧❛ss ❛♥❞ t❡❝❤♥♦❧♦❣② ❧❡✈❡❧ ✐✳❡✳ ❛ ❇P❘

♦❢ ✶✶✱ ❛♥ ❖♣❡r❛t✐♥❣ Pr❡ss✉r❡ ❘❛t✐♦ ✭❖P❘✮ ♦❢ ✺✵ ❛♥❞ ▼❛ss ❋❧♦✇ ❈❛♣t✉r❡

❘❛t✐♦ ✭MFCR✮ ♦❢ ✵✳✼✺ ✭❚❛❜❧❡ ✶✮✳ ❊♥❣✐♥❡ ✷ ✭❊✷✮ ❢❡❛t✉r❡s ❛ ❢❛♥ ❞✐❛♠❡t❡r

✇❤✐❝❤ ✐s ✷✸✪ ❧❛r❣❡r t❤❛♥ t❤❛t ♦❢ ❊✶ s♦ t❤❛t t❤❡ ✐♥st❛❧❧❛t✐♦♥ ❡✛❡❝ts ❞✉❡ t♦

✐♥❝r❡❛s❡❞ ❢❛♥ ❞✐❛♠❡t❡rs ❛♥❞ ❧♦✇❡r ❡♥❣✐♥❡ s♣❡❝✐✜❝ t❤r✉st ❝♦✉❧❞ ❜❡ ❞❡t❡r♠✐♥❡❞✳

❙✉❝❤ ❛♥ ✐♥❝r❡❛s❡ ✐♥ ❢❛♥ ❞✐❛♠❡t❡rs ❜❡t✇❡❡♥ t❤❡ t✇♦ ❡♥❣✐♥❡s ✐s r❡♣r❡s❡♥t❛t✐✈❡

♦❢ ❝❤❛♥❣❡ ❢r♦♠ ❛ ❧❛r❣❡ t♦ ✈❡r② ❧❛r❣❡ t✉r❜♦❢❛♥ ❡♥❣✐♥❡ ❬✻❪✳ ❋♦r t❤❡ ❊✷ ❡♥❣✐♥❡✱

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

✢♦✇ ❝❛♣t✉r❡ r❛t✐♦ ✭▼❋❈❘✮✱ ✇❡r❡ ❦❡♣t t❤❡ s❛♠❡ ❛s ❢♦r ❊✶✱ ✇✐t❤ t❤❡ ❖P❘ ❛♥❞

❇P❘ ❞❡t❡r♠✐♥❡❞ ❜② ♦♣t✐♠✐s✐♥❣ t❤❡ ❝②❝❧❡ ✇✐t❤ t❤❡ ♦❜❥❡❝t✐✈❡ ❢✉♥❝t✐♦♥ t♦ ♠❡❡t

t❤❡ FN r❡q✉✐r❡♠❡♥t ❛♥❞ ♠✐♥✐♠✐s❡ ❙❋❈✳ ❚❤❡ r❡s✉❧t❛♥t ❝②❝❧❡ ❞❡♠♦♥str❛t❡s t❤❡

❡①♣❡❝t❡❞ ❡♥❣✐♥❡ ❞❡s✐❣♥ tr❡♥❞s✱ ✐✳❡✳ ❛♥ ✐♥❝r❡❛s❡❞ ❢❛♥ ❞✐❛♠❡t❡r ❛♥❞ ❇P❘✱ ❛♥❞

r❡❞✉❝t✐♦♥ ✐♥ ❋P❘ ✭❚❛❜❧❡ ✶✮✳ ❆ ❇P❘ ♦❢ ✶✼✳✽ ✐s r❡♣r❡s❡♥t❛t✐✈❡ ♦❢ ❛ ❢✉t✉r❡ ✈❡r②

❧❛r❣❡ t✉r❜♦❢❛♥ ❡♥❣✐♥❡ ❜❛s❡❞ ♦♥ t❤❡ ♣r❡❧✐♠✐♥❛r② st✉❞② ♦❢ ❉❛❣❣❡tt ❬✸❪ ❛s ✇❡❧❧

❛s t❤❡ ❊◆❖❱❆▲ ✉❧tr❛ ❤✐❣❤ ❜②♣❛ss r❛t✐♦ st✉❞② ❬✻❪✳ ❲✐t❤✐♥ t❤❡ ❡♥❣✐♥❡ ❝②❝❧❡

❝♦♥t❡①t t❤❡ ❋P❘ ✐s ❞❡✜♥❡❞ ❛s t❤❡ r❛t✐♦ ❜❡t✇❡❡♥ t❤❡ t♦t❛❧ ♣r❡ss✉r❡ ❛t t❤❡
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✐♥❧❡t ♦❢ t❤❡ ❜②♣❛ss ♥♦③③❧❡ t♦ t❤❡ t♦t❛❧ ♣r❡ss✉r❡ ❛t t❤❡ ❢❛♥ ❢❛❝❡ ✭P13

P2

✮✳

❚❛❜❧❡ ✶✿ ❙✉♠♠❛r② ♦❢ ❝②❝❧❡ ♣❛r❛♠❡t❡rs ❢♦r ❊♥❣✐♥❡ ✭❊✶✮ ❛♥❞ ❊♥❣✐♥❡ ✷ ✭❊✷✮ ❛t ❝r✉✐s❡
❝♦♥❞✐t✐♦♥s

❊♥❣✐♥❡ ✶ ✭❊✶✮ ❊♥❣✐♥❡ ✷ ✭❊✷✮
❆❧t✐t✉❞❡ ✸✺✱✵✵✵ ❢t
❈r✉✐s❡ ▼❛❝❤ ◆✉♠❜❡r ✵✳✽✷
MFCR ✵✳✼✺
FN ✺✺✳✼❦◆
❋❛♥ ❉✐❛♠❡t❡r ✭r❡❧❛t✐✈❡ t♦ ❊✶✮ ✶✳✵ ✶✳✷✸
BPR ✶✵✳✼ ✶✼✳✽
❈r✉✐s❡ FNPR ✷✳✼ ✷✳✶
❈r✉✐s❡ CNPR ✶✳✹ ✶✳✼
OPR ✺✵ ✺✼
FPR ✶✳✻✼ ✶✳✹
Fs✭❛s ❛ r❛t✐♦ ♦❢ ❊✶✮ ✶✳✵ ✵✳✻✻

❆①✐s②♠♠❡tr✐❝ ❡♥❣✐♥❡ ❣❡♦♠❡tr✐❡s ❢♦r t❤❡ ❛❜♦✈❡ ❡♥❣✐♥❡ ❝②❝❧❡s ✇❡r❡ ❝r❡✲

❛t❡❞ ✉s✐♥❣ ❛ ❞❡s✐❣♥ t♦♦❧ ♥❛♠❡❞ ●❡♦♠❡tr✐❝ ❊♥❣✐♥❡ ▼♦❞❡❧❧❡r ■♥❝❧✉❞✐♥❣ ◆♦③③❧❡

■♥st❛❧❧❛t✐♦♥ ✭●❊▼■◆■✮❬✸✻✱ ✸✽✱ ✸✾❪✳ ●❊▼■◆■ ✐♠♣❧❡♠❡♥ts ❛ ❣❡♥❡r✐❝ ❞❡s✐❣♥ ❛♣✲

♣r♦❛❝❤ ✇❤✐❝❤ ✐s ❛♣♣❧✐❝❛❜❧❡ t♦ ❛ ✇✐❞❡ r❛♥❣❡ ♦❢ ❝✐✈✐❧ ❛❡r♦✲❡♥❣✐♥❡ s❡♣❛r❛t❡✲❥❡t

❡①❤❛✉sts✳ ●✐✈❡♥ ❛ t❤❡r♠♦❞②♥❛♠✐❝ ❡♥❣✐♥❡ ❝②❝❧❡ ❛♥❞ ❛ s❡t ♦❢ ❡♥❣✐♥❡ ❣❡♦♠❡tr②

❤❛r❞ ♣♦✐♥ts ❛ ❝♦♠♣❧❡t❡ s❡♣❛r❛t❡✲❥❡t ❣❡♦♠❡tr② ❝❛♥ ❜❡ ♣r♦❞✉❝❡❞ ✉s✐♥❣ ❝❧❛ss

s❤❛♣❡ tr❛♥s❢♦r♠❛t✐♦♥ ❝✉r✈❡s ❬✸✻✱ ✸✽✱ ✸✾❪✳ ❋♦r t❤❡ ❊✶ ❡♥❣✐♥❡✱ ♣r❡❧✐♠✐♥❛r② ❞❡✲

s✐❣♥ ❣✉✐❞❡❧✐♥❡s ✇❡r❡ ✉s❡❞ t♦ ❞❡t❡r♠✐♥❡ t❤❡ ❡♥❣✐♥❡ ❦❡② ♣♦✐♥ts ✇✐t❤ t❤❡ ♥♦③③❧❡

❡①✐t ❛r❡❛s s✐③❡❞ ❜❛s❡❞ ♦♥ t❤❡ ✢♦✇ ❝❛♣❛❝✐t② r❡q✉✐r❡❞ ❢r♦♠ t❤❡ ❡♥❣✐♥❡ ❝②❝❧❡✳

❋♦r t❤❡ ❊✷ ❡♥❣✐♥❡✱ t❤❡ ❦❡② ❡♥❣✐♥❡ ❤❛r❞ ♣♦✐♥ts ❢r♦♠ t❤❡ ❊✶ ❡♥❣✐♥❡ ✇❡r❡ s❝❛❧❡❞

❜② ❛ ❢❛❝t♦r ♦❢ ✶✳✷✸✱ ❡①❝❡♣t ❢♦r t❤❡ ♥♦③③❧❡ ❡①✐t ❛r❡❛s ✇❤✐❝❤ ✇❡r❡ s✐③❡❞ ❜❛s❡❞

✉♣♦♥ t❤❡ ✢♦✇ ❝❛♣❛❝✐t② r❡q✉✐r❡♠❡♥t ❢r♦♠ t❤❡ ❊✷ ❝②❝❧❡✳

✶✺



✷✳✹✳ ●r✐❞ ●❡♥❡r❛t✐♦♥ ❛♥❞ ❈♦♠♣✉t❛t✐♦♥❛❧ ❉♦♠❛✐♥

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

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

♠♦❞❡❧ t❤❡ ❢r❡❡str❡❛♠ ❝♦♥❞✐t✐♦♥s ✭❋✐❣✉r❡ ✸❛✮✳ ❚❤❡ ❞✐❛♠❡t❡r ♦❢ t❤✐s ❤❡♠✐✲

s♣❤❡r✐❝❛❧ ❞♦♠❛✐♥ ✇❛s ❝❤♦s❡♥ t♦ ❜❡ ✶✵✵❝ ❜❛s❡❞ ♦♥ t❤❡ ✜♥❞✐♥❣s ♦❢ t❤❡ ✇❡❧❧

❡st❛❜❧✐s❤❡❞ ❆■❆❆ ❉r❛❣ Pr❡❞✐❝❛t✐♦♥ ❲♦r❦s❤♦♣ ❬✸✸❪✳ ❚❤❡ ❢r❡❡str❡❛♠ ▼❛❝❤

♥✉♠❜❡r ✇❛s s❡t t♦ ✵✳✽✷ ✐♥ ❛❝❝♦r❞❛♥❝❡ ✇✐t❤ t❤❡ ♦♣❡r❛t✐♥❣ ♣♦✐♥t ♦❢ t❤✐s st✉❞②

❛♥❞ ❛ r❛♥❣❡ ♦❢ ❢r❡❡str❡❛♠ ❛♥❣❧❡s ♦❢ ❛tt❛❝❦ ✭α✮ ❢r♦♠ ✵ t♦ 4o ✇❡r❡ ❝♦♠♣✉t❡❞✳

❚❤✐s ❛♥❣❧❡ ♦❢ ❛tt❛❝❦ ✇❛s ❞❡✜♥❡❞ r❡❧❛t✐✈❡ t♦ t❤❡ ❢✉s❡❧❛❣❡ ❝❡♥tr❡❧✐♥❡✳ ❚❤❡ ❡♥✲

❣✐♥❡ ❢❛♥ ❢❛❝❡ ✇❛s ♠♦❞❡❧❧❡❞ ❛s ❛ ♣r❡ss✉r❡ ♦✉t❧❡t ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥ ✭❋✐❣✉r❡

✸❛✮ ✇✐t❤ ❛ t❛r❣❡t ♠❛ss ✢♦✇ s❡t ❛❝❝♦r❞✐♥❣ t♦ t❤❡ r❡q✉✐r❡❞ ♦♣❡r❛t✐♥❣ ♣♦✐♥t

✭❚❛❜❧❡ ✶✮✳ Pr❡ss✉r❡ ✐♥❧❡t ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ✇❡r❡ ✉s❡❞ t♦ ♠♦❞❡❧ t❤❡ ✐♥❧❡t

♦❢ t❤❡ ❜②♣❛ss ❛♥❞ ❝♦r❡ ❞✉❝ts ✭❋✐❣✉r❡ ✸❛✮ ✇✐t❤ t❤❡ ✈❛❧✉❡s ♦❢ t♦t❛❧ ♣r❡ss✉r❡

❛♥❞ t♦t❛❧ t❡♠♣❡r❛t✉r❡ s❡t ❜❛s❡❞ ♦♥ t❤❡ ❡♥❣✐♥❡ ❝②❝❧❡✳ ❆❧❧ ❛✐r❢r❛♠❡ ❛♥❞ ❡♥❣✐♥❡

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

❚❤❡ ✐♥st❛❧❧❡❞ ❝♦♥✜❣✉r❛t✐♦♥ ✇❛s ♠❡s❤❡❞ ✉s✐♥❣ ❛ ❢✉❧❧② str✉❝t✉r❡❞ ♠✉❧t✐✲

❜❧♦❝❦ ❛♣♣r♦❛❝❤ ✇✐t❤ t❤❡ r❡s✉❧t❛♥t ♠❡s❤ ❞❡s✐❣♥❡❞ ❢♦r ❢✉❧❧ ❜♦✉♥❞❛r② ❧❛②❡r

r❡s♦❧✉t✐♦♥ ✇✐t❤ ❛ y+ < 1 ✳ ❆♥ ❡①❛♠♣❧❡ ♦❢ t❤❡ s✉r❢❛❝❡ ♠❡s❤ ✐s ♣r❡s❡♥t❡❞ ✐♥

✭❋✐❣✉r❡ ✸❜✮✳ ❚❤❡ ❜❧♦❝❦✐♥❣ str❛t❡❣② ❛♥❞ ♠❡s❤✐♥❣ ❣✉✐❞❡❧✐♥❡s ❢♦r t❤❡ ✐♥t❛❦❡✱

♥❛❝❡❧❧❡ ❛♥❞ ❛✐r❝r❛❢t ✇❡r❡ ❞❡t❡r♠✐♥❡❞ ❢r♦♠ ❞♦♠❛✐♥ ❛♥❞ ♠❡s❤ ✐♥❞❡♣❡♥❞❡♥❝❡

st✉❞✐❡s ❛♥❞ ✈❛❧✐❞❛t❡❞ ❛❣❛✐♥st ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ❜② ❙t❛➠❦♦✇s❦✐ ❬✷✺❪✳ ❙✐♠✲

✐❧❛r❧②✱ t❤❡ ❡①❤❛✉st s②st❡♠ ♠❡s❤✐♥❣ ❣✉✐❞❡❧✐♥❡s ♦✉t❧✐♥❡❞ ❜② ❙t❛➠❦♦✇s❦✐ ❬✷✾❪

✇❡r❡ ✈❛❧✐❞❛t❡❞ ❛❣❛✐♥st ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ❛♥❞ ✈❡r✐✜❡❞ ❜② ❖tt❡r ❡t ❛❧✳ ❬✹✵❪✳

❋♦r t❤❡ ✐♥st❛❧❧❡❞ ❡♥❣✐♥❡ st✉❞✐❡s t❤❡ r❡s✉❧t❛♥t ♠❡s❤ ❝♦♥s✐st❡❞ ♦❢ ✸✺ ♠✐❧❧✐♦♥

❡❧❡♠❡♥ts✳ ❋♦r t❤❡ ✐s♦❧❛t❡❞ ❡♥❣✐♥❡ t❤❡ s❛♠❡ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ❛♥❞ ♠❡s❤✲

✶✻



✐♥❣ ❣✉✐❞❡❧✐♥❡s ❢♦r t❤❡ ✐♥st❛❧❧❡❞ ❡♥❣✐♥❡ ❝♦♥✜❣✉r❛t✐♦♥ ✇❡r❡ ✉s❡❞✳ ❚❤❡ ♠❡s❤ ❢♦r

t❤❡ ✐s♦❧❛t❡❞ ❡♥❣✐♥❡ ❝♦♥s✐st❡❞ ♦❢ ✶✵ ♠✐❧❧✐♦♥ ❡❧❡♠❡♥ts✳ ❋✉rt❤❡r♠♦r❡✱ ❛ ❞♦♠❛✐♥

❛♥❞ ♠❡s❤ st✉❞② ❢♦r t❤❡ ❛❢♦r❡♠❡♥t✐♦♥❡❞ ✐s♦❧❛t❡❞ ❡♥❣✐♥❡ ❤❛s ❜❡❡♥ r❡♣♦rt❡❞ ❜②

❙t❛➠❦♦✇s❦✐ ❬✷✾❪✳

✷✳✺✳ ❈♦♠♣✉t❛t✐♦♥❛❧ ▼❡t❤♦❞

❆♥ ✐♠♣❧✐❝✐t ❞❡♥s✐t② ❜❛s❡❞ ❝♦♠♣r❡ss✐❜❧❡ s♦❧✈❡r ❬✹✶❪ ✇❛s ✉s❡❞ t♦ s♦❧✈❡ t❤❡

❘❡②♥♦❧❞s✲❛✈❡r❛❣❡❞ ◆❛✈✐❡r✲❙t♦❦❡s ✭❘❆◆❙✮ ❡q✉❛t✐♦♥s s✉❝❤ t❤❛t t❤❡ ❛❡r♦❞②✲

♥❛♠✐❝ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❡❛❝❤ ❡♥❣✐♥❡✲❛✐r❢r❛♠❡ ❝♦♥✜❣✉r❛t✐♦♥ ❝♦✉❧❞ ❜❡ ❛ss❡ss❡❞✳

❚❤❡ ❝♦♠♣✉t❛t✐♦♥❛❧ ♠❡t❤♦❞ ✉s❡❞ ✇✐t❤✐♥ t❤✐s ✇♦r❦ ❤❛s ❜❡❡♥ ✈❛❧✐❞❛t❡❞ ❢♦r t❤❡

❝❛❧❝✉❧❛t✐♦♥ ♦❢ tr❛♥s♦♥✐❝ ❛✐r❝r❛❢t ♣❡r❢♦r♠❛♥❝❡ ❜② ❙t❛➠❦♦✇s❦✐ ❡t ❛❧✳ ❬✷✺❪ ❛♥❞

s✐♠✐❧❛r❧② ❢♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ ❡①❤❛✉st s②st❡♠ ♣❡r❢♦r♠❛♥❝❡ ❜② ❖tt❡r ❡t ❛❧

❬✹✵❪✳ ❚❤❡ ❡q✉❛t✐♦♥s ❢♦r ❝♦♥t✐♥✉✐t②✱ ♠♦♠❡♥t✉♠✱ ❡♥❡r❣②✱ t✉r❜✉❧❡♥t ❦✐♥❡t✐❝ ❡♥✲

❡r❣② ❛♥❞ s♣❡❝✐✜❝ t✉r❜✉❧❡♥t ❞✐ss✐♣❛t✐♦♥ r❛t❡ ✇❡r❡ ❞✐s❝r❡t✐s❡❞ ✇✐t❤ ❛ s❡❝♦♥❞

♦r❞❡r ✉♣✇✐♥❞ s♣❛t✐❛❧ s❝❤❡♠❡✳ ❚❤❡ ❘♦❡ ❋❧✉①✲❞✐✛❡r❡♥❝❡ s♣❧✐tt✐♥❣ s❝❤❡♠❡ ✇❛s

✉s❡❞ t♦ ❡✈❛❧✉❛t❡ t❤❡ ✐♥✈✐s❝✐❞ ✢✉① ✈❡❝t♦r ❛♥❞ ❣r❛❞✐❡♥ts ✇❡r❡ ❝♦♠♣✉t❡❞ ✇✐t❤

●r❡❡♥✲●❛✉ss ♥♦❞❡ ❜❛s❡❞ ❞✐s❝r❡t✐s❛t✐♦♥ ❬✹✷✱ ✹✸❪✳ ❚❤❡ k − ω ❙❤❡❛r ❙tr❡ss

❚r❛♥s♣♦rt ✭❙❙❚✮ t✉r❜✉❧❡♥❝❡ ♠♦❞❡❧ ❬✹✹❪ ✇❛s ✉s❡❞ t♦ ❝❧♦s❡ t❤❡ ❘❆◆❙ ❡q✉❛✲

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

✐s♦❧❛t❡❞ s❡♣❛r❛t❡ ❥❡t ❝♦♥✜❣✉r❛t✐♦♥s✳

❚❤r♦✉❣❤♦✉t ❡❛❝❤ ♥✉♠❡r✐❝❛❧ s♦❧✉t✐♦♥ r❡s✐❞✉❛❧s ♦❢ ✈❡❧♦❝✐t②✱ ❝♦♥t✐♥✉✐t②✱ ❡♥✲

❡r❣②✱ t✉r❜✉❧❡♥t ❦✐♥❡t✐❝ ❡♥❡r❣② ❛♥❞ s♣❡❝✐✜❝ t✉r❜✉❧❡♥t ❞✐ss✐♣❛t✐♦♥ r❛t❡ ✇❡r❡

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

❈♦✉r❛♥t✲❋r✐❡❞r✐❝❤s✲▲❡✇② ✭❈❋▲✮ ♥✉♠❜❡r t❤r♦✉❣❤♦✉t t❤❡ s♦❧✉t✐♦♥ ❢r♦♠ ✶ t♦

✺✵ ✉♥t✐❧ t❤❡ ❛❢♦r❡♠❡♥t✐♦♥❡❞ r❡s✐❞✉❛❧s ❞❡❝r❡❛s❡❞ ❜② ❛t ❧❡❛st t❤r❡❡ ♦r❞❡rs ♦❢

♠❛❣♥✐t✉❞❡✳ ❆ t②♣✐❝❛❧ r❡s✐❞✉❛❧ ❝♦♥✈❡r❣❡♥❝❡ ♣❧♦t ❢♦r ❛ s✐♥❣❧❡ ✐♥❝✐❞❡♥❝❡ ✐s s❤♦✇♥

✶✼



✐♥ ❋✐❣✉r❡ ✹✳ ❆ s✇❡❡♣ ♦❢ ✽ ✐♥❝✐❞❡♥❝❡ ❛♥❣❧❡s ❢r♦♠ ✵ t♦ ✹o t♦♦❦ ✶✷✽ ❤♦✉rs ✇❤❡♥

❝♦♠♣✉t❡❞ ❛❝r♦ss ✹✽ ■♥t❡❧ ❊✺✲✷✻✻✵ ❙❛♥❞② ❇r✐❞❣❡ ❈P❯s✳ ❚❤❡ ✇♦r❦✐♥❣ ✢✉✐❞

♦❢ ❛✐r ✇❛s ♠♦❞❡❧❧❡❞ ❛s ❛♥ ✐❞❡❛❧ ❣❛s ✐♥ t❛♥❞❡♠ ✇✐t❤ ❛♥ ✽t❤ ♦r❞❡r ♣♦❧②♥♦♠✐❛❧

❡①♣r❡ss✐♦♥ ❢♦r s♣❡❝✐✜❝ ❤❡❛t ❝❛♣❛❝✐t② ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ st❛t✐❝ t❡♠♣❡r❛t✉r❡ ❬✹✺❪✳

❚❤❡r♠❛❧ ❝♦♥❞✉❝t✐✈✐t② ✇❛s ♠♦❞❡❧❧❡❞ ❛❝❝♦r❞✐♥❣ t♦ ❦✐♥❡t✐❝ t❤❡♦r②✳ ❋✐♥❛❧❧②✱

❙✉t❤❡r❧❛♥❞✬s ❧❛✇ ✇❛s ✉s❡❞ ❢♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ ❞②♥❛♠✐❝ ✈✐s❝♦s✐t② ❬✹✻❪✳

✸✳ ❘❡s✉❧ts ❛♥❞ ❉✐s❝✉ss✐♦♥

❚❤❡ ❛✐♠ ♦❢ t❤✐s s❡❝t✐♦♥ ✐s t♦ q✉❛♥t✐❢② t❤❡ s❡♥s✐t✐✈✐t② ♦❢ t❤❡ ♠♦❞✐✜❡❞ ♥♦③③❧❡

♣❡r❢♦r♠❛♥❝❡ ♠❡tr✐❝s t♦ ❡♥❣✐♥❡ ✐♥st❛❧❧❛t✐♦♥ ♣♦s✐t✐♦♥ ❛♥❞ ❛✐r❝r❛❢t ✐♥❝✐❞❡♥❝❡✳

❚❤❡ ❛❡r♦❞②♥❛♠✐❝ ❢❡❛t✉r❡s ✇❤✐❝❤ ❣♦✈❡r♥ t❤❡ ❡①❤❛✉st s②st❡♠ ♣❡r❢♦r♠❛♥❝❡ ❛r❡

✐❞❡♥t✐✜❡❞ ❛♥❞ ❛♥❛❧②s❡❞ ✇✐t❤ ♣❛rt✐❝✉❧❛r ❛tt❡♥t✐♦♥ ♣❛✐❞ t♦ ❞✐✛❡r❡♥❝❡s ✐♥ t❤❡

❜❡❤❛✈✐♦✉r ♦❢ t❤❡ t✇♦ ❡♥❣✐♥❡s ✇❤✐❝❤ ❛r✐s❡✳ ❋✐rst❧②✱ ❞❡t❛✐❧❡❞ ♦❢ t❤❡ ✈❛❧✐❞❛t✐♦♥

❛♥❞ ✈❡r✐✜❝❛t✐♦♥ ♦❢ t❤❡ ❝♦♠♣✉t❛t✐♦♥❛❧ ❛♣♣r♦❛❝❤ ❛r❡ r❡♣♦rt❡❞✳ ❙❡❝♦♥❞❧②✱ t❤❡

❡✛❡❝t ♦❢ ❡♥❣✐♥❡ ♣♦s✐t✐♦♥ ❛t ❝r✉✐s❡ ❝♦♥❞✐t✐♦♥s ✐s ♣r❡s❡♥t❡❞ ❛♥❞ ✜♥❛❧❧② t❤❡

✈❛r✐❛t✐♦♥ ♦❢ ♥♦③③❧❡ ♣❡r❢♦r♠❛♥❝❡ ✇✐t❤ ❛✐r❝r❛❢t ✐♥❝✐❞❡♥❝❡ ✐s ❝♦♥s✐❞❡r❡❞✳

✸✳✶✳ ❱❛❧✐❞❛t✐♦♥ ❛♥❞ ❱❡r✐✜❝❛t✐♦♥

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

❛❣❛✐♥st ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ ❢♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ ❛✐r❝r❛❢t ❬✷✺❪ ❛♥❞ ♥❛❝❡❧❧❡ ♣❡r✲

❢♦r♠❛♥❝❡ ❬✹✼❪✳ ❚❤❡ ❞r❛❣ ❝❛❧❝✉❧❛t❡❞ ❜❛s❡❞ ♦♥ t❤❡ ❝♦♠♣✉t❛t✐♦♥❛❧ ❛♣♣r♦❛❝❤

✇❤✐❝❤ ✐♥ ❛❣r❡❡♠❡♥t ✇✐t❤ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ t♦ ✇✐t❤✐♥ ✺✪ ❛♥❞ ✹✪ ❢♦r t❤❡

❛✐r❢r❛♠❡ ❬✷✺❪ ❛♥❞ ♥❛❝❡❧❧❡ ❬✹✼❪ r❡s♣❡❝t✐✈❡❧②✳ ❋✉rt❤❡r♠♦r❡✱ t❤✐s ❛♣♣r♦❛❝❤ ✇❛s

❛❧s♦ s❤♦✇♥ t♦ ❜❡ ✈❛❧✐❞ ❢♦r t❤❡ ❝❛❧❝✉❧❛t✐♦♥ ♦❢ t❤❡ ❛❡r♦❞②♥❛♠✐❝ ❡✛❡❝ts ♦♥ ❛♥

❛✐r❢r❛♠❡ t❤❛t ❛r✐s❡ ❞✉❡ t♦ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ❛♥ ✉♥❞❡r✇✐♥❣ t❤r♦✉❣❤✲✢♦✇ ♥❛❝❡❧❧❡

t♦ ✇✐t❤✐♥ ♦♥❡ ❞r❛❣ ❝♦✉♥t ❬✷✺❪✳ ▼❡s❤ ❛♥❞ ❞♦♠❛✐♥ ✐♥❞❡♣❡♥❞❡♥❝❡ st✉❞✐❡s ❢♦r
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t❤❡ ✐s♦❧❛t❡❞ ❛♥❞ ✐♥st❛❧❧❡❞ ❝♦♥✜❣✉r❛t✐♦♥s ❛r❡ r❡♣♦rt❡❞ ❜② ❙t❛➠❦♦✇s❦✐ ❬✷✾❪✳ ■♥

t❡r♠s ♦❢ ♥♦③③❧❡ ♣❡r❢♦r♠❛♥❝❡✱ t❤❡ ❝♦♠♣✉t❛t✐♦♥❛❧ ❛♣♣r♦❛❝❤ ❤❛s ❜❡❡♥ ✈❛❧✐❞❛t❡❞

t♦ ❝❛❧❝✉❧❛t❡ t❤r✉st ❝♦❡✣❝✐❡♥ts✱ ❝♦r❡ ❛♥❞ ❜②♣❛ss ❝♦❡✣❝✐❡♥t t♦ ✇✐t❤✐♥ ✵✳✶✪✱

✵✳✹✪ ❛♥❞ ✵✳✸✪ ♦❢ ❡①♣❡r✐♠❡♥t❛❧ ❞❛t❛ r❡s♣❡❝t✐✈❡❧② ❬✹✵❪✳

✸✳✷✳ ❊✛❡❝t ♦❢ ❊♥❣✐♥❡ P♦s✐t✐♦♥ ❛t ❈♦♥st❛♥t ▲✐❢t

❚❤❡ r❡s✉❧ts ✇✐t❤✐♥ t❤✐s s❡❝t✐♦♥ ❝♦♥s✐❞❡r ❤♦✇ t❤❡ ❡♥❣✐♥❡ ✐♥st❛❧❧❛t✐♦♥ ❧♦❝❛✲

t✐♦♥ ❛❧t❡rs t❤❡ ❛❡r♦❞②♥❛♠✐❝ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ❡①❤❛✉st s②st❡♠✳ ■♥ ♦r❞❡r t♦

q✉❛♥t✐❢② t❤❡ ❝❤❛♥❣❡ ✐♥ ♣❡r❢♦r♠❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ✐s♦❧❛t❡❞ ❛♥❞ ✐♥st❛❧❧❡❞ ❡♥✲

❣✐♥❡s ❛♥ ✐♥st❛❧❧❛t✐♦♥ ❞❡❧t❛✱ ∆(%) = installed−isolated
isolated

✱ ❤❛s ❜❡❡♥ ❞❡✜♥❡❞✳ ❊❛❝❤

✐♥st❛❧❧❡❞ ❝♦❡✣❝✐❡♥t ✐s ❡✈❛❧✉❛t❡❞ ❛t ❛♥ ❛✐r❝r❛❢t ✐♥❝✐❞❡♥❝❡ ✭α✮ ✇❤❡r❡ t❤❡ ❧✐❢t ❝♦✲

❡✣❝✐❡♥t ♦❢ t❤❡ ❡♥t✐r❡ ❛✐r❝r❛❢t s②st❡♠ ✐s ❡q✉❛❧ t♦ ✵✳✺✳ ❚❤❡ ✈❛❧✉❡ ♦❢ α ❛t ❝r✉✐s❡

❝♦♥❞✐t✐♦♥s ✇❛s ❞❡t❡r♠✐♥❡❞ t❤r♦✉❣❤ ❛ ♣✐❡❝❡✇✐s❡ ♣♦❧②♥♦♠✐❛❧ ✐♥t❡r♣♦❧❛t✐♦♥ ♦❢

❡❛❝❤ ♠❡tr✐❝ ❛s ❛ ❢✉♥❝t✐♦♥ ♦❢ α✳ ❚❤❡ ❝❤❛♥❣❡ ✐♥ ❝r✉✐s❡ ✐♥❝✐❞❡♥❝❡ ✇❛s ❢♦✉♥❞ t♦

✈❛r② ❜❡t✇❡❡♥ 2.4o ❛♥❞ 2.5o ❢♦r t❤❡ ❝❛s❡s ❝♦♥s✐❞❡r❡❞✳ ❚❤❡ ✐s♦❧❛t❡❞ ♠❡tr✐❝ ✇❛s

❡✈❛❧✉❛t❡❞ ❛t ❛ ❢r❡❡str❡❛♠ ✐♥❝✐❞❡♥❝❡ ❡q✉❛❧ t♦ t❤❡ ❧♦❝❛❧ ✢♦✇ ❛♥❣❧❡ ❛t t❤❡ ❝❡♥tr❡

♦❢ t❤❡ ✐♥st❛❧❧❡❞ ❡♥❣✐♥❡ ❤✐❣❤❧✐❣❤t ♣❧❛♥❡✳ ❚❤✐s ❧♦❝❛❧ ✢♦✇ ❛♥❣❧❡ ✇❛s ❞❡✜♥❡❞ ❛s

t❤❡ s✉♠ ♦❢ t❤❡ ❡♥❣✐♥❡ ♣✐t❝❤ ❛♥❣❧❡✱ ❛✐r❝r❛❢t ✐♥❝✐❞❡♥❝❡ ❛♥❞ t❤❡ ❧♦❝❛❧ ✉♣✇❛s❤

❛♥❣❧❡✳ ❚❤❡ ♣♦s✐t✐♦♥❛❧ ✈❛r✐❛t✐♦♥ ♦❢ ❡❛❝❤ ♠❡tr✐❝ ✐s ♣r❡s❡♥t❡❞ ✐♥ t❤❡ ❢♦r♠ ♦❢ ❧✐♥❡

❝♦♥t♦✉r ♣❧♦ts ✇✐t❤ ❡❛❝❤ ❈❋❉ r❡s✉❧t ❞❡♥♦t❡❞ ❛s ❛ ✜❧❧❡❞ ❝✐r❝❧❡ ✭❋✐❣✉r❡s ✺ ❛♥❞

✽✮✳ ❚❤❡ ❧✐♥❡ ❝♦♥t♦✉rs✱ ♦❜t❛✐♥❡❞ ❢r♦♠ ❑r✐❣✐♥❣ ✐♥t❡r♣♦❧❛t✐♦♥✱ ❛r❡ ✐♥❝❧✉❞❡❞ ❢♦r

✈✐s✉❛❧✐s❛t✐♦♥ ♣✉r♣♦s❡s ♦♥❧②✳

❚❤❡ ❞♦♠✐♥❛♥t ❡✛❡❝t ♦❢ ✐♥st❛❧❧❛t✐♦♥ ♦♥ t❤r✉st ❣❡♥❡r❛t✐♦♥ ✐s ♠❛♥✐❢❡st❡❞

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

❞❡♠♦♥str❛t❡❞ t❤r♦✉❣❤ t❤❡ ✈❛r✐❛t✐♦♥ ♦❢ ∆CD
V ∗

✇✐t❤ dx/c ❛♥❞ dz/c ✭❋✐❣✉r❡ ✺✮✳

❚❤❡ ❊✶ ❡♥❣✐♥❡ ❞✐s♣❧❛②❡❞ ❛ r❛♥❣❡ ♦❢∆CD
V ∗

♦❢ ✵✳✼✺✪ t♦ ✲✵✳✹✺✪ ❛❝r♦ss t❤❡ ❡♥❣✐♥❡
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♣♦s✐t✐♦♥s ✐♥✈❡st✐❣❛t❡❞ ✭❋✐❣✉r❡ ✺❛✮✳ ❙✐♠✐❧❛r❧②✱ t❤❡ ❊✷ ❡♥❣✐♥❡ ❞✐s♣❧❛②❡❞ ❛ r❛♥❣❡

♦❢ ∆CD
V ∗

❢r♦♠ ✵✳✻ ✪ t♦ ✲✵✳✸✪ ✭❋✐❣✉r❡ ✺❜✮✳ ❇♦t❤ ❡♥❣✐♥❡s ❤❛❞ ❛ ♠❛①✐♠✉♠

✈❛❧✉❡ ♦❢ ∆CD
V ∗

✐♥ ♣♦s✐t✐♦♥ ❆✶ ✭dx/c ❂ ✵✳✸✺✱ dz/c❂✵✳✵✼✮ ❛♥❞ ♠✐♥✐♠✉♠ ✈❛❧✉❡s

✐♥ ♣♦s✐t✐♦♥ ❈✸ ✭dx/c ❂ ✵✳✵✺✱ dz/c ❂ ✵✳✶✼✮✳ ❆t t❤❡ ❝❧♦s❡t ❛①✐❛❧ ♣♦s✐t✐♦♥

✭dx/c❂✵✳✵✺✮ ❛ ♥❡❣❛t✐✈❡ ∆CD
V ∗

✇❛s ❢♦✉♥❞ ✐♥ ❛❧❧ ✈❡rt✐❝❛❧ ♣♦s✐t✐♦♥s ❢♦r ❜♦t❤

❡♥❣✐♥❡s✳ ❚❤❡ s❡♥s✐t✐✈✐t② ♦❢ ∆CD
V ∗

t♦ ❤♦r✐③♦♥t❛❧ ♣♦s✐t✐♦♥❛❧ ❢♦r ❜♦t❤ ❡♥❣✐♥❡s

✇❛s ❢♦✉♥❞ t♦ ❜❡ ❣r❡❛t❡r ✐♥ r♦✇ ✶ ✭dz/c = 0.07✮ ❝♦♠♣❛r❡❞ ✇✐t❤ r♦✇s ✷ ❛♥❞

✸ ✭dz/c = 0.07 ❛♥❞ 0.17✮✳ ❆❧t❤♦✉❣❤ t❤❡r❡ ❛r❡ ❞✐✛❡r❡♥❝❡s ✐♥ ♣❡❛❦ ✈❛❧✉❡s ♦❢

∆CD
V ∗
✱ t❤❡ s❤❛♣❡ ♦❢ t❤❡ ♠❛♣s ❛r❡ ❝♦♥s✐st❡♥t ❜❡t✇❡❡♥ t❤❡ t✇♦ ❡♥❣✐♥❡s✱ t❤✐s

s✉❣❣❡sts t❤❛t t❤❡ ❛❡r♦❞②♥❛♠✐❝ ♠❡❝❤❛♥✐s♠ ✇❤✐❝❤ ❣♦✈❡r♥s t❤❡ ❜❡❤❛✈✐♦✉r ♦❢

✐♥st❛❧❧❡❞ CD
V ∗

✐s ❝♦♥s✐st❡♥t ❜❡t✇❡❡♥ t❤❡ t✇♦ ❡♥❣✐♥❡s✳

■♥ ♦r❞❡r t♦ ♣❧❛❝❡ t❤❡s❡ r❡s✉❧ts ✐♥t♦ ❝♦♥t❡①t ✐t ✐s ♥❡❝❡ss❛r② t♦ ❝♦♥s✐❞❡r t❤❡

✐♠♣❛❝t t❤❛t ✈❛r✐❛t✐♦♥s ✐♥ CD
V ∗

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

❢♦r❝❡ ✭NPFD
c ❞❡✜♥❡❞ ✐♥ ❊q✳ ✼✮✳ ❆ q✉❛♥t✐✜❝❛t✐♦♥ ❢♦r t❤✐s r❡❧❛t✐♦♥s❤✐♣ ❝❛♥ ❜❡

♠❛❞❡ ❜② ❛ss❡ss✐♥❣ t❤❡ ❧✐♥❡❛r ❝♦rr❡❧❛t✐♦♥ ♦❢ NPFD
c ❛♥❞ CD

V ∗
❢♦r ❡❛❝❤ s❡t ♦❢

❤♦r✐③♦♥t❛❧ ❡♥❣✐♥❡ ❧♦❝❛t✐♦♥s ✭❋✐❣✉r❡ ✻ ❛♥❞ ❚❛❜❧❡ ✷✮✳ ❚❛❜❧❡ ✷ ❞❡t❛✐❧s ❤♦✇ t❤❡

❣r❛❞✐❡♥t ♦❢ NPFD
c ✇✐t❤ CD

V ∗
✈❛r✐❡s ❢♦r ❡❛❝❤ s❡t ♦❢ ❤♦r✐③♦♥t❛❧ ❡♥❣✐♥❡ ♣♦s✐t✐♦♥s✳

❚❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ❣r❛❞✐❡♥t dNPFD
c (%)

dCD
V ∗

(%)
✐♥ ❚❛❜❧❡ ✷ q✉❛♥t✐✜❡s ❤♦✇ NPFD

c ✇✐❧❧

❛❧t❡r ❞✉❡ t♦ ❛ ✶ ✪ ❝❤❛♥❣❡ ✐♥ CD
V ∗
✳ ❚❤❡ NPFD

c ♦❢ ❜♦t❤ t❤❡ ❊✶ ❛♥❞ ❊✷

❡♥❣✐♥❡s ❞✐s♣❧❛②s t❤❡ ❣r❡❛t❡st s❡♥s✐t✐✈✐t② t♦ CD
V ∗

✇❤❡♥ ♣♦s✐t✐♦♥❡❞ ✐♥ t❤❡ ❝❧♦s❡st

❛①✐❛❧ ♣♦s✐t✐♦♥s ✭❝♦❧✉♠♥ ❈ ✇✐t❤ dx/c = 0.05✮✳ ■♥ ❡❛❝❤ ♦❢ t❤❡ ✐♥st❛❧❧❛t✐♦♥

❝♦❧✉♠♥s t❤❡ NPFD
c ♦❢ t❤❡ ❊✷ ❡♥❣✐♥❡ ❞✐s♣❧❛②❡❞ ❛ ❣r❡❛t❡r s❡♥s✐t✐✈✐t② t♦ t❤❡

♠♦❞✐✜❡❞ ✈❡❧♦❝✐t② ❝♦❡✣❝✐❡♥t ❝♦♠♣❛r❡❞ t♦ t❤❡ ❊✶ ❡♥❣✐♥❡✳ ❍❡♥❝❡✱ ✐t ✐s ♣♦ss✐❜❧❡

t♦ ❝♦♥❝❧✉❞❡ t❤❛t ❛❧t❤♦✉❣❤ ❜♦t❤ ❡♥❣✐♥❡s ❞✐s♣❧❛②❡❞ s✐♠✐❧❛r ✈❛r✐❛t✐♦♥ t♦ CD
V ∗

❞✉❡ t♦ ✐♥st❛❧❧❛t✐♦♥✱ t❤❡ ✐♠♣❛❝t t❤✐s ❤❛s ♦♥ NPFD
c ✐s ❞✐✛❡r❡♥t ❢♦r t❤❡ t✇♦
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❚❛❜❧❡ ✷✿ ❙❡♥s✐t✐✈✐t② ♦❢ ◆❡t Pr♦♣✉❧s✐✈❡ ❋♦r❝❡ t♦ ♠♦❞✐✜❡❞ ✈❡❧♦❝✐t② ❝♦❡✣❝✐❡♥t ✇✐t❤ ❡♥❣✐♥❡
♣♦s✐t✐♦♥

❆①✐❛❧ P♦s✐t✐♦♥ dNPFD
c (%)

dCD
V ∗

(%)
❊✶ dNPFD

c (%)

dCD
V ∗

(%)
❊✷

❆ ✭dx/c = 0.35✮ ✶✳✸ ✸✳✺
❇ ✭dx/c = 0.20✮ ✷✳✹ ✸✳✾
❈ ✭dx/c = 0.05✮ ✼✳✶ ✷✶✳✼

❡♥❣✐♥❡s✳ ■♥ ♣❛rt✐❝✉❧❛r ✐t s❤♦✉❧❞ ❜❡ ♥♦t❡❞ t❤❛t t❤❡ ❊✷ ❡♥❣✐♥❡✱ ✇❤✐❝❤ ❢❡❛t✉r❡s

❛ ❧♦✇❡r s♣❡❝✐✜❝ t❤r✉st t❤❛♥ t❤❡ ❊✶ ❡♥❣✐♥❡✱ ❞✐s♣❧❛②❡❞ ❛ ❣r❡❛t❡r ✈❛r✐❛t✐♦♥ ✐♥

NPFD
c t❤❛♥ t❤❡ ❊✶ ❡♥❣✐♥❡✳ ❋✉rt❤❡r♠♦r❡✱ t❤✐s ❛♥❛❧②s✐s ❞❡♠♦♥str❛t❡s t❤❛t

✈❛r✐❛t✐♦♥s t♦ t❤❡ CD
V ∗

❧❡❛❞ t♦ s✉❜st❛♥t✐❛❧ ❝❤❛♥❣❡s t♦ t❤❡ ❡♥❣✐♥❡ NPFD
c ✳

❚♦ ✉♥❞❡rst❛♥❞ t❤❡ ♦r✐❣✐♥s ♦❢ t❤❡ ✈❛r✐❛t✐♦♥s ✐♥ ∆CD
V ∗

✐t ✐s ♥❡❝❡ss❛r② t♦

❡①❛♠✐♥❡ t❤❡ ✈❛r✐❛t✐♦♥ ♦❢ st❛t✐❝ ♣r❡ss✉r❡ ✭Cp✮ ❛❧♦♥❣ t❤❡ ❝♦r❡ ❝♦✇❧ ❛❢t❡r❜♦❞✐❡s

❢♦r t❤❡ t✇♦ ❡♥❣✐♥❡s ✭❋✐❣✉r❡ ✼✮✳ ❆s t❤❡ ❊✶ ❡♥❣✐♥❡ ♦♣❡r❛t❡s ❛t ❛ ❤✐❣❤❡r FNPR

t❤❛♥ t❤❡ ❊✷ ❡♥❣✐♥❡ ✭✷✳✼ ❝♦♠♣❛r❡❞ t♦ ✷✳✶✮ ❛ ♠♦r❡ ♣r♦♥♦✉♥❝❡❞ s❡t ♦❢ ❡①♣❛♥s✐♦♥

❛♥❞ ❝♦♠♣r❡ss✐♦♥ ✇❛✈❡s ✐♥ t❤❡ ❜②♣❛ss ❥❡t ♦✈❡r t❤❡ ❊✶ ❝♦r❡ ❝♦✇❧ ❛❢t❡r❜♦❞② ❛r❡

♦❜s❡r✈❡❞ ❝♦♠♣❛r❡❞ t♦ t❤❡ ❊✷ ❝♦r❡ ❝♦✇❧ ❛❢t❡r❜♦❞② ✭❋✐❣✉r❡s ✼❛ ❛♥❞ ✼❝✮✳

❲❤❡♥ ✐♥st❛❧❧❡❞ ✐♥ ♣♦s✐t✐♦♥ ❈✸ ✭dx/c ❂ ✵✳✵✺✱ dz/c ❂ ✵✳✶✼✮ ❜♦t❤ ❡♥❣✐♥❡s

❞✐s♣❧❛② ❛ ♠✐♥✐♠✉♠ ✈❛❧✉❡ ♦❢ Cp ❛t t❤❡ ✐♥❜♦❛r❞ s✐❞❡❧✐♥❡ ✭❛s s❤♦✇♥ ❜② t❤❡ −90o

❧✐♥❡ ✐♥ ❋✐❣✉r❡s ✼❛ ❛♥❞ ✼❝✮✳ ❍♦✇❡✈❡r✱ ✇❤❡♥ ✐♥st❛❧❧❡❞ ✐♥ ♣♦s✐t✐♦♥ ❆✶ ✭dx/c ❂

✵✳✸✺✱ dz/c ❂ ✵✳✵✼✮ t❤❡ ♠✐♥✐♠✉♠ ✈❛❧✉❡ ♦❢ Cp ♦❝❝✉rs ♦♥ t❤❡ ❜♦tt♦♠ ❧✐♥❡ ✭❛s

s❤♦✇♥ ❜② t❤❡ 180o ❧✐♥❡ ✐♥ ❋✐❣✉r❡s ✼❜ ❛♥❞ ✼❞✮ ❢♦r ❊✶ ❛♥❞ ♦✉t❜♦❛r❞ s✐❞❡ ❧✐♥❡

✭90o✮ ❢♦r ❊✶✳ ❚❤✐s ✈❛r✐❛t✐♦♥ ✐♥ Cp ❛r✐s❡s ❞✉❡ t♦ ❛❡r♦❞②♥❛♠✐❝ ✐♥t❡r❛❝t✐♦♥

❜❡t✇❡❡♥ t❤❡ ❧♦✇❡r s✉r❢❛❝❡ ♦❢ t❤❡ ✇✐♥❣ ❛♥❞ t❤❡ ❡①❤❛✉st ❛❢t❡r❜♦❞✐❡s✳ ❲✐t❤ t❤❡

❡♥❣✐♥❡ ✐♥st❛❧❧❡❞ ✐♥ ♣♦s✐t✐♦♥ ❈✸✱ t❤❡ ✐♥❜♦❛r❞ s✐❞❡ ♦❢ t❤❡ ❝♦r❡ ❝♦✇❧ ✐s s✉❜❥❡❝t t♦

❣r❡❛t❡r s✉❝t✐♦♥ t❤❛♥ t❤❡ ♦✉t❜♦❛r❞ s✐❞❡ ❛s t❤❡ ✐♥❜♦❛r❞ s✐❞❡ ♦❢ t❤❡ ❛❢t❡r❜♦❞②

♦✈❡r❧❛♣s ✇✐t❤ t❤❡ s✇❡♣t ✇✐♥❣✳ ❍♦✇❡✈❡r✱ ✇❤❡♥ t❤❡ ❡♥❣✐♥❡ ✐s ♣♦s✐t✐♦♥❡❞ ❢✉rt❤❡r
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✉♣str❡❛♠ t❤❡ ❛❢t❡r❜♦❞② ✐s ♥♦ ❧♦♥❣❡r ♦✈❡r❧❛♣♣❡❞ ✇✐t❤ t❤❡ ✇✐♥❣ ❛♥❞ ✐♥st❡❛❞ t❤❡

♣r❡ss✉r❡ s✐❣♥❛t✉r❡ ♦❢ t❤❡ ✇✐♥❣ ✐s ♣r♦❥❡❝t❡❞ ♦♥t♦ t❤❡ ✐♥❜♦❛r❞ s✐❞❡ ♦❢ t❤❡ ❝♦r❡

❝♦✇❧✳ ■♥ ❣❡♥❡r❛❧✱ ♠♦r❡ ♣♦s✐t✐✈❡ ✈❛❧✉❡s ♦❢ Cp ❛r❡ ♦❜s❡r✈❡❞ ❢♦r ❜♦t❤ ❡♥❣✐♥❡s

✇❤❡♥ ✐♥st❛❧❧❡❞ ✐♥ ♣♦s✐t✐♦♥ ❆✶ ❝♦♠♣❛r❡❞ t♦ ❈✸✳ ❲❤❡♥ ✐♥t❡❣r❛t❡❞ ♦✈❡r t❤❡

❡♥t✐r❡ ❝♦r❡ ❝♦✇❧ ❛❢t❡r❜♦❞②✱ t❤✐s ✐♥❝r❡❛s❡❞ Cp ♣r♦❞✉❝❡s ❛♥ ✐♥❝r❡❛s❡ ✐♥ t❤r✉st

❣❡♥❡r❛t✐♦♥ ❛♥❞ ❤❡♥❝❡ ❛♥ ✐♥❝r❡❛s❡ ✐♥ ∆CD
V ∗
✳

❋♦r t❤❡ ❊✶ ❡♥❣✐♥❡ ❛ ♥❡❣❛t✐✈❡ ∆CCore
d ✇❛s ♦❜s❡r✈❡❞ ❛❝r♦ss ❛❧❧ ♦❢ t❤❡ ✐♥✲

st❛❧❧❛t✐♦♥ ♣♦s✐t✐♦♥s ✭❋✐❣✉r❡ ✽❛✮ ✇✐t❤ t❤❡ ❧❛r❣❡st ∆CCore
d ❢♦✉♥❞ ✐♥ ♣♦s✐t✐♦♥ ❆✶

✭❋✐❣✉r❡ ✽❛✮✳ ❚❤❡ ✈❛❧✉❡ ♦❢ ∆CCore
d r❛♥❣❡❞ ❢r♦♠ ✲✷✪ t♦ ✲✶✵✪ ❢♦r ❊✶ ✭❋✐❣✉r❡

✽❛✮ ❛♥❞ ❢r♦♠ ✵✳✼✺✪ t♦ ✲✶✳✵✪ ❢♦r ❊✷ ✭❋✐❣✉r❡ ✽❜✮✳ ❋♦r t❤❡ ❊✷ ❡♥❣✐♥❡ ❛ ♥❡❣❛t✐✈❡

∆CCore
d ✇❛s ♦❜s❡r✈❡❞ ❢♦r ❛❧❧ ♣♦s✐t✐♦♥s ❡①❝❡♣t t❤♦s❡ ✐♥ ❝♦❧✉♠♥ ❈ ✭❋✐❣✉r❡ ✽❜✮✳

■♥ t❡r♠s ♦❢ ✐♥st❛❧❧❡❞ CCore
d t❤❡ ❤✐❣❤❡st ✈❛❧✉❡ ✇♦✉❧❞ ❜❡ ♦❜t❛✐♥❡❞ ✐♥ ♣♦s✐t✐♦♥ ❈✸

❢♦r ❜♦t❤ ❡♥❣✐♥❡s✳ ❚❤❡ s❡♥s✐t✐✈✐t② ♦❢ ∆CCore
d ❢♦r ❊✷ ✐♥ t❤❡ ❤♦r✐③♦♥t❛❧ ❞✐r❡❝t✐♦♥

✐s ❣r❡❛t❡r t❤❛♥ s❡♥s✐t✐✈✐t② t♦ ✈❡rt✐❝❛❧ ❧♦❝❛t✐♦♥✳ ❚❤✐s ✐s s❤♦✇♥ ❜② ❛❧♠♦st ✈❡r✲

t✐❝❛❧ ❝♦♥t♦✉rs ✐♥ ❝❧♦s❡t ❤♦r✐③♦♥t❛❧ ❝♦❧✉♠♥ ✭❋✐❣✉r❡ ✽❜✮✳ ❲❤❡r❡❛s ❊✶ ❞✐s♣❧❛②s

❣r❡❛t❡r s❡♥s✐t✐✈✐t② t♦ ✈❡rt✐❝❛❧ ♣♦s✐t✐♦♥ ✭❋✐❣✉r❡ ✽❛✮✳ ❙✉❝❤ ✈❛r✐❛t✐♦♥s t♦ CCore
d

✐s ❛♥ ✐♠♣♦rt❛♥t ❛s♣❡❝t t♦ ❝♦♥s✐❞❡r ❛s ✐t ❛✛❡❝ts t❤❡ s✐③✐♥❣ ♦❢ t❤❡ ❝♦r❡ ♥♦③③❧❡✱

t❤❡ ❝♦r❡ ♠❛ss ✢♦✇ r❛t❡ ❛♥❞ ✉❧t✐♠❛t❡❧② t❤❡ ❡♥❣✐♥❡ ♦♣❡r❛t✐♥❣ ♣♦✐♥t✳

❚❤❡ ❛❡r♦❞②♥❛♠✐❝ ♠❡❝❤❛♥✐s♠ ✇❤✐❝❤ ❣♦✈❡r♥s t❤❡ ❜❡❤❛✈✐♦✉r ♦❢ CCore
d ❛r✐s❡s

❞✉❡ t♦ t❤❡ ❛✐r❝r❛❢t ♣r❡ss✉r❡ ✜❡❧❞ ❛❧t❡r✐♥❣ t❤❡ ❡✛❡❝t✐✈❡ ♣r❡ss✉r❡ ✐♥t♦ ✇❤✐❝❤

t❤❡ ❝♦r❡ ♥♦③③❧❡ ❞✐s❝❤❛r❣❡s ✐♥t♦✳ ❈♦♥s✐❞❡r t❤❡ ❊✷ ❡♥❣✐♥❡✱ ✇❤❡♥ ♣♦s✐t✐♦♥❡❞ ✐♥

❝♦❧✉♠♥ ❈ ✭dx/c ❂ ✵✳✵✺✮ t❤❡ ❡♥❣✐♥❡ ✐s ❞✐s❝❤❛r❣✐♥❣ ✐♥t♦ ❛ ♣r❡ss✉r❡ ✇❤✐❝❤ ✐s

❧♦✇❡r t❤❛♥ ✐s♦❧❛t❡❞ ❜❛s❡ ♣r❡ss✉r❡ ❛♥❞ ❛s s✉❝❤ ♠♦r❡ ♠❛ss ✢♦✇ ✐s ❞✐s❝❤❛r❣❡❞

t❤r♦✉❣❤ t❤❡ ♥♦③③❧❡✳ ❲❤❡r❡❛s ✇❤❡♥ t❤✐s ❡♥❣✐♥❡ ✐s ♣♦s✐t✐♦♥❡❞ ✐♥ ❆✶ ✭dx/c

❂ ✵✳✸✺✱ dz/c❂✵✳✵✼✮✱ t❤❡ ❜❛s❡ ♣r❡ss✉r❡ ✐s ❤✐❣❤❡r ❤❡♥❝❡ ❧❡ss ♠❛ss ✢♦✇ ✐s ❞✐s✲

✷✷



❝❤❛r❣❡❞✳ ❋♦r ❡①❛♠♣❧❡✱ ❛t t❤❡ tr❛✐❧✐♥❣ ❡❞❣❡ ♦❢ t❤❡ ❝♦r❡ ❝♦✇❧ t❤❡ ✈❛❧✉❡ ♦❢ Cp

❝❛♥ ❜❡ s❡❡♥ t♦ ✐♥❝r❡❛s❡ ❜② ✵✳✵✻ ❜❡t✇❡❡♥ ♣♦s✐t✐♦♥ ❈✸ ❛♥❞ ❆✶ ✭❋✐❣✉r❡s ✼❝ ❛♥❞

✼❞✮✳ ❚❤❡ ✈❛❧✉❡ ♦❢ t❤❡ st❛t✐❝ ♣r❡ss✉r❡ ❛t t❤❡ tr❛✐❧✐♥❣ ❡❞❣❡ ♦❢ t❤❡ ❝♦r❡ ❝♦✇❧

✐s ✐♥❞✐❝❛t✐✈❡ ♦❢ t❤❡ ❝♦r❡ ♥♦③③❧❡ ❜❛s❡ ♣r❡ss✉r❡✳ ❚❤❡ ❝❛s❡ ♦❢ t❤❡ ❊✶ ✐s ♠♦r❡

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

t♦♣❧✐♥❡ ✭0o✮ ❢♦r ❜♦t❤ ♣♦s✐t✐♦♥s ❈✸ ❛♥❞ ❆✶ ✭❋✐❣✉r❡s ✼❛ ❛♥❞ ✼❜✮✳ ❇❡t✇❡❡♥

♣♦s✐t✐♦♥s ❈✸ ❛♥❞ ❆✶ t❤❡ str❡♥❣t❤ ♦❢ t❤✐s s❤♦❝❦ ✇❛✈❡ ✐s s❤♦✇♥ t♦ ✐♥❝r❡❛s❡

♦♥ t❤❡ t♦♣ ❧✐♥❡ ♦❢ t❤❡ ❝♦r❡ ❝♦✇❧ ✭❛s ✐♥❞✐❝❛t❡❞ ❜② ❛ ❧❛r❣❡r ✐♥❝r❡❛s❡ ♦❢ Cp✮✳

■♥ ♣♦s✐t✐♦♥ ❆✶✱ t❤✐s s❤♦❝❦ ✇❛✈❡ r❡s✉❧ts ✐♥ ❛♥ ✐♥❝r❡❛s❡ ♦❢ t❤❡ st❛t✐❝ ♣r❡ss✉r❡

❛t t❤❡ tr❛✐❧✐♥❣ ❡❞❣❡ ♦❢ t❤❡ ❝♦r❡ ❝♦✇❧✱ ❛♥❞ ❤❡♥❝❡ ❛ r❡❞✉❝t✐♦♥ ♦❢ t❤❡ ❡✛❡❝t✐✈❡

♥♦③③❧❡ ♣r❡ss✉r❡ r❛t✐♦✳

❚❤❡ ✈❛r✐❛t✐♦♥ ♦❢ CBypass
d ✇✐t❤ ❡♥❣✐♥❡ ♣♦s✐t✐♦♥ ✇❛s ❢♦✉♥❞ t♦ ❜❡ ❧❡ss t❤❛♥

✵✳✵✶✪ r❡❧❛t✐✈❡ t♦ t❤❡ ✐s♦❧❛t❡❞ ❡♥❣✐♥❡ ❛t ❝r✉✐s❡ ❝♦♥❞✐t✐♦♥s ❛♥❞ ❛s s✉❝❤ ✐t ✐s

♥♦t ♣r❡s❡♥t❡❞✳ ❚❤✐s ✐s t♦ ❜❡ ❡①♣❡❝t❡❞ ❛s ❢♦r ❜♦t❤ ❡♥❣✐♥❡s t❤❡ ❜②♣❛ss ♥♦③③❧❡

♦♣❡r❛t❡s ✉♥❞❡r ❝❤♦❦❡❞ ❝♦♥❞✐t✐♦♥s✳ ❙✐♠✐❧❛r❧②✱ ✈❛r✐❛t✐♦♥s ✐♥ ✈❡❧♦❝✐t② ❝♦❡✣❝✐❡♥t

✭CD
V ✮ ✇❡r❡ ❢♦✉♥❞ t♦ ❜❡ s✉❜st❛♥t✐❛❧❧② s♠❛❧❧❡r t❤❛♥ t❤❡ ❝❤❛♥❣❡s ♦❜s❡r✈❡❞ ✇✐t❤

♠♦❞✐✜❡❞ ✈❡❧♦❝✐t② ❝♦❡✣❝✐❡♥t ✭CD
V ∗
✮✳ ❚❤✐s ✐s ❞✉❡ t♦ t❤❡ ❢❛❝t t❤❛t CD

V ♦♥❧②

❛❝❝♦✉♥ts ❢♦r t❤r✉st ❣❡♥❡r❛t✐♦♥ ✉♣ t❤❡ ♥♦③③❧❡ t❤r♦❛ts✱ ✇❤❡r❡❛s CD
V ∗

❛❝❝♦✉♥ts

❢♦r t❤❡ t❤r✉st ❣❡♥❡r❛t✐♦♥ ❛❧♦♥❣ t❤❡ ❡①t❡r♥❛❧ ❛❢t❡r❜♦❞✐❡s✳ ❋♦r t❤❡ ❊✶ ❡♥❣✐♥❡

∆CD
V r❛♥❣❡❞ ❢r♦♠ ✵✳✷✪ t♦ ✲✵✳✵✺✪ ✇✐t❤ ✐♥st❛❧❧❛t✐♦♥ ♣♦s✐t✐♦♥ ❛♥❞ s✐♠✐❧❛r❧② ❛

r❛♥❣❡ ♦❢ ✲✵✳✵✺✪ t♦ ✲✵✳✶✺✪ ✇❛s ❢♦✉♥❞ ❢♦r t❤❡ ❊✷ ❡♥❣✐♥❡✳ ❆s t❤❡ ❜②♣❛ss ♥♦③③❧❡

✐s ❝❤♦❦❡❞ t❤❡s❡ ❝❤❛♥❣❡s ✐♥ ✈❡❧♦❝✐t② ❝♦❡✣❝✐❡♥t ♦♥❧② ❛r✐s❡ ❞✉❡ t♦ ❝❤❛♥❣❡s ✐♥

❝♦r❡ ♥♦③③❧❡ ♣❡r❢♦r♠❛♥❝❡✳ ❆ s♠❛❧❧❡r ✈❛r✐❛t✐♦♥ ♦❢ ∆CD
V ✇❛s ❢♦✉♥❞ ❢♦r ❊✷ t❤❛♥

✇❛s ❢♦✉♥❞ ❢♦r ❊✶ ❛s t❤❡ ❊✷ ❡♥❣✐♥❡ ❢❡❛t✉r❡s ❛ ❤✐❣❤❡r ❇P❘ ❛♥❞ ❤❡♥❝❡ t❤❡ ❝♦r❡

♥♦③③❧❡ ♣r♦✈✐❞❡s ❛ s♠❛❧❧❡r ❝♦♥tr✐❜✉t✐♦♥ t♦ t❤❡ ❣r♦ss ♣r♦♣✉❧s✐✈❡ ❢♦r❝❡ ❝♦♠♣❛r❡❞
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t♦ t❤❡ ❧♦✇❡r ❇P❘ ❊✶ ❡♥❣✐♥❡✳

✸✳✸✳ ❊✛❡❝t ♦❢ ❆✐r❝r❛❢t ■♥❝✐❞❡♥❝❡

❲✐t❤✐♥ t❤✐s s❡❝t✐♦♥ t❤❡ ❡✛❡❝t ♦❢ ❛✐r❝r❛❢t ✐♥❝✐❞❡♥❝❡ ♦♥ t❤❡ ♥♦③③❧❡ ♣❡r❢♦r✲

♠❛♥❝❡ ♠❡tr✐❝s ❛t ❛ ❝♦♥st❛♥t ❢r❡❡str❡❛♠ ▼❛❝❤ ♥✉♠❜❡r ✐s ❛ss❡ss❡❞✳ ❋r♦♠ t❤❡

♣r❡❝❡❞✐♥❣ s❡❝t✐♦♥ ✐t ✇❛s ❞❡♠♦♥str❛t❡❞ t❤❛t t❤❡ ♣r❡s❡♥❝❡ ♦❢ t❤❡ ✇✐♥❣ ❤❛s ❛

s✐❣♥✐✜❝❛♥t ✐♠♣❛❝t ✉♣♦♥ t❤❡ ❧♦❝❛❧ st❛t✐❝ ♣r❡ss✉r❡ ✜❡❧❞ ✐♥t♦ ✇❤✐❝❤ t❤❡ ❡①❤❛✉st

s②st❡♠ ✐s ❞✐s❝❤❛r❣❡❞✳ ■t ✐s t❤❡r❡❢♦r❡ ♦❢ ✐♥t❡r❡st t♦ ✉♥❞❡rst❛♥❞ t❤❡ s❡♥s✐t✐✈✲

✐t② ♦❢ t❤❡ ♥♦③③❧❡ ♣❡r❢♦r♠❛♥❝❡ t♦ t❤❡ ❝❤❛♥❣❡s ✐♥ ❧✐❢t ❛♥❞ t❤❡ ❛ss♦❝✐❛t❡❞ ✇✐♥❣

♣r❡ss✉r❡ ✜❡❧❞ t❤❛t ❛r✐s❡ ✇✐t❤ ✈❛r✐❛t✐♦♥s t♦ ❛✐r❝r❛❢t ✐♥❝✐❞❡♥❝❡✳ ❚❤❡ ✈❛r✐❛t✐♦♥

♦❢ t❤❡ ♠♦❞✐✜❡❞ ✈❡❧♦❝✐t② ❝♦❡✣❝✐❡♥t✱ ❡♥❣✐♥❡ t❤r✉st ✈❡❝t♦r ❛♥❞ ❝♦r❡ ❞✐s❝❤❛r❣❡

❝♦❡✣❝✐❡♥t ✐s ♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✾✳ ❋✐❣✉r❡s ✾❛ ❛♥❞ ❝ s❤♦✇ t❤❡ ❡✛❡❝t ♦♥ t❤❡

❛❢♦r❡♠❡♥t✐♦♥❡❞ ♥♦③③❧❡ ♣❡r❢♦r♠❛♥❝❡ ♠❡tr✐❝s ✇✐t❤ ✈❡rt✐❝❛❧ ♦✛s❡t ✭dz/c ❢r♦♠

✵✳✵✼ t♦ ✵✳✶✼✮ ❛t ❛ ❝♦♥st❛♥t ❛①✐❛❧ ❧♦❝❛t✐♦♥ ✭dx/c ❡q✉❛❧ t♦ ✵✳✵✺✮✳ ▼♦r❡♦✈❡r✱

❋✐❣✉r❡s ✾❜ ❛♥❞ ❞ s❤♦✇ t❤❡ ❡✛❡❝t ♦❢ ✈❛r②✐♥❣ ❛①✐❛❧ ❧♦❝❛t✐♦♥ ✭dx/c ❢r♦♠ ✵✳✵✺ t♦

✵✳✸✺✮ ❛t ❛ ❝♦♥st❛♥t ✈❡rt✐❝❛❧ ♦✛s❡t ✭dz/c ♦❢ ✵✳✵✼✮✳

❋♦r ❛❧❧ ♦❢ t❤❡ ❡♥❣✐♥❡ ♣♦s✐t✐♦♥s ✐♥✈❡st✐❣❛t❡❞ ∆CD
V ∗

✇❛s ❢♦✉♥❞ t♦ ❜❡ ❛♥

✐♥❝r❡❛s✐♥❣ ♠♦♥♦t♦♥✐❝ ❢✉♥❝t✐♦♥ ♦❢ α ✭❋✐❣✉r❡s ✾❛ ❛♥❞ ❜✮✳ ❲✐t❤ t❤❡ ❡♥❣✐♥❡

✐♥ ♣♦s✐t✐♦♥ ❈✸ ✭dx/c ❂ ✵✳✵✺✱ dz/c ❂ ✵✳✶✼ ✮✱ t❤❡ ✈❛r✐❛t✐♦♥ ♦❢ ∆CD
V ∗

✇✐t❤

α ✇❛s ✈❡r② s✐♠✐❧❛r ❜❡t✇❡❡♥ ❜♦t❤ ❡♥❣✐♥❡s✳ ❋♦r ❡①❛♠♣❧❡✱ ❛ r❛♥❣❡ ♦❢ ∆CD
V ∗

❜❡t✇❡❡♥ ✲✶✳✼✪ ❛♥❞ ✵✳✸✪ ❢♦r t❤❡ ❊✶ ❡♥❣✐♥❡ ❛♥❞ ✲✶✳✻✪ ❛♥❞ ✵✳✶✺✪ ❢♦r ❊✷

❡♥❣✐♥❡ ✇❛s ❢♦✉♥❞ ♦✈❡r ❛ ✐♥❝✐❞❡♥❝❡ r❛♥❣❡ ♦❢ ✵o t♦ ✹o ✭❋✐❣✉r❡ ✾❛✮✳ ❆t dx/c ❂

♦❢ ✵✳✵✺ ✭❝♦❧✉♠♥ ❈✮ t❤❡ s❡♥s✐t✐✈✐t② ♦❢ ∆CD
V ∗

t♦ ❛✐r❝r❛❢t ✐♥❝✐❞❡♥❝❡ ✇❛s ❢♦✉♥❞

t♦ ✐♥❝r❡❛s❡ s❧✐❣❤t❧② ❛s t❤❡ ❡♥❣✐♥❡ ✈❡rt✐❝❛❧ ♦✛s❡t ✐s r❡❞✉❝❡❞ ✭❧✐♥❡s ❧❛❜❡❧❧❡❞ ❈✶✱

❈✷✱ ❛♥❞ ❈✸ ✐♥ ❋✐❣✉r❡s ✾❛✮✳ ◆♦t❡ t❤❛t t❤❡ ♣♦s✐t✐♦♥ ✇✐t❤ t❤❡ ❧♦✇❡st ✈❛❧✉❡ ♦❢

✈❡rt✐❝❛❧ ♦✛s❡t ❢r♦♠ t❤❡ ✇✐♥❣ ✐s ❈✶ ✭dz/c = 0.07✮ ❛♥❞ t❤❡ ❡♥❣✐♥❡ ♣♦s✐t✐♦♥❡❞

✷✹



❢✉rt❤❡st ❢r♦♠ t❤❡ ✇✐♥❣ ✈❡rt✐❝❛❧❧② ✐s ❈✸ ✭dz/c = 0.17✮✳ ❍♦✇❡✈❡r✱ ❛t ❛ ❝♦♥st❛♥t

dz/c ♦❢ ✵✳✵✼ ✭♣♦s✐t✐♦♥s ❆✶✱❇✶✱ ❛♥❞ ❈✶ ✇❤❡r❡ ❈✶ ✐s ♣♦s✐t✐♦♥❡❞ ❝❧♦s❡st t♦ t❤❡

✇✐♥❣ ❛①✐❛❧❧② ❛♥❞ ❆✶ t❤❡ ❢✉rt❤❡st✮ ✐♥❝r❡❛s❡❞ ❛①✐❛❧ ❞✐st❛♥❝❡ ❢r♦♠ t❤❡ ❧❡❛❞✐♥❣

❡❞❣❡s r❡❞✉❝❡s t❤❡ ✈❛r✐❛t✐♦♥ ♦❢ ∆CD
V ∗

✇✐t❤ α ✭❋✐❣✉r❡ ✾❜✮✳ ❋♦r ❡①❛♠♣❧❡✱ ✇✐t❤

t❤❡ ❊✷ ❡♥❣✐♥❡ ❧♦❝❛t❡❞ ✐♥ ♣♦s✐t✐♦♥ ❆✶ ✭dx/c = 0.35✱ dz/c = 0.07✮ ❛ ❝❤❛♥❣❡ ♦❢

∆CD
V ∗

❢r♦♠ ✵✳✶✪ t♦ ✵✳✾✪✱ r❡❧❛t✐✈❡ t♦ t❤❡ ✐s♦❧❛t❡❞ ❡♥❣✐♥❡✱ ✐s ♦❜s❡r✈❡❞ ❜❡t✇❡❡♥

α ✈❛❧✉❡s ♦❢ 0o ❛♥❞ 4o✱ ✇❤❡r❡❛s ✐♥ ❈✶ ✭dx/c = 0.05✱ dz/c = 0.07✮ ❛ s✐♠✐❧❛r

❝❤❛♥❣❡ ❢r♦♠ ✲✶✳✼✪ t♦ ✵✳✷✪ ✐s ♦❜s❡r✈❡❞✳

❚❤❡ ♠♦❞✐✜❡❞ ✈❡❧♦❝✐t② ❝♦❡✣❝✐❡♥t ✐♥❝r❡❛s❡s ✇✐t❤ ❛✐r❝r❛❢t ✐♥❝✐❞❡♥❝❡ ❞✉❡ t♦

❛♥ ✐♥❝r❡❛s❡ ♦❢ Cp ❛❧♦♥❣ t❤❡ ✇✐♥❣ ❧♦✇❡r s✉r❢❛❝❡ ❛s α ✐s ✐♥❝r❡❛s❡❞ ✳ ❆t ❧♦✇

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

s✐❞❡ ♦❢ t❤❡ ✇✐♥❣ ✭❋✐❣✉r❡s ✶✵❛ ❛♥❞ ❝✮✳ ❆s t❤✐s r❡❣✐♦♥ ✐s ✐♥ ❝❧♦s❡ ♣r♦①✐♠✐t②

t♦ t❤❡ ❡①❤❛✉st ❛❢t❡r❜♦❞✐❡s ✐t ❤❛s t❤❡ ❡✛❡❝t ♦❢ r❡❞✉❝✐♥❣ t❤❡ st❛t✐❝ ♣r❡ss✉r❡✱

❛♥❞ ❤❡♥❝❡ t❤r✉st ❣❡♥❡r❛t✐♦♥✱ ♦♥ t❤❡s❡ s✉r❢❛❝❡s✳ ❲✐t❤ ✐♥❝r❡❛s❡❞ ✐♥❝✐❞❡♥❝❡ t❤❡

♣r❡ss✉r❡ ❛❧♦♥❣ t❤❡ ❧♦✇❡r s✉r❢❛❝❡ ♦❢ t❤❡ ✇✐♥❣ ✐♥❝r❡❛s❡s ✭❋✐❣✉r❡s ✶✵❜ ❛♥❞ ❞✮

❛♥❞ ❣❡♥❡r❛t❡s ❛❞❞✐t✐♦♥❛❧ t❤r✉st ♦♥ t❤❡ ❡①❤❛✉st ❛❢t❡r❜♦❞✐❡s✳

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

✐♥❝✐❞❡♥❝❡ ✐s t❤❡ ❝♦r❡ ❞✐s❝❤❛r❣❡ ❝♦❡✣❝✐❡♥t ✭CCore
d ✮✳ ❯♣♦♥ ✐♥st❛❧❧❛t✐♦♥ ∆CCore

d

❢♦r t❤❡ ❊✷ ❡♥❣✐♥❡ ✇❛s ❢♦✉♥❞ t♦ ❞❡❝r❡❛s❡ ♠♦♥♦t♦♥✐❝❛❧❧② ✇✐t❤ α ❢♦r ❛❧❧ ♦❢

t❤❡ ✐♥st❛❧❧❛t✐♦♥ ♣♦s✐t✐♦♥s ✐♥✈❡st✐❣❛t❡❞ ✭❋✐❣✉r❡s ✾❝ ❛♥❞ ❞✮✳ ❲✐t❤ t❤❡ ❡♥❣✐♥❡

❧♦❝❛t❡❞ ✐♥ ❝♦❧✉♠♥ ❈ ✭dx/c ❂ ✵✳✵✺✮ ∆CCore
d ❢♦r t❤❡ ❊✷ ❡♥❣✐♥❡ ✇❛s ❢♦✉♥❞ t♦ ❜❡

✐♥s❡♥s✐t✐✈❡ t♦ ✈❡rt✐❝❛❧ ♣♦s✐t✐♦♥ ✭❋✐❣✉r❡ ✾❝✮✳ ❍♦✇❡✈❡r✱ ❛t ❛ ❝♦♥st❛♥t ✈❡rt✐❝❛❧

♣♦s✐t✐♦♥✱ ✐♥❝r❡❛s✐♥❣ t❤❡ ❤♦r✐③♦♥t❛❧ ♦✛s❡t ✇❛s s❤♦✇♥ t♦ r❡❞✉❝❡∆CCore
d ✭❋✐❣✉r❡

✾❞✮✳ ■♥ ❝♦♥tr❛st t♦ t❤❡ ❊✷ ❡♥❣✐♥❡✱ ❛ ♥♦♥✲♠♦♥♦t♦♥✐❝ ✈❛r✐❛t✐♦♥ ♦❢ ∆CCore
d ✇❛s

♦❜s❡r✈❡❞ ✇✐t❤ α ❢♦r t❤❡ ❊✶ ❡♥❣✐♥❡ ❧♦❝❛t❡❞ ✐♥ ❝♦❧✉♠♥ ❈ ✐✳❡✳ ❛ dx/c ❂ ✵✳✵✺

✷✺



✭❋✐❣✉r❡ ✾❝ ✮✳ ❲✐t❤ r❡❞✉❝❡❞ ✈❛❧✉❡s ♦❢ dz/c ❛t ❛ ❝♦♥st❛♥t dx/c ✈❛❧✉❡ ♦❢ ✵✳✵✺✱ t❤❡

✈❛❧✉❡s ♦❢ ∆CCore
d ❝❛♥ ❜❡ s❡❡♥ t♦ ❜❡ ♦✛s❡t r❡❧❛t✐✈❡ t♦ t❤❡ ❈✸ ❝❛s❡ ✭❋✐❣✉r❡ ✾❡✮✳

❍♦✇❡✈❡r✱ ❛ ♠♦♥♦t♦♥✐❝ ✈❛r✐❛t✐♦♥ ♦❢ ∆CCore
d ✇✐t❤ ❛♥❣❧❡ ♦❢ ❛tt❛❝❦ ✐s ♦❜s❡r✈❡❞

✇✐t❤ t❤❡ s❛♠❡ ❡♥❣✐♥❡ ✐♥st❛❧❧❡❞ ✐♥ ♣♦s✐t✐♦♥s ❇✶ ❛♥❞ ❆✶ ✭❋✐❣✉r❡ ✾❞✮✳

❆s ♣r❡✈✐♦✉s❧② ❞✐s❝✉ss❡❞✱ t❤❡ ♥♦♥✲♠♦♥♦t♦♥✐❝ ❜❡❤❛✈✐♦✉r ♦❢ t❤❡ ❊✶ ❡♥❣✐♥❡

CCore
d ❝❛♥ ❜❡ ❛ttr✐❜✉t❡❞ t♦ t❤❡ ❢♦r♠❛t✐♦♥ ♦❢ ❛ s❤♦❝❦ ✇❛✈❡ ❛t t❤❡ tr❛✐❧✐♥❣ ❡❞❣❡

♦❢ t❤❡ ❝♦r❡ ❝♦✇❧✳ ❲❤❡♥ t❤❡ ❡♥❣✐♥❡ ✐s ✐♥st❛❧❧❡❞ ✐♥ ♣♦s✐t✐♦♥ ❆✶ ✭dx/c ❂ ✵✳✸✺✱

dz/c ❂ ✵✳✵✼✮ ❛❝r♦ss ❛♥ ✐♥❝✐❞❡♥❝❡ r❛♥❣❡ ♦❢ ✵ t♦ ✹o t❤❡r❡ ✐s ❛ ♥♦r♠❛❧ s❤♦❝❦ ✇❛✈❡

♣r❡s❡♥t ❛t t❤❡ tr❛✐❧✐♥❣ ❡❞❣❡ ♦❢ t❤❡ ❝♦r❡ ❝♦✇❧ ✭❋✐❣✉r❡ ✶✶❜✮✳ ❆s t❤✐s s❤♦❝❦ ✐s

♣r❡s❡♥t ❛❝r♦ss t❤❡ ❡♥t✐r❡ r❛♥❣❡ ♦❢ ✐♥❝✐❞❡♥❝❡s ❛ ♠♦♥♦t♦♥✐❝ r❡❞✉❝t✐♦♥ ✐♥ CCore
d

✐s s❡❡♥ ✇✐t❤ ✐♥❝✐❞❡♥❝❡✳ ■♥ ❝♦♥tr❛st✱ ✇✐t❤ t❤❡ ❊✶ ❡♥❣✐♥❡ ✐♥st❛❧❧❡❞ ✐♥ ♣♦s✐t✐♦♥

❈✸ ✭dx/c ❂ ✵✳✵✺✱ dz/c ❂ ✵✳✶✼✮ ❛ s❤♦❝❦ ✇❛✈❡ ✐s ♥♦t ♣r❡s❡♥t ❛t ❛♥ α ♦❢ 0o✱ ❜✉t

✐s ♣r❡s❡♥t ❛t ✐♥❝✐❞❡♥❝❡s ♦❢ 2.5o ❛♥❞ 4o ✭❋✐❣✉r❡ ✶✶❛✮✳ ❚❤❡ ❢♦r♠❛t✐♦♥ ♦❢ t❤✐s

s❤♦❝❦ ✇❛✈❡ ❝❤❛♥❣❡s t❤❡ ❝♦r❡ ♥♦③③❧❡ ❜❛s❡ ♣r❡ss✉r❡ ❛♥❞ ❤❡♥❝❡ t❤❡ CCore
d ✈❛❧✉❡✳

❋✉rt❤❡r♠♦r❡✱ t❤❡ ✈❛r✐❛t✐♦♥ ♦❢ Cp ❛❧♦♥❣ t❤❡ ❝♦r❡ ❝♦✇❧ ❣✐✈❡s ❛♥ ✐♥❞✐❝❛t✐♦♥ ❛s

t♦ ✇❤② CD
V ∗

❢♦r t❤❡ ❊✶ ❡♥❣✐♥❡ ✐s ♠♦r❡ s❡♥s✐t✐✈❡ t♦ ✐♥❝✐❞❡♥❝❡ ✐♥ ♣♦s✐t✐♦♥ ❈✸

❝♦♠♣❛r❡❞ t♦ ♣♦s✐t✐♦♥ ❆✶✳ ❚❤✐s ✐s ❜❡❝❛✉s❡ ❛ ❣r❡❛t❡r ❝❤❛♥❣❡ ✐♥ t❤❡ ❜②♣❛ss✲❥❡t

❡①♣❛♥s✐♦♥ ✇✐t❤ α ♦❝❝✉rs ✐♥ ♣♦s✐t✐♦♥ ❈✸ ❛♥❞ ❤❡♥❝❡ t❤❡r❡ ✐s ❛ ❣r❡❛t❡r ❝❤❛♥❣❡

✐♥ t❤❡ ✐♥t❡❣r❛❧ ♦❢ t❤✐s Cp✳

✸✳✹✳ ❘❛♠✐✜❝❛t✐♦♥s ♦❢ ❆✐r❝r❛❢t ■♥st❛❧❧❛t✐♦♥ ❢♦r ❊①❤❛✉st ❙②st❡♠ ❉❡s✐❣♥

❆s ♦✉t❧✐♥❡❞ ✐♥ t❤❡ ✐♥tr♦❞✉❝t✐♦♥✱ ❛♥ ❡①❤❛✉st s②st❡♠ s❤♦✉❧❞ ❜❡ ❞❡s✐❣♥❡❞

s✉❝❤ t❤❛t t❤❡ ❞❡s✐r❡❞ ✢♦✇ ❝❛♣❛❝✐t✐❡s ❢r♦♠ t❤❡ ▲P❚ ❛♥❞ ❢❛♥ ❝❛♥ ❜❡ ♠❡t✳ ❋♦r

t❤❡ st✉❞✐❡❞ ❡♥❣✐♥❡ ❣❡♦♠❡tr✐❡s ❛♥❞ ✉♥❞❡r✇✐♥❣ ❡♥❣✐♥❡ ♣♦s✐t✐♦♥s ✐♥✈❡st✐❣❛t❡❞✱ ✐t

❤❛s ❜❡❡♥ s❤♦✇♥ t❤❛t ❛t ❝r✉✐s❡ ❝♦♥❞✐t✐♦♥s ✈❛r✐❛t✐♦♥s ❜❡t✇❡❡♥ ✲✶✵✪ ❛♥❞ ✶✳✸✪

❝❛♥ ♦❝❝✉r t♦ CCore
d ❝♦♠♣❛r❡❞ t♦ ❛♥ ✐s♦❧❛t❡❞ ❡♥❣✐♥❡✳ ❆t ❛ ❝♦♥st❛♥t CNPR t❤✐s
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✈❛r✐❛t✐♦♥ ✇✐❧❧ ❞✐r❡❝t❧② ❝♦rr❡s♣♦♥❞ t♦ ❛ ✈❛r✐❛t✐♦♥ ✐♥ ❝♦r❡ ♠❛ss ✢♦✇ r❛t❡✳ ❚❤✐s

✈❛r✐❛t✐♦♥ ✐♥ ❝♦r❡ ♥♦③③❧❡ ♠❛ss ✢♦✇ r❛t❡ ♠❡❛♥s t❤❛t t❤❡ ❝♦r❡ ♥♦③③❧❡ ✇✐❧❧ ❡✐t❤❡r

❤❛✈❡ t♦ ❜❡ r❡s✐③❡❞ ❢♦r ❛ ❣✐✈❡♥ ❡♥❣✐♥❡ ♣♦s✐t✐♦♥✱ ♦r t❤❛t t❤❡ ▲P❚✱ ❛♥❞ ❤❡♥❝❡ ❢❛♥✱

✇♦✉❧❞ ❜❡ ❢♦r❝❡❞ t♦ ♦♣❡r❛t❡ ❛t ♦✛✲❞❡s✐❣♥ ❝♦♥❞✐t✐♦♥s✳ ❋✉rt❤❡r♠♦r❡✱ ✐t ❤❛s ❜❡❡♥

s❤♦✇♥✱ ❢♦r t❤❡ st✉❞✐❡❞ ❡♥❣✐♥❡ ❣❡♦♠❡tr✐❡s ❛♥❞ ✉♥❞❡r✲✇✐♥❣ ❡♥❣✐♥❡ ♣♦s✐t✐♦♥s✱

t❤❛t CCore
d ❝❛♥ ✈❛r② ❜❡t✇❡❡♥ ✸✳✼✪ ❛♥❞ ✲✶✸✪ ♦✈❡r ❛ r❛♥❣❡ ♦❢ ❛✐r❝r❛❢t ✐♥❝✐❞❡♥❝❡s

❢r♦♠ 0o t♦ 4o✳ ❍❡♥❝❡✱ ❡✈❡♥ ✐❢ t❤❡ ❝♦r❡ ♥♦③③❧❡ ✇❛s r❡s✐③❡❞ t♦ t❛❦❡ ✐♥t♦ ❛❝❝♦✉♥t

✐♥st❛❧❧❛t✐♦♥ ❡✛❡❝ts ❛t ❝r✉✐s❡ ❝♦♥❞✐t✐♦♥s✱ ✇✐t❤ ✈❛r✐❛t✐♦♥s t♦ ✐♥❝✐❞❡♥❝❡ ♦✈❡r t❤❡

✢✐❣❤t s❝❤❡❞✉❧❡ t❤❡ ▲P❚ ♦♣❡r❛t✐♥❣ ♣♦✐♥t ✇✐❧❧ ❜❡ ❛✛❡❝t❡❞✳ ❲✐t❤ t❤✐s ✐♥ ♠✐♥❞

✐t ✐s ❝❧❡❛r t❤❛t ❛✐r❝r❛❢t ✐♥st❛❧❧❛t✐♦♥ ❡✛❡❝ts ♦♥ ♥♦③③❧❡ ♣❡r❢♦r♠❛♥❝❡ s❤♦✉❧❞ ❜❡

❝♦♥s✐❞❡r❡❞ ✇❤❡♥ ❡①❤❛✉st s②st❡♠ ✐s ❞❡s✐❣♥❡❞ s✉❝❤ t❤❛t ✈❛r✐❛t✐♦♥s ✐♥ CCore
d

✇✐t❤ ✐♥❝✐❞❡♥❝❡✱ ❢♦r ❛ ❣✐✈❡♥ ❡♥❣✐♥❡ ♣♦s✐t✐♦♥✱ ❛r❡ ♠✐♥✐♠✐s❡❞✳ ❋♦r ❡①❛♠♣❧❡✱ t❤❡

❊✶ ❝♦r❡ ❝♦✇❧ ❞❡s✐❣♥ ✐♥ t❤✐s st✉❞② ❤❛s ❜❡❡♥ s❤♦✇♥ t♦ ❜❡ ♣❛rt✐❝✉❧❛r❧② s❡♥s✐t✐✈❡

t♦ ✐♥st❛❧❧❛t✐♦♥ ♣♦s✐t✐♦♥ ❛♥❞ ✐♥❝✐❞❡♥❝❡✳

❚❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ❝♦r❡ ♥♦③③❧❡ ✐s t❤❡ ♥♦t t❤❡ ♦♥❧② r❡❛s♦♥ ✇❤② ❛✐r❝r❛❢t

✐♥st❛❧❧❛t✐♦♥ ❡✛❡❝ts s❤♦✉❧❞ ❜❡ ❝♦♥s✐❞❡r❡❞ ✇❤❡♥ t❤❡ ❡①❤❛✉st s②st❡♠ ✐s ❞❡s✐❣♥❡❞✳

❋r♦♠ ❙❡❝t✐♦♥ ✸✳✷ t❤❡ ♠♦❞✐✜❡❞ ✈❡❧♦❝✐t② ❝♦❡✣❝✐❡♥t ✭CD
V ∗
✮ ✇❛s ❢♦✉♥❞ t♦ ✈❛r②

❜② ✉♣ t♦ ✶✪ ✇✐t❤ ✐♥st❛❧❧❛t✐♦♥ ♣♦s✐t✐♦♥✳ ❆s t❤✐s ✈❛r✐❛t✐♦♥ ✐♥ CD
V ∗

✐s ❣♦✈❡r♥❡❞

❜② t❤❡ st❛t✐❝ ♣r❡ss✉r❡ ❞✐str✐❜✉t✐♦♥ ❛❧♦♥❣ t❤❡ ❝♦r❡ ❝♦✇❧ ✭❋✐❣✉r❡ ✼✮✱ t❤❡♥ t❤❡r❡

❡①✐sts ❛ s✉❜st❛♥t✐❛❧ ❛r❣✉♠❡♥t t❤❛t t❤❡ ❝♦r❡ ❝♦✇❧ ❞❡s✐❣♥ s❤♦✉❧❞ ❜❡ ❝♦♠♣❧❡t❡❞

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

❡①❤❛✉st s②st❡♠ ✐s ♦❜t❛✐♥❡❞✳

✷✼



✹✳ ❈♦♥❝❧✉s✐♦♥s

❚❤❡ ❡✛❡❝t ♦❢ ❡♥❣✐♥❡ ✐♥st❛❧❧❛t✐♦♥ ♦♥ ❡①❤❛✉st s②st❡♠ ♣❡r❢♦r♠❛♥❝❡ ❤❛s ❜❡❡♥

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

♠❛❞❡ ♦❢ t❤❡ s❡♥s✐t✐✈✐t② ♦❢ t❤❡ ♥♦③③❧❡ ♣❡r❢♦r♠❛♥❝❡ ♠❡tr✐❝s t♦ ❡♥❣✐♥❡ ♣♦s✐t✐♦♥

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

♣r❡✈❛❧❡♥t ❛❡r♦❞②♥❛♠✐❝ ✢♦✇ ❢❡❛t✉r❡s ♦❢ ❡♥❣✐♥❡ ✐♥st❛❧❧❛t✐♦♥ ♦♥ t❤❡ ❡①❤❛✉st

s②st❡♠ ✇❡r❡ ✐❞❡♥t✐✜❡❞✳ ❚❤❡ s♣❡❝✐✜❝ ❝♦♥❝❧✉s✐♦♥s ♦❢ t❤✐s ✇♦r❦ ❛r❡ ❛s ❢♦❧❧♦✇s✿

✶✳ ❖✈❡r t❤❡ r❛♥❣❡ ♦❢ ❡♥❣✐♥❡ ❛①✐❛❧ ♣♦s✐t✐♦♥s ✐♥✈❡st✐❣❛t❡❞ CD
V ∗

✇❛s ❢♦✉♥❞ t♦

✈❛r② ❜② ✉♣ t♦ ✶✪ r❡❧❛t✐✈❡ t♦ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ✐s♦❧❛t❡❞ ✈❛❧✉❡ ♦❢ CD
V ∗

❢♦r

❜♦t❤ ♦❢ t❤❡ ❡♥❣✐♥❡s ✐♥✈❡st✐❣❛t❡❞✳ ❚❤❡ ✐♥t❡r❛❝t✐♦♥ ❜❡t✇❡❡♥ t❤❡ ❛✐r❢r❛♠❡

✇✐♥❣ ❛♥❞ ❡①❤❛✉st ❛❢t❡r❜♦❞✐❡s ✇❛s ❢♦✉♥❞ t♦ ❜❡ ❜❡♥❡✜❝✐❛❧ ♦r ❞❡tr✐♠❡♥t❛❧

t♦ CD
V ∗

❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ♣♦s✐t✐♦♥ ♦❢ t❤❡ ❡♥❣✐♥❡ r❡❧❛t✐✈❡ t♦ t❤❡ ✇✐♥❣

❧❡❛❞✐♥❣ ❡❞❣❡✳

✷✳ ❚❤❡ ❞♦♠✐♥❛♥t ✐♥st❛❧❧❛t✐♦♥ ❡✛❡❝t ✇❛s ❢♦✉♥❞ t♦ ❜❡ ❞✉❡ t♦ t❤❡ ✐♥t❡r❛❝t✐♦♥

❜❡t✇❡❡♥ t❤❡ ❛✐r❢r❛♠❡ ✇✐♥❣ ❛♥❞ ❡♥❣✐♥❡ ❡①❤❛✉st s②st❡♠ ❛❢t❡r❜♦❞✐❡s✳ ❚❤✐s

✈❛r✐❛t✐♦♥ ✐♥ t❤r✉st ❣❡♥❡r❛t✐♦♥ ❞✉❡ t♦ t❤❡ ❡①❤❛✉st ❛❢t❡r❜♦❞✐❡s ♦❝❝✉rr❡❞

❞✉❡ t♦ t❤❡ ✈❛r✐❛t✐♦♥ ♦❢ st❛t✐❝ ♣r❡ss✉r❡ ♦♥ ❜♦t❤ t❤❡ ❝♦r❡ ❝♦✇❧ ❛♥❞ ❝♦r❡

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

✸✳ ❆❧t❤♦✉❣❤ t❤❡ ❛❜s♦❧✉t❡ ✈❛❧✉❡s ♦❢ ❝❤❛♥❣❡s t♦ CD
V ∗

✇❡r❡ ❞✐✛❡r❡♥t ❢♦r t❤❡

t✇♦ ❡♥❣✐♥❡s ✐♥✈❡st✐❣❛t❡❞✱ t❤❡ tr❡♥❞s ♦❜s❡r✈❡❞ ❢♦r ❡♥❣✐♥❡ ✐♥st❛❧❧❛t✐♦♥

♣♦s✐t✐♦♥ ✇❡r❡ ✈❡r② s✐♠✐❧❛r✳ ❚❤✐s ✐♥❞✐❝❛t❡s t❤❛t ❝❤❛♥❣❡s ✐♥ t❤r✉st ❣❡♥❡r✲

❛t✐♦♥ ❞✉❡ t♦ ✐♥st❛❧❧❛t✐♦♥ ✐s ❞♦♠✐♥❛t❡❞ ❜② t❤❡ ✇✐♥❣ ♣r❡ss✉r❡ ✜❡❧❞ r❛t❤❡r

t❤❛♥ t❤❡ ♥♦③③❧❡ ♦♣❡r❛t✐♥❣ ♣♦✐♥t✳

✹✳ ❚❤❡ ❡♥❣✐♥❡ ♥❡t ♣r♦♣✉❧s✐✈❡ ❢♦r❝❡ ✇❛s ❢♦✉♥❞ t♦ ❜❡ ♠♦r❡ s❡♥s✐t✐✈❡ t♦ ✈❛r✐❛✲

t✐♦♥s t♦ t❤❡ ♠♦❞✐✜❡❞ t❤r✉st ❝♦❡✣❝✐❡♥t ✇❤❡♥ t❤❡ ❡♥❣✐♥❡ ✇❛s ♣♦s✐t✐♦♥❡❞

✷✽



❝❧♦s❡st t♦ t❤❡ ✇✐♥❣ ❛①✐❛❧❧②✳ ❋✉rt❤❡r♠♦r❡✱ ❛❝r♦ss ❛❧❧ ♦❢ t❤❡ ✐♥st❛❧❧❛t✐♦♥

♣♦s✐t✐♦♥s ❡①❛♠✐♥❡❞ t❤❡ ♥❡t ♣r♦♣✉❧s✐✈❡ ❢♦r❝❡ ♦❢ t❤❡ ❧♦✇❡r s♣❡❝✐✜❝ t❤r✉st

❡♥❣✐♥❡ ✇❛s ❢♦✉♥❞ t♦ ❜❡ ♠♦r❡ s❡♥s✐t✐✈❡ t♦ t❤❡ ✐♥st❛❧❧❡❞ ❡①❤❛✉st s②st❡♠

♣❡r❢♦r♠❛♥❝❡ t❤❛♥ t❤❡ ❤✐❣❤❡r s♣❡❝✐✜❝ t❤r✉st ❡♥❣✐♥❡✳

✺✳ ❆ ✈❛r✐❛t✐♦♥ ♦❢ ❝♦r❡ ❞✐s❝❤❛r❣❡ ❝♦❡✣❝✐❡♥t ♦❢ ✉♣ t♦ t♦ ✶✵✪ ✇❛s ♦❜s❡r✈❡❞

❛❝r♦ss t❤❡ ❡♥❣✐♥❡ ♣♦s✐t✐♦♥s ✐♥✈❡st✐❣❛t❡❞✳ ❚❤✐s ❡✛❡❝t ✇❛s ❣♦✈❡r♥❡❞ ❜② t❤❡

❧♦❝❛❧ st❛t✐❝ ♣r❡ss✉r❡ ✐♥t♦ ✇❤✐❝❤ t❤❡ ❡♥❣✐♥❡ ❞✐s❝❤❛r❣❡❞ ✐♥t♦✱ ✇❤✐❝❤ ✇❛s ❛

❢✉♥❝t✐♦♥ ♦❢ ❜♦t❤ ❡♥❣✐♥❡ ♣♦s✐t✐♦♥ ❛♥❞ ❛✐r❝r❛❢t ✐♥❝✐❞❡♥❝❡✳ ▼♦r❡♦✈❡r✱ t❤❡

❝❤❛r❛❝t❡r✐st✐❝s ♦❢ t❤❡ ❜②♣❛ss ❥❡t ✇❡r❡ ❢♦✉♥❞ t♦ ❤❛✈❡ ❛ str♦♥❣ ✐♥✢✉❡♥❝❡

♦♥ t❤❡ ❝♦r❡ ❞✐s❝❤❛r❣❡ ❝♦❡✣❝✐❡♥t✳

●✐✈❡♥ t❤❡ ♠❛❣♥✐t✉❞❡ ♦❢ t❤❡ ✐♥st❛❧❧❛t✐♦♥ ❡✛❡❝ts ♦♥ ❡①❤❛✉st ♣❡r❢♦r♠❛♥❝❡✱

❜♦t❤ ✐♥ t❡r♠s ♦❢ ❝♦r❡ ❞✐s❝❤❛r❣❡ ❝♦❡✣❝✐❡♥t ❛♥❞ t❤r✉st ❣❡♥❡r❛t✐♦♥✱ ✐t ✐s r❡❝♦♠✲

♠❡♥❞❡❞ t❤❛t ❢✉rt❤❡r r❡s❡❛r❝❤ s❤♦✉❧❞ ❜❡ ✉♥❞❡rt❛❦❡♥ t♦ ❛❝❝♦✉♥t ❢♦r ✐♥st❛❧❧❛t✐♦♥

❡✛❡❝ts ❛s ♣❛rt ♦❢ t❤❡ ❡♥❣✐♥❡ ❝②❝❧❡ ❞❡s✐❣♥ ✐♥ ♦r❞❡r t♦ ♠✐♥✐♠✐s❡ ❛♥② ❛❞✈❡rs❡

❡✛❡❝ts ♦♥ ✐♥st❛❧❧❡❞ ❡♥❣✐♥❡ ♣❡r❢♦r♠❛♥❝❡✳

❆❝❦♥♦✇❧❡❞❣♠❡♥ts

❚❤❡ ❞♦❝t♦r❛❧ st✉❞✐❡s ♦❢ ❏♦❤♥ ❖tt❡r✱ ❚♦♠❛s③ ❙t❛➠❦♦✇s❦✐ ❛♥❞ ▼❛tt❤❡✇
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❬✸✼❪ ▼❛❝♠✐❧❧✐❛♥✱ ❲✳ ▲✳✱ ❉❡✈❡❧♦♣♠❡♥t ♦❢ ❛ ▼♦❞✉❧❡ ❚②♣❡ ❈♦♠♣✉t❡r Pr♦❣r❛♠

❢♦r t❤❡ ❈❛❧❝✉❧❛t✐♦♥ ♦❢ ●❛s ❚✉r❜✐♥❡ ❖✛ ❉❡s✐❣♥ P❡r❢♦r♠❛♥❝❡✱ P❤✳❉✳ ❚❤❡✲

s✐s✱ ❉❡♣❛rt♠❡♥t ♦❢ P♦✇❡r ❛♥❞ Pr♦♣✉❧s✐♦♥✱ ❈r❛♥✜❡❧❞ ❯♥✐✈❡rs✐t②✱ ✶✾✼✹✳

❬✸✽❪ ●♦✉❧♦s✱ ■✳✱ ❖tt❡r✱ ❏✳✱ ❙t❛➠❦♦✇s❦✐✱ ❚✳✱ ▼❛❝▼❛♥✉s✱ ❉✳✱ ●r❡❝❤✱ ◆✳✱ ❛♥❞

❙❤❡❛❢✱ ❈✳✱ ✏❆❡r♦❞②♥❛♠✐❝ ❉❡s✐❣♥ ♦❢ ❙❡♣❛r❛t❡✲❏❡t ❊①❤❛✉sts ❢♦r ❋✉t✉r❡

❈✐✈✐❧ ❆❡r♦✲❡♥❣✐♥❡s P❛rt ■■✿ ❉❡s✐❣♥ ❙♣❛❝❡ ❊①♣❧♦r❛t✐♦♥✱ ❙✉rr♦❣❛t❡ ▼♦❞✲

❡❧✐♥❣✱ ❛♥❞ ❖♣t✐♠✐③❛t✐♦♥✱✑ ❏♦✉r♥❛❧ ♦❢ ❊♥❣✐♥❡❡r✐♥❣ ❢♦r ●❛s ❚✉r❜✐♥❡s ❛♥❞

P♦✇❡r ✱ ❱♦❧✳ ✶✸✽✭✽✮✱ ✷✵✶✻✱ ♣♣✳ ✵✽✶✷✵✷✕✶ t♦ ✵✽✶✷✵✷✕✶✷✳

❬✸✾❪ ●♦✉❧♦s✱ ■✳✱ ❙t❛➠❦♦✇s❦✐✱ ❚✳✱ ▼❛❝▼❛♥✉s✱ ❉✳✱ ❲♦♦❞r♦✇✱ P✳✱ ❛♥❞ ❙❤❡❛❢✱ ❈✳✱

✏❈✐✈✐❧ ❚✉r❜♦❢❛♥ ❊♥❣✐♥❡ ❊①❤❛✉st ❆❡r♦❞②♥❛♠✐❝✿ ■♠♣❛❝t ♦❢ ❇②♣❛ss ◆♦③③❧❡

❆❢t❡r✲❜♦❞② ❉❡s✐❣♥✱✑ ❆❡r♦s♣❛❝❡ ❙❝✐❡♥❝❡ ❛♥❞ ❚❡❝❤♥♦❧♦❣② ✱ ❱♦❧✳ ✼✸✱ ✷✵✶✼✱

♣♣✳ ✽✺✕✾✺✳

❬✹✵❪ ❖tt❡r✱ ❏✳✱ ●♦✉❧♦s✱ ■✳✱ ▼❛❝▼❛♥✉s✱ ❉✳✱ ❛♥❞ ❙❧❛❜②✱ ▼✳✱ ✏❆❡r♦❞②♥❛♠✐❝ ❆♥❛❧✲

②s✐s ♦❢ ❈✐✈✐❧ ❆❡r♦✲❊♥❣✐♥❡ ❊①❤❛✉st ❙②st❡♠s ✉s✐♥❣ ❈♦♠♣✉t❛t✐♦♥❛❧ ❋❧✉✐❞

❉②♥❛♠✐❝s✱✑ ❏♦✉r♥❛❧ ♦❢ Pr♦♣✉❧s✐♦♥ ❛♥❞ P♦✇❡r ✱ ✷✵✶✼✱ ✭❆rt✐❝❧❡ ✐♥ ❆❞✲

✈❛♥❝❡✮✳

❬✹✶❪ ❲❡✐ss✱ ❏✳ ▼✳✱ ▼❛r✉s③❡✇s❦✐✱ ❏✳ P✳✱ ❛♥❞ ❙♠✐t❤✱ ❲✳ ❆✳✱ ✏■♠♣❧✐❝✐t ❙♦❧✉t✐♦♥
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♦❢ t❤❡ ◆❛✈✐❡r✲❙t♦❦❡s ❊q✉❛t✐♦♥s ♦♥ ❯♥str✉❝t✉r❡❞ ▼❡s❤❡s✱✑ ✶✸t❤ ❈♦♠♣✉✲

t❛t✐♦♥❛❧ ❋❧✉✐❞ ❉②♥❛♠✐❝s ❈♦♥❢❡r❡♥❝❡✱ ✶✾✾✼✱ ❆■❆❆ ✾✼✲✷✶✵✸✳

❬✹✷❪ ❍♦❧♠❡s✱ ❉✳ ●✳ ❛♥❞ ❈♦♥♥❡❧❧✱ ❙✳ ❉✳✱ ✏❙♦❧✉t✐♦♥ ♦❢ t❤❡ ✷❉ ◆❛✈✐❡r✲❙t♦❦❡s

❊q✉❛t✐♦♥s ♦♥ ❯♥str✉❝t✉r❡❞ ❆❞❛♣t✐✈❡ ●r✐❞s✱✑ ✾t❤ ❈♦♠♣✉t❛t✐♦♥❛❧ ❋❧✉✐❞

❉②♥❛♠✐❝s ❈♦♥❢❡r❡♥❝❡✱ ✶✾✽✾✱ ❆■❆❆ ✽✾✲✶✾✸✷✳

❬✹✸❪ ❘❛✉❝❤✱ ❘✳ ❉✳✱ ❇❛t✐r❛✱ ❏✳ ❚✳✱ ❛♥❞ ❨❛♥❣✱ ◆✳ ❚✳ ❨✳✱ ✏❙♣❛t✐❛❧ ❆❞❛♣t✐♦♥ Pr♦✲

❝❡❞✉r❡s ♦♥ ❯♥str✉❝t✉r❡❞ ▼❡s❤❡s ❢♦r ❆❝❝✉r❛t❡ ❯♥st❡❛❞② ❆❡r♦❞②♥❛♠✐❝

❋❧♦✇ ❈♦♠♣✉t❛t✐♦♥s✱✑ ✸✷♥❞ ❙tr✉❝t✉r❡s✱ ❙tr✉❝t✉r❛❧ ❉②♥❛♠✐❝s✱ ❛♥❞ ▼❛t❡✲

r✐❛❧s ❈♦♥❢❡r❡♥❝❡✱ ✶✾✾✶✱ ❆■❆❆ ✾✶✲✶✶✵✻✳

❬✹✹❪ ▼❡♥t❡r✱ ❋✳ ❘✳✱ ✏❚✇♦✲❊q✉❛t✐♦♥ ❊❞❞②✲❱✐s❝♦s✐t② ❚✉r❜✉❧❡♥❝❡ ▼♦❞❡❧s ❢♦r

❊♥❣✐♥❡❡r✐♥❣ ❆♣♣❧✐❝❛t✐♦♥s✱✑ ❆■❆❆ ❏♦✉r♥❛❧ ✱ ❱♦❧✳ ✸✷ ✭✽✮✱ ✶✾✾✹✱ ♣♣✳ ✶✺✾✽✕

✶✻✵✺✳

❬✹✺❪ ❲❛❧s❤✱ P✳ ❛♥❞ ❋❧❡t❝❤❡r✱ P✳✱ ●❛s ❚✉r❜✐♥❡ P❡r❢♦r♠❛♥❝❡✱ ❇❧❛❝❦✇❡❧❧ P✉❜✲

❧✐s❤✐♥❣✱ ❖①❢♦r❞✱ ✷♥❞ ❡❞✳✱ ✷✵✵✹✳

❬✹✻❪ ❙✉t❤❡r❧❛♥❞✱ ❲✳✱ ✏❚❤❡ ❱✐s❝♦s✐t② ♦❢ ●❛s❡s ❛♥❞ ▼♦❧❡❝✉❧❛r ❋♦r❝❡s✱✑ P❤✐❧✲

s♦♣❤✐❝❛❧ ▼❛❣❛③✐♥❡✱ ❱♦❧✳ ✺ ✭✸✻✮✱ ✶✽✾✸✱ ♣♣✳ ✺✵✼✕✺✸✶✳

❬✹✼❪ ❘♦❜✐♥s♦♥✱ ▼✳✱ ▼❛❝▼❛♥✉s✱ ❉✳ ●✳✱ ❛♥❞ ❙❤❡❛❢✱ ❈✳✱ ✏❆s♣❡❝ts ♦❢ ❛❡r♦✲❡♥❣✐♥❡

♥❛❝❡❧❧❡ ❞r❛❣✱✑ Pr♦❝❡❡❞✐♥❣s ♦❢ t❤❡ ■♥st✐t✉t✐♦♥ ♦❢ ▼❡❝❤❛♥✐❝❛❧ ❊♥❣✐♥❡❡rs✱

P❛rt ●✿ ❏♦✉r♥❛❧ ♦❢ ❆❡r♦s♣❛❝❡ ❊♥❣✐♥❡❡r✐♥❣ ✱ ✷✵✶✽✳
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▲✐st ♦❢ ❋✐❣✉r❡s

✶ ❙❝❤❡♠❛t✐❝ ♦❢ ❡♥❣✐♥❡ ✐♥st❛❧❧❛t✐♦♥ ♣♦s✐t✐♦♥ ❛♥❞ ❡♥❣✐♥❡ ♣♦s✐t✐♦♥s
✐♥✈❡st✐❣❛t❡❞ ✐♥ t❤✐s st✉❞② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✽

✷ ❙❝❤❡♠❛t✐❝ ❢♦r t❤❡ ❜r❡❛❦❞♦✇♥ ♦❢ ❚❤r✉st ❛♥❞ ❉r❛❣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾
✸ ❉❡✜♥✐t✐♦♥ ♦❢ t❤❡ ❝♦♠♣✉t❛t✐♦♥s ❞♦♠❛✐♥ ❛♥❞ ❡①❛♠♣❧❡ ♦❢ s✉r❢❛❝❡

♠❡s❤ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✵
✹ ❊①❛♠♣❧❡ r❡s✐❞✉❛❧ ❝♦♥✈❡r❣❡♥❝❡ ❢♦r ❛ s✐♥❣❧❡ ✐♥❝✐❞❡♥❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✹✶
✺ P♦s✐t✐♦♥❛❧ ✈❛r✐❛t✐♦♥ ♦❢ ♠♦❞✐✜❡❞ ✈❡❧♦❝✐t② ❝♦❡✣❝✐❡♥t r❡❧❛t✐✈❡ t♦

✐s♦❧❛t❡❞ ❡♥❣✐♥❡ ❛t ❝♦♥st❛♥t ❧✐❢t ❢♦r ❛✮ ❊✶ ❛♥❞ ❜✮ ❊✷✳ ❉❛s❤❡❞
❧✐♥❡s ❞❡♥♦t❡ ♥❡❣❛t✐✈❡ ✈❛❧✉❡s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✷

✻ ❱❛r✐❛t✐♦♥ ♦❢ ❡♥❣✐♥❡ ♥❡t ♣r♦♣✉❧s✐✈❡ ❢♦r❝❡ ❛♥❞ ♠♦❞✐✜❡❞ ✈❡❧♦❝✐t②
❝♦❡✣❝✐❡♥t ❢♦r t❤❡ ❊✶ ❛♥❞ ❊✷ ❡♥❣✐♥❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✸

✼ ❆③✐♠✉t❤❛❧ ❱❛r✐❛t✐♦♥ ♦❢ ❙t❛t✐❝ Pr❡ss✉r❡ ❛❧♦♥❣ t❤❡ ❝♦r❡ ❝♦✇❧ ❛t
t❤❡ t♦♣❧✐♥❡ ✭0o✮ ♦✉t❜♦❛r❞ s✐❞❡❧✐♥❡ ✭90o✮✱ ❜♦tt♦♠❧✐♥❡ ✭180o✮ ❛♥❞
✐♥❜♦❛r❞ s✐❞❡ ❧✐♥❡ ✭−90o✮ ❛t ❝r✉✐s❡ ❝♦♥❞✐t✐♦♥s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✹

✽ ❱❛r✐❛t✐♦♥ ♦❢ ✐♥st❛❧❧❡❞ ❝♦r❡ ❞✐s❝❤❛r❣❡ ❝♦❡✣❝✐❡♥t r❡❧❛t✐✈❡ t♦ ✐s♦✲
❧❛t❡❞ ❡♥❣✐♥❡ ❛t ❝♦♥st❛♥t ❧✐❢t ❢♦r ❛✮ ❊✶ ❛♥❞ ❜✮ ❊✷✳ ❉❛s❤❡❞ ❧✐♥❡s
❞❡♥♦t❡ ♥❡❣❛t✐✈❡ ✈❛❧✉❡s✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✺

✾ ❱❛r✐❛t✐♦♥ ♦❢ ♥♦③③❧❡ ♣❡r❢♦r♠❛♥❝❡ ♠❡tr✐❝s ✇✐t❤ ❛✐r❝r❛❢t ✐♥❝✐❞❡♥❝❡
❛♥❞ ❡♥❣✐♥❡ ♣♦s✐t✐♦♥ r❡❧❛t✐✈❡ t♦ ✐s♦❧❛t❡❞ ❡♥❣✐♥❡ ❢♦r ❛✮ ❛♥❞ ❜✮
▼♦❞✐✜❡❞ ✈❡❧♦❝✐t② ❝♦❡✣❝✐❡♥t ❝✮ ❛♥❞ ❞✮ ❝♦r❡ ❞✐s❝❤❛r❣❡ ❝♦❡✣❝✐❡♥t ✹✻

✶✵ ❱❛r✐❛t✐♦♥ ♦❢ st❛t✐❝ ♣r❡ss✉r❡ ❝♦❡✣❝✐❡♥t t❤r♦✉❣❤ t❤❡ ❡♥❣✐♥❡ ♠✐❞✲
s❡❝t✐♦♥ ❢♦r t❤❡ ❊✶ ❡♥❣✐♥❡ ❛t ❛✮ α = 0.0 ❜✮ α = 4.0❀ t❤❡ ❊✷ ❡♥✲
❣✐♥❡ ❛t ❝✮α = 0.0 ❛♥❞ ❞✮ α = 4.0 ✐♥ ♣♦s✐t✐♦♥ ❈✸ ✭dx/c = 0.05✱
dz/c = 0.17✮ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✼

✶✶ ❱❛r✐❛t✐♦♥ ♦❢ st❛t✐❝ ♣r❡ss✉r❡ ❛❧♦♥❣ t❤❡ ❊✶ ❝♦r❡ ❝♦✇❧ t♦♣❧✐♥❡ ✇✐t❤
❛✐r❢r❛♠❡ ✐♥❝✐❞❡♥❝❡✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✽
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❋✐❣✉r❡ ✶✿ ❙❝❤❡♠❛t✐❝ ♦❢ ❡♥❣✐♥❡ ✐♥st❛❧❧❛t✐♦♥ ♣♦s✐t✐♦♥ ❛♥❞ ❡♥❣✐♥❡ ♣♦s✐t✐♦♥s ✐♥✈❡st✐❣❛t❡❞ ✐♥
t❤✐s st✉❞②

✸✽



❋✐❣✉r❡ ✷✿ ❙❝❤❡♠❛t✐❝ ❢♦r t❤❡ ❜r❡❛❦❞♦✇♥ ♦❢ ❚❤r✉st ❛♥❞ ❉r❛❣
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✭❛✮ ❈♦♠♣✉t❛t✐♦♥ ❉♦♠❛✐♥ ❛♥❞ ❇♦✉♥❞❛r② ❈♦♥❞✐t✐♦♥s

✭❜✮ ❈❧♦s❡ ✉♣ ♦❢ s✉r❢❛❝❡ ♠❡s❤

❋✐❣✉r❡ ✸✿ ❉❡✜♥✐t✐♦♥ ♦❢ t❤❡ ❝♦♠♣✉t❛t✐♦♥s ❞♦♠❛✐♥ ❛♥❞ ❡①❛♠♣❧❡ ♦❢ s✉r❢❛❝❡ ♠❡s❤
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❋✐❣✉r❡ ✹✿ ❊①❛♠♣❧❡ r❡s✐❞✉❛❧ ❝♦♥✈❡r❣❡♥❝❡ ❢♦r ❛ s✐♥❣❧❡ ✐♥❝✐❞❡♥❝❡
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✭❛✮ ❊✶ ∆CD
V ∗

(%)

✭❜✮ ❊✷ ∆CD
V ∗

(%)

❋✐❣✉r❡ ✺✿ P♦s✐t✐♦♥❛❧ ✈❛r✐❛t✐♦♥ ♦❢ ♠♦❞✐✜❡❞ ✈❡❧♦❝✐t② ❝♦❡✣❝✐❡♥t r❡❧❛t✐✈❡ t♦ ✐s♦❧❛t❡❞ ❡♥❣✐♥❡ ❛t
❝♦♥st❛♥t ❧✐❢t ❢♦r ❛✮ ❊✶ ❛♥❞ ❜✮ ❊✷✳ ❉❛s❤❡❞ ❧✐♥❡s ❞❡♥♦t❡ ♥❡❣❛t✐✈❡ ✈❛❧✉❡s✳
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❋✐❣✉r❡ ✻✿ ❱❛r✐❛t✐♦♥ ♦❢ ❡♥❣✐♥❡ ♥❡t ♣r♦♣✉❧s✐✈❡ ❢♦r❝❡ ❛♥❞ ♠♦❞✐✜❡❞ ✈❡❧♦❝✐t② ❝♦❡✣❝✐❡♥t ❢♦r t❤❡
❊✶ ❛♥❞ ❊✷ ❡♥❣✐♥❡

✹✸



✭❛✮ ❊✶ ✐♥ ♣♦s✐t✐♦♥ ❈✸ ✭❜✮ ❊✶ ✐♥ ♣♦s✐t✐♦♥ ❆✶

✭❝✮ ❊✷ ✐♥ ♣♦s✐t✐♦♥ ❈✸ ✭❞✮ ❊✷ ✐♥ ♣♦s✐t✐♦♥ ❆✶

❋✐❣✉r❡ ✼✿ ❆③✐♠✉t❤❛❧ ❱❛r✐❛t✐♦♥ ♦❢ ❙t❛t✐❝ Pr❡ss✉r❡ ❛❧♦♥❣ t❤❡ ❝♦r❡ ❝♦✇❧ ❛t t❤❡ t♦♣❧✐♥❡ ✭0o✮
♦✉t❜♦❛r❞ s✐❞❡❧✐♥❡ ✭90o✮✱ ❜♦tt♦♠❧✐♥❡ ✭180o✮ ❛♥❞ ✐♥❜♦❛r❞ s✐❞❡ ❧✐♥❡ ✭−90

o✮ ❛t ❝r✉✐s❡ ❝♦♥❞✐✲
t✐♦♥s✳
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✭❛✮ ❊✶ ∆CCore
d

(%)

✭❜✮ ❊✷ ∆CCore
d

(%)

❋✐❣✉r❡ ✽✿ ❱❛r✐❛t✐♦♥ ♦❢ ✐♥st❛❧❧❡❞ ❝♦r❡ ❞✐s❝❤❛r❣❡ ❝♦❡✣❝✐❡♥t r❡❧❛t✐✈❡ t♦ ✐s♦❧❛t❡❞ ❡♥❣✐♥❡ ❛t
❝♦♥st❛♥t ❧✐❢t ❢♦r ❛✮ ❊✶ ❛♥❞ ❜✮ ❊✷✳ ❉❛s❤❡❞ ❧✐♥❡s ❞❡♥♦t❡ ♥❡❣❛t✐✈❡ ✈❛❧✉❡s✳
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❋✐❣✉r❡ ✾✿ ❱❛r✐❛t✐♦♥ ♦❢ ♥♦③③❧❡ ♣❡r❢♦r♠❛♥❝❡ ♠❡tr✐❝s ✇✐t❤ ❛✐r❝r❛❢t ✐♥❝✐❞❡♥❝❡ ❛♥❞ ❡♥❣✐♥❡
♣♦s✐t✐♦♥ r❡❧❛t✐✈❡ t♦ ✐s♦❧❛t❡❞ ❡♥❣✐♥❡ ❢♦r ❛✮ ❛♥❞ ❜✮ ▼♦❞✐✜❡❞ ✈❡❧♦❝✐t② ❝♦❡✣❝✐❡♥t ❝✮ ❛♥❞ ❞✮
❝♦r❡ ❞✐s❝❤❛r❣❡ ❝♦❡✣❝✐❡♥t

✹✻



❋✐❣✉r❡ ✶✵✿ ❱❛r✐❛t✐♦♥ ♦❢ st❛t✐❝ ♣r❡ss✉r❡ ❝♦❡✣❝✐❡♥t t❤r♦✉❣❤ t❤❡ ❡♥❣✐♥❡ ♠✐❞s❡❝t✐♦♥ ❢♦r t❤❡
❊✶ ❡♥❣✐♥❡ ❛t ❛✮ α = 0.0 ❜✮ α = 4.0❀ t❤❡ ❊✷ ❡♥❣✐♥❡ ❛t ❝✮α = 0.0 ❛♥❞ ❞✮ α = 4.0 ✐♥ ♣♦s✐t✐♦♥
❈✸ ✭dx/c = 0.05✱ dz/c = 0.17✮
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✭❛✮ ❊♥❣✐♥❡ ✐♥ ♣♦s✐t✐♦♥ ❈✸ ✭❜✮ ❊♥❣✐♥❡ ✐♥ P♦s✐t✐♦♥ ❆✶

❋✐❣✉r❡ ✶✶✿ ❱❛r✐❛t✐♦♥ ♦❢ st❛t✐❝ ♣r❡ss✉r❡ ❛❧♦♥❣ t❤❡ ❊✶ ❝♦r❡ ❝♦✇❧ t♦♣❧✐♥❡ ✇✐t❤ ❛✐r❢r❛♠❡ ✐♥❝✐✲
❞❡♥❝❡✳
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