
❊①❡❝✉t✐✈❡ ❙✉♠♠❛r② ♦❢ t❤❡ ❚❤❡s✐s

❈♦✉♥t❡r r♦t❛t✐♥❣ ❡❧❡❝tr✐❝ ❢❛♥✱ ♠✐ss✐♦♥ ❛♥❛❧②s✐s ❛♥❞ ♣r❡❧✐♠✐♥❛r② s✐③✐♥❣

▲❛✉r❡❛ ▼❛❣✐str❛❧❡ ✐♥ ❆❡r♦♥❛✉t✐❝❛❧ ❊♥❣✐♥❡❡r✐♥❣ ✲ ■♥❣❡❣♥❡r✐❛ ❆❡r♦♥❛✉t✐❝❛

❆✉t❤♦r✿ ▼❛tt❡♦ ❇❛❧❞❛ss❛rr✐

❆❞✈✐s♦r✿ Pr♦❢✳ P❛♦❧♦ ●❛❡t❛♥✐

❈♦✲❛❞✈✐s♦r✿ Pr♦❢✳ ❋❛❜r✐③✐♦ ❋♦♥t❛♥❡t♦✱ ❉r✳ ▼❛♥❛s ▼❛❞❛ss❡r✐ P❛②②❛♣♣❛❧❧✐

❆❝❛❞❡♠✐❝ ②❡❛r✿ ✷✵✷✶✲✷✵✷✷

✶✳ ■♥tr♦❞✉❝t✐♦♥

❚♦ s❛t✐s❢② t❤❡ ✐♥❝r❡❛s✐♥❣❧② ❧✐♠✐t❛t✐♦♥s ✐♥ t❡r♠s
♦❢ ❡♠✐tt❡❞ ♣♦❧❧✉t❛♥ts ❛♥❞ ♥♦✐s❡✱ ✐♥ t❤❡ ❧❛st ②❡❛rs
❛❧s♦ t❤❡ ❛❡r♦♥❛✉t✐❝❛❧ ✜❡❧❞ st❛rt❡❞ t♦ ❝♦♥s✐❞❡r t❤❡
❡❧❡❝tr✐❝ ♣r♦♣✉❧s✐♦♥✳ ❚❤❡ ♠❛✐♥ ♣r♦❜❧❡♠ ✐s t❤❛t ❛♥
❛✐r❝r❛❢t r❡q✉✐r❡s ♣r♦♣✉❧s✐♦♥ s②st❡♠s t❤❛t ❤❛✈❡ t♦
❜❡ ❧✐❣❤t ❛♥❞ ♣♦✇❡r❢✉❧✱ t❤❡r❡❢♦r❡ ✐t ✐s ✐♠♣♦rt❛♥t
t♦ ❝♦♥s✐❞❡r ♥❡✇ ❡♥❣✐♥❡ ❞❡s✐❣♥s ❛♥❞ ❝♦♠♣♦♥❡♥ts✱
❧✐❦❡ ❝♦✉♥t❡r✲r♦t❛t✐♥❣ ✭❈❘✮ ♠❛❝❤✐♥❡s✳ ❚❤❡s❡ ♠❛✲
❝❤✐♥❡s ♣r❡s❡♥t s♦♠❡ ❜❡♥❡✜ts✱ ❢♦r ❡①❛♠♣❧❡ s♦♠❡
st✉❞✐❡s ❞❡♠♦♥str❛t❡❞ t❤❛t ❞✉❝t❡❞ ♦r ✉♥❞✉❝t❡❞
❈❘ ❢❛♥s ❝❛♥ s❛✈❡ ❢✉❡❧ ✉♣ t♦ ✸✺ ✪✳ ❯♥❢♦rt✉♥❛t❡❧②✱
t❤❡r❡ ❛r❡ ✈❡r② ❢❡✇ ❡①❛♠♣❧❡ ♦❢ t❤❡s❡ ♠❛❝❤✐♥❡s ✐♥
t❤❡ ♣❛st ❞✉❡ t♦ t❤❡✐r ❝♦♠♣❧❡①✐t② ❢r♦♠ ❛ ♠❡❝❤❛♥✲
✐❝❛❧ ♣♦✐♥t ♦❢ ✈✐❡✇✳ ❍♦✇❡✈❡r✱ t❤❡ t❡❝❤♥♦❧♦❣✐❝❛❧
❧❡✈❡❧ r❡❛❝❤❡❞ ✐♥ t❤❡s❡ ❧❛st ②❡❛rs ❤❛✈❡ r❡s✉❧t❡❞ ✐♥
❛ r❡✈✐✈❛❧ ♦❢ t❤❡ ❈❘ ♠❛❝❤✐♥❡s✳ ■♥ ❋✐❣✉r❡ ✶ ✐s
r❡♣r❡s❡♥t❡❞ ❛♥ ❡①❛♠♣❧❡ ♦❢ ❛♥ ✉♥❞✉❝t❡❞ ❈❘ ❢❛♥✳

❋✐❣✉r❡ ✶✿ ❙❛❢r❛♥ ♦♣❡♥ r♦t♦r ♠♦❞❡❧✱ ✷✵✶✼✳

❚❤✐s t❤❡s✐s ✜ts ❡①❛❝t❧② ✐♥ t❤✐s ❝♦♥t❡①t✱ ✐♥ ❢❛❝t t❤❡
♠❛✐♥ ❢♦❝✉s ✇✐❧❧ ❜❡ ♦♥ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❡♥❣✐♥❡s✳

❆t ✜rst t❤❡ ❈❘ ❢❛♥ ❝♦♠♣♦♥❡♥t ✇✐❧❧ ❜❡ ♠♦❞✲
❡❧❡❞ ✐♥ ❛♥ ❡①✐st✐♥❣ ❝♦♠♠❡r❝✐❛❧ ♠♦❞❡❧❧✐♥❣ t♦♦❧
❝❛❧❧❡❞ ❊❝♦s✐♠Pr♦✳ ❋r♦♠ t❤❛t ❝♦♠♣♦♥❡♥t ❞✐✛❡r✲
❡♥t ♠♦❞❡❧s ♦❢ t❤❡ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❡♥❣✐♥❡ ✇✐❧❧ ❜❡
♣r♦♣♦s❡❞✱ ✇❤✐❝❤ ✇✐❧❧ ❜❡ t❤❡♥ ❛♥❛❧②③❡❞ ❢r♦♠ ❛ ❞❡✲
s✐❣♥ ❛♥❞ ♦✛✲❞❡s✐❣♥ ♣♦✐♥t ♦❢ ✈✐❡✇✳ ■♥ t❤❡ ❧❛st ♣❛rt
♦❢ t❤✐s t❤❡s✐s✱ t❤❡✐r ♣❡r❢♦r♠❛♥❝❡s ✇✐❧❧ ❜❡ t❡st❡❞
✐♥ ❞✐✛❡r❡♥t ✢✐❣❤t ♠✐ss✐♦♥s✳ ❊❛❝❤ ✢✐❣❤t ♠✐ss✐♦♥
❝♦♥s✐❞❡r❡❞ ✐s t❤❡ r❡s✉❧t ♦❢ ❞✐✛❡r❡♥t ❝♦♠❜✐♥❛t✐♦♥s
♦❢ r❛♥❣❡ ✭s❤♦rt ✴ ♠❡❞✐✉♠ ✴ ❧♦♥❣✮✱ ❤②❜r✐❞ s②st❡♠
✉s❡❞ ✭❈❆❙❊ ✶ ✴ ✶❜✐s ✴ ✷ ✴ ✷❜✐s✮ ❛♥❞ ❡❧❡❝tr✐❝ ❈❘
❢❛♥ ❡♥❣✐♥❡ ✉s❡❞✳ ❚❤❡ ❤②❜r✐❞ s②st❡♠s ✇✐❧❧ ❜❡ ♣r❡✲
s❡♥t❡❞ ✐♥ ❙❡❝t✐♦♥ ✹✳ ❚❤❡ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❡♥❣✐♥❡s
✇❡r❡ ♠♦❞❡❧❡❞ ❞❡♣❡♥❞✐♥❣ ✐♥ ✇❤✐❝❤ ✢✐❣❤t ♠✐ss✐♦♥
t❤❡② ✇✐❧❧ ♣❡r❢♦r♠✱ ✐♥ ✇❤✐❝❤ ❝♦♥✜❣✉r❛t✐♦♥ t❤❡②
✇✐❧❧ ❜❡ ♠♦✉♥t❡❞ ✭❝❧❛ss✐❝ ♦r ❞✐str✐❜✉t❡❞✮ ❛♥❞ ❢♦r
✇❤✐❝❤ s♣❡❡❞ r❛t✐♦ t❤❡② ✇✐❧❧ ✇♦r❦✳

✷✳ ❊❝♦s✐♠Pr♦

❊❝♦s✐♠Pr♦ ✐s ❛ s✐♠✉❧❛t✐♦♥ t♦♦❧ ✉s❡❞ ❢♦r ♠♦❞✲
❡❧❧✐♥❣ ♣❤②s✐❝❛❧ ♣r♦❝❡ss❡s✳ ■t ❤❛s ❛♥ ✐♠♣♦rt❛♥t
r♦❧❡ ✐♥ t❤✐s t❤❡s✐s✱ ✐♥ ❢❛❝t ✐t ✇❛s ✉s❡❞ t♦ ❝r❡❛t❡ t❤❡
❈❘ ❢❛♥ ❝♦♠♣♦♥❡♥t✳ ▼♦r❡♦✈❡r✱ ✐t ✇❛s ✉s❡❞ ❛❧s♦
t♦ ♠♦❞❡❧ ❛♥❞ t❡st t❤❡ ♦✛✲❞❡s✐❣♥ ❝♦♥❞✐t✐♦♥s ♦❢ ❛❧❧
t❤❡ ❡♥❣✐♥❡s ♣r❡s❡♥t❡❞ ✐♥ t❤✐s ♠❛♥✉s❝r✐♣t✳ ❖♥❡ ♦❢
t❤❡ ♠❛✐♥ r❡❢❡r❡♥❝❡s ✉s❡❞ ✐♥ t❤✐s ✇♦r❦ ✐s t❤❡ ✉s❡r
♠❛♥✉❛❧ ♦❢ ❊❝♦s✐♠Pr♦ ❬✶❪✱ ❢r♦♠ ✇❤✐❝❤ ✐t ✇❛s ♣♦s✲
s✐❜❧❡ t♦ ❧❡❛r♥ ❤♦✇ t♦ ✉s❡ t❤✐s s♦❢t✇❛r❡ ❛♥❞ ❤♦✇

✶



❊①❡❝✉t✐✈❡ s✉♠♠❛r② ▼❛tt❡♦ ❇❛❧❞❛ss❛rr✐

t♦ ♣r♦❣r❛♠ ✐♥ ❊▲ ✭❊❝♦s✐♠Pr♦ ❧❛♥❣✉❛❣❡✮✳

✷✳✶✳ ❈❘ ❢❛♥ ❝♦♠♣♦♥❡♥t

❋✐❣✉r❡ ✷✿ ❊❝♦s✐♠Pr♦ ❝♦♠♣♦♥❡♥t✿ ❈❘ ❢❛♥✳

❚❤❡ ✜rst r❡s✉❧t ♦❜t❛✐♥❡❞ ✐♥ t❤✐s t❤❡s✐s ✇❛s t❤❡
❝r❡❛t✐♦♥ ♦❢ t❤❡ ❈❘ ❢❛♥ ❝♦♠♣♦♥❡♥t ✐♥ ❊❝♦s✐♠✲
Pr♦ ✭❋✐❣✉r❡ ✷✮✳ ❚❤❡ ✇♦r❦ ♦❢ ❆❧❡①✐♦✉ ❡t ❛❧✳ ❬✷❪
✇❛s ✉s❡❞ ❛s r❡❢❡r❡♥❝❡✳ ■t ✇❛s ❝♦❞❡❞ ✐♥ ❊▲ ❛♥❞
✐t ✇❛s ♠♦❞❡❧❡❞ ✐♥ ♦r❞❡r t♦ ❜❡ ❝♦♠♣❛t✐❜❧❡ ✇✐t❤
t❤❡ ♦t❤❡r ❝♦♠♣♦♥❡♥ts ✐♥ t❤❡ ❛❡r♦❡♥❣✐♥❡ ❞❡❞✐✲
❝❛t❡❞ ❧✐❜r❛r② ❝❛❧❧❡❞ t✉r❜♦❥❡t✳ ❚❤❡ ❈❘ ❢❛♥ ❝♦♠✲
♣♦♥❡♥t ♣r❡s❡♥ts t✇♦ ❣❛s ♣♦rts ✭❜❧✉❡✮ ❛♥❞ ❢♦✉r
♠❡❝❤❛♥✐❝❛❧ ♣♦rts ✭❜r♦✇♥✮✳ ❋r♦♠ t❤❡ ❢♦r♠❡rs ❛r❡
❡①❛❝❤❛♥❣❡❞ t❤❡r♠♦❞②♥❛♠✐❝ q✉❛♥t✐t✐❡s✱ ❧✐❦❡ t❤❡
t♦t❛❧ q✉❛♥t✐t✐❡s ❛♥❞ t❤❡ ♠❛ss ✢♦✇✳ ■♥st❡❛❞✱ ❢r♦♠
t❤❡ ❧❛tt❡rs ❛r❡ ❡①❝❤❛♥❣❡❞ t❤❡ ♠❡❝❤❛♥✐❝❛❧ ♣♦✇❡r
❛♥❞ r♦t❛t✐♦♥❛❧ s♣❡❡❞ ❢♦r ❡❛❝❤ s❤❛❢t✳

✭❛✮ P❡r❢♦r♠❛♥❝❡ ♠❛♣✳

✭❜✮ ❚♦rq✉❡ r❛t✐♦ ♠❛♣✳

❋✐❣✉r❡ ✸✿ ❈❘ ❢❛♥ ♥♦♥✲s❝❛❧❡❞ ♠❛♣s ❢♦r Nratio =
1✳ ■♥s✐❞❡ t❤❡ ❝♦♠♣♦♥❡♥t ❛r❡ ❡♠❜❡❞❞❡❞ ❛❧s♦ t❤❡
♠❛♣s ❢♦r Nratio = 0.9 ❛♥❞ Nratio = 1.1✳

■♥ t❤❡ ❈❘ ❢❛♥ ❝♦❞❡ ❛r❡ ✐♠♣❧❡♠❡♥t❡❞ s❡✈❡r❛❧
❡q✉❛t✐♦♥s✱ ❧✐❦❡ ❢♦r ❡①❛♠♣❧❡ t❤❡ ❝♦♥s❡r✈❛t✐♦♥ ♦❢
♠❛ss ❛♥❞ ♣♦✇❡r✱ ❜✉t ♥♦♥❡ ♦❢ t❤❡♠ ✐s ❛ss♦❝✐❛t❡❞
t♦ t❤❡ ❝♦♠♣♦♥❡♥t ❣❡♦♠❡tr②✳ ■♥ ❢❛❝t✱ t❤❡ ❈❘ ❢❛♥
❝♦♠♣♦♥❡♥t ✇❛s ♠♦❞❡❧❡❞ ✐♥ ✵❉✳ ■♥ t❤❡ ❝♦❞❡✱ ❛❧❧
t❤❡ ❝♦♠♣♦♥❡♥t ❝❤❛r❛❝t❡r✐st✐❝s ❛r❡ ❡♠❜❡❞❞❡❞ ✐♥
✐ts ♣❡r❢♦r♠❛♥❝❡ ❛♥❞ t♦rq✉❡ r❛t✐♦ ♠❛♣s✱ ✇❤✐❝❤
❛r❡ ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✸✳ ❚❤❡ t❤r❡❡ ♠❛✐♥ ♣❛✲

r❛♠❡t❡rs ♦❢ t❤❡ ❈❘ ❢❛♥ ❛r❡ t❤❡ s♣❡❡❞✱ ♣♦✇❡r ❛♥❞
t♦rq✉❡ r❛t✐♦✱ ❞❡✜♥❡❞ ❛s✿

Nratio =
NFR

NRR

; Pratio =
PFR

PRR

; Trratio =
Tr,FR

Tr,RR

.

✷✳✷✳ ❊♥❣✐♥❡s ♠♦❞❡❧❧✐♥❣

❋✐❣✉r❡ ✹✿ ❚✉r❜♦❢❛♥ s❝❤❡♠❛t✐❝✳

❋✐❣✉r❡ ✺✿ ❊❧❡❝tr✐❝ ❈❘ ❢❛♥ s❝❤❡♠❛t✐❝✳

❖♥❝❡ t❤❡ ❈❘ ❢❛♥ ♠♦❞❡❧❧✐♥❣ ✇❛s ❝♦♠♣❧❡t❡❞✱ t❤❡
s❡❝♦♥❞ ♣❛rt ♦❢ t❤✐s t❤❡s✐s ✐s ❞❡❞✐❝❛t❡❞ t♦ t❤❡ ❞❡✲
s✐❣♥ ❛♥❞ ♦✛✲❞❡s✐❣♥ ❛♥❛❧②s✐s ♦❢ ❛❧❧ t❤❡ ❡♥❣✐♥❡s✳
❆t ✜rst✱ t✇♦ t✉r❜♦❢❛♥s ✇❡r❡ ❛♥❛❧②③❡❞✿ ❈❋▼✺✻✲
✼❇✷✹ ❛♥❞ ●❊♥①✲✶❇✻✹✳ ❚❤❡s❡ ❛r❡ ✈❡r② ❝♦♠♠♦♥
t✉r❜♦❢❛♥s ✐♥ ❝✐✈✐❧ ❛✈✐❛t✐♦♥ ❛♥❞ t❤❡② ✇❡r❡ ✉s❡❞ ❛s
r❡❢❡r❡♥❝❡s✳ ◆♦t❡ t❤❛t t❤❡ ❈❋▼✺✻✲✼❇✷✹ ✇✐❧❧ ❜❡
✉s❡❞ ❛s r❡❢❡r❡♥❝❡ ❢♦r s❤♦rt ❛♥❞ ♠❡❞✐✉♠ r❛♥❣❡
♠✐ss✐♦♥s✱ ✐♥st❡❛❞ t❤❡ ●❊♥①✲✶❇✻✹ ❢♦r t❤❡ ❧♦♥❣
♦♥❡s✳ ■♥ ♦r❞❡r t♦ ❞❡s✐❣♥ ❛♥ ❡♥❣✐♥❡ ✐♥ ❊❝♦s✐♠✲
Pr♦✱ ❛t ✜rst ✐ts ❡♥❣✐♥❡ s❝❤❡♠❛t✐❝ ❤❛s t♦ ❜❡ ❝r❡✲
❛t❡❞✳ ❚❤❡ ❡♥❣✐♥❡ s❝❤❡♠❛t✐❝ ✉s❡❞ ❢♦r t❤❡ t✇♦
t✉r❜♦❢❛♥s ✐s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✹✱ ✐♥st❡❛❞ t❤❡
♦♥❡ ✉s❡❞ ❢♦r t❤❡ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥s ✐s t❤❡ ♦♥❡ ✐♥
❋✐❣✉r❡ ✺✳ ❆❢t❡r t❤❛t✱ t❤r♦✉❣❤t t❤❡ ✐♠♣♦s✐t✐♦♥
♦❢ s♣❡❝✐✜❝ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s✱ ✐t ✐s ♣♦ss✐❜❧❡
t♦ ♦❜t❛✐♥ t❤❡ ❡♥❣✐♥❡ ♠♦❞❡❧s✳ ❆s s❛✐❞ ❜❡❢♦r❡✱
t❤❡ t✉r❜♦❢❛♥s ❞❡s✐❣♥❡❞ ❛r❡ ✷✳ ■♥st❡❛❞ t❤❡ ❡❧❡❝✲
tr✐❝ ❈❘ ❢❛♥s ❞❡s✐❣♥❡❞ ❛r❡ ✶✷ ❛♥❞ ❛r❡ r❡♣♦rt❡❞
✐♥ ❋✐❣✉r❡ ✻✳ ❚❤✐s ✜❣✉r❡ s❤♦✉❧❞ ❜❡ r❡❛❞ ✐♥ t❤✐s

✷



❊①❡❝✉t✐✈❡ s✉♠♠❛r② ▼❛tt❡♦ ❇❛❧❞❛ss❛rr✐

✇❛②✳ ❚❤❡ ❛❝r♦♥②♠ ❍❨❇✲❈❋✶ ✐♥❞✐❝❛t❡s t❤❛t t❤❡
❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ✐s ❞❡s✐❣♥❡❞ ❢♦r s❤♦rt ♦r ♠❡❞✐✉♠
r❛♥❣❡ ♠✐ss✐♦♥s✳ ❚❤❡ ❛❝r♦♥②♠s ✷❡♥❣ ♦r ✶✵ ❡♥❣ ✐♥✲
❞✐❝❛t❡ ✐❢ t❤❡ ❡♥❣✐♥❡ ✇❛s ❞❡s✐❣♥❡❞ t♦ ❜❡ ♠♦✉♥t❡❞
✐♥ ❛ ❝♦♥✜❣✉r❛t✐♦♥ ✇✐t❤ ✷ ♦r ✶✵ ❡♥❣✐♥❡s✳ ❚❤❡
❛❝r♦♥②♠s ❉Pr❡❢✱ ❉P✶ ❛♥❞ ❉P✷ ✐♥❞✐❝❛t❡ r❡s♣❡❝✲
t✐✈❡❧② ✐❢ t❤❡ ❡♥❣✐♥❡ ✇❛s ❞❡s✐❣♥❡❞ ❛t Nratio =
1✱ Nratio = 0.9 ♦r Nratio = 1.1✳ ❚❤❡r❡❢♦r❡✱
t❤❡ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❡♥❣✐♥❡s ✐♥ t❤❡ ❣r♦✉♣ ❍❨❇✲
❈❋✶✲✷❡♥❣ ✇✐❧❧ ❜❡ ♥❛♠❡❞ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉Pr❡❢✱
❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✶ ❛♥❞ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✷✳
❚❤❡ s❛♠❡ ♥♦♠❡♥❝❧❛t✉r❡ ✐s ❛♣♣❧✐❡❞ ❢♦r ❍❨❇✲
❈❋✷✳

HYB-CF1

2eng
DPref
DP1
DP2

10eng
DPref
DP1
DP2

✭❛✮ ❊♥❣✐♥❡s ❢♦r s❤♦rt
❛♥❞ ♠❡❞✐✉♠ r❛♥❣❡ ♠✐s✲
s✐♦♥s✳

HYB-CF1

2eng
DPref
DP1
DP2

10eng
DPref
DP1
DP2

✭❜✮ ❊♥❣✐♥❡s ❢♦r ❧♦♥❣
r❛♥❣❡ ♠✐ss✐♦♥s✳

❋✐❣✉r❡ ✻✿ ❆❧❧ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❡♥❣✐♥❡s ♠♦❞❡❧❡❞✳

❋r♦♠ t❤❡ ♦✛✲❞❡s✐❣♥ ❛♥❛❧②s✐s ✐t ✐s ♣♦ss✐❜❧❡ t♦ ♦❜✲
t❛✐♥ t❤❡ s♦ ❝❛❧❧❡❞ ✧❡♥❣✐♥❡ ♠❛♣s✧✳ ❊❛❝❤ ❡♥❣✐♥❡
❤❛s ✐ts ♦✇♥ ❡♥❣✐♥❡ ♠❛♣ ❛♥❞ ✐ts ♠❡❛♥✐♥❣ ✐s s✐♠✲
♣❧❡✳ ■♥ ❋✐❣✉r❡ ✼ ❛♥❞ ✽ ❛r❡ r❡♣♦rt❡❞ t✇♦ ❡①❛♠♣❧❡s
♦❢ ❡♥❣✐♥❡ ♠❛♣s✳ ❚❤❡s❡ ❛r❡ ❜❛s✐❝❛❧❧② ❛ ❝❧♦✉❞ ♦❢
♣♦✐♥ts✱ ✐♥ ✇❤✐❝❤ ❡❛❝❤ ♦❢ t❤❡♠ ❞❡✜♥❡s ❛ ♣❛rt✐❝✉✲
❧❛r ❡♥❣✐♥❡ ♦✛✲❞❡s✐❣♥ ❝♦♥❞✐t✐♦♥ ❛t ❛ ❝❡rt❛✐♥ z✱ M
❛♥❞ ṁf ✭♦r ❡❧❡❝tr✐❝ ♣♦✇❡r P ❢♦r ❡❧❡❝tr✐❝ ❈❘ ❢❛♥
❡♥❣✐♥❡s✮✳ ■♥ ❡❛❝❤ ♣♦✐♥t ❛r❡ s❛✈❡❞ ❛❧❧ t❤❡ ❡♥❣✐♥❡
♣❡r❢♦r♠❛♥❝❡s✱ ❧✐❦❡ t❤❡ t❤r✉st✱ ✐♥ t❤❛t ♦✛✲❞❡s✐❣♥
❝♦♥❞✐t✐♦♥✳ ❚❤❡ ♠❛✐♥ s❝♦♣❡ ♦❢ t❤❡ ❡♥❣✐♥❡ ♠❛♣
✐s t♦ tr❛♥s❢❡r t❤❡ ❡♥❣✐♥❡ ♠♦❞❡❧ ❢r♦♠ ❊❝♦s✐♠Pr♦
t♦ ▼❛t❧❛❜✱ ❜✉t ❛❧s♦ s♦♠❡ ❝♦♥s✐❞❡r❛t✐♦♥s ❝❛♥ ❜❡
❞♦♥❡✳ ❋♦r ❡①❛♠♣❧❡ ✐t ❝❛♥ ❜❡ ❤✐❣❤❧✐❣❤t❡❞ t❤❛t t❤❡
❡❧❡❝tr✐❝ ❈❘ ❢❛♥s ❤❛✈❡ ❛♥ ❤✐❣❤❡r r❛♥❣❡❛❜✐❧✐t②✳
❆❧❧ t❤❡ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ✉s❡❞ ❝♦♠❡ ❢r♦♠
❜♦t❤ r❡❛❧ ❞❛t❛ ❬✸❪ ❛♥❞ r❡❛❧✐st✐❝ ❛ss✉♠♣t✐♦♥s✳ ❚❤❡
❡♥❣✐♥❡ ♠♦❞❡❧s ✇❡r❡ ✈❛❧✐❞❛t❡❞ ❝♦♠♣❛r✐♥❣ t❤❡ ♦✉t✲
♣✉ts ♦❢ t❤❡ ♦✛✲❞❡s✐❣♥ s✐♠✉❧❛t✐♦♥ ✇✐t❤ ❜♦t❤ r❡❛❧
✈❛❧✉❡s ❛♥❞ ✈❛❧✉❡s ♦❜t❛✐♥❡❞ t❤r♦✉❣❤ s✐♠♣❧❡ ✐s❡♥✲
tr♦♣✐❝ r❡❧❛t✐♦♥s✳
❚❤❡ ❝♦♥tr✐❜✉t✐♦♥s ♦❢ t❤✐s s❡❝t✐♦♥ ❛r❡ t❤r❡❡✳ ❚❤❡
✜rst ♦♥❡ ✐s t❤❡ ❝r❡❛t✐♦♥ ♦❢ ❛ ♥❡✇ ❝♦♠♣♦♥❡♥t✳
❚❤❡ s❡❝♦♥❞ ♦♥❡ ✐s t❤❡ ❞❡s✐❣♥ ♦❢ ❞✐✛❡r❡♥t ❡♥❣✐♥❡
♠♦❞❡❧s✳ ❚❤❡ ❧❛st ♦♥❡ ✐s t❤❡ ❝r❡❛t✐♦♥ ✐♥ ❊▲ ♦❢ t❤❡
❝♦❞❡ t❤❛t ❣❡♥❡r❛t❡s t❤❡ ❡♥❣✐♥❡ ♠❛♣✳

❋✐❣✉r❡ ✼✿ ❈❋▼✺✻✲✼❇✷✹✿ ❊♥❣✐♥❡ ♠❛♣✳

❋✐❣✉r❡ ✽✿ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉Pr❡❢✿ ❊♥❣✐♥❡ ♠❛♣✳

✸✳ ■♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ t❤❡ ✢✐❣❤t

♠✐ss✐♦♥s

❚❤❡ ✢✐❣❤t ♠✐ss✐♦♥ ❛♥❛❧②s✐s ✇❛s ✐♠♣❧❡♠❡♥t❡❞ ✐♥
▼❛t❧❛❜✱ ❜❡❝❛✉s❡ ✐t ✇❛s ♠♦r❡ ❡❛s② t♦ ❝r❡❛t❡ ❛
❝♦❞❡ ✢❡①✐❜❧❡ ❡♥♦✉❣❤ t♦ ❜❡ ✉s❡❞ t♦ ❛♥❛❧②③❡ ❞✐❢✲
❢❡r❡♥t ✢✐❣❤t ♠✐ss✐♦♥s✳

✸✳✶✳ ▼♦❞❡❧s ✉s❡❞

❚❤✐s ❝♦❞❡ r❡❝❡✐✈❡s ✐♥ ✐♥♣✉t s❡✈❡r❛❧ ♠♦❞❡❧s✱ t❤❛t
❛r❡✿
• t❤❡ ❛t♠♦s♣❤❡r❡ ♠♦❞❡❧❀
• t❤❡ ❡♥❣✐♥❡ ♠♦❞❡❧❀
• t❤❡ ❛✐r❝r❛❢t ♠♦❞❡❧✳

❚❤❡ ❛t♠♦s♣❤❡r❡ ♠♦❞❡❧ ✉s❡❞ ✐s t❤❡ s✐♠♣❧❡ ■♥t❡r✲
♥❛t✐♦♥❛❧ ❆t♠♦s♣❤❡r❡ ▼♦❞❡❧✭■❙❆✮✳
❚❤❡ ❡♥❣✐♥❡ ♠♦❞❡❧s ❛r❡ ❛❞❞❡❞ ❝♦♥✈❡rt✐♥❣ t❤❡✐r
❡♥❣✐♥❡ ♠❛♣s ✐♥ t❛❜❧❡s✳ ■♥ t❤✐s ✇❛② ▼❛t❧❛❜ ❝❛♥
r❡❛❞ t❤❡♠ ❛♥❞ ♦❜t❛✐♥ t❤❡ ✈❛❧✉❡ ♦❢ t❤r✉st ✇❤❡♥
t❤❡ ❡♥❣✐♥❡ ✐s ❛t ❛ ❝❡rt❛✐♥ z✱ M ❛♥❞ ṁf ✭♦r P ✮✳
❚❤❡ ❛✐r❝r❛❢t ✇❛s ❝♦♥s✐❞❡r❡❞ ❛s ❛ ♣♦✐♥t ♠❛ss✳

V

L

D

m

mV

❋✐❣✉r❡ ✾✿ ❆✐r❝r❛❢t ♠♦❞❡❧✳

❚❤❡ ❡q✉❛t✐♦♥s ♦❢ ♠♦t✐♦♥ ❝♦♠❡ ❢r♦♠ t❤❡ ❡q✉✐❧✐❜✲

✸



❊①❡❝✉t✐✈❡ s✉♠♠❛r② ▼❛tt❡♦ ❇❛❧❞❛ss❛rr✐

r✐✉♠ ♦❢ ❢♦r❝❡s ❛♥❞ ❛r❡ ❤❡r❡ r❡♣♦rt❡❞✿











Th −D − Ŵ sin(γ̂) = m
dV

dt
,

L− Ŵ cos(γ̂) = mV
dγ̂

dt
.

✭✶✮

❊q✉❛t✐♦♥s ✭✶✮ ❛r❡ r❡❢❡rr❡❞ t♦ ❋✐❣✉r❡ ✾✳
◆♦t❡ t❤❛t t❤❡ ❛t♠♦s♣❤❡r❡ ❛♥❞ ❛✐r❝r❛❢t ♠♦❞❡❧ ❛r❡
t❤❡ s❛♠❡ ❢♦r ❛❧❧ t❤❡ ♠✐ss✐♦♥s✱ ✐♥st❡❛❞ t❤❡ ❡♥❣✐♥❡
♠♦❞❡❧ ❝❤❛♥❣❡s ❞❡♣❡♥❞✐❣ ♦♥ t❤❡ ❡♥❣✐♥❡ ✉s❡❞✳

✸✳✷✳ ■♥♣✉t ❞❛t❛

❚❤❡ ✢✐❣❤t ♠✐ss✐♦♥ ❝♦❞❡ ✐♥ ▼❛t❧❛❜ r❡❝❡✐✈❡s ✐♥ ✐♥✲
♣✉t ❛❧s♦ s❡✈❡r❛❧ ❞❛t❛✱ ✇❤✐❝❤ ❛r❡✿

• t❤❡ ❛✐r❝r❛❢t ❞❛t❛❀
• t❤❡ ✢✐❣❤t ♠✐ss✐♦♥ ❞❛t❛❀
• t❤❡ ❡♥❣✐♥❡ ❞❛t❛ ✭♦♥❧② ❢♦r t❤❡ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥
❡♥❣✐♥❡s✮✳

❚❤❡ ❛✐r❝r❛❢t ❞❛t❛ ❛r❡ r❡❢❡rr❡❞ t♦ ❇♦✐❡♥❣ ✼✸✼✲✽✵✵
❛♥❞ ❇♦❡✐♥❣ ✼✽✼✲✽✵✵✳ ❚❤❡ ❢♦r♠❡r ✇❛s ✉s❡❞ ✐♥
t❤❡ s❤♦rt ❛♥❞ ♠❡❞✐✉♠ r❛♥❣❡ ♠✐ss✐♦♥s✱ ✐♥st❡❛❞
t❤❡ ❧❛tt❡r ✐♥ t❤❡ ❧♦♥❣ ♦♥❡s✳ ❚❤❡s❡ ❞❛t❛ ❛r❡ t❤❡
✇✐♥❣ s✉r❢❛❝❡✱ t❤❡ ♣❛②❧♦❛❞ ✇❡✐❣❤t✱ t❤❡ ✇❡✐❣❤t ♦❢
t❤❡ ❡♠♣t② ❛✐r❝r❛❢t✱ t❤❡ ♠❛① t❛❦❡✲♦✛ ✇❡✐❣❤t ❛♥❞
t❤❡ ✈❛❧✉❡s ♦❢ CD0 ❢♦r ❞✐✛❡r❡♥t ✢✐❣❤t ♣❤❛s❡s✳
◆♦t❡ t❤❛t✱ ❢♦r t❤❡ r❡❢❡r❡♥❝❡ ❝❛s❡s✱ ♦♥ ❇♦❡✐♥❣
✼✸✼✲✽✵✵ ❝❛♥ ❜❡ ♠♦✉♥t❡❞ ♦♥❧② t❤❡ ❈❋▼✺✻✲✼❇✷✹✱
✐♥st❡❛❞ ♦♥ ❇♦❡✐♥❣ ✼✽✼✲✽✵✵ ❝❛♥ ❜❡ ♠♦✉♥t❡❞ ♦♥❧②
t❤❡ ●❊♥①✲✶❇✻✹✳ ■♥ ❜♦t❤ ❝❛s❡s t❤❡s❡ ❡♥❣✐♥❡s ❛r❡
♠♦✉♥t❡❞ ✐♥ t✇♦ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✳
❚❤❡ ✢✐❣❤t ♠✐ss✐♦♥ ❞❛t❛ ❝♦♠❡ ❢r♦♠ ❊✉r♦❝♦♥tr♦❧
❬✹❪ ❛♥❞ t❤❡② ❞❡✜♥❡ t❤❡ ✢✐❣❤t ♣❛t❤ ♦❢ t❤❡ t❤r❡❡
✢✐❣❤t ♠✐ss✐♦♥s✿ s❤♦rt✱ ♠❡❞✐✉♠ ❛♥❞ ❧♦♥❣ r❛♥❣❡✳
❆❧❧ t❤❡s❡ ✢✐❣❤t ♠✐ss✐♦♥s ✇❡r❡ ❞✐✈✐❞❡❞ ✐♥ t❤r❡❡
♠❛✐♥ ♣❤❛s❡s✿ ❝❧✐♠❜✱ ❝r✉✐s❡ ❛♥❞ ❞❡s❝❡♥t✳

❈♦♠♣♦♥❡♥t ❱❛r✳ ❱❛❧✉❡ ❯♥✐t

❇❛tt❡r② η ✵✳✾✾ ✲

❇❛tt❡r② SP ✶✵✵✵ W
kg

❇❛tt❡r② SE ✼✷✵✵✵✵ J
kg

❊❧❡❝tr✐❝ ❣❡♥✳ η ✵✳✾✺ ✲

❊❧❡❝tr✐❝ ❣❡♥✳ SP ✾✺✵✵ W
kg

❊❧❡❝tr✐❝ ♠♦t♦r η ✵✳✾✺ ✲

❊❧❡❝tr✐❝ ♠♦t♦r SP ✾✺✵✵ W
kg

P♦✇❡r ❡❧❡❝tr♦♥✐❝s η ✵✳✾✽ ✲

P♦✇❡r ❡❧❡❝tr♦♥✐❝s SP ✻✷✵✵✵ W
kg

❚❛❜❧❡ ✶✿ ❊❧❡❝tr✐❝ ❝♦♠♣♦♥❡♥ts ❞❛t❛✳

❚❤❡ ❡♥❣✐♥❡s ❞❛t❛ ❛r❡ ♥❡❡❞❡❞ ♦♥❧② ❢♦r t❤❡ ❤②❜r✐❞
s②st❡♠✳ ■♥ ♣❛rt✐❝✉❧❛r✱ t❤❡s❡ ❛r❡ t❤❡ ✐♥t✐❛❧ ✈❛❧✉❡s
♦❢ t❤❡ s♣❡❝✐✜❝ ❢✉❡❧ ❝♦♥s✉♠♣t✐♦♥ ✭SFCinit✮ ❢♦r
t❤❡ t✉r❜♦❣❛s ❣❡♥❡r❛t♦r ✭●❚✮ ❛♥❞ t❤❡ ✈❛❧✉❡s ♦❢
❡✣❝✐❡♥❝② ✭η✮✱ s♣❡❝✐✜❝ ♣♦✇❡r ✭❙P✮ ❛♥❞ s♣❡❝✐✜❝
❡♥❡r❣② ✭❙❊✮ ❢♦r t❤❡ ❡❧❡❝tr✐❝ ❝♦♠♣♦♥❡♥ts✳ ❚❤❡s❡
❞❛t❛ ❛r❡ r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ✶✳
❆ ❢✉rt❤❡r ❡①♣❧❛♥❛t✐♦♥ ❛❜♦✉t t❤❡ ❤②❜r✐❞ s②st❡♠s
✉s❡❞ ✇✐❧❧ ❜❡ ♣r♦✈✐❞❡❞ ✐♥ ❙✉❜✲s❡❝t✐♦♥ ✸✳✸✳

✸✳✸✳ ❍②❜r✐❞ s②st❡♠s

❚❤❡ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❡♥❣✐♥❡s ♥❡❡❞ ❛ s♦✉r❝❡ ♦❢ ❡❧❡❝✲
tr✐❝ ♣♦✇❡r✳ ❋♦r t❤✐s t❤❡s✐s t✇♦ ❞✐✛❡r❡♥t ❤②❜r✐❞
s②st❡♠s ✇❡r❡ ❝♦♥s✐❞❡r❡❞✿
• ❤②❜r✐❞✲❡❧❡❝tr✐❝ s❡r✐❛❧ ✭❤②✲❡❧ s❡✮✱ ✇❤✐❝❤ ✉s❡s
❡♥❡r❣② ❢r♦♠ ❜♦t❤ t❤❡ ●❚ ❛♥❞ t❤❡ ❜❛tt❡r②✳
❚❤✐s ❧❛②♦✉t ❝♦♠♣r✐s❡s ❛♥ ❡❧❡❝tr✐❝ ❣❡♥❡r❛t♦r
❛♥❞ ❡❧❡❝tr✐❝ ♠♦t♦rs t❤❛t ✇♦r❦ ✐♥ ❆❈✳ ❙✐♥❝❡
t❤❡ ❜❛tt❡r② ✇♦r❦s ♦♥❧② ✐♥ ❉❈✱ t❤❡ ♣r❡s❡♥❝❡
♦❢ t❤❡ ♣♦✇❡r ❡❧❡❝tr♦♥✐❝s ✐s ♥❡❝❡ss❛r②❀

• t✉r❜♦✲❡❧❡❝tr✐❝ ♣♦✇❡r ❝♦♥tr♦❧❧❡❞ ✭t✉✲❡❧ ♣❝✮✱
✇❤✐❝❤ ✉s❡s ❡♥❡r❣② ♦♥❧② ❢♦r♠ t❤❡ ●❚✳ ❇❡✲
t✇❡❡♥ t❤❡ ❣❡♥❡r❛t♦r ❛♥❞ t❤❡ ❡❧❡❝tr✐❝ ♠♦t♦rs
t❤❡r❡ ✐s t❤❡ ♣♦✇❡r ❡❧❡❝tr♦♥✐❝s✱ ✇❤✐❝❤ ❛❞❥✉st
t❤❡ ❝✉rr❡♥t t♦ t❤❡ ✈❛❧✉❡ ♥❡❡❞❡❞ ❜② t❤❡ ❡❧❡❝✲
tr✐❝ ♠♦t♦rs✳

■♥ ❋✐❣✉r❡s ✶✵ t❤❡s❡ t✇♦ s②st❡♠s ❛r❡ r❡♣♦rt❡❞✳

✭❛✮ ❍②✲❡❧ s❡ ✇✐t❤ ✷ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❡♥❣✐♥❡s✳

✭❜✮ ❚✉✲❡❧ ♣❝ ✇✐t❤ ✷ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❡♥❣✐♥❡s✳

❋✐❣✉r❡ ✶✵✿ ❚❤❡s❡ ❛r❡ t❤❡ t✇♦ ❤②❜r✐❞ ❧❛②♦✉t ✉s❡❞
✐♥ t❤✐s t❤❡s✐s✳ ❚❤❡ ❢♦r♠❡r ✐s ✉s❡❞ ✐♥ ❈❆❙❊ ✶ ❛♥❞
❈❆❙❊ ✶❜✐s✱ ✐♥st❡❛❞ t❤❡ ❧❛tt❡r ✐s ✉s❡❞ ✐♥ ❈❆❙❊ ✷
❛♥❞ ❈❆❙❊ ✷❜✐s✳ ❚❤❡ ❝❛s❡s ✇✐t❤ ✶✵ ❡❧❡❝tr✐❝ ❈❘
❢❛♥ ❡♥❣✐♥❡s ❛r❡ ❛♥❛❧♦❣♦✉s✳

✹



❊①❡❝✉t✐✈❡ s✉♠♠❛r② ▼❛tt❡♦ ❇❛❧❞❛ss❛rr✐

■♥ t❤❡ ❧❛st ❝❤❛♣t❡r ✇✐❧❧ ❜❡ ❛♥❛❧③②❡❞ t❤❡ ✢✐❣❤t
♠✐ss✐♦♥ ❛♥❛❧②s✐s✳ ❚❤❡ ✢✐❣❤t ♠✐ss✐♦♥s ✇✐❧❧ ❜❡
♣❡r❢♦♠❡❞ ❝♦♥s✐❞❡r✐♥❣ ❢♦✉r ❞✐✛❡r❡♥t ✧❈❆❙❊s✧✱
✇❤✐❝❤ ❛r❡ r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ✷✳ ❈❆❙❊ ✶ ❛♥❞
✶❜✐s ❛r❡ ♣❡r❢♦♠❡❞ ✇✐t❤ t❤❡ ❧❛②♦✉t ❤②✲❡❧ s❡✳ ❚❤❡
❞✐✛❡r❡♥❝❡ ❢r♦♠ t❤❡ t✇♦ ✐s ✐♥ t❤❡ ❞✐✛❡r❡♥t ✉s❡ ♦❢
t❤❡ ❜❛tt❡r②✳ ❈❆❙❊ ✷ ❛♥❞ ✷❜✐s ❛r❡ ♣❡r❢♦♠❡❞ ✇✐t❤
t❤❡ ❧❛②♦✉t t✉✲❡❧ ♣❝✳ ❍❡r❡ t❤❡ ❞✐✛❡r❡♥❝❡ ✐s ✐♥ t❤❡
❛✐r❝r❛❢t ✇❡✐❣❤t ❝♦♥s✐❞❡r❡❞✳ ■♥ t❤❡ s❡♥s❡ t❤❛t ✐♥
❈❆❙❊ ✷❜✐s t❤❡ ❛✐r❝r❛❢t ✇❡✐❣❤t ✐s ✐♠♣♦s❡❞ ❡q✉❛❧
t♦ t❤❡ r❡❢❡r❡♥❝❡ ❝❛s❡✳ ❈❆❙❊ ✷❜✐s ✇✐❧❧ ❜❡ ✉s❡❞
t♦ ❝♦♠♣❛r❡ ❞✐r❡❝t❧② t❤❡ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❡♥❣✐♥❡s
✇✐t❤ t❤❡ r❡❢❡r❡♥❝❡ t✉r❜♦❢❛♥s✳
❚❤❡ ♠❛✐♥ r❡❢❡r❡♥❝❡ ✉s❡❞ ❢♦r t❤❡ ✐♠♣❧❡♠❡♥t❛t✐♦♥
♦❢ t❤❡ ✢✐❣❤t ♠✐ss✐♦♥ ❛♥❛❧②s✐s ✇❛s t❤❡ ✇♦r❦ ♦❢
❍❡♥❞r✐❦ ❡t ❛❧✳ ❬✺❪✳

✶ ✶❜✐s ✷ ✷❜✐s

❚❛❦❡✲♦✛ ●❚ ●❚ ●❚ ●❚

■♥✐t✳ ❝❧✐♠❜ ●❚ ●❚ ●❚ ●❚

❈❧✐♠❜ ✶ ●❚ ●❚ ●❚ ●❚

❈❧✐♠❜ ✷ ●❚ ●❚ ●❚ ●❚

❈♦♥st✳ ▼ ❝❧✐♠❜ ●❚ ●❚ ●❚ ●❚

❈r✉✐s❡ ●❚ ●❚ ●❚ ●❚

■♥✐t✳ ❞❡s❝❡♥t ❇ ❇ ●❚ ●❚

❉❡s❝❡♥t ❇ ❇ ●❚ ●❚

❆♣♣r♦❛❝❤ ❇ ●❚ ●❚ ●❚

❚❛❜❧❡ ✷✿ ❉✐✛❡r❡♥t ✉s❡ ♦❢ t❤❡ ❤②❜r✐❞ s②st❡♠ ❞✉r✲
✐♥❣ ❛ ❝❡rt❛✐♥ ✢✐❣❤t ♠✐ss✐♦♥✳ ❚❤❡ ❢♦✉r ❝♦❧✉♠♥s
❛r❡ t❤❡ ❞✐✛❡r❡♥t ❈❆❙❊s✳ ■♥ t❤✐s t❛❜❧❡ ❇ ✐s t❤❡
❜❛tt❡r②✳

✹✳ ❋❧✐❣❤t ♠✐ss✐♦♥ ❛♥❛❧②s✐s

❚❤❡ ❧❛st ♣❛rt ♦❢ t❤✐s t❤❡s✐s ✐s ❞❡❞✐❝❛t❡❞ t♦ t❤❡
✢✐❣❤t ♠✐ss✐♦♥ ❛♥❛❧②s✐s✳ ❙❡✈❡r❛❧ ✢✐❣❤t ♠✐ss✐♦♥s
✇❡r❡ ❛♥❛❧②③❡❞ ❛♥❞ ❡❛❝❤ ✢✐❣❤t ♠✐ss✐♦♥ ✐s t❤❡ r❡✲
s✉❧t ♦❢ ❞✐✛❡r❡♥t ❝♦♠❜✐♥❛t✐♦♥s ❜❡t✇❡❡♥✿

• r❛♥❣❡✱ t❤❡ t❤r❡❡ r❛♥❣❡s ❝♦♥s✐❞❡r❡❞ ❛r❡ s❤♦rt
✭ ✺✵✵ ❬❦♠❪✮✱ ♠❡❞✐✉♠ ✭ ✷✵✵✵ ❬❦♠❪✮ ❛♥❞ ❧♦♥❣
✭ ✻✺✵✵ ❬❦♠❪✮❀

• ❡♥❣✐♥❡✱ t❤❡ t✇♦ t✉r❜♦❢❛♥s ❛♥❞ t❤❡ t✇❡❧✈❡
❡❧❡❝tr✐❝ ❈❘ ❢❛♥s❀

• ❤②❜r✐❞ s②st❡♠✱ ❤❡♥❝❡ ❈❆❙❊ ✶✱ ✶❜✐s✱ ✷ ❛♥❞
✷❜✐s✳

❚❤❡ ♥♦t❛t✐♦♥ ✉s❡❞ t♦ ✐❞❡♥t✐❢② t❤❡ s✐♥❣❧❡ ✢✐❣❤t
♠✐ss✐♦♥ ✇✐❧❧ ❜❡ ✧r❛♥❣❡ ✴ ❡♥❣✐♥❡ ✴ ❈❆❙❊✧✳
❍❡♥❝❡✱ ❢♦r ❡①❛♠♣❧❡✱ ❛ ✢✐❣❤t ♠✐ss✐♦♥ ❝♦✉❧❞ ❜❡
✧s❤♦rt ✴ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✶ ✴ ❈❆❙❊ ✶❜✐s✧✳

❚❤❡ r❡s✉❧ts ♦❢ ❡❛❝❤ ✢✐❣❤t ♠✐ss✐♦♥ ✇✐❧❧ ❜❡
♣r❡s❡♥t❡❞ ♠❛✐♥❧② ✐♥ t❡r♠s ♦❢ ❢✉❡❧ s❛✈❡❞ ❛♥❞
r❡❞✉❝t✐♦♥ ✐♥ ♣❛②❧♦❛❞ ♠❛ss ✭mPAY ✮ ✇✐t❤ r❡s♣❡❝t
t❤❡ r❡❢❡r❡♥❝❡ ❝❛s❡✳ ▼♦r❡✈♦❡r✱ ✐t ✇✐❧❧ ❜❡ ♣r♦✈✐❞❡❞
❛❧s♦ t❤❡ ❙❋❈ t❛r❣❡t ✈❛❧✉❡ ✭SFCtarget✮ ❢♦r t❤❡
●❚✳ ❇❡❢♦r❡ ❡①♣❧❛✐♥✐♥❣ ✐ts ♠❡❛♥✐♥❣✱ ❧❡t✬s ✐♥tr♦✲
❞✉❝❡ ❤♦✇ ✇♦r❦s t❤❡ ▼❛t❧❛❜ ❝♦❞❡ ✐♥ t❤❡ ❝❛s❡
♦❢ t❤❡ ❤②❜r✐❞ ❛✐r❝r❛❢t✳ ❚❤❡ ✢✐❣❤t ♠✐ss✐♦♥ ❝♦❞❡
❝♦♠♣✉t❡s t❤❡ ❢✉❡❧ ❛♥❞ t❤❡ ❡❧❡❝tr✐❝ ❝♦♠♣♦♥❡♥t
♠❛ss❡s t❤r♦✉❣❤ s✉❝❝❡ss✐✈❡ ✐t❡r❛t✐♦♥s✳ ❚❤❡ ❝♦❞❡
❤❛s t♦ s❛t✐s❢② t✇♦ ❝♦♥❞✐t✐♦♥s✿ t❤❡ ✜rst ♦♥❡ ✐s
♠❛♥❞❛t♦r② ❛♥❞ ✐s mTOT < mMTOW ✱ t❤❡ s❡❝♦♥❞
♦♥❡ ✐s t❤❛t t❤❡ ❤②❜r✐❞ ❛✐r❝r❛❢t ❤❛s t♦ ❝♦♥s✉♠❡
❧❡ss ❢✉❡❧ ✇✐t❤ r❡s♣❡❝t t❤❡ r❡❢❡r❡♥❝❡ ❝❛s❡✱ ❤❡♥❝❡
mFUELhyb

< mFUELref
✳ ■♥ ♦r❞❡r t♦ s❛t✐s❢②

t❤❡s❡ t✇♦ ❝♦♥❞✐t✐♦♥s✱ t❤❡ ❝♦❞❡ ✭✐❢ ♥❡❝❡ss❛r②✮ ❛t
✜rst ✇✐❧❧ st❛rt t♦ r❡❞✉❝❡ t❤❡ ●❚ SFC✱ ❤❡♥❝❡
mFUELhyb

✳ ■❢ ✐t ✐s ♥♦t ❡♥♦✉❣❤✱ t❤❡ ❝♦❞❡ ✇✐❧❧
st❛rt t♦ r❡❞✉❝❡ mPAY ✳ ❚❤❡ SFC ❛t ♠❛①✐♠✉♠
❝❛♥ ❜❡ r❡❞✉❝❡❞ ❜② ✸✽ ✪✱ ✐♥st❡❛❞ t❤❡ mPAY

❜② ✾✵ ✪✳ ❚❤❡ ♦❜t❛✐♥❡❞ ✈❛❧✉❡ ♦❢ SFC ✐s t❤❡
SFCtarget✱ ✇❤✐❝❤ ✐s t❤❡ SFC ✈❛❧✉❡ t❤❛t t❤❡
●❚ s❤♦✉❧❞ ❤❛✈❡ ✐♥ ♦r❞❡r t♦ ♠❛❦❡ t❤❡ ✢✐❣❤t
✇✐t❤ t❤❡ ❤②❜r✐❞ ❝♦♥✜❣✉r❛t✐♦♥ ♣♦ss✐❜❧❡ ✭✐✳❡✳
mTOT < mMTOW ✮ ❛♥❞ ♠♦r❡ s✉st❛✐♥❛❜❧❡ ✭✐✳❡✳
mFUELhyb

< mFUELref
✮✳

✹✳✶✳ ❙❤♦rt r❛♥❣❡ ♠✐ss✐♦♥

❚❤❡ ❢✉❡❧ ❝♦♥s✉♠❡❞ ✐♥ t❤❡ r❡❢❡r❡♥❝❡ ❝❛s❡ ✐s
mFUEL = 2133 ❬❦❣❪✳ ■♥ ❚❛❜❧❡ ✸ ❛r❡ r❡♣♦rt❡❞
t❤❡ ❦❡② r❡s✉❧ts ❢♦r t❤❡ ❞✐✛❡r❡♥t ❝❛s❡s✳ ❚❤❡ ✉♥✐ts
❛r❡ ❬❦❣❪ ❢♦r mFUEL ❛♥❞ ❬✪❪ ❢♦r SFC ❛♥❞ mPAY

r❡❞✉❝t✐♦♥✳ ◆♦t❡ t❤❛t t♦ ❤❛✈❡ mFUEL s❛✈❡❞ ❃✵
✐s ❛ ♣♦s✐t✐✈❡ r❡s✉❧t✱ ✐♥st❡❛❞ t♦ ❤❛✈❡ mPAY ❛♥❞
SFC r❡❞✉❝t✐♦♥ ❁✵ ✐s ❛ ♥❡❣❛t✐✈❡ r❡s✉❧t✳ ❚❤❡ ❧❛t✲
t❡r t❡❧❧s t❤❛t t❤❡ ❤②❜r✐❞ ❛✐r❝r❛❢t ❝❛♥✬t ❜r✐♥❣ t❤❡
s❛♠❡ ♣❛②❧♦❛❞ ♦❢ t❤❡ r❡❢❡r❡♥❝❡ ❝❛s❡ ❛♥❞ t❤❛t ❛♥
✐♠♣r♦✈❡♠❡♥t ♦♥ t❤❡ ●❚ SFC ✐s ♥❡❡❞❡❞✳

❈❆❙❊
mFUEL

s❛✈❡❞

mPAY

r❡❞✉❝✳

SFC

r❡❞✉❝✳

✶ ✰✶✵✵✷ ✲✹✸✳✷ ✲✸✽
✶❜✐s ✰✽✷✻ ✲✷✼ ✲✸✽
✷ ✰✶ ✵ ✲✾

✷❜✐s ✰✷✵ ✵ ✲✺

❚❛❜❧❡ ✸✿ ❘❡s✉❧ts r❡♣♦rt❡❞ ❢♦r ❍❨❇✲❈❋✶✲✷❡♥❣✲
❉P✶ ✇❤✐❝❤ ✐s t❤❡ ❡♥❣✐♥❡ t❤❛t s❤♦✇❡❞ t❤❡ ❜❡st
♣❡r❢♦r♠❛♥❝❡s✳

✺



❊①❡❝✉t✐✈❡ s✉♠♠❛r② ▼❛tt❡♦ ❇❛❧❞❛ss❛rr✐

✹✳✷✳ ▼❡❞✐✉♠ r❛♥❣❡ ♠✐ss✐♦♥

❚❤❡ ❢✉❡❧ ❝♦♥s✉♠❡❞ ✐♥ t❤❡ r❡❢❡r❡♥❝❡ ❝❛s❡ ✐s
mFUEL = 6223 ❬❦❣❪✳

❈❆❙❊
mFUEL

s❛✈❡❞

mPAY

r❡❞✉❝✳

SFC

r❡❞✉❝✳

✶ ✰✶✻✹✶ ✲✼✽✳✶ ✲✸✽
✶❜✐s ✰✶✹✻✷ ✲✹✽✳✷ ✲✸✽
✷ ✰✺ ✵ ✲✶✽

✷❜✐s ✰✶✺ ✵ ✲✶✸

❚❛❜❧❡ ✹✿ ❘❡s✉❧ts r❡♣♦rt❡❞ ❢♦r ❍❨❇✲❈❋✶✲✷❡♥❣✲
❉P✶ ✇❤✐❝❤ ✐s t❤❡ ❡♥❣✐♥❡ t❤❛t s❤♦✇❡❞ t❤❡ ❜❡st
♣❡r❢♦r♠❛♥❝❡s✳

✹✳✸✳ ▲♦♥❣ r❛♥❣❡ ♠✐ss✐♦♥

❚❤❡ ❢✉❡❧ ❝♦♥s✉♠❡❞ ✐♥ t❤❡ r❡❢❡r❡♥❝❡ ❝❛s❡ ✐s
mFUEL = 46082 ❬❦❣❪✳
◆♦t❡ t❤❛t ❈❆❙❊ ✶ ❛♥❞ ✶❜✐s ✇❡r❡ ♥♦t ♣❡r❢♦r♠❡❞
❜❡❝❛✉s❡ ✇✐t❤ t❤❡ ❜❛tt❡r② t❤❡ ❝♦♥❞✐t✐♦♥ mTOT <

mMTOW ❝❛♥✬t ❜❡ s❛t✐s✜❡❞✳

❈❆❙❊
mFUEL

s❛✈❡❞

mPAY

r❡❞✉❝✳

SFC

r❡❞✉❝✳

✷ ✰✺✼✸✵ ✵ ✲✸✻
✷❜✐s ✰✺✶✻ ✵ ✲✷✸

❚❛❜❧❡ ✺✿ ❘❡s✉❧ts r❡♣♦rt❡❞ ❢♦r ❍❨❇✲❈❋✷✲✶✵❡♥❣✲
❉P✶ ✇❤✐❝❤ ✐s t❤❡ ❡♥❣✐♥❡ t❤❛t s❤♦✇❡❞ t❤❡ ❜❡st
♣❡r❢♦r♠❛♥❝❡s✳

✺✳ ❈♦♥❝❧✉s✐♦♥s

❚❤❡ ♠❛✐♥ s❝♦♣❡ ♦❢ t❤✐s t❤❡s✐s ✇❛s t♦ ❛ss❡ss t❤❡
❢❡❛s✐❜✐❧✐t② ♦❢ t❤❡ ❈❘ ❢❛♥ ❡♥❣✐♥❡s✱ ♣r♦✈✐❞✐♥❣ ♠♦❞✲
❡❧s ❛♥❞ ❣✉✐❞❡❧✐♥❡s ❢♦r ❢✉t✉r❡ r❡s❡❛r❝❤❡s✳ ■♥ ♣❛r✲
t✐❝✉❧❛r✱ t❤❡ ❈❘ ❢❛♥ ❝♦♠♣♦♥❡♥t ❝❛♥ ❜❡ r❡✲✉s❡❞ t♦
❜✉✐❧t ♥❡✇ s❝❤❡♠❛t✐❝s ♦r ✐ts ❝♦❞❡ ❝❛♥ ❜❡ ✉s❡❞ ❛s ❛
❜❛s✐s ❢♦r ♠♦r❡ ❞❡t❛✐❧❡❞ ♠♦❞❡❧❧✐♥❣✳ ❆ s✉❣❣❡st✐♦♥
✐s t♦ ❝♦♥t✐♥✉❡ t❤❡ ❛♥❛❧②s✐s ♦❢ t❤❡s❡ ♣r♦♣✉❧s✐♦♥
s②st❡♠s ✐♥ P❘❖❖❙■❙✱ ✇❤✐❝❤ ✐s ❛ s♦❢t✇❛r❡ ❝♦♠✲
♣❛t✐❜❧❡ ✇✐t❤ ❊❝♦s✐♠Pr♦✱ ❜✉t ❞❡s✐❣♥❡❞ ❢♦r ❛❡r♦✲
❡♥❣✐♥❡s✳
❋r♦♠ t❤❡ ♦✛✲❞❡s✐❣♥ ❛♥❛❧②s✐s ✐t ✇❛s ♣♦ss✐❜❧❡ t♦
❤✐❣❤❧✐❣❤t t❤❡ ❤✐❣❤❡r r❛♥❣❡❛❜✐❧✐t② ♦❢ t❤❡ ❡❧❡❝✲
tr✐❝ ❈❘ ❢❛♥ ❡♥❣✐♥❡s ❝♦♠♣❛r❡❞ t♦ t❤❡ ♦♥❡ ♦❢
t❤❡ t✉r❜♦❢❛♥s✳ ❋r♦♠ t❤❡ ✢✐❣❤t ♠✐ss✐♦♥ ❛♥❛❧✲
②s✐s ❡♠❡r❣❡❞ t❤❛t t❤❡ ❤②❜r✐❞ s②st❡♠ ❤②✲❡❧ s❡
❝❛♥ ♠❛❦❡ s❡♥s❡ ♦♥❧② ❢♦r s❤♦rt r❛♥❣❡ ♠✐ss✐♦♥s✱
✐♥ ✇❤✐❝❤ t❤❡ ♣♦✇❡r ❛♥❞ ❡♥❡r❣② r❡q✉✐r❡❞ ✐s r❡❧✲

❛t✐✈❡❧② ❧♦✇✳ ■♥ ❢❛❝t✱ t❤❡ ♠❛✐♥ ♣r♦❜❧❡♠ ♦❢ t❤❡
❤②❜r✐❞ s②st❡♠ ✐s t❤❡ ❜❛tt❡r② ✇❡✐❣❤t✳ ❚❤❡ ❤②❜r✐❞
❧❛②♦✉t t✉✲❡❧ ♣❝ ❝♦✉❧❞ ❜❡ ❛ ♣♦ss✐❜❧❡ s♦❧✉t✐♦♥ ❢♦r
❜♦t❤ t❤❡ s❤♦rt ❛♥❞ ♠❡❞✐✉♠ r❛♥❣❡ ♠✐ss✐♦♥s✱ ✐♥✲
st❡❛❞ ❢♦r t❤❡ ❧♦♥❣ ♦♥❡s t❤❡r❡ ❛r❡ s♦♠❡ ♣r♦❜❧❡♠s✳
■♥ ❢❛❝t✱ t♦ ♣r♦✈✐❞❡ t❤❡ ♣♦✇❡r t♦ ❛♥ ✐♥t❡r❝♦♥t✐✲
♥❡♥t❛❧ ❛✐r❝r❛❢t t❤❡ ❡❧❡❝tr✐❝ ❝♦♠♣♦♥❡♥ts s❤♦✉❧❞
❜❡ ✈❡r② ♣♦✇❡r❢✉❧✱ ❤❡♥❝❡ ❤❡❛✈②✳ ❆♠♦♥❣ ❛❧❧ t❤❡
♣♦ss✐❜❧❡ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ♠♦❞❡❧s t❤❡ ❜❡st r❡s✉❧ts
❛r❡ ♦❜t❛✐♥❡❞ ❢♦r Nratio = 0.9✳ ◆♦t❡ t❤❛t t❤✐s
r❡s✉❧t ✐s ✈❡r② s❡♥s✐t✐✈❡ t♦ t❤❡ ♥♦♥✲s❝❛❧❡❞ ♣❡r❢♦r✲
♠❛♥❝❡ ♠❛♣s ✉s❡❞✳ ❈❤❛♥❣✐♥❣ t❤❡s❡ ♠❛♣s✱ t❤❡
r❡s✉❧ts ❝♦✉❧❞ ❜❡ ❞✐✛❡r❡♥t✳ ❆ ♠♦r❡ ❞❡t❛✐❧❡❞ ❛♥❛❧✲
②s✐s ❛❜♦✉t t❤❛t ❛s♣❡❝t ✐s r❡q✉✐r❡❞✳
❚❤❡ ❞✐str✐❜✉t❡❞ ♣r♦♣✉❧s✐♦♥ ❤❛s ❛ ❝❡rt❛✐♥ ♣♦t❡♥✲
t✐❛❧ ❜❡❝❛✉s❡ ✐t ♣❡r♠✐ts t♦ ✐♥❝r❡❛s❡ t❤❡ ♣r♦♣✉❧s✐✈❡
❡✣❝✐❡♥❝② t❤r♦✉❣❤t t❤❡ r❡❞✉❝t✐♦♥ ♦❢ t❤❡ ❝♦♠♣r❡s✲
s✐♦♥ r❛t✐♦✳ ❚❤❡ ❞r❛✇❜❛❝❦ ✐s t❤❛t ❤❛✈✐♥❣ ♠♦r❡
❡♥❣✐♥❡s t❤❡ ❧♦ss❡s ❛r❡ ❤✐❣❤❡r✳
■♥ ❛❧❧ t❤❡ ❤②❜r✐❞ ❝❛s❡s t❤❡ SFCtarget ✈❛❧✉❡ ✐s
❧♦✇❡r ✇✐t❤ r❡s♣❡❝t t❤❡ ✐♥✐t✐❛❧ ♦♥❡✳ ❋✉rt❤❡r st✉❞✲
✐❡s s❤♦✉❧❞ ❜❡ ♣❡r❢♦r♠❡❞ ❛❜♦✉t t❤❡ ●❚ ✐♥ ♦r❞❡r
t♦ ❛❝❤✐❡✈❡ t❤❡ r❡q✉✐r❡❞ SFCtarget✱ ❢♦r ❡①❛♠♣❧❡
❝♦♥s✐❞❡r✐♥❣ ❛❧s♦ ❛ s♠❛❧❧ ❛♠♦✉♥t ♦❢ t❤r✉st ❣❡♥❡r✲
❛t❡❞ ❜② t❤❡ ●❚ ✐ts❡❧❢ ✭✐♥ ❛♥❛❧♦❣② ♦❢ ❛ t✉r❜♦❢❛♥
❝♦r❡✮✳
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▼♦❞❡❧✐♥❣ ❈♦♥tr❛✲❘♦t❛t✐♥❣ ❚✉r❜♦♠❛❝❤✐♥❡r②
❈♦♠♣♦♥❡♥ts ❢♦r ❊♥❣✐♥❡ P❡r❢♦r♠❛♥❝❡ ❙✐♠✉✲
❧❛t✐♦♥s✿ ❚❤❡ ●❡❛r❡❞ ❚✉r❜♦❢❛♥ ❲✐t❤ ❈♦♥tr❛✲
❘♦t❛t✐♥❣ ❈♦r❡ ❈❛s❡✳ ❏♦✉r♥❛❧ ♦❢ ❊♥❣✐♥❡❡r✲

✐♥❣ ❢♦r ●❛s ❚✉r❜✐♥❡s ❛♥❞ P♦✇❡r✱ ✶✸✹✭✶✶✮✱ ✵✾
✷✵✶✷✳ ✶✶✶✼✵✶✳

❬✸❪ ▼❛r❦ ❉❛❧②✳ ❏❛♥❡✬s ❆❡r♦✲❊♥❣✐♥❡s✿ ✷✵✶✾✲

✷✵✷✵✳ ❏❛♥❡✬s ❜② ■❍❙ ▼❛r❦✐t✱ ✷✵✶✾✳

❬✹❪ ❊✉r♦❝♦♥tr♦❧✳ ❆✐r❝r❛❢t ♣❡r❢♦r♠❛♥❝❡ ❞❛t❛❜❛s❡✳
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❬✺❪ ❍❡♥❞r✐❦ ●❡s❡❧❧✱ ❋❧♦r✐❛♥ ❲♦❧t❡rs✱ ❛♥❞ ▼❛r✲
t✐♥ P❧♦❤r✳ ❙②st❡♠ ❛♥❛❧②s✐s ♦❢ t✉r❜♦✲❡❧❡❝tr✐❝
❛♥❞ ❤②❜r✐❞✲❡❧❡❝tr✐❝ ♣r♦♣✉❧s✐♦♥ s②st❡♠s ♦♥ ❛
r❡❣✐♦♥❛❧ ❛✐r❝r❛❢t✳ ❚❤❡ ❆❡r♦♥❛✉t✐❝❛❧ ❏♦✉r♥❛❧✱
✶✷✸✭✶✷✻✽✮✿✶✻✵✷✕✶✻✶✼✱ ✷✵✶✾✳

✻



 



❈♦✉♥t❡r r♦t❛t✐♥❣ ❡❧❡❝tr✐❝ ❢❛♥✱
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❆❜str❛❝t

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

s♦❝✐❡t② ✐s ✐♥❝r❡❛s✐♥❣ ②❡❛r ❛❢t❡r ②❡❛r✳ ❚❤✐s ✐s ✇❤② t❤❡ ❊✉r♦♣❡❛♥ ❯♥✐♦♥ ✐s ❡♥❝♦✉r❛❣✐♥❣ ❛

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

✜ts ♣❡r❢❡❝t❧② ✐♥ t❤✐s ❝♦♥t❡①t✱ ✐♥ ❢❛❝t ✐t ✇✐❧❧ ❜❡ ✉s❡❞ ❜② t❤❡ ✈♦♥ ❑❛r♠❛♥ ■♥st✐t✉t❡ ✭❱❑■✮ ❛s

❛ st❛rt✐♥❣ ♣♦✐♥t ♦❢ ❛ ♥❡✇ r❡s❡❛r❝❤ ❛r❡❛ ❞❡❞✐❝❛t❡❞ t♦ ♥♦✈❡❧ ❛✐r❝r❛❢t ❡♥❣✐♥❡ ❝♦♥❝❡♣ts✳ ❚❤❡

❡♥❣✐♥❡ t❤❛t ✇✐❧❧ ❜❡ ❛♥❛❧②③❡❞ ✐s t❤❡ ❡❧❡❝tr✐❝ ❝♦✉♥t❡r✲r♦t❛t✐♥❣ ✭❈❘✮ ❢❛♥✳ ❚❤❡ ♠❛✐♥ s❝♦♣❡ ♦❢

t❤✐s t❤❡s✐s✱ t❤❡r❡❢♦r❡✱ ✇✐❧❧ ❜❡ t♦ ❛ss❡ss✐♥❣ t❤❡ ❢❡❛s✐❜✐❧✐t② ♦❢ t❤✐s ♣❛rt✐❝✉❧❛r ♥❡✇ ❡♥❣✐♥❡ ❛♥❞

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

❚❤❡ ♠♦❞❡❧❧✐♥❣ ❛♥❞ ❛♥❛❧②s✐s ♦❢ ❛❧❧ t❤❡ ❡♥❣✐♥❡s ✇❡r❡ ♣❡r❢♦r♠❡❞ ✐♥ ❊❝♦s✐♠Pr♦✱ ✇❤✐❝❤ ✐s ❛

❝♦♠♠❡r❝✐❛❧ ♠♦❞❡❧❧✐♥❣ t♦♦❧✳ ■♥ ♣❛rt✐❝✉❧❛r✱ t❤❡ t✉r❜♦❥❡t ❧✐❜r❛r② ✇❛s ✉s❡❞ ❛s ❛ r❡❢❡r❡♥❝❡✳

❆t ✜rst✱ ✉s✐♥❣ t❤✐s s♦❢t✇❛r❡✱ t❤❡ ❈❘ ❢❛♥ ❝♦♠♣♦♥❡♥t ✇❛s ❝r❡❛t❡❞✳ ■t ✇❛s ❝♦❞❡❞ ✐♥ ♦r❞❡r

t♦ ❜❡ ❝♦♠♣❛t✐❜❧❡ ✇✐t❤ t❤❡ ♦t❤❡r ❝♦♠♣♦♥❡♥ts ✐♥ t❤❡ t✉r❜♦❥❡t ❧✐❜r❛r②✱ t❤❡r❡❢♦r❡ ✐t ✇✐❧❧ ❜❡

♠♦r❡ ❡❛s② t♦ r❡✲✉s❡ ✐t ❢♦r ❢✉t✉r❡ st✉❞✐❡s✳ ❚❤❡♥✱ st❛rt✐♥❣ ❢r♦♠ t❤❛t ❝♦♠♣♦♥❡♥t✱ s❡✈❡r❛❧

❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❡♥❣✐♥❡ ♠♦❞❡❧s ✇❡r❡ ❣❡♥❡r❛t❡❞✳ ❊❛❝❤ ❡♥❣✐♥❡ ✇❛s ❞❡s✐❣♥❡❞ ✉s✐♥❣ ❞✐✛❡r❡♥t

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

♦❢ t❤❡ ❈❘ ❢❛♥✳ ▼♦r❡♦✈❡r✱ ❛ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ❈❘ ❢❛♥ ❡♥❣✐♥❡s ✐♥ ❛

❝❧❛ss✐❝ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥ ❛♥❞ ✐♥ ❛ ❞✐str✐❜✉t❡❞ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥ ✇❛s ❝❛rr✐❡❞

♦✉t✳ ❆s ♥❡①t st❡♣✱ t✇♦ t✉r❜♦❢❛♥s ✇❡r❡ ♠♦❞❡❧❡❞ ✐♥ ♦r❞❡r t♦ ❜❡ ✉s❡❞ ❛s r❡❢❡r❡♥❝❡ ❝❛s❡s✿ t❤❡

❈❋▼✺✻✲✼❇✷✹ ❛♥❞ ●❊♥①✲✶❇✻✹✳

❚❤❡ ❧❛st ♣❛rt ♦❢ t❤✐s t❤❡s✐s ✐s ❞❡❞✐❝❛t❡❞ t♦ t❤❡ ✢✐❣❤t ♠✐ss✐♦♥ ❛♥❛❧②s✐s✱ ✇❤✐❝❤ ✇❛s ♣❡r✲

❢♦r♠❡❞ ✐♥ ▼❛t❧❛❜✳ ❊❛❝❤ ✢✐❣❤t ♠✐ss✐♦♥ ❝♦♥s✐❞❡r❡❞ ✐s t❤❡ r❡s✉❧t ♦❢ ❞✐✛❡r❡♥t ❝♦♠❜✐♥❛t✐♦♥s

♦❢ ♠✐ss✐♦♥ r❛♥❣❡✱ ❡♥❣✐♥❡s ♠♦✉♥t❡❞ ♦♥ t❤❡ ❛✐r❝r❛❢t ❛♥❞ ❤②❜r✐❞ s②st❡♠ ❧❛②♦✉t ❝♦♥s✐❞❡r❡❞✳

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

❈❘ ❢❛♥s ❛r❡ ♠♦r❡ s✉✐t❡❞ ❢♦r✳

❑❡②✇♦r❞s✿ ❊❝♦s✐♠Pr♦✱ t✉r❜♦❢❛♥✱ ❡❧❡❝tr✐❝ ❝♦✉♥t❡r✲r♦t❛t✐♥❣ ❢❛♥✱ ❤②❜r✐❞ ♣r♦♣✉❧s✐♦♥✱ ✢✐❣❤t

♠✐ss✐♦♥ ❛♥❛❧②s✐s✳
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●❧✐ ❡✛❡tt✐ ❞❡✐ ❝❛♠❜✐❛♠❡♥t✐ ❝❧✐♠❛t✐❝✐ s♦♥♦ ♦r♠❛✐ ✈✐s✐❜✐❧✐ ✐♥ t✉tt♦ ✐❧ ♠♦♥❞♦ ❡ ❧❡ r✐♣❡r❝✉s✲

s✐♦♥✐ ❝❤❡ ❤❛♥♥♦ s✉❧❧❛ ♥♦str❛ s♦❝✐❡tà s♦♥♦ s❡♠♣r❡ ♣✐ù ❡✈✐❞❡♥t✐✳ Pr♦♣r✐♦ ♣❡r q✉❡st♦ ♠♦t✐✈♦

❧✬❯♥✐♦♥❡ ❊✉r♦♣❡❛ st❛ ✐♥✈❡st❡♥❞♦ ♠♦❧t❡ r✐s♦rs❡ ♣❡r r❡♥❞❡r❡ ❧❛ ♥♦str❛ ❡❝♦♥♦♠✐❛ ♣✐ù s♦st❡♥✐✲

❜✐❧❡ ❡❞ ❡✣❝✐❡♥t❡✳ ◗✉❡st❛ t❡s✐ s✐ ✐♥s❡r✐s❝❡ ♣r♦♣r✐♦ ✐♥ q✉❡st♦ ❝♦♥t❡st♦✱ ✐♥❢❛tt✐ è ✉♥♦ ❞❡✐ ♣r✐♠✐

❧❛✈♦r✐ s✈♦❧t✐ ❛❧ ✈♦♥ ❑❛r♠❛♥ ■♥st✐t✉t❡ ✭❱❑■✮ ❛❧❧✬✐♥t❡r♥♦ ❞❡❧❧❛ ♥✉♦✈❛ ❛r❡❛ ❞✐ r✐❝❡r❝❛ ❞❡❞✐✲

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

◗✉❡st✬✉❧t✐♠♦✱ s❛rà ✐❧ ♣r♦♣✉❧s♦r❡ tr❛tt❛t♦ ✐♥ q✉❡st♦ ♠❛♥♦s❝r✐tt♦✳ ■❧ ♣r✐♥❝✐♣❛❧❡ s❝♦♣♦ ❞✐

q✉❡st❛ t❡s✐ s❛rà q✉❡❧❧♦ ❞✐ ✈❛❧✉t❛r♥❡ ❧❛ ❢❛tt✐❜✐❧✐tà ❞✐ ✉t✐❧✐③③♦✱ ❢♦r♥❡♥❞♦ ❛♥❝❤❡ ❧✐♥❡❡ ❣✉✐❞❛

♣❡r r✐❝❡r❝❤❡ ❢✉t✉r❡✳

P❡r ♠♦❞❡❧❧❛r❡ ✐ ✈❛r✐ ♣r♦♣✉❧s♦r✐ è st❛t♦ ✉s❛t♦ ❊❝♦s✐♠Pr♦ ✭s♦❢t✇❛r❡ ❝♦♠♠❡r❝✐❛❧❡ s♣❡❝✐✜❝♦

♣❡r ❧❡ ♠♦❞❡❧❧✐③③❛③✐♦♥✐✮ ❡❞ ✐♥ ♣❛rt✐❝♦❧❛r❡ ❧❛ ❧✐❜r❡r✐❛ t✉r❜♦❥❡t✳ ❈♦♠❡ ♣r✐♠♦ st❡♣✱ è st❛t❛

❝r❡❛t❛ ❧❛ ❝♦♠♣♦♥❡♥t❡ ❢❛♥ ❝♦♥tr♦✲r♦t❛♥t❡✳ ■❧ s✉♦ ❝♦❞✐❝❡ è st❛t♦ s❝r✐tt♦ ✐♥ ♠♦❞♦ t❛❧❡ ❞❛

r✐s✉❧t❛r❡ ❝♦♠♣❛t✐❜✐❧❡ ❝♦♥ ❧❡ ❛❧tr❡ ❝♦♠♣♦♥❡♥t✐ ♣r❡s❡♥t✐ ♥❡❧❧❛ ❧✐❜r❡r✐❛ t✉r❜♦❥❡t✱ ❝♦sì ❢❛❝❡♥❞♦

s❛rà ♣✐ù ❢❛❝✐❧❡ r✐✉t✐❧✐③③❛r❧♦ ✐♥ st✉❞✐ ❢✉t✉r✐✳ ❈♦♠❡ st❡♣ s✉❝❝❡ss✐✈♦✱ ❛ ♣❛rt✐r❡ ❞❛ q✉❡st❛

❝♦♠♣♦♥❡♥t❡✱ ❞✐✛❡r❡♥t✐ ❢❛♥ ❡❧❡ttr✐❝✐ ❝♦♥tr♦✲r♦t❛♥t✐ s♦♥♦ st❛t✐ ❣❡♥❡r❛t✐✳ ❖❣♥✉♥♦ ❞✐ q✉❡st✐

♣r♦♣✉❧s♦r✐ è st❛t♦ ❞❡✜♥✐t♦ ✐♠♣♦♥❡♥❞♦ ❞✐✛❡r❡♥t✐ ❝♦♥❞✐③✐♦♥✐ ❛❧ ❝♦♥t♦r♥♦ ❡❞ ✐♥ ♣❛rt✐❝♦❧❛r❡

✉♥ ♣❛r❛♠❡tr♦ ❝❤✐❛✈❡ ✉t✐❧✐③③❛t♦ è st❛t♦ ✐❧ r❛♣♣♦rt♦ ❞❡❧❧❡ ✈❡❧♦❝✐tà ❞❡❧ ❢❛♥ ❝♦♥tr♦✲r♦t❛♥t❡✳

■♥♦❧tr❡✱ ✈❡rrà s✈♦❧t❛ ✉♥❛ ❜r❡✈❡ ❝♦♠♣❛r❛③✐♦♥❡ tr❛ ❧❡ ♣❡r❢♦r♠❛♥❝❡ ❞✐ q✉❡st✐ ♠♦t♦r✐ ✐♥st❛❧✲

❧❛t✐ ✐♥ ✉♥❛ ❝♦♥✜❣✉r❛③✐♦♥❡ ❛ ✷ ♦ ✶✵ ♠♦t♦r✐ ✳ ❈♦♥❝❧✉s❛ q✉❡st❛ ♣❛rt❡✱ ❧♦ st❡♣ s❡❣✉❡♥t❡ è

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

t✉r❜♦❢❛♥ ❈❋▼✺✻✲✼❇✷✹ ❡ ●❊♥①✲✶❇✻✹✳

◗✉❡st♦ ❧❛✈♦r♦ s✐ ❝♦♥❝❧✉❞❡ ❝♦♥ ❧✬❛♥❛❧✐s✐ ❞✐ ✈❛r✐❡ ♠✐ss✐♦♥✐ ❞✐ ✈♦❧♦✱ ❧❡ q✉❛❧✐ s♦♥♦ st❛t❡ ❡✛❡t✲

t✉❛t❡ ❝♦♥ ▼❛t❧❛❜✳ ❖❣♥✐ ♠✐ss✐♦♥❡ ❛♥❛❧✐③③❛t❛ è ✐❧ r✐s✉❧t❛t♦ ❞✐ ❞✐✈❡rs❡ ❝♦♠❜✐♥❛③✐♦♥✐ ❞✐ r❛♥❣❡✱

♣r♦♣✉❧s♦r✐ ♠♦♥t❛t✐ s✉❧ ✈❡❧✐✈♦❧♦ ❡ s✐st❡♠❛ ✐❜r✐❞♦ ✉t✐❧✐③③❛t♦✳ ❚✉tt✐ q✉❡st✐ r✐s✉❧t❛t✐ s❛r❛♥♥♦

✉t✐❧✐ ✐♥ ❢✉t✉r♦ ♣❡r ❞❡✜♥✐r❡ ♣❡r q✉❛❧✐ ♠✐ss✐♦♥✐ ❡ ❝♦♥ q✉❛❧✐ ❝♦♥✜❣✉r❛③✐♦♥✐ ✐ ♠♦t♦r✐ ❡❧❡ttr✐❝✐

❝♦♥tr♦✲r♦t❛♥t✐ s♦♥♦ ♣✐ù ❛❞❛tt✐✳

P❛r♦❧❡ ❝❤✐❛✈❡✿ ❊❝♦s✐♠Pr♦✱ t✉r❜♦❢❛♥✱ ❢❛♥ ❡❧❡ttr✐❝✐ ❝♦♥tr♦✲r♦t❛♥t✐✱ ♣r♦♣✉❧s✐♦♥❡ ✐❜r✐❞❛✱

❛♥❛❧✐s✐ ❞✐ ♠✐ss✐♦♥❡ ❞✐ ✈♦❧♦✳
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♠❡❝❤❛♥✐❝❛❧ ❝♦♠♣❧❡①✐t②✳ ■♥st❡❛❞✱ ♥♦✇❛❞❛②s t❤❡ t❡❝❤♥♦❧♦❣✐❝❛❧ ✐♠♣r♦✈❡♠❡♥ts ❛❝❤✐❡✈❡❞ ✇✐t❤

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

♠❛❝❤✐♥❡s✳

❋♦r t❤✐s r❡❛s♦♥✱ ❱❑■ ❞❡❞✐❝❛t❡❞ ❛ ♥❡✇ r❡s❡❛r❝❤ ❛r❡❛ t♦ t❤❡♠✳ ■♥ t❤✐s t❤❡s✐s t❤❡ ❈❘ ❢❛♥s

✇✐❧❧ ❜❡ ❛t ✜rst ❞❡s✐❣♥❡❞ ❛♥❞ ❛♥❛❧②③❡❞ ✐♥ ❞❡s✐❣♥ ❛♥❞ ♦✛✲❞❡s✐❣♥ ❛♥❞ t❤❡♥ ✐♠♣❧❡♠❡♥t❡❞

✐♥ ❛♥ ❤②❜r✐❞ s②st❡♠ ✐♥ ♦r❞❡r t♦ ♣❡r❢♦r♠ ❛ ✢✐❣❤t ♠✐ss✐♦♥ ❛♥❛❧②s✐s✳ ❚❤❡ ❤②❜r✐❞ s②st❡♠s

❝♦♥s✐❞❡r❡❞ ❛r❡ t✇♦✿ t✉r❜♦✲❡❧❡❝tr✐❝ ❛♥❞ ❤②❜r✐❞✲❡❧❡❝tr✐❝✳ ■♥st❡❛❞✱ t❤❡ ✢✐❣❤t ♠✐ss✐♦♥ r❛♥❣❡s

❝♦♥s✐❞❡r❡❞ ❛r❡ t❤r❡❡✿ s❤♦rt r❛♥❣❡✱ ♠❡❞✐✉♠ r❛♥❣❡ ❛♥❞ ❧♦♥❣ r❛♥❣❡✳ ■♥ ❊❝♦s✐♠Pr♦ t❤❡ ❈❘

❢❛♥ ❝♦♠♣♦♥❡♥t ✇❛s ❝r❡❛t❡❞ ❛♥❞ ✉s❡❞ t♦ ❜✉✐❧t t❤❡ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❡♥❣✐♥❡ s❝❤❡♠❛t✐❝✳ ❋r♦♠

t❤❛t s❝❤❡♠❛t✐❝ ❞✐✛❡r❡♥t ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❡♥❣✐♥❡ ♠♦❞❡❧s ✇❡r❡ ❣❡♥❡r❛t❡❞✱ ❡❛❝❤ ♦♥❡ ♦❢ t❤❡♠

♠♦❞❡❧❡❞ ❝♦♥s✐❞❡r✐♥❣ ❛ ❞✐✛❡r❡♥t ❞❡s✐❣♥ ♣♦✐♥t ❝♦♥❞✐t✐♦♥✳ ❚❤❡ ❡♥❣✐♥❡ s❝❤❡♠❛t✐❝ ✐s s✐♠♣❧②

t❤❡ ❣❡♥❡r✐❝ r❡♣r❡s❡♥t❛t✐♦♥ ♦❢ t❤❡ ❡♥❣✐♥❡✳ ❚❤❡♥✱ ✐♠♣♦s✐♥❣ ❞✐✛❡r❡♥t ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s✱

✐t ✐s ♣♦ss✐❜❧❡ t♦ ❣❡♥❡r❛t❡ ❞✐✛❡r❡♥t ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❡♥❣✐♥❡s✳ ❙♦♠❡ ♦❢ t❤❡ ❞❛t❛ ✉s❡❞ ❢♦r t❤❡

❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ❛r❡ r❡❛❧✱ ✐♥st❡❛❞ ♦t❤❡rs ❝♦♠❡ ❢r♦♠ r❡❛s♦♥❛❜❧❡ ❛ss✉♠♣t✐♦♥s✳ ❚❤❡ ✈❛❧✲

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

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

♣♦ss✐❜❧❡ ❝♦♠❜✐♥❛t✐♦♥s ❜❡t✇❡❡♥✿ ✢✐❣❤t ♠✐ss✐♦♥ r❛♥❣❡✱ ❤②❜r✐❞ s②st❡♠ ❛♥❞ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥

❡♥❣✐♥❡✳ ❚❤❡s❡ ♠✐ss✐♦♥s ❝❛♥ ❜❡ s✐♠✉❧❛t❡❞ t❤r♦✉❣❤ ▼❛t❧❛❜ ❛♥❞ t❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞ ❝♦♠✲
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♣❛r❡❞ t♦ t❤❡ t✇♦ r❡❢❡r❡♥❝❡ ❝❛s❡s✱ ✇❤✐❝❤ ✇❡r❡ ♣❡r❢♦r♠❡❞ ✉s✐♥❣ t❤❡ t✉r❜♦❢❛♥s ❈❋▼✺✻✲✼❇✷✹

❛♥❞ ●❊♥①✲✶❇✻✹✳

✶✳✶✳ ❚❤❡s✐s ❝♦♥tr✐❜✉t✐♦♥

❚❤✐s t❤❡s✐s ✇✐❧❧ ❜❡ ✉s❡❞ ❛s ❛ r❡❢❡r❡♥❝❡ ❢♦r ❢✉t✉r❡ r❡s❡❛r❝❤❡s ❛❜♦✉t ❡❧❡❝tr✐❝ ❈❘ ♠❛❝❤✐♥❡s

❛t t❤❡ ❱❑■✱ t❤❡r❡❢♦r❡ ✐ts ❝♦♥tr✐❜✉t✐♦♥s ❛r❡ ❞✐✛❡r❡♥t ❛♥❞ t❤❡② ❝❛♥ ❜❡ s✉♠♠❛r✐③❡❞ ✐♥ t❤❡

❢♦❧❧♦✇✐♥❣ ♣♦✐♥ts✿

❼ ♣r♦✈✐❞❡ ❣✉✐❞❡❧✐♥❡s ♦♥ ❤♦✇ ♣❡r❢♦r♠ ❡♥❣✐♥❡ ❞❡s✐❣♥s ❛♥❞ ♦✛✲❞❡s✐❣♥ s✐♠✉❧❛t✐♦♥s ✐♥

❊❝♦s✐♠Pr♦❀

❼ ♣r♦✈✐❞❡ t❤❡ ♠♦❞❡❧s ✐♥ ❊❝♦s✐♠Pr♦ ♦❢ t✇♦ ♦❢ t❤❡ ♠♦st ❝♦♠♠♦♥ t✉r❜♦❢❛♥s ✐♥ ❝✐✈✐❧

❛✈✐❛t✐♦♥✿ t❤❡ ❈❋▼✺✻✲✼❇✷✹ ❛♥❞ t❤❡ ●❊♥①✲✶❇✻✹✳ ❚❤❡ ❢♦r♠❡r ✉s❡❞ ❢♦r s❤♦rt ❛♥❞

♠❡❞✐✉♠ r❛♥❣❡ ♠✐ss✐♦♥s ❛♥❞ t❤❡ ❧❛tt❡r ✉s❡❞ ❢♦r ❧♦♥❣ r❛♥❣❡ ♠✐ss✐♦♥s✳ ❚❤❡s❡ ♠♦❞❡❧s

❝❛♥ ❜❡ ✉s❡❞ ❛s r❡❢❡r❡♥❝❡s ❛❧s♦ ❢♦r ♦t❤❡r r❡s❡❛r❝❤❡s❀

❼ ♣r♦✈✐❞❡ t❤❡ ❈❘ ❢❛♥ ❝♦♠♣♦♥❡♥t ❛♥❞ t❤❡ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❡♥❣✐♥❡ s❝❤❡♠❛t✐❝ ✐♥ ❊❝♦s✐♠✲

Pr♦✳ ■♥ t❤✐s ✇❛②✱ s✐♠♣❧② ❜② ♠♦❞✐❢②✐♥❣ t❤❡ s❝❤❡♠❛t✐❝ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s✱ ✐t ✇✐❧❧

❜❡ ♣♦ss✐❜❧❡ t♦ ♦❜t❛✐♥ ❛♥❞ t❡st ❞✐✛❡r❡♥t ❡♥❣✐♥❡ ♠♦❞❡❧s❀

❼ ♣r♦✈✐❞❡ ❞✐✛❡r❡♥t ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❡♥❣✐♥❡ ♠♦❞❡❧s✳ ❚❤❡ ✈❛❧✉❡s ♦❜t❛✐♥❡❞ ✇✐❧❧ ❜❡ ✉s❡❞

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

❼ t❤❡ ✜♥❛❧ ❝♦♥tr✐❜✉t✐♦♥ ❝♦♠❡s ❢r♦♠ t❤❡ ✢✐❣❤t ♠✐ss✐♦♥ ❛♥❛❧②s✐s✳ ❚❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞

✇✐❧❧ ❣✐✈❡ s♦♠❡ ✐♥❞✐❝❛t✐♦♥s ❛❜♦✉t ✇❤✐❝❤ ❤②❜r✐❞ ♣r♦♣✉❧s✐✈❡ s②st❡♠ ✉s❡ ❞❡♣❡♥❞✐♥❣ ♦♥

t❤❡ ✢✐❣❤t ♠✐ss✐♦♥✳

❙✐♥❝❡ t❤✐s t❤❡s✐s ✐s t❤❡ st❛rt✐♥❣ ♣♦✐♥t ♦❢ ❛ ♠♦r❡ ❝♦♠♣❧❡① r❡s❡❛r❝❤ ❛❜♦✉t ❈❘ ❢❛♥s✱ ❛❧❧ t❤❡

r❡s✉❧ts ♦❜t❛✐♥❡❞ ❛r❡ ♣r❡❧✐♠✐♥❛r② r❡s✉❧ts✳ ❚❤❡s❡ r❡s✉❧ts ❛r❡ ✐♥t❡♥❞❡❞ t♦ ❜❡ ✉s❡❞ ❛s ❜❛s❡❧✐♥❡s

❢♦r ❢✉t✉r❡ st✉❞✐❡s✳

✶✳✷✳ ❚❤❡s✐s str✉❝t✉r❡

❚❤❡ t❤❡s✐s ✐s ♦r❣❛♥✐③❡❞ ❛s ❢♦❧❧♦✇s✳ ■♥ ❈❤❛♣t❡r ✷ t❤❡ t❤❡♦r❡t✐❝❛❧ ❜❛❝❦❣r♦✉♥❞ ♥❡❡❞❡❞ t♦

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

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

t❤❡ ❛t♠♦s♣❤❡r❡ ❛♥❞ t❤❡ ❛✐r❝r❛❢t✳ ■♥ ❈❤❛♣t❡r ✸✱ ❊❝♦s✐♠Pr♦ ❛♥❞ t❤❡ t✉r❜♦❥❡t ❧✐❜r❛r② ✇✐❧❧

❜❡ ❡①♣❧❛✐♥❡❞✳ ▼♦r❡♦✈❡r✱ t❤❡ ❝♦♠♣r❡ss♦r✱ ❢❛♥ ❛♥❞ t✉r❜✐♥❡ ❝♦♠♣♦♥❡♥ts ✇✐❧❧ ❜❡ ❞❡s❝r✐❜❡❞

✐♥ ♦r❞❡r t♦ ✉♥❞❡rst❛♥❞ ❜❡tt❡r ❤♦✇ t❤❡ ❈❘ ❢❛♥ ❝♦♠♣♦♥❡♥t ✇❛s ❝♦❞❡❞✳ ■♥ ❈❤❛♣t❡r ✹ t❤❡
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❞❡s✐❣♥ ❛♥❞ ♦✛✲❞❡s✐❣♥ ❛♥❛❧②s✐s ♦❢ t❤❡ t✇♦ r❡❢❡r❡♥❝❡ t✉r❜♦❢❛♥s ✇✐❧❧ ❜❡ ♣r❡s❡♥t❡❞✳ ❈❤❛♣t❡r ✺

✐s ❛♥❛❧♦❣♦✉s t♦ ❈❤❛♣t❡r ✹✱ ❜✉t ✐♥ t❤✐s ❝❛s❡ t❤❡ ❡♥❣✐♥❡s ❛♥❛❧②③❡❞ ❛r❡ t❤❡ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥s✳

◆♦t❡ t❤❛t t❤❡s❡ ❡♥❣✐♥❡s ✇✐❧❧ ❜❡ s✉❜❞✐✈✐❞❡❞ ❛t ✜rst ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ♠✐ss✐♦♥ r❛♥❣❡✳ ❚❤❡

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

✧❍❨❇✲❈❋✶✧✱ ✐♥st❡❛❞ t❤❡ ♦♥❡s ❞❡s✐❣♥❡❞ ❢♦r ❧♦♥❣ r❛♥❣❡ ♠✐ss✐♦♥s ✇✐❧❧ ❜❡ ✐❞❡♥t✐✜❡❞ ❜② t❤❡

✐♥✐t✐❛❧s ✧❍❨❇✲❈❋✷✧✳ ❚❤❡♥✱ t❤❡② ✇✐❧❧ ❜❡ s✉❜❞✐✈✐❞❡❞ ❞❡♣❡♥❞✐♥❣ ✐❢ t❤❡② ✇✐❧❧ ❜❡ ♠♦✉♥t❡❞

✐♥ ❛ ❝❧❛ss✐❝ ❝♦♥✜❣✉r❛t✐♦♥ ✭✷ ❡♥❣✐♥❡s✮ ♦r ✐♥ ❛ ❞✐str✐❜✉t❡❞ ❝♦♥✜❣✉r❛t✐♦♥ ✭✶✵ ❡♥❣✐♥❡s✮✳ ❚❤❡

❢♦r♠❡rs ✇✐❧❧ ❜❡ ✐❞❡♥t✐✜❡❞ ❜② t❤❡ ✐♥✐t✐❛❧s ✧✷❡♥❣✧✱ ✐♥st❡❛❞ t❤❡ ❧❛tt❡rs ❜② t❤❡ ✐♥✐t✐❛❧s ✧✶✵❡♥❣✧✳

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

❈❘ ❢❛♥ ❡♥❣✐♥❡s ✇✐❧❧ ❜❡ ❞❡s✐❣♥❡❞✳ ❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ✈❛❧✉❡s ♦❢ t❤❡s❡ t✇♦ ♣❛r❛♠❡t❡rs✱ t❤❡

❡♥❣✐♥❡s ✇✐❧❧ ❜❡ ✐❞❡♥t✐✜❡❞ ❜② t❤❡ ✐♥✐t✐❛❧s ✧❉Pr❡❢✧ ♦r ✧❉P✶✧ ♦r ✧❉P✷✧ ♦r ✧❉P✸✧ ♦r ✧❉P✹✧✳

■♥ ❈❤❛♣t❡r ✻ ❛❧❧ t❤❡ ❞❛t❛ ✉s❡❞ ✐♥ t❤❡ ✢✐❣❤t ♠✐ss✐♦♥ ❛♥❛❧②s✐s ✇✐❧❧ ❜❡ ♣r❡s❡♥t❡❞✳ ❋✐♥❛❧❧②✱ ✐♥

❈❤❛♣t❡r ✼ t❤❡ ✢✐❣❤t ♠✐ss✐♦♥ ❛♥❛❧②s✐s r❡s✉❧ts ✇✐❧❧ ❜❡ s❤♦✇❡❞✳





✺

✷⑤ ❚❤❡♦r❡t✐❝❛❧ ❇❛❝❦❣r♦✉♥❞

✷✳✶✳ ❚✉r❜♦♠❛❝❤✐♥❡r② ♦✈❡r✈✐❡✇

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

❡❛❝❤ ②❡❛r ❛♥❞ t❤✐s ❜✉s✐♥❡ss ✐s ❡①♣❡❝t❡❞ t♦ ❝♦♥t✐♥✉♦s❧② ❣r♦✇ ✐♥ t❤❡ ♥❡①t ❢✉t✉r❡ ❬✼❪✳ ❚❤❡ ❣❛s

t✉r❜✐♥❡ ✐♥❞✉str② ✐s ❝❤❛r❛❝t❡r✐③❡❞ ❜② ✐♥t❡r♥❛t✐♦♥❛❧✐t②✱ ❝♦♠♣❡t✐t✐✈✐t② ❛♥❞ ❤✐❣❤ t❡❝♥❤♦❧♦❣②✳

❚❤❡s❡ t❤r❡❡ ❛s♣❡❝ts ❛r❡ str✐❝t❧② ❝♦♥♥❡❝t❡❞ ❡❛❝❤ ♦t❤❡r ✐♥ ❢❛❝t✱ ❡✈❡♥ ✐❢ t❤❡ ✇♦r❦✐♥❣ ♣r✐♥❝✐♣❧❡

♦❢ ❛ t✉r❜♦♠❛❝❤✐♥❡ ✐s s✐♠♣❧❡✱ t❤❡s❡ ❛r❡ ♠❛❝❤✐♥❡s ✈❡r② ❝♦♠♣❧❡① ❢r♦♠ ❜♦t❤ ❛♥ ❛❡r♦❞②♥❛♠✐❝

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

❛ s✐♥❣❧❡ ❣❛s t✉r❜✐♥❡ ❛ ❧♦t ♦❢ ❞✐✛❡r❡♥t ❝♦♠♣❡t❡♥❝❡s ❛r❡ r❡q✉✐r❡❞✳ ■♥ ❣❡♥❡r❛❧ t❤❡s❡ ♠❛❝❤✐♥❡s

♣r♦❞✉❝❡ ♣♦✇❡r ✐♥ t❤❡ ♦r❞❡r ♦❢ ▼❲✱ ❤❡♥❝❡ ❛ s♠❛❧❧ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ♠❛❝❤✐♥❡ ❡✣❝✐❡♥❝② ♠❡❛♥s

❛ s✐❣♥✐✜❝❛♥t ✐♥❝r❡❛s❡ ✐♥ ♣♦✇❡r✳ ❯♥❢♦rt✉♥❛t❡❧②✱ ♥♦t ❛❧✇❛②s ❛ t❡❝♥❤♦❧♦❣✐❝❛❧ ✐♠♣r♦✈❡♠❡♥t ✐s

♣♦s✐t✐✈❡✱ ❜❡❝❛✉s❡ t❤❡ ❧✐❢❡ ❝②❝❧❡ ❝♦st ❝❛♥✬t ✐♥❝r❡❛s❡ t♦♦ ♠✉❝❤✳

❚❤❡ ❣❛s t✉r❜✐♥❡s ❤❛✈❡ t❤❡ ❣r❡❛t ❛❞✈❛♥t❛❣❡ t♦ ❜❡ ❧✐❣❤t ❛♥❞ s♠❛❧❧ ✐♥ s✐③❡ ✇✐t❤ r❡s♣❡❝t t❤❡

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

❧❛♥❞ ❛♣♣❧✐❝❛t✐♦♥s✳

❚❤❡ s❝❤❡♠❛t✐❝ ♦❢ ❛ ❣❛s t✉r❜✐♥❡ ❡♥❣✐♥❡ ✐s ❡①tr❡♠❡❧② s✐♠♣❧❡ ❬✻❪✱ ✐♥ ❢❛❝t ✐t ✐s ❝♦♠♣♦s❡❞ ❜②✿

❼ ❝♦♠♣r❡ss♦r✱ ✐♥ ✇❤✐❝❤ t❤❡ ❛✐r ✐s ❝♦♠♣r❡ss❡❞✳ ■ts r♦❧❡ ✐s t♦ ❝r❡❛t❡ t❤❡ ♥❡❝❡ss❛r②

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

❼ ❝♦♠❜✉st✐♦♥ ❝❤❛♠❜❡r✱ ✐♥ ✇❤✐❝❤ t❤❡ ❢✉❡❧ ✐s tr❛s❢♦r♠❡❞ ✐♥ ❤❡❛t❀

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

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

❝♦♠♣r❡ss♦r✳

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

❝♦♥t✐♥✉♦✉s ❛♥❞ ✐♥t❡r♥❛❧ ❝♦♠❜✉st✐♦♥ ❡♥❣✐♥❡s ❜❛s❡❞ ♦♥ t❤❡ ♦♣❡♥ ❏♦✉❧❡✲❇r❛②t♦♥ ❝②❝❧❡ ✭❋✐❣✲

✉r❡ ✷✳✶✮✳ ❚❤❡ ✐❞❡❛❧ ❝②❝❧❡ ✐s ❝❤❛r❛❝t❡r✐③❡❞ ❜② ❢♦✉r ❞✐✛❡r❡♥t t❤❡r♠♦❞②♥❛♠✐❝ ♣r♦❝❡ss❡s✿

✶✳ ✐s❡♥tr♦♣✐❝ ❝♦♠♣r❡ss✐♦♥❀



✻ ✷⑤ ❚❤❡♦r❡t✐❝❛❧ ❇❛❝❦❣r♦✉♥❞

✷✳ ✐s♦❜❛r ❝♦♠❜✉st✐♦♥❀

✸✳ ✐s❡♥tr♦♣✐❝ ❡①♣❛♥s✐♦♥❀

✹✳ ❤❡❛t r❡❥❡❝t✐♦♥✳

❋✐❣✉r❡ ✷✳✶✿ ■❞❡❛❧ ❝②❝❧❡ ❏♦✉❧❡✲❇r❛②t♦♥ ❬✸✼❪✳

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

✇❤✐❝❤ ❛r❡ t✉r❜♦♠❛❝❤✐♥❡s✳ ❇② ❞❡✜♥✐t✐♦♥ ❬✸✷❪✱ ❛ t✉r❜♦♠❛❝❤✐♥❡ ✐s ❛ ♠❛❝❤✐♥❡ t❤❛t ❡①❝❤❛♥❣❡s

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

❝❛t❡❣♦r✐❡s✿

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

t❤❡② tr❛♥s❢❡r ✐t t♦ t❤❡ ✇♦r❦✐♥❣ ✢✉✐❞✳ ❙♦♠❡ ❡①❛♠♣❧❡s ♦❢ t❤❛t ❦✐♥❞ ♦❢ t✉r❜♦♠❛❝❤✐♥❡s

❛r❡ ❝♦♠♣r❡ss♦rs ❛♥❞ ♣✉♠♣s❀

❼ ✇♦r❦✲♣r♦❞✉❝✐♥❣ t✉r❜♦♠❛❝❤✐♥❡s✱ t❤❛t ❡①tr❛❝t ✇♦r❦ ❢r♦♠ t❤❡ ✇♦r❦✐♥❣ ✢✉✐❞ ❛♥❞ t❤❡②

tr❛♥s❢♦r♠ ✐t ✐♥ ♠❡❝❤❛♥✐❝❛❧ ♣♦✇❡r✳ ❚❤❡ t②♣✐❝❛❧ ❡①❛♠♣❧❡ ❛r❡ t❤❡ t✉r❜✐♥❡s✳

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

■♥ ❢❛❝t✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❞❡✜♥❡✿

❼ ❛①✐❛❧ t✉r❜♦♠❛❝❤✐♥❡s✱ ✐♥ ✇❤✐❝❤ t❤❡ ♠❡r✐❞✐♦♥❛❧ ✢♦✇ ♣❛t❤ ✐s ♣❛r❛❧❧❡❧ ✇✐t❤ r❡s♣❡❝t t❤❡

❛①✐s ♦❢ r♦t❛t✐♦♥❀

❼ r❛❞✐❛❧ t✉r❜♦♠❛❝❤✐♥❡s✱ ✐♥ ✇❤✐❝❤ t❤❡ ♠❡r✐❞✐♦♥❛❧ ✢♦✇ ♣❛t❤ ✐s ♣❡r♣❡♥❞✐❝✉❧❛r ✇✐t❤ r❡✲

s♣❡❝t t❤❡ ❛①✐s ♦❢ r♦t❛t✐♦♥✳

❇♦t❤ ❝♦♠♣r❡ss♦rs ❛♥❞ t✉r❜✐♥❡s ❝❛♥ ❜❡ ❛①✐❛❧ ♦r r❛❞✐❛❧✳

❚❤❡ ❧❛st ♠❛❥♦r ❝❧❛ss✐✜❝❛t✐♦♥ r❡❣❛r❞s t❤❡ ✇♦r❦✐♥❣ ✢✉✐❞✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ❝♦♠♣r❡ss✐❜❧❡ ♦r

✐♥❝♦♠♣r❡ss✐❜❧❡✿

❼ ❝♦♠♣r❡ss✐❜❧❡ t✉r❜♦♠❛❝❤✐♥❡s✱ ✐♥ ✇❤✐❝❤ t❤❡ ✢✉✐❞ ❝❤❛♥❣❡s t❤❡ ❞❡♥s✐t② ❞✉r✐♥❣ t❤❡ ♣❛t❤❀



✷⑤ ❚❤❡♦r❡t✐❝❛❧ ❇❛❝❦❣r♦✉♥❞ ✼

❼ ✐♥❝♦♠♣r❡ss✐❜❧❡ t✉r❜♦♠❛❝❤✐♥❡s✱ ✐♥ ✇❤✐❝❤ t❤❡ ✢✉✐❞ ❞❡♥s✐t② ✐s ❝♦♥s✐❞❡r❡❞ ❝♦♥st❛♥t✳

❯s✉❛❧❧② t❤✐s ❛♣♣r♦①✐♠❛t✐♦♥ ✐s ✈❛❧✐❞ ❢♦r ✢✉✐❞ ♦r ✇❤❡♥ t❤❡ ❣❛s ✈❡❧♦❝✐t② ✐s M ≤ 0.3✳

❚❤✐s t❤❡s✐s ❞❡❛❧s ✇✐t❤ ❛①✐❛❧ t✉r❜♦♠❛❝❤✐♥❡s✱ ✐♥ ♣❛rt✐❝✉❧❛r ❝♦♠♣r❡ss♦rs✱ ❞✉❝t❡❞ ❢❛♥s✱ ❞✉❝t❡❞

❈❘ ❢❛♥s ❛♥❞ t✉r❜✐♥❡s✳ ❆❧❧ t❤❡ ❝♦♠♣✉t❛t✐♦♥s ❛t ❡♥❣✐♥❡ ❧❡✈❡❧ ✇❡r❡ ❞♦♥❡ ✉s✐♥❣ ❊❝♦s✐♠Pr♦

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

s✉❜s♦♥✐❝✳

✷✳✶✳✶✳ ❆①✐❛❧ ❝♦♠♣r❡ss♦r

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

t✉r❜♦♠❛❝❤✐♥❡ ✐s t❤❡ ❛①✐❛❧ ❝♦♠♣r❡ss♦r ✭❋✐❣✉r❡ ✷✳✷✮✳ ❉✉r✐♥❣ t❤❡ ②❡❛rs✱ t❤✐s s♦❧✉t✐♦♥ ✇❛s

♣r❡❢❡rr❡❞ ✐♥st❡❛❞ ♦❢ t❤❡ r❛❞✐❛❧ ❝♦♠♣r❡ss♦r✱ ❜❡❝❛✉s❡ ❤❛s s❡✈❡r❛❧ ❛❞✈❛♥t❛❣❡s ❬✶✷❪✳ ❋✐rst ♦❢

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

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

✐s r❡❞✉❝❡❞✳ ❆♥♦t❤❡r ❛❞✈❛♥t❛❣❡ ✐s t❤❛t✱ t❤❛♥❦s t♦ t❤❡ t❡❝❤♥♦❧♦❣✐❝❛❧ ✐♠♣r♦✈❡♠❡♥ts ✐♥ t❤❡

❧❛st ❞❡❝❛❞❡s✱ ❛♥ ❛①✐❛❧ ❝♦♠♣r❡ss♦r ✐s ♠♦r❡ ❡✣❝✐❡♥t ✇✐t❤ r❡s♣❡❝t ❛ r❛❞✐❛❧ ♦♥❡✳ ❖❢ ❝♦✉rs❡

❛①✐❛❧ ❝♦♠♣r❡ss♦rs ❤❛✈❡ ❛❧s♦ ❞r❛✇❜❛❝❦s✱ ❧✐❦❡ ❛ ❧♦✇❡r ✐♥❝r❡♠❡♥t ♦❢ ♣r❡ss✉r❡ ❢♦r s✐♥❣❧❡ st❛❣❡

❛♥❞ ❛ ♣♦♦r r❛♥❣❡❛❜✐❧✐t②✳

❋✐❣✉r❡ ✷✳✷✿ ❱✐❡✇ ♦❢ ❛♥ ❛①✐❛❧ ❍P ❝♦♠♣r❡ss♦r ✐♥ ❛ Pr❛tt ✫ ❲❤✐t♥❡② ❚❋✸✵ t✉r❜♦❢❛♥ ❡♥❣✐♥❡✳

❆ t②♣✐❝❛❧ ❛①✐❛❧ ❝♦♠♣r❡ss♦r ♣❡r❢♦r♠❛♥❝❡ ♠❛♣ ✐s t❤❡ ♦♥❡ r❡♣♦rt❡❞ ✐♥ ❋✐❣✉r❡ ✷✳✸✳ ■♥ t❤✐s

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

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



✽ ✷⑤ ❚❤❡♦r❡t✐❝❛❧ ❇❛❝❦❣r♦✉♥❞

❋✐❣✉r❡ ✷✳✸✿ ❚②♣✐❝❛❧ ♦♣❡r❛t✐♥❣ ❝✉r✈❡ ❢♦r ❛♥ ❛①✐❛❧ ❝♦♠♣r❡ss♦r ❬✹✵❪✳

❚❤❡ ✈❛r✐❛❜❧❡s ❛r❡✿

❼ ♣r❡ss✉r❡ r❛t✐♦ → βc =
pTout
pTin

❀

❼ ♠❛ss ✢♦✇ r❛t❡ → ṁ = ρAV ✳

■t ✐s ✐♠♣♦rt❛♥t t♦ ♥♦t❡ t❤❛t ✉s✉❛❧❧② t❤❡ ♦♣❡r❛t✐♥❣ ❝✉r✈❡s ❛r❡ ❣✐✈❡♥ ✐♥ t❡r♠s ♦❢ ❞✐♠❡♥s✐♦♥✲

❧❡ss ♦r r❡❞✉❝❡❞ q✉❛♥t✐t✐❡s✳ ❚❤❡s❡ q✉❛♥t✐t✐❡s ❛r❡ ✈❡r② ✉s❡❢✉❧✱ ❜❡❝❛✉s❡ t❤❡② ❛❧❧♦✇ t♦ ✉s❡ t❤❡

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

❢♦r♠❛♥❝❡ ♦❢ ❝♦♠♣r❡ss♦rs t❤❛t ❛r❡ s✐♠✐❧❛r ❡❛❝❤ ♦t❤❡r✳ ❆ ❜❡tt❡r ❞❡s❝r✐♣t✐♦♥ ♦❢ ❛ ❝♦♠♣r❡ss♦r

♣❡r❢♦r♠❛♥❝❡ ♠❛♣✱ ✐♥ t❡r♠s ♦❢ r❡❞✉❝❡❞ q✉❛♥t✐t✐❡s✱ ✇✐❧❧ ❜❡ ❞♦♥❡ ✐♥ t❤❡ ♥❡①t ❝❤❛♣t❡rs✳ ❚❤❡

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

❧♦✇ ✢♦✇ r❛t❡ ❞✉❡ t♦ ♦♣❡r❛t✐♥❣ ✐♥st❛❜✐❧✐t②✱ ✐♥st❡❛❞ t❤❡ ❧❛tt❡r ✐s ❛ ❧✐♠✐t ❛t ❤✐❣❤ ✢♦✇ r❛t❡

❞✉❡ t♦ s✉♣❡rs♦♥✐❝ ♠❛❝❤ ♥✉♠❜❡r✳

❆ ❝♦♥✈❡♥t✐♦♥❛❧ ❛①✐❛❧ ❝♦♠♣r❡ss♦r st❛❣❡ ✐s ❝♦♠♣♦s❡❞ ♦❢ t✇♦ ❜❧❛❞❡ r♦✇s ❬✸✷❪✿ ❛ r♦t❛t✐♥❣

♣❛rt ❝❛❧❧❡❞ r♦t♦r ❛♥❞ ❛ ✜①❡❞ ♣❛rt ❝❛❧❧❡❞ st❛t♦r✳ ❚❤❡ r♦t♦r ♣r♦✈✐❞❡s ❡♥❡r❣② t♦ t❤❡ ✢✉✐❞

✐♥❝r❡❛s✐♥❣ ✐ts t♦t❛❧ ♣r❡ss✉r❡✳ ❚❤❡ st❛t♦r ❞♦❡s ♥♦t ♣r♦✈✐❞❡ ❡♥❡r❣② t♦ t❤❡ ✢✉✐❞✳ ■ts r♦❧❡ ✐s t♦

❝♦♥✈❡rt ❦✐♥❡t✐❝ ❡♥❡r❣② ✐♥t♦ st❛t✐❝ ♣r❡ss✉r❡✳ ■♥ ♦r❞❡r t♦ ✉♥❞❡rst❛♥❞ t❤❡ ❡♥❡r❣② ❝♦♥✈❡rs✐♦♥

♣r♦❝❡ss✱ t❤❡ ❊✉❧❡r ✇♦r❦ ❡q✉❛t✐♦♥ ❛♥❞ t❤❡ r♦t♦r✲st❛t♦r ✈❡❧♦❝✐t② tr✐❛♥❣❧❡ ✇✐❧❧ ❜❡ ❞❡s❝r✐❜❡❞✳



✷⑤ ❚❤❡♦r❡t✐❝❛❧ ❇❛❝❦❣r♦✉♥❞ ✾

❊✉❧❡r ✇♦r❦

❋✐❣✉r❡ ✷✳✹✿ ❈♦♥tr♦❧ ✈♦❧✉♠❡ ✉s❡❞ t♦ ❞❡♠♦str❛t❡ t❤❡ ❊✉❧❡r ✇♦r❦ ❬✶✷❪✳

❚♦ ❞❡♠♦str❛t❡ t❤❡ ❊✉❧❡r ✇♦r❦ ❬✶✷❪ ✐s ♣♦ss✐❜❧❡ t♦ st❛rt ❢r♦♠ t❤❡ ♠♦♠❡♥t✉♠ ❞❡✜♥✐t✐♦♥✱ t❤❛t

✐s✿

q⃗ = m · V⃗ . ✭✷✳✶✮

❚❤❡♥✱ r⃗ ❝❛♥ ❜❡ ❞❡✜♥❡❞ ❛s t❤❡ ❞✐st❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ ❛①✐s ③ ❛♥❞ t❤❡ ♣♦✐♥t ♦❢ t❤❡ ♠♦♠❡♥t✉♠

❛♣♣❧✐❝❛t✐♦♥ ✭❋✐❣✉r❡ ✷✳✹✮✳ ❚❤❡ ✈❡❝t♦r ♣r♦❞✉❝t ❜❡t✇❡❡♥ q⃗ ❛♥❞ r⃗ ✐s ❞❡✜♥❡❞ ❛s ❛♥❣✉❧❛r

♠♦♠❡♥t✉♠✿

M⃗ = r⃗ × q⃗. ✭✷✳✷✮

❙✉❜st✐t✉t✐♥❣ ❊q✉❛t✐♦♥ ✭✷✳✶✮ ✐♥t♦ ❊q✉❛t✐♦♥ ✭✷✳✷✮ ❛♥❞ t❤❡♥ ❝♦♠♣✉t✐♥❣ t❤❡ t♦t❛❧ ❞❡r✐✈❛t✐✈❡

♦❢ M⃗ ♣r♦❥❡❝t❡❞ ✐♥ ❞✐r❡❝t✐♦♥ ③✱ t❤❛t ✐s ❝❛❧❧❡❞ Mz✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❞❡✜♥❡ t❤❡ t♦rq✉❡ ✭T ✮

❛♣♣❧✐❡❞ t♦ t❤❡ s②st❡♠ ✧t✉r❜♦♠❛❝❤✐♥❡✧✳ ❚❤❡ r❡s✉❧t✐♥❣ ❡①♣r❡ss✐♦♥ ✐s✿

T =
DMz

Dt
=

∂Mz

∂t
+

∫

S

r⃗ × ρV⃗ (V⃗ · n⃗) dS =

∫

S

r⃗ × σ⃗n dS +

∫

Ω

r⃗ × f⃗ dΩ + Tex, ✭✷✳✸✮

✇✐t❤ S t❤❛t ✐s t❤❡ ❝♦♥tr♦❧ ✈♦❧✉♠❡ ✭❝✳✈✳✮ s✉r❢❛❝❡✱ Ω t❤❡ ❝✳✈✳ ✈♦❧✉♠❡ ❛♥❞ Tex t❤❡ ❡①t❡r♥❛❧

t♦rq✉❡ ❛♣♣❧✐❡❞ t♦ t❤❡ s❤❛❢t✳ ❘❡❢❡rr✐♥❣ t♦ ❋✐❣✉r❡ ✷✳✹✱ t❤❡ ❢♦❧❧♦✇✐♥❣ ❤②♣♦t❤❡s✐s ❝❛♥ ❜❡ ♠❛❞❡✿

❼ S = S1 + S2 + S3 + S4 + Sn❀

❼
∂
∂t

= 0✱ st❡❛❞② st❛t❡❀

❼ S3 and S4✱ ♥♦ ✢♦✇ r❛t❡✳

❚❤❡♥✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ r❡✇r✐t❡ t❤❡ t❡r♠s ✐♥ ❊q✉❛t✐♦♥ ✭✷✳✸✮ ❛s ❢♦❧❧♦✇✐♥❣✿

❼

{

r⃗ × ρV⃗ = rρVt

V⃗ · n⃗ = Vn

−→
∫

S
r⃗ × ρV⃗ (V⃗ · n⃗) dS =

∫

S
rρVtVn dS✳



✶✵ ✷⑤ ❚❤❡♦r❡t✐❝❛❧ ❇❛❝❦❣r♦✉♥❞

▼♦r❡♦✈❡r✱ t❤✐s ❧❛st ❡①♣r❡ss✐♦♥ ❝❛♥ ❜❡ r❡✇r✐tt❡♥ ❛s ❛ t❡r♠ ❛✈❡r❛❣❡ ✐♥ t✐♠❡ ♣❧✉s ❛ t❡r♠

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

✐s✿
∫

S

rρVtVn dS =

∫

S

r ρVtVn dS +
✟
✟✟Tturb =

∫

S2

r Vt dṁ−
∫

S1

r Vt dṁ;

❼
∂Mz

∂t
= 0❀

❼

∫

Ω
r⃗ × f⃗ dΩ = 0✱ ❜❡❝❛✉s❡ t❤❡r❡ ✐s ♥♦ ✇❡✐❣❤t ❝♦♥tr✐❜✉t✐♦♥ ✐♥ t❤❡ t♦rq✉❡❀

❼

∫

S
r⃗ × σ⃗n dS = Tτ ✱ t❤❛t ✐s ❛ t♦rq✉❡ t❤❛t ❛❝ts ❛❧✇❛②s ❛❣❛✐♥st t❤❡ r♦t❛t✐♦♥❛❧ s♣❡❡❞✳

■t ✐s ❞✉❡ t♦ ❢r✐❝t✐♦♥✳

❙✉❜st✐t✉t✐♥❣ t❤❡♠ ✐♥t♦ ❊q✉❛t✐♦♥ ✭✷✳✸✮ t❤❡ r❡s✉❧t ✐s✿

∫

S2

r Vt dṁ−
∫

S1

r Vt dṁ− Tτ = Tex. ✭✷✳✹✮

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

♦❜t❛✐♥ t❤❡ ♣♦✇❡r ❜❛❧❛♥❝❡✿

ω r2V2t ṁ− ω r1V1t ṁ− Pτ = Pex, ✭✷✳✺✮

❆♥❞ ❞✐✈✐❞✐♥❣ ❢♦r ṁ✱ t❤❡ ✇♦r❦ ❜❛❧❛♥❝❡ ❝❛♥ ❜❡ ♦❜t❛✐♥❡❞✿

ω r2V2t − ω r1V1t − Lτ = Lex. ✭✷✳✻✮

❈♦♥s✐❞❡r✐♥❣ ❛♥ ✐❞❡❛❧ ❝❛s❡✱ ❛♥❞ s♦ Lτ = 0✱ r❡♠❡♠❜❡r✐♥❣ t❤❛t t❤❡ r♦t♦r ♣❡r✐♣❤❡❛❧ s♣❡❡❞

U ✐s ❞❡✜♥❡❞ ❛s U = ω r ❛♥❞ s✐♠♣❧✐❢②✐♥❣ t❤❡ ♥♦t❛t✐♦♥✱ t❤❡ ❊✉❧❡r ✇♦r❦ ❡q✉❛t✐♦♥ ❝❛♥ ❜❡

✇r✐tt❡♥ ❛s✿

LEul = U2V2t − U1V1t. ✭✷✳✼✮

❚❤✐s ❡q✉❛t✐♦♥ ❞❡s❝r✐❜❡s t❤❡ ✇♦r❦ ❡①❝❤❛♥❣❡❞ ❜❡t✇❡❡♥ ❜❧❛❞❡s ❛♥❞ ✢✉✐❞ ❛♥❞ ✐♥ t❤✐s ❝❛s❡

✐s ❞❡✜♥❡❞ ❛s [ J
kg
]✳ ■t ✐s ✐♠♣♦rt❛♥t t♦ ♥♦t❡ t❤❛t LEul > 0 ♠❡❛♥s t❤❛t t❤❡ ✢✉✐❞ ❡♥❡r❣②

✐s ✐♥❝r❡❛s✐♥❣✱ t❤❡r❡❢♦r❡ t❤✐s ✐s t❤❡ ❝❛s❡ ♦❢ ❛ ❝♦♠♣r❡ss♦r✳ ❚❤❡ ♦♣♣♦s✐t❡ ✐s ❢♦r t✉r❜✐♥❡s✳

❊q✉❛t✐♦♥ ✭✷✳✼✮ ❝♦♥✜r♠s ❛❧s♦ ✇❤❛t ✇❛s ✇r✐tt❡♥ ❜❡❢♦r❡ ❛❜♦✉t r♦t♦r ❛♥❞ st❛t♦r✳ ■♥ ❛ st❛t♦r

U2 = U1 = 0 ❛♥❞ s♦ ✐t ❝❛♥✬t ❡①❝❤❛♥❣❡ ❡♥❡r❣② ✇✐t❤ t❤❡ ✢✉✐❞✳



✷⑤ ❚❤❡♦r❡t✐❝❛❧ ❇❛❝❦❣r♦✉♥❞ ✶✶

❱❡❧♦❝✐t② tr✐❛♥❣❧❡

■♥ ❛ str❡❛♠ t❤❛t ✐s ❛❞✐❛❜❛t✐❝✱ t❤r♦✉❣❤ t❤❡ ❡♥❡r❣② ❝♦♥s❡r✈❛t✐♦♥ t❤❡ t♦t❛❧ ❡♥t❛❧♣❤② ✭ht✮ ❝❛♥

❜❡ ❞❡✜♥❡❞ ❛s ❬✶✷❪✿

ht = h+
V 2

2
. ✭✷✳✽✮

■♥ t❤✐s ❡①♣r❡ss✐♦♥ h ✐s t❤❡ st❛t✐❝ ❡♥t❤❛♣❧② ❛♥❞ V ✐s t❤❡ ❛❜s♦❧✉t❡ ✈❡❧♦❝✐t②✳ V ✐s ❝♦♠♣♦s❡❞

♦❢ t❤r❡❡ t❡r♠s✿ ❛①✐❛❧ ✭Vz✮✱ t❛♥❣❡♥t✐❛❧ ✭Vt✮ ❛♥❞ r❛❞✐❛❧ ✭Vr✮✳ ❚❤❡s❡ ❛r❡ ❞❡✜♥❡❞ ❛❝❝♦r❞✐♥❣ t♦

t❤❡ ❝②❧✐♥❞r✐❝❛❧ s②st❡♠ ♦❢ ❝♦♦r❞✐♥❛t❡s ✐♥ ❋✐❣✉r❡ ✷✳✺✳

❋✐❣✉r❡ ✷✳✺✿ ❆①✐❛❧ t✉r❜♦♠❛❝❤✐♥❡✿ ❝②❧✐♥❞r✐❝❛❧ ❝♦♦r❞✐♥❛t❡ ❬✶✷❪✳ ❚❤❡ ✈❡❧♦❝✐t② ✈❡❝t♦r ✐s ❞❡✜♥❡❞

❛s V⃗ = Vr i⃗r + Vt i⃗t + Vz i⃗z✳

■t ✐s ✐♠♠❡❞✐❛t❡ t♦ ♥♦t❡ t❤❛t✿

❼ Vz ✐s ❛ss♦❝✐❛t❡❞ t♦ t❤❡ ♠❛ss ✢♦✇✱ s♦ ❢♦r ❝♦♥t✐♥✉✐t② Vz = cost.❀

❼ Vn ✐s ❛ss♦❝✐❛t❡❞ t♦ t❤❡ r❛❞✐❛❧ ❡q✉✐❧✐❜r✐✉♠✱ ❤❡♥❝❡ ✐t ✇✐❧❧ ❜❡ ♥♦t ❝♦♥s✐❞❡r❡❞❀

❼ Vt ✐s ❛ss♦❝✐❛t❡❞ t♦ t❤❡ ❊✉❧❡r ✇♦r❦✱ s♦ ✐♥ ❛ ❝♦♠♣r❡ss♦r r♦t♦r st❛❣❡ t❤✐s ✈❡❧♦❝✐t②

✐♥❝r❡❛s❡s ❜❡❝❛✉s❡ t❤❡ ✢✉✐❞ ❡♥❡r❣② ✐s ✐♥❝r❡❛s✐♥❣✳

❯s✐♥❣ t❤❡ ❡♥t❤❛❧♣② ❞❡✜♥✐t✐♦♥ h = Cp T ❛♥❞ ❛❢t❡r s♦♠❡ ♣❛ss❛❣❡s✱ t❤❡ ❊q✉❛t✐♦♥ ✭✷✳✽✮ ❝❛♥

❜❡ r❡✇r✐tt❡♥ ✐♥ t❡r♠s ♦❢ t♦t❛❧ t❡♠♣❡r❛t✉r❡✿

Tt = T +
V 2

2Cp

. ✭✷✳✾✮

■❢ t❤❡ ♣r♦❝❡ss ✐s ❛❧s♦ ✐s♦❡♥tr♦♣✐❝✱ st❛rt✐♥❣ ❢r♦♠ ❊q✉❛t✐♦♥ ✭✷✳✾✮ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❞❡✜♥❡ ❛❧s♦

t❤❡ t♦t❛❧ ♣r❡ss✉r❡✿

Pt = P
(Tt

T

)
γ

γ−1
. ✭✷✳✶✵✮

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



✶✷ ✷⑤ ❚❤❡♦r❡t✐❝❛❧ ❇❛❝❦❣r♦✉♥❞

❝♦♥tr✐❜✉t✐♦♥ ❛♥❞✱ ✐♥ ❛♥ ✐❞❡❛❧ ❝❛s❡✱ ♦♥❧② r♦t♦r ❝♦♠♣♦♥❡♥ts ❝❛♥ ❝❤❛♥❣❡ t❤❡s❡ q✉❛♥t✐t✐❡s

❜❡❝❛✉s❡ t❤❡② ❝❛♥ ✈❛r② t❤❡ ✢✉✐❞ ❡♥❡r❣②✳ ❙t❛t♦r ❝♦♠♣♦♥❡♥ts ❝❛♥ ♦♥❧② ✐♥❝r❡❛s❡ ♣r❡ss✉r❡

✇❤✐❧❡ r❡❞✉❝✐♥❣ ✈❡❧♦❝✐t② ♦r ✈✐❝❡✈❡rs❛✱ t❤❡② ❝❛♥✬t ❝❤❛♥❣❡ t❤❡ ❡♥❡r❣② s②st❡♠✳

❚❤❡ ❞❡t❛✐❧❡❞ ✈❡❧♦❝✐t② tr✐❛♥❣❧❡s ✐♥ ❛♥ ❛①✐❛❧ ❝♦♠♣r❡ss♦r st❛❣❡ ❛r❡ ✐❧❧✉str❛t❡❞ ✐♥ ❋✐❣✉r❡ ✷✳✻✳

❋✐❣✉r❡ ✷✳✻✿ ❆①✐❛❧ ❝♦♠♣r❡ss♦r✿ ❘♦t♦r✲❙t❛t♦r st❛❣❡ ❬✸✷❪✳

■♥ ❋✐❣✉r❡ ✷✳✻ t❤❡ s✉❜s❝r✐♣t ❘ ✐s ❢♦r t❤❡ r♦t♦r ❛♥❞ ❙ ❢♦r t❤❡ st❛t♦r✱ ♠❡❛♥✇❤✐❧❡ t❤❡ s✉❜s❝r✐♣t

✶ ✐s ❢♦r t❤❡ ❝♦♠♣♦♥❡♥t ✐♥❧❡t ❛♥❞ ✷ ❢♦r t❤❡ ❝♦♠♣♦♥❡♥t ♦✉t❧❡t ❬✸✷❪✳ ❋♦r s✐♠♣❧✐❝✐t②✱ t❤❡ ✢✉✐❞

❡♥t❡rs t❤❡ r♦t♦r ❛①✐❛❧❧② ✇✐t❤ ❛♥ ❛❜s♦❧✉t❡ ✐♥❧❡t ✈❡❧♦❝✐t② V⃗1,R✳ ❙✉❜tr❛❝t✐♥❣ ✈❡❝t♦r✐❛❧❧② t❤❡

❜❧❛❞❡ s♣❡❡❞ U⃗ ❣✐✈❡s t❤❡ ✐♥❧❡t r❡❧❛t✐✈❡ ✈❡❧♦❝✐t② W⃗1,R ❛t ❛♥❣❧❡ β1,R✳ ◆♦t❡ t❤❛t W⃗1,R ✐s ❛❧♠♦st

♣❛r❛❧❧❡❧ t♦ t❤❡ r♦t♦r ❜❧❛❞❡ ❛♥❣❧❡ ❛t t❤❡✐r ❧❡❛❞✐♥❣ ❡❞❣❡ ❛t ❞❡s✐❣♥ ❝♦♥❞✐t✐♦♥✳ ❲❤✐❧❡ ♣❛ss✐♥❣

t❤r♦✉❣❤ t❤❡ r♦t♦r✱ t❤❡ ✢♦✇ ✐s t✉r♥❡❞ t♦ t❤❡ ❞✐r❡❝t✐♦♥ β2,R ❛t ♦✉t❧❡t ✇✐t❤ ❛ r❡❧❛t✐✈❡ ✈❡❧♦❝✐t②

W⃗2,R✳ ❚❤✐s t✉r♥✐♥❣ ∆β ❝❛♥ ❜❡ r❡✢❡❝t❡❞ ❜② t❤❡ ✐♥❝r❡❛s❡ ♦❢ t❤❡ t❛♥❣❡♥t✐❛❧ ✈❡❧♦❝✐t② ♦❢ t❤❡

✢✉✐❞ ∆Vt ❛♥❞ s♦ t♦ ❡♥❡r❣② tr❛♥s❢❡r ❢r♦♠ t❤❡ r♦t♦r t♦ t❤❡ ✢✉✐❞✳ ❖♥ t❤❡ ♦t❤❡r ❤❛♥❞✱ t❤❡

✢✉✐❞ ❛♣♣r♦❛❝❤❡s t❤❡ st❛t♦r ✇✐t❤ ❛♥ ❛❜s♦❧✉t❡ ✈❡❧♦❝✐t② V⃗1,S = V⃗2,R✱ ❜② ❛❞❞✐♥❣ ✈❡❝t♦r✐❛❧❧②

t❤❡ ❜❧❛❞❡ s♣❡❡❞ U⃗ t♦ W⃗2,R ❛t ♦✉t❧❡t ♦❢ t❤❡ r♦t♦r✳ ❲❤❡♥ ♣❛ss✐♥❣ t❤r♦✉❣❤ t❤❡ st❛t♦r✱ t❤❡

✢♦✇ ✐s ❞✐✛✉s❡❞ ❛♥❞ ❞❡✢❡❝t❡❞ t♦✇❛r❞s t❤❡ ❛①✐s ❛♥❞ ❣❡ts ❛♥ ♦✉t❧❡t ✈❡❧♦❝✐t② V⃗2,S ✳ ❚❤❡ ✇♦r❦

✐s ✵ ❛♥❞ st❛t✐❝ ♣r❡ss✉r❡ ✐s r❡❝♦✈❡r❡❞✳

✷✳✶✳✷✳ ❈♦✉♥t❡r✲r♦t❛t✐♥❣ ❢❛♥

❆ ❈❘ ❢❛♥ ❝♦♥s✐sts ♦❢ t✇♦ ❝♦✉♥t❡r✲r♦t❛t✐♥❣ r♦t♦rs ❬✸✷❪✱ ❝❛❧❧❡❞ r❡s♣❡❝t✐✈❡❧② ❢r♦♥t r♦t♦r ✭❋❘✮

❛♥❞ r❡❛r r♦t♦r ✭❘❘✮✳ ❊❛❝❤ ♦❢ t❤❡♠ ✐s ❧♦❝❛t❡❞ ♦♥ ✐ts s❤❛❢t ❛♥❞ t❤❡r❡ ✐s ♥♦ st❛t♦r ✐♥ ❜❡t✇❡❡♥✳

❆♥ ❡①❛♠♣❧❡ ✐s r❡♣♦rt❡❞ ✐♥ ❋✐❣✉r❡ ✷✳✼✳



✷⑤ ❚❤❡♦r❡t✐❝❛❧ ❇❛❝❦❣r♦✉♥❞ ✶✸

❋✐❣✉r❡ ✷✳✼✿ ❙❛❢r❛♥ ♦♣❡♥ r♦t♦r ♠♦❞❡❧✱ ✷✵✶✼

❋r♦♠ ❋✐❣✉r❡ ✷✳✽✱ ✐t ❝❛♥ ❜❡ s❡❡♥ t❤❛t t❤❡ r❡❧❛t✐✈❡ ✈❡❧♦❝✐t② ❛t t❤❡ ✐♥❧❡t ♦❢ t❤❡ ❘❘ ✭W⃗1,RR✮

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

s♦ t♦ t❤❡ ✈❡❝t♦r✐❛❧ s✉♠ U⃗FR + U⃗RR✳ ❚❤❡♥✱ t❤❡ ❛✐r ❡♥t❡rs ✐♥ t❤❡ ❘❘ t❤❛t ♥♦t ♦♥❧② r❡❝♦✈❡rs

t❤❡ st❛t✐❝ ♣r❡ss✉r❡✱ ❜✉t ❛❧s♦ s✉♣♣❧✐❡s ❡♥❡r❣② t♦ t❤❡ ✇♦r❦✐♥❣ ✢✉✐❞✳ ❋r♦♠ ❛ ✜rst ❝♦♠♣❛r✐s♦♥

❜❡t✇❡❡♥ t❤❡ ❝❧❛ss✐❝ ❛①✐❛❧ ❝♦♠♣r❡ss♦r st❛❣❡ ❛♥❞ ❛ ❈❘ ❢❛♥ ❡♠❡r❣❡s t❤❛t ❈❘ ❢❛♥s ❝❛♥ ❜❡

✈❡r② ✉s❡❢✉❧✳ ■♥ ❢❛❝t✱ ❜♦t❤ ✐♥ t❤❡ ❋❘ ❛♥❞ ❘❘ t❤❡ ❣❛s ❡♥❡r❣② ✐s ✐♥❝r❡❛s❡❞✳ ❚❤❡s❡ ♠❛❝❤✐♥❡s

❤❛✈❡ t❤❡ ♣♦t❡♥t✐❛❧ t♦ ❜❡ ❜❡tt❡r ✇✐t❤ r❡s♣❡❝t t❤❡ ❝❧❛ss✐❝ ♦♥❡s✱ ❜✉t ✉♥❢♦rt✉♥❛t❡❧② ♣r❡s❡♥t

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

❧✐♥❡s✳

❋✐❣✉r❡ ✷✳✽✿ ❈♦✉♥t❡r✲r♦t❛t✐♥❣ ❢❛♥✿ ❝♦✉♥t❡r ❘♦t♦r✲❘♦t♦r st❛❣❡ ❬✸✷❪

❆ ❜r✐❡❢ ❧✐t❡r❛t✉r❡ r❡✈✐❡✇

❖♥❡ ♦❢ t❤❡ ✜rst r❡s❡❛r❝❤❡s ❛❜♦✉t t❤❡ ❝♦✉♥t❡r✲r♦t❛t✐♥❣ ♠❛❝❤✐♥❡s ✇❛s ❞♦♥❡ ❜② ▲❡s❧❡❝ ❬✶✽❪✱

t❤❛t tr✐❡❞ t♦ ✜♥❞ ♦✉t t❤❡ ❝♦♥❞✐t✐♦♥ ♦❢ ♠❛① t❤r✉st ✐♥ t❤❡ ❝❛s❡ ♦❢ t✇♦ ❈❘ ♣r♦♣❡❧❧❡rs✳ ❍❡

t❡st❡❞ ❛❧s♦ t❛♥❞❡♠ ❛✐r ♣r♦♣❡❧❧❡rs ❬✶✾❪ ❛♥❞ ❤❡ ❞❡♠♦str❛t❡❞ t❤❛t✱ ❛t t❤❡ s❛♠❡ r♦t❛t✐♦♥❛❧

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

✐s ♣♦ss✐❜❧❡✳ ❚✇♦ ②❡❛rs ❧❛t❡r✱ ▲❡s❧❡② t❡st❡❞ t❤❡ t❛♥❞❡♠ ❝♦♥✜❣✉r❛t✐♦♥ ✇✐t❤ t❤r❡❡ ❜❧❛❞❡s ♣❡r

♣r♦♣❡❧❧❡r ❬✷✵❪✳ ❍❡ ♣♦✐♥t❡❞ ♦✉t t❤❛t t❤❡ t❛♥❞❡♠ ♣r♦♣❡❧❧❡rs ❤❛❞ ✷ t♦ ✶✺ ✪ ❣r❡❛t❡r ♠❛①✐♠✉♠



✶✹ ✷⑤ ❚❤❡♦r❡t✐❝❛❧ ❇❛❝❦❣r♦✉♥❞

❡✣❝✐❡♥❝② t❤❛♥ t❤❡ s✐♥❣❧❡ s✐① ❜❧❛❞❡ ♣r♦♣❡❧❧❡r✳ ❆❢t❡r t❤❛t✱ s❡✈❡r❛❧ r❡❛s❡❛r❝❤❡s ✇❡r❡ ❞♦♥❡

❛❜♦✉t ❈❘ ♠❛❝❤✐♥❡s✳ ❙♦♠❡ ♦❢ t❤❡♠ ❡st✐♠❛t❡❞ t❤❛t ✇✐t❤ t❤❡ ✉s❡ ♦❢ ❞✉❝t❡❞ ♦r ✉♥❞✉❝t❡❞ ❈❘

❢❛♥s ✐s ♣♦ss✐❜❧❡ t♦ s❛✈❡ ❢✉❡❧ ✉♣ t♦ 35%✳ ❙❝❤✐♠♠✐♥❣ ❬✷✻❪ ❝♦♥❞✉❝t❡❞ s❡✈❡r❛❧ ❡①♣❡r✐♠❡♥ts ♦♥

t❤❡ ❈❘ s❤r♦✉❞❡❞ ❢❛♥✱ ❞❡♠♦♥str❛t✐♥❣ t❤❛t t❤❡s❡ ♣r♦♣✉❧s♦rs ❛r❡ ❛ ✈❛❧✐❞ ❛❧t❡r♥❛t✐✈❡ ❢♦r ❤✐❣❤

❜②♣❛ss ❡♥❣✐♥❡s✳ ■♥ ❢❛❝t✱ ❜❡❝❛✉s❡ ♦❢ t❤❡ s✇✐r❧✲❢r❡❡ ❡①✐t ✢♦✇✱ t❤❡② ❤❛✈❡ ❛♥ ❤✐❣❤❡r ❡✣❝✐❡♥❝②

❝♦♠♣❛r❡❞ t♦ t❤❡ ❝❧❛ss✐❝ ♣r♦♣✉❧s♦rs✳ ❚❤❡ ♣r♦❜❧❡♠✱ ✐♥ ♣❛rt✐❝✉❧❛r ❢♦r ♦♣❡♥ r♦t♦r ❈❘ ❢❛♥s✱ ✐s

t❤❡ ❤✐❣❤ ❧❡✈❡❧ ♦❢ ♥♦✐s❡ ♣r♦❞✉❝❡❞ ❜② t❤✐s ❝♦♥✜❣✉r❛t✐♦♥✳ ❖t❤❡rs r❡❧❡✈❛♥t r❡❛s❡❛r❝❤❡s ❛r❡ t❤❡

♦♥❡s ❞♦♥❡ ❜② ❨♦✉♥❣ ❬✸✾❪ ❛♥❞ ❲✐❧❝♦① ❬✸✽❪✱ t❤❛t ✐♥ t❤❡ ✶✾✺✵s ♣r♦♣♦s❡❞ ❛ ❈❘ ❝♦♥✜❣✉r❛t✐♦♥

❢♦r ❝♦♠♣r❡ss✐♦♥ ✐♥ ♦r❞❡r t♦ ❛❝❤✐❡✈❡ ❛♥ ❤✐❣❤❡r ♣r❡ss✉r❡ r✐s❡✳ ❚❤❡♥✱ ❙❤❛r♠❛ ❡t ❛❧✳ ❬✷✾❪ ❬✷✽❪

❛♥❞ ❘♦② ❡t ❛❧✳ ❬✷✹❪ ❡①♣❧♦r❡❞ t❤r♦✉❣❤ ❡①♣❡r✐♠❡♥t❛❧ ✇♦r❦s t❤❡ ❜❡♥❡✜ts ♦❢ ❛ ❈❘ ❢❛♥ ❝♦♥❝❡♣t

❢♦r ❧♦✇ ♣r❡ss✉r❡ ❝♦♥✜❣✉r❛t✐♦♥✳ ❆❧s♦ ◆❡✇t♦♥ ❬✷✷❪✱ ❙❛✉♥❞❡r ❛♥❞ ●❧❛ss♠❛♥ ❬✷✺❪ st✉❞✐❡❞

t❤✐s ❝♦♥❝❡♣t ❛♥❞ t❤❡② r❡❝♦❣♥✐③❡❞ ✐ts ♣♦t❡♥t✐❛❧ t♦ s✐❣♥✐✜❝❛♥t❧② r❡❞✉❝❡ ❢✉❡❧ ❝♦♥s✉♠♣t✐♦♥ ✐♥

❤✐❣❤✲❜②♣❛ss ❡♥❣✐♥❡s✳ ■♥ ❣❡♥❡r❛❧✱ ❛ ❧♦t ♦❢ r❡s❡❛r❝❤❡s ❛r❡ ❛❜♦✉t ♣❛r❛♠❡t❡r ✐♥✢✉❡♥❝❡ ✐♥ ❈❘

♠❛❝❤✐♥❡s✳ ❋♦r ❡①❛♠♣❧❡✱ ✐♥ ✶✾✾✻ ❙❤❛r♠❛ ❡t ❛❧✳ ❬✸❪ ♣r❡s❡♥t❡❞ ❛ r❡✈✐❡✇ ♦❢ t❤❡ ❛❡r♦❞②♥❛♠✐❝

❛♥❞ ❛❡r♦❛❝✉st✐❝ ❛s♣❡❝t ♦❢ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❛ ❞✉❝t❡❞ s✐♥❣❧❡ st❛❣❡ ❈❘ ❛①✐❛❧ ✢♦✇ ❝♦♠♣r❡ss♦r✳

■♥ t❤❛t ♣❛♣❡r ✇❡r❡ ❛❧s♦ ❞✐s❝✉ss❡❞ t❤❡ ❡✛❡❝ts ♦❢ s♦♠❡ ♣❛r❛♠❡t❡rs✿

❼ s♣❡❡❞ r❛t✐♦✱ ❞❡✜♥❡❞ ❛s ❢r♦♥t r♦t♦r ✈❡❧♦❝✐t② ♦✈❡r r❡❛r r♦t♦r ✈❡❧♦❝✐t②❀

❼ ❤✉♥✲t✐♣ r❛t✐♦❀

❼ ✐♥❧❡t ✢♦✇ ❞✐st♦rs✐♦♥❀

❼ ❝❛s✐♥❣ tr❡❛t♠❡♥t✳

❲❤❛t ✇❛s ❞❡♠♦♥str❛t❡❞ ✐s t❤❛t ❛♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡ s♣❡❡❞ r❛t✐♦ ♣r♦✈✐❞❡s ❛♥ ✐♠♣r♦✈❡♠❡♥t ✐♥

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

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

s✉✐t❛❜❧❡ ❛①✐❛❧ ❣❛♣✳ ▼♦r❡♦✈❡r✱ ❛♥ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❤✉❜✲t✐♣ r❛t✐♦ ✐s ❛❧s♦ ❢♦✉♥❞ t♦ ✐♠♣r♦✈❡ t❤❡

❛❡r♦❞②♥❛♠✐❝ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❛ ❈❘ st❛❣❡ ❛♥❞ t❤❡ st❛❧❧ ✢♦✇ ♠❛r❣✐♥ s❤♦✇s ❛ ❝♦♥s✐❞❡r❛❜❧❡

✐♠♣r♦✈❡♠❡♥t✳ ❙❤❛r♠❛ ❡t ❛❧✳ ❢♦✉♥❞ ❞✐✣❝✉❧t✐❡s ✐♥ ❞❡✜♥✐♥❣ t❤❡ ❘❡②♥♦❧❞s ♥✉♠❜❡r✱ ❛s t❤❡

r❡❧❛t✐✈❡ ✢♦✇ ✈❡❧♦❝✐t✐❡s ❢♦r t❤❡ r♦t♦rs ❛r❡ s✐❣♥✐✜❝❛♥t❧② ❞✐✛❡r❡♥t✳ ❆♥♦t❤❡r ✐♠♣♦rt❛♥t r❡s❡❛r❝❤

✇❛s ❞♦♥❡ ❜② ❙❤✐❣❡♠✐ts✉ ❡t ❛❧✳ ❬✸✵❪ t❤❛t✱ ❜② ❜♦t❤ ❡①♣❡r✐♠❡♥ts ❛♥❞ ♥✉♠❡r✐❝❛❧ s✐♠✉❧❛t✐♦♥s✱

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

♦❢ s♠❛❧❧✲s✐③❡ ❈❘ ❛①✐❛❧ ❢❛♥s✳ ❋r♦♠ st❛t✐❝ ♣r❡ss✉r❡ r✐s❡ ❝✉r✈❡s✱ t❤❡② ♥♦t✐❝❡❞ t❤❛t t❤❡ st❛t✐❝

♣r❡ss✉r❡ ✇❛s ❛❧♠♦st ❝♦♥st❛♥t ❛s t❤❡ ❛①✐❛❧ s♣❛❝✐♥❣ ✇❛s ❁ ✸✵ ❬♠♠❪✱ ❜✉t ❞❡❝r❡❛s❡❞ ❢♦r ❤✐❣❤❡r

✈❛❧✉❡s ♦❢ ❛①✐❛❧ s♣❛❝✐♥❣✳ ■t ❝♦✉❧❞ ❜❡ ❝♦♥❝❧✉❞❡❞ t❤❛t t❤❡r❡ ✐s ❛ ❧✐♠✐t ❛①✐❛❧ ❞✐st❛♥❝❡✱ ❜❡②♦♥❞

✇❤✐❝❤ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ❞❡t❡r✐♦r❛t❡s✳ ❚❤❡ ❧❛st ♣r❡s❡♥t❡❞ r❡s✉❧t ✐s t❤❡ ♦♥❡ ♦❢ ▼✐♥str② ❡t

Pr❛❞❡❡♣ ❬✷✶❪✱ ✇❤♦ ❢♦✉♥❞ t❤❛t ❛ ❤✐❣❤❡r r♦t❛t✐♦♥❛❧ s♣❡❡❞ ✐♥ t❤❡ r❡❛r r♦t♦r ❝♦✉❧❞ ✐♠♣r♦✈❡

t❤❡ ♦✈❡r❛❧❧ ♠❛❝❤✐♥❡ ♦♣❡r❛t✐♥❣ r❛♥❣❡ ❛♥❞ ❡✣❝✐❡♥❝②✳



✷⑤ ❚❤❡♦r❡t✐❝❛❧ ❇❛❝❦❣r♦✉♥❞ ✶✺

✷✳✷✳ ▲♦✇ s♣❡❝✐✜❝ ❢✉❡❧ ❝♦♥s✉♠♣t✐♦♥ ❛✐r❝r❛❢t ❡♥❣✐♥❡✿

❚✉r❜♦❢❛♥

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

♣♦✐♥t ♦❢ ✈✐❡✇ ❬✼❪✳ ■♥ ❢❛❝t✱ t❤❡ ❢✉❡❧ ✇❡✐❣❤t ❛t t❛❦❡✲♦✛ ❝❛♥ r❡❛❝❤ ✉♣ t♦ 40% ♦❢ t❤❡ t♦t❛❧

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

❡♥❣✐♥❡ ❤❛s ❛ ✈❡r② ❧♦✇ ❙❋❈✳ ❊♥❣✐♥❡s ✇✐t❤ ✈❡r② ❧♦✇ ❙❋❈ ❛r❡✿ t✉r❜♦❢❛♥s✱ t✉r❜♦♣r♦♣s ❛♥❞

✉♥❞✉❝t❡❞ ❢❛♥s✳ ❚❤❡s❡ ♠❛❝❤✐♥❡s ❛r❡ ❞❡s✐❣♥❡❞ ✇✐t❤ ❤✐❣❤ t✉r❜✐♥❡ ❡♥tr② t❡♠♣❡r❛t✉r❡ ✭TET ✮

❛♥❞ βc t♦ ❛❝❤✐❡✈❡ ❤✐❣❤ t❤❡r♠❛❧ ❡✣❝✐❡♥❝② ❛♥❞ ✇✐t❤ ❤✐❣❤ ❜②♣❛ss r❛t✐♦ ✭BPR✮ t♦ ❛❝❤✐❡✈❡

❤✐❣❤ ♣r♦♣✉❧s✐✈❡ ❡✣❝✐❡♥❝②✳ ❚❤❡ ♠❛✐♥ ❡♥❣✐♥❡ t❤❡r♠♦❞②♥❛♠✐❝ ♣❛r♠❛t❡rs ❛r❡✿

❼ TET ❀

❼ βc❀

❼ BPR❀

❼ ṁ✳

❊❛❝❤ ♦♥❡ ♦❢ t❤❡s❡ ❝②❝❧❡ ♣❛r❛♠❡t❡rs ❜r✐♥❣s ❜❡♥❡✜ts ❛♥❞ ❞❡s✐❣♥ ❝❤❛❧❧❡♥❣❡s ✭♦❢t❡♥ ❝♦♥✢✐❝t✲

✐♥❣✮ r❡q✉✐r✐♥❣ ❝♦♠♣r♦♠✐s❡s✳ ❚❤❡✐r s❡❧❡❝t✐♦♥ ❞❡♣❡♥❞s ♦♥ t❤❡ ♠✐ss✐♦♥ r❡q✉✐r❡♠❡♥ts✱ t❤❡

t❡❝❤♥♦❧♦❣② ♠❛t✉r✐t② ❛♥❞ t❤❡ t❡❝❤♥♦❧♦❣② str❡♥❣❤ts ♦❢ t❤❡ ♠❛♥✉❢❛❝t✉r❡r✴s✳ ■♥ t❤❡ ❢♦❧❧♦✇✐♥❣

❧✐♥❡s ✇✐❧❧ ❜❡ ♣r❡s❡♥t❡❞ ❛♥ ❡①♣❧❛♥❛t✐♦♥ ♦❢ ✇❤② t✉r❜♦❢❛♥s ❛r❡ s♦ ✉s❡❞ ✐♥ ❝✐✈✐❧ ❛✈✐❛t✐♦♥ ❬✶✶❪✳

❚✇♦ ✐♠♣♦rt❛♥t r❡q✉✐r❡♠❡♥ts ♦❢ ❛♥ ❛❡r♦❡♥❣✐♥❡ ❛r❡✿ s♠❛❧❧ ✇❡✐❣❤t✴s✐③❡ ❛♥❞ ❧♦✇ ❢✉❡❧ ❝♦♥✲

s✉♠♣t✐♦♥✳ ❯♥❢♦rt✉♥❛t❡❧②✱ t❤❡s❡ t✇♦ r❡q✉✐r❡♠❡♥ts ❛r❡ ✐♥ ❝♦♥✢✐❝t✳ ❋♦r ❡①❛♠♣❧❡ ❛ ♠✐❧✐t❛r②

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

♣♦s✐t❡ ❛♣♣❧✐❡s ❢♦r ❝✐✈✐❧ ❡♥❣✐♥❡s✳ ■♥ ❛ t❤❡r♠♦❞②♥❛♠✐❝ s❡♥s❡ t❤❡ ♣❛r❛♠❡t❡r t❤❛t ✐s ❛ss♦❝✐❛t❡❞

t♦ t❤❡ ❢✉❡❧ ❡❝♦♥♦♠② ✐s t❤❡ s♣❡❝✐✜❝ ❢✉❡❧ ❝♦♥s✉♠♣t✐♦♥ ✭SFC✮✿

SFC =
ṁf

Th

.

■♥st❡❛❞✱ t❤❡ ♦♥❡ ❛ss♦❝✐❛t❡❞ t♦ t❤❡ s✐③❡ ♦❢ t❤❡ ❡♥❣✐♥❡ ✐s t❤❡ s♣❡❝✐✜❝ t❤r✉st ✭Ia✮✿

Ia =
Th

ṁ
.

❚❤❡ ♠❡❛♥✐♥❣ ♦❢ t❤❡ SFC ✐s str❛✐❣❤t❢♦r✇❛r❞✿ ❛t ✜①❡❞ Th ❛ ❧♦✇ ✈❛❧✉❡ ♦❢ SFC ♠❡❛♥s ❛ ❧♦✇

✈❛❧✉❡ ♦❢ ṁf ✳ ❚❤❡ Ia ✐s t❤❡ ✈❛❧✉❡ ♦❢ Th ♣❡r ✉♥✐t ♦❢ ṁ✱ s♦ ❛♥ ❤✐❣❤❡r ✈❛❧✉❡ ♦❢ Ia ♠❡❛♥s ❛ ❧♦✇

✈❛❧✉❡ ♦❢ ṁ✳ ❯s✉❛❧❧② ❛ ❧♦✇ ṁ ✐s ❛ss♦❝✐❛t❡❞ t♦ s♠❛❧❧ ❡♥❣✐♥❡s✳ ❖t❤❡r ❦❡② ❡♥❣✐♥❡ ♣❛r❛♠❡t❡rs

❛r❡ t❤❡ t❤❡r♠❛❧ ❡✣❝✐❡♥❝② ✭ηth✮✱ βc ❛♥❞ t❤❡ t✉r❜♦♠❛❝❤✐♥❡ ❝♦♠♣♦♥❡♥t ✐s❡♥tr♦♣✐❝ ❡✣❝✐❡♥❝②



✶✻ ✷⑤ ❚❤❡♦r❡t✐❝❛❧ ❇❛❝❦❣r♦✉♥❞

✭ηis✮✳ ❚❤❡ t✇♦ ♣❛r❛♠❡t❡rs t❤❛t ❞❡s❝r✐❜❡ t❤❡ ❛❡r♦❡♥❣✐♥❡ ❤❡❛t ❝♦♥✈❡rs✐♦♥✱ ❢r♦♠ ❢✉❡❧ t♦

✉s❡❢✉❧ ✇♦r❦✱ ❛r❡ Ia ❛♥❞ ηth✳ ❚❤❡ ❧❛tt❡r ✐s ❞❡✜♥❡❞ ❛s t❤❡ ❛♠♦✉♥t ♦❢ ✉s❡❢✉❧ ✇♦r❦ ❞❡❧✐✈❡r❡❞

♣❡r ✉♥✐t ♦❢ ❤❡❛t ✐♥♣✉t s✉♣♣❧✐❡❞ ❛♥❞ ✐ts ❞❡✜♥✐t✐♦♥ ✐s✿

ηth =
Pu

ṁf · LHV
.

❚❤❡ ♠❛① ✈❛❧✉❡ ♦❢ TET s❡ts t❤❡ ❛♠♦✉♥t ♦❢ ❡♥❡r❣② t❤❛t ❝❛♥ ❜❡ ❛❞❞❡❞ ✐♥ ❝♦♠♣r❡ss✐♦♥

❛♥❞ ❤❡❛t✐♥❣✳ ❚❤✐s ✈❛❧✉❡ ✐s ❞❡t❡r♠✐♥❡❞ ❜② t❤❡ ♠❛① t❡♠♣❡r❛t✉r❡ t❤❛t t❤❡ t✉r❜✐♥❡ ❜❧❛❞❡s

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

❡✣❝✐❡♥❝② ❣❛s t✉r❜✐♥❡ ♦❢ ❛ ❧❛r❣❡r s✐③❡✱ ✇❤✐❧❡ ♠♦❞❡st ❝♦♠♣r❡ss✐♦♥ ✇✐t❤ ❛ ❧❛r❣❡ ❛♠♦✉♥t ♦❢

❤❡❛t ❛❞❞✐t✐♦♥ ✇✐❧❧ ❞❡❧✐✈❡r ❛ s♠❛❧❧❡r ❜✉t ❧❡ss ❡✣❝✐❡♥t ❡♥❣✐♥❡ ✭❋✐❣✉r❡ ✷✳✾✮✳ ❚❤❡ ❧♦ss❡s ❛r❡

q✉❛♥t✐✜❡❞ ❜② t❤❡ ηis✳

❋✐❣✉r❡ ✷✳✾✿ ❊✛❡❝t ♦❢ βc ♦♥ SFC✱ ηth ❛♥❞ Ia✳ ■t ✐s ♣♦ss✐❜❧❡ t♦ ♦❜s❡r✈❡ t❤❛t SFC ❛♥❞ ηth

❛r❡ ❧✐♥❦❡❞ ❡❛❝❤ ♦t❤❡r✱ ✐♥st❡❛❞ Ia ❤❛s ❛ ❞✐✛❡r❡♥t tr❡♥❞ ❬✶✶❪✳

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

❡①❤❛✉st ❝❛♥ ❜❡ ✇r✐tt❡♥ ❛s✿

Th = ṁ(Vexit − V0) + Aexit(Pexit − Patm),

❲✐t❤ Vexit t❤❛t ✐s t❤❡ ♥♦③③❧❡ ❡①✐t ✈❡❧♦❝✐t②✱ V0 t❤❡ ✢✐❣❤t ✈❡❧♦❝✐t②✱ Aexit t❤❡ ♥♦③③❧❡ ❡①✐t ❛r❡❛✱

Pexit t❤❡ st❛t✐❝ ♣r❡ss✉r❡ ❛t ♥♦③③❧❡ ❡①✐t ❛♥❞ Patm t❤❡ ❛♠❜✐❡♥t ♣r❡ss✉r❡✳ ❲❤❡♥ ♣r♦❞✉❝✐♥❣

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

t❤r✉st✱ s♦♠❡ ♦❢ ✐t ✐s ❧♦st✳ ❚❤❡ ❢r❛❝t✐♦♥ ♦❢ ❦✐♥❡t✐❝ ❡♥❡r❣② ❝♦♥✈❡rt❡❞ ✐♥t♦ t❤r✉st ✐s ❝❛❧❧❡❞



✷⑤ ❚❤❡♦r❡t✐❝❛❧ ❇❛❝❦❣r♦✉♥❞ ✶✼

♣r♦♣✉❧s✐✈❡ ❡✣❝✐❡♥❝② ✭ηprop✮✳ ❚❤❡ ♦✈❡r❛❧❧ ❡♥❣✐♥❡ ❡✣❝✐❡♥❝② ❢♦r ❛ ❥❡t ❡♥❣✐♥❡ ✐s s✐♠♣❧❡✿

ηtot = ηth · ηprop.

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

SFC ∝
1

ηtot
=

1

ηth · ηprop
.

❚❤❡ ❡❛s② ❝♦♥❝❧✉s✐♦♥ ✐s t❤❛t ✐♥ ♦r❞❡r t♦ ✐♥❝r❡❛s❡ SFC ✐s ♣♦ss✐❜❧❡ t♦ ✐♥❝r❡❛s❡ ❜♦t❤ ηth ❛♥❞

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

❡♥❛❜❧❡s ❥❡t ❡♥❣✐♥❡s ❞❡s✐❣♥s ✇✐t❤ ❧♦✇❡r ❡①❤❛✉st ❥❡t ✈❡❧♦❝✐t✐❡s✳ ❚❤✐s s❡❝♦♥❞ str❡❛♠ ✐s ❝❛❧❧❡❞✿

❜②♣❛ss str❡❛♠✳ ❚❤❡ r❛t✐♦ ❜❡t✇❡❡♥ t❤❡ ❜②♣❛ss str❡❛♠ ✭ṁ2✮ ❛♥❞ t❤❡ ❝♦r❡ str❡❛♠ ✭ṁ1✮ ✐s

t❤❡ BPR✿

BPR =
ṁ2

ṁ1

.

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

◆♦✇ s❤♦✉❧❞ ❜❡ ♠♦r❡ ❝❧❡❛r ✇❤② ✐♥ ❝✐✈✐❧ ❛✈✐❛t✐♦♥ t❤❡ t✉r❜♦❢❛♥ ✐s ❛ ✈❡r② ❝♦♠♠♦♥ ❡♥❣✐♥❡✳ ■♥

t❤✐s t❤❡s✐s t❤❡ r❡❢❡r❡♥❝❡ ❡♥❣✐♥❡s ✇✐❧❧ ❜❡ t❤❡ ❈❋▼✺✻✲✼❇✷✹ ❛♥❞ t❤❡ ●❊♥①✲✶❇✻✹✱ t❤❛t ❛r❡

t✇♦ ♦❢ t❤❡ ♠♦st ✉s❡❞ t✉r❜♦❢❛♥s✳

✷✳✸✳ ❍②❜r✐❞ ❛✐r❝r❛❢t ♣r♦♣✉❧s✐✈❡ s②st❡♠s

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

♣♦rt✱ ♠♦✈❡❞ t❤❡ ❡❧❝tr✐❝ ♣r♦♣✉❧s✐♦♥ s②st❡♠s ✐♥t♦ t❤❡ ❢♦❝✉s ♦❢ ❛✈✐❛t✐♦♥ r❡s❡❛r❝❤ ❬✶✺❪✳ ❙♦♠❡

s♠❛❧❧ ❛✐r❝r❛❢ts ❛r❡ ❛❧r❡❛❞② ❡q✉✐♣♣❡❞ ✇✐t❤ ❡❧❡❝tr✐❝ ♣♦✇❡r s②st❡♠s✱ ❜✉t t❤❡r❡ ✐s st✐❧❧ ❛ ❧♦t ♦❢

✇♦r❦ t♦ ❞♦ ❢♦r ❤✐❣❤❡r ♣♦✇❡r ❝❧❛ss ❛✐r❝r❛❢ts✳

✷✳✸✳✶✳ ❍②❜r✐❞ ❝♦♥✜❣✉r❛t✐♦♥s

❚❤✐s ♠❛♥✉s❝r✐♣t ✐s ❛❜♦✉t ❡❧❡❝tr✐❝ ❈❘ ❢❛♥s✳ ■♥ ♦r❞❡r t♦ t❡st t❤❡✐r ♣❡r❢♦r♠❛♥❝❡s ❞✉r✐♥❣

❛ ✢✐❣❤t ♠✐ss✐♦♥✱ ❞✐✛❡r❡♥t ❤②❜r✐❞ ♣r♦♣✉❧s✐♦♥ s②st❡♠s ❝❛♥ ❜❡ ❝♦♥s✐❞❡r❡❞ ❬✶✺❪✿ t❤❡ t✉r❜♦✲

❡❧❡❝tr✐❝ ♣♦✇❡r ❝♦♥tr♦❧❧❡❞ ✭t✉✲❡❧ ♣❝✮✱ t❤❡ t✉r❜♦✲❡❧❡❝tr✐❝ ❞✐r❡❝t ✭t✉✲❡❧ ❞✐r✮✱ t❤❡ ❤②❜r✐❞✲❡❧❡❝tr✐❝

s❡r✐❛❧ ✭❤②✲❡❧ s❡✮ ❛♥❞ t❤❡ ♣✉r❡ ❡❧❡❝tr✐❝ ✭♣✲❡✮✳ ❚❤❡s❡ ❝♦♥✜❣✉r❛t✐♦♥s ❛r❡ r❡♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✲

✉r❡ ✷✳✶✵✳



✶✽ ✷⑤ ❚❤❡♦r❡t✐❝❛❧ ❇❛❝❦❣r♦✉♥❞

AC

GTGEARBOX

✭❛✮ t✉✲❡❧ ❞✐r

AC AC

GT

BATTERY

DC 

DC 

✭❜✮ ❤②✲❡❧ s❡

AC DC AC

GT

✭❝✮ t✉✲❡❧ ♣❝

AC

BATTERY

DC

✭❞✮ ♣✲❡

❋✐❣✉r❡ ✷✳✶✵✿ ❍②❜r✐❞ ♣r♦♣✉❧s✐♦♥ s②st❡♠s✳

■♥ t❤❡ t✉r❜♦✲❡❧❡❝tr✐❝ ❝♦♥❝❡♣t✱ ♦♥❧② t❤❡ t✉r❜♦❣❛s ❣❡♥❡r❛t♦r ✭●❚✮ ♣r♦✈✐❞❡s ❡♥❡r❣② t♦ t❤❡

s②st❡♠✳ ■♥ t❤✐s ❝♦♥❝❡♣t ♦♥❧② ❛ ❧❛r❣❡ ●❚ ✐s ♣r❡s❡♥t✱ ❜❡❝❛✉s❡ ❣❡♥❡r❛❧❧② ❛ ❧❛r❣❡r ●❚ ✐s ♠♦r❡

❡✣❝✐❡♥t ✇✐t❤ r❡s♣❡❝t ❛ s♠❛❧❧❡r ♦♥❡✳ ❚❤❡ ♠❛✐♥ ❞✐s❛❞✈❛♥t❛❣❡ ✇✐t❤ t❤✐s ❝♦♥✜❣✉r❛t✐♦♥✱ ✐s t❤❡

❧♦ss ♦❢ r❡❞✉♥❞❛♥❝②✳ ■t ✐s ♣♦ss✐❜❧❡ t♦ t❤✐♥❦ t♦ t✇♦ ✈❛r✐❛t✐♦♥s ♦❢ t✉r❜♦✲❡❧❡❝tr✐❝ ♣r♦♣✉❧s✐♦♥

s②st❡♠✿

❼ t✉✲❡❧ ♣❝ ✭❋✐❣✉r❡ ✷✳✶✵❝✮✳ ■♥ t❤✐s ❝❛s❡✱ ❜❡t✇❡❡♥ t❤❡ ●❚ ❛♥❞ t❤❡ ❡❧❡❝tr✐❝ ♠♦t♦r✱ ❛

❉❈✴❆❈ ❛♥❞ ❛ ❆❈✴❉❈ ❝♦♥✈❡rt❡r ❛r❡ ♣r❡s❡♥t✳ ❋♦r s✐♠♣❧✐❝✐t②✱ ❢r♦♠ ♥♦✇ ♦♥ ✐♥ t❤✐s

t❤❡s✐s t❤❡ ❉❈✴❆❈ ❛♥❞ t❤❡ ❆❈✴❉❈ ✇✐❧❧ ❜❡ ❝♦♥s✐❞❡r❡❞ ❣❡♥❡r✐❝❛❧❧② ♣♦✇❡r ❡❧❡❝tr♦♥✐❝s✳

■♥ ❢❛❝t✱ ✐♥ t❤✐s ✇♦r❦ t❤❡r❡ ✐s♥✬t ❛ ❞❡t❛✐❧❡❞ ♠♦❞❡❧ ♦❢ t❤❡ ❡❧❡❝tr✐❝ s②st❡♠ ❛♥❞ s♦ t❤❡s❡

t✇♦ ❞❡✈✐❝❡s ❛r❡ ❝♦♥s✐❞❡r❡❞ ❥✉st ❞❡✈✐❝❡s t❤❛t ❝♦♥tr♦❧s t❤❡ ❡❧❡❝tr✐❝ ♣♦✇❡r✳ ❚❤❡ r♦❧❡

♦❢ t❤❡ ♣♦✇❡r ❡❧❡❝tr♦♥✐❝s ✐s t♦ ✜rst ❝♦♥✈❡rt t❤❡ ❝✉rr❡♥t ❢r♦♠ ❆❈✱ t❤❡ ♦♥❡ t❤❛t ❝♦♠❡s

❢r♦♠ t❤❡ ●❚✱ ✐♥ ❤✐❣❤ ✈♦❧t❛❣❡ ❉❈ ✐♥ ♦r❞❡r t♦ r❡❞✉❝❡ t❤❡ ❧♦ss❡s✳ ❚❤❡♥✱ t♦ ❝♦♥✈❡rt ✐t

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

✉s✉❛❧❧② ✐s ✐♥ ❆❈✳ ■♥ t❤✐s ✇❛② t❤❡ ❣❡❛r❜♦① ✐s ♥♦t ♥❡❝❡ss❛r②❀

❼ t✉✲❡❧ ❞✐r ✭❋✐❣✉r❡ ✷✳✶✵❛✮✳ ■♥ t❤✐s ❝❛s❡ t❤❡r❡ ✐s♥✬t t❤❡ ♣♦✇❡r ❡❧❡❝tr♦♥✐❝s✱ ✐♥ ❢❛❝t t❤❡

❣❡♥❡r❛t❡❞ ❡❧❡❝tr✐❝✐t② ✐s ❝♦♥❞✉❝t❡❞ ✇✐t❤♦✉t ❛♥② ❝♦♥✈❡rs✐♦♥ t♦ t❤❡ ♠♦t♦r✳ ❚❤❛t ❝❛✉s❡s

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

s②st❡♠✳ ■♥ ♦r❞❡r t♦ ♠❛t❝❤ t❤❡ ❞✐✛❡r❡♥t r❡q✉❡sts ♦❢ r♦t❛t✐♦♥❛❧ s♣❡❡❞✱ ❛ ❣❡❛r❜♦①

❜❡t✇❡❡♥ t❤❡ ●❚ ❛♥❞ t❤❡ ❡❧❡❝tr✐❝ ❣❡♥❡r❛t♦r ✐s ♥❡❝❡ss❛r②✳

❚❤❡ ❤②❜r✐❞✲❡❧❡❝tr✐❝ ❝♦♥❝❡♣t ✐♥st❡❛❞✱ ✉s❡s ❡♥❡r❣② ❢r♦♠ ❜♦t❤ t❤❡ ●❚ ❛♥❞ t❤❡ ❜❛tt❡r②✳ ❚❤❡

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

❜❡t✇❡❡♥ t❤❡s❡ t✇♦ s♦✉r❝❡s ✐♥ ♦r❞❡r t♦ ♦♣t✐♠✐③❡ t❤❡ ❣❧♦❜❛❧ ❡♥❡r❣② ❝♦♥s✉♠♣t✐♦♥✳ ❚❤❡ ♠❛❥♦r



✷⑤ ❚❤❡♦r❡t✐❝❛❧ ❇❛❝❦❣r♦✉♥❞ ✶✾

❧✐♠✐t❛t✐♦♥ ✐s t❤❡ ❜❛tt❡r② s♣❡❝✐✜❝ ❡♥❡r❣② ✭❙❊ ❬ J
kg
❪✮ ❛♥❞ ♣♦✇❡r ✭❙P ❬W

kg
❪✮✱ ❤❡♥❝❡ t❤❡ ❜❛tt❡r②

✇❡✐❣❤t✳ ■♥ t❤❡ ❝❛s❡ ♦❢ t❤❡ ❤②✲❡❧ s❡ ♣r♦♣✉❧s✐♦♥ s②st❡♠ ✭❋✐❣✉r❡ ✷✳✶✵❜✮✱ t❤❡ ●❚ ❛♥❞ t❤❡

❡❧❡❝tr✐❝ ♣r♦♣✉❧s✐♦♥ ❛r❡ ❞❡❝♦✉♣❧❡❞✳ ❚❤✐s ❧❛②♦✉t ❝♦♠♣r✐s❡s ❛♥ ❡❧❡❝tr✐❝ ❣❡♥❡r❛t♦r ❛♥❞ ❛♥

❡❧❡❝tr✐❝ ♠♦t♦r t❤❛t ✇♦r❦s ✐♥ ❆❈✳ ❙✐♥❝❡ t❤❡ ❜❛tt❡r✐❡s ✇♦r❦ ♦♥❧② ✐♥ ❉❈✱ t❤❡ ♣r❡s❡♥❝❡ ♦❢ t❤❡

♣♦✇❡r ❡❧❡❝tr♦♥✐❝s ✐s ♥❡❝❡ss❛r②✳ ❚❤❡ ❞❡❝♦✉♣❧✐♥❣ ❜❡t✇❡❡♥ t❤❡ t✇♦ ♣♦✇❡r s♦✉r❝❡s ♣❡r♠✐ts t♦

❤❛✈❡ ❛ ❧❛r❣❡ ✢❡①✐❜✐❧✐t② ✐♥ t❤❡ ♣♦✇❡r ♠❛♥❛❣❡♠❡♥t✳ ■♥ ❢❛❝t✱ ❞✉r✐♥❣ t❤❡ ❞✐✛❡r❡♥t ♣❤❛s❡s ♦❢

❛ ✢✐❣❤t ♠✐ss✐♦♥✱ t❤❡ ♣♦✇❡r ❝❛♥ ❝♦♠❡ ♦♥❧② ❢r♦♠ t❤❡ ❜❛tt❡r② ♦r ♦♥❧② ❢r♦♠ t❤❡ ●❚ ♦r ❝♦✉❧❞

❜❡ ❛ tr❛❞❡✲♦✛ ❜❡t✇❡❡♥ t❤❡ t✇♦✳

❚❤❡ ❧❛st ♣♦ss✐❜❧❡ ❝♦♥❝❡♣t ✐s t❤❡ ♣✲❡✳ ❚❤✐s ✐s t❤❡ s✐♠♣❧❡st ❧❛②♦✉t✱ ✐♥ ❢❛❝t t❤❡r❡ ✐s ❛ ❜❛tt❡r②

t❤❛t s✉♣♣❧✐❡s ❡❧❡❝tr✐❝ ♣♦✇❡r t♦ t❤❡ ❡❧❡❝tr✐❝ ♠♦t♦r✳ ■♥ ❜❡t✇❡❡♥ t❤❡r❡ ✐s t❤❡ ♣♦✇❡r ❡❧❡❝tr♦♥✐❝s✳

❚❤❡ ❣❧♦❜❛❧ ❡✣❝✐❡♥❝② ♦❢ t❤✐s s②st❡♠ ✐s ✈❡r② ❤✐❣❤✱ ❜✉t ✉♥❢♦rt✉♥❛t❡❧② t❤❡ ❜❛tt❡r② t❡❝❤♥♦❧♦❣②

✐s ♥♦t ♠❛t✉r❡ ❡♥♦✉❣❤✳ ❆s r❡♣♦rt❡❞ ✐♥ ❬✶✹❪✱ ❢♦r ❛♥ ✉s❡ ✐♥ ❝✐✈✐❧ ❛✈✐❛t✐♦♥ t❤❡ ❜❛tt❡r② s♣❡❝✐✜❝

❡♥❡r❣② s❤♦✉❧❞ ❜❡ ❣r❡❛t❡r t❤❛♥ 800 [Wh
kg

]✱ ✇❤✐❝❤ ✐s ❛❜♦✉t ❢♦✉r t✐♠❡s t❤❡ ❛❝t✉❛❧ ✈❛❧✉❡✳

❚❤❡ ♠❛✐♥ ❢♦❝✉s ♦❢ t❤✐s ♠❛♥✉s❝r✐♣t ✐s ♦♥ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥s✱ ✇❤✐❝❤ ✇✐❧❧ ❜❡ ❝♦♥s✐❞❡r❡❞ ❛❧s♦ ✐♥

❛ ❞✐str✐❜✉t❡❞ ❝♦♥✜❣✉r❛t✐♦♥✳ ❚❤❡ ❧❛②♦✉t ❝♦♥s✐❞❡r❡❞ ✇✐❧❧ ❜❡✿

❼ t✉✲❡❧ ♣❝✱ ❜❡❝❛✉s❡ t❤❡ ♠❛✐♥ ✐❞❡❛ ✐s t♦ ❤❛✈❡ ❛ ●❚ ✇❡❧❧ ❞❡s✐❣♥❡❞ ❛r♦✉♥❞ ❛ s♣❡❝✐✜❝

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

✐♥ ♦r❞❡r t♦ ♠❛t❝❤ ✇✐t❤ t❤❡ ♦♥❡s r❡q✉✐r❡❞ ❜② t❤❡ ❈❘ ❢❛♥s✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ✐♥ t❤❡

❞✐str✐❜✉t❡❞ ♣r♦♣✉❧s✐♦♥ ❝❛s❡✱ t❤❡ ♣♦✇❡r ❡❧❡❝tr♦♥✐❝s ✐s ♥❡❝❡ss❛r② t♦ ❛❞❛♣t t❤❡ r✐❣❤t

♣♦✇❡r ♣❛r❛♠❡t❡rs ❢♦r ❡❛❝❤ ❡♥❣✐♥❡❀

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

❢r❡❡❞♦♠ ❞✉❡ t♦ t❤❡ ❜❛tt❡r② ♣r❡s❡♥❝❡✳

❚✉✲❡❧ ❞✐r ❛♥❞ ♣✲❡ ❝♦♥❝❡♣t ✇✐❧❧ ❜❡ ♥♦t ❝♦♥s✐❞❡r❡❞✱ ❜❡❝❛✉s❡ t❤❡ ❢♦r♠❡r ❤❛s t♦♦ ❧❡ss ✢❡①✐❜✐❧✐t②

❛♥❞ t❤❡ ❧❛tt❡r ❤❛s ❛ ♥♦t r❡❛❞② t❡❝❤♦❧♦❣✐❝❛❧ ❧❡✈❡❧✳

✷✳✸✳✷✳ ❊❧❡❝tr✐❝ ❝♦♠♣♦♥❡♥ts

❆s s✉❣❣❡st❡❞ ❜② ❚r❛✐♥❡❧❧✐ ❡t ❛❧✳ ❬✸✶❪✱ ❢r♦♠ ❛ s②st❡♠ ❛♥❛❧②s✐s ♣♦✐♥t ♦❢ ✈✐❡✇ t❤❡ ❡❧❡❝tr✐❝

❝♦♠♣♦♥❡♥ts ❝❛♥ ❜❡ ❝♦♥s✐❞❡r❡❞ ❛s ❛ ✧❜❧❛❝❦ ❜♦①✧ ❞❡✜♥❡❞ ❜② ❛♥ ❡✣❝✐❡♥❝② ❛♥❞ ❛ s♣❡❝✐✜❝

♣♦✇❡r ✭♦r ❡♥❡r❣②✮✳ ❚❤✐s ✐s ❛ str♦♥❣ s❡♠♣❧✐✜❝❛t✐♦♥✱ ❜✉t t❤❡ ♠❛✐♥ ❛❞✈❛♥t❛❣❡ ✐s t❤❛t t❤❡

❛❧❧ ❝♦♠♣✉t❛t✐♦♥ ✐s s✐♠♣❧❡✳ ❊✈❡♥ ✐❢ t❤❡ r❡s✉❧ts ❛r❡ ♥♦t ❡①tr❡♠❡❧② ♣r❡❝✐s❡✱ t❤❡② ❛r❡ ❣♦♦❞

❡♥♦✉❣❤ ❢♦r ❛ ♣r❡❧✐♠✐♥❛r② ❞❡s✐❣♥✳

❚❤❡ ❡❧❡❝tr✐❝ ♠♦t♦rs✱ t❤❡ ❡❧❡❝tr✐❝ ❣❡♥❡r❛t♦r ❛♥❞ t❤❡ ♣♦✇❡r ❡❧❡❝tr♦♥✐❝s ❛r❡ ❞❡✜♥❡❞ ❜② t❤❡✐r

❡✣❝✐❡♥❝② ❛♥❞ ❙P✱ ❢r♦♠ ✇❤✐❝❤ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❝♦♠♣✉t❡ t❤❡ ❝♦♠♣♦♥❡♥t ✇❡✐❣❤t✳ ❖♥❧② t❤❡

❜❛tt❡r② ❤❛s ❛♥ ❛❞❞✐t✐♦♥❛❧ ♣❛r❛♠❡t❡r✱ ✇❤✐❝❤ ✐s t❤❡ ❙❊✳ ❚❤❡ ❜❛tt❡r② ✇❡✐❣❤t ✐s ♦❜t❛✐♥❡❞ ❛s



✷✵ ✷⑤ ❚❤❡♦r❡t✐❝❛❧ ❇❛❝❦❣r♦✉♥❞

t❤❡ ❧❛r❣❡r ❜❡t✇❡❡♥ t❤❡ ♦♥❡ ♦❜t❛✐♥❡❞ ❜② t❤❡ ❙P ❛♥❞ t❤❡ ♦♥❡ ♦❜t❛✐♥❡❞ ❜② t❤❡ ❙❊✳

✷✳✹✳ ❋❧✐❣❤t ♠✐ss✐♦♥ ❛♥❛❧②s✐s

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

♠✐ss✐♦♥✱ ♣❡r❢♦r♠❡❞ ❜② ❛ st❛♥❞❛r❞ ❝✐✈✐❧ ❛✐r❝r❛❢t ♣r♦♣❡❧❧❡❞ ❜② ❛ t✉r❜♦❢❛♥✱ ❛♥❞ t❤❡ s❛♠❡

✢✐❣❤t ♠✐ss✐♦♥ ✇✐t❤ t❤❡ s❛♠❡ ❛✐r❝r❛❢t✱ ❜✉t ✇✐t❤ ❛ ❞✐✛❡r❡♥t ♣r♦♣✉❧s✐✈❡ s②st❡♠✳ ■♥ ♦r❞❡r t♦

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

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

t❤❡ ❛✐r❝r❛❢t ♠♦❞❡❧ ❛r❡ ♣r❡s❡♥t❡❞✳

✷✳✹✳✶✳ ❆t♠♦s♣❤❡r❡ ♠♦❞❡❧

❚❤❡ ❛t♠♦s♣❤❡r❡ ✐s t❤❡ ♠❡❞✐✉♠ ✐♥ ✇❤✐❝❤ t❤❡ ❛✐r❝r❛❢t ♠♦✈❡s✱ t❤✐s ✐s ✇❤② ✐t ✐s ✐♠♣♦rt❛♥t

t♦ ❝❤♦♦s❡ t❤❡ ❝♦rr❡❝t ♠♦❞❡❧ ❬✶❪✳ ❚❤❡ ❛t♠♦s♣❤❡r❡ ✐s ❛ ♥♦t ❤♦♠♦❣❡♥❡♦✉s ♠✐①t✉r❡ ♦❢ ❞✐✛❡r✲

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

❝♦♥❝❡♥tr❛t✐♦♥ ✈❛r② ✇✐t❤ ❧♦❝❛t✐♦♥✱ ❛❧t✐t✉❞❡✱ s❡❛s♦♥ ❛♥❞ ❛❧s♦ ❢r♦♠ ❞❛② t♦ ♥✐❣❤t✳ ❚❤❡ ✐♥✲

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

✐♠♣♦ss✐❜❧❡ t♦ t❛❦❡ ✐♥ ❛❝❝♦✉♥t ❡✈❡r②t❤✐♥❣✳ ❚❤❡r❡❢♦r❡✱ ✐♥ t❤❡ ♣❛st✱ t❤❡ s❝✐❡♥t✐sts ❞❡✜♥❡❞

t❤❡ ■♥t❡r♥❛t✐♦♥❛❧ ❆t♠♦s♣❤❡r❡ ▼♦❞❡❧ ✭■❙❆✮✱ t❤❛t ✐s ❛ st❛t✐❝ ❛t♠♦s♣❤❡r✐❝ ♠♦❞❡❧ ✐♥ ✇❤✐❝❤

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

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

P0 = 101325 ❬P❛❪✱ ρ0 = 1.225 [ kg
m3 ] ❛♥❞ T0 = 288 ❬❑❪✳ ❚❤❡ ❛✐r ✐s ❝♦♥s✐❞❡r❡❞ ❛ ♣❡r❢❡❝t ❣❛s

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

♠♦❞❡❧ ❛r❡✿

❼ tr♦♣♦s♣❤❡r❡✱ ✐s t❤❡ r❡❣✐♦♥ ❜❡t✇❡❡♥ 0 t♦ 11 ❬❦♠❪ ♦❢ ❛❧t✐t✉❞❡❀

❼ str❛t♦s♣❤❡r❡❀ ✐s t❤❡ r❡❣✐♦♥ ❛❜♦✈❡ 11 ❬❦♠❪ ♦❢ ❛❧t✐t✉❞❡❀

❼ ❤✐❣❤ ❛t♠♦s♣❤❡r❡✱ ✐s t❤❡ r❡❣✐♦♥ ❜❡t✇❡❡♥ 50 t♦ 100 ❬❦♠❪ ♦❢ ❛❧t✐t✉❞❡✳

■♥ t❤✐s t❤❡s✐s ❛❧❧ t❤❡ ✢✐❣❤t ♠✐ss✐♦♥s ❛r❡ ♣❡r❢♦r♠❡❞ ❜❡❧♦✇ 12 ❬❦♠❪✱ s♦ t❤❡ ♠♦❞❡❧s ♦❢ tr♦♣♦✲

s♣❤❡r❡ ❛♥❞ str❛t♦s♣❤❡r❡ ✇❡r❡ ✉s❡❞✳

❚❤❡ ♣❡r❢❡❝t ❣❛s ❡q✉❛t✐♦♥ ✐s ❛ r❡❧❛t✐♦♥ t❤❛t ❧✐♥❦s t❤❡ ♣r❡ss✉r❡ ✭P ✮✱ t❤❡ t❡♠♣❡r❛t✉r❡ ✭T ✮

❛♥❞ t❤❡ ❞❡♥s✐t② ✭ρ✮ t❤r♦✉❣❤ t❤❡ ✉♥✐✈❡rs❛❧ ❣❛s ❝♦♥st❛♥t ❢♦r t❤❡ ❛✐r ✭R✮✳ ■ts ❡①♣r❡ss✐♦♥ ✐s✿

P = ρRT. ✭✷✳✶✶✮



✷⑤ ❚❤❡♦r❡t✐❝❛❧ ❇❛❝❦❣r♦✉♥❞ ✷✶

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

t✐♦♥✿

dP = −ρg dẑ, ✭✷✳✶✷✮

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

T (z) = T0 + Tz z = 288− 0.0065 z. ✭✷✳✶✸✮

❚❤❡♥✱ ❝♦♠❜✐♥✐♥❣ ❊q✉❛t✐♦♥s ✭✷✳✶✶✮✱ ✭✷✳✶✷✮ ❛♥❞ ✭✷✳✶✸✮✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ♦❜t❛✐♥✿

dP

P
= −

g dẑ

R T (z)
, ✭✷✳✶✹✮

❛♥❞ ✐♥t❡❣r❛t✐♥❣ ❊q✉❛t✐♦♥ ✭✷✳✶✹✮ ❜❡t✇❡❡♥ t❤❡ ❣❡♥❡r✐❝ ❛❧t✐t✉❞❡ z ❛♥❞ 0 t❤❡ r❡s✉❧t ✐s✿

ln
P

P0

= −
g

R

∫ z

0

dẑ

T (z)
=

g

R Tz

ln
(

1 +
Tz

T0

z
)

, ✭✷✳✶✺✮

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

P = P0

(

1 +
Tz

T0

z
)

−

g
R Tz

. ✭✷✳✶✻✮

❋✐♥❛❧❧②✱ ρ ❝❛♥ ❜❡ ❝♦♠♣✉t❡❞ ❢r♦♠ ❊q✉❛t✐♦♥ ✭✷✳✶✶✮✳

■♥ t❤❡ str❛t♦s♣❤❡r❡ t❤❡ r❡❧❛t✐♦♥s ❛r❡ s✐♠♣❧❡r✱ ❜❡❝❛✉s❡ t❤❡ T ✐s ❝♦♥st❛♥t ✇✐t❤ t❤❡ ❛❧t✐t✉❞❡✿

T (z) = T = cost. ✭✷✳✶✼✮

❚❤❡ ♣r❡ss✉r❡ ❛t t❤❡ ❣❡♥❡r✐❝ ❛❧t✐t✉❞❡ z > 11000 ❬♠❪ ❝❛♥ ❜❡ ❝♦♠♣✉t❡❞ ❝♦♠❜✐♥✐♥❣ ❊q✉❛✲

t✐♦♥s ✭✷✳✶✼✮ ❛♥❞ ✭✷✳✶✷✮ ❛♥❞ ✐♥t❡❣r❛t✐♥❣ ❢r♦♠ 11000 ❬♠❪ ❛♥❞ z✿

ln
P

P11000

= −
g

R T
(z − 11000) ✭✷✳✶✽✮

❛♥❞ s♦

P = P11000 e−
g

R T
(z−11000). ✭✷✳✶✾✮

❆s ❜❡❢♦r❡✱ ρ ❝❛♥ ❜❡ ❝♦♠♣✉t❡❞ t❤r♦✉❣❤ ❊q✉❛t✐♦♥ ✭✷✳✶✶✮✳



✷✷ ✷⑤ ❚❤❡♦r❡t✐❝❛❧ ❇❛❝❦❣r♦✉♥❞

✷✳✹✳✷✳ ❆✐r❝r❛❢t ♠♦❞❡❧✿ P♦✐♥t ♠❛ss ❛♣♣r♦❛❝❤

■♥ ♦r❞❡r t♦ ♣❡r❢♦r♠ t❤❡ ✢✐❣❤t ♠✐ss✐♦♥ ❛♥❛❧②s✐s✱ ❛♥ ❛✐r❝r❛❢t ♠♦❞❡❧ ❤❛s t♦ ❜❡ ❞❡✜♥❡❞✳ ❚❤❡

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

❢♦r ❢✉t✉r❡ ❛♥❞ ♠♦r❡ ❞❡t❛✐❧❡❞ r❡s❡❛r❝❤❡s✳ ❚❤❡r❡❢♦r❡✱ ✐♥ t❤✐s ❝❛s❡ ✐s ❜❡tt❡r t♦ ✉s❡ ❛ s✐♠♣❧❡

♠♦❞❡❧✳

❚❤❡ ♠♦❞❡❧ ✉s❡❞ ❢♦r t❤❡ ❛✐r❝r❛❢t ✐s t❤❡ ♣♦✐♥t ♠❛ss ❬✶❪✳ ❆❧❧ t❤❡ ❛✐r❝r❛❢t ♠❛ss ✐s ❝♦♥❝❡♥tr❛t❡❞

✐♥ t❤❡ ❝❡♥tr❡ ♦❢ ❣r❛✈✐t② ❛♥❞ t❤❡ ♦♥❧② ❢♦r❝❡s ❝♦♥s✐❞❡r❡❞ ❛r❡✿ t❤r✉st ✭Th✮✱ ❞r❛❣ ✭D✮✱ ❧✐❢t

✭L✮✱ ✇❡✐❣❤t ✭Ŵ ✮ ❛♥❞ ✐♥❡rt✐❛❧ ❢♦r❝❡s✳ ❚❤❡ ❝♦♥s✐❞❡r❡❞ ❢r❛♠❡ ♦❢ r❡❢❡r❡♥❝❡ ✐s t❤❡ ❜♦❞② ❢r❛♠❡

♦❢ r❡❢❡r❡♥❝❡✳ ❚❤❡ ♦r✐❣✐♥ ✐s t❤❡ ❝❡♥tr❡ ♦❢ ❣r❛✈✐t✐② ❛♥❞ t❤❡ ❛①✐s ❛r❡✿ r♦❧❧ ❛①✐s ✭b⃗1✮✱ ♣✐t❝❤

❛①✐s ✭b⃗2✮ ❛♥❞ t❤❡ ②❛✇ ❛①✐s ✭b⃗3✮✳ ❚❤❡ ❢r❛♠❡ ♦❢ r❡❢❡r❡♥❝❡ s❝❤❡♠❡ ❛♥❞ t❤❡ ❢♦r❝❡s s❝❤❡♠❡ ❛r❡

r❡♣♦rt❡❞ r❡s♣❡❝t✐✈❡❧② ✐♥ ❋✐❣✉r❡s ✷✳✶✶❛ ❛♥❞ ✷✳✶✶❜✳

✭❛✮ ❇♦❞② ❢r❛♠❡ ♦❢ r❡❢❡r❡♥❝❡

V

L

D

m

mV

✭❜✮ ❙❝❤❡♠❡ ♦❢ ❢♦r❝❡s

❋✐❣✉r❡ ✷✳✶✶✿ ❆✐r❝r❛❢t ♠♦❞❡❧✳

❚❤❡ ❣❡♥❡r❛❧ ❡q✉❛t✐♦♥ ♦❢ ♠♦t✐♦♥s ❝❛♥ ❜❡ ✇r✐tt❡♥ ❢r♦♠ t❤❡ ❢♦r❝❡ ❡q✉✐❧✐❜r✐✉♠✿











Th −D − Ŵ sin(γ̂) = m
dV

dt
,

L− Ŵ cos(γ̂) = mV
dγ̂

dt
.

✭✷✳✷✵✮

■♥ ❊q✉❛t✐♦♥s ✭✷✳✷✵✮ t❤❡ ✈❛❧✉❡ ♦❢ Th ✐s ❝♦♠♣✉t❡❞ ✉s✐♥❣ ❊❝♦s✐♠Pr♦✱ ✇❤✐❧❡ t❤❡ ✈❛❧✉❡s ♦❢ L

❛♥❞ D ❛r❡ ❝♦♠♣✉t❡❞ ✉s✐♥❣ t❤❡ ❧✐♥❡❛r ❛❡r♦❞②♥❛♠✐❝ ♠♦❞❡❧✱ s♦ r❡s♣❡❝t✐✈❡❧②✿

L =
1

2
ρV 2SCL, ✭✷✳✷✶✮

D =
1

2
ρV 2SCD. ✭✷✳✷✷✮

■t ✐s ✐♠♣♦rt❛♥t t♦ ♥♦t❡ t❤❛t t❤❡ ❛♥❣❧❡ ♦❢ ❛tt❛❝❦ ✇❛s ❝♦♥s✐❞❡r❡❞ ♥❡❣❧✐❣✐❜❧❡✳

▼♦r❡♦✈❡r✱ ✐♥ ♦r❞❡r t♦ s✐♠♣❧✐❢② t❤❡ ♠❛t❧❛❜ ❝♦❞❡✱ t❤❡ r❛t❡ ♦❢ ❝❧✐♠❜ ✭RC✮ ✇❛s ❝♦♥s✐❞❡r❡❞



✷⑤ ❚❤❡♦r❡t✐❝❛❧ ❇❛❝❦❣r♦✉♥❞ ✷✸

❝♦♥st❛♥t✿

RC = V sin(γ̂) = cost. ✭✷✳✷✸✮





✷✺

✸⑤ ❊❝♦s✐♠Pr♦

■♥ t❤✐s ❝❤❛♣t❡r ✇✐❧❧ ❜❡ ♣r❡s❡♥t❡❞ ❛t ✜rst ❛ ❞❡s❝r✐♣t✐♦♥ ❛❜♦✉t ❊❝♦s✐♠Pr♦✱ t❤❡♥ ❛ ❞❡s❝r✐♣t✐♦♥

❛❜♦✉t t❤❡ t✉r❜♦♠❛❝❤✐♥❡ ❝♦♠♣♦♥❡♥ts t❤❛t ❛r❡ ✐♥s✐❞❡ t❤❡ t✉r❜♦❥❡t ❧✐❜r❛r② ❛♥❞ ✐♥ t❤❡ ❡♥❞

❛ ♣r❡s❡♥t❛t✐♦♥ ❛❜♦✉t t❤❡ ♥❡✇ ❝♦♠♣♦♥❡♥t ❈❘ ❢❛♥✳ ❊❝♦s✐♠Pr♦ ❤❛s ❛♥ ✐♠♣♦rt❛♥t r♦❧❡ ✐♥

t❤✐s ✇♦r❦✱ s✐♥❝❡ ❛❧❧ t❤❡ ❡♥❣✐♥❡s ❛♥❛❧②③❡❞ ✇❡r❡ ♠♦❞❡❧❡❞ ✉s✐♥❣ ✐t✳ ❚❤✐s s♦❢t✇❛r❡ ✐s ✉s❡❞

❜② ✐♥❞✉str✐❡s ❛♥❞ ❛❧s♦ ❜② ❊❙❆✱ ✇❤✐❝❤ ❞❡✈❡❧♦♣❡❞ t❤❡✐r ♦✇♥ ❧✐❜r❛r② ❝❛❧❧❡❞ ❊❙P❙❙ t❤❛t ✐s

✈❡r② ✉s❡❢✉❧ ❢♦r ♠♦❞❡❧❧✐♥❣ r♦❝❦❡t ❛♥❞ s❛t❡❧❧✐t❡ ♣r♦♣✉❧s✐♦♥ s②st❡♠s✳ ❊❝♦s✐♠Pr♦ ✐s ✉s❡❞ ❢♦r

s②st❡♠ ❛♥❛❧②s✐s ❛♥❞ t❤✐s ✐s t❤❡ r❡❛s♦♥ ✇❤② ✐t ✇❛s ❝❤♦s❡♥ ❢♦r t❤✐s t❤❡s✐s✳

✸✳✶✳ ❙♦❢t✇❛r❡ ✐♥tr♦❞✉❝t✐♦♥

❊❝♦s✐♠Pr♦ ✐s ❛♥ ♦❜❥❡❝t✲♦r✐❡♥t❡❞ ♠✉❧t✐❞✐s❝✐♣❧✐♥❛r② s✐♠✉❧❛t✐♦♥ ♣❧❛t❢♦r♠ ❬✷❪ ❬✶✻❪✳ ■♥ ❊❝♦s✐♠✲

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

✧❊❝♦s✐♠Pr♦ ✐s ❛ s✐♠✉❧❛t✐♦♥ t♦♦❧ ✇✐t❤ ❛ ✉s❡r✲❢r✐❡♥❞❧② ❡♥✈✐r♦♥♠❡♥t ✭✳✳✳✮ ❢♦r

♠♦❞❡❧❧✐♥❣ s✐♠♣❧❡ ❛♥❞ ❝♦♠♣❧❡① ♣❤②s✐❝❛❧ ♣r♦❝❡ss❡s t❤❛t ❝❛♥ ❜❡ ❡①♣r❡ss❡❞ ✐♥

t❡r♠s ♦❢ ❞✐✛❡r❡♥t✐❛❧✲❛❧❣❡❜r❛✐❝ ❡q✉❛t✐♦♥s ♦r ♦r❞✐♥❛r②✲❞✐✛❡r❡♥t✐❛❧ ❡q✉❛t✐♦♥s ❛♥❞

❞✐s❝r❡t❡ ❡✈❡♥ts✧✳

❚❤❡ ♣❤②s✐❝❛❧ ❝♦♠♣♦♥❡♥ts ❛r❡ ♠♦❞❡❧❡❞ ✉s✐♥❣ t❤❡ ❊❝♦s✐♠Pr♦ ❧❛♥❣✉❛❣❡ ✭❊▲✮✱ ✇❤✐❝❤ ✐s s✐♠✐✲

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

♣r♦❝❡ss❡s✳ ■♥s✐❞❡ t❤❡ s♦❢t✇❛r❡ ❛r❡ ❛❧r❡❛❞② ♣r❡s❡♥t ❞✐✛❡r❡♥t ❧✐❜r❛r✐❡s ✭❤②❞r❛✉❧✐❝✱ t✉r❜♦❥❡t✱

❡t❝✳✳✳✮ ✇❤✐❝❤ ❝♦♥t❛✐♥ ❞✐✛❡r❡♥t ❝♦♠♣♦♥❡♥ts✳ ❚❤❡s❡ ❝♦♠♣♦♥❡♥ts ❝❛♥ ❜❡ ✉s❡❞ t♦ ♠♦❞❡❧ ♥❡✇

s②st❡♠s✱ t♦ ♠♦❞❡❧ ♥❡✇ ❝♦♠♣♦♥❡♥ts ♦r t❤❡② ❝❛♥ ❜❡ ♠♦❞✐✜❡❞ ✐♥ ♦r❞❡r t♦ ♦❜t❛✐♥ ♠♦r❡ r❡❛❧✲

✐st✐❝ ❝♦♠♣♦♥❡♥ts✳ ❚✇♦ ♦r ♠♦r❡ ❝♦♠♣♦♥❡♥ts ❝❛♥ ❜❡ ❝♦♥♥❡❝t❡❞ ✈✐❛ ♣♦rts✱ ❢r♦♠ ✇❤✐❝❤ s❡t

♦❢ ✈❛r✐❛❜❧❡s ❝❛♥ ❜❡ ❡①❝❤❛♥❣❡❞✳ ❆ ❜r✐❡❢ ❞❡s❝r✐♣t✐♦♥ ♦❢ t❤❡ ♣r✐♥❝✐♣❛❧ ❛s♣❡❝ts ♦❢ ❊❝♦s✐♠Pr♦

✇✐❧❧ ❜❡ ❞♦♥❡ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ♣❛r❛❣r❛♣❤s✳ ■♥ ❋✐❣✉r❡ ✸✳✶ ❛r❡ ✐♥❞✐❝❛t❡❞ t❤❡ ♠❛✐♥ ❊❝♦s✐♠Pr♦

✐♥t❡r❢❛❝❡ ❛r❡❛s✳



✷✻ ✸⑤ ❊❝♦s✐♠Pr♦

Workspace

Libraries inside 

the workspace 

Library content

❋✐❣✉r❡ ✸✳✶✿ ❊❝♦s✐♠Pr♦ ✐♥t❡r❢❛❝❡✳

❲♦r❦s♣❛❝❡s ❛♥❞ ❧✐❜r❛r✐❡s

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

t❤❛t t❤❡ ✉s❡r ✐s ✇♦r❦✐♥❣ ✇✐t❤ ❬✷❪✳ ■t ✐s ♣♦ss✐❜❧❡ t♦ ❝r❡❛t❡ ❛ ♣❡rs♦♥❛❧ s✐♠✉❧❛t✐♦♥ ❡♥✈✐✲

r♦♥♠❡♥t✱ ❤❡♥❝❡ ❛ ♣❡rs♦♥❛❧ ✇♦r❦s♣❛❝❡✳ ❚❤❡ ✇♦r❦s♣❛❝❡ ❝r❡❛t❡❞ ❢♦r t❤✐s t❤❡s✐s ✐s ❝❛❧❧❡❞

”MASTER❴THESIS” ❛♥❞ ✐t ✐s ✈✐s✐❜❧❡ ✐♥ t❤❡ r❡❞ ❜♦① ♦❢ ❋✐❣✉r❡ ✸✳✶✳ ■♥s✐❞❡ t❤❡ ❣r❡❡♥

❜♦① ♦❢ ❋✐❣✉r❡ ✸✳✶ ❛r❡ ♣r❡s❡♥t ❛❧❧ t❤❡ ❧✐❜r❛r✐❡s ❝♦♥t❛✐♥❡❞ ✐♥ t❤❡ s❡❧❡❝t❡❞ ✇♦r❦s♣❛❝❡✳ ❆

❧✐❜r❛r② ❝❛♥ ❜❡ ❞❡✜♥❡❞ ❛s ❛ ❝♦❧❧❡❝t✐♦♥ ♦❢ ❝♦♠♣♦♥❡♥ts r❡❧❛t❡❞ t♦ ❛ s♣❡❝✐✜❝ s✐♠✉❧❛t✐♦♥ ❡♥✲

✈✐r♦♥♠❡♥t ✭❡①❛♠♣❧❡✿ t❤❡r♠❛❧✱ t✉r❜♦❥❡t✱ ❡t❝✳✳✳✮✳ ❚❤❡ ❧✐❜r❛r② ❝r❡❛t❡❞ ❢♦r t❤✐s t❤❡s✐s ✐s

❝❛❧❧❡❞ ”FINAL❴HYBRID❴CR❴FAN❴MATTEO❴THESIS”✳ ❆❧s♦ ♣♦rts ❛♥❞ ♣❛rt✐t✐♦♥s

❛r❡ ✐♥❝❧✉❞❡❞ ✐♥s✐❞❡ t❤❡ ❧✐❜r❛r②✳ ❚❤❡ ❧✐❜r❛r② ❝♦♥t❡♥t ✐s r❡♣r❡s❡♥t❡❞ ❜② t❤❡ ❜❧✉❡ ❜♦① ✐♥

❋✐❣✉r❡ ✸✳✶✳

❚❡①t✉❛❧ ❛♥❞ ❣r❛♣❤✐❝❛❧ ♠♦❞❡❧❧✐♥❣

❚❤❡r❡ ❛r❡ t✇♦ ♠❡t❤♦❞s t♦ ♠♦❞❡❧ ❛ ♥❡✇ ❝♦♠♣♦♥❡♥t✿

❼ t❤❡ ✜rst ♠❡t❤♦❞ ❝♦♥s✐sts ✐♥ ❝♦❞❡ ❛ ♥❡✇ ❝♦♠♣♦♥❡♥t ✉s✐♥❣ t❤❡ ❊▲✳ ❚❤❡ ❝♦❞❡ ❝❛♥ ❜❡

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

♣♦✇❡r❢✉❧ t❤✐♥❣ ♦❢ t❤✐s ♠❡t❤♦❞ ✐s t❤❡ ♣♦ss✐❜✐❧✐t② t♦ r❡✲✉s❡ t❤❡ ❝♦❞❡✳ ■♥ ❢❛❝t ❛ ♥❡✇

❝♦♠♣♦♥❡♥t ❝❛♥ ✐♥❤❡r✐t t❤❡ ❝♦❞❡s ♦❢ ♦t❤❡r ❝♦♠♣♦♥❡♥ts✳ ❚❤❛♥❦s t♦ t❤✐s ❝❤❛r❛❝t❡r✐st✐❝✱

✐t ✐s ✈❡r② ✉s❡❢✉❧ t♦ ❞❡✜♥❡ t❤❡ s♦ ❝❛❧❧❡❞ ✧❛❜str❛❝t ❝♦♠♣♦♥❡♥ts✧ ✇❤❡♥ ❛ ♥❡✇ ❢❛♠✐❧② ♦❢

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

✐♥ t❤❡ ❙✉❜✲s❡❝t✐♦♥ ✸✳✷✳✶❀

❼ t❤❡ s❡❝♦♥❞ ♠❡t❤♦❞ ❝♦♥s✐sts ✐♥ ❜✉✐❧t ❛ ♥❡✇ ❣r❛♣❤✐❝❛❧ ♠♦❞❡❧ ❝❛❧❧❡❞ s❝❤❡♠❛t✐❝s✳ ❲❤❡♥
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t✇♦ ♦r ♠♦r❡ ❝♦♠♣♦♥❡♥ts ❛r❡ ❝♦♥♥❡❝t❡❞ ❡❛❝❤ ♦t❤❡r t❤r♦✉❣❤ t❤❡✐r ♣♦rts t❤❡② ❢♦r♠

❛ s❝❤❡♠❛t✐❝✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ✐❞❡♥t✐✜❡❞ ❜② ❛ ♥❡✇ s②♠❜♦❧✳ ❆t t❤✐s ♣♦✐♥t✱ t❤✐s ♥❡✇

s❝❤❡♠❛t✐❝ ✐s ❛ ♥❡✇ ❝♦♠♣♦♥❡♥t✳ ❆ s✐♠♣❧❡ ❡①❛♠♣❧❡ ❝♦✉❧❞ ❜❡ t❤❡ ❝♦♥♥❡❝t✐♦♥ ❜❡t✇❡❡♥ ❛

❝♦♠♣r❡ss♦r✱ ❛ ❜✉r♥❡r ❛♥❞ ❛ t✉r❜✐♥❡✳ ❚❤❡ r❡s✉❧t✐♥❣ s❝❤❡♠❛t✐❝ ❝❛♥ ❜❡ ❝❛❧❧❡❞ t✉r❜♦❥❡t

❛♥❞ ✐t ❝❛♥ ❜❡ r❡♣r❡s❡♥t❡❞ ❜② ❛ ♥❡✇ s②♠❜♦❧✳ ■t ✐s ✐♠♣♦rt❛♥t t♦ ♥♦t❡ t❤❛t ♦♥❝❡ ❛

s❝❤❡♠❛t✐❝ ✐s ❝r❡❛t❡❞✱ ✐t ✐s ♥♦t ♠❛♥❞❛t♦r② t♦ ❞❡✜♥❡ ❛ ♥❡✇ s②♠❜♦❧✳ ❚❤❡ s❝❤❡♠❛t✐❝

❝❛♥ ❜❡ ❧❡❢t ❛s ❛ ❝♦♥♥❡❝t✐♦♥ ♦❢ ❝♦♠♣♦♥❡♥ts✳ ❚❤✐s ✐s ✉s❡❢✉❧ ✇❤❡♥ t❤❡ ✉s❡r ✇❛♥ts t♦

s❤♦✇ t❤❡ ❧❛②♦✉t ♦❢ ❛ ♣❛rt✐❝✉❧❛r s②st❡♠✳ ■♥ t❤✐s t❤❡s✐s t❤❡ s❝❤❡♠❛t✐❝s ❜✉✐❧t❡❞ ❛r❡

t❤❡ ♦♥❡s ♦❢ t❤❡ t✇♦ t✉r❜♦❢❛♥ r❡❢❡r❡♥❝❡ ❡♥❣✐♥❡s✱ t❤❡ ❈❋▼✺✻✲✼❇✷✹ ✭❋✐❣✉r❡ ✹✳✷✮ ❛♥❞

t❤❡ ●❊♥①✲✶❇✻✹ ✭❋✐❣✉r❡ ✹✳✶✺✮✱ ❛♥❞ t❤❡ ♦♥❡s ♦❢ t❤❡ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥s ✭❋✐❣✉r❡ ✺✳✷ ❛♥❞

✺✳✶✶✮✳ ❚❤❡s❡ s❝❤❡♠❛t✐❝s ✇✐❧❧ ❜❡ ❞❡s❝r✐❜❡❞ r❡s♣❡❝t✐✈❡❧② ✐♥ ❙❡❝t✐♦♥s ✹✳✶ ✱ ✹✳✷ ✱ ✺✳✶ ❛♥❞

✺✳✷ ✳

❚❤❡ ❝♦♠♣♦♥❡♥t ❝r❡❛t❡❞ ✐♥ t❤✐s ✇♦r❦ ✐s t❤❡ ❈❘ ❢❛♥✱ t❤❛t ✇✐❧❧ ❜❡ ✇❡❧❧ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝✲

t✐♦♥ ✸✳✸✳

❈r❡❛t❡ ❛ ♣❛rt✐t✐♦♥

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

❝❛❧❧❡❞ ♣❛rt✐t✐♦♥✳ ❆ s✐♥❣❧❡ ❝♦♠♣♦♥❡♥t ❝❛♥ ❤❛✈❡ ♠♦r❡ t❤❛♥ ♦♥❡ ❛ss♦❝✐❛t❡❞ ♣❛rt✐t✐♦♥ ❬✷❪✳ ❆

❝♦♠♣♦♥❡♥t r❡♣r❡s❡♥ts ❛ ♣❤②s✐❝❛❧ s②st❡♠ ✇❤✐❝❤ ✐s ❞❡✜♥❡❞ ❜② ✐ts s②st❡♠ ♦❢ ❡q✉❛t✐♦♥s ❬✶✻❪✳

❚❤✐s s②st❡♠✱ ✐♥ ❣❡♥❡r❛❧✱ ✐s ♥♦t ♠❛t❤❡♠❛t✐❝❛❧❧② ❝❧♦s❡❞ ❛♥❞ ✐t ❝❛♥ ✐♥❝❧✉❞❡ ✐♠♣❧✐❝✐t ❡q✉❛t✐♦♥s

❛♥❞ ♥♦♥✲❧✐♥❡❛r ❡q✉❛t✐♦♥ s②st❡♠s✳ ❲❤❡♥ ❛ ♣❛rt✐t✐♦♥ ✐s ❝r❡❛t❡❞✱ ❛❧❧ t❤❡ ♠❛t❤❡♠❛t✐❝❛❧

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

❛❧❣❡❜r❛✐❝ ❡q✉❛t✐♦♥s ✐s ❝r❡❛t❡❞ ❛♥❞ ❛ st❛t❡ ✈❡❝t♦r x(t) ✐s ♦❜t❛✐♥❡❞ ❢r♦♠ t❤✐s s❡t✳ ■♥ ♦r❞❡r

t♦ ♦❜t❛✐♥ t❤❡ s♦❧✉t✐♦♥✱ ❜♦✉♥❞❛r② ❛♥❞ ✐♥✐t✐❛❧ ❝♦♥❞✐t✐♦♥s x(t0) ❤❛✈❡ t♦ ❜❡ ♣r♦✈✐❞❡❞✳ ❚❤❡

s❡t ♦❢ ❡q✉❛t✐♦♥s ❝❛♥ ❜❡ ✇r✐tt❡♥ ✐♥ t❤❡ ❢♦r♠✿

F (ẋ, x, t, u(t)) = 0.

❲❤❡r❡ t ✐s t❤❡ t✐♠❡ ❛♥❞ u(t) t❤❡ ❝♦♥tr♦❧ ❧❛✇ ✭✐❢ ♣r❡s❡♥t✮✳ ■♥ ❊❝♦s✐♠Pr♦ t❤❡r❡ ❛r❡ t✇♦

♠❛✐♥ ✇❛②s t♦ ❣❡♥❡r❛t❡ ❛ ♣❛rt✐t✐♦♥✿

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

❊❝♦s✐♠Pr♦ s❡❧❡❝ts t❤❡ ♠♦st s✉✐t❛❜❧❡ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s✱ t❤❡ ✈❛r✐❛❜❧❡s t❤❛t s❤♦✉❧❞

❜❡ ✉s❡❞ ❛s ❛❧❣❡❜r❛✐❝ ✐♥ t❤❡ ♥♦♥✲❧✐♥❡❛r s②st❡♠ ♦❢ ❡q✉❛t✐♦♥s ❛♥❞✱ ♦♥❧② ✐❢ ♥❡❝❡ss❛r②✱

t❤❡ ❞❡r✐✈❛t✐✈❡ ✈❛❧✉❡s t❤❛t s❤♦✉❧❞ ❜❡ ❡①❝❧✉❞❡❞✳ ❚❤✐s ✇❛② t♦ ❣❡♥❡r❛t❡ ♣❛rt✐t✐♦♥s ✇❛s

♥❡✈❡r ✉s❡❞ ✐♥ t❤✐s ♠❛♥✉s❝r✐♣t❀
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❼ t❤❡ ❝✉st♦♠ ♣❛rt✐♦♥✱ ✇❤✐❝❤ ❞♦❡s t❤❡ s❛♠❡ t❤✐♥❣ ♦❢ t❤❡ ❞❡❢❛✉❧t ♦♥❡✱ ❜✉t ✐t ❤❛s t✇♦

♠❛✐♥ ❛❞✈❛♥t❛❣❡s✳ ❚❤❡ ✜rst ♦♥❡ ✐s t❤❛t t❤❡ ✉s❡r ❝❛♥ ❝❤♦♦s❡ ✇❤✐❝❤ ✈❛r✐❛❜❧❡s ✉s❡ ❛s

❛❧❣❡❜r❛✐❝✱ ✇❤✐❝❤ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ✉s❡ ❛♥❞ ✇❤✐❝❤ ❞❡r✐✈❛t✐✈❡s ❡①❝❧✉❞❡✳ ❚❤❡r❡❢♦r❡✱

✐t ✐s ♠♦r❡ ✢❡①✐❜❧❡✳ ❚❤❡ s❡❝♦♥❞ ♦♥❡ ✐s t❤❛t ✐s ♣♦ss✐❜❧❡ t♦ ❝r❡❛t❡ t❤❡ s♦ ❝❛❧❧❡❞ ❞❡s✐❣♥

♠♦❞❡❧✳ ❚❤✐s ✐s ❛ s♣❡❝✐❛❧ ♣❛rt✐t✐♦♥ ❝❛s❡ ❞❡s✐❣♥❡❞ t♦ ❝❛rr② ♦✉t ❞❡s✐❣♥ ❝❛❧❝✉❧❛t✐♦♥s✳ ■♥

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

♦❢ ❛❞❞✐t✐♦♥❛❧ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s✳ ■❢ ❢♦r ❡①❛♠♣❧❡ ✐s r❡q✉✐r❡❞ t♦ ❝♦♠♣✉t❡ t❤❡ ❡①✐t

❛r❡❛ ♦❢ ❛ t✉r❜♦❥❡t ♥♦③③❧❡ ✐♥ ❛ ❝❡rt❛✐♥ ❝♦♥❞✐t✐♦♥✱ t❤❛♥❦s t♦ t❤✐s ❞❡s✐❣♥ ♣❛rt✐t✐♦♥ ✐s

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

✈❛❧✉❡✳

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

❝♦♥s✐❞❡r❡❞ ❛♥❞ ❛❧s♦ t♦ ♣❡r❢♦r♠ t❤❡ ♦✛✲❞❡s✐❣♥ ❛♥❛❧②s✐s✳ ❚❤❡s❡ ♣❛rt✐t✐♦♥s ❛r❡ r❡♣r❡s❡♥t❡❞

✐♥ ❋✐❣✉r❡ ✸✳✷✳

❋✐❣✉r❡ ✸✳✷✿ ❋♦r ❡❛❝❤ s❝❤❡♠❛t✐❝ ❜✉✐❧t❡❞ ✭❈❋▼✺✻✲✼❇✷✹✱ ●❊♥①✲✶❇✻✹✱ ❍❨❇✲❈❋✶ ❛♥❞

❍❨❇✲❈❋✷✮✱ t✇♦ ♣❛rt✐t✐♦♥s ❤❛s ❜❡❡♥ ❣❡♥❡r❛t❡❞✿ ”Automatic❴Engine❴Map” ❛♥❞

”Design❴Point”✳ ❚❤❡ ✜rst ♦♥❡ ✐s r❡❢❡r❡rr❡❞ t♦ t❤❡ ♦✛✲❞❡s✐❣♥ ❛♥❛❧②s✐s✱ t❤❡ s❡❝♦♥❞ ♦♥❡

✐s r❡❢❡rr❡❞ t♦ t❤❡ ❞❡s✐❣♥ ❛♥❛❧②s✐s ✭✐✳❡✳ ❞❡s✐❣♥ ♠♦❞❡❧ ♣❛rt✐t✐♦♥✮✳



✸⑤ ❊❝♦s✐♠Pr♦ ✷✾

❈r❡❛t❡ ❛♥ ❡①♣❡r✐♠❡♥t

❖♥❝❡ t❤❡ ♣❛rt✐t✐♦♥ ✐s ❝r❡❛t❡❞✱ t❤❡ ✜♥❛❧ st❡♣ ✐s t♦ ❝♦♥✜❣✉r❡ t❤❡ s✐♠✉❧❛t✐♦♥ ❛♥❞ t❤❡♥ s✐♠✲

✉❧❛t❡ t❤❡ ♠♦❞❡❧ ❬✷❪✳ ■♥ ❊❝♦s✐♠Pr♦ t❤❡ s✐♠✉❧❛t✐♦♥ ❝❛♥ ❜❡ ❣❡♥❡r❛t❡❞ t❤r♦✉❣❤ t❤❡ ❊▲ ♦r

t❤r♦✉❣❤ t❤❡ ❡①♣❡r✐♠❡♥t ✇✐③❛r❞✱ ✇❤✐❝❤ ✐s ❛ ❣r❛♣❤✐❝❛❧ ❛ss✐st❛♥t t❤❛t ♠❛❦❡s t❤❡ ❡①♣❡r✐♠❡♥t

s❡t ✉♣ ❡❛s✐❡r✳ ❚❤❡ t❤r❡❡ ♠❛❥♦r t②♣❡s ♦❢ ❝❛❧❝✉❧❛t✐♦♥s ❛r❡ t❤❡ st❡❛❞②✱ tr❛♥s✐❡♥t ❛♥❞ ♣❛r❛✲

♠❡tr✐❝✳ ❚❤❡ ♣❛r❛♠❡tr✐❝ ❝❛❧❝✉❧❛t✐♦♥ ❝♦✉❧❞ ❜❡ ❜♦t❤ st❡❛❞② ❛♥❞ tr❛♥s✐❡♥t✳ ■♥ t❤✐s t❤❡s✐s t❤❡

❡①♣❡r✐♠❡♥ts ✇❡r❡ ✜rst s❡t ✉♣ ✉s✐♥❣ t❤❡ ✇✐③❛r❞✱ t❤❡♥ tr❛♥s❢♦r♠❡❞ ✐♥ ❊▲ ❛♥❞ ✐♥ t❤❡ ❡♥❞

♠♦❞✐✜❡❞ ✇✐t❤ ❞✐r❡❝t ❝♦❞✐♥❣✳ ❚❤❡ ❝❛s❡s ❝♦♥s✐❞❡r❡❞ ✇❡r❡ st❡❛❞② ❛♥❞ st❡❛❞② ♣❛r❛♠❡tr✐❝✱ ✐♥

❢❛❝t t❤❡ st❡❛❞② ❝❛s❡ ✇❛s ❝♦♥s✐❞❡r❡❞ s✉✣❝✐❡♥t ❢♦r t❤✐s ♣r❡❧✐♠✐♥❛r② st✉❞②✳

❚❤❡ ❛❧❧ ❡①♣❡r✐♠❡♥ts ♣❡r❢♦r♠❡❞ ❢♦r t❤✐s t❤❡✐s✐s ❛r❡ r❡♣♦rt❡❞ ✐♥ ❋✐❣✉r❡ ✸✳✸✳ ◆♦t❡ t❤❛t t❤❡

❡①♣❡r✐♠❡♥ts ♣❡r❢♦r♠❡❞ ❢♦r ❡❛❝❤ s❝❤❡♠❛t✐❝ ❢♦❧❧♦✇ t❤❡ s❛♠❡ s❝❤❡♠❡✳ ❆s r❡♣♦rt❡❞ ✐♥ ❋✐❣✲

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

s✐❣♥ ♠♦❞❡❧ ♣❛rt✐t✐♦♥ ✐s ♣r❡s❡♥t ❛ s✐♥❣❧❡ st❡❛❞② ❡①♣❡r✐♠❡♥t ✭❝r❡❛t❡❞ t❤r♦✉❣❤ ✇✐③❛r❞✮ ❝❛❧❧❡❞

”Design❴Point”✳ ❋♦r ❡❛❝❤ ♦✛✲❞❡s✐❣♥ ♣❛rt✐t✐♦♥ ❛r❡ ♣r❡s❡♥t t✇♦ st❡❛❞② ♣❛r❛♠❡tr✐❝ ❡①♣❡r✲

✐♠❡♥ts✿ ”Engine❴Data❴Flight❴Mission” ❛♥❞ ”Engine❴Data❴Flight❴Mission❴CODE”✳

❚❤❡ ✜rst ♦♥❡ ✇❛s ❝r❡❛t❡❞ ✉s✐♥❣ t❤❡ ✇✐③❛r❞ ❝♦♠♠❛♥❞ ❛♥❞ ✐t ✇❛s ✉s❡❞ t♦ ❣❡♥❡r❛t❡ ❛

❜❛s❡❧✐♥❡ ❊▲ ❝♦❞❡✳ ❚❤✐s ❝♦❞❡ ✇❛s t❤❡♥ ♠♦❞✐✜❡❞ ✐♥ ♦r❞❡r t♦ ♠❛❦❡ ❛❧❧ t❤❡ s✐♠✉❧❛t✐♦♥

♠♦r❡ r♦❜✉st ✭❢♦r ♠♦r❡ ❞❡t❛✐❧s s❡❡ ❙❡❝t✐♦♥ ✹✳✶✮✳ ❚❤❡ r❡s✉❧t ✐s t❤❡ ❡①♣❡r✐♠❡♥t ❝❛❧❧❡❞

”Engine❴Data❴Flight❴Mission❴CODE”✳ ❍❡♥❝❡✱ t❤❡ ♦✛✲❞❡s✐❣♥ ❛♥❛❧②s✐s ✇❛s ♣❡r❢♦r♠❡❞

♦♥❧② ❜② ✉s✐♥❣ t❤❡ ❧❛tt❡r✳ ■♥ t❤❡ t✇♦ ❡❧❝tr✐❝ ❈❘ ❢❛♥ s❝❤❡♠❛t✐❝s ✭❍❨❇✲❈❋✶ ❛♥❞ ❍❨❇✲❈❋✷✮

t❤❡ s❝❤❡♠❡ ✐s t❤❡ s❛♠❡✱ ❜✉t t✇♦ ❞✐✛❡r❡♥t ❡♥❣✐♥❡s ✇❡r❡ ❛♥❛❧②③❡❞✿ ❛ ❜✐❣ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥

❡♥❣✐♥❡ ✉s❡❞ ✐♥ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥ ❛♥❞ ❛ s♠❛❧❧❡r ♦♥❡ ✉s❡❞ ✐♥ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✳

❆❧❧ t❤❡s❡ ❡①♣❡r✐♠❡♥ts ✇✐❧❧ ❜❡ ❞✐s❝✉ss❡❞ ✐♥ ♠♦r❡ ❞❡t❛✐❧ ✐♥ ❈❤❛♣t❡rs ✹ ❛♥❞ ✺✳
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❋✐❣✉r❡ ✸✳✸✿ ❊①♣❡r✐♠❡♥ts ❝r❡❛t❡❞✳

✸✳✷✳ ❚✉r❜♦❥❡t ❧✐❜r❛r②✿ ❚✉r❜♦♠❛❝❤✐♥❡ ❝♦♠♣♦♥❡♥ts

❚❤❡ ♠♦st ✉s❡❞ ❧✐❜r❛r② ✐♥ t❤✐s ✇♦r❦ ✐s t❤❡ t✉r❜♦❥❡t ❧✐❜r❛r②✳ ❚❤✐s ❧✐❜r❛r② ✐s ✐♥❝❧✉❞❡❞

✐♥ ❊❝♦s✐♠Pr♦ ❛♥❞ ✐t ❝♦♥t❛✐♥s t❤❡ ♠♦st ❝♦♠♠♦♥ ❡❧❡♠❡♥ts ♦❢ ❛ t✉r❜♦❡♥❣✐♥❡✳ ▼♦r❡♦✈❡r✱

❛❧s♦ s♦♠❡ ❡①❛♠♣❧❡s ❛❜♦✉t t✉r❜♦❢❛♥s✱ t✉r❜♦❥❡ts ✇✐t❤ ❛♥❞ ✇✐t❤♦✉t ❛❢t❡r❜✉r♥❡r✱ ❡t❝✳✳✳ ❛r❡

♣r❡s❡♥t✳ ❍❡r❡ ❛r❡ r❡♣♦rt❡❞ t❤❡ ❞❡s❝r✐♣t✐♦♥ ♦❢ ❛❧❧ t✉r❜♦♠❛❝❤✐♥❡ ❝♦♠♣♦♥❡♥ts ✉s❡❞ ❛♥❞ ❛❧s♦

t❤❡ ❡①♣❧❛♥❛t✐♦♥ ♦❢ ❤♦✇ t❤❡ ♥❡✇ ❈❘ ❢❛♥ ❝♦♠♣♦♥❡♥t ✇❛s ❝♦❞❡❞✳

✸✳✷✳✶✳ ❈♦♠♣r❡ss♦r

❋✐❣✉r❡ ✸✳✹✿ ❊❝♦s✐♠Pr♦ ❝♦♠♣♦♥❡♥t✿ ❈♦♠♣r❡ss♦r

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

❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ t❤❡ ❝♦♠♣♦♥❡♥t ❝♦❞❡ ❛♥❞ ✐♥ t❤❡ ❝♦♠♣♦♥❡♥t ❞♦❝✉♠❡♥t❛t✐♦♥✳ ❆s ✇r✐tt❡♥

❜❡❢♦r❡✱ ❡❛❝❤ ❝♦♠♣♦♥❡♥t ❝❛♥ ✐♥❤❡r✐t t❤❡ ♠❛t❤❡♠❛t✐❝❛❧ ♠♦❞❡❧ ✭✈❛r✐❛❜❧❡s✱ ❞❛t❛✱ ❡q✉❛t✐♦♥s✱
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❡t❝✳✳✳✮ ♦❢ ♦t❤❡r ❝♦♠♣♦♥❡♥ts ❛♥❞✴♦r ❛❜str❛❝t ❝♦♠♣♦♥❡♥ts✳ ◆♦✇✱ s♦♠❡ ❞❡✜♥✐t✐♦♥s ✇✐❧❧ ❜❡

❣✐✈❡♥ ❬✷❪✿

❼ ♣♦rts✱ ✇❤✐❝❤ ❛r❡ ❝♦♥♥❡❝t✐♦♥ ♣♦✐♥ts ❜❡t✇❡❡♥ t✇♦ ♦r ♠♦r❡ ❝♦♠♣♦♥❡♥t✳ ❚❤❡ ❝♦♥♥❡❝t✐♦♥

♣♦rts ❛r❡ ♣❛rt ♦❢ t❤❡ ❝♦♠♣♦♥❡♥t ✐♥t❡r❢❛❝❡✳ ❊❛❝❤ ♣♦rt ♠✉st ❤❛✈❡ ❛ ❞✐r❡❝t✐♦♥ ♠♦❞❡✱

❡✐t❤❡r ■◆ ♦r ❖❯❚ ❛♥❞ ❞✐✛❡r❡♥t ♣♦rt t②♣❡s s❤♦✉❧❞ ❜❡ ❞❡✜♥❡❞ ❢♦r ❞✐✛❡r❡♥t ❦✐♥❞ ♦❢

❝♦♥♥❡❝t✐♦♥s✳ P♦rts ❛r❡ ❡ss❡♥t✐❛❧ ❢♦r ♠♦❞❡❧❧✐♥❣ ❛ s②st❡♠ ✐♥ ❛ ♠♦❞✉❧❛r ✇❛②❀

❼ ❛❜str❛❝t ❝♦♠♣♦♥❡♥ts✱ ✇❤✐❝❤ ❛r❡ ❝♦❞❡❞ ✐♥ t❤❡ s❛♠❡ ✇❛② ♦❢ ❛ ❝♦♠♣♦♥❡♥t✱ ❜✉t ❞♦ ♥♦t

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

♦t❤❡r ❝♦♠♣♦♥❡♥ts✳ ❆♥ ❛❜str❛❝t ❝♦♠♣♦♥❡♥t ❝❛♥ ❝♦♥t❛✐♥ ♦♥❧② ❝♦♥♥❡❝t✐♦♥ ♣♦rts ♦r ✐t

❝❛♥ ❝♦♥t❛✐♥ ❛❧s♦ ❡q✉❛t✐♦♥s✳ ■♥ t❤❡ ✜rst ❝❛s❡ ❛♥② ❝❤✐❧❞ ❝♦♠♣♦♥❡♥t ✇✐❧❧ ✐♥❤❡r✐t t❤❡

s❛♠❡ ♣♦rts✳ ■♥ t❤❡ s❡❝♦♥❞ ❝❛s❡ t❤❡ ❝♦♠♣♦♥❡♥t ✇✐❧❧ ✐♥❤❡r✐t ❛❧s♦ t❤❡ ❡q✉❛t✐♦♥s❀

❼ ❞❛t❛✱ ✇❤✐❝❤ ❛r❡ s✐♠♣❧② t❤❡ ❝♦♠♣♦♥❡♥t ❞❛t❛❀

❼ ❞❡❝❧s✱ ✇❤✐❝❤ ❛r❡ ✈❛r✐❛❜❧❡s t❤❛t ❤❛✈❡ ♥♦ ❝♦♥♥❡❝t✐♦♥ ♦✉ts✐❞❡ t❤❡ ❝♦♠♣♦♥❡♥t ❛♥❞ t❤❡②

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

❚❤❡ ❝♦♠♣r❡ss♦r ✐s ❛ ❝♦♥❝r❡t❡ ❝♦♠♣♦♥❡♥t✱ ✐♥ t❤❡ s❡♥s❡ t❤❛t ✐t r❡♣r❡s❡♥ts ❛ ♣❤②s✐❝❛❧ ❝♦♠✲

♣♦♥❡♥t✳ ■t ✐♥❤❡r✐ts ❞❛t❛ ❛♥❞ ❡q✉❛t✐♦♥s ❢r♦♠ ❛♥ ❛❜str❛❝t ❝♦♠♣♦♥❡♥t ❝❛❧❧❡❞ GasTurbo✱

✇❤✐❝❤ ✐♥❤❡r✐ts ❞❛t❛ ❛♥❞ ❡q✉❛t✐♦♥s ❢r♦♠ ❛♥ ❛❜str❛❝t ❝♦♠♣♦♥❡♥t ❝❛❧❧❡❞ GasChannel✱ ✇❤✐❝❤

✐♥❤❡r✐ts ❞❛t❛ ❛♥❞ ❡q✉❛t✐♦♥s ❢r♦♠ ❛♥ ❛❜str❛❝t ❝♦♠♣♦♥❡♥t ❝❛❧❧❡❞ GasInGasOut✳ ❍❡♥❝❡✱ t❤❡

❝♦♠♣r❡ss♦r ✐♥❤❡r✐t❛♥❝❡ tr❡❡ ✐s✿

GasInGasOut → GasChannel → GasTurbo → Compressor

❚❤❡s❡ ❛❜str❛❝t ❝♦♠♣♦♥❡♥ts ❛r❡ ♥♦✇ ♣r❡s❡♥t❡♥❞ ✐♥ ❞❡t❛✐❧✿

❼ GasInGasOut✱ ✇❤✐❝❤ ✐s t❤❡ ❜❛s✐s ♦❢ ♠♦st ♦❢ t❤❡ ❝♦♠♣♦♥❡♥ts ✐♥ t❤❡ t✉r❜♦❥❡t ❧✐❜r❛r②✳

■t ✐s ❛♥ ❛❜str❛❝t ❝♦♠♣♦♥❡♥t t❤❛t ❝♦♥t❛✐♥s ❛♥ ✐♥❧❡t ❣❛s ♣♦rt ❛♥❞ ❛♥ ♦✉t❧❡t ❣❛s ♣♦rt✱

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

t❤r♦✉❣❤ t❤❡♠✳ ❚❤❡ ✈❛r✐❛❜❧❡s ❡①❝❤❛♥❣❡❞ t❤r♦✉❣❤ t❤❡ ❣❛s ♣♦rt ❛r❡ ♣r❡s❡♥t❡❞ ✐♥

❚❛❜❧❡ ✸✳✶✳ ❚❤❡ GasInGasOut ♣♦rts ❛r❡ t❤❡ ♦♥❡s ❤✐❣❤❧✐❣❤t❡❞ ✐♥ ❣r❡❡♥ ✐♥ ❚❛❜❧❡ ✸✳✸❀



✸✷ ✸⑤ ❊❝♦s✐♠Pr♦

❊❝♦s✐♠Pr♦

◆❛♠❡

❚❤❡s✐s

◆❛♠❡
■♥✐t✐❛❧ ✈❛❧✉❡ ❉❡s❝r✐♣t✐♦♥ ❯♥✐t

FAR FAR ✲ ❋✉❡❧ ❛✐r r❛t✐♦ ✲

H hT ✼✵✵✵✵✵ ❚♦t❛❧ ❡♥t❤❛❧♣② J
kg

P pT ✲ ❚♦t❛❧ ♣r❡ss✉r❡ P❛

T TT ✺✵✵ ❚♦t❛❧ t❡♠♣❡r❛t✉r❡ ❑

W ṁ ✲ ▼❛ss ✢♦✇ kg
s

WF ṁf ✲ ❋✉❡❧ ✢♦✇ kg
s

WH WH ✲ ❊♥❡r❣② ✢♦✇ ❲

❚❛❜❧❡ ✸✳✶✿ ❱❛r✐❛❜❧❡s ❡①❝❤❛♥❣❡❞ t❤r♦✉❣❤ t❤❡ ❝♦♠♣♦♥❡♥ts ❝♦♥♥❡❝t❡❞ ✇✐t❤ ❛ ❣❛s ♣♦rt✳

❼ GasChannel✱ ✇❤✐❝❤ ✐s ❛♥ ❛❜str❛❝t ❝♦♠♣♦♥❡♥t ❛♥❞ ✐t ✐s t❤❡ ❝❤✐❧❞ ♦❢ GasInGasOut✳

❚❤❡GasChannel ♣♦rts ❛r❡ t❤❡ ♦♥❡s ❤✐❣❤❧✐❣❤t❡❞ ✐♥ ❣r❡❡♥ ✐♥ ❚❛❜❧❡✸✳✸✱ ✐♥ ❢❛❝tGasChannel

✐♥❤❡r✐t❡❞ t❤❡♠ ❢r♦♠ GasInGasOut✳ ■♥ t❤✐s ❛❜str❛❝t ❝♦♠♣♦♥❡♥t ❛r❡ ❞❡✜♥❡❞ t❤r❡❡

❞❡❝❧s✱ t❤❛t ❛r❡ t❤❡ ♦♥❡s ✐♥ t❤❡ r❡❞ ❝❡❧❧s ✐♥ ❚❛❜❧❡ ✸✳✺✳ ❖♥❡ ♦❢ t❤❡♠ ✐s βc✱ ✐♥st❡❛❞ t❤❡

♦t❤❡r t✇♦ ❛r❡ θ ❛♥❞ δ✿

θ =
TTin

T0

, ✭✸✳✶✮

δ =
pTin

p0
; ✭✸✳✷✮

❼ GasTurbo✱ ✇❤✐❝❤ ✐s ❛♥ ❛❜str❛❝t ❝♦♠♣♦♥❡♥t ❛♥❞ ✐t ✐s ✉s❡❞ t♦ ❞❡✜♥❡ ❛❧❧ t✉r❜♦♠❛❝❤✐♥❡

❝♦♠♣♦♥❡♥ts✳ ■t ✐s t❤❡ ❝❤✐❧❞ ♦❢ GasChannel✱ s♦ ✐t ♠❡❛♥s t❤❛t GasTurbo ♣♦rts ❛r❡

t❤❡ ♦♥❡s ❤✐❣❤❧✐❣❤t❡❞ ✐♥ ❣r❡❡♥ ✐♥ ❚❛❜❧❡✸✳✸ ❛♥❞ t❤❡ ❞❡❝❧s ❛r❡ t❤❡ ♦♥❡s ❤✐❣❤❧✐❣❤t❡❞ ✐♥

r❡❞ ✐♥ ❚❛❜❧❡ ✸✳✺✳ ■♥ ❛❞❞✐t✐♦♥✱ ♦t❤❡r ❞❛t❛✱ ❞❡❝❧s ❛♥❞ ♣♦rts ❛r❡ ❞❡✜♥❡❞ ❛♥❞ ❛r❡ t❤❡

♦♥❡s ❤✐❣❤❧✐❣❤t❡❞ ✐♥ ②❡❧❧♦✇ ✐♥ ❚❛❜❧❡ ✸✳✸✱ ✸✳✹ ❛♥❞ ✸✳✺✳ ■♥ ❚❛❜❧❡ ✸✳✷ ❛❧❧ t❤❡ ✈❛r✐❛❜❧❡s

❡①❝❤❛♥❣❡❞ t❤r♦✉❣❤ t❤❡ s❤❛❢t ♣♦rt ❛r❡ r❡♣♦rt❡❞✳

❊❝♦s✐♠Pr♦

◆❛♠❡

❚❤❡s✐s

◆❛♠❡
■♥✐t✐❛❧ ✈❛❧✉❡ ❉❡s❝r✐♣t✐♦♥ ❯♥✐t

N N ✲ ❘♦t❛t✐♦♥❛❧ s♣❡❡❞ r♣♠

P Pshaft ✲ ❙❤❛❢t ♠❡❝❤❛♥✐❝❛❧ ♣♦✇❡r ❲

❚❛❜❧❡ ✸✳✷✿ ❱❛r✐❛❜❧❡s ❡①❝❤❛♥❣❡❞ t❤r♦✉❣❤ t❤❡ ❝♦♠♣♦♥❡♥ts ❝♦♥♥❡❝t❡❞ ✇✐t❤ ❛ s❤❛❢t ♣♦rt✳

■♥ t❤❡ GasTurbo ❝♦❞❡ ❛r❡ ❡♠❜❡❞❞❡❞ ❊q✉❛t✐♦♥s ✭✸✳✷✮ ❛♥❞ ✭✸✳✶✮✱ ♣❧✉s ♦t❤❡r ❡q✉❛t✐♦♥s



✸⑤ ❊❝♦s✐♠Pr♦ ✸✸

t❤❛t ❛r❡ t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ t❤❡ ❝♦rr❡❝t❡❞ ♠❛ss ✢♦✇

ṁcorr =
ṁin ·

√
θ

δ
, ✭✸✳✸✮

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

P = ṁin · (hTin
− hTout

), ✭✸✳✹✮

❛♥❞ t❤❡ s❤❛❢t ♣♦✇❡r ❜❛❧❛♥❝❡

P + Pshaftin − Pshaftout = I ·
( π

30

)2

·N · Ṅ . ✭✸✳✺✮

P❖❘❚❙

❊❝♦s✐♠Pr♦

◆❛♠❡
❉✐r❡❝t✐♦♥ ❉❡s❝r✐♣t✐♦♥

g❴in ■◆ ■♥❧❡t ❣❛s ♣♦rt

g❴out ❖❯❚ ❖✉t❧❡t ❣❛s ♣♦rt

sh❴in ■◆ ■♥♣✉t ♠❡❝❤❛♥✐❝❛❧ ♣♦rt

sh❴out ❖❯❚ ❖✉t♣✉t ♠❡❝❤❛♥✐❝❛❧ ♣♦rt

❚❛❜❧❡ ✸✳✸✿ ❈♦♠♣r❡ss♦r ❝♦♥♥❡❝t✐♦♥ ♣♦rts✳ ❚❤❡ ♣♦rts ❤✐❣❤❧✐❣❤t❡❞ ✐♥ ❣r❡❡♥ ❛r❡ ❞❡✜♥❡❞ ✐♥

GasInGasOut✱ ✐♥st❡❛❞ t❤❡ ♦♥❡s ❤✐❣❤❧✐❣❤t❡❞ ✐♥ ②❡❧❧♦✇ ❛r❡ ❞❡✜♥❡❞ ✐♥ GasTurbo✳



✸✹ ✸⑤ ❊❝♦s✐♠Pr♦

❉❆❚❆

❊❝♦s✐♠Pr♦

◆❛♠❡

❚❤❡s✐s

◆❛♠❡
❚②♣❡ ❉❡❢❛✉❧t ❉❡s❝r✐♣t✐♦♥ ❯♥✐t

CG1 CG1 ❘❊❆▲ ✶
❈♦rr❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t ❢♦r

❝♦rr❡❝t❡❞ ♠❛ss ✢♦✇
✲

CG2 CG2 ❘❊❆▲ ✶
❈♦rr❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t ❢♦r ❡❢✲

✜❝✐❡♥❝②
✲

CG4 CG4 ❘❊❆▲ ✶
❈♦rr❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t ❢♦r

❝♦♠♣r❡ss✐♦♥ ✇♦r❦
✲

F1 F1 TABLE❴2D ✲

❈♦♠♣r❡ss✐♦♥ ✇♦r❦ ✈s ❛❞✐✲

♠❡♥s✐♦♥❛❧ s♣❡❡❞ ❛♥❞ ❜❡t❛

♣❛r❛♠❡t❡r

J
kg·K

F2 F2 TABLE❴2D ✲
❊✣❝✐❡♥❝② ✈s ❛❞✐♠❡♥s✐♦♥❛❧

s♣❡❡❞ ❛♥❞ ❜❡t❛ ♣❛r❛♠❡t❡r
✲

F3 F3 TABLE❴2D ✲

❈♦rr❡❝t❡❞ ♠❛ss ✢♦✇ ✈s ❛❞✐✲

♠❡♥s✐♦♥❛❧ s♣❡❡❞ ❛♥❞ ❜❡t❛

♣❛r❛♠❡t❡r

kg
s

I I ❘❊❆▲ ✶✵ ■♥❡rt✐❛❧ ♠♦♠❡♥t kg ·m2

ND ND ❘❊❆▲ ✶✵✵✵✵ ❉❡s✐❣♥ r♦t❛t✐♦♥❛❧ s♣❡❡❞ r♣♠

❚❛❜❧❡ ✸✳✹✿ ❈♦♠♣r❡ss♦r ❞❛t❛✳ ❚❤❡ ❞❛t❛ ❤✐❣❤❧✐❣❤t❡❞ ✐♥ ②❡❧❧♦✇ ✐s ❞❡✜♥❡❞ ✐♥ GasTurbo✳



✸⑤ ❊❝♦s✐♠Pr♦ ✸✺

❉❊❈▲❙

❊❝♦s✐♠Pr♦

◆❛♠❡

❚❤❡s✐s

◆❛♠❡
❚②♣❡ ❉❡❢❛✉❧t ❉❡s❝r✐♣t✐♦♥ ❯♥✐t

DHQT Lc ❘❊❆▲ ✲ ❈♦♠♣r❡ss✐♦♥ ✇♦r❦ J
kg·K

DHQTJ LNS
c ❘❊❆▲ ✲

◆♦♥ s❝❛❧❡❞ ❝♦♠♣r❡ss✐♦♥

✇♦r❦
J

kg·K

DN Ṅ ❘❊❆▲ ✲
❉❡r✐✈❛t✐✈❡ ♦❢ r♦t❛t✐♦♥❛❧

s♣❡❡❞
rpm
s

EPD ηis ❘❊❆▲ ✲ ❊✣❝✐❡♥❝② ✲

EDPJ ηNS
is ❘❊❆▲ ✲ ◆♦♥✲s❝❛❧❡❞ ❡✣❝✐❡♥❝② ✲

N N ❘❊❆▲ ✲ ❘♦t❛t✐♦♥❛❧ s♣❡❡❞ rpm

PCNR Nad ❘❊❆▲ ✲
❆❞✐♠❡♥s✐♦♥❛❧ r♦t❛t✐♦♥❛❧

s♣❡❡❞
✪

PQ βc ❘❊❆▲ ✲ Pr❡ss✉r❡ q✉♦t✐❡♥t ✲

Power P ❘❊❆▲ ✲ ▼❡❝❤❛♥✐❝❛❧ ♣♦✇❡r ❲

WR ṁcorr ❘❊❆▲ ✲ ❈♦rr❡❝t❡❞ ✢♦✇ r❛t❡ kg
s

WRJ ṁNS
corr ❘❊❆▲ ✲

◆♦♥✲s❝❛❧❡❞ ❝♦rr❡❝t❡❞ ♠❛ss

✢♦✇
kg
s

beta beta ❘❊❆▲ ✵✳✼ ❇❡t❛ ♣❛r❛♠❡t❡r ✲

delta δ ❘❊❆▲ ✲
❆❞✐♠❡♥s✐♦♥❛❧✐s❡❞ ✐♥❧❡t t♦t❛❧

♣r❡ss✉r❡
✲

theta θ ❘❊❆▲ ✲
❆❞✐♠❡♥s✐♦♥❛❧✐s❡❞ ✐♥❧❡t t♦t❛❧

t❡♠♣❡r❛t✉r❡
✲

❚❛❜❧❡ ✸✳✺✿ ❈♦♠♣r❡ss♦r ❞❡❝❧s✳ ❚❤❡ ❞❡❝❧s ❤✐❣❤❧✐❣❤t❡❞ ✐♥ ②❡❧❧♦✇ ❛r❡ ❞❡✜♥❡❞ ✐♥ GasTurbo✱

✐♥st❡❛❞ t❤❡ ♦♥❡s ❤✐❣❤❧✐❣❤t❡❞ ✐♥ r❡❞ ❛r❡ ❞❡✜♥❡❞ ✐♥ GasChannel✳

❚❤❡ ❝♦♠♣r❡ss♦r ❝♦♠♣♦♥❡♥t ♣♦rts✱ ❞❛t❛ ❛♥❞ ❞❡❝❧s ❛r❡ r❡♣♦rt❡❞ r❡s♣❡❝t✐✈❡❧② ✐♥ ❚❛❜❧❡s ✸✳✸✱

✸✳✺ ❛♥❞ ✸✳✹ ❛♥❞ t❤❡② ❛r❡ t❤❡ r❡s✉❧t ♦❢ t❤❡ ♦♥❡s ✐♥❤❡r✐t❡❞ ❢r♦♠ GasTurbo ♣❧✉s t❤❡ ♦♥❡s

❞❡✜♥❡❞ ✐♥ t❤❡ ❝♦♠♣r❡ss♦r ❝♦❞❡✳ ❚❤❡ ❢♦✉r ♣♦rts ❛r❡ ❝❧❡❛r❧② ✈✐s✐❜❧❡ ✐♥ ❋✐❣✉r❡ ✸✳✹✱ ✇✐t❤ t❤❡

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

❝♦♠♣r❡ss♦r ❡q✉❛t✐♦♥s ❛r❡ t❤❡ ♦♥❡s ✐♥❤❡r✐t❡❞ ❢r♦♠ GasTurbo ✭✐✳❡✳ ❊q✉❛t✐♦♥s ✭✸✳✶✮✱ ✭✸✳✷✮✱

✭✸✳✸✮✱ ✭✸✳✹✮ ❛♥❞ ✭✸✳✺✮✮✱ ♣❧✉s t❤❡ ♦♥❡s ❞❡✜♥❡❞ ✐♥ t❤❡ ❝♦♠♣♦♥❡♥t ✐ts❡❧❢✳ ❚❤❡ ❡q✉❛t✐♦♥s ❛❞❞❡❞
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✐♥ t❤❡ ❝♦♠♣r❡ss♦r ❝♦❞❡ ❛r❡ t❤❡ ❝♦♥s❡r✈❛t✐♦♥ ♦❢ ❛✐r ♠❛ss

ṁin = ṁout, ✭✸✳✻✮

t❤❡ ❝♦♥s❡r✈❛t✐♦♥ ♦❢ ❢✉❡❧ ♠❛ss

FARin = FARout, ✭✸✳✼✮

t❤❡ ❛❞✐♠❡♥s✐♦♥❛❧ r♦t❛t✐♦♥❛❧ s♣❡❡❞

Nad =
100 · N

ND√
θ

, ✭✸✳✽✮

t❤❡ ♥♦♥✲s❝❛❧❡❞ q✉❛♥t✐t✐❡s ❡①tr❛❝t✐♦♥ t❤r♦✉❣❤ ❛ s♣❧✐♥❡ ✐♥t❡r♣♦❧❛t✐♦♥ ❢r♦♠ t❤❡ ❝♦♠♣r❡ss♦r

t❛❜❧❡s














LNS
c = splineInterp2D(F1, beta,Nad),

ηNS
is = splineInterp2D(F2, beta,Nad),

ṁNS
corr = splineInterp2D(F3, beta,Nad),

✭✸✳✾❛✮

✭✸✳✾❜✮

✭✸✳✾❝✮

t❤❡ ❝♦rr❡❝t✐♦♥ ❝♦❡✣❝✐❡♥ts ❝♦♠♣✉t❛t✐♦♥







































CG1 =
ṁcorr

ṁNS
corr

,

CG2 =
ηis

ηNS
is

,

CG4 =
Lc

LNS
c

,

✭✸✳✶✵❛✮

✭✸✳✶✵❜✮

✭✸✳✶✵❝✮

t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ t❤❡ ❝♦♠♣r❡ss✐♦♥ ✇♦r❦

Lc =
hTout

− hTin

TTin

, ✭✸✳✶✶✮

❛♥❞ t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ t❤❡ ❝♦♠♣r❡ss♦r ❡✣❝✐❡♥❝②

ηis · (Φout − Φin) = R · ln(βc). ✭✸✳✶✷✮
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❋✐❣✉r❡ ✸✳✺✿ ◆♦♥✲s❝❛❧❡❞ ❢❛♥ ❛♥❞ ❝♦♠♣r❡ss♦r ♣❡r❢♦r♠❛♥❝❡ ♠❛♣✳

■t ✐s ✐♠♣♦rt❛♥t t♦ ❦♥♦✇ t❤❛t ✐♥ ❊❝♦s✐♠Pr♦ t❤❡ t✉r❜♦♠❛❝❤✐♥❡ ❝♦♠♣♦♥❡♥ts ❛r❡ ❞❡✜♥❡❞ ❜②

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

s❝❛❧❡❞ ♣❡r❢♦r♠❛♥❝❡ ♠❛♣ ✉s❡❞ ❢♦r t❤❡ ❝♦♠♣r❡ss♦r ✐s t❤❡ ♦♥❡ ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✸✳✺✳ ❚❤✐s

♠❛♣ ❞❡s❝r✐❜❡s t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❛ ❝♦♥✈❡♥t✐♦♥❛❧ ✵❉ ❝♦♠♣r❡ss♦r ❝♦♠♣♦♥❡♥t ❬✶✼❪ ❛♥❞ ✐t

✐s ❛❞❞❡❞ ✐♥ ❊❝♦s✐♠Pr♦ t❤r♦✉❣❤ t❤r❡❡ ✷❉ t❛❜❧❡s ❝❛❧❧❡❞ F1✱ F2 ❛♥❞ F3✳ ❚❤✐s ♠❛♣ r❡✲

❝❡✐✈❡s ✐♥ ✐♥♣✉t beta ❛♥❞ Nad ❛♥❞ ♣r♦✈✐❞❡s ✐♥ ♦✉t♣✉t t❤❡ ✈❛❧✉❡s ♦❢ LNS
c ✱ ηNS

is ❛♥❞ ṁNS
corr✱ ❛s

r❡♣♦rt❡❞ r❡s♣❡❝t✐✈❡❧② ✐♥ ❊q✉❛t✐♦♥s ✭✸✳✾❛✮✱ ✭✸✳✾❜✮ ❛♥❞ ✭✸✳✾❝✮✳ ❚❤❡♥✱ t❤❡s❡ q✉❛♥t✐t✐❡s ❛r❡

❝♦♠♣✉t❡❞ ❛❧s♦ t❤r♦✉❣❤ t❤❡ t❤❡r♠♦❞②♥❛♠✐❝ q✉❛♥t✐t✐❡s✱ ❤❡♥❝❡ t❤❡ ❝♦rr❡❝t✐♦♥ ❝♦❡✣❝✐❡♥ts

❝❛♥ ❜❡ ❝♦♠♣✉t❡❞ ✉s✐♥❣ ❊q✉❛t✐♦♥s ✭✸✳✶✵❛✮✱ ✭✸✳✶✵❜✮ ❛♥❞ ✭✸✳✶✵❝✮✳ ❉✉r✐♥❣ t❤❡ ❞❡s✐❣♥ ♣❤❛s❡

t❤❡s❡ ❝♦rr❡❝t✐♦♥ ❝♦❡✣❝✐❡♥ts ❛r❡ ❝♦♠♣✉t❡❞ ✐♥ ♦r❞❡r t♦ ♦❜t❛✐♥ t❤❡ s❝❛❧❡❞ ♣❡r❢♦r♠❛♥❝❡ ♠❛♣✳

❖♥❝❡ t❤❡ ❧❛tt❡r ✐s ♦❜t❛✐♥❡❞✱ t❤❡ ♦✛✲❞❡s✐❣♥ ❛♥❛❧②s✐s ❝❛♥ ❜❡ ♣❡r❢♦r♠❡❞✳ ◆♦t❡ t❤❛t t❤❡ ♣❛✲

r❛♠❡t❡r beta ✐s s✐♠♣❧② ❛ ♣❛r❛♠❡t❡r ♥❡❡❞❡❞ ❜② t❤❡ s♦❧✈❡r✳ ❆s r❡♣♦rt❡❞ ✐♥ ❬✷✼❪✿ ✧beta s❡r✈❡s

s✐♠♣❧② ❛s ❛♥ ❛rr❛② ❛❞❞r❡ss ❛♥❞ ❛✈♦✐❞s t❤❡ ♣r♦❜❧❡♠ ♦❢ ❤♦r✐③♦♥t❛❧ ❛♥❞ ✈❡rt✐❝❛❧ ♣♦rt✐♦♥s

❝♦♥st❛♥t Nad ❧✐♥❡s✧✳

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

❧✐♥❡✱ t❤✐s ✐s ✇❤② ❛❧s♦ ♣♦✐♥ts ♦✉ts✐❞❡ t❤❡ ♠❛♣ ❝❛♥ ❜❡ ❝♦♥s✐❞❡r❡❞✳ ■♥ ♦r❞❡r t♦ ❛❞❞ t❤❡ s✉r❣❡

❛♥❞ t❤❡ ❝❤♦❝❦❡ ❧✐♥❡ ❛ ♠♦r❡ ❝♦♠♣❧❡① ❝♦♠♣r❡ss♦r ♠♦❞❡❧ ✐s ♥❡❡❞❡❞✱ ❜✉t t❤✐s ✇✐❧❧ ♥♦t ❜❡ t❤❡

s❝♦♣❡ ♦❢ t❤✐s t❤❡s✐s✳

❆❧❧ t❤❡s❡ ❡q✉❛t✐♦♥s ✐♥tr♦❞✉❝❡❞ s❤♦✉❧❞ ❜❡ ❝❧❡❛r t♦ t❤❡ r❡❛❞❡r✳ ❚❤❡ ♦♥❧② ❡q✉❛t✐♦♥ t❤❛t

♥❡❡❞s ❛ ❜❡tt❡r ❡①♣❧❛♥❛t✐♦♥ ✐s ❊q✉❛t✐♦♥ ✭✸✳✶✷✮✱ ✐♥ ♣❛rt✐❝✉❛❧ t❤❡ ♠❡❛♥✐♥❣ ♦❢ Φ✳ Φ ❝❛♥ ❜❡

❡①♣❧❛✐♥❡❞ st❛rt✐♥❣ ❢r♦♠ t❤❡ ❡♥t❤❛❧♣② ❞❡✜♥✐t✐♦♥✿

h = u+ pυ, ✭✸✳✶✸✮
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✇✐t❤ u t❤❛t ✐s t❤❡ ✐♥t❡r♥❛❧ ❡♥❡r❣② ❛♥❞ υ t❤❡ s♣❡❝✐✜❝ ✈♦❧✉♠❡✳ ❚❤❡♥✱ ❞✐✛❡r❡♥t✐❛t✐♥❣ ❊q✉❛✲

t✐♦♥ ✭✸✳✶✸✮ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ♦❜t❛✐♥✿

dh = du+ d(pυ). ✭✸✳✶✹✮

❚❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ du ✐s✿

du = Tds− pdυ. ✭✸✳✶✺✮

❙✉❜st✐t✉t✐♥❣ ❊q✉❛t✐♦♥ ✭✸✳✶✺✮ ✐♥t♦ ❊q✉❛t✐♦♥ ✭✸✳✶✹✮ ❛♥❞ ♠❛❦✐♥❣ s♦♠❡ ♣❛ss❛❣❡s✿

dh = Tds− pdυ + pdυ + υdp = Tds+ υdp = Tds+
dp

ρ
,

❛♥❞ r❡♠❡♠❜❡r✐♥❣ ❛❧s♦ t❤❡ ❡q✉❛t✐♦♥ ♦❢ ♣❡r❢❡❝t ❣❛s❡s✱ ❊q✉❛t✐♦♥ ✭✸✳✶✹✮ ❝❛♥ ❜❡ r❡✇r✐tt❡♥ ❛s✿

dh = T
(

ds+R
dp

p

)

. ✭✸✳✶✻✮

❚❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ t❤❡ ❡♥tr♦♣② ❞✐✛❡r❡♥t✐❛t✐♦♥ ✐s✿

ds =
dh

T
−R

dp

p
. ✭✸✳✶✼✮

❚❤❡ ❡♥t❤❛❧♣② ❝❛♥ ❜❡ ❞❡✜♥❡❞ ❛❧s♦ ❛s✿

dh = CpdT ✭✸✳✶✽✮

❤❡♥❝❡✱ ❊q✉❛t✐♦♥ ✭✸✳✶✼✮ ❝❛♥ ❜❡ r❡✇r✐tt❡♥ ❛s✿

ds = Cp

dT

T
−R

dp

p
. ✭✸✳✶✾✮

■♥ ❊❝♦s✐♠Pr♦ t❤❡ ❝♦♠♣♦♥❡♥t ❡✣❝✐❡♥❝② ✐s ❞❡✜♥❡❞ ❛s t❤❡ ✐s❡♥tr♦♣✐❝ ❡✣❝✐❡♥❝② ❛♥❞ s♦✱

r❡❢❡rr✐♥❣ t♦ ❋✐❣✉r❡ ✸✳✻✱ ✐t ✐s ❞❡✜♥❡❞ ❛s✿

ηis =
Lcis

Lc

=
h2i − h1

h2 − h1

=

∫ 2i

1
dh

∫ 2

1
dh

. ✭✸✳✷✵✮

❚❤❡♥✱ s✉❜st✐t✉t✐♥❣ ✐♥t♦ ❊q✉❛t✐♦♥ ✭✸✳✷✵✮ t❤❡ ❊q✉❛t✐♦♥ ✭✸✳✶✻✮ ❛♥❞ ❝♦♥s✐❞❡r✐♥❣ ❢♦r t❤❡ ♥✉✲
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♠❡r❛t♦r t❤❛t ds = 0✱ t❤❡ ❢♦❧❧♦✇✐♥❣ st❡♣s ❝❛♥ ❜❡ ❞♦♥❡✿

ηis =

∫ 2i

1
RT dp

p
∫ 2

1
T
(

ds+Rdp
p

) . ✭✸✳✷✶✮

❑♥♦✇✐♥❣ t❤❛t p2i = p2 ❛♥❞ s✉❜s✐t✉t✐♥❣ ✐♥ ❊q✉❛t✐♦♥ ✭✸✳✷✶✮ t❤❡ ❊q✉❛t✐♦♥ ✭✸✳✶✽✮ ❛♥❞ t❤❡

❞❡✜♥✐t✐♦♥ ♦❢ βc✱ ✐t ❝❛♥ ❜❡ ✇r✐tt❡♥ t❤❛t✿

ηis ·
∫ 2

1

(

Cp

dT

T

)

= R ln(βc). ✭✸✳✷✷✮

❆t t❤✐s ♣♦✐♥t t❤❡ ◆❛s❛ ♣♦❧②♥♦♠✐❛❧s ❛r❡ ✐♥tr♦❞✉❝❡❞ ✐♥ ♦r❞❡r t♦ r❡✇r✐t❡ t❤❡ t❡r♠ Cp
dT
T

❛s✿

(

Cp

dT

T

)

=
N
∑

i=1

(ai · T i−1dT ). ✭✸✳✷✸✮

❚❤❡ ❝♦❡✣❝✐❡♥ts ai ❛r❡ ❝❛❧❧❡❞ t❤❡r♠♦❞②♥❛♠✐❝ ❝♦❡✣❝✐❡♥ts✳ ❋✐♥❛❧❧②✱ ❛❞❞✐♥❣ t❤✐s ❡①♣r❡ss✐♦♥

✐♥ ❊q✉❛t✐♦♥ ✭✸✳✷✷✮ r❡s✉❧ts✿

ηis ·
∫ 2

1

N
∑

i=1

(ai · T i−1dT ) = R ln(βc) ✭✸✳✷✹✮

❛♥❞ r❡✲♥❛♠✐♥❣
∫ 2

1

∑N

i=1(ai ·T
i−1dT ) ❛s

∫ 2

1

∑N

i=1(ai ·T
i−1dT ) = (Φ2−Φ1)✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦

♦❜t❛✐♥✿

ηis · (Φ2 − Φ1) = R · ln(βc). ✭✸✳✷✺✮

❊q✉❛t✐♦♥ ✭✸✳✷✺✮ ✐s ❡①❛❝t❧② ❊q✉❛t✐♦♥ ✭✸✳✶✷✮✳

❍❡♥❝❡✱ ✐♥ ❊❝♦s✐♠Pr♦ ηis ✐s ♦❜t❛✐♥❡❞ t❤r♦✉❣❤ t❤❡ ◆❆❙❆ ♣♦❧②♥♦♠✐❛❧s✳ ◆♦t❡ t❤❛t ✐♥ ❊❝♦s✐♠✲

Pr♦ t❤❡ ❡①♣r❡ss✐♦♥ ♦❢ Cp
dT
T

✐s ♠♦r❡ ❝♦♠♣❧❡①✱ ❜❡❝❛✉s❡ ✐t ✐s ❢✉♥❝t✐♦♥ ❜♦t❤ ♦❢ t❤❡ ❣❛s t❡♠✲

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

s

P1

P2

1

2
i

2

❋✐❣✉r❡ ✸✳✻✿ ❚✲s ❞✐❛❣r❛♠✿ ❈♦♠♣r❡ss♦r ✐s❡♥tr♦♣✐❝ ❡✣❝✐❡♥❝②✳

✸✳✷✳✷✳ ❋❛♥

❋✐❣✉r❡ ✸✳✼✿ ❊❝♦s✐♠Pr♦ ❝♦♠♣♦♥❡♥t✿ ❋❛♥✳

❚❤❡ ❊❝♦s✐♠Pr♦ ❢❛♥ ❝♦♠♣♦♥❡♥t ✐s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✸✳✼✳ ❚❤✐s ❝♦♠♣♦♥❡♥t ✐♥❤❡r✐ts ❛❧❧

♣♦rts✱ ❞❛t❛✱ ❞❡❝❧s ❛♥❞ ❡q✉❛t✐♦♥s ❢r♦♠ t❤❡ ❝♦♠♣r❡ss♦r✱ ✐♥ ❢❛❝t ❛ ❢❛♥ ✐s s✉❜st❛♥t✐❛❧❧② ❛

❝♦♠♣r❡ss♦r✳ ❚❤❡ ❢❛♥ ✐♥❤❡r✐t❛♥❝❡ tr❡❡ ✐s✿

GasInGasOut → GasChannel → GasTurbo → Compressor → Fan

❚❤❡ ♠❛✐♥ ❞✐✛❡r❡♥❝❡ ❢r♦♠ t❤❡ ❝♦♠♣r❡ss♦r ✐s t❤❡ ❢❛❝t t❤❛t t❤❡ t♦t❛❧ ♠❛ss ✢♦✇ ✐s ❞✐✈✐❞❡❞ ✐♥✿

❼ ♣r✐♠❛r② ✢♦✇✱ t❤❛t ♣❛ss ✐♥s✐❞❡ t❤❡ ❡♥❣✐♥❡ ❝♦r❡❀

❼ s❡❝♦♥❞❛r② ✢♦✇✱ t❤❛t ♣❛ss ♦✉ts✐❞❡ t❤❡ ❡♥❣✐♥❡ ❝♦r❡✳

❍❡♥❝❡✱ t❤❡ ❢❛♥ ❝♦♠♣♦♥❡♥t ❤❛s t✇♦ ♦✉t❧❡t ❣❛s ♣♦rts✳ ❋♦r t❤❡ s❛♠❡ r❡❛s♦♥ ❛❧s♦ t✇♦ ♠♦r❡

❞❛t❛ ❛r❡ ❞❡✜♥❡❞✳ ❚❤❡ ♣♦rts✱ ❞❛t❛ ❛♥❞ ❞❡❝❧s ❛❞❞❡❞ ✐♥ t❤❡ ❢❛♥ ❝♦❞❡ ❛r❡ r❡♣♦rt❡❞ r❡s♣❡❝t✐✈❡❧②

✐♥ ❚❛❜❧❡s ✸✳✻✱ ✸✳✼ ❛♥❞ ✸✳✽✳
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P❖❘❚❙

❊❝♦s✐♠Pr♦

◆❛♠❡
❉✐r❡❝t✐♦♥ ❉❡s❝r✐♣t✐♦♥

g❴pr ❖❯❚ ❖✉t❧❡t ♣r✐♠❛r② ❣❛s ♣♦rt

❚❛❜❧❡ ✸✳✻✿ ◆❡✇ ❝♦♥♥❡❝t✐♦♥ ♣♦rt ❞❡✜♥❡❞ ✐♥ t❤❡ ❢❛♥ ❝♦❞❡✳

❉❆❚❆

❊❝♦s✐♠Pr♦

◆❛♠❡

❚❤❡s✐s

◆❛♠❡
❚②♣❡ ❉❡❢❛✉❧t ❉❡s❝r✐♣t✐♦♥ ❯♥✐t

DH❴ratio DHratio ❘❊❆▲ ✵✳✾
❙❝❛❧❛r ❢♦r ♣r✐♠❛r② ✢♦✇ ❝♦♠✲

♣r❡ss✐♦♥ ✇♦r❦
✲

EPD❴ratio EPDratio ❘❊❆▲ ✵✳✾
❙❝❛❧❛r ❢♦r ♣r✐♠❛r② ✢♦✇ ❡✣✲

❝✐❡♥❝②
✲

❚❛❜❧❡ ✸✳✼✿ ◆❡✇ ❞❛t❛ ❞❡✜♥❡❞ ✐♥ t❤❡ ❢❛♥ ❝♦❞❡✳

❉❊❈▲❙

❊❝♦s✐♠Pr♦

◆❛♠❡

❚❤❡s✐s

◆❛♠❡
❚②♣❡ ❉❡❢❛✉❧t ❉❡s❝r✐♣t✐♦♥ ❯♥✐t

BPR BPR ❘❊❆▲ ✲ ❇②♣❛ss r❛t✐♦ ✲

❚❛❜❧❡ ✸✳✽✿ ◆❡✇ ❞❡❝❧s ❞❡✜♥❡❞ ✐♥ t❤❡ ❢❛♥ ❝♦❞❡✳

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

♦♥❡s ❞❡✜♥❡❞ ✐♥ t❤❡ ❢❛♥ ❝♦❞❡✳ ❍❡r❡ ✐s ♣r❡s❡♥t t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ BPR ♣❧✉s ♦t❤❡r ❡q✉❛t✐♦♥s

t❤❛t ❛r❡ ✐❞❡♥t✐❝❛❧ t♦ t❤❡ ❝♦♠♣r❡ss♦r ♦♥❡s ✭❊q✉❛t✐♦♥s ✭✸✳✻✮✱ ✭✸✳✼✮✱ ✭✸✳✶✶✮ ❛♥❞ ✭✸✳✶✷✮✮✱ ❜✉t

r❡❢❡rr❡❞ t♦ t❤❡ ♣r✐♠❛r② ✢♦✇✳ ❚❤❡ ❡q✉❛t✐♦♥s ✐♥❤❡r✐t❡❞ ❢r♦♠ t❤❡ ❝♦♠♣r❡ss♦r ❛r❡ ✉s❡❞ ❢♦r t❤❡

s❡❝♦♥❞❛r② ✢♦✇✳ ■♥ ❊❝♦s✐♠Pr♦ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♠❛♣ ✉s❡❞ ✐s t❤❡ s❛♠❡ ❛s ❢♦r t❤❡ ❝♦♠♣r❡ss♦r

✭❋✐❣✉r❡ ✸✳✺✮✳
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✸✳✷✳✸✳ ❚✉r❜✐♥❡

❋✐❣✉r❡ ✸✳✽✿ ❊❝♦s✐♠Pr♦ ❝♦♠♣♦♥❡♥t✿ ❚✉r❜✐♥❡✳

❚❤❡ t✉r❜✐♥❡ ❝♦♠♣♦♥❡♥t ❝♦❞❡ ✐s ✈❡r② s✐♠✐❧❛r t♦ t❤❡ ♦♥❡ ♦❢ t❤❡ ❝♦♠♣r❡ss♦r✱ ❜✉t t❤❡ t✉r❜✐♥❡

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

t❤❡ t✉r❜✐♥❡ ✐♥❤❡r✐t❛♥❝❡ tr❡❡ ✐s✿

GasInGasOut → GasChannel → GasTurbo → Turbine

■♥ t❤❡ t✉r❜✐♥❡ ❝♦❞❡ ❛r❡ ❞❡✜♥❡❞ ♥❡✇ ❞❛t❛ ❛♥❞ ❞❡❝❧s✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❚❛❜❧❡s ✸✳✾

❛♥❞ ✸✳✶✵✳ ◆♦t❡ t❤❛t ❛❧❧ t❤❡ ✈❛r✐❛❜❧❡s t❤❛t ❛r❡ ✐♥ t❤✐s s✉❜✲♣❛r❛❣r❛♣❤ ❛r❡ r❡❢❡rr❡❞ t♦ t❤❡

t✉r❜✐♥❡ ❝♦♠♣♦♥❡♥t✳

❉❆❚❆

❊❝♦s✐♠Pr♦

◆❛♠❡

❚❤❡s✐s

◆❛♠❡
❚②♣❡ ❉❡❢❛✉❧t ❉❡s❝r✐♣t✐♦♥ ❯♥✐t

CG1 CG1 ❘❊❆▲ ✶
❈♦rr❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t ❢♦r

❝♦rr❡❝t❡❞ ♠❛ss ✢♦✇
✲

CG2 CG2 ❘❊❆▲ ✶
❈♦rr❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t ❢♦r ❡❢✲

✜❝✐❡♥❝②
✲

CG3 CG3 ❘❊❆▲ ✶
❈♦rr❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t ❢♦r r♦✲

t❛t✐♦♥❛❧ s♣❡❡❞
✲

CG4 CG4 ❘❊❆▲ ✶
❈♦rr❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t ❢♦r

❡①♣❛♥s✐♦♥ ✇♦r❦
✲

G1 G1 TABLE❴2D ✲

❈♦rr❡❝t❡❞ ♠❛ss ✢♦✇ ✈s

♣♦✇❡r ❛♥❞ ❝♦rr❡❝t❡❞ r♦t❛✲

t✐♦♥❛❧ s♣❡❡❞

kg
s

G2 G2 TABLE❴2D ✲
❊✣❝✐❡♥❝② ✈s ♣♦✇❡r ❛♥❞ ❝♦r✲

r❡❝t❡❞ r♦t❛t✐♦♥❛❧ s♣❡❡❞
✲

❚❛❜❧❡ ✸✳✾✿ ◆❡✇ ❞❛t❛ ❞❡✜♥❡❞ ✐♥ t❤❡ t✉r❜✐♥❡ ❝♦❞❡✳
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❉❊❈▲❙

❊❝♦s✐♠Pr♦

◆❛♠❡

❚❤❡s✐s

◆❛♠❡
❚②♣❡ ❉❡❢❛✉❧t ❉❡s❝r✐♣t✐♦♥ ❯♥✐t

DHQT Le ❘❊❆▲ ✲ ❊①♣❛♥s✐♦♥ ✇♦r❦ J
kg·K

DHQTJ LNS
e ❘❊❆▲ ✲ ◆♦♥ s❝❛❧❡❞ ❡①♣❛♥s✐♦♥ ✇♦r❦ J

kg·K

EPD ηis ❘❊❆▲ ✲ ❊✣❝✐❡♥❝② ✲

EDPJ ηNS
is ❘❊❆▲ ✲ ◆♦♥✲s❝❛❧❡❞ ❡✣❝✐❡♥❝② ✲

WRJ ṁNS
corr ❘❊❆▲ ✲

◆♦♥✲s❝❛❧❡❞ ❝♦rr❡❝t❡❞ ♠❛ss

✢♦✇
kg
s

NR Ncorr ❘❊❆▲ ✲ ❈♦rr❡❝t❡❞ r♦t❛t✐♦♥❛❧ s♣❡❡❞ r♣♠

NRJ NNS
corr ❘❊❆▲ ✲

◆♦♥✲s❝❛❧❡❞ ❝♦rr❡❝t❡❞ r♦t❛✲

t✐♦♥❛❧ s♣❡❡❞
r♣♠

❚❛❜❧❡ ✸✳✶✵✿ ◆❡✇ ❞❡❝❧s ❞❡✜♥❡❞ ✐♥ t❤❡ t✉r❜✐♥❡ ❝♦❞❡✳

❚❤❡ ❡q✉❛t✐♦♥s ✐♥ t❤❡ t✉r❜✐♥❡ ❝♦♠♣♦♥❡♥t ❛r❡ t❤❡ ❝♦♥s❡r✈❛t✐♦♥ ♦❢ ♠❛ss ❛♥❞ ❢✉❡❧ t❤❛t ❝♦r✲

r❡s♣♦♥❞ t♦ ❊q✉❛t✐♦♥s ✭✸✳✻✮ ❛♥❞ ✭✸✳✼✮✱ t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ ❝♦rr❡❝t❡❞ r♦t❛t✐♦♥❛❧ s♣❡❡❞

Ncorr =
N
√
θ
,

t❤❡ ❡①♣❛♥s✐♦♥ ✇♦r❦ ❞❡✜♥✐t✐♦♥

Le =
hTin

− hTout

TTin

,

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

{

ṁNS
corr = splineInterp2D(G1, LNS

e , NNS
corr),

ηNS
is = splineInterp2D(G2, LNS

e , NNS
corr),

t❤❡ ❝♦rr❡❝t✐♦♥ ❝♦❡✣❝✐❡♥ts






















































CG1 =
ṁcorr

ṁNS
corr(TURB)

,

CG2 =
ηis

ηNS
is

,

CG3 =
Ncorr

NNS
corr

,

CG4 =
Le

LNS
e

,
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❛♥❞ t❤❡ t✉r❜✐♥❡ ✐s❡♥tr♦♣✐❝ ❡✣❝✐❡♥❝②

ηis

Φout − Φin

= R · ln(βc).

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

♣❡r❢♦r♠❛♥❝❡ ♠❛♣✳ ❚❤✐s ♠❛♣ ❤❛s ❛ ❧♦t ♦❢ s✐♠✐❧❛r✐t✐❡s ✇✐t❤ t❤❡ ❝♦♠♣r❡ss♦r ♦♥❡✱ ❜✉t t❤❡r❡

❛r❡ ❛❧s♦ s♦♠❡ ❞✐✛❡r❡♥❝❡s✳ ❚❤❡ ♠❛✐♥ ❞✐✛❡r❡♥❝❡s ❛r❡ t✇♦✿ t❤❡ ✜rst ♦♥❡ ✐s t❤❛t t❤✐s ♠❛♣ ✐s

❛❞❞❡❞ ✐♥ ❊❝♦s✐♠Pr♦ t❤r♦✉❣❤ t✇♦ ✷❉ t❛❜❧❡s ✭G1 ❛♥❞ G2✮ ❛♥❞ t❤❡ s❡❝♦♥❞ ♦♥❡ ✐s t❤❛t t❤✐s

♠❛♣ r❡❝❡✐✈❡s ✐♥ ✐♥♣✉t LNS
e ❛♥❞ NNS

corr ❛♥❞ ♣r♦✈✐❞❡s ✐♥ ♦✉t♣✉t ṁNS
corr ❛♥❞ ηNS

is ✳ ■♥ ❋✐❣✉r❡ ✸✳✾

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

❋✐❣✉r❡ ✸✳✾✿ ◆♦♥✲s❝❛❧❡❞ t✉r❜✐♥❡ ♣❡r❢♦r♠❛♥❝❡ ♠❛♣✳

✸✳✸✳ ◆❡✇ ❝♦♠♣♦♥❡♥t✿ ❈♦✉♥t❡r✲r♦t❛t✐♥❣ ❢❛♥

❋✐❣✉r❡ ✸✳✶✵✿ ❊❝♦s✐♠Pr♦ ❝♦♠♣♦♥❡♥t✿ ❈❘ ❢❛♥✳
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❚❤✐s t❤❡s✐s ✐s ❛❜♦✉t ❡❧❡❝tr✐❝ ❈❘ ❢❛♥s✱ ❜✉t ✐♥ t❤❡ t✉r❜♦❥❡t ❧✐❜r❛r② t❤❡r❡ ❛r❡♥✬t ❈❘ ❝♦♠♣♦✲

♥❡♥ts✳ ❚❤✐s ✐s ✇❤② ✐t ✇❛s ♥❡❝❡ss❛r② t♦ ❝♦❞❡ t❤❡ ❈❘ ❢❛♥ ❝♦♠♣♦♥❡♥t✱ ✇❤✐❝❤ ✐♥ ❊❝♦s✐♠Pr♦ ✐t

✇❛s ❝❛❧❧❡❞ ”Electric❴CrFan”✳ ❚❤✐s ♥❡✇ ❝♦♠♣♦♥❡♥t ✇❛s ❝♦❞❡❞ ✇✐t❤ t❤❡ s❛♠❡ ♣❤✐❧♦s♦♣❤②

♦❢ t❤❡ ♦t❤❡r t✉r❜♦♠❛❝❤✐♥❡ ❝♦♠♣♦♥❡♥ts✱ ❜❡❝❛✉s❡ ✜rst ♦❢ ❛❧❧ ✐t ✐s ❛ t✉r❜♦♠❛❝❤✐♥❡ ❛♥❞ ❛❧s♦

❜❡❝❛✉s❡ ✐t ✐s ♥♦t s♦ ❞✐✛❡r❡♥t ❢r♦♠ ❛ ❝♦♠♣r❡ss♦r✳ ■♥ ♦r❞❡r t♦ ❝♦❞❡ t❤❡ ❈❘ ❢❛♥✱ t❤❡ ❝♦♠✲

♣r❡ss♦r ❝♦❞❡ ❛♥❞ t❤❡ ✇♦r❦ ♦❢ ❆❧❡①✐♦✉ ❡t ❛❧✳ ❬✺❪ ✇❡r❡ ✉s❡❞ ❛s r❡❢❡r❡♥❝❡s✳ ❘❡♠❡♠❜❡r ❛❧s♦

t❤❛t ❛❧❧ t❤❡ ✈❛r✐❛❜❧❡s ❞❡✜♥❡❞ ✐♥ t❤✐s s✉❜✲s❡❝t✐♦♥ ❛r❡ r❡❢❡rr❡❞ t♦ t❤❡ ❈❘ ❢❛♥ ❝♦♠♣♦♥❡♥t✳

❚❤❡ ✜rst st❡♣ ✐s t♦ ❝❤♦♦s❡ t❤❡ ❈❘ ❢❛♥ ✐♥❤❡r✐t❛♥❝❡ tr❡❡✳ ❚❤❡ ❈❘ ❢❛♥ ❝♦♠♣♦♥❡t ❝❛♥✬t ✐♥❤❡r✐t

t❤❡ ♠❛t❤❡♠❛t✐❝❛❧ ♠♦❞❡❧ ❢r♦♠ GasTurbo✱ ❜❡❝❛✉s❡ t❤❡ ❈❘ ❢❛♥ ❤❛s t✇♦ s❤❛❢ts ❛♥❞ s♦ ❢♦✉r

♠❡❝❤❛♥✐❝❛❧ ♣♦rts✳ ❚❤✐s ✐s ❝❧❡❛r❧② ✈✐s✐❜❧❡ ✐♥ ❋✐❣✉r❡ ✸✳✶✵✳ ■♥st❡❛❞✱ t❤❡ ❈❘ ❢❛♥ ❝❛♥ ❜❡ t❤❡

❝❤✐❧❞ ♦❢ GasChannel✱ s♦ t❤❡ ❝❤♦s❡♥ ✐♥❤❡r✐t❛♥❝❡ tr❡❡ ✐s✿

GasInGasOut → GasChannel → Electric❴CrFan

P❖❘❚❙

❊❝♦s✐♠Pr♦

◆❛♠❡
❉✐r❡❝t✐♦♥ ❉❡s❝r✐♣t✐♦♥

sh1❴in ■◆ ❋r♦♥t r♦t♦r ✐♥♣✉t ♠❡❝❤❛♥✐❝❛❧ ♣♦rt

sh1❴out ❖❯❚ ❋r♦♥t r♦t♦r ♦✉t♣✉t ♠❡❝❤❛♥✐❝❛❧ ♣♦rt

sh2❴in ■◆ ❘❡❛r r♦t♦r ✐♥♣✉t ♠❡❝❤❛♥✐❝❛❧ ♣♦rt

sh2❴out ❖❯❚ ❘❡❛r r♦t♦r ♦✉t♣✉t ♠❡❝❤❛♥✐❝❛❧ ♣♦rt

❚❛❜❧❡ ✸✳✶✶✿ ◆❡✇ ♣♦rts ❞❡✜♥❡❞ ✐♥ t❤❡ ❈❘ ❢❛♥ ❝♦❞❡✳
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❉❆❚❆

❊❝♦s✐♠Pr♦

◆❛♠❡

❚❤❡s✐s

◆❛♠❡
❚②♣❡ ❉❡❢❛✉❧t ❉❡s❝r✐♣t✐♦♥ ❯♥✐t

CG1 CG1 ❘❊❆▲ ✶
❈♦rr❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t ❢♦r

❝♦rr❡❝t❡❞ ♠❛ss ✢♦✇
✲

CG2 CG2 ❘❊❆▲ ✶
❈♦rr❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t ❢♦r ❡❢✲

✜❝✐❡♥❝②
✲

CG4 CG4 ❘❊❆▲ ✶
❈♦rr❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t ❢♦r

❝♦♠♣r❡ss✐♦♥ ✇♦r❦
✲

CG5 CG5 ❘❊❆▲ ✶
❈♦rr❡❝t✐♦♥ ❝♦❡✣❝✐❡♥t ❢♦r

t♦rq✉❡ r❛t✐♦
✲

NR Nratio ❘❊❆▲ ✶ ❙♣❡❡❞ r❛t✐♦ ✲

ND1 ND,FR ❘❊❆▲ ✶✵✵✵✵
❋r♦♥t r♦t♦r ❞❡s✐❣♥ r♦t❛✲

t✐♦♥❛❧ s♣❡❡❞
r♣♠

F1 F1 ✲ TABLE❴3D

❈♦♠♣r❡ss✐♦♥ ✇♦r❦ ✈s ❋r♦♥t

r♦t♦r ❛❞✐♠❡♥s✐♦♥❛❧ s♣❡❡❞

❛♥❞ ❜❡t❛ ♣❛r❛♠❡t❡r ❛♥❞

s♣❡❡❞ r❛t✐♦

J
kg·K

F2 F2 ✲ TABLE❴3D

❊✣❝✐❡♥❝② ✈s ❋r♦♥t r♦t♦r

❛❞✐♠❡♥s✐♦♥❛❧ s♣❡❡❞ ❛♥❞

❜❡t❛ ♣❛r❛♠❡t❡r ❛♥❞ s♣❡❡❞

r❛t✐♦

✲

F3 F3 ✲ TABLE❴3D

❈♦rr❡❝t❡❞ ♠❛ss ✢♦✇ ✈s

❋r♦♥t r♦t♦r ❛❞✐♠❡♥s✐♦♥❛❧

s♣❡❡❞ ❛♥❞ ❜❡t❛ ♣❛r❛♠❡t❡r

❛♥❞ s♣❡❡❞ r❛t✐♦

kg
s

F4 F4 ✲ TABLE❴3D

trq❘ ✈s ❋r♦♥t r♦t♦r ❛❞✐♠❡♥✲

s✐♦♥❛❧ s♣❡❡❞ ❛♥❞ ❜❡t❛ ♣❛✲

r❛♠❡t❡r ❛♥❞ s♣❡❡❞ r❛t✐♦

✲

❚❛❜❧❡ ✸✳✶✷✿ ◆❡✇ ❞❛t❛ ❞❡✜♥❡❞ ✐♥ t❤❡ ❈❘ ❢❛♥ ❝♦❞❡✳
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❉❊❈▲❙

❊❝♦s✐♠Pr♦

◆❛♠❡

❚❤❡s✐s

◆❛♠❡
❚②♣❡ ❉❡❢❛✉❧t ❉❡s❝r✐♣t✐♦♥ ❯♥✐t

WR ṁcorr ❘❊❆▲ ✲ ❈♦rr❡❝t❡❞ ❋❧♦✇ ❘❛t❡ kg
s

PowerR Pratio ❘❊❆▲ ✲ P♦✇❡r r❛t✐♦ ✲

Power P ❘❊❆▲ ✲ ❚♦t❛❧ ❈❘ ❢❛♥ ♣♦✇❡r ❲

Power1 PFR ❘❊❆▲ ✲ ❋r♦♥t r♦t♦r ♣♦✇❡r ❲

Power2 PRR ❘❊❆▲ ✲ ❘❡❛r r♦t♦r ♣♦✇❡r ❲

trq1 Tr,FR ❘❊❆▲ ✲ ❋r♦♥t r♦t♦r t♦rq✉❡ N ·m
trq2 Tr,RR ❘❊❆▲ ✲ ❘❡❛r r♦t♦r t♦rq✉❡ N ·m
N1 NFR ❘❊❆▲ ✲ ❋r♦♥t r♦t♦r r♦t❛t✐♦♥❛❧ s♣❡❡❞ r♣♠

N2 NRR ❘❊❆▲ ✲ ❘❡❛r r♦t♦r r♦t❛t✐♦♥❛❧ s♣❡❡❞ r♣♠

beta beta ❘❊❆▲ ✵✳✼ ❇❡t❛ ♣❛r❛♠❡t❡r ✲

PCNR1 Nad,FR ❘❊❆▲ ✲
❋r♦♥t r♦t♦r ❛❞✐♠❡♥s✐♦♥❛❧

s♣❡❡❞
✪

DHQTJ LNS
c ❘❊❆▲ ✲

◆♦♥✲s❝❛❧❡❞ ❝♦♠♣r❡ss✐♦♥

✇♦r❦
J

kg·K

EPDJ ηNS
is ❘❊❆▲ ✲ ◆♦♥✲s❝❛❧❡❞ ❡✣❝✐❡♥❝② ✲

WRJ ṁNS
corr ❘❊❆▲ ✲

◆♦♥✲s❝❛❧❡❞ ❝♦rr❡❝t❡❞ ♠❛ss

✢♦✇
kg
s

trqRJ TNS
rratio

❘❊❆▲ ✲ ◆♦♥✲s❝❛❧❡❞ t♦rq✉❡ r❛t✐♦ kg
s

DHQT Lc ❘❊❆▲ ✲ ❈♦♠♣r❡ss✐♦♥ ✇♦r❦ J
kg·K

EPD ηis ❘❊❆▲ ✲ ❊✣❝✐❡♥❝② ✲

trqR Trratio ❘❊❆▲ ✲ ❚♦rq✉❡ r❛t✐♦ ✲

❚❛❜❧❡ ✸✳✶✸✿ ◆❡✇ ❞❡❝❧s ❞❡✜♥❡❞ ✐♥ t❤❡ ❈❘ ❢❛♥ ❝♦❞❡✳

❆t t❤✐s ♣♦✐♥t✱ ♥❡✇ ♣♦rts✱ ❞❛t❛ ❛♥❞ ❞❡❝❧s ❤❛✈❡ t♦ ❜❡ ❞❡✜♥❡❞ ✐♥ ♦r❞❡r t♦ ✐♠♣❧❡♠❡♥t t❤❡

♠❛t❤❡♠❛t✐❝❛❧ ♠♦❞❡❧✳ ❆❧❧ t❤❡s❡ ♥❡✇ ✈❛r✐❛❜❧❡s✱ ✇✐t❤ t❤❡✐r ❞❡s❝r✐♣t✐♦♥✱ ❛r❡ r❡♣♦rt❡❞ ✐♥

❚❛❜❧❡s ✸✳✶✶✱ ✸✳✶✷ ❛♥❞ ✸✳✶✸✳ ❙✐♥❝❡ t❤❡ ❈❘ ❢❛♥ ❝❛♥ ❜❡ s❡❡♥ ❛s ❛ ❝♦♠♣r❡ss♦r✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦

♥♦t❡ t❤❛t t❤❡ ❈❘ ❢❛♥ ✈❛r✐❛❜❧❡s ❛r❡ s✐♠✐❧❛r t♦ t❤❡ ❝♦♠♣r❡ss♦r ♦♥❡s✱ ❡✈❡♥ ✐❢ t❤❡r❡ ❛r❡ s♦♠❡

❞✐✛❡r❡♥❝❡s✳ ❚❤❡ ♠❛✐♥ ❞✐✛❡r❡♥❝❡ ✐s t❤❛t✱ s✐♥❝❡ t❤❡ ❈❘ ❢❛♥ ❤❛s t✇♦ r♦t♦rs✱ ✐t ♥❡❡❞s ❛ ♦♥❡

♠♦r❡ ❞❡❣r❡❡ ♦❢ ❢r❡❡❞♦♠✿ Nratio✳ ❚❤✐s ❢❛❝t ✐♠♣❧✐❡s t❤❛t ♥♦✇ t❤❡r❡ ✐s ❛ ❞✐✛❡r❡♥t ♣❡r❢♦r♠❛♥❝❡

♠❛♣ ❢♦r ❡❛❝❤ s♣❡❡❞ r❛t✐♦ ✭❋✐❣✉r❡s ✸✳✶✷✮✳ ▼♦r❡♦✈❡r✱ ✐♥ ♦r❞❡r t♦ ❝♦♠♣✉t❡ t❤❡ ♣♦✇❡r s♣❧✐t

❜❡t✇❡❡♥ t❤❡ t✇♦ s❤❛❢ts✱ ❛❧s♦ t❤❡ t♦rq✉❡ r❛t✐♦ ♠❛♣s ❛r❡ ❛❞❞❡❞ ✭❋✐❣✉r❡s ✸✳✶✸✮✳ ❆s ❢♦r t❤❡
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♣❡r❢♦r♠❛♥❝❡ ♠❛♣s✱ ❛❧s♦ ✐♥ t❤✐s ❝❛s❡ t❤❡r❡ ✐s ❛ ❞✐✛❡r❡♥t t♦rq✉❡ r❛t✐♦ ♠❛♣ ❢♦r ❡❛❝❤ s♣❡❡❞

r❛t✐♦ ❝♦♥s✐❞❡r❡❞✳ ❚♦ ❡①tr❛❝t t❤❡ ✈❛❧✉❡s ❢r♦♠ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ❛♥❞ t♦rq✉❡ r❛t✐♦ ♠❛♣s t❤❡

✜rst ♣❛r❛♠❡t❡r ♥❡❡❞❡❞ ✐s Nratio✱ ✐♥ ❢❛❝t t❤✐s ♣❛r❛♠❡t❡r s❡❧❡❝t t❤❡ r✐❣❤t ♣❡r❢♦r♠❛♥❝❡ ❛♥❞

t♦rq✉❡ r❛t✐♦ ♠❛♣✳ ❆❢t❡r t❤❛t✱ ❜♦t❤ t❤❡s❡ ♠❛♣s r❡❝❡✐✈❡ ✐♥ ✐♥♣✉t beta ❛♥❞ Nad,FR ❛♥❞ t❤❡♥

t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♠❛♣ ♣r♦✈✐❞❡s ✐♥ ♦✉t♣✉t LNS
c ✱ ηNS

is ❛♥❞ ṁNS
corr✳ ■♥st❡❛❞✱ t❤❡ t♦rq✉❡ r❛t✐♦

♠❛♣ ♣r♦✈✐❞❡s TNS
rratio

✳ ◆♦t❡ t❤❛t ❜♦t❤ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♠❛♣s ❛♥❞ t❤❡ t♦rq✉❡ r❛t✐♦ ♠❛♣s

❛r❡ ❛❞❞❡❞ ✐♥ ❊❝♦s✐♠Pr♦ ❛s ✸❉ t❛❜❧❡s✱ t❤❛t ❛r❡ F1✱ F2✱ F3 ❛♥❞ F4✳ ❆ ❜r✐❡❢ ❞❡s❝♣r✐t✐♦♥

♦❢ t❤❡s❡ ✸❉ t❛❜❧❡ ✐s ❞♦♥❡ ✐♥ ❋✐❣✉r❡ ✸✳✶✶✳

Table 2D parameterized by 

Table 3D

Parameter:

❋✐❣✉r❡ ✸✳✶✶✿ ❊①❛♠♣❧❡ ♦❢ t❤❡ ✸❉ t❛❜❧❡ F1✳ ❆ ✸❉ t❛❜❧❡ ✐s s✉❜st❛♥t✐❛❧❧② ❛ ✷❉ t❛❜❧❡ ♣❛r❛♠✲

❡t❡r✐③❡❞ ❜② ❛ ♣❛r❛♠❡t❡r t❤❛t ✐♥ t❤✐s ❝❛s❡ ✐s Nratio✳ ❚❤❡ Nratio ✈❛❧✉❡s ❛r❡ 0.9✱ 1 ❛♥❞ 1.1✱

t❤❡r❡❢♦r❡ t❤❡ ✸❉ t❛❜❧❡ ✐s t❤❡ ❝♦♠♣♦s✐t✐♦♥ ♦❢ t❤r❡❡ ✷❉ t❛❜❧❡s✳

❚❤❡ ♠❛♣s ✉s❡❞ ❛r❡ t❤❡ ♦♥❡s ♦❢ t❤❡ ✇♦r❦ ♦❢ ❆❧❡①✐♦✉ ❡t ❛❧✳ ❬✺❪✱ ✇❤✐❝❤ ✇❡r❡ ✉s❡❞ ❢♦r ❛ ❈❘

❝♦♠♣r❡ss♦r✳ ■♥st❡❛❞✱ ✐♥ t❤✐s ✇♦r❦ t❤❡s❡ ♠❛♣s ✇❡r❡ ✉s❡❞ ❢♦r ❛ ❈❘ ❢❛♥✳ ❚❤✐s ❝❤♦✐❝❡ ✇❛s

♠❛❞❡ ❞✉❡ t♦ t❤r❡❡ ♠❛✐♥ r❡❛s♦♥s✿

❼ t❤❡ ♠❛♣s ❛r❡ ♥♦♥✲❞✐♠❡♥s✐♦♥❛❧ ❛♥❞ ♥♦♥✲s❝❛❧❡❞✱ s♦ t❤❡ s✐♠✐❧❛r✐t② ❝♦♥❝❡♣t ❝❛♥ ❜❡ ✉s❡❞❀

❼ ✐♥ ❊❝♦s✐♠Pr♦ t❤❡ ♠❛♣ ❢♦r t❤❡ ❝♦♠♣r❡ss♦r ❛♥❞ ❢♦r t❤❡ ❢❛♥ ✐s t❤❡ s❛♠❡❀

❼ s♣❡❝✐✜❝ ❈❘ ❢❛♥ ♠❛♣s ✇❡r❡ ♥♦t ❛✈❛✐❧❛❜❧❡✳

❚❤❡ ❡q✉❛t✐♦♥s ❞❡✜♥❡❞ ✐♥ t❤❡ ❈❘ ❢❛♥ ❝♦♠♣♦♥❡♥t ❛r❡ s✐♠✐❧❛r t♦ t❤❡ ❝♦♠♣r❡ss♦r ♦♥❡s✱ ❜✉t

❛❞❛♣t❡❞ t♦ t❤❡ ❢❛❝t t❤❛t ♥♦✇ t❤❡r❡ ❛r❡ t✇♦ s❤❛❢ts✳ ▼♦r❡♦✈❡r✱ t❤❡ ❤②♣♦t❤❡s✐s ♦❢ st❡❛❞②

❝♦♥❞✐t✐♦♥ ✇❛s ♠❛❞❡✳ ❚❤❡ ❡q✉❛t✐♦♥s ♦❢ ❛✐r ❛♥❞ ❢✉❡❧ ❝♦♥s❡r✈❛t✐♦♥ ❛r❡ ✐❞❡♥t✐❝❛❧ t♦ t❤❡

❝♦♠♣r❡ss♦r ♦♥❡s✱ s♦ r❡s♣❡❝t✐✈❡❧② ❊q✉❛t✐♦♥s ✭✸✳✻✮ ❛♥❞ ✭✸✳✼✮✳ Nad,FR ✐s ❞❡✜♥❡❞ ✐♥ t❤❡ s❛♠❡

✇❛② ❛s Nad ✭❊q✉❛t✐♦♥ ✭✸✳✽✮✮✱ ❜✉t ✇✐t❤ t❤❡ ❢r♦♥t r♦t♦r ❛s s✉❜❥❡❝t✳ ❖t❤❡r ❡q✉❛t✐♦♥s ❛r❡ t❤❡
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♥♦♥✲s❝❛❧❡❞ q✉❛♥t✐t✐❡s ❡①tr❛❝t✐♦♥ ❢r♦♠ t❤❡ ✸❉ t❛❜❧❡s t❤r♦✉❣❤ ✸❉ ❧✐♥❡❛r ✐♥t❡r♣♦❧❛t✐♦♥



























TNS
rratio

= linearInterp3D(F4, Nad,FR, beta,Nratio),

ηNS
is = linearInterp3D(F2, Nad,FR, beta,Nratio),

ṁNS
corr = linearInterp3D(F3, Nad,FR, beta,Nratio),

LNS
c = linearInterp3D(F1, Nad,FR, beta,Nratio),

t❤❡ ❝♦rr❡❝t✐♦♥ ❝♦❡✣❝✐❡♥ts ❝♦♠♣✉t❛t✐♦♥























































CG1 =
ṁcorr

ṁNS
corr

,

CG2 =
ηis

ηNS
is

,

CG4 =
Lc

LNS
c

,

CG5 =
Trratio

TNS
rratio

.

❚❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ Lc ✐s t❤❡ s❛♠❡ ♦❢ ❊q✉❛t✐♦♥ ✭✸✳✶✶✮ ❛♥❞ t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ ηis ✐s t❤❡ s❛♠❡

♦❢ ❊q✉❛t✐♦♥ ✭✸✳✶✷✮✳ ▼♦r❡♦✈❡r✱ ṁcorr ❛♥❞ P ❛r❡ ❞❡✜♥❡❞ r❡s♣❡❝t✐✈❡❧② ✐♥ ❊q✉❛t✐♦♥s ✭✸✳✸✮

❛♥❞ ✭✸✳✹✮✳ ❚❤❡♥✱ ❢♦r t❤❡ ❝♦♠♣✉t❛t✐♦♥ ♦❢ ♣♦✇❡r✱ t♦rq✉❡ ❛♥❞ r♦t❛t✐♦♥❛❧ s♣❡❡❞ ✐♥ t❤❡ t✇♦

s❤❛❢ts✱ ♦t❤❡r ❡q✉❛t✐♦♥s ❛r❡ ❛❞❞❡❞✳ ❚❤❡s❡ ❡q✉❛t✐♦♥s ❛r❡ t❤❡ ❞❡✜♥✐t✐♦♥ ♦❢ ♣♦✇❡r r❛t✐♦

Pratio =
PFR

PRR

,

t❤❡ s♣❡❡❞ r❛t✐♦ ❞❡✜♥✐t✐♦♥

Nratio =
NFR

NRR

,

t❤❡ t♦rq✉❡ r❛t✐♦ ❞❡✜♥✐t♦♥

Trratio =
Tr,FR

Tr,RR

,

❛♥❞ t❤❡ ❢r♦♥t ❛♥❞ r❡❛r r♦t♦r ♣♦✇❡r ❞❡✜♥✐t✐♦♥s

PFR =
Tr,FR ·NFR · π

30
,

PRR =
Tr,RR ·NRR · π

30
.
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❚❤❡ ❧❛st ❡q✉❛t✐♦♥s r❡❢❡r t♦ t❤❡ ♣♦✇❡r ❜❛❧❛♥❝❡ ❛♥❞ ❛r❡

0 = PFR + Pshaft,FRin
− Pshaft,FRout

,

0 = PRR + Pshaft,RRin
− Pshaft,RRout

,

Tr,FR =
30 · Trratio ·Nratio

π ·NFR · (1 + Trratio ·Nratio)
.

◆♦✇ t❤❛t t❤❡ ❈❘ ❢❛♥ ❝♦♠♣♦♥❡♥t ✐s ❝♦rr❡❝t❧② ❝♦❞❡❞✱ ✐t ❝❛♥ ❜❡ ✉s❡❞ ✐♥ ❊❝♦s✐♠Pr♦✳ ❋♦r

❝♦♠♣❧❡t❡♥❡ss t❤❡ ✐ts ❝♦❞❡ ✐♥ ❊▲ ✐s r❡♣♦rt❡❞ ✐♥ ❆♣♣❡♥❞✐① ❇✳



✸⑤ ❊❝♦s✐♠Pr♦ ✺✶

✭❛✮ Nratio = 1

✭❜✮ Nratio = 0.9

✭❝✮ Nratio = 1.1

❋✐❣✉r❡ ✸✳✶✷✿ ◆♦♥✲s❝❛❧❡❞ ❝♦✉♥t❡r✲r♦t❛t✐♥❣ ❢❛♥ ♣❡r❢♦r♠❛♥❝❡ ♠❛♣s✳
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✭❛✮ Nratio = 1

✭❜✮ Nratio = 0.9

✭❝✮ Nratio = 1.1

❋✐❣✉r❡ ✸✳✶✸✿ ◆♦♥✲s❝❛❧❡❞ ❝♦✉♥t❡r✲r♦t❛t✐♥❣ ❢❛♥ ♣❡r❢♦r♠❛♥❝❡ ♠❛♣s ✲ ❚♦rq✉❡ r❛t✐♦✳



✺✸

✹⑤ ❘❡❢❡r❡♥❝❡ t✉r❜♦❢❛♥s ♠♦❞❡❧❧✐♥❣

♦♥ ❊❝♦s✐♠Pr♦

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

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

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

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

❛♥❛❧②③❡❞ ✐♥ t❤✐s ❝❤❛♣t❡r ❛r❡ t❤❡ ❈❋▼✺✻✲✼❇✷✹ ❛♥❞ t❤❡ ●❊♥①✲✶❇✻✹✱ ✇❤✐❝❤ ✇✐❧❧ ❜❡ ✉s❡❞

❛s r❡❢❡r❡♥❝❡s r❡s♣❡❝t✐✈❡❧② ❢♦r t❤❡ s❤♦rt✴♠❡❞✐✉♠ r❛♥❣❡ ♠✐ss✐♦♥s ❛♥❞ ❢♦r t❤❡ ❧♦♥❣ r❛♥❣❡

♠✐ss✐♦♥s✳ ❚❤❡ ❝❤♦✐❝❡ ♦❢ t❤❡s❡ t✇♦ ❡♥❣✐♥❡s ✇❛s ❞♦♥❡ ❞❡♣❡♥❞✐♥❣ ♦♥ ❜♦t❤ t❤❡ ♠♦❞❡r♥✐t② ♦❢

t❤❡ ❡♥❣✐♥❡s ❛♥❞ t❤❡ ❛✈❛✐❧❛❜✐❧✐t② ♦❢ ❞❛t❛✳

✹✳✶✳ ❈❋▼✺✻✲✼❇✷✹

❋✐❣✉r❡ ✹✳✶✿ ❈❋▼✺✻✲✼❇✷✹✳

❈❋▼✺✻ ✐s ❛ t✉r❜♦❢❛♥ ❡♥❣✐♥❡ ❞❡✈❡❧♦♣❡❞ ❛♥❞ ♣r♦❞✉❝❡❞ ❜② t❤❡ ❈❋▼ ✐♥t❡r♥❛t✐♦♥❛❧✱ t❤❛t ✐s

❛ ❥♦✐♥ ✈❡♥t✉r❡ ❢♦r♠❡❞ ✐♥ ✶✾✼✹ ❜❡t✇❡❡♥ ❙♥❡❝♠❛ ▼♦t❡✉rs ♦❢ ❋r❛♥❝❡ ❛♥❞ ●❡♥❡r❛❧ ❊❧❡❝tr✐❝

♦❢ t❤❡ ❯❙✳ ❚❤❡ ❈❋▼✺✻ ✐s ♦♥❡ ♦❢ t❤❡ ♠♦st ♣♦♣✉❧❛r t✉r❜♦❢❛♥ ✐♥ ❝✐✈✐❧ ❛✈✐❛t✐♦♥ ❛♥❞ ♦♥❡ ♦❢

t❤❡ ❧❛t❡st ✈❡rs✐♦♥ ✐s t❤❡ ❈❋▼✺✻✲✼❇✷✹✳ ■t ✇❛s ❝❤♦s❡♥ ❛s ❛ r❡❢❡r❡♥❝❡ ❢♦r t❤❡ s❤♦rt ❛♥❞

♠❡❞✐✉♠ r❛♥❣❡ ✢✐❣❤t ♠✐ss✐♦♥s✱ ❜❡❝❛✉s❡ ✐t ✐s ✉s❡❞ ♦♥ t❤❡ ❇♦✐❡♥❣ ✼✸✼ ♥❡①t ❣❡♥❡r❛t✐♦♥ ❛♥❞



✺✹ ✹⑤ ❘❡❢❡r❡♥❝❡ t✉r❜♦❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦

♦♥ t❤❡ ❆✐r❜✉s ❆✸✶✽✴❆✸✶✾✴❆✸✷✵✴❆✸✷✶ ✇❤✐❝❤ ❛r❡ ✈❡r② ❝♦♠♠♦♥ ❛✐r❝r❛❢ts ❢♦r r❡❣✐♦♥❛❧ ❛♥❞

❝♦♥t✐♥❡♥t❛❧ tr❛♥s♣♦rt ❬✼❪✳

❈❋▼✺✻✲✼❇✷✹ ✐s ❛ t✇♦✲s❤❛❢t t✉r❜♦❢❛♥ ✇✐t❤♦✉t r❡❞✉❝t✐♦♥ ❣❡❛r ❛♥❞ ✇✐t❤ ♥♦ ✐♥t❡r♥❛❧ ♠✐①✐♥❣

♦❢ t❤❡ ♣r✐♠❛r② ❛♥❞ s❡❝♦❞❛r② ✢♦✇ ❡①❤❛✉st✳ ❚❤❡ ❢✉♥❞❛♠❡♥t❛❧ ❝♦♠♣♦♥❡♥ts ♦❢ t❤❛t ❡♥❣✐♥❡

❛r❡✿ ✐♥❧❡t✱ ❢❛♥✱ ❧♦✇ ♣r❡ss✉r❡ ✭▲P✮ ❝♦♠♣r❡ss♦r✱ ❤✐❣❤ ♣r❡ss✉r❡ ✭❍P✮ ❝♦♠♣r❡ss♦r✱ ❍P t✉r❜✐♥❡✱

▲P t✉r❜✐♥❡ t❤❛t ♣r♦✈✐❞❡s ♣♦✇❡r t♦ t❤❡ ❢❛♥ ❛♥❞ t❤❡ ▲P ❝♦♠♣r❡ss♦r✱ ♣r✐♠❛r② ♥♦③③❧❡ ✭❢♦r t❤❡

❝♦r❡✮ ❛♥❞ s❡❝♦♥❞❛r② ♥♦③③❧❡ ✭❢♦r t❤❡ ❢❛♥✮✳ ❚❤❡ ❊❝♦s✐♠Pr♦ ❡♥❣✐♥❡ s❝❤❡♠❛t✐❝ ✐s r❛♣r❡s❡♥t❡❞

✐♥ ❋✐❣✉r❡ ✹✳✷✳ ❙✐♥❝❡ ❞✉r✐♥❣ ♣r❡❧✐♠✐♥❛r② ❛♥❛❧②s✐s ❣❡♥❡r❛❧❧② t❤❡ ❞②♥❛♠✐❝ ♦❢ t❤❡ ❝♦♠♣♦♥❡♥ts

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

❝♦♥❞✐t✐♦♥✳

❋✐❣✉r❡ ✹✳✷✿ ❈❋▼✺✻✲✼❇✷✹ s❝❤❡♠❛t✐❝✳

✹✳✶✳✶✳ ❊♥❣✐♥❡ ❞❡s✐❣♥

❆s ✇❡❧❧ ❞❡s❝r✐❜❡❞ ✐♥ ❈❤❛♣t❡r ✸✱ ♦♥❝❡ t❤❡ ❡♥❣✐♥❡ s❝❤❡♠❛t✐❝ ✐s r❡❛❞②✱ t❤❡ ♥❡①t st❡♣ ✐s t♦

❝r❡❛t❡ t❤❡ ❞❡s✐❣♥ ♣❛rt✐t✐♦♥✳ ❉✉r✐♥❣ t❤✐s ♣❤❛s❡ t❤❡ ❡♥❣✐♥❡ ❞❛t❛ r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ✹✳✶ ❛r❡

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

t❤❛t ✐s ❝❛❧❧❡❞ ✧❞❡s✐❣♥ ❡①♣❡r✐♠❡♥t✧✳ ❚❤❡ ❞❛t❛ tr❛♥s❢♦r♠❡❞ ✐♥ ✉♥❦♥♦✇♥s ❛r❡ t❤❡ ❝♦rr❡❝t✐♦♥

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

❛♥❞ t❤❡ ❜✉r♥❡r ❧♦ss ❝♦❡✣❝✐❡♥t✳



✹⑤ ❘❡❢❡r❡♥❝❡ t✉r❜♦❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦ ✺✺

❈♦♠♣♦♥❡♥t ❱❛❧✉❡ ❯♥✐t

❋❛♥

CG1 ✲

CG2 ✲

CG4 ✲

ND ✲

DHratio ✲

EPDratio ✲

▲P ❝♦♠♣r❡ss♦r

CG1 ✲

CG2 ✲

CG4 ✲

ND ✲

❍P ❝♦♠♣r❡ss♦r

CG1 ✲

CG2 r♣♠
s

CG4 ✲

ND ✲

❇✉r♥❡r
ϵ s

❦❣

V ol m3

❍P t✉r❜✐♥❡

CG1 ✲

CG2 ✲

CG3 ✲

CG4 ✲

▲P t✉r❜✐♥❡

CG1 ✲

CG2 ✲

CG3 ✲

CG4 ✲

Pr✐♠❛r② ♥♦③③❧❡ APNout
m2

❙❡❝♦♥❞❛r② ♥♦③③❧❡ ASNout
m2

❚❛❜❧❡ ✹✳✶✿ ❈❋▼✺✻✲✼❇✷✹ ❛♥❞ ●❊♥①✲✶❇✻✹ ❞❛t❛ tr❛♥s❢♦r♠❡❞ ✐♥ ✉♥❦♥♦✇♥s✳

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

t♦ ❜❡ s❡❧❡❝t❡❞✳ ❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡ ♥✉♠❜❡r ♦❢ ✉♥❦♥♦✇♥s✱ ❊❝♦s✐♠Pr♦ t❡❧❧s t♦ t❤❡ ✉s❡r ❤♦✇

♠❛♥② ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ♥❡❡❞s ✐♥ ♦r❞❡r t♦ s♦❧✈❡ t❤❡ ♠❛t❤❡♠❛t✐❝❛❧ ♠♦❞❡❧✳ ❇② ❞❡❢❛✉❧t✱

❊❝♦s✐♠Pr♦ s✉❣❣❡sts ✇❤✐❝❤ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ✉s❡ ❛♥❞ t❤❡ ✉s❡r ❝❛♥ ✉s❡ ♦r ♠♦❞✐❢② t❤❡♠✳

■♥ t❤✐s ❝❛s❡✱ ❡①❝❡♣t ❢♦r z ❛♥❞ M ✱ ✐t ✇❛s ❝❤♦s❡♥ t♦ ♠♦❞✐❢② ❛❧❧ t❤❡ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s✳

❚❤❡s❡ ✇❡r❡ s❡❧❡❝t❡❞ ❞❡♣❡♥❞✐♥❣ ♦♥ ✇❤✐❝❤ ❞❛t❛ ❛r❡ ❡❛s② t♦ ✜♥❞ ✐♥ ❧✐t❡r❛t✉r❡ ♦r ❛t ❧❡❛st



✺✻ ✹⑤ ❘❡❢❡r❡♥❝❡ t✉r❜♦❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦

❡❛s② t♦ ❜❡ ❡st✐♠❛t❡❞ st❛rt✐♥❣ ❢r♦♠ ❣❡♥❡r❛❧ ❦♥♦✇❧❡❞❣❡ ✐♥ t❤❡ ❛❡r♦❡♥❣✐♥❡ ✜❡❧❞✳ ◆♦t❡ t❤❛t

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

❜❡ ✐♥❞✐♣❡♥❞❡♥t ❛♥❞ ♥♦t ❛❧r❡❛❞② ♣r❡s❡♥t ✐♥ t❤❡ ♠❛t❤❡♠❛t✐❝❛❧ ♠♦❞❡❧✳ ❲✐t❤ ✐♥❞✐♣❡♥❞❡♥t ✐t

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

t❤❡ t✉r❜✐♥❡ ✐♥❧❡t✱ ❜❡❝❛✉s❡ t❤❡② ❛r❡ t❤❡ s❛♠❡ ✈❛❧✉❡✳ ❚❤❡ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ❝❤♦s❡♥ ❛r❡

r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ✹✳✷✳

❖♥❝❡ t❤❡ ❞❡s✐❣♥ ♣❛rt✐t✐♦♥ ❤❛s ❜❡❡♥ ❣❡♥❡r❛t❡❞✱ ❤❡♥❝❡ t❤❡ s❝❤❡♠❛t✐❝ ♠❛t❤❡♠❛t✐❝❛❧ ♠♦❞❡❧

❝r❡❛t❡❞✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❛ss♦❝✐❛t❡ t♦ ✐t t❤❡ ❞❡s✐❣♥ ❡①♣❡r✐♠❡♥t✳ ■♥ t❤✐s ❝❛s❡✱ t♦ ❣❡♥❡r❛t❡

t❤❡ ❡①♣❡r✐♠❡♥t✱ t❤❡ ✇✐③❛r❞ ❝♦♠♠❛♥❞ ✇❛s s✉✣❝✐❡♥t✳ ❆s r❡♣♦rt❡❞ ✐♥ ❋✐❣✉r❡s ✸✳✷ ❛♥❞ ✸✳✸✱

t❤❡ ❈❋▼✺✻✲✼❇✷✹ ❞❡s✐❣♥ ♣❛rt✐t✐♦♥ ✐s ❝❛❧❧❡❞ ”Design❴Point” ❛♥❞ t❤❡ ❛ss♦❝✐❛t❡❞ ❞❡s✐❣♥

❡①♣❡r✐♠❡♥t ✐s ❝❛❧❧❡❞ ”Design❴Point”✳ ❆❢t❡r t❤❛t✱ t❤❡ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ❛♥❞ t❤❡ ❞②✲

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

s♦ ♥♦✇ t❤❡s❡ ✈❛r✐❛❜❧❡s ❛r❡ ❝♦♥st❛♥t t❤❛t t❤❡ s♦❧✈❡r ♥❡❡❞s✳ ❚❤❡ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ❛♥❞

❞②♥❛♠✐❝ ✈❛r✐❛❜❧❡s ❛r❡ r❡♣♦rt❡❞ r❡s♣❡❝t✐✈❡❧② ✐♥ ❚❛❜❧❡ ✹✳✷ ❛♥❞ ✹✳✸ ❛♥❞ t❤❡② r❡❢❡r t♦ ❛ ❝r✉✐s❡

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

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

♣♦✐♥t ❜❡❝❛✉s❡ ✐t ✐s ❛♥ ❡❛s② ♣♦✐♥t t♦ ❝♦♥s✐❞❡r✱ ❛❧s♦ ✇❤❡♥ r❡❣✐♦♥❛❧ ❛✐r❝r❛❢ts ❛r❡ ❛♥❛✲

❧②③❡❞❀

❼ ❞❡✜♥❡ ❛ ♣r♦♣❡r ❞❡s✐❣♥ ♣♦✐♥t ✐s ♥♦t str❛✐❣❤t❢♦r✇❛r❞ ❛♥❞ ♥♦t ♥❡❝❡ss❛r② ✐♥ ♣r❡❧✐♠✐♥❛r②

❛♥❛❧②s✐s❀

❼ t❤❡ ❈❋▼✺✻✲✼❇✷✹ ✐s ✉s❡❞ ❛❧s♦ ❢♦r ♠❡❞✐✉♠ r❛♥❣❡ ♠✐ss✐♦♥s✱ s♦ ✐t ✐s r❡❛❧✐st✐❝ t❤❛t t❤❡

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

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

❣❡♥❡r❛❧ t❤❡ r❡❛❧ ❞❡s✐❣♥ ♣♦✐♥t ✐s ♥♦t r❡♣♦rt❡❞✳



✹⑤ ❘❡❢❡r❡♥❝❡ t✉r❜♦❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦ ✺✼

❈♦♠♣♦♥❡♥t ❱❛r✐❛❜❧❡ ❱❛❧✉❡ ❯♥✐t

❆✐r❝r❛❢t
z ✶✵✻✻✽ ♠

M ✵✳✽ ✲

❋❛♥

BPR ✺✳✸ ✲

Ṅ ✵ r♣♠
s

ηis ✵✳✽✾ ✲

Nad ✾✹ ✪

βc ✶✳✻ ✲

beta ✶ ✲

▲P ❝♦♠♣r❡ss♦r

ηis ✵✳✾ ✲

Nad ✾✷ ✪

βc ✷✳✺ ✲

beta ✵✳✹ ✲

❍P ❝♦♠♣r❡ss♦r

ṁin ✷✶✳✻ ❦❣
s

Ṅ ✵ r♣♠
s

ηis ✵✳✾✶ ✲

Nad ✾✷ ✪

βc ✶✵ ✲

beta ✵✳✼ ✲

❇✉r♥❡r

AL ✷ kg
s·m3

βc ✵✳✾✻ ✲

pTin
✶✹✹✵✵✵✵ P❛

TTin
✼✽✵ ❑

❍P t✉r❜✐♥❡

LNS
e ✶ J

kg·K

ηis ✵✳✾✶ ✲

NNS
corr ✶ r

s

TTin
✶✹✹✵ ❑

▲P t✉r❜✐♥❡

LNS
e ✶ J

kg·K

ηis ✵✳✾✶ ✲

NNS
corr ✶ r

s

❚❛❜❧❡ ✹✳✷✿ ❈❋▼✺✻✲✼❇✷✹ ❞❡s✐❣♥✿ ❇♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s✳ ❚❤❡ ❜❧✉❡ ✈❛❧✉❡s ❛r❡ ❦♥♦✇♥ ❢r♦♠

❧✐t❡r❛t✉r❡ ❬✼❪ ❬✸✺❪✱ ✐♥st❡❛❞ t❤❡ ❣r❡❡♥ ♦♥❡s ❛r❡ ❞✉❡ t♦ t❤❡ ❢❛❝t t❤❛t t❤❡ s✐♠✉❧❛t✐♦♥ ✐s st❡❛❞②✳



✺✽ ✹⑤ ❘❡❢❡r❡♥❝❡ t✉r❜♦❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦

❈♦♠♣♦♥❡♥t ❱❛r✐❛❜❧❡ ❱❛❧✉❡ ❯♥✐t

▲P ❝♦♠♣r❡ss♦r N ✺✸✽✵ r
min

❍P ❝♦♠♣r❡ss♦r N ✶✺✶✽✸ r
min

❚❛❜❧❡ ✹✳✸✿ ❈❋▼✺✻✲✼❇✷✹ ❞❡s✐❣♥✿ ❉②♥❛♠✐❝ ✈❛r✐❛❜❧❡s✳ ❚❤❡ ❜❧✉❡ ✈❛❧✉❡s ❛r❡ ❦♥♦✇♥ ❢r♦♠

❧✐t❡r❛t✉r❡ ❬✸✺❪✳

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

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

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

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

♠♦❞❡❧ ♦❜t❛✐♥❡❞✳ ❚❤❡ r❡s✉❧ts ❛r❡ s❤♦✇♥ ✐♥ ❚❛❜❧❡ ✹✳✹✳

❱❛r✐❛❜❧❡
❊❝♦s✐♠Pr♦

❱❛❧✉❡

❘❡❛❧ ❡♥❣✐♥❡

❱❛❧✉❡
❊rr♦r ❬✪❪

Th 24.83 [kN] 24.38 [kN] +1.8

SFC 1.703e−05 [ kg
N·s

] 1.706e−05 [ kg
N·s

] −0.2

❚❛❜❧❡ ✹✳✹✿ ❈❋▼✺✻✲✼❇✷✹ ❣❧♦❜❛❧ ♣❡r❢♦r♠❛♥❝❡s ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ♠♦❞❡❧ ❛♥❞ t❤❡ r❡❛❧

❡♥❣✐♥❡ ❬✼❪ ✐♥ ❝r✉✐s❡ ❝♦♥❞✐t✐♦♥✳

❚❤❡ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ✉s❡❞ ❛♥❞ t❤❡ ❝♦♠♣♦♥❡♥t ❞❛t❛ ♦❜t❛✐♥❡❞ ❛r❡ r❡❛❧✐st✐❝✱ ♠♦r❡♦✈❡r

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

♠❛❦❡ ❛ ♠♦r❡ r♦❜✉st ✈❛❧✐❞❛t✐♦♥✱ ♦t❤❡r ❝❤❡❝❦s ❛r❡ ♥❡❡❞❡❞✳ ■♥ ♦r❞❡r t♦ ❞♦ t❤❛t✱ t❤❡ ✇♦r❦

♦❢ ❙t❡❢❛♥♦ ❬✷✸❪ ✇❛s ✉s❡❞✳ ❋♦r ❤✐s t❤❡s✐s ❤❡ ❝♦❞❡❞ ❛ s✐♠♣❧❡ t❤❡r♠♦❞②♥❛♠✐❝ ❝②❝❧❡ ❢♦r ❛

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

t❤❡ ❝♦♠♣♦♥❡♥t ❡✣❝✐❡♥❝✐❡s✳ ❍❡♥❝❡✱ ❛❞❞✐♥❣ t❤❡ ❝♦♠♣♦♥❡♥t ❞❛t❛ ♦❜t❛✐♥❡❞ ✐♥ ❊❝♦s✐♠Pr♦✱

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

t❤❡ ♦♥❡s ♦❜t❛✐♥❡❞ ✐♥ ❊❝♦s✐♠Pr♦✳ ❚❤❡ t❤❡r♠♦❞②♥❛♠✐❝ ❝②❝❧❡ ♦❜t❛✐♥❡❞ ✐s r❡♣r❡s❡♥t❡❞ ✐♥

❋✐❣✉r❡ ✹✳✸ ❛♥❞ t❤❡ r❡s✉❧ts ❛r❡ r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ✹✳✺✳



✹⑤ ❘❡❢❡r❡♥❝❡ t✉r❜♦❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦ ✺✾

6800 6900 7000 7100 7200 7300 7400 7500 7600 7700 7800

Entropy [J/KgK]

200

400

600

800

1000

1200

1400

1600

1800

T
o

ta
l 
T

e
m

p
e

ra
tu

re
 [

K
]

CFM56-7B24 Design Point

❋✐❣✉r❡ ✹✳✸✿ ❈❋▼✺✻✲✼❇✷✹ t❤❡r♠♦❞②♥❛♠✐❝ ❝②❝❧❡ ✐♥ ❞❡s✐❣♥ ♣♦✐♥t ✭✐✳❡✳ ❝r✉✐s❡✮ ❝♦♥❞✐t✐♦♥✳

❈♦♠♣♦♥❡♥t
❊❝♦s✐♠Pr♦

❱❛❧✉❡

▼❛t❧❛❜

❱❛❧✉❡
❊rr♦r ❬✪❪

❋❛♥ 5.58 ❬▼❲❪ 5.47 ❬▼❲❪ +2

▲P ❝♦♠♣r❡ss♦r 2.13 ❬▼❲❪ 2.08 ❬▼❲❪ +2.6

❍P ❝♦♠♣r❡ss♦r 8.86 ❬▼❲❪ 8.51 ❬▼❲❪ +3.9

❍P t✉r❜✐♥❡ 8.86 ❬▼❲❪ 9.35 ❬▼❲❪ −5.6

▲P t✉r❜✐♥❡ 7.71 ❬▼❲❪ 7.74 ❬▼❲❪ −0.3

❚❛❜❧❡ ✹✳✺✿ ❈❋▼✺✻✲✼❇✷✹ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ♣♦✇❡r ❝♦♠♣♦♥❡♥ts ❝♦♠♣✉t❡❞ ✇✐t❤

❊❝♦s✐♠Pr♦ ❛♥❞ t❤❡ ♦♥❡s ❝♦♠♣✉t❡❞ ✇✐t❤ ▼❛t❧❛❜ ✐♥ ❞❡s✐❣♥ ✭✐✳❡✳ ❝r✉✐s❡✮ ❝♦♥❞✐t✐♦♥✳

❚❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞ ❛r❡ ❣♦♦❞✱ s✐♥❝❡ t❤❡ ♠❛① ❛❜s♦❧✉t❡ ❡rr♦r ✐s ❧❡ss t❤❛♥ 6 ✪✳ ◆♦✇ t❤❛t t❤❡

❈❋▼✺✻✲✼❇✷✹ ❡♥❣✐♥❡ ♠♦❞❡❧ ✐s ✈❛❧✐❞❛t❡❞✱ ✐t ❝❛♥ ❜❡ s❛❢❡❧② ✉s❡❞ ❢♦r t❤❡ ❢♦❧❧♦✇✐♥❣ ❛♥❛❧②s✐s✳

✹✳✶✳✷✳ ❖✛✲❞❡s✐❣♥ ❛♥❛❧②s✐s

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

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

t❤❡ ❡♥❣✐♥❡ ♠♦❞❡❧ ✐s ✐♥ ❊❝♦s✐♠Pr♦✱ s♦ ✐t ❤❛s t♦ ❜❡ tr❛♥s❢❡rr❡❞ ✐♥ ▼❛t❧❛❜✳ ❖♥❡ s✐♠♣❧❡ ✇❛②



✻✵ ✹⑤ ❘❡❢❡r❡♥❝❡ t✉r❜♦❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦

t♦ ❞♦ t❤❛t✱ ✐s t♦ ✜rst ❝r❡❛t❡ t❤❡ s♦ ❝❛❧❧❡❞ ✧❡♥❣✐♥❡ ♠❛♣✧ ✐♥ ❊❝♦s✐♠Pr♦ ❛♥❞ t❤❡♥ ✉♣❧♦❛❞ ✐t

✐♥ t❤❡ ❢♦r♠ ♦❢ ❛ t❛❜❧❡ ✐♥ ▼❛t❧❛❜✳

❚♦ ❣❡♥❡r❛t❡ t❤✐s ♠❛♣✱ ❛♥ ❡♥❣✐♥❡ ♦✛✲❞❡s✐❣♥ ❛♥❛❧②s✐s ❤❛s t♦ ❜❡ ❞♦♥❡✳ ◆♦✇ t❤❛t t❤❡ ❈❋▼✺✻✲

✼❇✷✹ s❝❤❡♠❛t✐❝ ✐s ❞❡s✐❣♥❡❞✱ ✐t ❝❛♥ ❜❡ ✉s❡❞ t♦ ❛♥❛❧②③❡ t❤❡ ❡♥❣✐♥❡ ❜❡❤❛✈✐♦✉r ✐♥ ❝♦♥❞✐t✐♦♥s

❞✐✛❡r❡♥t ❢r♦♠ ❝r✉✐s❡✳ ■♥ ♦r❞❡r t♦ ❞♦ t❤❛t✱ ❛ ♥❡✇ ♣❛rt✐t✐♦♥ ❝❛❧❧❡❞ ”Automatic❴Engine❴Map”

✇❛s ❣❡♥❡r❛t❡❞ ✭❋✐❣✉r❡ ✸✳✷✮✳ ■♥ ❢❛❝t t❤❡ ♣❛rt✐t✐♦♥ ✉s❡❞ ❢♦r t❤❡ ❡♥❣✐♥❡ ❞❡s✐❣♥ ❝❛♥✬t ❜❡ ✉s❡❞✱

❜❡❝❛✉s❡ ♥♦✇ t❤❡ ❡♥❣✐♥❡ ❞❛t❛ ❛r❡ ❦♥♦✇♥ ❛♥❞ ✜①❡❞✳ ■♥ t❤✐s ♥❡✇ ♣❛rt✐t✐♦♥✱ ❝❛❧❧❡❞ ❛❧s♦ ♦✛✲

❞❡s✐❣♥ ♣❛rt✐t✐♦♥✱ t❤❡ ♦♥❧② ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s r❡q✉❡st❡❞ ❛r❡ z✱ M ❛♥❞ ṁf ✱ t❤❛t ❛r❡ t❤❡

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

❚❤❡ ♥❡①t st❡♣ ✐s t♦ ❣❡♥❡r❛t❡ t❤❡ ❡①♣❡r✐♠❡♥t ❛ss♦❝✐❛t❡❞ t♦ t❤❛t ♣❛rt✐t✐♦♥✳ ❚❤❡ ✐❞❡❛ ✐s t♦

❝r❡❛t❡ ❛ st❡❛❞② ♣❛r❛♠❡tr✐❝ ❡①♣❡r✐♠❡♥t ✐♥ ✇❤✐❝❤ z✱ M ❛♥❞ ṁf ❛r❡ t❤❡ ♣❛r❛♠❡t❡rs✳ ■♥

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

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

❛r❡ s❛✈❡❞ ❛❧❧ t❤❡ ❡♥❣✐♥❡ q✉❛♥t✐t✐❡s ❧✐❦❡ Th✱ SFC✱ ❍P ❝♦♠♣r❡ss♦r Lc✱ ▲P ❝♦♠♣r❡ss♦r Lc✱

❡t❝✳✳✳ ❢♦r ❞✐✛❡r❡♥t ✈❛❧✉❡s ♦❢ z✱ M ❛♥❞ ṁf ✳ ❯♥❢♦rt✉♥❛t❡❧②✱ t❤❡ ❝r❡❛t✐♦♥ ♦❢ t❤❛t ❡①♣❡r✐♠❡♥t

✐s ♥♦t s♦ ❡❛s②✳ ❋✐rst ♦❢ ❛❧❧ ♥♦t❡ t❤❛t t❤❡ s✉♠ ♦❢ t❤❡ ❛❧❧ st❡❛❞② ❝❛❧❝✉❧❛t✐♦♥s✱ ❡❛❝❤ ♦♥❡ ❢♦r ❛

❝❡rt❛✐♥ ✈❛❧✉❡ ♦❢ z✱ M ❛♥❞ ṁf ✱ ❣❡♥❡r❛t❡s t❤❡ ♣❛r❛♠❡tr✐❝ s✐♠✉❧❛t✐♦♥✳ ❉✉r✐♥❣ ❛ ♣❛r❛♠❡tr✐❝

s✐♠✉❧❛t✐♦♥ t❤❡ ✈❛r✐❛❜❧❡s ♦❜t❛✐♥❡❞ ✐♥ ❛ ❝❡rt❛✐♥ ❝❛❧❝✉❧❛t✐♦♥ ❛r❡ ✉s❡❞ t♦ ✐♥✐t✐❛❧✐③❡ t❤❡ ♥❡①t

♦♥❡✳ ■❢ t❤❡ ♣r❡✈✐♦✉s ❝❛❧❝✉❧❛t✐♦♥ ❞✐❞ ♥♦t ❝♦♥✈❡r❣❡✱ t❤❡ ♥❡①t ♦♥❡ r❡❝❡✐✈❡s ✐♥♣✉t ✈❛❧✉❡s t❤❛t

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

✐♥ t❤❡ ♣❛r❛♠❡tr✐❝ s✐♠✉❧❛t✐♦♥ ❢❛✐❧✳ ❚♦ ♦✈❡r❝♦♠❡ t❤✐s ♣r♦❜❧❡♠ t✇♦ s✐♠✉❧❛t✐♦♥s✱ ✇❤✐❝❤ ❝❛♥

❜❡ s❡❡♥ ✉♥❞❡r t❤❡ ❈❋▼✺✻ ♦✛✲❞❡s✐❣♥ ♣❛rt✐t✐♦♥ ✐♥ ❋✐❣✉r❡ ✸✳✸✱ ✇❡r❡ ❝r❡❛t❡❞✿

❼ t❤❡ ✜rst ♦♥❡ ✐s ❝❛❧❧❡❞ ”EngineData❴FlightMission”✳ ■t ✇❛s ❣❡♥❡r❛t❡❞ ✉s✐♥❣ t❤❡

✇✐③❛r❞ ❝♦♠♠❛♥❞ ❛♥❞ ✐t ✐s r❡♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✹✳ ❋r♦♠ t❤✐s ✜❣✉r❡ ✐t ❝❛♥ ❜❡ s❡❡♥

t❤❛t t❤✐s s✐♠✉❧❛t✐♦♥ ✐s s✉❜❞✐✈✐❞❡❞ ✐♥ ❜❧♦❝❦s✳ ❚❤❡ ✜rst ❜❧♦❝❦ ✐s ❝❛❧❧❡❞ ✧■♥✐t✐❛❧✐③❛t✐♦♥✧✱

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

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

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

t❤❡ t❤❡s✐s ✇♦r❦ ❢♦r ♦t❤❡r r❡❛s♦♥s✱ ❜✉t ✐t ✐s ♥♦t ♠❛♥❞❛t♦r②✳ ❆❧❧ t❤❡s❡ ❜❧♦❝❦s ❝❛♥

❜❡ s❡❡♥ ❛s ❛♥ ✉♥✐q✉❡ ♣❛r❛♠❡tr✐❝ st❡❛❞② ❡①♣❡r✐♠❡♥t✳ ❆t ✜rst✱ t❤❡ ❡♥❣✐♥❡ ♠♦❞❡❧

✐s t❡st❡❞ ❛t z = 0 [m]✱ M = 0 [−] ❛♥❞ ṁf = 0 [kg
s
]✱ t❤❡♥ t❤❡ ❡♥❣✐♥❡ ♠♦❞❡❧ ✐s

t❡st❡❞ ❢♦r ✐♥❝r❡❛s✐♥❣ ✈❛❧✉❡s ♦❢ ṁf ✉♥t✐❧ ❛ ❝❡rt❛✐♥ ṁfMAX
✐s r❡❛❝❤❡❞✳ ❆❢t❡r t❤❛t✱ t❤❡

s✐♠✉❧❛t✐♦♥ r❡✲st❛rts ❢r♦♠ z = 0 [m] ❛♥❞ ṁf = 0 [kg
s
]✱ ❜✉t ✇✐t❤ ❛ ❞✐✛❡r❡♥t ✈❛❧✉❡ ♦❢

▼❛❝❤✱ ❢♦r ❡①❛♠♣❧❡ M = 0.1 [−]✳ ❆❣❛✐♥✱ t❤❡ ♠♦❞❡❧ ✐s t❡st❡❞ ❢♦r ✐♥❝r❡❛s✐♥❣ ✈❛❧✉❡s ♦❢

ṁf ❛♥❞ t❤✐s ❝②❝❧❡ ❝♦♥t✐♥✉❡ ✉♥t✐❧ t❤❡ s✐♠✉❧❛t✐♦♥ ❛t z = 0 [m]✱ M = MMAX [−] ❛♥❞

ṁf = ṁfMAX
[kg
s
] ✐s r❡❛❝❤❡❞✳ ❆t t❤✐s ♣♦✐♥t t❤❡ s✐♠✉❧❛t✐♦♥ ❝❤❛♥❣❡s t❤❡ z ✈❛❧✉❡✱ s♦ ❢♦r



✹⑤ ❘❡❢❡r❡♥❝❡ t✉r❜♦❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦ ✻✶

❡①❛♠♣❧❡ z = 1500 [m]✱ ❛♥❞ M ❛♥❞ ṁf r❡✲st❛rt ❢r♦♠ 0✳ ❚❤❡ ♣❛r❛♠❡tr✐❝ s✐♠✉❧❛t✐♦♥

st♦♣s ✇❤❡♥ t❤❡ ♣❛r❛♠t❡rs r❡❛❝❤ z = zMAX ✱ M = MMAX ❛♥❞ ṁf = ṁfMAX
✳ ❆❧❧

t❤❡s❡ ♣❛ss❛❣❡s ❛r❡ r❡♣r❡s❡♥t❡❞ ✐♥ ❚❛❜❧❡ ✹✳✻✳

❼ t❤❡ s❡❝♦♥❞ s✐♠✉❧❛t✐♦♥ ✐s ❝❛❧❧❡❞ ”EngineData❴FlightMission❴CODE” ❛♥❞ ✐t ✇❛s

❜✉✐❧t❡❞ ✐♥ ❊▲✳ ❉✉❡ t♦ t❤❡ ♣r♦❜❧❡♠s ❡①♣❧❛✐♥❡❞ ❜❡❢♦r❡✱ ”EngineData❴FlightMission”

❝❛♥✬t ❜❡ ✉s❡❞ t♦ s✐♠✉❧❛t❡ ❞✐✛❡r❡♥t ♦✛✲❞❡s✐❣♥ ❝♦♥❞✐t✐♦♥s ❛♥❞ s♦ t♦ ❜✉✐❧t t❤❡ ❡♥❣✐♥❡

♠❛♣✳ ❚❤❡ s❝♦♣❡ ♦❢ ”EngineData❴FlightMission” ✐s t♦ ❣❡♥❡r❛t❡ ❛ ❜❛s❡❧✐♥❡ ❊▲ ❝♦❞❡

❢♦r t❤❡ ”EngineData❴FlightMission❴CODE”✱ ✐♥ ✇❤✐❝❤ s♦♠❡ ♠♦❞✐✜❝❛t✐♦♥s ✇❡r❡

❛❞❞❡❞ ✐♥ ♦r❞❡r t♦ s♦❧✈❡ t❤❡ ♣r♦❜❧❡♠s ❝✐t❡❞ ❜❡❢♦r❡✳ ❋✐rst ♦❢ ❛❧❧✱ t❤❡ ❊▲ ❝♦❞❡ ✇❛s

♠♦❞✐✜❡❞ ✐♥ ♦r❞❡r t♦ ❛✈♦✐❞ t❤❡ s✐t✉❛t✐♦♥ ✐♥ ✇❤✐❝❤ ❛ ♥❡✇ ❝❛❧❝✉❧❛t✐♦♥ ✐s ✐♥✐t✐❛❧✐③❡❞

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

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

❝❛❧❝✉❧❛t✐♦♥ ✐♥ ❛ ❝❡rt❛✐♥ ✢✐❣❤t ❝♦♥❞✐t✐♦♥ ✐s ✐♥✐t✐❛❧✐③❡❞ ❢r♦♠ ❛ ♣r❡✈✐♦✉s ❝❛❧❝✉❧❛t✐♦♥

t❤❛t ✐s ✐♥ t❤❡ ♥❡❛r❡st ✢✐❣❤t ❝♦♥❞✐t✐♦♥✳ ❋♦r ❡①❛♠♣❧❡ t❤❡ ♦✛✲❞❡s✐❣♥ ❝❛❧❝✉❧❛t✐♦♥ ❛t

z = 1500 [m]✱ M = 0.5 [−] ❛♥❞ ṁf = 0 [kg
s
] ✐s ♥♦t ✐♥✐t✐❛❧✐③❡❞ ❜② t❤❡ ♣r❡✈✐♦✉s ♦♥❡

✇❤✐❝❤ ✐s z = 1500 [m]✱ M = 0.4 (Max) [−] ❛♥❞ ṁf = 1.4 (Max) [kg
s
]✱ ❜✉t ✐t ✐s

✐♥✐t✐❛❧✐③❡❞ ❜② t❤❡ ♥❡❛r❡st ✢✐❣❤t ❝♦♥❞✐t✐♦♥ ✈❛❧✐❞ ❝❛❧❝✉❧❛t✐♦♥✱ t❤❛t ♠❛②❜❡ ❝♦✉❧❞ ❜❡

z = 1500 [m]✱ M = 0.4 (Max) [−] ❛♥❞ ṁf = 0.3 [kg
s
]✳

◆♦✇ ✐t s❤♦✉❧❞ ❜❡ ❝❧❡❛r ✇❤② ♦♥❧② t❤❡ s✐♠✉❧❛t✐♦♥ ❝❛❧❧❡❞ ”EngineData❴FlightMission❴CODE”

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



✻✷ ✹⑤ ❘❡❢❡r❡♥❝❡ t✉r❜♦❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦

❋✐❣✉r❡ ✹✳✹✿ ❙❝❤❡♠❡ ♦❢ t❤❡ ”EngineData❴FlightMission” s✐♠✉❧❛t✐♦♥✳



✹⑤ ❘❡❢❡r❡♥❝❡ t✉r❜♦❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦ ✻✸

❈❛❧❝✉❧❛t✐♦♥ ◆➦ z [m] M [−] ṁf [kg
s
]

✶ ✵ ✵ ✵

✷ ✵ ✵ ✵✳✷

✳✳✳ ✳✳✳ ✳✳✳ ✳✳✳

✼ ✵ ✵ ✶✳✷

✽ ✵ ✵ ✶✳✹ ✭▼❛①✮

✾ ✵ ✵✳✶ ✵

✶✵ ✵ ✵✳✶ ✵✳✷

✳✳✳ ✳✳✳ ✳✳✳ ✳✳✳

✶✻ ✵ ✵✳✶ ✶✳✹ ✭▼❛①✮

✶✼ ✵ ✵✳✷ ✵

✳✳✳ ✳✳✳ ✳✳✳ ✳✳✳

✻✹ ✵ ✵✳✼ ✭▼❛①✮ ✶✳✹ ✭▼❛①✮

✻✺ ✶✺✵✵ ✵ ✵

✻✻ ✶✺✵✵ ✵ ✵✳✷

✳✳✳ ✳✳✳ ✳✳✳ ✳✳✳

✺✼✻ ✶✷✵✵✵ ✭▼❛①✮ ✵✳✼ ✭▼❛①✮ ✶✳✹ ✭▼❛①✮

❚❛❜❧❡ ✹✳✻✿ ❊①❛♠♣❧❡ ♦❢ t❤❡ st❡❛❞② ♣❛r❛♠❡tr✐❝ s✐♠✉❧❛t✐♦♥ ✇♦r❦✐♥❣ ♣r✐♥❝✐♣❧❡✳ ❚❤❡ ✈❛❧✉❡s

t❤❛t ❝❤❛♥❣❡ ✐♥ ❡❛❝❤ ♥❡✇ ❝❛❧❝✉❧❛t✐♦♥ ❛r❡ ✐♥ r❡❞✳

❚❤❡ st❡❛❞② ♣❛r❛♠❡tr✐❝ s✐♠✉❧❛t✐♦♥ ”EngineData❴FlightMission❴CODE” ✇❛s ♣❡r❢♦r♠❡❞

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

❼ t❤❡ z [m] ✈❛❧✉❡s ❝♦♥s✐❞❡r❡❞ ❛r❡ ✵✱ ✹✽✾✳✺✱ ✾✼✾✱ ✾✽✵✱ ✶✹✻✾✳✺✱ ✶✾✺✾✱ ✶✾✻✵✱ ✷✹✹✾✳✺✱ ✷✾✸✾✱

✷✾✹✵✱ ✸✾✷✹✳✺✱ ✸✾✶✾✱ ✸✾✷✵✱ ✹✹✵✾✳✺✱ ✹✽✾✾✱ ✹✾✵✵✱ ✺✸✽✾✳✺✱ ✺✽✼✾✱ ✺✽✽✵✱ ✻✸✻✾✳✺✱ ✻✽✺✾✱ ✻✽✻✵✱

✼✸✹✾✳✺✱ ✼✽✸✾✱ ✼✽✹✵✱ ✽✸✷✾✳✺✱ ✽✽✶✾✱ ✽✽✷✵✱ ✾✸✵✾✳✺✱ ✾✼✾✾✱ ✾✽✵✵✱ ✶✵✷✽✾✳✺✱ ✶✵✼✼✾✱ ✶✵✼✽✶✱

✶✶✷✼✵✳✺✱ ✶✶✼✻✵❀

❼ t❤❡ M [−] ✈❛❧✉❡s ❝♦♥s✐❞❡r❡❞ ❛r❡ ✵✱ ✵✳✶✼✱ ✵✳✸✹✱ ✵✳✺✶✱ ✵✳✻✽✱ ✵✳✽✺❀

❼ t❤❡ ṁf [kg
s
] ❝♦♥s✐❞❡r❡❞ ❛r❡ ✵✱ ✵✳✵✷✺✱ ✵✳✵✹✵✱ ✵✳✵✻✺✱ ✵✳✵✾✵✱ ✵✳✶✶✺✱ ✳✳✳✱ ✶✳✻✳

❚❤❡ t♦t❛❧ ♦✛✲❞❡s✐❣♥ ❝❛❧❝✉❧❛t✐♦♥s ♣❡r❢♦r♠❡❞ ❛r❡ 36 ·6 ·65 = 14040 ❛♥❞ ❢♦r ❡❛❝❤ ♦❢ t❤❡♠ ❛r❡

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

♦❢ z✱ M ❛♥❞ ṁf ❛r❡ t❤❡ ✈❛❧✉❡s ♦❢ Lc ❛♥❞ ṁcorr ♦❢ t❤❡ ❛❧❧ t✉r❜♦❢❛♥ ❝♦♠♣♦♥❡♥ts✱ ✐t ✐s ♣♦ss✐❜❧❡

t♦ ♦❜t❛✐♥ t❤❡ ❋✐❣✉r❡s ✹✳✺✱ ✹✳✻✱ ✹✳✼✱ ✹✳✽ ❛♥❞ ✹✳✾✳ ■♥ t❤❡s❡ ♣❡r❢♦r♠❛♥❝❡ ♠❛♣s ❛r❡ r❡♣♦rt❡❞

t❤❡ ❞❡s✐❣♥ ♣♦✐♥t ✭❜❧❛❝❦ ♣❧✉s✮✱ t❤❡ t❛❦❡✲♦✛ ♣♦✐♥t ✭❣r❡❡♥ ❝r♦ss✮✱ t❤❡ ♦✛✲❞❡s✐❣♥ ♣♦✐♥ts ✭r❡❞✮



✻✹ ✹⑤ ❘❡❢❡r❡♥❝❡ t✉r❜♦❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦

❛♥❞ t❤❡ ♦✛✲❞❡s✐❣♥ ♣♦✐♥ts ✐♥ ✇❤✐❝❤ t❤❡ ❡♥❣✐♥❡ ✐s ✐♥ ✐❞❧❡ ❝♦♥❞✐t✐♦♥ ✭❣r❡❡♥✮✳ ◆♦t❡ t❤❛t

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

t❤❛t ❛r❡ ✐♥ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♠❛♣ ♣r♦①✐♠✐t② ❝❛♥ ❜❡ ❝♦♥s✐❞❡r❡❞ ✈❛❧✐❞ ✭❢♦r ♠♦r❡ ❞❡t❛✐❧ s❡❡

❙✉❜✲s❡❝t✐♦♥ ✸✳✷✳✶✮✱ t❤❡s❡ ♠❛♣s ✇❡r❡ ✜❧t❡r❡❞ ❢r♦♠ ♣♦✐♥ts t❤❛t ❛r❡ t♦♦ ❢❛r ❢r♦♠ t❤❡ ♠❛♣

❜♦r❞❡rs✳ ❋r♦♠ ❋✐❣✉r❡s ✹✳✺✱ ✹✳✽ ❛♥❞ ❛♥❞ ✹✳✾ ✐t ❝❛♥ ❜❡ s❡❡♥ t❤❛t ❛❧❧ t❤❡ ❍P ❝♦♠♣r❡ss♦r✱ ❍P

❛♥❞ ▲P t✉r❜✐♥❡ ♦✛✲❞❡s✐❣♥ ♣♦✐♥ts ❛r❡ ✐♥s✐❞❡ t❤❡ ♠❛♣ ❛♥❞ ❛r❡ ❛❧s♦ ✇❡❧❧ ❞✐str✐❜✉t❡❞ ❛❧♦♥❣ ❛

❞❡✜♥❡❞ ♣❛t❤✳ ■♥st❡❛❞ ❢r♦♠ ❋✐❣✉r❡s ✹✳✻✱ ✹✳✼ ✐t ❝❛♥ ❜❡ s❡❡♥ t❤❛t t❤❡ ❢❛♥ ❛♥❞ ▲P ❝♦♠♣r❡ss♦r

♦✛✲❞❡s✐❣♥ ♣♦✐♥ts ❤❛✈❡ ❛♥ ♦♣♣♦s✐t❡ tr❡♥❞ ❛♥❞ ❛r❡ ♥♦t ❝♦♥✜♥❡❞ ✐♥ ❛ ❝❧❡❛r ♣❛t❤✳ ❚❤✐s ✐s

♣r♦❜❛❜❧② ❞✉❡ t♦ ❛ ♥♦♥ ♣❡r❢❡❝t ❜❛❧❛♥❝❡ ❜❡t✇❡❡♥ t❤❡ t✇♦ ❝♦♠♣♦♥❡♥ts✱ ✇❤✐❝❤ ❛r❡ ♠♦✉♥t❡❞

♦♥ t❤❡ s❛♠❡ s❤❛❢t✳

❚❤❡ ♣♦✐♥ts t❤❛t ❣❡♥❡r❛t❡ ♠♦r❡ ♣r♦❜❧❡♠s ❛r❡ t❤❡ ♦♥❡s ❛ss♦❝✐❛t❡❞ t♦ t❤❡ ✐❞❧❡ ❝♦♥❞✐t✐♦♥✳ ■♥

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

❋✐❣✉r❡ ✹✳✺✿ ❈❋▼✺✻✲✼❇✷✹ ❍P ❝♦♠♣r❡ss♦r ♣❡r❢♦r♠❛♥❝❡ ♠❛♣✳



✹⑤ ❘❡❢❡r❡♥❝❡ t✉r❜♦❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦ ✻✺

❋✐❣✉r❡ ✹✳✻✿ ❈❋▼✺✻✲✼❇✷✹ ▲P ❝♦♠♣r❡ss♦r ♣❡r❢♦r♠❛♥❝❡ ♠❛♣✳

❋✐❣✉r❡ ✹✳✼✿ ❈❋▼✺✻✲✼❇✷✹ ❋❛♥ ♣❡r❢♦r♠❛♥❝❡ ♠❛♣✳



✻✻ ✹⑤ ❘❡❢❡r❡♥❝❡ t✉r❜♦❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦

❋✐❣✉r❡ ✹✳✽✿ ❈❋▼✺✻✲✼❇✷✹ ❍P t✉r❜✐♥❡ ♣❡r❢♦r♠❛♥❝❡ ♠❛♣✳

❋✐❣✉r❡ ✹✳✾✿ ❈❋▼✺✻✲✼❇✷✹ ▲P t✉r❜✐♥❡ ♣❡r❢♦r♠❛♥❝❡ ♠❛♣✳

■♥ ❋✐❣✉r❡ ✹✳✶✵ ✐s r❡♣r❡s❡♥t❡❞ t❤❡ ❈❋▼✺✻✲✼❇✷✹ ❡♥❣✐♥❡ ♠❛♣✳ ❚❤❡ ♣♦✐♥ts ❛r❡ t❤❡ ❛❧❧ ♣♦ss✐❜❧❡

❝♦♠❜✐♥❛t✐♦♥s ♦❢ z✱ M ❛♥❞ ṁf ✱ ❜✉t ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡✐r ❝♦❧♦r ✐t ✐s ♣♦ss✐❜❧❡ t♦ ✐❞❡♥t✐❢②✿

❼ ❜❧❛❝❦ ♣♦✐♥ts✱ ✇❤✐❝❤ r❡♣r❡s❡♥t ❝♦♠❜✐♥❛t✐♦♥s ✐♥ ✇❤✐❝❤ t❤❡ ❝❛❧❝✉❧❛t✐♦♥s ❞✐❞ ♥♦t ❝♦♥✲

✈❡r❣❡✳ ❯s✉❛❧❧② t❤❡② ❛r❡ ❝❛❧❧❡❞ ✐♥✈❛❧✐❞ ♣♦✐♥ts❀

❼ r❡❞ ♣♦✐♥ts✱ ✇❤✐❝❤ r❡♣r❡s❡♥t ❝♦♠❜✐♥❛t✐♦♥s ✐♥ ✇❤✐❝❤ t❤❡ ❝❛❧❝✉❧❛t✐♦♥s ❝♦♥✈❡r❣❡❞✳ ❚❤❡s❡

♣♦✐♥ts ❛r❡ ♦✉ts✐❞❡ ♦❢ ❛t ❧❡❛st ♦♥❡ ❡♥❣✐♥❡ ♣❡r❢♦r♠❛♥❝❡ ♠❛♣✳ ❯s✉❛❧❧② t❤❡② ❛r❡ ❝❛❧❧❡❞

✇r♦♥❣ r❡s✉❧ts❀

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



✹⑤ ❘❡❢❡r❡♥❝❡ t✉r❜♦❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦ ✻✼

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

r❡s✉❧ts✳

❋✐❣✉r❡ ✹✳✶✵✿ ❈❋▼✺✻✲✼❇✷✹✿ ❊♥❣✐♥❡ ♠❛♣ ✇✐t❤ ♥♦ ❡①t❡♥❞❡❞ r❡s✉❧ts✳

❚❤❡ ❡♥❣✐♥❡ ♠❛♣ r❡♣r❡s❡♥t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✶✵ ❝❛♥✬t ❜❡ ✉s❡❞ ✐♥ ▼❛t❧❛❜ ❛s ❡♥❣✐♥❡ ♠♦❞❡❧✱

❜❡❝❛✉s❡ t❤❡ ❡♥❣✐♥❡ r❛♥❣❡❛❜✐❧✐t② ✐s t♦♦ ❧♦✇✳ ❚❤❡ ♠❛✐♥ ♣r♦❜❧❡♠ ✐s t❤❛t t❤❡ ✐❞❧❡ ❝♦♥❞✐t✐♦♥s

❤❛✈❡ ✈❛❧✉❡s ♦❢ t❤r✉st t♦♦ ❤✐❣❤✳ ❚♦ s♦❧✈❡ ✐t ❛❧s♦ t❤❡ ♣♦✐♥ts ♦✉ts✐❞❡ t❤❡ ♠❛♣s✱ ❜✉t ♥❡❛r t❤❡

❜♦r❞❡r✱ ✇❡r❡ ❝♦♥s✐❞❡r❡❞✳ ❚❤❡ r❡s✉❧t ✐s ❛♥ ❡♥❣✐♥❡ ♠❛♣ ✇✐t❤ ❡①t❡♥❞❡❞ r❛♥❣❡❛❜✐❧✐t②✳ ❚❤✐s

♠❛♣ ✐s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✶✶✳ ❘❡♠❡♠❜❡r t❤❛t ✐♥ t❤✐s ✜❣✉r❡ ✐s r❡♣r❡s❡♥t❡❞ ❛ ✸❉ ♣❧♦t ✐♥

✇❤✐❝❤ ❡❛❝❤ ♣♦✐♥t ✐s ✐❞❡♥t✐✜❡❞ ❜② ✐ts ❝♦♦r❞✐♥❛t❡s ❳ ✭z✮✱ ❨ ✭M✮ ❛♥❞ ❩ ✭ṁf ✮✱ ❜✉t ❡❛❝❤ ♣♦✐♥t

❤❛s ❛❧s♦ s❛✈❡❞ ✐♥s✐❞❡ t❤❡ ✈❛❧✉❡s ♦❢ Th✱ SFC✱ ❡t❝✳✳✳ ✳
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❋✐❣✉r❡ ✹✳✶✶✿ ❈❋▼✺✻✲✼❇✷✹✿ ❊♥❣✐♥❡ ♠❛♣ ✇✐t❤ ❡①t❡♥❞❡❞ r❡s✉❧ts✳

❚♦ ❝❤❡❝❦ ❛♥❞ ✈❛❧✐❞❛t❡ t❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞✱ t❤❡ ♣❧♦ts ✐♥ ❋✐❣✉r❡s ✹✳✶✷ ✇❡r❡ ❝r❡❛t❡❞✳ ❚❤❡s❡

♣❧♦ts ❛r❡ ❢♦r ❞✐✛❡r❡♥t ✈❛❧✉❡s ♦❢ z ❛♥❞ ❡❛❝❤ ❧✐♥❡ ✐s ❢♦r ❞✐✛❡r❡♥t ✈❛❧✉❡s ♦❢ M ✳ ■♥ t❤❡ ♣❧♦ts

❛r❡ r❡♣r❡s❡♥t❡❞ t❤❡ ✈❛❧✉❡s ♦❢ Th ✈s ṁf ✳ ❆s ❡①♣❡❝t❡❞ ❢r♦♠ t❤❡♦r②✱ t❤❡ tr❡♥❞ ✐s ♥♦t ❧✐♥❡❛r

❛♥❞ ✐♥ ♣❛rt✐❝✉❧❛r ❛t ❤✐❣❤ ✈❛❧✉❡s ♦❢ Th t♦ ✐♥❝r❡❛s❡ s❧✐❣❤t❧② Th ❛ ❤✉❣❡ ✐♥❝r❡❛s❡ ♦❢ ṁf ✐s

r❡q✉✐r❡❞✳ ▼♦r❡♦✈❡r✱ ✐♥❝r❡❛s✐♥❣ M ❛t ✜① ṁf ✱ Th ❞❡❝r❡❛s❡s✱ ❜❡❝❛✉s❡ ∆V ✐♥ t❤❡ t❤r✉st

❡q✉❛t✐♦♥ ❞❡❝r❡❛s❡s✳ ◆♦t❡ t❤❛t ❢♦r ❝❡rt❛✐♥ ✈❛❧✉❡s ♦❢ z ❛♥❞ M t❤❡ r❡s✉❧ts ❛r❡ ♥♦t s♦ ❣♦♦❞✱

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

❼ t❤❡ ✜rst ❡①♣❧❛♥❛t✐♦♥ s✐ ❝♦♥♥❡❝t❡❞ t♦ t❤❡ ❢❛❝t t❤❛t t❤❡ ✐♥✐t✐❛❧ ✈❛r✐❛❜❧❡s ♣r♦✈✐❞❡❞ t♦

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

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

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

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

❼ t❤❡ s❡❝♦♥❞ ❡①♣❧❛♥❛t✐♦♥ ✐s ❝♦♥♥❡❝t❡❞ t♦ t❤❡ ❢❛❝t t❤❛t ❈❋▼✺✻✲✼❇✷✹ ✐s ❛♥ ❡♥❣✐♥❡

❞❡✈❡❧♦♣❡❞ ❢♦r s❤♦rt✴♠❡❞✐✉♠ r❛♥❣❡ ♠✐ss✐♦♥s✱ s♦ ✐t ✐s ❡①♣❡❝t❡❞ t❤❛t ✐t ❞♦❡s ♥♦t ✇♦r❦

✇❡❧❧ ❛t ❤✐❣❤ ❛❧t✐t✉❞❡✳ ❚❤✐s ✐s t❤❡ ❝❛s❡ ♦❢ ❋✐❣✉r❡ ✹✳✶✷❢✳
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❋✐❣✉r❡ ✹✳✶✷✿ ❚❤r✉st ✈s ❋✉❡❧ ✢♦✇ ♣❧♦ts ♦❢ ❈❋▼✺✻✲✼❇✷✹✳

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

t❛❦❡✲♦✛ ✇❡r❡ ❡①tr❛❝t❡❞✳ ❚❤❡♥✱ ✐♥ t❤❡ s❛♠❡ ✇❛② ❛s ✇❤❛t ✇❛s ❞♦♥❡ t♦ ✈❛❧✐❞❛t❡ t❤❡ ♠♦❞❡❧ ✐♥

❞❡s✐❣♥ ❝♦♥❞✐t✐♦♥ ✭❙✉❜✲s❡❝t✐♦♥ ✹✳✶✳✶✮ t❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞ ❢r♦♠ ❊❝♦s✐♠Pr♦ ❛r❡ ❝♦♠♣❛r❡❞ t♦

t❤❡ ♦♥❡s ♦❜t❛✐♥❡❞ ❢r♦♠ ❙t❡❢❛♥♦✬s ❝♦❞❡ ❬✷✸❪✳ ❚❤❡ t❤❡r♠♦❞②♥❛♠✐❝ ❝②❝❧❡ ♦❜t❛✐♥❡❞ t❤r♦✉❣❤

❤✐s ❝♦❞❡ ✐s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✹✳✶✸✱ ✐♥st❡❛❞ t❤❡ r❡s✉❧ts ❝♦♠♣❛r✐s♦♥ ❝❛♥ ❜❡ s❡❡♥ ✐♥ ❋✐❣✉r❡ ✹✳✼✳
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CFM56-7B24 Take-Off

❋✐❣✉r❡ ✹✳✶✸✿ ❈❋▼✺✻✲✼❇✷✹ t❤❡r♠♦❞②♥❛♠✐❝ ❝②❝❧❡ ✐♥ t❛❦❡✲♦✛ ❝♦♥❞✐t✐♦♥✳

❈♦♠♣♦♥❡♥t
❊❝♦s✐♠Pr♦

❱❛❧✉❡

▼❛t❧❛❜

❱❛❧✉❡
❊rr♦r ❬✪❪

❋❛♥ 13.51 ❬▼❲❪ 13.31 ❬▼❲❪ +1.5

▲P ❝♦♠♣r❡ss♦r 5.55 ❬▼❲❪ 5.44 ❬▼❲❪ +2

❍P ❝♦♠♣r❡ss♦r 21.83 ❬▼❲❪ 21.20 ❬▼❲❪ +2.9

❍P t✉r❜✐♥❡ 21.83 ❬▼❲❪ 23.29 ❬▼❲❪ −6.7

▲P t✉r❜✐♥❡ 19.06 ❬▼❲❪ 19.26 ❬▼❲❪ −1.2

❚❛❜❧❡ ✹✳✼✿ ❈❋▼✺✻✲✼❇✷✹ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ ♣♦✇❡r ❝♦♠♣♦♥❡♥ts ❝♦♠♣✉t❡❞ ✇✐t❤ ❊❝♦s✐♠✲

Pr♦ ❛♥❞ ▼❛t❧❛❜ ✐♥ t❛❦❡✲♦✛ ❝♦♥❞✐t✐♦♥✳

❆❧s♦ ✐♥ ♦✛✲❞❡s✐❣♥ t❤❡ ♠♦❞❡❧ ✐s ✈❛❧✐❞❛t❡❞✱ s✐♥❝❡ t❤❡ ♠❛① ❛❜s♦❧✉t❡ ❡rr♦r ✐s ❧❡ss t❤❛♥ 7 ✪

❛♥❞ t❤❡ t❤❡r♠♦❞②♥❛♠✐❝ ❝②❝❧❡ ❤❛s t❤❡ t②♣✐❝❛❧ s❤❛♣❡ ♦❢ ❛ t✉r❜♦❢❛♥ ❝②❝❧❡✳
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✹✳✷✳ ●❊♥①✲✶❇✻✹

❋✐❣✉r❡ ✹✳✶✹✿ ●❊♥①✲✶❇✻✹✳

❚❤❡ ❡♥❣✐♥❡ ✉s❡❞ ❛s r❡❢❡r❡♥❝❡ ❢♦r t❤❡ ❧♦♥❣ ♠✐ss✐♦♥ r❛♥❣❡ ✐s ●❊♥①✲✶❇✻✹✳ ❚❤✐s ✐s ❛ t✉r❜♦❢❛♥

❡♥❣✐♥❡ ❞❡✈❡❧♦♣❡❞ ❛♥❞ ♣r♦❞✉❝❡❞ ❜② ●❡♥❡r❛❧ ❊❧❡❝tr✐❝ ❛✈✐❛t✐♦♥✱ ✇❤✐❝❤ ✐s ❛ s✉❜s✐❞✐❛r② ♦❢ ●❡♥✲

❡r❛❧ ❊❧❡❝tr✐❝ ✭●❊✮✳ ●❊✱ ✇❤✐❝❤ ✇❛s ❢♦✉♥❞❡❞ ✐♥ ✶✾✶✼✱ ❤❛s t❤❡ ❤❡❛❞q✉❛rt❡r❡❞ ✐♥ ❊✈❡♥❞❛❧❡✱

❖❤✐♦✱ ❛♥❞ ✐t ✐s ♦♥❡ ♦❢ t❤❡ ♠❛❥♦r ❛❡r♦❡♥❣✐♥❡ ♣r♦❞✉❝❡r ✐♥ t❤❡ ✇♦r❧❞✳ ❚❤❡ ●❊♥① t✉r❜♦❢❛♥

❢❛♠✐❧② ✐s ❛♥ ❛❞✈❛♥❝❡❞ ❞✉❛❧ r♦t♦r✱ ❛①✐❛❧ ✢♦✇✱ ❤✐❣❤✲❜②♣❛ss t✉r❜♦❢❛♥ ❥❡t ❡♥❣✐♥❡ ❛♥❞ ✐t ✐s t❤❡

s✉❝❝❡ss♦r ♦❢ t❤❡ ❈❋✻ ❢❛♠✐❧② ❬✸✻❪✳ ❚❤❡s❡ t✉r❜♦❢❛♥s ✇❡r❡ ❝❤♦s❡♥ ❜❡❝❛✉s❡ ❛r❡ ❧❛r❣❡❧② ✉s❡❞

❜② ❝✐✈✐❧ ✐♥t❡r❝♦♥t✐♥❡♥t❛❧ ❛✐r❝r❛❢ts ❛♥❞ ❛❧s♦ ❜❡❝❛✉s❡ ✐ts ❊❝♦s✐♠Pr♦ s❝❤❡♠❛t✐❝ ✭❋✐❣✉r❡ ✹✳✶✺✮

✐s ✐❞❡♥t✐❝❛❧ t♦ t❤❡ ♦♥❡ ♦❢ ❈❋▼✺✻✳ ■♥ t❤✐s ✇❛②✱ ❛❧❧ t❤❡ ✇♦r❦ ❞♦♥❡ ❢♦r t❤❡ ❈❋▼✺✻ ✐♥ ❙❡❝✲

t✐♦♥ ✹✳✶ ❝❛♥ ❜❡ r❡❝②❝❧❡❞✳ ❋r♦♠ t❤❡ ❛❧❧ ●❊♥① ❢❛♠✐❧②✱ ●❊♥①✲✶❇✻✹ ✇❛s ❝❤♦s❡♥ ❜❡❝❛✉s❡ ✐s

t❤❡ t✉r❜♦❢❛♥ ♠♦✉♥t❡❞ ♦♥ ❇♦❡✐❣♥ ✼✽✼✲✽✵✵✱ ✇❤✐❝❤ ✐s t❤❡ ❧♦♥❣ r❛♥❣❡ r❡❢❡r❡♥❝❡ ❛r✐❝r❛❢t ✐♥

t❤✐s t❤❡s✐s✳ ▼♦r❡♦✈❡r✱ ✐♥ ❧✐t❡r❛t✉r❡ ❛r❡ ♣r❡s❡♥t ❛ ❧♦t ♦❢ ❞❛t❛ ❬✼❪ ❬✸✻❪✳



✼✷ ✹⑤ ❘❡❢❡r❡♥❝❡ t✉r❜♦❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦

❋✐❣✉r❡ ✹✳✶✺✿ ●❊♥①✲✶❇✻✹ s❝❤❡♠❛t✐❝✳

✹✳✷✳✶✳ ❊♥❣✐♥❡ ❞❡s✐❣♥

❚❤❡ ❡♥❣✐♥❡ ❞❡s✐❣♥ ♣r♦❝❡❞✉r❡ ✐s ✐❞❡♥t✐❝❛❧ t♦ t❤❡ ♦♥❡ ♣r❡s❡♥t❡❞ ❢♦r ❈❋▼✺✻✲✼❇✷✹ ✐♥ ❙❡❝✲

t✐♦♥ ✹✳✶✱ t❤❡r❡❢♦r❡ ✐♥ t❤✐s s❡❝t✐♦♥ ♦♥❧② t❤❡ ♠❛✐♥ ❛s♣❡❝ts ✇✐❧❧ ❜❡ ❤✐❣❤❧✐❣❤t❡❞✳

❚❤❡ ♠❛✐♥ ❞✐✛❡r❡♥❝❡s ❢r♦♠ t❤❡ ♣r❡✈✐♦✉s ❡♥❣✐♥❡ ❛r❡ t❤❡ ✈❛❧✉❡s ♦❢ t❤❡ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s

❛♥❞ ❞②♥❛♠✐❝ ✈❛r✐❛❜❧❡s✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ❢♦✉♥❞ r❡s♣❡❝t✐✈❡❧② ✐♥ ❚❛❜❧❡ ✹✳✽ ❛♥❞ ✹✳✾✳ ❆s ❜❡❢♦r❡✱

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

♠✐ss✐♦♥s✱ s♦ ❢♦r s✉r❡ ✐ts ❞❡s✐❣♥ ♣♦✐♥t ❝♦✐♥❝✐❞❡ ✇✐t❤ t❤❡ ❝r✉✐s❡✳ ❲✐t❤ r❡s♣❡❝t t♦ ❈❋▼✺✻✲

✼❇✷✹ t❤❡ ●❊♥①✲✶❇✻✹ ✇♦r❦s ❛t ❤✐❣❤❡r ❛❧t✐t✉❞❡ ❛♥❞ ▼❛❝❤✱ ✐ts BPR ✈❛❧✉❡ ✐s ❤✐❣❤❡r ❛♥❞

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

❤✐❣❤❡r✳ ❙✐♥❝❡ ●❊♥①✲✶❇✻✹ ❤❛s ❛ ❜✐❣❣❡r ❢❛♥✱ ✐t ❤❛s t♦ r♦t❛t❡ t♦ ❛ ❧♦✇❡r r♦t❛t✐♦♥❛❧ s♣❡❡❞ ✐♥

♦r❞❡r t♦ ❧✐♠✐t t❤❡ tr❛♥s♦♥✐❝ ♣❤❡♥♦♠❡♥❛ t❤❛t ♦❝❝✉rs ❛t t❤❡ ❢❛♥ ❜❧❛❞❡ ♣❡r✐♣❤❡r②✳



✹⑤ ❘❡❢❡r❡♥❝❡ t✉r❜♦❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦ ✼✸

❈♦♠♣♦♥❡♥t ❱❛r✐❛❜❧❡ ❱❛❧✉❡ ❯♥✐t

❆✐r❝r❛❢t
z ✶✷✵✵✵ ♠

M ✵✳✽✺ ✲

❋❛♥

BPR ✽✳✺✸ ✲

Ṅ ✵ r♣♠
s

ηis ✵✳✾✷✺ ✲

Nad ✾✸ ✪

βc ✶✳✹✺ ✲

beta ✵✳✾ ✲

▲P ❝♦♠♣r❡ss♦r

ηis ✵✳✾✷✺ ✲

Nad ✾✷✳✺ ✪

βc ✷✳✹ ✲

beta ✵✳✸ ✲

❍P ❝♦♠♣r❡ss♦r

ṁin ✹✺✳✼ ❦❣
s

Ṅ ✵ r♣♠
s

ηis ✵✳✾✷✺ ✲

Nad ✾✷ ✪

βc ✶✺ ✲

beta ✵✳✼ ✲

❇✉r♥❡r

AL ✸✳✺ kg
s·m3

βc ✵✳✾✻ ✲

pTin
✷✶✵✵✵✵✵ P❛

TTin
✽✽✵ ❑

❍P t✉r❜✐♥❡

LeNS
✶ J

kg·K

ηis ✵✳✾✸ ✲

NNS
corr ✶ r

s

TTin
✶✹✽✵ ❑

▲P t✉r❜✐♥❡

LNS
e ✶ J

kg·K

ηis ✵✳✾✸ ✲

NNS
corr ✶ r

s

❚❛❜❧❡ ✹✳✽✿ ●❊♥①✲✶❇✻✹ ❞❡s✐❣♥✿ ❇♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s✳ ❚❤❡ ❜❧✉❡ ✈❛❧✉❡s ❛r❡ ❦♥♦✇♥ ❢r♦♠

❧✐t❡r❛t✉r❡ ❬✼❪ ❬✸✺❪✱ ✐♥st❡❛❞ t❤❡ ❣r❡❡♥ ♦♥❡s ❛r❡ ❞✉❡ t♦ t❤❡ ❢❛❝t t❤❛t t❤❡ s✐♠✉❧❛t✐♦♥ ✐s st❡❛❞②✳



✼✹ ✹⑤ ❘❡❢❡r❡♥❝❡ t✉r❜♦❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦

❈♦♠♣♦♥❡♥t ❱❛r✐❛❜❧❡ ❱❛❧✉❡ ❯♥✐t

▲P ❝♦♠♣r❡ss♦r N ✷✺✻✵ r
min

❍P ❝♦♠♣r❡ss♦r N ✶✶✸✼✼ r
min

❚❛❜❧❡ ✹✳✾✿ ●❊♥①✲✶❇✻✹ ❞❡s✐❣♥✿ ❉②♥❛♠✐❝ ✈❛r✐❛❜❧❡s✳ ❚❤❡ ❜❧✉❡ ✈❛❧✉❡s ❛r❡ ❦♥♦✇♥ ❢r♦♠

❧✐t❡r❛t✉r❡ ❬✸✻❪✳

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

♦❢ Th ❛♥❞ SFC ♦❜t❛✐♥❡❞ ❛r❡ ✈❡r② ❝❧♦s❡ t♦ t❤❡ r❡❛❧ ♦♥❡s✳ ❚❤❡s❡ ✈❛❧✉❡s ❛r❡ r❡♣♦rt❡❞ ✐♥

❚❛❜❧❡ ✹✳✶✵✳ ❆s ❡①♣❡❝t❡❞ ❢r♦♠ t❤❡♦r②✱ ✇✐t❤ r❡s♣❡❝t t♦ ❈❋▼✺✻✲✼❇✷✹ t❤❡ ✈❛❧✉❡ ♦❢ Th ✐s

❤✐❣❤❡r ❛♥❞ t❤❡ ✈❛❧✉❡ ♦❢ SFC ❧♦✇❡r✳

❱❛r✐❛❜❧❡
❊❝♦s✐♠Pr♦

❱❛❧✉❡

❘❡❛❧ ❡♥❣✐♥❡

❱❛❧✉❡
❊rr♦r ❬✪❪

Th 56.98 [kN] 56.80 [kN] +0.3

SFC 1.447e−05 [ kg
N·s

] 1.369e−05 [ kg
N·s

] +5.7

❚❛❜❧❡ ✹✳✶✵✿ ●❊♥①✲✶❇✻✹ ❣❧♦❜❛❧ ♣❡r❢♦r♠❛♥❝❡s ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ♠♦❞❡❧ ❛♥❞ t❤❡ r❡❛❧

❡♥❣✐♥❡ ❬✼❪ ✐♥ ❝r✉✐s❡ ❝♦♥❞✐t✐♦♥✳

❆t t❤✐s ♣♦✐♥t ❛❧s♦ t❤❡ ●❊♥①✲✶❇✻✹ s❝❤❡♠❛t✐❝ ✐s ❞❡s✐❣♥❡❞✱ ❤❡♥❝❡ ❛❧❧ t❤❡ ❝♦♠♣♦♥❡♥ts ❞❛t❛

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

✹✳✷✳✷✳ ❖✛✲❞❡s✐❣♥ ❛♥❛❧②s✐s

❚♦ ♣❡r❢♦r♠ t❤❡ ♦✛✲❞❡s✐❣♥ ❛♥❛❧②s✐s ❛♥❞ ♦❜t❛✐♥ t❤❡ ●❊♥①✲✶❇✻✹ ❡♥❣✐♥❡ ♠❛♣✱ t❤❡ s❛♠❡

♣r♦❝❡❞✉r❡ ❛♥❞ ❝♦❞❡s ✉s❡❞ ❢♦r t❤❡ ❈❋▼✺✻✲✼❇✷✹ ✇❡r❡ ✐♠♣❧❡♠❡♥t❡❞✳ ❍❡♥❝❡✱ ❛❧❧ t❤❡ ❝♦♥s✐❞✲

❡r❛t✐♦♥s ❞♦♥❡ ✐♥ ❙✉❜✲s❡❝t✐♦♥ ✹✳✶✳✷ ❛r❡ st✐❧❧ ✈❛❧✐❞✳ ❚❤❡ ♠❛✐♥ ❞✐✛❡r❡♥❝❡ ❢r♦♠ t❤❡ ♣r❡✈✐♦✉s

❝❛s❡ ✐s t❤❛t ♥♦✇ t❤❡ ✐♥♣✉t ♦❢ t❤❡ ♦✛✲❞❡s✐❣♥ s✐♠✉❧❛t✐♦♥ ✐s t❤❡ ●❊♥①✲✶❇✻✹ ♠♦❞❡❧✳ ❆♥♦t❤❡r

✐♠♣♦rt❛♥t ❞✐✛❡r❡♥❝❡ ✐s t❤❛t t❤❡ ✈❛❧✉❡s ♦❢ z✱ M ❛♥❞ ṁf ✱ ✐♥ ✇❤✐❝❤ t❤❡ ❡♥❣✐♥❡ ✐s t❡st❡❞✱

❛r❡ ❞✐✛❡r❡♥t✱ s✐♥❝❡ t❤❡ ❡♥❣✐♥❡ ❝❛♥ r❡❛❝❤ ❤✐❣❤❡r ❛❧t✐t✉❞❡ ❛♥❞ ▼❛❝❤ ❛♥❞ ✐t ❝♦♥s✉♠❡s ♠♦r❡

❢✉❡❧✳ ❚❤❡ ●❊♥①✲✶❇✻✹ st❡❛❞② ♣❛r❛♠❡tr✐❝ s✐♠✉❧❛t✐♦♥ ✇❛s ♣❡r❢♦r♠❡❞ ❢♦r t❤❡ ❛❧❧ ♣♦ss✐❜❧❡

❝♦♠❜✐♥❛t✐♦♥s ♦❢ t❤❡ ❢♦❧❧♦✇✐♥❣ ✈❛❧✉❡s✿

❼ t❤❡ z [m] ✈❛❧✉❡s ❝♦♥s✐❞❡r❡❞ ❛r❡ ✵✱ ✹✽✾✳✺✱ ✾✼✾✱ ✾✽✵✱ ✶✹✻✾✳✺✱ ✶✾✺✾✱ ✶✾✻✵✱ ✷✹✹✾✳✺✱ ✷✾✸✾✱

✷✾✹✵✱ ✸✾✷✹✳✺✱ ✸✾✶✾✱ ✸✾✷✵✱ ✹✹✵✾✳✺✱ ✹✽✾✾✱ ✹✾✵✵✱ ✺✸✽✾✳✺✱ ✺✽✼✾✱ ✺✽✽✵✱ ✻✸✻✾✳✺✱ ✻✽✺✾✱ ✻✽✻✵✱



✹⑤ ❘❡❢❡r❡♥❝❡ t✉r❜♦❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦ ✼✺

✼✸✹✾✳✺✱ ✼✽✸✾✱ ✼✽✹✵✱ ✽✸✷✾✳✺✱ ✽✽✶✾✱ ✽✽✷✵✱ ✾✸✵✾✳✺✱ ✾✼✾✾✱ ✾✽✵✵✱ ✶✵✷✽✾✳✺✱ ✶✵✼✼✾✱ ✶✵✼✽✵✱

✶✶✷✻✾✳✺✱ ✶✶✼✺✾✱ ✶✶✼✻✶✱ ✶✷✷✺✵✳✺✱ ✶✷✼✹✵❀

❼ t❤❡ M [−] ✈❛❧✉❡s ❝♦♥s✐❞❡r❡❞ ❛r❡ ✵✱ ✵✳✶✽✱ ✵✳✸✻✱ ✵✳✺✹✱ ✵✳✼✷✱ ✵✳✾❀

❼ t❤❡ ṁf [kg
s
] ✈❛❧✉❡s ❝♦♥s✐❞❡r❡❞ ❛r❡ ✵✱ ✵✳✵✺✾✺✱ ✵✳✶✶✾✵✱ ✵✳✶✼✽✺✱ ✵✳✷✸✽✵✱ ✵✳✷✾✼✺✱ ✳✳✳✱ ✸✳✽✵✽✳

❚❤❡ t♦t❛❧ ♦✛✲❞❡s✐❣♥ ❝❛❧❝✉❧❛t✐♦♥s ♣❡r❢♦r♠❡❞ ❛r❡ 39 · 6 · 65 = 15210 ❛♥❞✱ ❛s ❜❡❢♦r❡✱ s♦♠❡ ♦❢

t❤❡♠ ❝♦♥✈❡r❣❡❞ ✐♥st❡❛❞ ♦t❤❡r ❞✐❞ ♥♦t ❝♦♥✈❡r❣❡✳

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

♠❛♣s✱ ❛r❡ r❡♣♦rt❡❞ ✐♥ ❋✐❣✉r❡s ✹✳✶✻✱ ✹✳✶✼✱ ✹✳✶✽✱ ✹✳✶✾ ❛♥❞ ✹✳✷✵✳ ■t ❝❛♥ ❜❡ s❡❡♥ t❤❛t t❤❡ ♣♦✐♥t

tr❡♥❞s ❛r❡ ✈❡r② s✐♠✐❧❛r t♦ t❤❡ ♦♥❡s ♦❢ ❈❋▼✺✻✲✼❇✷✹✳ ❆❧s♦ ✐♥ t❤✐s ❝❛s❡ t❤❡ ♣r♦❜❧❡♠s ❛r✐s❡

✐♥ ✐❞❧❡ ❝♦♥❞✐t✐♦♥✳

❋✐❣✉r❡ ✹✳✶✻✿ ●❊♥①✲✶❇✻✹ ❍P ❝♦♠♣r❡ss♦r ♣❡r❢♦r♠❛♥❝❡ ♠❛♣✳



✼✻ ✹⑤ ❘❡❢❡r❡♥❝❡ t✉r❜♦❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦

❋✐❣✉r❡ ✹✳✶✼✿ ●❊♥①✲✶❇✻✹ ▲P ❝♦♠♣r❡ss♦r ♣❡r❢♦r♠❛♥❝❡ ♠❛♣✳

❋✐❣✉r❡ ✹✳✶✽✿ ●❊♥①✲✶❇✻✹ ❋❛♥ ♣❡r❢♦r♠❛♥❝❡ ♠❛♣✳



✹⑤ ❘❡❢❡r❡♥❝❡ t✉r❜♦❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦ ✼✼

❋✐❣✉r❡ ✹✳✶✾✿ ●❊♥①✲✶❇✻✹ ❍P t✉r❜✐♥❡ ♣❡r❢♦r♠❛♥❝❡ ♠❛♣✳

❋✐❣✉r❡ ✹✳✷✵✿ ●❊♥①✲✶❇✻✹ ▲P t✉r❜✐♥❡ ♣❡r❢♦r♠❛♥❝❡ ♠❛♣✳

❆❧s♦ t❤❡ ●❊♥①✲✶❇✻✹ ❡♥❣✐♥❡ ♠❛♣ ✐s s✐♠✐❧❛r t♦ t❤❡ ♦♥❡ ♦❢ t❤❡ ❈❋▼✺✻✲✼❇✷✹ ✭❋✐❣✉r❡ ✹✳✷✶✮✱

❡✈❡♥ ✐❢ ♥♦✇ t❤❡ r❛♥❣❡❛❜✐❧✐t② ❛t ❧♦✇ ❛❧t✐t✉❞❡ ❛♥❞ ♠❛❝❤ ✐s ✇♦rst✳ ❚❤✐s ❢❛❝t ❝♦✉❧❞ ❜❡ ❡①♣❧❛✐♥❡❞

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

r❡❛s♦♥❛❜❧❡ t♦ ❤❛✈❡ ❛ ❧♦✇❡r r❛♥❣❡❛❜✐❧✐t② ✐♥ ♦✛✲❞❡s✐❣♥✳



✼✽ ✹⑤ ❘❡❢❡r❡♥❝❡ t✉r❜♦❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦

❋✐❣✉r❡ ✹✳✷✶✿ ●❊♥①✲✶❇✻✹✿ ❊♥❣✐♥❡ ♠❛♣ ✇✐t❤ ♥♦ ❡①t❡♥❞❡❞ r❡s✉❧ts✳

❆s ❜❡❢♦r❡✱ ✐♥ ♦r❞❡r t♦ ❡①t❡♥❞ t❤❡ r❛♥❣❡❛❜✐❧✐t②✱ ❛❧s♦ t❤❡ ♣♦✐♥ts ♦✉ts✐❞❡ t❤❡ ♣❡r❢♦r♠❛♥❝❡

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

❋✐❣✉r❡ ✹✳✷✷✿ ●❊♥①✲✶❇✻✹✿ ❊♥❣✐♥❡ ♠❛♣ ✇✐t❤ ❡①t❡♥❞❡❞ r❡s✉❧ts✳

❋✐♥❛❧❧②✱ t❤❡ ♣❧♦ts t❤❛t s❤♦✇ t❤❡ Th ✈s SFC ❛t ❞✐✛❡r❡♥t ✈❛❧✉❡s ♦❢ z ❛♥❞ M ❛r❡ r❡♣♦rt❡❞ ✐♥

❋✐❣✉r❡ ✹✳✷✸✳ ❆s ❡①♣❡❝t❡❞✱ s✐♥❝❡ t❤✐s ❡♥❣✐♥❡ ✐s ❞❡s✐❣♥❡❞ ❢♦r ❧♦♥❣ r❛♥❣❡ ♠✐ss✐♦♥s✱ t❤❡ ♠♦❞❡❧

❝♦♥✈❡r❣❡ ❡❛s✐❧② ❛t ❤✐❣❤ z ❛♥❞ M ✱ ✐♥st❡❛❞ ❛t ❧♦✇ z ❛♥❞ M t❤❡ r❡s✉❧ts ❛r❡ ❧❡ss ❣♦♦❞✳
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❋✐❣✉r❡ ✹✳✷✸✿ ❚❤r✉st ✈s ❋✉❡❧ ✢♦✇ ♣❧♦ts ♦❢ ●❊♥①✲✶❇✻✹✳

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

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

❆t t❤✐s ♣♦✐♥t t❤❡ t✇♦ ❡♥❣✐♥❡ ♠❛♣s✱ ✐♥ ❢♦r♠ ♦❢ t❛❜❧❡s✱ ❛r❡ ❛❞❞❡❞ ✐♥ ▼❛t❧❛❜✳ ■♥ t❤❡ ❢♦❧❧♦✇✐♥❣

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

t♦ t❤❡ ❈❘ ❢❛♥ ❡♥❣✐♥❡✳





✽✶

✺⑤ ❊❧❡❝tr✐❝ ❝♦✉♥t❡r✲r♦t❛t✐♥❣ ❢❛♥s

♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦

❚❤❡ ❛✐♠ ♦❢ t❤✐s ❝❤❛♣t❡r ✐s t♦ ♣r❡s❡♥t t❤❡ s❛♠❡ ♠♦❞❡❧❧✐♥❣ ♣r♦❝❡❞✉r❡ ❞❡s❝r✐❜❡❞ ✐♥ ❈❤❛♣t❡r ✹✱

❜✉t ❛♣♣❧✐❡❞ t♦ t❤❡ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❝❛s❡✳ ❆❧❧ t❤❡ ❝♦♥❝❡♣ts r❡❣❛r❞✐♥❣ t❤❡ s❝❤❡♠❛t✐❝✱ t❤❡

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

❛r❡ st✐❧❧ ✈❛❧✐❞ ❛♥❞ t❤❡② ✇✐❧❧ ❜❡ ✉s❡❞ ❛t ✜rst t♦ ❞❡s✐❣♥ t❤❡ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ s❝❤❡♠❛t✐❝s ❛♥❞

t❤❡♥ t♦ ♦❜t❛✐♥ t❤❡ ❡♥❣✐♥❡ ♠❛♣s✳

❙✐♥❝❡ t❤✐s ✐s ❛ ♥❡✇ ❡♥❣✐♥❡ t②♣♦❧♦❣②✱ ❞✐✛❡r❡♥t ♠♦❞❡❧s ✇❡r❡ ♠♦❞❡❧❡❞ ❛♥❞ ❢♦r ❡❛❝❤ ♦❢ t❤❡♠

❛♥ ❡♥❣✐♥❡ ♠❛♣ ♦❜t❛✐♥❡❞✳ ■♥ t❤✐s ✇❛②✱ ✐t ✇✐❧❧ ❜❡ ♣♦ss✐❜❧❡ t♦ t❡st ❛❧❧ t❤❡s❡ ❡♥❣✐♥❡ ♠♦❞❡❧s

✐♥ t❤❡ ✈❛r✐♦✉s ✢✐❣❤t ♠✐ss✐♦♥s✱ ❤❡♥❝❡ ♦❜t❛✐♥ ❛ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡♠✳ ❚❤❡ s❝❤❡♠❛t✐❝

✉s❡❞ ✐s t❤❡ s❛♠❡ ❢♦r ❡❛❝❤ ♠♦❞❡❧ ❜❡❝❛✉s❡ t❤❡ ❡♥❣✐♥❡ s❝❤❡♠❡ ✐s t❤❡ s❛♠❡✳ ❚❤❡ ✜rst s✉❜❞✐✲

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

❍❨❇✲❈❋✶✱ ❛♥❞ t❤❡ ❡♥❣✐♥❡ ♠♦❞❡❧s ❞❡s✐❣♥❡❞ ❢♦r ❧♦♥❣ r❛♥❣❡ ♠✐ss✐♦♥s✱ ❝❛❧❧❡❞ ❍❨❇✲❈❋✷✳ ❚❤❡

♥❛♠❡ ✐s t❤❡ ❛❜❜r❡✈✐❛t✐♦♥ ♦❢ ❤②❜r✐❞ ✭❍❨❇✮ ❝♦✉♥t❡r✲r♦t❛t✐♥❣ ❢❛♥ ✭❈❋✮ ♠♦❞❡❧❡❞ ❢♦r s❤♦rt

❛♥❞ ♠❡❞✐✉♠ r❛♥❣❡ ♠✐ss✐♦♥s ✭✶✮ ♦r ❧♦♥❣ r❛♥❣❡ ♠✐ss✐♦♥s ✭✷✮✳ ❚❤❡ s❡❝♦♥❞ s✉❜❞✐✈✐s✐♦♥ r❡❣❛r❞s

✐❢ t❤❡s❡ ❡♥❣✐♥❡s ❛r❡ ❞❡s✐❣♥❡❞ ✐♥ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥ ✭✷❡♥❣✮ ♦r ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛✲

t✐♦♥ ✭✶✵❡♥❣✮✳ ❙♦✱ ❢♦r ❡①❛♠♣❧❡ t❤❡r❡ ❛r❡ t❤❡ ❍❨❇✲❈❋✶✲✷❡♥❣ ❛♥❞ ❍❨❇✲❈❋✶✲✶✵❡♥❣ ❡♥❣✐♥❡

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

♠❛✐♥ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ♣❛r❛♠t❡rs ❛r❡ t❤❡ Nratio ❛♥❞ t❤❡ Pratio✱ t❤❡ ❡♥❣✐♥❡ ✇❛s ❞❡s✐❣♥❡❞ ❢♦r

❞✐✛❡r❡♥t ❝♦♠❜✐♥❛t✐♦♥s ♦❢ t❤❡s❡ ♣❛r❛♠❡t❡rs✳ ❚❤❡ ❞✐✛❡r❡♥t ❞❡s✐❣♥ ♣♦✐♥ts ✭❉P✮ ❝❤♦s❡♥ ❛r❡

❝❛❧❧❡❞ ❉Pr❡❢✱ ❉P✶✱ ❉P✷✱ ❉P✸ ❛♥❞ ❉P✹ ❛♥❞ ❛r❡ ✐t❡♠✐③❡❞ ✐♥ ❚❛❜❧❡ ✺✳✶✳ ❙♦✱ ❢♦r ❡①❛♠♣❧❡✱

t❤❡ ♠♦❞❡❧s ✐♥s✐❞❡ t❤❡ ❣r♦✉♣ ❍❨❇✲❈❋✶✲✷❡♥❣ ❛r❡✿ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉Pr❡❢✱ ❍❨❇✲❈❋✶✲✷❡♥❣✲

❉P✶✱ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✷✱ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✸✱ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✹✳ ❆❧❧ t❤❡ ♣♦ss✐❜❧❡

❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ♠♦❞❡❧s ❛r❡ ✷✵ ❛♥❞ ❛r❡ ❧✐st❡❞ ✐♥ ❋✐❣✉r❡ ✺✳✶✳ ◆♦t❡ t❤❛t ♥♦t ❛❧❧ ♦❢ t❤❡♠ ✇✐❧❧

❜❡ ❝♦♥s✐❞❡r❡❞✱ ❜✉t t❤❡ r❡❛s♦♥ ✇✐❧❧ ❜❡ ❡①♣❧❛✐♥❡❞ ❧❛t❡r✳



✽✷ ✺⑤ ❊❧❡❝tr✐❝ ❝♦✉♥t❡r✲r♦t❛t✐♥❣ ❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦

❱❛r✐❛❜❧❡ ❉Pr❡❢ ❉P✶ ❉P✷ ❉P✸ ❉P✹

Nratio ✶ ✵✳✾ ✶✳✶ ✶ ✶

Pratio ✶ ✶ ✶ ✵✳✾ ✶✳✶

❚❛❜❧❡ ✺✳✶✿ ❉✐✛❡r❡♥t ❞❡s✐❣♥ ♣♦✐♥t ❝♦♥❞✐t✐♦♥s ❢♦r t❤❡ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❞❡s✐❣♥✳

❋✐❣✉r❡ ✺✳✶✿ ❙❝❤❡♠❡ ♦❢ t❤❡ ❛❧❧ ♣♦ss✐❜❧❡ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ♠♦❞❡❧s✳ ❖♥❧② t❤❡ ❡♥❣✐♥❡ ♠♦❞❡❧s

✐♥s✐❞❡ t❤❡ r❡❞ ❝✐r❝❧❡ ✇✐❧❧ ❜❡ ❛♥❛❧②③❡❞ ✐♥ t❤✐s ❝❤❛♣t❡r✳

❈♦♠♣♦♥❡♥t ❱❛❧✉❡ ❯♥✐t

❈❘ ❢❛♥

CG1 ✲

CG2 ✲

CG4 ✲

CG5 ✲

ND,FR ✲

Nratio ✲

◆♦③③❧❡ ACRNout
m2

❚❛❜❧❡ ✺✳✷✿ ❊❧❡❝tr✐❝ ❈❘ ❢❛♥ ❞❛t❛ tr❛♥s❢♦r♠❡❞ ✐♥ ✉♥❦♥♦✇♥s✳



✺⑤ ❊❧❡❝tr✐❝ ❝♦✉♥t❡r✲r♦t❛t✐♥❣ ❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦ ✽✸

✺✳✶✳ ❍❨❇✲❈❋✶

■♥ ❋✐❣✉r❡ ✺✳✷ ✐s ❞❡♣✐❝t❡❞ t❤❡ ❍❨❇✲❈❋✶ s❝❤❡♠❛t✐❝✳ ❚❤✐s ❡♥❣✐♥❡ ✐s ❡①tr❡♠❡❧② s✐♠♣❧❡✱ ✐♥

❢❛❝t t❤❡ ❝♦♠♣♦♥❡♥ts ❛r❡✿ ✐♥❧❡t✱ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥✱ t✇♦ ❡❧❡❝tr✐❝ ❡♥❣✐♥❡s ✭♦♥❡ ❢♦r ❡❛❝❤ s❤❛❢t✮

❛♥❞ t❤❡ ♦✉t❧❡t✳ ❉✉❡ t♦ ✐ts s✐♠♣❧✐❝✐t②✱ t❤❡ ❝♦♠♣♦♥❡♥ts ❞❛t❛ tr❛♥s❢♦r♠❡❞ ✐♥ ✉♥❦♥♦✇♥s ✐♥

t❤❡ ❞❡s✐❣♥ ♣❛rt✐t✐♦♥ ❛r❡ ♦♥❧② t❤❡ ♦♥❡s ✐♥ ❚❛❜❧❡ ✺✳✷✳ ❆s ❢♦r t❤❡ r❡❢❡r❡♥❝❡ t✉r❜♦❢❛♥ ❝❛s❡s✱

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

❋✐❣✉r❡ ✺✳✷✿ ❍❨❇✲❈❋✶ s❝❤❡♠❛t✐❝✳

✺✳✶✳✶✳ ❊♥❣✐♥❡ ❞❡s✐❣♥✿ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥

❚❤❡ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ✉s❡❞ ❢♦r t❤❡ ✜✈❡ ❡♥❣✐♥❡s ✐♥ t❤❡ ❣r♦✉♣ ❍❨❇✲❈❋✶✲✷❡♥❣ ❛r❡ r❡✲

♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ✺✳✸✳ ❆❧❧ t❤❡s❡ ❡♥❣✐♥❡s ✇❡r❡ ❞❡s✐❣♥❡❞ ❛r♦✉♥❞ t❤❡ ❝r✉✐s❡ ♣♦✐♥t✱ ✐♥ ❢❛❝t

t❤❡ ✈❛❧✉❡s ♦❢ z ❛♥❞ M ❛r❡ t❤❡ s❛♠❡ ♦❢ t❤❡ ❈❋▼✺✻✲✼❇✷✹ ❝❛s❡✳ ❚❤❡ ✈❛❧✉❡ ♦❢ ND,FR ✇❛s

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

■♥st❡❛❞✱ t❤❡ ✈❛❧✉❡s ♦❢ βc ❛♥❞ ṁin ✇❡r❡ s❡❧❡❝t❡❞ ✐♥ ♦r❞❡r t♦ ♣r♦✈✐❞❡ t❤❡ s❛♠❡ ✈❛❧✉❡ ♦❢ Th ♦❢

❈❋▼✺✻✲✼❇✷✹ ✐♥ t❤❛t ✢✐❣❤t ❝♦♥❞✐t✐♦♥✳ ◆♦t❡ t❤❛t✱ ✐♥ ♦r❞❡r t♦ r❡❞✉❝❡ t❤❡ ♣♦✇❡r ♥❡❡❞❡❞ ❢♦r

❛ ❝❡rt❛✐♥ Th✱ ✐t ✇❛s ❝❤♦s❡♥ ❛ ❧♦✇ ✈❛❧✉❡ ♦❢ βc ❛♥❞ s♦ ❛♥ ❤✐❣❤ ✈❛❧✉❡ ♦❢ ṁin✳ ❚❤✐s ✐s ✐♥ ❧✐♥❡

✇✐t❤ ♠♦❞❡r♥ t✉r❜♦❢❛♥s tr❡♥❞✳ ❖♥❧② Nratio ❛♥❞ Pratio ❛r❡ ❞✐✛❡r❡♥t ❛♠♦♥❣ t❤❡s❡ ✜✈❡ ❞❡s✐❣♥

♣♦✐♥t ❝♦♥❞✐t✐♦♥s✳ ■♥ ❢❛❝t✱ ❝❤❛♥❣✐♥❣ Nratio ❝❤❛♥❣❡s t❤❡ ♣❡r❢♦♠❛♥❝❡ ♠❛♣ ❛♥❞ t♦rq✉❡ r❛t✐♦

♠❛♣ s❡❧❡❝t❡❞✱ ✐♥st❡❛❞ ❝❤❛♥❣✐♥❣ Pratio ❝❤❛♥❣❡s t❤❡ ♣♦✇❡r s♣❧✐t ❜❡t✇❡❡♥ t❤❡ t✇♦ s❤❛❢ts✳



✽✹ ✺⑤ ❊❧❡❝tr✐❝ ❝♦✉♥t❡r✲r♦t❛t✐♥❣ ❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦

❈♦♠♣♦♥❡♥t ❱❛r✐❛❜❧❡
❉Pr❡❢

✈❛❧✉❡

❉P✶

✈❛❧✉❡

❉P✷

✈❛❧✉❡

❉P✸

✈❛❧✉❡

❉P✹

✈❛❧✉❡
❯♥✐t

❆✐r❝r❛❢t
z ✶✵✻✻✽ ✶✵✻✻✽ ✶✵✻✻✽ ✶✵✻✻✽ ✶✵✻✻✽ ♠

M ✵✳✽ ✵✳✽ ✵✳✽ ✵✳✽ ✵✳✽ ✲

❈❘ ❢❛♥

ηis ✵✳✾✷ ✵✳✾✷ ✵✳✾✷ ✵✳✾✷ ✵✳✾✷ ✲

ND,FR ✺✵✵✵ ✺✵✵✵ ✺✵✵✵ ✺✵✵✵ ✺✵✵✵ r♣♠
s

Nratio ✶ ✵✳✾ ✶✳✶ ✶ ✶ ✲

Nad,FR ✾✽ ✾✽ ✾✽ ✾✽ ✾✽ ✪

βc ✶✳✷ ✶✳✷ ✶✳✷ ✶✳✷ ✶✳✷ ✲

Pratio ✶ ✶ ✶ ✵✳✾ ✶✳✶ ✲

ṁin ✺✵✽ ✺✵✽ ✺✵✽ ✺✵✽ ✺✵✽ ❦❣
s

beta ✵✳✼ ✵✳✼ ✵✳✼ ✵✳✼ ✵✳✼ ✲

❚❛❜❧❡ ✺✳✸✿ ❍❨❇✲❈❋✶✲✷❡♥❣✿ ❇♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ❢♦r t❤❡ ✜✈❡ ❞✐✛❡r❡♥t ❞❡s✐❣♥ ♣♦✐♥ts✳

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

♣❡r✐♠❡♥t ♦❢ t❤❡s❡ ✜✈❡ ❡♥❣✐♥❡ ♠♦❞❡❧s✳ ❚❤❡ r❡s✉❧ts ♦❢ t❤❡s❡ ❡①♣❡r✐♠❡♥ts ❛r❡ t❤❡ ❝♦♠♣♦♥❡♥ts

❞❛t❛✳

❚❤❡ ❞❡s✐❣♥ ❡①♣❡r✐♠❡♥t ✇❛s ❛❧r❡❛❞② ✈❛❧✐❞❛t❡❞ ❢♦r ❈❋▼✺✻✲✼❇✻✹ ✐♥ ❙✉❜✲s❡❝t✐♦♥ ✹✳✶✳✶✱ ✐♥✲

st❡❛❞ t❤❡ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❝♦♠♣♦♥❡♥t ♥❡❡❞s t♦ ❜❡ ✈❛❧✐❞❛t❡❞✳ ❚♦ ❞♦ t❤❛t✱ t❤❡ ❝♦♠♣r❡ss✐♦♥

♣♦✇❡r ♦❜t❛✐♥❡❞ ❢r♦♠ ❊❝♦s✐♠Pr♦ ❝❛♥ ❜❡ ❝♦♠♣❛r❡❞ t♦ t❤❡ ♦♥❡ ❝♦♠♣✉t❡❞ ✇✐t❤ t❤❡ ❛❞✐❛❜❛t✐❝

❝♦♠♣r❡ss♦r ♣♦✇❡r ❡q✉❛t✐♦♥

P =
γ · pTin

· ṁin

ρin · (γ − 1)

[

β
( γ−1

γ
)

c − 1
]

. ✭✺✳✶✮

❚❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞✱ ✇❤✐❝❤ ❛r❡ r❡❢❡rr❡❞ t♦ t❤❡ ❉Pr❡❢ ❞❡s✐❣♥ ♣♦✐♥t✱ ❛r❡ r❡♣♦rt❡❞ ✐♥ ❚❛✲

❜❧❡ ✺✳✹✳

❈♦♠♣♦♥❡♥t
❊❝♦s✐♠Pr♦

❱❛❧✉❡

❊q✉❛t✐♦♥

❱❛❧✉❡
❊rr♦r ❬✪❪

❊❧❡❝tr✐❝ ❈❘ ❢❛♥ 7.34 ❬▼❲❪ 6.74 ❬▼❲❪ +8.9

❚❛❜❧❡ ✺✳✹✿ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉Pr❡❢✿ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❝♦♠♣♦♥❡♥t ✈❛❧✐❞❛t✐♦♥ t❤r♦✉❣❤ ❝♦♠✲

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

❊✈❡♥ ✐❢ t❤❡ ❡rr♦r ✐s ❛r♦✉♥❞ ✾✪✱ t❤❡ ❡❧❡❝tr❝ ❈❘ ❢❛♥ ❝❛♥ ❜❡ ❝♦♥s✐❞❡r❡❞ ✈❛❧✐❞❛t❡❞✱ ❜❡❝❛✉s❡



✺⑤ ❊❧❡❝tr✐❝ ❝♦✉♥t❡r✲r♦t❛t✐♥❣ ❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦ ✽✺

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

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

❛♥♦t❤❡r ♣r♦♦❢ t❤❛t t❤✐s ♥❡✇ ❝♦♠♣♦♥❡♥t ✇♦r❦s✱ ✐s ❣✐✈❡♥ ❜② t❤❡ ❈❋▼✺✻✲✼❇✷✹ ❢❛♥ ♣♦✇❡r ✐♥

t❤❡ ❞❡s✐❣♥ ✭✐✳❡✳ ❝r✉✐s❡✮ ❝♦♥❞✐t✐♦♥✳ ■♥ ❛ t✉r❜♦❢❛♥ ♠♦st ♦❢ t❤❡ t❤r✉st ✐s ♣r♦✈✐❞❡❞ ❜② t❤❡ ❢❛♥✳

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

t❤❡ ❈❘ ❢❛♥✳ ❆s ❡①♣❡❝t❡❞ t❤❡ ❢❛♥ ♣♦✇❡r ✐s 5.58 ❬▼❲❪✱ ✐♥st❡❛❞ t❤❡ ❈❘ ❢❛♥ ♣♦✇❡r ✐s 7.34

❬▼❲❪✳

◆♦✇✱ t❤❡ ✜✈❡ ❡♥❣✐♥❡ ♠♦❞❡❧s ❍❨❇✲❈❋✶✲✷❡♥❣✲❉Pr❡❢✱ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✶✱ ❍❨❇✲❈❋✶✲

✷❡♥❣✲❉P✷✱ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✸✱ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✹ ❛r❡ ❞❡s✐❣♥❡❞✱ s♦ t❤❡② ❝❛♥ ❜❡ ✉s❡❞

❢♦r t❤❡ ♥❡①t st❡♣ t❤❛t ✐s t❤❡ ♦✛✲❞❡s✐❣♥ ❛♥❛❧②s✐s✳

✺✳✶✳✷✳ P❛r❛♠❡tr✐❝ ♦✛✲❞❡s✐❣♥ ❛♥❛❧②s✐s✿ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥

❚❤❡ ♦✛✲❞❡s✐❣♥ ❛♥❛❧②s✐s ✇❛s ♣❡r❢♦r♠❡❞ ✐♥ ❛♥❛❧♦❣② ✇✐t❤ t❤❡ ♦♥❡ ♦❢ ❈❋▼✺✻✲✼❇✷✹✳ ❚❤❡ st❡♣s

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

❡①♣❡r✐♠❡♥ts ✇❡r❡ ✐♠♣❧❡♠❡♥t❡❞ ✐♥ t❤❡ s❛♠❡ ✇❛②✳ ❚❤❡ ✈❛❧✉❡s ♦❢ z ❛♥❞ M ✱ ✐♥ ✇❤✐❝❤ t❤❡s❡

♠♦❞❡❧s ✇❡r❡ t❡st❡❞✱ ❛r❡ t❤❡ ♦♥❡s ♦❢ t❤❡ ❈❋▼✺✻✲✼❇✷✹ ❝❛s❡✳ ■♥ ❢❛❝t✱ ✐♥ ❜♦t❤ ❝❛s❡s t❤❡

✢✐❣❤t ♠✐ss✐♦♥s ❝♦♥s✐❞❡r❡❞ ❛r❡ t❤❡ s❤♦rt ❛♥❞ ♠❡❞✐✉♠✳ ❚❤❡ ♠❛✐♥ ❞✐✛❡r❡♥❝❡ ✐s t❤❛t ♥♦✇ t❤❡

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

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

❚❤❡ ❞✐✛❡r❡♥t ✈❛❧✉❡s ♦❢ P ✱ ✐♥ ❬▼❲❪✱ ❛r❡ ✵✱ ✵✳✶✱ ✵✳✷✱ ✵✳✸✱ ✵✳✹✱ ✳✳✳✱ ✶✻✳ ❚❤❡r❡❢♦r❡✱ t❤❡ t♦t❛❧

♥✉♠❜❡r ♦❢ t❤❡ ♦✛✲❞❡s✐❣♥ ❝❛❧❝✉❧❛t✐♦♥s ♣❡r❢♦r♠❡❞ ❛r❡ 36 · 6 · 161 = 34776✳ ❘❡♠❡♠❜❡r t❤❛t

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

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

✐♥ ❋✐❣✉r❡ ✺✳✹✳ ❘❡♠❡♠❜❡r ❛❧s♦ t❤❛t ❡❛❝❤ ♣♦✐♥t ✐♥ t❤✐s ♠❛♣ ✐s t❤❡ r❡s✉❧t ♦❢ ❛ s✐♥❣❧❡ ♦✛✲❞❡s✐❣♥

❝❛❧❝✉❧❛t✐♦♥ ❛t ❛ ❝❡rt❛✐♥ z✱ M ❛♥❞ P ✳ ❚❤❡ r❡s✉❧ts ❛r❡ r❡♣♦rt❡❞ ♦♥❧② ❢♦r ❍❨❇✲❈❋✶✲✷❡♥❣✲

❉Pr❡❢✱ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✶ ❛♥❞ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✷✱ ❜❡❝❛✉s❡ t❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞ ❢♦r

❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✸ ❛♥❞ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✹ ❛r❡ ✐❞❡♥t✐❝❛❧ t♦ t❤❡ ♦♥❡s ♦❢ ❍❨❇✲❈❋✶✲

✷❡♥❣✲❉Pr❡❢✳ ❚❤✐s ❢❛❝t ✇❛s s♦♠❡❤♦✇ ❡①♣t❡❝t❡❞ s✐♥❝❡ t❤❡ ❝♦♥s✐❞❡r❡❞ ♣❡r❢♦r♠❛♥❝❡ ❛♥❞

t♦rq✉❡ r❛t✐♦ ♠❛♣ ❝❤❛♥❣❡ ♦♥❧② ❜❡t✇❡❡♥ ❉Pr❡❢✱ ❉P✶ ❛♥❞ ❉P✷✳ ❚❤❡ ❝❛s❡ ❉P✸ ❛♥❞ ❉P✹

✉s❡ t❤❡ s❛♠❡ ❉Pr❡❢ ♠❛♣s ✭t❤❡ ♦♥❡s ✇✐t❤ Nratio = 1✮ ❛♥❞ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s✱ ❤❡♥❝❡ ✐t

✐s ❝♦rr❡❝t t♦ ❤❛✈❡ t❤❡ s❛♠❡ r❡s✉❧ts✳ ❚❤❡ ♦♥❧② ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❉Pr❡❢✱ ❉P✸ ❛♥❞ ❉P✹ ✐s

t❤❡ Pratio ✈❛❧✉❡ t❤❛t ✐s r❡s♣❡❝t✐✈❡❧② ✶✱ ✵✳✾ ❛♥❞ ✶✳✶✳ ❍❡♥❝❡✱ ❡✈❡♥ ✐❢ ❢♦r t❤❡s❡ t❤r❡❡ ❝❛s❡s

t❤❡ t♦rq✉❡ r❛t✐♦ ♠❛♣ ✉s❡❞ ✐s t❤❡ s❛♠❡✱ t❤❡ ♦✛✲❞❡s✐❣♥ ♣♦✐♥ts ❛r❡ ❞✐✛❡r❡♥t✱ ❜❡❝❛✉s❡ t❤❡

❧♦❛❞ ✐♥ t❤❡ t✇♦ s❤❛❢ts ✐s ❞✐✛❡r❡♥t ✭❋✐❣✉r❡s ✺✳✸✮✳ ❋r♦♠ t❤❡s❡ ♦❜s❡r✈❛t✐♦♥s t✇♦ ✐♠♣♦rt❛♥t

❝♦♥❝❧✉s✐♦♥s ❝❛♥ ❜❡ ❞r❛✇♥✿



✽✻ ✺⑤ ❊❧❡❝tr✐❝ ❝♦✉♥t❡r✲r♦t❛t✐♥❣ ❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦

❼ t❤❡ ✜rst ♦♥❡ ✐s t❤❛t ❢r♦♠ t❤❡ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ♠♦❞❡❧ ♣♦✐♥t ♦❢ ✈✐❡✇✱ ✇✐t❤ t❤❡ ♦t❤❡r

❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ✜①❡❞✱ t❤❡ ❣❧♦❜❛❧ ♣❡r❢♦r♠❛♥❝❡s ❞❡♣❡♥❞s ♦♥❧② ♦♥ Nratio ❜❡❝❛✉s❡

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

❼ t❤❡ s❡❝♦♥❞ ♦♥❡ ✐s t❤❛t✱ ❝♦♥s✐❞❡r✐♥❣ t❤❡ s❛♠❡ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s✱ t❤❡ Pratio ♠♦❞✐✜❡s

♦♥❧② t❤❡ ❧♦❛❞ ❞✐str✐❜✉t✐♦♥ ❜❡t✇❡❡♥ t❤❡ t✇♦ s❤❛❢ts ❛♥❞ ♥♦t t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ t♦t❛❧

P ♥❡❡❞❡❞✳ ❍❡♥❝❡✱ ❝♦♥s✐❞❡r✐♥❣ t❤❡ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❝♦♠♣♦♥❡♥ts ❧✐❦❡ ❛ ❜❧❛❝❦ ❜♦①

❞❡s❝r✐❜❡❞ ❜② ✐♥♣✉ts✱ ♠❛♣s ❛♥❞ ♦✉t♣✉ts✱ ✐❢ t❤❡ ♦t❤❡r ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ❛♥❞ t❤❡

♠❛♣s ✉s❡❞ ❛r❡ t❤❡ s❛♠❡ ❛❧s♦ t❤❡ r❡s✉❧ts ✇✐❧❧ ❜❡ t❤❡ s❛♠❡✳ ❚❤❡ Pratio ♣❛r❛♠❡t❡r

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

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

t❤❡ ❝♦rr❡❝t ❡❧❡❝tr✐❝ ❡♥❣✐♥❡ ❛♥❞ ❛❧s♦ ✉♥❞❡rst❛♥❞ ✐❢ ❛ ❣❡❛r❜♦① ✐s ♥❡❡❞❡❞ ♦r ♥♦t✳ ❚❤✐s

❧❛st ♣❛rt ✇✐❧❧ ♥♦t ❜❡ ❛♥❛❧②③❡❞ ✐♥ t❤✐s t❤❡s✐s✳

■♥ ♦r❞❡r t♦ ❝♦♥✜r♠ t❤❡s❡ t✇♦ ♦❜s❡r✈❛t✐♦♥s✱ ✐♥ ❙✉❜✲s❡❝t✐♦♥ ✼✳✶✳✷ t❤❡ s❤♦rt r❛♥❣❡ ✢✐❣❤t

♠✐ss✐♦♥ ✇✐❧❧ ❜❡ ♣❡r❢♦r♠❡❞ ❛❧s♦ ✇✐t❤ t❤❡ ❡♥❣✐♥❡s ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✸ ❛♥❞ ❍❨❇✲❈❋✶✲

✷❡♥❣✲❉P✹✳ ■t ✇✐❧❧ ❜❡ s❡❡♥ t❤❛t t❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞ ❛r❡ ✐❞❡♥t✐❝❛❧ t♦ t❤❡ ♦♥❡s ♦❜t❛✐♥❡❞

✇✐t❤ t❤❡ ❡♥❣✐♥❡ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉Pr❡❢✳ ❚❤❡r❡❢♦r❡✱ ❡①❝❡♣t ✐♥ t❤❛t s✉❜✲s❡❝t✐♦♥✱ t❤❡ ❉P✸

❛♥❞ ❉P✹ ❝❛s❡s ✇✐❧❧ ❜❡ ♥♦t ❛♥❛❧②③❡❞ ❛♥②♠♦r❡✳

❈♦♠✐♥❣ ❜❛❝❦ t♦ t❤❡ ❛♥❛❧②s✐s ♦❢ ❋✐❣✉r❡s ✺✳✹ ❛♥❞ ✺✳✸ ✐t ❝❛♥ ❜❡ s❡❡♥ t❤❛t t❤❡ ♦✛✲❞❡s✐❣♥

♣♦✐♥ts ❛r❡ ✇❡❧❧ ❞✐str✐❜✉t❡❞ ✐♥s✐❞❡ ❜♦t❤ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ❛♥❞ t♦rq✉❡ r❛t✐♦ ♠❛♣s✳ ■♥ t❤❡ ❛❧❧

❝❛s❡s t❤❡ ❞❡s✐❣♥ ♣♦✐♥t ✐s ✐♥ t❤❡ r❡❣✐♦♥ ♦❢ ❤✐❣❤❡r ❡✣❝✐❡♥❝②✳ ▲✐❦❡ ✐♥ t❤❡ r❡❢❡r❡♥❝❡ t✉r❜♦❢❛♥

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

✐❞❧❡ ❝♦♥❞✐t✐♦♥s✳ ❆♥ ✐♠♣♦rt❛♥t ❛s♣❡❝t t♦ ♥♦t❡ ✐s t❤❛t t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♠❛♣ ♦❢ t❤❡ ❉P✶

❝❛s❡✱ s♦ ✇✐t❤ Nratio = 0.9✱ ✐s s❝❛❧❡❞ ❛t ❤✐❣❤❡r ❡✣❝✐❡♥❝② ✈❛❧✉❡s✳ ❚❤✐s ♠❡❛♥s t❤❛t ♣r♦❜❛❜❧②

t❤❡ ❈❘ ❢❛♥ ❡♥❣✐♥❡ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✶ ✇✐❧❧ ♣r♦✈✐❞❡ ❜❡tt❡r r❡s✉❧ts ❛♠♦♥❣ t❤❡ ♦t❤❡r ❈❘

❢❛♥ ❡♥❣✐♥❡s ❞✉r✐♥❣ t❤❡ ✢✐❣❤t ♠✐ss✐♦♥s✳



✺⑤ ❊❧❡❝tr✐❝ ❝♦✉♥t❡r✲r♦t❛t✐♥❣ ❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦ ✽✼

✭❛✮ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉Pr❡❢ ✭❜✮ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✶

✭❝✮ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✷ ✭❞✮ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✸

✭❡✮ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✹

❋✐❣✉r❡ ✺✳✸✿ ❈❘ ❢❛♥ ❡♥❣✐♥❡s ❍❨❇✲❈❋✶✲✷❡♥❣✿ t♦rq✉❡ r❛t✐♦ ♠❛♣s✳



✽✽ ✺⑤ ❊❧❡❝tr✐❝ ❝♦✉♥t❡r✲r♦t❛t✐♥❣ ❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦

✭❛✮ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉Pr❡❢

✭❜✮ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✶

✭❝✮ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✷

❋✐❣✉r❡ ✺✳✹✿ ❈❘ ❢❛♥ ❡♥❣✐♥❡s ❍❨❇✲❈❋✶✲✷❡♥❣✿ ♣❡r❢♦r♠❛♥❝❡ ♠❛♣s✳ ❚❤❡ ♣❡r❢♦r♠❛♥❝❡ ♠❛♣s

♦❢ t❤❡ ❈❘ ❢❛♥ ❡♥❣✐♥❡s ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✸ ❛♥❞ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✹ ❛r❡ ♥♦t r❡♣♦rt❡❞

❜❡❝❛✉s❡ t❤❡② ❛r❡ ✐❞❡♥t✐❝❛❧ t♦ t❤❡ ♦♥❡ ♦❢ t❤❡ ❈❘ ❢❛♥ ❡♥❣✐♥❡ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉Pr❡❢✳



✺⑤ ❊❧❡❝tr✐❝ ❝♦✉♥t❡r✲r♦t❛t✐♥❣ ❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦ ✽✾

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

♠❛♣s ❛r❡ ❣❡♥❡r❛t❡❞✳ ■♥ ❋✐❣✉r❡ ✺✳✺ ❛r❡ r❡♣r❡s❡♥t❡❞ t❤❡ ❡♥❣✐♥❡ ♠❛♣s ♦❢ ❍❨❇✲❈❋✶✲✷❡♥❣✲

❉Pr❡❢✱ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✶ ❛♥❞ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✷✳ ■♥ ❝❛♥ ❜❡ ♥♦t❡❞ t❤❛t✱ ✐♥ ❣❡♥❡r❛❧✱

t❤❡ ❈❘ ❢❛♥ r❛♥❣❡❛❜✐❧✐t② ✐s ✈❡r② ❤✐❣❤ ❛♥❞ t❤✐s ❢❛❝t ✐s ❝♦♥✜r♠❡❞ ❛❧s♦ ❢r♦♠ t❤❡ ❧✐t❡r❛t✉r❡✳

❆♥♦t❤❡r ✐♠♣♦rt❛♥t ❛s♣❡❝t ✐s t❤❛t✱ ♠❛②❜❡ ❞✉❡ t♦ t❤❡ s❝❤❡♠❛t✐❝ s✐♠♣❧✐❝✐t②✱ ❛❧♠♦st ❛❧❧ t❤❡

♦✛✲❞❡s✐❣♥ ❝❛❧❝✉❧❛t✐♦♥s ❝♦♥✈❡r❣❡❞✳ ❋♦r r❡❛s♦♥s ♥♦t ✈❡r② ✇❡❧❧ ✉♥❞❡rst♦♦❞✱ ❜✉t ♣r♦❜❛❜❧② ❞✉❡

t♦ ❛♥ ✐♥t❡r♥❛❧ ♣r♦❜❧❡♠ ✐♥ t❤❡ ❊❝♦s✐♠Pr♦ s♦❧✈❡r✱ t❤❡ ✐♥✈❛❧✐❞ ♣♦✐♥ts ❛r❡ ❝♦♥❝❡♥tr❛t❡❞ ✐♥ t❤❡

❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✶ ❡♥❣✐♥❡ ♠❛♣ ❛t ❧♦✇ M ✳

✭❛✮ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉Pr❡❢ ✭❜✮ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✶

✭❝✮ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✷

❋✐❣✉r❡ ✺✳✺✿ ❍❨❇✲❈❋✶✲✷❡♥❣ ❡♥❣✐♥❡ ♠❛♣s ✇✐t❤ ♥♦ ❡①t❡♥❞❡❞ r❡s✉❧ts✳

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

♣♦✐♥ts ♦✉ts✐❞❡ t❤❡ ♠❛♣s✳ ❙✐♥❝❡ t❤❡ ❈❘ ❢❛♥ r❛♥❣❡❛❜✐❧✐t② ✐s ✈❡r② ❤✐❣❤ t❤✐s ♣❛ss❛❣❡ ✐s ♥♦t

♠❛♥❞❛t♦r②✳ ❚❤❡s❡ ❡①t❡♥❞❡❞ ❡♥❣✐♥❡ ♠❛♣s ✇❡r❡ ❝♦♥s✐❞❡r❡❞ ♦♥❧② ❜❡❝❛✉s❡ ✐♥ s♦♠❡ ♣♦✐♥ts ♦❢

t❤❡ ✢✐❣❤t ♠✐ss✐♦♥ t❤❡ ❡♥❣✐♥❡ ♣♦✇❡r ✐s ✐♠♣♦s❡❞ ❡q✉❛❧ t♦ ③❡r♦✱ t❤❡r❡❢♦r❡ ❢r♦♠ t❤❡s❡ ❡①t❡♥❞❡❞

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



✾✵ ✺⑤ ❊❧❡❝tr✐❝ ❝♦✉♥t❡r✲r♦t❛t✐♥❣ ❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦

✭❛✮ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉Pr❡❢ ✭❜✮ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✶

✭❝✮ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✷

❋✐❣✉r❡ ✺✳✻✿ ❍❨❇✲❈❋✶✲✷❡♥❣ ❡♥❣✐♥❡ ♠❛♣s ✇✐t❤ ❡①t❡♥❞❡❞ r❡s✉❧ts✳

■♥ ♦r❞❡r t♦ ✈❛❧✐❞❛t❡ ✐♥ ❛♥♦t❤❡r ✇❛② t❤❡ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❝♦♠♣♦♥❡♥t✱ t❤❡ ♣❧♦ts Th ✈s P ✇❡r❡

❣❡♥❡r❛t❡❞ ❢♦r ❞✐✛❡r❡♥t ✈❛❧✉❡s ♦❢ z ❛♥❞ M ✳ ❚♦ ❛✈♦✐❞ ✉s❡❧❡ss ❝♦♠♣❧✐❝❛t✐♦♥s✱ ✐♥ ❋✐❣✉r❡ ✺✳✼

♦♥❧② t❤❡ r❡s✉❧ts ❢♦r t❤❡ ❈❘ ❢❛♥ ❡♥❣✐♥❡ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉Pr❡❢ ✇❡r❡ r❡♣♦rt❡❞✳ ❚❤❡ tr❡♥❞ ✐s

❛s ❡①♣❡❝t❡❞✱ ✐♥ ❢❛❝t Th r❡❞✉❝❡s ✐❢ z ❛♥❞ M ✐♥❝r❡❛s❡ ❛♥❞ t❤✐s ✐s ❛♥ ❛♥♦t❤❡r ♣r♦♦❢ t❤❛t t❤❡

❈❘ ❢❛♥ ❝♦♠♣♦♥❡♥t ✐s ✇❡❧❧ ❝♦❞❡❞✳
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❋✐❣✉r❡ ✺✳✼✿ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉Pr❡❢✿ ❚❤r✉st ✈s P♦✇❡r ♣❧♦ts✳

❚♦ ♠❛❦❡ ❛ ✜♥❛❧ ❝❤❡❝❦✱ ❛s ❜❡❢♦r❡✱ t❤❡ ❈❘ ❢❛♥ ❝♦♠♣r❡ss✐♦♥ ♣♦✇❡r ♦❜t❛✐♥❡❞ ✐♥ ❊❝♦s✐♠Pr♦ ✐s

❝♦♠♣❛r❡❞ t♦ t❤❡ ♦♥❡ ♦❜t❛✐♥❡❞ ✇✐t❤ t❤❡ ❊q✉❛t✐♦♥ ✭✺✳✶✮✳ ❚❤❡ r❡s✉❧t ✐s r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ✺✳✺✳

❆s ❡①♣❡❝t❡❞✱ t❤❡ ❝♦♠♣r❡ss✐♦♥ ♣♦✇❡r ✐s ❧♦✇❡r ✐♥ t❤❡ ❛❞✐❛❜❛t✐❝ ❝❛s❡✱ ❤❡♥❝❡ t❤❡ ❡❧❡❝tr✐❝ ❈❘

❢❛♥ ❝♦♠♣♦♥❡♥t ❝❛♥ ❜❡ ✜♥❛❧❧② ❝♦♥s✐❞❡r❡❞ ✈❛❧✐❞❛t❡❞✳

❈♦♠♣♦♥❡♥t
❊❝♦s✐♠Pr♦

❱❛❧✉❡

❊q✉❛t✐♦♥

❱❛❧✉❡
❊rr♦r ❬✪❪

❊❧❡❝tr✐❝ ❈❘ ❢❛♥ 8.96 ❬▼❲❪ 8.1 ❬▼❲❪ +9.6

❚❛❜❧❡ ✺✳✺✿ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉Pr❡❢✿ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❝♦♠♣♦♥❡♥t ✈❛❧✐❞❛t✐♦♥ t❤r♦✉❣❤ ❝♦♠✲

♣r❡ss✐♦♥ ♣♦✇❡r ❝♦♠♣❛r✐s♦♥ ✐♥ t❛❦❡✲♦✛ ❝♦♥❞✐t✐♦♥✳

✺✳✶✳✸✳ ❊♥❣✐♥❡ ❞❡s✐❣♥✿ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥

❚❤❡ s❛♠❡ ♣r♦❝❡❞✉r❡ ✉s❡❞ ❢♦r t❤❡ ❡♥❣✐♥❡ ♠♦❞❡❧s ❍❨❇✲❈❋✶✲✷❡♥❣ ✐s ❛♣♣❧✐❡❞ ♥♦✇✳ ❚❤❡ ❣♦❛❧ ✐s

t♦ ❣❡♥❡r❛t❡ t❤❡ ❡♥❣✐♥❡ ♠❛♣s ❢♦r t❤❡ ❡♥❣✐♥❡s ❍❨❇✲❈❋✶✲✶✵❡♥❣✲❉Pr❡❢✱ ❍❨❇✲❈❋✶✲✶✵❡♥❣✲❉P✶

❛♥❞ ❍❨❇✲❈❋✶✲✶✵❡♥❣✲❉P✷ ✭❋✐❣✉r❡ ✺✳✶✮✳ ❆s ❜❡❢♦r❡✱ t❤❡s❡ ❡♥❣✐♥❡s ❛r❡ ♠♦❞❡❧❡❞ ✐♥ ❝r✉✐s❡

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



✾✷ ✺⑤ ❊❧❡❝tr✐❝ ❝♦✉♥t❡r✲r♦t❛t✐♥❣ ❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦

t❤❛t t❤❡ ❍❨❇✲❈❋✶✲✶✵❡♥❣ ❛r❡ s♠❛❧❧❡r ❜❡❝❛✉s❡ t❤❡② ✇✐❧❧ ❜❡ ♠♦✉♥t❡❞ ♦♥ t❤❡ ❛✐r❝r❛❢t ✐♥ ❛

❞✐str✐❜✉t❡❞ ♣r♦♣✉❧s✐♦♥ ❝♦♥✜❣✉r❛t✐♦♥✱ ✇✐t❤ ✶✵ ❡♥❣✐♥❡s ✐♥ t♦t❛❧✳ ■♥ ♦r❞❡r t♦ ❤✐❣❤❧✐❣❤t ❤♦✇

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

✉s❡❞ ❛r❡ t❤❡ s❛♠❡ ❛s ✐♥ t❤❡ ❍❨❇✲❈❋✶✲✷❡♥❣ ❝❛s❡✳ ❚❤❡ ♦♥❧② ♣❛r❛♠❡t❡r t❤❛t ❤❛s t♦ ❜❡

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

❚❤❡ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ✉s❡❞ ❛r❡ r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ✺✳✻✳ ◆♦t❡ t❤❛t✱ ❢♦r t❤❡ r❡❛s♦♥s

❡①♣❧❛✐♥❡❞ ✐♥ ❙✉❜✲s❡❝t✐♦♥ ✺✳✶✳✷✱ t❤❡ ❍❨❇✲❈❋✶✲✶✵❡♥❣✲❉P✸ ❛♥❞ ❍❨❇✲❈❋✶✲✶✵❡♥❣✲❉P✹ ✇✐❧❧

❜❡ ♥♦t ❛♥❛❧②③❡❞✳

❈♦♠♣♦♥❡♥t ❱❛r✐❛❜❧❡
❉Pr❡❢

✈❛❧✉❡

❉P✶

✈❛❧✉❡

❉P✷

✈❛❧✉❡
❯♥✐t

❆✐r❝r❛❢t
z ✶✵✻✻✽ ✶✵✻✻✽ ✶✵✻✻✽ ♠

M ✵✳✽ ✵✳✽ ✵✳✽ ✲

❈❘ ❢❛♥

ηis ✵✳✾✷ ✵✳✾✷ ✵✳✾✷ ✲

ND,FR ✺✵✵✵ ✺✵✵✵ ✺✵✵✵ r♣♠
s

Nratio ✶ ✵✳✾ ✶✳✶ ✲

Nad,FR ✾✽ ✾✽ ✾✽ ✪

βc ✶✳✷ ✶✳✷ ✶✳✷ ✲

Pratio ✶ ✶ ✶ ✲

ṁin ✶✵✶✳✽ ✶✵✶✳✽ ✶✵✶✳✽ ❦❣
s

beta ✵✳✼ ✵✳✼ ✵✳✼ ✲

❚❛❜❧❡ ✺✳✻✿ ❍❨❇✲❈❋✶✲✶✵❡♥❣✿ ❇♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ❢♦r t❤❡ t❤r❡❡ ❞✐✛❡r❡♥t ❞❡s✐❣♥ ♣♦✐♥ts✳

✺✳✶✳✹✳ P❛r❛♠❡tr✐❝ ♦✛✲❞❡s✐❣♥ ❛♥❛❧②s✐s✿ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥

❖♥❝❡ t❤❡ ❡♥❣✐♥❡ ♠♦❞❡❧s ❍❨❇✲❈❋✶✲✶✵❡♥❣✲❉Pr❡❢✱ ❍❨❇✲❈❋✶✲✶✵❡♥❣✲❉P✶ ❛♥❞ ❍❨❇✲❈❋✶✲

✶✵❡♥❣✲❉P✷ ❛r❡ ❞❡s✐❣♥❡❞✱ t❤❡ ♦✛✲❞❡s✐❣♥ ❛♥❛❧②s✐s ❢♦r ❡❛❝❤ ♦❢ t❤❡♠ ❝❛♥ ❜❡ ♣❡r❢♦r♠❡❞✳ ❚❤❡

♦✛✲❞❡s✐❣♥ ❝❛❧❝✉❧❛t✐♦♥s ✇✐❧❧ ❜❡ ❞♦♥❡ ❢♦r t❤❡ s❛♠❡ ✈❛❧✉❡s ♦❢ z ❛♥❞ M ♦❢ t❤❡ ❈❘ ❢❛♥ ❡♥❣✐♥❡s

❍❨❇✲❈❋✶✲✷❡♥❣✱ s✐♥❝❡ t❤❡ ❛ss♦❝✐❛t❡❞ ✢✐❣❤t ♠✐ss✐♦♥s ❛r❡ t❤❡ s❛♠❡✱ ❜✉t ✇✐t❤ ❞✐✛❡r❡♥t ✈❛❧✉❡s

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

❬▼❲❪✱ ❛r❡ ✵✱ ✵✳✶✱ ✵✳✷✱ ✵✳✸✱ ✳✳✳✱ ✸✳✷✳ ❚❤❡r❡❢♦r❡✱ t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ❝❛❧❝✉❧❛t✐♦♥s ✐s ❧❡ss ❛♥❞

✐ts ♥✉♠❜❡r ✐s 36 · 6 · 33 = 7128✳

❚❤❡ r❡s✉❧ts ✐♥ t❡r♠s ♦❢ ♣❡r❢♦r♠❛♥❝❡ ♠❛♣s ❛♥❞ t♦rq✉❡ r❛t✐♦ ♠❛♣s ❛r❡ r❡♣♦rt❡❞ r❡s♣❡❝t✐✈❡❧②

✐♥ ❋✐❣✉r❡s ✺✳✾ ❛♥❞ ✺✳✽✳ ❚❤❡s❡ r❡s✉❧ts ❛r❡ ✈❡r② s✐♠✐❧❛r t♦ ♦♥❡s ♦❜t❛✐♥❡❞ ❢♦r t❤❡ ❍❨❇✲❈❋✶✲

✷❡♥❣ ❡♥❣✐♥❡ ♠♦❞❡❧s✱ ❡✈❡♥ ✐❢ ♥♦✇ t❤❡ ♠❛♣ s❝❛❧✐♥❣ ❢❛❝t♦rs ❛r❡ ❞✐✛❡r❡♥t✳ ❆❧s♦ ✐♥ t❤✐s ❝❛s❡



✺⑤ ❊❧❡❝tr✐❝ ❝♦✉♥t❡r✲r♦t❛t✐♥❣ ❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦ ✾✸

✐t ✐s ❝♦♥✜r♠❡❞ t❤❡ ❢❛❝t t❤❛t t❤❡ ♣❡r❢r♦♠❛♥❝❡ ♠❛♣ ♦❢ t❤❡ ❡♥❣✐♥❡ ❍❨❇✲❈❋✶✲✶✵❡♥❣✲❉P✶

♣r❡s❡♥ts ❤✐❣❤❡r ✈❛❧✉❡s ♦❢ ❡✣❝✐❡♥❝②✳

✭❛✮ ❍❨❇✲❈❋✶✲✶✵❡♥❣✲❉Pr❡❢ ✭❜✮ ❍❨❇✲❈❋✶✲✶✵❡♥❣✲❉P✶

✭❝✮ ❍❨❇✲❈❋✶✲✶✵❡♥❣✲❉P✷

❋✐❣✉r❡ ✺✳✽✿ ❈❘ ❢❛♥ ❡♥❣✐♥❡s ❍❨❇✲❈❋✶✲✶✵❡♥❣✿ t♦rq✉❡ r❛t✐♦ ♠❛♣s✳



✾✹ ✺⑤ ❊❧❡❝tr✐❝ ❝♦✉♥t❡r✲r♦t❛t✐♥❣ ❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦

✭❛✮ ❍❨❇✲❈❋✶✲✶✵❡♥❣✲❉Pr❡❢

✭❜✮ ❍❨❇✲❈❋✶✲✶✵❡♥❣✲❉P✶

✭❝✮ ❍❨❇✲❈❋✶✲✶✵❡♥❣✲❉P✷

❋✐❣✉r❡ ✺✳✾✿ ❈❘ ❢❛♥ ❡♥❣✐♥❡s ❍❨❇✲❈❋✶✲✶✵❡♥❣✿ ♣❡r❢♦r♠❛♥❝❡ ♠❛♣s✳

■♥ ❋✐❣✉r❡s ✺✳✶✵ ❛r❡ r❡♣r❡s❡♥t❡❞ t❤❡ ❡♥❣✐♥❡ ♠❛♣s ♦❢ ❍❨❇✲❈❋✶✲✶✵❡♥❣✲❉Pr❡❢✱ ❍❨❇✲❈❋✶✲

✶✵❡♥❣✲❉P✶ ❛♥❞ ❍❨❇✲❈❋✶✲✶✵❡♥❣✲❉P✷✳ ❚❤✐s ❛r❡ s✐♠✐❧❛r t♦ t❤❡ ♦♥❡s ♦❜t❛✐♥❡❞ ❢♦r t❤❡ ❈❘



✺⑤ ❊❧❡❝tr✐❝ ❝♦✉♥t❡r✲r♦t❛t✐♥❣ ❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦ ✾✺

❢❛♥ ❡♥❣✐♥❡s ❍❨❇✲❈❋✶✲✷❡♥❣✳ ❚❤❡ ♠❛✐♥ ❞✐✛❡r❡♥❝❡ ✐s t❤❛t ♥♦✇ t❤❡ ♥✉♠❜❡r ♦❢ t❤❡ ♦✛✲❞❡s✐❣♥

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

✭❛✮ ❍❨❇✲❈❋✶✲✶✵❡♥❣✲❉Pr❡❢ ✭❜✮ ❍❨❇✲❈❋✶✲✶✵❡♥❣✲❉P✶

✭❝✮ ❍❨❇✲❈❋✶✲✶✵❡♥❣✲❉P✷

❋✐❣✉r❡ ✺✳✶✵✿ ❍❨❇✲❈❋✶✲✶✵❡♥❣ ❡♥❣✐♥❡ ♠❛♣s ✇✐t❤ ♥♦ ❡①t❡♥❞❡❞ r❡s✉❧ts✳

✺✳✷✳ ❍❨❇✲❈❋✷

■♥ t❤✐s s❡❝t✐♦♥ t❤❡ ❞❡s✐❣♥ ❛♥❞ ♦✛✲❞❡s✐❣♥ r❡s✉❧ts ♦❜t❛✐♥❡❞ ❢♦r t❤❡ ❡♥❣✐♥❡ ♠♦❞❡❧s ❍❨❇✲❈❋✷

✇✐❧❧ ❜❡ ♣r❡s❡♥t❡❞✳ ❚❤✐s s❡❝t✐♦♥ ✐s str✉❝t✉r❡❞ ✐♥ t❤❡ s❛♠❡ ✇❛② ❛s ❙❡❝t✐♦♥ ✺✳✷ ❛♥❞ ❛❧s♦ t❤❡

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

■♥ t❤❡ ❍❨❇✲❈❋✷ ❣r♦✉♣ t❤❡r❡ ❛r❡ ❛❧❧ t❤❡ ❡♥❣✐♥❡ ♠♦❞❡❧s ❞❡s✐❣♥❡❞ ❢♦r ❧♦♥❣ r❛♥❣❡ ♠✐ss✐♦♥s

✭❋✐❣✉r❡ ✺✳✶✮✳ ❚❤❡r❡❢♦r❡✱ ✐♥ t❤✐s ❝❛s❡ t❤❡ r❡❢❡r❡♥❝❡ t✉r❜♦❢❛♥ ✐s t❤❡ ●❊♥①✲✶❇✻✹✳ ❚❤❡ ❡♥❣✐♥❡

s❝❤❡♠❛t✐❝ ✐s t❤❡ s❛♠❡ ❛s ❍❨❇✲❈❋✶ ❛♥❞ ✐t ✐s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✺✳✶✶✳ ❆s ❜❡❢♦r❡✱ ✐♥✐t✐❛❧❧②

t❤❡ ❈❘ ❢❛♥ ❡♥❣✐♥❡s ❍❨❇✲❈❋✷ ✇✐❧❧ ❜❡ ❞❡s✐❣♥❡❞ ❛♥❞ t❡st❡❞ ✐♥ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥

✭❙✉❜✲s❡❝t✐♦♥s ✺✳✷✳✶ ❛♥❞ ✺✳✷✳✷✮ ❛♥❞ t❤❡♥ ✐♥ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥ ✭❙✉❜✲s❡❝t✐♦♥s ✺✳✷✳✸

❛♥❞ ✺✳✷✳✹✮✳ ❆t t❤❡ ❡♥❞ ♦❢ t❤✐s s❡❝t✐♦♥ t❤❡ ❡♥❣✐♥❡ ♠❛♣s ♦❢ t❤❡ ❈❘ ❢❛♥ ❡♥❣✐♥❡s ❍❨❇✲❈❋✷✲

✷❡♥❣✲❉Pr❡❢✱ ❍❨❇✲❈❋✷✲✷❡♥❣✲❉P✶✱ ❍❨❇✲❈❋✷✲✷❡♥❣✲❉P✷✱ ❍❨❇✲❈❋✷✲✶✵❡♥❣✲❉Pr❡❢✱ ❍❨❇✲

❈❋✷✲✶✵❡♥❣✲❉P✶ ❛♥❞ ❍❨❇✲❈❋✷✲✶✵❡♥❣✲❉P✷ ✇✐❧❧ ❜❡ ♦❜t❛✐♥❡❞✳

❚❤❡ r❡❛❞❡r s❤♦✉❧❞ ❤❛✈❡ ♥♦t❡❞ t❤❛t ✐♥ t❤✐s t❤❡s✐s t❤❡ str✉❝t✉r❡ ♦❢ t❤❡ ❞❡s✐❣♥✴♦✛✲❞❡s✐❣♥

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

t❤❡ ❡♥❣✐♥❡s ❛♥❛❧②③❡❞ ✭❈❋▼✺✻✲✼❇✷✹✱ ●❊♥①✲✶❇✻✹✱ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉Pr❡❢✱ ✳✳✳✱ ❍❨❇✲❈❋✶✲



✾✻ ✺⑤ ❊❧❡❝tr✐❝ ❝♦✉♥t❡r✲r♦t❛t✐♥❣ ❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦

✶✵❡♥❣✲❉Pr❡❢✱ ✳✳✳✱ ❍❨❇✲❈❋✷✲✷❡♥❣✲❉Pr❡❢✱ ✳✳✳✱ ❍❨❇✲❈❋✷✲✶✵❡♥❣✲❉Pr❡❢✱✳✳✳✱ ❍❨❇✲❈❋✷✲✶✵❡♥❣✲

❉P✷✮✳ ❚❤❡ ✐❞❡❛ ✇❛s t♦ ❞❡✈❡❧♦♣ ❛ ❣❡♥❡r❛❧ ♣r♦❝❡❞✉r❡ t♦ ❢♦❧❧♦✇ ✐♥ ♦r❞❡r t♦ ♣❡r❢♦r♠ ❞✐✛❡r❡♥t

❡♥❣✐♥❡ ❞❡s✐❣♥ ❛♥❞ ♦✛✲❞❡s✐❣♥ ❛♥❛❧②s✐s✱ ❝❤❛♥❣✐♥❣ ♦♥❧② t❤❡ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ❛♥❞ t❤❡

s❝❤❡♠❛t✐❝ ✭✐❢ ♥❡❡❞❡❞✮✳

❋✐❣✉r❡ ✺✳✶✶✿ ❍❨❇✲❈❋✷ s❝❤❡♠❛t✐❝✳

✺✳✷✳✶✳ ❊♥❣✐♥❡ ❞❡s✐❣♥✿ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥

❚❤❡ ❞❡s✐❣♥ ♣♦✐♥t ❝♦♥❞✐t✐♦♥ ✐s st✐❧❧ t❤❡ ❝r✉✐s❡ ❛♥❞ t❤❡ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ✉s❡❞ t♦ ❞❡s✐❣♥

t❤❡ ❈❘ ❢❛♥ ❡♥❣✐♥❡s ❍❨❇✲❈❋✷✲✷❡♥❣✲❉Pr❡❢✱ ❍❨❇✲❈❋✷✲✷❡♥❣✲❉P✶ ❛♥❞ ❍❨❇✲❈❋✷✲✷❡♥❣✲❉P✷

❛r❡ r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ✺✳✼✳ ❚❤❡ ✈❛❧✉❡s ♦❢ z ❛♥❞ M ❛r❡ ❡q✉❛❧ t♦ t❤❡ ♦♥❡s ✉s❡❞ ❢♦r ●❊♥①✲

✶❇✻✹✱ ❜❡❝❛✉s❡ t❤❡ ✢✐❣❤t ♠✐ss✐♦♥ ✐s t❤❡ s❛♠❡ ✭❧♦♥❣ r❛♥❣❡✮✳ ❚❤❡ ✈❛❧✉❡s ♦❢ ηis ❛♥❞ ND,FR

✇❡r❡ ✐♠♣♦s❡❞ ❡q✉❛❧ t♦ ♦♥❡s ♦❢ t❤❡ ❍❨❇✲❈❋✶ ❝❛s❡✱ s✐♥❝❡ t❤❡r❡ ✐s ♥♦ ❛ s♣❡❝✐✜❝ r❡❛s♦♥ t♦

❝❤❛♥❣❡ t❤❡♠✳ ■♥st❡❛❞✱ ❛❢t❡r s♦♠❡ t❡sts✱ ✐t ✇❛s ❝❤♦s❡♥ t♦ ❝❤❛♥❣❡ t❤❡ Nad,FR ✈❛❧✉❡ t♦ ♦❜t❛✐♥

❜❡tt❡r r❡s✉❧ts ✐♥ t❡r♠s ♦❢ ❝❛❧❝✉❧❛t✐♦♥ ❝♦♥✈❡r❣❡♥❝❡s✳ βc ❛♥❞ ṁin ✇❡r❡ s❡❧❡❝t❡❞ ✐♥ ♦r❞❡r t♦

♣r♦✈✐❞❡ t❤❡ s❛♠❡ t❤r✉st ♦❢ ●❊♥①✲✶❇✻✹✳ ❚❤❡ ♣❤②❧♦s♦♣❤② t♦ ❤❛✈❡ ❛♥ ❡♥❣✐♥❡ ✇✐t❤ ❛♥ ❤✐❣❤

✈❛❧✉❡ ♦❢ ṁin ❛♥❞ ❛ ❧♦✇ ✈❛❧✉❡ ♦❢ βc ✐s ❛♣♣❧✐❡❞ ❛❧s♦ ✐♥ t❤✐s ❝❛s❡✱ ❡✈❡♥ ✐❢ t❤❡ ✈❛❧✉❡ ♦❢ βc ✐s

❤✐❣❤❡r ✇✐t❤ r❡s♣❡❝t t❤❡ ❍❨❇✲❈❋✶ ❝❛s❡✳ ❚❤✐s ❝❤♦✐❝❡ ✐s ❞✉❡ t♦ t❤❡ ❢❛❝t t❤❛t t❤❡ t❤r✉st t❤❛t

t❤✐s ❡♥❣✐♥❡ ❤❛s t♦ ♣r♦✈✐❞❡ ✐s ✈❡r② ❤✐❣❤✳ ❚❤❡r❡❢♦r❡✱ t♦ ❧✐♠✐t t❤❡ ❡♥❣✐♥❡ s✐③❡✱ s✐♥❝❡ t❤❡ ✈❛❧✉❡

♦❢ ṁin ❝❛♥✬t ❜❡ t♦♦ ❤✐❣❤✱ ❛♥ ❤✐❣❤❡r ✈❛❧✉❡ ♦❢ βc ✇❛s ❝❤♦s❡♥✳



✺⑤ ❊❧❡❝tr✐❝ ❝♦✉♥t❡r✲r♦t❛t✐♥❣ ❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦ ✾✼

❈♦♠♣♦♥❡♥t ❱❛r✐❛❜❧❡
❉Pr❡❢

✈❛❧✉❡

❉P✶

✈❛❧✉❡

❉P✷

✈❛❧✉❡
❯♥✐t

❆✐r❝r❛❢t
z ✶✷✵✵✵ ✶✷✵✵✵ ✶✷✵✵✵ ♠

M ✵✳✽✺ ✵✳✽✺ ✵✳✽✺ ✲

❈❘ ❢❛♥

ηis ✵✳✾✷ ✵✳✾✷ ✵✳✾✷ ✲

ND,FR ✺✵✵✵ ✺✵✵✵ ✺✵✵✵ r♣♠
s

Nratio ✶ ✵✳✾ ✶✳✶ ✲

Nad,FR ✾✺ ✾✺ ✾✺ ✪

βc ✶✳✹ ✶✳✹ ✶✳✹ ✲

Pratio ✶ ✶ ✶ ✲

ṁin ✻✽✵ ✻✽✵ ✻✽✵ ❦❣
s

beta ✵✳✼ ✵✳✼ ✵✳✼ ✲

❚❛❜❧❡ ✺✳✼✿ ❍❨❇✲❈❋✷✲✷❡♥❣✿ ❇♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ❢♦r t❤❡ t❤r❡❡ ❞✐✛❡r❡♥t ❞❡s✐❣♥ ♣♦✐♥ts✳

❚❤❡ t❤r❡❡ ❡♥❣✐♥❡ ❞❡s✐❣♥ s✐♠✉❧❛t✐♦♥s ❝❛♥ ❜❡ ♣❡r❢♦r♠❡❞✱ ❤❡♥❝❡ t❤❡ ❈❘ ❢❛♥ ❡♥❣✐♥❡ ♠♦❞❡❧s

❍❨❇✲❈❋✷✲✷❡♥❣✲❉Pr❡❢✱ ❍❨❇✲❈❋✷✲✷❡♥❣✲❉P✶ ❛♥❞ ❍❨❇✲❈❋✷✲✷❡♥❣✲❉P✷ ❛r❡ ♦❜t❛✐♥❡❞✳

✺✳✷✳✷✳ P❛r❛♠❡tr✐❝ ♦✛✲❞❡s✐❣♥ ❛♥❛❧②s✐s✿ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥

❆t t❤✐s ♣♦✐♥t✱ t❤❡ ♦✛✲❞❡s✐❣♥ ❛♥❛❧②s✐s ❢♦r t❤❡s❡ t❤r❡❡ ❡♥❣✐♥❡s ❝❛♥ ❜❡ ♣❡r❢♦r♠❡❞✱ ❤❡♥❝❡

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

✈❛❧✉❡s ❞✐✛❡r❡♥t ❢r♦♠ t❤❡ ❍❨❇✲❈❋✶ ❝❛s❡✱ ❜❡❝❛✉s❡ t❤❡ ✢✐❣❤t ♠✐ss✐♦♥ ❝♦♥s✐❞❡r❡❞ ✐s ❞✐✛❡r❡♥t✳

❚❤❡ ✈❛❧✉❡s ♦❢ z ❛♥❞ M ❛r❡ t❤❡ s❛♠❡ ✉s❡❞ ❢♦r t❤❡ ●❊♥①✲✶❇✻✹ ❝❛s❡✱ ✐♥st❡❛❞ t❤❡ ✈❛❧✉❡s

♦❢ P ✱ ✐♥ ❬▼❲❪ ❛r❡ ✵✱ ✵✳✹✵✻✷✺✵✱ ✵✳✽✶✷✺✱ ✶✳✷✶✽✼✺✱ ✳✳✳✱ ✻✺✳ ❚❤❡r❡❢♦r❡ t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢

❝❛❧❝✉❧❛t✐♦♥s ❞♦♥❡ ❢♦r ❡❛❝❤ st❡❛❞② ♣❛r❛♠❡tr✐❝ s✐♠✉❧❛t✐♦♥ ✐s 39 · 6 · 161 = 37674✳

❋r♦♠ ❋✐❣✉r❡s ✺✳✶✷ ❛♥❞ ✺✳✶✸ ✐t ❝❛♥ ❜❡ s❡❡♥ t❤❛t ✐♥ t❤✐s ❝❛s❡ t❤❡ ♦✛✲❞❡s✐❣♥ ♣♦✐♥ts ❢♦❧❧♦✇ ❛

♠♦r❡ ❝❧❡❛r ♣❛t❤ ❛♥❞ ♠♦st ♦❢ t❤❡♠ ❛r❡ ❧♦❝❛t❡❞ ✐♥ t❤❡ ❤✐❣❤ ❡✣❝✐❡♥❝② r❡❣✐♦♥✳ ◆♦t❡ t❤❛t✱

❛❣❛✐♥✱ t❤❡ ❍❨❇✲❈❋✷✲✷❡♥❣✲❉P✶ ♣❡r❢♦r♠❛♥❝❡ ♠❛♣ ✐s t❤❡ ♦♥❡ ✇✐t❤ t❤❡ ❤✐❣❤❡r ✈❛❧✉❡s ♦❢

❡✣❝✐❡♥❝②✳



✾✽ ✺⑤ ❊❧❡❝tr✐❝ ❝♦✉♥t❡r✲r♦t❛t✐♥❣ ❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦

✭❛✮ ❍❨❇✲❈❋✷✲✷❡♥❣✲❉Pr❡❢ ✭❜✮ ❍❨❇✲❈❋✷✲✷❡♥❣✲❉P✶

✭❝✮ ❍❨❇✲❈❋✷✲✷❡♥❣✲❉P✷

❋✐❣✉r❡ ✺✳✶✷✿ ❈❘ ❢❛♥ ❡♥❣✐♥❡s ❍❨❇✲❈❋✷✲✷❡♥❣✿ t♦rq✉❡ r❛t✐♦ ♠❛♣s✳



✺⑤ ❊❧❡❝tr✐❝ ❝♦✉♥t❡r✲r♦t❛t✐♥❣ ❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦ ✾✾

✭❛✮ ❍❨❇✲❈❋✷✲✷❡♥❣✲❉Pr❡❢

✭❜✮ ❍❨❇✲❈❋✷✲✷❡♥❣✲❉P✶

✭❝✮ ❍❨❇✲❈❋✷✲✷❡♥❣✲❉P✷

❋✐❣✉r❡ ✺✳✶✸✿ ❈❘ ❢❛♥ ❡♥❣✐♥❡s ❍❨❇✲❈❋✷✲✷❡♥❣✿ ♣❡r❢♦r♠❛♥❝❡ ♠❛♣s✳

❚❤❡ ❡♥❣✐♥❡ ♠❛♣s ♦❜t❛✐♥❡❞ ❢♦r t❤❡s❡ t❤r❡❡ ❡♥❣✐♥❡s ♣r❡s❡♥t ❛ ✈❡r② ❤✐❣❤ r❛♥❣❡❛❜✐❧✐t②✱ ❝♦♥✲

✜r♠✐♥❣ ❛❧s♦ ✐♥ t❤✐s ❝❛s❡ ♦♥❡ ♦❢ t❤❡ ♠❛✐♥ ❛❞✈❛♥t❛❣❡s ♦❢ ❈❘ ❢❛♥s✳



✶✵✵ ✺⑤ ❊❧❡❝tr✐❝ ❝♦✉♥t❡r✲r♦t❛t✐♥❣ ❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦

✭❛✮ ❍❨❇✲❈❋✷✲✷❡♥❣✲❉Pr❡❢ ✭❜✮ ❍❨❇✲❈❋✷✲✷❡♥❣✲❉P✶

✭❝✮ ❍❨❇✲❈❋✷✲✷❡♥❣✲❉P✷

❋✐❣✉r❡ ✺✳✶✹✿ ❍❨❇✲❈❋✷✲✷❡♥❣ ❡♥❣✐♥❡ ♠❛♣ ✇✐t❤ ♥♦ ❡①t❡♥❞❡❞ r❡s✉❧ts✳

✺✳✷✳✸✳ ❊♥❣✐♥❡ ❞❡s✐❣♥✿ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥

❚❤❡ ❧❛st ❈❘ ❢❛♥ ❡♥❣✐♥❡s ♠♦❞❡❧❡❞ ❛r❡ ❍❨❇✲❈❋✷✲✶✵❡♥❣✲❉Pr❡❢✱ ❍❨❇✲❈❋✷✲✶✵❡♥❣✲❉P✶ ❛♥❞

❍❨❇✲❈❋✷✲✶✵❡♥❣✲❉P✷✳ ❚❤❡ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ❝❤♦s❡♥ ❛r❡ t❤❡ ♦♥❡s ✐♥ ❚❛❜❧❡ ✺✳✽✳ ❆s ❢♦r

t❤❡ ❡♥❣✐♥❡s ❍❨❇✲❈❋✷✲✷❡♥❣✱ ❛❧s♦ t❤❡s❡ ♦♥❡s ❛r❡ ❞❡s✐❣♥❡❞ ❢♦r ❧♦♥❣ r❛♥❣❡ ♠✐ss✐♦♥s✱ ❤❡♥❝❡ t❤❡

✈❛❧✉❡s ♦❢ z ❛♥❞ M ❛r❡ t❤❡ s❛♠❡ ❛s ❜❡❢♦r❡✳ ❚❤❡ ❞✐✛❡r❡♥❝❡ ✐s t❤❛t t❤❡s❡ ❡♥❣✐♥❡s ❛r❡ s♠❛❧❧❡r

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

❚❤❡r❡❢♦r❡✱ t❤❡ ✈❛❧✉❡s ♦❢ βc ❛♥❞ ṁis ❤❛s t♦ ❜❡ ❝❤❛♥❣❡❞ ✇✐t❤ r❡s♣❡❝t t❤❡ ❍❨❇✲❈❋✷✲✷❡♥❣

❝❛s❡✳ βc ✇❛s ❝❤♦s❡♥ ❛s s♠❛❧❧ ❛s ♣♦ss✐❜❧❡ ✐♥ ♦r❞❡r t♦ ❤❛✈❡ t❤❡ ❤✐❣❤❡st ♣r♦♣✉❧s✐✈❡ ❡✣❝✐❡♥❝②✱

❜✉t ❛t t❤❡ s❛♠❡ t✐♠❡ ❜✐❣ ❡♥♦✉❣❤ t♦ ❧✐♠✐t ṁin✱ ❤❡♥❝❡ t❤❡ ❡♥❣✐♥❡ s✐③❡✳



✺⑤ ❊❧❡❝tr✐❝ ❝♦✉♥t❡r✲r♦t❛t✐♥❣ ❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦ ✶✵✶

❈♦♠♣♦♥❡♥t ❱❛r✐❛❜❧❡
❉Pr❡❢

✈❛❧✉❡

❉P✶

✈❛❧✉❡

❉P✷

✈❛❧✉❡
❯♥✐t

❆✐r❝r❛❢t
z ✶✷✵✵✵ ✶✷✵✵✵ ✶✷✵✵✵ ♠

M ✵✳✽✺ ✵✳✽✺ ✵✳✽✺ ✲

❈❘ ❢❛♥

ηis ✵✳✾✷ ✵✳✾✷ ✵✳✾✷ ✲

ND,FR ✺✵✵✵ ✺✵✵✵ ✺✵✵✵ r♣♠
s

Nratio ✶ ✵✳✾ ✶✳✶ ✲

Nad,FR ✾✺ ✾✺ ✾✺ ✪

βc ✶✳✸ ✶✳✸ ✶✳✸ ✲

Pratio ✶ ✶ ✶ ✲

ṁin ✶✼✵ ✶✼✵ ✶✼✵ ❦❣
s

beta ✵✳✼ ✵✳✼ ✵✳✼ ✲

❚❛❜❧❡ ✺✳✽✿ ❍❨❇✲❈❋✷✲✶✵❡♥❣✿ ❇♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ❢♦r t❤❡ t❤r❡❡ ❞✐✛❡r❡♥t ❞❡s✐❣♥ ♣♦✐♥ts✳

❖♥❝❡ t❤❡ ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ❛r❡ ❛❞❞❡❞ t♦ t❤❡ ❞❡s✐❣♥ ❡①♣❡r✐♠❡♥ts✱ t❤❡ t❤r❡❡ ❈❘ ❢❛♥

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

✺✳✷✳✹✳ P❛r❛♠❡tr✐❝ ♦✛✲❞❡s✐❣♥ ❛♥❛❧②s✐s✿ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥

❆❧s♦ ❢♦r t❤❡s❡ t❤r❡❡ ❈❘ ❢❛♥ ❡♥❣✐♥❡s t❤❡ st❡❛❞② ♣❛r❛♠❡tr✐❝ s✐♠✉❧❛t✐♦♥s ✇❡r❡ ♣❡r❢♦r♠❡❞✳

❚❤❡ ✈❛❧✉❡s ♦❢ z ❛♥❞ M ❝♦♥s✐❞❡r❡❞ ❛r❡ t❤❡ s❛♠❡ ❛s ❜❡❢♦r❡✱ ❜✉t ♥♦✇ t❤❡ ❡♥❣✐♥❡s ❛r❡ ❧❡ss

♣♦✇❡r❢✉❧✳ ❚❤❡r❡❢♦r❡ t❤❡ ♥❡✇ ✈❛❧✉❡s ♦❢ P ✱ ✐♥ ❬▼❲❪✱ ❝♦♥s✐❞❡r❡❞ ❛r❡ ✵✱ ✵✳✶✺✻✷✺✵✱ ✵✳✸✶✷✺✱

✵✳✹✻✽✼✺✱ ✳✳✳ ✶✵✳ ❚❤❡ ♥✉♠❜❡r ♦❢ t❤❡ ♦✛✲❞❡s✐❣♥ ❝❛❧❝✉❧❛t✐♦♥s ❛r❡ 39 · 6 · 65 = 15210✳ ❚❤❡

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

r❡s♣❡❝t✐✈❡❧② ✐♥ ❋✐❣✉r❡s ✺✳✶✺ ❛♥❞ ✺✳✶✻✳ ❚❤❡ r❡s✉❧ts ❛r❡ ✈❡r② s✐♠✐❧❛r t♦ t❤❡ ♦♥❡s ♦❜t❛✐♥❡❞

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

✈❛❧✉❡ ♦❢ ❡✣❝✐❡♥❝② ✐s t❤❡ ♦♥❡ ✇✐t❤ Nratio = 0.9✳ ❚❤❡ ❝♦♥❝❧✉s✐♦♥ t❤❛t ❝❛♥ ❜❡ ❞r❛✇♥ ✐s t❤❛t

t❤❡ ♠❛♣ ❛ss♦❝✐❛t❡❞ t♦ Nratio = 0.9 ✐s t❤❡ ♦♥❡ t❤❛t ♣r♦✈✐❞❡s t❤❡ ❜❡st ♣❡r❢♦r♠❛♥❝❡s✳ ❚❤✐s

❝♦♥❝❧✉s✐♦♥ ✇✐❧❧ ❜❡ ❝♦♥✜r♠❡❞ ❛❧s♦ ✐♥ ❈❤❛♣t❡r ✼✱ ✇❤❡♥ t❤❡ ✢✐❣❤t ♠✐ss✐♦♥s ✇✐❧❧ ❜❡ ❛♥❛❧②③❡❞✳



✶✵✷ ✺⑤ ❊❧❡❝tr✐❝ ❝♦✉♥t❡r✲r♦t❛t✐♥❣ ❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦

✭❛✮ ❍❨❇✲❈❋✷✲✶✵❡♥❣✲❉Pr❡❢ ✭❜✮ ❍❨❇✲❈❋✷✲✶✵❡♥❣✲❉P✶

✭❝✮ ❍❨❇✲❈❋✷✲✶✵❡♥❣✲❉P✷

❋✐❣✉r❡ ✺✳✶✺✿ ❈❘ ❢❛♥ ❡♥❣✐♥❡s ❍❨❇✲❈❋✷✲✶✵❡♥❣✿ t♦rq✉❡ r❛t✐♦ ♠❛♣s✳



✺⑤ ❊❧❡❝tr✐❝ ❝♦✉♥t❡r✲r♦t❛t✐♥❣ ❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦ ✶✵✸

✭❛✮ ❍❨❇✲❈❋✷✲✶✵❡♥❣✲❉Pr❡❢

✭❜✮ ❍❨❇✲❈❋✷✲✶✵❡♥❣✲❉P✶

✭❝✮ ❍❨❇✲❈❋✷✲✶✵❡♥❣✲❉P✷

❋✐❣✉r❡ ✺✳✶✻✿ ❈❘ ❢❛♥ ❡♥❣✐♥❡s ❍❨❇✲❈❋✷✲✶✵❡♥❣✿ ♣❡r❢♦r♠❛♥❝❡ ♠❛♣s✳

❋✐♥❛❧❧②✱ t❤❡ ❧❛st ❡♥❣✐♥❡ ♠❛♣s ♣r❡s❡♥t❡❞ ✐♥ t❤✐s t❤❡s✐s ❛r❡ ♦♥❡s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✺✳✶✼✳ ❆❧s♦

✐♥ t❤✐s ❝❛s❡ t❤❡ r❛♥❣❡❛❜✐❧✐t② ✐s ❤✐❣❤✱ ❤❡♥❝❡ ✐t ❝❛♥ ❜❡ ❝♦♥❝❧✉❞❡❞ t❤❛t t❤❡ ❈❘ ❢❛♥ ❡♥❣✐♥❡✱ ✐♥



✶✵✹ ✺⑤ ❊❧❡❝tr✐❝ ❝♦✉♥t❡r✲r♦t❛t✐♥❣ ❢❛♥s ♠♦❞❡❧❧✐♥❣ ♦♥ ❊❝♦s✐♠Pr♦

❣❡♥❡r❛❧✱ ♣r❡s❡♥ts ❤✐❣❤❡r ✈❛❧✉❡s ♦❢ r❛♥❣❡❛❜✐❧✐t② ✇✐t❤ r❡s♣❡❝t t❤❡ t✉r❜♦❢❛♥✳ ■♥ ❣❡♥❡r❛❧ ♠♦st

♦❢ t❤❡ ❝❛❧❝✉❧❛t✐♦♥s ❝♦♥✈❡r❣❡❞✱ ❡✈❡♥ ✐❢ t❤❡ ❡♥❣✐♥❡ ❍❨❇✲❈❋✷✲✶✵❡♥❣✲❉P✶ ❛t ❧♦✇ M ❛♥❞ z

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

❛❧s♦ ✇✐t❤ t❤❡ ❈❘ ❢❛♥ ❡♥❣✐♥❡ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✶ ✭❙✉❜✲s❡❝t✐♦♥ ✺✳✶✳✷✮✳

✭❛✮ ❍❨❇✲❈❋✷✲✶✵❡♥❣✲❉Pr❡❢ ✭❜✮ ❍❨❇✲❈❋✷✲✶✵❡♥❣✲❉P✶

✭❝✮ ❍❨❇✲❈❋✷✲✶✵❡♥❣✲❉P✷

❋✐❣✉r❡ ✺✳✶✼✿ ❍❨❇✲❈❋✷✲✶✵❡♥❣ ❡♥❣✐♥❡ ♠❛♣s ✇✐t❤ ♥♦ ❡①t❡♥❞❡❞ r❡s✉❧ts✳



✶✵✺

✻⑤ ❋❧✐❣❤t ▼✐ss✐♦♥

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

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

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

t❤❡ ✢✐❣❤t ♣❛t❤✱ t❤❡ ❛✐r❝r❛❢t ♠♦❞❡❧✱ t❤❡ ♣r♦♣✉❧s✐✈❡ s②st❡♠ ♠♦❞❡❧✱ t❤❡ ❛✐r❝r❛❢t ❞❛t❛ ❛♥❞

t❤❡ ♣r♦♣✉❧s✐✈❡ s②st❡♠ ❞❛t❛✳ ❚❤❡ ▼❛t❧❛❜ ❝♦❞❡ ✉s❡❞ ✐s str✉❝t✉r❡❞ ✐♥ ❛ ❣❡♥❡r❛❧ ✇❛②✱ ❤❡♥❝❡

✐t ❝❛♥ ❜❡ ✉s❡❞ t♦ ❛♥❛❧②③❡ ❛❧❧ t❤❡ ❞✐✛❡r❡♥t ♠✐ss✐♦♥s ✇✐t❤ ❛❧❧ t❤❡ ♣♦ss✐❜❧❡ ❝♦♠❜✐♥❛t✐♦♥s ♦❢

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

❞✐❛❣r❛♠✱ ✐♥ ✇❤✐❝❤ t❤❡ ❞✐❛❣r❛♠s ❝❛♥ ❜❡ s✉❜❞✐✈✐❞❡❞ ✐♥✿

❼ ✐♥♣✉t ❜❧♦❝❦s✱ t❤❛t ❛r❡ t❤❡ ♦♥❡s t❤❛t ❝❛♥ ❜❡ ❝❤❛♥❣❡❞ ❜② t❤❡ ✉s❡r✳ ❚❤✐s ❜❧♦❝❦s ❛r❡

❢♦✉r ❛♥❞ ❛r❡✿

✕ ❛✐r❝r❛❢t ❞❛t❛✱ ✇❤✐❝❤ ✇✐❧❧ ❜❡ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✻✳✶✳ ❚❤✐s ❞❛t❛ ❛r❡ ❢♦r ❡①❛♠♣❧❡

t❤❡ ♥✉♠❜❡r ♦❢ ❡♥❣✐♥❡s ♠♦✉♥t❡❞ ♦♥ t❤❡ ❛✐r❝r❛❢t✱ t❤❡ ❛✐r❝r❛❢t ♠❛ss ❛♥❞ ♦t❤❡rs

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

✕ ❡♥❣✐♥❡s ❞❛t❛✱ ✇❤✐❝❤ ✇✐❧❧ ❜❡ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✻✳✷✳ ❚❤❡s❡ ❞❛t❛ ❛r❡ r❡❢❡rr❡❞

♦♥❧② t♦ t❤❡ ❤②❜r✐❞ ❝♦♥✜❣✉r❛t✐♦♥❀

✕ ✢✐❣❤t ♠✐ss✐♦♥ ❞❛t❛✱ ✇❤✐❝❤ ✇✐❧❧ ❜❡ ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✻✳✸✳ ❚❤❡s❡ ❞❛t❛ ❛r❡ t❤❡

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

♠✐ss✐♦♥s ❝♦♥s✐❞❡r❡❞ ❛r❡ s❤♦rt✱ ♠❡❞✐✉♠ ❛♥❞ ❧♦♥❣ r❛♥❣❡✳

✕ ❡♥❣✐♥❡ ♠♦❞❡❧✱ ✇❤✐❝❤ ✇❛s ❞❡s❝r✐❜❡❞ ✐♥ ❈❤❛♣t❡rs ✹ ❛♥❞ ✺✳ ❚❤❡ ❡♥❣✐♥❡ ♠♦❞❡❧s

❛r❡ t❤❡ ❡♥❣✐♥❡ ♠❛♣s ❝r❡❛t❡❞ ✐♥ ❊❝♦s✐♠Pr♦✱ t❤❛t ✐♥ ▼❛t❧❛❜ ❛r❡ ❛❞❞❡❞ ✐♥ t❤❡

❢♦r♠ ♦❢ t❛❜❧❡s✳ ❆♥ ❡①❛♠♣❧❡ ♦❢ ❡♥❣✐♥❡ ♠❛♣ ✐♥ ❢♦r♠ ♦❢ ❛ t❛❜❧❡ ✐s ♣r♦✈✐❞❡❞ ✐♥

❋✐❣✉r❡ ✻✳✶✳ ❘❡♠❡♠❡❜❡r t❤❛t t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ t❤❡ ❡♥❣✐♥❡ ♠❛♣s ✐s ✶✻✳ ✷ ❛r❡

t❤❡ ♦♥❡s ♦❢ ❈❋▼✺✻✲✼❇✷✹ ❛♥❞ ●❊♥①✲✶❇✻✹✱ ✐♥st❡❛❞ t❤❡ ♦t❤❡r ✶✹ ❛r❡ ❢♦r t❤❡ ❈❘

❢❛♥s ✭❋✐❣✉r❡ ✺✳✶✮❀

❼ ✜①❡❞ ❜❧♦❝❦s✱ t❤❛t ❝❛♥✬t ❜❡ ❝❤❛♥❣❡❞ ❛♥❞ ❛r❡ t❤❡ s❛♠❡ ❢♦r ❛❧❧ t❤❡ ❝❛❧❝✉❧❛t✐♦♥s✳ ❚❤❡s❡

❜❧♦❝❦s ❛r❡ t✇♦ ❛♥❞ ❛r❡✿



✶✵✻ ✻⑤ ❋❧✐❣❤t ▼✐ss✐♦♥

✕ ❛✐r❝r❛❢t ♠♦❞❡❧✱ t❤❛t ✐s ✇❡❧❧ ❞❡s❝r✐❜❡❞ ✐♥ ❙✉❜✲s❡❝t✐♦♥ ✷✳✹✳✷✳ ❙✉❜st❛♥t✐❛❧❧② t❤❡

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

✕ ❛t♠♦s❤♣❡r❡ ♠♦❞❡❧✱ t❤❛t ✐s t❤❡ ■❙❆ ♠♦❞❡❧ ❛♥❞ ✐t ✐s ❞❡s❝r✐❜❡❞ ✐♥ ❙✉❜✲s❡❝t✐♦♥ ✷✳✹✳✶✳

❚❤❡ s❝❤❡♠❛t✐③❛t✐♦♥ ♦❢ t❤❡ ▼❛t❧❛❜ ❝♦❞❡ ✐♥ ❜❧♦❝❦s ✐s ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✻✳✷✳ ■♥ t❤❡ ❢♦❧❧♦✇✐♥❣

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

❋✐❣✉r❡ ✻✳✶✿ ❊①❛♠♣❧❡ ♦❢ ❡♥❣✐♥❡ ♠❛♣ ✐♥ t❤❡ ❢♦r♠ ♦❢ t❛❜❧❡✳ ■♥ t❤✐s ✜❣✉r❡ ✐s s❤♦✇♥ ❛ ♣✐❡❝❡ ♦❢

t❤❡ ❈❘ ❢❛♥ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉Pr❡❢ ❡♥❣✐♥❡ ♠❛♣✳

Aircraft data

Engine data

Flight mission 

data

Engine model

Atmosphere
model

Aircraft
model

Matlab

code

INPUT 

BLOCKS

FIXED 

BLOCKS

❋✐❣✉r❡ ✻✳✷✿ ▼❛t❧❛❜ ❝♦❞❡ str✉❝t✉r❡✳

✻✳✶✳ ❆✐r❝r❛❢t ❞❛t❛

❚❤❡ t✇♦ ❛✐r❝r❛❢ts ❝♦♥s✐❞❡r❡❞ ✐♥ t❤✐s t❤❡s✐s ❛r❡✿
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❼ ❇♦❡✐♥❣ ✼✸✼✲✽✵✵✱ t❤❛t ✐s ❛ t②✐❝❛❧ ♥❛rr♦✇✲❜♦❞② ❛✐r❝r❛❢t✳ ■t ✐s ❛ ✈❡r② ❝♦♠♠♦♥ ❝✐✈✐❧

❛✐r❝r❛❢t ✉s❡❞ ❢♦r ❜♦t❤ s❤♦rt ❛♥❞ ♠❡❞✐✉♠ r❛♥❣❡ ♠✐ss✐♦♥s❀

❼ ❇♦❡✐♥❣ ✼✽✼✲✽✵✵✱ t❤❛t ✐s ❛ ✇✐❞❡ ❜♦❞② ❛✐r❝r❛❢t✳ ❆❧s♦ ✐♥ t❤✐s ❝❛s❡✱ ✐t ✐s ❛ ✈❡r② ❝♦♠♠♦♥

❝✐✈✐❧ ❛✐r❝r❛❢t✱ ❜✉t ✉s❡❞ ❢♦r ❧♦♥❣ r❛♥❣❡ ♠✐ss✐♦♥s✳

❚❤❡ ❝❤♦✐❝❡ ♦❢ t❤❡s❡ t✇♦ ❛✐r❝r❛❢ts ✇❛s ❞♦♥❡ ❢♦r s❡✈❡r❛❧ r❡❛s♦♥s✳ ❋✐rst ♦❢ ❛❧❧✱ ❛s s❛✐❞ ✐♥ t❤❡

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

❛❧❧ ♥❛rr♦✇ ❜♦❞② ❛♥❞ ✇✐❞❡ ❜♦❞② ❛✐r❝r❛❢t ❝❧❛ss❡s✳ ■♥ ♦t❤❡r ✇♦r❞s✱ t❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞ ❝❛♥

❜❡ ❝♦♥s✐❞❡r❡❞ ✈❛❧✐❞ ❛❧s♦ ❢♦r ♦t❤❡r ❛✐r❝r❛❢ts✳ ❉✉❡ t♦ t❤❡ ❢❛❝t t❤❛t ❛r❡ ✈❡r② ❝♦♠♠♦♥✱ ✐♥

❧✐t❡r❛t✉r❡ ✐t ✇❛s ❡❛s② t♦ ✜♥❞ t❤❡ ❞❛t❛ ♥❡❡❞❡❞✳ ▼♦r❡♦✈❡r✱ t❤❡s❡ ❛✐r❝r❛❢ts ❛r❡ ❝♦♠♣❛t✐❜❧❡

✇✐t❤ t❤❡ r❡❢❡r❡♥❝❡ t✉r❜♦❢❛♥s ❛♥❛❧②③❡❞ ✐♥ t❤✐s t❤❡s✐s✳ ◆♦t❡ t❤❛t t❤❡ ❝❤♦✐❝❡ ♦❢ t❤❡ ❛✐r❝r❛❢t

❞❡♣❡♥❞s ♦♥ t❤❡ t✉r❜♦❢❛♥ ❛♥❞ ✈✐❝❡✈❡rs❛✳ ❍❡♥❝❡✱ t❤❡✐r ❝❤♦✐❝❡ ✇❛s ❛ tr❛❞❡✲♦✛ ❞❡♣❡♥❞✐♥❣ ♦♥

t❤❡ ❞❛t❛ ❛✈❛✐❧❛❜❧❡ ✐♥ ❧✐t❡r❛t✉r❡ ❢♦r ❜♦t❤ ❛✐r❝r❛❢t ❛♥❞ t✉r❜♦❢❛♥✳

❙✐♥❝❡ t❤❡ ❛✐r❝r❛❢t ✐s ♠♦❞❡❧❡❞ ❛s ❛ ♣♦✐♥t ♠❛ss✱ t❤❡ ❞❛t❛ ♥❡❡❞❡❞ ❛r❡✿

❼ Neng✱ t❤❛t ✐s t❤❡ ♥✉♠❜❡r ♦❢ ❡♥❣✐♥❡s ♠♦✉♥t❡❞ ♦♥ t❤❡ ❛✐r❝r❛❢t✳ ❚❤✐s ❞❛t❛ ✐s ♥❡❡❞❡❞ ✐♥

♦r❞❡r t♦ ❝♦♠♣✉t❡ t❤❡ ❝♦rr❡❝t ✈❛❧✉❡s ♦❢ Th✱ ṁf ✱ ❡t❝✳✳✳ s✐♥❝❡ t❤❡ ❡♥❣✐♥❡ ♠❛♣s ❛❞❞❡❞

♦♥ ▼❛t❧❛❜ ❛r❡ r❡❢❡rr❡❞ ♦♥❧② t♦ ❛ s✐♥❣❧❡ ❡♥❣✐♥❡❀

❼ Ŝ✱ t❤❛t ✐s t❤❡ ✇✐♥❣ s✉r❢❛❝❡✳ ❚❤✐s ✈❛❧✉❡ ✐s ♥❡❡❞❡❞ t♦ ❝♦♠♣✉t❡ L ❛♥❞ D❀

❼ mMTOW ✱ t❤❛t ✐s t❤❡ ♠❛①✐♠✉♠ ❛✐r❝r❛❢t ✇❡✐❣❤t ❛t t❛❦❡✲♦✛❀

❼ mPAY ✱ t❤❛t ✐s t❤❡ ♠❛①✐♠✉♠ ♣❛②❧♦❛❞ ♠❛ss✳ ◆♦t❡ t❤❛t ✐♥ ❣❡♥❡r❛❧ t❤❡ ❛✐r❝r❛❢ts ❞♦

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

✜① t❤❡ ♣❛②❧♦❛❞ ♠❛ss ❛t ✐ts ♠❛①✐♠✉♠ ✈❛❧✉❡✱ ❜❡❝❛✉s❡ ✐♥ t❤❛t ✇❛② ✐t ✇✐❧❧ ❜❡ ❡❛s✐❡r t♦

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

❼ mOEW ✐s t❤❡ ♦✈❡r❛❧❧ ❡♠♣t② ✇❡✐❣❤t ♦❢ t❤❡ ❛✐r❝r❛❢t✳ ❚❤✐s ✈❛❧✉❡ ✐s t❤❡ s✉♠ ♦❢ t❤❡

❛✐r❝r❛❢t ✇❡✐❣❤t ✇❤❡♥ ✐s ❡♠♣t② ♣❧✉s t❤❡ ❝r❡✇ ✇❡✐❣❤t ♣❧✉s t❤❡✐r ❜❛❣❣❛❣❡✳ ❚❤✐s ✈❛❧✉❡

✐♥❝❧✉❞❡ ❛❧s♦ t❤❡ ❡♥❣✐♥❡s ✇❡✐❣❤t ❛♥❞ t❤❡ ✇❡✐❣❤t ♦❢ t❤❡ ❛❧❧ ✇♦r❦✐♥❣ ✢✉✐❞s✳ ◆♦t❡ t❤❛t

✐♥ t❤✐s t❤❡s✐s ✐t ✇❛s ❛ss✉♠❡❞ t❤❛t ✐♥ t❤❡ ❤②❜r✐❞ ❝♦♥✜❣✉r❛t✐♦♥ t❤❡ ✇❡✐❣❤t ♦❢ t❤❡ ❈❘

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

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

♦❢ t❤❡ ❈❘ ❢❛♥ ❜❧❛❞❡s ❛♥❞ t❤❡ ♦♥❡ ♦❢ t❤❡ ●❚❀

❼ CD0✱ CD0IC ❛♥❞ CD0A ❛r❡ ❞✐✛❡r❡♥t ✈❛❧✉❡s ♦❢ t❤❡ ③❡r♦✲❧✐❢t ❞r❛❣ ❝♦❡✣❝✐❡♥t✳ ❚❤❡s❡

✈❛❧✉❡s ❞❡♣❡♥❞ ♦♥ t❤❡ ✢✐❣❤t ♣❤❛s❡✳ ■♥ ❝r✉✐s❡ ❝♦♥❞✐t✐♦♥ t❤❡ ✇✐♥❣ ✐s ❝❧❡❛r ❛♥❞ t❤❡

❧❛♥❞✐♥❣ ❣❡❛r ✐s r❡tr❛❝t❡❞✱ ❤❡♥❝❡ t❤❡ ✈❛❧✉❡ ✉s❡❞ ✐s CD0✳ ❉✉r✐♥❣ t❤❡ ✐♥✐t✐❛❧ ❝❧✐♠❜

♣❤❛s❡ t❤❡ ❧❛♥❞✐♥❣ ❣❡❛r ✐s r❡tr❛❝t❡❞✱ ❜✉t t❤❡r❡ ❛r❡ t❤❡ ✢❛♣s✱ ❤❡♥❝❡ t❤❡ ✈❛❧✉❡ ✉s❡❞ ✐s



✶✵✽ ✻⑤ ❋❧✐❣❤t ▼✐ss✐♦♥

CD0IC ✳ ■♥st❡❛❞✱ ❞✉r✐♥❣ t❤❡ ❛♣♣r♦❛❝❤ ♣❤❛s❡✱ t❤❡ ❧❛♥❞✐♥❣ ❣❡❛r ✐s ❞♦✇♥ ❛♥❞ t❤❡ ✢❛♣s

❛r❡ ✉s❡❞ ❛❧s♦ t♦ s❧♦✇ ❞♦✇♥ t❤❡ ❛✐r❝r❛❢t✱ ❤❡♥❝❡ t❤❡ ✈❛❧✉❡ ✉s❡❞ ✐s CD0A ✳ ❚❤❡ ✈❛❧✉❡ ♦❢

CD0A ✐s ❜✐❣❣❡r t❤❛♥ CD0IC t❤❛t ✐s ❜✐❣❣❡r t❤❛♥ CD0❀

❼ k ✐s t❤❡ ♣❛r❛♠❡t❡r t❤❛t t❛❦❡s ✐♥ ❛❝❝♦✉♥t t❤❡ ❧✐❢t ❝♦♥tr✐❜✉t✐♦♥ ✐♥s✐❞❡ t❤❡ CD✳ ■♥ t❤✐s

t❤❡s✐s t❤❡ CD ✐s ❝♦♠♣✉t❡❞ ❛s CD = CD0 + k · C2
L✳

✻✳✶✳✶✳ ❇♦❡✐♥❣ ✼✸✼✲✽✵✵

❚❤❡ ❇♦✐♥❣ ✼✸✼✲✽✵✵ ❞❛t❛ ✇❡r❡ ❢♦✉♥❞ ❜♦t❤ ♦♥ t❤❡ ✐♥t❡r♥❡t ❬✸✸❪ ❛♥❞ ✐♥ t❤❡ ✇♦r❦ ♦❢ ❏✉♥③✐

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

t❤❛t ❛✐r❝r❛❢t ❛r❡ t❤❡ ❈❋✺✻✲✼❇✷✹ ✐♥ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✱ t❤❡ ❈❘ ❢❛♥s ❍❨❇✲❈❋✶✲✷❡♥❣

❛♥❞ t❤❡ ❈❘ ❢❛♥s ❍❨❇✲❈❋✶✲✶✵❡♥❣✳ ❉❡♣❡♥❞✐♥❣ ♦♥ ✇❤✐❝❤ ❡♥❣✐♥❡ ✐s ✉s❡❞ t❤❡ ✈❛❧✉❡ ♦❢ Neng

❝♦✉❧❞ ❜❡ ✷ ♦r ✶✵✳

❱❛r✐❛❜❧❡ ❱❛❧✉❡ ❯♥✐t

Neng ✷✴✶✵ ✲

Ŝ ✶✷✹✳✻ m2

mMTOW ✼✽✷✹✺ ❦❣

mPAY ✷✵✷✼✻ ❦❣

mOEW ✹✶✹✶✸ ❦❣

CD0 ✵✳✵✷✶ ✲

CD0IC ✵✳✵✹✶ ✲

CD0A ✵✳✵✺✶ ✲

k ✵✳✵✸✻✺ ✲

❚❛❜❧❡ ✻✳✶✿ ❇♦❡✐♥❣ ✼✸✼✲✽✵✵ s♣❡❝✐✜❝❛t✐♦♥s✳

✻✳✶✳✷✳ ❇♦❡✐♥❣ ✼✽✼✲✽✵✵

❙✐♠✐❧❛r ❝♦♥s✐❞❡r❛t✐♦♥s ❝❛♥ ❜❡ ❞♦♥❡ ❢♦r ❇♦❡✐♥❣ ✼✽✼✲✽✵✵✳ ❆❧s♦ ✐♥ t❤✐s ❝❛s❡ t❤❡ ❞❛t❛ ✇❡r❡

❢♦✉♥❞ ❜♦t❤ ♦♥ t❤❡ ✐♥t❡r♥❡t ❬✸✹❪ ❛♥❞ ✐♥ t❤❡ ✇♦r❦ ♦❢ ❏✉♥③✐ ❡t ❛❧✳ ❬✹❪✳ ❚❤❡s❡ ❞❛t❛ ❛r❡ r❡♣✲

r❡s❡♥t❡❞ ✐♥ ❚❛❜❧❡ ✻✳✷✳ ■♥ t❤✐s ❛✐r❝r❛❢t ✐s ♣♦ss✐❜❧❡ t♦ ♠♦✉♥t t❤❡ ●❊♥①✲✶❇✷✹ ✐♥ ✷ ❡♥❣✐♥❡s

❝♦♥✜❣✉r❛t✐♦♥✱ t❤❡ ❈❘ ❢❛♥s ❍❨❇✲❈❋✷✲✷❡♥❣ ❛♥❞ t❤❡ ❈❘ ❢❛♥s ❍❨❇✲❈❋✷✲✶✵❡♥❣ ✳ ❆s ❡①✲

♣❡❝t❡❞✱ t❤❡ ✈❛❧✉❡s ♦❢ CD0A ✱ CD0IC ✱ CD0 ❛♥❞ k ❛r❡ ✈❡r② s✐♠✐❧❛r t♦ t❤❡ ♦♥❡s ♦❢ t❤❡ ❇♦❡✐♥❣

✼✸✼✲✽✵✵✱ ✐♥ ❢❛❝t t❤❡s❡ ❛✐r❝r❛❢ts ❛r❡ ✈❡r② s✐♠✐❧❛r ❡✈❡♥ ✐❢ t❤❡ s✐③❡ ✐s ❞✐✛❡r❡♥t✳



✻⑤ ❋❧✐❣❤t ▼✐ss✐♦♥ ✶✵✾

❱❛r✐❛❜❧❡ ❱❛❧✉❡ ❯♥✐t

Neng ✷✴✶✵ ✲

Ŝ ✸✼✼ m2

mMTOW ✷✷✼✾✸✵ ❦❣

mPAY ✹✸✸✶✽ ❦❣

mOEW ✶✶✾✾✺✵ ❦❣

CD0 ✵✳✵✷✷ ✲

CD0IC ✵✳✵✹✷ ✲

CD0A ✵✳✵✺✷ ✲

k ✵✳✵✸✻✶ ✲

❚❛❜❧❡ ✻✳✷✿ ❇♦❡✐♥❣ ✼✽✼✲✽✵✵ s♣❡❝✐✜❝❛t✐♦♥s✳

✻✳✷✳ ❊♥❣✐♥❡s ❞❛t❛

❚❤❡ ❡♥❣✐♥❡s ❞❛t❛ ❛r❡ ♥❡❡❞❡❞ ♦♥❧② ❢♦r t❤❡ ❤②❜r✐❞ ❝♦♥✜❣✉r❛t✐♦♥s✱ ✐♥ ♣❛rt✐❝✉❧❛r t❤❡s❡ ❞❛t❛

❛r❡ t❤❡ ✐♥✐t✐❛❧ ✈❛❧✉❡s ♦❢ ❙❋❈ ✭SFCinit✮ ❢♦r t❤❡ ●❚s ❛♥❞ t❤❡ ✈❛❧✉❡s ♦❢ ❡✣❝✐❡♥❝②✱ ❙P ❛♥❞

❙❊ ❢♦r t❤❡ ❡❧❡❝tr✐❝ ❝♦♠♣♦♥❡♥ts✳

❘❡♠❡♠❜❡r ❢r♦♠ ❙✉❜✲s❡❝t✐♦♥ ✷✳✸✳✶ t❤❛t t❤❡ t✇♦ ❤②❜r✐❞ ❝♦♥✜❣✉r❛t✐♦♥s ❛♥❛❧②③❡❞ ❛r❡ t✉✲❡❧

♣❝ ❛♥❞ ❤②✲❡❧ s❡✳ ❚❤❡ ♣r✐♥❝✐♣❛❧ ✉♥❦♥♦✇♥ ♦❢ t❤❡s❡ s②st❡♠s ❛r❡ t❤❡ ●❚s SFC✳ ■♥ ❢❛❝t✱ t❤❡

●❚ ✇❛s ♥♦t ♠♦❞❡❧❡❞ ✐♥ t❤✐s t❤❡s✐s✱ ❤❡♥❝❡ ✐t ❤❛s♥✬t ✐ts ❡♥❣✐♥❡ ♠❛♣✳ ◆♦t❡ t❤❛t ♦♥❡ ♦❢ t❤❡

♠❛✐♥ s❝♦♣❡ ♦❢ t❤❡ ❡♥❣✐♥❡ ♠❛♣ ✐s t♦ ♣r♦✈✐❞❡ t❤❡ ✈❛❧✉❡ ♦❢ ṁf ❢♦r ❛ ❝❡rt❛✐♥ ✈❛❧✉❡ ♦❢ Th ✐♥ ❛

❝❡rt❛✐♥ ✢✐❣❤t ❝♦♥❞✐t✐♦♥✳ ❇✉t✱ t❤❡r❡ ✐s ❛ r❡❛s♦♥ ✇❤② t❤❡ ●❚ ✇❛s ♥♦t ♠♦❞❡❧❡❞✳ ❙✐♥❝❡ t❤❡

❡❧❡❝tr✐❝ ❝♦♠♣♦♥❡♥ts ❛r❡ ♠♦❞❡❧❡❞ s✐♠♣❧❡ ❛s ❜❧❛❝❦ ❜♦①❡s ❞❡✜♥❡❞ ❜② t❤❡✐r ❡✣❝✐❡♥❝②✱ ❙P ❛♥❞

❙❊✱ ❛ ♠♦r❡ s♦✜st✐❝❛t❡❞ ♠♦❞❡❧ ❢♦r t❤❡ ●❚ ✐t ✇♦✉❧❞ ❤❛✈❡ ❜❡❡♥ ✉s❡❧❡ss ❛♥❞ ❛❧s♦ ♥♦t ❝♦rr❡❝t✳

▼♦r❡♦✈❡r✱ ✐t ✐s ♠♦r❡ ✐♥t❡r❡st✐♥❣ t♦ ❧❡❛✈❡ t❤❡ ●❚ SFC ❛s ✉♥❦♥♦✇♥ ❛♥❞ t❤❡♥✱ ✐♥ t❤❡ ✢✐❣❤t

♠✐ss✐♦♥ ❛♥❛❧②s✐s✱ ❝♦♠♣✉t❡ t❤❡ t❛r❣❡t ✈❛❧✉❡ ♥❡❡❞❡❞ ✐♥ ♦r❞❡r t♦ ♦❜t❛✐♥ ❛♥ ❤②❜r✐❞ s②st❡♠

t❤❛t ♣❡r❢♦r♠s ❜❡tt❡r ✇✐t❤ r❡s♣❡❝t t❤❡ r❡❢❡r❡♥❝❡ ❝❛s❡✳ ❚❤✐s ❧❛st ♣❛rt ✇✐❧❧ ❜❡ ❡①♣❧❛✐♥❡❞

✐♥ ❞❡t❛✐❧ ✐♥ t❤❡ ❈❤❛♣t❡r ✼✳ ❚♦ ❝♦♠♣✉t❡ t❤❡ SFC t❛r❣❡t t❤❡ ❝♦❞❡ ♥❡❡❞s SFCinit✳ ❙✐♥❝❡

t❤❡r❡ ❛r❡ t✇♦ r❡r❡❢❡♥❝❡ t✉r❜♦❢❛♥s ❡♥❣✐♥❡s✱ t❤❡ ❈❋▼✺✻✲✼❇✷✹ ❛♥❞ t❤❡ ●❊♥①✲✶❇✻✹✱ ❛♥❞ t✇♦

❣r♦✉♣s ♦❢ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❡♥❣✐♥❡s✱ ❍❨❇✲❈❋✶ ❛♥❞ ❍❨❇✲❈❋✷✱ t❤❡r❡❢♦r❡ t❤❡r❡ ❛r❡ ❛❧s♦ t✇♦

●❚s✳ ❚❤❡s❡ ●❚s ❛r❡ ❝❛❧❧❡❞✿ ●❚✶✱ ✐❢ ✐t ✐s ♠♦✉♥t❡❞ ✐♥ t❤❡ ❤②❜r✐❞ s②st❡♠ ✇✐t❤ t❤❡ ❍❨❇✲❈❋✶

❡♥❣✐♥❡s✱ ❛♥❞ ●❚✷✱ ✐❢ ✐t ✐s ♠♦✉♥t❡❞ ✐♥ ❤②❜r✐❞ s②st❡♠ ✇✐t❤ t❤❡ ❍❨❇✲❈❋✷ ❡♥❣✐♥❡s✳ ■♥ ♦t❤❡r

✇♦r❞s✿

❼ ●❚✶ ✐s ♠♦✉♥t❡❞ ✇❤❡♥ t❤❡ ♠✐ss✐♦♥ ✐s s❤♦rt ♦r ♠❡❞✐✉♠✱ ❤❡♥❝❡ ●❚✶ ❝❛♥ ❜❡ ♠♦✉♥t❡❞



✶✶✵ ✻⑤ ❋❧✐❣❤t ▼✐ss✐♦♥

♦♥❧② ♦♥ ❇♦❡✐♥❣ ✼✸✼✲✽✵✵❀

❼ ●❚✷ ✐s ♠♦✉♥t❡❞ ✇❤❡♥ t❤❡ ♠✐ss✐♦♥ ✐s ❧♦♥❣✱ ❤❡♥❝❡ ●❚✷ ❝❛♥ ❜❡ ♠♦✉♥t❡❞ ♦♥❧② ♦♥

❇♦❡✐♥❣ ✼✽✼✲✽✵✵✳

❚❤❡ ✈❛❧✉❡s ♦❢ SFCinit ❢♦r t❤❡s❡ t✇♦ ●❚s ❛r❡ r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ✻✳✸✳ ❚❤❡s❡ ✈❛❧✉❡s ✇❡r❡

❝❤♦s❡♥ ❧♦♦❦✐♥❣ ✐♥ t❤❡ ●❊ ❛❡r♦❞❡r✐✈❛t✐✈❡ ❣❛s t✉r❜✐♥❡ ❝❛t❛❧♦❣✉❡ ❬✶✸❪✳ ❙✐♥❝❡ ✐♥ t❤❡ s❤♦rt ♦r

♠❡❞✐✉♠ r❛♥❣❡ ♠✐ss✐♦♥s t❤❡ ♠❛① ♣♦✇❡r ♥❡❡❞❡❞ ❜② t❤❡ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥s ✐s ✐♥ t❤❡ ♦r❞❡r ♦❢ ✸✵

❬▼❲❪✱ t❤❡ SFCinit ♦❢ ●❚✶ ✇❛s ❝❤♦s❡♥ s✐♠✐❧❛r t♦ ❛♥ ❛❡r♦❞❡r✐✈❛t✐✈❡ ❣❛s t✉r❜✐♥❡ ❞❡s✐❣♥❡❞

❢♦r t❤❛t ❧❡✈❡❧ ♦❢ ♣♦✇❡r✳ ■♥ t❤❡ s❛♠❡ ✇❛②✱ t❤❡ ✈❛❧✉❡ ♦❢ ●❚✷ SFCinit ✇❛s ❝❤♦s❡♥✳ ❆s

❡①♣❡❝t❡❞✱ ❜✐❣❣❡r ✐s t❤❡ ●❚ ❛♥❞ ❧♦✇❡r ✐s t❤❡ ✈❛❧✉❡ ♦❢ SFC✳

❚✉r❜♦❣❛s ❣❡♥❡r❛t♦r ❱❛r✐❛❜❧❡ ❱❛❧✉❡ ❯♥✐t

●❚✶ SFCinit 5.9444e−8 kg
s·W

●❚✷ SFCinit 5.2733e−8 kg
s·W

❚❛❜❧❡ ✻✳✸✿ ❚✉r❜♦❣❛s ❣❡♥❡r❛t♦rs✿ ■♥✐t✐❛❧ ✈❛❧✉❡s ♦❢ ❙❋❈✳

❚❤❡ ❡❧❡❝tr✐❝ ❝♦♠♣♦♥❡♥ts ❞❛t❛ ❛r❡ r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ✻✳✹✳ ❚❤❡s❡ ✈❛❧✉❡s ✇❡r❡ t❛❦❡♥ ❢r♦♠

t❤❡ ✇♦r❦ ♦❢ ❍❡♥❞r✐❦ ❡t ❛❧✳ ❬✶✺❪ ❛♥❞ t❤❡② ❝❛♥ ❜❡ ❝♦♥s✐❞❡r❡❞ ✜♥❡ ❡✈❡♥ ✐❢ t❤✐s ✐s ❛ ✇♦r❦ ❞♦♥❡

✐♥ ✷✵✶✼✳ ❖♥❧② t❤❡ ❜❛tt❡r② ❙P ✇❛s ❝❤❛♥❣❡❞✱ ❜❡❝❛✉s❡ ✐♥ t❤❡ ❧❛st ②❡❛rs ✐ts ✈❛❧✉❡ ✐♥❝r❡❛s❡❞

❛ ❧♦t ✭❋✐❣✉r❡ ✻✳✸✮✳

❈♦♠♣♦♥❡♥t ❱❛r✐❛❜❧❡ ❱❛❧✉❡ ❯♥✐t

❇❛tt❡r②

η ✵✳✾✾ ✲

SP ✶✵✵✵ ❲
❦❣

SE ✼✷✵✵✵✵ ❏
❦❣

❊❧❡❝tr✐❝ ❣❡♥❡r❛t♦r
η ✵✳✾✺ ✲

SP ✾✺✵✵ ❲
❦❣

❊❧❡❝tr✐❝ ♠♦t♦r
η ✵✳✾✺ ✲

SP ✾✺✵✵ ❲
❦❣

P♦✇❡r ❡❧❡❝tr♦♥✐❝s
η ✵✳✾✽ ✲

SP ✻✷✵✵✵ ❲
❦❣

❚❛❜❧❡ ✻✳✹✿ ❊❧❡❝tr✐❝ ❝♦♠♣♦♥❡♥ts ❡✣❝✐❡♥❝②✱ ❙P ❛♥❞ ❙❊✳



✻⑤ ❋❧✐❣❤t ▼✐ss✐♦♥ ✶✶✶

❋✐❣✉r❡ ✻✳✸✿ ▲✐✲✐♦♥ ❜❛tt❡r② st❛t❡ ♦❢ t❤❡ ❛rt ❬✹✶❪✳

✻✳✸✳ ❋❧✐❣❤t ▼✐ss✐♦♥ ❞❛t❛

❯♥t✐❧ t❤✐s ♣♦✐♥t✱ t❤❡ ✢✐❣❤t ♠✐ss✐♦♥s ❤❛✈❡ ♥❡✈❡r ❜❡❡♥ ❞❡✜♥❡❞ ✐♥ ❞❡t❛✐❧✳ ❉❡♣❡♥❞✐♥❣ ♦♥ t❤❡

r❛♥❣❡✱ ✐♥ t❤✐s t❤❡s✐s t❤❡ ✢✐❣❤t ♠✐ss✐♦♥s ✇❡r❡ s✉❜❞✐✈✐❞❡❞ ✐♥✿

❼ s❤♦rt r❛♥❣❡ ♠✐ss✐♦♥✱ ✇❤✐❝❤ ✐s ❛ ♠✐ss✐♦♥ ♦❢ ∼ 500 ❬❦♠❪❀

❼ ♠❡❞✐✉♠ r❛♥❣❡ ♠✐ss✐♦♥✱ ✇❤✐❝❤ ✐s ❛ ♠✐ss✐♦♥ ♦❢ ∼ 2000 ❬❦♠❪❀

❼ ❧♦♥❣ r❛♥❣❡ ♠✐ss✐♦♥✱ ✇❤✐❝❤ ✐s ❛ ♠✐ss✐♦♥ ♦❢ ∼ 6500 ❬❦♠❪❀

❊❛❝❤ ♠✐ss✐♦♥ ✐s ❞✐✈✐❞❡❞ ✐♥ ❞✐✛❡r❡♥t ✢✐❣❤t ♣❤❛s❡s✱ ✇❤✐❝❤ ❛r❡ r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ✻✳✺✳ ❊❛❝❤

✢✐❣❤t ♣❤❛s❡ ✐s ❞❡✜♥❡❞ ❜② ✐ts ✐♥✐t✐❛❧ ❛♥❞ ❡♥❞✐♥❣ ✈❛❧✉❡s ♦❢ ❛❧t✐t✉❞❡ ❛♥❞ ✈❡❧♦❝✐t②✳ ▼♦r❡♦✈❡r✱

❡①❝❡♣t ❢♦r t❤❡ ❝r✉✐s❡✱ ❛❧s♦ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ r❛t❡ ♦❢ ❝❧✐♠❜ ✐s ✐♠♣♦s❡❞✳ ◆♦t❡ t❤❛t t❤❡ ❝❧✐♠❜

♣❤❛s❡ ✐s ❞✐✈✐❞❡❞ ✐♥ t✇♦ ♣❛rts ♦♥❧② ❢♦r t❤❡ ❧♦♥❣ r❛♥❣❡ ♠✐ss✐♦♥ ❝❛s❡✳ ❚❤❡ ✢✐❣❤t ♣❤❛s❡s ❛♥❞

t❤❡ r❡s♣❡❝t✐✈❡❧② ✈❛❧✉❡s ♦❢ z✱ V ✭♦r M✮ ❛♥❞ RC ❝♦♠❡ ❢r♦♠ ❊✉r♦❝♦♥tr♦❧✳ ❚❤❡ ✈❛❧✉❡s ❢♦r

t❤❡ s❤♦rt✴♠❡❞✐✉♠ r❛♥❣❡ ♠✐ss✐♦♥s ❛r❡ r❡❢❡rr❡❞ t♦ ❇♦❡✐♥❣ ✼✸✼✲✽✵✵ ❬✽❪ ❛♥❞ t❤❡ ♦♥❡s ♦❢ t❤❡

❧♦♥❣ r❛♥❣❡ ♠✐ss✐♦♥ ❛r❡ r❡❢❡rr❡❞ t♦ ❇♦❡✐♥ ✼✽✼✲✽✵✵ ❬✾❪✳ ❆❧❧ t❤❡s❡ ✈❛❧✉❡s ✇❡r❡ ❛❧s♦ ❝♦rr❡❝t❡❞

❞❡♣❡♥❞✐♥❣ ♦♥ r❡❛❧ ❞❛t❛ ❢♦✉♥❞ ♦♥ ❋❧✐❣❤tr❛❞❛r✷✹ ❬✶✵❪✳



✶✶✷ ✻⑤ ❋❧✐❣❤t ▼✐ss✐♦♥

❋❧✐❣❤t ♣❤❛s❡ ❱❛r✐❛❜❧❡
❙❤♦rt r❛♥❣❡

✈❛❧✉❡

▼❡❞✐✉♠ r❛♥❣❡

✈❛❧✉❡

▲♦♥❣ r❛♥❣❡

✈❛❧✉❡
❯♥✐t

❚❛❦❡✲♦✛ tTO ✸✵ ✸✵ ✸✵ s

■♥✐t✐❛❧ ❝❧✐♠❜

zstart ✵ ✵ ✵ ♠

zend ✶✺✷✹ ✶✺✷✹ ✶✺✷✹ ♠

Vstart ✽✹✳✽✽ ✽✹✳✽✽ ✾✼✳✼✹ ♠

s

Vend ✶✹✾✳✶✽✾ ✶✹✾✳✶✽✾ ✶✹✾✳✶✽✾ ♠

s

RC ✶✵✳✼ ✶✵✳✼ ✾✳✽ ♠

s

❈❧✐♠❜ ✶

zstart ✶✺✷✹ ✶✺✷✹ ✶✺✷✹ ♠

zend ✼✸✶✺✳✷ ✼✸✶✺✳✷ ✹✺✼✷ ♠

Vstart ✶✹✾✳✶✽✾ ✶✹✾✳✶✽✾ ✶✹✾✳✶✽✾ ♠

s

Vend ✷✷✸✳✽ ✷✹✷✳✹✹ ✶✽✵✳✶✽✾ ♠

s

RC ✶✵✳✶✻ ✶✵✳✶✻ ✶✶✳✺ ♠

s

❈❧✐♠❜ ✷

zstart ✴✴ ✴✴ ✹✺✼✷ ♠

zend ✴✴ ✴✴ ✼✸✶✺✳✷ ♠

Vstart ✴✴ ✴✴ ✶✽✵✳✶✽✾ ♠

s

Mend ✴✴ ✴✴ ✵✳✽✺ ✲

RC ✴✴ ✴✴ ✺✳✸ ♠

s

❈♦♥st✳ ▼ ❝❧✐♠❜

zstart ✼✸✶✺✳✷ ✼✸✶✺✳✷ ✼✸✶✺✳✷ ♠

zend ✾✽✵✵ ✶✶✵✵✵ ✶✷✵✵✵ ♠

Mstart ✵✳✼✷ ✵✳✼✽ ✵✳✽✺ ✲

Mend ✵✳✼✷ ✵✳✼✽ ✵✳✽✺ ✲

RC ✼✳✻✷ ✺✳✻✷ ✸ ♠

s

❈r✉✐s❡

zstart ✾✽✵✵ ✶✶✵✵✵ ✶✷✵✵✵ ♠

zend ✾✽✵✵ ✶✶✵✵✵ ✶✷✵✵✵ ♠

Mstart ✵✳✼✷ ✵✳✼✽ ✵✳✽✺ ✲

Mend ✵✳✼✷ ✵✳✼✽ ✵✳✽✺ ✲

RC ✵ ✵ ✵ ♠

s

■♥✐t✐❛❧ ❞❡s❝❡♥t

zstart ✾✽✵✵ ✶✶✵✵✵ ✶✷✵✵✵ ♠

zend ✼✸✶✺✳✷ ✼✸✶✺✳✷ ✼✸✶✺✳✷ ♠

Mstart ✵✳✼✷ ✵✳✼✽ ✵✳✽✺ ✲

Mend ✵✳✼✶ ✵✳✼✶ ✲ ✲

RC ✲✹✳✵✻✹ ✲✹✳✵✻✹ ✲✶✸✳✷✵✽ ♠

s

❉❡s❝❡♥t

zstart ✼✸✶✺✳✷ ✼✸✶✺✳✷ ✼✸✶✺✳✷ ♠

zend ✸✵✹✽ ✸✵✹✽ ✸✵✹✽ ♠

Mstart ✵✳✼✶ ✵✳✼✶ ✵✳✽✺ ✲

Mend ✲ ✲ ✲ ✲

RC ✲✶✼✳✼✽ ✲✶✼✳✼✽ ✲✶✹✳✷✷✹ ♠

s

❆♣♣r♦❛❝❤

zstart ✸✵✹✽ ✸✵✹✽ ✸✵✹✽ ♠

zend ✵ ✵ ✵ ♠

Vstart ✲ ✲ ✲ ♠

s

Vend ✶✷✽✳✻✶✶ ✶✷✽✳✻✶✶ ✶✸✵ ♠

s

RC ✲✼✳✻✷ ✲✼✳✻✷ ✲✼✳✻✷ ♠

s

❚❛❜❧❡ ✻✳✺✿ ❋❧✐❣❤t ♠✐ss✐♦♥ ✐♥♣✉t ❞❛t❛✳ ❚❤❡s❡ ❞❛t❛ ❛r❡ t❤❡ s❛♠❡ ❜♦t❤ ❢♦r t❤❡ r❡❢❡r❡♥❝❡ ❛♥❞

t❤❡ ❤②❜r✐❞ ❝❛s❡s✳

❚❤✐s ❧❛st ♣❛rt ✐s r❡❢❡rr❡❞ ♦♥❧② t♦ t❤❡ ❤②❜r✐❞ s②st❡♠s✳ ❆s s❛✐❞ ❜❡❢♦r❡✱ t❤❡ t✇♦ ❤②✲

❜r✐❞ ❝♦♥✜❣✉r❛t✐♦♥s ❝♦♥s✐❞❡r❡❞ ❛r❡ t✉✲❡❧ ♣❝ ❛♥❞ ❤②✲❡❧ s❡✳ ❚❤❡r❡❢♦r❡✱ ❡❛❝❤ ✢✐❣❤t ♠✐ss✐♦♥

✭s❤♦rt✴♠❡❞✐✉♠✴❧♦♥❣✮ ❝❛♥ ❜❡ ♣❡r❢♦r♠❡❞ ❜♦t❤ ✐♥ t❤❡ t✉✲❡❧ ♣❝ ❛♥❞ ❤②✲❡❧ s❡ ❝♦♥✜❣✉r❛t✐♦♥s✳

■♥ t❤✐s t❤❡s✐s ❈❆❙❊ ✶ ❛♥❞ ❈❆❙❊ ✶❜✐s ❛r❡ r❡❢❡rr❡❞ t♦ t❤❡ ❤②✲❡❧ s❡ ❝♦♥✜❣✉r❛t✐♦♥✱ ✐♥st❡❛❞



✻⑤ ❋❧✐❣❤t ▼✐ss✐♦♥ ✶✶✸

❈❆❙❊ ✷ ❛♥❞ ❈❆❙❊ ✷ ❜✐s ❛r❡ r❡❢❡rr❡❞ t♦ t❤❡ t✉✲❡❧ ♣❝ ❝♦♥✜❣✉r❛t✐♦♥✳ ❘❡♠❡♠❜❡r t❤❛t t❤❡

❜❛tt❡r② ✐s ♣r❡s❡♥t ♦♥❧② ✐♥ t❤❡ ❤②✲❡❧ s❡ ❝♦♥✜❣✉r❛t✐♦♥✳ ❚❤❡ ♦♥❧② ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❈❆❙❊

✶ ❛♥❞ ❈❆❙❊ ✶❜✐s ✐s ♦♥❧② ♦♥ t❤❡ ✉s❡ ♦❢ t❤❡ ❜❛tt❡r②✳ ■♥ ❈❆❙❊ ✶ t❤❡ ❜❛tt❡r② ✐s ✉s❡❞ ❞✉r✐♥❣

t❤❡ ❛❧❧ ❞❡s❝❡♥t ♣❤❛s❡s✱ ✐♥st❡❛❞ ✐♥ ❈❆❙❊ ✶❜✐s t❤❡ ❜❛tt❡r② ✐s ✉s❡❞ ♦♥❧② ♦♥ t❤❡ ✜rst ♣❛rt

♦❢ t❤❡ ❞❡s❝❡♥t ♣❤❛s❡s✳ ❚❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ❈❆❙❊ ✷ ❛♥❞ ❈❆❙❊ ✷❜✐s ✐s t❤❛t ✐♥ ❈❆❙❊

✷❜✐s t❤❡ ✇❡✐❣❤t ♦❢ t❤❡ ❛✐r❝r❛❢t ✐s ✐♠♣♦s❡❞ ❡q✉❛❧ t♦ ♦♥❡ ♦❢ t❤❡ r❡❢❡r❡♥❝❡ ❝❛s❡✳ ❍❡♥❝❡✱ ✐♥

❈❆❙❊ ✷❜✐s t❤❡ ✇❡✐❣❤t ♦❢ t❤❡ ❛❧❧ ❡❧❡❝tr✐❝ ❝♦♠♣♦♥❡♥ts ✐s ♥♦t ❝♦♥s✐❞❡r❡❞✳ ❈❆❙❊ ✷❜✐s ✇❛s

✐♠♣❧❡♠❡♥t❡❞ ✐♥ ♦r❞❡r t♦ ❤✐❣❤❧✐❣❤t t❤❡ ♣❡r❢♦r♠❛♥❝❡s ♦❢ t❤❡ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❡♥❣✐♥❡s✳ ❈❆❙❊

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

t❤❡ ❡❧❡❝tr✐❝ ❝♦♠♣♦♥❡♥ts✱ ❝❛♥ ❞❡r❛t❡ t❤❡ ♣❡r❢♦r♠❛♥❝❡s✳ ❆❧❧ t❤❡s❡ ❢♦✉r ❝❛s❡s ❛r❡ r❡♣♦rt❡❞

✐♥ ❚❛❜❧❡ ✻✳✻✳

◆♦t❡ t❤❛t ✐♥ ❈❆❙❊ ✶ ❛♥❞ ✶❜✐s t❤❡ ❜❛tt❡r② ✐s ✉s❡❞ ♦♥❧② ✐♥ t❤❡ ❞❡s❝❡♥t ♣❤❛s❡s✳ ■♥ ❢❛❝t✱ ❢r♦♠

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

r❡q✉✐r❡❞ ❛r❡ s♦ ❤✐❣❤ t❤❛t t❤❡ ❜❛tt❡r② ❝❛♥✬t ❜❡ ✉s❡❞✱ ❜❡❝❛✉s❡ ✐ts r❡s✉❧t✐♥❣ ✇❡✐❣❤t ✇♦✉❧❞ ❜❡

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

✐♥ ❤②❜r✐❞ ❛✐r❝r❛❢ts✱ ✐♥ ❣❡♥❡r❛❧ t❤❡ ❜❛tt❡r② ♣r♦✈✐❞❡s ♦♥❧② ❛ ❝❡rt❛✐♥ ♣❡r❝❡♥t❛❣❡ ♦❢ t❤❡ t♦t❛❧

♣♦✇❡r ♥❡❡❞❡❞✳ ■♥ t❤✐s ❝❛s❡ ✐♥st❡❛❞✱ ✐t ✇❛s ❝❤♦s❡♥ t♦ ✉s❡ t❤❡ ❜❛tt❡r② ❞✉r✐♥❣ t❤❡ ❞❡s❝❡♥t

♣❤❛s❡s✱ s✐♥❝❡ ❤❡r❡ t❤❡ ♣♦✇❡r ♥❡❡❞❡❞ ✐s r❡❧❛t✐✈❡❧② ❧♦✇✳ ◆♦t❡ t❤❛t t❤❡ ♦♣t✐♠✐③❛t✐♦♥ ♦❢ t❤❡

❤②❜r✐❞ s②st❡♠ ✐s ♥♦t ♣❛rt ♦❢ t❤✐s t❤❡s✐s✳

❈❆❙❊ ✶ ❈❆❙❊ ✶❜✐s ❈❆❙❊ ✷ ❈❆❙❊ ✷❜✐s

❚❛❦❡✲♦✛ ●❚ ●❚ ●❚ ●❚

■♥✐t✐❛❧ ❝❧✐♠❜ ●❚ ●❚ ●❚ ●❚

❈❧✐♠❜ ✶ ●❚ ●❚ ●❚ ●❚

❈❧✐♠❜ ✷ ●❚ ●❚ ●❚ ●❚

❈♦♥st✳ ▼ ❝❧✐♠❜ ●❚ ●❚ ●❚ ●❚

❈r✉✐s❡ ●❚ ●❚ ●❚ ●❚

■♥✐t✐❛❧ ❞❡s❝❡♥t ❇❛tt❡r② ❇❛tt❡r② ●❚ ●❚

❉❡s❝❡♥t ❇❛tt❡r② ❇❛tt❡r② ●❚ ●❚

❆♣♣r♦❛❝❤ ❇❛tt❡r② ●❚ ●❚ ●❚

❚❛❜❧❡ ✻✳✻✿ ❉✐✛❡r❡♥t ❤②❜r✐❞ s②st❡♠s ✉s❡❞ ❞✉r✐♥❣ ❛ ❝❡rt❛✐♥ ✢✐❣❤t ♠✐ss✐♦♥✳





✶✶✺

✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s

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

♠✐ss✐♦♥s✳ ❋♦r ❡❛❝❤ ✢✐❣❤t ♠✐ss✐♦♥✱ ❞✐✛❡r❡♥t ❝♦♠❜✐♥❛t✐♦♥s ♦❢ ❛✐r❝r❛❢t✱ ♣r♦♣✉❧s✐✈❡ s②st❡♠ ❛♥❞

❤②❜r✐❞ s②st❡♠ ✇✐❧❧ ❜❡ ❝♦♥s✐❞❡r❡❞ ❛♥❞ t❤❡ r❡s✉❧ts ❝♦♠♣❛r❡❞ t♦ t❤❡ ♦♥❡s ♦❢ t❤❡ r❡❢❡r❡♥❝❡

❝❛s❡s✳ ❯♥t✐❧ t❤✐s ♣♦✐♥t ❛❧❧ t❤❡ ✐♥❣r❡❞✐❡♥ts ♥❡❡❞❡❞ t♦ ♣❡r❢♦r♠ ❛ ✢✐❣❤t ♠✐ss✐♦♥ ❛♥❛❧②s✐s ✇❡r❡

♣r❡s❡♥t❡❞ ❛♥❞ t❤❡s❡ ✐♥❣r❡❞✐❡♥ts ❛r❡ ❢♦r ❡①❛♠♣❧❡ t❤❡ ❛✐r❝r❛❢t t②♣♦❧♦❣✐❡s✱ t❤❡ ❡♥❣✐♥❡ ♠❛♣s✱

t❤❡ ❢♦✉r ❞✐✛❡r❡♥t s❡tt✐♥❣s ♦❢ t❤❡ ❤②❜r✐❞ s②st❡♠ ✭❈❆❙❊ ✶✱ ❈❆❙❊ ✶❜✐s✱ ❈❆❙❊ ✷ ❛♥❞ ❈❆❙❊

✷❜✐s✮✱ ❡t❝✳✳✳ ✳ ❆❜♦✉t t❤❡ ❤②❜r✐❞ s②st❡♠✱ r❡♠❡♠❜❡r t❤❛t ✐t ❝❛♥ ❜❡ t❤❡ t✉✲❡❧ ♣❝ ✭✐✳❡✳ ❈❆❙❊

✷ ❛♥❞ ✷❜✐s✮ ♦r t❤❡ ❤②✲❡❧ s❡ ✭✐✳❡✳ ❈❆❙❊ ✶ ❛♥❞ ✶❜✐s✮ ❛♥❞ t❤❛t t❤❡ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥s ♠♦✉♥t❡❞

❝❛♥ ❜❡ ✐♥ ✷ ♦r ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥ ✭✐✳❡✳ ✷❡♥❣ ♦r ✶✵❡♥❣✮✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ♦✈❡r❛❧❧ ❤②❜r✐❞

♣r♦♣✉❧s✐✈❡ s②st❡♠s ✇✐t❤ t❤❡ ❡♥❣✐♥❡s ❝❛♥ ❛♣♣❡❛r ✐♥ ❢♦✉r ❞✐✛❡r❡♥t ❝♦♥✜❣✉r❛t✐♦♥s✱ ✇❤✐❝❤ ❛r❡

❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡s ✼✳✶✱ ✼✳✷✱ ✼✳✸ ❛♥❞ ✼✳✹✳

❋✐❣✉r❡ ✼✳✶✿ ❍②✲❡❧ s❡ ✇✐t❤ ✷ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❡♥❣✐♥❡s✳ ❚❤✐s ❝♦♥✜❣✉r❛t✐♦♥ ✐s ✉s❡❞ ✐♥ ❈❆❙❊

✶ ❛♥❞ ❈❆❙❊ ✶❜✐s✳ ❋♦r ❡❛❝❤ ♦♥❡ ♦❢ t❤❡s❡ t✇♦ ❈❆❙❊s t❤❡ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❡♥❣✐♥❡s ❝❛♥ ❜❡

♣❛rt ♦❢ t❤❡ ❍❨❇✲❈❋✶✲✷❡♥❣ ♦r ❍❨❇✲❈❋✷✲✷❡♥❣ s❡r✐❡s✳ ❘❡♠❡♠❜❡r t❤❛t ❡❛❝❤ ❈❘ ❢❛♥ ❡♥❣✐♥❡

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

❝❛s❡ t❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ❡❧❡❝tr✐❝ ❡♥❣✐♥❡s ✐s ✹✳



✶✶✻ ✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s

❋✐❣✉r❡ ✼✳✷✿ ❍②✲❡❧ s❡ ✇✐t❤ ✶✵ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❡♥❣✐♥❡s✳ ❚❤✐s ❝♦♥✜❣✉r❛t✐♦♥ ✐s ✉s❡❞ ✐♥ ❈❆❙❊

✶ ❛♥❞ ❈❆❙❊ ✶❜✐s✳ ❋♦r ❡❛❝❤ ♦♥❡ ♦❢ t❤❡s❡ t✇♦ ❈❆❙❊s t❤❡ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❡♥❣✐♥❡s ❝❛♥

❜❡ ♣❛rt ♦❢ t❤❡ ❍❨❇✲❈❋✶✲✶✵❡♥❣ ♦r ❍❨❇✲❈❋✷✲✶✵❡♥❣ s❡r✐❡s✳ ❚❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ❡❧❡❝tr✐❝

❡♥❣✐♥❡s ✐s ✷✵✳

❋✐❣✉r❡ ✼✳✸✿ ❚✉✲❡❧ ♣❝ ✇✐t❤ ✷ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❡♥❣✐♥❡s✳ ❚❤✐s ❝♦♥✜❣✉r❛t✐♦♥ ✐s ✉s❡❞ ✐♥ ❈❆❙❊

✷ ❛♥❞ ❈❆❙❊ ✷❜✐s✳ ❋♦r ❡❛❝❤ ♦♥❡ ♦❢ t❤❡s❡ t✇♦ ❈❆❙❊s t❤❡ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❡♥❣✐♥❡s ❝❛♥ ❜❡

♣❛rt ♦❢ t❤❡ ❍❨❇✲❈❋✶✲✷❡♥❣ ♦r ❍❨❇✲❈❋✷✲✷❡♥❣ s❡r✐❡s✳ ❚❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ❡❧❡❝tr✐❝ ❡♥❣✐♥❡s

✐s ✹✳



✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s ✶✶✼

❋✐❣✉r❡ ✼✳✹✿ ❚✉✲❡❧ ♣❝ ✇✐t❤ ✶✵ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❡♥❣✐♥❡s✳ ❚❤✐s ❝♦♥✜❣✉r❛t✐♦♥ ✐s ✉s❡❞ ✐♥ ❈❆❙❊

✷ ❛♥❞ ❈❆❙❊ ✷❜✐s✳ ❋♦r ❡❛❝❤ ♦♥❡ ♦❢ t❤❡s❡ t✇♦ ❈❆❙❊s t❤❡ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❡♥❣✐♥❡s ❝❛♥

❜❡ ♣❛rt ♦❢ t❤❡ ❍❨❇✲❈❋✶✲✶✵❡♥❣ ♦r ❍❨❇✲❈❋✷✲✶✵❡♥❣ s❡r✐❡s✳ ❚❤❡ t♦t❛❧ ♥✉♠❜❡r ♦❢ ❡❧❡❝tr✐❝

❡♥❣✐♥❡s ✐s ✷✵✳

❚♦ ❤❡❧♣ t❤❡ r❡❛❞❡r t♦ ✉♥❞❡rst❛♥❞ ✇❤❛t ✢✐❣❤t ♠✐ss✐♦♥s ✇✐❧❧ ❜❡ ❛♥❛❧②③❡❞ ✐♥ t❤✐s ❝❤❛♣t❡r✱ ❛

❜r✐❡❢ s✉♠♠❛r② ❛❜♦✉t t❤❡♠ ✇✐❧❧ ❜❡ ❞♦♥❡✳

❋✐rst ♦❢ ❛❧❧✱ ❛❧❧ t❤❡ ✢✐❣❤t ♠✐ss✐♦♥s ❛♥❛❧②③❡❞ ❝❛♥ ❜❡ s✉❜❞✐✈✐❞❡❞✱ ❞❡♣❡♥❞✐♥❣ ♦♥ t❤❡ r❛♥❣❡✱ ✐♥

t❤r❡❡ ♠❛✐♥ ❣r♦✉♣s✿ s❤♦rt✱ ♠❡❞✐✉♠ ❛♥❞ ❧♦♥❣✳ ❚❤❡♥✱ ❢♦r ❡❛❝❤ ❣r♦✉♣ ✐s ❞❡✜♥❡❞ ❛ r❡❢❡r❡♥❝❡

❝❛s❡✳ ❚❤❡ r❡❢❡r❡♥❝❡ ✢✐❣❤t ♠✐ss✐♦♥s ❢♦r t❤❡ s❤♦rt ❛♥❞ ♠❡❞✐✉♠ r❛♥❣❡ ❝❛s❡s✱ ❛r❡ t❤❡ ♦♥❡s

♣❡r❢♦r♠❡❞ ❜② t❤❡ ❇♦❡✐♥❣ ✼✸✼✲✽✵✵ ♣r♦♣❡❧❧❡❞ ❜② ❈❋▼✺✻✲✼❇✷✹✳ ■♥st❡❛❞✱ t❤❡ r❡❢❡r❡♥❝❡ ✢✐❣❤t

♠✐ss✐♦♥ ❢♦r t❤❡ ❧♦♥❣ r❛♥❣❡ ❝❛s❡✱ ✐s t❤❡ ♦♥❡ ♣❡r❢♦r♠❡❞ ❜② t❤❡ ❇♦❡✐♥❣ ✼✽✼✲✽✵✵ ♣r♦♣❡❧❧❡❞ ❜②

●❊♥①✲✶❇✻✹✳ ■♥ ❛❧❧ t❤❡s❡ t❤r❡❡ ❝❛s❡s✱ t❤❡ t✉r❜♦❢❛♥s ♠♦✉♥t❡❞ ❛r❡ ✷✳ ❖♥❝❡ t❤❡s❡ r❡s✉❧ts ❛r❡

♦❜t❛✐♥❡❞✱ t❤❡ ✢✐❣❤t ♠✐ss✐♦♥s ✇✐t❤ t❤❡ ❤②❜r✐❞ s②st❡♠s ❝❛♥ ❜❡ ♣❡r❢♦r♠❡❞ ❛♥❞ ❝♦♠♣❛r❡❞ t♦

t❤❡ r❡s♣❡❝t✐✈❡ r❡❢❡r❡♥❝❡ ❝❛s❡s✳ ❘❡♠❡♠❜❡r t❤❛t ❛❧❧ t❤❡ ❈❘ ❢❛♥ ❡♥❣✐♥❡s ✐♥ t❤❡ ❣r♦✉♣ ❍❨❇✲

❈❋✶ ❝❛♥ ❜❡ ♠♦✉♥t❡❞ ♦♥❧② ✐♥ t❤❡ ❇♦❡✐♥❣ ✼✸✼✲✽✵✵✱ ❤❡♥❝❡ ✉s❡❞ ✐♥ s❤♦rt✴♠❡❞✐✉♠ r❛♥❣❡

♠✐ss✐♦♥s✱ ✐♥st❡❛❞ t❤❡ ♦♥❡s ✐♥ t❤❡ ❣r♦✉♣ ❍❨❇✲❈❋✷ ❝❛♥ ❜❡ ♠♦✉♥t❡❞ ♦♥❧② ✐♥ t❤❡ ❇♦❡✐♥❣

✼✽✼✲✽✵✵✱ ❤❡♥❝❡ ✉s❡❞ ✐♥ ❧♦♥❣ r❛♥❣❡ ♠✐ss✐♦♥s✳ ❚❤❡ ❧❛st s✉❜❞✐✈✐s✐♦♥ r❡❣❛r❞s t❤❡ ❤②❜r✐❞

s②st❡♠✳ ■♥ ❢❛❝t✱ ♦♥❝❡ t❤❡ ✢✐❣❤t ♠✐ss✐♦♥ r❛♥❣❡ ✭✐✳❡✳ t❤❡ ❛✐r❝r❛❢t✮ ❛♥❞ t❤❡ ❡❧❡❝tr✐❝ ❈❘

❢❛♥s ❛r❡ s❡❧❡❝t❡❞✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ t❡st ❞✐✛❡r❡♥t ❤②❜r✐❞ s②st❡♠s✳ ❆❧❧ t❤❡s❡ ♣♦ss✐❜❧❡ ✢✐❣❤t

♠✐ss✐♦♥s ❛r❡ s❝❤❡♠❛t✐③❡❞ ✐♥ ❋✐❣✉r❡ ✼✳✺✳ ▼♦r❡♦✈❡r✱ r❡♠❡♠❜❡r t❤❛t t❤❡ ❈❘ ❢❛♥ ❡♥❣✐♥❡s ✐♥

t❤❡ ❣r♦✉♣s ❍❨❇✲❈❋✶ ❛♥❞ ❍❨❇✲❈❋✷ ❛r❡ t❤❡ ♦♥❡s r❡♣♦rt❡❞ ✐♥ ❋✐❣✉r❡ ✺✳✶✳



✶✶✽ ✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s

FLIGHT MISSIONS ANALYZED

SHORT/MEDIUM

Aircraft: Boeing 737-800.

Reference engine: CFM56-7B24.

Electric engines: all the engines

that are inside the group HYB-

CF1.

Hybrid settings: CASE 1,

CASE 1bis, CASE 2,

CASE 2bis.

LONG

Aircraft: Boeing 787-800.

Reference engine: Genx-1B64.

Electric engines: all the engines

that are inside the group HYB-

CF2.

Hybrid settings: CASE 2,

CASE 2bis.

❋✐❣✉r❡ ✼✳✺✿ ❆❧❧ ♣♦ss✐❜❧❡ ❝❛s❡s ♦❢ ✢✐❣❤t ♠✐ss✐♦♥s✳ ◆♦t❡ t❤❛t✱ ❢♦r ❛ r❡❛s♦♥ t❤❛t ✇✐❧❧ ❜❡

❡①♣❧❛✐♥❡❞ ❧❛t❡r✱ ❢♦r t❤❡ ❧♦♥❣ r❛♥❣❡ ❝❛s❡ t❤❡ ♦♥❧② ♣♦ss✐❜❧❡ ❤②❜r✐❞ s❡tt✐♥❣s ❛r❡ ❈❆❙❊ ✷ ❛♥❞

❈❆❙❊ ✷❜✐s✳

❚♦ ❛✈♦✐❞ ❛❧❧ t❤❡ ♣♦ss✐❜❧❡ ♠✐s✉♥❞❡rst❛♥❞✐♥❣s✱ t❤❡ ❝♦♠♣❧❡t❡ ❧✐st ♦❢ t❤❡ ❛❧❧ ✢✐❣❤t ♠✐ss✐♦♥s

❛♥❛❧②③❡❞ ✐♥ t❤✐s ❝❤❛♣t❡r ✐s r❡♣♦rt❡❞ ✐♥ ❆♣♣❡♥❞✐① ❆✳

✼✳✶✳ ❙❤♦rt r❛♥❣❡ ♠✐ss✐♦♥ ❛♥❛❧②s✐s

■♥ t❤✐s s❡❝t✐♦♥ ❛r❡ r❡♣♦rt❡❞ ❛❧❧ t❤❡ r❡s✉❧ts ❢♦r t❤❡ s❤♦rt r❛♥❣❡ ♠✐ss✐♦♥s✳ ■♥ t❤❡ ✜rst

s✉❜✲s❡❝t✐♦♥ ✭❙✉❜✲s❡❝t✐♦♥ ✼✳✶✳✶✮ t❤❡ r❡❢❡r❡♥❝❡ ❝❛s❡ ✇✐❧❧ ❜❡ ❛♥❛❧②③❡❞✳ ■♥st❡❛❞✱ ✐♥ ❙✉❜✲

s❡❝t✐♦♥s ✼✳✶✳✷ ❛♥❞ ✼✳✶✳✸ ❛r❡ ❛♥❛❧②③❡❞ t❤❡ ❝❛s❡s ✐♥ ✇❤✐❝❤ ❛r❡ ♠♦✉♥t❡❞✱ r❡s♣❡❝t✐✈❡❧②✱ t❤❡

❡❧❡❝tr✐❝ ❈❘ ❢❛♥s ✐♥ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥ ✭✐✳❡✳ ❡♥❣✐♥❡s ✐♥ t❤❡ ❣r♦✉♣ ❍❨❇✲❈❋✶✲✷❡♥❣✮ ❛♥❞

✐♥ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥ ✭✐✳❡✳ ❡♥❣✐♥❡s ✐♥ t❤❡ ❣r♦✉♣ ❍❨❇✲❈❋✶✲✶✵❡♥❣✮✳

✼✳✶✳✶✳ ❘❡❢❡r❡♥❝❡✿ ❇♦❡✐♥❣ ✼✸✼✲✽✵✵ ♣r♦♣❡❧❧❡❞ ❜② ❈❋▼✺✻✲✼❇✷✹

❚❤❡ r❡❢❡r❡♥❝❡ ❝❛s❡ ❢♦r t❤❡ s❤♦rt r❛♥❣❡ ♠✐ss✐♦♥ ✐s t❤❡ ♦♥❡ ♣❡r❢♦r♠❡❞ ❜② t❤❡ ❇♦✐❡♥❣ ✼✸✼✲

✽✵✵ ♣r♦♣❡❧❧❡❞ ❜② ❈❋▼✺✻✲✼❇✷✹✳ ❚❤❡ ✈❛❧✉❡s ♦❜t❛✐♥❡❞ ❢r♦♠ t❤✐s ❛♥❛❧②s✐s✱ ✇✐❧❧ ❜❡ ✉s❡❞ ❛s

❝♦♠♣❛r✐s♦♥ ❢♦r t❤❡ ♦t❤❡r s❤♦rt ✢✐❣❤t ♠✐ss✐♦♥s✳ ■♥ ❋✐❣✉r❡s ✼✳✻✱ ✼✳✼✱ ✼✳✽✱ ✼✳✾ ❛♥❞ ✼✳✶✵ ❛r❡

r❡♣♦rt❡❞ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ♣♦✐♥ts ❞✉r✐♥❣ t❤❡ ❞✐✛❡r❡♥t ✢✐❣❤t ♣❤❛s❡s✳ ❚❤❡s❡ ♣❧♦ts ❛r❡ ✈❡r②

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

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

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

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



✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s ✶✶✾

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

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

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

♠❛♣✳ ◆♦t❡ t❤❛t t❤❡ ♣♦✐♥ts ❛ss♦❝✐❛t❡❞ t♦ t❤❡ ❝❧✐♠❜ ♣❤❛s❡✱ ❝r✉✐s❡ ❛♥❞ t❛❦❡✲♦✛ ❛r❡ ✐♥s✐❞❡ t❤❡

r❡❣✐♦♥ ❛t ❤✐❣❤❡st ❡✣❝✐❡♥❝②✳ ❙✐♥❝❡ t❤❡ ❈❋▼✺✻✲✼❇✷✹ ✐s ♠❛✐♥❧② ❞❡s✐❣♥❡❞ ❢♦r s❤♦rt✴♠❡❞✐✉♠

r❛♥❣❡ ♠✐ss✐♦♥s✱ t❤✐s ❢❛❝t ❝♦♥✜r♠s t❤❛t t❤✐s ❡♥❣✐♥❡ ✇❛s ❝♦rr❡❝t❧② ♠♦❞❡❧❡❞ ✐♥ ❊❝♦s✐♠Pr♦✳

▼♦r❡♦✈❡r✱ t❤❡s❡ ♣❧♦ts ❝❛♥ ❜❡ ✉s❡❞ ❛❧s♦ ❛s ❛ ❝❤❡❝❦ ♦❢ t❤❡ ▼❛t❧❛❜ ❝♦❞❡ t❤❛t ❝♦♠♣✉t❡s t❤❡

✢✐❣❤t ♠✐ss✐♦♥s✳

❋✐❣✉r❡ ✼✳✻✿ ❘❡❢❡r❡♥❝❡ s❤♦rt ♠✐ss✐♦♥✿ ❈❋▼✺✻✲✼❇✷✹ ❢❛♥ ♣❡r❢♦r♠❛♥❝❡ ♣♦✐♥ts ❞✉r✐♥❣ ✢✐❣❤t✳

❋✐❣✉r❡ ✼✳✼✿ ❘❡❢❡r❡♥❝❡ s❤♦rt ♠✐ss✐♦♥✿ ❈❋▼✺✻✲✼❇✷✹ ▲P ❝♦♠♣r❡ss♦r ♣❡r❢♦r♠❛♥❝❡ ♣♦✐♥ts

❞✉r✐♥❣ ✢✐❣❤t✳



✶✷✵ ✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s

❋✐❣✉r❡ ✼✳✽✿ ❘❡❢❡r❡♥❝❡ s❤♦rt ♠✐ss✐♦♥✿ ❈❋▼✺✻✲✼❇✷✹ ❍P ❝♦♠♣r❡ss♦r ♣❡r❢♦r♠❛♥❝❡ ♣♦✐♥ts

❞✉r✐♥❣ ✢✐❣❤t✳

❋✐❣✉r❡ ✼✳✾✿ ❘❡❢❡r❡♥❝❡ s❤♦rt ♠✐ss✐♦♥✿ ❈❋▼✺✻✲✼❇✷✹ ❍P t✉r❜✐♥❡ ♣❡r❢♦r♠❛♥❝❡ ♣♦✐♥ts ❞✉r✐♥❣

✢✐❣❤t✳



✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s ✶✷✶

❋✐❣✉r❡ ✼✳✶✵✿ ❘❡❢❡r❡♥❝❡ s❤♦rt ♠✐ss✐♦♥✿ ❈❋▼✺✻✲✼❇✷✹ ▲P t✉r❜✐♥❡ ♣❡r❢♦r♠❛♥❝❡ ♣♦✐♥ts ❞✉r✐♥❣

✢✐❣❤t✳

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

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

✐♥ ❧✐t❡r❛t✉r❡✱ ❡✈❡♥ ✐❢ s✐♥❝❡ t❤✐s ✈❛❧✉❡ ✐s ✈❡r② s❡♥s✐t✐✈❡ t♦ ❛ ❧♦t ♦❢ ✈❛r✐❛❜❧❡s✱ ❧✐❦❡ t❤❡ ✢✐❣❤t

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

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

♦♥❡s ❢♦✉♥❞ ♦♥ ❋❧✐❣❤tr❛❞❛r✷✹ ❬✶✵❪✳ ■♥ t❤✐s ❝❛s❡✱ ✐t ❝❛♥ ❜❡ ❢♦✉♥❞ ❛ str♦♥❣ s✐♠✐❧❛r✐t② ❜❡t✇❡❡♥

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

t♦ ❝♦♠♣✉t❡ t❤❡ ❛✐r❝r❛❢t ♠❛ss ❛t t❛❦❡✲♦✛✳ ■♥ ❢❛❝t✱ t❤❡ t♦t❛❧ ❛✐r❝r❛❢t ♠❛ss ✭mTOT ✮ ❝❛♥ ❜❡

❝♦♠♣✉t❡❞ ❛s✿

mTOT = mOEW +mPAY +mFUEL; ✭✼✳✶✮

❤❡♥❝❡ mTOT = 63822 ❬❦❣❪✱ ✇❤✐❝❤ ✐s ❧❡ss t❤❛♥ mMTOW ✳ ❆❧❧ t❤❡s❡ ❝❤❡❝❦s ♣r♦✈✐❞❡ ❛♥♦t❤❡r

♣r♦♦❢ r❡❣❛r❞✐♥❣ t❤❡ ✈❛❧✐❞✐t② ♦❢ t❤❡ ❝♦❞❡s ✉s❡❞✱ ❜♦t❤ ♦♥ ❊❝♦s✐♠Pr♦ ❛♥❞ ▼❛t❧❛❜✱ t♦ ♣❡r❢♦r♠

t❤❡ ✢✐❣❤t ♠✐ss✐♦♥✳

❱❛❧✉❡ ❯♥✐t

❚♦t❛❧ ❢✉❡❧ ❝♦♥s✉♠❡❞ ✷✶✸✸ ❦❣

❚✐♠❡ ♦❢ ✢✐❣❤t ✹✶ ♠✐♥

❋❧✐❣❤t ❞✐st❛♥❝❡ ✹✼✼ ❦♠

❚❛❜❧❡ ✼✳✶✿ ❘❡❢❡r❡♥❝❡ s❤♦rt r❛♥❣❡ ♠✐ss✐♦♥ ❛♥❛❧②s✐s ✜♥❛❧ r❡s✉❧ts✳

■♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ♣❧♦ts ❛r❡ s❤♦✇♥ ❤♦✇ ♣❛r❛♠❡t❡rs ❧✐❦❡ Th✱ ṁf ✱ M ✱ ❡t❝✳✳✳ ❝❤❛♥❣❡ ❞✉r✐♥❣ t❤❡



✶✷✷ ✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s

✢✐❣❤t ♠✐ss✐♦♥✳ ▼♦r❡♦✈❡r✱ t❤❡s❡ ♣❧♦ts ❛r❡ ❛♥♦t❤❡r ✇❛② t♦ ✈❛❧✐❞❛t❡ t❤❡ ▼❛t❧❛❜ ❝♦❞❡✳

■♥ ❋✐❣✉r❡ ✼✳✶✶ ✐s r❡♣♦rt❡❞ t❤❡ ✢✐❣❤t ♣❛t❤ ❢♦❧❧♦✇❡❞ ❜② t❤❡ ❛✐r❝r❛❢t✳ ❚❤✐s ✐s ❛ s❤♦rt r❛♥❣❡

♠✐ss✐♦♥ ❛♥❞ ✐t ❝❛♥ ❜❡ s❡❡♥ t❤❛t t❤❡ ❝r✉✐s❡ ✐s ♦♥❧② ❛ s❤♦rt ♣❛rt ♦❢ t❤❡ ♦✈❡r❛❧❧ ♠✐ss✐♦♥✳

■♥st❡❛❞ ✐♥ ❋✐❣✉r❡ ✼✳✶✷ ✐s s❤♦✇♥ t❤❡ M tr❡♥❞ ❞✉r✐♥❣ t❤❡ ♠✐ss✐♦♥✳ ❚❤❡ ♦✈❡rs♣❡❡❞ ♣r❡s❡♥t

❛t t❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ t❤❡ ❞❡s❝❡♥t ✐s ❝♦♥✜r♠❡❞ ❛❧s♦ ❢r♦♠ r❡❛❧ ❞❛t❛ ❬✶✵❪✳ ❚❤✐s ♦✈❡rs♣❡❡❞ ❝❛♥

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

✐❢ t❤❡ ❡♥❣✐♥❡s ❛r❡ ❛t ✐❞❧❡✱ t❤❡ ❛✐r❝r❛❢t ✐♥❝r❡❛s❡s ✐ts s♣❡❡❞✳

❋✐❣✉r❡ ✼✳✶✶✿ ❘❡❢❡r❡♥❝❡ s❤♦rt ♠✐ss✐♦♥✿ ❆❧t✐t✉❞❡ ✈s t✐♠❡ ♦❢ ✢✐❣❤t✳

❋✐❣✉r❡ ✼✳✶✷✿ ❘❡❢❡r❡♥❝❡ s❤♦rt ♠✐ss✐♦♥✿ ❆❧t✐t✉❞❡ ❛♥❞ ▼❛❝❤ ✈s r❛♥❣❡✳

■♥ ❋✐❣✉r❡s ✼✳✶✸ ❛♥❞ ✼✳✶✹ ❛r❡ ❞❡♣✐❝t❡❞ t❤❡ tr❡♥❞s ♦❢ Th ❛♥❞ ṁf ✳ ❙✐♥❝❡ Th ✐s ❧✐♥❦❡❞ t♦ ṁf ✱

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

♣❤❛s❡s✳ ■t ✐s ✐♥t❡r❡st✐♥❣ t♦ ♥♦t❡ t❤❛t ❞✉r✐♥❣ t❤✐s ♣❤❛s❡ ṁf ✐s ♠♦r❡ t❤❛♥ t✇♦ t✐♠❡s t❤❡ ❢✉❡❧

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



✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s ✶✷✸

❋✐❣✉r❡ ✼✳✶✸✿ ❘❡❢❡r❡♥❝❡ s❤♦rt ♠✐ss✐♦♥✿ ❆❧t✐t✉❞❡ ❛♥❞ ❚❤r✉st ✈s r❛♥❣❡✳

❋✐❣✉r❡ ✼✳✶✹✿ ❘❡❢❡r❡♥❝❡ s❤♦rt ♠✐ss✐♦♥✿ ❆❧t✐t✉❞❡ ❛♥❞ ❋✉❡❧ ✢♦✇ ✈s r❛♥❣❡✳

■♥ t❤✐s ❧❛st ♣❧♦t✱ ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✼✳✶✺✱ ✐t ❝❛♥ ❜❡ ♥♦t❡❞ t❤❛t t❤❡ ❛✐r❝r❛❢t ♠❛ss r❡♠❛✐♥s

❛❧♠♦st ❝♦♥st❛♥t ❞✉r✐♥❣ t❤❡ ✢✐❣❤t ♠✐ss✐♦♥✳ ■♥ ♣❛rt✐❝✉❧❛r✱ t❤❡ ♠❛ss r❡❞✉❝t✐♦♥ ✐s ❛r♦✉♥❞ 3.3

✪✱ ❤❡♥❝❡ ❛❧s♦ ❛♥ ❤②♣♦t❤❡s✐s ♦❢ ❝♦♥st❛♥t ♠❛ss ❞✉r✐♥❣ t❤❡ ✢✐❣❤t ✇♦✉❧❞ ❤❛✈❡ ❜❡❡♥ ❝♦rr❡❝t✳



✶✷✹ ✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s

❋✐❣✉r❡ ✼✳✶✺✿ ❘❡❢❡r❡♥❝❡ s❤♦rt ♠✐ss✐♦♥✿ ❆❧t✐t✉❞❡ ❛♥❞ ❆✐r❝r❛❢t ♠❛ss ✈s r❛♥❣❡✳

❆❧❧ t❤❡s❡ r❡s✉❧ts ❝♦♥✜r♠ ♦♥❝❡ ❛❣❛✐♥ t❤❡ ❝♦rr❡❝t ✐♠♣❧❡♠❡♥t❛t✐♦♥ ♦❢ t❤❡ ✢✐❣❤t ♠✐ss✐♦♥ ❛♥❛❧✲

②s✐s✳ ❱❡r② s✐♠✐❧❛r tr❡♥❞s ♦❢ Th✱ M ✱ ❡t❝✳✳✳ ❝❛♥ ❜❡ ❢♦✉♥❞ ❛❧s♦ ✐♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ✢✐❣❤t ♠✐ss✐♦♥s✳

❚❤❡r❡❢♦r❡✱ ✐♥ ♦r❞❡r t♦ ❛✈♦✐❞ ❝♦♥❢✉s✐♦♥ ✐♥ t❤✐s ❝❤❛♣t❡r✱ t❤❡s❡ ♣❧♦ts ✇✐❧❧ ❜❡ ♣r❡s❡♥t❡❞ ♦♥❧②

✐❢ ♥❡❝❡ss❛r②✳ ❋r♦♠ ♥♦✇ ♦♥✱ t❤❡ ♠❛✐♥ ❢♦❝✉s ✇✐❧❧ ❜❡ ♦♥❧② ♦♥ t❤❡ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡

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

✼✳✶✳✷✳ ❙❡♥s✐t✐✈✐t② ❛♥❛❧②s✐s✿ ❇♦❡✐♥❣ ✼✸✼✲✽✵✵ ♣r♦♣❡❧❧❡❞ ❜② ❍❨❇✲

❈❋✶ ✇✐t❤ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥

❚❤❡ ❞✐✛❡r❡♥t ✢✐❣❤t ♠✐ss✐♦♥s ❛♥❛❧②③❡❞ ✐♥ t❤✐s s✉❜✲s❡❝t✐♦♥ ❛r❡ t❤❡ ♦♥❡s ❢r♦♠ ✶ t♦ ✶✺ ♦❢

❆♣♣❡♥❞✐① ❆✳ ❚❤❡s❡ ❛r❡ t❤❡ ♦♥❡s ♣❡r❢♦r♠❡❞ ❜② ❇♦❡✐♥❣ ✼✸✼✲✽✵✵ ✐♥ ✇❤✐❝❤ ❛r❡ ❛❧t❡r♥❛t✐✈❡❧②

♠♦✉♥t❡❞ t❤❡ ❈❘ ❢❛♥ ❡♥❣✐♥❡s ❍❨❇✲❈❋✶✲✷❡♥❣✲❉Pr❡❢✱ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✶✱ ❍❨❇✲❈❋✶✲

✷❡♥❣✲❉P✷✱ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✸ ❛♥❞ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✹✳ ❚❤❡ ❤②❜r✐❞ s②st❡♠s t❡st❡❞

❛r❡ ❈❆❙❊ ✶ ❛♥❞ ❈❆❙❊ ✶❜✐s ✇✐t❤ t❤❡ ❧❛②♦✉t ❤②✲❡❧ s❡✱ ❛♥❞ ❈❆❙❊ ✷ ❛♥❞ ❈❆❙❊ ✷❜✐s ✇✐t❤

t❤❡ ❧❛②♦✉t t✉✲❡❧ ♣❝✳

■♥ ❋✐❣✉r❡ ✼✳✶✻ ✐s r❡♣r❡s❡♥t❡❞ ❤♦✇ t❤✐s s✉❜✲s❡❝t✐♦♥ ✐s str✉❝t✉r❡❞✳ ❋✐rst ♦❢ ❛❧❧✱ ❢r♦♠ t❤❛t

tr❡❡ ❞✐❛❣r❛♠✱ ✐t ❝❛♥ ❜❡ ✉♥❞❡rst♦♦❞ t❤❛t ♥♦✇ t❤❡ ♠✐ss✐♦♥s ❛♥❛❧②③❡❞ ❛r❡ t❤❡ s❤♦rt ♦♥❡s

❛♥❞ t❤❛t t❤❡ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥s ❛r❡ ✐♥ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✳ ❚❤❡♥✱ ✐♥ ♦r❞❡r t♦ ❤✐❣❤❧✐❣❤t

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

❤②❜r✐❞ s②st❡♠ ✉s❡❞✱ ❢♦✉r t❛❜❧❡s ✇❡r❡ ❝r❡❛t❡❞✳ ❚❤❡s❡ t❛❜❧❡s ❛r❡ ♦♥❡ ❢♦r ❡❛❝❤ ❤②❜r✐❞ s②st❡♠

❝♦♥s✐❞❡r❡❞ ✭❈❆❙❊ ✶✱ ❈❆❙❊ ✶❜✐s✱ ❈❆❙❊ ✷ ❛♥❞ ❈❆❙❊ ✷❜✐s✮ ❛♥❞ ✐♥ ❡❛❝❤ t❛❜❧❡ ❛r❡ ❝♦♠♣❛r❡❞

t❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞ ✇✐t❤ t❤❡ ❞✐✛❡r❡♥t ❈❘ ❢❛♥ ❡♥❣✐♥❡s✳



✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s ✶✷✺

❙❍❖❘❚ ♠✐ss✐♦♥

◆➦ ♦❢ ❡♥❣✐♥❡s✿ ✷

❈❆❙❊ ✶

❉Pr❡❢ ❉P✶ ❉P✷ ❉P✸ ❉P✹

❈❆❙❊ ✶❜✐s

✳✳✳

❈❆❙❊ ✷

✳✳✳

❈❆❙❊ ✷❜✐s

✳✳✳

◆➦ ♦❢ ❡♥❣✐♥❡s✿ ✶✵

❋✐❣✉r❡ ✼✳✶✻✿ ❚r❡❡ ❞✐❛❣r❛♠ t❤❛t ❞❡s❝r✐❜❡s t❤❡ s❡♥s✐t✐✈✐t② ❛♥❛❧②s✐s ♣r♦❝❡❞✉r❡ ✐♥ t❤❡ ❝❛s❡ ♦❢

s❤♦rt ♠✐ss✐♦♥ r❛♥❣❡ ✐♥ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✳

■♥ ✜❣✉r❡ ✼✳✶✻ t❤❡ ❡❧❡❝tr✐❝ ❡♥❣✐♥❡s ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✸ ❛♥❞ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✹ ❛r❡ ✐♥

r❡❞ ❜❡❝❛✉s❡ t❤❡② ✇✐❧❧ ❜❡ ❛♥❛❧②③❡❞ ♦♥❧② ❢♦r t❤❡ ❤②❜r✐❞ ❝♦♥✜❣✉r❛t✐♦♥ ❈❆❙❊ ✶✳ ❚❤❡♥✱

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

✐♥tr♦❞✉❝❡❞ ✐♥ ❈❤❛♣t❡r ✺✱ ❜✉t ✐t ✇✐❧❧ ❜❡ ♠♦r❡ ❝❧❡❛r ❛❢t❡r t❤❡ ❡①♣❧❛♥❛t✐♦♥ ♦❢ ❚❛❜❧❡ ✼✳✷✳

◆♦t❡ t❤❛t ❢♦r ❈❆❙❊ ✶ ❛♥❞ ❈❆❙❊ ✶❜✐s t❤❡ ❤②❜r✐❞ s②st❡♠ ✐s t❤❡ ❤②✲❡❧ s❡ ❛♥❞ s♦ t❤❡ ❡❧❡❝tr✐❝

❝♦♠♣♦♥❡♥ts ❝♦♥s✐❞❡r❡❞ ❛r❡✿ t❤❡ ❜❛tt❡r②✱ t❤❡ ❡❧❡❝tr✐❝ ♠♦t♦rs✱ t❤❡ ❡❧❡❝tr✐❝ ❣❡♥❡r❛t♦r ❛♥❞ t❤❡

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

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

mTOT = mOEW +mFUEL +mPAY +mBatt +mElecMot +mPElec +mElecGen.

◆♦t❡ t❤❛t✿

❼ mOEW ✐s ✐♠♣♦s❡❞ ✐❞❡♥t✐❝❛❧ t♦ t❤❡ ♦♥❡ ♦❢ t❤❡ r❡❢❡r❡♥❝❡ ❝❛s❡✳ ❚❤✐s ✈❛❧✉❡ ❝❛♥✬t ❜❡

❝❤❛♥❣❡❞❀

❼ mPAY ✱ ✐♥ t❤❡ ✜rst ✐t❡r❛t✐♦♥ ♦❢ t❤❡ ❝♦❞❡✱ ✐s ✐♠♣♦s❡❞ ✐❞❡♥t✐❝❛❧ t♦ t❤❡ ♦♥❡ ♦❢ t❤❡

r❡❢❡r❡♥❝❡ ❝❛s❡✳ ❉✉r✐♥❣ t❤❡ ✐t❡r❛t✐♦♥s t❤✐s ✈❛❧✉❡ ❝❛♥ ❜❡ r❡❞✉❝❡❞❀

❼ mFUEL✱ mBatt✱ mElecMot✱ mPElec ❛♥❞ mElecGen✱ ❛r❡ ✐♥✐t✐❛❧✐③❡❞ ✐♥ t❤❡ ❝♦❞❡ ❡q✉❛❧ t♦

③❡r♦ ❛♥❞ ✇❤❡♥ t❤❡s❡ ✈❛❧✉❡s r❡❛❝❤ ❝♦♥✈❡r❣❡♥❝❡ t❤❡ ✐t❡r❛t✐♦♥s st♦♣✳ ◆♦t❡ t❤❛t r❡❞✉❝✐♥❣

t❤❡ ✈❛❧✉❡ ♦❢ SFC t❤❡ ✈❛❧✉❡ ♦❢ mFUEL ✐s r❡❞✉❝❡❞✳ ■♥ ❛♥❛❧♦❣②✱ ✐♥❝r❡❛s✐♥❣ t❤❡ ❡❧❡❝tr✐❝

❝♦♠♣♦♥❡♥ts η✱ SP ❛♥❞ SE t❤❡ ✈❛❧✉❡s ♦❢ mBatt✱ mElecMot✱ mPElec ❛♥❞ mElecGen ❛r❡

r❡❞✉❝❡❞✳



✶✷✻ ✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s

■♥st❡❛❞✱ ✐♥ ❈❆❙❊ ✷ ❛♥❞ ❈❆❙❊ ✷❜✐s t❤❡ ❤②❜r✐❞ s②st❡♠ ✐s t❤❡ t✉✲❡❧ ♣❝ ❛♥❞ s♦ t❤❡ ❡❧❡❝tr✐❝

❝♦♠♣♦♥❡♥ts ❛r❡✿ t❤❡ ❡❧❡❝tr✐❝ ♠♦t♦rs✱ t❤❡ ❡❧❡❝tr✐❝ ❣❡♥❡r❛t♦r ❛♥❞ t❤❡ ♣♦✇❡r ❡❧❡❝tr♦♥✐❝s✳ ❆s

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

❞✐✛❡r❡♥❝❡ t❤❛t ♥♦✇ t❤❡ t♦t❛❧ ♠❛ss ♦❢ t❤❡ ❛✐r❝r❛❢t ✐s✿

mTOT = mOEW +mFUEL +mPAY +mElecMot +mPElec +mElecGen.

❇❡❢♦r❡ st❛rt✐♥❣ t♦ ❛♥❛❧②③❡ ❚❛❜❧❡ ✼✳✷ ✐s ♥❡❝❡ss❛r② t♦ ❡①♣❧❛✐♥ ❤♦✇ t❤❡ ✢✐❣❤t ♠✐ss✐♦♥ ❝♦❞❡

✇♦r❦s✳ ❚❤❡ ✈❛❧✉❡ ♦❢ mTOT ❤❛s t♦ ❜❡ ❧❡ss t❤❡♥ mMTOW ✳ ■♥ t❤❡ ❝♦❞❡ t❤❡r❡ ❛r❡ t✇♦

♣❛r❛♠❡t❡rs t❤❛t✱ ✐❢ ♥❡❡❞❡❞✱ ❝❛♥ ✧❛❞❥✉st✧ t❤❡ ✈❛❧✉❡ ♦❢ mTOT ❛♥❞ ❛r❡✿ t❤❡ ●❚ SFC ❛♥❞

mPAY ✳ ▼♦r❡♦✈❡r✱ ❡✈❡♥ ✐❢ mTOT < mMTOW ✱ t❤❡ ❝♦❞❡ s❡❛r❝❤ t❤❡ ❝♦♥❞✐t✐♦♥ ✐♥ ✇❤✐❝❤mFUEL

♦❢ t❤❡ ❤②❜r✐❞ ❝❛s❡ ✐s ❧❡ss t❤❛♥ mFUEL ♦❢ t❤❡ r❡❢❡r❡♥❝❡ ❝❛s❡✳ ■♥ ❢❛❝t✱ ♦♥❡ s❝♦♣❡ ♦❢ t❤✐s t❤❡s✐s

✐s t♦ ❞❡✜♥❡ ✇❤❛t ✐s t❤❡ ●❚ SFC ✈❛❧✉❡✱ ❝❛❧❧❡❞ SFCtarget✱ t❤❛t ♣❡r♠✐ts t♦ s❛✈❡ ❢✉❡❧ ❛♥❞✱ ✐❢

mPAY ❤❛s t♦ ❜❡ r❡❞✉❝❡❞✱ ✇❤❛t ✐s t❤❡ ♣❡♥❛❧t② ✐♥ t❡r♠s ♦❢ ♣❛②❧♦❛❞✳

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

✶✳ t❤❡ ✜rst ♣♦ss✐❜✐❧✐t② ✐s ✇❤❡♥ ❛t t❛❦❡✲♦✛ mTOT < mMTOW ✳ ❋r♦♠ t❤❛t s✐t✉❛t✐♦♥✱ t❤❡

❝♦❞❡ ❝❛♥ ❝♦♥t✐♥✉❡ ✐♥ ❢♦✉r ❞✐✛❡r❡♥t ✇❛②s✿

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

r❡❢❡r❡♥❝❡ ♦♥❡✳ ■♥ t❤✐s ❝❛s❡ SFCtarget = SFCinit✱ ❡✈❡♥ ✐❢ t❤❡ r❡❛❧ t❛r❣❡t ✈❛❧✉❡

♦❢ SFC ✐s ❢♦r s✉r❡ ❜✐❣❣❡r✳ ❚❤❡ ✈❛❧✉❡ ♦❢ mPAY r❡♠❛✐♥s ✉♥❝❤❛♥❣❡❞❀

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

r❡❢❡r❡♥❝❡ ♦♥❡✳ ❙✐♥❝❡ SFC ✐s ❛♥ ✉♥❦♥♦✇♥✱ t❤❡ ❝♦❞❡ st❛rts t♦ r❡❞✉❝❡ t❤✐s ✈❛❧✉❡

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

✈❛❧✉❡ ♦❢ SFC ♦❜t❛✐♥❡❞ ✐s ❝❛❧❧❡❞ SFCtarget ❛♥❞ ✐ts ♠❡❛♥✐♥❣ ✐s s✐♠♣❧❡✿ ✐t ✐s

t❤❡ ♠❛①✐♠✉♠ ✈❛❧✉❡ ♦❢ SFC t❤❛t t❤❡ ●❚ s❤♦✉❧❞ ❤❛✈❡ ✐♥ ♦r❞❡r t❤❛t t❤❡ ❢✉❡❧

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

❢r♦♠ t❤❛t ✈❛❧✉❡✱ t❤❡ ❤②❜r✐❞ ❝♦♥✜❣✉r❛t✐♦♥ ♣❡r♠✐ts t♦ s❛✈❡ ❢✉❡❧✳ ■♥ t❤❛t ❝❛s❡

mPAY r❡♠❛✐♥s ✉♥❝❤❛♥❣❡❞❀

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

r❡❢❡r❡♥❝❡ ♦♥❡✳ ❚❤❡ ❝♦❞❡ st❛rts t♦ r❡❞✉❝❡ SFC ✉♥t✐❧ ✐ts ❧✐♠✐t ✈❛❧✉❡ ✐s r❡❛❝❤❡❞✳

❚❤✐s ❧✐♠✐t ✐s r❡❛❝❤❡❞ ✇❤❡♥ SFC ✐s ✸✽ ✪ ❧♦✇❡r ✇✐t❤ r❡s♣❡❝t SFCinit✳ ❆t t❤✐s

♣♦✐♥t t❤❡ ❝♦❞❡ st❛rts t♦ r❡❞✉❝❡ mPAY ✱ ✐♥ ❢❛❝t t❤❡ ✐❞❡❛ ✐s t❤❛t ❛ ❧✐❣❤t❡r ❛✐r❝r❛❢t

❝♦♥s✉♠❡s ❧❡ss ❢✉❡❧✳ ❲❤❡♥ t❤❡ ❝♦♥❞✐t✐♦♥ mFUEL ❧❡ss t❤❛♥ r❡❢❡r❡♥❝❡ ✐s r❡❛❝❤❡❞✱

t❤❡ ❝♦❞❡ st♦♣s✳ ❚❤❡ ✈❛❧✉❡ ♦❢ mPAY ❢♦✉♥❞ ❞❡✜♥❡s t❤❡ ♣❛②❧♦❛❞ ♣❡♥❛❧t②❀



✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s ✶✷✼

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

r❡❢❡r❡♥❝❡ ♦♥❡✳ ❚❤❡ ❝♦❞❡ st❛rts t♦ r❡❞✉❝❡ ❛t ✜rst SFC✱ ✉♥t✐❧ ✐ts ❧✐♠✐t✱ ❛♥❞ t❤❡♥

mPAY ✳ ❆❧s♦ mPAY ❝❛♥✬t ❜❡ r❡❞✉❝❡❞ ❜❡②♦♥❞ ❛ ❝❡rt❛✐♥ ✈❛❧✉❡✳ ■ts ❧✐♠✐t ✈❛❧✉❡ ✐s

r❡❛❝❤❡❞ ✇❤❡♥ mPAY ✐s ✾✵ ✪ ❧♦✇❡r ✇✐t❤ r❡s♣❡❝t ✐ts ✐♥✐t✐❛❧ ✈❛❧✉❡✳ ❆t t❤✐s ♣♦✐♥t

t❤❡ ❝♦❞❡ st♦♣s✳ ❆ ❝♦♥❞✐t✐♦♥ ✐♥ ✇❤✐❝❤ mFUEL ✐s ❧❡ss t❤❛♥ t❤❡ r❡❢❡r❡♥❝❡ ♦♥❡

❝❛♥✬t ❜❡ r❡❛❝❤❡❞❀

✷✳ t❤❡ s❡❝♦♥❞ ♣♦ss✐❜✐❧✐t② ✐s ✇❤❡♥ ❛t t❛❦❡✲♦✛ mTOT > mMTOW ✳ ■♥ t❤❛t ❝♦♥❞✐t✐♦♥ t❤❡

✈❛❧✉❡ ♦❢ mTOT ❤❛s t♦ ❜❡ r❡❞✉❝❡❞✳ ❚❤❡ ❝♦❞❡ st❛rts t♦ r❡❞✉❝❡ t❤❡ ✈❛❧✉❡ ♦❢ SFC✱ ❤❡♥❝❡

mFUEL✳ ■❢ t❤❡ ❝♦♥❞✐t✐♦♥ mTOT < mMTOW ✐s r❡❛❝❤❡❞✱ t❤❡♥ t❤❡ ❝♦❞❡ ❝❛♥ ❝♦♥t✐♥✉❡ ✐♥

t❤❡ ❢♦✉r ❞✐✛❡r❡♥t ✇❛②s ♣r❡✈✐♦✉s❧② ❛♥❛❧②③❡❞ ✭✐✳❡✳ ✭❛✮✱ ✭❜✮✱ ✭❝✮ ❛♥❞ ✭❞✮✮✳

✸✳ t❤❡ t❤✐r❞ ♣♦ss✐❜✐❧✐t② ✐s ✇❤❡♥ ❛t t❛❦❡✲♦✛ mTOT > mMTOW ❛♥❞ t❤❡ ❧✐♠✐t ✈❛❧✉❡ ♦❢ SFC

✐s r❡❛❝❤❡❞✳ ❆t t❤✐s ♣♦✐♥t t❤❡ ❝♦❞❡ st❛rts t♦ r❡❞✉❝❡ mPAY ✉♥t✐❧ mTOT ❜❡❝♦♠❡s ❧❡ss

t❤❛♥ mMTOW ✳ ■❢ t❤✐s ❝♦♥❞✐t✐♦♥ ✐s r❡❛❝❤❡❞ ❛♥❞ ✐❢ mFUEL ✐s ❧❡ss t❤❛♥ r❡❢❡r❡♥❝❡✱ t❤❡

❝♦❞❡ st♦♣s✱ ❛♥❞ t❤❡ ❧✐♠✐t ✈❛❧✉❡ ♦❢ SFC ✐s ❡q✉❛❧ t♦ SFCtarget✳ ❚❤❡ ♣❛②❧♦❛❞ ♣❡♥❛❧t②

✐s ❞❡✜♥❡❞ ❜② t❤❡ r❡❞✉❝t✐♦♥ ✐♥ mPAY ✳ ■♥st❡❛❞✱ ✐❢ mFUEL ✐s ❜✐❣❣❡r t❤❛♥ r❡❢❡r❡♥❝❡✱ t❤❡

❝♦❞❡ ❝❛♥ ❝♦♥t✐♥✉❡ ❧✐❦❡ ✭❝✮ ♦r ✭❞✮✳

✹✳ t❤❡ ❢♦✉r❤t ♣♦ss✐❜✐❧✐t② ✐s ✇❤❡♥ ❛t t❛❦❡✲♦✛ mTOT > mMTOW ❛♥❞ t❤❡ ❧✐♠✐t ✈❛❧✉❡s ♦❢

SFC ❛♥❞ mPAY ❛r❡ r❡❛❝❤❡❞✳ ■♥ t❤✐s ❝❛s❡ ❛♥ ❡rr♦r ❛♣♣❡❛rs ✐♥ t❤❡ ❝♦❞❡ ❛♥❞ t❤❡ ✢✐❣❤t

♠✐ss✐♦♥ ❝❛♥✬t ❜❡ ♣❡r❢♦r♠❡❞✳

◆♦✇ s❤♦✉❧❞ ❜❡ ♠♦r❡ ❝❧❡❛r ❤♦✇ t❤❡ ❝♦❞❡ ✇♦r❦s✳ ❚❤✐s ❝♦❞❡ ✇❛s ✉s❡❞ t♦ ❛♥❛❧②③❡ ❛❧❧ t❤❡

♣♦ss✐❜❧❡ ✢✐❣❤t ♠✐ss✐♦♥s ✇✐t❤ ❛❧❧ t❤❡ ❤②❜r✐❞ ♣r♦♣✉❧s✐✈❡ s②st❡♠s✳



✶✷✽ ✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s

❈❆❙❊ ✶

❉Pr❡❢ ❉P✶ ❉P✷ ❉P✸ ❉P✹ ❯♥✐t

SFCinit r❡❞✉❝t✐♦♥ ✲✸✽ ✲✸✽ ✲✸✽ ✲✸✽ ✲✸✽ ✪

SFCtarget 3.69e−8 3.69e−8 3.69e−8 3.69e−8 3.69e−8 kg
s·W

mPAY ✾✾✷✻ ✶✶✺✶✻ ✾✶✵✻ ✾✾✷✻ ✾✾✷✻ ❦❣

mPAY r❡❞✉❝t✐♦♥
✲✶✵✸✺✵ ✲✽✼✻✵ ✲✶✶✶✼✵ ✲✶✵✸✺✵ ✲✶✵✸✺✵ ❦❣

✲✺✶ ✲✹✸✳✷ ✲✺✺✳✶ ✲✺✶ ✲✺✶ ✪

❇❛tt❡r② Pmax ✶✼✳✹ ✶✺✳✽ ✶✽✳✷ ✶✼✳✹ ✶✼✳✹ ▼❲

●❚ Pmax ✸✼✳✷ ✸✼✳✸ ✸✼✳✷ ✸✼✳✷ ✸✼✳✷ ▼❲

❇❛tt❡r② ❡♥❡r❣② ✉s❡❞ ✸✷✸✹ ✸✵✻✽ ✸✸✻✽ ✸✷✸✹ ✸✷✸✹ ❦❲❤

mFUEL ✶✶✹✷ ✶✶✸✶ ✶✶✺✹ ✶✶✹✷ ✶✶✹✷ ❦❣

❋✉❡❧ s❛✈❡❞ ✇rt r❡❢❡r❡♥❝❡ ✰✾✾✶ ✰✶✵✵✷ ✰✾✽✵ ✰✾✾✶ ✰✾✾✶ ❦❣

❚❛❜❧❡ ✼✳✷✿ ❙❤♦rt r❛♥❣❡ ♠✐ss✐♦♥ ❛♥❛❧②s✐s✱ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✿ ❈❆❙❊ ✶ r❡s✉❧ts✳ ❋r♦♠

❧❡❢t t♦ r✐❣❤t t❤❡ ✢✐❣❤t ♠✐ss✐♦♥s ❛♥❛❧②③❡❞ ❛r❡ t❤❡ ♦♥❡s ✇✐t❤ ♥✉♠❜❡r ✷✱ ✻✱ ✶✵✱ ✶✹ ❛♥❞ ✶✺ ♦❢

❆♣♣❡♥❞✐① ❆✳

■♥ ❚❛❜❧❡ ✼✳✷ ✐s r❡♣♦rt❡❞ t❤❡ ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡❡♥ t❤❡ ✢✐❣❤t ♠✐ss✐♦♥s r❡s✉❧ts✱ ♦❜t❛✐♥❡❞

✇✐t❤ t❤❡ ❤②❜r✐❞ ❧❛②♦✉t ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✼✳✶✱ ♦❢ t❤❡ ✜✈❡ ❈r ❢❛♥ ❡♥❣✐♥❡s ❍❨❇✲❈❋✶✲

✷❡♥❣✲❉Pr❡❢✱ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✶✱ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✷✱ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✸ ❛♥❞ ❍❨❇✲

❈❋✶✲✷❡♥❣✲❉P✹✳ ❋✐rst ♦❢ ❛❧❧✱ ✐t ❝❛♥ ❜❡ ♥♦t❡❞ t❤❛t t❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞ ✇✐t❤ t❤❡ ❡♥❣✐♥❡s

❍❨❇✲❈❋✶✲✷❡♥❣✲❉Pr❡❢✱ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✸ ❛♥❞ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✹ ❛r❡ ✐❞❡♥t✐❝❛❧✳ ❚❤✐s

❝♦♥✜r♠s ✇❤❛t ✇❛s ✇r✐tt❡♥ ✐♥ ❈❤❛♣t❡r ✺✳ ❙✐♥❝❡ t❤❡ ❡♥❣✐♥❡s ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✸ ❛♥❞

❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✹ ❞♦ ♥♦t ♣r♦✈✐❞❡ ✉s❡❢✉❧ r❡s✉❧ts✱ ❢r♦♠ ♥♦✇ ♦♥ ✇✐❧❧ ❜❡ ♥♦t ❝♦♥s✐❞❡r❡❞

❛♥②♠♦r❡✳ ❚❤❡♥✱ ✐t ❝❛♥ ❜❡ ♥♦t❡❞ t❤❛t ✐♥ ❛❧❧ t❤❡s❡ ❝❛s❡s ❜♦t❤ SFC ❛♥❞mPAY ✇❡r❡ r❡❞✉❝❡❞✳

▼♦r❡♦✈❡r✱ SFC r❡❛❝❤❡❞ ✐ts ❧✐♠✐t ✈❛❧✉❡✳ ❚❤❡ ❝♦❞❡ r❡❞✉❝❡❞ t❤❡s❡ t✇♦ t❡r♠s ✐♥ ♦r❞❡r t♦

r❡s♣❡❝t t❤❡ ❝♦♥❞✐t✐♦♥ mTOT < mMTOW ✳ ■♥ ❢❛❝t✱ ❧♦♦❦✐♥❣ ✐♥ ❚❛❜❧❡ ✼✳✸✱ ✐t ❝❛♥ ❜❡ ♥♦t❡❞

t❤❛t mTOT ♦❢ t❤❡ ❤②❜r✐❞ ❛✐r❝r❛❢t ✐s ❥✉st ❛ ❧✐tt❧❡ ❧♦✇❡r t❤❛♥ mMTOW ✳ ❈♦♠✐♥❣ ❜❛❝❦ t♦

❚❛❜❧❡ ✼✳✷✱ t❤❡ ❡♥❣✐♥❡ ❤✐❣❤❧✐❣❤t❡❞ ✐♥ ②❡❧❧♦✇ ✐s t❤❡ ♦♥❡ t❤❛t ❤❛s t❤❡ ❜❡tt❡r ♣❡r❢♦r♠❛♥❝❡s✳

❚❤✐s ❡♥❣✐♥❡ ✐s t❤❡ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✶✱ ✐♥ ❢❛❝t ✐t ❝❛♥ s❛✈❡ ♠♦r❡ ❢✉❡❧ ✇❤✐❧❡ r❡❞✉❝✐♥❣ ❧❡ss

mPAY ✳ ❚❤✐s ❢❛❝t ❝❛♥ ❜❡ s❡❡♥ ❛❧s♦ ❜② ❧♦♦❦✐♥❣ t❤❡ ❡♥❡r❣② ❝♦♥s✉♠❡❞ ❜② t❤❡ ❜❛tt❡r②✱ t❤❡

♠❛① ♣♦✇❡r r❡q✉✐r❡❞ ❜② t❤❡ ❜❛tt❡r② ❛♥❞ t❤❡ ♠❛① ♣♦✇❡r r❡q✉✐r❡❞ ❜② t❤❡ ●❚✳ ❙✐♥❝❡ t❤❡ ●❚

Pmax ✐s ♠♦r❡ ♦r ❧❡ss t❤❡ s❛♠❡ ❢♦r ❛❧❧ t❤❡ ❡❧❡❝tr✐❝ ❡♥❣✐♥❡s✱ ✐t ♠❡❛♥s t❤❛t ❞✉r✐♥❣ t❤❡ ❝❧✐♠❜

♣❤❛s❡s✱ ❤❡♥❝❡ ✇❤❡♥ ✐s r❡q✉✐r❡❞ ♠❛① t❤r✉st✱ t❤❡✐r ♣❡r❢♦r♠❛♥❝❡s ❛r❡ ✐❞❡♥t✐❝❛❧✳ ■♥st❡❛❞✱

t❤❡ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✶ ❣❛✐♥ ❝❛♥ ❜❡ s❡❡♥ ❢r♦♠ ❜♦t❤ t❤❡ ❜❛tt❡r② ❡♥❡r❣② ✉s❡❞ ❛♥❞ t❤❡



✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s ✶✷✾

❜❛tt❡r② ♠❛① ♣♦✇❡r✱ ❤❡♥❝❡ ✇❤❡♥ t❤❡ ❡♥❣✐♥❡ ✇♦r❦s ❛t ❧♦✇❡r ❧❡✈❡❧ ♦❢ t❤r✉st✳ ❚❤✐s r❡s✉❧t ✇❛s

❡①♣❡❝t❡❞ ❛♥❞ ❝♦♥✜r♠s ✇❤❛t ✇❛s s❡❡♥ ✐♥ ❈❤❛♣t❡r ✺✳ ■♥ ❢❛❝t✱ ✐♥ t❤❛t ❝❤❛♣t❡r ✇❛s ♣♦✐♥t❡❞

♦✉t t❤❛t t❤❡ ❤✐❣❤❡st ✈❛❧✉❡ ♦❢ ❡✣❝✐❡♥❝② ✐s r❡❛❝❤❡❞ ✇❤❡♥ Nratio = 0.9 ✭✐✳❡✳ t❤❡ ❞❡s✐❣♥ ♣♦✐♥t

❝♦♥❞✐t✐♦♥ ❉P✶✮✳ ▼♦r❡♦✈❡r t❤❡ s❝❛❧❡❞ ♣❡r❢♦r♠❛♥❝❡ ♠❛♣ ✇✐t❤ Nratio = 0.9 ❤❛s t❤❡ ❧❛r❣❡st

❤✐❣❤ ❡✣❝✐❡♥❝② ❛r❡❛✳

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

❡✈❡♥ ✐❢ t❤❡ ♣❛②❧♦❛❞ ✐s ✹✸✳✷ ✪ ❧❡ss✱ t❤❡ ❢✉❡❧ s❛✈❡❞ ✐s ❛❧♠♦st ✺✵ ✪ ♦❢ t❤❡ r❡❢❡r❡♥❝❡ ✈❛❧✉❡✳

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

❛✐r❝r❛❢ts ❛r❡ ♥❡❡❞❡❞✳ ❚❤❡r❡❢♦r❡✱ ❣❧♦❜❛❧❧②✱ t❤❡ ❢✉❡❧ ❝♦♥s✉♠❡❞ ✐s ♠♦r❡ ♦r ❧❡ss t❤❡ s❛♠❡ ❛♥❞

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

❛♥ ❤②❜r✐❞ s②st❡♠ t❤❛t ♣❡r♠✐ts t♦ s❛✈❡ ❛t ❧❡❛st s♦♠❡ ✪ ♦❢ ❢✉❡❧ ✇❤✐❧❡ tr❛s♣♦rt✐♥❣ t❤❡

s❛♠❡ ♣❛②❧♦❛❞✳ ❯♥❢♦rt✉♥❛t❡❧②✱ t❤❡r❡ ✐s ❛❧s♦ ❛ ♥❡❣❛t✐✈❡ ❛s♣❡❝t✳ ■♥ ❢❛❝t✱ t❤❡s❡ r❡s✉❧ts ❛r❡

♦❜t❛✐♥❡❞ ❝♦♥s✐❞❡r✐♥❣ ❛ str♦♥❣ r❡❞✉❝t✐♦♥ ♦❢ SFC✳ ❚❤✐s ✐s ❛ ❝r✐t✐❝❛❧ ❛s♣❡❝t✱ ❜❡❝❛✉s❡ SFCinit

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

s❤♦✉❧❞ ❜❡ t♦ ❛❞❞ ❛ ♥♦③③❧❡ t♦ t❤❡ ●❚ ✐♥ ♦r❞❡r t♦ ♣r♦❞✉❝❡ t❤r✉st✱ ❤❡♥❝❡ r❡❝♦✈❡r ❡♥❡r❣②

❢r♦♠ t❤❡ ❣❛s ✢♦✇✳ ❚❤✐s s♦❧✉t✐♦♥ ✐s ♥♦t s♦ str❛♥❣❡✱ ✐♥ ❢❛❝t t❤❡ s❛♠❡ t❤✐♥❣ ❤❛♣♣❡♥ ✐♥ t❤❡

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

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

❋r♦♠ ❚❛❜❧❡ ✼✳✸ ✐t ❝❛♥ ❜❡ s❡❡♥ t❤❛t t❤❡ ♠❛✐♥ ♣r♦❜❧❡♠ ✐s t❤❡ ❜❛tt❡r② ♠❛ss✱ ✇❤✐❝❤ ✐s t❤❡

♠❛✐♥ ❝❛✉s❡ ♦❢ t❤❡ ❤✉❣❡ ✐♥❝r❡❛s❡ ✐♥ t❤❡ ❛✐r❝r❛❢t ♠❛ss✳

▼❛ss ❬❦❣❪

❱❛r✐❛❜❧❡ ❘❡❢ ❉P✶

mOEW ✹✶✹✶✸ ✹✶✹✶✸

mBatt ✲ ✶✺✼✻✺ ✭❙P✮
✶

mPAY ✷✵✷✼✻ ✶✶✺✶✻

mFUEL ✷✶✸✸ ✶✶✸✶

❚♦t❛❧ mElecMot ✲ ✸✸✻✺

mPElec ✲ ✶✶✷✺

mElecGen ✲ ✸✾✷✷

mtot ✻✸✽✷✷ ✼✽✷✸✼

❉✐✛❡r❡♥❝❡ mtot ❢r♦♠ ❘❡❢ ✲ ✰✶✹✹✶✺

❚❛❜❧❡ ✼✳✸✿ ❙❤♦rt r❛♥❣❡ ♠✐ss✐♦♥✱ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✱ ❈❆❙❊ ✶✿ ❈♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥

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

❉Pr❡❢✱ ❉P✶ ❛♥❞ ❉P✷✳



✶✸✵ ✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s

■♥ ❋✐❣✉r❡ ✼✳✶✼ ❛r❡ r❡♣♦rt❡❞ t❤❡ ♣❡r❢♦r♠❛♥❝❡ ❛♥❞ t♦rq✉❡ r❛t✐♦ ♠❛♣s ❢♦r t❤❡ t❤r❡❡ ❈❘

❢❛♥ ❡♥❣✐♥❡s ❍❨❇✲❈❋✶✲✷❡♥❣✲❉Pr❡❢✱ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✶ ❛♥❞ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✷✳ ❚❤❡s❡

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

s②st❡♠ ✐s ✉s❡❞✳ ❆s ❡①♣❡❝t❡❞✱ ❞✉r✐♥❣ t❤❡ ❝❧✐♠❜ ♣❤❛s❡ ❛r❡ r❡❛❝❤❡❞ t❤❡ ❤✐❣❤❡st ✈❛❧✉❡s ♦❢

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

❞❡s❝❡♥t ♣❤❛s❡✳

✶❙P ❝♦rr❡s♣♦♥❞s t♦ ❙♣❡❝✐✜❝ P♦✇❡r [W
kg
]✳ ■t ♠❡❛♥s t❤❛t t❤❡ ✇❡✐❣❤t ♦❢ t❤❡ ❜❛tt❡r② ✐s ❞✉❡ t♦ t❤❡ ♣♦✇❡r

t❤❛t ❤❛s t♦ ❞❡❧✐✈❡r✳ ❚❤❡r❡❢♦r❡✱ t❤❡ ❜❛tt❡r② ❞✐♠❡♥s✐♦♥❛❧ ♣❛r❛♠❡t❡r ✐s t❤❡ ✧❙♣❡❝✐✜❝ P♦✇❡r✧✳ ❚❤❡ ♦♣♣♦s✐t❡
❝❛s❡ ✐s ✇❤❡♥ t❤❡ ✇❡✐❣❤t ♦❢ t❤❡ ❜❛tt❡r② ✐s ❞✉❡ t♦ t❤❡ ❡♥❡r❣② t❤❛t ❤❛s t♦ st♦r❡✳ ■♥ t❤❛t ❝❛s❡✱ t❤❡ ❜❛tt❡r②
❞✐♠❡♥s✐♦♥❛❧ ♣❛r❛♠❡t❡r ✐s t❤❡ ❙♣❡❝✐✜❝ ❊♥❡r❣② [W

kg
]✱ ❛♥❞ s♦ ❙❊✳



✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s ✶✸✶

✭❛✮ ❉Pr❡❢ ✲ P❡r❢♦r♠❛♥❝❡ ♠❛♣ ✭❜✮ ❉Pr❡❢ ✲ ❚♦rq✉❡ r❛t✐♦ ♠❛♣

✭❝✮ ❉P✶ ✲ P❡r❢♦r♠❛♥❝❡ ♠❛♣ ✭❞✮ ❉P✶ ✲ ❚♦rq✉❡ r❛t✐♦ ♠❛♣

✭❡✮ ❉P✷ ✲ P❡r❢♦r♠❛♥❝❡ ♠❛♣ ✭❢✮ ❉P✷ ✲ ❚♦rq✉❡ r❛t✐♦ ♠❛♣

❋✐❣✉r❡ ✼✳✶✼✿ ❈❘ ❢❛♥ ❡♥❣✐♥❡s ❍❨❇✲❈❋✶✲✷❡♥❣ ✐♥ ❛ s❤♦rt r❛♥❣❡ ♠✐ss✐♦♥✱ ❈❆❙❊ ✶✿ ❈❘ ❢❛♥

♣❡r❢♦r♠❛♥❝❡ ♣♦✐♥ts ❞✉r✐♥❣ ✢✐❣❤t✳



✶✸✷ ✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s

❋✐❣✉r❡ ✼✳✶✽✿ ❙❤♦rt r❛♥❣❡ ♠✐ss✐♦♥ ❈❆❙❊ ✶ ✐♥ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✿ ❆❧t✐t✉❞❡ ❛♥❞ ❚♦t

❡❧❡❝tr✐❝ ♠♦t♦rs ♣♦✇❡r ✈s ❘❛♥❣❡✱ r❡s✉❧ts ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ❈❘ ❢❛♥ ❡♥❣✐♥❡s ❍❨❇✲

❈❋✶✲✷❡♥❣✲❉Pr❡❢✱ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✶ ❛♥❞ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✷✳

❋✐❣✉r❡ ✼✳✶✾✿ ❙❤♦rt r❛♥❣❡ ♠✐ss✐♦♥ ❈❆❙❊ ✶ ✐♥ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✿ ❆❧t✐t✉❞❡ ❛♥❞ ❇❛tt❡r②

❡♥❡r❣② ❝♦♥s✉♠❡❞ ✈s ❘❛♥❣❡✱ r❡s✉❧ts ❝♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥ t❤❡ ❈❘ ❢❛♥ ❡♥❣✐♥❡s ❍❨❇✲❈❋✶✲

✷❡♥❣✲❉Pr❡❢✱ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✶ ❛♥❞ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✷✳



✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s ✶✸✸

❈❆❙❊ ✶❜✐s

❉Pr❡❢ ❉P✶ ❉P✷ ❯♥✐t

SFCinit r❡❞✉❝t✐♦♥ ✲✸✽ ✲✸✽ ✲✸✽ ✪

SFCtarget 3.69e−8 3.69e−8 3.69e−8 kg
s·W

mPAY ✶✹✷✾✻ ✶✹✼✾✻ ✶✸✾✵✻ ❦❣

mPAY r❡❞✉❝t✐♦♥
✲✺✾✽✵ ✲✺✹✽✵ ✲✻✸✼✵ ❦❣

✲✷✾✳✺ ✲✷✼ ✲✸✶✳✹ ✪

❇❛tt❡r② Pmax ✶✷✳✽ ✶✷✳✸ ✶✸✳✷ ▼❲

●❚ Pmax ✸✼✳✸ ✸✼✳✸ ✸✼✳✷ ▼❲

❇❛tt❡r② ❡♥❡r❣② ✉s❡❞ ✶✽✾✾ ✶✽✹✵ ✶✾✻✶ ❦❲❤

mfuel ✶✸✸✹ ✶✸✵✽ ✶✸✺✻ ❦❣

❋✉❡❧ s❛✈❡❞ ✇rt r❡❢❡r❡♥❝❡ ✰✼✾✾ ✰✽✷✻ ✰✼✼✼ ❦❣

❚❛❜❧❡ ✼✳✹✿ ❙❤♦rt r❛♥❣❡ ♠✐ss✐♦♥ ❛♥❛❧②s✐s✱ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✿ ❈❆❙❊ ✶❜✐s r❡s✉❧ts✳

❋r♦♠ ❧❡❢t t♦ r✐❣❤t t❤❡ ✢✐❣❤t ♠✐ss✐♦♥s ❛♥❛❧②③❡❞ ❛r❡ t❤❡ ♦♥❡s ✇✐t❤ ♥✉♠❜❡r ✸✱ ✼ ❛♥❞ ✶✶ ♦❢

❆♣♣❡♥❞✐① ❆✳

❈❆❙❊ ✶❜✐s ✐s ✐❞❡♥t✐❝❛❧ t♦ ❈❆❙❊ ✶✱ t❤❡ ♦♥❧② ❞✐✛❡r❡♥❝❡ ✐s t❤❛t ♥♦✇ t❤❡ ❛♣♣r♦❛❝❤ ♣❤❛s❡ ✐s

♣❡r❢♦r♠❡❞ ✇✐t❤ t❤❡ ●❚ ✐♥st❡❛❞ ♦❢ t❤❡ ❜❛tt❡r②✳ ❚❤❡ ✐❞❡❛ ✐s t♦ ✉s❡ t❤❡ ❜❛tt❡r② ♦♥❧② ✐♥ t❤❡

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

♣❛❝❦ ❧✐❣❤t❡r✳ ❋r♦♠ ❋✐❣✉r❡s ✼✳✶✽ ❛♥❞ ✼✳✶✾ ♦❢ ❈❆❙❊ ✶ ✐t ❝❛♥ ❜❡ s❡❡♥ t❤❛t t❤❡s❡ ♣❤❛s❡s ❛r❡

t❤❡ ✐♥✐t✐❛❧ ❞❡s❝❡♥t ❛♥❞ t❤❡ ❞❡s❝❡♥t✳ ▲♦♦❦✐♥❣ t❤❡ ❈❆❙❊ ✶❜✐s r❡s✉❧ts ✐♥ ❚❛❜❧❡ ✼✳✺✱ ♥♦✇ t❤❡

❜❛tt❡r② ♠❛ss ✐s ❛❧♠♦st ✸ t♦♥s ❧❡ss ✇✐t❤ r❡s♣❡❝t ❈❆❙❊ ✶✳ ❚❤❡r❡❢♦r❡✱ ❛s ❝❛♥ ❜❡ s❡❡♥ ✐♥

❚❛❜❧❡ ✼✳✹✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❜r✐♥❣ ♠♦r❡ ♣❛②❧♦❛❞✱ ❡✈❡♥ ✐❢ ❛❧s♦ ✐♥ t❤✐s ❝❛s❡ mPAY ✐s ❧❡ss t❤❛♥

r❡❢❡r❡♥❝❡✳ ❖❜✈✐♦✉s❧②✱ t❤❡ ❢✉❡❧ s❛✈❡❞ ✐s ❧❡ss t❤❛♥ ❈❆❙❊ ✶✳ ❙✐♠✐❧❛r ❝♦♥s✐❞❡r❛t✐♦♥s ❞♦♥❡ ❢♦r

❈❆❙❊ ✶ ❝❛♥ ❜❡ ❞♦♥❡ ❛❧s♦ ❢♦r ❈❆❙❊ ✶❜✐s✱ s♦ ❢♦r ❡①❛♠♣❧❡ ❛❧s♦ ❢♦r ❈❆❙❊ ✶❜✐s t❤❡ ❡♥❣✐♥❡

t❤❛t ♣❡r❢♦r♠s ❜❡tt❡r ✐s t❤❡ ♦♥❡ ❞❡s✐❣♥❡❞ ✇✐t❤ Nratio = 0.9✳ ❯♥❢♦rt✉♥❛t❡❧②✱ t❤❡ ♣r♦❜❧❡♠ ♦❢

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

♦❢ ♠❛ss✳



✶✸✹ ✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s

▼❛ss ❬❦❣❪

❱❛r✐❛❜❧❡ ❘❡❢ ❉P✶

mOEW ✹✶✹✶✸ ✹✶✹✶✸

mBatt ✲ ✶✷✸✵✾ ✭❙P✮

mPAY ✷✵✷✼✻ ✶✹✼✾✻

mFUEL ✷✶✸✸ ✶✸✵✽

❚♦t❛❧ mElecMot ✲ ✸✸✻✺

mPElec ✲ ✶✶✷✺

mElecGen ✲ ✸✾✷✷

mtot ✻✸✽✷✷ ✼✽✷✸✼

❉✐✛❡r❡♥❝❡ mtot ❢r♦♠ ❘❡❢ ✲ ✰✶✹✹✶✺

❚❛❜❧❡ ✼✳✺✿ ❙❤♦rt r❛♥❣❡ ♠✐ss✐♦♥✱ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✱ ❈❆❙❊ ✶❜✐s✿ ❈♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥

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

❉Pr❡❢✱ ❉P✶ ❛♥❞ ❉P✷✳

❈❆❙❊ ✷

❉Pr❡❢ ❉P✶ ❉P✷ ❯♥✐t

SFCinit r❡❞✉❝t✐♦♥ ✲✶✷ ✲✾ ✲✶✸ ✪

SFCtarget 5.23e−8 5.41e−8 5.17e−8 kg
s·W

mPAY ✷✵✷✼✻ ✷✵✷✼✻ ✷✵✷✼✻ ❦❣

mPAY r❡❞✉❝t✐♦♥
✵ ✵ ✵ ❦❣

✵ ✵ ✵ ✪

●❚ Pmax ✸✺✳✾ ✸✺✳✺ ✸✺✳✾ ▼❲

mFUEL ✷✶✶✻ ✷✶✸✷ ✷✶✷✼ ❦❣

❋✉❡❧ s❛✈❡❞ ✇rt r❡❢❡r❡♥❝❡ ✰✶✼ ✰✶ ✰✻ ❦❣

❚❛❜❧❡ ✼✳✻✿ ❙❤♦rt r❛♥❣❡ ♠✐ss✐♦♥ ❛♥❛❧②s✐s✱ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✿ ❈❆❙❊ ✷ r❡s✉❧ts✳ ❋r♦♠

❧❡❢t t♦ r✐❣❤t t❤❡ ✢✐❣❤t ♠✐ss✐♦♥s ❛♥❛❧②③❡❞ ❛r❡ t❤❡ ♦♥❡s ✇✐t❤ ♥✉♠❜❡r ✹✱ ✽ ❛♥❞ ✶✷ ♦❢ ❆♣✲

♣❡♥❞✐① ❆✳

■♥ ❈❆❙❊ ✷ t❤❡ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❡♥❣✐♥❡s ❝♦♥s✐❞❡r❡❞ ❛r❡ t❤❡ s❛♠❡ ❛s ❜❡❢♦r❡✱ ❜✉t t❤❡ ❤②❜r✐❞

s②st❡♠ ✐s ❞✐✛❡r❡♥t✳ ■♥ ❢❛❝t✱ t❤❡ ❤②❜r✐❞ ❧❛②♦✉t ✐s t❤❡ ♦♥❡ ❞❡♣✐❝t❡❞ ✐♥ ❋✐❣✉r❡ ✼✳✸✳ ◆♦✇ t❤❡

❜❛tt❡r② ✐s ♥♦t ♣r❡s❡♥t✱ t❤❡r❡❢♦r❡ t❤❡ ●❚ ❤❛s t♦ r❡♠❛✐♥ ♦♥ ❢♦r ❛❧❧ t❤❡ ✢✐❣❤t✳ ■♥ t❤✐s ❝❛s❡

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



✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s ✶✸✺

♦❢ t❤❡ ❡❧❡❝tr✐❝ ❝♦♠♣♦♥❡♥ts ✭❚❛❜❧❡ ✼✳✼✮✳ ❆❣❛✐♥✱ t❤❡ ❜❡tt❡r ♣❡r❢♦r♠❛♥❝❡s ❛r❡ ♦❜t❛✐♥❡❞ ✇✐t❤

t❤❡ ❡♥❣✐♥❡ ❞❡s✐❣♥❡❞ ❛t Nratio = 0.9✳ ■♥ ❢❛❝t✱ ✐t ✐s tr✉❡ t❤❛t t❤❡ ❢✉❡❧ s❛✈❡❞ ✐s ❧❡ss ✇✐t❤

r❡s♣❡❝t t❤❡ ♦t❤❡r t✇♦ ❡♥❣✐♥❡s✱ ❜✉t t❤❡ ❦❡② ♣❛r❛♠❡t❡r ✐s SFCtarget✱ ✇❤✐❝❤ ✐s ❤✐❣❤❡r✳ ❚❤✐s

♠❡❛♥s t❤❛t t❤❡ r❡q✉✐r❡❞ r❡❞✉❝t✐♦♥ ✐♥ t❤❡ ●❚ SFC ✐s ❧❡ss✱ ❤❡♥❝❡ t❤❡ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❡♥❣✐♥❡

❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✶ ✐s ♠♦r❡ ❡✣❝✐❡♥❝t ✇✐t❤ r❡s♣❡❝t t❤❡ ♦t❤❡rs✳

▼❛ss ❬❦❣❪

❱❛r✐❛❜❧❡ ❘❡❢ ❉P✶

mOEW ✹✶✹✶✸ ✹✶✹✶✸

mPAY ✷✵✷✼✻ ✷✵✷✼✻

mFUEL ✷✶✸✸ ✷✶✸✷

❚♦t❛❧ mElecMot ✲ ✸✸✵✻

mPElec ✲ ✺✹✹

mElecGen ✲ ✸✼✸✽

mtot ✻✸✽✷✷ ✼✶✹✶✵

❉✐✛❡r❡♥❝❡ mtot ❢r♦♠ ❘❡❢ ✲ ✰✼✺✽✽

❚❛❜❧❡ ✼✳✼✿ ❙❤♦rt r❛♥❣❡ ♠✐ss✐♦♥✱ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✱ ❈❆❙❊ ✷✿ ❈♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥

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

❉Pr❡❢✱ ❉P✶ ❛♥❞ ❉P✷✳

❈❆❙❊ ✷❜✐s

❉Pr❡❢ ❉P✶ ❉P✷ ❯♥✐t

SFCinitial r❡❞✉❝t✐♦♥ ✲✼ ✲✺ ✲✾ ✪

SFCtarget 5.53e−8 5.65e−8 5.41e−8 kg
s·W

mPAY ✷✵✷✼✻ ✷✵✷✼✻ ✷✵✷✼✻ ❦❣

mPAY r❡❞✉❝t✐♦♥
✵ ✵ ✵ ❦❣

✵ ✵ ✵ ✪

●❚ Pmax ✸✸✳✺ ✸✸ ✸✹✳✶ ▼❲

mFUEL ✷✶✷✾ ✷✶✶✹ ✷✶✷✸ ❦❣

❋✉❡❧ s❛✈❡❞ ✇rt r❡❢❡r❡♥❝❡ ✰✺ ✰✷✵ ✰✶✵ ❦❣

❚❛❜❧❡ ✼✳✽✿ ❙❤♦rt r❛♥❣❡ ♠✐ss✐♦♥ ❛♥❛❧②s✐s✱ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✿ ❈❆❙❊ ✷❜✐s r❡s✉❧ts✳

❋r♦♠ ❧❡❢t t♦ r✐❣❤t t❤❡ ✢✐❣❤t ♠✐ss✐♦♥s ❛♥❛❧②③❡❞ ❛r❡ t❤❡ ♦♥❡s ✇✐t❤ ♥✉♠❜❡r ✺✱ ✾ ❛♥❞ ✶✸ ♦❢

❆♣♣❡♥❞✐① ❆✳



✶✸✻ ✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s

❈❆❙❊ ✷❜✐s ✐s ✐❞❡♥t✐❝❛❧ t♦ ❈❆❙❊ ✷✱ ❜✉t ♥♦✇ t❤❡ ✇❡✐❣❤t ♦❢ t❤❡ ❡❧❡❝tr✐❝ ❝♦♠♣♦♥❡♥ts ❛r❡

♥♦t ❝♦♥s✐❞❡r❡❞✳ ❚❤❡ ❛ss✉♠♣t✐♦♥ ❞♦♥❡ ✐♥ ❈❆❙❊ ✷❜✐s ✐s t❤❛t t❤❡ ❛✐r❝r❛❢t ✇❡✐❣❤t ❛t t❛❦❡✲♦✛

✐s ✐❞❡♥t✐❝❛❧ t♦ r❡❢❡r❡♥❝❡✳ ❈❆❙❊ ✷❜✐s ✐s ✈❡r② ✉s❡❢✉❧✱ ❜❡❝❛✉s❡ ♣❡r♠✐ts t♦ ❝♦♠♣✉t❡ ❧✐❦❡ ❛

r❡❢❡r❡♥❝❡ ✈❛❧✉❡ ♦❢ SFCtarget✳ ❆❣❛✐♥✱ t❤❡ ❜❡tt❡r ♣❡r❢♦r♠❛♥❝❡s ❛r❡ r❡❛❝❤❡❞ ✇✐t❤ ❍❨❇✲❈❋✶✲

✷❡♥❣✲❉P✶✳ ❚❤❡ r❡s✉❧t ♦❜t❛✐♥❡❞ ✐s t❤❛t✱ st❛rt✐♥❣ ❢r♦♠ ❛ ✈❛❧✉❡ ♦❢ SFC = 5.65e−8 kg
s·W

✱ t❤❡

❝♦♠❜♦ ●❚ ♣❧✉s ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❡♥❣✐♥❡s ❝♦♥s✉♠❡s ❧❡ss ❢✉❡❧ ✇✐t❤ r❡s♣❡❝t ❈❋▼✺✻✲✼❇✷✹✳

✼✳✶✳✸✳ ❙❡♥s✐t✐✈✐t② ❛♥❛❧②s✐s✿ ❇♦❡✐♥❣ ✼✸✼✲✽✵✵ ♣r♦♣❡❧❧❡❞ ❜② ❍❨❇✲

❈❋✶ ✇✐t❤ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥

❚❤❡ ❞✐✛❡r❡♥t ✢✐❣❤t ♠✐ss✐♦♥s ❛♥❛❧②③❡❞ ✐♥ t❤✐s s✉❜✲s❡❝t✐♦♥ ❛r❡ t❤❡ ♦♥❡s ❢r♦♠ ✶✻ t♦ ✷✼ ♦❢

❆♣♣❡♥❞✐① ❆✳ ❚❤❡s❡ ❛r❡ t❤❡ ♦♥❡s ♣❡r❢♦r♠❡❞ ❜② ❇♦❡✐♥❣ ✼✸✼✲✽✵✵ ✐♥ ✇❤✐❝❤ ❛r❡ ❛❧t❡r♥❛t✐✈❡❧②

♠♦✉♥t❡❞ t❤❡ ❈❘ ❢❛♥ ❡♥❣✐♥❡s ❍❨❇✲❈❋✶✲✶✵❡♥❣✲❉Pr❡❢✱ ❍❨❇✲❈❋✶✲✶✵❡♥❣✲❉P✶ ❛♥❞ ❍❨❇✲

❈❋✶✲✶✵❡♥❣✲❉P✷✳ ❚❤❡ ❤②❜r✐❞ s②st❡♠s t❡st❡❞ ❛r❡ ❈❆❙❊ ✶ ❛♥❞ ❈❆❙❊ ✶❜✐s ✇✐t❤ t❤❡ ❧❛②♦✉t

❤②✲❡❧ s❡✱ ❛♥❞ ❈❆❙❊ ✷ ❛♥❞ ❈❆❙❊ ✷❜✐s ✇✐t❤ t❤❡ ❧❛②♦✉t t✉✲❡❧ ♣❝✳

■♥ ❋✐❣✉r❡ ✼✳✷✵ ✐s r❡♣r❡s❡♥t❡❞ t❤❡ str✉❝t✉r❡ ♦❢ t❤✐s s✉❜✲s❡❝t✐♦♥✳ ❚❤✐s s✉❜✲s❡❝t✐♦♥ ✐s ❛♥❛❧✲

♦❣♦✉s t♦ ❙✉❜✲s❡❝t✐♦♥ ✼✳✶✳✷✱ ❜✉t ♥♦✇ t❤❡ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥s ❛r❡ ✐♥ ❞✐str✐❜✉t❡❞ ♣r♦♣✉❧s✐♦♥

❝♦♥✜❣✉r❛t✐♦♥✳ ❘❡♠❡♠❜❡r t❤❛t t❤❡s❡ ❡♥❣✐♥❡s ✇❡r❡ ♠♦❞❡❧❡❞ ✇✐t❤ t❤❡ s❛♠❡ ❜♦✉♥❞❛r② ❝♦♥✲

❞✐t✐♦♥s ♦❢ t❤❡ ♦♥❡s ✐♥ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✳ ❚❤❡ ♦♥❧② ❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥ ❞✐✛❡r❡♥t ✐s

ṁin✱ ❜❡❝❛✉s❡ ♥♦✇ t❤❡ ❡♥❣✐♥❡s ❛r❡ s♠❛❧❧❡r✱ ❤❡♥❝❡ ❧❡ss ♣♦✇❡r❢✉❧✳

❙❍❖❘❚ ♠✐ss✐♦♥

◆➦ ♦❢ ❡♥❣✐♥❡s✿ ✷ ◆➦ ♦❢ ❡♥❣✐♥❡s✿ ✶✵

❈❆❙❊ ✶

❉Pr❡❢ ❉P✶ ❉P✷

❈❆❙❊ ✶❜✐s

✳✳✳

❈❆❙❊ ✷

✳✳✳

❈❆❙❊ ✷❜✐s

✳✳✳

❋✐❣✉r❡ ✼✳✷✵✿ ❚r❡❡ ❞✐❛❣r❛♠ t❤❛t ❞❡s❝r✐❜❡s t❤❡ s❡♥s✐t✐✈✐t② ❛♥❛❧②s✐s ♣r♦❝❡❞✉r❡ ✐♥ t❤❡ ❝❛s❡ ♦❢

s❤♦rt ♠✐ss✐♦♥ r❛♥❣❡ ✐♥ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✳



✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s ✶✸✼

❈❆❙❊ ✶

❉Pr❡❢ ❉P✶ ❉P✷ ❯♥✐t

SFCinit r❡❞✉❝t✐♦♥ ✲✸✽ ✲✸✽ ✲✸✽ ✪

SFCtarget 3.69e−8 3.69e−8 3.69e−8 kg
s·W

mPAY ✶✵✸✽✻ ✶✵✻✼✻ ✾✵✻✻ ❦❣

mPAY r❡❞✉❝t✐♦♥
✲✾✽✾✵ ✲✾✻✵✵ ✲✶✶✷✶✵ ❦❣

✲✹✽✳✽ ✲✹✼✳✹ ✲✺✺✳✸ ✪

❇❛tt❡r② Pmax ✶✻✳✾ ✶✻✳✻ ✶✽✳✷ ▼❲

●❚ Pmax ✸✼✳✸ ✸✼✳✷ ✸✼✳✸ ▼❲

❇❛tt❡r② ❡♥❡r❣② ✉s❡❞ ✸✷✶✹ ✸✶✻✾ ✸✸✺✶ ❦❲❤

mFUEL ✶✶✹✷ ✶✶✸✺ ✶✶✺✹ ❦❣

❋✉❡❧ s❛✈❡❞ ✇rt r❡❢❡r❡♥❝❡ ✰✾✾✷ ✰✾✾✾ ✰✾✼✾ ❦❣

❚❛❜❧❡ ✼✳✾✿ ❙❤♦rt r❛♥❣❡ ♠✐ss✐♦♥ ❛♥❛❧②s✐s✱ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✿ ❈❆❙❊ ✶ r❡s✉❧ts✳ ❋r♦♠

❧❡❢t t♦ r✐❣❤t t❤❡ ✢✐❣❤t ♠✐ss✐♦♥s ❛♥❛❧②③❡❞ ❛r❡ t❤❡ ♦♥❡s ✇✐t❤ ♥✉♠❜❡r ✶✻✱ ✷✵ ❛♥❞ ✷✹ ♦❢

❆♣♣❡♥❞✐① ❆✳

❲✐t❤ r❡s♣❡❝t t♦ t❤❡ ❝❛s❡ ✇✐t❤ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✱ ♥♦✇ t❤❡ ❡♥❣✐♥❡s ❍❨❇✲❈❋✶✲✶✵❡♥❣✲

❉Pr❡❢ ❛♥❞ ❍❨❇✲❈❋✶✲✶✵❡♥❣✲❉P✶ ❜❡❤❛✈❡ ✐♥ ❛ ✈❡r② s✐♠✐❧❛r ✇❛②✱ ✐♥ ❢❛❝t t❤❡ r❡s✉❧ts ❛r❡ ✈❡r②

s✐♠✐❧❛r ✭❚❛❜❧❡ ✼✳✾✮✳ ❍♦✇❡✈❡r✱ ❜❡t✇❡❡♥ t❤❡s❡ t✇♦ t❤❡ ❜❡st ✐s st✐❧❧ t❤❡ ♦♥❡ t❤❛t ✇♦r❦s ✇✐t❤

Nratio = 0.9✳ ❯♥❢♦rt✉♥❛t❡❧②✱ ✇✐t❤ r❡s♣❡❝t t❤❡ ❝❛s❡ ♦❢ t✇♦ ❡♥❣✐♥❡s✱ t❤❡ ❣❧♦❜❛❧ ♣❡r❢♦r♠❛♥❝❡s

❛r❡ ✇♦rst✱ ❜❡❝❛✉s❡ t❤❡ ❢✉❡❧ s❛✈❡❞ ❛♥❞ mPAY ❛r❡ ❧❡ss✳ ❚❤✐s ✐s ❡①♣❧❛✐♥❡❞ t❤r♦✉❣❤ t❤❡ ❢❛❝t

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

❛♥❞ ♣♦✇❡r ❢r♦♠ t❤❡ ❜❛tt❡r② ♣❛❝❦✱ ❤❡♥❝❡ ✐t ✐s ❤❡❛✈✐❡r ✭❚❛❜❧❡ ✼✳✶✵✮✳ ◆♦t❡ t❤❛t ❢♦r t❤✐s

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

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

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

❝♦♥✜❣✉r❛t✐♦♥ t❤❡ ♣♦✇❡r t❤❛t ❡❛❝❤ ❡❧❡❝tr✐❝ ❡♥❣✐♥❡ ❤❛s t♦ ❞❡❧✐✈❡r ✐s ❧❡ss✳ ❙♦✱ ✐t ✐s ♠♦r❡

❡❛s② t♦ ♣r♦❞✉❝❡ t❤❡s❡ ❡♥❣✐♥❡s✳ ❆♥♦t❤❡r ❛s♣❡❝t ✐s ❛❜♦✉t t❤❡ s❛❢❡t②✱ ❤❡♥❝❡ t❤❡ ❝♦♥❝❡♣t ♦❢

r❡❞✉♥❞❛♥❝②✳ ❆♥♦t❤❡r ❛s♣❡❝t r❡❣❛r❞s t❤❡ s✐③❡ ♦❢ t❤❡ ❡♥❣✐♥❡✳ ■♥ ♦r❞❡r t♦ r❡❞✉❝❡ t❤❡ ❡♥❡r❣②

❝♦♥s✉♠♣t✐♦♥✱ ṁin s❤♦✉❧❞ ❜❡ ❤✐❣❤ ❛♥❞ βc ❧♦✇✳ ❚❤❡r❡❢♦r❡✱ ✐♥ ❛ ❞✐str✐❜✉t❡❞ ❝♦♥✜❣✉r❛t✐♦♥ ✐s

❡❛s✐❡r t♦ ❛❝❤✐❡✈❡ ❤✐❣❤❡r ✈❛❧✉❡s ♦❢ ṁin✳



✶✸✽ ✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s

▼❛ss ❬❦❣❪

❱❛r✐❛❜❧❡ ❘❡❢ ❉P✶

mOEW ✹✶✹✶✸ ✹✶✹✶✸

mBatt ✲ ✶✻✻✶✵ ✭❙P✮

mPAY ✷✵✷✼✻ ✶✵✻✼✻

mFUEL ✷✶✸✸ ✶✶✸✺

❚♦t❛❧ mElecMot ✲ ✸✸✻✷

mPElec ✲ ✶✶✷✹

mElecGen ✲ ✸✾✶✽

mtot ✻✸✽✷✷ ✼✽✷✸✾

❉✐✛❡r❡♥❝❡ mtot ❢r♦♠ ❘❡❢ ✲ ✰✶✹✹✶✼

❚❛❜❧❡ ✼✳✶✵✿ ❙❤♦rt r❛♥❣❡ ♠✐ss✐♦♥✱ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✱ ❈❆❙❊ ✶✿ ❈♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥

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

❉Pr❡❢✱ ❉P✶ ❛♥❞ ❉P✷✳

❈❆❙❊ ✶❜✐s

❉Pr❡❢ ❉P✶ ❉P✷ ❯♥✐t

SFCinit r❡❞✉❝t✐♦♥ ✲✸✽ ✲✸✽ ✲✸✽ ✪

SFCtarget 3.69e−8 3.69e−8 3.69e−8 kg
s·W

mPAY ✶✹✷✺✻ ✶✹✽✷✻ ✶✸✾✵✻ ❦❣

mPAY r❡❞✉❝t✐♦♥
✲✻✵✷✵ ✲✺✹✺✵ ✲✻✸✼✵ ❦❣

✲✷✾✳✼ ✲✷✻✳✾ ✲✸✶✳✹ ✪

❇❛tt❡r② Pmax ✶✷✳✽ ✶✷✳✸ ✶✸✳✷ ▼❲

●❚ Pmax ✸✼✳✸ ✸✼✳✷ ✸✼✳✸ ▼❲

❇❛tt❡r② ❡♥❡r❣② ✉s❡❞ ✶✾✶✶ ✶✽✺✷ ✶✾✻✽ ❦❲❤

mFUEL ✶✸✷✾ ✶✸✷✹ ✶✸✺✸ ❦❣

❋✉❡❧ s❛✈❡❞ ✇rt r❡❢❡r❡♥❝❡ ✰✽✵✹ ✰✽✵✾ ✰✼✽✵ ❦❣

❚❛❜❧❡ ✼✳✶✶✿ ❙❤♦rt r❛♥❣❡ ♠✐ss✐♦♥ ❛♥❛❧②s✐s✱ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✿ ❈❆❙❊ ✶❜✐s r❡s✉❧ts✳

❋r♦♠ ❧❡❢t t♦ r✐❣❤t t❤❡ ✢✐❣❤t ♠✐ss✐♦♥s ❛♥❛❧②③❡❞ ❛r❡ t❤❡ ♦♥❡s ✇✐t❤ ♥✉♠❜❡r ✶✼✱ ✷✶ ❛♥❞ ✷✺ ♦❢

❆♣♣❡♥❞✐① ❆✳

■♥ t❤✐s ❝❛s❡✱ s✐♠✐❧❛r ❝♦♥s✐❞❡r❛t✐♦♥s ❝❛♥ ❜❡ ❞♦♥❡✳ ❲✐t❤ r❡s♣❡❝t t❤❡ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✱

❍❨❇✲❈❋✶✲✶✵❡♥❣✲❉Pr❡❢ ❛♥❞ ❍❨❇✲❈❋✶✲✶✵❡♥❣✲❉P✶ ♣r♦✈✐❞❡ ✈❡r② s✐♠✐❧❛r r❡s✉❧ts✳



✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s ✶✸✾

▼❛ss ❬❦❣❪

❱❛r✐❛❜❧❡ ❘❡❢ ❉P✶

mOEW ✹✶✹✶✸ ✹✶✹✶✸

mBatt ✲ ✶✷✷✼✸ ✭❙P✮

mPAY ✷✵✷✼✻ ✶✹✽✷✻

mFUEL ✷✶✸✸ ✶✸✷✹

❚♦t❛❧ mElecMot ✲ ✸✸✻✷

mPElec ✲ ✶✶✷✹

mElecGen ✲ ✸✾✶✽

mtot ✻✸✽✷✷ ✼✽✷✹✵

❉✐✛❡r❡♥❝❡ mtot ❢r♦♠ ❘❡❢ ✲ ✰✶✹✹✶✽

❚❛❜❧❡ ✼✳✶✷✿ ❙❤♦rt r❛♥❣❡ ♠✐ss✐♦♥✱ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✱ ❈❆❙❊ ✶❜✐s✿ ❈♦♠♣❛r✐s♦♥ ❜❡✲

t✇❡❡♥ t❤❡ r❡❢❡r❡♥❝❡ ❝♦♠♣♦♥❡♥t ♠❛ss❡s ❛♥❞ t❤❡ ❝♦♠♣♦♥❡♥t ♠❛ss❡s ♦❢ t❤❡ ❜❡st r❡s✉❧t ❜❡✲

t✇❡❡♥ ❉Pr❡❢✱ ❉P✶ ❛♥❞ ❉P✷✳

❈❆❙❊ ✷

❉Pr❡❢ ❉P✶ ❉P✷ ❯♥✐t

SFCinit r❡❞✉❝t✐♦♥ ✲✶✷ ✲✶✵ ✲✶✹ ✪

SFCtarget 5.23e−8 5.35e−8 5.11e−8 kg
s·W

mPAY ✷✵✷✼✻ ✷✵✷✼✻ ✷✵✷✼✻ ❦❣

mPAY r❡❞✉❝t✐♦♥
✵ ✵ ✵ ❦❣

✵ ✵ ✵ ✪

●❚ Pmax ✸✺✳✾ ✸✺✳✺ ✸✻ ▼❲

mFUEL ✷✶✶✽ ✷✶✷✻ ✷✶✶✷ ❦❣

❋✉❡❧ s❛✈❡❞ ✇rt r❡❢❡r❡♥❝❡ ✰✶✺ ✰✼ ✰✷✶ ❦❣

❚❛❜❧❡ ✼✳✶✸✿ ❙❤♦rt r❛♥❣❡ ♠✐ss✐♦♥ ❛♥❛❧②s✐s✱ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✿ ❈❆❙❊ ✷ r❡s✉❧ts✳ ❋r♦♠

❧❡❢t t♦ r✐❣❤t t❤❡ ✢✐❣❤t ♠✐ss✐♦♥s ❛♥❛❧②③❡❞ ❛r❡ t❤❡ ♦♥❡s ✇✐t❤ ♥✉♠❜❡r ✶✽✱ ✷✷ ❛♥❞ ✷✻ ♦❢

❆♣♣❡♥❞✐① ❆✳

◆♦✇ t❤❡ ❜❛tt❡r② ✐s ♥♦t ❝♦♥s✐❞❡r❡❞✱ ❜✉t t❤❡ r❡s✉❧ts ❛r❡ s❧✐❣❤t❧② ✇♦rst ✇✐t❤ r❡s♣❡❝t t❤❡ ❝❛s❡

✐♥ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✳ ■♥st❡❛❞✱ t❤❡ ❡♥❣✐♥❡ ❞❡s✐❣♥❡❞ ❛t ❉Pr❡❢ s❤♦✇s ♣❡r❢♦r♠❛♥❝❡ t❤❛t

❛r❡ ♠♦r❡ ♦r ❧❡ss t❤❡ s❛♠❡✳ ■t ❝❛♥ ❜❡ ❝♦♥❝❧✉❞❡❞ t❤❛t ✐t ✐s ❜❡tt❡r t♦ ❤❛✈❡ t✇♦ ❜✐❣ ❈❘ ❢❛♥s



✶✹✵ ✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s

✐♥st❡❛❞ t❡♥ s♠❛❧❧ ❈❘ ❢❛♥s✳ ❚❤✐s ❝♦♥❝❧✉s✐♦♥ ✐s ❝♦♥✜r♠❡❞ ❛❧s♦ ❜② ❧♦♦❦✐♥❣ t❤❡ r❡s✉❧ts ♦❢

❈❆❙❊ ✷❜✐s✳

▼❛ss ❬❦❣❪

❱❛r✐❛❜❧❡ ❘❡❢ ❉P✶

mOEW ✹✶✹✶✸ ✹✶✹✶✸

mPAY ✷✵✷✼✻ ✷✵✷✼✻

mFUEL ✷✶✸✸ ✷✶✷✻

❚♦t❛❧ mElecMot ✲ ✸✸✵✽

mPElec ✲ ✺✹✹

mElecGen ✲ ✸✼✹✵

mtot ✻✸✽✷✷ ✼✶✹✵✼

❉✐✛❡r❡♥❝❡ mtot ❢r♦♠ ❘❡❢ ✲ ✰✼✺✽✺

❚❛❜❧❡ ✼✳✶✹✿ ❙❤♦rt r❛♥❣❡ ♠✐ss✐♦♥✱ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✱ ❈❆❙❊ ✷✿ ❈♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥

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

❉Pr❡❢✱ ❉P✶ ❛♥❞ ❉P✷✳

❈❆❙❊ ✷❜✐s

❉Pr❡❢ ❉P✶ ❉P✷ ❯♥✐t

SFCinit r❡❞✉❝t✐♦♥ ✲✼ ✲✻ ✲✶✵ ✪

SFCtarget 5.53e−8 5.59e−8 5.35e−8 kg
s·W

mPAY ✷✵✷✼✻ ✷✵✷✼✻ ✷✵✷✼✻ ❦❣

mPAY r❡❞✉❝t✐♦♥
✵ ✵ ✵ ❦❣

✵ ✵ ✵ ✪

●❚ Pmax ✸✸✳✻ ✸✸✳✶ ✸✹✳✶ ▼❲

mFUEL ✷✶✷✾ ✷✶✷✶ ✷✶✶✹ ❦❣

❋✉❡❧ s❛✈❡❞ ✇rt r❡❢❡r❡♥❝❡ ✰✺ ✰✶✸ ✰✷✵ ❦❣

❚❛❜❧❡ ✼✳✶✺✿ ❙❤♦rt r❛♥❣❡ ♠✐ss✐♦♥ ❛♥❛❧②s✐s✱ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✿ ❈❆❙❊ ✷❜✐s r❡s✉❧ts✳

❋r♦♠ ❧❡❢t t♦ r✐❣❤t t❤❡ ✢✐❣❤t ♠✐ss✐♦♥s ❛♥❛❧②③❡❞ ❛r❡ t❤❡ ♦♥❡s ✇✐t❤ ♥✉♠❜❡r ✶✾✱ ✷✸ ❛♥❞ ✷✼ ♦❢

❆♣♣❡♥❞✐① ❆✳



✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s ✶✹✶

✼✳✷✳ ▼❡❞✐✉♠ r❛♥❣❡ ♠✐ss✐♦♥ ❛♥❛❧②s✐s

❚❤❡ str✉❝t✉r❡ ♦❢ t❤✐s s❡❝t✐♦♥ ✐s ✐❞❡♥t✐❝❛❧ t♦ t❤❡ ♦♥❡ ♦❢ s❡❝t✐♦♥ ❙❡❝t✐♦♥ ✼✳✶✳ ❆t ✜rst ✇✐❧❧ ❜❡

❛♥❛❧②③❡❞ t❤❡ r❡❢❡r❡♥❝❡ ❝❛s❡ ❢♦r t❤❡ ♠❡❞✐✉♠ r❛♥❣❡ ♠✐ss✐♦♥s ❛♥❞ t❤❡♥ t❤❡s❡ r❡s✉❧ts ✇✐❧❧ ❜❡

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

✼✳✷✳✶✳ ❘❡❢❡r❡♥❝❡✿ ❇♦❡✐♥❣ ✼✸✼✲✽✵✵ ♣r♦♣❡❧❧❡❞ ❜② ❈❋▼✺✻✲✼❇✷✹

❚❤❡ r❡❢❡r❡♥❝❡ ❝❛s❡ ❢♦r t❤❡ ♠❡❞✐✉♠ r❛♥❣❡ ♠✐ss✐♦♥ ✐s t❤❡ ♦♥❡ ♣❡r❢♦r♠❡❞ ❜② t❤❡ ❇♦✐❡♥❣

✼✸✼✲✽✵✵ ♣r♦♣❡❧❧❡❞ ❜② ❈❋▼✺✻✲✼❇✷✹✳ ❚❤❡ ❝♦♠♣♦♥❡♥ts ♣❡r❢♦r♠❛♥❝❡ ♠❛♣s ❛r❡ r❡♣♦rt❡❞ ✐♥

❋✐❣✉r❡s ✼✳✷✶✱ ✼✳✷✷✱ ✼✳✷✸✱ ✼✳✷✺ ❛♥❞ ✼✳✷✹✳ ❚❤❡ ❛r✐❝r❛❢t ❛♥❞ t❤❡ ❡♥❣✐♥❡ ♠♦✉♥t❡❞ ❛r❡ t❤❡

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

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

♣❡r❢♦r♠❛♥❝❡ ♠❛♣s ✇✐❧❧ ❜❡ ❧♦❝❛t❡❞ ✐♥ ❞✐✛❡r❡♥t ♣♦s✐t✐♦♥s✳ ❍♦✇❡✈❡r✱ t❤❡ tr❡♥❞s ❛r❡ s✐♠✐❧❛r✱

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

✢♦✇ ❛r❡ ❤✐❣❤❡r✳ ❚❤✐s ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ t❤r♦✉❣❤ t❤❡ ❢❛❝t t❤❛t t❤❡ ❛✐r❝r❛❢t ✐s ❤❡❛✈✐❡r ✭♠♦r❡

❢✉❡❧✮✱ ❤❡♥❝❡ ✐t ♥❡❡❞s ♠♦r❡ t❤r✉st✳

❋✐❣✉r❡ ✼✳✷✶✿ ❘❡❢❡r❡♥❝❡ ♠❡❞✐✉♠ ♠✐ss✐♦♥✿ ❈❋▼✺✻✲✼❇✷✹ ❢❛♥ ♣❡r❢♦r♠❛♥❝❡ ♣♦✐♥ts ❞✉r✐♥❣

✢✐❣❤t✳



✶✹✷ ✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s

❋✐❣✉r❡ ✼✳✷✷✿ ❘❡❢❡r❡♥❝❡ ♠❡❞✐✉♠ ♠✐ss✐♦♥✿ ❈❋▼✺✻✲✼❇✷✹ ▲P ❝♦♠♣r❡ss♦r ♣❡r❢♦r♠❛♥❝❡ ♣♦✐♥ts

❞✉r✐♥❣ ✢✐❣❤t✳

❋✐❣✉r❡ ✼✳✷✸✿ ❘❡❢❡r❡♥❝❡ ♠❡❞✐✉♠ ♠✐ss✐♦♥✿ ❈❋▼✺✻✲✼❇✷✹ ❍P ❝♦♠♣r❡ss♦r ♣❡r❢♦r♠❛♥❝❡ ♣♦✐♥ts

❞✉r✐♥❣ ✢✐❣❤t✳



✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s ✶✹✸

❋✐❣✉r❡ ✼✳✷✹✿ ❘❡❢❡r❡♥❝❡ ♠❡❞✐✉♠ ♠✐ss✐♦♥✿ ❈❋▼✺✻✲✼❇✷✹ ❍P t✉r❜✐♥❡ ♣❡r❢♦r♠❛♥❝❡ ♣♦✐♥ts

❞✉r✐♥❣ ✢✐❣❤t✳

❋✐❣✉r❡ ✼✳✷✺✿ ❘❡❢❡r❡♥❝❡ ♠❡❞✐✉♠ ♠✐ss✐♦♥✿ ❈❋▼✺✻✲✼❇✷✹ ▲P t✉r❜✐♥❡ ♣❡r❢♦r♠❛♥❝❡ ♣♦✐♥ts

❞✉r✐♥❣ ✢✐❣❤t✳

❚❤❡ ✈❛❧✉❡s ♦❜t❛✐♥❡❞ ✐♥ ❚❛❜❧❡ ✼✳✶✻ ✇❡r❡ ❝❤❡❝❦❡❞ ✐♥ ❧✐t❡r❛t✉r❡ ❛♥❞ t❤❡② ✇✐❧❧ ❜❡ ✉s❡❞ ❛s

r❡❢❡r❡♥❝❡ ❢♦r t❤❡ ♠❡❞✐✉♠ r❛♥❣❡ ♠✐ss✐♦♥✳

❱❛❧✉❡ ❯♥✐t

❚♦t❛❧ ❢✉❡❧ ❝♦♥s✉♠❡❞ ✻✷✷✸ ❦❣

❚✐♠❡ ♦❢ ✢✐❣❤t ✶✺✷ ♠✐♥

❋❧✐❣❤t ❞✐st❛♥❝❡ ✷✵✶✻ ❦♠

❚❛❜❧❡ ✼✳✶✻✿ ❘❡❢❡r❡♥❝❡ ♠❡❞✐✉♠ r❛♥❣❡ ♠✐ss✐♦♥ ❛♥❛❧②s✐s ✜♥❛❧ r❡s✉❧ts✳



✶✹✹ ✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s

■♥ ♦r❞❡r t♦ ❤❛✈❡ ❛ ❣r❛♣❤✐❝❛❧ ✈✐❡✇ ♦❢ ❤♦✇ ✈❛r✐❛❜❧❡s ❧✐❦❡ z✱ M ✱ ṁf ✱ ❡t❝✳✳✳ ✈❛r② ❞✉r✐♥❣ t❤❡

✢✐❣❤t ♠✐ss✐♦♥✱ t❤❡ ❢♦❧❧♦✇✐♥❣ ♣❧♦ts ❛r❡ r❡♣♦rt❡❞ ✭❋✐❣✉r❡s ✼✳✷✻✱ ✼✳✷✼✱ ✼✳✷✽✱ ✼✳✷✾ ❛♥❞ ✼✳✸✵✮✳

◆♦t❡ t❤❛t ♥♦✇ t❤❡ ❛✐r❝r❛❢t ✢✐❡s ❢♦r ♠♦st ♦❢ t❤❡ t✐♠❡ ✐♥ ❝r✉✐s❡ ❝♦♥❞✐t✐♦♥✳ ❍❡♥❝❡✱ ✐❢ ✐♥ t❤❡

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

❛♥❞ ❞❡s❝❡♥t ❜❡t✇❡❡♥ t❤❡ ❈❋▼✺✻✲✼❇✷✹ ❛♥❞ t❤❡ ❤②❜r✐❞ s②st❡♠s✱ ♥♦✇ t❤❡s❡ ❞✐✛❡r❡♥❝❡s ✇✐❧❧

❜❡ ❛ss♦❝✐❛t❡❞ ♠❛✐♥❧② t♦ t❤❡ ❝r✉✐s❡✳

❋✐❣✉r❡ ✼✳✷✻✿ ❘❡❢❡r❡♥❝❡ ♠❡❞✐✉♠ ♠✐ss✐♦♥✿ ❆❧t✐t✉❞❡ ✈s t✐♠❡ ♦❢ ✢✐❣❤t✳

❋✐❣✉r❡ ✼✳✷✼✿ ❘❡❢❡r❡♥❝❡ ♠❡❞✐✉♠ ♠✐ss✐♦♥✿ ❆❧t✐t✉❞❡ ❛♥❞ ❚❤r✉st ✈s r❛♥❣❡✳



✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s ✶✹✺

❋✐❣✉r❡ ✼✳✷✽✿ ❘❡❢❡r❡♥❝❡ ♠❡❞✐✉♠ ♠✐ss✐♦♥✿ ❆❧t✐t✉❞❡ ❛♥❞ ❋✉❡❧ ✢♦✇ ✈s r❛♥❣❡✳

❋✐❣✉r❡ ✼✳✷✾✿ ❘❡❢❡r❡♥❝❡ ♠❡❞✐✉♠ ♠✐ss✐♦♥✿ ❆❧t✐t✉❞❡ ❛♥❞ ❆✐r❝r❛❢t ♠❛ss ✈s r❛♥❣❡✳

❋✐❣✉r❡ ✼✳✸✵✿ ❘❡❢❡r❡♥❝❡ ♠❡❞✐✉♠ ♠✐ss✐♦♥✿ ❆❧t✐t✉❞❡ ❛♥❞ ▼❛❝❤ ✈s r❛♥❣❡✳



✶✹✻ ✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s

✼✳✷✳✷✳ ❙❡♥s✐t✐✈✐t② ❛♥❛❧②s✐s✿ ❇♦❡✐♥❣ ✼✸✼✲✽✵✵ ♣r♦♣❡❧❧❡❞ ❜② ❍❨❇✲

❈❋✶ ✇✐t❤ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥

❚❤❡ ❞✐✛❡r❡♥t ✢✐❣❤t ♠✐ss✐♦♥s ❛♥❛❧②③❡❞ ✐♥ t❤✐s s✉❜✲s❡❝t✐♦♥ ❛r❡ t❤❡ ♦♥❡s ❢r♦♠ ✷✾ t♦ ✹✵ ♦❢

❆♣♣❡♥❞✐① ❆✳ ❚❤❡s❡ ❛r❡ t❤❡ ♦♥❡s ♣❡r❢♦r♠❡❞ ❜② ❇♦❡✐♥❣ ✼✸✼✲✽✵✵ ✐♥ ✇❤✐❝❤ ❛r❡ ❛❧t❡r♥❛t✐✈❡❧②

♠♦✉♥t❡❞ t❤❡ ❡♥❣✐♥❡s ❍❨❇✲❈❋✶✲✷❡♥❣✲❉Pr❡❢✱ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✶ ❛♥❞ ❍❨❇✲❈❋✶✲✷❡♥❣✲

❉P✷✳ ❚❤❡ ❤②❜r✐❞ s②st❡♠s t❡st❡❞ ❛r❡ ❈❆❙❊ ✶ ❛♥❞ ❈❆❙❊ ✶❜✐s ✇✐t❤ t❤❡ ❧❛②♦✉t ❤②✲❡❧ s❡✱

❛♥❞ ❈❆❙❊ ✷ ❛♥❞ ❈❆❙❊ ✷❜✐s ✇✐t❤ t❤❡ ❧❛②♦✉t t✉✲❡❧ ♣❝✳ ◆♦t❡ t❤❛t t❤❡ ❡❧❡❝tr✐❝ ❡♥❣✐♥❡s ❛♥❞

t❤❡ ❈❆❙❊s ❛♥❛❧②③❡❞ ❛r❡ t❤❡ s❛♠❡ ✉s❡❞ ✐♥ t❤❡ s❤♦rt ♠✐ss✐♦♥s✳

■♥ ❋✐❣✉r❡ ✼✳✸✶ ✐s r❡♣r❡s❡♥t❡❞ ❤♦✇ t❤✐s s✉❜✲s❡❝t✐♦♥ ✐s str✉❝t✉r❡❞✳

▼❊❉■❯▼ ♠✐ss✐♦♥

◆➦ ♦❢ ❡♥❣✐♥❡s✿ ✷

❈❆❙❊ ✶

❉Pr❡❢ ❉P✶ ❉P✷

❈❆❙❊ ✶❜✐s

✳✳✳

❈❆❙❊ ✷

✳✳✳

❈❆❙❊ ✷❜✐s

✳✳✳

◆➦ ♦❢ ❡♥❣✐♥❡s✿ ✶✵

❋✐❣✉r❡ ✼✳✸✶✿ ❚r❡❡ ❞✐❛❣r❛♠ t❤❛t ❞❡s❝r✐❜❡s t❤❡ s❡♥s✐t✐✈✐t② ❛♥❛❧②s✐s ♣r♦❝❡❞✉r❡ ✐♥ t❤❡ ❝❛s❡ ♦❢

♠❡❞✐✉♠ ♠✐ss✐♦♥ r❛♥❣❡ ✐♥ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✳



✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s ✶✹✼

❈❆❙❊ ✶

❉Pr❡❢ ❉P✶ ❉P✷ ❯♥✐t

SFCinit r❡❞✉❝t✐♦♥ ✲✸✽ ✲✸✽ ✲✸✽ ✪

SFCtarget 3.69e−8 3.69e−8 3.69e−8 kg
s·W

mPAY ✸✹✾✻ ✹✹✸✻ ✷✻✽✻ ❦❣

mPAY r❡❞✉❝t✐♦♥
✲✶✻✼✽✵ ✲✶✺✽✹✵ ✲✶✼✺✾✵ ❦❣

✲✽✷✳✽ ✲✼✽✳✶ ✲✽✻✳✽ ✪

❇❛tt❡r② Pmax ✶✼✳✹ ✶✺✳✻ ✶✼✳✾ ▼❲

●❚ Pmax ✸✼✳✷ ✸✼✳✸ ✸✼✳✷ ▼❲

❇❛tt❡r② ❡♥❡r❣② ✉s❡❞ ✹✵✻✻ ✸✽✽✵ ✹✷✷✸ ❦❲❤

mFUEL ✹✺✽✽ ✹✺✽✷ ✹✻✶✸ ❦❣

❋✉❡❧ s❛✈❡❞ ✇rt r❡❢❡r❡♥❝❡ ✰✶✻✸✺ ✰✶✻✹✶ ✰✶✻✶✵ ❦❣

❚❛❜❧❡ ✼✳✶✼✿ ▼❡❞✐✉♠ r❛♥❣❡ ♠✐ss✐♦♥ ❛♥❛❧②s✐s✱ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✿ ❈❆❙❊ ✶ r❡s✉❧ts✳

❋r♦♠ ❧❡❢t t♦ r✐❣❤t t❤❡ ✢✐❣❤t ♠✐ss✐♦♥s ❛♥❛❧②③❡❞ ❛r❡ t❤❡ ♦♥❡s ✇✐t❤ ♥✉♠❜❡r ✷✾✱ ✸✸ ❛♥❞ ✸✼ ♦❢

❆♣♣❡♥❞✐① ❆✳

❋r♦♠ ❚❛❜❧❡ ✼✳✶✼ ✐t ❝❛♥ ❜❡ s❡❡♥ t❤❛t ✐♥ ❣❡♥❡r❛❧ t❤❡ r❡s✉❧ts ❛r❡ ✇♦rst ✇✐t❤ r❡s♣❡❝t t❤❡ s❤♦rt

♠✐ss✐♦♥ ❝❛s❡✳ ❚❤❡ ✜rst t❤✐♥❣ t♦ ♥♦t❡ ✐s t❤❛t s✐♥❝❡ t❤❡ ✢✐❣❤t ♠✐ss✐♦♥ ✐s ❧♦♥❣❡r ✐t ✐s r❡q✉✐r❡❞

♠♦r❡ ❢✉❡❧✳ ❚❤✐s ❢✉❡❧ ✐♥❝r❡♠❡♥t ❤❛s t❤❡ ❝♦♥s❡q✉❡♥❝❡ t♦ r❡❞✉❝❡ mPAY ✱ ✐♥ ❢❛❝t t❤❡ ❝♦♥❞✐t✐♦♥

mTOT < mMTOW ❤❛s t♦ ❜❡ r❡s♣❡❝t❡❞✳ ❚❤❡ ♣❛②❧♦❛❞ r❡❞✉❝t✐♦♥ ✐s s♦ ❤✐❣❤ t❤❛t t♦ ❜r✐♥❣ t❤❡

s❛♠❡ ♣❛②❧♦❛❞ t♦ t❤❡ ✜♥❛❧ ❞❡st✐♥❛t✐♦♥ ♠♦r❡ t❤❛♥ ✷ ✢✐❣❤ts ❛r❡ ♥❡❡❞❡❞✳ ❈♦♥s✐❞❡r✐♥❣ t❤❛t

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

❚❤✐s ✐s ✐♥ ❧✐♥❡ ✇✐t❤ t❤❡ ❡①✐st✐♥❣ ❧✐t❡r❛t✉r❡✱ ✐♥ ✇❤✐❝❤ t❤❡ ❛✐r❝r❛❢t ❤②❜r✐❞✐③❛t✐♦♥ ✐s ♣r♦♣♦s❡❞

♦♥❧② ❢♦r s❤♦rt r❛♥❣❡ ♠✐ss✐♦♥s✳ ▼♦r❡♦✈❡r✱ ❢r♦♠ ❚❛❜❧❡ ✼✳✶✽ ♥♦t❡ t❤❛t t❤❡ ❜❛tt❡r② ♠❛ss ✐s

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

t♦ ♣r♦✈✐❞❡✳ ❚❤❡ ♦❜t❛✐♥❡❞ ✈❛❧✉❡ ♦❢ ❜❛tt❡r② ♠❛ss ✐s ❤✐❣❤❡r t❤❛♥ t❤❡ ♦♥❡ ♦❜t❛✐♥❡❞ ✐♥ t❤❡

❛♥❛❧♦❣♦✉s s❤♦rt ♠✐ss✐♦♥✳



✶✹✽ ✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s

▼❛ss ❬❦❣❪

❱❛r✐❛❜❧❡ ❘❡❢ ❉P✶

mOEW ✹✶✹✶✸ ✹✶✹✶✸

mBatt ✲ ✶✾✹✵✷ ✭❙❊✮

mPAY ✷✵✷✼✻ ✹✹✸✻

mFUEL ✻✷✷✸ ✹✺✽✷

❚♦t❛❧ mElecMot ✲ ✸✸✻✺

mPElec ✲ ✶✶✷✺

mElecGen ✲ ✸✾✷✷

mtot ✻✼✾✶✷ ✼✽✷✹✹

❉✐✛❡r❡♥❝❡ mtot ❢r♦♠ ❘❡❢ ✲ ✰✶✵✸✸✷

❚❛❜❧❡ ✼✳✶✽✿ ▼❡❞✐✉♠ r❛♥❣❡ ♠✐ss✐♦♥✱ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✱ ❈❆❙❊ ✶✿ ❈♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥

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

❉Pr❡❢✱ ❉P✶ ❛♥❞ ❉P✷✳

❈❆❙❊ ✶❜✐s

❉Pr❡❢ ❉P✶ ❉P✷ ❯♥✐t

SFCinit r❡❞✉❝t✐♦♥ ✲✸✽ ✲✸✽ ✸✽ ✪

SFCtarget 3.69e−8 3.69e−8 3.69e−8 kg
s·W

mPAY ✶✵✵✽✻ ✶✵✹✾✻ ✾✻✹✻ ❦❣

mPAY r❡❞✉❝t✐♦♥
✲✶✵✶✾✵ ✲✾✼✽✵ ✲✶✵✻✸✵ ❦❣

✲✺✵✳✸ ✲✹✽✳✷ ✲✺✷✳✹ ✪

❇❛tt❡r② Pmax ✶✷✳✺ ✶✶✳✾ ✶✷✳✽ ▼❲

●❚ Pmax ✸✼✳✸ ✸✼✳✸ ✸✼✳✷ ▼❲

❇❛tt❡r② ❡♥❡r❣② ✉s❡❞ ✷✼✶✵ ✷✻✸✷ ✷✼✾✶ ❦❲❤

mFUEL ✹✼✽✸ ✹✼✻✶ ✹✽✷✵ ❦❣

❋✉❡❧ s❛✈❡❞ ✇rt r❡❢❡r❡♥❝❡ ✰✶✹✹✵ ✰✶✹✻✷ ✰✶✹✵✹ ❦❣

❚❛❜❧❡ ✼✳✶✾✿ ▼❡❞✐✉♠ r❛♥❣❡ ♠✐ss✐♦♥ ❛♥❛❧②s✐s✱ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✿ ❈❆❙❊ ✶❜✐s r❡s✉❧ts✳

❋r♦♠ ❧❡❢t t♦ r✐❣❤t t❤❡ ✢✐❣❤t ♠✐ss✐♦♥s ❛♥❛❧②③❡❞ ❛r❡ t❤❡ ♦♥❡s ✇✐t❤ ♥✉♠❜❡r ✸✵✱ ✸✹ ❛♥❞ ✸✽ ♦❢

❆♣♣❡♥❞✐① ❆✳

❈❆❙❊ ✶❜✐s s❤♦✇s r❡s✉❧ts ✇♦rst ✇✐t❤ r❡s♣❡❝t t❤❡ r❡❢❡r❡♥❝❡ ❝❛s❡✱ ❜✉t ❜❡tt❡r ✇✐t❤ r❡s♣❡❝t

❈❆❙❊ ✶✳ ■♥ ❢❛❝t✱ ❡✈❡♥ ✐❢ t❤❡ ❢✉❡❧ s❛✈❡❞ ✐s ❧❡ss t❤❛♥ ❜❡❢♦r❡✱ t❤❡ ✈❛❧✉❡ ♦❢ mPAY ✐s ❤✐❣❤❡r✳ ■♥



✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s ✶✹✾

♣❛rt✐❝✉❧❛r✱ r❡❢❡rr✐♥❣ t♦ t❤❡ ❡♥❣✐♥❡ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉P✶✱ t❤❡ ❢✉❡❧ s❛✈❡❞ ✐s ❛❜♦✉t ✶✳✹ t♦♥s

❛❣❛✐♥st ✶✳✻ t♦♥s ♦❢ ❈❆❙❊ ✶✱ ❜✉t ♥♦✇ mPAY ✐s ✶✵ t♦♥s ❛♥❞ ♥♦t ✹✳✹ t♦♥s✳ ❚❤✐s r❡s✉❧t s❤♦✇s

t❤❛t ✇✐t❤ ❛♥ ❤✐❣❤❡r r❛♥❣❡ ♠✐ss✐♦♥ t❤❡ ❧❡✈❡❧ ♦❢ ❤②❜r✐❞✐③❛t✐♦♥ s❤♦✉❧❞ ❜❡ ❧♦✇❡r✳ ■♥ ❢❛❝t✱ ✐♥

t❤✐s ❝❛s❡ t❤❡ ✈❛❧✉❡ ♦❢ t❤❡ ❜❛tt❡r② ♠❛ss ✐s ❛❜♦✉t ✻ t♦♥s ❧♦✇❡r ✇✐t❤ r❡s♣❡❝t ❈❆❙❊ ✶✳

▼❛ss ❬❦❣❪

❱❛r✐❛❜❧❡ ❘❡❢ ❉P✶

mOEW ✹✶✹✶✸ ✹✶✹✶✸

mBatt ✲ ✶✸✶✻✶ ✭❙❊✮

mPAY ✷✵✷✼✻ ✶✵✹✾✻

mFUEL ✻✷✷✸ ✹✼✻✶

❚♦t❛❧ mElecMot ✲ ✸✸✻✺

mPElec ✲ ✶✶✷✺

mElecGen ✲ ✸✾✷✷

mtot ✻✼✾✶✷ ✼✽✷✹✸

❉✐✛❡r❡♥❝❡ mtot ❢r♦♠ ❘❡❢ ✲ ✰✶✵✸✸✶

❚❛❜❧❡ ✼✳✷✵✿ ▼❡❞✐✉♠ r❛♥❣❡ ♠✐ss✐♦♥✱ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✱ ❈❆❙❊ ✶❜✐s✿ ❈♦♠♣❛r✐s♦♥

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

❜❡t✇❡❡♥ ❉Pr❡❢✱ ❉P✶ ❛♥❞ ❉P✷✳

❈❆❙❊ ✷

❉Pr❡❢ ❉P✶ ❉P✷ ❯♥✐t

SFCinit r❡❞✉❝t✐♦♥ ✲✶✾ ✲✶✽ ✲✷✵ ✪

SFCtarget 4.82e−8 4.87e−8 4.76e−8 kg
s·W

mPAY ✷✵✷✼✻ ✷✵✷✼✻ ✷✵✷✼✻ ❦❣

mPAY r❡❞✉❝t✐♦♥
✵ ✵ ✵ ❦❣

✵ ✵ ✵ ✪

●❚ Pmax ✸✺ ✸✹✳✾ ✸✺ ▼❲

mFUEL ✻✶✽✾ ✻✷✶✽ ✻✶✽✵ ❦❣

❋✉❡❧ s❛✈❡❞ ✇rt r❡❢❡r❡♥❝❡ ✰✸✹ ✰✺ ✰✹✸ ❦❣

❚❛❜❧❡ ✼✳✷✶✿ ▼❡❞✐✉♠ r❛♥❣❡ ♠✐ss✐♦♥ ❛♥❛❧②s✐s✱ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✿ ❈❆❙❊ ✷ r❡s✉❧ts✳

❋r♦♠ ❧❡❢t t♦ r✐❣❤t t❤❡ ✢✐❣❤t ♠✐ss✐♦♥s ❛♥❛❧②③❡❞ ❛r❡ t❤❡ ♦♥❡s ✇✐t❤ ♥✉♠❜❡r ✸✶✱ ✸✺ ❛♥❞ ✸✾ ♦❢

❆♣♣❡♥❞✐① ❆✳



✶✺✵ ✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s

▲♦♦❦✐♥❣ t❤❡ r❡s✉❧ts ✐♥ ❚❛❜❧❡ ✼✳✷✶ ✐t ❝❛♥ ❜❡ ♥♦t❡❞ t❤❛t✱ ✇✐t❤ r❡s♣❡❝t t❤❡ s❤♦rt ♠✐ss✐♦♥

❝❛s❡✱ ♥♦✇ t❤❡ ✈❛❧✉❡ ♦❢ SFCtarget ✐s ❧♦✇❡r✳ ❚❤✐s ♠❡❛♥s t❤❛t ❣❧♦❜❛❧❧② t❤❡ ❝♦♠❜♦ ♦❢ ●❚ ♣❧✉s

❡❧❡❝tr✐❝ ❈❘ ❢❛♥s ❝♦♥s✉♠❡s ♠♦r❡ ❢✉❡❧ ✇✐t❤ r❡s♣❡❝t t❤❡ s❤♦rt ♠✐ss✐♦♥ ❝❛s❡ ❛♥❞✱ ♦❜✈✐♦✉❧s②✱

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

❚❛❜❧❡ ✼✳✷✷✳ ■♥ ❢❛❝t✱ s✐♥❝❡ t❤❡ t♦t❛❧ ✐♥❝r❡♠❡♥t ♦❢ t❤❡ ❛✐r❝r❛❢t ♠❛ss ✐s s✐♠✐❧❛r t♦ t❤❡ ♦♥❡

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

t❤❡ ♠❛ss ✐♥❝r❡❛s❡✱ ❜✉t ✐t ✐s ❞✉❡ t♦ ❛ ♠♦r❡ ✐♥❡✣❝✐❡♥t s②st❡♠ ❞✉r✐♥❣ t❤❡ ❝r✉✐s❡ ♣❤❛s❡✳

▼❛ss ❬❦❣❪

❱❛r✐❛❜❧❡ ❘❡❢ ❉P✶

mOEW ✹✶✹✶✸ ✹✶✹✶✸

mPAY ✷✵✷✼✻ ✷✵✷✼✻

mFUEL ✻✷✷✸ ✻✷✶✽

❚♦t❛❧ mElecMot ✲ ✸✸✺✸

mPElec ✲ ✺✺✷

mElecGen ✲ ✸✻✼✺

mtot ✻✼✾✶✷ ✼✺✹✽✾

❉✐✛❡r❡♥❝❡ mtot ❢r♦♠ ❘❡❢ ✲ ✰✼✺✼✼

❚❛❜❧❡ ✼✳✷✷✿ ▼❡❞✐✉♠ r❛♥❣❡ ♠✐ss✐♦♥✱ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✱ ❈❆❙❊ ✷✿ ❈♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥

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

❉Pr❡❢✱ ❉P✶ ❛♥❞ ❉P✷✳



✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s ✶✺✶

❈❆❙❊ ✷❜✐s

❉Pr❡❢ ❉P✶ ❉P✷ ❯♥✐t

SFCinit r❡❞✉❝t✐♦♥ ✲✶✹ ✲✶✸ ✲✶✺ ✪

SFCtarget 5.53e−8 5.65e−8 5.41e−8 kg
s·W

mPAY ✷✵✷✼✻ ✷✵✷✼✻ ✷✵✷✼✻ ❦❣

mPAY r❡❞✉❝t✐♦♥
✵ ✵ ✵ ❦❣

✵ ✵ ✵ ✪

●❚ Pmax ✸✸✳✽ ✸✸✳✸ ✸✹✳✷ ▼❲

mFUEL ✻✶✼✹ ✻✷✵✽ ✻✷✵✽ ❦❣

❋✉❡❧ s❛✈❡❞ ✇rt r❡❢❡r❡♥❝❡ ✰✹✾ ✰✶✺ ✰✶✺ ❦❣

❚❛❜❧❡ ✼✳✷✸✿ ▼❡❞✐✉♠ r❛♥❣❡ ♠✐ss✐♦♥ ❛♥❛❧②s✐s✱ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✿ ❈❆❙❊ ✷❜✐s r❡s✉❧ts✳

❋r♦♠ ❧❡❢t t♦ r✐❣❤t t❤❡ ✢✐❣❤t ♠✐ss✐♦♥s ❛♥❛❧②③❡❞ ❛r❡ t❤❡ ♦♥❡s ✇✐t❤ ♥✉♠❜❡r ✸✷✱ ✸✻ ❛♥❞ ✹✵ ♦❢

❆♣♣❡♥❞✐① ❆✳

❚❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞ ✐♥ ❈❆❙❊ ✷❜✐s ✭❋✐❣✉r❡ ✼✳✷✸✮ ❝♦♥✜r♠s ✇❤❛t ✇❛s ✇r✐tt❡♥ ✐♥ ❈❆❙❊ ✷✳

✼✳✷✳✸✳ ❙❡♥s✐t✐✈✐t② ❛♥❛❧②s✐s✿ ❇♦❡✐♥❣ ✼✸✼✲✽✵✵ ♣r♦♣❡❧❧❡❞ ❜② ❍❨❇✲

❈❋✶ ✇✐t❤ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥

❚❤❡ ❞✐✛❡r❡♥t ✢✐❣❤t ♠✐ss✐♦♥s ❛♥❛❧②③❡❞ ✐♥ t❤✐s s✉❜✲s❡❝t✐♦♥ ❛r❡ t❤❡ ♦♥❡s ❢r♦♠ ✹✶ t♦ ✺✷

♦❢ ❆♣♣❡♥❞✐① ❆✳ ❚❤❡s❡ ❛r❡ t❤❡ ♦♥❡s ♣❡r❢♦r♠❡❞ ❜② ❇♦❡✐♥❣ ✼✸✼✲✽✵✵ ✐♥ ✇❤✐❝❤ ❛r❡ ❛❧t❡r✲

♥❛t✐✈❡❧② ♠♦✉♥t❡❞ t❤❡ ❡♥❣✐♥❡s ❍❨❇✲❈❋✶✲✶✵❡♥❣✲❉Pr❡❢✱ ❍❨❇✲❈❋✶✲✶✵❡♥❣✲❉P✶ ❛♥❞ ❍❨❇✲

❈❋✶✲✶✵❡♥❣✲❉P✷✳ ❆❣❛✐♥✱ t❤❡ ❤②❜r✐❞ s②st❡♠s t❡st❡❞ ❛r❡ ❈❆❙❊ ✶ ❛♥❞ ❈❆❙❊ ✶❜✐s ✇✐t❤ t❤❡

❧❛②♦✉t ❤②✲❡❧ s❡✱ ❛♥❞ ❈❆❙❊ ✷ ❛♥❞ ❈❆❙❊ ✷❜✐s ✇✐t❤ t❤❡ ❧❛②♦✉t t✉✲❡❧ ♣❝✳

❚❤✐s s✉❜✲s❡❝t✐♦♥ ✐s str✉❝t✉r❡❞ ❛s t❤❡ ♦t❤❡r ♦♥❡s✳ ■♥ ❋✐❣✉r❡ ✼✳✸✷ ✐s r❡♣r❡s❡♥t❡❞ ✐ts str✉❝t✉r❡✳



✶✺✷ ✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s

▼❊❉■❯▼ ♠✐ss✐♦♥

◆➦ ♦❢ ❡♥❣✐♥❡s✿ ✷ ◆➦ ♦❢ ❡♥❣✐♥❡s✿ ✶✵

❈❆❙❊ ✶

❉Pr❡❢ ❉P✶ ❉P✷

❈❆❙❊ ✶❜✐s

✳✳✳

❈❆❙❊ ✷

✳✳✳

❈❆❙❊ ✷❜✐s

✳✳✳

❋✐❣✉r❡ ✼✳✸✷✿ ❚r❡❡ ❞✐❛❣r❛♠ t❤❛t ❞❡s❝r✐❜❡s t❤❡ s❡♥s✐t✐✈✐t② ❛♥❛❧②s✐s ♣r♦❝❡❞✉r❡ ✐♥ t❤❡ ❝❛s❡ ♦❢

s❤♦rt✴♠❡❞✐✉♠ ♠✐ss✐♦♥ r❛♥❣❡ ✐♥ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✳

❚❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞ ✐♥ ❈❆❙❊ ✶✱ ❈❆❙❊ ✶❜✐s✱ ❈❆❙❊ ✷ ❛♥❞ ❈❆❙❊ ✷❜✐s ❛r❡ s❧✐❣❤t❧② ✇♦rst

✇✐t❤ r❡s♣❡❝t t❤❡ ♦♥❡s ♦❜t❛✐♥❡❞ ✇✐t❤ t❤❡ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✳ ❚❤❡ s❛♠❡ t❤✐♥❣ ❤❛♣♣❡♥❡❞

✇✐t❤ t❤❡ s❤♦rt r❛♥❣❡ ❝❛s❡✳ ❙✐♥❝❡ s✐♠✐❧❛r ❝♦♥s✐❞❡r❛t✐♦♥s t♦ t❤❡ ♦♥❡s ♦❢ t❤❡ s❤♦rt r❛♥❣❡ ❝❛s❡

❝❛♥ ❜❡ ❞♦♥❡✱ ✐♥ t❤✐s s✉❜✲s❡❝t✐♦♥ ✇✐❧❧ ❜❡ ♦♥❧② r❡♣♦rt❡❞ t❤❡ r❡s✉❧ts ♦❜t❛✐♥❡❞ ✐♥ t❤❡ ❞✐✛❡r❡♥t

❈❆❙❊s✳ ❚❤❡ r❡s✉❧ts ✇✐❧❧ ❜❡ r❡♣♦rt❡❞ ❢♦r ❝♦♠♣❧❡t❡♥❡ss✱ ❜✉t t❤❡② ✇✐❧❧ ♥♦t ❜❡ ❝♦♠♠❡♥t❡❞

✐♥ ♦r❞❡r t♦ ❛✈♦✐❞ ✉s❡❧❡ss r✐♣❡t✐t✐♦♥s✳



✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s ✶✺✸

❈❆❙❊ ✶

❉Pr❡❢ ❉P✶ ❉P✷ ❯♥✐t

SFCinit r❡❞✉❝t✐♦♥ ✲✸✽ ✲✸✽ ✲✸✽ ✪

SFCtarget 3.69e−8 3.69e−8 3.69e−8 kg
s·W

mPAY ✸✺✸✻ ✸✾✺✻ ✷✼✹✻ ❦❣

mPAY r❡❞✉❝t✐♦♥
✲✶✻✼✹✵ ✲✶✻✸✷✵ ✲✶✼✺✸✵ ❦❣

✲✽✷✳✻ ✲✽✵✳✺ ✲✽✻✳✺ ✪

❇❛tt❡r② Pmax ✶✻✳✹ ✶✻✳✻ ✶✼✳✾ ▼❲

●❚ Pmax ✸✼✳✸ ✸✼✳✷ ✸✼✳✸ ▼❲

❇❛tt❡r② ❡♥❡r❣② ✉s❡❞ ✹✵✺✽ ✸✾✼✻ ✹✷✶✵ ❦❲❤

mFUEL ✹✺✾✹ ✹✺✽✵ ✹✻✷✸ ❦❣

❋✉❡❧ s❛✈❡❞ ✇rt r❡❢❡r❡♥❝❡ ✰✶✻✷✾ ✰✶✻✹✸ ✰✶✻✵✵ ❦❣

❚❛❜❧❡ ✼✳✷✹✿ ▼❡❞✐✉♠ r❛♥❣❡ ♠✐ss✐♦♥ ❛♥❛❧②s✐s✱ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✿ ❈❆❙❊ ✶ r❡s✉❧ts✳

❋r♦♠ ❧❡❢t t♦ r✐❣❤t t❤❡ ✢✐❣❤t ♠✐ss✐♦♥s ❛♥❛❧②③❡❞ ❛r❡ t❤❡ ♦♥❡s ✇✐t❤ ♥✉♠❜❡r ✹✶✱ ✹✺ ❛♥❞ ✹✾ ♦❢

❆♣♣❡♥❞✐① ❆✳

▼❛ss ❬❦❣❪

❱❛r✐❛❜❧❡ ❘❡❢ ❉P✶

mOEW ✹✶✹✶✸ ✹✶✹✶✸

mBatt ✲ ✶✻✻✶✵ ✭❙❊✮

mPAY ✷✵✷✼✻ ✸✾✺✻

mFUEL ✻✷✷✸ ✹✺✽✵

❚♦t❛❧ mElecMot ✲ ✸✸✻✷

mPElec ✲ ✶✶✷✹

mElecGen ✲ ✸✾✶✽

mtot ✻✼✾✶✷ ✼✽✷✸✺

❉✐✛❡r❡♥❝❡ mtot ❢r♦♠ ❘❡❢ ✲ ✰✶✵✸✷✸

❚❛❜❧❡ ✼✳✷✺✿ ▼❡❞✐✉♠ r❛♥❣❡ ♠✐ss✐♦♥✱ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✱ ❈❆❙❊ ✶✿ ❈♦♠♣❛r✐s♦♥ ❜❡✲

t✇❡❡♥ t❤❡ r❡❢❡r❡♥❝❡ ❝♦♠♣♦♥❡♥t ♠❛ss❡s ❛♥❞ t❤❡ ❝♦♠♣♦♥❡♥t ♠❛ss❡s ♦❢ t❤❡ ❜❡st r❡s✉❧t ❜❡✲

t✇❡❡♥ ❉Pr❡❢✱ ❉P✶ ❛♥❞ ❉P✷✳



✶✺✹ ✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s

❈❆❙❊ ✶❜✐s

❉Pr❡❢ ❉P✶ ❉P✷ ❯♥✐t

SFCinit r❡❞✉❝t✐♦♥ ✲✸✽ ✲✸✽ ✲✸✽ ✪

SFCtarget 3.69e−8 3.69e−8 3.69e−8 kg
s·W

mPAY ✶✵✵✶✻ ✶✵✹✶✻ ✾✺✺✻ ❦❣

mPAY r❡❞✉❝t✐♦♥
✲✶✵✷✻✵ ✲✾✽✻✵ ✲✶✵✼✷✵ ❦❣

✲✺✵✳✻ ✲✹✽✳✻ ✲✺✷✳✾ ✪

❇❛tt❡r② Pmax ✶✷✳✸ ✶✷ ✶✷✳✽ ▼❲

●❚ Pmax ✸✼✳✸ ✸✼✳✷ ✸✼✳✸ ▼❲

❇❛tt❡r② ❡♥❡r❣② ✉s❡❞ ✷✼✷✷ ✷✻✹✻ ✷✽✵✼ ❦❲❤

mFUEL ✹✼✽✻ ✹✼✼✷ ✹✽✷✺ ❦❣

❋✉❡❧ s❛✈❡❞ ✇rt r❡❢❡r❡♥❝❡ ✰✶✹✸✼ ✰✶✹✺✶ ✰✶✸✾✽ ❦❣

❚❛❜❧❡ ✼✳✷✻✿ ▼❡❞✐✉♠ r❛♥❣❡ ♠✐ss✐♦♥ ❛♥❛❧②s✐s✱ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✿ ❈❆❙❊ ✶❜✐s r❡s✉❧ts✳

❋r♦♠ ❧❡❢t t♦ r✐❣❤t t❤❡ ✢✐❣❤t ♠✐ss✐♦♥s ❛♥❛❧②③❡❞ ❛r❡ t❤❡ ♦♥❡s ✇✐t❤ ♥✉♠❜❡r ✹✷✱ ✹✻ ❛♥❞ ✺✵ ♦❢

❆♣♣❡♥❞✐① ❆✳

▼❛ss ❬❦❣❪

❱❛r✐❛❜❧❡ ❘❡❢ ❉P✶

mOEW ✹✶✹✶✸ ✹✶✹✶✸

mBatt ✲ ✶✸✷✷✾ ✭❙❊✮

mPAY ✷✵✷✼✻ ✶✵✹✶✻

mFUEL ✻✷✷✸ ✹✼✼✷

❚♦t❛❧ mElecMot ✲ ✸✸✻✷

mPElec ✲ ✶✶✷✹

mElecGen ✲ ✸✾✶✽

mtot ✻✼✾✶✷ ✼✽✷✸✹

❉✐✛❡r❡♥❝❡ mtot ❢r♦♠ ❘❡❢ ✲ ✰✶✵✸✸✷

❚❛❜❧❡ ✼✳✷✼✿ ▼❡❞✐✉♠ r❛♥❣❡ ♠✐ss✐♦♥✱ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✱ ❈❆❙❊ ✶❜✐s✿ ❈♦♠♣❛r✐s♦♥

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

❜❡t✇❡❡♥ ❉Pr❡❢✱ ❉P✶ ❛♥❞ ❉P✷✳



✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s ✶✺✺

❈❆❙❊ ✷

❉Pr❡❢ ❉P✶ ❉P✷ ❯♥✐t

SFCinit r❡❞✉❝t✐♦♥ ✲✶✾ ✲✶✾ ✲✷✵ ✪

SFCtarget 5.23e−8 5.35e−8 5.11e−8 kg
s·W

mPAY ✷✵✷✼✻ ✷✵✷✼✻ ✷✵✷✼✻ ❦❣

mPAY r❡❞✉❝t✐♦♥
✵ ✵ ✵ ❦❣

✵ ✵ ✵ ✪

●❚ Pmax ✸✺ ✸✺ ✸✺ ▼❲

mFUEL ✻✶✾✶ ✻✶✺✽ ✻✶✾✷ ❦❣

❋✉❡❧ s❛✈❡❞ ✇rt r❡❢❡r❡♥❝❡ ✰✸✷ ✰✻✺ ✰✸✶ ❦❣

❚❛❜❧❡ ✼✳✷✽✿ ▼❡❞✐✉♠ r❛♥❣❡ ♠✐ss✐♦♥ ❛♥❛❧②s✐s✱ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✿ ❈❆❙❊ ✷ r❡s✉❧ts✳

❋r♦♠ ❧❡❢t t♦ r✐❣❤t t❤❡ ✢✐❣❤t ♠✐ss✐♦♥s ❛♥❛❧②③❡❞ ❛r❡ t❤❡ ♦♥❡s ✇✐t❤ ♥✉♠❜❡r ✹✸✱ ✹✼ ❛♥❞ ✺✶ ♦❢

❆♣♣❡♥❞✐① ❆✳

▼❛ss ❬❦❣❪

❱❛r✐❛❜❧❡ ❘❡❢ ❉P✶

mOEW ✹✶✹✶✸ ✹✶✹✶✸

mPAY ✷✵✷✼✻ ✷✵✷✼✻

mFUEL ✻✷✷✸ ✻✶✺✽

❚♦t❛❧ mElecMot ✲ ✸✸✺✾

mPElec ✲ ✺✺✸

mElecGen ✲ ✸✻✽✶

mtot ✻✼✾✶✷ ✼✺✹✹✵

❉✐✛❡r❡♥❝❡ mtot ❢r♦♠ ❘❡❢ ✲ ✰✼✺✷✽

❚❛❜❧❡ ✼✳✷✾✿ ▼❡❞✐✉♠ r❛♥❣❡ ♠✐ss✐♦♥✱ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✱ ❈❆❙❊ ✷✿ ❈♦♠♣❛r✐s♦♥ ❜❡✲

t✇❡❡♥ t❤❡ r❡❢❡r❡♥❝❡ ❝♦♠♣♦♥❡♥t ♠❛ss❡s ❛♥❞ t❤❡ ❝♦♠♣♦♥❡♥t ♠❛ss❡s ♦❢ t❤❡ ❜❡st r❡s✉❧t ❜❡✲

t✇❡❡♥ ❉Pr❡❢✱ ❉P✶ ❛♥❞ ❉P✷✳



✶✺✻ ✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s

❈❆❙❊ ✷❜✐s

❉Pr❡❢ ❉P✶ ❉P✷ ❯♥✐t

SFCinit r❡❞✉❝t✐♦♥ ✲✶✹ ✲✶✸ ✲✶✺ ✪

SFCtarget 5.11e−8 5.17e−8 5.05e−8 kg
s·W

mPAY ✷✵✷✼✻ ✷✵✷✼✻ ✷✵✷✼✻ ❦❣

mPAY r❡❞✉❝t✐♦♥
✵ ✵ ✵ ❦❣

✵ ✵ ✵ ✪

●❚ Pmax ✸✸✳✼ ✸✸✳✸ ✸✹✳✷ ▼❲

mFUEL ✻✶✽✺ ✻✷✷✷ ✻✷✷✷ ❦❣

❋✉❡❧ s❛✈❡❞ ✇rt r❡❢❡r❡♥❝❡ ✰✸✽ ✰✶ ✰✶ ❦❣

❚❛❜❧❡ ✼✳✸✵✿ ▼❡❞✐✉♠ r❛♥❣❡ ♠✐ss✐♦♥ ❛♥❛❧②s✐s✱ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✿ ❈❆❙❊ ✷❜✐s r❡s✉❧ts✳

❋r♦♠ ❧❡❢t t♦ r✐❣❤t t❤❡ ✢✐❣❤t ♠✐ss✐♦♥s ❛♥❛❧②③❡❞ ❛r❡ t❤❡ ♦♥❡s ✇✐t❤ ♥✉♠❜❡r ✹✹✱ ✹✽ ❛♥❞ ✺✷ ♦❢

❆♣♣❡♥❞✐① ❆✳

✼✳✸✳ ▲♦♥❣ r❛♥❣❡ ♠✐ss✐♦♥ ❛♥❛❧②s✐s

■♥ t❤✐s ❧❛st s❡❝t✐♦♥ t❤❡ ❧♦♥❣ r❛♥❣❡ ♠✐ss✐♦♥ ❝❛s❡ ✇✐❧❧ ❜❡ ❛♥❛❧②③❡❞✳ ❚❤❡ str✉❝t✉r❡ ♦❢ t❤✐s

s❡❝t✐♦♥ ✐s t❤❡ s❛♠❡ ❛s ❜❡❢♦r❡✱ ❜✉t ♥♦t❡ t❤❛t ❈❆❙❊ ✶ ❛♥❞ ❈❆❙❊ ✶❜✐s ✇✐❧❧ ❜❡ ♥♦t ❛♥❛❧②③❡❞✳

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

❡♥❡r❣② t❤❡ r❡s✉❧t✐♥❣ ❜❛tt❡r② ✇❡✐❣❤t ✐s t♦♦ ❤✐❣❤✳ ❙✐♥❝❡ ✐♥ t❤❡ ❧♦♥❣ r❛♥❣❡ ♠✐ss✐♦♥s t❤❡ ♣♦✇❡r

r❡q✉❡st ✐s ✐♥ t❤❡ ♦r❞❡r ♦❢ ✶✵✵ ❬▼❲❪✱ t❤❡ r❡s✉❧t✐♥❣ ❜❛tt❡r② ✇❡✐❣❤t ✇♦✉❧❞ ❜❡ s♦ ❤✐❣❤ t❤❛t

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

❋✐❣✉r❡s ✼✳✸ ❛♥❞ ✼✳✹ ✇✐❧❧ ❜❡ t❡st❡❞ t❤r♦✉❣❤ ❈❆❙❊ ✷ ❛♥❞ ❈❆❙❊ ✷❜✐s✳

✼✳✸✳✶✳ ❘❡❢❡r❡♥❝❡✿ ❇♦❡✐♥❣ ✼✽✼✲✽✵✵ ♣r♦♣❡❧❧❡❞ ❜② ●❊♥①✲✶❇✻✹

❚❤❡ r❡❢❡r❡♥❝❡ ❝❛s❡ ❢♦r t❤❡ ❧♦♥❣ r❛♥❣❡ ♠✐ss✐♦♥ ✐s t❤❡ ♦♥❡ ♣❡r❢♦r♠❡❞ ❜② t❤❡ ❇♦✐❡♥❣ ✼✽✼✲✽✵✵

♣r♦♣❡❧❧❡❞ ❜② ●❊♥①✲✶❇✻✹✳ ■♥ ❋✐❣✉r❡s ✼✳✸✸✱ ✼✳✸✺✱ ✼✳✸✹✱ ✼✳✸✻✱ ✼✳✸✼ ❛r❡ r❡♣♦rt❡❞ t❤❡ ❝♦♠♣♦✲

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

❝❛s❡s ❝❛♥ ❜❡ ❞♦♥❡✳ ❍♦✇❡✈❡r✱ r❡♠❡♠❜❡r t❤❛t ♥♦✇ t❤❡ ❡♥❣✐♥❡ ✐s ❞✐✛❡r❡♥t✳ ❍❡♥❝❡✱ ❡✈❡♥ ✐❢

t❤❡ s❤❛♣❡ ♦❢ t❤❡s❡ ♠❛♣s ❛r❡ t❤❡ s❛♠❡ ❛s ❜❡❢♦r❡✱ t❤❡ s❝❛❧✐♥❣ ❢❛❝t♦rs ❛r❡ ❞✐✛❡r❡♥t✳



✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s ✶✺✼

❋✐❣✉r❡ ✼✳✸✸✿ ❘❡❢❡r❡♥❝❡ ❧♦♥❣ ♠✐ss✐♦♥✿ ●❊♥①✲✶❇✻✹ ❢❛♥ ♣❡r❢♦r♠❛♥❝❡ ♣♦✐♥ts ❞✉r✐♥❣ ✢✐❣❤t✳

❋✐❣✉r❡ ✼✳✸✹✿ ❘❡❢❡r❡♥❝❡ ❧♦♥❣ ♠✐ss✐♦♥✿ ●❊♥①✲✶❇✻✹ ▲P ❝♦♠♣r❡ss♦r ♣❡r❢♦r♠❛♥❝❡ ♣♦✐♥ts

❞✉r✐♥❣ ✢✐❣❤t✳



✶✺✽ ✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s

❋✐❣✉r❡ ✼✳✸✺✿ ❘❡❢❡r❡♥❝❡ ❧♦♥❣ ♠✐ss✐♦♥✿ ●❊♥①✲✶❇✻✹ ❍P ❝♦♠♣r❡ss♦r ♣❡r❢♦r♠❛♥❝❡ ♣♦✐♥ts

❞✉r✐♥❣ ✢✐❣❤t✳

❋✐❣✉r❡ ✼✳✸✻✿ ❘❡❢❡r❡♥❝❡ ❧♦♥❣ ♠✐ss✐♦♥✿ ●❊♥①✲✶❇✻✹ ❍P t✉r❜✐♥❡ ♣❡r❢♦r♠❛♥❝❡ ♣♦✐♥ts ❞✉r✐♥❣

✢✐❣❤t✳



✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s ✶✺✾

❋✐❣✉r❡ ✼✳✸✼✿ ❘❡❢❡r❡♥❝❡ ❧♦♥❣ ♠✐ss✐♦♥✿ ●❊♥①✲✶❇✻✹ ▲P t✉r❜✐♥❡ ♣❡r❢♦r♠❛♥❝❡ ♣♦✐♥ts ❞✉r✐♥❣

✢✐❣❤t✳

■♥ ❚❛❜❧❡ ✼✳✸✶ ❛r❡ r❡♣♦rt❡❞ t❤❡ r❡s✉❧ts ♦❢ t❤❡ r❡❢❡r❡♥❝❡ ✢✐❣❤t ♠✐ss✐♦♥✳ ◆♦t❡ t❤❛t ♥♦✇ t❤❡

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

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

❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❧✐t❡r❛t✉r❡✳

❱❛❧✉❡ ❯♥✐t

❚♦t❛❧ ❢✉❡❧ ❝♦♥s✉♠❡❞ ✹✻✵✽✷ ❦❣

❚✐♠❡ ♦❢ ✢✐❣❤t ✹✹✹ ♠✐♥

❋❧✐❣❤t ❞✐st❛♥❝❡ ✻✹✻✾ ❦♠

❚❛❜❧❡ ✼✳✸✶✿ ❘❡❢❡r❡♥❝❡ ❧♦♥❣ r❛♥❣❡ ♠✐ss✐♦♥ ❛♥❛❧②s✐s ✜♥❛❧ r❡s✉❧ts✳

■♥ ❋✐❣✉r❡s ✼✳✸✽✱ ✼✳✸✾✱ ✼✳✹✵✱ ✼✳✹✵✱ ✼✳✹✶ ❛♥❞ ✼✳✹✷ ❛r❡ r❡♣♦rt❡❞ t❤❡ ♣❧♦ts ♦❢ t❤❡ ♠❛✐♥ ✐♠♣♦rt❛♥t

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

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

♥♦t❡❞ t❤❛t ✐♥ ❛ ❧♦♥❣ r❛♥❣❡ ♠✐ss✐♦♥ t❤❡ ❛✐r❝r❛❢t ♠❛ss ❝❛♥✬t ❜❡ ❝♦♥s✐❞❡r❡❞ ❝♦♥st❛♥t✳



✶✻✵ ✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s

❋✐❣✉r❡ ✼✳✸✽✿ ❘❡❢❡r❡♥❝❡ ❧♦♥❣ ♠✐ss✐♦♥✿ ❆❧t✐t✉❞❡ ✈s t✐♠❡ ♦❢ ✢✐❣❤t✳

❋✐❣✉r❡ ✼✳✸✾✿ ❘❡❢❡r❡♥❝❡ ❧♦♥❣ ♠✐ss✐♦♥✿ ❆❧t✐t✉❞❡ ❛♥❞ ❚❤r✉st ✈s r❛♥❣❡✳

❋✐❣✉r❡ ✼✳✹✵✿ ❘❡❢❡r❡♥❝❡ ❧♦♥❣ ♠✐ss✐♦♥✿ ❆❧t✐t✉❞❡ ❛♥❞ ❋✉❡❧ ✢♦✇ ✈s r❛♥❣❡✳



✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s ✶✻✶

❋✐❣✉r❡ ✼✳✹✶✿ ❘❡❢❡r❡♥❝❡ ❧♦♥❣ ♠✐ss✐♦♥✿ ❆❧t✐t✉❞❡ ❛♥❞ ❆✐r❝r❛❢t ♠❛ss ✈s r❛♥❣❡✳

❋✐❣✉r❡ ✼✳✹✷✿ ❘❡❢❡r❡♥❝❡ ❧♦♥❣ ♠✐ss✐♦♥✿ ❆❧t✐t✉❞❡ ❛♥❞ ▼❛❝❤ ✈s r❛♥❣❡✳

■♥ t❤❡ ❢♦❧❧♦✇✐♥❣ ❙✉❜✲s❡❝t✐♦♥s ✼✳✸✳✷ ❛♥❞ ✼✳✸✳✸ t❤❡ ✢✐❣❤t ♠✐ss✐♦♥s ✇✐t❤ ✷ ♦r ✶✵ ❡♥❣✐♥❡s

❝♦♥✜❣✉r❛t✐♦♥ ✇✐❧❧ ❜❡ ❛♥❛❧②③❡❞✳ ❚❤❡ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥s t❡st❡❞ ❛r❡ r❡s♣❡❝t✐✈❡❧② t❤❡ ♦♥❡s ♦❢

t❤❡ ❣r♦✉♣ ❍❨❇✲❈❋✷✲✷❡♥❣ ❛♥❞ t❤❡ ♦♥❡s ♦❢ t❤❡ ❣r♦✉♣ ❍❨❇✲❈❋✷✲✶✵❡♥❣✳ ❚❤❡ ❞✐✛❡r❡♥❝❡

❢r♦♠ ❜❡❢♦r❡✱ ❛s ❡①♣❧❛✐♥❡❞ ✐♥ ❈❤❛♣t❡r ✺✱ ✐s t❤❛t ♥♦✇ t❤❡ ❈❘ ❢❛♥ ❡♥❣✐♥❡s ❍❨❇✲❈❋✷✲✷❡♥❣

❛♥❞ t❤❡ ❈❘ ❢❛♥ ❡♥❣✐♥❡s ❍❨❇✲❈❋✷✲✶✵❡♥❣ ❤❛✈❡ ❛❧s♦ ❛ ❞✐✛❡r❡♥t ✈❛❧✉❡ ♦❢ βc ❛♥❞ ♥♦t ♦♥❧② ❛

❞✐✛❡r❡♥t ṁin✳ ❍❡♥❝❡✱ ♠♦r❡ ❞✐✛❡r❡♥t r❡s✉❧ts ❛r❡ ❡①♣❡❝❡❞ ❜❡t✇❡❡♥ t❤❡ ✷ ❛♥❞ t❤❡ ✶✵ ❡♥❣✐♥❡s

❝♦♥✜❣✉r❛t✐♦♥✳ ■♥ ♣❛rt✐❝✉❧❛r✱ s✐♥❝❡ ✐♥ t❤❡ ❈❘ ❢❛♥ ❡♥❣✐♥❡s ❍❨❇✲❈❋✷✲✶✵❡♥❣ t❤❡ ❞❡s✐❣♥ ✈❛❧✉❡

♦❢ βc ✐s ❧♦✇❡r✱ ❜❡tt❡r r❡s✉❧ts ❛r❡ ❡①♣❡❝t❡❞ ❢♦r t❤❡ ❞✐str✐❜✉t❡❞ ♣r♦♣✉❧s✐♦♥✳



✶✻✷ ✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s

✼✳✸✳✷✳ ❙❡♥s✐t✐✈✐t② ❛♥❛❧②s✐s✿ ❇♦❡✐♥❣ ✼✽✼✲✽✵✵ ♣r♦♣❡❧❧❡❞ ❜② ❍❨❇✲

❈❋✷ ✇✐t❤ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥

❚❤❡ ❞✐✛❡r❡♥t ✢✐❣❤t ♠✐ss✐♦♥s ❛♥❛❧②③❡❞ ✐♥ t❤✐s s✉❜✲s❡❝t✐♦♥ ❛r❡ t❤❡ ♦♥❡s ❢r♦♠ ✺✹ t♦ ✺✾ ♦❢

❆♣♣❡♥❞✐① ❆✳ ❚❤❡s❡ ❛r❡ t❤❡ ♦♥❡s ♣❡r❢♦r♠❡❞ ❜② ❇♦❡✐♥❣ ✼✽✼✲✽✵✵ ✐♥ ✇❤✐❝❤ ❛r❡ ❛❧t❡r♥❛t✐✈❡❧②

♠♦✉♥t❡❞ t❤❡ ❡♥❣✐♥❡s ❍❨❇✲❈❋✷✲✷❡♥❣✲❉Pr❡❢✱ ❍❨❇✲❈❋✷✲✷❡♥❣✲❉P✶ ❛♥❞ ❍❨❇✲❈❋✷✲✷❡♥❣✲

❉P✷✳ ❚❤❡ ❤②❜r✐❞ s②st❡♠s t❡st❡❞ ❛r❡ ♦♥❧② ❈❆❙❊ ✷ ❛♥❞ ❈❆❙❊ ✷❜✐s ✇✐t❤ t❤❡ ❧❛②♦✉t t✉✲❡❧

♣❝✳

■♥ ❋✐❣✉r❡ ✼✳✹✸ ✐s ❞❡♣✐❝t❡❞ t❤❡ s✉❜✲s❡❝t✐♦♥ str✉❝t✉r❡✳

▲❖◆● ♠✐ss✐♦♥

◆➦ ♦❢ ❡♥❣✐♥❡s✿ ✷

❈❆❙❊ ✷

❉Pr❡❢ ❉P✶ ❉P✷

❈❆❙❊ ✷❜✐s

✳✳✳

◆➦ ♦❢ ❡♥❣✐♥❡s✿ ✶✵

❋✐❣✉r❡ ✼✳✹✸✿ ❚r❡❡ ❞✐❛❣r❛♠ t❤❛t ❞❡s❝r✐❜❡s t❤❡ s❡♥s✐t✐✈✐t② ❛♥❛❧②s✐s ♣r♦❝❡❞✉r❡ ✐♥ t❤❡ ❝❛s❡ ♦❢

❧♦♥❣ ♠✐ss✐♦♥ r❛♥❣❡ ✐♥ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✳



✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s ✶✻✸

❈❆❙❊ ✷

❉Pr❡❢ ❉P✶ ❉P✷ ❯♥✐t

SFCinit r❡❞✉❝t✐♦♥ ✲✸✽ ✲✸✽ ✲✸✽ ✪

SFCtarget 3.27e−8 3.27e−8 3.27e−8 kg
s·W

mPAY ✹✷✷✾✽ ✹✷✺✵✽ ✹✶✾✵✽ ❦❣

mPAY r❡❞✉❝t✐♦♥
✲✶✵✷✵ ✲✽✶✵ ✲✶✹✶✵ ❦❣

✲✷✳✹ ✲✶✳✾ ✲✸✳✸ ✪

●❚ Pmax ✶✶✽✳✼ ✶✶✼✳✼ ✶✷✵ ▼❲

mFUEL ✹✵✸✷✹ ✹✵✸✶✷ ✹✵✸✼✺ ❦❣

❋✉❡❧ s❛✈❡❞ ✇rt r❡❢❡r❡♥❝❡ ✰✺✼✺✽ ✰✺✼✼✵ ✰✺✼✵✽ ❦❣

❚❛❜❧❡ ✼✳✸✷✿ ▲♦♥❣ r❛♥❣❡ ♠✐ss✐♦♥ ❛♥❛❧②s✐s✱ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✿ ❈❆❙❊ ✷ r❡s✉❧ts✳ ❋r♦♠

❧❡❢t t♦ r✐❣❤t t❤❡ ✢✐❣❤t ♠✐ss✐♦♥s ❛♥❛❧②③❡❞ ❛r❡ t❤❡ ♦♥❡s ✇✐t❤ ♥✉♠❜❡r ✺✹✱ ✺✻ ❛♥❞ ✺✽ ♦❢

❆♣♣❡♥❞✐① ❆✳

❋r♦♠ ❚❛❜❧❡ ✼✳✸✷ ❝❛♥ ❜❡ s❡❡♥ t❤❛t ❛❧s♦ ✐♥ t❤✐s ❝❛s❡ t❤❡ ❡♥❣✐♥❡ ❞❡s✐❣♥❡❞ ✇✐t❤ Nratio = 0.9

❤❛s t❤❡ ❜❡st ♣❡r❢♦r♠❛♥❝❡s✳ ❆❣❛✐♥✱ t❤✐s ✇❛s ❡①♣❡❝t❡❞ ❛♥❞ ✐t ❝♦♥✜r♠s ✇❤❛t ✇❛s s❡❡♥ ✐♥

❈❤❛♣t❡r ✺✳ ❚❤❡ r❡s✉❧ts s❤♦✇ t❤❛t t❤❡ ❢✉❡❧ s❛✈❡❞ ✐s ❛❧♠♦st ✻ t♦♥s ❛♥❞ t❤❛t t❤❡ ♣❡♥❛❧t②

✐♥ t❡r♠s ♦❢ mPAY ✐s ✈❡r② ❧♦✇✳ ❯♥❢♦rt✉♥❛t❡❧②✱ t❤❡ ✈❛❧✉❡ ♦❢ SFCtarget ❢♦✉♥❞ ❜② t❤❡ ❝♦❞❡

✐s ✈❡r② ❧♦✇✳ ❋r♦♠ ❚❛❜❧❡ ✼✳✸✸ ✐t ❝❛♥ ❜❡ ♥♦t❡❞ t❤❛t t❤❡ ❝♦❞❡ r❡❞✉❝❡❞ SFCinit ✐♥ ♦r❞❡r t♦

s❛t✐s❢② t❤❡ ❝♦♥❞✐t✐♦♥ ♦❢ mTOT < mMTOW ✳ ■♥ ❢❛❝t✱ ❞✉❡ t♦ t❤❡ ❤✐❣❤ ❡❧❡❝tr✐❝ ♣♦✇❡r ❞❡♠❛♥❞✱

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



✶✻✹ ✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s

▼❛ss ❬❦❣❪

❱❛r✐❛❜❧❡ ❘❡❢ ❉P✶

mOEW ✶✶✾✾✺✵ ✶✶✾✺✵

mPAY ✹✸✸✶✽ ✹✷✺✵✽

mFUEL ✹✻✵✽✷ ✹✵✸✶✷

❚♦t❛❧ mElecMot ✲ ✶✶✶✼✶

mPElec ✲ ✶✽✸✾

mElecGen ✲ ✶✷✻✸✵

mtot ✷✵✾✸✺✵ ✷✷✼✽✼✶

❉✐✛❡r❡♥❝❡ mtot ❢r♦♠ ❘❡❢ ✲ ✰✶✽✺✷✶

❚❛❜❧❡ ✼✳✸✸✿ ▲♦♥❣ r❛♥❣❡ ♠✐ss✐♦♥✱ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✱ ❈❆❙❊ ✷✿ ❈♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥

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

❉Pr❡❢✱ ❉P✶ ❛♥❞ ❉P✷✳

❋r♦♠ ❚❛❜❧❡ ✼✳✸✸ ♦❢ ❈❆❙❊ ✷❜✐s✱ ✐t ✐s ✐♥t❡r❡st✐♥❣ t♦ ♥♦t❡ t❤❛t t❤❡ ✈❛❧✉❡ ♦❢ SFCtarget ✐s ✷✺

✪ ❧♦✇❡r ✇✐t❤ r❡s♣❡❝t SFCinit✳ ■t ♠❡❛♥s t❤❛t t❤❡ ❝♦♠❜♦ ●❚ ♣❧✉s ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❡♥❣✐♥❡s

❝♦♥s✉♠❡s ❧❡ss ❢✉❡❧ ✇✐t❤ r❡s♣❡❝t t❤❡ r❡❢❡r❡♥❝❡ ✈❛❧✉❡ ♦♥❧② ✐❢ SFCtarget ✐s ❛t ❧❡❛st 3.27e−8

[ kg
s·W

]✳ ❚❤❡ r❡❞✉❝t✐♦♥ ♦❢ ✷✺ ✪ ✐s ❤✐❣❤❡r ❝♦♠♣❛r❡❞ t♦ ✇❤❛t ✇❛s ❢♦✉♥❞ ❢♦r t❤❡ s❤♦rt ❛♥❞

♠❡❞✐✉♠ r❛♥❣❡ ❝❛s❡s✳ ❚❤✐s ♠❡❛♥s t❤❛t t❤❡ ❈❘ ❢❛♥ ❡♥❣✐♥❡s ✇♦r❦ ✈❡r② ✇❡❧❧ ✐♥ s❤♦rt r❛♥❣❡

♠✐ss✐♦♥s ✐♥ ✇❤✐❝❤ ❢♦r ♠♦st ♦❢ t❤❡ t✐♠❡ t❤❡ ❛✐r❝r❛❢t ✐s ✐♥ ❛ ❝❧✐♠❜ ♦r ❞❡s❝❡♥t ♣❤❛s❡✳ ■♥st❡❛❞✱

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



✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s ✶✻✺

❈❆❙❊ ✷❜✐s

❉Pr❡❢ ❉P✶ ❉P✷ ❯♥✐t

SFCinit r❡❞✉❝t✐♦♥ ✲✷✺ ✲✷✺ ✲✷✺ ✪

SFCtarget 3.96e−8 3.96e−8 3.96e−8 kg
s·W

mPAY ✹✸✸✶✽ ✹✸✸✶✽ ✹✸✸✶✽ ❦❣

mPAY r❡❞✉❝t✐♦♥
✵ ✵ ✵ ❦❣

✵ ✵ ✵ ✪

●❚ Pmax ✶✶✶✳✼ ✶✶✵✳✻ ✶✶✸✳✻ ▼❲

mFUEL ✹✺✺✾✷ ✹✺✺✹✹ ✹✺✽✺✹ ❦❣

❋✉❡❧ s❛✈❡❞ ✇rt r❡❢❡r❡♥❝❡ ✰✹✾✶ ✰✺✸✽ ✰✷✷✽ ❦❣

❚❛❜❧❡ ✼✳✸✹✿ ▲♦♥❣ r❛♥❣❡ ♠✐ss✐♦♥ ❛♥❛❧②s✐s✱ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✿ ❈❆❙❊ ✷❜✐s r❡s✉❧ts✳

❋r♦♠ ❧❡❢t t♦ r✐❣❤t t❤❡ ✢✐❣❤t ♠✐ss✐♦♥s ❛♥❛❧②③❡❞ ❛r❡ t❤❡ ♦♥❡s ✇✐t❤ ♥✉♠❜❡r ✺✺✱ ✺✼ ❛♥❞ ✺✾ ♦❢

❆♣♣❡♥❞✐① ❆✳

✼✳✸✳✸✳ ❙❡♥s✐t✐✈✐t② ❛♥❛❧②s✐s✿ ❇♦❡✐♥❣ ✼✽✼✲✽✵✵ ♣r♦♣❡❧❧❡❞ ❜② ❍❨❇✲

❈❋✷ ✇✐t❤ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥

❚❤❡ ❞✐✛❡r❡♥t ✢✐❣❤t ♠✐ss✐♦♥s ❛♥❛❧②③❡❞ ✐♥ t❤✐s s✉❜✲s❡❝t✐♦♥ ❛r❡ t❤❡ ♦♥❡s ❢r♦♠ ✻✵ t♦ ✻✺

♦❢ ❆♣♣❡♥❞✐① ❆✳ ❚❤❡s❡ ❛r❡ t❤❡ ♦♥❡s ♣❡r❢♦r♠❡❞ ❜② ❇♦❡✐♥❣ ✼✽✼✲✽✵✵ ✐♥ ✇❤✐❝❤ ❛r❡ ❛❧t❡r✲

♥❛t✐✈❡❧② ♠♦✉♥t❡❞ t❤❡ ❡♥❣✐♥❡s ❍❨❇✲❈❋✷✲✶✵❡♥❣✲❉Pr❡❢✱ ❍❨❇✲❈❋✷✲✶✵❡♥❣✲❉P✶ ❛♥❞ ❍❨❇✲

❈❋✷✲✶✵❡♥❣✲❉P✷✳ ❚❤❡ ❤②❜r✐❞ s②st❡♠s t❡st❡❞ ❛r❡ ♦♥❧② ❈❆❙❊ ✷ ❛♥❞ ❈❆❙❊ ✷❜✐s ✇✐t❤ t❤❡

❧❛②♦✉t t✉✲❡❧ ♣❝✳

■♥ ❋✐❣✉r❡ ✼✳✹✹ ✐s r❡♣r❡s❡♥t❡❞ ❤♦✇ t❤✐s s✉❜✲s❡❝t✐♦♥ ✐s str✉❝t✉r❡❞✳

▲❖◆● ♠✐ss✐♦♥

◆➦ ♦❢ ❡♥❣✐♥❡s✿ ✷ ◆➦ ♦❢ ❡♥❣✐♥❡s✿ ✶✵

❈❆❙❊ ✷

❉Pr❡❢ ❉P✶ ❉P✷

❈❆❙❊ ✷❜✐s

✳✳✳

❋✐❣✉r❡ ✼✳✹✹✿ ❚r❡❡ ❞✐❛❣r❛♠ t❤❛t ❞❡s❝r✐❜❡s t❤❡ s❡♥s✐t✐✈✐t② ❛♥❛❧②s✐s ♣r♦❝❡❞✉r❡ ✐♥ t❤❡ ❝❛s❡ ♦❢

❧♦♥❣ ♠✐ss✐♦♥ r❛♥❣❡ ✐♥ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✳



✶✻✻ ✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s

❈❆❙❊ ✷

❉Pr❡❢ ❉P✶ ❉P✷ ❯♥✐t

SFCinit r❡❞✉❝t✐♦♥ ✲✸✻ ✲✸✻ ✲✸✻ ✪

SFCtarget 3.38e−8 3.38e−8 3.38e−8 kg
s·W

mPAY ✹✸✸✶✽ ✹✸✸✶✽ ✹✸✸✶✽ ❦❣

mPAY r❡❞✉❝t✐♦♥
✵ ✵ ✵ ❦❣

✵ ✵ ✵ ✪

●❚ Pmax ✶✶✶✳✻ ✶✶✵✳✻ ✶✶✷✳✷ ▼❲

mFUEL ✹✵✺✸✾ ✹✵✸✺✸ ✹✵✺✼✽ ❦❣

❋✉❡❧ s❛✈❡❞ ✇rt r❡❢❡r❡♥❝❡ ✰✺✺✹✹ ✰✺✼✸✵ ✰✺✺✵✹ ❦❣

❚❛❜❧❡ ✼✳✸✺✿ ▲♦♥❣ r❛♥❣❡ ♠✐ss✐♦♥ ❛♥❛❧②s✐s✱ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✿ ❈❆❙❊ ✷ r❡s✉❧ts✳ ❋r♦♠

❧❡❢t t♦ r✐❣❤t t❤❡ ✢✐❣❤t ♠✐ss✐♦♥s ❛♥❛❧②③❡❞ ❛r❡ t❤❡ ♦♥❡s ✇✐t❤ ♥✉♠❜❡r ✻✵✱ ✻✷ ❛♥❞ ✻✹ ♦❢

❆♣♣❡♥❞✐① ❆✳

❚❤❡ r❡s✉❧ts ♦❢ ❈❆❙❊ ✷ ❛r❡ r❡♣♦rt❡❞ ✐♥ ❚❛❜❧❡ ✼✳✸✺✳ ❆s ❡①♣❡❝t❡❞✱ t❤❡ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✲

✉r❛t✐♦♥ ♣❡r❢♦r♠s ❜❡tt❡r ✇✐t❤ r❡s♣❡❝t t❤❡ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✳ ■♥ ❢❛❝t✱ t❤❡s❡ ❡❧❡❝tr✐❝

❈❘ ❢❛♥ ❡♥❣✐♥❡s ❤❛✈❡ ❛ ❧♦✇❡r ✈❛❧✉❡ ♦❢ βc✱ ❤❡♥❝❡ ❛♥ ❤✐❣❤❡r ✈❛❧✉❡ ♦❢ ṁin✳ ❚❤❡r❡❢♦r❡✱ t❤❡

♣r♦♣✉❧s✐✈❡ ❡✣❝✐❡♥❝② ✐s ❤✐❣❤❡r✳

▼❛ss ❬❦❣❪

❱❛r✐❛❜❧❡ ❘❡❢ ❉P✶

mOEW ✶✶✾✾✺✵ ✶✶✾✾✺✵

mPAY ✹✸✸✶✽ ✹✸✸✶✽

mFUEL ✹✻✵✽✷ ✹✵✸✺✸

❚♦t❛❧ mElecMot ✲ ✶✵✷✾✷

mPElec ✲ ✶✻✾✹

mElecGen ✲ ✶✶✻✸✼

mtot ✷✵✾✸✺✵ ✷✷✼✷✹✹

❉✐✛❡r❡♥❝❡ mtot ❢r♦♠ ❘❡❢ ✲ ✰✶✼✽✾✹

❚❛❜❧❡ ✼✳✸✻✿ ▲♦♥❣ r❛♥❣❡ ♠✐ss✐♦♥✱ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✱ ❈❆❙❊ ✷✿ ❈♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥

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

❉Pr❡❢✱ ❉P✶ ❛♥❞ ❉P✷✳



✼⑤ ❘❡s✉❧ts ❛♥❛❧②s✐s ✶✻✼

❈❆❙❊ ✷❜✐s

❉Pr❡❢ ❉P✶ ❉P✷ ❯♥✐t

SFCinit r❡❞✉❝t✐♦♥ ✲✷✸ ✲✷✸ ✲✷✸ ✪

SFCtarget 4.06e−8 4.06e−8 4.06e−8 kg
s·W

mPAY ✹✸✸✶✽ ✹✸✸✶✽ ✹✸✸✶✽ ❦❣

mPAY r❡❞✉❝t✐♦♥
✵ ✵ ✵ ❦❣

✵ ✵ ✵ ✪

●❚ Pmax ✶✵✺✳✺ ✶✵✹✳✷ ✶✵✻✳✽ ▼❲

mFUEL ✹✺✼✹✵ ✹✺✺✻✻ ✹✺✾✹✼ ❦❣

❋✉❡❧ s❛✈❡❞ ✇rt r❡❢❡r❡♥❝❡ ✰✸✹✷ ✰✺✶✻ ✰✶✸✺ ❦❣

❚❛❜❧❡ ✼✳✸✼✿ ▲♦♥❣ r❛♥❣❡ ♠✐ss✐♦♥ ❛♥❛❧②s✐s✱ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✿ ❈❆❙❊ ✷❜✐s r❡s✉❧ts✳

❋r♦♠ ❧❡❢t t♦ r✐❣❤t t❤❡ ✢✐❣❤t ♠✐ss✐♦♥s ❛♥❛❧②③❡❞ ❛r❡ t❤❡ ♦♥❡s ✇✐t❤ ♥✉♠❜❡r ✻✶✱ ✻✸ ❛♥❞ ✻✺ ♦❢

❆♣♣❡♥❞✐① ❆✳

❚❤❡ r❡s✉❧ts ✐♥ ❚❛❜❧❡ ✼✳✸✼ ♦❢ ❈❆❙❊ ✷ ❜✐s ❝♦♥✜r♠ t❤❡ ♦♥❡s ♦❢ ❈❆❙❊ ✷✳





✶✻✾

✽⑤ ❈♦♥❝❧✉s✐♦♥s ❛♥❞ ❢✉t✉r❡

♣❡rs♣❡❝t✐✈❡

❚❤✐s t❤❡s✐s ♣r❡s❡♥ts ❛ ❣❧♦❜❛❧ ♦✈❡r✈✐❡✇ ❛❜♦✉t ❡❧❡❝tr✐❝ ❈❘ ❢❛♥s✱ ✇❤✐❝❤ ✇❡r❡ ❛♥❛❧②③❡❞ ❢r♦♠

❞✐✛❡r❡♥t ♣♦✐♥t ♦❢ ✈✐❡✇s✳ ❚❤❡ ❝♦♠♣♦♥❡♥t ❈❘ ❢❛♥ ✇❛s ❝r❡❛t❡❞ ✐♥ ❊▲✱ ✐♥ s✉❝❤ ❛ ✇❛② ✐t ✇❛s

♣♦ss✐❜❧❡ t♦ ✉s❡ ✐t ✇✐t❤ t❤❡ ♦t❤❡r ❝♦♠♣♦♥❡♥ts ✐♥ t❤❡ t✉r❜♦❥❡t ❧✐❜r❛r②✳ ❚❤❡♥✱ t❤❡ ❡❧❡❝tr✐❝ ❈❘

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

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

t✇♦ r❡❢❡r❡♥❝❡ t✉r❜♦❢❛♥s✱ t❤❡ ❈❋▼✺✻✲✼❇✷✹ ❛♥❞ t❤❡ ●❊♥①✲✶❇✻✹✳ ■♥ t❤❡ ❧❛st ♣❛rt ♦❢ t❤❡

t❤❡s✐s ❞✐✛❡r❡♥t ✢✐❣❤t ♠✐ss✐♦♥s ✇❡r❡ ♣❡r❢♦r♠❡❞✳ ❊❛❝❤ ✢✐❣❤t ♠✐ss✐♦♥ ✐s ❞❡✜♥❡❞ ❜② t❤❡ r❛♥❣❡

✭s❤♦rt✴♠❡❞✐✉♠✴❧♦♥❣✮✱ t❤❡ ❤②❜r✐❞ s②st❡♠ ✉s❡❞ ✭❈❆❙❊ ✶ ✴ ❈❆❙❊ ✶❜✐s ✴ ❈❆❙❊ ✷ ✴ ❈❆❙❊

✷❜✐s✮ ❛♥❞ t❤❡ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ✉s❡❞ ✭❍❨❇✲❈❋✶ ❣r✉♦♣ ✴ ❍❨❇✲❈❋✷ ❣r♦✉♣✮✳ ■♥ ❈❤❛♣t❡r ✼

t❤❡ ✢✐❣❤t ♠✐ss✐♦♥s r❡s✉❧ts ✇❡r❡ ♣r❡s❡♥t❡❞✳

❋✐rst ♦❢ ❛❧❧✱ t❤❡ ♦✛✲❞❡s✐❣♥ ❛♥❛❧②s✐s s❤♦✇❡❞ t❤❛t t❤❡ ❈❘ ❢❛♥s ❤❛✈❡ ❛ ❜✐❣❣❡r r❛♥❣❡❛❜✐❧✐t② ✇✐t❤

r❡s♣❡❝t t❤❡ t✉r❜♦❢❛♥s✳ ■♥ ❢❛❝t✱ s✐♥❝❡ ❛ ❈❘ ❢❛♥ ❝❛♥ ✇♦r❦s ❛t ❞✐✛❡r❡♥t ✈❛❧✉❡s ♦❢ Nratio✱ ✐ts

t♦t❛❧ ❡♥❣✐♥❡ ♠❛♣ ✐s t❤❡ s✉♠ ♦❢ t❤❡ t❤r❡❡ ❡♥❣✐♥❡ ♠❛♣s ♦❜t❛✐♥❡❞ ❛t Nratio = 1✱ Nratio = 0.9

❛♥❞ Nratio = 1.1✳ ▼♦r❡♦✈❡r✱ ❛❧s♦ t❤❡ s✐♥❣❧❡ ❡♥❣✐♥❡ ♠❛♣ ❛t ✜①❡❞ Nratio ♣r❡s❡♥ts ❛♥ ❤✐❣❤❡r

r❛♥❣❡❛❜✐❧✐t②✳ ❚❤❡s❡ r❡s✉❧ts ❛r❡ ✐♥ ❧✐♥❡ ✇✐t❤ ✇❤❛t ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ t❤❡ ❧✐t❡r❛t✉r❡ ♣r❡s❡♥t❡❞

✐♥ ❈❤❛♣t❡r ✷✳ ❆♠♦♥❣ ❛❧❧ t❤❡ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❡♥❣✐♥❡s✱ t❤❡ ♦♥❡s ❞❡s✐❣♥❡❞ ✇✐t❤ Nratio = 0.9

✭✐✳❡✳ ❉P✶✮ s❤♦✇❡❞ t❤❡ ❜❡st ♣❡r❢♦r♠❛♥❝❡s ✐♥ ♦✛✲❞❡s✐❣♥✳ ❚❤✐s r❡s✉❧t ✐s ❝♦♥✜r♠❡❞ ❛❧s♦ ✐♥

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

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

t❤❡s✐s✱ ❤❡♥❝❡ ❝❤❛♥❣✐♥❣ t❤❡ ❡♥❣✐♥❡ ♠❛♣s t❤❡ r❡s✉❧ts ❝❛♥ ❝❤❛♥❣❡✳

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

✇✐t❤ t❤❡ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✱ ❛r❡ s❧✐❣❤t❧② ✇♦rst ✐♥ t❤❡ s❤♦rt ❛♥❞ ♠❡❞✐✉♠ r❛♥❣❡ ♠✐s✲

✶❘❡♠❡♠❜❡r t❤❛t t❤❡ ❡♥❣✐♥❡ ♠❛♣ ✐s s✐♠♣❧❡ t❤❡ r❡s✉❧t ♦❢ t❤❡ ♦✛✲❞❡s✐❣♥ ❛♥❛❧②s✐s✳ ❚❤✐s ✐s ❛ ✸❉ ♣❧♦t
✐♥ ✇❤✐❝❤ t❤❡ ❛①✐s ❛r❡ z✱ M ❛♥❞ ṁf ✭♦r P ✮✳ ❊❛❝❤ ♣♦✐♥t ♦❢ t❤✐s ♣❧♦t ✐s t❤❡ r❡s✉❧t ♦❢ ❛ s✐♥❣❧❡ ♦✛✲❞❡s✐❣♥
❝❛❧❝✉❧❛t✐♦♥ ♣❡r❢♦r♠❡❞ ❛t ❛ s♣❡❝✐✜❝ ✈❛❧✉❡ ♦❢ z✱ M ❛♥❞ ṁf ✭♦r P ✮✳ ■♥ t❤❛t ♣♦✐♥t ❛r❡ s❛✈❡❞ ❛❧s♦ ❛❧❧ t❤❡
♦t❤❡r ❡♥❣✐♥❡ ♣❛r❛♠❡t❡rs ♦❜t❛✐♥❡❞ ✐♥ t❤❛t s✐♠✉❧❛t✐♦♥✳ ❙♦✱ ❢♦r ❡①❛♠♣❧❡✱ t❤✐s ♠❛♣ t❡❧❧s t♦ t❤❡ ✉s❡r t❤❛t t❤❡
❡♥❣✐♥❡ ❛t ❛ ❝❡rt❛✐♥ z✱ M ❛♥❞ ṁf ✭♦r P ✮ ❣❡♥❡r❛t❡s ❛ ❝❡rt❛✐♥ ❛♠♦✉♥t ♦❢ Th✳ ❚❤✐s ✐s ✇❤② t❤❡ ♥❛♠❡ ❡♥❣✐♥❡
♠❛♣✳



✶✼✵ ✽⑤ ❈♦♥❝❧✉s✐♦♥s ❛♥❞ ❢✉t✉r❡ ♣❡rs♣❡❝t✐✈❡

s✐♦♥s✱ ❜✉t t❤❡② ❛r❡ ❜❡tt❡r ✐♥ t❤❡ ❧♦♥❣ ♦♥❡s✳ ❆s ❡①♣❧❛✐♥❡❞ ✐♥ ❈❤❛♣t❡r ✼✱ t❤❡ ❡❧❡❝tr✐❝ ❈❘

❢❛♥ ❡♥❣✐♥❡s ✉s❡❞ ✐♥ t❤❡ s❤♦rt ❛♥❞ ♠❡❞✐✉♠ r❛♥❣❡ ♠✐ss✐♦♥s ✇❡r❡ ♠♦❞❡❧❡❞ ✇✐t❤ ✈❡r② s✐♠✐❧❛r

❜♦✉♥❞❛r② ❝♦♥❞✐t✐♦♥s ❢♦r ❜♦t❤ t❤❡ ❝♦♥✜❣✉r❛t✐♦♥s✳ ❚❤❡ ❝♦♥❝❧✉s✐♦♥ ✐s t❤❛t✱ ✐♥❝r❡❛s✐♥❣ t❤❡

♥✉♠❜❡r ♦❢ ❡♥❣✐♥❡s✱ t❤❡ ❣❧♦❜❛❧ s②st❡♠ ✐s ❧❡ss ❡✣❝✐❡♥t✳ ■♥st❡❛❞✱ ❢♦r t❤❡ ❧♦♥❣ r❛♥❣❡ ♠✐ss✐♦♥s

t❤❡ ❡❧❡❝tr✐❝ ❈❘ ❢❛♥ ❡♥❣✐♥❡s ✉s❡❞ ✐♥ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥ ❛r❡ ♠♦r❡ ❡✣❝✐❡♥t ❜❡❝❛✉s❡✱

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

❧♦✇❡r ✈❛❧✉❡ ♦❢ βc ❛♥❞ ❛♥ ❤✐❣❤❡r ✈❛❧✉❡ ♦❢ ṁin✳ ❆ s✉❣❣❡st✐♦♥ ❢♦r ❢✉t✉r❡ st✉❞✐❡s ✐s t♦ ❛♥❛✲

❧②③❡ ♠♦r❡ ✐♥ ❞❡t❛✐❧ t❤❡ ❞✐str✐❜✉t❡❞ ❝♦♥✜❣✉r❛t✐♦♥✱ ❜❡❝❛✉s❡ ✐t ✐s ❡❛s✐❡r t♦ ❛❝❤✐❡✈❡ ❛♥ ❤✐❣❤❡r

♣r♦♣✉❧s✐✈❡ ❡✣❝✐❡♥❝② ♦❢ t❤❡ ♦✈❡r❛❧❧ s②st❡♠ ✇❤✐❧❡ ❧✐♠✐t✐♥❣ t❤❡ ❡♥❣✐♥❡ s✐③❡✳

❆♥♦t❤❡r r❡s✉❧t ♦❜t❛✐♥❡❞ ✐s t❤❛t t❤❡ ✉s❡ ♦❢ t❤❡ ❜❛tt❡r② ♠❛❦❡s s❡♥s❡ ♦♥❧② ✐♥ s❤♦rt r❛♥❣❡ ♠✐s✲

s✐♦♥s✱ ✇❤❡r❡ r❡❧❛t✐✈❡❧② ❧♦✇ ❧❡✈❡❧ ♦❢ ♣♦✇❡r ❛♥❞ ❡♥❡r❣② ❛r❡ r❡q✉✐r❡❞✳ ▼♦r❡♦✈❡r✱ t❤❡ ❜❛tt❡r②

❞✐♠❡♥s✐♦♥✐♥❣ ♣❛r❛♠❡t❡r ❢♦r t❤❡ s❤♦rt r❛♥❣❡ ♠✐ss✐♦♥s ✐s t❤❡ ❜❛tt❡r② ❙P✳ ■♥st❡❛❞✱ st❛rt✐♥❣

❢r♦♠ ♠❡❞✐✉♠ r❛♥❣❡ ♠✐ss✐♦♥s✱ t❤❡ ❜❛tt❡r② ❞✐♠❡♥s✐♦♥✐♥❣ ♣❛r❛♠❡t❡r ✐s t❤❡ ❙❊✳ ❋♦r ♠❡❞✐✉♠

❛♥❞ ❧♦♥❣ r❛♥❣❡ ♠✐ss✐♦♥s t❤❡ ❤②❜r✐❞ ❧❛②♦✉t t✉✲❡❧ ♣❝ ✐s ♣r❡❢❡r❛❜❧❡✱ ✐♥ ✇❤✐❝❤ ❛ ●❚ ♣r♦✈✐❞❡s

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

❢♦r t❤❡ ❧♦♥❣ r❛♥❣❡ ❝❛s❡✱ t❤❡ ♣r♦❜❧❡♠ ✐s t❤❡ ✇❡✐❣❤t ♦❢ t❤❡ ❡❧❡❝tr✐❝ ❝♦♠♣♦♥❡♥ts✳ ■♥ ❣❡♥❡r❛❧✱

t❤❡s❡ r❡s✉❧ts ❛r❡ ✈❡r② s❡♥s✐t✐✈❡ t♦ t❤❡ ❡❧❡❝tr✐❝ ❝♦♠♣♦♥❡♥ts t❡❝❤♥♦❧♦❣✐❝❛❧ ❧❡✈❡❧✱ ❤❡♥❝❡ ❛

♠♦r❡ ❞❡t❛✐❧❡❞ ❛♥❛❧②s✐s ✐s r❡q✉✐r❡❞ ✐♥ ❢✉t✉r❡ st✉❞✐❡s✳ ■♥ ♣❛rt✐❝✉❧❛r✱ ✇❤❡♥ ❤✐❣❤ ♣♦✇❡r ✐s

♥❡❡❞❡❞✱ t❤❡s❡ ❝♦♠♣♦♥❡♥ts s❤♦✉❧❞ ❤❛✈❡ ✈❡r② ❤✐❣❤ ❙P✳ ❚❤❡r❡❢♦r❡✱ s❤♦✉❧❞ ❜❡ ✐♥t❡r❡st✐♥❣ t♦

❛♥❛❧②③❡ ❛ t✉✲❡❧ ♣❝ ❧❛②♦✉t ✇✐t❤ s✉♣❡r❝♦♥❞✉❝t✐✈❡ ❡❧❡❝tr✐❝ ❝♦♠♣♦♥❡♥ts ❛♥❞ ❧✐q✉✐❞ ❤②❞r♦❣❡♥✳

❚❤❡ ❧❛tt❡r ✉s❡❞ t♦ ❜♦t❤ ♠❛✐♥t❛✐♥ t❤❡ s✉♣❡r❝♦♥❞✉❝t✐✈✐t② ❛♥❞ ❛s ❛ ❢✉❡❧ ❢♦r t❤❡ ●❚✳

❚❤❡ ❧❛st r❡s✉❧ts ♣r♦✈✐❞❡❞ ❛r❡ t❤❡ ♦♥❡s ♦❜t❛✐♥❡❞ ✐♥ ❈❆❙❊s ✷❜✐s✳ ❍❡r❡ ❛r❡ ❤✐❣❤❧✐❣❤t❡❞ t❤❡

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

s②st❡♠ ❈❘ ❢❛♥s ♣❧✉s ●❚✳ ❚❤❡s❡ r❡s✉❧ts s❤♦✇❡❞ t❤❛t ✐♥ t❤❡ s❤♦rt r❛♥❣❡ ♠✐ss✐♦♥s ❝♦✉❧❞

❜❡ ❛ ❝❡rt❛✐♥ ❛❞✈❛♥t❛❣❡ ❛♥❞ t❤✐s ✐s t❤❡ ❝♦♥s❡q✉❡♥❝❡ ♦❢ t❤❡ ❤✐❣❤ r❛♥❣❡❛❜✐❧✐t② ♦❢ t❤❡ ❈❘

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

r❡s✉❧ts ❞❡♣❡♥❞ ♠❛✐♥❧② ♦♥ t❤❡ ❈❘ ❢❛♥ ❡✣❝✐❡♥❝② ✐♥ ❝r✉✐s❡ ❝♦♥❞✐t✐♦♥✳

❋♦r ❛❧❧ t❤❡ ✢✐❣❤t ♠✐ss✐♦♥s ❛♥❛❧②③❡❞ t❤❡ SFCtarget ✈❛❧✉❡ ❢♦r t❤❡ ●❚ ✇❛s ❝♦♠♣✉t❡❞✳ ❆s

❡①♣❧❛✐♥❡❞ ✐♥ t❤❡ t❤❡s✐s✱ t❤✐s ✐s t❤❡ SFC t❤❛t t❤❡ ●❚ s❤♦✉❧❞ ❤❛✈❡ ✐♥ ♦r❞❡r t♦ ♠❛❦❡ ✜rst

♦❢ ❛❧❧ t❤❡ ✢✐❣❤t ♣♦ss✐❜❧❡ ✭✐✳❡✳ mTOT < mMTOW ✮ ❛♥❞ t❤❡♥ ❛❧s♦ ♠♦r❡ s✉st❛✐♥❛❜❧❡ ✭✐✳❡✳ ❧❡ss

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

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

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

❊❝♦s✐♠Pr♦✱ ✐t s❤♦✉❧❞ ❜❡ ♣r❡❢❡r❛❜❧❡ ❝♦♥t✐♥✉❡ t❤❡ st✉❞✐❡s ✐♥ P❘❖❖❙■❙✱ ✇❤✐❝❤ ✐s ❛ s♦❢t✇❛r❡

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



✶✼✶

❇✐❜❧✐♦❣r❛♣❤②

❬✶❪ ❊❧❡♠❡♥t✐ ❞✐ ♠❡❝❝❛♥✐❝❛ ❞❡❧ ✈♦❧♦ ✭♣❛rt❡ ✶✮✳ ❯♥✐✈❡rs✐tà ▲❛ ❙❛♣✐❡♥③❛ ❞✐ ❘♦♠❛✳

❬✷❪ ❊❝♦s✐♠Pr♦ ✺✳✷ ♠♦❞❡❧❧✐♥❣ ❛♥❞ s✐♠✉❧❛t✐♦♥ s♦❢t✇❛r❡ ✲ ❯s❡r ▼❛♥✉❛❧✳

❬✸❪ ❆ ❘❡✈✐❡✇ ♦❢ ❘❡❝❡♥t ❘❡s❡❛r❝❤ ♦♥ ❈♦♥tr❛✲❘♦t❛t✐♥❣ ❆①✐❛❧ ❋❧♦✇ ❈♦♠♣r❡ss♦r ❙t❛❣❡✱ ✈♦❧✲

✉♠❡ ❱♦❧✉♠❡ ✶✿ ❚✉r❜♦♠❛❝❤✐♥❡r② ♦❢ ❚✉r❜♦ ❊①♣♦✿ P♦✇❡r ❢♦r ▲❛♥❞✱ ❙❡❛✱ ❛♥❞ ❆✐r✱

✵✻ ✶✾✾✻✳ ❞♦✐✿ ✶✵✳✶✶✶✺✴✾✻✲●❚✲✷✺✹✳ ❯❘▲ ❤tt♣s✿✴✴❞♦✐✳♦r❣✴✶✵✳✶✶✶✺✴✾✻✲●❚✲✷✺✹✳

❱✵✵✶❚✵✶❆✵✼✸✳

❬✹❪ ❆✐r❝r❛❢t ❞r❛❣ ♣♦❧❛r ❡st✐♠❛t✐♦♥ ❜❛s❡❞ ♦♥ ❛ st♦❝❤❛st✐❝ ❤✐❡r❛r❝❤✐❝❛❧ ♠♦❞❡❧✳ ■♥ ❊✐❣❤t❤

❙❊❙❆❘ ■♥♥♦✈❛t✐♦♥ ❉❛②s✱ ✸r❞ ✕ ✼t❤ ❉❡❝❡♠❜❡r ✷✵✶✽✱ ❙❛❧③❜✉r❣✱ ❆✉str✐❛✱ ✷✵✶✽✳

❬✺❪ ❆✳ ❆❧❡①✐♦✉✱ ■✳ ❘♦✉♠❡❧✐♦t✐s✱ ◆✳ ❆r❡t❛❦✐s✱ ❆✳ ❚s❛❧❛✈♦✉t❛s✱ ❛♥❞ ❑✳ ▼❛t❤✐♦✉❞❛❦✐s✳ ▼♦❞✲

❡❧✐♥❣ ❈♦♥tr❛✲❘♦t❛t✐♥❣ ❚✉r❜♦♠❛❝❤✐♥❡r② ❈♦♠♣♦♥❡♥ts ❢♦r ❊♥❣✐♥❡ P❡r❢♦r♠❛♥❝❡ ❙✐♠✉✲

❧❛t✐♦♥s✿ ❚❤❡ ●❡❛r❡❞ ❚✉r❜♦❢❛♥ ❲✐t❤ ❈♦♥tr❛✲❘♦t❛t✐♥❣ ❈♦r❡ ❈❛s❡✳ ❏♦✉r♥❛❧ ♦❢ ❊♥✲

❣✐♥❡❡r✐♥❣ ❢♦r ●❛s ❚✉r❜✐♥❡s ❛♥❞ P♦✇❡r✱ ✶✸✹✭✶✶✮✱ ✵✾ ✷✵✶✷✳ ■❙❙◆ ✵✼✹✷✲✹✼✾✺✳ ❞♦✐✿

✶✵✳✶✶✶✺✴✶✳✹✵✵✼✶✾✼✳ ❯❘▲ ❤tt♣s✿✴✴❞♦✐✳♦r❣✴✶✵✳✶✶✶✺✴✶✳✹✵✵✼✶✾✼✳ ✶✶✶✼✵✶✳
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❬✷✾❪ P✳ ❇✳ ❙❤❛r♠❛✱ ❨✳ P✳ ❏❛✐♥✱ ◆✳ ❑✳ ❏❤❛✱ ❛♥❞ ❇✳ ❇✳ ❑❤❛♥♥❛✳ ❙t❛❧❧✐♥❣ ❜❡❤❛✈✐♦✉r ♦❢ ❛
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♣❡r❢♦r♠❛♥❝❡ ❛♥❞ ✢♦✇ ❝♦♥❞✐t✐♦♥ ♦❢ ❝♦♥tr❛✲r♦t❛t✐♥❣ s♠❛❧❧✲s✐③❡❞ ❛①✐❛❧ ❢❛♥✳ ■♥t❡r♥❛t✐♦♥❛❧

❏♦✉r♥❛❧ ♦❢ ❋❧✉✐❞ ▼❛❝❤✐♥❡r② ❛♥❞ ❙②st❡♠s✱ ✺✱ ✷✵✶✷✳
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♥❛t✐♦♥❛❧❡ s✉♣ér✐❡✉r❡ ❞✬❛rts ❡t ♠ét✐❡rs ✲ ❊◆❙❆▼✱ ❙❡♣t✳ ✷✵✶✹✳ ❯❘▲ ❤tt♣s✿✴✴♣❛st❡❧✳

❛r❝❤✐✈❡s✲♦✉✈❡rt❡s✳❢r✴t❡❧✲✵✶✵✼✽✶✻✷✳

❬✸✸❪ ❲✐❦✐♣❡❞✐❛ ❝♦♥tr✐❜✉t♦rs✳ ❇♦❡✐♥❣ ✼✸✼ ✖ ❲✐❦✐♣❡❞✐❛✱ t❤❡ ❢r❡❡ ❡♥❝②❝❧♦♣❡❞✐❛✳ ❤tt♣s✿

✴✴❡♥✳✇✐❦✐♣❡❞✐❛✳♦r❣✴✇✴✐♥❞❡①✳♣❤♣❄t✐t❧❡❂❇♦❡✐♥❣❴✼✸✼✫♦❧❞✐❞❂✶✵✾✹✶✻✶✵✸✸✱ ✷✵✷✷✳

❬❖♥❧✐♥❡❀ ❛❝❝❡ss❡❞ ✷✶✲❏✉♥❡✲✷✵✷✷❪✳

❬✸✹❪ ❲✐❦✐♣❡❞✐❛ ❝♦♥tr✐❜✉t♦rs✳ ❇♦❡✐♥❣ ✼✽✼ ❞r❡❛♠❧✐♥❡r ✖ ❲✐❦✐♣❡❞✐❛✱ t❤❡ ❢r❡❡ ❡♥❝②❝❧♦♣❡✲

❞✐❛✳ ❤tt♣s✿✴✴❡♥✳✇✐❦✐♣❡❞✐❛✳♦r❣✴✇✴✐♥❞❡①✳♣❤♣❄t✐t❧❡❂❇♦❡✐♥❣❴✼✽✼❴❉r❡❛♠❧✐♥❡r✫
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s✉♣❡rs♦♥✐❝ ❝♦♠♣r❡ss♦r✳

❬✸✾❪ ❘✳ ❍✳ ❨♦✉♥❣✳ ❈♦♥tr❛✲r♦t❛t✐♥❣ ❛①✐❛❧✲✢♦✇ ❢❛♥s✳ ❏✳ ■♥st✳ ❍❡❛t✳ ❱❡♥t✐❧❛t✱ ✶✽✭✶✽✼✮✿✹✹✽✕

✹✼✼✱ ✶✾✺✶✳

❬✹✵❪ ❩❛♠❜♦♥✐♥✐ ❛♥❞ ●❤❡r❛r❞♦✳ ❯♥st❡❛❞② ❞②♥❛♠✐❝s ♦❢ ❝♦r♥❡r s❡♣❛r❛t✐♦♥ ✐♥ ❛ ❧✐♥❡❛r ❝♦♠✲

♣r❡ss♦r ❝❛s❝❛❞❡✳ P❤❉ t❤❡s✐s✱ ✶✷ ✷✵✶✻✳

❬✹✶❪ ●✳ ❩✉❜✐✱ ❘✳ ❉✉❢♦✲▲ó♣❡③✱ ▼✳ ❈❛r✈❛❧❤♦✱ ❛♥❞ ●✳ P❛s❛♦❣❧✉✳ ❚❤❡ ❧✐t❤✐✉♠✲✐♦♥ ❜❛t✲

t❡r②✿ ❙t❛t❡ ♦❢ t❤❡ ❛rt ❛♥❞ ❢✉t✉r❡ ♣❡rs♣❡❝t✐✈❡s✳ ❘❡♥❡✇❛❜❧❡ ❛♥❞ ❙✉st❛✐♥❛❜❧❡ ❊♥✲

❡r❣② ❘❡✈✐❡✇s✱ ✽✾✿✷✾✷✕✸✵✽✱ ✷✵✶✽✳ ■❙❙◆ ✶✸✻✹✲✵✸✷✶✳ ❞♦✐✿ ❤tt♣s✿✴✴❞♦✐✳♦r❣✴✶✵✳✶✵✶✻✴❥✳

rs❡r✳✷✵✶✽✳✵✸✳✵✵✷✳ ❯❘▲ ❤tt♣s✿✴✴✇✇✇✳s❝✐❡♥❝❡❞✐r❡❝t✳❝♦♠✴s❝✐❡♥❝❡✴❛rt✐❝❧❡✴♣✐✐✴

❙✶✸✻✹✵✸✷✶✶✽✸✵✵✼✷✽✳

https://en.wikipedia.org/w/index.php?title=General_Electric_GEnx&oldid=1070017821
https://en.wikipedia.org/w/index.php?title=General_Electric_GEnx&oldid=1070017821
https://en.wikipedia.org/w/index.php?title=Brayton_cycle&oldid=1090856050
https://en.wikipedia.org/w/index.php?title=Brayton_cycle&oldid=1090856050
https://www.sciencedirect.com/science/article/pii/S1364032118300728
https://www.sciencedirect.com/science/article/pii/S1364032118300728


✶✼✺
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❆❧❧ t❤❡ ✢✐❣❤t ♠✐ss✐♦♥s ❛♥❛❧②③❡❞ ✐♥ ❈❤❛♣t❡r ✼ ❛r❡ r❡♣♦rt❡❞ ❜❡❧♦✇✳ ❚❤❡ s②♠❜♦❧♦❣② ✉s❡❞ ✐s

✧✭♠✐ss✐♦♥ r❛♥❣❡✮ ✴ ✭❛✐r❝r❛❢t✮ ✴ ✭❡♥❣✐♥❡ ♠♦✉♥t❡❞✮ ✴ ✭❤②❜r✐❞ s②st❡♠ s❡tt✐♥❣✮✧✳ ❚❤❡ ✢✐❣❤t

♠✐ss✐♦♥s ❛r❡✿

✶✳ s❤♦rt ✴ ❇♦❡✐♥❣ ✼✸✼✲✽✵✵ ✴ ❈❋▼✺✻✲✼❇✷✹ ✴ ✲ −→ r❡❢❡r❡♥❝❡ ❝❛s❡❀

✷✳ s❤♦rt ✴ ❇♦❡✐♥❣ ✼✸✼✲✽✵✵ ✴ ❍❨❇✲❈❋✶✲✷❡♥❣✲❉Pr❡❢ ✴ ❈❆❙❊ ✶❀
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1. --------------------------------------------------------------------------------
2. -- AUTHOR: Matteo Baldassarri
3. -- CREATION DATE: 25/04/2022
4. --------------------------------------------------------------------------------
5. 
6. -- Libraries
7. USE PORTS_LIB
8. USE CONTROL
9. USE MATH

10. USE TURBOJET
11. 
12. --------------------------------------------------------------------------------
13. -- Component that represents a Counter-rotating fan
14. --------------------------------------------------------------------------------
15. COMPONENT Electric_CrFan IS_A GasChannel
16.    "Counter rotating fan"
17. 
18.  PORTS
19.       IN    Shaft sh1_in      "Front rotor input mechanical port"
20.       IN      Shaft sh2_in      "Rear rotor input mechanical port"
21.       OUT    Shaft sh1_out     "Front rotor output mechanical port"
22.       OUT    Shaft sh2_out     "Rear rotor output mechanical port"
23. 
24.    DATA 
25.       REAL ND1 = 10000.   UNITS   u_r_min      "Front rotor design rotational speed"
26.       REAL CG1 = 1.      UNITS no_units    "Correction coefficient for corrected mass flow"
27.       REAL CG2 = 1.      UNITS no_units    "Correction coefficient for efficiency"
28.       REAL CG4 = 1.      UNITS no_units    "Correction coefficient for compression work"
29.       REAL CG5 = 1.     UNITS   no_units      "Correction coefficient for torque ratio (trqR)"
30.       REAL NR  = 1.      UNITS no_units      "Speed ratio (NR = N1/N2)"
31. 
32.       -- Compressor map
33.       TABLE_3D F1         UNITS u_J_kgK     "DHQT (J/kg*K) vs PCNR1 (-) and beta (-) and NR (-

)"
34.       TABLE_3D F2         UNITS no_units    "EPD (-) vs PCNR1 (-) and beta (-) and NR (-)"
35.       TABLE_3D F3         UNITS u_kg_s      "EPD (kg/s) vs PCNR1 (-) and beta (-) and NR (-)"
36.       TABLE_3D F4         UNITS no_units      "trqR (-) vs PCNR1 (-) and beta (-) and NR (-)"
37. 
38.    DECLS
39.       REAL WR            UNITS  u_kg_s      "Corrected Flow Rate"
40.       REAL PowerR       UNITS no_units      "Power ratio (PowerR = P1/P2)"
41.       REAL Power         UNITS  u_W         "Total Mechanical power"
42.       REAL Power1         UNITS  u_W         "Front rotor mechanical power"
43.       REAL Power2         UNITS  u_W         "Rear rotor mechanical power"
44.       REAL trq1         UNITS  u_Nm         "Front rotor torque"
45.       REAL trq2         UNITS  u_Nm         "Rear rotor torque"
46.       REAL N1            UNITS  u_r_min      "Front rotor - Rotational speed"
47.       REAL N2            UNITS  u_r_min      "Rear rotor - Rotational speed"
48.       REAL beta = 0.7   UNITS no_units      "Beta parameter"
49.       REAL PCNR1         UNITS u_pct         "Front rotor adimensional rotational speed"
50.       REAL DHQTJ         UNITS u_J_kgK      "Non scaled compression work"
51.       REAL EPDJ         UNITS no_units      "Non scaled efficiency"
52.       REAL WRJ            UNITS u_kg_s      "Non scaled corrected mass flow"
53.       REAL trqRJ         UNITS no_units      "Non scaled Torque ratio (trqR = trq1/trq2)"
54.       REAL DHQT         UNITS u_J_kgK      "Compression work"
55.       REAL EPD            UNITS no_units      "Efficiency"
56.       REAL trqR         UNITS no_units      "Torque ratio (trqR = trq1/trq2)"
57. 
58.    CONTINUOUS
59.       
60.       -- Conservation of air mass
61. <M>   g_in.W = g_out.W
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62. 
63.       -- Conservation of fuel mass
64.       g_in.FAR = g_out.FAR
65. 
66.       -- Adimensional rotational speed
67.       PCNR1 = 100. * (sh1_in.N / ND1) / ssqrt(theta)
68.       DHQTJ = linearInterp3D(F1, PCNR1, beta, NR)
69.       EPDJ = linearInterp3D(F2, PCNR1, beta, NR)
70.       WRJ = linearInterp3D(F3, PCNR1, beta, NR)
71.       trqRJ = linearInterp3D(F4, PCNR1, beta, NR)
72.       trqR = CG5 * trqRJ
73.       DHQT = CG4 * DHQTJ
74.       EPD = CG2 * EPDJ
75.       IMPL(beta) g_in.W * ssqrt(theta) / delta = CG1 * WRJ
76.       g_out.H = g_in.H + DHQT * g_in.T
77. 
78.       (Phi_T_FAR(g_out.T, g_in.FAR) - Phi_T_FAR(g_in.T, g_in.FAR)) * EPD = \
79.          R_FAR(g_in.FAR) * log(PQ)
80.          
81.       -- Computation of (trqR1, N1) and (trqR2, N2)
82.          
83.       WR = g_in.W * sqrt(theta) / delta
84. <E>   Power = g_in.W * (g_in.H - g_out.H)
85.       PowerR = Power1/Power2
86.       N2 = N1 / NR      
87.       0 = Power2 + sh2_in.Power - sh2_out.Power
88.       sh2_in.N = N2
89.       sh2_out.N = N2
90.       0 = Power1 + sh1_in.Power - sh1_out.Power
91.       sh1_in.N = N1
92.       sh1_out.N = N1
93.       trq1 = (30. * Power * trqR * NR) / (PI * N1 * (1 + trqR * NR)) 
94.       trqR = trq1 / trq2
95.       Power1 = trq1*N1*PI/30
96.       Power2 = trq2*N2*PI/30
97. 
98. END COMPONENT
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✼✳✸✶ ❘❡❢❡r❡♥❝❡ ❧♦♥❣ r❛♥❣❡ ♠✐ss✐♦♥ ❛♥❛❧②s✐s ✜♥❛❧ r❡s✉❧ts✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✺✾

✼✳✸✷ ▲♦♥❣ r❛♥❣❡ ♠✐ss✐♦♥ ❛♥❛❧②s✐s✱ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✿ ❈❆❙❊ ✷ r❡s✉❧ts✳ ✳ ✳ ✳ ✶✻✸
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✼✳✸✸ ▲♦♥❣ r❛♥❣❡ ♠✐ss✐♦♥✱ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✱ ❈❆❙❊ ✷✿ ❈♦♠♣❛r✐s♦♥ ❜❡t✇❡❡♥

t❤❡ r❡❢❡r❡♥❝❡ ❝♦♠♣♦♥❡♥t ♠❛ss❡s ❛♥❞ t❤❡ ❝♦♠♣♦♥❡♥t ♠❛ss❡s ♦❢ t❤❡ ❜❡st

r❡s✉❧t ❜❡t✇❡❡♥ ❉Pr❡❢✱ ❉P✶ ❛♥❞ ❉P✷✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✹

✼✳✸✹ ▲♦♥❣ r❛♥❣❡ ♠✐ss✐♦♥ ❛♥❛❧②s✐s✱ ✷ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✿ ❈❆❙❊ ✷❜✐s r❡s✉❧ts✳ ✳ ✶✻✺

✼✳✸✺ ▲♦♥❣ r❛♥❣❡ ♠✐ss✐♦♥ ❛♥❛❧②s✐s✱ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✿ ❈❆❙❊ ✷ r❡s✉❧ts✳ ✳ ✳ ✶✻✻

✼✳✸✻ ▲♦♥❣ r❛♥❣❡ ♠✐ss✐♦♥✱ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✱ ❈❆❙❊ ✷✿ ❈♦♠♣❛r✐s♦♥ ❜❡✲

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

❜❡st r❡s✉❧t ❜❡t✇❡❡♥ ❉Pr❡❢✱ ❉P✶ ❛♥❞ ❉P✷✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✻✻

✼✳✸✼ ▲♦♥❣ r❛♥❣❡ ♠✐ss✐♦♥ ❛♥❛❧②s✐s✱ ✶✵ ❡♥❣✐♥❡s ❝♦♥✜❣✉r❛t✐♦♥✿ ❈❆❙❊ ✷❜✐s r❡s✉❧ts✳ ✳ ✶✻✼
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▲✐st ♦❢ ♠❛✐♥ ❙②♠❜♦❧s

❱❛r✐❛❜❧❡ ❉❡s❝r✐♣t✐♦♥ ❙■ ✉♥✐t

βc ❝♦♠♣r❡ss✐♦♥ r❛t✐♦ ✲

η ❡✣❝✐❡♥❝② ✲

ηis ✐s❡♥tr♦♣✐❝ ❡✣❝✐❡♥❝② ✲

ρ ❞❡♥s✐t② kg
m3

σ⃗n s✉r❢❛❝❡ ❢♦r❝❡ N
m2

ω r♦t❛t✐♦♥❛❧ ❢r❡q✉❡♥❝② 1
s

(·) ❛✈❡r❛❣❡ ✐♥ t✐♠❡ ✲

(·) ❛✈❡r❛❣❡ ✐♥ t✐♠❡ ❛♥❞ s♣❛❝❡ ✲

(·)FR ❢r♦♥t r♦t♦r q✉❛♥t✐t② ✲

(·)RR r❡❛r r♦t♦r q✉❛♥t✐t② ✲

(·)target t❛r❣❡t ✈❛❧✉❡ ✲

BPR ❜②♣❛ss r❛t✐♦ ✲

Cp s♣❡❝✐✜❝ ❤❡❛t ❛t ❝♦st❛♥t ♣ J
kg·K

f⃗ ✈♦❧✉♠❡ ❢♦r❝❡s N
m3

h st❛t✐❝ ❡♥t❤❛❧♣② J
kg

hT t♦t❛❧ ❡♥t❤❛❧♣② J
kg

m ♠❛ss ❦❣

M ▼❛❝❤ ✲

mBatt ❜❛tt❡r② ♠❛ss ❦❣

mElecGen ❡❧❡❝tr✐❝ ❣❡♥❡r❛t♦r ♠❛ss ❦❣

mElecMot ❡❧❡❝tr✐❝ ♠♦t♦r ♠❛ss ❦❣

ṁ ♠❛ss ✢♦✇ kg
s

ṁf ❢✉❡❧ ✢♦✇ kg
s

mFUEL ❢✉❡❧ ♠❛ss ❦❣

mMTOW ♠❛① t❛❦❡✲♦✛ ✇❡✐❣❤t ❦❣



✶✾✹ ⑤ ▲✐st ♦❢ ♠❛✐♥ ❙②♠❜♦❧s

mOEW ♦✈❡r❛❧❧ ❡♠♣t② ✇❡✐❣❤t ❦❣

mPAY ♣❛②❧♦❛❞ ♠❛ss ❦❣

mPElec ♣♦✇❡r ❡❧❡❝tr♦♥✐❝s ♠❛ss ❦❣

mTOT t♦t❛❧ ❛✐r❝r❛❢t ♠❛ss ❦❣

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

Nratio s♣❡❡❞ r❛t✐♦ ✲

p st❛t✐❝ ♣r❡ss✉r❡ P❛

P ♣♦✇❡r ❲

Pratio ♣♦✇❡r r❛t✐♦ ✲

pT t♦t❛❧ ♣r❡ss✉r❡ P❛

SE s♣❡❝✐✜❝ ❡♥❡r❣② J
kg

SFC s♣❡❝✐✜❝ ❢✉❡❧ ❝♦♥s✉♠♣t✐♦♥ kg
s·N

♦r kg
s·W

SP s♣❡❝✐✜❝ ♣♦✇❡r W
kg

T st❛t✐❝ t❡♠♣❡r❛t✉r❡ ❑

Th t❤r✉st ◆

Trratio t♦rq✉❡ r❛t✐♦ ✲

TT t♦t❛❧ t❡♠♣❡r❛t✉r❡ ❑

tTO t❛❦❡✲♦✛ ❞✉r❛t✐♦♥ s

V ❛❜s♦❧✉t❡ ✈❡❧♦❝✐t② m
s

Vn ♥♦r♠❛❧ ✈❡❧♦❝✐t② m
s

Vt t❛♥❣❡♥t✐❛❧ ✈❡❧♦❝✐t② m
s

z ❛❧t✐t✉❞❡ ❬♠❪
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❆❜❜r❡✈✐❛t✐♦♥s ❛♥❞ ❆❝r♦♥②♠s

CR ❝♦✉♥tr✲r♦t❛t✐♥❣

EL ❊❝♦s✐♠Pr♦ ❧❛♥❣✉❛❣❡

FR ❢r♦♥t✲r♦t♦r

GT t✉r❜♦❣❛s ❣❡♥❡r❛t♦r

HP ❤✐❣❤ ♣r❡ss✉r❡

HY B ❤②❜r✐❞

hy − el se ❤②❜r✐❞ ❡❧❡❝tr✐❝ s❡r✐❛❧

LP ❧♦✇ ♣r❡ss✉r❡

p− e ♣✉r❡ ❡❧❡❝tr✐❝

Ref r❡❢❡r❡♥❝❡

RR r❡❛r✲r♦t♦r

tu− el dir t✉r❜♦ ❡❧❡❝tr✐❝ ❞✐r❡❝t

tu− el pc t✉r❜♦ ❡❧❡❝tr✐❝ ♣♦✇❡r ❝♦♥tr♦❧❧❡❞
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❆❝❦♥♦✇❧❡❞❣❡♠❡♥ts

❋✐rst❧②✱ ■ ✇❛♥t t♦ t❤❛♥❦ ♠② t❤❡s✐s s✉♣❡r✈✐s♦r Pr♦❢✳ P❛♦❧♦ ●❛❡t❛♥✐ ❢♦r ❣✐✈✐♥❣ ♠❡ t❤❡ ♣♦ss✐✲

❜✐❧✐t② t♦ ❞❡✈❡❧♦♣ ♠② ♠❛st❡r✬s t❤❡s✐s ❛t t❤❡ ✈♦♥ ❑❛r♠❛♥ ■♥st✐t✉t❡✳ ❚❤✐s ❡①♣❡r✐❡♥❝❡ ❛❜r♦❛❞

✇❛s ✈❡r② ✐♥str✉❝t✐✈❡ ❢♦r ♠❡ ❢r♦♠ ❜♦t❤ ❛ t❡❝❤♥✐❝❛❧ ❛♥❞ ❛ ♣❡rs♦♥❛❧ ♣♦✐♥t ♦❢ ✈✐❡✇✳

▼② ❞❡❡♣ ❣r❛t✐t✉❞❡ ❣♦❡s t♦ ♠② ❝♦✲❛❞✈✐s♦rs ❢r♦♠ ❱❑■ Pr♦❢✳ ❋❛❜r✐③✐♦ ❋♦♥t❛♥❡t♦ ❛♥❞ ❉r✳

▼❛♥❛s ▼❛❞❛ss❡r✐ P❛②②❛♣♣❛❧❧✐✱ ✇❤♦ ❜♦t❤ ❝❧♦s❡❧② s✉♣♣♦rt❡❞ ♠❡ ❞✉r✐♥❣ t❤❡s❡ ♠♦♥t❤s ❛♥❞

❛♥s✇❡r❡❞ ♠② q✉❡st✐♦♥s✳

❋r♦♠ ❱❑■ ■ ✇❛♥t ❛❧s♦ t♦ t❤❛♥❦ ❛❧❧ t❤❡ ♣❡♦♣❧❡ t❤❛t ■ ♠❡t ❞✉r✐♥❣ t❤✐s ❡①♣❡r✐❡♥❝❡s✳ ❚❤❡②

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

✈✐s✐t✐♥❣ ❇❡❧❣✐✉♠✳ ■ ❛♠ ❛❧s♦ t❤❛♥❦❢✉❧ t♦ ❛❧❧ ♠② ❝❧♦s❡ ❢r✐❡♥❞s ❢r♦♠ ❜♦t❤ ▼✐❧❛♥♦ ❛♥❞ P❡s❛r♦✱

✇❤♦ ❛❝❝♦♠♣❛♥✐❡❞ ♠❡ ❞✉r✐♥❣ t❤❡s❡ ②❡❛rs✳ ■ ✇❛♥t ❥✉st t♦ s❛② ❛ ❢❡✇ ✇♦r❞s ❛❜♦✉t ❈❛r❧♦✱ ✇❤♦

✇❛s ♠② r♦♦♠♠❛t❡ ✐♥ ▼✐❧❛♥♦✳ ❚❤❛♥❦ ②♦✉ ❢♦r t❤❡ s✉♣♣♦rt ❞✉r✐♥❣ t❤✐s ②❡❛rs ✐♥ ▼✐❧❛♥♦✳

❆ ✈❡r② s♣❡❝✐❛❧ t❤❛♥❦ ❣♦❡s t♦ ♠② ❣✐r❧❢r✐❡♥❞ ▼❛rt✐♥❛ ✇❤♦ ❣❛✈❡ ♠❡ t❤❡ str❡♥t❤ t♦ ❛❧✇❛②s ❣♦

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

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

▲❛st ❜✉t ♥♦t ❧❡❛st✱ ■ ✇❛♥t t♦ t❤❛♥❦ ♠② ❢❛♠✐❧② ❢♦r t❤❡✐r ❝♦♥t✐♥✉♦s❧② s✉♣♣♦rt ❜♦t❤ ❢r♦♠ ❛♥

❡♠♦t✐♦♥❛❧ ❛♥❞ ❡❝♦♥♦♠✐❝❛❧ ♣♦✐♥t ✈✐❡✇✳ ❙t✉❞② ✐s ✈❡r② ❡①♣❡♥s✐✈❡✱ ■ ✇✐❧❧ ♥❡✈❡r ❢♦r❣❡t ❛❧❧ t❤❡

s❛❝r✐✜❝❡s t❤❛t t❤❡② ❤❛✈❡ ❞♦♥❡ ❢♦r ♠❡✳
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