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✺✳✷ ❙♦❧✐❞✐✜❝❛	✐♦♥ ✲ ❚❤❡ ▼✉�❤② �❛�❛♠❡	❡� ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✹

✺✳✸ ❙❡	✲✉♣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✻

✺✳✸✳✶ ▼❛	❡�✐❛❧ ��♦♣❡�	✐❡� ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✻

✺✳✸✳✷ ●❡♦♠❡	�② ❛♥❞ ▼❡�❤ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✽

✺✳✸✳✸ ❈❛❧❝✉❧❛	✐♦♥ ❙❡		✐♥❣� ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✾

✺✳✹ ❊♥❡�❣② ❜❛❧❛♥❝❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✵

✻ ❋✐♥❛❧ ♣�❡♣❛�❛�✐♦♥� ❢♦� �❤❡ ♣❛�❛♠❡�❡� ��✉❞② ✸✹

✻✳✶ ❈♦♠♣✉	❛	✐♦♥❛❧ ❘❡�♦✉�❝❡� ♥❡❡❞❡❞ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✹

✻✳✷ ❘❡�✉❧	� ♦❢ 	❤❡ ❝♦♠♣❛�✐�♦♥ ♦❢ 	❤❡ ♠❛✐♥ ♠❡�❤ �✐③❡� ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✺

✻✳✸ ❉✐�❝✉��✐♦♥ ♦❢ 	❤❡ ❝♦♠♣❛�✐�♦♥ ♦❢ 	❤❡ ♠❛✐♥ ♠❡�❤ �✐③❡� ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✺

✻✳✹ ❘❡♣�♦❞✉❝✐❜✐❧✐	② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✽

✻✳✺ ❋✐♥❛❧ ▼♦❞❡❧ ❈❤❛♥❣❡� ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✶
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✈✐

✼ �❛�❛♠❡�❡� ❙�✉❞② ✺✺

✼✳✶ ❚❤❡ ❜❛�❡ ♠♦❞❡❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✻

✼✳✷ ▼✉�❤②✲�❛�❛♠❡�❡� ✈❛�✐❛�✐♦♥� ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✺

✼✳✸ ■♥❧❡� ❚❡♠♣❡�❛�✉�❡ ✈❛�✐❛�✐♦♥� ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✼

✼✳✹ ■♥❧❡� ❱❡❧♦❝✐�② ✈❛�✐❛�✐♦♥� ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✶

✼✳✺ ❘❡�✉❧�� ❙✉♠♠❛�② ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾✼

✽ ❈♦♥❝❧✉�✐♦♥ ❛♥❞ ❖✉�❧♦♦❦ ✾✽

❆♣♣❡♥❞✐❝❡� ✶✵✵

❆ ❉❛�❛ ❙❤❡❡� ❢♦� ❚❤❡�♠✐♥♦❧ ❉✶✷ ✶✵✵

❇ ▼♦❞❡❧ ❝❤♦♦�✐♥❣ ♣�♦❝❡�� ✶✵✷

❇✳✶ ●❡♦♠❡��② ❛♥❞ ♠❡�❤ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✷

❇✳✷ �✐♠❡✲��❡♣✲�✐③❡ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵✺

❈ ❋✉❧❧ ❙❝❛❧❡ ❉✐❛❣�❛♠� ♦❢ �❤❡ ♣❛�❛♠❡�❡� ��✉❞② ✶✵✻
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✈✐✐

▲✐�� ♦❢ ❋✐❣✉
❡�

✶ ❙❝❤❡♠❡ ♦❢ �❤❡ �❡❛❧ ❧✐❢❡ ♠♦❞❡❧ ✉�❡❞ ❜② ❆♥❞�❡❛� ❆♥♠❛♥♥ ❢♦� ❤✐� ❡①♣❡�✐♠❡♥��

❬✾❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺

✷ ❙��❡❛♠ ❛♥❞ ❞❡❧❛②❡❞ ❞�♦♣❧❡� ❢♦�♠❛�✐♦♥ ❛� ❛�♦✉♥❞ 5 · 10−6 m
s
❢♦� ♦✐❧ ✐♥ ✇❛�❡�

❬✷✷❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✾

✸ ❉�♦♣❧❡� ❜❡❤❛✈✐♦✉� ❢♦� ❛♥ ✐♥❧❡� ✈❡❧♦❝✐�② ♦❢ ❛�♦✉♥❞ 2 · m
s
❬✷✷❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✵

✹ ■♠❛❣❡ �❤♦✇✐♥❣ �❤❡ ❢�♦③❡♥ ❤❡❛� ❡①❝❤❛♥❣❡� ❬✾❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷

✺ ❈♦❛❧❡�❝❡♥� ❜❡❤❛✈✐♦✉�✱ ♠✐❧❦ ❝♦❧♦✉�❡❞ ��❛♥�✐�✐♦♥ ♣❤❛�❡ ❞✉�✐♥❣ ✇❛�❡� �♦❧✐❞✐✜✲

❝❛�✐♦♥ ❬✾❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✷

✻ ❙��♦♥❣ ❢♦❛♠✐♥❣✱ ❝�②��❛❧❧✐③❛�✐♦♥ ❛�♦✉♥❞ �❡♠♣❡�❛�✉�❡ �❡♥�♦��✱ ❝❛❜❧❡�❬✾❪ ✳ ✳ ✳ ✶✹

✼ ❈♦♥❞✉✐�� ❧❡❢� ❜❡❤✐♥❞ ❜② ❍❚❋✱ ♣♦�♦✉� ���✉❝�✉�❡❬✾❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹

✽ ❙♦❧✐❞✐✜❝❛�✐♦♥ ♦❢ 1❈▼✱ ♣✉�❤❡❞ �♦ �♦♣ ❢�♦♠ ❍❚❋❬✾❪ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✹

✾ ❙❦❡�❝❤ �❤♦✇✐♥❣ ❛ ♥♦♥✲✐�♦��♦♣✐❝ �✉�❢❛❝❡ ❢♦� �❤❡ ❣❡♦♠❡��✐❝ ❞❡�✐✈❛�✐♦♥ ♦❢ �❤❡

❨♦✉♥❣✲▲❛♣❧❛❝❡✲❊6✉❛�✐♦♥ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✶✾

✶✵ ❉✐♠❡♥�✐♦♥❧❡�� ❥❡� ❧❡♥❣�❤ ♣❧♦��❡❞ ❜② ♦�✐✜❝❡ ✢♦✇ �❛�❡ ♦� ✈❡❧♦❝✐�② �❤♦✇✐♥❣ ❛

�②♣✐❝❛❧ ❥❡� ❞❡✈❡❧♦♣♠❡♥� ❝❛�❡❣♦�✐③❡❞ ✐♥�♦ ❞✐✛❡�❡♥� ��❛❣❡�✳ ✼✳✹ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✷✶

✶✶ ❚♦�❛❧ ❤❡❛� ��❛♥�❢❡� ❢♦� ∆T = 1❑✱ ∆T = −11.6❑ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✶

✶✷ ❍❡❛� ✢✉① ❛� ♦✉�❧❡�✱ ❝♦��❡�♣♦♥❞✐♥❣ ✈♦❧✉♠❡ ❢�❛❝�✐♦♥ ❛� ✺✳✼✷✵ � ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✷

✶✸ ❙✉�❢❛❝❡ ❛�❡❛ ❢♦� ∆x = 0.1, 0.3♠♠ ✐♥ ❍✷❖ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✺

✶✹ ▲✐6✉✐❞ ❢�❛❝�✐♦♥ ❢♦� ∆x = 0.1, 0.3♠♠ ✐♥ ❍✷❖ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✻

✶✺ ❱♦❧✉♠❡ ❢�❛❝�✐♦♥ ❢♦� ∆x = 0.1, 0.3♠♠ ✐♥ ❍✷❖ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✻

✶✻ ■♠❛❣❡ �❡�✐❡� �❤♦✇✐♥❣ ❛ ✈✐�✉❛❧✐�❛�✐♦♥ ♦❢ �❤❡ ♠♦❞❡❧ ✇✐�❤ ❉✶✷ ❛♥❞ ❍✷❖ ❢♦�

0.1♠♠ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✼

✶✼ ❱✐�✉❛❧✐�❛�✐♦♥ ♦❢ �❤❡ ❧♦❝❛❧✲❧✐6✉✐❞✲❢�❛❝�✐♦♥ ❛� �❤❡ ❝❡♥��❡❞ ①②✲♣❧❛♥❡ ✳ ✳ ✳ ✳ ✳ ✳ ✸✽

✶✽ ■♠❛❣❡ �❡�✐❡� �❤♦✇✐♥❣ ❛ ✸❉ ✈✐�✉❛❧✐�❛�✐♦♥ ♦❢ �❤❡ ♠♦❞❡❧ ✇✐�❤ ❉✶✷ ❛♥❞ ❍✷❖

❢♦� 0.3♠♠ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✸✾

✶✾ ❙✉�❢❛❝❡ ❛�❡❛ ❢♦� ∆x = 0.1, 0.3♠♠ ✐♥ 1❈▼✷ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✵

✷✵ ▲✐6✉✐❞ ❢�❛❝�✐♦♥ ❢♦� ∆x = 0.1, 0.3♠♠ ✐♥ 1❈▼✷ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✶

✷✶ ❱♦❧✉♠❡ ❢�❛❝�✐♦♥ ❢♦� ∆x = 0.1, 0.3♠♠ ✐♥ 1❈▼✷ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✶

✷✷ ■♠❛❣❡ �❡�✐❡� �❤♦✇✐♥❣ ❛ ✸❉ ✈✐�✉❛❧✐�❛�✐♦♥ ♦❢ �❤❡ ♠♦❞❡❧ ✇✐�❤ ❉✶✷ ❛♥❞ 1❈▼✷

❢♦� 0.1♠♠ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✷

✷✸ ▲♦❝❛❧ ❧✐6✉✐❞✲❢�❛❝�✐♦♥ ♦♥ �❤❡ ❝❡♥��❡❞ ♣❧❛♥❡ ❢♦� 1❈▼✷ ❛� ✷✺ � ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✸

✷✹ ■♠❛❣❡ �❡�✐❡� �❤♦✇✐♥❣ ❛ ✸❉ ✈✐�✉❛❧✐�❛�✐♦♥ ♦❢ �❤❡ ♠♦❞❡❧ ✇✐�❤ ❉✶✷ ❛♥❞ 1❈▼✷

❢♦� 0.3♠♠ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✹
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✈✐✐✐

✷✺ ❙✉�❢❛❝❡ ❛�❡❛ ❢�♦♠ �❤❡ ❝❛❧❝✉❧❛�✐♦♥ ��❛��❡❞ ❛� t = 0 � ✐♥ ❝♦♠♣❛�✐�♦♥ �♦ ❛

❝❛❧❝✉❧❛�✐♦♥ ��❛��❡❞ ❛� �❤❡ ✜��� �✐♠❡ ��❡♣ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✹✾

✷✻ ❱✐�✉❛❧✐�❛�✐♦♥ ♦❢ �❤❡ ❥❡� ❜�❡❛❦✉♣ ❛♥❞ ❞�♦♣❧❡� ❢♦�♠❛�✐♦♥ ❢�♦♠ ❈❋❉✲

�✐♠✉❧❛�✐♦♥� ❢♦� ❞�♦♣❧❡� ♦♥ ❞❡♠❛♥❞ ✐♥❦✲❥❡� ♣�✐♥�❡�� ❜② ❲❛♥❣ ❬✷✼❪ ✳ ✳ ✳ ✳ ✳ ✳ ✺✷

✷✼ ■♠❛❣❡ �❡�✐❡� �❤♦✇✐♥❣ ❛ ✷❉ ✈✐�✉❛❧✐�❛�✐♦♥ ♦❢ ❞✐✛❡�❡♥� ❝♦♥�❛❝� ❛♥❣❧❡� ✳ ✳ ✳ ✳ ✳ ✺✸

✷✽ ❋✐��� ✷ � ♦❢ �❤❡ �✉�❢❛❝❡ ❛�❡❛ ❢♦� �❤❡ ❜❛�❡ ♠♦❞❡❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✼

✷✾ ▲✐.✉✐❞✲❢�❛❝�✐♦♥ ❢♦� �❤❡ ❜❛�❡ ♠♦❞❡❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✼

✸✵ ❋✐��� ✷ � ♦❢ �❤❡ ✈♦❧✉♠❡✲❢�❛❝�✐♦♥ ❢♦� �❤❡ ❜❛�❡ ♠♦❞❡❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✼

✸✶ ❍❡❛� ��❛♥�❢❡� ❛� �❤❡ ✐♥❧❡� ❢♦� �❤❡ ❜❛�❡ ♠♦❞❡❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✼

✸✷ ❋✐��� ✷ � ♦❢ �❤❡ ❤❡❛� ��❛♥�❢❡� ❛� �❤❡ ♦✉�❧❡�✱ ❛� ✇❡❧❧ ❛� �❤❡ �✉♠ ♦❢ ✐♥❧❡� ❛♥❞

♦✉�❧❡�✱ ❢♦� �❤❡ ❜❛�❡ ♠♦❞❡❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✽

✸✸ ❋✐��� ✷ � ♦❢ �❤❡ ❤❡❛� ✢✉① ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✺✽

✸✹ ❙❝�❡❡♥✲�❤♦� ♦❢ �❤❡ ❤❡❛�✲✢✉① ❝♦♥�♦✉� ♦♥ �❤❡ ♦✉�❧❡� ♦❢ �❤❡ ❜❛�❡ ♠♦❞❡❧ ❛� ✷✺ � ✺✾

✸✺ ❙❝�❡❡♥✲�❤♦� ♦❢ �❤❡ ❤❡❛�✲✢✉① ❝♦♥�♦✉� ♦♥ �❤❡ ♦✉�❧❡� ♦❢ �❤❡ ❜❛�❡ ♠♦❞❡❧ ❛� ✷✺✳✺ � ✺✾

✸✻ ❖✉�❧❡� �❡♠♣❡�❛�✉�❡ �✐❞❡ ❜② �✐❞❡ ✇✐�❤ �❤❡ ❝♦��❡�♣♦♥❞✐♥❣ ✈♦❧✉♠❡ ❢�❛❝�✐♦♥ ♦❢

�❤❡ ❜❛�❡ ♠♦❞❡❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✵

✸✼ ❍❡❛� ✢✉① �✐❞❡ ❜② �✐❞❡ ✇✐�❤ �❤❡ ❝♦��❡�♣♦♥❞✐♥❣ ✈♦❧✉♠❡ ❢�❛❝�✐♦♥ ♦❢ �❤❡ ❜❛�❡

♠♦❞❡❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✵

✸✽ ❋❋❚� ♦❢ �❤❡ ❜❛�❡ ♠♦❞❡❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✶

✸✾ ❆✈❡�❛❣❡ �❡♠♣❡�❛�✉�❡ ♦❢ 8❈▼✷ ♦❢ �❤❡ ❜❛�❡ ♠♦❞❡❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷

✹✵ ❆✈❡�❛❣❡ �❡♠♣❡�❛�✉�❡ ♦❢ ❉✶✷ ♦❢ �❤❡ ❜❛�❡ ♠♦❞❡❧ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✷

✹✶ ▲✐.✉✐❞✲❢�❛❝�✐♦♥ ❢♦� ❞✐✛❡�❡♥� ♠✉�❤② ♣❛�❛♠❡�❡�� ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✻

✹✷ ❙❝�❡❡♥✲�❤♦� �❡.✉❡♥❝❡ ♦❢ �❤❡ �♦�❛❧✲❧✐.✉✐❞✲❢�❛❝�✐♦♥ ❢♦� �❤❡ �♦❧✐❞✐✜❝❛�✐♦♥ ��❡♣�

✇✐�❤ Amush = 106 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✼

✹✸ ❙❝�❡❡♥✲�❤♦� �❡.✉❡♥❝❡ ♦❢ �❤❡ �♦�❛❧✲❧✐.✉✐❞✲❢�❛❝�✐♦♥ ❢♦� �❤❡ �♦❧✐❞✐✜❝❛�✐♦♥ ��❡♣�

✇✐�❤ Amush = 109 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✽

✹✹ ❱♦❧✉♠❡✲❢�❛❝�✐♦♥ ❢♦� ❞✐✛❡�❡♥� ♠✉�❤② ♣❛�❛♠❡�❡�� ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✾

✹✺ ❋✐��� ✷✵ � ♦❢ �❤❡ ❤❡❛� ✢✉① ❢♦� ❞✐✛❡�❡♥� ♠✉�❤② ♣❛�❛♠❡�❡�� ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✻✾

✹✻ ❙❝�❡❡♥✲�❤♦� ♦❢ ❛ ✈✐�✉❛❧✐�❛�✐♦♥ ♦❢ �❤❡ ❤❡❛� ��❛♥�❢❡� ❛� �❤❡ ♦✉�❧❡� ❛� ✶✾ � ❢♦�

Amush = 106 ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✶

✹✼ ❙❝�❡❡♥✲�❤♦� ♦❢ ❛ ✈✐�✉❛❧✐�❛�✐♦♥ ♦❢ �❤❡ ❤❡❛� ��❛♥�❢❡� ❛� �❤❡ ♦✉�❧❡� ❛� ✷✵ � ❢♦�

Amush = 109✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✶

✹✽ ❆♠♣❧✐�✉❞❡ ❛♥❞ ❢�❡.✉❡♥❝② ♦❢ �❤❡ ❋♦✉�✐❡� ��❛♥�❢♦�♠❛�✐♦♥� ♦❢ Amush = 106 ✳ ✼✷

✹✾ ❆✈❡�❛❣❡ �❡♠♣❡�❛�✉�❡ ♦❢ 8❈▼✷ ❢♦� ❞✐✛❡�❡♥� ♠✉�❤② ♣❛�❛♠❡�❡�� ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✷
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✐①

✺✵ ❆✈❡�❛❣❡ 
❡♠♣❡�❛
✉�❡ ♦❢ ❉✶✷ ❢♦� ❞✐✛❡�❡♥
 ♠✉�❤② ♣❛�❛♠❡
❡�� ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✷

✺✶ ▲✐�✉✐❞✲❢�❛❝
✐♦♥ ❢♦� ❞✐✛❡�❡♥
 ✐♥❧❡
 
❡♠♣❡�❛
✉�❡� ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✽

✺✷ ❙❝�❡❡♥✲�❤♦
 �❡�✉❡♥❝❡ ♦❢ 
❤❡ 
♦
❛❧✲❧✐�✉✐❞✲❢�❛❝
✐♦♥ ❢♦� 
❤❡ �♦❧✐❞✐✜❝❛
✐♦♥ �
❡♣�

✇✐
❤ ∆T = −15❑ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✳ ✼✾

✺✸ ❙❝�❡❡♥✲�❤♦
 �❡�✉❡♥❝❡ ♦❢ 
❤❡ 
♦
❛❧✲❧✐�✉✐❞✲❢�❛❝
✐♦♥ ❢♦� 
❤❡ �♦❧✐❞✐✜❝❛
✐♦♥ �
❡♣�

✇✐
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D m2

s
❞✐✛✉�✐✈✐② ❝♦♥�❛♥

E J ♦❛❧ ❡♥❡�❣②

g m
s2

❣�❛✈✐❛✐♦♥❛❧ ❝♦♥�❛♥

h J
kg

�♣❡❝✐✜❝ ❡♥❤❛❧♣②

H J ❡♥❤❛❧♣②

J mol
m2t

❞✐✛✉�✐♦♥ ✢✉①

k W
m2K

❤❡�♠❛❧ �❛♥�♠✐❛♥❝❡

kE
J

Kmol
2

3

❊!✈!�� ❈♦♥�❛♥

K N ♠♦♠❡♥✉♠ ❢�♦♠ ❡①❡�♥❛❧ �♦✉�❝❡�

l − ❧✐#✉✐❞ ❢�❛❝✐♦♥

L m ❧❡♥❣❤

m kg ♠❛��

ṁ kg

s
♠❛�� ✢♦✇

n − ♥✉♠❜❡� ♦❢ ❝❡❧❧�

p Pa ♣�❡��✉�❡

P W ♣♦✇❡� ❢�♦♠ �✉��♦✉♥❞✐♥❣ �♦✉�❝❡�

q W
m2 ❤❡❛ ✢♦✇ ♣❡� �✉�❢❛❝❡ ❛�❡❛ ✉♥✐

Q J ❤❡❛

Q̇ W ❤❡❛ ✢♦✇

r m �❛❞✐✉�

S kg

s
❈❛�♠❛♥✲❑♦�❡♥② ♣❛�❛♠❡❡�

t s ✢♦✇ ✐♠❡

∆t s ✐♠❡ ❜❡✇❡❡♥ ❡❛❝❤ ❞❛❛ ♣♦✐♥

T K ❡♠♣❡�❛✉�❡

TΘ K ♠❛❡�✐❛❧ �♣❡❝✐✜❝ ❡♠♣❡�❛✉�❡ ❜② ❊!✈!�

∆T K ✐♥❧❡ ❡♠♣❡�❛✉�❡ ♠✐♥✉� �♦❧✐❞✐✜❝❛✐♦♥

❡♠♣❡�❛✉�❡

✭✇✐�❞ ❢♦�❣❡�❡③✮
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❙②♠❜♦❧ ❙■✲❯♥✐� ▼❡❛♥✐♥❣

u J
kg

�♣❡❝✐✜❝ ✐♥�❡�♥❛❧ ❡♥❡�❣②

U J ✐♥�❡�♥❛❧ ❡♥❡�❣②

v m
s

✈❡❧♦❝✐�②

v
m3

kg
�♣❡❝✐✜❝ ✈♦❧✉♠❡

V m3 ❱♦❧✉♠❡

x m ❛①✐❛❧ ❝♦♦�❞✐♥❛�❡ ❞❡✜♥✐♥❣ �❤❡ ✇✐❞�❤

∆x m ♠❡�❤ ❝❡❧❧ ✇✐❞�❤ ✐♥ ❛❧❧ ❞✐�❡❝�✐♦♥�

y m ❛①✐❛❧ ❝♦♦�❞✐♥❛�❡ ❞❡✜♥✐♥❣ �❤❡ ❤❡✐❣❤�

z m ❛①✐❛❧ ❝♦♦�❞✐♥❛�❡ ❞❡✜♥✐♥❣ �❤❡ ❞❡♣�❤

❋♦�♠✉❧❛ �②♠❜♦❧� ♦❢ ●�❡❡❦ ❧❡��❡��

❙②♠❜♦❧ ❙■✲❯♥✐� ▼❡❛♥✐♥❣

α W
m2K

❛✈❡�❛❣❡ ❤❡❛� ��❛♥�❢❡� ❝♦❡✣❝✐❡♥�

δ − ✐❞❡♥�✐�② ♠❛��✐①

ǫ − ❞❛♠♣❡♥✐♥❣ ❢❛❝�♦�

φ ➦ ❝♦♥�❛❝� ❛♥❣❧❡ �♦ ❜♦��♦♠ ✇❛❧❧

μ Pas ❞②♥❛♠✐❝ ✈✐�❝♦�✐�②

ν m2

s
❦✐♥❡♠❛�✐❝ ✈✐�❝♦�✐�②

λ W
mK

❤❡❛� ❝♦♥❞✉❝�✐✈✐�②

ρ kg

m3 ❞❡♥�✐�②

σ Pa �✉�❢❛❝❡ �❡♥�✐♦♥

τ Pa ✐♥�❡�♥❛❧ ❢�✐❝�✐♦♥ ���❡��❡�

υ − ✈♦❧✉♠❡ ❢�❛❝�✐♦♥

ω Hz ❛♥❣✉❧❛� ❢�❡ ✉❡♥❝②
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❚❡①��✉❜�❝	✐♣� ■♥❞❡①❡�

■♥❞❡①

�❡①��✉❜✲

�❝✐♣�

▼❡❛♥✐♥❣

0 ✈❛❧✉❡ ❛� ✐♥✐�✐❛❧✐�❛�✐♦♥ ♦❢ �❤❡ �✐♠✉❧❛�✐♦♥

a ✈❛❧✉❡ ❛� ❛�❝❡♥�✐♦♥

at ✈❛❧✉❡ ❢♦ ❛�♦♠✐�❛�✐♦♥ ❛� �❤❡ ♦✐✜❝❡

A ❛♠♣❧✐�✉❞❡ ♦❢ ❋❛�� ❋♦✉✐❡ ❚❛♥�❢♦♠❛�✐♦♥ ♦❢ �❛♥�✐❡♥� ✈❛❧✉❡

C ❝✐�✐❝❛❧ ✈❛❧✉❡

d ✈❛❧✉❡ ❢♦ �❤❡ ❞♦♣❧❡� ♦❢ �❤❡ ❤❡❛� �❛♥�❢❡ ✢✉✐❞

D12 ❤❡❛� �❛♥�❢❡ ✢✉✐❞ ❉✶✷

e ❡�✉✐✈❛❧❡♥� ✈❛❧✉❡

fr ✈❛❧✉❡ ❢♦ ❢✐❝�✐♦♥

G ✈❛❧✉❡ ❢♦ ❣❛✈✐�②

HTF ❤❡❛� �❛♥�❢❡ ✢✉✐❞

in ✈❛❧✉❡ ❛� �❤❡ ✐♥❧❡�

jet ✈❛❧✉❡ ❛� �❤❡ ❥❡�

l ❧✐�✉✐❞ ♣❤❛�❡

loss ❧♦��❡�

m ✈❛❧✉❡ ❛� �❤❡ ♠❡❧�✐♥❣ ♣♦✐♥�

max ♠❛①✐♠✉♠ ✈❛❧✉❡

melt ✈❛❧✉❡ ❛� �❤❡ ♠❡❧�✐♥❣ ♣♦✐♥�

mol ✈❛❧✉❡ ❢♦ ✶♠♦❧

noz ✈❛❧✉❡ ❛� �❤❡ ♥♦③③❧❡

or ✈❛❧✉❡ ❛� �❤❡ ♦✐✜❝❡

out ✈❛❧✉❡ ❛� �❤❡ ♦✉�❧❡�

p ✈❛❧✉❡ ❛� ❝♦♥��❛♥� ♣❡��✉❡

ref ❡❢❡❡♥❝❡ ✈❛❧✉❡

rev ✈❛❧✉❡ ❢♦ ❛ ❡✈❡�✐❜❧❡ ♣♦❝❡��

PCM ♣❤❛�❡ ❝❤❛♥❣❡ ♠❛�❡✐❛❧

PCM2 ♣❤❛�❡ ❝❤❛♥❣❡ ♠❛�❡✐❛❧ ♥✉♠❜❡ ✷

s �♦❧✐❞ ♣❤❛�❡

save ❞✐✛❡❡♥❝❡ ❜❡�✇❡❡♥ �✇♦ �❛✈❡❞ ❞❛�❛ ✜❧❡�

t �❡❝❤♥✐❝❛❧

V ✈❛❧✉❡ ❛� ❝♦♥��❛♥� ❱♦❧✉♠❡

wall ❛✈❡❛❣❡ ✈❛❧✉❡ ♦♥ �❤❡ ✇❛❧❧� ♦❢ �❤❡ ♠♦❞❡❧

+ ❛✈❡❛❣❡ ♦✈❡ ❛❧❧ ♣♦�✐�✐✈❡ ✈❛❧✉❡�
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■♥❞❡①

❚❡①	
✉✲

♣❡�✲


❝�✐♣	

▼❡❛♥✐♥❣

back ✈❛❧✉❡ ❢♦� �❡
✉❧	✐♥❣ ❜❛❝❦✲✢♦✇

✕ ❛✈❡�❛❣❡ ✈❛❧✉❡

→ ✈❡❝	♦�

T 	�❛♥
♣♦
❡❞

❙❤♦��❝✉��

❙❤♦�	❝✉	 ▼❡❛♥✐♥❣

✷❉ ✷ ❉✐♠❡♥
✐♦♥❛❧

✸❉ ✸ ❉✐♠❡♥
✐♦♥❛❧

❈❋❉ ❈♦♠♣✉	❛	✐♦♥❛❧ ❋❧✉✐❞ ❉②♥❛♠✐❝


❍❚❋ ❍❡❛	 ❚�❛♥
❢❡� ❋❧✉✐❞

◆✉ ◆✉

❡❧	✲◆✉♠❜❡�

❘❡ ❘❡②♥♦❧❞
✲◆✉♠❜❡�

'❈▼ '❤❛
❡ ❈❤❛♥❣❡ ▼❛	❡�✐❛❧

❚❇❆❇ ❚❡	�❛✲❇✉	②❧✲❆♠♠♦♥✐✉♠✲❇�♦♠✐❞❡

❚❊❙ ❚❤❡�♠❛❧ ❊♥❡�❣② ❙	♦�❛❣❡

❯❱ ❯❧	�❛✲❱✐♦❧❡	

❱❖❋ ❱♦❧✉♠❡ ❖❢ ❋❧✉✐❞ ♠❡	❤♦❞
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✶

✶ ■♥��♦❞✉❝�✐♦♥

❲♦�❦✐♥❣ ✇✐
❤ ❛ �❡❛❧ ❧✐❢❡ ♠♦❞❡❧ ♦❢ ❛ ❞✐�❡❝
 ❝♦♥
❛❝
 ❧❛
❡♥
 
❤❡�♠❛❧ �
♦�❛❣❡ ❝❛♥ ❜❡ ❛♥

❡①♣❡♥�✐✈❡ ❛♥❞ ❞✐✣❝✉❧
 
❛�❦✳ ❲✐
❤ ♠♦❞❡�♥ ❝♦♠♣✉
❡� ♣♦✇❡� ❛♥❞ 
♦♦❧� ❧✐❦❡ ❆◆❙❨❙ ❋❧✉❡♥


✐
 ✐� ♣♦��✐❜❧❡ 
♦ ❝�❡❛
❡ �✐♠✉❧❛
✐♦♥� ♦❢ �♣❡❝✐✜❝ �✐
✉❛
✐♦♥� ✐♥ ♦�❞❡� 
♦ ✉♥❞❡��
❛♥❞ 
❤❡ ✢✉✐❞✲

❞②♥❛♠✐❝� ❛♥❞ 
❤❡�♠❛❧ ❜❡❤❛✈✐♦✉� ♦❢ 
❤❡ ♠❛
❡�✐❛❧� ♦♥ ❛ �✐♠♣❧❡� ❛♥❞ ♠♦�❡ ❡✣❝✐❡♥
 ❜❛�✐�✳

❆ ♠♦❞❡❧ ♦❢ ❛ ❝♦♠♣❧❡
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❝♦♠♣♦❡❞ ♦✉� ♦❢ ❢♦✉� ❞✐✛❡�❡♥� ✉♥✐�✱ ❞✐✈✐❞❡❞ ❜② ❢✉♥❝�✐♦♥✳

❙�♦�❛❣❡ ♠❛�❡�✐❛❧✿ ❚❤✐ ❝❛♥ ❜❡ ♦❢ ❧✐�✉✐❞ ♦� ♦❢ ♦❧✐❞ �②♣❡✳ ❆ ♣�♦♠✐♥❡♥� ✢✉✐❞

❡①❛♠♣❧❡ ✇♦✉❧❞ ❜❡ ✇❛�❡�✱ ❞✉❡ �♦ ✐�✬ ❤✐❣❤ ❤❡❛� ❝❛♣❛❝✐�②✳ ❲❛�❡� ✐ ✉❡❞ ❢♦� ❜♦�❤✱ ❛ ❤♦�

❛♥❞ ❛ ❝♦❧❞ �♦�❛❣❡✱ �❤❡ ❧❛�❡� ✐ ♣♦✐❜❧❡ ❞✉❡ �♦ ✐�✬ �❡♥❞❡♥❝② �♦ ✉♣❡�✲❝♦♦❧✱ ♠❡❛♥✐♥❣ ✐�

❝♦♦❧ ❜❡❧♦✇ �❤❡ ♦❧✐❞✐✜❝❛�✐♦♥ �❡♠♣❡�❛�✉�❡ ❜❡❢♦�❡ ♦❧✐❞✐❢②✐♥❣✱ ✉♥�✐❧ T = −38 ➦❈✳ ❬✷✻❪

❆♥♦�❤❡� ♦♣�✐♦♥ ❝❛♥ ❜❡ ❛ ♠✐①�✉�❡ ♦❢ 60✪ ✇❛�❡� ❛♥❞ 40✪ �❡��❛✲❜✉�②❧✲❛♠♠♦♥✐✉♠✲

❜�♦♠✐❞❡ ✭❚❇❆❇✮✳ ❚❤❡ �❡✉❧�✐♥❣ ❝♦♠♣♦✉♥❞ ❤❛ �✐❧❧ ✐♠✐❧❛� ♣�♦♣❡��✐❡ ❧✐❦❡ ❞❡♥✐�②

❜✉� ❧♦♦❡ �❤❡ ❛♥♦♠❛❧② ♦❢ ♣❧❛✐♥ ✐♠♣❧❡ ✇❛�❡�✳ ❲❛�❡�✲❚❇❆❇ ❝♦♠♣�❡❡ ❞✉�✐♥❣

♦❧✐❞✐✜❝❛�✐♦♥✱ �❛��✐♥❣ ❛� 11.8 ➦❈✱ �❤❡�❡❢♦�❡ ✐♥❝�❡❛✐♥❣ ✐♥ ❞❡♥✐�② ❛♥❞ ✐♥❦✐♥❣ �♦

�❤❡ ❣�♦✉♥❞✳ ❚❤✐ ♣�♦♣❡��✐❡ ❤♦✉❧❞ ♣�❡✈❡♥� �❤❡ ♦✉�❧❡� ❢�♦♠ ❢�❡❡③✐♥❣ ❛♥❞ ♠✐♥✐♠✐③❡

�❤❡�♠❛❧ ❧♦❡ �❤�♦✉❣❤ �❤❡ ✇❛❧❧✳ ❙❛❞❧② �❤❡ ♣�♦♣❡��✐❡ ♦❢ ✇❛�❡�✲❚❇❆❇ ❛�❡ ♥♦� ✇❡❧❧

❦♥♦✇♥ ❛♥❞ ❚❇❆❇ ✐ ❛ ♠❛�❡�✐❛❧ ❛❧♦ ✉❡❞ ❢♦� ♣❤❛❡ ��❛♥❢❡� ❝❛�❛❧②✐✱ ❧❡❛❞✐♥❣ �♦ �❤❡

♣♦✐❜✐❧✐�② ♦❢ ♣❛�� ♦❢ �❤❡ ❤❡❛� ��❛♥❢❡� ✢✉✐❞ ✭❍❚❋✱ ✉❡❞ ❢♦� �❤❡ ❤❡❛� ❡①❝❤❛♥❣❡ ✇✐�❤

�❤❡ �♦�❛❣❡ ♠❛�❡�✐❛❧✮ ♠♦✈✐♥❣ ✐♥�♦ �❤❡ ✢✉✐❞ ♣❤❛❡✳ ❬✾❪

❈❤❛�❣✐♥❣ ❛♥❞ ❞✐�❝❤❛�❣✐♥❣ �②��❡♠✿ ❚❤❡ ♥❡❝❡❛�② ❝♦♠♣♦♥❡♥� ❢♦� ❡♥❡�❣② ✉♣♣❧②

❛♥❞ ❡①��❛❝�✐♦♥✱ ✉❝❤ ❛ ❤❡❛� ❡①❝❤❛♥❣❡� ❛♥❞ ♣✉♠♣✳

❙�♦�❛❣❡ �❛♥❦ ✇❛❧❧ ❝♦♥���✉❝�✐♦♥✿ ❚❤❡ ✇❛❧❧ ✐ ❛♥ ✐♠♣♦��❛♥� ❝♦♠♣♦♥❡♥�✱ ❛ ✐�✬

❢✉♥❝�✐♦♥ ✐ �❤❡ ✐♥❝❧✉✐♦♥ ♦❢ �❤❡ �♦�❛❣❡ ♠❛�❡�✐❛❧✱ ✐♥❝❧✉❞✐♥❣ ✉♣♣�❡✐♦♥ ♦❢ ❝♦♥✈❡❝�✐♦♥

❛♥❞ ❞✐✛✉✐♦♥✱ ♠❡❝❤❛♥✐❝❛❧ �❛❜✐❧✐�②✱ ♠✐♥✐♠✐③❛�✐♦♥ ♦❢ �❤❡�♠❛❧ ❧♦❡ ❞✉❡ �♦ �❤❡�♠❛❧

❞❛♠♣✐♥❣ ❛♥❞ ❤✐❡❧❞✐♥❣ �❤❡ ②�❡♠ ❢�♦♠ ❡♥✈✐�♦♥♠❡♥�❛❧ ✐♥✢✉❡♥❝❡✱ ✉❝❤ ❛ ❛✐� ❤✉✲

♠✐❞✐�②✱ �❛✐♥ ✇❛�❡�✱ ❣�♦✉♥❞ ✇❛�❡� ❛♥❞ ❯❱✲❘❛②✳

▲♦♥❣ ❧✐❢❡ ♠❛�❡�✐❛❧✱ ✉❝❤ ❛ �❛✐♥❧❡ �❡❡❧✱ ❛�❡ ✉❡❞ ❛ ✇❛❧❧✳ ❬✷✺❪

❆❞❞✐�✐♦♥❛❧ ❡�✉✐♣♠❡♥� ❢♦� �❛❢❡�② ❛♥❞ ❛❣❛✐♥�� ❝♦��♦�✐♦♥✱ ❛� ✇❡❧❧ ❛� ❛❞❞✐�✐♦♥❛❧

♠❡❝❤❛♥✐❝❛❧ ❝♦♠♣♦♥❡♥�� ❛�❡ ♥❡❡❞❡❞✱ ❥✉�� �♦ ♥❛♠❡ ❛ ❢❡✇✳
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✸

❼ ■♥�❡�♥❛❧ ❡♥❡�❣②

❚❤❡ ✐♥�❡�♥❛❧ ❡♥❡�❣② ♦❢ �❤❡ ��♦�❛❣❡ ♠❛�❡�✐❛❧ ❝❤❛♥❣❡� ❜② ❡♥❡�❣② ��❛♥�❢❡�� ❛�

�❤❡ ❜♦✉♥❞❛�✐❡� ✈✐❛ �❤❡ ❢♦❧❧♦✇✐♥❣ ♠❡�❤♦❞�✿ ❚❡♠♣❡�❛�✉�❡ ❝❤❛♥❣❡✱ ♣❤❛�❡ ❝❤❛♥❣❡✱

❛❞✲ ♦� ❛❜✲✴❞❡�♦�♣�✐♦♥✱ ❛� ✇❡❧❧ ❛� �❡✈❡��✐❜❧❡ ❝❤❡♠✐❝❛❧ �❡❛❝�✐♦♥�✳

❼ ▲♦❛❞✐♥❣ ❛♥❞ ✉♥❧♦❛❞✐♥❣

❆ ✢✉✐❞ ♠❛�❡�✐❛❧ ✐� ✉�❡❞ �♦ ��❛♥�❢❡� �❤❡ �❤❡�♠❛❧ ❡♥❡�❣② �♦ ❛♥❞ ❢�♦♠ �❤❡ ��♦�❛❣❡✳ ■� ✐�

�❤❡�❡❢♦�❡ ❝❛❧❧❡❞ ❛ ❍❡❛� ❚�❛♥�❢❡� ❋❧✉✐❞ ✭❍❚❋✮✳ ■♥ ❞✐�❡❝� ❧♦❛❞✐♥❣ �♦❧✉�✐♦♥� �❤❡ ❍❚❋

✐� ✐♥�❡��❡❞ ❞✐�❡❝�❧② ✐♥�♦ �❤❡ �❛♠❡ ��♦�❛❣❡ ♦♥ ♦♥❡ �✐❞❡✱ ❞❡♣❡♥❞✐♥❣ ♦♥ �❤❡ ❞❡♥�✐�②✳ ■♥

�❤❡ ♠♦❞❡❧ ♦❢ �❤✐� ♣�♦❥❡❝� �❤❡ ❍❚❋ ❤❛� ❛ ❧♦✇❡� ❞❡♥�✐�② ❛� �❤❡ ✉�❡❞ ��♦�❛❣❡ ♠❛�❡�✐❛❧

❛♥❞ ❤❛� �❤❡�❡❢♦�❡ �♦ ❜❡ ✐♥�❡��❡❞ ❛� �❤❡ ❜♦��♦♠ �♦ ❛�❝❡♥❞ �♦ �❤❡ �♦♣✳ ❚❤❡ �❡�✉❧�✐♥❣

❤❡❛� ✢♦✇ Q̇ ✐� ❞❡�❝�✐❜❡❞ �❤�♦✉❣❤ �❤❡ ♠❛�� ���❡❛♠ ṁ✱ �❤❡ �♣❡❝✐✜❝ ❤❡❛� ♦❢ �❤❡ ❍❚❋

cHTF ❛♥❞ �❤❡ �❡♠♣❡�❛�✉�❡ ❞✐✛❡�❡♥❝❡ ❜❡�✇❡❡♥ ✐♥❧❡� Tin ❛♥❞ ♦✉�❧❡� Tout✿

Q̇ = ṁcHTF (Tout − Tin), ✭✶✮

✇❤❡�❡ Q̇ > 0 ❢♦� ❧♦❛❞✐♥❣ ❛ ❤❡❛� ��♦�❛❣❡ ♦� ✉♥❧♦❛❞✐♥❣ ❛ ❝♦❧❞ ��♦�❛❣❡ ❛♥❞ Q̇ < 0 ❢♦�

✉♥❧♦❛❞✐♥❣ ❛ ❤❡❛� ��♦�❛❣❡ ♦� ❧♦❛❞✐♥❣ ❛ ❝♦❧❞ ��♦�❛❣❡✳ ❚❤❡�❡ ❡①✐�� ❛❧�♦ ✐♥❞✐�❡❝� ❧♦❛❞✐♥❣

�♦❧✉�✐♦♥�✱ ✇❤✐❝❤ ✇✐❧❧ ♥♦� ❜❡ ❡①♣❧❛✐♥❡❞ ❤❡�❡ ❜✉� ❝❛♥ ❜❡ �❡✈✐❡✇❡❞ ✐♥ ❬✷✺❪✳

❼ ❊♥❡�❣② ❧♦��❡�

❊①�❡�♥❛❧✿ ❙��❡❛♠� ♦❢ ❤❡❛�✱ ❡♥�❤❛❧♣② ❛♥❞ ✴ ♦� ♠❛�� ♦✈❡� �❤❡ �②��❡♠ ❜♦✉♥❞❛�②✳

❚❤✐� ✐♥❝❧✉❞❡� �❤❡�♠❛❧ ❝♦♥❞✉❝�✐♦♥ �❤�♦✉❣❤ �❤❡ ��♦�❛❣❡ ✇❛❧❧� ❛♥❞ ❧❡❛❦✐♥❣ ♦❢ �❤❡ ��♦�✲

❛❣❡ ♠❛�❡�✐❛❧✳ ❚❤❡ ❝❤❛♥❣❡ ♦❢ �❤❡ ✐♥�❡�♥❛❧ ❡♥❡�❣② U ♦❢ �❤❡ ��♦�❛❣❡ ✐� �❤❡�❡❢♦�❡ �❤❡

�✉♠ ♦❢ ❛❧❧ ❝❤❛♥❣❡�✱ ❤❡❛� ��❛♥�❢❡�� ❛� �❤❡ ✐♥❧❡� ❛♥❞ ♦✉�❧❡� Q̇in,out ❛♥❞ ❝❤❛♥❣❡� ✐♥ �❤❡

❤❡❛� ❧♦��❡� Q̇loss✿

∆U =

∫

(Q̇in + Q̇out + Q̇loss)dt ✭✷✮

■♥�❡�♥❛❧✿ ❇❛❧❛♥❝✐♥❣ ❡✛❡❝�� ✐♥ �❤❡ ��♦�❛❣❡✱ ♠✐①✐♥❣ ❛♥❞ ❤❡❛� ��❛♥�❢❡�� ♦❢ ♦�❤❡�

♣❛��� ✐♥ �❤❡ ��♦�❛❣❡ ♣�♦❞✉❝❡ ❛ �✐�❡ ✐♥ ✐�� ❡♥��♦♣②✳ ❚❤❡♥ �❤❡ ❧✐♠✐�❛�✐♦♥ ♦❢ �❤❡ ✉♥❧♦❛❞✲

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

❝❛♣❛❝✐�②✳
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❞✐❛♠❡	❡� ♦❢ 	❤❡ ✐♥❧❡	✳ ❆❢	❡� �♦♠❡ 	✐♠❡ ❛ ❞�♦♣❧❡	 ❜✉✐❧❞� 	❤❛	 ✇✐❧❧ ❡✈❡♥	✉❛❧❧② ❞�♦♣ ♦✛ 	❤❡

�	�❡❛♠✳ ❋�♦♠ 	❤✐� ♠♦♠❡♥	 ♦♥✱ 	❤❡ ❞�♦♣❧❡	 ✐� ✐♥ ❡�✉✐❧✐❜�✐✉♠ ✇✐	❤ ✐	✬� �✉��♦✉♥❞✐♥❣�✳ ❚♦

❜❡ �♣❡❝✐✜❝✱ 	❤❡ ❛�❝❡♥�✐♦♥ ❢♦�❝❡ ✐♥ ❞✐�❡❝	✐♦♥ ♦❢ 	❤❡ ♦✉	❧❡	 ❝♦✉♥	❡�✇❡✐❣❤	� ❣�❛✈✐	②✱ ✇❤✐❝❤ ✐�

✐♥ ❞✐�❡❝	✐♦♥ ♦❢ 	❤❡ ✐♥❧❡	 ❛	 	❤❡ ❜♦		♦♠✳ ❚❤❡ ❡✛❡❝	 ♦❢ 	❤❡ ❛�❝❡♥�✐♦♥ ❢♦�❝❡✱ ❤♦✇❡✈❡�✱ ❣❡	�

�❡❞✉❝❡❞ ❞✉❡ 	♦ 	❤❡ ❛❝	✐♦♥ ♦❢ ❢�✐❝	✐♦♥✳ ❆� ❞❡�❝�✐❜❡❞ ✐♥ ❬✶✺❪ 	❤❡ ❢�✐❝	✐♦♥ ❢♦�❝❡ ✐� ❞❡✜♥❡❞ ❜②

❙	♦❦❡�✬ ▲❛✇✱ 	❤❡ ❣�❛✈✐	❛	✐♦♥❛❧ ❢♦�❝❡ ❞❡♣❡♥❞� ♦♥ 	❤❡ ❞❡♥�✐	② ♦❢ 	❤❡ ♠❛	❡�✐❛❧ ✐	�❡❧❢ ❛♥❞ 	❤❡

❛�❝❡♥�✐♦♥ ❢♦�❝❡ ✐� ❝❛❧❝✉❧❛	❡❞ ❜② 	❤❡ ♣�❡��✉�❡ ❣�❛❞✐❡♥	 ❛♥❞ 	❤❡ ❞❡♥�✐	② ♦❢ 	❤❡ �✉��♦✉♥❞✐♥❣

✢✉✐❞✿

Ffr = 6πμrv ✭✸✮

FG = ρdV g ✭✹✮

Fa = (ρPCM − ρHTF )gAy = ∆ρgV ✭✺✮

◆♦❣❛♠✐ ❡	 ❛❧✳ ❬✷✷❪ �❡�❡❛�❝❤❡❞ 	❤❡ ❞�♦♣❧❡	 ❢♦�♠❛	✐♦♥ ♦❢ ❛♥ ♦✐❧ ✐♥ ✇❛	❡� ❛♥❞ �♦❞✐✉♠ ❛❝❡	❛	❡

	�✐❤②❞�❛	❡ ✐♥ ❞❡♣❡♥❞❡♥❝❡ ♦❢ 	❤❡ ♥♦③③❧❡ ❣❡♦♠❡	�②✳ ❚❤❡② �	❛	❡ 	❤❛	 	❤❡ ❞�♦♣❧❡	 ❞✐❛♠❡	❡� ✐�

❞✐�❡❝	❧② ♣�♦♣♦�	✐♦♥❛❧ 	♦ 	❤❡ ❞✐❛♠❡	❡� ♦❢ 	❤❡ ♥♦③③❧❡✱ ❛� �❡❡♥ ✐♥ ✜❣✳ ✷✳ ❚❤❡ ❞�♦♣❧❡	 ♥✉♠❜❡�

✐� ✐♥❞✐�❡❝	❧② ♣�♦♣♦�	✐♦♥❛❧ 	♦ 	❤❡ ✐♥❧❡	 ✈❡❧♦❝✐	② ❛♥❞ 	❤❡�❡❢♦�❡ 	♦ 	❤❡ ♠❛�� �	�❡❛♠✳ ❋♦� ❤✐❣❤

✢♦✇ �❛	❡ 	❤❡�❡ ✐� ❛♥ ✐♥❝♦♠✐♥❣ �	�❡❛♠ ❢�♦♠ ✇❤✐❝❤ ❞�♦♣❧❡	� ❞❡	❛❝❤ ❛❢	❡� �♦♠❡ 	✐♠❡✳ ❲❤❡♥

❧♦✇❡�✐♥❣ 	❤❡ ✢♦✇ �❛	❡ 	❤❡ ❍❚❋ �♣❧✐	� ✐♥	♦ ❞�♦♣❧❡	� ✐♠♠❡❞✐❛	❡❧② ❛❢	❡� ❡♥	❡�✐♥❣ 	❤❡ �	♦�❛❣❡✱

�❡�✉❧	✐♥❣ ✐♥ ❛ ✢♦✇ ♦❢ ❛	♦♠✐③❡❞ ❞�♦♣❧❡	�✳ ❲❤❡♥ 	❤❡�❡ ❞�♦♣❧❡	� ❛�❡ ❜✐❣ ❡♥♦✉❣❤✱ ❤♦✇❡✈❡�✱

	❤❡② ❛❝❝✉♠✉❧❛	❡ ❛♥❞ ❜✉✐❧❞ ❛ 	❤✐❝❦ ❝❧✉�	❡� ❛�♦✉♥❞ 	❤❡ ✐♥❧❡	 	❤❛	 ✐♥❝�❡❛�❡� ❢♦� ❧♦✇❡� ✢♦✇

�❛	❡✳ ✭✜❣✳ ✸✮ ❲❤❡♥ ✐♥�❡�	✐♥❣ ✭✸✮ ❛♥❞ ✭✹✮ ✐♥	 ✭✺✮ ♦♥❡ �❡❛❧✐③❡� 	❤❛	 ❣�❛✈✐	② ❛♥❞ ❛�❝❡♥�✐♦♥

❡①✐�	 ❜❛�✐❝❛❧❧② ✐♥ 	❤❡ �❛♠❡ ❢♦�♠✱ ♦♥❧② ❞❡♣❡♥❞❡♥	 ♦♥ ❞✐✛❡�❡♥	 ❞❡♥�✐	✐❡�✳ ❆❢	❡� ❢✉�	❤❡�

❢♦�♠✐♥❣ ♦❢ 	❤✐� ❡�✉❛	✐♦♥ 	❤✐� ❧❡❛❞� 	♦ 	❤❡ ❢♦❧❧♦✇✐♥❣ �❡�✉❧	 ❢♦� 	❤❡ ❛�❝❡♥�✐♦♥ ✈❡❧♦❝✐	② ♦❢ 	❤❡

❍❚❋ ❞�♦♣❧❡	�✿

va =
2

9

r2dg

μPCM

(ρd − ρPCM) ✭✻✮

▲✐♥❞♥❡� ❛♥❞ ❙❝❤❡✉♠❛♥ ✐♥✈❡�	✐❣❛	❡❞ 	❤❡ ❞�♦♣❧❡	� ❞✉�✐♥❣ 	❤❡✐� ❛�❝❡♥�✐♦♥ ✐♥ 	❤❡✐�

�❡♣♦�	✳ ❬✷✺❪ ❚❤❡② ✉�❡❞ ❛ ❣❧❛�� �	♦�❛❣❡ 	❛♥❦ ✇✐	❤ 	❤❡ ❞✐♠❡♥�✐♦♥ (300, 220, 240)♠♠ 	❤❛	

✇❛� ✜❧❧❡❞ 	♦ ❛�♦✉♥❞ ✻✵✪ ✇✐	❤ �♦❞✐✉♠ �✉❧♣❤❛	❡✳ ❚❤❡ ✉�❡❞ ❍❚❋ ✇❡�❡ 	❤❡ 	❤❡�♠❛❧ ♦✐❧�
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✾

❋✐❣✉�❡ ✷✿ ❙��❡❛♠ ❛♥❞ ❞❡❧❛②❡❞ ❞�♦♣❧❡� ❢♦�♠❛�✐♦♥ ❛� ❛�♦✉♥❞ 5 · 10−6 m
s

❢♦� ♦✐❧ ✐♥ ✇❛�❡�

❛✮ ✻♠♠ ♥♦③③❧❡ �❡�✉❧�✐♥❣ ✐♥ �❤�❡❡ ❜✐❣ ❞�♦♣❧❡��

❜✮ ✸♠♠ ♥♦③③❧❡ �❡�✉❧�✐♥❣ ✐♥ ✻ �❧✐❣❤�❧② �♠❛❧❧❡� ❞�♦♣❧❡�� �❤❛♥ ✐♥ ❛✮

❬✷✷❪
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✶✵

✭❛✮
✶♠♠ ♥♦③③❧❡ ❧❡❛❞✐♥❣ �♦ ❛ ✢♦✇ ♦❢ ❛�♦♠✲

✐③❡❞ ❞�♦♣❧❡��

✭❜✮
✸♠♠ ♥♦③③❧❡ ❧❡❛❞✐♥❣ �♦ ❛❝❝✉♠✉❧❛�✐♦♥ ♦❢ �❤❡

❞�♦♣❧❡�� ❛�♦✉♥❞ �❤❡ ✐♥❧❡�

❋✐❣✉�❡ ✸✿ ❉�♦♣❧❡� ❜❡❤❛✈✐♦✉� ❢♦� ❛♥ ✐♥❧❡� ✈❡❧♦❝✐�② ♦❢ ❛�♦✉♥❞ 2 · m
s
❬✷✷❪

❆❉❳✶✵✱ ❛� ✇❡❧❧ ❛� ❚❤❡�♠✐♥♦❧ ❉✶✷ ❛♥❞ ❍❱❙ ✶✸✳ ❚❤❡ �✐♠❡ ❢�❛♠❡ ❞✉�✐♥❣ �❤❡ ❛�❝❡♥�✐♦♥

✐� �❤❡ ♦♥❧② ♣♦��✐❜❧❡ ��❛❣❡✱ ✐♥ ✇❤✐❝❤ �❤❡ ❤❡❛� ❡①❝❤❛♥❣❡ ❝❛♥ ♦❝❝✉�✳ ❚❤✐� �✐♠❡ ✐� ♥♦� ♦♥❧②

❞❡♣❡♥❞❡♥� ♦♥ �❤❡ ❞❡♥�✐�② ❞✐✛❡�❡♥❝❡ ❜❡�✇❡❡♥ $❈▼ ❛♥❞ ❍❚❋ ❛♥❞ ♦❢ �❤❡ ❣❡♦♠❡��✐❝ �❡��✐♥❣✱

❜✉� ❛❧�♦ ♦❢ �❤❡ �✐③❡ ♦❢ �❤❡ ❞�♦♣❧❡��✳ ❋♦� ♦♣�✐♠❛❧ ❤❡❛� ❡①❝❤❛♥❣❡ ❞�♦♣❧❡�� �❤♦✉❧❞ ❤❛✈❡ ❛ ❜✐❣

�✉�❢❛❝❡ ❝♦♠♣❛�❡❞ �♦ �❤❡ ✈♦❧✉♠❡✳ ❆� �❤❡ �❡�✉❧�✐♥❣ ❞�♦♣❧❡�� ❛�❡ �♣❤❡�❡ �❤❛♣❡❞✱ ✇✐�❤ ❣♦♦❞

❛♣♣�♦①✐♠❛�✐♦♥✱ �❤❡ �❡�✉❧�✐♥❣ ❢�❛❝�✐♦♥ ♦❢ �✉�❢❛❝❡ ❛�❡❛ ❜② ✈♦❧✉♠❡ ✐� �❤❡�❡❢♦�❡ 3
r
✱ ✇✐�❤ �❤❡

�❛❞✐✉� r✳ ❚❤✐� ❝♦♥❝❧✉❞❡� �❤❛� �❤❡ ❞�♦♣❧❡�� �❤♦✉❧❞ ❜❡ ❛� �♠❛❧❧ ❛� ♣♦��✐❜❧❡✳ ❆❞❞✐�✐♦♥❛❧❧②✱

�♠❛❧❧❡� ❞�♦♣❧❡�� �❡♥❞ �♦ ❢♦❧❧♦✇ �❤❡ ✢♦✇ ❡❛�✐❡� �❤❛♥ ❜✐❣ ❞�♦♣❧❡��✳ ❲❤❡♥ �❛❦✐♥❣ �✉�❜✉❧❡♥❝❡

✐♥�♦ ❛❝❝♦✉♥�✱ �❤✐� ♠❡❛♥�✱ �❤❛� �♠❛❧❧ ❞�♦♣❧❡�� ✇✐❧❧ ❤❛✈❡ ♠♦�❡ �✐♠❡ �♦ ✐♥�❡�❛❝� ✇✐�❤ �❤❡

�❈▼ �❤❛♥ ❜✐❣ ❞�♦♣❧❡��✳ ❆� ❡①♣❧❛✐♥❡❞ ❜❡❢♦�❡ ❞�♦♣❧❡�� ❝❛♥♥♦� ❜❡ ♠❛❞❡ ✐♥✜♥✐�❡ �♠❛❧❧ ❛� ❛�

�♦♠❡ ♣♦✐♥� �❤❡② ❝❛♥♥♦� �❡♣❛�❛�❡ ❛♥②♠♦�❡ ❢�♦♠ ❡❛❝❤ ♦�❤❡� ❛♥❞ ❜✉✐❧❞ ❛♥ ❡♠✉❧�✐♦♥✳ ❚❤❡

♦♣�✐♠❛❧ ❞�♦♣❧❡� �✐③❡ ✇❛� ❛❝❤✐❡✈❡❞ ✇✐�❤ ❛♥ ✐♥❧❡� ❞✐❛♠❡�❡� ♦❢ 2−3♠♠ ❛♥❞ ❛♥ ✐♥❧❡� ✈❡❧♦❝✐�②

♦❢ 0.2 − 0.3m

s
✳ ❚❤❡ ❍❚❋ ❡♥�❡�� �❤❡ ✐♥❧❡� ❛� ���❡❛♠ �❤❛� �♣❧✐�� ✐♥�♦ ��❛♥❞❛❧♦♥❡ ❞�♦♣❧❡��

✇✐�❤ ❛❜♦✉� �❤❡ �❛♠❡ ✈❡❧♦❝✐�② ❛♥❞ ❛ �✐③❡ ♦❢ 3 − 4♠♠✳ ❚❤❡ ❤❡❛� ��❛♥�❢❡� ❝♦❡✣❝✐❡♥� ✐�

❛� 393 W

m2K
✳ ❆ ❧♦✇❡� ✐♥❧❡� ✈❡❧♦❝✐�② ❧❡❛❞� �♦ ❛ ❤✐❣❤ ♣♦��✐❜✐❧✐�② ♦❢ ❛ �❡�✉❧�✐♥❣ ❜❛❝❦✲✢♦✇✱ ❞✉❡

�♦ �❤❡ ❤✐❣❤❡� ♣�❡��✉�❡ ♦❢ ✇❛�❡�✳ ❚❤❡ �❈▼ ✐� �❤❡♥ ❛❜❧❡ �♦ ❡♥�❡� �❤❡ ✐♥❧❡� ❛♥❞ �❤❡�❡❢♦�❡

❝♦♥���✐❝� �❤❡ ♣❛��❛❣❡ ❢♦� �❤❡ ❍❚❋✳ ❬✷✺❪

✸✳✷ ❚❡♠♣❡�❛
✉�❡ ❝❤❛♥❣❡

❲❤❡♥ �❤❡ ♠❛�� ✢♦✇ ✐� �❡� �♦ �❤❡ ❞❡�✐�❡❞ ✈❛❧✉❡ �❤❡ ❡①♣❡�✐♠❡♥� ❝❛♥ ❜❡❣✐♥✳ ❆ �❤❡�♠❛❧ ��♦�❛❣❡

❝❛♥ ❤♦✇❡✈❡� ♦♥❧② ❜❡ ♣✉� �♦ ❣♦♦❞ ✉�❡ ✇❤❡♥ �❤❡�❡ ✐� ❛ �❤❡�♠❛❧ ✢♦✇✳ ❚❤✐� ♠❡❛♥� �❤❛� �❤❡

❍❚❋ ❤❛� �♦ ❤❛✈❡ ❛ ❞✐��✐♥❝� �❡♠♣❡�❛�✉�❡ ❢�♦♠ �❤❡ �❈▼ ✐♥ ♦�❞❡� �♦ ❧♦❛❞ �❤❡ ��♦�❛❣❡ ✇✐�❤

♦� ✉♥❧♦❛❞ ✐�✳ ❚❤❡�❡❢♦�❡ �❤✐� ❛♥❞ ❛❧❧ ❢♦❧❧♦✇✐♥❣ �✉❜�❡❝�✐♦♥� ♦❢ �❤✐� ❝❤❛♣�❡� ✇✐❧❧ ❞❡❛❧ ✇✐�❤

�❤❡ �❤❡�♠♦❞②♥❛♠✐❝ ♣❛�� ♦❢ �❤❡ ❜❡❤❛✈✐♦✉� ✐♥ �❤❡ �❛♥❦✱ ��❛��✐♥❣ ❜② �❤❡ ❝♦♦❧✐♥❣ ♣�♦❝❡�� ❛♥❞

❧❡❛❞✐♥❣ �❤�♦✉❣❤ �❤❡ ♠❛�❤❡♠❛�✐❝❛❧ ❞❡�❝�✐♣�✐♦♥ ❜② ✐♥❝❧✉❞✐♥❣ �❤❡ �♦❧✐❞✐✜❝❛�✐♦♥ �♦ ❛ ❣❧♦❜❛❧

❡♥❡�❣② ❜❛❧❛♥❝❡ ❡+✉❛�✐♦♥✳ ❚❤❡ ❡①❛❝� ♣�♦❝❡��❡� ❤❛♣♣❡♥✐♥❣ ❞✉�✐♥❣ �❤❡ ❝♦♦❧✲❞♦✇♥ ♦� ❤❡❛�✐♥❣
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❛�❡ ✇❡❧❧ ❞❡�❝�✐❜❡❞ ✐♥ ❬✷✻❪✳ ❉✉�✐♥❣ �❤❡ �❡♠♣❡�❛�✉�❡ ❝❤❛♥❣❡ ♦❢ �❤❡ �❈▼ �❤❡ ✐♥�❡�♥❛❧ ❡♥❡�❣②

u ❛♥❞ �❤❡ ❡♥�❤❛❧♣② h ❝❤❛♥❣❡ ❛❝❝♦�❞✐♥❣❧②✳ ❇♦�❤ ✈❛❧✉❡� ❛�❡ ♥❡❝❡��❛�②✱ ✇❤❡♥ ❝❛❧❝✉❧❛�✐♥❣

�❤❡ ✐�♦❝❤♦�❡ ❛♥❞ ✐�♦❜❛� ❤❡❛� ❝❛♣❛❝✐�✐❡�✱ �❤❛� ❞❡�❝�✐❜❡ �❤❡ ♣♦��✐❜❧❡ ❛♠♦✉♥� ♦❢ ❡♥❡�❣② �♦ ❜❡

��♦�❡❞✳ ❚❤❡ ❢♦❧❧♦✇✐♥❣ ❡#✉❛�✐♦♥� ❞❡�❝�✐❜❡ �❤❡ ♠❡♥�✐♦♥❡❞ ❝❤❛♥❣❡� ❛♥❞ ❛�❡ ✇�✐��❡♥ ✐♥ �❤❡✐�

�♣❡❝✐✜❝ ❢♦�♠✱ ♠❡❛♥✐♥❣ �❤❡ ✈❛❧✉❡� ❛�❡ ❞✐✈✐❞❡❞ ❜② �❤❡✐� ♠❛��✳

du =
( ∂u

∂T

)

v
dT +

(∂u

∂v

)

T
dv = cV (T, v) +

(∂u

∂v

)

T
dv ✭✼✮

dh =
( ∂h

∂T

)

p
dT +

(∂h

∂p

)

T
dp = cp(T, v) +

(∂u

∂p

)

T
dp ✭✽✮

❚❤❡ ❊♥�❤❛❧♣② ✐� ❞❡✜♥❡❞ �❤❡ ❢♦❧❧♦✇✐♥❣ ✇❛②✿

H = U + pV, U = mcV (T − TRef ) ✭✾✮

✇✐�❤ �❤❡ �❡❢❡�❡♥❝❡ ❚❡♠♣❡�❛�✉�❡ Tref ✱ ✇❤✐❝❤ ✐� �❡� �♦ ✷✼✸✳✶✺❑ ✐♥ ♠♦�� ❝❛�❡�✳

✸✳✸ �❤❛�❡ ❝❤❛♥❣❡

❚❤❡ ❡①❛❝� ♣�♦❝❡�� ❤❛♣♣❡♥✐♥❣ ❞✉�✐♥❣ ❤❡❛�✐♥❣ ❛♥❞ ♠❡❧�✐♥❣ ✐� ✇❡❧❧ ❞❡�❝�✐❜❡❞ ✐♥ ❬✷✺❪✳ ❉✉�✐♥❣

�❤❡ ❤❡❛�✐♥❣✱ �❡♠♣❡�❛�✉�❡ �✐�❡� ✉♥�✐❧ �❤❡ ♣❤❛�❡ ❝❤❛♥❣❡ �♦ ❧✐#✉✐❞ ❜❡❣✐♥�✳ ❊✈❡♥ ✇✐�❤ ✐♥❝�❡❛�❡❞

❤❡❛� ✢♦✇ �❤❡ �❡♠♣❡�❛�✉�❡ ��❛②� ❝♦♥��❛♥� ✉♥�✐❧ �❤❡ ✇❤♦❧❡ ❜♦❞② ✐� ♠❡❧�❡❞✱ ❛� �❤❡ ❡♥❡�❣②

❤❛� �♦ ❜❡ ✉�❡❞ ❛❣❛✐♥�� �❤❡ ❜✐♥❞✐♥❣ ❡♥❡�❣② ♦❢ �❤❡ ♠♦❧❡❝✉❧❡ ✐♥�✐❞❡ �❤❡ �♦❧✐❞ ❜♦❞②✳ ❆❢�❡�

❝♦♠♣❧❡�✐♦♥ ♦❢ �❤❡ ♠❡❧�✐♥❣ �❤❡ �❡♠♣❡�❛�✉�❡ ✐� ❛❜❧❡ �♦ �✐�❡ ❛❣❛✐♥✳ ❚❤❡ �❛♠❡ ❣♦❡� ❢♦� �❤❡

♣❤❛�❡ ❝❤❛♥❣❡ ❧✐#✉✐❞ �♦ ❣❛�❡♦✉�✳

❋♦� ❝♦♦❧✐♥❣ �❤❡ ♣�♦❝❡��❡� ❛�❡ �✐♠✐❧❛� ❜✉� ♥♦� ❡①❛❝�❧② �❤❡ �❛♠❡✳ ❚❤❡ ❝♦♦❧✐♥❣ �❡♠♣❡�❛�✉�❡

✐� ✐♥ ❣❡♥❡�❛❧ ❜❡❧♦✇ �❤❡ ♠❡❧�✐♥❣ �❡♠♣❡�❛�✉�❡✳ ❚❤✐� ❡✛❡❝� ✐� ❝❛❧❧❡❞ �✉♣❡�❝♦♦❧✐♥❣ ❛♥❞ ♠❡❛♥�

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

✇❤❡♥ ♠❡❧�✐♥❣✳ ❉✉�✐♥❣ �❤❡ �✉♣❡�❝♦♦❧✐♥❣ �❤❡ ✢✉✐❞ ✐� ✐♥ ❛ ♠❡�❛��❛❜❧❡ ��❛�❡ ✉♥�✐❧ �❤❡ ♥✉❝❧❡✲

❛�✐♦♥ ♦❝❝✉�� ❛♥❞ �❤✐� ❝�②��❛❧� ❣�♦✇ ✐♥�♦ �❤❡ �✉♣❡�❝♦♦❧❡❞ �❡❣✐♦♥✳ ❬✶✼❪ ❚❤❡♥ ❧❛�❡♥� ❤❡❛� ✐�

�❡❧❡❛�❡❞ ❢�♦♠ �❤❡ �♦❧✐❞✐✜❡❞ ❧✐#✉✐❞ ✐♥�♦ �❤❡ �✉♣❡�❝♦♦❧❡❞ ❧✐#✉✐❞✳ ❚❤❡ �❡♠♣❡�❛�✉�❡ �❡�✉�♥� �♦

�❤❡ ♠❡❧�✐♥❣ �❡♠♣❡�❛�✉�❡ ❛❢�❡� �❤❡ ♣�♦❝❡�� ❤❛� ❜❡❡♥ ❝♦♠♣❧❡�❡❞✳ ■❢ �❤❡ ♠❡�❛��❛❜❧❡ ��❛�❡ ❡①✲

✐��� ❞✉�✐♥❣ �❤❡ ��♦�❛❣❡ ♣�♦❝❡��✱ ♦♥❧② �❡♥�✐❜❧❡ ❡♥❡�❣② ❝❛♥ ❜❡ ��♦�❡❞✳ ❚❤✐� ���♦♥❣❧② �❡❞✉❝❡�

��♦�❛❣❡ ❝❛♣❛❝✐�②✳ ■� ✐� �❤❡�❡❢♦�❡ ✐♠♣♦��❛♥� �♦ ♣�❡✈❡♥� �✉♣❡�❝♦♦❧✐♥❣✳

❚❤✐� ❝❛♥ ❜❡ ❛❝❤✐❡✈❡❞ ❜② ✐♥❞✉❝✐♥❣ ♦�❤❡� ❡❧❡♠❡♥�� ✐♥ ♦�❞❡� �♦ ❧♦✇❡� �❤❡ ♣♦�❡♥�✐❛❧ ❡♥❡�❣②

❛♥❞ ��❛�� �❤❡ ❝�②��❛❧❧✐③❛�✐♦♥ ♣�♦❝❡�� ❛� �❤❡ ♦♣�✐♠❛❧ �❡♠♣❡�❛�✉�❡✳ ❆♥ ✐♠♣♦��❛♥� ❡①❛♠♣❧❡✱

❛� ✐� ✐� ❛❧�♦ �♦♣✐❝ ♦❢ �❤✐� �❤❡�✐� ❛♥❞ ♦❢ �❤❡ ♣�❡❧✐♠✐♥❛�② ��✉❞✐❡� ❜② ❆♥♠❛♥♥ ❬✾❪ ❛♥❞ ❬✶✵❪✱ ✐�

�❤❡ ❝♦♠❜✐♥❛�✐♦♥ ♦❢ ✇❛�❡� ✇✐�❤ �❡��❛✲❜✉�②❧✲❛♠♠♦♥✐✉♠✲❜�♦♠✐❞ ✭❚❇❆❇✮✳

❚❤❡ ❡♥❡�❣② ❝❤❛♥❣❡ ❞✉�✐♥❣ �❤❡ ♣❤❛�❡ ��❛♥�✐�✐♦♥ ✐� ❞❡✜♥❡❞ ❛� �❤❡ ♠❡❧�✐♥❣ ❡♥�❤❛❧♣② ∆Hm✳

❆♥♠❛♥♥ ❬✾❪ ❞✐❞ ♣�❡❧✐♠✐♥❛�② ✇♦�❦ ❢♦� �❤❡ ❞❡✈❡❧♦♣♠❡♥� ♦❢ �❤✐� ♣�♦❥❡❝� ♦♥ ❛ �❡❛❧ ❧✐❢❡ �❤❡�♠❛❧

��♦�❛❣❡ ❜② ✉�✐♥❣ ✇❛�❡� ❛♥❞ ✇❛�❡�✲❚❇❆❇ ✇✐�❤ ❆❉❳✶✵ ✐♥ ✐♥✈❡��✐❣❛�✐♥❣ �❤❡ �♦❧✐❞✐✜❝❛�✐♦♥

♣�♦❝❡�� ✐♥ ❛ ❞✐�❡❝� ❝♦♥�❛❝� ❧❛�❡♥� ❤❡❛� ��♦�❛❣❡✳ ❚❤✐� ��❛❣❡ ❛♣♣❡❛�� �♦ ❜❡ ❣❡♥❡�❛❧❧② ♠♦�❡
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❋✐❣✉�❡ ✻✿ ❙��♦♥❣ ❢♦❛♠✐♥❣✱ ❝�②��❛❧✲

❧✐③❛�✐♦♥ ❛�♦✉♥❞ �❡♠♣❡�❛�✉�❡ �❡♥�♦��✱

❝❛❜❧❡�❬✾❪

❋✐❣✉�❡ ✼✿ ❈♦♥❞✉✐�� ❧❡❢� ❜❡❤✐♥❞ ❜②

❍❚❋✱ ♣♦�♦✉� ���✉❝�✉�❡❬✾❪

❋✐❣✉�❡ ✽✿ ❙♦❧✐❞✐✜❝❛�✐♦♥ ♦❢  ❈▼✱

♣✉�❤❡❞ �♦ �♦♣ ❢�♦♠ ❍❚❋❬✾❪
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❡�✉❛�✐♦♥✱ ✇✐�❤ �❤❡ �✐♠❡ ❞❡♣❡♥❞❡♥❝❡ ♥♦� ❞✐�❡❝�❧② ��❛�❡❞ ❢♦� ❡✈❡�② �❡�♠ ✐♥ ♦�❞❡� �♦ ❛❝❤✐❡✈❡

❜❡��❡� �❡❛❞✐♥❣✿

dE

dt
=

∑

i

Q̇i +
∑

j

Ẇtj +
∑

in

(ṁin(hin + gyin +
1

2
v2d) +

∑

out

(ṁout(hout + gyout+
1

2
v2d) ✭✶✷✮

��❡✈✐♦✉�❧② �❤✐� ❝❤❛♣❡� ❞❡❛❧� ♦♥❧② ✇✐�❤ �❤❡ ❜❛❧❛♥❝✐♥❣ ❡�✉❛�✐♦♥ ♦❢ ❢♦�❝❡ ❛♥❞ ♥♦✇ ❛❞❞✐�✐♦♥❛❧❧②

✇✐�❤ �❤❡ ❡♥❡�❣② ❜❛❧❛♥❝❡✳ ■♥ ✢✉✐❞✲❞②♥❛♠✐❝� �❤❡�❡ ✐�✱ ❤♦✇❡✈❡�✱ ❛♥ ✐♠♣♦��❛♥� �❤✐�❞ ❜❛❧❛♥❝✐♥❣

❡�✉❛�✐♦♥ �❤❛� ✇✐❧❧ ❝♦♠❡ �♦ ❡✛❡❝�✳ ❚❤❡�❡ ❛❧✇❛②� ❤❛� �♦ ❜❡ ❜❛❧❛♥❝❡ ✐♥ ♠❛��✳ ❚❤✐� ♠❡❛♥�

�❤❛� �❤❡ ❡①❛❝� �❛♠❡ ❛♠♦✉♥� ♦❢ ♠❛�� ❡♥�❡�✐♥❣ �❤❡ ❝♦♥��♦❧ ✈♦❧✉♠❡ ❤❛� �♦ ❧❡❛✈❡ �❤❡ ❝♦♥��♦❧

✈♦❧✉♠❡ ❛❣❛✐♥✳

ṁin = ṁout = ṁHTF ✭✶✸✮

❲❤❡♥ ❛♣♣❧②✐♥❣ ❛❞❞✐�✐♦♥❛❧ ❛♣♣�♦①✐♠❛�✐♦♥�✱ �❤❛� ❛�❝❡♥�✐♦♥ ❤❛� �♦ ♦✉�✇❡✐❣❤ ❣�❛✈✐�② ✐♥ ♦�❞❡�

❢♦� �❤❡ ��♦�❛❣❡ �♦ ❢✉♥❝�✐♦♥ ❛♥❞ �❤❡ ✐♥✲❝♦♠♣�❡��✐❜✐❧✐�② ♦❢ �❤❡ ❍❚❋ ✭❞❡✜♥❡❞ ❜② div−→v = 0✮✱

�❤❡ �❡�♠� ❢♦� �❤❡ ♣♦�❡♥�✐❛❧ ❡♥❡�❣② ❛♥❞ ❢♦� �❤❡ ❦✐♥❡�✐❝ ❡♥❡�❣② ❜♦�❤ ❝❛♥❝❡❧ �❤❡♠�❡❧✈❡� ♦✉�✱

❧❡❛✈✐♥❣ ♦♥❧② �❤❡ ❤❡❛� ��❛♥�❢❡� ❛♥❞ �❤❡ ❡♥�❤❛❧♣② �❡�♠�✳ ❆� �❤❡ ��♦�❛❣❡ ❡✛❡❝� ✐� �✉❛�✐✲

��❛�✐♦♥❛�②✱ �❤❡ ❝♦♠♣❧❡�❡ ❡♥❡�❣② ❝❤❛♥❣❡ ❢♦� �❤❡ ❍❚❋ �✉♠� ✉♣ �♦ ✵✿

dE

dt
= Q̇d + Q̇loss,HTF + ṁHTF cHTF (Tin − Tout) = 0 ✭✶✹✮

❚❤❡ ❤❡❛� ��❛♥�❢❡� ♣♦✇❡� ♦❢ ❛ ❞�♦♣❧❡� ✐� ❝❛❧❝✉❧❛�❡❞ ❜② �❤❡ ❢♦❧❧♦✇✐♥❣ ❡�✉❛�✐♦♥✿

Q̇d = kAd∆Tm = kAd

∆Tin −∆Tout

ln ∆Tin

∆Tout

, ✭✶✺✮

∆Tin = TPCM −Tin,∆Tout = TPCM −Tout,✱ �❤❡ �❤❡�♠❛❧ ��❛♥�♠✐��❛♥❝❡ k ❛♥❞ �❤❡ ❛✈❡�❛❣❡

❧♦❣❛�✐�❤♠✐❝ �❡♠♣❡�❛�✉�❡ ❞✐✛❡�❡♥❝❡ ∆Tm✳ ❚❤❡ �❤❡�♠❛❧ ��❛♥�♠✐��❛♥❝❡ ❤❛� �❤❡ �❛♠❡ ✉♥✐�

❛� �❤❡ ❤❡❛� ��❛♥�❢❡� ❝♦❡✣❝✐❡♥� α
(

W
m2K

)

❜✉� ❞❡�❝�✐❜❡� �❤❡ �❛�❡ ♦❢ ��❛♥�❢❡� ♦❢ ❤❡❛� �❤�♦✉❣❤

❛ ✢✉✐❞ ♦� ❛ �♦❧✐❞✱ �✐♠✐❧❛� �♦ �❤❡ �❤❡�♠❛❧ ❝♦♥❞✉❝�✐♦♥✱ ✇❤✐❧❡ �❤❡ ❤❡❛� ��❛♥�❢❡� ❝♦❡✣❝✐❡♥�✱ ♦♥

�❤❡ ♦�❤❡� ❤❛♥❞✱ ❞❡�❝�✐❜❡� �❤❡ ❡✣❝✐❡♥❝② ❛ ♠❛�❡�✐❛❧ ❝❛♥ ❛❜�♦�❜ ♦� �❡❥❡❝� �❤❡�♠❛❧ ❡♥❡�❣②✳ ❆❧❧

�❤�❡❡ ✈❛❧✉❡� ❛�❡ ✐♥ ❛ �❡❧❛�✐♦♥�❤✐♣ ✇✐�❤ ❡❛❝❤ ♦�❤❡�✱ ✐♥❝❧✉❞✐♥❣ �❤❡ ❞�♦♣❧❡� �❛❞✐✉�✱ ❞❡�❝�✐❜❡❞

❜② �❤❡ ❢♦❧❧♦✇✐♥❣ ❡�✉❛�✐♦♥✿
1

k
=

1

αd,in

+
r

λHTF

+
1

αd,out

, ✭✶✻✮

❚❤❡ �❤❡�♠❛❧ ❝♦❡✣❝✐❡♥� ❝❛♥ ❜❡ ❝❛❧❝✉❧❛�❡❞ ✇✐�❤ �❤❡ ❞✐♠❡♥�✐♦♥❧❡�� ◆✉��❡❧� ♥✉♠❜❡�✱ �❤❛�

❞❡�❝�✐❜❡� �❤❡ �❛�✐♦ ♦❢ ❝♦♥✈❡❝�✐✈❡ ❛♥❞ ❝♦♥❞✉❝�✐✈❡ ❤❡❛� ��❛♥�❢❡�✿

Nu =
α
λfl

L

, ✭✶✼✮

✇✐�❤ �❤❡ ❝❤❛�❛❝�❡�✐��✐❝ ❧❡♥❣�❤ L✳

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

✶✻

✹ ▼♦❞❡❧❧✐♥❣ ✢✉✐❞ ✢♦✇

❚❤✐� �❡❝	✐♦♥ ✇✐❧❧ ♣�❡♣❛�❡ 	❤❡ �❡❛❞❡� ❢♦� 	❤❡ ♠❡	❤♦❞ ♦❢ ❈♦♠♣✉	❛	✐♦♥❛❧ ❋❧✉✐❞ ❉②♥❛♠✐❝�✱

✐♥ �❤♦�	 ❈❋❉✱ ❡�♣❡❝✐❛❧❧② 	❤❡ ✉�❡❞ ❱♦❧✉♠❡ ❖❢ ❋❧✉✐❞ ♠❡	❤♦❞ ✭❱❖❋✮✳ ❲❤❡♥ ❡①❡❝✉	✐♥❣

❛ �✐♠✉❧❛	✐♦♥ ✇✐	❤ 	❤❡ ❝♦♠♣✉	❡� ✐	 ✐� ✐♠♣♦�	❛♥	 	♦ ❦♥♦✇ ✇❤❛	 	❤❡ ♣�♦❣�❛♠ ✐� ❛❝	✉❛❧❧②

❞♦✐♥❣ ✐♥ 	❤❡ ❜❛❝❦❣�♦✉♥❞✳ ❆◆❙❨❙ ❋❧✉❡♥	 ❛♥❞ ♦	❤❡� ❛✈❛✐❧❛❜❧❡ 	♦♦❧� ❛�❡ ✉♥❛❜❧❡ 	♦ ❛❝	✉❛❧❧②

❝❛❧❝✉❧❛	❡ ♦♥❡ ♣❡�❢❡❝	 �♦❧✉	✐♦♥✳ ■♥ �❡❛❧✐	② 	❤❡② ✉�❡ ❛ ♥✉♠❡�✐❝❛❧ ❛♣♣�♦❛❝❤ 	♦ ❛❝❤✐❡✈❡ 	❤❡

❜❡�	 ♣♦��✐❜❧❡ �♦❧✉	✐♦♥ ❛❢	❡� ❛ �♣❡❝✐✜❡❞ ♥✉♠❜❡� ♦❢ ✐	❡�❛	✐♦♥�✳ ❚❤❡ ❡+✉❛	✐♦♥� �✉♥♥✐♥❣ ✐♥

	❤❡ ❜❛❝❦❣�♦✉♥❞ ✇❡�❡ ❛❧�❡❛❞② �❤♦✇♥ ✐♥ ❛ �❤♦�	✱ �✐♠♣❧❡ ❛♥❞ ✉♥❞❡��	❛♥❞❛❜❧❡ ✇❛② ✐♥ ❝❤❛♣	❡�

✸✳ ❙❡❝	✐♦♥ ✹✳✶ ❧✐�	� 	❤❡�❡ ❡+✉❛	✐♦♥� ♥♦✇ ✐♥ ❞❡♣❡♥❞❡♥❝❡ ♦❢ 	✐♠❡ ❛♥❞ ❞❡♥�✐	②✳ ❚❤❡ ❝❤❛♣	❡�

✐♥	❡♥�✐✜❡� 	❤❡ ❞✐�❝✉��✐♦♥ ♦❢ 	❤❡ ✢✉✐❞✲❞②♥❛♠✐❝ ♣❛�	 ❢�♦♠ ❝❤❛♣	❡� ✸✱ ❡�♣❡❝✐❛❧❧② 	❤❡ �✉�❢❛❝❡

	❡♥�✐♦♥✱ ❛ ✈❡�② ✐♠♣♦�	❛♥	 ✈❛❧✉❡ ✇❤❡♥ ❞❡❛❧✐♥❣ ✇✐	❤ ❞�♦♣❧❡	 ❢♦�♠❛	✐♦♥✱ ✇❤✐❝❤ ✐� ❞❡�❝�✐❜❡❞ ✐♥

�❡❝	✐♦♥ ✹✳✷✳ ❚❤✐� ❞✐�❝✉��✐♦♥ ✐� ❜❛�❡❞ ✉♣♦♥ ❛ ❜♦♦❦ ❞❡�❝�✐❜✐♥❣ ❜✉❜❜❧❡�✱ ❞�♦♣� ❛♥❞ ♣❛�	✐❝❧❡�

❜② ❈❧✐❢	✱ ❲❡❜❡� ❛♥ ●�❛❝❡✳ ❬✶✹❪ ❚❤❡ �❡❧❡✈❛♥	 ♣❛�	� ❢♦� 	❤✐� 	❤❡�✐� ✇❡�❡ ✐♥❝❧✉❞❡❞✱ ❢♦� ♠♦�❡

✐♥❢♦�♠❛	✐♦♥ ✐	 ✐� �❡❢❡��❡❞ 	♦ 	❤❡ ❜♦♦❦✱ ❛� ✐	 �✉♠♠❛�✐③❡� ❞✐✛❡�❡♥	 �❡�✉❧	� ❛♥❞ ❛♣♣�♦❛❝❤❡�

❢♦� ❛ ✇✐❞❡ �❝❛❧❡ ♦❢ ❞✐✛❡�❡♥	 ❝❛�❡�✳ ❚❤❡ ✇❛② ♦❢ ✐♥❝♦�♣♦�❛	✐♥❣ 	❤❡ ❣♦✈❡�♥✐♥❣ ❡+✉❛	✐♦♥� ❛♥❞

❜♦✉♥❞❛�② ❝♦♥❞✐	✐♦♥ ♦❢ 	❤✐� ❝❤❛♣	❡� ✇✐❧❧ ❜❡ ❡①♣❧❛✐♥❡❞ ✐♥ 	❤❡ ❢♦❧❧♦✇✐♥❣ �❡❝	✐♦♥ ✺✱ ✐♥❝❧✉❞✐♥❣

❛ �❡✈✐❡✇ ♦❢ 	❤❡ ✏❱♦❧✉♠❡ ❖❢ ❋❧✉✐❞✑ ♠❡	❤♦❞ ❛♥❞ 	❤❡ �♦❧✐❞✐✜❝❛	✐♦♥ ♠♦❞❡❧ ✉�❡❞✱ ❛� ✇❡❧❧ ❛�

♣�❡�❡♥	❛	✐♦♥ ♦❢ 	❤❡ �♣❡❝✐✜❝❛	✐♦♥� ✉�❡❞ ✐♥ 	❤❡ ♣❛�❛♠❡	❡� �	✉❞②✳

✹✳✶ ●♦✈❡�♥✐♥❣ ❡�✉❛�✐♦♥�

❋♦� 	❤❡ ✐♥	�♦❞✉❝	✐♦♥ ♦❢ 	❤❡ ✢✉✐❞✲❞②♥❛♠✐❝ ❡+✉❛	✐♦♥� 	❤❡ �❝�✐♣	 ♦❢ ❇�❛✉♥ ❬✶✷❪ ✇❛� ✉�❡❞✳

❲❤❡♥ 	❛❦✐♥❣ 	❤❡ ❜❛❧❛♥❝❡ ♦❢ 	❤❡ ♠❛�� �	�❡❛♠ ♦❢ ✭✶✸✮ ❛♥❞ �❡❢♦�♠✐♥❣ 	❤❡ ❡+✉❛	✐♦♥ ❜②

✐♥❝❧✉❞✐♥❣ 	❤❡ ❞❡♥�✐	② ❛♥❞ 	❤❡ �♦✲❝❛❧❧❡❞ 	�❛♥�♣♦�	 	❤❡♦�❡♠✱ 	❤❡ ❢♦❧❧♦✇✐♥❣ �❡�✉❧	 ✇✐❧❧ ❜❡

❛❝❤✐❡✈❡❞ ❢♦� 	❤❡ ❝♦♥	✐♥✉✐	② ❡+✉❛	✐♦♥✿

Dm

Dt
=

D

Dt

∫

V

ρdV =

∫

V

(Dρ

Dt
+ ρ▽−→v

)

dV =

∫

V

dV
(∂ρ

∂t
+▽(ρ−→v )

)

dV = 0 ✭✶✽✮

❚❤❡ ❡+✉❛	✐♦♥ ♦❢ ♠♦	✐♦♥ ✐� ✇�✐		❡♥ ✐♥ ❛ �✐♠✐❧❛� ✇❛② ❛� ✭✶✽✮ ❛♥❞ 	❛❦❡� ✭✸✮✱ ✭✹✮ ❛♥❞ ✭✺✮ ✐♥	♦

❛❝❝♦✉♥	✳ ●�❛✈✐	② �	❛②� ❛� ❛ �❡♣❛�❛	❡ 	❡�♠✱ ✇❤✐❧❡ 	❤❡ ❢�✐❝	✐♦♥ ❛♥❞ ❛�❝❡♥�✐♦♥ ❢♦�❝❡� ❛�❡

✐♥❝❧✉❞❡❞ 	❤�♦✉❣❤ 	❤❡ ✈✐�❝♦�✐	② ✐♥ 	❤❡ �	�❡�� 	❡♥�♦� σij = τij − pδij✳ ❚❤❡ ♠❛✐♥ ❞✐✛❡�❡♥❝❡

❜❡	✇❡❡♥ 	❤❡ ❡+✉❛	✐♦♥ ♦❢ ♠♦	✐♦♥ ❛♥❞ 	❤❡ ♠❛�� ❜❛❧❛♥❝❡ ✐� 	❤❛	 	❤❡ ✈❡❧♦❝✐	② ❤❛� 	♦ ❜❡

♠✉❧	✐♣❧✐❡❞ ❜② 	❤❡ ❞❡♥�✐	②✳

D−→p

Dt
=

D

Dt

∫

V

ρ−→v dV =

∮

∂V

−→n σdA+
−→
FG =

∫

V

(
−→
▽σ + ρ−→g )dV ✭✶✾✮

❚❤❡ �❡�✉❧	✐♥❣ ♠♦♠❡♥	✉♠ ❜❛❧❛♥❝❡ ✐♥❝❧✉❞✐♥❣ ❤❡�❡ ♥♦	 ♣�❡�❡♥	 ❡①	❡�♥❛❧ �♦✉�❝❡� K = 0 ✐�

	❤❡�❡❢♦�❡✿
∫

V

(∂(ρ−→v )

∂t
+
−→
▽(ρ−→v ⊗−→v )

)

dV =

∫

V

(

−
−→
▽p+

−→
▽τ + ρ−→g

)

dV +K ✭✷✵✮
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❋♦� �❤❡ ❡♥❡�❣② ❜❛❧❛♥❝❡ ❛♥♦�❤❡� ♠✉❧�✐♣❧✐❝❛�✐♦♥ ✐♥ �❤❡ ❧❡❢� �✐❞❡ ✐♥❝�❡♠❡♥� ♦❢ ✭✷✵✮ ❜② �❤❡

✈❡❧♦❝✐�② ✐� ♥❡❝❡��❛�②✱ ❛� ✇❡❧❧ ❛� �❛❦✐♥❣ �❤❡ ✐♥�❡�♥❛❧ ❡♥❡�❣② ❛♥❞ �❤❡ ❤❡❛� ��❛♥�❢❡� ✐♥�♦

❛❝❝♦✉♥�✳ ❆❧❧ ♣♦✇❡�� ❢�♦♠ �✉��♦✉♥❞✐♥❣ �♦✉�❝❡� ❛�❡ ✐♥❝❧✉❞❡❞ ✐♥ �❤❡ ❧❡��❡� P ✳ ❚❤❡ �✉♠ ♦❢

❛❧❧ ❡♥❡�❣✐❡� ✐� ❢✉��❤❡�♠♦�❡ ❡"✉✐✈❛❧❡♥� �♦ �❤❡ �✉♠ ♦❢ ❛❧❧ ❤❡❛� ❝❤❛♥❣❡�✱ ❛❝❝♦�❞✐♥❣ �♦ �❤❡ ✜���

❧❛✇ ♦❢ �❤❡�♠♦❞②♥❛♠✐❝�✱ ❛� ✇�✐��❡♥ ✐♥ ❬✶✺❪✳

DE

Dt
=

DQ

Dt
=

D

Dt

∫

V

ρ
(

−→v 2

2
+ u

)

dV =

∮

∂V

−→n σ−→v dA+

∫

V

ρgdV + P −

∫

∂V

−→n−→q dA

=

∫

V

−→
▽(σ−→v )dV +

∫

V

ρgdV + P −

∫

V

−→
▽−→q dV ✭✷✶✮

❲✐�❤ �❤❡ ❞❡✜♥✐�✐♦♥� ❢♦� �❤❡ �♣❡❝✐✜❝ ❡♥�❤❛❧♣② ✭ h = u− p

ρ
✮ ❛♥❞ �❤❡ ❤❡❛� ��❛♥�❢❡� ❢♦� ❤❡❛�

❝♦♥❞✉❝�❛♥❝❡ ✭ q = −λ
−→
▽T ✮ ❛❢�❡� ❛ ❢❡✇ ♠♦❞✐✜❝❛�✐♦♥� �❤❡ ❡♥❡�❣② ❜❛❧❛♥❝❡ ❝❛♥ ❜❡ ✇�✐��❡♥

✐♥ �❤❡ ❢♦❧❧♦✇✐♥❣ ✇❛②✿
∫

V

(∂(ρh)

∂t
−

∂p

∂t
+
−→
▽(ρ−→v h)

)

dV =

∫

V

(−→
▽(λ

−→
▽T ) +

−→
▽(−→v τ) + ρ−→v g

)

dV + P ✭✷✷✮

❚❤❡ ���❡�� �❡♥�♦� ✐� ❞❡✜♥❡❞ ❜② �❤❡ ❞②♥❛♠✐❝ ✈✐�❝♦�✐�② μ ❛♥❞ ❝❛♥ ❜❡ ❝❛❧❝✉❧❛�❡❞ ❜② ❝♦♠❜✐♥✐♥❣

✭✷✵✮ ❛♥❞ ✭✷✷✮✿

σ = μ
(−→
▽−→v + (

−→
▽−→v )T −

2

3
δ
−→
▽−→v ) ✭✷✸✮

❋♦� �❤❡ ✐♥❝♦♠♣�❡��✐❜❧❡ ❝❛�❡ ❛♥❞ ❝♦♥��❛♥� ♠❛�❡�✐❛❧ ♣❛�❛♠❡�❡�� ✭✶✽✮✱ ✭✷✵✮ ❛♥❞ ✭✷✷✮ ❜❡❝♦♠❡

�❤♦��❡� ❛♥❞✱ ♠♦�❡ ✐♠♣♦��❛♥�✱ ❡❛�✐❡�✿

Dm

Dt
=

∫

V

Dρ

Dt
dV =

∫

V

(∂ρ

∂t
+ ρ▽−→v

)

dV =

∫

V

ρ▽−→v dV = 0 = ▽−→v ✭✷✹✮

D−→p

Dt
=

∫

V

ρ
D−→v

Dt
dV =

∫

V

ρ
(∂−→v

∂t
+
−→
▽(−→v ⊗−→v )

)

dV =

∫

V

(

ρ−→g −
−→
▽p+ μ

−→
▽2−→v

)

dV ✭✷✺✮

DE

Dt
=

∫

v

ρ
D

Dt

(

−→v 2

2
+ u

)

dV =

∫

V

(

ρc
DT

Dt

)

dV =

∫

V

λ
−→
▽2TdV + P ✭✷✻✮

❆� �❤❡ ❞✐�❝✉��✐♦♥ ♦❢ �❤❡ ♠♦❞❡❧� ❢♦� �❤❡ ❞�♦♣❧❡� ❢♦�♠❛�✐♦♥ ❛♥❞ ❜�❡❛❦✉♣ ✇❛� ❞♦♥❡ ✐♥ �❡❢❡�✲

❡♥❝❡ �♦ ❬✶✹❪ �❤❡ ❡"✉❛�✐♦♥� ❤❛✈❡ �♦ ❜❡ ❛❞❛♣�❡❞ ❢♦� ❛ ❜❡��❡� ✉♥❞❡���❛♥❞✐♥❣✳ ❈❧✐❢� ❡� ❛❧ ❬✶✹❪

❤❛❞ ❛ ❞✐✛❡�❡♥� ❛♣♣�♦❛❝❤ ❢♦� �❤❡ ❝♦♥�✐♥✉✐�② ❡"✉❛�✐♦♥✳ ■♥ �❤✐� ❝❛�❡ �❤❡�❡ ❛�❡ �✇♦ ✢✉✐❞� ✐♥

❞✐�❡❝� ❝♦♥�❛❝� ✇✐�❤ ❡❛❝❤ ♦�❤❡�✱ �❤❡ ♠❛�� ��❛♥�❢❡� ❝❛♥ ❜❡ ❞❡�❝�✐❜❡❞ ✇✐�❤ �❤❡ ♣�♦❝❡�� ♦❢ ❞✐❢✲

❢✉�✐♦♥✳ ❚❤✐� ♠❡❛♥� ♦♥❡ ❝❛♥ ✉�❡ ❋✐❝❦✬� ✜��� ❧❛✇ ❜② ��❛�✐♥❣ �❤❛� �❤❡ ♣❛��✐❝❧❡ ❝✉��❡♥� ❞❡♥�✐�②

❡"✉❛❧� �❤❡ ♣�♦❞✉❝� ♦❢ ❛ ❢❛❝�♦� ❝❛❧❧❡❞ �❤❡ ❞✐✛✉�✐✈✐�② ❝♦❡✣❝✐❡♥� D ❛♥❞ �❤❡ ❝♦♥❝❡♥��❛�✐♦♥

c ❣�❛❞✐❡♥�✳
−→
J = −D

−→
▽c ✭✷✼✮

❚❤❡ ❞❡�✐✈❛�✐♦♥ ❝❛♥ ❜❡ ❧♦♦❦❡❞ ✉♣ ✐♥ ❬✶✺❪✳ ❆❧�❤♦✉❣❤ ❤❡�❡ ♣�♦❝❡�� ♦❢ ❞✐✛✉�✐♦♥ ✐� ❡①♣❧❛✐♥❡❞ ❜②

♦❜�❡�✈❛�✐♦♥ ♦❢ �✇♦ ❣❛�❡� ✐♥��❡❛❞ ♦❢ �✇♦ ✢✉✐❞� �❤❡ ❡"✉❛�✐♦♥ ❝❛♥ ❜❡ ✉�❡❞ ♦♥ ❛ ❣❧♦❜❛❧ ❜❛�✐�✱
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✶✽

�✐♠♣❧② ❜② ❝❤❛♥❣✐♥❣ �❤❡ ❞✐✛✉�✐✈✐�② ❝♦❡✣❝✐❡♥� ❛❝❝♦�❞✐♥❣❧②✳ ❉✐✛❡�❡♥�✐❛�✐♥❣ �❤✐� ❡�✉❛�✐♦♥

❧❡❛❞� �♦ �❤❡ �❡❝♦♥❞ ❧❛✇ ♦❢ ❋✐❝❦✱ ✇❤✐❝❤ ♦�✐❣✐♥❛�❡� ♦♥ �❤❡ ❝♦♥�❡�✈❛�✐♦♥ ♦❢ ♠❛�� ❜❡�✇❡❡♥ ❛

♥♦♥✲�❡❛❝�✐✈❡ �♦❧✉�❡ ✐♥ ❛ ❞✐❧✉�❡ �♦❧✉�✐♦♥ ✐♥ ❛♥ ✐♥❝♦♠♣�❡��✐❜❧❡ ✢✉✐❞✱ ❧❡❛❞✐♥❣ �♦ ❛♥ ❡�✉✐✈❛❧❡♥�

�♦ ✭✷✹✮✳
Dc

Dt
= D

−→
▽2c ✭✷✽✮

❆❧❧ ❣♦✈❡�♥✐♥❣ ❡�✉❛�✐♦♥� ❛♣♣❧② �✐♠✉❧�❛♥❡♦✉�❧② ❢♦� ❡❛❝❤ ♣❤❛�❡✳ ❋♦� �♦❧✈✐♥❣✱ ❛❞❞✐�✐♦♥❛❧

❜♦✉♥❞❛�② ❝♦♥❞✐�✐♦♥� ❛�❡ ♥❡❝❡��❛�②✳ ❖❢ ❝♦✉��❡✱ ◆❡✇�♦♥✬� �❤✐�❞ ❧❛✇ ❛♣♣❧✐❡�✱ ♠❡❛♥✐♥❣ �❤❛�

♥♦�♠❛❧ ❛♥❞ �❤❡❛� ���❡�� ❛�❡ ❡�✉❛❧ ❛� �❤❡ ❜♦✉♥❞❛�②✳ ❚❤❡ ✐♥�❡�❢❛❝❡ ✐� ♦❢�❡♥ ❞❡✜♥❡❞ ✇✐�❤

�❤❡ ❤❡❧♣ ♦❢ �❤❡ �✉�❢❛❝❡ �❡♥�✐♦♥ ♦� �❤❡ ✈✐�❝♦�✐�②✳ ❲❤❡♥ �✉�❢❛❝❡ ✈✐�❝♦�✐�② ❝❛♥ ❜❡ ♥❡❣❧❡❝�❡❞

�❤❡ ♥♦�♠❛❧ ���❡�� ❝♦♥❞✐�✐♦♥ �❡❞✉❝❡� ❢�♦♠ ❛ ❝♦♠♣❧❡① �②��❡♠ ♦❢ �❡♥�♦��✱ ✇❤✐❝❤ ✇✐❧❧ ♥♦� ❜❡

��❛�❡❞ ❤❡�❡✱ �♦ ❛ �✐♠♣❧❡ ❡�✉❛�✐♦♥✳ ❇❡❢♦�❡ ��❛��✐♥❣ �❤❡ ❞❡�✐✈❛�✐♦♥ ✐� ✐� ♥❡❝❡��❛�② �♦ ❞✐�❝✉��

�✉�❢❛❝❡ �❡♥�✐♦♥ ❛♥❞ ✐�✬� ♦�✐❣✐♥✳

/❛��✐❝❧❡� ♦♥ �❤❡ �✉�❢❛❝❡ ♦❢ ❛ ✢✉✐❞ ♦� �♦❧✐❞ ♣❤❛�❡ ❤❛✈❡ ❛ ❤✐❣❤❡� ❡♥❡�❣② �❤❛♥ �❤❡ ♦♥❡� ♦♥

�❤❡ ✐♥�✐❞❡✳ ❆� ♠♦❧❡❝✉❧❡� ✐♥ ❣❡♥❡�❛❧ ❛❧✇❛②� �❡♥❞ �♦ �❡❛❝❤ �❤❡ ♠✐♥✐♠✉♠ ✐♥ ♦�❞❡� �♦ ❣❛✐♥

��❛❜✐❧✐�② �❤✐� ♠❡❛♥� �❤❛� �❤❡② �❡♥❞ �♦ ❛❧✐❣♥ ♦♥ �❤❡ ✐♥�✐❞❡ ♦❢ �❤❡ �❡�✉❧�✐♥❣ ❢♦�♠✳ ❆� �❤❡�❡

❛❧✇❛②� ❤❛� �♦ ❜❡ ❛♥ ♦✉��✐❞❡✱ �❤✐� ♠❡❛♥�✱ �❤❛� �❤❡ ❜♦✉♥❞❛�② ✐� ❝♦♠♣♦�❡❞ ♦✉� ♦❢ ❛� ❢❡✇

♣❛��✐❝❧❡� ❛� ♣♦��✐❜❧❡✱ �❤❡�❡❢♦�❡ ✐❞❡❛❧❧② �❡❛❝❤✐♥❣ ❛ ��❛�❡ ♦❢ ❛ ♣❡�❢❡❝� �♣❤❡�❡✳ ❍♦✇❡✈❡�✱ �❤❡

❡❞❣❡ ✐� ♥♦� ♦♥❧② ❛��❡♠❜❧❡❞ ❜② ❥✉�� ♦♥❡ ❧❛②❡� ♦❢ ♠♦❧❡❝✉❧❡�✱ �❤❡�❡ ✐� ❛❧✇❛②� ❛ ��❛♥�✐�✐♦♥

③♦♥❡ ❜❡�✇❡❡♥ �❤❡ ✐♥♥❡� ♠♦❧❡❝✉❧❡� ❛♥❞ �❤❡ �✉��♦✉♥❞✐♥❣� ♦❢ �❤❡ ♠❛�❡�✐❛❧✳ ❚❤❡ ❢❛❝� �❤❛� �❤❡

❜♦✉♥❞❛�② ✐� ♥♦� �❤❛�♣ ❧❡❛❞� �♦ �❤❡ ❢♦❧❧♦✇✐♥❣ ❞❡✜♥✐�✐♦♥ ♦❢ ❛ ♣❤❛�❡✿ ❚❤❡ ❛�❡❛ ✐� ❝❛❧❧❡❞ ❛

♣❤❛�❡✱ ✇❤❡♥ �❤❡�❡ ❡①✐�� ❛❞❞✐�✐♦♥❛❧ ♣❛��✐❝❧❡� �♦ �❤❡ ♦♥❡� ♦♥ �❤❡ �✉�❢❛❝❡ ❜♦✉♥❞❛�② ✇✐�❤ ❛♥

❡♥❡�❣② ❛� �❤❡ ❧❡✈❡❧ ♦❢ ♠♦❧❡❝✉❧❡� ✐♥ ❛ ✈❛�� ✈♦❧✉♠❡✳

❚❤❡ �✉�❢❛❝❡ ❜♦✉♥❞❛�② ❤❛� �✇♦ ✐♠♣♦��❛♥� ♣�♦♣❡��✐❡� ❢♦� ✢✉✐❞�✿

❼ ■�✬� �✐③❡ ❞❡♣❡♥❞� ♦♥ �❤❡ ❣❡♦♠❡��✐❝ ❞✐♠❡♥�✐♦♥

❼ ■� ✐� ❛♥ ❡�✉✐♣♦�❡♥�✐❛❧

❖♥❡ �❡❛❧✐③❡� �❤❛� �❤✐� ♠❡❛♥� �❤❛� ❡❛❝❤ ❝❤❛�❛❝�❡�✐��✐❝ ✐� ✐�♦��♦♣✐❝ ❢♦� ❡❛❝❤ ♦❢ �❤❡ �✇♦ ✢✉✐❞

♣❤❛�❡� ✐♥ �❤❡ ✐♥�❡♥❞❡❞ ❞✐�❡❝� ❝♦♥�❛❝� �❤❡�♠❛❧ ��♦�❛❣❡✳ ■♥ �❤❡ �✉�❢❛❝❡ ❜♦✉♥❞❛�②✱ ❤♦✇❡✈❡�✱

�❤❡ ❛���✐❜✉�❡� ❝❤❛♥❣❡ ❝♦♥�✐♥✉♦✉�❧② ❜❡�✇❡❡♥ �❤❡�❡ �✇♦ ♣❤❛�❡�✳ ❆ �✐♠♣❧❡ ✇❛② ♦❢ ❧♦♦❦✐♥❣ ❛�

�❤✐� ❜❡❤❛✈✐♦✉� ✐� ❜② ❞❡✜♥✐♥❣ ❛ �❡♥�✐♦♥ ❛�❡❛ ♦♥ �❤❡ ❜♦✉♥❞❛�②✳ ◆♦✇ ❛ ❝♦♥��♦❧ ✈♦❧✉♠❡ ✇✐❧❧

❜❡ ❞❡✜♥❡❞ �❤❛� ❝♦♥�✐��� ♦❢ ❜♦�❤ ♣❤❛�❡�✳ ■♥ �❤❡ ✜��� ��❡♣ �❤❡ ✈♦❧✉♠❡ ✇✐❧❧ ❜❡ ❝♦♠♣�❡��❡❞

✐♥ ❛ ✇❛② �❤❛� �❤❡ ❛�❡❛ ♦❢ �❤❡ ♣❤❛�❡ ❜♦✉♥❞❛�② ✇✐❧❧ ❜❡ �❡❞✉❝❡❞✳ ■♥ �❤❡ �❡❝♦♥❞ ♣�♦❝❡�� �❤❡

✈♦❧✉♠❡ ✇✐❧❧ ❜❡ �♦❧❧❡❞ ❜❛❝❦ �♦ �❤❡ ♦�✐❣✐♥❛❧ �✐③❡✱ ❛❧�❤♦✉❣❤ ❜② ❦❡❡♣✐♥❣ �❤❡ ♣❤❛�❡ ❜♦✉♥❞❛�② ❛�

�❤❡ �♠❛❧❧❡� �✐③❡✳ ❚❤❡ �❡✈❡��✐❜❧❡ ✇♦�❦ ✐� �❤❡�❡❢♦�❡ ♦♥❧② ❞❡♣❡♥❞❡♥� ♦♥ �❤❡ �♣❡❝✐✜❝ ❢�❡❡ ❡♥❡�❣②

♦❢ �❤❡ �✉�❢❛❝❡ ❜♦✉♥❞❛�② ❛♥❞ ✐�✬� ❛�❡❛✱ ❢♦� ❝♦♥��❛♥� ✈♦❧✉♠❡ ❛♥❞ ❝♦♥��❛♥� �❡♠♣❡�❛�✉�❡✳

− dWrev = σdA ✭✷✾✮

■� ✐� ✐♠♣♦��❛♥� �♦ ❤✐❣❤❧✐❣❤�✱ ❤♦✇❡✈❡�✱ �❤❛� �❤✐� ♠♦❞❡❧ ✐� ❜❛�❡❞ ♦♥ ❛��✉♠♣�✐♦♥� ✇✐�❤ �❤❡

✐♥�❡♥�✐♦♥ ♦❢ �✐♠♣❧✐❢②✐♥❣ �❤❡ �❡��✐♥❣✳ ❚❤✐� ❡①♣❧❛♥❛�✐♦♥ �❡❧✐❡❞ ♦♥ �❤❡ ✐♥��❛♥� ��❛♥�❢❡� ♦❢
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x = AB

y = BC x + dx = A′B

y + dy = BC ′

α

sinα ≈ α

10−5 J
m

10−4 J
m

σ = A1(TC − T )B1

1

σ = σAmol = kE(TC − TΘ − T )

kE TΘ
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✷✵

�✉�❢❛❝❡ �❤❛❧❧ ♥♦� ❜❡ ❢❛� ❛✇❛② ❢�♦♠ �❤❡ ❝❡♥��❡✱ ❛� �❤❡ ❡�✉✐❧✐❜�✐✉♠ ❝♦♥❞✐�✐♦♥� ❛�❡ ❢✉❧❧✲✜❧❧❡❞

♣❡�❢❡❝�❧② ♦♥ �❤❡ ❝❡♥��❡ ♣♦✐♥�✳ ❚❤❡�❡❢♦�❡ �❤❡ �❛❞✐✉� ♦❢ �❤❡ ♥❡❛�❧② ❝✐�❝❧❡❞ �❤❛♣❡ ❛♥❞ �❤❡

❡❞❣❡� ♦❢ �❤✐� ♠♦❞❡❧ �❡♥❞ �♦ 0✱ ❧❡❛❞✐♥❣ �♦ ❛ ✈❡�② �♠❛❧❧ ❛♥❣❧❡ α✳ ❚❤✐� ♠❡❛♥� �❤❛� �❤❡

�✉�❢❛❝❡ ❝❤❛♥❣❡� ♦❢ �❤✐� ♠♦❞❡❧ ❝❛♥ ❜❡ ❝❛❧❝✉❧❛�❡❞ ❜② ♠✉❧�✐♣❧✐❝❛�✐♦♥ ♦❢ ❜♦�❤ �✐❞❡� �❡�✉❧�✐♥❣

✐♥ �❤❡ ❢♦❧❧♦✇✐♥❣ ❛♣♣❧✐❡❞ ✇♦�❦✱ ♦✈❡� �❤❡ ♠♦✈❡❞ ❧❡♥❣�❤ ♦❢ dz✱ ✇✐�❤ dxdy ≈ 0✿

dW =

∫

dsF = ∆pxydz = σ(xdy + ydx) = σdA ✭✸✷✮

❲✐�❤ �❤❡ �♠❛❧❧ ❛♥❣❧❡ ❛♣♣�♦①✐♠❛�✐♦♥ sinα ≈ α �❤❡ ❛♥❣❧❡ ❝❛♥ ❜❡ ❝❛❧❝✉❧❛�❡❞ ✐♥ �❤❡ ❢♦❧❧♦✇✐♥❣

✇❛②✿
x

R1

= α =
x+ dx

R1 + dz
✭✸✸✮

❆ ��✐✈✐❛❧ �❡❢♦�♠✐♥❣ ♦❢ �❤✐� ❡�✉❛�✐♦♥ ❢♦� x ❛♥❞ y ❧❡❛❞� �♦ �❤❡ ❢♦❧❧♦✇✐♥❣ ❞❡♣❡♥❞❛♥❝❡� ♦❢

dz✿

dx =
x

R1

dz, dy =
y

R2

dz ✭✸✹✮

■♥�❡��✐♥❣ ✭✸✹✮ ✐♥�♦ ✭✸✷✮ ❧❡❛❞� �♦ �❤❡ ✜♥✐�❤❡❞ ❨♦✉♥❣✲▲❛♣❧❛❝❡✲❊�✉❛�✐♦♥ ❢♦� ❝❛❧❝✉❧❛�✐♥❣ �❤❡

▲❛♣❧❛❝❡ ♣�❡��✉�❡✳ ■� ✐� ✐♠♣♦��❛♥� �♦ ♥♦�✐❝❡ �❤❛� �❤❡ �❤❛♣❡ ♦❢ �❤❡ ❛�❡❛ ❞♦❡� ♥♦� ♠❛��❡�

❛� ✐� ❣❡�� ❞✐✈✐❞❡❞ ❜② ✐��❡❧❢ ✇❤❡♥ ❝❛❧❝✉❧❛�✐♥❣ �❤❡ ♣�❡��✉�❡✱ ✇❤✐❝❤ ✐� ❞❡✜♥❡❞ ❛� ❢♦�❝❡ ❜②

❛�❡❛✳ ❚❤❡�❡❢♦�❡ ❜♦�❤ �✉�❢❛❝❡�✱ �❡�✉❧� ✐♥ �❤❡ �❛♠❡ ✜♥❛❧ ❡�✉❛�✐♦♥✳ ❋♦� ♦✐❧ ❞�♦♣❧❡�� ♦❢ ❉✶✷

❛♥❞ ❆❉❳✶✵ �❤❛� ❛�❡ ♥❡❛�❧② �♣❤❡�❡ �❤❛♣❡❞✱ ✐� ✐� ♣♦��✐❜❧❡ �♦ �❡� R1 = R2 = R ✇✐�❤ ❣♦♦❞

❛♣♣�♦①✐♠❛�✐♦♥✳ ❋♦� ❝♦♠♣❧❡�❡♥❡�� �❤❡ ❝♦��❡�♣♦♥❞✐♥❣ �❛♥❣❡♥�✐❛❧ ❛♥❞ ♥♦�♠❛❧ ���❡��❡� ✇❡�❡

�❡✲❛❞❞❡❞ �♦ �❤❡ ❡�✉❛�✐♦♥✳

pd + (τnn)d − p− τnn = σ
( 1

R1

+
1

R2

)

= σ
2

R
✭✸✺✮

❚❤❡ ❝♦��❡�♣♦♥❞✐♥❣ �❛♥❣❡♥�✐❛❧ ���❡�� ❝♦♥❞✐�✐♦♥ ✐� �❤❡♥ ✇�✐��❡♥ ❛� ❢♦❧❧♦✇❡❞✿

τnt − (τnt)p = ▽σ ✭✸✻✮

✹✳✷ ❋♦�♠❛	✐♦♥ ❛♥❞ ❇�❡❛❦✉♣ ♦❢ ❋❧✉✐❞ �❛�	✐❝❧❡�

❆❝❝♦�❞✐♥❣ �♦ ❬✶✹❪ �❤❡�❡ ❛�❡ ❞✐✛❡�❡♥� �❡❣✐♠❡� ♦❢ ❥❡� ❢♦�♠❛�✐♦♥ ❞❡♣❡♥❞✐♥❣ ♦♥ �❤❡ ✢♦✇ �❛�❡

❛� �❤❡ ♦�✐✜❝❡✳ ❚❤❡ ❞✐❛❣�❛♠ ✐♥ ✜❣✳ ✶✵ �❤♦✇� �❤❛� ❢♦� ❡①��❡♠❡❧② ❧♦✇ ✢♦✇ �❛�❡� �❤❡ ❞�♦♣

❢♦�♠❛�✐♦♥ ♦❝❝✉�� ❞✐�❡❝�❧② ❛� �❤❡ ♥♦③③❧❡✳ ❲❤❡♥ ✐♥❝�❡❛�✐♥❣ �❤❡ ✢♦✇ �❛�❡ ✉♣ �♦ Qjet ❛ ❥❡�

♦�✐❣✐♥❛�❡� ❞✉❡ �♦ ❘❛②❧❡✐❣❤ ✐♥��❛❜✐❧✐�② �❡�✉❧�✐♥❣ ✐♥ ❛♥ ❛①✐�②♠♠❡��✐❝ ❜�❡❛❦✉♣✱ ❛� ❡①❛♠♣❧❡✱

❣�♦✇✐♥❣ ✉♥�✐❧ �❤❡ ✢♦✇ �❛�❡ Qmax✳ ■♥ �❤✐� ✢♦✇ �❡❣✐♠❡ �❤❡ ❞❡♥�❡� ✢✉✐❞ ♣❡♥❡��❛�❡� ❞♦✇♥✲

✇❛�❞� ❛♥❞ ❜�❡❛❦� �❤❡ ❜♦♥❞ ❜❡�✇❡❡♥ �❤❡ ❞�♦♣❧❡� ❛♥❞ �❤❡ ❥❡�✳ ❋♦� ❧♦✇ ✈✐�❝♦�✐�② ✢✉✐❞� �❤❡

❡�✉✐✈❛❧❡♥� ❞✐❛♠❡�❡� ❝❛♥ ❜❡ ❛♣♣�♦①✐♠❛�❡❞ ❜②
√

σ
g∆ρ

✳ ❋✉��❤❡� ✐♥❝�❡❛�❡ ✐♥ �❤❡ ✢♦✇ �❛�❡

❧❡❛❞� �♦ ❛ �✐♥✉� �❤❛♣❡❞ ❥❡� �❤❛� ❣❡�� �❤♦��❡� ❞✉❡ �♦ ❛♥ ✐♥❝�❡❛�❡ ✐♥ ❛�②♠♠❡��✐❝ ❞✐��✉�✲

❜❛♥❝❡� ✉♥�✐❧ ✐� ❞✐�❛♣♣❡❛�� ❛� Qat ❛♥❞ �❤❡ ❞�♦♣❧❡�� ❢♦�♠ ❛❣❛✐♥ ❛� �❤❡ ♥♦③③❧❡✱ �❡�✉❧�✐♥❣ ✐♥

❛♥ ❛�♦♠✐③❡❞ ✢♦✇✳ ❲❤✐❧❡ �❤❡ ♦�✐❣✐♥❛❧ ❞❛�❛ ❢♦� �❤✐� ❞✐❛❣�❛♠ ♣✉❜❧✐�❤❡❞ ✐♥ ❬✷✶❪ ❝♦✉❧❞ ♥♦� ❜❡

❛❝❝❡��❡❞ ❛ ❜❧✉��❡❞ ♣�❡✈✐❡✇ ❝♦✉❧❞ ❜❡ ❛♥❞ �❤❡ �❤❛♣❡ ♦❢ �❤❡ ❝✉�✈❡ ❝♦✉❧❞ ❜❡ ❝♦♥✜�♠❡❞✳ ❆�
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Qjet

Qmax

Qat

dor = 0.16 µp = 0.00393 poise = 0.393 ρp = 0.683 g
cm3 σ = 36.2 dynes

cm
= 36.2 mN

m

vin > 0.15 m
s

Qjet < Q < Qat

λ ω q

a(t)

r = a+ a(t)cos(kz), k =
2π

λ
, a(t) ∝ eωt
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✷✷

❚❤❡ �✐♠❡ ❞❡♣❡♥❞❛♥� ❢❛❝�♦� ❝❛♥ ❜❡ �♦❧✈❡❞ ❜② �❤❡ ❡♥❡�❣② ❡�✉❛�✐♦♥ ✇✐�❤ �❤❡ ❤❡❧♣ ♦❢ �❤❡

❇❡��❡❧ ❢✉♥❝�✐♦♥�✳ ❚❤❡ �❡�✉❧�� ❝♦��❡�♣♦♥❞ �♦ ❛ ♠❛①✐♠❛❧ ✇❛✈❡❧❡♥❣�❤ ♦❢ λmax = 4.508 · 2a

❛♥❞ ✐� ♣�♦♣♦��✐♦♥❛❧ �♦ �❤❡ ❞✐❛♠❡�❡� ♦❢ �❤❡ ❝②❧✐♥❞❡�✳ ❆❝❝♦�❞✐♥❣ �♦ ❬✶✹❪ �❤❡ ❡�✉✐✈❛❧❡♥� ❞�♦♣

�✐③❡ ❝❛♥ ❜❡ ❝❛❧❝✉❧❛�❡❞ ❜② �❤❡ ♠❛①✐♠❛❧ ✇❛✈❡❧❡♥❣�❤ ❛♥❞ �❤❡ ❞✐❛♠❡�❡� ♦❢ �❤❡ ♦�✐✜❝❡✱ ❜②

♥❡❣❧❡❝�✐♥❣ ✈✐�❝♦�✐�②✳

de =
(

1.5λmaxdor
) 1

3dor, de,max ≈ 1.9dor ✭✸✽✮

❉❡�❝�✐❜✐♥❣ �❤❡ ♠❛�� ��❛♥�❢❡� ❛� �❤❡ ❞�♦♣❧❡� ❢♦�♠❛�✐♦♥ ❛♥❞ �❤❡ ❞❡�❛❝❤♠❡♥� ✐� ♣�❡��② ❞✐✣✲

❝✉❧�✳ ■♥ ❬✶✹❪ ♦♥❧② ❝❛❧❝✉❧❛�✐♦♥� ❢♦� �❤❡ ❞�♦♣❧❡� ❢♦�♠❛�✐♦♥ ❜❡❧♦✇ Qjet ❛�❡ ❝♦♥�✐❞❡�❡❞✱ ✇❤✐❧❡

�❤❡�❡ ❡①✐�� �♦❧❡❧② ❡♠♣✐�✐❝❛❧ ❝♦��❡❧❛�✐♦♥� ❢♦� �❤❡ ❞�♦♣❧❡� ❞❡�❛❝❤♠❡♥�✳

❚❤❡ ❜�❡❛❦✉♣ ✐♥ ��❛❣♥❛♥� ♠❡❞✐❛ ❞✉❡ �♦ ❘❛②❧❡✐❣❤✲❚❛②❧♦� ✐♥��❛❜✐❧✐�②✱ ❛♣♣❡❛�✐♥❣ ❢♦� ✢✉✐❞� ✐♥

❞✐�❡❝� ❝♦♥�❛❝�✱ ✇❤❡♥ �❤❡ ♦♥❡ ✇✐�❤ �❤❡ ❧♦✇❡� ❞❡♥�✐�② ❡①♣❡�✐❡♥❝❡� ❛❝❝❡❧❡�❛�✐♦♥✱ ✇❛� ❞✐�❝✉��❡❞

✐♥ ❬✶✶❪✳ ❚❤❡② ❞❡�❝�✐❜❡ �✇♦ ✢✉✐❞� ♦❢ ✐♥✜♥✐�❡ ❞❡♣�❤✳ ❆ ✈❡��✐❝❛❧ ✐♥�❡�❢❛❝❡ ✐� ♦♥ �❤❡ ♣❧❛♥❡

y = 0 ❛♥❞ �❤❡ ✐♥✐�✐❛❧ ♣❡��✉�❜❛�✐♦♥ ✐� ❞❡�❝�✐❜❡❞ ❜② cos(kx)✱ ✇✐�❤ ❛ �♠❛❧❧ ❛♠♣❧✐�✉❞❡ A0

❝♦♠♣❛�❡❞ �♦ �❤❡ ✇❛✈❡❧❡♥❣�❤✳ ❚❤❡ ✐♥�❡�❢❛❝❡ ✐� ❞❡�❝�✐❜❡❞ �❤�♦✉❣❤ ❛ �✐♠❡ ❛♥❞ ❧♦❝❛�✐♦♥

❞❡♣❡♥❞❡♥� ❢✉♥❝�✐♦♥ y = η(x, t) �❤❛� ✐� �♦ ❜❡ ❞❡�❡�♠✐♥❡❞ ❢�♦♠ ✢✉✐❞✲❞②♥❛♠✐❝ ❡�✉❛�✐♦♥�✳

❋✉��❤❡�♠♦�❡ �❤❡ ✢✉✐❞ ✐� ❝♦♥�✐❞❡�❡❞ ❛� ✐♥❝♦♠♣�❡��✐❜❧❡ ❛♥❞ ♦♥❧② ❧✐♥❡❛� �❡�♠� ❛�❡ ✉�❡❞✳ ❚❤❡

❣♦✈❡�♥✐♥❣ ❡�✉❛�✐♦♥� ❛�❡ ✇�✐��❡♥ ✐♥ ❛ �✐♠✐❧❛� ♠❛♥♥❡� ❛� �❤♦✇♥ ✐♥ ✹✳✶ ❜② ✉�✐♥❣ �❤❡ ✈❡❧♦❝✐�②

❝♦♠♣♦♥❡♥��✳

vx + vy = 0, vt +
px

ρ
= 0, vt +

py

ρ
− g = 0 ✭✸✾✮

❆� �❤❡ ♣�❡��✉�❡ ❛� �❤❡ ✐♥�❡�❢❛❝❡ ❤❛� �♦ ❜❡ ❡�✉❛❧ ✭ p1 = p2✮ �❤❡ ✐♥�❡�❢❛❝❡ ❝❛♥ ❜❡ ❝❛❧❝✉❧❛�❡❞

✇✐�❤ ❛ ❝♦♠❜✐♥❛�✐♦♥ ♦❢ ❛♥ ❡①♣♦♥❡♥�✐❛❧ ❛♥❞ ��✐❣♦♥♦♠❡��✐❝ �❡�♠ ✭ v ∝ ±A0e
−kyf(t)cos(kx))

�♦

η =
kA0

n
cosh(nt)cos(kx) ✭✹✵✮

❚❤✐� ❡�✉❛�✐♦♥ �❤♦✇� �❤❛� �❤❡ ❛♠♣❧✐�✉❞❡ ♦❢ �❤❡ ❞✐��✉�❜❛♥❝❡ ✐♥❝�❡❛�❡� ✇✐�❤ ❣�❡❛�❡� n ❢♦�
−→g <

−→
0 ❛♥❞ �❤❡�❡❢♦�❡ �❤❡ ✐♥�❡�❢❛❝❡ ♠♦�✐♦♥ ✐� ✉♥��❛❜❧❡ ❢♦� ❛❧❧ k > 0✱ ♠❡❛♥✐♥❣ ❢♦� ❛❧❧ ✇❛✈❡

❧❡♥❣�❤� ♦❢ �❤❡ ✐♥✐�✐❛❧ ❞✐��✉�❜❛♥❝❡✳

❆❢�❡� �❛❦✐♥❣ �❤❡ ❡✛❡❝�� ❢�♦♠ �✉�❢❛❝❡ �❡♥�✐♦♥ ✐♥�♦ ❛❝❝♦✉♥� ✐� ✇❛� ❢♦✉♥❞ �❤❛� �❤❡ ❞✐��✉�❜❛♥❝❡

❝❛♥ ♦♥❧② ❣�♦✇ ✐❢

λmin > 2π

√

σ

g∆ρ
✭✹✶✮

❆� ❛ ❝♦♥��❛�� �♦ ✭✹✶✮ �❤❡ ❛✉�❤♦�� ♦❢ ❬✶✻❪ �❡� ❛♥ ✉♣♣❡� ❧✐♠✐�✱ ❛� ❜✐❣❣❡� ✇❛✈❡❧❡♥❣�❤� �❡�✉❧�

✐♥ ❣�♦�� ❞❡❢♦�♠❛�✐♦♥� ❝♦♥��❛❞✐❝�✐♥❣ �❤❡ ❛��✉♠♣�✐♦♥ ♦❢ ♣❡��✉�❜❛�✐♦♥� ♦❢ �❤❡ ✐♥�❡�❢❛❝❡✿

λmax =
πde

2
✭✹✷✮

❋♦� ♦�❤❡� ❜�❡❛❦✉♣ ♠❡❝❤❛♥✐�♠�✱ ❧✐❦❡ �❡�♦♥❛♥❝❡✱ ✈❡❧♦❝✐�② ❣�❛❞✐❡♥�� ✭ Q > Qmax✮ ❛♥❞ �✉�✲

❜✉❧❡♥❝❡� ✐� ✐� �❡❢❡��❡❞ �♦ ❬✶✹❪✱ ❛� �❤❡�❡ ❞♦ ♥♦� ❝♦��❡❧❛�❡ ✇✐�❤ �❤❡ ♠♦❞❡❧ ❢�♦♠ �❤✐� ♣�♦❥❡❝�✳
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✺ ❚❤❡ ❝♦♠♣✉
❡� ♠♦❞❡❧

❆� ❡①♣❧❛✐♥❡❞ ✐♥ ❤❡ ❧❛� ❝❤❛♣❡�✱ ✇❤❡♥ ✇♦�❦✐♥❣ ✇✐❤ ❆◆❙❨❙ ❋❧✉❡♥ ❤❡ ❣♦✈❡�♥✐♥❣ ❡�✉❛✲

✐♦♥� �✉♥ ✐♥ ❤❡ ❜❛❝❦❣�♦✉♥❞✳ ❚❤✐� ♠❡❛♥�✱ ❝❛❧❝✉❧❛✐♦♥ ✐�❡❧❢ ✐� ❤❡ �✐♠♣❧❡ ♣❛�✳ ❚❤❡ ♠❛✐♥

❛�❦ ✐♥ ❆◆❙❨❙ ✐�✱ ❡①❝❡♣ ❢♦� ❤❡ ❞❛❛ ❡✈❛❧✉❛✐♦♥ ♣�♦❝❡��✱ ❤❡ ❜✉✐❧❞✐♥❣ ♦❢ ❤❡ ♠♦❞❡❧✳ ❚❤✐�

�❛�� ❜② �♣❡❝✐❢②✐♥❣ ❤❡ ❣❡♦♠❡�②✱ ❢♦❧❧♦✇❡❞ ❜② ❤❡ ♠❡�❤✳ ❚❤❡ ♠❡�❤✐♥❣ ❝❛♥ ❜❡ ❞♦♥❡ ❜②

✈❛�✐♦✉� ♦♦❧�✱ ❆◆❙❨❙ ▼❡�❤❡� ♦� ■❈❊▼✱ ♦ ♥❛♠❡ ✇♦ ❡①❛♠♣❧❡�✱ ❜✉ ❤❡ ♣�♦❝❡�� ✐� ❛❧✇❛②�

❜❛�❡❞ ♦♥ ❤❡ �❛♠❡ ♣�✐♥❝✐♣❧❡✳ ❚❤❡ ✉�❡� ❞❡✜♥❡� ❤❡ �✐③❡ ❛♥❞ �❤❛♣❡ ♦❢ ❡❛❝❤ ❝❡❧❧ ❛♥❞ ❤❡�❡✲

❢♦�❡ ❤❡ ♥✉♠❜❡� ♦❢ ❝❡❧❧� ✇❤❡�❡ ❆◆❙❨❙ ❋❧✉❡♥ �❤❛❧❧ ❝❛❧❝✉❧❛❡ ❤❡ ❣♦✈❡�♥✐♥❣ ❡�✉❛✐♦♥�✳

❋❧✉❡♥ �♦❧✈❡� ❤❡ ❡�✉❛✐♦♥� ❢♦� ❡❛❝❤ ❝❡❧❧ ♥✉♠❡�✐❝❛❧❧② ❛♥❞ �❡✉�♥� ❤❡ ✈❛❧✉❡ ❛ ❡❛❝❤ ❝❡♥�❡✳

❚❤✐� �❤♦✇� ❤❡ ♠❡�❤ ❝❛♥ ❜❡ ✈✐❡✇❡❞ ❛� ❤❡ �❡�♦❧✉✐♦♥ ♦❢ ❤❡ �❡�✉❧�✳ ■♥ ❣❡♥❡�❛❧ ❤❡ ✜♥❡�

❤❡ ♠❡�❤ ❤❡ ♠♦�❡ ❞❡❛✐❧� ❝❛♥ ❜❡ ✈✐�✉❛❧✐�❡❞✳ ❚❤❡ ✜♥❛❧ ♣❛� ✐� ♦ �♣❡❝✐❢② ❤❡ ♠♦❞❡❧ ❛♥❞

❜② ❤❛ ❡❧❧✐♥❣ ❆♥�②� ❋❧✉❡♥ ✇❤✐❝❤ ❡�✉❛✐♦♥� ♦ ✉�❡✱ ❢♦❧❧♦✇❡❞ ❜② ❤❡ ♠❛❡�✐❛❧ ♣�♦♣❡�✐❡�

❛♥❞ ❤❡ ❜♦✉♥❞❛�② ❝♦♥❞✐✐♦♥� ❛♥❞ ❤❡�❡❢♦�❡ ♦ ❞❡✜♥❡ ❡♥♦✉❣❤ ♣❛�❛♠❡❡�� ❢♦� �♦❧✈✐♥❣ ❤❡�❡

❡�✉❛✐♦♥�✳ ❋✉�❤❡� ❛❞❥✉�♠❡♥ ❜② ❝❤❛♥❣✐♥❣ ❝♦♥✈❡�❣❡♥❝❡ ❝�✐❡�✐❛ ❛♥❞ �❛✈✐♥❣ ✐♥❡�✈❛❧� ✐�

❛❧�♦ ♣♦��✐❜❧❡✳ ❚❤❡♥ ❤❡ �♦❧✉✐♦♥ ❝❛♥ ❜❡ ✐♥✐✐❛❧✐�❡❞ ❜② �♣❡❝✐❢②✐♥❣ ❤❡ ✢✉✐❞ ❛♥❞ ❤❡�♠❛❧

♣�♦♣❡�✐❡� ❛ ❤❡ ❜❡❣✐♥♥✐♥❣ ❛♥❞ ❤❡ �❡✐♥❣� ❢♦� ❤❡ ❝❛❧❝✉❧❛✐♦♥✳ ◆♦✇ ❤❡ ♦♥❧② ❤✐♥❣ ♦

❞♦ ✐� ♦ ✇❛✐ ✉♥✐❧ ❋❧✉❡♥ ❤❛� ✜♥✐�❤❡❞ ❛♥❞ ✜♥❛❧❧② ❛♥❛❧②�❡ ❛♥❞ ✐♥❡�♣�❡ ❤❡ �❡�✉❧�✳

❆� �❛❡❞ ❡❛�❧✐❡�✱ ❡❛❝❤ ❝❡❧❧ ❝♦♥�✐�� ♦♥❧② ♦❢ ♦♥❡ ✈❛❧✉❡ ❢♦� ❤❡ ✇❤♦❧❡ ❝❡❧❧✳ ❚♦ ❜❡ ♠♦�❡ ♣�❡❝✐�❡✱

❤✐� ✈❛❧✉❡ ❞❡♣❡♥❞� ♦♥ ❛ ❢✉♥❝✐♦♥ vi �♣❡❝✐❢②✐♥❣ ❤❡ ❛♠♦✉♥ ♦❢ ❧✐�✉✐❞ ♦❢ ❛ �♣❡❝✐✜❝ ♣❤❛�❡✱

❤❡ �♦✲❝❛❧❧❡❞ ✈♦❧✉♠❡ ❢�❛❝✐♦♥✱ ✐♥ ❡❛❝❤ ❝❡❧❧✳ ■✬� ✈❛❧✉❡ �❡❛❝❤❡� ❢�♦♠ 0 ✲ ♥♦♥✲❡①✐�❡♥ ✲

♦ 1 ✲ ❢✉❧❧② ♦❝❝✉♣②✐♥❣ ❤❡ ❝❡❧❧✳ ❲✐❤ ❤❡ ❤❡❧♣ ♦❢ ❤❡ ❢♦❧❧♦✇✐♥❣ ❛❧❣♦�✐❤♠ ✐ ✐� ♣♦��✐❜❧❡

♦ ❧♦❝❛❡ ❢�❡❡ ❜♦✉♥❞❛�✐❡� ✐♥ ❛ �✉✣❝✐❡♥ ♠❛♥♥❡� ✇❤✐❧❡ ❛❞❞✐✐♦♥❛❧❧② ❦❡❡♣✐♥❣ ❤❡ �♦�❡❞

✐♥❢♦�♠❛✐♦♥ ♦♥ ❛ ♠✐♥✐♠✉♠ ❧❡✈❡❧✳ ❚❤✐� ✐� ❜❛�✐❝❛❧❧② ❤♦✇ ❤❡ ❱♦❧✉♠❡ ❖❢ ❋❧✉✐❞ ▼❡❤♦❞

✇♦�❦�✳

∂vi

∂t
= vx

∂F

∂x
+ vy

∂F

∂y
+ vz

∂F

∂z
✭✹✸✮

❚❤✐� ❡�✉❛✐♦♥� ❤❛� ❜❡❡♥ ❛❞❛♣❡❞ ❢�♦♠ ❬✶✽❪ ❢♦� ❤❡ ✸❉ ❝❛�❡✱ ❛� ❤✐� ✇❛� ✉�❡❞ ❢♦� ❤❡

♣❛�❛♠❡❡� �✉❞② ✐♥ ❤✐� ❤❡�✐�✳

✺✳✶ ❈♦♦�❞✐♥❛�❡ ❙②��❡♠

❲❤❡♥ �❡✐♥❣ ✉♣ ❤❡ ♠♦❞❡❧ ✐ ✐� ✐♠♣♦�❛♥ ♦ ❞❡❝✐❞❡ ✇❤✐❝❤ ❝♦♦�❞✐♥❛❡ �②�❡♠ �❤♦✉❧❞

❜❡ ✉�❡❞✳ ❚❤✐� ✐� ❞♦♥❡ ✐♥ ✇♦ ✇❛②�✿ ❋✐��❧②✱ ❜② �❡✐♥❣ ❤❡ ❝♦♦�❞✐♥❛❡ �♦♦♠ ♦ ✷❉✱

✷❉ ✲ ❛①✐�②♠♠❡�✐❝ ♦� ✸❉ ❛♥❞ �❡❝♦♥❞❧②✱ ❜② �❡✐♥❣ �❛�✐♥❣ ❛♥❞ ❜♦✉♥❞❛�② ❝♦♥❞✐✐♦♥� ✐♥ ❛

✇❛② ❤❛ ❤❡② �✉✣❝❡ ❤❡ ✇❛♥❡❞ ♦❜�❡�✈❡� ♦❢ ❤❡ ♠♦❞❡❧✳

■♥ ❛♥② ♠❡❝❤❛♥✐❝❛❧ ❝❛❧❝✉❧❛✐♦♥ ♦� �✐♠✉❧❛✐♦♥ ❤❡�❡ ❛�❡ ✇♦ ❞✐�✐♥❝ ♣♦��✐❜✐❧✐✐❡� ❢♦� �❡✐♥❣

❤❡ ❝❡♥�❡ ♦❢ ❤❡ ❝♦♦�❞✐♥❛❡ �②�❡♠✿ ■♥ ❤❡ ▲❛❣�❛♥❣✐❛♥ �❡✐♥❣ ❤❡ ♠♦❞❡❧ ✐� ✈✐❡✇❡❞ ❜②

❤❡ ♣♦✐♥ ♦❢ ✈✐❡✇ ♦❢ ❤❡ ♣❤②�✐❝❛❧ ❜♦❞② ✉♥❞❡� ❡✈❛❧✉❛✐♦♥✱ ✐♥ ❤✐� ❝❛�❡ ❤❡ ❍❚❋ ✐�❡❧❢✳ ❆

❣�✐❞ ✐� ❧❛✐❞ ♦✈❡� ❤❡ ✢✉✐❞ ❢♦� ❝❛❧❝✉❧❛✐♥❣ ❤❡ ❞✐✛❡�❡♥ ✈❛❧✉❡� ✴ ♣�♦♣❡�✐❡�✳ ❲❤❡♥ ❤❡ ✢✉✐❞

♠♦✈❡�✱ ❤✐� ❣�✐❞ ♠♦✈❡� ❛❝❝♦�❞✐♥❣❧②✳ ❚❤❡�❡❢♦�❡ ❤✐� ♠❡❤♦❞ ✐� �❡❧❛✐✈❡❧② ��❛✐❣❤❢♦�✇❛�❞

♦ �✐♠✉❧❛❡ ❛♥❞ ✇♦�❦� ✇❡❧❧ ✇✐❤ ❡✳❣✳ ❛ ❞�♦♣❧❡ ♠♦✈✐♥❣ ❤�♦✉❣❤ ❛ ✢✉✐❞ �♦�❛❣❡ ♠❛❡�✐❛❧✳
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■♥ �❤❡ ❊✉❧❛�✐❛♥ �❡��✐♥❣ �❤❡ ❣�✐❞ ♦❢ �❤❡ ♠♦❞❡❧ ✐� ✈✐❡✇❡❞ ❢�♦♠ ❛♥ ♦❜�❡�✈❡� ♦♥ �❤❡ ♦✉��✐❞❡✳

❚❤✐� ♠❡❛♥� �❤❡ �❛♠❡ ❣�✐❞ ❧❛✐❞ ♦✈❡� �❤❡ ✢✉✐❞ ��❛②� ❛� ✐�✬� ♦�✐❣✐♥❛❧ ❧♦❝❛�✐♦♥✱ ❞✉�✐♥❣ �❤❡

♠♦�✐♦♥ ♦❢ �❤❡ ✢✉✐❞✳ ❚❤❡ ❝❛❧❝✉❧❛�✐♦♥ ♦❢ �❤✐� ✢♦✇ �❤❡�❡❢♦�❡ �❡�✉✐�❡� ❛♥ ❛✈❡�❛❣✐♥❣ ♦❢ �❤❡

♣�♦♣❡��✐❡� ♦❢ ❛❧❧ ❡❧❡♠❡♥�� ✐♥ ❡❛❝❤ ♠❡�❤ ❝❡❧❧ ♦✈❡� �❤❡ ✇❤♦❧❡ �✉♥ �✐♠❡ ♦❢ �❤❡ �✐♠✉❧❛�✐♦♥✳

❚❤✐� ❛✈❡�❛❣✐♥❣✱ ❤♦✇❡✈❡�✱ ❝❛♥ ❜❡ ❛ ♣�♦❜❧❡♠✱ ❛� ✐� �❡�✉❧�� ✐♥ ❛ �♠♦♦�❤✐♥❣ ♦❢ ❛❧❧ ✈❛❧✉❡� ❛♥❞ ❛

�♠❡❛�✐♥❣ ♦❢ �✉�❢❛❝❡�✳ ■� ✐� �❡❝♦♠♠❡♥❞❡❞ �♦ ❛✈♦✐❞ �❤✐� ✉♥❝❡��❛✐♥�✐❡� ❜② �❤�❡❡ ��❡♣�✿ ♥✉♠❡�✲

✐❝❛❧❧② ❞❡�❝�✐❜✐♥❣ �❤❡ ❧♦❝❛�✐♦♥ ❛♥❞ �❤❛♣❡ ♦❢ �❤❡ ❜♦✉♥❞❛�②✱ ✜♥❞✐♥❣ ❛♥ ❛❧❣♦�✐�❤♠ ❝♦♠♣✉�✐♥❣

�❤❡ �✐♠❡ ❞❡♣❡♥❞❡♥� ❝❤❛♥❣❡� ♦❢ �❤❡ ❜♦✉♥❞❛�② ❛♥❞ ✐♠♣♦�✐♥❣ �❤❡ ✇❛♥�❡❞ ❜♦✉♥❞❛�② �❡��✐♥❣�

♦♥ �❤❡ ♠❡�❤✳ ❬✶✽❪

❋♦� �❤❡ ♣❛�❛♠❡�❡� ��✉❞② ✐♥ �❤✐� �❤❡�✐� �❤❡ ❊✉❧❛�✐❛♥ �❡��✐♥❣ ✇❛� ✉�❡❞✳ ❆� �❤❡ ♠♦❞❡❧

❝♦♥�✐��� ♥♦� ♦♥❧② ♦❢ �❤❡ ❞�♦♣❧❡� ❜✉� ❛❧�♦ ♦❢ �❤❡ ���❡❛♠ ❛� �❤❡ ✐♥❧❡�✱ �❤❡ ▲❛❣�❛♥❣✐❛♥ ♠♦❞❡❧

✇♦✉❧❞ ❤❛✈❡ ❜❡❡♥ ♠♦�❡ ❝♦♠♣❧✐❝❛�❡❞✳ ❙❡��✐♥❣ �❤❡ ❝♦♦�❞✐♥❛�❡ �②��❡♠ ✐♥�♦ �❤❡ ❞�♦♣❧❡� ✇♦✉❧❞

❤❛✈❡ ♠❛❞❡ ❛♥ ❛❞❞✐�✐♦♥❛❧ �❡�♠ ✐♥ �❤❡ ❝❛❧❝✉❧❛�✐♦♥� ♥❡❝❡��❛�② ✐♥ ♦�❞❡� �♦ ❝♦♠♣❡♥�❛�❡ �❤❡

�❡❧❛�✐✈❡ ♠♦✈❡♠❡♥� ❜❡�✇❡❡♥ �❤❡ ❞�♦♣❧❡� ❛♥❞ �❤❡ ✐♥❧❡�✱ ❛� ❢�♦♠ �❤❡ ❞�♦♣❧❡�✬� ♣♦✐♥� ♦❢ ✈✐❡✇

�❤❡ ✐♥❧❡� ❛♥❞ �❤❡ ✐♥❝♦♠✐♥❣ ���❡❛♠ ♠♦✈❡ ❞♦✇♥✇❛�❞�✳ ❋✉��❤❡�♠♦�❡ ❛❢�❡� ❛ �♦♣❤✐��✐❝❛�❡❞

�♦❧✐❞✐✜❝❛�✐♦♥ �❤❡ ❞�♦♣❧❡� ✐� ❤✐♥❞❡�❡❞ ✐♥ ✐�✬� ❝❧♦�✐♥❣ �♦ �❤❡ ♦✉�❧❡�✱ ♠❡�❣✐♥❣ ❛❣❛✐♥ ✇✐�❤ �❤❡

���❡❛♠✳

✺✳✷ ❙♦❧✐❞✐✜❝❛�✐♦♥ ✲ ❚❤❡ ▼✉�❤② �❛�❛♠❡�❡�

❲❤❡♥ ❞❡❛❧✐♥❣ ✇✐�❤ �♦❧✐❞✐✜❝❛�✐♦♥ ✐♥ ❆◆❙❨❙ ❋❧✉❡♥� �❤❡ ♣❛�❛♠❡�❡� �♦ ❜❡ ❞✐�❝✉��❡❞ ✐♥ �❤✐�

�❡❝�✐♦♥ ✐� �❤❡ �♦✲❝❛❧❧❡❞ ♠✉�❤② ♣❛�❛♠❡�❡�✱ ✇❤✐❝❤ ✇✐❧❧ ❜❡ �❡❢❡��❡❞ �♦ Amush ❛♥❞ �❡❛❝❤❡� ❢�♦♠

103 �♦ 1010 ❞❡♣❡♥❞✐♥❣ ♦♥ �❤❡ �❡�❡❛�❝❤✱ ✐�✬� ��❛♥❞❛�❞ ✈❛❧✉❡ �❡� �♦ 105✳ ❆� �❤✐� ♣❛�❛♠❡�❡�

✐� ♥♦� ✈❡�② ✇❡❧❧ ❞❡�❝�✐❜❡❞ ✐♥ �❤❡ ♦✣❝✐❛❧ ♠❛♥✉❛❧�✱ ❛❞❞✐�✐♦♥❛❧ �❡�❡❛�❝❤ ♠❛�❡�✐❛❧ ❤❛❞ �♦

❜❡ �❡✈✐❡✇❡❞✳ ❆♥ ❛♥❛❧②�✐� ♦❢ ❞✐✛❡�❡♥� ♠✉�❤② ♣❛�❛♠❡�❡�� ✇❛� ❞✐�❝✉��❡❞ ❜② ❑❤❡✐�❛❜❛❞✐

❛♥❞ ●�♦✉❧� ✐♥ ❬✶✸❪ ❛♥❞ ✇✐❧❧ ❜❡ �✉♠♠❛�✐�❡❞ ❤❡�❡✱ ✐♥❝❧✉❞✐♥❣ �❤❡ ♥❡❝❡��❛�② ❡�✉❛�✐♦♥� ❢♦�

✉♥❞❡���❛♥❞✐♥❣ ❤♦✇ ❋❧✉❡♥� ♠♦❞❡❧� ♣❤❛�❡ ��❛♥�❢❡�✳

❚❤❡ �❡❝❤♥✐�✉❡ ✉�❡❞ ❛��✉♠❡� ❛ ♣❤❛�❡ ❝❤❛♥❣❡ �♦ ♦❝❝✉� ♦✈❡� ❛ ✜♥✐�❡ �❡♠♣❡�❛�✉�❡ �❛♥❣❡✱

❝�❡❛�✐♥❣ �❤❡ ♠✉�❤② �❡❣✐♦♥✱ ✇❤❡�❡ �❤❡ ❧✐�✉✐❞ ❢�❛❝�✐♦♥ ✈❛�✐❡� ❢�♦♠ 0 ✲ �♦❧✐❞ ♣❤❛�❡ ✲ �♦

1 ✲ ❧✐�✉✐❞ ♣❤❛�❡✱ �✐♠✐❧❛� �♦ �❤❡ ✈♦❧✉♠❡ ❢�❛❝�✐♦♥ ❡①♣❧❛✐♥❡❞ ❜❡❢♦�❡✳ ■♥ ❜❡�✇❡❡♥ ✐� ✐� ❞❡♣❡♥✲

❞❛♥� ♦❢ �❤❡ �❡♠♣❡�❛�✉�❡✳ ❚❤✐� ❛❧�♦ ♠❡❛♥� �❤❛� �❤❡ ✈❡❧♦❝✐�② ♦❢ �❤❡ ✢✉✐❞ ✐♥�✐❞❡ �❤❡ ♠✉�❤②

�❡❣✐♦♥ ✈❛�✐♦✉� ❢�♦♠ 0 ✲ �♦❧✐❞ ♣❤❛�❡ ✈❡❧♦❝✐�② ✲ �♦ �❤❡ ♥❛�✉�❛❧ ❝♦♥✈❡❝�✐♦♥ ✈❡❧♦❝✐�② ♦❢ �❤❡

❧✐�✉✐❞ ♣❤❛�❡✳

l(T ) = 0, T < Tm −
∆T

2

=
T − (Tm − ∆T

2
)

∆T
, Tm −

∆T

2
< T < Tm +

∆T

2

= 1, T > Tm +
∆T

2
✭✹✹✮

❲❤❡♥ ✇♦�❦✐♥❣ ✇✐�❤ ❆◆❙❨❙ ❋❧✉❡♥� ✐� ✐� ♥❡❝❡��❛�② �♦ ❛❞❛♣� �❤❡ ✈❛❧✉❡� ❢♦� �❤❡ ❧✐�✉✐❞ ❢�❛❝✲

�✐♦♥ ❢♦� ❛♥ ❡❛�✐❡� ✉♥❞❡���❛♥❞✐♥❣ ♦❢ �❤❡ ♣�♦❝❡��✳ ❋❧✉❡♥� ✐� ✉♥❛❜❧❡ �♦ ❝♦��❡❝�❧② ❞✐��✐♥❣✉✐�❤
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�❤❡ ♠❛�❡�✐❛❧�✳ ❲❤❡♥ ❝❛❧❝✉❧❛�✐♥❣ �❤❡ �❡�✉❧�� ❢♦� �❤❡ ❧✐�✉✐❞✲❢�❛❝�✐♦♥ �❈▼ ❋❧✉❡♥� ♥♦� ♦♥❧②

✉�❡� �❤❡ ✈❛❧✉❡� ❢�♦♠ �❤❡ ❝❡❧❧� ✇✐�❤ ≥ 50✪ ✈♦❧✉♠❡✲❢�❛❝�✐♦♥ �❈▼ ❜✉� ✐♥�❡�♣�❡�� �❤❡ ❍❚❋

✈❛❧✉❡� ❛� ✧❵✵✧✬✳ ❚❤✐� ✐�✱ ♦❢ ❝♦✉��❡✱ ✇�♦♥❣ ❛� �❤❡ ✈❛❧✉❡� �❤♦✉❧❞ ❛❝�✉❛❧❧② ❜❡ ✐❣♥♦�❡❞ ❛♥❞

❜❡❝♦♠❡� ❛ ♣�♦❜❧❡♠✱ ✇❤❡♥ ❝❛❧❝✉❧❛�✐♥❣ ❛✈❡�❛❣❡ ✈❛❧✉❡�✱ ❛� ✐� ❢❛❧�✐✜❡� �❤❡ ❛❝�✉❛❧ �❡�✉❧��✳ ❚❤❡

❧✐�✉✐❞✲❢�❛❝�✐♦♥ ❤❛� �❤❡�❡❢♦�❡ ❜❡ �❡✲❝❛❧❝✉❧❛�❡❞ �♦ ✐�✬� ♦�✐❣✐♥❛❧ ✈❛❧✉❡✳ ❚❤❡ ❛✈❡�❛❣❡ ♦❢ ❛ ✈❛❧✉❡

✐� ❜② ❞❡✜♥✐�✐♦♥ �❤❡ �✉♠ ♦❢ ❛❧❧ ✈❛❧✉❡� ❞✐✈✐❞❡❞ ❜② �❤❡ ♥✉♠❜❡� ♦❢ ✈❛❧✉❡�✳ ❚❤✐� ✐� ♣♦��✐❜❧❡ ❢♦�

�❤❡ ❛✈❡�❛❣❡ ❧✐�✉✐❞✲❢�❛❝�✐♦♥✳ ❚❤❡ �✉♠ ❝❛♥ ❜❡ �♣❧✐� ✉♣ ✐♥�♦ �✇♦ �✉♠�✱ ❡❛❝❤ ♣❡� ♠❛�❡�✐❛❧✱

✇❤✐❝❤ ✐� ✉�❡❢✉❧✱ ❛� �❤❡ ❧✐�✉✐❞✲❢�❛❝�✐♦♥ ♦❢ �❤❡ ❍❚❋ ❤❛� �♦ ❜❡ ❛❧✇❛②� ❡�✉❛❧ �♦ ✶✳ ❋✉��❤❡�✲

♠♦�❡ ❛ �✉♠ ♦❢ ✈❛❧✉❡� ❝❛♥ ❜❡ ✐♥�❡�♣�❡�❡❞ ❛� �❤❡ ♥✉♠❜❡� ♦❢ ✈❛❧✉❡� ♠✉❧�✐♣❧✐❡❞ ❜② �❤❡ ❛✈❡�❛❣❡

✈❛❧✉❡✱ ❤✐❣❤❧✐❣❤�❡❞ ❜② ❛ ❜❛� ♦✈❡� �❤❡ ♣❛�❛♠❡�❡�✳ ❆❞❞✐�✐♦♥❛❧❧② �❤❡ ♥✉♠❜❡� ♦❢ ❝❡❧❧� n ♦❢

♦♥❡ ♠❛�❡�✐❛❧ ❞✐✈✐❞❡❞ ❜② �❤❡ �✉♠ ♦❢ ❛❧❧ ❝❡❧❧� ✐� �❤❡ �❛♠❡ ❛� �❤❡ ❜❡❧♦♥❣✐♥❣ ✈♦❧✉♠❡�✱ ❞✉❡ �♦

�❤❡ ❤♦♠♦❣❡♥❡♦✉� ♠❡�❤✱ ❛♥❞ �❤❡�❡❢♦�❡ �❤❡ ✈♦❧✉♠❡ ❢�❛❝�✐♦♥ vi✳ ❚❤✐� ❧❡❛❞� �♦ �❤❡ ❢♦❧❧♦✇✐♥❣

❡�✉❛�✐♦♥ ❢♦� �❤❡ ❧✐�✉✐❞✲❢�❛❝�✐♦♥ l ✿

l =

∑

PCM lPCM +
∑

HTF lHTF

n
= υPCM l̄PCM + υHTF l̄HTF => l̄PCM =

l − (1− υPCM)

υPCM

✭✹✺✮

❑❤❡✐�❛❜❛❞✐ ❛♥❞ ●�♦✉❧① ❬✶✸❪ ♠♦❞❡❧❧❡❞ ❛ (0.05, 0.12)♠ ✷❉ ❝❛✈✐�② ✜❧❧❡❞ ✇✐�❤ ❧❛✉�✐❝ ❛❝✐❞ ❛♥❞

❡♥❝❧♦�❡❞ ✇✐�❤ 0.025♠ ♣❧❡①✐❣❧❛�� ♦♥ ❡✈❡�② �✐❞❡ ❡①❝❡♣� �❤❡ �♦♣✳ ❋✉��❤❡�♠♦�❡ �❤❡ �✐❣❤� �✐❞❡

✇❛� �❡❛❧❡❞ ✇✐�❤ ❛ 35♠♠ �❤✐❝❦ ❛❧✉♠✐♥✐✉♠ ♣❧❛�❡ ❛� ❛ ❝♦♥��❛♥� �❡♠♣❡�❛�✉�❡ ♦❢ 343.15❑✳

❚❤❡ �②��❡♠ ✇❛� ✐♥✐�✐❛❧✐�❡❞ ❛� 299.15❑ �♦❧✐❞ ♣❤❛�❡ ❛♥❞ ❤❡❛�❡❞ ✉♥�✐❧ ✢✉✐❞✐�❡❞✳

❚❤❡ ✐♠♣✉❧�❡ ❜❛❧❛♥❝❡ ✐♥ ❆◆❙❨❙ ❋❧✉❡♥� ✐� ❝❛❧❝✉❧❛�❡❞ ❜② ✐♥❝❧✉❞✐♥❣ ❛ �❡♠♣❡�❛�✉�❡ ❞❡♣❡♥❞❛♥�

�❡�♠ ✐♥ �❤❡ ✐♠♣✉❧�❡ ❜❛❧❛♥❝❡ ✐♥ ✭✷✵✮✳ ❚❤✐� ✐� ❞♦♥❡ ❜② ✐♥��♦❞✉❝�✐♦♥ ♦❢ �❤❡ ♣❛�❛♠❡�❡�

S(T ) [kg
s
]✳ ❚❤❡ ♣❛�❛♠❡�❡� ✐� ❞❡✜♥❡❞ �❤�♦✉❣❤ �❤❡ ❈❛�♠❛♥✲❑♦�❡♥② ❡�✉❛�✐♦♥ ❢�♦♠ �❤❡ ❧✐�✉✐❞

❢�❛❝�✐♦♥ ❛♥❞ ❛ ❝♦♥��❛♥� ❢❛❝�♦� ǫ ❛♥❞ ✇♦�❦� ❛� ❛ ❞❛♠♣❡♥✐♥❣ �❡�♠✳

S(T ) = Amush

(1− l(T ))2

l(t)3 + ǫ
✭✹✻✮

❋♦� �❤❡ ❞✐�❝✉��✐♦♥ ♦❢ �❤❡ ♠✉�❤② ♣❛�❛♠❡�❡� ✾ �✐♠✉❧❛�✐♦♥� ✇❡�❡ ❞♦♥❡ ❜② ❬✶✸❪✱ ✇✐�❤ �❡♠♣❡�❛✲

�✉�❡ ❞✐✛❡�❡♥❝❡� ♦❢ 1, 2, 5❑✱ Amush = 105, 106, 107 ✇✐�❤ �✐♠❡ ��❡♣� ♦❢ 1 � ❢♦� �♦�❛❧ 180♠✐♥

❛♥❞ 50− 300 ✐�❡�❛�✐♦♥�✱ ❞❡♣❡♥❞✐♥❣ ♦♥ �❤❡ ��❛❣❡ ♦❢ �❤❡ �✐♠✉❧❛�✐♦♥✳ ❚❤❡② ❢♦✉♥❞ ♦✉� �❤❛�

❛� �❤❡ ❜❡❣✐♥♥✐♥❣ ❝♦♥❞✉❝�✐♦♥ ✇❛� �❤❡ ❞♦♠✐♥❛♥� ❤❡❛� ��❛♥�❢❡�✱ ✇❤✐❧❡ ❛� �❤❡ ❡♥❞ ♥❛�✉�❛❧

❝♦♥✈❡❝�✐♦♥ �♦♦❦ ♦✈❡�✳ ❘❡�✉❧�� ♦❢ �❤❡ ♠✉�❤② ♣❛�❛♠❡�❡� �❤♦✇ �❤❛� ❧♦✇❡� ✈❛❧✉❡� �❡♥❞ �♦

♦✈❡� ♣�❡❞✐❝� �❤❡ ♠❡❧�✐♥❣ �❛�❡✱ ✇❤✐❧❡ ❤✐❣❤❡� ✈❛❧✉❡� ❧❡❛❞ �♦ ✉♥❞❡� ♣�❡❞✐❝�✐♦♥�✳ Amush = 105

�❡�✉❧�❡❞ ✐♥ ❛♥ ❛❝❝❡❧❡�❛�✐♦♥ ♦❢ 60♠✐♥ ❢♦� 5❑ ❛♥❞ 40♠✐♥ ❢♦� 1, 2❑✱ ✇❤✐❧❡ Amush = 107

�❡�✉❧�❡❞ ✐♥ ❛ ❞❡❧❛② ♦❢ 20 − 40 ♠✐♥ ❝♦♠♣❛�❡❞ �♦ ❡①♣❡�✐♠❡♥�❛❧ �❡�✉❧��✳ ❋✉��❤❡�♠♦�❡ �❤❡

�❡♠♣❡�❛�✉�❡ ❝❤❛♥❣❡� ❤❛❞ ❛ ���♦♥❣❡� ✐♥✢✉❡♥❝❡ ♦♥ ❧♦✇❡� ▼✉�❤② �❛�❛♠❡�❡��✳ ■� ✇❛� �❤❡�❡✲

❢♦�❡ ♠♦�❡ ♣�❛❝�✐❝❛❧ �♦ ✈❛�② �❤❡ �❡♠♣❡�❛�✉�❡ ✐♥��❡❛❞ ♦❢ �❤❡ ▼✉�❤② �❛�❛♠❡�❡� ❞✉❡ �♦ �❤❡

✇✐❞❡ �❛♥❣❡ ♦❢ ♠❡❧� ✐♥�❡�❢❛❝❡ ❧♦❝❛�✐♦♥�✳ ❋♦� Amush = 103, 105 ♥♦♥✲♣❤②�✐❝❛❧ �❡�✉❧�� ✇❡�❡

❛❝❤✐❡✈❡❞✱ ❛� �❤❡ �❈▼ ❛� �❤❡ �♦♣ ♠❡❧�❡❞ ❢❛��❡� ❞✉❡ �♦ ♥❛�✉�❛❧ ❝♦♥✈❡❝�✐♦♥ �❤❛♥ �❤❡ �❈▼

❛� �❤❡ ❜♦��♦♠✱ �❤❛� ❣♦� ❤❡❛�❡❞ ♦♥❧② ❜② ❝♦♥❞✉❝�✐♦♥✳ ▲♦✇❡� ✈❛❧✉❡� ♦❢ �❤❡ ▼✉�❤② �❛�❛♠❡�❡�

✐♥❝�❡❛�❡❞ �❤❡ ❝♦♥✈❡❝�✐♦♥✳ ❚❤❡ ❜❡�� ❝♦��❡❧❛�✐♦♥ ❛❝❤✐❡✈❡❞ ✇❛� ✐♥ �❤❡ ✜��� 20♠✐♥ ❛� ❛ ✈❛❧✉❡

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek
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✷✻

♦❢ 107 ✉♥❞❡	 
❤❡ ✐♥✢✉❡♥❝❡ ♦❢ ❝♦♥❞✉❝
✐♦♥✳ ◆❡✈❡	
❤❡❧❡�� 
❤✐� ❝❛❧❝✉❧❛
✐♦♥ �
❛	
❡❞ 
♦ ❧❛❣

❜❡❤✐♥❞ �❤♦	
❧② ❛❢
❡	✳ ❚❤❡ ❜❡�
 ♦✈❡	❛❧❧ ❝♦		❡❧❛
✐♦♥ ✇❛� ❛❝❤✐❡✈❡❞ ✇✐
❤ Amush = 106 ❛♥❞

∆T = 1, 2❑✳ ■♥ ❛❧❧ �✐♠✉❧❛
✐♦♥� 
❤❡ ♠❡❧
 ✐♥
❡	❢❛❝❡ �❤❛♣❡ ❞✐✛❡	❡❞ �
	♦♥❣❧② ❢	♦♠ ❡①♣❡	✐✲

♠❡♥
� ❛
 
❤❡ ❡♥❞✳ ■♥ ❣❡♥❡	❛❧✱ 
❤❡ ♠❡❧
 ✐♥
❡	❢❛❝❡ �❤❛♣❡ �❤♦✇❡❞ �❤❛	♣❡	 ❝✉	✈❛
✉	❡ 
❤❛♥

❡①♣❡	✐♠❡♥
❛❧ 	❡�✉❧
� ❛
 
❤❡ ❧❛
❡	 �
❛❣❡� ♦❢ ❛❧❧ �✐♠✉❧❛
✐♦♥�✳ ❚❤❡ ❛✉
❤♦	� ❝♦✉❧❞ ♥♦
 ✜♥❞

❛♥② ❡①♣❧❛♥❛
✐♦♥ ❢♦	 
❤✐� ❛♥❞ ❧❡❢
 
❤❛
 
♦ ❢✉
✉	❡ �
✉❞✐❡�✳ ❚❤❡② ❞✐❞ ♥♦
❡✱ ❤♦✇❡✈❡	✱ 
❤❛



❤✐� ❞✐�❝	❡♣❛♥❝② 
♦ 
❤❡ ❡①♣❡	✐♠❡♥
❛❧ 	❡�✉❧
� ✇❛� �
	♦♥❣❡	 ❢♦	 ❤✐❣❤❡	 ▼✉�❤② $❛	❛♠❡
❡	�✳

❋♦	 105 
❤❡ �❤❛♣❡ ❝♦		❡❧❛
❡❞ ♣	❡

② ❣♦♦❞ ❢♦	 
❤❡ ✇❤♦❧❡ ❝❛❧❝✉❧❛
✐♦♥✱ ❢♦	 106 ❛❢
❡	 60♠✐♥


❤❡ �♦❧✐❞ $❈▼ ❜❡❣❛♥ 
♦ �'✉❛	❡ ♦✛✳ ❲❤❡♥ 
❛❦✐♥❣ ❡✈❡	②
❤✐♥❣ ✐♥
♦ ❛❝❝♦✉♥
 Amush = 106

❣❛✈❡ 
❤❡ ♦✈❡	❛❧❧ ❜❡�
 	❡�✉❧
�✳ ❚❤❡ ♦✈❡	❛❧❧ ❡✛❡❝
 ♦❢ 
❤❡ ♠✉�❤② ♣❛	❛♠❡
❡	 ❛♥❞ 
❤❡ ♠❡❧
✐♥❣

	❛
❡ �❤♦✇❡❞ 
❤❡ ❡①♣❡❝
❡❞ 	❡�✉❧
�✿ ❚❤❡ ❈❛	♠❛♥✲❑♦�❡♥② ❡'✉❛
✐♦♥� ❞❛♠♣❡♥❡❞ 
❤❡ ♠♦♠❡♥


❡'✉❛
✐♦♥ ❛� �♦♦♥ ❛� 
❤❡ ❧✐'✉✐❞ ❢	❛❝
✐♦♥ ❛♣♣	♦❛❝❤❡❞ ✵ ❛♥❞ ❤✐❣❤ ♠✉�❤② ♣❛	❛♠❡
❡	 ✐♥❝	❡❛�❡❞


❤❡ ❛	❡❛ ♦❢ �
❛
✐❝ $❈▼ ✐♥ 
❤❡ ♠✉�❤② 	❡❣✐♦♥ ❛♥❞ 
❤✉� 	❡❞✉❝❡❞ ❝♦♥✈❡❝
✐♦♥ ❛♥❞ ❤❡❛
 
	❛♥�❢❡	✳

✺✳✸ ❙❡�✲✉♣

❚❤❡ ✐♥
❡♥
✐♦♥ ♦❢ 
❤✐� �✉❜�❡❝
✐♦♥ ✐� 
♦ ♣	❡�❡♥
 
❤❡ ♠❛
❡	✐❛❧ ♣	♦♣❡	
✐❡� ❛♥❞ ❣❧♦❜❛❧ ❝❛❧❝✉❧❛
✐♦♥

�❡

✐♥❣� ✉�❡❞ ✐♥ ❛❧❧ ♠♦❞❡❧� 
❤	♦✉❣❤♦✉
 
❤✐� 
❤❡�✐�✳ ❆❧❧ 	❡❛❧ ♠❛
❡	✐❛❧�✱ 
❤❛
 ✇❡	❡ ✐♥
❡♥❞❡❞


♦ ❜❡ ✉�❡❞ ❛	❡ ❧✐�
❡❞ ✐♥ 
❛❜✳ ✷✱ ✇❤✐❧❡ 
❤❡ ❛❝
✉❛❧ ❝❛❧❝✉❧❛
✐♦♥ ♣	♦♣❡	
✐❡� ❛	❡ ❧✐�
❡❞ ✐♥ 
❛❜✳ ✸✳

✺✳✸✳✶ ▼❛�❡	✐❛❧ �	♦♣❡	�✐❡�

❘❡❛❧ ♠❛�❡	✐❛❧ ♣	♦♣❡	�✐❡�

✈❛❧✉❡� ❛
 ✷✼✸✳✶✺ ❑ ❍✷❖❧
✶ ✇❛
❡	✲❚❇❆❇❧❬✶✵❪ ❉✶✷✱ ❆♣♣❡♥❞✐① ❆


❡♠♣❡	❛
✉	❡ ❞❡♣❡♥❞❡♥❝❡ ✐♥❝❧✉❞❡❞ $❈▼✶ $❈▼✷ ❍❚❋

❞❡♥�✐
② kg

m3 ✾✾✽✳✷ ✶✵✸✵ ✼✼✻

❤❡❛
 ❝❛♣❛❝✐
② J
kgK

✹✶✽✷ ✷✺✵✵ ✷✵✷✺


❤❡	♠❛❧ ❝♦♥❞✉❝
✐✈✐
② W
mK

✵✳✻ ✵✳✸✸ ✵✳✶✶✸

❞②♥❛♠✐❝ ✈✐�❝♦�✐
② Pas ✵✳✵✵✶✵✵✸ ✵✳✵✶✷ ✉♥❦♥♦✇♥

♠♦❧❡❝✉❧❛	 ✇❡✐❣❤
 kg

kmol
✶✽✳✵✶✺✷ ✉♥❦♥♦✇♥ ✉♥❦♥♦✇♥

�
❛♥❞❛	❞ �
❛
❡ ❡♥
❤❛❧♣② J
kgmol

−2.854812 · 108 ✉♥❦♥♦✇♥ ✉♥❦♥♦✇♥

♣✉	❡ �♦❧✈❡♥
 ♠❡❧
✐♥❣ ❤❡❛
 J
kg

✸✸✹✵✵✵ ❬✷❪ ✶✾✸ ✉♥❦♥♦✇♥

�♦❧✐❞✐✜❝❛
✐♦♥ 
❡♠♣❡	❛
✉	❡ K ✷✼✸✳✶✺ ✷✽✹✳✾✺ ✉♥❦♥♦✇♥

❚❛❜❧❡ ✷✿ ▼❛�❡�✐❛❧ ♣�♦♣❡��✐❡
 ♦❢ ❍✷❖✱ ❉✶✷ ❛♥❞ ✇❛�❡�✲❚❇❆❇

✶❱❛❧✉❡� �❛❦❡♥ ❢�♦♠ �❤❡ ❆◆❙❨❙ ❋❧✉❡♥� ❞❛�❛❜❛�❡✱ ❡①❝❡♣� ✇❡�❡ �♣❡❝✐✜❡❞
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✷✼

❉❡✜♥❡❞ ♣�♦♣❡�	✐❡� ❢♦� 	❤❡ ❝❛❧❝✉❧❛	✐♦♥�

✈❛❧✉❡� ❛	 ✷✼✸✳✶✺❑ ❍✷❖ ❉✶✷❑

	❡♠♣❡�❛	✉�❡ ❞❡♣❡♥❞❡♥❝❡ ✐♥❝❧✉❞❡❞ �❈▼✶ �❈▼✷ ❍❚❋

❞❡♥�✐	② kg

m3 ✾✾✽✳✷ ✶✵✸✵ ♣✇✱ ✼✼✻

❤❡❛	 ❝❛♣❛❝✐	② J
kgK

✹✶✽✷ ✹✶✽✷ ♣✇✱ ✷✵✷✺

	❤❡�♠❛❧ ❝♦♥❞✉❝	✐✈✐	② W
mK

✵✳✻ ✵✳✻ ∝ T ✷✱ ✵✳✶✶✷✽

❞②♥❛♠✐❝ ✈✐�❝♦�✐	② Pas ✵✳✵✵✶✵✵✸ ✵✳✵✶✷ ♣✇✱ ✵✳✵✵✶✾✸

♠♦❧❡❝✉❧❛� ✇❡✐❣❤	 kg

kmol
✶✽✳✵✶✺✷ ✶✽✳✵✶✺✷ ✷✽✳✾✻✻

�	❛♥❞❛�❞ �	❛	❡ ❡♥	❤❛❧♣② J
kgmol

−2.854812 · 108 −2.854812 · 108 ✵

�❡❢❡�❡♥❝❡ 	❡♠♣❡�❛	✉�❡ K ✷✾✽ ✷✾✽ ✷✾✽✳✶✺

♣✉�❡ �♦❧✈❡♥	 ♠❡❧	✐♥❣ ❤❡❛	 J
kg

✸✸✹✵✵✵ ✶✽✺✵✵✵ ✵

�♦❧✐❞✐✜❝❛	✐♦♥ 	❡♠♣❡�❛	✉�❡ K ✷✼✸✳✶✺ ✷✽✺✳✶✺ ✵

♠❡❧	✐♥❣ 	❡♠♣❡�❛	✉�❡ K

❚❛❜❧❡ ✸✿ ▼❛�❡�✐❛❧ ♣�♦♣❡��✐❡
 ✉
❡❞ ❢♦� �❈▼
 ❛♥❞ ❍❚❋✳ ❚❤❡ ✈❛❧✉❡
 ❢♦� ❉✶✷ ✇❡�❡ ❡✐�❤❡� ❡♥�❡�❡❞

✐♥ �❡♠♣❡�❛�✉�❡ ❞❡♣❡♥❞❡♥❝❡ ❛
 ♣✐❡❝❡✇✐
❡✲❧✐♥❡❛� ✭♠❛�❦❡❞ ❜② ❛♥ ❛❞❞✐�✐♦♥❛❧ ✧❵♣✇✧✬✮✱ ❛
 ❛ ♣♦❧②♥♦♠✐❛❧


❡❝♦♥❞ ♦�❞❡� ♦� ❛
 ❛ ❝♦♥
�❛♥� ✈❛❧✉❡✳ ■❢ ❛ ✈❛❧✉❡ ✐
 ✇�✐��❡♥ ❡①♣❧✐❝✐�❧②✱ �❤❡ ✈❛❧✉❡ ❢♦� ✷✼✸✳✶✺❑ ✇❛


❝❤♦
❡♥✱ ❛
 ❛ �❡❢❡�❡♥❝❡ �♦ �❤❡ 
♦❧✐❞✐✜❝❛�✐♦♥ ♣♦✐♥� ♦❢ ❍✷❖✳ ❆❧❧ ♦�❤❡� ✈❛❧✉❡
 ❝❛♥ ❜❡ ❧♦♦❦❡❞ ✉♣ ✐♥

❛♣♣❡♥❞✐① ❆

❚❤❡ 	❤❡�♠❛❧ ❝♦♥❞✉❝	✐✈✐	② ♦❢ ❉✶✷ ✇❛� ❡♥	❡�❡❞ ❛� ❛ ♣♦❧②♥♦♠✐❛❧ �❡❝♦♥❞ ♦�❞❡�✱ ❝�❡❛	❡❞ ❢�♦♠

❛♣♣❡♥❞✐① ❆✱ ✇✐	❤ 	❤❡ ❢♦❧❧♦✇✐♥❣ ❡-✉❛	✐♦♥✿ 0.1128− 0.0001T− 2 · 10−7T2✳

■	 ❝❛♥ ❜❡ ❝❧❡❛�❧② �❡❡♥ 	❤❛	 �♦♠❡ ♦❢ 	❤❡ ❍✷❖ ❞❛	❛ ✐� ✐❞❡♥	✐❝❛❧ ✇✐	❤ 	❤❡ ❚❇❆❇ ❞❛	❛✳ ❆�

	❤❡ ✐♥✐	✐❛❧ 	❡�	✐♥❣ ✇❛� ❞♦♥❡ ✇✐	❤♦✉	 �♦❧✐❞✐✜❝❛	✐♦♥✱ ✐	 ✇❛� ♥♦	 ♣♦��✐❜❧❡ 	♦ ❡♥	❡� ❛♥② 	❤❡�✲

♠♦❞②♥❛♠✐❝ ✈❛❧✉❡� ✐♥	♦ ❋❧✉❡♥	✳ ❚❤❡ ✈❛❧✉❡� ♦❢ ❞❡♥�✐	② ❛♥❞ ✈✐�❝♦�✐	② ✇❡�❡ �❡	 ❛❝❝♦�❞✐♥❣❧②

	♦ ♦♥❡ ❝❛❧❝✉❧❛	✐♦♥ ❜② ❆♥❞�❡❛� ❆♥♠❛♥♥✳ ❲❤❡♥ ❛❝	✐✈❛	✐♥❣ ❛❞❞✐	✐♦♥❛❧ �♦❧✈✐♥❣ �❡		✐♥❣� ✐♥

❆◆❙❨❙ ❋❧✉❡♥	✱ 	❤❛	 ❝❤❛♥❣❡❞ ♠❛	❡�✐❛❧ ♣�♦♣❡�	✐❡�✳ ❚❤❡ ♣�♦❣�❛♠ 	❤❡♥ ✉�❡� 	❤❡ ✈❛❧✉❡� ♦❢

❍✷❖ ❛✉	♦♠❛	✐❝❛❧❧② ❢♦� ✢✉✐❞� ❛♥❞ ❛�❦� ❢♦� �❡✈✐❡✇✐♥❣ 	❤❡�❡ �❡		✐♥❣�✳ ❋♦� 	❤❡ 	❡�	✐♥❣ �✉♥�

✇✐	❤ �♦❧✐❞✐✜❝❛	✐♦♥ 	❤❡ ❛✉	❤♦� �✐♠♣❧② ❢♦�❣♦	 	♦ �❡✈✐❡✇ 	❤❡ ♠❛	❡�✐❛❧ ♣❛�❛♠❡	❡�� ❢�♦♠ ❬✾❪✳

❚❤❡ ✈❛❧✉❡� ♦❢ �♦❧✐❞✐✜❝❛	✐♦♥ 	❡♠♣❡�❛	✉�❡ ❛♥❞ ♠❡❧	✐♥❣ ❤❡❛	 ✇❡�❡ �❡	 ❛❢	❡� ❝♦♥�✉❧	✐♥❣ 	❤❡

❝♦✲�✉♣❡�✈✐�♦�✳ ❚❤❡�❡ �❡		✐♥❣� ✇❡�❡ ❦❡♣	 ❢♦� 	❤❡ ✜♥❛❧ ❝❛❧❝✉❧❛	✐♦♥�✳ ❚❤❡ ❡��♦� ❤❛� ❜❡❡♥

❞❡	❡❝	❡❞ ♦♥❧② ❛❢	❡� 	❤❡ ❝❛❧❝✉❧❛	✐♦♥� ♦❢ 	❤❡ ♣❛�❛♠❡	❡� �	✉❞② ❛❧�❡❛❞② ❤❛❞ ❜❡❡♥ ❝♦♠♣❧❡	❡❞✳

❙✐♥❝❡ 	❤❡ ✐♥	❡♥	✐♦♥ ♦❢ 	❤✐� 	❤❡�✐� ✇❛� ♦♥❧② 	♦ ❣✐✈❡ ❛♥ ✐♠♣�❡��✐♦♥ ♦❢ 	❤❡ ❡✛❡❝	� ♦❢ 	❤❡

♣❛�❛♠❡	❡� ❝❤❛♥❣❡� 	♦ 	❤❡ �❡�✉❧	�✱ 	❤❡ ❝♦��❡❝	♥❡�� ♦❢ 	❤❡ ♠❛	❡�✐❛❧ ♣�♦♣❡�	✐❡� ✇♦✉❧❞ ❤❛✈❡

❜❡❡♥ ❛ ✜♥❡ ❛❞❞✐	✐♦♥ ❜✉	 ♥❡✈❡�	❤❡❧❡�� ♥♦	 ❝♦♠♣❧❡	❡❧② ♥❡❝❡��❛�②✳ ❚❤❡ �❈▼✷ ✐� 	❤❡�❡❢♦�❡

�❡❢❡��❡❞ 	♦ ❛� �❈▼✷✱ ✐♥�	❡❛❞ ♦❢ ✇❛	❡�✲❚❇❆❇✳ ❋✉�	❤❡�♠♦�❡ ♠✐�	❛❦❡♥❧② ♥♦ 	❡♠♣❡�❛	✉�❡

❞❡♣❡♥❞❡♥❝❡ ❢♦� 	❤❡ ❞❡♥�✐	② ♦❢ 	❤❡ �❈▼ �❡	✳ ❚❤❡ ✈❛❧✉❡ ✐� ❝♦♥�	❛♥	 ❛	 ❛❧❧ 	✐♠❡�✳ ❚❤✐�

♠❡❛♥� 	❤❛	 	❤❡ ❢�❡❡③✐♥❣ ♣�♦❝❡�� ✐� ♦♥❧② ❞❡✜♥❡❞ ✐♥ ❛♥ ✐♥✜♥✐	❡ ✈✐�❝♦�✐	② ❛� ✐♥ 	❤❡ �	❛♥❞❛�❞

�❡		✐♥❣ ❜② ✢✉❡♥	✳ ❚❤❡ ❍❚❋ ✇❛� �❛✈❡❞ ✇✐	❤ 	❡♠♣❡�❛	✉�❡ ❞❡♣❡♥❞❡♥❝❡ ❛� ✐♥ 	❤❡ ❞❛	❛ �❤❡❡	

✐♥ 	❤❡ ❛♣♣❡♥❞✐① ❆ ✇✐	❤ 	❤❡ ✐♥	❡♥	✐♦♥ ♦❢ �❤❛�✐♥❣ ❛ ❝♦♠♣❧❡	❡ ✢✉❡♥	 ❞❛	❛❜❛�❡ ✜❧❡ ✇✐	❤ 	❤❡

�❡�	 ♦❢ 	❤❡ 	❡❛♠ ❢♦� ❢✉	✉�❡ �✐♠✉❧❛	✐♦♥� 	❤❛	 ♠❛② ❤❛✈❡ ❛ ✇✐❞❡� 	❡♠♣❡�❛	✉�❡ �❛♥❣❡✳ ◆❡✈❡�✲

	❤❡❧❡��✱ 	❤❡ ✈❛❧✉❡� ❝♦✉❧❞ ❤❛✈❡ ❜❡❡♥ �❡	 	♦ ❝♦♥�	❛♥	 ❢♦� 	❤❡ ♠♦�	 ♣❛�	✱ ❛� 	❤❡ 	❡♠♣❡�❛	✉�❡
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✷✽

❞✐✛❡�❡♥❝❡
 ❛�❡ �❡❧❛✐✈❡❧② 
♠❛❧❧✳ ❚❤❡ ♣�♦♣❡�✐❡
 ♥❡❝❡

❛�② ❢♦� ❤❡ ♣❤❛
❡ ❝❤❛♥❣❡ ✇❡�❡ ♥♦


♣❡❝✐✜❡❞ ❛♥❞ ❧❡❢ ❛ ✵ ✐♥❡♥✐♦♥❛❧❧②✱ ❛
 ❛ ♣❤❛
❡ �❛♥
✐✐♦♥ ♦❢ ❤❡ ❍❚❋ ✐
 ✉♥✇❛♥❡❞ ❛♥❞

✐♠♣♦

✐❜❧❡ ✉♥❞❡� ❤❡ ♣❛�❛♠❡❡� �❛♥❣❡ ✉
❡❞ ❢♦� ❛❧❧ 
✐♠✉❧❛✐♦♥
 ♦❢ ❤✐
 ♣�♦❥❡❝✳

✺✳✸✳✷ ●❡♦♠❡	
② ❛♥❞ ▼❡�❤

❆♥ ❡✈❛❧✉❛✐♦♥ ♦❢ ❤❡ �❡
✉❧
 ❢♦� ❞✐✛❡�❡♥ ❣❡♦♠❡�✐❡
✱ ♠❡
❤ ❛♥❞ ✐♠❡✲
❡♣ 
✐③❡
 �❡
✉❧❡❞ ✐♥

❤❡ ❢♦❧❧♦✇✐♥❣ ♠♦❞❡❧✿

❼ (x, y, z) = (5, 10, 5)♠♠✱ ♦�✐❣✐♥❛❧❧② ✐♥❡♥❞❡❞ ✇✐❤ ❍✷❖

❼ (x, y, z) = (5, 12.5, 5)♠♠✱ ✜♥❛❧ ❣❡♦♠❡�② ✇✐❤ &❈▼✷

❼ ∆ ≤ 40 s
3m

∆x

❋♦� ❢✉�❤❡� �❡❢❡�❡♥❝❡
 ❤❡ ❞❡❛✐❧❡❞ ♣�♦❝❡

 ✐
 ❡①♣❧❛✐♥❡❞ ✐♥ ❆♣♣❡♥❞✐① ❇✳ ❍♦✇❡✈❡�✱ ♦♥❡


♣❡❝✐✜❝ ❝❤❛♥❣❡ ❞✉❡ ♦ ❤❡ ♠❡
❤ 
❡✐♥❣
 ❤❛
 ♦ ❜❡ ❞✐
❝✉

❡❞ 
❤♦�❧②✳ ❆❧❧ ♠♦❞❡❧
 ❞✉�✐♥❣

❤❡ ❡
✐♥❣ 
❛❣❡ ❝♦♥
✐
 ♦❢ ❛♥ ♦✉❧❡ rout = 0.4mm = rin ❛ ♦♥❡ ❝♦�♥❡� ❛ ❤❡ ♦♣ ✇✐❤

❛ ❝✐�❝✉❧❛� 
❤❛♣❡✱ ❞❡✜♥❡❞ ✐♥ ❤❡ ❣❡♦♠❡�② ❛
 ❝✐�❝✉❧❛�✳ ❚❤❡ ✐♥❧❡ ✇❛
 ❛❧✇❛②
 ♣❧❛❝❡❞ ❛ ❤❡

❜♦♦♠ ❝❡♥�❡✱ �❡
✉❧✐♥❣ ✐♥ ❤❡ 
❛♠❡ ♠❡
❤ 
♣❡❝✐✜❝ ❝❤❛♥❣❡✳ ❯
✐♥❣ ❞✐✛❡�❡♥ ②♣❡
 ♦❢ ♠❡
❤

❢♦� ❤❡ ✐♥❧❡ ❛♥❞ ❤❡ 
✉��♦✉♥❞✐♥❣ ❛�❡❛ �❡
✉❧❡❞ ✐♥ ✉♥❡✈❡♥ ❝❡❧❧
 ❢♦� ❤❡ ❜♦♦♠✳ ❆
 ❤✐


✇♦✉❧❞ ❜❡ ♠♦�❡ ❝♦♠♣❧✐❝❛❡❞ ♦ ❝❛❧❝✉❧❛❡ ❛♥❞ ♦ ❡✈❛❧✉❛❡✱ ✐ ✇❛
 ❞❡❝✐❞❡❞ ♦ ❧❛② ❛ ♠✉❧✐✲

③♦♥❡ ❤❡①❛❣♦♥❛❧ ♠❡
❤ ♦✈❡� ❝♦♠♣❧❡❡ ❣❡♦♠❡�②✳ ❚❤✐
✱ ❤♦✇❡✈❡�✱ �❡
✉❧❡❞ ✐♥ ✐♥❝♦��❡❝ ✐♥❧❡


❤❛♣❡
✱ ❛
 ❋❧✉❡♥ ❤❛❞ ♦ ✜♥❞ ❤❡ ❝❧♦
❡
 ♣♦

✐❜❧❡ ❛❞❛♣❛✐♦♥✱ ✇❤✐❝❤✱ ♦❢ ❝♦✉�
❡✱ ✐
 ❡❛
✐❡� ❤❡


♠❛❧❧❡� ❤❡ ❣�✐❞ ✇❛
 ❝❤♦
❡♥✳ ❆
 ❤❡ 
✐♠✉❧❛✐♦♥
 ❛�❡ ❞❡
✐❣♥❡❞ ♦ ❡✈❛❧✉❛❡ ❤❡ ✐♥❡�❛❝✐♦♥

❜❡✇❡❡♥ &❈▼ ❛♥❞ ❍❚❋✱ ❛
 ✇❡❧❧ ❛
 ❤❡ ✢✉✐❞✲❞②♥❛♠✐❝ ❛♥❞ ❤❡�♠❛❧ ❜❡❤❛✈✐♦✉� ♦✈❡� ❤❡

✇❤♦❧❡ ♠♦❞❡❧✱ ❤❡ ✉♥❝❡�❛✐♥✐❡
 ❛�❡ ♥❡❣❧✐❣✐❜❧❡✳ ❚❤❡ ✐♥❡♥❞❡❞ ❛�❡❛ ✇♦✉❧❞ ❜❡ 5.0 · 10−7 ♠✷

✇❤❡♥ ✉
✐♥❣ ❤❡ ❢♦�♠✉❧❛ ❢♦� ❛ ❝✐�❝❧❡✳ ❲✐❤ ❛♥ ❛�❡❛ ♦❢ 4.6 · 10−7 ♠✷ ❢♦� ❛ ♠❡
❤ ✇✐❞❤ ♦❢

✵✳✶ ♠♠ ❤✐
 ❝♦♠❡
 ❝❧♦
❡ ❡♥♦✉❣❤ ✭✽ ✪ 
♠❛❧❧❡�✮✳ ❋♦� ❛ ✵✳✸ ♠♠ ♠❡
❤ ✇✐❞❤ ❤❡ ✈❛❧✉❡ ✐
 ♦♥❧②

3.5 · 10−7 ♠✷ ❛♥❞ ✐
 
♠❛❧❧❡� ❜② ♦♥❡ ❤✐�❞✳ ❚❤✐
 ♠❡
❤ ❞✐✛❡�❡♥❝❡
 ♠❡❛♥✱ ♦❢ ❝♦✉�
❡✱ ❤❛

❣❡♦♠❡�✐❝ ✈❛❧✉❡
 ❝❛♥ ♦♥❧② ❜❡ ❛❦❡♥ ✐♥ �❡❣❛�❞ ♦ ❤❡ �❡
♦❧✉✐♦♥✳ ❆ ✈❛❧✉❡ ♦❢✱ ❡✳❣✳✱ ✶✳✽ ♠♠

❢♦� ∆x = 0.3♠♠ ♠❡❛♥
 ❤❡�❡❢♦�❡ ❛❝✉❛❧❧② ❛ ✈❛❧✉❡ ✐♥ ❤❡ �❛♥❣❡ ♦❢ ❬✶✳✻✺❀✶✳✾✺❪ ♠♠ ❛♥❞ ✐


❡

❡♥✐❛❧❧② ❤❡ 
❛♠❡ ✈❛❧✉❡ ❛
✱ ❡✳❣✳✱ ✶✳✾ ♠♠✳

❋♦� ❤❡ ✐♥❧❡ ✇✐❤ ❛ ❞❡♥
✐② ♦❢ 783 kg

m3 ❢♦� ❉✶✷ ❛ ✷✻✸✳✶✺ ❑ ❛♥❞ 776 kg

m3 ❛� ✷✼✸✳✶✺❑

✭✐♥❧❡� �❡♠♣❡�❛�✉�❡ ✐� ✶✵❑ ❜❡❧♦✇ �♦❧✐❞✐✜❝❛�✐♦♥ �❡♠♣❡�❛�✉�❡ ♦❢ �❤❡ �❈▼ ❛♥❞ ✶✶❑ ❜❡❧♦✇

✐♥✐�✐❛❧✐�❛�✐♦♥ �❡♠♣❡�❛�✉�❡✮ �❤✐� �❡�✉❧�� ✐♥ ❛ ♠❛�� ���❡❛♠ ♦❢ ṁ = ρV̇ = ρAv = 1.4 · 10−4 kg

s

❢♦� ❛ ♠❡�❤ ♦❢ ✵✳✶♠♠ ❛♥❞ 1.1 · 10−4 kg

s
❢♦� ✵✳✸♠♠✳ ■♥ ❘❡②♥♦❧❞� ♥✉♠❜❡�� �❤✐� ♠❡❛♥� ✇✐�❤

❛ ❦✐♥❡♠❛�✐❝ ✈✐�❝♦�✐�② ♦❢ 1.93 · 10−3Pas ❛♥ ✐♥�❡♥❞❡❞ ✈❛❧✉❡ ♦❢ ✶✷✽✳✼ ❛♥❞ ❜② ❝❛❧❝✉❧❛�✐♥❣ �❤❡

❡(✉✐✈❛❧❡♥� ❞✐❛♠❡�❡� ❢♦� ❛ ❝✐�❝❧❡ ✶✷✸✳✶ ❢♦� ✵✳✶♠♠ ❛♥❞ ✶✵✻✳✽ ❢♦� ✵✳✸♠♠✳
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✷✾

✺✳✸✳✸ ❈❛❧❝✉❧❛	✐♦♥ ❙❡		✐♥❣�

❚❤❡ ❢♦❧❧♦✇✐♥❣ ❡��✐♥❣ ✇❡�❡ ✉❡❞ ❞✉�✐♥❣ ✐♥✐�✐❛❧ �❡�✐♥❣✿

❼ ●❧♦❜❛❧ ❡��✐♥❣✿ ♣�❡✉�❡✲❜❛❡❞ ♦❧✈❡� ✱ ❛❜♦❧✉�❡ ✈❡❧♦❝✐�②✱ ��❛♥✐❡♥�

❼
−→g =

⎛

⎝

gx

gy

gz

⎞

⎠ =

⎛

⎝

0

−9.81

0

⎞

⎠

m
s2

❼ ▼♦❞❡❧ ❡��✐♥❣✿

▼✉❧�✐♣❤❛❡ ✭❱❖❋✮✿

✷ ❡✉❧❡�✐❛♥ ♣❤❛❡✱ ❡①♣❧✐❝✐�✱ ❤❛�♣ ✐♥�❡�❢❛❝❡✱ ✈♦❧✉♠❡ ❢�❛❝�✐♦♥ ❝✉�✲♦✛ ✶✵ ✲✻

❝♦✉�❛♥� ♥✉♠❜❡� ✵✳✷✺✱ ✐♠♣❧✐❝✐� ❜♦❞② ❢♦�❝❡

σ = 0.0173 N
m
✱ ❝♦♥�✐♥✉✉♠ ✉�❢❛❝❡ ❢♦�❝❡✱ ✇❛❧❧ ❛❞❤❡✐♦♥ ♦♥

❊♥❡�❣②

✈✐❝♦✉ ✭❧❛♠✐♥❛�✮

♦❧✐❞✐✜❝❛�✐♦♥ ✫ ♠❡❧�✐♥❣

❼ ▼❛�❡�✐❛❧ ♣�♦♣❡��✐❡ ♦❢ ,❈▼✷ ❛♥❞ ❉✶✷✱ ❡❡ �❛❜✳ ✸

❼ ❲❛❧❧ ❜♦✉♥❞❛�②✿ ♥♦ ❧✐♣ ❝♦♥❞✐�✐♦♥✷✱ φ = 90➦♦♥ ❛❧❧ ✇❛❧❧

❼ ❙♦❧✈❡� ❡��✐♥❣✸✿

,�❡✉�❡✲✈❡❧♦❝✐�②✲❝♦✉♣❧✐♥❣ − ❙■▼,▲❊

,�❡✉�❡ ❣�❛❞✐❡♥� − ▲❡❛� ❙4✉❛�❡ ❈❡❧❧ ❇❛❡❞

❱♦❧✉♠❡ ❢�❛❝�✐♦♥ − ●❡♦✲❘❡❝♦♥��✉❝�

❊♥❡�❣② − ❙❡❝♦♥❞ ♦�❞❡� ❯♣✇✐♥❞

❚�❛♥✐❡♥� ❢♦�♠✉❧❛�✐♦♥ − ❋✐�� ❖�❞❡� ■♠♣❧✐❝✐�

❼ ❘❡✐❞✉❛❧✿ ❝♦♥�✐♥✉✐�②✱ vx,y,z✱ ❡♥❡�❣② − ❛❜♦❧✉�❡ ❝♦♥✈❡�❣❡♥❝❡ ♦❢ 10−6

❼ ■♥✐�✐❛❧✐❛�✐♦♥✿ T0 = Tm + 1K✱ υHTF = 0

✷❚❤❡ �❛♥❣❡♥�✐❛❧ ✈❡❧♦❝✐�② ♦♥ �❤❡ ♣❤❛�❡ ❜♦✉♥❞❛�② ✐� ❡�✉❛❧ ❢♦� ❜♦�❤ ♣❤❛�❡�✳❬✶✹❪
✸❆� ✉�❡❞ ✐♥ �❤❡ ♣�❡❧✐♠✐♥❛�② ��✉❞✐❡� ✐♥ ❬✶✵❪✱ ✇❤✐❝❤ ✇❛� ❞♦♥❡ ❢♦� ✉♥❞❡���❛♥❞✐♥❣ �❤❡ ��❛♥�✐❡♥� ❜❡❤❛✈✐♦✉�

❛♥❞ ❧✐♠✐�✐♥❣ �❤❡ ❤❡❛� ��❛♥�❢❡� ❝♦❡✣❝✐❡♥� ✐♥ ❝♦♠♣✉�❡� �✐♠✉❧❛�✐♦♥� ❞❡�❝�✐❜✐♥❣ �❤❡ ❍❚❋ ❞�♦♣❧❡� ❛♥❞ �❤❡

✐♥❝♦♠✐♥❣ ���❡❛♠ ✐♥ ❛ ❞✐�❡❝� ❝♦♥�❛❝� ❧❛�❡♥� ❤❡❛� ��♦�❛❣❡ ✇✐�❤ ✇❛�❡�✲❚❇❆❇ ❛♥❞ ❚❤❡�♠✐♥♦❧ ❆❉❳✶✵✳
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✸✵

✺✳✹ ❊♥❡�❣② ❜❛❧❛♥❝❡

❆❝❝♦�❞✐♥❣ �♦ �❤❡ ❆◆❙❨❙ ▼❛♥✉❛❧ �❤❡ ❝♦♠♣✉�❛�✐♦♥ ♦❢ �❤❡ ❤❡❛� ��❛♥�❢❡� �❛�❡ �❤�♦✉❣❤ �❤❡

❢❛❝❡ ❞❡♣❡♥❞� ♦♥ �❤❡ ❜♦✉♥❞❛�② �②♣❡✳ ❆� �❤❡ ♠❛✐♥ ❡�✉❛�✐♦♥� ✐♥ ❆◆❙❨❙ ❋❧✉❡♥� ❞✐❞♥✬�

❝❤❛♥❣❡ ♦✈❡� �✐♠❡ �❤❡ ✜��� �♦✉�❝❡ ❢♦✉♥❞ ✇❛� �❛❦❡♥✳ ❚❤✐� ✐♥❝❧✉❞❡� �❤❡ ♠❛♥✉❛❧� ❢♦� �❤❡

❆◆❙❨❙ ❱❡��✐♦♥� ✶✷✳✵✱ ✶✽✳✵ ❛♥❞ ✶✾✳✶✳ ❬✸✱ ✻✱ ✼❪ ❋♦� ✢♦✇ ❜♦✉♥❞❛�✐❡�✱ ❛� �❤❡ ✐♥❧❡� ♦� �❤❡

♦✉�❧❡�✱ ✐� ✐� �❤❡ ✢♦✇ �❛�❡ ♦❢ �❤❡ ❝♦♥�❡�✈❡❞ �✉❛♥�✐�②✳ ❋♦� ❝♦♠❜✐♥❡❞ ♠♦❞❡� �❤❡ �♦�❛❧ ❤❡❛�

��❛♥�❢❡� �❛�❡ ✐� ❝❛❧❝✉❧❛�❡❞ ✇✐�❤ �❤❡ ❤❡❛� ��❛♥�❢❡� ❝♦❡✣❝✐❡♥� α✱ �❤❡ �✉�❢❛❝❡ ❛�❡❛ ♦❢ �❤❡ ❤❡❛�

��❛♥�❢❡� A ❛♥❞ �❤❡ �❡♠♣❡�❛�✉�❡ ❞✐✛❡�❡♥❝❡ ❜❡�✇❡❡♥ �❤❡ �♦❧✐❞ �✉�❢❛❝❡ ❛♥❞ �❤❡ �✉��♦✉♥❞✐♥❣

✢✉✐❞ T1,2 ❬✽❪✿

Q̇ = αA(T2 − T1), α =
q

T2 − T1

✭✹✼✮

❚❤❡ ❤❡❛� ��❛♥�❢❡� �❛�❡ ✇❛� ❝❛❧❝✉❧❛�❡❞ ❜② ❆◆❙❨❙ ❋❧✉❡♥� ❢♦� �❤❡ ✐♥❧❡� ❛♥❞ ❢♦� �❤❡ ♦✉�❧❡� ❛�

❡❛❝❤ �✐♠❡✲��❡♣ ❢♦� ❛ ❧♦♥❣❡� ✢♦✇ �✐♠❡✳ ❆♥ ❧✐♥❡❛� ❡①��❛♣♦❧❛�✐♦♥ ♦❢ �❤♦�� �❡�� ❝❛❧❝✉❧❛�✐♦♥� ♥♦�

�❤♦✇♥ ❤❡�❡ ♣�❡❞✐❝�❡❞ ❛ ❝♦♠♣❧❡�❡ �♦❧✐❞✐✜❝❛�✐♦♥ ❛❢�❡� 36 �✳ ❚❤✐� ✇❛� �❤❡�❡❢♦�❡ �❤❡ �❡��✐♥❣

✉�❡❞ ✐♥ �❤❡ ♥❡①� ��❡♣✳ ❆� ✇✐❧❧ ❜❡ �❤♦✇♥ ❧❛�❡�✱ �❤❡ ❢�❡❡③✐♥❣ ♣�♦❝❡�� ��❛��� ❛♣♣�♦①✐♠❛�❡❧②

❧✐♥❡❛� ❜✉� ❜❡❝♦♠❡� ♠♦�❡ ❛♥❞ ♠♦�❡ ❛�②♠♣�♦�✐❝ ❛❢�❡� ❧♦♥❣❡� �✐♠❡✳ ❚❤❡ ❛❝�✉❛❧ ❧✐�✉✐❞ ❢�❛❝�✐♦♥

❛❝❤✐❡✈❡❞ ✇❛� ❛� 26✪ ❢♦� ∆x = 0.3♠♠ ❛♥❞ ❛� 28✪ ❢♦� ∆x = 0.1♠♠✳ ❉✉❡ �♦ �❤❡

❧♦♥❣❡� �✐♠✉❧❛�✐♦♥ �✐♠❡ ♠♦�❡ �❡�♦✉�❝❡� ✇❡�❡ ♥❡❡❞❡❞✳

❋�♦♠ �❤✐� ♣♦✐♥� ♦♥ ❛❧❧ ❝❛❧❝✉❧❛�✐♦♥� ✇❡�❡ ❞♦♥❡ ✇✐�❤ �❤❡ ❱✐❡♥♥❛ ❙❝✐❡♥�✐✜❝ ❈❧✉��❡� ✸ ✭❱❙❈✸✮✳

❚❤❡ ❱❙❈ ✸ ✐� ❛ ❣❡♥❡�❛❧✲♣✉�♣♦�❡ ▲✐♥✉① ❝❧✉��❡� ✇✐�❤ ✷✽✵✵ ❝♦♠♣✉�❡ ♥♦❞❡� ❛♥❞ ◆❱■❉■❆

●❡❋♦�❝❡ ●❚❳ ✶✵✽✵ ●?❯�✳ ❚❤❡ ❛❝❝❡��❡❞ ♥♦❞❡� ❢♦� �❤✐� ♣�♦❥❡❝� ✇❡�❡ ❡❛❝❤ ❡�✉✐♣♣❡❞ ✇✐�❤

�✇♦ ■♥�❡❧ ❳❡♦♥ ❊✺✲✷✻✺✵✈✷✱ ♣�♦❝❡��♦�� ❛♥❞ ✶✷✽●❇ ♦� ✷✺✻●❇ ♦❢ ❘❆▼✳ ❬✺❪ ❚❤❡ ♦♥❧② ❞✐�✲

❛❞✈❛♥�❛❣❡ ♦❢ ✉�✐♥❣ �❤❡ ❱❙❈✸ ✇❛� �❤❛� ❝❛❧❝✉❧❛�✐♦♥� ❝♦✉❧❞ ♥♦� ❜❡ �✉♥ ❢♦� ❧♦♥❣❡� �❤❛♥ 72 ❤

✇✐�❤♦✉� �♣❡❝✐❛❧ ❛✉�❤♦�✐�❛�✐♦♥✳ ■� ✇❛� �❤❡�❡❢♦�❡ ��✐❡❞ �♦ ❛❝❤✐❡✈❡ ❛ ♠♦❞❡❧ �❤❛� ✐� ❛❜❧❡ �♦

♣�♦❞✉❝❡ �✉✣❝✐❡♥� �❡�✉❧�� ❛�♦✉♥❞ �❤✐� �✐♠❡ ❢�❛♠❡✳

❆ ❝♦♠♣❛�✐�♦♥ ♦❢ �❤❡ ❤❡❛� ��❛♥�❢❡� ❢♦� ♦♥❡ ❝❛❧❝✉❧❛�✐♦♥ ✇✐�❤ �♦❧✐❞✐✜❝❛�✐♦♥ ❛♥❞ �❡♠♣❡�❛�✉�❡

❝❤❛♥❣❡� ✭ Tin = Tout − 12.6K✮ ❛♥❞ ♦♥❡ ❝❛❧❝✉❧❛�✐♦♥ ✇✐�❤♦✉� �♦❧✐❞✐✜❝❛�✐♦♥ ❛♥❞ �❡♠♣❡�❛�✉�❡

❝❤❛♥❣❡� ✭ Tin = Tout✮ ✐� ♣�❡�❡♥�❡❞ ✐♥ ✜❣✳ ✶✶✳ ❚❤❡ ✐♥�❡♥�✐♦♥ ✇❛� �♦ ❝❤❡❝❦ �❤❡ ❡♥❡�❣②

❜❛❧❛♥❝❡ ♦♥ ❛ ❝❛❧❝✉❧❛�✐♦♥ ✇✐�❤ �❤❡ ❜♦✉♥❞❛�② �❡��✐♥❣� �❤❛� ✇❡�❡ ❧❛�❡� ✉�❡❞ ❢♦� �❤❡ ❜❛�❡

♠♦❞❡❧✱ ❛❧�❤♦✉❣❤ �❤❡ ♠❛�❡�✐❛❧ ♣�♦♣❡��✐❡� ❤❛❞ �♦ ❜❡ ❝❤❛♥❣❡❞✳ ■� ✇❛� ❡①♣❡❝�❡❞ �❤❛� �❤❡ �♦�❛❧

❤❡❛� ��❛♥�❢❡� �❛�❡ ❡�✉❛❧� 0✱ ❛� ♥♦ ❤❡❛� ❝❛♥ ❜❡ ❧♦�� ♦� ❣❛✐♥❡❞ ✐♥ �❤❡ �❛♥❦✳ ❚❤✐� ✐� ❢✉❧✜❧❧❡❞

✇✐�❤ �✉✣❝✐❡♥� ♣�❡❝✐�✐♦♥ ❢♦� �❤❡ ♠♦�� ♣❛�� ♦❢ �❤❡ ❝❛❧❝✉❧❛�✐♦♥✱ ❡①❝❡♣� ❛� �❤❡ ❜❡❣✐♥♥✐♥❣

❞✉�✐♥❣ �❤❡ ✜��� ❞�♦♣❧❡� ❢♦�♠❛�✐♦♥ ♣�♦❝❡��✳ ❚❤❡ �❡❝♦♥❞ ❝❛❧❝✉❧❛�✐♦♥ ✇✐�❤ �♦❧✐❞✐✜❝❛�✐♦♥ ✇❛�

✐♥�❡♥❞❡❞ ❛� ❛ ❢✉�✉�❡ �❡❢❡�❡♥❝❡ ❢♦� �❤❡ ❝❛❧❝✉❧❛�✐♦♥ ♦❢ �❤❡ ♣❛�❛♠❡�❡� ��✉❞②✳ ❆� �❤❡ ♠❛�❡�✐❛❧

♣�♦♣❡��✐❡� ❤❛❞ �♦ ❜❡ ❝❤❛♥❣❡❞ �❤✐� ✐� ♥♦� �❤❡ ❝❛�❡ ❛♥②✲♠♦�❡✳ ◆❡✈❡��❤❡❧❡�� �❤✐� ❞✐❛❣�❛♠

�❤♦✇� ✐♥ ❛♥ ❡✣❝✐❡♥� ✇❛② �❤❡ ❜❡❤❛✈✐♦✉� ♦❢ �❤❡ ❤❡❛� ��❛♥�❢❡� ✇❤❡♥ ✉�✐♥❣ ❍✷❖ ❛♥❞ ❝❛♥ ❜❡

✉�❡❞ ❛� ❢✉�✉�❡ �❡❢❡�❡♥❝❡✳ ❋✉��❤❡�♠♦�❡ ✐� ❜✐♥❞� �❤❡ ❝❤❛♥❣❡� ✐♥ �❤❡ ❤❡❛� ✢✉① �♦ ❝❤❛♥❣❡� ✐♥

�❤❡ ❍❚❋ ✈♦❧✉♠❡ ❢�❛❝�✐♦♥✱ ❛� ✇✐❧❧ ❜❡ ❡①♣❧❛✐♥❡❞ ✐♥ �❤❡ ❢♦❧❧♦✇✐♥❣ �❡①�✳

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek
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✸✶

❋✐❣✉�❡ ✶✶✿ ❚♦�❛❧ ❤❡❛� ��❛♥
❢❡� ❢♦� ∆T = 1❑✱ ∆T = −11.6❑✳ ❚❤❡ ✐♥�❡♥�✐♦♥ ♦❢ �❤✐
 ❝♦♠♣❛�✲

✐
♦♥ ✐
✱ ✜�
�❧②✱ ❝❤❡❝❦✐♥❣ �❤❡ ❝♦��❡❝�♥❡

 ♦❢ �❤❡ ❡♥❡�❣② ❜❛❧❛♥❝❡ ✇✐�❤♦✉� 
♦❧✐❞✐✜❝❛�✐♦♥ ❛♥❞ 
❡❝♦♥❞❧②


❤♦✇✐♥❣ �❤❛� �❤❡ ❤❡❛� ��❛♥
❢❡� ❞✉�✐♥❣ 
♦❧✐❞✐✜❝❛�✐♦♥ 
❤♦✉❧❞ ❛❧✇❛②
 ❜❡ ♥❡❣❛�✐✈❡ ❛♥❞ ✐♥ ❞❡♣❡♥❞❡♥❝❡

♦❢ �❤❡ ❛♠♦✉♥� ♦❢ ❍❚❋ ❧❡❛✈✐♥❣ �❤❡ ♠♦❞❡❧✳ ❚❤❡ ♠❛�❦❡❞ ♣❡❛❦ ❛� ✺✳✼✷✵ 
 
❤♦✇
 ❛♥ ✐♥❝�❡❛
❡ ✐♥ ✈❛❧✉❡

❞✉❡ �♦ ❛ ❞�♦♣ ✐♥ �❤❡ ❍❚❋ ✈♦❧✉♠❡ ❢�❛❝�✐♦♥✱ ❛
 
❤♦✇♥ ✐♥ ✶✷✳ ❚❤❡ ❛❝�✉❛❧ ❤❡❛� ��❛♥
❢❡� ✈❛❧✉❡
 �❤❛�

❝❛♥ ❜❡ ❡✈❛❧✉❛�❡❞ ❡①❝❧✉❞❡ �❤❡ ✈❛❧✉❡
 ❢�♦♠ �❤❡ ♣❡❛❦
✱ ❛
 �❤❡② ❝♦��❡
♣♦♥❞ �♦ ❢✉❧❧② ❧❡❛✈✐♥❣ ❍❚❋✮

❉✶✷✱ ❍✷❖✱ (x, y, z) = (5, 10, 5)♠♠✱ rin = 0.4♠♠ = rout✱ ▼❡
❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.3♠♠

�✐♠❡✲
�❡♣ 
✐③❡ 4♠
✱ vin = 0.4m
s
✱ Tout = 274.15❑

∆T Q̇ [W]

[K] t = 0.008 � t = 0.448 � t = [0.644; 13.672] � t = 21.740 �

✲✶✶✳✻ ✲✹✵✳✽ ✲✶✼✳✸ ✲✷✳✺ ✲✵✳✷

✶ ✲✸✼✳✼ ✵

❚❛❜❧❡ ✹✿ ■♠♣♦��❛♥� ✈❛❧✉❡
 ❢�♦♠ ✜❣✳ ✶✶✳ ❚❤❡ ❝❛❧❝✉❧❛�✐♦♥ ✇✐�❤ 
♦❧✐❞✐✜❝❛�✐♦♥ �❡❛❝❤❡
 ❛ ♠♦�❡ ♦�

❧❡

 ❝♦♥
�❛♥� ✈❛❧✉❡ ✭❡①❝❡♣� ❢♦� �❤❡ ❞♦✇♥✇❛�❞ ❢❛❝✐♥❣ ♣❡❛❦
✮ ❛� ✵✳✻✻✹ 
✱ ✇❤❡�❡ ✐� 
�❛②
 ❛❢�❡� ✶✸✳✻✼✷ 
✱

❢♦❧❧♦✇❡❞ ❜② ❛ ❞❡❝�❡❛
❡ �♦ ✐�✬
 ✜♥❛❧ ✈❛❧✉❡ ❛� ✷✶✳✼✹✵ 
✳ ❚❤❡ ❝❛❧❝✉❧❛�✐♦♥ ✇✐�❤♦✉� 
♦❧✐❞✐✜❝❛�✐♦♥ 
�❛②


❛� ✵ ✇✐�❤ 
✉✣❝✐❡♥� ♣�❡❝✐
✐♦♥ ❢�♦♠ ✵✳✹✹✽ 


❇♦�❤ ♠♦❞❡❧� ��❛�� ✇✐�❤ �❡❧❛�✐✈❡❧② ❤✐❣❤ ✈❛❧✉❡� ❝♦♠♣❛�❡❞ �♦ �❤❡ �❡�� ♦❢ �❤❡ ❝❛❧❝✉❧❛�✐♦♥

❢�♦♠ ✵✳✵✵✽ � ❛♥❞ �❡❛❝❤ ❛ ��❛❣♥❛�✐♦♥ ❛� 0.5 ± 0.15 �✱ ❛� ❧✐��❡❞ ✐♥ �❛❜✳ ✹✳ ❲❤✐❧❡ �❤❡ ❧✐♥❡

✇✐�❤♦✉� �♦❧✐❞✐✜❝❛�✐♦♥ �❡❛❝❤❡� ✵✱ ✇❤❡�❡ ✐� ��❛②� ❝❧♦�❡ ❢♦� �❤❡ �❡�� ♦❢ �❤❡ ❝❛❧❝✉❧❛�✐♦♥✱ �❤❡

❧✐♥❡ ✇✐�❤ �♦❧✐❞✐✜❝❛�✐♦♥ ❡①♣❡�✐❡♥❝❡� ♠✉❧�✐♣❧❡ ❞♦✇♥✇❛�❞ ❢❛❝✐♥❣ ♣❡❛❦� ✱ ❢♦❧❧♦✇❡❞ ❜② ❛ �❡❝♦♥❞

��❛❣♥❛�✐♦♥✱ ✇❤❡�❡ ✐� �❡❛❝❤❡� ✐�✬� ✜♥❛❧ ✈❛❧✉❡✱ ✇✐�❤ �❤❡ ❡①❝❡♣�✐♦♥ ♦❢ ♦♥❡ ✐♥❝�❡❛�❡ �♦ −0.84❲

❜❡�✇❡❡♥ ✷✻✳✼ � ❛♥❞ ✷✽✳✼ �✳

❲❤❡♥ ❛♥❛❧②�✐♥❣ ♠♦�❡ ❝❧♦�❡❧② �❤❡ ❜❡❤❛✈✐♦✉� ♦❢ �❤❡ �♦�❛❧ ❤❡❛� ��❛♥�❢❡� �❛�❡ ✇✐�❤♦✉� �♦❧✐❞✐✜✲

❝❛�✐♦♥✱ ♦♥❡ �❡❛❧✐�❡� �❤❛� �❤❡ ❤❡❛� ��❛♥�❢❡� �❛�❡ ❛� �❤❡ ✐♥❧❡� ❛❧✇❛②� ��❛②� ❝♦♥��❛♥� ❢�♦♠ �❤❡

✜��� ❞❛�❛ ♣♦✐♥� ❞✉�✐♥❣ �❤❡ ✇❤♦❧❡ 36 � ❛� −5.4❲✳ ❚❤✐� ♠❡❛♥� �❤❛� �❤❡ ❤❡❛� ��❛♥�❢❡� �❛�❡

❛� �❤❡ ♦✉�❧❡� ❤❛� �♦ ❝♦♠♣❡♥�❛�❡ �❤✐� ✈❛❧✉❡✳ ❆ ✈✐�✉❛❧✐�❛�✐♦♥ ♦❢ �❤❡ ✢✉✐❞ ✢♦✇ ✐♥ ❈❋❉ .♦��

�❤♦✇❡❞ �❤❛� �❤✐� ✐� ♦♥❧② �❤❡ ❝❛�❡ ✇❤❡♥ �❤❡ ❍❚❋ ❡①✐�� �❤❡ ♦✉�❧❡�✳ ❚❤❡ ❤❡❛� ��❛♥�❢❡� �❛�❡
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✸✷

92% D12

0.3 x 0.3

mm^2 z

x

intended outlet

❋✐❣✉�❡ ✶✷✿ ❍❡❛� ✢✉① ❛� �❤❡ ♦✉�❧❡� ❛♥❞ ❝♦��❡�♣♦♥❞✐♥❣ ✈♦❧✉♠❡ ❢�❛❝�✐♦♥ ✐♥ �❤❡ �❛♥❣❡ ♦❢ ❬✶❀✵✳✾❪✱

♣�❡�❡♥�❡❞ �❤�♦✉❣❤ �❤❡ ❜❧❛❝❦ ❧✐♥❡� ✐♥ ��❡♣� ♦❢ ✵✳✵✶✱ ❛� ✺✳✼✷✵ �✳ ❚❤❡ ❝✐�❝❧❡ ♠❛�❦� �❤❡ ❛�❡❛ �❤❛� ✇❛�

❞❡✜♥❡❞ ✐♥ �❤❡ ❣❡♦♠❡��② ❛� ♦✉�❧❡�✱ ❜❡❢♦�❡ �❤❡ ♠❡�❤✐♥❣ ��❡♣✳

❉✶✷✱ ❍✷❖✱ (x, y, z) = (5, 10, 5)♠♠✱ rin = 0.4♠♠ = rout✱ ▼❡�❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.3♠♠

�✐♠❡✲��❡♣ �✐③❡ 4♠�✱ �❤♦✇❡❞ �✐♠❡✲��❡♣ 5.720 �✱ vin = 0.4m
s
✱ Tout = 274.15❑

❝❛♥ �❤❡	❡❢♦	❡ ❜❡ ❛ ♣❛	❛♠❡�❡	 ❢♦	 ♠♦♥✐�♦	✐♥❣ �❤❡ ✢✉✐❞ ✢♦✇✳ ❉✉	✐♥❣ �❤❡ ❞	♦♣❧❡� ❢♦	♠❛�✐♦♥

�❤❡ ❤❡❛� �	❛♥�❢❡	 	❛�❡ ♦♥ �❤❡ ♦✉�❧❡� ✐� ♥❡❣❛�✐✈❡✱ ❛� ♥♦ ❍❚❋ ✐� ❧❡❛✈✐♥❣ �❤❡ �❛♥❦✳ ❲❤❡♥

�❤❡ ✜	�� ❞	♦♣❧❡� ❤✐�� �❤❡ �♦♣ ✇❛❧❧ ❛♥❞ ♣❛	� ♦❢ ✐� ❡①✐�� �❤❡ ♦✉�❧❡� ❢♦	 ❛ �❤♦	� �✐♠❡ �❤❡ ❤❡❛�

�	❛♥�❢❡	 	❛�❡ �✉	♥� ♣♦�✐�✐✈❡ ❛♥❞ ✐� ❛❜❧❡ �♦ ❝♦♠♣❡♥�❛�❡ �❤❡ ❤❡❛� �	❛♥�❢❡	 	❛�❡ ❛� �❤❡ ✐♥❧❡�✳

❚❤❡	❡ 	❡♠❛✐♥� �♦♠❡ ❍❚❋ ♦♥ �❤❡ �♦♣✳ ❆ ❢❡✇ ❞	♦♣❧❡�� ❧❛�❡	 ♠♦	❡ ❛♥❞ ♠♦	❡ ❍❚❋ ��✐❝❦� �♦

�❤❡ �♦♣ ✇❛❧❧ ❝	❡❛�✐♥❣ ❛ �❤✐♥ ❧❛②❡	 ♦❢ 1.8♠♠ ❍❚❋✳

❲❤❡♥ ❝❛❧❝✉❧❛�✐♥❣ �❡♠♣❡	❛�✉	❡ ❝❤❛♥❣❡� ❛♥❞ �♦❧✐❞✐✜❝❛�✐♦♥ ✐� ✐� ❝❧❡❛	 �❤❛� �♦♠❡ ❤❡❛� ❣❡��

✏❧♦��✑ ✇✐�❤✐♥ �❤❡ �②��❡♠ ❛� �❤❡ ❝♦♠❜✐♥❡❞ �②��❡♠ ♦❢ &❈▼ ❛♥❞ ❍❚❋ ❛❧✇❛②� �	✐❡� �♦ ❛❝)✉✐	❡

❛♥ ❡♥❡	❣② ❜❛❧❛♥❝❡ ❛❝❝♦	❞✐♥❣ �♦ �❤❡ ✜	�� ❧❛✇ ♦❢ �❤❡	♠♦❞②♥❛♠✐❝�✳ ❚❤❡	❡❢♦	❡ ♥♦� ❛❧❧ ✭✐♥ �❤✐�

❝❛�❡ ♥❡❣❛�✐✈❡✮ ❤❡❛� ❡♥�❡	✐♥❣ �❤❡ �②��❡♠ ✐� ❛❜❧❡ �♦ ❧❡❛✈❡ �❤❡ �②��❡♠ ❛♥❞ �❤❡ �✉♠ ♦❢ ❜♦�❤

❝❛♥♥♦� ❝❛♥❝❡❧ ❡❛❝❤ ♦�❤❡	 ♦✉� ❛♥② ♠♦	❡✳ ❚❤❡ ♦✈❡	❛❧❧ ❜❡❤❛✈✐♦✉	 ♦❢ �❤❡ ❤❡❛� �	❛♥�❢❡	 	❛�❡ ✐�

�❤❡ �❛♠❡ ❛� ✐♥ �❤❡ ❞✐�❝✉��✐♦♥ ❜❡❢♦	❡✳ ▲❡❛✈✐♥❣ ❍❚❋ ❧❡❛❞� �♦ ❛ ✈❛❧✉❡ ♥❡①� �♦ ③❡	♦✱ ✐♥ ❝❛�❡
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✸✸

♥♦ ❍❚❋ ❝♦♠❡
 ❝❧♦
❡ �♦ �❤❡ ♦✉�❧❡� �❤❡ ❤❡❛� ��❛♥
❢❡� �❛�❡ ❛� �❤❡ ♦✉�❧❡� �❡♠❛✐♥
 ♥❡❣❛�✐✈❡ ❛♥❞

❛♥❞ ❛❞❞
 �♦ �❤❡ ✐♥❧❡� ❧❡❛❞✐♥❣ �♦ ♣❡❛❦
 �❤❛� ❝❛♥ ❜❡ ❝❧❡❛�❧② 
❡❡♥ ✐♥ �❤❡ ❞✐❛❣�❛♠✱ ❛❧�❤♦✉❣❤

�❤❡② ❛❧✇❛②
 
�❛② ❜❡❧♦✇ 50✪ ♦❢ �❤❡ 
�❛��✐♥❣ ✈❛❧✉❡✳ ❚❤❡ ❤❡❛� ��❛♥
❢❡� �❛�❡ ❛� �❤❡ ✐♥❧❡�


�❛②
 ♦♥❝❡ ❛❣❛✐♥ ❝♦♥
�❛♥�✱ ✐♥ �❤✐
 ❝❛
❡ ❛� −8.2❲✱ ✇✐�❤ ♦♥❡ ❡①❝❡♣�✐♦♥✳ ❚❤❡ ✜�
� ❝❛❧❝✉❧❛�❡❞

✈❛❧✉❡ ❛❢�❡� ✐♥✐�✐❛❧✐
❛�✐♦♥ ❛� 0.004 
 ✐
 ❛� −8.1❲✱ ✇❤✐❝❤ ✐
 ❜② ✵✳✶❲ ❧♦✇❡� �❤❛♥ �❤❡ ✜♥❛❧

✈❛❧✉❡✳ ❆ �❡❛
♦♥ ❝♦✉❧❞ ❜❡ �❤❛� �❤❡ ♥✉♠❜❡� ♦❢ ✐�❡�❛�✐♦♥
 ✇❛
 
❡� �♦♦ 
♠❛❧❧ ❛♥❞ ❋❧✉❡♥� ✇❛


♥♦� ❛❜❧❡ �♦ ✜♥❞ �❤❡ ❝♦��❡❝� ✈❛❧✉❡ ❜❡❢♦�❡ �❤❡ ♥❡①� �✐♠❡✲
�❡♣✳

❆❢�❡� 0.644 
 �❤❡ �♦�❛❧ ❤❡❛� ��❛♥
❢❡� �❛�❡ ��✐❡
 �♦ ❤♦❧❞ −2.5❲✱ ❛❧�❤♦✉❣❤ �❤❡�❡ ❛♣♣❡❛�

♠❛❥♦� ❞✐
❝�❡♣❛♥❝✐❡
✱ ♦♥❧② ♣�❡
❡♥� ✐♥ ❝❛❧❝✉❧❛�✐♦♥
 ✐♥❝❧✉❞✐♥❣ �❡♠♣❡�❛�✉�❡ ❝❤❛♥❣❡
 ❛♥❞ 
♦✲

❧✐❞✐✜❝❛�✐♦♥✳

❆� 5.720 
 ❛ ❞�♦♣ �♦ −4.44❲ ✐
 ✈✐
✐❜❧❡✱ ❝♦��❡❧❛�✐♥❣ ✇✐�❤ ❛ ❞�♦♣ ♦❢ ≈ 10✪ ♦❢ �❤❡ ✈♦❧✉♠❡

❢�❛❝�✐♦♥ ✐♥ ❛❜♦✉� ❤❛❧❢ ❛ ❝❡❧❧✱ ❛
 
❡❡♥ ✐♥ ✜❣✳ ✶✷✳ ❚❤✐
 ✐♠❛❣❡ ✇❛
 ❝❤♦
❡♥ �♦ 
❤♦✇ �❤❛� ❡✈❡♥ ❛


♠❛❧❧ ❞❡❝�❡❛
❡ ✐♥ �❤❡ ❍❚❋ ��❛♥
❢❡� ❛� �❤❡ ♦✉�❧❡� ❝❛♥ ❧❡❛❞ �♦ ❝❧❡❛�❧② ✈✐
✐❜❧❡ ❝❤❛♥❣❡
 ✐♥ �❤❡

❤❡❛� ✢✉①✳ ❆
 �❤❡ ♦✉�❧❡� ✇❛
 ✐♥�❡♥❞❡❞ �♦ ❜❡ ❝✐�❝✉❧❛� ❜✉� �❤❡ ♠❡
❤ ✇❛
 ❞♦♥❡ ❤❡①❛❣♦♥❛❧ ❢♦�

�❤❡ ✇❤♦❧❡ 
②
�❡♠ ✐♥ ♦�❞❡� �♦ ❡✈❛❞❡ ✉♥❝❡��❛✐♥�✐❡
 ❛� �❤❡ ♠❡
❤ ��❛♥
✐�✐♦♥ ③♦♥❡ ❜❡�✇❡❡♥ �❤❡

♦✉�❧❡� ❛♥❞ �❤❡ 
✉��♦✉♥❞✐♥❣ ❛�❡❛✱ �❤❡ ♦✉�❧❡� ❤❛❞ �♦ ❜❡ ❝❛❧❝✉❧❛�❡❞ ❜② ✢✉❡♥� ❛
 ❛ ❝♦♠♣♦
✐�✐♦♥

♦❢ ♠✉❧�✐♣❧❡ ❜❧♦❝❦
 ♦❢ �❤❡ 
❛♠❡ 
✐③❡✳ ❆
 �❤❡ �❡
♦❧✉�✐♦♥ ✇❛
 ♦♥❧② ❛❜♦✉� ❛ �❤✐�❞ ♦❢ �❤❡ ♦✉�❧❡�

❞✐❛♠❡�❡� �❤✐
 ❧❡❞ �♦ ❛ ♥♦♥ 
②♠♠❡��✐❝ ❛♥❞ ✐��❡❣✉❧❛� 
��✉❝�✉�❡✳ ❚❤❡ ✐♠❛❣❡ 
❤♦✇
 ❛❜♦✉�

�❤�❡❡ )✉❛��❡�
 ♦❢ ❛ ❝❡❧❧ ✇✐�❤ ❛ ♥❡❣❛�✐✈❡ ❧♦❝❛❧ ❤❡❛� ✢✉① ❧❡❛❞✐♥❣ �♦ ❛ �♦�❛❧ ❤❡❛� ��❛♥
❢❡�

�❛�❡ ♦❢ −4.4❲ ♦❢ ✐♥❧❡� ❛♥❞ ♦✉�❧❡�✳ ❚❤❡ 
✐❣♥ ❝❤❛♥❣❡ ♦❝❝✉�
 ❛� 92✪ ✈♦❧✉♠❡ ❢�❛❝�✐♦♥✳ ■�

✐
 ✐♥�❡�❡
�✐♥❣ �♦ ♥♦�❡ �❤❛� �❤❡ ❝❤❛♥❣❡
 ✐♥ ❤❡❛� ✢✉① ❝❛♥ ❤❛✈❡ 
✐♠✐❧❛�✐�✐❡
 ✇✐�❤ ❝❤❛♥❣❡
 ✐♥

✈♦❧✉♠❡ ❢�❛❝�✐♦♥✳ ❋♦� ❡①❛♠♣❧❡ �❤❡ 5MW
m2 ❧✐♥❡ ❤❛
 ❛ 
✐♠✐❧❛� 
❤❛♣❡ �❤❛♥ �❤❡ 95✪ ✈♦❧✉♠❡

❢�❛❝�✐♦♥ ❧✐♥❡✳ ❍♦✇❡✈❡� ❢♦� ❤✐❣❤❡� ❤❡❛� ✢✉① �❤❡
❡ 
✐♠✐❧❛�✐�✐❡
 ❞✐
❛♣♣❡❛�✳ ❚❤❡ ♣❛�� ✇✐�❤

> 90✪ ✈♦❧✉♠❡ ❢�❛❝�✐♦♥ ✐
 ❢✉��❤❡�♠♦�❡ ❛� �❤❡ ❡❞❣❡ ♦❢ �❤❡ ♠♦❞❡❧✱ ✇❤✐❧❡ �❤❡ ♣❛��
 ✇✐�❤

❧♦✇❡� ✈♦❧✉♠❡ ❢�❛❝�✐♦♥ ❛�❡ ♥❡❛�❡� �♦ �❤❡ ❝❡♥��❡✳ ■� ❝♦✉❧❞ ❜❡ ❝♦♥✜�♠❡❞ ❢♦� ♦�❤❡� ❞♦✇♥✇❛�❞

❢❛❝✐♥❣ ♣❡❛❦
 �❤❛� �❤❡② ♠❛�❝❤ ❛ ❞❡❝�❡❛
❡ ✐♥ �❤❡ ❍❚❋ ✢♦✇ ❛� �❤❡ ♦✉�❧❡�✳

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek
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✸✹

✻ ❋✐♥❛❧ ♣�❡♣❛�❛
✐♦♥� ❢♦� 
❤❡ ♣❛�❛♠❡
❡� �
✉❞②

✻✳✶ ❈♦♠♣✉	❛	✐♦♥❛❧ ❘❡�♦✉�❝❡� ♥❡❡❞❡❞

❆� ❡①♣❧❛✐♥❡❞ ✐♥ ❤❡ ❧❛� ❝❤❛♣❡� ♠❡�❤ �✐③❡� ♦❢ 0.3♠♠ ❛♥❞ 0.1♠♠ ❣❛✈❡ ❜♦❤ �✉❛❧✐❛✐✈❡

�✉✣❝✐❡♥ �❡�✉❧�✳ ■ ✇❛� ❤❡�❡❢♦�❡ ❞❡❝✐❞❡❞ ♦ �✉♥ ♦♥❡ �❤♦� �✐♠✉❧❛✐♦♥ ❡❛❝❤✱ ❛� ✇❡❧❧ ❛�

❛❞❞✐✐♦♥❛❧ �✐♠✉❧❛✐♦♥� ❛ ❤✐❣❤❡� �❡�♦❧✉✐♦♥�✱ ✐♥ ♦�❞❡� ♦ ❡�✐♠❛❡ ✐♠❡ ❛♥❞ �❡�✉✐�❡❞ ❡✛♦�✳

❆♥ ❛❞❞✐✐♦♥❛❧ ❝❛❧❝✉❧❛✐♦♥ ✇✐❤ ❛ ♠❡�❤ �✐③❡ ♦❢ 0.5♠♠ ✇❛� ❞♦♥❡ ♦ �❡❡ ✐❢ ❤❡ ❝❛❧❝✉❧❛✐♦♥

✐♠❡ ✇♦✉❧❞ ❜❡ �✐❣♥✐✜❝❛♥❧② �❧♦✇❡�✳ ❆❧❧ ❝❛❧❝✉❧❛✐♦♥� ✇❡�❡ ❞♦♥❡ ✇✐❤ ❤❡ ❡❛�❧✐❡� ♠❡♥✐♦♥❡❞

�❡✐♥❣� ❛♥❞ �♦♣♣❡❞ ❛❢❡� ✷ � ✢♦✇ ✐♠❡ ♦� ✼✷ ❤✱ ❞❡♣❡♥❞✐♥❣ ♦♥ ✇❤❛ ✇❛� �❡❛❝❤❡❞ ✜��✳ ❚♦

❜❡ ❝❧❡❛�✱ ♦♥❧② ❤❡ ❝❛❧❝✉❧❛✐♦♥� ✇❡�❡ �✉♥ ♦♥ ❤❡ ❱❙❈✸✳ ❚❤❡ ♣�❡♣❛�❛✐♦♥ ♦❢ ❤❡ ♠❡�❤ ❛♥❞

❝❛❧❝✉❧❛✐♦♥ �❡✐♥❣� ✐♥ ❋❧✉❡♥ �✐❧❧ ❤❛❞ ♦ ❜❡ ❞♦♥❡ ♦♥ ❤❡ ◆♦❡❜♦♦❦ ♦� ❛ ,❈✲❚♦✇❡� ✇✐❤

�✐♠✐❧❛� �❡�♦✉�❝❡�✳ ❚❤✐� ❛❧�♦ ❧✐♠✐❡❞ ❤❡ �❡�♦❧✉✐♦♥ ❛� ❤❡ ,❈ ❤❛❞ ♦ ❝�❡❛❡ ❤❡ ♠❡�❤ ❛♥❞

❧♦❛❞ ✐ ✐♥♦ ❋❧✉❡♥✱ ✇❤✐❝❤ ❝❛♥ ❜❡ ❛ ♣�❡② ❧♦♥❣ ♣�♦❝❡�� ✇❤❡♥ ✇♦�❦✐♥❣ ✇✐❤ �❡❧❛✐✈❡❧② ✭✐❢

❝♦♠♣❛�❡❞ ♦ ❤❡ ❱❙❈✸✮ �❧♦✇ ❈,❯✳ ❚❤❡ ♠❡�❤ �♣❡❝✐✜❝❛✐♦♥� ❛♥❞ ❝❛❧❝✉❧❛✐♦♥ ✐♠❡ ♥❡❡❞❡❞

❛�❡ �❛❡❞ ✐♥ ❛❜✳ ✺

♠❡�❤ �✐③❡ ✐♠❡ �❡♣ ♥♦❞❡� ❝❡❧❧� ❝❛❧❝✉❧❛✐♦♥ ✐♠❡ ✢♦✇ ✐♠❡

[mm] [ms] [h] [s]

✵✳✵✸ ✵✳✹ ✶✶✱✼✻✾✱✹✵✽ ✶✶✱✻✵✶✱✽✷✹ ✻✽ ✵✳✸

✵✳✵✼ ✵✳✺ ✾✺✸✱✽✾✶ ✾✷✷✱✼✺✷ ✶✻ ✷

✵✳✶ ✶ ✸✷✼✱✼✷✻ ✸✶✷✱✺✵✵ ✹ ✷

✵✳✸ ✹ ✶✸✱✾✸✷ ✶✷✱✶✸✽ ✶ ✷

✵✳✺ ✺ ✸✱✶✹✻ ✷✱✺✵✵ ✶ ✷

❚❛❜❧❡ ✺✿ ❆ ❝♦♠♣❛�✐	♦♥ ♦❢ ❝❛❧❝✉❧❛�✐♦♥ �✐♠❡	 ♦♥ ❱❙❈✸✱ ✇�✐��❡♥ ✇✐�❤ ❛ ♣�❡❝✐	✐♦♥ ♦❢ ❤♦✉�	✱ ♦❢

❞✐✛❡�❡♥� ♠❡	❤ 	✐③❡	 ❢♦� �❤❡ (x, y, z) = (5, 12.5, 5)♠ ♠♦❞❡❧ ✇✐�❤ ❍✷❖ ❛♥❞ ❉✶✷✳ ❚❤❡ ✐♥�❡♥❞❡❞

	✐♠✉❧❛�✐♦♥ �✐♠❡ ✇❛	 ✷ 	✳ ❚❤❡ ❝❛❧❝✉❧❛�✐♦♥ �✐♠❡ ✇�✐��❡♥ ❢♦� �❤❡ ✵✳✵✸♠♠ ♠❡	❤ ✇❛	 �❛❦❡♥ ❜② �❤❡

❧❛	� ❞❛�❛ ✜❧❡ 	❛✈❡❞ ✇✐�❤ ❛ 	❛✈✐♥❣ ✐♥�❡�✈❛❧ ♦❢ ✵✳✶ 	

❆❢❡� ❤✐� �❤♦� ❡�� ✐ ✇❛� ❝❧❡❛� ❤❛ ❤❡ ❜❡� ✇♦ �❡�♦❧✉✐♦♥� ✇❡�❡ ♣�♦❜❧❡♠❛✐❝ ❞✉❡ ♦

❤❡✐� ❤✐❣❤ ❝❛❧❝✉❧❛✐♦♥ ✐♠❡✳ ❚❤❡ ❧❛� �✐♠✉❧❛✐♦♥ ✐� ♣�❛❝✐❝❛❧❧② ✉�❡❧❡�� ❛� 0.3♠♠ ❞♦❡�

♥♦ ❛❦❡ �✐❣♥✐✜❝❛♥❧② ♠♦�❡ ✐♠❡✱ ❡✈❡♥ ✇❤❡♥ ❡①�❛♣♦❧❛❡❞ ♦ ❤❛❧❢ ❛ ♠✐♥✉❡ ♠♦❞❡❧ ✐♠❡✳

❆ �✉❛♥✐❛✐✈❡ ❝♦♠♣❛�✐�♦♥ ♦❢ ❤❡ ❛�❡❛ ♦❢ ❤❡ ■❙❖✲�✉�❢❛❝❡ ❢♦� 50✪ ✈♦❧✉♠❡ ❢�❛❝✐♦♥ ✇❛�

❤❡�❡❢♦�❡ ❞♦♥❡ ❢♦� ❤❡ �❛♠❡ ♠❡�❤ �❡✐♥❣� ✉�❡❞ ✐♥ ❤❡ ❧❛� ❝❤❛♣❡� ♦ ✜♥❛❧❧② ❞❡❡�♠✐♥❡

❤❡ ❜❡� �❡�♦❧✉✐♦♥ ❢♦� ❤❡ ♣❛�❛♠❡❡� �✉❞② ❛♥❞ ✇✐❧❧ ❜❡ ♣�❡�❡♥❡❞ �❤♦�❧②✳ ❚❤❡ �✉�❢❛❝❡

❛�❡❛ ✇❛� ❝❤♦�❡♥✱ ❛� ✐ ❞❡�❝�✐❜❡� ❤❡�♠❛❧ ❛♥❞ ✢✉✐❞✲❞②♥❛♠✐❝❛❧ ❝❤❛♥❣❡� ✐♥ ❤❡ ♠♦❞❡❧ ✐♥ ❛

❣♦♦❞ ✇❛②✳ ❍♦✇❡✈❡�✱ ❤❡ ✢♦✇ ✐♠❡ ✇❛� ✐♥❝�❡❛�❡❞ ❢�♦♠ ❤❡ ❡❛�❧✐❡� 36 � ♦ 45 � ♦ ❜❡ ❛❜❧❡

♦ ❛❝❤✐❡✈❡ ❛ ❧❡❛� 25✪ �♦❧✐❞✐✜❡❞ ,❈▼✳

❆♥♦❤❡� ✐♠♣♦�❛♥ ♦♣✐❝ ✐� ❤❡ ♥❡❝❡��❛�② �♦�❛❣❡ �♣❛❝❡✳ ❚❤❡ ❤✐❣❤❡� ❤❡ ♠❡�❤✱ ❤❡ ❣�❡❛❡�

❤❡ �❡�✉❧✐♥❣ ❞❛❛ ✜❧❡�✳ ■♥ ♦�❞❡� ♦ ♠✐♥✐♠✐③❡ �♦�❛❣❡ �♣❛❝❡ ❡✈❡�② ❝❛❧❝✉❧❛✐♦♥ �❛✈❡❞ ❤❡

❞❛❛ ✜❧❡� ❡✈❡�② ✵✳✺ �✳ ❆❞❞✐✐♦♥❛❧❧② ♣❛�❛♠❡❡�� ❧✐❦❡ ❤❡❛ ✢✉①✱ �✉�❢❛❝❡ ❛�❡❛✱ ❧✐�✉✐❞ ❢�❛❝✐♦♥

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek


D
ie

 a
pp

ro
bi

er
te

 g
ed

ru
ck

te
 O

rig
in

al
ve

rs
io

n 
di

es
er

 D
ip

lo
m

ar
be

it 
is

t a
n 

de
r 

T
U

 W
ie

n 
B

ib
lio

th
ek

 v
er

fü
gb

ar
.

T
he

 a
pp

ro
ve

d 
or

ig
in

al
 v

er
si

on
 o

f t
hi

s 
th

es
is

 is
 a

va
ila

bl
e 

in
 p

rin
t a

t T
U

 W
ie

n 
B

ib
lio

th
ek

.
D

ie
 a

pp
ro

bi
er

te
 g

ed
ru

ck
te

 O
rig

in
al

ve
rs

io
n 

di
es

er
 D

ip
lo

m
ar

be
it 

is
t a

n 
de

r 
T

U
 W

ie
n 

B
ib

lio
th

ek
 v

er
fü

gb
ar

.
T

he
 a

pp
ro

ve
d 

or
ig

in
al

 v
er

si
on

 o
f t

hi
s 

th
es

is
 is

 a
va

ila
bl

e 
in

 p
rin

t a
t T

U
 W

ie
n 

B
ib

lio
th

ek
.

✸✺

❛♥❞ ✈♦❧✉♠❡ ❢❛❝�✐♦♥ ✇❡❡ ❝❛❧❝✉❧❛�❡❞ ❛♥❞ �❛✈❡❞ ❛� ❡❛❝❤ �✐♠❡ ��❡♣ ✐♥ ❛♥ ❛❞❞✐�✐♦♥❛❧ �❡①�

✜❧❡✱ �❤❛� ♥❡❡❞� ❢❛ ❧❡�� �♣❛❝❡ �❤❛♥ �❤❡ ❝♦♠♣❧❡�❡ ❞❛�❛ ✜❧❡ �❤❛� ❝♦♥�❛✐♥� ❡✈❡② ✈❛❧✉❡ ♣❡ ❝❡❧❧

❛♥❞ �✐♠❡ ��❡♣✳ ❚❤✐� ♠❡❛♥�✱ ❤♦✇❡✈❡✱ �❤❛� ✈❛❧✉❡� ❡①�❛❝�❡❞ ❢♦♠ �❤❡ ❞❛�❛ ✜❧❡�✱ ❧✐❦❡ ❧♦❝❛❧

�❡♠♣❡❛�✉❡� ❛♥❞ �❝❡❡♥✲�❤♦�� ❢♦ ✈✐�✉❛❧✐�❛�✐♦♥✱ ❝♦✉❧❞ ♦♥❧② ❜❡ ❡①�❛❝�❡❞ ❡✈❡② ✵✳✺ � ✇✐�❤

�❤❡ ✐♥�❡♥�✐♦♥ ♦❢ ♠✐♥✐♠✐③✐♥❣ ��♦❛❣❡ �✐③❡✳ ❚❤✐� ♠❡❛♥�✱ �❤❛� ❝❤❛♥❣❡� ✐♥ �❤❡ ✢♦✇ ❝❛♥ ♦♥❧②

❜❡ ❣✐✈❡♥ ✇✐�❤ ❛ �✐♠❡ ❡�♦❧✉�✐♦♥ ♦❢ ✵✳✺ �✳ ❲❤❡♥ ❛ �✐♠❡ ✐♥❞❡① ♦❢ �✉❝❤ ❛ ✈❛❧✉❡ ✐� �♣❡❝✐✜❡❞

❛�✱ ❡✳❣✳✱ ✶✳✺ � �❤✐� ♠❡❛♥� �❤❡❡❢♦❡ ❛❢�❡ ✶✳✵ � ❜✉� ❜❡❢♦❡ ✶✳✺ �✳

✻✳✷ ❘❡�✉❧	� ♦❢ 	❤❡ ❝♦♠♣❛�✐�♦♥ ♦❢ 	❤❡ ♠❛✐♥ ♠❡�❤ �✐③❡�

❍✷❖ ❛� �❈▼
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❋✐❣✉�❡ ✶✸✿ ❙✉�❢❛❝❡ ❛�❡❛ ❢♦� ∆x = 0.1, 0.3♠♠ ✐♥ ❍✷❖

❉✶✷✱ ❍✷❖✱ (x, y, z) = (5, 12.5, 5)♠♠✱ rin = 0.4♠♠ = rout
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❋✐❣✉�❡ ✶✹✿ ▲✐�✉✐❞ ❢�❛❝
✐♦♥ ❢♦� ∆x =

0.1, 0.3♠♠ ✐♥ ❍✷❖

❉✶✷✱ ❍✷❖✱ (x, y, z) = (5, 12.5, 5)♠♠

rin = 0.4♠♠ = rout
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❋✐❣✉�❡ ✶✺✿ ❱♦❧✉♠❡ ❢�❛❝
✐♦♥ ❢♦� ∆x =

0.1, 0.3♠♠ ✐♥ ❍✷❖

❉✶✷✱ ❍✷❖✱ (x, y, z) = (5, 12.5, 5)♠♠

rin = 0.4♠♠ = rout

∆x (t0 [s], A[10
−5m2]) A[10−5m2])

[mm] ♣❡�✐♦❞ ✐♥❝�❡❛�❡ �❛❣♥❛✐♦♥ ♠❛✐♥ ♣❡❛❦ �❛❣♥❛✐♦♥ ❂✹✺✳✵ �

✵✳✶ (0.2, 7.5) (10.8, 7.7) (12.3, 6.4) (28.412, 11.6) (29.5, 7.5) 7.0

✵✳✸ (1.2, 6.3) (18.2, 8.8) (21.0, 6.0) (27.712, 9.9) (32.0, 4.5) 4.6

❚❛❜❧❡ ✻✿ ■♠♣♦�
❛♥
 ✈❛❧✉❡� ♦❢ 
❤❡ �✉�❢❛❝❡ ❛�❡❛ ❢♦� ∆x = 0.1, 0.3♠♠ ❢�♦♠ ✜❣✳ ✶✸✱ �♦�
❡❞ ❜② 
❤❡


②♣❡ ♦❢ ❝❤❛♥❣❡✳ ❋♦� ✏✐♥❝�❡❛�❡✑ 
❤❡ ✜♥❛❧ 
✐♠❡ �
❡♣ ❛♥❞ 
❤❡ ❤✐❣❤❡�
 ✈❛❧✉❡ ❛�❡ �
❛
❡❞✱ ❢♦� ❛❧❧ ♦
❤❡�

♣❛�
� 
❤❡ �
❛�
✐♥❣ 
✐♠❡ �
❡♣ ❛♥❞ �✉�❢❛❝❡ ❛�❡❛ ❛�❡ �
❛
❡❞

∆x lPCM [%]

[mm] t = 27.0 s t = 28.0 s t = 45 s

✵✳✶ ✸✻ ✸✹ ✷✺

✵✳✸ ✸✻ ✸✵ ✷✸

❚❛❜❧❡ ✼✿ ■♠♣♦�
❛♥
 ✈❛❧✉❡� ♦❢ 
❤❡ ❧✐�✉✐❞ ❢�❛❝
✐♦♥ ♦❢ ∆x = 0.3♠♠ ❢�♦♠ ✜❣✳ ✶✹✱ 
❤❡ �❡❧❛
✐✈❡❧②

�
�♦♥❣ ❞�♦♣ ❢♦�♠ ✷✼ � 
♦ ✷✽ � ❛♥❞ 
❤❡ ✜♥❛❧ ✈❛❧✉❡✳ ❚❤❡ ✈❛❧✉❡� ♦❢ ∆x = 0.1♠♠ ✇❡�❡ ❛❞❞❡❞ ❢♦�

❝♦♠♣❛�✐�♦♥

∆x (t [s], υHTF [%]) υHTF [%]

[mm] �❧❛❡❛✉ ✶ �❧❛❡❛✉ ✷ �❧❛❡❛✉ ✸ �❧❛❡❛✉ ✹ t = 45 [s]

✵✳✶ ✭❬✵✳✺❀✷✻✳✵❪✱✷✵✮ ✭❬✷✾❀✹✺❪✱✸✸✮ ♥♦♥❡ ♥♦♥❡ ✸✸

✵✳✸ ✭❬✵✳✷❀✵✳✼❪✱✾✮ ✭❬✶✳✷❀✶✻✳✻❪✱❬✶✽❀✷✵❪✮ ✭❬✷✵✳✹❀✷✻✳✾❪✱✷✾✮ ✭❬✷✽✳✵❀✸✷✳✵❪✱✹✼✮ ✺✻

❚❛❜❧❡ ✽✿ ■♠♣♦�
❛♥
 ✈❛❧✉❡� ♦❢ 
❤❡ ✈♦❧✉♠❡ ❢�❛❝
✐♦♥ ♦❢ ∆x = 0.1, 0.3♠♠ ❢�♦♠ ✜❣✳ ✶✺✱ �♦�
❡❞ ❜②


❤❡✐� ♣❧❛
❡❛✉

❚❤❡ �✉�❢❛❝❡ ❛�❡❛ ✐♥ ✜❣✳ ✶✸ ❢♦� ∆x = 0.1 �❤♦✇� ❛ ♣❡�✐♦❞✐❝ ♣❛� ❛❢❡� ❛ ❧✐♥❡❛� ✐♥❝�❡❛�❡ ❛ ❤❡

❜❡❣✐♥♥✐♥❣✱ ❢♦❧❧♦✇❡❞ ❜② ❛ �❛❣♥❛✐♦♥ ♣❛�✳ ❆❢❡� ✷✷ � ✢♦✇ ✐♠❡ ❛ ♣❡�✐♦❞ �❡✉�♥�✱ ❢♦❧❧♦✇❡❞
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✸✼

y

xz

1 mm^3

y

xz

1 mm^3

y

xz

b) c) d) e)
1 mm^31 mm^3 1 mm^3

y

x

1 mm^2

a)
z = 5 mm

y

xz

❋✐❣✉�❡ ✶✻✿ ■♠❛❣❡ �❡�✐❡� �❤♦✇✐♥❣ ❛ ✸❉ ✈✐�✉❛❧✐�❛�✐♦♥ ♦❢ �❤❡ ✐♠♣♦��❛♥� ��❡♣� ♦❢ �❤❡ ♠♦❞❡❧ ✇✐�❤

❉✶✷ ❛♥❞ ❍✷❖ ❢♦� 0.1♠♠

❛✮ ✸❉ ✐♠❛❣❡ ❢�♦♠ �❤❡ ❢�♦♥� ✈✐❡✇ ❛� z = 5♠♠ �❤♦✇✐♥❣ �❤❡ ❞�♦♣❧❡� ❢♦�♠❛�✐♦♥ ❛� ✵✳✺ �

❜✮ ✸❉ ✐♠❛❣❡ �❤♦✇✐♥❣ ❛ ❝♦♥�✐♥✉♦✉� ���❡❛♠ �♦ �❤❡ �♦♣ ✇✐�❤♦✉� ❛♥② �✐❣♥ ♦❢ ❞�♦♣❧❡�� ❛� ✶✷✳✵ �

❝✮ ✸❉ ✐♠❛❣❡ �❤♦✇✐♥❣ �❤❡ ✜♥❛❧ ❞�♦♣❧❡� ❢♦�♠❛�✐♦♥ ❛� ✷✸✳✵ �

❞✮ ✸❉ ✐♠❛❣❡ �❤♦✇✐♥❣ �❤❡ ❍❚❋ ✢♦✇ ✐♥ ❝♦♥�❛❝� ✇✐�❤ �❤❡ �✐❞❡ ✇❛❧❧ ❛� x = 5♠♠ ✐♥ ✷ ❛�❡❛� ✭�♦♣

❛♥❞ ❜♦��♦♠✮✱ ❛� ✇❡❧❧ ❛� ❛ ❧❡❢�✲♦✈❡� ♣❛�� ♦❢ ❍❚❋ ✐♥ �❤❡ ❧❡❢� ❝♦�♥❡�

❡✮ ✸❉ ✐♠❛❣❡ �❤♦✇✐♥❣ �❤❛� �❤❡ ❍❚❋ ❝♦❛�❡� ❛❧♠♦�� �❤❡ ❝♦♠♣❧❡�❡ �✐❣❤� ✇❛❧❧ ❛♥❞ ❛ ❧❡❢�✲♦✈❡� ♣❛�� ♦♥

�❤❡ ❧❡❢� ❝♦�♥❡�

❉✶✷✱ ❍✷❖✱ (x, y, z) = (5, 12.5, 5)♠♠✱ rin = 0.4♠♠ = rout✱ ▼❡�❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱

0.1♠♠

❜② �❤❡ ♠❛✐♥ ♣❡❛❦✳ ❆� ✷✾✳✺ � �❤❡ ❧✐♥❡ �❡❛❝❤❡� ✐�✬� ✜♥❛❧ ✈❛❧✉❡ �❤❛� ❡�✉❛❧� �❤❡ ❛✈❡�❛❣❡ ✈❛❧✉❡

♦❢ �❤❡ ✜��� ♣❡�✐♦❞✳

❚❤❡ ∆x = 0.3 ♣❧♦� ✐♥ ✜❣✳ ✶✸�❤♦✇� ❛❧�♦ ❛ ♣❡�✐♦❞✐❝ ❜❡❤❛✈✐♦✉� ❛❢�❡� ❛ ❧✐♥❡❛� ✐♥❝�❡❛�❡✳

❚❤✐� ✐� ❢♦❧❧♦✇❡❞ ❜② ❛ ✈✐�✐❜❧❡ ✐♥❝�❡❛�❡ ❧❡❛❞✐♥❣ ❛❧♠♦�� ❞✐�❡❝�❧② �♦ �❤❡ ♠❛✐♥ ♣❡❛❦✳ ❆ �♠❛❧❧

♣❡�✐♦❞✐❝ ❜❡❤❛✈✐♦✉� ❢♦� ❛❜♦✉� ✺ � ❝❛♥ ❜❡ �❡❡♥ ✐♥ ❜❡�✇❡❡♥✳ ❆❢�❡� �❤❡ ♣❡❛❦ �❤❡ ✈❛❧✉❡ ❜❡❝♦♠❡�

❝♦♥��❛♥�✳ ❚❤❡ ��❛��✐♥❣ �✐♠❡� ♦❢ ❡❛❝❤ ��❛❣❡ ❛♥❞ �❤❡ ❛❝❝♦�❞✐♥❣ �✉�❢❛❝❡ ❛�❡❛� ❝❛♥ ❜❡ �❡❡♥ ✐♥

�❛❜✳ ✻✳

❚❤❡ ❜❡❤❛✈✐♦✉� ♦❢ �❤❡ ❧✐�✉✐❞ ❢�❛❝�✐♦♥ ❢♦� ∆x = 0.1, 0.3♠♠ ✐� �❤♦✇♥ ✐♥ ✜❣✳ ✶✹✳ ❲❤✐❧❡ �❤❡

✵✳✶♠♠ ❧✐♥❡ �❤♦✇� ♥♦ ✐♥�❡�❡��✐♥❣ ❢❡❛�✉�❡�✱ �❤❡ ✵✳✸♠♠ ❧✐♥❡ ❡①♣❡�✐❡♥❝❡� ❛♥ ❛❧♠♦�� ✈❡��✐❝❛❧

❞�♦♣✱ ❛� ❧✐��❡❞ ✐♥ �❛❜✳ ✼✳

❚❤❡ ❜❡❤❛✈✐♦✉� ♦❢ �❤❡ ✈♦❧✉♠❡ ❢�❛❝�✐♦♥ ❢♦� ∆x = 0.1, 0.3♠♠ ✐� �❤♦✇♥ ✐♥ ✜❣✳ ✶✺✳ ❚❤❡

0.1♠♠ ❧✐♥❡ �❤♦✇� ✷ ♠♦�❡ ♦� ❧❡�� ❡✈❡♥ ♣❧❛�❡❛✉�✱ ✇❤✐❧❡ �❤❡ 0.3♠♠ ❧✐♥❡ ❝♦♥�✐��� ♦❢ ✹

♣❧❛�❡❛✉�✱ ♦♥❡ ♦❢ �❤❡♠ ❝❧✐♠❜✐♥❣ �❧✐❣❤�❧②✳ ❚❤❡ ✈❛❧✉❡� ❛�❡ ❧✐��❡❞ ✐♥ �❛❜✳ ✼✳

❚❤❡ ✈✐�✉❛❧✐�❛�✐♦♥ �❤♦✇� ✐♥ ✜❣✳ ✶✻ ❛✮ �❤❡ ❞�♦♣❧❡� ❢♦�♠❛�✐♦♥ ✇❤✐❝❤ ��❛②� ❜❛�✐❝❛❧❧② �❤❡ �❛♠❡

✉♥�✐❧ 12 �✳ ❚❤❡ ✐♥❝♦♠✐♥❣ ❥❡� ❤❛� ❛ ❧❡♥❣�❤ ♦❢ 6.4♠♠ ❛♥❞ ✐�✬� ✇✐❞❡�� ♣❛�� ❛� �❤❡ �♦♣ ✐� ♦❢

1.9♠♠✳ ■♥ �❤❡ ✉♣♣❡� ♣❛�� ♦❢ �❤❡ �❛♥❦ ❛ ❞�♦♣ ✇✐�❤ ❛ ✇✐❞�❤ ♦❢ 3.1♠♠ ✐� ✈✐�✐❜❧❡✱ �❤❛� ✐�

♠❡�❣✐♥❣ ✇✐�❤ ❛ �♦♣ ❧❛②❡� ♦❢ [2.2; 2.9]♠♠✳
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✸✽

✭❛✮ ■♠❛❣❡ �❤♦✇✐♥❣ �❤❛� ❛� ✶✷ � �❤❡ �❈▼ ❛� ❢�❡❡③❡� ❢�♦♠ �❤❡ �♦♣ �♦ �❤❡ ❜♦��♦♠ ❛� ❜♦�❤ �✐❞❡� ♦❢ �❤❡ ❥❡�

✭❜✮
■♠❛❣❡ �❤♦✇✐♥❣ �❤❛� ❛� ✷✸ � �❤❡ �❈▼ ❞✐�❡❝�❧② ♦♥ �❤❡ �♦♣ �✐❞❡� ♦❢ �❤❡ ❢♦�♠✐♥❣ ❞�♦♣ ✐� ❛❧♠♦�� ❝♦♠♣❧❡�❡❧②

❢�♦③❡♥

❋✐❣✉�❡ ✶✼✿ ❱✐�✉❛❧✐�❛�✐♦♥ ♦❢ �❤❡ ❧♦❝❛❧✲❧✐�✉✐❞✲❢�❛❝�✐♦♥ ❛� �❤❡ ❝❡♥��❡❞ ①②✲♣❧❛♥❡ ❛� �✇♦ ❞✐✛❡�❡♥� �✐♠❡

��❡♣�✳

❉✶✷✱ ❍✷❖✱ (x, y, z) = (5, 12.5, 5)♠♠✱ rin = 0.4♠♠ = rout✱ ▼❡�❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱

0.1♠♠
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✸✾

y

x

y

x
z1 mm^3 1 mm^31 mm^3

y
1 mm^3

y

x
z

y

x
z

b) c) d)

z1 mm^3

a)

❋✐❣✉�❡ ✶✽✿ ■♠❛❣❡ �❡�✐❡� �❤♦✇✐♥❣ ❛ ✸❉ ✈✐�✉❛❧✐�❛�✐♦♥ ♦❢ �❤❡ ♠♦❞❡❧ ✇✐�❤ ❉✶✷ ❛♥❞ ❍✷❖ ❢♦� 0.3♠♠

❛✮ �❤♦✇✐♥❣ �❤❡ ❞�♦♣❧❡� ❢♦�♠❛�✐♦♥ ❛� ✵✳✺ �

❜✮ �❤❡ ✐♥❝♦♠✐♥❣ ���❡❛♠ ❝�❡❛�❡� ❛ ❝❤❛♥♥❡❧ ❧❡❛❞✐♥❣ ❢�♦♠ �❤❡ ❢�♦♥� ✇❛❧❧ �♦ �❤❡ �✐❣❤� ✇❛❧❧ ❛♥❞ �❤❡ �♦♣

❧❛②❡� ✐� ❝♦♠♣❧❡�❡❧② ❝♦❛�❡❞ ❛� ✷✵✳✺ �

❝✮ �❤❡ ���❡❛♠ ❢♦�♠� ❛ ❞�♦♣❧❡� ❞✐�❡❝�❧② ❛� �❤❡ ✐♥❧❡� ❝♦♥♥❡❝�❡❞ ✈✐❛ �❤❡ ❢�♦♥� ❝♦�♥❡� �♦ �❤❡ �♦♣ ❧❛②❡�

❛� ✷✻✳✺ �

❞✮ ❛❧♠♦�� ❤❛❧❢ ♦❢ �❤❡ �❛♥❦ ✐� ✜❧❧❡❞ ✇✐�❤ ❛ ♠♦�❡ ♦� ❧❡�� ✢❛� ❧❛②❡� ♦❢ ❍❚❋✱ ✇❤✐❝❤ ✐� ❧❡❛✈✐♥❣ �❤�♦✉❣❤

❛ ❝❤❛♥♥❡❧ ♦♥ �❤❡ �✐❣❤� ❡❞❣❡ �♦ �❤❡ ♦✉�❧❡� ❛� ✸✸✳✵ �

❉✶✷✱ ❍✷❖✱ (x, y, z) = (5, 12.5, 5)♠♠✱ rin = 0.4♠♠ = rout✱ ▼❡�❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱

0.3♠♠

❆� 12 � ✭✜❣✳ ✶✻ ❜✮✮ �❤❡�❡ ✐� ♥♦ ♠♦�❡ ❞�♦♣ ❢♦�♠❛�✐♦♥ ❜✉� ❛ ���❡❛♠ ♦❢ ✉♣ �♦ 1.5♠♠ ✇✐❞�❤

�❤❛� ✢♦✇� ✉♣ ❞✐�❡❝�❧② ✐♥�♦ �❤❡ �♦♣ ❧❛②❡� ♦❢ 2.2♠♠ ❤❡✐❣❤�✳

❆� ❛�♦✉♥❞ 23 � ✭✜❣✳ ✶✻ ❝✮✮ ❞�♦♣❧❡� ❢♦�♠❛�✐♦♥ ��✐❡� �♦ ��❛�� ❛❣❛✐♥✳ ❚❤❡ ✐♥❝♦♠✐♥❣ ❥❡� ❤❛�

❛ ❢♦�♠✐♥❣ ❞�♦♣❧❡� ♦♥ �❤❡ �♦♣ ✇✐�❤ �❤❡ ❞✐♠❡♥�✐♦♥� ♦❢ (x, z) = (3.0, 4.0)♠♠✳ ❚❤❡ �❡�� ♦❢

�❤❡ ���❡❛♠ ❤❛� ❛ ✇✐❞�❤ ♦❢ 1.3♠♠✳ ❚❤❡ �♦♣ ❧❛②❡� ❤❛� ❛ ❤❡✐❣❤� ♦❢ [1.4; 1.7]♠♠✳

❆� 28.5 � ✭✜❣✳ ✶✻ ❞✮✮ �❤❡ �♦♣ ❧❛②❡� ❤❛� ❛❧♠♦�� ❝♦♠♣❧❡�❡❧② ❞✐�❛♣♣❡❛�❡❞✱ ❡①❝❡♣� ❢♦� ❛ ❝✉�✈❡❞

�❤❛♣❡❞ ❧❡❢� ♦✈❡� ✐♥ �❤❡ ❧❡❢� ❝♦�♥❡�✳ ❚❤❡ ���❡❛♠ ❝♦♥♥❡❝�� �♦ �❤❡ �✐❣❤� ✇❛❧❧ ❛� �❤❡ ❜♦��♦♠

❛♥❞ ♥❡❛� �❤❡ �♦♣✳

❆� 30.5 � ✭✜❣✳ ✶✻ ❡✮✮ �❤❡ ❧❡❢� ♦✈❡� ❦❡❡♣� ✐�✬� ❜❛�✐❝ �❤❛♣❡✳❚❤❡ �✐❣❤� ✇❛❧❧ ✐� ❛❧♠♦�� ❝♦♠♣❧❡�❡❧②

❝♦✈❡�❡❞✱ ❡①❝❡♣� ❢♦� ♦♥❡ ♣❛�� ❛� �❤❡ �♦♣ ❛♥❞ ♦♥❡ ✐♥ �❤❡ ❜♦��♦♠ �✐❣❤� ❝♦�♥❡�✳

❋✐❣✳ ✶✼✭❛✮ �❤♦✇� �❤❡ ❝♦��❡�♣♦♥❞✐♥❣ ❧✐(✉✐❞ ❢�❛❝�✐♦♥� ♦❢ �❤❡ ❝❡♥��❡ ♣❧❛♥❡ ❢♦� ✜❣✳ ✶✻ ❜✮

✐♥❝�❡❛�✐♥❣ ❢�♦♠ �♦♣ �♦ ❜♦��♦♠✳

❋✐❣✳ ✶✼✭❜✮ �❤♦✇� �❤❡ ❝♦��❡�♣♦♥❞✐♥❣ ❧✐(✉✐❞ ❢�❛❝�✐♦♥� ♦❢ �❤❡ ❝❡♥��❡ ♣❧❛♥❡ ❢♦� ✜❣✳ ✶✻ ❝✮✳ ❚❤❡

✈❛❧✉❡� ♦♥ �❤❡ �♦♣ ♥❡❛� �❤❡ ❢♦�♠✐♥❣ ❞�♦♣❧❡� ❛�❡ ❝❧♦�❡ �♦ ✵✱ ✇❤✐❧❡ �❤❡ ♣❛�� �✉��♦✉♥❞✐♥❣ �❤❡

���❡❛♠ ❜❡❧♦✇ ✐� ❜❡�✇❡❡♥ ✺✶ ✪ ❛♥❞ ✻✶ ✪✳

❚❤❡ ✈✐�✉❛❧✐�❛�✐♦♥ �❤♦✇� ✐♥ ✜❣✳ ✶✽ ❛✮ �❤❡ ❞�♦♣❧❡� ❢♦�♠❛�✐♦♥ ✇❤✐❝❤ ��❛②� ❜❛�✐❝❛❧❧② �❤❡ �❛♠❡

✉♥�✐❧ 20.5 �✳ ❚❤❡ ✐♥❝♦♠✐♥❣ ❥❡� ❤❛� ❛ ❧❡♥❣�❤ ♦❢ 6.9♠♠ ❛♥❞ ✐�✬� ✇✐❞❡�� ♣❛�� ❛� �❤❡ �♦♣ ✐� ♦❢
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✹✵

1.8♠♠✳ ■♥ �❤❡ ✉♣♣❡� ♣❛�� ♦❢ �❤❡ �❛♥❦ ❛ ❞�♦♣ ✇✐�❤ �❤❡ ❞✐♠❡♥�✐♦♥� (x, y) = (2.4, 2.1)♠♠

✐� ✈✐�✐❜❧❡✱ ❥✉�� ✉♥❞❡� �❤❡ �♦♣ ❧❛②❡� ♦❢ ✉♣ �♦ 2.1♠♠ ❉✶✷✳

❆� 20.5 � ✭✜❣✳ ✶✽ ❜✮✮ �❤❡ ✐♥❝♦♠✐♥❣ ���❡❛♠ ❜❡♥❞� ✐♥�♦ ① ❛♥❞ ③✲❞✐�❡❝�✐♦♥ ❧❡❛❞✐♥❣ �♦ ✐♠♣�✐♥��

♦♥ �❤❡ ✇❛❧❧✳ ❚❤❡ ♦♥❡ ♦♥ �❤❡ ①②✲♣❧❛♥❡ ✐� ❝✐�❝✉❧❛� �❤❛♣❡❞ ✇✐�❤ ❛ ❞✐❛♠❡�❡� ♦❢ 2.7♠♠✱ ✇❤✐❧❡

�❤❡ ♦�❤❡� ♦♥❡ ✐� �❧✐❣❤�❧② ❡❧❧✐♣�✐❝ �❤❛♣❡❞ ✇✐�❤ (y, z) = (1.5, 1.8)♠♠✳ ❋✉��❤❡�♠♦�❡ �❤❡ �♦♣

❧❛②❡� ✐♥❝�❡❛�❡❞ �♦ ❝♦♠♣❧❡�❡❧② ✜❧❧❡❞ 2.7♠♠ ❤❡✐❣❤�✱ ❡①❝❡♣� ❢♦� ❛♥ ❛�❡❛ ✐♥ �❤❡ ❢�♦♥� �✐❣❤�

❝♦�♥❡�✳

❆� 26.5 � ✭✜❣✳ ✶✽ ❝✮✮ ❛ ✈✲�❤❛♣❡❞ ❧❛②❡� ✐� ✈✐�✐❜❧❡ �❤❛� ✐� ❛❧�❡❛❞② ❞✐�❛♣♣❡❛�✐♥❣✳ ❋✉��❤❡�♠♦�❡

❛♥ ✐♥❝♦♠✐♥❣ ❞�♦♣❧❡� ❛� �❤❡ ❜♦��♦♠ ✐� ✈✐�✐❜❧❡✳ ❚❤❡ ❝♦♠♣❧❡�❡ ✜❣✉�❡ ✐� �②♠♠❡��✐❝ ✐♥ �❤❡

①②✲♣❧❛♥❡ ❛♥❞ ②③✲♣❧❛♥❡✳ ❚❤❡ ✐♥❝♦♠✐♥❣ ❞�♦♣❧❡� ❤❛� �❤❡ ❞✐♠❡♥�✐♦♥� ♦❢ x = y = z = 3♠♠

❛♥❞ �❤❡ ✢♦✇ ✐♥ ❜❡�✇❡❡♥ ❤❛� ❛ ❞✐❛♠❡�❡� ♦❢ 2.4♠♠ ✐♥ �❤❡ ♠✐❞❞❧❡✳

❆� 33 � ✭✜❣✳ ✶✽ ❞✮✮ �❤❡ �♦♣ ❧❛②❡� ❤❛� ❝♦♠♣❧❡�❡❧② ❞✐�❛♣♣❡❛�❡❞✱ ❛� ✇❡❧❧ ❛� �❤❡ ❢♦�♠✐♥❣

❞�♦♣❧❡�✳ ❚❤❡ ✐♠❛❣❡✱ ❛❣❛✐♥ �②♠♠❡��✐❝ ✐♥ �❤❡ ①②✲♣❧❛♥❡ ❛♥❞ �❤❡ ②③✲♣❧❛♥❡✱ �❤♦✇� ❛ ❝♦♠♣❧❡�❡❧②

❝♦✈❡�❡❞ ❜♦��♦♠ ✇✐�❤ ❛ ❤❡✐❣❤� ♦❢ [4.2; 5.1]♠♠✱ ❡①❝❡♣� ❢♦� �❤�❡❡ ❤♦❧❡� ✐♥ �❤❡ ❝♦�♥❡��✳ ❚❤❡

❉✶✷ ❧❡❛✈❡� �❤❡ �❛♥❦ �❤�♦✉❣❤ ❛ ❝♦❧✉♠♥ ♦♥ �❤❡ �✐❞❡ ✇✐�❤ ❛ ✇✐❞�❤ ♦❢ [1.2; 2.4]♠♠✳

�❈▼✷
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❋✐❣✉�❡ ✶✾✿ ❙✉�❢❛❝❡ ❛�❡❛ ❢♦� ∆x = 0.1, 0.3♠♠ ✐♥ ❍✷❖

❉✶✷✱ �❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠✱ rin = 0.4♠♠ = rout
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❋✐❣✉�❡ ✷✵✿ ▲✐�✉✐❞ ❢�❛❝
✐♦♥ ❢♦� ∆x =

0.1, 0.3♠♠ ✐♥ �❈▼✷

❉✶✷✱ �❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠

rin = 0.4♠♠ = rout
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❋✐❣✉�❡ ✷✶✿ ❱♦❧✉♠❡ ❢�❛❝
✐♦♥ ❢♦� ∆x =

0.1, 0.3♠♠ ✐♥ �❈▼✷

❉✶✷✱ ❍✷❖✱ (x, y, z) = (5, 12.5, 5)♠♠

rin = 0.4♠♠ = rout

∆x (t0 [s], A[10
−5m2])

[mm] ♣❛�� ✶ ♣❛�� ✷ ♣❛�� ✸ ♣❛�� ✹ ♠❛✐♥ ♣❡❛❦

✵✳✶ (0.2, 6.5) ց (1.0, 6.0± 0.2) (6.0, 6.0) (16.8, 6.2± 0.2) (32.472, 9.1)

✵✳✸ 0.3, 6.7± 1.3 ր (10.1, 7.6± 1.8) (12.1, 6.8± 0.6) (16.332, 11.1)

❚❛❜❧❡ ✾✿ ■♠♣♦�
❛♥
 ✈❛❧✉❡� ♦❢ 
❤❡ �✉�❢❛❝❡ ❛�❡❛ ❢♦� ∆x = 0.1, 0.3♠♠ ❢�♦♠ ✜❣✳ ✶✾✱ �♦�
❡❞ ❜②


❤❡ 
②♣❡ ♦❢ ❝❤❛♥❣❡✳ ❆� 
❤❡ 
❤❡ ♣❛�
� ✶✲✹ ❞♦ ♥♦
 ❤❛✈❡ ♠✉❝❤ ✐♥ ❝♦♠♠♦♥ 
❤❡ 
②♣❡ ✐� �♣❡❝✐✜❡❞ ✐♥ ❛

�②♠❜♦❧✐❝ ✇❛② ♥❡❛� 
❤❡ ✈❛❧✉❡✳ ❆♥ ❛��♦✇ �
❛②� ❢♦� ❛ ♣❡�✐♦❞✐❝ ✐♥❝�❡❛�❡ ♦� ❞❡❝�❡❛�❡✱ ❞❡♣❡♥❞✐♥❣ ♦♥


❤❡ ❞✐�❡❝
✐♦♥✱ 
♦ ❛ 
✐♠❡ �
❡♣ ❛♥� �✉�❢❛❝❡ ❛�❡❛✱ ✐❢ ❧❡❢
 ❢�♦♠ 
❤❡ ✈❛❧✉❡✱ ❛♥❞ ❢�♦♠✱ ✐❢ ♣❧❛❝❡❞ �✐❣❤
✳

❚❤❡ ∆x = 0.1♠♠ ❧✐♥❡ �❤♦✇� ❛ ✜♥❛❧ ✈❛❧✉❡ ♦❢ (7.5 · 10−5 ± 0.5)m2✳ ❚❤❡ ∆x = 0.3♠♠ ❧✐♥❡

❝♦♥�✐�
� ♦♥❧② ♦❢ ✸ ❞✐✛❡�❡♥
 ♣❛�
�✱ ❡①❝❡♣
 ❢♦� 
❤❡ ♠❛✐♥ ♣❡❛❦✳ ❚❤❡�❡❢♦�❡ 
❤❡ ♠❛✐♥ ♣❡❛❦ ❝♦✉♥
� ❛❧�♦

❛� ♣❛�
 ✹✳ ■
� ✜♥❛❧ ✈❛❧✉❡ ✐� 8.5 · 10−5m2

∆x lPCM [%]

[mm] t = 45 s

✵✳✶ ✷✽

✵✳✸ ✶✵

❚❛❜❧❡ ✶✵✿ ❋✐♥❛❧ ✈❛❧✉❡� ♦❢ 
❤❡ ❧✐�✉✐❞ ❢�❛❝
✐♦♥ ♦❢ ∆x = 0.1, 0.3♠♠ ❢�♦♠ ✜❣✳ ✶✹✳ ❚❤❡ ❣�❛♣❤

�❤♦✇� ♥♦ ✐♥
❡�❡�
✐♥❣ ♣♦✐♥
�

∆x (t [s], υHTF [%]) υHTF [%]

[mm] �❧❛�❡❛✉ ✶ �❧❛�❡❛✉ ✷ �❧❛�❡❛✉ ✸ t = 45 [s]

✵✳✶ ✭❬✵✳✸❀✸✵✳✷❪✱✶✸✮ ♥♦♥❡ ♥♦♥❡ ✸✺

✵✳✸ ✭❬✵✳✸❀✽✳✻❪✱❬✶✹❀✶✻❪✮ ✭❬✶✶✳✶❀✶✺✳✶❪✱✷✹✮ ✭❬✶✺✳✹❀✶✽✳✵❪✱✸✵✮ ✺✺

❚❛❜❧❡ ✶✶✿ ■♠♣♦�
❛♥
 ✈❛❧✉❡� ♦❢ 
❤❡ ✈♦❧✉♠❡ ❢�❛❝
✐♦♥ ♦❢ ∆x = 0.1, 0.3♠♠ ❢�♦♠ ✜❣✳ ✶✺✱ �♦�
❡❞ ❜②


❤❡✐� ♣❧❛
❡❛✉
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✹✷

y

xz1 mm^3 1 mm^3 1 mm^3 1 mm^3

a)

y

xz

y

xz

y

xz

b) c) d)

❋✐❣✉�❡ ✷✷✿ ■♠❛❣❡ �❡�✐❡� �❤♦✇✐♥❣ ❛ ✸❉ ✈✐�✉❛❧✐�❛�✐♦♥ ♦❢ �❤❡ ♠♦❞❡❧ ✇✐�❤ ❉✶✷ ❛♥❞ �❈▼✷ ❢♦�

0.1♠♠

❛✮ ✐♠❛❣❡ �❤♦✇✐♥❣ ❛ ��② ✐♥ �❤❡ ❞�♦♣❧❡� ❢♦�♠❛�✐♦♥ ❛� �❤❡ �♦♣ ♦❢ �❤❡ ✐♥❝♦♠✐♥❣ ���❡❛♠ ❝♦♥♥❡❝�❡❞ �♦

❛ ❍❚❋ ❧❛②❡� ♦♥ �❤❡ �♦♣ ✇❛❧❧ ❛� ✵✳✺ �

❜✮✐♠❛❣❡ �❤♦✇✐♥❣ ❛♥ ❛❞❞✐�✐♦♥❛❧ ♣❛�❤ �♦ �❤❡ ❢�♦♥� ✇❛❧❧ ❛� ✸✶✳✵ �

❝✮ ✐♠❛❣❡ �❤♦✇✐♥❣ ❞✐���✐❜✉�❡❞ ❍❚❋ �♦ ❛❧♠♦�� ❛❧❧ ✇❛❧❧� ❛� ✸✷✳✺ �

❞✮ ✐♠❛❣❡ �❤♦✇✐♥❣ �❤❛� �❤❡ ❍❚❋ ❧❡❢� �❤❡ ❜❛❝❦ ✇❛❧❧ ❛� ✸✹✳✵ �

❉✶✷✱ �❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠✱ rin = 0.4♠♠ = rout✱ ▼❡�❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱

0.1♠♠

❚❤❡ �✉�❢❛❝❡ ❛�❡❛ ✐♥ ✜❣✳ ✶✾ ❢♦� ∆x = 0.1 �❤♦✇� ❛ ♣❡�✐♦❞✐❝ ❜❡❤❛✈✐♦✉� ❛❢�❡� ❛ ❧✐♥❡❛� ✐♥❝�❡❛�❡

❢♦� ✵✳✷ �✳ ❚❤❡ ♥❡①� ✵✳✽ � �❤❡ ❛✈❡�❛❣❡ ✈❛❧✉❡ ❞❡❝�❡❛�❡�✳ ❋♦� �❤❡ ♥❡①� ✶✵✳✽ � �❤❡ ✈❛❧✉❡ ��❛②�

❝♦♥��❛♥�✳ ❚❤❡ ♣❡�✐♦✐❞❝ ♣❛�� ❛♣♣❡❛�� ❛❣❛✐♥ ❧❡❛❞✐♥❣ �♦ �❤❡ ♠❛✐♥ ♣❡❛❦ ❛♥❞ ✜♥✐�❤✐♥❣ ✐♥ ❛

♣❡�✐♦❞✐❝ ♣❛��✳

❚❤❡ ∆x = 0.3 ♣❧♦� �❤♦✇� ❛ ♣❡�✐♦❞✐❝ ♣❛�� ❛❢�❡� ❛ ❧✐♥❡❛� ✐♥❝�❡❛�❡ ❛� �❤❡ ❜❡❣✐♥♥✐♥❣✱ ❧❡❛❞✐♥❣

❛❧♠♦�� ❞✐�❡❝�❧② ✐♥�♦ �❤❡ ♠❛✐♥ ♣❡❛❦✳ ❆ ❞�♦♣ ✐♥ �❤❡ ❛✈❡�❛❣❡ ❝❛♥ ❜❡ �❡❡♥ ✐♥ ❜❡�✇❡❡♥ ❜✉� �❤❡

✈❛❧✉❡� ❛�❡ ❝❧❡❛�❧② ♣❡�✐♦❞✐❝ ✐♥ �❤✐� �✐♠❡ ❢�❛♠❡✳ ❙❤♦��❧② ❛❢�❡� �❤❡ ♣❡❛❦ �❤❡ ✈❛❧✉❡ ��❛❣♥❛�❡�

❛❢�❡� ❛ �❤♦�� ✐♥❝�❡❛�❡ ❛� ✐�✬� ✜♥❛❧ ✈❛❧✉❡✳ ❚❤❡ ��❛��✐♥❣ �✐♠❡� ♦❢ ❡❛❝❤ ��❛❣❡ ❛♥❞ �❤❡ ❛❝❝♦�❞✐♥❣

�✉�❢❛❝❡ ❛�❡❛� ❝❛♥ ❜❡ �❡❡♥ ✐♥ ✾✳

❚❤❡ ❜❡❤❛✈✐♦✉� ♦❢ �❤❡ ❧✐&✉✐❞ ❢�❛❝�✐♦♥ ❢♦� ∆x = 0.1, 0.3♠♠ ✐� �❤♦✇♥ ✐♥ ✜❣✳ ✷✵✱ �❤♦✇✐♥❣ ♥♦

✐♥�❡�❡��✐♥❣ ❢❡❛�✉�❡� ❢♦� ❜♦�❤ ♦❢ �❤❡ ❝❛❧❝✉❧❛�✐♦♥�✳ ❚❤❡�❡❢♦�❡ ♦♥❧② �❤❡ ✜♥❛❧ ✈❛❧✉❡� ❛�❡ ❧✐��❡❞

✐♥ �❛❜✳ ✶✵✳

❚❤❡ ❜❡❤❛✈✐♦✉� ♦❢ �❤❡ ✈♦❧✉♠❡ ❢�❛❝�✐♦♥ ❢♦� ∆x = 0.1, 0.3♠♠ ✐� �❤♦✇♥ ✐♥ ✜❣✳ ✷✶✳ ❚❤❡

0.1♠♠ ❧✐♥❡ �❤♦✇� ❜❛�✐❝❛❧❧② ✶ ♣❧❛�❡❛✉✱ ❢♦❧❧♦✇❡❞ ❜② ❛ ❧❛�� ��❡♣ ♠❡�❣✐♥ ✐♥�♦ ❛ ��❛❣♥❛�✐♦♥

❝✉�✈❡✱ ✇❤✐❧❡ �❤❡ 0.3♠♠ ❧✐♥❡ ❝♦♥�✐��� ♦❢ ✸ ♣❧❛�❡❛✉�✱ ♦♥❡ ♦❢ �❤❡♠ ❝❧✐♠❜✐♥❣ �❧✐❣❤�❧②✳ ❚❤❡

✈❛❧✉❡� ❛�❡ ❧✐��❡❞ ✐♥ �❛❜✳ ✶✵✳

❚❤❡ ✈✐�✉❛❧✐�❛�✐♦♥ ✐♥ ✜❣✳ ✷✷ ❛✮ �❤♦✇� �❤❡ ✐♥❝♦♠✐♥❣ ���❡❛♠✱ ✇❤✐❝❤ ��❛②� ❜❛�✐❝❛❧❧② �❤❡ �❛♠❡

❢�♦♠ �❤❡ ❜❡❣✐♥♥✐♥❣ ✉♥�✐❧ 31 �✳ ❚❤❡ ✐♥❝♦♠✐♥❣ ❥❡� ❤❛� ❛ ❧❡♥❣�❤ ♦❢ 10.1♠♠ ❛♥❞ ✐�✬� ✇✐❞❡��
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✹✸

❋✐❣✉�❡ ✷✸✿ ▲♦❝❛❧ ❧✐�✉✐❞✲❢�❛❝✐♦♥ ♦♥ ❤❡ ❝❡♥�❡❞ ♣❧❛♥❡ ❢♦� �❈▼✷ ❛ ✷✺ �

❉✶✷✱ �❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠✱ rin = 0.4♠♠ = rout✱ ▼❡�❤✿ ♠✉❧✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱

0.1♠♠

♣❛�� ❛� �❤❡ �♦♣ ♦❢ 1.6♠♠ ❝♦❧❧✐❞❡� ✇✐�❤ �❤❡ ❛❧�❡❛❞② ❢♦�♠❡❞ �♦♣ ❧❛②❡� ♦❢ ♦✐❧ ✇✐�❤ ❛ ❤❡✐❣❤� ✐♥

�❤❡ �❛♥❣❡ ♦❢ [1.9; 2.7]♠♠✳ ❲❤✐❧❡ �❤❡ ❧❛②❡� ✜❧❧� �❤❡ ✇❤♦❧❡ ①✲❛①✐�✱ ✐� ♦♥❧② ✉�❡� [2.4; 3.4]♠♠

♦❢ �❤❡ ③✲❛①✐�✳

❆� 31 � ✭✜❣✳ ✷✷ ❜✮✮ �❤❡ ���❡❛♠ ❜❡♥❞� �♦ �❤❡ ①②✲♣❧❛♥❡✱ ❧❡❛✈✐♥❣ ❛♥ ❛�②♠♠❡��✐❝ �♦✉♥❞ ✐♠♣�✐♥�

✇✐�❤ �❤❡ ❞✐♠❡♥�✐♦♥� ♦❢ (x, y) = (3.3, 3.8)♠♠✱ ✇❤✐❧❡ ✐� �❡♠❛✐♥� ❝♦♥♥❡❝�❡❞ �♦ �❤❡ ♦✉�❧❡�✳

❚❤❡ �♦♣ ❧❛②❡� ❤❛� �❤❡ ❞✐♠❡♥�✐♦♥� ✐♥ �❤❡ �❛♥❣❡ ♦❢ (y, z = [0.7; 2.0], [0.6; 1.8])♠♠✳ ❚❤❡

✐♥❝♦♠✐♥❣ ���❡❛♠ ❝♦♥♥❡❝�❡❞ �♦ �❤✐� ❢♦�♠❛�✐♦♥ ❤❛� �❤❡ ❞✐♠❡♥�✐♦♥� ♦❢ (x, y) = (1.5, 6.0)♠♠✳

❆� ❛�♦✉♥❞ 32.5 � ✭✜❣✳ ✷✷ ❝✮✮ �❤❡ ♦✐❧ ✜❧❧� �❤❡ ①②✲♣❧❛♥❡ ❛♥❞ �❤❡ ②③✲♣❧❛♥❡ �♦ ❛ ❣�❡❛� ❡①�❡♥�✳

❚❤❡ ���❡❛♠ ❜❡❧♦✇ ❤❛� �❤❡ ❞✐♠❡♥�✐♦♥� ♦❢ (y, z) = (5.5, 1.6)♠♠✳

❆� 34 � ✭✜❣✳ ✷✷ ❞✮✮ �❤❡ ♦✐❧ ✢♦✇ �❤✐❢�❡❞ �❧✐❣❤�❧② ❢�♦♠ �❤❡ ❜❛❝❦ ✇❛❧❧ �♦ �❤❡ ❢�♦♥� ✇❛❧❧✳

❋✐❣✳ ✷✸ �❤♦✇� ❛ �✐♠❡ ♣♦✐♥� ❜❡�✇❡❡♥ ✜❣✳ ✷✷ ❛✮ ❛♥❞ ✜❣✳ ✷✷ ❜✮ ❛♥❞ ✇✐❧❧ ❜❡ ✉�❡❞ ✐♥ �❤❡

❞✐�❝✉��✐♦♥ ✐♥ �❤❡ ❡①♣❧❛♥❛�✐♦♥ ♦❢ �❤❡ ❍❚❋ ❜❡❤❛✈✐♦✉� ❜❡�✇❡❡♥ �❤❡�❡ �✇♦ ♣♦✐♥��✳ ❚❤❡ ✐♠❛❣❡

✇❛� �❛❦❡♥ ❡①♣❧✐❝✐�❧② ❛� ✷✺✳✺ � ❛� ✐� ♠❛�❝❤❡� ❛ �✐♣ ✐♥ �❤❡ ❧✐♥❡ ♦❢ �❤❡ �✉�❢❛❝❡ ❛�❡❛ �❡❡♥ ✐♥ ✜❣✳

✶✾✳ ■� �❤♦✇� �❤❡ ❝❡♥��❡ ♣❧❛♥❡ ♦❢ �❤❡ ❛✈❡�❛❣❡ ✈❛❧✉❡� ♦❢ �❤❡ ❧✐,✉✐❞ ❢�❛❝�✐♦♥ ❝❛❧❝✉❧❛�❡❞ ♦✈❡�

�❤❡ ✈♦❧✉♠❡✳ ■� ❝❛♥ ❜❡ �❡❡♥ �❤❛� �❤❡ �♦♣ ♣❛�� ♦❢ �❤✐� ♣❧❛♥❡ ❜❡�✇❡❡♥ �❤❡ ❍❚❋ ♦♥ �♦♣ ❛♥❞

�❤❡ ���❡❛♠ ✐� ❝♦♠♣❧❡�❡❧② �♦❧✐❞✐✜❡❞✳ ❚❤❡ ♠❛✐♥ ❛�❡❛ ♦❢ �❤❡ ✐♠❛❣❡ �❤♦✇� ✈❛❧✉❡� ♥❡❛� ✺✵✪✳

❍✐❣❤❡� ✈❛❧✉❡� ❛�❡ ♦♥❧② ✈✐�✐❜❧❡ ♥❡❛� �❤❡ ❜♦��♦♠ ❛♥❞ ❡�♣❡❝✐❛❧❧② ♦♥ �❤❡ ❧❡❢� ✇❛❧❧✳
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✹✹

y

xz1 mm^3

y

xz1 mm^3 1 mm^3 1 mm^3

z

1 mm^3

y

x
z

y

x
z

a) b) c) d)

❋✐❣✉�❡ ✷✹✿ ■♠❛❣❡ �❡�✐❡� �❤♦✇✐♥❣ ❛ ✸❉ ✈✐�✉❛❧✐�❛�✐♦♥ ♦❢ �❤❡ ✐♠♣♦��❛♥� ��❡♣� ♦❢ �❤❡ ♠♦❞❡❧ ✇✐�❤

❉✶✷ ❛♥❞ �❈▼✷ ❢♦� 0.3♠♠

❛✮ ✐♠❛❣❡ �❤♦✇✐♥❣ �❤❡ ❞�♦♣❧❡� ❢♦�♠❛�✐♦♥ ❛� ✵✳✺ �

❜✮ ✐♠❛❣❡ �❤♦✇✐♥❣ �❤❡ ✐♥❝♦♠✐♥❣ ���❡❛♠ ❜❡♥❞✐♥❣ �♦ �❤❡ ❢�♦♥� ✇❛❧❧ ❛♥❞ ❝♦♥♥❡❝�✐♥❣ �♦ �❤❡ �♦♣ ❛�

✶✶✳✵ �

❝✮ ✐♠❛❣❡ �❤♦✇✐♥❣ �❤❡ ❍❚❋ ❝�❡❛�✐♥❣ ❛ ❝❤❛♥♥❡❧ ❢�♦♠ �❤❡ ❜♦��♦♠ ❢�♦♥� ✇❛❧❧ �❤�♦✉❣❤ �❤❡ ❝❡♥��❡ ♦❢

�❤❡ �❛♥❦ ❝♦❛�✐♥❣ �❤❡ ❢�♦♥�✱ �✐❣❤� ❛♥❞ �♦♣ ✇❛❧❧ ♣❛��❧② ❛� ✶✻✳✺ �

❞✮ ✐♠❛❣❡ �❤♦✇✐♥❣ ❛❧♠♦�� �✇♦ �❤✐�❞� ♦❢ �❤❡ �❛♥❦ ✜❧❧❡❞ ❢�♦♠ �♦♣ ❛♥❞ ❜♦��♦♠ ✇✐�❤ ❍❚❋ ❧❡❛✈✐♥❣ �❈▼

✐♥ ❜❡�✇❡❡♥ ❛♥❞ ❝♦♥♥❡❝�❡❞ �❤�♦✉❣❤ �❤❡ �✐❣❤� ✇❛❧❧

❉✶✷✱ �❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠✱ rin = 0.4♠♠ = rout✱ ▼❡�❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱

0.3♠♠

❚❤❡ ✈✐�✉❛❧✐�❛�✐♦♥ ✐♥ ✜❣✳ ✷✹ ❛✮ �❤♦✇� �❤❡ ❞�♦♣❧❡� ❢♦�♠❛�✐♦♥ ✇❤✐❝❤ ��❛②� ❜❛�✐❝❛❧❧② �❤❡ �❛♠❡

✉♥�✐❧ 11 �✳ ❚❤❡ ✐♥❝♦♠✐♥❣ ❥❡� ❤❛� ❛ ❧❡♥❣�❤ ♦❢ 5.4♠♠ ❛♥❞ ✐�✬� ✇✐❞❡�� ♣❛�� ❛� �❤❡ �♦♣ ✐� ♦❢

1.2♠♠✳ ■♥ �❤❡ ✉♣♣❡� ♣❛�� ♦❢ �❤❡ �❛♥❦ ❛ ❞�♦♣ ✇✐�❤ �❤❡ ❞✐♠❡♥�✐♦♥� (x, y) = (3.0, 3.3)♠♠

✐� ✈✐�✐❜❧❡✱ ❥✉�� ✉♥❞❡� �❤❡ �♦♣ ❧❛②❡� ✇✐�❤ ❛ ❤❡✐❣❤� ✐♥ �❤❡ �❛♥❣❡ ♦❢ [1.5; 2.1]♠♠ ❉✶✷ ❛♥❞ ❛

③✲❧❡♥❣�❤ ♦❢ 3.6♠♠✳

❆� 11 � ✭✜❣✳ ✷✹ ❜✮✮ �❤❡ ✐♥❝♦♠✐♥❣ ���❡❛♠ ❧❡❛✈❡� ❛ ❝✉�✈❡❞ ✐♠♣�✐♥� ♦♥ �❤❡ ✇❛❧❧ ✇✐�❤ �❤❡

❞✐♠❡♥�✐♦♥� ♦❢ (x, y) = (3.3, 7.5)♠♠✱ �❤❛� ✐� ❝♦♥♥❡❝�❡❞ �♦ �❤❡ �♦♣ ❧❛②❡�✳ ❚❤❡ ❥❡� ✐��❡❧❢ ❤❛�

❛ ✇✐❞�❤ ♦❢ 1.5♠♠ ❛♥❞ ❜❡♥❞� ❛� ❛ ❤❡✐❣❤� ♦❢ 4.2♠♠✳ ❚❤❡ �♦♣ ❧❛②❡� ♥♦✇ ✜❧❧� �❤❡ ❛�❡❛

❝♦♠♣❧❡�❡❧② ✇✐�❤ ❛ ❤❡✐❣❤� ♦❢ [0.9; 1.2]♠♠✳

❆� 16.5 � ✭✜❣✳ ✷✹ ❝✮✮ �❤❡ ♦✐❧ ❧❡❛✈❡� ✐♠♣�✐♥�� ♦♥ ❛❧❧ ❢♦✉� �✉��♦✉♥❞✐♥❣ ✇❛❧❧� ✐♥ �❤❡ ✉♣♣❡�

♣❛�� ♦❢ �❤❡ �❛♥❦ ❛♥❞ ♦♥❡ ❝✉�✈❡❞ �❤❛♣❡❞ ✐♠♣�✐♥� ❛� �❤❡ ❜♦��♦♠✳

❆� 25.5 � ✭✜❣✳ ✷✹ ❞✮✮ �❤❡ �❡�✉❧�� �❤♦✇ �✇♦ ❞✐✛❡�❡♥� ❧❛②❡��✱ ❝♦♥♥❡❝�❡❞ �♦ ❡❛❝❤ ♦�❤❡�✳ ❚❤❡

�♦♣ ❧❛②❡� ✇✐�❤ ❛ ❤❡✐❣❤� ♦❢ [2.7; 3.3]♠♠ ✱ �❤❡ ❜♦��♦♠ ❧❛②❡� [4.8; 5.4]♠♠✳ ■♥ �❤❡ ③✲❞✐�❡❝�✐♦♥

❜♦�❤ ❧❛②❡�� ❞♦ ♥♦� ✜❧❧ �❤❡ ♠♦❞❡❧ ❝♦♠♣❧❡�❡❧②✳ ❚❤❡ ❝♦♥♥❡❝�✐♦♥ ✐� ❝❡♥��❡❞ ❛� �❤❡ ②③✲♣❧❛♥❡

✇✐�❤ ❛ ♠❛①✐♠✉♠ ✇✐❞�❤ ♦❢ 2.4♠♠✳

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek
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✹✺

✻✳✸ ❉✐�❝✉��✐♦♥ ♦❢ �❤❡ ❝♦♠♣❛�✐�♦♥ ♦❢ �❤❡ ♠❛✐♥ ♠❡�❤ �✐③❡�

❲❤❡♥ ❝♦♠♣❛�✐♥❣ �❤❡ �✉�❢❛❝❡ ❛�❡❛✱ ❛� �❤♦✇♥ ✐♥ ✜❣✳ ✶✸ ♦♥❡ �❡❛❧✐�❡� �❤❛� �❤❡ ✈❛❧✉❡� ❢♦�

✵✳✶♠♠ ❛♥❞ ✵✳✸♠♠ ❤❛✈❡ ❛♥ ♦✈❡�❛❧❧ �❤❛♣❡ �✐♠✐❧❛� �♦ ❡❛❝❤ ♦�❤❡�✳ ❇♦�❤ ❣�❛♣❤� ��❛�� ✇✐�❤

❛ ❧✐♥❡❛� ❛�❝❡♥❞✱ �✉�♥✐♥❣ ✐♥�♦ ❛ ✇❛✈❡ �❤♦��❧②✱ ✐♥❝�❡❛�✐♥❣ ✐♥ ❛♠♣❧✐�✉❞❡ ❛❢�❡� �♦♠❡ �✐♠❡✳

❆❧�♦ ❜♦�❤ ❣�❛♣❤� ❡♥❞ ✇✐�❤ ❛ ❝♦✉♣❧❡ ♦❢ ♣❡❛❦� ❛♥❞ ♦♥❡ ❧❛�� ❜✐❣ ♣❡❛❦ ❜❡❢♦�❡ �❤❡ ❞�♦♣ ❛♥❞

��❛❣♥❛�✐♦♥ ❛� �✐♠✐❧❛� �✐♠❡✳ ❚❤❡ ♠❛✐♥ ❞✐✛❡�❡♥❝❡ ✐� �❤❡ ♣❛�� ✐♥ ❜❡�✇❡❡♥✳ ❲❤✐❧❡ �❤❡ ✵✳✶♠♠

❧✐♥❡ ��❛②� ❝♦♥��❛♥� ❢♦� ❛ ✇❤✐❧❡✱ �❤❡ ✵✳✸♠♠ ❧✐♥❡ ✐� ��✐❧❧ ✐♥ ✇❛✈❡ ❢♦�♠ ❜✉� ✇✐�❤ �♠❛❧❧❡�

❛♠♣❧✐�✉❞❡✳

❲❤❡♥ ❧♦♦❦✐♥❣ ❛� �❤❡ ❞❡�❛✐❧❡❞ ✈❛❧✉❡�✱ ❜② ✐♥❝❧✉❞✐♥❣ �❤❡ ❧✐$✉✐❞✲❢�❛❝�✐♦♥ ✭✜❣✳ ✶✹✮ ❛♥❞ �❤❡

✈♦❧✉♠❡✲❢�❛❝�✐♦♥ ✭✜❣✳ ✶✺✮ ❛♥❞ ❝♦♠♣❛�✐♥❣ �❤❡�❡ �❡�✉❧�� �♦ �❤❡ �❡�✐❡� ♦❢ ✐♠❛❣❡� ✐♥ ✜❣✳ ✶✻ ♦❢

�❤❡ ✵✳✶♠♠ �✐♠✉❧❛�✐♦♥ ❛♥❞ ✐♥ ✜❣✳ ✶✽ ❢♦� ✵✳✸♠♠✱ ♦♥❡ �❡❛❧✐�❡� �❤❛� �❤❡ �❡�✉❧�� ❛�❡ $✉✐�❡

❞✐✛❡�❡♥�✳

❚❤❡ ✜��� ❞�♦♣❧❡� ❢♦�♠❛�✐♦♥ ♣�♦❝❡�� ✐♥ ✜❣✳ ✶✻ ❛✮ ❛♥❞ ✜❣✳ ✶✽ ❛✮ ✐� ✐♥ ♣�✐♥❝✐♣❧❡ �❤❡ �❛♠❡✱

❛❧�❤♦✉❣❤ �❤❡ ✈❛❧✉❡� ❛�❡ ❞✐✛❡�❡♥�✳ ❚❤❡ ❛✈❡�❛❣❡ �✉�❢❛❝❡ ❛�❡❛ ♦❢ ✵✳✶♠♠ ✐� ❤✐❣❤❡� ❜② 1.2 ·

10−5♠✷ ♦� ✷✹✪ �❤❛♥ �❤❡ ♦♥❡ ❢♦� ✵✳✸♠♠✳ ❚❤❡ ✐♥❝♦♠✐♥❣ ❥❡� ✐� �✐♠✐❧❛� ✐♥ �❤❛♣❡ ❛♥❞ �✐③❡

✭�❛♠❡ ✇✐❞�❤ ❜✉� ✼✪ ❧♦♥❣❡�✮✳ ❚❤❡ �❡�✉❧�✐♥❣ ❞�♦♣ ✐� ✷✸✪ �♠❛❧❧❡�✳

■♥ �❤❡ ♥❡①� ♣❤❛�❡ �❤❡ �✉�❢❛❝❡ ❛�❡❛ ❝♦♥�✐♥✉♦✉�❧② ✐♥❝�❡❛�❡� ❛♥❞ ❞❡❝�❡❛�❡� ❢♦� ❜♦�❤ ❝❛❧❝✉✲

❧❛�✐♦♥� ✐♥ ❛ �✐♠✐❧❛� ♠❛♥♥❡�✳ ❖❜✈✐♦✉�❧② ❛♥ ✐♥❝�❡❛�❡ ❤❛♣♣❡♥�✱ ✇❤❡♥ ❛ ❞�♦♣ ✐� ❢♦�♠✐♥❣✱ ❛

❞❡❝�❡❛�❡✱ ✇❤❡♥ ❛ ❞�♦♣ ✐� ❧❡❛✈✐♥❣✳ ❯♥�✐❧ ✽✳✻ � ❛♥❞ ✶✶✳✷ � �❤❡ ❛♠♣❧✐�✉❞❡ ��❛②� ❝♦♥��❛♥�✳ ❆♥

✐♥�❡�❡��✐♥❣ ❡✛❡❝� ✐� �❤❛� �❤❡ �♦♣ ❧❛②❡� ✐� ❛❧�❡❛❞② ❢✉❧❧② ❞❡✈❡❧♦♣❡❞ ❢♦� ✵✳✶♠♠ ❛� ✵✳✺ �✱ ✇❤✐❧❡

✐� �❛❦❡� ✶✳✺ � ❢♦� �❤❡ ✵✳✸♠♠ ♠♦❞❡❧✳ ❚❤❡ ✐♥❝�❡❛�❡ ✐♥ �❤❡ �✉�❢❛❝❡ ❛♠♣❧✐�✉❞❡ �✐❣♥❛❧✐③❡� ❛

❞❡❢♦�♠❛�✐♦♥ ♦❢ �❤❡ ❞�♦♣� �♦ ❛ ❤✐❣❤❡� �✉�❢❛❝❡ ❛�❡❛✳ ❚❤✐� ✐� ♣�♦❜❛❜❧② ❞✉❡ �♦ �♦❧✐❞✐✜❝❛�✐♦♥

✐♥ �✉��♦✉♥❞✐♥❣ ❛�❡❛�✳ ❆� ❡①♣❧❛✐♥❡❞ ❡❛�❧✐❡�✱ ❋❧✉❡♥� ❞❡✜♥❡� �♦❧✐❞✐✜❡❞ ✢✉✐❞ ♠❛�❡�✐❛❧ ❛� ✢✉✐❞

♠❛�❡�✐❛❧ ✇✐�❤ ❛♥ ✐♥✜♥✐�❡ ✈✐�❝♦�✐�②✳ ❚❤✐� ♠❡❛♥� �❤❛� �❤❡ ❍❚❋ ✐� ❛❜❧❡ �♦ ♣✉�❤ �♦❧✐❞✐✜❡❞

③♦♥❡� ✐♥ ❢�♦♥� ♦❢ ✐� ❛♥❞ ✐� ❝❛♥ ❜❡ ❤✐♥❞❡�❡❞ ✐♥ ✐�✬� ❢♦��❤❝♦♠✐♥❣✳ ❚❤✐� ❜❡❝♦♠❡� ♠♦�❡ ❛♥❞

♠♦�❡ ❝❧❡❛� ✇❤❡♥ ❛♥❛❧②�✐♥❣ ❢✉��❤❡� ��❡♣� ♦❢ �❤❡ ❝❛❧❝✉❧❛�✐♦♥�✳

❋✐❣✳ ✶✻ ❜✮ ❢♦� ✵✳✶♠♠ ✇❛� �❛❦❡♥ ❛� ✶✷✳✵ � �❤♦✇✐♥❣ ❛ �✐♥❣❧❡ ❥❡�✳ ❲❤❡♥ ❧♦♦❦✐♥❣ ❛� ❛♥ ✐♠❛❣❡

♦❢ �❤❡ ❝�♦�� �❡❝�✐♦♥ �❤♦✇✐♥❣ �❤❡ ❧✐$✉✐❞ ❢�❛❝�✐♦♥ ❛� ❡①❛❝�❧② �❤✐� �✐♠❡ ��❡♣ ✭✜❣✳ ✶✼✭❛✮✮ ♦♥❡

�❡❛❧✐�❡� �❤❛� �❤❡ ❝♦♦❧✲❞♦✇♥✱ ❛� ✇❡❧❧ ❛� �❤❡ ❢�❡❡③✐♥❣✱ ��❛��� ❛� �❤❡ �♦♣ ❛♥❞ ✇♦�❦� ✐�✬� ✇❛②

�♦ �❤❡ ❜♦��♦♠✳ ❚❤✐� ✇❛� $✉✐�❡ ✉♥❡①♣❡❝�❡❞ ❛� �❤❡ ♦✐❧ ✐♥❝�❡❛�❡� ✐�✬� �❡♠♣❡�❛�✉�❡ �❤❡ ❧♦♥❣❡�

✐� ��❛②� ✐♥ �❤❡ �❛♥❦✳ ❚❤❡ �❡♠♣❡�❛�✉�❡ ❣�❛❞✐❡♥� ✐� �❤❡�❡❢♦�❡ �❤❡ ���♦♥❣❡�� ♦♥ �❤❡ ❜♦��♦♠✳

◆❡✈❡��❤❡❧❡�� �❤❡ �✉�❢❛❝❡ ❛�❡❛ ♦♥ �❤❡ ❞�♦♣❧❡� ✐� ❣�❡❛�❡� �❤❛♥ ❛� �❤❡ ❜♦��♦♠ ♦❢ �❤❡ ���❡❛♠✳

❆� �❤❡ ❤❡❛� ��❛♥�❢❡� ✐� ♣�♦♣♦��✐♦♥❛❧ �♦ �❤❡ �✉�❢❛❝❡ ❛�❡❛ �❤✐� ❝♦✉❧❞ ❡①♣❧❛✐♥ �❤✐� ❡✛❡❝�✳ ❚❤❡

✐♠❛❣❡ �❤♦✇� �❤❛� �❤❡ 8❈▼ ♣❛��� ✇✐�❤ �❤❡ ❧♦✇❡�� ❧✐$✉✐❞ ❢�❛❝�✐♦♥ ❛�❡ ❛� ❜♦�❤ �✐❞❡� ♦❢ �❤❡

���❡❛♠ ❛� �❤❡ �♦♣ ❢❛❝✐♥❣ ❞♦✇♥✇❛�❞�✳ ❆� �❤❡ ❥❡� ��✐❡� �♦ ❣♦ �❤❡ ✇❛② ✇✐�❤ �❤❡ ❧❡❛�� ❡♥❡�❣②

❝♦♥�✉♠♣�✐♦♥✱ ✐� ❥✉�� �❤♦♦�� ✉♣✇❛�❞� ❛♥❞ ❞♦❡� ♥♦� ❝�❡❛�❡ ❛♥② ❞�♦♣❧❡�� ✉♥�✐❧ ✷✷✳✵ �✳ ❆� �❤✐�

♣♦✐♥� ✐� ✐� ✐♥�❡�❡��✐♥❣ �♦ �✇✐�❝❤ �♦ �❤❡ ❧♦✇❡� �❡�♦❧✉�✐♦♥ ♠♦❞❡❧✳ ❋♦� �♦♠❡ ✉♥❦♥♦✇♥ �❡❛�♦♥
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❉✶✷✱ (x, y, z) = (5, 12.5, 5)♠♠✱ rin = 0.4♠♠ = rout✱ ▼❡�❤✿ ♠✉❧
✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧
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❍✷❖ ✵✳✶♠♠

♣❛�❛♠❡�❡� ♠✐♥ ❞✐✈❡�❣❡♥❝❡ ❛✈❡ ❞✐✈❡�❣❡♥❝❡ ♠❛① ❞✐✈❡�❣❡♥❝❡

�✉�❢❛❝❡ ❛�❡❛ −4 · 10−6 −6 · 10−8 9 · 10−7

❧✐�✉✐❞✲❢�❛❝�✐♦♥ −1 · 10−7 4 · 10−8 7 · 10−7

✈♦❧✉♠❡✲❢�❛❝�✐♦♥ 4 · 10−9 1 · 10−9 1 · 10−8

❍✷❖ ✵✳✸♠♠

�✉�❢❛❝❡ ❛�❡❛ 2 · 10−4 −3 · 10−7 2 · 10−4

❧✐�✉✐❞✲❢�❛❝�✐♦♥ 7 · 10−6 7 · 10−7 1 · 10−5

✈♦❧✉♠❡✲❢�❛❝�✐♦♥ 6 · 10−6 6 · 10−8 9 · 10−6

�❈▼✷ ✵✳✶♠♠ ✷♥❞

�✉�❢❛❝❡ ❛�❡❛ −0.09 0.004 0.16

❧✐�✉✐❞✲❢�❛❝�✐♦♥ −0.03 −0.002 0.004

✈♦❧✉♠❡✲❢�❛❝�✐♦♥ −0.001 −5 · 10−4 0.005

�❈▼✷ ✵✳✶♠♠ ✸�❞✱ ✹�❤ ♥♦ ❝❤❛♥❣❡� ✐♥ �❤❡ ♣�❡❝✐�✐♦♥ �❛♥❣❡

�❈▼✷ ✵✳✸♠♠

�✉�❢❛❝❡ ❛�❡❛ −0.001 −9 · 10−6 0.001

❧✐�✉✐❞✲❢�❛❝�✐♦♥ −0.001 −5 · 10−5 0.001

✈♦❧✉♠❡✲❢�❛❝�✐♦♥ −7 · 10−6 2 · 10−7 4 · 10−5

❚❛❜❧❡ ✶✷✿ ❘❡❧❛�✐✈❡ ❝❤❛♥❣❡� ♦❢ ❛❞❞✐�✐♦♥❛❧ ❝❛❧❝✉❧❛�✐♦♥� ❝♦♠♣❛�❡❞ �♦ �❤❡ ✜��� ❢♦� ❍✷❖ ❛♥❞ �❈▼✷

✇✐�❤ ✵✳✶♠♠ ❛♥❞ ✵✳✸♠♠ ♠❡�❤

❚❤❡ ✜��� ❞✐❛❣�❛♠ �❤♦✇♥ ❢♦� ❍✷❖✱ ✵✳✶♠♠✱ ✐� ❢�♦♠ ❛ �❤♦�� ❡♥♦✉❣❤ �✐♠❡ ✐♥�❡�✈❛❧ ✭ ❬✷✺✱✸✵❪ �✱✮

�❤❛� �❤❡ ❞✐✛❡�❡♥❝❡ ��❛②� ✐♥ ❛♥ ❛❝❝❡♣�❛❜❧❡ �❛♥❣❡ ❢♦� �❤❡ ♠♦�� ♣❛�� ♦❢ �❤❡

❝❛❧❝✉❧❛�✐♦♥✳ ✭✜❣✳ ✷✺✭❛✮✮ ❚❤❡ ❝❛❧❝✉❧❛�✐♦♥ ��❛��❡❞ ❛� ✷✺ � ��❛②� ✐❞❡♥�✐❝❛❧ ✇✐�❤ �❤❡ ♦�✐❣✐♥❛❧

❝❛❧❝✉❧❛�✐♦♥ ❢♦� ♥❡❛�❧② ✶✳✷ �✳ ❚❤❡ ✈❛❧✉❡ ❛� ✷✻✳✷ � ✐� ✶✷✪ ❧♦✇❡� ❛� ✐� �❤♦✉❧❞ ❜❡✳ ❋♦� �❤❡ ♥❡①�

✶✳✶ � �❤❡ �❤❛♣❡ ✐� ✈❡�② �✐♠✐❧❛� ❜✉� �❤❡ ✈❛❧✉❡� �❡♠❛✐♥ ❧♦✇❡�✳ ❚❤❡ ♣❡❛❦ ❛� ✷✼✳✸ ✐� �❤✐❢�❡❞

❜② ✵✳✶ � �♦ �❤❡ �✐❣❤� ❛♥❞ ❜② ✸✪ ❤✐❣❤❡�✳ ❚❤❡ ❧❛�� ♣❡❛❦ ❛� ✷✽✳✹ � ✐� �❤✐❢�❡❞ ❜② ✵✳✾ � ❛♥❞ ✺✪

❧♦✇❡�✳

❋♦� �❤❡ ♣�❡�❡♥�❡❞ ❝❛❧❝✉❧❛�✐♦♥ ♦❢ 1❈▼✷ ✇✐�❤ ✵✳✸♠♠ �❤❡ ❝❛❧❝✉❧❛�✐♦♥ ��❛��❡❞ ❛� ✶✵ � ��❛②�

✐❞❡♥�✐❝❛❧ �♦ ✈❡�② �✐♠✐❧❛� ❢♦� �❤❡ ✜��� ✶✳✾ �✳ ✭❋✐❣✳ ✷✺✭❜✮✮ ❚❤❡ ♣❡❛❦ ❛� ✶✷✳✹ � ✐� �❤✐❢�❡❞ ❜②

✵✳✻ � �♦ �❤❡ �✐❣❤� ❛♥❞ ❜② ✸✹✪ ❤✐❣❤❡�✳❚❤❡ ♥❡①� �❡�✐❡� ❝♦♥�✐��✐♥❣ ♦❢ �❤�❡❡ ❢♦❧❧♦✇❡❞ ❝❧♦�❡❧②

♣❡❛❦� ❞✐✛❡�� ✐♥ ✭❛❜�♦❧✉�❡ �✐♠❡ ❞✐✛❡�❡♥❝❡ ✭�✮✱ �❡❧❛�✐✈❡ �✉�❢❛❝❡ ❛�❡❛ ❞✐✛❡�❡♥❝❡ ✭✪✮✮✿ ✭✵✱ ✻✮✱

✭✲✵✳✶✱ ✲✵✳✶✮✱ ✭✲✵✳✷✱ ✸✮✳ ❚❤❡ ❞♦✉❜❧❡ ♣❡❛❦ ✐� �❡❞✉❝❡❞ �♦ ♦♥❡ ♣❧❛�❡❛✉ ❛� �❤❡ �❛♠❡ �✐♠❡ ❜✉�

✶✸✪ ❧♦✇❡�✳ ❚❤❡ ❣❧♦❜❛❧ ♠❛①✐♠✉♠ ♣❡❛❦ ✐� �❤✐❢�❡❞ ❜② ✵✳✶ � �♦ �❤❡ �✐❣❤� ❛♥❞ ✶✵✪ ❧♦✇❡�✳ ❚❤❡

♥❡①� ❞♦✉❜❧❡ ♣❡❛❦ ✐� �❡❞✉❝❡❞ �♦ ♦♥❡ �✐♥❣❧❡ ♣❡❛❦ ✐♥ ❜❡�✇❡❡♥✳ ❚❤❡♥ �❤❡ ❝❛❧❝✉❧❛�✐♦♥ ❞�✐❢��

❛♣❛�� �✉✐�❡ ❡①�❡♥�✐✈❡❧② ✉♥�✐❧ �❡❛❝❤✐♥❣ ❛ ✜♥❛❧ ✈❛❧✉❡ �❤❛� ✐� ✷✷✪ �♠❛❧❧❡�✳ ❚❤✐� ♠❡❛♥� ♥♦�

♦♥❧②✱ �❤❛� ❞❡�❛✐❧❡❞ ✢♦✇ ❛♥❛❧②�✐� ✇✐�❤ ❤✐❣❤ �✐♠❡ �❡�♦❧✉�✐♦♥ �❛✈❡� ❤❛� �♦ ❜❡ ❞♦♥❡ ❢♦� �✐♠❡

�❛♥❣❡� ❜❡❧♦✇ ✺ � ❢♦� ❛ �✉❛❧✐�❛�✐✈❡ ❡✈❛❧✉❛�✐♦♥ ❛♥❞ ❜❡❧♦✇ ✶ � ❢♦� ❛ �✉❛♥�✐�❛�✐✈❡ ❡✈❛❧✉❛�✐♦♥✱

❜✉� ♠♦�❡ ✐♠♣♦��❛♥�❧② �❤❛� ❝❛❧❝✉❧❛�✐♦♥� �❤❛� ❛�❡ ✐♥�❡♥❞❡❞ �♦ ❜❡ ❝♦♠♣❛�❡❞ ✇✐�❤ ❡❛❝❤ ♦�❤❡�

❤❛✈❡ �♦ ❜❡ �❡�✉♠❡❞ ❢�♦♠ �❤❡ ❡①❛❝� �❛♠❡ �✐♠❡ ��❡♣✱ ✇❤❡♥ ❦✐❝❦❡❞ ♦✉� ❢�♦♠ �❤❡ �❡�✈❡�✱ ✐♥

♦�❞❡� �♦ �❡❛��✉�❡ �❤❡ �❡♣�♦❞✉❝✐❜✐❧✐�② ♦❢ �❤❡ �❡�✉❧��✳ ❚❤✐� ❜❡❤❛✈✐♦✉� ♦❢ ❆◆❙❨❙ ❋❧✉❡♥� ✇❛�
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�♦ �❤✐� ❞❛�❡ ✉♥❦♥♦✇♥ ✐♥ �❤❡ �❡�❡❛�❝❤ �❡❛♠ ❛♥❞ ❝♦✉❧❞ ♥♦� ❜❡ ❡①♣❧❛✐♥❡❞✳ ❚❤❡�❡ ♠✐❣❤� ❜❡

�♦♠❡ ❦✐♥❞ ♦❢ �♦✉♥❞✐♥❣ ❡��♦� �❤❛� ❜❡❝♦♠❡� ♠♦�❡ ♣�❡�❡♥� ✇❤❡♥ ��❛��✐♥❣ �❤❡ �✐♠✉❧❛�✐♦♥ ❢�♦♠

❞✐✛❡�❡♥� �✐♠❡ ��❡♣� ❜✉� �❤✐� ✇❛� ❥✉�� ❛ �❤♦� ✐♥ �❤❡ ❞❛�❦✳ ❚❤❡ ✐❞❡❛❧ �♦❧✉�✐♦♥ ✇♦✉❧❞ �❤❡�❡❢♦�❡

❜❡ �♦ �✉♥ ❛❧❧ �✐♠✉❧❛�✐♦♥� ✇✐�❤♦✉� ❛❜♦��✐♦♥✱ ✇❤✐❝❤ ✐� ♥♦� ♣♦��✐❜❧❡ ♦♥ ❱❙❈✸ ✇✐�❤♦✉� �♣❡❝✐❛❧

❛✉�❤♦�✐�❛�✐♦♥✳ ❘❡��❛��✐♥❣ ❛❧❧ ❥♦❜� ❢�♦♠ �❤❡ �❛♠❡ ❞❛�❛ ♣♦✐♥� ✇❛� �❤❡�❡❢♦�❡ �❤❡ ♦♥❧② ♦♣�✐♦♥

❛✈❛✐❧❛❜❧❡✳ ❆❧�❤♦✉❣❤ ❛❢�❡� �❤✐� ❡✈❛❧✉❛�✐♦♥ ✐� ❜❡❝♦♠❡� ❝❧❡❛� �❤❛� �❤❡�❡ �❡�✉❧�� ✇✐❧❧ ❤❛✈❡ ❛♥

✐♥❛❝❝✉�❛❝②✱ ❞❡♣❡♥❞❛♥� ♦♥ �❤❡ ❧❡❢�✲♦✈❡� �✐♠❡ ❛❢�❡� �❤❡ ❦✐❝❦✲♦✉� ❢�♦♠ ❱❙❈✸✱ ❝♦♠♣❛�❡❞ �♦

�✐♠✉❧❛�✐♦♥� ❞♦♥❡ ✐♥ ♦♥❡ ��❡♣✳ ❆� �❤❡ �❛�❦ ♦❢ �❤✐� �❤❡�✐� ✇❛� ♦♥❧② �♦ ❜❡ ❛❜❧❡ �♦ ❡��✐♠❛�❡

�❤❡ �❡�✉❧�� ❢�♦♠ �❤❡ ♣❛�❛♠❡�❡� �❡�✲✉♣ �❤❡ ❡①❛❝� ✈❛❧✉❡� ❛�❡ ♦♥❧② ♦❢ �❡❝♦♥❞❛�② ✐♠♣♦��❛♥❝❡✳

❋♦� ♠♦�❡ ❞❡�❛✐❧❡❞ ❝❛❧❝✉❧❛�✐♦♥� ✐� ✐� �❡❝♦♠♠❡♥❞❡❞ �♦ ❡✐�❤❡� ❝�❡❛�❡ ❛ ♠♦❞❡❧ �❤❛� ✐� ❛❜❧❡

�♦ �✉♥ �❤❡ ❞❡�✐�❡❞ �✐♠❡ ✐♥ ✉♥❞❡� ✼✷ ❤ ♦� �♦ ❛�❦ ❢♦� �♣❡❝✐❛❧ ❛✉�❤♦�✐�❛�✐♦♥ ❢♦� �✉♥♥✐♥❣ �❤❡

�✐♠✉❧❛�✐♦♥� ❛� ❧♦♥❣ ❛� ♥❡❝❡��❛�②✳

✻✳✺ ❋✐♥❛❧ ▼♦❞❡❧ ❈❤❛♥❣❡�

❆� ❡①♣❧❛✐♥❡❞ ✐♥ �❤❡ ❧❛�� �✉❜�❡❝�✐♦♥ �❤❡ ♠♦❞❡❧ ✐� �✉✣❝✐❡♥� ✇❤❡♥ ✇♦�❦✐♥❣ ✇✐�❤ ❍ ✷❖ ❜✉�

�♦♦ �♠❛❧❧ ✇❤❡♥ ✇♦�❦✐♥❣ ✇✐�❤ ,❈▼✷✳ ❉✉❡ �♦ �✐♠❡ �❤♦��❡♥✐♥❣ ✐� ✇❛� ♥♦� ♣♦��✐❜❧❡ �♦ ❛❞❛♣�

�❤❡ ❣❡♦♠❡��② ❛ �❡❝♦♥❞ �✐♠❡✳ ❆ ✇♦�❦❛�♦✉♥❞ �❤�♦✉❣❤ �❤❡ �❡��✐♥❣� ✇❛� �❡/✉✐�❡❞ �❤❛� ✇♦✉❧❞

♠❛❞❡ ❝❛❧❝✉❧❛�✐♦♥� ✇✐�❤ ❞�♦♣ ❢♦�♠❛�✐♦♥ ♣♦��✐❜❧❡ ✇❤✐❧❡ ❦❡❡♣✐♥❣ ❣❡♦♠❡��② ❛♥❞ ♠❡�❤✳ ❆❢�❡�

❛ ❜✐� ♦❢ �❡�❡❛�❝❤ ♦♥ �✐♠✉❧❛�✐♦♥� ❛♥❞ ❡①♣❡�✐♠❡♥�� ❛❜♦✉� ❞�♦♣❧❡� ❢♦�♠❛�✐♦♥ ❛♥❞ ❥❡� ❜�❡❛❦✉♣

�❤❡�❡ ✇❛� ❛ ♠❛��❡� �❤❡�✐� ❜② ❲❛♥❣ �❤❛� ❤❛❞ �❤❡ ✐❞❡❛❧ �♦❧✉�✐♦♥✳ ❲❤✐❧❡ �❤✐� ♠❛��❡� �❤❡�✐�

❛❝�✉❛❧❧② ❞❡�❝�✐❜❡� �❤❡ �✐♠✉❧❛�✐♦♥ ♦❢ ❛♥ ✐♥❦✲❥❡� ♣�✐♥�❡� ✇✐�❤ ❛ �♠❛❧❧ ♣❛✐♥�✐♥❣ ♥♦③③❧❡ ❛♥❞

❞�♦♣❧❡� ♦❢ d = [30; 50]♠✐❝�♦♥�✱ ✈❡❧♦❝✐�✐❡� ✐♥ �❤❡ �❛♥❣❡ ♦❢ [9.26; 18.51] m
s
❛♥❞ ❘❡②♥♦❧❞�✲

♥✉♠❜❡�� ❜❡�✇❡❡♥ ✸ ❛♥❞ ✶✵✱ �❤❡ ✐♠♣♦��❛♥� ❢❛❝�♦�� ✇❡�❡ �❤❡ ❝❤❛♥❣❡� ✐♥ �❤❡ ✢♦✇ ❜�❡❛❦✉♣

✐♥ ❞❡♣❡♥❞❡♥❝❡ ♦❢ �❤❡ ❝♦♥�❛❝� ❛♥❣❧❡✳ ❋♦� ❛❧❧ �✐♠✉❧❛�✐♦♥� �❤❡ ❥❡� ❜❡❝♦♠❡� �❤♦��❡� ❛♥❞ �❤❡

❞�♦♣❧❡�� ❢♦�♠ ❢❛��❡� ✇❤❡♥ ✉�✐♥❣ �♠❛❧❧ ❝♦♥�❛❝� ❛♥❣❧❡�✳ ❆❧�♦ �❤❡ ✈❡❧♦❝✐�② ♦❢ �❤❡ ✜��� ❞�♦♣❧❡�

❞❡❝�❡❛�❡� ❢♦� �♠❛❧❧❡� ❛♥❣❧❡�✳ ❬✷✼❪ ■� ✇❛� �❤❡�❡❢♦�❡ ❞❡❝✐❞❡❞ �♦ ��② ❞✐✛❡�❡♥� ❝♦♥�❛❝� ❛♥❣❧❡�

♦♥ �❤❡ ♠♦❞❡❧ ✇✐�❤ �❤❡ ✐♥�❡♥�✐♦♥ ♦❢ �❤♦��❡♥✐♥❣ �❤❡ ���❡❛♠ ❡♥♦✉❣❤ �❤❛� ❛ ❞�♦♣❧❡� ❝❛♥ ✉♥❢♦❧❞

✇✐�❤✐♥ �❤❡ �❛♠❡ ❣❡♦♠❡��②✳

φ ❝♦❛�❡❞ ✇❛❧❧ x [mm] ❥❡� ❧❡♥❣�❤ y [mm] ❞�♦♣❧❡� �✐③❡ (x, y) [mm]

✵➦ ✺✳✵ ✹✳✶ 3.6, 3.3

✸✵➦ ✸✳✽ ✼✳✻ 3.8, 3.3

✹✺➦ ✷✳✹ ✽✳✸ 4.5, 2.9

✻✵➦ ✶✳✹ ✶✵✳✽ 0.9, 1.5

✾✵➦ ✶✳✵ ≥ 12.5 ♥♦♥❡

❚❛❜❧❡ ✶✸✿ ●❡♦♠❡��✐❝ �❡	✉❧�	 ❢♦� ❞✐✛❡�❡♥� ❝♦♥�❛❝� ❛♥❣❧❡	✱ ❛	 	❡❡♥ ✐♥ ✜❣✳ ✷✼

❆ ❝♦♠♣❛�✐�♦♥ ♦❢ ❝❛❧❝✉❧❛�✐♦♥� ✇✐�❤ ❞✐✛❡�❡♥� ❝♦♥�❛❝� ❛♥❣❧❡� ✐♥ ✜❣✳ ✷✼ ❛♥❞ �❛❜✳ ✶✸ ❢♦� ✵✳✺ �

�❤♦✇� �❤❡ ❞�♦♣❧❡� ❢♦�♠❛�✐♦♥ ❛� ❣♦♦❞ ❛� ♣♦��✐❜❧❡ ✇✐�❤ ❛ �✐♠❡ �❛✈✐♥❣ ✐♥�❡�✈❛❧ ♦❢ ✵✳✶ �✳ ❚❤❡
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✺✷

✭❛✮ ❈♦♥�❛❝� ❛♥❣❧❡ ♦❢ ✵ ➦ ✭❜✮ ❈♦♥�❛❝� ❛♥❣❧❡ ♦❢ ✹✺ ➦

✭❝✮ ❈♦♥�❛❝� ❛♥❣❧❡ ♦❢ ✾✵ ➦ ✭❞✮ ❈♦♥�❛❝� ❛♥❣❧❡ ♦❢ ✶✸✺ ➦

✭❡✮ ❈♦♥�❛❝� ❛♥❣❧❡ ♦❢ ✶✽✵ ➦

❋✐❣✉�❡ ✷✻✿ ❚❤❡ ✈✐�✉❛❧✐�❛
✐♦♥ ♦❢ 
❤❡ ❥❡
 ❜�❡❛❦✉♣ ❛♥❞ ❞�♦♣❧❡
 ❢♦�♠❛
✐♦♥ ❢�♦♠ ❈❋❉✲�✐♠✉❧❛
✐♦♥�

❢♦� ❞�♦♣❧❡
 ♦♥ ❞❡♠❛♥❞ ✐♥❦✲❥❡
 ♣�✐♥
❡�� ❜② ❲❛♥❣ ❬✷✼❪ �❤♦✇� 
❤❛
 
❤❡ ✐♥❝♦♠✐♥❣ ❥❡
 ❧❡♥❣
❤✱ ❛� ✇❡❧❧ ❛�


❤❡ 
✐♠❡ ✉♥
✐❧ ❜�❡❛❦✉♣✱ ✐♥❝�❡❛�❡� ❢♦� ❤✐❣❤❡� ❝♦♥
❛❝
 ❛♥❣❧❡�✳ ❆
 
❤❡ ❧❛�
 
✐♠❡ �
❡♣ ❢♦� ✵➦ 
❤❡�❡ ❛�❡

❛❧�❡❛❞② 
❤�❡❡ ❞�♦♣❧❡
�✱ ✇❤✐❧❡ 
❤❡ ❝❛❧❝✉❧❛
✐♦♥ ❢♦� ✶✽✵➦ �❤♦✇� ♦♥❧② ❛ �✐♥❣❧❡ ❞�♦♣❧❡
✳ ❚✐♠❡ ✐♥❞❡①❡�

❢♦� ❡❛❝❤ �✉❜✲✜❣✉�❡ ❢�♦♠ 
♦♣ 
♦ ❜♦

♦♠✿ 8.4µs✱ 17.7µs✱ 37.3µs✱ 75.6µs✱ 138.0µs✱ 181.0µs✱

280µs✱ 300µs✳
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✺✸

ϕ = 0° ϕ = 30° ϕ = 60° ϕ = 90°

y

x

y

x

y

x

y

x

y

x

1 mm^2

a)

z = 5 mm
b)

z = 5 mm
ϕ = 45°

y

x
c)

z = 5 mm

d)

z = 5 mm

d)

z = 5 mm

❋✐❣✉�❡ ✷✼✿ ■♠❛❣❡ �❡�✐❡� �❤♦✇✐♥❣ ❛ ✷❉ ✈✐�✉❛❧✐�❛�✐♦♥ ♦❢ ❞✐✛❡�❡♥� ❝♦♥�❛❝� ❛♥❣❧❡� ♦♥ z = 5♠♠ ❛�

�❤❡ �✐♠❡ ��❡♣ ✵✳✸ � ❛♥❞ ♦♥ ✵✳✷ � ❢♦� ✾✵➦✳

❛✮ φ = 0➦✱ ❛❧♠♦�� ❝✐�❝✉❧❛� ❞�♦♣❧❡� ❛♥❞ ❛♥ ✐♥❧❡� ���❡❛♠ ❝♦❛�✐♥❣ �❤❡ ❜♦��♦♠ ✇❛❧❧ ❝♦♠♣❧❡�❡❧②

❜✮ φ = 30➦✱ ❡❧❧✐♣�✐❝ �❤❛♣❡❞ ❞�♦♣❧❡�✱ ❞�♦♣❧❡� ❞✉�✐♥❣ ❢♦�♠❛�✐♦♥ ❛♥❞ ❛❧♠♦�� ❝♦❛�❡❞ ❜♦��♦♠ ✇❛❧❧

❝✮ φ = 45➦✱ ❞�♦♣❧❡� ❞✉�✐♥❣ ❧❡❛✈✐♥❣ ❛♥❞ ���❡❛♠ ❝♦❛�✐♥❣ ❛❜♦✉� ❤❛❧❢ ♦❢ �❤❡ ❜♦��♦♠

❞✮ φ = 60➦✱ �♦♣ ❧❛②❡� ♦❢ ❍❚❋ ✇✐�❤ ❝✐�❝✉❧❛� �❤❛♣❡ ✐♥ �❤❡ ❝❡♥��❡✱ ❝❧♦�❡❧② ❢♦❧❧♦✇❡❞ ❜② ❛ ���❡❛♠ ♦❢

✷ ♣❛��� ✇✐�❤ ❢♦�♠✐♥❣ ❞�♦♣❧❡��

❡✮ φ = 90➦✱ ���❡❛♠ ✇✐�❤ ❞�♦♣❧❡� ♦♥ �♦♣✱ ��②✐♥❣ �♦ ❢♦�♠✱ ✐♥ ❝♦♥�❛❝� ✇✐�❤ �❤❡ ♦✉�❧❡�

❉✶✷✱ $❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠✱ rin = 0.4♠♠ = rout✱ ▼❡�❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱

0.1♠♠

❜❛�✐❝ �❡		✐♥❣ ✐♥ ❋❧✉❡♥	✱ ✇❤✐❝❤ ✇❛� ✉�❡❞ ❢♦� 	❤❡ ❡❛�❧✐❡� �✐♠✉❧❛	✐♦♥�✱ ✐� ✾✵ ➦✳ ❚♦ ❛❝❤✐❡✈❡ ❛

❜�♦❛❞ ✈❛�✐❛	✐♦♥ 	❤❡ ❝❛❧❝✉❧❛	✐♦♥� ✇❡�❡ ✐♥✐	✐❛❧❧② ❞♦♥❡ ✇✐	❤ ✵➦✱ ✸✵➦ ❛♥❞ ✻✵➦✳ ❆ �✐♠✉❧❛	✐♦♥

✇✐	❤ ✹✺➦ ✇❛� ❛❞❞❡❞ ❧❛	❡� ❢♦� ❛❞❞✐	✐♦♥❛❧ �✉♣♣♦�	 ✐♥ 	❤❡ ❞❡❝✐�✐♦♥ ♣�♦❝❡��✳

❲❤✐❧❡ 	❤❡ ✵➦ ❛♥❣❧❡ �❤♦✇� 	❤❡ �❤♦�	❡�	 �	�❡❛♠ ✭✜❣✳ ✷✼ ❛✮✮ ❛♥❞ 	❤❡�❡❢♦�❡ 	❤❡ ♠❛①✐♠✉♠

❛✈❛✐❧❛❜❧❡ �♣❛❝❡ ❢♦� 	❤❡ ❞�♦♣❧❡	✱ ✇❤✐❝❤ ❛❧�♦ ✐� ♦❢ ❛♣♣�♦①✐♠❛	❡ ❝✐�❝✉❧❛� �❤❛♣❡✱ 	❤❡ ♦✐❧ ❝♦♠✲

♣❧❡	❡❧② ❝♦❛	� 	❤❡ ❜♦		♦♠✱ ✇❤✐❝❤ �❡�✉❧	❡❞ ✐♥ ❛ ♣�♦❜❧❡♠ ❛	 	❤❡ ❡♥❞ ♦❢ 	❤❡ �✐♠✉❧❛	✐♦♥✳ ❉✉❡

	♦ 	❤❡ ♦✐❧ ❧❛②❡� ❛	 	❤❡ ❜♦		♦♠ ❢✉�	❤❡� ❞�♦♣❧❡	 ❢♦�♠❛	✐♦♥ ✐� ♣�❡✈❡♥	❡❞ ❛♥❞ 	❤❡ ♦✐❧ ❝♦♥	✐♥✉❡�

	♦ ❛�❝❡♥❞ ❛� ♦♥❡ �	❡❛❞② ✢♦✇✳

❚❤❡ ❝❛❧❝✉❧❛	✐♦♥ ✇✐	❤ ✸✵➦ �❤♦✇� ❛♥ ♦✈❛❧ �❤❛♣❡❞ ❞�♦♣❧❡	 	❤❛	 �	✐❧❧ ✜	� ♥✐❝❡❧② ✐♥	♦ 	❤❡ ❣❡✲

♦♠❡	�② ✭✜❣✳ ✷✼ ❜✮✮ ❜✉	 ❛❧�♦ ❛ ❜�♦❛❞❡♥❡❞ ❜❡❣✐♥♥✐♥❣ ♦❢ 	❤❡ ✐♥❝♦♠✐♥❣ ❥❡	✳

❚❤❡ ✹✺➦ �✐♠✉❧❛	✐♦♥ �❤♦✇� ❛ ❧❡��❡� ❜�♦❛❞❡♥❡❞ �	�❡❛♠ ✭✜❣✳ ✷✼ ❝✮✮ ❛♥❞ ✇❤✐❧❡ 	❤❡ ❞�♦♣❧❡	

❤❛� ❡♥♦✉❣❤ �♣❛❝❡ 	♦ ✉♥❢♦❧❞✱ ✐	 ,✉✐❝❦❧② 	♦✉❝❤❡� 	❤❡ 	♦♣ ✇❛❧❧✳

❚❤❡ ❝❛❧❝✉❧❛	✐♦♥ ✇✐	❤ ✻✵ ➦�	✐❧❧ ❤❛� ❡♥♦✉❣❤ �♣❛❝❡ ❢♦� ❞�♦♣❧❡	 ❢♦�♠✐♥❣ ✭✜❣✳ ✷✼ ❞✮✮ ❜✉	 	❤❡

�	�❡❛♠ ✭✐♥❝❧✉❞✐♥❣ 	❤❡ ❢♦�♠✐♥❣ ❞�♦♣❧❡	�✮ ✉�❡� ✽✻✪ ♦❢ 	❤❡ ♠♦❞❡❧ ❤❡✐❣❤	✳ ❚❤❡ ❞�♦♣❧❡	 ❛	

	❤❡ ❝❛♣	✉�❡❞ 	✐♠❡ ❢�❛♠❡ ✐� ♥♦	 ❡✈❡♥ ✈✐�✐❜❧❡ ❛� ❞�♦♣❧❡	 ❛♥②✲♠♦�❡✱ ❛� ✐	 ❝♦❛	� 	❤❡ 	♦♣ ✇❛❧❧

❝♦♠♣❧❡	❡❧②✳

❚❤❡ ♠♦❞❡❧ ✉�❡❞ ❜❡❢♦�❡ ✇✐	❤ ✾✵➦ ✇❛� ❛❞❞❡❞ ❢♦� ❝♦♠♣❛�✐�♦♥ ✭✜❣✳ ✷✼ ❡✮✮ ❛♥❞ �❤♦✇� ❛ �	�❡❛♠

✇✐	❤ 	✇♦ ❢♦�♠✐♥❣ ❞�♦♣❧❡	� ✐♥ ❢�♦♥	 ❚❤❡ ❧❛�	 ♦♥❡ ✐� ❛❧�❡❛❞② ❝♦❧❧✐❞✐♥❣ ✇✐	❤ 	❤❡ 	♦♣ ✇❛❧❧✳

❲❤✐❧❡ 	❤❡ �	�❡❛♠ ❢♦� 	❤❡ ✹✺ ➦ �✐♠✉❧❛	✐♦♥ ✐� ✐♥ 	❤❡ ♦♣	✐♠❛❧ �❛♥❣❡ ✐	 ✇❛� ❝♦♥❝❧✉❞❡❞ 	❤❛	

	❤❡ ❞�♦♣❧❡	 ♠✐❣❤	 ❤❛✈❡ ✐♥�✉✣❝✐❡♥	 �♣❛❝❡ ❛♥❞ 	❤❡ ❢♦❧❧♦✇✐♥❣ ❝❛❧❝✉❧❛	✐♦♥� ✇❡�❡ ❞♦♥❡ ✇✐	❤ ❛
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✺✹

❝♦♥�❛❝� ❛♥❣❧❡ ♦❢ ✸✵➦✳

❚❤❡ ❝❛❧❝✉❧❛�✐♦♥� ✇✐�❤ �❈▼✷ ✐♥ �❤❡ ❧❛�� �✉❜�❡❝�✐♦♥ ❛❧�♦ �❤♦✇❡❞ �❤❛� ❞✉�✐♥❣ �♦♠❡ ��❛❣❡�

♠♦�❡ ❍❚❋ ❡♥�❡�� �❤❡ ♠♦❞❡❧ �❤❛♥ ✐� ❛❜❧❡ �♦ ❧❡❛✈❡✳ ❚❤❡ ✐❞❡❛ ✇❛� �❤❡♥ �♦ ♦♣❡♥ �❤❡ �♦♣

❝♦♠♣❧❡�❡❧②✳ ❆♥ ♦✉�❧❡� ❛� �❤✐� �✐③❡ ✐♥��♦❞✉❝❡�✱ ❤♦✇❡✈❡�✱ �✇♦ ♦�❤❡� ❡✛❡❝��✳ ❋✐���❧② �❤❡ �②♣❡

♦❢ ❜❛❝❦✲✢♦✇ �❡��✐♥❣ ✐� ✐♠♣♦��❛♥�✳ ❲❤❡♥ ✉�✐♥❣ ❍❚❋ �❤✐� ♠❡❛♥� �❤❛� ♥♦ ❍❚❋ ✐� ❛❜❧❡ �♦

❧❡❛✈❡ �❤❡ ♦✉�❧❡� ❛♥❞ �❤❡ �❛♥❦ ❣❡�� ✜❧❧❡❞ ❝♦♠♣❧❡�❡❧② ❛❢�❡� �♦♠❡ �✐♠❡✳ ❚❤❡ ♦♣�✐♦♥ ♥❡❝❡��❛�②

✐� �❤❡�❡❢♦�❡ ❛ ❢✉❧❧ �❈▼ ❜❛❝❦✲✢♦✇✳ ❆� �❤❡ ✐♥❝♦♠✐♥❣ ♦✐❧✱ ❤♦✇❡✈❡�✱ ♥❡❡❞� �♣❛❝❡✱ �❤❡ ❡+✉❛❧

✈♦❧✉♠❡ ♦❢ �❈▼✷ ❤❛� �♦ ❧❡❛✈❡ �❤❡ ♠♦❞❡❧✳ ❲❤❡♥ �❤❡ ❍❚❋ ❧❡❛✈❡� ❛♥ ❡+✉✐✈❛❧❡♥� ♦❢ ❛♠♦✉♥�

♦❢ �❈▼ �❡✲❡♥�❡�� �❤❡ �❛♥❦ ❛� �❤❡ ♦✉�❧❡� �♦ ❝♦♠♣❡♥�❛�❡ ❛❣❛✐♥ ❢♦� �❤❡ ♠✐��✐♥❣ ✈♦❧✉♠❡✳ ❋♦�

❛ �♠❛❧❧ ♦✉�❧❡� �❤❡ ❛♠♦✉♥� ✐�✱ ♦❢ ❝♦✉��❡✱ �♠❛❧❧❡�✱ �❤❛♥ ❢♦� ❛ ❜✐❣ ♦✉�❧❡� ❛♥❞ ❞♦❡� ♥♦� ❤❛✈❡ �♦

❜❡ �❛❦❡♥ ✐♥�♦ ❛❝❝♦✉♥�✳ ❚❤❡ ✐❞❡❛❧ ❝♦♠♣❡♥�❛�✐♦♥ ❢♦� �❤✐� ✇♦✉❧❞ ❜❡✱ ❛� ❞♦♥❡ ✐♥ ❡①♣❡�✐♠❡♥��✱

❡✳❣✳ ❬✶✾❪✱ ✐� ❛ ❜✉✛❡� ♦❢ ❛✐� ❛� ♦♥ �♦♣ ♦❢ �❤❡ �❈▼✱ �♦ �❤❛� �❤❡ ❛♠♦✉♥� ♦❢ �❈▼ ❥✉�� ♠♦✈❡�

❜❛❝❦ ❛♥❞ ❢♦✉��❤ ❛♥❞ �❤❡ ❛✐� �❛❦❡� �❤❡ ♣❛�� ♦❢ ❝♦♠♣❡♥�❛�✐♥❣ ❢♦� �❤❡ ♦✐❧✳ ❚❤✐� ✇❛� ♥♦�

✐♠♣❧❡♠❡♥�❡❞ ✐♥ �❤✐� ♠♦❞❡❧ ❞✉❡ �♦ �❤❡ ❛♠♦✉♥� ♦❢ �✐♠❡ ♥❡❡❞❡❞ ❢♦� ✜♥❞✐♥❣ ❛♥ ❛✐� ❜✉✛❡� ❜✐❣

❡♥♦✉❣❤ ❢♦� ❛❧❧ ❝❛❧❝✉❧❛�✐♦♥� ✐♥ �❤❡ ♣❛�❛♠❡�❡� ��✉❞②✳

❚❤❡ �❡❝♦♥❞ ❝❤❛♥❣❡ ❢♦� �❤❡ ❛♥❛❧②�✐� ♦❢ �❤❡ �❡�✉❧�� ❝♦♠♣❛�❡❞ �♦ �❤❡ ❡❛�❧✐❡� ♠♦❞❡❧ ✐� �❤❛�

�❤❡ ❤❡❛� ��❛♥�❢❡� ✇✐�❤ �❤❡ ♠♦❞❡❧ ❛♥❞ �❤❡ ♦✉��✐❞❡ ❝❛♥ ❜❡ ♥❡❣❧❡❝�❡❞ ❢♦� �♠❛❧❧ ♦✉�❧❡��✳ ❲✐�❤

❛ ❝♦♠♣❧❡�❡❧② ♦♣❡♥ �♦♣✱ ❤♦✇❡✈❡�✱ �❤✐� ❤❡❛� ��❛♥�❢❡� ✐� ✐♠♠❡♥�❡ ❛♥❞ ❝❛♥ ❢❛❧�✐❢② �❤❡ �❡�✉❧��✳

❆� �❤❡ ♦✉�❧❡� �❡♠♣❡�❛�✉�❡ ❝❛♥ ♦♥❧② ❜❡ �❡� �♦ ❛ ❝♦♥��❛♥� ✈❛❧✉❡ ✐♥ ❋❧✉❡♥� �❤✐� ❞♦❡� ✐♥❞✐❝❛�❡

�❤❛� �❤❡ �❈▼ ❛❧✇❛②� ❤❛� �♦ ❜❡ ❝♦♦❧❡❞ ♦� ❤❡❛�❡❞ ❢�♦♠ �❤❡ ♦✉��✐❞❡✱ ❞❡♣❡♥❞✐♥❣ ♦♥ �❤❡

�❡��✐♥❣✳ ❚❤❡ ♦✉�❧❡� �❡♠♣❡�❛�✉�❡ ✇❛� �❡� �♦ ✵✳✶❑ ❛❜♦✈❡ �❤❡ �♦❧✐❞✐✜❝❛�✐♦♥ �❡♠♣❡�❛�✉�❡ ✐♥

♦�❞❡� �♦ ♠✐♥✐♠✐③❡ ❤❡❛�✐♥❣ ❢♦� �❤❡ �❈▼ �♦ ❜❡ ��✐❧❧ ❛❜❧❡ �♦ ❢�❡❡③❡ ❛♥❞ �♦ ♣�❡✈❡♥� �❤❡ �❈▼

❢�♦♠ ❝♦♦❧✐♥❣ ❞♦✇♥ ❢❛��❡�✳ ❚❤✐� ❤♦✇❡✈❡� ❞✐❞ ♥♦� ✇♦�❦ ❛� ✐♥�❡♥❞❡❞✳ ❉✉❡ �♦ �✐♠❡ �❡❛�♦♥�✱

❤♦✇❡✈❡�✱ �❤✐� ♠♦❞❡❧ ❤❛❞ �♦ ❜❡ ✜♥❛❧❧② ✉�❡❞ ✐♥ �❤❡ ♣❛�❛♠❡�❡� ��✉❞②✳
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✺✺

✼ �❛�❛♠❡�❡� ❙�✉❞②

❚❤❡ ❢♦❧❧♦✇✐♥❣ ✐�❡♠✐③❛�✐♦♥ �♣❡❝✐✜❡� ❛❧❧ �❡��✐♥❣� ✉�❡❞ ✐♥ �❤❡ ♣❛�❛♠❡�❡� ��✉❞②✿

❼ (x, y, z) = (5, 12.5, 5)♠♠

❼ rin = 0.4♠♠ ❞❡✜♥❡❞ ✐♥ ❣❡♦♠❡��②

❼ Aout = 25♠♠✷✱ ❝♦♠♣❧❡�❡ �♦♣ ❢❛❝❡

❼ ∆x = 0.1♠♠✱ ♠✉❧�✐✲③♦♥❡✲❤❡①❛❣♦♥❛❧

❼ Ain = 4.6 · 107 ♠✷✱ ✐��❡❣✉❧❛� �❤❛♣❡ ❝♦♠♣♦�❡❞ ♦✉� ♦❢ ❝✉❜✐❝ ❝❡❧❧� ❛❢�❡� ♠❡�❤✐♥❣

❼ ●❧♦❜❛❧ �❡��✐♥❣�✿ ♣�❡��✉�❡✲❜❛�❡❞ �♦❧✈❡�✱ ❛❜�♦❧✉�❡ ✈❡❧♦❝✐�②✱ ��❛♥�✐❡♥�

❼
−→g =

⎛

⎝

x

y

z

⎞

⎠ =

⎛

⎝

0

−9.81

0

⎞

⎠

m
s2

❼ ▼♦❞❡❧ �❡��✐♥❣�✿

▼✉❧�✐♣❤❛�❡ ✭❱❖❋✮✿

✷ ❡✉❧❡�✐❛♥ ♣❤❛�❡�✱ ❡①♣❧✐❝✐�✱ �❤❛�♣ ✐♥�❡�❢❛❝❡✱ ✈♦❧✉♠❡ ❢�❛❝�✐♦♥ ❝✉�✲♦✛ ✶✵ ✲✻

❝♦✉�❛♥� ♥✉♠❜❡� ✵✳✷✺✱ ✐♠♣❧✐❝✐� ❜♦❞② ❢♦�❝❡

σ = 0.0173 N
m
✱ ❝♦♥�✐♥✉✉♠ �✉�❢❛❝❡ ❢♦�❝❡✱ ✇❛❧❧ ❛❞❤❡�✐♦♥ ♦♥

❊♥❡�❣②

✈✐�❝♦✉� ✭❧❛♠✐♥❛�✮

�♦❧✐❞✐✜❝❛�✐♦♥ ✫ ♠❡❧�✐♥❣

❼ ▼❛�❡�✐❛❧ ♣�♦♣❡��✐❡� ♦❢ ,❈▼✷ ❛♥❞ ❉✶✷✱ �❡❡ �❛❜✳ ✸

❼ ❲❛❧❧ ❜♦✉♥❞❛�②✿ ♥♦ �❧✐♣ ❝♦♥❞✐�✐♦♥✱ φ = 30➦♦♥ ❜♦��♦♠ ✇❛❧❧✱ φ = 90➦♦♥ ❛❧❧ ♦�❤❡�

✇❛❧❧�

❼ ■♥❧❡� ❜♦✉♥❞❛�② ❛❝❝♦�❞✐♥❣ �♦ �❛❜✳ ✶✹

❼ ❖✉�❧❡� ❜♦✉♥❞❛�②✿ Tout = 285.25❑✱ υ
back−flow
HTF = 0

❼ ❙♦❧✈❡� �❡��✐♥❣�✿

,�❡��✉�❡✲✈❡❧♦❝✐�②✲❝♦✉♣❧✐♥❣ − ❙■▼,▲❊

,�❡��✉�❡ ❣�❛❞✐❡♥� − ▲❡❛�� ❙6✉❛�❡� ❈❡❧❧ ❇❛�❡❞

❱♦❧✉♠❡ ❢�❛❝�✐♦♥ − ●❡♦✲❘❡❝♦♥���✉❝�

❊♥❡�❣② − ❙❡❝♦♥❞ ♦�❞❡� ❯♣✇✐♥❞

❚�❛♥�✐❡♥� ❢♦�♠✉❧❛�✐♦♥ − ❋✐��� ❖�❞❡� ■♠♣❧✐❝✐�
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✺✻

❼ ❘❡�✐❞✉❛❧�✿ ❝♦♥�✐♥✉✐�②✱ vx,y,z✱ ❡♥❡�❣② − ❛❜�♦❧✉�❡ ❝♦♥✈❡�❣❡♥❝❡ ♦❢ 10−6

❼ ■♥✐�✐❛❧✐�❛�✐♦♥✿ T0 = 286.15❑✱ υHTF = 0

❼ ∆t = 1♠�✱ ✷✵ ✐�❡�❛�✐♦♥�

❼ ∆tsave = 0.5 �

❼ ❆❧❧ ❝❛❧❝✉❧❛�✐♦♥� ✇❡�❡ �❡✲��❛��❡❞ ❢�♦♠ ✸✵✳✺✵✵ � ❢♦� �❡♣�♦❞✉❝✐❜✐❧✐�②✳

Amush −∆T ❬❑❪ vin [
m
s
]

✶✵✶ ✶ ✵✳✷

✶✵✹ ✺ ✵✳✸

✶✵
✺

✶✵ ✵✳✹

✶✵✻ ✶✺

✶✵✾ ✷✵

❚❛❜❧❡ ✶✹✿ �❛�❛♠❡�❡�� ✈❛�✐❡❞ ❢♦� �❤❡ ♣❛�❛♠❡�❡� ��✉❞②✳ ❚❤❡ ❜♦❧❞ ✈❛❧✉❡ ❛�❡ �❤❡ ♦♥❡� ♦❢ �❤❡

❜❛❡ ♠♦❞❡❧

❚❤❡ ✈❛�✐❡❞ ♣❛�❛♠❡�❡�� ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ �❛❜✳ ✶✹✳ ❖♥❧② ♦♥❡ ♣❛�❛♠❡�❡� ✇❛� ✈❛�✐❡❞ ❛� ❛ �✐♠❡✳

❚❤❡ ♦�❤❡� �✇♦ ❛❧✇❛②� ��❛②❡❞ ❛� �❤❡ ❜❛�❡ ✈❛❧✉❡ ❢♦� ❝♦♠♣❛�✐�♦♥✳

✼✳✶ ❚❤❡ ❜❛	❡ ♠♦❞❡❧

❘❡�✉❧
�

■♥ ♦�❞❡� �♦ �❤♦✇ �❤❡ ❣❡♥❡�❛❧ ❜❡❤❛✈✐♦✉�✱ ✉♣ �♦ ❢♦✉� ❞✐❛❣�❛♠� ✇✐❧❧ ❜❡ �❤♦✇♥ ❛� ♦♥❝❡ �✐❞❡✲

❜②✲�✐❞❡✳ ❆❧❧ ❞✐❛❣�❛♠� ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ ❢✉❧❧ �❝❛❧❡ ✐♥ �❤❡ ❛♣♣❡♥❞✐① ❈ ✐♥ �❤❡ �❛♠❡ ♦�❞❡�

❛♥❞ ✐♥❝❧✉❞✐♥❣ �❤❡ ❝❛♣�✐♦♥�✳ ❚❤❡ ��❡♣� ♦❢ �❤❡ ❛♥❛❧②�✐� ✇❛� ❦❡♣� ❡①❛❝�❧② �❤❡ �❛♠❡ ❢♦� ❛❧❧

♦�❤❡� ❝❛❧❝✉❧❛�✐♦♥�✳ ❚❤❡�❡❢♦�❡ �❤✐� ♣�♦❝❡�� ✇❛� ♦♥❧② ❡①♣❧❛✐♥❡❞ ♦♥ �❤❡ ❜❛�❡ ♠♦❞❡❧✱ ❡①❝❡♣�

✇❤❡�❡ ❝❤❛♥❣❡� ✇❡�❡ ♥❡❝❡��❛�②✱ ❛♥❞ ❛❧❧ ❢♦❧❧♦✇✐♥❣ �❡�✉❧�� ✇❡�❡ ♦♥❧② �✉♠♠❛�✐③❡❞✳ ❖❢ ❝♦✉��❡✱

❛ ❞❡�❛✐❧❡❞ ❞✐�❝✉��✐♦♥ ✇❛� ✐♥❝❧✉❞❡❞✱ ✇❤❡♥ ♥❡❡❞❡❞✳ ❋✉��❤❡�♠♦�❡✱ ❡❛❝❤ ♣❛�❛♠❡�❡� ✈❛�✐❛�✐♦♥

❤❛� ✐�✬� ♦✇♥ �✉❜�❡❝�✐♦♥✱ ❞✐✈✐❞❡❞ ✐♥�♦ �❡�✉❧�� ❛♥❞ ❞✐�❝✉��✐♦♥✳

❚❤❡ �✉�❢❛❝❡ ❛�❡❛ ✐♥ ✜❣✳ ✷✽ ✐♥❝�❡❛�❡� ❧✐♥❡❛�❧② �♦ ✐�✬� ❣❧♦❜❛❧ ♠❛①✐♠❛❧ ✈❛❧✉❡ ♦❢

9.8 · 10−5 ♠✷ ❛� ✷✾✹ ♠�✳ ❋♦� �❤❡ �❡�� ♦❢ �❤❡ ❝❛❧❝✉❧❛�✐♦♥ �❤❡ ✈❛❧✉❡ ❥✉♠♣� ✐♥ �❤❡ �❛♥❣❡

♦❢ (Min,Ave,Max) = (5.1, 7.0, 8.6) · 10−5m2✳

❚❤❡ ❧♦✇❡�� ✈❛❧✉❡ ❢♦� �❤❡ ❧✐3✉✐❞ ❢�❛❝�✐♦♥ 4❈▼ ✐♥ ✜❣✳ ✷✾ ♦❢ ✽✽ ✪ ✐� ❛❝❤✐❡✈❡❞ ♥❡❛� ✸✼ �✳ ❆❢�❡�

�❤❛� �❤❡ ❧✐3✉✐❞✲❢�❛❝�✐♦♥ ✐♥❝�❡❛�❡� ❛❣❛✐♥ �♦ ✾✵ ✪✳
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❋✐❣✉�❡ ✷✽✿ ❋✐��� ✷ � ♦❢ �❤❡ �✉�❢❛❝❡ ❛�❡❛ ❢♦�

�❤❡ ❜❛�❡ ♠♦❞❡❧

❉✶✷✱ �❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠

Ain = 4.6 · 10−7m2✱ Aout = 25m2

▼❡�❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠

Amush = 105✱ ∆T = −10K✱ vin = 0.4m
s
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❋✐❣✉�❡ ✷✾✿ ▲✐�✉✐❞✲❢�❛❝�✐♦♥ ❢♦� �❤❡ ❜❛�❡

♠♦❞❡❧

❉✶✷✱ �❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠

Ain = 4.6 · 10−7m2✱ Aout = 25m2

▼❡�❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠

Amush = 105✱ ∆T = −10K✱ vin = 0.4 m
s
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❋✐❣✉�❡ ✸✵✿ ❋✐��� ✷ � ♦❢ �❤❡ ✈♦❧✉♠❡✲❢�❛❝�✐♦♥

❢♦� �❤❡ ❜❛�❡ ♠♦❞❡❧

❉✶✷✱ �❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠

Ain = 4.6 · 10−7m2✱ Aout = 25m2

▼❡�❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠

Amush = 105✱ ∆T = −10K✱ vin = 0.4m
s
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❋✐❣✉�❡ ✸✶✿ ❍❡❛� ��❛♥�❢❡� ❛� �❤❡ ✐♥❧❡� ❢♦�

�❤❡ ❜❛�❡ ♠♦❞❡❧

❉✶✷✱ �❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠

Ain = 4.6 · 10−7m2✱ Aout = 25m2

▼❡�❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠

Amush = 105✱ ∆T = −10K✱ vin = 0.4m
s

❚❤❡ ✈♦❧✉♠❡ ❢�❛❝�✐♦♥ ✐♥ ✜❣✳ ✸✵ ✐♥❝�❡❛�❡� ❧✐♥❡❛�❧② �♦ ✐�✬� ❣❧♦❜❛❧ ▼❛① ✈❛❧✉❡ ♦❢

✶✽✪ ❛� ✷✾✽♠�✳ ❋♦� �❤❡ �❡�� ♦❢ �❤❡ ❝❛❧❝✉❧❛�✐♦♥ �❤❡ ✈❛❧✉❡ ❥✉♠♣� ✐♥ �❤❡ �❛♥❣❡ ♦❢

(Min,Ave,Max) = (7, 10, 14)%✳

❚❤❡ ✐♥❧❡� ❤❡❛� ��❛♥�❢❡� ✐♥ ✜❣✳ ✸✶ ��❛②� ❝♦♥��❛♥� ✇✐�❤ ❛ ♣�❡❝✐�✐♦♥ ♦❢ ✵✳✶❲ ❛�✲✻✳✽❲✳
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❋✐❣✉�❡ ✸✷✿ ❋✐��� ✷ � ♦❢ �❤❡ ❤❡❛� ��❛♥�❢❡� ❛�

�❤❡ ♦✉�❧❡�✱ ❛� ✇❡❧❧ ❛� �❤❡ �✉♠ ♦❢ ✐♥❧❡� ❛♥❞

♦✉�❧❡�✱ ❢♦� �❤❡ ❜❛�❡ ♠♦❞❡❧

❉✶✷✱ �❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠

Ain = 4.6 · 10−7m2✱ Aout = 25m2

▼❡�❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠

Amush = 105✱ ∆T = −10K✱ vin = 0.4m
s
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❋✐❣✉�❡ ✸✸✿ ❋✐��� ✷ � ♦❢ �❤❡ ❤❡❛� ✢✉① ❝❛❧❝✉✲

❧❛�❡❞ ❜② ❞✐✈✐❞✐♥❣ ❡❛❝❤ ✈❛❧✉❡ ♦❢ �❤❡ �♦�❛❧ ❤❡❛�

��❛♥�❢❡� �❛�❡ ♦❢ ✜❣✳ ✸✷ ❜② �❤❡ ❝♦��❡�♣♦♥❞✐♥❣

✈❛❧✉❡ ♦❢ �❤❡ �✉�❢❛❝❡ ❛�❡❛ ✐♥ ✜❣✳ ✷✽ ❢♦� �❤❡

❜❛�❡ ♠♦❞❡❧

❉✶✷✱ �❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠

Ain = 4.6 · 10−7m2✱ Aout = 25m2

▼❡�❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠

Amush = 105✱ ∆T = −10K✱ vin = 0.4m
s

❚❤❡ �♦�❛❧ ❤❡❛� �
❛♥�❢❡
 ✐♥ ✜❣✳ ✸✷ 
❡❛❝❤❡� ✐�✬� ♠❛①✐♠✉♠ ✈❛❧✉❡ ♦❢ ✽✶✳✼❲ ❛� ✸✷✸♠�✳ ❋♦
 �❤❡


❡�� ♦❢ �❤❡ ❝❛❧❝✉❧❛�✐♦♥ ✐� ❥✉♠♣� ✐♥ �❤❡ 
❛♥❣❡ ♦❢ (Min,Ave,Max) = (−31.8,−0.1, 72.9)W ✳

❚❤❡ ❤❡❛� ✢✉① ✐♥ ✜❣✳ ✸✸ ��❛
�� �❤❡ ♣❡
✐♦❞✐❝ ❤❛❜✐� ❛� ✷✾✺♠� ❛♥❞ ❥✉♠♣� ✐♥ �❤❡ 
❛♥❣❡ ♦❢

(Min,Ave,Max) = (−557.5,−9.6, 1030.5) kW
m2 ✱ ✇✐�❤ ✐�✬� ♠❛①✐♠✉♠ ✈❛❧✉❡ ❛� ✷✽✳✶✻✶ �✳

❙❝
❡❡♥✲�❤♦�� ♦❢ �❤❡ ❤❡❛� ✢✉① ❛� �❤❡ ♦✉�❧❡� ✇❡
❡ �❛❦❡♥ ❛� ✷✺✳✵ � ✭✜❣✳ ✸✹✮ ❛♥❞ ✷✺✳✺ � ✭✜❣✳ ✸✺✮✱

✇❤✐❝❤ ❛
❡ ❣♦✐♥❣ �♦ ❜❡ ✉�❡❞ ✐♥ �❤❡ ❞✐�❝✉��✐♦♥ �❡❝�✐♦♥ ❢♦
 ❡①♣❧❛✐♥✐♥❣ �❤❡ ✈❛❧✉❡� ♦❢ �❤❡

❤❡❛� ✢✉①✳ ❚❤❡ ✜
�� ✐♠❛❣❡ �❤♦✇� �❤❛� �❤❡ ✢✉① ✐� ♣♦�✐�✐✈❡ ❜♦�❤ ✐♥�✐❞❡ �❤❡ ✺✵✪ ✈♦❧✉♠❡✲

❢
❛❝�✐♦♥ ❝✐
❝❧❡ ❛♥❞ ♦✉��✐❞❡ ♦♥ ♥❡❛
❧② �❤❡ ✇❤♦❧❡ ❛
❡❛✳ ❚❤❡ ♥❡❣❛�✐✈❡ ❝♦♥�♦✉
 ✐� ❛
♦✉♥❞ �❤❡

✺✵✪ ✈♦❧✉♠❡✲❢
❛❝�✐♦♥✳ ❚❤❡ ❛✈❡
❛❣❡ ✈❛❧✉❡ ♦❢ �❤❡ ❤❡❛�✲✢✉① ✇❛� ❝❛❧❝✉❧❛�❡❞ ❜② ❈❋❉✲2♦�� �♦

2.5 · 106 W
m2 ✳

❚❤❡ �❡❝♦♥❞ ✐♠❛❣❡ �❤♦✇� �❤❛� �❤❡ ✢✉① ✐� ♣♦�✐�✐✈❡ ❜♦�❤ ✐♥�✐❞❡ �❤❡ ✺✵✪ ✈♦❧✉♠❡✲❢
❛❝�✐♦♥

❝✐
❝❧❡ ❛♥❞ ♦✉��✐❞❡ ♦♥ ♥❡❛
❧② �❤❡ ✇❤♦❧❡ ❛
❡❛✳ ❚❤❡ ♥❡❣❛�✐✈❡ ❝♦♥�♦✉
 ✐� ❛
♦✉♥❞ �❤❡ ✺✵✪

✈♦❧✉♠❡✲❢
❛❝�✐♦♥ ❛♥❞ ✐♥ �❤❡ ❝♦
♥❡
� ♦❢ �❤❡ ♠♦❞❡❧✳ ❚❤❡ ❛✈❡
❛❣❡ ✈❛❧✉❡ ♦❢ �❤❡ ❤❡❛�✲✢✉① ✇❛�

❝❛❧❝✉❧❛�❡❞ ❜② ❈❋❉✲2♦�� �♦ 1.7 · 105 W
m2 ✳
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✺✾

❋✐❣✉�❡ ✸✹✿ ❙❝�❡❡♥✲�❤♦
 ♦❢ 
❤❡ ❤❡❛
✲✢✉① ❝♦♥
♦✉� ♦♥ 
❤❡ ♦✉
❧❡
 ♦❢ 
❤❡ ❜❛�❡ ♠♦❞❡❧ ❛
 ✷✺ �✳ ❚❤❡ ❧✐♥❡

✐♥ 
❤❡ ❝❡♥
�❡ ♠❛�❦� 
❤❡ ❛�❡❛ ❢♦� 
❤❡ ❞❛
❛ ♦❢ ✜❣✳ ✸✻ ❛♥❞ ✸✼

❉✶✷✱ "❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠✱ Ain = 4.6 · 10−7m2✱ Aout = 25m2

▼❡�❤✿ ♠✉❧
✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠✱ Amush = 105✱ ∆T = −10K✱ vin = 0.4m
s
✱ t = 25.0 �

❋✐❣✉�❡ ✸✺✿ ❙❝�❡❡♥✲�❤♦
 ♦❢ 
❤❡ ❤❡❛
✲✢✉① ❝♦♥
♦✉� ♦♥ 
❤❡ ♦✉
❧❡
 ♦❢ 
❤❡ ❜❛�❡ ♠♦❞❡❧ ❛
 ✷✺✳✺ �

❉✶✷✱ "❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠✱ Ain = 4.6 · 10−7m2✱ Aout = 25m2

▼❡�❤✿ ♠✉❧
✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠✱ Amush = 105✱ ∆T = −10K✱ vin = 0.4m
s
✱ t = 25.5 �

https://www.tuwien.at/bibliothek
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❋✐❣✉�❡ ✸✻✿ ❖✉�❧❡� �❡♠♣❡�❛�✉�❡ 
✐❞❡ ❜② 
✐❞❡

✇✐�❤ �❤❡ ❝♦��❡
♣♦♥❞✐♥❣ ✈♦❧✉♠❡ ❢�❛❝�✐♦♥ ♦❢

�❤❡ ❜❛
❡ ♠♦❞❡❧

❉✶✷✱ �❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠

Ain = 4.6 · 10−7m2✱ Aout = 25m2

▼❡
❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠

Amush = 105✱ ∆T = −10K✱ vin = 0.4m
s

t = 25.0 
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❋✐❣✉�❡ ✸✼✿ ❍❡❛� ✢✉① 
✐❞❡ ❜② 
✐❞❡ ✇✐�❤ �❤❡

❝♦��❡
♣♦♥❞✐♥❣ ✈♦❧✉♠❡ ❢�❛❝�✐♦♥ ♦❢ �❤❡ ❜❛
❡

♠♦❞❡❧

❉✶✷✱ �❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠

Ain = 4.6 · 10−7m2✱ Aout = 25m2

▼❡
❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠

Amush = 105✱ ∆T = −10K✱ vin = 0.4m
s

t = 25.0 


■♥ ♦�❞❡� 	♦ ❜❡ ❛❜❧❡ 	♦ ❝♦��❡❧❛	❡ 	❤❡ ♦✉	❧❡	 ❤❡❛	 ✢✉① ✇✐	❤ 	❤❡ ❍❚❋ ♠❡❛�✉�❡♠❡♥	� ♦❢ 	❤❡

♦✉	❧❡	 	❡♠♣❡�❛	✉�❡ ✭✜❣✳ ✸✻✮ ❛♥❞ ♦✉	❧❡	 ❤❡❛	 ✢✉① ✭✜❣✳ ✸✼✮ ✇❡�❡ ❞♦♥❡✱ �❤♦✇♥ ✐♥ ❛ �✐❞❡✲❜②✲

�✐❞❡ ❝♦♠♣❛�✐�♦♥ ✇✐	❤ 	❤❡ ❍❚❋ ✈♦❧✉♠❡ ❢�❛❝	✐♦♥✳ ❋♦� 	❤✐� ♠❡❛�✉�❡♠❡♥	� ❛ ❧✐♥❡ ✇❛� ♣❧❛❝❡❞

❝�♦��✐♥❣ 	❤❡ ♦✉	❧❡	 ✐♥ 	❤❡ ❝❡♥	�❡ ❞✉�✐♥❣ ❛ 	✐♠❡ �	❡♣ ❛	 ✇❤✐❝❤ ❛ ❉✶✷ ❞�♦♣❧❡	 ✐� ❧❡❛✈✐♥❣

	❤❡ 	❛♥❦✳ ❚❤❡ ❧✐♥❡� ✉�❡❞ ✇❤❡�❡ ❡✐	❤❡� �❛♥❣✐♥❣ ❢�♦♠ (x, y, z) [mm] = (0, 12.5, 2.5) 	♦

(x, y, z) [mm] = (5, 12.5, 2.5)✱ ❛� �❤♦✇♥ ✐♥ ✜❣✳ ✸✹✱ ♦� ❞✐❛❣♦♥❛❧ ❛❝�♦�� 	❤❡ ♦✉	❧❡	✱ �♦ 	❤❛	

	❤❡ ❞�♦♣❧❡	 ❝♦✉❧❞ ❜❡ ❛♥❛❧②�❡❞✳ ❲❤✐❧❡ 	❤❡ ❝♦�❡ 	❡♠♣❡�❛	✉�❡ ♦❢ 	❤❡ ❞�♦♣❧❡	 ❤❛� �	✐❧❧ ✐	✬�

♦�✐❣✐♥❛❧ ✈❛❧✉❡ ♦❢ ✷✼✺✳✶✺❑✱ 	❤❡ ❜♦✉♥❞❛�② �❤♦✇� ❛ 	❡♠♣❡�❛	✉�❡ �❛♥❣❡ ♦❢ ❬✷✼✾✳✶✺❀✷✽✷✳✶✺❪❑✳

❚❤❡ ❛✈❡�❛❣❡ ✈❛❧✉❡ ❢♦� ≥ 50✪ ❍❚❋ ✈♦❧✉♠❡ ❢�❛❝	✐♦♥ ✐� ✷✼✾✳✸✻❑✳

❲❤✐❧❡ 	❤❡ ❝♦�❡ ❤❡❛	 ✢✉① ♦❢ 	❤❡ ❞�♦♣❧❡	 �❤♦✇� 	❤❡ ❣�❡❛	❡�	 ❛♠♦✉♥	 ✐♥ 	❤❡ �❛♥❣❡ ♦❢

[0.05; 0.11]W
m2 ❛♥❞ 	❤❡ ❜♦✉♥❞❛�② �❤♦✇� ❛ ❤❡❛	 ✢✉① ✐♥ 	❤❡ �❛♥❣❡ ♦❢ [−0.02; 0]W

m2 ✱ 	❤❡ ❛�❡❛�

✜❧❧❡❞ ✇✐	❤ 5❈▼ �❤♦✇ ❛ ❤❡❛	 ✢✉① ♦❢ ✉♣ 	♦ 0.03W
m2 ✳ ❚❤❡ ❛✈❡�❛❣❡ ✈❛❧✉❡ ❢♦� ≥ 50✪ ❍❚❋

✈♦❧✉♠❡ ❢�❛❝	✐♦♥ ✐� 0.07W
m2 ✳

❚❤❡ ❤❡❛	 ✢✉① ✇❛� ♥♦	 ♦♥❧② ❡✈❛❧✉❛	❡❞ ❜② ✐	✬� ✈❛❧✉❡�✱ ❜✉	 ❛❧�♦ ❜② ✐	✬� ♣❡�✐♦❞✐❝ ❜❡❤❛✈✐♦✉�✳

❋♦� 	❤✐� ❛ ❋❛�	 ❋♦✉�✐❡� ❚�❛♥�❢♦�♠❛	✐♦♥ ✭❋❋❚✮ ✇❛� ❞♦♥❡ ✇✐	❤ ❖�✐❣✐♥ 5�♦✳ ❆❝❝♦�❞✐♥❣ 	♦

	❤❡ ♦✣❝✐❛❧ ❞♦❝✉♠❡♥	❛	✐♦♥ 	❤❡ ❋❋❚ ✐� ❝❛❧❝✉❧❛	❡❞ ❜② 	❤❡ ❢♦❧❧♦✇✐♥❣ ❡;✉❛	✐♦♥✿

Fn =
N−1
∑

i=0

xie
−

2πj

N
ni, ✭✹✽✮

✇✐	❤ 	❤❡ ✐♥♣✉	 �❡;✉❡♥❝❡ xi ♦❢ ❛ ❧❡♥❣	❤ N ✳ ❬✶❪ ❚❤❡ �❡�✉❧	✐♥❣ ♠❛①✐♠❛❧ ✈❛❧✉❡� ✐♥ ✜❣✳ ✸✽ ♦❢
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❋✐❣✉�❡ ✸✽✿ ❋❋❚� ♦❢ �❤�❡❡ ♣❛��� ♦❢ �❤❡ ❜❛�❡ ♠♦❞❡❧ ❛♥❞ ❛♥ ❛❞❞✐�✐♦♥❛❧ ❛ �♠♦♦�❤❡❞ ✈❛�✐❛♥�✱ ♦✈❡�

✷✵ ♣♦✐♥��

❉✶✷✱ �❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠ Ain = 4.6 · 10−7m2✱ Aout = 25m2

▼❡�❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠ Amush = 105✱ ∆T = −10K✱ vin = 0.4m
s

t [ms] = [4000; 9000], [36000; 41000], [295; 45000] �

�❤❡ ♣❡❛❦ ❢
❡�✉❡♥❝② ✐♥ ❍③ ❛♥❞ �❤❡ ❤❡❛� ✢✉① ❛♠♣❧✐�✉❞❡ ✐♥ kW
m2 ♦✈❡
 �❤❡ ❝♦♠♣❧❡�❡ ♣❡
✐♦❞✱

❛� �❤❡ ❜❡❣✐♥♥✐♥❣ ❛♥❞ ❛� �❤❡ ❡♥❞ ❛
❡✿ ✭✼✳✾✱ ✽✼✳✶✮✱ ✭✼✳✽✱ ✶✾✵✳✽✮✱ ✭✹✳✽✱ ✶✼✻✳✼✮✳

❲❤❡♥ ❛♥❛❧②'✐♥❣ ❤❡❛� ✢✉① ✐� ✐' ❛❧'♦ ✐♠♣♦
�❛♥� �♦ ❡✈❛❧✉❛�❡ �❤❡ ❝❤❛♥❣❡' ❞❡♣❡♥❞❡♥� ♦♥ �❤❡

�❡♠♣❡
❛�✉
❡ ❞✐✛❡
❡♥❝❡ ❜❡�✇❡❡♥ �❤❡ *❈▼ ❛♥❞ �❤❡ ❍❚❋✱ ❛' �❤❡ ❤❡❛� �
❛♥'❢❡
 �❛❦❡' ♣❧❛❝❡

❛� �❤❡ ❜♦✉♥❞❛
② ♦❢ �❤❡'❡ �✇♦ ♠❛�❡
✐❛❧'✳ ❚❤❡
❡❢♦
❡ �❤❡ ❛✈❡
❛❣❡ �❡♠♣❡
❛�✉
❡' ♦❢ �❤❡ *❈▼

❛♥❞ ❍❚❋ ✇❡
❡ ♣❧♦��❡❞ '❡♣❛
❛�❡❧② ✐♥ ✜❣✳ ✸✾ ❛♥❞ ✹✵✳ ❚❤❡ ✜
'� ❣
❛♣❤' '❤♦✇' �❤❛� �❤❡ *❈▼

❝♦♦❧' ❞♦✇♥ ✐♥✐�✐❛❧❧② ❢❛'�✳ ❚❤❡ ♦✉�❧❡� �❡♠♣❡
❛�✉
❡ ♦❢ ✷✽✺✳✷✺ ❑ ✐' 
❡❛❝❤❡❞ ❛❢�❡
 ✸ '✳ ■� �❛❦❡'

✷ ' ♠♦
❡ �♦ 
❡❛❝❤ �❤❡ ✜♥❛❧ ✈❛❧✉❡ ✇✐�❤ ❛ ♣
❡❝✐'✐♦♥ ♦❢ ✶✵✲✷ ❑ ♦❢ ✷✽✺✳✶✼ ❑✳

❚❤❡ '❡❝♦♥❞ ❣
❛♣❤' '❤♦✇' �❤❛� �❤❡ ❉✶✷ ❤❛
❞❧② ❝♦♦❧' ❞♦✇♥✱ ✇✐�❤ ❛ ❣
❡❛�❡
 ❡①�❡♥� ♦❢ ✢✉❝✲

�✉❛�✐♦♥ ❜❡�✇❡❡♥ ✷✽✺✳✶✼ ❑ ❛♥❞ ✷✽✻✳✶✺ ❑✳ ❆ ❧✐♥❡❛
 ✜� '❤♦✇' �❤❛� �❤❡ �❡♠♣❡
❛�✉
❡ ❝❤❛♥❣❡

✐' ♦❢ (−0.0061± 0.00257)K
s
✳
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❋✐❣✉�❡ ✸✾✿ ❆✈❡�❛❣❡ �❡♠♣❡�❛�✉�❡ ♦❢ ❈▼

♦❢ �❤❡ ❜❛�❡ ♠♦❞❡❧✳ ❆� �❤✐� ❤❛❞ �♦ ❜❡ ❝❛❧✲

❝✉❧❛�❡❞ ✈✐❛ ♣♦��✲♣�♦❝❡��✐♥❣ �❤❡ ✈❛❧✉❡ ❝♦✉❧❞

♦♥❧② ❜❡ �❡�♦❧✈❡❞ ❛� ❡❛❝❤ �❛✈❡❞ �✐♠❡ ��❡♣ ❛♥❞

�❤❡�❡❢♦�❡ ❡✈❡�② ✵✳✺ �

❉✶✷✱ ❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠

Ain = 4.6 · 10−7m2✱ Aout = 25m2

▼❡�❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠

Amush = 105✱ ∆T = −10K✱ vin = 0.4m
s
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❋✐❣✉�❡ ✹✵✿ ❆✈❡�❛❣❡ �❡♠♣❡�❛�✉�❡ ♦❢ ❉✶✷ ♦❢

�❤❡ ❜❛�❡ ♠♦❞❡❧✳ ❆� �❤✐� ❤❛❞ �♦ ❜❡ ❝❛❧❝✉❧❛�❡❞

✈✐❛ ♣♦��✲♣�♦❝❡��✐♥❣ �❤❡ ✈❛❧✉❡ ❝♦✉❧❞ ♦♥❧② ❜❡

�❡�♦❧✈❡❞ ❛� ❡❛❝❤ �❛✈❡❞ �✐♠❡ ��❡♣ ❛♥❞ �❤❡�❡✲

❢♦�❡ ❡✈❡�② ✵✳✺ �

❉✶✷✱ �❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠

Ain = 4.6 · 10−7m2✱ Aout = 25m2

▼❡�❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠

Amush = 105✱ ∆T = −10K✱ vin = 0.4m
s

❉✐�❝✉��✐♦♥

❆� ✐♥ �❤❡ ❧❛�� ❝❤❛♣�❡�✱ �❤❡ ❛♥❛❧②�✐� ✇✐❧❧ ��❛�� ❜② ❡①❛♠✐♥✐♥❣ �❤❡ ❜❛�✐❝ ✢✉✐❞✲❞②♥❛♠✐❝ ✈❛❧✉❡�✱

�✉❝❤ ❛� �✉�❢❛❝❡ ❛�❡❛✱ ❧✐�✉✐❞ ❢�❛❝�✐♦♥ ❛♥❞ ✈♦❧✉♠❡ ❢�❛❝�✐♦♥✳ ✭✜❣✳ ✷✽✱ ✷✾✱ ✸✵✮ ❚❤❡ �✉�❢❛❝❡

❛�❡❛ ✐♥❝�❡❛�❡� ❧✐♥❡❛�❧② �♦ ❛ ❤✐❣❤❡� ♣♦✐♥� ❛� �❡❡♥ ❜❡❢♦�❡✱ ❜✉� ��❛②� ✐♥ ❛ �✐♠✐❧❛� �❛♥❣❡ ❛� ✐♥

�❤❡ ❜❡❣✐♥♥✐♥❣ ♦❢ ✜❣✳ ✶✸✳ ❉✉❡ �♦ �❤❡ �♠❛❧❧ ❝❤❛♥❣❡� ✐♥ �❤❡ ♣❡�✐♦❞ ❛♥❞ ❛♠♣❧✐�✉❞❡ ♦❢ �❤❡

❣�❛♣❤ ❛♥❞ ✐♥ ♦�❞❡� �♦ ✈✐�✉❛❧✐�❡ �❤❡ ♣❡�✐♦❞✐❝ ❜❡❤❛✈✐♦✉� ♦♥❧② ❛ �♠❛❧❧ ♣♦��✐♦♥ ♦❢ �❤❡ ❞❛�❛

✇✐❧❧ ❜❡ �❤♦✇♥ ❢♦� ❡❛❝❤ ❝❛❧❝✉❧❛�✐♦♥✱ ❛❞❥✉��❡❞ �♦ �❤❡ ✈❛❧✉❡� �❤♦✇♥✳ ■♥ �❤✐� ❝❛�❡ ✭✜❣✳ ✶✾✮

✐� ✇❛� ❞❡❝✐❞❡❞ �❤❛� ✷✳✵ � ✇✐❧❧ �✉✣❝❡✳ ❆� ❛❧�❡❛❞② ❡①♣❧❛✐♥❡❞ ✐♥ �❤❡ ❧❛�� ❝❤❛♣�❡� ❛ ♣❡�✐♦❞✐❝

�✉�❢❛❝❡ ❛�❡❛ ✐� �❤❡ ❝❛�❡ ❢♦� ❞�♦♣❧❡� ❢♦�♠❛�✐♦♥ ❛♥❞ ❞�♦♣❧❡� ❧❡❛✈✐♥❣✳ ■♥ �❤❡ ❝❛❧❝✉❧❛�✐♦♥� ❞♦♥❡

❜❡❢♦�❡✱ ❤♦✇❡✈❡�✱ �❤❡ �✉�❢❛❝❡ ❛�❡❛ �❤♦✇❡❞ ❛♥ ✐♥❝�❡❛�❡ ✐♥ ❛♠♣❧✐�✉❞❡ �♦✇❛�❞� �❤❡ ❡♥❞ �❤❛�

❡♥❞❡❞ ✐♥ ❣❡♥❡�❛❧ ✇✐�❤ ❛ ��❛❣♥❛�✐♦♥✳ ❚❤✐� ✐� ♥♦� �❤❡ ❝❛�❡ ❢♦� �❤❡ ❜❛�❡ ❝❛❧❝✉❧❛�✐♦♥✳ ❚❤✐�

✐♠♣❧✐❡� �❤❛� �❤❡�❡ ✐� ❤❛�❞❧② ❛♥② �♦❧✐❞✐✜❝❛�✐♦♥ ❛� ❛❧❧✳ ❚❤❡ ❞�♦♣❧❡�� ❥✉�� ❝♦♥�✐♥✉❡ �♦ ❣�♦✇

❛♥❞ ❧❡❛✈❡ �❤❡ �❛♥❦ ♦♥❡ ❛❢�❡� ❛♥♦�❤❡� ❢♦� �❤❡ ✇❤♦❧❡ �✐♠✉❧❛�✐♦♥ �✐♠❡✳

❚❤❡ ���❡❛♠ ✐��❡❧❢ �❤♦✇� �❤❡ ❡①♣❡❝�❡❞ ❜❡❤❛✈✐♦✉� ❢�♦♠ ✜❣✳ ✶✵✱ ❛❧�❤♦✉❣❤ ✐� �❤♦✉❧❞ ❜❡ ❛❧♠♦��

✹✵♠♠ ❧♦♥❣ ❛♥❞ �❤❡�❡❢♦�❡ ✸✳✺ �✐♠❡� �❤❡ �♦�❛❧ ❤❡✐❣❤� ♦❢ �❤❡ ❣❡♦♠❡��②✳ ❚❤✐� ✐� ♣�♦❜❛❜❧② ❛

�❡�✉❧� ♦❢ �❤❡ ❞✐✛❡�❡♥� ♠❛�❡�✐❛❧ ♣�♦♣❡��✐❡� ✉�❡❞✳

❚❤❡ �❡�✉❧�� ❢�♦♠ �❤❡ �✉�❢❛❝❡ ❛�❡❛ ❣♦ ✇❡❧❧ ✇✐�❤ �❤❡ ✈❛❧✉❡� ♦❢ �❤❡ ✈♦❧✉♠❡ ❢�❛❝�✐♦♥ ✐♥ ✜❣✳

✸✵✳ ■♥ �❤❡ ❡❛�❧✐❡� ❝❛❧❝✉❧❛�✐♦♥� ✭✜❣✳ ✶✺✮ �❤❡ ❣�❛♣❤ ❡①♣❡�✐❡♥❝❡❞ ❛ ❝♦♥�✐♥✉♦✉� �✐�❡ ✇✐�❤

♣❧❛�❡❛✉� ✐♥ ❜❡�✇❡❡♥✳ ❉✉❡ �♦ �❤❡ ❝♦♠♣❧❡�❡❧② ♦♣❡♥ �♦♣ ❢❛❝❡ ✐♥ �❤❡ ❜❛�❡ ❝❛❧❝✉❧❛�✐♦♥ ❤❡�❡ �❤❡

❞�♦♣❧❡�� ❧❡❛✈❡ �❤❡ �❛♥❦ ✐♠♠❡❞✐❛�❡❧② ✐♥��❡❛❞ ♦❢ ❝�❡❛�✐♥❣ ❛♥ ♦✐❧ ❧❛②❡� ♦♥ �♦♣✳ ❚❤✐� ❡①♣❧❛✐♥�

�❤❡ ♣❡�✐♦❞✐❝✐�② ✐♥ ❛ �✐♠♣❧❡ ✇❛②✳ ❚❤❡ �❤❡�♠♦❞②♥❛♠✐❝ ✐♥✢✉❡♥❝❡� ♦❢ �❤❡ ♠♦❞❡❧ ❝❤❛♥❣❡� ❛�❡✱
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✻✸

❤♦✇❡✈❡�✱ ♠♦�❡ ❝♦♠♣❧✐❝❛�❡❞✳

❋✐❣✳ ✷✾ ❝♦♥✜�♠� �❤❡ ✐♥✐�✐❛❧ ♣�❡♠✐�❡ ♦❢ �❧♦✇ �♦ ♥♦♥❡ �♦❧✐❞✐✜❝❛�✐♦♥✳ ■♥�❡�❡��✐♥❣❧② �❤❡ ❧✐�✉✐❞✲

❢�❛❝�✐♦♥ ✐♥❝�❡❛�❡� ✐♥ �❤❡ ❧❛�� ❢❡✇ �❡❝♦♥❞�✳ ❚❤✐� ❝♦✉❧❞ ❜❡ ❞✉❡ �♦ �❤❡ ❝❤❛♥❣❡ ✐♥ �❤❡ ♦✉�❧❡�

❛♥❞ �❤❡ �♣❡❝✐✜❡❞ ❜♦✉♥❞❛�② ❝♦♥❞✐�✐♦♥�✳

❋�♦♠ �❤❡�❡ �❡�✉❧�� ✐� ❝❛♥ ❜❡ ❛��✉♠❡❞ �❤❛� �❤❡ ✭♥❡❣❛�✐✈❡✮ ❤❡❛� ��❛♥�❢❡� ✇✐❧❧ ❜❡ ❧❡�� �❤❛♥

�❤❡ ✲✷✳✺❲ ♦❢ ✜❣✳ ✶✶✳ ❋✉��❤❡�♠♦�❡ ✐� ❝❛♥ ❜❡ �❛✐❞ �❤❛� �❤❡ ♣❡�✐♦❞✐❝✐�② ♦❢ �❤❡ �✉�❢❛❝❡ ❛�❡❛

❛♥❞ ✈♦❧✉♠❡ ❢�❛❝�✐♦♥ ✇✐❧❧ �❛❦❡ ♦✈❡� �♦ �❤❡ ❤❡❛� ��❛♥�❢❡� ❛♥❞ ❤❡❛� ✢✉①✳

❆� ❛❧✇❛②�✱ �❤❡ ✐♥❝♦♠✐♥❣ ❤❡❛� ��❛♥�❢❡� ❝❛♥ ❜❡ �❡❡♥ ❝♦♥��❛♥� ✇✐�❤ �✉✣❝✐❡♥� ♣�❡❝✐�✐♦♥✳

✭✜❣✳ ✸✶✮ ❆ ♣❧♦� ♦❢ �❤❡ ❤❡❛� ��❛♥�❢❡� ❛� �❤❡ ♦✉�❧❡� �❤♦✇� ♣❡❛❦� ❛♥❞ ❛ ✧❵❜❛❝❦❣�♦✉♥❞ ♥♦✐�❡✧✬

♦❢ ♥❡❛�❧② ❝♦♥��❛♥� ✲✷✸❲✳ ✭✜❣✳ ✸✷✮ ❆� ❡①♣❧❛✐♥❡❞ ✐♥ �❡❝✳ ✺✳✹ �❤❡ ♦✉�❧❡� ❤❡❛� ��❛♥�❢❡� ✐�

❝♦✉♣❧❡❞ �♦ �❤❡ ♦✉�❧❡� ✈♦❧✉♠❡ ❢�❛❝�✐♦♥✳ ❖♥❡ ❝♦✉❧❞ �❤❡�❡❢♦�❡ ❛�❣✉❡ �❤❛� ❝❛❧❝✉❧❛�✐♥❣ �❤❡

❤❡❛� ��❛♥�❢❡� ✐� ❛♥ ❡❛�② �❛�❦✱ ❛� ❥✉�� �❤❡ ✈❛❧✉❡� ❛❜♦✈❡ �❤✐� ❧✐♥❡ ❤❛✈❡ �♦ ❜❡ ✉�❡❞✳ ❲❤❡♥

❛♥❛❧②�✐♥❣ �❤❡ ❣�❛♣❤ ♠♦�❡ ❞❡�❛✐❧❡❞ ♦♥❡ �❡❛❧✐�❡� �❤❛� �❤❡ �✐❣♥ ♦❢ �❤❡ �♦�❛❧ ❤❡❛� ��❛♥�❢❡�

❝❤❛♥❣❡� ❢�♦♠ ♣❧❛�❡❛✉ �♦ ♣❡❛❦✳ ❲❤❡♥ ❝♦♠❜✐♥✐♥❣ �❤❡ ✜��� �✇♦ ❧❛✇� ♦❢ �❤❡�♠♦❞②♥❛♠✐❝� ✐�

❜❡❝♦♠❡� ❝❧❡❛� �❤❛� �❤❡ �✐❣♥ ♦❢ �❤❡ ❤❡❛� ✢✉① �❤♦✉❧❞ ❜❡ ♥❡❣❛�✐✈❡ ❛❝❝♦�❞✐♥❣ �♦ �❤❡ ✐♥❝♦♠✐♥❣

❝♦❧❞ ❛♥❞ ��❛② ♥❡❣❛�✐✈❡✱ ✇❤❡♥ ♥♦ ✭♣♦�✐�✐✈❡✮ ❤❡❛� �♦✉�❝❡� ❛�❡ ✐♥ ❝♦♥�❛❝�✳ ■♥ ❛♥ ✐❞❡❛❧ ❝❛�❡

�❤❡ ❍❚❋ �❛❦❡� �❤❡ ♠❛①✐♠✉♠ ❛♠♦✉♥� ♦❢ ❤❡❛� ♣♦��✐❜❧❡ ✇✐�❤ ✐�✱ ❛� ✐� ✐� ♦♥❧② ❛❜❧❡ �♦ ❝♦♦❧

�❤❡ 3❈▼ ❢♦� ❡①❛❝�❧② �❤✐� ❛♠♦✉♥�✳ ❋♦� �❤✐� ❝❛�❡ �❤✐� ♠❡❛♥� �❤❛� �❤❡ ♠❛①✐♠❛❧ ♣♦��✐❜❧❡

❤❡❛� ✢✉① ❛� �❤❡ ♦✉�❧❡� ✐� ✻✳✽❲✱ ❛� ♦♣♣♦�❡❞ �♦ �❤❡ ✐♥❧❡�✳ ❚❤❡ ♣♦�✐�✐✈❡ �✐❣♥ ♦❢ �❤❡ �♦�❛❧

❤❡❛� ��❛♥�❢❡� ✇♦✉❧❞ �❤❡�❡❢♦�❡ ✐♠♣❧② �❤❛� �❤❡ ❍❚❋ �❛❦❡� ♠♦�❡ ❤❡❛� ✇✐�❤ ✐� �❤❛♥ �❤❡ 3❈▼

✐� ❛❜❧❡ �♦ ❣✐✈❡✳

❚❤✐� ✐� ❛ ♠♦❞❡❧ �♣❡❝✐✜❝ ♣�♦❜❧❡♠ ❛♥❞ �❡�✉❧�� ✐♥ ❛ ❤❡❛� ✢✉① ♦❢ q ≤ 1 MW
m2 ✭✜❣✳ ✸✸✮ ❞✉❡ �♦

�❤❡ �♠❛❧❧ �✉�❢❛❝❡ ❛�❡❛ ✐♥ ✜❣✳ ✷✽✳

❚✇♦ ❤❛♥❞ ♠❛❞❡ ❛♣♣�♦❛❝❤❡� ✇✐�❤ ❛♣♣�♦①✐♠❛�❡❞ ✈❛❧✉❡� ✇❡�❡ ❡①❡❝✉�❡❞ �♦ ✜♥❞ �❤❡ ❝♦��❡❝�

�❛♥❣❡ ❢♦� �❤❡ �❡�✉❧�✐♥❣ ❤❡❛� ��❛♥�❢❡� ❛♥❞ ✢✉① ✐♥ �❤✐� ♠♦❞❡❧✳ ❚❤❡ ❝❛❧❝✉❧❛�✐♦♥� ❛�❡ ❜❛�❡❞

♦♥ ✭✶✮ ♦♥ ♣❛❣❡ ✸✳ ❚❤❡ ❢♦❧❧♦✇✐♥❣ ✐♥♣✉� ✐� �❡�✉✐�❡❞✿

❼ c ≈ 2 kJ
kgK

❢�♦♠ �❤❡ ❞❛�❛ �❤❡❡� ✐♥ ❛♣♣❡♥❞✐① ❆✱ ♥❡❛� ✷✽✺✳✶✺❑

❼ ∆T = (279.36− 275.15)K ≈ 4❑ ❢�♦♠ ✜❣✳ ✸✻ ❛♥❞ �❤❡ ❞❡✜♥❡❞ ✐♥❧❡� �❡♠♣❡�❛�✉�❡

❼ ṁ = ρV̇

❼ ρ ≈ 800 kg

m3 ❢�♦♠ �❤❡ ❞❛�❛ �❤❡❡� ✐♥ ❛♣♣❡♥❞✐① ❆ ♥❡❛� ✷✽✺✳✶✺❑

−→ V̇ = v̄HTFV
ν

, v̄HTF = 0.1, , V = 5 · 12.5 · 5mm3 ≈ 300mm3, ν = 8❍③

−→ V̇ = vinAin, vin = 0.4 m
s
, Ain ≈ 5 · 10−7♠✷

❚❤❡ �❡�✉❧�✐♥❣ ✈❛❧✉❡� ❛�❡✿ Q ≈ −0.2 ❏✱ Q̇ ≈ −1.6❲ ❛♥❞ q ≈ −20kW
m2 ❜② ✉�✐♥❣ �❤❡ ❋❋❚

♦❢ ✭✹✽✮ ❛♥❞ Q̇ ≈ −1.3❲ ✭❛♥❞ �❤❡�❡❢♦�❡ �✐♠✐❧❛� ❤❡❛� ✢✉①✮ ❜② ✉�✐♥❣ �❤❡ ✐♥❝♦♠✐♥❣ ✈♦❧✉♠❡

���❡❛♠ ❢♦� ❝❛❧❝✉❧❛�✐♦♥✳
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✻✹

❆ ♠♦�❡ ❞❡	❛✐❧❡❞ ❛♥❛❧②�✐� �❤♦✇� 	❤❛	✱ ❛❧	❤♦✉❣❤ 	❤❡ ❤❡❛	 	�❛♥�❢❡� �❛	❡ ❛♥❞ ✢✉① ❝❤❛♥❣❡ ✐	�

�✐❣♥ 	♦ ♣♦�✐	✐✈❡ ✈❛❧✉❡✱ 	❤❡ �❈▼ ✐� ❛❜❧❡ 	♦ ❝♦♦❧ ❞♦✇♥✱ �✐♥❝❡ 	❤❡ ❛✈❡�❛❣❡ ❤❡❛	 ✢✉① ♦✈❡�

	❤❡ ✇❤♦❧❡ ♣❡�✐♦❞ ✐� ♥❡❣❛	✐✈❡✳ ❆� ✐	✬� ✈❛❧✉❡ ✐� ♦♥❧② ❤❛❧❢ ♦❢ 	❤❡ ❤❛♥❞ ❝❛❧❝✉❧❛	❡❞ ✈❛❧✉❡ 	❤✐�

❡①♣❧❛✐♥� 	❤❡ ♠✐♥✐♠❛❧ ❝♦♦❧✲❞♦✇♥ ❛♥❞ �♦❧✐❞✐✜❝❛	✐♦♥✳

❚❤❡ ✈✐�✉❛❧✐�❛	✐♦♥ ♦❢ 	❤❡ ♦✉	❧❡	 ❢�♦♠ 	✇♦ ❢♦❧❧♦✇✐♥❣ ❞❛	❛ ✜❧❡� �❤♦✇� 	❤❛	 ❛❧♠♦�	 	❤❡ ❝♦♠♣❧❡	❡

♦✉	❧❡	 ✐� ❝♦✈❡�❡❞ ✐♥ ❛ ♣♦�✐	✐✈❡ ❤❡❛	 ✢✉①✳ ✭✜❣✳ ✸✹ ❛♥❞ ✸✺✮✳ ❚❤❡ ❧♦❝❛❧ ❤❡❛	 ✢✉① ✐� ♦♥❧②

♥❡❣❛	✐✈❡ ❛�♦✉♥❞ 	❤❡ ❧❡❛✈✐♥❣ ❞�♦♣❧❡	 ❛♥❞ ✐	 �❡	✉�♥� ❢�♦♠ 	❤❡ ❝♦�♥❡��✱ ✇❤❡♥ 	❤❡ ❛�❡❛ ♦❢

	❤❡ ♣❛��✐♥❣ ❞�♦♣❧❡	 ❣❡	� �♠❛❧❧❡�✳ ■♥ ❝❛�❡ ♥♦ ❞�♦♣❧❡	 	♦✉❝❤❡� 	❤❡ ♦✉	❧❡	 	❤❡ ❤❡❛	 	�❛♥�❢❡�

�❡	✉�♥� ❜❛❝❦ 	♦ ✐	✬� ♦�✐❣✐♥❛❧ ✈❛❧✉❡✳ ❲❤❡♥ ♠✉❧	✐♣❧②✐♥❣ 	❤❡ ♦✉	❧❡	 ❛�❡❛ 	❤❡ �❡�✉❧	✐♥❣ ❤❡❛	

	�❛♥�❢❡� �❛	❡ ❢♦� 	❤✐� 	✇♦ 	✐♠❡✲�	❡♣� ✐� ✻✸✳✶ ❲ ❛♥❞ ✹✳✷ ❲✳ ❋♦� ❛ ❝♦��❡❝	 ❡✈❛❧✉❛	✐♦♥ ♦❢

	❤❡ 	❤❡�♠❛❧ ❝❤❛♥❣❡� �❡�✉❧	✐♥❣ ♦♥❧② ✐♥ 	❤❡ ❍❚❋ ✢♦✇ ♦♥❡ ✇♦✉❧❞ ♥❡❡❞ ♥♦	 ♦♥❧② 	❛❦✐♥❣ 	❤❡

♣♦�✐	✐✈❡ ✈❛❧✉❡� ♦❢ ❤❡❛	 ✢✉① ❜✉	 ❛❧�♦ ✜♥❞ ❛ ✇❛② 	♦ �✉❜	�❛❝	 	❤❡ ❛♠♦✉♥	 ♦❢ �❈▼ ❤❡❛	 ✢✉①

♦� ❝❛❧❝✉❧❛	❡ �♦❧❡❧② 	❤❡ ❍❚❋ ❤❡❛	 ✢✉①✳ ■	 �❡❡♠� 	♦ ❜❡ ♦♥❧② ♣♦��✐❜❧❡ 	♦ ❞❡✜♥❡ ❛ ♣❧❛♥❡ ♦�

❛♥ ■❙❖✲�✉�❢❛❝❡ ♦✈❡� 	❤❡ ❝♦♠♣❧❡	❡ ♠♦❞❡❧ ✐♥ ❈❋❉✲�♦�	✳ ◆♦ ♣♦��✐❜❧❡ �♦❧✉	✐♦♥ ❢♦� �❡		✐♥❣ ❛

✉�❡� ❞❡✜♥❡❞ ❛�❡❛✱ ✐♥ ✇❤✐❝❤ 	❤❡ ❤❡❛	 ✢✉① ❝♦✉❧❞ ❜❡ ❝❛❧❝✉❧❛	❡❞✱ ✇❛� ❢♦✉♥❞✳

❆ ♣♦��✐❜❧❡ �♦❧✉	✐♦♥ ❝♦✉❧❞ ❜❡✱ ❤♦✇❡✈❡�✱ ❡①	�❛❝	✐♥❣ 	❤❡ ❤❡❛	 ✢✉① ♦✈❡� ❛ ❧✐♥❡✱ ❛� 	❤❡ ❞�♦♣ ✐�

❛①✐�②♠♠❡	�✐❝✳ ✭❋✐❣✳ ✸✼✮ ❚❤❡ ✐♥	❡♥	✐♦♥ ✇❛� 	♦ ❝❛❧❝✉❧❛	❡ 	❤❡ ❡��♦� ❢�♦♠ 	❤❡ ♣♦�✐	✐✈❡ ❤❡❛	

✢✉① ♦❢ 	❤❡ �❈▼ ❛♥❞ �✉❜	�❛❝	 ✐	 ❢�♦♠ 	❤❡ 	♦	❛❧ ✭♣♦�✐	✐✈❡✮ ✈❛❧✉❡✳ ❆� ♥♦ ❞♦❝✉♠❡♥	❛	✐♦♥

❝♦✉❧❞ ❜❡ ❢♦✉♥❞ 	❤❛	 ❡①♣❧❛✐♥� ❤♦✇ ❆◆❙❨❙ ❋❧✉❡♥	 ❝❛❧❝✉❧❛	❡� 	❤❡ ❤❡❛	 ♣❡� ✉♥✐	 ❛�❡❛ ♦✈❡� ❛

❧✐♥❡ 	❤❡ �❡�✉❧	� ❝♦✉❧❞ ♥♦	 ❜❡ ✉�❡❞ ❢♦� ❢✉�	❤❡� ❡✈❛❧✉❛	✐♦♥✳

❚❤❡ �❡❛�♦♥ ❢♦� 	❤✐� ❤✐❣❤ ❞❡✈✐❛	✐♦♥ ❜❡	✇❡❡♥ ❤❛♥❞ ❝❛❧❝✉❧❛	✐♦♥� ❛♥❞ ❋❧✉❡♥	 ❝❛❧❝✉❧❛	✐♦♥� ✐�

♣�♦❜❛❜❧② 	❤❡ ♠♦❞❡❧ ✐	�❡❧❢✳ ❆� 	❤❡ ❝♦♠♣❧❡	❡ 	♦♣ ❢❛❝❡ ✇❛� �❡	 ❛� ♦✉	❧❡	✱ 	❤❡ ❜♦✉♥❞❛�②

❝♦♥❞✐	✐♦♥�✱ �✉❝❤ ❛� ❜❛❝❦✲✢♦✇ ❛♥❞ 	❡♠♣❡�❛	✉�❡✱ ❤❛✈❡ ❛ �	�♦♥❣ ✐♠♣�✐♥	 ♦♥ 	❤❡ ❝❛❧❝✉❧❛	✐♦♥✳

❉✉❡ 	♦ 	❤❡ ♦♣❡♥ ❛�❡❛ ❛♥❞ 	❤❡ 	❡♠♣❡�❛	✉�❡ ❞✐✛❡�❡♥❝❡✱ 	❤❡ ✐♥❝♦♠✐♥❣ �❈▼ ❢�♦♠ 	❤❡ ❜❛❝❦✲

✢♦✇ ❤❛� ❛ ❤✐❣❤❡� 	❡♠♣❡�❛	✉�❡ 	❤❛♥ 	❤❡ �❈▼ ✐♥ 	❤❡ 	❛♥❦ ❛♥❞ ✐� ❛❜❧❡ 	♦ ❤❡❛	✳ ❚❤✐�

♣�❡✈❡♥	� 	❤❡ �❈▼ ♥♦	 ♦♥❧② ❢�♦♠ �♦❧✐❞✐❢②✐♥❣ ❜✉	 ❛❧�♦ ❢�♦♠ �✉✣❝✐❡♥	 ❝♦♦❧✐♥❣✳ ❲❤✐❧❡ 	❤❡

�❈▼ ❝♦♦❧�✲❞♦✇♥ 	♦ �♦❧✐❞✐✜❝❛	✐♦♥ 	❡♠♣❡�❛	✉�❡ ✐♥ ❛ ❢❡✇ �❡❝♦♥❞� ✐	 ❣❡	� �	✉❝❦ ❛	 	❤✐� ❧❡✈❡❧

❢♦� 	❤❡ ✇❤♦❧❡ �✐♠✉❧❛	✐♦♥✳ ✭❋✐❣✳ ✸✾✮

❲❤❡♥ ❛♥❛❧②�✐♥❣ 	❤❡ ❛✈❡�❛❣❡ 	❡♠♣❡�❛	✉�❡ ♦❢ 	❤❡ ❍❚❋ ♦♥❡ �❡❛❧✐�❡� 	❤❛	 ✐	 ❞♦❡� ❝♦♦❧✲❞♦✇♥

❢♦� 0.16 ± 0.12❑✱ ✐♥ 	❤❡ ✇❤♦❧❡ ✹✺ �✳ ✭❋✐❣✳ ✹✵✮ ❚❤❡ ❤✐❣❤ ❡��♦� ♦�✐❣✐♥❛	❡� ✐♥ 	❤❡ ❡��♦�

❜② ♦♥❡ 	❤✐�❞ ♦❢ 	❤❡ �❧♦♣❡ ♣❡� �❡❝♦♥❞ ✐♥ 	❤❡ ❧✐♥❡❛� ✜	 ❜② ❖�✐❣✐♥ ��♦✳ ■	 ✐�✱ ❤♦✇❡✈❡�

♥❡❝❡��❛�② 	♦ �	❛	❡ 	❤❛	 	❤❡ ❛❝	✉❛❧ ✈❛❧✉❡ ♦❢ ✷✽✵✳✶✼ ❑ ❢♦� ✵✳✺ � ✐� ♥♦	 ✐♥ 	❤❡ �❛♥❣❡ ♦❢ 	❤❡ ✜	 ♦❢

280.26 ± 0.07❑✳ ◆❡✈❡�	❤❡❧❡�� 	❤❡ ✜	 ✇❛� ♦♥❧② ❛♣♣❧✐❡❞ ✇✐	❤ 	❤❡ ✐♥	❡♥	✐♦♥ ♦❢ ;✉❛❧✐	❛	✐✈❡❧②

�❤♦✇✐♥❣ 	❤❡ 	�❡♥❞ ♦❢ 	❤❡ ❍❚❋ 	❡♠♣❡�❛	✉�❡✳ ❚❤❡ ✜	 �❤♦✇� �✉✣❝✐❡♥	❧② 	❤❛	 	❤❡ ❍❚❋

	❡♠♣❡�❛	✉�❡ ❞♦❡� ♥♦	 ❝❤❛♥❣❡ �✐❣♥✐✜❝❛♥	❧② ♦✈❡� 	❤❡ ✇❤♦❧❡ ❝❛❧❝✉❧❛	✐♦♥✳ ❆� 	❤❡ ❤❡❛	 	�❛♥�❢❡�

❞❡♣❡♥❞� ♦♥ 	❤❡ 	❡♠♣❡�❛	✉�❡ ❞✐✛❡�❡♥❝❡ ❜❡	✇❡❡♥ 	❤❡ 	✇♦ ♠❛	❡�✐❛❧�✱ 	❤✐� ♠❡❛♥� 	❤❛	 	❤❡

♠♦�❡ 	❤❡ �❈▼ ❝♦♦❧� ❞♦✇♥ 	❤❡ ❧❡�� ❤❡❛	 ❝❛♥ ❜❡ ❛❜�♦�❜❡❞ ❜② 	❤❡ ❍❚❋✳ ❚❤❡�❡❢♦�❡ 	❤❡ ❍❚❋

❞♦❡� ❣❡	 ❤❡❛	❡❞ ❧❡�� ❛♥❞ ✐	✬� ❛✈❡�❛❣❡ 	❡♠♣❡�❛	✉�❡ �✐♥❦� ♦✈❡� 	✐♠❡✳ ❚❤✐� ❜❡❤❛✈✐♦✉� ❝❛♥ ❜❡

❡✈❛❧✉❛	❡❞ ♠❛	❤❡♠❛	✐❝❛❧❧② ❜② ❞✐✈✐❞✐♥❣ 	❤❡ ❤❡❛	 ✢✉① 	❤�♦✉❣❤ 	❤❡ 	❡♠♣❡�❛	✉�❡ ❞✐✛❡�❡♥❝❡✱

�❡�✉❧	✐♥❣ ✐♥ 	❤❡ ❤❡❛	 	�❛♥�❢❡� ❝♦❡✣❝✐❡♥	✳

https://www.tuwien.at/bibliothek
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❆� �❤✐� ✐� ❛ ❝♦♠♣✉�❡� �✐♠✉❧❛�✐♦♥ ❛❧❧ ♥❡❝❡��❛�② ❞❛�❛ ❝♦✉❧❞ ❜❡ ❡①��❛❝�❡❞ ❢�♦♠ �❤❡ ♠❛�❡�✐❛❧�✳

■♥ �❡❛❧ ❧✐❢❡ ❡①♣❡�✐♠❡♥�� �❤❡ ❍❚❋ �❡♠♣❡�❛�✉�❡ ❝❛♥♥♦� ❜❡ ♠❡❛�✉�❡❞ ❛♥❞ �❤❡ �❈▼ �❡♠♣❡�✲

❛�✉�❡ ♦♥❧② ❛� �♣❡❝✐✜❝ ♣♦✐♥��✳ ❚❤❡ ❤❡❛� ��❛♥�❢❡� ❝♦❡✣❝✐❡♥� ❤❛� �❤❡�❡❢♦�❡ �♦ ❜❡ ❝❛❧❝✉❧❛�❡❞

✇✐�❤ ❡#✳ ✭✶✺✮ ❛♥❞ ✭✶✻✮ ❧❡❛❞✐♥❣ �♦ ❛ ✈❛❧✉❡ ❛❜♦✉� ❤❛❧❢ ❛� ❤✐❣❤ ❛� �❤❡ �❤❡♦�❡�✐❝❛❧ ✈❛❧✉❡✳ ■♥

�❤✐� ❝❛�❡ ✐� ✇♦✉❧❞ ❜❡ ♣♦��✐❜❧❡ �♦ ❝❛❧❝✉❧❛�❡ ❞✐�❡❝�❧② ✇✐�❤ �❤❡ ❛✈❡�❛❣❡❞ �❡♠♣❡�❛�✉�❡� ♦❢ ❡❛❝❤

✢✉✐❞✳

❆� �❤❡ ❣❡♥❡�❛❧ ❤❡❛� ��❛♥�❢❡� ♣�♦❝❡�� ✐♥ ✢✉✐❞� ✐� ❝♦♥✈❡❝�✐♦♥ ❛♥❞ ♥♦� ❝♦♥❞✉❝�✐♦♥ ✐� ❝❛♥ ❜❡

❛��✉♠❡❞ ❢�♦♠ ✭✶✮ ❛♥❞ ✭✶✻✮✿

k =
Q̇

A(TD12 − TPCM2)
=

q

TPCM2 − TD12

≈ α ✭✹✾✮

❊#✉❛�✐♦♥ ✭✹✾✮ �❤♦✇� �❤❛� �❤❡ ❤❡❛� ��❛♥�❢❡� ❝♦❡✣❝✐❡♥� �❤♦✉❧❞ ❛❧✇❛②� �❡�✉❧� ✐♥ ❛ ♣♦�✐�✐✈❡

✈❛❧✉❡✱ ❛� ❛ ♥❡❣❛�✐✈❡ �✐❣♥ ❢�♦♠ �❤❡ ❤❡❛� ✢✉① ✐� ❝♦♠♣❡♥�❛�❡❞ ❜② �❤❡ �✐❣♥ ♦❢ �❤❡ �❡♠♣❡�❛�✉�❡

❞✐✛❡�❡♥❝❡✳ ❲✐�❤ �❤❡ ♠♦❞❡❧ ✉�❡❞ ✐♥ �❤✐� ♣�♦❥❡❝�✱ �❤❡ ❤❡❛� ✢✉① ❝❤❛♥❣❡� ✐�� �✐❣♥ ✐♥❞❡✲

♣❡♥❞❡♥�❧② ♦❢ �❤❡ �❡♠♣❡�❛�✉�❡ ❞✐✛❡�❡♥❝❡ ❞✉❡ �♦ �❤❡ ❜❛❝❦✲✢♦✇ ❝♦♥❞✐�✐♦♥�✳ ❆� ✐� ✇❛� ♥♦�

♣♦��✐❜❧❡ �♦ ✜❧�❡� ♦✉� �❤❡ �✐❣❤� ✈❛❧✉❡�✱ ♥♦ ❝♦��❡❝� ❤❡❛� ��❛♥�❢❡� ❝♦❡✣❝✐❡♥� ❝♦✉❧❞ ❜❡ ❛❝❤✐❡✈❡❞✳

❚❤❡�❡❢♦�❡ ♥♦ ❝♦♠♣❛�✐�♦♥� ❛�❡ ♣♦��✐❜❧❡ ❛♥❞ �❤✐� ✈❛❧✉❡ ✇✐❧❧ ♥♦� ❜❡ ♠❡♥�✐♦♥ ❢✉��❤❡�✳

✼✳✷ ▼✉�❤②✲
❛�❛♠❡�❡� ✈❛�✐❛�✐♦♥�

❋♦� �❤❡ ✈❛�✐❛�✐♦♥ ♦❢ �❤❡ ♠✉�❤② ♣❛�❛♠❡�❡� �❤❡ �❡♠♣❡�❛�✉�❡ ❞✐✛❡�❡♥❝❡ ❜❡�✇❡❡♥ ✐♥❧❡� ❛♥❞

�♦❧✐❞✐✜❝❛�✐♦♥ ✇❛� ❦❡♣� ❛� ✲✶✵❑ ❛♥❞ �❤❡ ✈❡❧♦❝✐�② ❛� 0.4m
s
✱ ❛❝❝♦�❞✐♥❣ �♦ �❛❜✳ ✶✹✳

❘❡�✉❧��

Amush lPCM [%]

t = 2.5 [s] t = 6 [s] t = 12.64 [s] t = 14.05 [s] t = 17.8 [s] t = 45 [s]

✶✵✶ ✾✽ ✾✻ ✾✸ ✾✷ ✾✵

✶✵✹ ✾✽ ✾✻ ✾✸ ✾✷ ✾✵

✶✵
✺

✾✽ ✾✺ ✾✸ ✾✷ ✾✵

✶✵✻ ✾✼ ✾✸ ✽✹ ✽✶ ✼✹ ✻✷

✶✵✾ ✸✸ ✶✵ ✵

❚❛❜❧❡ ✶✺✿ ■♠♣♦��❛♥� ✈❛❧✉❡ ♦❢ �❤❡ ❧✐�✉✐❞ ❢�❛❝�✐♦♥ ❢♦� �❤❡ ❝❛❧❝✉❧❛�✐♦♥ ✇✐�❤ Amush = 106, 109 ✐♥

✜❣✳ ✹✶✳ ❋♦� ❝♦♠♣❛�✐♦♥ �❤❡ ✈❛❧✉❡ ♦❢ ❛❧❧ ♦�❤❡� ❝❛❧❝✉❧❛�✐♦♥ ❢�♦♠ �❤✐ ♣❛�❛♠❡�❡� ✈❛�✐❛�✐♦♥ ❛� �❤❡

❛♠❡ �✐♠❡ �❡♣ ❛�❡ ✐♥❝❧✉❞❡❞✳ ❚❤❡ ❜❛	❡ ♠♦❞❡❧ ✐ ❜♦❧❞✳ ❚❤❡ ❝❛❧❝✉❧❛�✐♦♥ ✇✐�❤ ✶✵✻ ❤♦✇ ❛ ❞�♦♣

❢�♦♠ ✶✹✳✵✺  �♦ ✶✼✳✽ ✳ ❚❤❡ ❝❛❧❝✉❧❛�✐♦♥ ✇✐�❤ ✶✵✾ ❞❡❝�❡❛❡ ❧✐♥❡❛�❧② ✐♥ �❤❡ ✜�� ✷✳✺ ✱ �❡❛❝❤❡ �❤❡

✶✵✪ ♠❛�❦ ❛� ✻✳✵  ❛♥❞ �❡❛❝❤❡ �♦�❛❧ ♦❧✐❞✐✜❝❛�✐♦♥ ✇✐�❤ ✉✣❝✐❡♥� ♣�❡❝✐✐♦♥ ❛� ✶✷✳✻✹ ✳

❋✐❣✳ ✹✶ �❤♦✇� �❤❡ �❡�✉❧�� ❢♦� �❤❡ ❧✐#✉✐❞ ❢�❛❝�✐♦♥✳ ■� ❝❛♥ ❜❡ ❝❧❡❛�❧② �❡❡♥ �❤❛� �❤❡ ✈❛❧✉❡�

❢♦� Amush = 101, 104, 105 ❛�❡ ✐♥ ❛ �✐♠✐❧❛� �❛♥❣❡✳ ❚❤❡ ❧✐♥❡ ❢♦� Amush = 106 �❤♦✇� ❛♥
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❋✐❣✉�❡ ✹✶✿ ▲✐�✉✐❞✲❢�❛❝�✐♦♥ ❢♦� ❞✐✛❡�❡♥� ♠✉�❤② ♣❛�❛♠❡�❡��✳ ❚❤❡ ✐♠♣♦��❛♥� ✈❛❧✉❡� ❛�❡ ❧✐��❡❞ ✐♥

�❛❜✳ ✶✺

❉✶✷✱ �❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠✱ Ain = 4.6 · 10−7m2✱ Aout = 25m2✱

▼❡�❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠✱ Amush = (101, 104, 105(base), 106, 109)✱ ∆T = −10K✱

vin = 0.4m
s

✐♥❝�❡❛�❡❞ ❞�♦♣ ❜❡✇❡❡♥ ✶✹✳✵✺ � ❛♥❞ ✶✼✳✽ �✳ ❚❤❡ ❣�❛♣❤ ❢♦� Amush = 109 �❤♦✇� ❛ ❢❛� ❞�♦♣

❛♥❞ �❡❛❝❤❡� ✵ ❛❢❡� ✶✷✳✻✹ �✳ ❚❤❡ ✐♠♣♦�❛♥ ✈❛❧✉❡� ❝❛♥ ❜❡ �❡❡♥ ✐♥ ❛❜✳ ✶✺✳

❆ ✈✐�✉❛❧✐�❛✐♦♥ ♦❢ ❤❡ ♦❛❧ ❧✐ ✉✐❞ ❢�❛❝✐♦♥ ♦♥ ❤❡ �✉�❢❛❝❡ ❛�❡❛ ✐� �❤♦✇♥ ✐♥ ✜❣✳ ✹✷ ❢♦�

Amush = 106 ❛♥❞ ✐♥ ✜❣✳ ✹✸ ❢♦� Amush = 109✳

❋✐❣✳ ✹✷ ❛✮ �❤♦✇� ❤❛ ❤❡ ❜♦✉♥❞❛�② ♦♥ ♦♣ ✐� ❤❡ ♠♦� �♦❧✐❞✐✜❡❞ ❛�❡❛ ✇✐❤ ✈❛❧✉❡� ❞♦✇♥ ♦

✺✻✪ ✐♥ ❝✐�❝✉❧❛� ❛�❡❛� ❢❛❝✐♥❣ ❤❡ ❝♦�♥❡�� ♦❢ ❤❡ ♠♦❞❡❧✳ ■♥ ❤❡ ♠❛✐♥ ❞�♦♣❧❡ ❢♦�♠❛✐♦♥ ♣❛�

✈❛❧✉❡� ♥❡❛� ✽✵✪ ♦❝❝✉�✳ ❚❤❡ ��❡❛♠ ✐�❡❧❢ ✐� ❛ ✾✵✪ ❢♦� ❤❡ ♠♦� ♣❛�✱ ❡①❝❡♣ �♦♠❡ �♠❛❧❧

❛�❡❛� ✐♥ ❤❡ ✉♣♣❡� ♣❛� ❛♥❞ ❤❡ ❜❛�❡✱ ❤❛ ❛�❡ ❛ ✽✵✪✳ ❚❤❡ ❛✈❡�❛❣❡ +❈▼ ❧✐ ✉✐❞ ❢�❛❝✐♦♥

♦♥ ❤❡ �✉�❢❛❝❡ ❛�❡❛ ✐� ❛ ✺✼✪✳

■♥ ✜❣✳ ✹✷ ❜✮ ❤❡ ✐♥❡��❡❝✐♦♥ ✇✐❤ ❤❡ ✇❛❧❧ ✐� ❤❡ ♦♥❧② ❛�❡❛ ❧❡❢ ✇✐❤ ≈ 100✪✳ ❚❤❡

❞�♦♣❧❡ ❢♦�♠❛✐♦♥ ♣❛� �❛②� ♥❡❛� ✽✵✪ ✐♥ ❤❡ ❝❡♥�❡✱ ✇❤✐❧❡ ♦♣ ❛♥❞ ❜♦♦♠ ❛�❡❛� ❤❛✈❡

♣❛�� ≤ 60✪✳ ❚❤❡ ��❡❛♠ ❤❛� ✈❛❧✉❡� ❜❡✇❡❡♥ ✼✵✪ ❛♥❞ ✽✵✪✱ ✇✐❤ ❤❡ ❜❛�❡ �❧✐❣❤❧②

❧♦✇❡�✳ ❚❤❡ ❛✈❡�❛❣❡ +❈▼ ❧✐ ✉✐❞ ❢�❛❝✐♦♥ ♦♥ ❤❡ �✉�❢❛❝❡ ✐� ❛ ✺✺✪✳

■♥ ✜❣✳ ✹✷ ❝✮ ❤❡ ✈❛❧✉❡� ❛�❡ �✐♠✐❧❛� ♦ ❤❡ ❡❛�❧✐❡� ✐♠❛❣❡ ❜✉ �❤✐❢❡❞ ✐♥ �♦♠❡ ❛�❡❛�✳ ❚❤❡

❝❡♥�❡ ♦❢ ❤❡ ❞�♦♣❧❡ ❢♦�♠❛✐♦♥ ♣❛� ✐� ♥♦✇ ♠♦�❡ �♦❧✐❞✐✜❡❞ ❤❛♥ ❤❡ ❜♦♦♠ ❛♥❞ ❤❡ ♦♣

�✉�❢❛❝❡✳ ❚❤❡ ❛�❡❛ ❜❡✇❡❡♥ ❜❛�❡ ❛♥❞ ��❡❛♠ ❤❛� ✈❛❧✉❡� ♥❡❛� ✺✺✪✳ ❚❤❡ ❛✈❡�❛❣❡ +❈▼

❧✐ ✉✐❞ ❢�❛❝✐♦♥ ♦♥ ❤❡ �✉�❢❛❝❡ ✐� ❛ ✺✶✪✳

■♥ ✜❣✳ ✹✷ ❞✮ ❤❡ ❛�❡❛ ♦♥ ♦♣ ♦❢ ❤❡ ♦✐❧ ❧❛②❡� ❤❛� ✈❛❧✉❡� ❞♦✇♥ ♦ ✺✵✪ ✐♥ ❛ ✇✐❞❡ ❛�❡❛✳

❚❤❡�❡ ✈❛❧✉❡� ✐♥❝�❡❛�❡ ✐♥ ❞✐�❡❝✐♦♥ ♦ ❤❡ ♦✉❧❡ ✉♣ ♦ ✼✵✪ ✐♥ ❤❡ ❧♦✇❡� ♣❛� ♦❢ ❤❡ ♣❛❤✱

✽✵✪ ✐♥ ❤❡ ♠✐❞❞❧❡ ♣❛� ❛♥❞ ❛ �♠❛❧❧ ❛�❡❛ ♦♥ ❤❡ ♦♣ ♣❛� ✇✐❤ ✾✵✳✪✳ ❚❤❡ ❛✈❡�❛❣❡ +❈▼

❧✐ ✉✐❞ ❢�❛❝✐♦♥ ♦♥ ❤❡ �✉�❢❛❝❡ ✐� ❛ ✸✶✪✳

❋✐❣✳ ✹✸ ❛✮ �❤♦✇� ✈❛❧✉❡� ❛�❡ ♥❡❛� ✶✵✵✪ ✐♥ ♠♦� ♣❛�� ♦❢ ❤❡ �✉�❢❛❝❡✳ ❚❤❡ ✈❛❧✉❡� ❛�❡ ❧♦✇❡�✱
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✻✼

y

xz1 mm^3

y

xz1 mm^3 1 mm^3 1 mm^3

a) b) c) d)b)

y

xz

y

xz

❋✐❣✉�❡ ✹✷✿ ❙❝�❡❡♥✲�❤♦
 �❡�✉❡♥❝❡ ♦❢ 
❤❡ 
♦
❛❧✲❧✐�✉✐❞✲❢�❛❝
✐♦♥ ❝♦♥
♦✉� ♦♥ ❛♥ ■❙❖✲�✉�❢❛❝❡ ✇✐
❤ ✺✵ ✪

✈♦❧✉♠❡ ❢�❛❝
✐♦♥ ❢♦� 
❤❡ �♦❧✐❞✐✜❝❛
✐♦♥ �
❡♣� ✇✐
❤ Amush = 106

❛✮ ✐♠❛❣❡ �❤♦✇✐♥❣ 
❤❡ ❧❛�
 ❞�♦♣❧❡
 ❢♦�♠✐♥❣ ❛♥❞ �♦❧✐❞✐✜❝❛
✐♦♥ ❛
 
❤❡ 
♦♣ ❛
 ✶✷✳✵ �

❜✮ ✐♠❛❣❡ �❤♦✇✐♥❣ 
❤❡ ❍❚❋ ❝♦♥♥❡❝
❡❞ 
♦ 
❤❡ ❜❛❝❦ ✇❛❧❧ ✇✐
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 ♦❢ 
❤❡ �
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 ✶✻✳✵ �
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❤❡ ❜♦
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❤❡ �✐❣❤
 ❝♦�♥❡� ❛
 ✶✼✳✺ �✱ ✇✐
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♦ ✾✵ ✪ ❢♦�
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❉✶✷✱ '❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠✱ Ain = 4.6 · 10−7m2✱ Aout = 25m2✱

▼❡�❤✿ ♠✉❧
✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠✱ Amush = (101, 104, 105(base), 106, 109)✱ ∆T = −10K✱

vin = 0.4m
s
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❉✶✷✱ '❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠✱ Ain = 4.6 · 10−7m2✱ Aout = 25m2✱

▼❡�❤✿ ♠✉❧
✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠✱ Amush = (101, 104, 105(base), 106, 109)✱ ∆T = −10K✱

vin = 0.4m
s
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♠✉�❤② ♣❛	❛♠❡�❡	�

❉✶✷✱ �❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠✱

Ain = 4.6 · 10−7m2✱ Aout = 25m2✱

▼❡�❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠✱

Amush = (101, 104, 105(base), 106, 109)✱

∆T = −10K✱ vin = 0.4m
s
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❞✐✛❡	❡♥� ♠✉�❤② ♣❛	❛♠❡�❡	�

❉✶✷✱ �❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠✱

Ain = 4.6 · 10−7m2✱ Aout = 25m2✱

▼❡�❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠✱

Amush = (101, 104, 105(base), 106, 109)✱

∆T = −10K✱ vin = 0.4m
s

Amush v̄HTF [%]

t = 4.458 [s] t = 17.8 [s] t = 45, [s]

✶✵✶ ✶✵

✶✵✹ ✶✵

✶✵
✺

✶✵

✶✵✻ ✶✵ ✷✼ ✸✷

✶✵✾ ✾✼

❚❛❜❧❡ ✶✻✿ ■♠♣♦	�❛♥� ✈❛❧✉❡� ♦❢ �❤❡ ❛✈❡	❛❣❡ ✈♦❧✉♠❡ ❢	❛❝�✐♦♥ ❢♦	 �❤❡ ❝❛❧❝✉❧❛�✐♦♥� ✇✐�❤ Amush =

106, 109✳ ❋♦	 ❝♦♠♣❛	✐�♦♥ �❤❡ ✈❛❧✉❡� ♦❢ ❛❧❧ ♦�❤❡	 ❝❛❧❝✉❧❛�✐♦♥� ✐♥ ✜❣✳ ✹✹ ✇❡	❡ ✐♥❝❧✉❞❡❞✳ ❚❤❡ ❜❛�❡

❝❛❧❝✉❧❛�✐♦♥ ✐� ❜♦❧❞✳ ❚❤❡ ❝❛❧❝✉❧❛�✐♦♥ ✇✐�❤ ✶✵✻ �❤♦✇� ❛ 	✐�❡ ❢	♦♠ ✹✳✹✺✽ � �♦ ✶✼✳✶ �✱ ❢♦❧❧♦✇❡❞ ❜② ❛

❞	♦♣ �♦ ✶✼✳✽ �✳ ❚❤❡ ❝❛❧❝✉❧❛�✐♦♥ ✇✐�❤ ✶✵✾ ✐♥❝	❡❛�❡� ❧✐♥❡❛	❧② ✐♥ �❤❡ ✜	�� ✷✳✺ � ❛♥❞ 	❡❛❝❤❡� ❛ ❝♦♥��❛♥�
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✐♥❝�❡❛❡ ❛� ❛❜♦✉� ✶✵ ✱ ❢♦❧❧♦✇❡❞ ❜② ❛ �❛❣♥❛�✐♦♥ ❛� ✶✼✳✽ ✳ ❚❤❡ ❣�❛♣❤ ❢♦� Amush = 109
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✼✵

Amush �✐♠❡ �❛♥❣❡ [ms] −q̄ [kW
m2 ] Tout [K] Tin [K] Ā [m2]

✶✵✶ ❬✷✾✺❀✹✺✵✵✵❪ ✲✾✳✽ ✲✷✵ ≈ 279.15 ✷✼✺✳✶✺ 7 · 10−5

✶✵✹ ❬✷✾✺❀✹✺✵✵✵❪ ✲✾✳✺ ✲✷✵ ≈ 279.15 ✷✼✺✳✶✺ 7 · 10−5

✶✵✺ ❬✷✾✺❀✹✺✵✵✵❪ ✲✾✳✻ ✲✷✵ ≈ 279.15 ✷✼✺✳✶✺ 7 · 10−5

✶✵✻ ❬✸✵✶❀✶✼✼✹✶❪ ✲✶✼✳✷

✶✵✻ ✶✵✵✵ ✹✷✼✳✹ ✲✷✵ ≈ 282.15 ✷✼✺✳✶✺ 7 · 10−5

✶✵✻ ❬✶✼✼✹✷❀✹✺✵✵✵❪ ✲✺✳✵

✶✵✻ ✶✽✵✵✵ ✲✶✵✳✷ ✲✶✵ ≈ 278.15 ✷✼✺✳✶✺ 7 · 10−5

✶✵✾ ❬✶✾✷✵❀✹✺✵✵✵❪ ✲✷✳✻

✶✵✾ ✸✵✵✵ ✲✶✵✳✷ ✲✹✵ ≈ 280.15 ✷✼✺✳✶✺ 4 · 10−5

❚❛❜❧❡ ✶✼✿ ❆✈❡�❛❣❡ ❤❡❛� ✢✉①❡� ❢♦� ❞✐✛❡�❡♥� ♣❛��� ♦❢ ❛❧❧ ❝❛❧❝✉❧❛�✐♦♥� ✐♥ ✜❣✳ ✹✺✱ ❛� ✇❡❧❧ ❛� �❤❡

❝♦��❡�♣♦♥❞✐♥❣ ✈❛❧✉❡� ❢♦� ❤❛♥❞ ❝❛❧❝✉❧❛�✐♦♥�✳ ❚❤❡ ❜❛	❡ ❝❛❧❝✉❧❛�✐♦♥ ✐� ❜♦❧❞

❋✐❣✳ ✹✺ �❤♦✇� �❤❡ �❡�✉❧�� ❢♦� �❤❡ ❤❡❛� ✢✉①✳ ■� ❝❛♥ ❜❡ ❝❧❡❛�❧② �❡❡♥ �❤❛� �❤❡ ✈❛❧✉❡� ❢♦�

Amush = 101, 104, 105 ❛�❡ ✐♥ ❛ �✐♠✐❧❛� �❛♥❣❡✳ ❚❤❡ ❧✐♥❡ ❢♦� Amush = 106 �❤♦✇� ❛ ❞❡❝�❡❛�❡

✐♥ �❤❡ ♠❛①✐♠✉♠ ✈❛❧✉❡ ��❛��✐♥❣ ❜② ❛❜♦✉� ✺ �✳ ❋✉��❤❡�♠♦�❡ �❤❡ ❧❡♥❣�❤ ♦❢ ♦♥❡ ♣❡�✐♦❞ ✐♥✲

❝�❡❛�❡�✳ ❚❤❡ ❣�❛♣❤ ❢♦� Amush = 109 �❤♦✇� ❛ �♠❛❧❧ ♣❡❛❦ �❤♦��❧② ❛❢�❡� �❤❡ ❜❡❣✐♥♥✐♥❣ ❛♥❞

❛ ❝♦♥�✐♥✉♦✉� ✐♥❝�❡❛�❡ ❛❢�❡� ✶✳✾✷ � �♦ ❛ ♠♦�❡ ♦� ❧❡�� ❝♦♥��❛♥� ✈❛❧✉❡✳ ❚❤❡ ✐♠♣♦��❛♥� ✈❛❧✉❡�✱

❛� ✇❡❧❧ ❛� ❝♦��❡�♣♦♥❞✐♥❣ ❤❛♥❞ ❝❛❧❝✉❧❛�✐♦♥� ❝❛♥ ❜❡ �❡❡♥ ✐♥ �❛❜✳ ✶✼✳

❚❤❡ ❧♦❝❛❧ ❤❡❛� ✢✉① ❢♦� Amush = 106 ❛� ✶✾✳✵ � ✐� ♠♦��❧② ♣♦�✐�✐✈❡ ❢♦� �❤❡ ❍❚❋ ✢♦✇✳ ✭❋✐❣✳ ✹✻✮

❙♦♠❡ ❛�❡❛� ♦❢ �❤❡ 0❈▼ �❡�✉❧� ✐♥ ❛ ✢✉① ✉♣ �♦ 1.6MW
m2 ✱ ✇❤✐❧❡ �❤❡ ♠❛❥♦�✐�② ��❛②� ❜❡❧♦✇ ✵

❛♥❞ ❞♦✇♥ �♦ −0.8MW
m2 ✳

❚❤❡ ❧♦❝❛❧ ❤❡❛� ✢✉① ❢♦� Amush = 109 ❛� ✷✵✳✵ � ✐� ♣♦�✐�✐✈❡ ✐♥ ✇✐❞❡ ❛�❡❛�✱ ♠♦��❧② ✜❧❧❡❞ ❜②

❍❚❋ ❜✉� ❛❧�♦ ❜② 0❈▼✳ ✭❋✐❣✳ ✹✼✮ ❆�❡❛� ✐♥ �❤❡ ❧❡❢� ❝♦�♥❡�� ❡①✐�� ✇✐�❤ ♥❡❣❛�✐✈❡ ❤❡❛� ✢✉①✱

❛❧�♦ ✐♥❞❡♣❡♥❞❡♥� ♦❢ �❤❡ ♠❛�❡�✐❛❧✳ ❙♦♠❡ ❛�❡❛� ♦❢ �❤❡ 0❈▼ �❡�✉❧� ✐♥ ❛ ✢✉① ✉♣ �♦ 1.6MW
m2 ✱

✇❤✐❧❡ �❤❡ ♠❛❥♦�✐�② ��❛②� ❜❡❧♦✇ ✵ ❛♥❞ ❞♦✇♥ �♦ −0.8MW
m2 ✳

❆♥ ❛♥❛❧②�✐� ♦❢ �❤❡ ❋❋❚ ✐♥ ✜❣✳ ✹✽ �❤♦✇� �❤❡ ❢♦❧❧♦✇✐♥❣ ♠❛①✐♠✉♠ ♣❡❛❦� ✐♥ ❝❤�♦♥♦❧♦❣✐❝❛❧

♦�❞❡�✿ (ν [Hz], qA [kW
m2 ]) = (5.0, 211.2), (2.0, 169.9), (0, 3.9)
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✼✶

❋✐❣✉�❡ ✹✻✿ ❙❝�❡❡♥✲�❤♦
 �❤♦✇✐♥❣ 
❤❡ ❤❡❛
 
�❛♥�❢❡� ❛
 
❤❡ ♦✉
❧❡
 ❛
 ✶✾ � ❢♦� Amush = 106

❉✶✷✱ �❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠✱ Ain = 4.6 · 10−7m2✱ Aout = 25m2✱

▼❡�❤✿ ♠✉❧
✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠✱ Amush = (101, 104, 105(base), 106, 109)✱ ∆T = −10K✱

vin = 0.4m
s
✱ t = 19 �

❋✐❣✉�❡ ✹✼✿ ❙❝�❡❡♥✲�❤♦
 �❤♦✇✐♥❣ 
❤❡ ❤❡❛
 
�❛♥�❢❡� ❛
 
❤❡ ♦✉
❧❡
 ❛
 ✷✵ � ❢♦� Amush = 109✳

❉✶✷✱ �❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠✱ Ain = 4.6 · 10−7m2✱ Aout = 25m2✱

▼❡�❤✿ ♠✉❧
✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠✱ Amush = (101, 104, 105(base), 106, 109)✱ ∆T = −10K✱

vin = 0.4m
s
✱ t = 20 �

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek
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❋✐❣✉�❡ ✹✽✿ ❆♠♣❧✐�✉❞❡ ❛♥❞ ❢❡�✉❡♥❝② ♦❢ �❤❡ ❋♦✉✐❡ �❛♥�❢♦♠❛�✐♦♥� ♦❢ Amush = 106 ✐♥ �❤❡❡

♣❛��

❉✶✷✱ �❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠✱ Ain = 4.6 · 10−7m2✱ Aout = 25m2✱

▼❡�❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠✱ Amush = (101, 104, 105(base), 106, 109)✱ ∆T = −10K✱

vin = 0.4m
s
✱ t [s] = [4; 9], [12; 17], [36; 41] �

� �� �� �� ��
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❋✐❣✉�❡ ✹✾✿ ❆✈❡❛❣❡ �❡♠♣❡❛�✉❡ ♦❢ �❈▼✷

❢♦ ❞✐✛❡❡♥� ♠✉�❤② ♣❛❛♠❡�❡�

❉✶✷✱ �❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠✱

Ain = 4.6 · 10−7m2✱ Aout = 25m2✱

▼❡�❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠✱

Amush = (101, 104, 105(base), 106, 109)✱

∆T = −10K✱ vin = 0.4m
s
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❋✐❣✉�❡ ✺✵✿ ❆✈❡❛❣❡ �❡♠♣❡❛�✉❡ ♦❢ ❉✶✷

❢♦ ❞✐✛❡❡♥� ♠✉�❤② ♣❛❛♠❡�❡�

❉✶✷✱ �❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠✱

Ain = 4.6 · 10−7m2✱ Aout = 25m2✱

▼❡�❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠✱

Amush = (101, 104, 105(base), 106, 109)✱

∆T = −10K✱ vin = 0.4m
s

❚❤❡ �❈▼ 	❡♠♣❡�❛	✉�❡ ♣❧♦	 ✐♥ ✜❣✳ ✹✾ �❤♦✇� 	❤❛	 ✶✵✶✱ ✶✵✹ ❛♥❞ ✶✵✺ ❤❛✈❡ ♦♥❡ ♥❡❛�❧② ❧✐♥❡❛�

❞❡❝�❡❛�❡✱ ❢♦❧❧♦✇❡❞ ❜② ❛ �	❛❣♥❛	✐♦♥ ♣❛�	✳ Amush = 106 �❤♦✇� ❛ 	❤✐�❞ ❞❡❝�❡❛�❡ �	❛�	✐♥❣ ❛	
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✼✸

✶✾✳✺ �✳ Amush = 109 �❤♦✇� ❛ ♣❧❛�❡❛✉ ♦❢ ✵✳✺ � ❜❡�✇❡❡♥ �❤❡�❡ �✇♦ ❞�♦♣� ❛♥❞ �❡❛❝❤❡� �❤❡ ✐♥❧❡�

�❡♠♣❡�❛�✉�❡ ❛� ✸✾✳✵ �✳ ❚❤❡ ✐♠♣♦��❛♥� ✈❛❧✉❡� ❛�❡ ❧✐��❡❞ ✐♥ �❛❜✳ ✶✽✳

Amush � [s] TPCM2 [K]

�❡❛❝❤✐♥❣ ✷✽✺✳✶✼❑ �❡❛❝❤✐♥❣ ✷✽✺✳✶✸❑ �❡❛❝❤✐♥❣ ✷✼✺✳✶✺❑ �❂✹✺ �

✶✵✶ ✺✳✺ > 45 ✷✽✺✳✶✼

✶✵✹ ✺✳✺ > 45 ✷✽✺✳✶✼

✶✵
✺

✺ > 45 ✷✽✺✳✶✼

✶✵✻ ✺ ✶✾✳✺ > 45 ✷✽✹✳✼✽

✶✵✾ ✷✳✵ ✷✳✺ ✸✾✳✵ ✷✼✺✳✶✺

❚❛❜❧❡ ✶✽✿ ❚✐♠❡ �❛♥❣❡ ♦❢ �❤❡ ❈▼ �❡♠♣❡�❛�✉�❡ �❤❛� ✐� ��❛②� ♥❡❛� �❤❡ �♦❧✐❞✐✜❝❛�✐♦♥ �❡♠♣❡�❛�✉�❡✱

�❤❡ �✐♠❡ ��❡♣ ✐� �❡❛❝❤❡� �❤❡ ✐♥❧❡� �❡♠♣❡�❛�✉�❡ ❛♥❞ �❤❡ ✜♥❛❧ �❡♠♣❡�❛�✉�❡ ❢♦� ❛❧❧ ❝❛❧❝✉❧❛�✐♦♥� ✐♥ ✜❣✳

✹✾✳ ❚❤❡ ❜❛	❡ ❝❛❧❝✉❧❛�✐♦♥ ✐� ❜♦❧❞

❚❤❡ ❍❚❋ �❡♠♣❡�❛�✉�❡ ♣❧♦� ✐♥ ✜❣✳ ✺✵ �❤♦✇� �❤❛� Amush = 101, 104, 105 ❤❛✈❡ ❛ ♥❡❛�❧②

✐❞❡♥�✐❝❛❧ ❜❡❤❛✈✐♦✉� ❛♥❞ ❥✉♠♣ ❛�♦✉♥❞ ✷✽✵✳✶✺❑ ❢♦� �❤❡ ✇❤♦❧❡ ✹✺ �✳ Amush = 106 ❤❛� �❤❡

�❛♠❡ ❜❡❤❛✈✐♦✉� ❢♦� �❤❡ ✜��� ✶✷✳✵ �✳ ❚❤❡�❡ ✐� ��❛②� ♥❡❛� ✷✼✾❑ ❢♦� ✶✳✺ �✱ ✇❤❡♥ ✐� ❝♦♦❧� ❞♦✇♥

✉♥�✐❧ ✷✼✻✳✺❑ ❛� ✹✶✳✺ �✳ Amush = 109 ��❛��� ❛❧�❡❛❞② ❛� ✷✼✽✳✺❑✱ ✇❤❡�❡ ✐� ��❛②� ❢♦� �❤❡ ✜���

�❡❝♦♥❞ ❛♥❞ ❝♦♦❧� ❞♦✇♥ �♦ ♥❡❛�❧② �❤❡ ❡①❛❝� ✐♥❧❡� �❡♠♣❡�❛�✉�❡✳ ■� �❡❛❝❤❡� ✷✼✺✳✷✺❑ ❛� ✷✹ �

❛♥❞ ❝♦♦❧� ❞♦✇♥ ✉♥�✐❧ ✷✼✺✳✷✵❑ ✐♥ ❛ �✐♠✐❧❛� ❝✉�✈❡✳

❉✐
❝✉

✐♦♥

❚❤❡ ❜❛�❡ ❝❛❧❝✉❧❛�✐♦♥ �❤♦✇❡❞ ❛ ✜♥❛❧ ❧✐+✉✐❞ ❢�❛❝�✐♦♥ ❛❢�❡� ✹✺ � ♦❢ ✾✵✪✱ ✇✐�❤♦✉� ❛♥② ���♦♥❣❡�

❞�♦♣ ✐♥ �❤❡ ❣�❛♣❤✳ ✭✜❣✳ ✹✶✮ ❚❤❡ �❡♠♣❡�❛�✉�❡ ♣❧♦� ✐♥ ✜❣✳ ✹✾ �❤♦✇� ❛ ✜��� �❡♥�✐❜❧❡ ♣❛��

❢♦❧❧♦✇❡❞ ❜② ❛ ❧❛�❡♥� ♣❛��✳ ◆♦ ❛❞❞✐�✐♦♥❛❧ �❡♥�✐❜❧❡ ♣❛�� ✐� �❡❡♥✳ ❚❤❡�❡❢♦�❡ �❤❡ �♦❧✐❞✐✜❝❛�✐♦♥

❤❛� ♥♦� ❜❡ ❝♦♠♣❧❡�❡❞ ♦♥ ❛ ❣❧♦❜❛❧ �❝❛❧❡✳ ❲❤❡♥ �❤❡ ♠✉�❤② ♣❛�❛♠❡�❡� ✐� ♣�♦♣♦��✐♦♥❛❧ �♦ �❤❡

�♦❧✐❞✐✜❝❛�✐♦♥ �❛�❡ �❤✐� ✐♠♣❧✐❡� �❤❛� ❧♦✇❡� ♠✉�❤② ♣❛�❛♠❡�❡�� ✇✐❧❧ �❤♦✇ ✈❛❧✉❡� ❢♦� �❤❡ ❧✐+✉✐❞

❢�❛❝�✐♦♥✱ �❤❡ ✈♦❧✉♠❡ ❢�❛❝�✐♦♥ ❛♥❞ �❤❡ ❤❡❛� ✢✉① ✐♥ �❤❡ �❛♠❡ �❛♥❣❡✱ ❛� ♥♦ �❧♦✇❡� �♦❧✐❞✐✜❝❛�✐♦♥

�❤❛♥ ♥♦♥❡ ✐� ♣♦��✐❜❧❡✳ ❲❤❡♥ ❝♦♠♣❛�✐♥❣ ✜❣✳✱ ✹✹ ❛♥❞ ✹✺ ❛♥❞ �❤❡ ✈❛❧✉❡� ♦❢ �❤❡ ❝♦��❡�♣♦♥❞✐♥❣

�❛❜❧❡� ✭�❛❜✳ ✶✺✱ ✶✻ ❛♥❞ ✶✼✮ �❤✐� ❛��✉♠♣�✐♦♥ ♣�♦✈❡� �♦ ❤❛✈❡ ❜❡❡♥ ❛❝❝✉�❛�❡✳ ❚❤❡�❡❢♦�❡ �❤❡

✈❛❧✉❡� ✇✐❧❧ ❜❡ ❞✐�❝✉��❡❞ ♦♥❧② �❤♦��❧②✱ ❛❧✇❛②� ✐♥ �❤❡ ♦�❞❡� Amush = (101, 104, 105)✱ ❛♥❞

�❤❡ ❢♦❝✉� ✇✐❧❧ �❤❡♥ ❜❡ ❧❡❞ ♦♥ Amush = (106, 109)✳ ❚❤❡ 2❈▼ ❧✐+✉✐❞✲❢�❛❝�✐♦♥ ❛♥❞ �❤❡ ❍❚❋

✈♦❧✉♠❡ ❢�❛❝�✐♦♥ ❛�❡ �❤❡ �❛♠❡ ❢♦� ❛❧❧ �❤�❡❡ ❝❛❧❝✉❧❛�✐♦♥�✱ �❤❡ ❛✈❡�❛❣❡ ❤❡❛� ✢✉① ❞✐✛❡�� ♦♥❧②

❜② ❛ ❢❡✇ [kW
m2 ]✳ ■♥�❡�❡��✐♥❣❧② �❤❡ ✈❛❧✉❡ ❢♦� ✶✵

✶ ✐� ❤✐❣❤❡� ❛� ❢♦� �❤❡ ❜❛�❡ ♠♦❞❡❧ ❜② ✷✪✱

✇❤✐❝❤ ✐� ❤✐❣❤❡� ❛� ✶✵✺ ❜② ✶✪✱ ❜✉� ❜❛�✐❝❛❧❧② �❤❡ ✈❛❧✉❡� ❛�❡ ❛❧❧ ✐♥ �❤❡ �❛♠❡ �❛♥❣❡✳ ❚❤❡

�❧✐❣❤� ❞❡✈✐❛�✐♦♥ ❝❛♥ ♣�♦❜❛❜❧② ❜❡ ��❛❝❡❞ ❜❛❝❦ �♦ ❛ ♥✉♠❡�✐❝❛❧ ✐��✉❡✳ ❚❤❡ �❛�❦ ♦❢ �❤❡ ♠✉�❤②

♣❛�❛♠❡�❡� ✐� ♦♥❧② �♦ ❞❡✜♥❡ �❤❡ ✈❡❧♦❝✐�② ♦❢ �❤❡ �♦❧✐❞✐✜❝❛�✐♦♥ ❢�♦♥�✱ ♥♦� �❤❡ ❤❡❛� ��❛♥�❢❡�

✐��❡❧❢✳ ❆� ♥♦ �✉✣❝✐❡♥� �♦❧✐❞✐✜❝❛�✐♦♥ ♦❝❝✉��✱ �❤❡ ❤❡❛� ��❛♥�❢❡� ✐� ❜❡❤❛✈✐♥❣ ✐♥ �❤❡ �❛♠❡ ✇❛②✳

❚❤❡ ❋❋❚ �❤♦✇� ❛ ♠✐♥✐♠❛❧ �❤✐❢� �♦ �❤❡ �✐❣❤� ❛♥❞ ❧❡❛❞� �♦ �❤❡ ❢♦❧❧♦✇✐♥❣ ♠❛①✐♠✉♠ ✈❛❧✉❡�✿

(ν[Hz], qA[
kW
m2 ]) = (8.3, 115.9), (8.2, 121.1), (7.9, 87.07)✳

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek
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❚❤❡ �❈▼ ❛♥❞ ❉✶✷ �❡♠♣❡�❛�✉�❡� ❛�❡ �❤❡ �❛♠❡ ❢♦� ❛❧❧ �❤�❡❡ ❝❛❧❝✉❧❛�✐♦♥� ✇✐�❤ �✉✣❝✐❡♥�

♣�❡❝✐�✐♦♥✳ ✭❋✐❣✳ ✹✾✱ ✺✵ ❛♥❞ �❛❜✳ ✶✽✮

❚❤❡ �❈▼ �❡♠♣❡�❛�✉�❡ ❝❤❛♥❣❡� ♦❢ Amush = 106 ✐♥ ✜❣✳ ✹✾ �❡♣�❡�❡♥� ❛ ♣❡�❢❡❝� ❡①❛♠♣❧❡ ❢♦�

�❤❡ �♦❧✐❞✐✜❝❛�✐♦♥✱ ❛� ❡①♣❧❛✐♥❡❞ ✐♥ �❡❝�✐♦♥ ✸✳✷ ❛♥❞ ✸✳✸✳ ■� ❝♦♥�❛✐♥� �❤❡ �❡♥�✐❜❧❡ ❤❡❛� ��❛♥�❢❡�

❜❡❢♦�❡ ❛♥❞ ❛❢�❡� �❤❡ ❧❛�❡♥� ❤❡❛� ��❛♥�❢❡�✱ ❞✉�✐♥❣ ✇❤✐❝❤ �❤❡ �♦❧✐❞✐✜❝❛�✐♦♥ ♣�♦❝❡�� ♦❝❝✉��✳

❇❛�❡❞ ♦♥ �❤✐� �❡�✉❧��✱ �❤❡ ❝❛❧❝✉❧❛�✐♦♥ ❝❛♥ ❜❡ ♣✉� �♦ ✉�❡ ✐♥ ❡①♣❧❛✐♥✐♥❣ �❤❡ ♣�♦❝❡��❡� ✐♥ ❛

❞✐�❡❝� ❝♦♥�❛❝� ❧❛�❡♥� ❤❡❛� ��♦�❛❣❡✳

❚❤❡ ❧✐,✉✐❞ ❢�❛❝�✐♦♥ �✉�♣❛��❡� �❤❡ ❜❛�❡ ♠♦❞❡❧ ♥❡❛� ✹✳✺ �✳ ✭❋✐❣✳ ✹✶✮ ■♥�❡�❡��✐♥❣❧② ✐♥ ❬✶✸❪

�❤❡ ❛✉�❤♦�� ��❛�❡❞ �❤❛� ✐♥ ❤✐❣❤❡� ♠✉�❤② ♣❛�❛♠❡�❡� ❝❛❧❝✉❧❛�✐♦♥� �❤❡ ❝♦♥✈❡❝�✐♦♥ ✇❛� ❧♦✇❡�

❛♥❞ ❧❡❞ �♦ ❛ ❞❡❝�❡❛�❡❞ ❤❡❛� ��❛♥�❢❡�✳ ❍✐❣❤ ♠✉�❤② ♣❛�❛♠❡�❡� �✐♠✉❧❛�✐♦♥� �❤♦✉❧❞ �❤❡�❡❢♦�❡

❧❛❣ ❜❡❤✐♥❞ ❡①♣❡�✐♠❡♥�❛❧ ❝❛❧❝✉❧❛�✐♦♥�✱ ❛� ❧❡❛�� ✇❤❡♥ ❝❛❧❝✉❧❛�✐♥❣ �❤❡ ♠❡❧�✐♥❣ ♣�♦❝❡��✳ ❚❤✐�

�❡�✉❧�� ❛�❡ ❝♦♥��♦✈❡��✐❛❧ �♦ �❤❡ �❡�✉❧�� ♦❢ �❤✐� ♣�♦❥❡❝�✳ ❍❡�❡ ❤✐❣❤❡� ♠✉�❤② ♣❛�❛♠❡�❡� ❧❡❛❞

�♦ ❢❛�� �♦❧✐❞✐✜❝❛�✐♦♥ ❛♥❞ �❤❡�❡❢♦�❡ ✐♥❝�❡❛�❡❞ ✭♥❡❣❛�✐✈❡✮ ❤❡❛� ��❛♥�❢❡�✳ ❚❤✐� ❝♦✉❧❞ ❤♦✇❡✈❡�

❥✉�� ✐♠♣❧② �❤❛� ❋❧✉❡♥� ❞♦❡� ♥♦� ❞❡❝�❡❛�❡ �❤❡ ❛❜�♦❧✉�❡ ✈❛❧✉❡ ♦❢ �❤❡ ❤❡❛� ��❛♥�❢❡� ✈❡❝�♦�

❜✉� ❞❡❝�❡❛�❡� �❤❡ ♥✉♠❜❡� ✐♥❝❧✉❞✐♥❣ �❤❡ �✐❣♥✳ ❚❤❡�❡❢♦�❡ �❤❡ ♠❡❧�✐♥❣ ♣�♦❝❡�� ✇♦✉❧❞ �❡♥❞

�♦ ✈❛❧✉❡� ❛❣❛✐♥�� ✵ ❛♥❞ �❡�✉�♥ ❧♦✇❡� ❤❡❛� ��❛♥�❢❡�✳ ❋♦� ♥❡❣❛�✐✈❡ ❤❡❛� ��❛♥�❢❡�✱ �❤✐� ✇♦✉❧❞

♠❡❛♥ ❛♥ ✐♥❝�❡❛�❡ ✐♥ ✈❛❧✉❡✱ ❛� �❤❡ ❤❡❛� ��❛♥�❢❡� �❡�✉❧�� ✐♥ ❤✐❣❤❡� ♥❡❣❛�✐✈❡ ✈❛❧✉❡�✳ ❚❤❡

✐♠♣♦��❛♥� ��❛❣❡ ♦❢ �❤❡ �♦❧✐❞✐✜❝❛�✐♦♥ ♣�♦❝❡�� ✐� ❜❡�✇❡❡♥ ✶✹✳✵✺ � ❛♥❞ ✶✼✳✽ �✳

❚❤❡ ✜��� ✈❛❧✉❡ ✐� ❝♦♥�✐��❡♥� ✇✐�❤ �❤❡ ✜��� ✐♥❝�❡❛�❡ ♦❢ �❤❡ ✈♦❧✉♠❡ ❢�❛❝�✐♦♥ �♦ ✷✻✪✱ �❤❡

❧❛��❡� ✇✐�❤ �❤❡ ��❛❣♥❛�✐♦♥ ♣❛��✱ ❛� �❡❡♥ ✐♥ ✜❣✳ ✹✹ ❛♥❞ �❛❜✳ ✶✻✳

❚❤❡ ✈❛❧✉❡ ❛� ✶✾✳✺ � ❢♦� �❤❡ �❈▼ �❡♠♣❡�❛�✉�❡ ✐♥ �❛❜✳ ✶✽ ❞♦❡� ♥♦� ♠❛�❝❤ ✇✐�❤ ❛♥② ♦�❤❡�

❞❡�❡❝�❡❞ ❢❡❛�✉�❡ ❢♦� �❤❡ ♦�❤❡� ♣❛�❛♠❡�❡��✳ ❚❤✐� ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❛� �❤❡ �❡♠♣❡�❛�✉�❡

❝❤❛♥❣❡� ❞♦ ♥♦� ♦❝❝✉� ♦❢ ❛ �✉❞❞❡♥✱ ♠❡❛♥✐♥❣ �❤❛� ✐♥ �❤❡ ❢♦❧❧♦✇✐♥❣ ✶✳✼ � ❛❢�❡� �❤❡ ♠❛✐♥

♣❛�� ♦❢ �❤❡ �♦❧✐❞✐✜❝❛�✐♦♥ �❤❡ �❈▼ ✐� ♥♦� ❛❜❧❡ �♦ ❛❝❝❡�� �❤❡ ❢✉❧❧ ❡①�❡♥❞ ♦❢ �❤❡ ✐♥❝♦♠✐♥❣

✭♥❡❣❛�✐✈❡✮ ❤❡❛�✳ ❆ ❝❧♦�❡� ❧♦♦❦ ♦♥ �❤❡ ❣�❛♣❤ �❤♦✇� ✐♥❞❡❡❞ �❤❛� �❤❡�❡ ✐� ❛ �❧♦✇✐♥❣ ❝✉�✈❡

❜❡�✇❡❡♥ �❤❡ �❡♥�✐❜❧❡ ❛♥❞ ❧❛�❡♥� ♣❛���✳ ■� ❝❛♥ ❛❧�♦ ❜❡ ♣♦��✐❜❧❡ �❤❛� �❤❡ �❡♠♣❡�❛�✉�❡ �❛♥❣❡

❢♦� �❤❡ ❝♦♥��❛♥� ♣❛�� ✇❛� ❞❡✜♥❡❞ ❣�❡❛�❡� �❤❛♥ ♥❡❝❡��❛�②✳ ❚❤❡ 285.17 ± 0.02❑ ✇❡�❡

�✐♠♣❧② �❛❦❡♥ ❛� �❤❡ ❡❛�❧✐❡� ❝❛❧❝✉❧❛�✐♦♥� ❞♦ ♥♦� �✉�♣❛�� �❤✐� ✈❛❧✉❡✳ ❚❤❡ ❛❝�✉❛❧ �❛♥❣❡ ✐♥

✇❤✐❝❤ �♦❧✐❞✐✜❝❛�✐♦♥ ♦❝❝✉�� ❝❛♥ �❤❡�❡❢♦�❡ ❜❡ �♠❛❧❧❡�✳

❚❤❡ ❍❚❋ �❡♠♣❡�❛�✉�❡ ✭✜❣✳ ✺✵✮ ��❛��� �♦ ❝♦♦❧✲❞♦✇♥ ❛❧�❡❛❞② ❛� ✶✸✳✺ �✱ ❛❧�❤♦✉❣❤ �❤❡�❡ ✐�

❛ �❧✐❣❤� ✐♥❝�❡❛�❡ �♦ �❤❡ ♥❡①� ❞❛�❛ ♣♦✐♥�✱ ✇❤✐❝❤ ❝♦✉❧❞ ❜❡ ❛ ♥✉♠❡�✐❝❛❧ ❡��♦�✳ ❚❤❡ ❝♦♦❧✐♥❣

�❧♦✇� ❞♦✇♥ ��❛��✐♥❣ ❜② ✶✽✳✵ �✳ ❇♦�❤ ✈❛❧✉❡� ❛�❡ ♠♦�❡ ♦� ❧❡�� ✐♥ �❤❡ �❛♥❣❡ ❛� �❤❡ ❡①♣❡❝�❡❞

�♦❧✐❞✐✜❝❛�✐♦♥✳

❚❤❡ ❤❡❛� ✢✉① ✐��❡❧❢ ��❛②� ❝♦♥��❛♥� ❢♦� �❤❡ ✜��� ❢❡✇ �❡❝♦♥❞� ❛♥❞ ❞❡❝�❡❛�❡� ✉♥�✐❧ ��❛❣♥❛�✐♥❣

❛� ✶✼✳✼✹✷ �✱ ❛❧�♦ ❝♦��❡�♣♦♥❞✐♥❣ �♦ �❤❡ ✈❛❧✉❡� ♦❢ �❤❡ �♦❧✐❞✐✜❝❛�✐♦♥ ❝❤❛♥❣❡�✳ ✭❋✐❣✳ ✹✺ ❛♥❞

�❛❜✳ ✶✼✮

❚❤❡ ❋❋❚ �❤♦✇� �❤❡ ❡①♣❡❝�❡❞ �❤✐❢� �♦ �♠❛❧❧❡� ❢�❡,✉❡♥❝✐❡� ❛♥❞ ❧♦✇❡� ❛♠♣❧✐�✉❞❡� ♦✈❡�

�✐♠❡✳ ✭❋✐❣✳ ✹✽✮ ❚❤❡ �✐♠❡ ✐♥❞❡① ❢�♦♠ ✸✻ � �♦ ✹✶ � ✇❛� ✐♥❝❧✉❞❡❞ �♦ �❤♦✇ �❤❛� �❤❡�❡ ❛♣✲

♣❡❛� �♦ ❜❡ ♥♦ ✢✉❝�✉❛�✐♦♥�✳

❚❤❡ ❤❡❛� ✢✉① ✇❛� ❝❤❡❝❦❡❞ ♦♥ ✐�✬� ♣❧❛✉�✐❜✐❧✐�② ❜② ❤❛♥❞ ❝❛❧❝✉❧❛�✐♦♥�✱ ❛� ❧✐��❡❞ ✐♥ �❛❜✳ ✶✼✳

❆� ❡①♣❧❛✐♥❡❞ ♦♥ �❤❡ ❜❛�❡ ❝❛❧❝✉❧❛�✐♦♥✱ �❤❡ ♣♦�✐�✐✈❡ ❧♦❝❛❧ ❤❡❛� ✢✉① ✐� ♠♦��❧② ❝❛✉�❡❞ ❜② ❍❚❋
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✼✺

✢♦✇✳ ❊❛	❧✐❡	 ✐♠❡✲�❡♣� ♦❢ Amush = 106 	❡�❡♠❜❧❡ ❤❡	❡❢♦	❡ ✜❣✳ ✸✺ ❢	♦♠ ❤❡ ❜❛�❡ ♠♦❞❡❧✳

❆❢❡	 ❤❡ �♦❧✐❞✐✜❝❛✐♦♥ ❤❛� ❜❡❡♥ ❝♦♠♣❧❡❡❞ ❢♦	 ✇✐❞❡ ♣❛	� ♦❢ ❤❡ ♠♦❞❡❧ ❛ ✶✽ � ❤❡ ❤❡❛

✢✉① ❡		♦	 ❢	♦♠ ❤❡  ❈▼ ❜❡❝♦♠❡� ❧♦✇ ❡♥♦✉❣❤ ❢♦	 ❤❡ ♦❛❧ ✈❛❧✉❡ ♦ �❛② ♥♦ ♦♥❧② ❜❡❧♦✇

✵ ❜✉ ❛❧�♦ ✐♥ ❤❡ ❝♦		❡❝ 	❛♥❣❡✳ ✭❋✐❣✳ ✹✻✮ ❆� ❤❡ ✈♦❧✉♠❡ ❢	❛❝✐♦♥ ✐� ❝♦♥✐♥✉♦✉�❧② ❛♥❞

�❧✐❣❤❧② ✐♥❝	❡❛�✐♥❣ ❢	♦♠ ❤✐� ♣♦✐♥ ♦♥ ❋❧✉❡♥ ❞♦❡� ♥♦ ❤❛✈❡ ♦ ❝♦		❡❝ ❜② ❛❞❞✐♥❣ ❤❡❛❡❞

 ❈▼ ♦ ❤❡ ♠♦❞❡❧✳ ❚❤✐� ❡①♣❧❛✐♥� ✇❤② ❤❡ ❜❛❝❦✲✢♦✇ ✐� �	♦♥❣❡� ✐♥ ❤❡ ❡❛	❧✐❡	 �❛❣❡� ♦❢

❤❡ �♦❧✐❞✐✜❝❛✐♦♥✱ ❜✉ ❛❧♠♦� ♦❢ ♥♦ ✐♥✢✉❡♥❝❡ ❛❢❡	✇❛	❞�✳ ❉✉❡ ♦ ❤❡ ❣♦♦❞ 	❡�❡♠❜❧❛♥❝❡

❜❡✇❡❡♥ ❤❡ ✈❛❧✉❡� ❝❛❧❝✉❧❛❡❞ ❜② ❋❧✉❡♥ ❛♥❞ ❤❡ ❤❛♥❞ ❝❛❧❝✉❧❛✐♦♥�✱ ❛� ✇❡❧❧ ❛� ❤❡ ❝♦		❡❝

♥❡❣❛✐✈❡ �✐❣♥ ❢♦	 ❛❧❧ ✈❛❧✉❡� ✐♥ ❤❡ �❛❣♥❛✐♦♥ ♣❛	✱ ❤❡ ❤❡❛ 	❛♥�❢❡	 ❝♦❡✣❝✐❡♥� ♥❞ ◆✉��❡❧

♥✉♠❜❡	� ✇✐❧❧ ❜❡ �❛❡❞ ♦♥❧② ❢♦	 ❤✐� ❝❛❧❝✉❧❛✐♦♥✿ α = 0.6 kW
m2K

❢♦	 ❤❡ �❛❣♥❛✐♦♥ ♣❛	✱

❧❡❛❞✐♥❣ ♦ ❛ ◆✉��❡❧ ♥✉♠❜❡	� ♦❢ ✹✳✹ ❜② ✉�✐♥❣ ❤❡ �❡ ✐♥❧❡ ❞✐❛♠❡❡	 ♦❢ ✵✳✽♠♠ ❛♥❞ ❛ ❤❡❛

❝♦♥❞✉❝✐♦♥ ♦❢ λ = 0.114 W
mK
✳

❚❤❡ ❞	♦♣❧❡ ✢♦✇ ✐� ✈✐�✉❛❧✐�❡❞ ✐♥ ✜❣✳ ✹✷ ✇✐❤ ❤❡ ❧✐3✉✐❞ ❢	❛❝✐♦♥ ❝♦♥♦✉	 ♣❧❛❝❡❞ ❞✐	❡❝❧② ♦♥

❤❡ ■❙❖✲�✉	❢❛❝❡ ♦❢ ❛ ✈♦❧✉♠❡ ❢	❛❝✐♦♥ ♦❢ ✺✵✪✳ ■ �❤♦✉❧❞ ❜❡ 	❡♣❡❛❡❞ ❤❛ ❤✐� ✈❛❧✉❡ ✐� ❤❡

♦❛❧ ❧✐3✉✐❞ ❢	❛❝✐♦♥✱ ♠❡❛♥✐♥❣ ❤❡ �✉♠ ♦✈❡	 ❛❧❧ ♣❤❛�❡�✳ ❆� ❤❡ �✉	❢❛❝❡ �❤♦✇♥ ✐� ❛ ✺✵✪

✈♦❧✉♠❡ ❢	❛❝✐♦♥ ❤✐� ♠❡❛♥� ❛ ♦❛❧ ❧✐3✉✐❞ ❢	❛❝✐♦♥ ♦❢ ✺✵✪ ✐� ❡3✉✐✈❛❧❡♥ ♦ ❛  ❈▼ ❧✐3✉✐❞

❢	❛❝✐♦♥ ♦❢ ✵✱ ❛❝❝♦	❞✐♥❣ ♦ ✭✹✺✮✳ ❚❤❡ ✢✉✐❞✲❞②♥❛♠✐❝ ❜❡❤❛✈✐♦✉	 ✐� 3✉✐❡ �✐♠✐❧❛	 ♦ ❡❛	❧✐❡	

❞✐�❝✉��❡❞ ♠♦❞❡❧�✱ ❡�♣❡❝✐❛❧❧② ❤❡ ✜♥❛❧ �❛❣❡ 	❡�❡♠❜❧❡� ✜❣✳ ✶✽✳

❋✐❣✳ ✹✷ ❛✮ �❤♦✇� ❤❡ ❧❛� ❞	♦♣❧❡ ❤❛ ✐� 	②✐♥❣ ♦ ❢♦	♠✳ ❲❤✐❧❡ ❤❡ �✉		♦✉♥❞✐♥❣ ❛	❡❛ ♦

❤❡ ✐♥❝♦♠✐♥❣ �	❡❛♠ ✐� ❛❧♠♦� ❝♦♠♣❧❡❡❧② ✢✉✐❞ ✐♥ �♦♠❡ ❛	❡❛� ❤❡ �✉	❢❛❝❡ ♦♥ ♦♣ ♦❢ ❤❡

❢♦	♠✐♥❣ ❞	♦♣❧❡ ❤❛� ❛❧♠♦� ❝♦♠♣❧❡❡❧② �♦❧✐❞✐✜❡❞ ✇✐❤ ✈❛❧✉❡� ❞♦✇♥ ♦ ✶✻✪✳

❚❤❡ ♦✐❧ ❤❛� ♦ ❡✈❛❞❡ ❤✐� ❛	❡❛ ❜② ❝♦♥♥❡❝✐♥❣ ✇✐❤ ✇❛❧❧ ❢❛❝❡�✱ �✐♠✐❧❛	 ♦ ❡❛	❧✐❡	 ❞✐�❝✉��❡❞

♠♦❞❡❧�✱ ❛� �❤♦✇♥ ✐♥ ❤❡ ✜❣✳ ✹✷ ❜✮ ❛♥❞ ❝✮✳ ❚❤❡ ✐♥❡	❡�✐♥❣ ❝❤❛♥❣❡ ✐� ❤❡ ❢❛❝ ❤❛ ❤❡

✐♥❝♦♠✐♥❣ ♦✐❧ ❝♦❛� ❤❡ ❜♦♦♠ ❢❛❝❡ ❞✉	✐♥❣ ❤✐� �❡♣�✳ ❚❤✐� ❞✐❞ ♦♥❧② ❤❛♣♣❡♥ ✐♥ ♠♦❞❡❧�

✉�✐♥❣ ✵✳✸♠♠ ♠❡�❤ ❜❡❢♦	❡✳ ❆ 	❡❛�♦♥ ❝♦✉❧❞ ❜❡ ❤❡ ❝❤❛♥❣❡ ✐♥ ❤❡ ❝♦♥❛❝ ❛♥❣❧❡✳ ❆� ✐

✇❛� 	❡❞✉❝❡❞ ❢	♦♠ ✾✵➦♦ ✸✵➦✇✐❤ ❤❡ ✐♥❡♥✐♦♥ ♦❢ �❤♦	❡♥✐♥❣ ❤❡ ✐♥❝♦♠✐♥❣ �	❡❛♠ ❤❡ ❍❚❋

❜❡❝♦♠❡ ♠♦	❡ ❧✐❦❡❧② ♦ ❛❛❝❤ ♦ ❤❡ ❜♦♦♠ ❢❛❝❡✳ ❆� �✉		♦✉♥❞✐♥❣ ♣❛	� ♦❢ ❤❡ �	❡❛♠ ❛	❡

❛❧	❡❛❞② ❢	♦③❡♥ ♦ �♦♠❡ ❡①❡♥ ✐ ✐� ❡❛�✐❡	 ❢♦	 �♦♠❡ ♦❢ ❤❡ ❉✶✷ ♦ �❛② ✐♥ 	❛♥❣❡ ♦❢ ❤❡ ✐♥❧❡✳

❋✉	❤❡	♠♦	❡ ❤❡ ♦✉❧❡ ✇❛� ❝❤❛♥❣❡❞ ❢	♦♠ ❤❡ ❞✐♠❡♥�✐♦♥� ♦❢ ❤❡ ✐♥❧❡ ❛♥❞ �✉		♦✉♥❞❡❞ ❜②

❤❡ ✇❛❧❧ ♦ ❛ ❝♦♠♣❧❡❡❧② ♦♣❡♥ ❢❛❝❡✳ ❚❤✐� ♠❡❛♥� ❤❛ ♥♦ ❍❚❋ ❝❛♥ �❛② ❛ ❤❡ ♦♣✱ ❛� ❤❡

❜♦✉♥❞❛	② �❡✐♥❣ ♦♥❧② ❦❡❡♣�  ❈▼ ❢	♦♠ ❧❡❛✈✐♥❣ ❜✉ ❧❡� ❍❚❋ ♣❛�� ❤	♦✉❣❤ ✉♥❤✐♥❞❡	❡❞✳

❚❤❡ ♦✐❧ ❤❡	❡❢♦	❡ ❤❛� ♦♥❧② ❤❡ ♦♣✐♦♥ ❧❡❢ ♦ ✧❵❣	♦✇✧✬ ❢	♦♠ ❤❡ ❜♦♦♠ ❛♥❞ ✜♥❞ ❛ ♥♦

�♦❧✐❞✐✜❡❞ ♣❛❤ ♦ ❤❡ ♦✉❧❡✳ ❚❤❡�❡ ✐♠❛❣❡� ❛❧�♦ �❤♦✇ ❤❛ ❤❡  ❈▼ ❧②✐♥❣ ✐♥ ❝♦♥❝❛✈❡ ❛	❡❛�

❡♥❞ ♦ ❢	❡❡③❡ ❢❛�❡	 ❤❛♥ ❛ ❝♦♥✈❡① ❛	❡❛�✳ ❆� ✐ ❣❡� �✉		♦✉♥❞❡❞ ♠♦	❡ ❜② ❍❚❋ ❤❛♥ ❜②

 ❈▼ ❤❡ ❤❡❛ 	❛♥�❢❡	 ❜❡✇❡❡♥ ❍❚❋ ❛♥❞  ❈▼ ❣❡� ✐♥❝	❡❛�❡❞ ❧♦❝❛❧❧②✱ ✇❤❡	❡❛� ❤❡ ❤❡❛

	❛♥�❢❡	 ✐♥ ❤❡  ❈▼ ✐�❡❧❢ ❣❡� 	❡❞✉❝❡❞✳

■♥ ✜❣✳ ✹✷ ❞✮ ❤❡  ❈▼ ❧❛②❡	 ♦♥ ♦♣ ♦❢ ❤❡ ❍❚❋ ❧❛②❡	 ❛ ❤❡ ❜♦♦♠ ✐� ❛❧♠♦� ❝♦♠♣❧❡❡❧②

❢	♦③❡♥✱ ♣	❡✈❡♥✐♥❣ ❤❡ ❉✶✷ ❢	♦♠ ❛�❝❡♥❞✐♥❣ ♦ ❤❡ ♦♣✳ ■♥❡	❡�✐♥❣❧② ❤❡ ❍❚❋ ❛❦❡� ❤❡

❡①❛❝ �❛♠❡ ♣❛❤ ❛� ✐♥ ❤❡ ♠♦❞❡❧� ✇✐❤ ❤❡ ♦✉❧❡ ♣❧❛❝❡❞ ✐♥ ❤✐� ❝♦	♥❡	✳ ■ ✇♦✉❧❞ ❜❡

✐♥❡	❡�✐♥❣ ♦ ❡✈❛❧✉❛❡ ✐❢ ❤❡ ❍❚❋ ♣	❡❢❡	� ♦♥❡ ♣❛❤ ❛♥❞ ✇❤② ♦	 ✇❤② ♥♦✱ ❛� ✇❡❧❧ ❛� ✐❢ ❤❡

♣❛❤ ❝❤❛♥❣❡�✱ ✇❤❡♥ ❤❡ ♦✉❧❡ ✐� ♠♦✈❡❞ ♦	 ✐❢ ✐ ❥✉� ✜♥❞� ❛ ✇❛② ♦ ♠♦✈❡ ❛❧♦♥❣�✐❞❡ ❤❡

♦♣ ✇❛❧❧✳ ❚❤✐� �❤♦✇� ❤❛ ❤❡ ♠❛✐♥ �♦❧✐❞✐✜❝❛✐♦♥ ♦❝❝✉	� ❜❡✇❡❡♥ ❤❡ ❧❛� ✇♦ ✐♠❛❣❡� ❛♥❞
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�❤❡�❡❢♦�❡ �❤❡ ❢♦�♠✐♥❣ ♦❢ �❤❡ ❝❤❛♥♥❡❧ �♦ �❤❡ ♦✉�❧❡�✳ ❆❢�❡� �❤❛� ♣♦✐♥�✱ �❤❡�❡ ❛♣♣❡❛� ♠✐♥♦�

✢♦✇ ❝❤❛♥❣❡�✱ �✉❝❤ ❛� ❛♥ ✐♥❝�❡❛�❡ ✐♥ �❤❡ ♦✐❧ ❧❛②❡� ❜✉� ❢♦� �❤❡ ♠♦�� ♣❛�� �❤✐� ♠♦❞❡❧ ��❛②�

�❤❡ �❛♠❡✳

❚❤❡ ❝❛❧❝✉❧❛�✐♦♥ ✇✐�❤ Amush = 109 �❤♦✇� ❛ ❢❛��❡� �♦❧✐❞✐✜❝❛�✐♦♥ �❤❛♥ �❤❡ ♦�❤❡� ❝❛❧❝✉❧❛�✐♦♥�✱

❛� ❡①♣❡❝�❡❞✳ ❚❤❡ ❧✐�✉✐❞ ❢�❛❝�✐♦♥ ❝✉�✈❡ �❤♦✇� �♦♠❡ ❦✐♥❞ ♦❢ ❤②♣❡�❜♦❧✐❝ �❤❛♣❡✳ ✭❋✐❣✳ ✹✶

❛♥❞ �❛❜✳ ✶✺✮

❚❤❡ �❡�✉❧�� ♦❢ �❤❡ ✈♦❧✉♠❡ ❢�❛❝�✐♦♥ �❤♦✇�✱ ❤♦✇❡✈❡�✱ �❤❛� �❤❡ ✢✉✐❞✲❞②♥❛♠✐❝ �❡�✉❧�� ❛�❡

❜❛�✐❝❛❧❧② ✜♥✐�❤❡❞ ❛� ❛ ♠✉❝❤ ❡❛�❧✐❡� �✐♠❡ ��❡♣✳ ✭❋✐❣✳ ✹✹ ❛♥❞ �❛❜✳ ✶✻✮

❚❤❡ ❤❡❛� ✢✉① ❤❛� ♦♥❡ ♦�❝✐❧❧❛�✐♦♥ �❤❛� ❝♦✉❧❞ ♥♦� ❜❡ �❡�♦❧✈❡❞ ❞✉❡ �♦ �❤❡ �❛✈✐♥❣ ✐♥�❡�✈❛❧ ♦❢

✵✳✺ � ❛♥❞ �❡❡♠✐♥❣❧② ��❛❣♥❛�❡� ❛� ❛❜♦✉� ✺✳ � ❛� −2.9kW
m2 ✳ ✭❋✐❣✳ ✹✺✮ ❆ ❝❧♦�❡� ❧♦♦❦ ❛� �❤❡

❞✐❛❣�❛♠ �❤♦✇�✱ ❤♦✇❡✈❡�✱ �❤❛� �❤❡ ❤❡❛� ✢✉① ��✐❧❧ ❞❡❝�❡❛�❡� ✉♥�✐❧ ✷✵ �✱ ✇❤❡�❡ ✐� ��❛②� ✐♥ �❤❡

�❛♥❣❡ ♦❢ [−2.5, 1]W
m2 ✳ ❚❤❡ ✢✉❝�✉❛�✐♦♥� ✇❡�❡ ♥♦� ❞❡�❡❝�❡❞ ❜② ❛ ❋❋❚✱ ✇❤✐❝❤ ✇❛� �❤❡�❡❢♦�❡

♥♦� ❛��❛❝❤❡❞✳ ❆❧�♦ ✐♥�❡�❡��✐♥❣ ✐� �❤❡ ❢❛❝�✱ �❤❛� �❤❡�❡ ✐� ��✐❧❧ ❛ ♣♦�✐�✐✈❡ �♦�❛❧ ❤❡❛� ✢✉①✱ ✐♥

❝♦♥��❛�� �♦ �❤❡ ❝❛❧❝✉❧❛�✐♦♥ ✇✐�❤ Amush = 106✱ ✇❤✐❝❤ ��❛②� ❜❡❧♦✇ ✵ ❛❧❧ �❤❡ �✐♠❡ ❛❢�❡� �❤❡

�♦❧✐❞✐✜❝❛�✐♦♥✳

■♥ ✜❣✳ ✹✼ �❤❡ ❧♦❝❛❧ ❤❡❛� ✢✉① ❛� ✷✵✳✵ � ✐� �❤♦✇♥ ❛� ❛♥ ❡①❛♠♣❧❡✳ ❲❤✐❧❡ �❤❡�❡ ❛�❡ �♠❛❧❧

❛�❡❛�✱ ❡�♣❡❝✐❛❧❧② ✐♥ �❤❡ ❧❡❢� ❝♦�♥❡��✱ ✇✐�❤ ❧♦❝❛❧ ♥❡❣❛�✐✈❡ ✢✉①✱ �❤❡ ♠❛❥♦�✐�② ✐� ♣♦�✐�✐✈❡✳ ❆❧�♦

�❤❡ �✐❣♥ �❡❡♠� �♦ ❜❡ ✐♥❞❡♣❡♥❞❡♥� ❢�♦♠ �❤❡ ♠❛�❡�✐❛❧✳ ❆❧�❤♦✉❣❤ ♥❡❣❛�✐✈❡ ✢✉① ❢♦� ❉✶✷ ✇❛�

❞❡�❡❝�❡❞✱ �❤✐� ♦❝❝✉��❡❞ ♠♦��❧② ❛� �❤❡ ❜♦✉♥❞❛�② �♦ .❈▼✷✳ ❚❤✐� �♠❛❧❧ ❝❤❛♥❣❡� ✐♥ �❤❡ ❤❡❛�

✢✉① ❛♥❞ �❤❡ ♣♦�✐�✐✈❡ ❤❡❛� ✢✉① ❢♦� .❈▼ ♠✐❣❤� ❜❡ ❡①♣❧❛✐♥❡❞✱ ✇❤❡♥ ❧♦♦❦✐♥❣ ♠♦�❡ ❝❧♦�❡❧②

❛� �❤❡ ✈♦❧✉♠❡ ❢�❛❝�✐♦♥✳ ❚❤✐� ✈❛❧✉❡ ❞♦❡� ♥♦� ��❛② ❡①❛❝�❧② ❝♦♥��❛♥� ❜✉� ❥✉♠♣� ✐♥ �❤❡ �❛♥❣❡

♦❢ [97.08; 97.10]✪✳ ■� ✐� �❤❡�❡❢♦�❡ ♣♦��✐❜❧❡ �❤❛� �♠❛❧❧ ❡��♦� ✐� �✉✣❝✐❡♥� ❡♥♦✉❣❤ �♦ ❝❤❛♥❣❡

�❤❡ �✐❣♥ ♦❢ �❤❡ ❤❡❛� ✢✉① ♠♦♠❡♥�❛�✐❧②✱ ❛� �❤❡ ✢✉① ✐� ❝❧♦�❡ �♦ ✵✳

❚❤❡ ✐♠❛❣❡ �❡�✐❡� ✐♥ ✜❣✳ ✹✸ �❤♦✇� �♦♠❡ ✐♥�❡�❡��✐♥❣ �❡�✉❧��✳ ◆♦ ❞�♦♣❧❡� ❢♦�♠❛�✐♦♥ ❛� ❛❧❧ ✐�

✈✐�✐❜❧❡✳ ✭❋✐❣✳ ✹✸ ❛✮✮ ❆� �❤❡ ❞�♦♣❧❡� ��✐❡� �♦ ❢♦�♠ ♦♥❡ ❝♦✉❧❞ ❣❡� �❤❡ ✐♠♣�❡��✐♦♥ �❤❛� ✐� ❣❡��

❤✐♥❞❡�❡❞ ❜② ❛ �♦❧✐❞✐✜❡❞ ❧❛②❡� ♦♥ �♦♣✳ ❚❤❡ ✐♥❝♦♠✐♥❣ ♦✐❧ ❥✉�� ❝♦✈❡�� �❤❡ ❝♦♠♣❧❡�❡ ❜♦��♦♠

❛♥❞ ✢♦✇� ✉♣✇❛�❞� ✐♥ ❛ ��❡❛❞② ���❡❛♠ ♣✉�❤✐♥❣ �❤❡ .❈▼ ♦✉� ♦❢ �❤❡ �❛♥❦✱ ♣�❡�✉♠❛❜❧②

❛❣❛✐♥ ❞✉❡ �♦ �❤❡ ❝♦♥�❛❝� ❛♥❣❧❡ ♦❢ ✸✵➦✳ ❚❤❡ .❈▼ ❧✐�✉✐❞ ❢�❛❝�✐♦♥✱ ❤♦✇❡✈❡�✱ ��❛②� ♠♦��❧②

❛❜♦✈❡ ✽✵✪ ❛♥❞ ♦♥❧② ✐♥ �♦♠❡ ♣❛��� ❛❜♦✈❡ ✻✵✪✱ ❢♦� ❡①❛♠♣❧❡ �❤❡ ❛�❡❛ ♠❛�❦❡❞ ❜② �❤❡ ✉♣♣❡�

❛��♦✇✳ ❙♦♠❡ �♠❛❧❧ .❈▼ ♣❛��� ❣❡� ❧❡❢� ♦✉� ❛♥❞ �❤♦✇ ❛ ✈❛❧✉❡ ♦❢ ✺✵✪✱ ❧♦✇❡� ❛��♦✇✳ ❚❤❡

❛�❡❛� ♠♦�❡ �♦❧✐❞✐✜❡❞ ❛�❡ ♦♥❝❡ ❛❣❛✐♥ ✐♥ �❤❡ ❞❡♣�❤� ♦❢ �❤❡ ■❙❖✲�✉�❢❛❝❡✱ ❡①❝❡♣� �❤❡ ❧❡❢�✲♦✉�

♣❛���✱ ♦❢ ❝♦✉��❡✳ ❚❤✐� ✐♠♣❧✐❡� �❤❛� �❤❡ ❍❚❋ ❝❛♥ ❜❡ ❜❧♦❝❦❡❞ �✉✐�❡ ❡✛❡❝�✐✈❡❧② ❜② ❛�❡❛� �❤❛�

❛�❡ ♥♦� ♥❡❛� ❝♦♠♣❧❡�❡ �♦❧✐❞✐✜❝❛�✐♦♥✳ ❚❤✐� ❝♦✉❧❞ ❛❧�♦ ❜❡ ❛ �❡�✉❧� ♦❢ �❤❡ ❣�❡❛�❡� ♠✉�❤②

♣❛�❛♠❡�❡�✳

❲❤❡♥ ❝♦♥�✐♥✉✐♥❣ �❤❡ ✐♠❛❣❡ �❡�✉❡♥❝❡ �♦ ✜❣✳ ✹✸ ❜✮ �❤❡ .❈▼ ♦♥ �♦♣ ❣❡�� �♦❧✐❞✐✜❡❞ ♥❡①�

❜② ❛ �♠❛❧❧ ❛♠♦✉♥�✱ ❞✉❡ �♦ �❤❡ �❡�✉❧�✐♥❣ �♣❤❡�✐❝❛❧ �❤❛♣❡ ♦♥ �♦♣ ♦❢ �❤❡ ♦✐❧ ❧❛②❡�✳ ❚❤✐� ✐�

�✉✣❝✐❡♥� ❢♦� �❤❡ ❍❚❋ �♦ ❝�❡❛�❡ ❛ �✐♥❣✉❧❛�✐�② ✐♥ �❤❡ ❝❡♥��❡✱ �❤♦✇♥ ✐♥ �❤❡ ❧❛�� ✐♠❛❣❡✱ ✇✐�❤

❧✐�✉✐❞ ❢�❛❝�✐♦♥ ❜❡�✇❡❡♥ ✼✵✪ ❛♥❞ ✽✵✪✳ ■♥ �❤✐� ��❡♣ �❤❡�❡ ❝❛♥ ❜❡ ❝❧❡❛�❧② �❡❡♥ ❛ ❢❡✇ ❛�❡❛�

�❤❛� ❛�❡ ❝♦♠♣❧❡�❡❧② �♦❧✐❞✐✜❡❞✱ ❛� �❤❡② ✇❡�❡ �✉��♦✉♥❞❡❞ ❜② ❝♦❧❞❡� ❍❚❋✳ ◆❡✈❡��❤❡❧❡�� �❤❡

♠❛❥♦�✐�② ♦❢ �❤❡ �✉�❢❛❝❡ ✐� ��✐❧❧ ✢✉✐❞✳

❚❤❡ ❣�❡❛�❡� ♣❛�� ♦❢ �❤❡ ❢�❡❡③✐♥❣ ♦❝❝✉�� ❜❡�✇❡❡♥ ✹✸ ❜✮ ❛♥❞ ❝✮✳ ❙�✐❧❧ ✐� �❛❦❡� �✉✐�❡ �♦♠❡

https://www.tuwien.at/bibliothek
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�✐♠❡ ❢♦� �❤❡ ✇❤♦❧❡ �❈▼ �♦ �♦❧✐❞✐❢②✳ ❚❤❡ ✢♦✇ ��❛②� ❜❛�✐❝❛❧❧② �❤❡ �❛♠❡ ❢♦� �❤❡ �❡�� ♦❢ �❤❡

❝❛❧❝✉❧❛�✐♦♥✳ ❚❤❡ ♦✐❧ ��✐❡� �♦ ✜❧❧ �❤❡ ❝♦♠♣❧❡�❡ �❛♥❦✱ ❡①❝❡♣� �❤❡ ❛�❡❛� ❧❡❢� ❜❡❤✐♥❞ ❛♥❞ �♦♠❡

�♠❛❧❧ ❛�❡❛� ❛� �❤❡ �♦♣✳ ❚❤❡ ❤❛♥❞ ❝❛❧❝✉❧❛�✐♦♥� �❤♦✇ ♥♦� ♦♥❧② ❛ ♠❛❥♦� ❞✐�❝�❡♣❛♥❝② ❜❡�✇❡❡♥

�❤❡ ❤❛♥❞ ❝❛❧❝✉❧❛�✐♦♥� ❛♥❞ �❤❡ ✈❛❧✉❡� ❜② ❆◆❙❨ ❋❧✉❡♥� ❜✉� ❛❧�♦ �❤❡♦�❡�✐❝❛❧❧② ❤✐❣❤ ✈❛❧✉❡

❞✉❡ �♦ �❤❡ ❤✐❣❤❡� ♦✉�❧❡� �❡♠♣❡�❛�✉�❡✱ ❝♦♠♣❛�❡❞ �♦ �❤❡ ♦�❤❡� ❝❛❧❝✉❧❛�✐♦♥�✳ ❚❤✐� ✐♠♣❧✐❡�

�❤❛� �❤❡ ❡��♦� ✐� ❣�❡❛�❡� �❤❛♥ ❢♦� �❤❡ ❜❛�❡ ♠♦❞❡❧✱ ✇❤✐❝❤ �❤♦✉❧❞ ♥♦� ♦❝❝✉�✱ ✐❢ ✐� ✐� ♣�♦❞✉❝❡❞

❜② ❜❛❝❦✲✢♦✇✱ ❛� �❤❡ ✈♦❧✉♠❡ ❝❤❛♥❣❡� ❛�❡ ♠✐♥✐♠❛❧ ❞✉�✐♥❣ �❤✐� ��❛❣❡✳ ❋✉��❤❡�♠♦�❡ �❤❡

♦✉�❧❡� �❡♠♣❡�❛�✉�❡ ❞✐✛❡�� ❜② ✵✳✺❑ ❜❡�✇❡❡♥ �❤❡ ❝❛❧❝✉❧❛�❡❞ ✸✳✵ � ❛♥❞ ✺✳✵ �✱ ❢�♦♠ ✇❤❡�❡ ✐�

��❛②� ❝♦♥��❛♥�✳ ❚❤✐� �❡�✉❧�� ❝♦✉❧❞ ♥♦� ❜❡ �❡�♦❧✈❡❞✱ �❤❡�❡ �❤♦✉❧❞ ❜❡ ♥♦ �❡❛�♦♥ ❢♦� �❤✐� ❤✐❣❤

♦✉�❧❡� �❡♠♣❡�❛�✉�❡✳

❲❤❡♥ ❛♥❛❧②�✐♥❣ �❤❡ ❛✈❡�❛❣❡ �❡♠♣❡�❛�✉�❡ ♦❢ �❤❡ ✉�❡❞ ♠❛�❡�✐❛❧� ✐� ❝❛♥ ❜❡ �❡❡♥ .✉✐�❡ ❝❧❡❛�❧②

�❤❛� ❜♦�❤ ♦❢ �❤❡♠ ❝♦♦❧ ❞♦✇♥ �♦ ✷✼✺❑✳ ✭❋✐❣✳ ✹✾ ❛♥❞ ✺✵✮ ❛♥❞ �❛❜✳ ✶✽✮✳ ❚❤❡ �❈▼

�❡♠♣❡�❛�✉�❡ �❤♦✇� �❤❡ ❡①♣❡❝�❡❞ �❤♦�� ♣❧❛�❡❛✉✳ ❚❤❡ �❈▼ ❛♥❞ �❤❡ ❍❚❋ �❡♠♣❡�❛�✉�❡

❝♦♦❧ ❞♦✇♥ ✉♥�✐❧ �❡❛❝❤✐♥❣ �❤❡ �❛♠❡ �❡♠♣❡�❛�✉�❡ ♦❢ ✷✼✺✳✷✹❑ ❛� ✷✺✳✺ �✳ ❆� �❤✐� ♣♦✐♥� �❤❡

�♦❧✐❞✐✜❝❛�✐♦♥ �❡♠♣❡�❛�✉�❡ ✐� ♥♦� ❡①❛❝�❧② �❡❛❝❤❡❞✱ ②❡� �❤❡ ❧✐.✉✐❞ ❢�❛❝�✐♦♥ ❛❧�❡❛❞② �❡❛❝❤❡❞

✵✳ ❚❤✐� ✐� ♣�♦❜❛❜❧② ❞✉❡ �♦ �❤❡ ❤✐❣❤ ♠✉�❤② ♣❛�❛♠❡�❡�✳ ■� ❝❛♥ ❜❡ ❛��✉♠❡❞ �❤❛� �❤✐� ✈❛❧✉❡

❝❛♥ ❜❡ ❧✐♥❦❡❞ �♦ ❛ �❡♠♣❡�❛�✉�❡ �❛♥❣❡ ✐♥ ✇❤✐❝❤ �❤❡ ♣❤❛�❡ ❝❤❛♥❣❡ ♦❝❝✉��✳ ❯♥�✐❧ �❤❡ ♥❡①�

�✐♠❡ ��❡♣ �❤❡ �❈▼ �❡♠♣❡�❛�✉�❡ ❞❡❝�❡❛�❡❞ �♦ ✷✼✺✳✷✸❑ ❜✉� �❤❡ ❍❚❋ ♦♥❧② �♦ ✷✼✺✳✸✹❑✳ ❚❤❡

�❈▼ �❡♠♣❡�❛�✉�❡ ✐� ❧♦✇❡� ❜② ✵✳✶✶❑✳ ❋♦� �❤❡ �❡�� ♦❢ �❤❡ ❝❛❧❝✉❧❛�✐♦♥ �❤❡ �❈▼ ��❛②� ❝♦❧❞❡�

❛� �❤❡ ❍❚❋✳ ❚❤✐� ❝♦♥��❛❞✐❝�� �❤❡ �❡❝♦♥❞ ❧❛✇ ♦❢ �❤❡�♠♦❞②♥❛♠✐❝�✳ ❆� �❤❡�❡ �✇♦ ♠❛�❡�✐❛❧�

�❡❛❝❤ ❛ ��❛�❡ ♦❢ ❜❛❧❛♥❝❡ �❤❡ �②��❡♠ �❤♦✉❧❞ ♥♦� ✉♥❞❡�❣♦ ❛♥② ❢✉��❤❡� �❡♠♣❡�❛�✉�❡ ❝❤❛♥❣❡�✳

❆❞❞✐�✐♦♥❛❧❧②✱ �❤✐� ❜❛❧❛♥❝❡ �❤♦✉❧❞ ❜❡ ❛❝❤✐❡✈❡❞ ❛� �❤❡ ✐♥❧❡� �❡♠♣❡�❛�✉�❡ ♦❢ ✷✼✺✳✶✺❑ ❛�

�❤❡ ♦✐❧ ❝♦♥�✐♥✉♦✉� �♦ ❡♥�❡� �❤❡ �②��❡♠ ❛� �❤✐� �❡♠♣❡�❛�✉�❡✳ ❚❤✐� ✐� �❤❡�❡❢♦�❡ ♣�♦❜❛❜❧② ❛

♥✉♠❡�✐❝❛❧ ❡��♦� ❛♥❞ ♠❡❛♥� �❤❛� ♥♦ ✈❛❧✉❡� ✇✐�❤ ❛ �❡♠♣❡�❛�✉�❡ ❞❡♣❡♥❞❡♥❝❡ ❛❢�❡� �❤✐� ♣♦✐♥�

❝❛♥ ❜❡ ✉�❡❞✳

✼✳✸ ■♥❧❡� ❚❡♠♣❡�❛�✉�❡ ✈❛�✐❛�✐♦♥�

❋♦� �❤❡ ✈❛�✐❛�✐♦♥ ♦❢ �❤❡ ✐♥❧❡� �❡♠♣❡�❛�✉�❡ �❤❡ ♠✉�❤② ♣❛�❛♠❡�❡� ✇❛� ❦❡♣� ❛� ✶✵ ✺ ❛♥❞ �❤❡

✈❡❧♦❝✐�② ❛� 0.4m
s
✱ ❛❝❝♦�❞✐♥❣ �♦ �❛❜✳ ✶✹

❋♦� �❤❡ ❝❛❧❝✉❧❛�✐♦♥ ✇✐�❤ ∆T = −15❑ �❤❡ ♦✉�♣✉� ❞❛�❛ ✐♥ �❛♥❣❡ ♦❢ ❬✷✾✳✵✽✵❀✸✵✳✺✵✵❪ � ✇❛�

♥♦� ✇�✐��❡♥ ✐♥ �❤❡ ♦✉�♣✉� ✜❧❡✱ ❛❧�❤♦✉❣❤ �❤❡ ❞❛�❛ ✜❧❡� ❞✐❞ ❡①✐��✳ ❚❤✐� ♠❛② ❤❛✈❡ ❜❡❡♥ ❡✐�❤❡�

❛ ❝♦♠♣✉�❛�✐♦♥❛❧ ❡��♦� ♦� ❛ ✉�❡� ❡��♦�✱ ❛� �❤❡ �❡�✈❡� ❡①♣❡�✐❡♥❝❡❞ ❝�❛�❤❡� ✐♥ �❤❛� �✐♠❡✳ ❆

♣♦��✐❜❧❡ ❡①♣❧❛♥❛�✐♦♥ ❝♦✉❧❞ ❜❡ �❤❛� ❛❝❝✐❞❡♥�❛❧❧② �❤❡ ♦✉�♣✉� ✜❧❡ ♦❢ �❤❡ ❝�❛�❤❡❞ ❝❛❧❝✉❧❛�✐♦♥

✇❛� ❝❤♦�❡♥✳ ❆� �❤❡ ♠✐��✐♥❣ ✈❛❧✉❡� ♦♥❧② ❛♣♣❡❛� ✐♥ ❛ �❡❧❛�✐✈❡❧② �♠❛❧❧ ♣❛�� ♦❢ �❤❡ ❝❛❧❝✉❧❛�✐♦♥�

✭ ≤ 1.5 � ♦� ✸✪✮ ❛♥❞ �❤❡ �❛✈❡❞ ❞❛�❛ ✜❧❡� ❢♦� ❡❛❝❤ ✵✳✺ � ✇❡�❡ ❢✉❧❧② ✐♥�❛❝�✱ ✐� ✇❛� ❞❡❝✐❞❡❞ �♦

�✐♠♣❧② ✐♥�❡�♣♦❧❛�❡ �❤❡ �❡�✉❧�� ❧✐♥❡❛�❧② ❛� ❞♦♥❡ ✇✐�❤ �❤❡ �❡♠♣❡�❛�✉�❡ ✈❛❧✉❡�✱ ❢♦� ❝❛❧❝✉❧❛�✐♥❣

�❤❡ ❤❡❛� ��❛♥�❢❡� ❝♦❡✣❝✐❡♥�✳
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❋✐❣✉�❡ ✺✶✿ ▲✐�✉✐❞✲❢�❛❝�✐♦♥ ❢♦� ❞✐✛❡�❡♥� ∆T ✳ ❋♦� ✲✶✺❑ �❤❡ ✈❛❧✉❡� ✐♥ �❤❡ �❛♥❣❡

❬✷✾✳✵✽✵❀✸✵✹✾✾❪♠� ❤❛❞ �♦ ❜❡ ✐♥�❡�♣♦❧❛�❡❞✱ ❛� ❡①♣❧❛✐♥❡❞ ✐♥ �❤❡ �✉♥♥✐♥❣ �❡①�

❉✶✷✱ )❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠✱ Ain = 4.6 · 10−7m2✱ Aout = 25m2✱

▼❡�❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠✱ ∆T = (−1,−5,−10(base),−15,−20)K✱ Amush = 105✱

vin = 0.4m
s

∆T [K] lPCM [%]

t = 1.5 [s] t = 22.0 [s] t = 27.5 [s] t = 40.0 [s] t = 45.0 [s]

✲✶ ✶✵✵ ✾✾

✲✺ ✾✾ ✾✻ ✾✺

✲✶✵ ✾✽ ✾✶ ✾✵ ✽✾ ✾✵

✲✶✺ ✾✼ ✽✶ ✻✺ ✺✸ ✹✻

✲✷✵ ✽✺ ✸✻ ✷✾ ✶✻ ✶✶

❚❛❜❧❡ ✶✾✿ ■♠♣♦��❛♥� ✈❛❧✉❡ ♦❢ �❤❡ ❧✐�✉✐❞ ❢�❛❝�✐♦♥ ❢♦� �❤❡ ❝❛❧❝✉❧❛�✐♦♥ ✇✐�❤ ∆T = −15, −20❑

✐♥ ✜❣✳ ✺✶✳ ❋♦� ❝♦♠♣❛�✐♦♥ �❤❡ ✈❛❧✉❡ ♦❢ ❛❧❧ ♦�❤❡� ❝❛❧❝✉❧❛�✐♦♥ ❢�♦♠ �❤✐ ♣❛�❛♠❡�❡� ✈❛�✐❛�✐♦♥ ❛�

�❤❡ ❛♠❡ �✐♠❡ �❡♣ ❛�❡ ✐♥❝❧✉❞❡❞✳ ❚❤❡ ❜❛�❡ ❝❛❧❝✉❧❛�✐♦♥ ✐ ❜♦❧❞✳ ❚❤❡ ❝❛❧❝✉❧❛�✐♦♥ ✇✐�❤ ✲✶✺❑

❤♦✇ ❛ ❞�♦♣ ❢�♦♠ ✷✷  �♦ ✷✼✳✺  ❛♥❞ ❛ ♣❡�✐♦❞✐❝ ❜❡❤❛✈✐♦✉� ❢�♦♠ ✹✵✳✵  �♦ ✹✺✳✵ ✳ ❚❤❡ ❝❛❧❝✉❧❛�✐♦♥

✇✐�❤ ✲✷✵❑ ❤♦✇ ❛ ♠❛❧❧ ❞♦✇♥✇❛�❞ ❢❛❝✐♥❣ ♣❡❛❦ ❛� ✶✳✺ 

❋✐❣✳ ✺✶ �❤♦✇� �❤❡ ❡�✉❧�� ❢♦ �❤❡ ❧✐�✉✐❞ ❢❛❝�✐♦♥✳ ■� ❝❛♥ ❜❡ �❡❡♥ �❤❛� �❤❡ ✈❛❧✉❡ ❢♦

∆T = −1❑ ❡❛❝❤❡� ✾✾✪✱ ∆T = −5❑ ❡❛❝❤❡� ✾✺✪ ❛♥❞ ∆T = −10❑ ❡❛❝❤❡� ✾✵✪✳

❚❤❡ ❝❛❧❝✉❧❛�✐♦♥ ✇✐�❤ ∆T = −15❑ ❤❛� ❛♥ ✐♥❝❡❛�❡❞ ❞♦♣ ❛� ✷✼✳✺ � ❛♥❞ ��❛�� ❛ ❝❧❡❛❧②

♣❡✐♦❞✐❝ ❜❡❤❛✈✐♦✉ ❛� ✹✵ �✳ ❚❤❡ ❝❛❧❝✉❧❛�✐♦♥ ✇✐�❤ ∆T = −20❑ ❤❛� ❛ ��♦♥❣ ❞♦♣ ✐♥ �❤❡

✜�� ✶✳✺ � ❛ ❝♦♥�✐♥✉♦✉� �♦ ❢❛❧❧ �❧♦✇❡ ✉♥�✐❧ ❛ ✜♥❛❧ ✈❛❧✉❡ ♦❢ ✶✶✪✳ ❚❤❡ ✐♠♣♦�❛♥� ✈❛❧✉❡� ❝❛♥

❜❡ �❡❡♥ ✐♥ ✶✾✳

❚❤❡ ✈✐�✉❛❧✐�❛�✐♦♥ ❢♦ �❤❡ ∆ = −15❑ ❝❛❧❝✉❧❛�✐♦♥ ✐♥ ✜❣✳ ✺✷ ��❛�� ✐♥ ✜❣✳ ✺✷ ❛✮✱ �❤♦✇✐♥❣ ❛

❞♦♣❧❡� ✇✐�❤ ❛ �✉♦✉♥❞✐♥❣ �✉❢❛❝❡ ❛❡❛ ♦❢ ❛ �♦�❛❧ ❧✐�✉✐❞ ❢❛❝�✐♦♥ ❜❡�✇❡❡♥ ✻✹✪ ❛♥❞ ✻✾✪✳
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✼✾

1 mm^3 1 mm^3 1 mm^31 mm^3 1 mm^3
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xz
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❋✐❣✉�❡ ✺✷✿ ❙❝�❡❡♥✲�❤♦
 �❡�✉❡♥❝❡ ♦❢ 
❤❡ 
♦
❛❧✲❧✐�✉✐❞✲❢�❛❝
✐♦♥ ❝♦♥
♦✉� ♦♥ ❛♥ ■❙❖✲�✉�❢❛❝❡ ✇✐
❤ ✺✵✪

✈♦❧✉♠❡ ❢�❛❝
✐♦♥ ❢♦� 
❤❡ �♦❧✐❞✐✜❝❛
✐♦♥ �
❡♣� ✇✐
❤ ∆T = −15❑

❛✮ ✐♠❛❣❡ �❤♦✇✐♥❣ 
❤❡ ❞�♦♣❧❡
 ❢♦�♠❛
✐♦♥ ✇✐
❤ �♦❧✐❞✐✜❝❛
✐♦♥ ❛
 
❤❡ ❜♦

♦♠ ❛
 ✷✷✳✵ �

❜✮ ✐♠❛❣❡ �❤♦✇✐♥❣ ❛♥ ♦✐❧ �
�❡❛♠ ❜❡♥❞✐♥❣ ❛
 
❤❡ ❝❡♥
�❡ ♦❢ 
❤❡ 
❛♥❦ 
♦ 
❤❡ ❜❛❝❦ ✇✐
❤ ❝♦♠♣❧❡
❡❧②

�♦❧✐❞✐✜❡❞ ❛�❡❛� ❛
 
❤❡ ❜♦

♦♠✱ ✐♥ 
❤❡ ❝❡♥
�❡ ❛♥❞ ❛
 
❤❡ 
♦♣ ❛
 ✷✹✳✺ �

❝✮ ✐♠❛❣❡ �❤♦✇✐♥❣ ❛♥ ✐��❡❣✉❧❛� �❤❛♣❡❞ ❞�♦♣❧❡
 ✇✐
❤ ❝♦♠♣❧❡
❡❧② �♦❧✐❞✐✜❡❞ ❛�❡❛ �✉��♦✉♥❞✐♥❣ 
❤❡ ❝❡♥✲


�❡ ❛♥❞ ❛
 
❤❡ ❜♦

♦♠ ❛
 ✷✺✳✺ �

❞✮ ✐♠❛❣❡ �❤♦✇✐♥❣ ❛ ❜❡♥
 ❍❚❋ �
�❡❛♠ 
♦ 
❤❡ ❧❡❢
 ✇❛❧❧ ✇✐
❤ ❛❧♠♦�
 ❝♦♠♣❧❡
❡❧② �♦❧✐❞✐✜❡❞ �✉�❢❛❝❡

❛�❡❛

❡✮ ✐♠❛❣❡ �❤♦✇✐♥❣ ❛ ❝♦♠♣❧❡
❡❧② �♦❧✐❞✐✜❡❞ ❛�❡❛ ❛❜♦✈❡ 
❤❡ ❜♦

♦♠ ✇❛❧❧ �♣❧✐
 ✐♥
♦ 
✇♦ ♣❛
❤� 
♦ 
❤❡ ❧❡❢


❛♥❞ 
❤❡ �✐❣❤
 �✐❞❡ ♦❢ 
❤❡ 
❛♥❦ ❢♦�♠✐♥❣ ❝✉�✈❡❞ ❛�❡❛�✳ ❚❤❡ ❧❡❢
 ♦♥❡ ✐� ❝♦♠♣❧❡
❡❧② �♦❧✐❞✐✜❡❞✱ ❡①❝❡♣


❢♦� �♠❛❧❧ ♣❛�
� ❛
 
❤❡ 
♦♣✳ ❚❤❡ ❍❚❋ ✇❛� �❡
 
♦ ✶✵✵✪ 
�❛♥�♣❛�❡♥
 ❢♦� ❜❡

❡� ✈✐�✉❛❧✐�❛
✐♦♥

❉✶✷✱ ,❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠✱ Ain = 4.6 · 10−7m2✱ Aout = 25m2✱

▼❡�❤✿ ♠✉❧
✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠✱ ∆T = −15K✱ Amush = 105✱ vin = 0.4m
s

❚❤❡ ❥❡� ❤❛	 ✈❛❧✉❡	 ♦❢ ≥ 70✪ ♦♥ �❤❡ �♦♣✱ ✈❛❧✉❡	 ✉♣ �♦ ✶ ❛�❡ ♣�❡	❡♥� ❛� �❤❡ 	✐❞❡ ♦❢ �❤❡

	❤❛❢�✳ ❚❤❡ ❛�❡❛ ✐♥ �❤❡ ❝♦♥❡ ❛� �❤❡ ❜♦��♦♠ ✐	 �❤❡ ♦♥❧② ❛�❡❛ ✇✐�❤ ✈❛❧✉❡	 ❞♦✇♥ �♦ ✺✵✪✳ ❚❤❡

❛✈❡�❛❣❡  ❈▼ ❧✐#✉✐❞ ❢�❛❝�✐♦♥ ♦♥ �❤❡ 	✉�❢❛❝❡ ✐	 ✺✵✪✳

■♥ ✜❣✳ ✺✷ ❜✮ ❛❞❞✐�✐♦♥❛❧ ✺✵✪ ❛�❡❛	 ❤❛✈❡ ❛♣♣❡❛�❡❞ ✐♥ �❤❡ ♠✐❞❞❧❡ ♣❛�� ❛♥❞ ♦♥ �❤❡ �♦♣✳

❱❛❧✉❡	 ❛� �❤❡ ❧♦✇❡� 	❤❛❢� ❛�❡ ≥ 75✪ ❛♥❞ ❤❛�❞❧② ❛♥② ❛�❡❛ ❝❧♦	❡ �♦ ✶ ❝❛♥ ❜❡ 	❡❡♥✳ ❚❤❡

❛✈❡�❛❣❡  ❈▼ ❧✐#✉✐❞ ❢�❛❝�✐♦♥ ♦♥ �❤❡ 	✉�❢❛❝❡ ❛�❡❛ ✐	 ✸✹✪✳

■♥ ✜❣✳ ✺✷ ❝✮ �❤❡�❡ ✐	 ♦♥❝❡ ❛❣❛✐♥ ❛ 	✐♥❣❧❡ ❞�♦♣❧❡� ♣�❡	❡♥� ✈❛❧✉❡	 ✐♥ �❤❡ �❛♥❣❡ ♦❢ ✺✵✪✱ ✐♥

�❤❡ ❝❡♥��❡❞ ❧✐♥❡ ♦♥ �❤❡ ①②✲♣❧❛♥❡✳ ❚❤❡ ♠❛❥♦�✐�② ♦❢ �❤❡ ❞�♦♣❧❡� ✐	 ♥❡❛� ✼✵✪✳ ❚❤❡ ❛✈❡�❛❣❡

 ❈▼ ❧✐#✉✐❞ ❢�❛❝�✐♦♥ ♦♥ �❤❡ 	✉�❢❛❝❡ ✐	 ✷✻✪✳

■♥ ✜❣✳ ✺✷ ❞✮ ❛ 	��❡❛♠ ✇✐�❤ ❛ 	✉��♦✉♥❞✐♥❣ ❛�❡❛ ♦❢ ✈❛❧✉❡	 ♥❡❛� ✺✵✪ ✐♥ ♠♦	� ♣❛��	 ✐	 ✈✐	✐❜❧❡✳

❈❡❧❧	 ✇✐�❤ ❤✐❣❤❡� ✈❛❧✉❡	 ❛�❡ ❡	♣❡❝✐❛❧❧② ♦♥ �❤❡ ❡❞❣❡ ♦♥ �❤❡ �♦✉❝❤❡❞ ❢❛❝❡	✱ ❛	 ✇❡❧❧ ❛	 ✐♥ �❤❡

❞♦✇♥	✐❞❡ ♣♦✐♥�✐♥❣ ♣❛�� ♦❢ �❤❡ ❛♥❣❧❡✳ ■♥ �❤❡ �✐❣❤� ♣❛�� ♦❢ �❤❡ �❛♥❦ �✇♦ 	♠❛❧❧ ♦✐❧ ❞�♦♣❧❡�	

❝❛♥ ❜❡ 	❡❡♥ �❤❛� ❛�❡ ❝♦♠♣❧❡�❡❧② 	✉��♦✉♥❞❡❞ ❜②  ❈▼✳ ❚❤❡ ❛✈❡�❛❣❡  ❈▼ ❧✐#✉✐❞ ❢�❛❝�✐♦♥

♦♥ �❤❡ 	✉�❢❛❝❡ ✐	 ✽✪✳

❋✐❣✳ ✺✷ ❡✮ 	❤♦✇	 ❛♥ ■❙❖✲	✉�❢❛❝❡ ✜❧❧❡❞ ✐♥ ♠♦	� ♣❛�� ✇✐�❤ ✈❛❧✉❡	 ♦❢ ✺✵✪✳ ❚❤❡ �✐❣❤� ♣❛�❤
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1 mm^3 1 mm^31 mm^3
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a) b) c)b)
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xz

❋✐❣✉�❡ ✺✸✿ ❙❝�❡❡♥✲�❤♦
 �❡�✉❡♥❝❡ ♦❢ 
❤❡ 
♦
❛❧✲❧✐�✉✐❞✲❢�❛❝
✐♦♥ ❝♦♥
♦✉� ♦♥ ❛♥ ■❙❖✲�✉�❢❛❝❡ ✇✐
❤ ✺✵✪

✈♦❧✉♠❡ ❢�❛❝
✐♦♥ ❢♦� 
❤❡ �♦❧✐❞✐✜❝❛
✐♦♥ �
❡♣� ✇✐
❤ ∆T = −20❑

❛✮ ✐♠❛❣❡ �❤♦✇✐♥❣ 
❤❡ ❍❚❋ �✐�✐♥❣ ❝♦♥
✐♥✉♦✉�❧② ✜❧❧✐♥❣ 
❤❡ ✇❤♦❧❡ 
❛♥❦ ✇✐
❤ ❛♥ ❛❧♠♦�
 ❝♦♠♣❧❡
❡❧②

�♦❧✐❞✐✜❡❞ ❛�❡❛ �✉��♦✉♥❞✐♥❣ 
❤❡ ❝❡♥
�❡ ✐♥ 
❤❡ ♠✐❞❞❧❡ ❜❡
✇❡❡♥ ❝❡♥
�❡ ❛♥❞ ✇❛❧❧

❜✮ ✐♠❛❣❡ �❤♦✇✐♥❣ 
❤❡ 
❛♥❦ ❛❧♠♦�
 ✜❧❧❡❞ ❜② ✼✺✪ ❍❚❋ ✇✐
❤ ❛ ❜✐❣ �♦✉♥❞ ❛�❡❛ ♦♥ 
♦♣ �✉��♦✉♥❞❡❞

❜② ❝♦♠♣❧❡
❡❧② �♦❧✐❞✐✜❡❞ &❈▼✱ ❡①❝❡♣
 ❛
 
❤❡ ❝♦�♥❡��

❝✮ ✐♠❛❣❡ �❤♦✇✐♥❣ ❛ ♠♦�❡ ♦� ❧❡�� ❡✈❡♥ ❧❛②❡� ♦❢ ❍❚❋ ✇✐
❤ ❛ ❝♦♠♣❧❡
❡❧② �♦❧✐❞✐✜❡❞ �✉�❢❛❝❡ ❛�❡❛✱

❡①❝❡♣
 ❛
 
❤❡ ❝♦�♥❡��✱ ❛♥❞ ❛ ♣❛
❤ 
♦ 
❤❡ ♦✉
❧❡
 ✐♥ 
❤❡ ❜❛❝❦ ♦❢ 
❤❡ 
❛♥❦

❉✶✷✱ &❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠✱ Ain = 4.6 · 10−7m2✱ Aout = 25m2✱

▼❡�❤✿ ♠✉❧
✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠✱ ∆T = −20K✱ Amush = 105✱ vin = 0.4m
s

�❤♦✇� ♣❛	
� ♦❢ ≥ 70✪ ✐♥ 
❤❡ �✉		♦✉♥❞✐♥❣ ❝❡❧❧� ❝♦❛
✐♥❣ 
❤❡ ✇❛❧❧✳ ❋✉	
❤❡	♠♦	❡ ❝❡❧❧� ♦♥


♦♣ ♦❢ 
❤❡ ❧❡❢
 ♣❛
❤ ❤❛✈❡ ✈❛❧✉❡� ✐♥❝	❡❛�❡❞ 
♦ ✼✵✪ ♦	 ❡✈❡♥ ✽✺✪✳ ❚❤❡ ❛✈❡	❛❣❡ �❈▼ ❧✐�✉✐❞

❢	❛❝
✐♦♥ ♦♥ 
❤❡ �✉	❢❛❝❡ ✐� ✶✷✪✳

❚❤❡ ✈✐�✉❛❧✐�❛
✐♦♥ ✐♥ ✜❣✳ ✺✸ �
❛	
� ✇✐
❤ ❛♥ ✐♠❛❣❡ �❤♦✇✐♥❣ ❛ 
♦
❛❧ ❧✐�✉✐❞ ❢	❛❝
✐♦♥ ♥❡❛	 ♦♥❡

❛
 
❤❡ ❝❡♥
	❡ ❛♥❞ ❛
 
❤❡ ✇❛❧❧�✳ ✭❋✐❣✳ ✺✸ ❛✮✮ ❚❤❡ 
♦♣ ✐� ❝♦✈❡	❡❞ ♠♦�
❧② ✇✐
❤ ❛ ✈❛❧✉❡ ♦❢

94± 2✪✳ ❚❤❡ ❧✐�✉✐❞ ❢	❛❝
✐♦♥ ❞❡�❝❡♥❞� ❢	♦♠ ❜♦
❤ �✐❞❡� ✐♥ �♠❛❧❧ ❧❛②❡	� ✉♥
✐❧ 	❡❛❝❤✐♥❣ ✺✽✪

�♦♠❡✇❤❡	❡ ✐♥ 
❤❡ ♠✐❞❞❧❡✳ ❚❤❡ ❛✈❡	❛❣❡ ✈❛❧✉❡ ♦❢ 
❤❡ �❈▼ ❧✐�✉✐❞ ❢	❛❝
✐♦♥ ♦♥ 
❤❡ �✉	❢❛❝❡

❛	❡❛ ✐� ✻✽✪✳

❋✐❣✳ ✺✸ ❜✮ �❤♦✇� ❛ �✉	❢❛❝❡ ❛	❡❛ ♠♦�
❧② ❝♦✈❡	❡❞ ❜② ✈❛❧✉❡� ♦❢ ✺✵✪✳ ◆❡❛	 
❤❡ ❝♦	♥❡	�


❤❡�❡ ✈❛❧✉❡� ❛�❝❡♥❞ �
❡❛❞② 
♦ ✶✳ ❚❤❡ ✈❛❧✉❡� ♦♥ 
♦♣ ❛	❡ ✉♣ 
♦ ✾✵✪✱ 
❤❡ ✈❛❧✉❡� ♦♥ 
❤❡

❜♦✉♥❞❛	② 
♦ 
❤❡ ✇❛❧❧� ❛	❡ ♥❡❛	 ✶✳ ❚❤❡ ✈❛❧✉❡� ❛	❡ �♣	❡❛❞ ❧❡�� ❡✈❡♥ 
❤❛♥ ✐♥ 
❤❡ ❧❛�
 ✐♠❛❣❡
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❋✐❣✉�❡ ✺✹✿ ❱♦❧✉♠❡✲❢	❛❝�✐♦♥ ❢♦	 ❞✐��✐♥❝� �❡♠♣❡	❛�✉	❡ ❞✐✛❡	❡♥❝❡� ❜❡�✇❡❡♥ ✐♥❧❡� ❛♥❞ �♦❧✐❞✐✜❝❛�✐♦♥

�❡♠♣❡	❛�✉	❡✱ ✇✐�❤ ♦♥❧② �❤❡ ✐♥❧❡� �❡♠♣❡	❛�✉	❡ ❝❤❛♥❣❡❞✳ ❋♦	 ∆T = −15❑ �❤❡ ✈❛❧✉❡� ✐♥ �❤❡ 	❛♥❣❡

❬✷✾✳✵✽✵❀✸✵✹✾✾❪♠� ❤❛❞ �♦ ❜❡ ✐♥�❡	♣♦❧❛�❡❞✱ ❛� ❡①♣❧❛✐♥❡❞ ✐♥ �❤❡ 	✉♥♥✐♥❣ �❡①�

❉✶✷✱ *❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠✱ Ain = 4.6 · 10−7m2✱ Aout = 25m2✱

▼❡�❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠✱ ∆T = (−1,−5,−10(base),−15,−20)K✱ Amush = 105✱

vin = 0.4m
s

❜✉� ❞✐��	✐❜✉�❡❞ ✐♥ �❤❡ �❛♠❡ ✇❛②✳ ■♥ ❞✐	❡❝�✐♦♥ ♦❢ �❤❡ ♦✐❧ ❧❛②❡	 ❜❡❧♦✇ �❤❡ ✈❛❧✉❡� ❞❡�❝❡♥❞

❛❧♠♦�� ❝♦♥�✐♥✉♦✉�❧②✳ ❚❤❡ ❛✈❡	❛❣❡ ✈❛❧✉❡ ♦❢ �❤❡ �❈▼ ❧✐�✉✐❞ ❢	❛❝�✐♦♥ ♦♥ �❤❡ �✉	❢❛❝❡ ❛	❡❛ ✐�

✷✾✪✳

■♥ �❤❡ ✜❣✳ ✺✸ ❝✮ �❤❡ �♦�❛❧ ❧✐�✉✐❞ ❢	❛❝�✐♦♥ ✐� ❛� ✺✵✪✱ ❡①❝❡♣� ❢♦	 ❛ �♠❛❧❧ ❛	❡❛ ✐♥ ❜❡�✇❡❡♥ ✇✐�❤

✈❛❧✉❡� ♥❡❛	 ✺✺✪✱ �❤❡ ❝♦	♥❡	� ✭✉♣ �♦ ✶✮ ❛♥❞ �❤❡ ❜♦✉♥❞❛	② ♦♥ �❤❡ ✇❛❧❧ ♥❡❛	 �❤❡ ♦✉�❣♦✐♥❣

❍❚❋ ✭♦♥ �❤❡ �♦♣ ✉♣ �♦ ♦♥❡✱ ♦♥ �❤❡ �✐❞❡ ✉♣ �♦ ✽✵✪✮✳ ❚❤❡ ❛✈❡	❛❣❡ ✈❛❧✉❡ ♦❢ �❤❡ �❈▼ ❧✐�✉✐❞

❢	❛❝�✐♦♥ ♦♥ �❤❡ �✉	❢❛❝❡ ❛	❡❛ ✐� ✽✪✳

❋✐❣✳ ✺✹ �❤♦✇� �❤❡ 	❡�✉❧�� ❢♦	 �❤❡ ✈♦❧✉♠❡ ❢	❛❝�✐♦♥✳ ■� ❝❛♥ ❜❡ ❝❧❡❛	❧② �❡❡♥ �❤❛� �❤❡ ✈❛❧✉❡�

❢♦	 ∆T = −1, −5, −10❑ ❛	❡ ✐♥ ❛ �✐♠✐❧❛	 	❛♥❣❡✳ ❚❤❡ ❧✐♥❡ ❢♦	 −15❑ �❤♦✇� ❛♥ ✐♥❝	❡❛�❡

❛♥❞ ❢❛❧❧ ❢	♦♠ ❛	♦✉♥❞ ✷✷✳✺ � �♦ ✸✶✳✼ �✱ ❢♦❧❧♦✇❡❞ ❜② �✇♦ ✐♥❝	❡❛�✐♥❣ ❞✐�❝	❡�❡ ��❡♣�✳ ❋♦	 �❤❡

❧❛�� ✻ � �❤❡ ♣❡	✐♦❞✐❝ ❜❡❤❛✈✐♦✉	 	❡�✉	♥�✳ ❚❤❡ ❣	❛♣❤ ❢♦	 ∆T = −20❑ �❤♦✇� ❛ ❢❛�� ✐♥❝	❡❛�❡

✐♥ �❤❡ ✜	�� ✶✳✺ �✱ ❢♦❧❧♦✇❡❞ ❜② ❛ �❤♦	� ❢❛❧❧ ❛♥❞ ❛ ❝♦♥�✐♥✉♦✉� ✐♥❝	❡❛�❡� �♦ ✐�✬� ✜♥❛❧ ✈❛❧✉❡ ♦❢

✽✺✪✳ ❚❤❡ ✐♠♣♦	�❛♥� ✈❛❧✉❡� ❝❛♥ ❜❡ �❡❡♥ ✐♥ �❛❜✳ ✷✵✳
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❋✐❣✉�❡ ✺✺✿ ❍❡❛� ✢✉① ❢♦
 ❞✐�✐♥❝� �❡♠♣❡
❛�✉
❡ ❞✐✛❡
❡♥❝❡ ❜❡�✇❡❡♥ ✐♥❧❡� ❛♥❞ ♦❧✐❞✐✜❝❛�✐♦♥ �❡♠♣❡
❛✲

�✉
❡✱ ✇✐�❤ ♦♥❧② �❤❡ ✐♥❧❡� �❡♠♣❡
❛�✉
❡ ❝❤❛♥❣❡❞✳ ❋♦
 ✲✶✺❑ �❤❡ ✈❛❧✉❡ ✐♥ �❤❡ 
❛♥❣❡ ❬✷✾✳✵✽✵❀✸✵✹✾✾❪♠

❤❛❞ �♦ ❜❡ ✐♥�❡
♣♦❧❛�❡❞✱ ❛ ❡①♣❧❛✐♥❡❞ ✐♥ �❤❡ 
✉♥♥✐♥❣ �❡①�

❉✶✷✱ ,❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠✱ Ain = 4.6 · 10−7m2✱ Aout = 25m2✱

▼❡❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠✱ ∆T = (−1,−5,−10(base),−15,−20)K✱ Amush = 105✱

vin = 0.4m
s

∆T [K] v̄HTF [%]

t = 1.5 [s] t = 26 [s] t = 31.7 [s] t = 39.1 [s] t = 45, [s]

✲✶ ✶✵

✲✺ ✶✵

✲✶✵ ✶✵

✲✶✺ ✶✵ ✷✻ ✶✻ ✸✻ ✸✹

✲✷✵ ✽✶ ✽✹ ✽✺

❚❛❜❧❡ ✷✵✿ ■♠♣♦
�❛♥� ✈❛❧✉❡ ♦❢ �❤❡ ✈♦❧✉♠❡ ❢
❛❝�✐♦♥ ❢♦
 �❤❡ ❝❛❧❝✉❧❛�✐♦♥ ✇✐�❤ ∆T = −15−20❑ ✐♥

✜❣✳ ✺✹ ❛♥❞ ❛❧❧ ♦�❤❡
 ❝❛❧❝✉❧❛�✐♦♥ ❢♦
 ❝♦♠♣❛
✐♦♥✳ ❚❤❡ ❜❛�❡ ❝❛❧❝✉❧❛�✐♦♥ ✐ ❜♦❧❞✳ ❚❤❡ ❝❛❧❝✉❧❛�✐♦♥

✇✐�❤ ✲✶✺❑ ❤♦✇ ❛ 
✐❡ 
✐❡ ✇✐�❤ ❛ ♠❛①✐♠✉♠ ❛� ✷✻ ✱ ❢♦❧❧♦✇❡❞ ❜② ❛ ❞
♦♣ ❛♥❞ ❛ �♦♣ ♦❢ �❤❡

♦❝✐❧❧❛�✐♦♥ �♦ ✸✶✳✼✱ ❛♥♦�❤❡
 
✐❡ ✉♥�✐❧ ✸✾✳✶ ✱ ✇❤❡
❡ ✐� �❛
� ♦❝✐❧❧❛�✐♥❣ ❛❣❛✐♥✳ ❚❤❡ ❝❛❧❝✉❧❛�✐♦♥

✇✐�❤ ✲✷✵❑ ✐♥❝
❡❛❡ ❧✐♥❡❛
❧② ✐♥ �❤❡ ✜
� ✶✳✺ ✱ ❢♦❧❧♦✇❡❞ ❜② ❛ ❤♦
� ❞
♦♣ ❛♥❞ ❛ ❝♦♥�✐♥✉✐♥❣ 
✐❡✱


❡❛❝❤✐♥❣ ❛ ❝♦♥�❛♥� ✈❛❧✉❡✳
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✽✸

❋✐❣✉�❡ ✺✻✿ ❙❝�❡❡♥✲�❤♦
 ♦❢ ❛ ✈✐�✉❛❧✐�❛
✐♦♥ ♦❢ 
❤❡ ❤❡❛
 ✢✉① ❛
 
❤❡ ♦✉
❧❡
 ❛
 ✹✸✳✺ � ❢♦� ∆T = −20❑

❉✶✷✱ �❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠✱ Ain = 4.6 · 10−7m2✱ Aout = 25m2✱

▼❡�❤✿ ♠✉❧
✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠✱ ∆T = −20K✱ Amush = 105✱ vin = 0.4m
s

∆T [K] �✐♠❡ �❛♥❣❡ [ms] −q̄ [kW
m2 ] Tout [K] Tin [K] Ā [m2]

❋❧✉❡♥� ✇✐�❤ ✭✶✮

✲✶ ❬✷✻✹❀✹✺✵✵✵❪ ✺✳✹ ✸ ✷✽✹✳✽✼ ✷✽✹✳✶✺ 7 · 10−5

✲✺ ❬✷✼✺❀✹✺✵✵✵❪ ✼✳✽ ✻ ✷✽✶✳✹✹ ✷✽✵✳✶✺ 7 · 10−5

✲✶✵ ❬✷✾✺❀✹✺✵✵✵❪ ✾✳✻ ✷✵ ≈ 279.15 ✷✼✺✳✶✺ 7 · 10−5

✲✶✺ ❬✸✷✹❀✷✾✵✼✾❪ ✶✻✳✻ ✷✼✳✹ ✷✼✻✳✵✷ ✷✼✵✳✶✺ 7 · 10−5

✲✶✺ ❬✷✾✵✽✵❀✹✵✾✽✵❪ ✶✽✳✵ ✹✳✻ ✷✼✶✳✶✼ ✷✼✵✳✶✺ 6 · 10−5

✲✶✺ ❬✹✵✾✽✶❀✹✺✵✵✵❪ ✷✳✻ ✷✹✳✾ ✷✼✼✳✶✷ ✷✼✵✳✶✺ 9 . . . 10−5

✲✷✵ ❬✸✻✼❀✶✽✶✷❪ ✼✹✺✳✽ ❝♦✉❧❞ ♥♦� ❜❡ �❡#♦❧✈❡❞ ✷✻✺✳✶✺

✲✷✵ ❬✶✽✶✸❀✹✺✵✵✵❪ ✶✵✳✷ ❬✸✵❀✺❪ [269.22; 265.90] ✷✻✺✳✶✺ 4 · · · 10−5

❚❛❜❧❡ ✷✶✿ ❆✈❡�❛❣❡ ❤❡❛
 ✢✉①❡� ❢♦� ❞✐✛❡�❡♥
 ♣❛�
� ♦❢ ❛❧❧ ❝❛❧❝✉❧❛
✐♦♥�✱ 
❤❡ ❜❛�❡ ❝❛❧❝✉❧❛�✐♦♥ ✐♥

❜♦❧❞✱ ✐♥ ✜❣✳ ✺✺✱ ❛� ✇❡❧❧ ❛� 
❤❡ ❝♦��❡�♣♦♥❞✐♥❣ ✈❛❧✉❡� ❢♦� ❤❛♥❞ ❝❛❧❝✉❧❛
✐♦♥�

❋✐❣✳ ✺✺ #❤♦✇# �❤❡ �❡#✉❧�# ❢♦� �❤❡ ✈♦❧✉♠❡ ❢�❛❝�✐♦♥✳ ■� ❝❛♥ ❜❡ ❝❧❡❛�❧② #❡❡♥ �❤❛� �❤❡ ✈❛❧✉❡#

❢♦� ∆T = −1, −5 − 10❑ ❛�❡ ✐♥ ❛ #✐♠✐❧❛� �❛♥❣❡✳ ❚❤❡ ❧✐♥❡ ❢♦� ∆T = −15❑ #❤♦✇# ❛

❞❡❝�❡❛#❡ ✐♥ �❤❡ ♠❛①✐♠✉♠ ✈❛❧✉❡ #�❛��✐♥❣ ❜② ❛❜♦✉� ✶✼✳✺ #✳ ❋�♦♠ ✷✾ # ♦♥ �❤❡ ✈❛❧✉❡ #�❛②#

♥❡❛�❧② ❝♦♥#�❛♥� ❜✉� �✉�♥# ♣❡�✐♦❞✐❝ ❛❣❛✐♥ ✐♥ �❤❡ ❧❛#� ✺ #✳ ❚❤❡ ❣�❛♣❤ ❢♦� ∆T = −20❑

#❤♦✇# �✇♦ �❡❧❛�✐✈❡❧② ❤✐❣❤ ♣❡❛❦# ❛� ✵✳✸✻✼ # ❛♥❞ ✶✳✽ # ❛♥❞ #❡❡♠# �♦ #�❛❣♥❛�❡ ❞✐�❡❝�❧② ❛❢�❡�✳

❋�♦♠ ❛�♦✉♥❞ ✶✺ # �❤❡ ❞❡✈✐❛�✐♦♥ �♦ �❤❡ ❛✈❡�❛❣❡ ✈❛❧✉❡ ✐♥❝�❡❛#❡# ❜✉� �❤❡ ✢✉❝�✉❛�✐♦♥# ❛�❡ ♥♦�

✐♥ ❝❧❡❛�❧② ✈✐#✐❜❧❡ �❛♥❣❡✳ ❚❤❡ ✐♠♣♦��❛♥� ✈❛❧✉❡#✱ ❛# ✇❡❧❧ ❛# ❝♦��❡#♣♦♥❞✐♥❣ ❤❛♥❞ ❝❛❧❝✉❧❛�✐♦♥#

❝❛♥ ❜❡ #❡❡♥ ✐♥ �❛❜✳ ✷✶✳
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✽✹

❚❤❡ ❧♦❝❛❧ ❤❡❛
 ✢✉① ❛
 
❤❡ ♦✉
❧❡
 ❛
 ✹✸✳✺ � ❢♦� 
❤❡ ❝❛❧❝✉❧❛
✐♦♥ ✇✐
❤ ✲✷✵❑ ✐♥ ✜❣✳ ✺✻ �❤♦✇�

♠♦�
❧② ♣♦�✐
✐✈❡ ✈❛❧✉❡�✱ ❡①❝❡♣
 ❛
 
❤❡ ❜♦✉♥❞❛�②✳ ❚❤❡ %❈▼ ❤❛� ❛ ✇✐❞❡ ❛�❡❛ ✇✐
❤ �❧✐❣❤
❧②

♣♦�✐
✐✈❡ ✢✉① �❛❞✐❛❧ �②♠♠❡
�✐❝ 
♦ 
❤❡ ❝♦�♥❡� ❛
 ✇❤✐❝❤ 
❤❡ ❍❚❋ ✐� ❧❡❛✈✐♥❣ 
❤❡ 
❛♥❦✳ ❆♥

❛❞❞✐
✐♦♥❛❧ ♠✐❞❞❧❡ �
�♦♥❣ ♣♦�✐
✐✈❡ ❛�❡❛ ✐� ❝❧♦�❡ 
♦ 
❤❡ ❍❚❋ ❛♥❞ ♦✈❡�❧❛♣♣✐♥❣ �✉�♣❛��✐♥❣ 
❤❡

❜♦✉♥❞❛�②✳

� � � �� �� �� ��
���

���

���

���

���

��	

�
�
�
���
�
�
	

�
�

�

�
�
��

�
�


������������

�

����������������������������� !��"

�

������������������������������ �!��"

�

�����������������������������!��� ��!����#"

�

������������������������������!�� �	�����#"

❋✐❣✉�❡ ✺✼✿ ❆♠♣❧✐�✉❞❡ ❛♥❞ ❢❡�✉❡♥❝② ♦❢ �❤❡ ❋♦✉✐❡ �❛♥�❢♦♠❛�✐♦♥� ♦❢ ∆T = −15❑ ✐♥ ❢♦✉

♣❛��

❉✶✷✱ �❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠✱ Ain = 4.6 · 10−7m2✱ Aout = 25m2✱

▼❡�❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠✱ ∆T = −15K✱ Amush = 105✱ vin = 0.4m
s
✱ t [ms] =

[4000; 9000], [24000; 29000], [29080 : 40980], [40981 : 45000]

❚❤❡ ❋❋❚ ♦❢ 
❤❡ ∆−15❑ ❝❛❧❝✉❧❛
✐♦♥ ✐♥ ✜❣✳ ✺✼ �❤♦✇� 
❤❡ ♠❛①✐♠✉♠ ✈❛❧✉❡� ❝❤�♦♥♦❧♦❣✐❝❛❧❧②

♦�❞❡�❡❞✿ (ν [Hz], qA [kW
m2 ]) = (6.0, 422.8), (2.2, 237.3), (0, 17.4), (1.7, 174.4)✳

❚❤❡ %❈▼ 
❡♠♣❡�❛
✉�❡ ♣❧♦
 ✐♥ ✜❣✳ ✺✽ �❤♦✇� 
❤❛
 
❤❡ ∆T = −1, −5, −10❑ ❝❛❧❝✉❧❛
✐♦♥�

❤❛✈❡ ♦♥❡ ♥❡❛�❧② ❧✐♥❡❛� ❞❡❝�❡❛�❡✱ ❢♦❧❧♦✇❡❞ ❜② ❛ �
❛❣♥❛
✐♦♥ ♣❛�
✳ ✲✶✺❑ �❤♦✇� ❛ 
❤✐�❞ ❞❡❝�❡❛�❡

�
❛�
✐♥❣ ❛
 ✷✷✳✺ �✳ ∆T = −20❑ �❤♦✇� ♥♦ ♣❧❛
❡❛✉ ❛
 ❛❧❧✱ 
❤❡ 
❡♠♣❡�❛
✉�❡ ✐� ❞�♦♣♣✐♥❣

♠♦�❡ ♦� ❧❡�� ❧✐♥❡❛�❧② 
♦ ❛ ✜♥❛❧ ✈❛❧✉❡ ♦❢ ✷✼✽✳✷✼❑ ❚❤❡ ✐♠♣♦�
❛♥
 ✈❛❧✉❡� ❛�❡ ❧✐�
❡❞ ✐♥ 
❛❜✳ ✷✷✳

❚❤❡ ❛✈❡�❛❣❡ ❉✶✷ 
❡♠♣❡�❛
✉�❡ ✐♥ ✜❣✳ ✺✾ ❢♦� ∆T = −1❑ ❥✉♠♣� ✐♥ 
❤❡ �❛♥❣❡ ♦❢

❬✷✽✹✳✻✺❀✷✽✹✳✽✵❪❑✱ ❢♦� ∆T = −5❑ ✐♥ 
❤❡ �❛♥❣❡ ♦❢ ❬✷✽✷✳✺✵❀✷✽✸✳✷✽❪❑✱ ❛♥❞ ❢♦� ∆T = −10❑

✐♥ 
❤❡ �❛♥❣❡ ♦❢ ❬✷✼✾✳✷✺❀✷✽✵✳✽✺❪❑✳ ❚❤❡ ❧✐♥❡ ❢♦� ∆T = −15❑ ❤❛� ❛ ❞�♦♣ ✐♥ 
❤❡ ✜��
 ✸ �

❢�♦♠ ✷✼✽✳✹✽❑ 
♦ ✷✼✼✳✵✷❑✳ ❋�♦♠ 
❤❡�❡ ✐
 �❧♦✇❧② ❞❡❝�❡❛�❡� ✉♥
✐❧ ✷✼✻✳✹✽❑ ❛
 ✶✸ �✳ ❚❤❡♥ ❛

�❤♦�
 ✐♥❝�❡❛�❡ ❢♦� ✶ � ❛♣♣❡❛��✱ �❡❛❝❤✐♥❣ ✷✼✼✳✺✵❑ ❢♦❧❧♦✇❡❞ ❜② ❛ ❞�♦♣ 
♦ ✷✼✷✳✽✹❑ ❛
 ✸✵✳✵ ✱

❢♦❧❧♦✇❡❞ ❜② ❛ �❤♦�
 ✐♥❝�❡❛�❡ ❢♦� ✷✳✺ � 
♦ ✷✼✸✳✾✷❑ ❚❤❡ ✈❛❧✉❡ 
❤❡♥ ❞�♦♣� 
♦ �❧♦✇❧② ✷✼✷✳✼✸❑
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❋✐❣✉�❡ ✺✽✿ ❆✈❡�❛❣❡ �❡♠♣❡�❛�✉�❡ ♦❢ ❈▼✷

❢♦� ❞✐✛❡�❡♥� ✐♥❧❡� �❡♠♣❡�❛�✉�❡�

❉✶✷✱ ❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠✱

Ain = 4.6 · 10−7m2✱ Aout = 25m2✱

▼❡�❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠✱

∆T = (−1,−5,−10(base),−15,−20)K✱

Amush = 105✱ vin = 0.4m
s
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❋✐❣✉�❡ ✺✾✿ ❆✈❡�❛❣❡ �❡♠♣❡�❛�✉�❡ ♦❢ �❤❡

❉✶✷ ❢♦� ❞✐✛❡�❡♥� ✐♥❧❡� �❡♠♣❡�❛�✉�❡�

❉✶✷✱ ❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠✱

Ain = 4.6 · 10−7m2✱ Aout = 25m2✱

▼❡�❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠✱

∆T = (−1,−5,−10(base),−15,−20)K✱

Amush = 105✱ vin = 0.4m
s

❛� ✹✵✳✺ �✳ ❲✐�❤ �❤❡ ❡①❝❡♣�✐♦♥ ♦❢ ❛ �♠❛❧❧ ✐♥❝�❡❛�❡ �♦ ✷✼✹✳✵✾❑ ❛� ✹✷ � �❤❡ ✈❛❧✉❡ ��❛②� ✐♥ �❤❛�

�❛♥❣❡✳ ❚❤✐� ❜❡❤❛✈✐♦✉� ❝❛♥ ❜❡ ❛♣♣�♦①✐♠❛�❡❞ ❜② ❛ �❤♦�� ❞❡❝�❡❛�❡ ❢♦❧❧♦✇❡❞ ❜② ❛ ♣❧❛�❡❛✉

❛♥❞ ❛ ❧♦♥❣❡� ❞❡❝�❡❛�❡✱ ❢♦❧❧♦✇❡❞ ❜② ❛♥♦�❤❡� ♣❧❛�❡❛✉ ✳ ❚❤❡ ∆T = −20❑ ❧✐♥❡ ❡①♣❡�✐❡♥❝❡� ❛

❞�♦♣ ❢�♦♠ ✷✽✵✳✶✺ �♦ ✷✼✶✳✷✾❑ ✐♥ �❤❡ ✜��� ✷ � ❢♦❧❧♦✇❡❞ ❜② ❛ �❧♦✇✐♥❣ ❞�♦♣ �♦ ✐�✬� ✜♥❛❧ ✈❛❧✉❡

♦❢ ✷✼✽✳✷✼❑✳

∆T K � [s] TPCM2 K

�❡❛❝❤✐♥❣ ✷✽✺✳✶✼❑ �❡❛❝❤✐♥❣ ✷✽✺✳✶✸❑ �❂✹✺ �

✲✶ > 45 ✷✽✺✳✶✽

✲✺ ✷✷✳✵ > 45 ✷✽✺✳✶✽

✲✶✵ ✺✳✵ > 45 ✷✽✺✳✶✼

✲✶✺ ✺✳✵ ✷✷✳✺ ✷✽✹✳✵✺

✲✷✵ ✸✳✵ ✸✳✵ ✷✼✽✳✷✼

❚❛❜❧❡ ✷✷✿ ❚✐♠❡ �❛♥❣❡ ♦❢ �❤❡ ❈▼ �❡♠♣❡�❛�✉�❡ �❤❛� ✐� ��❛②� ♥❡❛� �❤❡ �♦❧✐❞✐✜❝❛�✐♦♥ �❡♠♣❡�❛�✉�❡

❛♥❞ �❤❡ ✜♥❛❧ �❡♠♣❡�❛�✉�❡ ❢♦� ❛❧❧ ❝❛❧❝✉❧❛�✐♦♥� ✐♥ ✜❣✳ ✺✽✳ ❚❤❡ ❜❛�❡ ❝❛❧❝✉❧❛�✐♦♥ ✐� ❜♦❧❞
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✽✻

❉✐�❝✉��✐♦♥

❉✉❡ �♦ �❤❡ ❧♦✇❡� ✐♥❧❡� �❡♠♣❡�❛�✉�❡� �❤❡ �❡�✉❧�� ♦❢ �❤❡ �✐♠✉❧❛�✐♦♥� ✇✐�❤ ∆T = (−1, −5)

✇❤❡�❡ ❡①♣❡❝�❡❞ �♦ ❛❝❤✐❡✈❡ ❧❡�� ❤❡❛� ��❛♥�❢❡� ❛♥❞ �❤❡�❡❢♦�❡ ❧❡�� �♦❧✐❞✐✜❝❛�✐♦♥ �❤❛♥ �❤❡

❜❛�❡ ♠♦❞❡❧✳ ❲❤❡♥ ❝♦♠♣❛�✐♥❣ ✜❣✳ ✺✶✱ ✺✹✱ ✺✺ ❛♥❞ ✺✽ �❤✐� ❛��✉♠♣�✐♦♥ ♣�♦✈❡� �♦ ❤❛✈❡

❜❡❡♥ ❛❝❝✉�❛�❡✳ ❚❤❡�❡❢♦�❡ �❤❡ ✈❛❧✉❡� ✇✐❧❧ ❜❡ ❞✐�❝✉��❡❞ ♦♥❧② �❤♦��❧②✱ ❛❧✇❛②� ✐♥ �❤❡ ♦�✲

❞❡� ∆T = (−1, −5, 10)K✱ ❛♥❞ �❤❡ ❢♦❝✉� ✇✐❧❧ �❤❡♥ ❜❡ ❧❡❞ ♦♥ ∆T = (−15,−20)K✳ ■�

✇❛� ❡①♣❡❝�❡❞ ❢♦� ❝❛❧❝✉❧❛�✐♦♥� ✇✐�❤ ❛ �♠❛❧❧❡� �❡♠♣❡�❛�✉�❡ ❞✐✛❡�❡♥❝❡ �♦ �❡�✉❧� ✐♥ �♠❛❧❧❡�

❤❡❛� ❡①❝❤❛♥❣❡ ❛♥❞ �❤❡�❡❢♦�❡ ❤✐❣❤❡� ❧✐%✉✐❞ ❢�❛❝�✐♦♥ ✈❛❧✉❡�✳ ❲❤❡♥ ❛♥❛❧②�✐♥❣ �❤❡ ✐♠♣♦�✲

�❛♥� ✈❛❧✉❡� ✐♥ �❛❜✳ ✶✾✱ ✷✵✱ ✷✶ ❛♥❞ ✷✷ ✐� ❝❛♥ ❜❡ ❝❧❡❛�❧② �❡❡♥ �❤❛� �❤✐� ✐� �❤❡ ❝❛�❡ ❢♦�

�❤❡ ❝♦��❡�♣♦♥❞✐♥❣ )❈▼ ❧✐%✉✐❞ ❢�❛❝�✐♦♥�✱ ❤❡❛� ✢✉①❡� ❛♥❞ )❈▼ �❡♠♣❡�❛�✉�❡✳ ❋♦� ❧✐%✲

✉✐❞ ❢�❛❝�✐♦♥ ❛♥❞ ❤❡❛� ✢✉① �❤❡ ✲✺❑ ✈❛❧✉❡� ❧❛② ✐♥ ❜❡�✇❡❡♥ �❤❡ ♦�❤❡� �✇♦ ✈❛❧✉❡�✳ ❋♦�

�❤❡ )❈▼ �❡♠♣❡�❛�✉�❡ �❤✐� ✐� ♥♦� �❤❡ ❝❛�❡ ❜✉� �❤✐� ✐� ♣�♦❜❛❜❧② ❛� �❤❡ ✜♥❛❧ ✈❛❧✉❡� ✇❡�❡

�❛❦❡♥ ❛♥❞ ♥♦� �❤❡ ❛✈❡�❛❣❡ ✈❛❧✉❡� ❛♥❞ ❤❛� ❛ ♥✉♠❡�✐❝❛❧ ♦�✐❣✐♥✳ ❚❤❡ ❋❋❚ ✐� �✐♠✐❧❛� ❢♦�

❛❧❧ ✈❛❧✉❡� ❜✉� ♥♦ ��❡♥❞ ❝❛♥ ❜❡ ❞❡�❡❝�❡❞✳ ❚❤❡ ❢♦❧❧♦✇✐♥❣ ♠❛①✐♠✉♠ ✈❛❧✉❡� ❝❛♥ ❜❡ ❢♦✉♥❞✿

(ν[Hz], qA[
kW
m2 ]) = (7.8, 219.3), (8.4, 87.3), (7.9, 87.1)✳

❲❤❡♥ ❝♦♠♣❛�✐♥❣ ∆T = −15❑ �♦ �❤❡ ❝✉�✈❡ ♦❢ �❤❡ ♠✉�❤② ♣❛�❛♠❡�❡� ✈❛�✐❛�✐♦♥� ✇✐�❤

Amush = 106 ❛♥❞ ∆T = −10❑ ✭❤❡�❡ Amush = 105✮ �❤❡�❡ ✐� ❡�♣❡❝✐❛❧❧② ❛� �❤❡ ❜❡❣✐♥♥✐♥❣ ❛

❣♦♦❞ �❡�❡♠❜❧❛♥❝❡✳ ❚❤❡ ✐♠♣♦��❛♥� ✈❛❧✉❡� ❝❛♥ ❜❡ ❢♦✉♥❞ ✐♥ �❛❜✳ ✷✸✳ ❆� �❤❡ ♠✉�❤② ♣❛�❛♠❡�❡�

❞❡�❝�✐❜❡� �❤❡ �♦❧✐❞✐✜❝❛�✐♦♥ ❛♥❞ �❤❡ ❤❡❛� ��❛♥�❢❡� ✐� ���♦♥❣❧② ❞❡♣❡♥❞❡♥� ♦♥ �❡♠♣❡�❛�✉�❡

❞✐✛❡�❡♥❝❡ ✐� ✇❛� ❡①♣❡❝�❡❞ ❢♦� ���♦♥❣❡� ∆T �♦ ❝♦♦❧ ❞♦✇♥ ❢❛��❡�✱ ✇❤❡�❡❛� ❢♦� ❤✐❣❤❡� Amush

�♦ �♦❧✐❞✐❢② ❢❛��❡�✳ ❲❤❡♥ ❝♦♠♣❛�✐♥❣ ♦♥❧② �❤❡ �❡�✉❧�� ❢♦� ❡❛❝❤ ✧❵❝❛❧❝✉❧❛�✐♦♥ ��❛❝❦✧✬ ✇✐�❤

❡❛❝❤ ♦�❤❡� �❤✐� ✐� ❞❡✜♥✐�❡❧② �❤❡ ❝❛�❡✳ ❲❤❡♥ ❝♦♠♣❛�✐♥❣ ❤♦✇❡✈❡�✱ �❤❡ �❡�✉❧�� ❛❝�♦�� �♦♠❡

✐♥�❡�❡��✐♥❣ ❜❡❤❛✈✐♦✉� ❝❛♥ ❜❡ �❡❡♥✳ ❆❧�❤♦✉❣❤ �❤❡ ✶✵✻ ❧✐♥❡ �❡❛❝❤❡� �❤❡ ♠❛✐♥ �♦❧✐❞✐✜❝❛�✐♦♥

♣❛�� ❡❛�❧✐❡� ❛♥❞ ✜♥✐�❤ ❢❛��❡�✱ �❤❡ ∆T = −15❑ ❧✐♥❡ �❡❛❝❤❡� ❛ ❤✐❣❤❡� �♦❧✐❞✐✜❝❛�✐♦♥ ❞✉�✐♥❣

�❤❡ ♠❛✐♥ ♣❛�� ❛♥❞ ❛❢�❡�✇❛�❞�✳ ❚❤✐� �❤♦✇� �❤❛� �❤❡ ♠❛✐♥ ♣❛�❛♠❡�❡� �♦ ❝♦♥��♦❧ �♦❧✐❞✐✜❝❛�✐♦♥

✐� ��✐❧❧ �❤❡ �❡♠♣❡�❛�✉�❡ ♦♥ ❛ ❣❧♦❜❛❧ �❝❛❧❡✳ ❚❤❡ ♠✉�❤② ♣❛�❛♠❡�❡� �❡❡♠� ♦♥❧② �♦ ❝♦♥��♦❧

�❤❡ ��❛��✐♥❣ �✐♠❡ ❛♥❞ �❤❡ �✐♠❡ ♥❡❝❡��❛�② ❢♦� �❤❡ ♠❛✐♥ �♦❧✐❞✐✜❝❛�✐♦♥ ♣❛��✳ ❋✉��❤❡�♠♦�❡

�❤❡ �♦❧✐❞✐✜❝❛�✐♦♥ ❢�♦♠ �❤❡ ∆T = −15❑ ❝❛❧❝✉❧❛�✐♦♥ �❡❡♠� �♦ ❜❡❝♦♠❡ ✉♥��❛❜❧❡ ✐♥ �❤❡ ❧❛��

�❡❝♦♥❞�✳

)❛�❛♠❡�❡� lPCM [%] t [s]

Amush = 106 ✽✶ ✼✹ ✻✷ ✶✹✳✵✺ ✶✼✳✽ ✹✺

∆T = −15K ✽✶ ✻✺ ✹✻ ✷✷ ✷✼✳✺ ✹✺

❚❛❜❧❡ ✷✸✿ ■♠♣♦��❛♥� ✈❛❧✉❡ ♦❢ �❤❡ ❧✐�✉✐❞ ❢�❛❝�✐♦♥ ✭❞❡❝�❡❛❡ �❛�� ❛♥❞ ❡♥❞✱ ❛ ✇❡❧❧ ❛ �❤❡ ✜♥❛❧

✈❛❧✉❡✮ ❢♦� �❤❡ ❝❛❧❝✉❧❛�✐♦♥ ✇✐�❤ ∆T = −15K ❛♥❞ Amush = 106 �❤❛� ❤❛�❡ ✐♠✐❧❛� ❜❡❤❛✈✐♦✉� ♦♥

❛ ❣❧♦❜❛❧ ❝❛❧❡

❲❤❡♥ ❝♦♠♣❛�✐♥❣ �❤❡ ❛✈❡�❛❣❡ )❈▼ �❡♠♣❡�❛�✉�❡� ✐� ✐� ✈✐�✐❜❧❡ �❤❛� �❤❡ �❡�✉❧�� ♦❢ �❤❡ ❧✐%✉✐❞

❢�❛❝�✐♦♥ ❞♦ ♥♦� ❝♦♥��❛❞✐❝� �❤❡ ✐♥✐�✐❛❧ ♣�❡♠✐�� ❝♦♠♣❧❡�❡❧②✳ ❚❤❡ ✐♠♣♦��❛♥� ❞❛�❛ ❝❛♥ ❜❡
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❢♦✉♥❞ ✐♥ 	❛❜✳ ✷✹✳ ❲❤✐❧❡ ❜♦	❤ ❝❛❧❝✉❧❛	✐♦♥� �❡❛❝❤ 	❤❡ ❧❛	❡♥	 �	❛❣❡ ♥❡❛�❧② ❛	 	❤❡ �❛♠❡ 	✐♠❡✱

✇❤✐❝❤ ❞♦❡� ♥♦	 ♠❛	❝❤ 	❤❡ ✐♠♣�❡��✐♦♥ ❢�♦♠ 	❛❜✳ ✷✸✱ 	❤❡ ❝❛❧❝✉❧❛	✐♦♥ ✇✐	❤ ✶✵✻ �	❛②� �❤♦�	❡�✳

■♥ 	❤❡ ❢♦❧❧♦✇✐♥❣ �❡♥�✐❜❧❡ �	❛❣❡ 	❤❡ ♠❛✐♥❧② �♦❧✐❞✐✜❡❞ !❈▼ ❝♦♦❧� ❢❛�	❡� ✐♥ 	❤❡ ❝❛❧❝✉❧❛	✐♦♥

✇✐	❤ ✲✶✺❑✳

!❛�❛♠❡	❡� 	 [s] TPCM2 [K]

�❡❛❝❤✐♥❣ ✷✽✺✳✶✼❑ �❡❛❝❤✐♥❣ ✷✽✺✳✶✸❑ 	❂✹✺ �

Amush = 106 ✺✳✵ ✶✾✳✺ ✷✽✹✳✼✽

∆T = −15K ✺✳✵ ✷✷✳✺ ✷✽✹✳✵✺

❚❛❜❧❡ ✷✹✿ ❚✐♠❡✲��❡♣� ♦❢ �❤❡ ❝❤❛♥❣❡� ✐♥ �❤❡ ❜❡❤❛✈✐♦✉� ♦❢ �❤❡ �❈▼ �❡♠♣❡�❛�✉�❡ ❢♦� �❤❡ ❝❛❧❝✉❧❛✲

�✐♦♥� ✇✐�❤ ∆T = −15K ❛♥❞ Amush = 106✱ �❤❛� �❤❛�❡ �✐♠✐❧❛� ❜❡❤❛✈✐♦✉� ♦♥ ❛ ❣❧♦❜❛❧ �❝❛❧❡

❚❤❡ ❜❡❤❛✈✐♦✉� ♦❢ 	❤❡ ❧✐+✉✐❞ ❢�❛❝	✐♦♥ ✐� ❝♦♥�✐�	❡♥	 ✇✐	❤ 	❤❡ ✈♦❧✉♠❡ ❢�❛❝	✐♦♥✳ ✭❋✐❣✳ ✺✹

❛♥❞ 	❛❜✳ ✷✵✮ ❚❤✐� ✐� ♠❛	❤❡♠❛	✐❝❛❧❧② ❡①♣❧❛✐♥❡❞✱ ❛� 	❤❡ ❧✐+✉✐❞ ❢�❛❝	✐♦♥ ❢♦� 	❤❡ !❈▼ ✇❛�

❡①	�❛❝	❡❞ ❜② 	❤❡ 	♦	❛❧ ✈❛❧✉❡ ✇✐	❤ 	❤❡ ❤❡❧♣ ♦❢ 	❤❡ ✈♦❧✉♠❡ ❢�❛❝	✐♦♥✳ ❚❤✐� ❜❡❤❛✈✐♦✉� ❝❛♥✱

❤♦✇❡✈❡�✱ ❛❧�♦ ❜❡ ❡①♣❧❛✐♥❡❞ ♦♥ ❛ ❜❛�✐� ♦❢ ✢✉✐❞✲❞②♥❛♠✐❝� ❛♥❞ 	❤❡�♠♦❞②♥❛♠✐❝�✳ ❆� 	❤❡

�♦❧✐❞✐✜❝❛	✐♦♥ ♣�♦❝❡�� ✐� ♥♦	 ❝♦♥�✐�	❡♥	 ❛♥❞ ❤❛� ❤✐❣❤❡� ❣�❛❞✐❡♥	�✱ 	❤✐� ❝♦✉❧❞ ✐♠♣❧② 	❤❛	 	❤❡

♦✐❧ ❝❛♥ ✜♥❞ ❛ ✇❛② 	❤�♦✉❣❤ 	❤❡ ❢�♦③❡♥ ❛�❡❛ ❛♥❞ �	❛�	 ✢♦✇✐♥❣ ❛❣❛✐♥✳ ❉✉❡ 	♦ ✐♥❝♦♠✐♥❣ ❛♥❞

♦✉	❣♦✐♥❣ ♦✐❧ ❛	 ❞✐✛❡�❡♥	 	✐♠❡ �	❡♣�✱ 	❤❡ ✈♦❧✉♠❡ ❢�❛❝	✐♦♥ ❞♦❡� ♥♦	 �	❛② ❝♦♥�	❛♥	 ❛♥② ♠♦�❡✳

❚❤✐� ❧❡❛❞� 	♦ ✐♥❝�❡❛�❡❞ ❜❛❝❦✲✢♦✇ ❛♥❞ 	❤❡�❡❢♦�❡ �♦❧✐❞✐✜❡❞ !❈▼ ❝❛♥ ❜❡ ❧✐+✉❡✜❡❞ ❜❛❝❦✱

�❡�✉❧	✐♥❣ ✐♥ ❛ ♣♦�✐	✐✈❡ ❤❡❛	 ✢✉①✱ ✇❤✐❝❤ �	❛②❡❞ ♥❡❣❛	✐✈❡ ✐♥ 	❤❡ �♠♦♦	❤❡❞ ♣❛�	 ♦❢ 	❤❡ �♦✲

❧✐❞✐✜❝❛	✐♦♥ ❛♥❞ ✈♦❧✉♠❡ ❢�❛❝	✐♦♥ ❧✐♥❡✱ ❛� �❡❡♥ ✐♥ ✜❣✳ ✺✺ ❛♥❞ 	❛❜✳ ✷✶✳ ❚❤❡ ❜❡❤❛✈✐♦✉� ✐�

	❤❡�❡❢♦�❡ �✐♠✐❧❛� 	♦ Amush = 106 ✐♥ ✜❣✳ ✹✺✱ ❡①❝❡♣	 ❢♦� 	❤❡ ❧❛�	 ❢❡✇ �❡❝♦♥❞� ✇✐	❤ ♣❡�✐♦❞✐❝

❜❡❤❛✈✐♦✉�✳

❚❤❡ ❋❋❚ ❝♦♠♣❛�✐�♦♥ ❝♦♥�✐�	� 	❤❡ ❡①♣❡❝	❡❞ �❤✐❢	 	♦ 	❤❡ ❧❡❢	 ❛	 ✐♥❝�❡❛�❡❞ 	✐♠❡ �	❡♣� ♦❢ 	❤❡

∆T = −15❑ ❧✐♥❡✳ ✭❋✐❣✳ ✺✼✮ ❆ ❝♦♠♣❛�✐�♦♥ 	♦ 	❤❡ ❝❛❧❝✉❧❛	✐♦♥ ✇✐	❤ ♠❜♦① Amush = 106

✭✜❣✳ ✹✽✮ �❤♦✇�✱ ❤♦✇❡✈❡�✱ ❛	 	❤❡ ✜��	 ❧♦♦❦ ❛ ❝♦♠♣❧❡	❡❧② ❞✐✛❡�❡♥	 ❋❋❚✳ ❋♦� ∆T = −15❑

	❤❡ �♣❡❝	�✉♠ ❢�♦♠ ✹ � 	♦ ✾ � �❤♦✇� ✶✵ ❞✐�❝�❡	❡ ♣❡❛❦�✱ ✇❤✐❧❡ 	❤❡ ♣❧♦	 ❢♦� Amush = 106

�❤♦✇� ♠✉❝❤ ♠♦�❡ ♥♦✐�❡✳ ❆ ❝❧♦�❡� ❧♦♦❦ �❡✈❡❛❧� 	❤❛	 ❛❧❧ ♣❡❛❦� ❛�❡ ❛	 �✐♠✐❧❛� ❛�❡❛� ❢♦� 	❤❡

♣❡�✐♦❞✐❝ ♣❛�	✳ ❚❤❡ ♠❛✐♥ ♣❡❛❦ ♦❢ ✻✳✵❍③ ❞♦❡� ❡①✐�	 ✐♥ Amush = 106 ❜✉	 ✐� �✉�♣❛��❡❞ ❜② ❛

♣❡❛❦ ❛	 ✺✳✵❍③✳ ❚❤❡ ❝♦♠♣❛�✐�♦♥ �❤♦�	❧② ❜❡❢♦�❡ 	❤❡ �	❛❣♥❛	✐♦♥ ♣❛�	 �❤♦✇� ❛ ♠✉❝❤ ♠♦�❡

�✐♠✐❧❛� ✐♠❛❣❡✱ ❛❧	❤♦✉❣❤ 	❤❡ ♣❡❛❦� ❛�❡ ❜❡		❡� ✈✐�✐❜❧❡ ❢♦� Amush = 106✳ ❊✈❡♥ 	❤❡ ♠❛✐♥

♣❡❛❦ ✐� ❛❧♠♦�	 ❡①❛❝	❧② ❛	 	❤❡ �❛♠❡ ❢�❡+✉❡♥❝② ✭✷✳✷❍③ ❛♥❞ ✷✳✵❍③✮✳ ❚❤❡ �	❛❣♥❛	✐♦♥ ♣❛�	

�❤♦✇� ♥♦ ❞❡	❡❝	❛❜❧❡ ♣❡�✐♦❞ ❢♦� Amush = 106✳ ❚❤❡ ∆T = −15❑ ❋❋❚ �❤♦✇� �♦♠❡ ✈❛❧✉❡�

❜❡❧♦✇ ✷❍③ ❜✉	 ✐♥ ❛ ♥❡❣❧✐❣✐❜❧❡ �❛♥❣❡✳ ❚❤❡ ❛♠♣❧✐	✉❞❡� ❢♦� 	❤❡ ∆T = −15❑ ❝❛❧❝✉❧❛	✐♦♥

�❤♦✇ ✈❛❧✉❡� 	✇✐❝❡ ❛� ❤✐❣❤ ❛� ❢♦� Amush = 106 ❢♦� ❛❧❧ �❛♥❣❡�✳ ❚❤✐� ✐� ♥♦	 ✉♥❡①♣❡❝	❡❞✱ ❛�
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❢�❛❝�✐♦♥ �❛❦❡� ♣❧❛❝❡ ❛� ✹✶ �✳ ❆� �❤❡ ✐♥❝♦♠✐♥❣ ♦✐❧ ❤❛� �♦ ❣♦ �♦♠❡✇❤❡�❡ ❜✉� ♠♦�� ♦❢ �❤❡
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❜♦��♦♠ ♣❛	� ✐� ♥♦✇ ❝♦♠♣❧❡�❡❧② ❢	♦③❡♥✱ �❤❡ ❍❚❋ ✉�❡� �❤❡ ♦♥❧② ♦✉�♣✉� ♣♦✐♥�� ♦♥ �❤❡ �♦♣

�✐❞❡ ♦❢ �❤❡ ♥❡❝❦ ❛✈❛✐❧❛❜❧❡ ❛♥❞ ❝	❡❛�❡� ❛ �❡❝♦♥❞ ��	❡❛♠ ♦♥ ❡①❛❝�❧② �❤❡ ♦♣♣♦�✐�❡ �✐❞❡ ♦❢ �❤❡

�❛♥❦✳ ❚❤❡ ✐♥�❡	❡��✐♥❣ ❢❛❝�♦	 ✐� ♥♦✇ �❤❡ ❧✐ ✉✐❞ ❢	❛❝�✐♦♥ ♦♥ �❤❡ �✉	❢❛❝❡✳ ■� ❝❛♥ ❜❡ �❡❡♥  ✉✐�❡

❝❧❡❛	❧② �❤❛� �❤❡ ♥❡✇ ❞✐�❤ ♦♥ �❤❡ 	✐❣❤� �✐❞❡ �✉		♦✉♥❞✐♥❣ �❤❡ ♦✐❧ ❝♦♥�✐��� ♦❢ ❛	❡❛� ✇✐�❤ ❛

"❈▼ ❧✐ ✉✐❞ ❢	❛❝�✐♦♥ ♦❢ ✸✵✪ ❛♥❞ ✉♣✇❛	❞�✳ ❚❤✐� �❤♦✇� �❤❛� ✇✐❞❡ ❛	❡❛� ♦❢ �❤❡ "❈▼ ❛	❡

��✐❧❧ ♠♦	❡ ♦	 ❧❡�� ✢✉✐❞✳ ❖♥❧② �❤❡ ��	❡❛♠ ❝♦♥♥❡❝�❡❞ �♦ �❤❡ ❞✐�❤ ✐� ❝♦♠♣❧❡�❡❧② �♦❧✐❞✐✜❡❞✳

❙♦♠❡ ❍❚❋ ✐� �❤❡	❡❢♦	❡ ❛❜❧❡ �♦ �❡♣❛	❛�❡ ❢	♦♠ �❤❡ ��	❡❛♠ ❛♥❞ ❧❡❛✈❡� �❤❡ �❛♥❦ ✐♥ ❢♦	♠ ♦❢

�❤❡ ❞	♦♣❧❡�✳ ❚❤✐�✱ ❤♦✇❡✈❡	✱ ❝	❡❛�❡� ❛ ❞	♦♣ ✐♥ �❤❡ ✈♦❧✉♠❡ ❢	❛❝�✐♦♥✱ ✇❤✐❝❤ ❤❛� �♦ ❜❡ ✜❧❧❡❞

❛� ✉�✉❛❧ ❜② �❤❡ ❞❡✜♥❡❞ ❜❛❝❦✲✢♦✇✱ ✇✐�❤ 	❡❧❛�✐✈❡❧② ❤♦� "❈▼✳ ❚❤✐� ♠❡❛♥� ❢♦	 �❤❡ 	❡�� ♦❢ �❤❡

❝❛❧❝✉❧❛�✐♦♥ �❤❛� ❋❧✉❡♥� ❤❛� �♦ �	② ♦♥❝❡ ❛❣❛✐♥ �♦ ✜♥❞ ❛ ❜❛❧❛♥❝❡❞ 	❡�✉❧� ❜② ✐♥❝	❡❛�✐♥❣ ❛♥❞

❞❡❝	❡❛�✐♥❣ ♣❛	❛♠❡�❡	�✱ ❧❡❛❞✐♥❣ �♦ ❛ ♣❡	✐♦❞✐❝ ✢✉❝�✉❛�✐♦♥ ♦❢ �❤❡ 	❡�✉❧��✳ ❚❤✐� ❝❛♥ ❜❡ ❜❡��

✈✐�✉❛❧✐�❡❞ ♦♥ �❤❡ ❧❡❢� ♣❛	� ♦❢ �❤❡ ♠♦❞❡❧✳ ❚❤❡ �✉	❢❛❝❡ ❛	❡❛ �❤❛� ❤❛❞ ❜❡❡♥ ❛❧♠♦�� ❝♦♠♣❧❡�❡❧②

�♦❧✐❞✐✜❡❞✱ ❡①❝❡♣� ❢♦	 �❤❡ �✉		♦✉♥❞✐♥❣� �❤♦✇� ✈❛❧✉❡� ✉♣ �♦ ✼✵✪ ✉♣ �♦ ✶♠♠ ❛✇❛② ❢	♦♠ �❤❡

�♦♣✱ ✐♥ �❤❡ ②✲❞✐	❡❝�✐♦♥✳ ❆ ❝♦♠♣❛	✐�♦♥ ♦♥ �❤❡ ❛✈❡	❛❣❡❞ "❈▼ ❧✐ ✉✐❞ ❢	❛❝�✐♦♥ ♦❢ �❤❡ �✉	❢❛❝❡

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

❛♥❞ ❜❡�✇❡❡♥ �❤❡ �❤✐	❞ ❛♥❞ �❤❡ ❢♦✉	�❤✳ ❆❧�♦ �❤❡ "❈▼ ❣❡�� ❧✐ ✉❡✜❡❞ ❜❡�✇❡❡♥ �❤❡ ❧❛�� �✇♦

✐♠❛❣❡�✳

❋♦	 ∆T = −20K ✐� ✇❛� ❡①♣❡❝�❡❞ �♦ ❛❝❤✐❡✈❡ ❛ ❢❛�� ❝♦♦❧✲❞♦✇♥ ❛♥❞ ❛ ❤✐❣❤❡	 �♦❧✐❞✐✜✲

❝❛�✐♦♥✳ ❚❤❡ ❞❡❝	❡❛�❡ ✐♥ �❤❡ ❧✐ ✉✐❞ ❢	❛❝�✐♦♥ ✐� ❝♦♥�✐��❡♥� ✇✐�❤ ❛ ❞❡❝	❡❛�❡ ✐♥ �❤❡ ✈♦❧✉♠❡

❢	❛❝�✐♦♥✳ ✭❋✐❣✳ ✺✹✱ ✜❣✳ ✺✶ ❛♥❞ ✺✹✱ ❛� ✇❡❧❧ ❛� �❛❜✳ ✶✾ ❛♥❞ ✷✵✮ ❆❝❝♦	❞✐♥❣ �♦ �❤❡ "❈▼ �❡♠✲

♣❡	❛�✉	❡ �❤❡	❡ ✐� ♥♦ ✈✐�✐❜❧❡ ❧❛�❡♥� ♣❛	�✳ ✭❋✐❣✳ ✺✽ ❛♥❞ �❛❜✳ ✷✷✮ ❉✉❡ �♦ �❤❡ ❤✐❣❤ �❡♠♣❡	❛�✉	❡

❞✐✛❡	❡♥❝❡ �❤❡ "❈▼ �♦❧✐❞✐✜❡� �♦ ❢❛�� �❤❛� ✐� ❝♦✉❧❞ ♥♦� ❜❡ ❞❡�❡❝�❡❞ ✇✐�❤ ❛ �❛✈✐♥❣ ✐♥�❡	✈❛❧

♦❢ ✵✳✺ �✳

❚❤❡ ❤❡❛� ✢✉① �❤♦✇� �❤	❡❡ ❛❜♥♦	♠❛❧✐�✐❡� ❜❡❢♦	❡ �❤❡ ��❛❣♥❛�✐♦♥ ♦❝❝✉	�✱ �❤❡ ✜	�� ❛♥❞ �❤❡

❧❛��❡	 ♦♥❡ ❝♦✉❧❞ ♥♦� ❜❡ 	❡�♦❧✈❡❞ ❢♦	 �❤❡ �❛♠❡ 	❡❛�♦♥✳ ✭❋✐❣✳ ✹✺ ❛♥❞ �❛❜✳ ✶✼✮ ❆❧�❤♦✉❣❤ ✐�

❝❛♥ ❜❡ ❛��✉♠❡❞ ❢	♦♠ ♣	❡✈✐♦✉� 	❡�✉❧�� �❤❛� ❛ �✉❜��❛♥�✐❛❧ ❛♠♦✉♥� ♦❢ ♦✐❧ ✐� ❧❡❛✈✐♥❣ �❤❡ �❛♥❦✱

❝♦♥�✐��❡♥� ✇✐�❤ ❛ ��	♦♥❣ ❜❛❝❦✲✢♦✇✱ ❧❡❛❞✐♥❣ �♦ �✉❝❤ ✐♠♠❡♥�❡ ✈❛❧✉❡�✳ ❚❤❡ �❡❝♦♥❞ ✈❛❧✉❡ ✐�

♥❡❣❛�✐✈❡ ❛♥❞ �❤♦✇� �❤❡ ❤❡❛� ✢✉① ✇❤❡♥ ♥♦ ♦✐❧ ✐� ❧❡❛✈✐♥❣ �❤❡ �❛♥❦✳ ❆❢�❡	 �❤❡ �❤✐	❞ ✈❛❧✉❡ �❤❡

❧✐♥❡ ❣♦❡� 	❡❧❛�✐✈❡❧② ❝❧♦�❡ �♦ ✵✱ ✇❤❡	❡ ✐� ❦✐♥❞ ♦❢ ��❛❣♥❛�❡�✳ ❆♥ ❛✈❡	❛❣❡ ♦❢ �❤❡ ❤❡❛� ✢✉① ✐♥

�❤✐� ✜	�� ♣❛	� ✐� ♥❡❣❛�✐✈❡ ✇✐�❤ ❛ 	❡❧❛�✐✈❡❧② ❤✐❣❤ ✈❛❧✉❡✱ ❝♦♠♣❛	❡❞ �♦ �❤❡ ♦�❤❡	 ❝❛❧❝✉❧❛�✐♦♥�✳

❚❤✐� ❡①♣❧❛✐♥� �❤❡ ❢❛�� ❝♦♦❧✲❞♦✇♥ ❛♥❞ �♦❧✐❞✐✜❝❛�✐♦♥✳ ■� ❝❛♥ ❜❡ ❝❧❡❛	❧② �❡❡♥ �❤❛� �❤❡ ❧✐♥❡

✐♥ �❤❡ ✧❵��❛❣♥❛�✐♦♥ ♣❛	�✧✬ ✐�  ✉✐�❡ �❤✐❝❦✱ �♦ ✐� ❝❛♥ ❜❡ ❛��✉♠❡❞ �❤❛� �❤❡	❡ ✐� �♦♠❡ ❦✐♥❞ ♦❢

♣❡	✐♦❞✐❝ ❜❡❤❛✈✐♦✉	✱ ✇❤✐❝❤ ❝♦✉❧❞ ♥♦� ❜❡ 	❡�♦❧✈❡❞ ✇✐�❤ ❛ ❋❋❚✳ ❚❤✐� ❛♥❞ �❤❡ ❞❛�❛ ❢♦	 ✈♦❧✉♠❡

❛♥❞ ❧✐ ✉✐❞ ❢	❛❝�✐♦♥ 	✉❧❡ �❤❡ ✈♦❧✉♠❡ ❢	❛❝�✐♦♥ ✭❛♥❞ �❤❡	❡❢♦	❡ ❜❛❝❦✲✢♦✇✮ ♦✉� ❛� ❛ ♣♦�❡♥�✐❛❧

❡①♣❧❛♥❛�✐♦♥✳ ❆ ✈✐�✉❛❧✐�❛�✐♦♥ ♦❢ �❤❡ ❤❡❛� ✢✉① ❝♦♥�♦✉	 ❛� ✹✸✳✺ � ✭�♦�❛❧ q = 2.48kW
m2 ✮ �❤♦✇�

�❤❡ ❝♦		❡❝� ♣♦�✐�✐✈❡ �✐❣♥ ❢♦	 �❤❡ ❍❚❋✱ ❛� ✇❡❧❧ ❛� �❤❡ ❝♦		❡❝� ♥❡❣❛�✐✈❡ �✐❣♥ ✐♥ ✇✐❞❡ ♣❛	��

♦❢ �❤❡ "❈▼ ❛♥❞ ❛	♦✉♥❞ ♠♦�� ♦❢ �❤❡ ❜♦✉♥❞❛	② ❜❡�✇❡❡♥✳ ❚❤❡	❡ ✐�✱ ❤♦✇❡✈❡	✱ ♦♥❡ �♠❛❧❧

❛	❡❛ ♦❢ �❤❡ "❈▼ ♥❡❛	 �❤❡ ❍❚❋ �❤♦✇✐♥❣ ❛ ✢✉① ♦❢ 4MW
m2 ✳ ❚❤✐� ✐♥❞✐❝❛�❡� �❤❛� �❤❡ "❈▼ ✐♥

�❤✐� ❛	❡❛ ✐� ❤❡❛�❡❞ ❢	♦♠ �❤❡ ♦✉��✐❞❡✳ ❆❞❞✐�✐♦♥❛❧❧② ❛ ❤❡❛� ✢✉① ♦♥ �❤❡ "❈▼ ✇✐�❤ �❧✐❣❤�❧②

♣♦�✐�✐✈❡ ✈❛❧✉❡ ❝❛♥ ❜❡ �❡❡♥ ✐♥ ❛ ✇✐❞❡ ❛	❡❛✳ ■�✬� ♦	✐❣✐♥ ✐� ♥♦� ❝❧❡❛	✳ ■❢ ✐� ❤❛❞ ❜❡❡♥ 	❡❧❛�❡❞

�♦ �❤❡ �❡� ♦✉�❧❡� �❡♠♣❡	❛�✉	❡ ❛♥ ❡✈❡♥ ❞✐��	✐❜✉�✐♦♥ ✇♦✉❧❞ ❜❡ ❡①♣❡❝�❡❞✳ ■� ✐� ✐♥�❡	❡��✐♥❣ �♦
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❋✐❣✉�❡ ✻✵✿ ▲✐�✉✐❞✲❢�❛❝�✐♦♥ ❢♦� ❞✐✛❡�❡♥� ✐♥❧❡� ✈❡❧♦❝✐�✐❡�

❉✶✷✱ �❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠✱ Ain = 4.6 · 10−7m2✱ Aout = 25m2✱

▼❡�❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠✱ vin = (0.2, 0.3, 0.4(base)) m
s
✱ Amush = 105✱

∆T = −10K

vin [
m
s
] lPCM [%]

t = 2.234 [s] t = 2.7 [s] t = 3.37 [s] t = 3.386 [s] t = 45.0 [s]

✵✳✷ ✾✽ ✾✼ ✻✼ ✼✼ ✸✷

✵✳✸ ✻✺ ✽✼ ✽✻ ✽✶

✵✳✹ ✾✽ ✾✼ ✾✵

❚❛❜❧❡ ✷✺✿ ■♠♣♦��❛♥� ✈❛❧✉❡� ♦❢ �❤❡ ❧✐�✉✐❞ ❢�❛❝�✐♦♥ ❢♦� �❤❡ ❝❛❧❝✉❧❛�✐♦♥� ✇✐�❤ vin = 0.2, 0.3 m
s
✳ ❋♦�

❝♦♠♣❛�✐�♦♥ �❤❡ ❜❛�❡ ❝❛❧❝✉❧❛�✐♦♥ ✇❛� ✐♥❝❧✉❞❡❞ ❜♦❧❞✳ ❚❤❡ ❝❛❧❝✉❧❛�✐♦♥ ✇✐�❤ 0.2 m
s

�❤♦✇� ❛ ♣❡❛❦

❛� ✷✳✷✸✹ � ❛♥❞ �❡❛❝❤❡� ✐�✬� ♦�✐❣✐♥❛❧ ✈❛❧✉❡ ❢♦❧❧♦✇❡❞ ❜② ❛ ✜♥❛❧ ❞�♦♣✳ ❚❤❡ ❝❛❧❝✉❧❛�✐♦♥ ✇✐�❤ 0.3 m
s

�❤♦✇� ❛ ♣❡❛❦ ❛� ✸✳✸✼ � ❛♥❞ �❡❛❝❤❡� ✐�✬� ♦�✐❣✐♥❛❧ ✈❛❧✉❡ ❢♦❧❧♦✇❡❞ ❜② ❛ �❤♦�� ❞�♦♣ ❛♥❞ ❛ ��❛❣♥❛�✐♦♥

❋✐❣✳ ✻✵ �❤♦✇� �❤❡ �❡�✉❧�� ❢♦� �❤❡ ❧✐%✉✐❞ ❢�❛❝�✐♦♥✳ ■� ❝❛♥ ❜❡ �❡❡♥ �❤❛� �❤❡ ❣�❛♣❤� ❢♦�

vin = 0.2, 0.3m
s
❤❛✈❡ �✇♦ ❞♦✇♥✇❛�❞ ❢❛❝✐♥❣ ♣❡❛❦� ❛� ✷✳✷✸✹ � ❛♥❞ ✸✳✸✼ �✳ ❋✉��❤❡�♠♦�❡ �❤❡

✜��� ♦♥❡ ��❛❣♥❛�❡� ❢�♦♠ ✶✵ �✱ ✇❤✐❧❡ �❤❡ ❧❛��❡� ❝❛❧❝✉❧❛�✐♦♥ ❦❡❡♣� ❞�♦♣♣✐♥❣ ✉♥�✐❧ �❡❛❝❤✐♥❣

✸✷✪✳ ❚❤❡ ❜❛�❡ ❝❛❧❝✉❧❛�✐♦♥ ❞♦❡� ♥♦� ❤❛✈❡ ❛♥② ❞❡�❡❝�❛❜❧❡ ❢❡❛�✉�❡�✳ ❚❤❡ ✐♠♣♦��❛♥� ✈❛❧✉❡�

❝❛♥ ❜❡ �❡❡♥ ✐♥ ✷✺✳
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1 mm^3 1 mm^31 mm^3
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xz

❋✐❣✉�❡ ✻✶✿ ❙❝�❡❡♥✲�❤♦
 �❡�✉❡♥❝❡ ♦❢ 
❤❡ 
♦
❛❧✲❧✐�✉✐❞✲❢�❛❝
✐♦♥ ❝♦♥
♦✉� ♦♥ ❛♥ ■❙❖✲�✉�❢❛❝❡ ✇✐
❤ ✺✵✪

✈♦❧✉♠❡ ❢�❛❝
✐♦♥ ❢♦� 
❤❡ �♦❧✐❞✐✜❝❛
✐♦♥ �
❡♣� ✇✐
❤ vin = 0.2 m
s
❑

❛✮ ✐♠❛❣❡ �❤♦✇✐♥❣ ❛♥ ❡✈❡♥❧② ✜❧❧❡❞ 
❛♥❦ ✇✐
❤ ❍❚❋ ✇✐
❤ ❛ �
�♦♥❣❡� �♦❧✐❞✐✜❡❞ ❝✉�✈❡❞ ❛�❡❛ ❜❡
✇❡❡♥

❝❡♥
�❡ ❛♥❞ ✇❛❧❧�

❜✮ ✐♠❛❣❡ �❤♦✇✐♥❣ ❛♥ ❛❧♠♦�
 ❝♦♠♣❧❡
❡❧② ✜❧❧❡❞ 
❛♥❦ ✇✐
❤ ❍❚❋ ❛♥❞ ❛ ✇✐❞❡� ❛♥❞ �
�♦♥❣❡� �♦❧✐❞✐✜❡❞

❛�❡❛ ❜❡
✇❡❡♥ ❝❡♥
�❡ ❛♥❞ ✇❛❧❧�

❝✮ ✐♠❛❣❡ �❤♦✇✐♥❣ ❛♥ ❛❧♠♦�
 ❝♦♠♣❧❡
❡❧② ✜❧❧❡❞ 
❛♥❦ ✇✐
❤ ❍❚❋ ❛♥❞ ❛ ♣❛
❤ 
♦ 
❤❡ ♦✉
❧❡
 ♦♥ 
❤❡ �✐❣❤


❝♦�♥❡� ✇✐
❤ ❛ ❝♦♠♣❧❡
❡❧② �♦❧✐❞✐✜❡❞ ❛�❡❛ ♦♥ 
❤❡ 
♦♣

❉✶✷✱ )❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠✱ Ain = 4.6 · 10−7m2✱ Aout = 25m2✱

▼❡�❤✿ ♠✉❧
✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠✱ vin = 0.2 m
s
✱ Amush = 105✱ ∆T = −10K

❆ ✈✐�✉❛❧✐�❛	✐♦♥ ❢♦ 0.2 m
s
✐♥ ✜❣✳ ✻✶ �❤♦✇� ❛ 	♦	❛❧ ❧✐�✉✐❞ ❢❛❝	✐♦♥ ❞❡�❝❡♥❞✐♥❣ 	♦ 	❤❡ ♠✐❞❞❧❡

♦❢ 	❤❡ ❝❡♥	❡ ❛♥❞ 	❤❡ ❡❞❣❡�✱ ❡❛❝❤✐♥❣ ❛ ��✉❛❡ �❤❛♣❡❞ ❛❡❛ ✇✐	❤ ❝✉✈❡❞ ❡❞❣❡� ♦❢ ✵✳✷♠♠

✇✐	❤ ✈❛❧✉❡� ❞♦✇♥ 	♦ ✻✻✪ ✐♥ ✜❣✳ ✻✶ ❛✮✳ ❚❤❡ ❛✈❡❛❣❡  ❈▼ ❧✐�✉✐❞ ❢❛❝	✐♦♥ ♦♥ 	❤✐� �✉❢❛❝❡

✐� ❛	 ✼✹✪✳

■♥ ✜❣✳ ✻✶ ❜✮ 	❤❡ ❛❡❛ ✐♥ 	❤❡ ❝❡♥	❡ �❤♦✇� ✈❛❧✉❡� ♦❢ 90 ± 2✪ ✱ 	❤❡ ❝♦❧❞❡�	 ❛❡❛ ✐♥❝❡❛�❡❞

	♦ ✵✳✼♠♠ ✇✐	❤ ✈❛❧✉❡� ❞♦✇♥ 	♦ ✻✵✪✳ ❚❤❡ ❛✈❡❛❣❡  ❈▼ ❧✐�✉✐❞ ❢❛❝	✐♦♥ ♦♥ 	❤✐� �✉❢❛❝❡ ✐�

❛	 ✻✻✪✳

❋✐❣✳ ✻✶ ❝✮ �❤♦✇� 	❤❡ ❝♦❧❞❡�	 ❛❡❛ ✇✐	❤ ✺✵✪ ❛	 	❤❡ 	♦♣ ♦❢ 	❤❡ �❧♦♣❡✱ ✇✐	❤ ❛ ✇✐❞	❤ ♦❢

✵✳✺♠♠✱ ❧❡❛✈✐♥❣ ♦✉	 ♦♥❧② ✵✳✼♠♠ 	♦ 	❤❡ ✐❣❤	 ❡❞❣❡ ♦♥ 	❤❡ ❢♦♥	✳ ❚❤❡ ✈❛❧✉❡� ✐♥ 	❤❡ ❝❡♥	❡

❞❡❝❡❛�❡❞ ❜② ✷✪ 	❤❡ ✈❛❧✉❡� ♦❢ ✐	✬� �✉♦✉♥❞✐♥❣� ✐♥❝❡❛�❡❞ 	♦ 70± 5✪✳ ❚❤❡ ❛✈❡❛❣❡  ❈▼

❧✐�✉✐❞ ❢❛❝	✐♦♥ ♦♥ 	❤✐� �✉❢❛❝❡ ✐� ❛	 ✼✵✪✳
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✾✸

1 mm^3 1 mm^3
y

1 mm^3 1 mm^3

y

xz

y

xz

a) b) c) d)b)

y

xz

y

xz

❋✐❣✉�❡ ✻✷✿ ❙❝�❡❡♥✲�❤♦
 �❡�✉❡♥❝❡ ♦❢ 
❤❡ 
♦
❛❧✲❧✐�✉✐❞✲❢�❛❝
✐♦♥ ❝♦♥
♦✉� ♦♥ ❛♥ ■❙❖✲�✉�❢❛❝❡ ✇✐
❤ ✺✵✪

✈♦❧✉♠❡ ❢�❛❝
✐♦♥ ❢♦� 
❤❡ �♦❧✐❞✐✜❝❛
✐♦♥ �
❡♣� ✇✐
❤ vin = 0.3 m
s
❑

❛✮ ✐♠❛❣❡ �❤♦✇✐♥❣ ❛♥ ❡✈❡♥❧② ✜❧❧❡❞ 
❛♥❦ ✇✐
❤ ❍❚❋ ✇✐
❤ ❛ �
�♦♥❣❡� �♦❧✐❞✐✜❡❞ ❝✉�✈❡❞ ❛�❡❛ ❜❡
✇❡❡♥

❝❡♥
�❡ ❛♥❞ ✇❛❧❧�

❜✮ ✐♠❛❣❡ �❤♦✇✐♥❣ ❛♥ ❛❧♠♦�
 ❝♦♠♣❧❡
❡❧② ✜❧❧❡❞ 
❛♥❦ ✇✐
❤ ❍❚❋ ❛♥❞ ❛ ✇✐❞❡� ❛♥❞ �
�♦♥❣❡� �♦❧✐❞✐✜❡❞

❛�❡❛ ❜❡
✇❡❡♥ ❝❡♥
�❡ ❛♥❞ ✇❛❧❧�

❝✮ ✐♠❛❣❡ �❤♦✇✐♥❣ ❛ ♣❛
❤ 
♦ 
❤❡ ♦✉
❧❡
 ❛
 
❤❡ ❧❡❢
 ✇❛❧❧ ❛♥❞ 
❤❡ ♠♦�
 �♦❧✐❞✐✜❡❞ ❛�❡❛ ♦♥ 
♦♣

❞✮ ✐♠❛❣❡ �❤♦✇✐♥❣ ❛ ♣❛
❤ 
♦ 
❤❡ ♦✉
❧❡
 ♦♥ 
❤❡ ❜❛❝❦ ❝♦�♥❡� ✇✐
❤ 
❤❡ ♠♦�
 �♦❧✐❞✐✜❡❞ ❛�❡❛ ♦♥ 
❤❡ 
♦♣

❉✶✷✱ )❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠✱ Ain = 4.6 · 10−7m2✱ Aout = 25m2✱

▼❡�❤✿ ♠✉❧
✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠✱ vin = 0.3 m
s
✱ Amush = 105✱ ∆T = −10K

❚❤❡ ✈✐�✉❛❧✐�❛�✐♦♥ ❢♦� 0.3 m
s
✐♥ ✜❣✳ ✻✷ �❤♦✇� ❛ �♦�❛❧ ❧✐�✉✐❞ ❢�❛❝�✐♦♥ ♥❡❛� ✶ ✐♥ ❛ ❝✐�❝✉❧❛�

�❤❛♣❡ ✐♥ �❤❡ ❝❡♥��❡ ✇✐�❤ ❛ ❞✐❛♠❡�❡� ♦❢ ✶✳✻♠♠ ❛♥❞ ♦♥ �❤❡ ❡❞❣❡� ✇✐�❤ ✵✳✶♠♠ ✐♥ �❤❡ ♠♦��

♥❛��♦✇ ♣❛�� ✐♥ ✜❣✳ ✻✷ ❛✮✳ ❚❤❡ ✈❛❧✉❡ ❞❡�❝❡♥❞� �♦ �❤❡ ♠✐❞❞❧❡ ♦❢ �❤❡ ❝❡♥��❡ ❛♥❞ �❤❡ ❡❞❣❡�✱

�❡❛❝❤✐♥❣ ❛ ��✉❛�❡ �❤❛♣❡❞ ❛�❡❛ ✇✐�❤ ❝✉�✈❡❞ ❡❞❣❡� ♦❢ ✵✳✸♠♠ ✇✐�❤ ✈❛❧✉❡� ❞♦✇♥ �♦ ✻✸✪✳ ❚❤❡

❛✈❡�❛❣❡  ❈▼ ❧✐�✉✐❞ ❢�❛❝�✐♦♥ ♦♥ �❤✐� �✉�❢❛❝❡ ❛� ✼✵✪✳

■♥ ✜❣✳ ✻✷ ❜✮ �❤❡ ❛�❡❛ ✐♥ �❤❡ ❝❡♥��❡ �❤♦✇� ✈❛❧✉❡� ♦❢ 89 ± 2✪ ✱ ❢♦� �❤❡ ♠♦�� ♣❛��✱ ✇✐�❤

❢♦✉� ❝✉�✈❡❞ ❛�❡❛� ♣♦✐♥�✐♥❣ �♦ �❤❡ ❝❡♥��❡✱ ♦♥ �❤❡ ❝�♦�� ❧✐♥❦✐♥❣ �❤❡ ❡❞❣❡� �♦ �❤❡ ❝❡♥��❡✱ ✇✐�❤

✈❛❧✉❡� ✉♣ �♦ ✾✻✪✳ ❚❤❡ ❝♦❧❞❡�� ❛�❡❛ ✐♥❝�❡❛�❡❞ �♦ ✵✳✼♠♠ ✇✐�❤ ✈❛❧✉❡� ❞♦✇♥ �♦ ✺✼✪✳ ❚❤❡

❛✈❡�❛❣❡  ❈▼ ❧✐�✉✐❞ ❢�❛❝�✐♦♥ ♦♥ �❤✐� �✉�❢❛❝❡ ✐� ❛� ✺✻✪✳

❋✐❣✳ ✻✷ ❝✮ �❤♦✇� �♠❛❧❧ ❛�❡❛� ♥❡❛� �❤❡ �❧♦♣❡ ❞♦✇♥ �♦ ✺✾✪✱ ❛♥❞ �❤❡ ♠❛✐♥ ❛�❡❛ ✐♥ �❤❡ �❛♥❣❡

�❛♥❣❡ ♦❢ 94± 2✪✳ ❚❤❡ ❛✈❡�❛❣❡  ❈▼ ❧✐�✉✐❞ ❢�❛❝�✐♦♥ ♦♥ �❤✐� �✉�❢❛❝❡ ✐� ❛� ✺✸✪✳

❋✐❣✳ ✻✷ ❞✮ �❤♦✇� �❤❡ ❝♦❧❞❡�� ❛�❡❛ ✇✐�❤ ✻✵✪ ❛� �❤❡ �♦♣ ♦❢ �❤❡ �❧♦♣❡ ❛♥❞ ♥❡❛� �❤❡ ❡❞❣❡�✱

❝♦♠♣♦�❡❞ ♦✉� ♦❢ �♠❛❧❧ ♣✐❡❝❡� ✇✐�❤ ♦♥❧② ❛ ❢❡✇ ❝❡❧❧�✳ ❚❤❡ ✈❛❧✉❡ ✐♥ �❤❡ ❝❡♥��❡ ✐� ��✐❧❧ ✉♣ �♦

✾✻✪✱ ❡①❝❡♣� �♦ ❝❡❧❧� ❝❧♦�❡� �♦ ✶✱ ❛♥❞ ✐�✬� �✉��♦✉♥❞✐♥❣� ❤❛✈❡ ✇✐❞❡� ❛�❡❛� ✐♥ �❤❡ �❛♥❣❡ ♦❢

80± 4✳ ❚❤❡ ❛✈❡�❛❣❡  ❈▼ ❧✐�✉✐❞ ❢�❛❝�✐♦♥ ♦♥ �❤✐� �✉�❢❛❝❡ ❛�❡❛ ✐� ❛� ✻✵✪✳
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❋✐❣✉�❡ ✻✸✿ ❱♦❧✉♠❡✲❢	❛❝�✐♦♥ ❢♦	 ❞✐✛❡	❡♥�

✐♥❧❡� ✈❡❧♦❝✐�✐❡�

❉✶✷✱ �❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠✱

Ain = 4.6 · 10−7m2✱ Aout = 25m2✱

▼❡�❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠✱

vin = (0.2, 0.3, 0.4(base)) m
s
✱ Amush = 105✱

∆T = −10K

� � � � � � �
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❋✐❣✉�❡ ✻✹✿ ❋✐	�� ✻ � ♦❢ �❤❡ ❤❡❛� ✢✉① ❢♦	

❞✐✛❡	❡♥� ✐♥❧❡� ✈❡❧♦❝✐�✐❡�

❉✶✷✱ �❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠✱

Ain = 4.6 · 10−7m2✱ Aout = 25m2✱

▼❡�❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠✱

vin = (0.2, 0.3, 0.4(base)) m
s
✱ Amush = 105✱

∆T = −10K

vin [
m
s
] lPCM [%]

t = 2.2 [s] t = 2.7 [s] t = 3.376 [s] t = 4 [s] t = 45.0 [s]

✵✳✷ ✻✻ ✽✺ ✶✵✵ ✽✻ ✽✽

✵✳✸ ✾✾ ✼✾ ✽✼ ✽✻

✵✳✹ ✶✵

❚❛❜❧❡ ✷✻✿ ■♠♣♦	�❛♥� ✈❛❧✉❡� ♦❢ �❤❡ ✈♦❧✉♠❡ ❢	❛❝�✐♦♥ ❢♦	 �❤❡ ❝❛❧❝✉❧❛�✐♦♥� ✇✐�❤ vin = 0.2, 0.3 [m
s
] ✐♥

✜❣✳ ✻✸✳ ❋♦	 ❝♦♠♣❛	✐�♦♥ �❤❡ ✈❛❧✉❡ ♦❢ �❤❡ ❜❛�❡ ♠♦❞❡❧ ✐� ❜♦❧❞✳ ❚❤❡ ❝❛❧❝✉❧❛�✐♦♥ ✇✐�❤ 0.2 m
s
�❤♦✇�

❛ ♣❡❛❦ ❛� ✸✳✸✼✻ �✱ ❢♦❧❧♦✇❡❞ ❜② ❛ ❞	♦♣ ❛� ✹ � ❛♥❞ ❛ �❧♦✇ 	✐�❡ ✉♥�✐❧ ✐�✬� ✜♥❛❧ ✈❛❧✉❡✳ ❚❤❡ ❝❛❧❝✉❧❛�✐♦♥

✇✐�❤ 0.3 m
s
�❤♦✇� ❛ ♣❡❛❦ ❛	 ✷✳✷ �✱ ❢♦❧❧♦✇❡❞ ❜② ❛ ❞�♦♣ ❛	 ✷✳✼ � ❛♥❞ ❛ �❧♦✇ �✐�❡ ✉♥	✐❧ ✐	✬� ✜♥❛❧ ✈❛❧✉❡

❋✐❣✳ ✻✸ �❤♦✇� �❤❡ ❡�✉❧�� ❢♦ �❤❡ ✈♦❧✉♠❡ ❢❛❝�✐♦♥✳ ■� ❝❛♥ ❜❡ ❝❧❡❛❧② �❡❡♥ �❤❛� �❤❡ ✈❛❧✉❡�

❢♦ vin = 0.2 , 0.3 m
s
�❤♦✇ ♦♥❡ ♣❡❛❦ ❛� ✸✳✸✼✻ � ❛♥❞ ✷✳✷ � �♦ ✶✵✵✪ ❛♥❞ ✾✾✪✱ ❢♦❧❧♦✇❡❞ ❜②

❛ ��❛❣♥❛�✐♦♥✳ ❚❤❡ ❧✐♥❡ ❢♦ vin = 0.4 m
s
�❤♦✇� ❛ ♣❡✐♦❞✐❝ ❜❡❤❛✈✐♦✉ ❢♦ �❤❡ ✇❤♦❧❡ ✹✺ �✱

✇✐�❤♦✉� ❛♥② ✈✐�✐❜❧❡ ❞❡✈✐❛�✐♦♥✳ ❚❤❡ ✐♠♣♦�❛♥� ✈❛❧✉❡� ❝❛♥ ❜❡ �❡❡♥ ✐♥ �❛❜✳ ✷✻✳

vin[
m
s
] �✐♠❡ ❛♥❣❡ [ms] q̄ [kW

m2 ] Tout [K] Tin [K] Ā [m2]

❋❧✉❡♥� ✇✐�❤ ✭✶✮

✵✳✷ ❬✹✷✼✹❀✹✺✵✵✵❪ ✲✹✳✽ ✲❬✶✻❀✸✳✷❪ ❬✷✼✼✳✻✷❀✷✼✺✳✻✽❪ ✷✼✺✳✶✺ 2.5 · 10−5

✵✳✸ ❬✷✽✵✹❀✹✺✵✵✵❪ ✲✶✳✺ ✲✷✳✾ ❬✷✼✽✳✶✼❀✷✼✽✳✶✻❪ ✷✼✺✳✶✺ 2.5 · 10−5

✵✳✹ ❬✷✾✺❀✹✺✵✵✵❪ ✲✾✳✻ ✲✷✵ ≈ 279.15 ✷✼✺✳✶✺ 7 · 10−5

❚❛❜❧❡ ✷✼✿ ❆✈❡�❛❣❡ ❤❡❛	 ✢✉①❡� ❢♦� ❞✐✛❡�❡♥	 ♣❛�	� ♦❢ ❛❧❧ ❝❛❧❝✉❧❛	✐♦♥� ✐♥ ✜❣✳ ✻✹✱ ❛� ✇❡❧❧ ❛� 	❤❡

❝♦��❡�♣♦♥❞✐♥❣ ✈❛❧✉❡� ❢♦� ❤❛♥❞ ❝❛❧❝✉❧❛	✐♦♥�✱ ✇✐	❤ 	❤❡ ❜❛	❡ ♠♦❞❡❧ ✐♥ ❜♦❧❞✳
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❋✐❣✉�❡ ✻✺✿ ❆✈❡�❛❣❡ �❡♠♣❡�❛�✉�❡ ♦❢ ❈▼✷

❢♦� ❞✐✛❡�❡♥� ✐♥❧❡� ✈❡❧♦❝✐�✐❡�

❉✶✷✱ ❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠✱

Ain = 4.6 · 10−7m2✱ Aout = 25m2✱

▼❡�❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠✱

vin = (0.2, 0.3, 0.4(base)) m
s
✱ Amush = 105✱

∆T = −10K

�� �� �� ��
������

��	���

������
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���

������

�
����
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�
�
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�
��
��
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���������
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��������
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❋✐❣✉�❡ ✻✻✿ ❆✈❡�❛❣❡ �❡♠♣❡�❛�✉�❡ ♦❢ ❉✶✷

❢♦� ❞✐✛❡�❡♥� ✐♥❧❡� ✈❡❧♦❝✐�✐❡�

❉✶✷✱ ❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠✱

Ain = 4.6 · 10−7m2✱ Aout = 25m2✱

▼❡�❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠✱

vin = (0.2, 0.3, 0.4(base)) m
s
✱ Amush = 105✱

∆T = −10K

❋✐❣✳ ✻✹ �❤♦✇� �❤❡ �❡�✉❧�� ❢♦� ❤❡❛� ✢✉①✳ ■� ❝❛♥ ❜❡ ❝❧❡❛�❧② �❡❡♥ �❤❛� �❤❡ ✈❛❧✉❡� ❢♦�

vin = 0.2, 0.3m
s
�❤♦✇� ♣❡❛❦�✳ ❚❤❡ ❝❛❧❝✉❧❛�✐♦♥ ✇✐�❤ vin = 0.2 m

s
�❤♦✇� ♦♥❡ ❛� ✸✳✸ � ✇✐�❤

q = 2.1 MW
m2 ✱ �❤❡ vin = 0.3 m

s
�❤♦✇� �❤❡ ♠❛✐♥ ♣❡❛❦ ❛� ✷✳✸ � ✇✐�❤ q = 1.5 MW

m2 ❛♥❞ ❛ �❡❝♦♥❞

♣❡❛❦ ❛� ✷✳✹ � ✇✐�❤ q = 1.2 MW
m2 ✳ ❚❤❡ ✈❛❧✉❡� ♦❢ �❤❡ ❢♦❧❧♦✇✐♥❣ ��❛❣♥❛�✐♦♥ ♣❛��✱ ❛� ✇❡❧❧ ❛�

❝♦��❡�♣♦♥❞✐♥❣ ❤❛♥❞ ❝❛❧❝✉❧❛�✐♦♥� ❝❛♥ ❜❡ �❡❡♥ ✐♥ �❛❜✳ ✷✼✳

vin[
m
s
] � [s] TPCM2 K

�❡❛❝❤✐♥❣ ✷✽✺✳✶✼❑ �❡❛❝❤✐♥❣ ✷✽✺✳✶✸❑ �❂✹✺ �

✵✳✷ ✸✳✺ ✼✳✺ ✷✽✸✳✽✸

✵✳✸ ✷✳✺ > 45 ✷✽✺✳✶✼

✵✳✹ ✺✳✵ > 45 ✷✽✺✳✶✼

❚❛❜❧❡ ✷✽✿ ❚✐♠❡ �❛♥❣❡ ♦❢ �❤❡ ❈▼ �❡♠♣❡�❛�✉�❡ �❤❛� ✐� ��❛②� ♥❡❛� �❤❡ �♦❧✐❞✐✜❝❛�✐♦♥ �❡♠♣❡�❛�✉�❡✱

�❤❡ �✐♠❡ ��❡♣ ✐� �❡❛❝❤❡� �❤❡ ✐♥❧❡� �❡♠♣❡�❛�✉�❡ ❛♥❞ �❤❡ ✜♥❛❧ �❡♠♣❡�❛�✉�❡ ❢♦� ❛❧❧ ❝❛❧❝✉❧❛�✐♦♥� ✐♥ ✜❣✳

✻✺✱ ✇✐�❤ �❤❡ ❜❛�❡ ♠♦❞❡❧ ✐♥ ❜♦❧❞✳

❚❤❡ )❈▼ �❡♠♣❡�❛�✉�❡ ♣❧♦� ✐♥ ✜❣✳ ✹✾ �❤♦✇� �❤❛� vin = 0.2, m
s
�❤♦✇� ❛ ❧✐♥❡❛� ❞❡❝�❡❛�❡✱

❢♦❧❧♦✇❡❞ ❜② ❛ ♣❧❛�❡❛✉ ❜❡�✇❡❡♥ ✸✳✺ � ❛♥❞ ✼✳✺ � ❜❡❢♦�❡ ❞❡❝�❡❛�✐♥❣ ❢✉��❤❡�✱ �❡.❛❝❤✐♥❣ ❛ ❧✐♥✲

❡❛�✐�② ❛❢�❡� ❛❜♦✉� ✷✵ �✳ ❚❤❡ ❝❛❧❝✉❧❛�✐♦♥� ✇✐�❤ vin = 0.3, 0.4 m
s
❤❛✈❡ ♦♥❡ ♥❡❛�❧② ❧✐♥❡❛�

❞❡❝�❡❛�❡✱ ❢♦❧❧♦✇❡❞ ❜② ❛ ��❛❣♥❛�✐♦♥ ♣❛��✳ ❚❤❡ ✐♠♣♦��❛♥� ✈❛❧✉❡� ❛�❡ ❧✐��❡❞ ✐♥ �❛❜✳ ✶✽✳

❚❤❡ ❛✈❡�❛❣❡ ❍❚❋ �❡♠♣❡�❛�✉�❡ ✐♥ ✜❣✳ ✻✻ �❤♦✇� �❤❛� �❤❡ 0.2 m
s
❧✐♥❡ ❝♦♦❧� ❧✐♥❡❛�❧② �♦

✷✼✻✳✾✼❑ ❛❢�❡� ✸✳✺ �✱ ✇❤❡�❡ ✐� ��❛②� ❝♦♥��❛♥� ❢♦� ✶✳✺ �✳ ❚❤❡ �❡♠♣❡�❛�✉�❡ ❝♦♥�✐♥♦✉� �♦
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✾✻

❞❡❝�❡❛�❡ �❧♦✇❧② ✉♥�✐❧ �❡❛❝❤✐♥❣ ✐�✬� ✜♥❛❧ ✈❛❧✉❡ ♦❢ ✷✼✺✳✾✾❑✳ ❚❤❡ 0.3 m
s
❧✐♥❡ ❝♦♦❧� ❧✐♥❡❛�❧② �♦

✷✼✽✳✺✽❑ ❛❢�❡� ✷✳✵ �✱ ✇❤❡�❡ ✐� ��❛②� ❝♦♥��❛♥� ❢♦� ✶✳✵ �✳ ❆ �❧♦✇ ❞�♦♣ �♦ ✷✼✽✳✷✾❑ ✐� �❡❛❝❤❡❞

❛� ✻ � ❢♦❧❧♦✇❡❞ ❜② ❛ �❧♦✇ ✐♥❝�❡❛�❡ ✉♥�✐❧ �❡❛❝❤✐♥❣ ✐�✬� ✜♥❛❧ ✈❛❧✉❡ ♦❢ ✷✼✽✳✼✵❑✳

❉✐�❝✉��✐♦♥

❇♦�❤ ❝❛❧❝✉❧❛�✐♦♥� �❤♦✇ ♥♦ ❞�♦♣❧❡� ❢♦�♠❛�✐♦♥ ❛� ❛❧❧ ❛♥❞ ♦♥❧② ♦♥❡ ♦❢ �❤❡♠ �❤♦✇� �♦❧✐❞✐✲

✜❝❛�✐♦♥ �♦ ❛ �✉✣❝✐❡♥� ❡①�❡♥�✳ ❋✉��❤❡�♠♦�❡ �❤❡ �❡�✉❧�� ♦❢ ❜♦�❤ ❝❛❧❝✉❧❛�✐♦♥� ❛�❡ �✐♠✐❧❛�

�♦ ❡❛❝❤ ♦�❤❡�✱ ❧❡❛✈✐♥❣ ♦✉� �❤❡ ♥❡❝❡��✐�② ♦❢ ❞❡�❝�✐❜✐♥❣ ❡❛❝❤ ❝❛❧❝✉❧❛�✐♦♥ ✐�♦❧❛�❡❞ ❢�♦♠ ❡❛❝❤

♦�❤❡�✳ ❚❤❡ ❧✐*✉✐❞ ❢�❛❝�✐♦♥ �❤♦✇� �❤❡ �❛♠❡ ❜❡❤❛✈✐♦✉�✱ ❛❧�❤♦✉❣❤ ✇✐�❤ �❧✐❣❤�❧② ❞✐✛❡�❡♥�

♣❡❛❦�✳ ✭❋✐❣✳ ✻✵ ❛♥❞ �❛❜✳ ✻✵✮ ❉✉❡ �♦ �❤❡ �❛✈✐♥❣ ✐♥�❡�✈❛❧ ♦❢ ✵✳✺ � �❤❡ ♣❡❛❦ ❝♦✉❧❞ ♦♥❧② ❜❡

�❡�♦❧✈❡❞ ❢♦� �❤❡ ❤✐❣❤❡� ✈❡❧♦❝✐�②✳ ❆� �❡�✉❧�� ❛�❡ �✐♠✐❧❛� ✐� ❝❛♥ ❜❡ ❛��✉♠❡❞ ✇✐�❤ ❤✐❣❤ ❝❤❛♥❝❡

�❤❛� �❤❡ ♦�✐❣✐♥ ♦❢ �❤✐� ♣❡❛❦ ✐� �❤❡ �❛♠❡ ❢♦� ❜♦�❤ ❝❛❧❝✉❧❛�✐♦♥�✳

❚❤❡ ♣❡❛❦ ♠❛�❝❤❡� �❤❡ ✈♦❧✉♠❡ ❢�❛❝�✐♦♥ ♣❡❛❦ ✇✐�❤ ❛ ♣�❡❝✐�✐♦♥ ♦❢ ✵✳✵✶ �✳ ✭❋✐❣✳ ✻✸ ❛♥❞

�❛❜✳ ✻✸✮ ❚❤✐� �❤♦✇� ❛❧�♦✱ �❤❛� �❤❡ ❍❚❋ ♣✉�❤❡� ♦✉� ♠♦�� ♦❢ �❤❡ 2❈▼ ✐♥ �❤❡ �❛♥❦✳

❆♥ ✐♠❛❣❡ �❡�✐❡� ♦❢ �❤❡ �♦�❛❧ ❧✐*✉✐❞ ❢�❛❝�✐♦♥ ♦♥ �❤❡ ■❙❖✲�✉�❢❛❝❡ ❢♦� ✺✵✪ ✈♦❧✉♠❡ ❢�❛❝�✐♦♥

❝❛♥ ❜❡ �❡❡♥ ✐♥ ✜❣✳ ✻✶ ❛♥❞ ✻✷✳ ■♥ ❜♦�❤ ❝❛❧❝✉❧❛�✐♦♥� �❤❡ ❍❚❋ ✜❧❧� �❤❡ �❛♥❦ ❝♦♥�✐♥✉♦✉�❧②✱

❤♦✇❡✈❡� ❢♦� �❤❡ ❤✐❣❤❡� ✈❡❧♦❝✐�② ❛ ❜❡��❡� ��② ♦❢ ❛ ❞�♦♣❧❡� ❢♦�♠❛�✐♦♥ ❝❛♥ ❜❡ �❡❡♥✳ ❚❤✐�

❝♦♥��❛❞✐❝�� �❤❡ �❡�✉❧�� ♦❢ ✜❣✳ ✶✵✱ ✇❤❡�❡ ❛ ���❡❛♠ ✇✐�❤ ✸♠♠ ❧❡♥❣�❤ �❤♦✉❧❞ ❛♣♣❡❛� ❢♦�

0.2 m
s
❛♥❞ ✽♠♠ ❧❡♥❣�❤ ❢♦� 0.3 m

s
✳ ❚❤❡ ❞✐�❝�❡♣❛♥❝✐❡� ✐♥ �❤❡ ✈❛❧✉❡ ❝❛♥ ♣�♦❜❛❜❧② ❜❡ �❡❧❛�❡❞

�♦ �❤❡ ❞✐✛❡�❡♥� ♠❛�❡�✐❛❧� ♣�♦♣❡��✐❡� ✉�❡❞✳ ◆❡✈❡��❤❡❧❡�� ♥♦� ❡✈❡♥ �❤❡ *✉❛❧✐�❛�✐✈❡ ✐♠♣�❡��✐♦♥

✐� �❤❡ �❛♠❡✳ ❚❤✐� ❝❛♥ ❜❡ ❡①♣❧❛✐♥❡❞ ❛� ❛ ❝♦♠❜✐♥❛�✐♦♥ ♦❢ �❤❡ �❡❧❛�✐✈❡❧② ❧♦✇ ✈❡❧♦❝✐�② ❛♥❞ �❤❡

❝♦♥�❛❝� ❛♥❣❧❡ ♦❢ ✸✵➦✳ ❚❤❡ ❝❛❧❝✉❧❛�✐♦♥ ✇✐�❤ �❧♦✇❡� ✈❡❧♦❝✐�② ♥❡❡❞� ♠♦�❡ �✐♠❡ �♦ �❡❛❝❤ �❤❡

♦✉�❧❡�✱ ❧❡❛❞✐♥❣ �♦ ♣❡❛❦� ♠♦�❡ ♦♥ �❤❡ �✐❣❤� �❤❛♥ ❢♦� �❤❡ ❤✐❣❤❡� ✈❡❧♦❝✐�②✳

❚❤✐� ❣♦❡� ❛❧�♦ ❢♦� �❤❡ ❤❡❛� ✢✉① �❤♦✇♥ ✐♥ ✜❣✳ ✻✹✳ ❚❤❡ �✐♠✉❧❛�✐♦♥ ✇✐�❤ �❤❡ ❢❛��❡� ✈❡❧♦❝✐�②

❤❛� �✇♦ ♣❡❛❦� ❝❧♦�❡ �♦ ❡❛❝❤ ♦�❤❡�✱ ✇❤✐❝❤ ❝♦✉❧❞ ♥♦� ❜❡ �❡�♦❧✈❡❞ ❞✉❡ �♦ �❤❡ �❛✈❡❞ �✐♠❡

✐♥�❡�✈❛❧✳ ■� ✐� ✐♥�❡�❡��✐♥❣ �♦ ♥♦�❡ �❤❛� ❍❚❋ ✢♦✇ ✐� ❞✐✛❡�❡♥�✱ ✇❤❡♥ �❡❛❝❤✐♥❣ �❤❡ ♦✉�❧❡�✳

❚❤❡ ✜♥❛❧ ✐♠❛❣❡� ❛�❡ �✐♠✐❧❛�✱ ❜✉� ♦♥ ❞✐✛❡�❡♥� ♣♦�✐�✐♦♥� ♦❢ �❤❡ �❛♥❦✳ ❚❤✐� ❜❡❤❛✈✐♦✉� ❝❛♥♥♦�

❜❡ ❡①♣❧❛✐♥❡❞✱ ❛� �♠❛❧❧ ❝❤❛♥❣❡� ✐♥ �❤❡ ✢♦✇ ❝♦✉❧❞ ♥♦� ❜❡ �❡�♦❧✈❡❞✳ ❍♦✇❡✈❡�✱ �❤❡�❡ ❛♣♣❡❛��

�♦ ❜❡ ❣�❡❛� �✐♠✐❧❛�✐�② ✐♥ �❤❡ ✈✐�✉❛❧✐�❛�✐♦♥ ♦❢ �❤❡ ❜❡❣✐♥♥✐♥❣ ��❡♣�✳ ❚❤❡ ✈❛❧✉❡ ❢♦� ✺✳✺ � ❢♦�

�❤❡ �❧♦✇❡� ✈❡❧♦❝✐�②✱ ✇❤❡�❡ ��❛❣♥❛�✐♦♥ ✐� �❡❛❝❤❡❞✱ ✐� ❛� ✸✷✪ ❛♥❞ ❢♦� ❝♦♠♣❛�✐�♦♥ ❛� ✻✷✪ ❢♦�

�❤❡ ❤✐❣❤❡� ✈❡❧♦❝✐�②✱ ❛� �❤❡ �❛♠❡ �✐♠❡✳ ❚❤❡�❡ ✈❛❧✉❡� ❣♦ ✇❡❧❧ ✇✐�❤ �❤❡ ❧✐*✉✐❞ ❢�❛❝�✐♦♥ ♦✈❡�

�❤❡ ❝♦♠♣❧❡�❡ ♠♦❞❡❧ ❛♥❞ �❤♦✇ �❤❛� �❤❡ 0.3 m
s
❝❛❧❝✉❧❛�✐♦♥ �♦❧✐❞✐✜❡� ❢❛��❡� ❛� �❤❡ ❜❡❣✐♥♥✐♥❣✱

❜✉� ❦❡❡♣� ✐�✬� ��❛�❡ ❛❢�❡� ✸ �✱ ✇❤❡�❡❛� �❤❡ 0.2 m
s
❝❛❧❝✉❧❛�✐♦♥ ✐� ❛❜❧❡ �♦ �❡❛❝❤ ❛ ��❛�❡ ♦❢

�♦❧✐❞✐✜❝❛�✐♦♥ ❡✈❡♥�✉❛❧❧②✳

❚❤✐� ❝❛♥ ❛❧�♦ ❜❡ �❡❡♥ ✐♥ �❤❡ 2❈▼ �❡♠♣❡�❛�✉�❡ ♣❧♦� ✐♥ ✜❣✳ ✻✺ ❛♥❞ �❛❜✳ ✜❣✳ ✷✽✳ ❚❤❡ ❤✐❣❤❡�

✈❡❧♦❝✐�② ❢♦❧❧♦✇� ❛ �✐♠✐❧❛� ♣❛�❤ ❛� �❤❡ ❜❛�❡ ❝❛❧❝✉❧❛�✐♦♥✱ ❛❧�❤♦✉❣❤ �❤❡ ✢♦✇ ✐� ❝♦♠♣❧❡�❡❧②

❞✐✛❡�❡♥�✳ ❚❤❡ �❧♦✇❡� ✈❡❧♦❝✐�②✱ ♦♥ �❤❡ ♦�❤❡� ❤❛♥❞✱ �❤♦✇� ❛ �❤♦�� ❧❛�❡♥� ��❛�❡ ❜❡❢♦�❡ ✐�

❝♦♥�✐♥✉❡� �♦ ❝♦♦❧ ❢✉��❤❡�✱ ♠❛�❝❤✐♥❣ �❤❡ ✈❛❧✉❡� ❞✐�❝✉��❡❞ ❡❛�❧✐❡�✳ ❚❤❡�❡ ♦❜�❡�✈❛�✐♦♥� �❡❡♠

�♦ ❝♦♥��❛❞✐❝� ❡❛❝❤ ♦�❤❡� ❛♥❞ ❝♦✉❧❞ ♥♦� ❜❡ �❡�♦❧✈❡❞✳

❆♥ ✐♥�❡�❡��✐♥❣ ❢❡❛�✉�❡ ✐� ✈✐�✐❜❧❡ ❢♦� �❤❡ ❍❚❋ �❡♠♣❡�❛�✉�❡ ✐♥ ✜❣✳ ✻✻✳ ❲❤✐❧❡ �❤❡ �❧♦✇❡�

✈❡❧♦❝✐�② ❝❛❧❝✉❧❛�✐♦♥ ❝♦♦❧� ❞♦✇♥ ❛� ❡①♣❡❝�❡❞✱ �❤❡ ❣�❛♣❤ ❢♦� �❤❡ ❤✐❣❤❡� ✈❡❧♦❝✐�② �❤♦✇� ❛ �❤♦��

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek
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✾✼

❝♦♦❧ ❞♦✇♥✱ ❢♦❧❧♦✇❡❞ ❜② ❤❡❛�✐♥❣ ❛♥❞ ❛ ��❛❣♥❛�✐♦♥✳ ❚❤✐� ��❡♥❞ �❤♦✉❧❞ ♥♦� ❜❡ ♣♦��✐❜❧❡✳ ❚❤❡

�❡♠♣❡�❛�✉�❡ �❤♦✉❧❞ ❝♦♦❧ ❞♦✇♥ ♦✈❡� �✐♠❡✳ ❋✉��❤❡�♠♦�❡ �❤❡ �❈▼ �❡♠♣❡�❛�✉�❡ ✐� ��❛②✐♥❣

❝♦♥��❛♥� ❞✉�✐♥❣ �❤✐� �✐♠❡✳ ❚❤❡ ❜❛❝❦ ✢♦✇ ❝❛♥ ❛❧�♦ ❜❡ �✉❧❡❞ ♦✉� ❛� �❤❡ ✈♦❧✉♠❡ ❢�❛❝�✐♦♥

��❛②� ❝♦♥��❛♥�✳ ■� ❝♦✉❧❞ ❜❡ ♣♦��✐❜❧❡ �❤❛� �❤❡ ❍❚❋ ✐� �❛❦✐♥❣ �♦♠❡ ❡♥❡�❣② ❢�♦♠ �❤❡ ♦✉�❧❡�

❜♦✉♥❞❛�② �❡��✐♥❣� ❜✉� �❤❡♥ �❤❡ ❝❤❛♥❣❡ ✇♦✉❧❞ ❜❡ ❝♦♥�✐♥✉♦✉� �❤�♦✉❣❤ �❤❡ ✇❤♦❧❡ ❝❛❧❝✉❧❛�✐♦♥✳

■♥ ♦�❤❡� ✇♦�❞� �❤✐� �❤♦�� ❤❡❛�✐♥❣ ❝❛♥ ♥♦� ❜❡ ❡①♣❧❛✐♥❡❞ ✇✐�❤♦✉� ❢✉��❤❡� ✐♥✈❡��✐❣❛�✐♦♥✳

✼✳✺ ❘❡�✉❧	� ❙✉♠♠❛②

❆ �✉♠♠❛�② ♦❢ �❤❡ �❡�✉❧�✐♥❣ ❧✐$✉✐❞ ❢�❛❝�✐♦♥✱ ✈♦❧✉♠❡ ❢�❛❝�✐♦♥✱ ❤❡❛� ✢✉①❡� ❛♥❞ ❤❡❛� ��❛♥�❢❡�

❝♦❡✣❝✐❡♥�� ✐� ♣❧❛❝❡❞ ✐♥ �❛❜✳ ✷✾✱ ✸✵ ❛♥❞ ✸✶ ❢♦� ❡✣❝✐❡♥� ❝♦♠♣❛�✐�♦♥✳

Amush [%] lPCM [%] υHTF [%] q̄ [kW
m2 ]
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✶✵✹ ✾✵ ✶✵ ✲✾✳✺

✶✵
✺

✾✵ ✶✵ ✲✾✳✻

✶✵✻ ✼✹✱ ✻✷ ✷✼✱ ✸✷ ✲✶✼✳✷✱ ✲✺✳✵

✶✵✾ ✵ ✾✼ ✲✸✳✷

❚❛❜❧❡ ✷✾✿ ❘❡�✉❧�� ✭✜♥❛❧ ❧✐�✉✐❞ ❢�❛❝�✐♦♥ ❛♥❞ ✈♦❧✉♠❡ ❢�❛❝�✐♦♥✱ ❛� ✇❡❧❧ ❛� ❛✈❡�❛❣❡ ❤❡❛� ✢✉①✮ ❢♦�

�❤❡ ✈❛�✐❛�✐♦♥� ♦❢ �❤❡ ♠✉�❤② ♣❛�❛♠❡�❡�✳ ❋♦� ❛❧❧ ❝❛❧❝✉❧❛�✐♦♥� �❤❛� ❝❤❛♥❣❡ ✐♥ �❤❡✐� ❜❡❤❛✈✐♦✉�✱ ❡✳❣✳ ❛

♣❡�✐♦❞✐❝ ♣❛�� ❛♥❞ ❛ ��❛❣♥❛�✐♦♥ ♣❛��✱ �❤❡ �❡�✉❧�� ✇✐❧❧ ❜❡ ❣✐✈❡♥ ✐♥ ❝❤�♦♥♦❧♦❣✐❝❛❧ ♦�❞❡� ❢♦� ❡❛❝❤ ♣❛��✳

∆T K lPCM [%] υHTF [%] q̄ [kW
m2 ]

✲✶ ✾✾ ✶✺ ✲✺✳✹

✲✺ ✾✺ ✶✷ ✲✼✳✽

✲✶✵ ✾✵ ✶✵ ✲✾✳✻

✲✶✺ ✻✹✱ ✺✸✱ 45.5± 2.0 ✶✸✱ ✹✶✱ 34± 4 ✲✶✻✳✻✱ ✲✶✼✳✺✱ ✲✷✳✻

✲✷✵ ✽✺✱ ✶✶ ✼✺✱ ✽✺ ✲✼✹✺✳✽✱ ✲✶✵✳✷

❚❛❜❧❡ ✸✵✿ ❘❡�✉❧�� ✭✜♥❛❧ ❧✐�✉✐❞ ❢�❛❝�✐♦♥ ❛♥❞ ✈♦❧✉♠❡ ❢�❛❝�✐♦♥✱ ❛� ✇❡❧❧ ❛� ❛✈❡�❛❣❡ ❤❡❛� ✢✉①✮ ❢♦� �❤❡

✈❛�✐❛�✐♦♥� ♦❢ �❤❡ �❡♠♣❡�❛�✉�❡✳ ❋♦� ❛❧❧ ❝❛❧❝✉❧❛�✐♦♥� �❤❛� ❝❤❛♥❣❡ ✐♥ �❤❡✐� ❜❡❤❛✈✐♦✉�✱ ❡✳❣✳ ❛ ♣❡�✐♦❞✐❝

♣❛�� ❛♥❞ ❛ ��❛❣♥❛�✐♦♥ ♣❛��✱ �❤❡ �❡�✉❧�� ✇✐❧❧ ❜❡ ❣✐✈❡♥ ✐♥ ❝❤�♦♥♦❧♦❣✐❝❛❧ ♦�❞❡� ❢♦� ❡❛❝❤ ♣❛��✳

vin
m
s

lPCM [%] υHTF [%] q̄ [kW
m2 ]

✵✳✷ ✸✷ ✽✽ ✲✹✳✽

✵✳✸ ✶✷ ✽✻ ✲✶✳✺

✵✳✹ ✾✵ ✶✵ ✲✾✳✻

❚❛❜❧❡ ✸✶✿ ❘❡�✉❧�� ✭✜♥❛❧ ❧✐�✉✐❞ ❢�❛❝�✐♦♥ ❛♥❞ ✈♦❧✉♠❡ ❢�❛❝�✐♦♥✱ ❛� ✇❡❧❧ ❛� ❛✈❡�❛❣❡ ❤❡❛� ✢✉①✮ ❢♦�

�❤❡ ✈❛�✐❛�✐♦♥ ♦❢ �❤❡ ✈❡❧♦❝✐�②✳ ❋♦� ❛❧❧ ❝❛❧❝✉❧❛�✐♦♥� �❤❛� ❝❤❛♥❣❡ ✐♥ �❤❡✐� ❜❡❤❛✈✐♦✉�✱ ❡✳❣✳ ❛ ♣❡�✐♦❞✐❝

♣❛�� ❛♥❞ ❛ ��❛❣♥❛�✐♦♥ ♣❛��✱ �❤❡ �❡�✉❧�� ✇✐❧❧ ❜❡ ❣✐✈❡♥ ✐♥ ❝❤�♦♥♦❧♦❣✐❝❛❧ ♦�❞❡� ❢♦� ❡❛❝❤ ♣❛��✳
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✾✽

✽ ❈♦♥❝❧✉�✐♦♥ ❛♥❞ ❖✉❧♦♦❦

❊❛�❧② ❝❛❧❝✉❧❛	✐♦♥ ❤♦✇ �✉❛❧✐	❛	✐✈❡❧② ❤✐❣❤ �❡✉❧	 ❢♦� 	❤❡ ❞�♦♣❧❡	 ❢♦�♠❛	✐♦♥ ♦❢ ❉✶✷ ✐♥

	❛♥❦ ♦❢ 5 ∗ 12.5 ∗ 5♠♠✸✱ ✇✐	❤ din = 0.08mm = dout✱ ✜❧❧❡❞ ✇✐	❤ ❍✷❖✱ ✇❤❡♥ ✇♦�❦✐♥❣ ✇✐	❤

❛ 	✐♠❡ 	❡♣ ✐③❡ ♦❢ ∆t ≈ 40 s
3m

∆x✳ ❆ ❞❡	❛✐❧❡❞ ❛♥❛❧②✐ ♦❢ 	❤❡ ❞❛	❛ ❢♦� ∆x = 0.3, 0.1♠♠

✭✶✷✱✶✸✽ ❛♥❞ ✸✶✷✱✺✵✵ ❝❡❧❧✮ �❡✈❡❛❧ 	❤❛	✱ ✇❤✐❧❡ 	❤❡ �❡✉❧	 ♦❢ 	❤❡ ✇✐❞❡� ♠❡❤ ❡①♣❡�✐❡♥❝❡

✐♠✐❧❛� ❜❡❤❛✈✐♦✉�✱ 	❤❡ ✉�❢❛❝❡ ❛�❡❛ ❢♦� ✵✳✶♠♠ ✐ ✷✹✪ ❤✐❣❤❡� ❞✉�✐♥❣ 	❤❡ ❞�♦♣❧❡	 ❢♦�♠❛	✐♦♥

❛♥❞ ✺✷✪ ❤✐❣❤❡� ❛❢	❡� 	❤❡ ♦❧✐❞✐✜❝❛	✐♦♥✳ ❚❤❡ ✈♦❧✉♠❡ ❢�❛❝	✐♦♥ ❤❛ ♠♦�❡ ❛♥❞ ✉♥	❡❛❞② 	❡♣

❢♦� ✵✳✸♠♠ ❛♥❞ �❡❛❝❤❡ ❛ ✈❛❧✉❡ ♦❢ ✸✵✪ ❧♦✇❡� 	❤❛♥ 	❤❡ 	❤❡ ❤✐❣❤❡� ♠❡❤ ✐③❡ ♦❢ ✵✳✶♠♠✳

◆❡✈❡�	❤❡❧❡ 	❤❡ �❡✉❧	✐♥❣ ❧✐�✉✐❞ ❢�❛❝	✐♦♥ ✐ ❤✐❣❤❡� ❜② ♦♥❧② ✾✪✳ ❚❤✐ ♠❡❛♥ 	❤❛	 	❤❡

✵✳✸♠♠ ♠❡❤ ❝❛♥ ❜❡ ✉❡❞ ❢♦� �✉❛❧✐	❛	✐✈❡ ❡✈❛❧✉❛	✐♦♥ ✐❢ 	❤❡ ✐♠✉❧❛	✐♦♥ ❤❛ 	♦ ❜❡ ❞♦♥❡

✐♥ ❤♦�	 	✐♠❡✳ ❲❤❡♥ ❞❛	❛ ❢♦� �✉❛♥	✐	❛	✐✈❡ ✉❡ ✐ ♥❡❝❡❛�②✱ ❛ ❤✐❣❤❡� ♠❡❤ ✐③❡✱ ✉❝❤ ❛

✵✳✶♠♠✱ ❤❛ 	♦ ❜❡ ❡	✳ ❆ ♠✉❝❤ ❤✐❣❤❡� ♠❡❤ ✐③❡ ✐ ♥♦	 �❡❝♦♠♠❡♥❞❡❞ ❛ ✐	 ❞�❛	✐❝❛❧❧②

✐♥❝�❡❛❡ 	❤❡ ❝❛❧❝✉❧❛	✐♦♥ 	✐♠❡✳

❚❤❡ ❤❡❛	 ✢✉① ❤♦✇ 	❤❡ ❡①♣❡❝	❡❞ �❡✉❧	 ✇❤❡♥ ✇♦�❦✐♥❣ ✇✐	❤ ❛♥ ♦✉	❧❡	 ♦❢ rout = 0.4♠♠✳

❚❤❡ ♠♦❞❡❧ ✐③❡ ✇✐	❤ (x, y, z) = (5, 12.5, 5)♠♠ ✇❛ ❜✐❣ ❡♥♦✉❣❤ ❢♦� ♦♥❡ ❉✶✷ ❞�♦♣❧❡	 ✐♥

❍✷❖ ❛♥❞ ♠❛❧❧ ❡♥♦✉❣❤ ❢♦� ♠✐♥✐♠✐③✐♥❣ ♥❡❝❡❛�② ❝♦♠♣✉	❡� �❡♦✉�❝❡✳ ❉✉❡ 	♦ 	❤❡ ❤✐❣❤❡�

❞❡♥✐	② ❛♥❞ ✈✐❝♦✐	② ♦❢ ✇❛	❡�✲❚❇❆❇ ✐	 ✇❛ ♥❡❝❡❛�② 	♦ ❛❞❛♣	 	❤❡ ♠♦❞❡❧✱ ❛ ♥♦ ❞�♦♣❧❡	

❢♦�♠❛	✐♦♥ ❝♦✉❧❞ ❜❡ ✈✐✐❜❧❡ ❛♥❞ 3❈▼ ♣❛�	❧② ❜❧♦❝❦❡❞ 	❤❡ ♦✉	❧❡	 ❛	 	✐♠❡✳ ❚❤❡ ✜♥❛❧ ✈❛❧✉❡

✉❡❞ 	❤❡�❡❢♦�❡ ❤❛❞ ❛ ❞❡❝�❡❛❡❞ ❝♦♥	❛❝	 ❛♥❣❧❡ ❛	 	❤❡ ❜♦		♦♠✱ 	♦ ❤♦�	❡♥ 	❤❡ ✐♥❝♦♠✐♥❣

	�❡❛♠✱ ❛♥❞ ❛ ❝♦♠♣❧❡	❡ ♦♣❡♥ 	♦♣ 	♦ ♣�❡✈❡♥	 ♦❧✐❞✐✜❝❛	✐♦♥ ♦❢ 3❈▼ ❛	 	❤❡ ♦✉	❧❡	✳

❉✉❡ 	♦ 	❤❡ ✐♥❝�❡❛❡ ✐♥ 	❤❡ ♦✉	❧❡	 ❛�❡❛ 	♦ 	❤❡ ❝♦♠♣❧❡	❡ ❡①	❡♥	 ♦❢ 	❤❡ ✇❛❧❧ 	❤❡ ♦✉	❧❡	 ❤❡❛	

✢✉① ♥♦	 ♦♥❧② 	❛② ♣♦✐	✐✈❡ ❢♦� ♦✉	❣♦✐♥❣ ❍❚❋ ❜✉	 ✉�♣❛❡ 	❤❡ ✐♥❧❡	 ❤❡❛	 ✢✉① ✐♥ ✐	 ✈❛❧✉❡✱

�❡❛❝❤✐♥❣ 	♦ ❛ ♣♦✐	✐✈❡ 	♦	❛❧ ❤❡❛	 ✢✉①✳ ❚❤❡ ❡♥❡�❣② ❡�✉✐❧✐❜�✐✉♠ ✐ 	❤❡�❡❢♦�❡ ♥♦	 ❢✉❧❧✲✜❧❧❡❞

❛♥②✲ ♠♦�❡✱ ❛ 	❤❡ ❍❚❋ ❣❛✐♥ ❛❞❞✐	✐♦♥❛❧ ❡♥❡�❣② ✇❤❡♥ ❧❡❛✈✐♥❣ 	❤�♦✉❣❤ 	❤❡ ♦✉	❧❡	✳❚❤❡�❡❢♦�❡✱

	❤❡ �❡✉❧	 ❛�❡✱ ✇❤✐❧❡ ♣❤②✐❝❛❧❧② ❝♦��❡❝	 ✇❤❡♥ ❝♦♥✐❞❡�✐♥❣ ❛❞❞✐	✐♦♥❛❧ ❤❡❛	✐♥❣ ❢�♦♠ 	❤❡

♦✉	✐❞❡✱ ✐♠♣�❛❝	✐❝❛❜❧❡ ❢♦� ❝♦♠♣❛�✐♦♥ ✇✐	❤ ♦	❤❡� ✐♠✉❧❛	✐♦♥ ♦� ❡①♣❡�✐♠❡♥	❛❧ �❡✉❧	✱ ❢♦�

	❤❡ ♠♦	 ♣❛�	✱ ❛ ♥♦ ♣♦✐❜❧❡ ♦❧✉	✐♦♥ ✇❛ ❢♦✉♥❞ ❢♦� ♣❧✐		✐♥❣ 	❤❡ ✈❛❧✉❡ ❢♦� ❡❛❝❤ ♠❛	❡�✐❛❧✳

❆ 	❤❡ ❡��♦� ♦♥❧② ❛♣♣❧✐❡ ✇❤❡♥ ❍❚❋ ✐ ❧❡❛✈✐♥❣ 	❤❡ 	❛♥❦ 	❤❡ ❛✈❡�❛❣❡ ❤❡❛	 ✢✉① ✐ 	✐❧❧

♥❡❣❛	✐✈❡ ❛♥❞ ❛❧❧♦✇ 	❤❡ 3❈▼ 	♦ ❝♦♦❧✲❞♦✇♥✱ ❛❧	❤♦✉❣❤ ♠✉❝❤ ❧♦✇❡� 	❤❛♥ ✐	 ✇♦✉❧❞ ✐♥ ❛ �❡❛❧

❧✐❢❡ ❡①♣❡�✐♠❡♥	✳ ❚❤✐ �❡✉❧	❡❞ ❝❛❧❝✉❧❛	✐♦♥ ✇✐	❤ Amush = 106,∆T = −15❑ ❛❝❤✐❡✈✐♥❣ ❛

✉✣❝✐❡♥	 ♦❧✐❞✐✜❝❛	✐♦♥✳ ❇♦	❤ ❤♦✇ 	❡♠♣❡�❛	✉�❡ ♣❧♦	 ❝♦♠♣♦❡❞ ♦❢ 	✇♦ ❡♥✐❜❧❡ ♣❛�	✱ ♦♥❡

❜❡❢♦�❡ ❛♥❞ ♦♥❡ ❛❢	❡� 	❤❡ ❧❛	❡♥	 ❤❡❛	 ♣❛�	✳ ❲❤✐❧❡ 	❤❡ Amush = 106 ❝❛❧❝✉❧❛	✐♦♥ �❡❛❝❤❡

❛ ✉✣❝✐❡♥	 ♦❧✐❞✐✜❝❛	✐♦♥ ❢❛	❡� ❛♥❞ ❡✈❡♥ ❤♦✇ 	❤❡ ❝♦��❡❝	 ♥❡❣❛	✐✈❡ ❤❡❛	 ✢✉① ❛❢	❡� 	❤❡

♠❛✐♥ ♦❧✐❞✐✜❝❛	✐♦♥ ♣�♦❝❡✱ ♦♥ ❛ ❣❧♦❜❛❧ ❝❛❧❡ 	❤❡ −∆T = −15 ❝❛❧❝✉❧❛	✐♦♥ ♦❧✐❞✐✜❡ ❢❛	❡�✳

◆❡✈❡�	❤❡❧❡ 	❤❡ ❧❛	❡� ❤♦✇❡❞ ❛♥ ✉♥	❛❜❧❡ ♦❧✐❞✐✜❝❛	✐♦♥ ✐♥ 	❤❡ ❧❛	 ❢❡✇ ❡❝♦♥❞✱ ❞✉❡ 	♦

	❤❡ ❤❡❛	✐♥❣ ❢�♦♠ 	❤❡ ♦✉	✐❞❡✳

❆ ❝♦♠♣❛�✐♦♥ ✇✐	❤ 	❤❡ ❡①♣❡�✐♠❡♥	❛❧ �❡✉❧	 ♦❢ ❆♥♠❛♥♥ ✐♥ ❬✾❪ ❛♥❞ ♣�❡❡♥	❡❞ ✐♥ ❡❝✳ ✸ ✐	

❜❡❝♦♠❡ ❝❧❡❛� 	❤❛	 ✐♠✉❧❛	✐♦♥ ❢♦❧❧♦✇ ❛ ❞✐✛❡�❡♥	 ❜❡❤❛✈✐♦✉�✳ ◆♦ ♦❧✐❞✐✜❝❛	✐♦♥ ❜❧♦❝❦✐♥❣

	❤❡ ✐♥❧❡	 ✇❛ ✈✐✐❜❧❡✳ ❆❧♦ 	❤❡ 3❈▼✷ ❞✐❞ ♥♦	 ❣❡	 ♣♦�♦✉ ❛♥❞ ♥♦ ❍❚❋ ♣❛�	 ❣♦	 ✉��♦✉♥❞❡❞
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✾✾

❜② ✐❝❡ ✢♦❛	✐♥❣ 	♦ 	❤❡ 	♦♣✳ ❚❤❡ ♦♥❧② ❡✛❡❝	 	❤❛	 ❝❛♠❡ ❝❧♦�❡ 	♦ 	❤❡ ❡①♣❡�✐♠❡♥	❛❧ �❡�✉❧	� ✇❛�

	❤❡ �♠❛❧❧ �❈▼ ♣❛�	� ✇✐	❤ Amush = 109 	❤❛	 ✇❡�❡ �✉��♦✉♥❞❡❞ ❜② ❍❚❋✱ ❛❧	❤♦✉❣❤ 	❤✐�

✐� ❢❛� ❢�♦♠ 	❤❡ ❡♠✉❧�✐♦♥ ♦❢ �♠❛❧❧ ✇❛	❡� ❞�♦♣❧❡	� ✇✐	❤ ❆❉❳ ✶✵✳ ❚❤✐� ❞✐�❝�❡♣❛♥❝② ❝♦✉❧❞

❜❡ �❡❧❛	❡❞ 	♦ 	❤❡ �♠❛❧❧ ❣❡♦♠❡	�② ♠♦❞❡❧❧❡❞ ❜✉	 ❛❧�♦ ♦�✐❣✐♥ ✐♥ 	❤❡ ♠♦❞❡❧ �♣❡❝✐✜❝ ♣�♦❜❧❡♠�

❞✐�❝✉��❡❞ ✐♥ 	❤❡ ❧❛�	 ♣❛�❛❣�❛♣❤✳

❋♦� ❢✉	✉�❡ �❡�❡❛�❝❤ 	❤✐� ♠❡❛♥� 	❤❛	✱ ✇❤❡♥ ✉�✐♥❣ ✇❛	❡�✲❚❇❆❇✱ 	❤❡ ♠♦❞❡❧ �	✐❧❧ ❤❛� 	♦

❜❡ ❢✉�	❤❡� ❛❞❛♣	❡❞ ✐♥ 	✇♦ ✇❛②�✿ ❋✐��	❧②✱ ♥♦	 ❛❧❧ ♠❛	❡�✐❛❧ ♣❛�❛♠❡	❡�� ✇❡�❡ ✉�❡❞ ✐♥ 	❤✐�

�✐♠✉❧❛	✐♦♥✱ �❡❝♦♥❞❧②✱ 	❤❡ ❝♦♠♣❧❡	❡ ♦✉	❧❡	 ❛	 	❤❡ 	♦♣ ❢❛❝❡ �❡�✉❧	❡❞ ✐♥ ❛ ❢❛❧�❡ ❛♥❞ ❤✐❣❤

♣♦�✐	✐✈❡ ❤❡❛	 ✢✉①✱ ❞✉❡ 	♦ 	❤❡ ❜❛❝❦✲✢♦✇ ❝♦♥❞✐	✐♦♥✳

❚❤❡�❡ ❛�❡ 	❤�❡❡ ♣♦��✐❜✐❧✐	✐❡� ♦❢ ♦✈❡�❝♦♠✐♥❣ 	❤❡ �❡❝♦♥❞ ♣�♦❜❧❡♠✳ ❖♥❡ ❝♦✉❧❞ �✐♠♣❧② ✉�❡ ❛

❤✐❣❤❡� ❣❡♦♠❡	�② ✇✐	❤ ❛♥ ♦✉	❧❡	✱ ❜✐❣ ❡♥♦✉❣❤ 	♦ ♣�❡✈❡♥	 ❜❧♦❝❦✐♥❣ ❜② �❈▼ ❜✉	 �♠❛❧❧ ❡♥♦✉❣❤

	♦ ♠✐♥✐♠✐③❡ 	❤❡ ❡✛❡❝	 ♦❢ 	❤❡ ❜♦✉♥❞❛�② ❝♦♥❞✐	✐♦♥�✳ ❚❤✐� ✇❛� ♥♦	 ❞♦♥❡ ✐♥ 	❤✐� ♣�♦❥❡❝	✱ ❛�

	❤❡ ✐♥✐	✐❛❧ 	❡�	✐♥❣ ❝♦♥�✉♠❡❞ 	❤❡ 	✐♠❡ ❛✈❛✐❧❛❜❧❡ ❢♦� ❝�❡❛	✐♥❣ 	❤❡ ♠♦❞❡❧ ❛♥❞ 	❤❡ ♣❛�❛♠❡	❡�

�	✉❞② ❤❛❞ ②❡	 	♦ ❜❡ ❞♦♥❡✳ ❆♥♦	❤❡� ♣♦��✐❜✐❧✐	② ✇♦✉❧❞ ❜❡ 	♦ ♣❧❛❝❡ ❛♥ ❛❞❞✐	✐♦♥❛❧ ❧❛②❡� ♦♥

	♦♣ ♦❢ 	❤❡ �❈▼✱ �♦ 	❤❛	 	❤❡ ❛✐� ❝❛♥ 	❛❦❡ ♦✈❡� 	❤❡ ❜❛❝❦✲✢♦✇ ♣❛�	✳ ❚❤✐� �❤♦✉❧❞ ♠✐♥✐♠✐③❡

	❤❡ ❤❡❛	 ✢✉① ❡✛❡❝	 ♦♥ 	❤❡ �❈▼✳ ❆♥♦	❤❡� �♦❧✉	✐♦♥ ✇♦✉❧❞ ❜❡ 	♦ �❡	 	❤❡ ♠♦❞❡❧ �✐③❡ ✐♥ ❛

✇❛② 	❤❛	 	❤❡ ✈♦❧✉♠❡ �	❛②� ❝♦♥�	❛♥	 	❤❡ ✇❤♦❧❡ 	✐♠❡✳ ❚❤❡♦�❡	✐❝❛❧❧②✱ ✇❤❡♥ 	❤❡ ✈♦❧✉♠❡ ✢♦✇

�	❛②� ❝♦♥�	❛♥	 ♦� ✐� ✐♥❝�❡❛�✐♥❣✱ ♥♦ ❜❛❝❦✲✢♦✇ ❛♥❞ 	❤❡�❡❢♦�❡ ♥♦ ❛❞❞✐	✐♦♥❛❧ ❤❡❛	 ✢✉① �❤♦✉❧❞

♦❝❝✉�✳ ❚❤✐� ✇❛� �❤♦✇♥ ✐♥ 	❤❡ ✜♥❛❧ �	❡♣� ❛❢	❡� ❛❝❤✐❡✈✐♥❣ �♦❧✐❞✐✜❝❛	✐♦♥ ✐♥ 	❤❡ �✐♠✉❧❛	✐♦♥

✇✐	❤ Amush = 106✳

❆� ♦♥❧② ❡❛❝❤ ✵✳✺ � ❤❛� ❜❡❡♥ �❛✈❡❞ ✐♥ ♦�❞❡� 	♦ ♠✐♥✐♠✐③❡ �	♦�❛❣❡ �♣❛❝❡ ❜✉	 	❤❡ ❝❛❧❝✉❧❛	✐♦♥�

✇✐	❤ Amush = 109 ❛♥❞ vin = (0.2, 0.3) m
s
�♦❧✐❞✐✜❡❞ ✐♥ 	❤❡ ✜��	 ❢❡✇ �❡❝♦♥❞� 	♦ ❛ ❣�❡❛	

❡①	❡♥❞✱ 	❤❡ ❝♦♠♣❧❡	❡ ✢✉✐❞✲❞②♥❛♠✐❝ ❛♥❞ 	❤❡�♠♦❞②♥❛♠✐❝ ❜❡❤❛✈✐♦✉� ❝♦✉❧❞ ♥♦	 ❜❡ ❡①♣❧❛✐♥❡❞✱

❞✉❡ 	♦ ♠✐��✐♥❣ �❡�♦❧✉	✐♦♥✳ ❚❤✐� ✐� ✇❤②✱ 	❤❡② �❤♦✉❧❞ ❜❡ �❡❞♦♥❡ ✇✐	❤ ❛ ❤✐❣❤❡� �❛✈✐♥❣

✐♥	❡�✈❛❧✳
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❆♣♣❡♥❞✐❝❡�

❆ ❉❛�❛ ❙❤❡❡� ❢♦
 ❚❤❡
♠✐♥♦❧ ❉✶✷
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❇ ▼♦❞❡❧ ❝❤♦♦	✐♥❣ ♣�♦❝❡		

❇✳✶ ●❡♦♠❡�	② ❛♥❞ ♠❡�❤

r

x

1 mm^2

❋✐❣✉�❡ ✻✼✿ ❉�♦♣❧❡� ❢♦�♠❛�✐♦♥ ♦❢ ❉✶✷ ✐♥ ✇❛�❡� ✐♥ ❛ ✷❉ ❛①✐�②♠♠❡��✐❝ ♠♦❞❡❧

r = 5♠♠, x = 25♠♠, rin = 0.4♠♠ = rout✱ ❡❞❣❡ ♠❡�❤ �✐③✐♥❣ ♦❢ 0.1♠♠

�✐♠❡✲��❡♣✲�✐③❡ 0.001 �✱ −→g =

⎛

⎜

⎝

x

y

z

⎞

⎟

⎠
=

⎛

⎜

⎝

0

−9.81

0

⎞

⎟

⎠

m
s2

❚❤❡ ♦�✐❣✐♥❛❧ ♠♦❞❡❧ ✇❛� ❜❛�❡❞ ✉♣♦♥ ❛ ✶✿✽✵ ♠♦❞❡❧ ♦❢ ❛♥ ❡①♣❡�✐♠❡♥�❛❧ �❡�✉♣ ❛� ✉�❡❞ ✐♥ �❤❡

♣�❡❧✐♠✐♥❛�② �❡❛❧ ❧✐❢❡ ❡①♣❡�✐♠❡♥�� ❜② ❑�✐♠♠❡❧ ❬✶✾❪ ❛♥❞ �❡�✉❧�❡❞ ✐♥ �❤❡ ❢♦❧❧♦✇✐♥❣ ❣❡♦♠❡��②✿

✭ (x, y) = (2.5, 7.46)♠♠ ❛♥❞ din = 0.08♠♠ = dout✮✱ ❡①❝❧✉❞✐♥❣ �❤❡ ♥♦③③❧❡ ♣❛�� ❛♥❞ �❤❡

♦✉�❧❡� �✉❜❡✳ ■♥ �❤❡ ✐♥�❡♥�✐♦♥ ♦❢ ❛❝❤✐❡✈✐♥❣ �❤♦�� ❝❛❧❝✉❧❛�✐♦♥ �✐♠❡� ✐� ✇❛� ��✐❡❞ �♦ ✇♦�❦ ✐♥

✷❉ �♣❛❝❡✳ ❚❤❡ ✜��� ��✐❡� ❤❛❞ �♦ ❜❡ ❞♦♥❡ ♦♥ ❛ ♥♦�❡❜♦♦❦✳ ❚❤❡ ❝❛❧❝✉❧❛�✐♦♥� ❤❛❞ �❤❡�❡❢♦�❡ �♦

�✉♥ ✐♥ ❛ ❢❡✇ ❤♦✉�� �✐♠❡ ❢�❛♠❡ ♦♥ ❛♥ ■♥�❡❧ ❈♦�❡ ✐✼✲✹✼✷✵❍◗✱ ❛♥ ◆✈✐❞✐❛ ●❡❋♦�❝❡ ●❚❳ ✾✻✵▼

❛♥❞ ✶✻●❇ ♦❢ ❘❆▼✳ ❚❤✐� ✇♦�❦❡❞ ✇❡❧❧ ❢♦� �❤❡ ✷❉ ❛①✐�②♠♠❡��✐❝ �✐♠✉❧❛�✐♦♥�✱ ❜✉� ❜✐❣❣❡� ✸❉

♠♦❞❡❧� ❝♦✉❧❞ ♥♦� ❜❡ ❝❛❧❝✉❧❛�❡❞ ❞✉❡ �♦ �❤❡ ❧✐♠✐�❡❞ ❛♠♦✉♥� ♦❢ �❡�♦✉�❝❡�✳ ❚❤❡�❡❢♦�❡ ❛ ❝♦♥✲

�✐❞❡�❛❜❧② ❛♠♦✉♥� ♦❢ �✐♠❡ ❤❛❞ �♦ ❜❡ ✐♥✈❡��❡❞ ✐♥ ✜♥❞✐♥❣ �❤❡ �✐❣❤� ♠♦❞❡❧✳ ❚❤❡ ❝❛❧❝✉❧❛�✐♦♥�

✇❡�❡ ❞♦♥❡ ✇✐�❤ ❞✐✛❡�❡♥� ♠❛�❡�✐❛❧� ❛♥❞ ❜♦✉♥❞❛�② �❡��✐♥❣� ❜✉� ❛❧❧ ♦❢ �❤❡♠ �❡�✉❧�❡❞ ✐♥ �♦♠❡

❦✐♥❞ ♦❢ ❡✈❡♥ ❥❡�✳ ❆❢�❡� ❛ ❝♦✉♣❧❡ ♦❢ ��✐❡� ✇✐�❤♦✉� ❛♥② ❞�♦♣❧❡� ❢♦�♠❛�✐♦♥ �❤❡ ❣❡♦♠❡��② ✇❛�

❝❤❛♥❣❡❞ �♦ ✷❉✲❛①✐�②♠♠❡��✐❝ (r, y) = (1.25, 10)♠♠✱ �❡�✉❧�✐♥❣ ✐♥ ❛ ❞�♦♣❧❡� �❤❛♣❡❞ �✐♣ ❛�

�❤❡ ❡♥❞ ♦❢ �❤❡ ���❡❛♠✳ ❚❤❡ ❤❡✐❣❤� ✇❛� ❛❞❛♣�❡❞ �♦ �❤❡ ❝♦♠♣❧❡�❡ �❛♥❦✱ ✐♥❝❧✉❞✐♥❣ �❤❡ ♥♦③③❧❡

❛♥❞ �❤❡ ♦✉�❧❡� �✉❜❡✱ ❢♦� �✐♠♣❧✐✜❝❛�✐♦♥✳ ❆� �❤❡ ♠♦❞❡❧ ✇❛� �♦♦ �♠❛❧❧✱ �❤❡ ❞�♦♣❧❡� ❝♦✉❧❞

♥♦� ❞❡�❛❝❤✳ ❚❤❡ ❧❡♥❣�❤ ♦❢ ❛❧❧ ❡❞❣❡�✱ ❛� ✇❡❧❧ ❛� ✐♥❧❡� ❛♥❞ ♦✉�❧❡� ❞✐❛♠❡�❡�✱ ✇❛� �❤❡�❡❢♦�❡

https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek
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✶✵✸

✐♥❝�❡❛
❡❞ ❜② ❛ ❢❛❝�♦� ✶✵✱ �❡
✉❧�✐♥❣ ✐♥ �❤❡ ❢♦�♠❛�✐♦♥ ♦❢ ♠✉❧�✐♣❧❡ ❞�♦♣❧❡�
✳ ❚❤❡ ❞�♦♣❧❡�


❤❛♣❡ ❞✐❞✱ ❤♦✇❡✈❡�✱ ♥♦� ❝♦��❡❧❛�❡ ✇✐�❤ ❡①✐
�✐♥❣ �❤❡♦�②✱ ❛
 ❞✐
❝✉

❡❞ ✐♥ ❬✶✹❪✳ ■� ✐
 ♥♦� ❡✈❡♥

❝❧♦
❡ �♦ ❝✐�❝✉❧❛�✱ ❡❧❧✐♣�✐❝ ♦� ❝♦♥❡ 
❤❛♣❡❞✱ ❜✉� 
♦♠❡ ❦✐♥❞ ♦❢ �♦�❛�✐♦♥✲
②♠♠❡��✐❝ ❥❡❧❧②✜
❤✲

❧✐❦❡ 
❤❛♣❡✳ ❆❧
♦ ♥♦�✐❝❡❛❜❧❡ ✇❛
 �❤❛� �❤❡ ❞�♦♣❧❡� ❝❤❛♥❣❡❞ ✐�✬
 ❢♦�♠ ❞✉�✐♥❣ �❤❡ ✢♦✇✱ ❞✉❡ �♦

✐♥�❡�❛❝�✐♦♥ ✇✐�❤ ❢❛
�❡� ❞�♦♣❧❡�
✱ �❤❛� ✇❡�❡ ❢♦�♠❡❞ ❧❛�❡�✱ ❛♠♦♥❣
� ♦�❤❡� �❤✐♥❣
✳ ■♥ ♦�❞❡�

�♦ ❧✐♠✐� �❤❡ ♥❡❝❡

❛�② �❡
♦✉�❝❡
 ❢♦� ❝❛❧❝✉❧❛�✐♦♥
✱ ❡
♣❡❝✐❛❧❧② ✇❤❡♥ ❛❞❞✐♥❣ �❤❡ ✸ �❞ ❞✐♠❡♥
✐♦♥

�♦ ❝♦��❡❝� �❤❡ ❞�♦♣❧❡� 
❤❛♣❡✱ �❤❡ ♠♦❞❡❧ 
✐③❡ ✇❛
 �❡❞✉❝❡❞ ❛❝❝♦�❞✐♥❣❧② ✐♥ ✷❉✲❛①✐
②♠♠❡��✐❝✳

❚❤❡ �❡
✉❧� ♦❢ ♦♥❡ ♦❢ �❤✐
 ♠♦❞❡❧
 �❡❞✉❝❡❞ ✐♥ 
✐③❡ ✐
 ♣�❡
❡♥�❡❞ ✐♥ ✜❣✳ ✻✼✳

❚❤❡ ✜�
� ✸❉ ♠♦❞❡❧ ✇✐�❤ ❉✶✷ ✐♥ ✇❛�❡�✲❚❇❆❇ ✇✐�❤ ❛♥ ✐♥❧❡� ✈❡❧♦❝✐�② ♦❢ 0.4m
s

�❤❛� ❝♦✉❧❞

❜❡ ❛❝❤✐❡✈❡❞ ✇✐�❤ �❡❧❡✈❛♥� ❞❛�❛ ❤❛❞ �❤❡ ❞✐♠❡♥
✐♦♥
 ♦❢ (x, y, z) = (10, 25, 10)♠♠✳ ❆♥

❛♣♣�♦①✐♠❛�✐♦♥ ♦❢ �❤❡ ❥❡� 
✐③❡ ✇❛
 ❞♦♥❡ ❛♥❞ �❤❡ ♠♦❞❡❧ ❝♦✉❧❞ ❜❡ �❡
✐③❡❞ �♦ (x, y, z) =

(5, 10, 5)♠♠✳ ❚❤❡ ❧❛��❡� �❡♣�❡
❡♥�
 ❜❛
✐❝❛❧❧② �❤❡ ❣❡♦♠❡��② �❤❛� ✇❛
 ✉
❡❞ ❢♦� ❢✉��❤❡�

❝❛❧❝✉❧❛�✐♦♥
✳ ❚❤❡ �❡
✉❧� ♦❢ �✇♦ 
✉❝❤ ❝❛❧❝✉❧❛�✐♦♥
 ✇✐�❤ �❤❡ 
❛♠❡ ♠❡
❤✱ ❜♦✉♥❞❛�② ❝♦♥❞✐�✐♦♥


❛♥❞ �✐♠❡✲
�❡♣✲
✐③❡ ❛� �❤❡ 
❛♠❡ �✐♠❡ ♦❢ 0.150 
 ✐
 ❝♦♠♣❛�❡❞ ✐♥ ✜❣✳ ✻✽✳ ❆ ❝♦♠♣❛�✐
♦♥ 
❤♦✇


❞✐✛❡�❡♥❝❡
 ✐♥ �❤❡ ❞�♦♣❧❡� ❢♦�♠❛�✐♦♥ ♦�✐❣✐♥❛�✐♥❣ ✐♥ 
✐③❡ ❛♥❞ �❡
♦❧✉�✐♦♥ ❢�♦♠ �❤❡ ❝�♦

✲
❡❝�✐♦♥

✈✐❡✇ ♦❢ ✸❉ 
✐♠✉❧❛�✐♦♥
✳

❋✐❣✳ ✻✽ ❛✮ ✐
 ❢�♦♠ ❛ (x, y, z) = (10, 25, 10)♠♠ ♠♦❞❡❧✱ ✇❤✐❧❡ ✜❣✳ ✻✽ ❜✮ ❛♥❞ ❝✮ ❜❡❧♦♥❣ �♦

❛ 
♠❛❧❧❡� (x, y, z) = (5, 10, 5)♠♠ ❣❡♦♠❡��②✳ ❖♥❡ ✐♥�❡�❡
�✐♥❣ ❡✛❡❝� ✐
 ♥♦�✐❝❡❛❜❧❡✳ ❲❤✐❧❡

�❤❡ ❧❡❢� ♠♦❞❡❧ 
❡❡♠
 �♦ ❛❧�❡❛❞② ❡①❝❡❡❞ �❤❡ ❤❡✐❣❤� ♦❢ �❤❡ 
♠❛❧❧❡� ♠♦❞❡❧✱ ❛❧�❤♦✉❣❤ �❤✐


❛❝❝♦✉♥�
 ♦♥❧② ❝❡❧❧
 ❜❡❧♦✇ 50✪ ❍❚❋ ✈♦❧✉♠❡ ❢�❛❝�✐♦♥✱ �❤❡ ❞�♦♣❧❡� ♦❢ �❤❡ 
♠❛❧❧❡� ♠♦❞❡❧

✜�
 ♣❡�❢❡❝�❧② ✐♥�♦ �❤❡ ❣❡♦♠❡��②✳ ❚❤✐
 ❝♦✉❧❞ ❜❡ �❤❡ �❡
✉❧� ♦❢ �❤❡ ❜♦✉♥❞❛�② ❝♦♥❞✐�✐♦♥
✱

✇❤✐❝❤ ❝❛♥ ❜❡ �❡❛❝❤❡❞ ❢❛
�❡� ❜② �❤❡ ❞�♦♣❧❡� ✐♥ �❤❡ 
♠❛❧❧❡� ♠♦❞❡❧✱ ❛♥❞ �❤❡�❡❢♦�❡ ❝♦♠❡ �♦

❡✛❡❝� ❡❛�❧✐❡� ❛♥❞ ♦♥ ❛ ❣�❡❛�❡� 
❝❛❧❡✳ ●❡♦♠❡��✐❝ ♠❡❛
✉�❡♠❡♥�
 ❛�❡ ❧✐
�❡❞ ✐♥ �❛❜✳ ✸✷✳ ❋♦�

∆x = 0.3♠♠ �❤❡ ❥❡�
 ❛�❡ ✐❞❡♥�✐❝❛❧✱ ✇❤✐❧❡ �❤❡ ❞�♦♣❧❡�
 ❛�❡ ✈❡�② 
✐♠✐❧❛�✳

❆ ❝❛❧❝✉❧❛�✐♦♥ ♦❢ ❛♥ ❛❞❞✐�✐♦♥❛❧ 0.050 
 ❧❡❞ �♦ ❛ ❞✐
❛♣♣❡❛�❛♥❝❡ ♦❢ �❤❡ 
✐♠✐❧❛�✐�② ❜❡�✇❡❡♥

�❤❡
❡ �✇♦ �❡
✉❧�
✳ ❲❤✐❧❡ �❤❡ ❥❡� ♦❢ �❤❡ ❜✐❣❣❡� ❣❡♦♠❡��② 
�✐❧❧ ❤❛❞ ❡♥♦✉❣❤ 
♣❛❝❡ �♦ ✉♥❢♦❧❞✱

�❤❡ 
��❡❛♠ ✐♥ �❤❡ 
♠❛❧❧❡� ❣❡♦♠❡��② ❝♦❧❧✐❞❡❞ ✇✐�❤ �❤❡ �♦♣ ✇❛❧❧ ❛♥❞ ❤❡♥❝❡ ✐� ❝♦✉❧❞ ❜❡

♦✈❡��❛❦❡♥ ❜② �❤❡ ❢♦❧❧♦✇✐♥❣ ❞�♦♣❧❡�✱ �❤❛� ❤❛❞ 
�✐❧❧ ❜❡❡♥ ✐♥ �❤❡ ♣�♦❝❡

 ♦❢ �❡❧❡❛
❡ ❢�♦♠ �❤❡


��❡❛♠✳

❋✐❣✳ ✻✽ ❝✮ 
❤♦✇
 �❤❡ 
❛♠❡ 
✐♠✉❧❛�✐♦♥ ❛
 ✜❣✳ ✻✽ ❜✮✱ ❛❧�❤♦✉❣❤ ✇✐�❤ ❤✐❣❤❡� �❡
♦❧✉�✐♦♥✱

∆x = 0.1♠♠ ❝♦♠♣❛�❡❞ �♦ ∆x = 0.3♠♠✳ ❚❤❡ 
��❡❛♠ 
❤♦✇
 ❛ �❤✐❝❦ ♣❛�� ❛� �❤❡ ❡♥❞✱

♣�❡
✉♠❛❜❧② ❛ ❞�♦♣❧❡� 
❤♦��❧② ❜❡❢♦�❡ ✐�✬
 ❢♦�♠❛�✐♦♥✳ ❚❤❡ ✜♥❛❧ ❣❡♦♠❡��② ❤❛❞ �♦ ❜❡ ❛❞❛♣�❡❞

�♦ (x, y, z) = (5.0, 12.5, 5.0)♠♠ ✐♥ ♦�❞❡� �♦ ❝♦♠♣❡♥
❛�❡ ❢♦� �❤✐
 ✉♥✇❛♥�❡❞ ❡✛❡❝�✳

■� ✇❛
 ��✐❡❞ �♦ �❡❞✉❝❡ �❤❡ ❝�♦

 
❡❝�✐♦♥ ❢✉��❤❡� �❡
✉❧�✐♥❣ ✐♥ ❛ ❤✐♥❞❡�❡❞ ❞�♦♣❧❡� ❢♦�♠❛�✐♦♥

❞✉❡ �♦ �❤❡ ❝❧♦
❡♥❡

 �♦ �❤❡ ✇❛❧❧ ❛� ≈ 0.14 
 ♠❛❦✐♥❣ �❤✐
 ❣❡♦♠❡��② ✉♥✉
❛❜❧❡✳
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y

x

y

x

y

x

Δx = 0.3 mm

1 mm^2

Δx = 0.3 mm Δx = 0.1 mm

big model

small model

a) b) c)

❋✐❣✉�❡ ✻✽✿ ■❉�♦♣❧❡� ❢♦�♠❛�✐♦♥ ❢♦� ❞✐✛❡�❡♥� ❣❡♦♠❡��② ❛♥❞ ∆x

❛✮ ❜✐❣ ♠♦❞❡❧ ✭ (x, y, z) = (10, 25, 10)♠♠✮ ✇✐�❤ ∆x = 0.3♠♠

❜✮ �♠❛❧❧ ♠♦❞❡❧ ✭ (x, y, z) = (5, 10, 5)♠♠✮ ✇✐�❤ ∆x = 0.3♠♠

❝✮ �♠❛❧❧ ♠♦❞❡❧ ✭ (x, y, z) = (5, 10, 5)♠♠✮ ✇✐�❤ ∆x = 0.1♠♠

❉✶✷✱ �❈▼✷✱ rin = 0.4♠♠ = rout✱ �✐♠❡✲��❡♣✲�✐③❡ 1♠�✱ �✐♠❡✲��❡♣ �❤♦✇♥ 0.15 �

♠♦❞❡❧ 	✐③❡ (x, y, z) [mm] ∆x, [mm] ❞�♦♣❧❡� 	✐③❡ (x, y) [mm] ❥❡� ❧❡♥❣�❤ y♠♠

✶✵✱ ✷✺✱ ✶✵ ✵✳✸ ✸✳✵✱ ✷✳✹ ✺✳✹

✺✱ ✶✵✱ ✺ ✵✳✸ ✷✳✼✱ ✷✳✹ ✺✳✹

✺✱ ✶✵✱ ✺ ✵✳✶ ♥♦♥❡ ≥ 10

❚❛❜❧❡ ✸✷✿ ●❡♦♠❡��✐❝ ♠❡❛�✉�❡♠❡♥�� ♦❢ ✜❣✳ ✻✽
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✶✵✺

❇✳✷ �✐♠❡✲	�❡♣✲	✐③❡

Δt = 1 ms

y

x

y

x

y

x

y

x

y

x

y

x

1 mm^2

Δt = 2 ms Δt = 3 ms Δt = 4 ms Δt = 5 ms Δt = 6 ms

a) b) c) d) e) f)

❋✐❣✉�❡ ✻✾✿ ❋�♦♥� ✈✐❡✇ ✭ z = 5♠♠✮ ♦❢ �❤❡ �❛♠❡ ❝❛❧❝✉❧❛�✐♦♥ ❛� �❤❡ �❛♠❡ �✐♠❡ ❢♦� ❞✐✛❡�❡♥� ∆t

❛✮ ∆t = 1♠�✱ ❜✮ ∆t = 2♠�✱ ❝✮ ∆t = 3♠�✱ ❞✮ ∆t = 4♠�✱ ❡✮ ∆t = 5♠�✱ ❢✮ ∆t = 6♠�

❉✶✷✱ �❈▼✷✱ (x, y, z) = (5, 12.5, 5)♠♠✱ rin = 0.4♠♠ = rout✱ ▼❡�❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱

0.1♠♠

�✐♠❡✲��❡♣ �❤♦✇♥ 0.15 �

∆t [ms] ❞�♦♣❧❡
 �✐③❡ (x, y) [mm] ❥❡
 ❧❡♥❣
❤ y♠♠

✶ ✷✳✼✱ ✷✳✹ ✸✳✸

✷ ✷✳✼✱ ✷✳✹ ✷✳✼

✸ ✷✳✼✱ ✷✳✹ ✷✳✹

✹ ✷✳✼✱ ✷✳✼ ✷✳✶

✺ ♥♦♥❡ ✽✳✶

✻ ♥♦♥❡ ✼✳✽

❚❛❜❧❡ ✸✸✿ ●❡♦♠❡��✐❝ ♠❡❛�✉�❡♠❡♥�� ♦❢ ✜❣✳ ✻✾

▼✉❧
✐♣❧❡ �✐♠✉❧❛
✐♦♥� ✇✐
❤ 
❤❡ �❛♠❡ ❣❡♦♠❡
�② ❛♥❞ ♠❡�❤ ✇❡�❡ ❞♦♥❡ ✇✐
❤ ❞✐✛❡�❡♥



✐♠❡✲�
❡♣ �✐③❡�✳ ❆♥ ❛♥❛❧②�✐� ♦❢ ✜❣✳ ✻✾ �❤♦✇� ❞✐✛❡�❡♥❝❡� ✐♥ 
❤❡ ❞�♦♣❧❡
 ❢♦�♠❛
✐♦♥ ♦�✐❣✐✲

♥❛
✐♥❣ ✐♥ 
✐♠❡✲�
❡♣ �✐③❡ ❢�♦♠ 
❤❡ ❝�♦��✲�❡❝
✐♦♥ ✈✐❡✇ ♦❢ ✸❉ �✐♠✉❧❛
✐♦♥�✱ ❧✐�
❡❞ ✐♥ 
❛❜✳ ✸✸✳

❲❤✐❧❡ 
❤❡ ❞�♦♣❧❡
 �✐③❡� ❛�❡ ✐❞❡♥
✐❝❛❧ ❢♦� ∆t = [1; 3]♠� ❛♥❞ �✐♠✐❧❛� ❢♦� 4♠�✮✱ ❛� ✇❡❧❧ ❛�


❤❡ ❞✐�
❛♥❝❡� ❜❡
✇❡❡♥ ❞�♦♣� ❛♥❞ ❥❡
� ❢♦� ∆t = [1; 4]♠� 
❤❡�❡ ❛�❡ ❣�❡❛
❡� ❞✐✛❡�❡♥❝❡� ✐♥ 
❤❡

�✐③❡ ♦❢ 
❤❡ �
�❡❛♠�✳ ■
 ❝❛♥ ❜❡ �❡❡♥ 
❤❛
 
❤❡ �
�❡❛♠ ✐� �❤♦�
❡� ❛♥❞ ♠♦�❡ ♥❛��♦✇ ❢♦� ❤✐❣❤❡�


✐♠❡✲�
❡♣ �✐③❡�✳ ❋♦� ∆t = 5♠� 
❤❡ ❞�♦♣❧❡
 ❞♦❡�♥✬
 ❞❡
❛❝❤ ❛♥② ♠♦�❡✳ ❆♥ ❛❞❞✐
✐♦♥❛❧

❝❛❧❝✉❧❛
✐♦♥ ✇✐
❤ ∆t = 6♠� �❡�✉❧
❡❞ ✐♥ ❛ ♠♦�❡ ❡✈❡♥ �
�❡❛♠✳ ❉✉❡ 
♦ 
❤❡ �♠❛❧❧ ❞✐✛❡�❡♥❝❡�

✉♣ 
♦ ∆t = 4♠� ❛❧❧ ❢✉�
❤❡� ❝❛❧❝✉❧❛
✐♦♥� ✇❡�❡ ❞♦♥❡ ✇✐
❤ ❛ 
✐♠❡✲�
❡♣ �✐③❡ ♦❢ ∆t ≤ 40s
3m

∆x✳

❚❤❡ ✈❛❧✉❡ ❛❝
✉❛❧❧② ✉�❡❞ ✇❛� ❢❛✈♦✉�❡❞ ✐♥ ❛ ✇❛② 
❤❛
 ❛ ❞❛
❛ ♣♦✐♥
 ❝♦✉❧❞ ❜❡ ❛❝❤✐❡✈❡❞ ❛


❡①❛❝
❧② ❡❛❝❤ �❡❝♦♥❞✳

https://www.tuwien.at/bibliothek
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(x, y, z) = (5, 12.5, 5)♠♠✱ Ain = 4.6 · 10−7m2✱ Aout = 25m2✱ ▼❡�❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱

0.1♠♠✱ �❈▼✷✱ Amush = 105✱ ∆T = −10K✱ vin = 0.4m
s
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(x, y, z) = (5, 12.5, 5)♠♠✱ Ain = 4.6 · 10−7m2✱ Aout = 25m2✱
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(x, y, z) = (5, 12.5, 5)♠♠✱ Ain = 4.6 · 10−7m2✱ Aout = 25m2✱

▼❡�❤✿ ♠✉❧�✐✲③♦♥❡✱ ❤❡①❛❣♦♥❛❧✱ 0.1♠♠✱ #❈▼✷✱ Amush = 105✱ ∆T = −15K✱ vin = 0.4m
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