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✺ t♦♣❧♦t❛

✺✳✶ t❧❛❦

✶✳ ❙ ❦♦❧✐❦➨♥♦ s✐❧♦ ♣r✐t✐s❦❛ ③r❛❦ ♥❛ ♣❧♦s❦❡✈ 1m2✱ ↔❡ ❥❡ ③r❛↔♥✐ t❧❛❦ 10N/cm2❄

❘♣✿ p = 10N/cm2

S = 1m2

F = p · S
F = 10N/cm2 · 10000 cm2 = 1 · 105 N

✷✳ ❷❡✈❧❥❛r ♣r✐t✐s❦❛ ♥❛ ❞r➸❛❧♦ ➨✐❧❛ s s✐❧♦ 20 N✳ ❑♦❧✐❦➨❡♥ ❥❡ t❧❛❦ ♣♦❞ ❦♦♥✐❝♦ ➨✐❧❛✱ ↔❡ ❥❡ ♥❥❡♥❛ ♣♦✈r➨✐♥❛
5 · 10−4 cm2❄

❘♣✿ F = 20N

S = 5 · 10−4 cm2

p =?

p =
F

S
=

20 N

5 · 10−4 cm2
= 40000N/cm2

✸✳ ❱ ♣❛r♥❡♠ ❦♦t❧✉ ❥❡ t❧❛❦ ③❛ 10 barov ✈❡↔❥✐ ❦♦t ③r❛↔♥✐ t❧❛❦✳ ❑♦❧✐❦➨♥❛ s✐❧❛ ❞❡❧✉❥❡ ♥❛ ❦r♦➸♥✐ ♣♦❦r♦✈
✈❛r♥♦st♥❡ ③❛❦❧♦♣❦❡✱ ❦✐ ✐♠❛ ♣r❡♠❡r 4 cm❄

✹✳ ❑♦❧✐❦➨♥❛ s✐❧❛ ❞❡❧✉❥❡ ♥❛ ✈s❛❦ ❦✈❛❞r❛t♥✐ ❝❡♥t✐♠❡t❡r ♣♦t❛♣❧❥❛↔❛✱ ❦✐ s❡ ♣♦t♦♣✐ 5 m ❣❧♦❜♦❦♦❄

✺✳ ◆❛ ❞♥✉ 3m ❣❧♦❜♦❦❡❣❛ ❜❛③❡♥❛ ❥❡ ❦♦❝❦❛ s str❛♥✐❝♦ 2 cm✳ ❙ ❦♦❧✐❦➨♥♦ s✐❧♦ ❞❡❧✉❥❡ ✈♦❞❛ ♥❛ ✈s❛❦♦
str❛♥✐❝♦ ❦♦❝❦❡❄

✻✳ ❈❡✈ ✈ ❤✐❞r♦❛❦✉♠✉❧❛❝✐❥s❦❡♠ ❥❡③❡r✉ ③❛❥❛♠❡ ✈s❛❦♦ s❡❦✉♥❞♦ 2 t ✈♦❞❡ ♣r✐ ♣r❡s❡❦✉ 1 m2✳ ❉❡s❡t
♠❡tr♦✈ ♥✐➸❥❡ s❡ ❝❡✈ ③♦➸✐ ♥❛ ♣r❡s❡❦ 1 dm2✳ ❙ ❦♦❧✐❦➨♥♦ ❤✐tr♦st❥♦ ♣❛❞❡ ✈♦❞❛ ♥❛ ❧♦♣❛t✐❝❡ t✉r❜✐♥❡✱
❦✐ s♦ ♣♦❧❡❣ ➨♦❜❡❄

❘♣✿ m = 2 t = 2000 kg

t = 1 s

S1 = 1m2

S2 = 1dm2

v =?

v =
s

t

V =
m

̺

V =
2000 kg

1000 kg/m3
= 2m3

s =
V

S2
=

2 m3

0.01 m2
= 200m

v =
s

t
=

200 m

1 s
= 200m/s

❦❤♠ ✳ ✳ ✳ ❦❛❥ ♣❛ s♣r❡♠❡♠❜❛ ♣♦t❡♥❝✐❛❧♥❡ ❡♥❡r❣✐❥❡❄ ❆❧✐ r❡s ♥✐↔ ♥❡ ♣r✐s♣❡✈❛❄

✼✳ ❩❛ ❦♦❧✐❦♦ s❡ r❛③❧✐❦✉❥❡t❛ ♣♦✈♣r❡↔♥❛ t❧❛❦❛ ✈ ▲❥✉❜❧❥❛♥✐ ✐♥ ♥❛ ♠♦r❥✉✱ ↔❡ ❥❡ ✈✐➨✐♥s❦❛ r❛③❧✐❦❛ 300 m✱
❣♦st♦t❛ ③r❛❦❛ ♣❛ 1, 2 kg/m3❄
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❘♣✿ ̺ = 1, 2 kg/m3

h = 300m

p1 = po − ̺ · g · h
p1 = 1bar − 1, 2 kg/m3 · 10 m/s2 · 300 m = 0, 96 bar

t♦❧❡ ❜♦ ♥❛❥❜r➸ t❧❛❦ ✈ ▲❥✉❜❧❥❛♥✐✱ ↔❡ ❥❡ ♦❜ ♠♦r❥✉ ✶ ❜❛r
✐➨↔❡♠♦ ♣❛ r❛③❧✐❦♦ t❧❛❦♦✈✿

∆p = ̺gh = 1, 2kg/m3 · 10m/s2 · 300m = 3600N/m2 = 0, 036 bara

✽✳ ❩❛ ❦♦❧✐❦♦ s❡ r❛③❧✐❦✉❥❡t❛ ♣♦✈♣r❡↔♥❛ t❧❛❦❛ ♥❛ ♠♦r❥✉ ✐♥ ♥❛ ❚r✐❣❧❛✈✉✱ ↔❡ ❥❡ ❣♦st♦t❛ ③r❛❦❛ 1, 2 kg/m3❄

❘♣✿ ̺ = 1, 2 kg/m3

h = 2864m

p1 = po − ̺ · g · h
p1 = 1bar − 1, 2 kg/m3 · 10 m/s2 · 2864 m = 0, 66 bar

∆p = p1 − po = ̺ · g · h =???

✾✳ ❑♦❧✐❦➨❡♥ ❥❡ t❧❛❦ ♥❛ ♠♦rs❦❡♠ ❞♥✉ ✈ ❣❧♦❜✐♥✐ 200 m❄ ❑♦❧✐❦➨♥❛ s✐❧❛ ♣r✐t✐s❦❛ ♥❛ ❞❡❧ ❞♥❛ s ♣❧♦➨↔✐♥♦
0, 25 m2❄

❘♣✿ ̺ = 1000 kg/m3

h = 200m

p1 = po + ̺ · g · h
p1 = 1bar + 1000 kg/m3 · 10 m/s2 · 200 m = 21 bar

F = p1 · S = 2100000N/m2 · 0.25 m2 = 525 kN

✶✵✳ ❑♦❧✐❦➨❡♥ ❥❡ t❧❛❦ ♥❛ ♠♦rs❦❡♠ ❞♥✉ ✈ ❣❧♦❜✐♥✐ 50 m❄ ❑♦❧✐❦➨♥❛ s✐❧❛ ♣r✐t✐s❦❛ ♥❛ ❞❡❧ ❞♥❛ s ♣❧♦➨↔✐♥♦
0, 5 m2❄

❘♣✿ ̺ = 1000 kg/m3

h = 50m

p1 = po + ̺ · g · h
p1 = 1bar + 1000 kg/m3 · 10 m/s2 · 50 m = 6 bar

F = p1 · S = 2100000N/m2 · 0.5 m2 = 300 kN

✶✶✳ ❑♦❧✐❦♦ ❥❡ t❧❛❦ ✈ ▼♦❥str❛♥✐ ✭641 m✮✱ ↔❡ ❥❡ ♥❛ ❑r❡❞❛r✐❝✐ ✭2515 m✮ 705 mbara❄ ✭̺zrak = 1, 2 kg/m3✮

❘♣✿ ↔❡ ❧❛❤❦♦ ✈③❛♠❡♠♦✱ ❞❛ ❥❡ ❣♦st♦t❛ ③r❛❦❛ ❦♦♥st❛♥t♥❛ s❡ ③r❛↔♥✐ t❧❛❦ ❧✐♥❡❛r♥♦ ♠❛♥❥➨❛ ③ ✈✐➨✐♥♦✿

p = po + ̺gh = 0, 705 · 105 N

m2
+ 1, 2

kg

m3
10

m

s2
(2515 m − 641 m)

p = 92988Pa = 930 mbar

✶✷✳ ❑♦❧✐❦♦ ❥❡ t❧❛❦ ♥❛ ➆♠❛r♥✐ ❣♦r✐ ✭669 m✮✱ ↔❡ ❥❡ ✈ ▲❥✉❜❧❥❛♥✐ ✭307 m✮ 1013 mbara❄ ✭̺zrak =
1, 2 kg/m3✮

❘♣✿ ↔❡ ❧❛❤❦♦ ✈③❛♠❡♠♦✱ ❞❛ ❥❡ ❣♦st♦t❛ ③r❛❦❛ ❦♦♥st❛♥t♥❛ s❡ ③r❛↔♥✐ t❧❛❦ ❧✐♥❡❛r♥♦ ♠❛♥❥➨❛ ③ ✈✐➨✐♥♦✿

p = po − ̺gh = 1, 013 · 105 N

m2
− 1, 2

kg

m3
10

m

s2
(669 m − 307 m)

p = 96956Pa = 970 mbar

✶✸✳ ❱ ❯✲ ❝❡✈❦♦ ♥❛t♦↔✐♠♦ ➸✐✈♦ sr❡❜r♦✳ ❱ ❡♥ ❦r❛❦ ❞♦t♦↔✐♠♦ ➨❡ 26, 3 cm ♥❡❦❡ t❡❦♦↔✐♥❡✳ ❑♦❧✐❦➨♥❛ ❥❡
❣♦st♦t❛ t❡ t❡❦♦↔✐♥❡✱ ↔❡ ❥❡ ➸✐✈♦ sr❡❜r♦ ✈ ❡♥❡♠ ❦r❛❦✉ ③❛ 1, 2 cm ✈✐➨❡ ❦♦t ✈ ❞r✉❣❡♠ ❦r❛❦✉❄
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❙❧✐❦❛ ✷✷✿ ❯ ❝❡✈❦❛✳

❘♣✿ ❯ ❝❡✈❦❛
pa = pb

pa = ̺1 · g · h1 + po

pb = (̺1 · g · hx + ̺2 · g · h3) + po

hx = (h1 − h3 + h2)

̺1 · h1 = ̺1 · hx + ̺2 · h3

̺1 · (h1 − h1 + h3 − h2) = ̺2 · h3

̺2 = (̺1 · (h3 − h2))/(h3)

❛❧✐ ♥❡ ❜✐ ❜✐❧♦ ❡♥♦st❛✈♥❡❥❡ r❛③♠✐s❧✐t✐ t❛❦♦❧❡✿
♥❛ ❡♥✐ str❛♥✐ ❝❡✈❦❡ ❥❡ ♥❡③♥❛♥❛ t❡❦♦↔✐♥❛✱ ❦✐ s❡❣❛ hn = 26, 3 cm ✈✐s♦❦♦
♥❛ ❞r✉❣✐ str❛♥✐ ❥❡ ➸✐✈♦ sr❡❜r♦ hHg = 1, 2 cm ✈✐➨❥❡✱ ❦♦t ♥❛ t✐st✐ str❛♥✐✱ ❦❥❡r ❥❡ ♥❡③♥❛♥❛
t❡❦♦↔✐♥❛
♥❛ t❡❥ ✈✐➨✐♥✐ ❥❡ ✈ ♦❜❡❤ ❦r❛❦✐❤ ❡♥❛❦ t❧❛❦✿ pn = pHg

♦❜❛ t❧❛❦❛ st❛ ♦❞✈✐s♥❛ ♦❞ ③r❛↔♥❡❣❛ t❧❛❦❛ ✐♥ ♦❞ ✈✐➨✐♥❡ t❡r ❣♦st♦t❡ t❡❦♦↔✐♥❡ ♥❛❞ t❡♠ ♥✐✈♦❥❡♠✦
pn = pHg

po + ̺nghn = po + ̺HgghHg

❦♦ ♣♦❦r❛❥➨❛♠♦ ♥❛ ♦❜❡❤ str❛♥❡❤✱ ❦❛r ❥❡ ❡♥❛❦❡❣❛✱ ♥❛♠ ♦st❛♥❡

̺nhn = ̺HghHg

❛❧✐✿

̺n =
̺HghHg

hn

̺n = 13, 6 g/cm3 1, 2 cm

26, 3 cm
= 0.62 g/cm3

✶✹✳ ❱ ❯✲ ❝❡✈❦♦ ♥❛t♦↔✐♠♦ ➸✐✈♦ sr❡❜r♦✳ ❑❛❦♦ ✈✐s♦❦ st♦❧♣❡❝ ❛❧❦♦❤♦❧❛ ♠♦r❛♠♦ ❞♦t♦↔✐t✐ ✈ ❡♥ ❦r❛❦✱ ❞❛
❜♦ st♦❧♣❡❝ ➸✐✈❡❣❛ sr❡❜r❛ ✈ ❡♥❡♠ ❦r❛❦✉ ③❛ 2, 2cm ✈✐➨❥✐ ❦♦t ✈ ❞r✉❣❡♠ ❦r❛❦✉❄

❘♣✿ pa = pb

pa = ̺1 · g · h1 + po

pb = (̺1 · g · hx + ̺2 · g · h3) + po

hx = (h1 − h3 + h2)

̺1 · h1 = ̺1 · hx + ̺2 · h3

̺1 · (h1 − h1 + h3 − h2) = ̺2 · h3

̺1 · h3 − ̺1 · h2 = ̺2 · h3

h3(̺1 − ̺2) = ̺1 · h2·

h3 =
̺2 · h2

̺1 − ̺2
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✶✺✳ ➆✐r➨✐ ❞❡❧ ♣♦s♦❞❡ ✐♠❛ ♥♦tr❛♥❥✐ ♣r❡s❡❦ 100 cm2 ✐♥ ✈✐➨✐♥♦ 10 cm✳ ❱r❛t ♣♦s♦❞❡ ✐♠❛ ♣r❡s❡❦ 2 cm2✱
✈♦❞❛ ♣❛ ♥❛❥ st♦❥✐ ✈ ❝❡❧♦t✐ 60 cm ✈✐s♦❦♦✳ ❑♦❧✐❦➨♥❛ s✐❧❛ ❞❡❧✉❥❡ ♥❛ ❞♥♦ ♣♦s♦❞❡❄ ❑♦❧✐❦➨❡♥ ❥❡ t❧❛❦
♦❜ str♦♣✉ s♣♦❞♥❥❡❣❛ ❞❡❧❛ ♣♦s♦❞❡❄ ❑♦❧✐❦➨♥❛ s✐❧❛ ❞❡❧✉❥❡ ♥❛♥❥ ✭str♦♣ ➨✐r➨❡❣❛ ❞❡❧❛ ♣♦s♦❞❡✮❄ ●❧❡❥
s❧✐❦♦ ✷✸✦

❙❧✐❦❛ ✷✸✿ ❩♦➸❡♥❛ ♣♦s♦❞❛ ✐♥ t❧❛❦ ✈ ♥❥❡❥✳

✶✻✳ ▼❡t❡♦r♦❧♦➨❦✐ ❜❛❧♦♥ ❥❡ ♠❡r✐❧✱ ❦❛❦♦ ❥❡ ③r❛↔♥✐ t❧❛❦ ♦❞✈✐s❡♥ ♦❞ ✈✐➨✐♥❡✳ ▼❡r✐t✈❡ s♦ ♣♦❞❛♥❡ ✈ t❛❜❡❧✐✿

h❬❦♠❪ ✵ ✶✱✾✽ ✸✱✾✾ ✺✱✾✹ ✼✱✽✽ ✾✱✼✽ ✶✶✱✻ ✶✸✱✻
p❬❜❛r❪ ✶✱✵✷ ✵✱✽✶✻ ✵✱✻✸✺ ✵✱✹✽✻ ✵✱✸✾✹ ✵✱✸✵✽ ✵✱✷✸✾ ✵✱✶✽✾

◆❛r✐➨✐ ❣r❛❢ ③r❛↔♥❡❣❛ t❧❛❦❛ ✈ ♦❞✈✐s♥♦st✐ ♦❞ ✈✐➨✐♥❡✦ ❑♦❧✐❦♦ ❥❡ ❣♦st♦t❛ ③r❛❦❛ ♥❛ ✈✐➨✐♥✐ 5 km✱ ↔❡ ❥❡
t❡♠♣❡r❛t✉r❛ st❛❧♥❛ ✐♥ ❥❡ 5◦C❄ ✭✰✮❑♦❧✐❦♦ ❥❡ t❧❛❦✱ ↔❡ ❥❡ ✈✐➨✐♥❛ 50 m ✈❡↔❥❛❄

✶✼✳ ▼❡t❡♦r♦❧♦➨❦✐ ❜❛❧♦♥ ❥❡ ♠❡r✐❧✱ ❦❛❦♦ ❥❡ ③r❛↔♥✐ t❧❛❦ ♦❞✈✐s❡♥ ♦❞ ✈✐➨✐♥❡✳ ▼❡r✐t✈❡ s♦ ♣♦❞❛♥❡ ✈ t❛❜❡❧✐✿

h❬❦♠❪ ✵ ✶✱✾✽ ✸✱✾✾ ✺✱✾✹ ✼✱✽✽ ✾✱✼✽ ✶✶✱✻ ✶✸✱✻
p❬❜❛r❪ ✶✱✵✷ ✵✱✽✶✻ ✵✱✻✸✺ ✵✱✹✽✻ ✵✱✸✾✹ ✵✱✸✵✽ ✵✱✷✸✾ ✵✱✶✽✾

◆❛r✐➨✐ ❣r❛❢ ③r❛↔♥❡❣❛ t❧❛❦❛ ✈ ♦❞✈✐s♥♦st✐ ♦❞ ✈✐➨✐♥❡✦ ❑♦❧✐❦♦ ❥❡ ❣♦st♦t❛ ③r❛❦❛ ♥❛ ✈✐➨✐♥✐ 5 km✱ ↔❡ ❥❡
t❡♠♣❡r❛t✉r❛ st❛❧♥❛ ✐♥ ❥❡ 5◦C❄ ✭✰✮❑♦❧✐❦♦ ❥❡ t❧❛❦✱ ↔❡ ❥❡ ✈✐➨✐♥❛ 50 m ✈❡↔❥❛❄

✶✽✳ ❖❜ ❇♦❤✐♥❥s❦❡♠ ❥❡③❡r✉ ❥❡ t❧❛❦ 954 mbar✳ ❑♦❧✐❦➨♥❛ s✐❧❛ ❞❡❧✉❥❡ ♥❛ ✈s❛❦♦ str❛♥s❦♦ ♣❧♦s❦❡✈ ❦♦❝❦❡
③ r♦❜♦♠ 5 cm❄ ❑❛❦♦ ❣❧♦❜♦❦♦ ♣♦❞ ✈♦❞♦ ♠♦r❛♠♦ ♣♦t♦♣✐t✐ ❦♦❝❦♦✱ ❞❛ ❜♦ s✐❧❛ ♥❛ ✈s❛❦♦ str❛♥s❦♦
♣❧♦s❦❡✈ tr✐❦r❛t ✈❡↔❥❛❄

✶✾✳ ❖❜ ❇❧❡❥s❦❡♠ ❥❡③❡r✉ ❥❡ t❧❛❦ 974 mbar✳ ◆❛ ✈s❛❦♦ str❛♥s❦♦ ♣❧♦s❦❡✈ ❦♦❝❦❡ ❞❡❧✉❥❡ s✐❧❛ 88 N✳ ❑♦❧✐❦♦
❥❡ r♦❜ ❦♦❝❦❡❄ ❑❛❦♦ ❣❧♦❜♦❦♦ ♣♦❞ ✈♦❞♦ ♠♦r❛♠♦ ♣♦t♦♣✐t✐ ❦♦❝❦♦✱ ❞❛ ❜♦ s✐❧❛ ♥❛ ✈s❛❦♦ ♣❧♦s❦❡✈
❞✈❛❦r❛t ✈❡↔❥❛❄

✺✳✷ ✈③❣♦♥

✶✳ ❑♦s ❜❛❦r❛ t❡❤t❛ ♥❛ ③r❛❦✉ 3, 15 N✱ ♣♦❞ ✈♦❞♦ ♣❛ ♥❛ ✈✐❞❡③ s❛♠♦ 2, 79 N✳ ❑♦❧✐❦➨♥❛ ❥❡ ❣♦st♦t❛
❜❛❦r❛❄

✷✳ ➎❡❧❡③❡♥ ❞r♦❣ ❥❡ ✈ ✈♦❞✐ ③❛ 104 N ❧❛➸❥✐ ❦♦t ✈ ③r❛❦✉✳ ❑♦❧✐❦➨♥❛ ❥❡ ♥❥❡❣♦✈❛ t❡➸❛ ✈ ③r❛❦✉❄ ✭ ̺ =
7, 8 g/cm3 ✮

✸✳ ❱ ❦♦③❛r❝✉ ♣❧❛✈❛ ❦♦s ❧❡❞✉✳ P♦↔❛❦❛♠♦ t♦❧✐❦♦✱ ❞❛ s❡ r❛✈♥♦ ✈❡s ❧❡❞ st❛❧✐ ✐♥ ✐♠❛ ✈s❛ ✈♦❞❛ ➨❡
t❡♠♣❡r❛t✉r♦ 0◦C✳ ❆❧✐ s❡ ❣❧❛❞✐♥❛ ✈③❞✐❣♥❡✱ ❛❧✐ ③♥✐➸❛❄ ✭̺l = 917 kg/m3✱ ̺v = 999, 8 kg/m3✮

✹✳ ❇❛❧♦♥ ♥❛♣♦❧♥✐♠♦ ③ ✈r♦↔✐♠ ③r❛❦♦♠ ③ ❣♦st♦t♦ 0, 9 kg/m3✳ ❩r❛❦ ✈ ♦❦♦❧✐❝✐ ❜❛❧♦♥❛ ✐♠❛ ❣♦st♦t♦
1, 2 kg/m3✳ ▼❛s❛ t❦❛♥✐♥❡ ✐♥ ✈r✈✐ ❜❛❧♦♥❛ ❥❡ 30 kg✳ ❑♦❧✐❦➨♥❛ ❥❡ ♣r♦st♦r♥✐♥❛ ❜❛❧♦♥❛✱ ↔❡ ③ ♥❥✐♠
❞✈✐❣♥❡♠♦ t♦✈♦r 200 kg❄

✺✳ ❑♦❧✐❦♦ ❧✐tr♦✈ ✈♦❞✐❦❛ ③ ❣♦st♦t♦ 0, 08 kg/m3 ❜✐ t❡ ❞✈✐❣♥✐❧♦ ✈ 400 N t❡➸❦❡♠ ❜❛❧♦♥✉ ✈ ③r❛❦❄

✻✳ ❑♦❧✐❦♦ ❧✐tr♦✈ ❤❡❧✐❥❛ ③ ❣♦st♦t♦ 0, 16 kg/m3 ❜✐ t❡ ❞✈✐❣♥✐❧♦ ✈ 600 N t❡➸❦❡♠ ❜❛❧♦♥✉ ✈ ③r❛❦❄

✼✳ ❇❛❧♦♥ ✐♠❛ ♣r♦st♦r♥✐♥♦ 1600 m3 ✐♥ ❥❡ ♥❛♣♦❧♥❥❡♥ s ❤❡❧✐❥❡♠✳ ❚❡➸❛ ❜❛❧♦♥❛ ③ ❣♦♥❞♦❧♦ ✈r❡❞ ❥❡ 12500 N✳
❑♦❧✐❦➨♥❛ ❥❡ ♠❛s❛ ❜r❡♠❡♥❛✱ ❦✐ ❣❛ ❜❛❧♦♥ ❧❛❤❦♦ ❞✈✐❣♥❡❄

✽✳ 1 dm3 ♥❡❦❡ s♥♦✈✐ ✐♠❛ ♠❛s♦ 9, 2 kg✳ P♦t♦♣✐♠♦ ❣❛ ✈ ✈♦❞♦✳

✭❛✮ ❑♦❧✐❦♦ ❧✐tr♦✈ ✈♦❞❡ ❜♦ t❡❧♦ ✐③♣♦❞r✐♥✐❧♦❄

✭❜✮ ❑♦❧✐❦➨❡♥ ❥❡ ✈③❣♦♥❄



✺ ❚❖P▲❖❚❆ ✼✻

✭❝✮ ❆❧✐ s❡ ❜♦ t❡❧♦ ♣♦t♦♣✐❧♦ ❛❧✐ ♣❧❛✈❛❧♦❄

✾✳ 2 m3 ♥❡❦❡ s♥♦✈✐ ✐♠❛ ♠❛s♦ 19, 20 t✳ P♦t♦♣✐♠♦ ❣❛ ✈ ✈♦❞♦✳

✭❛✮ ❑♦❧✐❦♦ ❧✐tr♦✈ ✈♦❞❡ ❜♦ t❡❧♦ ✐③♣♦❞r✐♥✐❧♦❄

✭❜✮ ❑♦❧✐❦➨❡♥ ❥❡ ✈③❣♦♥❄

✭❝✮ ❆❧✐ s❡ ❜♦ t❡❧♦ ♣♦t♦♣✐❧♦ ❛❧✐ ♣❧❛✈❛❧♦❄

✶✵✳ ❑♦s ❦♦✈✐♥❡ ③ ♠❛s♦ 80 g ✐♥ ♣r♦st♦r♥✐♥♦ 12, 5 cm3 ♣♦t♦♣✐♠♦ ✈ ✈♦❞♦✳ ❑♦❧✐❦♦ ✈♦❞❡ ✐③♣♦❞r✐♥❡❄
❑♦❧✐❦➨♥❛ s✐❧❛ ❞❡❧✉❥❡ ♥❛ t❡❧♦ ♥❛✈♣✐↔♥♦ ♥❛✈③❣♦r❄ ❑♦❧✐❦➨♥❛ ❥❡ ♥❥❡❣♦✈❛ ♥❛✈✐❞❡③♥❛ t❡➸❛ ✈ ✈♦❞✐❄

✶✶✳ ❑♦s ❦♦✈✐♥❡ ③ ♠❛s♦ 120 g ✐♥ ♣r♦st♦r♥✐♥♦ 10, 5 cm3 ♣♦t♦♣✐♠♦ ✈ ✈♦❞♦✳ ❑♦❧✐❦♦ ✈♦❞❡ ✐③♣♦❞r✐♥❡❄
❑♦❧✐❦➨♥❛ s✐❧❛ ❞❡❧✉❥❡ ♥❛ t❡❧♦ ♥❛✈♣✐↔♥♦ ♥❛✈③❣♦r❄ ❑♦❧✐❦➨♥❛ ❥❡ ♥❥❡❣♦✈❛ ♥❛✈✐❞❡③♥❛ t❡➸❛ ✈ ✈♦❞✐❄

✶✷✳ ◆❡♣r❛✈✐❧❡♥ ❦♦s ❦♦✈✐♥❡ ③ ♠❛s♦ 10 g ♦❜❡s✐♠♦ ♥❛ ✈③♠❡t♥♦ t❡❤t♥✐❝♦ ✐♥ ♣♦t♦♣✐♠♦ ✈ ✈♦❞♦✳ ❚❡❤t♥✐❝❛
♣♦❦❛➸❡ 8 g✳ ■③r❛↔✉♥❛❥ ♣r♦st♦r♥✐♥♦ ✐♥ ❣♦st♦t♦ ❦♦✈✐♥❡✦ ❑♦ ✐st✐ ❦♦s ❦♦✈✐♥❡ ♣♦t♦♣✐♠♦ ✈ ♦❧❥❡✱ ♣❛
t❡❤t♥✐❝❛ ♣♦❦❛➸❡ 8, 5 g✳ ❉♦❧♦↔✐ ➨❡ ❣♦st♦t♦ ♦❧❥❛✦

✶✸✳ ❯t❡➸ ♦❜❡s✐♠♦ ♥❛ ❞✐♥❛♠♦♠❡t❡r✱ ❦✐ ♣♦❦❛➸❡ s✐❧♦ 22 N✳ ◆❛t♦ ✉t❡➸ ♣♦t♦♣✐♠♦ ✈ ♣♦s♦❞♦ ③ ✈♦❞♦✱ ❦✐
st♦❥✐ ♥❛ t❡❤t♥✐❝✐✱ t❛❦♦ ❞❛ s❡ ✉t❡➸ ♥❡ ❞♦t✐❦❛ ❞♥❛✳ ❉✐♥❛♠♦♠❡t❡r ♣♦❦❛➸❡ 14 N✳ ❑♦❧✐❦♦ ♣♦❦❛➸❡
t❡❤t♥✐❝❛✱ ♥❛ ❦❛t❡r✐ st♦❥✐ ♣♦s♦❞❛ ③ ✈♦❞♦✱ ↔❡ ❥❡ ♥❛ ③❛↔❡t❦✉ ♣♦s❦✉s❛ ❦❛③❛❧❛ 2, 5 kg❄ ❑❛t❡r❡ s✐❧❡
❞❡❧✉❥❡❥♦ ♥❛ ✉t❡➸ ✐♥ ❦♦❧✐❦➨♥❡ s♦❄

✶✹✳ ❑♦❝❦❛ ✐③ s♠r❡❦♦✈❡❣❛ ❧❡s❛ s❡ ♣♦t♦♣✐ ✈ ✈♦❞✐ 2, 2 mm ❣❧♦❜♦❦♦✳ ❑♦❧✐❦➨♥❛ ❥❡ ❣♦st♦t❛ t❡❦♦↔✐♥❡ ✈
❦❛t❡r✐ s❡ ♣♦t♦♣✐ s❛♠♦ 2, 0 mm ❣❧♦❜♦❦♦❄

✶✺✳ ◆❛ ♣♦✈r➨✐♥✐ ✈♦❞❡ ♣❧❛✈❛ ❦♦s ♣❧✉t❡ ③ ♠❛s♦ 0, 8 kg✳ ❑♦❧✐❦➨❡♥ ❞❡❧ ❥❡ ♣♦❞ ✈♦❞♦❄ ❑♦❧✐❦➨♥♦ ✉t❡➸
s♠❡♠♦ ♣♦st❛✈✐t✐ ♥❛ ♣❧✉t♦✱ ❞❛ ♥❡ ♣♦t♦♥❡❄

✶✻✳ ❑✈❛❞❡r ✐③ st✐r♦♣♦r❛ ③ r♦❜♦✈✐ 18 cm✱ 13 cm ✐♥ 4 cm ♣♦❧♦➸✐♠♦ ♥❛ ❣❧❛❞✐♥♦ ✈♦❞❡✱ t❛❦♦ ❞❛ ❧❡➸✐ ♥❛
♥❛❥✈❡↔❥✐ ♣❧♦s❦✈✐✳ ❑♦❧✐❦➨♥❛ ❥❡ ❣♦st♦t❛ st✐r♦♣♦r❛✱ ↔❡ ❥❡ ③✉♥❛❥ ✈♦❞❡ 3, 7 cm r♦❜❛❄ ❑♦❧✐❦➨♥❛ ❥❡ ♠❛s❛
st✐r♦♣♦r❛❄

✶✼✳ ❑♦s ❤r❛st♦✈❡❣❛ ❧❡s❛ ✐♠❛ ♦❜❧✐❦♦ ❦♦❝❦❡ ✐♥ ❣♦st♦t♦ ̺ = 0, 8 g/cm3 ✳ ❙tr❛♥✐❝❛ ❦♦❝❦❡ ❥❡ ❞♦❧❣❛ 10 cm✳
❑♦❝❦♦ ♣♦❧♦➸✐♠♦ ✈♦❞♦✳ ❑♦❧✐❦♦ ❧❡s❡♥❡ ❦♦❝❦❡ ❣❧❡❞❛ ✐③ ✈♦❞❡❄

✶✽✳ P❧✉t♦✈✐♥❛st❛ ❦♦❝❦❛ ✐♠❛ r♦❜ ❞♦❧❣ 60 cm ✐♥ ♠❛s♦ 86, 4 kg✳ P♦t♦♣❧❥❡♥❛ ❥❡ ✈ ✈♦❞♦✱ t❛❦♦ ❞❛ ❥❡ ♥❥❡♥❛
③❣♦r♥❥❛ ♣❧♦s❦❡✈ ✈③♣♦r❡❞♥❛ ③ ❣❧❛❞✐♥♦✳ ❑♦❧✐❦♦ ❞❡❧❛ ♦♣r❛✈✐♠♦✱ ❦♦ ❥♦ ♣♦t♦♣✐♠♦ ♥❛ ❞♥♦✱ ↔❡ ❥❡ ❜❛③❡♥
❣❧♦❜♦❦ 3, 2 m❄

✶✾✳ P❧✉t♦✈✐♥❛st❛ ❦♦❝❦❛ ✐♠❛ r♦❜ ❞♦❧❣ 50 cm ✐♥ ♠❛s♦ 68, 4 kg✳ P♦t♦♣❧❥❡♥❛ ❥❡ ✈ ✈♦❞♦✱ t❛❦♦ ❞❛ ❥❡ ♥❥❡♥❛
③❣♦r♥❥❛ ♣❧♦s❦❡✈ ✈③♣♦r❡❞♥❛ ③ ❣❧❛❞✐♥♦✳ ❑♦❧✐❦♦ ❞❡❧❛ ♦♣r❛✈✐♠♦✱ ❦♦ ❥♦ ♣♦t♦♣✐♠♦ ♥❛ ❞♥♦✱ ↔❡ ❥❡ ❜❛③❡♥
❣❧♦❜♦❦ 2, 3 m❄

✷✵✳ ❱ ❜❛③❡♥✉ ♣r❛✈♦❦♦t♥❡ ♦❜❧✐❦❡ s str❛♥✐❝❛♠❛ 5, 0 m ✐♥ 12 m ❥❡ ↔♦❧♥✱ ✈ ❦❛t❡r❡♠ ❥❡ ✈r❡↔❛ ♣❡s❦❛ ③
♠❛s♦ 50 kg ✐♥ s ♣r♦st♦r♥✐♥♦ 20 dm3✳ ❱r❡↔❛ ♣❛❞❡ ✈ ✈♦❞♦✳ ❑♦❧✐❦♦ s❡ s♣r❡♠❡♥✐ ❣❧❛❞✐♥❛ ✈♦❞❡❄

✷✶✳ ❖❝❡♥✐ ♣r♦st♦r♥✐♥♦ ↔❧♦✈❡➨❦❡❣❛ t❡❧❡s❛ ✐♥ ✐③r❛↔✉♥❛❥✱ ❦♦❧✐❦➨❡♥ ✈③❣♦♥ ❞❡❧✉❥❡ ♥❛♥❥ ✈ ③r❛❦✉✳ ❑♦❧✐❦➨❡♥
♣❛ ❥❡ ✈③❣♦♥✱ ↔❡ ❥❡ t❡❧♦ ✈ ❝❡❧♦t✐ ♣♦t♦♣❧❥❡♥♦ ✈ ✈♦❞♦❄

✷✷✳ P♦s♦❞❛ s ♣r♦st♦r♥✐♥♦ 2 l ❥❡ ❞♦ ✈r❤❛ ♥❛♣♦❧♥❥❡♥❛ ③ ✈♦❞♦✳ ❱❛♥❥♦ ♣♦st❛✈✐♠♦ ♣♦s♦❞♦ s ♣r♦st♦r♥✐♥♦
1, 5 l ✐♥ ③ ♠❛s♦ 0, 6 kg✳ ❑♦❧✐❦♦ ✈♦❞❡ s❡ ✐③❧✐❥❡ ✐③ ✈❡↔❥❡ ♣♦s♦❞❡❄

✷✸✳ ❱ ❦♦③❛r❝✉ ✈♦❞❡ ♣❧❛✈❛ ♣❧✉t♦✈✐♥❛st ③❛♠❛➨❡❦✳ ❱✐➨✐♥❛ ❦♦③❛r❝❛ ❥❡ 8 cm✱ ✈✐➨✐♥❛ ✈♦❞❡ ✈ ❦♦③❛r❝✉ ♣❛
1cm ♣♦❞ r♦❜♦♠ ❦♦③❛r❝❛✳ Pr❡♠❡r ❦♦③❛r❝❛ ❥❡ 4 cm✳ ❩❛♠❛➨❡❦ ✐♠❛ ♣r❡♠❡r 3 cm ✐♥ ✈✐➨✐♥♦ 6 cm✳
❙ ❦♦❧✐❦➨♥♦ s✐❧♦ ❥❡ ♣♦tr❡❜♥♦ t✐➨↔❛t✐ ③❛♠❛➨❡❦ ♥❛✈③❞♦❧✱ ❞❛ ❜♦ ③❛↔❡❧❛ ✈♦❞❛ ✐③t❡❦❛t✐❄ ✭̺(vode) =
1 g/cm3✱ ̺(pluta) = 0, 4 g/cm3 ✮

✷✹✳ ❑❛❦♦ ❤✐tr♦ s❡ ❞✈✐❣✉❥❡ ❜❛❧♦♥ ♣r❡♠❡r❛ 2 m ♥❛♣♦❧♥❥❡♥ s ❤❡❧✐❥❡♠✱ ❦✐ ♥♦s✐ ❜r❡♠❡ 1 kg❄ P❧❛➨↔
❜❛❧♦♥❛ t❡❤t❛ 25 kg✳ ◆❛❥♣r❡❥ ♦❝❡♥✐ ❘❡②♥♦❧❞s♦✈♦ ➨t❡✈✐❧♦ ✐♥ ✉❣♦t♦✈✐✱ ❦❛t❡r✐ ③❛❦♦♥ ✉♣♦r❛ ✈❡❧❥❛✦
✭̺(zrak) = 1, 29 kg/m3 ✱ ̺(He) = 0, 178 kg/m3 ✱ η = 1, 7 · 10−5 kg/ms✱ cu = 0, 4 ✮

✷✺✳ ❩r❛↔♥✐ ♠❡❤✉r↔❡❦ ✐♠❛ ♣♦❧♠❡r 1 cm✱ ❦♦ ❥❡ 10 m ♣♦❞ ✈♦❞♥♦ ❣❧❛❞✐♥♦✳ ❑♦❧✐❦♦ ❥❡ ♥❥❡❣♦✈ ♣♦❧♠❡r t✐❦
♣♦❞ ✈♦❞♥♦ ❣❧❛❞✐♥♦❄ Pr❡❞♣♦st❛✈✐✱ ❞❛ ❥❡ t❡♠♣❡r❛t✉r❛ ✈♦❞❡ ❦♦♥st❛♥t♥♦ 10◦C✳
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❘♣✿ ❣❧❡❥ t✉❞✐ ♥❛❧♦❣♦ ✹✭❄❄✮ ✐③ ❤✐❞r♦❞✐♥❛♠✐❦❡✦
❦♦❧✐❦♦ ❥❡ t❧❛❦ 10 m ♣♦❞ ❣❧❛❞✐♥♦❄✭✈ P❛✮
p = p0 + ̺vgh = 100000N/m2 + 100000 N/m2 = 200000Pa

❦♦ s❡ ❞✈✐❣♥❡ t✐❦ ♣♦❞ ❣❧❛❞✐♥♦✱ s❡ t❧❛❦ ③♠❛♥❥➨❛ ♥❛ ③r❛↔♥✐ t❧❛❦ p0✱ ③❛t♦ s❡ ♣r♦st♦r♥✐♥❛ ♣♦✈❡↔❛
♥❛ V0 ♣♦ ❇♦②❧♦✈❡♠ ③❛❦♦♥✉✿
p0V0 = pV

✉♣♦➨t❡✈❛♠ ➨❡ ♣♦✈❡③❛✈♦ V = 4
3πr3

p0
4

3
πr3

0 = p
4

3
πr3

✐③r❛③✐♠ r0✿

r0 = 3

√

p

p0
r = 0.0125992 m = 1.26 cm

r❛❞✐❥ ♠❡❤✉r↔❦❛ ❥❡ t♦r❡❥ ♦❜r❛t♥♦ s♦r❛③♠❡r❡♥ s tr❡t❥✐♠ ❦♦r❡♥♦♠ ✐③ t❧❛❦❛

✷✻✳ ❑❛❦♦ s❡ s♣r❡♠✐♥❥❛ s✐❧❛ ✈③❣♦♥❛ ♥❛ ③r❛↔♥✐ ♠❡❤✉r↔❡❦✱ ❦✐ s❡ ❞✈✐❣✉❥❡ ✈ ✈♦❞✐❄

✷✼✳ ❑♦❧✐❦♦ ♠♦r❛ ❜✐t✐ t❡♠♣❡r❛t✉r❛ ③r❛❦❛ ✈ ❜❛❧♦♥✉✱ ❞❛ ❧❛❤❦♦ ❜❛❧♦♥ s❡ ❧❛❤❦♦ ❜❛❧♦♥ ❞✈✐❣♥❡✱ ↔❡ ❥❡ ♠❛s❛
❦♦➨❛r❡ ✐♥ ♣♦t♥✐❦♦✈ 250 kg✱ ♣r♦st♦r♥✐♥❛ ❜❛❧♦♥❛ ♣❛ 300 m3❄ ❩r❛↔♥✐ t❧❛❦ ❥❡ 1 bar✱ t❡♠♣❡r❛t✉r❛
♦❦♦❧♥❡❣❛ ③r❛❦❛ ♣❛ −3◦C✳ ❑❛❥ ♣❛ ♥❛ ✈✐➨✐♥✐ 500 m✱ ↔❡ ❥❡ t❡♠♣❡r❛t✉r❛ ③r❛❦❛ ❦♦♥st❛♥t♥❛❄

✷✽✳ ◆❛ ❑r❡❞❛r✐❝✐✱ ❦✐ ❥❡ 2500 m ✈✐s♦❦♦ ❥❡ t❡♠♣❡r❛t✉r❛ 3◦C✳ ❘❡❞✉❝✐r❛♥✐ ③r❛↔♥✐ t❧❛❦ ❥❡ 1 bar✳ ❩
❜❛❧❦♦♥❛ s♣✉st✐♠♦ ❵➸♦❣✐❝♦✬ s ♣♦❧♠❡r♦♠ 1, 1 cm ✐♥ ♠❛s♦ 10 mg✳

✭❛✮ ❑♦❧✐❦♦ ❥❡ ③❛↔❡t♥✐ ♣♦s♣❡➨❡❦ ➸♦❣✐❝❡ ✐♥ ✈ ❦❛t❡r♦ s♠❡r❄

✭❜✮ ❑♦❧✐❦♦ ❥❡ ♥❛❥✈❡↔❥❛ ❤✐tr♦st✱ ❦✐ ❥♦ ➸♦❣✐❝❛ ❧❛❤❦♦ ❞♦s❡➸❡❄

❘♣✿ ❩❛ ✐③r❛↔✉♥ ♣♦s♣❡➨❦❛ ♠♦r❛♠♦ ✉❣♦t♦✈✐t✐ ❦♦❧✐❦♦ ❥❡ ✈s♦t❛ ✈s❡❤ ③✉♥❛♥❥✐❤ s✐❧✳ ◆❛ ➸♦❣✐❝♦ ❞❡❧✉❥❡
t❡➸❛ Fg = mg ✐♥ s✐❧❛ ✈③❣♦♥❛ Fv = ̺V g✳ ❚♦r❡❥ ♠♦r❛♠♦ ✐③r❛↔✉♥❛t✐ ♣r♦st♦r♥✐♥♦ V ✐♥ ❣♦st♦t♦
̺✳

V =
4

3
πr3 = 5, 575 cm3

●♦st♦t♦ ❧❛❤❦♦ ✐③r❛↔✉♥❛♠♦ ♥❛ ❞✈❛ ♥❛↔✐♥❛✱ ♣❛↔ ♦❞✈✐s♥♦ ♦❞ t❡❣❛✱ ❦❛❦♦ ✐③r❛↔✉♥❛♠♦ t❧❛❦ ♥❛
❑r❡❞❛r✐❝✐✳ ❷❡ t❧❛❦ r❛↔✉♥❛♠♦ s ❤✐❞r♦st❛t✐↔♥✐♠ t❧❛❦♦♠

̺o =
poM

RT
= 1, 246 kg/m3 ✐♥ p = po−̺ogh = 0, 689 bar ⇒ ̺ =

pM

RT
= 0, 86 kg/m3

♥❛❥❜r➸ ♥❡ ❜♦♠♦ t❛❦♦ ♥❛t❛♥↔♥✐ ❦♦t ↔❡ r❛↔✉♥❛♠♦ t❧❛❦ ③ ❜❛r♦♠❡trs❦♦ ❡♥❛↔❜♦

p = poe
−

h
ho = 0, 74 bar ⇒ ̺ =

pM

RT
= 0, 922 kg/m3

❙❡❞❛❥ ❧❛❤❦♦ ✐③r❛↔✉♥❛♠♦ s✐❧✐✿ Fg = mg = 100 µN✱ Fv = ̺V g = 51, 4 µN t♦r❡❥ ❥❡ r❛③❧✐❦❛
✈❡❧✐❦♦st✐ s✐❧ ✭r❡③✉❧t❛♥t❛✦❂✮✿ Fg − Fv = 48, 6 µN ✐♥ ❦♦♥↔♥♦ ♣♦s♣❡➨❡❦✿

a =
Fg − Fv

m
= 4, 86 m/s2

Pr✐ r❛↔✉♥❛♥❥✉ ♥❛❥✈❡↔❥❡ ❤✐tr♦st✐ ♠♦r❛♠♦ ✉♣♦➨t❡✈❛t✐ ➨❡ s✐❧♦ ✉♣♦r❛ ♥❛ ➸♦❣✐❝♦✳ ❑❛❞❛r ❥❡ ❤✐tr♦st
➸♦❣✐❝❡ ♥❛❥✈❡↔❥❛✱ ♠♦r❛ ❜✐t✐ r❡③✉❧t❛♥t❛ s✐❧ ❡♥❛❦❛ ♥✐↔✱ ❛❧✐ ❞r✉❣❛↔❡ Fg − Fv − Fu = 0✳ ❑❡r
❥❡ s✐❧❛ ✉♣♦r❛ Fu = Fg − Fv = 48, 6 µN✱ ❧❛❤❦♦ ✐③r❛↔✉♥❛♠♦ ❤✐tr♦st ✭✉♣♦➨t❡✈❛♠♦ ❦✈❛❞r❛t♥✐
③❛❦♦♥ ✉♣♦r❛✱ ↔❡♣r❛✈ ➨❡ ♥❡ ✈❡♠♦✱ ❛❧✐ ❥❡ t♦ ✉♣r❛✈✐↔❡♥♦✮

v =

√

Fu

1
2cuπr2̺

= 0, 745 m/s

✷✾✳ ◆❛ ❘♦❣❧✐✱ ❦✐ ❥❡ 1500 m ✈✐s♦❦♦ ❥❡ t❡♠♣❡r❛t✉r❛ 7◦C✳ ❘❡❞✉❝✐r❛♥✐ ③r❛↔♥✐ t❧❛❦ ❥❡ 1 bar✳ ❩ ❜❛❧❦♦♥❛
s♣✉st✐♠♦ ❵➸♦❣✐❝♦✬ s ♣♦❧♠❡r♦♠ 2, 2 cm ✐♥ ♠❛s♦ 20 mg✳
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✭❛✮ ❑♦❧✐❦♦ ❥❡ ③❛↔❡t♥✐ ♣♦s♣❡➨❡❦ ➸♦❣✐❝❡ ✐♥ ✈ ❦❛t❡r♦ s♠❡r❄

✭❜✮ ❑♦❧✐❦♦ ❥❡ ♥❛❥✈❡↔❥❛ ❤✐tr♦st✱ ❦✐ ❥♦ ➸♦❣✐❝❛ ❧❛❤❦♦ ❞♦s❡➸❡❄

❘♣✿ a = 13, 2 m/s2✱ v = 0, 82 m/s

✸✵✳ ❩❛♥✐♠❛ ♥❛s ❣✐❜❛♥❥❡ ♠❡❤✉r↔❦❛ CO2 ♣♦❞ ✈♦❞♦✳ 10 m ♣♦❞ ❣❧❛❞✐♥♦ ❥❡ ♠❡❤✉r↔❡❦ CO2 s ♣r♦st♦r♥✐♥♦
10 mm3✳ ❚❡♠♣❡r❛t✉r❛ ✈♦❞❡ ♥❛ t❡❥ ❣❧♦❜✐♥✐ ❥❡ 10◦C✳ ●♦st♦t❛ ✈♦❞❡ ❥❡ ✈s❡♠ ③♥❛♥❛ ❦♦♥st❛♥t❛✱
♠♦❧s❦❛ ♠❛s❛ CO2 ♣❛ ❥❡ 44 kg/kmol✳

✭❛✮ ❑♦❧✐❦♦ ❥❡ ♣♦❧♠❡r ♠❡❤✉r↔❦❛✱ ↔❡ ❥❡ ❧❡t❛ ♦❦r♦❣❡❧❄

✭❜✮ ❑♦❧✐❦♦ ❥❡ t❧❛❦ ♥❛ t❡❥ ❣❧♦❜✐♥✐❄

✭❝✮ ❑♦❧✐❦♦ ❥❡ ♠♦❧❡❦✉❧ CO2 ✈ ♠❡❤✉r↔❦✉ ♥❛ t❡❥ ❣❧♦❜✐♥✐❄

✭❞✮ ❑♦❧✐❦♦ ❥❡ ❣♦st♦t❛ CO2 ✈ ♠❡❤✉r↔❦✉ ♥❛ t❡❥ ❣❧♦❜✐♥✐❄

✭❡✮ ❑❛t❡r❡ s✐❧❡ ❞❡❧✉❥❡❥♦ ♥❛ ♠❡❤✉r↔❡❦ ✐♥ ❦♦❧✐❦♦ s♦❄

✭❢✮ ❑♦❧✐❦♦ ❥❡ ♣♦s♣❡➨❡❦ ♠❡❤✉r↔❦❛ ♥❛ t❡❥ ❣❧♦❜✐♥✐ ✐♥ ✈ ❦❛t❡r♦ s♠❡r ♣♦t✐s❦❛ ♠❡❤✉r↔❡❦❄

✸✶✳ ❩❛♥✐♠❛ ♥❛s ❣✐❜❛♥❥❡ ③r❛↔♥❡❣❛ ♠❡❤✉r↔❦❛ ♣♦❞ ✈♦❞♦✳ 15 m ♣♦❞ ❣❧❛❞✐♥♦ ❥❡ ③r❛↔♥✐ ♠❡❤✉r↔❡❦ s
♣r♦st♦r♥✐♥♦ 5 mm3✳ ❚❡♠♣❡r❛t✉r❛ ✈♦❞❡ ♥❛ t❡❥ ❣❧♦❜✐♥✐ ❥❡ 10◦C✳ ●♦st♦t❛ ✈♦❞❡ ❥❡ ✈s❡♠ ③♥❛♥❛
❦♦♥st❛♥t❛✱ ♠♦❧s❦❛ ♠❛s❛ ③r❛❦❛ ♣❛ ❥❡ 29 kg/kmol✳

✭❛✮ ❑♦❧✐❦♦ ❥❡ ♣♦❧♠❡r ♠❡❤✉r↔❦❛✱ ↔❡ ❥❡ ❧❡t❛ ♦❦r♦❣❡❧❄

✭❜✮ ❑♦❧✐❦♦ ❥❡ t❧❛❦ ♥❛ t❡❥ ❣❧♦❜✐♥✐❄

✭❝✮ ❑♦❧✐❦♦ ❥❡ ♠♦❧❡❦✉❧ ③r❛❦❛ ✈ ♠❡❤✉r↔❦✉ ♥❛ t❡❥ ❣❧♦❜✐♥✐❄

✭❞✮ ❑♦❧✐❦♦ ❥❡ ❣♦st♦t❛ ③r❛❦❛ ✈ ♠❡❤✉r↔❦✉ ♥❛ t❡❥ ❣❧♦❜✐♥✐❄

✭❡✮ ❑❛t❡r❡ s✐❧❡ ❞❡❧✉❥❡❥♦ ♥❛ ♠❡❤✉r↔❡❦ ✐♥ ❦♦❧✐❦♦ s♦❄

✭❢✮ ❑♦❧✐❦♦ ❥❡ ♣♦s♣❡➨❡❦ ♠❡❤✉r↔❦❛ ♥❛ t❡❥ ❣❧♦❜✐♥✐ ✐♥ ✈ ❦❛t❡r♦ s♠❡r ♣♦t✐s❦❛ ♠❡❤✉r↔❡❦❄

✸✷✳ ❩❛♥✐♠❛ ♥❛s ❣✐❜❛♥❥❡ ♠❡❤✉r↔❦❛ CO2 ♣♦❞ ✈♦❞♦✳ 10 m ♣♦❞ ❣❧❛❞✐♥♦ ❥❡ ♠❡❤✉r↔❡❦ CO2 s ♣r♦st♦r♥✐♥♦
10 mm3✳ ❚❡♠♣❡r❛t✉r❛ ✈♦❞❡ ♥❛ t❡❥ ❣❧♦❜✐♥✐ ❥❡ 5◦C✳ ●♦st♦t❛ ✈♦❞❡ ❥❡ ✈s❡♠ ③♥❛♥❛ ❦♦♥st❛♥t❛✱
♠♦❧s❦❛ ♠❛s❛ CO2 ♣❛ ❥❡ 44 kg

kmol ✳

✭❛✮ ❑♦❧✐❦♦ ❥❡ ❤✐tr♦st ♠❡❤✉r↔❦❛ ♥❛ t❡❥ ❣❧♦❜✐♥✐ ✐♥ ✈ ❦❛t❡r♦ s♠❡r s❡ ♠❡❤✉r↔❡❦ ❣✐❜❧❥❡❄

✭❜✮ ❑♦❧✐❦♦ ❥❡ ❤✐tr♦st ♠❡❤✉r↔❦❛ ♥❡ ❣❧♦❜✐♥✐ ✶ ♠✱ ↔❡ ❥❡ t❛♠ t❡♠♣❡r❛t✉r❛ ✈♦❞❡ 20◦C❄

✭❝✮ ◆❛r✐➨✐ ❣r❛❢ ❤✐tr♦st✐ ✈ ♦❞✈✐s♥♦st✐ ♦❞ ❣❧♦❜✐♥❡✦

❘♣✿ ◆❛ ♠❡❤✉r↔❡❦ CO2 ♣♦❞ ✈♦❞♦ ❞❡❧✉❥❡t❛ ♥❛❥♣r❡❥ s❛♠♦ ❞✈❡ s✐❧✐ ✲ s✐❧❛ t❡➸❡ ✐♥ s✐❧❛ ✈③❣♦♥❛✳ ❑❡r
❥❡ s✐❧❛ ✈③❣♦♥❛ ♣r❡❝❡❥ ✈❡↔❥❛ ♦❞ t❡➸❡ s❡ ♠❡❤✉r↔❡❦ ❣✐❜❧❥❡ ♣r♦t✐ ♣♦✈r➨❥✉ ✐♥ ❤✐tr♦ ❞♦s❡➸❡ st❛❧♥♦
❤✐tr♦st ③❛r❛❞✐ ③❛✈✐r❛❧♥❡ s✐❧❡ ✉♣♦r❛✳ ❑♦ s❡ ❣✐❜❧❥❡ s st❛❧♥♦ ❤✐tr♦st❥♦ ✈❡❧❥❛ ✶✳◆❡✇t♦♥♦✈ ③❛❦♦♥✿

~Fv + ~Fg + ~Fu = 0

r❛③♠❡r❥❡ ♠❡❞ s✐❧♦ ✈③❣♦♥❛ ✐♥ s✐❧♦ t❡➸❡ ❥❡ ③❡❧♦ ✈❡❧✐❦♦✱ ❦❡r ❥❡ ✈③❣♦♥ ❡♥❛❦ t❡➸✐ ✐③♣♦❞r✐♥❥❡♥❡
✈♦❞❡✱ t❛❦♦ ❞❛ ❧❛❤❦♦ s✐❧♦ t❡➸❡ ③❛♥❡♠❛r✐♠♦✱ ➨❡ ♣♦s❡❜♥♦✱ ↔❡ r❛↔✉♥❛♠♦ s ♣r✐❜❧✐➸❦♦♠ ③❛ t❡➸♥✐
♣♦s♣❡➨❡❦ 10 m/s2

Fv

Fg

=
̺v

̺CO2

≈ 300 ≫ 1

♦st❛♥❡ ♥❛♠ s♦r❛③♠❡r♥♦ ♣r❡♣r♦st❛ ③✈❡③❛ ♠❡❞ s✐❧♦ ✈③❣♦♥❛ ✐♥ s✐❧♦ t❡➸❡

Fv = Fu

̺vV g =
1

2
cuS̺vv2

♦❞❦♦❞❡r ✐③r❛③✐♠♦ ❤✐tr♦st ♠❡❤✉r↔❦❛ ♦❜ ♣r❡❞♣♦st❛✈❦✐✱ ❞❛ ❥❡ ♠❡❤✉r↔❡❦ ♦❦r♦❣❡❧✿

v =

√

8gr

3cu
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❞❛ ❧❛❤❦♦ ✐③r❛↔✉♥❛♠♦ ❤✐tr♦st✱ ♠♦r❛♠♦ ✐③ ♣r♦st♦r♥✐♥❡ ✐③r❛③✐t✐ r❛❞✐❥ ♠❡❤✉r↔❦❛

r =
3

√

3V

4π
= 1, 34 mm

t❛❦♦ ❥❡ ❤✐tr♦st
v = 0, 27

m

s

♥❛ ❣❧♦❜✐♥✐ ✶♠ ❥❡ ✈❡↔❥❛ t❡♠♣❡r❛t✉r❛ ✐♥ ♠❛♥❥➨✐ t❧❛❦✱

p1 = po + ̺vgh1 = 1, 1 bara

③❛t♦ s❡ ♠❡❤✉r↔❦✉ ♣r♦st♦r♥✐♥❛ ③✈❡↔❛✿

V1 =
V pT1

p1T
= 19, 2 mm3

♣r✐ ↔❡♠❡r ❥❡ t❧❛❦ ♥❛ ❣❧♦❜✐♥✐ ✶✵♠ p = po + ̺vgh = 2bara s ♣♦♠♦↔❥♦ ♣r♦st♦r♥✐♥❡ ♠❡❤✉r↔❦❛
♥❛ ❣❧♦❜✐♥✐ 1 m ❞♦❜✐♠♦ r❛❞✐❥ ♠❡❤✉r↔❦❛ ♥❛ t❡❥ ❣❧♦❜✐♥✐

r1 =
3

√

3V1

4π
= 1, 66 mm

✐♥ ♣♦t❡♠ ➨❡ ❤✐tr♦st

v1 =

√

8gr1

3cu

= 0, 3
m

s

✸✸✳ ❩❛♥✐♠❛ ♥❛s ❣✐❜❛♥❥❡ ♠❡❤✉r↔❦❛ ③r❛❦❛ ♣♦❞ ✈♦❞♦✳ 20 m ♣♦❞ ❣❧❛❞✐♥♦ ❥❡ ♠❡❤✉r↔❡❦ ③r❛❦❛ s ♣r♦st♦r✲
♥✐♥♦ 20 mm3✳ ❚❡♠♣❡r❛t✉r❛ ✈♦❞❡ ♥❛ t❡❥ ❣❧♦❜✐♥✐ ❥❡ 4◦C✳ ●♦st♦t❛ ✈♦❞❡ ❥❡ ✈s❡♠ ③♥❛♥❛ ❦♦♥st❛♥t❛✱
♠♦❧s❦❛ ♠❛s❛ ③r❛❦❛ ♣❛ ❥❡ 29 kg

kmol ✳

✭❛✮ ❑♦❧✐❦♦ ❥❡ ❤✐tr♦st ♠❡❤✉r↔❦❛ ♥❛ t❡❥ ❣❧♦❜✐♥✐ ✐♥ ✈ ❦❛t❡r♦ s♠❡r s❡ ♠❡❤✉r↔❡❦ ❣✐❜❧❥❡❄

✭❜✮ ❑♦❧✐❦♦ ❥❡ ❤✐tr♦st ♠❡❤✉r↔❦❛ ♥❡ ❣❧♦❜✐♥✐ ✶ ♠✱ ↔❡ ❥❡ t❛♠ t❡♠♣❡r❛t✉r❛ ✈♦❞❡ 20◦C❄

✭❝✮ ◆❛r✐➨✐ ❣r❛❢ ❤✐tr♦st✐ ✈ ♦❞✈✐s♥♦st✐ ♦❞ ❣❧♦❜✐♥❡✦

❘♣✿ ◆❛ ③r❛↔♥✐ ♠❡❤✉r↔❡❦ ♣♦❞ ✈♦❞♦ ❞❡❧✉❥❡t❛ ♥❛❥♣r❡❥ s❛♠♦ ❞✈❡ s✐❧✐ ✲ s✐❧❛ t❡➸❡ ✐♥ s✐❧❛ ✈③❣♦♥❛✳ ❑❡r
❥❡ s✐❧❛ ✈③❣♦♥❛ ♣r❡❝❡❥ ✈❡↔❥❛ ♦❞ t❡➸❡ s❡ ♠❡❤✉r↔❡❦ ❣✐❜❧❥❡ ♣r♦t✐ ♣♦✈r➨❥✉ ✐♥ ❤✐tr♦ ❞♦s❡➸❡ st❛❧♥♦
❤✐tr♦st ③❛r❛❞✐ ③❛✈✐r❛❧♥❡ s✐❧❡ ✉♣♦r❛✳ ❑♦ s❡ ❣✐❜❧❥❡ s st❛❧♥♦ ❤✐tr♦st❥♦ ✈❡❧❥❛ ✶✳◆❡✇t♦♥♦✈ ③❛❦♦♥✿

~Fv + ~Fg + ~Fu = 0

r❛③♠❡r❥❡ ♠❡❞ s✐❧♦ ✈③❣♦♥❛ ✐♥ s✐❧♦ t❡➸❡ ❥❡ ③❡❧♦ ✈❡❧✐❦♦✱ ❦❡r ❥❡ ✈③❣♦♥ ❡♥❛❦ t❡➸✐ ✐③♣♦❞r✐♥❥❡♥❡
✈♦❞❡✱ t❛❦♦ ❞❛ ❧❛❤❦♦ s✐❧♦ t❡➸❡ ③❛♥❡♠❛r✐♠♦✱ ➨❡ ♣♦s❡❜♥♦✱ ↔❡ r❛↔✉♥❛♠♦ s ♣r✐❜❧✐➸❦♦♠ ③❛ t❡➸♥✐
♣♦s♣❡➨❡❦ 10 m/s2

Fv

Fg

=
̺v

̺z

≈ 500 ≫ 1

♦st❛♥❡ ♥❛♠ s♦r❛③♠❡r♥♦ ♣r❡♣r♦st❛ ③✈❡③❛ ♠❡❞ s✐❧♦ ✈③❣♦♥❛ ✐♥ s✐❧♦ t❡➸❡

Fv = Fu

̺vV g =
1

2
cuS̺vv2

♦❞❦♦❞❡r ✐③r❛③✐♠♦ ❤✐tr♦st ♠❡❤✉r↔❦❛ ♦❜ ♣r❡❞♣♦st❛✈❦✐✱ ❞❛ ❥❡ ♠❡❤✉r↔❡❦ ♦❦r♦❣❡❧✿

v =

√

8gr

3cu

❞❛ ❧❛❤❦♦ ✐③r❛↔✉♥❛♠♦ ❤✐tr♦st✱ ♠♦r❛♠♦ ✐③ ♣r♦st♦r♥✐♥❡ ✐③r❛③✐t✐ r❛❞✐❥ ♠❡❤✉r↔❦❛

r =
3

√

3V

4π
= 1, 68 mm
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t❛❦♦ ❥❡ ❤✐tr♦st
v = 0, 3

m

s

♥❛ ❣❧♦❜✐♥✐ 1 m ❥❡ ✈❡↔❥❛ t❡♠♣❡r❛t✉r❛ ✐♥ ♠❛♥❥➨✐ t❧❛❦✱

p1 = po + ̺vgh1 = 1, 1 bara

③❛t♦ s❡ ♠❡❤✉r↔❦✉ ♣r♦st♦r♥✐♥❛ ③✈❡↔❛✿

V1 =
V pT1

p1T
= 57, 7 mm3

♣r✐ ↔❡♠❡r ❥❡ t❛❧❦ ♥❛ ❣❧♦❜✐♥✐ ✷✵♠ p = po + ̺vgh = 3bare s ♣♦♠♦↔❥♦ ♣r♦st♦r♥✐♥❡ ♠❡❤✉r↔❦❛
♥❛ ❣❧♦❜✐♥✐ 1 m ❞♦❜✐♠♦ r❛❞✐❥ ♠❡❤✉r↔❦❛ ♥❛ t❡❥ ❣❧♦❜✐♥✐

r1 =
3

√

3V1

4π
= 3, 86

m

s

✐♥ ♣♦t❡♠ ➨❡ ❤✐tr♦st

v1 =

√

8gr1

3cu

= 0, 45
m

s

✺✳✸ ❤✐❞r♦❞✐♥❛♠✐❦❛

✶✳ ❱♦❞❛ ♦❞t❡❦❛ s str❡❤❡ ♣♦ ♥❛✈♣✐↔♥❡♠ ➸❧❡❜✉ ③ ❞♦❧➸✐♥♦ 10 m✳ ❑❛❦♦ ❞❛❧❡↔ ♦❞ ✈③♥♦➸❥❛ st❛✈❜❡ ♠♦r❛♠♦
✈ t❧❛ ✐③❦♦♣❛t✐ ♦❞t♦↔♥✐ ❥❛➨❡❦✱ ↔❡ ❥❡ ✐③t♦↔♥❛ ➨♦❜❛ ➸❧❡❜❛ ✈♦❞♦r❛✈♥❛ ✐♥ 20 cm ♥❛❞ t❧❡♠✐❄

❘♣✿ ♥❛❥♣r❡❥ ✐③r❛↔✉♥❛♠♦ s ❦❛❦➨♥♦ ❤✐tr♦st❥♦ ♦❞t❡❦❛ ✈♦❞❛ ✐③ ➸❧❡❜❛✿
v =

√
2gh1 = 14m/s

❀ ❦❥❡r ❥❡ h1 = 10m, g = 10m/s2

s❡❞❛❥ ✐♠❛♠♦ ❡♥ ↔✐st ♥❛✈❛❞❡♥ ♣♦➨❡✈♥✐ ♠❡t ✿✮
h2 = 20 cm

✈❡♠✿

h2 =
1

2
g · (t2)

s = v · t✳
t ✐③ ♣r✈❡ ❡♥❛↔❜❡ ✈st❛✈✐♠ ✈ ❞r✉❣♦ ✐♥ ❞♦❜✐♠✿

s = v ·
√

2 · h2

g
= 2, 8 m

✷✳ ❙♦❞ ✐♠❛ ♥❛ ✈✐➨✐♥✐ 0, 5 m ♦❞ t❛❧ ♦❞♣rt✐♥♦ ③❛ t♦↔❡♥❥❡ ✈✐♥❛✳ ◆❛ ❦♦❧✐❦➨♥✐ r❛③❞❛❧❥✐ ♦❞ ✈③♥♦➸❥❛ s♦❞❛
♠♦r❛♠♦ ♣♦st❛✈✐t✐ ♥❛ t❧❛ ❦♦③❛r❡❝✱ ❞❛ ❝✉r❡❦ ♣r❡str❡➸❡♠♦❄ ❙♦❞ ❥❡ ✈✐s♦❦ 1, 2 m ✐♥ ❞♦ ✈r❤❛ ♣♦❧♥✳

❘♣✿ ♥❛❥♣r❡❥ ❧❛❤❦♦ ③r❛↔✉♥❛♠ ❤✐tr♦st ✐③t❡❦❛♥❥❛ ✈♦❞❡ ✿✮
v =

√
2gh1 = 4.9 m/s) ✐♥ g = 10m/s2 t❡r h1 = 1.2 m

♥❛t♦ ✐③r❛↔✉♥❛♠ ↔❛s ♣❛❞❛♥❥❛✿

t =
√

2h2

g

❦❥❡r ❥❡ h2 = 0.5 m

✐♥ s❡❞❛❥✿

s = v · t = 1.5 m

✸✳ ■③ 5 m ✈✐s♦❦❡❣❛ ♣❧❛✈➸❛ ✐③❧✐✈❛❥♦ t❛❧✐♥♦ ✈ ❦❛❧✉♣✳ ❑❛❦♦ ❞❛❧❡↔ ♦❞ ✐③t♦↔♥❡ ➨♦❜❡✱ ❦✐ ❥❡ 0, 5 m ♥❛❞
t❧❡♠✐✱ ♥❛❥ ❦❛❧✉♣ ♥❛♠❡st✐❥♦❄

✹✳ ❱ ✈♦❞✐ s t❡♠♣❡r❛t✉r♦ 20◦C s❡ ❞✈✐❣❛ ③r❛↔♥✐ ♠❡❤✉r↔❡❦ s ❤✐tr♦st❥♦ 5 mm/s✳ ❑♦❧✐❦➨❡♥ ❥❡ ♣r❡♠❡r
♠❡❤✉r↔❦❛❄



✺ ❚❖P▲❖❚❆ ✽✶

❘♣✿ ✈❡♠✿ ♥❛ ♠❡❤✉r↔❡❦ ❞❡❧✉❥❡❥♦ t❡❧❡ s✐❧❡✿
~Fg + ~Fu + ~Fvzg = ~0;

✈❡♠ t✉❞✐ t♦❧❡✿
Fg + Fu = Fvzg;

✐③ t❡❣❛ s❧❡❞✐ ❡♥❛↔❜❛ ✭Fg s❡♠ ❦❛r ③❛♥❡♠❛r✐❧✱ cu = 1, 1 ③❛ ❦r♦❣❧♦✮✿

1

2
· cu · ̺v · S · v2 = ̺v · g · Vizp;

s❡❞❛❥ ♣❛ s❡ s♣♦♠♥✐♠ t✉❞✐ t♦❧❡✱ ❦❡r ♣r✐ ✉r❛❤ ♠❛t❡♠❛t✐❦❡ ♥❡ s♣✐♠✱❦❛❥♥❡✿
Vizp = 4

3 · S · r;
s❡♠ ③❡❧♦ ✈❡s❡❧✱ ❦❡r s❡ ♠✐ ♥❡❦❛t❡r❡ st✈❛r✐ ❧❡♣♦ ♣♦❦r❛❥➨❛❥♦✳ ■♥ ❞♦❜✐♠ ❡♥❛↔❜♦ ③❛ S✱ ❦✐ ❥❡ ❡♥❛❦
πr2✳ ❙❡❞❛❥ ✐♠❛♠✿

S = π

(

3

8

cu · v2

g

)2

= 3, 5 · 10−6 mm2;

➸❛❧ s♠♦ ③❡❧♦ ③❛↔✉❞❡♥✐✱ ❦❡r ♥❛♠ ♥✐ ❜✐❧♦ ♣♦tr❡❜♥♦ ✉♣♦➨t❡✈❛t✐ T ✈♦❞❡✳
❣❧❡❥ ➨❡ ♦r❡❤❡✦

➨❡ ♦ r❛❞✐❥✉✿
↔❡ ♥❡ ✉♣♦➨t❡✈❛♠♦ t❡➸❡✿

r =
3

8

cu · v2

g

↔❡ ✉♣♦➨t❡✈❛♠♦ t❡➸♦✿

r =
3

8

cu · v2̺v

g(̺v − ̺m)

✺✳ ❑♦❧✐❦➨❡♥ ♣r❡♠❡r ✐♠❛❥♦ ❦❛♣❧❥✐❝❡ ❞❡➸❥❛✱ ❦✐ ♣❛❞❛❥♦ s ❤✐tr♦st❥♦ 9 m/s❄

✻✳ ❑❛❦♦ ✈❡❧✐❦ ♣r❡♠❡r ♠♦r❛ ✐♠❡t✐ ♣❛❞❛❧♦✱ ❞❛ ♣❛❞❛ 800 N t❡➸❛❦ ♣❛❞❛❧❡❝ s ❤✐tr♦st❥♦ 5 m/s❄ ❑♦❡✜❝✐❡♥t
✉♣♦r❛ ❥❡ ✶✱✸✳

✼✳ ❙ ❦♦❧✐❦➨♥♦ ❤✐tr♦st❥♦ ③❛↔♥❡ t❡↔✐ ③r❛❦ ✈ ♣♦s♦❞♦✱ ✐③ ❦❛t❡r❡ ❥❡ ③r❛❦ ♣♦♣♦❧♥♦♠❛ ✐③s❡s❛♥❄

✽✳ P♦ ❝❡✈✐ s ♣♦❧♠❡r♦♠ 10 cm t❡↔❡ ✈♦❞❛ s ❤✐tr♦st❥♦ 1 m/s✳ ❈❡✈ s❡ ③♦➸✐✱ t❛❦♦ ❞❛ ❥❡ ❤✐tr♦st ✈♦❞❡ ✈
♥❥❡❥ 3 m/s✳ ❑♦❧✐❦➨❡♥ ❥❡ ♥♦✈ ♣♦❧♠❡r ❝❡✈✐❄

✾✳ ❙ ❦♦❧✐❦➨♥♦ st❛❧♥♦ ❤✐tr♦st❥♦ ♣❛❞❛ ✈ ✈♦❞✐ ❦r♦❣❧✐❝❛ ③ ♠❛s♦ 0, 01 kg ✐♥ ♣♦❧♠❡r♦♠ 1 cm❄ ❑♦❡✜❝✐❡♥t
✉♣♦r❛ ❦r♦❣❧❡ ❥❡ c = 0, 4✳

✶✵✳ ❑♦❧✐❦➨♥♦ s✐❧♦ ♠♦r❛ ✈ ✈♦❞♦r❛✈♥✐ s♠❡r✐ ♣r❡♥❡st✐ ♣♦❞♣♦r♥✐ st❡❜❡r ♠♦st✉✱ ↔❡ st♦❥✐ sr❡❞✐ r❡❦❡✱ ❦✐
t❡↔❡ s ❤✐tr♦st❥♦ 8 m/s❄ ❙t❡❜❡r ❥❡ ➨✐r♦❦ 0, 5 m✱ ✈♦❞❛ ♣❛ ❣❧♦❜♦❦❛ 60 cm✳

✶✶✳ ❑❛❦♦ ❥❡ ♣♦❧♠❡r ♠❡❤✉r↔❦❛ ③r❛❦❛ ✈ ✈♦❞✐ ♦❞✈✐s❡♥ ♦❞ ❣❧♦❜✐♥❡✱ ❦❥❡r s❡ ♥❛❤❛❥❛❄ ❑❛❦♦ s❡ ♠❡❤✉r↔❡❦
❣✐❜❧❥❡❄ ❑❛❦♦ s❡ s♣r❡♠✐♥❥❛t❛ ❤✐tr♦st ✐♥ ♣♦t ✈ ♦❞✈✐s♥♦st✐ ♦❞ ↔❛s❛❄

❘♣✿ ♣r♦❜❧❡♠ ③❛st❛✈✐♠♦ ✈ ❞✈❡❤ ✈❡↔❥✐❤ ❦♦r❛❦✐❤

❙❧✐❦❛ ✷✹✿ s✐❧❡ ♥❛ ♠❡❤✉r↔❡❦ ③r❛❦❛ ✈ ✈♦❞✐



✺ ❚❖P▲❖❚❆ ✽✷

♥❛❥♣r❡❥ st❛t✐↔♥♦✱ ♥❛t♦ ❞✐♥❛♠✐↔♥♦
♣r✐ st❛t✐↔♥❡♠ r❡➨❡✈❛♥❥✉ ❥❡ ✈s♦t❛ ③✉♥❛♥❥✐❤ s✐❧ ❡♥❛❦❛ ♥✐↔✱ ♣r✐ ❞✐♥❛♠✐↔♥❡♠ ♣❛ ma

st❛t✐↔♥✐ ♣r✐❜❧✐➸❡❦ ✉♣♦r❛❜✐♠♦ ③ ✐③❣♦✈♦r♦♠✱ ❞❛ ❥❡ s✐❧❛ ✈③❣♦♥❛ ♥❡❦❛❥ ✶✵✵ ❦r❛t ✈❡↔❥❛ ♦❞ t❡➸❡✱
t♦r❡❥ ❥❡ ♣♦s♣❡➨❡❦ t❛❦♦ ✈❡❧✐❦✱ ❞❛ ♠❡❤✉r↔❡❦ ✈ ③❡❧♦ ❦r❛t❦❡♠ ↔❛s✉ ❞♦s❡➸❡ s✈♦❥♦ ♠❛①✐♠❛❧♥♦
❤✐tr♦st
●❧❡❥ s❧✐❦❡ ✸✽ ✐♥ r❡➨✐t❡✈ ♥❛ ✶✹✺✦

✶✷✳ ❖❜❡ ♥♦s♥✐❝✐ s❦✉♣❛❥ ✐♠❛t❛ ♣r❡s❡❦ 2 cm2✳ ❑♦❧✐❦➨♥❛ ❥❡ ❤✐tr♦st ③r❛❦❛ ✈ ♥♦s♥✐❝❛❤✱ ❦❛❞❛r ❣r❡ s❦♦③♥❥❡
0, 5 l ③r❛❦❛ ♥❛ s❡❦✉♥❞♦❄

✶✸✳ ❙ ❦♦❧✐❦➨♥♦ r❛③❧✐❦♦ t❧❛❦♦✈ ❧❛❤❦♦ ❞❛♠♦ ③r❛❦✉ ❤✐tr♦st 10 m/s❄

✶✹✳ ■③ ❡♥❛❦✐❤ ♣♦s♦❞ ③ ❡♥❛❦✐♠✐ ❧✉❦♥❥✐❝❛♠✐ ✐③t❡❦❛t❛ ③r❛❦ ✐♥ ❤❡❧✐❥ ♣♦❞ ❡♥❛❦✐♠❛ t❧❛❦♦♠❛✳ ❑❛t❡r✐ ♣❧✐♥
✐③t❡❦❛ ❤✐tr❡❥❡ ✐♥ ❦♦❧✐❦♦❦r❛t ❤✐tr❡❥❡✱ ↔❡ ❥❡ ❣♦st♦t❛ ③r❛❦❛ 7, 25× t♦❧✐❦➨♥❛ ❦♦t ❣♦st♦t❛ ❤❡❧✐❥❛❄

✶✺✳ ❑♦❧✐❦➨♥♦ ♥❛❥✈❡↔❥♦ ❤✐tr♦st ❞♦s❡➸❡ ♣r✐ ♣❛❞❛♥❥✉ ✈ ③r❛❦✉ ❣✉♠✐❥❛st❛ ➸♦❣❛ s ♣r❡♠❡r♦♠ 20 cm❄
❬̺zrak = 1, 2 kg/m3✱ ̺zoga = 7, 8 kg/m3❪

✶✻✳ ❑❛❦♦ ❤✐tr♦ s❡ ❞✈✐❣✉❥❡ ❜❛❧♦♥ ♣r❡♠❡r❛ 2m ♥❛♣♦❧♥❥❡♥ s ❤❡❧✐❥❡♠✱ ❦✐ ♥♦s✐ ❜r❡♠❡ 1 kg❄ P❧❛➨↔ ❜❛❧♦♥❛
t❡❤t❛ 250 g✳ ❬̺zrak = 1, 29 kg/m3✱ ̺He = 0, 178 kg/m3✱ ηzrak = 1, 7 · 10−5 kg/sm = 1, 7 ·
10−5 Ns/m2✱ cu = 0, 4 kg/m3❪

✶✼✳ ❑♦❧✐❦➨❡♥ ✉♣♦r ❞❡❧✉❥❡ ♥❛ ❦r♦❣❧❛st ❦❛♠❡♥ s ♣r❡♠❡r♦♠ 2 cm✱ ↔❡ ❧❡t✐ ♣♦ ③r❛❦✉ s ❤✐tr♦st❥♦ 10 m/s❄
❆❧✐ s♠❡♠♦ t❛ ✉♣♦r ✈ ♣r✐♠❡r✐ s t❡➸♦ ❦❛♠♥❛ ③❛♥❡♠❛r✐t✐✱ ↔❡ r❛↔✉♥❛♠♦ ♥❛ ✺✪ ♥❛t❛♥↔♥♦❄ ❬̺zrak =
1, 2 kg/m3✱ ̺zoga = 2, 7 kg/m3❪

✶✽✳ ❙❛✈❛ ♣r✐ ➆♠❛rt♥❡♠ ♣r✐ ▲❥✉❜❧❥❛♥✐ ❥❡ ♣♦❧❡t✐ ➨✐r♦❦❛ 50 m ✐♥ ♣♦✈♣r❡↔♥♦ 1 m ❣❧♦❜♦❦❛ t❡r ♥♦s✐ 50 m3

✈♦❞❡ ♥❛ s❡❦✉♥❞♦✳ ❑♦❧✐❦➨♥❛ ❥❡ ♣♦✈♣r❡↔♥❛ ❤✐tr♦st ✈♦❞❡❄

✶✾✳ ❙ ❦♦❧✐❦➨♥♦ ♥❛❥✈❡↔❥♦ ❤✐tr♦st❥♦ ❧❛❤❦♦ ❜r✐③❣❛ ✈♦❞❛ ✐③ ♣♦↔❡♥❡ ✈♦❞♦✈♦❞♥❡ ❝❡✈✐✱ ✈ ❦❛t❡r✐ ❥❡ t❧❛❦ ③❛
3 bare ✈❡↔❥✐ ❦♦t ③✉♥❛❥❄

✷✵✳ ■③ ❡♥❛❦✐❤ ♣♦s♦❞ ③ ❡♥❛❦✐♠✐ ❧✉❦♥❥✐❝❛♠✐ ✐③t❡❦❛t❛ ③r❛❦ ✐♥ ✈♦❞✐❦ ♣♦❞ ❡♥❛❦✐♠❛ t❧❛❦♦♠❛✳ ❑❛t❡r✐ ♣❧✐♥
✐③t❡❦❛ ❤✐tr❡❥❡ ✐♥ ❦♦❧✐❦♦❦r❛t ❤✐tr❡❥❡✱ ↔❡ ❥❡ ❣♦st♦t❛ ③r❛❦❛ 14, 4× t♦❧✐❦➨♥❛ ❦♦t ❣♦st♦t❛ ✈♦❞✐❦❛❄

✷✶✳ ❑♦❧✐❦➨♥♦ ♥❛❥✈❡↔❥♦ ❤✐tr♦st ❞♦s❡➸❡ ♣r✐ ♣❛❞❛♥❥✉ ✈ ③r❛❦✉ ❥❡❦❧❡♥❛ ❦r♦❣❧✐❝❛ s ♣r❡♠❡r♦♠ 2 mm❄
❬̺zrak = 1, 2 kg/m3✱ ̺jekla = 7, 8 kg/m3❪

✷✷✳ ❱ ✈♦❞✐ s♣✉st✐♠♦ ❦♦✈✐♥s❦♦ ❦r♦❣❧✐❝♦ s ♣r❡♠❡r♦♠ 2 cm✱ ❞❛ ♣❛❞❛ ♣r♦t✐ ❞♥✉✳ ▼❡r✐♠♦ ❤✐tr♦st ❦r♦❣❧✐❝❡
✈ ♦❞✈✐s♥♦st✐ ♦❞ ↔❛s❛✳ P♦❞❛t❦✐ s♦ ♣♦❞❛♥✐ ✈ t❛❜❡❧✐✿

t[ s] ✵ ✵✱✶ ✵✱✷ ✵✱✸ ✵✱✹ ✵✱✺ ✵✱✻ ✵✱✼ ✵✱✽ ✵✱✾ ✶✱✵
v[m/s] ✵ ✵✱✼✸ ✶✱✷✸ ✶✱✹✺ ✶✱✺✽ ✶✱✻✵ ✶✱✻✶ ✶✱✻✷ ✶✱✻✸ ✶✱✻✸ ✶✱✻✸

◆❛r✐➨✐ ❣r❛❢ ❤✐tr♦st✐ ✈ ♦❞✈✐s♥♦st✐ ♦❞ ↔❛s❛ ✐♥ ♥❛ ♥❥❡♠ ❞♦❧♦↔✐ ♥❛❥✈❡↔❥♦ ❤✐tr♦st✱ ❦✐ ❥♦ ❞♦s❡➸❡ ❦r♦❣❧✐❝❛✦
❑♦❧✐❦♦ ❥❡ ♠❛s❛ ❦r♦❣❧✐❝❡✱ ↔❡ ❥❡ ❦♦❡✜❝✐❡♥t ✉♣♦r❛ 0, 4❄

❘♣✿ ❚♦↔❦❡ ❤✐tr♦ ✈♥❡s❡♠♦ ✈ ❣r❛❢ ✐♥ ❥✐❤ ♣♦✈❡➸❡♠♦ ③ ❣❧❛❞❦♦ ❦r✐✈✉❧❥♦✱ ❦✐ s❡ ❥✐♠ ❦❛r ♥❛❥❜♦❧❥❡ ♣r✐❧❡❣❛
✭s❧✐❦❛ ✷✺✮✳ ◆❛❥✈❡↔❥♦ ❤✐tr♦st ❧❛❤❦♦ ❞♦❧♦↔✐♠♦ ❣r❛✜↔♥♦✿ t♦ ❥❡ t❛♠✱ ❦❥❡r ❥❡ ❦r✐✈✉❧❥❛ ✈♦❞♦r❛✈♥❛❀
❛❧✐ ♣❛ ✐③ t❛❜❡❧❡✱ s❛❥ s❡ ✈r❡❞♥♦st✐ ③❛ ❤✐tr♦st ♣r✐ ③❛❞♥❥✐❤ tr❡❤ ↔❛s✐❤ ♣♦♥♦✈✐❥♦✳
▼❛s♦ ❦r♦❣❧✐❝❡ ✐③r❛↔✉♥❛♠♦ s ♣♦♠♦↔❥♦ ♥❛❥✈❡↔❥❡ ❤✐tr♦st✐✳ ❑❛❞❛r s❡ ❤✐tr♦st t❡❧❡s❛ ♥❡ ♣♦✈❡↔✉❥❡
✈❡↔✱ ♣♦t❡♠ ❥❡ s✐❧❛ ✉♣♦r❛ ♥❛ t❡❧♦ ♥❛s♣r♦t♥♦ ❡♥❛❦❛ ✈s♦t✐ ♦st❛❧✐❤ s✐❧✱ ❦✐ ❞❡❧✉❥❡❥♦ ♥❛ t❡❧♦✳ ❱
♥❛➨❡♠ ♣r✐♠❡r✉✱ ✈❧❡↔❡ t❡➸❛ ❦r♦❣❧✐❝♦ ♥❛✈③❞♦❧✱ ✈③❣♦♥ ♣❛ ♥❛✈③❣♦r✳ ❘❛③❧✐❦❛ t❡➸❡ ✐♥ ✈③❣♦♥❛ ❥❡
③❛t♦ ❡♥❛❦❛ s✐❧✐ ✉♣♦r❛✳ ❚❛❦♦ ✐③r❛③✐♠♦ t❡➸♦✱ ✐③r❛③ ♣♦❡♥♦st❛✈✐♠♦ ✐♥ ✐③r❛↔✉♥❛♠♦✿

Fg = Fv + Fu = ̺πr2

(

4

3
rg +

1

2
cuv2

)

= 0, 209 N

❚❛❦♦ ✉❣♦t♦✈✐♠♦✱ ❞❛ ❥❡ ♠❛s❛ ❦r♦❣❧✐❝❡ 21 g✳
◆❡❦❛t❡r✐ r❛❞✐ ✈❡❧✐❦♦ r❛↔✉♥❛❥♦ ✐♥ s✐ s♣r♦t✐ ③❛♣✐s✉❥❡❥♦ ✈♠❡s♥❡ r❡③✉❧t❛t❡✳ ❱ ♥❛➨❡♠ ♣r✐♠❡r✉
❜✐ ♥❛❥♣r❡❥ ✐③r❛↔✉♥❛❧✐ ♣r♦st♦r♥✐♥♦ V = 4

3πr3 = 4, 19 cm3✱ ♣♦t❡♠ s✐❧♦ ✈③❣♦♥❛ Fv = 0, 0419 N
✐♥ s✐❧♦ ✉♣♦r❛ Fu = 0, 167 N✳ ◆❥✉♥❛ ✈s♦t❛ ❥❡ ❡♥❛❦❛ t❡➸✐ ❦r♦❣❧✐❝❡ Fg = Fv + Fu = 0, 209 N
✐♥ t❛❦♦ ❥❡ ♠❛s❛ m = 20, 9 g✳
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v [m/s]

❙❧✐❦❛ ✷✺✿ ●r❛❢ ❤✐tr♦st✐ ✈ ♦❞✈✐s♥♦st✐ ♦❞ ↔❛s❛ ③❛ ❣✐❜❛♥❥❡ t❡❧❡s❛✱ ❦❛❞❛r ♠♦r❛♠♦ ✉♣♦➨t❡✈❛t✐ ✉♣♦r sr❡❞st✈❛✱
s❦♦③✐ ❦❛t❡r❡❣❛ s❡ ❣✐❜❧❥❡ ♣r❡❞♠❡t✳

✷✸✳ ❩ ❞♥❛ ❣❧♦❜♦❦❡❣❛ ❜❛③❡♥❛ s♣✉st✐♠♦ ❧❡s❡♥♦ ❦r♦❣❧✐❝♦ s ♣r❡♠❡r♦♠ 2 dm✱ ❞❛ s❡ ❞✈✐❣✉❥❡ ♣r♦t✐ ♣♦✈r➨❥✉✳
▼❡r✐♠♦ ❤✐tr♦st ❦r♦❣❧✐❝❡ ✈ ♦❞✈✐s♥♦st✐ ♦❞ ↔❛s❛✳ P♦❞❛t❦✐ s♦ ♣♦❞❛♥✐ ✈ t❛❜❡❧✐✿

t[ s] ✵ ✵✱✶ ✵✱✷ ✵✱✸ ✵✱✹ ✵✱✺ ✵✱✻ ✵✱✼ ✵✱✽ ✵✱✾ ✶✱✵
v[m/s] ✵ ✵✱✼✻ ✶✱✷✼ ✶✱✺✹ ✶✱✻✹ ✶✱✼✵ ✶✱✼✶ ✶✱✼✷ ✶✱✼✸ ✶✱✼✸ ✶✱✼✸

◆❛r✐➨✐ ❣r❛❢ ❤✐tr♦st✐ ✈ ♦❞✈✐s♥♦st✐ ♦❞ ↔❛s❛ ✐♥ ♥❛ ♥❥❡♠ ❞♦❧♦↔✐ ♥❛❥✈❡↔❥♦ ❤✐tr♦st✱ ❦✐ ❥♦ ❞♦s❡➸❡ ❦r♦❣❧✐❝❛✦
❑♦❧✐❦♦ ❥❡ ♠❛s❛ ❦r♦❣❧✐❝❡✱ ↔❡ ❥❡ ❦♦❡✜❝✐❡♥t ✉♣♦r❛ 0, 4❄

❘♣✿ V = 4
3πr3 = 4, 19 dm3✱ Fv = 41, 9 N✱ Fu = 18, 8 N✱ Fg = Fv − Fu = 23N✱ m = 2, 3 kg✳

✷✹✳ ◆❛ ❡♥❛❦✐ ❣❧♦❜✐♥✐ ♣♦❞ ♣♦✈r➨✐♥♦ ❇♦❤✐♥❥s❦❡❣❛ ❥❡③❡r❛ st❛ ❞✈❛ ♠❡❤✉r↔❦❛✱ ❦✐ ✐♠❛t❛ ❡♥❛❦♦ ♠❛s♦ ♣❧✐♥❛✳
❱ ♣r✈❡♠ ♠❡❤✉r↔❦✉ ❥❡ ♦❣❧❥✐❦♦✈ ❞✐♦❦s✐❞✱ ✈ ❞r✉❣❡♠ ♣❛ ✈♦❞✐❦✳ ❘❡❧❛t✐✈♥❛ ❛t♦♠s❦❛ ♠❛s❛ ♦❣❧❥✐❦❛
❥❡ 12✱ ❦✐s✐❦❛ 16 ✐♥ ✈♦❞✐❦❛ 1✳ ◆❛ ❣❧❛❞✐♥✐ ❥❡③❡r❛ ❥❡ t❧❛❦ 937 mbar✱ t❡♠♣❡r❛t✉r❛ ③r❛❦❛ ✐♥ ✈♦❞❡ ❥❡
♣♦✈s♦❞ ❡♥❛❦❛ 4◦C✳ ❖❜❛ ♠❡❤✉r↔❦❛ st❛ ❞♦s❡❣❧❛ ♥❛❥✈❡↔❥♦ ❤✐tr♦st✳ ❑❛t❡r✐ ♠❡❤✉r↔❡❦ s❡ ❣✐❜❧❥❡ ③
✈❡↔❥♦ ❤✐tr♦st❥♦❄ ❑♦❧✐❦♦ ❥❡ r❛③♠❡r❥❡ ♠❡❞ ♦❜❡♠❛ ❤✐tr♦st✐♠❛ ❞✈✐❣♦✈❛♥❥❛❄
✭✯✮❑❛❦♦ ✐♥ ③❛❦❛❥ s❡ s♣r❡♠❡♥✐ r❛③♠❡r❥❡ ❤✐tr♦st✐ ♠❡❤✉r↔❦♦✈✱ ↔❡ s❡ s♣r❡♠❡♥✐t❛ t❧❛❦ ✐♥ t❡♠♣❡r❛t✉r❛
✈♦❞❡❄

❘♣✿ ❷❡ ♣r❡❞♣♦st❛✈✐♠♦✱ ❞❛ ❥❡ t❡➸❛ ♣❧✐♥❛ ✈ ♠❡❤✉r↔❦✉ ③❛♥❡♠❛r❧❥✐✈❛ ❣❧❡❞❡ ♥❛ ✈③❣♦♥ Fg ≪ Fv✱
♣♦t❡♠ ❧❛❤❦♦ ✐③ ❡♥❛❦♦st✐ s✐❧❡ ✈③❣♦♥❛ ✐♥ s✐❧❡ ✉♣♦r❛ Fv = Fu✱ ♥❛ ❦❛t❡r♦ s❦❧❡♣❛♠♦ ✐③ st❛❧♥❡
❤✐tr♦st✐ ♠❡❤✉r↔❦❛✱ ✐③r❛↔✉♥❛♠♦ ❤✐tr♦st ♠❡❤✉r↔❦❛ ♦❜ ♣♦❣♦❥✉✱ ❞❛ ❥❡ ❧❡✲t❛ ♦❦r♦❣❡❧✳

4

3
πr3̺vg =

1

2
cuπr2̺vv2

❖❜ ❞✈❡❤ ♣r❡❞♣♦st❛✈❦❛❤✿ t❡➸❛ ❥❡ ③❛♥❡♠❛r❧❥✐✈❛ ✐♥ ❵♠❡❤✉r↔❡❦ ❥❡ ♦❦r♦❣❡❧✬ ✭s✐ s❡ ➸❡ ❦❞❛❥
♣♦t❛♣❧❥❛❧❄✮ ✉❣♦t♦✈✐♠♦✿

v2 =
8gr

3cu

→ v ∝
√

r

❑❡r ❥❡ ♣♦ ❞r✉❣✐ str❛♥✐ t✉❞✐ r❡s r = 3V
4π

✱ t♦r❡❥ r ∝ 3
√

V ✱ ♠♦r❛ ♥✉❥♥♦ ❜✐t✐ ♦❜ ♥❛➨✐❤ ♣r❡♣♦st❛✈✲
❦❛❤ r❡s✱ ❞❛ ❥❡ v ∝ 6

√
V ✳ ❚❛❦♦ ❞♦❜✐♠♦ ③❛ r❛③♠❡r❥❡ ❤✐tr♦st✐ ✈ ♦❞✈✐s♥♦st✐ ♦❞ ♣r♦st♦r♥✐♥❡✿

v1

v2
=

√

r1

r2
= 6

√

V1

V2

❑♦ ✈ ❡♥❛↔❜♦ ✈st❛✈✐♠♦ ♣r♦st♦r♥✐♥♦ ✐③r❛➸❡♥♦ ✐③ ♣❧✐♥s❦❡❣❛ ③❛❦♦♥❛ V = mRT
Mp

✱ s❡ ❦♦♣✐❝❛
❦♦❧✐↔✐♥ ♣♦❦r❛❥➨❛ ✐♥ ❞♦❜✐♠♦✿

v1

v2
= 6

√

M2

M1
= 1, 67

❯❣♦t♦✈✐♠♦ ❧❛❤❦♦✱ ❞❛ ✈❡↔❥❛ ❦♦t ❥❡ ♠♦❧s❦❛ ♠❛s❛ ♣❧✐♥❛✱ ♠❛♥❥➨❛ ❥❡ ♥❥❡❣♦✈❛ ❤✐tr♦st✳
✭✯✮ s❡ ♦↔✐t♥♦ ♥❡ s♣r❡♠❡♥✐
Pr❡tr❡s✐♠♦ ♣r❡❞♣♦st❛✈❦❡✿
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↔❡ ✉♣♦➨t❡✈❛♠♦ ➨❡ t❡➸♦ ♣❧✐♥❛ ✈ ♠❡❤✉r↔❦✉✿

v2 =
8gr

3cu

(

1 − ̺p

̺vv

)

t❛❦♦ ♣♦ ❦r❛❥➨❡♠ r❛↔✉♥✉ ✉❣♦t♦✈✐♠♦✿

v1

v2
= 6

√

M2

M1

√

1 − aM1

1 − aM2

❦❥❡r ❥❡ ❛ ♦❞✈✐s❡♥ ♦❞ t❧❛❦❛ ✐♥ t❡♠♣❡r❛t✉r❡✿

a =
p

̺vRT
≃ 8, 59 · 10−5 kmol

kg

◆✐s❡♠ ➨❡ ✉s♣❡❧ r❛③r❡➨✐t✐ ♣r♦❜❧❡♠ ♦❜❧✐❦❡ ♠❡❤✉r↔❦❛✳

✷✺✳ ◆❛ ❡♥❛❦✐ ❣❧♦❜✐♥✐ ♣♦❞ ♣♦✈r➨✐♥♦ ❇❧❡❥s❦❡❣❛ ❥❡③❡r❛ st❛ ❞✈❛ ♠❡❤✉r↔❦❛✱ ❦✐ ✐♠❛t❛ ❡♥❛❦♦ ♠❛s♦ ♣❧✐♥❛✳ ❱
♣r✈❡♠ ♠❡❤✉r↔❦✉ ❥❡ ❞✐❞✉➨✐❦♦✈ ♠♦♥♦❦s✐❞ ✭s♠❡❥❛❧♥✐ ♣❧✐♥✮✱ ✈ ❞r✉❣❡♠ ♣❛ ✈♦❞✐❦✳ ❘❡❧❛t✐✈♥❛ ❛t♦♠s❦❛
♠❛s❛ ❦✐s✐❦❛ ❥❡ 16✱ ❞✉➨✐❦❛ 14 ✐♥ ✈♦❞✐❦❛ 1✳ ◆❛ ❣❧❛❞✐♥✐ ❥❡③❡r❛ ❥❡ t❧❛❦ 943 mbar✱ t❡♠♣❡r❛t✉r❛ ③r❛❦❛
✐♥ ✈♦❞❡ ❥❡ ♣♦✈s♦❞ ❡♥❛❦❛ 7◦C✳ ❖❜❛ ♠❡❤✉r↔❦❛ st❛ ❞♦s❡❣❧❛ ♥❛❥✈❡↔❥♦ ❤✐tr♦st✳ ❑❛t❡r✐ ♠❡❤✉r↔❡❦ s❡
❣✐❜❧❥❡ ③ ✈❡↔❥♦ ❤✐tr♦st❥♦❄ ❑♦❧✐❦♦ ❥❡ r❛③♠❡r❥❡ ♠❡❞ ♦❜❡♠❛ ❤✐tr♦st✐♠❛ ❞✈✐❣♦✈❛♥❥❛❄
✭✯✮❑❛❦♦ ✐♥ ③❛❦❛❥ s❡ s♣r❡♠❡♥✐ r❛③♠❡r❥❡ ❤✐tr♦st✐ ♠❡❤✉r↔❦♦✈✱ ↔❡ s❡ s♣r❡♠❡♥✐t❛ t❧❛❦ ✐♥ t❡♠♣❡r❛t✉r❛
✈♦❞❡❄

❘♣✿

v1

v2
= 6

√

M2

M1
= 1, 67

✷✻✳ ❙t❛♥❞❛r❞♥❛ ♣✐♥❣ ♣♦♥❣ ➸♦❣✐❝❛ ✐♠❛ ♣r❡♠❡r 4, 0 cm ✐♥ ❣♦st♦t♦ 0, 080 kg/dm3✳ ❙♣✉st✐♠♦ ❥♦✱ ❞❛
♣r♦st♦ ♣❛❞❛✳ ❩r❛↔♥✐ t❧❛❦ ❥❡ 915 mbara✱ t❡♠♣❡r❛t✉r❛ ③r❛❦❛ 32◦C ✐♥ ❦♦❡✜❝✐❡♥t ✉♣♦r❛ ✵✱✹✳ ❱
♥❡❦❡♠ tr❡♥✉t❦✉ ❥❡ ♥❥❡♥ ♣♦s♣❡➨❡❦ tr✐ ↔❡trt✐♥❡ t❡➸♥❡❣❛ ♣♦s♣❡➨❦❛ ✭a = 3

4g✮✳ ❑♦❧✐❦♦ ❥❡ t❡❞❛❥
r❛③♠❡r❥❡ ♠❡❞ s✐❧♦ ✉♣♦r❛ ✐♥ t❡➸♦❄

✷✼✳ ❙t❛r❛ st❛♥❞❛r❞♥❛ ♣✐♥❣ ♣♦♥❣ ➸♦❣✐❝❛ ❥❡ ✐♠❛❧❛ ♣r❡♠❡r 3, 7 cm ✐♥ ❣♦st♦t♦ 0, 10 kg/dm3✳ ❙♣✉st✐♠♦
❥♦✱ ❞❛ ♣r♦st♦ ♣❛❞❛✳ ❩r❛↔♥✐ t❧❛❦ ❥❡ 1055 mbara✱ t❡♠♣❡r❛t✉r❛ ③r❛❦❛ 2◦C ✐♥ ❦♦❡✜❝✐❡♥t ✉♣♦r❛ ✵✱✺✳
❱ ♥❡❦❡♠ tr❡♥✉t❦✉ ❥❡ ♥❥❡♥ ♣♦s♣❡➨❡❦ tr✐ ♣❡t✐♥❡ t❡➸♥❡❣❛ ♣♦s♣❡➨❦❛ ✭a = 3

5g✮✳ ❑♦❧✐❦♦ ❥❡ t❡❞❛❥
r❛③♠❡r❥❡ ♠❡❞ s✐❧♦ ✉♣♦r❛ ✐♥ t❡➸♦❄

✷✽✳ ❑♦❧✐❦➨❡♥ ✉♣♦r ❞❡❧✉❥❡ ♥❛ ♦❦r♦❣❧♦ ➸♦❣♦ s ♣r❡♠❡r♦♠ 4, 7 cm✱ ↔❡ ❧❡t✐ ♣♦ ③r❛❦✉ s ❤✐tr♦st❥♦ 10 m/s❄
●♦st♦t❛ ➸♦❣❡ ❥❡ 0, 59 kg/dm3✱ ③r❛↔♥✐ t❧❛❦ 915 mbara✱ t❡♠♣❡r❛t✉r❛ ③r❛❦❛ 32◦C ✐♥ ❦♦❡✜❝✐❡♥t
✉♣♦r❛ ✵✱✹✳ ✭✰✮❑♦❧✐❦♦ s♠❡ ❜✐t✐ ♥❛❥✈❡↔❥❛ ❤✐tr♦st ➸♦❣❡✱ ❞❛ ❜♦ ♥❛t❛♥↔♥♦st r❡③✉❧t❛t❛ ✶✪❄

✷✾✳ ❙t❛♥❞❛r❞♥❛ ♣✐♥❣ ♣♦♥❣ ➸♦❣✐❝❛ ✐♠❛ ♣r❡♠❡r 4, 0 cm ✐♥ ❣♦st♦t♦ 0, 080 kg/dm3✳ ❙♣✉st✐♠♦ ❥♦✱ ❞❛
♣r♦st♦ ♣❛❞❛✳ ❩r❛↔♥✐ t❧❛❦ ❥❡ 915 mbara✱ t❡♠♣❡r❛t✉r❛ ③r❛❦❛ 32◦C ✐♥ ❦♦❡✜❝✐❡♥t ✉♣♦r❛ ✵✱✹✳ ❱
♥❡❦❡♠ tr❡♥✉t❦✉ ❥❡ ♥❥❡♥ ♣♦s♣❡➨❡❦ tr✐ ↔❡trt✐♥❡ t❡➸♥❡❣❛ ♣♦s♣❡➨❦❛ ✭a = 3

4g✮✳ ❑♦❧✐❦♦ ❥❡ t❡❞❛❥
r❛③♠❡r❥❡ ♠❡❞ s✐❧♦ ✉♣♦r❛ ✐♥ t❡➸♦❄ ❑♦❧✐❦➨♥❛ ❥❡ ✈ t❡♠ tr❡♥✉t❦✉ ❤✐tr♦st ➸♦❣✐❝❡❄ ✭✰✮◆❛r✐➨✐ ❣r❛❢
r❡③✉❧t❛♥t❡ s✐❧ ♥❛ ♣✐♥❣ ♣♦♥❣ ➸♦❣✐❝♦ ✈ ♦❞✈✐s♥♦st✐ ♦❞ ❤✐tr♦st✐✦

✸✵✳ ❙t❛r❛ st❛♥❞❛r❞♥❛ ♣✐♥❣ ♣♦♥❣ ➸♦❣✐❝❛ ❥❡ ✐♠❛❧❛ ♣r❡♠❡r 3, 7 cm ✐♥ ❣♦st♦t♦ 0, 10 kg/dm3✳ ❙♣✉st✐♠♦
❥♦✱ ❞❛ ♣r♦st♦ ♣❛❞❛✳ ❩r❛↔♥✐ t❧❛❦ ❥❡ 1055 mbara✱ t❡♠♣❡r❛t✉r❛ ③r❛❦❛ 2◦C ✐♥ ❦♦❡✜❝✐❡♥t ✉♣♦r❛ ✵✱✺✳
❱ ♥❡❦❡♠ tr❡♥✉t❦✉ ❥❡ ♥❥❡♥ ♣♦s♣❡➨❡❦ tr✐ ♣❡t✐♥❡ t❡➸♥❡❣❛ ♣♦s♣❡➨❦❛ ✭a = 3

5g✮✳ ❑♦❧✐❦♦ ❥❡ t❡❞❛❥
r❛③♠❡r❥❡ ♠❡❞ s✐❧♦ ✉♣♦r❛ ✐♥ t❡➸♦❄ ❑♦❧✐❦➨♥❛ ❥❡ ✈ t❡♠ tr❡♥✉t❦✉ ❤✐tr♦st ➸♦❣✐❝❡❄ ✭✰✮◆❛r✐➨✐ ❣r❛❢
r❡③✉❧t❛♥t❡ s✐❧ ♥❛ ♣✐♥❣ ♣♦♥❣ ➸♦❣✐❝♦ ✈ ♦❞✈✐s♥♦st✐ ♦❞ ❤✐tr♦st✐✦

✺✳✹ ❚ r❛③t❡③❛♥❥❡

✶✳ ◆❛ st❡❦❧❡♥ ♦❦✈✐r ❥❡ ♣r✐tr❥❡♥❛ ❥❡❦❧❡♥❛ ➸✐❝❛ ❞❡❜❡❧✐♥❡ 0, 01 mm ✐♥ ❞♦❧➸✐♥❡ 10 cm✳ ♥❛♣❡t♦st ➸✐❝❡ ♣r✐
20◦C ❥❡ 0, 1 N✳ ❑♦❧✐❦➨♥❛ ❥❡ ♥❛♣❡t♦st ➸✐❝❡ ♣r✐ 100◦C❄ ✭ t❡♠♣❡r❛t✉r♥✐ r❛③t❡③♥♦st♥✐ ❦♦❡✜❝✐❡♥t ③❛
st❡❦❧♦✿ 0, 85·10−5 K−1✱ t❡♠♣❡r❛t✉r♥✐ r❛③t❡③♥♦st♥✐ ❦♦❡✜❝✐❡♥t ③❛ ❥❡❦❧♦✿ 1, 2·10−5 K−1✱ ♣r♦➸♥♦st♥✐
♠♦❞✉❧ ③❛ ❥❡❦❧♦✿ 206 N/m2✮

✷✳ ❑♦❧✐❦➨❡♥ ♠♦r❛ ❜✐t✐ r❛③♠✐❦ ♠❡❞ tr❛↔♥✐❝❛♠✐ ③ ❞♦❧➸✐♥♦ 20 m✱ ↔❡ s❡ ♣♦③✐♠✐ ♦❤❧❛❞✐❥♦ ❞♦ −30◦C✱
♣♦❧❡t✐ ♣❛ s❡❣r❡❥❡❥♦ ❞♦ 90◦C❄ ❑♦❡✜❝✐❡♥t t❡♠♣❡r❛t✉r♥❡❣❛ r❛③t❡③❦❛ ③❛ ❥❡❦❧♦ ❥❡ 1, 2 · 10−5 K−1✦
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✸✳ ❑♦❧✐❦➨❡♥ ♠♦r❛ ❜✐t✐ r❛③♠✐❦ ♠❡❞ ❝❡st♦ ✐♥ ✈✐❛❞✉❦t♦♠✱ ❦✐ ❥❡ ❞♦❧❣ 10 m✱ ↔❡ s❡ ✈✐❛❞✉❦t ♣♦③✐♠✐ ♦❤❧❛❞✐
❞♦ −20◦C✱ ♣♦❧❡t✐ ♣❛ s❡❣r❡❥❡ ❞♦ 90◦C❄ ❚❡♠♣❡r❛t✉r♥✐ ❦♦❡✜❝✐❡♥t ❧✐♥❡❛r♥❡❣❛ r❛③t❡③❦❛ ③❛ ❜❡t♦♥ ❥❡
1, 5 · 10−5 K−1✦

✹✳ ▲✐trs❦♦ st❡❦❧❡♥✐❝♦ ♥❛♣♦❧♥✐♠♦ ③ ✈♦❞♦ ♣r✐ t❡♠♣❡r❛t✉r✐ 20◦C✱ ✐♥ tr❞♥♦ ③❛♣r❡♠♦✳ ❱ ③❛♠❛➨❡❦
③❛♣✐↔✐♠♦ ❝❡✈❦♦ s ♣r❡s❡❦♦♠ 2 mm2✳ ❑❛❦♦ ✈✐s♦❦♦ s❡ ❞✈✐❣♥❡ ✈♦❞❛ ✈ ③❛♠❛➨❦✉✱ ❦♦ st❡❦❧❡♥✐❝♦ ③
✈♦❞♦ s❡❣r❡❥❡♠♦ ❞♦ 100◦C❄

✺✳ ❱ ✈❛❧❥❛st♦ ❛❧✉♠✐♥✐❥❛st♦ ♣♦s♦❞♦ s ♣r❡♠❡r♦♠ 12 cm ✐♥ ✈✐➨✐♥♦ 12 cm ♥❛t♦↔✐♠♦ ✈♦❞♦✱ ❦✐ ✐♠❛ ♥❛
③❛↔❡t❦✉ t❡♠♣❡r❛t✉r♦ 10◦C✱ t❛❦♦ ❦♦t ♣♦s♦❞❛✳ P♦s♦❞❛ ❥❡ ❞♦ ✈r❤❛ ♣♦❧♥❛✦ P♦st❛✈✐♠♦ ❥♦ ♥❛ ❣r❡❧♥✐❦
✐♥ s❡❣r❡❥❡♠♦ ♥❛ 70◦C✳ ❑♦❧✐❦♦ ✈♦❞❡ st❡↔❡ ✐③ ♣♦s♦❞❡❄ ✭βvoda = 2 · 10−4 K−1✱ αaluminij =
2, 3 · 10−5 K−1✮

✻✳ ❱ ✈❛❧❥❛st♦ ❛❧✉♠✐♥✐❥❛st♦ ♣♦s♦❞♦ s ♣r❡♠❡r♦♠ 7 cm ✐♥ ✈✐➨✐♥♦ 7 cm ♥❛t♦↔✐♠♦ ✈♦❞♦✱ t❛❦♦ ❞❛ ❥❡ ♥❛
③❛↔❡t❦✉ ♣r✐ t❡♠♣❡r❛t✉r✐ 75◦C✱ ♣♦s♦❞❛ ❞♦ r♦❜❛ ♣♦❧♥❛✳ P♦s♦❞♦ ♣♦st❛✈✐♠♦ ✈ ❤❧❛❞✐❧♥✐❦✱ ❦❥❡r s❡
t❡♠♣❡r❛t✉r❛ ↔❡③ ↔❛s ✉st❛❧✐ ♥❛ 5◦C✳ ❑♦❧✐❦♦ ✈♦❞❡ ❜✐ ❧❛❤❦♦ ❞♦❧✐❧✐ ✈ ♣♦s♦❞♦❄ ✭βvoda = 2 ·10−4 K−1✱
αaluminij = 2, 3 · 10−5 K−1✮

✼✳ ❱ ❝❡✈❦✐✱ ❦✐ ❥❡ ❞♦❧❣❛ 1 m ✐♥ ✐♠❛ ♥♦tr❛♥❥✐ ♣r❡♠❡r 3 mm✱ ❥❡ 20 g ➸✐✈❡❣❛ st❡❜r❛ ♣r✐ t❡♠♣❡r❛t✉r✐
30◦C✳ ❩❛ ❦♦❧✐❦♦ s❡ ♣r❡♠❛❦♥❡ ➸✐✈♦ sr❡❜r♦✱ ❦♦ s❡ t❡r♠♦♠❡t❡r ♦❤❧❛❞✐ ③❛ 10◦C❄ ❑❛❦♦ ❞♦❧❣❛ ❥❡ ❡♥❛
st♦♣✐♥❥❛ ♥❛ s❦❛❧✐ t❡❣❛ t❡r♠♦♠❡tr❛❄ ✭̺Hg = 13, 6 g

cm3 , βHg = 1, 8 · 10−4 K−1, αsteklo =
1 · 10−5 K−1✮

❘♣✿ ❦♦ s❡ t❡r♠♦♠❡t❡r ♦❤❧❛❞✐✱ s❡ ♦❤❧❛❞✐ t❛❦♦ st❡❦❧♦ ❦♦t ➸✐✈♦ sr❡❜r♦❀ ✉♣♦➨t❡✈❛t✐ ❥❡ tr❡❜❛ t❡♠♣❡✲
r❛t✉r♥♦ r❛③t❡③❛♥❥❡ ♦❜❡❤
↔❡ ❜♦ st❡❦❧❡♥❛ ❝❡✈❦❛ ♣♦st❛✈❧❥❡♥❛ ✈♦❞♦r❛✈♥♦✱ s❡ ❜♦ ➸✐✈♦ sr❡❜r♦ r❛③❧✐❧♦ ✐③ ♥❥❡✱ ③❛t♦ ❝❡✈❦♦
r❛❥❡ ♣♦st❛✈✐♠♦ ♥❛✈♣✐↔♥♦
✭♦♣✳✿ ♣r✐ t❡❥ ♥❛❧♦❣✐ s❡ sr❡↔❛♠♦ s t❡➸❛✈♦ ♥❛t❛♥↔♥❡❣❛ r❛↔✉♥❛♥❥❛✱ ♦③✐r♦♠❛ ③ ♠❛❥❤♥✐♠✐ s♣r❡✲
♠❡♠❜❛♠✐✱ ❦✐ ♥❛♠ ♣r✐ ♣♦st♦♣♥❡♠ r❛↔✉♥❛♥❥✉ ♣r✐♥❡s❡❥♦ ♣r❡❝❡❥➨♥♦ ♥❛♣❛❦♦✳✮
❱ ♣r✐❜❧✐➸❦✉ ❜✐ ❧❛❤❦♦ s❦❧❡♣❛❧✐✱ ❞❛ ❥❡ r❛③t❡③❛♥❥❡ st❡❦❧❛ ③❛♥❡♠❛r❧❥✐✈♦ ♠❛❥❤♥♦✱ ❣❧❡❞❡ ♥❛ t♦✱ ❞❛
❥❡ ❦♦❡✜❝✐❡♥t t❡♠♣❡r❛t✉r♥❡❣❛ r❛③t❡③❛♥❥❛ st❡❦❧❛ ♦❦♦❧✐ ✷✵ ❦r❛t ♠❛♥❥➨✐ ♦❞ ❦♦❡✜❝✐❡♥t❛ t❡♠♣❡✲
r❛t✉r♥❡❣❛ r❛③t❡③❛♥❥❛ ➸✐✈❡❣❛ sr❡❜r❛
✈ t❡♠ ♣r✐❜❧✐➸❦✉ ❜✐ r❛↔✉♥❛❧✐ t❛❦♦❧❡✿

∆l = l − lo =
Vo − ∆Va

So − ∆Ss

− Vo

So

=
∆Va

So

= β
Vo

So

∆T = −0, 037 cm

♣r✐ t❡♠ s♠♦ s♣r❡♠❡♠❜♦ ♣r❡s❡❦❛ ❝❡✈❦❡ ∆Ss ③❛♥❡♠❛r✐❧✐✦
❞♦❧➸✐♥❛ ❡♥❡ st♦♣✐♥❥❡✿

l1 =
|∆l|
10

= 37µm = 0, 0037 cm

❷❡ ❤♦↔❡♠♦ ❜✐t✐ ❜♦❧❥ ♥❛t❛♥↔♥✐✱ ❤✐tr♦ ③❛✐❞❡♠♦ ✈ t❡➸❛✈❡✱ ➨❡ ♣♦s❡❜♥♦ ↔❡ s❡ ❧♦t✐♠♦ r❡➨❡✈❛♥❥❛ ③
✈♠❡s♥✐♠✐ r❛↔✉♥✐✳ Pr✐ t❡♠ r❡❧❛t✐✈♥❛ ♥❛♣❛❦❛ r❛st❡ ✐♥ ✳ ✳ ✳
❱ t❡♠ ♣r✐♠❡r✉ ♣r❡❞♣♦st❛✈✐♠♦✱ ❞❛ s♦ ✈s✐ ♣♦❞❛t❦✐ ♣♦❞❛♥✐ ♥❛ tr✐ ➨t❡✈✐❧s❦❛ ♠❡st❛ ♥❛t❛♥↔♥♦
✐♥ ✈s❡ ✈♠❡s♥❡ r❡③✉❧t❛t❡ ③❛♦❦r♦➸✐♠♦ ♥❛ tr✐ ➨t❡✈✐❧s❦❛ ♠❡st❛✳
❩❛↔❡t♥❛ ✈✐➨✐♥❛ ➸✐✈♦ sr❡❜r♥❡❣❛ st♦❧♣❝❛✿

lo =
Vo

So

=

m
̺Hg

πr2
=

1, 47 cm3

0, 0707 cm2
= 20, 8 cm

s♣r❡♠❡♠❜❛ ♣r♦st♦r♥✐♥❡ ➸✐✈❡❣❛ sr❡❜r❛✿

∆VHg = βVo∆T = 1, 8 · 10−4 K−1 · 1, 47 cm3 · 10 K = −2, 65 · 10−3 cm3

s♣r❡♠❡♠❜❛ ♣r❡s❡❦❛ st❡❦❧❡♥❡ ❝❡✈❦❡✿

∆Ss = 2αSo∆T = 21 · 10−5 K−1 · 7, 07 mm2 · 10 K = −14, 1 · 10−4 mm2

♥♦✈❛ ✈✐➨✐♥❛ ➸✐✈❡❣❛ sr❡❜r❛ ✈ st❡❦❧❡♥✐ ❝❡✈✐✿

l =
Vo − ∆VHg

So − ∆Ss

=
1, 46735 cm3

7, 06856 mm2
= 20, 76 cm
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s♣r❡♠❡♠❜❛ ✈✐➨✐♥❡ ❛❧❦♦❤♦❧♥❡❣❛ st♦❧♣❝❛✿

∆l = l − lo = −0, 040 cm

❘❡③✉❧t❛t✱ ❦✐ s♠♦ ❣❛ ❞♦❜✐❧✐✱ ❥❡ ♦s✉♣❧❥✐✈✦ ❱ ❞♦❜r✐ ✈❡r✐✱ ❞❛ ❜♦♠♦ ❞♦❜✐❧✐ ❜♦❧❥ ♥❛t❛♥↔❡♥ r❡③✉❧t❛t✱
s❛❥ s♠♦ ✉♣♦➨t❡✈❛❧✐ t✉❞✐ r❛③t❡③❛♥❥❡ ✭♣r❛✈③❛♣r❛✈ ❦r↔❡♥❥❡✮ st❡❦❧❛✱ s♠♦ ③❛❣r❡t♦ r❛↔✉♥❛❧✐❀ r❡✲
③✉❧t❛t ♣❛ ❥❡ ♦↔✐t♥♦ ♠❛♥❥ ♥❛t❛♥↔❡♥ ❦♦t ♣r✐❜❧✐➸❡❦✱ ❦✐ s♠♦ ❣❛ ♥❛r❛↔✉♥❛❧✐ ♥❛ ③❛↔❡t❦✉✳ ❑♦ s♠♦
♣r✐❜❧✐➸♥♦ r❛↔✉♥❛❧✐✱ ♥✐s♠♦ ✉♣♦➨t❡✈❛❧✐ ❦r↔❡♥❥❡ st❡❦❧❛❀ ✉❣♦t♦✈✐❧✐ s♠♦✱ ❞❛ s❡ ❣❧❛❞✐♥❛ ➸✐✈❡❣❛ sr❡✲
❜r❛ ③♥✐➸❛ ③❛ 0, 037 cm✳ ❷❡ ♣❛ ✉♣♦➨t❡✈❛♠♦ ➨❡ ❦r↔❡♥❥❡ st❡❦❧❛✱ ♣♦t❡♠ ❜✐ ♣r✐↔❛❦♦✈❛❧✐ ♠❛♥❥➨❡
③♥✐➸❛♥❥❡ ❣❧❛❞✐♥❡✱ ♥❡ ♣❛ ✈❡↔❥❡✱ ❦♦t s♠♦ ✐③r❛↔✉♥❛❧✐✳ ❘❛③❧✐❦❛✱ ❦✐ ❥❡ ♥❛✈✐❞❡③ ♥❡♣r❡❞✈✐❞♦♠❛
♥❛st❛❧❛✱ ❥❡ ♣♦s❧❡❞✐❝❛ ❦♦♣✐↔❡♥❥❛ ♥❛♣❛❦✳
❚❡♠✉ s❡ ✐③♦❣♥❡♠♦ t❛❦♦✱ ❞❛ ♥❡ ❞❡❧❛♠♦ ✈♠❡s♥✐❤ ✐③r❛↔✉♥♦✈✱ ❛♠♣❛❦ r❡③✉❧t❛t ✐③r❛③✐♠♦ s
♣♦❞❛♥✐♠✐ ❦♦❧✐↔✐♥❛♠✐ ✐♥ s❛♠♦ ❡♥❦r❛t ✐③r❛↔✉♥❛♠♦✳

∆l = l − lo =
Vo − ∆VHg

So − ∆Ss

− lo =
Vo(1 − β∆T )

So(1 − 2α∆T )
− lo

∆l =
m(1 − β∆T )

̺Hgπr2(1 − 2α∆T )
− m

̺Hgπr2
=

m

̺Hgπr2

(

2α − β

1 − 2α∆T

)

= −0, 0333 cm

❘❡③✉❧t❛t ❥❡ ✈❡❧✐❦♦ ❜♦❧❥➨✐ ❦♦t ③ ✈♠❡s♥✐♠✐ r❛↔✉♥✐✦

✽✳ ❱ ❝❡✈❦✐✱ ❦✐ ❥❡ ❞♦❧❣❛ 10 m ✐♥ ✐♠❛ ♥♦tr❛♥❥✐ ♣r❡♠❡r 3 mm✱ ❥❡ 20 g ♦❜❛r✈❛♥❡❣❛ ❛❧❦♦❤♦❧❛ ♣r✐ t❡♠♣❡r❛✲
t✉r✐ 30◦C✳ ❩❛ ❦♦❧✐❦♦ s❡ ♣r❡♠❛❦♥❡ ❛❧❦♦❤♦❧✱ ❦♦ s❡ t❡r♠♦♠❡t❡r s❡❣r❡❥❡ ③❛ 10◦C❄ ❑❛❦♦ ❞♦❧❣❛ ❥❡ ❡♥❛
st♦♣✐♥❥❛ ♥❛ s❦❛❧✐ t❡❣❛ t❡r♠♦♠❡tr❛❄ ✭̺alko = 0, 75 g

cm3 , βalko = 11 · 10−4 K−1, αsteklo =
1 · 10−5 K−1✮

❘♣✿ ❡♥❛❦♦ ❦♦t ♣r✐ ③❣♦r♥❥✐ ♥❛❧♦❣✐
♣r✐❜❧✐➸♥♦✿

∆l = 4, 15 cm

③ ✈♠❡s♥✐♠✐ r❛↔✉♥✐✿
∆l = 4, 0 cm

✐③r❛③✐♠♦ ∆l s ♣♦❞❛♥✐♠✐ ❦♦❧✐↔✐♥❛♠✐✿

∆l = 4, 07 cm

✾✳ ❱ ❝❡✈❦✐✱ ❦✐ ❥❡ ❞♦❧❣❛ 5 m ✐♥ ✐♠❛ ♥♦tr❛♥❥✐ ♣r❡♠❡r 3 mm✱ ❥❡ 20 g ➸✐✈❡❣❛ st❡❜r❛ ♣r✐ t❡♠♣❡r❛t✉r✐ 30◦C✳
❩❛ ❦♦❧✐❦♦ s❡ ♣r❡♠❛❦♥❡ ➸✐✈♦ sr❡❜r♦✱ ❦♦ s❡ t❡r♠♦♠❡t❡r ♦❤❧❛❞✐ ③❛ 10◦C❄ ❑❛❦♦ ❞♦❧❣❛ ❥❡ ❡♥❛ st♦♣✐♥❥❛
♥❛ s❦❛❧✐ t❡❣❛ t❡r♠♦♠❡tr❛❄ ✭̺Hg = 13, 6 g

cm3 , βHg = 1, 8 · 10−4 K−1, αsteklo = 1 · 10−5 K−1✮

✶✵✳ ❱ ❝❡✈❦✐✱ ❦✐ st♦❥✐ ♥❛✈♣✐↔♥♦✱ ❥❡ ❞♦❧❣❛ 10 m ✐♥ ✐♠❛ ♥♦tr❛♥❥✐ ♣r❡♠❡r 3 mm✱ ❥❡ 200 g ➸✐✈❡❣❛ st❡✲
❜r❛ ♣r✐ t❡♠♣❡r❛t✉r✐ 30◦C✳ ❩❛ ❦♦❧✐❦♦ s❡ ♣r❡♠❛❦♥❡ ➸✐✈♦ sr❡❜r♦✱ ❦♦ s❡ t❡r♠♦♠❡t❡r ♦❤❧❛❞✐ ③❛
10◦C❄ ❑❛❦♦ ❞♦❧❣❛ ❥❡ ❡♥❛ st♦♣✐♥❥❛ ♥❛ s❦❛❧✐ t❡❣❛ t❡r♠♦♠❡tr❛❄ ✭̺Hg = 13, 6 g

cm3 , βHg =
1, 8 · 10−4 K−1, αsteklo = 1 · 10−5 K−1✮

✶✶✳ ➎❡❧❡③♥✐ ♣♦❦r♦✈ ❡❧❡❦tr✐↔♥❡❣❛ ❥❛➨❦❛ ✐♠❛ ♦❜❧✐❦♦ ❦✈❛❞r❛t❛ s str❛♥✐❝♦ 70 cm✳ ❩❛ ❦♦❧✐❦♦ s❡ ♣♦✈❡↔❛
♥❥❡❣♦✈❛ ♣❧♦➨↔✐♥❛✱ ↔❡ s❡ s❡❣r❡❥❡ ③❛ 50◦C❄

✶✷✳ ❑♦✈❛♥❡❝ ✐♠❛ ♣r❡♠❡r 2 cm✳ ❩❛ ❦♦❧✐❦♦ s❡ ♣♦✈❡↔❛ ♥❥❡❣♦✈❛ ♣❧♦➨↔✐♥❛✱ ↔❡ s❡ s❡❣r❡❥❡ ③❛ 30◦C❄

✶✸✳ ❆❧✉♠✐♥✐❥❛st❛ ♣❧♦➨↔❛ ✐♠❛ ♦❜❧✐❦♦ ❦✈❛❞r❛t❛ s str❛♥✐❝♦ 30 cm✳ ❩❛ ❦♦❧✐❦♦ s❡ ♣♦✈❡↔❛ ♥❥❡♥❛ ♣❧♦➨↔✐♥❛✱
❦♦ s❡ s❡❣r❡❥❡ ③❛ 20◦C❄

✶✹✳ ❩❣♦➨↔❡♥❦❛ ✭❈❉ ♣❧♦➨↔❡❦✱ t❧❛↔❡♥❦❛✳ ✳ ✳ ✮ ✐♠❛ ♣r❡♠❡r 11, 5 cm✱ ❩❛ ❦♦❧✐❦♦ s❡ ♣♦✈❡↔❛ ♥❥❡♥❛ ♣❧♦➨↔✐♥❛✱
❦♦ s❡ s❡❣r❡❥❡ ③❛ 40◦C❄

✶✺✳ ❱ ❝❡✈❦♦ s ♣r❡s❡❦♦♠ 2 mm2 ✈❧✐❥❡♠♦ 1 cm3 ♣❡tr♦❧❡❥❛✳ ❑♦ ❣❛ s❡❣r❡❥❡♠♦ ♦❞ 0◦C ❞♦ 50◦C✱ s❡
❣❧❛❞✐♥❛ ♣❡tr♦❧❡❥❛ ✈ ❝❡✈❦✐ ❞✈✐❣♥❡ ③❛ 25 mm✳ ❑♦❧✐❦➨❡♥ ❥❡ ❦♦❡✜❝✐❡♥t ♣r♦st♦rs❦❡❣❛ t❡♠♣❡r❛t✉r♥❡❣❛
r❛③t❡③❦❛ ♣❡tr♦❧❡❥❛❄ ❩❛ ❦♦❧✐❦♦ s❡ ✈ r❡s♥✐❝✐ ♣♦✈❡↔❛ ♣r♦st♦r♥✐♥❛ ♣❡tr♦❧❡❥❛✱ ↔❡ ✉♣♦➨t❡✈❛♠♦✱ ❞❛ s❡
♣r✐ s❡❣r❡✈❛♥❥✉ ♦❞ 0◦C ❞♦ 50◦C r❛③t❡③❛ t✉❞✐ st❡❦❧♦ ✐③ ❦❛t❡r❡❣❛ ❥❡ ❝❡✈❦❛❄ ✭❧✐♥❡❛r♥✐ t❡♠♣❡r❛t✉r♥✐
❦♦❡✜❝✐❡♥t ③❛ st❡❦❧♦ ❥❡ 7, 6 · 10−6 st−1
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✶✻✳ ❱ ❝❡✈❦♦ s ♣r❡s❡❦♦♠ 2 mm2 ✈❧✐❥❡♠♦ 1 cm3 ♣❡tr♦❧❡❥❛✳ ❑♦ ❣❛ s❡❣r❡❥❡♠♦ ♦❞ 0◦C ❞♦ 50◦C✱ s❡
❣❧❛❞✐♥❛ ♣❡tr♦❧❡❥❛ ✈ ❝❡✈❦✐ ❞✈✐❣♥❡ ③❛ 25 mm✳ ❑♦❧✐❦➨❡♥ ❥❡ ❦♦❡✜❝✐❡♥t ♣r♦st♦rs❦❡❣❛ t❡♠♣❡r❛t✉r♥❡❣❛
r❛③t❡③❦❛ ♣❡tr♦❧❡❥❛❄ ❩❛ ❦♦❧✐❦♦ s❡ ✈ r❡s♥✐❝✐ ♣♦✈❡↔❛ ♣r♦st♦r♥✐♥❛ ♣❡tr♦❧❡❥❛✱ ↔❡ ✉♣♦➨t❡✈❛♠♦✱ ❞❛ s❡
♣r✐ s❡❣r❡✈❛♥❥✉ ♦❞ 0◦C ❞♦ 50◦C r❛③t❡③❛ t✉❞✐ st❡❦❧♦ ✐③ ❦❛t❡r❡❣❛ ❥❡ ❝❡✈❦❛❄ ✭❧✐♥❡❛r♥✐ t❡♠♣❡r❛t✉r♥✐
❦♦❡✜❝✐❡♥t ③❛ st❡❦❧♦ ❥❡ 7, 6 · 10−6 st−1✮

✶✼✳ ❱ ❝❡✈❦♦ s ♣r❡s❡❦♦♠ 3 mm2 ✈❧✐❥❡♠♦ 4 cm3 ✈♦❞❡✳ ❑♦ ❥♦ s❡❣r❡❥❡♠♦ ♦❞ 0◦C ❞♦ 70◦C✱ s❡ ❣❧❛❞✐♥❛
✈♦❞❡ ✈ ❝❡✈❦✐ ❞✈✐❣♥❡ ③❛ 35 mm✳ ❑♦❧✐❦➨❡♥ ❥❡ ❦♦❡✜❝✐❡♥t ♣r♦st♦rs❦❡❣❛ t❡♠♣❡r❛t✉r♥❡❣❛ r❛③t❡③❦❛
✈♦❞❡❄ ❩❛ ❦♦❧✐❦♦ s❡ ✈ r❡s♥✐❝✐ ♣♦✈❡↔❛ ♣r♦st♦r♥✐♥❛ ✈♦❞❡✱ ↔❡ ✉♣♦➨t❡✈❛♠♦✱ ❞❛ s❡ ♣r✐ s❡❣r❡✈❛♥❥✉
♦❞ 0◦C ❞♦ 70◦C r❛③t❡③❛ t✉❞✐ st❡❦❧♦ ✐③ ❦❛t❡r❡❣❛ ❥❡ ❝❡✈❦❛❄ ✭❧✐♥❡❛r♥✐ t❡♠♣❡r❛t✉r♥✐ ❦♦❡✜❝✐❡♥t ③❛
st❡❦❧♦ ❥❡ 7, 6 · 10−6 st−1✮

✶✽✳ ❩❣♦➨↔❡♥❦❛ ✭❈❉ ♣❧♦➨↔❡❦✱ t❧❛↔❡♥❦❛✳✳✳✮ ✐♠❛ ♣r❡♠❡r 11, 9 cm✱ ❩❛ ❦♦❧✐❦♦ ♣r♦❝❡♥t♦✈ s❡ ♣♦✈❡↔❛ ♥❥❡♥❛
♣❧♦➨↔✐♥❛✱ ❦♦ s❡ s❡❣r❡❥❡ ③❛ 50◦C❄ ❚❡♠♣❡r❛t✉r♥✐ ❦♦❡✜❝✐❡♥t ❞♦❧➸✐♥s❦❡❣❛ r❛③t❡③❛♥❥❛ ♣❧❛s✐t❡ ❥❡
42, 4 · 10−6 K−1✳

✶✾✳ ❑♦✈❛♥❡❝ ✐♠❛ ♣r❡♠❡r 3, 07 cm✳ ❩❛ ❦♦❧✐❦♦ ♣r♦❝❡♥t♦✈ s❡ ♣♦✈❡↔❛ ♥❥❡❣♦✈❛ ♣❧♦➨↔✐♥❛✱ ↔❡ s❡ s❡❣r❡❥❡ ③❛
70◦C❄ ❚❡♠♣❡r❛t✉r♥✐ ❦♦❡✜❝✐❡♥t ❞♦❧➸✐♥s❦❡❣❛ r❛③t❡③❛♥❥❛ ❦♦✈✐♥❡ ❥❡ 21, 4 · 10−6 K−1✳

✷✵✳ ▼❡r✐❧✐ s♠♦ t❡♠♣❡r❛t✉r♥✐ ❦♦❡✜❝✐❡♥t ♣r♦st♦r♥✐♥s❦❡❣❛ r❛③t❡③❛♥❥❛ ♣❡tr♦❧❡❥❛✳ ❱ ❞♦✈♦❧❥ ❞♦❧❣♦ ❝❡✈❦♦
s ♣r❡s❡❦♦♠ 4 mm2 s♠♦ ✈❧✐❧✐ ♣❡tr♦❧❡❥✳ ▼❡r✐❧✐ s♠♦ t❡♠♣❡r❛t✉r♦ ♣❡tr♦❧❡❥❛ ✐♥ ✈✐➨✐♥♦✱ ❞♦ ❦❛t❡r❡ ❥❡
s❡❣❛❧ ♣❡tr♦❧❡❥ ✈ ❝❡✈❦✐✳ ▼❡r✐t✈❡ s♠♦ ③❜r❛❧✐ ✈ t❛❜❡❧✐✿

T [◦C] ✷✵ ✷✸✱✷ ✸✻✳✶ ✹✷✳✷ ✹✺✱✺ ✺✶✱✼ ✻✺✱✽ ✼✷✱✾ ✼✹✱✽ ✼✾✱✺
h[ cm] ✼✸✱✺ ✼✸✱✾ ✼✹✱✺ ✼✹✱✾ ✼✺✱✸ ✼✺✱✽ ✼✻✱✸ ✼✻✱✼ ✼✼✱✷ ✼✼✱✼

◆❛r✐➨✐ ❣r❛❢ ✈✐➨✐♥❡ ✈ ♦❞✈✐s♥♦st✐ ♦❞ t❡♠♣❡r❛t✉r❡✦ ❑♦❧✐❦♦ ❥❡ t❡♠♣❡r❛t✉r♥✐ ❦♦❡✜❝✐❡♥t ♣r♦st♦r♥✐♥✲
s❦❡❣❛ r❛③t❡③❛♥❥❛ ♣❡tr♦❧❡❥❛❄ ✭✰✮❑♦❧✐❦♦ ❥❡ r❡❧❛t✐✈♥❛ ♥❛♣❛❦❛ t❛❦♦ ❞♦❧♦↔❡♥❡❣❛ ❦♦❡✜❝✐❡♥t❛❄

✷✶✳ ▼❡r✐❧✐ s♠♦ t❡♠♣❡r❛t✉r♥✐ ❦♦❡✜❝✐❡♥t ♣r♦st♦r♥✐♥s❦❡❣❛ r❛③t❡③❛♥❥❛ ♣❡tr♦❧❡❥❛✳ ❱ ❞♦✈♦❧❥ ❞♦❧❣♦ ❝❡✈❦♦
s ♣r❡s❡❦♦♠ 4 mm2 s♠♦ ✈❧✐❧✐ ♣❡tr♦❧❡❥✳ ▼❡r✐❧✐ s♠♦ t❡♠♣❡r❛t✉r♦ ♣❡tr♦❧❡❥❛ ✐♥ ✈✐➨✐♥♦✱ ❞♦ ❦❛t❡r❡ ❥❡
s❡❣❛❧ ♣❡tr♦❧❡❥ ✈ ❝❡✈❦✐✳ ▼❡r✐t✈❡ s♠♦ ③❜r❛❧✐ ✈ t❛❜❡❧✐✿

T [◦C] ✷✵ ✷✸✱✷ ✸✻✳✶ ✹✷✳✷ ✹✺✱✺ ✺✶✱✼ ✻✺✱✽ ✼✷✱✾ ✼✹✱✽ ✼✾✱✺
h[ cm] ✼✸✱✺ ✼✸✱✾ ✼✹✱✺ ✼✹✱✾ ✼✺✱✸ ✼✺✱✽ ✼✻✱✸ ✼✻✱✼ ✼✼✱✷ ✼✼✱✼

◆❛r✐➨✐ ❣r❛❢ ✈✐➨✐♥❡ ✈ ♦❞✈✐s♥♦st✐ ♦❞ t❡♠♣❡r❛t✉r❡✦ ❑♦❧✐❦♦ ❥❡ t❡♠♣❡r❛t✉r♥✐ ❦♦❡✜❝✐❡♥t ♣r♦st♦r♥✐♥✲
s❦❡❣❛ r❛③t❡③❛♥❥❛ ♣❡tr♦❧❡❥❛❄ ✭✰✮❑♦❧✐❦♦ ❥❡ r❡❧❛t✐✈♥❛ ♥❛♣❛❦❛ t❛❦♦ ❞♦❧♦↔❡♥❡❣❛ ❦♦❡✜❝✐❡♥t❛❄

✺✳✺ ♣❧✐♥s❦✐ ③❛❦♦♥

✶✳ ■③r❛↔✉♥❛❥ ♣r♦st♦r♥✐♥♦ ❦✐❧♦♠♦❧❛ ③r❛❦❛ ♣r✐ t❧❛❦✉ 1 bar ✐♥ t❡♠♣❡r❛t✉r✐ 20◦C✦

❘♣✿ ♣r♦st♦r♥✐♥❛✿ ✷✹✱✸✻ ♠ ♥❛✸
❤♠♠♠✳ ✳ ✳ ❜♦❧❥❡ ❜✐ ❜✐❧♦✿
✐③ ♣❧✐♥s❦❡ ❡♥❛↔❜❡ pV = m/MRT ✐③r❛③✐♠♦ ♣r♦st♦r♥✐♥♦ ✿

V =
mRT

Mp
=

29 kg8300 Jkmol−1K−1293 K

29 kgkmol−1 · 105 Nm−2
= 24, 3 m3

❄♣❛ s❛❥ ♠❡♥❞❛ ♥✐ t❛❦♦ t❡➸❦♦❄❛❧✐ ♣❛↔✦

✷✳ ■③r❛↔✉♥❛❥ ♣r♦st♦r♥✐♥♦ ❦✐❧♦♠♦❧❛ ❤❡❧✐❥❛ ♣r✐ t❧❛❦✉ 2 bara ✐♥ t❡♠♣❡r❛t✉r✐ 20◦C✦

❘♣✿ ♣r♦st♦r♥✐♥❛✿ 12, 18 m3

✸✳ ❑♦❧✐❦♦ ❥❡ ❤✐tr♦st ♠♦❧❡❦✉❧❡ ❦✐s✐❦❛✱ ❤❡❧✐❥❛ ✐♥ ✈♦❞♥❡ ♣❛r❡ ♣r✐ ♥❛✈❛❞♥❡♠ t❧❛❦✉ ✐♥ t❡♠♣❡r❛t✉r✐❄

✹✳ ❑♦❧✐❦♦ ❛t♦♠♦✈ ❦✐s✐❦❛ ❥❡ ✈ 1 cm3 ③r❛❦❛ ♣r✐ t❧❛❦✉ 2 bara ✐♥ t❡♠♣❡r❛t✉r✐ 20◦C❄

❘♣✿ N = 4, 89 · 1024

✺✳ ❑♦❧✐❦♦ ❛t♦♠♦✈ ❞✉➨✐❦❛ ❥❡ ✈ 1 cm3 ③r❛❦❛ ♣r✐ t❧❛❦✉ 2 bara ✐♥ t❡♠♣❡r❛t✉r✐ 20◦C❄

❘♣✿ N = 4, 94 · 1023
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∆

∆

T

V

❙❧✐❦❛ ✷✻✿ ❣r❛❢ ❱✭❚✮ ♣r✐ ❦♦♥st❛♥t♥❡♠ t❧❛❦✉❀ ❦❡r ❥❡ ♣r♦st♦r♥✐♥❛ s♦r❛③♠❡r♥❛ s t❡♠♣❡r❛t✉r♦ ♠♦r❛
✈❡❧❥❛t✐✿∆V

∆T
= V

T

✻✳ ❉♦❦❛➸✐✱ ❞❛ ❥❡ ♣r✐ ♣❧✐♥✉ t❡♠♣❡r❛t✉r♥✐ ❦♦❡✜❝✐❡♥t ♣r♦st♦r♥✐♥s❦❡❣❛ r❛③t❡③❦❛ β = 1/T ✦

❘♣✿ ❩❛❦♦♥ ♣r♦st♦r♥✐♥s❦❡❣❛ r❛③t❡③❛♥❥❛ ♣r❛✈✐✿
∆V = βV ∆T ♦③✐r♦♠❛ ∆V

∆T
= βV = konst.

❘❛③♠❡r❥❡ ♠❡❞ s♣r❡♠❡♠❜♦ ♣r♦st♦r♥✐♥❡ ✐♥ s♣r❡♠❡♠❜♦ t❡♠♣❡r❛t✉r❡ ❧❛❤❦♦ ✐③r❛③✐♠♦ t✉❞✐ ✐③
♣❧✐♥s❦❡ ❡♥❛↔❜❡✿
pV
T

= konst. ❛❧✐ ↔❡ ❥❡ t❧❛❦ ❦♦♥st❛♥t❡♥✿ V
T

= konst.

s ♣♦♠♦↔❥♦ ❣r❛❢❛ V (T ) ❧❛❤❦♦ ✈✐❞✐♠♦✱ ❞❛ ♠♦r❛ ❜✐t✐ ∆V
∆T

= V
T

❧❛❤❦♦ ♣❛ t✉❞✐ ✐③r❛↔✉♥❛♠♦✿

Vk

Tk

=
V

T

❦❥❡r st❛ V ✐♥ T ③❛↔❡t♥✐ ✈r❡❞♥♦st✐ ♣r♦st♦r♥✐♥❡ ✐♥ t❡♠♣❡r❛t✉r❡✱ Vk ✐♥ Tk ♣❛ ❦♦♥↔♥✐✳
❦♦♥↔♥❛ ♣r♦st♦r♥✐♥❛✿ Vk = V

T
Tk

s♣r❡♠❡♠❜❛ ♣r♦st♦r♥✐♥❡✿

∆V = Vk − V =
V

T
Tk − V = V

(

Tk

T
− 1

)

= V

(

Tk − T

T

)

= V
∆T

T

③❛t♦ ❥❡ r❛③♠❡r❥❡
∆V

∆T
=

V

T

❦♦t s♠♦ ♣r❡❥ ➸❡ ✈✐❞❡❧✐ ♥❛ ❣r❛❢✉✦
❦♦ ♣r✐♠❡r❥❛♠♦ ❡♥❛↔❜✐✿

∆V

∆T
= βV ✐♥

∆V

∆T
=

V

T

✐♥ ❥✐❤ ❡♥❛↔✐♠♦ ❞♦❜✐♠♦✿ βV = V
T

♦③✐r♦♠❛
β =

1

T

q✳❡✳❞✳

✼✳ ❑♦❧✐❦♦ ❥❡ ❣♦st♦t❛ ❦✐s✐❦❛ ♣r✐ 0◦C ✐♥ t❧❛❦✉ ✶ ❜❛r❄ ◆❛r✐➨✐ ❣r❛❢ ̺(T ) ✐♥ ❣❛ ♦③♥❛↔✐❄

❘♣✿ ❣♦st♦t❛ ❂ 1, 40 kg/m3

✽✳ ❑♦❧✐❦♦ ❥❡ ❣♦st♦t❛ ✈♦❞✐❦❛ ♣r✐ 0◦C ✐♥ t❧❛❦✉ ✷ ❜❛r❄ ◆❛r✐➨✐ ❣r❛❢ ̺(T ) ✐♥ ❣❛ ♦③♥❛↔✐❄

❘♣✿ ❣♦st♦t❛❂ 0, 17 kg/m3
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✾✳ ❱ ♣❧✐♥s❦❡♠ t❡r♠♦♠❡tr✉ ♣r✐ ❦♦♥st❛♥t♥❡♠ t❧❛❦✉ ❥❡ 100 cm3 ❤❡❧✐❥❛ ♣r✐ t❡♠♣❡r❛t✉r✐ 0◦C✳ ❱r❛t
❜✉↔❦❡ s ♣❧✐♥♦♠ ❥❡ ♣♦❞❛❧❥➨❛♥ ✈ ❝❡✈❦♦ s ♣r❡s❡❦♦♠ 10 mm3✱ ✈ ❦❛t❡r✐ ❥❡ ❦❛♣❧❥❛ ➸✐✈❡❣❛ sr❡❜r❛✳
❑♦❧✐❦♦ s❡ ♣r❡♠❛❦♥❡ ❦❛♣❧❥❛✱ ❦♦ s❡ t❡♠♣❡r❛t✉r❛ ♣♦✈❡↔❛ ③❛ st♦♣✐♥❥♦❄ ❑♦❧✐❦♦ s❡ ♣r❡♠❛❦♥❡ ❦❛♣❧❥❛✱
❦♦ s❡ t❡♠♣❡r❛t✉r❛ ♣♦✈❡↔❛ ③❛ ✶✵✵ st♦♣✐♥❥❄

✶✵✳ Pr❛③❡♥ ❜❛❧♦♥ ✐♠❛ ♠❛s♦ 500 kg✳ ◆❛♣♦❧♥✐➨ ❣❛ s 1400 m3 ✈♦❞✐❦❛ ♣r✐ t❧❛❦✉ 1 bar✳ ❑♦❧✐❦♦ ✈r❡↔ ♣❡s❦❛
❧❛❤❦♦ ♥❛❧♦➸✐➨ ♥❛♥❥✱ ↔❡ ❥❡ ♠❛s❛ ❡♥❡ ✈r❡↔❡ 50 kg❄ ◆❛ ✈✐➨✐♥✐ 2 km s❡ t❧❛❦ ③♠❛♥❥➨❛ ♥❛ ♣♦❧♦✈✐❝♦✱
t❡♠♣❡r❛t✉r❛ ♣❛ ♦st❛♥❡ 20◦C✳ ❑♦❧✐❦♦ ✈r❡↔ ♣❡s❦❛ ♠♦r❛➨ ♦❞✈r❡↔✐✱ ❞❛ s❡ ❜♦➨ ➨❡ ✈❡❞♥♦ ❞✈✐❣♦✈❛❧✱ ↔❡

✭❛✮ ❜❛❧♦♥ ♥✐ r❛③t❡❣❧❥✐✈ ✐♥

✭❜✮ ❜❛❧♦♥ ❥❡ r❛③t❡❣❧❥✐✈✱ t❛❦♦ ❞❛ ❥❡ ③✉♥❛♥❥✐ t❧❛❦ ❡♥❛❦ ♥♦tr❛♥❥❡♠✉❄

✶✶✳ ❱ ❥❡❦❧❡♥❦✐ s ♣r♦st♦r♥✐♥♦ 10 dm3 ✐♠❛♠♦ 2 kg ❜✉t❛♥❛ ✭C4H10✮ ♣r✐ t❡♠♣❡r❛t✉r✐ 27◦C✳ ◆❛ ❥❡✲
❦❧❡♥❦♦ ♣r✐❦❧❥✉↔✐♠♦ ♠❛♥❥➨♦ ❥❡❦❧❡♥❦♦ s ♣r♦st♦r♥✐♥♦ 5 dm3✱ ♦❞♣r❡♠♦ ✈❡♥t✐❧ ✐♥ ♣♦↔❛❦❛♠♦✱ ❞❛ s❡
t❧❛❦❛ ✐③r❛✈♥❛t❛✳ ❑♦❧✐❦➨❡♥ ❥❡ ❦♦♥↔♥✐ t❧❛❦ ✈ ❥❡❦❧❡♥❦❛❤❄ ❑♦❧✐❦♦ ♠♦❧❡❦✉❧ ❥❡ ✈ ♦❜❡❤ ❥❡❦❧❡♥❦❛❤❄
Pr❡❞♣♦st❛✈✐✱ ❞❛ ❥❡ t❡♠♣❡r❛t✉r❛ ❜✉t❛♥❛ ✈s❡s❦♦③✐ ❡♥❛❦❛✦

✶✷✳ ❏❡❦❧❡♥❦❛ s ♣r♦st♦r♥✐♥♦ 15 dm3 ❥❡ ♥❛♣♦❧♥❥❡♥❛ s CO2✳ ❚❡♠♣❡r❛t✉r❛ ❥❡ 19◦C✱ t❧❛❦ ♣❛ 100 barov✳
❩❛ ❦♦❧✐❦♦ s❡ ❧❛❤❦♦ ♣❧✐♥ ✈ ❥❡❦❧❡♥❦✐ s❡❣r❡❥❡✱ ↔❡ ❥❡ ♥❛❥✈✐➨❥✐ t❧❛❦✱ ❦✐ ❣❛ ♣♦s♦❞❛ ③❞r➸✐ 5 kbarov❄ ❑♦❧✐❦♦
♠♦❧❡❦✉❧ ❥❡ ✈ ❥❡❦❧❡♥❦✐✱ ↔❡ ❥❡ ♠❛s❛ ♣❧✐♥❛ 2, 72 kg❄

✶✸✳ ❏❡❦❧❡♥❦❛ s ♣r♦st♦r♥✐♥♦ 40 dm3 ❥❡ ♥❛♣♦❧♥❥❡♥❛ ③ ❜✉t❛♥♦♠✱ ✈ ♥❥❡❥ ♣❛ ❥❡ t❧❛❦ 25 bar✳ ❩❛ ❦♦❧✐❦♦ s❡
s♠❡ s❡❣r❡t✐✱ ↔❡ ❥❡ ♠❛❦s✐♠❛❧♥✐ t❧❛❦✱ ❦✐ ❣❛ ♣♦s♦❞❛ ③❞r➸✐✱ 30 bar✱ ♣❧✐♥ ♣❛ ✐♠❛ t❡♠♣❡r❛t✉r♦ 20◦C❄

✶✹✳ ❏❡❦❧❡♥❦❛ ③ ❜✉t❛♥♦♠ ❞r➸✐ 40 l✱ ✈ ♥❥❡❥ ♣❛ ❥❡ t❧❛❦ 25 bara✳ ❩❛ ❦♦❧✐❦♦ s❡ t❧❛❦ s♣r❡♠❡♥✐✱ ❦♦ t❡♠✲
♣❡r❛t✉r♦ ♣♦✈❡↔❛♠♦ ♦❞ 20◦C ♥❛ 80◦C❄ ❑♦❧✐❦♦ ❥❡ ♠♦❧❡❦✉❧ ✈ 10 kg ♣❧✐♥❛✱ ↔❡ ❥❡ ❦✐❧♦♠♦❧s❦❛ ♠❛s❛
❜✉t❛♥❛ 16 kg❄

✶✺✳ ❱ t❧❛↔✐❧❦✐ ✐♠❛ ③r❛❦ ♣♦❞ ❜❛t♦♠ ♣r♦st♦r♥✐♥♦ 100 cm3 ✐♥ t❧❛❦ 750 mbar✳ ❑♦❧✐❦➨❡♥ ❥❡ t❧❛❦✱ ❦♦ ③r❛❦
st✐s♥❡♠♦ ♣r✐ st❛❧♥✐ t❡♠♣❡r❛t✉r✐ ♥❛ 40 cm3✳

✶✻✳ ❏❡❦❧❡♥❦❛ ③ ❜✉t❛♥♦♠ ❞r➸✐ 40 l✱ ✈ ♥❥❡❥ ♣❛ ❥❡ t❧❛❦ 25 bar✳ ❑♦❧✐❦♦ ❜✉t❛♥❛ ✉✐❞❡ ♣r✐ ③r❛↔♥❡♠ t❧❛❦✉
720 mbar❄

✶✼✳ 20 m3 ❦✐s✐❦❛ s t❡♠♣❡r❛t✉r♦ 80◦C ✐♥ t❧❛❦♦♠ 50 N/cm2 s❡❣r❡❥❡♠♦ ♥❛ 200◦C ✐♥ st✐s♥❡♠♦ ♥❛
80 N/cm2✳ ❑♦❧✐❦➨♥❛ ❥❡ ❦♦♥↔♥❛ ♣r♦st♦r♥✐♥❛❄

✶✽✳ ❱ ♣r✈✐ ♣♦s♦❞✐ ✐♠❛♠♦ 310 ml t♦❧✉❡♥❛ ♣r✐ t❡♠♣❡r❛t✉r✐ 20◦C✱ ✈ ❞r✉❣✐ ♣❛ 110 ml t♦❧✉❡♥❛ ♣r✐
t❡♠♣❡r❛t✉r✐ 30◦C✳ ❑♦❧✐❦➨❡♥ ✈♦❧✉♠❡♥ s♥♦✈ ③❛✈③❡♠❛✱ ↔❡ ♦❜♦❥❡ ③♠❡➨❛♠♦❄

✶✾✳ Pr✐ t❡♠♣❡r❛t✉r✐ 100◦C ❥❡ 2 kg ❞✉➨✐❦❛✳❑♦❧✐❦♦ ❥❡ ♣r♦st♦r♥✐♥❛ ❞✉➨✐❦❛ ♣r✐ t❧❛❦✉ 2 bara ✐♥ ❦♦❧✐❦♦ ♣r✐
t❧❛❦✉ 0, 5 bara❄◆❛r✐➨✐ ❣r❛❢ ♣r♦st♦r♥✐♥❡ ✈ ♦❞✈✐s♥♦st✐ ♦❞ t❧❛❦❛ ③❛ t❛ ♣r✐♠❡r ✐♥ ❣❛ ♦③♥❛↔✐✦

❘♣✿ ✐③ ♣❧✐♥s❦❡ ❡♥❛↔❜❡ pV = m/MRT ✐③r❛③✐♠♦ t❧❛❦✿ p = mRT
V M
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❙❧✐❦❛ ✷✼✿ ❣r❛❢ ♣✭❱✮ t❧❛❦ ❥❡ ♦❜r❛t♥♦ s♦r❛③♠❡r❡♥ s ♣r♦st♦r♥✐♥♦

✈st❛✈✐♠♦ ♣♦❞❛t❦❡✿
T = 100◦C = 373K
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m = 2kg

M = 28 kg/kmol

R = 8314 J/(kmolK)

p1 = 2bara = 2105 N/m2

p2 = 0, 5 bara = 0, 5105 N/m2

❞♦❜✐♠♦ ♣r♦st♦r♥✐♥✐✿
V1 = 1, 11 m3

V2 = 4, 43 m3

✷✵✳ Pr✐ t❧❛❦✉ 1, 5 bara ❥❡ 3kg ❦✐s✐❦❛✳❑♦❧✐❦♦ ❥❡ ♣r♦st♦r♥✐♥❛ ❦✐s✐❦❛ ♣r✐ t❡♠♣❡r❛t✉r✐ 27◦C ✐♥ ♣r✐ t❡♠♣❡✲
r❛t✉r✐ 327◦C❄ ◆❛r✐➨✐ ❣r❛❢ ♣r♦st♦r♥✐♥❡ ✈ ♦❞✈✐s♥♦st✐ ♦❞ t❡♠♣❡r❛t✉r❡ ③❛ t❛ ♣r✐♠❡r ✐♥ ❣❛ ♦③♥❛↔✐✦

❘♣✿ ✐③ ♣❧✐♥s❦❡ ❡♥❛↔❜❡ pV = m/MRT ✐③r❛③✐♠♦ ♣r♦st♦r♥✐♥♦✿ V = (mRT )/(pM)
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❙❧✐❦❛ ✷✽✿ ❣r❛❢ ❱✭❚✮ ♣r✐ t❧❛❦✉ ✶✱✺ ❜❛r❛ ♣r♦st♦r♥✐♥❛ ❥❡ s♦r❛③♠❡r♥❛ s t❧❛❦♦♠

✈st❛✈✐♠♦ ♣♦❞❛t❦❡✿
p = 1, 5 bara = 1, 5105N/m2

m = 3kg

M = 32kg/(kmol)

R = 8314J/(kmolK)

T1 = 27◦C = 300K

T2 = 327◦C = 600K

❞♦❜✐♠♦ ♣r♦st♦r♥✐♥✐✿
V1 = 1, 56m3

V2 = 3, 12m3

✷✶✳ Pr✐ t❧❛❦✉ 1, 5 bara ❥❡ 3 kg ❦✐s✐❦❛✳ ❑♦❧✐❦♦ ❛t♦♠♦✈ ❦✐s✐❦❛ ❥❡ ✈ ♣♦s♦❞✐❄

✷✷✳ ■③r❛↔✉♥❛❥ ♣r♦st♦r♥✐♥♦ ❦✐❧♦♠♦❧❛ ③r❛❦❛ ♣r✐ t❧❛❦✉ 3 bare ✐♥ t❡♠♣❡r❛t✉r✐ 120◦C✦

✷✸✳ ■③r❛↔✉♥❛❥ ♣r♦st♦r♥✐♥♦ ❦✐❧♦♠♦❧❛ ❤❡❧✐❥❛ ♣r✐ t❧❛❦✉ 2 bara ✐♥ t❡♠♣❡r❛t✉r✐ 180◦C✦

✷✹✳ ◆❛r✐➨✐ ❣r❛❢✱ ❦✐ ❦❛➸❡ ③✈❡③♦ ♠❡❞ ♣r♦st♦r♥✐♥♦ ✐♥ t❧❛❦♦♠ ✐❞❡❛❧♥❡❣❛ ♣❧✐♥❛ ♣r✐ st❛❧♥✐ t❡♠♣❡r❛t✉r✐✦
❖❞❣♦✈♦r ✉t❡♠❡❧❥✐✦

✷✺✳ ◆❛r✐➨✐ ❣r❛❢✱ ❦✐ ❦❛➸❡ ③✈❡③♦ ♠❡❞ t❧❛❦♦♠ ✐♥ t❡♠♣❡r❛t✉r♦ ✐❞❡❛❧♥❡❣❛ ♣❧✐♥❛ ♣r✐ st❛❧♥✐ ♣r♦st♦r♥✐♥✐✦
❖❞❣♦✈♦r ✉t❡♠❡❧❥✐✦

✷✻✳ ❏❡❦❧❡♥❦❛ ✐♠❛ ♣r♦st♦r♥✐♥♦ 15 l✳ ❱ ♥❥❡❥ ❥❡ ♣r✐ t❧❛❦✉ 4 bare ✐♥ t❡♠♣❡r❛t✉r✐ 27◦C ❜✉t❛♥ ✭C4H10✮ ✈
♣❧✐♥❛st❡♠ ❛❣r❡❣❛t♥❡♠ st❛♥❥✉✳ ❑♦❧✐❦♦ ❥❡ ♠❛s❛ ❜✉t❛♥❛❄

✷✼✳ ❱ ❥❡❦❧❡♥❦♦ ❧❛❤❦♦ ♥❛↔r♣❛♠♦ 2 kg ♣r♦♣❛♥❛ ✭C3H8✮✳ Pr✐ t❡♠ s❡ t❧❛❦ ✈ ❥❡❦❧❡♥❦✐ ❞✈✐❣♥❡ ♥❛ 6 barov
♣r✐ t❡♠♣❡r❛t✉r✐ 27◦C✳ ❑♦❧✐❦♦ ❥❡ ♣r♦st♦r♥✐♥❛ ❥❡❦❧❡♥❦❡✱ ↔❡ ♦st❛♥❡ ♣r♦♣❛♥ ✈ ♣❧✐♥❛st❡♠ ❛❣r❡❣❛t♥❡♠
st❛♥❥✉❄
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✷✽✳ ❑♦❧✐❦♦ ❛t♦♠♦✈ ❦✐s✐❦❛ ❥❡ ✈ 1 mm3 ③r❛❦❛ ♣r✐ t❧❛❦✉ 2 bara ✐♥ t❡♠♣❡r❛t✉r✐ 20◦C❄

✷✾✳ ❑♦❧✐❦♦ ❛t♦♠♦✈ ❞✉➨✐❦❛ ❥❡ ✈ 1 mm3 ③r❛❦❛ ♣r✐ t❧❛❦✉ 2 bara ✐♥ t❡♠♣❡r❛t✉r✐ −20◦C❄

✸✵✳ ❑♦❧✐❦♦ ❥❡ ❣♦st♦t❛ ③r❛❦❛ ✈ ✉↔✐❧♥✐❝✐✱ ❦✐ ✐♠❛ ❞✐♠❡♥③✐❥❡ 5 m × 4 m × 8 m✱ ↔❡ ❥❡ t❧❛❦ 980 mbara ✐♥
t❡♠♣❡r❛t✉r❛ 29◦C t❡r ❦♦❧✐❦♦ ♣r✐ ❡♥❛❦✐ t❡♠♣❡r❛t✉r✐ ✐♥ t❧❛❦✉ 1050 mbar❄ ◆❛r✐➨✐ ❣r❛❢ ❣♦st♦t❡
✈ ♦❞✈✐s♥♦st✐ ♦❞ t❧❛❦❛ ✐♥ ❣r❛❢ ❣♦st♦t❡ ✈ ♦❞✈✐s♥♦st✐ ♦❞ t❡♠♣❡r❛t✉r❡ ③❛ t❛ ♣r✐♠❡r ✐♥ ♦❜❛ ❣r❛❢❛
♦③♥❛↔✐✦

✸✶✳ ❑♦❧✐❦♦ ❥❡ ❣♦st♦t❛ ③r❛❦❛ ✈ ✉↔✐❧♥✐❝✐✱ ❦✐ ✐♠❛ ❞✐♠❡♥③✐❥❡ 5 m × 4 m × 8 m✱ ↔❡ ❥❡ t❧❛❦ 980 mbara ✐♥
t❡♠♣❡r❛t✉r❛ 17◦C❄ ◆❛r✐➨✐ ❣r❛❢ ❣♦st♦t❡ ✈ ♦❞✈✐s♥♦st✐ ♦❞ t❡♠♣❡r❛t✉r❡ ③❛ t❛ ♣r✐♠❡r ✐♥ ❣❛ ♦③♥❛↔✐

✸✷✳ ➎❛r♥✐❝❛ ♥❛ ➸❛r✐❧♥♦ ♥✐t❦♦ ✐♠❛ ♣r♦st♦r♥✐♥♦ 0, 05 l✳ ◆❛♣♦❧♥❥❡♥❛ ❥❡ ③ r❛③r❡❞↔❡♥✐♠ ♣❧✐♥♦♠✱ ✈❡♥❞❛r
♥❡ ✈❡♠♦ t♦↔♥♦ ❦❛t❡r✐♠ ✭❧❛❤❦♦ ❥❡ ③r❛❦✱ ➸❧❛❤t♥✐ ♣❧✐♥✳ ✳ ✳ ✮✳ ❑♦ ❥❡ ♣❧✐♥ ✈ ♥❥❡❥ s❡❣r❡t ♥❛ 2100 K✱ ❥❡ ✈
➸❛r♥✐❝✐ 4 · 1015 ♠♦❧❡❦✉❧ ♣❧✐♥❛✳ ❑♦❧✐❦♦ ❥❡ t❧❛❦ ♣❧✐♥❛ ✈ ➸❛r♥✐❝✐❄ ❑❛❦♦ ✐♥ ③❛❦❛❥ s❡ s♣r❡♠❡♥✐ ➨t❡✈✐❧♦
♠♦❧❡❦✉❧ ✈ ➸❛r♥✐❝✐✱ ❦♦ ➸❛r♥✐❝♦ ✉❣❛s♥❡♠♦ ✐♥ s❡ ♣❧✐♥ ✈ ♥❥❡❥ ♦❤❧❛❞✐ ♥❛ 300 K❄

❘♣✿ ✐③ ♣❧✐♥s❦❡ ❡♥❛↔❜❡ pV = NkT ✐③r❛③✐♠♦ t❧❛❦ ✐♥ ✐③r❛↔✉♥❛♠♦✿

p =
NkT

V
= 2, 32 Pa

❷❡ ♥❡ ♠♦r❡ ♥✐↔ ♠♦❧❡❦✉❧ ✐③ ➸❛r♥✐❝❡ ✐♥ ♥✐↔ ♠♦❧❡❦✉❧ ✈ ➸❛r♥✐❝♦✱ ♣♦t❡♠ s❡ ➨t❡✈✐❧♦ ♠♦❧❡❦✉❧ ✈
➸❛r♥✐❝✐ ♥❡ s♣r❡♠❡♥✐❀ ♥❡ ❣❧❡❞❡ ♥❛ t♦✱ ❦❛❦♦ s❡ s♣r❡♠✐♥❥❛t❛ t❧❛❦ ✐♥ t❡♠♣❡r❛t✉r❛ ♣❧✐♥❛✱ ❦✐ ❥❡
✈ ♥❥❡❥✳

✸✸✳ ➎❛r♥✐❝❛ ♥❛ ➸❛r✐❧♥♦ ♥✐t❦♦ ✐♠❛ ♣r♦st♦r♥✐♥♦ 0, 1 l✳ ◆❛♣♦❧♥❥❡♥❛ ❥❡ ③ r❛③r❡❞↔❡♥✐♠ ♣❧✐♥♦♠✱ ✈❡♥❞❛r
♥❡ ✈❡♠♦ t♦↔♥♦ ❦❛t❡r✐♠ ✭❧❛❤❦♦ ❥❡ ③r❛❦✱ ➸❧❛❤t♥✐ ♣❧✐♥✳ ✳ ✳ ✮✳ ❑♦ ❥❡ ♣❧✐♥ ✈ ♥❥❡❥ s❡❣r❡t ♥❛ 1200 K✱ ❥❡
✈ ➸❛r♥✐❝✐ t❧❛❦ 3 Pa✳ ❑♦❧✐❦♦ ♠♦❧❡❦✉❧ ♣❧✐♥❛ ❥❡ ✈ ➸❛r♥✐❝✐❄ ❑❛❦♦ ✐♥ ③❛❦❛❥ s❡ s♣r❡♠❡♥✐ t❧❛❦ ♣❧✐♥❛ ✈
➸❛r♥✐❝✐✱ ❦♦ ➸❛r♥✐❝♦ ✉❣❛s♥❡♠♦ ✐♥ s❡ ♣❧✐♥ ✈ ♥❥❡❥ ♦❤❧❛❞✐ ♥❛ 300 K❄

❘♣✿ ■③ ♣❧✐♥s❦❡ ❡♥❛↔❜❡ ✐③r❛③✐♠♦ ➨t❡✈✐❧♦ ♠♦❧❡❦✉❧ N ✐♥ ✐③r❛↔✉♥❛♠♦✿ N = 1, 8 · 1016✳
P❧✐♥s❦❛ ❡♥❛↔❜❛ pV = NkT ♥❛♠ ♣♦✈❡✱ ❞❛ ❥❡ t❧❛❦ ♣❧✐♥❛ s♦r❛③♠❡r❡♥ s t❡♠♣❡r❛t✉r♦ ♣❧✐♥❛
p ∝ T ✱ ↔❡ ❥❡ ♣r♦st♦r♥✐♥❛ ❦♦♥st❛♥t♥❛✳ ❙t❡❦❧❡♥❛ ❜✉↔❦❛ s❡ s❦r↔✐✱ ❦♦ s❡ ♦❤❧❛❞✐✱ ✈❡♥❞❛r s♠❡♠♦
t♦ s♣r❡♠❡♠❜♦ ♣r♦st♦r♥✐♥❡ ③❛♥❡♠❛r✐t✐✳ ❑❡r s❡ t❡♠♣❡r❛t✉r❛ ♣❧✐♥❛ ✈ ➸❛r♥✐❝✐ ③♠❛♥❥➨❛ ③❛ 4×
s❡ ♠♦r❛ ♣r❛✈ t♦❧✐❦♦❦r❛t ③♠❛♥❥➨❛t✐ t✉❞✐ t❧❛❦✳ ❚♦r❡❥ ❜♦ t❧❛❦ ✈ ➸❛r♥✐❝✐✱ ❦♦ s❡ ❧❡✲t❛ ♦❤❧❛❞✐
p = 3

4Pa = 0, 75 Pa✳
❩❣♦❧❥ ✐③ r❛❞♦✈❡❞♥♦st✐ ✐③r❛↔✉♥❛♠ ➨❡ s♣r❡♠❡♠❜♦ ♣r♦st♦r♥✐♥❡ st❡❦❧❡♥❡ ➸❛r♥✐❝❡ ✭t❡♠♣❡r❛t✉r♥✐
r❛③t❡③♥♦st♥✐ ❦♦❡✜❝✐❡♥t ③❛ st❡❦❧♦ ♣r✐ T = 20◦C✿ 0, 85 · 10−5 K−1✱ αsteklo = 1 · 10−5 K−1✱
7, 6·10−6 st−1❀ ③❛♥✐♠✐✈♦✱ ❦♦❧✐❦♦ r❛③❧✐↔♥✐❤ ✈r❡❞♥♦st✐✮✳ Pr✈❛ t❡➸❛✈❛✱ ❦✐ ❥♦ sr❡↔❛♠ ❥❡ ✈♣r❛➨❛♥❥❡✱
❦♦❧✐❦♦ ❥❡ t❡♠♣❡r❛t✉r♥✐ ❦♦❡✜❝✐❡♥t r❛③t❡③❦❛✳ ◆❛❥❞❡♠ s❛♠♦ ✈r❡❞♥♦st✐ ③❛ 20◦C✱ ♥❡ ♣❛ t✉❞✐
③❛ 1200 K ❛❧✐ 300 K❀ ✐♥ ♥❛❥❜r➸ ❥❡ t❡♠♣❡r❛t✉r♥✐ ♦❞✈✐s❡♥ ♦❞ t❡♠♣❡r❛t✉r❡✳ ❱③❛♠❡♠ ♥❛❥✈❡↔❥♦
✈r❡❞♥♦st✱ ❦✐ s❡♠ ❥♦ ♥❛➨❡❧ α = 1 · 10−5 K−1 ✐♥ ✐③r❛↔✉♥❛♠✿

∆V = βV ∆T = 3αV ∆T = 0, 0027 l

❑♦ s❡❞❛❥ ✈ ♣❧✐♥s❦✐ ❡♥❛↔❜✐ ✉♣♦➨t❡✈❛♠ s♣r❡♠❜♦ ♣r♦st♦r♥✐♥❡✿

p =
poTVo

To(Vo − ∆V )
= 0, 77 Pa

❤❥❛✱ ♠❛❧♦ s❡ ♣❛ ❧❡ ♣♦③♥❛✦

✸✹✳ Pr✐ t❡♠♣❡r❛t✉r✐ 50◦C ❥❡ 2 kg ❞✐❞✉➨✐❦♦✈❡❣❛ ♦❦s✐❞❛ ✭s♠❡❥❛❧♥✐ ♣❧✐♥✮✳ ❘❡❧❛t✐✈♥❛ ❛t♦♠s❦❛ ♠❛s❛
❞✉➨✐❦❛ ❥❡ 14✱ ❦✐s✐❦❛ ♣❛ 16✳ ❑♦❧✐❦♦ ❥❡ t❧❛❦ ♣❧✐♥❛ ♣r✐ ♣r♦st♦r♥✐♥✐ 4 m3 ✐♥ ❦♦❧✐❦♦ ♣r✐ ♣r♦st♦r♥✐♥✐
0, 5 m3❄ ◆❛r✐➨✐ ❣r❛❢ t❧❛❦❛ ✈ ♦❞✈✐s♥♦st✐ ♦❞ ♣r♦st♦r♥✐♥❡ ③❛ t❛ ♣r✐♠❡r ✐♥ ❣❛ ♦③♥❛↔✐✦

❘♣✿ ❙♠❡❥❛❧♥✐ ♣❧✐♥ ✭N2O✮ ✐♠❛ ♠♦❧s❦♦ ♠❛s♦ 2 · 14 + 16 = 44 kg/kmol✳ ❙ ♣♦♠♦↔❥♦ ♣❧✐♥s❦❡
❡♥❛↔❜❡ ✐③r❛↔✉♥❛♠♦ t❧❛❦ p1 ♣r✐ ♣r♦st♦r♥✐♥✐ V1 = 4m3 ✭❧❛❤❦♦ ❜✐ ③❛↔❡❧✐ t✉❞✐ s t❧❛❦♦♠ p2 ♣r✐
♣r♦st♦r♥✐♥✐ V2 = 0, 5 m3✮✿

p1V1 =
mRT

M
⇒ p1 =

mRT

MV1
= 0, 305 · 105 N

m2
= 0, 305 bar = 30, 5 kPa
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◆❛ ♣♦❞♦❜❡♥ ♥❛↔✐♥ ❧❛❤❦♦ ✐③r❛↔✉♥❛♠♦ t✉❞✐ t❧❛❦ p2✳ ▲❛❤❦♦ s♠♦ ♠❛❧♦ ❜♦❧❥ ③✈✐t✐ ✐♥ ✉♣♦r❛❜✐♠♦
❇♦②❧❡♦✈ ③❛❦♦♥✱ ❦✐ ♣♦✈❡③✉❥❡ t❧❛❦ ✐♥ ♣r♦st♦r♥✐♥♦ ♣r✐ ❦♦♥st❛♥t♥✐ t❡♠♣❡r❛t✉r✐ T ✿ p1V1 = p2V2

✐♥ s ♣♦♠♦↔❥♦ ❡♥❛↔❜❡ ✐③r❛↔✉♥❛♠♦✿

p2 =
V1p1

V2
= 2, 441 · 105 N

m2
= 2, 441 bar = 244, 1 kPa

❛❧✐ ♣❛ ♣r❡♣r♦st♦ s❦❧❡♣❛♠♦✿ t♦❧✐❦♦❦r❛t ❦♦t s❡ ♣r♦st♦r♥✐♥❛ ③♠❛♥❥➨❛ s❡ ♠♦r❛ t❧❛❦ ♣♦✈❡↔❛t✐✱
↔❡ ❥❡ ♣r✐ t❡♠ t❡♠♣❡r❛t✉r❛ ❦♦♥st❛♥t♥❛✳
❚♦↔❦✐ ✈♥❡s❡♠♦ ✈ ❣r❛❢ ✐♥ ❥✉ ♣♦✈❡➸❡♠♦ ③ ❧❡♣♦ ❤✐♣❡r❜♦❧♦ ✭s❧✐❦❛ ✷✾✮✳

 0

 0.5

 1

 1.5

 2

 2.5

 3

 0  1  2  3  4  5 V [m^3]

p [bar]

❙❧✐❦❛ ✷✾✿ ●r❛❢ t❧❛❦❛ ✈ ♦❞✈✐s♥♦st✐ ♦❞ ♣r♦st♦r♥✐♥❡ ③❛ s♠❡❥❛❧♥✐ ♣❧✐♥✳

✸✺✳ Pr✐ t❡♠♣❡r❛t✉r✐ 150◦C ❥❡ 2 kg ♦❣❧❥✐❦♦✈❡❣❛ ❞✐♦❦s✐❞❛✳ ❘❡❧❛t✐✈♥❛ ❛t♦♠s❦❛ ♠❛s❛ ♦❣❧❥✐❦❛ ❥❡ 12✱
❦✐s✐❦❛ ♣❛ 16✳ ❑♦❧✐❦♦ ❥❡ ♣r♦st♦r♥✐♥❛ ♣❧✐♥❛ ♣r✐ t❧❛❦✉ 2 bara ✐♥ ❦♦❧✐❦♦ ♣r✐ t❧❛❦✉ 0, 25 bara❄ ◆❛r✐➨✐
❣r❛❢ ♣r♦st♦r♥✐♥❡ ✈ ♦❞✈✐s♥♦st✐ ♦❞ t❧❛❦❛ ③❛ t❛ ♣r✐♠❡r ✐♥ ❣❛ ♦③♥❛↔✐✦

❘♣✿ V1 = 0, 799 m3✱ V2 = 6, 39 m3

✸✻✳ ❑♦❧✐❦♦ ❥❡ ♣r♦st♦r♥✐♥❛ ♠✐❧✐❥♦♥ ♠♦❧❡❦✉❧ ✈♦❞❡❄ ❑♦❧✐❦♦ ❥❡ ♠❛s❛ ❡♥❡ ♠♦❧❡❦✉❧❡ ✈♦❞❡ ✭✐③r❛③✐ ✈ ❦❣✮❄
❘❡❧❛t✐✈♥❛ ❛t♦♠s❦❛ ♠❛s❛ ✈♦❞✐❦❛ ❥❡ ✶✱ ❦✐s✐❦❛ ♣❛ ✶✻✳

✸✼✳ ❑♦❧✐❦♦ ❥❡ ♣r♦st♦r♥✐♥❛ ♠✐❧✐❥❛r❞❡ ♠♦❧❡❦✉❧ ❦✉❤✐♥❥s❦❡ s♦❧✐❄ ❑♦❧✐❦♦ ❥❡ ♠❛s❛ ❡♥❡ ♠♦❧❡❦✉❧❡ s♦❧✐ ✭✐③r❛③✐
✈ ❦❣✮❄ ❘❡❧❛t✐✈♥❛ ❛t♦♠s❦❛ ♠❛s❛ ♥❛tr✐❥❛ ❥❡ ✷✸✱ ❦❧♦r❛ ♣❛ ✸✺✳ ●♦st♦t❛ ❦✉❤✐♥❥s❦❡ s♦❧✐ ❥❡ 2, 16 g/cm3✳

✺✳✻ ❦❛❧♦r✐♠❡tr✐❥❛

✶✳ ❱♦❞♥❛ ♣❛r❛ ❥❡ ♣r✐ t❧❛❦✉ p = 1, 013 bara ③❛♣rt❛ ✈ ♣♦s♦❞✐ s ♣r♦st♦r♥✐♥♦ V = 1, 5 m3 ✐♥ ✐♠❛
t❡♠♣❡r❛t✉r♦ T = 150◦C✳ ❱ ♣♦s♦❞♦ ✈r➸❡♠♦ 1 kg ❧❡❞✉ s t❡♠♣❡r❛t✉r♦ −20◦C✳ ❑♦❧✐❦♦ ❥❡ ③♠❡✲
s♥❛ t❡♠♣❡r❛t✉r❛✱ ❦♦❧✐❦♦ ❧❡❞✉✱ ✈♦❞❡ ✐♥ ♣❛r❡ ❞♦❜✐♠♦❄ ✭❦♦♥st❛♥t❡✿ cp(H2O) = 4200 J/(kgK)✱
cp(led) = 2200 J/(kgK)✱ R = 8314 J/kmolK✱ qi = 2, 26 MJ/kg✱ qt = 334 kJ/kg ✮

❘♣✿ ◆❛st❛♥❡ 0, 97 kg ✈♦❞❡ ✐♥ 4, 33 kg ✈♦❞♥❡ ♣❛r❡ ✭♦❜♦❥❡ ♣r✐ T = 100◦C✮✳

✷✳ ❱ ♣♦s♦❞✐ ❥❡ 10 l ✈♦❞❡ ✐♥ 0, 5 kg ❧❡❞✉✳ ❱❛♥❥♦ ♣♦st❛✈✐♠♦ ✈r♦↔ ❦♦s s✈✐♥❝❛ ♠❛s❡ 6 kg✳ ❑♦❧✐❦➨♥❛ ❥❡
❜✐❧❛ t❡♠♣❡r❛t✉r❛ s✈✐♥❝❛✱ ↔❡ s❡ ❥❡ r❛✈♥♦ ✈❡s ❧❡❞ st❛❧✐❧❄ ✭ cp = 130 J/(kgK)✱ qt = 334 kJ/kg ✮

✸✳ ❱ 0, 5 kg ✈♦❞❡ s t❡♠♣❡r❛t✉r♦ 18◦C ❞❛♠♦ 300 g ❝✐♥❦❛ s t❡♠♣❡r❛t✉r♦ 100◦C✳ ❑♦♥↔♥❛ t❡♠♣❡r❛t✉r❛
❥❡ 22, 2◦C✳ ❑♦❧✐❦➨♥❛ ❥❡ s♣❡❝✐✜↔♥❛ t♦♣❧♦t❛ ❝✐♥❦❛❄ ✭cp(H2O) = 4200 J/(kgK)✮

❘♣✿ cp(Zn) = 378 J/(kg · K)

✹✳ ❱ 2, 5 kg ✈♦❞❡ s t❡♠♣❡r❛t✉r♦ 17◦C ♣♦t♦♣✐♠♦ s✈✐♥↔❡♥♦ ❦r♦❣❧✐❝♦ ③ ♠❛s♦ 300 g ✐♥ t❡♠♣❡r❛t✉r♦
64◦C✳ ❑♦❧✐❦➨♥❛ ❥❡ ❦♦♥↔♥❛ t❡♠♣❡r❛t✉r❛❄ ✭cp(H2O) = 4200 J/(kgK)✱ cp(Pb) = 130 J/(kgK)✮

❘♣✿ T = 17.17◦C

✺✳ ❑♦s ❛❧✉♠✐♥✐❥❛ ③ ♠❛s♦ 300 g ✐♥ t❡♠♣❡r❛t✉r♦ 93◦C ♣♦t♦♣✐♠♦ ✈ 3 kg ✈♦❞❡ s t❡♠♣❡r❛t✉r♦ 17◦C✳
❑♦❧✐❦➨♥❛ ❥❡ ❦♦♥↔♥❛ t❡♠♣❡r❛t✉r❛❄ ✭cp(H2O) = 4200 J/(kgK)✱ cp(Al) = 1000 J/(kgK)✮

❘♣✿ T = 291.8 K = 18, 8◦C
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✻✳ ❩♠❡➨❛♠♦ 3 kg ✈♦❞❡ s t❡♠♣❡r❛t✉r♦ 70◦C ✐♥ 2 kg ✈♦❞❡ s t❡♠♣❡r❛t✉r♦ 10◦C✳ ❑♦❧✐❦➨♥❛ ❥❡ ❦♦♥↔♥❛
t❡♠♣❡r❛t✉r❛ ✈♦❞❡❄ ✭cp(H2O) = 4200J/(kgK)✮

❘♣✿ T = 319K = 46◦C

✼✳ 400 g ❧❡❞✉ s t❡♠♣❡r❛t✉r♦−30◦C ♣♦t♦♣✐♠♦ ✈ 2, 5 kg ✈r❡❧❡ ✈♦❞❡✳ ❑♦❧✐❦➨♥❛ ❥❡ ③♠❡s♥❛ t❡♠♣❡r❛t✉r❛✱
❦♦ s❡ ✈❡s ❧❡❞ st❛❧✐❄

❘♣✿ T = 73◦C

✽✳ 2, 5 kg ✈♦❞❡ s t❡♠♣❡r❛t✉r♦ 90◦C ❥❡ tr❡❜❛ ♦❤❧❛❞✐t✐ ♥❛ 10◦C✳ ❑♦❧✐❦♦ ❧❡❞✉ s t❡♠♣❡r❛t✉r♦ 0◦C
♠♦r❛♠♦ s♣✉st✐t✐ ✈ ✈♦❞♦❄

❘♣✿ m = 2, 23 kg

✾✳ ❑♦❧✐❦♦ t♦♣❧♦t❡ ❥❡ ♣♦tr❡❜♥♦✱ ❞❛ ✐③ 1 kg ❧❡❞✉ ♣r✐ t❛❧✐➨↔✉ ❞♦❜✐♠♦ ✈♦❞♦ s t❡♠♣❡r❛t✉r♦ 20◦C❄

❘♣✿ ∆T = 418 kJ

✶✵✳ ❑♦s ❦♦✈✐♥❡ ③ ♠❛s♦ 2, 4 kg ✐♥ s t❡♠♣❡r❛t✉r♦ 120◦C ✈r➸❡♠♦ ✈ 0, 5 kg ③❞r♦❜❧❥❡♥❡❣❛ ❧❡❞✉ s t❡♠✲
♣❡r❛t✉r♦ −10◦C✳ ❑♦♥↔♥❛ t❡♠♣❡r❛t✉r❛ ✈♦❞❡ ✐♥ ❦♦✈✐♥❡ ❥❡ 46◦C✳ ❑♦❧✐❦➨♥❛ ❥❡ s♣❡❝✐✜↔♥❛ t♦♣❧♦t❛
❦♦✈✐♥❡❄

❘♣✿ cp = 1602 J/(kg · K)

✶✶✳ ❑♦❧✐❦♦ ✈♦❞♥❡ ♣❛r❡ ♠♦r❛♠♦ ♥❛♣❡❧❥❛t✐ ✈ 5 kg ✈♦❞❡ s t❡♠♣❡r❛t✉r♦ 10◦C✱ ❞❛ ❜♦ ③♠❡s♥❛ t❡♠♣❡r❛✲
t✉r❛ 25◦C❄ P❛r❛ ✐♠❛ t❡♠♣❡r❛t✉r♦ 100◦C✳

❘♣✿ m = 8, 17 kg

✶✷✳ 1 l ✈r❡❧❡❣❛ ↔❛❥❛ ❤♦↔❡♠♦ ♦❤❧❛❞✐t✐ ♥❛ 45◦C✳ ❑♦❧✐❦♦ ❤❧❛❞♥❡❣❛ ↔❛❥❛ s t❡♠♣❡r❛t✉r♦ 20◦C ♠♦r❛♠♦
❞♦❧✐t✐❄

❘♣✿ m = 2, 2 kg

✶✸✳ ❑♦❧✐❦♦ ❛❧✉♠✐♥✐❥❛ s t❡♠♣❡r❛t✉r♦ 93◦C ♠♦r❛♠♦ ♣♦t♦♣✐t✐ ✈ 1, 5 kg ✈♦❞❡ s t❡♠♣❡r❛t✉r♦ 18◦C✱ ❞❛
❜♦ ❦♦♥↔♥❛ t❡♠♣❡r❛t✉r❛ ♦❜❡❤ 40◦C❄

❘♣✿ m = 2, 6 kg

✶✹✳ ❱ 0, 5 kg ❧❡❞❡♥♦ ♠r③❧❡ ✈♦❞❡ ♥❛♣❡❧❥✐ 0, 1 kg ✈♦❞♥❡ ♣❛r❡ s t❡♠♣❡r❛t✉r♦ 100◦C✳ ❑❛❥ ❞♦❜✐➨ ♥❛
❦♦♥❝✉❄

❘♣✿ ❦♦ ✈ ❧❡❞❡♥♦ ♠r③❧♦ ✈♦❞♦ ♥❛♣❡❧❥❡♠♦ ♣❛r♦✱ s❡ ♣r✐↔♥❡ ✈♦❞❛ s❡❣r❡✈❛t✐✱ ♣r✐ t❡♠ ♣❛ s❡ ♣❛r❛
❦♦♥❞❡♥③✐r❛❀ ↔❡ ❜♦ ♣❛r❡ ❞♦✈♦❧❥ s❡ ❜♦ ✈♦❞❛ s❡❣r❡❧❛ ♥❛ 100◦C✱ ❞r✉❣❛↔❡ ♣❛ ❜♦ ♣❛r❛ ♣♦♣♦❧♥♦♠❛
❦♦♥❞❡♥③✐r❛❧❛ ✐♥ s❡ ♥❛t♦ ➨❡ ♦❤❧❛❞✐❧❛
♣r✐ ❦♦♥❞❡♥③❛❝✐❥✐ ♣❛r❡ ❞♦❜✐♠♦ t♦♣❧♦t♦✿

Ql = mpqi = 0, 1 kg · 2, 26
MJ

kg
= 226 kJ

♣r✐ s❡❣r❡✈❛♥❥✉ ♦❞ 0◦C ❞♦ 100◦C ♣r❡❥♠❡ ✈♦❞❛ t♦♣❧♦t♦✿

Qv = mvcp∆T = 0, 5 kg4200
J

kgK
100 K = 210 kJ

❦❡r ✐♠❛ ♣❛r❛ ✈❡↔❥♦ ③❛❧♦❣♦ t♦♣❧♦t❡✱ ❦♦t ❥♦ ♣♦tr❡❜✉❥❡ ③❛ s❡❣r❡✈❛♥❥❡ ✈♦❞❡ s❦❧❡♣❛♠♦✱ ❞❛ ❜♦ ➨❡
❞❡❧ ✈♦❞❡ ✐③♣❛r❡❧✿

Q = Qp − Qv = 16 kJ

s ❦❛t❡r♦ ❧❛❤❦♦ ✐③♣❛r✐♠♦ ➨❡✿

m =
Q

qi

=
16 kJ

2, 26 MJ/kg
= 7 g

t♦r❡❥ ✐♠❛♠♦ ♥❛ ❦♦♥❝✉ ♠❡➨❛♥✐❝♦ ✈♦❞❡ ✐♥ ♣❛r❡ ♣r✐ 100◦C❀ ♣❛r❡ ❥❡ 107 g ✈♦❞❡ ♣❛ 493 g ✈r❡❧❡
✈♦❞❡
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✶✺✳ ❱ 1 kg ❧❡❞❡♥♦ ♠r③❧❡ ✈♦❞❡ ♥❛♣❡❧❥✐ 0, 1 kg ✈♦❞♥❡ ♣❛r❡ s t❡♠♣❡r❛t✉r♦ 100◦C✳ ❑❛❥ ❞♦❜✐➨ ♥❛ ❦♦♥❝✉❄

❘♣✿ Tk = 58◦C

✶✻✳ ❱ 1 kg ✈♦❞❡ s t❡♠♣❡r❛t✉r♦ 60◦C ❞❡♥✐ 1 kg ❧❡❞✉ s t❡♠♣❡r❛t✉r♦ 0◦C✳ ❑❛❥ ❞♦❜✐➨ ♥❛ ❦♦♥❝✉❄

❘♣✿ ❉♦❜✐♠♦ 0, 256 kg ❧❡❞✉ ✭♣r 0◦C✮ ✐♥ 1, 75 kg ✈♦❞❡ ✭♣r 0◦C✮✳

✶✼✳ ❱ 0, 5 kg ✈♦❞❡ s t❡♠♣❡r❛t✉r♦ 60◦C ❞❡♥✐ 0, 2 kg ❧❡❞✉ s t❡♠♣❡r❛t✉r♦ 0◦C✳ ❑❛❥ ❞♦❜✐➨ ♥❛ ❦♦♥❝✉❄

❘♣✿ ❦♦ ❞❛♠♦ ❧❡❞ ✈ ✈♦❞♦✱ s❡ ♣r✐↔♥❡ ❧❡❞ t❛❧✐t✐✱ ↔❡ ❜♦ ❧❡❞✉ ❞♦✈♦❧❥ s❡ ❜♦ ✈♦❞❛ ♦❤❧❛❞✐❧❛ ♥❛ 0◦C✱
❞r✉❣❛↔❡ ♣❛ s❡ ❜♦ ✈❡s ❧❡❞ st❛❧✐❧ ✐♥ ♥❛t♦ ➨❡ s❡❣r❡❧
③❛ t❛❧❥❡♥❥❡ ❧❡❞✉ ♣♦tr❡❜✉❥❡♠♦ t♦♣❧♦t♦✿

Ql = mlqt = 0, 2 kg · 334
kJ

kg
= 66, 8 kJ

♣r✐ ♦❤❧❛❥❛♥❥✉ ❞♦ 0◦C ♦❞❞❛ ✈♦❞❛ t♦♣❧♦t♦✿

Qv = mvcp∆T = 0, 5 kg4200
J

kgK
60 K = 126 kJ

✈❡s ❧❡❞ s❡ ❥❡ st❛❧✐❧✱ ✈♦❞❛ s❡ ❥❡ ♦❤❧❛❞✐❧❛ ♥❛ 0◦C✱ t❛❦♦ ❞❛ ✐♠❛♠♦ s❡❞❛❥ 0, 7 kg ✈♦❞❡ ♣r✐ 0◦C
✐♥ ➨❡ ♥❛♠ ♦st❛♥❡ ♥❡❦❛❥ t♦♣❧♦t❡✿

Q = Qv − Ql = 59, 2 kJ

s ❦❛t❡r♦ ❧❛❤❦♦ s❡❣r❡❥❡♠♦ ✈s❡❤ 0, 7 kg ✈♦❞❡ ③❛✿

∆T =
Q

mcp

=
Qv − Ql

(mv + ml)cp

=
59, 2 kJ

0, 7 kg · 4, 2 kJ
kgK

= 20, 1◦C

t♦r❡❥ ✐♠❛ 0, 7 kg ✈♦❞❡ ♥❛ ❦♦♥❝✉ t❡♠♣❡r❛t✉r♦ 20, 1◦C

✶✽✳ ❱ 0, 5 kg ❧❡❞❡♥♦ ♠r③❧❡ ✈♦❞❡ ♥❛♣❡❧❥✐ 0, 1 kg ✈♦❞♥❡ ♣❛r❡ s t❡♠♣❡r❛t✉r♦ 100◦C✳ ❑❛❥ ❞♦❜✐➨ ♥❛
❦♦♥❝✉❄

❘♣✿ ❄✦❄ ❄✦❄ ❉♦❜✐♠♦ ✵✱✵✵✷✻✺ ❦❣ ♣❛r❡ ✭♣r✐ T = 10◦C✮ ✐♥ ✶✱✹✾✼✸✺ ❦❣ ✈♦❞❡ ✭♣r✐ T = 150◦C✮✳

✶✾✳ ❱ 1 kg ❧❡❞✉ ♣r✐ T = −30◦C ③❧✐❥❡♠♦ 2 kg ✈♦❞❡ ♣r✐ T = 50◦C ♥❛t♦ ♣❛ ➨❡ ✈ ③♠❡s ♥❛♣❡❧❥❡♠♦ 1 kg
✈♦❞♥❡ ♣❛r❡ s T = 130◦C✳ ❑❛❥ ❞♦❜✐♠♦ ♥❛ ❦♦♥❝✉❄

❘♣✿ ❉♦❜✐♠♦ 0, 48 kg ✈♦❞♥❡ ♣❛r❡ ✐♥ 3, 52 kg ✈♦❞❡ ✭♦❜♦❥❡ ♣r✐ T = 100◦C✮✳

✷✵✳ 2 kg ✈♦❞❡ s t❡♠♣❡r❛t✉r♦ 90◦C ❥❡ tr❡❜❛ ♦❤❧❛❞✐t✐ ♥❛ 0◦C✳ ❑♦❧✐❦♦ ❧❡❞✉ s t❡♠♣❡r❛t✉r♦ 0◦C ♠♦r❛♠♦
s♣✉st✐t✐ ✈ ✈♦❞♦❄ ❬cp(H2O) = 4200 J

kgK ✱ qt = 334 kJ
kg ❪

✷✶✳ ❑♦s ❦♦✈✐♥❡ ③ ♠❛s♦ 400 g ✐♥ t❡♠♣❡r❛t✉r♦ 207◦C ♣♦t♦♣✐♠♦ ✈ 1 kg ✈♦❞❡ s t❡♠♣❡r❛t✉r♦ 13◦C✳
❩♠❡s♥❛ t❡♠♣❡r❛t✉r❛ ❥❡ 20◦C✳ ❑♦❧✐❦♦ ❥❡ s♣❡❝✐✜↔♥❛ t♦♣❧♦t❛ ❦♦✈✐♥❡❄ ❬cp(H2O) = 4200 J

kgK ❪

✷✷✳ ❩❛ ❦♦❧✐❦♦ st♦♣✐♥❥ ❈❡❧③✐❥❛ s❡ s❡❣r❡❥❡ ➸♦❣❛ ③ ♠❛s♦ 150 g✱ ↔❡ ❥✐ ❞♦✈❡❞❡♠♦ 100 kJ t♦♣❧♦t❡❄ ✭s♣❡❝✐✜↔♥❛
t♦♣❧♦t❛ ➸♦❣❡ cp = 8000 J/kgK✮

✷✸✳ ▲❡❞✉✱ ❦✐ ✐♠❛ ♠❛s♦ 0, 5 kg ✐♥ t❡♠♣❡r❛t✉r♦ 0◦C ❞♦✈❡❞❡♠♦ 400 kJ t♦♣❧♦t❡✳ ❖♣✐➨✐ s♣r❡♠❡♠❜♦✦
❑♦❧✐❦♦ ❥❡ r❛✈♥♦✈❡s♥❛ t❡♠♣❡r❛t✉r❛❄

✷✹✳ ❱♦❞❛ ✐♠❛ t❡♠♣❡r❛t✉r♦ 100◦C ✐♥ ♠❛s♦ 1, 5 kg✳ ❉♦✈❡❞❡♠♦ ❥✐ 2 MJ t♦♣❧♦t❡✳ ❖♣✐➨✐ s♣r❡♠❡♠❜♦✦
❑♦❧✐❦♦ ❥❡ r❛✈♥♦✈❡s♥❛ t❡♠♣❡r❛t✉r❛❄

✷✺✳ ❑♦❧✐❦♦ t♦♣❧♦t❡ ♣♦tr❡❜✉❥❡♠♦✱ ❞❛ st❛❧✐♠♦ 100 g ❧❡❞✉✱ ❦✐ ✐♠❛ t❡♠♣❡r❛t✉r♦ −20◦C❄ ✭t❛❧✐❧♥❛ t♦♣❧♦t❛
✈♦❞❡ qt = 334 kJ/kg✱ s♣❡❝✐✜↔♥❛ t♦♣❧♦t❛ ❧❡❞✉ cp = 2200 J/kgK✮

✷✻✳ ❩❛ ❦♦❧✐❦♦ st♦♣✐♥❥ ❈❡❧③✐❥❛ s❡ s❡❣r❡❥❡ 2 g ❛❧✉♠✐♥✐❥❛✱ ↔❡ ♠✉ ❞♦✈❡❞❡♠♦ 200 kJ t♦♣❧♦t❡❄

✷✼✳ ❑♦❧✐❦♦ ✈♦❞❡ s❡❣r❡❥❡♠♦ ♦❞ 20◦C ❞♦ 70◦C s 100 kJ t♦♣❧♦t❡❄
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✷✽✳ ❩❛ ❦♦❧✐❦♦ st♦♣✐♥❥ s❡ s❡❣r❡❥❡ ✷ ❞❡❝✐❧✐tr❛ ✈♦❞❡✱ ↔❡ ❥✐ ❞♦✈❡❞❡♠♦ 100 kJ t♦♣❧♦t❡❄ ✭s♣❡❝✐✜↔♥❛ t♦♣❧♦t❛
✈♦❞❡ cp = 4200 J/kgK✮

✷✾✳ 3 kg ✈♦❞❡ s t❡♠♣❡r❛t✉r♦ 80◦C ❥❡ tr❡❜❛ ♦❤❧❛❞✐t✐ ♥❛ 20◦C✳ ❑♦❧✐❦♦ ❧❡❞✉ s t❡♠♣❡r❛t✉r♦ 0◦C ♠♦r❛♠♦
s♣✉st✐t✐ ✈ ✈♦❞♦❄

✸✵✳ ✸ ❞❝❧ ♠❧❡❦❛ s t❡♠♣❡r❛t✉r♦ 20◦C ❥❡ tr❡❜❛ s❡❣r❡t✐ ♥❛ 80◦C✳ ❑♦❧✐❦♦ ✈♦❞♥❡ ♣❛r❡ s t❡♠♣❡r❛t✉r♦
100◦C ♠♦r❛♠♦ s♣✉st✐t✐ ✈ ♠❧❡❦♦❄ ✭cp = 4000 J/kgK✱ qi = 2, 26 MJ/kg✱ ̺ = 1g/cm3✮

✸✶✳ 2 kg ✈♦❞❡ s t❡♠♣❡r❛t✉r♦ 90◦C ❥❡ tr❡❜❛ ♦❤❧❛❞✐t✐ ♥❛ 10◦C✳ ❑♦❧✐❦♦ ❧❡❞✉ s t❡♠♣❡r❛t✉r♦ 0◦C ♠♦r❛♠♦
s♣✉st✐t✐ ✈ ✈♦❞♦❄ ✭cp = 4200 J/kgK✱ qt = 334 kJ/kg✮

✸✷✳ ❑♦s ❦♦✈✐♥❡ ③ ♠❛s♦ 300 g ✐♥ t❡♠♣❡r❛t✉r♦ 193◦C ♣♦t♦♣✐♠♦ ✈ 1 kg ✈♦❞❡ s t❡♠♣❡r❛t✉r♦ 17◦C✳
❩♠❡s♥❛ t❡♠♣❡r❛t✉r❛ ❥❡ 30◦C✳ ❑♦❧✐❦♦ ❥❡ s♣❡❝✐✜↔♥❛ t♦♣❧♦t❛ ❦♦✈✐♥❡❄ ❬cpH2O

= 4200 J/kgK❪

✸✸✳ ❚♦♣❧♦t♥♦ ✐③♦❧✐r❛♥♦ ♣♦s♦❞♦✱ ✈ ❦❛t❡r✐ ❥❡ ✈♦❞❛ ♣r✐ 0◦C✱ ✐③↔r♣❛✈❛♠♦ t❛❦♦✱ ❞❛ s♣r♦t✐ ♦❞✈❛❥❛♠♦
♥❛st❛❧♦ ♣❛r♦✳ ❑♦❧✐❦➨❡♥ ❞❡❧ ✈♦❞❡ ✐③♣❛r✐✱ ♣r❡❞❡♥ ♣r❡♦st❛❧❛ ✈♦❞❛ ③♠r③♥❡❄ ■③♣❛r✐❧♥❛ t♦♣❧♦t❛ ✈♦❞❡
♣r✐ 0◦C ❥❡ 2, 5MJ/kg✱ t❛❧✐❧♥❛ t♦♣❧♦t❛ ❧❡❞✉ ♣❛ 349 kJ/kg✳

✸✹✳ ❱ t♦♣❧♦t♥♦ ✐③♦❧✐r❛♥♦ ♣♦s♦❞♦ ♥❛t♦↔✐♠♦ 300 g ✈♦❞❡✱ ❦✐ ✐♠❛ t❡♠♣❡r❛t✉r♦ 0◦C✳ ❉♦❞❛♠♦ ❧❡❞✱ ❦✐
✐♠❛ ♣r❛✈ t❛❦♦ t❡♠♣❡r❛t✉r♦ 0◦C✳ ❱ ♣♦s♦❞♦ ♣♦t♦♣✐♠♦ ❣r❡❧❡❝✳ ▼❡r✐♠♦ t❡♠♣❡r❛t✉r♦ ✈ ♣♦s♦❞✐ ✈
♦❞✈✐s♥♦st✐ ♦❞ ↔❛s❛ ✐♥ ✉❣♦t♦✈✐♠♦✱ ❞❛ ❥❡ ♣r✈✐❤ 30 s t❡♠♣❡r❛t✉r❛ 0◦C✱ ♥❛t♦ ♣❛ ✈ ♥❛s❧❡❞♥❥✐❤ 40 s
♥❛r❛st❡ ♥❛ 20◦C✳ ❑♦❧✐❦♦ ❧❡❞✉ s♠♦ ❞❛❧✐ ✈ ♣♦s♦❞♦ ✐♥ ❦♦❧✐❦➨♥❛ ❥❡ ♠♦↔ ❣r❡❧❝❛❄

❘♣✿ ❯♣♦➨t❡✈❛♠♦✱ ❞❛ ❧❡❞ ♣r❡❥♠❡ t♦♣❧♦t♦ Pt1 = m1qt✱ ❦❥❡r ❥❡ t1 ↔❛s t❛❧❥❡♥❥❛ ❧❡❞✉✳ ❱♦❞❛ ✭♥❡❦❛❥
❥❡ ❥❡ ❜✐❧♦ ➸❡ ♥❛ ③❛↔❡t❦✉✱ ♥❡❦❛❥ ♣❛ ❥❡ ❥❡ ♥❛st❛❧♦✱ ❦♦ s❡ ❥❡ ❧❡❞ st❛❧✐❧✮ ♣❛ ♣r❡❥♠❡ t♦♣❧♦t♦
Pt2 = (m1 + m2)cp∆T ✳ ❚❛❦♦ ✐③r❛↔✉♥❛♠♦✱ ❞❛ s♠♦ ✈ ♣♦s♦❞♦ ❞❛❧✐ 70 g ❧❡❞✉✱ ♠♦↔ ❣r❡❧❝❛ ♣❛
❥❡ 776 W✳

✸✺✳ ❱ t♦♣❧♦t♥♦ ✐③♦❧✐r❛♥♦ ♣♦s♦❞♦ ♥❛t♦↔✐♠♦ 200 g ✈♦❞❡✱ ❦✐ ✐♠❛ t❡♠♣❡r❛t✉r♦ 0◦C✳ ❉♦❞❛♠♦ ❧❡❞✱ ❦✐
✐♠❛ ♣r❛✈ t❛❦♦ t❡♠♣❡r❛t✉r♦ 0◦C✳ ❱ ♣♦s♦❞♦ ♣♦t♦♣✐♠♦ ❣r❡❧❡❝✳ ▼❡r✐♠♦ t❡♠♣❡r❛t✉r♦ ✈ ♣♦s♦❞✐ ✈
♦❞✈✐s♥♦st✐ ♦❞ ↔❛s❛ ✐♥ ✉❣♦t♦✈✐♠♦✱ ❞❛ ❥❡ ♣r✈✐❤ 20 s t❡♠♣❡r❛t✉r❛ 0◦C✱ ♥❛t♦ ♣❛ ✈ ♥❛s❧❡❞♥❥✐❤ 30 s
♥❛r❛st❡ ♥❛ 40◦C✳ ❑♦❧✐❦♦ ❧❡❞✉ s♠♦ ❞❛❧✐ ✈ ♣♦s♦❞♦ ✐♥ ❦♦❧✐❦➨♥❛ ❥❡ ♠♦↔ ❣r❡❧❝❛❄

❘♣✿ ❱ ♣♦s♦❞♦ s♠♦ ❞❛❧✐ 100 g ❧❡❞✉✱ ♠♦↔ ❣r❡❧❝❛ ♣❛ ❥❡ 1, 685 kW✳

✸✻✳ ❱ t♦♣❧♦t♥♦ ✐③♦❧✐r❛♥♦ ♣♦s♦❞♦ s♠♦ ❞❛❧✐ ✈♦❞♦✳ ◆❛t♦ s♠♦ ❞♦❞❛❧✐ 75 g ❧❡❞✉ s t❡♠♣❡r❛t✉r♦ 0◦C✳
▼❡r✐❧✐ s♠♦ t❡♠♣❡r❛t✉r♦ ✈♦❞❡ ✈ ♦❞✈✐s♥♦st✐ ♦❞ ↔❛s❛✳ ▼❡r✐t✈❡ s♦ ♣♦❞❛♥❡ ✈ t❛❜❡❧✐✿

t[ s] ✵ ✷✵ ✹✵ ✻✵ ✽✵ ✶✵✵ ✶✷✵ ✶✹✵ ✶✻✵ ✶✽✵
T [◦C] ✻✸ ✺✶✱✼ ✹✻✱✾ ✹✹✱✵ ✹✷✱✺ ✹✶✱✹ ✹✵✱✼ ✸✾✱✼ ✸✾✱✺ ✸✾✱✺

◆❛r✐➨✐ ❣r❛❢ t❡♠♣❡r❛t✉r❡ ✈ ♦❞✈✐s♥♦st✐ ♦❞ ↔❛s❛✦ ❑♦❧✐❦♦ ❥❡ ③♠❡s♥❛ t❡♠♣❡r❛t✉r❛❄ ❑♦❧✐❦♦ ✈♦❞❡ ❥❡
❜✐❧♦ ♥❛ ③❛↔❡t❦✉ ✈ ♣♦s♦❞✐❄

❘♣✿ ❑♦ t♦↔❦❡ ✈♥❡s❡♠♦ ✈ ❣r❛❢✱ ❥✐❤ ♣♦✈❡➸❡♠♦ s s❦❧❡♥❥❡♥♦ ❦r✐✈✉❧❥♦✱ ❦✐ s❡ ❥✐♠ ❦❛r ♥❛❥❜♦❧❥ ♣r✐❧❡❣❛
✭s❧✐❦❛ ✸✵✮✳ ❩ ❣r❛❢❛ ③❧❛❤❦❛ ❞♦❧♦↔✐♠♦ ③♠❡s♥♦ ♦③✐r♦♠❛ ❦♦♥↔♥♦ t❡♠♣❡r❛t✉r♦ Tk = 39, 5◦C✳
❑❡r ♣♦③♥❛♠♦ ③❛↔❡t♥♦ t❡♠♣❡r❛t✉r♦ ✈♦❞❡ Tz = 63◦C ❥❡ s♣r❡♠❡♠❜♦ t❡♠♣❡r❛t✉r❡ ✈♦❞❡
∆T = 23, 5◦C ❡♥♦st❛✈♥♦ ❞♦❧♦↔✐t✐✳
❩❛↔❡t♥♦ ♠❛s♦ ✈♦❞❡ ❧❛❤❦♦ ❞♦❧♦↔✐♠♦✱ ↔❡ ♣r❡❞♣♦st❛✈✐♠♦✱ ❞❛ ❥❡ ♦♣❛③♦✈❛♥✐ s✐st❡♠ ③❛r❡s t♦✲
♣❧♦t♥♦ ✐③♦❧✐r❛♥✳ P♦♠❡♥✐✱ ❞❛ ❧❡❞ ♣r❡❥♠❡ ♥❛t❛♥❦♦ t♦❧✐❦♦ t♦♣❧♦t❡ ❦♦t ❥♦ ✈♦❞❛ ♦❞❞❛✿

mvcp∆Tv = mlqt + mlcp∆Tl

✈✐❞✐♠♦✱ ❞❛ ♠♦r❛♠♦ ✐③ ❣r❛❢❛ r❛③❜r❛t✐ ➨❡✱ ❦♦❧✐❦♦ ❥❡ s♣r❡♠❡♠❜❛ t❡♠♣❡r❛t✉r❡ ✈♦❞❡✱ ❦✐ ❥❡
♥❛st❛❧❛ ✐③ ❧❡❞✉ ∆Tl = 39, 5◦C✳ ■③r❛③✐♠♦ ♠❛s♦ ✈♦❞❡ mv ✐♥ ✐③r❛↔✉♥❛♠♦✿

mv =
mlqt + mlcp∆Tl

cp∆Tv

=
25, 05 kJ + 12, 44 kJ

98, 7 kJ
kg

= 0, 3798 kg = 380 g

✸✼✳ ❱ t♦♣❧♦t♥♦ ✐③♦❧✐r❛♥♦ ♣♦s♦❞♦ s♠♦ ❞❛❧✐ 306 g ✈♦❞❡✳ ◆❛t♦ s♠♦ ❞♦❞❛❧✐ ❧❡❞ s t❡♠♣❡r❛t✉r♦ 0◦C✳
▼❡r✐❧✐ s♠♦ t❡♠♣❡r❛t✉r♦ ✈♦❞❡ ✈ ♦❞✈✐s♥♦st✐ ♦❞ ↔❛s❛✳ ▼❡r✐t✈❡ s♦ ♣♦❞❛♥❡ ✈ t❛❜❡❧✐✿

t[ s] ✵ ✷✵ ✹✵ ✻✵ ✽✵ ✶✵✵ ✶✷✵ ✶✹✵ ✶✻✵ ✶✽✵
T [◦C] ✹✽ ✸✻✱✼ ✸✶✱✾ ✷✾✱✵ ✷✼✱✺ ✷✻✱✹ ✷✺✱✼ ✷✹✱✼ ✷✹✱✻ ✷✹✱✻

◆❛r✐➨✐ ❣r❛❢ t❡♠♣❡r❛t✉r❡ ✈ ♦❞✈✐s♥♦st✐ ♦❞ ↔❛s❛✦ ❑♦❧✐❦♦ ❥❡ ③♠❡s♥❛ t❡♠♣❡r❛t✉r❛❄ ❑♦❧✐❦♦ ❧❡❞✉ s♠♦
❞♦❞❛❧✐ ✈ ♣♦s♦❞♦❄
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T[C]

❙❧✐❦❛ ✸✵✿ ❚❡♠♣❡r❛t✉r❛ ✈♦❞❡✱ ❦✐ s♠♦ ❥✐ ❞♦❞❛❧✐ ♠♦❦❡r ❧❡❞ s❡ ❡❦s♣♦♥❡♥t♥♦ ♣r✐❜❧✐➸✉❥❡ ❦♦♥↔♥✐ ♦③✐r♦♠❛
r❛✈♥♦✈❡s♥✐ t❡♠♣❡r❛t✉r✐✳

❘♣✿ ml = 69 g

✸✽✳ ❱♦❞❛ ✐♠❛ ♣r✐ 20◦C ❣♦st♦t♦ 0, 99829 g/cm3n✳ ❑♦❧✐❦♦ t♦♣❧♦t❡ ♠♦r❛♠♦ ❞♦✈❡st✐ 200 g ✈♦❞❡✱ ❞❛
❜♦ ❣♦st♦t❛ ✈♦❞❡ 0, 97160 kg/dm3✳ ❚❡♠♣❡r❛t✉r♥♦ r❛③t❡③❛♥❥❡ ♣♦s♦❞❡ ③❛♥❡♠❛r✐♠♦✦ P♦✈♣r❡↔♥✐
t❡♠♣❡r❛t✉r♥✐ ❦♦❡✜❝✐❡♥t ♣r♦st♦r♥✐♥s❦❡❣❛ r❛③t❡③❛♥❥❛ ✈♦❞❡ ❥❡ 42, 3 · 10−5 K−1✱ s♣❡❝✐✜↔♥❛ t♦♣❧♦t❛
✈♦❞❡ ❥❡ 4, 2 kJ/kgK✳

❘♣✿ ❷❡ s❡ s♣♦♠♥✐♠♦✱ ❞❛ ❧❛❤❦♦ t❡♠♣❡r❛t✉r♥✐ ❦♦❡✜❝✐❡♥t ❞❡✜♥✐r❛♠♦ t✉❞✐ t❛❦♦❧❡

β =
1

̺

∆̺

∆T

♣♦t❡♠ ❧❛❤❦♦ ❤✐tr♦ ✐③r❛↔✉♥❛♠♦✿

Q = mcp∆T = mcp

∆̺

β̺
= 54, 6 kJ

▲❛❤❦♦ ♣❛ r❛↔✉♥❛♠♦ ♣♦st♦♣♦♠❛✿ ♥❛❥♣r❡❥ ♣r♦st♦r♥✐♥♦ ♣r✐ ③❛↔❡t♥✐ t❡♠♣❡r❛t✉r✐ V1 = m
̺1

=

200, 3 cm3✱ ♥❛t♦ ♣r♦st♦r♥✐♥♦ ♣r✐ ❦♦♥↔♥✐ t❡♠♣❡r❛t✉r✐ V2 = m
̺2

= 205, 8 cm3 ✐♥ ➨❡ s♣r❡♠❡♠❜♦
♣r♦st♦r♥✐♥❡ ∆V = ∆V2 − ∆V1 = 5, 55 cm3✳ ❙❡❞❛❥ ❧❛❤❦♦ ✐③r❛↔✉♥❛♠♦ ➨❡ s♣r❡♠❡♠❜♦ t❡♠✲
♣❡r❛t✉r❡✿

∆V = βV ∆T ⇒ ∆T =
∆V

βV
= 65, 46◦C

✐♥ ❦♦♥↔♥♦ ➨❡ t♦♣❧♦t♦✿
Q = mcp∆T = 54, 9 kJ

✸✾✳ ❱♦❞❛ ✐♠❛ ♣r✐ 90◦C ❣♦st♦t♦ 0, 96506 g/cm3✳ ❑♦❧✐❦♦ t♦♣❧♦t❡ ♠♦r❛♠♦ ♦❞✈③❡t✐ 300 g ✈♦❞❡✱ ❞❛
❜♦ ❣♦st♦t❛ ✈♦❞❡ 0, 99713 kg/dm3✳ ❚❡♠♣❡r❛t✉r♥♦ r❛③t❡③❛♥❥❡ ♣♦s♦❞❡ ③❛♥❡♠❛r✐♠♦✦ P♦✈♣r❡↔♥✐
t❡♠♣❡r❛t✉r♥✐ ❦♦❡✜❝✐❡♥t ♣r♦st♦r♥✐♥s❦❡❣❛ r❛③t❡③❛♥❥❛ ✈♦❞❡ ❥❡ 47, 4 · 10−5 K−1✱ s♣❡❝✐✜↔♥❛ t♦♣❧♦t❛
✈♦❞❡ ❥❡ 4, 2 kJ/kgK✳

❘♣✿ Q = −85, 5 kJ

✹✵✳ ❑♦s ➸❡❧❡③❛ ✐♠❛ ♠❛s♦ 500 g ✐♥ t❡♠♣❡r❛t✉r♦ 210◦C✳ P♦t♦♣✐♠♦ ❣❛ ✈ ♠❡➨❛♥✐❝♦ 100 g ❧❡❞✉ ✐♥ 200 g
✈♦❞❡✱ ❦✐ ❥❡ ✈ t♦♣❧♦t♥♦ ✐③♦❧✐r❛♥✐ ♣♦s♦❞✐✳ ◆❛♠❡r✐♠♦ r❛✈♥♦✈❡s♥♦ t❡♠♣❡r❛t✉r♦ 10◦C✳ ❑♦❧✐❦♦ ❥❡
s♣❡❝✐✜↔♥❛ t♦♣❧♦t❛ ➸❡❧❡③❛❄

✺✳✼ ❡♥❡r❣✐❥s❦✐ ③❛❦♦♥

✶✳ ❱♦❞♦✈♦❞♥❛ ♣✉♠♣❛ ♣♦t✐s❦❛ ✈♦❞♦ ✈ 40 m ✈✐➨❡ ❧❡➸❡↔✐ ③❜✐r❛❧♥✐❦✳ ❩ ♥❛❥♠❛♥❥ ❦♦❧✐❦➨♥♦ t❧❛↔♥♦ r❛③❧✐❦♦
♠♦r❛ ♣✉♠♣❛ ❞❡❧❛t✐❄

✷✳ ●r❡❧❡❝ ③ ♠♦↔❥♦ 500 W ♣♦t♦♣✐♠♦ ✈ 2 kg ✈♦❞❡ s t❡♠♣❡r❛t✉r♦ 20◦C✳ ❱ ❦♦❧✐❦➨♥❡♠ ↔❛s✉ ❜♦ ✐③♣❛r❡❧♦
500 g ✈♦❞❡❄
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✸✳ ❱ ❛❧✉♠✐♥✐❥❛st✐ ♣♦s♦❞✐ ③ ♠❛s♦ 0, 5 kg ❥❡ ✈♦❞❛ ③ ♠❛s♦ 3 kg ✐♥ s t❡♠♣❡r❛t✉r♦ 15◦C✳ ❩❛ ❦♦❧✐❦♦ ↔❛s❛
♠♦r❛♠♦ ✈❦❧❥✉↔✐t✐ ❡❧❡❦tr✐↔♥✐ ❣r❡❧❡❝ ③ ♠♦↔❥♦ 300 W✱ ❞❛ s❡ ✈♦❞❛ s❡❣r❡❥❡ ♥❛ t❡♠♣❡r❛t✉r♦ 55◦C❄
✭cp(H2O) = 4200 J/(kgK)✱ cp(Al) = 1000 J/(kgK)✮

✹✳ ❱ ✐③♦❧✐r❛♥✐ ♣♦s♦❞✐ ❥❡ 100 g ❧❡❞✉ s t❡♠♣❡r❛t✉r♦ −10◦C✳ ❙❡❣r❡✈❛♠♦ ❣❛ ③ ✷✵✵ ✇❛tt♥✐♠ ❣r❡❧❝❡♠✳
❱ ❦♦❧✐❦➨♥❡♠ ↔❛s✉ ❞♦❜✐♠♦ ✐③ ❧❡❞✉ ✈♦❞♦ s t❡♠♣❡r❛t✉r♦ 30◦C❄

✺✳ ❱ ❛❦✈❛r✐❥✉ ❥❡ 20 kg ✈♦❞❡✱ ❦✐ ❥♦ ❥❡ tr❡❜❛ ③ ❣r❡t❥❡♠ ♦❜❞r➸❛t✐ ♣r✐ st❛❧♥✐ t❡♠♣❡r❛t✉r✐ 25◦C✳ ❷❡
✐③❦❧❥✉↔✐♠♦ ❣r❡❧❡❝✱ s❡ ✈ s♦❜✐✱ ❦❥❡r ❥❡ t❡♠♣❡r❛t✉r❛ 15◦C✱ ✈♦❞❛ ♦❤❧❛❞✐ ✈ ♣♦❧ ✉r❡ ♥❛ 23◦C✳ ❑♦❧✐❦➨♥♦
♠♦↔ ♠♦r❛ ✐♠❡t✐ ❣r❡❧❡❝❄

✻✳ ❑♦❧✐❦♦ t♦♣❧♦t❡ ♠♦r❛♠♦ ❞♦✈❡st✐✱ ❞❛ s❡❣r❡❥❡♠♦ 5 kg ❜✉t❛♥❛ ③❛ 5◦C❄

✼✳ 1 m3 ❦✐s✐❦❛ ♣r✐ t❧❛❦✉ 2 bara s❡❣r❡❥❡♠♦ ③ 20◦C ❛ 100◦C✳ ❑♦❧✐❦♦ t♦♣❧♦t❡ ♠♦r❛♠♦ ❞♦✈❡st✐ ♣❧✐♥✉
✐♥ ❦♦❧✐❦➨♥❛ ❥❡ s♣r❡♠❡♠❜❛ ♥♦tr❛♥❥❡ ❡♥❡r❣✐❥❡❄ ❑♦❧✐❦♦ st❛ ♣♦✈♣r❡↔♥✐ ❤✐tr♦st✐ ♠♦❧❡❦✉❧ ♣r✐ ♦❜❡❤
t❡♠♣❡r❛t✉r❛❤❄

✽✳ ❩r❛❦ ✈ s♦❜✐ s ♣r♦st♦r♥✐♥♦ 4 m × 3 m × 2, 8 m✱ ❦✐ ❥❡ t♦♣❧♦t♥♦ ✐③♦❧✐r❛♥❛✱ ❤♦↔❡♠♦ ✈ ♣♦❧ ✉r❡ s❡❣r❡t✐
♦❞ 15◦C ♥❛ 18◦C✳ ❑♦❧✐❦➨♥♦ ♠♦↔ ♠♦r❛ ✐♠❡t✐ ❡❧❡❦tr✐↔♥❛ ♣❡↔❄

✾✳ ❩r❛❦ s❡ ❛❞✐❛❜❛t♥♦ s❡❣r❡❥❡✳ ❑♦❧✐❦♦ ❥❡ ❦♦♥↔♥❛ t❡♠♣❡r❛t✉r❛ ③r❛❦❛✱ ↔❡ ❥❡ ❜✐❧❛ ③❛↔❡t♥❛ 0◦C ✐♥ s❡ ❥❡
③r❛❦✉ ♣♦✈❡↔❛❧❛ ♥♦tr❛♥❥❛ ❡♥❡r❣✐❥❛ ③❛ 500 kJ❄ Pr♦st♦r♥✐♥❛ ③r❛❦❛ ❥❡ 50 m3✳

✶✵✳ 20 l ③r❛❦❛ s t❧❛❦♦♠ 1 kN/cm2 r❛③♣♥❡♠♦ ✐③♦t❡r♠♥♦ ♣r✐ t❡♠♣❡r❛t✉r✐ 40◦C ♥❛ t❧❛❦ 20 N/cm2✳
❑♦❧✐❦♦ ❞❡❧❛ ♣r✐ t❡♠ ♦♣r❛✈✐ ③r❛❦❄ ❩❛ ❦♦❧✐❦♦ s❡ s♣r❡♠❡♥✐ ♥❥❡❣♦✈❛ ♥♦tr❛♥❥❛ ❡♥❡r❣✐❥❛❄

✶✶✳ ❱ ♣❡↔✐ ♣♦❦✉r✐♠♦ 3 kg ♣r❡♠♦❣❛ s s❡➸✐❣♥♦ t♦♣❧♦t♦ 16, 8 MJ/kg✱ ❞❛ s❡❣r❡❥❡♠♦ 10 kg ❧❡❞❡♥♦ ♠r③❧❡
✈♦❞❡ ❞♦ ✈r❡❧✐➨↔❛✳ ❑♦❧✐❦➨❡♥ ❥❡ t♦♣❧♦t♥✐ ✐③❦♦r✐st❡❦ ♣❡↔✐❄

✶✷✳ ▲♦❦♦♠♦t✐✈❛ ③ ♠❛s♦ 20 t ✈♦③✐ s ❤✐tr♦st❥♦ 72 km/h ✈ ❦❧❛♥❡❝✱ ♥❛❣♥❥❡♥ ③❛ 3◦✳ ❑♦❧✐❦♦ ❜❡♥❝✐♥❛ s
s❡➸✐❣♥♦ t♦♣❧♦t♦ 42, 8 MJ/kg ♣♦r❛❜✐ ✈ ✶✺ ♠✐♥✉t❛❤❄ ■③❦♦r✐st❡❦ ♠♦t♦r❥❛ ❥❡ 32%✳

✶✸✳ ❚❡❧♦ ③ ♠❛s♦ 1 kg ✐♥ cp = 840 J/(kgK) s♣✉st✐♠♦ ③ ✈✐➨✐♥❡ 50 m✳ ❙ ❦♦❧✐❦➨♥♦ ❤✐tr♦st❥♦ s❡ t❡❧♦ ♦❞❜✐❥❡
♦❞ t❛❧✱ ↔❡ s❡ ♦❜ ✉❞❛r❝✉ ♦❜ t❧❛ s❡❣r❡❥❡ ③❛ 0, 4 K❄ ■③♠❡♥❥❛✈♦ t♦♣❧♦t❡ ③ ♦❦♦❧✐❝♦ ③❛♥❡♠❛r✐✦

✶✹✳ ❚❡❧♦ ③ ♠❛s♦ 1 kg s♣✉st✐♠♦ ③ ✈✐➨✐♥❡ 50 m✳ ❩❛ ❦♦❧✐❦♦ s❡ t❡❧♦ s❡❣r❡❥❡ ♣r✐ ✉❞❛r❝✉ ♦❜ t❧❛✱ ↔❡ s❡ ♦❞ t❛❧
♦❞❜✐❥❡ t❛❦♦✱ ❞❛ ❞♦s❡➸❡ ✈✐➨✐♥♦ 5 m❄ ■③♠❡♥❥❛✈♦ t♦♣❧♦t❡ ③ ♦❦♦❧✐❝♦ ③❛♥❡♠❛r✐✦ ✭cp = 840 J/(kgK)✮

✶✺✳ ❙ ❦♦❧✐❦➨♥♦ ❤✐tr♦st❥♦ ♠♦r❛♠♦ ✐③str❡❧✐t✐ s✈✐♥↔❡♥♦ ❦r♦❣❧✐❝♦ ③ ♠❛s♦ 1 g ✐♥ s t❡♠♣❡r❛t✉r♦ 20◦C ♣r♦t✐
tr❞✐ ♣♦❞❧❛❣✐✱ ❞❛ s❡ ♦❜ ♥❡♣r♦➸♥❡♠ tr❦✉ s ♣♦❞❧❛❣♦ st❛❧✐❄ ❙♣❡❝✐✜↔♥❛ t♦♣❧♦t❛ s✈✐♥❝❛ ❥❡ 130 J/(kgK)✱
t❛❧✐➨↔❡ ✐♠❛ ♣r✐ 327◦C ✱ t❛❧✐❧♥❛ t♦♣❧♦t❛ s✈✐♥❝❛ ♣❛ ❥❡ 22, 5 kJ/kg✳

✶✻✳ 2 m3 ③r❛❦❛ ♣r✐ t❧❛❦✉ 1 bar s❡❣r❡❥❡♠♦ ③ 20◦C ♥❛ 50◦C✳ ❑♦❧✐❦♦ t♦♣❧♦t❡ ♠♦r❛♠♦ ❞♦✈❡st✐ ♣❧✐♥✉
✐♥ ❦♦❧✐❦♦ ❞❡❧❛ ♦♣r❛✈✐ ♣❧✐♥✱ ❦♦ s❡ r❛③t❡③❛❄ ❑♦❧✐❦♦ ❥❡ s♣r❡♠❡♠❜❛ ♥♦tr❛♥❥❡ ❡♥❡r❣✐❥❡ ♣❧✐♥❛❄ ✭cp =
7/2R/M✮ ❑♦❧✐❦♦ ❥❡ s♣r❡♠❡♠❜❛ ♣♦✈♣r❡↔♥❡ ❤✐tr♦st✐ ♠♦❧❡❦✉❧ ❦✐s✐❦❛ ✈ ③r❛❦✉❄ ❑♦❧✐❦♦ ❥❡ s♣r❡♠❡♠❜❛
♣♦✈♣r❡↔♥❡ ❦✐♥❡t✐↔♥❡ ❡♥❡r❣✐❥❡ ♠♦❧❡❦✉❧❡ ❞✉➨✐❦❛ ✈ ③r❛❦✉❄

❘♣✿

Q =
7

2
pV

∆T

T
= 71, 7 kJ

A = −p∆V = −pV
∆T

T
= −20, 5 kJ

∆Wn = Q + A = 71, 7 kJ − 20, 5 kJ = 51, 2 kJ

∆v = vk − vz =

√

3RTk

M
−

√

3RTz

M
= 502m/s − 478 m/s = 24m/s

∆W k =
3

2
k (Tk − Tz) = 6, 21 · 10−22 J

♣r❛✈③❛♣r❛✈

∆W k =
5

2
k (Tk − Tz) = 10, 35 · 10−22 J
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✶✼✳ 4 m3 ③r❛❦❛ ♣r✐ t❧❛❦✉ 1 bar s❡❣r❡❥❡♠♦ ③ 10◦C ♥❛ 40◦C✳ ❑♦❧✐❦♦ t♦♣❧♦t❡ ♠♦r❛♠♦ ❞♦✈❡st✐ ♣❧✐♥✉
✐♥ ❦♦❧✐❦♦ ❞❡❧❛ ♦♣r❛✈✐ ♣❧✐♥✱ ❦♦ s❡ r❛③t❡③❛❄ ❑♦❧✐❦♦ ❥❡ s♣r❡♠❡♠❜❛ ♥♦tr❛♥❥❡ ❡♥❡r❣✐❥❡ ♣❧✐♥❛❄ ✭cp =
7/2R/M✮❑♦❧✐❦♦ ❥❡ s♣r❡♠❡♠❜❛ ♣♦✈♣r❡↔♥❡ ❤✐tr♦st✐ ♠♦❧❡❦✉❧ ❞✉➨✐❦❛ ✈ ③r❛❦✉❄ ❑♦❧✐❦♦ ❥❡ s♣r❡♠❡♠❜❛
♣♦✈♣r❡↔♥❡ ❦✐♥❡t✐↔♥❡ ❡♥❡r❣✐❥❡ ♠♦❧❡❦✉❧❡ ❦✐s✐❦❛ ✈ ③r❛❦✉❄

❘♣✿ Q = 148, 4 kJ✱ A = −42, 4 kJ✱ ∆Wn = 106 kJ✱ ∆v = 18m/s✱ ∆W k = 6, 21 · 10−22 J❀
♣r❛✈③❛♣r❛✈ ∆W k = 10, 35 · 10−22 J

✶✽✳ ❱ s♦❜✐ ❥❡ ③r❛❦ ♣r✐ t❡♠♣❡r❛t✉r✐ 30◦C ✐♥ t❧❛❦✉ 935 mbara✳ ❙♦❜❛ ✐♠❛ ❞✐♠❡♥③✐❥❡ 4 m × 5 m × 3 m✳
❑♦❧✐❦♦ t♦♣❧♦t❡ ♠♦r❛ ♦❞❞❛t✐ ③r❛❦ ✈ s♦❜✐✱ s♦ s❡ ♦❤❧❛❞✐ ♥❛ 10◦C✳ ✭cp = 7R

2M
✮ ❑♦❧✐❦♦ s❡ ♠✉ ♣r✐

t❡♠ s♣r❡♠❡♥✐ ♥♦tr❛♥❥❛ ❡♥❡r❣✐❥❛❄ ❑♦❧✐❦♦ ❥❡ s♣r❡♠❡♠❜❛ ♣♦✈♣r❡↔♥❡ ❤✐tr♦st✐ ♠♦❧❡❦✉❧ ❞✉➨✐❦❛ ✈
③r❛❦✉❄ ❑♦❧✐❦♦ ③r❛❦❛ ♣r✐ t❡♠ ♣r✐❞❡ ✈ s♦❜♦ s❦♦③✐ ➨♣r❛♥❥❡ ♣r✐ ✈r❛t✐❤ ✐♥ ♦❦♥✐❤❄ ❑❛❦♦ t♦ ✈♣❧✐✈❛ ♥❛
♦❞✈❡❞❡♥♦ t♦♣❧♦t♦❄

❘♣✿ ❦♦ s❡ ♣❧✐♥ ♦❤❧❛❞✐ ♠♦r❛ ♦❞❞❛t✐ t♦♣❧♦t♦✱ ❦❡r s❡ ♣r✐ t❡♠ ❦r↔✐ ♣r❡❥❡♠❛ ❞❡❧♦ ♦❞ ♦❦♦❧✐❝❡✱ ③❛t♦ ❥❡
s♣r❡♠❡♠❜❛ ♥❥❡❣♦✈❡ ♥♦tr❛♥❥❡ ❡♥❡r❣✐❥❡ ♠❛♥❥➨❛ ❦♦t ❥❡ ♦❞✈❡❞❡♥❛ t♦♣❧♦t❛
♦❞✈❡❞❡♥❛ t♦♣❧♦t❛

Q = mcp∆T =
7

2
pV

∆T

T
= −1, 3 MJ

♥♦tr❛♥❥❛ ❡♥❡r❣✐❥❛ s❡ ③♠❛♥❥➨❛✿

∆Wn = Q − p∆V =
5

2
pV

∆T

T
=

5

7
Q = −926 kJ

❦❡r s❡ ③♠❛♥❥➨❛ t❡♠♣❡r❛t✉r❛ ③r❛❦❛ ✈ s♦❜✐ s❡ ③♠❛♥❥➨❛ t✉❞✐ ♣♦♣r❡↔♥❛ ❤✐tr♦st ♠♦❧❡❦✉❧ ◆2✿
♣♦✈♣r❡↔♥❛ ❤✐tr♦st ♠♦❧❡❦✉❧ ❞✉➨✐❦❛ ♥❛ ③❛↔❡t❦✉✿

v̄z =

√

3RTz

MN2

= 520
m

s

♣♦✈♣r❡↔♥❛ ❤✐tr♦st ♠♦❧❡❦✉❧ ❞✉➨✐❦❛ ♥❛ ❦♦♥❝✉✿

v̄k =

√

3RTk

MN2

= 502
m

s

s♣r❡♠❡♠❜❛ ❤✐tr♦st✐ ♠♦❧❡❦✉❧✿

∆v̄ = v̄k − v̄z = −18
m

s

❧❛❤❦♦ ♣❛ ❜✐ ♦♣✉st✐❧✐ r❛↔✉♥ ③❛↔❡t♥❡ ✐♥ ❦♦♥↔♥❡ ❤✐tr♦st✐ ✐♥ ③❛♣✐s❛❧✐ r❛③❧✐❦♦✿

∆v̄ =

√

3R

M

(

√

Tk −
√

Tz

)

= −18
m

s

❦❡r s❡ ③r❛❦ ✈ s♦❜✐ ♦❤❧❛❞✐✱ s❡ s❦r↔✐ ✐♥ ③❛t♦ s❦♦③✐ ➨♣r❛♥❥❡ ✈❞r❡ ♥❡❦❛❥ ③✉♥❛♥❥❡❣❛ ③r❛❦❛✿

∆V =
V ∆T

T
= −4 m3

❦✐ ✈♣❧✐✈❛ ♥❛ ♦❞✈❡❞❡♥♦ t♦♣❧♦t♦✱ ♣❛↔ ❣❧❡❞❡ ♥❛ s✈♦❥♦ t❡♠♣❡r❛t✉r♦✳ ❷❡ ❥❡ ③✉♥❛♥❥✐ ③r❛❦ t♦♣❧❡❥➨✐
♦❞ ③r❛❦❛ ✈ s♦❜✐✱ ♣♦t❡♠ ♠♦r❛ ③r❛❦ ♦❞✈❡st✐ ✈❡↔ t♦♣❧♦t❡✱ ❦♦t s♠♦ ♥❛r❛↔✉♥❛❧✐✱ ↔❡ ♣❛ ❥❡
❤❧❛❞♥❡❥➨✐✱ ♣♦t❡♠ ❥❡ ♦❞✈❡❞❡♥❛ t♦♣❧♦t❛ ♠❛♥❥➨❛✱ ❦❡r s❡ ♠❡➨❛t❛ ③✉♥❛♥❥✐ ❤❧❛❞❡♥ ③r❛❦ ✐♥ ♥♦tr❛♥❥✐
t♦♣❡❧ t❡r s❡ ③❛r❛❞✐ t❡❣❛ ③r❛❦✉ ✈ s♦❜✐ ♠❛♥❥➨❛ t❡♠♣❡r❛t✉r❛✳

✶✾✳ ❱ ✉↔✐❧♥✐❝✐ ❥❡ ③r❛❦ ♣r✐ t❡♠♣❡r❛t✉r✐ 10◦C ✐♥ t❧❛❦✉ 1035 mbara✳ ❯↔✐❧♥✐❝❛ ✐♠❛ ❞✐♠❡♥③✐❥❡ 5 m×7 m×
3 m✳ ❑♦❧✐❦♦ t♦♣❧♦t❡ ♠♦r❛♠♦ ❞♦✈❡st✐ ③r❛❦✉ ✈ ✉↔✐❧♥✐❝✐✱ ❞❛ ❣❛ s❡❣r❡❥❡♠♦ ♥❛ 30◦C✳ ✭cp = 7R

2M
✮

❑♦❧✐❦♦ s❡ ♠✉ ♣r✐ t❡♠ s♣r❡♠❡♥✐ ♥♦tr❛♥❥❛ ❡♥❡r❣✐❥❛❄ ❑♦❧✐❦♦ ❥❡ s♣r❡♠❡♠❜❛ ♣♦✈♣r❡↔♥❡ ❤✐tr♦st✐
♠♦❧❡❦✉❧ ❦✐s✐❦❛ ✈ ③r❛❦✉❄ ❑♦❧✐❦♦ ③r❛❦❛ ♣r✐ t❡♠ ✉✐❞❡ ✐③ ✉↔✐❧♥✐❝❡ s❦♦③✐ ➨♣r❛♥❥❡ ♣r✐ ✈r❛t✐❤ ✐♥ ♦❦♥✐❤❄
❑❛❦♦ t♦ ✈♣❧✐✈❛ ♥❛ ❞♦✈❡❞❡♥♦ t♦♣❧♦t♦❄



✺ ❚❖P▲❖❚❆ ✾✾

❘♣✿ ❦♦ s❡ ♣❧✐♥ s❡❣r❡❥❡ ♠♦r❛ ♣r❡❥❡t✐ t♦♣❧♦t♦✱ ❦❡r s❡ ♣r✐ t❡♠ r❛③t❡③❛ ♦♣r❛✈❧❥❛ ❞❡❧♦ ♥❛ ♦❦♦❧✐❝✐✱
③❛t♦ ❥❡ s♣r❡♠❡♠❜❛ ♥❥❡❣♦✈❡ ♥♦tr❛♥❥❡ ❡♥❡r❣✐❥❡ ♠❛♥❥➨❛ ❦♦t ❥❡ ❞♦✈❡❞❡♥❛ t♦♣❧♦t❛
❞♦✈❡❞❡♥❛ t♦♣❧♦t❛

Q = mcp∆T =
7

2
pV

∆T

T
= 2, 69 MJ

♥♦tr❛♥❥❛ ❡♥❡r❣✐❥❛ s❡ ♣♦✈❡↔❛✿

∆Wn = Q − p∆V =
5

2
pV

∆T

T
=

5

7
Q = 1, 92 MJ

❦❡r s❡ ♣♦✈❡↔❛ t❡♠♣❡r❛t✉r❛ ③r❛❦❛ ✈ s♦❜✐ s❡ ♣♦✈❡↔❛ t✉❞✐ ♣♦♣r❡↔♥❛ ❤✐tr♦st ♠♦❧❡❦✉❧ ❖2✿
♣♦✈♣r❡↔♥❛ ❤✐tr♦st ♠♦❧❡❦✉❧ ❦✐s✐❦❛ ♥❛ ③❛↔❡t❦✉✿

v̄z =

√

3RTz

MO2

= 467
m

s

♣♦✈♣r❡↔♥❛ ❤✐tr♦st ♠♦❧❡❦✉❧ ❦✐s✐❦❛ ♥❛ ❦♦♥❝✉✿

v̄k =

√

3RTk

MO2

= 486
m

s

s♣r❡♠❡♠❜❛ ❤✐tr♦st✐ ♠♦❧❡❦✉❧✿
∆v̄ = v̄k − v̄z = 19

m

s

❧❛❤❦♦ ♣❛ ❜✐ s♣✉st✐❧✐ r❛↔✉♥ ③❛↔❡t♥❡ ✐♥ ❦♦♥↔♥❡ ❤✐tr♦st✐ ✐♥ ③❛♣✐s❛❧✐ r❛③❧✐❦♦✿

∆v̄ =

√

3R

M

(

√

Tk −
√

Tz

)

= 19
m

s

❦❡r s❡ ③r❛❦ ✈ s♦❜✐ ♦❤❧❛❞✐✱ s❡ r❛③t❡❣♥❡ ✐♥ ③❛t♦ s❦♦③✐ ➨♣r❛♥❥❡ ♣♦❜❡❣♥❡ ✐③ s♦❜❡✿

∆V =
V ∆T

T
= 7, 42 m3

❦❡r ❥❡ ♠❛s❛ ③r❛❦❛ ✈ s♦❜✐ ✈❡❞♥♦ ♠❛♥❥➨❛✱ ❥❡ ③❛t♦ ♣♦tr❡❜♥♦ ❞♦✈❡st✐ ♥❡❦❛❥ ♠❛♥❥ t♦♣❧♦t❡✱ ❦♦t
↔❡ ❜✐ ③r❛❦ ♦st❛❧ ✈ s♦❜✐❀ ♣r✐ t❡♠✱ ❦♦ ③r❛❦ ✉❤❛❥❛ ✐③ s♦❜❡ s❡❣r❡✈❛ t✉❞✐ ③✉♥❛♥❥✐ ③r❛❦ ✈ ♦❦♦❧✐❝✐

✷✵✳ 2 m3 ❦✐s✐❦❛ ♣r✐ t❧❛❦✉ 1 bar s❡❣r❡❥❡♠♦ ③ 80◦C ♥❛ 100◦C✳ ❑♦❧✐❦♦ t♦♣❧♦t❡ ♠♦r❛♠♦ ❞♦✈❡st✐ ♣❧✐♥✉ ✐♥
❦♦❧✐❦➨♥❛ ❥❡ s♣r❡♠❡♠❜❛ ♥♦tr❛♥❥❡ ❡♥❡r❣✐❥❡❄ ❬cp(❖2) = 7

2
R
M
❪

✷✶✳ 2 m3 ❞✉➨✐❦❛ ♣r✐ t❧❛❦✉ 1 bar s❡❣r❡❥❡♠♦ ③ 20◦C ♥❛ 30◦C✳ ❑♦❧✐❦♦ t♦♣❧♦t❡ ♠♦r❛♠♦ ❞♦✈❡st✐ ♣❧✐♥✉ ✐♥
❦♦❧✐❦➨♥❛ ❥❡ s♣r❡♠❡♠❜❛ ♥♦tr❛♥❥❡ ❡♥❡r❣✐❥❡❄ ❬cp(◆2) = 7

2
R
M
❪

✷✷✳ ❚❡❧♦ ③ ♠❛s♦ 1 kg s♣✉st✐♠♦ ③ ✈✐➨✐♥❡ 50 m✳ ❩❛ ❦♦❧✐❦♦ s❡ t❡❧♦ s❡❣r❡❥❡ ♣r✐ ✉❞❛r❝✉ ♦❜ t❧❛✱ ↔❡ s❡ ♦❞
t❛❧ ♦❞❜✐❥❡ s ❤✐tr♦st❥♦ 15 m/s❄ ■③♠❡♥❥❛✈♦ t♦♣❧♦t❡ ③ ♦❦♦❧✐❝♦ ③❛♥❡♠❛r✐✦ ✭cp = 140 J/(kgK)✮

✷✸✳ ❚❡❧♦ ③ ♠❛s♦ 1 kg ✐♥ cp = 140 J/(kgK) s♣✉st✐♠♦ ③ ✈✐➨✐♥❡ 50 m✳ ❙ ❦♦❧✐❦➨♥♦ ❤✐tr♦st❥♦ s❡ t❡❧♦ ♦❞❜✐❥❡
♦❞ t❛❧✱ ↔❡ s❡ ♦❜ ✉❞❛r❝✉ ♦❜ t❧❛ s❡❣r❡❥❡ ③❛ 3 K❄ ■③♠❡♥❥❛✈♦ t♦♣❧♦t❡ ③ ♦❦♦❧✐❝♦ ③❛♥❡♠❛r✐✦

✷✹✳ ❚♦♣❧♦t♥✐ str♦❥ ♦♣r❛✈❧❥❛ ❦r♦➸♥♦ s♣r❡♠❡♠❜♦✱ ❦✐ ♣♦t❡❦❛ ♠❡❞ t❡♠♣❡r❛t✉r❛♠❛ 1300◦C ✐♥ 450◦C✳ ❱
❡♥❡♠ ❝✐❦❧✉ ♣r❡❥♠❡ 400 J t♦♣❧♦t❡✱ ♦❞❞❛ ♣❛ 300 J t♦♣❧♦t❡✳ ❑♦❧✐❦➨❡♥ ❥❡ ✐③❦♦r✐st❡❦ t❡❣❛ t♦♣❧♦t♥❡❣❛
str♦❥❛❄ ❑♦❧✐❦➨♥❛ ❥❡ s♣r❡♠❡♠❜❛ ♥♦tr❛♥❥❡ ❡♥❡r❣✐❥❡ ✈ ❡♥❡♠ ❝✐❦❧✉❄ ❑♦❧✐❦➨♥❛ ❥❡ ♠♦↔ str♦❥❛✱ ↔❡
♦♣r❛✈✐ ✸✵✵✵ ❝✐❦❧♦✈ ♥❛ ♠✐♥✉t♦❄ ❑♦❧✐❦➨❡♥ ❥❡ ♥❛❥✈❡↔❥✐ ♠♦➸❡♥ ✐③❦♦r✐st❡❦ t♦♣❧♦t♥❡❣❛ str♦❥❛✱ ❦✐
❞❡❧✉❥❡ ♠❡❞ t❡♠❛ t❡♠♣❡r❛t✉r❛♠❛❄

✷✺✳ ❚♦♣❧♦t♥✐ str♦❥ ♦♣r❛✈❧❥❛ ❦r♦➸♥♦ s♣r❡♠❡♠❜♦✱ ❦✐ ♣♦t❡❦❛ ♠❡❞ t❡♠♣❡r❛t✉r❛♠❛ 1200◦C ✐♥ 550◦C✳
❱ ❡♥❡♠ ❝✐❦❧✉ ♦❞❞❛ 100 J ❞❡❧❛ ✐♥ 400 J t♦♣❧♦t❡✳ ❑♦❧✐❦➨❡♥ ❥❡ ✐③❦♦r✐st❡❦ t❡❣❛ t♦♣❧♦t♥❡❣❛ str♦❥❛❄
❑♦❧✐❦➨♥❛ ❥❡ s♣r❡♠❡♠❜❛ ♥♦tr❛♥❥❡ ❡♥❡r❣✐❥❡ ✈ ❡♥❡♠ ❝✐❦❧✉❄ ❑♦❧✐❦➨♥❛ ❥❡ ♠♦↔ str♦❥❛✱ ↔❡ ♦♣r❛✈✐ ✸✵✵✵
❝✐❦❧♦✈ ♥❛ ♠✐♥✉t♦❄ ❑♦❧✐❦➨❡♥ ❥❡ ♥❛❥✈❡↔❥✐ ♠♦➸❡♥ ✐③❦♦r✐st❡❦ t♦♣❧♦t♥❡❣❛ str♦❥❛✱ ❦✐ ❞❡❧✉❥❡ ♠❡❞ t❡♠❛
t❡♠♣❡r❛t✉r❛♠❛❄
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✷✻✳ ❇❛❦r❡♥✐ ❦r♦❣❧✐❝✐ s❡ ✈ ✈❛❦✉✉♠✉ ❣✐❜❧❥❡t❛ ✈ ✈♦❞♦r❛✈♥✐ s♠❡r✐ ❞r✉❣❛ ♣r♦t✐ ❞r✉❣✐✳ Pr✈❛ ❦r♦❣❧✐❝❛ ③
♠❛s♦ 60 g ✐♠❛ ❤✐tr♦st 200 m/s✱ ❞r✉❣❛ ❦r♦❣❧✐❝❛ ③ ♠❛s♦ 40 g ♣❛ ❤✐tr♦st 400 m/s✳ ❑r♦❣❧✐❝✐ tr↔✐t❛
✐♥ s❡ ♣♦ tr❦✉ s♣r✐♠❡t❛✳ ③❛ ❦♦❧✐❦♦ s❡ ♣♦ tr❦✉ ♣♦✈❡↔❛ t❡♠♣❡r❛t✉r❛ ❦r♦❣❧✐❝❄ ✭P♦♠♦➸♥❛ ✈♣r❛➨❛♥❥❛✿

❑♦❧✐❦♦ ❥❡ ❤✐tr♦st ❦r♦❣❧✐❝ ♣♦ tr❦✉❄ ❑♦❧✐❦♦ ❥❡ s❦✉♣♥❛ ❦✐♥❡t✐↔♥❛ ❡♥❡r❣✐❥❛ ❦r♦❣❧✐❝❡ ♣r❡❞ tr❦♦♠ ✐♥

❦♦❧✐❦♦ ♣♦ tr❦✉❄ ❑♦❧✐❦♦ ❥❡ s♣r❡♠❡♠❜❛ ♥♦tr❛♥❥❡ ❡♥❡r❣✐❥❡ ❦r♦❣❧✐❝❄ ✮

✷✼✳ ❱ t❡r♠♦✈❦✐ ❥❡ ❧✐t❡r ✈♦❞❡✳ ❱♦❞♦ s❡❣r❡❥❡♠♦ s ♣♦t♦♣♥✐♠ ❣r❡❧❝❡♠ ♦❞ 10◦C ❞♦ 15◦C✳ ❑♦❧✐❦♦ ↔❛s❛
❜✐ ♠♦r❛❧✐ ♠❡➨❛t✐ ✈♦❞♦ ③ ♠❡➨❛❧♦♠ ③ ♠♦↔❥♦ 100 W✱ ❞❛ ❜✐ s❡ ✈♦❞❛ s❡❣r❡❧❛ ③❛ ❡♥❛❦♦ t❡♠♣❡r❛t✉r♥♦
r❛③❧✐❦♦❄

✷✽✳ ❑✐❧♦❣r❛♠s❦✐ ❦♦s ❜❛❦r❛ ✭s♣❡❝✐✜↔♥❛ t♦♣❧♦t❛ ❥❡ 390 J/kgK✮ s t❡♠♣❡r❛t✉r♦ 100◦C ✐♥ ❡♥❛❦♦ t❡➸❛❦
❦♦s s✈✐♥❝❛ ✭s♣❡❝✐✜↔♥❛ t♦♣❧♦t❛ ❥❡ 130 J/kgK) s t❡♠♣❡r❛t✉r♦ 20◦C st❛❦♥❡♠♦ ✐♥ s st❡❦❧❡♥♦ ✈♦❧♥♦
t♦♣❧♦t♥♦ ✐③♦❧✐r❛♠♦ ♦❞ ♦❦♦❧✐❝❡✳ P♦ ❞♦✈♦❧❥ ❞♦❧❣❡♠ ↔❛s✉ s❡ ♠❡❞ ❦♦✈✐♥❛♠❛ ✈③♣♦st❛✈✐ t❡♠♣❡r❛t✉r♥♦
r❛✈♥♦✈❡s❥❡✳

❛ ❩❛ ❦♦❧✐❦♦ s❡ ♣r✐ t❡♠ s♣r❡♠❡♥✐ ❝❡❧♦t♥❛ ✭s❦✉♣♥❛✮ ♥♦tr❛♥❥❛ ❡♥❡r❣✐❥❛ ♦❜❡❤ ❦♦s♦✈❄

❜ ❑♦❧✐❦♦ t♦♣❧♦t❡ st❡↔❡ s❦♦③✐ st✐↔♥♦ ♣❧♦s❦❡✈❄

❝ ❑♦❧✐❦➨♥♦ t❡♠♣❡r❛t✉r♦ ✐♠❛ ♥❛ ❦♦♥❝✉ s✈✐♥↔❡♥✐ ❦♦s❄

❞ ❑♦❧✐❦➨♥❛ ❥❡ s♣r❡♠❡♠❜❛ ♥♦tr❛♥❥❡ ❡♥❡r❣✐❥❡ ♣♦s♠❡③♥❡❣❛ ❦♦s❛❄

✺✳✽ ♣r❡♥♦s t♦♣❧♦t❡

✶✳ ❩✐♠s❦✐ ✈rt ✐♠❛ ♦❜❧✐❦♦ ❦♦❝❦❡ s str❛♥✐❝♦ 4 m✳ ❙t❡♥❡ ✐♥ str❡❤❛ ③✐♠s❦❡❣❛ ✈rt❛ s♦ ✐③ 36 mm ❞❡❜❡❧✐❤
tr♦s❧♦❥♥✐❤ ♦❦❡♥✱ ❦✐ ✐♠❛❥♦ t♦♣❧♦t♥♦ ♣r❡✈♦❞♥♦st 0, 0252 W/mK✳ P♦ ❝❡❧♦t♥✐ ♣♦✈r➨✐♥✐ t❛❧ ❥❡ ♣♦❧♦➸❡♥❛
5 cm ❞❡❜❡❧❛ ♣❧❛st ♣❧✉t❡✱ ❦✐ ✐♠❛ t♦♣❧♦t♥♦ ♣r❡✈♦❞♥♦st 0, 054 W/mK✳ ❚❡♠♣❡r❛t✉r❛ ③r❛❦❛ ✈ ♦❦♦❧✐❝✐
❥❡ 10◦C✱ t❡♠♣❡r❛t✉r❛ t❛❧ ❥❡ 5◦C✱ ✈ ③✐♠s❦❡♠ ✈rt✉ ♣❛ ❜✐ r❛❞✐ ✐♠❡❧✐ st❛❧♥♦ t❡♠♣❡r❛t✉r♦ 30◦C✳ ❙
❦♦❧✐❦➨♥♦ ♠♦↔❥♦ ♠♦r❛ ❣r❡❧❡❝ ✈ ③✐♠s❦❡♠ ✈rt✉ s❡❣r❡✈❛t✐ ③✐♠s❦✐ ✈rt✱ ❞❛ ❜♦ ✈ ♥❥❡♠ st❛❧♥❛ ➸❡❧❡♥❛
t❡♠♣❡r❛t✉r❛❄

❘♣✿ ❩✐♠s❦✐ ✈rt ♦❞❞❛❥❛ t♦♣❧♦t♦ s❦♦③✐ ➨t✐r✐ st❡❦❧❡♥❡ st❡♥❡✱ st❡❦❧❡♥ str♦♣ ✐♥ ♣❧✉t♦✈✐♥❛st ♣♦❞✳
P♦✈r➨✐♥❛ st❡♥ ✐♥ str♦♣❛ ❥❡ S1 = 5a2 = 80 m2✱ ♣♦✈r➨✐♥❛ t❛❧ ♣❛ S2 = a2 = 16 m2✳ ●r❡❧❡❝
✈ ✈rt✉ ♠♦r❛ ✐♠❡t✐ t♦❧✐❦➨♥♦ ♠♦↔✱ ❞❛ ❧❛❤❦♦ ♥❛❞♦❦♥❛❞✐ t♦♣❧♦t♥❡ ✐③❣✉❜❡ s❦♦③✐ st❡♥♦ ✐♥ t❧❛✳
❚♦♣❧♦t♥✐ t♦❦ s❦♦③✐ ♣❧❛st ③ ❞❡❜❡❧✐♥♦ d✱ ♣♦✈r➨✐♥♦ S ✐♥ t♦♣❧♦t♥♦ ♣r❡✈♦❞♥♦st❥♦ λ✿

P = −λS∆T

d

❚♦♣❧♦t♥✐ t♦❦✱ ❦✐ ✉❤❛❥❛ s❦♦③✐ st❡♥❡ ✐♥ str♦♣ P1 = 1120W ✱ s❦♦③✐ ♣♦❞ ♣❛ P2 = 432 W✳ Pr✐
st❛❧♥✐ r❛③❧✐❦✐ ♠❡❞ ③✉♥❛♥❥♦ ✐♥ ♥♦tr❛♥❥♦ t❡♠♣❡r❛t✉r♦ ∆T ❥❡ s❦✉♣♥✐ t♦♣❧♦t♥✐ t♦❦✱ ❦✐ ✉✐❞❡
s❦♦③✐ st❡♥❡✱ str♦♣ ✐♥ t❧❛ P = P1 + P2 = 1552 W✳ ■♥ t♦❧✐❦♦ ♠♦r❛ ❜✐t✐ t✉❞✐ ♠♦↔ ❣r❡❧❝❛ ✈
③✐♠s❦❡♠ ✈rt✉✳

✷✳ P❛✈✐❧❥♦♥ ✐♠❛ ♦❜❧✐❦♦ ❦♦❝❦❡ s str❛♥✐❝♦ 3 m✳ ❙t❡♥❡ ✐♥ str❡❤❛ ♣❛✈✐❧❥♦♥❛ s♦ ✐③ 24 mm ❞❡❜❡❧✐❤ ❞✈♦✲
s❧♦❥♥✐❤ ♦❦❡♥✱ ❦✐ ✐♠❛❥♦ t♦♣❧♦t♥♦ ♣r❡✈♦❞♥♦st 0, 0336 W/mK✳ P♦ ❝❡❧♦t♥✐ ♣♦✈r➨✐♥✐ t❛❧ ❥❡ ♣♦❧♦➸❡♥❛
5 cm ❞❡❜❡❧❛ ♣❧❛st ♣❧✉t❡✱ ❦✐ ✐♠❛ t♦♣❧♦t♥♦ ♣r❡✈♦❞♥♦st 0, 042 W/mK✳ ❚❡♠♣❡r❛t✉r❛ ③r❛❦❛ ✈ ♦❦♦✲
❧✐❝✐ ❥❡ 30◦C✱ t❡♠♣❡r❛t✉r❛ t❛❧ ❥❡ 25◦C✱ ✈ ♣❛✈✐❧❥♦♥✉ ♣❛ ❜✐ r❛❞✐ ✐♠❡❧✐ st❛❧♥♦ t❡♠♣❡r❛t✉r♦ 20◦C✳ ❙
❦♦❧✐❦➨♥♦ ♠♦↔❥♦ ♠♦r❛ ❦❧✐♠❛ ♥❛♣r❛✈❛ ✈ ♣❛✈✐❧❥♦♥✉ ♦❤❧❛❥❛t✐ ♣❛✈✐❧❥♦♥✱ ❞❛ ❜♦ ✈ ♥❥❡♠ st❛❧♥❛ ✐③❜r❛♥❛
t❡♠♣❡r❛t✉r❛❄

❘♣✿

P = P1 + P2 = 630W + 37, 8 W = 668W

✸✳ ❱ r❛③r❡❞✉ ❥❡ ✸✵ ❞✐❥❛❦♦✈✳ ❱s❛❦ ♦❞❞❛ ✈ ♦❦♦❧✐❝♦ ✈s❛❦♦ s❡❦✉♥❞♦ 200 J t♦♣❧♦t❡✳ ❱ r❛③r❡❞✉ ❥❡ st❛❧♥❛
t❡♠♣❡r❛t✉r❛ 20◦C✳ Pr❡❞♣♦st❛✈✐♠♦✱ ❞❛ ✈s❛ t♦♣❧♦t❛ ✉✐❞❡ ✐③ r❛③r❡❞❛ s❦♦③✐ 80 cm ❞❡❜❡❧ ③✐❞✱ ❦✐ ✐♠❛
♣♦✈r➨✐♥♦ 40 m2✱ ✈ ♦❦♦❧✐❝♦✱ ❦✐ ✐♠❛ t❡♠♣❡r❛t✉r♦ 5◦C✳

✭❛✮ ❑♦❧✐❦♦ ❥❡ t♦♣❧♦t♥✐ t♦❦ ✈s❡❤ ❞✐❥❛❦♦✈ ✈ r❛③r❡❞✉❄

✭❜✮ ❑♦❧✐❦♦ ❥❡ ❣♦st♦t❛ t♦♣❧♦t♥❡❣❛ t♦❦❛✱ ❦✐ ✉❤❛❥❛ ✐③ r❛③r❡❞❛❄

✭❝✮ ❑♦❧✐❦♦ ❥❡ ❦♦❡✜❝✐❡♥t t♦♣❧♦t♥❡ ♣r❡✈♦❞♥♦st✐ st❡♥❡❄



✺ ❚❖P▲❖❚❆ ✶✵✶

✹✳ ❱ r❛③r❡❞✉ ❥❡ ✸✵ ❞✐❥❛❦♦✈✳ ❱s❛❦ ♦❞❞❛ ✈ ♦❦♦❧✐❝♦ ✈s❛❦♦ s❡❦✉♥❞♦ 200 J t♦♣❧♦t❡✳ ❱ r❛③r❡❞✉ ❥❡ st❛❧♥❛
t❡♠♣❡r❛t✉r❛ 20◦C✳ Pr❡❞♣♦st❛✈✐♠♦✱ ❞❛ ✈s❛ t♦♣❧♦t❛ ✉✐❞❡ ✐③ r❛③r❡❞❛ s❦♦③✐ 80 cm ❞❡❜❡❧ ③✐❞✱ ❦✐ ✐♠❛
♣♦✈r➨✐♥♦ 40 m2✱ ✈ ♦❦♦❧✐❝♦✱ ❦✐ ✐♠❛ t❡♠♣❡r❛t✉r♦ 5◦C✳

✭❛✮ ❑♦❧✐❦♦ ❥❡ t♦♣❧♦t♥✐ t♦❦ ✈s❡❤ ❞✐❥❛❦♦✈ ✈ r❛③r❡❞✉❄

✭❜✮ ❑♦❧✐❦♦ ❥❡ ❣♦st♦t❛ t♦♣❧♦t♥❡❣❛ t♦❦❛✱ ❦✐ ✉❤❛❥❛ ✐③ r❛③r❡❞❛❄

✭❝✮ ❑♦❧✐❦♦ ❥❡ ❦♦❡✜❝✐❡♥t t♦♣❧♦t♥❡ ♣r❡✈♦❞♥♦st✐ st❡♥❡❄

✺✳ ❙♦❜♦ ♦❣r❡✈❛♠♦ s ♣❡↔❥♦✱ ❦✐ ♦❞❞❛ ✈s❛❦♦ ♠✐♥✉t♦ 7 kJ t♦♣❧♦t❡✳ ❷❡③ ♥❡❦❛❥ ↔❛s❛ s❡ ✈ s♦❜✐ ✈③♣♦st❛✈✐
st❛❧♥❛ t❡♠♣❡r❛t✉r❛ 25◦C✳ Pr❡❞♣♦st❛✈✐♠♦✱ ❞❛ ✈s❛ t♦♣❧♦t❛ ✉✐❞❡ ✐③ s♦❜❡ s❦♦③✐ 20 cm ❞❡❜❡❧♦ st❡♥♦✱
❦✐ ✐♠❛ ♣♦✈r➨✐♥♦ 40 m2✱ ✈ ♦❦♦❧✐❝♦✱ ❦✐ ✐♠❛ t❡♠♣❡r❛t✉r♦ 10◦C✳

✭❛✮ ❑♦❧✐❦♦ ❥❡ t♦♣❧♦t♥✐ t♦❦ ♣❡↔✐❄

✭❜✮ ❑♦❧✐❦♦ ❥❡ ❣♦st♦t❛ t♦♣❧♦t♥❡❣❛ t♦❦❛✱ ❦✐ ✉❤❛❥❛ ✐③ r❛③r❡❞❛❄

✭❝✮ ❑♦❧✐❦♦ ❥❡ ❦♦❡✜❝✐❡♥t t♦♣❧♦t♥❡ ♣r❡✈♦❞♥♦st✐ st❡♥❡❄

✻✳ ❙♦❜♦ ♦❣r❡✈❛♠♦ s ♣❡↔❥♦✱ ❦✐ ♦❞❞❛ ✈s❛❦♦ ♠✐♥✉t♦ 13 kJ t♦♣❧♦t❡✳ ❷❡③ ♥❡❦❛❥ ↔❛s❛ s❡ ✈ s♦❜✐ ✈③♣♦st❛✈✐
st❛❧♥❛ t❡♠♣❡r❛t✉r❛ 25◦C✳ Pr❡❞♣♦st❛✈✐♠♦✱ ❞❛ ✈s❛ t♦♣❧♦t❛ ✉✐❞❡ ✐③ s♦❜❡ s❦♦③✐ 30 cm ❞❡❜❡❧♦ st❡♥♦✱
❦✐ ✐♠❛ ♣♦✈r➨✐♥♦ 20 m2✱ ✈ ♦❦♦❧✐❝♦✱ ❦✐ ✐♠❛ t❡♠♣❡r❛t✉r♦ 5◦C✳

✭❛✮ ❑♦❧✐❦♦ ❥❡ t♦♣❧♦t♥✐ t♦❦ ♣❡↔✐❄

✭❜✮ ❑♦❧✐❦♦ ❥❡ ❣♦st♦t❛ t♦♣❧♦t♥❡❣❛ t♦❦❛✱ ❦✐ ✉❤❛❥❛ ✐③ r❛③r❡❞❛❄

✭❝✮ ❑♦❧✐❦♦ ❥❡ ❦♦❡✜❝✐❡♥t t♦♣❧♦t♥❡ ♣r❡✈♦❞♥♦st✐ st❡♥❡❄

✼✳ ❆♥❞r❡❥ ➸✐✈✐ ✈ ❜❧♦❦✉ ✈ ❣❛rs♦♥❥❡r✐✱ ❦✐ ✐♠❛ ❧❡ ❡♥♦ ③✉♥❛♥❥♦ st❡♥♦ ✈❡❧✐❦♦st✐ 5 m × 2, 5 m ✐♥ ❞❡❜❡❧✐♥❡
30 cm✳ ◆❛ t❡❥ st❡♥✐ ❥❡ ♦❦♥♦ ✈❡❧✐❦♦st✐ 2, 0 m×1, 2 m✳ ❖❦♥♦ ✐♠❛ ❞❡❜❡❧✐♥♦ 1 cm ✐♥ ❦♦❡✜❝✐❡♥t t♦♣❧♦✲
t♥❡ ♣r❡✈♦❞♥♦st✐ 0, 2 W/(mK)✳ ❑♦❡✜❝✐❡♥t t♦♣❧♦t♥❡ ♣r❡✈♦❞♥♦st✐ st❡♥❡ ❥❡ 0, 6 W/(mK)✳ ◆❡❦❡❣❛
❞♥❡ ❥❡ ③✉♥❛❥ t❡♠♣❡r❛t✉r❛ 5◦C✱ ❆♥❞r❡❥ ♣❛ ✐♠❛ ✈ s♦❜✐ st❛❧♥♦ t❡♠♣❡r❛t✉r♦ 25◦C✳

✭❛✮ ❑♦❧✐❦♦ ❥❡ t♦♣❧♦t♥✐ t♦❦ s❦♦③✐ st❡♥♦❄

✭❜✮ ❑♦❧✐❦♦ ❥❡ t♦♣❧♦t♥✐ t♦❦ s❦♦③✐ ♦❦♥♦❄

✭❝✮ ❑♦❧✐❦♦ ❥❡ r❛③♠❡r❥❡ ♠❡❞ ❣♦st♦t❛♠❛ t♦♣❧♦t♥❡❣❛ t♦❦❛ s❦♦③✐ ♦❦♥♦ ✐♥ s❦♦③✐ st❡♥♦❄

✽✳ ❙❛r❛ ➸✐✈✐ ✈ ❜❧♦❦✉ ✈ ❣❛rs♦♥❥❡r✐✱ ❦✐ ✐♠❛ ❧❡ ❡♥♦ ③✉♥❛♥❥♦ st❡♥♦ ✈❡❧✐❦♦st✐ 7 m×2, 5 m ✐♥ ❞❡❜❡❧✐♥❡ 70 cm✳
◆❛ t❡❥ st❡♥✐ ❥❡ ♦❦♥♦ ✈❡❧✐❦♦st✐ 2, 5 m × 1, 2 m✳ ❖❦♥♦ ✐♠❛ ❞❡❜❡❧✐♥♦ 1 cm ✐♥ ❦♦❡✜❝✐❡♥t t♦♣❧♦t♥❡
♣r❡✈♦❞♥♦st✐ 0, 1 W/(mK)✳ ❑♦❡✜❝✐❡♥t t♦♣❧♦t♥❡ ♣r❡✈♦❞♥♦st✐ st❡♥❡ ❥❡ 0, 8 W/(mK)✳ ◆❡❦❡❣❛ ❞♥❡
❥❡ ③✉♥❛❥ t❡♠♣❡r❛t✉r❛ 5◦C✱ ❙❛r❛ ♣❛ ✐♠❛ ✈ s♦❜✐ st❛❧♥♦ t❡♠♣❡r❛t✉r♦ 20◦C✳

✭❛✮ ❑♦❧✐❦♦ ❥❡ t♦♣❧♦t♥✐ t♦❦ s❦♦③✐ st❡♥♦❄

✭❜✮ ❑♦❧✐❦♦ ❥❡ t♦♣❧♦t♥✐ t♦❦ s❦♦③✐ ♦❦♥♦❄

✭❝✮ ❑♦❧✐❦♦ ❥❡ r❛③♠❡r❥❡ ♠❡❞ ❣♦st♦t❛♠❛ t♦♣❧♦t♥❡❣❛ t♦❦❛ s❦♦③✐ ♦❦♥♦ ✐♥ s❦♦③✐ st❡♥♦❄

✾✳ ❇❡t♦♥s❦✐ ✈♦❞♥✐ ③❜✐r❛❧♥✐❦ ✐♠❛ 10 m2 st❡♥ ❞❡❜❡❧✐♥❡ 8 cm✳ ❚❡♠♣❡r❛t✉r❛ ✈♦❞❡ ❥❡ 25◦C✱ ③✉♥❛♥❥❛
♣❛ 10◦C✳ ❑♦❧✐❦♦ ✈❛t♥✐ ❣r❡❧❡❝ ♣♦tr❡❜✉❥❡♠♦✱ ❞❛ ✐♠❛ ✈♦❞❛ st❛❧♥♦ t❡♠♣❡r❛t✉r♦ 25◦C❄ ✭t♦♣❧♦t♥❛
♣r❡✈♦❞♥♦st st❡♥ ❥❡ 0, 3 kcal/(m h st) = 0, 35 W/(m K)✮

✶✵✳ ❙♦❜❛ ♠❡❥✐ ③ ③✐❞♦♠ ♣♦✈r➨✐♥❡ 12 m2 ✐♥ ❞❡❜❡❧✐♥❡ 0, 3 m ♥❛ ③r❛❦ ♥❛❞ ❝❡st♦✱ ❦❥❡r ❥❡ t❡♠♣❡r❛t✉r❛
−5◦C✳ ❑♦❧✐❦➨♥❛ ❜♦ ❦♦♥↔♥❛ t❡♠♣❡r❛t✉r❛ ✈ s♦❜✐✱ ↔❡ ❥♦ st❛❧♥♦ s❡❣r❡✈❛♠♦ s 750 W ❣r❡❧❝❡♠❄
❚♦♣❧♦t♥❛ ♣r❡✈♦❞♥♦st ③✐❞✉ ❥❡ 0, 75 W/(m K✮✳

✶✶✳ ❑♦↔❛ ✐♠❛ 100 m2 ❧❡s❡♥✐❤ st❡♥ ❞❡❜❡❧✐♥❡ 30 cm✳ ❑♦❧✐❦➨♥♦ t❡♠♣❡r❛t✉r♦ ❜♦ ❞r➸❛❧ ✈ s♦❜✐ 1 kW
❣r❡❧❡❝✱ ↔❡ ❥❡ ③✉♥❛♥❥❛ t❡♠♣❡r❛t✉r❛ 0◦C ✐♥ ❥❡ t♦♣❧♦t♥❛ ♣r❡✈♦❞♥♦st ❧❡s❛ 0, 2 kcal/(m h st) =
0, 233 W/(m K)❄ ❑♦❧✐❦➨♥❛ ❥❡ ✈ t❡♠ ♣r✐♠❡r✉ ❣♦st♦t❛ t♦♣❧♦t♥❡❣❛ t♦❦❛ s❦♦③✐ st❡♥❡❄

✶✷✳ ➎❡❧❡❧✐ s♠♦ ✉❣♦t♦✈✐t✐ t♦♣❧♦t♥♦ ♣r❡✈♦❞♥♦st ❞✈♦s❧♦❥♥❡❣❛ ♦❦♥❛✳ ■③♠❡r✐❧✐ s♠♦ ♥❥❡❣♦✈♦ ❞❡❜❡❧✐♥♦
24 mm ✐♥ ♥❥❡❣♦✈♦ ♣♦✈r➨✐♥♦ 8, 3 m2✳ ❖❦♥♦ s♠♦ ✈❣r❛❞✐❧✐ ✈ ❡❦s♣❡r✐♠❡♥t❛❧♥♦ ❦♦♠♦r♦✳ ◆❛ ♥♦tr❛♥❥✐
str❛♥✐ ❥❡ ❜✐❧❛ t❡♠♣❡r❛t✉r❛ st❛❧♥❛ ✭Tn = 30◦C✳ ❩❛ t♦ ❥❡ s❦r❜❡❧❛ ♣❡↔✱ ❦❛t❡r✐ s♠♦ ❧❛❤❦♦ ♠❡r✐❧✐ ♠♦↔
P ✱ ❦✐ ❥♦ ♣♦r❛❜❧❥❛ ③❛ ♦❣r❡✈❛♥❥❡ ❦♦♠♦r❡✳ ◆❛ ③✉♥❛♥❥✐ str❛♥✐ s♠♦ s♣r❡♠✐♥❥❛❧✐ ③✉♥❛♥❥♦ t❡♠♣❡r❛t✉r♦
T ✳ ▼❡r✐t✈❡ s♦ ③❜r❛♥❡ ✈ t❛❜❡❧✐✳
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T ❬◦❈❪ ✲✺✱✶ ✲✶✱✵ ✷✱✽ ✾✱✶ ✶✸✱✵ ✶✽✱✸ ✷✹✱✵
P ❬❲❪ ✹✵✷ ✸✺✽ ✸✶✺ ✷✹✺ ✶✾✽ ✶✷✸ ✺✺

◆❛r✐➨✐ ❣r❛❢ ♠♦↔✐ ✈ ♦❞✈✐s♥♦st✐ ♦❞ ③✉♥❛♥❥❡ t❡♠♣❡t✉r❡✦ ❑♦❧✐❦♦ ❥❡ t♦♣❧♦t♥❛ ♣r❡✈♦❞♥♦st st❡❦❧❛❄
✭✰✮❑♦❧✐❦♦ ❥❡ r❡❧❛t✐✈♥❛ ♥❛♣❛❦❛ t❛❦♦ ❞♦❧♦↔❡♥❡ t♦♣❧♦t♥❡ ♣r❡✈♦❞♥♦st✐❄ ❘❡③✉❧t❛t ♣r✐♠❡r♥♦ ③❛♣✐➨✐✦

✶✸✳ ➎❡❧❡❧✐ s♠♦ ✉❣♦t♦✈✐t✐ t♦♣❧♦t♥♦ ♣r❡✈♦❞♥♦st s✐♣♦r❡❦s❛✳ ■③♠❡r✐❧✐ s♠♦ ♥❥❡❣♦✈♦ ❞❡❜❡❧✐♥♦ 34 cm ✐♥
♥❥❡❣♦✈♦ ♣♦✈r➨✐♥♦ 35 m2✳ ❙ s✐♣♦r❡❦s st❡♥♦ s♠♦ ③❛③✐❞❛❧✐ ❡❦s♣❡r✐♠❡♥t❛❧♥♦ ❦♦♠♦r♦✳ ◆❛ ③✉♥❛♥❥✐
str❛♥✐ ❥❡ ❜✐❧❛ t❡♠♣❡r❛t✉r❛ st❛❧♥❛ ✭Tz = 5◦C✳ ❩♥♦tr❛❥ s♠♦ s♣r❡♠✐♥❥❛❧✐ ③✉♥❛♥❥♦ t❡♠♣❡r❛t✉r♦ T ✱
t❛❦♦ ❞❛ s♠♦ ✉♣♦r❛❜✐❧✐ ♣❡↔✱ ❦❛t❡r✐ s♠♦ ❧❛❤❦♦ ♠❡r✐❧✐ ♠♦↔ P ✱ ❦✐ ❥♦ ♣♦r❛❜❧❥❛ ③❛ ♦❣r❡✈❛♥❥❡ ❦♦♠♦r❡✳
▼❡r✐t✈❡ s♦ ③❜r❛♥❡ ✈ t❛❜❡❧✐✳
T ❬◦❈❪ ✼✱✵ ✶✶✱✸ ✶✸✱✹ ✶✺✱✻ ✶✽✱✷ ✷✵✱✼ ✷✹✱✹
P ❬❲❪ ✺✸ ✶✻✵ ✷✶✹ ✷✼✵ ✸✼✼ ✺✶✸ ✺✹✽

◆❛r✐➨✐ ❣r❛❢ ♠♦↔✐ ✈ ♦❞✈✐s♥♦st✐ ♦❞ ♥♦tr❛♥❥❡ t❡♠♣❡t✉r❡✦ ❑♦❧✐❦♦ ❥❡ t♦♣❧♦t♥❛ ♣r❡✈♦❞♥♦st s✐♣♦r❡❦s❛❄
✭✰✮❑♦❧✐❦♦ ❥❡ r❡❧❛t✐✈♥❛ ♥❛♣❛❦❛ t❛❦♦ ❞♦❧♦↔❡♥❡ t♦♣❧♦t♥❡ ♣r❡✈♦❞♥♦st✐❄ ❘❡③✉❧t❛t ♣r✐♠❡r♥♦ ③❛♣✐➨✐✦

✶✹✳ ❚r✐ s♦❜❡ s t❧♦r✐s♦♠ ♥❛ s❧✐❦✐ ✸✶ ♦❣r❡✈❛♠♦ ③ ❞✈❡♠❛ ♣❡↔❡♠❛✳ ▼♦↔♥❡❥➨❛ ✈ ❞❡s♥✐ s♦❜✐ ✐♠❛ ♠♦↔
2, 5 kW✳ ❚❧❛✱ str♦♣ ✐♥ ③✉♥❛♥❥❛ st❡♥❛ s♦ ❞♦❜r♦ ✐③♦❧✐r❛♥✐✳ ❉❡❜❡❧✐♥❡ ♥♦tr❛♥❥✐❤ st❡♥ s♦ 20 cm✱
③✉♥❛♥❥✐❤ 30 cm ✐♥ ✈✐➨✐♥❡ s♦❜ 3 m✳ ❚♦♣❧♦t♥❛ ♣r❡✈♦❞♥♦st st❡♥ ❥❡ 0, 6 W/mK✳ ❑♦❧✐❦➨♥❛ ❜♦ ♠♦↔
♣❡↔✐ ✈ ❧❡✈✐ s♦❜✐✱ ❞❛ ❜♦ t❡♠♣❡r❛t✉r❛ sr❡❞♥❥❡ s♦❜❡ ❡♥❛❦❛ t❡♠♣❡r❛t✉r✐ ✈ ❧❡✈✐ s♦❜✐❄ ❦♦❧✐❦➨♥❡ s♦
t❡❞❛❥ t❡♠♣❡r❛t✉r❡ ✈ s♦❜❛❤✱ ↔❡ ❥❡ ③✉♥❛♥❥❛ t❡♠♣❡r❛t✉r❛ −10◦C❄
�����������������������
�����������������������
�����������������������

�����������������������
�����������������������
�����������������������

3m

3m

2m

4m

5m

❙❧✐❦❛ ✸✶✿ ❚r✐ s♦❜❡✳

✶✺✳ ❷r♥❛ ❦r♦❣❧❛ s ♣♦❧♠❡r♦♠ r ✐♠❛ ❛❜s♦❧✉t♥♦ t❡♠♣❡r❛t✉r♦ T ✐♥ ③❛t♦ s❡✈❛ t♦♣❧♦t♥✐ t♦❦ 100 W✳ ❑♦❧✐✲
❦➨❡♥ t♦♣❧♦t♥✐ t♦❦ s❡✈❛ ↔r♥❛ ❦r♦❣❧❛ ③ ❞✈❛❦r❛t ♠❛♥❥➨✐♠ ♣♦❧♠❡r♦♠ r

2 ✐♥ ❞✈❛❦r❛t ✈❡↔❥♦ t❡♠♣❡r❛t✉r♦
2T❄

✶✻✳ ❷r♥❛ ❦r♦❣❧❛ s ♣♦❧♠❡r♦♠ r ✐♠❛ ❛❜s♦❧✉t♥♦ t❡♠♣❡r❛t✉r♦ T ✐♥ ③❛t♦ s❡✈❛ t♦♣❧♦t♥✐ t♦❦ 100 W✳ ❑♦❧✐✲
❦➨❡♥ t♦♣❧♦t♥✐ t♦❦ s❡✈❛ ↔r♥❛ ❦r♦❣❧❛ ③ ❞✈❛❦r❛t ✈❡↔❥✐♠ ♣♦❧♠❡r♦♠ 2r ✐♥ ❞✈❛❦r❛t ♠❛♥❥➨♦ t❡♠♣❡r❛t✉r♦
T
2 ❄

✶✼✳ ❚❡❧♦ s t❡♠♣❡r❛t✉r♦ 125◦C s❡✈❛ t♦♣❧♦t♥✐ t♦❦ 35 W✳ Pr✐ ❦♦❧✐❦➨♥✐ t❡♠♣❡r❛t✉r✐ s❡✈❛ t♦ t❡❧♦ t♦♣❧♦t♥✐
t♦❦ 70 W❄

✶✽✳ ❑♦✈✐♥s❦❛ ✈r❛t❛ ❧♦♥↔❡♥❡ ♣❡↔✐ s ♣♦✈r➨✐♥♦ 4 dm2 ✐♠❛❥♦ ♥❛ ♣♦✈r➨✐♥✐ t❡♠♣❡r❛t✉r♦ 150◦C✳ ❦♦❧✐❦➨❡♥
t♦♣❧♦t♥✐ t♦❦ s❡✈❛❥♦❄ ✭❊♠✐s✐✈♥♦st ✈r❛t ❥❡ ✵✱✽✮✳ ❱r❛t❛ ♦❞♣r❡♠♦✱ ❞❛ s❡ ♣♦❦❛➸❡ ♣❧❛♠❡♥✱ ❦❛t❡r❡❣❛
t❡♠♣❡r❛t✉r❛ ❥❡ ♦❦♦❧✐ 700◦C✳ ❑♦❧✐❦➨❡♥ t♦♣❧♦t♥✐ t♦❦ s❡✈❛ ♦❞♣rt✐♥❛ ✈r❛t✱ ↔❡ s❡✈❛ ❦♦t ↔r♥♦ t❡❧♦❄

✶✾✳ ➎❛r♥✐❝❛ ✐♠❛ ➸❛r✐❧♥♦ ♥✐t❦♦✱ ❦✐ ✐♠❛ t❡♠♣❡r❛t✉r♦ 2700 K✳ ➎❛r✐❧♥❛ ♥✐t❦❛ ❥❡ ✈❛❧❥❛st❡ ♦❜❧✐❦❡ ✐♥ ✐♠❛
r❛③t❡❣♥❥❡♥❛ ❞♦❧➸✐♥♦ 10 cm✳ ▼♦↔ ➸❛r♥✐❝❡ ❥❡ 40 W✱ ♥❥❡♥ s✈❡t❧♦❜♥✐ ✐③❦♦r✐st❡❦ ♣❛ ✼✪✳
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✭❛✮ ❑♦❧✐❦♦ ❥❡ ❡♥❡r❣✐❥s❦✐ t♦❦ s✈❡t❧♦❜❡✱ ❦✐ ❥♦ ♦❞❞❛❥❛ ➸❛r♥✐❝❛❄

✭❜✮ ❑♦❧✐❦♦ ❥❡ ♣r❡s❡❦ ♥✐t❦❡❄

✭❝✮ ◆❛ ❦❛t❡r✐ ♦❞❞❛❧❥❡♥♦st✐ ♦❞ ➸❛r♥✐❝❡✱ ❜✐ s❡ t✐ ③❞❡❧❛ ➸❛r♥✐❝❛ ❡♥❛❦♦ s✈❡t❧❛ ❦♦t ❙♦♥❝❡✱ ❦✐ ✐♠❛
③❛r❛❞✐ ❛❜s♦r♣❝✐❥❡ ✈ ③r❛❦✉ ❣♦st♦t♦ ❡♥❡r❣✐❥s❦❡❣❛ t♦❦❛ 1000 W/m2❄

✷✵✳ ➎❛r♥✐❝❛ ✐♠❛ ➸❛r✐❧♥♦ ♥✐t❦♦✱ ❦✐ ✐♠❛ t❡♠♣❡r❛t✉r♦ 2800 K✳ ➎❛r✐❧♥❛ ♥✐t❦❛ ❥❡ ✈❛❧❥❛st❡ ♦❜❧✐❦❡ ✐♥ ✐♠❛
r❛③t❡❣♥❥❡♥❛ ❞♦❧➸✐♥♦ 10 cm✳ ▼♦↔ ➸❛r♥✐❝❡ ❥❡ 60 W✱ ♥❥❡♥ s✈❡t❧♦❜♥✐ ✐③❦♦r✐st❡❦ ♣❛ ✻✪✳

✭❛✮ ❑♦❧✐❦♦ ❥❡ ❡♥❡r❣✐❥s❦✐ t♦❦ s✈❡t❧♦❜❡✱ ❦✐ ❥♦ ♦❞❞❛❥❛ ➸❛r♥✐❝❛❄

✭❜✮ ❑♦❧✐❦♦ ❥❡ ♣r❡s❡❦ ♥✐t❦❡❄

✭❝✮ ◆❛ ❦❛t❡r✐ ♦❞❞❛❧❥❡♥♦st✐ ♦❞ ➸❛r♥✐❝❡✱ ❜✐ s❡ t✐ ③❞❡❧❛ ➸❛r♥✐❝❛ ❡♥❛❦♦ s✈❡t❧❛ ❦♦t ❙♦♥❝❡✱ ❦✐ ✐♠❛
③❛r❛❞✐ ❛❜s♦r♣❝✐❥❡ ✈ ③r❛❦✉ ❣♦st♦t♦ ❡♥❡r❣✐❥s❦❡❣❛ t♦❦❛ 800 W/m2❄

✷✶✳ ◆❛❞ ❩❡♠❧❥♦ ❦r♦➸✐ ✉♠❡t♥✐ s❛t❡❧✐t ♥❛ r❛③❞❛❧❥✐ 20000 km ♦❞ sr❡❞✐➨↔❛ ❩❡♠❧❥❡ ♣♦ t❛❦➨♥✐ ♦r❜✐t✐✱ ❞❛ ❣❛
❙♦♥❝❡ ✈❡s ↔❛s ♦❜s❡✈❛✳ ❙❛t❡❧✐t ✐♠❛ ♦❜❧✐❦♦ ♣r❛✈♦❦♦t♥❡ ♣❧♦➨↔❡✱ ❦✐ ❥❡ ③❡❧♦ t❛♥❦❛✱ ♣♦✈r➨✐♥❛ ♣❧♦➨↔❡ ♥❛
❡♥✐ str❛♥✐ ❥❡ 5 m2✳ ❙❛t❡❧✐t ❥❡ ♣♦↔r♥❥❡♥✱ t❛❦♦ ❞❛ ♥❡ ♦❞❜✐❥❛ ♥✐↔ s✈❡t❧♦❜❡ t❡r ✐♠❛ s♣❡❝✐✜↔♥♦ t♦♣❧♦t♦
110 J/(kgK) ✐♥ ♥❥❡❣♦✈❛ ♠❛s❛ ❥❡ 70 kg✳ ❑♦❧✐❦➨♥❛ ❥❡ r❛✈♥♦✈❡s♥❛ t❡♠♣❡r❛t✉r❛ ❞♦ ❦❛t❡r❡ s❡ s❡❣r❡❥❡
s❛t❡❧✐t✱ ❦♦ ❣❛ ♦❜s❡✈❛ s♦♥↔♥❛ s✈❡t❧♦❜❛❄

✷✷✳ ◆❛❞ ❩❡♠❧❥♦ ❦r♦➸✐ ✉♠❡t♥✐ s❛t❡❧✐t ♥❛ r❛③❞❛❧❥✐ 10000 km ♦❞ sr❡❞✐➨↔❛ ❩❡♠❧❥❡ ♣♦ t❛❦➨♥✐ ♦r❜✐t✐✱ ❞❛ ❣❛
❙♦♥❝❡ ✈❡s ↔❛s ♦❜s❡✈❛✳ ❙❛t❡❧✐t ✐♠❛ ♦❜❧✐❦♦ ❦r♦❣❧❡ ✐♥ ❥❡ ♣♦↔r♥❥❡♥✱ t❛❦♦ ❞❛ ♥❡ ♦❞❜✐❥❛ ♥✐↔ s✈❡t❧♦❜❡
t❡r ✐♠❛ s♣❡❝✐✜↔♥♦ t♦♣❧♦t♦ 120 J/(kgK)✱ ♥❥❡❣♦✈❛ ♠❛s❛ ❥❡ 50 kg✱ ♥❥❡❣♦✈ ♣♦❧♠❡r ♣❛ 2 m✳ ❑♦❧✐❦➨♥❛
❥❡ r❛✈♥♦✈❡s♥❛ t❡♠♣❡r❛t✉r❛ ❞♦ ❦❛t❡r❡ s❡ s❡❣r❡❥❡ s❛t❡❧✐t✱ ❦♦ ❣❛ ♦❜s❡✈❛ s♦♥↔♥❛ s✈❡t❧♦❜❛❄

✷✸✳ ◆❛❞ ❩❡♠❧❥♦ ❦r♦➸✐ ✉♠❡t♥✐ s❛t❡❧✐t ♥❛ r❛③❞❛❧❥✐ 11000 km ♦❞ sr❡❞✐➨↔❛ ❩❡♠❧❥❡✳ ❙❛t❡❧✐t ✐♠❛ ♦❜❧✐❦♦
❦r♦❣❧❡ ✐♥ ❥❡ ♣♦↔r♥❥❡♥✱ t❛❦♦ ❞❛ ♥❡ ♦❞❜✐❥❛ ♥✐↔ s✈❡t❧♦❜❡ t❡r ✐♠❛ s♣❡❝✐✜↔♥♦ t♦♣❧♦t♦ 1100 J/(kgK)✱
♥❥❡❣♦✈❛ ♠❛s❛ ❥❡ 70 kg✱ ♥❥❡❣♦✈ ♣♦❧♠❡r ♣❛ 1 m✳

✭❛✮ ❖❝❡♥✐ ❞♦ ❦♦❧✐❦➨♥❡ t❡♠♣❡r❛t✉r❡ s❡ s❡❣r❡❥❡ s❛t❡❧✐t✱ ❦♦ ❣❛ ♦❜s❡✈❛ s♦♥↔♥❛ s✈❡t❧♦❜❛❄

✭❜✮ ❖❝❡♥✐ ❞♦ ❦❛t❡r❡ t❡♠♣❡r❛t✉r❡ s❡ ♦❤❧❛❞✐✱ ❦♦ ❥❡ s❦r✐t ✈ ❩❡♠❧❥✐♥✐ s❡♥❝✐❄ ✭❑♦❧✐❦♦ ↔❛s❛ ❥❡ ♥❛
❙♦♥❝✉ ✐♥ ❦♦❧✐❦♦ ↔❛s❛ ✈ ❩❡♠❧❥✐♥✐ s❡♥❝✐❄✮

✷✹✳ ◆❛❞ ❩❡♠❧❥♦ ❦r♦➸✐ ✉♠❡t♥✐ s❛t❡❧✐t ♥❛ r❛③❞❛❧❥✐ 20000 km ♦❞ sr❡❞✐➨↔❛ ❩❡♠❧❥❡ ♣♦ t❛❦➨♥✐ ♦r❜✐t✐✱ ❞❛ ❣❛
❙♦♥❝❡ ✈❡s ↔❛s ♦❜s❡✈❛✳ ❙❛t❡❧✐t ✐♠❛ ♦❜❧✐❦♦ ♣r❛✈♦❦♦t♥❡ ♣❧♦➨↔❡✱ ❦✐ ❥❡ ③❡❧♦ t❛♥❦❛✱ ♣♦✈r➨✐♥❛ ♣❧♦➨↔❡ ♥❛
❡♥✐ str❛♥✐ ❥❡ 5 m2✳ ❙❛t❡❧✐t ❥❡ ♣♦↔r♥❥❡♥✱ t❛❦♦ ❞❛ ♥❡ ♦❞❜✐❥❛ ♥✐↔ s✈❡t❧♦❜❡ t❡r ✐♠❛ s♣❡❝✐✜↔♥♦ t♦♣❧♦t♦
110 J/(kgK) ✐♥ ♥❥❡❣♦✈❛ ♠❛s❛ ❥❡ 70 kg✳ ❑♦❧✐❦➨♥❛ ❥❡ r❛✈♥♦✈❡s♥❛ t❡♠♣❡r❛t✉r❛ ❞♦ ❦❛t❡r❡ s❡ s❡❣r❡❥❡
s❛t❡❧✐t✱ ❦♦ ❣❛ ♦❜s❡✈❛ s♦♥↔♥❛ s✈❡t❧♦❜❛❄

✷✺✳ ❚♦❦r❛t s♦ ♣♦❞❛t❦✐ ③❛r❡s ♥❛t❛♥↔♥✐✦ ❉❡♥❡❜ ✐♥ ❱❡❣❛ ✐♠❛t❛ ③❡❧♦ ♣♦❞♦❜♥♦ ♣♦✈r➨✐♥s❦♦ t❡♠♣❡r❛t✉r♦✳
❉❡♥❡❜ ✐♠❛ ♥❛ ♣♦✈r➨❥✉ t❡♠♣❡r❛t✉r♦ 13000 K✱ ♠❡❞t❡♠ ❦♦ ✐♠❛ ❱❡❣❛ ♥❛ ♣♦✈r➨❥✉ t❡♠♣❡r❛t✉r♦
9000 K✳ ❉❡♥❡❜ ❥❡ ♦❞ ♥❛s ♦❞❞❛❧❥❡♥ ✸✷✸✵ s✈❡t❧♦❜♥✐❤ ❧❡t✱ ♠❡❞t❡♠ ❦♦ ❥❡ ❱❡❣❛ ♣r❡❝❡❥ ❜❧✐➸❡ ✐♥
❥❡ ♦❞❞❛❧❥❡♥❛ ✷✺✱✸ s✈❡t❧♦❜♥❡❣❛ ❧❡t❛✳ ❩❛r❛❞✐ ❜❧✐➸✐♥❡ ❥❡ ❱❡❣❛ ♥❛ ♥❡❜✉ s✈❡t❧❡❥➨❛ ✐♥ s✐❝❡r ✸ ❦r❛t
s✈❡t❧❡❥➨❛ ❦♦t ❉❡♥❡❜ ✭❣♦st♦t❛ ❡♥❡r❣✐❥s❦❡❣❛ t♦❦❛ ③ ❱❡❣❡ ❥❡ ✸ ❦r❛t ✈❡↔❥❛ ❦♦t ❣♦st♦t❛ ❡♥❡r❣✐❥s❦❡❣❛
t♦❦❛ ③ ❉❡♥❡❜❛✮✳ ❑♦❧✐❦♦ ❥❡ r❛③♠❡r❥❡ r❛❞✐❥❡✈ ♦❜❡❤ ③✈❡③❞❄

✷✻✳ ❚♦❦r❛t s♦ ♣♦❞❛t❦✐ ③❛r❡s ♥❛t❛♥↔♥✐✦ ❇❡t❡❧❣❡③❛ ✈ ❖r✐♦♥✉ ❥❡ r❞❡↔❛ ♥❛❞♦r❥❛❦✐♥❥❛✱ ❦✐ ✐♠❛ t❡♠♣❡r❛t✉r♦
♥❛ ♣♦✈r➨❥✉ s❛♠♦ 3200 K✱ ♥❥❡ ♣♦❧♠❡r ❥❡ ✶✵✵✵ ❦r❛t ✈❡↔❥✐ ♦❞ ♣♦❧♠❡r❛ ❙♦♥❝❛ ♦❞ ♥❛s ♣❛ ❥❡ ♦❞❞❛❧❥❡♥❛
✹✷✼ s✈❡t❧♦❜♥✐❤ ❧❡t✳ ❙♣✐❝❛ ❥❡ ♥❛❥s✈❡t❧❡❥➨❛ ③✈❡③❞❛ ✈ ❉❡✈✐❝✐✱ ♥❥❡♥ ♣♦❧♠❡r ❥❡ ✶✵ ❦r❛t ✈❡↔❥✐ ♦❞ ♣♦❧♠❡r❛
❙♦♥❝❛ ♦❞ ♥❛s ♣❛ ❥❡ ♦❞❞❛❧❥❡♥❛ ✷✻✷ s✈❡t❧♦❜♥✐❤ ❧❡t✳ ❙♣✐❝❛ ❥❡ ♠♦❞r❛ ♦r❥❛❦✐♥❥❛ ✐♥ ✐♠❛ t❡♠♣❡r❛t✉r♦
♥❛ ♣♦✈r➨❥✉ 25000 K✳ ❑♦❧✐❦♦❦r❛t s✈❡t❧❡❥➨❛ ❥❡ ❇❡t❡❧❣❡③❛ ♦❞ ❙♣✐❝❡ ✭❦♦❧✐❦♦ ❥❡ r❛③♠❡r❥❡ ♠❡❞ ❣♦st♦t♦
❡♥❡r❣✐❥s❦❡❣❛ t♦❦❛ ③ ❇❡t❡❧❣❡③❡ ✐♥ ❣♦st♦t♦ ❡♥❡r❣✐❥s❦❡❣❛ t♦❦❛ s ❙♣✐❝❡✮❄

✷✼✳ ❇❡t❡❧❣❡③❛ ✐♠❛ 1.4 · 1011 ❦r❛t ♠❛♥❥➨♦ ❣♦st♦t♦ ❡♥❡r❣✐❥s❦❡❣❛ t♦❦❛ ❦♦t ❙♦♥❝❡✳ ◆❥❡♥ ♣♦❧♠❡r ❥❡ ✈
♣♦✈♣r❡↔❥✉ ✼✵✵ ❦r❛t ✈❡↔❥✐ ❦♦t ♣♦❧♠❡r ❙♦♥❝❛✳ ❚❡♠♣❡r❛t✉r❛ ♥❛ ❙♦♥↔❡✈❡♠ ♣♦✈r➨❥✉ ❥❡ 6000 K✱
♥❥❡❣♦✈ ♣♦❧♠❡r ♣❛ 690000 km✳ ❇❡t❡❧❣❡③❛ ❥❡ ✻✺✵ s✈❡t❧♦❜♥✐❤ ❧❡t ♦❞ ♥❛s✱ ❙♦♥❝❡ ♣❛ ✶✺✵ ♠✐❧✐❥♦♥♦✈
❦♠✳

✭❛✮ ❑♦❧✐❦♦ ❥❡ ❡♥❡r❣✐❥s❦✐ t♦❦ s ❙♦♥❝❛❄

✭❜✮ ❑♦❧✐❦♦ ❥❡ ❣♦st♦t❛ ❡♥❡r❣✐❥s❦❡❣❛ t♦❦❛ s ❙♦♥❝❛❄

✭❝✮ ❑♦❧✐❦♦ ❥❡ ❣♦st♦t❛ ❡♥❡r❣✐❥s❦❡❣❛ t♦❦❛ ③ ❇❡t❡❧❣❡③❡❄



✺ ❚❖P▲❖❚❆ ✶✵✹

✭❞✮ ❑♦❧✐❦♦ ❥❡ ❡♥❡r❣✐❥s❦✐ t♦❦ ③ ❇❡t❡❧❣❡③❡❄

✭❡✮ ❑♦❧✐❦♦ ❥❡ t❡♠♣❡r❛t✉r❛ ♥❛ ♣♦✈r➨❥✉ ❇❡t❡❧❣❡③❡❄

✷✽✳ ❆r❦t✉r ✐♠❛ ✶✵✵ ❦r❛t ✈❡↔❥✐ ❡♥❡r❣✐❥s❦✐ t♦❦ ❦♦t ❙♦♥❝❡✳ ❚❡♠♣❡r❛t✉r❛ ♥❛ ♥❥❡❣♦✈✐ ♣♦✈r➨✐♥✐ ❥❡ 4500 K✳
❚❡♠♣❡r❛t✉r❛ ♥❛ ❙♦♥↔❡✈❡♠ ♣♦✈r➨❥✉ ❥❡ 6000 K✱ ♥❥❡❣♦✈ ♣♦❧♠❡r ♣❛ 690000 km✳ ❆r❦t✉r ❥❡ ✸✻
s✈❡t❧♦❜♥✐❤ ❧❡t ♦❞❞❛❧❥❡♥ ♦❞ ♥❛s✱ ❙♦♥❝❡ ♣❛ ✶✺✵ ♠✐❧✐❥♦♥♦✈ ❦♠✳

✭❛✮ ❑♦❧✐❦♦ ❥❡ ❡♥❡r❣✐❥s❦✐ t♦❦ s ❙♦♥❝❛❄

✭❜✮ ❑♦❧✐❦♦ ❥❡ ❡♥❡r❣✐❥s❦✐ t♦❦ ③ ❆r❦t✉r❥❛❄

✭❝✮ ❑♦❧✐❦♦ ❥❡ ♣♦❧♠❡r ❆r❦t✉r❥❛❄

✭❞✮ ❑♦❧✐❦♦❦r❛t ❥❡ ❆r❦t✉r❥❡✈ ♣♦❧♠❡r ✈❡↔❥✐ ♦❞ ♣♦❧♠❡r❛ ❙♦♥❝❛❄

✭❡✮ ❑♦❧✐❦♦❦r❛t ❥❡ ❣♦st♦t❛ ❡♥❡r❣✐❥s❦❡❣❛ t♦❦❛ s ❙♦♥❝❛ ✈❡↔❥❛ ♦❞ ❣♦st♦t❡ ❡♥❡r❣✐❥s❦❡❣❛ t♦❦❛ ③ ❆r❦✲
t✉r❥❛❄

✺✳✾ st❛t✐st✐↔♥❛ ♠❡❤❛♥✐❦❛

✶✳ ❑♦❧✐❦➨♥❛ ❥❡ ♣♦✈♣r❡↔♥❛ ❦✐♥❡t✐↔♥❛ ❡♥❡r❣✐❥❛ ✐♥ ♣♦✈♣r❡↔♥❛ ❤✐tr♦st ♠♦❧❡❦✉❧❡ N2 ✈ ③r❛❦✉ ♣r✐ s♦❜♥✐
t❡♠♣❡r❛t✉r✐❄

✷✳ ❑♦❧✐❦➨♥❛ ❥❡ ♣♦✈♣r❡↔♥❛ ❦✐♥❡t✐↔♥❛ ❡♥❡r❣✐❥❛ ✐♥ ♣♦✈♣r❡↔♥❛ ❤✐tr♦st ♠♦❧❡❦✉❧❡ CO2 ✈ ③r❛❦✉ ♣r✐ s♦❜♥✐
t❡♠♣❡r❛t✉r✐❄

✸✳ ❑♦❧✐❦➨♥❛ ❥❡ ♣♦✈♣r❡↔♥❛ ❦✐♥❡t✐↔♥❛ ❡♥❡r❣✐❥❛ ✐♥ ♣♦✈♣r❡↔♥❛ ❤✐tr♦st ♠♦❧❡❦✉❧❡ H2O ✈ ③r❛❦✉ ♣r✐ s♦❜♥✐
t❡♠♣❡r❛t✉r✐❄

✹✳ ❑♦❧✐❦♦❦r❛t ❥❡ ♣♦✈♣r❡↔♥❛ ❦✐♥❡t✐↔♥❛ ❡♥❡r❣✐❥❛ ❦✐s✐❦♦✈❡ ♠♦❧❡❦✉❧❡ ♣r✐ t❡♠♣❡r❛t✉r✐ 200◦C ✈❡↔❥❛ ❦♦t
♣r✐ t❡♠♣❡r❛t✉r✐ −200◦C❄

✺✳ ❑♦❧✐❦♦❦r❛t ❥❡ ♣♦✈♣r❡↔♥❛ ❤✐t♦rst ♠♦❧❡❦✉❧ CO2 ✈❡↔❥❛ ♣r✐ t❡♠♣❡r❛t✉r✐ 100◦C ❦♦t ♣r✐ t❡♠♣❡r❛t✉r✐
0◦C❄


