
❈❤❛♣t❡r ✶✼ ✲ ❚❡♠♣❡r❛t✉r❡ ❛♥❞ ❍❡❛t

✶✳ ❬✶✼✳✼✾❪ ❨♦✉ ❛r❡ ♠❛❦✐♥❣ ♣❡st♦ ❢♦r ②♦✉r ♣❛st❛ ❛♥❞ ❤❛✈❡ ❛ ❝②❧✐♥❞r✐❝❛❧ ♠❡❛s✉r✐♥❣ ❝✉♣ ✶✵✳✵ ❝♠ ❤✐❣❤ ♠❛❞❡
♦❢ ♦r❞✐♥❛r② ❣❧❛ss ❬βc = 2.7 × 10−5 (❈o)−1❪ t❤❛t ✐s ✜❧❧❡❞ ✇✐t❤ ♦❧✐✈❡ ♦✐❧ ❬βo = 6.8 × 10−4 (❈o)−1❪ t♦ ❛
❤❡✐❣❤t ♦❢ ✷✳✵✵ ♠♠ ❜❡❧♦✇ t❤❡ t♦♣ ♦❢ t❤❡ ❝✉♣✳ ■♥✐t✐❛❧❧②✱ t❤❡ ❝✉♣ ❛♥❞ ♦✐❧ ❛r❡ ❛t r♦♦♠ t❡♠♣❡r❛t✉r❡ ✭✷✷✳✵o

❈✮✳ ❨♦✉ ❣❡t ❛ ♣❤♦♥❡ ❝❛❧❧ ❛♥❞ ❢♦r❣❡t ❛❜♦✉t t❤❡ ♦❧✐✈❡ ♦✐❧✱ ✇❤✐❝❤ ②♦✉ ✐♥❛❞✈❡rt❡♥t❧② ❧❡❛✈❡ ♦♥ t❤❡ ❤♦t st♦✈❡✳
❚❤❡ ❝✉♣ ❛♥❞ ♦✐❧ ❤❡❛t ✉♣ s❧♦✇❧② ❛♥❞ ❤❛✈❡ ❛ ❝♦♠♠♦♥ t❡♠♣❡r❛t✉r❡ ❛t ❛❧❧ t✐♠❡s✳ ❆t ✇❤❛t t❡♠♣❡r❛t✉r❡
✇✐❧❧ t❤❡ ♦❧✐✈❡ ♦✐❧ st❛rt t♦ s♣✐❧❧ ♦✉t ♦❢ t❤❡ ❝✉♣❄

• ❲❡ ❦♥♦✇✿ T0 = 22.0o ❈ = 295.16 ❑✱ hc(T0) = 10 ❝♠✱ ho(T0) = hc(T0) − ∆h(T0) = 9.8 ❝♠✳
❆ss✉♠✐♥❣ t❤❛t t❤❡ ❝✉♣ ✐s ✈❡r② t❤✐♥✱ t❤❡ ❜♦tt♦♠ ❝r♦ss✲s❡❝t✐♦♥ ❛r❡❛ A(T ) ♦❢ t❤❡ ❝✉♣ ❛♥❞ ♦✐❧ ❛r❡ t❤❡
s❛♠❡ ❛t ❡✈❡r② t❡♠♣❡r❛t✉r❡ T ✳ ❚❤❡♥✿

Vc(T ) = hc(T )A(T ) , Vo(T ) = ho(T )A(T )

Vc(T )− Vc(T0) = βcVc(T0)(T − T0) , Vo(T )− Vo(T0) = βoVo(T0)(T − T0)

❚❤❡ ♦✐❧ s♣✐❧❧s ✇❤❡♥ hc(T ) = h0(T )✿

hc(T ) = ho(T ) ⇒
Vc(T )

A(T )
=

Vo(T )

A(T )
⇒ Vc(T ) = Vo(T )

Vc(T0)
[

βc(T − T0) + 1
]

= Vo(T0)
[

βo(T − T0) + 1
]

hc(T0)
[

βc(T − T0) + 1
]

= ho(T0)
[

βo(T − T0) + 1
]

T =
hc(T0)(T0βc − 1)− ho(T0)(T0βo − 1)

hc(T0)βc − ho(T0)βo

= T0 −
∆h(T0)

hc(T0)βc − ho(T0)βo

T = 53.3o ❈

✷✳ ❬✶✼✳✽✸❪ ❆ ♠❡t❛❧ r♦❞ t❤❛t ✐s ✸✵✳✵ ❝♠ ❧♦♥❣ ❡①♣❛♥❞s ❜② ✵✳✵✻✺✵ ❝♠ ✇❤❡♥ ✐ts t❡♠♣❡r❛t✉r❡ ✐s r❛✐s❡❞ ❢r♦♠
✵✳✵o ❈ t♦ ✶✵✵o ❈✳ ❆ r♦❞ ♦❢ ❛ ❞✐✛❡r❡♥t ♠❡t❛❧ ❛♥❞ s❛♠❡ ❧❡♥❣t❤ ❡①♣❛♥❞s ❜② ✵✳✵✸✺✵ ❝♠ ❢♦r t❤❡ s❛♠❡ r✐s❡
♦❢ t❡♠♣❡r❛t✉r❡✳ ❆ t❤✐r❞ r♦❞✱ ❛❧s♦ ✸✵ ❝♠ ❧♦♥❣✱ ✐s ♠❛❞❡ ✉♣ ♦❢ ♣✐❡❝❡s ♦❢ ❡❛❝❤ ♦❢ t❤❡ ❛❜♦✈❡ ♠❡t❛❧s ♣❧❛❝❡❞
❡♥❞ t♦ ❡♥❞ ❛♥❞ ❡①♣❛♥❞s ✵✳✵✺✽✵ ❝♠ ❜❡t✇❡❡♥ ✵✳✵o ❈ ❛♥❞ ✶✵✵o ❝♠✳ ❋✐♥❞ t❤❡ ❧❡♥❣t❤ ♦❢ ❡❛❝❤ ♣♦rt✐♦♥ ♦❢
t❤❡ ❝♦♠♣♦s✐t❡ r♦❞✳

• L = 30 ❝♠✿

∆L1 = α1L∆T ⇒ α1 =
∆L1

L∆T

∆L2 = α2L∆T ⇒ α2 =
∆L2

L∆T

▲❡t t❤❡ ♣✐❡❝❡s ♦❢ t❤❡ ❝♦♠♣♦s✐t❡ r♦❞ ❜❡ L1 ❛♥❞ L2 ❧♦♥❣✿

L1 + L2 = L

α1L1∆T + α2L2∆T = ∆L12

▲❡t li = Li/L✿
l1 + l2 = 1

l1∆L1 + l2∆L2 = ∆L12

✶



❍❡♥❝❡✿

l1 =
∆L2 −∆L12

∆L2 −∆L1

, l2 =
∆L1 −∆L12

∆L1 −∆L2

L1 =
∆L2 −∆L12

∆L2 −∆L1

L = 23 ❝♠ , L2 =
∆L1 −∆L12

∆L1 −∆L2

L = 7 ❝♠

✸✳ ❬✶✼✳✽✽❪ ❆ st❡❡❧ r♦❞ ✵✳✹✺✵ ♠ ❧♦♥❣ ❛♥❞ ❛♥ ❛❧✉♠✐♥✉♠ r♦❞ ✵✳✷✺✵ ♠ ❧♦♥❣✱ ❜♦t❤ ✇✐t❤ t❤❡ s❛♠❡ ❞✐❛♠❡t❡r✱ ❛r❡
♣❧❛❝❡❞ ❡♥❞ t♦ ❡♥❞ ❜❡t✇❡❡♥ r✐❣✐❞ s✉♣♣♦rts ✇✐t❤ ♥♦ ✐♥✐t✐❛❧ str❡ss ✐♥ t❤❡ r♦❞s✳ ❚❤❡ t❡♠♣❡r❛t✉r❡ ♦❢ t❤❡
r♦❞s ✐s ♥♦✇ r❛✐s❡❞ ❜② ✻✵✳✵ ❈o✳ ❲❤❛t ✐s t❤❡ str❡ss σ ✐♥ ❡❛❝❤ r♦❞❄

• Ls = 0.450♠✱ La = 0.250♠✱ ∆T = 60❈o✳ ❊❛❝❤ r♦❞ tr✐❡s t♦ t❤❡r♠❛❧❧② ❡①♣❛♥❞ ❜②✿

∆L0i = αiLi∆T

❜✉t t❤✐s ✐s ♣❛rt✐❛❧❧② ❝♦♠♣❡♥s❛t❡❞ ❜② ❛ ❝♦♥tr❛❝t✐♦♥ ❞✉❡ t♦ t❤❡ str❡ss σ ✭t❤❡ s❛♠❡ ✐♥ ❜♦t❤ r♦❞s ✐♥
♠❡❝❤❛♥✐❝❛❧ ❡q✉✐❧✐❜r✐✉♠✮✿

∆Lσi = −Li

σ

Yi

❚❤❡ ❢✉❧❧ ❡①♣❛♥s✐♦♥ ♦❢ ❡❛❝❤ r♦❞ ✐s✿

∆Li = ∆L0i +∆Lσi =

(

αi∆T −
σ

Yi

)

Li

❛♥❞ ✇❡ ♠✉st ❛❧s♦ ❤❛✈❡✿
∆Ls +∆La = 0

❍❡♥❝❡✿
(

αs∆T −
σ

Ys

)

Ls +

(

αa∆T −
σ

Ya

)

La = 0

σ =
αsLs + αaLa

LsY
−1
s + LaY

−1
a

∆T

✹✳ ❬✶✼✳✾✺❪ ❆t ✈❡r② ❧♦✇ t❡♠♣❡r❛t✉r❡s t❤❡ ♠♦❧❛r ❤❡❛t ❝❛♣❛❝✐t② ♦❢ r♦❝❦ s❛❧t ✈❛r✐❡s ✇✐t❤ t❡♠♣❡r❛t✉r❡ ❛❝❝♦r❞✐♥❣
t♦ ❉❡❜②❡✬s T 3 ❧❛✇✿

C(T ) = k
T 3

Θ3

✇❤❡r❡ k = 1940 ❏✴♠♦❧❑ ❛♥❞ Θ = 281❑✳ ✭❛✮ ❍♦✇ ♠✉❝❤ ❤❡❛t ✐s r❡q✉✐r❡❞ t♦ r❛✐s❡ t❤❡ t❡♠♣❡r❛t✉r❡ ♦❢
✶✳✺✵ ♠♦❧ ♦❢ r♦❝❦ s❛❧t ❢r♦♠ ✶✵✳✵ ❑ t♦ ✹✵✳✵ ❑❄ ✭❜✮ ❲❤❛t ✐s t❤❡ ❛✈❡r❛❣❡ ♠♦❧❛r ❤❡❛t ❝❛♣❛❝✐t② ✐♥ t❤✐s r❛♥❣❡❄
✭❝✮ ❲❤❛t ✐s t❤❡ tr✉❡ ♠♦❧❛r ❤❡❛t ❝❛♣❛❝✐t② ❛t ✹✵✳✵ ❑❄

• ✭❛✮
dQ = nC(T )dT

Q = n

T2
ˆ

T1

dT C(T ) = n

T2
ˆ

T1

dT k
T 3

Θ3
=

nk

4Θ3
(T 4

2
− T 4

1
) = 83.6 ❏

• ✭❜✮

C̄ =
1

T2 − T1

T2
ˆ

T1

dT C(T ) =
Q

n(T2 − T1)
=

k

4Θ3

T 4

2
− T 4

1

T2 − T1

= 1.9 ❏✴♠♦❧❑

✷



• ✭❝✮

C(T ) = k
T 3

Θ3
= 5.6 ❏✴♠♦❧❑

✺✳ ❬✶✼✳✾✾❪ ❋♦r ②♦✉r ❝❛❜✐♥ ✐♥ t❤❡ ✇✐❧❞❡r♥❡ss✱ ②♦✉ ❞❡❝✐❞❡ t♦ ❜✉✐❧❞ ❛ ♣r✐♠✐t✐✈❡ r❡❢r✐❣❡r❛t♦r ♦✉t ♦❢ st②r♦❢♦❛♠
✭✇✐t❤ t❤❡r♠❛❧ ❝♦♥❞✉❝t✐✈✐t② k = 0.027❲✴♠❑✮✱ ♣❧❛♥♥✐♥❣ t♦ ❦❡❡♣ t❤❡ ✐♥t❡r✐♦r ❝♦♦❧ ✇✐t❤ ❛ ❜❧♦❝❦ ♦❢ ✐❝❡
t❤❛t ❤❛s ❛♥ ✐♥✐t✐❛❧ ♠❛ss ♦❢ ✷✹✳✵ ❦❣✳ ❚❤❡ ❜♦① ❤❛s ❞✐♠❡♥s✐♦♥s ♦❢ ✵✳✺✵✵ ♠ × ✵✳✽✵✵ ♠ × ✵✳✺✵✵ ♠✳ ❲❛t❡r
❢r♦♠ ♠❡❧t✐♥❣ ✐❝❡ ❝♦❧❧❡❝ts ❛t t❤❡ ❜♦tt♦♠ ♦❢ t❤❡ ❜♦①✳ ❙✉♣♣♦s❡ t❤❡ ✐❝❡ ❜❧♦❝❦ ✐s ❛t ✵✳✵✵o ❈ ❛♥❞ t❤❡ ♦✉ts✐❞❡
t❡♠♣❡r❛t✉r❡ ✐s ✷✶o ❈✳ ■❢ t❤❡ t♦♣ ♦❢ t❤❡ ❡♠♣t② ❜♦① ✐s ♥❡✈❡r ♦♣❡♥❡❞ ❛♥❞ ②♦✉ ✇❛♥t t❤❡ ✐♥t❡r✐♦r ♦❢ t❤❡
❜♦① t♦ r❡♠❛✐♥ ❛t ✺o ❈ ❢♦r ❡①❛❝t❧② ♦♥❡ ✇❡❡❦✱ ✉♥t✐❧ ❛❧❧ t❤❡ ✐❝❡ ♠❡❧ts✱ ✇❤❛t ♠✉st ❜❡ t❤❡ t❤✐❝❦♥❡ss ♦❢ t❤❡
st②r♦❢♦❛♠❄

• mi = 24.0 ❦❣✱ Vi = 0.2♠3✱ Ai = 2.1♠2✱ Ti = 0o ❈✱ Tf = 5o ❈✱ To = 21o ❈✱ t = 604800 s✳ ❚❤❡ r❛t❡
♦❢ ❤❡❛t ✐♥t❛❦❡ t❤r♦✉❣❤ st②r♦❢♦❛♠ ✇❛❧❧s ♦❢ t❤✐❝❦♥❡ss d ✐s✿

H =
dQ

dt
=

kAi

d
(To − Tf )

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

Q = miLi +micw(Tf − Ti)

✇❤❡r❡ t❤❡ ❧❛t❡♥t ❤❡❛t ♦❢ ❢✉s✐♦♥ ❢♦r ✐❝❡ ✐s✿ Li = 334 × 103 ❏✴❦❣ ❛♥❞ s♣❡❝✐✜❝ ❤❡❛t ♦❢ ✇❛t❡r ✐s
cw = 4190 ❏✴❦❣ ❑✳ ❙♦✿

Q = mi

[

Li + cw(Tf − Ti)
]

=
kAi

d
(To − Tf )t

d =
kAi(To − Tf )t

mi

[

Li + cw(Tf − Ti)
] = 6.4 ❝♠

??? d = 2.5 ❝♠

✻✳ ❬✶✼✳✶✵✶❪ ❆ ❝♦♣♣❡r ❝❛❧♦r✐♠❡t❡r ❝❛♥ ✭cc = 390 ❏✴❦❣ ❑✮ ✇✐t❤ ♠❛ss ✵✳✹✹✻ ❦❣ ❝♦♥t❛✐♥s ✵✳✵✾✺✵ ❦❣ ♦❢ ✐❝❡✳ ❚❤❡
s②st❡♠ ✐s ✐♥✐t✐❛❧❧② ❛t ✵o ❈✳ ✭❛✮ ■❢ ✵✳✵✸✺✵ ❦❣ ♦❢ st❡❛♠ ❛t ✶✵✵✳✵o ❈ ❛♥❞ ✶✳✵ ❛t♠ ♣r❡ss✉r❡ ✐s ❛❞❞❡❞ t♦ t❤❡
❝❛♥✱ ✇❤❛t ✐s t❤❡ ✜♥❛❧ t❡♠♣❡r❛t✉r❡ ♦❢ t❤❡ s②st❡♠❄ ✭❜✮ ❆t t❤❡ ✜♥❛❧ t❡♠♣❡r❛t✉r❡✱ ❤♦✇ ♠❛♥② ❦✐❧♦❣r❛♠s
❛r❡ t❤❡r❡ ♦❢ ✐❝❡✱ ❧✐q✉✐❞ ✇❛t❡r ❛♥❞ st❡❛♠❄

• ■❝❡ ♠❡❧ts ✇❤❡♥ st❡❛♠ ✐s ❛❞❞❡❞✱ st❡❛♠ ❝♦♦❧s ❛♥❞ ♣❛rt✐❛❧❧② ❝♦♥❞❡♥s❡s✳ ■❢ t❤❡r❡ ✐s ❛♥② ✐❝❡ ❧❡❢t ❛t t❤❡
❡♥❞✱ t❤❡ ✜♥❛❧ ❡q✉✐❧✐❜r✐✉♠ t❡♠♣❡r❛t✉r❡ ✐s T0 = 0o ❈✳ ■❢ t❤❡r❡ ✐s ❛♥② st❡❛♠ ❧❡❢t✱ t❤❡ ✜♥❛❧ ❡q✉✐❧✐❜r✐✉♠
t❡♠♣❡r❛t✉r❡ ✐s Ts = 100.0o ❈✳ ❆ss✉♠❡ t❤❛t ❛❧❧ ✐❝❡ ♠❡❧ts ❛♥❞ ❛❧❧ st❡❛♠ ❝♦♥❞❡♥s❡s✳ ❚❤❡♥✱ t❤❡ ❝❛♥
❣❡ts✿

Qc = mccc(T − Ti)

❤❡❛t✳ ❚❤❡ ❝♦♥✈❡rs✐♦♥ ♦❢ st❡❛♠ t♦ ✇❛t❡r ❛t t❡♠♣❡r❛t✉r❡ T r❡❧❡❛s❡s ❡♥❡r❣②✿

Qs = ms

[

Ls + cw(Ts − T )
]

■❝❡ ♠❡❧t✐♥❣ t❛❦❡s ❡♥❡r❣②✿

Qi = mi

[

Li + cw(T − Ti)
]

✸



❚❤❡ ❧❛t❡♥t ❤❡❛ts ❛♥❞ s♣❡❝✐✜❝ ❤❡❛t ♦❢ ✇❛t❡r ❛r❡ Li = 334 × 103 ❏✴❦❣✱ Ls = 2256 × 103 ❏✴❦❣✱
cw = 4190 ❏✴❦❣ ❑✳ ❙♦✿

Qs = Qi +Qc

ms

[

Ls + cw(Ts − T )
]

= mi

[

Li + cw(T − Ti)
]

+mccc(T − Ti)

T =
ms(Ls + cwTs)−mi(Li − cwTi) +mcccTi

mccc + (mi +ms)cw
= 86.1o ❈

✹


