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The zeroth law of thermodynamics: If C is initially in thermal
equilibrium with both A and B, then A and B are also In
thermal equilibrium with each other.
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(a) If systems A and B are each in (b) ... then systems A and B are in
therm: l equilibrium with system C ... thermal equilibrium with each other.

Insulator Conductor

N RS
System System System System
A B A B
System System
& C
Conductor Conductor Insulator

L Two systems are in thermal equilibrium if and only if they have

the same temperature BEERIEENRNR S 9, &ﬁ'ﬁ.:.
Z., TFROEFERNSHRNREEGHEEN (BIEERN) BE.
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Ideal-gas
equation:

Gas pressure

Gas volume =sssaesses®

Gas constant R=8.314 J-K~1-mol™’
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Plots of pressure as a function of
temperature for gas thermometers
containing dlﬁelent types and
quantities of gas .

1%

N

Dashed lines show the plots
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extrapolated to zero / >
pressure..
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The extrapolated plots all reach zero pressure
at the same temperature: —273.15°C.

limT(p) = —273.15°C
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Kelvin =w=wseee, 2T = TC + 273,15 Celsius B, FEFKE=HERIrEN
temperature temperature 273.16K, BP0.01°C, mikaE

273.15K, RpO°C
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T (p) =273.16K (p/py)

(D T (p) =273.16K(p/pyw), H

p=

I'(p)p, 300K x6.7x10°Pa

=7.358 % 10°Pa

273.16K 273.16K

(2) T (p) =273.16K(p/py), H

T(p)= 273.16K (p/pw)=

273 16K x9.1x10° Pa

=3.710x10* K

6.7 x10° Pa
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C. I EZBkFN# N 7J Thermal expansion and thermal stress

HBkI2YsE:
FRREED)

MRZ

IKESERETHWE AT 2IFELXRRK:

Linear thermal expansion: . Original length

Change in length Temperature change
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Coefﬁment of lmear expansion
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---------- Original volume
Volume thermal expansion: —
- AV é VO AT Temperature change
Change in volume ¥ 3 o
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(a) For moderate temperature changes, AL is
directly proportional to AT.

™o Q sl

< L[] /T'iAL>I
Ty + ATGE —0
I E<—2AL—>
T, + 2AT1C 0

(b) AL is also directly proportional to Lj,.

To ==y,

<—Ly—>r>
T, + AT O

Ty D

. 2L, <2 ALY

T, + ATC D
Material a[K lor(C°)™!)
Aluminum 24 X 1072
Brass 20X 107
Copper 1.7 X 1073
Glass 0.4-0.9 X 107>
Invar (nickel—iron alloy) 0.09 X 1072
Quartz (fused) 0.04 X 107>
Steel 1.2 X 1073

COLD

A plate expands
when heated ...

BIK 'or
7.2 X
6.0 X
5.1 X
1.2-2.7 X
0.27 X
0.12 X
3.6 X

... s0 a hole cut out
of the plate must
exXpé

ind, too.

(€971
107
107
107
107
1073
107
107
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Viem’)
While water generally expands as
1.04 = temperature increases ...
1.02
1.00 : !

0 20 40 60 80 100
T(°C)
V (cm?) --- between 0°C and 4°C,
the volume decreases with

1.0004 = increasing temperature.

1.0003 = ywater is most

dense at
4°C 3

1.0002

1.0001

-T(°0)
4 6 8 10

1.0000
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(M’) AT pmmE V= L
AL _ o _
Lo / thermal A AL/L

F/A ( AL) F
Y = SO — = —
AL/ LO LO tension AY

AL AL F
— + (== — aAT + — =0
LO thermal LO tension AY

SRR, RNDSEEERA. IBEZWEATKIELLXRE:

R, 33T
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Thermal stress: . -+ Young’s modulus
Force needed to =~ — = —Ya AT Temperature change
. > ..,,._ .....
keep length of rod e Coefﬁc1ent of linear expansion
constant

Cross secuonal area of rod
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The water warms ] | Direct heating can
”Si 1

as the paddle does / produce the same

work on it; the s | temperature chang

temperature rise 1s ‘ as doing work on rhe

proportional to 1 water.
the amount of
I:b work done. y T
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Energy transfer that takes place solely because of a temperature difference 1s called heat flow
or heat transfer, and energy transferred in this way is called heat.
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FIRE ( FERNCal. ) : M1m=/KEEEMN14.5°CIRRS215.5°C
ﬁﬁﬁﬁméﬁz °

The calorie (abbreviated cal) is the amount of heat required to raise the
temperature of 1 gram of water from 14.5°C to 15.5°C.

e ~IsE (Cal) IEENERRRM, £E () EReeEEPREAL

l cal = 4.186]
1 kcal = 1000 cal = 41861
1 Btu = 778 ft<1b = 252 cal = 10551]
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Lt BR{URERINE, specific heat
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TABLE 17.3 Approximate Specific Heats and Molar Heat Capacities (Constant Pressure)

Specific Heat, ¢ Molar Mass, M Molar Heat Capacity, C
Substance (J/kg - K) (kg/mol) (J/mol - K)
Aluminum 910 0.0270 24.6
Beryllium 1970 0.00901 17.7
Copper 390 0.0635 24.8
Ethanol 2428 0.0461 111.9
Ethylene glycol 2386 0.0620 148.0
Ice (near 0°C) 2100 0.0180 37.8
[ron 470 0.0559 26.3
Lead 130 0.207 26.9
Marble (CaCO3) 879 0.100 87.9
Mercury 138 0.201 277.7
Salt (NaCl) 879 0.0585 514
Silver 234 0.108 253

Water (liquid) 4190 0.0180 75.4
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A camper pours 0.300 kg of coffee, mitially in a pot at 70.0 °C, into a
0.120 kg aluminum cup 1nitially at 20.0 °C. What is the equilibrium
temperature? Assume that coffee has the same specific heat as water and
that no heat 1s exchanged with the surroundings.

%73 .
. Oc + Oa1 = meew ATe + maicat ATy = 0

meew (T — Toc) + macal(T — Toa) = 0

mcewloc + maicailoar
T = = 66.0°C
mcCw + IMA1CA]
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TABLE 17.4 Heats of Fusion and Vaporization

Normal Melting

Normal Boiling

POiIlt Heat Of POiIlt Heat Of
Fusion, L Vaporization, L,

Substance K °C (J/kg) K °C J/kg)
Helium * * * 4216 —268.93 20.9 x 10°
Hydrogen 13.84 —259.31 58.6 X 10° 20.26  —252.89 452 X 10°
Nitrogen 63.18 —209.97 255 X 10° 7734  —195.8 201 X 103
Oxygen 54.36 —218.79 13.8 X 10° 90.18  —183.0 213 X 10°
Ethanol 159 —114 104.2 X 103 351 78 854 X 103
Mercury 234 —39 11.8 X 10° 630 357 272 X 10°
Water 273.15 0.00 334 X 10° 373.15 100.00 2256 X 10°
Sulfur 392 119 38.1 X 10° 717.75 444.60 326 X 103
Lead 600.5 327.3 245 X 103 2023 1750 871 X 103
Antimony 903.65 630.50 165 X 10° 1713 1440 561 X 10°
Silver 1233.95 960.80 88.3 X 10° 2466 2193 2336 X 10°
Gold 1336.15 1063.00 64.5 X 103 2933 2660 1578 X 10°
Copper 1356 1083 134 X 10° 1460 1187 5069 X 10°

*A pressure in excess of 25 atmospheres is required to make helium solidify. At 1 atmosphere pressure,

remains a liquid down to absolute zero.

helium



B FEOKEE SRR TR A . SFIFE 1p, B, 7K
Wk RN 373.15K, KEIEAL#HON L=2257x100Tkg!, /K
[ ELAR AR va= 1.043x10-3m3ekg!, 7KZRS LARFR B =
1.673m3kg"!

., dp _ L _ 2.257 7 10°Jxkg™
dr  T(v*-v*) 373.15K 16727107 m’1kg™"

=3.62710°PaxK™* =0.0357p K™

B 5 SIS WINAEL0.0356 p, oKW s

d—T=28K/pn

dp



5l A glass contains 0.25 kg of Omni-Cola (mostly water) initially at 25 °C. How
much ice, 1itially at -20 °C, must you add to obtain a final temperature of 0 °C
with all the 1ce melted? Ignore the heat capacity of the glass.

2. Cola Ice
ﬁq: o l / \

meew ATe + micf ATy + mily = 0
meew(T — Toc) + mye(T — Typ) + myly = 0
mylc(T — Tor) + L] = —meew(T — Toc)

cw(Toc — T)
c(T — Tor) + Lg

my = Mg

mp = 0.070kg = 70 g



E. BUYEFRERIHEI Mechanism of heat transfer

. HYES Thermal conduction
II. #3535 Thermal convection

I1l. #E583 Thermal radiation
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HES Thermal conduction
IMES: MEBEIMENSRREEENKRR,

PESEE. LnBIQEREdRETHEEN, ARNESE
}dQ/dt, BATFREERRHF, BHER.

Rate of heat flow Temperatures of hot and cold ends of rod

F - - - _"."l‘.*‘_ h. .-__
.Heat cul [‘E-Ilt ., dQ TH B TC
in conduction H = — kA -

(h" '::l r:_‘ Lqr ’

Thermal conductivity of rod material - Cross-sectional area of rod

L~0 d AT
) -2
dt dx

_Length of rod
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H =

- A(Ty — Te)

R

l\;\l\'lzﬁ. R = E
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5. BERIMGSERERISARFIVCEEMR (BfAE7F) /H0.80F5XK, B

B/92.0[EK, BFei# ik, KfiiEEEECola, B
B2/ F5FRREES/D?

7930°C , FRAFETFHIPRIE

iR

(a) A cooler at the beach

22

SLIN

(b) Our sketch for this problem

@

A=0.80 m

H=FkA

Ei990 °oC, WRIMNEERE

Iy — Tc

= 324W = 324 J/s

R =

L

k

0.02m

= (0.027 W/m - K)(0.80 m?)

T 0.027W/m-K

30°C — 0°C
0.020 m
= 0.74m?-K/W
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Steel T Copper
T=w00e) /) ) S Roen S S )
10.0 cm 20.0 cm




#¥)i% Thermal convection
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#e=83 Thermal radiation
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PEEHEEZHANEETH SRR

Area of ellllt'flﬂU smt ace
Hei’lt {:l]l«-lﬂlellt -------------- Ell].lS'ﬁl\ lt‘l O:I: blll.:tr'].k.f

in radiation H — A(’{T T

.-+ Absolute temperature
Stefan—B ol‘rzm’mn constant of surface

Ak P E 248 (Stefan—Boltzmann)iEf
ocMANHIFIERE: 56697 10°Wxm K™
> 1879 Hirr i SE A R IR
> 1884FEFIRZERAMNFEER T H
FRGEEERH, M BARET, SRR ETSHRR:

Area of enutting LU’h ACE uoeee" Emussivity of surface
Net heat current =" 4 4
‘H,. = Aca(T = 1)
in radiation
Stefan—-Boltzmann - A.b o lut* temperatures of surface (1)

constant and surroundings (7))



WU%@ AEREFR1.203 752K, FREEE30 °C = 303 K, /\Wiﬁ_ﬁiﬁﬁﬁﬁ’ﬂ
SARETEREZ O IRMNEIRE 20 °C , AMESTREERMEsERSE
Z/ ANRHARSIZReA N1, SRIRBERNELX.
i :
RUBEHEZR H = AeoT”
= (1.20m7)(1)(5.67 ¥ 10°° W/m~-K*)(303K)* = 574 W

FERETIE

#

H_. = Aec(T* — T

= (1.20m?)(1)(5.67 % 107* W/m*- K*)[(303 K)* — (293 K)*]
= T2 W
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Sun
surface

\ 6000K

Earth
surface

400 700 1000 nm

,,25

500
Wavelength A in nm

24

Power density (w/m £ )

4500 5

10 15 20
Wavelength A in um

Cosmic background
radiation

2.7K

1 Infrared
Microwave

10 15 20 25

Wavelength A in mm
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Evolution of the temperature

of the universe

proton and electron

after the first second

1s

Primordial
nucleosynthesis
107K
Hydrogen
108k
electromagnetic
decoupling
at 3000 K
forming of :
the galaxies birth of Today
the Sun 273K
|
100s 1000s 1 My 1 Gy 10 Gy 15 Gy
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Homework

1. 28" BATHEE R EHAANTL.12em(FE 24 T-2895~), N G #RTHT B 42 3em, 1E-3°CHJ
KB FZAEEITR. FTAME K 30em, 8 0-441.5cm. §1 720,532 1,

BRI A in A s e 2 D2 IR AR iR N B Jm AR TR EE N 7°C.

2. — R IR A N2.1X10%m3, S ERAS & Fi1 47 45 5 B35 4.5X103kg, 75

FURBER20°C, ZAR I TER BT JEN 35 R A% e

3. You are making pesto for your pasta and have a cylindrical mea-
suring cup 10.0 cm high made of ordinary glass[8 = 2.7 X 107 (C°)™!]
that is filled with olive oil [ = 6.8 X107* (C°)™!] to a height of
3.00 mm below the top of the cup. Initially, the cup and oil are at room
temperature (22.0°C). You get a phone call and forget about the olive oil,
which you inadvertently leave on the hot stove. The cup and oil heat up
slowly and have a common temperature. At what temperature will the
olive oil start to spill out of the cup?



Homework

4. A copper sphere with density 8900 kg/m?, radius 5.00 cm,
and emissivity e = 1.00 sits on an insulated stand. The 1nitial tempera-
ture of the sphere 1s 300 K. The surroundings are very cold, so the rate
of absorption of heat by the sphere can be neglected. (a) How long does
it take the sphere to cool by 1.00 K due to 1its radiation of heat energy?
Neglect the change in heat current as the temperature decreases. (b) To
assess the accuracy of the approximation used in part (a), what 1s the

fractional change in the heat current H when the temperature changes
from 300 K to 299 K?



Homework

5. A metal wire, with density p and Young’s modulus Y,
1s stretched between rigid supports. At temperature 7, the speed of a
transverse wave 1s found to be v;. When the temperature 1s increased to

T + AT, the speed decreases to v, < v;. Determine the coefficient of
linear expansion of the wire.

6.  The molar heat capacity of a certain substance varies
with temperature according to the empirical equation

C = 29.5J/mol-K + (8.20 X 107> J/mol - K*)T

How much heat is necessary to change the temperature of 3.00 mol of

this substance from 27°C to 227°C? (Hint: Use Eq. (17.18) in the form
dQO = nC dT and integrate.)



