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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
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System System System System
A B A B
System System
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Conductor Conductor Insulator

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

the same temperature BEHERIRERNRIN R T 9, Jiﬁm
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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 .
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Dashed lines show the plots

) o - / - o
extrapolated to zero / >
pressure..

|

-, )
v - —
T | T (°C)
—273.15 =200  —100 0 100 200
I I l I I I T (K)
0 100 200 300 400 500

The extrapolated plots all reach zero pressure
at the same temperature: —273.15°C.

limT'(p) = —273.15°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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The water warms F" | Direct heating can
’a,'; 1

as the paddle does . / produce the same

work on it; the ) | temperature chang

. -
temperature rise 1s ‘ as doing work on the

proportional to 1 water.

the amount of
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Energy transfer that takes place solely because of a temperature difference is called heat flow
or heat transfer, and energy transferred in this way is called heat.
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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.
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l cal = 4.186]
1 kcal = 1000 cal = 41861
1 Btu = 778 ft<1b = 252 cal = 10551]



MAE Heat Capacity (BfFARER)
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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.

%7: .
. Oc + Oa1 = meew ATe + maicat ATy = 0

meew (T — Toc) + macal(T — Toa) = 0

mcewloc + maicailoar
T = = 66.0°C
mcCw + IMA1CA]




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
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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

_ HpaEeE  PrE 248 (Stefan—Boltzmann)iEf:
ocMANHIFIERE: 56697 10°Wxm K™
> 1879FHTRHE SR I & B
> 1884EPIREEAPNIFHR T H
{F RGBS EFRH, A BEEET, FREE TSI X R:

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))
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%30 °C = 303 K, ACKIESIAERAY
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= (1.20m7)(1)(5.67 ¥ 10°° W/m~-K*)(303K)* = 574 W
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net

H_. = Aec(T* — T

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

= T2W



Homework

1. 28" HATE L% BAA NTL.12em(FH 24 T-2895~)), N B AT B 42 N3em, 1E-3°CH
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FURBER20°C, BRI TER BT JEN 35 URIR S 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.)
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B. IR 72 (Equation of States)
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[deal-gas - earernane Number of moles of gas
RPN AS Pressire ==-., ¥
equation: > “J[?V = nRT % Absolute temperature of gas
Gas volume «-veceoee g e e e
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KK ASESEBSENZIEE - RixEFMBEE8INEE - T=0°C -
0=9.8 m/s? -

7J .
i BB A

.......................................... Yis Py dp _ _ﬂ
e &y RT® f’
.......................................... 2 Ps
[y by Po
pi+ pgyi + 3puf = pr + pgyr + 3pvs / “dp Mg / " 075
— = T/ - 75po
PAY;-y)8 =p;-ppA4 p, P RT J, ﬁ
o 0.50p,
‘ IHP_;—' — _ﬁ['ﬁ.ﬁ — v ] 0.25p,
PE=p,-p)y;-y2) P RT V% 71 | | .
‘ 0 RT/Mg 2RT/Mg 3RT/Mg
oM P2 _ ~Me(yo—y)/RT

pg =-dp/dy P=RT P
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Boltzmann constant 3% /K 2% 2 & 25

R 8.314 J/mol - K b
k =d—=:r e = 1.381 X 107" J/molecule - K
Nan  6.022 X 10~ molecules/mol

------ Mass of a molecule

A.vera.lge translational ) % 2 3. ., & Absolute temperature
Kinetic energy of a §m_(U )av_ zli_T of gas

gas molecule:

* *
---------

Average value of the . Boltzmann constant
square of molecular speeds
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BIRR: 1. masET, —E/R

pV = nRT
p=1.013e5Pa; T=300K » V'=0.0245m?> ~ (0.3m)?

2. BiRBE T, MRAZEFF, | FAFIEgEiIRERSD?

%m(uzjw = 3kT

3 —23 3(8.314 J/mol - K )(300 K
3(138 X 102 I/K)(300K) _ /%z\/( mol - K)(300K) _ o e

—3
=621 % 1072 ] 32.0 X 107 kg/mol

Boltzmann --..._
Root-mean-square constant Absolute temperature of gas

¥
Pt PRTL
speed of a gas ---.. A/ [3kTT [3RT
molecule Urms — ;(U )av;_ . o M‘
........... ¥, "

Average value of the Massofa  Gas Molar
square of molecular speeds  molecule constant  mass
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4 5 /R- R DA
B FHIR-INIRZL R R D ThAT
Mass of a Molecular Mass of a Molecular
gas molecule -. 3 speed ', gas molecule  speed
Maxwell-Boltzmann < 3 /2 f T o
distribution -..... ) _ M mu2/2kT “ bollzmann
........ U p— 477- U e )
function f ( ) (277-]( ) constant

+*
e
"

Boltzmann constant-”  “-Absolute temperature of gas

— " | 2kT
ERIPAIRER  Ump = /7
e 8kT
IR Vv = |
3kT
1’87’51‘51 2 Ummg — o
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HAR S T HI T B8 HEN -
E, =Emv—2=—mvx +-mv, +_—mv, =EkT
GIES;
%mvj=%mvf=%mvf=%kT

B 1 WY P8l e 3kT/2 a1 sricss V& - FehEBE L, K
RXAGERHE B TS S RT, Al — R

Re =A% B E e ¥ iREATHPERGS &, Rath 7 T REEA
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K=R/N,

dQ — FLCV dT

dO=dU=(3/2)nRdT

Y

nCy dT = 2nR dT

Molar heat capacity ---........
at constant volume,
ideal gas of point particles

ol ]

B~y B 1y desens, \
CV — gR &7 Gas constant

_ 3
Cy =3

(8.314 J/mol - K) = 12.47 J/mol - K



Independent Yy
axes of rotation

® R FHINY
ofIBERR T 3N FHE

EigeE, £82
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Eo We can treat cach

! atom’s mass as being

B located at its nucleus. Z
g ab /\'—"' H

® : /E\\E\ﬁb :t/j =4
/NE
> EA E‘fjj Molar heat capacity --........
pacity .. .
" 5 13 devrene, .

(5/2)nRT, n9EE/R at constant volume, Cy = 5R " Gas constant

#. ideal diatomic gas
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B IRG AT XA p,V =v,RT .3 8SH p.Vo=v,RT,. iTF p,V,=p,V,, FF
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VlTl =1/ng
il 4 oY A e R
3 5 8
E” =El +Ez Z?VlfeTl +?U2RT2 =?U|RT1

RER AR EZER T, 8HEEHR

5T
E=23,RT+ %»ZRT = (i+ )y, RT

2 2 72T,
HTFRARG,. BNGEH%E, B E,=E,.FfLUA
8 43 5T ;
SRT, = (?+2T2)p1RT
M 15
T OF pewp. et & 8 250F oy 20wy

34+5T,/T, 3+5X250/310



HOMEWORK

1. B 1WA REALN3.8X100m, KEAEFREIRES BT B BRI
A4 [R] FE)~F- 23 Bf ] [R] B

2. —HEHR IS U, Jort AT AU 8.50, T2 NLTC, 765 LA65 km/hiii Ki7
Re (1) MRS TRARIEST) RS T TR T B3
T34 8 Bt

(BRI A E:

(3)Bk 1 HOBLIE By

3. IR N27°CH, ImolZz S« SR MESSHE 2/ HNAEE? 19X SRS FH
Z/LNREE?

4. A container with rigid walls holds n moles of a monatomic ideal gas. In
terms of n, how many moles of the gas must be removed from the container
to double the pressure while also doubling the rms speed of the gas atoms?
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A. )HgeE
Work and energy
B. EEMIFIE
Important processes of thermodynamics
C. AQZFE—ER
First law of thermodynamics
D. IR ESBHRNZF
Thermodynamics of the ideal gas
E. IEESEFBRIIE
The adiabatic process of ideal gas




11 Work

Bl: EEAR—SEALEESANS AT ERR
SIEFETFERTIMBYIN. |E NSRS FEE
s REES MR EeE., W&, EEE
SHEFHAA, SIKERAP,

EE— N TRNRERSRSERIRE, JMIF
(EREEE LERRERARBENdX, NHPHE
XISRAYTTIN

= Fdx = pAdx=—pdV

HEEESE, INANRGMED, dW >0
SEMNEAKET, SMSENRFRI, aw <0

(a) Piston moves away from..,
molecule during collision. 3

r = ,;
Molecule Ubefore i Motion of
bounces off O piston
piston. b Q

P g
: Uafter ||

Molecule loses kinetic energy,
does positive work on piston.

(b) Piston moves toward ...,
molecule during collision. *

Ubefore v
O Motion of
O l ! piston
~ef—
R
Vafter L
L

*Molecule gains kinetic energy,
does negative work on piston.
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Work done in a
volume change

g

e AR

11

Tz, A

ViRV, BRFEXS

....... :» Upper limit = final volume

Vy
.......... - /
Vi

=S

i'..

‘. _Integral of the pressure
“with respect to volume

------- Lowcr [imit = initial volume

S5, RGN,

SEMNEIKET, RGEXTIINFHEDD,

RSN ATAD:
% NRERSFT RGN
SRV,




Bl - v molIEAE SRR IR ETARE - ANV,
SBEV, - REBIFRAL -

W BRI

oV = RT

W =—[" pdV =—K2$dv = RT In\\%<0

1

dV>0, W<0, Xt RGiti i Th, B R4t
Xt Ah FABE )




#l. WA, BERESE, 1(2p,,V,) > 11(p,,2V,), K:

HEWLERRZa, b, it FXTSARFERITH.

B BAR S 20,
() FEITFEANED), W
W, =—[" pdv=-2p, [ "dV =-2pyV,
(0)EEEKED, H—KAR:

Vi Viv RT V||
W, " pdV Ly dv=-v V.

s W, =-2p,V,In2

Dy




(c) (@KL, BT HmEBEXK:

0y (2Vy =V,) = pVy,. = W, =—pyV,

R, W, =W, =W,
Al AR5 B k.
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SPIE=)-
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Important thermodynamic processes

ZRHTUE : pV’

Polytropic Process

+P

=C

Isobaric Process %

L
e

Isochoric Process ZE A1

Isothermal Process %&

Adiabatic Process é@?’?&‘

i
Wi

=B
T

oV’ =C
V™ =C
oV =C
V7 =C




i o3 At (a) A (b) HY PSR FE IS ) A = AR AL 1 L -

(a) System does work on piston; hot plate (b) System does no work; no heat enters or
adds heat to system (W > 0 and Q > 0). leaves system (W = 0 and Q = 0).
State 1 State 2
State 1 Tnsulation State 2

Vacuum

20L
B
N \\/ o
Breakable Gas at 300 K

partition



B 3372 Cyclic Process

P e Area enclosed by path =
total work W done by
4 system 1n process
Palb——— a—b—a.
In this case W << 0.
Ppp———-— - b
| |
| |
| I
| |
I |
: :
V
ol v, Vi

(

Sizes and signs of work and heat are dependent on the process.
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BN a(py 1)%%
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B2 H]I6E

< 5 1

(1R dHIEIR Y,

PN (E P(JIJJ,(?.)%/\L
IR

i

Z IR,
. K-

s (2)BN TR

FEIR I

(”*E{ R TL.=1T,

MBS TTTE pV =nRT
p,V,

T, =T, =

R

pu

MR EAEFE  2p,
TR MAZE,

P,

(0,




p 4
T, =T, =P
R

C
Tc — pcvc — 4 p1V1 — 4Ta Zp 1
R R
RIBLEHHE TV, =TV, " p, | a—b
T - 1
V, =(=5)7V, =45/312y =16V, d
T, 0 .
\ Vv, 2V,
(2)5eR &0 A RERITH
Wy = p.(2V, =V,) = pV, Wy, =0
ch = _AEcd = CV,m (Tc _Td ) = g R(4Ta _Ta) = g RTa = g p1V1

W =Wab +Wbc +ch = 1_21 p1V1



p A
(3) FHEEAN T TR A 1 28
EAFRT 2p, -
iR AR R TR I A
RESTETEERRHE D b
IR,
Qu=Cpn(,-T)=2R(T,-T,) 0 v

5
= E( prb

ch = CV,m (Tc —T

5
P Va) = E plvl

3

3
b) = E R(Tc _Tb) = E(pcvc —

prb) =3 p1V1

ch =0 Q

§p1v +3pV, +O—Ep1
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7 AT

BHAIhE

FE:

LIRS
it ul

RASINTRAE RER R

HRARGANRKENTE

ESLHE . ARGd i R EEIT)

(AT TEHRGRIVISMESHIRE, SHIIH

SIAAREU:

S FAE

E AR

R

Work done to the system

AU=U, -U =W

TFEF

I RS BI TIR B T RN RE



CAUTION Is it Internal?

Does the internal energy include potential energy arising from the
Interaction between the system and its surroundings?

If the system Is a glass of water, placing it on a high shelf increases
the gravitational potential energy arising from the interaction between

the glass and the earth.

But this has no effect on the interactions among the
water molecules, and so the internal energy of the
water does not change.



MPDFR—EE
REESTE (REERAEE)

fit

_ Internal energy change of thermodynamic system
First law of ,

thermodynamics: AU = O—W
!

Heat added to system =" " Work done by system

RAOFFE - B : I RGEERNE, —HoERS
I EERE N, —&f0 T REx 5N FRAED

RIFF - ERERETEER
ERIR.

53]
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=W R RIS E WIS FE B




AR NFIIE

N First law of N
TobR/NEYTII R thermodynamics, dU = dQ — dW
D %

infinitesimal process:

Infinitesimal internal energy change

Infinitesimal heat added  Infinitesimal work done

?}E%J\jﬁ% f dU = f dQ — f dw

Cyclic Process

M A GIE f dU=0;. Q= f dw =W
Isolated Process  n oz mmmiE—osdi®, WESRES.,

MDFEFE—EFRIFAIRIAN: E—FKEA BT BERY.




fil: ZE1atm T, 1mol 7K 7E100°CAR Bk 2% <., 1)L
NEEE I Y Z2/? E'%n AL L= £.06%10° Jfmol

BEJRARFR: v, =18.8cm®/mol; V, = 3.01x10%cm®/mol
& KRR AR FRF RIS,
Al NI E R E.
KA REF y BE /R KR RN
Q=yL=y4.06x10"J
ST RGAETIN
W =-p(V,-V,)y=..=-3.05x10°3 Q
RNFEE—ER, KHAREEAN
AU =Q+W =3.75x10%J
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- SEMAT R B2 ARET, A3E

E=H

EL, %a Hﬁ}ﬂ&ﬁ:ﬁ’ W=0,

- FERAKETIE, AR SUETPEGE KK

BEAZ, Bl: dT=0. XHBHAKM
SHEE RENERH, BRAMH
KIERE, Q=0.
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IRSRNBEUET OV B9

A\ dU=0,dT =0,

BEINBEU 5V %,

U =U(T)

£

I

ay

’/

p

t

RREN, T : dU:(
dv =0 , NIE (

(E IR SIRRINEER
-SE

N=R

I.IZIIIJ




HERSBREERETNSERTHRE
Relating C, and C,, for an Ideal Gas

Z25d2: w=0 mE) dU=dQ =nC,dT

T,, U,

Constant-volume
process, gas does
no work: QO = AU

COI]StEiIlt-pI‘ﬁSSUI'S

process, gas does
work: Q = AU + W

SHEEfE dQ=nCdT

dU=nC dT-nRdT
dW = pdV= nRdT = ;

P}

IE* MKEI/J |j\:| BB/ ﬁ[lumEﬁ%?& VS JHS i W

nC,dT=nC,dT-nRdT =) C,=C,-R



For an
ideal gas:

Molar heat capacity at constant pressure

Lo, .
C v T R ** Gas constant

Molar heat capacity at constant volume

Ratio of
heat capacities

----------- Molar heat capacity at

A
C constant pressure

Y C V& """""" Molar heat capacity at

constant volume

7
: C 2R R
Monatomicgas  y = P_2" _35_ 167 diatomicgas Y = s - =35 = 1.40
Cy 2R ° >R
V 5R 2
TABLE 19.1 Molar Heat Capacities of Gases at Low Pressure
Cy CP Cp - Cy
Type of Gas Gas (J/mol « K) (J/mol - K) (J/mol « K) y = G,/Cy
Monatomic He 12.47 20.78 8.31 1.67
Ar 12.47 20.78 8.31 1.67
Diatomic H> 20.42 28.74 8.32 1.41
N> 20.76 29.07 8.31 1.40
0O, 20.85 29.17 8.32 1.40
CO 20.85 29.16 8.31 1.40
Polyatomic CO, 28.46 36.94 8.48 1.30
SO, 31.39 40.37 8.98 1.29
H,S 25.95 34.60 8.65 1.33
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ERSHREFSERTESYRIIE

%%%9%7&%“ HIR T FIERE
-HAAERE: HATIRIER. REEITFRA R BLRER T
] LLE R sA R FE
HEFRSAERIEETE—PEE, F
d0=0 mp dU=-aW

HAIREF, REWNRERD TEHT
XM . NS R IR EL

dO=nC,,dT+pdV=0




nC,dT+pdV=0

RNHE S TTRE pV=nRT, 713
I’lCVdT — —#d\/

dT
_I_

R dV

T
¥RIC,

Cy V

Jan R A -

4 dT dV
CIEES 74-()/—1)—:0

Vv

InT + (y — 1) InV = constant

=)

TV~ ! = constant

R C—-C G
Cy Cy Cy
= pV’ =C,




2 It FE

L

“P\T-y T 1-y) Tyt
- W = PV PV
y—1

o ZERER--FiIRLK Pl o\ (4
AR (ﬁj __P \\

dv Jo "V i

ve 3 2% P v

HRARE (E—V] =—,  ABAHSEATE



(RIS IERVINAY 55 —FR IR A
FAES AN RE: U :jTTOCVdT +U,

\ 4

Work done by e, Numbe}‘ of mOIG‘_S_ --------- Initial temperature
. “ G X
an ideal gas, W = nCV (Tl — Tz) Final temperature

adiabatic process 5 Veunas®
Molar heat capacity at constant volume



ABFERFE. Fa. Fin, BRUE

Isobaric N r \iz, A
p T, > T, Isobaric Process & EiTHE pV? =p="H%
p ° N - » N
‘ Isothermal  Isochoric Process R pV™® = ¥
o < T4 = T N - N VR 74
Isochoric “  Isothermal Process &R 48 pV = nRT =
T, <T,
. Adiabatic Process Za 32 pyY = #%;  TVY ! = HH
\
O| V.  Adiabatic " P e L e
AR pV A=, B EEWMEEREESE H AR
Tl < Ta _A/\/\ I‘Ef ?
Some Special Results
Constant Quantity Process Type (AU =Q —Wand AU =nCy AT for all paths)
p Isobaric Q=nC,AT;W=p AV
T Isothermal Q=W=nRTIn(V}/V.); AU =0 FmIrE, NEERET
pV’, TV"! Adiabatic 0=0, W=- AU ?@,ml_iz ;:j:l'gz_ ar

V Isochoric O= AU =nCy AT: W=0 ERIE, A~



Homework

1. 64 gEHYIRZ 10 °CTH 250 °C, (1) RIFHEBRAZL,; 2)IRFFLiEAZE . 1E
XA AR R 1 2D IE 2 5 18N 1 2D N BER AN R T 2/ Th?

2. 10 gZ AR 103 I A I s 58 R & A2 AR AL, B TR SR IR EE 2300 K, & )5

PR 2 %2

3. —EEMAS, LR AL atm AFUN10 LR N300 Ko 24 HARFI 18 248 44
HuBZAK 21130 LI H M 5 AR 2% 2 2 D 2AE R e d A e di 7 2 /D Th? A

REEA 1 27072

4. 3 mol&E S AE L5 N2 atmFHRF N40 L, 4 e e R 45 2l — R 1 s
2 BRI BN JEARFR . (1)3R1X — 1 8 1) e oK R s A 5 e v B (2) 3R X

TR FE AR R XS AMS T LA L BE AR AL (3)FEP-V
H A L 2k
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Second Law of Thermodynamics
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A. AIEHIARANSIEE
Reversible and irreversible processes

B. HANFIREER
Heat engine and efficiency

C. HiLMFNFRE

Refrigerators and coefficient of performance
D. PHFBER

The second law of thermodynamics

E. RiGTER
The Carnot cycle

F. [
Entropy




ai#idFE(reversible process): AFNPISHALHRE —ITE
TERZE, AALLGREERART, FHERFNINAEHEIR,
ESOE = YSEIPESUE =R

Atz (irreversible process):E—NIE—BRE, BE
AR EEERASINARANERIIERE, NREGEEA
jj*%o




B. TEMIESHARIEE

1. ERIE

RR=zh
IBITRIEEA,

—RINZUE N [EIRFISIASAY

TEEA LA ERIDIRAR 9 TRV
IBINIFERUT R 4U=0

H

B

TEERE SRR, NS

INE]FH p- V B ERN—SRAE %R,

allRET 75

A TRYIEEIATR /9 LEBEA.

NEYCINER D

AIAf THIBEAFR J9EEEA,

EMIREBIATIZ,




N3]
AU =0

TR BT IEFXIIME
YIS T WaT- iz R & BRI R,

%gﬂ\jjiz
YRR AR B AT Q
HUESHNREHRE ST Q, 0y VA

nga:Ql_Qz Q;@=W >0
IERINI I BRI AR E I —ER D Qede it /3
SATI, B85 QIEIZETMNR




AR
AU =0

TR BT IEFXIIME
YIS T WaT- iz R & BRI R,

BAMERITE
TR R AR AT
Q\ (BREERED),

MSNRIRIT RN Q,

Q7$=Q1_Q2 Q@ =W




2. IHNH=E

ALY TR ERRRIREGAE, RFSIREEAERN—EED

Rl /9X7 %ﬁﬁﬁ&ﬁ’]ﬂ] BERIAEEBRSRERETIRE

Xt

Hot reservoir
at temperature 7y
On

,||

Z NN IR

R T

Engine ?&*ﬂ

( W Work done by engine
Thermal efficiency-., 1% ¥

W= 0n + Oc of an engine 46‘
< Od| - = |0ul — 0] QH
S

Cold reservoir at
temperature 7~

(I EIR 7

IR,

Q =0y + Oc=|0ul — |Oc|
W=0Q=0y+ Oc=|0u — |0

He at rejected by engine

_1—

He’it absorbed by engine «sesse-s==*



f5: 1 molE SAFINE R7=AYEIA RIEIARIER.

fik:

Qap = nCp,m(Tb —Ty)

2P,
Obc = nCV,m(Tc —Tp) p
0
Vo
Qca = TlRTC an_VO 0
1 QZ 1 ch + Qca nCV,m (Tb _ Tc) + nRTc In 2
e = —_——_— = —_ _— —
Ql Qab nCp,m (Tb R Ta)

Cym(2T, —T.) + RT,In2 2 —2In2

=1
Com (2T, — T) 5+ 2

= 8.77%




i — ARSI T RAYPWIERA, W0ERR7-.

Vi _
S s . V
IEEERSEA e=1-vp,

P2

uE: R IR

Q. =nCy(T, —Ty)
p1V> P2V2
= Gy (2 -5
oI TR

Q3 =0

<



LEEFIE M
Q, =nC,(T, — Ty)

P2V _ P2V

—C
PCp R
/ S C V _ V
1}%%9&% e:l_ﬁzl_ p(Pz 1 [5)) 2)
Q1 Cy (p1Vy —paV3)
— 1 (V1/V2 — 1)

_y(P1/P2—1)



Otto cycle

V4 . §=Q
BIEIEIA : PUAEESiEEY EdtE.
= ‘ﬁ W . .l EI-‘!I IE I E" c @ Heating at constant
#  volume (fuel combustion)
Oy
Eﬁuu'“‘ @ Adiabatic expansion
b I ! (power stroke)

|

|

|

|

| O]

: -". |a ..."- V

O Vi rv 3

@ Adiabatic compression
(compression stroke)

@ Cooling at constant volume
(cooling of exhaust gases)

a—b: HREYE
b-c. FBRNMERR)
(RFRESY, V> rV, Heh r AR, c—d: R RK

d—a. FBREEGTER)




—1
7 (Vl>y VYTIT = fak

b —=|—
R RN 7
T, (V'
c—d T_3 — (71> Qu = nCy (T3 — T2)
* . Qc = nCym(Ty — T7)
T, —T
em1-2_q_Th oy = 1——
?1 I3 =T, (ﬁ) r
V2
Thermal efficiency-------.., 1

in Otto cycle
_‘ L] L] ‘T ’;' . il L] -
Compression ratio =+ - Ratio of heat capacities

LERVRZE 5| IR e = 35%

o
ﬁ

|
-
N
Aum!
i
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o

I
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3
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C. HILHHILHREY

1. $1,8H, — MWIRARFEI P ENIRE, NIMEERRIREENE,
FNSFEXT TARYERT, TR A EAR I MBI ERN S
FS TR BT —e LA E R G e SRR IR E R

C{EHLESAR LA

B EHE TH ?‘)J tllflx)ljiljmq\ / iz '--Z:IZKE ﬂﬁ ﬂ;:

Outside air at temperature 7y

Refrigerator %IJ ;@*ﬂ»

LN

QOc o
Inside of refrigerator
at temperature 7~

{EERIIR 7




2. #i2 %] (COP)

Ou+Qc—W=0
1Ol = |0c| + |W| (mastrsismrmzszn)

: MR AR
BRBH K= i mn i on

C ff f s Y:_ .......... .-‘-,-.W-Heat removed
oefficient of ------.... f inside of
performance AK — @ - |QC| - rle;(f)rllilglerll'zltoi ’
of a refrigerator |W| |QH| o |QC|

A A

Work input of Héat rejected to
refrigerator outside air
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(1) REFEESI100%[IFA?

(2) RBFEAE

—_——
=

N=|
=] my<N

~s¢
S
4

of

s T HNFYHTORY

W ?

Impossible !

(KRR

Impossible

IHEESHL ?

Workless
refrigerator

1 BRPNFRER



D. DFHE"E®

FTERAYS |HIRE . PWAIERAREST100%! BPFWLIRIAFAEARE
HRAEIR I,

SECOND LAW OF THERMODYNAMICS (“engine” statement): It is
Impossible for any system to undergo a process in which it absorbs heat from a
reservoir at a single temperature and converts the heat completely into

mechanical work, with the system ending in the same state in which it began.

DL E RS S —EENFR-EHSEEAR (Kelvin—-Planck statement, &
SBEFRPFRIER)  AgeNBR—RREIREAE, (F2R2T R
ASliEHEETEKL.




MJIFE _TEEE M ERIA

SECOND LAW OF THERMODYNAMICS (“refrigerator” statement): Itis

Impossible for any process to have as its sole result the transfer of heat from a

cooler to a hotter object.

LA ERRADNFREFRGER=A: AagEIERE MERYIMMERSRIIE
mAsIEEEEK.

Notes (GE%¥):

(1) BREERHIREAEMERAEEIERIIE, —CoERARINRS R, o
WIS BRI,

(2) REFRIAFARNLFLEFME: BERHIEITRIARRIBE F /R ER, BEF
IRNGRIRBNEE 7 mnlgihiRiA,
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FEPWESER RSP,




B Fmd iEHA A BRI =P E R RITEIA R 2 ARG TEIA.,

S1EH e s
hll'Elu\*n I%;E?&;,E\Tl
A
T e l
1 2 Tl \
TIE¥iR
4 7
‘a1
Q, 3 2 Q2 W =Q,-Q,
O "V

V.V, V,V, SRR,



152 FREik: SEEAT HNESRRIRZM,
T A, MREV KRV, NRRIRBERE:

v V2 qy v,
Q1= f pdV =nRT; — = nRT; In—

b V

2—3 MR . B, (KRR

RN,

4

34 FRESR: SRENTAREIRERM T, /3,

TRV, EGREIV,, NRERER:

— nRT, 1 Vs
0, =n ZnV

4

4] BREERE: WIELR, (N

V

ARG
4’X\:|:

IJV]_ 1 u&?&%z{o

1
Q.
Tl
2
Q3P
V,V, V,V,



Va V3

Q. = nRT, an—1 Q, = nRT, an—4
Tzln\ﬁ
77 =Q1_Q2= —&=1— V4
Q Q Tlln\é
V

1

XL 237041 :
TV, =TV,
TV =TV
V, NV, =V, \V,

—

T

—1__=
1. T

1

RaRAYEER
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Ne =1-—= g3 il | ES

L

15168 :
(1) BA—IRRBREAVE EE—TENSETEKERE,

(2) _IIE'I% ﬂ:ﬁ- %EI/JX&’%‘/ S 5?‘79/\;: \Imllg_ = 9&0

(3) FEEAESEREINT,

Bl BUCRERT, KESIRES800C, REKIRELI300C

n. —1—%—64 5%
853

18
SChR B Z36%
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Vs
RT, In .
=n
Q2 =

£
RT; In 7
=n
Q1=

=V, /Vl
N, =
V, |
il ¥ 2R3




Carnot statement: No engine can be more efficient than a Carnot engine operating
between the same two temperatures.

FEEE: MBIFERIT—EREZERRTN, LIaT@i (B-Fiail) REEAE

e
[ — |
=o

If a superefficient engine were possible, it could be used in
conjunction with a Carnot refrigerator to convert the heat A
completely to work, with no net transfer to the cold reservoir.

Carnot
refrigerator

Superefficient
engine

\\

Impossible

N\  /
\

—

is
equivalent
to

100%-efficient
engine




TEST YOUR UNDERSTANDING OF SECTION 20.6

An inventor looking for financial support comes to you with an
Idea for a gasoline engine that runs on a novel type of
thermodynamic cycle. His design Is made entirely of copper and
IS alr-cooled. He claims that the engine will be 85% efficient.
Should you Invest in this marvelous new engine?

I no The efficiency can be no better than that of a Carnot engine running between the same two
temperature limits, ecamor = 1 — (Tc/Ty) [Eq. (20.14)]. The temperature T of the cold reservoir
for this air-cooled engine 1s about 300 K (ambient temperature), and the temperature 7g of the hot
reservoir cannot exceed the melting point of copper, 1356 K (see Table 17.4). Hence the maximum
possible Carnot efficiency ise = 1 — (300 K)/(1356 K) = 0.78, or 78%. The temperature of any
real engine would be less than this, so it would be impossible for the inventor’s engine to attain

85% efticiency. You should invest your money elsewhere. YIAMSNY



x> Upper limit = final state

Entropy change 2 dQ <
in a reversible process ---=---- NS = [nfinitesimal heat
1 T~.. flow into system

1 "

Lower limit = initial state Absolute temperature

MR EasdiERFRIiE, W:
0

AS =5 — 8§ == (reversible 1sothermal process)

BRI EN :

dS = — (infinitesimal reversible process)

> AQEI &, TERBEEE, SIRLE E&, EX1ERY)
EEEE, BWHBRME I*K,

AN S,

> BT T>0, ZRFAFERFRAO>00T, BIEENRY, RFFHERIQ<0

iy kﬁ/—El)—E DAY,



511

One kilogram of water at 0 °C is heated to 100 °C. Compute its change
In entropy. Assume that the specific heat of water Is constant at
4190 J/(kg K) over this temperature range.

72 . R =
g r e
1 kg water
dQ T R TONIE ST RS o)
AS = mc— = mc In— ' .
T 1, 3B heat reservoir

373 K
273 K

= (1.00 kg) (4190 J/kg-K)( n ) = 1.31 X 10’ J/K



{512 : A gas expands adiabatically and reversibly. What is its change in entropy?

Solution: zero.



$l3: (a, b)Free expansion of an insulated ideal gas. (c) The free-
expansion process doesn’t pass through equilibrium states from a to b.
However, the entropy change S, - S, can be calculated by using the
Isothermal path shown or any reversible path from a to b.

(a) (b) (c)

p
4 v a
.o....: p(l L
oooooo I T
|
% i Pa | N
........ 2 |
W
SRR | |
° ° V
1. - 0 v o2V
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TEHMHMIASEIAERE—F (FJLERBIE) , ERETNEBX
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FW ARSI gEE K. MM RGP LEHNTHEEMN
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(2]: DF BB EE) 22

Rt HEArthrE VR S = kinw | K IRIREEE R,

w . RFETIRENRS T, SWNAYHIIAESEHE

Macroscopic Corresponding s :
state microscopic states Two heads, {T.D & ;}3{) {";"-t-r@
two tails i o

Four heads @ \:3) @ (‘;’fé) L;j;) (,Z@

i 0000 @09@
DOL® m JC

PO i8S \J:_F

7‘_5()0'lj(m» {4 O} {31 1}1 {21 2}1 {11 3}1{01 4}

TR 2X2X2X2 = 16
7'_5Uu MRS {4, 0}-1, {3, 13-4, {2, 2}-6, {1, 3}-4,{0, 4}-1

One heads,

three tails

Four tails
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Homework

1. FEIMBEREWT, B8 7.=300K, 75 =400K,

(2) KUCTBRIFARIZER,

A

P (Pressure)

Compression

Combustion

Expansion

A-BAFEREK, B-Crofi

V (Volume)

(a) uEBR: To/Tg= Tp/Tc.

fZRk, C-DAEEEYE, D-ANBRESE.
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e SR B R E SRR R

O




3. AU HREBKIMREBKIVRZRHI KA - SR KIEREKRL

25°C -

300 m/7|<&\7j</ 2/150(:

(DEXFAMRE ZE LIFRNRERN RS K?
(2)MR—EBILE IR AIEICRER T LIFITR SR M INZREIMW, B LU R R HE
L EE 0,0

5 UGS S RN DA BE D IR 2339 2R B 25 *CRYZKR HN RIS *CRral &, [E]

(3)LLH

IEEB IR LU IR ZR BV 25 *CRYFRIE 7K ?

4. —8XKFELEN BESAETEEN-10 °C,EEN15°C - BB ERIAMLE
& BRI B EFEL03 I TN, ol DI R REPIRH Z/ MR E?




5. (1)1 kg,0 *CHJZKJE]100 *CHITE IR b, i 5 18 2P, KX — 1R 51 7K Al
LI P2 T AH ) 2R St AL A2 G ik 72 22

(2)4n2R1 kg,0 *CHYZK, Je i 250 *CHITE IR A A2 78 311, 28 5 S e % 2
100 °CHEHR A FAE ZIERPT . SRIZ— 1R 5| & B F Gt (KA A [E T 45
FIREAE, I 5 (1) EE A
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