F. EERD EIEMRE
Equipartition theorem and heat capacities;
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E; =Emv—2=—mvx +-mv, +_—mv, =EkT
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%mvxz=%mvyz=%mvzz=%kT
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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

® NRF 57 FHIFY

ofIBERR T 3N FHE
EigeE, £82
MR B HERYEE

Eo We can treat cach
! atom’s mass as being
B located at its nucleus. Z

1AL E249/\=—~TH

o IZHREEEIY D TEE,
/NE =T gats
> ST Molar heat capacity ----....... 5
N —— Rt Y DI > W LLIT™ .
(5/2)nRT, njj EER at constant volume, C vV = §R "~ Gas constant

. ideal diatomic gas
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Below 50 K, I, Appreciable Appreciable

Cy molecules undergo  rotational motion vibrational motion
4R | translation but do begins to occur  begins to occur
not rotate or vibrate. above 50 K. above 600 K.
TR/2 |- , ..1( - = 7R/2
N :; : /
3R - . /Vibration
S5R/2 |- ————\L—— 5R/2
2R - Rotation
3R/2 - Jf ——————— 3R/2
R =
Translation
R/2 |-
S R | I | LV | | |

O 25 50 100 250 500 1000 2500 5000 10,000

T (K)

v

A

, K < > \I
IR %-%-’\~ﬂ-’\-‘x-%,g:—l-l‘

| my

R

OTJ%’"' BIEF, WEFDT
RBEMNfEmINBEHE;
C.=(5/2)RT

o LR T, WFERFIFR
B¥zNBEHE,;
C=(3/2)RT

o IEBRE T, WRFDF
BYn). EafiiRaIFTE
JHE. C~=(712)RT
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3 ’; ’: SIRYE JE , RB31M B Cy
C} NNZTIW j\x % rj E,Jj:}I,—‘ZEjJ Jg ! TR/2 I Dulong and Petit prediction
Fi 2 Lead Ataminam /7
N sippnaEnER

mumuf :\‘ oIoReAliRaNHEE, BN
BT SAnRERI %
BEPSIKTI2 |

» E..g = 3NKT = 3nRT

Molar heat capacity of an--..,
ideal monatomic solid Cy = 3R
(rule of Dulong and Petit)

Diamond

IIIII
L]
-
-

(Gas constant

| | | | | T (K)
Ol 200 400 600 800 1000

Cy = (3)(8.314 J/mol - K) = 24.9 J/mol - K



Il e

— WA MBS, — £ EAE S, B EN250K: 5 —>
BENILO0K - —EEBAL - REMBRFDSIEESFI8E -
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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
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First Law of Thermodynamics e
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A. )HgeE

Work and energy
B. EEMHFIIE

Important processes of thermodynamics
C. RPZEFE—EE

First law of thermodynamics

:u_bﬁs jjg"'

Thermodynamics of the ideal gas
E. IBBSIEHIE
The adiabatic process of ideal gas
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11 Work

Bl: EEAR—SEALEESANS AT ERR
SEEITERHINT, SELRSAD FEL
ifEREES MR HEeE., B, & E
BETNA, SIKEEAP,

EE— LR/ EFSEmEIRE, SMIF
(ERREEE LI EENAEEdx, MIMNER
XTSARAYTTI

= Fdx = pAdx=—pdV

BEMEES, INRNEFMES, d >0
SEMNEAKET, SMSENRFRI, daW <0

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

I = ¥

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

iz, A

ViRV, BRFEXS

....... :» Upper limit = final volume

v,
.......... o /
Vi

‘. _Integral of the pressure
“with respect to volume

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

S48, RGN,

SEMNEIKES, RGEXTIMNFHEDD,

& FRRERSFTRZSX

= .
4 S
|
|
I
A Bt TS IR ATAD
| i :
I S BTN 5 = Vi)
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Pressure

(@) 0

Pressure

(d) 0

Gas moves from i to f,
doing positive work.

Process

J
W >0 :

l
|
|
|
|
|
|
|

Volume

We can control how
much work it does.

g > h
A
7@
v Y
/
¢ = d
Volume

Pressure

(b) 0O

Pressure

(e) O

It still goes from i/ to f,
but now it does more
work.

i

¢ > a

|

|

: W >0

| S

| I
Volume

Moving from f to J,
it does negative work.

ARG IR T

)

/

|
|
|
|
|
: W< 0 |

Volume

Pressure

(¢) 0

Pressure

It still goes from j to f,

but now it does /less
work.

*/
CW>0 |

Volume

Cycling clockwise
yields a positive net
work.

net

Volume

;EE\%! Eﬁgﬁlﬁl ’
A
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SREV,  KFRTEMNI

i BERESERL:

oV =WRT

W =—[" pdV =—K2$dv = RT In\\%<0

1

dv>0, W<0, 4 Xt KA AT, BE RSt
X A ST




#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

by




(c) (@KL, BT HmEmBEXK:

0y (2Vy =V,) = pVy,. = W, =—pyV,

AT, W, =W, =W,

] WARTh 5B ER K.
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BT | = 2 P ‘___f -------- |‘2
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| - 1 -
o Vi V: y o Vi V2 p
(a) (b)
2 P A
hr 2
|
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|
|
|
P | | - 2 p : | 2
. | 2
) 1 1 Ay
o Vi V> p o Vi V: v
(c) (d)
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aw = Fd
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aw = adA
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aw =¢-dg
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« FENAIZESLR
lcal = 4.154J

o [E FREEA 1]«
IR VA | P
1cal =4.1855J

B BETHRY, BT AR08

FELBRYEEN: f
A =3 /h A
KRR, NREETEERNEMLEE [ 241,
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Important thermodynamic processes

ZRHTUE : pV’

Polytropic Process

+P

=C

Isobaric Process %&

o
e

Isochoric Process ZE A 1T

Isothermal Process %&

Adiabatic Process éﬁf{*\‘

R
Wi

BT
yum

oV’ =C
V™ =C
oV =C
V7 =C




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

State 1 Tnsulation State 2
Vacuum
50L
20L
B
i AN
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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E. BRK:

(1R dHIERRY,

PN (E P(JIJJ,B)%/\L
RIRE
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;s (2)BA T

FEIR I

(”*E: R T.=T,

MBS TTTE pV =nRT
p,V,

T, =T, =

R

pu

SR EBAEFIE  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 &SRS
Wy =p (2\/1 _Vz) = PV, Wi =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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FEH
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Work done to the system

AU=U, -U =W

X R G IS B T R SRR 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.
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fit

_ Internal energy change of thermodynamic system
First law of e,
thermodynamics: AU = O—W

)

Heat added to system =" " Work done by system
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W>0 - REGEXTSMNRIELIETD) ;

W<0 » REGIXTIMNTRIERTN -
Q>0 » RGIMIMRIEH ;

Q<0 » RGFEINFRILA -

o BT TIAARERNET] DI E RGN BEIZRAL .
o NRER EE: U=U"+U"+---




AR NFIIE

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

infinitesimal process:

Infinitesimal internal energy change

Infinitesimal heat added  Infinitesimal work done

?E%ﬁ*% f dU = f dQ — f dw

Cyclic Process

ARSI FE f dU=0; Q= f dw = w
solated Process gy umpI—mohidie, RESRa.

MDFEFE—EFRIFAIRIAN: E—IKEA BT BERY.
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f5l: ZE1atm ™, 1mol 7K E100°CEE it/K 285, ] H
Vﬁﬁ%l‘%‘b]?%&"’ E,'%n EALP L = 1.06510* 3/mol

BEJRARFR: v, =18.8cm®/mol; V, = 3.01x10%cm®/mol

i 7K RIS R EIREE, \‘:ﬁ:ﬁ;
AT R E.
IRAGE Ry BER KR FA A
Q=yL=y4.06x10"J
SN RGEVETIAN
W =-p(V,-V,)y=..=-3.05x10°] Q
RN E— R, KN REEAN
AU =Q+W =3.75x10%J
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BEAZ, Bl: dT=0, X#iBHAKF
SHBER RERERH, RAMH
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A\ dU=0,dT =0,

BEINBEU 5V %,
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. 18 du=0
BREL, WB: qu :(@—Uj dT +(5—Uj dv
T ), oV -
. (oU
117 = | =
av 0 , WA/ (8\/1 0
BENSNRNEREEET BIEREY,
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HERSBREERETNSERTHRE
Relating C, and C,, for an Ideal Gas

Z2Ndf2: w=0 mE) dU=dQ =nC,dT o

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

COI]StEiIlt-pI‘ﬁSSUI'S

process, gas does
work: Q = AU + W

FEdE dQ=nCdT

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

P}

IS RIRNEERFIRESX, FEit. 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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-RGH A 32%@45“ YA Sup 3
-HEAERE: TR, REEIFRA LT HRMER T
FA] LR VE AT
HBFSERAIEPE—BIIE, F
dO=0 m) dU=-dWw
HRAREF, REHARRDTBEHT
XFAMET . NN SR BRR L
dO=nC,,dT+pdV=0




nC,dT+pdV=0
HRNBEESATITHE pV=nRT, HJ15:

I’lCV dT

dT
_I_

RT
V

R dV

T
¥RIC,

Cy V

Jan P R A

R_

C,—Cy G

Cy

4 dT dV
CIEES 74-()/—1)—:0

Vv

InT + (y — 1) InV = constant

=)

TV~ ! = constant

= pV’ =C,
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HERGASMEIT) W= [ v = [ p
. , VZ1—V_V11)/ =p1V1 . Ey—l
t\1—y 1—-y) y-1 V,
‘ W = p1V1- pzvz
y—1
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\ 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
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Isobaric e .
p = Isobaric Process ZEGE  pV' =p=HF%
p N N - > 2
’ Isothermal  Isochoric Process 255538  pV® = W

T4: Ta

Isochoric/
T, <T,

Isothermal Process &£JE i1 #2  pV = nRT = F

Adiabatic Process #i#idf2  pyv = #%; TVY-l = ¥

H

vV
\
0 Va Adiabatic ‘ \ \ NETH Aoy o N | Wt H. A
RIS FESS L pV A= R, BE RIS ER LSS EERA
Tl < Ta —A/\/\ I—EI‘ ‘?
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 FmdrE, HNee
pV’, TV"! Adiabatic 0=0, W=- AU ?@,ml_iz ?ﬂgZ— i

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



Homework

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

2. 10 gZ /AR 103 I A I s 5 ok & A AR A, B TR SR IR EE 2300 K, & )5
PR 2 % /D7

3. —EEMAS,EE AL atm AFUN10 LR N300 Ko 24 HARFI 18 48 44
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REEAL 1 27072
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