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THERMODYNAMICS

dU = Tds — PdV + udN
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(4 )3

The Zeroth Law "

1-1



System and Boundary

Surrounding

(1-1 ) universe

Isolated and non isolated systems

2-1
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A

Open and closed systems

Properties

(extensive variables)

Etot = EK + Ep

1-1

3-1

o |3

Ep EK
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value per )

Nao=6.023x10%3

1-1

.(intensive variables)

specific value

molal specific value

mole

.(mass unit

1-1
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1-1

A
2
( ) 3
E=pJ 1
g=!=£ . 2
A pA
¢
3
Y
2-1
:1gcm
MKS A
MKS 2
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A

p=1gcm>=1x107kg x 10° m> = 1000 kg.m™> = 1 ton m™

1

v=-=10"m’kg!
p
m .18 kg 1 kilomole 2
.n kilomole
_V_mp _18 46,103 m? kg™
n m/a18 p
Hydrostatic Pressure 4-1
( )
(2 (1:
A area element
dA
) ( )
(
MKS
.1 dyne = 10° N cm™? dyne cgs Nm
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" " 2-1
1 bar = 10° N m™ = 10° dyne cm™
(atm =atmosphere)
p = 13.5951 g cm™ 76 cm

g =980.665 cm s

_F_mg mg

A V/h m/ph

- latm = 13.5951x980.665x 76 (1-1)
=1.01325x10° dynecm™

=1.01325x10° Nm™2 = 1bar

.760 mm Hg 76 cm Hg

(Torricelli )1 Torr

1 mm

1 Torr = 1 atm/760 = 133.3 N m™
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Thermal Equilibrium, Temperature — The Zeroth Law

1-5-1
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2-5-1
! stable equilibrium .
metastable equilibrium .
neutral equilibrium .
unstable equilibrium .
The Zeroth Law 3-5-1
( ) B ( ) A
C A ( ) C A



gslpall gl

.Thermometers

thermoscope '

The adiabatic boundary 4-5-1

10 -
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(diathermal boundary)

Thermometers 1-6-1

( )

thermometric property '

.Thermometer

(Thermocouple

() -
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dafolizsgoyaill dylyall days

2-6-1
-3-1
As(Ge) ol doglao
RT RT
I
!
T T
AT PT/ hT/
( (
As(Ge) ( (: '3-1
()
( -3-1 ) As(Ge)
AT

12 -



daSsolissge yaill dylyall days

3-6-1
( )
A) e(..) (4-1 )
( B
(1)aso
B A
(2)was=o
4-1
€
standard junction ( )
(5-1 A) test junction
( G) potentiometer £
Al Vialos ()oaeo
( (2) Uiz
—
ol
B L
apleall alogll o (:)

13 -
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4-6-1
C .(constant gas volume thermometer)
(6-1 )
B A A B
.D
E B

oH
ol
aH
7H
sH
sH
aH
aH
2
1H
oH
1 H
2 H
a3 H
4 H

:6-1

.[-200 , 1500 °C]

Temperature scales 5-6-1

0, O

14 -



daSsolissge yaill dylyall days

(Xz Xl) X
C) X
2k @
) triple point of water
.(4.58 mm Hg
X X3 ®3
X
X
0= x—3x®3 (3-1)
X
- Ps/P3
( ) - (steam) s
=1.3660 . P3
.Ps/P3
( P;=0 )

"extrapolation

15 -
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. (P
0y = 0;Xx lim | —=
P3—)0 P3 v

1.3700
1.3690
1.3680
1.3670
1.3660

(4-1)

1.3650-

250 500 750

P3 Ps/P3 :7-1

1954

) 1atm

—= = |lim (&J
G)i P -0 PI v

16 -

1000

Os - ©; = 100°

(ice point

4-1

(5-1)
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o _ 100P _ 100
P.-P P,
P,
lim (P—Sj 1.3661 s
P30 \P3 )y Pi
Os= 0; + 100° = 373.15 “degrees”
100
= ———— =27315"degrees"
'~ 036611 g
T
T
5cm
n " @ X
.6 cm
0.01 cm X

17 -

(6-1)

(7-1)




daGsolingsgo yaill dylyall daya

Og = O x>;—6 = 273.16><g = 327.8 degrees -

5

O 327.80 -

O 273.16
XX = x3x[ﬁ—1)‘ = A5 e _
O3 3
0.01 K A®
X = > 0.01=1.834x10"% < 0.01
273.15
K K°
T3 =273.16 K
T=273.16 Kx lim (i) 8-1
. P3—0 \P3 )y (8-1)
( ) Celsius
tc = T - T,' (9'1)
" .273.15 K T,
"OC
tt = 0 °C 100 °C
.ts = 100 °C

18 -
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180 Ts - Ti
( .100
K ) Fahrenheit
1R = 2K (10-1)
5
9 R
Ti = £ X273.15K = 491.67R (11-1)
t = T-459.67R (12-1)
oF T
°R
T,‘ = O OC b
tr = 491.67 - 459.67 = 32 °F
T,= 100 °C .

t, = %% x 373.15K - 495.67 = 212°F

19 -



daGsolingsgo yaill dylyall daya

100 373 672 212
0] 273 ] 492 | 321
Celsius  Kelvin Rankin Fahrenheit
-273 0 0 -460
Absolute zero
Gleall jeall
8-1
t'=a0’+b:
3
* *
t. =100 t'=0 b a
X=7.0cm
.50° t

t° =0 =a(@273.15% +b

27 =100 = a(373.15) +b

a=1547x103K? b=-115.4 K

20 -
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t(X) = a(%z X% +b

Os

2 2
t'(X=7) = a(j 7% +b = 1.547x1073 (273’16) 72 -115.4
X5
= +110.85K
X = ,/t SN RN X(t" =50°) =5.98 cm
a Oc
X cm t(X) K
0 -115.4
1 -110.8
2 -97.0
3 -73.9
! . : 4 -41.6
a 2 4 E 8 10
X (cm) 5 9x1073
K 77.36 ( )
( ( (

t=T-T,=77.35-273.15 = -195.8 °C

R=2R 73,15k =123.23R
5 K

tp = §t+32 =320.44F

21 -
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Thermodynamic Equilibrium 7-1
() elastic stress
( )
Processes 8-1
1-8-1

22 -



quasistatic process

-nonelastic process

T > Ty Ty
T
T: T:

.isovolumic isochoric

.isobaric

.isothermal

23 -



I PO |

9-1

isothermal

:1-9

Adiabatic Processes 2-8-1

3-8-1

24 - ©
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reversible

T2>T1 T1>T2

T, T,

25 - ©
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Equations of state

f(PV,T,m) =0

f(P,v,T) = 0

(1-2)

1-2
1-2 \Y;

(2-2)

PVT
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Equation of state for an ideal gas 2-2
(1-2)
.T3 > T, >T, V
( v )PVYT
smooth
P
" " P Pv/T
R (ideal gas constant)
im Y = R = 8.3143 kJ kilomole™" K"
P|.m + =R=8 ilomole (3-2)
-0
Pv=RT (4-2)
PV=nRT (5-2)
Pv/T (1-2)
P



| CPYFS I | N | i Y P9

10—/R:8.3l43x 10*
I S g fdeal gas
% 4
E ' T,>T>T
g, T,
-
oy | | | | | | \
& 9 2 4 6 g x10’
Pressure (N m™?)
T3>T,>T; P = f(Pv/T) :1-2
1-2
1-2 (
T, =340K P=3x10"N.m™
0.5m? (
(
P =3 x10" N.m> Pv/ T 1-2 (

4.5x107° J kilomole™ K'?
Pv 7 ] I
=3 (P=3x10") = 4.5 kJkilomole 'K

3
v 35x107x340 _ 1. 103 m3 kilomole~!

3x10’
n=Y_ La = 9.8 kilomole (
v 51x10
7
=PV 3x10°x05 _ g3 jiomole : (

n|G = - 3
RT 8.3143x10° x340



llio 5141 P-v-T alsu

P-v-T 3-2

P-v-T
P-v-T " : T v P
PT Pv .

P-v-T 2-2

Pressume P

P-v P-v-T 1-3-2

_ constant
v

P (6-2)

(Robert Boyle) 2-2 - (equilateral hyperbola)
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(1660)
Pv=RT
P-T P-v-T 2-3-2
T P
nR R
P = constantxT = (V) T= (v)T
T v
V =constant x T = (?) T
P-T P-v-T 3-3-2
P Leall] | P heall| |
1) 32— T I
P-v-T 4-2 P-v-T 3-2
PT Pv
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The Van der Waals equation

P-v-T

.kinetic theory

Vv

(P+%) (v—-b)=RT

b a 1-2

(empirical)

(7-2)

1-4-2

b (m? kilomole™) | a (J m® kilomole™)
0.0234 3.44 x 10° He
0.0266 24.8 H,
0.0318 138 0O,
0.0429 366 CO,
0.0319 580 H>O
0.0055 292 Hg

1-2
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2-4-2
a/Vv* -molecular physics -
b (intermolecular forces)
V — —
v b P a/v’
PVv=RT:
P-v-T 3-4-2
2-5-2 P-v-T 1-5-2
(V Vv ) v : P-v
PV-(Pb+RT)V+av-ab=0 (8-2)
T P v
T P
2-5-2 Ty -
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(critical point

Critical

Isotherms of a van der Waals gas.

P-v-T :2-5-2

Pv=A+E+%+...

\'% \'%

S"virial coefficients "

FPRESSURE ——

4-4-2

(9-2)
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. CB RT A(T)
(9-2)
.binomial theorem

Pv

-1
Pv= RT(1-EJ _a .
V \V

-1 2
(1-9j =1+9+b—+...
v

RTb-a RTb?
+ + + ...

Pv=RT
\ VZ

A(TY=RT, B(T)=RTb-a, C(T)=RTDb?

(10-2)

(11-2)

(12-2)

C BA

(13-2)



a4 dall slaoll P-v-T plaw

P-v-T 5-2
1-5-2

) - -

.(amorphous) (crystals
PvT
P-v-T 2-5-2
P-v-T 2-6-2  1-6-2

.(H20 ) .(CO, )

10 -
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CHL ) MARE ——
PRESSURE ~—~

2-6-2 1-6-2

ruled surfaces

11 -



dgdgdall slgoll P-v-T alasu

P-T P-v-T 3-5-2

P-T 2-6-2 1-6-2 4-6-2 3-6-2

F F I|
L ooh IXS-L _‘L_..,_'*___';;.j'l S_L_,_II
f| Selid critical point t ! critical point

1
1
Salid L /
!Liguid
‘L /
Triplepoint & =
\’..")/ Gas

S et — Wapor
Y sk

] - T
| | Byl 21 d5m yd —s |

2-6-2 4-6-2 1-6-2 :3-6-2
PT PT
P-T
triple point
.273.16 K
2-2

12 -



dadgiall slyoll P-v-T plas

Torr T(K)
38.3 2.186 He (4)
52.8 13.84 H»
128 18.63 D,
324 24.57 Ne
1.14 54.36 0O,
45.57 195.40 NH5
3880 216.55 CO,
1.256 197.68 SO,
4.58 273.15 H>0
2-2
P-v P-v-T
2-6-2 1-6-2 6-6-2 5-6-2
P-T
IR
iEH
3 ! ||I
ll,q._?r_ﬂl-'l — |
2-6-2 6-6-2

Pv

13 -

Pv



a4 dall slaoll P-v-T plaw

( ) 5-5-2
f a 1-6-2
) T,
_ - (
( ) b
C b
bc
L-V vapor pressure curve
- 3-6-2
42.960 Torr 0.0012 Torr 20 °C 1.2 mTorr
Vd Ve C
d
e ( ) e d

14 -



a4 dall slaoll P-v-T plaw

(f )
Critical point 6-5-2
T3> T>
(a-b) (b )
T, C c'
Tc
Ve
(Pe, ve, To) P-v-T Pc
= 3-2
( )
- 7-5-2
a
( -) b

15 -



a4 dall slaoll P-v-T plaw

b

.(Il n )
( )
Ve (m? kilomole™) | P. (N.m™) T. (K)
0.0726 1.15 3.34 | He(3) 3
0.0578 1.16x10° 5.25 | He(4)
0.091 33.6 126.2 N,
0.078 50.2 154.8 0,
0.094 73.0 304.2 CO,
0.056 209.0 647.4 H,O
:3-2
" " superheated " "
) P = 0.8 bar
.-197.9 °C ( 7%

16 -




dad gdall slgoll P-v-T plas

8-5-2

P-V-T

P4

P1

Th

3-6-2

P; =1 atm

373 K

.Tb =

11-7-2

P-v-T

17 -



a4 dall slaoll P-v-T plaw

Sublimatin 9-5-2

CO,
.P3=5.2 bar T3='56.6 €
( ) CO

( ) CO;

Normal Temperature & Pressure NTP

P=1atm T=20°C

18 -
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Expansivity and Compressibility 6-2
P-V-T ) 1-6-2
PVT
( )
- V -

Vo >V (T, >Ty) 2 1
T,
V3 >V, (P;>P,) 3 2

( ) f(P,V,T,m) =0

19 -



dabhliailly dasseall

T P P-T v TP
8-2 - -
V P1
Py
Va
V1 T -
a\fp
. I
]
T1 T2 T
P, P-v-T 8-2

(VZ r Pl ’ TZ) (Vl I Pl ’ Tl) 2 1

5,

(a_Vj =ﬂ=constant: PV=nRT
0T Jp P

( P)

20 -
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( )
2 1 n n
ATp
AV, (av
A AT, _(GTJP (14-2)
oV
im | —| AT, =AV, i
ATIIIDrHo (BTJPA P =AVp (15-2)
lim ATp lim AVp dT, dVp
AT —0 AT —0
P P
oV
(@v)s ‘(a_Tl, dTe (16-2)
2-6-2
p
p-L(2) (%) ,
vidT), ~ v ldT), (17-2)
B K* B
1(dRT/P) R _1
B_v( dT JP_PV_T (18-2)
17-2 T B

21 -
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B= (%)P (19-2)

AT = Tz - T1 " "

R — VZ_Vl/Vl _iAvP
b= ( T,-T, )P TV, AT, (20-2)
V 2 1
0-1200 P=1atm 9-2
T
T 7 T
":E a4 —|a =
1] 2(|)0 4(|JO 60|)0 8(|)0 10‘00 120?)
Temperature (K)
0-1200 K P=1atm :9-2
T=00C B 10-2

22 -



dabhliailly dasseall

40 x1072 ™

K(mzN”')

Pressure (atm)
T=0°C :10-2
.7000 atm B
3-6-2
0 °C T =4°C
T=4°C 4 °C
o
o = 3B (21-2)
T ()
Isothermal compressibility 4-6-2

23 -
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9-2 1>

oV
T

AP -0 BP
T

lim APt |lim AVy

(dV)T = (§l£j dPr
T

K__l(d_Vj __l(ﬂj
- vidr);  vldP);

Nt m?

K__l(d(RT/P)j _RT _1
vyl & ) p2 P

24 -

(22-2)

dPT

dvT

(23-2)

B

(24-2)

(25-2)

(26-2)

10-2
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-k B 7-2
(7-2 2 1 )
( 3 2 )
301
2 1 3 1 AV
AT AP AV = AVp + AVT AVT 3 2 AVp
14-2 9-2
oV oV
dV=|—| dT+| —| dP -
(8T)P (ap)T (27-2)
dv=BVdT - xVdP (28-2)
dv
vV - BdT -xdP (29-2)
29-2 k=1 g=1
P T
av._dr_dp 30-2
v T P (30-2)
dv dT dP
— - —=—+—=0 (31-2)

25 -



dllall dlsleo JLinil - K 53 dsod

INV-InT+InP =InA = constant (32-2)
PV
— =hR = (exp A) (33-2)
A =In (nR)
K B
(P/ VI T) (POI VO/ TO) dv = B VdT - «xVdP

P-V-T

\ T P
J'dv=v-v0= J-BVdT- IKVdP (34-2)

VO TO PO

K P Vo

V=Vg[1+B(T-To)-x(P-Po)]

Po, Vo, To ( )

26 -

(35-2)
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P-v-T

1-6-2

0P
1-6-2 =
(ava

27 -

(36-2)

(1-37-2)
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oP RT 2a
-~ = — st+—
V)1 (v-b)~ v
(az_Pj _2RT 6a
aVZ T (V'b)3 V4

(

~ RTC2 N 2a 0
(Vc_b) Ve

2RT. 6a

_2a_

(2-37-2)

(3-37-2)

(1-38-2)

(2-38-2)

1-38-2

=0
(Vc - b)3 VC4
b-36-2 R, 3
(Vc-b)
2 o 2a _ 6a
(v. -b) Vc3 VC4
ve=3Db
b a R Tc
2a 4b? 8a
c — X =
27b3 R 27Rb
p —8a227b a _ a
c 2b 9b%2  27b?

b a

28 -

(39-2)
ZVC = 3VC‘ 3b :

(40-2)

1-38-2 Ve

(41-2)

(42-2)



(b=v/3  40-2 ) 42-2 41-2
. _RT,
8P,
Pe Tc V¢ b
!
Pv/RT
P. Ve a 27b 3
= 3bx—— == =0.375 -
RT. 27b2 ~ 8a 8 (43-2)
4-2 n n
Pcve/ R T,
Pcve/ R T,
0.327 He
0.306 H,
0.292 0O,
0.277 CO,
0.233 H>0O
0.909 Hg

PC Vc/ R TC :4_2

29



T.=T/Tc vw=Vv/V

9-2

(Reduced Pressure, specific volume and

(Pr +12] (3v,-1) = 8T,
Vr

44-2

av =[OV ar+[9V] ap
aT ), P ).

30

P. =P/ P,
.temperature)
(44-2)
b a
(1,1,1) P-v,-T;
10-2
(45-2)



.d.:-ﬁi?"" Sildndldl St ddtall

v P T P

aT ), AV ).
45-2
av = (34) ar(2F) (22 am+{22) (20) av

025 Jov- (39,9, )

dV=0 dT=0

[1‘@_& (g—f,m dv =0

(e, (60 =0 = (55 - )

dT#0 dv=0

sl w5, =

3-48-2

31

(46-2)

(1-47-2)

(2-47-2)

(1-48-2)

(2-48-2)

(3-48-2)

2-48-2

dpP



dsjall slisdioll g ddtall

(HVJ (E)PJ (GTJ _ 1
aP)_\aT), (aV),
." Chain rule

f(PV,T)=0:

46-2

f(x,y,z) = 0 Z,Y,X

@Qz i (aijz

d X

5.2, G2, -

32

(49-2)

" 49-2

(50-2)

(51-2)

(52-2)
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(dP  dT dv

33

)
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W = AK
W = - AU
ds F
dW=F eds=Fdscos® , 6=(F,ds) (1-3)
dW=—F eds = —Fdscos6 (2-3)

PVT



Jaadall

Work in a volume change

d'w

1 N.m

.dF. = P dA :

dv
d'W = P, dV
d'w
dv

1 N.m?xm3

dA

1-3

(4-3)

dv

1-2-3



Jaadall

(
4-3
( ) Pe
dW =PdV
Vp Va
PV PVT b a
Vb
W= |PdV
]
b a
(Va< Vb) b

) 1 Joule

4-3

(5-3)

(6-3)

2-2-3



Jaadall

Va

P dVv

T

Va

v dve v Y
a b
d’'W=PdV 2-3
TV P ( )
W
dev
dv=0:
:P=constant
(V, < Vp) b a 3-3
P4
P
v
:3-3
Vi Vi
W = IPdV:PIdV:P(Vb—Va)zPAV (7-3)



Jaadall

Vi
szPdV

Va

P AV=(Vp-V,)
vV P
EnRT T
- | " dV=nijdv (8-3)
Va Va

T=constant :-4-3 -

Vb
W =nRTId—V —nRTInY
IV V,

A

P

{> 0 Vb >Va
<0 V, <V, (9-3)

isotherm T

4-3
3-1
s Vi (T)
b a
.T=100 °C 60 m> 30 m3 2 kilomole




Jaadall

PZE_V_Z (10-3)
6-3 v P
V2 A7) A7) V2
RT a T dv

W—IPdV—I(V_b—V—ZjdV —Rj(m)dv—a V—z (11_3)

v v Vi Vi

vV, —b 1 1
~RTIn 22 4= = ]

" n(V1—bj+a [Vz Vj a=s)

b(H,0) =0.0319 m? kilomole? a(H,0) =580 ] kilomole™ m?

8.3141x10 I3 kilomole 'K

W= 8.3143><103><373.15In(30_0'0319j+580[ 1 1}

15-0.0319 30 15

=2153780 J kilomole™

Wvan der waals=2 w=4307599 J :
9-3

Wigealgas = 2><8.3143><103><373.15In% = 4300952 ]

6674 ] WIdeal gas WVan der Waals

R




Jaiall g,af Jisii

3-3
d'W =Y dX (13-3)
1-3 . X Y
d'W = P dV V P PVT
d'W = - FdL L F
dW = E dp p E
:1-3
d'W = 2 Y dX = Y; dX; + Yo, dXs + Y5 dX5 + ... (14-3)
4-3
.5-3 b a PVT

II



Aol slusoll gle sociny Jadll

(
Pa
b
I
Il
a
J
Va Vb V
:5-3
d'w
d'w
a b b a
II I .(cyclic process)
( ) (Net work)
b a a b
W=§d'W=§Pdv (15-3)



saoll Jaidl 5 dssall Jari

Configuration work -

Dissipative work

5-3

1-5-3

(dW = 2Y dX =Y; dX; + Y2 dX2 + Y3 dX;5 + ...) 14-3

Free expansion of a gas

X3 X3 X

W:ﬁZRm

2-5-3

6-3

4-3



axsoll Jadidl  dicsall Jid

@ U
1
-

.6-3

3-5-3
First Law of
6-3
Thermodynamics
1-6-3
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7-3
P
ai\
\\\\\\ic
N\
NN
\\\\\\:b
\( V
b« c« a b a
- - C d
b c ( )
b« cea
3 b «d «a
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.bd «a
e a b« e« a
b e b
-(
e« a b« e« a
b« e
-(We—>b) b e (Wd—>e)e d
2-6-3
a
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dalalall G4kl

Internal Energy 7-3
1-7-3
b
Wadiabatic = J.d,Wadiabatic (16-3)
a
CI’Wadiabatic
CI’Wadiabatic CI,Wadiabatic
b a U
b a
duU 2-7-3
du ) u
- CI’Wadiabatic dU dU (
dU = - d'Wadiabatic (17_3)
() ( ) du
Uy b
IdU = Ub _Ua = _Id,Wadiabatic = — VWadiabatic (18‘3)
U, a

13 -
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Heat Flow 8-3
1-8-3

2-8-3

w
W Q Wadiabatic
-Wadiabatic
Q = W - Wqgiabatic (19-3)
AU Q . AU Q

3-8-3

14 -



lall gl pall

Q

Wadiabatic W
Q>O (W < Wadiabatic) (W > Wadiabatic)
Q<0
(Q<0)
n n n n _(Q>O)
( reversible )
4-8-3
Q=0 W = Wagiabatic W
5-8-3
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UA
Wadiabatic = Ua - Up (20'3)
(3-18 )
Q = W - Wagiabatic = W - (Ua - Up) (1-21-3)
Up-U,=Q-W (2-21-3)
dUu =d'Q-d'w (22-3)
( ) (22-3) (2—21-3)

22-3

(d'W = PdV)PVT

dU =d'Q-PdV (23-3)

dU =d'Q-)_ Y dX (24-3)

16 -
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dQ -

d'Q

point function

Q=§dQ¢o

17 -

d'W

9-3

dW = dU + d'Q
(d'W)

d'Q

(25-3)

(26-3)
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The Mechanical Equivalent of Heat

b a
-(Wconﬁguration= 0) (d'Q = 0)
Up - Ua = Wyl
Ub = Ua - 0

18 -

10-3

1-10-3

(AU = Uy - U,)

Wi

(27-3)

(28-3)
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" "AU=0 3-10-3
W i R
.W=ji2 Rdt :
Q = Wy AU =Q-W
4-10-3
calorie

(51 °C 50 °C 1°C 0°C )

15 14.5 °C

(1 15 degree calorie)

.15.5°C 14.5°C

4.1858 ] (15.5°C 14.5°C

1 15-degree calorie = 4.1858 ]
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4.1858
-(IT = International Table)
1 IT calorie= 4.1860 ]
860
15
5-10-3
(caloric )
Heat Capacity 11-3
1-11-3
c-Q (29-3)
AT
c=- Iim & -9Q (30-3)
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Q
O
O

dT
d'Q
AT " " d’Q
( ) ( ) d'Q
c )
CP OO+ o=
.C,
C, Cp 2-11-3
( )
Cp heat capacity at constant pressure
.Cy heat capacity at constant volume
Cv
Cp : Cp

21 -
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3-11-3
d'Q
.(3-10-3 ) i R ( ) R
) i d'Wq
d'W, =dQ (
4-11-3
specific heat capacity
¢, =Cy/m: cp=Cp/m::
( n m J K! mole! )1 K?! kgt
C, Cp
8-3
P=1atm
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30 x 10°— P —
250 C_ -
201~ .

15— =

kJ kilomole K

GI\II\I\III!IIIIIIIIIIII

200 400 600 800 1000 1200
T(K)

P = 1latm C, Cp .8-3
Dulong and Petit value

P = latm Cc, Cp ( 250 °C )

(25 KJ kilomole™ K™ ) 3R Cy

3R Cy

(Dulong and Petit value) '

.7000 atm 0 atm

23 -

:8-3

cP

T=0°C



daylyall dandl

2810 = ‘P —
X >7E N
v F
2 26F ol
2 F
= 25::,—_’/ C,
- | | | | ] | j | | | 1 | |
0 1000 2000 3000 4000 5000 6000 7000
Pressure (atm)
T=0°C C, Cp :9-3
G, Cp -
o} 28 KJ kilomole™ K™ Cp -
.3R
c/R  cp/R 2-3
) ( )
Cp —C,
R c/R ce/R
0.991 1.506 2.50 He
0.975 1.502 2.50 Ne
1.005 1.507 2.51 A
1.00 2.47 3.47 H,
1.01 2.52 3.53 0,
1.00 2.50 3.5 N,
1.00 3.47 4.47 CO,
1.10 3.32 4.41 NH5
¢, ¢ 2-3

24 -




daylyall dandl

cp/R=5/2=2.50 ¢/R=3/2=1.50

¢cp/R=7/2=3.50 ¢/R=5/2=2.50

-¢c,=R ¢p
Heat Reservoir 12-3
T, T
Q=|dQ=|CdT =n|cdT (31-3)
fro-feor o]
C
Q=C(T2-Ty) =nc(T,-Ty) (32-3)

25 -



Enthalpy gatisgl

Heat of Transformation - Enthalpy

heat absorbed |

m
( n m
)
-(
w =P (vf - v)
Uf_Ui=I'P(Vf'Vi)

I =(ui-u) +P(v-v)=(ur+Pwv)-(u+Pw)
u v P

h=u+Pv:

26 -

(33-3)

) .J/kg

(34-3)

(35-3)

(36-3)

u+"Pv

13-3
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(J/Kilomole ) J/kg

| =Ah=hs-h (37-3)
Isv IIv IsI
(fusion)
) . (sublimation) (vaporization)
(. mi 1] 1
100 °C :2-3
(v'=1.8m> v'=10°m"~ ) P=1atm
22.6x10° J/kg W' =h"-h:

w=P (v -v)=1.013x10° (18 - 0.001) = 1.7 x 10° J kg™

AU=Uu"-u"=ly-w=20.9x10°J kg-1 =~ 2.1 MJ kg'*

58% 92%

Iy . 10-3

27 -
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0 10'0 260 30‘0 ‘|‘4'00
Temperature (C) t
:10-3
h
Ahy =113 = gy (38-3)
Ahs = -1 = - g Ahy; = -l =-1y (39-3)
Ah=Ah1+Ah2+Ah3=O

l13 - I3 - 112 =0 (40-3)
l13 = I3 - 112 (41-3)

28 -
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- 14-3

AEg
W
AE¢ = - W (42-3)

Q
W
AU + AEx = Q - W (43-3)
We
AE,
AE, = + W, (44-3)
3-35 W- W, "W

SR vi_c(w* PRI =QIW s
AU + AE¢ + AE,=Q - W~ (46-3)
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E=U+E+E, (47-3)
AE = AU + AE + AE, (48-3)

b E. .

=
AE=E,-E,=Q-W (49-3)
dE *dIW de
dE = d’Q - d'W* (50_3)
‘W
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Energy Equation 1-4
- 1-1-4

u
u du

T V P

T V
f(u,V,T)=0 (1-4)
2-1-4
u-P-T ) u-V-T T V u
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T and v independent T v u 2-4

du

u-T-v
Ju Ju
dU = (a—_l_)v dT + (WJT dV (2-4)

(5, V (57),
(5,

dq =du+dw=du+Pdv (3-4)
2-4 du
dq = (S—EFJ dT+K3—l\jj +P} dv (4-4)
v T
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)dv=0
(
dqg = (g—;{j\/ dT =¢,dT (5-4)
(v ) v Cy
v v
C (v )
P-v-T v B
K )
(cp
v v ()
4-4 Cv
d'q = CVdT+K2—l\J/j +P} dv (7-4)
T
dg=cdT:. dP =0
cpdTp = ¢, dTp +Kg—l\jj +P} dvp (8-4)
T
() % a



T 5V gutssiiolly U gopy dilall

Cp—Cy = (a_uj +P (ﬂj
P = vy aT, (9-4)
Cv Cp Cy
dT =0
Jau au
[(E)TJFP}NT = (E)T dvr +Pdvy (10-4)

d’qT = CT dT (CT)

d'q

Cr = oo dT =0

reversible adiabatic process

CV(Z—IL - {@_UT* "} (11-4)
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1-4
d
u=c, T - v + constant
Cy u-v-T
1
Cp —C, =R
P Za(v—b)2
1- 3
RTv
T1 u-T-v
T u \%1
Kauj Mavj
Cp —C,=||=—| +P|l=—=
(EP)=us |5 +# )57,
V2 (v=b) [\ov/T 0T )p
RT
Cp—Cy =— —(Zva- b) =R x L S
K . j(v—b)2+RT} 1_23(V_b)
R(V—b) V RTV3
i isochoricu]
isu(:hlmnrit:w2
isochoric Vs
T
isotherm T2
isotherm T1




T,va;,,_wf_'i.ll, U;):l.ldﬂﬂa“

(P+b)v=RT: :2-4
u=aT+bv+ Up
c-Cc, =R ( . (
aT) (au)
90) = [(2Y) +p
()=o) e ¢ ) (
.TVW = constant
c~(24) -2 |
YT,
G —c\,:Kauj +P}(avj :(P+b)x(a(RT/(P+b))j =R (
v )T T )p T -
oT ou RT
O —|[2Y) sp|=P+by="l
Cv(avjs {(avj{” } P+b) v (
3_T+5(ﬂ)=o = d_T+5(ﬂ)=o
T c,\v T c,\v
INT+In(¥v)=0 & TV =K=constant
T and P independent T P h 3-4

dh




T o P gusaisiolly N gy ddtlall

h-v-T )T P h

dh oh
h = | —— —_—
d (aT)PdT-{anTdP

o)

dP )¢
.dh

h=u+Pv

dP dv

dh =du + Pdv+ vdP
(3-4 )

dq=du+dw =du+Pdv =dh-vdP

wo[2h ah)
dq—(aT)PdT+KanT v}dP

h

h-P-T

h-V

P-T

(12-4)

Gl

dh

(13-4)

(14-4)

11-4 dh

(15-4)

(16-4)
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Cp (P )
14-4
dq = cpdT+|[2N) —v|dp
G =cedT+| |55 ) ~v (17-4)
dg=cpdT : dv=0
dT, = codT,+|[20) —v|dP
evdTy = epdT, +|[ 55 ) —v|dP, (18-4)
9P dp
9T v dT,
57, &
R
P T ep )BT, (19-4)
dT =0
, ah
dagr = Kﬁj_r_v:ldPT (20-4)
(d'gq=0)
LA e
PLoP g P )1 (21-4)
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P and vindependent P v u
P v h
P v h u
ou au
du=|—|dP+|— | d -
- (aP)V +(avjp Y (22-4)
5 Ge)
av/p \dP),
1(2-4)

ou ou
du = (a—_l_)v dT + (EJT dv

dP dv dt
JT - (g_;deP+(%—I)Pdv (23-4)

24 T
u=|(57), (5 J oo+ (57), (50, (5 Jov (24-4)
22-4
BLEE e

‘u-P-v

4-4
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(56). = ()
oP),  Y\aP),

@_wp ) (3 :)@Ijﬁ(m (26-4)
.dP dv
an - (20 ap+(21) ay e
o (el
[(11-4)

oh dh
dh = | == | dT+H —
(aT)Pd +(8P)TdP

_ (23-4) dT
NG RE R CTC 1N
o) -e0.60)

(50), == (50),

p
(5),- Gp),+ (7). G2, (30-4)
PVT
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w (29-4 28-4 ) 25-4 24-4
Z y X
%) -(G7) G3) 31-4
ax/, \oz/ \ox/, (-31-4)
(5%) - G%) -G3) G2) 31-4
ax/, Nox/, \az/ \ax/, (-31-4)
-31-4
(v, P, T) (%, v, 2) uoow
(x, v, 2) h w 25-4 24-4
29-4 28-4 P, v, T)
(3-4 )
(
’ oT oT
dar =cp (W)PdVT +C, (a_P)VdPT (32-4)
(
e (5u) e (57)
Vv av S_ P av T (33'4)
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1-5-4

Ge). G

( )
(33)T (aa¥) (21) =1 (34-4)
(%)T - (aa—t) (35-4)
&),
(32)T (gi)h @DP =1 (36-4)
(i—E)T - (%Dh (37-4)
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()

T

- - 2-5-4

1-4
(50)
\ov/;

.

%

7 7
ﬁ

G 2 A A A A P L e

- - '1-4
(0) B A

(W=0)
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(W=0 Q=0).

N (Joule coefficient)

Go),

u-v-T -

14 -

(38-4)

(39-4)

au) (aT)
7)) —_ ot -4
(av - “\ov ! 33

(40-4)

3-5-4



Jsuos’i— Jaa dayaig Jea—Slwgl- gli dyyasi

u-v-T

du _ (G_U)
dT  \o T/,
oT/,  dT

cv=(au) _du = du=c¢,dT

Tdu =U—-Uy = ]‘cvdT

U To
Cy .To
(
u(T)=ug +c, (T-Top)
u-v-T  2-4

15 -

(41-4)

(42-4)

)T To

(43-4)

u(T)

Uo
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T1 P4
1>

steady state

41-4

4-5-4

3-4
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Z iz, i Vg

Bl —=7%;

G I/
:3-4
." " Wshaft (OUtDUt)
h2 V1 Z]_ h]_
g ) Wshaft q V2 Zy

1 1
(hz +§V22 +g zzj—(h1 +§V12 + 921j=q ~Wshaft (44-4)

(z1 = z5) Wspart = 0 g = 0
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(Tll Pl)
(... T3 T) (... P3 Py)
(Tos Pa) ha

h-P-T (h)

(nonquasistatic process) "

n n (Tl,, Pl,)

5-4

( ) (inversion curve)

e
If
TR
Q| U
'U‘—|
N

18 -

- isoenthalpy

(T, Po)

4-4

.(inversion point )

aP

(45-4)
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-

-

-
LT -
Inversion curve

. \ . 3
Watmg PT,
£

P
- 5-4 :4-4
PT
oT
(5)
(34-4 ) . W -
dh
(a—P)T=0 C ) (46-4)
cp-¢c,=R& =0 Mm=0: : -
( )18-4 8-4
_p ov)y (0P
Cp—Cy = (a—ij —V(a—ij (47-4)
(Pv=RT)
{37), 75 -
P
(apj R (48-4)
Vi—| =v—=R
oT ), v
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Cp—Cy =R (49-4)
)1 c, Cp 3-2

(1%

h-P-T 5-5-4

h(T) = hy +cp (T-To) (50-4)
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dU = Tds — PdV + udN
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Reversible adiabatic process

()50,
ovls ¢, ov): ~ "\av); (51-4)
= Cr
Y .
(@E)__E
v v (52-4)
()2
av/_ " dv, (53-4)
s
ﬁ+ ﬂ =0
Sk avie (54-4)
Y
INP+yInv=InK (55-4)
Pv’=K (56-4)

21 -
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Pv

4)

(54

(57-4)

= K’

-y _

RTYPI™" = TP!

v

p(E;[) -
P

Pvl =

Pv?

(58-4)

— K//

— TV

RT v

V

10-4

20-4

6-4

P-v-T
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6-4 :7-4

P (1-n/y

(Diesel type of internal combustion

1/15

(Pll Vi, Tl)

23 -

:6-4
6-4
54-4 53-4
y>1 vird)
engine)
2-6-4

(PZI vV, TZ)
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2

v v
w = J.Pdv=KJ.v'de=1%y[Kv1'Y]V1 (59-4)

Vi Vi

P, v =K=P,
T pp—l)/v =K'=T, ng_l)/y

y-1_w”_ v-1
Tivi =K'=T, v

1
w=—-[P,v,-Pv]
1-v
R
1-vy
(dg=0)
(d'g=0)
W= u; - u

u=ug+c, (T-Ty)

W=u;-u;=¢(T1-Ty)

24 -

55-4 54-5 53-4

(60-4)

(Pv=RT)

(61-4)

(40-4 )

(61-4)



Carnot Cycle

6-4 P-v-T

FRES 5 UNRE e

PvT /-4

7-4

/-4
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7-4

Pv

T

Q2

W>

T1

Ty

Qi

Wi

W>

1-4

T

1>
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(working substance) "
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W, Q> Pava Tz b« a
W’ Q =0 Po Vb T> c«b
Wl Q1 Pc Ve Tl d«c
w?” Q=O Pgvg T1 a«d
1-4
)
. o
1
)
T1
— T T
T2 2 1
b« a
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Vb

|Q2| = W2 =nNn RTZ In = (62_4)
Va
d«c
Vd Vc
Qi =] -Wi[=[-(nNRT1In=F)[=(nRT1In=5)  (63-4)
Vc Vd
c«b
TVt =T v (64-4)
a«d
TVt =T, Vg_l (65-4)
65-4 64-4
Vp ﬁ
Q|
Q|
Qyl _ T In(Vp/Vy) _ T,

—s =45 —= %L = = 67-4
Q- T InVeVy) T (67-4)
Q.|

T, Ty =<

Q|
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The Heat Engine - the Refrigerator 8-4
1-8-4
" (output ) (input )
(AU=0)
Q Q - W Q
Q ()
Q = [Q2 - |Qi] (68-4)
W
W =Q = |Qz| -1Qi] (69-4)
2-8-4
( output ) n ( )
(input )
W Q- _
"l @ Q (70-4)
[Ql
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: " (exhaust)
M > 100% " " 1Q:l
n=1—||8—;||=1—%=T2T—_2T1<1 (71-4)
3-8-4
8-4
T, %
k1
—Hw
T, J’I |
Q,
:8-4
- Q2 (T2 ) ( )
( ) ( )
Q1 (T )
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W Ql-IQif _,_[Qi

il @ Q|
W Q Q
Q:
Q=Q; + W
heat v " (T>)
1-4
( )
T, Q
( ) (output ) Qi
c==£h-=-—12L——> 1
W Q,-Q

31 -

(72-4)

(73-4)

4-8-4

S'pump

5-8-4
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c= (74-4)
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The 2nd law of 1-5
Thermodynamics

- 1-1-5

o T o P P R A P

)
B

ARV LRGN

- K
e e P P R R

)
AR

Z
=
-
[
-
Z
-
-
-
1
Z
Z.

N
N
b
N
b
M)
N\
N
\
N
\
\
\
R
Y
A
\
N
N
N
\
\
\
N
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Entropy 2-1-5
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Clausius

entropy

3-1-5

4-1-5

5-1-5
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Thermodynamic Temperature

X
P-V-6 2-5
abefa abcda
Q2 a-b
Q1 < Q) Qu c-d
d-a b-c

) .( P-V-6

:abcda

2-5

1-2-5
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0
0,—
01—
0,[—
b-e-c a-f-d
W = [Qz| - |Q4]

Q Q

QI _ t6,,0
Q) O

.0-V

.2-5

01 0

(1-5)
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a-b-e-f-a f(62, 01)
T> a-b Qi QZ
T]_ e-f
Rl _(e,,8, _
|Q|| ( 27 |) (2 5)
Q f-e-c-d-f
c-d 0 f-e
.01
Ril_t g6 _
|Q1| ( i 1) (3 5)
3-5 2-5
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