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Lecture 4: The First and the Second Laws of the Thermodynamics
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4.1. The first law of the thermodynamics

I ARREL Ry f(x,v,0) HURBE A4 > “BLAASRR P SR AR IR ENRE

i) %mvzf (x,v.)d’v = %pvz + % P
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nVol.= N = constant (4.3)
PRI - FRARSRAS JTIE=0(4.2) Al By

pVol.= Nk,T (4.4)
RASHINBE RS Ky

U= gNkBT (45)

gk Een o BRI NAE LR R AT -
FHARHER S S M R SR A B AABL R A T FT AR = RS » BRI R DA
AU =80, +0W (4.6)
Hf 60, FRMAMNE > 60, >0 FREMAZY > 60, <OFREBHE 5 oW £
BRGEf)

W =—pAVol. (4.7)
ot AVol FHSTENIRSTESE(L - AVol.> 0 FRASTEI N » AVol. < 0 FrASFERED -
R4 R B T LA T R B R - P LA pAVol . BT By & 5% » FomBRaE ) -

it 1 BRMERAS AR - TR LA x 75 Ry STy E (R s 2R T g BR i R A
Y AR -

Work = (F.%)" (Ax%) = p(AyAzE) - (AxX) = pAxAyAz = pAVol.

it 2 1 TR0 SLEFTEE R —EE - AE R ER SR EST
WER - ZF g S —(E%T - BN EFIREFHANER  ~TE T2 -

Exercise 4.1. Show that

AVol.
Vol.

A
so =c,TL+c,T
p

)

U>\}

where C, = (3/2)Nk, is the heat capacity at constant volume ( ZEEE

= (5/2)Nk, is the heat capacity at constant pressure ( ZEFREAZY ) .

Proof:
Equation (4.1) yields

U= %pVol. (4.8)
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Substituting equation (4.8) into equation (4.6) to eliminate U, and substituting equation (4.7)

into equation (4.6) to eliminate W , it yields

3
EA(pVol.) =060, — pAVol. 4.9)
Since A(pVol.) =Vol.Ap + pAVol., equation (4.9) can be rewritten as
3 5
00, = EVOI.Ap + > pAVol. (4.10)
Equation (4.10) can be rewritten as
3 Ap 5 AVol.
60, =—(pVol.)—+=(pVol. 4.11
Qn=>(p )p 5 (PVol) (4.11)
Substituting equation (4.4) into equation (4.11), it yields
3 Ap 5 AVol.
80, == Nk,T £+ 2 Nk,7 =22 (4.12)
2 p 2 Vol.
For constant volume, equation (4.12) becomes
A
80, =c,r=2 (4.13)
p Vol .
where C, = (3/2)Nk, is the heat capacity at constant volume (ZFEZFZEZ) .
For constant pressure, equation (4.12) becomes
AVol.
00, =C,T 4.14
Qi = Vol. (4.19)
where C, = (5/2)Nk, is the heat capacity at constant pressure ( ZEFRELE ) .
Substituting the definition of C,, and C, in to equation (4.12), it yields
A AVol.
50, =C, T2 +c,r22° (4.15)
p Vol.
Equation (4.15) can be rewritten as
60, =C,TAln(pVol) (4.16)
where ratio of the specific heats (ELZAEL) is
y=C,/C,=5/3 (4.17)
By definition N = nV , thus equation (4.12) can be rewritten as
3 A A 3
80, =3 Nk, T( P z Moy = SN, TAIn(pp )= C,TAIn(pp™) (4.18)
mn

where mass density p=mn.
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it T WERSEASHVE AR 3> 2 £ AL EESERN S e A ez

U= gNkBT (4.5a)
Substituting equation (4.4) into equation (4.5a), it yields

U= ngol. (4.8a)

Substituting equation (4.8a) into equation (4.6) to eliminate U, and substituting equation (4.7)
into equation (4.6) to eliminate W , it yields

gA(pVOZ.) =60, — pAVol. (4.9a)

Since A(pVol.)=Vol.A p+ pAVol., equation (4.9a) can be rewritten as

iVol.Ap+ (%

00. =
Qlﬂ 2

+1)pAVol. (4.10a)

Equation (4.10a) can be rewritten as

2 AVol.
5Q,.n_i(va1) p f+ T*2 vor) AVl (4.11a)
Vol.
Substituting equation (4.4) into equation (4.11a), it yields
A 2 AVol.
50, =L Nk, T =2 P SA2 Ny p AVOL (4.12a)
p Vol.
Thus, equation (4.12a) can be rewritten as
A AVol.
50, =722 ¢ r AV (4.15a)
p Vol.
where C, = (f /2)Nk, is the heat capacity at constant volume (ZEXZE ) and
= (f +2)Nk, /2 is the heat capacity at constant pressure ( ZEERENZS ) .
Equation (4.15a) can be rewritten as
60, = f Nk T AIn(pVol V7 y=C,TAln(pVol.) (4.16a)
where the ratio of the specific heats (FLZALL) is
y=C,/C,=(f+2)/ f (4.17a)
By definition N = nV , thus equation (4.12a) can be rewritten as
A 2 mA
50, =L Sk T( p_J }’ L 12[ Nk, TAln(pp ¥ y=C,TAIn(pp ™) (4.18a)
mn
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4.2. Entropy

PR ERREREE > RPESEERRAE (BRER)  SEARGBINT
KA FCELT R ({BRL(EEAR - BB Rl DA > JRE el DIt ) - e —(EY)
HEG T - Hist/eg (entropy) - RIERFHERES M (entropy) HYE(LE
(AS) K

As= 9% (4.19)
T

Substituting equation (4.16) into equation (4.19) to eliminate 6Q,, , it yields

AS =C,Aln(pVol) (4.20)
Substituting equation (4.18) into equation (4.19) to eliminate 6Q,, , it yields

AS = %NkBAln(pp'm) (4.21)
HTREE(4. 2 DIRAFT ] PUE FLE AR AGHINE (entropy ) Ky

S = %NkB In(pp~)+S,=C, In(pp™")+S, (4.22)

R FsEEafE T - AR A (BRI AR
In(pp™") = constant . )
I o LR (4 19) 2R A BT E —EFHE.6)2 » JHEE 60,  IH(4.7)ATA(4.6)
FUHZ W 15

AU =TAS - pAVol. (4.24)
(4242 BT F— R NS —EE - IRIBNEVES U = (3/2)Nk,T » 3X(4.24)
AR By

%NkBAT =TAS - pAVol. (4.25)

H g —HB DGR H T 8 SIRFRZ >

PT,S) = (N, TY" exp(= 220 (4.26a)
Nk,
—(3/2) S- So
Vol (T ,S) = (Nk,T) ®"? exp(——2) (4.26b)
Nk,

BRI FARE S H B SREE R AT ARAY &SR - TR DIBIE E—=
Pt B ARAVRE R TR0 2K T i et - F—THRT YR
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4.3. Thermodynamic processes and thermodynamic cycles

TR (4.3)~(4.7), (4.19)— 75 7548 independent equations = {H5 unknowns HIEA]
A/ - &/ (ERABERE T U, 60,, W, T, S, p, n,and Vol. - RNIEE/EHITIEZ
HBEHRF unknowns HYE FHEEH 8 [#5] 2 - H4h » EF—1RAVE - /ERAEH 60, , 6W
RIERAGHDIREEEZ Y (state variables) » [M/ZIERCRAGIRRELEE AT EFEE ) (process
variables )  HAMNESEEU, T, S, p, n,and Vol. » #ZHIURRGIRRRIVIRRE S -
TESHVE ST - TR EEAAY © W9(E—4H ) 898 H3 8 (free parameters or
independent variables ) £ ( p,Vol.) B, (T, S ) - 4l Table 1 F—FE5IFs °

£ Table 1 55 —f&51rf » Fef o] DUG S EEANTATE - atEsh - 4IRFE
independent variables 5 ( p,Vol.) - RIFRMIAIDHET , SEEHME (p,Vol.) HILKEL -
[z » 4157558 independent variables £ (7', S ) - RIAJLAE p, Vol #ESEE (T,

S ) HYRKEL o WIRFATEANE—4H R - AIIE B E SR —(E T - PR PAE
(p,Vol.) ZERIFE (T, ) ZEfEH » FHH—FRiiER < 7F Table 1 SBE=F]/\f&51 51
T U RAVE AR () PARAEEEEGRAET » AR 00, , 6W , and
AU - iEVOfEE RAVE TR« (—) PURBRAE sy BRI A 23RS R E4B 2uH
T2 (AS=0or 00, =0) (=) FEEGFERZIRIG AT 2B EREIE (AT =0 ) (=) %
BRAERE(Ap=0) (M) FE&IEIE (AVol.=0 ) - FHEB I dfR il E fVaH & - R TR
Hiliase st — Lo AR BB I VEME (heat engine ) BiL/SHE (refrigerator or air
condition ) - 7545 [BRIHEEN IR FTH K thermodynamic cycle ZAJIFEER © BIEE5EE
5 RTRVEEN A FTRER R (heat) FREORBE BT =00 o TAVWES [ZE R TRER
TR T A S P AR B T A B « ERIE S (B T AR AL - RFE RS [ 22y
TAERER efficiency e

Exercise 4.2.

Use google to find the following thermodynamic cycles and sketch these cycles on the
pressure-volume diagram ( p - Vol .-diagram) and on the temperature-entropy diagram
(T - S -diagram). On these diagram, please indicate the heat flow direction, and
estimate the work done by the engine.

(1) Carnot cycle (i1) Otto cycle (ii1) Diesel cycle

(iv) Brayton cycle (or Joule cycle) (v) Rankine cycle (a steam engine)
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Table 1. Thermodynamic coordinates and thermodynamic processes

Independent | p and Vol. T and S
Variables
inat 3 S-5
coordinate | ¢ yory = 3Nk, In(pVolS?)+ S, | p(T,S) = (NK,T)" exp(- =0
transform 2 B
pVol. S-S
T(p,Vol.)= Vol (T',S) = (Nk,T) ' exp(——2)
B Nk,
AS=0 00, =0 60, =0
3 3 3
AU = =Nk, AT AU =2 Nk, AT = 2 Nky (T = T))
oW =AU oW =AU
or (Note 1)
AT =0 AU =0 AU =0
(Note 2) 00, =TAS=T(S,-S,)
Vol. _
SW =—Nk,T n VoL, oW =-AQ,
(Vol.),
Vol.
50, = Nk, T1n 2 2l)s
(Vol.),
Ap=0
P AU =2 Al p(Vol)] = > pAVol. AU =2 Al p(Vol)] = > pAVol.
2 2 2 2
oW =—pAVol. oW =—pAVol.
5 5
00, =AU —-06W = EpAVol. 00, =AU —-06W = EpAVol.
or (Note-3) or (Note-3)
AVol.=0 oW =0 oW =0

AU = %A[p(Vol.)] = %Vol.Ap

00, =AU —-06W = ;Vol.Ap

or (Note-4)

AU = %A[p(Vol.)] = %Vol.Ap

00, =AU —-06W = ;Vol.Ap

or (Note-4)

4.7




Thermodynamics [AP-2013] Lecture 4 by Ling-Hsiao Lyu 2015

Note-1:

Since

Vol (T ,S) = (Nk,T) exp(ﬂ)
Nk,

it yields

dVol.  3dT = dS

Vol. 2T Nk,

For AS =0 it yields

oW =-[ pavol.=+= JpMdT— NkBJdegNkBAT

Note-2:
For AT =0 it yields
W =~—[ pavol. ——JpMdS——Tde=—TAS

or

Vol.
6W=—jpdVOz.=—ij3TdVol.:—NkBTln( o),
Vol. (Vol.),
Vol.

80, = [TdS=Tds= Tij Vol _ nje 710 V0L

(Vol.),

Note-3: For Ap=0
dvol. 3 dT ds

Vol. 2T Nk

C aVol. JAVolOJrAVoI

80, = [T ds = [TC, dIn[ p(Vol )7 ch ¢ Vol

C, L 4vor.= épAVol.
Vol Nk 2

Note-4: For AVol.=0

d, rttr - Vol. 3
00, = deS JTC dIn[ p(Vol )" ] JTC @ J C N—kdp_EVOZAp
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4.3.1. Efficiency of a heat engine:

Let Q,, be the heat flow added into the engine from a hot reservoir with temperature 7, .
Let Q. be the heat flow released from the engine into a cold reservoir with temperature 7. .

Let W be the work done by the engine.

The thermodynamic cycle of a heat engine concerts the input heat flux Q,, into work W but
also release heat flux Q. into the environment. The process can be denoted as
O, =0, +W
The efficiency of the heat engine is defined by the ratio benefit/cost, which is equal to
e.=W/Q,
For heat engine, Q,, /T, <Q. /T, it yields
e, =W 10, =(Q, -0)/0, =1-(Q./0,)<1-(T, IT,)

Exercise 4.3.

Show that for Carnot-cycle heat engine e, =1-(T,. /T})

Proof:
Let us consider a Carnot cycle, a = b — ¢ —d — a with total work W done by the Carnot
cycle, where the different thermodynamic states are characterized by

thermodynamic state a: T =T,,, S =3,

thermodynamic state b: T =T,,, S=3, g
thermodynamic state ¢: T =7, S=3S, 4
thermodynamic state d: T =T,., S =3, . 2
with T, >T. and S, >S,. !
° 0 2 4

The total work done by the Carnot cycle can be evaluated from

W =§ Pdvol.= ["PavVol.+ [ PavVol.+[*PdVol.+ [ Pavol.

For the isothermal expansion process (a — b ), there is no change on the internal energy.

Thus, the work output to the environment is equal to the input of heat flow Q,, . That is
["Pavol.=0, =(5,-5)T,

Likewise, for the isothermal compression process (¢ — d ) the work output to the

environment is negative with magnitude equal to the release of heat flow Q.. That is
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[*Pavol.=-Q.=(S,-S,)T,

During the isentropic expansion process (b — ¢) the work output to the environment is

achieved by reducing the internal energy of the engine system. That is,
c 3
["Pavol.= > Nky(T, = Te)

During the isentropic compression process (d — a ), the negative work output to the

environment will result in increasing of the internal energy of the engine system. That is,
a 3
["Pavol.= = Nky (T = T;)

Thus, we have

f;PdVol.+f;PdVol.=0

Therefore, the total work done by the Carnot cycle is W = _(ﬁ PdVol.=0Q, -0,

As a result, the efficiency of the Carnot-cycle heat engine is equal to

=K=M=l_&_l_m=l_i

QH QH QH (Sz - Sl )TH TH

g

4.3.2. Efficiency of a refrigerator:

Let Q. be the heat flow extracted by the refrigerator from a cool reservoir with temperature
T, .

Let Q,, be the heat flow released from the refrigerator into the hot reservoir with temperature
T, .

Let W be the input power to run the refrigerator.

The thermodynamic cycle of a refrigerator yields

O-+W =0,

The efficiency of the refrigerator equal to

e, =0, /W

For refrigerator, Q,, /T, =Q. /T, it yields

L QO _ 1 1
w 0,-0. ©Q,/0)-1 (T,/T.)-1
Again, the Carnot-cycle refrigerator has the best efficiency, which is equal to

L QO _ 1 1
W 0,-0c (Q,/0)-1 (T,/T.)-1

g

g
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4.4. Definition of entropy in the statistic thermodynamics

Let us consider a distribution function similar to the one discussed in equation (2.22), i.e., an
equilibrium (d/dt =0), uniform (d/dx=9/9dy=09/09dz=0), and normal distribution in the

velocity space,

n OV, =V +(, =V +(, -V)
Tt oy P 20° : @20
where
n= fff fv)d’v (4.28)

is the number density,
1

V=-— d’ 4.29
s 429)

is the average velocity, V=e .V +eV +eV , and

2 _ _ l _ 2 3, _ l _ 2 3, _ l _ 2 3
o =kyT Im=- [ =V fwdy - [, =V, Fend’y p [0 =V fnd'y

(4.30)
is the variance of the distribution function in each velocity component. Let us consider the

following integration

I= fff f(n f)d’v (4.31)
where

v, =V} + (v, - ‘2/‘) +(v,-V) (4.32)

Inf=[lnn- éln(2Jr) -3lno] -
2 20

Substituting (4.32) into (4.31), it yields

v -VY+O. =V)Y+(. =V)
LRALE AR

[T A0 =V 0, = V) + =V 1

I =ffff[(lnn—%ln(2n)— 3lno) -

1 (4.33)

207

=n(Ilnn - gln(Zn) -3Ilno)-

Substituting equation (4.30) into equation (4.33), it yields
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3no?
0,2

I=n(lnn—§ln(2ﬁ)—3lno)—
3 3n
=n(Inn-=In(2w)-3Ino)-—
( 5 (2m) ) >

=-n[3Ino —lnn+§ln(2n)+§]

=-n[3In ey —ln(n)+§1n(2ﬂ)+§]
m 2 2

=3I L nmny+ In(m) + 2 1n(2)+ 2]
nm 2 2

3. p 3 3
=—p[—In=-Inp+In(m)+=In2x)+—
[2 p O +1n(m) 5 (2m) 2]

-N 3 53 3 3
=——[=In N+In(m)+=In2x)+—
Vol.[2 (pp~"")+In(m) 5 (2m) 2]

Namely,

I={[f ranfyd'v= %[gln( pp~ ) +1In(m) + gln(2ﬂ) + g] (4.34)
If we define the entropy density (i.e., entropy per unit volume) to be

s = —kafff(lnf)d3v (4.35)
Equations (4.27)~(4.34) and (4.35) yields, for an equilibrium (d/d¢ = 0), spatially uniform
(0/dx=09d/dy=09/0dz=0), and isotropic distribution in the velocity space, the entropy

density is reduce to

_ s (3/2)NkyIn(pp™") = constant
s = —kafff(lnf)d V= Vol L

where the constant = (3Nk, /2)In(2xm) + (Nky /2)

For spatially uniform distribution, the entropy density is also uniform in space. So the

entropy in a volume Vol. is
3
S =sVol.) = —kB(Vol.)ffff(lnf)d3v = ENkB In(pp~") + constant (4.36)

The equation (4.36) is the same as the equation (4.23), except the integration constant. For
non-uniform and/or non-isotropic system, we can generalize the definition of entropy function

in a volume Vol. to be

S = -k, fffw[ fff f(n f)d’vid’x 4.37)
or simply use the entropy density s to define the entropy. Let s = nS. Equation (4.35) yields
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S ky 3
S=;=—7ffff(lnf)dv (4.38)

If we define logw = —1In f, and

oV = ([, L Sm ok =, [ San. 3

then the entropy function can be written as

S =k, logW (4.40)
4.5. The second law of the thermodynamics

BT W ESEEIE ~ REENE ~ GETEIFE=(EARRITE > FraEE
R R - R ERGAERZIN - —([EEPARSAGERREEEE - &
TEANE (AS20) » BFLEFIEEEE - IS HBRGER > B Ry T |
PUR A T2 Bt B KE Ro(1EEAS 2 0

4.5.1. HfiAs ISR E RIS R

B o HRAIVREE TIEF0 (FER Lecture 3) > AT LIENE Fy
V-q,+L,- V)V,

3V, VIn(p, 0] =
2 ot

Pa _ (3.25a)
N external energy input per unit volume
Pq
W F—EEEAN RSV - q, = 0 )97 external energy input > HIj
2V, VlinGp, p = - e (441)
t

a

H BB (stress tensor) FERFIXCEAYIER > vl LEH“EEJ1 75F220" (the pressure equation
of the ath species)>K{5 © MEATITRERZ AT H(3.5) GBS TR m v » Ff1 L%
AN SRR L - KT - N RETHEEAE » 5525275 308 Rossi & Olbert (1970)
LUK Lyu (2010) FaF4HVHES: - S8 - MREBER T 7RE ~ g 7RE= - BE 7R
AT LSS Er B 782 (540 © Symon, 1971) o » Bl SEAYET BRI 22— (E R $EAY3T
(8] 7=E
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EHLIE (40 Symon, 1971) > (HEEIEAEA S ¢ Hi= j I

V. V.
L), = -n(— + 2 (4.42)
dx,  ox;
and
V.
IL,), = -, (4.43)
ox

i

HAHEAEmn and n, ERENIRE - FIFHZN(4.42)815(4.43) 5]15

2 < | v, v, SN av, 9 2 v, 90
E}j{[ n(— ,V’ ax}_)]a?/v,-}—;[—n,xa—%)a—%vi]
2 3 a‘/] a i a 2 3 a‘/l % i 3 ﬂ 5
- —;_[;1{[—71(8—& + Q)]EV'} -2 ‘/_;{[—n(@ o )] P V- ;[—m . )]
ox oV W e Vi
= ;;l[ma—#E) ]+;[m(axi> 120
(4.43)
£
1 2 2 2 1 2 2 2
~(IL,-V)-V, = E[(IIa ), + ()% + (IL,)% 1+ n—[<r1a )+ (@)% +(I,)%1=0 (4.44)
(4.43) 8K (4.44) 8 AR (44D A S
3@ v, Wyin(p o = - e Ve (4.45)
2 ot Pa
FHE(4.45) 81 (4.23) 0T 41 > $—(EEEINAST S S SR ELENEI 2 L R85
entropy FERFEIAVEE - FLEBEAY entropy S = (3/2)Nk, In(pp™") 4@ @ iE 5 HF LY
TR D o S {E4h SR e B EE — EEAAEAT -

4.5.2. AT RIS E RIS e

FH T2 0(4.37)~(4.40) T %1 > AIRAV I (entropy) » FI R RfRZRRE logw = —In f HY4RET4E
I o SAIRAY N (entropy) N &V » EIRF B KA  logw = —In f IV4RETAEFIR &R -
HEEI N - Bam b > TR DAEEHH » ERRIIAH e EY In f BYSEET4ERT - tgtE
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BRSNS enthalpy H = k, f f fW[ f f f fn f)dvid'x Ff& o RIHLEHERY entropy JH{E
s o HIME e Ey - S REUEATAERT - HH0 BE 7 AR L #(Snell, 1975) »

AT EL—{[E Z:&7HY entropy E{EXUE @ RIACAE o ELLLU N =R - BAEHE—FE
HAREALRVEER - — (ARG m E R

HARNEALRVEER - — (R G m R REE

sEE (enthalpy f3)
HAREALHIEER - — (A& G R R AELE (entropy )
s SEEE o EAR RS R AR 2

Exercise 4.4.
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