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The Second Law of Thermodynamics
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5.1 ngaafiaas
Faanuinllie

1. lifiesesiialadihnulasdsuanuieuiigadn System luifu work 1dagns
anysal

2. lifinssuaums (Process) lafifimstemamzansanuiauangamafissdue Ui
QUNYNTEAUTINT

faanu 1 anadsussneiiuwuudy de

1a. Whllaildiazdsuunlasanudeuiigalasszuuluifiuy work aesaaysel Tag

Cyclic process (Cyclic Apsruuniinmstiaunaulunmizisuau)

5.2 Heat Engine
Heat engine #BLA3093i0W38 machine HnannunaNN3auly Cyclic process 12U
T4 power plant azUs2naUIe steps o199 daluil
1. hitgamgiiiasasgniuly boiler
2. ANNIBUIN fuel U boiler %dmmlﬂtgjﬁw vilsihiiy Steam A T uaz P o8
3. Energy 310 Steam azenewidy shaft work Tu Surrounding I@ﬂmum%aqﬁa
L2 turbine
4. Exhaust steam (1afi6y turbine 1&7) f0ana1n trbine azv l¥naudlagle

U v [ 3’ ' < <
mammmsaulﬂmumaamu NAUNAT
Tun1svineu Working fluid 284 Heat engine S RGRREELY | Qn | 270 hot

reservoir AU W wazMan Heat | Q. | U cold reservoir udnaulugnnsusn
Toanganvil

w=0-lal-lal (5.1)
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azileny Thermal efficiency 2849 Engine 7
_ net work output

heat input
_ W =|QH|_|QC|
Qul Q4|
Qc|
n=1-=% (5.2)
Q|
n = 1die ’QC| - 0 Fudululadlg %aﬁJuﬁu;@mwmﬁamwﬁ 1 2aengdadiass i

n UUNUY degree YN reversibility
Heat engine M1 Reversible asiwaugsni \Uu Ideal engine (38171 Carnot cycle

FINNTIIUAIU
o ¥

4 steps fitie Camot cycle azaiiulumusiauasil

1. szuudeegluangaamuiouniy cold reservoir ﬁqquﬁ T, asshifiulyuuy Reversible
Adiabatic process ﬁﬂﬁﬁqmwnﬁﬁulﬂéqquﬁwm hot reservoir ﬂ Ty

2. 331111“7%54@47&! WeNU hot reservoir ‘ﬁ T, Az tfiuluuuu Reversible isothermal process

Taan | Qy | gﬂaﬁmﬂ hot reservoir

v 1
=

3. szuua iU lUuuy Reversible adiabatic process TuAANINAIITINAVIUN 1 ¥1%
Qquﬁné’ﬂﬂﬁqquﬁﬂm cold reservoir 7 T,
4. F2UVAZENANFNNENY cold reservoir ﬁ T, @ HULUY Reversible isothermal process
Tufigmansshufusud 2 fi’uﬁané’uéamawﬁﬂﬂﬂﬂdaﬂ | Q. | U7 cold reservoir
1ii9997n Carnot engine 1TU Reversible aziuazdaundulufianieassinule
aanendunszuIuMs Reversible refrigeration cycle
Carnot’s theorem N1 I3 dn5uaa9 Heat reservoirs ﬁﬁﬁﬂl&ﬂiﬁ%lﬁﬁ Engine la
§31508 Thermal efficiency 31NN Carnot engine
Thermal efficiency 284 Carnot engine %"zgiu ﬁ'vwé’uqmwgﬁ Ty ttae Tc azld

IUNU Working substance 2849 Engine

5.3 Thermodynamic Temperature Scales
A v v ' . a v I a
NudLE T Mg Kelvin anndinly 0 Wdugamglianale 9 uny
WA 2 Carnot engines

Engine Miyuseninaumnil 0, uaz 0,
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= . 2% o ' a
8n Engine wilvhauseninauvgil 0. uaz 6,

niaasazUsenauiilyu Camot engine MNEaTHNUSTEUIN 0, uae 6,

' l Qi

e

> | W]

5U#i 5.2 Camot engines 1 4z 2 TINAUUsENBULTY Engine fafisna
Thermal efficiency 2849 Engine wsnaziiuWedduzas 0, uaz 0. avuy

n=1—% =¢(04,0¢)
H

o lvddlu

Qul _ 1
Q.| 1-4(,.6,)

=1(6,.0.) (5.3)

v < su o VY . & a Y
oy (Wuiarzunien 33 210 Engines aananazigailah

(5.4)

ianatignuamurusnsdIueeaas thermodynamic temperature Fafudaseladunuy

va v =~ I a . v
AaNUGraIasla g 1 0 @enlugannil Kelvin azla
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(5.5)

5.4 Carnot Cycle for an Ideal Gas

(1% Kelvin scale (i1 thermodynamic temperature scale)

el gas (Ju Working fluid, Carnot engine WUTNLAG Fig 5.3

Uil 5.3 PV diagram uao4 Carnot cycle dniumzanuaf

9215nBUMIE Reversible 4 FUABY AD
1. a—> b dALUY Adiabatic auqquﬁLﬁuawn T. W T,
2. b —> c N8 UY Isothermal 1‘1]7\361 c fT‘UﬁQQﬂ Heat | Qy |
3. ¢ — d venEuuy Adiabatic augamgiianauiy T,

4. d —> a BALUY Tsothermal lUNMz5uusnlneUans Heat aan | Qe |

Toan 570N UUDY 2 Tsothermals Wae 2 Adiabatics ﬁ]:tvl,(;]’ﬂ&lﬂ’l’i

Al A (5.7)
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wWisuisunuanmsi (5.5) azld y(T) = T 1513989U 1691 Kelvin temperature
scale 2B9MBYANAANAD thermodynamic scale Hutaudasznnanan ¥z IRANY

T 9 Waunu (5.7) aslu (5.5) 2zl
n=1-— (5.8)

aums (5.7) uaz (5.8) Wun3numlud Camot’s equations

]
P=l

duM5 (5.8) UdAII Thermal efficiency 284 Carnot cycle a¢1En1Ad 1 Araiia T,
% 4 Gl 4 4 v [ a v 1
lnd oo vide T, Inagud udluanuduaieudid n < 1.0

cagan 5.1 lssnuluihdrunaiiansy 800,000 kW udalatinn 585 K wardane

ANNFDUNIGUNUIN 295K 61 Thermal efficiency 284159MULINAY 70% 24AIFIFAN

U

Wulule Heat Nivaudihazsinnumls

Y

29 90 dums (5.8)

—1—T— :I.—E = 0.4957
max =27 585

". Thermal efficiency 3399 = (0.7) (0.4957) = 0.3470
Taadienu

wen dums (5.1) | Q, | = W+ | Qc |

n Q

wan Qc|= (Tnj l 0 347j(soo,ooo)

= 1,505,500 kW %38 1,505,500 kJ/s
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5.5 Entropy
A0 dumMs (5.7) 91l Q, 1t + (Suthan) uaz Q. u - (Udezaan) azla

WUADEIMTU complete cycle 2849 Carmot engine HAUINYBY Q/T AN UAUE
13189270 Working fluid %né’ulﬂémaxﬁmtiﬂ RLUUAUINUAGNN ) (BU T, P uag U g
aauluneGuauy AMANBMENANYBY property AB HAUINYBINITIUAULYadInTU

| % 1 = c:d Wag T A a
complete cycle £MINY 0 dNNIT (5.9) UBNIIN property NUAUTNUAUDE RN
Q/T

07U Reversible Cyclic process Wue YNINYDN Reversible adiabatic L& ¢

Reversible isotherm 7\1316?1’

§d(?rﬂ=o (5.10)

B h) § NNIBDINBDA complete cycle L% rev = Reversible cycle ERREE R

q

a

dQ,/T snfuazlaunugud Zagulahiquantdresszuy Fensdeuudas
NUAULSIFENI Entropy S #nstUdsuudas

differential uaaalogUsaIe Q/T U Anud

differential A®

ds — dQTrev (5.11)
oty
dQ., = TdS (5.12)

tiia S 1iu Total entropy 2B4IEUU
WA A ez B UUUNUMW PV 28931 5.5 Z9unuasy Equilibrium state 299

2N AR NIZBLANTN WNTAULFUNN ACB ez ADB 2zle
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3UM 5.5 Reversible 2 dunnsInnazangad A uoz B

dQ
AS = IACB Trev
lae
dQ
AS = IADB Trev

M AS = S, - S, ABNYNNUNIFEBILEUMY ulidie fluid azidsuain A 1 B
108 Irreversible process M AS azgaaaidlu AS = S,-S, UAMNMINABRINUIIA AS A
laiwinau JdQ/T #a1ure9 Reversible process TUAITHIAIFINSUATEUIUNITASILA

gauUnau (LWSI1EM T azENAU)

1@ Process LU U Reversible 4@ Adiabatic, dQ,_, = 0 REUU AS = 0 UUAD

rev

Entropy 2#8432UUzANN WazauIunsi3anI Isentropic process

d3UiNenAu Entropy A8

1. AS 29952UUNMHULUU Reversible process ¥ laann

AS = de% (A)

2. N8I UUANTHULUY Trreversible process A1 AS 28952 UUEIAIMI LAlagaunIs (A)
OERERN Entropy \u State function R£1u AS 195U Irreversible @y Reversible
processes wnNaUNU

= s P <) . A < i 1 v o
3. Entropy Huszlegranniiiasanniily State function w38ty property Naglungian 2
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NIOINLAYYDY Mechanically revisable process AamstUasuulay Entropy 20452 UU

1
=< o v

Zaiunlannaesain JdQ/T @501 LANU Process A39M8ULINNITONENANN

u

SOUTEWIN System Ay Surrounding 224 Irreversible

5.6 Entropy Changes of An Ideal Gas
B UsaIA lUNITAININ 15171 UA Mean heat capacity §IM5UNITAIUIN
Entropy fne

Co_ D
=A+BT, +T, T,|C+—= (5.17)
R (T.T,)

B “ms” MANEDY AIRFELAIZANEINSUAIUI Entropy (Mean value specific to entropy
calculation)

T,-T
T = —2——— Wae T, = Torly
In(T,/T,) 2

wazaumM I wIUMsasuLUsy Entropy §1%3U Ideal gas A9

i T P
AS = C8. s In ?Z—Rlnp—z (5.18)
1 1

M188199N 5.2 d19%5U Ideal gas %4 Heat capacities Harmenantuliuuy Reversible

adiabatic (#4NA® Isentropic) Process tIWuanfiseau luuaIn

(-1 1vy
L _ (i] (3.23)

THuaarhaumsilazmlannmsldanms (5.16) iia AS = 0

38 diesn CY denesdl, CI0 = CF aums (5.18) deuldiily
nte - R P2
ALY
R/CY
T P F
2|2 (A)
Tl Pl

§1%5U Ideal gas dums (3.17) azli C:Og = Ci\g +R
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ct R 1
1= —“+— ="+
cy C? Y

P P

R
Cy

[

Way = CJ/CY udmRr/CY asld

R _v-1
C; Y

Fazdauglanns (A) Wil aunns (3.23) mwdideans
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Mae199 5.3 119 methane N 550 K tlae 5 bar ¥8N8@ILLUU Reversible adiabatic 1‘1JL?J‘L!

1 bar MM@ methane 11U Ideal gas ian1zil gamnigaraaziduimls

359 §W5U Process #§ AS = 0 aums (5.18) sy

ce T P 1
Zmn2=ln-2=Ih= = -1.6094
R T P 5

iesan C9  Junu T, 1519088 5UEMIU Tteration (Tlu

pms
T, —1.6094
=
Tl CIPms/R
NN
. (—1.6094]
» = Tyexp | ———
CPms/R
Wa C /R W aums (5.17) laaasimanman 4.1 1uds
cy
% = 1.702+9.081x10°° T,, - 2.164x10° T, T,
4 550+ T,
Sh) T, = —=%
2
550+ T,
uaz T =

™ In(550/T,)

(A)

(B)
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Bulaaduud T, < 550 W CLng/R NnnaumMs (B) udwnulugums (A) azlam T,

Tnal dhwsuawms (B) wazdnaeialy én T, azguingen 411.34 K

5.7 Principle of the Increase of Entropy; Mathematical Statement of the Second Law

d1%3U Process 'ﬁL‘ﬂu Irreversible heat transfer @1 Total entropy change ED) AS,.,
awfunniane uazazdhlndgudiila Process naefiu Reversible aziuazdiaumsily
Ao

AS.. >0 (5.19)

total

tdadaenuneadinemansuaingdaiiass FeBuduIMN 9 Process azaniiululuiianan
Total entropy change aziiaduuan LLamzﬁwhLﬂu@uﬂuﬂitﬁmww Reversible process

wihiuazlddl Process Milululan Total entropy Aeanas

AIatNi 5.4 wanvas (C, = 0.5 ki/(kg.K)) wiin 40 kg uaziiaamanil 450°C gyl
Wuly 150 kg 284 oil (C, = 2.5 kJ/(kg.K)) 7 25°C 611aidl Heat losses @1 Entropy 2%
wWasulduhls WaiRasanves (a) wanuas (b) oil waz (c) NANTANUBINFBITINNY

Wi Maumgiiganevanhiuuazindnvaslos energy balance
(40) (0.5) (t-450) + (150) (2.5) (t-25) = 0

.t = 46.52°C

(a) MsaguwUas Entropy 289iianyiae e liie aundillu Reversible process

C.dT
AS:J.d—sz P =Cpln£ A
T T T,
AS =(40) (0.5)In 2/315+4652 0 o0y
273.15+ 450

(b) MstUdsuuias Entropy 284 oil

AS =(150) (2.5)In 2121544652 o0 1o ik

273.15+ 25

(¢) Total entropy change

AS = -16.33+26.13 = 9.80 kJ/K

total
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wdunan AS,, iy + ud AS seunanvasaziuauld

aaad19% 5.5 UnUsziugeaninlaoanuuunszuIun1s39NLiNes Saturated steam L3190
100°C wasloansianmanuaetutaurastUna U v leanusauaaninadNnatiing
ngaunil 200°C wndnaalui Tuudas 1 kg 299 Steam N1tdng Process azanso I
v [ v 4 v 2{’ I 2| Voo | o v
Tanwasnueanudau 2,000 kJ Wuaashnszurumsildlululovsala Aannzndvuali
athamInzadige losanninivasiBiuiigamail 0°C fivsinalidnad

Example 5.6

An inventor claims to have devised a process which takes in only saturated steam at
100°C and which by a complicated series of steps makes heat continuously available
at a temperature level of 200°C, where 2,000 kJ of energy as heat is liberated for
every kilogram of steam taken into the process. Show whether or not this process Iis
possible. To give this process the most favorable conditions, assume cooling water
available in unlimited quantity at a temperature of 0°C.

Heat reservoir
200°C

as o
M

Q’ = -2,000 kJ
Saturated steam at 100°C Liquid water at 0°C
»  Apparatus >
H, = 2676.0 ki/kg H, =0
S, = 7.3554 kJ/(kg.K) Q, S, =0.0
v

Heat reservoir
0°C

(Cooling water)
sui 5.7 nszuaumshadung et 5.5

Wasnmidumlan 0°C azuumsldlssTenigegaain Seam loamsyvEudn
gaunniilldainsarhle auu@i Steam (100°C) aznauduazgninlindulidiu o°c

q U

uazazUapspanfigum)iuazAnNuaUUIIENMe Heat annafivassaanilazlululilan
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zmennne lUiauund 200°C asnazehlungda 2 azuus@asann@ i Heat
transfer LU Cooling water i 0°C @28 UBAINUU Process hauilulumunnian 1 aeu

NN d8nNT (2.11)

e AH famsiUdeuuuag enthalpy 289 Steam N lvamua3asiie

Q @d Total heat NNYULNTEWINIATANNBNY Surroundings

kA4

NI W, = 0

>

Surroundings azUsenaune Cooling water Ay Heat reservoir ﬁqamqu
0°C @99 wazdl Heat reservoir 1 200°C N1 2000 kJ 484 Heat d1atmu1lussuu
Apparatus

A H uaz S dwisulainaudif 100°C ¥aIn Steam table

Q = Q+Q,
S.Q -2000+Q,

iaRa5an 1 kg 289 Steam Nl Mnngaiiviie

Q = -2,000+Q, = AH = 0.0 -2676.0 = -2676.0 kJ

AIUU
Q = -67.0K]
M AS - #ilsznauais

total

dM5U 1 kg 289 Steam
AS = 0.000-7.3554 = -7.3554 kJ/K

§95U Heat reservoir 91 200°C

2000

=" = 4.2270 kl/kg
200+ 273.15

§95U Heat reservoir 91 0°C



676.0
=~ = 2.4748 kJ/kg
0+273.15
GaUU AS,,, = -7.3554+4.2270+2.4748 = -0.6536 kJ/K

(%4

asnndianduau magulannszuiumsiiedunemniidululaila

muaalun oazlidulyle T

a) Minimum steam quantity e

b) Q,

NN 1 nAH = Quq + Q,

ngdiai 2 AS,, = AS,, +n(s,-5) -0 3o
T20p To

wh¥ Q, Uaz n L

5.9 The Third Law of Thermodynamics
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(1)

(2)

luudwas Microscopic viewpoint w3a3a3luudluiena Entropy asta@uniunm s

1 = = [ = [
ya9an N L usedisu (Randomness) mamiamaqwaqmmLﬂus:mﬂﬂuixmﬂmaqa

ngiafisazaunasiuloundndnanadn “Absolute entropy 1nsuasiilu Perfect

crystalline NN @uﬁﬁqqu 4 Absolute zero temperature
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2 @ d.
WUUHNBAUND 5

5.1 Carnot engine 1@3UANN381 150 kI/s 70 Heat-source reservoir 11 425°C wazUaas
auZauialUil Heat-sink reservoir 71 30°C 19§11 power fil@aanauazanuiaud
Usaaitg

5.2 Heat Engine #ialUilu&a power 80,000 kW luLLda:ﬂsﬁﬁiﬁm'é’fmw“?i'mm%augﬂﬁq
AN hot reservoir Ltazmm%auﬁﬂéaﬂ%ﬂﬂ cold reservoir

@MAN Smith 78 5.3 W

5.3. The following heat engines produce power of 95,000 kW. Determine in each case the
rates at which heat is absorbed from the hot reservoir and discarded to the cold
reservoir.

(a) A Carnot engine operates between heat reservoirs at 750 K and 300 K.
(b) A practical engine operates between the same heat reservoirs but with a thermal
efficiency = 0.35.

5.3 Power plant Mulaedl Heat-source reservoir 1 300° waz Heat-sink reservoirfl 25°C
wazdl Thermal efficiency YNAU 60% BN Carnot-engine thermal efficiency ﬁq N F\
Ay
(a) Thermal efficiency 284 plant L¥AULS
(b) AW auﬁuqmw{]ﬁwm Heat-source reservoir tJutyn e a1y Thermal efficiency

284 plant LN 40% WazA 1 UENAIYINNY 60% a9 Carnot engine

5.4 Tdeal gas 298] C, = (7/2)R {iU51a5 70 m’ # 20°C U8z 1 bar gﬂﬁﬂﬁ%’auﬁmm
fuatlufl 25°C Tasanudaugoman Heat reservoir 7t 40°C @ uamusanm
mm%auﬁdwmmé’qﬁm, Entropy change 284 Heat reservoir, Entropy change 28
Mg, waz AS,,,

a

5.5 MBULULIWUIA 0.05 m® UFIY Ideal gas Faf C, = (5/2)R Ngouvndl 500 K wag 1
bar
(a) 04 Heat 12,000 J e lufimalsim Entropy change
(b) B1MAULFAGIGINIY (stirrer) ‘?}Qﬂa,‘luiﬂﬂﬁ1uLLﬂuWHuﬁ11ﬁﬁﬂﬁu 12,000 J
nsevhaams Tvm Entropy change 2997 MnszuIuMsEuLuy Adiabatic uag

) AS

total

5.6 Ideal gas & C,=(7/2)R gﬂﬁﬂﬁ’%au"lu steady-flow heat exchanger 210 20°C 14
Wu 100°C Tae Ideal gas BNAINTNTUINT 180°C 80INSLaUDY Ideal gas NITDY

whiu wazlaifimsgadaanuiouaanain Heat exchange
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(a) 1% @447 molar Entropy changes 2841299609 NSl L¥awuU parallel Uuaz
counter flow 114 Heat exchanger

(b) AS,,, Tuudaznsalduwnls

5.7 Ideal gas § C, = (7/2)R udz C, = (5/2)R diiuasuNas (cycle) logUsznauaiy

JunaudalUil
[ . . <

(a) BALUY Adiabatic 90 P,, V,, T, Willu P,, v, T,

(b) YNYAUUUANNAUAINAND P,, V,, T, WU P, = P, V,, T,

(c) 2ENBFILUY Adiabatic 30 Py, V,, T, lWidu P,, v,, T,

a P g v g

(d) nszvrumsuuudsuasasiain P, v,, T, lWdu P, v, = v,, T, Taiineas
TunsW PV waen) Thermal efficiency 81 T, = 500 K, T, = 800 K, T, =
2,000 K uaz T, = 1,000 K

5.8 nHi9luagay Ideal gas 793 C, = (7/2)R waz C, = (5/2)R §NIAUUY Adiabatic 1y
N35UBNEN/gNgU 1N 1 bar waz 40°C Wiy 4 bar nszuINM T Ireversible

LHZABIMINUNINAIILUY Reversible 30% 1HM Entropy change YNNG

5.9 §1 12 mole 284 1-butene gn¥irlsisauain 250°C ltlu 1200°C Ty steady-flow
process NANNAUUITINUBTIUITENNE

5.10 fU3mnauanndou 1100 kJ e lUfi ammonia vapor 30 mole NFguvNEHLIN
7 250°C Tu steady-flow process iANNAUUTENIUKBTUIUTTEINIE 199 Entropy

change

(%

5.11 UnUssAuglauulsa non-flow process NFuFauNT 1 mole v 1ML Tu Working
fluid WALHAYBINTEUIUMSLTUAI]
(a) axmaRNMsasuwlasdanIzaIn 500 K waz 2 bar Wiy 350 K wae 1 bar
(b) o1 2,000 T 88NN
(o) HUSinaanudaunlieantlawe sewnluh Heat reservoir 1 300 K

t4 1 o d’ v tgll < 4 c} = [] a

Timhmshauzasnszuumsnaniidulymungiendaswsala suudhaime
(I 1deal gas & C,=(7/2)R

Tane | 5.1 52| 53] 54| 55| 5.6 57| 58| 59]5.10]5.11
Smith | 5.2 | 53| 54]5.10| 59 5.10|5.12 | 5.13|5.16 | 5.19 | 5.21 | 5.27 | 5.28 | 5.30 | 5.44
Thai | 5.1 5.2 53] 54| 55| 56 5.7 5.8




