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Chapter 1

Second Law of Thermodynamics
1-1 Introduction

1. It has been observed that energy can flow from a system in the form of heat or
work.

2. first law of thermodynamics deals with quantity of energy
3. second law of thermodynamics deals with quantity and quality of energy.

4. first law not limit the direction of energy, but the second law limit this direction
from high temperature to lower temperature but not in opposite direction without
assistance.

1-2 Statements of second law of thermodynamics
1-2-1 Clausius statement

"It is impossible for a self-acting machine working in a cyclic process unassisted by
any external work, to take heat from a body at a lower temperature to a body at a
higher temperature”.

In other word, heat of, itself, cannot flow from a colder to a hotter body.
1-2-2 Kelvin-Planck statement

"It is impossible to construct an engine, which while operating in a cycle produces no
other effect except to extract heat from a single reservoir and do equivalent amount
of work".

1-3 Perpetual Motion Machine of The First Kind - PMM 1

1. The first law of thermodynamics states the principle of the conservation of
energy. Energy is neither created nor destroyed, but only gets transformed
from one form to another. There can be no machine which would
continuously supply mechanical work without some form of energy
disappearing simultaneously (Fig.1.1). Such a untrue machine is called a
perpetual motion machine of the first kind, or in brief, PMM 1. A PMM1 is
thus impossible.




2. The converse of the above statement is also true, i.e, there can be no
machine which would continuously consume work without some other ¥

form energy appearing simultaneously (Fig. 1.2).

Fig.1.1: APMM1 (Impossible Engine) Fig.1.2: The converse of PMM1
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1-4 Definitions

1. Heat reservoir : a body which has large enough temperature and does not change
when heat is added or removed is a heat reservoir. Examples oceans, lakes, and
rivers as well as atmospheric air.

2. Heat source : a reservoir that supplies energy in the form of heat is called a source
(Fig.1.3).

3. Heat sink : a reservoir that absorbs energy in the form of heat is called a sink
(Fig.1.4).

4. Heat engine : a heat engine is a device that operates in a cycle and produces net
positive work while heat transfer occurs across the boundaries of the device.
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Fig.1.4 Heat Engine
All heat engines can be characterized by the following (Fig.1.4)

(1) they receive heat from a high temperature source (nuclear reactor, solar
energy, oil furnace, etc).

(2) the convert part of this heat to work

(3) they reject remaining waste heat to a lower temperature sink (the atmosphere ,
rivers , etc)

(4) they operate on a cycle

1.5 Cycle Efficiency of a heat engine or thermal efficiency

The cycle efficiency of a heat engine is defined as the ratio of net work done to heat
supplied. This is also known as thermal efficiency




_ Heat supplied — Heat rejected

1 Heat supplied

Q- Q
Q1

Where Qi = heat supplied from a source

Thermal ef ficiency =

Q- = heat rejected to a sink.

Note that net work = Q; — Q,

1.5 Carnot cycle

1. The Carnot cycle is a hypothetical cycle developed by Carnot for either engine or a
reversed heat engine (Refrigerators, Heat pumps)

2. The Carnot cycle is a reversible cycle because it consists of two isothermal and
two adiabatic processes

3. All the processes involved in the cycle are reversible, thereby providing the best
possible device that one could construct

4. Results from the cycle analysis can be used to determine the maximum efficiency
of performance possible for either a heat engine or reversed heat engine.

The following assumptions will be used for the derivation of the efficiency of a
Carnot cycle applied to a non-flow cycle, i.e one carried out in a closed system,
example cylinder-frictionless piston .
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Notes:

(@) A hot source , is a heat reservoir of infinite capacity at the maximum constant
temperature Ty or TH

(b) A cold sink, is a heat reservoir of infinite capacity at the minimum constant
temperature T, or T
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(c ) working fluid is perfect gas
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(d) a frictionless piston sliding in a perfectly sealed cylinder, both piston and cylinder

being perfect insulators
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Fig. 1.5

The cycle associated with the Carnot engine as shown in above Fig. 1.5 (b) , using

an ideal gas the working substance. It is composed of the following four reversible

processes:
Process 1-2 : An isothermal expansion

Heat transfer reversibly from the high temperature reservoir at constant
temperature T, . The heat supplied during this process is

Q,, = mRT; an—j (1-1)




Process 2-3 : An adiabatic expansion

The cylinder is completely insulated so that no heat transfer during this reversible

process , Q3 =0 .
Process 3—4 : An isothermal compression

Heat is transferred reversibly (heat rejected) to the low temperature reservoir (sink)

at constant temperature T, . The heat rejected during this process is
U3

Q34 = mRT2 lTL— (1 - 2)
2

Process 4-1 : An adiabatic reversible compression

The completely insulated cylinder allows no heat transfer during this reversible

process Q4=0

From the adiabatic expansion 2-3 and compression 4-1

U3 Vg

V2 V1

or 2:=2 (1-3)

V1 Vs

(1-2) Aslaall 8 (1-3) Aoladl) (m gas
* Q34 = MRT, an—i
Applied the first law to the cycle, we note that
$Q=¢w

Or Q12— Q34 = Wyet (1-4)

The efficiency of Carnot cycle is

n = network  _ Wnet _ Q12—0Q34
heat received Q12 Q12
mRT, lnz—i—mRTz lnz—i

r’ =

MmRT, In¥2
v1
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HW :

Calculate the efficiency of Carnot heat engine working between high temperature
reservoir(source) T1=1000 K, and low temperature reservoir (sink) T>= 300 K.
Calculate its efficiency when the temperature of sink decrease to 150 K.
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Fig 1.6 diagram for reversed Carnot cycle (Refrigerators and Heat pumps)
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1.6 Carnot's Theorem

1. " It states that all engines operating between a given constant temperature source
and a given constant temperature sink, none has a higher efficiency than a

reversible engine'. Refer to Fig.1.7
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(s Fig.1.7 Two cyclic heat engines HE, and HEg
e

Operating between the same source and sink,
Of which HEg is reversible.

2. HE, and HEg are the two engines operating between the given source at

temperature T, and the given sink at temperature T,.

3. Let HEA be any actual heat engine(irreversible heat engine ) and HEg be any

reversible (ideal) heat engine.

(L

4. We have to prove that efficiency of HEg is more than that of HEA.
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Wy = Q14— Q24
and , Wg = Q1 — Q25
Since Q,, > Qyp
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Hence, Wg > W,

(Wirew) oolSad) Y @ (a2 Rl (ya 581 (Wi ) oSl e (1o il il e

8 56 o3y yrad) Gl o asie (Wirey.) conlSod) Jodl) (5t Lael) ol mall 5 LSl SIS,
iad) Gl e pgeiie (Wioy) olSa¥) Jadl) (g5t (2 8 lly olSai¥) @l 50 US (50
Ul dadll o) e ¢ (Qia= Qip ) GSonall e Dradll (i luagidl (Y (goluiia callall 8 oLl




31iS (o et 058 B Sty pndl) 50 i ailey ¢« B e o gl Jindll e 81 A Ayl e
A el dadll

1.7 Corollary of Carnot's Theorem

" The efficiency of all reversible heat engines operating between the same
temperature levels is the same ™.
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Hence, reversible heat engine = Carnot heat engine
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1.8 The efficiency of irreversible heat engine
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Example(2)

A heat engine operating between two reservoirs receives energy Q1=2100 KJ by heat
transfer from a hot reservoir(source) at T1= 2000 K and rejects energy Q.=500 KJ by
heat transfer to a cold reservoir(sink) at T>= 400 K. Determine the reversible and
irreversible efficiencies of heat engine.

aall s
Solution : source
T, = 2000K
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Q2
Nirrev. = Nactuar = 1 — a =1- m =0.762 =76.2%

u\J;J(‘EAC\AJ\w&u\Lﬂ);.agg\)JJJ\S&)MSJAH‘#}L’;J‘)Q\&M\‘B;USLJQA&t\n:\
9%76.2 5.1 L—U\S‘;A‘; é‘)MSdA’_JLAJ.\Q} ‘%SOijm el

ak\&\ﬂ\@%ﬂeﬁbs}ﬁ.\u\ R ‘;A!j‘ dM\BdASQAL;c\}AJSB;uSA\_ch
“ Trev. > Nirrev.
(HW) sl

Laic o3e ) JUl) Luail reversible and irreversible efficiencies 4uliall 5 dulaall 361l Cusal )
g 3 ) yall a5 eliy e Q2= 400 KJ 5 Q1= 2000 KJ 53

oSl Example (2) & Whey, (=S¥ Jall)l caual ¥




Lyl Example (2) * irreversible work (isll) el Jadll cassl ¥
Spalaall LM Jlaitly paags o 35 ¢ Anbl) yalaall AL _a g dusalal) syaaladll ) Jsaall U
: odlel daylyll

Al 5 palad) DA

(&) .. « B dyna« A daa) reversible heat engines  ulSail JiS) ) (pS)me bxie K13 )

OY undly e &l s L lS yaall 03gd (L) dassll) clindly (Llad) Jasgll) jaiadl (s G (Slany
Al o cond ()8 a3 S ués ag) reversible heat engine wlSai) djaa () 501

)

. K 1 Tsi
S8 e 3eliS ) oil&aiW) a3 S Npgpersiie = Nearnot = 1 — —sk

Tsource
Do) dua
oraall Cueag Heaill oda sas) Wie) 0sS O) (Sars sadll Bl dnyy A Toypee = Ty = T
(VW b Jng) Bl la dapy AT =T, =T, W
o e 4 B djadllyreversible HE ulSail A @ljaddl oS5 ¢ A & B (S )aa Lixie IS 13) Y

actual HE 4t Gl (Kayg irreversible HE (il dlyas ape o) e dhan Jiny ) ulSadl

R ‘_Arj S ual&ady) e paal) BeleS ol ¢ ( Heat Engine (g))a djae HE jaidally aais )

Eiaall 3.1 Ll ¢ oDle ) A8l (pe cowal ‘;JS:.N\ Eyaall 3.6 Ldye « u.utSa_\\ Ol Gyaall 3o S

AUl A e cntd  wlSadY) e
Qsink

Nirreversivle = 1 —
Qsource

o) s
Q?J‘)AJ‘ Draall A 3l Hradll ddla LT Qsource = Qun = Q1 = Qi
Sink 3l Tl ) da s pladll A3l 4S8 4 Qsink = Q1 = Q2 = QoW

Sl a0 S e g5l () irreversible HE ulsed pé dlaa sl (Ko : Aiadla

S padll 3. e e 058 ol IMPOSSIBLE @\al (Sadll e (1 (Sl reversible HE
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ANl (e 5 shos (Wi (giball
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Sink L) Jas 5l

Heat Engine )~ dyae Jiay (1)) ke

¢ Slall Tl I U danigl e Ji o oMl (1) daladall b 38LLL (Sar Ja gl

s On oY) Blad) Aoy I S B ladl da s (e i o) AL Say V1 lsal

Lo Jisaadl ¢ Gaansgll g Jaas o) AUl Sy aolad) fisall dgasn S § a)ls Sise

¢ alail) U sl (e shemall dpmylall 48D ) Jadll Clgall € aplal) Sisall s e
bug o Jemy LaadIS ¢ Heat Pump 4,))all 4s.a4ll 51 Refrigerator as3) Jla
o) plaill I alal) dasadll (e el (Sl ) A8 yeSN A8l . s dag slail 35l

i iVl System AUl ey deskiial) calil Ja1s 3sasall anall 5le) daskial

il I Haaall e sl s @ yaad 48Ul JUl sl
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hall daaall o) AaDAEl daslaie Jaradil 401 4100 5eS) 48Ul aule 5 ¢ surrounding
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(ONIEYSIE™N | EVEW gt PLE N SW RSN B S TEON P PN |
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B Sisall s

el Balall (e (2l Jle) plaill J8 (e s sasall 4y ) al) 28Ul
2 B sall ABall ) ¢ Ref.)Asdll 38 Jals lasesd 5l oy 5
el (@al) Sl J203 G dnda s 4bsed Sl a8 o sl
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(B2 o) dan

s ol gagiua Reservoir at T
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Reversed Carnot Cycle s\ 3,30 (ugSaa & jaa (1) Jalada
) sthaal) ¢ oSel Al B (o ((akilly oalSa) ) @bl @haall ihall 5ol Clua
5o i) dad ) Ciymi ¢ (Aphall Aaadly 430 36l lua ) LasSaal) hall @hadll 1S Cilua
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1.9 Coefficient of Performance of Refrigerators and Heat Pumps

Lt d3laally IS ¢ 19Y) Jalea

Desired energy result

CoP = -
work input

(A Adme ) A0 Akl oY) Jalae Jiey COP (ol s
(a) Coefficient of performance of Refrigerator (COPRefrigerator))

S el 8 ele) Jlia laagd ahall saldl e QU Ayha Ala s 58 AU Jee (e lladll (\)
Lhidl LS ) plall ol aas (2l Jle) alaill agdy ¢ (A3 508 Jals paas oayy8 Gusllae
Jrally Qp Ul W Jey o QU & 423l 4l Desired energy result J) ols agles ¢ (Y
work input  sa (Al e 48lall) Lelsal o 530)

Q; QL L
COPRefrigerator = W: - Qy — Qg B Ty— T,

input

(b) Coefficient of Performance of Heat Pump (COPyp)
Saall A Gaxn Ay )hal) Alall (e oS g8 Heat pump aghall dacadl Jee (o csthadl Lo (@)
Winput 58 Jaeiall 20U Jaddls, Qp Lla) W Sep o) Qp ) axidl

Qu Qu Ty
~ COP = = =
Heatpumy = Wiwe  Qu— Q. Ty— T,

-Qy s Aandl iy Desired energy result () )
b Al Al e iy Wonpyr dashaiall ) Jalall Jaill (V) dadadall o0
Winput =Qn— Q

1.10 The Carnot Principles S 3)9a (sl

1. Corollary 1 : Tre efficiency of an irreversible heat engine is always less than

the efficiency of a reversible one operating between the same two reservoirs .




Daall o i 585 b g)ha ae (;y s s+ gyt @JJY/ 4;@.!.4/ JWJW /:1,.:.4!/
Lia lgy inicorollary LafSy (illy jradl)) Speosiell (udi G Dlazy Lodic ((Alal) ilSeiy]

8 500 Slgys o L

2. Corollary 2 : No reversible heat engine can be more efficient than another

reversible heat engine operating between the same two reservoirs

[asall ind GpaalSeil uSma Ry 5 Ry lS 13/ 2 1S (53180 AN Lyguad) of) KD fasal)

u/g/. CLJM‘)MS:J/J R2 ‘%/)MJ/;&[JSUA‘J_[C/RI M’S¢Mﬂu/u&y )/p){.c/dj)//

Crtad! udi o Leglleid) aie ¢ Goluia (65 5 cang Laglie 1S
3. For Refrigerafors and Heat Pumps :
The corollary 1 may be stated as follows:

" No refrigerator or heat pump operating in a cycle between two heat reservoirs can
have a higher COP than a reversible refrigerator or heat pump operating between

the same two reservoirs.

S A aa g Y Cua 6K V) Tasdl il il A hall A iaall 5l AN dually
13 Jalas | (e agivn 5l Gubag o 8y Jaad (freversible dinlsi ) Ayl a daias

bl Guss g et reversible daslSa) Ay ddcas o) A5 e el COP
4. The absolute thermodynamic temperature scale

Corollary 3: " a temperature scale that is independent of the properties
of the substances that are used fo measure temperature is called an

absolute temperature scale.

c 1 S 530 3 LS DS S = (i) IS) T L) ) 3l [rsal

Ncarnot = 1 — T_l




Jalse L__s\ 5l ag8ll gs o) 258l A8 aled Lﬁ\ Slo A Y ol 3. S G ADal) 028 (e aaDl
Shall dag ol e Lo alad) o5 gl 038 Gy« To 5 Th o Bhall clags apos lae Lo (g4

The absolute thermodynamic temperature scale dslhall Sl ga il
: Lyl dlaally LAY £ 1Y) Jolea Jss cilbiadla
S8 899 Jaa (3 oOlaes ilagliie 4yfad) didaally AaSAY cils 1) : o) LbaSlel)
£ 1Y/ Jolea cuwaireversible refrigerator and reversible heat pump .5/
: LI Al (o
For reversible refrigerator (Carnot reversed heat engine):

copP = L
Refrigerator,rev. — TH _ TL

For reversible heat pump (Carnot reversed heat engine):

Ty

COPypyrey. = T, — T,

For irreversible refrigerator (actual refrigerator):

Q;
COPrRefrigeratorirrev. = m

For irreversible heat pump (actual heat pump):

s Lll5l) oo ol pisiiani ALY/ Jsla 4 2 53 Y) dhiadlal)
COPRefrigerator = COPg
COPheqat pump = COPyp

Example(3): A refrigeration cycle operating between two reservoirs receives

energy Q,= 1000 KJ from a cold reservoir at T, =250 K and rejects energy




Q; = 1400 KJ to a cold reservoir at T; = 300K . Determine the coefficient of

performance of refrigerator when operates reversibly and irreversibly.
Solution : Given : Q, = 1000 KI=Q,. , Q; =1400 KJ = Qy
T,=250K=T. , T;=300K=Tyx

(@) when the refrigerator operates as reversible (Carnot) cycle :

TL 250 250
= SCOPR = = = —
Ty—TL 300—-250 50

G il 518 3)530  A3Y) dagrad) s COPR maximum  3050] ¢ 1) Jalea e/ s Lis £ oY) Loles
LS5
(b) When the refrigerator operates as irreversible (actual) cycle :

Q@ 1000 1000_25
Q;,— Q, 1400-1000 400

COP, =

Jiait Lovie ¢1¥) Jalaa (ga J8) 03555 4508 Ly sy (uidail)) Llonl) 200 2 L0Y) Jolea 5o fis

e 3yem 2230

Dol dall Bt

COPR,reversible > COPR,irreversible
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T1=300K = 27°C 3 )l )~ da 3 2ic 4Dl (all 33 a gl

BJ“);.“
system aUaill aiiens (S 5l da shaial) dag
Ty O Gesi Jl 13 L3 303 a5 o=
a;ﬁ_u;(‘gmzn})n)»)wg A
Loy Oms( —23°C)T=250k 3,1~ Zalall) Jasl)
L8 A5 (27°C)T1=300K e ,la (Al e
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>Rl Jisal
Ji S Y
Lu gl e 48U
| bl ol

L) -
i = = 2808 | Ja

Gaa allail) e Cosllae ¢ AaGl 3y 80 5 aa
o) Ly yo o) el Baladl (e Qy W ylata 3 ))
dany (odl Jle) Al U8 (e Waasess
T2=250K=—23°C__dll Jala 3 ) ,all

;@i Lo <lhada

5 gl £ Jalra HIS 4i)lS 3199 Jae Jard AN daghiio ) (i sidi Ladic .
Hld Eigan g9 G Jard Luland] Lol o daghiio dag5 Y oY L o lii o)) g4
o s gi)lS 8193 Jao e (g lgials O8I ¢ (03] DT cilacdly IS o daili
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£I9Y) Jalea (30 J3 98 92,5 OIS dularl) AaMEN Lo glilal £ /oY) Jolea Lita g Latic g, F
&/300k 5250k S s G Jard M S ¥ L) GY) cdad o ¢ g B
.5 daﬁ/ﬁ/d/‘jdla.dg&.'f




Example 4 :

A power cycle operating between two reservoirs receives energy Qi by
heat transfer from a hot reservoir at T:= 2000K and rejects energy Qz

by heat transfer to a cold reservoir at T.=400K . For each of the
following cases, determine whether the cycle operates reversibly ,

irreversibly, or is impossible.

(a) Q1 =1000K) , W =850K!

hot reservoir Juadll

(b) Q1=2000KJ , Q=400K) T; =2000 K

() W=1600K] , Qz=3500K)

(d) Q1=1000K) , n=30%

é)\‘);l\uﬂ);.d\

Heat Engine

T,=400K 2ic sink <l

Power cycle (Heat Engine Cycle)

Solution :

Given : T1 = 2000K Temperature of source
GAIS 2000 (s sk s JIsaall (A Blana (aall) Jladl Jaw gl 3 )) s da 0
T.=400K Temperature of sink
CAK 400 cilS g J) gl &B&ML@“\ < (Sink M\) )Ll das ol 3 ) s sy

Q:}gdaﬂg)\);gﬂ);a'é)jdhbg\M}\:\ﬁu\'&‘)}d@ d\juj\ Jaa QSQBM\EJJJ\
T2 =400K 2,ul) Lo sl 3 )y &a 539 Ty =2000K (o8 (findsa Gl s Aa o




Crimoa) e o Gead 35 (o)oa & jae 550 L sl Gy jal) da shiial) o3
reversible cycle &2l 5550 2 Jaa, b, ¢, d @Y e dls IS ol G glhas
2ail) impossible cycle 48as e 3553 sl irreversible cycle duiulais ) 5 ol
(Bl clulinal SEN ¢ gl 5 J 5V 0 $Mal (salie allad g diSaa e 5 ) 5

a0 (8K 2000 Hradl 3 ) s ds 5 o Jems &l (a) Al A : (a) A Dl
la i Qq ity (€ jaall Seaa) @l iy jaadll (IS 136 S 400 @il 5 ) a
Aaill (e Saa ) A shaiall ez JA s 1000K) o3l (3) Al 8 ame Lo s

B (3l Lial) el sl peas Allall o3l ¢ W= 850K 4% (2 50 Jad
48as ye ol jrreversible cycle (iwkd) ke o) reversible cycle (Allia) AnulSa)
s agdul) Jadl ol glad i Lsal) 13a WL impossible cycle

:LA}Y\E}M\

5,5l Carnot efficiency or reversible efficiency ((Alliall 3¢ L<ll) g5 ) 306 2
) el I L e

Lol Ly 20 5 goy

nCaT‘not - Tl - T'1 - 2000 - - - 0
Gla )y o adiad Lghad Y Jsad) 8 slanal) YA JST8a) 55 0 aat 3oL o8
YA asaads Jipud) 138 b i ol A s Ty 5 Ty s sl cpadans sl 6l ,al

slazall
- 3l 3 gladl)
(» «ni g jrreversible efficiency (actual efficiency) 3 5ol Aaal) 3oLl ans
- 2Ll A8
. Q01— Q2 1 Q2
Irrev. = — 4 — 1— =
rrev Ql Ql

But W= Q,— Q,=850K] given

W 850
Q, 1000

- nlrrev. -

= 0.85 =85%

(Saall e e ¢ 85% (gsbusi (Addadl) 5l dgiaall 5 ) 5 sall dpleall 3o liSH dad () Laa
Alal (gl ) e 5 4alad Lo Led ) e da shaia (515 ) 93 3618 () 5S5 ()
Lo 518 Beli€ ) Al ) By lat) e 5 50 80U (g o) (AISEAY] Cny pLa)
a0 LY (Gl oda e i L




Since Nirrey. = Nrep.  IMpossible cycle for case (a)

‘;'E;JJ O Cans d\}uﬂ\ ‘_g slazall EJJJ\ 0l G laa daga aags ‘_A\ oty - (b) PN
&l Cos (b) Aladl (85 ) 5all 55 IS 36US agde § OVl aaaad s 400K 5 2000K 30 sl
OS5 Lavie 5 sall Aladll 3o USH s e sllase 53) € 80% Leiad (a5 il

o L jlaa g Lad (p) Al Q, = 400K) iwd) ) da 5 yladll 3) all 5 Q1= 2000K)
P REWESS- P FPHIREN PRt NN AEN]

W Q- Q; 2000-400 1600

Tirrev. = 0"~ T, 2000 2000

= 80%

Al 85 g0l o) S a5 ¢ Ay laill 3L (g glud Asdal) 5o ) (b) Al Laa
AulSad) 3y 938 Jand (b)

Since Nirrev. = Nrew. this cycle is reversible cycle
(c) Aal
t V) G Aladl) 3 USH Cavn ¢ 80% 48U 53 IS 3o US Allall o2a b
838 (3o ¢ Q2 = 500K licd) N &s 5 5kall 3 ) all s W=1600K) (c) Al ilidana
AUl A8l (e Q) Laaall 3 Ha aa Cilidaall

W=¢,—-0, = 1600= @, —500

~ Q@ = 1600 + 500 = 2100 KJ

: —W—1600—0762—7620/
o nirrev. - Ql - 2100 - . - - 0

5oLl e B Lgieli€ (Y (A 5l Aib) Auled 5550 & () Alall oda 35y 50l)
s

Since  Nirrer < Mrew. T'his cycle is irreversible cycle




: (d) A
Alasll 36Ny Qp =1000K) sl 3 ) s < (d) Alal) sda lidaxa

SIS 3l xa 3l 228 45 5l3a 2ie 5 ¢ jrreversible efficiency 9e,. = 30%

Since Niyrev. < Mrev. This cycle is irreversible cycle

Example 5:

reversed heat engine cycle (552 sl & aa daghia 590 Jo JUall 128
(A Al Aduaall g AN 3 93)

A refrigerator cycle operating between two reservoirs receives energy
Q2 from a cold reservoir at T. = 250K and rejects energy Qi to a hot
reservoir at T1 = 300K . For each of the following cases determine
whether the cycle operates reversibly, irreversibly or is impossible .

(a) Q: =1000KJ , W = 400KJ
(b) Q2 = 2000KJ , Q: = 2200KJ
(c) Q: = 3000K) , W= 500KJ
(d) W=400K/ , CoP =6

o

Solution:
Q
Given T1=300K =27°C
W
A0 5 pa s ) e A bl 5 ) s A o Jia Ty 81 all As )0
(D b 53 53 5l
Q2

T,=250K=-23°C 7
Lo 8 Jals el sl s da 3 Ty 60 yal) da  Jids / T2 = 250K ﬁI

AUl 1 W asant ol oy 5 3l el alall (g Alitiall 5 )) ) 438 Q, Jias
(2 Je)

Jadll 1aa 5 (A2l A shaiall Jaadil) A 53U 4L sl A8l W Jad) Jiay Refrigerator cycle
Al 3k e (2l Jle) el e Aa g shaall )1 all S Qg Jias
Qi = osbos U o35 oa il el 1 ASDE Gl 33 5 sall Ainadl
(W=Q1-Q) 5 (Q2+W)



i (a) é}‘)f\ PR{BN|
(reversible or Carnot coefficient of performance) el ¢la¥) Jalae 225

T, 250 _:
T,— T, 300—250

el cila o Ao Jad aaiat 4t o5 gall o)a) Jalaa Aot Jias 138 )oY Jalaa

(£) Juiall 8 4l 56 LU iy Jad) 58 LeS ¢ Ao slatall Lagiy Jans il (pidans 1)
Laie g (a) Aadl Gldanall (38 5 Jand Ladic da glaiall 393 & o8 maat G sllaall ¢ o3le)
Cilplandll 038 (e ¢ W = 400K] e shaiall Juadil) o 331 Jadll 5 Qz = 1000K] (585

L AN A8l (g 5y pall ladl) 61aY) Jalaa i

Q _ Q 1000

COP; = ——= = —— =
lrrev. Q1 _ Q2 W 400

COP.¢y. =

2.5

Since COPiyrey, <
COP,.y. This refrigerator cycle is irreversible

:(b) ALl
Ll ds g yhaall 35 sl s Qy = 2000K) Adlill Cibidasal) A1) 528 & Laie

Jalaa (51 3l pall s )3 (uih ar Jentt A8l A shaial) (K1 ¢ Qg = 2200K) &)

435 ww\ MJJ:.\AM B‘)}.ﬂ 1Ayl dAL:LA )

cop _ Q2000 2000 _ 10
rrev.- = w T Q, — Q, 2200 — 2000
Since COP;rreop,, > COPypy This cycle is impossible

:(c) A

aobains Sllanall 038 (e ¢ W = 500K) Jaidl s Q1 = 3000K) o4 Al sda Clilasa
ANl (e Q 2

W=Q:-Q
500 =3000 - Q2

~ Q,=2500K]




Jalas) Ul £13Y) Jalna e 4 a5 Zbedl) LD 5 ) 5al 6 1aY) Jalae Syl Sy Y
(5508 el
Q, 2500
W~ 500
35 l6S) (5 gluse o glaiad o1aY) Jalaa 5l 36liS (S5 (o Ausalall 5 jumlaall U583 LS (S
Leie et OS5 O (Saall e (e ST AL

COPirrey, =

Since COP;pyey. = COP,py,. This cycle is reversible
+ (c) Al
e sle) 585 6 (5 sl Aubaill A Aa shaial £10Y) Jalae S iplaeall () Allall b

uSMJ.LC\JAJ‘5uLSJ‘ULuAeSLSJMJJJJLSBJJJdﬁjdA’JGAJI&AM&\JY‘JAL’.A
8l ad) elialipal SU ) glal) callay oY

Since COPjryey. >
COP,,,, This cycle is impossible cycle




Chapter 2
Entropy
2-1 Introduction
It may be noted that all heat is not equally valuable for converting into
work. Heat that supplied to a substance (system) at high temperature

has a greater possibility of conversion into work than heat supplied to a

substance at a lower temperature.

3)\);1\ «ﬂ.m\.uﬂ d}\ﬂ uym\ e}.gs.o dj\Y\ u.n)}g\ ‘;A L\EJ.C : dadial) &ubﬂ

s (Aalad) clilal) g gane = Aaal) il ¢ gana) HA) e 1 ($Q = S W)
Vs 365 Y A8 Y A8 Lada o5l (o) ¢ dad Adlall A0S ae ol J5¥) (5308l
e wﬂ\cmﬂoj&\ia&&d\uﬁ);\ é\d&wdﬁu\@uﬁ}&&m
(P sf) 3ale A 83l Blalle. Jad N 5yl S (converting) Jeaii o)) (Sadll
43)\); :&;)J Lﬁ'ﬂ\ ew\ % <_~;Jr“ Jad QJ\ bb;‘\ J.UA.\ MLSA\ odic @Lﬂ; M)b; 3\;)3
o dnalal) o3 ¢ 028 Jypatl)l Al e et ASalinnga i dpald aagi adde . dakl;
(oLasl) ST A1 oo Fanalall 038 o) Copni ) pga ) S Ll Sans Binkropy eV

Ll « Extensive property diuali . g.wﬁ‘i\ ¢! S =f (mass of system)

- AS W sexé the change in entropy A (B el

Entropy : is a function of a quantity of heat which shows the possibility

of conversion of that heat into work .
Jid ) Bial) s Jysad Al g A Siladl dsas Ala ga 1Y)
Notes :

1. the increase in entropy is small when heat is added at a high

temperature




2. the increase in entropy is high when heat is added at a low

temperature.
ale A Hhall calian Laxie LB &5 g V) 8 3l ol L oDle) cillaadlall
allai 5l 3ale I 3)hall ddlial die dille 3al3l elli (6<0 Laiy ¢ Adlle 40))a Ay (aUas)
:AlEl) Al A eiage @}jﬁ&\ ol 8l o) s cdly Aikalg 45)a Aa )
As=2 2-1)

Where Q = Heat , T = absolute temperature

ALLil] Ly il 258 5olall Liline (6Si Lol g 5l 40aS Siay Tand] (2~ )ADlel) (10
g Laiby a4 Llhal s)lall dapm fiais T Lo/« @;ﬂ?ld&:ﬁuw/w Lgniua o
O Grss Q siladl )L e i s Lulles ) dnse g Y] 5 il 5L 5]

. 82s880l) Sylatl Dl g Lowi€all 3yliall Linge Q 5L/ ) Ldse
2.2 Inequality of Clausius

Do ALlal) o3gd Analy sl ARl ¢ (ugeudIS Adilita
)
f_Q <0 (2-2)

S laiil leayd 8as Clausius Inequality (IS dliie Jici( 2-2) 48Dal)
s olin)

" The inequality of Clausius is a relation between the heat transfers of a
system with an arbitrary number of heat reservoirs and the absolute
temperatures of these reservoirs when the system undergoes a cycle ".

Where ¢ = cyclic integral

89al) Ludi A ALalSl) 3)00ly dually ALalS Bygal  usandS Alite 8 JalSal) 138 058 L)
dphall Aaadl o) AaDAl daglaia 3)50 5l heat engine cycle ) &l




Al J jaadl e Jiin Laie 3))all sy 13l [ reversed heat engine cycle
i I Lt s3a Jsay ol € hmall (o iy Jid 1 LIS Joa Jae il 1 5 (e
Bball (e pud Joaty S G0N u5andIS Ciyyat o aS) Selind) ) 5k 8L
138 %)+ o e liS el Jod ) saadl i IS Jond dashiie s ¥ oY Jad )
Clsall € ok I lglipad ol gl samal (0 oS (Y Jpud) coon Jiniss
JS b Al e o) daghaiall 3y50 Jals Gaand il dphall sleall jlaie e adiad /
danlall Gile ) (e Ao saaa (e Ax3lll drreversible cycle dank by

A sdadl (e dalal) Jon Laie ) JUe Zalad LA 2 fireversible processes
Jhie e yemally ASAY) Gy A8l 538 (ge g lua 5l 3 Gaany Ty aba daydy Qy
Ay o Qp Al dand Juals o) Cua ¢ Ay i) dpald o pluall 5l aell 13a
the change in entropy of jyaall dng il A4 ) Hlade i 7y Adldadl) 35l
G glaas s Gl Je pise culS WIS AS puanl) 13a dad 330y WIS « Source

(e Jid D 5ypneall LI o3n Jysnt A ek Laad) il
A Jala ¢ T, 5yl Ao vie lid) ) Al Q) 48UAU Aely o ) s LY
il g 5 b ) e Jiay 7, il Bl sl Aays e Q) Aughal) L
ew\‘é&w&h‘aj‘)& Apjécﬂjaugwsc& ):\,:\!\u.ézabbdschS

+Q daga 58 heat supplied to system ki) 1) 43414 55 (1)

QsSi heat rejected(or loss) from the system aUalll (1 45 )\ 3l (Y )
-Q Adlw

. g Laila o ¢85 absolute temperature T(K) dalhall 5 )l da 0 (*)

t Y Lxie el ()




Qu
ASsource = T_ (2 - 3)
H

Where :

ASsource = the change in entropy of source

Qy = the heat source (KJ ) (positive value +ve )

Ty = the absolute temperature of source (K)

and

_ QL
ASsink_?L (2_4‘)
Where :

ASgink = the change in entropy of sink

Q. = the heat of sink (KJ ) (negative value -ve )

T, = the absolute temperature of sink (K)

todle) (2-2) Aaladdl e (0)

)
fTQ <0
: el gy Al 238 ST ) (e
: dinall odgs s<iveversible cycle (dLulia ) LulSei¥/) 5y00ll : _15Y)
6Q .
f? =0 for reversible cycle (2-5)

: diuall 53¢ o sSigirreversible cycle Ldukilf 5)palf & Ll




o
-(f TQ <0 for irreversible cycle (2-6)

Dolial & ) oy Ll (Y, ) bl b A ol (Say (1)

60 Qu @
jé T T, T, — 0 ( )
D dashiia By Y i 1
Q_H — & =0 for reversible cycle
T, T,
Q—H — & <0 for irreversible cycle
T, T,

DrssedIS Ailiia Jici oMel (yiilaladl) b LS Sia 5 (2-7) Aslaall & AU (V)

Note : it is to be noted that the inequality of Clausius provides a test for

the reversibility of a cycle. If
. . 5Q
— the cycle is reverS|bIegﬁ? =0
o : : 5Q
— it is irreversible and possible gﬁT <0

- the cycle is impossible because it violates the Kelvin— Planck

statement of the second law of thermodynamics ﬁ‘STQ >0

el L 591 355 e« 550 LlSey spindy LS/ oIS Lol
Lavies o (LulSei) Lllie (5655 8)5lli i (s5lows 5yl LalS5 30 Q 8yfpnll Ll
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U215 Bl e i) sy V1 ) Sy AUl 34 (35 Jard s Rashaia (5] 5350
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2.3 Increase of entropy principle
¢ lo gd S po callaly ¢ dyg i) 50l fase (o 8l 538 6 1 dayg ii¥) 50l [
AL s)) AL ¢ Lol (e Jiiii Q 5 phad) () 2S5all he ¢ AL g Le sS Linie pydi . )

Q s)had) Jii) i AL ¢ Lall 4y 4iil (65 « SUrroUNdings Luso// S/ (System

ALl g Y 6 il Fas Lagin (3dlly ¢ Sy Cinsal JUEY) 2035 Sy 4

Q

A~S‘system =5—-5= T
system

Lnall [ o Doy pLsil] i o 33gda yiind GAL oLl o Aliial Q )l

WDl lgic yuni ) GSay Lunall dug siil 5 kil (5] ¢ Cunind Yy 65 Y DL Y
¢ Zl)

ASsurrounding = T
surrounding

¢ Lnall olaily aLLil] (L (o 50side L3 Lulles Leiylil (555 AsY) )il SQ 5l LT
¢ dngo Lonall dusilly L)L) o) Lnall lganiS) 2LLil] la0d i Q 5)fiaf £1aS s

i gw ASgyrrounding Leivdecrease i Cisw ASoysrem iles

: SY) baie paydi 0 Jolao Jla . £
The heat transfer from the system to surrounding Q = 60 KJ
Temperature of system Tyt = 100 °C

Temperature of surroundings Ty ,rouna. = 25 °C




Calculate : 1. Change in entropy of system 2. Change in entropy of

surrounding

Lonal) g piif 6 i) Y allil) Dy i 6 kil il L) 2 gl

Solution :
! b i) il dalel] D)
Q
AS = —
T
Allill e dDlell Gubai
AS Q@ _ —-60  —-60 0 16K]
SYStem = Toystem  100+273 373 K’
decrease in entropy of system
AS _ Q . +60 60 40 2K]
surround. = o oma. 254273 298 K

Increase in entropy of surroundings

Ll
surroundings

Q=60 KJ o
45w da ) 25
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process ) o3a olail « process Jic amall A alaill he 8yhal) Jlml @ Jisadl
Taey x5 13l ia Jisaad) (D) dasssll el Jassgl) () Jamall ) lail) (pe ualy
A g ) 320

& sl OIS iy 0.16 KI/K (S AUl Gyl 8 el bass till (e 2 sl
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PROCESS J) slaly 4 V) alag Laila ¢ ala

slaily

olad)

Process
J

Laila
process

ala

entropy

N

2.4 Entropy change for a closed system
(i ?Ué.'d g.)\gj\.a"\i\ gﬁ adl)
2.4.1 General case for change of entropy of a gas

A aUal Bala () SWAd gAY B il dalad) Addlaal) GLELEN (pauali B AN oda
(3
Let 1 kg of gas at a pressure p:1, volume v, absolute temperature T;,
and entropy si1, be heated such that its final pressure , volume,

absolute temperature and entropy are p2, v2, T2 and sz respectively.
Then by the law of conservation of energy,

dQ=du+dw (1)

where, dQ=small change of heat




du = small internal energy, and
dw = small change in work done ( note that dw = pdv ).

a9 S A gl Ty Adlha 318 dajag vy adag py bl die IS (e paSY IS 1Y
P2, Va (il A8 (& A Al g 43 a dajag dada g (Algdl) Al ranay! Addds
ABladly e gall s 50 a0 aalil Jg¥) ¢ 3811 ) AB) Sk (536 2B (0, T, S
DY) ea g S G W) A g i A il dale ABMe (gLELE) Sy ¢ odle) (V)

Now, dQ =du+dw
Forgas: du = c,dT and dw = pdv
Hence, dQ = ¢, dT + pdv (2)

Dividing equation (2) by T, we get

dQ c,dT pdv

TS T 3)

But,
dQ
—=dSs 4

- @
And for gas, pv = RT or g = % (5)

(3) 2 (5) 3 (8) <¥aal) a gal
Hence, ds = Evd? + RY
T v

Integrate both sides , we get

jsz T2 dT v2 dy
ds=c j —+R J —
51 ’ Ty T v, VY

Or,

(52—5>‘1)=c,,ln?+Rln2 (6)
1 U1

Boluad) ds o AN Jlad g AN B il dalad) Aalaal) Jia (6) Addlaal) B 48Mal)
DY) Qg g A AT Ahﬁ\@maﬁﬂd\ 83 (g anally




<) ad) Adalaa (e

Piv1 _ Ppv; T, P; v,
T, T or 1. =p %% @
1 2 1 1 V1
Substituting the value of ? in eqn. (7) in egn. (6) , we get
1
(52 — s1) = cvln%xZ—i+Rln:—i
(52— s1) = ¢, In %+cvln::—i+Rln Z—i
v
(s, — s1)=c¢c,In &+ (c, +R)In =2
D1 V1
And ¢, +R = cp
v
(52— s1) = ¢, In P2 + ¢yln = (8)
D1 (41

aaallg laal) ANy Jlad) Ay g i) b ed Jidd (8) Adalaall

p A ABSad) la) ¢Sy (7) Aalaall (e 4l 3 ya

v, Py XTz
171_P2 T,

sl Juanil sde (6) Adlaall (B 22 e Gia g
1

( ) I T, I P, T,
J— — JR— _X_
S, — S1) = ¢, In 1+Rn X -

( Y= ¢, 1 L Rm Pt iR 22
Sy — Sq —c,,nT1 nP2 nT1




T, Py
(s— s1)=(c, +R)In —+RIln —
T, P,

(b ) GRS (9) Abaal ¢ P2 0 P sy il 1 i a 0m BEN1 i
, 2N
Jarizal) g b ) ad) Aa s ANy ad) Ay g 5

2.3.2 Heating a gas at constant volume

232 g five processes W= sl (Ala Jlal (e cilp) o) dusad 352 g Lacwa Lib o
s ¢1) .Y « constant volume process paall s ¢l a) Y (A Cls) Y
constant 5_l_all 4a )3 Cigdls £ 2l ¥ ¢ constant pressure process kil
iyl £ 3 . ¢ ¢ jsothermal process Ly 2w s temperature process
Polytropic process alxdl £ a%) ¢ ¢ ( Q=0)

e sl Jd el (9) ¢ (8) ¢ (6) w¥rall rual CiiS Al i g daMalf §_pualaall
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: QQY\ e, g AGDEY Y alaal) ALUS ad

: (6) Adaleal)

(sz—sl)zcvln;—i—i—Rln:—i (6)
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Heating a gas at constant volume axal) s ¢1al 1 Jo¥1 &) Y




mrad vy = vy ) Gl paaal sl In 2 ga (6) Adlaad) (e (A )
1

;g:.‘\zsﬁum,,auﬁ‘\z(s)mu\@m:“n;’_lelnl:o

T
(52— 51) = ¢, In 2
Ty

i (8) ddalaall

P2
(s — 51) = ¢, In —
2 1 e

axall & i) os Led an n W (Y i Y Lgasdi 855 (9) Aalaal) Lol

Py

1

(s, — s1)= cpln ? —RIn not change (9
1

g bidall @igdy o) 2% ) Heating a gas at constant pressure : <&l &1 aY)
Jadl il
Liual) pa0 da b a0 Y O Al Y (6) Aalaal)

(52— 1) = ¢, In ? +RIn ? (6) notchange
1 1

(1n1=0 4hiaLs) an—Z =In1=0 i guay 8) Lolzal
1

2 Y badd (8) Utleal) ya g

v
(52— 51) = ¢pln = (8)
1

; el (9) Asleat g




: Y el (6) Adtaall

(SZ_ Sl): Ilel2
U1

JREY (8) Uaeally

— p2 v2
, hotchange(s, — s;) = ¢, In o + ¢pln o

: N emal (9) Ualaal) Ll

( ) = RIn 22
Sy S1) = n Pl

adiabatic process (Q=0) Skl ¢1 2%
RIS RKT WP PZENY
dQ =0

_d0_
= ==

~ds o

Hence for adiabatic process :

ds=0




D S o)l Uaie ¢ 9< JalSil) o1 ) S g
As =0 or s,— s;=0 . §4 =S, =S = constant
D)2 daga diadla
s=constant (=9 AN gl (SOl o) Al e
Reversible adiabatic process,

or

isentropic process
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Temperature — Entropy diagram : Adiabatic process




Isentropic process s=c
polytropic process aldl ¢i_a¥) 1 () ¢ ja¥)
alall 1 AY1 LB i (gl A LS LA (6) Adtaal)
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( ) = In 224 R
S5 sl—c,,nT1 nv1
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Examples -

Example 1. A quantity of air undergoes a thermodynamic cycle

consisting of three processes in series:
Process 1-2 . constant volume heating from p; =1 bar, T; = 288 K,

V;=0.02m?3,to p,-4.2bar.

Process 2-3 . constant pressure cooling




Process 3-1 . isothermal heating to the initial state.
Evaluate the change in entropy for each process. Sketch the cycle on
p-v and T-s diagram .

Take c, - 1 KJ/kgK , R=-0.287 KJ/kgk

Solution -

LINVU 1988
on:

- ———
w
{
v
-
a
< N
[
1]
e e
(2]

TeC
T» |

P —v diagram and T-s diagram for example 1

P1v1 =mMRT,
1 X100x0.02=m x0.287 x 288

m=0.024 kg

% P,V
forgas: PLt = 22
T, T,

also, since V1=V,

.P1_ P2

o T, T,




12 4.2
~T,=—T;=—x288=1210K
P1 1

R=c,—c,
K]
Or, ¢c,=¢c,—R= 1_0'287=0'713@'k

Process 1-2 : constant volume process (V1 =V.)

s Aleal) lgiog L ST G 1 /P PEEN & iy deallf Y sleal] ha )t
K]

= Inl%_0024%07131 1210—002456
SZ Sl—mcvnT = U. . n 288 = V. K

1
aaadl d‘k@(ﬁbﬂ/}f&wwjﬂy/gﬂlﬂaﬂﬁiﬁl 044

o 5] plaii) LiSay 48 phal) (yudi ¢ btial) &gy ot g JTY) (A Rl dad DL 5 gl
o Ll ABdlad) lgia g Bidal) gl o) paly dualil]g LaLida g AN Y lealf

Process 2-3 : constant pressure process (p1=p:)

2 288 KJj
S3— Sy = mcplnT—1 =0.024x11ln 1210 = —0.0344?

Sl ad) da o gy AUBL oy g Y (8 il (gt da 1 5 i Y gl Laf

Process 3-1 : constant temperature process (i.e isothermal process)

T1=T2=T
;L ABdlal) Lgia g 5 )l o o gy duall) ClBlel) (o bia) g pddicnd
P2 4.2 KJj
s1—S3=m.R.In—=10.024 xX0.287 In— = 0.0099 —
P1 1 K
r daga cilliadle

EXTENSIVE PROPERTY AWiill A4S o aaint dpuald 4y g Y (V)

Ao gilf Ay g iy X ALY = A0S A5 5) a1 28

AUalll AL e 38 J A5 53N) SPECIFIC ENTROPY s i) 5 5Nl Ml

S =ms




S= total entropy KJ/K
s = specific entropy KJ/K.kg
m= mass , kg

L gall B LAY Lal Ji3 A g i) B il el g AN B il ALl 3 LAY (2)
A g AN A BaL ) i

Example -2

0.4 kg of air at 6 bar receives an addition of heat at constant volume so
that its temperature rises from 383 Kto 923 K . It then expands in a
cylinder polytropically to its original temperature and the index of
expansion (polytropic index n=1.32). Finally, it is compressed
isothermally to its original volume. Calculate, (a) the change in entropy
during each of three processes ; (b) the pressure at the end of constant
volume heat addition and at the end of expansion. Show the process
on p-v diagram. Assume C, =0.718KJ/kg.K , and R=0.287 KJ/kg.K .

Solution :
Al L i3l g
- L) i) s Aullie g (o) g S
19 Vsl B processes  <lelia) EOU a7, )

axal) gl g AU 3 i a 48l Lalda ¢ 1-2 (e 30 s 48l g anall gy 51 s -
O Bl ad) e Ll A B Ll ¢ oY1 L JEAY) e 51 aY agew olal oS
JSAN A i ga LaS g Jaa) ) AW (e agead) olai] ¢ 98y (aUA)

«2-3 ( polytropic expansion 4tad ale sl al s Jigud) A AGN &) Y)Y
SUara n dady « py"=constant s £) Y 13gd aladl ¢ IAY J gV Gy sSl) (e L e
1.32 iy JIsmdl A




isothermal 3 a0 4a 40 Cigdi o1 ) 58 Jigudl B ardd) A £1 aY) ¥

alad) ¢ a¥) BaY ¢ 1-3 (e Il (2 e e s bkl ¢) a0 8 process
ol 1-3 #) AN N T3 =T7 389 1 Ahadly il a8 9501 #) W9 3 Akaliy g1
gl A9 T; & ORIGINAL TEMPERATURE < ki 4le 9 5 ) jad) 4a 50 sy
t Al JSAY 8 Aol ga el jaY) 028 JS T

P-V diagram show the processes in Example - 2

s o3 Jdl
Vo) e Uil cpdid pa aaald) Cigd o ol -

T3 g9l Ty O T1 3080 A3 Gudly £ aY) 138 4l 2-3 (pe gl gl ) ja) -

(T:=T3 ) 1-3 (< f93 ¢ A -
p slall
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Solution:
;i ABDlal) o Vg paad) cuad
P1V1 == mR T1
Given :
5
m=0.4kg , P,=6bar x%= 6 x 100 = 600 N/m?
, R=0.287 KJ/kg.KT; = 383 K
; Jaaait oMo | dslrall (4 i pri
600 XV, =0.4 x0.287 x 383

V,=0.0732m3
Here, V,= V,=0.0732m3
For gas (Air) and constant volume process

PV, PV,
T, T,
SinceV, =V,
Lid odle | Al ya Ay
P, P,
T, T,
P, Lisl dad slag) oY) pubricdd
T, 923
P, =P1T—1= 6 X 202 = 14.45 bar
For e ple gl Y daledf et ya
Vs (Tt
7.~ ()
1 1
o (Ty\n 1 9231032 5
V=V, <T_3) =0.0732 (ﬁ) =1.1435m
alel) o) aY) Lilgi dbii 1 bl sie bidl cuuad
P3V; = mRT,

P; x1.1435=10.4 x 0.287 x 383
= 0.3845 barP3; = 38.45 KN/m?
aaall Cigd gl a) T wéﬂuﬂwéﬁﬂ/g@'
K]j

S.— S =mC.Ini?—0.4 x0.7181 923—02526
3 1—m vnTl— . . n383— . K




A ey aF AN ANl -3 (ha plad) £ @S g 5Y) 8 phill) cuind o
Al 5 pslaalf

T
S3— 8, = len&+ meln—3
P1 T,

R=C,-C, Al (4a C, b glind
005 KJ/kg.K0.287 = Cp —0.718 = Cp = 1.

=0.4x0.287In 22 1 0.4 x 1.0051n2220.0623 KJ /K
0.384 923

1-3 o Ll (g Y (A il 98 9 p3Y) culbial) da g

53—51=len&
D3
Sl ad) da gl o)) padd dbildd) 5 pdlaad) 4 543 ga 480a)) 2
(o rs Y £laY)
—5,=0.4x0. = 0.
$;—5,=0.4 0287ln0.384 0.3155 KJ/K

Example-3 : Calculate the change in entropy when 5 kg of water at

100 °C is converted into steam at the same temperature. (Given ;
latent heat of steam = 540 cal/gram.

Solution :

Lo iy A Jsals 98 Ligia da 0100 Lo plall g sY) A gl dla o pllaall
. Al S o IS 580 sl S Lialsl) 5 ) (g ¢ Ao jtl] i

o 8 1 Ao fd i o DU 5l pad) 4uaS 4l a9 calorie S it cal Ll
o) Lade Saa) g 4y gie da o glal

1 cal =4.1868 joule
1 kcal =4.1868 KJ

1 kg= 1000 gram




sladl (o a5 0 54l cad
Q = (5 x1000) x 540 = 270000 cal
S s ENATA glag o pdS da) g JS O dad Jgldad) (e
1cal=4.1868J

DY) Qe g Jsa sl ) oS (g Jsa ) 270000 cal s>

270000 x 4.1868
B 1

Q 2519 iy dpad Jand
Q = 1130.44 x 103 Joule
or Q = 1130.44 KJ

. 113044 1130.44 K
Change in entropy , AS = 2= = =303 Y
T  100+273 373 K

HW:
Problem 1 :

Calculate the change in entropy when 10 grams of ice at 0 °C is
converted into water at the same temperature (Given : Latent heat of
ice = 80 cal/gram)

2-4 Represent Carnot cycle on Pressure — volume diagram , and on

Temperature — Entropy diagram
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compression

Adiabauc

h

Isotherml
compression

| E————

Fig. (a) : Carnot cycle on P —V diagram Fig. (b) : Carnot cycle on T =S diagram

p— Vv diagram e #8350 ki
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: Y) cwa processes el ) il

Process 1-2 : reversible isothermal expansion process T; = T, = constant
, heat added during this process Q;

8l allda o e LaadS T — S diagram bbads e YoV (e el sV 1 Jiad vie
p—v hbie e iaiall cind aluall o) e iy e ¢ () S8 e g ga LS 5
Jiad T — S diagram bbids e Saiall it Aaluall Loy « Jadl) Jis diagram

oo ) nh Aaliaal) Jiai il 5 () Jabadall e 5393 sall Qg 50al e 5 . Q 51l
YN e e sV ela Y DDA (Ras e dag) allail) ) dsliadll 550 ) Jiad Y-

Process 2 — 3 : reversible adiabatic expansion process ( or isentropic
process) , Q=0

isentropic ¢_a¥) JAA ) Ladlie A8Lal) ) pealaall 8 dage AdaaDlae (53 &
2-3 e s ,a Y1 (b) JSal) e miiase LS 5 (S = C) 435 S 4,81 (455 process
A ) saa e (53 ganl) hall S, = S5 =constant o)) Cus

Process 3 -4 : reversible isothermal compression process , heat rejection
from system to surrounding , Q-

da ) A8 bl il el ja) 8 P-V diagram Lss e 3-4 (el
T3 =T, =Ty = constant 4l &) ja¥ 13 IO 5 ) all




)5l B-4 (o YV Ladlly aliiai 5 3-4 61 ;2 T — S diagram Jabis e Ll
aysall olaily allail) J (e 53 g88al) 5 ) jal) Jiad dadll 138 cand Aalisall 5 o5 55Y) ) ol

Process 4 -1 : reversible adiabatic compression process (or isentropic
process) , Q=0

Al A5 1Y sSSISENTROPIC PROCESS ¢l JSU () dgaall Adaa Bl XS5
S4 = S;= constant ¢} Cuas (b) JSAI e pua go be Cas

(b) &) a3 Lidie vial

Q1 5)s Ailal e bl pall da 3 gl el yal 1-2 (e el yaY)

@) ¢ pa )l X Jshll = daludl 0da 5 1-2 hadll cadi dalise Qg 3l yall Jidi Cus
Q. =T, xAS

ALLal) 1 el a1 130 OO w ¢ 5padl A sl el yal AY) 58 34 G sl aY Ll
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QZ == TO XAS
To=To h) S8 s 5 ) Cus
P RPN 3o laSy Aalall 483l

_Wnet Ql_QZ_Tl XAS_TZ XAS_Tl_Tz
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Tsink Lt T T2 ‘ﬂhs} Tsource Q—““-’u‘a Tl d/ (SSTEN
Hence,

T T.
Ncarnot = 1 — 2 _ 1 — sink
T,

Tsource

diagram.




Chapter 3
Steam Formation
3-1 Introduction

1. Consider a p-v diagram for any substance. The solid phase is not
important in engineering thermodynamics.

When a liquid is heated at any one constant pressure there is one fixed
temperature at which bubbles of vapor form in the liquid; this
phenomenon is known as boiling.

The higher the pressure of the liquid then the higher the temperature at
which boiling occurs.

A series of boiling points plotted on a p-v diagram will appears as a
sloping line, as shown in fig. 3.1. the point P, Q, and R represent the
boiling points of a liquid at pressures p, , po , and pr respectively.

T

Fig. 3.1
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2. When a liquid at boiling point is heated further at constant pressure the
additional heat supplied changes the phase of the substance from liquid to
vapor ; during this changes of phase the pressure and temperature remain
constant. The heat supplied is called the latent heat of evaporation .

It is found that the higher the pressure then the smaller is the amount of
latent heat required. A series of points such as P, Q and R can be plotted
and joined to form a line as shown in fig. 3.2
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3-2 Saturation temperature and pressure
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3-3 Enthalpy and formation of steam at constant pressure

Consider unit mass of a substance ( for example water) and let heat
energy Q be added at constant pressure P thus changing the state of the
substance from specific internal energy u; and specific volume v, to
specific internal energy u, and specific volume v,.

By the non-flow energy equation,
Q=AMu+W
For this case, i.e constant pressure
bl sy a5 Bale Jlaall 0 555 Jal s

Q= (uz —uy) + P(v; —1y)

= (u, + Pv,) — (uq + Pvy)
Or, Q = h, — hy = change of specific enthalpy
Since h=u+Pv
3-4 Stages of steam formation Jadl (<5 Jal s

intial A8V 3 ) Hall da ) e Jildl Gpaud Al e s (oY) Al )
4l « boiling temperature ol da 5o JI( 52l 3~ 4a )2)temperature
g el 35 liquid enthalpy (s dla jall a2 alaiy 4 331 45 )l

the energy (Ol da o) gLl da o (I elall a4 U1 5 ) jall dpaS =P 03
required to warming the water up to saturated temperature, Tt

Ga o3 55l al) dayn Cusdiy i Ay I Ll Jagad pacd) Ay A Als )
4. )OI Zall ¢ saturation temperature gl s ) s da 5o cend U S35 Baw WS
Enthalpy sl 4l e Ubal s latent heat 4wl sl sall cand jpacill dls jal
. htg 300 & 3«5 of evaporation

dry gedie cila Ly I gLy ds 5 die Jilad) ) sadl A 301 AUl = hey o)
saturated vapor

i) s i ) llad) 08 A0y AN (e JSl Uy sail de 331 ALISY) HaL)
hy <l W 3«5 enthalpy of dry saturated vapor aiell lall

~ hg = he + hgy
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. enthalpy of superheated vapor g<esill

2l g sk Jildl 0 5S5 Ll o3a 2ic) PLQ,R Gldadl Jalas (e Jball iy ga3 (5 A8 jra ang
Aa o) el da sy B P; ;R Bl e auiie Cila i ) ¢ liquid phase)
(ghay!
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(gLl ds H)) aadiadl Gladl HANNB ) ds )3y paesall Hlall B ) da jo G A
Degree of superheat camwaill A )2 ) (aresil 308 e (3 ) 138

~ Degree of superheat = (T — Tf)
Where T= temperature of superheated steam
and T; = saturation temperature

The total enthalpy of superheated vapor will be the sum of the enthalpy of
dry saturated vapor and the superheated enthalpy

h = hy + superheated enthalpy
and superheated enthalpy= c, (T — Tf)

where Cp= Specific heat of superheated vapor at constant pressure

3-5 Enthalpy Tables

Now,

hs = liquid enthaly

hs, = enthalpy of evaporation

hy, = hy + hyy = enthalpy of dry saturated vapor

h = h, + superheated enthalpy = total enthalpy of superheated
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3-6 Enthalpy Tables

Enthalpy values as they occurs in the formation of steam and other vapors
at constant pressure are commonly set out in tabular form.

Dol Jglan (880 5a 9o Lgman W S B AN IEY) o8
¢ ) Jslan alaiu) 488
Dl Jglaa ke Jglas S aa 632

==« L w5 saturated water(liquid-vapor):temperature table guie JA

;oUJ\
Table A-2
Properties of saturated water(liquid-vapor): Temperature Table
Temperature | Pressures | Specific | Internal Enthalpy
°C Bar volume | energy kj/kg
m3/kg | kJ/kg | Saturated | Enthalpy of | Saturated
Liquid evaporation | Vapor
hf hfg hg
0.01
4
5
6
100 1.014 419.04 2257.0 2676.3
374.14 220.9 2099.3 0 2099.3
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Properties of superheated vapor
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280°C Lia yi 3 ) a4 jy die yaesall Hladd) K1) Jla
oAl Gal ) sl ¢ 0.06bar = 0.006 MPa biaa
b e sl anall )
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S syl €

Tear gL 55l nda 3 5
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vie elall aie iy Al da il a5 saturation temperature gLy
T = 280°C uaxeaill 3] ) da )3 (e B Wila & 5c p=0.06bar Lzl

280 aenall A 3 )l ) da 50 408 33 e gall Caiall (e an g3 AN 3 gladl)
4 slhaall al all 45 510 A )0
v =42.540m3/kg
u = 2781.5m3/kg
h =3036.8k]/kg
s = 9.4464 k] /kg. K
Tous = 36.16°C
H.W

Find properties of superheated water vapor at pressure p=1.5 bar
and temperature 400°C .

Properties which need to find :
1. saturation temperature, Tsa
2. specific volume,v

3. internal energy ,u

4. enthalpy ,h

5. entropy ,S
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Chapter 4
Steam and Gas Cycles
(ol 3)99) daxiall 1.4

sl sl U< Yy i gias 4K (8 4558 Alad) sl il b s Ui e ) Jaxing
S o Jueall sale 058 A3lall llaadl) o)) Cagpaall L Allall o pd Al ) Adlial ¢ aladi)
G Jaaty A Jaedill sale ¢6S8 Ayylanl) cillasall Laww ¢ Brayton Cycle (il y 350 (385 Jaxig
JS Pl el shlly Lalally Bl 5500l PIA aUasll jsda yaty . Rankine Cycle (K3l )50
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Ao yal) Zolanl) JSUGAD) (o ST Led Zoalis) A8l Adasa Jaad 4uladll Al Wl (Rankine Cycle

& & - (Actual Rankine Cycle) alaall (Kily 553 (53l (3805 Laiia )y ddinlly Adiaill) o ylally
dasal) Slaa gl Gl ) gs dalal) Y abaall Aulys ¢ daladlly 2Bl (K3) 550 rania i Juadll 138

shall ehialial Jo¥1 0l (385 il Ae Jalats (Al Lo <Y alas)

The Ideal Rankine Cycle aJdGall (i) 5,42 2.4

CAl ld ) e Y processes L hal aaa 58 Allie Cuans 3 (<) 550
b o bysall Aap V) e hal) g (1.4) Jal)

Compressor il Lall sasy g Jabua¥) i) SalusY) e ha¥l s 21 chal)
Boiler ()il Jasall sany d allaill 5 n agad ae Jaiall s gl 1 3-2 ¢l
Turbine sl sasy b saaaill i) Sl e a1 4-3 chal)
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- ysall JaiSig ¢ Adaall 3an ) JAn g saturated liquid aade Bl A e Ay ) LS
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laall AlSjaa (& ) ga WS ¢ dasall ) adisl ddlal) 28K 5l olall 865 anal )i Jan S ol gel)
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Jiai (1-4) I8 3 mmge WSy (2 i) — §hhall dn s blbas Je Jaiall ciald dabuddl o) Cajas
internally reversible processes, 4.t aUaill el (58 Laxie Heat transfer il 3)),al)
Jasall 3aa5 i e Ll ) Heat supplied dliall syl Jia 3-2 s ha¥l cuad dalud) of (g5 i ¢

. €Al sas s (e Heat rejected dagjhadl 3)hall Jici 1-4 ¢1ad1 cans daludls ¢

a5l DA ililly Wher (ilall Josll Jias (5530 ginial ddlall dalusall ) opinbusall (0 (30
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First-Law analysis of vapor 4 i) 43Ul 5,941 Jg¥) 38l Julas 44

power cycle

(Sl Gaysll ¢ Japall ¢ deliall ) (oSal)y) Adliad) LAl 3)eal dsulal) L)) Clasl) [VEN
Lebilat apdaions (4S50 390 L) Cle)a) 4de s steady— flow devices 3 jtiue dllay e i
850 JAls ke allad Jii 3yl Cilasg (e 32ag S ¢ steady—flow processes )i (i Clelals

L

1 lie Jl8 4ialSlg A€ all 48Ul il i) (S ¢ Ll 550 CulehaY Al DAl al i) Ao

Aelleal (S ¢ Alinall 5 pally il Jadd aa
Steady-flow energy equations 43Ual) cNalaa 5-4
td (1-4 Jall ) plall 5)5a) AUl Jads Aalae ¢ Tkg il A (e 3aaly Bany (i i
Ein = Eout
(Qin — Qour) + Wiy — Woue) = He — H; (KJ/kg) (4-1)
S| SN
Heat supplied ( Jajall saa5 & jaad) 355a) alaill I Alalall 3))all = Qi
Heat rejected (—uSall saa; ) alail) e dapladl 5)hal) = Qout
Winputpump (Amall 3asy 1) sl 3 Jalall Jesl) = Wi,
Woutputturb. (Cosil) 835 (3a ) alaill (e o plal) Jadll = Woy
zooA)) Ll vie 43691 = He
Jsaall Llas xie a6y = Hy,
faysall Cilasg (e sang JS e (4.1) 48U Jais Alslas GBolas

s Y Csdiy 5 il Adad) as & lehalls Jad g Y Sy Jasall Cilas g
O el 8yl Clasg (e Baa g JSI Adal) Lass Aales 43le g (IS€Ntropic processes s=const.)

V) e L s
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Pump diad .1

(Q = 0) isentropic pump  elsl Silua) die) Cua Adiad) saay A 3)hall JWi) ang Y

Wpump,in = hy,—hy (4'2)
Or, Wpump,in =v (p; — P1) (43)

Py S b die A Jslas e aaly hy = hy o) s
P Sl hria e Ll Jslas e iy v = vy = vp IS
Boiler oLy Jasel .2
bV ol (301) AUl Lais Alalas B el die ¢ (W =0) Jad min Y Japal
qin = qg = h3 — h; (4.4)
Tutbine ()il .3

Cun ¢ @lall sl ) il sy (8 sasall (QW) sl has s phall JUS) aag Y
O sl Jala Hladll aaa W) (S= constant) sy 13a ¢ Isentropic Turbine ) sill La i)
Dl Y Glaa e oSl ¢ (X,) 4 dadil) 8 Giliad) S aad b 2y (ol ) edag ¢ 3-4
Weurbout = N3 — ha (4_5)
54 = S3

But entropy at point 4 (saturated — liquid vapor) has dryness fraction X, .
o S4 = Sf + X4 ng (4'6)

Sl aria die Sl dj\b Ol St, ng dng Yl

54—Sf

Hence , X, = S
fg

(3 .7 )
Condenser Jiisd .4

(W=0) &l & Jad aam ¥
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D et (KA e daylad) 3)))al)
Qout = Ycona. = ha— hy (48)

First law thermal ) IV o silall 3o Lmyl andig (Thermal Efficiency) ayhall se il Cuuaig

b Al Al e (OS5 3y59) Aplaall dasl) 5501 (efficiency

w din—q q
net _ Hin out _ 1— out (49)

Men = din din din

Where  Wper = qin — Qout

Lrally 3)hall cilaya dgas s o Jeatt @ctual power plant dlaal) 40l pl il ddasa 3. 1S )
Al asa dag reversible thermal efficiency Zuliall s I e 8 Lala o 200l (K35 3500

irreversibility _aui 5luall s2a g irreversible processes ¢S dasall cilaag Jals dgsa

sreadl g Bhall cilas) e shall cilays 3gn 518 5500 Aphall 5o LS Glual (Sa S
(A A (e ey (il

Tsin
Nth,carnot = 1 —snk (4‘10)

Tsource.

Adliall (i) 8y90 o AghiBal) () By99 39 1 64

G sl 138 ¢ (4= 2)(B) SN 8 Anage A Al 835 Al LAl 550 (G R
shally (3) ¢ Ll A8 (e ilil) iy (2) ¢ (irreversibilities) ) ilua (1) 1 dals o5l

ol alasly (lal) AUl e 50 ghial)

e Adn gl s KA Japal) Jakcn o gy i 35001 Al Bl A8 )a e il AiaY)
Jasall (e ) Jarall e S8 (S (sA)g cpaysill Jgia 3ol die Jauall GlliS danall Cilasg

O tale o6 CEA Baay Ja) Larall Ll ¢ Alagal) CanliY) Jaly jiluall Cus
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" Ideal cycle

| Ireversibility
in the pump Pressure drop

\\ in the boiler

(a)

__________ | ) 4 ’
Pressure drop F

in the condenser

(a)

(b)

Fig.4.2 (a) Deviation of actual vapor power cycle from the ideal Rankine cycle.

(b) The effect of pump and turbine irreversibilities on the ideal Rankine cycle

s ¢ ddasall Q\J;}‘!AQJ;:\‘;”\” jw‘;ué) JMK—E&M‘;\ S (e Bagaaall Byl al) e
A e gt Bl s Lo il oia el Mo by oLl a2y il L
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. isentropic processes

VT L ¢ sl e gusilly Al dladl) 7558l <Y da 5 28 e Jia das

-(4-2b) J<3) & mage LS, isentropic states bl eyl Jici 4s 5 2s
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sda g « Cavitation s a\Ual) oda ety dakalgl) Ja grcall e Jile ) 48y LAl Jheat deyu (e
¢Vl bearings ailuall die cllKia¥l eln (0 iled aagi XS dacadl) (o)l Cali Cudi 3allal)
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Lowering the condenser pressure «&i€el/ bia yalii/ [-7-4

dagiig c pladY) e ae Alilaie LSV 3 ) e Aa 2 ()5S0 Ladie A Jals LAl adie Jadda 4 Sy
Sl il s Sl 5l s sy amliail ) ga g Gl Qi) dai b (mliail (o) Jilaill 13
CAaall sda die CESAl) Bas g (e B2 588al) B ) jall

3oy 5 Jiad Allcadl) dakaiall ¢ (4-2) JS & daia ga S5 ) 90 30 liS o (S Jaria (alisil il
Al 30 ) e pe b py A py 0 ASW ka4 RlaAY) Aati Aasall (e Ul Jal)

25 _jlie AL 3oL 31 a3 (S (4-2) JSAN 327 — 2 iaiall Ciad Aaliaal 8 A gall 5 AL81 i Al
3l (e 2 3y Sl Tak (5 Bl Alanall | JSEN ki (g [ -4 (giniall Cand Aaluaal) 530 g
O8I E)0

Superheating the steam to high Temp. e/ S35 )/ a da o 28 ) 2-7-4

330 (99 (e Lol ) (S Jayall Bas g Jala Sl b ademiall 4, ) jal) 48dall 351 jall ds 50 Jaxs
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LAl
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Increase in Wye,

S asand B ) s da e Bal) il g (3-4) Jsd

Example 4-1:

Consider a steam power plant operating on the simple ideal Rankine
cycle . steam enters the turbine at 3MPa and 350 °C and is condensed in
the condenser at a pressure of 75 kPa. Determine the thermal efficiency

of this cycle.
2 )

e G el Ban g ) Gaaaadl A JA ¢ Gl g Adasend) (S allad) B 98 (38 Jand 4y A 4l i ddaae
condenser Gsal baag ) JAy G gl Baag e dag A die g ¢ 350°C 3 A Aa g 3MPq hiva
Bl o3l 4 ) jad) Belist) sl sthadl) | 758 P b Aie
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Fig.(4-4): Schematic and Temperature — Entropy diagram for Example 4-1.

Solution :

DB Jsha e pump 43l Baa g (e gl Jadl Gﬂsi\ﬁsdﬁmﬁ‘ ool aladdll e daii gall 1 ddadil)
.75kPa JI sl = ozl condenser il baria dic g g ddaail) gﬂl’j@ JLd) al & J;.atui.d\ il

State 1 : given P,=75 kPa and saturated liquid : from steam tables (A-5) we find
hi = h@7skpa = 384.44k] [kg

V1 = Vr@yskpe = 0.001037 m3/kg

State 2: given P,=3MPa & s,=5;

Woump,in = V1 (P, — P1) = 0.001037(3000 — 75) = 3.03 kJ /kg

But, Wyymp,in = ha — by

Or, hy = Wyump,in + hy = 3.03 + 384.44 = 387.47 k] [kg

State 3: Ps=3 MPa}

T, = 350°C
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From steam table (A-6) we find for superheated vapor
h; =3116.1kJ/kg ; s3 = 6.7450K] /kg.K
Stated4: P, =75kPa , saturated mixture (wet vapor)

sS4 = S3 , since we assume reversible adiabatic turbine (isentropic turbine)
hiy SILL p:u.d.'“ | Bl ol 0 3 ) geanall ddkaidl \ds\aéﬁlkﬁ&dio\ ( Sl M)dml(Laﬂ\‘;éu)Sb
D ldl ol Y)wet vapor wb) s o 8 ke Adadill oda die AN A K¢ S VL andall LA
J\A'_.J\Z\AL;A‘;MUJM\ \AA@4M\J(J@+LLL»)LA;L5H‘;\H¢)J\AJMJc (mixture
et () (Say ddadil) sda 2ie (il ) JMM&&JJ@\L&LM@\WW}\ byl
s Ay clEdlall

th_ = th, + x;l_hng,
59,4 = SfA’ + X4ng’4
vg'4 = vf,4_ + .X4

G ¢ 4 Akdll (8 Al Calaall HuS Jiey x o Wele 38 plall (e LilBle (0S5 ) Sy ¢ al 5301 480 135
S Al 08 1 e Ay 8 S0 Calial) HuS Aad ol i 13a 5 adial) A ok (e Ay 8 4 Akl Gl 2 aa )l
S.LL edal) Al bad e 7 g gbas alaal)

Aa s haall O S Gaaddl A Jglaa e Walag) &5 3 slae S5 Gy 6l Bas g ) J gl 2dasi 3 Adadil) 2ie
MJ\A&Y@}}JY\J M\A.“} bv\.(;\:gutm PARIPIA| wa.ﬁ\i\u‘}“ USAJ.J d\}uﬂ @a&m M}Lux Ldie BJ\J;.“
DY) a5 4 Adadill e aliall jus

At state 4 : P,=75 kPa , from steam table (A-5) we find

heg = 2278.0k] /kg sy =12132kJ/kg. K ; sp5=6.2426k]/kg.K

Sg4 = Sfa t XaSfga

Or,

S, —
9A=Sf 4 6.7450—-1.2132
Xy = LEE = 0.8861
Sfga 6.2426

From this equation we can find the enthalpy at point 4 :

h

o4 = hpa + Xghpg, = 384.44 + 0.8861(2278.0) = 2403.0kJ /kg

DY)l B sall Glaa g e 3285 JSI Energy balance Al ¢ ) sill Yl (e

S Ol Gk e Al sda jea ) da 'AJ;}L; (Heat supplied el 45\2) el&:d\ S Adalal a1
LAl (o sSas lan () alyad sl (elall) aldail) ) dassall (a8 jema A8Ua a8 5 38 M) (3 a Bk e
DAY A8l e AU o2 Cuwatg (+ve Aa ge 48U o2

Qin = Qpoiter = hs — hy = 3116.1 — 387.47 = 2728.6 k] /kg
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e ¢ ks Heat rejected (condenser <EiSall sas 5 () alaidll U8 (ye da 5 yhaall 4y ) jad) d8ldall cavss 2
0SSy ( el o) cla Jaanall 13 oS5 a8 ‘;.;‘)\';\\ Jonall oladly 3 ) jadl 28gy iKWl 3o g S Jalall JL';.J\) (aLE.':S\
: :\:\SY\ 485l %) k._\.m;:\} (—Ve Iu!l.u '&J}M\ '&)\);j\ XYY 'S)Lﬁn\

Gout = Geondenser = hy — hy = 384.44 — 2403.0 = —2018.6 k/ /kg

Lath Aol Lt Liagd cililuaal) b (81 ¢ Uil A da gyl ) pall 48Ul () e ALl 5 ,L3Y)
.2018.6 k] /kg

:DUJ\%M\OA(‘)\L_\S\B‘)JJ) QS\JE‘)}.\]%‘)\‘)J\B;GS”W_3

net work w. in — 2018.6
— Wnet _ Qin ~ Qout _ . _ =0.26 or26%

fien = Heat supplied  qi, Qin 2728.6

Doe Al a3l cauas o) Liay) (S
Wout turbine = hs — hg = 3116.1 — 2403.0 = 713.1kJ /kg
Wret = Woutcurb = Winpump = 713.1 — 3.03 = 710.1 k] /kg
Or
Whet = Gin — Qour = 2728.6 — 2018.6 = 710.1kJ /kg
And

 Wpee 7101

= Wnet _ — 0.26 or 269
Nen == == 57286 026 0T 26%

9926 seliSll i 13l

G gAY (N g k8 al (B gl Jad ) Jsa (030=2728.6Kj/kg) el A8 (e %26 O 2
LSl Bas g (5 5k
a‘)\);.‘\‘;\;)du.u&udu\ \M@bM\J\Aﬂ‘oJ}J 4

Maximum temperature= Boiler temperature= temperature of superheat vapor=Ts,,ce
=350°C

Minimum temperature= condenser temperature=T;,;, = 91.76°C
. P=75kPa &Sl Jarial 3 jlalial) da yall 2 DB Jglaa e Waalag) 3 T 83Sall 3 )y A 2
g S35 Jie Aallia 3 508 Jad & yied 131 S0 3 50 3:US alan) (S Ja 1 sl
DAY ALl (e Wada ani [z

Toin (91.76 + 273)
Trax (350 +273)

Nearnot = 1 — = 0.415

EEN Y VNP W IWEN I PV PR WS I8 P ki GIREN: g I W [N ' IWEN TR LN I R
REI LY
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JBiall Ja b Lealatind o5 Al Jglan olid) 5

e e S B oo Sl

2133

Saturated water—Pressure table
Specific volume, Internal energy, Enthalpy,
m/kg kJ/kg |, I
st sat st sa sat.  Sat. .
Press., temp., liquid, vapor, liquid, Evap., vapor, liquid,  Evap., !
PkPa T,°C vy A u U Uy hy /3 ]
7
10 6.97 0.001000 129.19 29.302 23552 23845 29.303 24%-‘; 3237
15 1302 0.001001 87.964  54.686 2338.1 23928 54.688 2459»5 it
20 1750 0.001001 66.990  73.431 23255 23989 73.433 24 o s
25 2108 0001002 54242  88.422 23154 24038 88424 245 0
30 2408 0001003 45654 10098 23069 2407.9 100.98 2443. -7
40 2896 0001004 34791  121.39 2293.1 24145 121.39 2432.3 5?23-7
50 32.87 0001005 28.185 137.75 22821 24198 137.75 242343 iyl
75  40.29 0001008 19.233 168.74 2261.1 2429.8 16875 2405. o
10 4581 0001010 14.670 19179 22454 2437.2 191.81 23921 .
15 53.97 0.001014 10.020 22593 2222.1 24480 225.94 23723 :
20 60.06 0.001017 7.6481 25140 2204.6 2456.0 251.42 2357.5 260!75.2
25 64.96 0001020 6.2034 271.93 2190.4 2462.4 271.96 23455 2617.
30 69.09 0.001022 5.2287 289.24 21785 2467.7 289.27 23353 2624.6
40 75.86 0.001026 3.9933 317.58 2158.8 24763 317.62 23184 2636.1
50 81.32 0.001030 3.2403 340.49 21427 2483.2 340.54 23047 26452
91.76 0.001037 22172 38436 21118 2496.1 384.44 22780 2662.4
99.61 0.001043 1.6941 417.40 20882 25056 417.51 2257.5 2675.0
101.325 99.97 0.001043 1.6734 41895 2087.0 25060 419.06 2256.5 2675.6
125  105.97 0.001048 1.3750 44423 2068.8 2513.0 44436 2240.6 2684.9
150 11135 0001053 11594 466.97 2052.3 2519.2 467.13 2226.0 2693.1
175  116.04 0.001057 10037 486.82 2037.7 25245 487.01 2213.1 2700.2
200 120.21 0.001061 0.88578 504.50 2024.6 2529.1 504.7i 2205 27053
225  123.97 0.001064 0.79329 52047 20127 2533.2 520.71 7
250 , 12741 0001067 071873 53508 20018 25368 535.35 A
2757 13058 0.001070 0.65732 54857 1991.6 2540.1 548.86
300 13352 .001673 £0.60582 661.11 1982.1 25432 561.43
325 13627 0.001076 0.56199 572.84 19731 25459 573.19 - P
350 13886 0.001079 0.52422 583.89 1964.6 25485 584.26 21477 273..0
375  141.30 0001081 049133 594.32 1956.6 2550.9 594.73 2140.4 27351
400 14361 0001084 046242 604.22 19489 2553.1 604.66 21334 27381
450  147.90 0.001088 0.41392 622.65 1934.5 2557.1 623.14 21203 2743.4
500  151.83 0001093 037483 639.54 1921.2 2560.7 640.09 2108.0 2748 1
550 15546 0.001097 0.34261 65516 1908.8 2563.9 655.77 2096.6 27524
600  158.83 0.001101 031560 669.72 1897.1 2566.8 670.38 20858 27562
650  161.98 0001104 029260 683.37 18861 2569.4 684.08 20755 27596
700 164.95 0001108 0.27278 696.23 18756 2571.8 697.00 20
- . X 65.8 2762.8
750 167.75 0001111 0.25552 70840 18656 25740 709.24 20564 27657
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Entropy,

Sat.
liquid,
St
0.1059
0.1956
0.2606
0.3118
0.3543

0.4224
0.4762
0.5763
0.6492
0.7549

0.8320
0.8932
0.9441
1.0261
1.0912

1.2132
1.3028
1.3069
1.3741
1.4337

1.4850
1.5302
1.5706
1.6072
1.6408

1.6717
1.7005
1.7274
1.7526
1.7765

1.8205
1.8604
1.8970
1.9308
1.9623

1.9918
2.0195

kJ/kg:K

Sat.
Evap., vapor,
slg SS

8.8690
8.6314
8.4621
8.3302
8.2222

8.0510
7.9176
7.6738
7.4996
7.2522

7.0752
6.9370
6.8234
6.6430
6.5019

6.2426
6.0562
6.0476
5.9100
5.7894

5.6865
5.5968
5.5171
5.4453
5.3800
5.3200
52645
5.2128
5.1645
5.1191

5.0356
4.9603
4.8916
4.8285
4.7699

4.7153
4.6642

8.9749
8.8270
8.7227
8.6421
8.5765

8.4734
8.3938
8.2501
8.1488
8.0071

7.9073
7.8302
7.7675
7.6691
7.5931

7.4568 <

7.3589
7.3545
7.2841
7.2231

7.1716
7.1270
7.0877
7.0525
7.0207

6.9917)

6.9650
6.9402
6.9171
6.8955

6.8561
6.8207
6.7886
6.7593
6.7322

6.7071
6.6837




——

u h s
ki/kg _ kikg  ki/kg-K
p = 1.00 MPa (179.88°C) T 88%
9457 1258218 2777: €.5860.:0.16326 2587.8 27838 © 027 28555 6.
o 020602 ggfgi 288+ GEAEE 0.0 5120 28161 65999 |516356 2698 ";3%'_9 0 9553
() 023275 27005 3043.1 6.9265 |0.19241 2704.7 29356 6.831 0.18233 27857 71501 1379
i ;00 0.257992 Sl 51.6 7.1246 |0.21386 2789.7 3046.3 7.0335 020029 2869.7 et 73046
b 0.28250 Ctad 31582 7.3029 |0.23455 2872.7 3154.2 72139 |00 1782 2953.1 34”'8 76047
300 0.30661 Sl 3264.5 7.4670 |0.25482 2956.5 3261.3 7.3793 05216 3121.8 3695. 7 8730
s 035411 3125 3479.1 7.7642 |0.29464 31234 34770 7.6779 | 58597 3205.1 3 1.7 81183
o 0.40111 :;fﬂé.g 36986 80311 |0.33395 3296.3 3697.0 7,945‘6‘ 0.31951 3474.4 3954. 3458
700 0.44783 '3 39241 82755 |0.37297 3475.3 39229 8.190: 035288 3660.3 415% 2587
0 0.49438 133261-7 41561 85024 |0.41184 3661.0 41552 8.4176 08614 3852.7 39:; 8595
054083 38539 4394.8 87150 |0.45059 39533 43940 86303 | 7033 oe17 46388 O g7
o0 0.58721 2052.7 4640.0 8.9155 |0.48928 4052.2 4639.4 8.8310 4890
100 063354 4257.9 48914 9.1057 |0.52792 aps7.5 4891.0 9.0212 :
1200 0.67983 4469.0 51489 9.2866 |0.56652 4468.7 5148.5 9.2022
1300 0.72610 4685.8 5411.9 9.4593 |0.60509 4685.5 5411.6 9.3750
p = 1.60 MPa (201.37°C) o1 2798 6.3390
o 012374 2504.8 2792.8 6.4200 [0.11037 25973 27959 63775| 000001 26285 *836.1 6.4160
s 013293 2645.1 2857.8 6.5537 |0.11678 2637.0 ssaz2 64825\ O1Nq, 3 29033 6.5475
250 0.14190 2692.9 2919.9 6.6753 |0.12502 2686.7 2911.7 6.6088 IpEs1 732 30 2 6.7684
015866 2781.6 30354 6.8864 |0.14025 2777.4 3029.9 6.8246 0~13860 2860.5 313 6.9583
30 017459 2866.6 3146.0 7.0713 |0.15460 2863.6 3141.9 7.0120| O s 29459 3248.4 7.1292
0.19007 2950.8 3254.9 7.2394 |0.16849 29483 3251.6 7.1814 0-17568 21169 34683 7.4337
022029 3120.1 3472.6 75410 |0.19551 31185 34704 7.4845| O 7568 32915 36007 7.7043
600 0.24999 3293.9 3693.9 7.8101 |0.22200 3292.7 36923 7.7543| 0.1 e 3471~7 3918.2 7 9509
027941 3473.5 3920.5 80558 |0.24822 34726 3919.4 8.0005 0.22 : WILE mmas g 1791
0.30865 3659.5 41534 82834 |0.27426 36588 4152.4 8.2284 0.2467 680 il e SaTE
0.33780 3852.1 4392.6 8.4965 |0.30020 3851.5 43919 8.4417| 0.27012 R0 e g
000 0.36687 20512 4638.2 86974 032606 4050.7 46376 8.6427| 0.29342 e 4889-1 s
1100 0.39589 4266.6 48900 8.8878 0.35188 4256.2 4889.2 g.gs{ié %?33?379 ﬁ27'2 5147'0 o
4467.9 5147.7 9.0689 037766 4467.6 5147 ; ) ; 0 8.
11533 8‘:?3‘3&33 4684.8 i 9 9.2418 |0.40341 16845 54106 9.1872 0.36308 4684.2 5410.3 9.1384
! B _9.2418 |040341 46845 T
p=25C: 050l p = 3.00 gPa (233 p = 3.50 MPa (242.56°C)
st 0.07995 260. 9 66.2:52 0.06667 2603.2  2803.2 5 TB56+—6-05706 2603.0 2802.7 6.1244
] 604 5 262 ‘
ggg ggg(;gg 5663 219 6.4107 0.07063 2644.7 2856.5 6.2893| 0.05876 2624.0 2829.7 6.1764
300 0.09894 2762 3 6 6.6459 0.08118 2750.8 2994.3 6.5412| 0.06845 2738.8 2978.4 6.4484
0'10979 2852.5 3 »7.0 6.8424 0.09056 2844.4 3116.1 6.7450| 0.07680 2836.0 3104.9 6.6601
0'12012 2939.8 3240.1 7.0170 0.09938 2933.6 3231.7 6.9235| 0.08456 2927.2 3223.2 6.8428
450 0:13015 3026.2 33516 7.1768 0.10789 3021.2 3344,9/7.085 0.09198 3016.1 3338.1 7.0074
500 0.13999 3112.8 3462.8 7.3254 0.11620 31086 3457.2 7.2359 0.09919 3104.5 3451.7 7.1593
600 6.8 7.5979 0.13245 3285.5 3682.8 7.5103| 0.11325 3282.5 36789 7.4357
0.15931 3288.5 368
700 0.17835 3469.3 3915.2 7.8455 0.14841 3467.0 3912.2 7.7590| 0.12702 3464.7 3909.3 7.6855
800 0.19722 3656.2 4149.2 8.0744 0.16420 3654.3 4146.9 7.9885| 0.14061 3652.5 4144.6 7.9156
900 0.21597 3849.4 4389.3 8.2882 0.17988 3847.9 4387.5 8.2028| 0.15410 3846.4 4385.7 8.130
1000 0.23466 4049.0 4635.6 8.4897 0.19549 4047.7 4634.2 8.4045| 0.16751 4046.4 4632.7 8.332
1100 0.25330 4254.7 4887.9 8.6804 0.21105 4253.6 4886.7 8.5955| 0.18087 4252.5 4885.6 8.523
1200 0.27190 4466.3 5146.0 8.8618 0.22658 4265.3 2145.1 8.7771| 0.19420 4464.4 5144.1 8.705
09.5 9.0349 0.24207 4682.6 408.8 8.9502| 0.20750 4681.8 5408.0 8.878

1300 029048 4683.4 54

Ol e
3MPa aesall

S8Y) caall e
3o da jal Jilll
(s paeaall Al

D e Jia
Dl Gal sa Las

uaa;A.“

dlan,

Sous'i 989 sliall dy9s jaiy Juadll dylsy go allel 21y 44ll 24 s sidgtig an ydi oti Lo

(Rankine cycle y&ily dygs) layl
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(<19adl) jLa01 2159 padgoi dallill Sl ydall Lol
4-8 Gas Power Cycles
1. Definition of a cycle

A cycle is defined as a repeated series of operations occurring in a certain order.

The cycle may be of imaginary perfect engine(ideal cycle) or actual engine
(actual cycle).

In ideal cycle all accidental heat losses are prevented and the working substance
is assumed to behave like a perfect working substance.

: gl

Jaad &l gal) 03a g Steam cycle S & e and JALIL Jand gﬁ\ Slaaall & g9
. Rankine cycle 4l ciamg o) ;5 allal) 3593 384

. Gas cycles A \all <)y gal) el Bale ¢ gl Jlally Jans g;'d\ &)y gal) Lal

il 93 oo g (a8 Ay atl) Aalil) (pa) Aallia g B3 (38 9 L O Ll il gl pnan
Q9SS ), Al Al Jiludl) &g adad i gall 038 A5 [deal cycles (Aki) 4altia
o) A Al LAl ¢ 98 il ) gall oda Jia g Actual cycle (pamd g dslad <l ) g3
2

2. Air standard cycle

The efficiency of engine using air as the working substance is known
as an "Air standard efficiency"'. This efficiency is often called ideal
efficiency.

alail) Jiad Udle Sl Bala g ) Jaaddl) 83l working substance 3 ks (s
(4 )2 3 el system

pda BeliS g &) ¢l 94 ideal cycle (Al ) Audtiall &) sl <l ygal Sl 3k
488a) 35 9l BeliS (pa ) Lidle (985 g jdeal efficiency dultia ¢y esi Ly <l gl
.actual efficiency

2 Y Jads Aalliall o) ggdl il g9
1) the Carnot cgctc

2) constant volume ache (or Otto cgcte)
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3) constant pressure cycle (or Diesel cycle)
4) Dual combustion cycle

5) Atkinson cycle

&) Brayton cycle

Slpl ) day ) oo Ble JLalilly A g Lgasda gl g lga pdi a8 ()l g (e 5318 B 90 Ll
o 8L QY 5 reversible isothermal s ¢4 «four processes
Al A2 reversible adiabatic

1) Carnot cycle :

This cycle has the highest possible efficiency and consist of four simple
operations namely,

(a)isothermal expansion
(b) adiabatic expansion
(c) isothermal compression
(d) adiabatic compression
L g dua) ) 4y 5080 5 ) 92 Jadd (A dalead) Al (g udad (0 (S ¥ B gall o 2b g
Al (o Canny ¢ 53 i il plla

o LA g Al A glaa Alial ¢ dpdaly ) LgalBe ¢ s L Lgdiial 63 0SB 93 Janald
AR G _ualaal)

2) Constant volume cycle (or Otto cycle)

. "OttOﬂJi " dan) 9 g yd Lf'm ‘dw\ ?“" Glaa 5y gl X'
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Clearance volume I

/; g »V
L—’P— Swept volume —

[¢—— Total volume ———P

N

LT 77777777 7777777

e - —t

(a)

b
Fig.(4-5): Otto cycle "

Figure(4-5) (a and b ) shows the p-v and T-s diagrams of this cycle respectively.
This cycle comprises of the following operations:

(i) 1-2.....adiabatic compression

(i) 2-3.....addition of heat at constant volume

(iii) 3-4.....adiabatic expansion

(iv) 4-1..... rejection of heat at constant volume.

Consider 1 kg of air
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Heat supplied at constant volume = c,(T3 — T;)
Heat rejected at constant volume = c, (T4 — T,)

But, work done = Heat supplied — Heat rejected
=¢y(T3 —T3) — €,(T4 — T4)

Workdone  c¢,(T3—T2)—cyy(T4—T1)

Efficiency = —— eooticd = e
— q _Is-T4 .
=1 T3—T, (i)
Let compression ratio , r = r = -
2
: _ Ve
Expansion ratio Te=T=—
3

These two ratios are same in this cycle

S EO8

Ty 1)
T,=T,.(""1

Similarly, 2= (%)

V3
T3=T,.(r"*!

Inserting the values of T, and T; in equation (i) ,

_ T4—Tq
we get, Notto = 1 — Ty .(NY~1-Ty .(r)¥-1
_ T4_—T1 — — ;
Noteo =1 — 7r-1(Ta-T1) — -1

This expression is known as the air standard efficiency
of the Otto cycle.
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3) Constant pressure or Diesel cycle

pda (389 Jard Al ClSaal) Cuang ¢ Diesel J3ua jgisall 8 (e Ciatd 3ygal) 038

C e S ey 3y gal)
This cycle comprises of the following operations:
D AU el anal 5y gall o2
(i) 1-2 ..... adiabatic compression
(i) 2-3 ..... addition of heat at constant pressure
(iii) 3-4 ..... adibatic compression

(iv) 4-1 ..... rejection of heat at constant volume

»S

Fig.(4-6): Diesel cycle on p-v and T-s diagram

Consider 1 kg of air

Heat supplied at constant pressure =c,(Ts — T3)
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Heat rejected at constant volume = c, (T4 — T,)

Work done = Heat supplied — Heat rejected

=cp(T3 - TZ) - cv(T4 - Tl)

Diesel efficiency _ _Wworkdone
’ Npiesel Heat supplied
= ¢cp(T3—T2)— cy(T4—T1)
cp(T3-T3)
—q_ (T4-T1)
y(T3-T2)
o
Since, y= »p
CV

4) Dual combustion cycle

This cycle( also called the limited pressure cycle or mixed cycle) is a combination of Otto and
Diesel cycles, in a way , that heat is added partly at constant volume and partly at constant
pressure ; the advantage of which is that more time is available to fuel (which is injected into
the engine cylinder before the end of compression stroke)for combustion.

52335 (sl 8153) paad) Cugli 833 (e WSpe Bysall 038 Aoy mgae i dual Ble
paall Cgdy Ayylhall A8all (e e)a Adlial Bysall oda & 0y L (a2 8)) Jaraall gl
) a8l aal P g ya g nala¥) il e sdilally ¢ Jarall Cagdl AN g3l

chlea) gl Algy Ji Aaall 3aa JAla
The dual combustion cycle (Fig. 4-7) consists of the following operations:
(i) 1-2 .....adiabatic compression
(i) 2-3 .....addition of heat at constant volume
(iii) 3-4 .....addition of heat at constant pressure
(iv) 4-5 .....adiabatic expansion

(V) .....rejection of heat at constant volume.
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Fig.(4-7): Dual combustion cycle on p-v and T-s diagrams.

Consider 1 kg of air (working substance)

Total heat supplied = heat supplied during the operation 2-3 + heat supplied during the
operation 3-4 .

=¢y(T53 = T2) + cp (T, — T3)
Heat rejected during operation 5-1 =c,(T5 — T;)
Work done = Heat supplied — Heat rejected

= ¢y (T3 — Ty) + cp(Ty — T3) — ¢, (Ts — T1)

Dual combustion efficiency,

_ workdone _ ¢y(T3=Ty)+cp(Ta—T3)—Cy(T5—Ty)
Nbual = Heat supplied cp(T3—T)+Cp(T4—T3)
77Dual=1— Co(Ts=T1)

(T5-T2)+y(T4—T3)
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5) Brayton cycle

Brayton cycle is a constant pressure cycle for a perfect gas. It
also called Joule cycle

An ideal gas turbine plant would perform the processes that make up a
Brayton cycle .

Ll « Rankine cycle ¢S85 s Jaad 4y jlan) cllaaall o BS3 () 5 o
.Brayton cycle o 853 caes Cans ( Lﬁj\.ﬂ\ Oy oill :\.L-su) 40l el

Brayton cycle (Fig.4-8) consists of the following operations:

Cooler
C = Compressor T = Turbine

(@)

»
(b) v

Fig.(4-8): Brayton cycle on p-v and T-s, diagrams

For m kg of air
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(i) operation 1-2 : the air is compressed isentropically(reversible adiabatic process)

from the lower pressure p; to the upper pressure p,, the temperature rising from T, to T, .
No heat flow occurs.

(ll) operation 2-3. heat flows into the system increasing the volume from v, to

v; and temperature from T, to T; whiles the pressure remains constant at p,.

Heat received=mc,(T; — T,)

(1ii) operation 3-4 : the air is expanded isentropically from p, to p;, the
temperature falling from T5 to T4. No heat flow occurs.

(iv) O]Jenltion 4-1: Heat is rejected from the system as the volume decreases from
v, to v; and the temperature from T4to T, whiles the pressure remains constant at p;.

Heat rejected = m c,(T, — T;)

Work done = Heat received — Heat rejected

. —_ _ workdone _ Heatreceived - Heat rejected
Air-standard efficiency, MBrayton = Heat received Heat received
Heat received m ¢, (T4 —T1)
Mrayton Heat received mc, (T3 —T3)

Ty—T1
T3-T;

NBrayton = 1-
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Tutorial sheet-chapter 4
Air Standard Cycles

Example 4.1 Constant volume or Otto cycle

An engine of 250 mm bore and 375 mm stroke works on Otto cycle. The

clearance volume is 0.00263 m?3. The initial pressure and temperature are 1 bar and
50°C. If the maximum pressure is limited to 25 bar, find the air standard efficiency
of the cycle.

Solution.

Bore of the engine, D=250 mm=0.25m

Stroke of the engine, L=375 mm=0.375m
Clearance volume, V.=0.00263 m3
Initial pressure, p1=1 bar
Initial temperature, T1=50+ 273=323 K
p (bar)
25‘t-—-3

9|

> Ve e

Fig.4.1 Otto cycle

Maximum pressure,  p3=25 bar

Swept volume,

nD? w(0-252) s
Vo=—XL=—=%x0-375=0-0184m
4 4
Compression ratio,
_Vl_VS+VC_0-0184+0-00263_
v, v 0-00263 -
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Air standard efficiency

1 1 1
Moo =1 =Gy r = 1= gyma1 = 1 ~(gyoa = 1 ~ 07435

=0-565 or 56-5% (Ans-)

Example 4.2 Constant volume or Otto cycle

The minimum pressure and temperature in an Otto cycle are 100 kPa and 27 °C.
The amount of heat added to the air per cycle is 1500k] /kg .

(i) Determine the pressures and temperatures at all points of the air standard
Otto cycle.

(ii) Also calculate the specific work and thermal efficiency of the cycle for a
compression ratio of 8: 1. Take for air : ¢,=0.72 ki/kg.K,y = 1- 4

Solution. rRefer to Fig. 4.2. Given : p;= 100 kPa=10°Pa or 1 bar.

T:=27 + 273 =300 K ; Heat added = 1500 kJ/kg :
r=8:1; ¢,=0.72 kl/kg.K ; y=1-4

Consider 1 kg of air.

Fig. 4.2 Example — 2
(i) Pressures and temperatures at all points:

Adiabatic compression process 1-2 :

T. v\v~1

2 _ (_1) = ()1 = (8)*+1=2-297
T ()

T, =T, x2-297 =300x2-297 =689-1K (Ans"-)
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Also, p1v1Y = pyvyY
or Z2=(2)" = (8)1*=18-379
P1 V2
p, =p; X18-379=1x%x18-379 = 18-379 bar (Ans-)
Constant volume process 2-3 :
Heat added during the process,
¢p(T5 — T,) = 1500
0-72(T; —689-1) = 1500

T. —1500+689 1=2772-4K (A
For constant volume process: v, = v

pzvz p3v3 p2T3 18 " 379 X 2772 " 4
= - = =
T2 T3 p3 TZ 689 " 1
=73-94 bar (Ans-)

Also

Adiabatic Expansion process 3-4 :

T3 _ V4)y_1 _ y—-1 _ 14—1 _
= (v3 — ()1 = (8)1*+ 1 = 2297
T, 27724
T, - =1206-9K (Ans-)

T 2.297 2297

D4 vz\Y v3\Y 1

aso. B = (%) =py x(22) =73-94 x(5)

S0 P e =  Ps=DP3 Ve 3
=4-023 bar (Ans-)

1-4

(ii) Specific work(work for 1 kg) and thermal efficiency:

Specific work = Heat added — Heat rejected
=y(T3 = T2) — ¢,(Ty = T1) = ¢, [(T3 — T3) — (T, — T1)]
=0-72[(2772-4—-689-1) — (1206-9 — 300)] = 847 kJ/kg
1 1

GO
=0-5647 or 56-47% (Ans-)

Thermal ef ficiency ngp =1
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Constant pressure or Diesel Cycle

Fig.4.3. Diesel cycle

Consider 1 kg of air
Heat supplied at constant pressure = ¢, (T3 — T3)
Heat rejected at constant volume = ¢, (T, — T)
Work done = Heat supplied — Heat rejected
=cp(Ts = T3) — (T4 — T1)
Work done  ¢,(T3 —T5) — ¢,(Ty — Ty)
Heat supplied cp(T5 — T3)

(=T
y(T3 —T,)

- 21

. . U1 ; U3
Let compressionratio r=— and cut —off ratio p =—
[ V2

_ Volume at cut — of f
"~ Clearance volume

Npiesel =

=1 0
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Now, during adiabatic compression 1-2,

T. v\Y1
=) =ort o n=m-er

During constant pressure process 2-3,

T %
Z===p or Ty=p  Tp=p- T @)
T, v,

During adiabatic expansion 3-4
T3 (174))"1 B (r)y‘l { Vg V1 Vg o v, r}
T, %] p Cvs vy v, vz op
T, _p-Ty- ()
~Y-1 N =T
%) 7)

By inserting values of T,; T and T, in eqn - (i); we get

14

T, =

s —1— (T, p¥ = Ty)
preset vlp - T (V1 =To- ()]
(=1
y(@)tp—1)
1 [pr—1 g
Npieset = 1 — Y1 [,0 1 (i1)

It may observed that eqgn.(ii) for efficiency of diesel cycle is different from that of
the Otto cycle only in bracketed factor. This factor is always greater than unity,
because p > 1. Hence for a given compression ratio, the Otto cycle is more efficient.

The network for diesel cycle can be expressed in terms of pv as follows:

W =Area 1-2 +Area2-3+Area 3-4

Or

P1V1 — P2V> P3VU3 — Paly
W:yT + Pz(%"b)*‘yf1
Or

P3V3 — Paly P2V — P11y

W = p,(vs —v,) + V=1 v

v
—:p = 173=p172 and — =7 = UIZTUZ Butv4=v1=7’v2

oS Jadd) Aslaa B aidl) o ge (g
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P3pVUz — P4TV2 P2V — P1T'V2

W =p,(pv; —vy) +

y—-1 y—1
_ _ P3pVUz — P4TV2 P2V — P1T'V2
W=pv(p—-1)+ - y—1
W= Va[p2(p — D)y — 1) + p3p — par — (P2 — p17)]
Yy—1

Example 4.3 Constant pressure or Diesel Cycle

The stroke and cylinder diameter of a compression ignition engine are 250
mm and 150 mm respectively. If the clearance volume is 0.0004 m’ and fuel
injection takes place at constant pressure for 5 per cent of the stroke
determine the efficiency of the engine. Assume the engine working on the

diesel cycle.
Solution.

Refer to Fig. 4-3.
Length of stroke, L=250 mm = 0.25 m
Diameter of cylinder, D= 150 mm=0.15m

Clearance volume, V.=V,=0.0004 m?

. 2
7x(0-15) %025

Swept volume, V, = Area X Stroke = "TDZ X L=
» Vs =0-004418 m?
oo Dlghadl S analdl Jiay ¥ ga5 usSall 4aliaf o3 anali=V
oaslal) ana + (ual) dalial G4 aaall =Ljghadld Sl anal) L)
Total cylinder volume= Swept volume+ Clarence volume
=0.004418 + 0.0004 =0.004818 m?

5

Volume at point of cut-off, V; =V, + oo

Vs=0-0004-+1%0><0-004-4-18

V3;=0-000621m?3
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V3 0-000621

cut—offratw pzv—z—m=155
c nratio—p Vi _VstVz_0-004418+0-0004
ompressionratio =r = VZ = VZ = 0-0004 =
Hence,
—1 1 pY —1
Ndiesel = - y(r)y_l [p 1
1 (1-55)1 -1

1-55-1

=1- =1-0-264x1-54
1-4x (12 -04)14-1 l

=0-593 or 59-3% (Ans )

Example 4.4. Brayton Cycle ....Gas Turbine Cycle ) 8493

Air enters the compressor of a gas turbine plant operating on Brayton cycle at
101.325 kPa, 27 °C. The pressure ratio in the cycle is 6. Calculate the

maximum temperature in the cycle and the cycle efficiency.

Assume Wr=2.5 W, , where Wy and W, are the turbine and the compressor

work respectively. Takey =1.4.
Solution.

Pressure of intake air, p;=101.325 kPa
Temperature of intake air, T;=27 + 273 = 300 K

The pressure ratio in the cycle, ro=6
(i) Maximum temperature in the cycle, T; :

Refer to Fig.4.4.
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Cooler
C = Compressor T = Turbine

(@
i
2 3
pV' =C
e
> —»
(b) ¥ (©)
Fig.4.4. Example 4.4.
T, (P, y%l ”T_l 14-1
= (P_1) = (r,) 7 =(6) 17 =1.668

T,=1.668T, =1.668 x 300 =500.4 K

-1
Y y-1 14-1

Also, 2= (32)7 =(r,)7 =(6)1+ =1.668
T4=1 668

But W;=2.5W¢ (given)....... (1)
il ¢gdy ylal) dajs ANy BN Qg (5198) (Ala S8 Al 5% Laaie
h=c¢,T & H=mc,T where h=specificenthalpy (k]/kg) &

H = total enthalpy (kJ)
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Process 3-4: gives turbine work (+) Wy = c,(T3 —T,)
Process 1-2 : gives compressor work(-) W, = ¢,(T, — Ty)
(V) Wslaally dda Laall Jalal) Jally 56 G sil) (e g A Jod 0o Llagad

mcp(Tg - T4_) =2 Sme(TZ - Tl)

T;
- =2 4 — =501
T3~ Teeg = 2 5(500 300) = 50
T (1 1 )—501
3 1-668/
501
T3 = ————5——=1251K or 978°C (Ans-)
(1-1688)
(if) Cycle efficiency, n.ye:
Now, T, = —*— =750 K
1-668

Net work
Nleycle = Heat added
_ me(Ts —T,) — mcp(TZ -T,)
B mc,(T; — T;)
(1251 — 750) — (500 - 4 — 300)
- (1251 — 500 - 4)

=04 or40%
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Chapter Five

Gas Mixtures

5-1 Introduction

thermodynamic systems &l sl &bl Akl e Uit o g L plas & jeaiBl Aaiil) 028 Jia
Gliplail) (o aaall Qe @l aa g clall Ji single pure substance saal s 4 sale ezt )
peall e Al 285 Bas) 5 Bale (e Yoy A0 3 5 B0 (e MiXTUTES Ladlie dagall 4y ) Hall A8 0alinl)
Lo Jalatl) A0S 48 jaa g Jallaall agd gl

Luld Aalles (Say .non-reacting gas mixtures deldiall je <l jlall baallds ae Jalati cJuadl 138
homogeneous adlide < jle (ye duslaie Ala (555 e sale LY 4 5ol Ll e Alelindl e ol 3lall
Gl paitbiad e aaiad il jlall luld (ailad o) il sl s .mixture of different gases

O oAl ladal) 3 e JS A e GliS s (constituents sl components < sSall cansd) 435 ,dl)
slac) el e Gl o) sl Jie dailill LDl elld o) af &5 adlaall (ailiad Jglas slac) (Sadl)

Al pan VAl AlS il aae ol e e )l (e ) sl (S Jala 4S5 JS1 (ailiadd) Jglas

Al Sall patliadll g Jalal) 0 5548 ja (e Jadall Galliad apaailac) @ sl ) dalsy (ol oA
Ainal) pula¥) salal) | ideal-gas mixturesidtiall &l Slall allaal Juadl) 1 8 13¢0 o 685 293 4l
solutions d sl caus ) g ¢ Aliall o) AL Jallaal) e Layl Gadaill A1

5-2 Composition of a gas mixtures : mass and mole fractions
Al gall g Ay olish) ) guasl) sl Jad) Jaald ¢y oS3

Slia A il il Sl Gailiad U Aol Jadall 0 S5 48 jaa ) zling cagdll (ailiad gl
molar (sl Jdaill cans ¢ 580 JS Y g 230 Gk oo Wl 1 Juldll 4 5 Caa o) 8 Hha
.gravimetric analysis = sl ¢l dilad cams ¢ 958 JSALS 305k e 5l ¢ @nalysis

Consider a gas mixture composed of k components. The mass of the mixture mp, is
the sum of the masses of the individual components, and the mole number of the
mixture Np, is the sum of the mole numbers of the individual components.(Figs 5-1
and 5-2).

H2+02

38 kg

Fig.5-1: The mass of a mixture is equal to the sum of the masses of its components.




H, H, + O,

3 kmol 4 kmol

Fig. 5-2: The number of moles of a non-reacting mixture is equal to the sum of the
number of moles of its components.

my, = Y5 . m; (5-1a) and N, =YK N (5-1b)

- The ratio of the mass of a component to the mass of the mixture is called
the mass fraction mf . mf LS usl Ladal) ABS ) () oSall A1 4 o

- The ratio of the mole number of a component to the mole number of the
mixture is called the mole fraction y.sxe ) & sSall OV gall dae dass o
© el eI Al Y sl
(5-3)

N;
Yi = Non
Dividing Eq.(5-1a) by my, or Eq.(5-1b) by N, , we can easily show that the
sum of the mass fractions or mole fractions for a mixture is
equal to 1, (Fig.5-3).

Yamfi=1 and Kk yi=1
PO T
. 4 Qs
_\’}_]2 = 0.75
,\702 == () 2D
1.00

Fig. 5-3: The sum of the mole fraction of a mixture is equal to 1.




The mass of a substance can be expressed in terms of the mole number N
and molar mass M of the substance as:

m=NM
Mm xmy X NiM; Ry
M, =E=E=W=Z’i€=1%1‘4i and Ry, =3~ (5-4)
M,, = average molar mass of a mixture,
R,, = gas constant of a mixture
The molar mass of a mixture can also be expressed as
M. = My, My 1 _ 1
™ Ny Zmy/M; Ymy/(my,M;) k mfi
=1 Mi
Mass and mole fractions of a mixture are related by
m; N;M; M;
mf; = m_; = —NniM:n = l.M_T; (5-5)
Example 5-1

Consider a gas mixture that consists of 3 kg of O, , 5 kg of N, and 12 kg of
CH, . Determine (a) the mass fraction of each component, (b) the mole
fraction of each component, and (c) the average molar mass and gas
constant of the mixture.
Solution : the masses of components of a gas mixture are given , the mass
fractions, the mole fractions, the molar mass, and the gas constant of the
mixture are to be determine.
(@) The total mass of the mixture is :
My = Mg, + My, + Mey, =3+5+ 12 =20kg
Then, the mass fraction of each component becomes

mo, 3
mfoz = m, = % =0.15
my 5
msz = mn: = % = 0.25
Mcy 12
meH4 = mm4 = % = 0.60

(b) To find the mole fraction, we need to determine the mole numbers of
each component first:
moal sl X @Y gall 2ae = ALK
|
3

oAl sl /A = @Y gl dae
mo, 3kg
02 My, 32kg/kmol mo
Ny =™ _ > _ 0179 kol
NZ_MN2_28_ ) mo
m 12
M = —Z = 0.750 kmol

Ny = —2%—
™ My, — 16




Thus,
Ny = No, + Ny, + Neg, = 0.094 + 0.179 + 0.750 = 1.023 kmol

And mole fraction is:
_ Ny, 0.094 kmol

=0 PO 092
Yo: =N~ 1.023 kmol
_mw, 0479
YN =N T 71023
Mcy, 0.750
- = —0.733
Ve, = T T 1.023

(c) The average molar mass and gas constant of the mixture are
determined from their definitions:

my, 20 kg

N,,  1.023 kmol

M,, = =19.6 kg/kmol

Or from

M,, = z yiM; = yo,Mo, + yn,Mn, + Ycu,Mch,
= (0.092)(32) + (0.175)(28) + (0.733)(16)
= 19.6 kg /kmol
Also the gas constant of the mixture from:
_ R, 8314kj/kg.K
Rom = M,,  19.6 kg/kmol

= 0.424 kJ/kg.K

5-3 P-V-T behavior of gas mixtures: Ideal and Real gases
A88aY) g Auliall @l jlad) s jlad) Jadd & gl

gl S Y Cuny pand) Leany Ce 4l ja 2ol e adl e JE Sl Gy

i A adall ) Ll Aaidie LS die Coaai Al a5 il Jall dsa 0 ss 3l

ol Aonailly e 551 A 3l midie Tk e (55 Ladie S e o glll 138

Lo Aalall da jal) Al

<l dalal) Aalaal) Ladl ausis state equation Aall Asbaey e S P-V-T sl e

(s Al
PV = RT
e yumy Aalaad) 5 ol Slall alal) Aalaadl (e laiiad ST Aalaas Leie yuan Adéal) ol 5all P-V/-T & glag
Aeal algs
PV = ZRT

.compressibility factor bluzai¥) Jales sgi Z Ll

e Liag) i) Sl & g ellay adald) o8 e liiall ye 40 cl Jlad) e ST Sl ol Tala oy Lerie

S a5V 5 gl A Capaaly (531 sl (paim ¢ e SaS Jalay JU) Jys e 61 5l
5% Dallon’s law of additive pressures: 4o byiallsils sl

The pressure of a gas mixture is equal to the sum of the pressures each gas would
exert if it existed alone at the mixture temperature and volume (Fig. 5-4).




Le slay 38 1l b graall £ gana i s i) i bara ol e (e rdBlaal) L guall ¢ gilla ¢y 6ild
e&j\jw‘ﬁj\ﬁh‘)dﬁcDJM\JJ_AJAQ\S\.J\j\.i:dS

5-4 Amagat's law of additive volumes:iad s saall ols L ¢ 5ilé

JS Ll ) alaa¥) & sana () o st Sl Lk aaa ) e (aly 1A8LAs alaal cilS L 5l
.MJL:\H\BJ\);;\;JJL;MM\J}_A}AO\S\.J\j\.{:

The volume of a gas mixture is equal to the sum of the volumes each gas would
occupy if it existed alone at the mixture temperature and pressure (Fig. 5-5).

— G P =
Gas A Gas B QZlS
VIS & \L T mixture
| T A+ B
| | V. T
2B e

Fig.: 5-4: Dalton's law of additive pressures for a mixture of two ideal gases.

Gas
Sl mixture
B — A4+ B
. e I
Vs Va+ Vs

Fig. 5-5: Amagat's law of additive volumes for a mixture of two ideal gases.




Dalton's and Amagat's laws can be expressed as follows:
Dalton's law for: B, =35 P, (T V)

Amagat's law:  Vy, = 3 Vi(Tn, Br)

5-5 Ideal — gas mixture

For ideal gases , P; and V; can be related to y; by using the ideal-gas relation for both
the components and the gas mixture:

NiRy T

Ideal-gas relation for component: P;V,, = N;R,T,, or P; = ”

notethat: T, =T, and V;=V, Ll ) allds pnganall g

Ideal-gas relation for mixture: P,V,, = NynR, T, or B, = —Nm‘fuTm
Pl(Tm,Vm) _ NlRuTm/Vm _ & — 7.
Po NoRyTo/Ve Ny O
Therefore,
P; i N;
—_— = — = , 5-5
Where:

Pi= partial pressure of component

Pm= pressure of a mixture

V= partial volume of component

Vm= volume of mixture

Ni = number of moles of component

Nm = number of moles of mixture

yi = mole fraction

Partial pressure of component for ideal gas is:
Pi=VYiPm

Partial volume of component for ideal gas is:




Vi=YViVn
5-6 Properties of gas mixtures: Ideal gases

Consider a gas mixture that consists of 2 kg of N, and 3 kg of CO,. The total mass(an
extensive property) of this mixture is 5 kg. Then the total internal energy, enthalpy
and entropy of a gas mixture can be expressed, respectively, as

Um =Zk:Ui =Zk:miui =iNiﬁi (kJ)
' i=1

i=1 i=1 i
k k k
H,, = ZHL' = zmihi = ENiEi (kJ)
i=1 i=1 =1
K K k
Sm = Zsi = Zmisi = ENi§i (k] /K)
=1 =1 =1

The change in internal energy, enthalpy, and entropy of a gas mixture during a
process can be expressed, respectively, as

k k k
i=1 i=1 i=1
Kk k k
AH,, = Z AH; = z Z (kD)
; i=1
k k k
m=ZASl =ZmiASi =ZN1AS_L (k]/K)
i=1 i=1 i=1

Similarly, the specific heats of a gas mixture can be expressed as
Com = Z{'czlmficv,i and Com = Zi‘czl YiCy (5-6)

Cpm = Zi'czl mficp,i and Copm = Z{le YiCp,i (5-7)




Example 5-2:

A mixture of oxygen (O,) , carbon dioxide(CO,), and helium(He) gases with mass
fractions of 0.0625, 0.625, and 0.3125, respectively, enter an adiabatic turbine at 1000
kPa and 600 K steadily and expand to 100 kPa pressure. The isentropic efficiency of
the turbine is 90 percent. For gas components assuming constant specific heats at
room temperature, determine(a) the work output per unit mass of mixture and(b) the
entropy change of the gas mixture in the turbine. Take for gas components

cu(kilka.K) co(kI/ka.K)
Oz 0.658 0.918
COy: 0.657 0.846
He: 3.1156 5.1926

Solution:

From Eqgn.(5-6) and (5-7), the constant-pressure and constant-volume specific heats of
the mixture become

¢p = Mfo,-Cpo, + Mfco,-Cp.co,MfHe- Cp He

= 0.0625 x 0.918 + 0.625 X 0.846 + 0.3125 x 5.1926
=2.209k] /kg.K

Cy = Mfo,-Cv0, T Mfco, Cv.co,Mfte- Co He

= 0.0625 x 0.658 + 0.625 x 0.657 + 0.3125 x 3.1156
=1.425k] /kg.K

The average gas constant of the mixture and the specific heat ratio are

R=c,—c,=2.209—1.425=0.7836k//kg.K
And specific heat ratio: y = =229 _ 155
Cy 1.425

The temperature at the end of the expansion for the isentropic process is:

y-1 y—-1 0.55
= = (p) o Ty =T, (p) (600) ()" **=265 K
Using the definition of turbine isentropic efficiency, the actual outlet temperature is:

actual work hy — hy,

Meurb = o versible work hy — hys




Where
hyq = actual outlet enthalpy = c,T;q
h,s = ideal outlet enthalpy = c, Ty

Hence ,

_ 6 (Ty — T2a)
Nturb Cp (Tl _ TZs)

09 = (600—T24)
(600—265)
T,o = 298.5 K

Noting that the turbine is adiabatic and thus there is no heat transfer, the actual work
output is determine to be

Weyrp = hy — hy = ¢,(Ty — T,) = (2.209)(600 — 298.5) = 666 k] /kg
(b) the entropy change of the gas mixture in the turbine is:

T
Sy, —8§; = cplnT—z— Rln%
1 1

— (2.209)! 298.5
— e LPRTA00

(0.7836)1 100
' 71000

= 0.2658 kJ /kg.K






