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THE CARNOT CYCLE

“» Heat engine operates on a cycle.
» The efficiency of heat engine depends on how the
individual processes are executed.

<+ The most efficient cycles are reversible cycles, that is,

L)

the processes that make up the cycle are all reversible

processes.

<

L)

L)

> Reversible cycles cannot be achieved in practice. However,
they provide the upper limits on the performance of real

cycles.
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<+ The fundamental thermodynamic cycle proposed by
French engineer Sadi Carnot in 1824, in an attempt to
explain the working of the steam engine.

%+ Carnot cycle is one of the best-known reversible
cycles.

» The Carnot cycle is composed of four reversible

processes.



@SS CARNOT CYCLE

7/

< Consider an adiabatic piston-cylinder device that contains gas.

7/

<+ The four reversible processes that make up the Carnot cycle

are as follows:
» 1-2 Isothermal Expansions
» 2-3 Adiabatic expansions,
» 3-4 Isothermal compressions and

> 4-1 Adiabatic compressions.


http://www.ecourses.ou.edu/cgi-bin/eBook.cgi?doc=&topic=th&chap_sec=03.4&page=theory
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HEAT ENGINE

3

I-s and P-V diagrams for Carnot Cycle.

Te

Figure : A Carnot cycle acting as a heat engine, illustrated on a temperature-entropy
diagram. The cycle takes place between a hot reservoir at femperature T, ;and a cold
reservoir at temperature T.. The vertical axis is femperature, the horizontal axis is

entropy.
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PA

TH = Const.

TL = Const.
g
Insulation V




R BITS Pilan

Dubai Campus . . . .
The Carnot Cycle (2-3): Reversible Adiabatic Expansion

PA

>
Vv
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The Carnot Cycle (3-4): Reversible Isothermal Compression

PA

TH = Const.

g ML= Const.
iInsulation \7
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PA

TH = Const.

3 TL = Const.
Insulation \7
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*The Carnot principle states that the reversible heat engines have the highest

efficiencies when compared to irreversible heat engines working between the same two

reservoirs.

« And the efficiencies of all reversible heat engines are the same if they work between

the same two reservoirs.

= The efficiency of a reversible heat engine is independent
<+ on the working fluid used and its properties,
<+ The way the cycle operates,
< The type of the heat engine.
"The efficiency of a reversible heat engine is a function of the reservoirs’

temperature only.

10
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N = 1 - Q/Qy=8(TyT)

or

QH/QL - f(THITL)

Where Q= heat transferred to the low-temperature

reservoir which has a temperature of T

Qy = heat  transferred from  the  high-temperature

reservoir which has a temperature of T,

g, f =any function

11
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IDEAL OTTO CYCLE - IDEAL CYCLE FOR SPARK-IGNITION ENGINES

A [ Otto cycle is the ideal cycle for spark-ignition
P 3 engines, in honor of Nikolaus Otto, who
invented it in 1867.

Q In ideal Otto cycles, air-standard assumption
4 is used.

| | U The ideal Otto cycle consists of four internal
S reversible processes:

:TDE :EDE Insulated
e » 1-2 Isentropic compression

.. » 2-3 Constant volume heat addition

» 3-4 Isentropic expansion

» 4-1 Constant volume heat rejection 1>
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Otto cycle is the ideal cycle for spark-ignition

| NEFFFFT, (o)
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Consider 1 kg of air (working substance) :
Heat supplied at constant volume = ¢ (T; - T)).
Heat rejected at constant volume =e¢ (T, - T,).

| But, work done

Efficiency =

= Heat supplied -- Heat rejected
=¢, (Ty-T9-c, (Ty- T4
Work done _ &y (Ty ~Ty) =y (T4 -1

Heat E-'llp]ﬂi.ﬂﬂ ¢, (Ty =Ty}
Ty-T
- Ty~ T

14
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Let compression ratic, r (=r)= %
and expansion ratio, r, (= r) = :r—‘:
(These two ratios are same in this cycle) .
As T . [“_1]"'1
Ty A
Then, | T,=T,. )"
-1
, Ty vy '
Similarly, | T, = [HJ
or Tﬂ = T-li W I:T:]T -1 .
Inserting the values of T, and T'; in equation (i), we get
T, -1} T, -T,
1~ =]1-
Mot = 2= p T A NT, T
1
=1-

This expression is known as the air standard efficiency of the Otto cycle.
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" An engine working on Otto cycle has the following conditions : Pres-
siive at the beginning of compression 18 1 bar and pressure at the
end of compression 1= 11 har. Calculate the compression ratio and
sir-standard efficiency of the engine. Assume v = 1.4,

Solution | L
i - (%) N
. o= (—) ot
a2 ™M "
= 5.54% g ::
L 1
? fl}:’r-standa.rd efffcienicy = 1= 1 :=:
' ___;;I E : 1
43 - — (.49
bl : '{_5,54‘;5“*"
Anes
AQ.6%
i
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No

Work done
(W} KX

TP Vand T

relafions

V=i

 Zero

P2

P _
I.-rl

=

b

Constant
pressugye
processP=C

P{Va— V) %

TV, _V,

TI T1 -

Constant
ternperature
or
Tsethermal

(T C)

PV In | —
’ vt -r .

PV = p2Va

L " i P ——

acdiabatic

or
Isentropic
process
pV'=C

17
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I an Oito cycle air at 17
\mtilthe pressure is 15 bar
the pressure rises 1o 40 bar.
the compression retio and the mea

Acemine Oy = 0.717 k1 /kg K and H

o} gnd 1 bar is compressed adiabatlCally
Heat is added st constant volume unfil -

Ctaleulate the air-standard efficiency,
effective pressure for the oyele.
= 2.314 kJ kol k.

(onsider the process 1 — 2
' pVy o = P2y
F 3 o . :
W (W) ‘f
4 S — - e
Va ! m

18
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L= —
T emy -
Tl
ooyt L=
. b o
S :E'IE —-
e ;
!
) 2
vH it
i-.
- —
A
L
a0

’ﬁ-’{:'_'ﬂn sider the process 2 — 4

F ey L, - .
AL . T
bl e . T =

pala W g20.5
e 15

167K.7

I

19
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:1 Heaf suppliad

n Work done

—

i ipnsider the process 2 — 3
R
P Lo . Ta

1l

A

i

Py _ o eans
P2 15

*:'Iu [Tﬂ - TE]

Il

16787

0.717 % (1BTE.7 — 629.5)

752.3 kJ kg

e P R A e nliic” a R
ey PSR T”,

3 _’l-,ll,,;,iﬁ__:l_*! T

........... e

405.5 ll:J,-’l.g Hj

tihm

T X g

0.530% TH13 =
Work done

Swept volume

iR

m 1 .

3314 x 200
90 % 1 % 105

= (.8314 m® kg

20
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vy — 2

Il

1l

5.0l

« 0B334 = 0.71% m® ke
.01
x
4055 108 — 570 x 10° Njm
0.711
| dos
B0 ]:uEu'
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H@A gas enging working on the Otto cycle has & cylinder of diameter

BITS Pilani Example:3
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220 500 mm and stroke 250 mm. The clearance volume is 1570 cc. Find
the air-standard efficiency. Assume (p = 1004 kl/kg ¥ and €, =
il 0,717 kd kg K for air. |

o e
S anklon
J'hl.:-. .'::.. =

-
- e

&% =
i

w1

U T
Stroke volume, Vy ?FL = 7 w 207 x 25

-.:.:_5-_.. — ?SEE.QE LH

| v, TA53.98
4 Compression raiio, T = - V. - 1570

il

L
Eop i

hat

Frifata D T
P v

rp = —

= —— = 14
0.717

ﬁ Air-gtandard efficiency 1= -1 o 64

- T EIEH]
e E.'u

i

Ik

?;%‘i::'.l. L o
G 0.512° = - 51.2% o
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gmple 21.9. 1ne miumum pressure and temperature in an Otto cycle are 100 kPa and
;E amount of heat added to the air per eycle is 1500 kJ /g,

() Determine the pressures and temperatures at all points of the air standard Otto cycle.
i) Also caleulate the specific work and thermal efficiency of the cycle for a compression
3 mmnfﬁ L

Tahke for air : ¢, = 0.72 RI kg K, and y= 1.4, (GATE, 1998)
ﬂul“hnu.ﬂafar]i'lg 21.7. Given : p, = 100 kPa = 105 N/m? or 1 bar ;
T, = 27 + 273 = 300 K ; Heat added = 1600 kd/kg ;
rnﬂ:l;ﬂu-ﬂ.mhﬂkg;‘frlﬁi,
r.ﬂhﬂﬂﬁﬁﬂ‘l'kﬂ‘ﬁrﬂlh

Ph

Lk

pv'=C

. ij_il 1;‘, "'-L,L .
T 4
e

AT LI

b b
0oAnoAW - Y

23
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“(i) Pressures and temperatures at all points :
Adiabatic compression process 1-2 ;

¥=-1
T2 = [ﬂ] =(r)f =g -1=2207
T ta

_ T, = 300 x 2.297 = 689.1 K. (Ans.)
Also pivq’ = puyt

i)
ﬂ=[ﬂ] = (8) = 18,379
P A\l

Py =1 x 18379 = 18.379 bar, (Ans.)

r.n-... B

24
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Heat added during the process,
;.Gﬂnsf’d&_’ 1 kgofai:.l : EH {Ta _ TE} - lﬁm

i 072 7, - 685 1) = 1500

1, o2 #6001 = 2724 K. (Aus)
or 0.72

C L oty 153?9:..:27*124- wm
| " " Also, %"?T:‘ AL k m*

sildinbatic E:cparufm proces 34

i} ["4} ()= (g .:2;?9'?
T, Y .

Ty 27724 _ 19069 K. (Ans))
V" o007 2207

y 1 14 '
[_] = T3.04 x (E] = 4,023 bar, (Ang,
Uy .

Also, py' = p = PPy

25
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1) Specific work and thermal efficiency !
Specific work = Heat added - heat rejected
"~ ¢, (T~ T = o Ty~ T = ¢, [Ty =T = (T, = T
= 0.72 [(2772.4 — 689.1) - (1206.9 — 300)] = 847 kd/kg.

1

Thermal efficiency, Ty, =1- e

1
1o ——— = 05647 or BBATY%. (Ans)
! (gyt-?

26
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Diesel Cycle - Ideal Cycle for Compression-ignition Engines

F'"E ..-3

ATy,
el — W TN § [
<4 3
ilani
|
* &
=1
"

4

1

-
TDC : BDC Insulated

27
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2 3

|

|

|

I 4

|

| 1 .
:TDE : BDC Insulated

r'-_

Example:1

It'iliﬂiﬁel engine has a compression ratio of 20 and cut-off takes place at 5%
af the stroke. Find the air-standard efficiency. Assume 7 = 1.4.

[k [ ]

b
';-Jﬁ'ii_ﬂulrfuu
AR

V, = . 2% = 10

Ve = T 00V, 4V, = 005x10%+Vz = 195V
o — E — E;EE'}E — 1_'!:.;5
1 =1
o= 17 =l fr, — 1)
14 _
= 1—-—~1-—:~==: L ! ] —  (.640
N a0t~ | 14x (185 -1}
' Aos
~ 64.9% |

28
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"“..I'.. P

3.12 E:él;ermiﬂe the ideal efficiency of the diesel engine having & u:}r!indi?r mfith -=~
. bore 250 mm, stroke 375 mm and a clearance volumme of 1500 ce, with fuel &

ct-off ocourring st 5% of the strolke. Agsume v = 1.4 for air. rJ
Solution ?
' T o = I oxa5x 375
= 184078 oo _ ,
e T A 18407.8 .
V. 1500
o= T 1) !
Vs i
e 1‘_,.2

29
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Determine the ideal efficiency of the diesel engine having a u::,r!in-ﬂ?r with
bore 250 mm, stroke 375 mm and a clearance volume of 1:",-!:.!'!] ce, with iuei.
ct-off occurring at 5% of the strole. Agsume y = 1.4 for air. :

Solntion
v, = %dEL = T x5 %315
S-S LS 4
rooF V. 1500
1 ri—1

noo= AT AT Y-

W
e — 7

30
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Cut-off volume

\l

1

I

|

1

Example:4
: 1. 1-%72
0.08 x 12.27V; s
- Ve
:i L =
1.6135V, .
i _ 14135
Va
1 L6135t —1

L= 35m4 * 1.4 % (1.6135 - 1)

G052 = 60.52%

31
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[1:113-1'1 engﬂﬂ working on Diesel cycle inlet pressure and temperature are 1
ﬁhﬂﬂuﬂ 17 2 respectively. Pressure at the end of adiabatic compression
55 bnr. The ratio of expansion i.e. after constant pressure heat addition

b Calculate the heat addition, heat rejection and the efficiency of the
'ﬁ{ﬂe Assume = L4, Op = 1.004 ki /kg K and &) = 0.717 kJ fleg K.

-
L%

e
-

32



AR/ |hpi r‘nmru -]

'i_. 1 __-.. T
.-\._:-

t :‘}jﬂﬁjdﬂ[‘ the process 1 — 2

T |
T
‘:'rr T V2 7

a* A t-c:E ratio = = = ==X o=
"':“ V AT

b

4
W

Fpil _ _ _
:":'Pi}. [ {lompression ratic 12,674

; , _ Expansion ratio 0

e =
B T I ! |

w T, = 276200

Il

]
=
—t
-
=

o

1 a
l§

:I_I
SR,
=

b
Cot
Eaa
o
Il

B
[
el
X
el
o

2.7

12.674

33
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L]
i

T

[

L 1 0.4 . ]
Vi 5

added _ 1004 % (20323 —80LT) . o
Heat Iy

1l
A
e

l
S

L
"
N ! .--.:-

— 12355 kl/kg 5

Hest rejected = Colfa—Ti) = 0.717 x (1067.6 — 280)

.m‘::;
= 557.5 kl/kg
Hest supplied - Heat rajected
Effictency - Heat supplied |
128555575 _ gpa = 549%

1235.5 3
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g
W -0
-

Example:6

i i con ratio of 15 and expansion
1 ine i working with a compressio ne
e fﬂtﬁﬁ?ﬁlfﬁ@{]ﬂnum{:@ the gir-siandard efficiency of the cyecle e

o =1.4.

Soelution

= 1b

35
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N E:télll?le 91,22, The volume ratios of compression and expansion for a diesel engine us
%ﬁumf from an indicator diagram are 15,3 and 7.5 respectively. The pressure and tempera-
S{F8t the beginning of the compression are 1 bar and 27°C tha wel oty o ‘L %l tt;l:l (ape
[ 1 Assuming an ideal enging determine the mean effective pressure, the ratio of h i
F%ﬁum 1o mean effective pressure and cycle efficiency.

S Al find the fuel consumption per kWh if the indicated thermal efficiency is 0.5 of ideal
eﬁm,-mﬂmwd efficiency is 0.8 and the calorific value of oil 42000 kJ/ kg

?&E ¢ Assume for air : c,= 1006 ki/hg K ¢, = 0.718 kihg K v= 14, (UR.S.C., 1998)
'.’ ﬁél]lllti-ﬂﬂ. Refer Fig- 21,18, Given : E_: =163 ; % = 7¢E

o py=Lbary Ty =27+ 2782300 K; nyn = 05 X My gnnd e, = 0.8 € = 42000 el
~ Thecyele s shwon in Fig. 2,18, the subseipts donote the respecive paints in the cycle

i

37
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Fig. 21.18. Dissel evele.

Mesan effective pressure, p, :

. Work done h}rthe cycle
m = Swept volume
Work done = Heat added — heat rejected
Heat added . = me, (T — T)), and
Heat rejected = me, (Ty - T))

Now assume air as & perfect gas and mass of oil in the air-fuel mixture is nﬂghglh]E E
not taken into account. '

Process 1-2 is an adiabatic cr-::rmpression process, thus

-1 14-1 -

& = E. ' = E.L 1 — -

- 2e(ft) o mem ) wmereng 5

or T, = 300 x (16.3)* = 893.3 K

: ¥ | ";_::.
Also, | pVil =pVo' = pa=p X G}] = 1 x (15.3)** = 45,50 ;i
. 2 . AR ! .-I
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Pracess 2.3 i8 a constant pressure process, hence

. Vs v,
o T T
* Assume that the volume at point 2 (V,} is 1 m3, Thus the mass of air involved in the;

. i V“ EL J‘i xlfﬂ. ;

) . V V V. 'ir’ vt : T

_pVe _ 45.56:«&105 *1 1777 kg s Voo Vo Vil
RT, - 287x%80833 Vo ¥ Vs 163

= -——-—u .I'lI

y i

vg vy v.1 N

or

Process 3-4 is an adiabatic expansion process, thus
T_i=[.‘_’ﬂ.]?_1 =[_L)“-1= 0.4466
Ty \V, 75
T, = 1822.3 x 0.4466 = 813.8 K
Work done = me, (T = Ty) — me, (T,— T -
= 17.77 [1.005 {1322 '3 893.3) - 0,718 (813.8 - 800)] = 10085
- Work done 10085 _ 10035 10035 4
Pu = Syopt volume ~ (V;-Vg) (188V;-Vy) 143 1
= 7017 kN/m? = 7.017 bar, (Ans.)

(r Vy=1m® assil

39
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Ratio of maximum pressure to mean effective pressure

o Do 4856 L 9. (Ans)

b 7017
Cycle efficiency, Ngeq, ¢
_ Work done
Neyele = Fgat supplied
i 10085 10085 | |
: H A i} .
Lk = e, (T~ Ty 1777x 1006 (16223 -857.8) ~ oor0. o 0045%. (Ans)

&nmfaiﬂ'ual consumption per kWh ; m,:
= 0.5 Npap = 0.5 % 0.8048 = 0.3024 or 30.24%

ﬂm:_l Nigemy = 0:3024 % 0.8 = 0.242
| Mo = B.P. _ 1 ___ 8600
| -:;_LIW’ o Y mexC o my 42000 ™ X 42000
o opag. . 3800
pr- ' { my X 42000
mys 9900 _ 0354 kg/kWh, (Ans)

or 0.243 x 42000
B

40
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b

Iy |
{45, DUAL COMBUSTION CYCLE -

" 'Thig oyele (also called the imited pressure cycle or mixed cycle) i3 a combination of Otto
and Diosel cycles, 1o 8 way, that heat is added partly at constant volume and partly at constant

- prosure ; the advantage of which is that more time is avatlable to fuel (which is injected into the
 angie eylinder before the end of compression stroke) for combustion. Because of lagging charac-
{¥lplstics of fuel this cycle is invariably used for diesel and hot spot ignition engines,
. ':: . The dusl combustion cycle (Fig. 21.19) consists of the following operations ;
() 1-2—Adiabatic compression

(i) 2-3—Addition of heat at constant volume

o {#ﬂ)ﬂ-fl-qiddmun of heat at constant pressure

MBS 00, 545 Adiabadic expanision |

(o (o) 5l—Rejotion o heat at constant volume,

41
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a T
2=
bl

Example:1

] tio is 10,7

, le, the compresslon TRty i
: king on the ideal Diual cycie, ied is 163075
For an E'I].E'LE.F WO are is li_ﬁ]itﬂd o TO bar. If tha lle?"t EJ;“'L:JFJ.!l i i!.ltE.i- 3
and the maximm Dressees - 4 temperatures ab the VATIous sallent Powmts o

~ - faiir s
17 /kg, find the pressures B2 The pressure aod temperatnre o (é

d the cycle efficiency. °(: Tespectively, %
ﬂf; ﬁ:-l;:]i Eﬂﬁfm?ntﬁm&nt of COmMpression are 1 bar and 110
&

s

for adr,
Agsume (7, = 1.004 1] /kg K and Gy = 0.717 ki fleg ¥ for | | JI,!
el i | a4
Solution
3 4
P 3 .
f',u : | 1
AV L
K/ v

43
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i‘-"-"l--c'-:.-u-

«;;5

1? 5 T{.mj heat added

i
"'C

il

7 H : ﬂ,:]'ded during constant volume ﬂumbustmﬂ

f:' {da = Tg:l
0.717 » (2611.1 — 936, Er]u = 1200.4 kakg

1680 kJ /g

_H.gmce heat added during constant pressute cﬂ-mbustmu

1680 — 12004 = 4796 kJ/ kg

g [Ty == Ts}

ATO.6

=70 o 4TI

1.004 |

ATTT+ 26111 = BEEREK

2815.8° C A
v T, 30888 .

7 Tz 2f111

44
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% A
T

o

I

......
=
[

bl

il

_ r (r—1)
(—) T = R.4530¢ - 2 35

Te
Lo AUE 544K
2.35 235

- 1041.4° C

N
(i) = 1085
Te

Pa 70 » 107

1085 - 1085

353 % 10° Nfm* = 3.53bar

O Ts — 17

0.717 x (1814.4 — 373) = 674.95 kd /ke

1680 — 674 93

= HO.82%
LGEL

il

I
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e ey er by

[
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—

P

" -l
et ol e
= Er s
AR
; |,i".'...-..|:||;| _}.-n.lnl.

- ,‘u""-'

. bt
05 12 % 10° N/m = 2512 har

e

3
b3
ly

=
I
y

|
Lo

I
-
=

.

|
]
Ln
-
b
ifie

=l

ot
o g

B

T = 2.51% = 373 = 0360 W = 663 9" G o
B = -
(onsider the process 2 —Fj:r_'. and 3 —4 L5

7 e
:TE FE : D = ETET -

— = —e———— =
—

Ty P 2517 J 2
Ta o 7RT » 03689 = 26111 B - ,,;-

U

1l
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