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Heat Engines

Some Observations in Work & Heat Conversions

Work No work

Work can always be converted to heat
directly and completely, but the reverse is
not true.

Heat

Heat

N

K No

water

q Shaft /leaving
work out /the wheel

Common overshot A clearly impossible @
T054 water wheel type of water wheel
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Heat Engines

Heat Engine: Classifications

Heat
engine
On A
Thermo O ¥ Wou
cycle
D ERREE. . .
o o) T Refrigeration
Low-temperature Low-temperature ) or-
thermal sink thermal sink air conditioning
at temperature 7}, at temperature 7
TO058
- (2) (b)
. .. w,
e Engine: Thermal Efficiency, ny, = —aeet — 1 — Qe — 1 Q&
Qin Qin Qn
e Refrigeration: Coefficient of Performance, COPgr = gzzl;ffedo}‘rfss;‘ = WQt-
et in
e Heat Pump: Coefficient of Performance, COPpp = % = WQ
net,
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Heat Engines

Thermal Reservoir

A thermal reservoir is a closed system with

Thermal reservoir the following characteristics:
acting as a source

T = constant

e Temperature remains uniform and
constant during a process.

Qout ® Changes within the thermal reservoir are
internally reversible.

® Heat transfer to or from a thermal
reservoir only results in an increase or
decrease in the internal energy of the
reservoir.

Thermal reservoir
acting as a sink
T = constant

Tngm

A thermal reservoir is an idealization which in practice can be closely

approximated. Large bodies of water, such as oceans and lakes, and the
atmosphere behave essentially as thermal reservoirs.
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Heat Engines

Reversible Engines
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e A reversible process for a system is defined as a process that once
having taken place can be reversed and in so doing leave no change in
either the system or the surrounding.

® A reversible power cycle can be changed to a reversible refrigeration
cycle by just reversing all the heat and work flow quantities.
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The Second Law of Thermodynamics

Kelvin-Planck (KP) Statement

Kelvin-Planck (KP) statement

It is impossible to construct a device that will operate in a cycle and
produce no effect other than the raising of a weight and the exchange of
heat with a single reservoir.

Ty

@Qﬁ
O ey

T028 Impossible
Wiet S0 for single reservoir @
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The Second Law of Thermodynamics

=7%®

LFZ - UVI ~

A non-continuous process that converts heat to work with 100% efficiency.

continuously operating
engine with 100% efficiency device to convert work to
heat with 100% efficiency

Qi 5 A 0.,
g i Wout Wiy—tm R
Thermal reservoir at 7} Thermal reservoir at 7,
o (a) (b)
Process (a) violates the Second Law of Thermodynamics.
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The Second Law of Thermodynamics

Clausius Statement

Clausius statement

It is impossible to construct a device that operates in a cycle and produces
no effect other than the transfer of heat from a cooler body to a hotter
body.

: D
Impossible
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The Second Law of Thermodynamics

Equivalence of Statements

| High-temperature reservoir |

/System boundary
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Violation of Clausius (C) statement = violation of Kevlin-Planck (KP) stateme@
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The Second Law of Thermodynamics

High-temperature reservoir High-temperature reservoir
at Ty at Ty

Oy Op+0p oL

net /REFRIG— REFRIG-
0 ERATOR ERATOR
7 \ :

0L 3

Low-temperature reservoir Low-temperature reservoir
at Ty at Ty

(a) A refrigerator that is powered by
T113 a 100 percent efficient heat engine

(b) The equivalent refrigerator

Violation of Kevlin-Planck (KP) statement = violation of Clausius (C) statem@
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The Second Law of Thermodynamics

3 Observations of Two Statements

@ Both are negative statements; negative statements are impossible
to prove directly. Every relevant experiment that has been conducted,
either directly or indirectly, verifies the second law, and no experiment
has ever been conducted that contradicts the second law. The basis of
the second law is therefore experimental evidence.

® Both statements are equivalent. Two statements are equivalent if
the truth of either statement implies the truth of the other or if the
violation of either statement implies the violation of the other.

© Both statements state the impossibility of Perpetual Motion
Machine of 2nd Kind (PMM2).

D)
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The Second Law of Thermodynamics

Perpetual Motion Machines

@ A perpetual-motion machine of the first kind (PMM1) would create
work from nothing or create energy, thus violating the first law.

@® A perpetual-motion machine of the second kind (PMM2) would
extract heat from a source and then convert this heat completely into
other forms of energy, thus violating the second law.

/ System boundary

’ High-temperature body ‘

i T e

Vs
t | - Q
I ‘ Ocean ‘
A perpetual-motion machine of the second kind. @
© Dr. Md. Zahurul Haq (BUET) Second Law of Thermodynamics ME 6101 (2023) 12 /40




The Second Law of Thermodynamics

Carnot’s Principles

High-temperature reservoir

@ It is impossible to construct an
engine that operates between two
given reservoirs and is more efficient
than a reversible engine operating
between the same two reservoirs.

® All engines that operate on the
Carnot cycle between two given
constant-temperature reservoirs

have the same efficiency. Low-temperature reservoir

at Ty

T114
©® An absolute temperature scale may be defined which is independent@
the measuring substances.
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The Second Law of Thermodynamics

System bounda
/ Y ry

*********** bl

‘ High-temperature reservoir ‘
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. Low-temperature reservoir ‘
032

If Nir > Nrev = IWig|l > |Wge| for same Qn. Hence, composite system produces
net work output while exchanging heat with a single reservoir = violation of K-P

The Second Law of Thermodynamics

Thermodynamic Temperature Scale
Thermal efficiency of a reversible heat engine at a given set of reservoirs is
independent of construction, design and working fluid of the engine.

® N =1—gt =1—(T, Ty)

o S =U(Ty, T2), E=0V(T2, Ts)
777777777777777777 Q _ _ A @
o X1 — =Y &
Syiem\ i Qs Ur)(le T3) Q> Qs
System e [T e P (Tq, T3) = W( Ty, T2) (T2, T3)
c T~ = —
VQ? at temperature 7, Not a function of T,
System Cyclic heat f(T1) f(T2)
0 | s oo = (T, T2) = gy 0(T2, Ta) = g
‘ f(T1) f()  f(T2)
(&) — — .
- = W1, Ts) = 775y = 7172y " 7(73)
ow-temperature
thermal sink
To57 at temperature T :> g—’z = ‘L])(TH, TL) = ff-'((-,-[—_lz])
Kelvin proposed that, f(T) =T ~ %:’ = 7T——:’ = | Nrev.engine = 1 — % @
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statement.
& Using same argument, 1, = same for sameTy & T; :
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Entropy

Consequences of Second Law of Thermodynamics

e |f a system is taken through a cycle and produces work, it must be
exchanging heat with at least two reservoirs at 2 different
temperatures.

e |f a system is taken through a cycle while exchanging heat with a
single reservoir, work must be zero or negative.

® Heat can never be converted continuously and completely into work,
but work can always be converted continuously and completely into
heat.

® Work is a more valuable form of energy than heat.
® For a cycle and single reservoir, Wy < 0.

D)
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Entropy

Clausius Inequity

Thermal reservoir Clausius Inequality

59 <o

Reversible i = Whet = (Whey + 0Wsys) = 5Qr — dU
T = e

= SWhet = TR — dU

= Whee = T § ¥

= §2 <0 as W <0

$ 5Q { =0 reversible process

T\ <0 irreversible process

Combined system
(system and cyclic device)
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Entropy

Entropy (S): A Thermodynamic Property

2 For reversible process: §¥ =0

; = $R =01 (%), L (¥
S = (R o n (R
c0-0=03 (%), =]
Since [8q/T is same for all reversible processes/paths between state 1 &

2, this quantity is independent of path and is a function of end states only.
This property is called Entropy, S.

ds = (BTq)revé As=s—5 :ﬁ (‘%‘7)

0qrey = Tds

1

rev
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Entropy

Example: > Clausius Inequality: Steam Power Plant

Saturated vapor, 0.7 MPa

@)
Boiler
="
Turbine ® 90% quality, 15 kPa
® Saturated liquid, 0.7 MPa
@
Pump - } Condenser

10% quality, 15 kPa
At 0.7 MPa T.: = Ty = 164.95°C

At 15 kPa T = T = 53.97°C
* Qu=Qi=hy—h =2.066 MJ/kg
® Q= Qs =hs— h3 =—1.898 MJ/kg »
= §52 =914 &= 1086 kl)/kg <
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Entropy
AS=S$,-5,=04 KI/K e Entropy is a property, hence change in
entropy between two end states is same for
all processes, both reversible and
irreversible.

Irreversible
process

e |f no irreversibilities occur within the system
boundaries of the system during the
process, the system is internally reversible.

Reversible
process

0.3 0.7 S kI/K
e For an internally reversible process, the change in the entropy is due

solely for heat transfer. So, heat transfer across a boundary associated
with it the transfer of entropy as well.

2 /8
J (—> = Entropy transfer (or flux)
1 T rev

e Entropy is transferred with heat, but there is no entropy transfer
associated with energy transfer as work; work is entropy free.
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Entropy

Moran Ex. 6.1: > Internally reversible heating in a piston-cylinder system.

f g 100°C

3=
S

100°C

= w = [%Pdv = P(vg — v¢) = 101.325(1.673 — 0.001044) = 170 kJ /kg <
— q=[8Tds= T(s; —sr) = Tsg — 373.15 - 6.0486 — 2256.8 kJ /kg <
Also note that, hg = 2257 kl/kg <

Entropy

Entropy Change for Irreversible CM Process

e For reversible process: §5—‘7 =0

= §8=01(%), +J"§(5— =0 @

-®—®:9J”1(5#)A>I1(5#)C

® Since path A is reversible, and since entropy is a property

2 6q) JQ 2 2 2 6q
— = | dsa :J dsc= J dsc > J (—)
L (T A N 1 1 1\T /¢

e Since path C is arbitrary, for irreversible process

5 25
ds>8=5—5 > (—q>
T “rl T irrev
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Entropy
P 1\ 2 p1 7|1 2
N
N
N
N
~ 2 2
e
v s a b v a b s
Irreversible Process Reversible Process

e For irreversible process:

wip # J Pdv . quo# J Tds

So, the area underneath the path does not represent work and heat on
the P — v and T — s diagrams, respectively.

® In irreversible processes, the exact states through which a system
undergoes are not defined. So, irreversible processes are shown as
dashed lines and reversible processes as solid lines.
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Entropy

Entropy Generation

5Q — 5Q

o £ Entropy produced (generated) by internal irreversibilities.

2 . .
I3
S, -8 = J<7Q> . >0 irreversible process
W\ T Jy . . .
0:4¢ =0 internally reversible process
entropy  entropy entropy
change  transfer production < 0 impossible process

e For CM system: dScy = ¥ +d0

e CM system, with heat transfer occurring at several boundaries, if T; is
the temperature at point where 6Q,~ takes place, then
dSCM 5
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Entropy

e Change in entropy of any CM system is due to only 2 physical effects:
@ Heat transfer to/from the system as measured by entropy transfer/flux,
0Q/T.
@® Presence of irreversibilities within the system & its contribution is
measured by entropy production, o > 0.
e Only way to decrease the entropy of a closed system is to transfer of
heat from it. In this case, heat transfer contribution must be more -ve
that the +ve contribution of any internal irreversibility.

e Reversible process: ds = 6q/ T & adiabatic process: g =0
8q/ T =0 = s = constant: for reversible adiabatic process.

e All isentropic processes are not necessarily reversible & adiabatic.
Entropy can remain constant during a process if heat removal balances
the contribution due to irreversibility.

F
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. 3

Entropy

Moran Ex. 6.2: > Irreversible process of water.

i ]
| I
***** | :—7$ystem
} Water | boundary
Area is | I
not heat | z==——=!
i
P | |
5
T
b

® du+ dke + dpe = 6q — dbw = du = —dw
= % = [¢du=—(uy — uf) = —2087.56 kJ /kg <

Note that, the work input by stirring is greater in magnitude than the work
done by the water as it expands (170 kJ/kg).

* 5(o/m)=ds— % =ds—0=ds 7
= % =5, — 5 =6.048kI/kgK < )
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Entropy

Principle of Increase of Entropy

&>
WV,
—g

For CM: dscy 2 {’Tq.

® For surroundings, reversible heat

transfer: dsg,,r = %Bq.
o

fT>T,=86g<0= dsper =0
If T < Ty = 6g>0= dsper =0

Surroundings,
temperature = T,

i 0q i = dSpet = dssys + dssurr 2 8q [% - TLO]

dSpet 2 0
Entropy change for an isolated system cannot be negative.
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Entropy

=K
nonon
coo

Isolated system
boundary

(Isolated)

Subsystem

1 N

ASlolul = ZASI >0

Subsystem =1

2
Subsystem Subsystem Surroundings

3 N

Entropy change of an isolated system is A system and its surroundings form an
the sum of the entropy changes of its isolated system.

components, and is never less than zero.
dsisolated 2 0
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Entropy

Example: > Suppose that 1 kg of saturated water vapour at 100°C is to a
saturated liquid at 100°C in a constant-pressure process by heat transfer to the
surrounding air, which is at 25°C. What is the net increase in entropy of the
water plus surroundings?

ASnet = A55ys + ASsurr

® Asgs = —sg = —6.048 kl/kg.K
o Asqyy =& =1 = 25T — 7574 kJ/kg K
= Asper = 1.533 kJ/kg. K<

So, increase in net entropy.
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Second-Law of Thermodynamics for CV Systems

Second Law Analysis for CV System

Control
surface

at t at t + At
CM (time t) : region A + CV CM (t+ At) : CV + region B
Scm,e = Sa+ Scve Scm,t+at = S+ Scv e At

o ScMirrar—Scme _ Scverar—Scve + Sg—Sa
At - At At
dS, dS, . .
* Tt =T T mese — masa

dScm _ Q , -
QM_ZT_._G

dt
d 5, . . .
= % + 2 i(ms); — 3_(ms)e + Gcv
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Second-Law of Thermodynamics for CV Systems

—————————————— m,
Py Ty Ve €4S,

Bo_ 5O S S s
£—§E+Zmisi gmeae+(rcv

rate of rates of rate of v
entropy entropy entropy F ] Y
change transfer production Wt
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Second-Law of Thermodynamics for CV Systems

Bov — 5 F 4 Y (s)i — X (ms)e + Gcv

e For CM systems: m; =0, me =0= %:Zj%-f—ﬁ

e For steady-state steady-flow (SSSF) process: dS.,/dt = 0.
e For l-inlet & 1-outlet SSSF process: m; = me.

= (Se_si):Zj%‘f'é%

e For adiabatic 1-inlet & 1-outlet SSSF process:

) — Scv .
= (Se —si) = ,,',:>Se§5/
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Second-Law of Thermodynamics for CV Systems

Qour Wour

1> 3 control volume
mm[hm EIM R

dU , dKE _ dPE
dt dt

O Win

control volume

(b) iy
(a) Energy balance (b) Entropy balance. Wt
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Second-Law of Thermodynamics for CV Systems

Moran Ex. 6-6 > Determine the rate at which entropy is produced within the
turbine per kg of steam flowing, in kJ/kgK.

Surroundings
p=dbr 0N o SSSF: v — 0, iy = e = m
s 1 e ¢y %=2.T7,=350K
I = ® zi =2
rssok T, Swedogpor © States D & @ defined.
V, =100 m/s

. 2
o v — Q- W, +my (h;—i—%—i—gz;)—me(he-&—%-&—gze)

o v =5 Oy (1hs); — (ms)e + Gev
= dcv =+
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Second-Law of Thermodynamics for CV Systems

Principle of Increase of Entropy

¢ dfj% =2 % +2_i(ms); — 3 (ms)e + Gcv
= B =5 &4 (i) — 3 (ms)e + Gy

o Bum — 5 Q45 (1hs); — Y (ms)e + Gsurr
= % = —Q?";‘/ — ) ;(ms)e+ > (ms)e +M

ds dScy | dS Q :
o Do — cv B Z Qy _ _Igov + Gror

© Dr. Md. Zahurul Haq (BUET) Second Law of Thermodynamics ME 6101 (2023) 35 /40

Second-Law of Thermodynamics for CV Systems

Entropy of Ideal Gas

e First Law: 6g—dw = du
¢ Reversible process: ow = Pdv : bqg= Tds

® ldeal gas: Pv=RT : du=c¢,dT : dh=cpdT

= du=—Pdv+ Tds = ‘ Tds = du+ Pdv| : 15t Tds Equation.

= ds= cvdT Pdv =cy dT + Rd" : For ideal gas.

= S(Tz,Vz)*S(Tl,Vl)Zfo cv4t +Rln (Z—f)

= |sp—51 =cy 1n< ) + Rln( ) . ldeal gas with ¢, = constant.

= h=u+ Pv = dh=du+ Pdv + vdP = 8q,e, + vdP = Tds + vdP

= dh= Tds+ vdP = | Tds = dh — vdP| : 2" Tds Equation.

= 5(T2, P2) = s(T1, Py) = [ T2 cp ¥ — RIn ()

= |ss—sp=cp 1n( ) Rln( ) . ldeal gas with cp = constant. 5,1'"’7
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Second-Law of Thermodynamics for CV Systems

Isentropic Process: s = constant = As =0

052751:6p1n(%)+R1 (Vl)
> ()=~ (2) -t vin(z) -n(z)"
= B=(e)""
.52—51—CP1I1( ) Rln( )

(k-1)

.\ _ R Py\ _ (k—1) P. k
= m(E)=En(8) =Y m(5) =mn(5)

(ideal gas, s; = s, constant k)

(k—1)
T P k :
7= (P—i> (ideal gas, s; = s, constant k)
= ‘ Pvk = constant  (ideal gas, s; = sp, constant k) @
© Dr. Md. Zahurul Haq (BUET) Second Law of Thermodynamics ME 6101 (2023) 37 /40

Second-Law of Thermodynamics for CV Systems

p = T
n=-1 n=k n=teo

$ n=-1

Iy
Ny n=0

&
S S
v o™
n=0 N &
[S
z
> n=1
N
o 0,1
N Sz
&
d“/;;.(] n=1
v
n=x=% n=

v s

Polytropic processes on P-v and T-s diagrams

D)
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Second-Law of Thermodynamics for CV Systems

Example: > Determine the change in specific entropy, in KJ/kg-K, of air as an
ideal gas undergoing a process from 300 K, 1 bar to 400 K, 5 bar. Because of the
relatively small temperature range, we assume a constant value of cp =

1.008 KJ/kg-K

T P2
As = In—2 —Rln
S CPnTl Pl

— (1.008 kJ In 400K\ (8314 kJ In 5bar
n kg.K 300K 28.97 kg.K lbar

= —0.1719 kJ/kg.K <

e Note that, for isentropic compression, Tas = T1(Pp/Py)k—1/k = 475 K.
Hence, entropy change is (-) ve because of cooling of air from 475 K to

400 K.
e Comment on the results is final state is 5 bar and 500 K. @
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Second-Law of Thermodynamics for CV Systems

Example: > Air is contained in one half of an insulated tank. The other side is
completely evacuated. The membrane is punctured and air quickly fills the entire
volume. Calculate the specific entropy change of the isolated system.

system partition

—_—— ——

f—

\ \

\ \

vacuum } gas vacuum |
\

\ \

= w=0,9g=0=>du=0=cydT =0= T, = Ti.
= 527517c.,1n< )+Rln( >:O+287ln(2):198.93kJ/kg.K<1

5
o Note that: s, — s; = 198.93 kJ/kg.K > <7"> = As>0 @

———
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