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Open System Balances
= Energy balance: Net C?’éﬂed POWET
4 N
dEcv . . w? w?
= =We + Qcv + rhm h+—+gz =) our h+ o +g2
dt t 2 ot
‘ Net heat
Net work Specific potential energy

Specmc kinetic energy
Specific internal + transfer energy

= Mass balance:

dmcv B
mzn mout
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= Consider closed system where piston moves from Ato B

B g Vi
W=/ 5W=—/ pAdac=—/ pdV p
A TA Va

B
_ Ps 7]
= Work depends on evolution of p vs. V
- work depends on process details ) A
7
Pa g \
] [ [ /
= Surface under transformation line in %
pV-diagram represents work v . TV
B A

= Work is no thermodynamic state property Q %4
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=PrL Heat

= Conduction: Fourier’s law q=

= Radiation: Boltzmann-equation ¢ = ecT?

= Convection: Newton’s law q= = (TWall — TFluid)

| O
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=PFL  Formulations of 2" Law

= By Clausius (1854): There is no change of state whose only result is the
transfer of heat from a body at a lower temperature to a body at a

higher temperature Q
|
100°C § é> 0°C

= Kelvin-Planck (1848/1926): It is impossible to
construct a device which, operating in a cycle,
will produce no other effect than the extraction
of heat from a reservoir and the performance of
equivalent amount of work
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Camot Principles

= The thermal efficiency of an irreversible power cycle is always lower
than that of a reversible cycle between the same thermal reservoirs

= All reversible power cycles between the same thermal reservoirs have
the same thermal efficiency

= The efficiency of a reversible machine is independent of the process,
the components, and the working fluid



=PFL  Thermal Efficiency

= Through Kelvins definition, thermal efficiency of reversible cycle
expressed as:

= Carnot cycle is one famous reversible power cycle

= Thermal efficiency of reversible cycle is called Carnot-efficiency
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Formulations of 2" Law

= There is no change of state whose only result is the transfer of heat
from a body at a lower temperature to a body at a higher temperature
(Clausius)

= |t is impossible to construct a device which, operating in a cycle, will
produce no other effect than the extraction of heat from a reservoir and
the performance of equivalent amount of work (Kelvin-Planck)

= Formulations are qualitative
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Alternative Formulation of 2" Law

= Mathematical formulation of 2"d law possible via Clausius inequality for

any cycle process
/ Heat across system boundary

)
T
———__ __ Temperature of heat transfer

across system boundary

Valid for any cycle process

Reversible if integral = 0

Irreversible if integral < 0

2"d [aw forbids processes with integral > 0

11
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Example: Camot Cycle

= Carnot efficiency

— Tw
nczl_chzd_l_ ld
hot Th,ot
Q(?old Tcold
- Thot

= Clausius inequality - equality

fé_Q — Q;tot Qc?old
T Thot Tcold

f

=0

»

12

Isothermal expansion at
T ot With heat addition

—
Adiabatic
compression

Adiabatic expansion

1
Isothermal compression
at T.,4 with heat rejection
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Alternative Formulation of 2" Law

= Writing Clausius inequality as equation
i)
f Q _ __
T

= 27d |aw now contained in o

« 0 = () > reversible process
« 0 > () > irreversible process

« g < () > Notpossible (2" law)
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=PFL  Entropy

= Consider two reversible cycles, AC & BC, going through states 1 & 2
= Since reversible ryc and rgc = 0 Dt

2 1
/5_Q +/6_Q =\ C 2
1 Ty Jo T e

2 1
[, [0
lTB ZTC o== A
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Entropy "

= Consider two reversible cycles, AC & BC, going through states 1 & 2

= Since reversible ryc and rgc = 0 Dt
2 1
4 )
/ _Q + / _Q =\ o2
1 Tla J2 Tle
2 1 5
0Q 0Q
| T — | =0
1 T B 2 T '8 1 o== A
= |t follows
>V

therefore a state variable

=7

L7

[

— const. » Independent on process,
rev
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Entropy Definition ’

= New state variable entropy (S) defined through Clausius

2 )
s [0 oas- | mris-ial,,
1 v

TED TEe

= Entropy is a state property - Knowledge of two other state properties
defines also entropy of state
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Entropy in Irreversible Processes?

= Consider cycle with reversible and irreversible process

* Clausius leads to

/126?Q+‘/215?Q

 Definition of entropy change

|
I
Q

TEV

I(SQ
Sl_S2_L ?TGU
* Leads to
2
)
82—51=./1 ?Q-}-O

Reversible o
—0

Irreversible

17
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Entropy Balance

26Q
S—S——/—+a
SR A

= Entropy change between two states results from

» Entropy transfer due to heat transfer - dependent on process and
independent from work

» Entropy production through irreversibility - dependent on process,
always > 0 due to 2" [aw!

18
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Entropy Balance in Closed Systems

= Consider reversible closed system
= |[ntegral in PV-diagram corresponds to work

2
W=—/ pdV
1

= Integral in TS-diagram corresponds to heat

2
Urev = / TdS
1

—

19
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Entropy Balance in Open Systems , 7.«

p—

= Entropy can also be convected across

system through mass fluxes Sin

= Entropy balance for open system

.in':>é>A

20
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Comments

= 1st [aw
* No energy produced only transformed
« Equivalence of work and heat

= 2nd [gqw

No conservation of entropy, entropy can be produced
Entropy transfer associated with heat transfer - can be positive or negative

In open systems entropy is convected across system boundary through
mass fluxes

Irreversibility produces entropy
Entropy production (irreversibility) corresponds to lost work
Change of entropy in closed system is result of heat transfer and dissipation

21
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Isentropic Processes

= Definition

25Q
A: — —
S /1T+a 0

= Often system is considered adiabatic > dQQ =0 > o =0
= Under such assumption, isentropic transformation is perfect process

= |sentropic, adiabatic process can be used as reference to assess
performance of real machines

23
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Example: Turbine

= Machine used to expand gas to recover work
= Mass flow established through pressure difference
= Work recovered through change of momentum

= Assumptions
« Adiabatic and stationary operation
* Negligible change in kinetic and potential energy

24
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Example: Turbine (p, top,) . Pout

= Mass balance

Ay , , : . :
dt =§:mm—§ Moyt =0 W Min = Moyt = M
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Example: Turbine (p, top,) , Pout

= Mass balance
Tt = S i = e =0 i = g =
dt in out 17 ou
= Energy balance
dE., . : . w?
dt - cv+ch+Zmin(h+7+gz)

W;; =m (hin - hout)
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Example: Turbine (p, top,) , Pout
in 1 m

= Mass balance
dmcv Z Z : . :

o Energy balance

2 2
df*i?;v Wy + Ou +me (h+ % +gz)m - Zmout (h+ w? +gz)out
Wc:; =m (hin - hout)
= Entropy balance
dS..

o,
= +st| —st| + 0 B s, — Sput = ,,;:




=L Example: Turbine (p, top,) , Pout
in m
m —»1 :
%74
= Real process (entropy rise due to irreversibility)
W;; =m (h'in - hout) h4 P4
écv 1 1
Sin — Sout & ~. htn_ Ty
P2
hout
> S
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Example: Turbine (p, top,) , Pout
in 1 m
m —» .
%%
= Real process (entropy rise due to irreversibility)
Wicar = m (hin — hout) ht P
. 1
O, :
Sin — Sout = = htn_ T
. P2
= [sentropic process h /
. . out
Wis =m (hin - hout—is) hout—is— | T:;s
G .
Sin — Sout = fw - | s
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Example: Turbine (p, top,)

= Real process (entropy rise due to irreversibility)

W_ =1 (hin - hout)

real —
Tecv

Sin — Sout =
= [sentropic process

W‘_ =m (hin - hout—is)

15

Ocv
Sin — Sout &= . —
m
= |sentropic turbine efficiency
r—eal - hin - hout

MNt—is = s =
W hin - hout—is

18

2 }!’Oﬂt
in 1 m
m — .
W
ht P4
hin— 1 T,
P2
hout ’/
out—1s8- i T:;s
| >S
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=F7L Example: Compressor (p, to p,)

’ out

= Real process (entropy rise due to irreversibility)

Wreal - ( out — "1)
acv h ie
Sout — Sin = out=s

m
= [sentropic process
- .
Wis = m (hout—is - hin)

Sout — Sin = .

= |sentropic compressor efficiency
n W+ hout—is - hin
k—is = -
W hout - hin

real

B ME-459 Heat Pumps Systems



cPiL

Heat Pump Systems

Thermodynamics Crash Course
Exergy

m Ecole Prof. J. Schiffmann
polytechnique
fédérale
de Lausanne



EPF

B ME-459 Heat Pumps Systems

L

Introduction

= Thermodynamic analysis governed by two laws

= First law
« Conservation of energy
« Energy can be transformed into different and equivalent forms

= Second law
 Dictates direction of natural energy transfer
* Requires cycles to work between two thermal reservoirs
* Limits maximum efficiency of thermal machines
 Allows distinction between perfect and real processes

33
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Issue with 15t Law Efficiency Definition

= Classical approach to assess performance is through 15t law efficiency

yield — W~ Q~

investment  Q+ Q"

Mth =—

= For heat pump this definition leads to efficiency > 1

= |n case of combined heat and power plants, yield is heat and work,
efficiency close to 1

= 1st law efficiency definition makes no distinction between quality of
energy = inadequate to measure degree of thermodynamic perfection

34



=PFL  Quality of Energy

= Second law gives indication regarding quality of energy

1. kaw 2. IJ.@W

r N )

= Heat delivered at certain temperature
can only partially be transformed into

work
—1- c—old 1 — Teold
nc - + T
hot hot

= Work has higher quality than heat, but
1st law does not differentiate
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=PFL  Quality of Energy: lllustration

= Consider isolated system with fuel container
= Chemical work potential of fuel initially vs. lukewarm air at end

A|r Air
amb amb"'dT

Efyel Efuel [1 _

I_@ E_@ = 4

Energy balance ¢
Starting exergy
\ Exergy after process

Tamb
Tamb + dT’

B ME-459 Heat Pumps Systems
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Concept of Exergy

= |dea is to indicate maximum work of a system relative to ambient
conditions (pressure & temperature)

= All system that has a thermodynamic “tension” relative to ambient has
ability to transform it into work via reversible process = exergy

= Exergy is a thermodynamic state variable

= Such approach ensures simultaneous satisfaction of 1st & 2nd |aw
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Concept of Exergy

= Consider pressurized vessel at rest
= |dea is to indicate maximum work

relative to ambient (p, & 7))

= Process involves adiabatic reversible
expansion until 7,, followed by
isothermal expansion until p,

m,p, 1T,S,U,V,KE, PE

p(hTO

Po

Ty
e
s Sq s
p A ‘
1\
-
Po S
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Concept of Exergy

= Change in energy
EU - F = Qrev + Wrev

where
Qrev = To (So — S)
Ehy—-E=Uy—-U-KFE—-PE
= Reversible work delivered by system
Wiew =Ug—U =Ty (Sy — S)— KE — PE
Wuse=U0—U—T0(SO—S)—KE—PE+?U(V0—V)J

Y
Reduction from reversible work

due to ambient displacement work

39
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Concept of Exergy

= Exergy in closed system corresponds to useful work (positive sign)
Ex = —W,..
Ex=(U-Uy) +po(V—-Vy)—To(S —So) + KE+ PE
Ez = (E - Ep) +po (V — Vo) — To (S — So)

« Exergy is thermodynamic state

 Between two states

EIQ - El‘l = (Eg - El) +p0 (V2 - Vl) - T() (Sg - Sl)

40
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Exergy Balance in Closed Systems

= Energy and entropy balance Q

2
Eg—E1=f 5Q + Wiy
1

2 5Q
S, — S =/—+a
27 T

= Change of exergy
E.’Bg - E.’D] = (Eg - El) +p0 (V2 - Vl) - T() (Sg - Sl)

2 T,
EIQ - El‘l = / (1 — ?U) (5Q + [W12 +p0 (V2 — Vl)] - T()O'
1
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Exergy Balance in Closed Systems

State variables

Process independent Process dependent
4 h (92 T /N A\
Exy — Ex) = 1—- ) 6Q+ W Vo— W) - T,
T2 T /1 ( T) Q+L 12 +Pov( 2 1)l 00

L - -
Y

42
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Exergy Balance in Closed Systems

State variables

Process independent Process dependent
AN A
4 A (" a9 T B
Ezxy — Ex; = — 22)6Q+ Wiz + po (Vo — V1)) — Too
2 1 /1 ( T) Q L 12 Puv( 2 1)l \0/
T

« Exergy transfer through heat
Heat energy reduced by Carnot efficiency
Best process to transform heat into useful work

43
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Exergy Balance in Closed Systems

State variables

Process independent Process dependent
AN A
4 A (" a9 B
Exy — Exq =/ _ Lo 0Q + Wiz + po (Vo — V1)] — Too
1 T ~ ~ o N
T

« Exergy transfer through heat
Heat energy reduced by Carnot efficiency
Best process to transform heat into useful work

« Exergy transfer through work
* Reduced by ambient displacement work

44
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Exergy Balance in Closed Systems

State variables

Process independent Process dependent
A
4 A (" a9 T B
0
Exy — Ex, = — — 1 0Q + [Wiz2 + po (Vo — V)] — Too
1 T = Y ~ Y

T

« Exergy transfer through heat
» Heat energy reduced by Carnot efficiency
» Best process to transform heat into useful work

« Exergy transfer through work
* Reduced by ambient displacement work

* Exergy losses due to process irreversibiliy

45
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Exergy Balance in Open Systems

= Transfer of exergy through convection across system boundary

= Definition of co-enthalpy in analogous way as for closed system and
with definition of enthalpy

K=(H—H0)—T0(S—SU)+KE+PE

» Co-enthalpy is thermodynamic state

 Between two states

ko — k1 = (ho — h1) — Ty (s2 — 81) +

2 2

'w;,;wl + g(22 — 1)

46
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Exergy Balance in Open Systems

= Transfer of exergy through convection across system boundary

= Definition of co-enthalpy in analogous way as for closed system and
with definition of enthalpy

dExcv TO - . d‘/(_'v
= 1——)0Q+ W, + —+ ) mik;i —+ ) myk, —Tyo,
dt ZJ:/( T; < o po dt 21: . ZO: Loy
~ W - T ~ g d
Balance of work
Balance of heat exergy Balance of co-ethalpy

Exergy losses [,
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Example: Piping System in Fuel Boiler )

Loss

PmmmSQ;jIﬁq/zrh
= Consider fuel boiler system Source A4 L
= Stationary system, no work @&y Piping |:1{> User

= Energy balance s
dEc.v 1 . . w2
dt - cv+ch+Zmin(h’+7+gz)

QI -Q, —Q, =0

iTL
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Example: Piping System in Fuel Boiler

Loss
= Consider fuel boiler system Source . : .
= Stationary system, no work @ Q. [ .
= Energy balance T/
dE .,

. . , w?
dt cv"'ch'*‘Zmin(h'*'?'*'gz)

QI -Q, —Q, =0

iTL

= Energy efficiency

_Qa
n

_Qs+~

1
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Example: Piping System in Fuel Boiler

Loss

= Consider fuel boiler system Source .+§ L
= Stationary system, no work @ Q. [ .
= Exergy balance T/

T\ . T\ . T\ . .
- 220 —(1-22)o- - (1-22)O- =1L
( Ts)Q“ ( Tu) : ( Ta) :

dEmcv T(J ' > d‘/cv . .
- 1—— |6 Wy iki — oko —
— Z,:/( Tj) Q+Weu +po—, +Zm +) m
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Example: Piping System in Fuel Boiler

Loss

mmmmgg;jIﬁq/ZI;
= Consider fuel boiler system Source A4 .
= Stationary system, no work ﬂ&y Piping |:1{> User
= Exergy balance s

(- 5)ar- (- R)er (- F) s
= Exergy efficiency
(1-7)
Nex =
(-p)e

:z@;ﬂ

51
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Example: Piping System in Fuel Boiler

Loss
= Consider fuel boiler system Source L
= Stationary system, no work ﬂ&y Piping |:1{> User
n Exergy balance T

- Ty N T B _E).__.
(1-x) - (1 n)% - (-g)e -
= Exergy efficiency

* 90% of heat exergy received by
) source is lost

Ty
Nex = T n < 1 - Due primarily to the temperature
e Ty 1 To de-evaluation of high temperature
T, Q-‘-‘ T source to low temperature in piping

system



=P7L  Example: Power Cycle

= Consider power cycle

= Stationary system

= Energy balance

dE., : . w? . w?
T Cv+ch+Zmin(h+7+gz). _Zmout(h+7+gz)out

Qn —Qc -W~ =0

= Energy efficiency

B ME-459 Heat Pumps System
* E



=F7L Example: Power Cycle

= Consider power cycle

= Stationary system, no work

= Exergy balance

dEIcv T() . . d‘/cv . . .
dt =zj:/(1—ﬁ)5Q+ch+p0 dt +Zi:miki_+zo:moko_TOva

()i - )

B ME-459 Heat Pumps Systems



=P7L  Example: Power Cycle

= Consider power cycle

= Stationary system, no work

= Exergy balance

(B (o B

= Exergy efficiency
W= Mh  Mth

nemz - — —
T, T, .
(1-F)er (1-%) 7
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Conclusion

= Opposed to energy balance, exergy analysis combines 15t and 2" [aw
into a new thermodynamic state

= Exergy analysis automatically merges energy balance with feasibility
limits imposed by 2" |aw

= Energy efficiency does not consider quality of energy - may lead to
spurious values

= Exergy efficiency suggested to be more sound approach to assess
quality of thermodynamic system
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Outlook for W4

= |[ntroduction to heat pumps
= Thermodynamic analysis of heat pumps (energy & exergy)
= Technical challenges and limitations

= Main components of heat pumps

57
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Exercises W3

= Theory questions

= Entropy and exergy analysis of a power plant
= Entropy and exergy analysis of a turbine

= Entropy and exergy analysis of a compressor

= Cold room of a refrigeration plant



