A Thermodynamic Perspective on Energy
Efficiency

Juan C. Ordonez

Department of Mechanical Engineering
Energy and Sustainability Center
Center for Advanced Power Systems
Florida State University

J.C. Ordoériez



REFLEXIONS

SR L

PUISSANCE MOTRICE

DU FEU

SUR LES MACHINES

FROPRES A DEVELOPPER CETTE PUISSANCE

Pin 5. CARNOT,

AREIEN ELAVE BE L ECOLE FELTTRORA IR

A PARIS,

CHEZ BACHELIER, LIBRAIRE,
QUAl DES AUDUSTING, ¥, 55,

1834,

Nicolas Léonard Sadi Carnot. 1796-1832

J.C. Ordoériez



The question hag often been raised whether the
motive power of heat* is unbounded, whether the
possibie improvements in steam-engines have an
assignable limit,—a limit which the nature of
things will not allow to be passed by any means
whatever ; or whether, on the contrary, these im-
provements may be carried on indefinitely.

It is natural to ask here this curious and impor-
tant question : Is the motive power of heat invari-
able in quantity, or does it vary with the agent
employed to realize it as the intermediary sub-

stance, selected as the subject of action of the
heat ?
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TABLE I. Theoretical bounds and observed efficiency 7, of thermal plants.

Plant Th(K) Tc(K) Nc Mobs
Doel 4 (Nuclear, Belgium) [6] 566 283 0.5 0.35
Almaraz II (Nuclear, Spain) [6] 600 290 0.52 0.34
Sizewell B (Nuclear, UK) [6] 581 288 0.5 0.36
Cofrentes (Nuclear, Spain) [6] 562 289 0.49 0.34
Heysham (Nuclear, UK) [6] 727 288 0.60 0.40
West Thurrock (Coal, UK) [1] 838 298 0.64 0.36
CANDU (Nuclear, Canada) [1] 573 298 0.48 0.30
Larderello (Geothermal, Italy)[1] 523 353 0.32 0.16
Calder Hall (Nuclear, UK) [6] 583 298 0.49 0.19
(Steam/Mercury,USA) [6] 783 298 0.62 0.34
(Steam, UK) [6] 698 298 0.57 0.28
(Gas Turbine, Switzerland) [6] 963 298 0.69 0.32
(Gas Turbine, France) [6] 953 298 0.69 0.34

Sources: Bejan (AET); and H.B. Callen (T)
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Observed Efficiency of thermal plants
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Observed efficiency
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I Qh = oy (Th — Tl‘;) Endoreversible model

\ j'_.TJ
L oo External irreversibility
0,3 h Linear heat transfer model Chambadal (1957)
Novikov (1958)
T Th Curzon & Alhborn (1975)

2
. 1] —
Wmax — ghTh( \/F)

1+ ope
endoreversible
T. 5 %
— hc
T = O,
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Y External irreversibility
/ Linear heat transfer model 1.
vt 7 : r nonca = 1 — T
QC = Oc (Tﬂ o Tﬂ) &
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Recent studies

suggest that at
maximum power
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It is natural to ask here this curious and impor-
tant question : Is the motive power of heat invari-
able in quantity, or does it vary with the agent
employed to realize it as the intermediary sub-

stance, selected as the subject of action of the
heat ?

What is the maximum power that can be extracted

from a hot stream? What are realistic limits for this
power?
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1. Power extraction:

T, P i
H 70 To’ IDO If the stream interacts only

i " with the atmospheric

' temperature reservoir (T,),
the maximum power that
pOWEr can be extracted Is the flow
plant exergy:

J L . T T
Qo W =mcpTO(H—1—InHj

rev -I-0 -I-0
atmosphere: T,

reversible T Wiy

(ideal gas)
The actual power will always be lower than\A/,, because of

the 1rreversibilities of the heat transfer between the hot
stream and the rest of the power plant.
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The heat transfer irreversibility is due to:

(i) temperature
difference between
the stream (T) and
the heat exchanger

T Po surface (T,) and
m
reversible
W >W — power
i plant
: (i1) thermal mixing of the
Qo discharged stream.

atmosphere: T,
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Hot stream

collecting stream '

power

We use a second stream to
collect the power from the
hot stream. This second

% stream is the working fluid

of the power producing
device

plant

o

atmosphere: T,

> W

The case where the collecting stream is single phase was studied by

Bejan and Errera, 1998.
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Power extraction from a hot stream
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Entropy generation analysis

i rth Lo TO= W:m(hH_ho)_Qo_Qe
W A [ ] . .
~ _ QO +Qe .
water m,, Sgen o T—O t m(SO — Sy ) >0
W =re,,, - T,S,, «—
reversible W ex,H = (hH _TOSH )_(ho _TOSO)
compartment
Now for the heat exchanger,
Qe and external cooling alone:
m(hH _hO)_mw(hZ _hl)_Qe =0
S,., =m(s, —s,,)+m,(s,—s )+Qe >0
gen 0 H w \~ 2 1 T =
0
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We can maximize the power output using:

W=me, , —T;S,,
minimize
or directly using

W = m(ex,z _ex,l)

In dimensionless form:

N, = W . r:nw(ex,Z _ex,l)
! r.nex,H rhex,H
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- tabulated steam properties

ideal-gas model for steam
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Maximization of the second law efficiency by selecting the
mass flow rate of the water stream
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Concluding remarks

e Sadi Carnot, laid out the foundations of
thermodynamics exploring limits of operation of
thermal engines that lead to maximum power.

* An interesting question that can be asked is why do
we observe a pattern in efficiency at maximum
power?

e This maybe linked to symmetry in physical
laws
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Concluding remarks

 Chambadal, Novikov, Curzon and Ahlborn derived
efficiency expression that predicts well performance
of thermal plants.

 The Novikov—Chambadal-Curzon-Ahlborn
expression has been derived in different context:
o Classical thermodynamics
 Endoreversible thermodynamics (finite times,
finite sizes)
* Linear Irreversible Thermodynamics
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Concluding remarks:

* The extraction of power and
refrigeration from a hot stream can be
maximized by properly matching the
stream with a receiving stream of cold
fluid, across a finite-size heat transfer
area

\ 4

A

counterflow

+

ideal-gas model for steam

0.72:

tabulated steam properties

N=10
T =4
H
- t=1.98
b
11:1.8

B e
032 034 036 038 04 042 044

TH m Cp Tout -
o0 A

i 1D m,, water

SUNN L

There is an associated optimal allocation of heat
exchanger inventory:

1
0.5
i x=A /A
Ssteam S
0 I
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Concluding remarks

e System structure appears as a result of
optimization -> maximization of flow access

» Constructal Design: “Generation of
architecture under global constraints™
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Thank you!
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System structure appears as a result of optimization

_-_ T =
0.5— 1-X0pt-yap1=A0/A UHLO °

| / ' T =09

T, =11

Constructal Design: “Generation of architecture under global contraints”
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Concluding remarks:

v

How does the optimal area allocation appears in

practice? Cara

a) One counterflow heat exchanger, three sections:
The three sections rearrange themselves

b) Three sections, boiling in contact with hottest gases:

v

N=10

Tt =1.98
b
T, =1.8

Here a ‘morphing’ T
heat exchanger is
needed i
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Optimal HT area allocation

Concluding remarks:
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Toluene

n, | supercritical (P, = 41 bar)

subcritical (PH = 34 bar)

Maximization of the second law efficiency using
Toluene as working fluid

Duke University
Mechanical Engineering and Material Science Department
J.C. Ordoiiez
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Maximum power from a hot stream

* In engineering In most applications a fuel is
thermodynamics it is burn, and a hot stream
usually assumed that the becomes the input to the
heat that drives a power power plant.
plant is already available hot stream
from a hot temperature e .
reservoir. combustion J1
hot POWEH W
plant
power W cold | —
plant
cold L | - What is the maximum power that

can be extracted from a hot stream?
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Thermodynamic optimization methodology:

 Power and refrigeration systems are assemblies of
streams and hardware (components).

* The size of the hardware is
constrained.

Rankine power
cycle

Department of Mechanical Engineering
J.C. Ordoriez
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fuel
N >

Turbine
i'-"'ﬂi
heater .
~T
pump condenser E:L/

Each stream carries exergy (useful work content), which is the life blood of the
power system. Exergy is destroyed (or entropy is generated) whenever streams
Interact with each other and with components. Our objective is to optimize the
streams and components, so that they generate minimum entropy subject to the
constraints.

Department of Mechanical Engineering
J.C. Ordoriez

J.C. Ordoériez




THE METHOD OF THERMODYNAMIC OPTIMIZATION

Starts with: -Thermodynamics provides
the basic equations

-Flows, flow resistances, losses
(irreversibility, “dissipation”) and
Interactions are integrated from

Interactions related disciplines

ENVIRONMENT

MODEL OPTIMIZED SYSTEM
CONSTRAINED

OPTIMIZATION

Department of Mechanical Engineering
J.C. Ordoriez
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MODEL : OPTIMIZED SYSTEM

CONSTRAINED
OPTIMIZATION

We start from the 1t and

Environment (T,P,)

TO
2" Jaws of i |
thermodynamics: I W
. Qo _—
System (M, E, S)
_ZQ W+tho tho T - QT _Q
=0 out
. i i |
Sgen = (;f ZT st+2ms>0 o

i=0 'j out Tl T2

Department of Mechanical Engineering
J.C. Ordoriez
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MODEL : OPTIMIZED SYSTEM

CONSTRAINED
OPTIMIZATION

The two laws combined (eliminating QO): “Exergy Analysis ”
W= ST 31- 22 o« el -Ti9)- Tl 1) 18, Y
) | " destroy‘ed exergy

Flow-exergy associated to mass flows

Actual work

— Exergy, heat transfer interactions

Non-flow exergy
gen — O)’
W, = —di(E ~T,5)+ 2[1—%]@ + S m(h° = T,s)- Y m(h® - Tys)

l t i=1 i in out

Work in the reversible limit W < W

rev

In the reversible limit (S

Department of Mechanical Engineering
J.C. Ordoriez
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MODEL : OPTIMIZED SYSTEM

CONSTRAINED
OPTIMIZATION

Sustracting them we get the Gouy-Stodola theorem:
The destroyed power is proportional to the rate of entropy
generation.

W

lost

=W, - W =TS (E.3)

gen

EGM starts from (E.3). We want to be as close as possible
to the reversible limit (W, ), then we should work in the
minimization of the entropy generation (S, ).

Department of Mechanical Engineering
J.C. Ordoriez
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MODEL | OPTIMIZED SYSTEM

CONSTRAINED
OPTIMIZATION

CONSTRAINED OPTIMIZATION
function, constraints and degrees of freedom

The FUNCTION to be optimized, CONSTRAINTS. e.g:

Is related to PURPOSE e.g: Total volume, area,
material amount, operation

-Max. power extraction temperatures.

-Min. power requirement

-Max. of exergy collection DEGREES OF FREEDOM

-Min. ratio destroyed -Operation temperatures

exergy/ supplied exergy -Charging/discharging times

-Dimensions, thickness
-Spacing among components
-Material properties

Department of Mechanical Engineering
J.C. Ordoriez
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MODEL : OPTIMIZED SYSTEM

CONSTRAINED
OPTIMIZATION

The total surface constraint (c1), can be written as,

Us rUs N:USA
N =N, + 5N, + 1 =N —— constant

W
b W P

In the numerical computations, we defined the following
area fractions

X = is superheater (steam)
A, .
y="A boiling
1—x— :% Preheater (lig. water)

The equations we have until now allow us to compute the
temperature distribution. e need the work output.

Department of Mechanical Engineering
J.C. Ordoriez
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MODEL : OPTIMIZED SYSTEM

CONSTRAINED H H H : .
OPTIMIZATION Constrained optimization:

The total area constraint, can be written as,

U, , U, U.A
N:pvtNS+U Ny, +u U N, N =—— constant
mc

Y
In the numerical computations, we defined the following area fractions

b W

X = ':S superheater (steam)
i boilin
=— ili
y A g
A :
1—X —Vy =W Preheater (lig. water)
A

The equations we have until now allow us to compute the temperature
distribution. We need the work output.

Department of Mechanical Engineering
J.C. Ordoniez
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Concluding remarks (1/3):

» The extraction of power from a
hot stream can be maximized by
properly matching the stream with a
receiving stream of cold fluid, across
a finite-size heat transfer area

»
»

A

counterflow

+

ideal-gas model for steam

tabulated steam properties

N=10
T =4
H
— T =1.98
b

t=18
1

B e
032 034 036 038 04 042 044

TH m Cp Tout -
T A
i 1D m,, water
o i1

There is an associated optimal allocation of heat
exchanger inventory:

1
N=10
7] T =4
H
7] Tt =1.98
b
7] T =18
1
0.5
_ x=A /A
Ssteam S
0 I
0.3 0.35 0.4 0.45 0.5
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We want to search for an

optimal matching between P > Thermodynamic optimization

the streams.

Starts with:

Interactions
ENVIRONMENT

-Thermodynamics provides
the basic equations

-Flows, flow resistances, losses
(irreversibility, “dissipation”) and
Interactions are integrated from
related disciplines

MODEL

OPTIMIZED SYSTEM
CONSTRAINED

OPTIMIZATION
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The case where the collecting

stream experience a phase change O Q

was studied by Vargas, Ordonez

and Bejan (IJHMT, 1999).

\

l Ty T?NW\<
' >
4—
| I Tl
A S l A b A w
I
steam I boilin | liquid water
superheating | 9 preheating
I
| !
0 A heat transfer

Temperature distribution along the three
sections of the heat exchanger

surface

Florida State University,
J.C. Ordoriez, S. Chen
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woor. == cermzosveren Heat transfer analysis

CONSTRAINED

OPTIMIZATION classical effectiveness Ntu analysis
u<lu <1
Superheater Boiling Preheating

_ L-explN, ()
Y 1-pexpl-N, {1-p )|

el N, () iR 8

€, =
1-pexp[- N (1-p)]

g = n=Ts 8b=TH_T3 SW:Ib_Il
©ouT-T,) Tu=Tp v
e — T2 _Tb T - hfg _ Tout _T4

T, T, " 3_HC—S ! “,(TI_T4)
,_ M,C,
u = s M e
mc, N. — U,A, p
b — .
me
N, = P N, =P
m, C, m,c,,
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MODEL : OPTIMIZED SYSTEM

CONSTRAINED Constrained optimization:
OPTIMIZATION

Maximize power extraction (efficiency)

For fixed total area, A

Dearee of freedom,

The total area constraint

™ n:](;p Tout
Tt
x=Ds
A
can be written as, A
b
y=—=
U U A
N=puN,+—N, +u'—=N
H S Ub b “ UW w A
l-x-y=—+
y A
U.A

In the numerical computations, we
defined the following area fractions

superheater (steam)

boiling

Preheater (liq. water)
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MODEL

OPTIMIZED SYSTEM

CONSTRAINED
OPTIMIZATION
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€

Heat transfer analysis

classical effectiveness Ntu analysis

Superheater

_ 1-exp[-N,(1-p)

" 1-pexp[-N,(L-p

e = TH_TS
) H(TH_Tb)

|
)

|

u<lp' <1
Boiling

g, =1-exp(—N,) €

th,, =mc, (T, - T,)

U,A,
mc

Preheating

_ tmeplN, -w)]

Y 1-pexpl-N,{1-p)
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— tabulated steam properties

ideal-gas model for steam

0.5
N=3
N T, =4
| 1:b=1.96
T, =1.8
0 i i i
0 0.5
M _%
m

Maximization of the second law efficiency by selecting the
mass flow rate of the water stream

Duke University
Mechanical Engineering and Material Science Department
J.C. Ordoiiez
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Effect of the mass flow rate on the allocation of area among
the sections of the heat exchanger
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Effect of heat exchanger size on the second law efficiency and on
the allocation of heat transfer area

Duke University
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T =4,t =198,t =1.8
H b 1

___________

_______________

Effect of heat exchanger size on the second law efficiency and on
the allocation of heat transfer area
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Effect of the heat transfer area size on the “match” between the
temperature distributions of the two streams
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Effect of overall heat transfer coefficients on the second law
efficiency
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Concluding remarks :
Optimal matching among the hot and collecting stream

(counterflow configuration, optimal mass flow rate ratio,
optimal allocation of heat exchanger inventory)

Collecting Collecting Collecting
stream is stream stream
single experience experience
phase phase phase change
change and boiling
section is in
contact with

hottest gases

IJHMT Bejan and IJHMT Vargas, ASME HT Charlotte
Errera, 1998 Ordonez and Bejan, Ordonez and Chen,
1999 2004
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TageLE I. Companison among observed efficiencies ., with the theoretical v and Curzon-Ablbom, n-, , values. Data taken from [20].

Power Plant T:(K) ThiK) T Thexp i TicA

Doel 4 (Nuclear, Belgium) 566 283 050 035 050 031
Almaraz IT (Nuclear, Spain) 600 200 048 034 052 031
Sizewell B (MNuclear, UK) 581 288 0.50 036 050 030
Cofrentes (Nuclear, Spain) 562 289 051 034 049 029
Heysham (Nuclear, UK) 27 288 0.40 040 060 037
West Thrrock (Coal, UK) g38 298 036 036 064 040
CANDU (Nuclear, Canada) 573 208 052 030 043 028
Larderello (Geothermal, Italy) 523 353 0.68 016 032 0.18
Calder Hall (Nuclear, UK) 583 208 051 019 049 029
(Steam/Mercury, USA) 783 208 038 034 062 0338
(Steam_ UK) 698 208 043 028 057 0.35

(Gas Turbine, Switzerland) 2963 208 031 032 069 044
{zas Turbine, France) 933 208 031 034 0.69 044
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3. Optimal Matching for Refrigeration:

mcp. Ty
\,—%
@ (UA)
(mey),
T, T,
Toc
reversible
(UA), Q, compartment

Refrigeration system driven by a hot stream through a counterflow heat
exchanger
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Thermodynamics

(mc,) (T, - T,)+ Q- Q, =0

(mcp)r|n3+&—&=o

1 TLC TOC
mcg . Ty

Qm

I

(UA)

1

Constraint:

A=A ,+A,+A,

Heat Transfer:
Qo = (UA)o(Toc _To)

QL = (UA)L(TL _TLC)

___h,
Ny, =P ()
me
<1
r . 1-exp[-N,(1-r)]
1-rexp[- N, (1-r)]
T,-T,=er(T,-T,)
wn), [ q, |
r>1

. 1—exp[—_ NH(l— r‘l)]
1-rexpl- N, {1-r?)

T,-T,= S(TH _Tl)
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Dimensionless groups:

T= l qO — & q _ QL
. L - .
To meTo meTo
g - UA - ~  UA
U0: .0 UH:UHA UL: L
mc, I"nCID mc,
_ AH y:i l_X_y:ﬁ
X=— A A
A
g‘”&
I .

o
=
IUA}D@QQ compartment Ay g' Q,

TLC
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c.m@ w o An optimal
- matching for
refrigeration

lllustration of the existence of an optimal capacity rate
ratio
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me-Tll

hot gas

@ (UA),, @

(meg ),

b

TI
Toc
reversible
(UA) @ Q, compartment
T—

—_—

wa, [1a, —

T

LC

0.5+

_/ yOPT - LIA
i\
1-x -y =A/A Yo =S
opt pt )

/ ! L= 0.9
_ "C_I =1
) i
— X o =AHIA

| | | | |
3 4 5 6
T

THE EFFECT OF THE HOT-STREAM INLET TEMPERATURE ON THE OPTIMAL ALLOCATION
OF HEAT EXCHANGER INVENTORY
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0.5 3 5

0.25-
] Here the heat
—2.5 exchanger area
i ~ — allocation has
N Uno=5} been optimized
T, =09 |
T =11 |-
0 | | | I I 2
3 4 5 6

Maximized refrigeration rate and optimal capacity rate ratio of the
countreflow system
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0.3 3 1 )
] y()pt
qL 7]
4L, max e a A
_ Ty =
0.2 7 5 =5
r 0.5 l_xopt _yopt UHLO
’J;’_-—/ 7] T =14
| B Y
A
I xopt
0.1 — T T T T T T T 1 1 0 —r
0.8 0.9 1 0.8 0.9 1
L TL

Effects of refrigeration temperature
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1 1 X
n | Yopt
9L, max B _ WR
. 7 Ty = 4
0.5 1 0.5 U] _
_ l_xopr ~Yopt UHLO =
7 1. =0.9
7] x{)
0 T T T T T T T T T 0 0 i
1 15 ) | T | T | | T |
1 1.5 2
T
!

Effects of the matching stream inlet temperature
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EFFECT OF HOT SIDE OVERALL HEAT TRANSFER COEFFICIENT ON THE REFRIGERATION
RATE AND THE EXISTENCE OF AN OPTIMAL CAPACITY RATE RATIO.
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2. Phase change under limiting collecting temperatures

' [
| T
A, : A, : A,
steam | o liquid water
superheating | boiling I preheating
|
I .
0 A heat transfer

surface

Placing the boiling section in contact with the hottest gases will prevent
pipe overheating (materials constraints).

steam : liquid water section
section

A, heat transfer
surface
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Ty mc Tout

v
v
v

/
/ ! :
| : % m,, water
| | 1
| | 1
t : 6 ¥
L R i T
e |
A
! |
| | T1
A, | Ay | A, T
steam I " liquid water Ny
superheating | boiling ! preheating T i
|
; . . 1
0 A heat transfer Ab E As : Aw
SNTECY boiling |  steam 5 liquid water section
section section
=

A, heat transfer
surface

Temperature distribution along the three sections of the heat exchanger
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MODEL : OPTIMIZED SYSTEM

CONSTRAINED Entropy generation analysis
L o Lo TO’ W:m(hH_ho)_Qo_Qe
W A [ ] . .
~ . QO + Qe .
T et Sgen = T +m(s, —s,)=0
SRS AU & T . .
W=rne,, —ToSe «—
reversible W CxH = (h H— TSk )_ (ho - TOSO)
compartment
Now for the heat exchanger,
2 and external cooling alone:
T N m(hH_hO)_mw(hZ_hl)_Qe:O
; 0 .
Lo S gen =m(s.o—sH)+rhW(s2—sl)+$e >0
0
W = m(eX,Z B eX,l) TOSgen = r.nex,H — mw(ex,Z _ex,l) o

J.C. Ordoériez



MODEL : OPTIMIZED SYSTEM

CONSTRAINED
OPTIMIZATION

We can maximize the power output using:

W=me, , - TOSgen
minimize
or directly using

W = m(ex,z _ex,l)

In dimensionless form:

N, = W . mw(ex,Z _ex,l)
! r.nex,H rhex,H

J.C. Ordoériez



0.72
| ideal-gas model for steam Optimal
| ____— matching
0.7
. tabulated steam properties
II ]
0.68— N=10
T =4
H
— 1 =1.98
b
1:121.8
066 | | | | | | | | | | | | | | | | | | | | 1 1 1
0.32 0.34 0.36 0.38 04 0.42 0.44
M=
m

Maximization of the second law efficiency by selecting the
mass flow rate of the water stream
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Concluding remarks:

1
5
. N =10 —
i Ty =
T,=1.96
T, =18 ]
T Mopt = 0.238 _
0.5
: Optimal ratio is
7 stetgm E boiling section E liquid water section T1 rO b u St Wlth reS p e Ct
- section : : —
1 5 0 to total surface area
I I I I I [ [ [ [
0 A 0 10
l l \
< Ao Ay —] Pw | N
: © 1
N =10 i TH:4,Tb:1.98,T1=1.8
Ty =4
4y © =1.98 ]
] b 18 ] T]II,max
: Tl =1
3 T M_ =0.405 —
T ] t2 gas T
] T : 4 . 0.5 opt e
2-0-b—0 ou e mmmmmmm=TTTTommmTTITTT -
3 i % water Y t —¥
] i : tl ,_"' M
Iboilirig i 4 o7
S o steam ! liquid water section [
Jsectidn section i I
0 f T T T T 7] e i
) 0
I | | | I | | I | |
| A, | 6 9 12 15
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4w, hhw 1 X
(meg), . yopl
" : | X Optimal area
. T, = allocation is robust
v w057 1= Xop ~Yon Ui = with respect to
{UAID@GO compartment [UA'LQQL - T =14 . .
. 1 refrigeration
i v temperature
\
] xopl
0 — T T
0.8 0.9 1
TL
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