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ABSTRACT

Thermodynamics is a relatively recent physical science that was born with calorimetry and thermometry experiments:
so heat remains the central concept in relation with other forms of energy. The coupling between various forms is
essential and related to conversion processes. The first conversion process that was analyzed was the
thermomechanical one, at the time of Carnot. Equilibrium Thermodynamics was fruitful in connection with the
efficiency concept, to qualify engines. But since that time, mass and heat transfers studies have been strongly
developed (thermokinetics), as well as second law aspects of thermodynamics. It results new appraisal for energy
systems and processes, relevant of a true thermodynamics approach. This was initiated by Onsager at the beginning
of the 20th century, by analyzing the relation between fluxes and forces (gradients) from a general, but linear point of
view. More recently, it was developed through a lumped analysis for systems by Chambadal and Novikov in 1957. It
was rediscovered in 1975, by Curzon and Ahlborn. And since this work, a lot of books and publications have been
proposed in the literature. A review of them is proposed here, on the basis of a synthesis due to the lack of place. The
author’s works are analysed and compared to the literature too. It results some original remarks and proposal relative
to the obtained results: Comparison of entropy ratio method to entropy flux method, Comparison of endoreversible
case to irreversible case, Comparison of adiabatic and non adiabatic systems, Comparison of constrained and non
constrained systems. Main consequences of these comparisons are given, and future perspectives evoked on the main
systems categories (engines; reverse machines; other eventual configurations).Conclusion is that FDOT (Finite
Dimensions Thermodynamics) appears as a promising tool to be enlarged in the future.
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NOMENCLATURE
A area n  efficiency
c heat rate 0 Carnot factor
COP coefficient of performance Subscript, superscript
k heat transfer conductance C  hot (Ch?Ud)
) CHP Combined Heat and power
q heat flux E Environment, energy,
engine
entropy flux Ex  exergy
T temperature F  cold (froid)
. HP  Heat Pump
w mechanical power . .
1 irreversible,
w' auxiliaries power intermediate
X temperature difference L loss
RM Réfrigerating m, n power index
Machine O imposed constant value
S source or sink, T total '
system TFP Thermofrigopump
I first law

*

optimum value
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1. INTRODUCTION

Historically, Carnot (1824) was the first to develop a
thermodynamical model for an engine, with an
engineering point of view; but he considered too
fundamental aspects: he his perhaps the father of the
second law of thermodynamics, and its applications to
engine and systems. He is also probably the inventor of
the fruitful concept of efficiency. But the Carnot

efficiency  remains  attached to  equilibrium
thermodynamics.

This limitation occurs until what was said the
foundation  paper of F.T.T. (Finite Time

Thermodynamics) (Curzon and Ahlborn, 1975). Here
are introduced the finite durations of Carnot engine
thermodynamical processes: it results a finite
mechanical power, and the corresponding efficiency
appears less than the one corresponding to Carnot
value.

This was first proposed in a slightly different form by
Chambadal (1957) and simultaneously Novikov (1957).
Today, this proposal is developed on a more
accomplished form (Feidt 1996; Feidt 2006). Since the
eighties, approximately twenty books have been
published (see the specific annex), and numerous
papers as well; the great majority of them are
referenced in Bejan (1997), in Chen et al. (1999) and
more recently in Durmayaz (2004).

The goal of the present paper is to confirm the interest
of the proposed approach, and to enlighten the actual
state of the subject, showing how the present progress
of the thermodynamics move to escape from the
equilibrium thermodynamics in direction of irreversible
thermodynamics applied to systems and processes.

The present paper will be focused on Carnot cycles:
direct cycle (engine) or reverse cycle (refrigerating
machine or heat pump). The corresponding results are a
synthesis of preceding author’s works, the main point
being that, contrarily to the great majority of published
paper on the subject, the internal irreversibility of the
machines (engine; refrigerating machine or heat pump)
is accounted for originally (Feidt 2007). Interesting
consequences are explored.

Numerous works remains to do, in order to obtain more
complete (complex) results useful for engineers, but for
physicists too, and developing entropy analysis (Bejan
1997). Fundamental aspects are carefully analyzed.

2. THE TIME DIMENSION

Within the scope of F.T.T., it seems logical to see
explicit influence (not of time directly) but of durations
of thermodynamical transformations. In that case (the
most developed using F.T.T.), the calculated fluxes are
generally mean values corresponding to the whole
duration over the studied cycle. However, in various
paper or communications, the fluxes appear directly,
without explicit time variables, even if the model refers
to F.T.T.

It seems preferable, according to the present proposal to
characterize the corresponding model according to the
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steady state hypothesis (generally nominal conditions;
full power for example), to rename it F.D.T. (Finite
Dimension Thermodynamics); in that case these
dimensions correspond to the size of the system, or
some quantities related to this size, as we will see in the
paper. The most used dimension in thermomechanical
systems is relative to heat transfer conductances, K, but

it appears too areas A, volume V, heat rates ¢ , heat

flux ¢ or power w limitations as well as temperature
T.

The suggestion is to reserve the F.T.T. spelling for
transient conditions, where it is mandatory to take
account of the time dimension.

Nevertheless in any case we agree with the fact that the
time arrow is fundamentally connected to
irreversibility, even if the time definition and concept
remains to examine carefully. The hypothesis of steady
state model is used hereafter, and the finite dimension
chose is the generalized heat transfer conductance
associated with.

3. GENERAL MODEL OF A
THERMOMECHANICAL MACHINE

3.1 Fundamental laws

The model is general because it describe a machine in
contact with one heat source that is at constant
temperature Tgc (hot thermostat), and one heat sink at
constant temperature Tgg (cold thermostat). The
machine could be an engine (direct cycle), a
refrigerating machine or a heat pump (reverse cycle).
The model is an extension of the Carnot cycle (Fig. 1
relative to engine). The first law of thermodynamics
applied to the machine implies:

e
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Fig. 1. Schematic of Carnot cycles with internal
irreversibilities and external ones at contact to source
and sink.

qe+qp=w+w' @9)]

cjc , heat flux at the hot side of the machine (> 0, if
recepted by the machine)

q r » heat flux at the cold side of the machine
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w , mechanical power (> 0, for an engine) produced or
consumed

w ', auxiliaries power (always < 0, whatever is the
machine)

The machine is connected to the heat source and heat
sink through two heat transfer conductances
respectively K¢, K.

Heat fluxes qc and qﬁ. are allowed through

temperature differences respectively Xc = Tsc — Tc, Xr
=Tsp-Tr

The machine connected to heat source and sink, is the
studied thermomechanical system.

If the system is non adiabatic, there are heat losses. The
most convenient form to represent these losses is to
suppose they occur between the maximum hot
temperature Tgc and the minimum low temperature Tgg,
as a first approximation trough an equivalent global
heat loss conductance K ; it correspond the heat loss

flux q , (choose as a positive quantity).
So the heat flux consumed at the hot source becomes:

dsc=qc 14,

The heat flux yielded at the cold sink becomes:

9sr=9r 9.

The second law of thermodynamics applied to the
machine gives the entropy balance:

e (9r 4,
C TF

=0 )

si, entropy flux created inside the machine, due to
internal irreversibilities. As a first approximation we

suppose S; is a constant value parameter (for
demonstrating purpose). This parameter is easily
accessible through entropy analysis, as will be precised
hereafter.

The second law of thermodynamics applied to the
system gives:

9sc | sk
T

sc

+s7 =0

€))
SF
3.2 Heat Transfer laws

To complete the model the heat transfer laws are to be
given; the general definition supposed is:

q=Kf T.T) )

K, generalized heat transfer conductance, Tg, external
temperature relative to source of sink, T, internal
temperature relative to cycled fluid in the machine.

The heat transfer laws generally suppose the function f
depending on X = Tg — T, such that:
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q=Kf(X)

In the literature, the most used law are:

- the convective law q=K !

with some particular case (n = 1,25, Dulong Petit law ;
n = 1 Newton law ; etc.) ; Newton law corresponds to
linear approximation (Onsager, 1931)

- the radiative law q =K (T =T )

with some particular case (m = 4, Stefan law ; n = -1 ;
phenomenological law, etc.) ; if m = 1, the radiative law
corresponds too to linear approximation.

Some publications give results corresponding to all
these heat transfer laws. Here we limit the purpose to

linear approximation: q =K (TS -T )=K X

3.3 Finite Dimensions (Non Dimensionality)

The system is always limited in size for physical and
also cost reasons; so it implies here to introduce a
limitation for heat transfer conductance:

Kc+ Krp=Kr (6)

Kr, total heat transfer conductances to be allocated
appears as a size reference for the system.

The system too is immersed in an environment
characterized by the ambient temperature Tsg (but not
only the temperature). This temperature appears as the
reference temperature for the thermomechanical
system.

It is to be noted that:

- for the great majority of engines, Tsr = Tsg (excepted
for combined heat and power engine where Tsr > Tgg
for example)

- for refrigerating machines generally, Tsc = Tgg
(excepted for cascade refrigerating machine)

- for heat pump, Tsr = Tsg (excepted for cascade heat
pump)

- for reverse machine with two useful effects (at hot and
cold side : thermofrigopump), we have Tgr < Tgg < Tsc

We propose to nondimensionnalize all the model
equations with reference to Kt and Tsg. It comes:

q

k= K s = T 5 q= _—
KT | TSE | KTTSE ’

W= — , x =t,—t and s=—
KTTSE KT

gctgr=w+tw

dc  49r

+s5,=0
t

C tF

e 9r 4g -0

ZSC tSF

kC+kF=1
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Remark: if Ky is considered as a quantity to minimize
(design or cost objective), it is necessary to choose as
reference a unit heat transfer conductance, in order to
retrieve kr.

3.4 Conclusion of Modeling

The four equations of the model are completed by the
two heat transfer laws:

qc = ke feo (x0) (11)
qr = kr fr (xp) (12)

It appears four main variables (tc, tg, k¢, kg), four
intermediate variables (qc, qr, W, st, eventually k),
four parameters (tsc, tsp, W’, ;).

The model has two degrees of freedom allowing
optimization.

4. PERFORMANCE CRITERIONS OF
MACHINE OR SYSTEM

As noted in section 1, the concept of efficiency was first
proposed by Carnot for engine. Afterwhat it was
enlarged; we summarize and comment in the following
subsection 4.1 the classical energy -efficiencies of
thermomechanical machines.

4.1 Energy Efficiencies

These efficiencies are defined according to the first law
of thermodynamics; from a general point of view, it
could be defined as the ratio of a Useful Effect, U.E.
divided by Energy Consumed, E.C. (Feidt 2009 a, b, c).

According to the sign convention used here, this
definition gives:

- foranengineE :
w e

qc

wAw!

EE
qc

(13)

It appears that the presence of auxiliaries necessary to
move the engine decrease the engine efficiency and
consequently has to be accounted for. The engine
efficiency is always less than one.

- for a Refrigerating Machine R.M..:
—qr

COP,,, = ' (14)
w+w

- for a Heat Pump

cop,, =—1c_ (15)
w+w

Remark: in any case, we note that due to Eq. (7) COPpp
= COPpgy + 1; COP are generally greater than one,
contrarily to 77, engine efficiency.

To these three classical cases, we add two common
interesting ones related to more than one useful effect;
this extension corresponds to more integrated systems.

The first example is a Combined Heat and Power
machine C.H.P.; the most common configuration is
concerned with the water Vapour Turbine (T.V.). It
comes:
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wHw'—q,
qdc

1 (16)

Newp =

This result indicates clearly the inadequacy of the first
law approach in that case, due to the same “value” of all
energies used (heat or mechanical energy); the T.V. is
functioning at a temperature in between [Tr.T¢] and
consequently could not be adiabatic; consequently it
appears internal losses of the vapor turbine to the
environment q v, and the efficiency is moved to:

Newp =1= oo

qc

It corresponds to an “adiabaticity” efficiency of the
T.V.

The same reasoning as for CHP machine is applied to
“Thermo Frigo Pump” T.F.P., where two simultaneous
Useful Effects are used at the hot and the cold side of
the machine; it comes the corresponding COPgp:

COPpp = <5 = COPyy + COPyy a7
w

+w

We have to note here that the two useful effects
correspond to heat fluxes delivered at different
temperatures, respectively Tc and Tg.

4.2 Exergy Efficiency

The concept of exergy was first proposed by Gouy
(1889) and Stodola. This fruitful concept is a solution to
overcome the lack of precision due to the first law of
thermodynamics. It could be retrieve simply subtracting
Eq. (8) from Eq. (7) ; we obtain this way the exergy
balance of the machine :

qc| 1-—— |+qp| 1-—— |=s,=w +w
te ty

In Eq. (18) appears the Carnot factor Hz[l—lj of
t

(18)

every heat flux, and the corresponding thermal exergy,
q.0.

According by subtracting Eq. (9) from Eq. (7), we
obtain the exergy balance of the system:

qc| 1-—— |+qp| 1—— |=s, =w +w
tSC tSF

This system exergy balance Eq. (19) is clearly different
from the one of the machine Eq. (18) ; they coincide
only in the limit of equilibrium thermodynamics (tsc =
tc ; tsp = tp).

Further, subtracting Eq. (18) from Eq. (19), we obtain:

A e el
t— Yo | T T Fl o T |
le s tr tor

So whatever is the kind of machine, the total entropy
flux created is the sum of the entropy created at the
external contact of the machine with source and sink
(external irreversibilities for the machine), and the

(19)

(20)
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internal entropy created inside the machine, s;. This
approach confirms the difference between endo and
exoirreversibilities relative to the studied machine. This
method of distinction between endoirreversibility and
exoirreversibility with respect to the thermomechanical
machine could be easily generalized.

Consequently exergy efficiencies could be defined; but
here, we have to differentiate between exergy efficiency
of the machine, and exergy efficiency of the system. It
appears that this difference is not so clear until now in
the literature.

4.2.1 Exergy Efficiencies of Machines

The general definition of exergy efficiency is
transposed from the energy one: it corresponds to the
ratio of Useful Exergy U.Ex divided by Exergy
Consumed Ex.C. It comes:

- for the engine :

w +w -
= = 21
Ne £ 1 | 1-1/1, (21)
dc ‘.
- for the Refrigerating Machine :
1
qr (l_t] |
N gy =——————==—COP,,, (1——} (22)
' w+w ty
- for the Heat Pump
1
dc (1 tj 1
e np :—F,: COPyp [1__] (23)
w+w te

These results could be easily extended to C.H.P.
machine and Thermo Frigo Pump. It comes:

- for the C.H.P. machine :

Mg cup =
L
qc [ P ]

The exergy efficiency of a C.H.P. machine is less than
one, due to internal irreversibility of the machine.

- for the T.F.P. machine :

q, . +qr B
te ty -1 S,

w+w ' wHw'

24

(25)

Me /0 =
The exergy efficiency of a T.F.P. machine is also less
than one, for the same reason as for the C.H.P. machine.

Consequently the exergy efficiency of the machine is
representative of internal irreversibilities of the machine
(endo efficiency of the machine or converter).

4.2.2 Exergy Efficiencies of Systems

&9

The same demarche as developed in subsection 4.2.1.
furnishes by analogy exergy efficiencies of machines
connected to source and sink, 7, :

- for the engine system

w4w' 7,
Mexes = = EEl (26)
q 1_L I-—
¢ toe Isc
- for the refrigerating system
1
qr [1 _IJ 1
Mecrs = ST =-COPyy, [1_] (27
w 4w top
- for he heat pump system
1
tSC 1
Necups = ) =COPy, (1__J (28)
w 4w toe

It is clear that these three system exergy efficiencies are
dependent of Carnot factor relative to ambiance and
respectively heat source (tsc) and heat sink (tgp).

They differ fundamentally from the one defined for the
machines (subsection 4.2.1). They always are inferior to
one.

- for the C.H.P. system it comes :

. 1
wHw '—q,| 1-——
Lo L s,

Meecups = (29)
. 1—L qc I—L
e Isc ‘ Isc
- fot he T.F.P. system :
1 1
Meerres = = =1 I (30)

wH+w' w +w

It appears that going from the machine efficiency (Eq.
(24) or (25)) to the system efficiency (Eq. (29) or (30))
the exergy efficiency decreases, due to the adding of
heat transfer irreversibilities (see Eq. (20)): internal and
external irreversibilities occur in the system analysis.

Whatever in the case the machine exergy efficiency
could be one only in the endoreversible case and the
system exergy efficiency only in the endo and exo
reversible case (this reversible case corresponds to
equilibrium thermodynamics).

5. OPTIMIZATION WITHOUT AND WITH
CONSTRAINTS

5.1 Reconsideration of Objective Function:
first law efficiency or Energy Efficiency

As was seen in subsection 3.4, the modeling of a
thermomechanical machine exhibits physically two
degrees of freedom; so optimization is theoretically
possible.
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Without adding supplementary constraint, the present
available literature shows that machine or system
performance is mainly characterized by first law
efficiency (subsection 4.1., Egs. (13) to (17)). Due to
the intercalation between COPyp and COPgy,
optimization of Eq. (14), (15), or (17) gives the same
solution ; but as has been first considered previously
(Blanchard, 1980, Goth, 1986) for reverse cycle
machine a constraint must be added (finite energy) due
to the fact that tc, tp variables are not theorically
bounded (see Fig. 1).

Exergy efficiency

We extent presently the performance analysis for
machines and systems to exergy efficiencies
(subsection 4.2.1). This approach is not fairly well
considered today in the literature, even if it is
developing fast: it corresponds to Egs. (21) to (25) for
machines, and Egs. (26) to (30) for systems.

Useful effect optimization

This was the first attempt to escape from equilibrium
Thermodynamics (Curzon and Ahlborn (1975);
Chambadal (1957); Novikov (1957)): for an engine, the
maximum power was sought for.

Afterwhat, were considered the refrigerating power of a
refrigerating machine, and (or) the heating power of a
heat pump.

These three cases are the basic ones; extensions are
casy to other configurations as C.H.P. or T.F.P.
machines.

From a general point of view, whatever is the machine,
it corresponds to maximization of the Useful Effect
U.E.

Energy Consumption optimization

This important case is practically ignored in the
literature. We suggest that it could be an important
objective function corresponding to efficient use of
available energy; for a thermomechanical engine, it
corresponds to minimization of qc ; for a refrigerating

machine or heat pump to minimization of |W + W'| .

Ecological criterions (Angulo Brown, 1991)

The environmental issue becomes more and more
important today. Some specifically related to
Thermodynamics are proposed in the literature. It
seems that in any case these criterions are in connection
with rejections R.

For the thermomechanical machine presented, it
corresponds to heat rejection (thermal pollution) ; so, it
comes that the corresponding objective function consist

to minimize the rejection |q F|. The methodology is

easy to generalize to any kind of rejection, and could be
extended through L.C.A. Life Cycle Analysis.

Economical criterions (Bejan, 1996)

These criterions are numerous, and considered by
engineers specifically;

Investment cost
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C; could be related to the dimensions of the machine,
through unitary cost C;. For example, considering the
physical dimension of the thermomechanical machine
related to K, the heat transfer conductances (section 2),
minimization of investment cost suppose to know C;
the unitary cost of K¢ (hot side), respectively Cir of K
(cold side).

If the two costs are identical, it results a dimensional
minimization of the machine in terms of Ky, with an
optimal allocation of the K’ too.

Operating cost Cq: it is directly related to Energy
Consumption, this consumption being characterized by
an unitary cost cq (for a fuel, cg,) ; but it is to be noted,
that it could appear some extra cost in relation with
rejection (tax for example) (c,, unitary cost for
rejection).

Global cost Cg

this cost to be minimized consists int the sum of all the
costs. Some complementary economical criterions are
also possible: the revenue (to maximize) or the benefit,
and return time.

Conclusion of the non constrained optimization

It appears that possible objective functions are
numerous, starting from efficiencies, to Useful Effects,
Consumptions, Rejections, Economic criterions ; the
last one refer to THERMOECONOMY essential for
engineer, and environmental criterions.

Consequently, multiobjective optimization remains to
develop fast.

We  propose here to focus on physical
(thermodynamical) simple objective function; taking
account of the three main aspects enlighten, to say

- U.E. Useful Effect
- C. Consumption (energy or exergy)
- R.Rejection

These three ones are dimensional criterions. And we
add the extended non dimensional ones related to
Efficiency.

To these fundamental physical criterions, we suggest
extending work of Bejan (1997), to add the two entropy
related criterions : minimization of s;, entropy created
inside the machine, and (or) minimization of st, entropy
created inside the system ; these two entropy criterions
corresponds to a minimization of energy dissipation
inside machine (respectively system). Minimization of
s; supposes to determine this quantity for the machine
through entropy analysis. The same methodology is
practicable for the system. However, minimization of st
is possible, even if s; is supposed a given constant
parameters (to be experimentally identified). It is the
way we choose in the following section for simplicity.

5.2 Constrained Optimization

The constrained optimization proposed uses the remark
that frequently machines and systems are designed with
a fixed objective. For example for a thermomechanical
engine the power to delivered coal be imposed, or today
appears some limitations in rejections ; in other case
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limitation could be due to the fuel availability, as in
solar and wind energy systems. These are the three
main possible constraints. But it is easy to define other
ones like temperature limitations due to material (Tyax)
for example, or limitation in pressure (Pyax)-

We propose hereafter to examine the effect of the three
main limitations on some objective functions to define
as seen in subsection 5.1. Table 1 gives an overview of

the set of cases to be examined; some of them are
existing in the literature; others are completely new to
our knowledge. Some cases are connected: for example,

an engine with imposed poweer, is such that the
minimum of consumed heat flux qc corresponds to

maximum of energy efficiency 77, (this reduces the
number of cases to study).

Table 1 synthesis of constrained engine optimization cases

Constraint
O.F. My <
) ) . . . _ Others...
Without Wwo dco n ST =S0 Kr=Ko (costs)
©
W MAX MAX MAX MAX MAX
q ) min min min min min
n MAX MAX MA MAX MAX
S’ min min min min min
T
Kr min min min min min
others
(costs)

5.3 Mathematical Method Used

The method is based on variational calculus, and
supposes to construct the lagrangian L of the study
(lagrangian method); L is obtained knowing the
objective function choose O.F., and all the constraints
associated C;:

L=F.0.+XAC, (32)

A, is the lagrangian parameter.

5.3.1 Optimization without Supplementary Constraint
or With One

These optimizations are respectively devoted to the
following objective function

-for an engine W,q(,,n,s r with the constraints

given by Egs. (1), (2), (6) whatever is the heat
transfer law.

-For a refrigerating machine (heat

pump)

q - [q Cj,w ,COP,Sr , with one constraint more

than for the engine, as announced previously.

When Kr is the objective function (design
optimization), the last constraint Eq. (6) disappear as
said previously (one degree of freedom more), and Eq.
(1) gives the mechanical power associated to the
studied case.
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If we add one constraint more to the problem (see Table

1:w o,orqco,or 17,,0r COP,....), we lose one degree of
freedom, but optimization remains possible.

5.3.2 Equations Systems to Solve

They are obtained by derivation of the lagrangian with
respect of variables (tc, tr, k¢, kr) and Lagrange

Parameters

The derivation with respect to Lagrange parameter
gives back the constraint of the problem studied:

relation (1) (C)):gct+gr—(w +w') =0

relation (2) (Cy): Le+92 45 =0

C tF
relation (6) (C;) : kc+kp=kr (or1)
qr

relation (3) (Cy): —+q—F+sT =0
Ne SF

After elimination of Lagrange parameters, we get 4
equations with the four variables: the corresponding
solution is the state vector at the optimum noted (tc*,
te*, kc*, ke*). Consequently the value of the objective
function at the optimum O.F.* is determined, as well as
any other useful value.

6. EXAMINATION OF SOME OBTAINED
RESULTS
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6.1 Tentative Synthesis of Results for the The maximum of the engine power is associated with

Engine the well known CNCA (Chambadal — Novikov —

Curzon — Ahlborn) limit, generally spelled “nice

General equations to solve, in order to get the optimum radical” in the endoreversible limit. It seems other
if it exists are summarized in Table 2. For the engine results are new formulated one, or at less unified ones.

without supplementary constraints, same tables .
PP M > Indeed we remark, that whatever is the treated case

are available near the author for refrigerating machines . .
. . . optimum heat transfer conductances are obtained trough
and heat pumps. We use in this Table the following (C,) and (Cy) as:
2 3) as:

notations:
k s,
_%, . _04q; . it ket =_T(1__‘*j (33)
q;x ak,. > 4, ati 5 (g)= quf,»z 2 o4
The Table 3 corresponds to particular results of the kF*=k_T[1+S_;j 34)
engine, when the heat transfer law is the linear one. 2 a

This Table confirms some existing results of the

literature. Remark: however a* is different, in each case (only
formal identity when it exists). « is defined by:

The maximum of efficiency for an endoreversible Xe | Xp

engine without thermal losses is the well known G=Tm

C F

equilibrium thermodynamics limit.

Table 2 Equations to determine the non constrained engine optimum values of variables

O.F. Equations to solve at optimum

(a)dcdex drdr,

2 2 >
"oy Urdqp,

qc (qc )+qF =0

1,
() (Cy)
remark : (C)) gives the (w + w') value associated to optimum
delbcx _49r4r,
(0!): C2 K= [‘2 L (QC):(QF)
w+w' e"le, rdp,
(Cy) ;5 (Cy)
(a):qcf#:qiﬂ;q +»q, monotonous functions
"o, e dry
qc

(Cy) ; (G5) : one equation missing, one degree of freedom more

remark : (C1) gives the (w + w") value associated to optimum

debex 9r4rx
(a):—5=F="05 tse (90 )=tsr (qr)
tcz“Ic,z tFZ'qF,l el e
St | (Cy) ;5 (C3) : : one equation missing, one degree of freedom more
remark : (C,) gives the (w + w") value associated to optimum

(Cy) gives the sy value

qc4 qrYr,
(05):—C2 -~ =—r2 L, (9c) = (gr)
lc"de, e dqp,
kr1(Cy)
remark : (C)) gives the ( w+ w'") value ; (Cy) gives the sy value

one equation missing, one degree of freedom more

92



M. Feidt /JAFM, Vol. 5, No. 2, pp. 85-98, 2012.

Table 3 Analytical optimization results for an engine, with linear heat transfer laws, and without added constraint

O.F. Variables values at optimum
P Isc - Isp . *_] Isp 1+\/>
C > VF
N N ok Y )
" AN RESCH toe (1=,
w+wH*= sc _\/;
2 [ 1+f = | 145,
kT
remark : a *=,/s, ;k. *=7(1—\/;)
VtSC \/tSF
= > (\/tsc e );tl-‘ = > (\/tsc +\/ls.v)
2
% _ le- Visc Y lsr
wt (wtw)*= S
w' s =tsr
- tor Vs —tse t5; (\/ s ) a*,‘”SC —\Jtsr
tSC \,tsc‘ _\'tsp (\[ \[ ) tSC + tSF
. 1 a-s,
gc, monotonous with & (grpalso) : gc = —t !
2 a+1
optimization in &; only :
qc
ky k, S,
o T [y LT G TR
T a 2 a
remark : ¢ is parameter, or f¢(x¢), or tx (Xr)
s, monotonous with ¢ (min sy =s;, when & =0)
a’+s,
Sp=
ST T 1- (Zz
optimization in k; only : (see above)
remark : o parameter, or ¢c (xc), Of ¢ (xr)
NS t
optimization in ¢; : tc* = (,/ +ytsr );tF < (Jtsc +JtSF)
kr, monotonous with k¢ or kx (one degree of freedom) ; kr has been choosed with limit (k I
k t t
T Zsi);kc =kF-s—i’a*: sc SF
2% * Jtse +ftse
a* s,
remark : s7= 2k ———+—-
U T

Persons interested by extension to non adiabatic engines
could refer to Feidt (2009), where there is also a
comparison between the created entropy flux method,
and the irreversibility ratio method. Results exist too for
non adiabatic engines (Feidt, 2009). To illustrate the
difference, we introduce the stagnation temperature of
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the system Tg (maximum attainable temperature of the
system is too temperature limitation), and using the
proposed methodology optimizes the engine power with
respect to the variables including Tsy new system
variable; it comes the corresponding results:
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Table 4 Equations and results for optimization of a Carnot engine with an added constraint and linear heat transfer

laws
O.F. with .
constraint optimum of 77, ()
1+5 ) (tge —tr )—VA
ao:( §; )( sc SF) \/—;A=(1+Si )2(tsc _tsp)z_
2(tsc tlsp _2W0
_4(tsc +lgp _2""0)[51-([30 +tSF)+2WO]
wE+w =wy kot = k_7 1-3c ;kk‘*:ﬁ(Hs_i)
2 a, 2 a,
1 a,—s,;
gc(oy) = E%C’ﬁ;m =w,/q (0(0)
remark : A introduces an inequality constraint on s;
St t 4qco2
a _Silsc +2q. . *:tsc —lsp ‘Ico(l_s[ )(tsc _tSF)
’ tse =2 co o Lsc 1_74q6'0
1=s; 15
qc = dqco 2
S, +4[qcoj
' oo
remark : s;= ——Z_ : monotonous with s, gcy
1-s, —4dco
lse
O.F. with constraint optimum of (w + w’) (b)
(w+ w)* = ‘Ico(l -5 )(tsc _tSF)_Si Lse tr _49C02
qc = 4co tse (1 -5, )_4qco
remark : solution formally identical to the above one
(1+5) (e —m)—~NA s, (21 =n,)
= ~
2(2_77c_770) (1+S;)(776770)
=1, avec A=(1+s, )2 (70 —1c )2 —4s,(2-1n, —770)2 =0
o +w ) *=n, Lsc @y =S; OtSCSi .2(1_’70)_‘71' (776 -1)
2 g+l 2 (me—ny)+2s, (1-1,)
O.F. with optimum of qC (c)
constraint
(1+S.)(7]C—770)—\/K 2 2 2
a,= : - sA=(1+s, - —4s.(2-n.-n0
T (L+5,) (o =mc ) —4s,(2 =71 —10)
7, =1, Formal identity to preceding case
*_ts_c (77C _no)_\/X_S; (4-3n. —1,)
o F=—
2 (4-3n,-n.)—~NA+s, (. —m,)
(s )(tge ~tg)—NA
’ z(tsc e —2w0)
w+w = 2 2
=w0 A:(1+Si) (tsc _tSF) _4(tsc s _Wo)[(tsc +tSF)Si +2w,
1 oa,-s
* . 0 i
qdc oS a,+1
O.F. with optimum of sT (d)
constraint
a-1)(1+s, )-+VA
aO:M;A:(a —1)2—4s, (1+a)’=0
2(a+1)
m =M ]
a= __770>1
l-n,
W W' = w0 Same solution as in table 4 (a)
Remark : if qC=qC0 (see table 4 (a) continuation)
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KT

1+\/7

* =

(irreversibility ratio method)

or
Ly Jﬁfdhfj
1 + 35
ok R i o @)
2K/, \ﬂ_ TSF
And
2
Moss (W *): 1 (\/T—S—JITSF) (36)
K 2 T T,
1+K—;(1+\/7 ) s s
or
N
L Ford
k[
_Ki \/7 sF K T 7Tsr
From these relatlons, it comes that internal
irreversibilities are coupled to non adiabaticity.

Constrained optimization results are also new ones.
Some of them are reported hereafter for
thermomechanical engines and linear heat transfer laws.
Tables 4.a, 4.b, 4.c report respectively the constrained
optimum of 7., corresponding to classical first law

efficiencyn, , w+w 'q. for the various indicated

contraints.

In these cases the optimum heat transfer conductances
allocation is always given by Egs. (33) and (34) in
which o *, the intermediate variable is becoming «
(constrained intermediate variable : see the tables).

Table 4.d is relative to the objective function S to
minimize in presence of supplementary constraint; it
appears that only the case where the efficiency is
imposed differs from the other ones.

Table 5 summarizes the results of what we said the
“design” optimization of the engine (min Kr), always
for linear heat transfer laws (particular analytical
results).

Whatever is the supplementary constraint used, the
design optimization of the engine corresponds to:

a*:\/tsT_ or :1_ 1-7.
\/§+\/§ 1+\/1—77C

with 7. , Carnot efficiency.

37

The heat conductance allocation remains in accordance
with Egs. (33) and (34).

Table 5 Optimum design results (min Kr) for a Carnot engine with an added constraint and linear heat transfer laws

O.F. with
constraint

Optimum of Ky

:4wo+s,,(\/§+\/§)2

(Vroe ~Vir )

Wo

m=

1

WO(\/; \/;) -

-
\

E

ter (\/Eﬂ/g)

tSC

B (tsc _tSF +4 tSCtSF)

qc =4qco 7,=1-

J?Jﬂzqoﬁﬁ.

. ﬁ{% (Ve ~fsr )}

o (Visc =i

T

2tse

g

Ltse ose +ifise

\/; \/; 1- 770+\/tSF/tSC

tSC

2

qc=
=1,

_S_,-JTH

\/; \/; 1=7,- \/tSF Itge
‘ ) !
(\/E"‘\/E} \/ISC /Z‘SF.(I

_’70)_1

avecw +w'= 1,.9.

Ise /tSF( *770)71

Sy =

>

\/tsc /tSF 770
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6.2 Extension to C.H.P and Series Connected
Cycles

6.2.1 Combined Heat and Power Carnot System

This extension of the modeling is straight forward
(Feidt, 2009), but as indicated in section 4.2.2., the most
significant objective function becomes the maximum
useful exergy flux |E x . | ; with heat reference relative

to the useful fluid T, (for example vapour temperature)
it comes :

Irreversibility for the ratio method :

Ex |=q.|1-12E£ 38

’ qc[ TuTc] (38)

For the entropy flux method:

‘Exu =q. EEALIN LT (39)
TuTC Tu

Equation (39) is chosen. The corresponding optimum
is:

K ([ ) ()

(40)

MAX |Ex,

K, -si+4K,

Supposing incoming energy flux is pure exergy, this
corresponds to:

K (4 )5 (s )

K, —si+4K,

iy (41)

u

r{MAX

[

As a partial conclusion, it can be noted that the entropy
flux method permits a more precise identification of the
influence of internal irreversibility and thermal losses.

Extension to the cases with an extra constraint is
reported in (Feidt, 2009d).

6.2.2 Series Connected Carnot Engines

Modeling of a two Carnot cycles have been recently
reported (Feidt, 2010), the objective function in that
case being the total power of the engines “cascade”, the

constraint being the available heat flux qc o, at the Tsc

temperature. It comes easily in the endoreversible case
for the O.F. first law efficiency, with linear heat transfer
laws.

(42)

K;, being the intermediate heat transfer conductance.
Introducing the finite dimension constraint as:
KTZKC+K1'+KF (43)

We recover the equipartition of conductances for the
endoreversible system efficiency maximum:
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. T 1
Ne,. =1--F ;
Tsc 1294,/ K, Ty,

(44)

This interesting case corresponds in fact to O.R.C.

systems (Organic Rankine Cycles). And it has been

generalized to a N-O.R.C. cycles cascade, according to:
. K

Ki* = —- (45)
n+l

And the corresponding maximum efficiency
. T

e, = 1- . B
K (n +1)
K

(46)

TS (o

T

7. CONCLUSION

e A review has been proposed here showing the
evolution of machine and system modeling from
Carnot appraisal (equilibrium Thermodynamics) to
today tendencies represented by F.T.T. Finite Time
Thermodynamics.

e We have shown how in fact great majority of
studies are only implicitly related to time, but not
explicitly due to steady state modeling essentially.
It seems that F.T.T. spelling is more convenient for
fully transient conditions machines or systems.

e The concept of efficiency of a machine and a
system has been revisited. The necessary use of
exergy efficiency has been proved for C.H.P.
configurations, but also for thermofrigopump, two
main illustrations. Also the difference between

exergy efficiency of a machine and the
corresponding system efficiency has been
enlightened.

e Some comparison between entropy ratio method
and entropy flux method, endoreversible and
irreversible cases, adiabatic and non adiabatic
configurations have been developed.

e Reconsideration of objective function has been
done starting from classical efficiencies, through
power of an engine, and new extensions proposed
by the author recently (energy consumption; heat
rejection).

e New results have been proposed for realistic cases
where an added constrained is joined (mainly E.C.
energy consumption, or U.E. useful effect, or
imposed efficiency).

e A general methodology has been proposed for
thermomecanical machines, with the associated set
of equations to solve, whatever are the heat
transfer laws.

e  Main consequences of all the comparison are given
and future perspectives too. Extension to reverse
cycles  machines and  other  combined
configurations has been proposed; some results are
available near of the author in this direction.

e Lastly we propose to call this approach F.D.T.
Finite Dimensions Thermodynamics, where
Dimensions means every physical limited quantity;
this methodology appears a promising one to be
enlarged in the future.
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