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Abstract: This paper presents an analysis of a Curzon and Alhborn thermal engine model where
both internal irreversibilities and non-instantaneous adiabatic branches are considered, operating
with maximum ecological function and maximum power output regimes. Its thermodynamic
properties are shown, and an analysis of its local dynamic stability is performed. The results derived
are compared throughout the work with the results obtained previously for a case in which the
adiabatic branches were assumed as instantaneous. The results indicate a better performance for
thermodynamic properties in the model with instantaneous adiabatic branches, whereas there is an
improvement in robustness in the case where non-instantaneous adiabatic branches are considered.
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1. Introduction

In the past 40 years, a branch of thermodynamics called finite-time thermodynamics (FTT) has
been developed, based mainly on the pioneering work of Curzon and Ahlborn (CA) [1], although
Novikov and Chambadal [2,3] had previously reported an equivalent analysis. CA formulated
an engine with a modified Carnot cycle and proposed the so-called endoreversible hypothesis [4].
Its assignment has been applied for the analysis of several thermal heat engine models [5,6].
This hypothesis assumes that all irreversibilities in a thermal engine can be described only by
the couplings between the working fluid and its environment, allowing the working substance to
carry out reversible inner cycles. A more realistic case, which is therefore important to consider,
is to include in the model both external and internal dissipations, since the internal dissipations
also influence the performance of a thermal engine. Such irreversibilities are of major importance
and some authors [7-9] have made contributions to the thermodynamic analysis of the CA engine.
They proposed equivalent approaches for irreversible finite time thermodynamics, avoiding the
endoreversible hypothesis defining a parameter R; all internal irreversibilities are included and when
R =1, the endoreversible model is recovered. In the context of FTT, several objective functions have
been proposed. CA performed the analysis considering the maximum power output, and subsequently
other criteria were presented. One of the criteria is the function known as ecological, introduced by
Angulo-Brown [10]. For this criterion the value to maximize is a function that represents a trade-off
between high power output and low entropy production defined as E = P — To, where P represents
the power output, o the entropy production, and T¢ the cold thermal reservoir.
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As is usual in FIT models the adiabatic branches are taken as instantaneous processes, i.e.,
the internal relaxation times in these branches are considered to be extremely short compared to the
duration of the process [4]. Therefore, the cycle period is dominated by the isothermal branch times.

However, some other authors [11] have considered it important to take into account the time for
all the cycle branches. For instance, Gutkowics—Krusin et al. [12] have shown that the CA efficiency
is an upper bound for the efficiency as a function of both the ratio T = T /Ty and the ratio of the
maximum and the minimum volume spanned by the cycle, through the quantity In(V3/V1) with a
maximum power regime using an ideal gas as a working substance. Later, Ladino-Luna et al. [13] also
showed similar results for the model operating under an ecological criterion. Additionally, the authors
studied the thermodynamical properties of a Curzon and Ahlborn engine when it takes into account
the time for all the cycle branches and the Van der Waals gas as the working substance [14]. On the
other hand, the effect of considering instantaneous and non-instantaneous adiabatic transitions has
been analyzed for systems with micro- and nanometer-length scales [15-17].

While the vision of FTT was based on the study of optimal thermodynamic properties,
Santillan et al. [18] changed the way of analysis for thermodynamic properties and introduced a
novel manner to contextualize a heat engine based only on its thermodynamic properties, instead of
its dynamic properties, in order to achieve a good engine design. Therefore, there arose two principles
of robust design for heat engines, namely: (1) optimal thermodynamic properties; and (2) dynamical
robustness of the system.

The second principle showed the important fact that the system stability should be allowed to
maintain all of its operation in an internal or external regime despite the perturbations that may occur.
On the other hand, the optimal thermodynamic properties, namely, high power output, high efficiency,
low entropy production, etc., guarantee the convenience of the energy converting system.

Moreover, it has been shown [18-23] that these two physical properties inherently contain a
certain kind of trade-off due to the fact that both are governed by the same parameters. The former
reflects a certainty that while the stability becomes stronger the thermodynamic properties become
weaker, and thus, it is clear that both properties must be adjusted in order to have the best possible
system design. In this paper, the influence of considering non-instantaneous adiabatic branches in a CA
engine with internal irreversibilities is presented. A comparison with the instantaneous adiabats case is
made when the engine operates in two regimes: maximum power, and maximum ecological function.
Section 2 presents the model and its thermodynamic performance for different cases. Section 3 gives
the elements to perform a local stability analysis of the model and the details are provided for the
ecological regime. In Section 4, the relaxation times for each of the cases of interest in this work are
provided. Finally, in Section 5 some conclusions are given.

2. Thermal Properties of CA Engine with Internal Irreversibilities

In this section we summarize some features of a CA engine model with internal irreversibilities,
considering two cases: with instantaneous adiabatic branches (IA), and with non-instantaneous
adiabatic branches (NIA) in the cycle. A diagram of the engine is shown in Figure 1a, indicating
external irreversibilities arising via the heat exchange between the thermal reservoirs and the effective
temperature for working fluid, as well as internal irreversibilities, included by the irreversibility
parameter R, with 0 < R < 1 and where R = 1 corresponds to the endoreversible CA engine [4].
Figure 1b is its corresponding T-S diagram.
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Figure 1. (a) Diagram of Curzon and Ahlborn engine where both internal and external irreversibilities
are considered; and (b) the corresponding T-S diagram of the cycle.

It is possible to consider different types of heat transfer laws [24] with respect to the thermal
reservoirs and the working fluid. In this work, only a linear heat transfer law is considered. The more
extensively analyzed case is where instant adiabatic branches are assumed. Now, the thermodynamic
properties for the model in the two optimal regimes of maximum power and ecological function
are shown.

2.1. Maximum Power Output (MP)

In this regime, thermodynamic functions of the CA engine model with internal irreversibilities
and instantaneous adiabatic branches [8,25] are given by
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which are the power and the efficiency, respectively.
While non-instantaneous adiabatic branches are considered using an ideal gas as the working
substance, in the linear approximation [26] it is possible to find the thermal properties
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for the power and efficiency, respectively. These expressions are in accordance with the results reported
in [27] when R = 1, and also with NIA conditions at maximum power output.

Figure 2a shows the behavior of the power output (Equations (1) and (3)), for two values of the
parameter of irreversibility R. It can be observed that while R decreases, that is, internal irreversibilities
increase, the power decreases. An equivalent performance can be seen for the efficiency in Equations (2)
and (4), and Figure 2b displays the behavior. It is worth mentioning some characteristics of the optimal
behavior of the thermodynamic properties. The values of both power and efficiency in the maximum
power regime have higher values for the case in which instantaneous adiabats are considered than for
non-instantaneous adiabats. Also, thermodynamic functions are constrained by the value of R. Both
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the power and the efficiency become zero at R = 7, and when 7 > R the efficiency becomes negative
in both IA [25] and NIA circumstances .
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Figure 2. (a) Plot of maximum power output vs. T; and (b) plot of efficiency at maximum power
output vs. 7. Solid lines correspond to instant adiabatic branches (IA), and dashed lines correspond to
non-instantaneous adiabatic branches (NIA). Blue lines show R = 0.9 and green lines show R = 0.6.

2.2. Maximum Ecological Criterion (ME)

As mentioned in the introduction, the ecological function proposed by Angulo-Brown [10] defined
as E = P — T¢o, represents a trade-off between high power output and low entropy production. When
the CA thermal engine operates under conditions of maximum ecological function considering internal
irreversibilities and instantaneous adiabats, its power and efficiency are given by
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When non-instantaneous adiabats are considered, in the linear approximation [26] in this regime,
the following expressions are found,
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which correspond to the power and efficiency, respectively. From Equation (8), when R = 1 it follows
that 74 = 3/41c, as was previously reported [28].

The behavior of the optimized thermodynamic functions in this regime is shown in Figure 3.
The power, as shown through Equations (5) and (7), is plotted for R = 0.9 and R = 0.6 in Figure 3a.
As can be seen, the values for the power are practically the same in both the cases with IA and with
NIA. This is a consequence of the fact that expression (7) with NIA has been obtained under an
approximation. It can also be observed that a decrease of the parameter R, that is, an increase of the
internal irreversibilities, causes a decrease of the power, as expected. A difference with the maximum
power regime is that, in this case, the values of T are more restricted, as T < R/(2 — R), otherwise
the power is negative. Figure 3b shows the behavior of optimal efficiency; it is greater when no
instantaneous adiabats are considered. In the same way for greater internal irreversibilities, when R is
lower, the efficiencies decrease. In summary, the CA engine with internal irreversibilities has a better
thermodynamical performance when considering instantaneous adiabatic branches.



Entropy 2017, 19, 632 50f 10

P a) IA )
1 nME '
0 8: NIA - - - - 3 3 4
N 1 ‘
AN
06 TN | P
: N : :
r NN 1 i
N
L N | |
0.4f S 3 b
3 020 3 R=0.91 ]
] : R=0.6-) |
P b ‘ ‘ : ‘ N
0.8 1.0 0 0.2 0.4 T 0.6 0.8 1.0

Figure 3. (a) Plot of the power at maximum ecological function vs. T; and (b) plot of efficiency
at maximum ecological function vs. 7. Solid lines correspond to instantaneous adiabatic branches,
and dashed lines to non-instantaneous adiabatic branches. Blue lines show R = 0.9 and green lines
show R = 0.6.

3. Steady-State Properties and Stability Analysis of the CA Engine

In this section the elements of the model in the steady state are presented in order to later perform
a local stability analysis. The thermal engine operates between two thermal reservoirs at hot and cold
temperatures, Ty and T, respectively, along a Carnot-like cycle composed of an irreversible internal
part while also making irreversible heat exchanges with the temperature reservoirs. Figure 4 shows
a diagram of the model. In the steady state the cycle temperatures in the isothermal branches are X
and y, where Ty > ¥ > ¥ > T¢ (overbars indicate the corresponding steady-state variables). The heat
flowing from the hot and to the cold thermal reservoirs in the steady state is denoted by J; and J,,
respectively,

Ji = a(Ty — %), )
Jo = a(y—Tc). (10)

The inner part of the engine works in irreversible cycles, and from the Clausius theorem it follows that

]j - ]jz < 0. (11)
Xy
The expression could be re-written as B B
]jl = R]tz, (12)
x Yy

where 0 < R < 1is the parameter of internal irreversibility.
The power output in the steady state can be expressed as

P=T1—]a (13)
and the efficiency as, B B
g=L_1 Ll (14)
J1 J1
Solving for X and ¥, from (8), (10), and (12) we obtain
_ TH T
x—R+1(1+1_) (15)

RTy <1+ T”) 1-7). (16)
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In order to continue with the stability analysis, different scenarios for the operation of the engine are
possible depending on the characteristics of the CA engine model and on the operating regime. In the
previous section the thermodynamic performance of four cases was presented. The first was a model
with internal irreversibilities operating at maximum power (Equations (1) and (2)). Paez et al. [25]
presented the stability analysis of this case, so the details are not presented here, and the results will
be given for comparison purposes. The second case was a model with internal irreversibilities and
non-instantaneous adiabatic branches, using an ideal gas as a working substance in the regime of
maximum power as shown in Equations (3) and (4). In this scenario, a stability study for a particular
case when R = 1 was presented in [27]. The third case [23] presented the stability analysis for an
engine with internal irreversibilities operating at maximum ecological function (Equations (5) and (6)).
The last case was a stability analysis where internal irreversibilities and non-instantaneous adiabats
were included in the regime of the ecological function as detailed below.

Irreversible Carnot-like engine

Figure 4. Diagram of a Curzon—-Ahlborn engine with internal irreversibilities (R), performing
Carnot-like cycles between heat reservoirs Ty and T¢. Exchange of heat (J; and J) through thermal
conductors is shown, for simplicity, with the same conductance value «.

The efficiency for the CA engine with internal irreversibilities in NIA conditions working in an
ME regime using a linear approximation has been deduced from [26]

Tote = o (1 B R)) - (17)

Substitution of this expression into (15) and (16) obtains

Ty (R+2745RT)

*TR+1R+(2+R)7)’ (18)
and T
y:wﬁrl)u{ﬂr%m). (19)
Now, by solving for Tty and T¢ from (18) and (19) it follows that
_ (24+3R+R¥)xy
="z 255y 20
_ (R+1)(Rx — 4y)y
fe="Rez 25 —5Ry - D
From (14), (9), (17), and (18), the power output in the steady state can be written as
P _ aTy  (R(R—3)+27)(R+ (R —-2)T1) 22)

4(1+R) (R+(2+R)7)
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Finally, substituting (20) and (21) into (22) we get P in terms of ¥ and j. Notice ¥ and ¥ are not
independent variables. Instead, their values are determined by the temperatures Ty and T and by the
choice of the performance regime. Then

(R¥ = 7)(~27 + R(E+7))

P=-
R?x — 2y — 5Ry

(23)

This expression corresponds to the power output in the ecological regime with both internal
irreversibilities and non-instantaneous adiabats.

Dynamic Equations and Local Stability Analysis

Now, consider the CA engine of Figure 4, but out of the steady state, since x and y are not real
heat reservoirs but macroscopic objects with heat capacity C. Their temperatures change following
these differential equations:

dx

o Floy) = & (T —x)~ hi(xy)), 1)
% =8xy) = % (2(x,y) —aly — Tc)). (25)

Equation (13) represents the first law of thermodynamics and (14) is the definition of efficiency, so that
they can be assumed to be valid even out of the steady state. Meanwhile in (12), the parameter R
includes internal irreversibilities. It will be considered that it is also valid in the first approach outside
the steady state. By making these considerations it is possible to write the following expressions for
J1 and Jo:

Rx
_ Ry
L e 27)

Similarly, we consider that the power P obtained out of the steady state, but not so far away, depends
on x and y in the same way that P depends on ¥ and ¥ in the steady state, namely, P & P, [18] so that

po _(Rx=y)(=2y + R(x +y))

(28)

R2x — 2y —5Ry

Relaxation times

Figure 5. Plot of relaxation times t; and t,, in units of C/a, vs. T for R = 0.9 and R = 0.6, under the
ecological regime with NIA branches.



Entropy 2017, 19, 632 8 of 10
Y X
400 x\

\ \
C N
-0\

200 T

’/,/ /: ~
WL

Figure 6. Velocity vector field given by the ODE system in (24) and (25), with Ty = 500 K and
Tc = 200 K. The fixed point for these parameter values is displayed with a red point.

From the dynamic non-linear Equations (24) and (25), we followed a well-known procedure to
analyze the local stability of a system using the linearization technique [29]. The above provides us
with information about the qualitative behavior of the phase portrait for the system near the fixed
point. The Jacobian matrix | is determined and its eigenvalues, A1 and A, are found. Since both
are negative real numbers this implies that the system steady state is a stable node and allows us to
define the relaxation times as t; = —1/A;, i = 1, 2. Figure 5 shows the behavior of relaxation times as
functions of T for two values of parameter R in the ME regime with NIA branches.

From this figure it is possible to conclude that the increase of T and decline of R improves the
system stability within the range of validity of T for each corresponding value of R. We remember in
this regime that its values are more restricted than in the maximum power case.

In order to acquire more information about system stability, in Figure 6 a plot of the velocity
vector field is presented which is consistent with the relaxation times (Figure 5) obtained with the
approximate analysis using the linearization technique. Although parameter values would be changed,
the qualitative features are maintained.

4. Relaxation Times for NI and NIA Adiabats: A Comparative Analysis

In this section we present a comparative analysis of the local dynamic stability for the CA engine
model where internal irreversibilities are considered for both the instantaneous and non-instantaneous
adiabatic branches case, operating with two regimes: maximum power, and maximum ecological
function. Specifically, the relaxation time evolution derived from the linearization of the dynamic
equations [23,25,27,29] are shown. Figure 7 shows the behavior of the relaxation times for the CA
engine operating at maximum power (a) and maximum ecological function (b). Internal irreversibilities
are considered since R = 0.9. The solid lines correspond to the case in which the instantaneous adiabats
are taken and the dashed lines correspond to the case with non-instantaneous adiabats. From the plot
it is observed that considering non-instantaneous adiabats reduces the relaxation times and therefore
it can be considered that this increases the CA engine robustness.
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Figure 7. Plots of relaxation times t; and ¢, in units of C/a, vs. T for R = 0.9. Solid lines correspond to
IA and dashed lines to NIA adiabatic branches. (a) Maximum power output regime; and (b) maximum
ecological function.

5. Concluding Remarks

In this work the performance of the CA engine with internal irreversibilities considering
instantaneous and non-instantaneous adiabatic branches is shown, operating with two regimes: MP
and ME. Section 2 presented the behavior of its thermodynamic properties and it was found that the
engine has better properties when the adiabatic branches are instantaneous for the MP case, and for ME
the improvement is not noticeable. As has been mentioned in previous works, the optimum efficiency
of the ME regime is greater than of the MP regime. In both MP and ME, the T range is restricted by
the value of R, and R decreases, reducing the performance of the thermodynamic functions engine.
The analysis of the local stability for the engine was detailed considering non-instantaneous adiabats in
the ME regime that had not been previously presented, with the following results. The model is stable
with a fixed point, and remains so when the irreversibilities increase. That is, R decreases the CA engine,
reducing its relaxation times and therefore increasing its stability. Finally, we show the relaxation times
for the model considering internal irreversibilities with instantaneous and non-instantaneous adiabatic
branches operating at MP and ME. It is possible to observe the effect on the model when comparing
the IA and the NIA case. The analysis shows that consideration of NIA branches gives the system
more robustness.
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