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Abstract: Dimensionless expressions of exergy destruction, normalized to ambient temperature and
heat capacity of the weaker stream, for all basic types of recuperators are derived. The analytical
expressions for maximum exergy destruction were calculated using the GNU Octave software for all
recuperators, namely parallel-flow and counter-flow recuperators, and all forms of cross-flow heat
exchangers, namely without mixing of streams, only mixing the streamlines of the weaker stream,
only mixing the streamlines of the stronger stream and mixing the weaker and stronger streams. For
parallel-flow and counter-flow recuperators, as well as for their special cases, expressions for local
and total exergy destruction are given. It is shown that the maximum exergy destruction, as a local
extreme, is the same for all recuperators for mutually equal values of the quantities 773 (ratio of the
heat capacity of the weaker stream to the heat capacity of the stronger stream) and 777 (ratio of the
inlet temperature of the stronger stream to the inlet temperature of the weaker stream). The ratio of
exergy destruction to effectiveness of each basic type of recuperator is further analyzed. The obtained
results are presented and interpreted in appropriate dimensionless diagrams.

Keywords: recuperators; local and total exergy destruction; dimensionless analytical solution

1. Introduction

Back in 1938, Professor Bosnjakovi¢ wrote the pioneering paper “Kampf den Nich-
tumkehrbarkeiten” [1], which states the fact that in all thermal problems it is necessary to
detect causes of irreversibility and to reduce them if possible. Shortly afterward, Professor
Rant introduces the notion of exergy which is also directly related to irreversibilities in
the observed process [2]. Each process, according to the second law of thermodynamics,
generates a positive increase in entropy which when multiplied by the thermodynamic
ambient temperature, according to the Gouy-Stodola theorem [3,4], denotes exergy de-
struction. Many scientific books, as well as many scientific papers, have been written in
which numerous thermal problems are analyzed from the aspect of entropy or exergy. The
concepts of irreversibility, entropy generation and exergy destruction are well known and
were described decades ago by Bejan [5].

To evaluate the performance of heat exchange, some researchers presented reviews of
second-law-based analysis [6,7] with classified performance criteria (entropy and exergy as
evaluation parameters). Estimation of thermodynamic efficiency is based on an assessment
of energy that is available to be used (exergy), or analogously irreversibility (entropy)
generation. It can be seen from literature review how entropy generation minimization
and exergy destruction are powerful tools in the optimization of thermodynamic systems.
Many researchers have investigated this important topic, using experimental or numerical
methods in different types of heat exchangers and different fluids inside them. Heat
transfer and entropy generation are numerically investigated in shell and helically coiled
finned tube heat exchangers and presented in the study of Sepehr et al. [8]. According to
the results, correlation is suggested for the calculation of entropy generation rate based
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on the values of the operational and geometrical variables. Genic et al. [9] developed a
methodology of entropy generation minimization for counter-current and cocurrent heat
exchangers which can be applied in the general case for all types of heat exchangers. The
methodology is based on combining the second law of thermodynamics with the number
of transfer units (NTU) method. In order to investigate the entropy transportation process
inside a plate and tube heat exchanger, Guzman et al. [10] conducted numerical simulations
in their work. The authors analyzed and compared entropy levels around tubes with
circular and elliptical cross-sections. The purpose of the comparison was to determine
how the entropy flux contributes to the value of the entropy in certain regions of the flow
field. An experimental study was conducted by Goh et al. [11] with the aim to determine
the effects of interturbulator distance of rotating turbulator inserts on the heat transfer
enhancement and entropy generation of forced convection in the turbulent flow region of a
heat exchanger. Etghani and Baboli [12] developed a numerical model of a shell and helical
tube heat exchanger and examined the effect of geometry and design parameters on heat
transfer and exergy loss. The Taguchi method was used to obtain the optimum values of
the design variables. According to the research, it has been proven that tube diameter and
cold flow rate are the most significant design parameters of heat transfer and exergy loss.
In their study, Wang et al. [13] established a numerical method for analyzing the effect of fin
geometry and the inlet mass flow rate on the exergy loss in cylindrical shell and the helically
coiled finned tube heat exchangers with an internal core inside the shell. The study showed
that exergy loss increases with the increase in the inlet mass flow rate of the shell side, height
and number of fins, NTU, heat transfer and operation of the fan. Alimoradi [14] in his study
presents exergy analysis for forced convection heat transfer in shell and helically coiled
tube heat exchangers. The effect of operational and geometrical parameters on the exergy
efficiency was obtained. Results of the study show that efficiency decreases linearly with
the increase in the fluid’s dimensionless inlet temperature difference. Al-Salem et al. [15]
used a numerical method to obtain correlations for estimation of the annulus section
exergy efficiency and coefficient of exergy performance for steady-state heat transfer and
fluid flow in the annulus section of a tube-in-tube conically coiled heat exchanger. The
study showed that the highest values of the turn number and the minimum values of the
Reynolds number, Prandtl number, tube diameter ratio and the cone angle in the studied
range maximize the exergy efficiency and coefficient of exergy performance. Wilhelmsen
et al. [16] evaluated the strategies to reduce exergy destruction and entropy production in
the plate—fin heat exchangers in the cryogenic part of a hydrogen liquefaction facility. Two
main sources of exergy loss are thermal gradients and ortho—para hydrogen conversion.
The proposed solution for reducing exergy destruction is a combination of an improved
catalyst and the use of hydrogen and helium-neon as refrigerants. Abu-Hamdeh et al. [17]
used a numerical method to simulate the three-dimensional turbulent thermal energy
transfer and fluid flow through a finned tube heat exchanger. Energy and exergy analyses
were performed and a multiobjective model was defined to obtain the optimal and critical
values of the operational and geometrical parameters. Equations for estimation of thermal
effectiveness, dimensionless exergy loss and dimensionless work were suggested. The
heat exchanger for air dehumidification using liquid desiccant is mainly composed of
an air-solution heat exchanger (dehumidifier) and a solution-refrigerant heat exchanger,
wherein there are three fluids, i.e., air, desiccant solution, and refrigerant. It was found that
the largest exergy destructions took place in the regenerator and dehumidifier. Findings
of research of Guan et al. [18] can be used for achieving an efficient air dehumidification
process in a heat exchanger using liquid desiccant. Recent work from Xie et al. [19] fills
the gap of heat transfer and the geometrical optimization study of helical microfin tubes.
Based on the exergy destruction minimization principle, the geometrical parameters are
optimized by using numerical methods.

Many researchers have examined the attributes of conventional fluids inside heat
exchangers. The ordinary working fluids possess great thermal resistance owing to their
poor thermal conductivity and therefore can negatively influence the overall efficiency of
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heat exchangers. To address this shortcoming, nanofluids (which comprise the suspension
of nanoscaled metallic or nonmetallic particles inside a pure liquid) are used as advanced
heat transfer fluids [20,21], but also many second-law-based analyses have been performed
with them [22,23].

The idea behind this paper is to develop a dimensionless mathematical model for the
calculation of exergy destruction for all basic types of heat exchangers using dimensionless
quantities commonly used in effectiveness-NTU energy calculations. This means that in
the scope of this paper, the influence of these quantities on exergy destruction in heat
exchangers, which is a consequence only of heat transfer at final temperature differences
between the streams, is analyzed in detail. However, total exergy destruction of a heat
exchanger is a summarized consequence of the local contributions, so within this paper, a
local and then global approach is used to obtain the solution of exergy destruction. The
analytical expressions for maximum exergy destruction were calculated using the GNU
Octave software (Version 3.4.3, John W. Eaton, Madison, WI, USA). The basic types of
heat exchangers discussed in this paper are those for which every stream, weaker and
stronger, passes over the heat exchanging area only once. Division is based on mutual
stream direction: parallel-flow heat exchanger, counter-flow heat exchanger, cross-flow
heat exchanger without mixing of streamlines, cross-flow heat exchanger with mixing of
only weaker stream streamlines, cross-flow heat exchanger with mixing of only stronger
stream streamlines and cross-flow heat exchanger with mixing of weaker and stronger
stream streamlines.

2. Mathematical Model

Model development for calculation of dimensionless exergy destruction uses the same pre-
sumptions as in development of existing models for function dependence ¢ = 711 = f(7rp = NTU;
1t3) [24], which means a constant value of the heat transfer coefficient and heat capac-
ity of weaker and stronger streams. For calculating the mentioned values, the physical
properties of streams are taken as arithmetic means of the inlet and outlet temperatures
of each stream. The model neglects the effect of the environment on the amount of heat
flow rate, which means that the heat exchanger is observed as an adiabatic system. The
model for the calculation of the ratio of exergy destruction to effectiveness is obtained using
the same presumptions, so those results are also connected to the operating point of the
heat exchanger.

In this work, exergy destruction is a result of irreversible heat transfer between streams.
Besides heat transfer, the exergy destruction in general depends also on stream pressure
drop in a heat exchanger. However, as the primary goal of this paper is to connect the
operating point of the heat exchanger given by the function & =m; = f(7m, = NTU; 713)
with the corresponding dimensionless exergy destruction as well as the ratio of exergy
destruction to effectiveness of each basic type of recuperator, the impact of the stream
pressure drop is neglected.

2.1. Local and Total Exergy Destruction of Parallel-Flow and Counter-Flow Recuperators

Since the total exergy destruction on the finite-surface recuperator is a consequence of
the summarized local effects, the differential amount of exergy destruction for the observed
recuperators is shown in Figure 1a,b.

The differential amount of heat transfer rate is [24]

d® =U(T) — T»)dA 1)
The corresponding differential entropy increment is given with the following equation [5]:

2
4o do /(T -T)

ot~ U dA ?)

dsis.syst - -
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Figure 1. The derivation of local exergy destruction in (a) parallel-flow and (b) counter-flow heat

exchangers.

The total entropy generated due to irreversible heat transfer is

4 2
T —T
ASis‘sys’t = UA/ ( 1T1 TZZ) dA
=0

®)

The following dimensionless quantities are also used for further analysis [24,25]:

niCpy C
mM2Cp2 C,

= NTU = UAy/Cq

o Tyin — Tlout
== —n out
T1in — Toin

2.1.1. Parallel-Flow Recuperator

4)

©)

(6)
@)

By placing a system of energy differential equations on a parallel-flow recuperator, the
following expressions for local values of temperatures of weaker and stronger streams are

determined [25]:
A
T; = By + Baexp(—(1+ 7T3)A—0)

A
T, = Bl — 7T3B2€Xp(—(1—|— 7'[3)

)

®)

©)

where the constants are determined from the boundary condition that for A =0, T1 = Ty

and Tz = TZout~

B -

7

1+ m3 14 73

_ Din+7mTin  _ Tiin — Toin

(10)

By including Equations (8) and (9) together with Equation (10) in Equation (3), and
using the Gouy-Stodola theorem [3,4], and after integration, the following expression for

local exergy destruction in a parallel recuperator is obtained:
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(AEx(A/AO)) o rr+ i+ (1-7p) exp (~ma(14733) £ ) N
CiTok par 1+m3

(11)
nr+m3—m3(1-7r) eXP(—ﬂz(l-ﬁ-ﬂs)AA}])
(1+m3)r

In

1
i3
where T is ambient temperature.

If A/Ap =1.01s included in the above equation, an expression that describes the total
(global) exergy destruction of the parallel-flow recuperator is obtained:

( AEx ) = |p Frtmst(-mr) exp(—m(1+m)) |
ClTok par l+7‘[3
rr+m3— 73 (1—7tr) exp(—mp (14713))

(1+m3) 7ty

(12)

1
n—31n

By searching for the extremum of Equation (12) with respect to the variable 775, accord-
ing to the performed procedure, it is easily shown that the maximum exergy destruction
is achieved for 7Tostacpar — 00, 80 its inclusion in Equation (12) gives the expression for
maximum exergy destruction of a parallel-flow recuperator.

AE 1

( x) I B S 5 e o (13)
C1 Tox par,max 14 3 73 (1 + 7‘[3)7[]"

2.1.2. Counter-Flow Recuperator

For the counter-flow recuperator, expressions for the local temperature of both streams

are [25] 4
T, =B+ Bzexp(— 7'[3(7'[3 — 1)A70) (14)
A
T, = B1+7T3B26Xp(_7r3(n3_1)1470) (15)

The constants B; and B, follow from the boundary conditions A = 0, T1 = T1jn, and
A=Ay, Ty =Tn.

Tiin — Toin) exp(—m2(1 — 713)) |

g, — Din exp(—m(1 —73)) — m3Thin
, D2 —
exp(—ma(1—1m3)) — 73

_(
= exp(—m2(1 —m3)) — 713

(16)

By including Equations (14) and (15) together with Equation (16) in Equation (3) and
by carrying out the integration, the term for local exergy destruction of the counter-flow
recuperator is obtained:

(AEx(A/A0)> n ”T—ﬂaEXP(—ﬂz(l—ﬂs)H(l—ﬂT)eXP(—ﬂz(l—ﬂz)A%)
co

C1Tok 1-m3 exp(—m2(1-713)) (17)
1 iy —mz exp(—ma(1-m3))+(1-77) 73
T3

e —7t3 exp(— 72 (1-713))+ (17 )13 exp  ~ 72 (1-713) 45 )

The total (global) exergy destruction is obtained for A/Ag = 1.0.

( AEx ) — I Fr=maexp(=ma(1-7s)) +(1-7t7) exp(=7a(1-73))

CiTok ) ¢ 1—m3 exp(—m(1—73)) (18)
19n nr—3exp(—m(1-m3))+(1-77)73
73 7'L'T—7T3exp(—ﬂz(l—ﬂ3))+(1—7TT)7T3exp(—ﬂz(l—ﬂg,))

From Equations (17) and (18), a solution for a balanced counter-flow recuperator where
7t3 = 1.0 is obtained:

(19)

(AEx(AMO)) . nz(l—nT)A%+7T2nT+7TT+ nn2(1—7rT)A40+7r27rT+1
CiTok co,m3=1.0 7TT(7T2 + 1) ot + 1
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when 7, — 0, local and thus total exergy destruction — 0, which means that heat trans-
fer between streams in a balanced counter-flow recuperator takes place with vanishing
temperature differences; i.e., such a balanced counter-flow recuperator hypothetically
works reversibly.

The total exergy destruction of the balanced counter-flow recuperator is shown with
Equation (20):

AEx 7Ty + 7T o +1
=In —In (20)
Cl Tok co,13=1.0 Tl 7T + 7TT o + 1

In order to check whether Equation (18) has an extremum with respect to variable 77y,
it is necessary to find a value (71 = 7ogtac) [26]:

1 lni (21)
— 713 T3

Tlstac = 1
Equation (21) shows that the value of 7)¢, depends only on 73, not on 7.

By including Equation (21) in Equation (18), the expression for maximum exergy
destruction in a counter-flow recuperator is obtained.

( AEx ) S s QR SO 22)
co,max

ClTok 1+7T3 73 7TT(1+7T3)

By comparing Equations (13) and (22), it can be concluded that in both parallel-flow
and counter-flow recuperators for the same 7t and 713, the same values of maximum exergy
destruction are achieved.

For a balanced counter-flow recuperator, the expression for 7y, is obtained directly
by searching for the extremum of the function in Equation (20) or by applying L'Hopital’s
rule to Equation (21).

Tlostac(713 = 1.0) = 1.0 (23)

Returning (23) to Equation (20) gives the expression for the maximum exergy destruc-
tion of the balanced counter-flow recuperator.

2
(AEx) () 24
C1Tox co, max, 3= 1,0 47y

The principal question is what physically represents, in terms of changes in stream tem-
peratures, the value 7Togtac. In order to answer this question, it is good to start from the case
of a balanced counter-flow recuperator for which 7tgtac = 1.0 follows from Equation (23),
and then from Equation (37) it follows that

TT2stac 1
= ——"— = - =0.50.
Tlostac + 1 2

From Equation (7) and the energy balance of the balanced counter-flow recuperator,

temperature T, equals

Tiin + Toi
Tlout = T20ut = % (25)

That is, the outlet temperatures of both streams in this case are equal to the arithmetic
mean of the input stream temperatures, as qualitatively shown in Figure 2b.



Processes 2022, 10, 249 7 of 22

A A A A
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<
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Tlin
0 TToc

(c)

Figure 2. Characteristic 7t values and temperature streams in the balanced counter-flow recuperators
A,Band C: (a) ATout > 0. (b) ATout = 0. (¢) ATout <0.

For a case where 1mp5 < 7o = 1.0, temperature distribution is shown qualitatively
in Figure 2a, and for a case where ¢ > 7 = 1.0, temperature distribution is shown in
Figure 2c.

Completely analogous phenomena also occur in other counter-flow recuperators
where 713 # 1.0, shown in Figure 3a—c. For 71y = 7p¢t, equal outlet stream temperatures
are obtained. Such temperatures would be obtained if the inlet streams were mixed in
one adiabatic mixing chamber. According to this fact, the energy equation of the adiabatic
mixing chamber is given, with a condition: Tout = T1out = T20ut-

C1Tiin + Co Doy = (C1 + C2) Tout (26)
7T3T11n + T2m

Ty = —>——n0 - 27

out 1 + T3 ( )

Equation (27) refers to Figure 3b, which shows that the output temperatures of the
weaker and stronger streams are equal. For this case, 7Top = 7)gtac is determined by Equa-
tion (21). Case mya < 72p is shown in Figure 3a, and case ¢ > 7op is presented with
Figure 3c.
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A A A
Tiin ¢ 1 Tiin ¢ )
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A
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2
0 Ac Agc
(m2c)
(c)

Figure 3. Characteristic 71, values and temperature streams in the counter-flow recuperators A, B
and C: (a) ATout > 0. (b) ATout = 0. (¢) ATout <0.

2.1.3. Solutions for the Case 713 = 0.0

From the obtained solutions for the local and total exergy destruction for the parallel-
flow and counter-flow recuperators, a solution is easily reached for a case when the stronger
stream evaporates or condenses (713 = 0.0).

<AEx(AM0)> zln(nT#-(l—nT)exp(—nzAi))—l- 1_7TT(1—eXp(—7T2A£)) (28)
C1Tox 3= 0.0 0 T 0
When A/Aj = 1.0, an expression for the total exergy destruction is obtained:
( xy ) —In[1 — e(1 — 7)) + e T (29)
C1Tok 713=0.0 T

Thus, the maximum of exergy destruction occurs in the counter-flow recuperator for
the value of 7rp4t,c Which is determined by Equation (21), while for the parallel recuperator
as well as the recuperator with phase change, this maximum occurs for 7pstac — 0.
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2.2. Total Exergy Destruction of All Basic Types of Heat Exchangers

The previous overall solutions are also reached by the so-called global approach to
the problem. Such an approach will provide a solution also for all forms of cross-flow
recuperators. From the temperature flow of stream along the heat exchanger surface of
the cross-flow recuperator, it is intuitively inferred that the finite values of 7tgt,c exist, for
which maximum exergy destruction also occurs. In order to achieve this in general, the
global exergy balance is set for the total heat exchanger area, shown in Figure 4.

AEx = Exlin - Exlout + ExZin - ExZout (30)
EXl,out Exl in
Heat exchanger
EX2,in EXZ,out
_—

Figure 4. Exergy balance of the heat exchanger [26].

The change in exergy of the weaker stream, index 1, and the change in exergy of the
stronger stream, index 2, can be expressed as follows [27-30]:

. T
Ex1in — Exjout = my |:Cp1(T1in - Tlout) - Tokcpl In Tlm :| (31)
lout
. Tain
Exjin — Exgout = M2 Cp2(T2in — Taout) — TokCp2 In T (32)
2out

By including Equations (31) and (32) in Equation (30), the expression for exergy
destruction can be changed to the following dimensionless form:

.AEX —In Tiout + i In Thout
C1Tox Tin 73 Tain

(33)

By using Equations (4)—(7), it can be written in the following dimensionless form:

AEx
ClTok

=In[l —¢e(1—77)] + i In [1+7T381 — HT] (34)
T3 T

In the case of evaporator or condenser, Equation (34) is transformed into the follow-
ing form:

( AEx ) —n[1 — (1 — 717)] 4 e2 T (35)
C1Tok ) 5=00 T

For parallel-flow (par) and counter-flow (co) recuperators, the effectiveness ¢ is given
by the following equations [5,27-30]:

1 —exp(—(1+ m3)m2)

T (36)

Epar =

1 - exp(—(1 - 73)75)
1- 73 exp(f(l — 71'3)77.’2)

(37)

€co =

For a counter-flow recuperator, for which 713 = 1.0, Equation (37) is transformed into

7T
m+1

ep(m3 =1.0) = (38)
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By including Equation (38) in Equation (34), the expression for exergy destruction of a
balanced counter-flow recuperator is obtained:

AEx T + 7T M+ 1
=In —In (39)
Cq1Tox 73=1.0 Tt + T ot +1
This expression is identical to the expression in Equation (20). This means that Equa-
tion (34) is a significant equation that describes the total exergy destruction in all types of
recuperators. In addition to the already shown parallel-flow and counter-flow recuperators,
Equation (34) can also be applied to cross-flow recuperators.
In the case of a cross-flow recuperator, four cases should be distinguished:

Without mixing streamlines of weaker and stronger streams (cr);
Mixing streamlines only of a weaker stream (cr1);

Mixing streamlines only of a stronger stream (cr2);

Mixing streamlines of both streams (cr12).

L

Effectiveness ¢ for these types of cross-flow recuperators is expressed by the following
equations [29]:

0.22

_ 1 U _ 078\ _

Ecr = Tyer = 1 eXP[ o (exp( 7370 ) 1)] (40)
1 —exp(—rmy7T
€1 = Ty = 1 — exp(— p( 2 3)) (41)
73
1
Ecr2 = M2 = 7_[73[1 - exp(—n3(1 - exp(—nz)))] (42)
1

€12 = Ter12 = 1 = 7 (43)

Texp(—7m2) T Tep(-mm) | T

In the case of evaporator or condenser, from Equations (36), (37) and (40)—(43),
Epar = €co = €cr = €11 = €cr2 = Ecr12 = 1 — exp(— ) (44)

which confirms the already known fact that in this case the effectiveness does not depend
on the type of recuperator.

All equations for the effectiveness of the recuperator show that the value of the
effectiveness of all recuperators equals zero for 7t = 0, while for the hypothetical case
11y — o0 it depends on the type of recuperator and its effectiveness is shown with the
following equations:

1
€par (T — 0) = F— (45)
€co(TTp — 00) = eg(my — 0) = 1.0 (46)
1
ECﬂ(T(z — OO) =1- exp(—) (47)
T3
1 —exp(—73)
(M — 00) = —— (48)
T3
(1) — o0) = ! (49)
€cr12(712 T 14

The local extreme of the function in Equation (34) is given by the following expressions:

d .AEx = d{ln[l —e(1—rmp)] + x In [1 + 7T3€1 — HT} } =0 (50)
de C1Tox de T3 r
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(

AEx
ClTok

>_

o
1+ 73

It is interesting to note that the value of the stationary effectiveness of the recuperator
&stac does not depend on the temperature ratio 77 and that it is the same for the same values
of 73 for all types of recuperators.

By finding the second derivative of the function in Equation (34) and including the
expression in Equation (51), it is obtained that

iz ﬂ 1 B (1— 7TT)2(1 + 7_[3)2 B
de? [(Cﬂ’ok)] (ssmc 1+ 7'(3) T ()’ (73— 1) (52)

As the expression in Equation (52) is always less than zero, this means that the function
(34) at the stationary point egtac has a local extreme maximum, the value of which is obtained
by including Equation (51) in Equation (34).

(51)

Estac =

.AEX —In 73 + 71 n i In 73 + 7T (53)
C1Tox i 14 3 T3 7'[T(1 + 7'[3)

If in Equation (33), with condition T2out = T1out = Tout, Equation (27) is included, then
the following expression follows:

703 T1in+Toin 713 T1in+Toin

1 Tout 1+ 1 T+ 73 + 71 1 73 + 7T
+ —1In =In——=2 4+ " 1n 3 =In +—In— 54
3 Toin Tiin T3 Toin 1+m  m mr(l+ms3) )

which is equal to expression in Equation (53).

Equation (53) is identical to Equations (13) and (22), so it shows that all basic types of
recuperators have the same maximum exergy destruction with the same 773 and 771 values,
where values of output stream temperatures are the same. The respective value of the
output temperature of both streams corresponds to the value of the output temperature
that would be obtained by adiabatic mixing of the streams.

Equation (53) can be further modified to two cases of recuperators; the first is the case
for which 73 = 0.0, and the second case refers to the counter-flow recuperator for which

T3 = 1.0.
AE 1-—
( ad ) = In(m7) + —L (55)
max,t3= 0.0

Cl Tok Tr

The same form of the equation is obtained if the extreme of Equation (28) is required,
from which it follows that es¢ac = 1.0. By including this value in Equation (28), the expression
in Equation (55) is obtained.

For the case of a counter-flow recuperator with 773 = 1.0, the following expression

is obtained: ,
( AEx ) . I mr) 56
Cl Tok co max, 3= 1.0 T

which is equal to the derived expression shown in Equation (24).

Equation (51) shows that s, is the same for the given 7r3 for all types of recuperators.
Since ¢, according to Equations (36)—(38) and (40)—(44), also depends on the type of recuper-
ator, this means that each type of recuperator will have its corresponding 7tost,c at which
the maximum value of exergy destruction is achieved.

Tstac, par = Tl2stac,t3=0.0 —> O (57)
1 1
TT2stac, co — 1_77_[3 111(@) (58)

TT)stac, C0(7T3 = 1-0) =1.0 (59)
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1 1
Tlostac, crl = 7-[73 In (1—7‘L’3~,h‘11m> “
3
73
Tlstac, cr2 n< 3 —In(1 + 7T3)> o

It is not possible to find an explicit solution for a cross-flow recuperator without mixing
streamlines of weaker and stronger streams (cr) or for a cross-flow recuperator in which
weaker and stronger streams mix (cr12), due to the complexity of Equations (40) and (43),
as can be seen from the following:

0.22
_ U 078 1
1 expl - (exp( 37T, ) 1)] 15 (62)
1 1
1 73 1 = 1+ T3 (63)

1—exp(—12) + 1—exp(—mpm3) T

The structure of Equations (62) and (63) shows that for the mentioned cases (cr and
cr12), the value 7Tpq5c must be found by a numerical procedure.

2.3. The Ratio of Exergy Destruction to Recuperator Effectiveness
The ratio of exergy destruction to recuperator effectiveness is shown with the following

equation
AE In[1 —¢(1— 1 1-—
AEX n[l —e(l—7r)] +—1In {1 + 3¢ HT} (64)
Cq Toks £ T(3€ 7tT
For 713 = 0.0, the above equation is transformed into the form
AEx In[l—¢(1—-7 1-m
( ' ) -l (65)

where the values of ¢ are in the interval 0.0 < ¢ < ¢ (7t — 00). The values of units € (71, — ©0)
for individual types of recuperators are determined by Equations (45)—(49). For € = 0.0,
Equation (64) is transformed into the following expression:

( AEx )(a—»O)::(1_7”02 (66)

C1 Toke T

By including the expression for 7t in the above equation, according to Equation (5),
the following expression is obtained:

C 1 TokE T1in T2in

It can be concluded that when the heat exchanger area tends to zero, expression (67)
represents the maximum ratio of exergy destruction to recuperator effectiveness.

It is possible to explicitly express the magnitude of 71, depending on ¢ and 773, so these
functions are given for individual recuperators:

1 1

= 1 68

T T T I—epar(1— 73)] (68)
o ]. 1_7-[38(0

Tlco = 1-m3 n 1— 0 (69)

7'(2c0(7T3 = 1.0) = feo (70)

1—¢co
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Ttacr2 3+ In(1 — 738¢12) (72)
1

702,m13=0.0 = In 1_e (73)

For cross-flow recuperators (cr and cr12), due to the structure of Equations (39) and (42),
it is not possible to explicitly express the value of 7.

3. Results and Discussion
3.1. Presentation of Calculation Results for a Parallel-Flow Recuperator

Diagrams in Figure 5a,b show the local and the total exergy destruction of a parallel-
flow heat exchanger for the selected values: 7t = 0.50 and 2.0 and 7r3 = 1.0.
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r 0.16 0.16
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Foi2 1l o 0124
Iy (=)
- 1
F010 © & 0104
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2077 =05 = E n2=1.0,xT =05 and 2.0
72=2.0,2T =0. =
72=3.0,aT=05 r 0.08 ,_‘_g = 008
. = 72=2.0,2T =05and 2.0
n2=4.0,aT =0.5 Q/ '_‘é
2=5.0,aT =05 <
"’7 i B r 0.06 m 13} 0.06 4 72=3.0,aT =05and 2.0
— —m2=1.0,T=20 Y =
72=2.0,7T =2.0 ~ L|>j
e ea0aT-20 L 0.04 Y o0+ n2=4.0,2T =05and 2.0
n2=4.0,7T =2.0
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0.00 0.00
0O 01 02 03 04 05 06 07 08 09 1 0O 01 02 03 04 05 06 07 08 09 1
AIA, AIA,
(a) (b)

Figure 5. Local exergy destruction of a parallel-flow recuperator for 71 = 0.50 and 2.0: (a) 7r3 = 0.50;
(b) r3 = 1.0.

Figure 5a shows that in this case the local exergy destruction of the parallel recuperator
increases continuously with the increase in the variable A/Ay, as well as with the increase
in the variable 71. It can also be seen from the same diagram that the values of exergy
destruction are higher for 7t = 0.50 (left ordinate axis, continuous lines) compared to
rir = 2.0, which are shown on the right ordinate axis and with dashed lines. The values of
total exergy destruction are read for individual 7t at the abscissa A/Ag = 1.0, and it can
be seen that the values in question increase continuously with increasing 71,. However, it
can also be seen that for 777 = 0.50 and 717 = 2.0, there are asymptotic (maximum) values of
exergy destruction, which are 0.1699 and 0.1462 and are easily proven by Equation (13). It
can be concluded that in both cases the respective asymptotic values are practically reached
for values m, > 2.0.

Figure 5b shows the local and total exergy destruction for 7r3 = 1.0 and 7 = 0.50.
These results are identical to results for 7t3 = 1.0 and 7t = 2.0. In this case, the maximum
value of exergy destruction is 0.1178, which is confirmed by the diagram in Figure 5b. In
this case, the maximum (asymptotic) exergy destruction is practically achieved for rp > 2.0
too, so according to the irreversibility criterion, there is no justification for the operating
point of a parallel recuperator when 7t > 2.0.
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3.2. Presentation of Calculation Results for a Counter-Flow Recuperator

Diagrams in Figure 6a,b show the local and the total exergy destruction of the counter-
flow recuperator for 7t = 0.50 and 2.0 and 713 = 0.50 and 1.0.
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Figure 6. Local exergy destruction of a counter-flow recuperator for 71 = 0.50 and 2.0: (a) 7r3 = 0.50;
(b) 713 = 1.0.

From the diagram in Figure 6a,b, it can be seen that the local exergy destruction
continuously increases from the value 0.0 to the final value of the recuperator, which
is determined by the magnitude A/A( = 1.0 with the corresponding ;. It can be seen
from both diagrams that the final total amount of exergy destruction first increases with
increasing 715, and then the value of exergy destruction decreases with a further increase in
1p. This means (confirmed with Equations (21), (57) and (58)) that with the counter-flow
recuperator there is a final value 7y = 7y, for which the maximum value of exergy
destruction is achieved.

3.3. Presentation of Calculation Results for a Recuperator for Which 7tz = 0.0

Diagrams in Figure 7a,b show the local and total exergy destruction for selected values
ntr = 0.50 and 7t = 2.0 and indicated values of 71y, for recuperators where a stronger stream
condenses or evaporates. In this case, as shown in Equations (28), (29), (43) and (55), the
type of recuperator is completely irrelevant.

The diagram in Figure 7a shows that the value of local exergy destruction continuously
increases from zero to the values achieved for A/Ag = 1.0, with the corresponding 75. The
respective values are shown for the selected 71, for the abscissa A/Ag = 1.0 and are as
follows: 0.2522, 0.2894, 0.3056, 0.3067 and 0.3068. All curves tend to their asymptotic
value determined by Equation (53), and this value for 7t = 0.50 equals 0.30685. This
means that these types of recuperators have practically already reached the maximum
exergy destruction for 7t > 3.0, and for these values the outlet temperature of the weaker
stream, according to Equation (27), will practically achieve the value T1oyt = Toin = Tsat that
represents the saturation temperature of a stronger stream.

The situation is completely similar in Figure 7b, which refers to 7t = 2.0. Total values
of exergy destruction at A/Ap = 1.0 are 0.1738, 0.1907, 0.1928, 0.1931 and 0.1931, while the
maximum value of exergy destruction for this case is 0.19315. Maximum asymptotic values
are explicitly confirmed by Equation (55).



Processes 2022, 10, 249

15 of 22

(AEX/(C,T,0), 77 = 0.5

0.35 4

0.30 A

0.25 A

0.20 A

0.15 A

0.10 A

0.05 A

0.00

0.35 1

=0.0

(AEX/(C1Ty)), 73

72=1.0,7T =20
030 —n2=2.0,7T=20
72 =3.0,7T=20
n2=4.0,7T =20
o 0.25 A
N 72=5.0,7T=20
I
—
R 0.20
~
=
3
}—
72=1.0,7T =05 Q' 015 |
=
<
—n2=2.0,aT=05 L
g
~ 0.10
72=3.0,7T=05
"2=4.0,7T=05 0.05 4
—n2=5.0,7T=05
0.00
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
AIA, AlA,
(a) (b)

Figure 7. Local exergy destruction of a recuperator for 7r3 = 0.0: (a) 7t = 0.50; (b) 717 = 2.0.

This analysis, as confirmed by the diagrams above, shows that it makes no sense
to increase the 71, value above 3.0, because such an unreasonable increase would lead
to higher investment costs with a slight increase in recuperator effectiveness but with a
significant (maximum) value of undesirable exergy destruction.

3.4. Presentation of Recuperator Calculation Results by Variable )

The algorithm for calculating the total exergy destruction of all basic recuperators
represented with Equations (30)—(63) shows that for a significant variable it is convenient to
choose 75 so that the maximum exergy destructions for the values of 7Tyt can be visible
in the diagrams. These values are determined with Equations (57)—(63).

3.4.1. Case t3 = 0.0

The diagram in Figure 8 shows the exergy destruction depending on 7t and 7t7 in case
the stronger stream changes its physical state. In the same diagram, the blue line shows the
effectiveness of such a recuperator.
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0.00 : 0.00
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U]

Figure 8. Dependence of exergy destruction on 715 and 7t with 773 = 0.0.
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As already pointed out for this case, the type of recuperator has no effect on both
the effectiveness and the amount of exergy destruction. The values of maximum exergy
destruction are achieved relatively quickly; for 7t = 0.50, 1.50 and 2.0, they are 0.3069,
0.0721 and 0.1931, respectively. It can be concluded that the working state of the recuperator
with 715 > 3.0 makes no sense because for this area the increase in recuperator effectiveness
is relatively small, while exergy destruction is practically maximum.

3.4.2. Case 1tz # 0.0

Each type of recuperator achieves different values of exergy destruction for 713 # 0,
so the diagram in Figure 9a,b shows the values of exergy destruction for all types of
recuperators depending on 71,, with selected values 73 = 7t = 0.50.
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o 012 4 [Te}
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010 A g
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o .d .CR B
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54 0.04 4 Ll>j ——ex.destr. CR2
% 0.02 —exdestr. CR12 S 0.157 A ——ex.destr. CR12
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0.00 0.155
0 1 2 3 4 5 6 7 ) 0.8 1 1.2 1.4 1.6 1.8 2 22 2.4
m, T
(a) (b)

Figure 9. Dependence of exergy destruction on 7, for 7t = 0.50 and 7r3 = 0.50: (a) 0 < 715 < 8.0;
(b) 0.8 <mp <23.

The characteristic behavior of exergy destruction is such that it first increases, reaches
a maximum and then decreases, except for the parallel-flow recuperator where exergy
destruction increases continuously with the increase in 5. It is evident from the diagram,
as shown in Equations (13), (22) and (53), that the achieved maxima, as local extremes, are
the same for all types of recuperators and that maximum is 0.1699, which is at the same
time the maximum exergy destruction of the parallel recuperator for 7t — oo, which was
practically reached for 7ty = 2.60. When 73 equals 0.50, then egac =2/3 = 0.667 for all types
of recuperators. Since the same values of 77 are taken, according to Equation (53), the
maximum values of exergy destruction must be equal. However, it can also be seen from
the diagram in Figure 9a that the values of 7,4, are not equal for the observed types of
recuperators, which is clearly visible in Figure 9b.

These stationary values were determined with Equations (57), (58), (60) and (61)
for parallel-flow recuperator, counter-flow recuperator, cross-flow recuperator with mix-
ing streamlines of weaker stream and cross-flow recuperator with mixing streamlines of
stronger stream. These values are oo, 1.386, 1.594 and 1.666. Values 7Tastac,or = 1.551 and
Tlostac,cr12 = 1.741 are determined by numerical procedure. It can be seen from Figure 9b
that all cross-flow recuperators have mutually close values of exergy destruction for values
TTp < Tlostac, While more significant differences occur for 715 > 7ogtac.

Figure 10a,b represents results when 773 = 0.50 and 7r7 = 2.0. The behavior of the
curves is like that in the previous case, with the difference that in this case lower values
of exergy destruction were obtained. The values 7Tgt,c in this observed case remained
unchanged compared to the previous case because 73 also equals 0.50. Only the maximum



Processes 2022, 10, 249 17 of 22

value of exergy destruction decreased, which in this case, according to Equation (40), equals
(AEx/(C1Tok))max = 0.1462.
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Figure 10. Dependence of exergy destruction on 71, for 717 = 2.0 and 713 = 0.50: (a) 0 < 71p < 8.0;
(b)1.2<mp <22,

The diagrams in Figure 11a,b show the values of exergy destruction of all recuperators
as a function of 71, with 7t = 0.50 and 7r3 = 1.0. The obtained values of exergy destruc-
tion, using Equations (20) and (39), are lower than the values shown in Figure 9a,b and
Figure 10a,b. It is interesting to note here that the obtained values of exergy destruction are
equal for a cross-flow recuperator with mixing streamlines only of a weaker stream and for
a cross-flow recuperator with mixing streamlines only of a stronger stream.
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Figure 11. Dependence of exergy destruction on 7, for

(b) 0.8 <7y <1.8.

nir = 0.5 and 713 = 1.0: (a) 0 < 71p < 8.0;

In this case as well, each type of recuperator reaches a local extreme maximum, for
which the positions of the corresponding 7Tstac, together with the equal values of the
maxima, are more clearly shown in Figure 11b. In this case, according to Equation (51),
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&stac = 0.50, and the corresponding values of 7Tpssc for counter-flow and all cross-flow
recuperators are 1.0, 1.15, 1.18, 1.18 and 1.23. The maximum value of exergy destruction,
according to Equation (56), is 0.1178.

It can be concluded that in the case of a parallel-flow recuperator and a recuperator
with a phase change of a stronger stream, the maximum exergy destruction occurs when
TTp — oo because only in these cases are temperatures of the streams at the outlet equalized.
For all other types of recuperators, maximum exergy destruction occurs at estac = 1/(1+713)
because for the corresponding final value 7Tst,c the equality of output temperatures is
realized, as shown for recuperator B in Figures 2b and 3b.

As shown in Equations (57)—(61), value magtac for which the maximum exergy de-
struction is achieved depends for a given type of recuperator only on the 773 and does not
depend on the size 7t7. Of course, the maximum value of exergy destruction in addition to
the 713, according to Equation (53), also depends on the 7r1. These dependencies are shown
in the diagram in Figure 12, which shows the results for counter-flow (co) and cross-flow
(crl and cr2) recuperators. For the cross-flow recuperators cr and cr12, numerical solutions
are shown in Table 1.

6.0 r 25
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— —aT=14
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Figure 12. Dependence of 7pgtsc and (AEx/(C1Tok))max on 7 and 3.

Table 1. Dependence of 7T)gt,c ON 713 for recuperators cr and crl2.

T3 TTastac (c1) TTastac (€112)
0.25 1.974 2.37
0.50 1.520 1.74
0.75 1.290 1.44
1.00 1.150 1.26

The diagram in Figure 12 shows that the values 7yg,c continuously decrease with
increasing 73, from the value 7tpstac — 00 if € — 0, to the 7Tostac (Emax = 1.0) = 1.0 for the
counter-flow recuperator (co), and up to the common value 7Togtac (Emax = 0.632) = 1.1814 for
1t3 = 1.0 for both cross-flow recuperators (cr1) and (cr2). This is in accordance with Equations
(47) and (48) which become identical for 773 = 1.0. Furthermore, it can be concluded that for
the same values of 73, values of 7Ty, are the lowest in the counter-flow recuperator (co),
slightly higher in the cross-flow recuperator (crl) and highest in the cross-flow recuperator
(cr2).

Dashed lines in Figure 12 show the maximum values of exergy destruction depending
on 7r3 and 7t and which are equal, according to Equation (53), for all types of recupera-



Processes 2022, 10, 249 19 of 22

tors. The diagram shows that the maximum value of exergy destruction decreases with
increasing 713 and with increasing 77 if 7wt increases from 0 to 1.0.

3.5. Presentation of the Ratio of Exergy Destruction to Effectiveness of the Recuperator
3.5.1. Case 3 = 0.0

The diagram in Figure 13a,b shows the exergy destruction as well as the ratio of
exergy destruction to effectiveness of the recuperator in the case when a stronger stream
evaporates or condenses. The value of ¢ is between 0.0 and 1.0. The value of these quantities
is independent of the type of recuperator, which results from Equations (29) and (65). The
maximum value of exergy destruction, according to Equation (55), is achieved at estac
= 1.0, which is in accordance with the diagram in Figure 13a,b, where continuous lines
end with a horizontal tangent for € = 1.0. For selected values 7t = 0.2, 0.3, 0.4, 0.5 and
0.6, the respective maximum values are 2391, 1129, 0.584, 0.307 and 0.156. Dashed lines
in Figure 13a show, according to Equations (65) and (66), values of the ratio of exergy
destruction to effectiveness of the recuperator. This value, for a given 7r, continuously
decreases from the value determined with Equation (66) for € = 0.0 to a value equal to
maximum values of exergy destruction for ¢ = 1.0. Values of this ratio for ¢ = 0.0 with
7 =0.2,0.3, 0.4, 0.5 and 0.6 respectively are 3.20, 1.633, 0.90, 0.50 and 0.267; for ¢ = 1.0,
the respective values are, according to Equation (65), as follows: 2.391, 1.129, 0.584, 0.307
and 0.156.
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Figure 13. Dependence of exergy destruction and the ratio of exergy destruction to effectiveness of
the recuperator on € and 77 for 7r3 = 0.0: (a) 0.2 < 7t < 0.5; (b) 2.0 < 717 < 4.0.

Calculation results in Figure 13b represent the cases when 77 > 1.0 for selected values
rir = 2.0 to 4.0 with a step of 0.5. The left ordinate axis represents the values of exergy
destruction, and the right ordinate axis represents the ratio of exergy destruction to effec-
tiveness of the recuperator. Exergy destruction increases with the increase in & from the
value of zero to the maximum value that is determined with Equation (24). It is evident
that in this case exergy destruction increases with increasing 7rr. The maximum values
of exergy destruction, for selected rrT = 2.0 to 4.0, are 0.193, 0.316, 0.432, 0.538 and 0.636.
The right ordinate axis, related to the dashed lines, in Figure 13b, shows the ratio of exergy
destruction to effectiveness of the recuperator as a function of € and 7t7. It can be seen from
the diagram that here too the ratio decreases with increasing ¢ and with decreasing 7. The
ratio values for € = 0.0 for the selected 7t according to Equation (66) are 0.50, 0.90, 1.33,
1.78 and 2.25. The values of this ratio for ¢ = 1.0 are identical to the values of maximum
exergy destruction indicated above. It is evident that with increasing 7t7 there is a greater
change in the ratio of exergy destruction to effectiveness of the recuperator.
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par = cr12

3.5.2. Case 1tz # 0.0

In cases with 713 # 0, the type of recuperator will be relevant both to the value of
exergy destruction and to the value of the ratio of exergy destruction to effectiveness of
the recuperator.

The diagrams in Figure 14a,b show the exergy destruction and the relevant ratio for

753 = 0.25.
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Figure 14. Dependence of exergy destruction and the ratio of exergy destruction to effectiveness of

(b)

the recuperator on ¢ and 7r7 for 713 = 0.25: (a) 0.2 < 717 < 0.5; (b) 2.0 < 717 < 4.0.

The diagram in Figure 14a shows exergy destruction (continuous lines) and ratio
(dashed lines) as a function of € and 7t where 0.20 < 7t < 0.60 with a step of 0.10. It is
interesting to note the fact that each parametric curve 771 = const. has its own constraint
related to the type of recuperator, so for parallel-flow (par) and cross-flow (cr12) recupera-
tors, solutions apply only to the interval 0 < & < 0.80 = €gtac, Since estac €quals 0.80 for all
types of recuperators, according to Equation (51) and when 713 equals 0.25. For the value of
&stac = 0.80 and the corresponding 77, according to Equation (53), all recuperators achieve
the same value of the maximum exergy destruction and thus the same value of the ratio.
Due to the value of sac = 0.80 for parallel-flow (par) and cross-flow (cr12) recuperators,
values greater than &g, can no longer refer to those types of recuperators. The constraint
for cross-flow recuperator cr2 equals 0.885, and that for cross-flow recuperator cr1 is 0.982
while entire interval of ¢ refers to the counter-flow (co) and cross-flow (cr) recuperators. All
these values are indicated by vertical lines in Figure 14a,b.

The diagrams in Figure 14a,b show that the value of exergy destruction continuously
increases from zero to maximum with e increasing from zero to stac = 0.80 = emax for
parallel-flow (par) and cross-flow (cr12) recuperators. The values of these maxima decrease
with increasing 717, as shown in Figure 14a, but further increase with increasing 7rr, as
shown in Figure 14b. For all other cases, the values of exergy destruction reach the same
maximum for a given 711 and further decrease to the values shown at the ends cr2, crl and
cr = co. These values can be easily read from the diagrams.

The diagrams in Figure 15 show a clearer meaning of the stated restrictions of in-
dividual recuperator types. Figure 15a,b represents the dependence of 71, on effective-
ness for selected recuperators when 713 = 0.25. It is evident from these diagrams that
for 0 < & < &stac = 0.80 and for the same ¢ and 713 value, 7oy, > 7ok > 7ok > Togo- This
means that for the same values of heat transfer coefficient and heat capacity of the weaker
stream there will be the following connection between heat exchanger area of the observed
recuperators: Agpar> Aocr2 > Aoer1 > Aoco-
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Figure 15. Dependence of 7r, on effectiveness of recuperator with 773 = 0.25: (a) 0 <& < 1.0; (b) 0 < < 0.7.

4. Conclusions

The paper presents dimensionless exergy destruction and the ratio of exergy destruc-

tion to effectiveness of a heat exchanger for all basic types of recuperators. The most
important findings are as follows:

The obtained expressions enable detailed analysis of the quantitative influence of
the dimensionless quantities 711 = ¢, 715, 713 and 77 both on the amount of exergy
destruction and on the amount of the ratio of exergy destruction to effectiveness of the
respective recuperator.

For all recuperators, derived analytical expressions explicitly determine the effective-
ness of the recuperator estac = 1/(1+73) for which the maximum of exergy destruction
occurs as a local extreme.

With the presented algorithm, it is possible to determine the operating point of the
heat exchanger if either the value of dimensionless exergy destruction or the value of
the ratio of exergy destruction to effectiveness is given as a criterion. For a given type
of recuperator, the parameters of the recuperator operating point should be selected in
a way that 715 is greater than 7y, because in that case the exergy destruction is less
than maximum and the value of the effectiveness is greater, which leads to the desired
reduction in the ratio of exergy destruction to effectiveness.

For the parallel-flow and counter-flow recuperators, a local approach to the solution
of exergy destruction is presented. This enables other local effects (such as stream
pressure drop) to be built into this algorithm, with the optimization of local exergy
destruction as a goal, involving more relevant effects. Moreover, it is possible to
quantify the exergy destruction and the ratio of exergy destruction to effectiveness in
respect to a higher number of streams passing through the heat exchanger [31], which
is more often the practical case.
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