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ABSTRACT

Although using zeotropic mixtures in the organic Rankine cycle (ORC) system can improve its perfor-
mance, the selection of the mixture working fluid is still a great challenge due to the lack of selection
criteria. In the present work, the thermodynamic selection criteria of zeotropic mixtures is proposed
based on the exergy analysis of the subcritical ORC. The mixture composition can be directly determined
according to the thermophysical properties of working fluids without massive thermodynamic calcu-
lation. The effect of temperature match between the working fluids and the heat source/sink on the
system performance is analyzed. And the overall exergy efficiency is set as the optimization index. For
the heat source without limit to the outlet temperature, the improvement of the temperature match in
the evaporator exhibits more significant influence on the cycle performance than that in the condenser.
Thus, the match condition with the heat source shoud be firstly satified when selecting working fluids.
The proper temperature glide in the condenser can further improve the cycle performance. The ‘wet’
mixtures have relatively lower cycle performance compare to ‘dry’ and ‘isentropic’ ones. The steps of

using this selection criteria and a case study to validate it are also illustrated.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Increasing concerns over energy shortage and environment
pollution are leading to a surge of interest in utilization of low grade
energy. Organic Rankine cycle (ORC) use low boiling point organic
fluids to convert low temperature heat to work, and is regarded as a
promising technology in the future [1-5].

Currently, the efficiency of ORC system driven by low temper-
ature heat is still low. The exergy destruction in heat transfer pro-
cesses contributes the largest part of irreversible losses of an ORC
system [6]. Zeotropic mixture presents a temperature glide during
the phase change, which can provide a better temperature match
between the working fluid and heat source/sink, consequently,
reducing the irreversible losses. Thus, using zeotropic mixtures as
working fluids has been paid more and more attentions [7]. Various
pure organic fluid can be used in the ORC, and the number of their
mixtures is much more. The selection of a mixture working fluid
involves not only the selection of the suitable components but also
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the determination of the optimal concentration. This results in a
tremendous computing workload and poses a great challenge for
the selection of working fluid. So the working fluid selection cri-
terion related to its thermophysical properties is essential to carry
out a simple and rapid preliminary selection of working fluids
without massive calculation.

Working fluid selection is an important aspect of the ORC
research. At present, pure working fluids have been widely inves-
tigated. It is generally believed that the critical temperature of
working fluids and the inlet temperature of heat source exhibited a
significant effect on the cycle performance. Several selection
criteria were proposed based on these two parameters [8—19].
Some scholars believed that the optimal critical temperature
should be 33 K[13] or 30—50 K [15] lower than the heat source inlet
temperature, while others claimed that the optimal critical tem-
perature should be 0.8 times of the heat source inlet temperature
[18] or a linear relationship with the heat source inlet temperature
[19].

In recent years, studies on the selection of mixture working fluid
has been increasing. Bao et al. [20] and Bamorovat et al. [21]
reviewed former works on the mixtures as working fluids in the
ORC, and summarized that the improvement of the system
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performance was mainly a consequence of the optimized temper-
ature match in the condenser. Most scholars focused on analyzing
the effects of operation conditions, mixture composition on system
performance and the temperature match between mixtures and
cooling fluids, so as to find the suitable working fluid [22—35]. A
Few scholars carried out the thermoeconomic comparisons be-
tween pure and mixture working fluids [36—39]. Chys et al. [22]
found that the mixture composition corresponding to the
maximum temperature glide could deliver the optimal tempera-
ture match, and a potential increase of 16% and 6% in cycle effi-
ciency could be achieved by using zeotropic mixtures as working
fluids at 150 °C and 250 °C heat sources. Heberle et al. [23] studied
the performance of an ORC system using isobutane/isopentane and
R227ea/R245fa and found that the raise of the second law efficiency
was up to 15% for mixtures compared to pure fluids. If the pinch
point moved to the preheater inlet, there was a significant effi-
ciency increase. And the suitable mixtures should give a conden-
sation temperature glide fitting with temperature difference of the
cooling water. The same conclusion was obtained from the work of
Liu et al. [24]. They also found that when two optimal working fluid
mole fractions occurred, the highest net power output appeared at
the higher mole fraction of the more volatile component. Lecompte
et al. [25] analyzed the thermodynamic performance of subcritical
ORC with mixtures as working fluids based on the second law
analysis. The results showed that the reason of system performance
improvement using mixtures lied in a combination of higher heat
input in the evaporator and less exergy loss in the condenser, and
the optimal condensation temperature glide slope was slightly
smaller than the glide slope of the cooling fluid. Zhou et al. [27]
presented a performance analysis of zeotropic mixtures for the
dual-loop system and also found that appropriate mixtures
improved not only the thermal efficiency but also the absorbed
heat from heat source because of better temperature match in the
condensation process. Song et al. [30] used the net power output
and second law efficiency as the criteria to select the suitable
working fluid compositions and they claimed that using mixtures
instead of pure fluids provided better temperature matches with
the heat source and sink, thereby reducing the exergy loss of the
heat transfer process. Dong et al. [32] investigated the performance
of an ORC system using MM/MDM as working fluids for the heat
source with 280 °C inlet temperature and 240 °C outlet tempera-
ture and found that the non-isothermal phase transition gradient
led to lower irreversibility rates of evaporator and condenser. MM/
MDM(0.4/0.6,mass) showed the best performance. Andreasen et al.
[33] studied the temperature match between mixtures and the
cooling fluid at the fixed heat source inlet temperatures of 120 °C
and 90 °C. Their results indicated that the mixtures composed of
the fluids with the large difference between boiling points had a
non-linear temperature glide and were therefore not able to match
the temperature profile of the cooling water when the condensa-
tion temperature glide closed to the temperature increase of the
cooling water.

Recently, it is a hot spot in the research of halohydrocarbons as
the flame retardants and blending with hydrocarbons to form
zeotropic mixtures [28—30]. Kang et al. [28] suggested that R245fa/
R600a (0.9/0.1, mass) was the most preferable mixture among the
working fluids within the research scope for the ORC with 110°C
heat source. Shu et al. [29] found that there existed the optimal
concentration corresponding to the highest thermal efficiency for
different mixtures, and it gradually approached the side of fewer
retardants with the increase of evaporation temperature. Some
scholars believed that the condensation temperature glide of
mixtures lowered the ORC thermodynamic performance at a fixed
condensation bubble point temperature, while improved cycle
performance at a fixed condensation dew point temperature

[26,34]. In addition, some nonlinear optimization solvers are used
to select mixtures. By solving Mixed-Integer Nonlinear Program-
ming (MINLP), Magdalena et al. [40] put forward a nonlinear sto-
chastic optimization method to design the composition of mixture
capable of withstanding variability in heat source temperatures and
efficiencies of expander. Bao et al. [41] introduced a selective co-
efficient to represent the component alternative and proposed a
method to select the optimal components and compositions of
zeotropic mixture at the same time.

Most researches of the ORC using zeotropic mixtures mainly
focus on the optimization of temperature match in the condenser,
and recommend the suitable mixture composition for the specific
heat source. Only a few scholars considered the temperature match
between the working fluid and heat source/sink at the same time. It
is noted that the temperature match in the evaporator exhibites a
significant effect on the ORC performance when there is no limi-
tation on the heat source outlet temperature. Zhao et al. [42] per-
formed the thermodynamic analysis of the ORC system using
zeotropic mixtures. It is found that the heat source inlet tempera-
ture showed a prominent influence on the composition of zeotropic
mixtures when other working conditions were constant. Braimakis
et al. [43] performed a simulation for heat source temperatures
ranging from 150 to 300 °C, and they found that there was a posi-
tive correlation between the optimal heat source temperature and
working fluid critical temperature. In addition, when the temper-
ature glide approaches the cooling water temperature difference in
the condensation process, the exergy efficiency can be improved.
Therefore, they concluded that their optimal component ratio for
maximizing the exergy efficiency depends on the combined influ-
ence of these two effects. Andreasen et al. [33] considered the
optimal critical temperature is close to half of the heat source inlet
temperature, while Hervig et al. [15] believed the optimal critical
temperature is approximately 30—50 K below the hot source. They
all presented that optimal mixture can be found when the
condensation temperature glide matches the temperature increase
of the cooling water. By treating the zeotropic mixture as a pure
working fluid with adjustable temperature glide, Zhai et al. [44]
proposed an active design method of the zeotropic mixture for the
open type heat source (without outlet temperature limitation),
considering the relationships between the working fluid and heat
source/sink.

From the review of literature above, it can be summarized that
the selection of mixture working fluids for ORC system is still a
great challenge due to the massive thermodynamic calculation and
blind trials. It is necessary to build a simple and practicable selec-
tion criteria of mixture working fluids so that some suitable
mixture compositions can be preliminary screened directly and
rapidly from a large number of pure working fluids. In the mean-
while, how non-isothermal phase change process of zeotropic
mixtures influencing the ORC system thermodynamic performance
need to be further studied. In this paper, a selection criteria of
mixture working fluids for the ORC systerm using heat source
without outlet temperature limitation is proposed. The criteria is
based on two quantitative correlations describing the required
temperature mathch in the evaporator and condenser for the
suitable mixture. Consequently, the mixture components and
concentration can be determined directly according to the ther-
mophysical properties of working fluids without massive calcula-
tion. The overall exergy efficiency is used as the optimization
objective in the thermodynamic analysis. The influence of mixture
temperature glide during phase change on the overall exergy effi-
ciency is analyzed. And a case study is carried out to validate the
selection criteria.
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2. Model description

Fig. 1 shows the schematic diagram of a basic subcritical ORC
system. The liquid working fluid is pumped to the evaporator to be
gasified by the heat source. Then, the high temperature and pres-
sure vapor flows into the expander to generate work. The low
pressure exhaust is cooled and condensed into liquid in the
condenser and goes to the pump beginning a new cycle.

2.1. Assumptions of the model for ORC system using mixtures

(1) The system is under the steady state.

(2) Heat loss and pressure drop in the heat exchangers and pipes
are ignored.

(3) The concentration of mixtures is constant in cycle.

(4) The potential and kinetic energy of the working fluids are
ignored

(5) The heat exchanger is a counter flow layout.

2.2. First law of the thermodynamic analysis

The T-s diagram of the subcritical ORC system using mixtures is
shown in Fig. 2. Corresponding to the number in Fig. 2, the ex-
pressions of key variables are given as follows.

The heat load of the evaporator:

Qns = Mys(hy — hg) = mipg(hg — hyp) M
The shaft power of the expander:
WeXP = Mye(hy — hy) = nexpmwf(hl — hys) (2)

The work consumed by the pump:

_ mwf(hGS _hS) (3)

Wpump = ity (hg — hs)
Npump

Thus, the net work output is:

Wnet = Wexp - Wpump (4)

And the thermal efficiency is given as:

w
n=-5 (5)
Qhs
Expander
Evaporator }
P
Pump Wt

Condenser

Fig. 1. Schematic diagram of the basic ORC.
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Fig. 2. T-s diagram of the subcritical ORC.

2.3. Second law of the thermodynamic analysis

In the second low analysis, the reference environment state is
choosed as Top = 293.15Kand Py = 101.325kPa. Based on the
concept of exergy flow, the heat source inlet exergy is:

Eps = s (hg — ho — To(s9 — So)) (6)

And the exergy released by the heat source in the evaporator is:

AEyg = titps(hg — h1o — To(So — $10)) (7)

Consequently, the heat source exergy loss (the unused exergy of
the heat source) is calculated by:

Ins = Ens — AEpg = titpg(h1g — ho — To(s10 — So)) (8)

The exergy absorbed by the working fluid in the evaporator is:

Awa_abs = Mys(hy —hg — To(s1 — Ss)) (9)

Thus, the exergy loss in the evaporator is given as:

leva = AEhs — AEwg abs = To (mwf(sl — Sg) — Mps(Sg — 510))

(10)
The exergy loss in the expander is:
jexp = TomMys(S2 — Sas) (11)
The exergy loss in the working fluid pump is:
ipump = TOmwf(sﬁ - sGs) (]2)

Similar to the heat exchange process in the evaporator, the
exergy released by the working fluid in the condenser is:

AE\y rel = Mg (hy — hs — To(s — 55)) (13)
And the exergy absorbed by the cooling fluid in the condenser

is:

AEgs = tig(hiz — hiy — To(s12 = 511)) (14)

Thus, the exergy loss of the condenser can be calculated by:



Z. Miao et al. / Energy 167 (2019) 484—497 487

fcon = AEys rel — AE = To (mcf(slz —S11) — Myr(sy — Ss))
(15)

Besides, the cooling fluid exergy loss (the unused exergy of the
cooling fluid) is also considered and calculated from:

Ies = meg(h12 — ho — To(S12 — So0)) (16)

It is noted that, in this work, the coefficient of exergy loss in each
process is defined as:

I
i==— (17)
l Ehs
where Ej is the heat source inlet exergy, given in Eq. (6).
Finally, the overall exergy efficiency is defined as [45,46]:
1%
M= =13 (18)
Ehs

where 7y is directly related to the net work output of the ORC
system for a specified heat source as Ej, is determined by the heat
source inlet temperature. The overall exergy efficiency ny reflects
the capacity of the cycle to utilize the heat source to do work. It is
used as the optimize index in the present thermodynamic analysis.

2.4. Calculation method and condition

The inlet and outlet of exchangers are specified according to the
flow direction of working fluids, as shown in Fig. 1. In thermody-
namic analysis, the positon of the pinch point needs to be deter-
mined in the evaporator and condenser. Thus, the heat transfer
process is divided into three sections: the liquid section, the two-
phase section and the vapor section, shown in Fig. 2. And these
three heat transfer section are further discretized into small cells.
Based on the energy conservation equation for each cell, the tem-
perature profiles of the working fluid and heat source/sink can be

The outlet temperature of the heat source is not limited. The
upper pressure limit of the evaporation pressure is set as 90% of the
working fluid critical pressure to ensure the stable and safe oper-
ation in subcritical region [25,44]. The other operation conditions
are listed in Table 1 [15,16,19,25,26,47—49]. The thermodynamic
model is developed in the Matlab environment, and the properties
of the working fluid are obtained from the Refprop database soft-
ware [50]. In refprop 9.0, the properties of mixture without corre-
sponding experimental data are estimated by a modified Helmoltz
equation [51].

3. Results and discussion

The studied working fluids in the present work are limited to
binary zeotropic mixtures. The range of their critical temperature
and pressure are listed in Table 2 and Table 3. The pure fluid with
lower critical temperature is used as the first part of the mixture's
name. Mixtures in Table 2 are all alkane mixtures and their ther-
mophysical properties can be obtained accurately in the software
Refprop 9.0. And the “*” symbol in Table 3 means that no corre-
sponding mixture experimental data is available and the mixing
parameters are estimated by a modified Helmoltz equation in the
Refprop 9.0 database. Thus, in the present work, the selection
criteria of mixture working fluid are explored based on alkane
mixtures in Table 2, and then verified by mixtures in Table 3.

3.1. Temperature match between the working fluid and heat source

In this section, the subcooling degree is set zero to analyze the
effect of the temperature match in the evaporator on the system
performance in detail. And the first correlation of the selection
criteria is explored.

Table 2
Properties of alkane mixtures used for data fitting (mass fraction 0.0—1.0).

calculated. Thereupon, the minimum temperature difference can Working fluid Tei(K) Poi(MPa)
be obtained. Iteration is needed to update the .e\./aporatlon pressure propane/isobutane 36989407 81 3.03-433
:;u_ld the condenser pressure to mal«_s the minimum temperature propane/butane 369.89-425.13 3.8-438
difference approach the specified pinch temperature difference. isobutene/isopentane 407.81-460.35 3.38-3.75
Considering the dry, wet or isentropic behavior of the working isobutene/pentane 407.81-469.7 3.37-3.82
fluids, the minimum superheat degree at the expander inlet is butane/isopentane 425.13-460.35 338-38
defined as the minimum integer value t rantee the restrictiv butane/pentane 425.13-469.7 3377381

ehned as the u €ger value to guarantee the restrictive isopentane/hexane 460.35-507.82 3.03-3.41
condition that there is no droplet entrainment at the exit of the pentane/hexane 469.7-507.82 3.03-3.37
expander. Then the cycle operation parameters can also be deter- hexane/heptane 507.82—-540.13 2.74-3.03
mined. And the optimal evaporation pressure corresponding to the heptane/octane gggég—ggigg 538—227 ‘5‘
maximum exergy efficiency can be achieved. octane/nonane S Sy
Table 1
Calculation conditions of the model.

Parameter Symbol Value Reference

Expander isentropic efficiency Nexp 0.8 [48,49]

Pump isentropic efficiency Npump 0.75 [47,48]

Pinch temperature difference in the evaporator Tp_eva 10K, 20K and 30K [15,19,26]

Pinch temperature difference in the condenser Tp_con 10K [16,25]

Superheat degree in the expander inlet ATsup Minimum

Subcooling degree in the condenser output ATgup 0K, 5Kand 10K

Heat carrier medium hs Air

Heat source inlet temperature Ths 393.15K - 623.15K

Heat source fluid mass flow rate My 10kg/s [26]

Inlet temperature of cooling water Tef in 293.15K

Outlet temperature of cooling water Tef out 303.15K
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Table 3

Properties of mixtures used for verification (mass fraction 0.0—1.0).
Working fluid Teri(K) Pi(MPa)
SF6/R227ea (%) 318.72—-374.9 2.93-3.75
R125/R22 339.17-369.3 3.62—4.99
R218/R236fa (%) 345.02—-398.07 2.64-3.2
R22/R152a 369.3—386.41 4.52—4.99
R152a/R142b 386.41-410.26 4.06—4.52
RC318/R245fa () 388.38—427.16 2.78—-3.66
R142b/R141b 410.26—477.5 4.06—4.42
R114/R113 418.83—487.21 3.26—3.62
R365mfc/hexane (%) 460-507.82 3.03-3.27

2 No corresponding mixture experimental data is available and the mixing pa-
rameters are estimated by a modified Helmoltz equation in the Refprop 9.0
database.

3.1.1. Effect of the heat source inlet temperature and critical
temperature

The heat source inlet temperature and the critical temperature
of mixture working fluid have a significant influence on the heat
transfer process in the evaporator and the performance of the ORC
system. As the critical temperature of a mixture varies with its
concentration, compared with pure working fluids, the tempera-
ture match between the mixture working fluids and the heat source
becomes more complicated. So, effect of the heat source inlet
temperature and critical temperature is studied for Tp_eva = 10K
Fig. 3 shows the effect of the heat source inlet temperature on the
overall exergy efficiency at different concentration of the mixture
butane/pentane. The critical temperature of butane/pentane varies
from 425.13K to 469.7K with the mass fraction of pentane
increasing from 0.0 to 1.0. It is seen that, when the heat source inlet
temperature is lower (423.15K and 443.15K), the overall exergy
efficiency in the range of butane mass fraction 0.3 to 0.8 is higher. In
this case, the results agree well with literature [23,25], that is, the
improvement of system performance mainly benefits from the
temperature glide in the condenser. When the heat source inlet
temperature rises to 463.15K, butane have the highest overall
exergy efficiency. As the heat source inlet temperature increases
further, the mass fraction corresponding to the maximum overall
exergy efficiency moves toward the side of the higher critical
temperature component, and eventually moves to pentane. This
results declare that the relative value of the heat source inlet
temperature and the critical temperature exhibits more significant
influence on the cycle performance than the condensation

60%
Ths (K)

B 55% > g < —=—423.15
5 R e 4435
2 50%1 > Ny 46305
oy * g v 483.15
B 45%- —<—503.15
g —»—523.15
= 40%- ——543.15
5 e 9 563.15
S 35%4 —e—583.15

30% - —o—623.15

0.0 02 04 06 038 1.0 1.2 1.4
Mass fraction of butane

Fig. 3. Overall exergy efficiency of the ORC using butane/pentane at different heat
source inlet temperature.

temperature glide. Consequently, matching the mixture with the
heat source should be firstly satisfied for the selection of the
working fluid.

The exergy distribution of the ORC system using butane/pentane
(0.8/0.2) is calculated to get a deep understanding of the effect of
the heat source inlet temperature on the system performance, as
shown in Fig. 4. It can be seen that the overall exergy efficiency
increases firstly and then decreases slowly, i.e., there exists an
optimal relative value of the heat source inlet temperature and the
critical temperature corresponding to the maximum overall exergy
efficiency. Fig. 5 shows the cycle T-s diagram at the heat source inlet
temperature of 443.15 K, 483.15 K and 523.15K in order to explain
the variation of the exergy distribution presented in Fig. 4. When
the heat source inlet temperature is below 483.15 K, the exergy loss
coefficient in the evaporator and heat source decreases with the
increase in the heat source inlet temperature, as plotted in Fig. 4. At
this state, the evaporator pinch point is located in the bubble point,
as shown in Fig. 5(a). The large temperature difference in the
evaporator results in large heat transfer exergy loss, and the high
heat source outlet temperature leads to the large heat source
exergy loss. With the increase of the heat source inlet temperature,
the evaporation section is reduced slowly, leading to the gradual
reduction of exergy loss in the evaporator and the heat source. At
the heat source inlet temperature of 483.15K, the optimal evapo-
ration pressure is the highest pressure 0.9P.; and the pinch point
moves from the bubble point to the preheating section, as pre-
sented in Fig. 5(b). The evaporation section is reduced to a mini-
mum so that the temperature rise of the working fluid can better
match the temperature fall of the heat source in the preheating
section, leading to the minimum exergy loss in the evaporator. In
addition, the reduction of the heat source outlet temperature
brings about the lower heat source exergy loss. As a result, the ORC
system has the maximum overall exergy efficiency. Furthermore,
when the heat source inlet temperature is above 483.15K, the
optimal evaporator pressure is still 0.9 P.and the pinch point
position moves to the exit of the evaporator, as shown in Fig. 5(c).
The heat source outlet temperature decreases to the lowest and
remains constant, while the heat source inlet exergy increases
persistently, leading to the gradual decrease of the exergy loss co-
efficient of the heat source. However, since the temperature rise
curve of the working fluid remains constant, the increase of the
heat source inlet temperature results in the larger exergy loss in the
evaporator, reducing the overall exergy efficiency.

More working fluids are calculated in order to explore the cor-
relation between the heat source inlet temperature and the
mixture critical temperature. Mixtures in Table 2 with a series of
concentration are used in the thermodynamic analysis. The differ-
ence between adjacent critical temperature is 0—6 K. The overall
exergy efficiency when using these working fluids for different heat
source inlet temperatures is shown in Fig. 6. It can be found that, for
the specific heat source inlet temperature, the overall exergy effi-
ciency first increases sharply and then decreases gradually. There
exists an optimal critical temperature corresponding to the
maximum overall exergy efficiency. Besides, In the range of critical
temperature 507.82 K—594.55 K, three mxiture working fluid are
used: hexane/heptane (T; from 507.82 K to 540.13 K), heptane/
octane (T from 540.13K to 569.32 K), octane/nonane (T; from
569.32 K to 594.55K), as listed Table 2. There is no overlap in the
range of their critical temperature. With the increase in their con-
centration, the condensation temperature glide can improve the
overall exergy efficiency. Consequently, the periodic bumps of the
overall exergy efficiency can be seen from Fig. 6.

3.1.2. Effect of the pinch temperature difference in the evaporator
Since the pinch temperature difference influences the
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Fig. 4. Exergy distribution of the ORC using butane/pentane(0.8/0.2) at different heat source inlet temperature.

irreversibility of the heat transfer process, its effect on the selection
of working fluids is studied. The cycle performance with pinch
temperature difference of 10K, 20K and 30K in the evaporator is
calculated under different heat source inlet temperatures, and the
results are summarized in Table 4. It can be seen that, with the
increase of the pinch temperature difference, the mass flow rate of
the working fluids, the net work output and the system thermal
efficiency remain constant if the temperature difference
(Ths — Tp_eva) is kept unchanged. Due to the increase in the heat

source inlet temperature, the higher E; leads to the lower overall
exergy efficiency. Results in Table 4 can be explained by the tem-
perature match shown in Fig. 7. When (Ty,s — Tp_eva) Stays the same,
the increase of Tp_eva just make the temperature curve of the heat
source shift up to match it. The heat absorbed by the working fluids
and the cycle configuration of the working fluid stay invariant.
Thus, the mass flow rate, the net work output and the thermal ef-
ficiency are unchanged. And the optimal working fluid also stays
the same according to Eq. (18), which leads to the same optimal
critical temperature. The increase in pinch temperature difference
leads to the increase in the exergy loss of the evaporator and the
decrease in the overall exergy efficiency. Since it is just a change of
the thermodynamic cycle configuration, the effect of (T, — Tp_eva)
on other working fluid is the same. Results in Table 4 and Fig. 7
indicate that the optimal mixture critical temperature T¢; should
be correlated with (Tys — Tp_eva). And (Ths — Tp_eva) indicates the
modified heat sources inlet temperature considering the irrevers-
ible loss during the heat transfer in the evaporator.

3.1.3. The first correlation of the selection criteria

As described in section 3.1.1, mixtures in Table 2 with the con-
centration step of 0.2 are used in the thermodynamic analysis to
select the suitable working fluids for the heat source inlet tem-
perature varying from 423.15 K to 623.15 K. The pinch temperature
difference in the evaporator is set to 10 K. The selected working
fluids are listed in Table 5 and shown in Fig. 8 represented by the
black dots.

Apparently, for the black dots, a linear fitting can be applied, and
the obtained correlation is:

Ths — Tp_eva = 1.182T}; — 39.244 (K) (19)

Where TpsandTp evaare known or given. The critical

*

temperatureT ;

Eq. (19).

Thermodynamic analysis based on the mixtures in Table 3 are
carried out to validate Eq. (19). Results are listed in Table 6 and
shown in Fig. 8 where the halohydrocarbon mixtures with rela-
tively precise thermophysical properties are marked in red and
those without mixture experiment data are in blue. The properties
of mixtures marked in blue were obtained according to the rec-
ommended mixing rules in the software REFPROP 9.0. It can be
seen that the selected halohydrocarbon mixtures agree well with
the linear relationship Eq. (19). The blue dot is slightly lower may
due to inaccurate thermophysical properties.

of the suitable mixture can be easily calculated by

3.2. The match between the working fluids and the cooling fluid

According to Eq. (19), the same critical temperature can be
achieved by adjusting the mixture concentration for different
components. In this case, the further improvement of the system
performance relies on the optimization of the temperature match
in the condenser. In this section, the correlation evaluating the
temperature match in the condenser is explored and verified. It is
also used as the second correlation of the selection criteria.

3.2.1. The second correlation of the selection criteria

Fig. 9 shows the ideal temperature match between the working
fluids and the cooling fluid for two cases: the working fluids are
saturated and subcooled liquid at the exit of the condenser,
respectively. AT,ys con is the condensation temperature glide. The
overall temperature rise of the cooling fluid is AT = AT gup +
ATt con + ATt _pre- ATt suby ATcr con and ATt e are the tempera-
ture rise of the cooling fluid at subcooling section, condensation
section and precooling section, respectively. In Fig. 9(a), the work-
ing fluids are saturated at the exit of the condenser. In this case, the
ideal temperature match can be obtained when the temperature
curve slope of the working fluids is the same as that of the cooling
fluid in the condensation section. At this state, the temperature
difference between the hot and cold fluids is equal to the pinch
temperature difference everywhere:
AT,

wf_con

= Ach_con (20)

In Fig. 9(b), the working fluids are subcooled liquid at the exit of
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Fig. 5. T-s diagram of the ORC using butane/pentane(0.8/0.2) for (a) Tjs = 443.15K, (b)
Ths =483.15K and (c) Ts=523.15K.

the condenser. If AT .o, Stays the same, the pinch point will move
to the exit of the condenser so that the temperature curve of the
working fluids has to move upward, represented by the red dash
line. To improve the temperature match, AT,f o, should be

70%
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o Cvo54305 < 58315 > 623.15
.
3 <
g TGy,
2 50%- N Vyvree,
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[}
>
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=
m ),
ey I3
v
>
20%

340 380 420 460 500 540 580 620
Working fluid critical temperature (K)

Fig. 6. Overall exergy efficiency of the ORC using different alkane mixtures at different
heat source inlet temperature.

reduced until the temperature difference in the dew point is also
equal to the pinch temperature difference, as shown in the red solid
line. And the temperature match is:

AT\tvf,con + ATsub = Ach_con + Ach_sub (21)

When ATy, = 0 and AT gy = 0, Eq. (21) becomes Eq. (20).

For most of the working fluids, the heat flux in the precooling
section is far less than that in the subcooling and condensation
sections. Substituting AT =ATe gup + ATef con into Eq. (21), we
get:

ATyt con = ATer — ATgyp (22)
where AT and ATy, are both known. Consequently, the optimal
condensation temperature glide can be determined by Eq. (22).

It is noted that when the mixture's slope reciprocal of the
saturated vapor curve (ds/dT),is large or the heat source inlet
temperature is quite high, the superheat degree at the condenser
inlet will also high. In this case, ATy e can not be ignored
compared with ATy gp + ATt on- Consequently, AT should be
reduced properly in Eq. (22).

3.2.2. Verification of the second correlation

As discussed in Section 3.1, for the butane/pentane mixture, the
improvement of the overall exergy efficiency is mainly attributed to
the condensation temperature glide in the condenser when the
heat source inlet temperature is low (423.15K and 443.15K). Eq.
(22) should be further verified. consequently, in the case of ATsyp =
0 K, the overall exergy efficiency for butane/pentane with different
ATy, at the heat source inlet temperature of 423.15 K is calculated
and shown in Fig. 10. The brown solid line and blue dash line
represent the value on the left and right side of Eq. (22), respec-
tively. The intersections of these two lines represent the optimal
mass fraction satisfying Eq. (22). It can be seen that the maximum
overall exergy efficiency appears much close to the intersections,
which implies that the optimal temperature match in the
condenser can be accurately described by Eq. (22).

Results of the thermodynamic analysis show that the change of
the exergy losses of the expander, pump and cooling fluid is
negligible compared with that of the heat source, evaporator and
condenser. Thus only the variations of &y, £eya and &, with the
mixture concentration are presented in Fig. 11 to explain the trends
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Table 4
Cycle performance using butane/pentane for the same (Tj,s — Tp_eva)-
Ths(K) Tp,eva(K) my¢(kg/s) Wnet(kw) (%) (%)
pentane/hexane(0.2/0.8) 483.15 10 2.66 190.57 13.68 43.05
493.15 20 2.64 190.85 13.78 39.46
503.15 30 2.64 191.22 13.79 36.35
pentane/hexane(0.8/0.2) 483.15 10 2.72 196.4 14.00 4437
493.15 20 2.72 196.76 14.01 40.68
503.15 30 2.72 197.08 14.01 37.47
butane/pentane (0.2/0.8) 483.15 10 2.78 203.24 14.08 45.92
493.15 20 2.78 203.56 14.09 42.09
503.15 30 2.76 203.88 14.19 38.76
butane/pentane (0.8/0.2) 483.15 10 3.31 234.72 14.80 53.03
493.15 20 3.32 235.01 14.80 48.59
503.15 30 3.32 235.39 14.80 44.75
propane/butane (0.2/0.8) 483.15 10 3.80 217.84 12.86 49.22
493.15 20 3.81 218.17 12.86 45.11
503.15 30 3.81 218.44 12.86 41.53
propane/butane (0.8/0.2) 483.15 10 4.19 171.54 10.25 38.75
493.15 20 4.2 171.75 10.25 35.51
503.15 30 42 171.97 10.25 32.69
640 - -
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Table 6
Tab!e 5 i X X Optimal working fluids used for verification.
Optimal working fluids used for data fitting.
Ths — T, K Working fluids Teri(K %
(Ths — Tp_eva)(K) Working fluids Ton(K) (%) (Ths = Tp_eva)(K) g ai(K) (%)
383.15 R218/R236fa (0.6/0.4) 368.99 3532
413.15 propane/butane (0.8/0.2) 3819 39.17 403.15 R218/R236fa (0.4/0.6) 379.49 4148
433.15 propane/isobutane (0.4/0.6) 395.05 44.54 423.15 RC318/R245fa (0.6/0.4) 407.72 4491
453.15 isobutene/isopentane(0.8/0.2) 419.03 50.32 443.15 RC318/R245fa (0.4/0.6) 415.19 4924
473.15 butane/pentane(0.8/0.2) 434.5 53.03 463.15 R114/R113 (0.9/0.1) 428.45 5217
493.15 butane/pentane(0.4/0.6) 452.58 54.83 483.15 R114/R113 (0.7/0.3) 442.94 54.22
513.15 Isopentane/hexane(0.8/0.2) 470.47 56.03 503.15 R114/R113 (0.4/0.6) 463.67 54.41
533.15 pentane/hexane(0.6/0.4) 485.22 57.23 523.15 R114/R113 (0.1/0.9) 481.93 5728
553.15 butane/pentane(0.2/0.8) 500.49 56.87 543.15 R114/R113 (0.1/0.9) 481.93 57.11
573.15 hexane/heptane(0.6/0.4) 521.16 57.01
593.15 hexane/heptane(0.4/0.6) 528.05 56.02 Notes: Blue represents the halohydrocarbon mixtures without mixture experiment
613.15 heptane/octane(0.6/0.4) 552.32 55.58 data. Red represents the halohydrocarbon mixtures with relatively precise ther-

of the overall exergy efficiency profiles. It is seen that &, and £y
show the similar varying trend with the mixture concentration
while .., exhibites the reverse trend. When AT,y , is lower than
the optimal condensation temperature glide calculated by Eq. (22),
the increase in AT,y ¢ leads to the decrease of the mixture tem-
perature at the outlet of the condenser and the optimization of
temperature match in the condenser. Consequently, £, and £ y,are

mophysical properties.

reduced. Note that the mixture critical temperature and the fluid
mass flow rate also change with the mixture concentration. The
combine effects of AT,yf o, the critical temperature and the mass
flow rate on the temperature match in the evaporator lead to the
increase in &,,, with the mass fraction of butance varying from 0 or
1.0 to the optimal mass fraction. Generally, the variation of £, and
¢condorminates the change of 7. Therefore, the local maximum
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Fig. 9. Ideal temperature match between the working fluid and cooling fluid in the
condenser for (a) without subcooling and (b) subcooling.

overall exergy efficiency appears at the temperature glide close to A

T con Calculated by Eq. (22).

The inlet superheat degree of the expander influences that of
the condenser. In the case of AT, = 0 K, taking butane/pentane as
an example, we studied the effect of inlet superheat degree of the
expander ATsyp on the cycle performance and ploted the results in
Fig. 12. ATsyp in practice is usually controlled below 10K. Thus,
three cases with ATsyp of 0, 5 and 10K was calculated. It can be
found that the increase of ATsyp decreases the overall exergy effi-
ciency due to the decrease in the system shaft power. However, the
change of ATsyp does not affect the optimal mass fraction of butane
because the temperature rise of the cooling fluid in the precooling
section is much lower relative to the overall temperature rise. As a
result, the optimal temperature condition in the condenser is still
accordance with Eq. (22).

3.2.3. Determination method of the optimal mixing fraction

Since AT and ATy, in Eq. (22) are known, the key issue of the
mixture selection is to determine the mixture temperature glide in
the condenser without thermodynamic calculation. As described in
section 3.2.1, for the ideal temperature match, the heat transfer
temperature difference at the exit of the condenser is equal to the
pinch temperature difference. Thereby the bubble point
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Fig. 10. Overall exergy efficiency of the ORC using butane/pentane for (a) ATg,, =0K,
(b) ATsup=5K and (c) ATgu,=10K.

temperature Tyyphe Can be given as:
Toubble = Tef_in + Tp_con + ATsyp (23)

where T¢f i, Tp_con and ATy, are all known. Based on the ther-
mophysical property database Refprop, the condensation pressure
and the dew point temperature for a fixed mixture concentration
can be easily obtained from the built-in functions:

Pcon :f(Tbubble>x) (24)
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Fig. 11. Exergy loss of the ORC using butane/pentane for (a) ATgyp = 0K, (b) ATqu, =5K
and (c¢) ATsyp =10K.

Tgew = &(Pcon, X) (25)
Thus, the condensation temperature glide can be acquired by
ATt con = Tdew — Toubble (26)

3.3. Screening criteria of the working fluids and verification

3.3.1. Steps of using the creening criteria

Eqs. (19) and (22) constitute the thermodynamic selection
criteria of the mixture working fluid. And the criteria are obtained
according to the optimization objective of the overall exergy effi-
ciency. In terms of the selection of working fluids, the system cost,
environment indicators, toxicity and flammability should also be
considered [20]. Consequently, the purpose of using the present
thermodynamic selection criteria is to easily and rapidly filter out
several mixtures with superior thermodynamic performance
rather than the solely best mixture. Due to the discontinuous
variation of the condensation temperature glide, a temperature
range is added to Eq. (22):
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Fig. 12. Overall exergy efficiency of the ORC using butane/pentane for (a) ATqp =0K,
(b) ATyyp=5K and (c) ATy = 10K.

AT\*/\lf_con = (Ach - ATsub> +a K (27)

where « can be determined by the number of mixtures which can
offer the temperature glide close to ATy .., in Eq. (22). And o« =
2 Kis proposed in this paper.

Based on the above discussion, the mixture screening steps are
summarized below:

Step 1: Determination of the mixture critical temperature
and concentration. For a specific heat source inlet temperature,
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Table 7
Condensation temperature glide of working fluids used for selection (T;;=382.74 K).

cri

Working fluid

ATy = 0K

ATy =5K

predicted ATys con(K) ATt con(K)

relative error(%)

predicted AT, con(K)

ATyt _con(K) relative error(%)

propane/RC318 (0.0882) 6.71 6.56
propane/isobutene (0.717) 5.44 533
propane/R114 (0.4201) 1047 10.40
propane/neopentane(0.7991) 10.39 10.30
propane/butane (0.7855) 8.16 8.06
propylene/RC318 (0.0602) 7.86 7.78
propylene/isobutane (0.6607) 743 7.36
propylene/R236ea (0.3073) 16.33 16.25
propylene/R114 (0.3517) 14.98 14.98
propylene/neopentane(0.6162) 18.63 18.62
propylene/butane (0.7634) 12.13 12.10
propylene/R245ca (0.5234) 19.53 19.33
R115/RC318 (0.1281) 512 4.96
R115/R236fa (0.3445) 12.43 12.43
R115/isobutene (0.6921) 7.36 7.29
R115/R236ea (0.5045) 15.71 15.71
R115/R114 (0.594) 13.09 13.09
R115/propyne (0.594) 1.93 1.78
R115/R245fa (0.6333) 18.75 18.74
R115/neopentane(0.7865) 17.06 17.06
R115/butane (0.7917) 11.53 11.53
R115/R245¢ca (0.7159) 22.59 22.57
R134a/R236fa (0.5467) 4.17 4.04
R134a/R236ea (0.7003) 5.11 4.98
R134a/propyne (0.8543) 0.01 0.01
R134a/R245fa (0.7985) 6.42 6.27
R134a/R245ca (0.8526) 8.08 7.92
R218/R114 (0.5128) 13.18 13.18
R218/R236ea (0.4933) 15.49 15.49
R218/R236fa (0.3345) 10.74 10.74
R218/RC318 (0.1232) 4.32 4.18
R218/propyne (0.7096) 1.30 1.21
R218/R245fa (0.6229) 19.74 19.74
R218/neopentane(0.7789) 17.88 17.88
R218/butane (0.7843) 11.54 11.54
R218/R245ca (0.7068) 24.61 24.61
R227ea/R236fa (0.6862) 1.05 0.98
R227ea/isobutene (0.6065) 4.49 4.48
R227ea/R236ea (0.809) 2.29 2.18
R227ea/R114 (0.8208) 1.01 1.01
R227ea/propyne (0.914) 0.24 0.21
R227ea/R245fa (0.8778) 2.37 222
R227ea/butane (0.9405) 0.38 0.41
R227ea/R245ca (0.913) 3.93 3.76
R1234yf/RC318 (0.1776) 4.14 4.00
R1234yf/R236fa (0.4357) 5.78 5.58
R1234yf/isobutene (0.7676) 3.15 3.14
R1234yf/R236ea (0.5994) 6.69 6.50
R1234yf/R114 (0.6179) 7.53 7.48
R1234yf/propyne (0.7897) 0.15 0.13
R1234yf/R245fa (0.7173) 8.23 8.03
R1234yf/neopentane(0.8441) 10.30 10.28
R1234yf/butane (0.8481) 6.02 5.96
R1234yf/R245¢a (0.7874) 10.77 10.60

2.29
2.06
0.67
0.87
1.24
1.03
0.95
0.49
0.00
0.05
0.25
1.03
3.23
0.00
0.96
0.00
0.00
8.43
0.05
0.00
0.00
0.09
3.22
2.61
0.00
2.39
2.02
0.00
0.00
0.00
335
7.44
0.00
0.00
0.00
0.00
7.14
0.22
5.05
0.00
14.29
6.76
-7.32
4.52
3.50
3.58
0.32
292
0.67
15.38
2.49
0.19
1.01
1.60

6.42 6.42 0.00
5.31 531 0.00
10.13 10.13 0.00
10.13 10.13 0.00
7.93 7.93 0.00
7.53 7.53 0.00
7.28 7.28 0.00
15.47 15.47 0.00
14.52 14.51 0.07
18.20 18.20 0.00
11.82 11.82 0.00
18.34 18.34 0.00
4.91 4.91 0.00
11.90 11.90 0.00
7.21 7.21 0.00
15.05 15.05 0.00
12.76 12.76 0.00
1.83 1.77 3.39
17.93 17.92 0.06
16.71 16.71 0.00
11.27 11.27 0.00
21.66 21.66 0.00
4.06 4.04 0.50
4.97 4.97 0.00
0.01 0.01 0.00
6.21 6.21 0.00
7.82 7.82 0.00
12.92 12.92 0.00
14.93 14.93 0.00
10.32 1032 0.00
4.16 4.16 0.00
1.25 1.21 3.31
19.01 19.01 0.00
17.58 17.58 0.00
11.33 11.33 0.00
23.80 23.80 0.00
1.01 0.98 3.06
4.48 4.48 0.00
221 2.17 1.84
1.01 1.01 0.00
0.22 0.21 4.76
2.27 222 225
0.40 041 —2.44
3.78 3.76 0.53
4.00 4.00 0.00
5.53 5.53 0.00
3.14 3.14 0.00
6.38 6.38 0.00
7.39 7.39 0.00
0.14 0.13 7.69
7.83 7.83 0.00
10.19 10.19 0.00
593 5.93 0.00
10.29 10.29 0.00

s

the optimal critical temperature of the mixture T is calculated
by Eq. (19). Then, pure working fluids with critical temperature
above and below T,; are selected to form the binary zeotropic
mixture. By adjusting their concentration, a series of mixtures
with Tg; can be obtained.

Step 2: Excluding the ‘wet’ mixture. On the thermodynamic
point of view, working fluids can be categorized into “dry”,
“wet” and “isentropic” types according to their saturated vapor
curve in the T-s diagram. Since the slope of mixture saturated
vapor curve varies with the mixing fraction nonlinearly, the
mixtures can have different characteristics of saturated vapor
curve through the mixing fraction regulation [52]. The mixtures
with the obvious “wet” behavior should be excluded according
to their saturated vapor curves in the T-s diagram because the

large superheat degree at the expander inlet will reduce the
cycle performance [53,54]. This will be illustrated in section
3.3.2.

Step 3: Selecting mixtures with proper condensation tem-
perature glide. For a specific cooling fluid inlet temperature, the
condensation temperature glide of obtained mixtures in step 2
can be acquired from the property database according to Egs.
(23)—(26). Then, the suitable mixtures can be selected according
to Eq. (27).

3.3.2. Application and verification of the selection criteria

Since the present selection criteria are only related to thermo-

dynamic properties of the working fluids, it is also applicable to the
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Fig. 13. Selected mixture working fluids for (a) ATs,, =0K and (b) ATgyp=5K.

multicomponent mixtures. In this section, the criteria are applied to
binary mixtures to verify the criteria. The heat source inlet tem-
perature is fixed at 423.15 K and there is no limitation to the outlet
temperature. The subcooling degree at the exit of the condenser is
0K and 5K, respectively. Other operation conditions are listed in
Table 1.

The optimal critical temperature calculated by Eq. (19) is
382.74 K. Seven pure fluids with critical temperature lower than
382.74K and ten pure fluids with critical temperature higher than
382.74K are randomly chosen to form mixtures whose thermo-
dynamic properties can be acquired from Refprop. The mixture
concentration is identified to satisfy the optimal critical tempera-
ture 382.74 K, as listed in Table 7.

In these calculation cases, the “wet” mixtures are not excluded
to analyze the effect of the superheat degree on the selection of
mixture working fluid. The condensation temperature glide of the

Table 8

Cycle performance improvement by mixtures with T¢; =382.74K.

mixtures is predicted by the method described in step 3 in section
3.3.1. And the results are listed in Table 7. For the two cases: AT, =
OKand ATy, =5K, AT;,LCDH in Eq. (27) is in the range of 8—12 K
and 3-7K (a = 2 K), respectively. Thus, the optimal thermody-
namic performance mixtures are screened based on the tempera-
ture range.

Since the selection criteria and the method to predict the
condensation temperature glide need to be further verified, the
thermodynamic calculation is performed for the mixtures under A
Tsup = 0K and ATy, = 5K, respectively. The condensation tem-
perature glide calculated in the thermodynamic analysis is also
listed in Table 7 and compared with the prediction value in Eq. (26).
It is seen that the difference between prediction and calculation
value is quite small and most of relative errors are less than 5%,
which demonstrates the feasibility of selecting mixtures by the
predicted value without massive calculation. The distribution of
overall exergy efficiency varying with the condensation tempera-
ture glide is shown in Fig. 13. It is found that the mixtures in the
‘optimal region’ can offer relatively higher overall exergy efficiency,
indicating the validity of the criteria. Since the evaporation pressure
of the mixtures identified by Eq. (19) is usually 0.9P;, the super-
heat degree for the “wet” working fluids should be large enough
(usually above 5 K) to avoid the two phase region at the exit of the
expander. It can be seen from Fig. 13 that the overall exergy effi-
ciency of the ‘wet’ mixtures with the larger superheat degree
(ATsup > 5 K) is lower than that of other mixtures. This is why the
step 2 in the screening criteria needs to be implemented to elimi-
nate the “wet” working fluids according to the characteristics of
their saturated vapor curve in the T-s diagram.

Additionally, after the first selection step are satisfied (T,,; are
achieved), for the mixtures with smaller or without superheat
degree, performance of the selected mixture working fluid is
compared with the mixtures whose condensation temperature
glide is closest to O to demonstrate the improvement of the cycle
performance attributed to the better temperature match, as listed
in Table 8. It can be found that the overall exergy efficiency is
improved by 9.23% and 7.12% for the cases AT, = 0 Kand AT, =
5 K, respectively.

4. Conclusions

Although using zeotropic mixtures in the ORC system can
improve its performance, the selection of the mixture working fluid
is still a great challenge due to the lack of selection criteria. The
present work proposes a thermodynamic selection criteria for
zeotropic mixtures based on the exergy analysis of the subcritical
ORC. The temperature match between the working fluids and the
heat source/sink are analyzed. The steps of using this selection
criteria and a case study to validate it are also illustrated. The main
conclusions are summarized as follows:

(1) The proposed selection criteria for zeotropic mixture consist
of two correlations: Tys — Tp eva = 1.182T; — 39.244 (K)
and ATy n = AT — ATgy, which describe the working
fluids optimal temperature match with the heat source and

Subcooling degree Working fluids ATyt con(K) (%) 7y improvement rate
ATgy, =0K R227ea/propyne (0.914) 0.21 39.02 -

R218/butane (0.7843) 11.54 42.62 9.23%
ATy, =5K R227ea/propyne (0.914) 0.21 39.16 -

R227ea/R245ca (0.913) 3.76 41.95 7.12%
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the cooling fluid, respectively. The mixture composition can
be directly determined according to the thermophysical
properties of working fluids without massive thermody-
namic calculation.

(2) For the heat source without limit to the outlet temperature,
the improvement of the temperature match in the evapo-
rator exhibits more significant influence on the cycle per-
formance than that in the condenser because the evaporator
pinch point moves from the bubble point to the preheating
section. Consequently, the match condition with the heat
source shoud be firstly satified.

(3) For the temperature glide in the condenser, its effect on the
improvement of the overall exergy efficiency is mainly
attributed to combine effects of the increase in the heat
source utilization, the decrease in the condenser exergy loss
and the increase in the evaporator exergy loss. And the in-
fluence of the former two on the overall exergy efficiency is
greater than the latter.

(4) Similar to the principles of using pure working fluid, the ‘wet’
working fluids have relatively lower cycle performance
compare to ‘dry’ and ‘isentropic’ ones when using zeotropic
mixtures in the ORC system. Thus, the ‘wet’ mixtures are not
recommended in the present selection criteria.
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Nomenclature

List of symbols

E exergy flow rate, KW

h specific enthalpy, kJ/kg

I exergy loss rate, kW

m mass flow rate, kg/s

P pressure, kPa

Q heat transfer rate, KW

S specific entropy, kJ/(kg-K)
T temperature, K

174 power, kW

n efficiency

4 change or difference

¢ exergy loss coefficient
Abbreviations

ORC organic Rankine cycle

Greek letters

n
A

£

efficiency
change or difference
exergy loss coefficient

Subscripts and superscripts

0 reference environment state
| thermodynamic first law

Il thermodynamic second law
abs absorption

bubble bubble point

cf cooling fluid

con condensation or condenser
cri critical state
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eva evaporator

exp expander

hs heat source.

in inlet

net net output

out outlet

p pinch point

pre precooling or preheating section
pump pump

rel release

sub subcooling degree
sup superheat degree
wf working fluid

* optimal value
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