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Preface to ”"Working Fluid Selection for Organic
Rankine Cycle and Other Related Cycles”

To create a more environmental-friendly and sustainable society, previously improperly used
“low-quality” energy sources can be used. In the last few decades, power generation from
low-temperature heat sources (below 300 °C), like thermal, solar, geothermal, biomass, or waste heat,
has become increasingly significant. The traditional Rankine cycle using water as a working fluid
cannot be used with sufficient efficiency at low temperatures. Therefore, finding novel working fluids
for organic Rankine cycles or similar but less frequently used thermodynamic cycles (like trilateral
flash cycles) has become a priority.

Traditionally, the working fluid for a given ORC process is selected using a trial-and-error
procedure through experience from chemically similar materials. This method, however, risks
excluding novel and previously unused working fluids that could be more suitable for the given
heat source than any of the traditional fluids. In this Special Issue, more sophisticated methods are
presented using optimization models, thermodynamic analyses, equation-of-state parameters, and
molecular properties. Expanders and working fluids should be selected together; therefore, some
discussion related to special ORC-expanders is also included.

We aim to present a reliable source for researchers, innovators, and developers working on
ORC-related fields to help them to find the proper working fluid/expander pairs for any given

heat source.

Attila R. Imre
Special Issue Editor
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Abstract: A novel method proposed to choose the optimal working fluid—solely from the point of view
of expansion route—for a given heat source and heat sink (characterized by a maximum and minimum
temperature). The basis of this method is the novel classification of working fluids using the sequences
of their characteristic points on temperature-entropy space. The most suitable existing working fluid
can be selected, where an ideal adiabatic (isentropic) expansion step between a given upper and lower
temperature is possible in a way, that the initial and final states are both saturated vapour states and the
ideal (isentropic) expansion line runs in the superheated (dry) vapour region all along the expansion.
Problems related to the presence of droplets or superheated dry steam in the final expansion state can
be avoided or minimized by using the working fluid chosen with this method. Results obtained with
real materials are compared with those gained with model (van der Waals) fluids; based on the results
obtained with model fluids, erroneous experimental data-sets can be pinpointed. Since most of the
known working fluids have optimal expansion routes at low temperatures, presently the method is most
suitable to choose working fluids for cryogenic cycles, applied for example for heat recovery during
LNG-regasification. Some of the materials, however, can be applied in ranges located at relatively higher
temperatures, therefore the method can also be applied in some limited manner for the utilization of other
low temperature heat sources (like geothermal or waste heat) as well.

Keywords: adiabatic expansion; isentropic expansion; T-s diagram; working fluid classification; optimization

1. Introduction

For converting the heat of low-temperature heat sources into electricity, the Organic Rankine
Cycle (ORC) is often applied [1,2]. There are several known—and probably even more unknown—low
boiling-point working fluids that can be used to convert heat into work. The selection of the ideal working
fluid for a given heat reservoir requires a multi-dimensional optimization method; selection criteria include
thermodynamic and physical properties, chemical stability, chemical compatibility, environmental impacts,
safety, production costs, availability of the fluid and several other parameters [1,3,4]. Some of these
parameters are more important than the others and even the rank of importance can be different in various
locations or time, making the evaluation process even more difficult. Based on the evaluation of those
criteria, one might obtain various indicators for each of these criteria, reflecting the performance of a given
working fluid and the corresponding layout. Then these indicators can be combined [5]-with proper
weight—to a comprehensive evaluation indicator to rank the working fluids and to find the best of them [6].
For this kind of evaluation, all sub-evaluation steps focusing only on a single aspect should be as accurate
as possible.

For this reason, we are focusing on one segment of this optimization method, related to the selection
of the proper working fluid to avoid wet or superheated vapour states at the end of the expansion process;
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in this case, one might use the simplest ORC layout, using only four units, including a pump, a heat
exchanger, an expander and a second heat exchanger. Starting the expansion from a saturated vapour
state and using wet working fluid, the expansion is terminated in a mixed-phase state, in the so-called wet
vapour region. Here, the vapour contains dispersed liquid (droplets), which can cause loss of efficiency
as well as damage of expander due to droplet erosion. To avoid erosion problems, one can use a droplet
separator device to remove the liquid part. Also, it is possible to apply superheating (i.e., increase of
the fluid temperature from the saturated vapour state to a superheated dry vapour state); in this case,
an additional heat exchanger section (superheater) is needed. Using dry fluid and starting the expansion
from a saturated vapour state, the expansion has to be terminated in a low-temperature superheated dry
vapour state. Here, some residual heat has to be removed from the working fluid before condensation.
This can cause some problems, including loss of efficiency or high cooling load of the condenser. To avoid
these problems, one might choose the inclusion of an extra heat exchanger, called recuperator, which cools
the superheated vapour before reaching the condenser and preheats the liquid (i.e., recovers some of the
lost heat) before reaching the evaporator. The best solution would be the application of an isentropic
working fluid, where ideal adiabatic expansions could run along (or nearby) the saturated vapour states
during the whole expansion process. In this case a simple set-up of two heat exchangers, a pump and an
expander could be sufficient to convert the heat to work by ORC. Unfortunately, such an ideal isentropic
fluid does not exist; all real fluids classified as isentropic one have a reverse S-shaped saturated vapour
branch on T-s diagram, not a straight line with infinite slope, assumed by isentropicity. This is also true for
fluids described by various molecular or equation of state based models [7-13].

Using our method, for a given heat source—heat sink pair one can select a real, one-component
working fluid from a database [14], with an ideal adiabatic (isentropic) expansion process starting from
a saturated vapour state and terminating also in a saturated vapour state (or at least in the vicinity of
this state), utilizing the “belly” of the reverse S-shaped saturated vapour branches of various materials.
In this way, one can use the simplest ORC layout, consisting of only a pump, two heat exchangers
(evaporator, condenser) and an expander, avoiding the use of superheater or droplet separator and a
recuperative heat exchanger (recuperator). Since the fluid is always in dry condition during expansion,
droplet erosion of the expander can also be avoided. Concerning the description of different set-ups
used with various working fluids, more details can be seen for example in [1,8].

Presently, we have a database of around 30 pure fluids with T-s data taken from the NIST Chemistry
WebBook [15] and from RefProp 9.1 [16]. Only fluids with properly accurate T-s data are included into
the database; they are the ones where T-s data are calculated by high-accuracy reference equations,
instead of any other general equations of states. Most of these fluids were termed formerly as dry
and a very few of them as isentropic, while in the novel classification they are in various isentropic
sub-classes, namely in ANCMZ, ACNMZ, ANZCM and ANCZM.

From the present working fluid set, one can choose the thermodynamically most suitable material
for a given ORC-cycle. Due to the temperature range covered by the T-s data, these fluids should be
proper candidates mostly for cryogenic cycles, but after proper expansion, the database can be used for
other temperature ranges (like geothermal, solar or waste heat applications) as well.

2. Maps of Potential Expansion Routes

According to the novel classification scheme, working fluids are classified by the entropy-sequences
of their so-called primary and secondary characteristic points on the T-s diagram:

e DPoints A and Z are the initial and final points of the T-s saturation curve. Physically it is related to
the triple point (or freezing point)

e Point C is the critical point, located on the top of the curve, separating the liquid branch (A-C) and
the vapour branch (C-Z)

e Points M and N are local or global entropy extrema, located on the vapour branch.
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Points A, Z and C exist for all working fluids (these are the primary points), while M exists only
for dry and isentropic ones and N exists only for isentropic ones (therefore these are the secondary
points). Theoretically, eight different classes can exist, one of them is wet (ACZ), two of them are dry
(ACZM and AZCM) and five of them are “real” isentropics, with reverse S-shaped vapour branch
(ANZCM, ANCZM, ANCMZ, ACNMZ and ACNZM). Concerning real materials, examples can be
found only for six of these classes, neither ACZM, nor ACNZM have been found up to now. Some of
these real isentropic fluids (characterized by five-letter sequences) were considered formerly as dry
ones, being the point N well below ambient temperatures. Using this classification, one can easily
correlate simple material properties like molar volume [12] or molar isochoric heat capacity [14] with
the classification, i.e., separate wet and dry working fluids. Also, it can be used easily to study the
behaviour of working fluids during the expansion process of ORC and other similar cycles [17].

The above mentioned reverse S-shape allows us to define isentropic expansion routes. Two different
T-s diagrams are shown in Figure 1, for 2-methylbutane (a) and benzene (b). It can be seen, that
although none of them is an isentropic working fluid according to the traditional wet-dry-isentropic
classification, one can still define isentropic expansion routes starting and terminating on the saturated
vapour branch; these routes are marked as 1—2 and 3—4. For both materials, all potential isentropic
expansion routes located in a “bay”, separated by a limiting expansion line (grey dashed one) from the
rest of the diagram. For ANCMZ-type working fluids, the limiting line is defined by the M — Mg
expansion route; this is also true for ACNMZ-types. For ANCZM types, the limiting line is defined by
the Zy — Z expansion route; the same is true for ANZCM types.

500 4 (a)

500

-100 0 100 200 -50 -25 0 25 50 75 100
s (J/molK) s (/molK)

450

160 180 200 220 240 260 280 300 320 340 360

Figure 1. Potential isentropic expansion routes (1—2 and 3—4) for working fluids classified as ANCMZ
(a; 2-methylbutane) and as ANCZM (b; benzene). Limiting expansion curves marked by dashed grey
lines from M — Mg (a) and Z{ — Z (b). Figure (c) shows the way of constructing a Ty -Ty diagram
representing expansion routes for each material. One material is represented by one curve and one
point of the given curve illustrates one expansion process with a given upper (starting) and lower
(finishing) temperature. Numbers and letters on (a,c) and (b,c) figures are corresponding ones.

Here, Z8 and MY are the so-called tertiary characteristic points, marking the intersection on the
saturation curve projecting the primary and secondary ones. Subscript s refers to the route of the
projection (to the s-axis), while superscript u and d refers to the relative location compared to the
original point (u: up; d: down).
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Each expansion process can be represented by an upper and a lower temperatures (Ty and T;,), where
expansion starts and stops. In this way, one can construct a Ty -Ty diagram (shown in Figure 1c) illustrating
expansion routes for each material. One material is represented by one curve and one point of the given
curve represents one expansion process with a given upper (starting) and lower (finishing) temperature.
Numbers and letters on a-c (2-methylbutane) and b-c (benzene) figures are corresponding ones.

Concerning the T-s diagrams used here, the specific entropy values are given for moles, instead of
mass (i.e., in J/molK, instead of J/kgK). Although it is not usual in engineering applications, it has been
shown recently, that for the comparison of various working fluids, the mole-based quantities are more
suitable than the mass-based ones [14].

Using 28 materials with reverse S-shaped vapour branch and with T-s diagrams available in the
NIST databases (NIST Chemistry WebBook [15] and from RefProp 9.1 [16]), one can construct a map
for all potential routes; this map is shown in Figure 2. The lower end for all lines are on one curve,
defined by the N-points; for the shortest possible expansion route Ty = Ty + 0 and Tt = Ty + 6, where
Ty refers to the temperature corresponding to point N and ¢ is an infinitesimally small temperature
difference with 6 — 0. For this reason, the lower limit should be located on a straight line with slope =1,
where Ty = Ty = Ty.. Marking this lower limit, one can avoid unrealistic T}, > Ty cases.

Materials are identified by their chemical identifier (CAS number). When lines are congested,
labels are following the order of lines in zig-zag. Materials corresponding to various classes are plotted
in various colors; black for ANCMZ, red for ACNMZ, green for ANZCM and blue for ANCZM;
as it was already mentioned, materials with ACNZM sequences have not been found up to now.
For additional information, Carnot-efficiencies for a given upper and lower temperature pair are given
by color-coded lines. The list of materials with their CAS-number, name, refrigerant code (if any) and
classification can be found in Table 1.

Carnot efficiency
600 T T T T T

550 \ A 0.0

500 - ol .

450 b \ \ | / ///
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o 400 P / \ 04
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L ] <
2 350 & / 3% %
=) . / 7 LEN 7 03
L \ rd %2 4 -
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) > 758, @y = )l? C%{ Gy
250 |- . @’;j’af 0300 7 u i 02
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%5, 4 R ACNMZ
‘95:9‘) ANZCM 0.1
150 F ANCZM
1 1 1 1 1
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Figure 2. Potential isentropic expansion routes on T -Ty diagram for 28 working fluids, identified
by their CAS-number. Carnot-efficiencies for a given upper and lower temperature pair are given by
color-coded lines.
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Since T-s data are available in various sources, NIST-based data (NIST Chemistry Webbook [15]
and RefProp 9.1 [16]) has been cross-checked. Visible difference was found only in one occasion (CAS
75-69-4, trichloromonofluoromethane, also called R11 or Freon 11); the alternative curve (data are taken
from FluidProp [18], using TPSI model, based on the work of Reynolds [19])) is also plotted by the
dashed red line.

Carnot-efficiencies are also shown in Figure 2. These values are characteristic for the given
heat source—heat sink pairs. Being the corresponding Ty and T}, values are external constraints,
Carnot-efficiencies cannot be improved. They are shown here (and later in similar figures) to give
some indication about the theoretical efficiency maximum as a benchmark.

Table 1. List of materials used in the study. The list follows the order of Figure 2 starting at decafluorobutane,
marked as 355-25-9 to trichlorofluoromethane (also referred as R11), marked as 75-69-4.

CAS-Number Name R-Number Class
355-25-9 decafluorobutane - ANZCM
76-19-7 perfluoropropane R218 ANCMZ
76-16-4 freon 116 R116 ACNMZ
431-89-0 propane, 1,1,1,2,3,3,3-heptafluoro- R227ea ANCMZ
76-15-3 freon 115 R115 ACNMZ
431-63-0 1,1,1,2,3,3-hexafluoropropane R236ea ANZCM
690-39-1 1,1,1,3,3,3-hexafluoropropane R236fa ACNMZ
107-83-5 2-methylpentane (isohexane) - ANCMZ
124-18-5 decane - ANZCM
111-84-2 nonane - ANZCM
111-65-9 octane - ANZCM
142-82-5 heptane - ANZCM
110-54-3 hexane - ANZCM
78-78-4 2-methylbutane (isopentane) R601a ANCMZ
109-66-0 pentane R601 ANCMZ
76-13-1 freon 113 R113 ANZCM
75-28-5 2-methylpropane (isobutane) R600a ACNMZ
106-97-8 butane R600 ACNMZ
2837-89-0 freon 124 R124 ACNMZ
679-86-7 1,1,2,2,3-pentafluoropropane R245ca ANCMZ
460-73-1 1,1,1,3,3-pentafluoropropane R245fa ACNMZ
306-83-2 freon 123 R123 ACNMZ
110-82-7 cyclohexane - ANZCM
1717-00-6 1,1-dichloro-1-fluoroethane R141b ACNMZ
75-68-3 ethane, 1-chloro-1,1-difluoro- R142b ACNMZ
108-88-3 toluene - ANCMZ
71-43-2 benzene - ANCZM
75-69-4 trichlorofluoromethane R11 ACNMZ

In the next sections, comparison of Ty -Ty diagram of real materials (wWhere “real” refers to data
taken from well-established reference equations) with T -Ty diagram of model fluids (van der Waals
fluid) is given; this way one might be able to single out erroneous data. Then, the method to find the
working fluid which can be used with the simplest layout for a given heat source—heat sink pair by
using the T.-Ty diagram of real fluids is presented.

3. Comparison of Reduced T -Ty Diagrams

The behaviour of fluids can be described with various equations of states (EoS); usually simple,
easily solvable equations are giving less accurate descriptions than more complex, sometimes even
non-analytical ones. Luckily, the results given by some of these simple EoS are qualitatively acceptable,
therefore they can be applied for comparison purposes. Concerning T-s diagrams, two model fluids
has been studied earlier, using van der Waals [8] and Redlich-Kwong [10] EoS. One of the advantages
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of using simple EoS is to reduce the possibility to obtain mathematical artefacts caused by some
more accurate, but mathematically more complex EoS (see for example the misplaced second critical
point given by the very accurate water EoS, the IAPWS [20]). Therefore, the van der Waals EoS with
temperature independent molecular degree of freedom has been used to obtain the “theoretical” T -Ty
diagram. The result can be seen in Figure 3. Model materials corresponding to various classes are
plotted in various colors, also used for Figure 2. Concerning the qualitative agreement mentioned above,
it is interesting to see, that the class missing in case of real materials (ACNZM) is also missing here.

One can realize, that the curves are located within a triangle. The lower boundary is defined by the
coordinate of the N points, similarly to Figure 2. Concerning the upper boundary (magenta line), these are
the Ty, and Ty values for the “longest” expansion lines for classes ACNMZ (red) and ANCMZ (black),
namely the points defined by temperatures corresponding to MZ (as T) and M (as Tyy). The exact shape
of this curve is not clarified, but it seems to be close to linear. Concerning the third side of the triangle,
it is an artificial limit (therefore it is not marked by a line), caused by the fact that all T-s diagrams of van
der Waals fluids have been calculated in the same reduced temperature range (from T, = 0.3 to T; = 1),
where the reduced temperature is the actual temperature divided by the critical one. Although this limit
seems to be artificial, it reflects correctly, that the “liquid range” of materials located between the triple
point and the critical point is usually in the 0.4-1 reduced temperature range for most of the materials [21].
The temperature of these “lowermost points of the liquid state” are identical with the temperatures of
point Z (and also with point A), therefore the “longest” expansion lines for classes ANCZM (blue) and
ANZCM (green), are terminated on a line formed by the upper and lower expansion end-points, defined
by temperatures corresponding to Z (as T1,) and Z¢ (as Ty).

For comparison, the reduced Ty -Ty diagram for the real materials (shown in Figure 2) can be seen
in Figure 4. The real curves are also located in a triangular region. The lower border is as sharp as
before, because it is the slope = 1 line, defined by the identical Ty and Ty temperatures of points N.
One can also see an upper boundary defined by temperatures corresponding to M2 (as Tp) and M (as
Ty). While for the model fluid, this upper boundary for ANCMZ (black) and ACNMZ (red) classes is
quite sharp, one can see that it is less defined here. Concerning the third side of the region, it can be
noted that the expansion line for most of the materials in the ANZCM class (green) terminate in the
reduced Tp, = 0.35-0.4 region (as it is “expected” from the thumb-rule between melting and critical
temperatures, see for example [21]), but the remaining part of the ANZCM-class materials as well as
the only ANCZM-one terminate at higher reduced Ty temperatures, showing much narrower liquid
region between freezing and critical point.

Concerning trichlorofluoromethane (CAS 75-69-4), which has a different representation using
NIST-based data or Stanford (TPSI)-based data, it seems that both curves are too short (they terminate much
below the upper boundary), but the TPSI-data seems to be better. For other materials, no visible differences
have been found. From the data obtained by van der Waals EoS, one can see the existence of an upper
envelope of the curves. Therefore, one can expect that for real materials, the curves will also be confined
between an upper and a lower borderline. It means that for example shorter expansion lines of ACNMZ
class fluids should be located on higher T , temperatures, than longer expansion lines. Hence, the short
solid line representing trichlorofluoromethane (R11, 75-69-4) is probably misplaced and it should be located
above the expansion line of freon-116 (76-16-4) and not below it. Consequently, the dashed red lines based
on TPSI-data seems to be better than the one, based on NIST data.

On one hand, by using reduced temperature data, the structure of Ty -Tyy diagram are much clearer
now; also it can help to single out erroneous data. On the other hand, for the selection of the optimal
working fluid for a given heat source—heat sink, the use of the original T} -Ty diagram is necessary,
as it will be shown in the next section.
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4. Selection Process of the Thermodynamically Optimal Working Fluid

Concerning an existing heat reservoir, one has to use a fixed maximal or upper temperature
(Ty) for the cycle, given by the heat source temperature (Tsource) and the pinch temperature (AT,
a characteristic value for the heat exchanger) as:

Tu = Tsource = AT 1)

In a similar manner, the lowest temperature of the cycle (T1) can be defined by the temperature of
the environment used for cooling (Tenvironment) and a lower pinch temperature (not necessarily equal
with the other one) as:

TL = Tenvironment + AT (2)

This (Ty; T1,) pair can be used as a characteristic point in Figure 2 to represent a given heat source
and sink with other technical details such as quality of heat exchangers; since for reduced quantities,
the critical temperature of the working fluid is also necessary, therefore on reduced diagrams (like
Figure 3), the reduced (Ty; T1) points alone cannot be used to characterize the heat source and heat
sink of the system.

In Figure 5d, the grey cross represents a hypothetical heat source and sink characterized by
Ty =293 K =19.85°C and T, = 393 K = 119.85 °C. This can be for example a geothermal heat
reservoir with a natural cold water source (a small river) or cold internal air (winter) used for cooling.
This situation is very similar to the first (and presently only) ORC-based Hungarian geothermal power
plant (see the ORC Word Map [22]).

In Figure 5d, only part of the data presented in Figure 2 can be seen, centered on the (293K,
393 K) point. This point is located between two lines representing two working fluids, namely
benzene (CAS 71-43-2) and toluene (CAS 108—88-3); one more material can be seen here, namely the
1,1-dichloro—1-fluoroethane (CAS 1717-00-6, also referred as R141b). Since none of these lines run
through the 293-392 K point, the closest ones (benzene and toluene) should be considered as nearest
to ideal. For the sake of completeness, the potential use of the third one (R141b) is also discussed.
The upper and lower temperatures determine the extent of expansion, as it can be seen in Figure 5a,e
(benzene), Figure 5b,f (toluene) and Figure 5¢,g (R141b).

For further discussion, one can define the so-called quality (7), also referred as dryness or dryness
fraction of pure fluids, representing the ratio of vapour within the two-phase region and defined as:

nv

T w ©
where 1n? and #'! are the mole- (or alternatively, the mass-) fraction of the fluid in the vapour or liquid
phase, respectively. This quality can change between one (saturated vapour) and zero (saturated
liquid); outside of the two-phase region, it is usually not defined or defined as one (vapour states) or
zero (liquid states). This ratio can be also calculated by using the specific entropy values for the given
mixed state and comparing it with the entropy values of the saturated liquid and vapour states at the
same temperature [23].

In the case of benzene (Figure 5a,e), one can see that the expansion route started at saturated
vapour state at 393 K and terminated at 293 K, runs in superheated dry vapour region for a while,
but the final part of the expansion (starting from 309.96 K down to 293 K, i.e., in an almost 17 K
temperature range) runs into the two-phase, wet region. The maximal g value (corresponding to the
final state of the expansion) is 0.9848, equal to 1.52% (in mass) of droplet. Droplets may cause erosion
problems, moreover they might decrease the net efficiency due to moisture loss, although this 1.52% is
not very high compared to the 8-12% which is usually considered tolerable [24]. For benzene, the ideal
case—i.e., expansion from one saturated vapour state to another saturated vapour state—would be the
termination of expansion at T, = 309.96 K, given by the cross section of the blue line (representing
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benzene) and grey dashed line (representing Ty = 393 K). Stopping at this higher temperature would
cause smaller efficiency, therefore the problem of droplet erosion should be weighed against the
problem of potential efficiency loss, before deciding the use or omission of benzene. It also means that
benzene would be the ideal working fluid (concerning only the expansion route and neglecting other
selection criteria) for a heat source and sink characterized by (Ty, T1) = (393 K, 309.96 K) temperatures.
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Figure 5. Expansion process of benzene, CAS 71-43-2 (ae), toluene, CAS 108-88-3 (b,f) and
1,1-dichloro-1-fluoroethane, also referred as R141b or CAS 1717-00-6 (c,g) for a given Ty -Ty pair
(293-393 K). Magnified part of Figure 2 centered on the 293-393 K point can be seen in the middle
(d), representing benzene (blue), toluene (black) and R141b (red). Right-side figures (e-g) show the
magnified parts of (a—c) around point N, for the better visibility of the expansion lines.

In case of toluene (Figure 5b,f) if the expansion route starts at saturated vapour state at 393 K and
terminates at 293 K, than even the final part of the expansion runs in superheated dry vapour states.
Therefore one would not face challenges regarding droplet formation. Unfortunately, another problem
emerges, namely the problem of cooling down the expanded dry vapour in an isobaric way before reaching
saturated vapour state at T, = 293 K. Therefore, isentropic expansion (solid red line) has to be stopped
at a higher temperature (point 2%, T = 299.7 K) and the rest of the process (2*—2) has to proceed on an
isobaric cooling route (green line). In this way, a small, almost triangle shaped part in the T-s diagram
(formed by the grey line, the green line and by the extension of the red one) will be excluded from the
cycle, decreasing the thermal efficiency. As an additional problem, this unused (lost) heat can increase
the heat-load of the environment. Addition of a recuperative heat exchanger to the system can solve—or
at least minimize—these problems, since part of this heat can be used to pre-heat the compressed liquid.
This solution is appropriate only if the temperature difference between point 2* and 2 is large enough.
In case of toluene with 393-293 K expansion, this gap is around AT = 7 K, which can be used only in a
very limited manner for this purpose. With a larger gap, this heat can be utilized better, however the
thermal efficiency is still smaller, therefore the goal remains to reach a perfect “saturated steam to saturated
steam” expansion route, with zero gap. Similarly to the case of benzene, one can define an ideal Ty, where
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expansion from Ty would be terminated at the saturated vapour state; for toluene it would be 276.06 K.
It means, that toluene would be the ideal working fluid (concerning expansion route) for a heat source and
sink characterized by (Ty, T1) = (393 K, 276.06 K) temperatures.

In case of R141b (Figure 5¢,g) the situation is very similar to the one observed for toluene.
The expansion—even in the final stage—runs in superheated dry vapour region, so droplet-related
problems do not exist. Similarly to toluene, isentropic expansion has to be stopped at a temperature above
293 K, namely at the one marked as 2* (here it means 298.5 K) and the rest of the process (2*—2) has to
proceed on an isobaric cooling route, losing some part of thermal efficiency and increasing the heat-load
of the environment. Here, the temperature gap between points 2* and 2 is 5.5 K, which is probably too
small to use recuperator. Similarly to the case of benzene and toluene, one can define an ideal T}, where
expansion from Ty would be terminated at the saturated vapour state; for R141b it would be 268.2 K,
almost 8 K lower than for toluene. It means, that R141b would be the ideal working fluid (concerning
expansion route) for a heat source and sink characterized by (Ty, T1) = (393 K, 268.2 K) temperatures.
One should realize, that for materials on the dry side, but “farther” from the point characterizing the heat
source and heat sink (here, toluene is closer, R141b is farther), the expansion has to be stopped farther on
temperature scale from the saturated liquid state, but this temperature distance does not correlate with the
temperature difference between points 2* and 2. For R141b, the “belly” of the inverse S-shape is smaller
than for toluene, therefore the temperature gap between points 2* and 2 is smaller for R141b than for
toluene, despite the fact that R141b is farther from the characteristic point. Therefore, R141b might be better
for this given heat source and heat sink system, than for toluene, i.e., not only the immediate, but second
(or even further) neighbours should be checked in the selection process.

Table 2 summarizes the data which compares the efficiencies of cycles using various materials.
Details of the calculations are given in the Supplementary Materials. For all materials, the total
efficiencies are in the 21.05-21.72%, and the net efficiencies are in the 20.79-21.66% range. With such
small differences—especially for benzene and toluene—the difference of operational (including
maintenance) and investment costs by using the simplest layout can be a decisive factor by choosing
working fluids. In this case—since the ideal fluid has not been found—the cost related to the presence
of droplets has to be compared with the costs related to the installation and operation of the recuperator.
Since the use of recuperator are not justified here, toluene seems to be the better choice in the given
temperature range; its net efficiency matches the efficiency of benzene but droplets would not be
present to cause erosion-related problems. Obviously, using other parameters for the optimization
process, other fluids might perform better.

Table 2. Total (1)p,,) and net (Mnet) cycle efficiencies—calculated in CycleTempo 5.0 environment using
fluid data from RefProp 9.0—of ORCs using working fluids presented in Figures 5 and 6. For net
efficiencies, self-consumption of pumps were deducted. Temperatures are shown here not only in K,
but also in Celsius, according to engineering practice. Values for qualities at the end of expansion are
also shown (g). Details of calculations can be seen in Supplementary materials.

T, 19.85°C 19.85°C 19.85°C —44.65°C —44.65°C —44.65°C
293 K 293 K 293 K 2285K 2285K 228.5K
Ty 119.85 °C 119.85°C 119.85 °C 29.85 °C 29.85 °C 29.85 °C
393K 393K 393K 303 K 303 K 303 K
material benzene toluene R141b pentane isopentane hexane
CAS 71-43-2 108-88-3 1717-00-6 109-66-0 78-78-4 110-54-3
br 21.72% 21.65% 21.05% 21.23% 21.21% 21.28%
net 21.66% 21.63% 20.79% 21.21% 21.18% 21.27%
Ppump -2.75 kW -1.26 kW —12.55 kW -1.04 kW —1.46 kW -0.31 kW
Prurb 1000 kW 1000 kW 1000 kW 1000 kW 1000 kW 1000 kW
q 98.48% 100.00% 100.00% 99.52% 100.00% 100.00%
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Unfortunately, none of the expansion routes of known working fluids run through the (393 K,
293 K) point, therefore one can choose only something “close enough”. Another alternative would
be—especially when there are two “close enough” working fluids with chemically similar structure,
like toluene and benzene—the application of a mixture. Due to the chemical similarity, the mixture
would be probably an almost ideal, zeotropic mixture, which can be used more easily as working fluid
in ORC applications than azeotropic ones [8,25,26].
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Figure 6. Expansion process for pentane (CAS 109-66-0) (a,e), 2-methylbutane (CAS 78-78-4) (b f) and
hexane (CAS 110-54-3) (c,g) for a given T -Tyy pair (228.5 K, 303 K)). The magnified part of Figure 2
centered on the 228.5-303 K point can be seen in the middle (d), representing the expansion routes
for pentane black), 2-methylbutane (black) and hexane (green). Right-side figures (e—g) show the
magnified parts for (a-c) diagrams, for the better visibility of the expansion lines.

Concerning lower temperatures, one can see regions on the Ty-T1, diagram densely packed with
expansion routes. Recently, there are more and more applications for liquid methane (LNG). LNG can
be transported to LNG-terminals by ships, and there they must be re-gasified before injected into the
regular gas network, giving the possibility to utilize the so-called “cold energy” [27,28]. Concerning the
fact, that the temperature of liquid methane can be as low as 111 K (=162 °C), the external heat used for
re-gasification can be even the environmental heat (air, water), around or below 300 K. Obviously, going
down to 111 K in an ORC would cause some serious problems concerning materials used for the
construction, but using the methane as heat sink and cooling the chosen working fluid down only
to a moderate level, one can define an acceptable expansion range for example between Ty = 303 K
and Ty, = 228.5 K. Here, the lower temperature is only an arbitrarily chosen, but plausible value to
demonstrate the selection process; for any other temperature, the selection process would be the same,
only the optimal working fluid would be different. In Figure 6d, one can see part of Figure 2 centered
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around this point. It is clearly visible, that one line runs almost exactly through this point, namely
the line representing 2-methylbutane (isopentane, CAS 78-78-4) and it is slightly off from the lines
representing two linear alkanes, hexane (CAS 110-54-3) and pentane (CAS 109-66-0). Expansion lines
for these three working fluids are shown in Figure 6a,e (pentane), Figure 6b,f (2-methylbutane) and
Figure 6¢,g (hexane).

First, the potential use of pentane is discussed. In this case, the end of the expansion runs into the
two-phase (wet) region (see Figure 6a,e), but in a much smaller extent, than it was shown for benzene.
Here, the expansion line enters the two-phase region around 232.8 K, only 4.3 K above the end of the
expansion process. The quality of wet steam will be 0.9952, corresponding to 0.48% wetness, half of the
value reported in the previous case. In the case of benzene, the wetness was already in the tolerable
level; it is even more valid for this case.

By using 2-methylbutane, the expansion between Ty = 303 Kand Ty, = 228.5 K starts and terminates
in saturated vapour states, avoiding all problem related to wet or superheated dry vapour. This is
shown in Figure 6b,f. Concerning the expansion route, this is the perfect working fluid for a heat
source and heat sink pair, represented by Ty = 303 K and T, = 228.5 K.

Finally, the use of hexane is discussed. In this case, the expansion should be terminated within
the dry vapour region and the working fluid has to be cooled down to T}, by isobaric cooling.
Here, the isobaric part is so small, that it can be hardly seen even on the magnified figure (Figure 6¢,g);
the expansion has to stop at 228.97 K, instead of 228.5 K, only 0.47 K above the T} . This small gap cannot
be utilized for pre-heating the pressurized liquid, but the heat loss caused by this part is negligible.

For these materials, total cycle efficiencies move in the very narrow 21.21-21.28% range, while
their net counterparts are in the 21.18-21.27% range. With such small differences, the difference of
operational and investment costs by using the most simple layout can be a decisive factor by choosing
working fluids; in this case, the most simple layout can be realized by using 2-methylbutane, without
the loss of efficiency. Obviously, other parameters of optimization might give a different result, but for
our criteria, this is the best-performing working fluid for the given temperature range. It should be
noted here, that being the three materials chemically similar, some of their chemistry-related properties
(like ODP, GWP, toxicity, flammability) are quite similar, and therefore the indicators related to these
properties are also similar.

In the case of Ty = 303 K and T, = 228.5 K, one can pinpoint the ideal working fluid, where
expansion would run from one saturated vapour state to another saturated vapour state, all along
a dry vapour route. At the end of the expansion, the final state would be a saturated vapour state,
therefore the problems caused by wet or superheated dry vapour (discussed above) do not exist! This
ideal working fluid would be the 2-methylpentane. Due to the fact that expansion routes for several
materials run in the immediate vicinity of this (Ty, T) = (228.5 K, 303 K) point, one can even find a
second-, third-, fourth-best; this is especially important, when the working fluid chosen as “best” for our
criterion performs worse, when another important optimization criterion is considered. Because these
routes are close to our working point, using one of them—instead of the ideal one—would cause
only minor problems, acceptable for the given application. For this temperature range, the ones
next to the best would be pentane and hexane; using them the problems caused by the presence of
droplets or superheated dry vapour are almost negligible, therefore their application (and probably
the application of several other working fluids with expansion range lines running close to the (T,
T1) = (228.5 K, 303 K)) would be acceptable. In this way, one could use other criteria (environmental
safety, chemical compatibility, price, availability, etc.) together with some optimization method (see
for example [29-31]) to choose the proper working fluid, still acceptable thermodynamically, but not
necessarily the best one according to this criterion.

5. Conclusions

A novel method has been proposed to choose the best working fluid—from the point of view of
expansion route—for a given heat source and heat sink (characterized by a maximum and minimum
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temperature). The method is based on the novel classification of working fluids using the sequences of
their characteristic points on temperature-entropy space [11]. Using this simple method, a possible
expansion route can be defined between an upper and lower temperature values; these temperatures
are characterizing the given heat source, heat sink and the set of heat exchangers. In this way, one can
select a working fluid (from a database, see [14]), where an ideal adiabatic (isentropic) expansion
process between a given upper and lower temperature is possible in a way, that the initial and final
states are both saturated vapour states and the ideal (isentropic) expansion line runs in the superheated
dry vapour region all along the expansion. In this way, it is possible to avoid problems related
to the presence of droplets or superheated dry steam in the final expansion state, just before the
condensation. Therefore, one can use the most simple ORC layout, using only a pump, two heat
exchangers (evaporator, condenser) and an expander, avoiding the use of superheater (or droplet
separator) and recuperator; since the fluid is always in dry condition during expansion, droplet erosion
can also be avoided.

Study of potential expansion routes in van der Waals model fluids and comparison of the results
with the one obtained with real working fluids can help us to single out erroneous data of working
fluids presented in various databases.

Presently we have a database of nearly 30 pure fluids with T-s data taken from the NIST Chemistry
WebBook [15] and from RefProp 9.1 [16]. Most of these fluids were termed formerly as “dry”, while
in the novel classification they are in various isentropic sub-classes, namely in ANCMZ, ACNMZ,
ANZCM and ANCZM. Due to the fact, that the characteristic point responsible for the existence of
these expansion routes (point N) is usually located at low temperature for most of the materials of
our database, presently this method with the existing, highly accurate database can mostly be used to
choose the working fluids thermodynamically most suitable for cryogenic cycles (applied for example
for heat recovery during LNG-regasification, see for example [27,28], although some of the materials
can be used in higher temperatures (covering part of the temperature range for geothermal and waste
heat utilization).

Extension of the method (including internal efficiencies below 1 for the expander as well as
acceptable wetness for the final vapour state) and expansion of the database with more material are
in progress. After a proper extension of the database, this method will be available to choose ideal
working fluids for other temperatures (like the ones characteristic for various geothermal or waste heat
applications).

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/12/10/2028/s1,
“Cycle efficiencies of ORCs using working fluids presented in Figures 5 and 6”.
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Abstract:  Recently, we proposed an approximate expression for the liquid—vapor saturation
curves of pure fluids in a temperature-entropy diagram that requires the use of parameters related
to the molar heat capacity along the vapor branch of the saturation curve. In the present work,
we establish a connection between these parameters and the ideal-gas isobaric molar heat capacity.
The resulting new approximation yields good results for most working fluids in Organic Rankine
Cycles, improving the previous approximation for very dry fluids. The ideal-gas isobaric molar heat
capacity can be obtained from most Thermophysical Properties databases for a very large number
of substances for which the present approximation scheme can be applied.

Keywords: ORC working fluids; temperature—entropy saturation curve; saturation properties;
wet and dry fluids; ideal-gas heat capacity

1. Introduction

There is an increasing interest in the use of Organic Rankine Cycles (ORCs) as a suitable way
of generating power from low-temperature heat sources such as geothermal, solar thermal, biomass,
waste heat, and bottoming cycles. As is well known, a key aspect in the optimal implementation
of an ORC for a given heat source is the choice of the working fluid. An appropriate working
fluid selection should take into account several criteria such as thermo-economic efficiency, safety,
environmental aspects, chemical stability, etc. [1-6]

One of the most relevant aspects in ORC working fluid selection is the analysis of the shape
of the liquid—vapor saturation curve in a temperature-molar entropy (T-s) diagram because it has
a direct influence both in the thermal efficiency and in the particular design of the cycle. Let us
consider a simple, ideal ORC with an evaporation temperature Tey and a condensation temperature
Teon, 50 that Teon < Tey < Tc where T, is the critical temperature. In this simple ORC, the isentropic
expansion that takes place in the turbine and starts from a saturated vapor state at Tey can lead to three
different situations depending on the shape of the saturation curve: (1) If the mean slope of the vapor
branch of the T-s saturation curve between Teon and Tey is negative, the working fluid has a wet fluid
behavior and the isentropic expansion process in the turbine gives rise to condensation, i.e., it ends
in the two-phase region of the T-s diagram. This situation should be avoided (via superheating)
since the mixture of vapor with liquid droplets could lead to damage of the turbine blades [7].
(2) If the mean slope is positive, the working fluid has a dry fluid behavior and the isentropic expansion
leads to superheated vapor. This implies a reduction in the cycle efficiency which can only be partially
remediated by resorting to a regenerator. (3) Finally, if the absolute value of the mean slope is very

Energies 2019, 12, 3266; d0i:10.3390/en12173266 17 www.mdpi.com/journal/energies



Energies 2019, 12, 3266

large, the working fluid behaves as an isentropic fluid so that the turbine isentropic expansion ends near
the saturated vapor state at Teon. In this case, neither regeneration nor superheating is required.

Fluids such as water, carbon dioxide or ammonia that always have a negative slope in the vapor
branch of the T-s saturation curve (dT/dsg < 0) always behave as wet fluids and are usually termed
as wet. On the other hand, fluids such as siloxanes or alkanes with a large number of carbons have
a positive slope for most temperatures in the T-s saturation curve and are called dry fluids since they
usually lead to a dry fluid behavior. Finally, fluids like the refrigerants RE143a, R11, or R116 present
a wide range of temperatures for which the saturated vapor curve is almost vertical. These fluids
are usually termed as isentropic, although isentropic behavior can also be obtained with a particular
class of dry fluids [8-10]. To summarize, the slope of the vapor branch of the T-s saturation curve
gives rise to a basic classification of working fluids into three categories: wet, dry, and isentropic.
According to Liu et al. dry or isentropic fluids are preferred for ORC applications since they eliminate
the problems related to condensation in the isentropic expansion [7].

Most studies on the shape of the T-s saturation boundary have focused in the analysis of the slope
of the vapor branch dT/dsg and its relation with the molar heat capacity of the fluid. In a seminal
work, Morrison [11] presented a study in the context of refrigeration cycles, concluding that
negative slopes in the vapor branch do arise for fluids with large isochoric molar heat capacity and,
consequently, for fluids with large, complex molecules. Liu et al. [7] derived an approximate expression
of the (inverse) slope { = dsg/dT in terms of the isobaric molar heat capacity of the saturated vapor
and the molar enthalpy of vaporization, and related the dry or wet character of the fluid to the sign
of ¢. Other authors have obtained results for different model equations of state, concluding that a key
aspect in the shape of the T-s saturation curve is the ideal gas contribution to the molar heat capacity
of the fluid [12-15].

Recently [16], we proposed a semiempirical method to obtain the T-s saturation curve
by means of: (1) a modified rectilinear diameter law for the two branches of the saturated entropy;
and (2) an appropriate expression for the entropy of vaporization As. The method only requires
the knowledge of three parameters: T, the acentric factor w, and the slope of the modified rectilinear
diameter —b. Two approximations were considered for b. The simplest one requires the knowledge of
the critical molar volume v, which together with T, and w can be obtained in any Thermophysical
Properties database. The most accurate approximation requires the calculation of the slope ¢ at a certain
temperature and therefore, the use of programs like RefProp [17] or CoolProp [18]. The goal
of the present work is to study the relation between the modified rectilinear diameter law and the
ideal gas molar heat capacity considered in earlier works [12-15]. More concretely, in this work,
we propose a new approximation for b in terms of w and the ideal-gas isobaric molar heat capacity
at an appropriate reduced temperature. The new approximation has the same application range as
the previous ones, with the advantage that it does not require the calculation of ¢ and yields better
results for very dry fluids.

This paper is structured as follows. In Section 2, we outline the main features of the semiempirical
method in [16]. In Section 3, we introduce the ideal gas contribution to the entropy and investigate its
relevance in the dry or wet behavior of a working fluid. From the results of the preceding sections,
a new approximation for the slope of the modified rectilinear diameter is proposed in Section 4,
in terms of the ideal gas molar heat capacity of the fluid. In Section 5, we compare the results of the
new approximation with previous ones. Finally, we conclude in Section 6 with a brief summary.

2. A Semiempirical Method for the T-s Saturation Curve

In [16], we proposed a semiempirical method to obtain approximate expressions
for the liquid-vapor phase boundary in a temperature-entropy diagram. Here, we present the
basic equations of the method that are employed in connection with the ideal gas molar heat capacity
of the fluid. We find it convenient to work in reduced coordinates so that, without loss of generality,
we consider a T, — s* diagram where T, = T/T, is the reduced temperature and s* = (s —s;)/R
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is a dimensionless molar entropy, where s, is the molar critical entropy and R is the gas constant.
*
g
and sj, respectively, and are functions of T,. Furthermore, with these definitions, for all fluids, one has

sg(Tr = 1) =s{(T, —» 1) =0.
To determine sg(T;) and s{(T), two relations are considered in the semiempirical method.
The first one is the well-known relation between the dimensionless molar enthalpy of vaporization

In this context, the entropies of the gas and liquid branches of the phase boundary are denoted as s

*

Avhy = Avh/RT. and the molar entropy of vaporization Ays* = sg

S|
Avhy = ToAys™ . 1)

Several approximate expressions for Ayh, are available in the literature [19]. For simplicity,
we consider the following corresponding states version [20] of the Watson equation [21]:

Avhy = K(w)(1 —T,)%%8, 2)

where
K(w) =7.2729 + 10.4962 w + 0.6061 w? 3)

is a function of the acentric factor of the fluid w.
The second relation in the semiempirical method is based on the observation [16] that the line
of constant quality g in the two-phase region of the T, — s* diagram,

53(T7) = gs3(T) + (1 - )s{(T,), @

has an approximately linear behavior in the range 0.6 < T,<0.99 for an appropriate value of 4.
The optimal value of g varies slightly with the fluid, with a mean value § = 0.385 for the 121 fluids
of the RefProp 9.1 program [17]. Therefore, one can write the following modified rectilinear diameter
relation for the entropies of the saturated liquid and vapor [16]:

Si(Ty) ~b(1-T,) (0.6 < T,<0.99), ®)

where —b is the slope of the modified rectilinear diameter. We note here that this linear relation

is similar to the well known rectilinear diameter law of Cailletet and Mathias [22] for the saturation

densities but, instead of using g4 = 0.5, one has to consider a different value of g for the entropy.
Equations (1) and (4) allow expressing the saturation entropies in terms of A/, and s (Ty):

Sg(TY) :sq(Tf)+(1_q) ,; -, (6)
r
Avh
s (T) =s3(T) —q— @)
r
that are exact relations valid for any value of the quality in the range 0 < g4 < 1. Substituting
the approximations Equations (2) and (5) with ¢ = 4 = 0.385, it is direct to obtain
the approximate expressions
1—-T 0.38
sg(Tr) =b(1—-T) + (1 - q‘)K(w)% , (8)
r
1—T 0.38
(1) = b1 - 1) — gK(e) LT ©)
r
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which are expected to yield good results for the entropies of the saturated vapor and liquid in the range
0.6 < T;<0.99. Equations (8) and (9) require the parameter b as an input. Differentiating Equation (8)
with respect to T, one has

ds; (1-0.62T,)
g _ _ - r
a7, — b—(1-7)K(w) T2(1—T,)062

(10)

From this equation, two approximations were considered in [16] for b. The first one, referred to as
approximation Al, is given by the following expression:

_ (1—0.62Twy)
b=-Cu—1-PKW) g5~ 11
T]%/[y(l - TMr)O‘62
where Ty, is the reduced temperature at which the derivative dsg /dT; attains its maximum value &y,
(see [16,23] for details). The values of Ty, and ¢y have been calculated in [23] for the 121 pure fluids of
RefProp 9.1. From now on, all results obtained from this approximation are labeled with the subscript
Al,i.e., we refer to bay, sglAl, S;Al, and S;/Al.

To avoid the dependence of the parameter b on Ty, and ¢y, a further approximation A2 was
presented in [16], in which Tyj, was replaced by its mean value Ty, = 0.81 and a correlation in terms of
the critical molar volume v, was used for ¢y;. Approximation Al is more accurate, but approximation

A2 only depends on T, w, and v, that are easily accessible for several fluids.

3. The Ideal Gas Contribution to the Entropy

The dimensionless molar entropy of a fluid can be expressed as
s*(Ty,vp) = s (Ty,vp) + 5™ (T 1), (12)

where v, = v/v. is the reduced volume, s = (s" —s.)/R is a dimensionless residual entropy
(that depends on the equation of state of the fluid), and si8* = 518 /R is the ideal gas contribution
to the entropy:

: T, (8 (T,) — 1
Slg*(Tr/Vr) :/ 4 ( V)

Vr ig*
dT, +log | — ) +5s5 - 13
Tro T, ’ & <Vr,0 > 0 (13)

In Equation (13), the subscript 0 refers to an arbitrary reference state and c},ﬁg*(ﬂ) = C;%(T,) /R

is the dimensionless ideal gas isobaric heat capacity. Several approximate expressions for c;,g* have
been used in the literature. Common choices are polynomial expansions of the form

(T = Y 4T, (14)
i=0,4

and the well-known Aly-Lee equation [24] used by the DIPPR database [25]

dZ/Tr d4/Tr
sinh(dy/T,) | 72 | sinh(dy/T,) |

F(Ty) = do+dy { (15)

where the parameters d; (a; in Equation (14)) are obtained by a fit to experimental data, and are, therefore,

fluid-dependent. Furthermore, it is worth mentioning that, depending on the fluid, the RefProp 9.1

program [17] uses different approximate expressions for c;g that provide an accurate fit to experimental data.
We find it convenient to split the ideal gas contribution to the entropy in two parts:

S8 (T, vy) = 8%(T,) + $81%(T,, vy), (16)
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where )
) 18 (T,
§i80%(T,) = _/ y (Tr) dT,, 17)
v Ty
and T
S81%(T,, v,) = log < "OW> +5g" — 80 (Typ) (18)
TrVr,O

so that s'8%* carries the temperature dependence of the dimensionless molar entropy due to C;g*,
and s'8* is a function of the temperature and the molar volume. From Equations (12) and (16)—(18),

one can write the following expressions for the entropies of the saturated vapor and liquid
Sg(Tr) = s8(T,) + s (Tr, vrg) (19)

S{(Ty) = s (Ty) + Ty, vyy) (20)

where vy g and v, | are, respectively, the reduced volumes of the saturated vapor and liquid. The excess
entropy s*(T,,v;) = s®*(T,, 1) + s (T, v,), is a function of the reduced temperature and the
reduced volume of the fluid. Equations (19) and (20) show that the entropies of the saturated liquid
and vapor can be separated in two contributions. The first one, s'8%%, is the same for the two saturated
phases and only depends on T; through an integral of cif* / Tr. The second contribution s** is different
for each saturated phase and depends on the equation of state of the fluid.

The behavior of the ideal gas contribution s'8%*(T,) defined in Equation (17) is shown in Figure 1
ina T; — s* diagram for: (a) ammonia; (b) benzene; and (c) methyl palmitate. In this figure, one can see
that the main source for the inclination of the T; — s* saturation boundary is the ideal gas contribution
580%(T,,). This implies that the dry or wet character of a fluid is mainly driven by the slope of 8% (T;,).
This fact was previously observed by Groniewsky and coworkers [14,15], but using the contribution
to the molar entropy due to the isochoric molar heat capacity of the ideal gas Ci,g instead of the isobaric
one, c¥.

We also show in Figure 1 the line of constant quality s; (with § = 0.385) obtained from
Equation (4) using RefProp 9.1 results [17] for s and sg, and the result s;, a1 of approximation
Al for the modified rectilinear diameter relation in Equation (5) with the parameter ba; given by
Equation (11). To calculate ba1, the following values were used [23] (see also Table Al): w = 0.256,
Ty, = 0.8162, and &y = —8.6109 for ammonia; w = 0.211, Tyt = 0.8252, and ¢y, = 6.1558 for benzene;
and w = 091, Ty, = 0.7388, and y; = 86.6279 for methyl palmitate. We obtained ba; = —4.4225 for
ammonia, ba; = —18.5302 for benzene, and ba; = —110.949 for methyl palmitate.

In Figure 1a, we consider ammonia as an example of wet fluid. As one can observe, in this case,
the ideal gas contribution s8% (T, ) shows a noticeable deviation from both the line of constant quality
s obtained from RefProp 9.1 and the approximate (straight line) result s; , ;. The best agreement for
ammonia was obtained for T, ~ 0.8. Much better agreement was obtained for benzene (Figure 1b),
especially in the range 0.7 < T; < 0.99. The case of methyl palmitate presented in Figure 1c shows
a good agreement between 8% (T,) and sz, with larger deviations with s;i, A1+ We note that methyl
palmitate is a “very dry” fluid, with a large value of ¢y, and approximation Al is known to give large
deviations for these fluids [16]. In Figure 1d, we plot the results for sig0% s}, and s;f/ A1 in the same
scale, showing that the main discrepancies take place between s and s7 ,; for methyl palmitate.

From the results presented in Figure 1, which are also valid for the remaining fluids of RefProp
9.1 (not shown), we can conclude that the ideal gas contribution s%8%* is close to the line of constant
quality sg with § = 0.385 but some differences do arise, especially for T, < 0.7. Therefore, it is not
advisable to replace sj with 5180* in Equations (6) and (7) in order to obtain a new approximation
for the entropy of the saturation boundary. As shown in the next section, it is more convenient to
consider the approximate expressions of Equations (8) and (9) but using information from s'8%* instead
of Equation (11).
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Figure 1. T;-s* diagram for: (a) ammonia; (b) benzene; and (c) methyl palmitate. The solid red line
corresponds to the ideal gas contribution to the entropy s'8%* defined in Equation (17), the dotted black
line is the constant quality entropy s; obtained from Equation (4) with 4 = 0.385, and the dashed blue
line shows s;, a1 = b(1 = Ty) with b obtained from Equation (11) (approximation A1). The solid black
line represents the liquid-vapor saturation boundary. (d) A comparison of the results for 5180, S5/
and Sq*’, a1 presented in (a—c). All data were obtained using RefProp 9.1 [17].

4. A New Approximation for the T-s Saturation Curve

Differentiating Equation (19) with respect to T;, we obtain the following expression for the slope
of the entropy of the saturated vapor

dsg  f(T)  ¢*(T)

ar, ~ 1, T, ' @)
where 45 (T T
pr (1) = 1,2 et @)
dt,

We note that, as pointed out by Garrido et al. [12], according to Equation (21), a fluid behaves as
dry for reduced temperatures such that

G (T) > 9*(Ty) . 23)

A rigorous approach for obtaining ¢* from an explicit equation of state (Eos) model has been
developed by Garrido et al. [12]. This implies that ¢* should be correlated with the acentric factor w
of the fluid. In Figure 2, we plot 1™ vs. w for the 121 fluids of RefProp 9.1 [17] at a reduced temperature
T, = Ty, = 0.81, which is taken as reference. Instead of considering a given Eos model, the values of
1* were obtained from Equation (21) and RefProp 9.1 data for ci;g and dsg /dT;. As one can observe,
there is a rather good correlation between 1* and w. A quadratic fit excluding two oddball fluids
(ethanol and methanol, black dots in Figure 2) yields

¥ (w, Tny) = 8.7872 + 8.7191w — 1.9704? (24)

with a coefficient of determination R% = 0.9838.
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Equating Equations (10) and (21) and taking as reference the reduced temperature Ty, = 0.81,
we obtain )
ig% 7=
cpg (Twmy) + 6(w)

, (25)
TMr

bas = —

where the label A3 has been chosen to compare with approximations Al and A2 in [16], and,
using Equations (3) and (24),

= _ 1—0.62Tw,)
S(w) = =" (w, Tyy) + (1 — wa(if'
( ) 1!] ( Mi’) ( Q) ( )TMr(l _ TM;')O'()Z
= —1.0901 + 2.3893w + 2.6119w? . (26)
20
15} o
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Figure 2. ¢* vs. w for the 121 fluids of RefProp 9.1 [17] at a reduced temperature Ty, = 0.81.
The dashed blue line is the result of a quadratic fit to the data (red circles) excluding ethanol and methanol
(solid black circles).

Finally, inserting Equation (25) into Equations (8) and (9), we obtain

& Ty ) + 6 _T,)038
sy =~ gy 4 g T, @)
& (Tygy) + 6 _T,)038
Sias(Ty) = —Wu -1 - ke L, 8)

which are the results of our new approximation A3 for the entropies of the saturated vapor and liquid.
Taking into account that the new approximation is also based in the modified rectilinear diameter
relation in Equation (5), we expect that the results of A3 should apply in the range 0.6 < T, < 0.99.
We would like to recall here that Equations (27) and (28) only require the knowledge of the acentric
factor of the fluid, its critical temperature, and the ideal gas molar isobaric heat capacity at a reduced
temperature Ty, = 0.81. These parameters are easily accessible for a large amount of fluids using well
known databases such as DIPPR [25].

In the next section, we analyze the results of Equations (27) and (28) by comparing with RefProp
data and with the results of approximation A1 derived in [16].

5. Results

Figure 3 compares the results of RefProp 9.1 with those of approximations Al and A3
for the liquid-vapor saturation boundary in a T, — s* diagram for: (a) ammonia; (b) benzene; (c) methyl
palmitate;and (d) Dé. In the case of ammonia, approximation A3 gave better agreement with RefProp
9.1 than A1 for the saturated vapor branch, whereas we obtained the opposite behavior for the saturated
liquid branch. This can be ascribed to the fact that the slope of the modified rectilinear diameter is

slightly larger for A3 (—bas = 5.0275, obtained from Equation (25) with C;,g* (T, ) = 4.3795) than for
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Al (—bay = 4.4225). Figure 3b shows that Al and A3 yield similar results for the saturation entropies
of benzene, with excellent agreement with RefProp 9.1 results except for s; for T, < 0.6. In this case,

the slope —ba; = 18.5302 is very similar to —ba3 = 18.4997 (obtained from C;g* (Tny) = 15.4544).
In Figure 3¢, the approximation A3 gives a better agreement with RefProp 9.1 than A1. This indicates
that the slope —ba3 = 107.9614 (obtained from cipg* (Tmy) = 84.2017) yields better results than that
of approximation Al (—ba; = 110.949). Finally, Figure 3d shows that A3 yields much better agreement
with RefProp 9.1 than Al. We note that D6 gives rise to the maximum deviation between Al and
RefProp 9.1, as we shown below. This is clearly due to the fact that the slope —bs; = 128.0031 for D6
is much larger than —ba3 = 120.7889.

1.0

Ammonia (b) Benzene

0.9

Figure 3. Liquid-vapor saturation boundary in a T;-s* diagram for: (a) ammonia; (b) benzene;
(c) methyl palmitate; and (d) D6. The solid lines correspond to the results of approximation A3
for the entropies of the saturated vapor S;,, A3 (solid red line) and the saturated liquid s 55 (solid blue
line). The dashed lines correspond to the results of approximation Al for the entropies of the saturated
vapor s; a1 (dashed red line) and the saturated liquid 51*, A1 (dashed blue line). The symbols are RefProp
9.1 results for s; (circles) and sj (triangles).

The only difference between approximations Al and A3 comes from the value of the parameter
b that is calculated from Equation (11) in the case Al and from Equation (25) for A3. In Figure 4,
we present a plot of bz vs. b for the 121 fluids of RefProp 9.1 [17], which are also listed in Table Al.
In all cases, we obtained negative values of b in the range —130 < b < —1 (notice that the modified
rectilinear diameter relation is given by b(1 — T,) and thus the slope of the straight line, —b, is always
positive). Overall, the agreement between both approaches is very good except for very dry fluids
(with large values of —b) where approximation A3 yields results for —b slightly smaller than those
of approximation Al, as one can see in Figure 4a. Wet fluids are those for which ¢y, < 0 and thus
they present smaller values of —b. As shown in Figure 4b, the agreement between the results of Al
and A3 for wet fluids is still good but presents more spread. The transition from dry to wet fluids
occurs for b ~ —14 but it is not sharp, mainly due to the effect of the acentric factor in Equation (11).
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Figure 4. The parameter baz vs. baj. The symbols represent the values of ba3 and ba; obtained
from Equations (25) and (11), respectively, using RefProp 9.1 data [17]. The solid blue line corresponds
to the identity baz = baq. Dry fluids (Zy; > 0) are plotted with red circles and wet fluids (§; < 0)
correspond to black squares. (b) A zoom of (a). The data for ba3 and ba; are listed in Table Al.

To provide a quantitative measurement of the performance of approximations Al and A3,
we consider the following expression for the percent relative deviation A,; of approximation Ai
(i =1,3), which was introduced in [16]:

1 1
Joo155(Tr) = sp g (THIATy + o ls7(Tr) — sj o (T7) [T

Ay = 100 !
fo.e \Sé(Tr) - Sf(Tr”dTr

) (29)

where sg and s; are RefProp 9.1 results. We obtained A,y = 4.82% and A;3 = 3.42% for ammonia,
Ay = 2.11% and A3 = 2.28% for benzene, and A,; = 24.68% and A,3 = 14.12% for methyl palmitate.

Figure 5 compares the percent relative deviations of Al and A3 for the 121 fluids of RefProp 9.1.
To relate the performance of Al and A3 to the dry or wet character of the fluid, the percent relative
deviations are plotted as a function of the parameter &y;. We note that, for the sake of clarity, the results
are plotted with lines instead of symbols. As one can observe in Figure 5 (see also Table A1) the new
approximation A3 fares better than A1 for fluids with {y,>28, i.e., for very dry fluids. For the remaining
fluids, both approximations yield similar results, in most cases with relative deviations less than 5%
(below the dotted line in Figure 5). More concretely, in the case of the new approximation A3, we
obtained an average percent relative deviation A,3 = 4.19% for all fluids of Table A1, with a maximum
percent relative deviation max(A,3) = 15.56% for methyl stearate (the only fluid with A,z > 15%).
In the case of A1, one has [16] A,; = 5.00% and max(A,;) = 34.10% for D6, with nine fluids of a
total of 121 with A,; > 15%. The reason for obtaining Ay > Az canbe clearly ascribed to the poorer
behavior of Al for very dry fluids. We note, however, that, in the two approximate treatments, 96 fluids
have relative deviations less than 5%. Among the wet fluids ({y,; < 0), the largest relative deviations
were obtained for helium (A, = 13.86% and A,3 = 14.38%) and R40 (A,; = 12.65% and A,3 = 12.83%).
Finally, we would like to note that, even with large deviations, e.g. A,; = 34.10% for D6, one can
obtain fairly good results, as shown in Figure 3d.
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Figure 5. The percent relative deviations A,; and A,3 vs. {y;. For clarity, the deviations are plotted
with lines: the dashed red line corresponds to A,; and the solid blue line represents A,3. The dotted
line indicates a deviation level of 5%. The data for A,q, A;3, and ¢y are listed in Table AT.

6. Summary

In a previous work [16], a semiempirical method was developed for obtaining the liquid—-vapor
boundary of a fluid in a T, — s* diagram. The method assumes that, for a certain value of the quality
g = 0.385, the line of constant g in the T, — s* diagram (s5(T;)) is very close to the straight line
s; (Ty) = b(1 — Ty), i.e., one has a modified rectilinear diameter relation for the saturation entropies.
From this assumption, the semiempirical method only requires two ingredients: an appropriate
expression for the enthalpy of vaporization and an approximate estimation of the parameter
b. In what refers to the enthalpy of vaporization, perhaps the simplest choice is the extended
corresponding states version [20] of the Watson equation [21] considered in [16] and in the present work.
Two approximations, A1l and A2, where developed for b in [16]. The more accurate is approximation
Al with by given by Equation (11) and therefore depending on the acentric factor w, the parameter
¢y and the reduced temperature Ty,. The main drawback of Al is that, while w is available for most
fluids, the other two parameters must be calculated for each fluid. Approximation A2 is less accurate
but it has the advantage that, in addition to w, it only requires the critical molar volume v, that can be
accessed in most databases.

In the present work, we developed a new approximation A3 where the parameter ba3 is given by
Equation (25) and only depends on w and on the ideal-gas isobaric molar heat capacity of the fluid
cif* at a reduced temperature Tyj, = 0.81. We want to recall that excellent approximations for ci,;g’*
are available for a large variety of fluids in most Thermophysical Properties databases. The new
approximation has the virtues of approximations A1 and A2 without their problems: it has an accuracy
similar to or even better than that of Al and only needs the value of easily accessible parameters.

To conclude we would like to comment that the present work has also served to clarify the role
played by the ideal-gas isobaric molar heat capacity in the shape of the liquid—vapor saturation
boundary in a temperature—entropy diagram, in agreement with the results of other authors [11-15].
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Nomenclature

—b Slope of the modified rectilinear diameter
Ay Percent relative deviation

Avh Molar enthalpy of vaporization, ] /mol
v Molar volume, m3/kmol

cp Isobaric molar heat capacity, J/(mol K)
[4 Pressure, MPa

q Quality

R Gas constant, 8.314472 ]/ (mol-K)

s Molar entropy, J/(mol-K)

T Temperature, K

Greek letters

w Acentric factor

¢ Inverse of the slope of the saturated vapor curve, J/ (mol-K2)
Superscripts

* Dimensionless

ex Excess

ig Ideal gas

r Residual

Subscripts

Al, A2, A3 Approximations used in this work

c Critical

con Condensation

ev Evaporation

g Saturated vapor

1 Saturated liquid

M Point for which ¢*(T;) presents a maximum
r Reduced

Acronyms

ORC Organic Rankine cycle

Appendix A

Table A1. Critical temperature T, acentric factor w, maximum slope of the entropy of the saturated
vapor y,, reduced temperature Tyyy, ideal gas molar isobaric heat capacity c;,g* (Twy) , parameters bag
and bagz, and percent relative deviations A,; and A,3. The data were obtained from RefProp 9.1 [17].
The fluids are listed in increasing value of gy;.

Fluid T.K & Twtr " (Twy) bar bas Ar1(%) Ar3 (%)
methanol 51338 05625 —10.6364 0.7874 6.3594  —7.0892 —9.1848 774 878
heavy water 643.85 0364 —9.877  0.8071 45129  —47427 —57266 286  6.06
water 647.1 03443 —9.846 08018 42676  —4534 53207 296 651
ammonia 4054 0256  —8.6109 08162 43795  —44225 50275 482 342
hydrogen chloride ~ 32455  0.1288 —83196 08228 35036  —29154 —34131 7.06 478
R41 317.28 02004 —7.9926 0.8146 42702  —42672 —4.6467 402  4.02
carbon dioxide 30413 02239 —7.9381 0.8219 41683  —4.6244 —4.6224 471 472
R32 35126 02769 —7.7684 08198 50411  —55457 —59418 334 334
Xxenon 28973  0.0036 —7.6918 08142 25 —1.8437 —1.7513 395  4.69
krypton 20948  —0.0009 —7.6578 08124 25 —~1.8225 —1.738 431 499
argon 15060  —0.0022 —7.6561 08117 25 18092 —17342 299 36
neon 4449  —00387 —7.3103 08012 25 17047 —16313 427 481
sulfur dioxide 430.64 02557 —7.2518 0.8202 50139  —57622 —58093 3.64 336
nitrous oxide 30952 0162  —7.0185 0.8224 43649  —4.6784 —46055 423 471
R23 29929 0263  —6.8638 0.8205 54574  —62521 —63906 3.3 254
carbon monoxide ~ 132.86  0.0497 —6.8622 0.8091 35003 ~ —3328 —3.1301 3.61 508
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Table A1. Cont.

Fluid T.(K) ¢ Tmr cF* (Tmy) bar bas A41(%) Br3 (%)
fluorine 144.41 0.0449 —6.8234 0.8118 3.5034 —3.2888 —3.1183 1.54 1.93
nitrogen 126.19 0.0372 —6.8113  0.806 3.5004 —3.2219 —3.0899 2.61 3.62
hydrogen sulfide 373.1 0.1005 —6.8028 0.8072  4.1079 —4.1004 —4.0548 3.59 391
oxygen 154.58 0.0222  —6.72 0.8054 3.5014 —3.1095 —3.044 3.77 4.28
ethylene 282.35 0.0866 —6.1541 0.8156 4.4571 —4.518 —4.4365 3.39 3.97
deuterium 38.34 —0.136  —6.0597  0.7992 2.5576 —1.638 —1.4702 3.7 424
R40 416.3 0.243 —6.0057  0.8311 5.2349 —6.8109 —6.0242 12.65 12.83
methane 190.56 0.0114 59212 0.7978 4.0063 —3.8044 —3.6343 1.57 211
nitrogen trifluoride  234.0 0.126 —5.8855  0.8261 5.0065 —5.3046 —5.2579 6.46 6.78
R14 227.51 0.1785 —5.7507 0.8153 5.4035 —6.1996 —5.9544 2.73 4.29
orthohydrogen 33.22 —0.218 —5.5374 0.7814 2.5 —1.1452 —1.2508 427 4.75
carbonyl sulfide 378.77 0.0978 —54797 0.8131 5.0426 —5.3573  —5.1989 153 2.64
ethanol 514.71 0.646 —5.4382  0.8407 10.0811 —13.1771 —14.3512 1.56 4.68
parahydrogen 32.94 —0.219 —54225 0.7856 25 —1.2215 —1.2493 4.84 5.02
hydrogen 33.15 —0.219 —5.3996 0.7873 2.5 —1.2346 —1.2493 494 5.04
ethane 305.32 0.0995 —4.838 0.8145 5.6208 —6.0169 —5.919 2.68 3.37
R22 369.3 0.2208 —4.8229 0.819 6.768 —7.7051 —7.8182 3.47 2.77
R161 375.25 0.216 —4.4255  0.8205 7.2552 —8.0304 —8.3988 2.05 0.98
propyne 402.38 0.204 —3.5995  0.7971 7.7056 —8.824 —8.9033 422 3.92
helium 5.2 —0.385 —3.5483 0.7489 25 —1.0479 —1.0829 13.86 14.38
R152a 386.41 0.2752 —3.4813 0.8223 8.3897 —9.8009 —10.0678 2.6 1.94
R13 302.0 0.1723 —3.3923  0.8226 7.1846 —8.4474 —8.1281 2.73 4.78
cyclopropane 398.3 0.1305 —2.9929  0.8469 7.3234 —8.2874 —8.1353 7.88 8.84
R21 451.48 0.2061 —29492 0.818 8.1052 —9.3764  —9.4055 4.12 3.94
propylene 364.21 0.146 —2.7352  0.8214 7.6869 —8.7418 —8.6436 3.39 4.04
R143a 345.86  0.2615 —2.4733 0.8183  9.0101 —10.6289 —10.7696 2.09 1.83
DME 400.38 0.196 —2.4475  0.8198 8.3359 —9.7307 —9.6474 3.03 3.56
trifluoroiodomethane 396.44 0.176 —2.4241  0.7992 8.3047 —9.5876  —9.526 1.1 0.85
R134a 374.21 0.3268 —1.5632 0.8172 10.3353 —12.4667 —12.7222 2.73 1.32
R12 385.12  0.1795 —1.508 0.8043 8.9565 —10.516 —10.345 1.23 22
propane 369.89 0.1521 —1.3906 0.8214 8.8547 —10.1711 —10.1092 3.39 3.8
R125 339.17 0.3052 —0.5398  0.8089 10.8094 —13.2288 —13.1997 2.0 2.16
acetone 508.1 0.3071 —0.3538 0.8173 11.3098 —13.3968 —13.8269 4.12 4.14
RE143a 377.92 0.289 —0.1089  0.818 11.1559 —13.3826 —13.5488 1.71 147
sulfur hexafluoride  318.72 0.21 —0.0175  0.8201 10.4336 —12.3555 —12.2969 3.52 3.85
R142b 410.26 0.2321  0.1386 0.8155 10.7276 —12.8389 —12.7565 2.49 2.99
R11 471.11 0.1888 0.234 0.7864 10.4086 —12.5436 —12.1762 1.53 3.64
R116 293.03 0.2566  0.4458 0.8128 11.087 —13.5038 —13.3111 2.89 4.02
cis-butene 435.75 0.202 0.9697 0.8248 11.1318 —13.219 —13.1247 454 5.13
R1234ze 382.51 0.313 1.0989 0.8034 12.2336 —15.0186 —14.9966 1.25 1.38
1-butene 419.29 0.192 1.3717 0.823 11.331 —13.4852 —13.3283 3.11 41
R1234yf 367.85 0.276 1.3815 0.8076 12.1995 —14.7444 —14.7751 1.1 0.97
R124 395.42 0.2881 1.5614 0.8091 12.4188 —15.086 —15.1036 2.17 2.07
trans-butene 428.61 0.21 1.6935 0.8185 11.7485 —14.0718 —13.9202 2.07 29
isobutene 418.09 0.193 1.8248 0.8193 11.7778 —13.9628 —13.8841 4.27 4.77
R141b 477.5 0.2195 2.3839 0.8112 12.3076 —14.9281 —14.6517 1.87 3.55
R115 353.1 0.248 2.9004 0.8079 12.9368 —15.8656 —15.5554 1.01 19
isobutane 407.81 0.184 3.044 0.8223 12.6842 —15.0477 —14.9656 3.54 4.07
R1233zd 438.75 0.305 3.0552 0.7975 13.715 —16.9118 —16.786 1.27 143
R123 456.83 0.2819 3.4213 0.7994 13.8353 —16.9311 —16.8226 1.04 1.31
butane 42512 0.201 3.5432 0.8181 13.2787 —15.7971 —15.7709 3.05 3.21
R1216 358.9 0.333 3.6838 0.8095 14.2629 —17.844 —17.6026 0.8 1.36
R245fa 427.16 0.3776  4.1683 0.8193 15.2535 —18.9125 —19.0593 2.73 1.96
R236fa 398.07 0377 4.6989 0.7995 15.7142 —19.5696 —19.6248 1.28 1.28
R114 418.83 0.2523  5.4626 0.7781 15.1045 —18.7798 —18.2512 194 3.41
cyclopentane 511.72 0.201 5.524 0.8268 14.8424 —17.7562 —17.7013 5.52 5.87
R236ea 412.44 0.369 5.7807 0.7922 16.5039 —20.6118 —20.5568 1.51 1.44
R245ca 447.57 0.355 5.9462 0.8074 16.4625 —20.4352 —20.4318 1.41 141
R227ea 374.9 0.357 6.0234 0.8071 16.5119 —20.5427 —20.5033 1.48 1.68
benzene 562.02 0.211 6.1558 0.8252 15.4544 —18.5302 —18.4997 2.11 2.28
RE245cb2 406.81 0.354 7.0324 0.796 17.3379 —21.6067 —21.5073 1.39 1.36
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Table A1. Cont.

Fluid T.(K) & Tmr " (Tmy) bar bas A41(%) Ar3(%)
DEE 466.7 0.281 7.039 0.8045 16.8075 —20.4947 —20.4877 3.34 3.38
R218 345.02 0.3172  7.2705 0.8054 17.1169 —21.2347 —21.0463 1.59 2.63
DMC 557.0 0.346 7.3867 0.8129 16.9462 —21.7114 —20.982 291 2.14
R113 487.21 0.2525 7.4017 0.7761 16.6127 —20.7474 —20.1141 243 2.28
RE245fa2 444.88 0.387 7.9754 0.7977 18.1268 —23.0079 —22.6575 1.67 3.46
neopentane 433.74 0.1961 8.1324 0.8216 16.828 —20.3068 —20.1319 2.49 3.58
isopentane 460.35 0.2274  8.3612 0.8179 17.3273 —20.9858 —20.8834 1.81 243
pentane 469.7 0.251 8.4366 0.816 17.5954 —21.4005 —21.3204 133 1.81
RC318 388.38 0.3553  9.8443 0.7961 19.431 —24.4359 —24.0982 1.76 2.96
R365mfc 460.0 0.377 10.1649 0.8151 19.9073 —249196 —24.8015 1.28 1.17
toluene 591.75 0.2657  10.8934 0.8121 19.8028 —24.0839 —24.1134 1.61 1.49
cyclohexane 553.6 0.2096  12.5657 0.8378 20.4864 —249198 —24.706 5.14 6.45
hexane 507.82 0.299 13.6814 0.8127 22.3454 —27.3396 —27.4114 1.87 146
isohexane 497.7 0.2797 13.7711 0.8125 22.2099 —27.1569 —27.1511 3.02 3.05
RE347mcc 437.7 0.403 14.2038 0.7903 23.5211 —29.5492 —29.405 2.02 1.97
perfluorobutane 386.33 0.371 14.8856 0.7876 23.6981 —29.8004 —29.4493 1.76 2.0
m-xylene 616.89 0.326 16.0966 0.8077 24.2987 —30.1694 —29.9569 0.7 1.58
p-xylene 616.17 0.324 16.0973 0.8127 24.3608 —30.11 —30.0235 1.82 1.82
ethylbenzene 617.12  0.305 16.926 0.8164  24.8511 —30.6508 —30.5343 1.03 0.68
o-xylene 630.26 0.312 17.4037 0.8105 25.3699 —31.2593 —31.2093 2.15 22
methylcyclohexane — 572.2 0.234 18.5937 0.8222 25.7539 —31.2969 —31.316 4.93 4.82
heptane 540.13 0.349 19.2387 0.8059 27.2864 —33.6527 —33.7634 3.71 3.11
perfluoropentane 420.56  0.423 22.8082 0.7793  30.5375 —38.5956 —38.1795 3.7 3.92
octane 569.32 0.395 251117 0.8011 32.3926 —40.2261 —40.3133 1.37 1.19
isooctane 544.0 0.303 25.2627 0.8145 31.6407 —38.968 —38.9066 1.38 1.72
novec649 441.81 0.471 28.6415 0.7003 34.7076 —47.1405 —43.6078 18.68 4.96
MM 518.7 0.418 28.6999 0.7645 35.4931 —44.6629 —44.2692 13.84 11.87
nonane 594.55 0.4433 31.1834 0.7963 37.5659 —47.0458 —46.9732 259 2.29
propylcyclohhexane  630.8 0.326 31.4514 0.8077 37.0298 —45.5243 —45.6744 3.26 2.55
decane 617.7 0.4884 37192 0.7864  42.8909 —53.8373 —53.8158 5.94 5.84
undecane 638.8 0.539 43.7309 0.7863 48.299 —61.1241 —60.8093 6.12 4.7
MDM 564.09 0.529 48.9411 0.7539 51.8895 —66.8028 —65.1781 8.89 4.38
dodecane 658.1 0.574 50.0562 0.7743 53.7356 —68.1724 —67.75 5.8 417
D4 586.49 0.592 52.9243 0.7727  56.3406 —71.3409 —71.0868 6.19 5.58
MD2M 599.4 0.668 66.2116 0.7353 66.5042 —86.7477 —84.1675 204 9.87
D5 619.23 0.658 73.8466 0.7473 73.2238 —93.8744 —92.391 1198 6.48

methyl palmitate 755.0 0.91 86.6279 0.7388  84.2017 —110.949 —107.9614 24.68 14.12
methyl linolenate 772.0 1.14 87.0511 0.7625  86.3193 —114.2828 —112.7746 17.94 133
MD3M 628.36  0.722 92.3726 0.7165  87.7973 —114.4347 —110.8565 23.44 10.69
methyl linoleate 799.0 0.805 96.4907 0.7361  91.2891 —119.2024 —115.8209 14.41 4.83
methyl oleate 782.0 0.906 97.9157 0.7395  92.9609 —122.1459 —118.7401 24.02 12.09
methyl stearate 775.0 1.02 100.2849  0.7366 ~ 95.3592 —126.492 —122.7452 27.94 15.56
Dé6 645.78  0.736 104.5704 0.6897  95.7557 —128.0031 —120.7889 34.1 8.95
MD4M 653.2 0.825 106.7797  0.7384  100.342 —129.7364 —127.1614 2134 12.13
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Abstract: The organic Rankine cycle (ORC) is a popular technology used in waste heat recovery and
medium-low-temperature heat utilization. Working fluid plays a very important role in ORC. The
selection of working fluid can greatly affect the efficiency, the operation condition, the impact on
the environment, and the economic feasibility of ORC. The expander is a key device in ORC. As a
novel expander, single-screw expanders have been becoming a research focus in the above two areas
because of their many good characteristics. One of the advantages of single-screw configurations
is that they can conduct a vapor-liquid two-phase expansion. Therefore, in order to give full play
to this advantage, a working fluid selection for ORC using a single-screw expander was conducted
in this paper. Three indicators, namely, net work output, thermal efficiency, and heat exchange
load of condenser, were used to analyze the performance of an ORC system. Through calculation
and analysis, it can be seen that an ORC system that uses a single-screw expander and undergoes
a vapor-liquid two-phase expansion is able to obtain a higher thermal efficiency, higher net work
output, and a smaller heat exchange load of the condenser. Regardless of whether isentropic efficiency
of the expander is considered or not, cis-butene may be the best candidate for working in subcritical
cycles. HFO working fluids are more suitable for working in transcritical cycles, and HFO-1234ze(E)
may be the best.

Keywords: single-screw expander; vapor-liquid two-phase expansion; thermal efficiency; net work
output; heat exchange load of condenser; cis-butene; HFO-1234ze(E)

1. Introduction

Renewable and sustainable energy utilization and recovery of low-grade waste heat are two
measures for alleviating the global energy crisis and for solving the environmental problems caused
by the consumption of traditional energy sources. The organic Rankine cycle (ORC) has been widely
studied and adopted in the two fields mentioned above. Working fluid selection plays a decisive role
in an ORC, because it can greatly affect thermodynamic performance, working conditions, impact on
the environment, and economic feasibility [1,2]. Basically, organic working fluid can be classified into
three categories, on the basis of the slope of the saturated vapor curve in a T-s diagram. These are:
dry fluid, with a positive slope; wet fluid, with a negative slope; and isentropic fluid, with a vertical
slope [3]. From the viewpoint of thermodynamic performance, dry and isentropic working fluids are
more appropriate for ORC systems, because after isentropic expansion, they are in superheated and
saturated states, respectively. Therefore, damage to the expander caused by wet vapor can be avoided.
As a result of environmental concerns, the CFCs and HCFCs that dominated organic working fluids
from 1931 until the early 1990s have been and are being phased out, respectively. Nowadays, HFO
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working fluids are drawing increasing attention. R1234yf and R1234ze are two typical HFO working
fluids that have recently been studied and are being used frequently [4-7]. As far as the economic
performance of a practical ORC system is concerned, the investment required by the heat exchanger
accounts for the largest proportion, followed by that for the expander, and the working fluid accounts
for the third [8]. The first two investments are significantly influenced by the characteristics of the
working fluid.

The expander is a critical device in an ORC system, because it determines the thermodynamic
performance of the ORC system, and its cost ranks second in the total system investment [8]. Expanders,
can generally be categorized into two types: the turbo type and the positive-displacement type. Turbo
expanders are normally suitable for large-scale ORC systems [9,10]. However, they might not be
favorable for small-scale ORC units [11]. Positive-displacement expanders, such as rolling piston
expanders, scroll expanders, and single-screw expanders, are good substitutes for turbo machines due
to their relatively high efficiency, high pressure ratio, low rotational speed, and tolerance of two-phase
fluids [9]. Among the above three types, scroll expanders constitute a research hotspot. However, their
power is normally lower than 3.5 kW. Lemort et al. tested four volumetric expanders (scroll, screw,
piston and roots) at <5 kW in a small-scale organic Rankine cycle system with R245fa as the working
fluid. They found that the scroll expander showed the highest isentropic efficiency [12]. In contrast,
single-screw expanders seem more promising when the output power is higher than 3.5 kW [11].
Furthermore, screw expanders are more technically mature than scroll and piston expanders [13].
The single-screw configuration was first invented in the 1950s, and has mainly been employed in
compressors [14,15]. Nowadays, this configuration is widely used in the design and manufacture of
expanders. Compared with rolling piston expanders and scroll expanders, single-screw expanders
have many advantages, such as balanced load of the screw, long service life, high volume efficiency,
good performance at partial load, low leakage, low noise, low vibration, and simple configuration [11].

All of these advantages have attracted many researchers to carry out relevant study on the design
and application of single-screw expanders. The group of Lemort and Quoilin modified a standard
compressor into an 11 kW single-screw expander and used it to conduct an experimental study. The
maximum expander isentropic efficiency and the generated power were, respectively, 64.78% and 7.8
kW [16]. Ziviani et al. carried out a comprehensive review of the geometry modeling of single-screw
machines. In their review, the main geometric parameters and constraints were discussed, and the
limitations of the existing methodologies were highlighted. An 11 kW single-screw expander was
considered in carrying out the calculations [17]. Giuffrida improved the semi-empirical modeling
of single-screw expanders for small organic Rankine cycles, and the application of the proposed
modeling to a single-screw expander resulted in mean absolute percentage errors of 0.69%, 1.77%
and 0.33% with respect to mass flow rate, electric power output and exhaust fluid temperature,
respectively [18]. Wang et al. established a theoretical model for analyzing the internal leakage of
single-screw expanders [19], and studied the influence of clearance height on the performance of
single-screw expanders in small-scale organic Rankine cycles [20]. They found that an appropriate
fitting gap adjustment was a necessary measure for improving single-screw expander performance. The
volumetric efficiency decreased by 4.42-7.7%, and the power output increased by 0.02-0.11 kW, when
the fitting clearance height was between 0.03 mm and 0.09 mm. They also found that clearance height
had a great influence on the expander performance. The volumetric and isentropic efficiency decreased
slowly at first, and then more quickly with increasing clearance height at a given rotation speed.

Experimental studies on single-screw expanders initially used compressed air as the working
fluid. Lu et al. established a compressed air refrigeration system using a single-screw expander with
175 mm diameter [21]. Higher than 65% adiabatic efficiency for single-screw expander was achieved
and a more than 70 °C temperature drop could be obtained in the experiment. He et al. conducted
an experiment to study the influence of intake pressure on the performance of a 175-mm-diameter
single-screw expander working with compressed air [22]. They found that the highest overall efficiency
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could reach 55% or so, that the greatest torque reached nearly 100 N-m, that the highest power output
amounted to about 22 kW, and that the lowest gas consumption was about 60 kg/kWh.

Subsequently, some work was done on single-screw expanders employed in ORC systems
for the purposes of waste heat recovery. Zhang et al. developed a single-screw expander with a
155-mm-diameter screw and established an ORC system with R123 as the working fluid for waste
heat recovery from the exhaust of a diesel engine [23]. They achieved a maximum power output of
10.38 kW. The highest ORC efficiency and overall system efficiency were 6.48% and 43.8%, respectively,
which were achieved at a diesel engine output of 250 kW. Yang et al. conducted similar work using
R245fa as the working fluid [24]. They presented a vehicle diesel engine-ORC combined system. They
found that when the diesel engine speed was 2200 r/min and the diesel engine torque was 1200 N-m,
the power output of the combined system reached its maximum value, at approximately 308.6 kW,
which is 28.6 kW higher than the power output of the diesel engine.

Based on the reviewed papers, it can be seen that thermodynamic cycle analysis has previously
generally been based solely on the use of single-screw expanders as an alternative to other types of
expanders. Working fluid selection has also typically been based on the traditional organic Rankine
cycle model. Wajs et al. presented a prototype for a domestic ORC micropower plant that used a gas
boiler as an autonomous source of heat. They found that a domestic gas boiler was able to provide the
saturated/superheated ethanol vapor and steam necessary to act as working fluids for ORC and RC
systems, respectively [25]. Dariusz Mikielewicz and Jaroslaw Mikielewicz proposed a thermodynamic
criterion for working fluid selection, for both the subcritical and the supercritical organic Rankine cycle.
They chose R123 and R141b for small-scale domestic CHP applications [26]. They also suggested an
Organic Flash Cycle (OFC) that would potentially be able to improve the utilization efficiency of the
heat source. In their study, the results showed that the single flash OFC achieves better efficiencies
than the optimized basic ORC [27]. R245fa and SES36 were selected by the group of Lemort and
Quoilin in a test rig equipped with a single-screw expander that had been modified from a standard
compressor with a shaft power of 11 kW. The reason for the selection of this working fluid selection
was simple: null ODP (ozone depletion potential). This is a well-known factor in the power industry,
especially among ORC manufacturers [28]. Tolerance of vapor-liquid two-phase expansion, which is
an important characteristic of single-screw expanders, has not been considered or utilized in previous
analysis and research. The selection of working fluids that match the characteristics of vapor-liquid
two-phase expansion in single-screw expanders has not been carried out, although in a review paper,
White et al. compared the power output predicted by two different models of n-pentane, n-hexane, and
isopentane within partially evaporated and a superheated cycles [29]. The selection of the expander
and the working fluid are strongly interconnected. Therefore, in this paper, two ORC models—a
subcritical cycle model and a transcritical cycle model—that are able to give full play to the advantages
of vapor-liquid two-phase expansion are presented. Moreover, working fluid selection is conducted
for ORC using a single-screw expander on the basis of three indicators, namely, net work output,
thermal efficiency, and heat exchange load of condenser.

2. Ideal Subcritical Cycle Model

Liu et al. stated that dry or isentropic working fluids were the most appropriate for ORC systems.
This is because these two types of working fluid are superheated following isentropic expansion;
thereby, any damage to the turbine blades caused by liquid droplets can be avoided [3]. They also
concluded that a superheated apparatus was not required. This conclusion was with reference to a
turbo-type expander. However, for single-screw expanders, which are able to tolerate vapor-liquid
two-phase expansion, different conclusions may be drawn. Figure 1 depicts the configuration of a
single-screw expander. Its working processes are depicted by Figure 2.

33



Energies 2019, 12, 3197

Screw  Intake
Chamber

X XX X
Bearing ’ ; % Shell
e T B Star
% 3 | . Wheel

Figure 2. Working processes of single-screw expanders: (a) suction, (b) expansion, and (c) discharge.

It should be noted, here, that although single-screw expanders are able to carry out vapor-liquid
two-phase expansion, wet working fluids have still not been adopted in ORC systems with single-screw
expanders as a result of three considerations. First, there is no consensus regarding the minimum
dryness of the working fluid used with single-screw expanders. Second, the expansibility of vapor-phase
working fluids is much better than that of liquid-phase working fluids. Last, low- to medium-grade
thermal energy is “precious”, and it cannot be wasted on overheating wet working fluids. Therefore,
in the following calculation and analysis, only dry and isentropic working fluids are considered
and included.

2.1. Working Conditions of Expander Inlet are Known

2.1.1. Thermodynamic Setting and Description

In a T-s diagram, a significant difference between dry (or isentropic) fluid and wet fluid is the
existence of a point at which the entropy value reaches the maximum on the saturated vapor curve
ranging from the normal boiling point to the critical point. This point is located near the critical
point, and is defined as the turning point [30]; other details about the role of this point can be found
elsewhere [31]. The turning point temperature is the limit of subcritical ORC when adopting a
traditional expander [30]. However, when using a single-screw expander, a subcritical ORC process
that is capable of taking advantage of the vapor-liquid two-phase expansion of single-screw expander
can be established, as is depicted in Figure 3.
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Figure 3. Subcritical ORC with a single-screw expander when the working conditions of the expander
inlet are known.

In Figure 3, net work output is calculated by
Wnet = (ha =hs) = (hy =), )
thermal efficiency is calculated by

Wnet (h4_h5) - (hZ_hl)
=—= 2
n qe ]’l4—]’l2 ( )

and the heat exchange load of the condenser is calculated by
ge =hs =, (©)

In the above equations,  is enthalpy, w is work, g is heat exchange, 71 is thermal efficiency, ¢
stands for condenser, e stands for evaporator, and the numbers are the state points in the figure. In the
following equations, /1, w, g, n, and the numbers all have the same meanings.

We hope that the whole cycle depicted in Figure 3 will still operate in the subcritical region.
Meanwhile, vapor-liquid two-phase expansion should be ensured. Therefore, both state point 4 and
state point 5 should be on the saturated vapor curve. The turning point should be located between
points 4 and 5. To be more specific, 0.9T. (critical temperature) represents the extreme temperature of
the subcritical region. The temperature at state point 4 is set to be this extreme temperature. That is to
say, 0.9T (critical temperature) should be higher than the temperature at the turning point.

From Figure 3, it can be seen that the process 4-5 is a two-phase isentropic expansion. Both state
point 4 and state point 5 are on the saturated vapor curve. On the contrary, traditional subcritical ORC
with dry/isentropic working fluid is depicted in Figure 4. In Figure 4, state point 5, the end of the
isentropic expansion, is in a superheated state. To achieve the best thermodynamic performance in the
traditional working mode, the temperature at point 4, which is also the expander inlet temperature, is
set to be the same as the temperature at the turning point. State point 4 is still on the saturated vapor
curve. The same condensation temperature is used for both Figures 3 and 4.

~

3 4
Turning Point)

A

Figure 4. Traditional subcritical ORC with dry/isentropic working fluid.
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In Figure 4, net work output is calculated by
Wnet = (g —hs) = (2 =), 4)
thermal efficiency is calculated by

Wnet  (ha—hs) — (ha —Iy)
= Dnet  MTHIT 2T 5
n 2 I — Tty (5)

and the heat exchange load of the condenser is calculated by
e = hs —h, (6)

Here, it should be observed that the maximum operating temperature of the single-screw expander
should not exceed 130 °C (400 K), due to the restriction of the sealing material, lubricating oil, and
starwheel material. Therefore, the temperature at state point 4 cannot exceed 130 °C (400 K) in either
the two-phase expansion process or the traditional working process. Therefore, single-screw expanders
are especially suitable for biomass combined with heat and power, the temperature of which varies
between 150 and 320 °C, and heat recovery for mechanical equipment and industrial processes, the
temperatures of which vary between 215 °C and 315 °C [32].

2.1.2. Results and Discussion

Taking into account the above settings and limitations, all the working fluids included in REFPROP
9.1 [33] were screened. A total of 73 dry and isentropic working fluids were found. Among these
73 working fluids, there were 6 working fluids that were able to meet all of the thermodynamic
requirements described above. These were cis-butene, R11, R116, R1234yf, R1234ze(E), and R142b. The
main thermodynamic, safety, and environmental properties of the above 6 working fluids are listed in
Table 1. Based on the data listed in Table 1, it can be seen that R11, R116, and R142b are not suitable for
use in ORC systems with single-screw expanders due to their high GWP value. Among the remaining
three working fluids, R1234yf and R1234ze(E) are popular HFO working fluids that have been widely
studied. As for cis-butene, it belongs to the HC working fluids and belongs to olefins, chemically. Its
safety group could not be found in ANSI/ASHRAE Standard 34. However, some statements about it
with respect to risk and safety were found. Hazard and precautionary statements were also found. All
these statements are summarized as follows [34]:

e  Extremely flammable gas.

e  Autoignition Temperature: 615 °F (323.89 °C)

e  Protect from sunlight.

e  Keep container in a well-ventilated place.

e  Keep away from sources of ignition—No smoking.

e  Take precautionary measures against static discharges.

Table 1. Main thermodynamic, safety, and environmental properties of 6 working fluids.

Critical The extreme Temperature Tarning Point Global Warming
Working Fluid Temperature of Subcritical Region Tem erium /K Safety Group Potential (GWP),
(TJ/K (0.9T)/K P 100 year
cis-butene(cis-2-butene) 435.75 392.18 390 N/A ~20 [35]
R11 471.11 424.00 395 A1 [36] 4750 [37]
R116 293.03 263.73 255 Al [36] 5700 [38]
R1234yf 367.85 331.07 330 A2L 1 [39-41] <1 [42]/4 [43]
R1234ze(E) 38251 344.26 340 A2L 2 [39-41] <1 [42]/6 [44]
R142b 410.26 369.24 350 A2 [36] 2310 [37]

12 A2L is a lower flammability refrigerant with a maximum burning velocity of <10 cm/s.

36



Energies 2019, 12, 3197

Low-grade waste heat can be divided into two categories: open type and closed type [45,46]. For
the open type, the inlet temperature and mass flow rate are known, and the working mass of the heat
source is directly discharged after being used. For the closed type, the heat release is specific, and the
working mass of the heat source is usually recycled after releasing heat. Therefore, the standards used
to measure the waste heat recovery of these two types of heat source are different [45]. The maximum
net power output is used as the criterion for the open type, while the maximum thermal efficiency is
used for the closed type. Therefore, net power output and thermal efficiency are adopted as the first
two indicators for evaluating the performance of the vapor-liquid two-phase expansion working mode
and the traditional working mode of ORC. The third evaluation indicator is the heat exchange load
of the condenser, because this is critical for calculating the cost of the condenser, which will greatly
influence the cost and economic performance of entire ORC system [8].

Considering the thermodynamic requirements with respect to Figure 3, the entropy value of point
4 (s4) is determined by its temperature (T4 = 0.9Tc). Therefore, the temperature of point 5 (T5) can be
determined on the basis of the entropy value of point 5 (s5 = sy4).

Table 2 lists the temperatures at point 4 and 5, along with the thermodynamic performance
indicated by the above three indicators for the remaining three working fluids in the model of the
subcritical cycle. From Table 2, it can be seen that in vapor-liquid two-phase expansion mode, the
condensation temperature, which is the same as the expander outlet temperature of R1234yf, is too low,
and is beyond the usual condensation temperature range. Therefore, its thermodynamic performance
is not calculated and discussed. As for R1234ze(E), the shape of its saturated vapor curve, depicted in
Figure 5, mean that it has two intersections (point 5) with the isentropic line. One is at 331 K, the other
is at 237.8 K, which is also too low, and is beyond the usual condensation temperature range. Therefore,
331 K is designated as the condensation temperature for the purposes of further discussion. Based
on the data listed in Table 2, it can be seen that cis-butene has a suitable condensation temperature,
resulting in an appropriate temperature difference between the expander inlet and the outlet, which is
the same as the condensation temperature. However, the temperature difference between the expander
inlet and the outlet of R1234ze(E) is very small. This results in a low net power output and a low
thermal efficiency, although it also leads to a small heat exchange load for the condenser. When
comparing the vapor-liquid two-phase expansion mode with the traditional mode, it can be seen that
the vapor-liquid two-phase expansion mode has a better thermodynamic performance, specifically,
a higher thermal efficiency, a higher net power output, and a smaller heat exchange load for the
condenser. However, the difference in thermodynamic performance between the above two modes is
very small, due to the small difference in temperature at point 4 between the two working modes.

Table 2. Thermodynamic performance of the remaining three working fluids in the subcritical cycle
model when the working conditions at the expander inlet are known.

Expander Inlet Heat Exchange

Working . Expander Outlet Net Power Thermal
. Working Mode Temperature I .. 0 Load of
Fluid Ty/K Temperature Ts/K  Output/k] kg Efficiency/% Condenser/k] kg1
cisbutene  vAPOr-liquid two-phase 39218 283.1 113.88 2182 408.06
(cis-2-butene) expansion mode
Traditional mode 390 283.12 112.40 21.59 408.10
Vapor-liquid two-phase 1
R1234yf expansion mode 33107 2235 NA NA N/A
Traditional mode 330 223512 N/A N/A N/A
Vapor-liquid two-phase 3
R12347¢(E) expansion mode 344.26 331(237.8°) 5.11 3.58 137.78
Traditional mode 340 331.08 3.56 2.52 137.87

123 The temperature is too low and beyond the usual condensation temperature range.

37



Energies 2019, 12, 3197

—_ A
<
~
3 4
>\ Turning
point
2
p < 5
1

s kJ/(kg'K)

Figure 5. Shape of the saturated vapor curve of R1234yf, resulting in two intersections with the
isentropic line.

In summary, cis-butene can be used as a suitable working fluid in the subcritical cycle model
when the working conditions at the expander inlet are known. It is suitable for both open and closed
types of heat source. However, the cost of the heat exchanger for cis-butene will be higher than that for
R1234yf and R1234ze(E).

2.2. Condensation Temperature is Known

2.2.1. Thermodynamic Setting and Description

The analysis provided in the previous subsection was based on the operating conditions of
expander inlet being known, which will act as a determinant on condensation temperature. The results
show that the difference in thermodynamic performance between the two working modes is very small.
Therefore, in this subsection, we will first attempt to determine and set the condensation temperature,
and subsequently conduct the thermodynamic performance analysis.

According to [47], 320 K and 290 K are the recommended condensation temperatures for working
fluids with high and low critical temperatures, respectively. These two condensation temperatures
can be achieved using air cooling and water cooling. In order to perform a detailed analysis, the
thermodynamic performance of the above three working fluids are calculated with condensation
temperature varying from 290 K to 320 K. The whole cycle process for cis-butene is depicted in Figure 6.
The process for R1234yf and R1234ze(E) are depicted in Figure 7. In Figures 6 and 7, the temperature
at point 4(T}) is still set as the extreme temperature of the subcritical ORC, which is 0.9T (critical
temperature). Line 4’-5 is an isentropic line. Point 5 is on the saturated vapor curve. The temperature
at point 5 (T’5) is the same as the condensation temperature, which is varied between 290 K and 320 K.
From Figures 6 and 7, it can be seen that point 4’ is not in a saturated state, and has a vapor quality.

T(K)
T (K)

S

s kJ/(kg'K) s kJ/(kg'K)
(@ (b)

Figure 6. Subcritical ORC for cis-butene with a single-screw expander when the condensation
temperature is known: (a) 290 K, (b) 320 K.
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Figure 7. Subcritical ORC for R1234yf and R1234ze(E) with a single-screw expander when the
condensation temperature is known: (a) 290 K, (b) 320 K.

In Figures 6 and 7, the net work output is calculated by
Wnet = (hyr = hs) = (hp =), @)
thermal efficiency is calculated by

Woet  (hy —hs) = (ha =)
= ot w77 8
1 qe h4l _ hZ ( )

the heat exchange load of the condenser is calculated by
qe =hs -y, 9)
and the vapor quality of the working fluid is calculated by

Sqr — 83
X = —-

=, (10

It should be noted, here, that for cis-butene, 320 K only corresponds to the local minimum
point of entropy on its saturated vapor curve, as shown in Figure 6b. Meanwhile, for R1234yf and
R1234ze(E), 290 K, which is their lowest condensation temperature, is higher than the temperature
which corresponds to the local minimum entropy.

The subcritical ORC depicted in Figure 4 is still used for the purpose of comparison. The
temperature at point 4, which is the same as the temperature of the expander inlet, is still set to be
same as the temperature at the turning point. State point 4 is still on the saturated vapor curve. Point 6
is on the saturated vapor curve, and its temperature (T) is the same as the condensation temperature,
which is varied between 290 K and 320 K.

2.2.2. Results and Discussion

Table 3 lists the net power output, thermal efficiency, and heat exchange load of the condenser for
cis-butene, R1234yf, and R1234ze(E) when the condensation temperature is known.
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Table 3. Thermodynamic performance of the three working fluids in the subcritical cycle model when
the condensation temperature is known.

Working Working Cond i Cond ion Net Power Thermal  Heat Exchange Load of ~ Vapor
Fluid Mode Temperature T5/K ~ Temp Te/K Output/k]-kg1 Efficiency/%  Condenser/k]-kg~! Quality
2847 111.42 2151 406.46 09978
290 10348 2051 401.09 09913
Vapor-liquid 295 9633 19.57 395.91 09864
two-phase 300 / 89.46 18.64 390.60 09825
expansion 305 82.85 17.70 385.17 09797
mode 310 7651 16.77 5379.59 09777
315 70.40 15.85 373.87 09766
cis-butene 320 6448 1491 367.98 09762
(cis-2-butene)
284.7 110.03 2129 406.90
290 102.60 20.30 402.74
295 95.72 19.37 398.51
Traditional , 300 89.03 18.43 393.99 /
mode 305 8253 17.50 389.18
310 7621 16.56 384.07
315 70.08 15.62 378.65
320 6413 14.67 372.93
290 17.67 10.43 15167 09766
o 295 15.18 931 147.86 09807
Vap"r']}"q“‘d 300 12.71 8.12 143.87 0.9845
Z‘;’;’;;:ﬁ 305 / 10.42 6.94 139.65 09886
L 310 818 570 135.21 09921
315 6.06 444 130.49 09953
R1234yf 320 407 314 12547 09980
290 17.62 1027 154.00
295 15.02 9.11 149.83
. 300 1252 7.93 145.45
Tr“d‘:“’"“l / 305 10.15 672 140.85 /
mode 310 7.87 546 136.04
315 572 418 130.99
320 370 285 125.70
290 2570 1294 172.89 09792
. 295 28 11.88 169.28 09817
Vapor liquid 300 2004 10.80 165,51 09845
fvo-phase 305 / 17.37 9.71 161.59 0.9873
L, 310 14.79 858 157.49 09902
315 12.34 7.46 153.18 09930
R1234z¢(E) 320 9.98 629 148.66 09958
290 2453 12.29 17513
295 2157 11.18 171.29
o 300 1871 10.06 167.27
Tr"d"g’“al / 305 15.98 893 163.06 /
mode 310 1335 7.76 158.66
315 10.86 659 154.05
320 845 536 149.24

Based on the data listed in Table 3, it can be seen that each of these three working fluids exhibits
a better thermodynamic performance when adopting the vapor-liquid two-phase expansion mode.
However, the difference in thermodynamic performance between the two modes is not very large.
Of the three working fluids, cis-butene has the best performance in terms of net power output and
thermal efficiency, while R1234yf and R1234ze(E) have a better performance with respect to the heat
exchange load of the condenser. The indexes of all three working fluids decrease with increasing
condensation temperature under both working modes, the vapor-liquid two-phase expansion mode
and the traditional mode.

If we compare the two working modes with respect to the same indicator of the same working fluid,
it can be seen that cis-butene behaves differently from the other two working fluids. For cis-butene, the
difference between the two modes with respect to net power output decreases first, and then increases
with increasing condensation temperature. Meanwhile, for R1234yf and R1234ze(E), the difference
increases. This trend can be seen in Figure 8a. For cis-butene, the difference in thermal efficiency
remains basically unchanged at first, and then increases with the increase of condensation temperature.
Meanwhile, for R1234yf and R1234ze(E), this difference increases. This can be seen in Figure 8b.
For cis-butene, the difference in the heat exchange load of the condenser increases with increasing
condensation temperature. Meanwhile, for R1234yf and R1234ze(E), this difference decreases. This can
be seen in Figure 8c.
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Figure 8. Variation in the difference in thermodynamic performance with increasing condensation
temperature in the subcritical cycle model when the condensation temperature is known: (a) net power
output, (b) thermal efficiency, (c) heat exchange load of the condenser.

Additionally, from Table 3, it can be seen that the vapor quality of cis-butene decreases with
increasing condensation temperature. Meanwhile, for R1234yf and R1234ze(E), the vapor quality
increases. The vapor quality of all three working fluids is very high. In other words, they are close to a
saturated vapor state.

The reason for all of the above differences lies in the different relative positions of the condensation
temperature range on the saturated vapor curves of the different working fluids. Specifically, for
cis-butene, 320 K corresponds to the local minimum entropy. This factor is well illustrated and
explained in Figures 6 and 7.

In summary, cis-butene can be selected as a suitable working fluid in the subcrictical cycle model
when the condensation temperature is known. It is suitable for both open and closed types of heat
source, with a higher cost to the heat exchanger.

3. Ideal Transcritical Cycle Model

3.1. Thermodynamic Setting and Description

Based on the calculation and analysis of the subcritical cycle model when the working conditions
of the expander inlet or the condensation temperature are known, it can be seen that the differences
in thermodynamic performance between the vapor-liquid two-phase expansion mode and the
traditional mode are not large. In other words, the advantage represented by the tolerance of the
single-screw expander for two-phase fluids has not been fully utilized under subcritical conditions.
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Therefore, in this section, the transcritical cycle model is established to analyze the performance of the
single-screw expander.

Similar to the settings in the previous subsection, condensation temperature is used to determine
the maximum temperature in the transcritical cycle model. Figure 9 depicts the whole cycle process for
cis-butene. Figure 10 depicts the cycle for R1234yf and R1234ze(E). In these two figures, both point 4
and point 5 are on the saturated vapor curve. Line 4-5 is an isentropic line. The temperature at point 4
is higher than 0.9T (critical temperature), which is the extreme temperature of the subcritical region.
As mentioned before, for cis-butene, 320 K only corresponds to the local minimum point of entropy
on its saturated vapor curve, as shown in Figure 9b. Meanwhile, for R1234yf and R1234ze(E), 290 K,
which is their lowest condensation temperature, is higher than the temperature corresponding to their
local minimum entropy.
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Figure 9. Transcritical ORC for cis-butene with single-screw expander when the condensation
temperature is known: (a) 290 K, (b) 320 K.
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Figure 10. Transcritical ORC for R1234yf and R1234ze(E) with single-screw expander when the
condensation temperature is known: (a) 290 K, (b) 320 K.

Due to the different relative positions of the condensation temperature range on the saturated
vapor curves, the maximum cycle temperature that corresponds to the condensation temperature is
different for the three working fluids. For cis-butene, the maximum cycle temperature that corresponds
to the lowest condensation temperature is lower than the maximum cycle temperature that corresponds
to the highest condensation temperature. Meanwhile, for R1234yf and R1234ze(E), their maximum cycle
temperature that corresponds to the lowest condensation temperature is higher than the maximum
cycle temperature that corresponds to the highest condensation temperature. Figures 9 and 10 illustrate
this difference. The equations for calculating the three indicators in Figures 9 and 10 are the same as
the equations used for the calculations for Figure 3.

The cycle depicted in Figure 4 is still used for the purpose of comparison. The temperature at
point 4, which is the same as the temperature at the expander inlet, is still set to be the same as the
temperature at the turning point. State point 4 is still on the saturated vapor curve. Point 6 is on the
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saturated vapor curve, and its temperature (T¢) is the same as the condensation temperature, which is
varied between 290 K and 320 K.

3.2. Results and Discussion

Table 4 lists the net power output, thermal efficiency, and heat exchange load of the condenser for
cis-butene, R1234yf, and R1234ze(E) in transcritical ORC when the condensation temperature is known.

Table 4. Thermodynamic performance of the three working fluids in the transcritical cycle model when
the condensation temperature is known.

Working Working Cond i Cond i Expander Inlet Net Power Thermal Hea{f:;l;afnge
Fluid Mode P Ts5/K Temp re T/K p T4/K Output/k] kg 1 Efficiency/% Condenser/k]-kg'l
284.7 400.00 116.37 2226 406.46
290 407.78 112.86 21.96 401.09
Vapor-liquid 295 411.20 107.49 2135 395.91
two-phase 300 / 41336 101.67 20.65 390.60
expansion 305 41472 95.69 19.90 385.17
mode 310 415.60 89.71 19.11 379.60
315 416.05 83.79 1831 373.87
cis-butene 320 41625 77.95 17.48 367.98
(cis-2-butene) 2847 11003 21.29 40690
290 102.60 20.30 402.74
295 95.72 19.37 39851
Traditional / 300 390 89.03 1843 393.99
mode 305 82.53 1750 389.18
310 76.21 1656 384.07
315 70.08 15.62 378.65
320 64.13 14.67 37293
290 350.78 2351 13.42 151.67
. 295 349.25 20.63 1224 147.86
\?SZf’llig‘:;d 300 347.59 17.74 10.98 143.87
expa};\si‘m 305 / 345.43 14.87 9.62 139.65
L 310 343.10 11.97 8.13 135.21
315 34027 9.02 6.47 130.49
R1234vf 320 336.94 6.00 456 12547
290 17.62 1027 154.00
295 15.02 9.11 149.83
Traditional 300 1252 7.93 145.45
mode / 305 330 10.15 6.72 140.85
310 7.87 5.46 136.04
315 572 418 130.99
320 3.70 2.85 125.70
290 361.99 31.33 1534 172.89
Vanorliquid 295 360.87 28.14 1425 169.28
txo_ h‘;ge 300 359.48 24.97 13.11 165.51
expaf\si(;n 305 / 35791 21.84 1191 161.59
B e 310 356.09 18.73 10.63 157.48
315 353.90 1558 9.23 153.18
R12347¢(E) 320 351.13 1234 7.66 148.66
290 2453 12.29 17513
295 21.57 1118 171.29
Traditional 300 18.71 10.06 167.27
node / 305 340 15.98 8.93 163.06
310 1335 7.76 158.66
315 10.86 6.59 154.05
320 845 536 149.24

Based on the data listed in Table 4, it can be seen that when the condensation temperature is
varied from 290 K to 320 K, the expander inlet temperature of cis-butene exceeds 130 °C (400 K). It
has been mentioned that the maximum working temperature of the single-screw expander is 130 °C
(400 K). Although it can work at temperatures higher than 400 K for a short time, its working life
will be greatly reduced. Therefore, it is not recommended that single-screw expanders be operated at
temperatures higher than 400 K. When 400 K is set as the inlet temperature of the single-screw expander,
the corresponding condensation temperature will be 284.7 K. At this condensation temperature, the
vapor-liquid two-phase expansion mode exhibits a better performance than the traditional mode.

The same as for the subcritical cycle model when the condensation temperature is known, all
three thermodynamic indexes decrease with increasing condensation temperature under both working
modes, the vapor-liquid two-phase expansion mode and the traditional mode. This trend can be
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seen in Figure 11. When comparing R1234yf with R1234ze(E) at the same condensation temperature,
R1234ze(E) has better thermodynamic performance than R1234yf in terms of net power output and
thermal efficiency. However, the heat exchange load of the condenser for R1234ze(E) is a little bit
higher than that of R1234yf. The difference in thermodynamic performance for both R1234yf and
R1234ze(E) between the two working modes decreases with increasing condensation temperature.

7.4 =
o o £
50 . 3
6.5 ]
= . 5 32
< o] o £ i
g T~ - g Y 7‘\\\ .
S 55 Ry . g T -
g \‘\ g 28 N
£ 504 ~
2 ) L g LN L]
RS \\ 5 2 N
a. ~ 5 \
5 40 N £ 24 \.
o - . a u .
g g 22 A\
g 35 N £ \
£ 5 . R1234yf \ 2 50 \
B . R1234ze(E) & \
Z 25 \ T o1 - R1234yf \
£ . R12347¢(E) e
2 T T T T T T T 2 14
290 295 300 305 310 315 320 = . . . . . . .
Condensation Tempera(ure / K 290 295 300 305 310 315 320
(a) Condensation Temperature / K
2 25
3
= o
@ NN
g
5 204 \\l
= N
a O
=
g 159 l .
Z .
5 LN .
..Ua 1.0 AN
N
: .
3 I
Q N
3 e
0.5
2 N
£ —=— RI234yf ~
S
b o RI234ze(E
= 0L T T T T T T T
2 290 295 300 305 310 315 320
Condensation Temperature / K

(©

Figure 11. Variation in the difference in thermodynamic performance with increasing condensation
temperature in the transcritical cycle model when the condensation temperature is known: (a) net
power output, (b) thermal efficiency, (c) heat exchange load of the condenser.

In summary, in comparison with cis-butene, R1234yf and R1234ze(E) are more suitable for working
in the transcritical cycle. Moreover, R1234ze(E) can be selected as a suitable working fluid in the
transcritical cycle model when the condensation temperature is known. It is suitable for both open and
closed types of heat source, with a slightly higher cost in the heat exchanger.

3.3. Comparisons of Subcritical and Transcritical Cycle Models

If we compare the thermodynamic performance of the same working fluid (R1234yf or R1234ze(E))
when working in the subcritical and transcritical cycle models at the same condensation temperature,
it can be obviously found that the thermodynamic performance in the transcritical cycle model is
better than that in the subcritical cycle. For both R1234yf and R1234ze(E), the difference in their
thermodynamic performances between the subcritical and transcritical cycle models decreases with
increasing condensation temperature. Figure 12 depicts this trend. As for cis-butene, its maximum
working temperature is 400 K, which corresponds to a condensation temperature of 284.7 K. At this
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temperature, the thermodynamic performance of cis-butene in the transcritical cycle model is better
than that in the subscritical cycle model.
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Figure 12. Thermodynamic performance difference variation between subcritical and transcritical cycle
with increase of condensation temperature: (a) Net power output, (b)Thermal efficiency.

4. Analysis of the Subcritical and Transcritical Cycles Considering the Isentropic Efficiency of
the Expander

4.1. Thermodynamic Setting and Description

The above two sections analyzed the ideal subcritical and ideal transcritical cycle models. They
are based on the isentropic efficiency of the single-screw expander being 100%. However, in practical
applications, the isentropic efficiency of different expanders needs to be taken into account. Therefore,
in this section, the subcritical and transcritical cycles are analyzed considering the isentropic efficiency of
the expanders. Figure 13 depicts the subcritical and transcritical cycles of cis-butene when considering
the isentropic efficiency of the expander. Figure 14 depicts the subcritical and transcritical cycles of
R1234yf and R1234ze(E) when considering the isentropic efficiency of the expander. In these figures,
the blue dotted lines represent the expansion processes when considering the isentropic efficiency of
the expander.
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Figure 13. (a) Subcritical and (b) transcritical cycles of cis-butene when considering the isentropic
efficiency of the expander.
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Figure 14. (a) Subcritical and (b) transcritical cycles of R1234yf and R1234ze(E) when considering the
isentropic efficiency of the expander.

In Figures 13 and 14, isentropic efficiency is calculated by

hy — hs

Mex = —h4 g (11)

First of all, the isentropic efficiencies of different types of expander need to be determined.
Nowadays, screw expanders show a much greater technical maturity than scroll and piston
expanders [13]. The internal efficiency of single-screw expanders has exceeded 50%, and the maximum
is about 65% [21,48]. Therefore, 65% is used for the analysis of single-screw expanders in this section.
Table 5 lists the range of net work output values for different working fluids when taking the 65%
isentropic efficiency of the single-screw expander into account. Based on the net work output range
listed in Table 5, the type of expander used to perform the the comparison with single-screw expander
can be determined. According to [9], piston expanders are suitable for cis-butene(cis-2-butene) and
can be used for the purpose of comparison with single-screw expander. Meanwhile, scroll expanders
are suitable for R1234yf and R1234ze(E). In the work conducted by Sapin et al., the efficiency of the
reciprocating-piston expander ranges from 48% to 68% [49]. Therefore, 62% is adopted as the isentropic
efficiency for the piston expander [50]. For scroll expanders, the maximum isentropic efficiency has
reached up to 80% [51]. In this sections, we have adopted 68% as its isentropic efficiency when used in
ORC [52].

Table 5. Range of net work output of different working fluids when taking the 65% isentropic efficiency
of the single-screw expander into account.

. . . - Minimum Net Work Maximum Net Work
Working Fluid Working Condition Output/kW Output/kW
. . Subcritical cycle 50.67 75.64
cis-butene (cis-2-butene) Transcritical cycle 4191 72.42
Subcritical cycle 3.90 15.28
R1234yf
3y Transcritical cycle 2.65 11.49
Subcritical cycle 8.02 20.36
R1234ze(E) Transcritical cycle 6.49 16.71

4.2. Results and Discussion

Tables 6-8 show the comparisons of the thermodynamic performance of the three working fluids
with and without consideration of the isentropic efficiency of the expander.
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From Table 6, it can be seen that when considering the isentropic efficiency of the expander
at condensation temperatures of 290 K and 295 K, the heat exchange load of the condenser in the
traditional cycle, in which the piston expander is used, is smaller than that in the transcritical cycle
in which the single-screw expander is used, but bigger than that in subcritical cycle in which the
single-screw expander is used. However, at the same condensation temperature, the other aspects of
thermodynamic performance of the single-screw expander working in subcritical or transcritical cycles
were better than those of the piston expander working in the traditional cycle. Beyond that, at all
other condensation temperatures, all aspects of the thermodynamic performance of the single-screw
expander working in subcritical or transcritical cycles were better than those of the piston expander
working in the traditional cycle.

From Table 7, it can be seen that when considering the isentropic efficiency of the expander, the
net power output and the thermal efficiency of the single-screw expander working in the subcritical
cycle are lower than those of the scroll expander working in the traditional cycle at condensation
temperatures of 290 K, 295 K, 300 K, 305 K, and 310 K. At the same time, the heat exchange load of the
condenser of the single-screw expander is also lower than that of the scroll expander. However, at
condensation temperatures of 315 K and 320 K, the net power output and thermal efficiency of the
single-screw expander working in the subcritical cycle are higher than those of the scroll expander
working in the traditional cycle. Among the three working conditions, the single-screw expander
working in the transcritical cycle has the highest net power output and thermal efficiency.

From Table 8, it can be seen that when considering the isentropic efficiency of the expander, the
net power output and thermal efficiency of the single-screw expander working in both the subcritical
and transcritical cycles are higher than those of the scroll expander working in the traditional cycle.
The thermodynamic performance of the single-screw expander working in the transcritical cycle is
better than that of the single-screw expander working in the subcritical cycle. At the same time, the
heat exchange load of the condenser is also a little bit higher.

From above three tables, it can be seen that if the isentropic efficiency of the expander is considered,
then among the subcritical cycle with the single-screw expander, the transcritical cycle with the
single-screw expander, and the traditional cycle with the piston/scroll expander, the transcritical cycle
has the highest net power output and thermal efficiency. At the same time, it has a slightly higher heat
exchange load of the condenser. When comparing the subcritical cycle and the traditional cycle, as
for cis-butene, all aspects of the thermodynamic performance of the single-screw expander are better
at all condensation temperatures. For R1234yf, all aspects of the thermodynamic performance of the
single-screw expander are better at a condensation temperature of 315 K. For R1234ze(E), all aspects of
the thermodynamic performance of the single-screw expander are better at condensation temperatures
ranging from 290 K to 310 K.

Among the three working fluids, cis-butene has the highest net power output and the highest
thermal efficiency when working in the subcritical cycle. Meanwhile, R1234ze(E) may be the best
choice when working in the transcritical cycle.

5. Conclusions

The organic Rankine cycle (ORC) is a popular technology used in waste heat recovery and
medium- to low-temperature heat utilization. The working fluid plays a very important role in the
thermodynamic cycle. The expander is a key device in ORC. In order to give full play to vapor-liquid
two-phase expansion tolerance, which is an important characteristic of single-screw expanders, two
ORC models—an ideal subcritical cycle model and an ideal transcritical cycle model—were established.
On this basis, the isentropic efficiency of the expander was also considered for the purposes of analyzing
thermodynamic performance.

Three indicators—namely, net work output, which was used to evaluate open heat source, thermal
efficiency, which was used for closed heat source, and the heat exchange load of the condenser,
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which was used to evaluate economic performance—were chosen to analyze the performance of the
ORC systems.

On the basis of our calculations and analyses, it can be seen that, without considering the isentropic
efficiency of the expander, ORC systems that use single-screw expanders and undergo a vapor-liquid
two-phase expansion are able to obtain higher thermal efficiency, greater net work output, and smaller
heat exchange loads of the condenser. Cis-butene may be the best candidate when working in the
subcritical cycle. HFO working fluids are more suitable for working in the transcritical cycle, and
HFO-1234ze(E) may be the best.

When considering the isentropic efficiency of the expander, cis-butene is still the best choice for
working in the subcritical cycle. Meanwhile, for the transcritical cycle, HFO-1234ze(E) may still be
the best.
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Abstract: This study investigates the use of pure and hydrocarbons binary mixtures as potential
alternatives working fluids in a usual biomass powered organic Rankine cycle (ORC). A typical
biomass combined heat and power plant installed in Cremona (Italy) is considered as the benchmark.
Eight pure hydrocarbons (linear and cyclic) and four binary mixtures of linear hydrocarbons were
selected. The critical points of the binary mixtures at different composition were calculated using
an in-house code developed in MATLAB®© (R2018b) environment. Based on the critical point of
a working fluid, supercritical and subcritical cycle configurations of ORC were analysed. A detailed
thermodynamic comparison with benchmark cycle was carried out in view of cycle efficiency,
maximum operating pressure, size of the turbine and heat exchangers. The supercritical cycles
showed 0.02 to 0.03 points lower efficiency, whereas, subcritical cycles showed comparable efficiencies
than that of the benchmark cycle. The cycles operating with hydrocarbons (pure and mixtures)
exhibited considerably lower volume flow ratios in turbine which indicates lower turbine size.
Also, size parameter of regenerator is comparatively lower due to the lower molecular complexity
of the hydrocarbons. A noticeable increase in turbine power output was observed with change in
composition of the iso-octane/n-octane binary mixture at the same thermodynamic efficiency.

Keywords: Rankine cycle; ORC; biomass; fluid mixtures; hydrocarbons

1. Introduction

Biomass is largely used today for electricity and heat production. According to many analysts,
as biomass can be easily stored, it could balance and regulate the different demands and the availability
of the variable renewable energies in a context of high renewable energies uses. Other recognised
positive characteristics of the biomass are its source diversification and the possibility of its local
provision [1].

In 2013 the biomass energy consumption in the EU28 was about 105 Mtoe (the 2/3 of the total
renewable energy production), the 75% of which used for the heat generation, the 13% for the electricity
generation and the remaining 12% reserved to the transport fuels ([2], p. 33).

A sustainable future use of biomass for energy purposes has certainly to consider, among other
things, the greenhouse gas emissions (direct and indirect) and has to explore the improving of the
conversion efficiencies, with an increasing combined heat and electrical power production.

Anyway, in the future years the consumption of biomass for energy production is expected to
grow, in different measure, according to the different policy options that will be adopted [2].
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Today, in Europe about 290-300 biomass power plants are working, many of them in CHP
configurations. Typically they are based on Rankine thermodynamic engines and the heat from the
combustion of solid biomass is transferred to the working fluids by heat transfer oils. The Rankine
cycle, at least for electrical power sizes less than 10 MW to 20 MW, employs usually an organic fluid,
mostly siloxanes today [3-5]. Siloxanes are generally considered benign fluids, with a good thermal
stability [6-8].

Generally, in addition to the favourable thermodynamic properties, to a low environmental impact
and to a low toxicity, the cost of the working fluid is in any case an important economic parameter for
the evaluation of the investment. As, for example, according to [9], 4000 L to 7000 L of working fluid
are in an engine, according to its power.

As for any organic fluids a decomposition is unavoidable when the fluid works at relatively high
temperatures, with serious consequences on the performances of the engine, (see, for example [10-12]),
and when “contaminants” are present (water, oxygen or, mainly, lubrication oils), periodically,
in a plant, a removing of the degradation products and a refilling are required. Beyond the first
charge then, the cost of the new filling fluid, despite a partial recycle, could be very high [9].

The continuous investigation of different working fluids is so generally justifiable [13-16]. In this
work we considered some hydrocarbons (pure or in mixtures) as potential alternative working fluids
in biomass power plants.

Among the many possible working fluids available, hydrocarbons are the less expensive ones,
they are flammable but most of them are considered mildly toxic. From the environmental point of
view, they are considered “natural” fluids.

From the assumption to use—without any hypothetical modifications—a typical biomass
boiler available today on the market, in this paper we explored—although quite preliminarly—the
thermodynamic performances of supercritical and subcritical thermodynamic cycles with some
hydrocarbons and mixtures of hydrocarbons as working fluids. As a comparison, we considered the
performances and the design conditions of a biomass plant in Cremona (Italy) [17].

The furnace in Cremona has a design thermal outlet power of 6034kW and the boiler has
two circuits (see Figure 1): the high temperature circuit supplies 5503 kW to a heat transfer oil at
310°C, the low temperature circuit provides 531 kW to a second mass flow of heat transfer oil at 252 °C.
The working fluid in the associated thermodynamic cycles has then a maximum operative temperature
of about 250 °C to 300 °C. The thermodynamic engines operates in CHP mode with a condensation
temperature of about 100 °C.

These relatively low maximum temperatures and high condensation temperature combined
with the relatively low thermal power available exclude the possibility to consider as alternative
working fluid carbon dioxide (another “natural” fluid) or, for example, mixture of carbon dioxide and
hydrocarbons. As a matter of fact, carbon dioxide should be reserved to power plants with very high
power densities and to greater maximum to minimum temperatures ratio [18-21].

Some new refrigerants now available, have acceptable thermodynamic properties, good environmental
parameters and a sufficient expectable thermal stability [22,23]. But unfortunately they are still very expensive.

In the past years many authors examined and proposed different approaches to the optimal
working fluid selection, for low and high source temperatures. See, for example [24-32], in which,
in many cases, advanced numerical multi-objective methods are used with the aim to select fluids
optimising thermodynamic efficiencies and plant costs.

In this work we considered only some hydrocarbons suitable for this specific application,
with the aim (1) to analyse supercritical and subcritical (with saturated vapour) thermodynamic cycles
condensing at high temperature (70 °C to 100 °C), (2) to compare the results with a “conventional”
option and (3) to explore and to show the potentialities of some mixtures.

Evidently, supercritical cycles could be anyway a valid option also in different situations, but,
today, only a limited number of plants use this configuration. As an example, one supercritical
geothermal ORC plant (the first in Europe) was in 2012 started up in Italy [33].
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Figure 1. The reference plant scheme assumed as a reference case. Adapted from [17].

2. The Selection of The Working Fluids

In Table 1 are reported some design data for the biomass plant in Cremona (Italy). Assuming
for the main cycle design parameters the values in Table 2 and MDM (octamethyltrisiloxane) as
working fluid, we have simulated the thermodynamic cycle, obtaining so the reference case. All the
thermodynamic calculations were carried out by Aspen Plus v9.0 using the PR EoS. For MDM cycle
we obtained a gross efficiency of about 0.18: greater than the value in Table 1 (16.6%), but without
considering the pressure losses. The available thermal power from the HT oil and its temperatures are
fixed, according to the data in Table 1.

Table 1. Design data for the ORC plant in Cremona. The data are from [17].

Parameter Reference Value

Thermal oil power-HT; loop (kW) 5503

Thermal oil temperature-HT; loop (inlet, T4 /outlet, Tg) (°C) 310/252
Thermal oil power-HT; loop (split loop) (kW) 531

Thermal oil temperature-HT, loop (inlet, T /outlet, Tp) (°C) 252/130
Overall thermal power to ORC (kW) 6034

Cooling water temperature (inlet/outlet) (°C) 65/105
Generator power (kW) 999
Gross efficiency (%) 16.6

In Figure 2 there are the critical temperatures of the two hydrocarbon families here considered as
a function of the parameter of molecular complexity o.

The parameter 7, connected with the slope of the dew line in the T — S diagram, depends primarily
of the molar heat capacity Cp of the working fluids and increases basically with it ([34], p. 109).
An increasing of ¢ produces generally an isentropic expansion in the superheated vapour and,
fixed a pressure expansion ratio, a reduction of the cooling of the expanding vapour (As a matter
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of fact, for example, for a perfect gas, an increasing of ¢ is strictly correlated with a reduction of
the vy = Cp/Cy and, fixed a dP/P, greater is 0, less is the cooling during an isentropic expansion

@T/T = (3P/P) (1—1/7))).

Table 2. Design parameters assumed for the calculations.

Parameter Assumed Value
pressure losses none
minimum internal temperature approach in the recuperator, MITAg (°C) 30
turbine efficiency (@) 57 0.8
pump efficiency () i7p 0.75
evaporation pressure for MDM (bar) 10
condensation temperature (°C) 100
cooling water temperature (inlet/outlet) (°C) 60/90
approach temperature difference in HT; oil heat exchanger (%) (°C) 50

() including the mechanical efficiency; (®) for the considered super-critical cycles.
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Figure 2. Critical temperature as a function of the molecular complexity parameter for linear (normal)
hydrocarbons and cyclic hydrocarbons.

As, in general, for the organic molecules, an increase in the molecular complexity is accompanied
by a parallel increase in the molecular weight, an increase of ¢ is also associated to a reduction of the
isentropic enthalpy drop in turbine (with a significant reduction of the number of stage of the turbine).
On the other hand, an excessive reduction of the isentropic temperature drop in turbine, requires the
use of large heat recovery exchangers (the regenerator) after the turbine, before the condenser. So it is
not granted working fluids with high ¢ are always the best option.

From this point of view, MDM is indeed, with ¢ = 48.8, a good example. In Figure 3a,
in the T — S plane, the thermodynamic cycle assumed as reference is reported. The ratio between the
recovered thermal power and the input thermal power (from the heat transfer oil) Or/Q;y, is about
0.6 and the ratio 2AT/ (T5 + Tg) of the corresponding isentropic expansion results equal to about 0.2
(with a pressure expansion ratio Ps5/ P of about fifty). In Figure 3b the same thermodynamic cycles
and the assumed heat sources are reported just for a clarification of the process.
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In Figure 4a, for the system using MDM as working fluid in the thermodynamic cycle, the
heat transfer diagram for the oil heat exchangers HT; and HT) is reported. In Figure 4b there is the
corresponding diagram for the condenser.
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Figure 4. T — Q diagrams for the reference case. (a) T — Q diagram for the oil heat exchangers HT;
and HT,. The mass flow rates of the hot oil are different in the two heat exchangers HT; and HT.
So, from the point C on, the slope of the temperature changes. (b) T — Q diagram for the condenser.

Fixed a critical temperature, the parameter ¢ for cyclic hydrocarbons results appreciably lower
than that of the corresponding normal (linear) hydrocarbons. For example, at Tr ~ 200 °C, cyclo-butane
has ¢ = —1.1 and n-pentane has ¢ equal to about 7.0 (see Figure 2).

On the other hand, fixed the number of carbon in the molecule, the molecular mass for cyclic and
linear hydrocarbons is basically the same, and lower than that of MDM (236.53).

With the design parameters in Tables 1 and 2, the maximum, T};;5y, and the minimum T operating
temperatures of the (pure) working fluid in the engine result equal to 260 °C and to 100 °C respectively.
As the reference cycle operates in a CHP mode, in the following we assumed cooling water available
between 60 and 90 Celsius degree.

For supercritical cycles, the maximum operating temperature has to be higher than the critical
one; working fluids with a critical temperature greater than the assumed maximum temperature
are suitable for sub-critical (with saturated vapour) thermodynamic cycles. The working fluids we
preliminarily considered are then those in Table 3.

In case of mixtures in sub-critical thermodynamic cycles, Tiuax = Tggew and Te = T¢ gew:
the maximum temperature equals the dew temperature at the evaporation pressure and T¢ equals the
dew condensation temperature.
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The critical pressures P, of the cyclical hydrocarbons are appreciably greater than that of the
linear hydrocarbons. For this reason, in this work, the mixtures we considered are mixture of linear
hydrocarbons only (see Table 3).

The mixture n-butane/n-hexane is representative of a mixture thermodynamic suitable for
supercritical cycles (given the maximum and the minimum temperatures here considered); the mixtures
of iso- and n-octane, that of n-butane and n-octane and that of n-hexane and n-octane are suitable
for sub-critical cycles. For these mixtures, the chosen components are those typically considered as
the main constituents of commercial petrol (iso-octane, in particular, is produced and largely used to
reduce the detonation of the standard petrol).

In Figure 5a,b the critical loci of the mixtures here considered are reported. In the Figure are also
some P — T envelops relative to some different composition.
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Figure 5. Critical loci for some mixtures (dotted lines). The white circle are from experimental
literature data [35]. (a) Critical loci and some P — T envelops for mixtures of n-C4/n-C6 and n-C4/n-C8.
(b) Critical loci and P — T envelops for mixtures of n-C6/n-C8 and n-C8/i-C8. (c) P — T envelops for
two mixtures around a dew temperature of 100 °C.

The critical loci are computed using an in-house code developed in MATLAB® (ver R2018b)
environment with the help of INTLAB toolbox [36]. In particular, the critical point model given in [37]
is used in conjunction with the PR EoS (Peng-Robinson Equation of State) [38], expressed the model in
the form of non-linear system of equations with intensive variables; the roots of these equations are
critical point(s) of a mixture.

The code developed in this study used the formulation of ref [38] and computes the critical points
of the considered binary mixtures using interval analysis root finding technique available in INTLAB
toolbox. The code requires pure fluid properties including critical points, molar composition, acentric
factors and binary interaction parameter (k) corresponding to PR EoS as an input information to
compute the critical points of a binary mixture. In addition, the initial interval which covers the
minimum and maximum range in which the root can occur is also required.

60



Energies 2019, 12, 4140

Table 3. Some parameters for the considered fluids (pure fluids and mixtures) suitable for super-critical
and sub-critical thermodynamic cycles. MDM is reported as a comparison.

Fluid Critical Temperature  Critical Pressure ~ Vapour Pressure  Binary Interaction
(Pure Fluid or Mixture) Ter (°C) P, (bar) at 100 °C (bar) Parameter, ki,
n-butane, n-C4 151.97 37.96 15.33
n-pentane, n-C5 196.55 33.7 591
n-hexane, n-Cé6 234.45 30.25 245
cyclo-propane, c-C3 125.1 55.75 36.68
cyclo-butane, c-C4 186.85 49.8 11.27
cyclo-pentane, c-C5 238.45 45.08 415
n-C4 (0.5)/n-C6 (0.5) (@) 203.6 37.06 4.4 (®) —0.0056
n-octane, n-C8 295.54 24.9 0.466
iso-octane, i-C8 270.65 25.7 1.04
i-C8 (0.5)/n-C8 (0.5) (@) 284.91 2551 0.635 () —0.00570
n-C4 (0.05)/n-C8 (0.95) () 292.02 26.2 0.505 () 0.00660
n-C6 (0.5)/n-C8 (0.5) 272.34 (@) 28.74 (@) 0.775 () —0.01675
MDM () 291.25 14.6 0.2061
(@) at an equi-molar composition (z; = z; = 0.5); ) at the dew point; ) molar composition:

z1 = 0.05,z; = 0.95; (@) octamethylcyclotriloxane.

In the selection of the mixtures composition we enjoined a dew temperature of around 100 °C and
a “temperature glide” of about 30 °C, having us cooling water available between 60 °C and 90 °C.

Finally, a crucial parameter for the choice of a working fluid is its thermal stability. About the
hydrocarbons here considered, it seems reasonable to assume a safe operative maximum temperature
of 250 °C to 280 °C [39-42], according to the fixed approach temperature difference of 50 °C in the heat
exchanger HT.

As a general rule [26,43], fixed the maximum temperature T4 of a finite thermal capacity heat
source, the best thermodynamic cycle is for a working fluid with a critical temperature roughly
equal to T4. However, in our case, the source thermal power is fixed and we imposed instead the
maximum cycle temperature Ty, 50 better is the thermodynamic efficiency, greater will be the useful
mechanical power.

3. The Thermodynamic Results

The thermodynamic cycle efficiencies as a function of the maximum pressure Py, for pure linear,
cyclic and for some hydrocarbon mixtures are reported in Figure 6. The efficiency value of MDM is
reported as a comparison.

The super-critical cycles have generally (with the design constraints here assumed) a low
thermodynamic efficiency. As a general trend, the efficiency increases with the critical temperature of
the working fluid. For example, c-C3 (with a T,/ T4 ratio of 0.68) has an optimal efficiency of 0.115,
n-C6 (with a T,/ T4 ratio of 0.87) has an optimal efficiency of 0.160.

In Figure 7a, in the T — S thermodynamic plane, there are some of the considered super-critical
cycles with pure working fluids. Fixed the maximum temperature Ty, increasing the critical
temperature of the working fluid, the optimal maximum pressure approaches the critical one and the
ratio W* between the pump power Wp and the sum Wp + Wr decreases. This is, for the super-critical
cycles, the primary reason of their relatively poor efficiency. For example, set W = 1 for the reference
MDM cycle, the cycle with c-C3 has W*/Wj =~ 7 (7 = 0.115) and the cycle with n-C6 has W* /Wy ~ 2
(n = 0.160).
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Figure 6. Thermodynamic cycle efficiency as a function of the maximum pressure.

MAXIMUM TEMPERATURE, Ty, MAXIMUM TEMPERATURE, T | /

250

n-C4(0.5)/n-C6 (0.5)

TEMPERATURE (°C)
TEMPERATURE (°C)

100

-C8(0.5)/ n-C8 (o,ls) T ca(0.05)/ mC8(0.95)

ENTROPY

50
ENTROPY (kJ/kg K)

(a) (b)

Figure 7. (a) Configuration of some (supercritical) thermodynamic cycles in the T — S plane (pure
fluids); (b) Configuration of some thermodynamic cycles in the T — S plane for hydrocarbon mixtures.

The mixture n-C4 (0.5)/n-C6 (0.5) (see Figure 5¢) at a condensing pressure P of 4.4bar has a dew
temperature of about 100 °C and a temperature “glide” of about 30 °C. So, this particular composition
results useful, in our case, to reduce the thermodynamic losses in the condenser. The corresponding
thermodynamic cycles (in Figure 7b in the T — S plane) has an efficiency 7 of about 0.164 at Py
of 45bar (see Figure 6). In Figure 8a,b there are the heat transfer T — Q diagrams for the oil heat
exchangers and for the condenser, respectively. The heat transfer diagram in the condenser results
actually better than that of the MDM cycle, but the high temperature heat transfer diagram results
worse. This fact, combined with the relatively high W* /W ~ 3, gives an efficiency 7 anyway lower
than that of the benchmarked cycle.

In Figure 6 there are also the efficiencies for two sub-critical (saturated) cycles using the mixture
i-C8 /(0.5)/n-C8 (0.5) and the mixture n-C4 (0.05)/n-C8 (0.95) as working fluids. The highlighted
points are those with a maximum temperature Tg 4., of 260 °C. The corresponding cycles are reported
in Figure 7b in the T — S plane.

The resulting efficiencies are good (as a matter of fact comparable with that of the cycle with
MDM as working fluid). The temperature profiles in the T — Q diagrams (see Figures 9 and 10) are
also satisfying.
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The mixture n-C6/n-C8 has a critical temperature greater than Ty, only for a molar fraction of
n-C6 lower than 0.5 and the equi-molar mixture (T, = 272 °C) gives a thermodynamic cycle efficiency
of 0.18 at P 4, = 23bar and at P 4, = 0.775bar.

The mixture i-C8/n-C8 seems particularly interesting. At every composition it is like
a quasi-azeotropic mixture (see Figures 5b, 9 and 11). It is a good example of the variations of
thermodynamic behaviours of a mixture with two similar constituents and an example on how the
main features of the thermodynamic cycles can be changed by the composition of the working fluid.
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As explicative results, in Figure 12 the thermodynamic cycle efficiency for different mixture
compositions is reported. The efficiency increases from 0.167 (z; = 0, pure iso-octane) to 0.18 (z; =1,
pure n-octane). From z; equal to 0 to 1, the efficiency 7 changes of about 7 per cent; in the interval 0.5
to 1 the variation is less than 1 per cent.
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Figure 12. Thermodynamic cycle efficiency for the mixture iso-octane/n-octane as a function of the
molar fraction of n-octane. The considered cycles are all subcritical with saturated vapour.

3.1. Some Results for the Heat Exchangers

For the condenser, the ratio UA/ (Wr — Wp), between UA and the net power Wy — Wp,
results (for the cycles with the mixture i-C8 (0.5)/n-C8 (0.5)) equal to 0.192 K™}, as against a value of
0.170K~! in the case of MDM cycle (+13 per cent).

For the oil—working fluid heat exchangers (HT; and HT5), the ratio UA/ (WT - Wp) results
0.00916 K~ and 0.111 K, respectively, as against values of 0.0114 K~ (—20 per cent) and 0.137 K~
(—20 per cent) for MDM.

Owing to the smaller parameter ¢, the ratio UA/ (Wr — Wp) for the recuperator heat exchanger
(the regenerator) results, for the thermodynamic cycle with mixture i-C8 (0.5)/n-C8 (0.5)), lower than
about 40 percent compared to that of the MDM cycle (0.0666 K~1, against 0.108 K—1).

3.2. Turbomachinery Considerations

In Figure 13a the condensation pressure (at Tc 4., equal to 100°C) and the evaporation
temperature (at Tg 4., equal to 260 °C) are reoprted as a function of the molar fraction of n-octane.
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Figure 13. For a mixture of iso-octane/n-octane: (a) The trend of the evaporation and of the
condensation pressures with the molar fraction of n-octane. (b) The variation of the isentropic enthalpy
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Strictly correlated with the turbine expansion pressure ratio (Pg g/ Pc dew) are the turbine
volumetric flow ratio VFR = V,ut/V;, and the turbine isentropic enthalpy drop AHs, see Figure 13b.
The enthalpy drop and the VFR (by means of the so called size parameter SP) are closely connected
with the number of turbine stages and with its rotational speed [45].

Volume flow ratios greater than about 20-30 are difficult to realise with a single turbine (axial)
stage: supersonic (absolute and relative) velocities and high flaring angles increase shock and profile
losses and one has to resort to a multi-stage solution. High VFR associated with low SP (less than
0.1) require multi-stages turbine at high rotating speed and, as a general trend, the result is a turbine
difficult to design. For each pair of SP and VFR, exist an optimal value of the specific speed 1, and,
consequently, an optimal number of revolutions N and an optimal specific diameter d;.

For the mixture i-C8/n-C8 the VFR increases from 39 to 46, with a corresponding AHg increasing
from 94kJ kg ! to 112kJ kg~!. As a comparison, for the reference cycle with MDM, one obtains VFR
equal to about 75 and AHs equal to about 63 kJ kg1

To summarise the results, in Table 4 are reported some significant data relating to optimal
thermodynamic cycles. The considered super-critical cycles have an efficiency from 0.02 to 0.03 points
lower than that of the MDM cycle. On the other hand, the turbine volume flow ratios result significantly
lower than that of the MDM. Therefore an efficient single stage turbine could be designed, but, owing to
the very high operating pressures, with a net power of tens of MW.

The sub-critical cycles, have thermodynamic efficiencies comparable with that of the benchmarked
cycle with turbine volume flow ratios of about 30 per cent lower.

Assuming a rotating speed of 3000 rpm and an isentropic power of about 1333 kW, we estimated
the approximate main characteristics of the MDM turbine. The used approximated method,
assuming ideal turbines stages and real gas effects, is briefly described in [46]. Some results are
in Table 5. The turbine, due to its high overall VFR, has two stages, with a rotor mean diameter of
about 90 cm. The first stage is with total admission even if its 11/ D ratio reaches its lower limit value.

Accepting the similitude, the turbines with n-octane and iso-octane (at the same rotating speed)
have roughly an isentropic power of about 5600 kW and of 7500 kW, respectively. Their main estimated
geometrical data are in Table 5.

Mixtures of i-C8 and n-C8, in different composition, allow so to design turbines with significant
different useful powers with practically the same thermodynamic efficiency (see Figures 12 and 13).
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Table 5. Some roughly estimated design parameters for turbines at 3000 rpm. The results for MDM are
assumed as a reference.

First Stage  Second Stage

Number of revolutions (rpm) 3000 3000

Volume expansion ratio 12.0 6.23

MDM Isentropic work (kJ kg~1) 31.3 31.3
Isentropic power per stage (kW) 667 667
Rotor tip diameter (cm) 0.455 0.487

Rotor mean diameter (cm) 0.445 0.445

h/D @ 0.023 0.093

sp 0.121 0.300

Number of revolutions (rpm) 3000 3000

Volume expansion ratio 8.83 5.21

n-Octane Isentropic work (kJ kg 1) 56.1 56.1
Isentropic power per stage (kW) 2800 2800

Rotor tip diameter (cm) 0.611 0.648

Rotor mean diameter (cm) 0.596 0.596
/D @ 0.025 0.087

sp 0.170 0.385

Number of revolutions (rpm) 3000 3000

Volume expansion ratio 9.15 4.20

iso-Octane Isentropic work (k] kg’l) 46.8 46.8
Isentropic power per stage (kW) 3750 3750

Rotor tip diameter (cm) 0.561 0.590

Rotor mean diameter (cm) 0.545 0.545

h/D (@ 0.029 0.083

sp 0.167 0.340

(@) Mean rotor blade height to mean diameter ratio.

4. Conclusions

In the paper was investigated the possibility to use hydrocarbons (pure fluids or mixtures) in
Rankine cycles recovering heat from biomass furnaces. As working hypothesis, we assume a standard
biomass oil furnace and, as a reference thermodynamic cycle, a saturated Rankine one with MDM as
working fluid. Super-critical and sub-critical thermodynamic cycles were investigated.

Notwithstanding the adopted simplifications, from the previous presented results the following
conclusions can be drawn:

e the super-critical cycles, mainly owing to their high pumping power relative to the expansion
useful power, have basically lower thermodynamic efficiencies than the reference cycle. In the
better cases, for example, 0.16 against 0.18. The use of mixtures, allowing in principle an
optimisation of the T — Q diagram in condensation, performs a bit better than the pure fluids.
But, at least in the considered cases, always worse of about 1.5 points percent than the reference
thermodynamic efficiency;

e  the considered saturated cycles have thermodynamic efficiencies completely comparable with the
reference value.

Among the many conceivable different mixtures of hydrocarbons we identifyied here mixtures of
iso-octane and n-octane. These mixtures have modest temperatures “glides” at every composition and
the corresponding mixture critical temperatures result always greater than the maximum assumed
working temperature (260 °C). So, saturated cycles are always possible for every composition.

An interesting result is that, varying the composition the thermodynamic efficiency results in
practice constant (at least starting from an n-octane molar fraction greater than 0.5). Whereas, fixed
the minimum and the maximum temperatures, because of the condensation and the evaporation
pressures variation, the turbine power (fixed the number of revolution) change noticeably with the
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composition. For example, at 3000 rpm, a two optimised stage turbine giving about 1000 kW with
MDM, could produce about 4200 kW and 5600 kW with n-octane and with iso-octane respectively.
The mixture composition results so an additional degree of freedom in the design of Rankine engines
using organic fluids.

As for the dimension of the heat exchangers, we evaluated some results of UA per unit of
produced power. Without the values of the overall heat transfer coefficients it is impossible determine
the true total area A. Anyway, due to the smaller molecular complexity of the hydrocarbons compared
to that of MDM, the regenerator should results with less surface.

In short, hydrocarbons as working fluids (pure or in mixtures), at least for the specific considered
application, from the thermodynamic point of view, seem a good option.
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Abbreviations

The following abbreviations, symbols and subscripts are used in this manuscript:

A total heat transfer area, (m?)
CHP Combined and Heat Power
P AHIB
ds specific diameter | = D ng; =3
out,S
D mean turbine diameter (m)

MITAR Minimum Internal Temperature Approach in the recuperator (°C)
MITAyr  Minimum Internal Temperature Approach in the HT heat exchanger (°C)

MDM Octamethyltrisiloxane
105
Mg specific speed (: % AIOJZ;% _ 267({\1 /\ilr‘;’»f?)
N speed revolution (rpm)
Pc condensation pressure (bar)
Py critical pressure (bar)
Prax maximum cycle pressure (bar)
PR EoS Peng-Robinson Equation of State
Qi inlet thermal power (kW)
QR recovered thermal power (kW)
R gas constant (k] kg TK1
S entropy (k[ kg ™' K1)
sp size parameter for a stage of axial turbine (Vfﬁ/s / AHg'ZS) (m)
T temperature (°C or K)
Ta maximum temperature of the heat source (thermal oil) (°C or K)
Ter critical temperature (°C or K)
T, reduced temperature (= T/T)
u overall heat transfer coefficient (Wm~2K~1)
v volumetric flow rate (m3s~1)
VER isentropic flow ratio (= Vouy,s/ Viu = pin/ Pout)
W mechanical or electrical power (kW)
W isentropic power (kW)
z molar fraction
AHg isentropic turbine work (k] kg D)
AT temperature difference (°C)
nr turbine efficiency
1p pump efficiency

density (kgm™~2)

arameter of molecular complexity ( = Tz [dsf'”}
p plexity L T P
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subscripts

C condensation

dew dew conditions

E evaporation

in inlet

max maximum

out outlet

P pump

S isentropic conditions
sV saturated vapour

T turbine
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Abstract: The working fluid selection is one of the most important issues faced when designing Organic
Rankine Cycle (ORC) systems. The choice of working fluid is dictated by different criteria. The most
important of them are safety of use, impact on the environment, and physical and chemical parameters.
The type of ORC system in which the working fluid is to be used and the type of expander applied in this
system is also affecting the working fluid selection. Nowadays, volumetric expanders are increasingly
used in ORC systems. In the case of volumetric expanders, in addition to the aforementioned working
fluid selection criteria, additional parameters are considered during the selecting of the working
fluid, such as the range of operating pressures and geometric dimensions (determining the volume
of working chambers) affecting the achieved power and efficiency of the expander. This article
presents a method of selecting a working medium for ORC systems using volumetric expanders.
This method is based on the dimensionless rating parameters applied for the comparative analysis of
different working fluids. Dimensionless parameters were defined for selected thermal properties of
the working fluids, namely thermal capacity, mean temperature of evaporation, mean temperature of
condensation, pressure and volumetric expansion ratio, volumetric expandability, as well as the heat
of preheating, vaporization, superheating, cooling, and liquefaction. Moreover, isentropic expansion
work was considered as the rating parameter. In this article, in addition to the working fluid selection
method, computational examples related to the selection of the working fluid for the ORC system fed
by a heat source featuring specified temperatures are presented. The results of calculations of rating
parameters and their comparison gave an outlook on the selection of appropriate working fluids.

Keywords: ORC; working fluid; selection method; volumetric expander; thermodynamic analysis

1. Introduction

The most important design and scientific problems connected with the Organic Rankine Cycle
(ORC) systems design are suitable working fluid and expander selection [1]. Currently, there are many
applicable working fluids available. An expander is often selected based on system power and its
application. Two types of expansion machines (i.e., turbo and volumetric expanders) can be applied
nowadays in ORC systems.

Turbo expanders are mainly applied in large power (1 MW and more) ORC systems harvesting
the energy from the heat sources that have high thermal power and temperature (150 °C and more).
Such heat sources (e.g., waste heat) are generated in large industrial power machinery, such as steam
boilers (e.g., waste steam) or gas turbines (e.g., exhaust gases). In large power ORC systems, silicone oils
(e.g., MM (hexamethyldisiloxane) or MDM (octamethyltrisoloxane)) are mainly adopted as working
fluids [2].

Volumetric expanders are applied mainly in micro and low-power ORC systems, such as
domestic and agriculture plants powered by the heat sources with small capacities, thermal power,
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and temperature (up to 150 °C) [3]. Low thermal parameters of the heat source also influence the
working fluid selection. Only low-boiling working fluids are possible for application in this case. Such
working fluids are refrigerants, their mixtures, and similar substances, for example, classically applied
R123 and R245fa, as well as new-specially designed fluids, such as R1234yf, R1234ze, or SES36.

Volumetric expanders are a good option for systems in which low pressures and low
working medium flows are expected [4]. From many types of the volumetric expanders piston,
linear piston, screw, scroll, vane, and rotary lobe expanders are currently applied in ORC plants [5-21].
Volumetric expanders are often characterized by two important parameters, i.e., pressure expansion
ratio (the parameter defined as the value of the working fluid pressure at the inlet to the expander in
respect to the value of the working fluid pressure at the outlet of the expander—op = pin/pout) and
volumetric expansion ratio (the parameter defined as the value of the working fluid specific volume at
the inlet to the expander in respect to the value of the working fluid specific volume at the outlet of the
expander—oygx = v1/vy). Piston expanders are a good option for ORC systems where high (up to
20 MPa in the case of the single stage expanders) inlet pressures of the working fluid are expected,
as these machines feature the highest pressure expansion ratios. Piston expanders can be used in ORC
systems powered by heat sources featuring fixed characteristics of temperature and thermal power
output because it is advisable for these expanders to operate in dry vapor conditions (vapor quality
equal to 1) in order to avoid the presence of liquid droplets in the cylinder. Screw expanders can be
applied in systems utilizing the heat sources featuring floating temperature, thermal power, and output
characteristic because in this type of the expanders, wet gas can be expanded without serious problems.
The pressure expansion ratio of a screw expander typically ranges between 10 and 15. Scroll expanders
are applied in many ORC systems. The pressure expansion ratio of a scroll expander typically ranges
between 2 and 4.5. Multi-vane expanders are currently under development or during the phase of
testing the prototypes. Therefore, they are applied mainly in ORC test-stands. Their design is compact,
they can operate in wet gas conditions, and are relatively cheap. The pressure expansion ratio of the
rotary multi-vane expanders typically ranges between five and seven. Rotary lobe expanders are also
under research and development. These expanders are promising because of their advantages, such as
insensibility to wet gas conditions, low operating pressures, and simple design. It is suspected that
the maximum value of the pressure expansion ratio of a rotary lobe expander will reach the value of
op = 6. The range of working pressures, maximum (Opmax), and typical (op;) pressure expansion ratios
of different types of volumetric expanders are presented in Table 1.

Table 1. Range of the working pressures, maximum, and typical pressure expansion ratios of different
types of volumetric machines [13-15].

Expander Type Pin max MPa Pout MPa OPmax Opt
Piston (single stage) 20 0.1 200 200
Screw 1.5 0.1 15 10-15
Scroll 1.0 0.1 10 2-4.5
Rotary lobe 0.6 0.1 6 N/A
Multi-vane 0.7 0.1 10 5-7

In the case of volumetric expanders, the obtained output power is dependent on the volumetric and
pressure expansion ratio. This is one of the characteristic features of volumetric machinery. This issue
was treated in more detail in [3]. Each type of volumetric expander also features the optimum range of
the pressure expansion ratio. It is worth noting here that research and development works on novel
variable expansion ratio volumetric expanders are ongoing. The examples are scroll machines with
injection ports [22-24], piston devices with controlled valves [25], and screw machines with sliding
ports [26-28]. In contrast to turbo expanders, volumetric machines are able to operate under poor
operating conditions (i.e., low working fluid flow rates and low pressures). The working fluid selection
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for ORC systems employing a volumetric expander should, therefore, be considered differently than in
the case of the turbine-based ORC systems.

2. Thermodynamic Properties of Working Fluids Suitable for Application in ORC Systems
Employing Volumetric Expanders

As indicated in the introduction, volumetric expanders are a good option for ORC systems
supplied by low temperature (ca. 150 °C) heat sources. What is more, each type of volumetric expander
feature specified the range of the pressure expansion ratio. For this reason, only selected working fluids
can be applied in ORC systems employing a volumetric expander. The examples of working fluids that
can be used in a low-power ORC system employing a volumetric expander are listed in Table 2 together
with their basic thermal properties, which were obtained using REFPROP [28] and CoolProp [29]
computer software. The working fluid class (according to the novel classification of working fluids
which was proposed in [30]) and reference to the equation of state is also listed in this table for all
of the working fluids. It should be mentioned here that R113, R114, R123, R124, R141b, R142b are
phased out of use due to their high ODP (Ozone Depletion Potential). However, these substances are
treated in the present study as the examples that can be used for further comparative analysis of other
working fluids (i.e., those having similar physical properties to phased out ones).

Table 2. The working fluids suitable for small- and low-power Organic Rankine Cycle (ORC) systems
with volumetric expanders [28-30].

Normal Working
Workin, Triple Point Boilin . . Fluid Equation
No. Fluid ® Tenl:perature Poini:g Critical Point Parameters Class oci State
Temperature [30]
tep °C tabp °C te°C per MPa ké’;l; 5

1 R113 -36.22 47.59 214.06 3.39 560.00 ANZCM [31]

2 R114 -92.52 3.59 145.68 3.25 579.97 AZCM [32]

3 R123 -107.15 27.82 183.68 3.66 550.00 ACNMZ [33]

4 R124 -199.15 -11.96 122.28 3.62 560.00 ACNZM [34]

5 R1234ze —104.53 -18.95 109.37 3.63 489.24 ACNZM [35]

6 R134a -103.30 —-26.07 101.06 4.06 512.00 ACZ [36]

7 R152a -118.59 —24.02 113.26 4.51 368.00 ACZ [37]

8 R227ea —-128.60 -16.34 101.75 2.93 594.25 ANCMZ [38]

9 R236fa -93.63 -1.44 124.92 3.20 551.30 ACNMZ [39]
10 R365mfc -34.15 40.15 186.85 3.22 473.84 ANZCM [38]
11 R245ca —81.65 25.13 174.42 3.39 523.59 ANCMZ [40]
12 R245fa -102.10 15.14 154.01 3.65 516.08 ACNMZ [41]
13 R601a -160.50 27.83 187.2 3.38 236.00 ANCMZ [41]
14 R141b -103.47 32.05 204.35 421 458.56 ACNMZ [41]
15 R142b —-130.43 -9.12 137.11 4.05 446.00 ACNMZ [41]
16 R236ea -103.15 6.19 139.29 3.5 563.00 ANZCM [42]
17 R600a -159.42 -11.75 134.66 3.63 225.5 ACNMZ [43]
18 RC318 —-39.80 -5.97 115.23 2.78 620.00 AZCM [32]
19 R1234yf -53.15 —29.45 94.7 3.38 475.55 ACNZM [44]
20 R290 -187.63 —42.11 96.7 4.25 220.48 ACZ [45]

Working fluids can be described by well-known thermodynamic relations and parameters
(e.g., equations of state, specific heat, heat of a phase change, or the thermodynamic functions).
Additionally, different parameters can be defined for their description and analysis of applicability to
specified conditions. The above-mentioned thermodynamic relations are presented in the form of
algebraic or differential equations, tables, graphs, software, etc. Completeness of these data in the
case of the substances listed in Table 2, is very different, which does not facilitate the thermodynamic
analyses. Figure 1 shows the T—s diagram for a low-boiling substance. The characteristic values of
working fluid thermal properties are marked on this graph together with the ambient parameters.
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The different phases of the working fluid can, therefore, be highlighted, i.e., superheated vapor, moist
vapor, and a liquid. Moreover, the area of the critical point (C,), dry saturated vapor line (x = 1),
boiling liquid line (x = 0), and pinch point (ATpp) can be marked. Working fluid pressure p(T,) at
ambient temperature (T,) typically differs from the ambient pressure (p.). The temperature of working
fluid evaporation (Tey) at ambient pressure (p,) is one of the basic quantities describing the working
fluid, just like the heat of condensation qc(pa) (see isobar-isotherm e—f in Figure 1). The critical point
parameters (per, Ter) are other key parameters describing the working fluid. The value of critical
pressure (pcr) is a very important parameter defining the operating range of the power plant and
organization of the cycle. The critical temperature (T.;) determines the usefulness of a working fluid to
be applied as a heat transfer fluid in a power plant. If T < T,, it would not be possible to liquefy the
vapor and pump the liquid, which are the basic processes of a vapor power plant operation. In the T-s
graph, which is presented in Figure 1, the power plant cycle (see red lines in Figure 1) and heat source
cooling process (see navy blue line in Figure 1) were also visualized.
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Figure 1. T-s diagram of a low-boiling working fluid.

Depending on the working fluid type, the saturation curve can have a different shape. Figure 2
shows a comparison of the saturation curves for selected low-boiling working fluids.
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Figure 2. Saturation curves of different low-boiling working fluids.
3. The Method of Working Fluid Selection

The working fluid selection may be proceeded in many different ways depending on the accepted
selection criteria. Different methods of working fluid selection are consciously developed and described
in scientific papers, see [46-54]. Nowadays, environment protection is an important issue; therefore,
many working fluids that were successfully applied in ORCs are being withdrawn (e.g., R11, R12, and
others). The environmental impact of the working fluid should be considered during the assessment
of the working fluid candidates. The thermal stability of the substance is also of great importance
during the working fluid selection [54,55]. However, to fit the working fluid to the ORC, the system
selection should be based mainly on the thermal properties of the working fluid [3,56,57]. What is
more, the thermal properties of the working fluid should be analyzed together with the heat source
characteristics. The thermal power of a heat source that is feeding the ORC system, physical state and
type (e.g., gas, liquid), and physical parameters (e.g., density, viscosity, specific heat capacity) of the
heat source’s working fluid (e.g., waste heat carrier) have a significant influence on the process of the
heat supply to the ORC system. Therefore, the shape of a curve marked as 1-2, which is visualized in
Figure 3, may have a different course. For this reason, in addition to the analysis of phenomena that are
occurring inside the ORC system (i.e., on low-boiling working fluid side), it is also important to analyze
the phenomena that are occurring on the heat source side (i.e., related to heat source’s working fluid).
These problems are treated in further discussion. The starting point can be, for example, the course
of the heat source cooling process. The heat source cooling process is usually isobaric; however, the
course and rate of cooling can be different, and it depends on many different thermal properties of
the heat source and working fluid (e.g., heat source temperature, heat capacity of the heat source,
specific heat capacity of the working fluid, working fluid mass flow rate, number of heat receivers, etc.).
Therefore, the different amounts of heat can be extracted from the heat source at different ranges of the
temperature (this process is visualized in Figure 3). These amounts of heat can be presented graphically
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in a bar chart forming the heat source histogram (see Figure 4). Depending on the course and rate of
the cooling process, different histograms can be obtained (see Figure 5 for histogram examples).
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Figure 3. The process of isobaric cooling of the heat source.
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Figure 4. Example of the heat source histogram.
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Figure 5. Histograms of different heat sources: (a) ascending; (b) descending; (c) constant; (d) parabolic.

The course of the heat source cooling process is especially important in the case of assessment of

the applicability of the working fluid for an ORC system employing a volumetric expander, which is
treated in more detail in the following part of this paper.

To trace the influence of the heat source cooling rate, course, and the shape of the histogram on

the ORC system operating parameters and working fluid selection, the following assumptions will be

accepted in further reasoning:

The process of heat extraction from the heat source is isobaric (such as presented in Figure 3),
Working fluid vapor condensation is isobaric and occurs at condensation pressure p = p(Ta),
where T, = T, is ambient temperature,

Temperature difference between vapor and coolant in the condenser is negligible,

The pressure expansion ratio is defined as op = p(Thsa)/p(Tc), (Where Thg, is the initial temperature
of the heat source),

The expansion process in the expander is isentropic, and the value of pressure expansion ratio op
can be any real number,

The amount of working fluid circulating in the cycle is equal to 1 kg,

The power needed for pump driving is negligible,

Expander is fed with vapor (liquid working fluid cannot be expanded).

For the above-listed assumptions, the following reasoning can be proceeded.

If the heat source is cooled in the range of temperature Tpg; € (Thsa, Thsa — AT), the obtained
specific isentropic expansion work is equal to lgxs; = hy —hos,
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e  Ifthe heat source is cooled in the range of temperature Ty € (Thsa — AT, Tpsa — 2AT), the obtained
specific isentropic expansion work is equal to lgxs; = h] —hy,
e If the heat source is cooled in the range of temperature Tpgj € (Thsa = (j— 1)AT, Tpsa —jAT),

the obtained specific isentropic expansion work is equal to lgxs; = hyj — h2j/

where AT is the constant drop of the heat source temperature (it can be equal to, for example,
AT = 10K).

Therefore, the working fluid expansion can be proceeded for a given pressure expansion ratio
(0p) value until the temperature of the working fluid is equal to (or lower) than the equilibrium
temperature for the pressure p; = op.p(Ta). Then, obtained h; values can be visualized for a given op
in the h = f(Tys) graph.

By performing the calculations for different values of the pressure expansion ratio (op), a Ipxs =
f(op) graph can be obtained. For a given heat source Igxs = f(0p), a graph can be plotted for different
working fluids. By comparing the obtained results, the optimum pressure expansion ratio and working
fluid can be selected (taking as the selection criterion the obtained values of the isentropic expansion
work). What is also important, if a volumetric expander is applied in an ORC system, the obtained
optimum pressure expansion ratio should fit in the range of the optimum (typical) pressure expansion
ratio valid for the selected type of volumetric expander (see Table 1). Calculations can be performed
for various heat source characteristics and histograms (see Figure 5).

In addition to the above-described method, the applicability of the working fluid to the ORC
system can be assessed based on the comparison of the other assessment parameters. Figure 6, which is
the basis for further considerations, shows the comparison of two ideal ORC power plant cycles
(marked in blue and red lines) adopting two different low-boiling working fluids on the T-s plane.
This graph is plotted with the assumption that both ORCs are supplied by the same heat source
featuring the same heat supply temperature (Tps). Moreover, it is assumed that both cycles are cooled
by the same heat sink featuring the same condensation temperature (T.), and one of the substances is
treated as the reference.
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Figure 6. Comparison of two ideal ORC cycles adopting two different working fluids in the T—s
plane. 4-1—isobaric heating and evaporation of the working fluid in the evaporator, 1-2s—isentropic
expansion of the working fluid vapor in the expander, 1-2—polytrophic expansion of the working fluid
vapor in the expander, 2-3—isobaric cooling and liquefaction of the working fluid in the condenser,
3-4—isentropic forcing of the working fluid in the pump.
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Working fluids can be compared using different rating parameters or criteria. The comparison
can be based on the environmental impact of the working fluids (i.e., toxicity, ODP, HGWP, etc.) or
their thermal parameters. Thermal parameters of the working fluid are of great importance from the
design point of view, having an impact on the ORC system power, efficiency, and quality of operation.
Particularly important thermal parameters of the working fluid are:

e  Thermal capacity;

e  Mean temperature of evaporation;

e  Mean temperature of condensation;

e  Heat of evaporation (i.e., preheating, vaporization, and superheating);

e  Heat of condensation (i.e., cooling and liquefying);

e  Pressure expansionratio (i.e., pressure drop of the working fluid during expansion in the expander);

e Volumetric expansion ratio (i.e., change of specific volume of the working fluid during expansion
in the expander);

e  Volumetric expandability (i.e., the change of specific volume of the working fluid during
the evaporation).

In the following, some dimensionless rating parameters, which can be applied for the comparison
of two different workings using the above-listed thermal parameters, are defined. In addition to
these rating parameters, it is necessary to state the following assumptions needed to carry out the
comparison (see Figure 6 for details):

e  The temperature of the heat source and the heat sink is the same for both working fluids;

e  Temperature of working fluid chemical decomposition is lower than the temperature of the heat
source (for both of the analyzed working fluids);

e One of the working fluids is treated as the reference substance.

3.1. The Influence of the Working Fluid Thermal Capacity

The working fluid selection, which is based on the comparison of thermal capacities of the working
fluids can be, for example, proceeded if a quick heat source cooling is the priority of the ORC system
operation. The rating parameter can be defined by the relation

-+
Q
Urc = [%] 5
Qorc2 ) (Te-12),p
where -
Qorc1 = morct - (h1 —hy), @)
Qorcz = more2 - (hir —hy), ®3)

where mogcy is the working fluid mass flow rate in the compared cycle, mogrcy is the working fluid
-+
mass flow rate in reference cycle, Qorcy is the heat extracted from the heat source by the working fluid

during the evaporation in the compared cycle, QSRCZ is the heat extracted from the heat source by the
working fluid during the evaporation in the reference cycle.

The comparison of two different working fluids and two different ORC cycles using the ¢
parameter gives the opportunity of selecting the working fluid that features a larger thermal capacity
within the fixed parameters of the heat source, i.e., the working fluid in which the application can
improve the cooling rate of the heat source and thus increase the amount of heat that is extracted from
the heat source.
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3.2. The Influence of the Mean Temperature of the Working Fluid Evaporation

The temperature of the working fluid evaporation strongly influences the thermal efficiency of
the ORC system; therefore, it is an important property from the working fluid selection point of view.
The rating parameter can be defined by the equation

ToRe
RC1
YrvE = [—Tmhs ] , 4)
ORC2/ (Tye~Ta) p
imhs Aph1 b1 T9sh1
Torer = A—sl' ®)
mhs Iph2 T b2 9sh2
Tore2 = A—Szl ©)

where TSESCI is the mean temperature of the evaporation (and heat supply) in the compared cycle,
TSEEZ is the mean temperature of the evaporation (and heat supply) in the reference cycle, Qpn 1s the
heat of the working fluid preheating, qy, is the heat of the working fluid vaporization, q, is the heat
of the working fluid superheating, As is the change of the working fluid specific entropy during the
preheating, evaporation, and superheating.

The comparison of two different working fluids and two different ORC cycles using the P1vg
parameter gives the opportunity of selecting the working fluid that would enable harvesting of heat
from the heat source at the highest possible mean heat extraction temperature Ty (i.e., the working
fluid in which the application would improve the ORC system efficiency).

The process of the working fluid evaporation is composed of the consecutive processes of
preheating, boiling, and superheating. The amount of heat needed to be extracted from the heat source
to preheat the liquid working fluid to the starting point of the evaporation (see point a in Figure 1),
to evaporate the liquid working fluid in the range of 0 < x < 1 (see line between points a and b in
Figure 1) and to superheat the vapor of the working fluid (see line between points b and 1 in Figure 1)
at a fixed heat source temperature (Tps) may vary for different working fluids.

In some ORCs, preheaters (regenerators) or coolers are applied (in the case of steam power plants
also super heaters); therefore, the rating parameters should also be defined for these processes.

The rating parameter for preheating of the working fluid can be defined by the equation

q
11) ( PHl)
1PH2 (Ihs la)/p

@)

where qpyy; is the amount of heat needed to be extracted from the heat source to preheat the working
fluid in the compared cycle, qpy;, is the amount of heat needed to be extracted from the heat source to
preheat the working fluid in the reference cycle.

The rating parameter for vaporization of the working fluid can be defined by the equation

lbvz(m

®)
Qv2 )(Ttha )p

where gy is the amount of heat needed to be extracted from the heat source to vaporize the working
fluid in the compared cycle, gy, is the amount of heat needed to be extracted from the heat source to
vaporize the working fluid in the reference cycle.

The rating parameter for superheating of the working fluid can be defined by the equation

Ve = (CIsm )
dsH2/(Ty~Ta) p

)
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where qg;y; is the amount of heat needed to be extracted from the heat source to superheat the working
fluid in the compared cycle, qg;y, is the amount of heat needed to be extracted from the heat source to
superheat the working fluid in the reference cycle.

The comparison of the different working fluids and different ORC cycles using WPpy, Py, and Psy
rating parameters gives the opportunity of selecting the working fluid that would limit the amount of
heat needed to be extracted from the heat source to preheat, evaporate, and eventually superheat the
working fluid and thus to minimize the heat transfer area and dimensions of the applied preheater,
evaporator, and superheater.

3.3. The Influence of the Mean Temperature of Working Fluid Condensation

The temperature of condensation also strongly influences the thermal efficiency of the ORC system;
therefore, it is an important parameter from the working fluid selection point of view. The rating
parameter can be defined by the equation

ToRe
RC1
Prve = (Tmhc ) , (10)
ORC2/(Ty~T,) p
he _ 9aTdn
TSREZ] - AScl (11)
Je2 T4y
ToRe2 = ~pe 12

Ase

where Tg‘lg‘SCl is the mean temperature of the condensation in the compared cycle, TSEEZ is the mean
temperature of the condensation in the reference cycle, q. is the heat of working fluid cooling, q; is the
heat of the working fluid liquefaction, As, is the change in the working fluid specific entropy during
cooling and liquefaction.

The comparison of two different working fluids and two different ORCs using the \r\jc parameter
gives the opportunity of selecting the working fluid that will reject heat at the lowest possible heat
rejection temperature T; = T, i.e., the working fluid that will allow to lower the temperature of the
heat sink and, therefore, increase the ORC system efficiency.

The process of the working fluid condensation is composed of the consecutive processes of cooling
and liquefying. Rating parameters can also be defined for these sequential processes.

The amount of heat needed to be rejected from the working fluid to heat sink, to cool the vapor of
the working fluid in the range of vapor quality of 0 < x < 1 (see line between points 2 and c in Figure 1),
and to liquefy the working fluid vapor (see line between points c and 3 in Figure 1) at a fixed heat sink
temperature (T¢) may vary for different working fluids.

The rating parameter for cooling of the working fluid vapor can be defined by the equation

ll)cz(E

(13)
dc2 )(Ths—Ta%p

where q; is the amount of heat that has to be rejected from the working fluid to the heat sink to cool
the working fluid in the compared cycle, qg, is the amount of heat that has to be rejected from the
working fluid to the heat sink to cool the working fluid in the reference cycle.

The rating parameter for liquefying the working fluid vapor can be defined by the equation

1J)L:(m

) (14)
L2 /(Tye-Ta) p
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where q ; is the amount of heat that has to be rejected from the working fluid to heat sink to liquefy
the working fluid in the compared cycle, q; , is the amount of heat that has to be rejected from the
working fluid to the heat sink to liquefy the working fluid in the reference cycle.

The comparison of the different working fluids and different ORCs using the Prmc, Pc, and Py,
rating parameters gives the opportunity of selecting the working fluid that will limit the amount of
heat needed to be rejected from the working fluid to heat sink to cool and liquefy the working fluid
vapor and thus to lower the heat transfer area and dimensions of the applied cooler and condenser.

3.4. The Influence of the Pressure and Volumetric Expansion Ratio

The pressure and volumetric expansion ratio are important rating parameters influencing the
pressure range in the cycle and operating conditions of the applied expander.
Pressure expansion ratio is given by the equation

op = (&) (15)
P2 (Ths=Ta)p

where p; is the working fluid pressure at the inlet to the expander, p, is the working fluid pressure at
the outlet from the expander.
The volumetric expansion ratio is given by the equation
Vi

OVEX = (_

) (16)
V2 (Ths=Ta),p

where v; is the specific volume of the working fluid at the inlet to the expander, v, is the specific
volume of the working fluid at the outlet from the expander.

The pressure expansion ratio op, describes the variation of the working fluid pressure during the
expansion in the expander. This parameter can be applied for comparative analyses of the working
fluids in terms of decreasing the pressure difference in the cycle and, in this way, simplifying the
technical design of the ORC system (i.e., a lower pressure difference in the cycle means simpler sealing
or thinner tubes can be applied). This parameter can also be used for selecting the volumetric expander
in an ORC system using a specific working fluid and specific heat source and heat sink.

The volumetric expansion ratio oy describes the variation of the working fluid specific volume
during the expansion in the expander. This parameter can be applied for comparative analyses of the
working fluids in terms of increasing the specific volume of the working fluid during the expansion
process. It may also be applied for selecting the volumetric expander in an ORC system using specified
working fluid and a specified heat source and heat sink.

3.5. The Influence of the Volumetric Expandability of the Working Fluid during the Evaporation

The volumetric expandability of the working fluid during evaporation is another important
parameter that has an influence on the selection of the volumetric expander in an ORC system.
Volumetric expanders are usually characterized by a specified vapor consumption, which depends
on the geometrical dimensions of the expander and rotational speed of the rotor (or shaft),
i.e., the cycle frequency.

Volumetric expandability can be described by the equation

A%
O'V:(—1

) 17)
V4 (Ths—Ta),p

where v is the specific volume of the working fluid at the outlet of the evaporator, v4 is the specific
volume of the working fluid at the inlet to the evaporator.
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The comparison of the different working fluids and different ORC cycles using the oy parameter
gives the opportunity of selecting the working fluid for a specific volumetric expander or selecting the
volumetric expander in a specified ORC system working with specified working fluid. This parameter
can be useful for comparative analysis of working fluids in terms of the increase of the specific volume
of the working fluid, i.e., the amount of vapor that can be obtained via evaporation of 1 kg of liquid
working fluid.

In addition to the above-mentioned rating parameters, it is possible to define others related to,
for example, critical parameters of the working fluids or their thermal properties, such as thermal
conductivity, kinematic viscosity, thermal capacity, and others. However, these parameters will not be
analyzed in the present study.

The above-defined rating parameters can be treated together as the working fluid selection
method and applied for comparative selection of the working fluid for the ORC system, if the
thermal characteristics of the heat source and the heat sink (namely the heat source and the heat sink
temperatures) are known. The selection is based on the obtained maximum or minimum values of the
rating parameters. Moreover, based on the comparison of the calculated parameters and the values of
the expansion ratios, as well as the values of specific expansion work, it is possible to select a suitable
volumetric expander for an ORC system.

The weight and importance of the rating parameters are always connected with the application of
the ORC system. For example, if an ORC system is applied for cooling the machines and extracting
heat from cooling mediums (e.g., in the case of internal combustion engines), heat removal from the
cooling medium is the priority. Therefore, the most important rating parameter, in this case, will be the
thermal capacity parameter (rc), and the maximum value of this parameter should be treated as the
priority during the selection of the expander and working fluid.

In the following paragraph, a comparative analysis of selected working fluids using the
above-described method is presented.

4. Comparative Analysis of the Working Fluids

4.1. The Analysis of the Influence of the Heat Source Characteristic and Histogram on the Pressure Expansion
Ratio and the Obtained Isentropic Expansion Work

The analysis of the influence of the heat source characteristic and histogram on the pressure
expansion ratio and the obtained isentropic expansion work was performed for histograms presented
in Figure 5a—d. For the sake of clarity of the presented results, four working fluids (i.e., R123, R124,
R134a, and R245fa) were selected for this comparison from the working fluids listed in Table 2.
Calculations were performed for the following assumptions:

e  Heat source temperature varies in the range of t,s = 40-150 °C,

e  Specific heat, which is supplied to the ORC system from the heat source, is calculated using the
relation quC =h; —hy,

e  Heat sink temperature is equal to t. = 20 °C,

e  Theoretical efficiency of the ORC cycle is calculated using the relation norc = lgxs/ quC = m,

e  Specific isentropic expansion work is calculated using the relation Igxs = quC /MORC/

e  Heat source histograms have a course such as that presented in Figure 5a—d.

It should be reminded here again that each type of the volumetric expander features a specific
highest value and optimum range of pressure expansion ratio op (this parameter is also dependent
on the design of the machine, i.e., its geometrical dimensions) for which the expander reaches the
highest efficiency and power. The operational parameters of the expander should be kept in the range
enabling the exploitation of the machine within the optimum range of the pressure expansion ratio.
This issue was treated in more detail in [3,4]. For example, in the case of a multi-vane expander, it was
reported in [57,58] that the highest internal efficiency is achieved for the value of op = 5, and further
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increasing of the pressure expansion ratio has no effect on the expanders’ internal efficiency. Examples
of the influence of the pressure expansion ratio and rotational speed of the expander shaft on the
expander power output are presented in Figure 7. As can be seen from this Figure, each curve
has a visible maximum within a different range of rotational speed and pressure expansion ratio.
Therefore, in order to keep the proper expander operating conditions and high values of the efficiency
and power output, the machine operational parameters (i.e., rotational speed, pressure expansion
ratio) should be regulated in a way that will enable to keep their values in a range located near the
curve maximum.

o.=7.0

Ny [kW]

>

0 2000 4000 6000 8000 10,000

Nex[rpm]

Figure 7. The influence of the expansion ratio and rotational speed of the expander shaft on the
expander power output.

As reported in Table 1, each volumetric expander features the maximum value of the pressure
expansion ratio (reaching op =200 for piston expanders). However, to the knowledge of the author,
piston expanders reaching such a high pressure expansion ratio are not yet successfully applied in
ORC systems. Therefore, in the following considerations, the obtained calculation results are limited
to the value of o, = 15, which is the typical value of the highest pressure expansion ratio obtained
experimentally in volumetric expanders that are successfully applied in commercial and research ORC
units (i.e., screw, scroll, and multi-vane expanders). Figure 8 visualizes the variation of the isentropic
expansion work for different characteristics of the heat source (i.e., histograms).

Figure 8a is valid for the histogram presented in Figure 5a. In the analyzed range of the pressure
expansion ratio, the highest values of the isentropic expansion work are obtained for R123 (with the
maximum value obtained for a pressure expansion ratio of op ~ 6.5). For R134a, R124, and R245fa,
the highest values of the isentropic expansion work were obtained for the pressure expansion ratio of
op ~ 3.5 0p 2438, and op ~ 15, correspondingly. Similar results (see Figure 8b) were obtained for the
heat source histogram presented in Figure 5b.

Different shapes of the characteristics (see Figure 8c) were obtained for the heat source histogram
presented in Figure 5c. The highest value of isentropic expansion work was obtained for R123
and the pressure expansion ratio of o, ~ 15. For R134a, R124, and R245fa, the highest values of
the isentropic expansion work were obtained for the pressure expansion ratio of op &5, 0p ~ 10,
and op, ~ 15, respectively.

Figure 8d visualizes the characteristics obtained for the heat source characteristics presented in
Figure 5d. The highest values of isentropic expansion work are obtained for the pressure expansion
ratio of op 9, 0p % 15, 0}, ~ 4, and o}, ~ 6 for R123, R245fa, R134a, and R124, respectively.
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Figure 8. The variation of isentropic expansion work vs. pressure expansion ratio: (a) graph valid
for the heat source histogram presented in Figure 5a; (b) graph valid for the heat source histogram

presented in Figure 5b; (c) graph valid for heat source histogram presented in Figure 5¢; (d) graph valid

for the heat source histogram presented in Figure 5d.

By a comparative analysis of the results, which are visualized in Figure 8, the working fluid can
be selected for the ORC system employing a specified volumetric expander, or a volumetric expander
can be selected for the ORC system utilizing a specified working fluid. For example, as was previously
stated, the optimum pressure expansion ratio ranges between four and five for multi-vane expanders

that are applied in ORCs.

Therefore, if the highest value of the isentropic expansion work would be considered as the main
working fluid selection criterion and the multi-vane expander would be considered as the prime mover
in the ORC system, R123 (in the case of heat source histograms presented in Figure 5a,b) and R134a

(in the case of heat source histograms presented in Figure 5¢,d) are the working fluids in which the
application should potentially result in the highest expander power.
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4.2. The Comparative Analysis of the Working Fluids Using Rating Parameters

In the following part of this section, the comparative analysis of the working fluids using the
rating parameters described in Sections 3.2-3.5 is presented. The analysis was performed for working
fluids listed in Table 2 according to the process layout visualized in Figure 6. The values of thermal
properties of the working fluids (i.e., specific enthalpy, specific entropy, etc.) were calculated using the
CoolProp software.

The following assumptions were accepted for calculations:

e  Cycle is evaporative, and superheating is not applied,

e  Temperature of the heat source ranges between 40 °C and 150 °C,

e  Expander internal efficiency is equal to n; = 0.7, which is a typical mean value of volumetric
expander internal efficiency [29],

e  Temperature of the heat sink is equal to t. = 20 °C,

e Thereference substance is R123, which was selected based on the positive results of experiments on
this working fluid, which were conducted by the author using the test-stands described in [29,30],

e  ORC system is operating as the power plant (i.e., there is no heat generated for central heating),

e  Heat losses in the ORC system are negligible.

The earlier defined rating parameters (i.e., Yrc, Yrve, Yra, Wy, Uve, We, WL) together with
the pressure and volumetric expansion ratio (op, oygx), volumetric expandability (ovy), efficiency of
the cycle (Norc), and expander specific work (lgx) were calculated for each of the above-mentioned
working fluids. sy was not calculated because superheating is not considered in the present study.
The results of these calculations are visualized in Figures 9-19. For the same reason as in the case of
Figures 8-19 are limited to the value of o, = 15.
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Figure 9. The variation of ORC system efficiency vs. pressure expansion ratio and heat source
temperature: (a) n = f(op); (b) n = f(tyg).
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Figure 19. The variation of the ¢ parameter vs. the pressure expansion ratio and heat source
temperature: (a) V¢ = f(op); (b) Pe = f(tps).

Figure 9a shows the variation of ORC system efficiency vs. pressure expansion ratio. The highest
efficiency (ca. 14%) was achieved for R142b and a pressure expansion ratio of op ~ 12.5. Lower (but
higher than in the case of R123) values of ORC system efficiency were obtained for R290, R600a, R152a,
R124, R114, R1234ze, R1234yf, R227ea.

For the other working fluids, the obtained ORC system efficiency is lower than in the case of R123.
The variation of ORC system efficiency vs. heat source temperature, which is presented in Figure 9b,
shows that the maximum value of the ORC system efficiency is obtained for R141b in the considered
range of heat source temperature. For example, if a multi-vane machine is selected as the expander,
thence within the range of optimum pressure expansion ratio of these machines, the highest efficiency
of the ORC system (ranging between 10% and 11%) was achieved for R290.

Figure 10a visualizes the variation of specific expansion work (lex) vs. the pressure expansion
ratio. The highest value (ca. 70 kJ/kg) of specific expansion work was obtained for R601a and pressure
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expansion ratio op ~ 15. Lower (but higher than in the case of R123) values of expansion work were
obtained for R290, R600a, R142b, R141b, R245fa, R245ca, R134a, R1234yf, R365mfc, and R1234ze,
which means that at the same working fluid mass flow rate through the expander, a higher power of
the expander can be obtained using these working fluids compared to R123. For other working fluids,
obtained values of isentropic expansion work were lower than for R123. The variation of expansion
work vs. temperature of the heat source, which is presented in Figure 10b, shows that the highest value
of specific expansion work is achieved for R601a in the considered range of heat source temperature.
For example, if a multi-vane machine is selected as the expander, then within the range of the optimum
pressure expansion ratio of these machines, the highest value of isentropic expansion work ranges
between 35 and 40 kJ/kg and is obtained for R290 and R601a, correspondingly. Figure 11 shows the
variation of the py rating parameter vs. the pressure expansion ratio (see Figure 11a) and temperature
of the heat source (see Figure 11b). The lowest values of this parameter ({pyy < 1) were achieved for
R113 and R114 in the considered range of the pressure expansion ratio and heat source temperature.

Therefore, if the main criterion of the working fluid selection would be limiting the amount of
heat required to preheat the working fluid (see process 4-a in Figure 1) and, therefore, to limit the
heat transfer area and dimensions of the preheater, these working fluids are promising. For some
working fluids analyzed (R600a, R601a, and R290), the amount of heat required to preheat the working
fluid is even two or three times bigger than in the case of R123. For example, if the main application
purpose of the ORC system is to exploit the heat source as much as possible (e.g., in the case of ORC
application for waste heat recovery from piston engine cooling systems, etc.), these working fluids
would be promising in that case.

Figure 12 shows the variation of the \rc rating parameter vs. the pressure expansion ratio (see
Figure 12a) and temperature of the heat source (see Figure 12b). The lowest values of this parameter
(Prc < 1) were achieved for RC318 and R227ea in the considered range of the pressure expansion ratio
and heat source temperature.

Thus, if the main criterion of the working fluid selection would be limiting the amount of heat
required for the working fluid phase transition (liquid-gas) to proceed (see process 4-b in Figure 1),
these working fluids are promising in that case. For some working fluids analyzed (R600a, R601a, and
R290), the amount of heat required to preheat the working fluid is even two times bigger than in the
case of R123. For example, if the main application purpose of the ORC system is to exploit the heat
source as much as possible (e.g., in the case of ORC application for waste heat recovery from piston
engine cooling systems, etc.) these working fluids would be promising in that case.

Figure 13 shows the variation of the {1\ rating parameter vs. the pressure expansion ratio (see
Figure 13a) and temperature of the heat source (see Figure 13b). The lowest values of this parameter
(brme < 1) were achieved for RC318 and R227ea in the considered range of the pressure expansion
ratio and heat source temperature. Therefore, if the main criterion of the working fluid selection would
be lowering the heat source temperature (i.e., cooling the heat source) during the liquid-gas phase
transition of the working fluid (see process 4-a in Figure 1), these working fluids are promising in
that case. For some working fluids (R141b, R290, and R142b), the mean temperature of heat supply is
higher than for R123 (\mg > 1). If the purpose of the ORC system operation is heat extraction from
the heat source at possibly high temperatures, these working fluids are promising in that case.

Figure 14 shows the variation of the \y rating parameter vs. the pressure expansion ratio (see
Figure 14a) and temperature of the heat source (see Figure 14b). The lowest values of this parameter
(Pby < 1) were achieved for R1234yf and R227ea in the considered range of the pressure expansion
ratio and heat source temperature. Thus, if the main criterion of working fluid selection would be
lowering the heat amount that is required to evaporate the working fluid (see process a-b in Figure 1)
and, therefore, to lower the heat transfer area and dimensions of the evaporator, these working fluids
are promising in that case. For some working fluids (R600a, R601a, and R290), the amount of heat
required to preheat the working fluid is even 1.5-2 times bigger than in the case of R123. For example,
if the main application purpose of the ORC system is to exploit the heat source as much as possible
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(e.g., in the case of ORC application for waste heat recovery from piston engine cooling systems, etc.),
these working fluids would be promising in that case.

Figure 15a visualizes the variation of the volumetric expansion ratio oygx vs. the pressure
expansion ratio. The volumetric expansion ratio is an important design parameter of the volumetric
expander, which has an influence on the machine dimensions and volume of the working chambers in
a way that determines the gas flow capacity of a machine.

Figure 15a visualizes the variation of the volumetric expansion ratio oygx vs. the pressure
expansion ratio. The volumetric expansion ratio is an important design parameter of the volumetric
expander that has an influence on the machine dimensions and volume of the working chambers
in a way that determines the gas flow capacity of a machine. Figure 16 shows the variation of the
volumetric expandability oy vs. the pressure expansion ratio (see Figure 16a) and temperature of the
heat source (see Figure 16b). In the case of volumetric machines, the volumetric flow of gas at the inlet
to the expander is related to machines’ gas flow capacity and should be kept at the required level in
order to provide the continuity of machine operation and optimum operating conditions (rotational
speed, efficiency, and power output). Therefore, this parameter should be maximized in the case of
ORCs employing volumetric expanders. The highest values of this parameter (oy = 50-270) were
achieved for R113, R365mfc, and R141b in the considered range of the pressure expansion ratio and
heat source temperature.

Figure 17 shows the variation of the Pr\ic rating parameter vs. the pressure expansion ratio (see
Figure 17a) and temperature of the heat source (see Figure 17b).

The lowest values of this parameter (Prpc < 1) were achieved for R290, R1234yf, R124, and R142b
in the considered range of the pressure expansion ratio and heat source temperature. Thus, if the main
criterion of the working fluid selection would be to lower the heat sink temperature, these working
fluids are promising in that case. For some working fluids (RC318, R601a, and R365mfc), the average
temperature of heat rejection is higher than for R123 ({rypic > 1). Therefore, if the main criterion of
working fluid selection would be to increase the temperature of the heat sink, these working fluids are
promising in that case.

Figure 18 shows the variation of the 1 rating parameter for analyzed working fluids in the
form of a bar graph (the graph is valid only for the assumed constant temperature of the heat sink,
ie., tc =20 °C). The lowest values of this parameter ({p;, < 1) were achieved for RC318 and R227ea
in the considered range of the ORC system operating parameters. Thus, if the main criterion of the
working fluid selection would be limiting the amount of heat rejected from the gas during cooling (see
process 2-c in Figure 1) and additionally limiting the heat transfer area and dimensions of the system
cooler, these working fluids are promising in that case.

Figure 19 shows the variation of the ¢ rating parameter vs. the pressure expansion ratio (see
Figure 19a) and temperature of the heat source (see Figure 19b).

The lowest values of this parameter (\pc < 1) were achieved for R134a, R142b, R152a, R290, and
R124 in the considered range of the pressure expansion ratio and heat source temperature. Thus, if the
criterion of the working fluid selection would be limiting the amount of heat rejected by the working
fluid during condensation (see process c-3 in Figure 1) and additionally limiting the heat transfer area
and dimensions of the system condenser, these working fluids are promising in that case.

4.3. Summary

The first set of calculations was related to the working fluid selection, which is based on the variation
of isentropic expansion work vs. the pressure expansion ratio op and characteristic (i.e., histogram) of
the heat source. If the highest value of isentropic expansion work would be considered as the main
working fluid selection criterion, R123 seems to be a promising working fluid reaching the highest
values of the expansion work in a wide range of the studied conditions and for all characteristics of
the heat source. For other working fluids studied, the obtained values of isentropic expansion work
are lower than in the case of R123. However, if additional working fluid selection criteria (which are
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related to the type of the applied volumetric expander and its design, such as pressure expansion ratio)
are considered, then calculation results proved that other working fluids are also promising in the case
of different types of volumetric expanders. Differences are related to the heat source characteristics.
For example, if the highest value of the isentropic expansion work would be considered as the working
fluid selection criterion and the multi-vane expander (featuring the optimum pressure expansion
ratio of 4-5) as the prime mover of the ORC system, R123 (for the heat source histogram presented in
Figure 5a,b) and R134a (for the heat source histogram presented in Figure 5¢,d) are the working fluids
in which the application should potentially result in the highest obtained expander power.

The second set of calculations was related to the comparative analysis of the working fluids based
on the defined rating parameters (¢, Wrme, Wpa, Wv, Wtmce, Ve, 1) together with pressure and the
volumetric expansion ratio (op, oygx), volumetric expandability (ovy), efficiency of the cycle (Morc),
and specific expansion work (Igx). R123 was selected as the reference substance based on the positive
results of experiments on this working fluid, which were proceeded by the author using the test-stands
and the results of the first part of calculations. The values of the rating parameters were calculated for
20 selected working fluids (see Table 2). Obtained results were then plotted in figures and compared.
It was found that some of the analyzed working fluids have better thermal properties than the reference
R123,i.e.,

e  Highest values of the ORC system efficiency were obtained for R142b. However, it was found that
the application of R290, R600a, R152a, R124, R114, R1234ze, R1234yf, R227ea can also result in
a higher cycle efficiency than in the case of R123.

e  Highest values of the specific expansion work were obtained for R601a. Moreover, it was found
that the application of R290, R600a, R142b, R141b, R245fa, R245ca, R134a, R1234yf, R365mfc, and
R1234ze can also result in higher values of the specific expansion work than R123, which means
that at the same working fluid mass flow rate through the expander, a higher expander power can
be obtained using these working fluids compared to R123.

e  Application of RC318 and R227ea can limit the required amount of heat that is needed to be
supplied to the working fluid from the heat source to perform the liquid—gas phase transition.
The obtained results showed that by the application of R600a, R601a, and R290, the amount of
required heat can be increased, which can be important if the application of the ORC system for
cooling machines or devices is considered.

e By the application of RC318 and R227ea, it is possible to lower the temperature of the heat source
(i.e., mean temperature of the heat supply) during the liquid-gas phase transition more rapidly
compared to R123. It was also found that by the application of R141b, R290, and R142b, it is
possible to extract heat from the heat source at higher temperatures compared to R123.

e By the application of R113 and R114, the amount of heat required to preheat the working fluid can
be limited compared to R123, and therefore, the heat transfer area and dimensions of the preheater
can be lowered. On the other hand, the application of R600a, R601a, and R290 can increase the
amount of heat required to preheat the working fluid, which can be important if the application of
the ORC system for cooling machines or devices is considered.

e By the application of R1234yf and R227ea, it is possible to limit the amount of heat required to
evaporate the working fluid and, therefore, lower the heat transfer area and dimensions of the
evaporator compared to R123. On the other hand, the application of R600a, R601a, and R290 can
increase the amount of heat required to preheat the working fluid, which can be important when
the application of an ORC system for cooling machines or devices is considered.

e  The lowest values of the volumetric expansion ratio were obtained for R1234yf and R227ea,
while the maximum values were achieved for R152a and R141b in the considered range of the
pressure expansion ratio. In the considered range of the heat source temperature, the lowest
values of this parameter were obtained for R365mfc, R113, and R245ca, while the maximum values
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were achieved for R152a and R600a. The value of this parameter can be minimized (if a smaller
expander is needed) or maximized (if a larger expander is needed).

e The highest values of volumetric expandability (high values of which are positive if a volumetric
machine is considered as the ORC expander) were obtained for R113, R365mfc, and R141b.

e By the application of R290, R1234yf, R124, and R142b, it is possible to lower the temperature
(i.e., mean temperature of the working fluid liquefaction) of the heat source during the gas-liquid
phase transition more rapidly compared to R123. By the application of RC318, R601a, and R365mfc,
it is possible to reject heat at higher temperatures compared to R123.

e By the application of RC318 and R227ea, it is possible to limit the amount of heat that is required
to cool the gaseous working fluid and, therefore, lower the heat transfer area and dimensions of
the cooler compared to R123.

e By the application of R134a, R142b, R152a, R290, and R124, it is possible to limit the amount of
heat that is required to liquify the working fluid vapor and, therefore, lower the heat transfer area
and dimensions of the condenser compared to R123.

5. Summary and Conclusions

This study presents the comparative method of the working fluid selection for an ORC system
powered by a low temperature heat source and employing a volumetric expander. This method is
based on a comparison of the selected thermal properties of working fluids by the application of the
rating parameters describing the following thermal properties of the working fluids: the working fluid
thermal capacity, mean temperature of evaporation, mean temperature of condensation, pressure and
volumetric expansion ratio, volumetric expandability, as well as the heat of preheating, vaporization,
superheating, cooling, and liquefaction. Moreover, isentropic expansion work was considered as the
rating parameter. The presented method can be used for selecting the working fluid for the ORC
system, which is supplied by a heat source and heat sink featuring a specified thermal power and
temperature. Moreover, using this method, it is possible to select the volumetric expander for the ORC
system based on the comparison of the calculated parameters, the pressure expansion ratio, and specific
expansion work. The proposed method is universal and can be easily adopted for different working
fluids, different assumptions, and ORCs employing turbines as the expanders. Therefore, using this
method, it is possible to compare many different ORCs powered by different heat sources. The method
can also be applied for comparing different ORCs to classical steam power plants. In order to illustrate
this treatment, sets of calculations were performed in order to give an outlook for the selection of
working fluids and a volumetric expander. Special attention was paid to a multi-vane expander.
The calculation results showed the comparison of the working fluid candidates for different operating
conditions of an ORC system. These results can be helpful for scientists and engineers dealing with
ORCs and volumetric expanders for making quick estimations and comparisons of different ORCs.
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Abstract: The organic Rankine cycle (ORC) is a popular and promising technology that has been
widely studied and adopted in renewable and sustainable energy utilization and low-grade waste heat
recovery. The use of zeotropic mixtures in ORC has been attracting more and more attention because
of the possibility to match the temperature profile of the heat source by non-isothermal phase change,
which reduces the irreversibility in the evaporator and the condenser. The selection of working fluid
and expander is strongly interconnected. As a novel expander, a single screw expander was selected
and used in this paper for efficient utilization of the wet zeotropic mixtures listed in REFPROP 9.1
in a low-temperature subcritical ORC system. Five indicators, namely net work, thermal efficiency,
heat exchange load of condenser, temperature glide in evaporator, and temperature glide in condenser,
were used to analyze the performance of an ORC system with wet and isentropic zeotropic mixtures
as working fluids. The calculation and analysis results indicate that R441A with an expander outlet
temperature of 320 K may be the suitable zeotropic mixture used for both open and close type heat
source. R436B may be selected with an expander outlet temperature of 315 K. R432A may be selected
with an expander outlet temperature from 295 K to 310 K.

Keywords: wet zeotropic mixture; single screw expander; organic Rankine cycle; R441A; R436B;
R432A

1. Introduction

The characteristics of the world energy structure, which is dominated by fossil energy, have caused
two long-term problems, namely, the depletion of fossil energy and the environmental pollution caused
by the utilization of fossil energy. In order to solve these two problems, we have to take all measures
that are technically feasible, economically reasonable, environmentally and socially acceptable to
improve the utilization efficiency of energy resources. Among these measures, the organic Rankine
cycle (ORC) is a popular and promising technology that has been widely studied and adopted in
renewable and sustainable energy utilization and low-grade waste heat recovery. Working fluid and
expander are two research hotpots of ORC. The selection of working fluid and expander is strongly
interconnected. Water is used as the working fluid of steam Rankine cycle which is usually used to
exploit and utilize a heat source higher than 450 °C. Turbine that has a high efficiency is used as the
expander in steam Rankine cycle. Organic substance is used as the working fluid of the organic Rankine
cycle which is usually used for the exploitation and utilization of medium-low grade heat source
whose temperature is lower than 250 °C. Unlike lower molecular weight fluids like water, turbine
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design considerations in less than 100 kW output capacities results in lower efficiencies compared
to heavier molecular weight organic fluids. The thermodynamic performance, working condition,
impact on the environment, and economic feasibility of an ORC system are greatly determined by
the characteristics of working fluid [1,2]. CFCs that were invented in 1930s and have a high ozone
depletion potential (ODP) and a highest Global Warming Potential (GWP), HCFCs that were invented
in 1950s and have a lower ODP and a high GWP, and HFCs that were invented in 1990s and have no
ODP but a high GWP, were dominant organic working fluids before the ratification of the Montreal
Protocol in 1987 and the ratification of the Kyoto Protocol in 1997. Changes are driven by regulations.
Only those working fluids with zero ODP and a very low GWP can be used at present and in the future.
Mixtures (blends) can meet this requirement. Basically, mixtures can be classified into two categories:
azeotropes that have a constant boiling point and composition throughout distillation and zoetropes
that boil across a range of temperatures at any given pressure. The use of zeotropic fluid mixtures in
energy conversion systems has been widely studied for refrigeration plants and heat pumps in the last
few decades [3]. The earliest research on zeotropic refrigerants can be traced back to the late 1980s [4]
and early 1990s [5,6]. Radermacher proposed several solution circuits used to eliminate the inherent
requirement of complete phase changes in the heat exchangers [4,5]. Weng experimentally examined
the heat transfer performance of the zeotropic refrigerant blends of carbon tetrafluoride (R14) and
dichlorotetrafluoroethane (R114) during evaporative flow under various conditions [6]. Nowadays,
the use of zeotropic mixtures in power cycles has been attracting more and more attention because of
the possibility to match the temperature profile of the heat source by non-isothermal phase change,
which reduces the irreversibility in the evaporator and the condenser. If the irreversibility of the heat
transfer process is reduced and given the low-grade heat source, the potential of harnessing useful
work from the heat source is increased [7]. This advantage is very important and useful to ORC system.
Therefore, a lot of research work has been conducted. Lecompte et al. examined the thermodynamic
performance of a non-superheated subcritical ORC with seven zeotropic mixture pairs as working fluid.
They found the evaporator accounts for the highest exergy loss and the matching with the condenser
heat profiles results the best performance [8]. Zhao and Bao proposed a thermodynamic model which
mainly includes Jacob number. They used the ratio of evaporation temperature to the condensation
temperature to study the thermal efficiency, output work, and exergy efficiency of ORC system with
ten zeotropic mixture pairs as working fluid. The significant influence of heat source inlet temperature
on the best composition of zeotropic mixtures was found. Compared with pure fluids, the zeotropic
mixture performance can be improved by greater temperature glide of the mixture [9]. Habka and
Ajib conduct a performance analysis of zeotropic mixtures used in ORC systems for geothermal water
utilization. They found R438A, R422A, and R22M are more efficient than the pure fluids and can
enhance the power productivity and geothermal water utilization at the source’s temperatures of 80, 100,
and 120 °C, respectively [10]. Deethayat et al. proposed a dimensionless term named “Figure of Merit
(FOM) and studied the thermal performance of six zeotropic mixtures used in a low-temperature ORC
system. They also developed an empirical correlation which fits very well with literature to estimate
the cycle efficiency from the FOM for all working fluids at condensing temperatures of 25-40 °C and
evaporating temperatures of 80-130 °C [11]. Miao et al. proposed a thermodynamic selection criterion
of zeotropic mixtures based on the exergy analysis of the subcritical ORC. They found the match
condition with the heat source should be firstly satisfied when selecting working fluids. The proper

”

temperature glide in the condenser can further improve the cycle performance [12]. Battista et al.
developed a comprehensive thermodynamic model of the ORC plant, considering both hot and cold
source available on board vehicle. They evaluated the best candidates based on: thermodynamic
performance, pressure levels, fluid hazard levels and GWP, critical temperature, and the temperature
glide. They found R245fa is a fluid that obtains a large net power increase when used in mixtures with
hydrocarbons, compared to pure fluid an optimized R245fa/benzene mixture, for instance, attains an
11% net power increase [13]. Cipollone et al. presented a thermodynamic analysis of a trilateral flash
cycle (TFC) system using recent pure fluids and mixtures for low grade heat to power conversion
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applications. They found mixtures appear more suitable for rotary volumetric machines having lower
built in volume ratios [14].

The results given in different research work indicate that zeotropic mixtures show a better
thermodynamic performance at low heat source temperatures than high heat source temperatures [3].
According to thermodynamic knowledge, not much exergy is available in low-temperature heat source
compared with high-temperature heat source. Therefore, in order to make full use of the exergy in
low-temperature heat source, selection of proper zeotropic mixture as working fluid is very important.
Same as pure working fluids, mixtures can be classified by three types of saturated vapor curve as
shown on T-s diagram, namely dry, with a positive slope, wet, with a negative slope and isentropic,
with a vertical slope. [15]. Miao et al. claimed that the ‘wet” mixtures have relatively lower cycle
performance compare to ‘dry” and ‘isentropic” ones [12]. However, their conclusion is based on using a
turbine as an expander. In order to avoid the damage on turbine blades caused by liquid droplets, a
vapor quality that is high enough must be ensured. Therefore, superheating apparatus is needed for
wet fluids when turbo-type expander/turbine is used in ORC system. However, second law analysis
showed that superheating organic fluids increases the irreversibility and decreases the second law
efficiency [16]. Moreover, since the objective of the ORC focuses on the use of heat at low and medium
temperatures, the overheating of the vapor, as in the traditional steam Rankine cycle, is not appropriate
and is a waste of exergy in low-and-medium heat sources [17-19].

Zeotropic mixtures can be artificially defined and mixed into dry or isentropic working fluids that
are suitable for ORC. However, if we screen predefined mixtures listed in REFPROP 9.1 [20], it can be
seen that most zeotropic mixtures are wet ones. They are applicable in ORC and they do not need to be
superheated in ORC if an expander which can tolerate wet expansion of wet zeotropic mixtures can be
found. This indicates that the selection of working fluid and expander is strongly interconnected.

Expander is the critical device in an ORC system because it significantly affects thermodynamic
performance of an ORC system and its cost ranks second in total system investment [21]. It includes
turbo type and positive-displacement type. It has been mentioned that turbo type expander that are
normally suitable for large scale ORC systems [19,22] but might not be favorable for small scale ORC
units [23] and cannot be used as an expander for wet zeotropic mixture applications. If we screen
positive-displacement expanders, such as rolling piston expander, scroll expander, and single screw
expander, it can be found that the single screw expander is most suitable for wet zeotropic mixture
application. It has the common advantages of positive-displacement expander, such as relatively
high efficiency, high pressure ratio, low rotational speed, and tolerance of two-phase fluids [22].
Compared with rolling piston expander and scroll expander, single screw expander has many other
advantages, such as balanced load of the screw, long service life, high volumetric efficiency, good
performances in partial load, low leakage, low noise, low vibration, and simple configuration [23].
All these advantages have been attracting many researchers to carry out relevant study on design and
application of single screw expander. The authors’ research group has conducted a series of research
works in the field of single screw expanders [23-31]. Normal and novel prototypes of single screw
expanders have been experimentally studied [24,26,29]. The factors influencing the performance of a
single screw expander have also been studied [26-28,30]. The applications of single screw expanders
in ORC and refrigeration systems have also been introduced [23,25,31]. Brief descriptions and analyses
of these research works can be found in our previous paper [32]. In a single screw structure, one
screw can mesh with two or more starwheels. According to the shape, screw and starwheel can be
divided into cylindrical (type C) and flat (type P). Therefore, these two types can be combined into
four forms of single screw structure, namely PC type, PP type, CC type and CP type. These four forms
are depicted in Figure 1. Because the first three forms are more difficult to process, the most commonly
used single screw structure is the CP type. Figure 2 depicts the configuration of CP type single screw
expander. Its working processes are depicted by Figure 3.

A demonstration project of ORC system using single screw expander with R123 as working fluid
was established in Liulin (Shanxi Province, China). This project is used for waste heat recovery of the
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flue gas from a gas-fired internal combustion engine generator unit. The working condition parameters
of the demonstration ORC system are listed in Table 1. The thermal efficiency of the ORC system
is 8.81%. The output power of the demonstration project is 11 kW. Considering that R123 will be
eliminated in the near future due to environmental factors, a selection of a pure working fluid for ORC
using a single screw expander was conducted in our previous paper [21]. It is found that cis-butene
may be the best candidate for working in a subcritical cycle. HFO working fluids are more suitable for
working in near-critical cycles and HFO-1234ze(E) may be the best. In this paper, in order to efficiently
use the wet zeotropic mixture in low-temperature subcritical ORC system, a single screw expander is
selected and used in the system for analysis. Among all the predefined mixtures listed in REFPROP 9.1,
four wet zeotropic mixtures and two isentropic zeotropic mixtures are selected to be the candidates for
further calculation and analysis. On this basis, zeotropic mixture selection for ORC using single screw
expander is conducted based on five indicators, namely net work, thermal efficiency, heat exchange
load of condenser, temperature glide in evaporator, and temperature glide in condenser.

(a) (b) (c) (d)
Figure 1. Four forms of single screw structure: (a) CP type; (b) CC type; (c) PP type; (d) PC type.

Shaft Seal

Principal Axis

Screw  Intake
Chamber

0%

Bearing

Figure 3. Working processes of CP type single screw expander (a) suction, (b) expansion, and
(c) discharge.
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Table 1. Working condition parameters of the demonstration ORC system

Working Condition Parameter. Value
Heat source temperature (°C) 330-450
Mass flow rate of flue gas (heat source) 1700
Inlet pressure of expander (MPa) 1.6
Inlet temperature of expander (°C) 135
Working fluid flow(kg/h) 3100
Type of evaporator shell-and-tube heat exchanger
Evaporation temperature (°C) 108-118
Type of condenser tube-in-tube heat exchanger
Condensation temperature (°C) 30
Cooling water temperature (°C) 20

2. Basic Constraints and Preliminary Screening

Low-temperature heat sources can be divided into two categories: open type and closed type [33,34].
The inlet temperature and mass flow rate of an open-type heat source is known. The working mass
of the heat source is directly discharged after being used. For closed type, the heat release is specific
and the working mass of heat source is usually recycled after releasing heat. Therefore, different
standards are used to measure these two types of heat source [34]. The maximum net work and
the maximum thermal efficiency are used as the criteria for open type and closed type, respectively.
Therefore, net work and thermal efficiency are adopted as the first two indicators for evaluating the
performance of ORC using single screw expander with zeotropic mixture as working fluid. The third
evaluation indicator is heat exchange load of condenser because it is the critical for calculating the cost
of condenser that greatly influences the cost and economic performance of entire ORC system [21].

Zeotropic mixture performance can be improved by a greater temperature glide of the mixture [9].
In particular the temperature glide in the condenser can further improve the cycle performance [12].
Therefore, the fourth and fifth evaluation indicators are taken as temperature glide in evaporator and
temperature glide in condenser.

Seventy nine (79) kinds of mixtures can be found in the REFPROP 9.1 software developed by the
National Institute of Standards and Technology Laboratories (NIST, Gaithersburg, MD, USA) [20].
Among all these mixtures, 72 kinds of mixtures have identifying numbers given by American Society of
Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE). According to the latest ASHRAE
standard [35], zeotropic blends shall be assigned an identifying number in the 400 series and azeotropes
shall be assigned an identifying number in the 500 series. Therefore, 61 kinds of zeotropic mixtures
with identifying numbers in the 400 series can be selected. Their basic properties are listed in Table 2.

From Table 2, it can be seen that HCFCs, such as R22, R124, and R142b, and HFCs, such as
R32, R134a, R143a, R152a, and R125, are the components of zeotropic mixtures. HCFCs and HFCs
have been banned due to their high GWP. Therefore, the zeotropic mixtures containing HCFCs and
HEFCs are screened out for further analysis. The remaining six zeotropic mixtures for further analysis,
including four wet ones and two isentropic ones, and their critical temperatures are listed in Table 3.
The components of the remaining zeotropic mixtures are propylene, dimethyl ether, propylene, propane,
isobutane, ethane, and butane. They all have very low GWP [36] but belongs to A3 of safety group that
means a higher flammability but a lower toxicity [35].
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Table 2. Basic properties of the 61 zeotropic mixtures.

Identifying Number Components Composition/Mass %  Safety Group [35] Type
R401A R22/R152a/R124 53/13/34 Al wet
R401B R22/R152a/R124 61/11/28 Al wet
R401C R22/R152a/R124 33/15/52 Al wet
R402A R125/propane/R22 60/2/38 Al wet
R402B R125/propane/R22 38/2/60 Al wet
R403A propane/R22/R218 5/75/20 A2 wet
R430B propane/R22/R218 5/56/39 Al wet
R404A R125/R134a/R143a 44/4/52 Al wet
R405A R22/R152a/R142b/RC318 45/7/5.5/42.5 Al wet
R406A R22/isobutane/R142b 55/4/41 A2 wet
R407A R32/R125/R134a 20/40/40 Al wet
R407B R32/R125/R134a 10/70/20 Al wet
R407C R32/R125/R134a 23/25/52 Al wet
R407D R32/R125/R134a 15/15/70 Al wet
R407E R32/R125/R134a 25/15/60 Al wet
R407F R32/R125/R134a 30/30/40 Al wet
R408A R125/R143a/R22 7/46/47 Al wet
R409A R22/R124/R142b 60/25/15 Al wet
R409B R22/R124/R142b 65/25/10 Al wet
R410A R32/R125 50/50 Al wet
R410B R32/R125 45/55 Al wet
R411A propylene/R22/R152a 1.5/87.5/11 A2 wet
R411B propylene/R22/R152a 3/94/3 A2 wet
R412A R22/R218/R142b 70/5/25 A2 wet
R413A R218/R134a/isobutane 9/88/3 A2 wet
R414A R22/R124/isobutane/R142b 51/28.5/4/16.5 Al wet
R414B R22/R124/isobutane/R142b 50/39/1.5/9.5 Al wet
R415A R22/R152a 82/18 A2 wet
R415B R22/R152a 25/75 A2 wet
R416A R134a/R124/butane 59/39.5/1.5 Al wet
R417A R125/R134a/butane 46.6/50/3.4 Al wet
R418A propane/R22/R152a 1.5/96/2.5 A2 wet
R419A R125/R134a/dimethylether 77/19/4 A2 wet
R420A R134a/R142b 88/12 Al wet
R421A R125/R134a 58/42 Al wet
R421B R125/R134a 85/15 Al wet
R422A R125/R134a/isobutane 85.1/11.5/3.4 Al wet
R422B R125/R134a/isobutane 55/42/3 Al wet
R422C R125/R134a/isobutane 82/15/3 Al wet
R422D R125/R134a/isobutane 65.1/31.5/3.4 Al wet
R423A R134a/R227ea 52.5/47.5 Al isentropic
RA24A Rl25/R13{1a/150butane/butane/ 50.5/47/0.9/1/0.6 Al wet

isopentane
R425A R32/R134a/R227ea 18.5/69.5/12 Al wet
R426A R125/R134a/butane/isopentane 5.1/93/1.3/0.6 Al wet
R427A R32/R125/R143a/R134a 15/25/10/50 Al wet
R428A R125/R143a/propane/isobutane 77.5/20/0.6/1.9 Al wet
R429A dimethylether/R152a/isobutane 60/10/30 A3 wet
R430A R152a/isobutane 76/24 A3 wet
R431A propane/R152a 71/29 A3 wet
R432A propylene/dimethylether 80/20 A3 wet
R433A propylene/propane 30/70 A3 wet
R434A R125/R143a/R134a/isobutane 63.2/18/16/2.8 Al wet
R435A dimethylether/R152a 80/20 A3 wet
R436A propane/isobutane 56/44 A3 isentropic
R436B propane/isobutane 52/48 A3 isentropic
R437A R125/R134a/butane/pentane 19.5/78.5/1.4/0.6 Al wet
R438A R32/R125/R134a/butane/ 8.5/45/44.2/1.7/0.6 Al wet
isopentane
R441A ethane/propane/isobutane/butane 3.1/54.8/6/36.1 A3 wet
R442A R32/R125/R134a/R152a/R227ea 31/31/30/3/5 Al wet
R443A propylene/propane/isobutane 55/40/5 A3 wet
R444A R32/R152a/R1234ze(E) 12/5/83 A2l wet

1 A2L is lower flammability refrigerants with a maximum burning velocity of < 10 cm/s.
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Table 3. Main thermodynamic and safety properties of six zeotropic mixtures.

Critical The Extreme

Identifying Temperature Composition Safety
Number Ten(\j;ze;;(ture of Subcritical Region Components [Mass % Group Type
¢ 0.9T¢c)/K
propylene/
R432A 37041 33337 dimethylother 80/20 A3 wet
R433A 36757 330.81 propylene/ 30/70 A3 wet
propane
R436A 389.04 350.14 propane/ 56/44 A3 isentropic
isobutane
R436B 390.58 351.52 propane/ 52/48 A3 isentropic
isobutane
R441A 391.62 352.46 ethane/propane/ 3.1/54.8/6/36.1 A3 wet
isobutane/butane
R443A 369.16 33224 propylene/propane 55/40/5 A3 wet
/isobutane

3. Subcritical Cycle Analysis without Considering Isentropic Efficiency of Expander

First of all, it should be mentioned that the maximum operating temperature of single screw
expander should not exceed 130 °C (400 K) due to the restriction of sealing material, lubricating oil,
and starwheel material. The critical temperatures of all the zeotropic mixtures listed in Table 3 are
lower than 400 K. Therefore, they are suitable candidates for zeotropic selection for ORC using single
screw expander.

3.1. Thermodynamic Setting and Description

Generally speaking, an ORC usually runs in a subcritical rather than a transcritical or supercritical
state due to the considerations of chemical stability and thermal stability of organic working fluid.
Considering that four zeotropic mixtures are wet ones, 0.9T (critical temperature) is used to be the
extreme temperature of subcritical region. That is to say, 0.9T (critical temperature) is also taken as the
inlet temperature of the expander. On this basis, a subcritical ORC using single screw expander with
wet zeotropic mixture as working fluid can be established and depicted by Figure 4.

2
~

s/ kJ-(kg ‘K)"
Figure 4. Subcritical ORC using single screw expander with wet zeotropic mixture as working fluid.

In a T-s diagram, a significant difference between dry (or isentropic) fluid and wet fluid is the
existence of a point on which the entropy value reaches the maximum on saturated vapor curve ranging
from normal boiling point to critical point. This point is located near the critical point and defined
as the turning point. Its more detailed discussion can be found in paper [37]; other details about the
role of this point can be seen elsewhere [38]. The turning point temperature is the limit of subcritical
ORC which adopts turbo-type expander [37]. As for the two isentropic zeotropic mixtures, R436A and
R436B, which are listed in Table 3, their turning point temperatures are 334.5 K and 342.5 K, respectively.
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Because single screw expander that can tolerate vapor-liquid two-phase expansion is adopted in this
study, 0.9T (critical temperature), which is a litter higher than turning point temperature, is still taken
as the inlet temperature of the expander when wet zeotropic mixture is used as working fluid.

According to [18], 320 K and 290 K are the recommended condensation temperatures for the
working fluids with high and low critical temperatures, respectively. These two condensation
temperatures can be achieved by air cooling and water cooling. Accordingly, in order to make a
detailed analysis, the thermodynamic performance of the above six zeotropic mixtures, including four
wet ones and two isentropic ones, are calculated when the temperature of expander outlet varies from
290 K to 320 K.

The expander outlet states of four wet zeotropic mixtures are at vapor-liquid two-phase region.
However, the expander outlet states of two isentropic zeotropic mixtures, R436A and R436B, are
different. R436A’s expander outlet is at vapor-liquid two-phase region, while R436B at superheated
region. On this basis, a subcritical ORC using single screw expander with isentropic zeotropic mixture
as working fluid can be established and depicted by Figure 5.

S
_, Tuming
Point

T/IK
TIK

s
. Tuming
Point

s/ kJ (kg ‘K)" s/ kd-(kg ‘K)"
(a) (b)

Figure 5. Subcritical ORC using single screw expander with isentropic zeotropic mixture as working
fluid: (a)expander outlet at vapor-liquid two-phase region for R436A; (b)expander outlet at superheated
region. for R436B.

All the state points in Figures 4 and 5 are described in Table 4.

Table 4. Description and determination of state points in Figures 4 and 5.

State Point Description Determination
1 expander outlet S1 =55
2 condenser outlet, at saturated liquid state P2=pm
3 pump outlet 53 =52,P3 =P4
4 at saturated liquid state Ps=ps
5 expander inlet s5 =51, Ts =0.9T¢
6 at saturated vapor state Te= Tl_for F1gu.res 1 and 5a,
pe = p1 for Figure 5b
7 at saturated liquid state T;=Tg
8 at saturated liquid state Tg=Ts

In Figures 4 and 5, net work is calculated by:

Wyet = (hs —hy) = (h3 —hy) 0]
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thermal efficiency is calculated by:

_ Wnet _ (hs—h1) = (h3—ha)

Py e— @
heat exchange load of condenser is calculated by:
Je=h1—h ®)
temperature glide in evaporator is calculated by:
AT, =Ts—Ty @
temperature glide in condenser is calculated by:
AT.=Tg-Ts (5)

and vapor quality for four wet zeotropic mixtures and one isentropic mixture(R436A) is calculated by:

S1—87
x=—2" 6

- (6)

In the above equations, /1 is enthalpy, s is entropy, T is temperature, w is work, ¢ is heat exchange, 1 is
thermal efficiency, ¢ stands for condenser and condensation, e stands for evaporator and evaporation,
and the numbers are the state points in the figure. In the following equations, 1, s, T, w, g, 17, and the
numbers have the same meanings.

3.2. Results and Discussion

Table 5 lists the net work, thermal efficiency, heat exchange load of condenser, temperature glide
in evaporator, temperature glide in condenser, and vapor quality of four wet zeotropic mixtures and
two isentropic zeotropic mixtures when expander outlet temperature is known.

From the data listed in Table 5, it can be seen that among the six zeotropic mixtures, R441A has
the best performance in net work, thermal efficiency, temperature glide in evaporator, and temperature
glide in condenser, while R433A has the best performance in heat exchange load of condenser.

The vapor quality of four wet zeotropic mixtures increases with the increase of expander outlet
temperature. As for two isentropic zeotropic mixtures, the vapor quality of R436A increases at first and
then decreases. R436B does not have a vapor quality because its expander outlet is in the superheated
region. The vapor quality of these five zeotropic mixtures is very high. In other words, they are very
close to saturated vapor state.

For all six zeotropic mixtures, their four indexes, including net work, thermal efficiency, heat
exchange load of condenser, and temperature glide in condenser, decrease with the increase of expander
outlet temperature. The variation trends of these four indexes with the increase of expander outlet
temperature are depicted in Figure 6.
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Table 5. Thermodynamic performance of six zeotropic mixtures when expander outlet temperature

is known.
Zeotropic Expander Outlet Net Thermal Heat Exchange Load of Teg\ll;itgzait:re Teglfi’;:ait:re Vapor
Mixture Temperature T1/K Work/k] kg1 Efficiency/%  Condenser/k] kg1 = . Cond /K Quality
P
290 43.84 11.28 344.67 143 0.9450
295 37.94 10.10 337.84 1.37 0.9491
300 32.24 8.89 330.58 13 0.9534
R432A 305 26.82 7.67 322.86 0.899 1.24 0.9579
310 21.54 6.41 314.75 1.18 0.9628
315 16.54 5.13 306.15 112 0.9685
320 11.69 3.79 297.08 1.06 0.9749
290 40.11 10.66 336.24 0.32 0.9633
295 34.37 9.46 32891 0.32 0.9661
300 28.89 8.25 321.13 0.31 0.9689
R433A 305 23.61 7.02 312.89 0.263 0.31 0.9720
310 18.55 5.75 304.16 0.3 0.9755
315 13.74 4.45 294.92 0.29 0.9794
320 9.13 3.10 285.13 0.28 0.9844
290 60.66 14.25 365.12 7.29 0.9973
295 54.40 13.17 358.79 7.17 0.9980
300 48.40 12.09 352.04 7.05 0.9985
R436A 305 42.59 10.99 344.87 5.236 6.92 0.9987
310 36.99 9.88 337.27 6.78 0.9987
315 31.60 8.76 329.23 6.62 0.9983
320 26.42 7.61 320.72 6.46 0.9979
290 62.39 14.58 365.65 7.48
295 56.15 13.51 359.37 7.37
300 50.17 12.45 352.72 7.28
R436B 305 44.34 11.37 345.61 5.342 7.14 N/A
310 38.70 10.27 338.02 6.96
315 33.35 9.18 330.01 6.8
320 28.17 8.05 321.58 6.64
290 69.38 14.68 403.38 18.54 0.9880
295 62.56 13.60 397.28 18.20 0.9895
300 55.94 12.52 390.79 17.85 0.9907
R441A 305 49.56 11.44 383.83 12.958 17.48 0.9916
310 43.40 10.34 376.44 17.09 0.9922
315 37.47 9.23 368.59 16.68 0.9928
320 31.75 8.10 360.25 16.26 0.9930
290 42.35 11.02 341.82 233 0.9580
295 36.50 9.83 334.78 2.3 0.9611
300 30.86 8.62 327.30 226 0.9644
R443A 305 2547 7.39 319.35 1.904 221 0.9678
310 20.29 6.13 310.94 217 0.9717
315 15.35 4.84 302.01 211 0.9760
320 10.59 3.49 292.55 2.05 0.9812

From Figure 6a, it can be seen that R441A has the highest net work while R433A has the lowest.
When the expander outlet temperature varies from 290 K to 320 K, R433A has the highest reduction,
which is from 40.11 kJ/kg to 9.13 kJ/kg, a 77.24% decrease in net work. R441A has the lowest reduction,
which is from 69.38 k]/kg to 31.75 k]J/kg, a 54.24% decrease. From Figure 6b, it can be seen that R441A
has the highest thermal efficiency and R433A has the lowest. When expander outlet temperature
varies from 290 K to 320 K, R433A has the highest reduction, which is from 10.66% to 3.10%, a 70.89%
decrease in thermal efficiency. R436B has the lowest reduction, which is from 14.58% to 8.05%, a 44.74%
decrease. From Figure 6¢, it can be seen that R441A has the highest heat exchange load of condenser
and R433A has the lowest.

When the expander outlet temperature varies from 290 K to 320 K, R433A has the highest
reduction, which is from 336.24 k]/kg to 285.13 kJ/kg, a 15.20% decrease in heat exchange load of
condenser. R441A has the lowest reduction, which is from 403.38 kJ/kg to 360.25 kJ/kg, a 10.69%
decrease. From Figure 6d, it can be seen that R441A has the highest temperature glide in condenser
while R433A has the lowest. When expander outlet temperature varies from 290 K to 320 K, R432A
has the highest reduction, which is from 1.43 K to 1.06 K, a 25.87% decrease in temperature glide in
condenser. R436B has the lowest reduction, which is from 7.48 K to 6.64 K, a 11.23% decrease.
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Figure 6. Variation trend of four indexes with the increase of expander outlet temperature: (a) net
work; (b) thermal efficiency; (c) heat exchange load of condenser; (d) temperature glide in condenser.

From Table 5, it can be seen that the temperature glide in condenser of R441A ranges from 16 K to
18 K. If we assume a coolant with a temperature of 15 °C and a condenser pinch point temperature
difference of 5 °C, all being realistic average values, then the minimum attainable working fluid
expander exit temperature must be between 36 °C (15 °C + 5 °C + 16 °C = 36 °C =309 K) and
38 °C (15 °C + 5 °C + 18 °C = 38 °C = 311 K). Take the average value of these two temperatures,
i.e., 310 K. Moreover, if we assume the expander exit temperature is 290 K, which is lower than
the above average temperature, then in the case of R441a, would require the coolant temperature
to be 290 K-17 K-5 K = 268 K(-5 °C), a temperature only attainable in arctic conditions. Therefore,
290 K is not a reasonable and feasible expander exit temperature for R441A. Based on the same
principle, the other three exit temperatures, which are 295 K, 300 K, and 305 K, are not reasonable
and feasible for R441A. Taken together, 310 K, 315 K, and 320 K are three reasonable and feasible
expander exit temperatures for R441A.Because the expander inlet temperature is fixed at 0.9T for
each zeotropic mixture, the temperature glide in evaporator keeps constant. The relation between the
temperature glide in evaporator and the extreme temperature of subcritical region, which is 0.9T
(critical temperature), is depicted in Figure 7. From Figure 7, it can be seen that R441A that has
the highest critical temperature among all six zeotropic mixtures has the highest temperature glide
in evaporator.
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Figure 7. Relation between the temperature glide in condenser and the extreme temperature of
subcritical region.

Table 6 lists the rank of six zeotropic mixtures. In Table 6, the heat exchange load of condenser is
sorted from small to large, and the remaining items are sorted from large to small.

Table 6. The rank of 6 zeotropic mixtures.

Rank Net Work Tl}e.rmal Heat Exchange Load Temperature Glide in Temperature Glide in
Efficiency of Condenser Evaporator Condenser
R441A R441A R433A R441A R441A R441A
R436B R436B R443A R436B R436B R436B
R436A R436A R432A R436A R436A R436A
R432A R432A R436A R443A R443A R432A
R443A R443A R436B R432A R432A R443A
R433A R433A R441A R433A R433A R433A

From the above analysis, it can be seen that R441A, which is a wet zeotropic mixture, can be
selected as a suitable working fluid in subcritical ORC using single screw expander without considering
isentropic efficiency of expander. It is suitable for both open and closed type heat source with a higher
cost in heat exchanger. Its reasonable and feasible expander exit temperatures range from 310 K to
320 K.

4. Subcritical Cycle Analysis Considering Isentropic Efficiency of Expander

The above section has analyzed ideal subcritical ORC using single screw expander with zeotropic
mixture as working fluid. Itis based on isentropic efficiency of single screw expander is 100%. However,
in practical application, its isentropic efficiency should be considered. Nowadays screw expanders
show a much larger technical maturity than scroll and piston expanders [39]. The internal efficiency of
single screw expander has exceeded 50% and the maximum is about 65% [25,40]. Therefore, 65% is
used for analysis of single screw expander in this section.

4.1. Thermodynamic Setting and Description

Figure 8 depicts a subcritical ORC using a single screw expander with a wet zeotropic mixture as
working fluid when considering the isentropic efficiency of the expander. Figure 9 depicts a subcritical
ORC using a single screw expander with an isentropic zeotropic mixture as working fluid when
considering the isentropic efficiency of the expander. In these figures, the blue dotted lines represent
the expansion processes which has considered isentropic efficiency of expander. Here it should be
noted that whether the isentropic efficiency is considered or not, the outlet temperature of the single
screw expander remains the same. That is to say, Ty- = Ty in Figures 8 and 9.
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Figure 8. Subcritical ORC using single screw expander with wet zeotropic mixture as working fluid

when considering isentropic efficiency of expander: (a) expander outlet at vapor-liquid two-phase
region; (b) expander outlet at superheated region.
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Figure 9. Subcritical ORC using single screw expander with isentropic zeotropic mixture as working
fluid when considering isentropic efficiency of expander: (a) expander outlet at superheated region for
R436A; (b) expander outlet at superheated region for R436B.

All the state points in Figures 8 and 9 are described in Table 7.

Table 7. Description and determination of state points in Figures 8 and 9.

State Point Description Determination
1 expander outlet without considering isentropic efficiency 51 =S5
1 expander outlet considering isentropic efficiency Ty =Ty, p1r =ps
2 condenser outlet, at saturated liquid state P2 ="Pe
3 pump outlet S3 =5, 3= P4
4 at saturated liquid state Pa=ps
5 expander inlet s5 =51, T5 =097
T = Ty for Figure 5a,
6 At saturated vapor state pe = p1’ for Figures 8b and 9a and
Figure 9b
7 at saturated liquid state T;=Tg
8 at saturated liquid state Tg=Ts

In Figures 8 and 9, isentropic efficiency is calculated by:

_hs—Iy
T s =
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net work is calculated by:
Wnet = (hs =T7) = (h3 = h2) ®)

thermal efficiency is calculated by:

g = Lnet (hs — 1) — (hs = hy)

e hs — s ©)

heat exchange load of condenser is calculated by:
Ge =h1 = hy (10)
temperature glide in evaporator is calculated by:
AT, =Ts5—-T, (11)
temperature glide in condenser is calculated by:
AT =Te—T> (12)

and vapor quality for the wet zeotropic mixture depicted in Figure 8a is calculated by:

5§17 — 87
257 1
x e (13)

4.2. Results and Discussion

Table 8 lists the net work, thermal efficiency, heat exchange load of condenser, temperature glide
in the evaporator, temperature glide in the condenser, and vapor quality of four wet zeotropic mixtures
and two isentropic zeotropic mixtures when the expander outlet temperature is known and considering
isentropic efficiency of expander.

From the data listed in Table 8, it can be seen that when considering the isentropic efficiency of s
single screw expander, the expansion process for different zeotropic mixtures is different. For R433A,
its expander outlet is in the superheated region, shown by Figure 8b, when the outlet temperature
varies from 290 K to 300 K and in the vapor-liquid two-phase region, shown by Figure 8a, when
the outlet temperature varies from 305 K to 320 K. Similarly, for R443A, its expander outlet is in the
superheated region, shown by Figure 8b, when the outlet temperature varies from 290 K to 295 K and
in the vapor-liquid two-phase region, shown by Figure 8a, when the outlet temperature varies from
300 K to 320 K.

For two isentropic zeotropic mixtures, R436A and R436B, their expander outlets are always the
superheated region, shown by Figure 9a,b, respectively.

For R441A that is a wet zeotropic mixture, its expander outlet is in the superheated region which
is shown by Figure 8b. For another wet zeotropic mixture, R432A, its expander outlet is always in the
vapor-liquid two-phase region, which is shown by Figure 8a.

As mentioned above, for R436A, R436B, and R441A, their expander outlets are always in the
superheated region. Therefore, these three zeotropic mixtures need to be condensed from a superheated
state to a saturated vapor state and then to a saturated liquid state. There is a very high temperature
glide in the condenser. This makes the condenser outlet temperature extremely low. For example,
when the expander outlet temperature is 310 K, R436A’s condenser outlet temperature is 280.81 K and
R436B’s is 276.96 K. When the expander outlet temperature is 315 K, the condenser outlet temperature
of R441A is only 278.77 K. These three condenser outlet temperatures are only slightly above 0 °C
(273.15 K). It is difficult and uneconomical to reach this condensation temperature by using an air
cooling or water cooling system, therefore, in subcritical ORC systems for R436A and R436B, the
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expander outlet temperature should be above 310 K. It should be above 315 K for the R441A system.
This consideration confirms the rationality of the condensation temperature proposed in [18].

Table 8. Thermodynamic performance of six zeotropic mixtures when expander outlet temperature is
known and considering isentropic efficiency of expander.

Zet')(ropic Expander Outlet Net WorllJ kg1 T}'le.rmal Heat Exchange Loai:l of Tegl}i):lreait:re Teglll;‘eizail:re Vap(?r
Mixture Temperature T1//K Efficiency/% Condenser/k]-kg~1 - K Cond K Quality
P
290 27.56 7.09 361.21 153 0.9903
295 23.77 6.32 352.21 145 0.9895
300 20.13 5.55 342.87 1.37 0.9888
R432A 305 16.68 4.77 333.12 0.899 129 0.9882
310 13.38 3.98 323.04 122 0.9881
315 10.20 3.16 312.55 115 0.9886
320 7.18 2.32 301.65 1.08 0.9899
290 25.07 6.55 357.54 0.34
295 21.46 5.85 345.36 0.33 N/A
300 18.00 512 333.46 0.32
R433A 305 14.65 4.35 321.85 0.263 0.31 0.9998
310 11.49 3.56 311.25 0.30 0.9983
315 8.45 2.74 300.21 0.29 0.9970
320 5.61 191 288.68 0.29 0.9967
290
295
300 N/A N/A N/A N/A
R436A 305 5.236 N/A
310
315 19.31 4.81 382.36 7.07
320 16.09 427 360.47 6.81
290
295
300 N/A N/A N/A N/A
R436B 305 5.342 N/A
310
315 20.37 4.97 389.67 7.31
320 17.17 4.48 366.15 7.03
290
295
300 N/A N/A N/A N/A
R441A 305 12.958 N/A
310
315
320 19.52 4.57 407.94 17.42
290 26.55 6.84 361.71 2.57 N/A
295 22.85 6.12 350.27 2.50
300 19.28 5.38 339.33 242 0.9996
R443A 305 15.86 4.59 329.33 1.904 2.34 0.99784
310 12.58 3.79 318.93 227 0.9965
315 9.45 2.98 308.10 2.19 0.9956
320 6.51 2.15 296.79 211 0.9953

Among all five evaluation indicators, temperature glide in the evaporator remains unchanged
whether the isentropic efficiency of the expander is considered or not. The other four evaluation
indicators, including net work, thermal efficiency, heat exchange load of condenser, and temperature
glide in the condenser, decrease with the increase of expander outlet temperature when considering
the isentropic efficiency of the expander. The variation trends of these four indicators with the increase
of expander outlet temperature are depicted in Figure 10.
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Figure 10. Variation trend of four indicators with the increase of expander outlet temperature when
considering isentropic efficiency of expander: (a) net work; (b) thermal efficiency; (c) heat exchange
load of condenser; (d) temperature glide in condenser.

From Figure 10a,b, it can be seen that R441A has the best performance when the expander
outlet temperature is 320 K. R436B performs best at 315 K. R432A performs best from 290 K to
310 K. From Figure 10c, it can be seen that R433A has the lowest condenser heat exchange load from
290 K to 320 K. R441A has the highest at 320 K. R432A has a moderate value from 290 K to 320 K.
From Figure 10d, it can be seen that R441A has the highest temperature glide in the condenser at 320 K.
R432A has the moderate from 290 K to 320 K.

If we assume a coolant with a temperature of 15 °C and a condenser pinch point temperature
difference of 5 °C, all being realistic average values, then the minimum attainable working fluid
expander exit temperature must be 20 °C (15 °C + 5 °C, 293 K) plus the temperature glide in the
condenser. Therefore, 290 K is not a reasonable and feasible expander outlet temperature for each
working fluid.

The relation between vapor quality at expander outlet and expander outlet temperature is depicted
by Figure 11. Without considering the isentropic efficiency of the expander, the vapor quality at
the expander outlet increases with the increase of expander outlet temperature. When considering
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the isentropic efficiency of the expander, for R433A and R443A, their vapor quality at the expander
outlet decreases with the increase of the expander outlet temperature. This is because the state of the
expander outlet gradually changes from a superheated state to a two-phase state, whereas, R432A’s
expander outlet state is always in the two-phase region. There is a point with the longest distance
from the outlet of the single screw expander to the saturated vapor curve. It is shown as “Point A” in
Figure 12. With the increase of the expander outlet temperature, the vapor quality at the expander
outlet decreases at first and then increases. This is because the distance from the outlet of the expander
to the saturated vapor curve increases first and then decreases with the increase of the expander outlet
temperature. Point A has the longest distance.

1.000r . .
TEOR432A S
—®— R433A e
—>— R443A > NG
> *

0.9951

Vapor Quality at Expander Outlet

0,990+ —
- -/.

290 295 300 303 310 315 320
Expander Outlet Temperature / K

Figure 11. Relation between vapor quality at the expander outlet and the expander outlet temperature.

v 4
=
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Figure 12. Point A with the longest distance between the outlet of the single screw expander and the
saturated vapor curve.

Based on the above discussion and analysis, it can be seen that when considering the isentropic
efficiency of a single screw expander, R441A with an expander outlet temperature of 320 K may be the
suitable zeotropic mixture used for both open and close type heat sources. R436B may be selected for
an expander outlet temperature of 315 K. R432A may be selected for an expander outlet temperature
from 295 K to 310 K.

5. Conclusions

The organic Rankine cycle (ORC) is a popular and promising technology that has been widely
studied and adopted in renewable and sustainable energy utilization and low-grade waste heat
recovery. The use of zeotropic mixtures in ORC reduces the irreversibility in the evaporator and the
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condenser, thereby improving the thermodynamic performance. The selection of working fluid and
expander are strongly interconnected. In order to make better use of the wet zeotropic mixture, a single
screw expander, which is a novel expander with a tolerance of vapor-liquid two-phase expansion, was
used in this paper for efficient utilization of the wet zeotropic mixtures listed in REFPROP 9.1 in a
low-temperature subcritical ORC system.

Five indicators, namely net work, thermal efficiency, heat exchange load of condenser, temperature
glide in evaporator, and temperature glide in the condenser, were used to analyze the performance of
an ORC system with wet and isentropic zeotropic mixtures as working fluids.

Through calculation and analysis, it can be seen that R441A, which is a wet zeotropic mixture,
can be selected as a suitable working fluid in subcritical ORC using a single screw expander without
considering the isentropic efficiency of the expander. It is suitable for both open and closed type
heat sources. Its reasonable and feasible expander exit temperatures range from 310 K to 320 K.
When considering the isentropic efficiency of a single screw expander, R441A with an expander outlet
temperature of 320 K may be the suitable zeotropic mixture for both open and close type heat sources.
R436B may be selected for an expander outlet temperature of 315 K. R432A may be selected for an
expander outlet temperature from 295 K to 310 K.

All three selected zeotropic mixtures belong to the A3 safety group classification which means
a lower toxicity but a higher flammability. These three mixtures have very low GWP due to their
components. In future practical applications, it is necessary to consider the ORC system complexity
that may be caused by the use of the mixture.
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Abstract: The shape of the temperature vs. specific entropy diagram of a working fluid is very
important to understanding the behavior of fluid during the expansion phase of the organic Rankine
cycle or similar processes. Traditional wet-dry-isentropic classifications of these materials are not
sufficient; several materials remain unclassified or misclassified, while materials listed in the same
class might show crucial differences. A novel classification, based on the characteristic points of
the T-s diagrams was introduced recently, listing eight different classes. In this paper, we present a
map of these classes for a model material, namely, the van der Waals fluid in reduced temperature
(i.e., reduced molecular degree of freedom) space; the latter quantity is related to the molar isochoric
specific heat. Although van der Waals fluid cannot be used to predict material properties quantitatively,
the model gives a very good and proper qualitative description. Using this map, some peculiarities
related to T—s diagrams of working fluids can be understood.

Keywords: adiabatic expansion; T—s diagram; working fluid classification; molecular degree
of freedom

1. Introduction

Organic Rankine cycles (ORCs), where the traditional water/steam pair is replaced by an organic
liquid/vapor pair, are very important in the utilization of low-temperature heat sources. In this way,
even at relatively low temperatures, one can create organic vapor with sufficiently high pressure to
drive turbines or expanders [1].

The selection of a proper working fluid is an important, multi-dimensional optimization
problem [2]. Thermodynamical (e.g., efficiency), chemical (e.g., corrosion), biological (e.g., toxicity),
environmental (e.g., global warming potential (GWP) and ozone depletion potential (ODP)), and other
issues have to be considered with different weight [3,4]. For thermodynamic considerations, working
fluids can be divided into several classes, depending on their behavior during the adiabatic expansion
step of the ORC. Traditional classification uses three categories, namely wet, dry, and isentropic [2].
For wet fluids, starting the expansion from a saturated vapor state, the final state of an ideal (reversible
adiabatic, i.e., isentropic) expansion is always a mixed, wet fluid state (droplets dispersed in the vapor).
The presence of droplets should be avoided because they can damage the expanders; this can be done
by the application of a superheater or droplet separator. For dry fluids, a similar expansion—except
for those starting in the vicinity of the critical point—always ends in the dry, superheated vapor region.
The presence of the superheated vapor requires greater cooling capacity from the condenser or the
use of a recuperative or regenerative heat exchanger [5]. For isentropic fluids, the expansion would
run along (or slightly above) the saturated vapor line, avoiding the previously mentioned problems.
Unfortunately, isentropic fluids with an extended constant-entropy part on the saturated vapor branch
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do not exist; this part is always tilted or reverse S-shaped [6-8]. Concerning T-s (temperature—specific
entropy) diagrams, the slope of the saturated vapor curve (the part of T—s diagram located on the
high-entropy side of the critical point) is always negative for wet classes, always positive (except a tiny
negative region close to the critical point) for dry ones, and theoretically would be infinite (except a
tiny negative region close to the critical point) for isentropic ones [9-11].

There are several disadvantages to this traditional classification: two of them are shown in Figure 1.
In Figure 1a,b, one can see the two schematic T—s (temperature—specific entropy) diagrams of two
hypothetical dry fluids. One can clearly see that although according to the previously mentioned
criterium (isentropic expansion from a saturated vapor state terminated in dry vapor region, shown by
solid red arrows) both fluids are dry, still, they have considerable differences. The liquid and vapor parts
of the saturation curve are separated by the critical point (C), having the liquid part on the low-entropy,
and the vapor part on the high-entropy side. One of the important difference is that in the case of
Figure 1a, there is a theoretical possibility to fully transform the fluid from liquid to vapor and vice
versa by pure ideal compression or expansion; In contrast, in the case of Figure 1b, this transformation
will be only partial (see dashed arrows). In the first case, the diagram is strongly tilted and therefore
for low-temperature saturated vapor states, the entropies are lower than for high-temperature liquid
phases (giving the possibility to the afore-mentioned isentropic vapor-to-liquid or liquid-to-vapor
transitions), while in the second case, on the entropy-scale, vapor states are always above the liquid
ones, disabling the system to fully vaporize or liquefy in an adiabatic step. This example shows that
the dry class should be divided into at least two subclasses, depending on the relative position (on the
entropy scale) of the critical point and the end-point of the saturated vapor branch.

S S S

(a) (b) ()

Figure 1. Schematic temperature-specific entropy (T-s) diagrams of two well-distinguishable dry
working fluid subclasses (a,b) with a previously unclassifiable type (c). Some relevant expansion and
compression routes are shown by arrows; the importance of these routes are described in the text.

The other problem is that for real working fluids, one can easily find a T—s diagram with a special
shape, not accurately covered by the dry-wet-isentropic classes. This type is shown in Figure Ic.
Traditionally, some of the fluids showing this shape were considered as dry (regarding only the upper,
high-temperature part) or isentropic (only in cases where the inverse S-shape of the saturated vapor
curve was so flat that it was considered as an almost straight, vertical line) while a lot of them were
wrongly classified or not classified at all [12]. Practically, fluids showing this behavior can be forced
into the isentropic class because it is possible to have an ideal adiabatic “saturated vapor to saturated
vapor” expansion (see full arrow) [6]. However, while for theoretical isentropic working fluids (where
part of the saturated vapor curve would be a straight, vertical line) it is possible to expand from any
temperature to any other in a reversible adiabatic manner (at least within the temperature range, where
“isentropicity” would be true), for these reverse S-shaped ones, it is possible to do so only between
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certain temperature pairs (connecting two points with a vertical line, like on Figure 1c). For a given
fluid, these pairs—considered as starting/end-points of ideal expansion steps—can be represented by a
curve on an upper vs. lower temperature diagram. These diagrams can be used to select working fluid
for a given heat sink/heat source pair [6]. These fluids, due to the existence of isentropic “saturated
vapor to saturated vapor” expansion steps (red arrow, Figure 1c), can be referred as “real isentropic”
working fluids (distinguishing them from the idealized isentropic ones).

To solve for these shortcomings, a novel classification was introduced [12] based on the entropy
sequence of characteristic points on the T—s diagrams. These points (shown in Figure 2) were the two
end-points of the curve (marked as A for the low-entropy and Z as the high-entropy side), the critical
point (C), and two local extrema on the saturated vapor part, a maximum (M) and a minimum
(N). A, C, and Z points exist for all materials, while M and N exist only for the dry or the reverse
S-shaped ones. Since that A, C, and Z points are present for all materials, they are called primary
characteristic points, while M and N (being present only for the non-wet working fluids) are the
secondary characteristic points.

S 42513 K
}\ ........................................................................................................... .
ACZ
400 Ffrsessssncnna¥ennnsbornnfesssannnssnnssssnnssssssssansssanssssnnssssnssnsnssyfuonnnnnnnnnns Y CEETTERITTEPREPRPPEDY, 398.52 K
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Figure 2. Temperature-specific entropy (T-s) diagram of butane, showing the classification in the
full fluid-range (from the triple point to the critical point) as well as the classification (and related
characteristic points) in various confined temperature ranges (colored arrows and letters). The blue
dotted line shows ambient temperature (15 °C). T-s data taken from the NIST Webbook [13].

From these five characteristic points, one can theoretically construct 3! + 4! + 5! =6 + 24 +
120 sequences containing only the primary points (A, C, and Z) or the primaries plus M (A, C, Z,
and M) or finally all the five points (A, C, Z, M, and N); it is an enormous number to replace the
previously used three classes. Fortunately, due to some constraints (for example, the entropy of point
C is always bigger than that for point A, or the entropy of point M is always above the entropy values
for points C and N) one can define only eight possible sequences, giving one subclass for wet (ACZ),
two subclasses for dry (ACZM and AZCM,; the first one is demonstrated in Figure 1b, the second one
is in Figure 1a), and five subclasses for the “real isentropic” sequence (ANCMZ, ACNMZ, ANZCM,
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ANCZM, and ACNZM) [12]. These subclasses are shown in Appendix A, while the classification of
some real. pure working fluids (only for the ones having accurate T—s data in the NIST Chemistry
Webbook [13]) can be found in the Supplementary Data Section of reference [12].

Taking the two end-points (A and Z) as the absolute end-points of the T—s curves, i.e., locating them
to the triple point, the obtained class will be an absolute material property, just like critical temperature,
molar mass, etc. On the other hand, these classifications sometimes are not very user-friendly, because
the temperature of the triple point sometimes is much below the temperature range applicable in usual
ORC processes. Therefore, we introduced a few more characteristic points, called ternary characteristic
points [14]. They are created by projecting the primary and secondary points to the T and s axes; here,
we are using only the latter ones. The projection line extended along the whole temperature scale can
cross the original T-s diagram, defining the ternary points by these intersections. Due to the nature of
the projection, the entropy or the temperature of these points coincide with the entropy or temperature
of the corresponding primary or secondary characteristic points. For example, by projecting point C
to the entropy axis, it might cross the original diagram once or twice, depending on the class of the
fluid. These ternary points are marked as C? and C%; s index marks the axis where the points are
projected, d marks the position of the new ternary point compared to the original point; therefore these
points (being d for down) are on temperatures below the temperature of point C. Finally, the number
of the upper indices are marking the intersection nearer (one index) or farther (double index) from the
original characteristic point. The importance of these points and the temperature-dependent part of
this novel classification method is demonstrated through the case of butane (Figure 2); T-s data taken
from the NIST Webbook [13].

Butane is a type ACNMZ working fluid; the fluid range extends from the triple-point temperature,
134.90 K (-138.25 °C) to the critical temperature 425.13 K (151.98 °C). One can easily realize that in
ORGCs it is quite unlikely that butane would expand down to =138 °C, or even in the vicinity, except for
some cryogenic applications [15]. Therefore, it is important to know how the classification can change
by fixing the lower end to an environment-given minimal temperature (like 288.15 K = 15 °C), instead
of fixing it to the material-given triple-point temperature. In this way, one might realize, that while a
working fluid (butane, in this case) might be an ACNMZ-type fluid, in a confined temperature range,
it can emulate other types, even an ACZ one. These transitions can be seen in Figure 2. For this fluid
class (ACNMZ), the entropy of point N is above the entropy of all saturated liquid states, therefore,
projecting point C to the entropy axis would not yield any intersection with the saturated vapor curve.
The projection line for N would yield one intersection (N¥) close to point C, but as will be seen later,
this point has no relevance here, therefore it is not shown. The projection line of M (dashed) crosses
the saturated vapor line in a point, which is referred to here as M?. There are also some dotted lines,
marking the temperatures of the primary and secondary points, as well as for this new ternary point.
One further temperature is also marked (288.15 K = 15 °C) as the ambient temperature.

As was already mentioned, considering the full fluid range between the triple-point temperature
(134.90 K) and critical temperature (425.13 K), butane is a type ACNMZ working fluid; this is
shown in Figure 2 with grey characters and the corresponding temperature range is marked with a
grey arrow. When, for some practical reason, we are interested only in higher temperature ranges,
the situation changes. Butane remains ACNMZ type only up to the temperature of point M¢, 207.17 K.
This means that when we are interested in expansion properties for butane only above this temperature,
the butane behaves like an ACNZM-type fluid (instead of the original ACNMZ class), considering the
temperature range between points M? and C; this range is shown by a double-headed blue-colored
arrow. This happens because the entropy of the new end-point of the saturated vapor curve is now
lower than the entropy of point M, therefore, Z exchanges places with M in the sequence (MZ ending
turns to ZM, while the first three letters remain intact). In some cases [12], these temperature-dependent
end-points are marked with stars (Z*; and because A is also connected to the same temperature, A*);
therefore the new class would be A*CNZ*M to show that it is a temperature-dependent class: For the
sake of simplicity, we are omitting the stars for now. Increasing the temperature of the new end-point
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further, reaching point N (at 272.27 K) would cause the butane to behave like a dry, ACZM-type fluid
because above that temperature, point N (local entropy minimum) falls below the new end-point
(and letter N disappears from the sequence). Increasing the temperature even further, the next
class-change happens by reaching point M (398.52 K). Hence, when the operation temperature is
between point N to point C (272.27 K to 425.13 K) butane behaves as an ACZM-type fluid (temperature
range marked by a red arrow), from point M to point C it behaves like a wet, ACZ-type one (range
is shown by a green arrow), although these temperatures (above point M) are hardly used in ORC
applications [16]. An extra temperature (288.15 K = 15 °C) marks a plausible ambient temperature,
which can be taken as the lower cycle temperature, for example, for an air-cooled geothermal ORC
unit. In that case, butane will have a dry, ACZM-type behavior.

Here, one can see a change of sequences: ACNMZ—ACNZM—ACZM—ACZ. For other real
materials, these sequences can be different; for example, for water and carbon dioxide, which are
ACZ types, the classification remains unchanged by increasing the lower end temperature, while for
dodecafluoropentane, the sequence is AZCM—ACZM—ACZ (T—s data for substances are taken from
the NIST Webbook [13]). Using data for model fluids (for example, simple van der Waals fluid [5] or
Redlich-Kwong fluid [17]) or simply using geometrically correct schematic representations [12], one can
make the temperature-dependent sequence change for all the eight types. The figures explaining the
changes are in the Appendix A, together with the list of temperature-dependent sequences. For better
visibility of the saturated vapor curves, the original point A (the end-point of the liquid saturation
curve, taken at the triple-point temperature) is not always shown in the Appendix A, being a very low
entropy value. It is interesting that while an ANCMZ-type fluid can emulate an AZCM- or ACZM-type,
an ACNMZ-type can only imitate an ACZM-type and cannot be forced to behave as an AZCM-type.
Additionally, all types turn to ACZ-type when the lower end-point is sufficiently close to the critical
point. In this way; it is possible to make a tree-like graph, marking the various potential routes of the
class changes; this tree can be seen in Figure 3, color codes are identical with the colors used in Figure 2.

ANCMZ ACNMZ

v v
ANCZM ACNZM

l

ANZCM

!
AZCM

\

ACZM

v
ACZ

Figure 3. The potential changes in the classes by changing the lower end-point temperature. Color
codes are identical with the colors of Figures 2 and 4.
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04 0.5 0.6 0.7 08 09 1
Reduced temperature - Tr [-]

Figure 4. Reduced temperature vs. molecular degree of freedom for simple, one-component van
der Waals fluids. Three-letter, four-letter, and five-letter parts show various wet, dry, and real
isentropic subclasses.

Figure 3 show a double-branched tree: ACZ-ACZM is the trunk and AZCM-ANZCM-
ANCZM-ANCMZ and ACNZM-ACNMZ are two branches. This means that from any given working
fluid, only a maximum of five other classes can be emulated by changing the lower end-point
temperature, i.e., the longest chain can be a maximum of six steps long.

The number six also turns up in another problem. Checking all pure fluids included in the NIST
Webbook [13], real fluids fit into only six classes (see examples in Table 1), i.e., fluids showing types
ACZM and ACNZM in their whole fluid range do not exist (or at least not in this set of 72 fluids).
Also, representing simple fluids with van der Waals equations of state [5] and changing the molecular
complexity, reflected in the molecular degree of freedom and the molar isochoric heat capacity, one can
see a smooth transition from ACZ-type through ACNMZ-ANCMZ-ANCZM-ANZCM to AZCM-type;
an animated GIF about the transition can be seen on Wikipedia [18]. This six-class long sequence
differs from the previous one; but while in the previous case one fixed diagram (i.e., one material with
a given molecular complexity) was studied in various temperatures, in the second case, the situation
was reversed, the temperature (as end-point temperature) was kept as a constant and the molecular
degree of freedom was changed from low to high. In the case of simulated fluids, a lower end-point
temperature has to be appointed by us since the van der Waals and Redlich-Kwong EoS are unable
to predict phase transitions with solid phases, i.e., the lower (triple point) temperature has to be an
externally given quantity. For the van der Waal case [5] it was given as 0.31 X T¢. In the case of real
fluids, the triple-point temperatures are not located in the same reduced temperature, but there is a
very soft rule of thumb [19,20] that places the triple point for most materials between 0.3 X T and
0.4 T¢, i.e., these values are also roughly the same (although as it can be seen for real working fluids,
the triple-point temperatures for some halogenated alkanes are closer to 0.5 x T¢ [5]).
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Table 1. Some real examples for various working fluid classes, for more examples, see reference [12].

Class Materials
ACZ water, methane, ethane
ACNMZ butane, freon 115
ANCMZ pentane, toluene
ANCZM benzene
ANZCM cyclohexane, freon 113
AZCM freon 114, dodecane, octafluorocyclobutane

These examples show that some classes are connected (i.e., it is possible to go from one to the other,
either by slightly changing the temperature or the molecular complexity), while others are distinct.
To understand this phenomenon, as well as to help us to design novel working fluids, a mapping
of different classes in the reduced temperature vs. molecular complexity space is presented here.
We use simple van der Waals fluid for mapping; although the van der Waals equation of states is not
able to describe material properties quantitatively, qualitatively it can describe most of the existing
phenomenon. A good example to show the abilities of the van der Waals equation is the case of global
phase diagrams, where different types of binary van der Waals mixtures were mapped, describing the
general phase properties of almost all non-aqueous binary mixtures [21-23].

2. Results: Mapping of Working Fluids

For the classification, T-s diagrams of van der Waals fluids with different molecular degrees of
freedom marked as df (from 3 to 30, with steps 0.01) were calculated in the reduced temperature scale
(from 0.31 to 1) with 0.0003 steps. Details of the calculation can be found in references [5,17]. In that
simple model, chain molecules were considered, where the maximal molecular degree of freedom is
3*n, and n is the number of atoms in the molecule, but to obtain smoother transition between classes,
this variable was taken as a continuous one. In the given model, the degree of freedom was assumed
to be temperature-independent; hence, molar isochoric heat capacity was taken as cy,, = deR [5].
Then, primary and secondary points were determined numerically using a self-made MATLAB code.
Finally, using the entropy values of these points, classes were determined and plotted in a reduced
temperature-degree of freedom diagram. The relevant part of the diagram (molecular degrees of
freedom values between 5 and 25) is shown in Figure 4, while a magnified part, showing special points
of the map, is shown in Figure 5.

All the eight classes can be found on the map (Figure 4), although some of them (like ACZ
or AZCM) cover bigger areas, while others, like ANCMZ (small black triangle-shaped area) cover
only a smaller portion. Some of the classes are neighboring ones, which means that by changing the
temperature or molecular complexity by a small fraction, a fluid can step from one class to another
(like ACZM and ACZ). Going back to butane (Figure 2), taking a lower end-point of 398.51 K, the system
is emulating ACZM-type, while taking this temperature as 398.53 K, the type turns to ACZ. Other
classes are more distinct, for example, from ACZM (red) it is impossible to reach ANCMZ (black) by a
small step.

Borders can be divided into five, or rather four and a half parts. Two of these border lines are
linear (straight line), at a fixed degree of freedom (df = 9.92 and df = 12.19). Two (and a half) others
are curved ones; the first runs between green and red then blue and red, finally between violet and
orange; this curve has another branch (taken as a half curve) going out from the minimum of the
previous curve, separating the grey and blue, then the yellow and black regions. The first part of the
border is already known and describes the location of N and M points; it has a minimum, existing
even for real materials, which can be used as a rule of thumb to distinguish between wet and non-wet
working fluids, based on their measured molar isochoric heat capacity in a given (fixed-value) reduced
temperature [14,24]. Although there are several rules of thumb to predict at least the basic properties
of working fluids, most of them are not accurate or very complex. Only a handful of them work with
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nearly 100% accuracy, predicting the wetness/dryness of the fluid [24-26] by using simple quantities
for these correlations. The last line is also a curved one, running between the red-orange and the
yellow-violet regions. Straight borders terminate when reaching any of the curved ones; these common
points are the minima of the curved ones. Correlations (polynomial fits) of these borders can be found
in Appendix B.

There are three special points on the map, where four or five classes meet; they are numbered in
Figure 5, which is a magnification of the relevant part of Figure 4, showing these multiple points.

13 AZCM
125 3 ACZM
2 ANZCM
. ANCZM
ANCMZ
10.5 ACNZM
10 ACNMZ
9.5 ACE

0.35 0.4 0435 05 055 (X 0.65 0T 0.7s
Reduced temperature - Tr [-]

L 3

Degree of freedom - df [-]

Figure 5. Magnified part of Figure 4 showing the multiple points of the map.

Inpoint 1, ACZM, ACNMZ, ACNZM, and ACZ classes form a quadruple point (although ACNMZ,
the grey one, seems to be terminated earlier, this is only due to numerical noise). In the immediate
vicinity of this point (marked by 1 in Figure 5) one can find four different classes. It is possible to move
from ACZM (red) to ACNMZ (grey) by changing the molecular complexity, characterized here by
the molecular degree of freedom (df) while keeping the reduced temperature constant in a two-step
or in a direct, one-step process. During a two-step process, from the ACZM (red) class, one has to
reach the ACNZM class (blue) first; this happens when T(N)—the temperature of point N—which
was originally hidden below the lower temperature limit, related to the solid-liquid-vapor triple-point
temperature, suddenly pops up to the accessible temperature range. During the second step, from this
ACNZM (blue) class, by further changing the molecular complexity, one can reach the ACNMZ class
(grey); this occurs when the entropies for M and Z (s(M) and s(Z)) switch places. This happens when
the so-called ideal gas-part contribution [5] increases which increasing df and shifts point M to higher
entropy values. Based on the analysis of this two-step process, one can easily describe what happens
during the one-step process of ACZM (red) to ACNMZ (grey). Put simply, the two independent
phenomena, namely the appearance of point M (when T(N) reaches T(Z)) and the switch of M and Z
(when s(Z) goes above s(M)), happen in the same place in the df-T; space. Similar coincidences are
responsible for the other quadruple point (marked as 3 in Figure 5) as well as for the existence of the
quintuple point where five classes can exist within the immediate vicinity of point 2 (Figure 5).

The locations of the multiple points shown in Figures 4 and 5 are shown in Table 2, giving their
reduced temperature and molecular degree of freedom coordinates.

128



Energies 2020, 13,1519

Table 2. The location of the multiple points shown in Figure 5.

Point Location
1 df =9.92 T, = 0.6991-0.6739
2 df =12.19 T, = 0.4903-0.4918
3 df =12.19, T, = 0.406-0.3412

3. Discussion: Explanation of Various Phenomena with the Map

We investigated some of our previous findings on the map. First, as we already stated, all classes
turn to ACZ when the new end-point is sufficiently close to the critical point. The critical point
is represented here by T, = 1, and it is clearly seen that close to this value, only the ACZ (green)
class exists.

Second, we were able to find only six classes among real materials (when the lower end-point is
fixed to the triple point, around T, = 0.3-0.4) as well as for van der Waals fluids (where we fixed the
end-point to T; = 0.3). It can be seen, that at T, = 0.3, there are only six classes, ACZ (green), ACNMZ
(grey), ANCMZ (black), ANCZM (yellow), ANZCM (violet), and finally, AZCM (orange). Also, one can
see that by fixing the temperature elsewhere (for example at T; = 0.4), we would see a similar, but not
the same sequence: ANCMZ (black) would be replaced by ACNZM (blue). Fixing the end-point
temperature around T = 0.55, the sequence would be shorter, ACZ-ACNMZ-ACNZM-ACZM-AZCM,
while at an even higher temperature (T, = 0.8), it would be a three-step process, ACZ-ACZM-AZCM.

As was seen previously, the classes found among real materials were identical with the classes
found for van der Waals fluids with the end-point fixed at T, = 0.3, but since this value has nothing to
do with real triple-point temperatures (except for when using the soft rule of thumb mentioned above),
we believe that this exact equality is just a lucky coincidence. However, it can still show that no more
than six classes can exist when the lower end-point is fixed in a given reduced temperature.

Third, by fixing the molecular degree of freedom (i.e., taking one, fixed material) and by changing
the end-point temperature from the real, triple point related one up to the critical point, the maximal
number of classes emulated during this process is six (see the longer route for Figure 3). In Figure 4,
by choosing a degree of freedom value around 12.5 one can see an ANCMZ (black) - ANCZM (yellow) -
ANZCM (violet) - AZCM (orange) - ACZM (red) — ACZ (green), six-step sequence, while even slightly
below this value, at df = 12, one can see the four-step sequence, namely ACNMZ (grey) - ACNZM
(blue) - ACZM (red) — ACZ (green), down to df = 9.92. Below this value, only ACZ-type fluids exist.
With more complex molecules (above df = 20) one can see only dry or wet ones (AZCM-ACZM-ACZ)
for T, > 0.3. The two lines separating the map into these regions are the straight-line borders at df = 9.92
and df =12.19.

Fourth, as can be seen in Figure 3, three of the eight classes seem to be archetypes: ACZ, ANCMZ,
and ACNMZ, the three classes at the end of this graph. ACZ occupies the high-temperature end,
i.e., approaching T; = 1, where all fluids turn to ACZ-type. On the other end, going to T, = 0, fluids
with df <9.92 (small molecules) are ACZ-type (green) and fluids with 9.92 < df <12.19 (medium-size
molecules) are ACNMZ-type (grey). One can assume that the black region runs up (like the green
region on the high-temperature side), and therefore at the low-temperature limit, all fluids with df
> 12.19 (longer molecules) would be class ANCMZ. In this way, T; = 1 and T, = 0 limits would be
occupied only by these three archetypes.

One might ask that if the calculations for van der Waals fluids were started at a more reduced
temperature (like T = 0.4), would the black ANCMZ region disappear? Would it not be possible to
find hidden ninth or even tenth working fluid classes in temperature or degree of freedom regions not
shown in Figure 4? The answer is no; it has been shown in reference [12] that these are the only classes;
the existence of other classes are theoretically impossible. On the other hand, one cannot rule out that
any of these eight classes could re-appear in another T;—df region (most probably on the high-df region,
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representing very complex molecules), i.e., the existence of two separate regions with the same type
(i.e., two distinct blue regions) cannot be fully ruled out. This problem might require further study.
It can be assumed that using other equations of states, the map can differ to some extent;
these differences can be qualitative or quantitative. According to some previous results [17], the classes
are probably located in a similar order when the Redlich-Kwong equation is used, but the whole
diagram is shifted to higher df values. Further studies to describe these differences are in progress.

4. Conclusions and Summary

For the organic Rankine cycle, the selection of working fluid is crucial; it can affect not only
the output (efficiency, power) but also the layout of the equipment used for the realization of the
cycle [5,27]; this is especially true for the selection of the expander [28]. For some fluids, one may use
only a basic layout of pump-evaporator-expander-condenser, while for other fluids, the use of extra
parts, like a droplet separator, superheater, or recuperative heat exchanger may be necessary. The type
of the layout can be correlated with the shape of the temperature—specific entropy (T—s) diagram of the
given working fluid, more specifically with the shape (and location) of the saturated vapor branch of
this curve. Based on the shape, one can divide existing as well as potential working fluids into various
classes. The traditional three-class (wet-dry-isentropic) classification is not sufficient, because several
materials can remain unclassified or misclassified, while materials listed in the same class might show
crucial differences. Therefore, recently, a more detailed, eight-class classification was proposed; this
new classification is compatible with the traditional ones, but can solve the problems associated with
traditional ones.

Classes can be handled as material properties, using the full fluid part of the T-s diagrams
(from triple point to critical point). Sometimes the lower limit (triple point) is located in temperatures
hardly used in ORC processes; therefore, one shall also define a lower end-point temperature
classification when the end-point of the saturated liquid and vapor branches are taken in a
temperature value more practical than triple-point temperature. In the new, limited temperature range
(new end-point to critical point) a working fluid belonging to a given class can emulate the general
properties of another class.

Using a model fluid (like van der Waals fluid), material property can also be a smoothly changeable
property, where transitions from one to another class can be demonstrated; this can help us to design
novel working fluids.

In this paper, we give the map of a van der Waals fluid in a reduced temperature vs. molecular
degree of freedom diagram. All the eight novel classes can be located on the map; peculiarities
(for example, the fact that from real fluids we were not able to find examples for two of these classes;
or, the existence of two temperature-dependent classification routes) can be easily explained using
the map. Three multiple points (Where more than two classes meet in a given reduced temperature
and molecular degree of freedom value) were located. Although the map based on the van der
Waals equation of state cannot give quantitatively correct predictions, qualitatively it can describe all
known phenomena.
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Appendix A Temperature-Dependent Classification for Various Working Fluid Classes

As was already mentioned in the main text, when fixing the two end-points (A and Z) to the
triple-point temperature as the ultimate lower-end of the liquid and vapor states, the classes are material
properties (concerning their whole range for fluid phases, for example, propane is an ACZ-type wet
working fluid, while dodecane is an AZCM-type dry working fluid). For practical purposes, sometimes
it is more useful to have an application-related end-point for the T—s diagram; in ORC applications it
can be the minimal temperature of the cycle, related to the temperature of the heat-sink, often very
close to the environmental temperature, but in other cases, like in cryogenic cycles, it can differ from
that significantly. Using a new end-point temperature in the new fluid range (stretching from the new
end-point temperature to the critical temperature), the working fluid, originally listed in one class,
can emulate the behavior of another class. The transition happens by reaching some of the primary,
secondary, or ternary characteristic points. The transitions for the eight theoretical classes are shown in
Figure A1.

(a) C ACZ

ACNMZ

T(C) - T(M): ACZ
T(M) — T(N): ACZM
T(N) - T(M%): ACNZM
T(MJ) - T(Z): ACNMZ

(b)

ACNZM

T(C) - T(M): ACZ
T(M) — T(N): ACZM
T(N) - T(Z): ACNZM

ANCMZ

T(C) - T(M): ACZ

T(M) - T(C%): ACZM
T(C) — T(N): AZCM
T(N) — T(Cd): ANZCM
T(Cdd) — T(MZ): ANCZM
T(MJ) - T(Z): ANCMZ

(d)

ANCZM

T(C) - T(M): ACZ
T(M) - T(CS): ACZM
T(CY) - T(N): AZCM
T(N) - T(Cd): ANZCM
T(C4Y) — T(Z): ANCZM

(e

Figure Al. Cont.
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ANZCM

T(C) - T(M): ACZ
T(M) - T(CY): ACZM
T(C) - T(N): AZCM
T(N) - T(Z): ANZCM

()

ACZM
T(C) - T(M): ACZ
T(M) - T(Z): ACZM

(8)

(h) c AZCM

T(C) - T(M): ACZ
T(M) - T(CY): ACZM
T(C) - T(Z): AZCM

S

Figure Al. Temperature-dependent classification scheme for various working fluid classes.

For better visibility of the saturated vapor curves, the original point A (the end-point of the liquid
saturation curve, taken at the triple-point temperature) is not always shown, as it has very low entropy.
Bold letters mark the original classification for the full fluid scale (from the triple point to critical point),
while normal capital letters mark the location of the new end-point and the corresponding new class.

Appendix B Correlations of Border Lines Separating Various Classes

Borders between various classes can be described by polynomial fits. The fitting curves are shown
and marked by Arabic numbers in Figure A2. Fitting parameters and other relevant data (like R-square
and the range of fitting (given as minimal T;, maximal T)) are also listed.

Curve I

Correlation function:

f(x) = p1* X + p2* x8 + p3* X + p4* X0 + p5* x5+ po* x4+ p7* X3+ p8* X2+ p9* x + pl0

Coefficients (with 95% confidence bounds):

pl =4.357e + 05 (4.252e + 05, 4.463e + 05)

p2 = —2.278e + 06 (—2.34e + 06, —2.216e + 06)

p3 =5.175e + 06 (5.016e + 06, 5.333e + 06)

p4 = —6.692e + 06 (—6.926e + 06, —6.459% + 06)

p5 =5.416e + 06 (5.199e + 06, 5.632e + 06)

p6 = —2.835e + 06 (—2.966e + 06, —2.703e + 06)

p7 = 9.554e + 05 (9.035e + 05, 1.007e + 06)

p8 = —1.985e + 05 (—2.115e + 05, —1.856e + 05)

P9 = 2.276e + 04 (2.092e + 04, 2.46e + 04)

p10 = —1046 (1160, —931.7)

Goodness of fit: SSE: 3.992; R-square: 1; Adjusted R-square: 1; RMSE: 0.03643

Temperature range: T, = [0.3, 1]

Curve II
Correlation function:
f(x) = p1* x* + p2* x3 + p3* X% + p4* x + p5
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Coefficients (with 95% confidence bounds):
pl=70.49 (66.39, 74.6)
p2=-180.2 (-188.2, -172.2)
p3 = 184.5 (178.8, 190.2)
p4 = —90.66 (—92.44, —88.88)
p5 =27.84 (27.63, 28.04)
Goodness of fit: SSE: 0.002998; R-square: 1; Adjusted R-square: 1; RMSE: 0.003272
Temperature range: T; = [0.3, 0.6739]
Curve III
Correlation function:
f(x) = p1* X7 + p2* xB + p3* x” + p4* x® + p5* x° + p6* x* + p7* x3 + p8* x% + p9* x + p10
Coefficients (with 95% confidence bounds):
pl =3.649¢ + 05 (3.404e + 05, 3.895e + 05)
p2 =-1.981e + 06 (-2.122¢ + 06, —1.841e + 06)
p3 =4.706e + 06 (4.353e + 06, 5.059% + 06)
p4 = —6.41e + 06 (—6.917e + 06, —5.903¢ + 06)
p5 =5.512e + 06 (5.052e + 06, 5.971e + 06)
p6 = —3.099 + 06 (—3.372e + 06, —2.827e + 06)
p7 = 1.139% + 06 (1.033e + 06, 1.244e + 06)
P8 = —2.633e + 05 (—2.89%¢ + 05, —=2.376e + 05)
p9 =3.471e + 04 (3.114e + 04, 3.82% + 04)
p10 = -1972 (-2188, —1756)
Goodness of fit: SSE: 5.841; R-square: 0.9999; Adjusted R-square: 0.9999; RMSE: 0.05536
Temperature range: T, = [0.3, 1]
Line IV
Linear at df = 9.92
Temperature range: T, = [0.3, 0.6991]
Line V
Linear at df = 12.19
Temperature range: T, = [0.3, 0.4918]

Degree of freedom - df [ -]

ACZ

<zE=-

. . L L )
0.4 0.5 0.6 0.7 0.8 09 1
Reduced temperature - Tr [-]

Figure A2. Correlation curves (df vs. T;) for the different borders of the maps shown in Figure 4.
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