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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
HCEFCs that dominated organic working fluids from 1931 until the early 1990s have been and are
being phased out, respectively. Nowadays, HFO working fluids are drawing increasing attention.
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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 could reach 55% or so, that the greatest torque reached nearly 100 N-m,
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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.

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,
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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.

Shaft Seal Principal Axis

Screw Intake
Chamber

aVaVaY; PaViNiViVViNivi,

Pait

Wheel

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

In Figure 3, net work output is calculated by

Wyer = (hy —hs)—(h, —hy), @
thermal efficiency is calculated by

W et (h4 _hs)_(hz _h1)
= 7 2
9. h4 _hz @

1’]:

and the heat exchange load of the condenser is calculated by

q.=hs—h,, G)
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In the above equations, & is enthalpy, w is work, q is heat exchange, 1 is thermal efficiency, ¢
stands for condenser, e stands for evaporator, and the numbers are the state points in the figure. In
the following equations, i, w, g, 17, and the numbers all have the same meanings.

~

2 Turning Point

—

e |*

Figure 3. Subcritical ORC with a single-screw expander when the working conditions of the
expander inlet are known.

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, 0.97. (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 Figure 3
and Figure 4.

In Figure 4, net work output is calculated by

Wyo = (hy —hs)—(hy —hy), (4)
thermal efficiency is calculated by
n= Wiet :(h4_h5)_(h2_h1) )
qe h4 - hz
and the heat exchange load of the condenser is calculated by
q.=hs—hy, ©)
[ 3
Turning Point)
2 5
1 16

Figure 4. Traditional subcritical ORC with dry/isentropic working fluid.
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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)

¢ Protect from sunlight.

¢ Keep container in a well-ventilated place.

¢ 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.

The extreme

Critical Temperature of Turning Point Safety Global Warming
Working Fluid Temperature .. . Potential (GWP),
(TY/K Subcritical Region =~ Temperature/K Group 100 year
(0.9Tc)/K
cis-butene(cis-2-butene) 435.75 392.18 390 N/A ~20 [35]
R11 471.11 424.00 395 Al [36] 4750 [37]
R116 293.03 263.73 255 Al [36] 5700 [38]
R1234yf 367.85 331.07 330 [;2_211] <1 [42]/4 [43]
R1234ze(E) 382.51 344.26 340 A2L 2 <1 [42]/6 [44]
[39-41]
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.

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
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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 = 0.91c). Therefore, the temperature of point 5 (T5)
can be determined on the basis of the entropy value of point 5 (s5 = s4).

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 Expander Heat Exchan.
Working Working Inlet Outlet Net Power Thermal eaLoa ; 02 ge
Fluid Mode Temperature  Temperature  Output/k]-kg?  Efficiency/% .
Ly K Condenser/k]-kg-
Vapor-liquid
. two-phase 39218 283.1 113.88 21.82 408.06
cis-butene expansion
(cis-2-butene) mode
Traditional
390 283.12 112.40 21.59 408.10
mode
Vapor-liquid
two-ph
opanson DWW 28 A N M
R1234yf mode
Traditional 330 223512 N/A N/A N/A
mode
Vapor-liquid
te‘i’oal;}:‘;rel 344.26 331(237.8) 5.11 3.58 137.78
R1234ze(E) P
mode
Traditional 340 331.08 356 2.52 137.87
mode

123 The temperature is too low and beyond the usual condensation temperature range.
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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 Figure 6
and Figure 7, the temperature at point 4(T4) 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 (T5) is the same as the condensation temperature, which is
varied between 290 K and 320 K. From Figure 6 and Figure 7, it can be seen that point 4’ is not in a
saturated state, and has a vapor quality.

In Figure 6 and Figure 7, the net work output is calculated by

wnet :(h4' _hS)_(hZ _hl)’ (7)
thermal efficiency is calculated by
hy—hy)—(h,-h
T):wnetz( 4 ]/15)_512 1), (8)
qe 4' 2

the heat exchange load of the condenser is calculated by
qe=hs=hy, ©)

and the vapor quality of the working fluid is calculated by
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x=24_78 10

— (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.

T(K)
T (K)

4

g \

s kl/(kg'K) s kl/(kg'K)
(a) (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.

4 4

T (K)
T (K)

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

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.

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.

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.
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Table 3. Thermodynamic performance of the three working fluids in the subcritical cycle model

when the condensation temperature is known.

10 of 24

Working Working ?I,erfe:;iz:: (':I'(::e:::tz:: Net Power Thermal Hea{fax;l:;nge Vapor
Fluid Mode % K % - Output/iJkg  Efficiency/% (4 0010, Quality
2847 111.42 21.51 406.46 0.9978
290 103.48 20.51 401.09 0.9913
Vapor-liquid 295 96.33 19.57 395.91 0.9864
two-phase 300 89.46 18.64 390.60 0.9825
expansion 305 / 82.85 17.70 385.17 0.9797
mode 310 76.51 16.77 379.59 0.9777
315 70.40 15.85 373.87 0.9766
cis-butene 320 64.48 1491 367.98 0.9762
(cis-2-butene) 2847 110.03 21.29 406.90
290 102.60 20.30 402.74
295 95.72 19.37 398.51
Traditional 300 89.03 18.43 393.99
mode / 305 82.53 17.50 389.18 /
310 76.21 16.56 384.07
315 70.08 15.62 378.65
320 64.13 14.67 372.93
290 17.67 1043 151.67 0.9766
Vapor_liquid 295 15.18 931 147.86 0.9807
o phase 300 12.71 8.12 143.87 0.9845
expansion 305 / 10.42 6.94 139.65 0.9886
e 310 8.18 5.70 135.21 0.9921
315 6.06 444 130.49 0.9953
R34t 320 4.07 3.14 125.47 0.9980
3y 290 17.62 1027 154.00
295 15.02 9.11 149.83
Teaditional 300 1252 7.93 145.45
ode / 305 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 25.70 12.94 172.89 0.9792
Vapor liquid 295 22.82 11.88 169.28 0.9817
wo.phase 300 20.04 10.80 16551 0.9845
expansion 305 / 17.37 9.71 161.59 0.9873
o 310 14.79 8.58 157.49 0.9902
315 12.34 7.46 153.18 0.9930
320 9.98 6.29 148.66 0.9958
R1234ze(E) 290 2453 12.29 17513
295 21.57 11.18 171.29
Teaditional 300 18.71 10.06 167.27
ode / 305 15.98 8.93 163.06 /
310 13.35 7.76 158.66
315 10.86 6.59 154.05
320 8.45 536 149.24

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 Figure 6 and Figure 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
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conditions. 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.

— r h
2 2
~ &~
3 .
3 4/ 09T, 4 - 0.97,
Turning Turning
point 2 point
2
5
/ 5 1
1
s kJ/(kg'K) s kJ/(kg'K)
(a) (b)

Figure 9. Transcritical ORC for cis-butene with single-screw expander when the condensation
temperature is known: (a) 290 K, (b) 320 K.

o — r
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=~ ~
3 4 3 4
097, 097,
Turning 2 Turning
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< 5 1 h 5
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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. Figure 9 and Figure 10 illustrate this difference. The equations for calculating the three
indicators in Figure 9 and Figure 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 (Ts) 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.

Expander

Working Working (,:1,(:::;:1_?:;?: ?l"(:rl:;:riatt;?: Inlet Net Power Thermal Heaif:;}:;nge
Fluid Mode T5/K TJK Tem;;;‘zture Output/k]-kg? Efficiency/% Condenser/kJ-kg-
284.7 400.00 116.37 22.26 406.46
290 407.78 112.86 21.96 401.09
Vapor-liquid 295 411.20 107.49 21.35 395.91
two-phase 300 413.36 101.67 20.65 390.60
expansion 305 / 414.72 95.69 19.90 385.17
mode 310 415.60 89.71 19.11 379.60
315 416.05 83.79 18.31 373.87
cis-butene 320 416.25 77.95 17.48 367.98
(cis-2-butene) 284.7 110.03 21.29 406.90
290 102.60 20.30 402.74
295 95.72 19.37 398.51
Traditional / 300 390 89.03 18.43 393.99
mode 305 82.53 17.50 389.18
310 76.21 16.56 384.07
315 70.08 15.62 378.65
320 64.13 14.67 372.93
290 350.78 23.51 13.42 151.67
Vapor-liquid 295 349.25 20.63 12.24 147.86
two-phase 300 347.59 17.74 10.98 143.87
expansion 305 / 345.43 14.87 9.62 139.65
mode 310 343.10 11.97 8.13 135.21
315 340.27 9.02 6.47 130.49
320 336.94 6.00 4.56 125.47
R1234yf 290 17.62 10.27 154.00
295 15.02 9.11 149.83
Traditional 300 12.52 7.93 145.45
mode / 305 330 10.15 6.72 140.85
310 7.87 5.46 136.04
315 5.72 4.18 130.99
320 3.70 2.85 125.70
290 361.99 31.33 15.34 172.89
Vapor-liquid 295 360.87 28.14 14.25 169.28
two-phase 300 359.48 24.97 13.11 165.51
expansion 305 / 357.91 21.84 11.91 161.59
mode 310 356.09 18.73 10.63 157.48
315 353.90 15.58 9.23 153.18
R1234z(E) 320 351.13 12.34 7.66 148.66
290 24.53 12.29 175.13
295 21.57 11.18 171.29
Traditional 300 18.71 10.06 167.27
mode / 305 340 15.98 8.93 163.06
310 13.35 7.76 158.66
315 10.86 6.59 154.05
320 8.45 5.36 149.24

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
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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 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.

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.

7.04 R
- {1 z
% 65 —__ g
: 4q e o 3.2
= 604 &
5 1 £ 304
g 55 g
2 1 g 28
=) 5.0 ~
2 g
5 45 g 26
& 5
< 1 = 24
e} 4.0+ ‘e A
= 1 . )
g 3.5 g 22
v
o 1 2
T 50 —— R1234yf :::E N
3 —o— R1234z¢e(E) &
Z 55 = —a— R1234yf
- 18
| g —o— R1234z¢(E)
()
B T e e 2
290 295 300 305 310 315 320 = : : ; ; . ' .
Condensation Temperature / K 290 295 300 305 310 315 320
(a) Condensation Temperature / K
P 25
=
-~
=
)
g
% 2.0+
=
[a)
=
3 1.5
<
)
<
<
S
w104
)
o
]
S N
R
Y 05
g
< J |~ R1234yf
2 —®—  R1234ze(E)
‘a’ 0.0 T T T T T T T
i‘-’ 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.
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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 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.

In Figure 13 and Figure 14, isentropic efficiency is calculated by

_h,—hy

r’ex h4 —h5 4 (11)
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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.

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.

Workine Fluid Working Minimum Net Work Maximum Net Work
8 Condition Output/kW Output/kW
cis-butene Subcritical cycle 50.67 75.64
(cis-2-butene) Transcritical cycle 4191 72.42
Subcritical cycle 3.90 15.28
Ri234yt Transcritical cycle 2.65 1149
R12347¢(E) Subcritical cycle 8.02 20.36

Transcritical cycle 6.49 16.71
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4.2. Results and Discussion

Table 6, Table 7, and Table 8 show the comparisons of the thermodynamic performance of the
three working fluids with and without consideration of the isentropic efficiency of the expander.

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.
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Table 6. Comparison of thermodynamic performance of cis-butene with and without consideration of the isentropic efficiency of the expander.

Ideal Isentropic Expansion

Considering Isentropic Efficiency of Expander

Working Heat Exchange Net Power

Condition n ONet Power X Load of Thermal Efficiency/% Ts/K Output Heat Exchange Loai of T.h.ermal o T=/K
utput/kJ-kg- Condenser/k]-kg-! /ikg? Condenser/k]-kg Efficiency/%
283.1 113.88 408.07 21.82 283.1 74.02 450.94 14.18 311.56
290 103.48 401.09 20.51 290 67.26 440.30 13.33 315.46
Single-screw 295 96.33 395.91 19.57 295 62.62 432.60 12.72 318.43
expander 300 89.46 390.60 18.64 300 58.15 424.85 12.11 3215
working in 305 82.85 385.17 17.70 305 53.85 417.10 11.51 324.7
subcritical cycle 310 76.51 379.60 16.77 310 49.73 409.24 10.90 327.96
315 70.40 373.87 15.85 315 45.76 401.33 10.30 331.32
320 64.48 367.98 1491 320 41.91 393.32 9.69 334.78
283.1 113.88 408.07 21.82 283.1 74.02 450.94 14.18 311.56
Single-screw 290 112.86 401.09 21.96 290 73.36 444.61 14.27 318.2
expander 295 107.48 39591 21.35 295 69.86 437.81 13.88 321.7
working in 300 101.67 390.60 20.65 300 66.08 430.60 13.42 325.05
. 305 95.67 385.17 19.90 305 62.19 423.19 12.93 3284
transcritical

cydle 310 89.71 379.60 19.11 310 58.31 415.55 12.42 331.74
315 83.78 373.87 18.31 315 54.46 407.76 11.90 335.11
320 77.94 367.98 17.48 320 50.66 399.81 11.36 338.54
283.1 112.40 408.10 21.59 283.12 69.69 453.70 13.39 313.34
290 102.60 402.74 20.30 291.08 63.61 444.59 12.59 318.19
piston expander 295 95.72 398.51 19.37 296.68 59.35 437.73 12.01 321.65
woking in 300 89.03 393.99 18.43 302.15 55.20 430.64 11.43 325.08
traditional cycle 305 82.53 389.18 17.50 307.49 51.17 423.33 10.85 328.48
310 76.21 384.07 16.56 312.73 47.25 415.77 10.27 331.87
315 70.08 378.65 15.62 317.86 43.45 407.97 9.68 335.24
320 64.13 372.93 14.67 322.89 39.76 399.92 9.10 338.6




Energies 2019, 12, 3197

19 of 24

Table 7. Comparison of the thermodynamic performance of R1234yf with and without consideration of the isentropic efficiency of the expander.

Ideal Isentropic Expansion

Considering Isentropic Efficiency of Expander

Working Condition T Net Power Heat Exchange Load Thermal To/K Net Power Heat Exchange Load of Thermal Ts/K
Output /kJ-kg?  of Condenser/k]-kg?! Efficiency/% Output/k]-kg? Condenser/k]J-kg! Efficiency/%

290 17.68 151.67 10.44 290 11.49 158.77 6.79 297.07
295 15.18 147.86 9.31 295 9.87 154.01 6.05 300.97

Single-screw 300 12.71 143.87 8.12 300 8.26 149.11 5.28 304.94
expander working 305 10.42 139.65 6.94 305 6.77 144.00 4.51 308.97
in subcritical cycle 310 8.18 135.21 5.70 310 5.32 138.68 3.71 313.06
315 6.07 130.49 4.44 315 3.95 133.11 2.89 317.22

320 407 125.47 3.14 320 2.65 127.25 2.04 321.44

290 23.51 151.67 13.42 290 15.28 161.55 8.72 299.85

295 20.63 147.86 12.24 295 13.41 156.61 7.96 303.5

Single-screw 300 17.74 143.87 10.98 300 11.53 151.49 7.14 307.2
expander working 305 14.87 139.65 9.62 305 9.67 146.09 6.26 310.9
in transcritical cycle 310 11.97 135.21 8.13 310 7.78 140.47 5.29 314.66
315 9.02 130.49 6.47 315 5.86 134.50 4.20 318.41

320 6.00 125.47 4.56 320 3.90 128.15 2.97 322.18

290 17.62 154.00 10.27 292.31 11.98 160.52 6.98 298.82
295 15.02 149.83 9.11 296.90 10.21 155.45 6.20 302.37

Scroll expander 300 12.52 145.45 793 301.49 8.51 150.21 5.39 305.99
working in 305 10.15 140.85 6.72 306.10 6.90 144.76 4.57 309.67
traditional cycle 310 7.87 136.04 5.47 310.73 5.35 139.14 3.72 31347
315 5.72 130.99 4.18 315.42 3.89 133.29 2.85 317.38

320 3.70 125.70 2.86 320.19 2.52 127.21 1.94 321.41
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Ideal Isentropic Expansion

Considering Isentropic Efficiency of Expander

Working Condition T Net Power Heat Exchange Load of Thermal To/K Net Power Heat Exchange Load of Thermal To/K
Output/k]-kg Condenser/k]-kg! Efficiency/% Output/kJ-kg! Condenser/k]J-kg? Efficiency/%

290 25.70 172.89 12.94 290 16.71 182.97 8.41 300.67

295 22.82 169.28 11.88 295 14.83 178.30 7.72 304.37

Single-screw expander 300 20.04 165.51 10.80 300 13.03 173.51 7.02 308.14

working in subcritical 305 17.37 161.59 9.71 305 11.29 168.59 6.31 311.97

cycle 310 14.79 157.49 8.58 310 9.61 163.51 5.58 315.85

315 12.34 153.18 7.46 315 8.02 158.25 4.85 319.79

320 9.98 148.66 6.29 320 6.49 152.82 4.09 323.82

290 31.33 172.89 15.34 290 20.36 185.58 9.97 303.43

295 28.14 169.28 14.25 295 18.29 180.76 9.27 306.92

Single-screw expander 300 24.97 165.51 13.11 300 16.23 175.79 8.52 310.46

working in transcritical 305 21.84 161.59 11.91 305 14.20 170.64 7.74 314.01

cycle 310 18.73 157.48 10.63 310 12.17 165.31 6.91 317.6

315 15.58 153.18 9.23 315 10.12 159.74 6.00 321.21

320 31.33 172.89 15.34 290 20.36 185.58 9.97 303.43

290 24.53 175.13 12.29 292.37 16.68 183.93 8.35 301.69

295 21.57 171.29 11.18 297.09 14.67 179.09 7.61 305.19

Scroll expander working 300 18.71 167.27 10.06 301.79 12.72 174.11 6.84 308.75

in traditional cycle 305 15.98 163.06 8.93 306.46 10.87 168.95 6.07 312.32

310 13.35 158.66 7.76 311.14 9.08 163.64 528 315.98

315 10.86 154.05 6.59 315.82 7.38 158.14 4.48 319.69

320 8.45 149.24 5.36 320.53 5.75 152.47 3.64 323.49
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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, 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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