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Effect of Evaporation
Temperature on the Performance
of Organic Rankine Cycle in
Near-Critical Condition

Considering the large variations of working fluid’s properties in near-critical region, this
paper presents a thermodynamic analysis of the performance of organic Rankine cycle in
near-critical condition (NORC) subjected to the influence of evaporation temperature.
Three typical organic fluids are selected as working fluids. They are dry R236fa, isen-
tropic R142b, and wet R152a, which are suited for heat source temperature from 395 to
445 K. An iteration calculation method is proposed to calculate the performance parame-
ters of organic Rankine cycle (ORC). The variations of superheat degree, specific
absorbed heat, expander inlet pressure, thermal efficiency, and specific net power of
these fluids with evaporation temperature are analyzed. It is found that the working fluids
in NORC should be superheated because of the large slope variation of the saturated
vapor curve in near-critical region. However, the use of dry R236fa or isentropic R142b
in NORC can be accepted because of the small superheat degree. The results also indi-
cate that a small variation of evaporation temperature requires a large variation of ex-
pander inlet pressure, which may make the system more stable. In addition, due to the
large decrease of latent heat in near-critical region, the variation of specific absorbed
heat with evaporation temperature is small for NORC. Both specific net power and ther-
mal efficiency for the fluids in NORC increase slightly with the rise of the evaporation
temperature, especially for R236fa and RI142b. Among the three types of fluids, dry
R236fa and isentropic R142b are better suited for NORC. The results are useful for the
design and optimization of ORC system in near-critical condition.
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1 Introduction

Low-grade heat source, such as solar energy, geothermal
energy, biomass energy, and waste heat, exists widely in nature
and industrial processes. Recently, the power generation from
low-grade heat source has been intensively studied. A viable
choice for utilizing low-grade heat source is ORC technology
[1-3]. The performance of an ORC plant is related to the heat
source, working fluid, expander, cycle structure, operation condi-
tion, etc. There have been many researches focusing on these
influence factors. Concerning the selection of suitable working
fluids, Bahaa et al. [4] researched 31 pure working fluids for ORC
between 30°C and 100°C. Chys et al. [5] studied 11 zeotropic
mixtures and calculated the optimal concentrations for heat sour-
ces at 150°C and 200 °C. Bao and Zhao [6] investigated the effect
of working fluid on the ORC and carried out a summary of the
recommended pure and mixed working fluids for disparate appli-
cations. Additionally, Mathias et al. [7] conducted theoretical sim-
ulation and practical experiments on a scroll expander. Gu et al.
[8] evaluated an ORC plant using a scroll expander and found that
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the internal and external entropy generation of evaporator was the
main source of the total entropy generation. Zhou et al. [9]
performed experiments of an ORC for heat recovery from low-
temperature flue gas and investigated the influence of the evapo-
rating pressure, superheat degree, and heat source temperature on
the system performance parameters. On the other hand, the opti-
mization of cycle structure was performed, Vetter et al. [10] and
Vidhi et al. [11] carried out a detailed investigation on supercriti-
cal ORC for instance. Vetter et al. [10] analyzed the cycle
characteristics of low-temperature geothermal subcritical and
supercritical ORC with different kind of working fluids separately.
Vidhi et al. [11] conducted a working fluids selecting process of
low-grade geothermal supercritical ORC and suggested that
R134a had the best performance. Also, the optimization of opera-
tion condition is important. Marion et al. [12] investigated the
optimal mass flow rates for different solar radiations. Wang et al.
[13] gave special attentions to the optimal operation conditions
for different heat source temperatures.

Recently, the optimal evaporation temperature, found by many
researchers, is adjacent to the critical temperature of working fluid
within the fixed heat source temperature. With the heat source of
90°C, Pan et al. [14] revealed a better performance for an ORC
plant operated nearby critical condition than that of supercritical
condition in terms of the amount of power output. Nowak et al.
[15] also presented that the ORC of which the evaporation
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temperature was near the critical temperature had the highest out-
put power when the heat source temperature was 116 °C. More-
over, Vaja and Gambarotta [16] conducted a specific
thermodynamic analysis and found that the optimal evaporating
pressure was not far from the critical pressure. Additionally, Trela
et al. [17] proposed a method for definition of the near-critical
region boundary (NRB) of organic working fluids. They indicated
that the determination of NRB was important for the design of
heat exchangers in near-critical condition. On the contrary, con-
cerning the large variations of working fluids’ properties in near-
critical region, some researchers suggested that the evaporation
temperature should be limited in the subcritical region [18-20].
The higher pressure limit of ORC set by Drescher and Briigge-
mann [18] was lower than critical pressure by 0.1 MPa. Delgadeo-
Torres and Garcia-Rodriguez [19] proposed that the higher
temperature of ORC should be 10-15°C lower than the critical
temperature. The higher temperature limit for R32 was 25°C
lower than its critical temperature in Ref. [20]. However, there
was no unique interpretation of these evaporation temperature
limits in Refs. [18-20]. By comparatively and systematically
studying the relevant papers with respect to this subject, the spe-
cial phenomena of superheat degree, specific absorbed heat, ex-
pander inlet pressure, thermal efficiency, and specific net power
of ORC operated nearby critical condition has not been investi-
gated as a whole. Thus, a more comprehensive study should be
conducted.

A performance analysis of NORC subjected to the influence of
evaporation temperature is conducted in this paper. For this pur-
pose, three typical organic fluids are selected as working fluids.
An iteration calculation method is proposed to calculate the per-
formance parameters of these working fluids in ORC. The varia-
tions of minimum superheat degree, specific absorbed heat,
expander inlet pressure, thermal efficiency, and specific net power
of working fluid with evaporation temperature are investigated.
These parameters of NORC are compared with those of ORC in
subcritical condition (SORC). Furthermore, the relationships
between the special variations of these parameters of ORC and the
large variation of working fluid’s properties in near-critical condi-
tion are analyzed.

2 Thermodynamic Analysis Methods

2.1 Description of SORC and NORC. The large variations
of physical properties of organic working fluids can be observed
in near-critical region. As an example, the variations of density
(p), specific heat (c,), dynamic viscosity (u), and thermal conduc-
tivity (4) of R142b with temperature at pressures of 3.5 MPa and
2.5 MPa are shown in Fig. 1. All properties of R142b are obtained
from rRerprOP 8.0 [21]. As shown in Fig. 1, the variation of ¢, with
temperature shows a sharp peak at the saturation temperature

1600 | T
F 7=383.08K (T =0.93 } 7=401.82K
1400 F -~ ~ p—35Mpa | { 7.-0.98
= [ —— P=25MPa | i
= 1200 o I
B F p(kg/m ) i /Ii \‘ Cp(kJ/kgK)
s 1000 \.& /i
X - S VAN
= 800 P~ ! \/
s Ul Zes
¥ 600
UQ‘
< 400
200
0 n L " " 1 n " n 2 n
340 360 380 400 420 440
X
Fig. 1 Variations of physical properties of R142b in sub- and

near-critical region
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(T=401.82K) which corresponds to P =3.5 MPa and is close to
the critical temperature (T, =410.26 K for R142b), while there is
a small peak at the saturation temperature (7= 383.08 K) which
corresponds to P =2.5MPa and is far from 7. of R142b. How-
ever, other properties including p, i, and / sharply drop at the sat-
uration temperature. As long as the saturation temperature is close
to its critical temperature, the properties concerned show a smaller
change. According to the special variations of properties in near-
critical region (Fig. 1), the region of working fluid in the
temperature—entropy (7—s) diagram below the critical point can be
divided into sub- and near-critical region.

In order to analyze the performance of NORC, we compare
such performance with that in subcritical condition. The ORC
with the evaporation pressure and temperature falling in near-
critical region is defined as NORC, while the ORC with the evap-
oration pressure and temperature falling in subcritical region is
defined as SORC. In this paper, the boundary between subcritical
region and near-critical region is evaluated with respect to varia-
tions of ¢, along isobars [17].

2.2 Working Fluids. For heat source temperature from 395
to 445K, three common working fluids are chosen and they are
dry R236fa, isentropic R142b, and wet R152a [6,13]. The critical
temperatures of these three fluids are close to each other. Figure 2
shows the T—s diagrams of the fluids. The important properties of
the fluids are listed in Table 1. All properties of R236fa, R142b,
and R152a are obtained from rRerproP 8.0 [21]. A method proposed
by Trela et al. [17] is applied in this paper to calculate the near-
critical region boundaries of these fluids. The near-critical region
for R236fa is bounded by 0.95<T/T.<1 and 0.66 <P/P.<1.
The near-critical region for R142b is bounded by 0.94 <T/T. <1
and 0.64 <P/P.<1. The near-critical region for R152a is
093<T/T.<1 and 0.60<P/P.<1. As an example, R142b’s
near-critical region is shown in Fig. 3.

2.3 Thermodynamic Model. According to the definitions of
SORC and NORC, the obvious difference between SORC and
NORC is that both the evaporation pressure and temperature of
working fluid in NORC are higher than those of SORC. In other
words, the extent of the isobaric evaporation process of NORC is
smaller than that of SORC. As a matter of fact, this difference
does not contribute to the different configurations of NORC and
SORC. Both SORC and NORC system have a pump, an evapora-
tor, an expander, and a condenser, as shown in Fig. 4. In general,
both SORC and NORC comprise the following four processes:
actual compression in a pump, constant pressure heat addition in
an evaporator, actual expansion in an expander, and constant pres-
sure heat rejection in a condenser, as shown in Fig. 5. Addition-
ally, the process 3—4s is the isentropic expansion process.
According to the first law of thermodynamic, the mathematical
model of each process is given as follows [22-24]:

TA

Isentropic R142b d7/ds <0

Dry R236fa

Wet R152b

d7/ds >0

-5

Fig.2 T-sdiagrams of R236fa, R142b, and R152b

Transactions of the ASME

Downloaded From: https://energyresources.asmedigitalcollection.asme.org on 06/30/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



Table 1 The physical properties of working fluids

Molar mass c
Name Molecular (g/mol) Ty (K) T. (K) (MPa)
R236fa CF;CH,CF; 152.04 271.71 398.07 3.20
R142b CH;CCIF, 100.49 264.03 410.26 4.12
R152a CH;CHF, 66.05 249.31 386.41 4.52
ThA
R142b
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Fig. 3 Schematic diagram of sub- and near-critical region of
R142b

Pump (1-2):
The actual power consumption of the pump is

Wpump = mWfV(PZ - Pl)/r’pump (€]

Evaporator (2-3):
The working fluid temperature at the evaporator outlet is calcu-
lated from

T; = Tevp + ATevp,min (2)

where ATcypmin is the minimum superheat degree for working
fluid vapor under a given evaporation temperature, which ensures
a dry expansion in the expansion process.

The heat absorbed by the working fluid is

Qevp - mwf(hS - hZ) (3)

Expander
I/I/exp

To generator

5 i- Evaporator T 4 8
—
evp Qcon
= ——
6 Condenser — 7
2+ +1

Fig.4 Schematic diagram of ORC system
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Expander (3—4):
The actual power of the expander is

chp = Mwfh exp (h3 - h4x) 4
The isentropic efficiency of the expander is expressed as
Nexp = (M3 — ha)/(h3 — ha) S

The specific enthalpy of the working fluid at the expander outlet
is calculated as follows:

ha = h3 — N ey (h3 — hay) (6)

In order to check the dryness fraction of working fluid at all
points in the expansion process, the actual expansion process is di-
vided into N small expansion segments, as shown in Fig. 6. Each
expansion segment has the same pressure drop (AP). AP is calcu-
lated from

AP = (P; — P4)/N (7

There are N+ 1 nodes in the whole expansion process. The
pressure for each node is calculated through the following
equation:

pi=Ps—(j—1AP (j=12,..N+1) ®
With the assumption of same isentropic efficiency for each

expansion segment, the specific enthalpy of the fluid at each
expansion segment outlet is calculated as follows:

TA

Heat sink — ]L

@)

(b)

Fig.5 T-sdiagrams of SORC (a) and NORC (b)
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hj = hj — Nexp (hf*l - h/’«s‘) (j=23,...,N+ 1) &)

where £, is the specific enthalpy for the isentropic expansion
process.

Based on the 4; and p;, the dryness fraction (x;) of the fluid at
each expansion segment outlet can be obtained from REFPROP
8.0 [21].

Condenser (4-1):

The working fluid temperature at the condenser outlet is calcu-

lated from

Tl = Tcon - ATcon (10)
The heat released by the working fluid is
Ocon = mwf(h4 - hl) 11)

Performance parameters:
The specific absorbed heat of the working fluid in the evapora-
tor is
Jevp = Qevp/mwf = [mwf(h3 - hZ)]/’nwf = (h3 - hZ) (12)
The specific net power of ORC is calculated through the follow-
ing equation:

Whet = Wnet/mwf - (Wexp - Wpump)/mwf (13)
The thermal efficiency of ORC is calculated as follows:
N = Wne[/Qevp (14)

2.4 Description of Calculation Methods. The minimum
superheat degree, specific net power, specific absorbed heat, and
thermal efficiency at different evaporation temperatures for these
three working fluids are calculated through the iteration calcula-
tion method as shown in Fig. 7. In this study, the flow rate of the
working fluid in the cycle is set to 1kg/s. The condensation
temperature and subcooling degree of the working fluid in the
condenser are 303 K and 5 K, respectively. Additionally, the isen-
tropic efficiencies of the pump and the expander are set to 0.75
and 0.8, respectively. It is noted that the minimum superheat
degree of the working fluid for a given evaporation temperature is
needed to be iteratively calculated, which can be seen from Fig. 7.
The starting value of the superheat degree for the iteration is 0 K.
Through the method presented in Sec. 2.3, the dryness fraction of
the working fluid vapor at all points in the expansion process can

h

N+1

L)

Fig. 6 h-sdiagram of the expansion process in the expander
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be checked. If one expansion segment is wet, the iteration pro-
gram aborts the calculation and starts with a higher superheat
degree. The process is repeated until the expansion at each seg-
ment has a dry expansion. After obtaining the minimum super-
heat degree, the performance parameters of working fluids in
ORC for a given evaporation temperature can be obtained. The
calculations are performed at different evaporation temperatures
ranging from 323 K to T, (where T is the critical temperature of
each fluid).

3 Results and Discussion

3.1 Minimum Superheat Degree. The superheat degree
(AT.,p,) of organic working fluid vapor is important for the per-
formance of ORC. The AT, of working fluid should be the mini-
mum value which just guarantees a dry expansion [6,25]. The
minimum superheat degree (ATcypmin) for R236fa, R142b, and
R152a at different evaporation temperatures (T.,p) ranging from
323K to T. (398.07K for R236fa, 410.26 K for R142b, and
386.41 K for R152a) is given in this study, as shown in Fig. 8.

Figure 8 shows that for dry R236fa in SORC, AT¢yp min is zero.
However, for R236fa in NORC, ATy}, min first remains zero and
then increases rapidly when T, is higher than 0.96. For isen-
tropic R142b in SORC, ATeypmin first remains zero and then
increases when T, is higher than 0.93. The T, of 0.93 is close
to the near-critical region (0.94 < T.,, < 1). For R142b in NORC,
ATy min increases with the increase of evaporation temperature.
For R236fa and R142b, the values of ATy, min at the critical

( Input Tevp 5 ATevp,minzo )

Calculate status parameters of each
point in cycle

v

Divide the expansion process into
N expansion segments

v

Calculation pjand /; at each
expansion segment outlet

v

Obtain x; at each
expansion segments outlet

Enhance ATypmin

No

Yes

Obtain ATeyp min
Calculate Wpes, Gevp, 1 > €tC

|

C Output calculated results )

Fig. 7 Calculation of the performance parameters for a given
evaporation temperature
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Fig. 8 Variation of minimum superheat degree with evapora-
tion temperature

temperature are about 2.5 and 4.8 K, respectively. The reason for
the special variations of the minimum superheat degree for
R236fa and R142b in NORC is the large slope variation of the sat-
urated vapor curve in near-critical condition. As shown in Fig. 2,
the slopes of the saturated vapor curves for R236fa and R142b in
subcritical condition are positive or infinite. R236fa and R142b in
saturated vapor can expand and fall in the saturated vapor zone.
Therefore, the minimum superheat degree for R236fa and R142b
in SORC is mostly zero. However, the slopes of the saturated
vapor curve for R236fa and R142b in near-critical condition are
negative. R236fa and R142b may cross the two-phase region

5.0
45f R236fa .
40F ----R142b /,; N
35F  —mem R152a s e 7
= 30f 4
E 1 T =093~
€ 25L  rew oz
3| s
=20[
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Fig. 9 Variation of expander inlet pressure (a) and its slope (b)
with evaporation temperature
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during the expansion. Therefore, in order to satisfy the dry expan-
sion, R236fa and R142b in NORC should be superheated. In addi-
tion, the variation of ATy, min With evaporation temperature for
wet R152a in NORC is similar to that for R152a in SORC. The
ATeVp,min of R152a increases with an increase in evaporation tem-
perature from 323 K to the critical temperature, because the slope
of the saturated vapor curve for R152a remains negative. For
R152a, the value of ATeVp,min at the critical temperature is about
13.4K. As previously pointed out, a high value of AT, is not
suggested [6,25]. Therefore, the use of dry R236fa or isentropic
R142b in NORC can be accepted because of the small superheat
degree, while the use of wet R152a in NORC is not recommended
because of the high superheat degree.

3.2 Expander Inlet Pressure. Figure 9(a) shows the varia-
tions of expander inlet pressure (Pj,e) for the three working fluids
with the evaporation temperature. The expander inlet pressure
increases with the increasing evaporation temperature and the
maximum value of P, is located at the critical temperature of
working fluid. It indicates that the expander inlet pressure of
NORC is higher than that of SORC. Figure 9(b) reports the slopes
(& = dPjnie/dTeyp) of the expander inlet pressure curves (Fig. 9(a))
under different evaporation temperatures. The slope of the ex-
pander inlet pressure curve increases with an increase in evapora-
tion temperature. It demonstrates that the expander inlet pressure
of NORC is more sensitive to the evaporation temperature than
that of SORC. That is to say, for the working fluid in NORC, a
small variation of T.,, may bring a large variation of Pj,;e;. Some
researchers [6,18-20] thought this special property of working
fluid in near-critical condition would make the system unstable.
However, this opinion lacks of support on theoretical and experi-
mental results. According to our experimental experiences [8], the
evaporation temperature is mostly affected by the expander inlet
pressure which depends on the change of working fluid flow rate,
expander ratio or load, when the heat source is sufficient. There-
fore, it is more reasonable to conclude that a small variation of
evaporation temperature for working fluid in NORC requires a
large variation of expander inlet pressure. In other words, this spe-
cial property may make the system more stable. Additionally,
among the three working fluids, the Pj,e of R152a is the highest
at the same Ty}, and this is also true for the slope of Pj, curve
for R152a. The Pj; of R236fa and R142b are close to each other
at the same T, and so are the slopes of Pj,; curves for these two
fluids.

3.3 Specific Absorbed Heat. Figure 10 illustrates the varia-
tions of the specific absorbed heat (ge,,) in the evaporator for
these three working fluids with the evaporation temperature. The
specific absorbed heat for the fluids in NORC increases more

320
300 |-
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Fig. 10 Variation of specific absorbed heat with evaporation
temperature
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slightly with the increase of T, than that in SORC, especially for
R236fa and R142b. For R236fa, the average growth rate of g.,p, in
the range of T.,, from the lower NRB temperature (Tiower,nrb 1S
about 378K for R236fa) to the critical temperature (7, is
398.07K for R236fa) is about 15% of that in the range of T.,,
from 323K to Tiowernrn- FOr R142b, the average growth rate of
Gevp in the Tange of Teyp from Tigyerns (387K for R142b) to T¢
(410.26 K for R142b) is about 35% of that in the range of T,
from 323K t0 Tiowernb- FOr R152a, the average growth rate of
Gevp in the Tange of Teyp from Tiowerns (359K for R152b) to T¢
(386.41 K for R152b) is about 65% of that in the range of T.,,
from 323 K to Tiower.nb- R142b is taken as an example to show the
reason for the small variation of specific absorbed heat. The super-
heat degree of R142b for each evaporation temperature is set to
6K, which can ensure a dry expansion in the expander for the
evaporation temperature from 323 K to the critical temperature.
The variation of g, for R142b with Tt is shown in Fig. 11(a).
The variations of ¢;, ¢», and g3 for R142b with T, are shown in
Fig. 11(b). The ¢, g2, and g3 are the specific absorbed heat of
R142b in the subcooled liquid preheating process, evaporation
process, and superheating process, respectively. Figure 11(a)
shows that the ¢.,, of R142b first increases and then decreases
with the increase of the evaporation temperature. The maximum
value is located at T}y, = 0.96. The reason for this phenomenon is
the sharp decrease of ¢, (i.e., latent heat) of the working fluid in
near-critical condition. As shown in Fig. 11(b), when Ty, is
smaller than 0.96, the sum of the ascending rate of ¢; and qj is
larger than the descending rate of ¢,, causing the total absorbed
heat to increase continuously. However, when T, is higher than
0.96, the sum of the ascending rate of g1 and ¢3 is smaller than
the descending rate of g,, causing the ¢.,, of R142b to decrease
continuously. Therefore, the maximum specific absorbed heat

250
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Fig. 11 Variations of g..p (a) and q,, q,, and g5 (b) of R142b
with evaporation temperature
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occurs at Tre,p, =0.96. R236fa and R152a are also in the similar
trend. Referring to Figs. 3 and 4, it is obvious that the reason for
the small variations of g.,, for these three working fluids in
NORC is the sharp decrease of the working fluids’ latent heat in
near-critical condition.

The specific absorbed heat in the evaporator decreased slowly
with the increasing evaporation temperature [14]. It is contrary to
the variations of specific absorbed heat in our study. Pan et al.
[14] showed that the evaporator outlet temperature was set to
85°C and it was avoided that the working fluids expanded into
two-phase region. Hence, the superheat degree of the working flu-
ids was the highest at the lowest evaporation temperature and
decreased with the increasing evaporation temperature. However,
in our study, the superheat degree of the working fluids at differ-
ent evaporation temperatures is the minimum value which just
guarantees a dry expansion. The difference on the superheat
degree may cause that the variations of the specific absorbed heat
in our study are different from those in Ref. [14].

3.4 Specific Net Power and Thermal Efficiency. Figure 12
shows the variations of specific net power (w,.) for R236fa,
R142b, and R152a with evaporation temperature. The specific net
power of the fluids increases with the rise of evaporation tempera-
ture. The specific net power of the fluids in NORC is all higher
than that in SORC and all the maximum values of w,, are at the
critical temperature. However, the average growth rates of wye
for the fluids in the range of T, from Tiowernn (378 K for
R236fa, 387K for R142b, and 359K for R152b) to 7. (398.07K
for R236fa, 410.26 K for R142b, and 386.41 K for R152b) are all
smaller than those in the range of T.,, between 323K and
Tiowernrb- It is most obvious for R236fa, as the former is lower
than the latter by about 60%. For R142b, the former is smaller
than the latter by about 50%. However, this phenomenon is not
obvious for R152a, as the former is lower than the latter by about
30%. Since the specific enthalpy of working fluid at the expander
inlet mainly depends on the specific absorbed heat in the evapora-
tor when the condensation conditions are fixed, the small varia-
tions of the specific net power for the fluids in NORC are mainly
a consequence of the small variations of the specific absorbed
heat, as shown in Figs. 10 and 12.

Figure 13 reports the variations of thermal efficiency for
R236fa, R142b, and R152a with the evaporation temperature. The
thermal efficiency of these three fluids increases with the increase
of evaporation temperature and has its maximum value at the criti-
cal temperature. All the thermal efficiency of the fluids in NORC
is higher than that in SORC. Similarly, they vary slightly with the
evaporation temperature. For R236fa, R142b, and R152a, the
average growth rates of 7y, in the range of Teyp from Tigwernr tO
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Fig. 12 Variation of specific net power with evaporation
temperature
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temperature

T, are lower than those in the range of T¢,;, from 323 K to Tiower,nrb
by about 60%, 55%, and 40%, respectively.

4 Conclusions

The special variations of the performance parameters for dry
R236fa, isentropic R142b, and wet R152a in NORC with evapora-
tion temperature have been investigated in this paper. The rela-
tions between the special variations of the performance
parameters and some working fluid properties are analyzed. The
main conclusions are summarized as follows:

(1) Dry R236fa and isentropic R142b in NORC should be
superheated. The ATcypmin 0of R152a increases with an
increase in evaporation temperature from 323 K to the criti-
cal temperature. The values of ATy}, min at the critical tem-
perature for R236fa, R142b, and R152a are about 2.5, 4.8,
and 13.4K, respectively. Therefore, dry R236fa or isen-
tropic R142b can be adopted in NORC because of the small
superheat degree, while wet R152a is not recommended
because of the high superheat degree.

(2) The variation of expander inlet pressure of working fluid in
NORC with the evaporation temperature is much larger
than that in SORC. It indicates that a small variation of
evaporation temperature for working fluid in NORC
requires a large variation of expander inlet pressure. This
special property may make the system performance more
stable.

(3) The specific absorbed heat for working fluid in NORC
increases more slowly with the rise of the evaporation tem-
perature than that in SORC, especially for R236fa and
R142b. For R236fa, the average growth rate of specific
absorbed heat with evaporation temperature in near-critical
condition is about 15% of that in subcritical condition. For
R142b, the former is 35% of the latter. The reason is the
sharp decrease of latent heat of the fluid in near-critical
condition.

(4) The specific net power of working fluid in NORC is higher
than that in SORC. It is true of the thermal efficiency of the
fluids in NORC as well. Additionally, both specific net
power and thermal efficiency for the fluids in NORC
increase slightly with the rise of the evaporation tempera-
ture, especially for R236fa and R142b.

It can be concluded that the large variations of working fluid
properties have a good effect on the performance of NORC. The
specific net power and thermal efficiency vary slowly with the
evaporation temperature, which means that the performance of
NORC at off-design condition is superior to that of SORC. In
addition, among these three working fluids, dry R236fa and isen-
tropic R142b are better suited for NORC.
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Nomenclature

¢p = specific heat (kJ/(kg K))
h = enthalpy (J/kg)
m = mass flow rate (kg/s)
N = the number of small expansion segments
p = pressure for each node (Pa)
P = pressure (Pa)
P. = critical pressure (Pa)
Piner = expander inlet pressure (Pa)
q = specific absorbed heat (J/kg)
O = heat (W)
T = temperature (K)
T, = normal boiling temperature (K)
T. = critical temperature (K)
T, = evaporation temperature (K)
Tiowernrb = lower near-critical region boundary temperature (K)
T, = reduced temperature
T, =TIT.
Trevp = reduced evaporation temperature, Treyp = Teyp/Tc
v = specific volume of working fluid (m*/kg)
W = power (W)
Whe = specific net power (J/kg)
Wiet = net power (W)
x = dryness fraction of working fluid vapor

Greek Symbols

AP = pressure drop in expander (Pa)
AT, = degree of subcooling (K)
AT,,, = superheat degree (K)
ATeyp min = minimum superheat degree (K)
isentropic efficiency of expander
Npump = isentropic efficiency of pump
N = thermal efficiency
/A = thermal conductivity (K)
1 = dynamic viscosity (uPa s)
p = density (kg/m®)

Nexp

Subscripts
¢ = critical point
con = condenser or condensation
evp = evaporator or evaporation
exp = expander
J = state of working fluid at j node in the expansion process
J,s = state of working fluid for the isentropic expansion
process
pump = pump
wt = working fluid
1,2,3,4 = states in system of working fluid
4s = state of isentropic point of working fluid in expander
5, 6 = states in system of heat source
7, 8 = states in system of heat sink
Abbreviations

NORC = ORC in near-critical condition
ORC = organic Rankine cycle
SORC = ORC in subcritical condition
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