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Abstract—To quicken the process for high global warming potential (GWP) working fluid replacement for organic
Rankine cycle (ORC) systems, a thermo-economic evaluation of low GWP fluid R1233zd(E) as an R245fa alternative
has been performed in comparison with other natural fluids n-Pentane, Isopentane, and Isobutane for geothermal
applications. The heat source water mass flow rate remains constant and 5 K pinch point is set for both evaporator side
and condenser side. All working fluids have a close net thermal efficiency within 2%. Increasing the heat source from
120 °C to 160 °C gives a more than 20% efficiency rise. The low critical temperature of Isobutane limits its application
for 160 °C heat source. R1233zd(E) displays a close mass flow rate (within 2%) from R245fa and others exhibit more
than 40% flow rate reduction. The component level performance has also been investigated in this study. All alterna-
tives exhibit a lower evaporator side (evaporator and preheater) heat transfer area than baseline R245fa, and a slightly
higher condenser side (condenser and desuperheater) heat transfer area. For turbine performance, R245fa displays the
highest volume flow ratio, indicating a significant change of the rotor blade height should be made between the inlet
and outlet point for the expansion process. R1233zd(E) displays ~10% increase for turbine size parameter from base-
line, n-Pentane shows ~22% rise, Isopentane exhibits ~11% rise, while Isobutane presents 32% decrease, respectively. In
general, R1233zd(E) only exhibits ~2.3% higher specific investment cost than R245fa, while n-Pentane and Isopentane
exhibit more than 15% cost rise. Thus, from the thermo-economic scale with an extended application range,
R1233zd(E) exhibits a better overall performance index when compared with other R245fa alternatives and can be ser-

viced as promising candidate to replace R245fa.
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INTRODUCTION

Increasing fossil fuel consumption and greenhouse gas (GHG)
emissions have brought various challenges such as ozone layer de-
pletion, ecosystem destruction, air pollution and threatening human
health. The rising energy cost, volatility in energy prices, and secu-
rity of energy supply add to the complexity of such challenges. There
is an alarming concern for the engineering community to explore
approaches to resolve or relieve at the largest such energy and envi-
ronmental issues. In fact, various countries, such as the European
Union (EU), are aiming to cut the emissions. EU has set a goal
with cutting the emissions significantly by 80-95% from 1990 lev-
els as part of the efforts for a commitment to global climate action
required by developed countries by 2050 [1]. In general, there are
several approaches to achieve such targets, such as developing and
utilizing renewable energy for power generation, and enhancing
energy conservation system. Renewable and sustainable resources,
including solar, biomass, and geothermal, can play a vital role in
shifting the consumption of the high emission primary energy source
such as fossil fuels [2].
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Various cycles have been developed to utilize the renewables and
waste heat, such as steam Rankine cycle, Brayton cycle, Stirling cycle
and organic Rankine cycle (ORC). Compared with the conven-
tional Rankine cycle, ORC can use volatile organic liquids to replace
water. The low boiling point of volatile organic liquids can make
ORC to be possible to recover the available heat from low tem-
perature waste heat resources. What's more, its high flexibility, low
maintenance cost, and good thermal properties have made ORC
competitive to other cycles. Among various working fluids, the most
widespread ones for ORC applications, such as geothermal plants
or low temperature waste heat utilization, are R245fa, R123, and
R134a. Muhammad et al. [3] investigated R245fa as a working fluid
in a standard ORC system with the 120 °C steam waste heat as the
heat source, and a commercial 1 kW scroll expander was applied.
The heat exchangers are the plate heat exchanger type. The results
showed that the maximum of the net thermal cycle efficiency can
be obtained with a value of 4.66%. Li et al. [4] studied R123 as a
working fluid in a recuperative cycle configuration. A rated power
of 6 KW was employed and the heat source functioned by an elec-
tric resistance heater via a thermal oil loop with the flowing tem-
perature of 130 °C. The results showed that a net cycle efficiency of
7.98% can be achieved. Generally, the average ORC thermal effi-
ciency is in the range of 0.02 to 0.19.

Nevertheless, the environmental issues raise an increasing alarm
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to quicken the process for high global warming potential (GWP)
working fluid replacement [5,6]. R123, which belongs to the family
of hydrochlorofluorocarbons (HCFCs), is the second-generation
working fluid with non-zero ozone depletion potential. R134a and
R245fa, are in the family of hydrofluorocarbons (HFCs). R134a has
a high GWP value of 1,300 and R245fa has a high value of 1,030.
HFCs are the third-generation refrigerants and they have no effect
on the ozone layer. Though the current refrigerant market is dom-
inated by HFCs, the global regulations are now aiming at phasing
down such high GWP HECs [7]. For the current study, geother-
mal application was mainly investigated, and R245fa is the domi-
nant working fluid in the market. In recent years, a series of new
next-generation working fluids, such as hydrofluoroolefins (HFOs,
ie, fluorinated propene (propylene) isomers), have been developed.
Such fluids have a low GWP and similar thermodynamic proper-
ties compared to the traditional working fluids.

Various studies concerning HFOs from both the simulation
approaches and experimental aspects have been conducted to
replace R245fa. Liu et al. [8] calculated the thermodynamic prop-
erties using the Peng-Robinson equation of state and the molecu-
lar based Joback method and investigated the HFOs with application
in a standard ORC. This study concluded that HFO (R1234yf and
R1225ye(E)) could achieve a better performance of thermal effi-
ciency than the baseline fluids R245fa and R134a with a heat source
of 120 °C to 150 °C low-grade heat. As for R1234yf, it is preferable
for ~120 °C geothermal heat source temperature and the cycle effi-
ciency can be freed from the pinch point limitation. Moles et al. [9]
performed a numerical ORC investigation for R245fa, R1233zd(E)
and R1336mzz(Z) under various operating conditions. A constant
heat rate to the high pressure side evaporator was employed. Both
the standard and the recuperated cycle were investigated. Their
report indicated that R1233zd(E) has a 10.6% higher net cycle effi-
ciency than the baseline R245fa. R1336mzz(Z) could obtain up to
17% higher net cydle efficiency than R245fa over the operating
condition range. In addition, R1336mzz(Z) cydle efficiency is benefit-
ted substantially by a recuperator. A recuperative supercritical ORC
[10] was investigated with nontoxic fluids under various turbine
inlet operating conditions. This study concluded that R1233zd(E)
has the best plant efficiency of 16.2% and a second law efficiency
of 52.3% under the turbine inlet condition of 240 °C. Chen et al.
[11] proposed a novel ORC with a vapor-liquid ejector (EORC) to
enhance the system performance. Results showed that the novel
system can achieve a higher system efficiency than a conventional
ORC and a regenerative organic Rankine cycle (RORC). They con-
cluded that R1233zd(E) can be a good working fluid since it has a
better system efficiency than R1336mzz(Z) and is more favored from
the environmental aspects than R123. Longo et al. [12] conducted
a thermodynamic performance evaluation of low-GWP refriger-
ants for heat pump (HP) and ORC applications. R1234ze(Z) dis-
plays a similar efficiency to R245fa, while R1233zd(E) exhibits a
higher value and R600a a lower one than R245fa in both HP and
ORC applications, respectively. Giuffrida [13] conducted a theoret-
ical investigation of R1234ze(Z) and R1233zd(E) to replace R245fa
in a micro ORC system. R1234ze(Z) and R1233zd(E) exhibit equal
and better performance than R245fa, respectively, in their study. In
addition, there is one review work [14] for different ORC fluids
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toward cycle configuration and operating condition. As for the exper-
imental aspects, several studies have been published. The experi-
mental work by Datla and Brasz [15] was performed for R1233zd(E)
in a 75 kW standard ORC to replace R245fa. A radial inflow tur-
bine was employed. At one operating point, R1233zd(E) could
achieve an 8.7% net cydle efficiency. Another experimental study
by Eyerer et al. [16] analyzed the applicability of R1233zd(E) to
replace R245fa in existing systems. A scroll compressor was em-
ployed as an expander. Results show that R1233zd(E) performs
6.9% better than R245fa for the maximum value of thermal effi-
ciency. The test was investigated by Molés [17] via a fully monitored
ORC test rig, and the mass flow rate for R1233zd(E) was approxi-
mately 20% lower than for R245fa. This study concluded that the
net electrical efficiency between the two working fluids is similar,
ranging from 5% to 9.7%. They also revealed that R1233zd(E) has
a higher value of maximum expander isentropic performance than
R245fa, and they had a similar overall efficiency of the expander,
ranging from 44% to 57% during the test. More recently, an exper-
imental test by Yang et al. [18] was conducted under extensive oper-
ating conditions. During their test, R1233zd(E) led to approximately
3.8% higher than R245fa for the performance of the maximum
cycle thermal efficiency. The former fluid could also achieve 4.5%
higher maximum output electrical power than the latter. They con-
cluded that R1233zd(E) can be an appropriate alternative to R245fa.
Their following study [19] for the performance comparison between
HFOs (R1234ze(Z), R1233zd(E), and R1336mzz(E)) and baseline
R245fa also recommended that R1233zd(E) proved to be an ap-
propriate alternative to R245fa. Further study by Eyerer et al. [20]
also revealed that R1233zd(E) can lead to a dlose thermal efficiency
to R245fa. Talluri et al. [21] conducted an experimental study of a
Tesla turbine with a refrigerant of R1233zd(E). Results showed that
a maximum net power delivery could be obtained with a value of
371W, demonstrating the feasibility of utilizing Tesla turbines in
ORC applications. A maximum shaft efficiency could be obtained
as 9.62% and a maximum adiabatic efficiency could reach 30%.
They also investigated the geometry for Tesla turbine performance
for ORC applications [22].

Based on the literature review work, all the aforementioned sim-
ulation approaches and experimental studies conducted much of
the applicability work of R1233zd(E) as a drop-in replacement to
R245fa in ORC system. Nevertheless, there is a lack of the heat trans-
fer area evaluation and economic prediction aspects. Most previ-
ous studies and associated conclusions were derived strictly based
on thermodynamic cycle analyses and they do not give enough
consideration for the component performance between the heat
source/sink and corresponding fluids (R1233zd(E) and R245fa) in
the ORC heat exchangers. In addition, the system cost should be
considered together with the thermal performance aspects to have
an overall evaluation for R1233zd(E) as a new refrigerant to replace
R245fa. What's more, in the past studies, R1233zd(E) was not com-
pared for thermo-economic performance in detail in ORCs with
non-synthesized fluids, such as benzene and toluene. Thus, and,
by extension, the current study performed a thermo-economic evalu-
ation for R1233zd(E) and several non-synthesized fluids as R245fa
alternatives from both the system level thermal performance and
system components’ (heat exchangers, turbines) sizes and costs as
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well, leading to a well-defined analysis of the benefits and points of
employing new working fluids in ORC systems. It is anticipated
that the viewpoints from this study can be beneficial for engineers,
policy-makers, and manufacturers to maintain the maximum sys-
tem thermal performance delivery with consideration of economic
benefits as well.

This paper is organized as follows: Section 2 introduces the work-
ing fluid selection and comparison. Section 3 shows the ORC sys-
tem description, and Section 4 introduces the ORC thermodynamic
model, heat transfer and component size model, component cost
model and performance evaluation methodology. Section 5 dis-
cusses the results for thermo-economic performance. Section 6
summarizes the perspectives, directions and conclusions towards
the sustainable target.

PROPERTIES OF REFRIGERANTS SELECTED

Table 1 is a comparison of the main characteristics between
baseline R245fa, R1233zd(E) and several natural refrigerants [23].
All R245fa alternatives can provide a more than 99% GWP reduc-
tion from baseline R245fa. R1233zd(E) is normally described as
zero-ozone depletion potential (ODP) due to its very low and neg-
ligible ODP, less than 0.0004.

The normal boiling point (NBP) of R1233zd(E) is close to that
of R245fa. n-Pentane and Isopentane exhibit a higher critical tem-
perature from the baseline, while Isobutane presents a lower one.
In addition, several natural fluids have the high risk of flammabil-
ity (A3 level). Fig. 1 shows the comparison in saturation tempera-
ture-entropy diagrams (ie., T-s diagram) and the vapor pressure

comparison of refrigerants in log P-(-T,, ") diagrams for different
fluids. From such figures, it can be found that R1233zd(E)’s vapor
pressure is close to R245fa and is above atmospheric pressure when
the condensing temperature is 30 °C. While, when condensing tem-
perature decreases, other natural fluids such as n-Pentane and Iso-
pentane will be at the risk of having pressure lower than atmospheric
pressure. The vapor saturation curves of R245fa and R1233zd(E)
show a slight positive slope and can be dlassified as dry-isentropic
fluids and others are regarded as dry fluids.

ORC SYSTEM DESCRIPTION

Fig. 2 shows the basic ORC cycle with four basic processes: heat
addition, expansion, heat rejection and pumping. For the basic cydle,
it is sub-critical and non-regenerative. For the heat addition pro-
cess, there are two heat exchangers: the preheater, which is used to
pre-heat the working fluid to the saturated state liquid, and the
evaporator, which is used to evaporate the fluid to the saturated
vapor or superheated state if necessary. There are also two other
heat exchangers for the heat rejection process: the desuperheater,
which is used to cool the working fluid from the superheated vapor
state to the saturated vapor, and the condenser, which is used to
condensate the fluid to the saturated liquid. All heat exchangers
are counter-current shell and tube heat exchangers.

MODELS AND METHODOLOGY

In this section, different models for ORC thermodynamic pro-
cess, heat transfer process, component sizing and cost, are presented.

Table 1. Main characteristics of R245fa, R1233zd(E), n-pentane, isopentane, and isobutane

R245fa R1233zd(E) n-Pentane Isopentane Isobutane
Molecular mass (g/mol) 130.5 134 72.15 72.15 58.123
ASHARE Std 34 safety class B1 Al A3 A3 A3
ODP 0 <0.0004 0 0 0
AR5 GWP,g) ., 1030 1 5 5 3
Critical temperature (°C) 154.01 165.6 196.55 187.2 134.66
Critical pressure (MPa) 3.651 3.623 3.3675 3.378 3.629
NBP (°C) 14.81 17.97 36.21 27.78 -12
Flammability Non-flammable Non-flammable Flammable Flammable Flammable
Slope Dry-isentropic Dry-isentropic Dry Dry Dry
Evaporating pressure at 120 °C (MPa) 1.930 1.575 0.90 1.086 2.836
Condensing pressure at 30 °C (MPa) 0.178 0.155 0.082 0.1091 0.4047
Liquid density” (kg/ m’) 1,324.788 1,250.597 616.1405 609.844 544310
Vapor density” (kg/m’) 10.102 8.508 2439 3277 10.480
Liquid ¢, (kJ/kg-K) 1.329 1.224 2.339 2.300 2.463
Vapor ¢’ (kJ/kg-K) 0.919 0.839 1.724 1.726 1.835
Liquid therm. cond.” (mW/m-K) 86.540 81.252 110.091 100.187 87.489
Vapor therm. cond.” (mW/m-K) 13.0515 11.0759 14.9817 14.8566 17.3706
Liquid Viscosity“ (1Pas) 374.770 272.288 210.493 208.875 143.432
Vapor viscosity” (Pa s) 10.580 10.497 6.839 7.130 7.630
Latent heat” (kJ/kg) 1874 189.1 362.4 340.9 3234
Latent heat at NBP (k]/kg) 196.901 194.767 357.583 343.321 365.322

“Under 30 °C conditions. All properties were obtained using REFPROP [23]
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Fig. 1. Refrigerant property diagram comparison.

In addition, the performance evaluation methodology is also revealed.
1. ORC Thermodynamic Model

As shown in Fig. 2, the pump power W, which is pumping the
fluid from saturated liquid point 1 to high pressure state point 2, is
calculated as:

W,=m(h,—h;)=m(hy,—hy)/7, ey

73, is the isentropic efficiency for the pump and m is the organic
fluid mass flow rate.
The heat source Q... is obtained as:

Qsaurce = m(h3 - hz) = msource(hsourCE, in~ hsource, aut) (2)
Qsaurce = Qevupomtar + Qpreheater (3)

m,,,., is the source fluid mass flow rate and the heat addition can
be divided into two parts: evaporator side Q,,4orurr and the pre-
heater side Q.- The calculation for each side is shown as fol-
lows:

Qevaparatar: m(h3 - ha) = msaurce(hsaurCE, in~ hA) (4)
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Fig. 2. Schematics of organic Rankine baseline cycle.

preheﬂfﬂz m(ha - h2) = msource(hA - hsource, out) Q)

ATpinch, source — TA - Ta (6)

AT i, souree 18 the pinch temperature difference at the heat source
side.

The cycle power W, generated as the working fluid is expanded
from state point 3 to state point 4 is given by:

W,=m(h;-h,)=m(h;-h,)- 7, @)
7, is the isentropic efficiency for the turbine.

After expansion, the heat rejection process begins. Similarly, the
heat rejection Qg from the heat source is given by:

Q:ink = m(h4 - hl) = msink(hsink, out™ hsink, in) (8)
Qsink = Q d

my,, is the heat sink fluid mass flow rate and the heat rejection
can be divided into two parts: desuperheater side Q desuperheater AN
the condenser side Q. enser- The calculation for each side is shown
as follows:

heater + Q d (9)

P

Qdesuperheater: m(h4 - hb) = rhsink(hsink, out”™ hB) (10)

Qcondenser:m(hb_hl):msink(hB_hsink, in) (11)
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AT

pinch, :ink:Th_TB (12)

The total net work delivery W,,, is given by:

W, =W W, 13)
System thermal efficiency 77 is calculated as:

7=(Wi= W)/ Quoree (14)

All the thermodynamic models are listed in this section. For the
heat addition process and heat rejection process, it is estimated 30-
50 kPa pressure drop.

2. Heat Transfer and Component Sizing Model

For the current study; the heat exchangers are the shell and tube
type with the counter-current flow configuration. There is one-pass
in shell and two-pass in tubes. The heat source/heat sink fluid (ie,
water) is in the tube side and the organic or natural working fluid
is in the shell side. An allowable pressure drop (<35 kPa in the cur-
rent study) is recommended for heat exchangers during the heat
transfer process.

Several basic assumptions are made as follows: fluid is steady and
its properties are independent of time; the pressure at one point
for the fluid is independent of direction; body force is only caused
due to the gravity, and the heat losses to ambient are neglected.
2-1. Heat Exchangers
2-1-1. Tube Side Heat Transfer and Pressure Drop

For the tube side, it is the single phase state with water as the
liquid. The tube cross flow area a, and the mass flow per area unit
G, are listed by:

N, 7d;,
_ 15
© 4N, (15
. m,
G,=— (16)

Ny is the number of tubes for each heat exchanger, 7 is the math
constant, d;, is the tube internal diameter, N,, is the number of
passes in tubes and m, is the mass flow rate in the tube side, either
from heat source fluid or heat sink fluid.

The Reynolds number Re, in the tube side is calculated as,

— thin

Re,
My

17)

44 is the dynamic viscosity of the fluid in the tube.
The Prandtl number Pr, and Nusselt number Nu, read as follows:

C
pr,= 2t (18)
Ay
Nu,=0.023(Re,)"*Pr™ (19)

C,. is the fluid heat capacity. np; is the parameter of the Dittus-
Boelter correlation. The correlation has a value of 0.3 when the fluid
is cooling while 0.4 when it is heating [24]. The wall heat transfer
coefficient h, at the tube side can be obtained via

_Nu4,
=7

m

h, (20)

The heat transfer area Ay is obtained by,

AHXfpmset:NTLtube( ﬂdout)Ns (2 1)

L. is the tube length, d,, is the tube external diameter, and N; is
the number of shells per heat exchanger. In this work, the value is 1.
The pressure drop [25] in the tube side AP, is calculated as,

2
= @(4ftL!ubeNt Ns

5 5 +4thNS) (22)

AP,

in

f;is the friction factor and v, is the tube inside fluid velocity.
The friction factor f; reads as follows:

f=exp(0.576—0.19InRe,) (23)

2-1-2. Shell Side Heat Transfer and Pressure Drop

This section discusses the shell side heat transfer and pressure
drop. With the tube geometry determined, the total number of
tubes N can be predicted in fair approximation as function of D
by taking the shell circle and dividing it by the projected area of
the tube layout pertaining to a single tube A,,

N;=(CTP)7D;/(4A,) (24
CTP is the tube count calculation constant [25]. The CTP value is

0.93 for one-tube pass, 0.90 for two-tube pass and 0.85 for three-
tube pass, respectively. Here we choose two-tube pass.

A,=(CL)P; (25)
P, is the tube pitch and CL is the tube layout constant, with the
value to be 1 for 90° and 45°, and 0.87 for 30° and 60°, respectively.

The cross-flow area a; and mass flow per area unit G, in that
order are shown as,

C.B

— SSTS 26
N 26)
G= @)

C, is the clearance between tubes, B, is the baffle spacing, N, is the
number of passes in shells and m is the mass flow rate in shell side.
The shell diameter D, is calculated as,

D=D,+C, (28)

D, is the bundle tube diameter, given by,

N (1)
D,,:dm(f?) 29)
C=Pr—d,, (30)

n, and K are the coefficients depending on the tube pattern and
number of tube passes [26]. The baffle position with perpendicular
to the flow can help to produce high turbulence for the shell side
[25], and the baftle spacing B, is obtained via,

B=D,2 (31)

The Reynolds number in the shell side Re; is calculated as,

G.D
Re = —2= (32)
yIx

The equivalent diameter of shell, D,,, ,, is the function of tube pat-

Korean J. Chem. Eng.(Vol. 38, No. 11)
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tern, and for the square pitch type, it is,
2 2
4P, —d,,,
_ Lout 33
s~ g (33)

out

For triangular pattern, it reads as follows:

_ zpf'\/g - ”diut

s T daut (34)
The dimensionless Prandtl number Pr; is given by,
C
Pr,= —% (35)

s

For the shell side, the heat transfer calculation can be divided into
three sub-sections:

(1) Single phase process for preheater and desuperheater.

It is assumed the baffle cut ratio is set to be 25% in this study:.
Based on study by Mc Adams [27], the shell side heat transfer coef-
ficient h, can be calculated as follows:

k C 1/3 0.14
h,=0.36="Re" (&) [ £L) (36)
Deq, s k: Hiy

1, is the viscosity evaluated at the bulk mean temperature, 1, is
viscosity evaluated at the wall temperature, ¢,  is the shell side fluid
specific heat at constant pressure, and k; is the shell side fluid ther-
mal conductivity.

The pressure drop for the shell side AP, can be calculated as fol-
lows:

GX(N;+1)D.N N

— N ST°S Se
APS fr szDEq, S@S (37)

Nj is the number of baffles, (N+1) is the number of times fluid
passes to the tube bundle, @=(z4/z4,)*", and the shell side fric-
tion factor f; is calculated as,

f,=exp(0.576—0.19InRe,) (38)

For which the friction factor should be considered for the range of
the Reynolds number described as follows:

400<Re<1x10° (39)

(2) Evaporator side two phase boiling process

Different from the single phase heat transfer process, the two
phase boiling process in the evaporator notices the significant changes
of fluid properties. Based on the approximate modifications to the
Dittus-Boelter type correlation, Tinker [28] proposed the coefficient
in the saturated boiling region, and it is the sum of convective and
nucleate components, given by,

h,=h,,.+h (40)

conv

h o =0.023Re; Py (k /D, JF, (41)

conv

0.79 045 0.49 0.25

k
h,, = 0.00122[L—CMJ(TW -T)"*(®,-P)""s, (42)

nuc 0.5 029 0.24

o (Ap)

Re; and Pr; are calculated on the assumption of liquid flowing in
the shell with the consideration of the equivalent diameter of the
shell. The subscripts L and v account for the liquid and gas phase.

November, 2021

F. is the convective-correction factor, which is the strictly the flow
parameter. This factor is the ratio of the two-phase Reynolds num-
ber to the liquid Reynolds number based on the liquid fraction of
the flow. (T,,—T,) is the temperature superheat between the value
under the wall condition and that under the fluid saturation con-
dition, and (P,,—P,) is the difference in vapor pressure correspond-
ing to this superheat. o is the vapor-liquid surface tension, 4 is the
latent heat of vaporization, g, is the gravitational constant, and S, is
the suppression factor. S, approaches unity at zero flow rate and
zero at infinite flow rate, and it can be represented as a function of
the local two phase Reynolds number.

For the pressure drop, here the pressure drop due to the friction
and acceleration are mainly discussed. The pressure drop due to
the friction [29] is,

APfr: (1 + (Yz_ 1) [BX(Z?VO/Z( 1- X)(} “)/2+X(2*”)] )APsingle (43)

where AP, is the frictional, ideal pressure drop in the shell if all
the fluid is saturated liquid, Y* is the Chisholm parameter, x is the
quality of the fluid. For the cross flow B=1 and n=0.37, while for
the window flow B=(p,/0,)"* and n=0. g, is the homogeneous flow
density; given as,

L E— (44)
X X
P L P v
The pressure drop due to the friction and acceleration is,
22 (l—x)2 X (l—X)2 X
AP, =G( X X ) (X | X 45
“ {(pL(l— Q) pvo) (pL(l— @) pva) in )
where a=1/ (1+ == &) is the void fraction as calculated for a

X Pr

homogeneous flow.

(3) Condenser side two phase condensation process

Regarding the condensation process, the heat transfer coethi-
cient is utilized from the study by Boyko and Kruzhilin [30]. The
condensate in the condenser is assumed to form annular Flow.

First, the liquid flow based Reynolds number and Prandtl num-
ber are used for calculation as follows:

h,=0.023Re;*Pr;(k,/D,,,.) (46)

Then the shell side convection heat transfer coefficient h, can be
calculated as,

h
h=>(1+p./p,) (47)

The two-phase condensing process pressure drop is calculated by
the same correlations as given for the evaporator.

Finally, for each sector, the overall heat transfer coefficient for
clean surface U, ,,, based on tuber external service is,

1 _ l l dLut ln(raut/rin)ruut
- hs " hl din i ktube (48)

U

¢, sector

K, is the thermal conductivity of the tube material. When the foul-
ing resistance is considered (Ry), the heat transfer coefficient for
fouled surface Uy .., can be calculated via:
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1 1

Uf, sector U

¢, sector i Rﬁ (49)

The fouling resistance can be checked from the Table in Refer-
ence [31]. Here the refrigerant side fouling resistance is pre-set as
0. Therefore, with Uy, obtained, the heat exchanger heat trans-
fer area for each sector Ay ..., can be obtained via,

AHX. sector— QHX seutm/ (Uj, sector” LMTDseumr' FT. sector) (5 0)

A eor 1 the heat transfer area for the corresponding sector,
Quix wector 18 the heat flow for that sector, Fr ., is the sector tem-
perature factor correction, and LMTD,,,,, is the sector log-mean
temperature difference, which can be easily obtained from inlet
and outlet temperature for hot and cold fluids.

Choose proper setting for sector geometry such as shell diame-
ter and tube length for each sector sub heat exchanger, and make
sure ois in the range of 0 to 10%. For a fair comparison, all work-
ing fluids should have a close value of &.

o= (AHX sector— AHX, scclor-prcszt)/ AHX, sector (5 1)

A sectorpreser 18 the heat exchanger area from Eq. (21), Agy cor 18
the sector heat exchanger area from Eq. (50), and 0'is the relative
ratio of heat exchanger area. With a satisfied value for & within the
needed range, the sector heat transfer performance and heat trans-
fer area can be obtained. In this way, the sector can be obtained
for heat exchanger performance. Finally, the overall heat exchanger
area AHX, overall is,

AHX. overall :AHX. singIB+AHX, twophase (5 2)

For current study, the horizontal orientation is chosen and the
tube is the plain type with a layout angle 30° and a wall thickness
is 2.2 mm. The tube material is the 304 stainless steel (18Cr, 8Ni).
The thermal fluid process condition inputs are determined from
section ORC thermodynamic model for water side/refrigerant side
pressure/temperature/vapor quality/mass flow rate conditions. The
heat exchanger thermal calculation is based on pre-set condition.
The fluid information can be obtained from the fluid package
REFPROP.
2-2. Turbines

For the current cycle configuration, there is only one turbine. It
is the main component for power generation delivery. In fact, the
volume flow ratio (Vy, see below) has a major impact on turbine
efficiency and component geometry. Usually a high value indicates the
expansion process with the corresponding fluid necessitates a large
change in rotor blade height between the inlet and outlet points.

VR:pin/pmAt (53)

The size parameter SP (see equation below) is the turbine size indi-
cator based on the reference [31]. In fact it can also be used in a
similar fashion to the specific diameter [32,33].

SP= A Vout, i5/4'\/ Ahis (54)

V,u.is is the volume flow ratio of the outlet streams of the turbine.
Ah, is the isentropic specific enthalpy drop in the turbine.

In this section, it is necessary to explain why the component-
specific performance should be considered. Under the same oper-

ating condition (same heat source/sink level and pinch point set-
ting), when the old refrigerant such as R245fa is phased out and
the low GWP fluids are adopted, the original components (such as
heat exchangers and turbines) are usually not very qualified for the
new low GWP fluids. The comparison for the component perfor-
mance can quantitatively provide suggestions for the manufacturers
to select the component size from their existing or new supplier
database.

3. Component Cost Model and Performance Evaluation Meth-
odology

This section mainly discusses economic modeling, mainly about
the component cost. Key components, such as fluid pump, the tur-
bine, and the heat exchangers, can give a general estimation of the
capital cost. Though such cost does not involve the installation cost,
it can still give the instructions for working fluid selection. The
cost for other factors for the total installation cost can be similar
and their effect on the installation cost is manifested directly. For
the working fluid with a high flammability, the additional cost due
to safety protection should be considered. In fact, there always exists
inherent uncertainties for the estimation for the cost for different
components. However, with a single and consistent reference source
of information for the system cost, comparison for different work-
ing fluids is more reasonable.

Here the main method from reference [34] is considered, and an
appropriate modification for this method is performed for the com-
ponent cost evaluation. The bare module corresponding to each com-
ponent is associated with the base cost. Regarding inflation, it is cal-
culated from Chemical Engineering Plant Cost Index (CEPCI) [35].

The base costs for heat exchangers, pumps and turbines are cal-
culated as follows,

logChx=Ki six+ Ko ixlog(A0) +Ks pxllog(Apiy)] ¥ (55)
logchpump: KI pump + KZ.pumplog(Wp) + K}.pump [log(wp)] : (56)
logchturbine: [Kl .turbine+ KZ.turbinelog(Wt) + KS.turbine [log(wt) ] Z] (ﬂ (5 7)

Coiv> Cppump a0 Ciyp, are the base cost for the heat exchangers,
pumps and turbines, with the unit dollar, correspondingly. Ay is
the area of each heat exchanger, as discussed in section Heat trans-
fer and component sizing model and W, is the pump power. W, is
the turbine power generation. K;, K,, and K; with the sub (such as
HX, pump, and turbine) are coefficient values related to the corre-
sponding component. ¢ is the turbine size ratio to the baseline
R245fa. This has not been discussed in detail in the open literature
for turbine cost evaluation. The existing studies do not involve the
value of . In fact, with the same turbine power delivery for differ-
ent working fluids, the cost of turbine should be different due to
the different turbine size (turbine size parameter-SP, which is dis-
cussed in section Heat transfer and component sizing model). In
current study, ¢ is the ratio of new working fluid SP to the base-
line R245fa SP. For R245fa, @ is 1.
Then the purchase cost of the component C,,, is calculated as,

Car=Cp [CEPCIzow/ CEP! CIZOO]] Fru (58)

G, is the base cost for the component, such as C,zx, Cypymp OF
Cyuuvine Inflation is also considered and calculated from Reference
[35]. CEPCl,, is the Chemical Engineering Plant Cost Index
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Table 2. Coefficient for the component cost functions

Component subscript

Coefficient for component

Component X i

p ¢ for COSt calculatlon Kl.c KZ.c K3.c Bl.c BZ.c FM.c Cl.c C2.c C3.c
Turbine W, (kW) turbine 27051 14398 -0.1776 - - - - - -
hell-and-
Shell-and-tube o) HX 43247 0303 01634 163 166 181 F=125
heat exchanger
Pump-
ump . WP (kw) pump 34771 01350 0.1438 189 135 1.6 -0.245382 0259016 —0.01363
volumetric type

* For the current study, the Fy), for turbine is set to be 3.5.

(CEPEI) for year 2019 with a value of 607.5 and CEPCl,y, is for
year 2001 with a value of 397, respectively. Fp,, is the bare module
factor, given by,

Fy=B,+B,-F-Ey, (59)

B, and B, are coefficients related to the component, as shown in
Table 2. F,, is the material factor peculiar for each material differ-
ent from the basic one, and F; is the pressure factor, given by,

logF,=C,+C,log(P)+C;[log(P)]* (60)

P is the pressure with the unit bar for calculation. For some com-
ponent, Fy; is given, and the coefficient (C,, C, and C;) for the
component cost functions is shown in Table 2.

The sum of the total component cost is given by C,,»

Ctutal = a)zcsub (6 1 )

Regarding the hydrocarbon fluids (n-Pentane, Isopentane, and Isobu-
tane), an additional cost should be considered for flammability issues.
o is the flammability factor; for non-flammable refrigerants, it is 1
and for flammable refrigerants, it is pre-set as 1.1.

Then the specific investment cost (SIC) could be obtained as
follows:

SIC=Cotatl Wit (62)
RESULTS AND DISCUSSION

In this section, different performance index, such as system level
thermal performance, component level heat exchanger size and
turbine size, and economic performance are discussed. In this
study, the heat source water flow rate remains constant (23 kg/s)
and 5K pinch point is set for both evaporator side and condenser
side. The isentropic efficiency for both of the pump and turbine is
set to be 75%.

1. ORC Thermal Performance for Different Working Fluids

Fig. 3 demonstrates the variation of the ORC system level per-
formance under different refrigerants. Under the same level of heat
source, all working fluids have a close net thermal efficiency within
2%. For R245fa, a 10.5% net thermal efficiency increase can be
achieved when the heat source is increased from 120 °C to 140 °C,
and a ~22% increase can be obtained from 120 °C to 160 °C. Simi-
larly, all other fluids can give a ~10% thermal efficiency increase
under the 140 °C heat source, and ~20% rise under the 160 °C heat
source (160 °C heat source performance data is not shown for Isobu-
tane due to its lower critical temperature and cannot achieve 5K
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Fig. 3. System level performance under different refrigerants.

pinch point for the evaporator side), respectively. Regarding the
mass flow rate under the same heat source level, all non-synthesized
working fluids exhibit a lower value from baseline R245fa, ~50%
decrease for n-Pentane and Isopentane, and ~40% reduction for
Isobutane. R1233zd(E) displays a close mass flow rate value (within
2%) to R245fa. Also, heat source of 140 °C offers a double value of
mass flow rate from that of 120 °C and heat source of 160 °C pro-
vides a triple one. In addition, the system level simulation results for
different working fluids are presented in Table 3. It can be noted
that under the same heat source level, Isobutane displays a highest
value of pressure for evaporator or condenser while n-Pentane the
lowest. n-Pentane and Isopentane exhibit a lower turbine inlet fluid
density. Isobutane displays the lowest net-power generation delivery.
2. ORC Component Sizing Comparison for Different Work-
ing Fluids

In this section, the component sizing comparison for different
working fluids are discussed. During the initial simulation, the
refrigerant side shell internal diameter is pre-set as 1,750 mm (lower
or higher with) for evaporator and condenser with a reasonable
range of tube length. With proper adjustment and arrangement for
geometry for shell and tube heat exchangers, all fluids can achieve
a close value for o. The heat transfer area performance is mainly
discussed for evaporator side (evaporator and preheater) and con-
denser side (condenser and desuperheater) with R245fa and its
alternatives. The tube side is water with sensible state and its heat
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Table 3. System level simulation results under different refrigerants
Heat  Workin Evaporating Evaporating Condensing Condensing Turbine inlet Turbine inlet Net power Condenser — Net
source: fluid g temperature  pressure  temperature  pressure  temperature density generation water flow  thermal
’ [°C] [MPa] [°C] [MPa] [°C] [kg/m’] kW] rate [kg/s] efficiency
R245fa 102.58 1.34 43.89 0.28 107.58 14.77 182.38 42.21 0.094
R1233zd(E) 101.81 1.08 44.04 0.24 106.81 12.44 184.86 42.15 0.095
120°C Pentane 101.52 0.61 43.56 0.13 106.52 345 185.14 42.15 0.095
Isopentane 101.86 0.75 4345 0.17 106.86 4.50 184.23 42.19 0.095
Isobutane 103.74 213 43.81 0.59 108.74 13.98 176.89 4234 0.091
R245fa 112.61 1.66 43.75 0.28 117.61 14.68 404.71 83.86 0.104
R1233zd(E) 110.51 1.30 43.94 0.24 115.51 12.34 407.51 83.79 0.104
140°C Pentane 109.60 0.73 43.44 0.13 114.6 340 405.81 83.83 0.104
Isopentane 11047 0.90 4332 0.17 11547 443 403.32 83.89 0.103
Isobutane 116.51 2.67 43.68 0.58 121.51 13.88 396.30 84.06 0.101
R245fa 126.86 221 43.62 0.28 131.86 1447 677.98 124.81 0.115
R1233zd(E) 122.06 1.64 43.81 0.24 127.06 12.22 677.61 124.82 0.115
160°C Pentane 119.73 0.90 43.22 0.13 124.73 3.34 669.69 125.01 0.114
Isopentane 121.40 1.12 43.07 0.17 126.4 4.34 667.23 125.07 0.113
Isobutane - - - - - - - -
> 2120% 7 (a) =E:ls1ig°dr2fn";in ) 2 5 120% (a) =(l;ig:igodn?:i:in _
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Fig. 4. Evaporator side heat transfer area performance under differ-
ent refrigerants.

transfer performance does not vary much for the heat exchanging
processes.
2-1. Heat Exchangers

The heat transfer area performance for different heat exchang-
ers is shown in Fig. 4 and Fig. 5. From Fig. 4 it can be found that
the area of the evaporator for difterent working fluids is close (within
4%) except for Isobutane. Isobutane exhibits ~8% heat transfer
area reduction from the baseline R245fa. This can be explained from
the phase domains in Fig. 4. The two-phase domain for Isobutane
is relatively lower than other fluids under the same heat source
levels. It is 52% for two-phase domain for Isobutane while it is
above 60% for other fluids under the 120 °C heat source, and a
similar trend is exhibited for other heat source. The heat transfer

Fig. 5. Condenser side heat transfer area performance under differ-
ent refrigerants.

area of the preheater is more pronounced than that of the evapora-
tor, especially for a higher heat source. In general, all other fluids can
provide a lower total heat transfer area (evaporator and preheater)
than baseline R245fa, especially for Isobutane. However, its lower
critical point narrows its application range, which is not extended
to a higher heat source. R1233zd(E) and Isopentane present a close
total heat transfer area, especially under high temperature heat
sources. From Fig. 4 it can also be noticed that as the heat source
increases, the heat transfer area variation of the preheater is more
pronounced than that of the evaporator. This can be explained from
Fig. 6. For the preheater, under different heat sources, the pinch
point (5 K), water outlet temperature and working fluid inlet tem-
perature does not change; thus, the logarithmic mean temperature
difference (LMTD) does not vary. However, for the evaporator, as

Korean J. Chem. Eng.(Vol. 38, No. 11)
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Fig. 6. T-s diagrams for different heat sources for R1233zd(E).

the heat source inlet temperature increases, it is easily predicted
LMTD increases, leading a lower heat transfer area percentage for
the two-phase domain.

Fig. 5 shows the condenser side (condenser and desuperheater)
heat transfer area performance under different refrigerants. In gen-
eral, R245fa exhibits a slightly lower total heat transfer area than
other fluids. The two phase domain takes more than 85% of the
capacity and the left is the gas phase. Due to the poor refrigerant
gas state/water liquid state heat transfer characteristics of the desu-
perheater, its heat transfer area is even comparable to that of the
two-phase condenser under the 120°C heat source level. As the
heat source increases, the two phase condenser heat transfer area
increase is more pronounced than the desuperheater. Similarly; it
can be explained from Fig. 6. The temperature profile for the con-
denser does not change with a raised heat source, while that for
the desuperheater varies, with an increased refrigerant inlet tem-
perature, leading a larger LMTD. Accordingly, the heat transfer
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Fig. 7. Turbine performance under different refrigerants.
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area increase of the desuperheater is not that pronounced. In addi-
tion, a comparison between Fig. 4 and Fig. 5 indicates that the con-
denser side heat transfer area is much lower than evaporator side
area.
2-2. Turbines

In this section, the turbine performance is discussed. In Fig. 7,
the turbine volumetric flow ratio Vy and turbine size parameter
SP under different refrigerants are displayed. Under the same heat
source, R245fa displays the highest volume flow ratio, indicating a
large change in rotor blade height between the inlet and outlet points
should be made for the expansion process. Under the heat source
of 120°C, R1233zd(E) and Isopentane can produce a ~10% vol-
ume flow ratio reduction from baseline R245fa, n-Pentane gives a
~5% reduction, and Isobutane can even achieve a 17% decrease,
respectively. Similar trend can be found for other heat sources. For
the size parameter SP, ie., the turbine size indicator, only Isobu-
tane has a lower value than R245fa. Under the same heat source,
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Fig. 8. Organic Rankine cycle component cost under different refrig-
erants.
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Fig. 9. Organic Rankine cycle specific investment cost under differ-
ent refrigerants.

compared with R245fa, an SP increase of ~10% for R1233zd(E),
~22% for n-Pentane, and ~11% for Isopentane can be achieved,
respectively. A decrease of 32% Isobutane can be obtained, indicat-
ing a higher cost saving for turbine size than other fluids.

3. ORC Component Cost and System Specific Investment Cost

This section discusses the ORC component cost and system
SIC. Fig. 8 shows the component cost under different refrigerants.
The condenser side heat exchanger cost is lower than the evapora-
tor side. All R245fa alternatives exhibit a lower total heat exchanger
cost from baseline R245fa. Take the heat source of 140°C, for
example: a heat exchanger cost drop of 3.6%, 4.0%, 0.8% and 9.8%
can be attained for R1233zd(E), n-Pentane, Isopentane, and Isobu-
tane, respectively. Regarding the turbine and pump cost, all alter-
natives hold a higher value than R245fa except Isobutane. Under
the heat source of 140°C, an increase of 8.5%, 17.5% and 7.8%
can be obtained from the baseline for R1233zd(E), n-Pentane, and
Isopentane, respectively. Isobutane shows ~25% turbine and pump
cost reduction, due to its lower turbine size parameter SP.

The system SIC is shown in Fig. 9. It can be found that only
Isobutane holds a lower value than R245fa. However, its lower criti-
cal temperature narrows its application and it cannot be extended
its use for a higher heat source. Among the other three alternatives,
(R1233zd(E), n-Pentane, Isopentane), R1233zd(E) displays the low-
est value, for both two scenarios, with or without risk of flamma-
bility cost considered. Under the heat source temperature of 140 °C,
R1233zd(E) only exhibits 2.3% higher SIC than the baseline R245fa.
For the scenario of flammability risk cost not considered, n-Pen-
tane and Isopentane display ~8% and ~4.5% SIC increase, respec-
tively; with the flammability risk cost not considered, they can exhibit
more than 15% SIC rise. Increasing the heat source gives signifi-
cant SIC reduction, ~33% reduction from 120°C to 140°C, and
~46% drop from 120°C to 160 °C, respectively. In fact, in the cur-
rent version only 10% more cost is assumed for the A3 fluids for
flammability risk, and in practical application, more cost concern-
ing installation and maintenance aspects can add more burden for
ORC plant built-up. Thus, from the thermo-economic scale with an

extended application range, R1233zd(E) exhibits a better overall per-
formance index when compared with other R245fa alternatives.

CONCLUSIONS

Evaluation of new low GWP fluids to replace R245fa for ORC
plants is of high importance for practical applications. Most previ-
ous studies were only based on thermodynamic cycle analyses and
did not give enough consideration for the component performance
between the heat source/sink and corresponding fluids. The cur-
rent study conducted the ORC thermo-economic evaluation of
R1233zd(E) as R245fa alternative in comparison with other natural
fluids n-Pentane, Isopentane, and Isobutane for geothermal appli-
cation, from both the system level and component level aspects.

In this study, the heat source water flow rate remains constant
and 5K pinch point is pre-set for both evaporator side and con-
denser side. For the system level comparison, all working fluids
have a close net thermal efficiency within 2%. Increasing the heat
source from 120 °C to 160 °C gives more than 20% efficiency rise.
Due to the lower critical temperature for Isobutane, 5K pinch point
does not exist at the evaporator side under the heat source of
160 °C. R1233zd(E) displays a close mass flow rate value (within
2%) to R245fa and other non-synthesized working fluids exhibit
more than 40% flow rate reduction from the baseline.

For the component size aspects, all alternatives including
R1233zd(E) can provide a lower total evaporator side heat transfer
area (evaporator and preheater) than baseline R245fa, especially for
Isobutane. The condenser side (condenser and desuperheater) heat
transfer area is much lower than the evaporator side. R245fa exhib-
its slightly lower total condenser side heat transfer areas than other
fluids. Different from the evaporator side, as the heat source increases,
the two phase heat transfer area (i.e., condenser) increase is more
pronounced than the single phase heat transfer area (ie., desuper-
heater). R245fa displays the highest volume flow ratio, indicating a
large change in rotor blade height between the inlet and outlet sta-
tions for the expansion process. For the size parameter SB, an
increase of ~10% for R1233zd(E), ~22% for n-Pentane, and ~11%
for Isopentane can be achieved, respectively. A decrease of 32%
Isobutane can be obtained, indicating a higher cost saving for tur-
bine size than other fluids. Such discoveries can quantitatively pro-
vide suggestions for the manufacturers to select the component
size from their existing or new supplier database. For the compo-
nent cost aspects, all R245fa alternatives exhibit a lower total heat
exchanger cost. Regarding the turbine and pump cost, all alterna-
tives hold a higher value than R245fa except Isobutane. Under a
heat source of 140 °C, a rise of 8.5%, 17.5% and 7.8% can be obtained
from the baseline for R1233zd(E), n-Pentane, and Isopentane, respec-
tively. Isobutane shows ~25% turbine and pump cost reduction,
due to its lower turbine size parameter SP.

Though Isobutane can achieve a close SIC to baseline R245fa, its
lower critical temperature restricts its use for higher heat sources.
Except Isobutane, R1233zd(E) only exhibits ~2.3% higher cost than
the baseline R245fa while others exhibit more than 15% cost rise.
Thus, from the thermo-economic scale with an extended applica-
tion range, R1233zd(E) exhibits a better overall performance index
when compared with other R245fa alternatives and can serve as a
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promising candidate to replace R245fa.
NOMENCLATURE

Abbreviations

CEPEI : chemical engineering plant cost index
EORC: organic Rankine cycle with a vapor-liquid ejector
EU :european union

GHG : greenhouse gas

GWP: global warming potential

HC :hydrocarbon

HCFC : hydrochlorofluorocarbon

HFC : hydrofluorocarbon

HFO : hydrofluoroolefin

HP :heat pump

LMTD : logarithmic mean temperature difference
NBP :normal boiling point

ODP : ozone depletion potential

ORC : organic Rankine cycle

RORC : regenerative organic Rankine cycle

SIC  : specific investment cost

Symbols

A area [m’]

C  :cost [$] or coefficient for the component cost functions -]
d : tube diameter [m]

D, :shell diameter [m]

f : friction factor

G :mass velocity [kg/m’s]

h  :enthalpy per unit mass of the state [kJ/kg] or heat transfer
coefficient [W/m®K]

k : thermal conductivity [W/m-K]

K :coefficient related to the component or coefficient related
to the shell-and-tube geometry

L :length [m]

LMTD :log-mean temperature difference [°C]

M :refrigerant charge amount [kg]

m  :refrigerant mass flow rate [kg/s]

P : pressure of the state [kPa or bar]

P,  :Prandtl number

P, :tube pitch [mm]

Q  :heat delivery/flow [kW]

Re  :Reynold number

SP  :turbine size indicator [m’]

SIC  :specific investment cost [$/kW]

U :heat transfer coefficient [W/m*-K]

V  :volume flow rate [m’/s]

W :power consumption/generation [kW]

o  :flammability factor, for non-flammable refrigerants, it is 1
and for flammable refrigerants, it is pre-set as 1.1

Y*  :Chisholm parameter [-]

@  :the turbine size ratio [-]

a  :void fraction[-]

X : quality [kg/kg]

o :density [kg/m’]

1 :net thermal efficiency
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O  :relative area ratio [-]

Subscripts

: pump

: shell

: turbine or tube
1 gas

: heat exchanger
:inlet

:liquid

: vapor

soutlet

: refrigerant

: two phase

: state point

— 2 0 < /gy ToQ + v g
LETEET TG
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