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ABSTRACT

Fluid selection for the Organic Rankine Cycle has been the aifjeet abundant literature. Most of the scientific
publications focus on the cycle thermodynamic efficiency bheoito select the best candidate. However, other
thermodynamics properties, such as molar mass, or vapsitydeandition the whole design of the cycle, and its
cost. For example, the molar mass influences the numbdagéssrequired in the case of an axial turbine; the
volume ratio between expander supply and exhaust condttiengossibility to use a volumetric expander (whose
internal volume ratio is limited); the vapor density atépander exhaust determine the size of the expander, and
of the condenser; etc.

This paper considers a whole range of ORC applicatiorterins of power (from the kW-scale to the multi-MW
plants), heat source temperature (from 90°C to more tharC3@d°heat source nature (solar, biomass, waste heat
recovery, geothermy, etc.). For each of these applicationseengng of the available fluids is performed, and their
thermodynamics performance are compared with respect to thedorapplication.

A detailed analysis of the most common expansion machéndsen conducted, by comparing their respective
operating maps for each fluid and for each application type. considered expansion machines are the radial-
inflow turbine, the screw expander, and the scroll expgrsince they are the most widely used in commercial
applications and/or in scientific literature.

1. INTRODUCTION

Selection of Organic Rankine Cycle working fluids has beeated in a large amount of scientific publications.
Most of the time, these works propose a comparison betweset of candidate working fluids in terms of
thermodynamic performance and based on a thermodynamic mdbelayfcle.

Since the optimal working conditions are closely linkedhe selected working fluid, an optimization must be
performed for each screened medium. When selecting the maspeapfe working fluid, the following guidelines
and indicators should be taken into account:

» Thermodynamic performancthe efficiency and/or output power should be as high asilple for given
heat source and heat sink temperatures. This performanceddepena number of interdependent
thermodynamic properties of the working fluid: critical gpismcentric factor, specific heat, density, etc. It
is uneasy to define an optimum for each specific thermodynprojgerty independently. The solution
consists in simulating the cycle with a thermodynamic eh@hd compare the fluids in terms of cycle
efficiency and/or output power.

» Positive or isentropic saturation vapor curvAs previously detailed in the case of water, a negative
saturation vapor curve (“Wet” fluid) leads to dropletshat énd of the expansion. The vapor must therefore
be superheated at the turbine inlet to avoid turbine damigb® case of positive saturation vapor curve
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(“Dry” fluid), a recuperator can be used in order to increaseeafticiency. This is illustrated in Figure 1
with isopentane, R11 and R12.

» High vapor density this parameter is of key importance, especially for fluidewsng a very low
condensing pressure (e.g. silicon oils). A low dgrisids to a higher volume flow rate: the pressure drops
in the heat exchangers are increased, and the size of the exparsfidrenincreased. This has a non-
negligible impact on the cost of the system. It shouldewer be noted that larger volume flow rates might
allow the design of turboexpanders, for which the sizeot a crucial parameter.

* Low viscositya low viscosity both in the liquid and vapor phaseeguired to maintain high heat transfer
coefficients and low friction losses in the heat exchangers.

« High conductivityis required to obtain a high heat transfer coefficienténhteat exchangers.

e Acceptable evaporating pressuras already stated with water, high pressures usually ledugher
investment costs and increased complexity.

» Positive condensing gauge pressuttee low pressure should be higher than the atmospheriaupress
order to avoid air infiltration in the cycle.

* High stability temperature unlike water, organic fluids usually suffer chemicatatdiorations and
decomposition at high temperatures. The maximum heat sourpersgore is therefore limited by the
chemical stability of the working fluid.

* The melting poinshould be lower than the lowest ambient temperature thrcheglydar to avoid the
freezing of the working fluid.

e High safety levelSafety includes two main parameters: the toxicity and #rarflability. The ASHRAE
Standard 34 classifies refrigerants in safety groups anteased for the evaluation of a fluid.

e Low Ozone Depleting Potential (ODPjhe ozone depleting potential is measured with comparistireto
ODP of the R11, set to the unity. The ODP of currefrigerants is either null either very close to zero,
since non-null ODP fluids are progressively being phasgdy the Montreal Protocol.

» Low Greenhouse Warming Potential (GWBWP is measured with comparison to the GWP of,Géx to
the unity. Although some refrigerants can reach a GWPevatuhigh as 1000, there is no legislation
restricting the use of high GWP fluids.

* Good availability and low cosFluids already used in refrigeration or in the chemicalsiny are easier to
obtain and more cost-effective.
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Figure 1: Examples of isentropic, wet and dry fluids

While fluid selection studies in the scientific literaturey&oa broad range of working fluids, only a few fluale
actually used in commercial ORC power plants. These fluidsherdallowing, classified in terms of critical
temperature (Quoilin & Lemort, 2009):

HFC-134a: Used in geothermal power plants or in verytemperature waste heat recovery.

HFC-245fa: Low temperature working fluid, mainly used iste heat recovery

n-pentane: Used in the only commercial solar ORC power piawevada. Other applications include waste
heat recovery and medium temperature geothermy.

Solkatherm: Waste heat recovery

OMTS: CHP power plants

Toluene: Waste heat recovery
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In general, the selected fluid shows a critical temperatugktlslihigher than the target evaporation temperature: if
the evaporation is taken too far away from the critical teatper — for example if toluene (Tc = 319°C) is
evaporated at 100°C — the vapor density is very low th bBwe high and low pressure sides, which causes high
pressure drops and the need for bigger components.

2. TRADITIONAL APPROACHESTO WORKING FLUID SELECTION

The most common method for working fluid selection iseheeferred as the "screening” method:: it consists in
building a steady-state simulation model of the ORC cyclerandt with different working fluids. The proposed
model can be more or less detailed, and the selected cycle performgine®is can vary from one publication to
another.

A review of the the scientific literature in the field of Wwimg fluid selection was proposed by the authors in
(Quoilin et al., 2011): it compares the different paperierms of three characteristics: the target application, the
considered condensing temperature and the considered &agdemperature range.

It was shown that, despite the multiplicity of the wogkftuid studies, no single fluid has been identified a&gd

for the ORC. This is due to the different hypothesgsired to perform the fluid comparison:

 Some authors consider the environmental impact (ODP, GWPB)flammability, the toxicity of the
working fluid, while some others don't.

» Different working conditions (e.g. the considered temapure ranges) have been assumed, leading to
different optimal working fluids.

* The objective functions of the optimization might vagpdnding on the target application: in CHP or solar
application the cycle efficiency is usually maximized, while inilR/applications, the output power should
be maximized.

It follows that, since no working fluid can be flaggesloptimal, the study of the working fluid candidatesusth be
integrated into the design process of any ORC system.

In many studies (Aljundi, 2011, Badr et al., 1990, Dé&&andyopadhyay, 2009, Drescher & Briiggemann, 2007,
Facao et al., 2008, Gu et al., 2009, Hung, 2001, Mago, @088, Maizza & Maizza, 2001, Roy et al., 2011, Vaja &
Gambarotta, 2010, Wang et al., 2011), it appears thatetnmended fluid is the one with the highest critical
temperature, i.e. the plant efficiency could be further owed by selecting even higher critical point working fluids
(Liu et al., 2004). However, a high critical temperatus® dhvolves working at specific vapor densities much
lower than the critical density. This reduced denditpws a high impact on the design of the cycle, since the
components need to be oversized for two practical reasons:

* Low densities involve high fluids velocities and therefbigher pressure drops. The fluid velocity must
therefore be reduced by increasing the hydraulic diametbegdipes and heat exchangers.

e The size of the expansion machine must be increased to abkwgytber volume flow rate.

This leads to the conclusion that additional criteria musaded to the sole thermodynamic efficiency when
comparing working fluids.

Very few studies include additional parameters taking intowatddhe practical design of the ORC system, mainly
because of the difficulty to define a proper function far thulti-objective optimization of the cycle. Examples of
such studies are provided in (Lakew & Bolland, 2010,a6apoulos et al., 2010, Quoilin et al., 2011, Wang ¢t al.
2012), where a fluid selection taking into account the reduieat exchange area, turbine size, cost of the system,
dangerousness, etc. is provided. These studies shovakirag the economics into account can lead to the selection
of very different optimal operating conditions and wogkfluids. Those methods should therefore be prefdoed
the simplistic thermodynamic benchmarking of candidate wgriuids.

3. WORKING FLUID SELECTION: THE OPERATING MAP APPROACH

In most cases, the selection of the working fluid is lht@that of the expansion machine: selecting a certain type
of expander makes the use of a series of working fluidsilple while others must be rejected. In the same manner,
when a working fluid is selected, not all types of expansnachines are suitable for the imposed working
conditions.

Selecting a working fluid and an expansion machine shbeldtore be performed in the same process.
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This method aims at providing a preselection tool for delg¢he most suitable combinations of working fluid /
expansion machine for a wide range of working conditigpical of ORC systems.

This is achieved by building an operating map of each auatibn in terms of condensing and evaporating
temperatures, taking into account the practical limitatiorsaoh expansion machine. The power ranges suitable to
each combination are then evaluated.

Limitations of volumetric expanders

Volumetric expanders are characterized by a built-in volume, ratich corresponds to the volumetric increase of
the pocket in which the fluid is trapped after the sucpoocess (Lemort et al., 2008). As shown in (Lemort et al.
2009), over and under-expansion losses can easily be cahigusgmming an isentropic expansion and a constant-
volume expansion:

Isentropic expansion:

Wy = hgy= hiy (1)

h;, being the isentropic enthalpy at pressyre
Constant volume expansion:

Wy = Vi * (Pin= Pex) 2
w,is positive in case of under-expansion, and negativase of over-expansion. The total expansion work is then
obtained by summing yand vy.
The internal expansion isentropic efficiency is therefore giyen b
_ Wi tw,
En = A—hs (3)

The maximum internal built-in volume ratio of positivisjplacement expander is usually not higher than 5. It is
limited by the length of the rotor (bending stresseshancase of a screw expander and by the number of spiral
revolutions in the case of a scroll expander. This ignmgortant limitation since most ORCs operate at much
higher volume ratios.

However, allowing a small under-expansion can substaniiadfrease the volume ratio over the expander with a
limited penalty on the efficiency. It is therefore economycaibble for volumetric expanders to operate at a
slightly lower internal built-in volume ratio than the=a one.

For this analysis an under-expansion leading to an gitexpansion isentropic efficiency of 0.9 is considered as
acceptable.

The second main limitation of volumetric expanders is thepswelume. This swept volume is linked to the
maximum rotor diameter in the case of screw expanders (alubm) or to the maximum spiral height and
diameter in the case of a scroll expander.

To determine the boundary working conditions of volumegspander, it seems reasonable to take profit of the
experience acquired for volumetric compressors in the reditigerfield and assume that the absorbed volumetric
flow rates of the machine should be similar.

After a screening of the available scroll and screw compresm the market, the boundaries provided in Table 1
are adopted.

Table 1: Boundary working conditions for the volumetric expasder

ch,min ch,max Tpinmax Ein
Scroll 1.11l/s 49 /s 4 >0.9
Screw 251/s 1100 l/s 5 >0.9

The boundary volume flow rates are given in compressor nvdaeh corresponds to the exhaust volumetric flow
rates of the expander.

Since positive displacement machines can absorb a limiteddigyit is not advisable to run them with low vapor
density fluids: the mass flow rate through the expandegteiv, the output power is reduced. The limitatiortios
vapor density results of an economical trade-off that tsobuhe scope of this work. However, the experience
gained in the compressor market can be used and trangpdkecexpander technology.

A new performance indicator, the volume coefficient, is defiag the ratio between the expander volume flow rate
and the output power:
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Vsu exp Usy exp 3
= = 4
ve=—7 M /M 4)
A screening of the refrigeration and heat pump applicasbosvs that for a compressor, this ratio (defined thi¢h
exhaust volume flow rate) is roughly comprised betweeb ar#l 0.6 m3/MJ. For the present work, a maximum

value of 0.5 is selected.
3.1 Limitations of the turbine technology

The following developments are applied to the particular case 99° IFR radial-inflow turbine, but a similar
analysis could easily be transposed to alternatives turbingndesiich as single-stage axial turbines.
It is uneasy to define a firm limit for each turbine paransince these parameters are sometimes set empirically by
the turbine manufacturers, stating that exceeding a certain vallieses the efficiency. Moreover, these boundary
values sometimes vary from one manufacturer to anotherh&qutrpose of this work, the selected boundary values
are extracted from the scientific literature and from discussidtts turbine manufacturers. They should not,
however, be considered as absolute constraints. In partithéacurrent experience and textbooks regarding turbine
design do not cover the case of high-expansion ratits avganic working fluids. The ongoing scientific works
aiming at addressing this gap (see for example (Harinck, &04I0) might displace the current boundaries.
A first important limitation of turbines is the maxinwlowable tip speed 4)given by:

Uy=n-N-D, (5)
D, being the wheel diameter and N the rotating speed.
As a general rule, a high tip speed is always preferrazb stnincreases the stage specific work. It is however

limited by the strength of materials at the wheel periphérmaximum value of 370 m/s is chosen.
The maximum turbine efficiency is generally well describedtdgpecific speed MNgiven by:

) ©)

ARO7 [rad]

WhereV,is the exhaust volume flow rate and,is the isentropic enthalpy drop. Figure 2 shows a typibalel
efficiency curve based on manufacturer data: the given efficientlyei maximum efficiency for a given specific
speed, i.e. the efficiency obtained when the ratitC{is optimized for the given working conditions, whergi<C

the isentropic speed, given by:
Cs =+/(2-4hy) (7)

For the present analysis a minimum wheel efficiency of 84%sssimed, which corresponds to a specific speed
varying roughly between 0.3 and 0.9 (Figure 2).

Ng=2-m-N-
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Figure 2: Typical maximum efficiency curve of a radial turbine as afiom of its specific speed
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This value is in good agreement with Dixon's recommengsiinal boundaries for radial turbines, comprised
between 0.3 and 1 (Dixon, 2005).
An important limitation of single stage radial inflowrltines is the maximum Mach numbers in both the turbine
nozzle and rotor.
The turbine speed triangles are calculated with the followingngssons:
The degree of reaction is set to 50%
The ratio between inner and outer wheel diameters is s& to 0.
Choked flow should be avoided in the whole rotor, ¢hical part being the rotor exhaust (point 3). The Mach
number is calculated by:

M. s 8

: Csound,3 ( )

W; being the relative speed at the rotor exhaust apgsGthe sound speed at the same place. A maximum Mach
number of 0.85 is generally recommended in order to amydocal choking of the flow in the rotor.
The maximum Mach number in the turbine nozzle constraintsthémum allowable pressure/volume ratio over
the turbine. Most turbine manufacturers allow the nozzle ftole supersonic, but a too high Mach number might
decrease the efficiency and should be avoided. For the pegsdnsis, a maximum value of 1.8 is selected.

= ©

Csound,z
The order of magnitude of the tip speegdi®Jusually quite independent from the size of the terifirersson, 1990).
Micro-scale turbines therefore show a very high rotatiopaéd since Pis low in Eq 5. Decreasing the nominal
turbine power therefore increases the bearing losses, wduichecome prohibitive compared to the output power. A
maximum rotational speed can therefore be defined: (De Viami®88) recommends a maximum speed of 50,000
rpm, while (Sauret & Rowlands, 2011) selected a humb@4@f00 rpm. For the present work a value of 50,000
rpm is selected.
Turbines can usually absorb a much higher flow rate tbammetric expanders for a given machine size (i.e. wheel
diameter). A limitation on the volume factor, as set fergbroll and screw technologies, is therefore not taken into
account for this technology.
A summary of the turbine boundaries is provided in Table

M2=

Table 2: Boundary conditions for the radial inflow turbine

Minimum Value Maximum value
U, 370 m/s
N 0.30 0.89
M, 1.8
M, 0.85
N 50000 rpm

3.1 Operating maps

The limitations described in the previous sections camsbkd to build a map of the allowable working conditions in
a Te/T diagram. Figure 3 and Figure 4 show the envelope mgppi the scroll and screw technologies
respectively for a few typical ORC working fluids.

Five typical ORC applications have been overlaid on the opgrataps in the form of dots. They illustrate how the
map can be exploited: if a single-stage scroll expander earsé&d for a low-temperature geothermal application
(90/20°C) or even for a low temperature solar applicati@®°C/30°C), it is not suitable for applications waoiki
with higher evaporating temperatures, such low or highepeesture waste heat recovery, or biomass CHP.

It can be noted that the maps of the screw expander are wadfethiat of the scroll expander. This is due to a higher
maximum volume ratio.

The upper left curve of each map is defined by the limitadio the under-expansion losses. The down right curve is
defined by the limitation on the volume coefficient, and dpeer line is given by the critical temperature of the
fluid.
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Figure 3: Scroll expander operating rr (the top lef-hand corner corresponds to a too high expansion ratite
the down righ-hand corner corresponds to a too high volume flow
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Figure 4: Screw expander operating n

Figure 3 and Figure 4 also show that both volumetric edgrtypes are not adapted to the three higher tempel
applications because of a too high volume ratio. The obvolution in this case would be to assemble se
expanders in series. It should be mentioned that no tasiritas been defined regarg the maximum allowabl
temperature at the expander inlet. Refrigeration compeaserusually not operated over a temperature of 15
Volumetric expanders using toluene or OMTS might theeefmit be feasible due to too high thermal expansic
stresses.

The mapping of the radial inflow turbine is presentedigufe 5. The right curve of each map corresponds t
maximum specific speed of the turbine. The upper lirdefsed by the critical temperature since this works
focuses on subcrcal ORCs. The left curve is the limitation on the maxinMach number at point 2 for Toluer
OMTS and HFE7000 but corresponds to the minimum spesifeed for HF-134a, HFC245fa, and HCF-123
and npentane
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For all fluids except -pentane, the maximum Mach number at point 3 was reached beformgethehmaximun
tip speed L. This situation usually occurs with high molecular weitjhids, while the maximum tip speed
usually reached before the maum Mach number when using air or steam. In the case tdinEerthe minimun
specific speed curve is split into a lower part (below °@j0corresponding to ;=0.85 and higher pa
corresponding to ,=370 m/s

It can be stated that the capabilities of tadial inflow turbine are broader than that of the volurnegsipander
since only one of the typical applications is outside thanddfmaps. For those special conditions correspondi
very high volume ratios, a mi-stage axial turbine technologyould be selecte

Each expansion machine technology is adapted to a specific pamggr. The maximum and minimum volu
flow rates as well as the maximum turbine speed can liktasdefine a power range for each application.
involves selecting auid for each one of these applications. Taking into accoemnpriavious analysis, the followir
association is selected: H-134a for the geothermal cycle, H-245fa for the low temperature solar applica
and HCF(-123 for the low temperature WHR cy(

Figure 6 shows the obtained power range for the low temyperapplication and each expander technology.
obvious that the scroll technology is the one allowingltiveest output power (a few hundred watts), while
radial inflow is the technolo¢with the highest output pow:

R
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Figure 6: Allowed power range for the low temperature applicatems each type of expansion macl!
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3. CONCLUSIONS

Despite the large amount of working fluid studies for G&plications, their conclusions do not lead to one single
optimal fluid for a given temperature level and a giverliegiion. This is mainly due to the diversity of theestéd
objective functions when screening working fluids.

Two approaches for fluid selection have been discussddsipaper: the screening method and the operating map
method.

Screening of working fluids is by far the most commonrapgh in the scientific literature. A thermodynamic
model is built and the working fluid performances are camag in terms of first-law efficiency, output power or
generated irreversibilities. The main issue linked te #pproach is the objective function, which does not tatice i
account additional fluid properties influencing the practiesligh of the cycle. This can lead to recommendation of
unrealistic working fluids, such as toluene or benzena fary low temperature heat source.

The proposed operating map approach focuses on the irdgaerbetween expansion machine and working fluid. It
provides operating maps of acceptable conditions, i.e. ledadiagceptable efficiencies and acceptable component
sizes. Compared to the screening method, it shows the tadeaof setting limits on the component size and
therefore does not lead to unrealistic working fluids. Hawethe operating maps of different working fluids are
often overlapping. This method must therefore be censtlas preselection tool only. It must be followed by a
more accurate fluid selection procedure.

NOMENCLATURE
C absolute speed [m/s] Subscripts
D diameter [m] 2 nozzle exhaust
h heat transfer coefficient [Wim2K] 3 rotor exhaust
M mass flow rate [ka/s] ex e xhaust
M mach number [-] exp expander
N rotational speed [rpm] in Internal
Ns specific speed [rad] pp Pump
p pressure [Pa] S Isentropic
0 heat flux W] sh Shaft
T temperature [°C] su supply
U wheel speed [m/s]
% specific volume [m3/kg] Special characters
Vs swept volume [m3] A Differential
%4 volume flow rate [m3/s] € Effectiveness
VC volume coefficient [m3/MJ] n Efficiency
|14 Power W] p Density
w work [J]
W relative speed [m/s]
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