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Abstract: The organic Rankine cycle (ORC) technology is an efficient way to convert low-grade
heat from renewable sources or waste heat for power generation. The partial evaporating organic
Rankine cycle (PEORC) can be considered as a promising alternative as it can offer a higher utilization
of the heat source. An experimental investigation of a small ORC system used in full or partial
evaporation mode is performed. First characterized in superheated mode, which corresponds to
standard ORC behavior, a semi-empirical correlative approach involving traditional non-dimensional
turbomachinery parameters (specific speed, pressure ratio) can accurately describe one-phase turbine
performance. In a second step, two-phase behavior is experimentally investigated. The efficiency
loss caused by the two-phase inlet condition is quantified and considered acceptable. The turbine
two-phase operation allows for an increase in the amount of recovered heat source. The ability to
operate in two phases provides a new degree of flexibility when designing a PEORC. The semi-
empirical correlative approach is then completed to take into account the partially evaporated
turbine inlet condition. The qualitative description and the quantitative correlations in the one-phase
and two-phase modes were applied to different pure working fluids (Novec649TM, HFE7000 and
HFE7100) as well as to a zeotropic mixture (Novec649TM/HFE7000).

Keywords: organic Rankine cycle (ORC); partial evaporating organic Rankine cycle (PEORC);
wet-to-dry cycle; axial turbine; dry fluid

1. Introduction

The organic Rankine cycle (ORC) is a thermal-driven power cycle that uses a heat
source to generate electricity. The difference between ORC and a classic Rankine cycle
(RC) is the working fluid. Indeed, ORC uses a low-boiling-point fluid, which allows for
the valorization of low and medium heat sources (lower than 300 ◦C) [1,2]. The heat
sources used are mostly renewable (mainly geothermal with approximately 3 GW of
cumulative installed capacity in 2020) and from waste heat, with a power range production
from very few kW to several dozen MW [3]. These sources have some strong constraints
(recovery, intermittency).

However, three major difficulties with heat recovery using ORC systems exist: the
fouling of the heat exchanger, the total capital cost of ORC and the partial-load behavior:

• Fouling reduces the performance of the heat exchangers and therefore the heat source
received by the ORC. Moreover, geothermal waters, which as explained before is a
very important heat source for ORC systems, contain many fouling and corrosion ions.
Thus, ions cause serious problems of fouling and corrosion [4–6]. Similar problems
occur with industrial waste heat. The degradation of the heat exchanger performance
could prevent the working fluid from completely evaporating and thus cause liquid
droplets in the turbine which could lead to its erosion [7,8]. As an illustration, the
economic cost of fouling in heat exchangers is estimated as USD 14 billion per year in
2014 in the United States of America [9,10].
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• The total capital cost of ORC consists of the overall cost of ORC equipment (heat
exchanger, pumps . . . ). For ORC systems, this price remains high and many studies
focus on reducing this price to increase the attractiveness of ORC [11,12].

• The partial-load behavior of ORC systems is generally considered as satisfactory,
compared to other thermodynamic cycles [1]. However, in large off-design conditions
of a “normal” ORC system submitted to a large deviation of the heat source, partial
evaporation can occur, leading to a two-phase condition at the turbine inlet. Generally,
this behavior is forbidden and ORC production must be reduced or even stopped if
the risk of a two-phase condition arises.

A particular strategy to overcome these three difficulties is to allow for the turbine
to work under two-phase conditions in an acceptable way. Successful research on this
task could make it possible to extend the behavior of “normal” ORC systems submitted
to large off-design conditions and to study alternative ORC configurations which are able
to decrease the size of the evaporator and thus the total capital cost of the ORC. In this
way, several studies focus on the expansion process of the ORC under two-phase fluid
conditions [13–15].

Usually, as explained previously, to increase the performance of the ORC and to
avoid any erosion of the turbo-machine blades, the fluid needs to be fully evaporated [7].
However, due to the finite temperature difference, the extractable energy from a hot source
is limited (Figure 1). It is from this observation of the non-valorization of an energy potential
that new cycles, close to the ORC, have emerged.
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Trilateral flash cycle (TFC) is composed of the same components as an ORC; the
only difference between the two cycles resides in the working fluid inlet quality at the
expander inlet. Where, in an ORC, the working fluid enters the expander in a superheated
form, in a TFC, the working fluid enters the expander in a liquid form at saturation and
leaves the expander as a liquid–vapor mixture [16,17]. Thus, the temperature profiles
between heat source and working fluid represent a better match, allowing for a decrease
in exergy loss (Figure 2). However, the great difficulty with TFC resides in the type of
expander that is permanently resistant to the presence of liquid droplets. Two expanders
have been identified in the literature as being able to withstand these constraints: screw
expanders [18–23] and scroll expanders [24,25]. However, volumetric expansion devices
necessitate large machine sizes, which might not be economically viable in some situations:
the economic viability is determined by the case under consideration [26,27].
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The partial evaporating organic Rankine cycle (PEORC) can be considered as a combi-
nation of an ORC and a TFC [28]: for a TFC, the fluid is heated to the boiling point, whereas
for the PEORC the fluid starts to evaporate. Studies show that this cycle can reduce energy
losses [29,30]. In fact, when compared to a traditional ORC system, PEORC exhibits a better
match between the temperature profiles of the heat source and the working fluid. When
compared to a TFC, a PEORC can provide more flexibility in system design.

Another option may be to use this type of cycle coupled with a nozzle and a dry
working fluid. As on the TFC, the nozzle will allow for the fluid to flash, but this time, the
dry aspect of the fluid (dT/ds > 0) will allow for the fluid to leave the nozzle as a pure
vapor. The objective is to have a single-phase fluid at the inlet of the turbomachine, and
to therefore use a turbomachine without taking any risks of damaging it. This option is
called a wet-to-dry cycle (Figure 3). This type of cycle was originally explored in 1983 using
toluene as a working fluid [31]. This study concluded with promising results for these
wet-to-dry cycles, but very few studies followed this investigation [14].
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Moreover, with the utilization of ‘dry fluids’ combined with a radial-inflow turbine,
White [13] showed, through a theoretical model, that it is possible to insert the liquid–vapor
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mixture directly in the turbine rotor without harming the turbo-machine blades: the stator
would act as a nozzle. The article’s conclusions indicate that a full transition from saturated
two-phase conditions to superheated vapor can be achieved within the stator by using a
dry fluid, such as Novec649TM. Our experimental contribution will concern a configuration
including a turbo-machine, contrary to a more traditional two-phase expander, such as a
screw expander or scroll expander. In nominal conditions, the turbine will operate under
superheated conditions, and the cycle can be considered as a classical ORC. In highly
off-design regimes, the turbine will operate under two-phase conditions, and the cycle can
be considered as a PEORC. This configuration is anticipated to provide more flexibility in
hot source recovery. Unfortunately, no experimental data are available for two-phase ORC
using an axial or radial turbine as an expander.

Therefore, given the need for experimental results, the outcomes of this study will
be to provide experimental results with two-phase expansion and the repercussion of this
two-phase fluid on the system efficiency using a turbo-machine. This machine will be
of axial type: this choice is motivated by the ambition to provide results which could be
applied to large industrial machines [32].

2. Experimental Test Bench
2.1. ORC Loop

The process flow diagram (PFD) of the installation is shown in Figure 4 and a picture
in Figure 5. The fluid at the entry of the volumetric pump is in a liquid state. Thanks to the
volumetric pump, the working fluid flows to a high-pressure level. Then, the fluid is heated
by two heat exchangers in series using water as heat source. This vapor, at high temperature
and high pressure, is then expanded in a turbine. This expansion produces mechanical
power which is then converted into electricity through a generator. The low-pressure vapor
is then cooled by a plate condenser using water as a cold source, in order to go back into
the pump.
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Figure 4. PFD of the experimental ORC.

The system is composed of an axial micro-turbine with a maximum power of about
1 kW. The lubrication of the system is ensured by the working fluid itself. An external
circuit specific to the generator ensures its cooling. A small centrifugal pump is placed
just before the volumetric pump with the objective of slightly increasing the pressure to
avoid any cavitation risk. Located between the condenser and the centrifugal pump, a
tank ensures a sufficient level of liquid at the inlet of the centrifugal pump. An addi-
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tional system based on a heat exchanger and a bypass system provides the opportunity
to investigate a wide range of cold source temperatures. Another bypass system on
pumps 1, 2 and 3 coupled with a needle valve enables the investigation of a wide range of
mass flow rates and pressures.
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Figure 5. Experimental test bench.

All sensors used for measurements and data acquisition are presented on the scheme
in Figure 4. The characteristics of the measuring equipment are listed in Table 1.

Table 1. Uncertainty of measurement equipment.

Variable Equipment Range Uncertainty

Electrical power Wattmeter 0–3250 W ±0.3%
Volume flow (hot source) EFM 0–3500 L/h ±0.23%
Volume flow (cold source) EFM 0–2500 L/h ±0.33%

Mass flow rate (working fluid) Coriolis 50–500 kg/h ±0.30%
Temperature Thermocouple Type-T −200–200 ◦C ±0.1 ◦C

Pressure APS 0–7 bar ±1%

The working fluid, hot and cold source loops are equipped with Type-T thermocouples
to measure the temperatures between the various components. The working fluid circuit
is instrumented with absolute pressure sensors (APSs) at the turbine inlet and outlet to
measure the two pressure stages within the plant. The volume flow measurements of the
hot and cold circuits are made with electromagnetic flow meters (EFMs) while the fluid
flow is measured with a Coriolis-type mass flow rate meter. The gross power produced at
the turbine is measured with a power meter.

2.2. Fluid Candidates

Candidate working fluids to enter a two-phase turbine must be of the dry type to
bring single-phase expansion in the turbine rotor. Following White’s work [13], one of
the theoretically tested fluid was Novec649TM. In addition, this fluid is non-toxic and
non-flammable [33]. Moreover, due to its environmental characteristics (ozone depletion
potential (ODP) = 0 and global warming potential (GWP) = 1), Novec649TM is not concerned
by the Kyoto and Paris agreements on refrigerant working fluids (Table 2) [34,35].
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Table 2. Main properties of the working fluids studied.

Properties Novec649TM HFE7000 HFE7100 Blend 50% Novec649TM–
50%HFE7000

Fluid type Dry Dry Dry Dry
Fluid class Fluoroketone Hydrofluoroether Hydrofluoroether -
Formula CF3CF2C(O)CF(CF3)2 C3F7OCH3 C4F9OCH3 -

Critical temperature (◦C) 169 165 195 162
Critical pressure (bar) 18.7 24.8 22.3 22

Normal glide 0 0 0 2
ODP 0 0 0 0
GWP 1 530 320 266

Flammability No No No No
Toxicity Null Low Low Low

Two other working fluids, namely HFE7000 and HFE7100 of the Hydrofluoroether
(HFE) type, are identified as promising candidates for our study (Figure 6). These working
fluids have been identified as possible replacements for Hydrofluorocarbures (HFCs) [36].
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HFE7000 provides equivalent performance to an HFC-type fluid [37]. In addition, this
working fluid provides a better performance than other HFE-type fluids [38]. Concerning
HFE7100, reference [39] reports an overall ORC installation efficiency of approximately
6% for a power output of 1 kW. Such results, in view of the yields usually obtained by
ORCs for the same power range, confirms a strong interest for this working fluid. However,
although it has better environmental properties than HFCs, the GWP of these fluids remains
relatively high (>150) (Table 2).

However, these replacement fluids are not always able to achieve the desired perfor-
mance compared to the replaced fluids [40]. Thus, zeotropic mixtures of replacement fluids
are supposed to be an interesting solution to increase the performance of an ORC [41].
Indeed, due to the difference in saturation temperature of the fluids composing the mixture,
the saturation temperature of the fluid during the evaporation phase is not isothermal: this
is called “temperature glide”. This temperature glide is the main characteristic of zeotropic
mixtures which would make it possible to increase the performance of the ORC by reducing
the losses at the hot source.

The thermodynamic properties of the Novec649TM, the HFE7000 and the HFE7100
come from EES (Engineering Equation Solver) software [42]. The properties of the mixtures
are obtained with the software Refprop (NIST database) [43].
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2.3. Partial Admission Micro Axial Turbine

The turbine studied in this work is an impulse partial admission micro axial turbine.
Axial turbines are the most used turbines for powers of more than 0.5 MW [32]. However,
it is possible to use them at lower powers, either by directly modifying the geometry of the
rotor and stator or by modifying the stator to allow for a reduction in the flow entering the
turbine: this is called a partial admission turbine.

In an axial turbine, the fluid is accelerated through a static guide (stator). The fluid, at
high speed, is then directed towards a set of moving blades and causes the implementation
of a mechanical movement. In impulse turbine, the pressure drop takes place only in the
stator (stationary blades).

Generally, in the case of ORCs, axial turbines operate with pressure ratios lower than
8, but with high fluid velocities [44,45]. However, the impulse axial turbines can operate at
higher fluid speeds while maintaining satisfactory efficiency.

2.4. Test Campaigns

The majority of the experimental tests were carried out with Novec649TM as the work-
ing fluid. Then, the performances of the ORC were compared with three other fluids pre-
sented earlier: HFE7000, HFE7100 and a 50/50 mixture between Novec649TM and HFE7000.

For a better understanding of the article, all results presented in Section 3 correspond
to tests in Novec649TM following a quasi-constant hot and cold source (Table 3). Only the
mass flow rate of the working fluid and sources change. In Section 4, all campaigns are
considered (Table 4).

Table 3. Variable parameter and variable range (campaign 1).

Variable Parameter Variation Range

Heat source
Inlet temperature 110 ◦C

Flow rate 2000–3500 L.h−1

Cooling source Inlet temperature 13 ◦C
Flow rate 1000–2500 L.h−1

Working fluid Fluid type (number of tests) Novec649TM (42)
Flow rate 0.03–0.09 kg.s−1

Table 4. Variable parameter and variable range (campaign 2).

Variable Parameter Variation Range

Heat source
Inlet temperature 90–110 ◦C

Flow rate 200–3500 L.h−1

Cooling source Inlet temperature 13–35 ◦C
Flow rate 250–2500 L.h−1

Working fluid Fluid type (number of tests)

Novec649TM (106)
HFE7000 (28)
HFE7100 (75)

50%Novec649–50%HFE7000 (40)
Flow rate 0.03–0.09 kg.s−1

3. Results and Preliminary Analysis of the First Campaign
3.1. Nominal Working Point

In nominal operation, the ORC can produce a power of about 450 W for an electrical
efficiency of the turbine of about 27% (Table 5).

The similitude theory applied by Balje to expander technologies suggests a particular
type of expander for a specific application. It is shown that two parameters are generally
sufficient to fully describe the characteristics of turbo-machines: the specific diameter ( Ds)
and the specific speed ( Ns), as represented in (Equations (1) and (2)) [46].
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Ds = D.
∆h0.25

is√
.

qout,is

(1)

Ns = Nrota.

√
.

qout,is

∆h0.75
is

(2)

Table 5. Design point.

Parameters Data

Fluid Novec649TM [-]
Mass flow rate 0.076 [kg.s−1]

Inlet temperature 108.2 [◦C]
Inlet pressure 5.30 [bar]

Outlet pressure 0.44 [bar]
Rotation speed 9750 [RPM]

The Balje diagram, illustrated in Figure 7, provides the specific speed Ns and diameter Ds
range at the design operation point for the different types of expansion systems. In the specific
application, the conditions considered are detailed in Table 5. The calculated Ns and Ds,
respectively around 7 and 4 (depending on the rotational speed and diameter supposed)
suggested that the partial admission axial turbine was the best choice (with a total-to-static
maximum isentropic efficiency of around 50%).
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Thus, the ORC expander is a partial admission supersonic impulse axial turbine
produced by the French manufacturer Enogia. This choice of expander makes it possible to
avoid excessively small and unfeasible dimensions or too high and impracticable rotational
speeds at the cost of increased partial admission losses. As a stator, the turbine has a
convergent–divergent nozzle. The turbine’s partially admitted rate is in the order of
several percentages.

3.2. Vapor Quality Estimation

Vapor quality corresponds to the mass fraction of vapor in a mixture. Vapor quality is
a crucial parameter for two-phase condition evaluation. The vapor quality of the fluid at
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the turbine inlet is deduced from a heat balance on the evaporator component between the
source and the working fluid ((3) and (4)).

.
Qevap =

.
mw f . ∆hw f =

.
mw f . ∆hw f ,sh +

.
mw f .xin,turb.∆hw f ,lh (3)

.
Qevap =

.
mhs . ∆hhs (4)

Thus, we are able to experimentally vary the quality of the working fluid at the turbine
inlet between 0.5 and 1.

However, as explained earlier, in order to provide a clearer reading of the tests, the
tests in Novec649TM were sorted with a quasi-constant hot and cold source. In Figure 8,
we can observe that after a transition flow between single-phase and two-phase, the vapor
quality is directly linked to the mass flow rate of the working fluid. The higher the working
fluid mass flow rate is, the lower the vapor quality is. For the presented results, the vapor
quality varies between 1 and 0.65. The high uncertainty level of the quality is due to the
small temperature difference between inlet and outlet heat source.
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3.3. Electrical Production

In Figure 9, we can observe that the electrical power produced by the turbo-generator
increases with the mass flow rate of the working fluid until it reaches a maximum. After
having reached this maximum, it decreases slightly with the working fluid mass flow rate.
We can notice that the maximum point is reached during the transition of the fluid from the
monophasic state to the diphasic state at the turbine inlet. By coupling the information in
Figure 9 with Figure 8, for a vapor quality at the turbine inlet of 0.65, the power produced
is 420 W, while at the maximum the turbo-generator could produce a power of 450 W,
representing a decrease of 6.4%. It is thus interesting to notice that, even in the two-phase
state, the turbo-generator continues to produce electrical power, with a slight decrease in
comparison to the power produced in single phase.

In Figure 10, it is observed, in the same way as in Figure 9, that the high pressure
within the ORC cycle increases with the flow rate of the working fluid. Once the working
fluid is in two phase, the high pressure stabilizes.

At the last single-phase point (design point), the pressure ratio over the turbine is
approximately 12. Most likely, it is equipped with a convergent–divergent supersonic
nozzle. Its throat area is choking. In this case, the turbine inlet pressure is determined
by the swallowing capacity of the turbine, i.e., by the fraction of the total mass flow rate
which is vaporized. The liquid (droplets) does not have almost any volume. Therefore, in
single phase, a linear increase in turbine inlet pressure with mass flow rate is observed. The



Energies 2022, 15, 7559 10 of 21

further increase in mass flow rate is achieved at constant inlet pressure, because a fraction
of the total mass flow rate is liquefied, with almost no volume.
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The results in Figure 10 show the adaptability of the cycle in the case of two phase
in the turbine. Furthermore, it can be deduced from this pressure stability that the only
factor that affects the power output in the two-phase operation is the working fluid mass
flow rate, and more precisely the liquid mass flow rate. Thus, it can be anticipated that the
vapor mass flow rate on the last single-phase point is the same for all the two-phase points.
The excess mass flow rate would be working fluid in liquid form.

Moreover, in Figure 11, we can also observe that the transferred heat increases with
the mass flow rate. Indeed, the augmentation of the working fluid mass flow rate increases
the power exchanged at the exchanger until the exchange surface is no longer sufficient
to evaporate the entire working fluid. However, even when the exchanger is no longer
able to evaporate the entire working fluid, the total power exchanged continues to increase
with the mass flow rate. In the two-phase operation, even though smaller than for the
single-phase tests, the power transferred through the evaporator is still increased: 700 W
for a quality down to 0.65, representing an improvement of 5% of heat transferred.
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Hence, it can be added that the liquid heat transfer coefficient is higher than the
evaporation heat transfer coefficient for Novec649TM at the corresponding pressure [36].
The tests for which the fluid leaves the evaporator with a high vapor quality correspond to
a lower global heat transfer coefficient than the tests leaving the evaporator with a lower
vapor quality.

We underline that even in the case of a two-phase entry in our turbine, the ORC
continues to generate electricity at an acceptable level. We will now investigate the efficiency
of the two-phase turbine to quantify efficiency variation.

3.4. Efficiency

In order to quantify the performance of the turbine, we focus on the electrical efficiency
of the turbo-generator.

ηturb =

.
Welec,tg

.
Wis,turb

(5)

In Figure 12, it can be observed that the electrical efficiency of the turbo-generator
increases with the power produced. We can also observe that the single-phase efficiency
is, for any power, higher than the two-phase efficiency. Indeed, when changing from a
single-phase to a two-phase fluid at the turbine inlet, the turbo-generator efficiency drops
according to the vapor quality. Reducing the vapor quality from 1 to 0.65 leads to a decrease
of four points of turbo-generator efficiency. Thus, even if the turbo-generator continues
to produce power with a two-phase fluid flow, the efficiency of the turbo-generator in
two phases will always be lower than the single-phase turbo-generator efficiency.

From a general point of view, these results demonstrate a high degree of adaptability of
the ORC to a two-phase fluid condition at the turbine inlet. Indeed, although the electrical
efficiency of the turbo-generator is lower in the two-phase condition, compared to its
single-phase efficiency, the turbo-generator still produces significantly.

In Section 4, we will investigate the complete sets of data to confirm and quantify
the role of the two-phase condition on electrical efficiency for different test conditions
and fluids.

3.5. Vapor Mass Flow

In Figure 13, we can observe the evolution of the vapor quality as a function of the
mass flow ratio between the vapor mass flow rate and the total mass flow rate. In the
two-phase regime, the vapor mass flow rate was estimated by assuming that the vapor mass
flow rate in all two-phase tests is equal to the vapor mass flow rate of the design test (last
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point in single phase). We can make this assumption because all of the two-phase tests were
performed under constant conditions at heat sources and identical turbine inlet pressures
and temperatures. We can notice that the vapor quality of the working fluid decreases with
the ratio between the vapor mass flow rate and the total mass flow rate. This decreasing
curve shape is of the form of a power curve (y = xα with α being between 1.5 and 2). This
observation is in agreement with studies on nuclear turbines under critical mass flow rates
and under two-phase conditions, which concludes on a quadratic relation between vapor
mass flow rate, total mass flow rate and vapor quality [47]. This “model” is not expected to
work for vapor quality close to zero due to changes in the working fluid behavior (liquid
volume should be considered). Hence, due to the level of uncertainty, we propose to adopt
the same relationship between vapor quality, vapor mass flow rate and total mass flow rate
(Equation (6)): we consider this “model” as an accurate way to estimate the vapor quality
at the turbine inlet.

xin,turb =

( .
mvap,turb,estimated

.
mtot,turb,measured

)α

with α ≈ 2 (6)Energies 2022, 15, x FOR PEER REVIEW 13 of 23 
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4. Results and Analysis of All Tests
4.1. Mass Flow Rate Model: One-Phase, Two-Phase and Multi-Fluid Aspect

We can calculate the mass flow rate in the turbine by knowing the throat section of
the turbine, the inlet and outlet pressures of the fluid and the intrinsic properties of the
barotropic fluids [48].

For brevity, only an overview of the model is given here. When the fluid passes
through the throat section of the stator A∗, the Mach number is 1. This implies that
the speed of the fluid in this section is equal to the speed of sound in the fluid. It is
then, knowing A∗, possible to determine the flow rate of the fluid flowing in the turbine
(Equation (7)).

.
mvap = A∗.ρin,turb .cin,turb .

[
2

γ + 1

] γ+1
2.(γ−1)

(7)

With ρin,turb as the stagnation density, cin,turb as the stagnation speed of sound and γ
as the polytropic exponent [48].

With this equation (Equation (7)), it was possible to estimate the mass flow rate of
vapor circulating in the ORC for each of the two-phase tests. Then, by coupling the
equation (Equation (6)) with the turbine mass flow rate prediction model (Equation (7)), it
is possible to theoretically calculate the mass flow rate of fluid for every test (single phase
or two phase).

.
mtot =

A∗.ρin,turb .cin,turb .
[

2
γ+1

] γ+1
2.(γ−1)

√xin_turb
(8)

Then, knowing that this theoretical mass flow rate model is taking into account the in-
trinsic properties of working fluids, it was evaluated for different working fluids (Figure 14).
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Figure 14. Turbine mass flow rate model vs. turbine mass flow rate measurement.

It is therefore observed that the flow prediction model corrected with the vapor quality
at the turbine inlet provides accurate results: +/− 10 % for 291 tests. It is thus very
interesting to show that this method is suitable for different working fluids (Novec649TM,
HFE7000 and HFE7100) as well as for mixtures of fluids (Novec649TM/HFE7000), for
single-phase and for two-phase (quality ≥ 0.5) conditions at the turbine inlet.

Another way to interpret such results is to use (Equation (8)) as an indirect method to
estimate the thermodynamic quality at the turbine inlet.
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4.2. Efficiency Analysis
4.2.1. Single-Phase Condition at Turbine Inlet

Two standard dimensionless turbomachinery parameters are the total-to-static pres-
sure ratio (π) and the specific speed (Ns) [49].

π =
Pin,turb,total

Pout,turb,static
(9)

Using these two dimensionless parameters, it was possible to determine a corre-
lation between the electrical efficiency of the turbo-generator for single-phase tests in
Novec649TM, HFE7000, HFE7100 and a zeotropic mixture of 50%/50% mass composition
between Novec649TM and HFE7000.

ηturb,dry = a.Ns + b.N2
s +

c
π

+
d

π2 (10)

The result of the a, b, c and d optimization, in the one-phase condition (xin_turb = 1 or
superheated condition), is presented in Figure 15. We indicate the multi-fluid aspect of this
correlation within a range of three points of efficiency.
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4.2.2. Two-Phase Condition at Turbine Inlet

As seen in Figure 12, a two-phase condition at the turbine inlet reduces the efficiency
of the turbo-generator: the lower the vapor quality in the tests, the lower their efficiency.
Therefore, in order to include the two-phase conditions in the correlation, a fifth parameter
was added: the fluid vapor quality at the turbine inlet (xin,turb). The single-phase part of
the correlation remains the same: a, b, c and d have the same values as in Section 4.2.1.

ηturb,wet = a.Ns + b.N2
s +

c
π

+
d

π2 + e.(1− xin,turb) (11)

This empirical correlation was set up with a range of validity of fluid vapor quality
between 0.5 and 1. The optimization result of parameter e is presented in Figure 16. We
underline that the accuracy of the correlation is similar to the one-phase correlation obtained
in Section 4.2.1.
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4.3. Two-Phase Expansion

The present experimental results illustrate the ability of the turbine to operate in a
two-phase regime and to continuously produce electricity at an acceptable level. Moreover,
as explained in the introduction, it is possible, with the use of a dry fluid, to flash the entire
fluid before it enters the rotor. Indeed, according to the theoretical work of White, the
internal geometry of the stator of a radial turbine allows for the entire working fluid to be
flashed [13].

Thus, we can draw a parallel between White’s radial turbine study and the present
axial turbine study. Indeed, the working fluid may be accelerated (Ma < 1) in the convergent
part of the nozzle (here, the stator) until it reaches sound speed (Ma = 1) in the throat
area. Downstream, in the divergent part of the nozzle, it may be accelerated (Ma > 1).
Acceleration causes pressure to drop and vapor quality to increase, resulting in a complete
flash from a two-phase state to a pure vapor state at the stator’s outlet. At the rotor inlet,
the fluid may be in a low-pressure vapor state (Figure 17).

Thus, the turbine’s ability to operate in a two-phase regime may prevent rotor turbine
blade erosion caused by liquid droplets. A specific long-term study could confirm this.
This ability provides a more reliable response of the ORC system to evaporator fouling or
large off-design conditions, for example.

Moreover, the total capital costs of the ORC in the case of heat recovery at medium
temperature level remains very high [12]. It is therefore interesting to keep in mind that
it is possible to reduce the size of the heat exchanger if partial evaporation is permitted.
As shown in Figure 11, for the same evaporator size, running the evaporator in two phase
allows it to operate on a wider range of hot sources.

By plotting the electrical production of the ORC based on the hot source and by
increasing the mass flow rate of the fluid circulating in the ORC, we can observe that the
electrical production increases with the heat transferred at the hot source (Figure 18). Then,
in the same way as shown in Figure 9, the ORC reaches a maximum of production during
the passage from a single-phase to a two-phase regime. Two production curves can thus be
drawn: the first one in a single-phase and the second one in a two-phase regime (Figure 19).

Based on this conversion profile, it can be interesting to compare different production
cases based on different assumptions. This purely illustrative comparison relies on a simple
hypothesis of a regular heat transfer profile:
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• Case 1: The turbine is only designed for single-phase operation. In this situation, only
the blue part of Figure 20 makes electricity production possible and the maximum
heat transferred at the evaporator is of about 13.3 kW.

• Case 2: The turbine is designed for a single-phase and two-phase operation (case
studied in this article). In this situation, the electrical production zone in Figure 20
corresponds to the orange and blue zones, and the maximum heat transferred at the
evaporator is of about 14kW.

• Case 3: The turbine is designed for a single-phase operation and the evaporator is
redesigned to be of a larger size. In this situation, the electric production zone in
Figure 20 corresponds to the orange zone, the blue zone and the purple zone, and
the maximum heat transferred at the evaporator is of about 14kW. The single-phase
production line of this case corresponds to the continuity of the turbine production
line studied in this article.
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Thus, if we compare case 1 with case 2, we can notice that for the same evaporator,
it is more profitable to have the possibility to produce in two-phase conditions. We can
estimate that operating the heat exchanger in a two-phase regime may lead to produce 20%
more (the average electrical power increases from 293 to 369 W) for a heat source range
between 10,000 and 14,000 W and for an equal-time repartition of the heat source (Table 6).

Then, if we compare case 2 and case 3, we can notice that electrical production increases
slightly from 369 W to 376 W in case 3, but an increase in evaporator size is mandatory.
Thus, even if the power that can be produced by the turbine will always be greater, if we
remain on electric production with a single-phase fluid, the total capital cost will be higher
due to the evaporator surface. For waste heat recovery and geothermal applications, the
evaporator component is generally a technical challenge and expensive equipment.

However, the gain associated with the two-phase condition also has some limits: for
an increase in consumption of 700 W hot source (Figure 18), the quality of the fluid varied
from 1 to 0.65. This increase in the hot source range is thus limited by the quality of the
fluid and cannot be extended over a very large hot source range.



Energies 2022, 15, 7559 18 of 21

Table 6. Electrical production for case 1, 2 and 3.

Blue Zone
Production
(Figure 20)

Orange Zone
Production
(Figure 20)

Purple Zone
Production
(Figure 20)

Average
Production

between 10 and
13.3 kW Hot

Source

Average
Production

between
13.3 and 14 kW

Hot Source

Average
Production

between 10 and
14 kW Hot

Source

[-] [-] [-] [W] [W] [W]
Case 1 Ok No No 355 0 293
Case 2 OK Ok No 355 435 369
Case 3 Ok Ok Ok 355 475 376

As a conclusion, thanks to the possibility of two-phase conditions, a new axis of
optimization between ORC size and electrical production has emerged. This optimization
will depend on the source condition and the fluid used.

5. Conclusions

The organic Rankine cycle (ORC) technology is an efficient way to convert low-grade
heat from renewable sources or waste heat for power generation. The partial evaporated
organic Rankine cycle (PEORC) can be considered as a promising alternative as it can offer a
higher utilization of the heat source. An experimental investigation of a small ORC system
used in full or partial evaporation mode is performed. The work focuses on the behavior of
an axial turbine, which is first characterized in a superheated mode that corresponds to
standard ORC behavior.

Next, the experimental behavior of the micro axial turbine (with partial admission) in
two-phase conditions is studied by increasing the mass flow rate circulating in the ORC.
Partial evaporation of the fluid keeps on producing power. The efficiency decrease due
to the two-phase turbine inlet condition is quantified and considered as sufficient. As an
illustrative example, electrical power was reduced, at 6.4% lower with a vapor quality of
0.65 at the turbine inlet, than for a power produced with a superheated vapor. Nevertheless,
for the same conditions, the thermal power exchanged at the evaporator is increased by 5%
for the same surface.

A semi-empirical correlative approach involving traditional non-dimensional tur-
bomachinery parameters (specific speed, pressure ratio) can accurately describe turbine
performances in one-phase conditions. The semi-empirical correlative approach was com-
pleted to take into account the partially evaporated turbine inlet condition for various
fluids, including pure fluids and zeotropic mixtures.

These recent achievements put forward the increase in the reliability of the ORC thanks
to the operation of a turbine in two-phase conditions. They also make it possible to add
more flexibility during the ORC’s design phase by reducing the size of the evaporator
and then decreasing the total capital cost of the ORC without highly reducing the power
produced by the turbine.

This work will provide experimental data for the development of numerical models
able to describe the complex internal flow of an axial turbine with a partially evaporated
inlet condition.
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Nomenclature

Symbols Subscripts
A∗ Critical section stator (m2) elec Electric
c Speed of sound (m. s−1) evap Evaporator
∆h Enthalpy difference (J.kg−1) hs Hot source
D Diameter (m) in Input
Ds Specific diameter (-) is Isentropic
η Efficiency (-) lh Latent heat
γ Polytropic exponent (-) liq Liquid
.

m Mass flow rate (kg.s−1) out Output
N Rotation speed (tr.min−1) rota Rotation
Ns Specific speed (-) sh Sensible heat
π Pressure Ratio (-) tot Total
P Pressure (Pa) tg Turbo-generator
.

Q Thermal power (W) turb Turbine
q Volume flow (m3. s−1) vap Vapor
ρ Density (kg. m−3) wf Working fluid

.
W Turbine electrical power (W)
x Vapor quality (-)
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