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Abstract: Organic Rankine cycle (ORC) is an effective technology to harness low-grade energy.
Turbine, as a key component of ORC, takes advantages of its high efficiency and compact size
compared with other expanders. Currently, developing suitable turbines with a high performance
and a low cost is one of the bottlenecks for wide applications of various ORCs. In this context,
technical progress on radial inflow turbines (RITs), axial turbines (ATs), and radial outflow turbines
(ROTs) is introduced, and loss models used in the preliminary design are compared, especially for
small-scale ORCs. RIT is recommended for medium and small ORCs with an expansion pressure ratio
of <10. The power outs and rotational speeds of the designed RITs spanned the ranges of 9.3–684 kW
and 3000–114,000 r/min with an efficiency of 56.1–91.75%. In comparison, the power outputs and
speeds of ATs were 3–2446 kW and 3000–91,800 r/min with an efficiency of 63–89.1%. AT is suitable
for large-scale ORCs with a power output of greater than hundreds of kW. However, AT with impulse
stages is feasible for small-scale ORCs when the pressure ratio is high, and the mass flow rate is
small. The power outputs of the designed ROTs were relatively small, at 10–400 kW with a speed of
7200–42,700 r/min and an efficiency of 68.7–85%. For organic working fluids with a large expansion
pressure ratio, ROT might be employed. Conventional mean-line models may neglect the effects
of supersonic flow, which will be encountered in many ORC turbines. Therefore, adequate models
for supersonic expansion loss and shock loss need to be added. Meanwhile, a proper multivariable
optimization algorithm such as a gradient-based or stochastic search method should be selected.
Finally, the challenges and potential research directions are discussed. The outcomes can provide
some insights for the development of ORC turbines and the optimization of ORC systems.

Keywords: organic Rankine cycle; axial turbine; radial turbine; preliminary design; mean-line model

1. Introduction

Organic Rankine cycle (ORC) is an effective approach for energy conservation and
low-grade energy utilization [1], which can be used in power generation from solar [2] and
geothermal [3] energy, waste heat recovery [4] from power systems [5] and other industrial
plants [6]. Meanwhile, ORC can be integrated with fuel cells to improve clean hydrogen
energy utilization [7]. Currently, high-performance expander development is one of the
bottlenecks for various applications of ORCs.

Positive displacement expanders, such as scroll expanders and piston expanders, are
widely investigated for ORC systems [8]. Turbines are another promising option. Compared
with positive displacement expanders, turbines have the advantages of high pressure ratio,
high efficiency, large volumetric power density, and compact size [9]. Alshammari et al. [10]
compared the performance characteristics of turbines and positive displacement expanders.
Quoilin et al. [11] compared three maps for radial inflow turbines (RIT), screw expanders,
and scroll expanders under feasible operation conditions when the power of ORC varied
from kW to MW with the heat source temperature of 90–300 ◦C. For a specified operation
condition, the most appropriate expander could be selected from the maps. Colonna
et al. [12] analyzed the current status and future developing trend of turbines and positive

Energies 2023, 16, 3423. https://doi.org/10.3390/en16083423 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en16083423
https://doi.org/10.3390/en16083423
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-2219-4964
https://doi.org/10.3390/en16083423
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16083423?type=check_update&version=1


Energies 2023, 16, 3423 2 of 20

displacement expanders. In practice, noise, sealing, durability, leakage, and the feasibility
of operating with wet vapor also need to be considered [13]. For small-scale expanders,
experimental results indicated that the efficiency of a scroll expander was in the range
of 60–70%, while it was 65–85% for the RIT [14]. Qyyum et al. [15] deemed that turbines
were suitable for a power output up to 20 kW. Screw expanders were better when the
power output was slightly higher. The performances of turbines and positive displacement
expanders were similar for the power range of 20–70 kW.

Organic working fluids, instead of steam, are often employed in ORCs, which may
experience an expansion process with a high volumetric expansion ratio and a low enthalpy
drop. RITs exhibit a higher efficiency compared with other expanders for many ORCs. An
efficiency of 85% might be achieved for RITs [16]. In comparison, an axial turbine (AT) is
suitable for ORCs with a high mass flow rate. The efficiency of AT is comparable with
RIT for some large-scale ORCs [17]. The diameters at the inlet and exit are different for
RIT, which could increase the power output with a compact size and a low cost. Hence,
RITs are superior for ORCs with a relatively high pressure ratio and a low mass flow rate.
Zywica et al. [18] found that the efficiency of RIT was greater than AT when the power
output ranged from several to tens of kW. For turbines with a power of 3–100 kW, Weib [19]
pointed out that a single-stage axial impulse turbine might be the best for the integrated
design of turbine-generator. In practice, a suitable expander must be designed according to
the requirements of ORC, and a comprehensive performance estimation over the design
and off-design conditions must be conducted.

Turbines as a critical component have been investigated from small-scale kW-class
to large-scale MW-class ORC systems. Recently, rapid progress had been made in the
design of turbines for ORCs. The preliminary design is fundamental for the development
of a turbine with high efficiency. The applications of ORCs are diverse. The operation
conditions and working fluid differ from one another. The preliminary design can be
employed to determine the principle geometric parameters: rotational speed, power output,
and turbine efficiency. Meanwhile, it can be integrated with the ORC model to give a
more accurate estimation of system performance. In ORCs, RIT, AT, and radial outflow
turbine (ROT) have been developed. The loss model is critical for the preliminary design.
Meanwhile, several decision variables need to be optimized simultaneously, and an efficient
optimization algorithm is important as well. However, there is a lack of an outline of these
achievements. Therefore, in this context, the technical progress of three typical turbines,
including RIT, AT, and ROT, is introduced, and the corresponding preliminary design
approaches are presented. The loss models used in the mean-line method are analyzed and
summarized. Subsequently, multivariable optimization algorithms used in the preliminary
design process are reviewed. The outcomes can provide a reference for the development of
high-performance turbines for ORCs.

2. Turbine Performance

The mean-line model is employed ordinarily for the preliminary design of turbine.
The main geometric parameters of the stator and rotor are determined. The turbine per-
formances under design and off-design conditions can be estimated. A typical procedure
for the preliminary design is shown in Figure 1. In the initialization step, the working
conditions of the turbine are configured according to the requirements of ORC. Normally,
the total pressure and temperature at the turbine inlet, the static pressure at the exit, and the
mass flow rate of the organic working fluid are given. A set of decision variables is defined
with initial values, and the associated constraints for the optimization model are setup.
Subsequently, an iterative computation process is built to optimize the target. The velocity
triangles of the stator are determined according to the assumed values of the geometry. The
flow losses are estimated accordingly based on the mean-line model. Then, the velocity
triangles of the rotor are determined, and the losses are calculated in a similar manner.
Hence, the efficiency and principle geometric parameters of the turbine are obtained. A
multivariable optimization algorithm is often integrated to maximize the turbine efficiency.
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The algorithm searches in the defined constraint space of the decision variables to optimize
the target via an iterative computation. Once the convergence condition is satisfied, the
iteration terminates, and the last results are stored. In this review, only the results about the
preliminary design of ORC turbines based on the mean-line method are introduced. Some
state-of-the-art investigations about CFD simulation, turbine experiments, and combined
optimization with ORCs are not involved.
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Figure 1. Procedure for the preliminary design of ORC turbines.

2.1. Radial Inflow Turbine

The performances of RITs were investigated widely for small-scale ORCs. Compared
with AT, the flow of the working fluid inside RIT yields a decrease in radial radius. Thus,
more work can be generated, and high efficiency is achieved. Table 1 lists the performances
of various RITs designed for ORCs. It can be seen that the power outputs were in the range
of 9.3–684.26 kW. Most of the RITs had an efficiency of over 80%. The maximum efficiency
arrived at 91.75%. Different working fluids were employed, including refrigerants (R245fa,
R1234yf, R143a, R152a), hydrocarbons (toluene, propane, isobutane), and siloxanes (D4,
MM). The designed turbine speed ranged from 3000 to 114,000 r/min, which might be
apparently lower than that of a small-scale gas turbine [20]. The expansion pressure ratios
(EPRs) were in the range of 1.997–7.95 for most turbines. A high EPR was specified for
working fluids with a large molecular weight, such as toluene, MM, and D4, which were
25, 72.3, and 49.43, respectively, because of a very low condensation pressure under the
ambient temperature for these organic working fluids.
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Table 1. Performances of the RITs investigated in the literature.

Working Fluid EPR Speed Power Efficiency Refs.
(r/min) (kW) (%)

R245fa 4.11 22,529 100 89.23 [21]
Novec 649 7 40,000 13.6 74.4 [22]

Toluene 25 71,502 45.6 56.1 [23]
Isobutane 4.491 49,331 105.08 76.36 [24]

R152a 1.997 43,124 15 84 [25]
R245fa 7.95 8995 684.26 86.9 [26]

R1234yf 3.638 30,673 50.2 78 [27]
R245fa 2.96 7000 293.9 87.3 [28]
R143a 2.54 24,250 414.83 81.72 [29]

D4 49.43 25,990 9.6 78 [30]
MM 25 114,000 9.3 80 [31]
MM 72.3 90,200 11.6 77.3 [32]

R1234yf 4.4786 18,837 182 86.1 [33]
Propane 4.86 57,579 140 84.1 [34]
R245fa 2.69 11,000 128 87.23 [35]
R141b 3.17 3000 268 91.75 [36]

The preliminary design is the first step in the development of RITs and is generally
realized based on the mean-line model. Jung et al. [28] designed a turbine with a net power
output of 250 kW using R245fa as the working fluid. At the design condition, the turbine
efficiency was 87.3% at a speed of 7000 r/min. Figure 2 displays the structure of a typical
RIT used in an ORC. Lang et al. developed a 10 kW RIT for waste heat recovery from
truck exhaust gases [30]. The RIT was directly connected to a generator. An extra power
of 9.6 kW was measured with an isentropic efficiency of 75% when D4 was used as the
working fluid. The turbine can be integrated with the generator and even sometimes with
the compressor via a common shaft. The blade height at the inlet of the rotor is small for
small-scale RITs, normally in the range of 0.7–1.4 mm. This is not beneficial for efficiency
or manufacturing.
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The working conditions of ORC must be defined at the design point because the
designed critical parameters of RIT are dependent on these inputs. Generally, the decrease
in EPR or the inlet temperature is beneficial for the enhancement of turbine efficiency [21],
although it is unfavorable for ORC performance. White et al. [38] designed a 25 kW RIT.



Energies 2023, 16, 3423 5 of 20

As the heat source temperature increased from 80 to 360 ◦C, the optimized load coefficient
increased while the flow coefficient decreased. When the heat source temperature was
low, the profile loss was the main part. However, the clearance loss became the largest
part when the heat source temperature was high. Sometimes, the operation conditions of
ORC may depart from the design point. Therein, the off-design performance of RIT can
be evaluated using the mean-line model as well. Persky et al. [39] tried to improve the off-
design performance via adjusting the working conditions of ORC. The selection of organic
working fluid has a great influence on the results of the preliminary design. The turbine
parameters may differ significantly for different organic fluids. Fiaschi et al. [40] designed
a 50 kW RIT with regard to six fluids: R134a, R245fa, R1234yf, R236fa, cyclohexane,
and n-pentane. The rotor diameters varied from 48 to 138 mm. The RIT using R134a
had the smallest diameter, while cyclohexane had the largest. The minimum speed was
31,843 r/min for R1234yf, while it was 54,347 r/min for R134a. Meanwhile, the highest
turbine efficiency was 0.83 for R134a, whereas the lowest was only 0.54 for R1234yf. For
wet working fluid, cavitation must be avoided during the expansion process to ensure the
turbine has enough lifetime [36]. For ORCs with fluctuating heat source temperature or
mass flow rate, a variable geometry turbine (VGT) can be employed to improve the power
output under the off-design conditions via adjusting the nozzle position [41].

The operation characteristics and optimized performances of RITs can be estimated
using the mean-line method. An investigation by Uusitalo et al. [31] indicated that RIT had
a higher efficiency when the specific speed was between 0.4 and 0.8. Meanwhile, as the
specific speed increased, the losses of clearance and windage decreased, and the largest
part was the exit loss. Later, an experimental investigation showed that the turbine could
operate at a speed of 12,000–31,000 r/min and the power output reached 6 kW [37]. The
mean-line model predicted the performance with high precision. Da Lio et al. [26] studied
the preliminary design of RIT based on the Aungier model. The optimal specific speed was
found in a narrow range of 0.41–0.42, regardless of the EPR, and the optimal velocity ratio
was around 0.70. Hagen et al. [34] designed a RIT with a power output of 140 kW using
propane as the working fluid. The inlet and exit pressures of the turbine were 46.6 and
9.58 bars, respectively. The optimized results were consistent with the previous conclusion.
RIT is an appropriate choice that can provide high efficiency for most small-scale ORCs.
However, for RIT with a high EPR, the performance may decline apparently because the
turbine efficiency diminishes owing to supersonic flow losses. For example, if the size of the
RIT decreases with a smaller power output, the turbine efficiency will drop, and the speed
will obviously increase. Using toluene as the working fluid, Costall et al. [23] designed
three RITs. The small turbine had a power output of 15.5 kW at a speed of 136,373 r/min.
The blade height at the inlet was only 1.6 mm. The power outputs of the medium and
large turbines were 34.1 kW and 45.6 kW, while the turbine speeds were 91,705 r/min
and 71,502 r/min, respectively. As the turbine speed decreased, the corresponding turbine
efficiency increased from 51.5 to 56.1%. In practice, the Ns-Ds map can be used to select the
design point for RIT. Then, the mean-line model can be employed to determine the main
geometric parameters. Mounier et al. [42] compared the outcomes from such a map with
experimental results, and the deviations were less than 4%.

The effects of designed parameters on the performances of RITs can be estimated
based on the mean-line model. An investigation by Rahbar et al. [24] exhibited that the
turbine size and power were affected by the load and flow coefficients, turbine speed, EPR,
the ratio of vane inlet to exit, the radius of the blade hub at the exit, and the absolute flow
angle of the blade. Li et al. [20] analyzed the effects of the reaction degree and the velocity
ratio, defined as the peripheral velocity of the rotor to the ideal absolute expansion velocity.
The aerodynamic performance was improved as the reaction degree declined. The suitable
reaction degree was in the range of 0.3–0.4. Meanwhile, the absolute flow angle of the blade,
the relative flow angle, and the wheel diameter ratio also affected the turbine efficiency.

Supersonic flow occurs at a relatively low sonic velocity for organic working fluids.
The associated shock and supersonic expansion losses must be taken into account using
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the mean-line method. Meroni et al. [29] investigated the preliminary design of RIT with
a high EPR. The supersonic losses were modelled. The deviations in turbine efficiency
were less than 3% and 5% for design and off-design conditions, respectively. For an ORC
with a high EPR, a backswept blade is often employed to decrease the effects of the exiting
swirl. Fiaschi et al. [27] compared the design and off-design performances of a 50 kW RIT
with and without backswept blades. Supersonic flow occurred inside the RIT with the
organic working fluid, and the secondary flow loss was the largest part. The efficiency was
improved by 1.5–2.5% for the RIT with backswept blades. More blades were required with
a higher load coefficient. Meanwhile, a greater flow deflection angle was obtained, and the
absolute flow angle at the exit was also larger. With regard to the supersonic flow at the
nozzle exit, Alshammari et al. [22] developed a mean-line model for RIT with backswept
blades. The optimized total-to-static efficiency was 74.4% with a power output of 13.6 kW.
It is important to select a set of proper decision variables. If inadequate decision variables
are chosen, the turbine efficiency might be decreased by almost 8.00% [33].

2.2. Axial Turbine

AT is generally employed for ORCs with a large mass flow rate and a power output
ranging from hundreds of kW to several MW. On the other hand, an impulse turbine
is suitable for ORCs with a small mass flow. The impulse turbine can connect with a
high-speed generator directly with a high EPR, and no axial force occurs. Meanwhile,
partial admission can be employed when the mass flow rate is very low [19]. Table 2
lists the performances of ATs in the literature. For large ATs, the power spanned the
range of 440 kW–2.446 MW with an efficiency of 0.81–0.891. The corresponding EPR varied
from 1.7 to 6.4. The designed turbine speed was located in a relatively narrow interval of
3000–9998 r/min. The turbine speed exhibited a decreasing tendency as the power output
increased. For small ATs, the power ranged from 3 kW to 26.3 kW with an efficiency of
0.63–0.80. The EPRs were relatively large (5.62–77.2), and the turbine speed increased
significantly to 18,000–91,800 r/min. ATs are normally used in large-scale ORCs. Few
investigations concentrated on small-scale ORCs. For industrial waste heat recovery from a
micro gas turbine or internal combustion engine, using a working fluid with a low EPR,
such as isopentane or isobutane, is beneficial for the design of small ATs [43].

Table 2. Performances of ATs investigated in the literature.

Working Fluid EPR Speed Power Efficiency Refs.
(r/min) (kW) (%)

R245fa 6.4 9998 1464.6 85.5 [44]
MM 77.2 70,000 26.3 80 [43]

R245fa 6.4 4480 1520 89.1 [45]
R245fa 1.7 9990 440 85.5 [45]

MM 50 91,800 11.2 76.7 [32]
Isobutane 5.8 3000 2446 81 [46]

R113 5.62 18,000 3 63 [47]

The preliminary design of AT based on the mean-line model is mature after many
years of development for gas turbines and steam turbines. La Seta et al. [47] developed
the program TURAX for the preliminary design of AT. The deviations in total-to-static
efficiency were less than 1.3% compared with experimental results. Furthermore, the
effects of the designed parameters incorporating stage inlet flow angle, axial velocity, load
coefficient, flow coefficient, minimum openings of the nozzle and rotor, nozzle axial chord,
opening-to-pitch ratios, and rotational speed were analyzed. Witanowski et al. [48] tried
to improve the turbine efficiency via an optimization of over 50 parameters, such as the
profiles of the vane and blade, the twisted angle of the blade, the tilt angle, and the axial
sweep angle. The optimized efficiency increased from 77.8 to 80.6%. Straight blades are
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normally used in ATs. In fact, leaned or twisted blades may be adopted to improve the
aerodynamic performance and reduce the flow losses.

Compared with exhaust gases or steam, special attention should be paid during the
preliminary design using organic working fluid. The viscosity of organic working fluid
is greater than the high-temperature exhaust gases. Hence, the clearance loss of AT using
organic working fluid is lower than that of a conventional gas turbine. An investigation
showed that the turbine efficiency of organic working fluid decreased by 1.3% for every
1% increment of the tip clearance, while it was 1.5% for conventional gas turbines. The
consistencies of the vanes and blades for the ATs using organic working fluid were 1.9–2
and 1.6–2.1, higher than conventional gas turbines at 1.3–1.4 and 1.4–1.7, respectively [49].
Conventional preliminary design defines the load and flow coefficients according to the
Smith and Balje map. An investigation by Da Lio et al. [44] indicated that it might not
be proper for ATs using organic working fluids. This was because the ranges of the
volumetric expansion ratio (VER) and the flow Mach number were much larger than that
for conventional gas turbines. Meanwhile, the size of ORC turbine was smaller than gas
turbine. The influences of VER and SP were significant on the turbine efficiency. Therefore,
a new efficiency map based on the VER and SP was suggested. Later, the effect of the
critical temperature (Tc) of organic working fluid was considered, and a correlation as a
function of VER, SP, and Tc was proposed [50].

Impulse AT is often employed in small-scale ORC with a high EPR and a small mass
flow rate. Recently, Weib et al. [51,52] developed a 13-kW impulse AT using 3D printing.
Figure 3 shows the structure of the AT. The turbine wheel is connected directly with the
shaft of the generator. Partial admission is beneficial for the reduction of the specific
speed. The high-pressure working fluid only enters part of the flow passages along the
circumferential direction of the nozzle. Mikielewicz et al. [53] designed a single-stage AT
with a power output of 3.35 kW. The corresponding speed was 80,000 r/min. When partial
admission was employed, the power output decreased to 2.65 kW while the turbine speed
reduced significantly to 40,000 r/min. For small impulse turbines, the effect of the tip
clearance becomes more prominent. Klonowicz et al. [54] analyzed the optimal partial
admission degrees under different tip clearances. When the tip clearance was 0.15–0.3 mm,
the optimal partial admission degree was 0.28, with an efficiency of 65–69%. When the tip
clearance decreased, the optimal efficiency would increase by 2–3%, and the associated
partial admission degree shifted to the range of 0.3–0.4. For impulse AT, the organic
working fluid expands almost completely in the nozzle. Therefore, the supersonic flow in
the nozzle should be considered. The compressibility of organic working fluid has a great
impact on the turbine’s performance. An investigation by Martins et al. [55] showed that the
convergent nozzle was only suitable for subcritical ORC with an evaporation temperature
less than 140 ◦C. The convergent-divergent nozzle exhibited a better performance when
the evaporation temperature was higher in a supercritical ORC.
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2.3. Radial Outflow Turbine

Exergy S.p.A. [56] developed a prototype of ROT in 2009 for ORC applications. Figure 4
shows the structure of ROT. The vanes of the nozzle and the blades of the rotor are arranged
in a ring on the disk, respectively. The organic working fluid flows from the center of the
disk through the nozzle and the rotor. Compared with AT, ROT has a more compact size.
The high EPR of organic working fluid can be implemented by multistage expansion and a
proper configuration of the blade heights. Table 3 lists the investigations of ROTs in the
literature. The power outputs of the designed ROTs ranged from 10 kW to 400 kW with an
efficiency of 0.687–0.85. The designed speed varied from 7200 r/min to 42,700 r/min. The
minimum EPR was 1.47 when R134a was used as the working fluid. For siloxanes, the EPR
was as high as 35–45, and a multistage layout was employed.

Table 3. Performances of ROTs investigated in the literature.

Working Fluid EPR Speed Power Efficiency Refs.
(r/min) (kW) (%)

D4 45 12,400 10.6 79 [57]
D4 45 15,400 10.3 77 [57]

MM 35.2 42,700 10 68.7 [32]
R143a 1.47 7200 400 85 [58]
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Conventional mean-line models for ATs are adopted for the preliminary design of
the ROT. Currently, no loss model has been developed particularly for ROTs. It should
be noted that the repeating stage assumption for ATs cannot be used for ROT due to the
radial flow characteristic. Casati et al. [57] designed two 10 kW ROTs based on a mean-line
model for small-scale ORC. The five-stage subsonic ROT exhibited an efficiency of 0.79 at a
speed of 15,400 r/min. In comparison, the three-stage supersonic ROT had a slightly lower
efficiency of 0.77 because of the supersonic flow losses, whereas the speed was much lower
at 12,400 r/min. For small ROTs, the specific speed of the first stage deviates apparently
against the optimal value due to the geometric constraints, leading to a decrease in the
turbine’s performance [32]. Meanwhile, the tip clearance loss increases. Kim et al. [58]
estimated the off-design performance of a ROT and recommended a suitable range of
0.57–0.70 for the velocity ratio. Accordingly, the optimal load and flow coefficients were
0.85–1.30 and 0.34–0.41, respectively. To reduce the friction loss, a vaneless counter-rotating
ROT, known as the Ljungström turbine, can be designed [59]. However, the cost will be
increased with a complicated structure, and control is difficult.
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2.4. Comparison of Different Turbines

Organic working fluids with a higher molecular weight manifest a smaller enthalpy
drop and a greater volumetric ratio during the expansion process compared with exhaust
gases. A lower speed of sound is obtained. Meanwhile, fewer stages can be used for
turbines using organic fluid. Accordingly, the stage load coefficient is lower with a smaller
peripheral velocity. Hence, a low-stress and high-efficiency blade profile can be designed.
Nevertheless, the high volume flow ratio is not helpful for the geometric design due to a
huge blade height variation and a large flaring angle. Meanwhile, a high supersonic flow
loss is not beneficial for the improvement of turbine efficiency. The previous three different
turbines have been applied in industry successfully. The companies providing RITs include
Atlas Copco, GE Rotoflow, and Cryostar. ATs can be purchased from Ormat and Turboden.
Exergy produces ROTs.

Figure 5 shows the distribution of power and rotational speed of different types of
turbines investigated in the literature. Most of the turbines are RITs, comprising almost
60%. The power outputs of RITs are relatively small compared with ATs, usually less than
500 kW, and the speed can be as high as 200,000 r/min. In comparison, the power output
of ATs can be up to 2.5 MW. However, the speeds of ATs are relatively small, normally
less than 50,000 r/min. Both the power and speed of ROTs are relatively small compared
with the other two turbines. Figure 6 displays the corresponding data of the efficiency
and EPR. The maximum efficiency of RIT is greater than AT, and the peak efficiency of
ROT is the lowest. Generally, the efficiency decreases gradually as the EPR increases for
all three turbines. AT exhibits the largest EPR. Although the EPR of a RIT can be over 70,
most of the EPRs of RITs are less than 10 to maintain an efficiency of greater than 80%. The
efficiencies of ROTs are spanned in a narrow range around 80%, although the EPR can vary
from 1.47 to 50. The advantages and disadvantages of RIT, AT, and ROT are compared in
Table 4. Each type of turbine has its own advantages. In practice, the most suitable turbine
should be selected according to the specific requirements of ORC system. Not only the
aerodynamic performance but also other indexes such as cost and availability from the
market must be estimated.
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Table 4. Comparison of advantages and disadvantages of different turbines.

Turbine Advantages Disadvantages

RIT • High efficiency due to the decrease in radius from the inlet
to the exit of the rotor;

• Large single-stage EPR, which normally can be up to 10;
• VGT technology can be employed to improve off-design

performance;
• Suitable for turbines with a power output of several to

hundreds of kW.

• Low reaction degree of the rotor;
• High Mach number may occur at the stator exit, and a large

supersonic flow loss;
• High speed and sometimes a reducer are required to

connect with the generator;
• Limited volumetric expansion ratio and mass flow rate.

AT � Mature technology, multi-stage AT, covers 90% of the
market for power generation;

� High specific speed;
� Stage load coefficient can be decreased via a multi-stage

arrangement;
� Suitable for ORCs with hundreds of kW to several MW

power output.

� Small volumetric expansion ratio constrained by h/D;
� Low blade height in the first stage may cause a high

secondary loss;
� Large blade height of the last stage may need twisted

blades;
� Supersonic flow may occur at the stator exit, causing shock

loss;
� Small ATs have a low efficiency because of their increased

profile and leakage losses.

ROT u Mean diameter increases during the expansion process,
hence the blade height increases for the first stage and
decreases for the last stage, a better accommodation of a
large volumetric expansion ratio with a limited
flaring angle;

u Moderate aspect ratio, multiple stages can be arranged on
one disk to avoid supersonic flow;

u High stage reaction degree, low load, and flow coefficients;
u Low speed, small vibration, good rotor dynamics.

u Specific work is lower than RIT and AT;
u Bending moment caused by the centrifugal force of the

overhung blade;
u Rotor inlet radius is smaller than the exit, leading to a high

meridional velocity at the inlet of the rotor.
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3. Loss Model
3.1. Models for RIT

The velocity triangles are determined based on a set of parameters, such as load and
flow coefficients and reaction degrees, during the preliminary design. Accordingly, the
main geometry parameters, such as the blade height, axial chord, blade pitch, and absolute
flow angles of the nozzle and rotor, are obtained. On the other hand, to predict the turbine
efficiency, models for the losses that occurred during the expansion process are required
for the mean-line method. The loss models for ATs are relatively mature. However, various
loss models have been employed for RITs using organic working fluids. It is necessary to
give a summary of these models.

The simplest method estimates the flow loss of RIT based on a friction model [20]. For
instance, Han et al. [21] calculated the loss coefficients of the nozzle and the rotor based
on the velocity coefficient, and then the peripheral efficiency was determined. Such a
simple model has a relatively large deviation for turbine performance prediction. Most
investigations divided the flow losses according to the physical characteristics of the flow
process, such as incidence loss, passage loss, tip clearance loss, windage loss, and exit loss.
The Baines model is often employed to model these losses [36], which mainly consist of
incidence loss, passage loss, tip clearance loss, and windage loss. Table 5 lists the model
developed by Meroni et al. [29], which is mainly based on the equations of the Baines model.
ZTurbo is software developed specially for ORC turbine design [32]. In this software, the
Baines model can be chosen to estimate the turbine efficiency and optimize the turbine
geometry in the preliminary design process. Suhrmann’s model [60] accounted for the skin
friction loss, secondary flow loss, incidence loss, tip clearance loss, and exit loss, which
were also employed in the mean-line model of RIT for ORCs [39,61]. Table 6 lists a model
developed based on the Suhrmann model. Rodgers model [62] estimated the flow loss
according to the turbine geometry and the operation conditions, which had better precision
when the chord ratio was less than 2% and the Mach number was lower than 1.2 [33].
Table 7 gives the loss model developed by Fiaschi et al. [27], which is mainly based on the
Rodgers model. For the passage loss of the rotor, correlations were used to represent the
losses caused by the high curvature of the profile and the pressure gradient, as well as the
skin friction, respectively. Meanwhile, the flow loss in the diffuser was also modelled in
terms of the friction loss and the enlargement of the section loss. The Rohlik model [63]
was also used to model the flow losses of RIT.

Table 5. Loss model for preliminary design of RIT adopted by Meroni et al. [29].

Description Equation Refs.

Nozzle passage ∆hp,n = kp1
0.05
Re0.2

3

[
3tan α3
s3/cn

+ s3cosα3
b3

]
1
2 C2

3
Rodgers [62]

Nozzle trailing edge ∆ht,n =
(

ZN t3
2πr3cosα3

)2 1
2 C2

3Y3 Glassman [64]

Nozzle post-expansion ∆hpe,n =
(

M3−M2
M3

)2 1
2Y3

C2
3

Aungier [65]

Interspace ∆hVS = kVSC f

(
L
D

)
1
2

(
C3+C4

2

)2 Kastner and Bhinder [66]

Incidence ∆hi = ki
(
sin
∣∣β4 − β4,opt

∣∣)2 1
2 W2

4 Baines [67]

Passage ∆hp,r = kp

{
kp2

(
LH
DH

)
+ 0.68kp3

[
1−

(
r6rms

r4

)2
](

cosβ6
b6/cr

)}
1
2
(
W2

4 + W2
6
) Baines [67]

Clearance ∆hc =
(
U3

4 ZR/8π
)(

0.4εxCx + 0.75εrCr − 0.3
√

εxεrCxCr
)

Baines [67]

Trailing edge ∆ht,r =
(

ZRt6
π(r6s+r6h)cosβ6

)2 1
2 W2

6 Y6 Glassman [64]

Post-expansion ∆hpe,r =
(

M6,rel−M5
M6,rel

)2 1
2Y6

W2
6

Aungier [65]

Windage ∆hw =
0.25k f

−
ρU3

4 r2
4.

m
Daily and Nece [68]
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Table 6. Loss model for preliminary design of RIT adopted by Rahbar et al. [24].

Description Equation Refs.

Volute ∆hV = kvC2
2/2 Baines [67]

Nozzle ∆hN = 4 fN
−
C

2
LN
DN

Whitfield [69]

Incidence ∆hi = W2
θ4/2 Whitfield [70]

Secondary ∆hs =
C2

4 d4
ZRrc

Rodgers [71]

Friction ∆h f = f

(
1 + 0.075

−
Re

0.25√
DR
2rc

)[ −
Re
(

d4
2rc

)]0.05[
W4+

1
2 (W5t+W5h)

2

]2
LR
DR

Suhrmann [60]

Leakage ∆hc =
(
U3

4 ZR/8π
)(

0.4εxCx + 0.75εrCr − 0.3
√

εxεrCxCr
)

Baines [67]
Exit ∆hexit = 0.5C2

5

Windage ∆hw =
k f
−
ρU3

4 r2
4

4
.

m
Daily and Nece [68]

Table 7. Loss model for preliminary design of RIT developed by Fiaschi et al. [27].

Description Equation Refs.

Diffuser

ξD = kξen + ξ f

ξen = 3.2tg γD
2

4
√

tg γD
2

(
1− A3

A4

)2

ξ f =
fD

8sin γD
2

[
1−

(
A3
A4

)2
] Runstadler [72]

Nozzle ξN = 0.05
Re0.2

[
3tgα2
s/x + scosα2

b3

]
Rodgers [62]

Incidence ∆hi =
1
2
(
W2sinβ2 −W2sinβ2,opt

)2 NASA [73]
Friction ξR, f =

λR L∗R
D∗R

Benson [74]

Leakage ∆qc = 0.4 ε
b2

(
Cu2
Ut,le

)2 Rodgers [62]

Profile
∆qp = 0.5

(
b2
r2
+

b3
r2

1−
(

r3
r2

)2

)(
W2

2 +W2
3

2a2
01

)(
a2

01
U2

2

)
∆qbl =

2(Cθ2/U2)
2

ZR Z/r2

Whitfield [75]

Windage ∆qw =
0.25

−
ρU2r2

2k f
.

m
Daily and Nece [68]

Currently, a uniform and standard model acknowledged by all researchers does not
exist for RITs. The results of different correlations may differ significantly from each other,
although the final predictions of turbine efficiency are approximate. Many investigations
only considered part of the components of the turbine, which normally consist of the volute,
nozzle, rotor, and diffuser. Tables 5–7 give three typical models. Table 8 shows another
model developed by Erbas and Biyikoglu [36] in which all four main components were
modelled. Compared with the rotor, the losses of the other components might be much less.
Hence, many investigations neglected these losses. However, for RITs with a high EPR, the
flow losses from the other parts, such as nozzle, cannot be ignored [29]. Similar models as
the rotor can be used to estimate the flow losses in the nozzle, such as passage loss, trailing
edge loss, and post-expansion loss.

The incidence loss is normally determined according to the Baines model. In [23], the
following equation from [73] was employed:

∆hi =
1
2

W2
2 (1− cosni2) (1)

where n is 2.5 if i > 0, otherwise n = 1.75.
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Table 8. Loss model for preliminary design of RIT adopted by Erbas and Biyikoglu [36].

Description Equation Refs.

Volute LV = 0.054(ρinC02rin/µ)−0.25πC2
0/2 Baines [67]

Nozzle LN = C2
in
(
1− φ2

N
)
/
(
2φ2

N
)

Baines [67]

Incidence Li = (1/2)W2
insin2

(
βin − βin,opt

) Wasserbauer and
Glassman [76]

Profile Lp = 0.15
[
W2

incos2
(

βin − βin,opt

)
+ W2

exit

] Wasserbauer and
Glassman [76]

Leakage Lc =
(
U3

4 ZR/8π
)(

0.4εxCx + 0.75εrCr − 0.3
√

εxεrCxCr
)

Baines [67]
Diffuser LD = C2

exit(1− CD)/2

With regard to the tip clearance loss, some researchers employed the correlation of
Krylov and Spunde [77] that only accounted for the effects of radial clearance. However,
the Dambach correlation [78] was adopted by most investigations in which both the radial
and axial clearances were considered. For the windage loss, the following equation [79]
was also used.

∆hwin =
0.56ρ2D2

2(U2/100)3

.
mRe

(2)

The trailing edge loss accounts for the flow loss downstream of the throat. In [28],
the Ghosh correlation [80] was employed with respect to the effects of the relative Mach
number at the exit.

∆ht =
2

γM2
6,rel

P06,rel

P6

[
1 + W2

6,rms/
(
2T6cp

)]( γ
γ−1 )

(3)

The models for the incidence loss, passage loss, trailing edge loss, tip clearance loss,
windage loss, and exit loss were reviewed by Persky et al. [81]. However, for turbines
used in small-scale ORCs, a high EPR is required, and supersonic flow often occurs. It is
necessary to give a new summary, especially for the losses associated with the supersonic
flow, including the shock loss at the inlet and the supersonic expansion loss in the proximity
of the exit. If the losses are modelled properly, the mean-line model can predict the turbine
efficiency with high precision. Deviations can be less than 2% compared with the results
of CFD. However, it is impossible to predict all these flow losses accurately using the
mean-line model, and many empirical constants need to be validated further for turbines
using organic working fluids. Meroni et al. [22] developed a mean-line model for RIT
with a high EPR. The Glassman correlation was employed to determine the trailing edge
loss. The post-expansion loss was modelled by the Aungier model. The detailed equations
are listed in Table 9. This mean-line model was also adopted by Hagen et al. [34] and
Wang et al. [35].

Conventional turbines are developed only for subsonic conditions. As technology
develops, the supersonic flow losses should be considered as well. Supersonic flow is more
prone to appear in the turbines used for ORCs. For RITs, the Aungier model is widely
employed to estimate the supersonic losses [26,82]. Table 9 lists the main equations for the
flow losses developed by Da Lio et al. [19] based on the Aungier model. The loss coefficients
of total pressure are used to model each item. The profile loss is expressed based on the
boundary layer theory. The circumferential distortion loss is calculated with regard to the
mixing losses with non-uniform angular motion. The losses of the rotor incorporate the
incidence loss, blade loading loss, and hub-to-shroud loading loss. When supersonic flow
occurs in the turbine, the shock loss at the leading edge and the post-expansion loss due to
the supersonic flow are modelled respectively.



Energies 2023, 16, 3423 14 of 20

Table 9. Loss model for preliminary design of RIT developed by Da Lio et al. [26] based on the
Aungier model.

Description Equation

Volute Yv = 2Θv+∆2
v

(1−∆v)
2 +

(
r1vC1v

r3v
−Ct3v

C3v

)2

Nozzle
Subsonic flow: Yn = 2Θn+∆2

n

(1−∆n)
2 + sin2(α1n − α∗1n

) p01n−p1n
p03n−p3n

Supersonic flow: Yn|M3n>1 = Yn|M3n=1 +
(

M3n−1
M3n

)2

Interspace Ya = 2Θa+∆2
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3.2. Models for AT and ROT

The mean-line models for conventional ATs are well developed, using exhaust gases or
high-temperature steam as working fluid. The loss models for ATs using organic working
fluid are basically the same as the conventional models, which can be mainly categorized
into three types: the Ainley and Mathieson (AM) model [83] and subsequently corrected
models, such as the Dunham and Came (DC) model [84] and the Kacker and Okapuu
(KO) model [85], the Craig and Cox (CC) model [86], and the Aungier model [65]. The DC
model corrected the profile loss according to the Mach number at the exit based on the
AM model. Meanwhile, the effects of aspect ratio on the secondary loss and the power
law dependence of the tip clearance loss were considered. The AM and DC models were
developed for turbines with subsonic flow. The KO model further added the shock loss
and the compressibility effect correction for profile loss. The secondary loss was corrected
with regard to the blades with a low aspect ratio and the compressibility effect as well. The
CC model split the losses into profile, secondary, and annulus, due to sudden enlargement
in the flow path or wall cavity. Meanwhile, other losses, such as leakage, disk windage,
wetness, and partial admission, were also incorporated. Similar to the DC model, the
CC model did not consider the supersonic flow. Other equations must be integrated if
supersonic flow loss cannot be ignored [47,87].

In the Aungier model, the losses for the profile, secondary flow, trailing edge, post-
expansion, shock wave, and tip clearance were modelled. Da Lio et al. [44] and Peng et al. [88–90]
used the Aungier model to design different ATs. In [45], Salah et al. compared the results of
the DC, KO, CC, and Aungier models. It seemed that the differences among these models
were small for the prediction of the turbine efficiency. A maximum percentage of 1.5%
and 3.7% in the total-to-total and total-to-static efficiencies were obtained, respectively. For
small-scale ATs in ORCs, the KO and Aungier models are recommended, which account for
the flow losses under supersonic conditions. Wei [91] summarized various loss models for
ATs, including Soderberg, Traupel, AM, DC, KO, CC, Denton, Stewart, Balje and Binsley,
Zehner, Moustapha, Ito, and Lakshminarayana, and could be referenced.

Currently, the loss models for ROTs are drawn from those of ATs. In [58], the simple
Soderberg model was employed to determine the efficiency. In the software ZTurbo, the
Traupel model was integrated for the preliminary design of ROT with organic working fluid.
The results of Casati et al. [57] showed that the efficiency curves of the CC and Traupel
models were approximate for a three-stage ROT. Although the flow in ROT is similar
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with AT. Some discrepancies exist, and further investigations are required to validate the
accuracy of the loss models.

4. Optimization Algorithm

The preliminary design searches in a space defined by a set of decision variables
such as the stage load and flow coefficients, reaction degree, blade height, axial length,
and inlet blade angle to minimize the total loss. Therefore, a multivariable optimization
algorithm needs to be integrated to obtain the global optimal solution. Generally, there
are two approaches: the gradient-based search algorithm and the stochastic optimization
method. In the optimization toolbox of Matlab, some functions can be employed to optimize
the nonlinear mean-line model. Fmincon is such a simple function and has been used
in [89] for the preliminary design of multi-stage ATs and small-scale impulse turbines.
Alshammari et al. [22] used Fmincon to maximize the target as a combination of the total-
to-static efficiency, power output, and turbine size. The GlobalSearch function was also
adopted [38,42], which is a nonlinear programming optimization method with multiple
start points that can be used to obtain the global optimum. The sequential quadratic
programming is conducted at each step in this algorithm. Other nonlinear gradient-based
optimization algorithms might be employed as well. For instance, the NLPQL function [92]
was employed by Hagen et al. [34] and a second-order central difference approximation
was designed together with equality constraints to decrease the computation load.

The genetic algorithm (GA) as a random optimization method has been widely em-
ployed in mean-line models [25,39,93]. Turbine efficiency is often set as the target of a
simple single-objective optimization. In [57], ZTurbo was coupled to the external optimizer
Dakota that GA was employed. The total-to-static efficiency was maximized, and the deci-
sion variables incorporated the load and flow coefficients, with the shape factor accounting
for the blade height and chord length. In [29], GA was adopted to optimize the RIT with a
high EPR. Zhai et al. [94] optimized six design parameters of RIT for a low-temperature
ORC, and the efficiency increased from 88.06% to 91.01% after the optimization. Multi-
ple population GA can be adopted to avoid convergence to the local extreme point [95].
Multi-objective optimization is normally implemented with the Non-dominated Sorting
Genetic Algorithm-II (NSGA-II) method. Turbine efficiency, cost or size are configured
as two optimization objectives [33]. In practice, off-design performance may also need
to be considered for some ORCs that operate frequently under such conditions. In [36],
both the efficiencies at the design point and one selected off-design point were specified
as the objectives. The turbine geometry was optimized according to the resulted Pareto
front. To improve the performance of ORC, a combined optimization of ORC and the
turbine is necessary. In [96], NSGA-II was employed to optimize the ORC system model in
combination with a mean-line model of RIT.

Similar to GA, particle swarm optimization (PSO) is another stochastic algorithm
that can be used in the preliminary design regardless of the continuity and derivability
of the nonlinear function. Compared with GA, the optimization principle of PSO is sim-
pler, the equations are simpler, and the convergence speed is quicker. Han et al. [21]
optimized the geometry of RIT based on eight decision variables, including degree of
reaction, velocity ratio, stator velocity coefficient, rotor velocity coefficient, wheel diameter
ratio, absolute velocity angle at the rotor inlet, relatively velocity angle at the rotor outlet,
and rotational speed. However, for high-dimensional, complicated problems, GA and
PSO might encounter premature or poor convergence, and the global optimum cannot be
guaranteed. The DIRECT algorithm [97], a modified version of Lipschitzian optimization,
can be employed to avoid these issues effectively [24]. This algorithm can search multiple
local optima via continuously dividing hyperrectangles in a hyperspace. The accuracy of
DIRECT is better than GA, although the convergence speed is slower.
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5. Summary, Challenges, and Research Directions

The mean-line method was reviewed for the design of various turbines for ORC
systems. The performances of the designed RITs, ATs, and ROTs were analyzed. The main
conclusions, challenges, and future research directions are summarized as follows:

(1) For medium and small ORC systems with a power output of up to hundreds of kW,
RIT is preferred if the EPR is less than 10. RIT takes advantage of high efficiency
and high-stage EPR compared with AT and ROT. However, the exit flow velocity is
large with a high rotational speed. Conventional techniques that have been used to
improve the performance of RIT. As the EPR increases, backswept blades and split
blades can be employed. Meanwhile, a supersonic nozzle design is required if the
EPR is very high. VGT can be employed to improve the off-design performance of
RIT. In addition, suitable manufacturing technology for supersonic RIT used in ORC
with a high EPR needs to be developed. 3D printing may be a good solution, while
further experimental testing is required.

(2) For large-scale ORCs, multi-stage AT is recommended that has a high efficiency under
the conditions with a large mass flow rate. However, the EPR of each stage is small.
When the mass flow rate is low, the secondary loss and the clearance loss are high
due to the low blade height. For small-scale ORCs with a very high EPR and a very
small mass flow rate, AT with an impulse stage is promising. Partial admission can
be employed to avoid a very small blade height, decrease the rotational speed, and
adapt to a wide variation of the operation conditions. Large-scale ATs are mature
technologies. However, for small-scale ATs, further investigations are required to
improve the efficiency, especially for the impulse AT with one or two stages.

(3) Siloxanes normally have a very high EPR, and ROT is suitable. All the stages can
be arranged on one disk, and the blade height of the first row can be maintained at
a relatively high level. However, the exit flow velocity is evidently greater than the
inlet velocity, leading to a low efficiency. Meanwhile, high stress occurs at the blade
hub. The aerodynamic performances of ROTs for various organic working fluids
need to be estimated comprehensively. In addition, the performance of the vaneless,
counter-rotating Ljungström turbine should be explored for ORC applications.

(4) With regard to the preliminary design of ORC turbines, the mean-line models for
ATs are mature, and Aungier and KO models are recommended that can predict
the supersonic flow loss with high accuracy. Regarding the loss models of RIT, the
models of Baines, Suhrmann, and Rodgers are optional. Empirical correlations are
normally employed in mean-line models. These correlations are developed mainly
using exhaust gases or steam as the working fluid. The feasibility and precision when
organic working fluids are employed need to be further validated via experimental
data or CFD simulations. Because ORC turbines have a low sonic speed and are
prone to the occurrence of shock waves, further investigations are needed to develop
associated loss models with high precision regarding the real gas effects of organic
working fluids.

(5) The preliminary design of the ORC turbine is a multivariable optimization problem
based on the mean-line method. A gradient-based algorithm may encounter conver-
gence issues. Local optima may be obtained by a GA or PSO algorithm. For such a
highly nonlinear multivariable optimization problem, stochastic optimization such as
GA and PSO is recommended, and multiple initial points are suggested to validate
the global optimal results. Not only the turbine efficiency but also other factors such
as the size and cost must be estimated. Another important direction is the combined
optimization of ORC and turbine. The decision variables will obviously increase, and
the computation complication will soar. However, it is useful for the implementation
of the actual ORC system.

(6) Finally, small-scale turbines face great difficulties in manufacturing and cost reduction.
A generator is often connected directly with an ORC turbine, and a compact integrated
component can be installed. A high-speed generator with a speed over 30,000 r/min
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is difficult to manufacture. Organic working fluids may be toxic or flammable. A
rigid requirement for the sealing of the turbine must be guaranteed. Therefore, many
engineering issues need to be solved before the wide application of small-scale ORCs.
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