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Abstract: This paper reviews the applications of the multi-vane expanders in ORC (organic Rankine 
cycle) systems. The operating principle and design of the ORC systems are addressed in the 
introduction. Then, there is a brief review of the expanders applied in small-power and micro-power 
ORCs, and a discussion of the multi-vane expander design and operating principle as an introduction 
to a comprehensive review on the applications of the multi-vane expanders in ORC systems. The 
different features of the multi-vane expanders—i.e., the design of the expander, its geometrical 
dimensions and operating conditions, durability, applied working fluid, obtained power output, and 
efficiency—are analyzed in this paper. This review clearly indicates that multi-vane expanders are a 
promising alternative to the different types of the expanders applied in ORC systems. 
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1. Introduction 

Over the last decades, the demand for various forms of high-quality energy (i.e., electricity, heat, 
and cold) has increased significantly mainly due to the increase in the global population and live 
quality improvement. The energy is traditionally consumed for lighting, heating, and air conditioning. 
However, the increasing energy consumption that has been observed during the last few decades is 
caused mainly by the need to power the constantly growing number of home appliances, electrical 
cars, scooters, computers, mobile phones, etc. Thus, ways of covering this energy demands became 
one of the most important issues related to the contemporary power industry. Thus, many investments 
in the power sector that are focused on increasing the installed power, increasing the efficiency of 
existing power plants, and developing new energy technologies have been observed around the world. 
Presently, the coverage of energy demands is still largely satisfied by coal or nuclear power plants [1]. 
In order to limit coal usage, for many years, efforts have been made to increase the usage of alternative 
energy sources for energy generation including solar energy [2], geothermal energy [3], wind energy 
[4], hydropower [5], and others (such as e.g., waste energy) [6]. Various energy technologies (such as 
e.g., photovoltaic panels, solar collectors, heat pumps, wind farms, and others) were developed to 
enable the efficient harvesting of energy from these sources. These technologies use different 
physical phenomena to convert the energy from alternative sources into high-quality energy 
products (i.e., electricity, cold, heat, etc.). The ORC (organic Rankine cycle) system is one of these 
technologies. 

The ORC system operates according to the modified thermodynamic cycle of a classical steam 
power plant (Clausius–Rankine cycle). The main modification in the cycle is the change of the 
applied working fluid [7]. Instead of water, a low-boiling working fluid is applied. The 
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methylosiloxanes (e.g., MM, MDM, MD2M), refrigerants (e.g., R123, R134a, R1234yf, R365mfc, and 
others), mixtures of refrigerants (e.g., R410A) and other specially designed working fluids (e.g., SES36) 
can be applied in ORCs [8,9]. Thanks to the application of the low-boiling working fluid, it is possible 
to harvest the heat from sources featuring significantly lower thermal properties than those of classical 
steam power plants (such as e.g., solar heat, geothermal heat, or waste heat, which is carried by flue 
gases or cooling agents in the industry) [10]. The temperature of these sources usually ranges 
between 150–450 °C [11]. Moreover, the ORC systems differ from classical steam power plants in 
terms of the system design. The most important differences are: replacement of the steam boiler with 
a heat exchanger (recuperator or a recovery boiler), replacement of a steam turbine with a Freon 
turbine (or volumetric expander), and replacement of the condenser with a heat exchanger [12]. 
However, the operating principle of the ORC system is the same as in the case of the classical steam 
power plants. In its basic configuration, the ORC system consists of four main components: the 
evaporator, the expander, the condenser, and the working fluid pump. The basic configuration of 
the ORC system is presented in Figure 1a, while Figure 1b visualizes the thermodynamic processes 
of the organic Rankine cycle in a T-s diagram. 

 
 

(a) (b) 

Figure 1. A scheme and thermodynamic cycle of the simple organic Rankine cycle (ORC) system. (a) 
Scheme of the ORC system; (b) Organic Rankine cycle visualized in T-s diagram. 

The cycle begins when the pump pushes high-pressure working fluid into the evaporator (see, 
process 3–4 in Figure 1b). In the evaporator, the low-boiling working fluid evaporates thanks to the 
heat supplied from the heat carrier e.g., flue gas or geothermal brine (see process 4–1 in Figure 1b). 
Then, the vapor flows through pipelines to the inlet of the expander in which, by the expansion, the 
thermal energy of the vapor is converted into mechanical power (see process 1–2 in Figure 1b). The 
shaft of the expander can be coupled through a clutch with different machines (e.g., compressors, 
pumps, and generators). If the shaft of the expender is coupled with the shaft of the generator, the 
mechanical energy is converted into electricity. After the expansion in the expander, the vapor 
reduces its thermal properties (i.e., pressure and temperature) and flows through the pipeline to the 
condenser, in which it liquefies due to the heat rejection to the cooling agent (see, process 2–3 in 
Figure 1b). Then, the condensate is pumped again by the pump to the evaporator. At this point, the 
cycle closes. 

ORC systems can be applied in various technical configurations including power plants, 
combined heat and power plants (CHPs), and multigeneration systems (providing the simultaneous 
generation of electricity, heat, and cold). The ORC system power can be different and usually ranges 
from a few kW (domestic ORCs) up to few MW in the case of large industrial systems [13]. 
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In the following part of the article, the author focuses the attention on the expanders that can be 
applied in ORC systems, with special attention paid to ORCs with integrated multi-vane expanders. 

2. Expanders Applied in ORC Systems 

ORC systems can be classified using different criteria, such as e.g., system power, the type of the 
applied expander, or the type of the applied working fluid. By the type of the applied expander, ORCs 
can be classified into two categories: systems adopting turbines and systems adopting volumetric 
expanders. Turbines are mainly applied in high-power ORC systems that utilize the heat sources of 
high thermal power, which feature a high-temperature heat carrier (i.e., industrial waste heat, heat 
obtained from biomass combustion, or geothermal heat) [14]. Medium-power ORCs utilize the heat 
sources of medium thermal power, which feature a medium-temperature heat carrier. In these systems, 
both turbines and volumetric expanders (mainly screw expanders) are applied. Small-power and 
micro-power ORC systems are designed mainly for domestic agricultural or automotive usage, and 
are driven by the heat sources of low thermal power, which feature the low temperature of the heat 
carrier. The temperature and output characteristics of these heat sources are often floating, which 
directly translates into the floating conditions of the heat supply and thus the floating operating 
conditions of the ORC system. Domestic ORC systems should be simple, cheap, safe to operate, and 
easy to use. Small-power and micro-power ORCs should feature a low flow rate of the working fluid 
and low operating pressure. The above-mentioned properties of the heat source result in difficulties 
related to the design and manufacture of domestic ORCs and system regulation. Therefore, many of 
the small-power and micro-power ORC systems are currently at the level of experimentally tested 
prototypes. The applicability of turbines in these systems is very limited due to the limitations of the 
required operating conditions of the turbine. In order to provide the optimal operating conditions 
and high efficiency of the turbine, the working fluid flow rate through the machine should be kept at a 
high and fixed level. To provide such conditions of the working fluid flow rate, the high-output and 
high power consuming pumps should be applied, which is not possible in the case of small-power or 
micro-power ORCs. Moreover, in order to minimize the dimensions of the system, the external 
dimensions of the turbine that were designed for application in small-power and micro-power ORCs 
should not be large. Small turbines feature very high rotational speeds (several hundred thousand 
revolutions per minute); in turn this leads to difficulties in balancing the rotor and a complicated 
bearings and clutch design, which connects the turbine shaft with the generator. What is more, the 
turbine efficiency decreases with decreasing power. In the case of the small turbines, a very precise 
workmanship is necessary, which translates into very large production costs. In spite of these 
difficulties, few attempts have been made to adopt micro-turbines to small-power ORC systems [15]. 

Compared to turbines, volumetric expanders feature lower range of operating pressure and 
lower working fluid flows. Thus, a volumetric expander seems to be a good alternative to the turbine 
in the case of small-power and micro-power ORCs. 

Further advantages of volumetric machines resulting from their comparison to turbines are 
[16]: 

• Lower cycle frequency, 
• Lower rotational speed, 
• The possibility of obtaining larger expansion ratios in one stage, and 
• Ease of hermetic sealing. 

The following main disadvantages of the volumetric machines can be mentioned: 

• Internal friction, which reduces the efficiency of machine operation and its reliability, 
• Need for lubrication (in majority of the designs), 
• Large weight in relation to the power, 
• Internal and external leakages reducing the efficiency of the machine. 

Piston, screw, scroll, multi-vane, and rolling piston expanders can potentially be applied in 
ORCs. In most of the cases, these expanders are at the level of lab prototypes, or are under research. 
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There are no commercial solutions currently available. Scroll and screw expanders are mainly applied 
in micro-power and small-power ORC systems. A number of papers report the modeling and 
experimental results related to these expanders see, e.g., [17–23]. Some screw and scroll expanders 
are made in oil-free versions, and screw expanders can operate in moist gas conditions. Despite the 
mentioned advantages, the design of the screw and scroll expanders is complicated; the manufacturing 
process is difficult, and requires the application of advanced machine facilities in order to maintain a 
high quality of screw rotors and scrolls. Thus, their price is high compared to the other types of 
volumetric expanders. Compared to scroll expanders, piston expanders have a simpler design, but 
they require lubrication, valve timing, and vibrations are generated during their operation. 
Multi-vane expanders, in turn, have a very simple design, which directly translates into low 
production costs and a promising ratio of machine power to external dimensions. Multi-vane 
machines are applied in many industrial applications (e.g., food processing, chemical plants, mining, 
refrigerating systems, pneumatic systems, air conditioners, etc.) as pumps (for water, fuels, and other 
fluids pumping), compressors, expanders (e.g., for pneumatic tools driving) and vacuum pumps; thus, 
their design principles are well known [24,25]. If special construction materials are applied, it is 
possible to eliminate the need for lubrication. The multi-vane expander features lower vapor 
consumption and a smaller range of operating pressures compared to the other types of volumetric 
machines and turbines. At the same time, multi-vane expanders can be easily hermetically sealed, 
which is one of the key design issues in ORC systems. The multi-vane expander can operate in moist 
gas conditions, which (in the case of powering the ORC system by a heat source with variable 
thermal characteristics) is its big advantage. However, the positive slope of the saturation curve 
decreases the moisture problems (if a dry working fluid is applied). Multi-vane expanders feature 
power ranging from a few hundred W up to 10 kW and shaft rotational speeds of 1000–4000 rpm, 
while the maximum value of the pressure at the inlet to the multi-vane expander is about 10 bar [26]. 

3. Multi-Vane Expander Features and Operating Principle 

The multi-vane machine (compressor) was invented and patented in 1908 by Karl Wittig [27]. 
Figure 2 shows a simplified scheme of the multi-vane expander. Assembly of the expander can be 
described on the basis of this figure. 

 
Figure 2. A simplified scheme of the multi-vane expander. 1—cylinder, 2—rotor, 3—vane, 4—vane slot. 
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The main machine elements are the cylinder (1) and the rotor (2). The diameters of the rotors 
and cylinders may vary, depending mostly on the machine power. The rotor is mounted 
eccentrically in the cylinder on bearings (rolling or slide). Eccentricity can also vary, depending on the 
machine design. Vanes (3) are placed in perpendicular or inclined slots (4) milled in the rotor. The 
vanes remain in close contact with the cylinder as a result of centrifugal force, or are pressed to the 
cylinder surface with the help of other elements e.g., springs or rings. The number of vanes may vary, 
depending on the machine design and power. The inlet and outlet port edges (A, B, C, and D in Figure 
2) are referred to as the machine “steering edges”. The proper arrangement of these edges has a 
significant influence on the expander operation. This issue is comprehensively described in [16]. The 
ideal vane expander working cycle is formed by four ideal thermodynamic processes [16]: isobaric 
filling, polytropic expansion, isobaric evacuation, and polytropic compression. The real working 
cycle is influenced by the following energy dissipation phenomena: underexpansion and 
overexpansion, pressure losses during filling and evacuation, friction, internal leakages, and heat 
transfer from the machine surface to the surroundings. The internal leakages proceed between the 
adjacent working chambers (through the gap between the tip of the vane and the cylinder) and 
between the rotor and side covers. The external leakages proceed through bearings and seals. A 
more detailed description of the working principle of a multi-vane expander is presented in [16,26]. 

Research on the use of multi-vane expanders in ORC systems originated in multi-vane compressors. 
Intensive research on the use of multi-vane compressors in pneumatic, refrigeration, and 
air-conditioning systems was conducted in many research centers in the 1970s and 1980s. During this 
period, the mathematical models of these machines were developed, and many experiments were 
carried out. Some of the results were published in [28–32]. The influence of different design 
parameters such as eccentricity (e), diameter of the rotor (d), diameter of the cylinder (D), length of the 
cylinder (L), thickness of the vane (g), height of the vane (h), and number of vanes (z) on the machine 
efficiency and internal friction was also investigated. Many new designs were also invented [33–37]. 
Analytical modeling also proceeded on the optimum compression and expansion ratios and its 
influence on the machine efficiency and power. The results were presented in many works [38–42]. 
The modeling and experimental results gave a number of construction guidelines for selecting the 
optimal dimensions of the machine. These guidelines are presented in [24,25]. Research on multi-vane 
expanders application in ORC systems began in the 1970s. The design problems related to the 
multi-vane expanders applied in ORC systems are more complex than those in the case of the 
multi-vane refrigeration compressors or pneumatic expanders. Regarding the latter,  the larger 
thermal load on the expander caused the design problems, which results from the high thermal 
parameters of the working fluid at the inlet to the expander. Large thermal load influences the choice 
of the lubricant and lubrication method and the design of the hermetic gas-tight sealing. 

4. Review of the Experimental and Modeling Works and the Applications of Multi-Vane 
Expanders in ORC Systems 

In the following part of the paper, a review on the research activities related to the application 
of multi-vane expanders in ORCs is presented. The review indicates that the research on this topic 
has been conducted at the following industrial and scientific centers: 

1. General Electric Company (USA), 
2. Cranfield Institute of Technology (England), 
3. Wrocław University of Science and Technology (Poland), 
4. Czech Technical University in Prague (Czech Republic), 
5. University of L’Aquila (Italy), 
6. Brunel University London (England), 
7. City University London (England), 
8. Politecnico di Milano (Italy), 
9. Enea Mattei Spa (Italy), 
10. University of Rome “Sapienza” (Italy), 
11. Thammasat University (Thailand), 
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12. Phranakhon Rajabhat University (Thailand), 
13. Bournemouth University (England), 
14. Ferdowsi University of Mashhad (Iran), 
15. RMIT University (Australia), 
16. Magna Powertain (Austria), 
17. University of Nottingham (England), 
18. Jilin University (China), 
19. Normandie University in Saint-Lô (France). 

4.1. Early Works (1977–1994) 

In 1981, Curran [43] reviewed 2150 ORCs implemented by 20 manufacturers that adopted 16 
different working fluids. This article provides the technical data of three ORC systems with integrated 
multi-vane expanders, which were tested by the General Electric Company (USA) within the NASA 
research program titled “Prototpe solar heating and combined heating and cooling systems” between 
1977–1979 [44]. The technical data of these expanders are summarized in Table 1. One of the tested 
expanders was the two-stage multi-vane expander; a general view is presented in Figure 3 (adapted 
from [44]). The power output of the tested expanders ranged from 2.3 to 7.9 kW. The expanders were 
used to drive the generator, dynamometer, and compressor [43,44]. These research studies were also 
described by Badr et al. [45] in 1984. The following advantages resulting from the application of 
multi-vane expanders in ORC systems were listed in [45]: simple construction, low level of noise and 
vibration, high brake efficiency, high torque at low or zero speeds, high volumetric expansion ratios, 
high tolerance for floating operating conditions, and the quality of the expanded gas. The following 
challenges and research problems concerned with multi-vane expanders were indicated [45]: the 
selection of the optimal working fluid, the reduction of breathing losses and the proper arrangement 
of the steering edges, reduction of the high internal leakages and friction, and the reduction of heat 
transfer losses related to oil injection. 

Table 1. Technical data of the multi-vane expanders tested by General Electric in 1977–1979 [43]. 

Working Fluid 
Engine 
Energy 
Source 

Expander 
Driven Equipment 

No. of 
Operating 

Engines 

Total 
Operating 

Time 

tmax  
°C Power  

kW 
Speed  
rpm 

R11 Electric (b) 2.3 1200–1800 
Vapor compressor, 
dynamometer (b) 

- 1200 h (b) 105 

FC88 
Solar, 

Electric (b) 
2.3 
7.9 

1625 
1625 

Vapor compressor, 
dynamometer (b) 

1 
2 

1000 h (b) 
175 
175 

Alcohol/water Gasoline 7.5 1800 
Generator, 

dynamometer 
- 16,000 h 340 
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Figure 3. A general view of the two-stage multi-vane expander, which was tested by the General 
Electric Company in the late 1970s [44]. This figure is taken from Prototype Solar Heating and 
Combined Heating and Cooling Systems; DOE/NASA Contractor Report No. DOE/NASA 
CR-161340 and used with permission of NASA. 

Curran [43] reported that during the experiments with R11, a rapid decomposition of the 
working fluid above 105 °C was observed in the presence of oil (lubricant). Similarly, the decomposition 
was observed in the case of using of alcohol and water during the experiment. In addition to the 
decomposition, corrosion was also observed in this case. 

The above-described advantages of the multi-vane expanders pushed the authors of [45] to 
conduct the research project known as the “King Tut Project”, which was conducted by a consortium 
of the Cranfield Institute of Technology (England), the Egyptian government, and two English 
companies: Denco Air Ltd. and GEC. The aim of the research was to develop an ORC system 
utilizing solar heat and adopting a multi-vane reversed compressor featuring a power output of 5 
kW and driving irrigation pumps in Egypt. As a part of the project, the prototype test stand was 
implemented, and a large number of experiments were carried out using the test stand. Detailed 
information about these experiments and the test stand are presented in [46]. The applied expander 
was an oil-lubricated eight-vane machine, and the working fluid was R113 [46]. The tests were carried 
out for various temperatures and pressures of the working medium at the inlet to the expander, and 
various rotational speeds of the expander shaft. The pressure of the working fluid at the inlet to the 
expander was varied in the range from 4.45 to 6.39 bar, and the temperature was in the range of 110 to 
120 °C. The rotational speed of the expanders’ shaft was in the range from 1750 to 3750 rpm. For such 
values of experimental conditions, an expander power from 1.0–2.0 kW and isentropic efficiency of 35–
55% were achieved. As a part of the conducted research, the issues related to the working fluid 
selection to ORC systems and their thermodynamic properties were also analyzed. The results of these 
works were reported in [47,48]. The thermal stability of the working fluids in the presence of lubricants 
was studied in [49]. The influence of the expanders’ efficiency on the efficiency of the ORC system was 
reported in [50]. The dynamics of the vane and friction losses were modeled in [51], while internal 
leakage losses were analyzed in [52]. The hydraulic losses on the inlet of the multi-vane expanders 
were comprehensively studied in [53]. The geometry and kinematics of vanes were presented in [54]. 
In [55], the results of a comparative analysis of the performance of ORC systems adopting R11, R113, 
and R114 as working fluids were presented. 
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In the mid-1990s, the research project on the applicability of the low-grade waste heat for 
powering the micro-power ORC systems was conducted at the Department of Thermodynamics of 
the Institute of Heat Engineering and Fluid Mechanics at the Wrocław University of Technology 
(Poland). This project implemented a prototype micro-power ORC test stand in the laboratory and 
adopted the multi-vane air motor as the expander in this setup. A general view of this test stand is 
presented in Figure 4a (adapted from [56]). 

The test stand consisted of the following main components: a vapor generator (designed as a 
tank with an internal coil made of copper, see Figure 4b adapted from [56]), a multi-vane pump 
driven by an electric motor (see Figure 4c adapted from [56]), a multi-vane expander coupled with a 
generator (car alternator) (see Figure 4d adapted from [56]), a shell-and-tube condenser (grey element 
visible in figures 4a and 5 adapted from [56]), a reservoir of the liquid working fluid (blue element 
visible in figures 4a and 5 adapted from [56]), and a control and measurement system (components 
visible on Figure 4a adapted from [56]). R11 was used as the working fluid in this test stand. The liquid 
working fluid was flowing from the reservoir through the multi-vane pump, and then was directed to 
the coil of the vapor generator. Water was initially used as a heating medium in the vapor generator 
(in a further experimental series, water was replaced with thermal oil in order to increase the heat 
source temperature). The heat was supplied to the heating medium using a set of electric heaters. The 
obtained vapor was flowing through the pipelines to the inlet of the multi-vane expander coupled 
with the DC alternator. After expansion in the expander, the working fluid was flowing to a 
shell-and-tube condenser cooled by cold water. Obtained condensate was flowing to the liquid 
reservoir. Generated electricity was used for supplying electric receivers connected with a set of 
measuring devices. A specially adapted multi-vane pneumatic motor featuring a maximum power of 
about 600 W was used as an expander device. The geometrical properties of the applied expander 
were as follows: cylinder radius R = 22.5 mm, rotor radius r = 19 mm, cylinder length L = 60 mm, 
eccentricity e = 3.5 mm, vane thickness g = 3.0 mm, vane height h = 13 mm, number of vanes z = 4 (vanes 
were inclined to the rotor radius), and number of revolutions under load n = 3000 rpm [56]. The vapor 
consumption of the expander was equal to 127 kg/h. Many sets of the experimental data were 
obtained using the test stand. The research results were presented in reports [56], a PhD thesis [57], 
and publications [58].
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(a) (b) 

  
(c) (d) 

Figure 4. A view of a micro-power ORC test stand implemented in the mid-1990s at the Wrocław 
University of Technology. (a) A general view of the test stand; (b) A detailed view of the vapor 
generator; (c) A detailed view of the multi-vane pump with an electric motor; and (d) A detailed 
view of the multi-vane expander and generator. 

 
Figure 5. A detailed view of a micro-power ORC test stand implemented in the mid-1990s at the 
Wrocław University of Technology. 
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Experiments on the efficiency of the ORC system and the efficiency of the multi-vane expander 
were carried out for varied temperatures of the heat source (i.e., 160 °C, 190 °C, and 220 °C) [57]. In 
these experimental conditions, the determined internal efficiency of the expander was 0.31, 0.3, and 
0.28, respectively. It was observed that the efficiency decreases with the increasing temperature of oil 
contained in the vapor generator and increasing temperature of the working fluid. In [57], the reason 
for such a low expander efficiency was reported: the wrong selection of construction materials (seals) 
for the operating conditions of the expander and the applied working fluid increased the internal 
leakages in the expander due to the high temperature of the working fluid. The internal efficiency of 
the expander was comparable to the efficiency of cryogenic expanders. The analysis of the expanders’ 
design with the application of the method introduced in [41] showed that the internal expansion ratio 
for the analyzed expander was close to 1.3, which was smaller than the external expansion ratio. Thus, 
expansion proceeded partially outside the working chamber, which is disadvantageous from the 
machine performance point of view. Based on the experimental results, the following guidelines for 
optimizing the expander design and thus improving its efficiency were stated: necessity of application 
of rotor and blade seals in order to minimize the internal leakage of the working fluid, necessity of 
the reduction of friction forces by the selection of different materials for vanes, cylinders, and rotors, 
as well as the necessity of the appropriate selection of steering edges in order to improve the level of 
the internal expansion ratio. Despite the low efficiency achieved, the experimental research results 
confirmed the conclusions presented in [45–55] i.e., the multi-vane expanders can be successfully 
applied in ORC systems. Gnutek used the results of this experimental research in his further 
analyses regarding the optimization of the design of multi-vane compressors, expanders, and 
vacuum pumps. The most important results of his works were presented in [39]. In this book, it was 
analytically proven that the optimal expansion ratio of the multi-vane expanders ranges between 
2.8–3.2. 

4.2. Present Research (Since 2000) 

4.2.1. Wrocław University of Technology (Poland) 

Since 2006, the research on ORC systems using multi-vane expanders has been continued at the 
Department of Thermodynamics of the Institute of Heat Engineering and Fluid Mechanics at the 
Wrocław University of Technology (Poland). Between 2009–2016 two more test stands were 
implemented in the laboratory. These test stands were applied for experimentally analyzing the 
different problems related to the ORC systems i.e., investigating the influence of a variable amount of 
working fluid on the system operating conditions, testing the different multi-vane expanders and 
other system components, and studying the applicability of heat storage devices for ORC system 
powering. The first of the above-mentioned test stands was finished in 2009. A general view of this 
system is presented in Figure 6. The basic elements of the system are a shell-and-tube evaporator, two 
multi-vane expanders, a plate condenser, a multi-vane pump coupled with an electric motor, and a 
measuring and control system. The applied working fluid is R123. The heat source for the system is 
hot water, which is heated by a gas-fired central heating boiler. The application of this heat source 
gave the opportunity to control the water temperature in the range of 45 to 90 °C, thus easily 
simulating various alternative heat sources. The condenser of the system is cooled by cold water. 
Two types of multi-vane expanders were applied in the system. 
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Figure 6. A general view of a micro-power ORC test stand implemented in 2009 at the Wrocław 
University of Technology. 

Initially, two five-vane pneumatic motors (each featuring a power of about 1.5 kW) were 
applied. In these expanders, vanes were pressed to the cylinder surface as a result of the centrifugal 
force resulting from the rotor rotation. A view of these expanders is presented in Figure 7a. These 
expanders were especially adapted for the low-boiling working fluid conditions. Special bearings 
were applied instead of the standard ball bearings, standard vanes were replaced with vanes made 
of cured silicone (in order to reduce the internal friction), and standard rubber seals were replaced 
with seals made of cured silicone. Finally, magnetic clutches made in-house were applied on the 
shafts of the expanders. Experiments were performed under varied heat supply conditions (i.e., 
varied heat source temperatures) and different system configurations (one or two expanders in 
operation). The results of the research confirmed that after a proper modification of the design, 
standard multi-vane pneumatic motors can be applied as expanders in ORC systems. 

  
(a) (b) 

Figure 7. A view of the expanders applied in the test stand implemented in 2009 at the Wrocław 
University of Technology. (a) A view of the expanders, featuring 1.5 kW of power each; (b) A view of 
the expanders, featuring 300 W of power each. 
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Then, in order to determine the opportunity of the test stand miniaturization, the expanders 
were replaced with machines featuring lower power output and smaller dimensions. Multi-vane 
expanders featuring a maximum power of 300 W and the following geometrical parameters were 
applied: D = 37.5 mm, d = 34 mm, e = 1.75 mm, z = 4. In these expanders, vanes are pressed to the 
cylinder surface with the help of the rings. Similarly to previous research, experiments were 
performed under varied heat supply conditions (i.e., varied heat source temperatures) and different 
system configurations (one or two expanders in operation). During the experiments, the pressure of 
the working fluid at the inlet to the expander ranged between 1.5–3.5 bar. Comparative analysis of the 
experimentally obtained results indicated that compared to larger expanders, smaller expanders are 
characterized by smaller gas consumption, and the application of vane-guiding rings provides an 
easier start-up of the expander and greater reliability of its movement by eliminating the risk of 
jamming the vanes in the slots. The obtained research results proved again the suitability of the 
multi-vane expanders for application in ORC systems, and what is more, that it is possible to 
miniaturize their external dimensions and thus the dimension of the ORC systems. The results of these 
experiments were presented in different publications, see, e.g., [59–62]. Moreover, using the 
above-described test stand, the applicability of the heat storage devices for ORC system powering was 
experimentally analyzed [63]. The results of these experiments were presented in [64]. These 
experiments proved that the characteristic features of the multi-vane expanders (such as low vapor 
consumption and low pressure at the inlet to the expander) make these machines very promising for 
application in small ORC systems driven by heat storage devices [64]. 

The good operation of the applied small expanders in low-boiling working fluid conditions led 
to choice of the set of the design guidelines for the next stage of research. The aim of this experimental 
campaign was the implementation of the prototype micro-power ORC system, which was dedicated 
for domestic usage. This system was implemented in 2016, and its general view is presented in Figure 
8a. The system was comprehensively described in [65]. The multi-vane expanders tested in the 
above-described experiments were used in this test stand. Their low vapor consumption made it 
possible to apply heat exchangers with a much smaller volume than those in the previous test stand. 
Thus, it was possible to adopt plate heat exchangers in the test stand. The main subassemblies of the 
system are: a plate evaporator, a multi-vane pump, a working fluid reservoir, and a multi-vane 
expander. R123 was used as the working fluid. A number of experimental studies were carried out 
using this test stand. The main aim of these experiments was the investigation of the influence of the 
heat source and heat sink thermal parameters on the multi-vane expander operation. The 
experiments were carried out for varied temperatures of the heat source (ranging from 45 °C to 
85 °C).
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(a) (b) 

Figure 8. A general view of a micro-power ORC test stand implemented in 2009 at the Wrocław 
University of Technology. (a) A view of the gas boiler (1) and the test stand (2); (b) A view of the test 
stand and components: evaporator (1), condenser (2), multi-vane pump (3), working fluid reservoir 
(4), and multi-vane expander (5). 

The results showed that the internal efficiency of the tested expander ranged from 17.2% to 
43.1%, and was dependent on the temperature of the heat source and the expansion ratio, which was 
kept in the range of 1.54 to 4.33. It was also determined that for the tested expander, the optimal 
expansion ratio is ca. 2.0 [65]. Then, the experimentally obtained data sets were applied as the input 
data to the comprehensive numerical analyses on the thermodynamic and flow processes inside the 
working chambers of the multi-vane expanders. The simulation results were presented in [66–68]. The 
modeling results showed that in the case of the tested expander, the steering angles were wrongly 
selected, which results in the recompression of the working fluid in the final stage of the rotor 
revolution just before the evacuation of the gas from the working chamber to the outlet port. The 
numerical results showed the character of the gas flow inside the expanders’ working chambers, 
which allowed visualizing the vortices inside the working chambers and near the vane. The numerical 
results also showed the leakages of the working fluid between the working chambers. What is more, 
the modeling results identified a leakage between the inlet and the outlet ports, which significantly 
limited the efficiency of the expander. Then, the authors applied the numerical model developed in 
[66,67] for an optimization analysis of the expander; the results were presented in [68]. The main aim 
of these analyses was finding the optimal angle of the expanders’ outlet port in order to minimize or 
eliminate the effect of the recompression of the working fluid and thus increase the expanders’ 
efficiency. The influence of the type of working fluid on the performance of the expander and the 
optimal expansion ratio was also determined numerically. The analyses were performed for the 
following working fluids: R1234yf, R1234ze, R134a, R245fa R236fa, R365mfc, acetone, and propane. 
The results of the simulation showed that the optimal expansion ratio for the expander analyzed 
varied in the range of 3 to 4 for these working fluids, and the internal efficiency of the expander varied 
in the range of 12% to 35%. The highest internal efficiency was obtained for R245fa and R365mfc. Then, 
in order to optimize the expander design, the influence of the position of the machines’ outlet port was 
numerically analyzed. The results proved that the position of the steering edges has a significant 
impact on the working conditions and the efficiency of the multi-vane machines, and for the 
expander analyzed, the optimal angle of the outlet port position is about 46°. Currently, two more 
prototypes of the multi-vane expanders are being prepared for experimental analysis [68]. 
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4.2.2. Czech Technical University in Prague (Czech Republic) 

Experimental and modeling studies on the application of the multi-vane expanders in ORC 
systems took place at the Czech Technical University in Prague (Czech Republic). These research 
studies were summarized in [69]. Four in-house made laboratory test stands are described in this 
paper. These test stands utilize different working fluids, such as e.g., hexamethyldisiloxane (MM). The 
general views of these test stands are presented in Figure 9 (adapted from [69]). Two types of in-house 
designed and built multi-vane expanders featuring different geometrical dimensions were 
experimentally investigated. The experimentally determined internal efficiency of these expanders 
varied in the range of 40% to 50%, while obtained the power output varied in the range of 1 to 8 kW, 
depending on the applied working fluid and experimental conditions. The issue of the impact of the 
leakages on the performance characteristics of these multi-vane expanders was treated in [70]. 

 
(a) (b) 

  
(c) (d) 

Figure 9. The general views of the ORC test stands implemented at the Czech Technical University in 
Prague [69]. (a) First experimental ORC unit; (b) Second experimental ORC unit; (c) WHR (Waste Heat 
Recovery) demonstration unit; (d) combined heat and power (CHP) biomass-fired 3.5-kW ORC unit. 
Reproduced with permission from Vaclav Novotny, Energy Procedia; published by Elsevier, 2017 

4.2.3. University of L’Aquila (Italy), Brunel University London (England) and City University 
London (England) 

The application of multi-vane expanders in ORCs was also investigated at the University of 
L’Aquila (Italy) in cooperation with Brunel University London (England) and City University 
London (England). In [71] the authors presented the results of the experimental analyses regarding 
the application of a multi-vane expander in an experimental ORC plant. A general view of this test 
system is presented in Figure 10a (adapted from [71]). The applied multi-vane expander featured the 
following geometrical dimensions: the diameter of the cylinder D = 76 mm, the length of the cylinder 
L = 60 mm, the diameter of the rotor d = 65 mm, the eccentricity e = 5.5 mm, a 4.4° angle of the 
opening edge of the inlet window, a 49.4°, angle of the closing edge of the inlet window, a 200.1° 
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angle of the opening edge of outlet window, a 317.4° angle of the closing edge of the outlet window, 
and the number of vanes z = 7. The main aim of the experiment was to determine the expander 
efficiency, change of the gas pressure in the working chambers in order to assess the expanders’ 
indicated work, and the efficiency of the ORC system. The R236fa was applied as the working fluid. 
The hot oil from the lubrication system of the industrial compressor was adopted as the heat source 
for the ORC system. Results of the long-term experiments confirmed the durability of the expander. 
For a heat source temperature of 110 °C and a heat source power of 19 kW, the mechanical power of 
the expander was equal to 1.7 kW, and an ORC system efficiency of 7.65% was obtained. The 
opportunities for the optimization of the design of the applied expander in order to increase its 
efficiency and reduce the internal leakages were pointed out in [72]. In [73] the authors presented an 
analysis of the possibility of applying the ORC system for recovering the waste heat from internal 
combustion engines. An experimental test stand consisting of the ORC system integrated with the 
IVECO (Industrial Vehicles Corporation) automotive engine that adopted a mixture of R236fa and 5% 
of POE (Polyolester) oil as a working fluid was designed and implemented. The multi-vane machine 
was applied as the expander, and was coupled with a generator. A general view on this test system is 
presented in Figure 10b (adapted from [73]). The experiments proceeded under varied conditions of 
the heat supply (i.e., at variable engine speeds). The results showed that at an engine speed of 3225 
rpm and torque of 182 Nm, a multi-vane expander mechanical power output of 1.9 kW (3% of engine 
power), ORC efficiency ranging from 3.8% to 4.8%, and expander efficiency ranging from 47.5 to 53.3% 
could be obtained. Possible ways of optimizing the processes of filling and evacuating the working 
fluid from the multi-vane expander in order to increase its isentropic and volumetric efficiencies 
were pointed out in [73]. 

  
(a) (b) 

Figure 10. The general views of the ORC test stands implemented at the University of L’Aquila. (a) A 
view of the test stand introduced in [71] - Reproduced with permission from Giuseppe Bianchi, 
Proceedings of the 8th International Conference on Compressors and Their Systems; published by 
Woodhead Publishing, 2013; (b) A view of the test stand introduced in [73]- Reproduced with 
permission from Giuseppe Bianchi, Proceedings of the 33rd UIT (Italian Union of Thermo-Fluid 
Dynamics) Heat Transfer Conference; published by IOP Publishing Ltd, 2015. 

As a side note, it is worth mentioning that the issues related to the application of the different 
type of multi-vane machines, i.e., the multi-vane pump of an ORC system, were studied in [74]. The 
authors tested a prototype of the multi-vane pump in an ORC test stand adopting R236fa as a 
working fluid. The experimental results showed promising values regarding the pumps’ volumetric 
efficiency. Multi-vane pumps were also applied in other ORC systems see, e.g., [56,59,62,64,66–68]. 
[75] presented the results of numerical modeling a multi-vane expander applied in the ORC system. 
A multi-vane expander featuring a cylinder diameter of D = 76 mm, cylinder length of L = 60 mm, and 



Energies 2019, 12, 2975 16 of 28 

a rotor diameter of 65 mm was modeled in 3D. Modeling was proceeded for the different gap sizes 
between the vane tip and the cylinder, i.e., 10, 20, and 50 micrometers. The results obtained by 
numerical modeling were compared with the experimentally obtained data, and a good agreement 
between these two data sets was found. It was pointed out that further analyses (for variable heights of 
the gap between the tip of the vane and the cylinder) should proceed. Numerical results related to this 
expander are also presented in [76,77]. 

In [78], the idea and numerical modeling results related to the possibility of supercharging the 
volumetric expanders are presented. The supercharging is based on the injection of the liquid working 
fluid (with the same thermal parameters as at the inlet to the expander) during expansion into the gas 
that is contained in the expanders’ working chamber. The authors stated that thanks to this solution, 
the pressure drop in the working chamber due to the expansion is compensated by an additional mass 
of high-enthalpy working medium [78]. Simulations were carried out using the model of a multi-vane 
expander featuring the same geometrical dimensions as the expander presented in [71–75]. Vanes 
featuring a width of 3.96 mm and a length of 17 mm were incorporated into this model. Based on the 
obtained results, it was concluded that for the given suction conditions and machine rotational speed, 
the increase of the expanders’ mechanical power as a result of supercharging depends mainly on the 
steering angle at which the suction starts and on the diameter of the inlet pipeline through which the 
liquid working fluid is injected. It was proved that for optimized injection parameters, the increase of 
the expander power due to supercharging ranges from 43.0% to 69.8% (with an average value of 
50.6%). 

In [79], an interesting design of a multi-vane expander with a double inlet was presented. 
Experimental research on this expander was carried out using the modified test stand, which was 
introduced in [73]. A comparison of the experimental and modeling results showed the advantages 
resulting from the use of a double inlet in a multi-vane machine. This solution is especially 
interesting in case of the multi-vane expanders featuring low volumetric efficiency, in which the 
application of a dual inlet may increase the machine efficiency to 30% and increase the machine 
power output to 140% (compared to the expander with a single inlet port). For other multi-vane 
machines, the application of a dual inlet may result in an efficiency increase of 27–28% with a nearly 
100% increase of the mechanical power. The obtained results also proved that the application of the 
additional inlet does not significantly change the expanders’ internal friction. 

4.2.4. Politecnico di Milano (Italy) and Enea Mattei Spa Company 

A different research project on the application of the multi-vane expanders in ORCs recovering 
the waste heat from hot oil was conducted at Politecnico di Milano (Italy) in cooperation with the 
Enea Mattei Spa company [80]. The experiments were carried out using the ORC test stands 
adopting R236fa as a working fluid and operating in two configurations: with recuperation and 
without recuperation. A general view of this test stand is presented in Figure 11 (adapted from [80]). 
Expanders featuring different geometrical parameters were used in both of the test-stand 
configurations. 
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Figure 11. A general view of the ORC test stand implemented at Politecnico di Milano [80]. 
Reproduced with permission from Stefano Murgia and Gianluca Valenti, Energy Procedia; 
published by Elsevier, 2017. 

An expander featuring a rotor diameter of d = 80 mm, a rotor length of L = 160 mm, a built-in 
volume ratio of 3.34, and a displacement of 26.5 cm3 was used in a system without recuperation. In a 
system with recuperation, the expander featuring a rotor diameter of d = 100 mm, a rotor length of L 
= 90 mm, a built-in volume ratio of 2.76, and a displacement of 19.95 cm3 was used. The obtained 
experimental results showed that the system with the recuperation achieves bigger power (3.01 kW) 
and efficiency (4.96%) than the system without recuperation (2.13 kW and 3.72%, respectively). The 
obtained mechanical efficiency of the expander was 71.8% (system without recuperation) and 81.5% 
(system with recuperation). From the results of the exergy analysis, it was found that the expander 
has a 28.9% effect on the system efficiency. It was also found that the system with regeneration 
features larger efficiency values than the system without regeneration. 

4.2.5. University of Rome “Sapienza” (Italy) 

The issues related to the selection of the expander to the ORC system used for waste heat 
recovery from an 8-L bus engine were analyzed at the University of Rome “Sapienza” [81]. By means 
of modeling, the authors compared the inward-flow radial turbine, screw, scroll, and multi-vane 
expander. A multi-vane expander featuring a rotor diameter of d = 100 mm, eccentricity of e = 30 mm, 
cylinder length of L = 260 mm, number of vanes z = 8, and rotational speed of n = 4000 rpm was 
modeled by the authors. By comparing the obtained modeling results, the authors suggested the 
choice of screw expanders to the analyzed ORC system. However, they pointed out the positive 
features of multi-vane expanders, i.e., their low cost, simple design, and easy manufacturing. 

4.2.6. Thammasat University (Thailand) and Phranakhon Rajabhat University (Thailand) 

Research on the application of the multi-vane expanders in ORC systems harvesting the waste 
heat proceeded at Thammasat University (Thailand) in cooperation with Phranakhon Rajabhat 
University (Thailand). In [82], the results of the experimental research, which was conducted using a 
ORC test stand equipped with the multi-vane expander and using R141b as a working fluid, are 
presented. A general view on this test stand is presented in Figure 12 (adapted from [82]). The first 
experiments series were conducted using the specially adapted pneumatic multi-vane motor as the 
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expander. The ORC system was supplied from a heat source whose temperature varied between 70–
90 °C. The experimental results showed that the optimization of the expander design is needed in 
order to increase its efficiency. The authors developed their own design of the multi-vane expander 
featuring the same dimensions (diameter of the cylinder, diameter of the rotor, and length of the 
cylinder) as the dimensions of the pneumatic motor that was initially tested, but they modified the 
geometry of the working medium flow path. The diameter of the expanders’ outlet port was enlarged, 
together with the dimensions of the flow paths milled in the side covers and in the rotor. More detailed 
descriptions of these modifications is presented in [82]. Then, the expander was experimentally tested. 
The experimental results are presented in [83]. The temperature of the heat source and heat sink 
during the experiments were set to 90 °C and 34 °C, respectively. The experimental results showed that 
the maximum torque of 0.52 Nm at a rotational speed of 3157 rpm can be obtained for the expander 
tested. The optimum operating conditions of the expander were obtained at the expanders’ shaft 
rotational speed of 4100 rpm. In these conditions, the expander power output was equal to 185 W. At 
the same rotational speed of the expanders’ shaft, the ORC system reached its maximum efficiency of 
1.57%. 

 
Figure 12. A general view of the ORC test stand implemented at Thammasat University [82]. 
Reproduced with permission from Satha Aphornratana, Energy Procedia; published by Elsevier, 
2017. 

4.2.7. Bournemouth University (England) 

The above-described applications of multi-vane expanders in ORC systems focused on waste 
heat recovery. However, multi-vane expanders were used also in ORCs driven by other heat sources. 
At Bournemouth University (England), ORC systems adopting multi-vane expanders and driven by 
solar heat were tested. The research results were published in [84–86]. In [86], the results of 
experimental tests on an ORC test stand adopting a modified multi-vane pneumatic motor featuring a 
maximum power of 800 W and a maximum rotational speed of 4000 rpm were presented. The applied 
working fluid was HFE-7000. During the experiments, the expander power of 146.74 W and an 
isentropic efficiency of 58.66% was obtained. The exergy analysis showed that the expander is the 
second-largest source of exergy losses in the system. Further experimental analysis and modeling 
results related to this expander were presented in [85]. Modeling results indicated that the pressure of 
the gas at the inlet to the expander has a significant impact on the efficiency of the ORC system and 
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the efficiency of the solar collector. For the fixed values of the pressure at the inlet to the expander of 
1.068 bar and 4.271 bar, the modeled efficiency of the multi-vane expander was equal to 53.48% and 
69.67% respectively, and the power output was equal to 56.78 W and 170.08 W, respectively. 

The optimization analysis showed that the working fluid pressure of 3.04 bar at the inlet to the 
expander reaches a maximum power of 170.43 W. In these conditions, an ORC system efficiency of 
6.62% was obtained. In [84], the modeling of multi-vane expander operating conditions in an ORC 
system driven by solar heat was presented. Modeling was proceeded for 24 working fluids. 
Numerical analysis showed that highest expander efficiency is obtained for the expansion ratio of ca. 
2.5 for majority of the applied working fluids (i.e., for R134a and R1234yf, the expander reached its 
maximum efficiency for the expansion ratio of ca. 2.0). A minimum expender efficiency (35.61%) was 
obtained for R134a for the expansion ratio of 1.5, and a maximum expander efficiency (70.1%) was 
achieved for 1-butene for the expansion ratio of 2.5. 

4.2.8. Ferdowsi University of Mashhad (Iran) and RMIT University in Bundoora (Australia) 

Multi-vane expanders were also applied in the prototypes of the domestic ORC systems fed by 
heat obtained from fuels combustion. In [87], the authors presented the results of experimental 
analysis carried on a prototype of a micro-power gas-fired ORC CHP system dedicated for application 
in residential buildings at Ferdowsi University of Mashhad (Iran) in cooperation with RMIT 
University in Bundoora (Australia). The in-house made multi-vane expander was applied to the 
research system. The side covers of the expander were made of carbon steel (1045), and the cylinder 
was made of cast iron. The outlet port of the machine was made bigger than the inlet port in order to 
obtain higher expansion rates. The rotor and the shaft were made of carbon steel (1045). Six vanes were 
applied in the machine. The seals were made of NBR (nitrile rubber). The heat source for the system is 
hot water, whose temperature varied during the experiments in the range of 65 to 85 °C. Depending on 
the temperature of the heat source, the experimentally obtained isentropic efficiency of the expander 
ranged between 37–45% while the electrical efficiency ranged between 0.75–1.66%. The mechanical 
power output of the multi-vane expander ranged between 65–140 W. The maximum electrical power 
of the tested system was equal to 77.4 W, which was obtained for a heat source temperature of 84.1 °C. 
In these experimental conditions, an ORC system electrical efficiency of 1.66% was obtained. 

4.2.9. University of Nottingham (England) 

In [88], the results of the experiments that were carried out at University of Nottingham on a 
prototype of the domestic micro CHP ORC system adopting a multi-vane expander and utilizing a 
heat obtained from biomass combustion were reported. The expander was coupled with a car 
alternator. The experimental results showed that putting the load on the alternator resulted in 
decreasing the speed of the expander, increasing of the pressure at the inlet to the expander, and an 
increase of the expansion ratio. The results proved that in the analyzed configuration of the test 
stand, it is possible to obtain up to 860.7 W of electrical power and 47.26 kW of thermal power with 
an electricity-generating efficiency of 1.41% and CHP efficiency of 78.69%. For these experimental 
values, the obtained expander efficiency was equal to 53.92%, the alternator efficiency was equal to 
50.94%, the boiler efficiency was equal to 80.85%, and the ORC system efficiency was equal to 3.78%. 
The need to improve the efficiency of the expander and biomass boiler (being the main components 
limiting the efficiency of the ORC system) was pointed out. 

The interesting results of the numerical and analytical modeling of multi-vane expanders 
operation in ORCs were presented in [89,90]. 

4.2.10. Magna Powertain Company (Austria) and Politecnico di Milano (Italy) 

In [89], the authors presented a modeling of a multi-vane expander featuring an elliptical 
cross-section of a cylinder designed for application in small-scale ORC systems, which took place at 
Politecnico di Milano (Italy) in cooperation with the Magna Powertain Company (Austria). Modeling 
was carried out using OpenFOAM software. Different operating conditions of the expander were 
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considered, i.e., the rotational speed of the expander shaft was varied (the following speeds were used 
for the modeling: 1250 rpm, 1000 rpm, and 750 rpm). Modeling results were compared to the 
experimental data obtained using the test stand in which R245fa was used as a working fluid. The 
maps of the working fluid pressure, velocity, and temperature inside the expanders’ working 
chambers and the variation of the internal leakages and the expander power output were obtained 
as a result of modeling. 

4.2.11. Jilin University (China) 

In [90], the design and modeling results on the novel multi-vane expander with a variable 
expansion ratio were presented. The research was conducted at Jilin University (China). In this expander, 
the opening of the outlet port can be regulated (depending on the expansion ratio) in order to adjust 
the expander operating conditions to the variable operating conditions of the ORC system. The 
expander was modeled in the GT-SUITE 7.4 software; then, a series of simulations on its operation in 
variable operating conditions (i.e., the values of pressure and temperature at the inlet to the expander) 
were carried out using the model. The modeled expander featured the following geometrical 
dimensions: diameter of the rotor of d = 100 mm, eccentricity of e = 16 mm, inner diameter of the 
cylinder of D = 134 mm, thickness of the vane of g = 5 mm, length of the vane of h = 45.3 m, length of the 
cylinder of L = 140 mm, expansion ratio of σ = 1.55–3.02, and number of vanes z = 4. It was assumed 
that the expander will be used in an ORC system to harvest the waste heat from a car engine. Modeling 
was carried out for the R123 working fluid and for the fixed shaft rotational speed of 1500 rpm. The 
following parameters were varied: the working fluid pressure at the inlet to the expander varied in 
range of p = 0.3 to 0.64 MPa, the working fluid temperature at the inlet to the expander varied in 
range of 353.15 to 476.15 K, and the working fluid pressure and temperature at the outlet of the 
expander were fixed and set to 0.1 MPa and 300 K, correspondingly. 

The modeling results gave the following conclusions: the influence of inlet pressure on the 
expander efficiency is significant, and when the working fluid pressure at the inlet to the expander is 
increasing, the expansion ratio should be changed to a higher value. It was also proved that the 
expansion ratio should be regulated only in the optimal range of values, because its excessive 
increasing can in effect lead to the overexpansion. The expander efficiency of 40.93% was achieved for 
a working fluid pressure at the inlet to the expander of 0.3 MPa and the expansion ratio of 1.83. An 
expander efficiency of 68.37% was achieved for a working fluid pressure at the inlet to the expander of 
0.4 MPa and an expansion ratio of 2.84. The modeling results also showed that the optimal expansion 
ratio does not depend on the temperature of the working fluid at the inlet to the expander. These 
authors also carried out an exergy analysis of this expander. The results of exergy analysis indicated 
that the expansion ratio has a significant impact on the expanders’ efficiency, and its reduction may 
(under certain operating conditions) lead to a significant increase of the expander exergy efficiency. 

4.2.12. Normandie University in Saint-Lô (France) 

In [91], the authors presented a thermodynamic analysis and the results of an experiment on the 
application of a multi-vane compressor and a multi-vane expander in a small-scale refrigeration 
system consisting of an ORC system combined with a refrigeration cycle. The research was 
conducted at Normandie University in Saint-Lô (France). Modeling was carried out for 12 working 
fluids. The authors selected R1270 as the optimum working fluid. The modeling results show that 
the system can achieve cooling power of 0.6 kW at a cooling temperature of 5.5 °C using a heat 
source with a thermal power of 2 kW and a heat carrier temperature of 65 °C. The authors stated that 
the combination of a multi-vane compressor with a multi-vane expander in one housing can be 
carried out in a simple way. 
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5. Summary and Conclusions 

This article presents a review on the experimental and modeling research on the application of 
multi-vane expanders in ORC systems. Table 2 summarizes the results of the experiments, which 
analyzed ORCs with integrated multi-vane expanders in different scientific units. Analysis of these 
experimental data and the results of the mathematical and numerical modeling gives the following 
conclusions: 

• Research on the possible application of the multi-vane expanders in ORC systems has been 
conducted in many scientific and industrial units since the late 1970s. 

• Multi-vane expanders were adopted in ORCs driven by the different heat sources, including 
waste heat, solar heat, or heat obtained from the combustion of gas or biomass. 

• In experimental studies, multi-vane expanders featuring different geometrical dimensions were 
analyzed. In all of the cases, it was possible to put these machines in operation. 

• Specially adapted multi-vane pneumatic engines can be applied as the expanders in ORC 
systems. 

• Reviewed experiments were conducted using the following substances: R11, FC88, alcohol, 
water, R113, R114, R123, isopropylbenzene, hexamethyldisiloxane (MM), R236fa, R141b, R245fa, 
HFE-7000, R601a, and R1270. 

• Power output of the multi-vane expanders applied in ORC systems ranges between 65 W and 8 
kW. 

• Rotational speed of the multi-vane expanders applied in ORC systems ranges between 1200–
4100 rpm. 

• Absolute pressure of the working fluid at the inlet to the multi-vane expander ranges between 
1.5–6.39 bar. 

• The isentropic efficiency of the multi-vane expanders applied in ORC systems ranges between 
17.2–55.8%. 

• Efficiency of the ORC systems adopting multi-vane expanders ranges between 0.75–7.65%. 
• The reported experimental results show that the expansion ratio of the multi-vane expanders 

applied in ORC systems ranges between 1.3–4.33. 
• Multi-vane expanders have many advantages compared to the other types of expanders that 

can be used in ORC systems. The following advantages were mentioned by different authors: 
simple design, easy manufacturing, low vapor consumption, and a low range of operating 
pressures. 

• The development of computer-aided design techniques at the latest time resulted in a number 
of publications related to numerical simulations of the operation of the multi-vane expanders in 
ORC systems. These publications gave a new look on the flow and thermal processes inside 
different multi-vane expanders, and showed that the arrangement of the steering edges has a 
significant influence on the expander operating conditions. 

• Possibility of the optimization of the design of multi-vane expanders with the help of modeling 
and numerical simulations resulted in innovative designs such as, for example, the multi-vane 
expander with two inlets, a supercharged multi-vane expander, or a multi-vane expander with 
an adjustable expansion ratio. 

• Further experimental and modeling works aimed at the optimization of the multi-vane 
expanders design and increasing its efficiency should be constantly performed. These works 
should be specially focused on the application of the innovative working fluids and 
construction materials. 

• Special focus should also be paid to the innovative designs of the multi-vane expanders. 
• Multi-vane expanders are a good alternative to the other types of expanders that are applied in 

small-power and micro-power ORCs. 
• It is possible to implement multistage multi-vane expanders (a two-stage expander was applied 

by the General Electric Company). 
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• In some of the papers assessed, see e.g., [56,59,62,64,66–68,92–94], research results related to the 
application of the multi-vane pumps in ORC systems are reported. The works on their 
application should also be further explored. 

In addition to the above-mentioned conclusions, the review reveals common features of 
multi-vane expanders. The influence of geometrical dimensions of the expander on the obtained 
power and rotational speed is visible. Large expanders feature greater power than smaller ones, 
while smaller expanders feature higher rotational speeds than larger ones. It is worth noting that the 
largest expander that has been used so far in the ORC system featured a power of about 8 kW. 
Experimental and modeling results proved that the influence of the position of the steering edges on the 
machine operating conditions and obtained performance is common for the expanders analyzed (i.e., the 
optimal arrangement of the steering edges position is similar for different multi-vane expanders, 
regardless of the geometrical dimensions and the design). The reviewed experiments showed that the 
biggest influence on the obtained power and efficiency of the multi-vane expander is that of the gas 
pressure, rather than the gas temperature at the inlet to the expander. What is more, the results of the 
reviewed experiments (which were carried out by different researchers on different test stands) 
unanimously indicate that multi-vane machines feature an optimal expansion ratio (usually ranging 
from 2 to 4). For those values of the expansion ratio, the power and efficiency of multi-vane 
expanders reaches maximum values. Thus, increasing the pressure at the inlet to the machine above 
the optimum value is disadvantageous, because it can lead to a decrease in the expanders’ power 
and efficiency. 

This review shows that multi-vane expanders are applied in low-pressure ORC systems, i.e., the 
pressure of the working fluid at the inlet to the expander usually ranges from 2 to 10 bar (while the 
highest working fluid pressure at the inlet to the expander reached 21.9 bar). 
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Table 2. Comparison of the results of the experiments that were performed on ORCs with integrated multi-vane expanders in different scientific units. 

Working 
Fluid 

Energy Source 
Expander Specifications 

tin  

°C 
tout  

°C 
pin  

bar 
pout  

bar 
ηi  

- 
Ref. Power  

kW 
Speed  
rpm 

D  
mm 

d  
mm 

L  
mm 

e  
mm 

z  
- 

1. General Electric Company (USA) 
R11 Electric (b) 2.3 1200–1800 N/A N/A N/A N/A N/A 105 N/A N/A N/A N/A 

[43,44] 
FC88 

Solar, Electric 
(b) 

2.3 
7.9 

1625 
1625 

N/A N/A N/A N/A N/A 
175 
175 

N/A 14.5 N/A N/A 

Alcohol/wat
er 

Gasoline 7.5 1800 N/A N/A N/A N/A N/A 340 N/A N/A N/A N/A 

2. Cranfield Institute of Technology (England) 
R113 N/A 1.0–2.0 1750–3750 N/A N/A N/A N/A 8 110–120 N/A 4.45–6.39 1.27–1.75 35–55 [45–55] 

3. Wrocław University of Science and Technology (Poland) 
R11 Electric 0.6 3000 45 38 60 3.5 4 130–170 106–158 6.2 0.2 28–31 [56–58] 

R123 
Hot water (Gas 

boiler) 
0.3 3000 37.5 34 22 1.75 4 39–71 37–62 2.0–5.2 1.2–1.5 17.2–43.1 [59–64] 

4. Czech Technical University in Prague (Czech Republic) 
isopropyl-b

enzene 
MOC 32 

Thermal oil 
0.4–0.8 N/A N/A N/A N/A N/A N/A 210 130 3.5 0.5 

40–50 [69] MM Flue gas 0.4–0.6 N/A N/A N/A N/A N/A N/A 135–150 50–100 1.7–2.7 0.2–1.0 
MM Flue gas N/A N/A N/A N/A N/A N/A N/A 150–190 40–90 3.0–5.5 0.4–1.0 
MM Flue gas 2.0 N/A N/A N/A N/A N/A N/A 155–166 62–73 2.8–3.5 0.4–0.65 

5. University of L’Aquila (Italy), Brunel University London (England), City University London (England) 
R236fa Hot oil 1.7–1.9 N/A 76 65 60 5.5 7 72.7–119.5 N/A 9.8–21.9 3.92–6.44 47.5–53.3 [71,73] 

6. Politecnico di Milano (Italy), Enea Mattei Spa (Italy) 
R236fa Hot oil 3.23 N/A N/A 80 160 N/A N/A 85.2 N/A 10.6 3.4 N/A 

[80] 
R236fa Hot oil 3.66 N/A N/A 100 90 N/A N/A 81.4 N/A 13.0 3.76 N/A 

7. Thammasat University (Thailand), Phranakhon Rajabhat University (Thailand) 
R141b Boiler 0.025–0.185 3157–4100 N/A N/A N/A N/A N/A 70.0–90.0 N/A N/A N/A N/A [82,83] 

8. Bournemouth University (England) 
HFE-7000 Solar heat 0.147 4000 N/A N/A N/A N/A N/A 45.41 36.36 1.32 0.66 58.66 [84–86] 

9. Ferdowsi University of Mashhad (Iran), RMIT University (Australia) 
R601a Hot water 0.065–140 1350–2680 N/A N/A N/A N/A 6 53.6–72.1 45.4–61.8 2.25–3.2 1–1.4 37–45 [87] 

10. University of Nottingham (England) 

HFE7000 
Biomass Hot 

water 
0.86 841–860 N/A N/A N/A N/A 4 117.5–118.6 107.3–108.7 6.649–6.724 3.206–3.236 52.38–55.45 [88] 



Energies 2019, 12, 2975 24 of 28 

 

Author Contributions: P.K. reviewed the literature and wrote the paper. 

Funding:  This research received no external funding. 

Acknowledgments: The author would like to thank Jovana Radulovic for the invitation to publish this article. 
Moreover, the author would like to thank all researchers who agreed to reproduce photographs of their 
research test-stands in this paper. 

Conflicts of Interest: The author declares no conflict of interest. 

References 

1. World Energy Outlook 2018; International Energy Agency (IEA): Paris, France, 2019. 
2. Tiwari, G.N.; Tiwari, A.S. Handbook of Solar Energy—Theory, Analysis and Applications; Springer: Berlin, 

Germany, 2016. 
3. Stober, I.; Bucher, K. Geothermal Energy—From Theoretical Models to Exploration and Development; Springer: 

Berlin, Germany, 2013. 
4. Wagner, H.J.; Mathur, J. Introduction to Wind Energy Systems—Basics, Technology and Operation; Springer: 

Berlin, Germany, 2013. 
5. Wagner, H.J.; Mathur, J. Introduction to Hydro Energy Systems—Basics, Technology and Operation; Springer: 

Berlin, Germany, 2011. 
6. Szargut, J. Industrial Waste Energy—Utilization and Equipment; WNT: Warsaw, Poland, 1993. 
7. Bao, J.; Zhao, L. A review of working fluid and expander selections for organic Rankine cycle. Renew. 

Sustain. Energy Rev. 2013, 24, 325–342. 
8. Hung, T.C.; Wang, S.K.; Kuo, C.H.; Pei, B.S.; Tsai, K.F. A study of organic working fluids on system 

efficiency of an ORC using low-grade energy sources. Energy 2010, 35, 1403–1411. 
9. Wang, E.H.; Zhang, H.G.; Fan, B.Y.; Ouyang, M.G.; Zhao, Y.; Mu, Q.H. Study of working fluid selection of 

organic Rankine cycle (ORC) for engine waste heat recovery. Energy 2011, 36, 3406–3418. 
10. Sørensen, B. Renewable Energy—Physics, Engineering, Environmental Impacts, Economics & Planning; Elsevier: 

Amsterdam, The Netherlands, 2010. 
11. Gnutek, Z.; Kolasiński, P. Organic Rankine Cycle—Technology, Applications and Current Market 

Overview. In Proceedings of the XIIIth Heat Transfer and Renewable Sources of Energy. HTRSE-2010, 
Szczecin-Międzyzdroje, Poland, 9–12 September 2010. 

12. Branchini, L.; De Pascale, A.; Peretto, A. Systematic comparison of ORC configurations by means of 
comprehensive performance indexes. Appl. Therm. Eng. 2013, 61, 129–140. 

13. Zhang, C.; Liu, C.; Wang, S.; Xu, X.; Li, Q. Thermo-economic comparison of subcritical organic Rankine 
cycle based on different heat exchanger configurations. Energy 2017, 123, 728–741. 

14. Tchanche, B.F.; Lambrinos, G.; Frangoudakis, A.; Papadakis, G. Low-grade heat conversion into power 
using organic Rankine cycles – A review of various applications. Renew. Sustain. Energy Rev. 2011, 15, 
3963–3979. 

15. Kozanecki, Z.; Kozanecka, D.; Klonowicz, P.; Łagodziński, J.; Gizelska, M.; Tkacz, E.; Miazga, M.; 
Kaczmarek, A. Oil-Less Small Power Turbo-Machines (Bezolejowe Maszyny Przepływowe Małej Mocy); Institute 
of Fluid-Flow Machinery Publishing: Gdańsk, Poland, 2014; ISBN 978-83-88237-27-0. 

16. Gnutek, Z. Gazowe Objętościowe Maszyny Energetyczne—Podstawy; Wrocław University of Science and 
Technology Publishing: Wrocław, Poland 2004. 

17. Kaczmarczyk, T.; Ihnatowicz, E.; Żywica, G.; Kiciński, J. Experimental investigation of the ORC system in 
a cogenerative domestic power plant with a scroll expanders. Open Eng. 2015, 5, 411–420. 

18. Gao, P.; Jiang, L.; Wang, L.W.; Wang, R.Z.; Song, F.P. Simulation and experiments on an ORC system with 
different scroll expanders based on energy and exergy analysis. Appl. Therm. Eng. 2015, 75, 880–888. 

19. Jradi, M.; Li, J.; Liu, H.; Riffat, S. Micro-scale ORC-based combined heat and power system using a novel 
scroll expander. Int. J. Low-Carbon Technol. 2014, 9, 91–99. 

20. Hsu, S.-W.; Chiang, H.-W.D.; Yen, C.-W. Experimental Investigation of the Performance of a Hermetic 
Screw-Expander Organic Rankine Cycle. Energies 2014, 7, 6172–6185. 

21. Zhang, Y.-Q.; Wu, Y.-T.; Xia, G.-D.; Ma, C.-F.; Ji, W.-N.; Liu, S.-W.; Yang, K.; Yang, F.-B. Development and 
experimental study on organic Rankine cycle system with single-screw expander for waste heat recovery 
from exhaust of diesel engine. Energy 2014, 77, 499–508. 



Energies 2019, 12, 2975 25 of 28 

 

22. Tang, H.; Wu, H.; Wang, X.; Xing, Z. Performance study of a twin-screw expander used in a geothermal 
organic Rankine cycle power generator. Energy 2015, 90, 631–642. 

23. Öhman, H.; Lundqvist, P. Screw expanders in ORC applications, review and a new perspective. In 
Proceedings of the 3rd International Seminar on ORC Power Systems, Brussels, Belgium, 12–14 October 
2015. 

24. Więckiewicz, H.; Cantek, L. Volumetric Compressors—Atlas, 2nd ed.; Gdańsk University of Technology 
Publishing: Gdańsk, Poland, 1985. 

25. Cantek, L.; Białas, M. Refrigerating Compressors; Gdańsk University of Technology Publishing: Gdańsk, 
Poland, 2003. 

26. Żywica, G.; Kaczmarczyk, T.; Ihnatowicz, E. Expanders for dispersed power generation: Maintenance and 
diagnostics problems. Trans. Inst. Fluid-Flow Mach. 2016, 131, 173–188. 

27. Available online: http://www.wittigsystems.de/images/pdfs/Wittig_Flyer_2014-03_EN.pdf (accessed 

on 30 May 2019). 
28. Edwards, T.C.; McDonald, A.T. Analysis of Mechanical Friction in Rotary Vane Machines. In Proceedings 

of the International Compressor Engineering Conference at Purdue, Purdue, West Lafayette, IN, USA, 15–
18 July 1972. 

29. Peterson, C.R.; McGahan, W.A. Thermodynamic and Aerodynamic Analysis Method for Oil Flooded 
Sliding Vane Compressor. In Proceedings of the International Compressor Engineering Conference at 
Purdue, Purdue, Lafayette, IN, USA, 15–18 July 1972. 

30. Johnson, C.N.; Hamilton, J.F. Noise Study of Fractional Horsepower, Rotary Vane, Refrigerant 
Compressors. In Proceedings of the International Compressor Engineering Conference at Purdue, Purdue, 
Lafayette, IN, USA, 15–18 July 1972. 

31. Lafrance, L.; Hamilton, J.F. Computer Controlled Optimization of a Rotary Vane Compressor. In 
Proceedings of the International Compressor Engineering Conference at Purdue, Purdue, Lafayette, IN, 
USA, 6–9 July 1976. 

32. Kruse, H. Experimental Investigations on Rotary Vane Compressors. In Proceedings of the International 
Compressor Engineering Conference at Purdue, Purdue, Lafayette, IN, USA, 20–23 July 1980. 

33. Pandeya, P.N.; Chu, T. Reversible Multi-Vane Rotary Compressor. U.S. Patent Application No. 
US4566869A, 8 December 1984. 

34. Brucken, B. Rotary Vane Variable Capacity Compressor. U.S. Patent Application No. US4137018A, 7 
November 1977. 

35. Sakitani, K.; Maekawa, T.; Fujimoto, S.; Tajima, T.; Hiroyasu, M. Multi-Vane Type Compressor. U.S. Patent 
Application No. US4455129A, 19 May 1981. 

36. Shank, W.C.; Edwards, T.C. Vane Type Compressor Having Elliptical Stator with Doubly-Offset Rotor. 
U.S. Patent Application No. US4410305A, 8 June 1981. 

37. Bellmer, F.O. Multi-Chamber Rotary Vane Compressor. U.S. Patent Application No. US3381891A, 2 March 
1966. 

38. Zelenecky, S.V.; Ryabkov, E.D.; Mikerov, A.G. Rotatsionnye Pnevmaticheskie Dvigateli; Maszinostrojenie: 
Moscow, Russia, 1976. 

39. Gnutek, Z. Sliding-Vane Rotary Machinery. Developing Selected Issues of One-Dimensional Theory; Wrocław 
University of Technology Publishing: Wrocław, Poland, 1997. 

40. Gnutek, Z. Analiza Procesów Termodynamicznych w Łopatkowych Maszynach Rotacyjnych: Cz. 1. Geometryczny 
Opis Maszyn; Report No. I-20 SPR 24/91; Institute of Heat Engineering and Fluid Mechanics, Wrocław 
University of Technology: Wrocław, Poland, 1991. 

41. Gnutek, Z. Analiza Procesów Termodynamicznych w Łopatkowych Maszynach Rotacyjnych: Cz. 2. Doskonałe 
Wielołopatkowe Maszyny Rotacyjne; Report No. I-20 SPR 29/91; Institute of Heat Engineering and Fluid 
Mechanics, Wrocław University of Technology: Wrocław, Poland, 1991. 

42. Gnutek, Z. Analiza Procesów Termodynamicznych w Łopatkowych Maszynach Rotacyjnych: Cz. 3. Tarcie 
Mechaniczne i Przecieki Wewnętrzne; Report No. I-20 SPR 31/91; Institute of Heat Engineering and Fluid 
Mechanics, Wrocław University of Technology: Wrocław, Poland, 1991. 

43. Curran, H.M. Use of organic working fluids in Rankine engines. J. Energy 1979, 5, 218–223.  
44. General Electric Company. Prototype Solar Heating and Combined Heating and Cooling Systems; DOE/NASA 

Contractor Report No. DOE/NASA CR-161340; General Electric Company: Boston, MA, USA, 1980. 



Energies 2019, 12, 2975 26 of 28 

 

45. Badr, O.; O’Callaghan, P.W.; Hussein, M.; Probert, S.D. Multi-vane expanders as prime movers for 
low-grade energy organic Rankine-cycle engines. Appl. Energy 1984, 16, 129–146. 

46. Badr, O.; Probert, S.D.; O’Callaghan, P.W. Performances of multi-vane expanders. Appl. Energy 1985, 20, 
207–234. 

47. Badr, O.; Probert, S.D.; O’Callaghan, P.W. Selecting a working fluid for a Rankine-cycle engine. Appl. 
Energy 1985, 21, 1–42. 

48. Badr, O.; O’Callaghan, P.W.; Probert, S.D. Thermodynamic and Thermophysical Properties of Organic 
Working Fluids for Rankine-cycle Engines. Appl. Energy 1985, 19, 1–40. 

49. Badr, O.; Hussein, M.; Probert, S.D.; O’Callaghan, P.W. Thermal Stabilities of Mixtures of 
Trichlorofluoroethane and Lubricating Fluids Contained in Copper Sealed Tubes. Appl. Energy 1984, 16, 
41–52. 

50. Badr, O.; O’Callaghan, P.W.; Probert, S.D. Performances of Rankine-Cycle Engines as Functions of their 
Expanders’ Efficiencies. Appl. Energy 1984, 18, 15–27. 

51. Badr, O.; Probert, S.D.; O’Callaghan, P.W. Multi-Vane Expanders: Vane Dynamics and Friction Losses. 
Appl. Energy 1985, 20, 253–285. 

52. Badr, O.; Probert, S.D.; O’Callaghan, P.W. Multi-Vane Expanders: Internal-Leakage Losses. Appl. Energy 
1985, 20, 1–46. 

53. Badr, O.; O’Callaghan, P.W.; Probert, S.D. Multi-Vane Expander Performance: Breathing Characteristics. 
Appl. Energy 1985, 19, 241–271. 

54. Badr, O.; O’Callaghan, P.W.; Probert, S.D. Multi-vane Expanders: Geometry and Vane Kinematics. Appl. 
Energy 1985, 19, 159–182. 

55. Badr, O.; O’Callaghan, P.W.; Probert, S.D. Rankine-Cycle Systems for Harnessing Power from Low-Grade 
Energy Sources. Appl. Energy 1990, 36, 263–292. 

56. Gnutek, Z.; Kalinowski, E.; Lange, G.; Stefanicki, A. Wykorzystanie Niskotemperaturowych Źródeł Ciepła do 
Realizacji Obiegu C-R z Czynnikiem Niskowrzącym; Report No. I-20 SPR 33/94; Institute of Heat Engineering 
and Fluid Mechanics, Wrocław University of Technology: Wrocław, Poland, 1994. 

57. Biernacki, S. Zastosowanie Silnika Łopatkowego do Realizacji Mikrosiłowni Clausiusa-Rankine’a z 
Niskowrzącym Czynnikiem Roboczym Wykorzystującej Ciepło Odpadowe. Ph.D. Thesis, Institute of 
Heat Engineering and Fluid Mechanics, Wrocław University of Technology, Wrocław, Poland, 1996. 

58. Gnutek, Z.; Kalinowski, E. Application of rotary-vane expanders in systems utilizing the waste heat. In 
Proceedings of the International Compressor Engineering Conference at Purdue, Purdue, Lafayette, IN, 
USA, 19–22 July 1994. 

59. Gnutek, Z.; Kolasiński, P. Experimental Studies on Low Power ORC’s with Vane Expanders. In 
Proceedings of the 1st International Seminar on ORC Power Systems, Delft, The Netherlands, 22–23 
September 2011. 

60. Gnutek, Z.; Kolasiński, P.; Pomorski, M. Influence of the type of working substance and its 
thermodynamic parameters for selection of sliding vane expanders. Arch. Thermodyn. 2009, 30, 163–173. 

61. Gnutek, Z.; Kolasiński, P. The application of rotary vane expanders in ORC systems—Thermodynamic 
description and experimental results. J. Eng. Gas Turbines Power 2013, 135, 061901. 

62. Kolasiński, P. The Influence of the Heat Source Temperature on the Multivane Expander Output Power in 
an Organic Rankine Cycle (ORC) System. Energies 2015, 8, 3351–3369. 

63. Kolasiński, P. Use of the renewable and waste energy sources in heat storage systems combined with ORC 
power plants. Prz. Elektrotech. 2013, 7, 277–279. 

64. Kolasiński, P.; Gnutek, Z. Experimental analyses on powering the ORC (Organic Rankine Cycle) System 
by Heat Storage Device. In Współczesne Problem Termodynamiki; Bury, T., Szlęk, A., Eds.; Silesian University 
of Technology Publishers: Gliwice, Poland, 2017; pp. 154–196. 

65. Kolasiński, P.; Błasiak, P.; Rak, J. Experimental and Numerical Analyses on the Rotary Vane Expander 
Operating Conditions in a Micro Organic Rankine Cycle System. Energies 2016, 9, 606. 

66. Rak, J.; Błasiak, P.; Kolasiński, P. Numerical modelling of multi-vane expander operating conditions in 
ORC systems. In Proceedings of the International Conference on Advances in Energy Systems and 
Environmental Engineering (ASEE17), Wrocław, Poland, 2–5 July 2017. 

67. Kolasiński, P.; Błasiak, P.; Rak, J. Experimental investigation on multi-vane expander operating conditions 
in domestic CHP ORC system. Energy Procedia 2017, 129, 323–330. 



Energies 2019, 12, 2975 27 of 28 

 

68. Rak, J.; Błasiak, P.; Kolasiński, P. Influence of the Applied Working Fluid and the Arrangement of the 
Steering Edges on Multi-Vane Expander Performance in Micro ORC System. Energies 2018, 11, 892. 

69. Mascuch, J.; Novotny, V.; Vodicka, V.; Zeleny, Z. Towards development of 1–10 kW pilot ORC units 
operating with hexamethyldisiloxane and using rotary vane expander. Energy Procedia 2017, 129, 826–833. 

70. Vodicka, V.; Novotny, V.; Mascuch, J.; Kolovratnik, M. Impact of major leakages on characteristics of a 
rotary vane expander for ORC. Energy Procedia 2017, 129, 387–394. 

71. Cipollone, R.; Contaldi, G.; Bianchi, G.; Murgia, S. Energy recovery using sliding vane rotary expanders. In 
Proceedings of the 8th International Conference on Compressors and Their Systems, London, UK, 9–10 
September 2013. 

72. Cipollone, R.; Bianchi, G.; Di Battista, D.; Contaldi, G.; Murgia, S. Mechanical Energy Recovery from Low 
Grade Thermal Energy Sources. Energy Procedia 2014, 45, 121–130. 

73. Cipollone, R.; Bianchi, G.; Gualtieri, A.; Di Battista, D.; Mauriello, M.; Fatigati, F. Development of an 
Organic Rankine Cycle system for exhaust energy recovery in internal combustion engines. In 
Proceedings of the 33rd UIT (Italian Union of Thermo-Fluid Dynamics) Heat Transfer Conference, 
L’Aquilla, Italy, 22–24 June 2015. 

74. Bianchi, G.; Fatigati, F.; Murgia, S.; Cipollone, R.; Contaldi, G. Modeling and experimental activities on a 
small-scale sliding vane pump for ORC-based waste heat recovery applications. Energy Procedia 2016, 101, 
1240–1247. 

75. Bianchi, G.; Rane, S.; Kovacevic, A.; Cipollone, R.; Murgia, S.; Contaldi, G. Numerical CFD simulations on 
a small-scale ORC expander using a customized grid generation methodology. Energy Procedia 2017, 129, 
843–850. 

76. Fatigati, F.; Di Bartolomeo, M.; Cipollone, R. Experimental and numerical characterization of a positive 
displacement vane expander with an auxiliary injection port for an ORC-based power unit. Energy Procedia 
2018, 148, 830–837. 

77. Bianchi, G.; Rane, S.; Kovacevic, A.; Cipollone, R.; Murgia, S.; Contaldi, G. Deforming grid generation for 
numerical simulations of fluid dynamics in sliding vane rotary machines. Adv. Eng. Softw. 2017, 112, 180–
191. 

78. Fatigati, F.; Bianchi, G.; Cipollone, R. Development and numerical modelling of a supercharging technique 
for positive displacement expanders. Appl. Therm. Eng. 2018, 140, 208–216. 

79. Fatigati, F.; Di Bartolomeo, M.; Cipollone, R. Dual intake rotary vane expander technology: Experimental 
and theoretical assessment. Energy Convers. Manag. 2019, 186, 156–167. 

80. Murgia, S.; Valenti, G.; Colletta, D.; Costanzo, I.; Contaldi, G. Experimental investigation into an 
ORC-based low-grade energy recovery system with sliding-vane expander using hot oil from an air 
compressor as thermal source. Energy Procedia 2017, 129, 339–346. 

81. Pantano, F.; Capata, R. Expander selection for an on board ORC energy recovery system. Energy 2017, 141, 
1084–1096. 

82. Suankramdee, W.; Thongtip, T.; Aphornratana, S. Development of a sliding vane expander in a 
micro-scale ORC system for utilizing low-grade heat. Energy Procedia 2017, 138, 817–822. 

83. Suankramdee, W.; Thongtip, T.; Aphornratana, S. Experimental study of a sliding vane expander in a 
micro-scale ORC system for utilizing low-grade heat. Energy Procedia 2017, 138, 823–828. 

84. Helvaci, H.U.; Khan, Z.A. Thermodynamic modelling and analysis of a solar organic Rankine cycle 
employing thermofluids. Energy Convers. Manag. 2017, 138, 493–510. 

85. Helvaci, H.U.; Khan, Z.A. A theoretical and experimental study of HFE-7000 in small scale solar organic 
Rankine cycle as thermofluid. In Proceedings of the ASME Power Conference Joint with ICOPE-17, 
Charlotte, NC, USA, 26–30 June 2017. 

86. Helvaci, H.U.; Khan, Z.A. Experimental study of thermodynamic assessment of a small scale solar thermal 
system. Energy Convers. Manag. 2016, 117, 567–576. 

87. Farrokhi, M.; Noie, S.H.; Akbarzadeh, A.A. Preliminary experimental investigation of a natural gas-fired 
ORC-based micro-CHP system for residential buildings. Appl. Therm. Eng. 2014, 69, 221–229. 

88. Qiu, G.Q.; Shao, Y.J.; Li, J.X.; Liu, H.; Riffat, S.B. Experimental investigation of a biomass-fired ORC-based 
micro-CHP for domestic applications. Fuel 2012, 96, 374–382. 

89. Montenegro, G.; Della Tore, A.; Fiocco, M.; Onorati, A.; Benatzky, C.; Schlager, G. Evaluating the 
Performance of a Rotary Vane Expander for Small Scale Organic Rankine Cycles using CFD tools. Energy 
Procedia 2014, 45, 1136–1145. 



Energies 2019, 12, 2975 28 of 28 

 

90. Yan, J.; Han, Y.; Tian, J.; Xu, Y.; Zhang, Y.; Chen, R. Performance investigation of a novel expander 
coupling organic Rankine cycle: Variable expansion ratio rotary vane expander for variable working 
conditions. Applied Therm. Eng. 2019, 152, 573–581. 

91. Marion, M.; Louahlia, H. Performances and compactness of a cooling system powered with PEMFC 
thermal effluent. Energy Convers. Manag. 2017, 150, 415–424. 

92. Santos, M.; André, J.; Francisco, S.; Mendes, R.; Ribeiro, J. Off-design modelling of an organic Rankine 
cycle micro-CHP: Modular framework, calibration and validation. Appl. Therm. Eng. 2018, 137, 848–867. 

93. Sun, H.; Qin, J.; Hung, T.-C.; Lin, C.-H.; Lin, Y.-F. Performance comparison of organic Rankine cycle with 
expansion from superheated zone or two-phase zone based on temperature utilization rate of heat source. 
Energy 2018, 149, 566–576. 

94. Unamba, C.K.; White, M.; Sapin, P.; Freeman, J.; Lecompte, S.; Oyewunmi, O.A.; Markides, C.N. 
Experimental Investigation of the Operating Point of a 1-kW ORC System. Energy Procedia 2017, 129, 875–
882. 

 

© 2019 by the author. Licensee MDPI, Basel, Switzerland. This article is an open 
access article distributed under the terms and conditions of the Creative Commons 
Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 
 


