
1 

 

Experimental investigation of a revolving vane expander in a micro-scale 

organic Rankine cycle system for low-grade waste heat recovery 

Ali Naseri*
a
, Ramin Moradi

b
, Stuart Norris

a
, Alison Subiantoro

a
 

a
 Department of Mechanical Engineering, Faculty of Engineering, The University of Auckland, 

Auckland, New Zealand. 

b
 CREAT, eCampus University, Via Isimbardi 10, Novedrate, CO 22060, Italy 

*Corresponding Author: anas222@aucklanduni.ac.nz 

 

Abstract 

Organic Rankine cycles (ORCs) are a reliable solution for power generation from low-

temperature waste heat. While the ORC is a mature technology in medium to large scale 

applications, several challenges remain to be solved for its widespread adoption in micro-

scale, including the development of a low-cost, reliable, and efficient expander. In this study, 

a modified revolving vane expander (M-RVE) prototype is experimentally tested in a micro-

scale ORC system for the first time. The M-RVE is tested in the range of suction pressures of 

up to 13.0 bar(a), suction temperatures of up to 63°C, and shaft speeds of up to 1850 rpm. 

The M-RVE demonstrated filling factors of 1.2-2.7, an isentropic mechanical efficiency of up 

to 42.5%, and shaft power of up to 134 W. The significant impacts of lubrication on the 

performance of the M-RVE are discussed. A comparable performance with existing 

expanders in the literature is achieved, especially at pressure ratios close to the expander 

built-in volume ratio. The results of this study provide better guidance for further use of the 

M-RVE in micro-scale ORC systems and provide a benchmark for future improvements of 

the M-RVE prototype. 
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1. Introduction 

Despite a significant reduction in global fossil fuel consumption due to the Covid-19 

pandemic, it is predicted that CO2 emission and fossil fuel consumption will return and even 

exceed their pre-crisis levels over a two-year horizon [1]. Utilising renewable energy sources 

such as biomass [2], solar [3], wind [4] and geothermal [5] to supply all or a part of the 

thermal and electric energy demands, and improving the efficiency of the current systems [6] 

are two main strategies to reduce the environmental impact of power generation [7]. One 

solution for improving the efficiency of existing systems is the use of waste heat recovery 

(WHR) technologies. Currently a large quantity of low to medium temperature heat is wasted 

and lost to the atmosphere, mostly from power plants, industrial processes, and the exhaust 

gases of internal combustion engines [8]. The selection of WHR technology is dependant on 

the temperature (quality), amount, density (quantity) and stability of the heat source [9]. 

Among the current WHR technologies, organic Rankine cycle (ORC) systems are suitable for 

low-to-medium-grade heat sources [10]. A recent analysis of the ORC market showed a 40% 

increase in the installed capacity and a 46% increase in the installed plants in 2021 compared 

to those in 2016 [11]. The working principle of an ORC system is analogous to the 

conventional steam Rankine cycle but using an organic working fluid instead of water. The 

lower boiling points of these organic fluids compared to water allow them to evaporate with a 

low-temperature heat source. Even though ORC systems are mature technologies in medium-

to-large-scales such as combined heat and power (CHP) applications (≥ 1 MWe), they are 

still under development for micro (<10 kWe) to small (10-50 kWe) scales [12, 13]. The 

technical challenges in micro scales are dominated by the system’s Carnot efficiency and 

turbine design [14]. Additionally, the limited quantity of experimental data available from 

micro-scale ORC systems has contributed to their relatively slow rate of development [15]. 

For micro-scale ORC systems applied to WHR, the inherently low Carnot efficiency of the 

cycle and the inefficiencies due to the immature state of expansion devices technology leads 

to a low system efficiency [16]. Moreover, large fluctuations in the mass flow rate and 

temperature of the heat source in many WHR applications leads to reliability issues and 

further efficiency degradation [17]. Hence, a reliable, efficient, and economical expander 

machine is necessary to increase the use of ORCs in WHR applications since the expander 

directly affects the system’s performance, reliability and capital cost [16]. The expansion 

devices are typically categorised into dynamic and volumetric types. Dynamic expanders are 

generally not suitable for micro-scale applications because of the high shaft speed required 
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and their high cost [18]. Volumetric expanders are more suitable than turbomachines due to 

their more reliable operation for low flow rates and high pressure ratios, their lower shaft 

speeds, lower cost, and higher tolerance of two-phase flow [19]. In this context, Qiu et al. 

[20] studied different expanders for micro-scale CHP systems using ORCs, and found scroll 

and vane expanders are good choices due to their high expansion ratios, acceptable 

performance within a wide range of working conditions, and low cost. However, screw 

expanders are mostly designed for higher pressure and temperatures, and they need high-

precision machining to be efficient at power ranges below 10 kWe, which increases their 

manufacturing cost. Imran et al. [19] reviewed the performance of vane, screw, scroll and 

piston expanders for low-grade WHR using ORCs. The expanders were rated in terms of 

economics, commercialisation, and technical aspects. They found that screw and scroll 

expanders perform well, but vane and piston expanders need design improvements to reduce 

their internal leakage and frictional losses. A literature review on ORCs in 2018 showed that 

the scroll expanders were studied the most after turbines, while the vane and piston types 

were the least studied types [21]. Mascuch et al. [22] experimentally studied a small scale (50 

kWth) biomass-fired micro-CHP unit equipped with an ORC with a rotary vane expander. 

This study described the design methodology of a micro-CHP unit from technical, 

thermodynamic, economical and legal viewpoints. They highlighted internal leakage as the 

biggest problem in achieving higher efficiency in rotary vane machines, even with different 

types of vane materials. Notably, most volumetric expanders in ORC systems were converted 

compressors from air conditioning/refrigeration systems. Dumont et al. [23] acknowledged 

the need for investigating different expander technologies and sizes for small scale ORC 

systems. Hence, proposing reliable and low-cost expansion devices could be an essential step 

in improving the techno-economic index of ORC systems. To this aim, several novel 

dynamic expanders have been proposed to be implemented in micro-scale ORC systems. For 

example, Tesla turbines are suitable for handling limited flow rates and pressure ratios, but 

only for up to 5 kWe [24]. Regenerative flow turbines (RFT) have also demonstrated good 

performance at low pressure ratios and flow rates, whilst having low manufacturing costs and 

maintain high reliability despite heat source fluctuation [25]. Meanwhile, several novel 

volumetric mechanisms have been proposed in recent years to reduce the inherent frictional 

and leakage losses and reduce the manufacturing cost of conventional volumetric machines, 

some of which were proposed to be used as compressors in refrigeration and air-conditioning 

applications.  
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To the best of the authors’ knowledge, only a few novel volumetric machines have been 

studied in the literature for micro-scale ORC systems. Krishna et al. [26] theoretically studied 

the performance of a rotating spool expander for ORC applications. Fatigati et al. [27, 28] 

performed a theoretical and experimental investigation of a novel sliding vane rotary 

expander with a dual intake port. The adoption of the dual-intake option allowed the 

expander to work at a reduced inlet pressure which allowing an ORC based recovery unit to 

operate at lower maximum pressures. Giuffrida et al. [29] studied a novel balanced rolling 

piston expander for eventual implementation in small-scale power generation applications. 

The mechanism employed a radially balanced rotor, and there was no need for a timing 

mechanism. Moreover, the expander was capable of operating at higher fluid temperatures 

compared to the other positive displacement devices. Although several expander designs are 

currently being investigated, there is still room for improvements in the design and efficiency 

and further study of their potential applications. The modified revolving vane expander (M-

RVE) is a novel expansion machine particularly designed and proposed by some of the 

authors of this work for micro-scale ORC systems [30]. Experimental investigation of the 

performance of this machine in an ORC test-rig and a comparison with other machines in the 

literature are presented in this article. 

1.1. The modified revolving vane expander (M-RVE) mechanism 

The first prototype of the revolving vane (RV) mechanism was introduced and tested by Teh 

and Ooi [31] as a compressor to reduce the frictional losses compared toconventional 

mechanisms. Given the promising mechanical efficiency of the device, Subiantoro [32] 

proposed implementing the mechanism as an expander within refrigeration systems. The 

revolving vane expander is easy to manufacture and has a simple geometry. The expander 

comprises a rotor and a cylinder that rotate synchronously with respect to their relative axis 

of rotation. A single vane is attached to the rotor and it slides within a slot in the cylinder 

wall. The vane and the relative position of the rotor and cylinder create two working 

chambers: suction and discharge. A stationary blocker adjusts the suction port timing for the 

start of the expansion process. High-pressure fluid enters the suction chamber via the suction 

port on the cylinder. The fluid starts to expand when the stationary blocker shuts the suction 

port. The expanded fluid leaves the suction chamber to the discharge chamber after one 

complete rotation. The fluid then leaves the discharge chamber through the discharge port on 

the rotor [32]. The first revolving vane expander prototype was built and tested with 

compressed air by Subiantoro et al. [33]. The maximum volumetric and isentropic 
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efficiencies were 26% and 32%, respectively, for up to 6 bar (g) suction pressure and shaft 

speeds of 600 rpm. The authors suggested that the poor efficiency was mostly due to the low 

manufacturing precision leading to larger than designed internal clearances [32].  

Considering the promising potential of the revolving vane expander in terms of its 

geometrical construction and performance, Naseri et al. [30, 34] suggested the revolving vane 

expander be adopted in ORC systems. Hence, the modified RV expander (M-RVE) was 

designed and manufactured to investigate its performance and compare it with common 

expanders used in micro-scale ORC systems. The working principles of the M-RVE 

mechanism are similar to those of the RV-I expander developed by Subiantoro [32] 

mentioned above (see supplementary material for a detailed description of the M-RVE 

prototype operation). Figure 1 is a schematic of the M-RVE prototype. 

  

Figure 1 – The schematic (left) and the exploded view (right) of the M-RVE prototype (the pictures are retrieved 

from [34]). 

In the M-RVE prototype, the void volume inside the housing was reduced to lower the heat 

loss, a new stationary blocker design was implemented to control the suction process, and the 

sealing of the mechanism was improved to prevent refrigerant leakage. The expander was 

designed with a horizontal axis using rolling bearings, and the cylinder fabricated seamlessly 

to eliminate any concentricity issues [34]. The results of the previous study on the M-RVE 

prototype using compressed air showed a poor volumetric performance due to significant 

internal leakages, while the isentropic efficiency was improved compared to the first 

generation revolving vane expander (RV-I) [34]. In a subsequent study the same authors 

carried out a comprehensive study of the leakages in the M-RVE prototype, and the results 

demonstrated the significant sensitivity of the mechanism to any misalignments of the rotor 

and cylinder shafts [35]. The results showed that the leakages through the radial clearance, 

end-face, and vane side gaps comprised 54%, 33%, and 8.5% of the overall leakage. The 
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leakages were further investigated using a new test bench and by minimising the external-

exerted misalignment to the machine resulting in a significantly improved performance [36]. 

A volumetric efficiency of 55% and an isentropic efficiency of 11% were reported for up to 3 

bar (g) of suction pressure. However, the M-RVE prototype has never been tested before in 

an ORC system, particularly for micro-ORC applications.  

As suggested in the literature, a low-cost, reliable, and efficent expander is required to 

improve the performance of ORC systems for low-grade WHR. In this study, the M-RVE 

prototype designed and developed by the authors was tested in an ORC system. The main 

novelties of the study reported in this paper are:  

 The development of a customised micro-scale ORC test bench equipped with a 

lubrication circuit with adjustable oil flow rate for the M-RVE prototype. 

 The testing of the novel M-RVE prototype in a micro-scale ORC system for low-

grade WHR applications for the first time.  

 The characterisation of the performance of the M-RVE prototype via non-dimensional 

analysis leading to a better understanding of the strengths and limitations of the 

expander design and the system operation. 

 The comparison of the M-RVE prototype with a regenerative flow turbine and a scroll 

expander from the literature, for the same built-in volume ratio (BVR) and power 

range. 

Finally, this study provides guidance for further use of the M-RVE in micro-scale ORC 

systems, and gives a benchmark for future improvement of the mechanism. 

2. Test bench description and experimental procedure 

2.1. Organic Rankine cycle (ORC) test bench  

A micro-scale ORC unit has been designed, manufactured, and tested for investigating the 

performance of the M-RVE prototype. The heat source was provided by a 9-kW electric 

water heater with a maximum water temperature of 95°C. A 10 kW chiller unit was used as 

the heat sink. The type of ORC system and the expander affects the selection of working fluid 

in ORCs [37]. Quoilin [18] built operating maps for different types of expansion devices 

based on the limitations of the expansion machines and working fluids. Among the criteria 

for selection of a working fluid are safty and environmental impact. In this study, R134a was 

selected due to its suitability for low-temperature heat sources [38], and it meeting the 
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environmental regulations for refrigerant use in New Zealand. Figure 2 illustrates the piping 

and instrumentation diagram (P&ID) of the developed ORC system. 

 

Figure 2 – The piping and instrumentation diagram of the ORC test bench. 

The M-RVE expander was connected to a hysteresis dynamometer to control the machine's 

speed and torque output. The expander was insulated to reduce heat losses through the 

expander shell. Two brazed plate heat exchangers were used as the evaporator and condenser. 

A lubrication system was integrated into the cycle to feed the expander suction with a 

controllable amount of lubricant oil. The lubrication circuit used a 0.25 cc/rev gear pump and 

a back-pressure regulator to inject the lubricant into the high-pressure expander suction line. 

A needle valve was installed to control the oil mass flow rate. The oil was injected into the 

suction line, and after lubricating the expander left the machine to the oil separator. Then the 

separated oil recirculated in the lubrication line. The refrigerant was pressurised using a 

diaphragm pump at a flow rate of up to 3.1 litres per minute (lpm). A bypass line was 

installed for the refrigerant pump to control the maximum cycle pressure by controlling the 

bypassed flow to better control the pressure ratio across the expander. A bypass needle valve 

was also installed parallel to the expander for the start-up.  
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The refrigerant flow was measured using a Coriolis mass flow meter located downstream of 

the pump. T-type thermocouples were used to measure the temperature at desired points. The 

pressures were measured using pressure transmitters. All the measurement devices were 

connected to a National Instrument (NI) Data Acquisition (DAQ) module to record the real-

time data of the temperature, pressure, mass flow rate, and the expander output parameters 

such as the torque and speed. The accuracy and description of the instruments is given in 

Table 1. Figure 3 shows the pictures of the ORC test-bench with the integrated M-RVE 

prototype. The main components of the ORC bench are described in detail in Table 2. 

Table 1. The specifications of the measurement devices. 

Parameters Instruments Resolution Accuracy Signal types 

Temperature 
Type T 

thermocouple  
0.02 °C 

±0.5 or ± 0.4% read 

value (°C) 
-78 to +78 mV 

Pressure 

Emerson 

PCN802351 and 

52 

1.4 mbar 

and 2.3 

mbar 

± 1% Full scale (30 

and 18 bar) 
4-20 mA 

Emerson  

PT6N18M 
1.4 mbar 

± 1.5% Full scale (18 

bar) 
4-20 mA 

Trafag 

NAT8251 
2 mbar 

± 0.5% Full scale (25 

bar) 
4-20 mA 

Refrigerant mass flow 

rate 

Yokogawa 

RCCS31 

0.0034 

gr/sec 

± 0.1% read value ± 

zero Stability/read 

value 

4-20 mA 

Torque  
Lanmec HZC 

1Q 
0.0001 N.m 

< 0.5% Full scale (1 

N.m) 
-5 to +5 V 

Expander shaft speed 
Lanmec HZC 

1Q 
60 pulse/rev 

< 0.1% Full scale 

(20000 rpm) 
0-12 V 

 

Table 2. Characteristics of the main components in the ORC unit. 

Components Descriptions Specifications 

Heat source Boe-Therm Temp 95 

Heating medium: Water 

Maximum water temperature: 95°C 

Max water flowrate: 71.67 lpm 

Chiller 
Patton condensing unit 

(PZBS350) 

Cooling capacity at 15°C: 10 kW 

Refrigerant: R134a 
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Evaporator/Condenser 

Kelvion brazed plate heat 

exchanger 

(M25×10) 

Number of Plates: 10 

Volume (hot/cold sides): 0.48/0.6 litre 

Dimension (H×L×W): 525×35.1 ×118 mm 

Organic fluid pump 

(Diaphragm pump) 

Hydracell G20-X with 

C46 pressure regulator 

Maximum flowrate: 3.1 lpm 

Maximum motor speed: 1450 rpm 

Lubrication pump 

(Gear pump) 

Bucher Hydralics 

(AP05/0.25) 

Displacement: 0.25 cc/rev 

Maximum continuous pressure: 170 bar 

Maximum motor speed: 1450 rpm 

Liquid receiver 
Frigomec 

(RVL10) 

Maximum volume: 4.6 litre 

Temperature range: -10 to 120°C 

Maximum pressure: 28 bar 

Oil separator 
Henry 

(S-5582) 

Internal volume: 1.6 litre 

Temperature range: -10 to 130°C 

Maximum pressure: 31 bar 

Expander M-RVE prototype 
BVR: 1.9 

SV: 15.71 cc/rev 

 

 

Figure 3 – Photographs of the designed ORC test-bench (left), and M-RVE prototype (right) (retrieved from 

[34]). 

2.2. Experimental procedure 

Experiments were carried out to investigate the performance of the M-RVE prototype in the 

micro-scale ORC system. At different working conditions, the data were recorded at 0.5 s 
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intervals for 10 minutes (1200 data points), and time averaged to give the steady-state value. 

To determine the steady-state condition, the methodology developed by Woodland et al. [39], 

and used by others such as Ziviani et al. [40] and Moradi et al. [41, 42], was used. In this 

method, the average of the 30 most recently measured data was compared with the average of 

30 data measurements taken 10 minutes earlier. If these two averages show a negligible 

deviation, the system was assumed to be at steady-state. For the temperature, the steady state 

was reached when the difference between the two averages was less than 0.5 K. For the 

pressure and mass flow rate, the steady state was reached when the difference of the two 

averages was less than 2%. Steady state for the speed was reached when the first and last 

average of the shaft speed changed by less than 2.5% [39]. To test the expander in the ORC 

test bench, the heat source temperature, the refrigerant mass flow rate, the chiller cooling 

load, and the shaft speed were varied within the range of the working conditions tabulated in 

Table 3. Finally, a total of 38 data points were collected which are summarised by the table of 

measured performance in  

Table 4. 

Table 3. The range of the operating conditions of the experiments. 

      (g/s)      (rpm)         (bar)         (°C)        (°C) SH (K) SC (K) 

10.85 – 40  850 – 1850 6 – 13.0 42 – 63 -4 – 17 1 – 21 3 – 10 

 

Table 4. The range of collected experimental data of the M-RVE. 

Imposed Obtained 

      (g/s)      (rpm)         (bar)   
             (-)    (-)         

10.85 – 40 850 – 1850 6 – 13.0  134 1.2 – 1.85 1.2 – 2.52 1.5 – 42.5  

 

The lubricant used was POE oil (Emkarate-RL46H) and its flow rate was set to 7.5 ml/min. 

This flow rate was the minimum required lubrication that did not degrade the volumetric 

efficiency significantly, and was determined from experiments previously carried out on the 

expander [36]. Considering that the refrigerant mass flow rate varied for the different studied 

test conditions, the oil/refrigerant ratio therefore changed. In this study, the measured torque 

exceeded the maximum limit of the dynamometer (1 N.m) at shaft speeds less than 850 rpm. 

Hence, 850 rpm was taken as the minimum allowable shaft speed. The highest shaft speed of 

the expander was limited to the design value of 2500 rpm. The refrigerant mass flow rate and 
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the expander suction pressure were controlled using the refrigerant pump bypass valve and 

the pump frequency inverter. As more fluid was bypassed at a constant pump speed, less flow 

went through the heat exchangers and the expander. This resulted in a lower pressure at the 

expander suction. Furthermore, when the refrigerant pump bypass line was closed, a higher 

pump speed led to a higher mass flow rate at the expander suction and increased the suction 

pressure.  

2.3. Data reduction 

The performance of the M-RVE prototype in the ORC system can be expressed using 

common parameters used to describe ORC systems, as shown in  

Table 4. The filling factor (FF), which is the inverse of volumetric efficiency, is the ratio of 

the measured volumetric flow rate to the theoretical volume flow rate, as shown in Equation 

(1) [14].  

    
          

    
  

                    

   
    

  
 

  
(1) 

where    is the swept volume of the expander. The suction volume of an expander modified 

from a compressor is usually calculated using the built-in volume ration (BVR). The BVR can 

be calculated using the design parameters for the M-RVE expander using the following 

equation. 

    
        

       
  (2) 

where          is the volume of the chamber at the end of the discharge process, and         is 

the suction volume. The BVR is 1.9 for the current M-RVE prototype. 

The expansion of the working fluid from the suction volume         to a larger 

volume          generates the mechanical power. However, this expansion is affected by 

over/under-expansion. The over/under expansion occurs when the built-in pressure ratio 

(BPR) imposed by the BVR is different from the pressure ratio imposed by the system’s 

operational conditions. Equation (3) shows the relationship between the BPR and BVR, where 

        is the internal pressure corresponding to the polytropic expansion from         

to          in the expander, and   is the heat capacity ratio. If the system’s pressure ratio is 
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lower than the expander BPR, over-expansion occurs. On the contrary, under-expansion 

happens when the system’s pressure ratio is higher than the expander’s BPR. 

    
       

       
      

(3) 

The isentropic mechanical efficiency of the expander is calculated using Equation (4). 

    
  

     

                  
 (4) 

where   
      is the measured shaft power calculated using Equation (5) from the measured 

torque ( ) and shaft speed (    ) in rpm.   

  
      

      

  
  

(5) 

The specific power of the expander is calculated by dividing the shaft power by the mass 

flow rate (     ).  

The thermal losses of volumetric expanders are not negligible in micro-scales, even with 

good thermal insulation [43]. Assuming all the frictional losses are dissipated in the form of 

heat, an overall energy balance can be applied to the expander to estimate the heat loss 

through the expander shell, as shown in Equation (6) [40]. Assuming a control volume 

boundary around the expander as shown in Figure 4 and ignoring the heat transfer effects of 

the lubricant, the suction flow, discharge flow, shaft power, and total heat exchanged with the 

ambient are the relevant energy transfers to be considered. The suction and discharge energy 

contents can be calculated using the properties at the suction and discharge of the expander, 

and the shaft power is found with the dynamometer. Using the energy balance over the 

boundary, the ambient heat transfer can be calculated by deducting the shaft power from the 

total energy balance from the suction and discharge of the expander. 

                                 
      (6) 
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Figure 4 – Fictitious shell and energy flow in the M-RVE prototype. 

To represent the effect of the lubrication in volumetric expanders, the oil circulation rate 

(OCR) is one of the key parameters according to [44]. The OCR is given in Equation (7) and 

it is the ratio of the oil mass flow rate to the total combined mass flow rate of oil and 

refrigerant in both liquid and vapour phases. It quantifies the relative amount of oil travelling 

through the system. OCR is not widely used to study expanders in the literature, but this 

parameter enables the analysis of the amount of lubrication required by the M-RVE prototype 

to demonstrate acceptable performance. 

      
     

           
 

(7) 

Changes in the amount and viscosity of the lubricant affect the volumetric performance of an 

expander. Based on the sensitivity analysis carried out by Moradi et al. [45], the expander 

shaft speed and the non-dimensional viscosity (NDV) are among the main parameters 

affecting the filling factor. The non-dimensional viscosity is defined in Equation (8). NDV 

was originally introduced to demonstrate the friction curves in the bearings by Stribeck [46], 

and was also used to describe the internal leakages in a scroll expander in a recent study [45]. 

NDV is a representative parameter of the tendency of a fluid (i.e., oil in this study) to pass 

through two sliding walls in the presence of a pressure gradient. It includes the relevent fluid 

parameters for this phenomenon, namely the fluid’s viscosity, the relative velocity of the 

walls, and the imposed pressure gradient. 

    
   

  
   

              

  
 

(8) 

where   is the dynamic viscosity of the lubricant oil, and    is the pressure difference across 

the expander. These non-dimensional numbers are used in this study to not only describe the 

collective contributions of the independent variables but also for comparison with other 

expanders in the literature.   
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3. Results and discussion 

The performance of the M-RVE prototype in the micro-scale ORC using R134a is described 

below using the parameters presented in the previous section, focusing on the shaft power, 

the mechanical isentropic efficiency, and the volumetric efficiency. In addition, the impact of 

the lubrication system on these parameters is discussed. To this end, the system is designed to 

feed the expander suction with a controllable mass flow rate of the lubricant oil, resulting in a 

known composition of the lubricant-refrigerant mixture. This study concentrates on the 

leakage and lubrication. This was based on our previous works that highlighted the 

importance of these to the overall performance of the mechanism.  

3.1. Performance of the M-RVE prototype  

Figure 5 (a) presents the changes in the filling factor (FF) at different pressure ratios (PRs) 

and oil circulation rates (OCRs). The PR is the ratio of the suction and discharge pressures. 

Given the constant mass flow rate of the lubricant oil in this study, the different OCRs are due 

to the different refrigerant mass flow rates. The calculated FFs can be divided into two 

groups depending on the OCR. Generally, lower FFs were obtained with higher OCRs even 

at similar PRs. In particular, for OCRs in the range of 0.004-0.011, lower FFs (1.2-1.8) were 

obtained. These show the significant impact of lubrication on the volumetric performance of 

the M-RVE. The FF increased with the PR at similar OCRs because of the higher leakages 

through the leakage paths.  

Although the OCR is a key parameter for the FF, the effect of lubricant viscosity cannot be 

disregarded. Figure 5 (b) demonstrates the changes in the FF with the non-dimensional 

viscosity of the lubricant oil at different OCRs. It is worth noting that the effect of the 

expander suction temperature was included in the non-dimensional viscosity as the dynamic 

viscosity of the lubricant oil changed with the temperature. The results suggest that within a 

similar range of OCR, a lower FF was obtained with a higher non-dimensional viscosity. This 

is explained with respect to three different parameters: lubricant oil viscosity, the pressure 

difference across the expander, and shaft speed as presented in Equation (8). At the same 

shaft speed and pressure difference, a higher lubricant viscosity resulted in a lower FF as the 

lubricant has better sealing properties to reduce the leakage through the leakage paths. 

Moreover, at the same shaft speed and lubricant viscosity, a higher pressure-difference led to 

lower OCRs and higher FFs. Finally, higher shaft speeds mean higher OCRs resulting in 
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lower FFs at the same lubricant viscosity and pressure difference. This is explored further in 

Figure 6.  

  

(a) (b) 

Figure 5 – (a) Filling factor (FF) of the expander versus the (a) pressure ratio (PR), and (b) non-dimensional 

viscosity, at different OCRs. 

Figure 6 (a) demonstrates the changes in FF with shaft speed and PR. The FF decreased as 

the shaft speed increased in the same PR range. The leakage volume flow rate was mainly 

affected by the gap sizes and the pressure difference across the leakage paths in the M-RVE 

prototype [34]. With fixed gap sizes and the same PR range, as the shaft speed increased the 

contribution of the leakage to the total mass flow rate decreased. This then led to a lower FF. 

It is noticed in Figure 6 (a) that the data with PRs higher than 1.59 mostly demonstrated 

lower FFs, while it was expected that a higher PR should have led to a higher FF. 

Additionally, a few data points within the same PR ranges were in two different FF ranges of 

1.2-1.8 and 1.8-2.6. These are explained by Figure 6 (b) which gives the changes in FF with 

shaft speed at different OCRs. The group of results with PRs higher than 1.59 were achieved 

in the OCR range of 0.004-0.011, while those with PRs lower than 1.59 were at the lower 

OCR range. Hence, despite a higher PR, the expander performed better in terms of volumetric 

efficiency (had a lower FF) when adequately lubricated. This further highlights the 

importance of proper lubrication on the volumetric efficiency of the M-RVE prototype. 

Moreover, it is understood from Figure 6 (a) that at similar shaft speed and OCR given in 

Figure 6 (b), a higher PR led to a higher FF. The minimum FF of 1.23 was achieved at the 

highest measured shaft speed of 1833 rpm, PR of 1.55, OCR of 0.004, and expander suction 

pressure of 9.55 bar(a). It should be noted that although a higher lubricant flow rate can 

improve the volumetric performance of the expander, this might penalise the overall 

performance of the ORC system. In an ORC system where a separate lubrication system is 

implemented to lubricate the expander, such as that in the current study, a higher oil flow rate 
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leads to a higher lubricant pump power consumption and heat loss. Consequently, it 

deteriorates the overall system efficiency. Moreover, in ORC systems where the refrigerant 

and oil mixture travels through the system it can reduce the rate of heat transfer in the heat 

exchangers. Hence, despite this study giving a better understanding of the performance of the 

M-RVE prototype and the lubrication requirements, a further investigation is required at the 

system level to optimise the oil flow rate to maximise the ORC system efficiency.  

  

(a) (b) 

Figure 6 – Filling factor (FF) of the expander versus the shaft speed (Nexp) at different (a) pressure ratios (PRs), 

(b) oil circulation rates (OCRs). 

Figure 7 (a) illustrates the variations of the isentropic mechanical efficiency of the M-RVE 

prototype with the PR at different shaft speeds. The results show that the isentropic efficiency 

rose as the PR increased. Given that the BVR and BPR are proportional, as shown in the 

previous section, and BVR is a known geometrical parameter, the PR can be compared with 

the BVR of the expander. Looking at the possible PRs in this study, the expander was 

operated at values lower than its BPR, implying over-expansion in all the test cases. The 

figure shows that the maximum obtained isentropic efficiency of 42.5% was achieved at the 

highest obtained PR of 1.85. The isentropic efficiency was expected to peak at a pressure 

ratio equal to the BPR, and decreased due to under-expansion losses as observed for other 

volumetric expanders in the literature [14, 47]. It should be noted that the expander could not 

be tested at PRs beyond its BVR because of limits in the heating capacity of the heater for the 

evaporator/boiler and the cooling capacity of the heat sink for the condensor. Hence, the 

system was not able to operate at temperatures higher than reported here resulting in PRs 

lower than the BVR of the expander. Using a different working fluid might solve the issue, 

but there are a limited range of potential refrigerants available in New Zealand, in which the 

study was carried out. R134a and its replacement R1234yf, which is expected to demonstrate 
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almost similar performance as R134a in an ORC test-rig [30], were two available refrigerants 

suitable for the heat source temperature of the ORC test-rig. 

Figure 7 (b) illustrates the variation in the isentropic efficiency with shaft speed at different 

PRs. The isentropic efficiency increased with a decrease in the shaft speed for the same range 

of PRs. This was due to the lower mechanical losses at lower shaft speeds. In the M-RVE, the 

frictional losses are mainly at the vane contact line and the lip seals. As discussed in Figure 6, 

the data with PRs higher than 1.59 correspond to the OCR of 0.004 – 0.011 leading to higher 

volumetric efficiencies. A higher PR at the same shaft speed leads to a higher normal force 

acting on the vane and higher torque. Hence, for OCRs ranging from 0.004 to 0.011, higher 

pressure forces and higher volumetric efficiency led to a higher isentropic efficiency. 

Notably, a few data points with PRs higher than 1.59 in Figure 6 (b) show a lower isentropic 

efficiency at lower shaft speed than the others with similar PRs. This is mainly because of the 

lower OCRs at these points.  

The uncertainty of the measurement device and the experimental repetition is the same 

throughout the study. However, the combined uncertainty of the isentropic efficiency 

calculated using Equation (A.3) changed due to the shaft speed, the generated torque, and the 

mass flow rate. This led to different combined uncertainties for isentropic efficiency at 

different operating conditions for the expander. However, the highest relative uncertainty of 

the isentropic efficiency in this study is ± 7%, corresponding to the high PRs and low shaft 

speeds. 

  

(a) (b) 

Figure 7 – (a) Isentropic efficiency of the expander versus pressure ratio (PR) at different shaft speeds, (b) 

Isentropic efficiency of the expander versus the shaft speed at different PRs. 

The effect of OCR and lubricant viscosity on the shaft power are illustrated in Figure 8. The 

changes in the shaft power can be explained with respect to the lubricant viscosity, shaft 
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speed, and the pressure difference across the expander within the same OCR range. For the 

same shaft speed and pressure difference, a higher lubricant viscosity led to a lower shaft 

power due to higher frictional losses. The shaft power increased with higher pressure 

differences at the same shaft speed and lubricant viscosity across the expander due to the 

larger pressure force acting on the vane. Finally, as the shaft speed increased at constant 

pressure difference and lubricant viscosity, the shaft power decreased due to the higher 

frictional losses. It is worth mentioning that compared to the trends in Figure 5 (b), the shaft 

power of the M-RVE significantly changed within a smaller range of the viscosity of the 

lubricant. This highlights the substantial impact of shaft speed, lubricant viscosity, and 

pressure on the shaft power. The expander could produce up to 134 W at PR of 1.82, 10.5°C 

superheat at the expander suction, an OCR of 0.004, and at a shaft speed of 1284 rpm. 

 

Figure 8 – Shaft power of the expander versus non-dimensional viscosity at different OCRs. 

Figure 9 presents the changes in the shaft power with shaft speed for different expander 

suction pressures and OCRs. Within the same suction pressure and OCR, the shaft power 

increased as the shaft speed decreased. This is because of the lower frictional losses in the 

mechanism at lower shaft speed. It is observed that the data sets with OCR of more than 

0.004 demonstrate significant changes in the shaft power with the changes in suction 

pressure. A higher suction pressure led to a higher shaft power at the same shaft speed. 

Hence, increasing the suction pressure while maintaining the shaft speed at the same OCR 

contributed to a considerable increase in shaft power. This was achievable by controlling the 

refrigerant and lubricant mass flow rates at the inlet of the expander while maintaining the 

shaft speed at the same heat supply.  
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Comparing the shaft powers for the suction pressure range of 9 – 11 bar(a) at the same shaft 

speed and different OCRs shows that a higher OCR exhibited a higher shaft power. This is 

because of the lower leakage, which effectively increased the pressure difference across the 

vane positively contributing to power generation. Moreover, the shaft power hardly increased 

as the suction pressure rose at the same shaft speed for the OCR less than 0.004. Hence, the 

higher suction pressure is only effective if an adequate lubrication is maintained. 

 

Figure 9 – Shaft power of the expander versus shaft speed at different OCRs and expander suction pressure. 

The expander heat losses as calculated using Equation (6) are presented in Figure 10. The 

figure shows the heat loss of the expander through the housing with respect to the different 

inlet temperatures at various shaft speeds. The heat loss in the experiments was up to 107 W, 

which was significant compared to the shaft power, which had a maximum value of 134 W, 

as discussed above. As the inlet temperature increased, the expander heat loss increased at the 

same shaft speed. Moreover, as the expander rotated faster, the heat loss increased due to 

more frictional heat generated. 
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Figure 10 – Losses of the expander versus the suction temperature of the expander at different expander shaft 

speeds. 

Looking at the M-RVE design, although many modifications had been made to reduce the 

losses in the mechanism compared to the RV-I prototype, the current expander still needs 

further improvement to reduce the heat losses. One of the sources of heat loss is the void 

chamber around the cylinder and rotor, in which the rotor and cylinder shafts are placed. 

Since the fluid is discharged through the hollow rotor shaft, the heat transfer between the 

rotor shaft and the fluid in the void causes a significant heat loss in the mechanism. A 

possible remedy is to reduce the volume of the void around the cylinder and rotor and reduce 

the length of the shafts. Considering the previously studied issues with the current prototype, 

smaller roller bearings and smaller shaft can reduce the heat losses and the frictional forces, 

and lead to more precise clearances within the mechanism [35].  

3.2. Comparison between the M-RVE prototype and other expanders in low-grade 

WHR applications 

As discussed in the Introduction, given the low temperature of the heat source and the low 

power output of the micro-ORC WHR system, the flow rate and power capacity are lower 

than small to large scale systems. Hence, an expansion device with a low BVR is required, but 

its performance is inherently penalised at this operating condition, resulting in a low 

isentropic efficiency. This is observed in this study, where the lower temperature and 

capacity of the heat source led to a low refrigerant flow rate and power output. To determine 

the competitiveness of the M-RVE prototype against other expansion devices found in the 

literature, its performance was compared with a scroll expander [14] and a regenerative flow 
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turbine (RFT) [45] operated under similar conditions and at a similar rated power. The 

criteria used to compare the expanders were the BVR and the rated power. The scroll 

expander was converted from a scroll compressor SANDEN TRS090 (BVR =1.9) and was 

tested by Campana et al. [14] in an ORC system using R245fa. The same scroll expander was 

also tested by Moradi et al. [45] using R134a for power generation from a low-grade heat 

source in a modified test rig. The RFT is a turbine studied by Moradi et al. [41] for micro-

scale ORC systems for WHR. This turbomachine showed a relatively high isentropic 

efficiency at low PRs, and the variations in isentropic efficiency reduced with decreased PR. 

The results of the scroll expander operating with (R245fa) was included in this comparison to 

determine the impact of changing the working fluid. This would give some clues regarding 

possible performance change of the M-RVE if it use another working fluid such as R245fa. 

Figure 11 compares the isentropic efficiency of the M-RVE with those of the other expanders 

at different PRs. The results show that for PRs lower than 1.6, the M-RVE prototype exhibits 

the lowest isentropic efficiency of the expanders mainly due to the poor lubrication (low 

OCRs). At higher PRs of up to 1.85, which is the maximum PR in this study, the M-RVE 

prototype outperformed both the RFT and the scroll expander using R134a. Although PRs 

greater than 1.85 were not studied, the performance of the M-RVE prototype was comparable 

with the RFT and scroll expander for PRs close to its BVR. When the PR is greater than 1.4, 

the scroll expander with R245fa outperforms all the compared machines in this study 

including the M-RVE. 

 

Figure 11 – Comparison between the isentropic efficiency of the M-RVE expander, the RFT, and a scroll 

expander at different PR (same BVR in all expanders). The data for RFT and scroll expanders were retrieved 

from [14, 41, 45]. 
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Figure 12 compares the specific shaft power for the M-RVE with those of the other 

expanders. The results show that the scroll expander with R245fa generated more power per 

unit of refrigerant mass flow rate compared to the other expanders. At PRs lower than 1.6, the 

scroll and RFT had higher specific powers than M-RVE. At higher PRs closer to its BVR, the 

M-RVE generated more specific power than the RFT and scroll expander using R134a. Once 

again, this shows the positive impact of the adequate lubrication as discussed in the previous 

section. 

 

Figure 12 – Comparison between the specific power of the M-RVE expander, RFT, and scroll expanders at 

different pressure ratios (same BVR in all expanders). The data for RFT and scroll expanders were retrieved 

from [14, 41, 45]. 

4. Conclusions 

This paper, for the first time, experimentally studies the performance of the modified 

revolving vane expander (M-RVE) prototype in a micro-scale ORC system, as a 

demonstration of its use in a waste heat recovery system. A non-regenerative ORC test rig 

with a controllable oil separator circuit was developed, and the expander was tested using 

R134a as the working fluid. The shaft power, the mechanical isentropic efficiency, and the 

volumetric efficiency of the M-RVE prototype were analysed. In addition, the impact of the 

lubrication system on these performance measures was discussed and was found to be a 

critical issue for such machines. To draw a fair comparison between the current prototype and 

existing expanders in the same power scales, the M-RVE prototype was compared with a 

regenerative flow turbine (RFT) and a scroll expander with the same built-in volume ratio 

(BVR) as the M-RVE. Overall, this investigation has provided unique insights into the M-
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RVE's performance under the ORC operating conditions. The followings are the main 

findings of the current study: 

 Lower filling factors (FFs) were achieved at higher OCRs even at similar pressure 

ratios (PRs), indicating low internal leakages. In particular, lower FFs (1.2-1.8) were 

obtained for OCRs in the range 0.004-0.011. Good lubrication led to not only higher 

PRs but also lower FFs. This shows the significant impact of adequate lubrication on 

the volumetric performance of the M-RVE. 

 The maximum obtained isentropic mechanical efficiency of 42.5% was achieved at 

the highest obtained PR of 1.85 with the M-RVE prototype. At OCRs ranging from 

0.004 to 0.011, a higher pressure force and a higher volumetric efficiency led to a 

higher isentropic efficiency.  

 Lower FF and shaft power were obtained at higher    within a similar range of OCR.  

 Increasing the suction pressure at constant shaft speed and OCR contributed to a 

considerable increase in shaft power. This was achieved by controlling the refrigerant 

and lubricant mass flow rates at the expander suction while maintaining the shaft 

speed for the same heat source conditions. 

 Assuming all the frictional losses were dissipated in the form of heat, the expander 

heat loss was calculated as up to 107 W, which was significant compared to the shaft 

power. As the suction temperature increased, the heat loss increased for constant shaft 

speed. Moreover, as the expander rotated faster, the heat loss increased due to 

increased frictional heat generation. 

 The comparison between M-RVE and other expanders showed that at PRs lower than 

1.6, the M-RVE had a lower isentropic efficiency mainly due to the low OCR, while 

at higher PRs of up to 1.85 the M-RVE outperformed both the RFT and the scroll 

expander with the same working fluid. Moreover, at PRs higher than 1.6, the M-RVE 

generated more power per refrigerant mass flow rate than the scroll expander with 

R134a and the RFT. 

 The shaft power dropped sharply with an increase of    at constant OCR, while FF 

dropped at a lower rate. Hence, a low    is recommended although the FF is penalised 

because of the higher resulting shaft power. To compensate the FF degradation at low 

  , a higher OCR is recommended.  
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In conclusion, this study demonstrates the potential of the M-RVE prototype for further 

consideration in micro-scale ORC systems for low-grade WHR applications. The 

performance of the M-RVE prototype is comparable with the RFT, and for the scroll 

expander for PRs close to its BVR. The current experimental study provides a better 

understanding of the performance of the M-RVE prototype and provides a benchmark for 

further improvement of the M-RVE design. In the future, modifications will be made to 

further reduce the losses in the mechanism, such as the bearing and thermal losses. A 

modified test-rig can be developed to test the expander at PRs higher than its BVR, and with 

other working fluids, including more environmently-friendly refrigerants. The optimal 

lubricant flow rate needs to be identified from the ORC system point of view to reduce the 

pump power consumption and avoid any adverse impacts on the other system components, 

such as the heat exchangers. A theoretical model of the M-RVE in the context of micro-ORC 

applications will be developed to further investigate the mechanism, and the experimental 

data presented in this study can be used to validate the model. 

Nomenclature  

BPR Built-in pressure ratio - 

BVR Built-in volume ratio - 

FF Filling factor - 

GWP Global Warming Potential - 

h Enthalpy kJ/kg 

   Mass flow rate g/s 

     Expander rotational speed rpm 

OCR Oil circulation rate - 

ODP Ozone Depletion Potential - 

p  Pressure Pa 

PR Pressure ratio - 

      Heat loss W 

SH Superheating K 

SC Subcooling K 

SV Swept volume cc/rev 

  Temperature °C 

V Volume m
3
 

  
      Shaft power W 

Greek 
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is  Isentropic efficiency - 

  Heat capacity ratio - 

  Dynamic viscosity Pa.s 

   Non-dimensional viscosity - 

  Rotational speed Rad/s 

  Torque N.m 

Subscripts 

CH, in Condenser inlet temperature – chiller side  

dis Discharge  

ref Refrigerant  

su Suction  

Acronyms 

CHP Combined heat and power  

ORC Organic Rankine cycle  

M-RVE Modified revolving vane expander  

RFT Regenerative flow turbine  

WHR Waste heat recovery  
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Appendix A: Uncertainty Analysis 

As noted by Jianfeng Yu et al. [48] all experimental studies come with an uncertainty due to 

the limits in the precision of the measurement devices and testing data. The total standard 

uncertainty of measurement of parameter   is obtained using Equation (A.1). In this equation, 

the former and latter squared terms correspond to the uncertainty of the components and 

repetition of experiments, respectively. 

           
 

  
 
 

  
 

  
 
 

 

(A.1) 
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In this equation,   is the accuracy of the measurement device as mentioned in Table 1, and   

is the total standard deviation of the mean and is calculated using Equation (A.2).  

   
          

   
 

(A.2) 

In above equation,   ,  , and   are the standard uncertainty of the data   , the mean value of 

the measurement of parameter  , and the number of the repetitions of the measurement for 

parameter  . Some parameters like isentropic efficiency and FF are as a function of several 

independent variable (  ) with their own uncertainty (   ). The combined uncertainty of the 

parameter R is calculated using Equation (A.3). In this equation K is the coverage factor 

associating with the confidence levels. In this study K is assumed as 2 corresponding to a 

confidence level of 95% in the experiments. 

         
  

   
    

 

 

 

(A.3) 

 

Supplementary material: The M-RVE working principles 

The working principles of the modified revolving vane expander (M-RVE) prototype, shown 

in figure A, are similar to the revolving vane mechanism. The rotor, vane and cylinder in this 

mechanism create the working chambers. In the M-RVE design, the vane is rigidly attached 

to the rotor. The rotor and cylinder are positioned eccentrically and as they rotate around their 

centres of rotation, the vane slides within its slot on the cylinder. A stationary blocker 

attached to the expander housing controls the timing of the expansion process by blocking the 

suction port during the expansion process. 
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Figure - A: Exploded and sectional view of the M-RVE prototype, adopted from [36].  

The working processes start when the vane is fully contracted in the vane slot, as shown in 

Figure - B(a). Once the suction port is uncovered, the working fluid enters the suction 

chamber while the rotor and cylinder rotate, Figure - B(b). The volume of the suction 

chamber increases to accommodate more working fluid inside the chamber, and high-

pressure fluid flows into the chamber through the suction port. Once the blocker covers the 

suction port, the expansion process begins and continues until one full revolution, Figure - 

B(c) and (d). 

 

Figure - B: The working principle of the M-RVE prototype, chambers view adopted from [49]. 

 

Figure - C shows the cross-sectional view and the components of the M-RVE prototype. The 

cylinder and rotor are supported using bearings on both shafts in this prototype. The working 

fluid enters the void inside the housing before entering the suction chamber. After the 

expansion process, the working fluid leaves the expander through the rotor’s hollow shaft. A 
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sealant disk was used on the cylinder-cover to reduce the leakage via the rotor and cylinder-

cover end-face gap [35].  

 

Figure - C: The cross-sectional view and the components of the M-RVE prototype, slightly modified and 

adopted from [35]. 
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