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ABSTRACT 
 

The paper presents the results of the experimental investigation on the effect of a vapour-liquid separator 

used for a low-boiling medium on operating parameters of an organic Rankine cycle (ORC). A biomass 

boiler with thermal power of 25 kWt was used as a heat source. Pellets were used as its fuel. In the ORC 

system, the working medium (HFE7100) was heated with thermal oil. Expansion of the low-boiling 

medium took place in a four-stage radial-flow microturbine, whose rated electric power and rotational 

speed are respectively 2.5 kWe and 24 krpm. It is important that the operation of this microturbine is 

both stable and failure-free. For this, an appropriate vapour overheating degree is needed at the 

microturbine’s supply side. Therefore, a prototypical inert vapour-liquid separator for the working 

medium was designed and built. This device allows for two modes of operation for the system; bypass 

mode and turbine mode. The effect of the vapour-liquid separator on the operating parameters was 

described and shown using heat and flow characteristics. Those characteristics were prepared on the 

basis of measurements conducted with thermodynamic flow meters. Observing the process was possible 

by using a specifically designed sight vane. It was observed that the tested separator worked as heat 

storage in the ORC installation. Both during transition states of the microturbine and instantaneous 

fluctuations in the thermal power of the boiler (stemming from its thermal inertia and the cyclical 

feeding of fuel), the separator provided stable operating conditions at the proper overheating degree of 

the working medium’s vapour. It was found that in vapour-fed systems such a separator can also work 

as a clarifier or a filter for solid particles. 
 

1. INTRODUCTION 
 

Low-temperature waste heat, available in the temperature range from 120℃ to 650℃, corresponds to 

about 50% of the total energy used in all industrial branches. Meanwhile, it could be utilised to produce 

electrical energy (Pethurajan et al., 2018, Park et al., 2018). Thermal energy from the sources of waste 

heat can be converted into electrical energy using CHP (Combined Heat and Power) systems, including 

ORC systems in which organic low-boiling mediums are usually used (Martinez et al., 2017). To ensure 

the proper operation of an expansion machine, for example, a turbine (Ziółkowski et al., 2014), s scroll 

expander (Kaczmarczyk et al., 2015), a screw expander (Dumont et al., 2017) or a vane expander (Rak 

et al. 2018), the parameters of the medium that feeds this expansion machine should have appropriate 

values. The medium’s vapour should be superheated and have a suitable flow rate, pressure and 

temperature. For this reason, carefully selected vapour-liquid separators are used. In cogeneration 

systems, a separator is mounted at the turbine’s supply side in order to protect the flow system against 

erosion (Du et al., 2019, Kaczmarczyk et al., 2017). It should be noted that separators are often used in 

geothermal systems with turbines (Zarrouka and Purnanto, 2015; Valdimarsson, 2011) as well as in 

ORC systems (Xu et al., 2019). In the properly designed separator, heat losses and pressure drops are 

small and can, therefore, be neglected in energy analyses (Pethurajan et al., 2018, Li et al., 2012).  

In cogeneration systems with volumetric expanders, lubricants are often used to ensure the proper 

operation of expansion machines (Dumont et al., 2018), what is connected with the risk that oil can get 

to the working medium. Leaks of oil (which serves as a lubricant for the expander) to the working 

medium cause that the circulation pump consumes less electric energy, while also reducing the shaft’s 

power and electric power produced by the expander. It was found that the more oil is in the working 
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medium the lower are the values of the heat penetration coefficients in the heat exchangers and the 

efficiency of the entire ORC system drops (Feng et al., 2019). As far as oil-lubricated expansion 

machines are concerned, separators are mounted at their outlet (Zanelli and Favrat, 1994). Oil-free 

expansion machines with gas bearings lubricated with the working medium allow for the use of a 

hermetically-sealed construction and this helps to reduce their vibration and noise levels (Kaczmarczyk 

et al., 2016). To ensure constant operating parameters of the ORC system at the supply side of expansion 

machines, heat storages are mounted, which additionally cause an increase in the overall efficiency of 

the thermodynamic cycle and a financial benefit (Roskosch and Atakan, 2017; Pantaleo et al., 2017; 

Chen et al., 2018). This paper presents the results of experimental research on an ORC system with a 

microturbine and a vapour-liquid separator for the low-boiling working medium. It was determined that 

the separator enables obtaining the proper superheating degree of the working medium, and this ensures 

stable operation of the ORC system during transient states due to an accumulation of heat energy. 
 

2. TEST RIG 
 

The test rig consists of three main cycles, namely, the heating cycle, the working medium’s cycle and 

the cooling cycle. Its simplified scheme is shown in Fig. 1. In the heating cycle, a multi-fuel boiler, 

whose power is 25 kWt, was used as a heat source and was fired with wood pellets. The working medium 

(HFE7100) was heated using thermal oil, and the evaporation process took place in an evaporator (plate 

heat exchanger). An inverter was applied to regulate the flow rate of the thermal oil. In the working 

medium’s cycle, a regenerative shell-and-tube heat exchanger and a plate heat exchanger (as a 

condenser) were used. A vapour-liquid separator for the working medium’s vapour was mounted before 

the microturbine inlet. The pump’s inverter served to regulate the flow rate of the HFE7100 medium. 

In the working medium’s cycle, a prototypical four-stage radial-flow microturbine was used as an 

expansion machine. The microturbine features hermetically sealed design; inside the casing, the 

generator and the blade system are mounted on the same shaft. The microturbine’s shaft is supported 

on gas bearings lubricated with the working medium. 
 

 
 

Figure 1: Simplified scheme of the test rig 

 

The microturbine is coupled with a three-phase synchronous generator with permanent magnets. At the 

nominal rotational speed of 24,000 rpm, the microturbine is capable of producing 2.5 kilowatts of 

electrical energy. An AC/DC converter (rectifier) was used to convert alternating current (AC) to direct 

current (DC). The produced energy was consumed by heaters and DC bulbs. In the cooling cycle, the 

heat was dissipated using a cooling tower and the flow rate of the ethylene glycol solution was regulated 

by the pump’s inverter. 
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2.1 Separator design 

The designed inert separator was built using pipes made from stainless steel. A 3D model of the 

separator and its dimensions are shown in Fig. 2. 
 

 
 

Figure 2: The 3D model (a) and scheme (b) of the separator; 1 – casing, 2 – supply flange, 3 – separator outlet 

for feeding the microturbine, 4 – by-pass connector, 5 – U-tubes of the separator, 6 – stub pipe, 7 – separator’s 

peephole, 8 – evaporator, 9 – flow regulating valve, 10 – main peephole, 11 – ball valve, 12 – pipe that feeds the 

regenerator 

 

The separator was connected with the evaporator outlet (8) using flange (2); moreover, it was connected 

with the microturbine’s collecting pipe using a flange (3). During the start-up and heating process of 

the ORC installation, the working medium’s wet vapour was directed to the U-tubes of the separator 

(5) and then (using the by-pass pipe) to the pipeline (12) that feeds the regenerator. The main peephole 

(10) served for monitoring the flow of the working medium’s vapour. After the vapour was superheated, 

it was directed to the microturbine. The peephole (7) was used to monitor the condensate level in the 

separator. The condensate was released from the separator (1) was done using the stub tube (6). During 

the microturbine’s start-up, the flow of the working medium through the pipelines (the by-pass pipe and 

the pipe that feeds the microturbine) was regulated using the valve mounted at the evaporator outlet (8). 

The ball valve (11) was used when there was a need to disconnect the separator from the ORC 

installation. The photos of the ORC installation (with and without the separator) are shown in Fig. 3. 
 

 
 

Figure 3: Photo of the test rig: a) with no separator, b) with the separator 

 

The separator (without the thermal insulation) weighs 30 kg and its volume is 10.75 dm3. In order to 

assess the influence of the separator on the operation of the ORC installation, at first, the measurements 

were carried out for the system without the separator (i.e. using the by-pass pipe shown in Fig. 3a) and 

then with the separator (Fig. 3b). It is worth noting that during the measurements, both the by-pass pipe 

and the separator had thermal insulations, 40 mm thick. The characteristics of the materials used to 

build the separator are listed in Table 1. 
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Table 1: Characteristics of the materials that were used to manufacture the separator 

 

Material 
Thermal 

conductivity (λ) 
Specific heat (C) Density (ρ) Mass (M) 

stainless steel 316L 15 W/m K 500 J/kg K 8,000 kg/m3 30.0 kg 

mineral wool 0.038 W/m K 1,030 J/kg K 175 kg/m3 3.5 kg 

 

The total volumetric heat capacity of the separator (Qc) is equal to the sum of the volumetric heat 

capacities of the constructional materials and the volumetric heat capacity of the working medium. It 

can be calculated using the following formula: 
 

𝑄𝑐 = 𝑄𝑠𝑠 + 𝑄𝑚𝑤 + 𝑄𝑤𝑓    (1) 

 

where: Qss – heat capacity of the stainless steel, Qmw – heat capacity of mineral wool, Qwf – heat capacity 

of the working medium. 
 

The summands in equation (1) can be calculated using the following formulas: 
 

𝑄𝑠𝑠 = 𝐶𝑠𝑠 ∙ 𝜌𝑠𝑠      (2) 
 

𝑄𝑚𝑤 = 𝐶𝑚𝑤 ∙ 𝜌𝑚𝑤     (3) 
 

𝑄𝑤𝑓 = 𝐶𝑤𝑓 ∙ 𝜌𝑤𝑓     (4) 

 

Using equations (2-4), the volumetric heat capacity of the steel construction, of the mineral wool and 

of the working medium were calculated and are, respectively, equal to 4,000 kJ/m3 K, 180.25 kJ/m3 K 

and 1.75 kJ/m3 K. It means that the volumetric heat capacity of the separator’s construction is much 

higher than the volumetric heat capacity of the working medium located inside this construction.  

Furthermore, the accumulated heat can be transferred to the working medium during a temporary 

shortage of heat or fluctuations in the values of the operating parameters of the ORC system. The 

occurrence of the nonstationary states during the operation of the ORC system stems from the cyclic 

operation of the screw-conveyor feeder that was used to feed the multi-fuel boiler with pellets; it can 

also be caused by the way in which the regulation of the flow rate of the working medium that fed the 

microturbine was realised. During the operation of the microturbine under nominal conditions, the 

parameters of the working medium were as follows: flow rate – 0.17 kg/s, absolute pressure at the 

supply side – 1,270 kPa, temperature – 165℃. During the cyclic operation of the screw-conveyor 

feeder, which mated with the boiler, it was noted that the maximal fluctuations of the temperature of 

the working medium (ΔT) were in the range from 10 K to 15 K. It means that the thermal power of the 

working medium was not constant, which caused that the operation of the microturbine was not stable. 

The change in the thermal power due to temperature fluctuations of the working medium can be 

calculated using the following equation: 
 

𝑁𝑡 = 𝑚𝑤𝑓 ∙ 𝐶𝑤𝑓 ∙ ∆𝑇     (5) 

 

where: ΔT – temperature difference of the working medium.  
 

Changes in the temperature of the working medium (in the range of 10–15 K) during nominal 

operation of the ORC system caused fluctuations of the thermal power (from 2.16 kWt to 3.23 kWt), 

which corresponds to, respectively, 8.64% and 12.92% of the rated power of the multi-fuel boiler. 
 

3. RESULTS OF THE EXPERIMENTAL RESEARCH 

 

As it was mentioned before, appropriate parameters of the working medium should be provided for the 

proper operation of the microturbine. One of these parameters is the superheating degree of the working 
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medium that feeds the microturbine. If the superheating degree of the working medium is adequate (in 

other words, the operation is above the saturation line, x>1), the microturbine’s blades are protected 

against erosion as there are no liquid droplets in the working medium’s vapour. Moreover, if the 

working medium’s vapour is wet (i.e. when 0<x<1), the microturbine’s gas bearings cannot operate 

properly and it could lead to their damage and thus a failure of the microturbine or of the ORC system. 

Therefore, the vapour-liquid separator for the working medium’s vapour was mounted at the 

microturbine’s supply side in the ORC system. The exemplary results of the research on the ORC 

system with the separator are presented in Fig. 4. 
 

 
 

Figure 4: Temperature of the working medium (HFE7100) versus its pressure, measured during operation of the 

ORC with the separator 

 

When looking at Fig. 4, one can see that all measured values are located above the saturation line of the 

HFE7100 medium (x>1), which means that the working medium’s vapour at the microturbine’s supply 

side was superheated.  

As far as the operation of the ORC system with no separator is concerned, it was observed that not 

all measured values were situated above the saturation line (Fig. 5); many of them show that the vapour 

that fed the microturbine was wet. 
 

 
 

Figure 5: Temperature of the working medium (HFE7100) versus its pressure, measured during operation of the 

ORC system with no separator 

 

If the microturbine is fed by wet vapour, the rotor is not able to operate properly and also the gas 

bearings cannot operate properly (as they are fed with the vapour that contains liquid droplets). In such 

an event, the microturbine’s rotor disk also has to operate with the wet vapour. In order to guarantee 

the failure-free operation of ORC cogeneration systems that mate with fluid-flow machines, the 

superheating of the working medium should be at least 5℃ under the fixed operating conditions. 
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However, in the engineering practice, the superheating of the working medium is usually higher due to 

occurring transient states and heating the system during the start-up phase, which may cause 

supercooling of the medium.  

Figure 6 presents the superheating temperature of the HFE7100 medium versus pressure, measured 

during the operation of the ORC system with the separator. The superheating temperature was low when 

the pressure was low; nonetheless, the temperature increased as the pressure increased. For example, 

the superheating temperature was in the range from 5℃ to 8℃ at the pressure of 200 kPa and in the 

range from 19℃ to 23℃ at the pressure of 850 kPa. Because in the first stage of the operation the ORC 

installation and the microturbine were heated, the superheating temperature was lower. 
 

 
 

Figure 6: Superheating temperature of the working medium (HFE7100), measured in the ORC system during 

its operation with the separator 

 

The superheating temperature of the HFE7100 medium versus the pressure at the microturbine’s supply 

side, measured during the operation of the ORC system with no separator, is presented in Fig. 7. 
 

 
 

Figure 7: Superheating temperature of the working medium (HFE7100), measured in the ORC system during 

its operation with no separator 

 

Having analysed Fig. 7, we see that the superheating temperature was in the range from -22℃ to 7℃ 

whereas the pressure was in the range from 120 kPa to 1,200 kPa. The fluctuations of the thermal power, 

resulting from the cyclic operation of the feeder and the boiler and also from the heating process of the 

installation, caused changes in the temperature of the thermal oil, which directly translated into 

superheating of the working medium. In the system equipped with the separator, temporary drops in the 

temperature of the oil were compensated by thermal energy accumulated by the separator, thereby 
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ensuring the proper superheating of the working medium. The separator enabled separation of the liquid 

droplets from the vapour, and then heating and superheating of the medium using heat accumulated 

within. If the microturbine has to operate with wet vapour, it causes fording of the blade system and a 

decrease in the rotational speed of the microturbine, with increasing vibration and noise levels. A 

decrease in the rotational speed of the microturbine causes that it produces less electrical energy and 

there is also a decrease in the efficiency of the microturbine and of the ORC system. For example, it 

was determined that in the ORC system with no separator, the maximum thermal efficiency of the cycle 

was 1.82% and it was achieved at the maximum power (473 Wel) when the microturbine had a rotational 

speed of 14,340 rpm. However, in the ORC system with the separator, the efficiency of the cycle was 

6.02% and the power and rotational speed of the microturbine were respectively 1,487 Wel and 18,540 

rpm. It should be noted that in the case discussed herein solid particles that appeared due to wear of the 

components of the installation (e.g. the gear pump) deposited themselves inside the separator. Small 

solid particles getting inside the gas bearings, can cause their malfunctioning as a result of clogging, 

which can also lead to their damage.  
 

4. CONCLUSIONS 
 

The article discusses the results of experimental research on the ORC system, measured during its 

operation both with and without a vapour-liquid separator. The separator was used for the vapour of the 

low-boiling medium (HFE7100). It was found that the separator can enable appropriate superheating of 

the working medium to feed the microturbine. When there was no separator, the ORC system operated 

under the wet vapour conditions, which resulted in a decrease in the efficiency of the system and of the 

microturbine. It was shown that the designed separator can not only separate droplets from the working 

medium’s vapour but can also serve as a thermal energy storage device, ensuring stable operation of 

the microturbine and the entire ORC system. 
 

NOMENCLATURE 
 

C specific heat   (J/kg K)  

m mass flow rate   (kg/s)  

M mass   (kg)  

N power   (W)  

P pressure   (Pa)   

T temperature   (K)   

ΔT temperature difference   (K)   

Q volumetric heat capacity   (J/m3 K)   

λ thermal conductivity   (W/m K)   

ρ density   (kg/m3)   

x quality   (-)   
 

Subscript 

c total 

el electrical 

g 40% solution of ethylene glycol 

mw mineral wool  

ss stainless steel 

t thermal  

to thermal oil  

wf working fluid  

 

REFERENCES 

Chen, L.X., Hu, P., Zhao, P.P., Xie, M.N, Wang, F.X., 2018, Thermodynamic analysis of a High 

Temperature Pumped Thermal Electricity Storage (HT-PTES) integrated with a parallel organic 

Rankine cycle (ORC), Energy Conversion and Management, vol. 177: p. 150-160. 



 

Paper ID: 50, Page 8 
 

5th  International Seminar on ORC Power Systems, September 9 - 11, 2019, Athens, Greece 

Du, Y., Chen, K., Dai, Y., 2019, A study of the optimal control approach for a Kalina cycle system 

using a radial-inflow turbine with variable nozzles at off-design conditions, Applied Thermal 

Engineering, vol. 149: p. 1008-1022. 

Dumont, O., Dickes, R., Lemort, V., 2017, Experimental investigation of four volumetric expanders, 

Energy Procedia, vol. 129: p. 859-866. 

Dumont, O., Parthoens, A., Dickes, R., Lemort, V., 2018, Experimental investigation and optimal 

performance assessment of four volumetric expanders (scroll, screw, piston and roots) tested in a 

small-scale organic Rankine cycle system, Energy, vol. 165: p. 1119-1127.  

Feng, Y-Q., Hung, T-Ch., He, Y-L., Wang, Q., Chen, S-Ch., Wu, S-L., Lin, Ch-H., 2019, Experimental 

investigation of lubricant oil on a 3 kW organic Rankine cycle (ORC) using R123, Energy 

Conversion and Management, vol. 182: p. 340-350. 

Kaczmarczyk, T.Z., Ihnatowicz, E., Żywica, G., Kiciński J., 2015, Experimental investigation of the 

ORC system in a cogenerative domestic power plant with a scroll expanders, Open Engineering, 

vol. 5: p. 411–420. 

Kaczmarczyk, T.Z., Żywica, G., Ihnatowicz, E., 2016, Vibroacoustic diagnostics of a radial 

microturbine and a scroll expander operating in the organic Rankine cycle installation. Journal of 

Vibroengineering, vol. 18, Issue 6: p. 4130-4147.  

Kaczmarczyk, T.Z., Żywica, G., Ihnatowicz, E., 2017, The impact of changes in the geometry of a radial 

microturbine stage on the efficiency of the micro CHP plant based on ORC, Energy, vol. 137: p. 

530-543. 

Li, J., Pei, G., Li Y., Wang, D., Ji, J., 2012, Energetic and exergetic investigation of an organic Rankine 

cycle at different heat source temperatures, Energy, vol. 38: p. 85-95. 

Martinez, S,, Michaux, G., Salagnac, P, Bouvier, J-L., 2017, Micro-combined heat and power systems 

(micro-CHP) based on renewable energy sources, Energy Conversion and Management, vol. 154: 

p. 262-285. 

Pantaleo, A.M., Pantaleo, A.M., Camporeale, S.M., Sorrentino, A., Miliozzi, A., Shah N., Markides, 

Ch.N., 2017, Solar/biomass hybrid cycles with thermal storage and bottoming ORC: System 

integration and economic analysis, Energy Procedia, vol. 129: p. 724-731.  

Park, B-S., Usman, M., Imran, M., Pesyridis, A., 2018, Review of Organic Rankine Cycle experimental 

data trends, Energy Conversion and Management, vol. 173: p. 679-691. 

Pethurajan, V., Sivan, S., Joy, C. G., 2018, Issues, comparisons, turbine selections and applications – 

An overview in organic Rankine cycle, Energy Conversion and Management, vol. 166: p. 474-488. 

Rak, J., Blasiak, P., Kolasinski, P., 2018, Influence of the Applied Working Fluid and the Arrangement 

of the Steering Edges on Multi-Vane Expander Performance in Micro ORC System, Energies, vol. 

11: no 4, p. 1-16. 

Roskosch, D., Atakan, B., 2017, Pumped electricity storage: potential analysis and ORC requirements, 

Energy Procedia, vol. 129: p. 1026-1033. 

Valdimarsson, P., 2011, Geothermal power plant cycles and main components, Short Course on 

Geothermal Drilling, Resource Development and Power Plants by UNU-GTP and LaGeo, in Santa 

Tecla, El Salvador, January 16-22, p. 1-24. 

Xu, W., Deng, S., Zhang, Y., Zhao, D., Zhao, L., 2019, How to give full play to the advantages of 

zeotropic working fluids in organic Rankine cycle (ORC), Energy Procedia, vol. 158: p. 1591-

1597. 

Zanelli, R., Favrat, D., 1994, Experimental Investigation of a Hermetic Scroll Expander-Generator, 

International Compressor Engineering Conference, Paper 1021: p.459-464. 

Zarrouka, S.J., Purnanto, H.M., 2015, Geothermal steam-water separators: Design overview, 

Geothermics, vol. 53: p. 236-254. 

Ziółkowski, P., Hernet, J., Badur, J., 2014, Revalorization of the Szewalski binary vapour cycle, 

Archives of Thermodynamics, vol. 35, no. 3: p. 225–249.  

Acknowledgements 

This article was supported by the TechRol project that has received funding from the National Centre 

for Research and Development (NCBR) BIOSTRATEG strategic research and development 

programme under Grant Agreement Number BIOSTRATEG3/344128/12/NCBR/2017. 

http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=D1KiDBoOk84EDTnibt7&author_name=Rak,%20J&dais_id=3807321&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=D1KiDBoOk84EDTnibt7&author_name=Blasiak,%20P&dais_id=4517569&excludeEventConfig=ExcludeIfFromFullRecPage
http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=D1KiDBoOk84EDTnibt7&author_name=Kolasinski,%20P&dais_id=1120193&excludeEventConfig=ExcludeIfFromFullRecPage

