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ABSTRACT

In the recent times, the use and development of small-scale (about 10 kW) ORC systems has received
an increasing interest in different applications. In this study, a small-scale ORC system having high
operational temperature of close to 300 oC was investigated experimentally. The studied ORC system
has a high-speed turbogenerator (rotational speed of 30 000 rpm) including a supersonic radial inflow
turbine, a permanent magnet generator and a Barske-type feed pump assembled on a single shaft. The
experimental system uses high molecular weight siloxane, MDM, as the working fluid. The ORC system
under study was designed to be able to operate at high operational temperatures that can be found for
example in exhaust gas heat recovery and in small-scale biomass or biogas applications. The operation
of the whole ORC system and especially the operation of the turbogenerator was studied in detail under
different operating conditions with varying heat loads and with varying turbogenerator rotational speeds.
The experimental  results  were compared against  the results  obtained from the numerical  ORC cycle
model for validating and comparing the numerical and experimental results.

Based on the results, the technical potential of using high rotational speed and supersonic
turbomachinery in small-scale and high expansion ratio ORC applications was confirmed
experimentally. The paper describes and discusses the main advantages and specific operational
characteristics of the studied ORC system as well as discusses the key aspects for further reducing losses
in ORC systems adopting small-scale and high rotational speed turbomachinery.

1. INTRODUCTION

One  interesting  fluid  group  for  high  temperature  waste  heat  recovery  are  siloxanes  as  it  has  been
observed that the use of fluids with high molecular weight and high critical temperature allows to reach
high cycle efficiencies in low-power and high-temperature ORC systems (Uusitalo et al. 2013, Weiß et
al. 2018). On the other hand, this type of fluids are characterized by high cycle expansion ratios,
significantly low condensing pressures, and small enthalpy drop over the expansion (Uusitalo et al.
2018). The other benefits related to the use of siloxanes are e.g. a good thermal stability, feasible sized
turbine wheels  at  low power scale  as  well  as  good lubrication properties  when liquid bearings in the
turbogenerator are used (Uusitalo et al. 2013).

One of the most notable technical challenges in small-scale ORCs is to reach high efficiency for the
expander. In many small-scale ORC systems having power output range from few kW to several tens
of kW, volumetric expanders, such as scroll, piston or screw expanders have been preferred instead of
kinetic turbines. However, the use of small-scale kinetic ORC turbines has also been recently studied.
Weiß (2015) evaluated and compared different types of volumetric and turbine expanders regarding
their applicability in small ORCs. It was concluded, that one of the most significant benefits of using
small kinetic turbines is their ability to operate with high expansion ratio and small volume flow
conditions. Weiß et al. (2018) also investigated experimentally the behavior of an axial impulse turbine
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and a radial cantilever turbine having maximum power of about 12 kW and using siloxane MM as the
working fluid. According to their study, it was concluded that turbines can be an efficient expander
technology also in small ORCs. Kang  (2012) investigated an ORC having an electric power of 30 kW
and using a radial turbine and R245fa as the working fluid. According to the study by Kang (2012), a
relatively high turbine efficiency of 78.7 % was achieved, despite the low power scale. More recently,
Meroni et al. (2018) have proposed a comprehensive methodology for the preliminary design and
performance prediction of radial-inflow turbines especially for high-pressure ratio ORC applications. In
this type of ORC turbines, the flow is typically highly supersonic due to the low speed of sound of the
considered fluids (Uusitalo et al. 2014, Meroni et al. 2018).

In this study, experimental results of a micro-ORC system using siloxane MDM as the working fluid
and adopting a high expansion ratio turbine and a high-speed turbogenerator for producing electric
power from high-temperature waste heat are presented and analyzed.

2. EXPERIMENTAL SYSTEM AND METHODS

The experiments were carried out by using an ORC test bench at Lappeenranta University of Technology
(LUT). The system has a high-speed turbogenerator (TG) having a supersonic high expansion ratio
radial turbine, a permanent magnet generator and a Barske-type feed pump assembled on a single shaft.
The rotational speed of the turbogenerator was controlled via a frequency converter. As the main feed
pump and the turbine are assembled on a single shaft the increase in TG rotational speed increases the
evaporation pressure in the system as well as affects the turbine operation. The turbine has a highly
supersonic stator (Ma=2.2 at the design conditions) and MDM has a relatively low critical pressure ratio
which leads to chocked conditions at the turbine stator throat at the studied operating conditions. Thus,
the mass flow through the system is mainly dependent on the mass flow rate through the turbine stator
throat, and is rather insensitive to the changes on the conditions downstream the turbine. The heat source
of the system is about 400 oC exhaust gas from a 150 W to 200 kW scale diesel engine and the heat
energy is extracted from the exhaust gas to the working fluid in the system evaporator.

The measurements were carried out with varying TG rotational speeds and with varying evaporator heat
loads. The working fluid pressure and temperature were measured at different parts of the process,
mainly at the inlet and outlet of each process component by using commercial pressure transducers and
temperature  sensors.  The  mass  flow rate  was  measured  by  using  both  a  positive  displacement  meter
having an accuracy of ±0.5 % and an orifice. The electric power output of the system was defined from
the frequency converter. Based on the measured temperatures and pressures, the fluid enthalpy at each
respective process node was calculated by using Refprop. The turbine and the main feed pump impeller
are presented in Figure 1a and 1b.  A simplified process diagram of the experimental system is shown
in Figure 2a and the system design conditions and saturation curves of siloxane MDM are shown in
Figure 2b. The design operational values are shown in Table 1.

(a)                                                   (b)

Figure 1. (a) Turbine stator and rotor wheel and (b) main feed pump impeller.
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(a)                                                                                  (b)

Figure 2. (a) Simplified process diagram of the experimental system and (b) experimental system design
conditions and saturation curves of MDM on temperature-entropy plane.

Table 1. Experimental system design values. *A pressure drop of 0.04 bar was estimated to occur between the
turbine outlet and the condenser at the design operating condition.

Turbine mechanical power 12 kW
Max. electric power output

Working fluid mass flow rate
About 8 kW

0.2 kg/s
Evaporator heat rate 67 kW
Evaporation pressure 7.9 bar

Temperature at turbine inlet 265 oC
Recuperator heat rate 40 kW

Condensing temperature 57 oC
Condensing pressure* 0.03 bar

Turbine outlet pressure* 0.07 bar

3. RESULTS

The  analysis  of  the  experimental  results  is  presented  in  the  following.  Both  fluid  states  close  to  the
saturated state at the turbine inlet and superheated state at the turbine inlet were investigated. Examples
of the measured cycle operating conditions are presented in Figures 3a and 3b.
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(a)                                                                  (b)

Figure 3. ORC process on T,s plane. Figure 3a is for saturated turbine inlet conditions and Figure 3b for
superheated turbine inlet conditions.

One important process component in the experimental system is the main feed pump of Barske type. It
is  essential  for  the system that  the feed pump is  capable to  increase the pressure level  of  the fluid to
reach high evaporation temperature when the TG is running at high speed. As the turbine is supersonic
and it has chocked flow conditions the high pressure is needed to have more mass flow rate through the
turbine stator throat. The main feed pump outlet pressure as a function of TG rotational speed is
presented in Figure 4 that includes the data points obtained from the measurements of several test runs.
Thus, Figure 4 shows the trend where the main feed pump outlet pressure increases as the turbogenerator
rotational speed increases. The mass flow rates were not always constant at the same rotational speeds
which  appears  in  variations  of  feed  pump  outlet  pressure  at  the  same  rotational  speeds.  In  the
measurements, it was observed that the pump can reach the design evaporator inlet pressure of over 8
bar with the system design mass flow of 0.2 kg/s.

Figure 4. Main feed pump outlet pressure as a function TG rotational speed.

The measured electric power output as a function of turbine inlet pressure and mass flow rate is
presented in Figure 5 for different operating conditions. The maximum electric power output reached in
the test runs was about 6 kW that is about 2 kW lower than the design power rating defined in the ORC
system design phase. A clear dependency in the measured electric power on the turbine inlet pressure
and fluid mass flow rate was observed. Also, a dependency in the turbine mechanical power on the
above-mentioned parameters was observed in the analysis of the test results, although the relation was
not as clear as with the measured electric power output as shown in Figure 5. This can be explained by
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the fluctuations in the turbine inlet and outlet temperatures that affect the calculated turbine mechanical
power.

Figure 5. Electric power output as a function of turbine inlet pressure and working fluid mass flow rate.

In  the  test  runs,  one  of  the  most  important  issues  was  to  evaluate  losses  in  the  process  components,
especially in the turbogenerator. Power and loss distributions were evaluated both experimentally and
through computations as presented in Figure 6, which shows the measured and calculated data as well
as estimated data as a function of elapsed time during a test run. One of the most interesting issues is to
compare the calculated electric power (grey curve) to the measured electric power (blue curve). The
calculated electric power is based on the calculated turbine power (red curve) by taking into account the
calculated mechanical losses (black curve) as well as the calculated feed pump power (yellow curve)
and the estimated electrical losses (green curve). The turbine mechanical power was defined from the
measured mass flow rate as well as by measuring the temperatures and pressures for the determination
of the thermodynamic state values at the turbine inlet and outlet. The differences between the calculated
electric power and the measured electric power was observed to be relatively high (from 1 to 2 kW on
average). The above-mentioned differences can mainly be explained that the mechanical losses in the
turbogenerator are probably significantly higher than the calculated ones determined in the system
design phase. This was estimated to be due to a high rotational speed in combination with possible
presence of liquid working fluid surrounding the rotating parts.
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Figure 6. Example of power and loss distribution during a test run. Turbine inlet and outlet temperature as well
as pressure measurements were used for defining enthalpy change over the turbine.

In Figure 7a and 7b, the enthalpy and temperature drops over the turbine as a function of turbine pressure
ratio  are  presented.  The  results  are  shown  as  data  points  based  on  the  computational  analysis  of  the
measured data obtained from several test runs with different TG rotational speeds. Based on averaging
the data related to the data points shown in Figure 7a, the turbine isentropic efficiency close to 70 %
was determined. There is a slight or moderate increasing trend in the isentropic enthalpy drop as well as
in  the  isentropic  temperature  drop  over  the  turbine  as  the  turbine  pressure  ratio  increases  (small  red
markers) but significantly greater deviations are related to the data points of the enthalpy and
temperature drop based on the measurements (small blue markers). Some data points of the enthalpy
and temperature drop are located above the trend tracks of the isentropic enthalpy and isentropic
temperature drop. Those points as well as the points close to the above-mentioned isentropic trend tracks
were treated as outliers and they were left out from the determination of the isentropic efficiency. In
Figure 7a and 7b, the blue markers of upward-pointing triangle type refer to the turbine design values.
In the test runs, the turbine outlet pressure was higher than the pressure used in the design phase, which
disabled to reach the design pressure ratio over the turbine. This was estimated to be caused mainly by
the higher measured pressure drop between the turbine outlet and the condenser than was evaluated in
the system design phase as well as by the higher measured condenser pressure when compared to the
results of the thermodynamic models of MDM at the respective measured condenser temperatures. As
MDM has a very low condensing pressure at the studied condensing conditions, even a small rise in the
condenser pressure or in the turbine outlet pressure can significantly reduce the turbine pressure ratio.
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(a)                                                                   (b)

Figure 7. (a) Calculated enthalpy drop over the turbine based on the measured turbine inlet and outlet conditions
and isentropic enthalpy drop and (b) measured temperature drop and isentropic temperature drop for the
respective measurement points.

4. CONCLUSIONS AND DISCUSSION

Small-scale  ORC systems having a  high operational  temperature of  close to 300 oC was investigated
experimentally. Based on the experiments, the system main feed pump and the turbine were capable to
operate at the investigated turbogenerator rotational speed range of 12 000 rpm to 30 000 rpm. The
electric power output measured from the system was observed to be in the range of 1.5 kW to 2 kW
lower than the electric power output that was estimated during the construction and design of the
experimental system. This was estimated to be due to the turbogenerator mechanical losses that were
significantly greater than the computationally defined ones in the ORC system design phase. One reason
for that might be unnecessary accumulation of liquid working fluid in the spaces surrounding the rotating
parts rotating at high speed.

According to flow rate, pressure and temperature measurements, the turbine was analyzed to be able to
produce mechanical power outputs that are close to the design value of about 12 kW, although the
turbine design pressure ratio was not reached. This was mainly due to the higher measured pressure drop
between the turbine outlet and the condenser as well as the higher condenser pressure when compared
to the design values. The high condenser pressure might indicate that there were small amounts of non-
condensable gases in the condenser or the working fluid might have contained small portions of other
substances having a higher condensing pressure when compared to pure MDM. In the analysis of turbine
performance, it was observed that the measured temperature drops and enthalpy drops were in the
expected range and generally in line with the results of numerical models for MDM at the studied
operating conditions. Despite the high pressure ratio over the turbine, the temperature and enthalpy
drops are moderate due to high molecular weight of the fluid. This feature also highlights the need for
using a recuperator in the system.

In general, fluctuations in the turbine inlet and outlet temperatures were evaluated to affect the calculated
turbine mechanical power. Scattering of data points is related to the calculated turbine mechanical power
which appears on the plots where the measured temperature drops over the turbine as well as the
enthalpy drops related to them are plotted against the turbine pressure ratio. It should be noted, that some
of  the  fluctuations  in  these  plots  were  caused  by  varying  TG rotational  speed.  However,  the  results
suggest that some disturbances might have occurred affecting the turbine inlet or outlet states or
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measurements related to them. As a conclusion, the following reasons were evaluated as candidates to
cause unreliability to the measurements as well as to the analysis of measured data.

Possible presence of impurities, e.g. water or other light-molecule substances, in the working
fluid
Inaccuracies in the measurements related to the determination of the turbine inlet and outlet
states or inaccuracies in the thermodynamic models used.
Possible liquid leakage flows from the turbogenerator to the turbine outlet cooling down the
turbine outlet temperature.

In order to figure out the reliability of the measurements the following tasks and improvements are worth
considering in the future.

Study of the liquid working fluid leakage flows from the main feed pump and from the bearings
of the turbogenerator
Ensure sufficient draining of liquid working fluid from the turbogenerator to avoid unnecessary
accumulation of liquid in the spaces surrounding the rotating parts
Additional temperature pressure measurements especially at the turbine outlet as well as
between the turbine stator and rotor for a more detailed analysis of turbine performance
Additional flow measurement of vapour working fluid at the turbine inlet
Evaluation of the effect of impurities in the working fluid on the thermodynamic performance
of the system
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