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ABSTRACT

Small-scale and high temperature ORCs have received increasing interest in recent times. This type of power systems can have high
expansion ratio turbines with gas dynamic effects differing significantly from the behaviour of ideal gases, as the turbines are often
operated in the non-ideal dense-gas region. One of the most crucial steps leading to future improvement of turbine efficiency and to
the development of design guidelines and loss analysis methods is to validate the applied design methods and loss correlations with
experimental data. However, accurately measuring the performance of ORC turbines can be challenging. Indeed, despite the high
pressure ratios, the temperature drop across the turbines remains rather low, and the physical size of turbomachinery tends to be small.
In this paper, updates to the measurement system of the 10 kW LUT micro-ORC test-rig operating with siloxane MDM are presented.
Further measurement points are placed at turbine inlet and outlet, and inside the turbine stator, with the aim of obtaining accurate
performance maps and turbine loss analysis from future experimental runs.

Keywords:ORC turbine, turbine measurements, dense gas flows

1 INTRODUCTION

Small-scale (about 10 kW to 50 kW) ORCs have been intensively studied in recent times. Especially in high-temperature small-scale
ORC:s, fluids with high molecular weight and with relatively high critical temperature are adopted. This type of fluids are characterized
by gas dynamic effects that differ significantly from those of ideal gases, especially if the turbine of the system is designed to operate
in the dense-gas region. The use of high molecular weight and critical temperature fluids in ORCs also often results in high expansion
ratio over the turbine, whereas simultaneously the temperature drop remains moderate. In addition, as the speed of sound of these
fluids is rather low, the turbine stator has to be designed for highly supersonic flow conditions [1]. There are not many experimental
studies on small-scale high temperature ORC turbines in the present literature, see e.g. Ref. [7, 2]. Thus, it is crucial to carry out more
experimental research on small ORC turbines. Due to the gas dynamic effects of organic fluids, it is still unclear how such turbines
should be designed in respect to the more conventional turbomachinery design guidelines. In addition, it is still unclear what is the
contribution of different individual loss sources on the overall losses of ORC turbines.

In this paper, the updated turbine measurement system of the LUT micro ORC test setup is presented. The system has a 10 kW scale
highly supersonic radial turbine, and uses siloxane MDM as a working fluid. The turbine inlet pressure of 7.9 bar, temperature of
265 °C, fluid mass flow rate of 0.2 kg/s and turbine outlet pressure of about 0.07 bar were defined as the turbine design operating
conditions. More details on the operating points of the setup and the working fluid selection are described in Ref. [4]. Several test
were run with the facility, and the system turbogenerator was successfully operated with the design operating conditions with rotational
speeds of up to 30 000 rpm, see e.g. Ref. [5]. However, in the experiments carried out so far, it was observed that accurately defining
the turbine performance during the experiments is sensitive especially on the accuracy of turbine outlet state measurements, namely
the turbine outlet temperature and pressure measurement, and working fluid mass flow rate measurement. The specific thermodynamic
characteristics of siloxane MDM, including a low or moderate temperature change even with high turbine pressure ratios, highlights the
need for accurately measuring the thermodynamic state at the turbine inlet and outlet. It was concluded that the original measurement
system was not accurate enough to accurately estimate the turbine performance in the tests. Thus, an improved measurement system
is now adopted, which includes improved turbine outlet state measurement and mass flow rate measurements. In addition, pressure
measurement points are added to turbine stator nozzles in order to estimate the operation and performance of the stator more accurately,
as well as to evaluate how the expansion is divided between the stator and rotor during the experiments. The overall objective of the
updates to the measurement system is to collect accurate experimental data on the operation and losses of small-scale high expansion
ratio radial turbines for ORC applications.

Figure 1a shows the fundamental derivative of gas dynamics I" and compressibility factor Z along the isentropic expansion from turbine
inlet to outlet states at the design point. At the turbine design operating point, as well as in the typical operating conditions of the
turbine, both the value of I" and Z are well below 1 at the beginning of the expansion and the values are approaching unity at the turbine
outlet. This indicates that the turbine is operated in non-ideal thermodynamic conditions, and the vapor expansion is highly non-ideal
especially in the turbine stator. Non-ideal phenomena like the non-monotone development of Mach number along the expansion can
also be encountered. An image of the turbine used in the experimental system is shown in Figure 1b. The turbine has a supersonic
stator with outlet Mach number of 2.4 and a radial turbine impeller.
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Figure 1: a) Fundamental derivative of gas dynamics (I') and compressibility factor (Z) under isentropic expansion from
turbine design inlet conditions to turbine design outlet pressure. b) Supersonic radial turbine of the experimental setup

2 EXPERIMENTAL SETUP
2.1 Turbine measurements

The turbine experiments with the original measurement system were carried out between 2016-2019 [S5]. When analysing the test
results it was observed that defining the turbine isentropic efficiency from the experimental data is sensitive especially on the accuracy
of the temperature measurement at the turbine outlet. During the experimental campaign with the original measurement setup, the
turbine efficiency was, on average, over 70 % [5]. However, it was estimated that even a small deviation of 1-2 K in the turbine outlet
temperature has a high impact (from about 3 % to almost 6 %) on the defined turbine isentropic efficiency, if compared to the estimated
turbine efficiency in design conditions.

The sensitivity of turbine outlet temperature on turbine isentropic efficiency with turbine design inlet conditions and design outlet
pressure is presented in Figure 2a. During the experiments, the turbine outlet temperature measurement had some fluctuations resulting
in high uncertainties in the turbine efficiency estimation defined from the measured data. Especially, these fluctuations in the measured
turbine outlet temperature were observed to be more significant when running the turbogenerator at relatively low speeds, whereas
with turbogenerator rotational speeds approaching the design speed, the measured turbine outlet temperature is more in line with the
predictions of thermodynamic cycle models with less fluctuations during the operation [5]. An example of measured temperature drops
over the turbine as a function of turbine pressure ratio and the isentropic temperature drop for the respective conditions are presented
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Figure 2: (a) Sensitivity of turbine outlet temperature on turbine isentropic efficiency with turbine design inlet conditions
and design outlet pressure. (b) Measured temperature drop over the turbine and isentropic enthalpy change defined from
measured turbine inlet conditions and outlet pressure
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Table 1: Measurement equipment

Manufacturer Type Accuracy
Pressure Gems TR2200, [0-1,0-16 bar(abs)] + 0.25% full scale
Temperature Aplisens CT-GN1 4 0.35 K (at 100 °C temperature)
Flow rate (liquid) Kytola Instruments oval gear SRP-40-H +0.5%
Flow rate (vapor) McCrometer V-cone VBOCAEOIN + 0.5%

in Figure 2b. The data shown in Figure 2b are collected from measurement points of several test runs with the original measurement
system containing data with different turbogenerator rotational speeds ranging from about 12 000 rpm to 30 000 rpm. The enthalpy
drop over the turbine was based on the turbine inlet and outlet temperature measurements and the corresponding isentropic temperature
drop was defined from the turbine inlet measurements and from turbine outlet pressure measurement. It can be observed that there
is notable scattering of data especially at turbine pressure ratios between 40 to 60 and there are several measurement points where
the measured temperature drop is even higher than the isentropic temperature drop at the respective conditions. On the other hand,
with the higher pressure ratios between 60 to 80 there are less variations in the data and the measured temperature drops are at the
expected range on average. It should be noted that in the majority of the data points with turbine pressure ratios between 60 to 80,
the turbogenerator rotational speed has been relatively close to the turbine design rotational speed (from 24 000 rpm to 31 000 rpm),
whereas the conditions with lower turbine pressure ratios are mainly representing operating conditions with turbogenerator rotational
speeds below 23 000 rpm. The variations in the measured turbine outlet temperatures and in data presented in Figure 2b might be
originating from both measurement accuracy and internal flows that might disturb the turbine outlet temperature measurement. One
example of such internal flow could be a leakage of working fluid through the turbogenerator labyrinth seals to the turbine outlet,
cooling down the turbine outlet temperature at some operating conditions. A more detailed analysis on the turbine performance under
different operating conditions defined with the original measurement system and discussions on the potential sources of uncertainty in
the turbine measurements are given in [5].

The turbine measurement system has been updated to allow more accurate turbine measurements. The original measurement system
is shown in Figure 3a and the updated measurement system is is shown in Figure 3b. The information on the measurement equipment
and the sensor types are given in Table 1. In the updated system, a V-cone sensor is added after the evaporator to measure the flow
rate of the vapor working fluid entering the turbine. Besides increasing the reliability of the flow rate measurement, this second flow
meter allows to detect the possible accumulation of working fluid in the evaporator. An oval gear meter is used for measuring the flow
of liquid working fluid entering the evaporator. Two additional temperature sensors have been installed at turbine outlet to reduce the
uncertainties in the turbine outlet condition measurements, since in the old setup the turbine outlet temperature was measured by using
only one sensor. The positioning of the three temperature sensors at the turbine outlet duct is presented in Figure 4. The increased
number and the placement of turbine outlet temperature sensors will help detecting the possible malfunctions in individual sensors as
well as in detecting the possibility of uneven temperature distributions of the turbine discharge flow that can effect on the efficiency
definition from the measurements. In addition, a second pressure probe was added at the turbine outlet to increase the reliability of the
turbine outlet pressure measurement.
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Figure 3: (a) Original turbine related measurements and (b) updated turbine measurements. P = pressure measurement,
T = Temperature measurement, q,, = flow measurement
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Figure 4: Positioning of the temperature sensors at the turbine outlet duct

2.2 Pressure measurements inside the turbine stator

During a single experimental run, the operating conditions of the turbine experience significant variations. Pressure measurement points
are added inside the turbine stator in order to monitor the expansion along the blade passages at varying operating point. Figure 1b
shows the top view of the radial turbine of the experimental setup. The 19 blades of the stator ring delimit converging-diverging planar
nozzles, with throat width 1.3 mm and blade height 2 mm. The stator has internal diameter 145 mm and external diameter 230 mm.
Access to the flow is possible from the stator back plate visible in Figure 1b. There, static-pressure wall tappings are machined at the
positions highlighted in Figure 5, and pressure is measured along the blade passages. This paragraph describes the measurement system
and discusses the rationale behind the choice of measurement locations.

The most relevant constraint to implementing a measurement system inside the stator is represented by the small size of the stator ring.
Indeed, conventional machining processes limit the minimum obtainable diameter of pressure taps to 0.5 mm, which compared to the
characteristic lengths of the blade passages reads ~1/3 of the throat width and ¥4 of the blade height. First, the spatial pressure gradient
experienced by the expanding flow at the surface of pressure taps can be relevant due to the large relative size of wall tappings with
respect to the blade passage. Second, cavity-like flow patterns are expected to occur past the exposed edges of pressure taps due to

Figure 5: Drawing of the stator ring (to scale), equipped with pressure taps (center markings). Pressure measurement
points are located in the convergent and in the divergent, both upstream and downstream of the trailing-edge shocks
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interaction with the main flow. Though the intrusiveness of the measurement system cannot be eliminated, mitigation of its effects can
be achieved by carefully selecting the position of measurement points.

Results of detailed numerical analyses of the stator flow-field are examined in order to identify the regions characterized by low spatial
pressure gradient. Reference results are those documented in Ref. [4], which include two-dimensional Navier-Stokes simulation of
design and off-design operation of the stator. Further 2D Navier-Stokes simulations are performed in this study (Figure 6) using
ANSYS Fluent v19.4, RefProp v7.0 database, and k-@ SST turbulence model. Figures 6a and 6b show the pressure distribution inside
a stator channel at the design operating point (total pressure 7.9 bar, total temperature 538.15 K, and stator outlet pressure 0.4 bar).
Figure 6a reports pressure isolines in the nozzle, while Figure 6b shows the pressure (blue) and pressure gradient (red) profiles along
the nozzle centreline, i.e. along yellow line in Figure 6a. In Figure 6b, the origin of the x axis is placed at the throat section. Results
show that the expansion from inlet to outlet pressure levels occurs mostly in a 10 mm-long region close to the nozzle throat, where the
pressure gradient reaches ~3 bar/mm. Pressure experiences another sharp variation across the trailing-edge shock wave. Elsewhere,
the pressure gradient is significantly smaller. Three radial locations are selected, one in the convergent, one in the divergent upstream of
the trailing-edge shocks, and one at stator outlet past the trailing-edge shocks, see Figure 5. At the selected locations, pressure gradient
is < 20 mbar/mm, and the pressure variation across the surface of pressure taps is within the accuracy of pressure transducers.
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Figure 6: (a) Pressure distribution within the stator channel in design conditions (b) Pressure and pressure gradient
profiles along the yellow line of Figure 6a

A quantitative analysis of cavity flows past the edges of wall tappings is not performed in this study. However, their occurrence is
considered and its impact on the final pressure readings is analyzed. Given the low diameter/depth ratio of wall tappings, an open-cavity
flow configuration is expected to occur, see e.g. Ref. [3], with flow separation at the upstream edge of the tapping, recirculation inside
the cavity, and reattachment at the downstream edge. The incoming flow experiences a slight expansion at the upstream edge of the
tapping, followed by a recompression at the downstream one. In the supersonic regions of the flow, these phenomena are accompanied
by expansion and compression waves, which will propagate and perturb the main flow. Though the final pressure readings are not
expected to depart significantly from the target pressure levels, it is unclear to which extent these perturbations will affect the main
flow during the experiments. For this reason, all tappings are located relatively far from the blade profiles, and pressures upstream and
downstream of trailing-edge shocks are measured in separate blade passages. In order to evaluate flow uniformity around the stator
ring, and to check the validity of pressure readings at each radial location, three sets of measurement points are used at different angular
positions (cf. Figure 5).

Industrial transducers of the same model adopted for pressure measurements at turbine inlet and outlet are employed, see the first line
of Table 1. Transducers with full scale 16 bar(abs) and 1 bar(abs) are used, respectively, in the subsonic and supersonic regions. The
accuracy of transducers is within +0.25% of full scale, while their response time is ~0.5 ms. Transducers are connected to the wall
tappings through a pressure line. A linear analysis of the resulting pressure line-cavity system is carried out according to the formulation
presented in Ref. [6], which yields an estimated maximum response time of about 10 ms.

Combined with pressure and temperature measurements at turbine inlet and outlet, pressure measurements inside the stator allow to
quantify the contribution of stator and rotor to the overall turbine expansion, and to estimate trailing-edge shock losses. Moreover, since
the expansion in the stator occurs in the non-ideal flow regime, a dependence of the expansion profile on the total conditions is expected
to be observed, though perhaps not directly inferrable from measurements due to the relatively large measurement uncertainties.

W
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3 CONCLUSIONS AND FUTURE WORKS

The design of an updated measurement system for the LUT 10 KW micro ORC test-rig is presented. Further instrumentation is adopted
to improve the performance analysis of the cycle and its components, especially of the radial turbine. A better characterization of
turbine efficiency is achieved through an increased sensor redundancy, namely with an additional flow meter ahead of the turbine and
duplication of temperature and pressure probes at turbine outlet. Pressure measurement points are also added inside the turbine stator
ring to characterize the supersonic expansion along the stator blade passages, to estimate trailing-edge shock losses, and to assess how
the expansion is divided between the stator and rotor during the experiments.

The updated measurement system is currently being commissioned, and the first experimental campaign will be carried out in Autumn
2020. From the acquired data and the use of state-of-the-art thermodynamic models, detailed performance maps of the operation
and losses of the system will be redacted, and the influence of flow non-ideality on the performance parameters will be investigated.
Experimental data will also be used to validate the numerical models of the turbine flow-field in design and off-design conditions.
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NOMENCLATURE

Roman symbols

p Pressure

qm Flow rate

T Temperature

Greek symbols

r Fundamental derivative of gas dynamics
V4 Compressibility factor
Sub- and super-indices

crit Critical

des Design point

out Outlet
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