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ABSTRACT

The paper presents the construction and the fisilts of analyzes performed on the newly built
micro CHP ORC power plant test stand. The reseeogkrs initial start-up tests. This test stand has
been built at the Institute of Fluid-Flow MachingBolish Academy of Sciences in Gdansk, Poland. It
is a universal test stand where it is possible Xaméne among others micro turbines of various
designs operating on a low boiling agent. The st&hd is simulating Micro CHP based on ORC
technology cogeneration unit producing electricitigd heat as hot water up to °85 (design
conditions) applicable for low temperature heatffigor or wall heating systems). The supersonic
turbine with a capacity of up to 3 [kW] was installon the test stand. The HFE 7100 is a working
medium in this system. This article briefly deseslthe construction of laboratory test stand, it is
composed of turbine, pump, heat exchangers, regiiveetheat exchanger and a set of sensors. The
paper presents the results of experimental studms,example graphs showing variations in
temperature and in pressure at various measurgroans on the test stand. The article also includes
graphs of power generated by ORC turbine as aiamof available pressure difference.

1. INTRODUCTION

There is a significant increase in the use of wagKiuids other than water in power plants and CHP
systems, especially if the source temperaturevigddhan in traditional steam power plants. Différe
aspects of ORC systems including various heat ssysnlar energy, geothermal fluids, waste heat),
critical plant components (heat exchangers, expahddermodynamic cycle optimization and proper
fluid selection were discussed in the literaturend@lino et al., 1984). Different fluids for ORC
systems are analyzed, some of them are pure flodmly refrigerants (Maizza and Maizza, 2001,
Borsukiewicz-Gozdur and Nowak, 2007) and some aseunes of fluids (Angelino and Colonna,
1998, Bao and Zhao, 2013).

One can also observe the increasing number of pajseticated to different aspects of turbines for
ORC systems. Micro CHP systems requires small comps. Literature indicates that the use of
high-speed turbogenerator makes the ORC small, lsjniq@rmetic and reduces significantly the
maintenance expenses (Larjola , 1995). Differentkw&aummarized the findings of the marked
research for the expanders, including turbines, disdussed the selection and choices of the
expanders for the ORC-based micro-CHP systemsédtal, 2011). Numerical simulation of a radial
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turbine designed to work in a system based onugbe cycle was presented by Harietlal. (2011).
According to the numerical model the turbine eéffaty for the design point is equal to about 70%.
Small ORC high-speed turbogenerators with siloxaasworking fluids were also investigated
(Uusitaloet al2011). There are also some works dedicated to aim@RC CHP systems and its
various types. Qitet al. (2012) presented data from experiments with ORCniicro CHP and
biomass boiler and HFE7000 working fluid in van@axder . Some construction, dynamic tests and
experimental characterization of micro-scale OR€raported by others (Paf al, 2011, Peri®t al,
2015). The performance potential of cycle modifimat to the basic ORC was illustrated by
Lecompteet al (2015). Authors analyzed and discussed variopestyof cycles (transcritical,
trilateral, cascade cycles and other) and identifietential future development, knowledge gaps and
indicated the lack of experimental data in the scibj

The idea of combined production of heat and eletgron a small scale using ORC systems based on
biomass is analyzed in the Institute for quite samm. Main works were focused on selection of
a proper working fluid (Mikielewiczt al., 2007), optimal working parameters (Mikielewiet al.,
2006, Mikielewicz and Bykty 2006) and overall thermo dynamical cycle (Mikielez et al, 2013).
Some experimental works on first version of a &and were carried out with ORC system and
turbine measurements (Kaczmarczykak, 2013). The dynamic aspects of microturbines vedse
analyzed (Kiahski andZywica, 2014). The latest works relate to energyagfe techniques for ORC
CHP system (Bogucka-Byktet al., 2014).

This paper presents the results of initial measargscarried out at the newly built testing rig for
investigation of analysis of ORC systems performearihe goal of the experiments was neither the
optimization of the system performance, nor theia@ment of highest efficiencies. It was the
dynamics of the phenomena occurring in the systdgth,the special interest and consideration of the
start-up phase of the high-speed rotating turbiméchv was investigated. The characteristics of
installation of the operation variant of the ORGhmiegenerative heat exchanger were determined.
The entire system operating with a low-boiling agdfE 7100 with various service conditions was
tested.

2. THELABORATORY TEST STAND CHARACTERISTICS

The test stand is built as an integrated mobile Gi&Tem equipped with set of sensors and automatic
control system (Brgkaczet al.,2012). All components are placed on a supportingcgire. Biomass
fuel is used as a source of heat.. The construdiaest rig is allows for easy reconfiguration to
connect different micro turbines, pumps, heat enghes, valves, etc.

The 3D model was created in Autodesk Inventor RuogiThe view of this model as well as view of
actual test rig are shown below on Fig. 1. In tlesatibed configuration a single-stage supersonic
microturbine, developed (Kozaneadi al.,2012a and 2012b) and tested (Bylat al, 2014, Kicihski

et al,2012) in IMP PAN was installed.

The laboratory test stand works like normal CHPteays Working medium (HFE 7100) is pumped
through the circulation pump and regenerative legahanger to the evaporator, where evaporation
and heating at specific and controlled parametds place. In the next step it goes to a microtrbi
where its energy is converted into rotational motid the rotor coupled to electric generator. The
working medium expand in the turbine and then directed to regenerative heat exchanger, where it
gives off some heat to preheat the liquid mediuat th directed to an evaporator. Then the medium
goes to the condenser where it changes phase. Watised as a source of cooling. The working
medium from the condenser flows into the tank, aext to the circulation pump, thereby closing the
cycle. The laboratory test stand is equipped wétinssrs for measurements of temperature, mass flow
rate, pressure, rotational speed and an appregétof safety sensors for correct work of thyh-hi
speed turbine.

Bearings in turbine use a vapor of the same workieglium - HFE 7100 (HFE-7100 — Essential
characteristics, 2006). The entire installatioa leermetically sealed structure.
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Figure 1: 3D model and view of laboratory test stand

The basic elements of the supersonic microturbieesengle-stage radial impeller, electric generator

with rare-earth magnets and a set of aerostatigrigsa All components are sealed in the body with
a water jacket that cools the generator.
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Figure 2: Schematic view of research test stand. v- valveppessure measurement, t — temperature
measurement
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3. RESEARCH RESULTS

The testing rig is controlled from the level of arantrol panel. Fig. 3 presents a screenshot dfaon
panel used to steer the testing rig. The most itapbpoints of regulation (i.e. EZP1, EZP2, EZP3,
EZO1, EZO2 valves) as well as pressure, temperanuodlow measurement points in the installation
are marked. EZP1 and EZP2 valves regulating flabyipass installation as well as via turbine play
the most important role in terms of the regulatafrthe whole installation. Appropriate settings of
those valves enable achievement of a proper peesgaiue before turbine, proper running of
a process of heating up of gas bearings and tudsngell as enable nominal speed to be reached by
the turbine.
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Figure 3: Control panel of the test stand

EZO1 and EZO2 valves are quick-closing valves @utcff inflow of working fluid into the turbine
and bearings. Due to the application of slide legrin the turbogenerator, working on the vapor of
the working fluid, it is very important to preveocbndensation of working agent in bearings and to
maintain the proper flow during work performed witigh speed. Therefore, the following is of great
importance: a precise control of the temperaturth@fvorking agent at the inlet, assurance thakwo

is performed in the area of superheated vapor asidtemance of the adequate pressure difference
before and after turbine. An automatic system,fregh the operator’'s level, cutting off inflow of
fresh steam into the turbine - if any of the caticonditions are exceeded - is installed intés¢ed
installation for safety reasons.

Graphs below exhibit the results of one of theesedf measurements and start when turbine and its
bearings are already fed (EZO2 valve is openedbpirta is heated up and rotates with speed of
ca. 2000 rpm (EZP1 valve is partially opened). phacess of acceleration of the turbine is divided
into three stages depicted in the below figuresstEtage (Phase 1) refers to interval of 0+3Q,sec
second one (Phase Il) refers to 30+240 sec. anthsheselected stage (Phase 1ll) refers to 240+970
sec. Those stages reflect settings of regulatibres&ZP1 and EZP2.
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Figure4: Mass flow rates (Q1- total flow rate, Q2-by-pdssvirate, Q3-turbine flow rate)
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Figure5: Pressure curves in the time domain obtained dwtiaugup
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Figure 6: Temperature curves in the time domain obtaineddwstartup
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Figure 7: Rotational speed of turbogenerator in the time dorobtained during startup
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Figure 8: Power generated in the time domain obtained dwtadup

Fig. 4 presents the plots of the working fluid fEavtotal flow, bypass flow as well as calculated
turbine flow. Placing the flow meters as presented possible to calculate the flow through the
turbine without generation of additional pressurepd, decreasing the efficiency of the system. The
unstable total flow of the working fluid stems frahe settings of the inverter, the heating condgjo
the cooling conditions as well as from the neednaintenance of the proper level of the working
fluid in the tank.

As can be seen in case of Phase |, only 30 % ofotiaé flow reaches turbine (EZP1 valve is only
partially opened) and the remaining part flows bigoass. During this Phase, pressures are held at
more or less constant level (Fig. 5). The presduwp (ca. 0,5 bar) can be observed along the distan
between pump and outflow from the evaporator. @uthtottling of the steam flow via EZP1 valve,
pressure before turbine is ca. 4,5 bar smaller wt@mpared to pressure in the outflow from
evaporator.

The pressure drop (ca. 2,5 bar) on the regeneaftearthe turbine can be also observed. During thi
phase, the expansion in the turbine drops fron2 Gabar and reaches 1,5 bar which makes it possible
for the turbine to achieve speed of ca. 2000 rpig. (F) and generation of the trace amount of energy
at the level of 20W (Fig. 8). During the Phase kmaall increase of temperature before and after
turbine can be observed, which may be a sign oftarte system not being enough heated up (Fig. 6).
During Phase Il , the settings of the EZP1 and E¥&l®2es were changed with the aim of gradual
increase of vapor flow through the turbine, andutiameous decrease of the flow via bypass. During
this measurement series, Phase Il lasted ca. 20@nd took place within few steps. This Phase is
ended up with a total closure of the EZP2 valv¢hatbypass and opening of the EZP1 valve The
gradual opening of the EZP1 valve and throttlinghef EZP2 valve lead to the step increase of the
flow via turbine flow system, whereas total massaflwas held almost constant (Fig. 4). At the
beginning of Phase I, a rapid pressure drop ofstkam (Fig. 5) in the system can be observed, due
to the increase of the flow through the turbinenBtaneously, the rotation speed of the turbine
increases in steps from 2000 rpm up to ca. 11060 dpring a few seconds (Fig. 7) and electric
power generated increases to the level of ca. 380 W

Next, the pressure starts to increase graduallyouthe initial level at the end of the Phase Il
Simultaneously a step increase of the rotation dméethe turbine is observed up to the level of
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18000 rpm and generated power — up to ca. 1100Wé fifialization of the Phase Il due to the total
closure of the bypass valve leads to the stepaseref the flow through the turbine and this tirs® a
the increase of the pressure at the inflow to tineitte, and another increase of the rotation spéed
the turbine as well as generated power.

Temperatures during this Phase are stable, howewgperatures at the inflow and outflow from
turbine are increasing in a uniform manner durimgwhole period, until they stabilize at the end of
Phase Il (Fig. 6). It is of major importance, fraime safety point of view with respect to the
performance of the high-rotation speed turbogdoerdao maintain the proper temperature and
superheat of steam at the inflow to the bearings.

Phase Il is initiated by the total cut off of thgpass and directing the total vapor flow throulgé t
turbine (Fig. 4). Since this moment, the increalsthe pressure, the rotation speed and power of the
turbogenerator result from the step increase ofrdtation speed of the pump as well as slight
increase of the temperature of the heat source.
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Figure 9: Power generated vs. available pressure differeateden inlet and outlet of a turbine
During the work the linear increase of the powethef turbogenerator as a function of the increasing
pressure difference was observed, as was expefigd §). The most important issue is the

maintenance of the properly low level of the presso the condenser, i.e. assurance of the proper
temperature of the cooling fluid, which may be altdnge.
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4. SUMMARY AND CONCLUSION

The results of initial measurements carried ouhatnewly built testing rig for investigation of @GR
systems performance were presented and analyzedydai of the experiments was the dynamics of
the phenomena occurring in the system, with theiap@terest and consideration of the start-up
phase of the high-speed rotating turbine. Curvesetdcted measures were obtained and it appeared
that during the startup of turbine three charastieriphases may be shown. At the end of the
measurement series under consideration the reshdisn below were obtained. The power of 1316
W was obtained on the terminals of the generatdiheatotation speed of the turbine equal to 25380
rpm, pressure at the inflow to the turbine of 836 and temperature of ca. 185. The expansion in
the turbine occurred down to 1,28 bar and the tdéthe working fluid was at the level of 569 kg/h.
Optimization of the system performance was notgih& of executed works and values achieved are
just exemplary. The results obtained will be usadfdrmulating algorithms of automatic startup and
working procedures of the laboratory test standilesd.
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