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ABSTRACT

Micro power converters for energy
increasingly important for a number of future apations. The
Austrian Institute of Technology (AIT) is presentigveloping
an innovative p-scale turbine expander for workovecy in

transcritical CQ heat pumps. The main drawback of a lower

COP (coefficient of performance) of transcriticaDLheat
pumps compared to conventional heat pump systemsbea
compensated by utilizing the pressure differencevéen the
high pressure and low pressure part of the pumpwork
recovery. Work recovery can be realized by sulisiguthe
expansion valve between the high and low pressde sy a
Pelton turbine with specific two phase flow turbibkdes. In
order to increase the power output, the generaasrimtegrated
into the turbine to reduce the friction losses bedce increase
the overall efficiency. An important aspect is the generator
is directly connected with the high pressure péthe turbine.
One part of the project is the optimization of thebine
geometry via simulation tools. The paper will gae overview
about our microturbine development as well as apasison of
the power output of each turbine generation. Funtbee the
present paper discusses a concept that utilizemmuoturbine
together with a micro combustion module that ermlalanicro
power generator with very high power-to-weightaatbased on
green fuels.

1 INTRODUCTION

The Space Propulsion & Advanced Concepts departatethie
Austrian Institute of Technology has a long histoiy
developing miniaturized Liquid-Metal-lon-SourcesMLS) for
space applications, including the application & ibn source
for active spacecraft potential control of sateflif ASPOC) as
well as for a secondary ion mass spectrometer. @wetast 5

recovery are

years, our activities expanded in a number
micropropulsion areas such as puPPT thrusters fbeSats or
chemical micropropulsion including the developmehimicro
mono-propellant and bi-propellant thrusters usingeeg
propellants e.g. hydrogen peroxide. In recent yedhe
development of micro power converters [1] (turbiaed
Stirling engines) as well as innovative gas storagkitions
based on microspheres started to expand our &sitdwards
novel micro power technologies. This paper will egian
overview of our microturbine developments so far.

1.1 BACKGROUND p-TURBINE DEVELOPMENT

A microturbine was developed to produce the poveerthie

pumps of a rocket engine earlier in a previousembj2]. The
successful testing of the microturbine triggered mterest
towards micro power converters in general sincg thay be
used to increase the overall energy efficiencyafarumber of
applications including compression and absorptieat [pumps,
air conditioning units, thermal storage devicegwen building
elements. The first generation turbine was drivgn the

decomposed hydrogen peroxide of a bipropellantstbruTwo

types of turbine blade diameter were investigatste has a
diameter of only 10 mm, whereas the other one hdiaraeter
of 23 mm. The different diameters lead to differestiational

speeds (230,000 rpm for the smaller rotor and &0rpén for

the larger rotor) and different manufacturing preseEs
(Lithography, Electroplating, and Molding for thenaller rotor

and mechanical manipulation of aluminum with a hggeed
milling machine for the larger rotor) [3]. Figure shows the
small turbine rotor (left) and the larger rotogfr). The turbine
was coupled to an electrical generator for prody@tectrical

power. Due to sealing problems, friction lossesysfields of
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the coupling magnets and inefficient magnetic cimgpbetween
the turbine and the generator, a low power outfas achieved.

Figure 1. First generation turbine blades [2] [3].

The improvement of the power output was the driforge for
the second generation turbine. Our experience aweral
lessons learned results in a complete new housexjgul.
Figure 2 shows the turbine blade housing and thaptete
assembly with all new parts. The new design allowé&gher
power outputs at lower rotational speeds of 10,005,000
rpm with the same turbine blade (see Figure 2,txighhe
leakages were reduced by redesigning the gasankbtoutlet.
The dynamic loads were reduced by using two besiimgtead
of one and hence a smoother run of the turbineokasrved.
The successful testing of the second generatiomingir
triggered our interest towards micro power convertor a
number of applications. We identified g8eat pumps as a first
application for our microturbine converter, wheresesveral
technological changes had to be taken to adapsmatl high
temperature/low pressure turbine system to a
temperature/high pressure turbine system. Furtherrie use
of stronger magnetic couplings, slide bearings, tranger
generator and application oriented turbine bladesrew
necessary to improve the performance of tffeg@neration
turbine system [4]. The next chapters describethieeretical
background of energy recovery in €Beat pumps and ouf’3
generation turbine system followed by an improvedl 4
generation turbine system including first simulatresults.

Gas Inlet and
Turbine Blade

low

Magnetic
Coupling

Generator

Figure 2. Second generation turbine blade housing and
complete assembly (55 mm height and 35 mm diamgtgr)

1.2 ENERGY RECOVERY IN CO, HEAT PUMPS

The chosen application case for our microturbine ais
transcritical CQ heat pump cycle for domestic applications like
tap water heating or high temperature room heatiog
retrofitted buildings. The use of GQCas refrigerant could
overcome the temperature limitations of retrofitiedildings
(90/70 or 70/50°C flow/return temperature) and tapter
heating systems (60°C), which are too high for emtwnal
heat pumps. CQis a natural refrigerant with negligible global
warming potential and its coefficient of performan(COP)
does not significantly decrease with increasingt heiak
temperature. The main drawback of transcritical , d@at
pumps is the lower COP compared to conventional fnemps,
which originates from the nonisothermal heat régecin the
gas cooler. One option to negotiate this drawbadkeé use of
microturbines for work recovery between the higassure and
low pressure part of the heat pump. A particulasijtable
opportunity is the substitution of the expansiolveeetween
the high and low pressure side by an expansion imach
whereas the pressure difference in case of &t pumps is
considerably larger (up to 90 bar) compared to eatignal
systems (e.g. 15 bar for R410A). Figure 3 showstmeept of
such a small size two stage microturbine boosted b&at
pump system; the microturbine could power the casgor of
the second stage or produce electricity. It has sf®wn in a
thermodynamic parametric study that the microtwelstarts in
the transcritical region of the working fluid andishes in the
liquid-vapor region. A power yield between 60 an®01W
could be converted into electricity via our micnditime in a 2
kW water heating system [5] [6] [7].

Gas Cooler

Comp 2
p-Turbine

Comp 1

@—— Evaporator ®
4 1

Figure 3. Microturbine boosted Ctheat pump system [7].

1.3 3P GENERATION TURBINE EXPANDER

Previous work [7] described the design and calmnatof the
3 generation turbine expander in detail. Two typksuthine
geometry were considered in association with theflow rate

of the working fluid in CQ heat pumps. The first type is the 90°
inward radial turbine and the second type is aitgrfbased on
the Pelton turbine, whereas the second solutiomeeeo be
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favorable because of the high pressure differebhe@seen inlet
and outlet. In addition the low flow rate of worgiffiuid (0.02
kg/s) favors the second option, too. One of thedbigllenges
for the layout of the rotor and stator blades/nezztas the fact
that the working medium changes its state fromidigo wet
steam during the expansion process. Thereforeithé design
based on the so-called “Turgo™principle, which mea “half-
Pelton” turbine. Figure 4 shows the turbine blaglethe Pelton
wheel with a rotor hub diameter of 25 mm. The tebblades
were made with a laser milling process. The catedla
rotational speed was 43058 rpm and 50 blades, vérishres a
constant torque since more than one blade chasredmitted
at the same time by the nozzle exit jet.

e
I

AR

Figure4. Pelton Wheel.

Figure 5 shows the design (left) and the protoiyjmht) of our
3" generation turbine. The application of this systemas a
throttle valve replacement in Geat pumps in combination
with electrical power production. Please note that first and

second generation is designed for decomposed hgdrog

peroxide at high temperatures (up to 200°C) arativel small
pressures (up to 6 bar) whereas this turbine iifgir pressures
and low temperatures.

Figure5. 3rd generation protpe of a microturbine for
energy recovery (200 mm height and 100 mm diam§fér)

The results of the dedicated testing of the turlairee shown in
Figure 12 in comparison with the improved systenhe T
calculated inner power of the turbine is 123.5 Viraefficiency
of 0.56, which corresponds with the turbine outfite system
consists of a 50 W generator, a magnetic couplitng
described turbine blade (Figure 4) and an inje¢tomaximal
electrical power output of 52 Watts was reachedh &ittarting
pressure of 70 bar at 32,500 rpm in gas operatiotgenand 36
W at 23,000 rpm with a gas-water mixture. We uses gas-
water mixture to simulate the gas-liquid mediumrgeof the
originate CQ heat pump. The lower power output of the gas-
water mixture in comparison with the gas operatimde could
be explained with higher friction losses generdtgdvater. The
low power output of the whole system in compariséth the
theoretical calculations (52 W vs. 123 W) showedt tthis
system had enormous internal losses and hence guesittial
for optimization [7].

1.4 IMPROVED TURBINE EXPANDER DESIGN

The identified improvements include the substitutiof the
needle cage and the generator with a full integrgiewer
system without friction losses. In addition the \BOgenerator
was substituted by a 100 W generator and the elgctcontrol
system was adapted to the expected higher rotatpead and
hence the higher power output. Figure 6 shows dsigd (left)
and the prototype (right) of our‘hégeneration turbine with an
integrated generator.

| B

Figure6. Improved &' genaion prototype.

1.5 TURBINE STAGE SIMULATIONS

In order to get an insight of the crucial paran®etsrthe parts
of the turbine, interacting with the fluid, a frozerotor
simulation has been done, using ANSYS CFX. Becahse
geometry of the blade is of great relevance forptagormance,
an approximative model of one blade has been asdlynder
the assumption, that water will be used as the wgriuid.

This is of course a strong simplification of theygies, since in
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reality; the working fluid will be a two phase syst.
Nevertheless the simulation can be seen as a "vemse"
scenario concerning the mechanical stress of #debkince the
acting force on the blade will become a maximumshswn in
Figure 7, using a standard set of boundary condifin this
case, 60 bar on inlet to 1 bar at outlet), the aigtaf the water
raises up to about 125 m/s at the upper edge dfltite. This
is a non negligible factor for the design of thada.

0 0.0005  0.001 {m)

2.00025 000075

Figure 7. Dynamic fluid simulation of a turbine blade.

Considering the actual design, where the anglenefitlet is
about 10°, a nearly homogeneous pressure on tiee vl of
the blade can be reached. In order to reduce timpleaity of
the simulation, only the isothermal case has bessidered,
since the thermal influence on the fluid - rototenaction is
negligible. To analyze the behavior of the wholgdl- rotor
system, a simulation of the whole wheel has beamedsee
Figure 8).

(1] 00035

£.007  (m)

0.00175 0.00525

Figure 8. Rotor system simulation.

There it can be seen, that the maximum momentumsfealies

within three blades and the force acting on eaelddbbecomes
a maximum at the center of the inner wall (whichcofirse

leads to an optimal momentum transfer in tangedii&ction).

Different inlet angles have been analyzed and inaase, an
inlet angle of 10° leads to optimal working conalits, also
under the consideration of a two component workimd.

1.6 EXPERIMENTAL RESULTS

The testing facility was specially designed fortitep the
turbine system with a mixture of water and nitrogdure to easy
handling compared to liquid GOThe pressurized water was
mixed with pressurized nitrogen in a mixing nozmagereas the
mass flow rate can be controlled manually with giessure
regulator and a needle valve for nitrogen and e water
pump for water. Data acquisition (various pressunesss flow
rates, temperatures, the rotating speed, and tverpmutput) is
conducted via a specially developed PC-based dsmirogram
using commercially available software. Figure 9vgh@a power
output test just with fluid medium. The maximum moveutput
(T5) of 11 W was achieved at maximum water flowisTis
more than twice of the last generation turbine (1 @ur test
showed that the generator could work in completpiidi
medium without any limitations. Just the stainlste®l bearings
showed minor wear and tear. They will be substibytsuitable
ceramic bearings. As before mentioned the turbiag designed
in order to operate in a gas pocket. This testIshd@monstrate
that through to high fluid medium ratio (in thisseamaximum)
the friction losses become high and lead to mueletgoower
output. It also shows that the integration of therenpowerful
generator have a high impact on the power outpwrgial
power output was observed below water flows of aldimin.
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Figure9. Power output in water operation modes for tie 3
and the & generation turbine.
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Figure 10 shows the power output in gas-water diperanode.
The maximum power output of nearly 80 W was achdewéh

a low water flow of 0.5 I/min and 70 bar gas pressat 32,500
rpm. The power output for a higher water flow obabl I/min

is approx. 10% lower than for 0.5 I/min.
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Figure 10. Power output in gas-water operation modes.

A matter of interest is also the behavior of thdine in term of
different mixing proportion of gas and water. Figutl show
this for gas entry pressures of 50 bar and thriereint water-
flow value 0.5; 1 and 1.5 [In/min] for the™3and the &

generation turbine. These tests verify our improsets of the
4™ generation turbine. The power output is more tivdoe of

the last generation turbine.
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Figure 11. Power output at constant gas pressure and different

water-flow values for the3and the & generation turbine.

Figure 12 shows the gas tests. A maximum powerubu100
W was achieved at 70 bar and 28,000 rpm. This igertiwan
twice of the last generation turbine, too. The ¥0@re 80 % of
the calculated maximum power output. Improvementsgas

operation mode are rarely possible by using a nedfieient
generator. The selected generator has a maximuatioml
speed of 27,000 rpm, we over boost the generatdo WH%
(32,000 rpm) to achieve the higher power outputsis was
temporarily possible but not suitable for long-teomperation.
Major difficulties were monitored in the power réguments.
The electric potential of the generator achievedximam

values of approximately 100 V at 100 W power output

compared to a maximum voltage of 48 V as denotexh fthe
manufacturer. This seemed to be the maximum ovestb@lue
for the generator and hence the power output. Tdewater
flow from Figure 12 is significantly lower than thgas flow in
gas operation mode. This could be explained withhdni
friction losses at the bearings and inside the igetoe
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Figure12. Power output in gas operation modes for tHeBd

the 4" generation turbine.

The comparison of two different gases (C®,) as working
medium is shown in Figure 13. Both curves becomeenamd
more similar with increased engine speed.
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Figure 13. Power output for C@and N
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The difference of the power output at 35,000 rp.8 percent
and is decreasing to a value of 2.2 percent atadspf ~47,500
rpm. In case of this experiment, the limitationtéacwas the
maximum allowed engine speed of the generatos. therefore
the challenge for the next improvements to decrédasnternal
losses of the system in gas-water operation modeldsign
changes and to test a new generator with highersrpdme
important tool for this task seems to be the sitiutaas
described in section 1.5. As a matter of fact tteresion of the
simulation to a two-phase case may lead to addition
difficulties not only in terms of computational pembut also in
the studies and assumptions according to the pdylsehavior
of the system.

1.7 GREEN FUEL MICRO POWER GENERATOR

Another application for this converter is a highyeo refillable
energy cell based on ,8, microcombustion. Hydrogen
peroxide (HO,) is a non toxic liquid. It can be used as fuel or
as an oxidizer. If hydrogen peroxide comes in otntath a
suitable catalyst, it starts to decompose into watel oxygen.
Due to the exothermic nature of the reaction, obtins a
relatively hot mixture of water steam and oxygeie Tfinal
temperature of the decomposed hydrogen peroxidendisp
mainly on its concentration (70-100%) and the @&fficy of the
catalyst. Initial tests have been done with hydnogeroxide in
concentration of 80 % by weight to verify the gexer
operability of the catalysts followed by test wittydrogen
peroxide in a concentration of 87.5 % shows an @karf the
decomposition temperature obtained for one of thdalite
based catalysts. The theoretical decomposition éeatpres of
80 % and 87.5 % hydrogen peroxide are 480°C and@70
respectively. The influence of the system tempeeattan be
simply investigated by preheating the system witmall flow
of hydrogen peroxide to heat the system up. Afteping and
reinitiating the flow, the decomposition temperatuises much
faster than in the case of a cold start. This @wshin Figure 14
with the graph no. 1 and no. 3. While the graph Jgesults
from a cold start, the graph no. 1 is obtained watlsystem
already at 100 °C. The preheated system has a tatope
gradient in the transition phase of 25 °C/s whie the cold
start it is only 10 °C/s [8] [9].
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Figure 14. Decomposition temperatures for different initial
system temperatures and hydrogen peroxide contiensd8].

Figure 14 shows that AIT’s catalytic hydrogen deposition
has the capability to produce enough hydrogen vapahort
times. Such a green power generator system coulet ha
additional features such as its immediate refifiatality within

10 seconds, the supply of internal heat e.g. fgh Haltitude
UAV's and the supply with clean water. The basienponents
for such a generator are shown in Figure 15. A §eneration
breadboard micro power generator with an optimizgthine
and thermal design focusing on terrestrial and gobbdual-use
applications is currently under development.

Generator

H20,-
Decomposition

Turbine

Figure 15. Green fuel micro power generator

2 DISCUSSION

The design of an improved laboratory model mictoitug for
energy recovery in COheat pumps has been presented. The
main component of the system, the turbine bladel @m
performance has been evaluated by simulationst feissilts of
the tests and efficiency values are available dmived 100%
higher power output compared to th€ §eneration turbine.
Investigating the influence of operational paramseeich as the
mass flow rate and system pressure, a significaptdvement
of the rotational speed and hence the power owtpotld be
obtained especially in gas-water mode. Additionalbn
advanced version of the turbine system for decosgbos
hydrogen peroxide is in preparation.
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