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Abstract: To enhance the sustainability of water supply systems, the development of new technolo-
gies for micro scale hydropower remains an active field of research. The present paper deals with
the implementation of a new micro-hydroelectric system for drinking water facilities, targeting a
gross capacity between 5 kW and 25 kW. A counter-rotating microturbine forms the core element
of the energy recovery system. The modular in-line technology is supposed to require low capital
expenditure, targeting profitability within 10 years. One stage of the DuoTurbo microturbine is
composed of two axial counter-rotating runners, each one featured with a wet permanent magnet
rim generator with independent speed regulation. This compact mechanical design facilitates the in-
tegration into existing drinking water installations. A first DuoTurbo product prototype is developed
by means of a Computational Fluid Dynamics based hydraulic design along with laboratory tests
to assess system efficiency and characteristics. The agreements between simulated and measured
hydraulic characteristics with absolute errors widely below 5% validate the design approach to a
large extent. The developed product prototype provides a maximum electrical power of 6.5 kW
at a maximum hydraulic head of 75 m, reaching a hydroelectric peak efficiency of 59%. In 2019, a
DuoTurbo pilot was commissioned at a drinking water facility to assess its long-term behavior and
thus, to validate advanced technology readiness levels. To the best of the authors knowledge, it is the
first implementation of a counter-rotating microturbine with independent runner speed regulation
and wet rim generators in a real-world drinking water facility. A complete year of operation is
monitored without showing significant drifts of efficiency and vibration. The demonstration of the
system in operational environment at pre-commercial state is validated that can be attributed to a
technology readiness level of 7. The overall results of this study are promising regarding further
industrialization steps and potential broad-scale applicability of the DuoTurbo microturbine in the
drinking water industry.

Keywords: counter-rotating microturbine; drinking water facilities; system engineering; CFD; per-
formance measurements; prototype endurance tests

1. Introduction

Among today’s renewable energy sources, hydropower remains one of the most im-
portant suppliers of electricity, meeting over 15% of the global needs. In hydrologically
and topographically predestined countries, hydropower constitutes even the bulk of elec-
tricity production. In Switzerland, hydropower covers more than 57% of the electricity
demand [1]. Thereby, small hydropower (SHP) facilities with a gross capacity below 10 MW
constitute about 10% of the Swiss hydroelectric capacity. Globally, energy strategies are
evolving towards clean and sustainable technologies that also drives the expansion of
SHP [2]. In Switzerland, the installed SHP energy production of about 3.4 TWh/year is
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planned to be increased by up to 770 GWh/year before 2050. Micro-hydropower (MHP),
referring to power units below 500 kW, can contribute to a noticeable extent to the SHP
mix. Particularly, the field of water treatment and distribution infrastructures hides a
considerable MHP potential [3]. However, different main issues are identified such as
variations in flows or turbine efficiency and the necessity of further risk assessments and
evaluations of long-term reliability of MHP installations. Therefore, energy recovery in
the water industry using MHP remains an active area of research, considering the various
technical and economical complexities. In Swiss drinking water supply systems, more than
100 GWh/year are already exploited by hundreds of drinking water turbines, thus, about
50% of the estimated potential [4]. Since 2008, a Swiss electricity supply act is in force pro-
viding compensatory feed-in remuneration for renewable energies. The newly introduced
feed-in tariffs are encouraging MHP exploitation in lower power ranges. Nevertheless,
many drinking water facilities with a power potential of a few kW still remain untapped
due to the lack of profitable solutions.

One of the most installed hydraulic machines for energy recovery from water dis-
tribution systems is the Pump as Turbine (PAT) [5] which represents an economically
interesting solution since small pumps are generally produced in series. Extensive research
is dedicated to PATs and their implementation in real-world water distribution systems,
for example [6]. Recent studies present methodologies to overcome major obstacles for
practical applications of PATs such as the lack of performance data [7,8]. Moreover, sev-
eral technical solutions have been developed to adapt small pumps into small PATs, and
variable speed drives may give them one degree of freedom. A recent case study shows
that the adoption of PATs in collective irrigation systems is a viable solution to improve
their economic and environmental impacts [9]. The latter research reveals a substantial cost
decrease of 74% in the electro-mechanical equipment compared to site-specific designed
turbines, whereas the electricity production is decreased by only 19%. To increase the
sustainability of water distribution systems, special attention is dedicated to management
strategies that minimize the overall energy input, inter alia, by integration of MHP tech-
nologies [10]. To point out one result of the proposed management strategies, it is found
that a set of independent District Metered Areas locally increase the hydraulic energy
(compared to widely open water distribution systems) that favors the installation of energy
recovery devices at these locations. To facilitate the function extension of water supply
networks to energy production, harmony search algorithms are proposed to optimize the
planning of such schemes [11].

In the case of facilities with strong hydraulic variations, the development of adapted
low power hydroelectric technologies with additional degrees of freedom may provide
more operational flexibility. In comparison, the speed coefficient—discharge coefficient
characteristic of a PAT with variable speed is typically clustered on only one S-shaped
curve [12] whilst for a counter-rotating micro-turbine with one additional degree of freedom
it may cover a large area [13]. Moreover, with specific turbine-oriented hydraulic design,
efficiency can be optimized. Low head tubular propeller turbines point out one example of
this research field [14]. In the perspective of developing a more flexible micro-hydroelectric
system for drinking water facilities, HES-SO Valais-Wallis and EPFL-LMH have initiated
the DuoTurbo project, focusing on an output power range between 5 kW and 25 kW. A
counter-rotating microturbine forms the core element of the new energy recovery station.
One stage of this microturbine consists of two axial counter-rotating runners. One early
prototype of this specific turbine design was realized at EPFL-LMH using an elbowed
pipe system with external electrical generators. Preliminary CFD simulations of this
prototype were carried out [15] showing hydraulic efficiencies over 80% for an output
power of 2.65 kW. Numerical and experimental methodologies to evaluate the performance
and flow features of such type of turbine, involving Laser Doppler Velocimetry, were
presented by [16,17]. The experimental validations including losses from the blade tip
radial clearance still showed reasonable hydraulic efficiencies above 60%. The integration
of a counter-rotating microturbine into water utility networks, considering analytical
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hill chart models to maximize energy recovery, was presented by [18]. Further, virtual
Energy Recovery Station models were analyzed to simulate the energy recovery on a
given installation site [19]. A custom runner design strategy [20] is thereby considered to
maximize the electricity production at each potential water network. A second prototype
with a more compact “bulb” configuration, comprising in-line electrical generators, was
later built at HES-SO Valais-Wallis for ongoing developments. Finally, an even more
compact DuoTurbo mechanical concepts with more powerful custom rim generators was
developed that facilitates the integration into existing water pipelines. To investigate the
new hydro-mechanical and electrical concepts, a DuoTurbo laboratory prototype was built
in collaboration with industrial partners and extensively tested on the hydraulic test rig
of the HES-SO Valais-Wallis [21,22]. Several mechanical solutions concerning the runner
bearings and labyrinth seals were investigated to build a first DuoTurbo product prototype
in 2018 [23]. Finally, in May 2019, the first DuoTurbo pilot was commissioned at a drinking
water network in Saviese, VS Switzerland. The pilot enables long term monitoring and
collection of hydraulic, mechanical and electrical parameters and is therefore essential for
advanced system validation.

The aim of this paper is to point out the main technical aspects of the developed
DuoTurbo product prototype and to demonstrate its reliability operating in a real drinking
water network. First, the hydraulic, mechanical and electrical concepts are presented (see
Figure 1). Then, numerical and experimental methods used for the system characterization,
including the monitoring of the pilot facility, are explained. This paper only deals with the
product prototype, as highlighted in dark blue in Figure 1. The corresponding numerical
results, laboratory test results and long-term measurement data from the DuoTurbo pilot
facility are then presented and discussed.

| Initial studies |

i

DuoTurbo conceptualization (Chapter 2)

Characterization (Chapters 3—4)

Hydraulic design Mechanical design
[ Pilot facility characteristics ] -, Product
| Labyrinth seals prototype
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Figure 1. Overview of the DuoTurbo conceptualization and characterization methodology from the
initial studies to a potential commercialization phase.

2. DuoTurbo Concept and Specifications
2.1. Concept Overview

In alpine regions, where altitude differences along the water supply chains are signifi-
cant, a considerable excess of hydraulic energy is dissipated by Pressure Reducing Valves
(PRVs). The DuoTurbo turbine is intended to recover a part of this energy surplus for a
maximum hydraulic head of currently 75 m per stage. The core element of the developed
technology is a counter-rotating axial microturbine with compact dimensions. Operational
flexibility is achieved by the individual speed control of each generator to handle fluc-
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tuating hydraulic conditions. Commercial converters are currently used for the runner
speed control and the power injection into the electrical grid. A controller manages the
autonomous operation of the installation and monitors various hydraulic, mechanical and
electrical parameters. For drinking water networks with consumption driven discharge,
the layout presented in Figure 2 is suggested. Typically two PRV’s are necessary to en-
sure the correct and safe functioning of the energy recovery device without affecting the
drinking water supply. These elements would also be required using a PAT as a power
generating unit. Two parallel branches are needed to ensure the water supply in case of
a turbine failure or high water demand, as well as to protect the turbine from overload.
Consequently, each branch must be equipped with a PRV to limit the downstream pressure
at part load and while bypassing. The pressure set point of the bypass PRV is set slightly
below the one of the turbine branch PRV. This pure hydro-mechanical configuration forces
the closure of the bypass branch until reaching the turbine power limit. A solenoid valve
is used to switch off the pressure control of the turbine branch’s PRV and its deactivation
initiates the closure of the turbine branch.

Drinking water

\ ’/ reservoir

“1

Bypass branch PRV

Turbine branch PRV

Control and grid DuoTurbo
injection

Consumption area

Figure 2. Global schematic with main hydroelectric components of the DuoTurbo energy recovery
system in a drinking water network with consumer driven discharge.

2.2. Hydroturbine Concept
2.2.1. Turbine Principle

The DuoTurbo microturbine is an axial flow turbine with two serial counter-rotating
runners per stage. In the field of turbomachines, the concept of counter-rotating axial rotors
is known since many years and has been considered for potential use in gas turbines or
aircraft engines [24]. The elimination of vanes between two counter-rotating runners is
beneficial in terms of weight, length and efficiency. The attributes of counter-rotating tur-
bines in such applications are high specific powers, high efficiency and possible balancing
of torque and gyroscopic effects. The counter-rotating principle is also applied to aircraft
and marine propellers. Various studies on hydraulic counter-rotating axial pico- and mi-
croturbines for potential applications in water infrastructures have been published [25-27].
The counter-rotating concept is also known in the field of hydraulic axial flow pumps [28].
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From the hydraulic point of view, the main advantages of the counter-rotating architecture
of the DuoTurbo microturbine lie in the achievable specific energies, the flexibility of design
and the adaptability to variable operating conditions. The speed ratio between the two
runners, referred as «, serves as an additional degree of freedom to handle off-design
conditions. Further, site specific adaptations of the hydraulic characteristic can be achieved
by tuning the nominal speed ratio ;. To minimize the design complexity, the DuoTurbo
microturbine is intended to be vaneless. This implies an axial flow at the inlet of the first
runner and the outlet of the second runner at nominal operating conditions.

2.2.2. Energy Transfer

The specific energy E released from the fluid in a horizontal hydraulic turbine is
expressed as:

pi—pr, G =
E= ; + 5 (1)
Thereby, p is the average static pressure, C is the average absolute flow velocity
amplitude and p is the density of the fluid. The indices I and I refer to the high and the low
pressure reference sections of the turbine, respectively, as shown in Figure 3. The indices
referring to runner specific pressure reference sections are 1 and 1. The hydraulic power is
then defined by the discharge Q passing the turbine:
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Figure 3. Definition of reference sections and velocity triangles of a counter-rotating turbine stage.

The transferred specific energy E; transmitted to the turbine runner is then determined
by the energy efficiency 7, as a consequence of turbulent dissipation and wall friction:

E,=E e 3)

Assuming an inviscid flow passing through the runner on a constant spanwise coordi-
nate, the Euler turbine relation applied to a given streamline yields the correlation between
the transferred specific energy E; and the balance of the flux of angular momentum between
the runner’s high and low pressure reference sections:
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E; = U]CMl - UiCui (4)

Thereby, U is the tangential runner velocity amplitude and Cu is the peripheral
absolute flow velocity amplitude. In Figure 3, these velocity components are used to
define the velocity triangles in an ideal situation. W denotes the relative flow velocity
amplitude with respect to the rotating reference frame and Cm is the meridional absolute
flow velocity amplitude.

2.2.3. Runner Design

On the basis of the velocity triangles defined in Figure 3 and by choosing an appropri-
ate radial distribution of E; that fulfills the radial equilibrium of the flow, all relative flow
angles B can be approximated. The relative flow angles determine to a large extend the
runner geometry. The inlet blade angles are generally chosen according to the theoretical
relative inlet flow angles, by respecting a certain blade incidence angle. The incidence an-
gles are tuned to optimize the blade design. The specific energy of a runner is very sensitive
to its outlet blade angles. To achieve the desired characteristics, flow angle deviations must
be taken into account. They can be predicted using empirical data or numerical simulations.
They generally depend on the hydrofoil shape, the blade solidity (Equation (5)) and the
hydraulic design point. The design process of the DuoTurbo runners is based on iterative
CFD simulations, by which the required outlet blade angles, as well as efficient hydrofoil
parameters are determined. To generate the blade geometry, hydrofoils are defined only at
the hub and shroud diameter using a direct profiling parametrization according to Figure 4.
This two section based blade shape definition was chosen since it enables a relatively fast
and simple machining process.

31 degree
Bezier

7

Figure 4. Direct profiling parametrization.

Further, the shroud diameter D, and the hub diameter D), of the DuoTurbo runners
are constant to minimize the fabrication costs. The main runner design parameters of the
product prototype are provided in Table 1. The blade solidity ¢ is calculated at the shroud
diameter according to the number of blades N and the chord length c, see Figure 4.
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cN
U_nrDs (5)

Table 1. Runner specifications of the DuoTurbo product prototype.

Symbole Description Value Unit
Ds Shroud diameter 100 mm
Dy, Hub diameter 87 mm

b Axial blade length 30 mm
Ny Number of blades runner A 5 -
Ng Number of blades runner B 9 -
oA Blade solidity runner A 1.44 -
OB Blade solidity runner B 1.42 -

Bais Shroud inlet blade angle A 27.3 deg
'le,i,s Shroud outlet blade angle A 10.9 deg
Bls Shroud inlet blade angle B 67.7 deg
g,i,s Shroud outlet blade angle B 20.7 deg

2.3. Mechanical Concept

In many aspects, the mechanical design is key in regard to the success of a MHP energy
recovery device. The most crucial requirement addresses to the product’s robustness and
lifetime to minimize the occurrence of maintenance operations. Since quite high hydraulic
head values are targeted for the DuoTurbo product prototype, the axial loads are significant.
An appropriate bearing arrangement with reliable sealing is therefore required, excluding
the risk of water contamination by lubricants. Drinking water conform materials are
required for all submerged components. Further, the system efficiency is strongly related to
the constructive arrangement that is therefore subject to the product optimization process.
Accordingly, different mechanical configurations have been tested during the laboratory
prototype stage (see Figure 1), along with detailed power loss analyses. Based on these
findings, the mechanical components of the product prototype are designed, as presented
in Figure 5.

A key feature of the DuoTurbo microturbine are the wet permanent magnet rim
generators. Thanks to their design, the mechanical complexity is minimal, reaching a
high power density and compact dimensions. A drawback is encountered regarding the
additional disc friction losses created by the submerged electrical rotors. Whereas, the
cooling effect of the flow increases the power capacity of the permanent magnet generators
to a great extent. In the generator gap, a thin polymer tube is placed to separate the
electrical stators from the fluid. Labyrinth seals minimize volumetric losses through the
generator gap. Actually, the product prototype has an outer diameter of 300 mm and a
total axial length of 520 mm.

2.4. Electrical and Electronic Concepts

Due to the particular architecture of the DuoTurbo microturbine, custom permanent
magnet synchronous rim generators needed to be designed [29]. The generators are
engineered to achieve a maximum electrical power for the given dimensional restrictions
and rotational speed values. Specifications of the generators are presented in Table 2.
Because of the small axial distance between the runners, partially wounded stators are
currently used for the product prototype. The windings are thereby arranged only over
2 x 90° of the stator’s circumference. Further, the generator topology is defined by the
number of poles, the number of slots, and the number of slots per pole and per phase 4.
The electromagnetic design was performed and validated using FEM simulations. The
simulation showed minimal torque ripple choosing g = 2, reaching an average dynamic
torque of about 10 Nm at the rated point.
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Runner B

Rim generator

Runner A
Housing

Shroud

Separation tube

PM rotor

Mechanical seal

Figure 5. Overview of the mechanical components of the DuoTurbo product prototype.

Table 2. Generator specifications of the DuoTurbo product prototype.

Symbole Description Value Unit
D,; Inner rotor diameter 100 mm
Dye Outer rotor diameter 126 mm

g Generator air gap 29 mm

I, Active length 62 mm

2p Number of poles 8 -

My Nominal rot. speed 3500 1/min

Ty Nominal torque 10 Nm

u Line voltage 400 \%
Py Nominal electrical power 33 kW
Neln Nominal efficiency 0.92 -

Power electronics are essential for a micro hydroelectric unit, since the generated
electricity is mostly injected to the electrical network and the runner rotational speed
may vary. For the DuoTurbo pilot, commercial frequency converters are used for the
independent speed control and power regeneration of each generator. A third converter
is installed on the grid side for the synchronization and injection of the electrical energy.
The two four-quadrant converters on generator side can operate in drive mode for the
turbine startup and in regeneration mode during normal operation. The electrical power
is transmitted via direct current to the converter on the grid side. The runner speed is
controlled in sensorless mode. Because the industrial converters represent an important
portion of the total costs of the system, a custom electronic design may be crucial to achieve
marketability of the DuoTurbo turbine.

3. Characterization Methodology
3.1. Overview of the Characterization

The product characterization in terms of performance and hydraulic properties is
basically assessed by laboratory tests and numerical simulations. Potential characteristic
drifts caused by long term degradation are determined by advanced endurance tests carried
out at the pilot facility. A diagram of the power flow through the DuoTurbo turbine is
presented in Figure 6. Thereby, three types of values are distinguished:
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(a) Experimental data resulting from standard laboratory machine testing such as the
hydraulic power, the electrical power and the hydroelectric efficiency #;,_,;

(b)  Numerical data resulting from CFD simulations as part of the runner design proce-
dure such as the energy efficiency 7.;

(c) Power loss components estimated or measured by means of particular experimental
setups during the prototype investigation phase.

Apart from the efficiency terms, the dimensionless ¢ — i hydraulic characteristics
according to the IEC standard [30] can also be predicted by the numerical flow simulations
and be compared to experimental data. Theses hydraulic characteristics, depending only
on the hydraulic head, the discharge and the runner rotational speed, are key to validate
the CFD based runner design methodology.

Electrical power I:l Estimated

7\

y i I:l Simulated
D Measured

Electrical

power loss

Eddy current

power loss

SN Seal friction

—/ power loss

" Bearing friction

> \ power loss
a

58 :

o = 4N Disc friction
£8 N power loss
O

o 3

Q. O
xn a

/L : i Leakage flow

r — power loss

Hydraulic power

Figure 6. Definition of measured, simulated and indirectly estimated quantities on the power flow of
the DuoTurbo turbine.

3.2. CFD Simulations
3.2.1. Numerical Setup

To evaluate the generated hydraulic design of the product prototype, numerical
flow simulations have been carried out with the commercial finite volume solver AN-
SYS CEX 17.0. The software is solving the incompressible steady Reynolds Averaged
Navier-Stokes (RANS) equations in their conservative form and the mass conservation
equation [31]. Steady state numerical simulations have been performed using the SST
turbulence model [32]. The choice of the steady state flow model is justified by the fact
that numerous hydraulic design iterations are carried for the development of the product
prototype. Steady state simulations for design purposes of hydraulic machinery are widely
applied and stated appropriate to capture mean flow features and engineering quanti-
ties [33] and are even capable to evaluate complex operating conditions such as for no-load
speed determination [34]. A 2nd order spatial scheme with a specified blend factor of 1 is
used. A RMS MAX convergence criterion of 10~ is imposed, limiting the the maximum
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number of iterations to 700 per operating point. The equations are discretized in a full
computational domain with a mesh made with the ANSYS ICEM CFD 17.0 commercial
software, generating structured grids with hexahedral cells. The meshes of the four subdo-
mains are presented in Figure 7, while specific information is provided in Table 3. The y*
values, which represent the standardized thickness of the first wall layer, refer to near BEP
conditions with |w4| = |wg| = 2250 min~! and Q = 9 L/s. The grid resolution is chosen
according to previous numerical studies of a counter-rotating microturbine presented
in [15]. The automatic near wall treatment of the CFX solver accepts relatively large y*
ranges up to 100 for the SST turbulence model [35]. The presented mesh qualities are
therefore considered appropriate for the performed analysis.

Outlet

Stator B

Interface 3

Stator A Runner B

Runner A
Interface 2

Interface 1

Figure 7. CFD meshes, computational domains and boundary definitions.

Table 3. CFD mesh information.

Domain Nodes Elements y+ Mean yT Max
Stator A 401'274 378'880 13.64 30.64
Stator B 637'698 608280 14.30 74.11
Runner A 640’035 601’760 33.16 86.87
Runner B 895’158 839/808 24.32 62.85

The fluxes at the domain interfaces are computed using a General Grid Interface (GGI)
algorithm and a frozen rotor formulation is used. Boundary conditions are specified in
Table 4. The rotational angular speed values are imposed on the rotating domains.

Table 4. Definition of boundary conditions.

Boundary Condition
Inlet Mass flow rate
Outlet Outlet with average static pressure
Solid walls Smooth no-slip wall

Interface 1/2/3 Frozen Rotor, GGI
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3.2.2. Definitions for the Numerical Simulations Analysis

Since the leakage flow is not considered in the CFD simulations, the relation Q = Q;
applies, see Figure 6. Thus the meridional flow velocity in the runner flow section is:

40

Cm=———=
7 (Ds? — Dy?)

(6)
The discharge coefficients are then defined by means of the peripheral runner velocity

amplitude at the shroud diameter:
Cm

7= uA,s

@)

Cm
Pa=¢ ¢B = T 8)

The simulated specific energies of the different turbine domains correspond to
Equation (1), denoting the domain’s high and low pressure reference sections as A; and Aj;,
respectively. The position of the reference sections used for the different simulated specific
energy values are defined in Table 5 and Figure 7.

Table 5. Reference sections for the specific energy computations.

Variable Section A; Section A;
E Inlet Outlet

Eg Interface 1 Interface 2

Ep Interface 2 Interface 3

Eap Interface 1 Interface 3

Then, the different energy coefficients are computed by means of the corresponding
specific energy and the peripheral runner velocity at the shroud diameter:

p= 2L ©)

- 2
UA,s

2E, 2 Fg
= B =
uA,52 uB,s2

$a (10)

The energy efficiency values are then calculated with the simulated torque T acting
on the runner walls, composed of the blade, hub and shroud boundaries:

_ Tawa+ T wp

e = 0QE (11)
Thwgp Tp wp

= = 12

AT 0QEs T pQEs (2

The design of experiment for the numerical simulations was established with respect
to the nominal theoretical discharge coefficient and the speed ratio, as pointed out in
Figure 8. To investigate potential Reynolds effects, the same set of points was simulated
once close to the lower rotational speed limit and once close to the upper rotational
speed limit.
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Figure 8. Design of experiment for the numerical simulations.

3.3. Laboratory Hydraulic Performance Tests
3.3.1. Experimental Setup

To perform tests of small scale turbines, pumps and other hydraulic components,
HES-SO Valais-Wallis employs a hydraulic test rig, detailed in [36]. The DuoTurbo product
prototype was installed on the test rig for performance measurements of the complete
operating range. The testing section with the experimental setup for the DuoTurbo charac-
terization is shown in Figure 9. The experimental hydraulic layout with two parallel PRV’s
corresponds to the one implemented at the pilot facility (compare to Figures 2 and 10). This
setup also enables analyzing the transient interactions between the PRV’s and the turbine.
The transient measurements are not part of this publication.

Figure 9. Experimental setup on the hydraulic test rig of HES-SO Valais-Wallis. (a) DuoTurbo
turbine (b) Electrical cabinet (c) Control interface (d) Precision electrical multimeter (e) Bypass PRV
(f) Turbine branch PRV.

Three parallel recirculating multistage centrifugal pumps with variable speed supply
the test circuit with fresh water from a main reservoir. The meanwhile upgraded total
pumping power of 42.5 kW delivers a maximum discharge of 130 m3/h and a maximum
pressure of 16 bar. Using a pressurized downstream reservoir, the setting level of the testing
model can be adjusted to investigate cavitation phenomena. The test rig is controlled
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through a customized LabView® interface, whereby either the rotational speed of the
pumps, the head on the testing model or the discharge can be regulated. The measurements
and the control of the test rig are managed by a wireless data communication structure.

A
PS3  PRVI PS4
Upstream FM1
reservoir
g
(=)
2
MV1 MV2 FM2
A 4
A
Duo
EV1 PSI  qurbo PS2  PRV2 MV3

35m

Electricity
Regenerator

meter

L

Downstream
[ M reservoir

Figure 10. Installation scheme of the DuoTurbo pilot.

3.3.2. Testing Methodology

The instruments used to recover the hydraulic performances of the testing model
(detailed in [22]) involve briefly an electromagnetic flowmeter used to recover the discharge
and a differential pressure transducer for the testing head. Further, the electrical power
and the runner rotational speed values are measured with a precision electrical multimeter.
The characteristics of the main measurement instruments are presented in Table 6.

Table 6. Main characteristics of the laboratory measurement equipment.

Sensor Type Measured Quantity Range Accuracy
Electromagnetic Discharge 8-280 m?/h +£0.2%
flowmeter
Differential pressure Head 0-16 bar 40.1%
sensor
Rotational speed 0-50 kHz +0.025%
Prec151or} electrical . 0-32 Atrms +0.025%
multimeter Electrical power
0-1000 Vtrms +0.025%

A static testing methodology is applied, performing measurements at several constant
testing heads between 10 m and 80 m. Sets of operating points covering the w4 — wp
plane were statically measured for each head, implying rotational speeds from 750 to
3500 1/min. The experimentally determined specific energy E.y, is based on the static
pressure difference between the inlet and outlet pipelines, see Equation (13) at comparable
positions to the inlet and outlet boundaries of the CFD model. Since the swirl velocity at
the low pressure side is undetermined and therefore not taken into account for the head
calculation, a deviation between the measured and simulated specific energy values is
possible. However, this deviation only becomes important for significant swirls at severe
off-design conditions.

Pr—p1 2 Eexp (13)

E = —— ll) =
exp P) exp Uns 2
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Consequently, the measured hydroelectric efficiency #;,_,; is defined as:

Pel

= 14
Mh—el PQEexp (14)

Further, the experimentally extracted discharge coefficient ¢y, deviates slightly from
the simulated term, since the measured discharge includes the leakage discharge Q;:

exp — -
P UaP (D2 - Dy2)  Uas? mt(Ds2 — Dy2)

To estimate the volumetric losses, particular tests with sealed runner blade passages
were carried out during the laboratory prototype investigations, forcing the discharge to
pass trough the labyrinth seals. In this experimental configuration, the leakage discharge
as function of the static pressure difference on the labyrinths could be characterized.

3.4. Pilot Endurance and Performance Tests
3.4.1. Hydraulic Scheme and Monitoring Equipment

Endurance tests are crucial to evaluate degradation and reliability of the developed
system under real operating conditions. For this purpose, a DuoTurbo pilot is installed at a
pressure reducing station situated in the drinking water network of Saviese, VS Switzerland.
The pressure reducing station is located between two drinking water reservoirs with an
available altitude difference of about 190 m to the upstream free surface. The discharge
in the hydraulic network is ruled by the level of the downstream reservoir that varies
as function of the water demand in the underlying distribution network. The resulting
consumption driven operating mode is typical for drinking water supply systems. The
hydraulic scheme of the DuoTurbo pilot, along with the main hydroelectric elements and
instrumentation, is shown in Figure 10.

The hydraulic layout with two parallel PRV’s corresponds to the one tested in the
laboratory framework. To recover the hydraulic variables, two flow meters (FM1 and FM2)
and four pressure sensors (PS1-PS4) are used. For security reasons, a solenoid valve (EV1)
is placed upstream the hydraulic machine, to fully isolate the turbine branch in case of
a severe leakage flow. Thus, a water detector (LD1) needed to be installed to initiate the
closure of the solenoid valve. Leakage may occur due to a rupture of the polymer tube
in the generator gap or due to advanced wear of the mechanical seals. The mechanical
behavior is supervised by a vibration sensor, placed on the housing of the turbine. Electrical
parameters are recovered from the variable frequency drives and an electricity meter at the
grid connection of the pressure reducing station. A list with specifications of the principal
hydro-mechanical sensors is provided in Table 7. An illustration of the DuoTurbo pilot
is provided in Figure 11. The installation is controlled and supervised by remote via a
GSM antenna.

Table 7. Main hydromechanical instrumentation of the DuoTurbo pilot.

Pos. Identifier Sensor Type Measured Quantity Range Accuracy
a VS1 Vibration Housing acceleration —245-245 m /s? +0.2%
b PS2 Abs. pressure Turbine outlet pressure 0-20 bar +0.15%
c PS1 Abs. pressure Turbine inlet pressure 0-20 bar +0.15%
d PS4 Rel. pressure PRV1 outlet pressure 0-30 bar £0.1%
e PS3 Rel. pressure PRV1 inlet pressure 0-30 bar +0.1%
f M1 Flowmeter Bypass discharge 3-75L/s +2%

g FM2 Flowmeter Total discharge —147-147L/s £0.2%
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Figure 11. Installed DuoTurbo pilot in a drinking water supply network at Saviese (VS Switzerland).
The positions (a—g) refer to the instrumentation list given in Table 7.

3.4.2. Pilot Measurement Definitions

The total specific energy E;,; theoretically available for electricity generation is defined
by the static pressure difference between the inlet and outlet hydraulic junctions of the
pressure reducing station and is, inter alia, governed by the setting levels of the PRVs.
Neglecting the specific energy losses of the elbows, Tjunctions and manual valves, the
total specific energy is actually approximated as follows (compare to Figure 10):

Erot ~ Eppyy = P23 _PPSt (16)
P
Neglecting the residual outlet swirl of the hydraulic machine, according to the labora-
tory testing methodology, the specific energy extracted by the turbine E;,,; is calculated
as follows:
E,, = PPSL_PPsa (17)
[y

The residual head on PRV2 that is significant during part load conditions, is inevitably
dissipated. Again, assuming negligible head losses in the piping and valves, the head on

PRV2 is approximated as:

__ PPs2 — Pps4

Epryo = o (18)

Finally, the following obvious equilibrium applies for any operating point:
Etot = Epyrp + Eprv2 (19)

The accumulated hydraulic energy released from the hydraulic circuit by the micro-
turbine is specified as:

ty
Wy =p /fo Eturb(t) Qturb(t) dt (20
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The accumulated energy recovered by the electrical generators is:
31
Wa= [ Pl at (21)
0

Considering the auto-consumption of all electronic components like drives, controllers,
sensors and solenoid valves yields the net electrical energy W, ,,.; injected to the grid.

4. Results
4.1. CFD Simulation Results

A graphical representation of computed instantaneous relative velocity streamlines
at nominal operating conditions is given in Figure 12. The color scale W* indicates the
ratio between the local relative flow velocity amplitude W and the average meridional flow
velocity Cmy at the circular high pressure reference section of the computational domain.
Detailed results of the shown nominal operating point, as well as the maximum power
point of the product prototype, are provided in Table 8. For both cases, the speed ratio is
1. One may notice that relatively low specific speed values (see Equation (22)) of about
16 are targeted to match the pilot drinking water facility’s characteristics. From [37] one
may deduce typical specific speeds of 135-320 for axial flow turbines, 50-150 for semi-axial
flow turbines and 10-50 for radial flow turbines. Since the DuoTurbo turbine remains a

purely axial flow machine, the low specific speed values seem rather unfavorable for the
turbine’s performance. Nevertheless, very acceptable energy efficiencies above 80% could
be found by the CFD simulations. This result may indicate that double rotor axial designs
have increased capabilities of handling low specific speed conditions compared to single
rotor axial designs. Thus, it can be stated that the design range of a DuoTurbo turbine
is considerable.

ng = n[1/min)(Q[m?/s])** (H[m])~*7 (22)

225
[ -

Figure 12. Instantaneous relative velocity streamlines for Q =9 L/s, n4 = 2250 min~! and & = 1.

Table 8. Simulation results for nominal conditions and maximum power.

Q E Ex Eg Py Py 7e g
[L/s] [J/kgl [J/kgl [J/kgl [W] [W] [-] [-1

9 302 151 144 2/712 2239 0.83 16.3

14 727 363 348 10'162 8509 0.84 16.4

The simulated energy efficiency and energy coefficient of runner A as function of its
discharge coefficient are provided in Figure 13a. The three colors represent different values
of the speed ratio a and the two symbols indicate the low and high rotational speed regimes
close to the lower and upper speed limits of the generators. Since the inlet flow remains
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always axial for the front runner, the efficiency and energy coefficient curves remain similar
for variable speed ratios. Nevertheless, a slight effect of « on the first runner’s efficiency
close to BEP conditions is observed, thus, an impact of the rear runner’s inlet flow condition
on the front runner’s outlet flow condition can be anticipated. This influence is observed
only when the speed ratio is decreased (red curve where a = 0.5), causing a decrease of
about 2% of the energy efficiency around BEP conditions. In the high velocity regime with
increased Reynolds numbers, the energy efficiency of the front runner is increased by about
2% compared to the low velocity regime, regardless the speed ratio.

In Figure 13b, the simulated energy efficiency and hydraulic characteristics of runner
B are presented. One can observe a strong effect of the speed ratio on the rear runner’s
energy efficiency and energy coefficient. Indeed, the second runner’s inlet flow is strongly
coupled to the first runner’s rotational speed. Consequently, clearly distinct characteristics
curves are observed for each speed ratio. The maximum simulated energy efficiency of
the second runner is about 10% higher compared to the first runner. Moreover, increasing
the speed ratio tends to decrease the second runner’s peak efficiency. It can further be
observed that the efficiency curves decay more rapidly out of BEP conditions compared to
the first runner’s results, whereas the variation of the speed ratio counteracts the efficiency
decrease importantly.

15
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(c) Runner A and runner B. (d) Complete numerical domain.

Figure 13. Simulated energy efficiency and ¢ — ¢ characteristics.

In Figure 13c¢, the numerical results referring to the two runner’s entity are presented.
It can be observed that the variation of the speed ratio prevents a significant drop of
efficiency for changing flow conditions. Thus, the variation of & significantly increases
the operating range and the flexibility of the turbine. The envelope formed by the three
efficiency curves resembles to the one of the rear runner presented in Figure 13a. Thereby
it must be noticed that the kinetic energy at the outlet of the front runner would not be



Sustainability 2021, 13, 10717

18 of 26

recovered without the rear runner. It would therefore be misleading to conclude that
comparable performances can be achieved with a single vaneless runner regarding the
extraction of hydraulic energy. The current hydraulic design shows only a slight change of
the hydraulic characteristic curves as function of the speed ratio that indicates, in some
way, the limitations of a fixed geometry design in terms of flexibility. For example, the
@ — 1 representation of a Francis turbine with adjustable guide vanes would typically show
distinct characteristics curves for each opening value, comparable to Figure 13b (right).

Finally, in Figure 13d, the results obtained from the total numerical domain between
the inlet and outlet reference sections are presented. In contrast to Figure 13c, the two
stator domains are included, each one featured with 4 axially aligned stay vanes to support
the turbine hub. Obviously, the outlet stator is expected to interact with the flow when a
residual swirl is exiting the rear runner. Indeed, the axial realignment of the flow by the
outlet stator slightly modifies the energy coefficient curves at high discharge coefficients.
The three curves are almost perfectly matching regardless the speed ratio. Additionally, a
slight decrease of efficiency occurs due to the additional head losses in the stator domains.
For all numerical results, a slight Reynolds effect is observable, leading to an increase of
the energy efficiencies in the order of 2-3% at the high rotational speed regime, thus, at the
high power regime.

4.2. Laboratory Test Results

According to the testing strategy, operating points covering the w4 — wp plane are
captured for each constant testing head. Correspondingly, for each measured plane, the
electrical power and the discharge are interpolated. Using these interpolation surfaces, the
maximum electrical power as function of the discharge can be deduced for each head value.
The resulting curves are then used to construct a global hill chart of maximum electrical
power, provided in Figure 14. The corresponding efficiency values on the maximum
power hill chart are provided in Figure 15. Operating limits are imposed by the admissible
rotational speed and generator torque. It can be expected that the low specific speed of
the current hydraulic design (see Table 8) is causing the rather narrowly shaped operating
band. On both hill charts, the Maximum Power Line (MPL) is indicated that represents the
most beneficial operating conditions in terms of energy output. The MPL is used for the
programming of the rotational speed control algorithm implemented at the pilot facility.
The speed ratio varies from 0.4 to 1.6 inside the presented hill charts. The maximum
specific energy for long term operation is actually limited to 750 J/kg to reduce the risk of
premature wear of the runner bearings. A hydroelectric peak efficiency of 59% is detected
that lets anticipate non-negligible amounts labyrinth leakage, disc friction and mechanical
power losses.
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Figure 14. Measured maximum electrical power hill chart along with the Maximum Power
Line (MPL).
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Figure 15. Measured hydroelectric efficiency hill chart at maximum electrical power along with the
Maximum Power Line (MPL).

4.3. Comparison between Laboratory Tests and Numerical Simulations

To validate the CFD based hydraulic design methodology, a comparison between the
numerical and experimental hydraulic characteristics is performed. In contrast, a compari-
son regarding the energy efficiency remains challenging, since a direct measurement of the
transmitted mechanical power (see variable P; defined in Figure 6) is not possible with
the actual mechanical configuration. Keeping in mind that additional optimization steps
may be justified for a final commercialization, the main objective of the product prototype
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development concentrates on the proof of advanced readiness levels of the technology.
A detailed analysis of the various power losses is therefor not part of the present paper.
The comparison between the simulated and measured correlations between the energy
coefficient and the discharge coefficient for different ranges of the speed ratio are presented
in Figure 16. The absolute errors are calculated according to Equation (23) with respect to
the maximum energy coefficient {exp = 50.6 contained in the analyzed data set.

o Ysim — wexp (23)

6‘llbs - max(l,bexp)

It should be mentioned that discrepancies in the compared data occur due to the
distinctions between the measured and simulated energy and discharge coefficients. If the
volumetric losses would be captured in the laboratory tests, the experimental characteristic
curves would shift towards the left, resulting in a positive offset of the energy coefficients.
Actually all presented energy coefficients are already greater than the simulated ones, thus
the integration of the volumetric losses would further increase the discrepancies. On the
contrary, the experimental energy coefficient is overestimated if an outlet swirl is present,
which would lead to a better agreement of the compared values. Moreover, the machining
tolerance of the runners as well as surface roughness effects are additional sources of
deviations. The maximum absolute error in the presented data sets is about 8.1% for the
maximum measured energy coefficient value. The error tends to increase with increasing
discharge coefficients that could be related to the limited capability of the steady state flow
model far from BEP conditions. Around the BEP conditions, the observed errors indicate a
quite fair agreement between simulation and laboratory tests, that lets conclude that the
hydraulic design procedure is reasonably reliable.
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Figure 16. Comparison between simulated and measured hydraulic characteristics.
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4.4. Pilot Monitoring Results

The following monitoring results were registered between 15 May 2019 and 20 May
2020. During this period of 52 weeks, the DuoTurbo pilot was almost permanently in
operation, without requiring any significant human interventions. The reliability and
functionality of the system under real conditions is therefore demonstrated in operational
environment at pre-commercial state that can be attributed to a technology readiness level
of 7 [38]. At steady flow conditions, the rotational speed of the turbine runners is controlled
through a Maximum Power Point Tracking (MPPT) method [19] to constantly maximize
the generated power. In case of transient flow, a sensorless control loop brings the machine
rapidly back on the MPL illustrated in Figures 14 and 15. This approach is comparable
to the idea of modified affinity laws in hydraulic machines towards the Best Efficiency
Line (BEL) proposed by [39], whereas the BEL and MPL may not coincide depending on
the hydraulic scheme. Indeed, if head reserves are available for a given flow (if a PRV is
operating downstream the turbine), the operating point may be adapted to increase the
head recovered by the turbine. This may lead to an increased power output, not necessarily
respecting the BEL.

The evolution of the specific energies of the turbine, PRV2 and the complete pressure
reducing station as function of the total discharge, along with the relative cumulative
discharge frequency, is pointed out in Figure 17. A time frame of 4 weeks is used for the
head statistics, whereas the discharge data of the whole year is respected to derive the
frequency of the flow rates. The variability of the data within intervals of 1 L/s is used
for the evaluation of the sample standard deviation s. Exceeding a threshold of 5.5 L/s,
the turbine start-up is initiated and the turbine branch is opened, see point (a). Falling
below 5 L/s, the turbine branch is closed and the turbine is put to standby mode. At point
(b), that corresponds to the maximum admissible discharge of the machine, the turbine
head and the total net head tend to cross. In this situation the turbine branch PRV is no
longer able to maintain the adjusted pressure level at the outlet of the station. Therefore,
the bypass PRV will gradually open if the discharge increases further. It can be observed
that the residual head loss of PRV2 reduces the potential output power of the turbine in the
discharge range above point (b). From Figure 17 one can further deduce that about 10% of
the flow rates are below point (a) which do not contribute to the energy production. About
83% of the flow rates are situated between point (a) and point (b) and about 7% of the flow
rates exceed the maximum discharge capacity of the machine at point (b).

The maximum and average vibration velocity amplitudes 9, for weekly measurement
periods as function of the elapsed operating time f,;, are presented in Figure 18 (left). The
intensity of vibration is directly related to the rotational speed, as shown in Figure 18 (right).
An eigenmode of the structure is excited around 1, = 2000 min~!. The alarm threshold for
the temporary vibration amplitude is fixed at 2 mm/s. After about 3400 h of operation, a
decrease of the vibration intensity can be observed. This is due to the decrease of discharge
during the winter period resulting in a shift of the rotational speed range.
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Figure 17. Monitored behavior of the specific energy of the pressure reducing station, the Duo-
Turbo turbine and PRV2 as function of the total discharge, along with the relative cumulative
discharge frequency.
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Figure 18. Pilot vibration monitoring. Weekly maximum and average vibration velocity amplitudes
(left) and example of the vibration variation during one week (right).

In contrast to the laboratory tests, the monitored hydroelectric efficiency seems to
decrease towards the maximum power levels, as pointed out in Figure 19 (right). This is
probably due to a misjudgment of the turbine discharge close to the opening point of the
bypass, since the bypass flow meter is not reliable for small discharge values. In Figure 19
(left), the trend of the weekly hydroelectric efficiency statistics inside the hydraulic power
range between 7 kW and 8 kW is shown. Mean values fluctuate within a range of about
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7%, whereas, no systematic drift can be observed. It is therefore assumed that no important
degradation of the runner blades or labyrinth seals has developed so far.

P, €[7,8 kW top = 3000 h
70 : . 65 . :
65
60 |
= 60 =
T 55 s
S S
50 |
50
45 45
0 2400 4800 7200 2 4 6 8 10 12
top [ ] Py, [ kW ]

Figure 19. Efficiency monitoring of the DuoTurbo pilot. Weekly statistics for a fixed power interval
(left) and example of a weekly efficiency variation as function of the hydraulic power (right).

The evolution of the different accumulated energies of the DuoTurbo pilot are pre-
sented in Figure 20. The meteorological seasons are indicated by colors. The drop of
discharge at the end of autumn is significant and consequently the production rate is quite
low during winter. About 13 MWh of injected electrical energy are counted during the
pilot’s first year of operation. The registered hydraulic energy exploited by the turbine
corresponds to 27 MWh. The average injected electrical power is 1.88 kW with an average
overall system efficiency of 48% (water to wire).
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Figure 20. Monitored accumulated energies and weekly discharge average of the DuoTurbo pilot.
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5. Conclusions

The drinking water industry hides a considerable hydraulic energy potential that
remains mostly unexploited for gross capacities of a few kW. In this context, the DuoTurbo
research project was initiated to provide a complementary solution for energetic exploita-
tion of drinking water networks in the power range between 5 kW and 25 kW. A new
hydroelectric system with a counter-rotating microturbine is developed and installed for
long term tests at a drinking water facility. The counter-rotating architecture with particular
variable speed rim generators enables a compact design, reaching relatively high specific
energy values with extended operational flexibility compared to single degree of freedom
solutions. The present study provides an overview of the different technical concepts
and methodologies applied for the development of a product prototype with advanced
technology readiness level. The particular double rotor hydraulic design is developed
and characterized by steady state CFD RANS simulations. The numerical investigations
point out the significance of the speed ratio of the system that allows for an extension
of the high efficiency range facing important variations of the discharge coefficient. No
significant offsets between the characteristic lines of each simulated speed ratio in the
@ — i plane are observed considering the complete turbine domain. This result indicates
the limitations on hydraulic flexibility of a fixed geometry hydraulic concept. Despite
the currently very low specific speed value of about 16, an energy efficiency greater than
83% could numerically be revealed. This indicates an increased capability of double rotor
axial designs handling low specific speed regimes compared to single rotor solutions.
The specific speed range of the DuoTurbo turbine could be increased to more than 135
according to typical axial flow designs. Thus, the design range of the DuoTurbo turbine
is considerable. In a complementary development step, advanced laboratory tests are
performed on a hydraulic test rig to validate the design methodology and to reveal the
final characteristics of the product prototype. The tests are conducted at several constant
heads between 10 m and 80 m while varying the rotational speeds of each runner to capture
the entire characteristics and hydroelectric efficiency of the system. A peak hydroelectric
efficiency of 59% is measured that lets estimate a still relatively high amount of power
losses from labyrinth leakage flow, disc friction and mechanical friction. The measured
energy coefficients and discharge coefficients are then compared to the steady state RANS
simulation results, showing a maximum absolute error of almost 8% in the high energy co-
efficient range, but displaying fair agreements close to BEP conditions with absolute errors
widely far below 5%. The hydraulic design procedure is therefore considered reasonably
accurate. For the final step of the system validation, a DuoTurbo pilot was commissioned
in May 2019 at a pressure reducing station of a drinking water supply network. A complete
year of operation counting more than 6’890 operating hours is monitored that confirms
the functioning, stability and reliability of the system to a large extend. The vibration
level on the turbine housing as well as the hydroelectric efficiency do not show significant
deviation trends during the long-term endurance testing. The demonstration of the system
in operational environment at pre-commercial state is validated that can be attributed to
a technology readiness level of 7. This state includes briefly the in-field operation of the
demonstrator adaptable to different operational environments and the verification of the
expected efficiency and system stability under long-term real-time operational conditions.
The present work demonstrates the technological capability of a counter-rotating micro
turbine to recover hydraulic energy from existing water facilities in the power range of a
few kW. Subsequent to the endurance tests, research on the required commercialization
steps to transform the DuoTurbo concept into a viable MHP solution would typically be
addressed. The further steps would also require the broadening and fine tuning of the
hydraulic, mechanical and electrical designs along with system scaling considerations in
order to target a wide range of potential drinking water networks.
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