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ARTICLE INFO ABSTRACT

Keywords: Pumped Hydro Energy Storage (PHS) provides over 90% of the global long-duration energy storage capacity, yet
Pumped hydro storage many regions lack the steep terrain required for conventional high-head PHS. Low-head pumped hydro energy
Energy storage storage (LH PHS) systems address this gap in flat topographic regions but requires efficient pump-turbine

Laboratory tests

Hydraulic machine characterization
Contra-rotating

Pump-turbine

technology for operation at variable low heads. This study investigates the use of a variable-speed contra-
rotating pump-turbine (CR RPT) for LH PHS applications, presenting experimental results from a model-scale test
rig stablished at Technische Universitat Braunschweig. This test rig uses two open water surface tanks to provide
head, unlike conventional hydraulic test rigs that use pumps. The CR RPT achieved hydraulic efficiencies over
80% for a wide range of operating conditions, peaking at 86.1% and 88.4% for pump and turbine modes,
respectively. Additionally, dimensionless analysis revealed that the CR-RPT occupies a unique place in the
market and that it achieves the largest power density among comparable hydraulic machines, facilitating greater
power output and thus streamlining mechanical and civil engineering requirements for LH PHS.

For those regions, the need for a low-head pumped hydro energy storage
(LH PHS) technology concept arises.

LH PHS was first mentioned in the 1980s by the Dutch engineer Luc
Lievense as, in the context of the 1973 oil crisis, LH PHS came up as a
way of utilizing and storing wind energy [4]. However, the plan was
never implemented due to scarce wind power technology development,
environmental concerns, and large initial investment costs. In 2007,
KEMA Consulting presented a new LH PHS solution which was also not
realized due to economic concerns [5,6]. Nowadays, as the share of
renewable energies in the EU keeps growing and several offshore wind
energy projects are already implemented with more to come in the
following years, the feasibility of LH PHS is again being studied. Projects
such as DELTA21 [7,8] and ALPHEUS [9] are currently developing

Introduction

Pumped hydro energy storage (PHS) is the most widespread form of
large scale energy storage. According to the International Hydropower
Association over 90 % of the long-duration energy storage in the world
corresponds to PHS [1]. PHS grows in importance as more renewable
energy sources are connected to the electric grid because of its ability to
store energy and release it in-demand, which is not possible for
renewable energy technologies such as wind or solar power. Currently
operating PHS systems make use of large gross heads (100-800 m)
[2,3]. However, flat topography areas such as northern Germany, the
Netherlands, and Belgium do not have suitable high-head topography.
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Nomenclature

Abbreviations

Enp Energy coefficient

Rev, vertical distance from the centerline of pipe 1 to each of the
pressure transducers (m)

hpe pipe 1 centerline height (m)

h spillway height (m)

Hp Net head in pump mode (m)

Hr Net head in turbine mode (m)

Hy head correction factor(m)

H; corrected head (m)

Hyawdat; Head in meters as measured in the raw data (m)

Hitaric, measured head at each pressure transducer when the lower
tank is filled up to its maximum level and the butterfly
valves are closed (m)

Hy theoretical pressure head (m)

Nep Speed factor

TMprot rotational speed at prototype scale (rpm)

Py hydraulic power available to the machine (kW)

Prp Power factor

Pp mechanical power (kW)

Pup Power coefficient

Prorm normalized power

Pprot Power at prototype scale (MW)

Qzp Discharge factor

Qup Discharge coefficient

Qprot Discharge at prototype scale m3/s)

Qg specific speed for pump mode

Qg power specific speed for turbine mode

Nnorm normalized efficiency

AL Geometric scale

T hydraulic torque (Nem)

75 friction torque (Nem).

Tg measured torque (Nem)

AF Axial Flux

ALPHEUS Augmenting Grid Stability Through Low Head Pumped
Hydro Energy Utilization and Storage

BEP Best Efficiency Point

BV1 Butterfly valve 1

CR RPT Contra rotating reversible pump turbine
DAQ data acquisition system

LH PHS Low head pumped hydro storage

LWI LeichtweiB Institute for Hydraulic Engineering and Water
Resources

PAT Pump As Turbine

PHS pumped hydro storage

PMSM  Permanent Magnet Synchronous Motor

R0.70 speed ratio 0.70: rotational speed of Runner 2 divided by
rotational speed of Runner 1 = 0.70

RO.75 speed ratio 0.75: rotational speed of Runner 2 divided by
rotational speed of Runner 1 = 0.75

R0.80 speed ratio 0.80: rotational speed of Runner 2 divided by
rotational speed of Runner 1 = 0.80

R0.90 speed ratio 0.90: rotational speed of Runner 2 divided by
rotational speed of Runner 1 = 0.90

R1.00 speed ratio 1.00: rotational speed of Runner 2 divided by
rotational speed of Runner 1 = 1.00

rad/s radians per second

Re Reynolds number

rpm revolutions per minute

ps revolutions per second

SI International System of units

STO safety torque off

V1 fully open valve

V1/2 half open valve

V1/4 valve opened at one quarter of its capacity

D diameter (m)

E specific hydraulic energy (J/kg)

H head (m)

J rotational inertia of the drivetrains (kg/m?)

L Characteristic length (m)

P Power (W)

Q discharge (I/s)

T Runner torque (Nem)

g gravitational acceleration (m/s%)

n rotational speed (rpm)

u fluid speed (m/s)

n Hydraulic efficiency

u dynamic viscosity of water

p water density (kg/m>)

[0} runner rotational speed (rad/s)

w rotational speed (rad/s)

designs and assessing the feasibility of the LH PHS concept.

Existing LH PHS studies consider a closed dike ring where pump-
turbines are installed. The dike ring creates a separation between the
sea and the inner basin. A recent optimization study of the dam volume
by Prasasti et al. [10] resulted in a dike ring diameter of 1.6 km. Due to
both safety concerns and dike volume optimization [11], LH PHS de-
signs consider a lower dike with the water level in the inner basin being
lower than that of the sea. The gross head used in LH PHS is expected to
be between 5 and 30 m [11,12]. LH PHS operates similarly to tradi-
tional PHS, when there is excess renewable energy generation the hy-
draulic machines pump seawater from the inner basin to the sea,
lowering the water level in the inner basin and creating a water level
gradient between the sea and the inner basin. When electricity is
needed, seawater can be turbined into the inner basin, producing elec-
tricity and raising its water level [6].

LH PHS cannot make use of existing pump-turbine technology
deployed for mountainous regions, as current pump-turbine technolo-
gies work efficiently for high head and low discharge conditions [12].
Additionally, LH PHS should make use of machines able to work

efficiently under variable low-head and discharge conditions to keep
power and storage capacities similar to those currently available in PHS
systems [12]. It should be noted that a head variation of a few meters in
a LH PHS system working at 5-30 m is much more significant than it is
for a high head PHS system working at 100-800 m.

Currently, bulb turbines are used in tidal energy projects around the
world, working under low-head and high discharge conditions. Their
efficiency is high for turbine mode, while low for pump mode. The La
Rance bulb turbine has a maximum efficiency of 92 % in turbine mode,
yet only 66 % in pump mode [13]. Other bulb turbines, such as the ones
used by the Annapolis tidal power plant, are not used in pump mode.
Dixon and Hall [14] show that bulb turbines, typically used in tidal
energy plants, work for maximum heads of 20 m and that Francis tur-
bines generally work with heads much larger than 30 m. Kaplan tur-
bines can work efficiently at operating conditions within the range of LH
PHS by adjusting the runner blade angle but this can lead to fatigue
failure over time [15,16]. A recent study showed similar wide operating
conditions when fixing the runner blade angle and running the machine
at variable speeds [17]. However, no studies on Kaplan-type pump
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performance has been reported in literature. Thus, there exists a lack of
knowledge pertaining to efficient pump-turbines for variable low-head
conditions that this work is targeting to fill.

Variable-speed contra-rotating pump-turbines have recently been
considered for LH PHS [12,18]. Contra-rotating pump-turbines operate
using two impellers that rotate in opposite directions. They operate at
larger discharge compared to mixed or radial-flow machines. Its main
advantage compared with a single runner pump-turbine is that it oper-
ates efficiently at a wider range of head and discharge conditions [18].
Computational fluid dynamics studies have been carried out to investi-
gate the use of these type of hydraulic machines for LH PHS [19,20].
However, no experimental data on contra-rotating pump-turbines
designed for LH PHS is available in the literature. Considering this, a
realistic model-scale test rig was built in the hydraulics laboratory of the
Leichtweif Institute for Hydraulic Engineering and Water Resources
(LWI) of Technische Universitat Braunschweig (Germany), using two
open water tanks. This is a unique feature as the test rigs reported in
literature make use of pumps in a closed-loop system to provide head.

This study evaluates steady state data produced using a variable-
speed contra-rotating reversible pump-turbine (CR-RPT). The design of
the tested model-scale CR-RPT is based on the runner geometry pub-
lished by Fahlbeck et al. [20] which includes a 276 mm runner that is a
1:22 scale of a prototype runner with a 6 m diameter, 10 MW power
output, a design head of 9 m, a design discharge of 130 m®/s, and a
design rotational speed of 50 rpm. While Kaplan turbines are efficient in
this operating range, they cannot operate with large discharge to pro-
duce 10 MW. The studies from Valero et al. [21] and Reivax [22]
examine Kaplan type turbines operating at heads of 12.5 mand 17.5 m
with discharges of 50 m®/s and 31.2 m%/s, respectively, generating 6
MW and 5 MW.

This study contributes to the literature by, for the first time,
providing and analyzing experimental data regarding a variable-speed
CR-RPT designed for LH PHS systems. The primary objective of this
study is to evaluate the performance of the CR-RPT in the LWI test rig by
assessing its efficiency across a wide range of operating conditions and
disclosing its characteristics at its best efficiency point (BEP) to discuss
its potential use in a LH PHS system. The secondary objective is to
compare the CR-RPT performance to that of other available hydraulic
machines in the literature.

Section 2 describes the present CR-RPT test setup characteristics and
the performance evaluation so that the tests can be replicated. Section 3
shows the results obtained at the laboratory test rig. Section 4 discusses
the applicability of the results. Section 5 summarizes the main

Lower tank ——

Spillway -
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conclusions of the present work.
Experimental setup and methodology
Test rig description

The CR-RPT performance tests were conducted between February
and March of 2024 in the hydraulic laboratory of the LWI at TU
Braunschweig, Germany (see Figs. 1 and 2). The setup includes two open
surface water tanks acting as upper and lower basins. The lower tank
features an adjustable spillway which permits water levels of 1.7 m,
2.2 m and 2.7 m. However, the machine suffers cavitation for spillway
heights below 2.7 m in both pump and turbine modes, so the water level
of the lower tank is kept at 2.7 m throughout the experiments. The
elevated tank is continuously fed with water from the main reservoir of
the laboratory and features a spillway, maintaining a constant water
surface elevation of 10.5 m. This configuration results in a gross head of
7.8 m. The lower and elevated tanks are connected by two different
pipelines, denominated pipe 1 and pipe 2. Both pipes include a butterfly
valve to regulate discharge. Pipe 1 entails the CR-RPT and it consists of
sections of a standard EN10217-2/10219-1 [23,24] steel pipe of DN500
PN10 that connects, via two conical pipes (DN500 — 277 mm), to a
smaller pipe section (277 mm in diameter) containing the CR-RPT. The
conical pipe at the intersection of pipe 1 with the lower tank minimizes
head loss both in turbine and pump mode by reducing flow velocity.
Pipe 2 is composed of sections of (EN10217-2/10219-1) DN 300 PN10
pipe and it is used exclusively to fill in the lower tank during pump
mode. In pump mode the water flows from the elevated tank into the
lower tank via pipe 2 and then it is pumped back to the elevated tank
using the CR-RPT in pipe 1. A detailed description of the test rig used in
this study is found in Hoffstaedt et al. [25].

During normal operation, the butterfly valve 1 (BV1) (see Fig. 1) is
always open. However, it is used during a specific test run (see Section
“Results from the CR-RPT test rig”) to modify the head (also affecting the
discharge) input to the CR-RPT in turbine mode.

The CR-RPT (see Figs. 3 and 4) consists of two contra-rotating run-
ners of 276 mm in diameter installed inside a transparent pipe made of
acrylic glass, allowing for visual access to both runners, with an interior
diameter of 277 mm. These runners are mounted on a hub of 124.5 mm
in diameter, whose axis is parallel and concentric to that of the outer
pipe. The hub contains the runner shafts, as well as the necessary
bearings and seals to transfer the torque of the runners with minimal
losses. Both of the runner shafts connect perpendicularly to the motor

Elevated tank —.

Pipe 2

— Pipe 1
Gate valves —— 4

[~ Butterfly

T Butterfly
valve 1

Fig. 1. 3D representation of the hydraulic components of the test rig, indicating where the CR-RPT is positioned.
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Flevated Tarq

Gate valve—

\
\
\

DN500

| - CR-RPT F|0¥vmeter Butterfly valve 1 5
DN500 ] [ -__DN500 Lﬂ%ﬂ 490 mm
500 mm.- 2500 mm.- - 3945 mm._ 22500 mm.- 5%
1385 mm—— 14385 mm.
1988 mm.————

Fig. 2. Schematic drawing of pipe 1 and the tanks.

pumpmode g

Turbine Mo%e -

Structural struts
Runner 1—

_."' Shaft sleeve 1

|
|
|
|

Nl

— Shaft 1 strut
Shaft sleeve nose

L Elliptic Struts

Structural struts —;

Runner 2

Shaft sleeve 2

Shaft 2 strut —

- Elliptic Struts

Fig. 3. 3D representation of the CR-RPT including its components. By colors: blue — Runner 1, cyan — Runner 2, yellow — structural and shaft struts (provide stability
to the shaft and runner ensemble, and shaft struts also hosts the shaft connecting the bevel gears with the torque meter and thus the electric machines), magenta —
elliptical struts (extra support, shaped elliptical to minimize turbulence), green — shaft sleeve (separates bearings, shaft from surrounding fluid), red — shaft sleeve
nose. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

shafts by the use of bevel gears inside the shaft sleeves, and the motor
shafts are positioned inside the shaft 1 and 2 struts seen in Fig. 3.
Appendix A shows a mechanical drawing of the arrangement. This
power take-off was chosen to minimize interference with the water flow
surrounding the runners. The CR-RPT includes a lubricant oil feeder that
circulates the lubricant oil within the hub of the machine. This lubricant
oil flows through all bearings, ensuring low friction forces.

Each runner is driven by a tailor-made axial flux (AF) permanent
magnet synchronous machine (PMSM) [26], coupled to ABB drives
(ACS880). This allows to control the speed of each of the runners indi-
vidually, increasing the operating range of the machine. Fig. 4 shows a
photograph of the CR-RPT alongside the electric machines and Fig. 5
presents a close-up of the runners at rest.

Operating procedure

The test rig operates in both turbine and pump mode, with a
maximum torque limitation of 200 Nem imposed by the bevel gears. The
drives are programmed to limit the torque to 200 Nem.

To limit the maximum torque during turbine mode start-up, the BV1
is slowly opened while monitoring the measured torque. When the
measured torque is between 100-150 Nem, the machine is accelerated
until n; = 500 rpm, ny = 400 rpm (n; and ny represents the rotational
speed of Runner 1 and Runner 2) and the BV1 is fully opened. Steady-
state experiments are then carried out at various speed ratios, specif-
ically np/ n; =1.00, 0.90, 0.80, 0.75 and 0.70, denoted as R1.00, R0.90,
R0.80, R0.75, R0.70 throughout the manuscript. For each speed ratio,
the machine is accelerated from n; = 500 rpm up to 1200 rpm (1250
rpm for R0.75) in steps of 100 rpm. Each speed setpoint is maintained
for 60 s allowing the test rig to achieve steady-state conditions. After
reaching the maximum speed, the machine is decelerated again in steps
of 100 rpm down to n; = 500 rpm. This procedure allows data evalu-
ation during both acceleration and deceleration (see Section
“Accelerated and decelerated setpoints”). The minimum speed of 500
rpm is chosen as flow separation is observed through the acrylic glass at
lower speeds. This lower speeds are in the low efficiency range, being
irrelevant for the objectives of this study.

For pump mode start-up, the water level at the lower tank must be at
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Fig. 4. Photo showing the CR-RPT in operation, with runners visible through
the acrylic pipe. The AF PMSM and the lubricant oil system are included in
the photo.

Fig. 5. Detail of the CR-RPT runners seen thought the acrylic glass in a static
position at the test rig.

a constant 2.7 m, which is ensured when the pipe 2 feeds water into the
lower tank. Then, while the BV1 is closed, the machine is accelerated
following a startup sequence developed to limit the maximum torque
below 200 Nem [19]. To ensure this the runners are accelerated to n; =
ny = 700 rpm and then Runner 1 is accelerated to 1250 rpm while
simultaneously opening the BV1. After approximately 3 s, when Runner
1 reaches its speed setpoint and the BV1 is fully opened, Runner 2 is
accelerated to 1125 rpm. Once both runners reach the target speeds, the
machine is pumping water. During pump mode, setpoints are recorded
every 50 rpm for 30 s each. The lower recording time is due to the CR-
RPT being subjected to higher torques. As for turbine mode, data is
recorded for both accelerating and decelerating setpoints. The
maximum speed setpoint in pump mode is limited because cavitation
was observed through the acrylic glass in the laboratory.

Data acquisition and measurement

The data acquisition system (DAQ) for the test rig includes 12 pres-
sure transducers, 2 torque transducers, one flowmeter, and 2 encoders,
as shown in Fig. 6. It is composed of two parts. First, the Q.bloxx XL
A108 from Gantner Instruments GmbH [27] collects data from the
flowmeter, torque transducers and pressure transducers. This device is

Energy Conversion and Management: X 26 (2025) 101009

connected to a PC, where data visualization, recording and output are
facilitated by the software GI.Bench v1.13 [28]. Second, a MicroLabBox
[29] controller inputs data from the encoders into a separate PC which
operates the AF PMSM machines. Data recording, visualization, and
output is performed using the software ControlDesk v7.1 [30]. To syn-
chronize data acquisition with MicroLabBox and Q.bloxx, an electric
signal is sent simultaneously to both systems to trigger data recording. A
schematic overview showing the interconnectivity of all data acquisition
components is shown in Fig. 7. Table 1 lists all data acquisition elements
including their accuracy, measuring range, model and manufacturer.

Data processing and analysis

The raw data is refined in two different steps before evaluating the
CR-RPT performance.:

e Pressure transducer calibration
e Torque friction characterization

After refinement, the refined data is used to calculate the perfor-
mance characterization parameters. Both data refinement and charac-
terization analysis are conducted using Python v3.9.

Pressure transducer calibration

At the beginning of each test day, the lower tank is filled up to its
maximum level and the butterfly valves of both pipe 1 and pipe 2 are
closed. Thus, the theoretical pressure head (Hj;) for each transducer (i =
1, 2 ...12) is calculated as

Hti = hs - hpc - hdevi (1)

here, h; is the spillway height (m), hy. is the centerline height of pipe 1
(m) and hge,, is the vertical distance from the centerline of pipe 1 to each
of the pressure transducers (m). Thus, a head correction factor (H;) can
be calculated as

Hc = I_Itl - meticl (2)

here, Hyqric; (m) is the measured head at each pressure transducer when
the lower tank is filled up to its maximum level and the butterfly valves
are closed. Finally, the corrected head (H;) is calculated by adding the
correction factor to the raw data (Hyqy,) as

H; = Hyo, + Hyy, 3
Torque friction characterization

Due to the positions of the torque transducers, it is necessary to
characterize the friction between them and the runners. The friction
characterization is performed running the machine in dry conditions, i.
e. without any water in the pipe system. As the friction depends on the
rotational speed, the torque is recorded for a range of different runner
speeds. Then, assuming that both the hydraulic torque and drag are zero
and that the system is at constant speed, from

dw
Ji2 d:z =Tmz2—Ta2 —Tf12 (w1.2) @

it is deducted that the measured torque is equal to the friction torque. In
Eq. (4), subscripts 1 and 2 refer to Runner 1 and Runner 2, respectively, J
is the rotational inertia of the drivetrains (kg/rnz), w is the runner
rotational speed (rad/s), 7, is the hydraulic torque (Nem), 7, is the
measured torque (Nem) and 7y is the friction torque (Nem).

Thus, to obtain the torque at the runners, the friction torque is added
to the measured torque as

Thi2 = Tg2+7Ta2 %)
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Fig. 6. Distribution of pressure transducers (p1 to p12), torque transducers (T1 and T2) flowmeter, and encoders in the test rig. Dimensions are given from the center
point between both runners. The probe distribution is symmetrical respecting the center point between both runners. Drawing not to scale.

Data file
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Fig. 7. Diagram of all data acquisition equipment used in the test rig.

tplo
P12

Table 1

List of hardware used for data acquisition.
Data Acquisition Parameter Accuracy of measurement Measuring range Model Manufacturer
pl-pb6 +0.1 % —0.5 to +0.350 bar PDCR 1830 Druck Limited
p7, p9, pl0, p12 +0.25 % 0 to +2.4 bar DMP 321 BD|Sensors GmbH
p8, pl1 +0.1 % —0.5 to +5 bar PDCR 830 Druck Limited
T1, T2 +0.5 % —500 to +500 NeM T22 Hottinger Baldwin Messtechnik GmbH
01, 02 +0.015 % —0 to 9000 rpm DBS60 SICK AG
Flowmeter +0.312 % 0 to 600 1/s Optiflux 2000 KROHNE Messtechnik GmbH
Universal Measurement Module (DAQ) +0.040 % - Q.bloxx XL A108 Gantner Instruments GmbH
Controller (DAQ) — - Q.Station X Gantner Instruments GmbH
MicroLabBox +0.0015 % - MicroLabBox dSpace GmbH
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Performance characterization

The refined data is used to assess the performance of the CR-RPT.
First, the steady state setpoint data is identified and then time-
averaged. During turbine mode, the data is averaged in intervals of
40 s duration, while during pump mode, it is averaged in 25 s intervals.

The machine performance is first presented by plotting power and
efficiency as a function of discharge and by indicating the main pa-
rameters at BEP. Second, dimensionless coefficients and factors are
calculated, plotted and the parameters at BEP are indicated.

The hydraulic power (P, in W) available to the machine during
turbine mode and generated by the machine during pump mode is
calculated as

Py,=pegeHrpeQ (6)

here, p is the density of the water (998 kg/m®), g is the gravitational
acceleration (9.81 m/s?), Hrp is the net head (m) (Hy for turbine and Hp
for pump) and Q is the discharge (m3/s).

The mechanical power (P, in W) of each runner (i = 1, 2) is
calculated as

Py, = w01y 2 (@)

here, w is the runner rotational speed (rad/s) and 7 is the hydraulic
torque (Nem). The total mechanical power (P,,) of the machine will be
the sum of the mechanical power produced or generated by each runner
(Pm =Pm +Pm2)-

When the hydraulic and mechanical power are calculated, the hy-
draulic efficiency is calculated for turbine (1) and pump mode (7,) as

Py
_m 8
N P, (€))
Py
Mp = P (©)]

m

For the remainder of this study, the term “efficiency” is used instead
of “hydraulic efficiency” as this is the only efficiency evaluated.

Dimensionless parameters for pump-turbine performance

To provide a broader perspective on the performance of the CR-RPT
presented in this study, this Section compiles dimensionless coefficients
defined in the IEC 60193 [31] at the BEP for multiple hydraulic ma-
chines reported in the literature. These dimensionless coefficients
facilitate comparison of hydraulic machine performance across different
sizes.

The dimensionless coefficients, namely, the discharge coefficient
(Qnp), energy coefficient (E,p), and power coefficient (Pnp) are defined
as

Qo= 10)
E

B =7 e an
Py

P = e De 12

For Eq. (10) to Eq. (12), Q is the discharge (m3/s), D is the diameter (m),
P is the power (W), E is the specific hydraulic energy, which in the case
of this test rig is E = g e H (J/kg), p is the density of the water (kg/m?)
and o is the rotational speed of Runner 1 (rad/s).

Furthermore, the specific speed (€;) is used for pump mode and the
power specific speed for turbine mode (Qg) [32]. They are defined as
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Some publications [33-35] use dimensionless coefficients as
described in Eq. (10) to Eq. (14). However, the units used for the rota-
tional speed varies between ‘rad/s’ and ‘rps’. IEC Section “1.3.2 Units”
states “The international System of Units (SI, see ISO 31-3) has been
used throughout this standard.” [31], thus ‘rad/s’ should be used. Note
that only using the adequate rotational speed unit (rad/s) results in
dimensionless coefficients.

Note that several publications use dimensionless factors rather than
dimensionless coefficients to evaluate performance, but these factors
can be converted into coefficients and vice versa in the following
manner

Qu = 2 as)
Ngp
P,
Pp == 16
Ngp
1
Ngp

The dimensionless coefficients compiled from the literature are
summarized in Table 2. Note that the larger the dimensionless flow,
head or power coefficient of a hydraulic machine, the larger the
discharge, net head and power generated or consumed at the BEP.
Table 2 is used in Section “Comparison of CR-RPT with other hydraulic
machines from literature” to compare the CR-RPT performance to that of
other hydraulic machines reported in the literature.

Note that dimensionless coefficient formulations are developed for
single-runner hydraulic machines, while the CR-RPT has two runners.
This study uses the rotational speed of Runner 1 to calculate the
dimensionless coefficients. The rotational speed of Runner 2 is repre-
sented by the speed ratio.

Uncertainty and error analysis

The following aspects are considered in this study to assess the
measurement errors given by:

Precision of the data acquisition equipment

Sensitivity analysis of time averaging

Data differences between accelerated and decelerated setpoints
Repeatability of the tests

All the relevant theory and methodology used to assess uncertainty is
presented in Appendix B. This Section contains the results from the
Appendix B.

Precision of the data acquisition equipment

All equipment used in the laboratory has specific errors associated
with measuring physical properties. This uncertainty is shown in
Table 1. To calculate the error of a parameter calculated from different
physical properties, classical error propagation equations are used (see
Eq. (B.1) and Eq. (B.2)). Table 3 presents the results from the error
propagation.

Accelerated and decelerated setpoints

The differences between reaching a setpoint by accelerating and
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Table 2
Performance of hydraulic machines reviewed from the literature in terms of the dimensionless coefficients using standardized units.

- Turbine mode Pump mode

type of pump/turbine Qnp Ewp Ppp Qg n Qup Ewp Pup Qs n
Vaneless centrifugal pump as turbine [33] 0.012 0.24 2.00E-03 0.266 61.5 % 0.017 0.27 2.70E-03 0.35 70 %
centrifugal pump as turbine [34] 0.014 0.486 9.84E-03 0.244 72.5 % 0.01 0.286 7.58E-03 0.26 77 %
centrifugal pump as turbine [35] 0.015 0.583 13E-03 0.224 76.5 % - - - - -
Bulb [36] 0.183 0.020 2.40E-03 6.498 86 % 0.067 0.011 1.45E-3 7.77 66 %
Bulb [37] 0.177 0.034 4.90E-03 4.782 89.1 % — — - - -
Porjus U9 Kaplan [38] 0.079 0.057 4.52E-03 2.42 — — — — — —
Propeller 1 [39] 0.074 0.133 4.88E-3 0.870 73.9 % - - - - -
Propeller 2 [39] 0.089 0.099 6.60E-03 1.458 74.5 % - - — — -
Propeller 3 [39] 0.099 0.062 4.40E-3 2.141 70.3 % - - - - -
Propeller 4 [39] 0.070 0.027 1.29E-3 3.286 68.2 % - - - - -
Propeller ultra-low head pump [40] - - - - 0.064 0.020 0.002 5.95 67 %
Bulb [41] 0.101 0.028 — - 91.7 % - - - - -
counter-rotating pump-turbine [42] 0.074 0.110 7.15E-03 1.33 79 % 0.055 0.053 3.96E-03 2.13 75 %
Propeller [43] 0.093 0.075 4.71E-03 1.74 63.8 % — - - — —
Francis [44] 0.134 0.785 98.6E-03 0.42 93 % - - — — —

practically uniform over time.
Table 3

Maximum relative errors for post-processed parameters.

Parameter Maximum relative error
Py 0.33 %
Pm 0.50 %
P 0.50 %
P 0.50 %
n 0.60 %

decelerating the machine are insignificant for turbine mode after
analyzing 34 different setpoints. This is demonstrated in Table B.1 as the
maximum relative error is 1.01 % and most of the error values are under
0.3 %. The pump mode, having analyzed 13 data points, shows a higher
relative error, having maximum error values of 5 % and 3 % for T; and
T» which propagate to similar relative error for the mechanical power of
each runner. This could be explained by the water level reduction
happening in the lower tank for large discharge (>330 1/s) setpoints
during pump mode as is explained in Appendix B. Additionally, cavi-
tation and/or flow separation at high speeds during pump mode may be
present, which could also influence the measured data. In any case, the
major differences appear for the measured torque values at each runner.
When looking at the total machine mechanical power and efficiency, the
errors for 95 % of the pump setpoints in accelerated versus decelerated
modes are lower than 2 %.

Sensitivity analysis of time averaging

The data points of the performance curves are obtained from aver-
aging the refined data over a specific time interval over which a setpoint
is in steady-state. For the turbine mode, the standard averaging time was
40 s whereas for pump mode it was 25 s.

To assess the influence of averaging time on machine performance,
different averaging times were used. For turbine mode, the standard 40 s
time average was compared to 30 and 20 s intervals, and for pump
mode, the standard 25 s time average was compared to 20 and 15 s time
interval. No significant errors are identified when modifying the aver-
aging time in turbine mode. The maximum relative errors are found for
the mechanical power of Runner 1, at 0.81 % and 1.03 % for averaging
times of 30 and 20 s, respectively. Pump mode showed relative errors for
mechanical power of Runner 1 of 2.67 % and 1.98 % for averaging times
of 20 and 15 s, respectively. The total mechanical power relative error is
0.78 % for a 15 s time interval. The relative error for efficiency is 0.91 %,
happening for averaging time of 20 s. This confirms that using different
averaging interval has minimal influence on the results presented in this
study, also indicating that the averaged data is in a steady state, as it is

Repeatability of the tests

Turbine mode shows a good match between same setpoints recorded
on multiple testing days. The most significant errors are in torque of
Runner 1 and Runner 2 and therefore translated to the power of the
individual runners. The maximum relative error of Runner 1 power is
3.09 %. When assessing total power of the machine the differences be-
tween setpoints are negligible (maximum relative error 0.97 %), as well
as for efficiency (maximum relative error 0.34 %).

For pump mode, larger errors are found, the relative errors for the
power of Runner 2 and total mechanical power are 25.57 %, and 8.35 %
respectively. The larger errors happen for high speed points, indicating
that these may be affected by cavitation and flow separation, which
affect the data by not being fully steady-state. Therefore, different test
runs give different average values. The lower speed setpoints show
similar data regardless of the testing day (maximum error 1.23 %). The
efficiency values show a maximum error of 0.93 % for pump mode.

When assessing performance of same setpoints recorded in different
testing days, it shows low relative errors between total power and effi-
ciency values. However, when analyzing the power produced by each
runner the error is more significant.

Results

This Section first presents the analysis of post-processed data from
the CR-RPT model tests for turbine and pump mode. Next, the normal-
ized results using dimensionless coefficients are presented. Finally, the
CR-RPT is compared to other hydraulic machines from the literature.
The data generated in the test rig is publicly available here: https://doi.
org/10.24355/dbbs.084-202412181712-0.

As a preliminary note, and according to Dixon and Hall [32], the
Reynolds number should be large enough for the dimensionless co-
efficients to be applicable. There are two ways of defining the Reynolds
number. The first one reads

__ peuel
U

Re (18)

where, p = 998 kg/m> (assumed for water at 20 °C), u the water speed
(min: 4.3 m/s (208 1/s) — max: 8.0 m/s (380 1/s)), L is the character-
istic length which for a pipe means the hydraulic diameter (Dsurouqg —Dhup
=0.1515 m), and x is the dynamic viscosity of the water used in the lab
(0.00114 kg/m/s, assumed for water at 20 °C). Thus, considering that
the relative roughness is around 0.007, the Reynolds number is between
5.8 ¢ 10° and 10°, confirming that the fluid is turbulent for all tested
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setpoints and thus viscous scale effects can be neglected.
The second way of defining the Reynolds number according to Dixon
and Hall [32] is

pemeD?

Re, = 19

where p is the density of the water used in the lab (998 kg/m®), w is the
rotational speed of the machine (min: 350 rpm = 36.65 rad/s, max:
1250 rpm = 131 rad/s), D is the diameter of the runner and y is the
dynamic viscosity of the water used in the lab (0.00114 kg/m/s). Thus,
resulting in a Re, range from 2.4  10° to 8.7 e 10° which is always larger
than the lower limit 2 o 10° [32].

Results from the CR-RPT test rig

Fig. 8 shows the CR-RPT efficiency vs. discharge curves for multiple
speed ratios, indicating that the machine works efficiently for a large
range of discharges in turbine mode. The BEP is reached at n; = 800
rpm and ny = 720 rpm (R0.9) with an efficiency of 86.1 %, with the
other measurements summarized in Table 4.

The speed ratio R0.9 is not the most efficient for all conditions. At
discharges under BEP (289 1/s), the smaller the speed ratios the larger
the efficiency, while for discharges over BEP the efficiency increases
with the speed ratio. The overall efficiency of the CR-RPT is depicted by
the dashed black line in Fig. 8, indicating that efficiencies larger than 80
% are reached within the discharge range of 91 % to 116 % of the BEP
(289 1/s). This efficient range is beneficial for a LH PHS system oper-
ating under variable discharge conditions.

Fig. 9 shows the relationship between total mechanical power (Py,)
and discharge. The advantages of using multiple speed ratios are less
pronounced than for the efficiency curve. Specifically, R0.75, R0.80,
R0.90 and R1.00 show a similar power for discharge values above the
BEP (289 1/s), while only R0.70 operates at lower power levels. For
discharges below 289 1/s, power values vary for each speed ratio with
R0.70, RO.75 and R0.80 yielding similar power outputs whereas R0.90
and R1.00 yield lower power. Thus at power outputs below BEP, R0.90
and R1.00 should be avoided during operation. The maximum power of
15.4 kW happens at n; = 1000 rpm and ny = 800 rpm (R0.80) with an
84.6 % efficiency, while at least 90 % of the maximum power (13.9 kW)
is available from 94 % up to 121 % of the discharge at BEP. Additionally,
the machine works at efficiencies higher than 80 % while its power
output ranges from 13.0 kW to its maximum of 15.4 kW, indicating that
the power remains high for a large range of discharge values.

In a LH-PHS system, the power setpoint may vary according to grid
demand. Figs. 8 and 9 showed that the CR-RPT operates efficiently over
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a large range of power outputs, and that for every power setpoint there is
a corresponding speed setpoint and a speed ratio that deliver the desired
power efficiently. This enables the CR-RPT to adapt to the fluctuating
grid demand while operating at high efficiency. This adaptability can be
further enlarged by the use of multiple CR-RPT units, as demonstrated
by Prasasti et al. [10].

Fig. 10 presents the power and efficiency for the CR-RPT in pump
mode. The studied discharge range does not reveal a clear maximum
efficiency for all speed ratios. While there is a maximum for R0.75 and
R0.80, additional data would be needed to confirm the reduction in
efficiency for higher discharge values. Higher runner rotational speeds
necessary to reach higher discharge could not be achieved due to cavi-
tation. Nonetheless, significant efficiency values are achieved in pump
mode, peaking at 88.8 % for R0.80, with all speed ratios exceeding 86 %
efficiency. Furthermore, the efficiency remains above 80 % across a
wide discharge range, from 225 1/s (67 % of BEP) to the BEP at 335 1/s.
Table 5 includes a summary of the parameters at BEP for pump mode.

An additional test campaign is performed for turbine mode in which
the net head is reduced using the BV1. Similarly to the approach used in
Kanemoto et al. [42], the valve position is given as a percentage of the
opened area (V1 =100 %, V1/2 = 50 % and V1/4 = 25 %). This test was
conducted for R0.75. Figs. 11 and 12 plot the net head versus discharge.
Fig. 11 indicates the normalized efficiency, given by

__n (20)

Mnorm Mmae

for each operation point, which is used to evaluate the efficiency
reduction from the maximum when decreasing the net head input.
Fig. 12 indicates the normalized power, given by

Prorm = —— (21)

for each operation point, used to evaluate the power reduction from the
maximum when reducing the net head input.

Fig. 11 demonstrates that the overall maximum efficiency occurs
when the valve is fully opened, granting maximum head, consistent with
the contra-rotating tests performed by Kanemoto et al. [42]. The
maximum efficiency for the V1 and V1/2 curves happen for medium
discharge values. In contrast, for the V1/4 curve, which operates under
significant lower net head, the maximum efficiency happens at lower
discharge values. Nonetheless, the maximum efficiency at V1/4 is 97 %
of that at V1. Fig. 12 shows similar behavior, with the difference that the
drop in power is larger than the drop in efficiency due to the large drop
in net head.

Notably, the butterfly valve provides additional operational flexi-

0.85
0.80
075 717
/ ® R0.70
0.70 / i ® RO75
v ® R0.80
0.65 / ® R0.90 »
/ ® R1.00
4 ->- Max CR RPT n
0.60 ‘
240 260 280 300 320 340 360

Discharge (lI/s)

Fig. 8. Efficiency versus discharge of the CR-RPT in turbine mode for all tested speed ratios. Error bands are included for each data point.
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Table 4
BEP of the CR-RPT during turbine mode.
1 @y (rpm) wz(rpm) Q/s) T1(Nem) T> (Nem) Hy(m) Py (kW) P2 (kW) P (kW)
86.1 % 800 720 289 91.3 98.0 6.16 7.65 7.39 15.0
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Fig. 9. Mechanical power versus discharge of the CR-RPT in turbine mode for all tested speed ratios. Error bands are included for each data point.
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Fig. 10. Power (solid lines) and efficiency (dashed lines) of the CR-RPT in pump mode. Error bands are included for each data point.
Table 5
BEP of CR-RPT during pump mode.
n @1 (rpm) w2 (rpm) Q/s) Ty(Nem) T2 (Nem) Hp(m) Pry (kW) Pra (kW) P (kW)
88.4 % 1249 1000 335 157 166 10.2 20.5 17.4 37.9

bility. For example, in turbine mode, the produced power can be
reduced at 90 % of its maximum value at R0.75 (Q = 278 /s, Hr
6.35 m) in two ways. The first method is to keep the butterfly valve fully
opened while reducing the rotational speed to reduce the discharge to
265 1/s, resulting in an efficiency of 95 % of its maximum value. The
second method requires setting the butterfly valve to V1/2, achieving
90 % of maximum power at a discharge of 282 1/s and an efficiency of
98 %. Comparing both methods shows that the butterfly valve allows for
high discharge and efficiency while reducing power output due to net
head reduction. The valve introduces a hydraulic loss in the system,
which means that the most efficient points will always be achieved for a
V1 scenario. However, if power output reduction is required, the
discharge can remain relatively large when the valve is used compared

10

to when it is not. In real operation, the efficiency of the mechanical and
electrical components must also be evaluated, as it could influence these
results. Nevertheless, the results show that using a valve increases the
machine operating conditions compared to solely relying on a fully open
valve and adjusting runner speed. These findings align with the study
published by Truijen et al. [45].

Dimensionless analysis

To evaluate the full-scale machine characteristics and compare them
with other hydraulic machines documented in the literature, dimen-
sionless coefficients are used. Fig. 13 presents dimensionless coefficients
for turbine mode, with each speed ratio represented by a different curve.
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Fig. 11. Net head versus discharge points for turbine mode and R0.75. Data recorded for three different BV1 openings. V1 = fully open valve, normal operation

conditions, V1/2 half open valve and V1/4 valve opened at one quarter of its capacity. Colors and numbers show the normalized machine efficiency, corresponding to
reduction of maximum efficiency.
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Fig. 12. Net head versus discharge points for turbine mode and R0.75. Data recorded for three different BV1 openings. V1 = fully open valve, normal operation

conditions, V1/2 half open valve and V1/4 valve opened at one quarter of its possibilities. Colors and numbers show the normalized power efficiency, corresponding
to reduction of maximum power.
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improve visualization of the plot.
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The CR-RPT shows an overall efficiency higher than 80 % for
discharge coefficient (Qnp) ranging from 0.125 to 0.21, i.e. from 76 % to
128 % of BEP. The energy coefficient (E,p) ranges from 0.05 (44 % BEP)
to 0.27 (238 % BEP). Finally, the power coefficient (P,p) ranges from
0.005 ((29 % BEP) to 0.037 ((218 % BEP). This demonstrates that for a
CR-RPT the operation is efficient for a large range of discharge values, in
accordance with the results found in Furukawa et al. [18] for a contra-
rotating pump.

Fig. 14 presents the dimensionless coefficients for pump mode,
showing different characteristics for the different speed ratios. An effi-
ciency above 80 % is kept for Q,p above 0.095 (58 % BEP), E,p above
0.082 (73 % BEP) and P,p above 0.01 (59 % BEP). The upper range of
Qqp is not available from the dataset.

The BEP factors in Table 6 allow for upscaling the CR-RPT to the
design characteristics of a LH PHS system outlined in the introduction
Section, i.e., runner diameter of 6 m and a net head of 9 m. In this
conditions, a scaled-up CR-RPT works at BEP with a discharge of 165
m®/s, producing a power of 12.6 MW, while operating at 86.6 % effi-
ciency. For pump mode at BEP, the power consumption is 14.8 MW,
resulting in a discharge of 148 m>/s, while operating at 88.4 % effi-
ciency. These calculations verify that the CR-RPT operates near the
prototype design discharge and power of 130 m®/s, and 10 MW
respectively, as reported by Fahlbeck et al. [20].

The Reynolds number of the prototype affects the scalability of the
efficiency as described in Annex F of IEC [31]. According to IEC and
Dixon and Hall [14], the efficiency always increases when upscaling.
However, Wang et al. [46] recently found that for ultra-low-head
(<5 m) scenarios, the efficiency increases according to IEC formula-
tion up to a geometric scale of 16. For larger scale factors, the efficiency
drops. Nonetheless, for geometric scales up to A, = 32 the efficiency of
both pump and turbine modes remains higher than that of the small-
scale model. Thus, the efficiency of a CR-RPT prototype of 6 m in
diameter is expected to exceed the efficiency reported in this study. It
should be noted that, as the geometric scale in this study is 4, = 22,
calculating the efficiency with IEC formulation may result in an over-
estimation. The efficiency reported throughout this study is that found
for the model scale CR-RPT, which is the most conservative value.

Comparison of CR-RPT with other hydraulic machines from literature

This Section compares the performance of the CR-RPT to the hy-
draulic machines presented in Section “Dimensionless parameters for
pump-turbine performance”.
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Turbine mode comparison is summarized in Fig. 15, excluding the
high-head machines because Table 2 shows that the BEPs of the three
centrifugal PATs (Qg, = 0.22, 0.23, 0.24) and the Francis turbine from
Trivedi et al., [44] (Qg = 0.42) are at higher E,p and lower Q,p values
compared to the CR-RPT. This is expected as both the PATs and Francis
turbines work efficiently under high head conditions. They are included
in the comparative analysis for completeness.

In turbine mode (see Fig. 15), the CR-RPT presents one of the largest
Qnp and a lowest Epp, reflecting its design considering low-head and high
discharge conditions. Only the Bulb turbines from La Rance and
Annapolis tidal power plants operate at higher discharge (higher Q.p)
and lower head (lower E,p) conditions. A CR-RPT for LH PHS would
operate at higher heads (5 m — 30 m [11]), compared to the bulb tur-
bines of both La Rance and Annapolis, which are designed for heads
from 3 mto 11 m [36], and 1.4 m to 7.1 m [37], respectively. While
both the CR-RPT and the bulb turbine of La Rance operate at a similar
maximum efficiency in turbine mode, the CR-RPT works efficiently
under a wide range of operating conditions. Unfortunately, data for the
bulb turbine of La Rance across these conditions is not available in the
literature. Furthermore, La Rance bulb turbine is designed primarily for
turbine mode operation, although it can pump water into the reservoir
during high tide (at a maximum efficiency of 66 % for 3 m of head,
dropping at 48 % for 2 m of head [13]), this is not a main function. The
operating range for the Annapolis bulb turbine is also not available and
it does not operate in pump mode. An Andritz bulb turbine, as reported
in Aggidis and Feather [41], shows both smaller Q,p and E,p compared
to the CR-RPT, while maintaining a high specific speed (Q;, = 4.68). In
comparison with the bulb turbines from La Rance and Annapolis, the E,p
is similar but the Q,p is halved, indicating that this machine is designed
for lower discharge conditions.

The study by Kanemoto et al. [42] (Turbine mode:Qy, = 1.42, Qp =
0.074, E;,p = 0.110, P,p = 7.17 e 10'3, pump mode: Q; = 2.13, Q,p =
0.055, Eqp = 0.053, P,p = 3.96 ¢ 10°%) provides performance of a contra-
rotating pump turbine, facilitating comparison of a similar type of ma-
chine with the CR-RPT. The CR-RPT exhibits larger Q,p and P,p in both
pump and turbine modes, indicating that it operates at BEP with larger
discharges and power for similar heads and machine sizes. The E,p is
similar for both machines, indicating that they operate at similar head
values, but the CR-RPT is able to operate with much larger discharges,
generating more power. This is advantageous for the CR-RPT as for
similar head conditions, and runner diameter, it is able to work with
more discharge and power, thus reducing the size of its mechanical
components and that of adjacent civil structures when installed in a LH
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Fig. 14. Dimensionless characteristic curves of CR-RPT in pump mode. Enp (solid lines), Pnp (dotted lines) and # (dashed lines) versus Q,p for all tested speed ratios.

Ppp is multiplied by a factor of 10 to improve visualization of the plot.
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Table 6.D
imensionless coefficients and factors at bep for the cr-rpt.
Mode w2 n Qup Enp Tinp Tanp Prp Qgp, Qs Qep Pgp ngp
w1
Turbine 0.90 86.1 % 0.164 0.113 0.008 0.009 0.017 1.93 0.489 0.421 2.97
Pump 0.80 88.4 % 0.122 0.077 0.006 0.006 0.012 2.39 0.439 0.497 3.61
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Fig. 15. Comparison of dimensionless coefficients between the CR-RPT (diamond shaped points) in turbine mode and the turbines included in Table 2 (circular
shaped points). The high-head machines from Table 2 are not represented. Q,p is shown in red color, E,p in green color, and Ppp in blue color. Ppp is multiplied by a
factor of 10 to improve visualization of the plot. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

PHS system.

Alexander et al. [39] disclosed the turbine performance of four
different propeller type axial-flow turbines for microhydro systems
(propeller 1 Qg = 0.87, propeller 2 Qg, = 1.5, propeller 3 Qg = 2.1,
propeller 4 Qg, = 3.3). Propeller 1 works at slightly larger E,; and much
lower Qnp. Propeller 2, 3 and 4 work at lower E,p and Q,p compared to
the CR-RPT. While the Q, of propeller 3 is comparable to that of the CR-
RPT, the CR-RPT has higher coefficients overall, therefore operating at
higher discharge, heads, and power levels while keeping more compact
dimensions and lower rotational speeds. However, the performance at
off-design points for these propeller turbines is not reported. It is also
noted that higher the Qg values correlate with lower efficiencies, sug-
gesting room for improvement for the propeller designs with similar Qg,
to that of the CR-RPT. It should be noted that the propeller turbines
reported in Alexander et al. [39] utilize planar runners for simple
manufacturing. Although the authors report potential for efficiency
improvements, they are not quantified. The reported efficiencies
ranging from 68 % to 74 % are far from that of the CR-RPT. The per-
formance of these propeller type turbines was not evaluated in pump
mode.

13

The propeller turbine from Samora et al., [43] and the Porjus U9
Kaplan are close to the CR-RPT in terms of Qg, but they present lower
values for Qnp, E;p and P,p overall. This shows again that the CR-RPT
can work with larger heads, discharges and power when compared to
machines with similar Q.

According to Dixon and Hall [32] the theoretical Qg ranges for
different types of machines are from 0.2 to 2.0 for Francis turbines, 2.0
to 3.5 for propeller turbines, and 2.5 to 6.0 for Kaplan turbines. This
aligns with the findings of this study as the three different PATs have a
Qg 0f 0.22, 0.23, and 0.24. The propeller turbines from Alexander et al.
[39] have values of 0.9, 1.5, 2.1 and 3.3, ranging around the values for
propeller turbines and going to the limits of Francis and Kaplan turbines.
The contra-rotating machine from Kanemoto et al. [42] has a Qg, value
of 1.42, very similar to that of the CR-RPT. Additionally, the propeller
machine from Samora et al., and the Porjust U9 Kaplan present a Qg of
1.74 and 2.42 respectively. These two machines present values slightly
lower than those reported in Dixon and Hall [32]. The CR-RPT has a Q,
value of 1.9, coinciding with propeller turbines. The bulb turbines for La
Rance, Annapolis and Andritz have a Q;, 0of 6.5, 4.8, and 4.68, residing in
the high-end range of Kaplan turbines.
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Due to the limited data available in the literature on low-head pump
performance, comparisons in pump mode are inconclusive. However,
data for a low-head pump reported by Jiao et al. [40], shows that it
indeed works at high discharge low head conditions, with an Q, of 5.95.
Its dimensionless coefficients (Q,p = 0.064, E,p = 0.020, P,p = 0.002)
are less than half of those of the CR-RPT suggesting that the CR-RPT
works with significantly larger discharge, head and power. The pump
from Jiao et al. [40] has characteristics that better resembles the bulb
turbine of La Rance working in pump mode, therefore it is likely not
efficient for LH PHS. Furthermore, the efficiency is significantly lower
(67 %) than that of the CR-RPT, and its off-design performance data is
not available.

To conclude the comparison, Fig. 16 illustrates the operating con-
ditions under which the reported machines would operate efficiently at
a head of 9 m and a runner diameter of 6 m. The CR-RPT works as
reported in Section “Results from the CR-RPT test rig”, while the
counter-rotating pump-turbine from Kanemoto et al. [42] would require
a lower discharge to keep efficiency high, penalizing power output. Both
machines have similar rotational speeds. In contrast, the bulb turbines
would need significantly larger discharge and rotational speeds
compared to the CR-RPT to operate efficiently under the desired con-
ditions. Using two CR-RPT units working at lower discharge and rota-
tional speeds would be more advantageous, as this configuration
produces a similar power output while reducing the discharge rate. This
is beneficial for storage capacity, as a larger discharge at a fixed volume
results in shorter operating storage time scale for the LH PHS. Addi-
tionally, bulb turbines do not operate or operate inefficiently in pump
mode. These aspects present significant advantages for the CR-RPT in a
LH PHS system. Propeller 4 exhibits similar discharge values to the CR-
RPT, but propeller 4 produces less power while operating at larger
rotational speed and its efficiency is significantly lower than that of the
CR-RPT. Thus, it is found that the CR-RPT operates more efficiently for
the conditions required in a LH PHS system compared to the machines
reported in literature.

Energy Conversion and Management: X 26 (2025) 101009
Limitations of the present study

Several practical insights were gained during execution of the CR-
RPT tests, which provide valuable information for improving the
experimental methodology and understanding the operational in-
tricacies of the CR-RPT.

The use of two open surface water tanks for adjusting the gross head
of the test is unique in the literature concerning pump, turbine or pump-
turbine characterization tests. This is expected to give more realistic
conditions than when using a closed-loop system, particularly when
studying transients. However, one of the issues identified in the LWI CR-
RPT test rig is the occurrence of swirl, it may occur because the lower
tank is fed via pipe 2, which is perpendicular to the spillway. When the
water jet from pipe 2 hits the spillway, it is diverted left and right,
creating two circular currents in the lower tank that may affect the water
entering pipe 1 (see Fig. B.1). This could create a swirl flow, negatively
impacting the CR-RPT performance in pump mode, yet its actual exis-
tence and effects were not quantified, representing a limitation that
could impact pump performance and cavitation. This study calculates
net head by static pressure difference before and after the runners,
which is only true if there is no swirl as the fluid axial velocities are the
same before and after the runners (assuming no boundary layers).

A notable limitation of this study is the inability to collect perfor-
mance data at different gross heads. Future studies should assess the
performance of the CR-RPT for variable gross head inputs, particularly if
the machine is intended for installation in a LH PHS system.

Given that the CR-RPT may operate in a LH PHS system in a marine
environment, several factors should be considered. The larger density of
seawater will likely increase the hydraulic power (see Eq. (6)), while its
larger viscosity may result in a larger friction loss, likely reducing both
the net head and discharge thus reducing hydraulic power. At the same
time, denser seawater may also increase the runners’ torque and thus
mechanical power. Although these effects were not quantified in this
study, they could be minor given that seawater is approximately 3 %
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Fig. 16. Comparison of characteristics of turbines for a head of 9 m and a diameter of 6 m. The power has been multiplied by a factor of 10 to improve plotting
visualization. The red dots represent the efficiency as reported in Table 2. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)
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denser and 8 % more viscous. Nonetheless, they should be taken into
account when considering the CR-RPT for an LH PHS system. Further-
more, long-term effects of salty water and biofouling to both materials
and performance should be studied.

Lastly, the runners used during the laboratory tests represent an early
design. Consecutive iterations will likely improve the efficiency and
working range of the runners.

Conclusion

This study evaluated the performance of a CR-RPT using a custom-
built test rig in the LWI laboratory and compared it to that of other
hydraulic machines documented in the literature.

The CR-RPT achieves over 80 % efficiency across a wide range of
operating conditions. Notably, in turbine mode, an efficiency above 80
% is maintained for discharge coefficients ranging from 76 % to 128 % of
BEP, head coefficients from 44 % to 238 %, and power coefficients from
29 % to 218 %. In pump mode the 80 % efficiency threshold begins at 58
%, 73 % and 59 % for the discharge, head and power coefficients,
respectively. The upper efficiency boundary was not reached during the
tests presented in this study due to cavitation.

Moreover, the use of a butterfly valve further increased the operating
range of the machine in turbine mode. When, by the use of the butterfly
valve, the net head is reduced to 72 % of its maximum value (i.e. for a
fully opened butterfly valve), and the discharge decreased to 86 % of its
original value, the efficiency remained at 97 % of the maximum. Such
operating point could not be achieved without the use of the butterfly
valve, thus increasing the efficient operating range of the CR-RPT.

The CR-RPT tested for this study shows unique specific speeds when
compared to other hydraulic machines (g = 1.93 in turbine mode and
a Q; = 2.39 in pump mode). Furthermore, it exhibits the highest power
coefficient at BEP among the machines reviewed, both in turbine (P,p =
0.017, 7 times larger than that of the bulb turbine of La Rance and 3
times larger than that of the Annapolis bulb turbine) and pump modes
(Pnp = 0.012). This advantage enables the machine to operate at a larger
power for the same rotational speed and size. As a result, large amounts
of energy can be stored and produced using a relatively compact ma-
chine. This compactness reduces the mechanical and civil engineering
works necessary for constructing a CR-RPT prototype, as fewer pump-
turbine units are needed to achieve large power inputs and outputs.

The findings of this study confirm the viability of the CR-RPT as a
unique, high performance option for LH PHS systems.

Future work is recommended to investigate the performance of the
machine at multiple gross head conditions and to test for cavitation
inception. Furthermore, the analysis of flow patterns and their influence
on performance may provide valuable insights to optimize CR RPT

Appendix A:. Mechanical design of the CR-RPT

Energy Conversion and Management: X 26 (2025) 101009

runner geometry for LH PHS systems.
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The mechanical drawing in this appendix particularly shows the design of the internal shafts and bevel gears. The motor shafts are positioned
inside two of the support struts. The transparent pipe made of acrylic glass, surrounding the runners, is not included in the drawing. The drawing is not

to scale.
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Mechanical drawing of CR-RPT.

Appendix B:. Test rig error calculation
Precision of the data acquisition equipment
The operations performed for evaluating CR-RPT performance are additions, subtractions, multiplications and divisions. Thus, error formulation is

given for these. For addition and subtraction:

n

AZ =] (Ax) (B.1)

n=1

where AZ is the absolute uncertainty in a measurement, Ax; is the absolute uncertainty in the quantities x;, and n are the number of measurements. For
multiplication and division operations the error is propagated as:

n 2
AZ =27 x Z (%) (B.2)

n=1

where Z is the result of the multiplication or division, and x; are the quantities being multiplied or divided.
The maximum relative errors for each measured parameter are summarized in Table 1. Using these relative errors and the error propagation
formulas from Eq. (B.1) and Eq. (B.2), the relative errors of the post-processed parameters are calculated and shown in Table 3.

Data differences between accelerated and decelerated setpoints
A comparison of accelerated versus decelerated data in turbine mode shows very little differences. The 95th percentile of the absolute relative

errors for 34 data points is less than 0.84 %. The maximum error is for T1 at 2.01 %, considered an outlier typical in real test rig scenarios. Table B1
includes the absolute relative error differences for all the studies parameters at the test rig.
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Table B1
Relative errors between accelerating versus decelerating setpoints in turbine and pump mode. “Q2” is the median, “Q3” is the 75th percentile, “P95” is the 95th
percentile and “MAX” is the maximum error. Numbers are expressed as a percentage (%).

Mode Turbine Pump

Calculation Median Q3 P95 MAX Median Q3 P95 MAX

ol 0.00 0.00 0.01 0.01 0.03 0.04 0.06 0.07
®2 0.00 0.00 0.01 0.01 0.01 0.02 0.03 0.03
pl 0.04 0.06 0.13 0.24 2.98 6.56 9.48 12.44
p2 0.03 0.06 0.13 0.14 2.73 4.87 7.44 8.60
p3 0.14 0.23 0.28 0.51 5.11 8.80 27.59 42.11
p4 0.13 0.22 0.37 0.59 2.11 5.92 9.25 11.29
p5 0.13 0.30 0.57 0.63 4.83 15.31 564.70 1231.22
p6 0.21 0.41 0.75 1.17 5.50 17.24 494.19 1023.57
p7 0.08 0.11 0.18 0.23 0.17 0.24 0.40 0.45
p8 0.14 0.19 0.36 0.43 0.17 0.27 0.41 0.47
p9 0.03 0.05 0.09 0.11 0.03 0.25 0.29 0.29
p10 0.03 0.04 0.06 0.12 0.09 0.15 0.24 0.27
pll 0.03 0.07 0.33 0.42 0.03 0.04 0.07 0.08
pl2 0.02 0.03 0.06 0.07 0.02 0.05 0.06 0.07
Q 0.10 0.13 0.22 0.26 0.39 0.88 1.61 1.86
T 0.39 0.59 0.89 2.35 1.52 3.14 4.10 5.02
Ty 0.33 0.48 0.84 1.01 1.45 2.18 3.19 3.53
Th 0.14 0.19 0.29 0.32 0.29 0.81 1.16 1.30
Py 0.14 0.26 0.35 0.37 0.19 0.56 1.06 1.07
Pmi 0.40 0.59 0.89 2.36 1.47 3.10 4.08 5.00
Pm2 0.33 0.48 0.84 1.01 1.48 2.17 3.19 3.51
Pm 0.11 0.27 0.41 0.50 0.63 1.16 1.67 1.86
n 0.19 0.32 0.56 0.75 0.89 1.16 1.93 2.27

For pump mode however, larger differences are observed (see Table B1). An analysis of 13 data points revealed large relative errors for the low-
pressure side static pressure sensors, especially for pressure sensors p5 and p6 which are next to the runners. This is due to the values of pressure in
these probes being close to zero. The torque measurements showed large errors in pump mode due to the maximum discharge capacity of the pipe 2 of
330 1/s, as pump setpoints operating at larger discharges causes the water level in the lower tank to slowly decreases. Typically, the tests begin at lower
speeds and then accelerate to higher speeds before decelerating back to lower speeds. Consequently, the higher speed setpoints have a slightly reduced
water level in the lower tank. The maximum water level drop is lower than 10 cm. However, this is around a 5 % of the total height of water above the
centerline of pipe 1 and therefore it may be significant for some setpoints. Additionally, it is slightly worst for cavitation, increasing the probability of
it appearing.

For lower speed decelerated setpoints, the water level in the lower tank returned to its maximum level, resulting in similar data for decelerated and
accelerated setpoints. Table B1 shows that for the low-pressure sensor measurements, half of the relative errors between accelerated and decelerated
points are within the rage of 2.1 % to 5.5 %, coinciding with low-speed setpoint data.

Sensitivity analysis of time averaging

Table B2 presents the absolute relative differences for turbine mode parameters calculated using various averaging times (30 s and 20 s) compared
to the standard 40 s. The maximum relative error is 1.06 %, with negligible variations for 30 s and 20 s averaging times. While p6 and T1 exhibited
larger maximum errors, the 95th percentile remained stable across pressure probes, confirming that varying the averaging time had minimal influence
on turbine mode results. The larger averaging time of 40 s was chosen for calculating machine performance values as it ensures a more complete
representation of the steady state.

Table B2
Absolute difference between parameters calculated using different averaging times, compared to the normal 40 s averaging time for turbine mode. “Q2” is the median,
“Q3” is the 75" percentile, “P95” is the 95th percentile and “MAX” is the maximum error. Numbers are expressed as a percentage (%).

Mode Turbine

Averaging time 30 20

Calculation Q2 Q3 P95 MAX Q2 Q3 P95 MAX
ol 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.01
®2 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.01
pl 0.01 0.02 0.06 0.12 0.02 0.04 0.11 0.17
p2 0.01 0.02 0.04 0.07 0.02 0.04 0.10 0.18
p3 0.06 0.11 0.22 0.39 0.08 0.19 0.39 0.52
p4 0.03 0.08 0.17 0.43 0.09 0.17 0.39 0.65
p5 0.06 0.13 0.27 0.57 0.12 0.21 0.57 0.85
pé 0.07 0.14 0.34 1.03 0.15 0.27 0.65 1.06
p7 0.01 0.02 0.04 0.06 0.02 0.04 0.07 0.11
p8 0.02 0.03 0.05 0.08 0.04 0.07 0.11 0.18
po 0.01 0.01 0.02 0.09 0.01 0.02 0.04 0.10
p10 0.00 0.01 0.02 0.03 0.01 0.02 0.03 0.08
pll 0.00 0.01 0.01 0.51 0.01 0.01 0.03 0.51
pl2 0.00 0.01 0.01 0.02 0.01 0.01 0.02 0.06

(continued on next page)
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Table B2 (continued)

Mode Turbine

Averaging time 30 20

Calculation Q2 Q3 P95 MAX Q2 Q3 P95 MAX
Q 0.03 0.05 0.08 0.23 0.04 0.09 0.13 0.27
Ty 0.06 0.11 0.39 0.81 0.14 0.24 0.65 1.02
Ty 0.06 0.10 0.20 0.54 0.11 0.22 0.43 0.51
Th 0.27 0.34 0.46 0.50 0.27 0.37 0.44 0.63
P 0.28 0.35 0.45 0.56 0.29 0.36 0.51 0.59
Pm1 0.06 0.11 0.40 0.81 0.14 0.24 0.66 1.03
P2 0.06 0.11 0.20 0.53 0.11 0.22 0.43 0.51
P 0.02 0.03 0.06 0.68 0.04 0.06 0.14 0.66
n 0.29 0.36 0.45 0.62 0.29 0.34 0.46 0.54

For pump mode 23 points are analyzed and, compared to turbine mode, larger relative errors are observed, particularly at the low-pressure side
probes. Turbulent flow conditions in the lower tank during pump mode contributed to this discrepancy. This can be explained from the water motion
within the lower tank during pump mode, which shows two circular patterns. Looking at it from a top view perspective, see Fig. B1, the water enters
the lower tank via pipe 2, causing a water jet perpendicular to the spillway which is diverted towards the left and right. Each diversion creates a
circular water flow path within the lower tank. It should be noted that in the connection between pipe 1 and the lower tank, exists an oblique water
flow, respecting the direction of the water within pipe 1, from left to right in Fig. B1. This can cause a swirl within pipe 1 that could, in turn, affect the
measurements in the pressure probes as a dynamic pressure component may be present together with the static pressure component. In contrast,
during turbine mode the long pipe 1 length before reaching the CR-RPT, reduces the swirl in the water before the CR-RPT. After the CR-RPT, Runner 2
will compensate for the swirl created by Runner 1 and therefore at the low-pressure side, low swirl is expected.

Table B3 shows the statistical distribution of the absolute relative errors showing that 95th percentile is affected by the errors at maximum speed.
For the data points that are not at maximum speed (17 points), the maximum error is kept below 1 %.

Table B3
Relative difference between parameters calculated using different averaging times, compared to the normal 40 s averaging time for turbine mode. “Q2” is the median,
“Q3” is the 75th percentile, “P95” is the 95th percentile and “MAX” is the maximum error. Numbers are expressed as a percentage (%).

Mode Pump

Averaging time 20 15

Calculation Median Q3 P95 MAX Median Q3 P95 MAX

wl 0.02 0.04 0.05 0.06 0.02 0.05 0.08 0.09
®2 0.01 0.02 0.02 0.03 0.01 0.02 0.04 0.04
pl 0.27 0.39 0.74 0.89 0.39 0.59 1.17 1.39
p2 0.05 0.09 0.26 0.30 0.12 0.18 0.26 0.31
p3 0.40 0.78 2.24 3.77 0.54 1.00 2.37 7.32
p4 0.13 0.32 0.52 0.58 0.18 0.46 0.73 1.51
p5 0.71 1.36 46.23 114.24 1.18 1.71 177.99 286.19
pé 0.59 1.85 140.81 449.19 1.00 2.56 25.59 1134.95
p7 0.05 0.07 0.13 0.32 0.05 0.08 0.12 0.26
p8 0.02 0.04 0.13 0.17 0.03 0.07 0.13 0.17
po 0.02 0.03 0.07 0.15 0.02 0.04 0.12 0.14
p10 0.02 0.03 0.05 0.12 0.02 0.04 0.07 0.10
pll 0.01 0.01 0.03 0.05 0.01 0.02 0.04 0.04
pl2 0.01 0.01 0.03 0.03 0.01 0.02 0.03 0.04
Q 0.06 0.10 0.14 0.15 0.11 0.18 0.25 0.45
Ty 0.36 0.67 1.45 2.71 0.47 1.01 1.72 1.98
Ty 0.22 0.39 0.71 1.81 0.29 0.62 1.06 1.15
Th 0.18 0.22 0.27 0.37 0.19 0.25 0.30 0.37
Py 0.16 0.22 0.33 0.37 0.19 0.29 0.43 0.51
Pm1 0.37 0.69 1.41 2.67 0.48 0.97 1.65 1.98
P2 0.21 0.38 0.69 1.80 0.27 0.59 1.07 1.14
Py 0.08 0.18 0.35 0.69 0.12 0.25 0.41 0.78
n 0.18 0.27 0.47 0.91 0.15 0.25 0.55 0.70
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Fig. B.1. Plan view sketch of the water paths within the lower tank (green) during pump mode operation.

Repeatability of the tests

To evaluate the consistency of the recorded data, certain setpoints were tested on different days. For example, the setpoint n; = 800 rpm, npy = 800
rpm was performed on two different testing days. Data from both tests is then post-processed and compared, although theoretically identical, vari-
ations arise from the stochastic nature of laboratory testing.

In turbine mode 33 distinct setpoints were repeated, with some setpoints repeated more than once resulting in 52 different comparisons. The
results are summarized in Table B4.

Table B4
Absolute relative difference between setpoints tested on different testing days in turbine mode. “Q2” is the median, “Q3” is the 75th percentile, “P95” is the 95th
percentile and “MAX” is the maximum error. Numbers are expressed as a percentage (%).

Mode Turbine Pump

Calculation Median Q3 P95 MAX Median Q3 P95 MAX
ol 0.01 0.04 0.04 0.04 0.04 0.05 0.11 0.13
®2 0.00 0.03 0.03 0.03 0.03 0.99 7.07 11.11
pl 0.15 2.32 2.32 2.32 2.32 4.97 10.31 11.93
p2 0.14 1.49 1.49 1.49 1.49 3.24 8.38 9.64
p3 0.35 4.07 4.07 4.07 4.07 8.96 44.25 66.71
p4 0.33 3.24 3.24 3.24 3.24 5.94 17.26 24.75
p5 0.53 29.09 29.09 29.09 29.09 90.30 561.11 563.60
pb6 0.61 43.72 43.72 43.72 43.72 108.38 743.10 897.39
p7 0.43 0.12 0.12 0.12 0.12 0.40 0.70 0.83
p8 0.34 0.44 0.44 0.44 0.44 0.61 1.05 1.15
P9 0.12 0.16 0.16 0.16 0.16 0.19 0.92 1.32
pl0 0.12 0.13 0.13 0.13 0.13 0.32 0.56 0.72
pll 1.97 0.25 0.25 0.25 0.25 0.38 1.14 1.14
pl2 0.07 0.13 0.13 0.13 0.13 0.22 0.47 0.62
Q 0.19 0.67 0.67 0.67 0.67 1.13 4.47 6.05
Ty 1.31 3.10 3.10 3.10 3.10 5.01 7.86 9.36
Ty 0.99 1.68 1.68 1.68 1.68 2.66 11.66 15.68
Th 0.53 0.38 0.38 0.38 0.38 0.64 2.27 3.35
Py 0.69 0.91 0.91 0.91 0.91 1.45 6.08 9.14
Pm1 1.31 3.09 3.09 3.09 3.09 4.96 7.83 9.31
P2 1.03 2.59 2.59 2.59 2.59 2.72 17.53 25.47
Pm 1.12 0.97 0.97 0.97 0.97 1.23 5.67 8.35
n 1.00 0.34 0.34 0.34 0.34 0.48 0.89 0.93

Turbine mode data in Table B.4 indicate that higher differences are mainly associated to the low-pressure side pressure sensors, followed by errors
in torque measurements at the 95th percentile and maximum values. Most of the points in turbine mode demonstrate very low relative errors, with
around half of the points showing errors lower than 1 %. This indicates that the test rig in turbine mode produced consistent values regardless of the
day on which the tests were conducted.

For pump mode 5 points were repeated more than once, 4 of them on two different days for a total of 9 setpoint comparisons. The reduced number
is due to the fact that pump mode was more demanding for the test rig. It is also true that pump mode includes less operation points when compared to
turbine mode.

The pump mode repeatability setpoints present a larger error when compared to the turbine mode case. We see that 6 out of 9 points are mostly
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with relative error lower than 1 %. However, for parameters such as the low-pressure side static pressure and torques, this error is larger. The repeated
setpoints were the following:

®l = 2 = 1000 rpm

®»1 =1100 rpm (02/01 = 0.9),
®l = 1200 rpm (02/01 = 0.7),
®»1 =1200 rpm (02/01 = 0.8),
®1 =1200 rpm (02/01 = 0.9),

repeated on two different days
repeated on two different days
repeated on two different days
repeated on two different days

The repeated setpoints occur at high speed where the cavitation risk is higher. It is thus possible that cavitation and large flow separation affected
the high speed setpoints, making it challenging to reproduce similar values consistently. In fact, the n; = np = 1000 rpm setpoint includes a maximum
relative error of 6 % and 3 % for p5 and p6 respectively. The rest of the parameters such as torque, pump head, power and efficiency all have errors of
0.18 %, 0.48 %, 0.21 %, 0.44 % and 0.13 % respectively. Suggesting that at low speeds, repeating setpoints does not significantly alter the recorded
data. Nevertheless, the analysis would benefit from repeating more low speeds points. Remarkably the maximum relative error for efficiency is just
0.93 %, suggesting that errors in both hydraulic and mechanical torque are balanced even in the presence of cavitation.

Data availability

The data used in this article is available at:

org/10.24355/dbbs.084-202412181712-0.
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