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A B S T R A C T

Recent studies have indicated the potential of a contra-rotating pump-turbine (CRPT) as a low-head design
that enables pumped hydro storage in regions with flat topography. However, the effects of cavitation have
scarcely been investigated for the CRPT. The current paper utilises computational fluid dynamics simulations
to study a model scale CRPT subjected to cavitating flow conditions to determine how cavitation affects the
machine’s operating performance in both pump and turbine modes. In total, eight operating conditions have
been evaluated for each mode. The inlet flow rate is considered fixed at 0.27 m3/s, while the outlet pressure
is gradually changed to induce cavitating conditions. The study demonstrates that the pump mode operation
of the CRPT is more sensitive to cavitation compared to the turbine mode. The pump mode operation shows
a steady decline in efficiency with decreasing inlet pressure, whereas in turbine mode the efficiency settles
at a lower level. The 3% head drop occurs at a Thoma number of 1.0 in pump mode and at 0.6 in turbine
mode. At the 3% head drop, a large cavitating region is already present at the runner blades’ suction side
of the runner closest to the lower reservoir in both modes. The large cavitating region causes the flow to
separate from the runner blade surfaces, which explains the reduced operating performance. To ensure an
almost cavitating-free operating condition and unaffected performance, the Thoma number needs to be above
1.0 in turbine mode and at least 1.5 in pump mode. A frequency analysis reveals that the presence of cavitation
affects the dominant pressure pulsations in the system. A dynamic mode decomposition analysis is carried out,
demonstrating that the non-trivial pressure pulsations are connected to the support struts.
1. Introduction

The increasing share of intermittent energy sources for the produc-
tion of electrical energy has highlighted the need for more effective
energy storage. Pumped hydro storage (PHS) currently stands as the
most common type of energy storage [1]. The development of PHS has
primarily focused on high-head applications imposing constraints on its
geographical feasibility and utilisation [2]. To expand the applicability
of PHS to regions or countries where construction of high-head PHS
facilities may not be feasible, the ALPHEUS (augmenting grid stabil-
ity through low-head pumped hydro energy utilization and storage)
EU H2020 project [3,4] was established. As a part of the project,
novel runner designs for low-head applications (between 2 to 20 m)
were developed. Specifically, a model scale shaft-driven contra-rotating
pump-turbine (CRPT) has been designed.

A CRPT is an axial flow machine that has two individual runners
rotating in opposite directions. Axial flow machines are suitable in low-
head scenarios since they operate at higher flow rates compared to

∗ Corresponding author.
E-mail addresses: fahlbeck@chalmers.se (J. Fahlbeck), hakan.nilsson@chalmers.se (H. Nilsson), mohammad.h.arabnejad@chalmers.se (M.H. Arabnejad),
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mixed or radial-flow machines. A high flow rate is desirable at low-
head sites because the power is proportional to the head and flow
rate [5]. The main advantage of a CRPT compared to a single runner
configuration is that it allows for a wider operating range at high
efficiency according to Furukawa et al. [6]. Furthermore, they stated
that a CRPT has a flatter head-flow rate curve which makes it suitable
for low-head PHS since the relative variation in the head is much larger
compared to high-head scenarios.

Extensive numerical studies of the model scale CRPT in the ALPHEUS
project have previously been carried out [7–9]. These studies predom-
inantly concern non-cavitating transient operations of the machine.
However, it has been demonstrated in the literature [10,11] that
cavitation can significantly degrade the operating capabilities of pump-
turbines. Therefore, it is crucial to analyse the CRPT at a wide range of
operating conditions, in both pump and turbine modes, to comprehend
how the machine is potentially affected by cavitation. Cao et al. [12]
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Fig. 1. Flow chart of study and research objectives.
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briefly mentioned that their tested CRPT had improved cavitation
characteristics compared to a conventional single-runner machine. In
an experimental study, the same research group showed that cavitation
inception occurred at the tip of the leading edge of the rear runner [6].
For that reason, they redesigned the rear runner for a lower rotational
speed to avoid cavitation [13]. When they redesigned the rear run-
ner, only single-phase flows were considered and no analysis where

ade that could capture cavitation. The CRPT has furthermore been
experimentally studied under air/water two-phase flow conditions by
increasing the airflow rate of an air–water mixture [6,14] However, no
horough study on how cavitation affects the operating performance

of a CRPT is found in the literature. Therefore, this study aims to
numerically examine and explain how cavitation impacts the operating
performance of the CRPT at stationary conditions.

In 1998, Hirschi et al. [15] reported that 3D computational fluid
ynamics (CFD) simulations of cavitating flow, together with the
ayleigh–Plesset equation, compared rather well with measured data

or a centrifugal impeller. Additionally, Lei et al. [16] demonstrated the
effectiveness of CFD simulations in capturing the physics of cavitating
regions, even under off-design conditions for a centrifugal pump. In
their study, they utilised the RNG 𝑘-𝜀 Reynolds-averaged Navier–Stokes
(RANS) simulations together with a homogeneous mixture model.
Another investigation focused on cavitating flow in an axial flow
ump, with CFD results being compared to experimental data [17]. The

numerical framework incorporated a two-phase mixture model and a
RANS turbulence model, and it was shown that the simulations were
in agreement with the measured data. Likewise, axial flow turbines
have been studied under cavitating flow conditions [18] using similar
umerical methods as in the previously listed studies. It was shown that
or the axial flow turbine, the tip clearance region is where cavitation is

likely to be formed because of the large difference in pressure between
the pressure and suction sides of the runner. Furthermore, the potential
of the Schnerr–Sauer model for accurately capturing phase change in
he OpenFOAM open-source CFD code has been demonstrated [19,20].

These studies demonstrate that CFD simulations can be used to accu-
rately predict the operating performance for a wide range of hydraulic
machines under cavitating flow conditions.

Similar to the previous studies, the present work utilises CFD sim-
ulations with a two-phase mixture model to capture cavitation while
ere applied to the model scale CRPT developed in the ALPHEUS

project. The objective is to understand how cavitation affects the
CRPT’s operating performance and identify potential operating condi-
tions that limit cavitation. Consequently, a wide range of operating
conditions is assessed numerically both in turbine and pump modes
by changing the outlet pressure of the machine. The findings of this
study hold significance when planning for future low-head PSH projects
and offer valuable insights to ensure the safe and optimal operation of
the CRPT. This study is outlined according to Fig. 1 and the paper is
tructured as follows. Section 2 provides an explanation of the runner

design and operating conditions. This is followed by a description of
the numerical framework in Section 3. The results are then discussed
n Section 4. First, a general comparison of both modes is provided,
ollowed by a detailed study of cavitating flow conditions in turbine
ode and subsequently in pump mode. Finally, the conclusions from

his work are presented in Section 5.
2 
2. Runner design and operating conditions

The numerical domain of the studied CRPT and its mounting ar-
angement is depicted in Fig. 2. The mounting arrangement was de-

signed within the ALPHEUS project to manage the loads and constraints
of the experimental test facility where the machine is tested. The blade
geometries of the runners were designed and optimised to maximise the
efficiency at a wide range of operating conditions. The runners (shown
in red and blue colours) are connected to individual shafts to transmit
the torque to/from individual motor-generator units. The axial shaft of
each runner is connected to a vertical shaft placed in one of the larger
support struts via a set of bevel gears. More information about the
configuration of the test facility is provided by Hoffstaedt et al. [21].
The set of smaller support struts, closer to the runners, are required
for structural integrity. Runner 1 (red) has eight blades and is located
upstream in pump mode, and downstream in turbine mode while
Runner 2 (blue) has seven blades. The tip diameter of the CRPT is
276 mm, the hub diameter is 124 mm, and a tip clearance of 0.68 mm
is used between the runner tip and the shroud.

The evaluated operating conditions are based on keeping the flow
rate of the machine constant at 0.27 m3∕s while achieving comparably
igh hydraulic efficiencies. The flow rate of 0.27 m3/s is loosely based

on what should be achievable in future lab tests in both modes. In
urbine mode, Runner 1 rotates at 842 rpm and Runner 2 at 633 rpm.
n pump mode, a higher rotational speed is needed to achieve an

appropriate hydraulic efficiency. Consequently, the Runner 1 speed is
et to 1129 rpm while Runner 2 rotates at 848 rpm. The prescribed

rotational speeds yield the same rotational speed ratio of the runners
of 0.75 in both pump and turbine modes. In the case of a non-cavitating
low, these operating conditions correspond to a hydraulic efficiency of

90% in turbine mode and 86% in pump mode. In turbine mode, each of
the runners is responsible for roughly 50% of the net head and power.

his is in contrast to the pump mode where Runner 1 is responsible for
about 58% of the net head and 57% of the power of the full CRPT.

The performance parameters evaluated in this work are primarily
the net head (𝐻), power (𝑃 ) and hydraulic efficiency (𝜂) of the CRPT.
These parameters are defined as

𝐻 =
𝛥𝑝0
𝜌𝑔

, (1)

𝑃 =
2
∑

𝑖=1
𝑇R𝑖𝛺R𝑖, (2)

𝜂T = 𝑃
𝜌𝑔 𝐻 𝑄, 𝜂P =

𝜌𝑔 𝐻 𝑄
𝑃

, (3)

where 𝛥𝑝0 is the total pressure change over the runners, 𝜌 is the fluid
ensity, 𝑔 is the gravitational acceleration, and 𝑄 is the volumetric

flow rate. The torque and rotational speed of each runner are denoted
by 𝑇R𝑖 and 𝛺R𝑖, where index 𝑖 is 1 or 2 for the respective runner.
ubscript 𝑇 is for turbine mode, and P is for pump mode. To evaluate
he cavitation condition, the Thoma number (𝜎) is considered according
o IEC 60193 [22] as

𝜎 = NPSE =

𝑝LP−𝑝v
𝜌 + 𝑄2

2𝐴2
LP . (4)
E 𝑔 𝐻
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Fig. 2. Computational domain with the pressure probe P3pos location and coordinate system. Runner 1 is red and Runner 2 is blue, the flow is from right to left in turbine mode,
and from left to right in pump mode.
Here 𝑝LP and 𝐴LP are the static pressure and the cross-sectional area at
the low-pressure boundary of the computational domain (see Fig. 2(a)),
respectively, while 𝑝v is the vapour pressure. In turbine mode, 𝑝LP is
directly specified since it is the outflow boundary. On the contrary in
pump mode, the pressure is set at the high-pressure boundary. The
specified outflow pressure is changed to evaluate the CRPT at various
Thoma numbers. The largest outflow pressure is set so that the Thoma
number is around 2.0 in both modes. This yields the largest outflow
pressure of 115 kPa in turbine mode and 220 kPa in pump mode.

3. Method

This section presents the methods used to carry out the numerical
simulations. First, the solver settings and mesh are explained, followed
by a description of the cavitation model, and finally the boundary
conditions are presented.

3.1. Numerical setup and mesh

The OpenFOAM-v2112 [23] open-source CFD code is used for
the simulations. In the cavitating flow simulations, the OpenFOAM
interPhaseChangeDyMFoam solver is used. That solver treats the
fluid as a mixture of two incompressible and isothermal fluids and
allows for phase change, as described in Section 3.2. Thus, the Navier–
Stokes equations are solved for the mixture, and an arbitrary mixture
quantity (e.g. 𝜌m, 𝜇m) is calculated as

𝜙m =
2
∑

𝑖=1
𝛼𝑖𝜙𝑖, (5)

where 𝛼𝑖 is the volume fraction of phase 𝑖 (here liquid or vapour).
In the present study, the RANS equations are solved using the 𝑘-𝜔

SST-SAS (shear stress transport — scale adaptive simulation) turbulence
model [24,25]. The model uses a hybrid RANS approach through
an additional source term in the 𝜔 transport equation that detects
turbulence and reduces the turbulent viscosity in parts of the numerical
domain. Hence, turbulence is partly resolved in the simulations. The
turbulence model has recently been used in several studies of hydro
machines with sufficiently accurate results [26–28].

The discretisation schemes are second-order accurate, except that
the convective terms of the 𝑘, 𝜔 and 𝛼l (liquid volume fraction) equa-
tions are discretised using the first-order upwind scheme. The convec-
tive terms in the momentum equations are discretised using the LUST
(linear-upwind stabilised transport) scheme [29]. The LUST scheme
utilises 75% of the central difference scheme for accuracy and 25%
of a second-order upwind scheme for stability. Temporal terms are
discretised with the second-order backward scheme [30] with a fixed
 𝑚

3 
time step. In turbine mode the time step is set to 5 × 10−5 s (maximum of
0.25◦per time step). In pump mode a time step of 2.5 × 10−5 s (maximum
of 0.17◦per time step) is used because of the higher runner rotational
speed.

The interPhaseChangeDyMFoam solver couples pressure and
velocity through the PIMPLE algorithm [31], which is a combination
of the SIMPLE [32] and PISO [33] algorithms. PIMPLE is basically an
outer SIMPLE loop on top of the inner PISO algorithm. In the cavitating
flow simulations, three inner loops and one non-orthogonal corrector
step are performed within each outer loop. The convergence criterion
is set to a solver residual of 10−6 for pressure and velocity, which is
usually reached within four to six outer loops.

The most essential parts of the numerical mesh are shown in the
mesh cut view in Fig. 3. The mesh is divided into four parts, one
for each of the runners, and the two regions containing the straight
parts and the contraction/expansion upstream and downstream of the
CRPT. The mesh is finest at the runners and is gradually coarser
away from the runners. The runner mesh regions are block-structured,
except in the tip-clearance region where nine layers of hexahedral and
triangular prism cells are used. The two runner mesh regions contain
about 2 × 106 cells each. The upstream and downstream sections are
identical and thus only one of them is presented in Fig. 3. The mesh
is constructed with an unstructured tetrahedral core and ten prism
layer boundary cells. The corresponding mesh consists of approximately
4 × 106 cells. This gives a total cell count of 12 × 106 cells for the
complete computational domain. A mesh study has been carried out in
our previous work [7], using a mesh with almost identical properties.
It was shown that the expected relative error of the computed power
was less than 1%, which is considered sufficient for the present study.

3.2. Cavitation model

Cavitation is in this study modelled using the Schnerr–Sauer model
[34–36]. A transport equation for the liquid volume fraction is solved
[19], reading
𝜕
𝜕 𝑡 (𝛼l𝜌l) +

𝜕
𝜕 𝑥𝑖

(𝑢𝑖𝛼l𝜌l) = �̇�, (6)

where 𝛼l is the liquid volume fraction, 𝜌l is the liquid density, 𝑢 is
the mixture velocity, and subscript 𝑖 denotes the Cartesian directions.
The mass transfer term �̇� accounts for vaporisation and condensation
processes. The mass transfer is in the Schnerr–Sauer model [35] written
as the summation of vaporisation (�̇�𝛼l,V ) and condensation (�̇�𝛼l,C ) terms
as
̇ = 𝛼l(�̇�𝛼l,V − �̇�𝛼l,C ) + �̇�𝛼l,C , (7)
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Fig. 3. Cross-sectional view of the employed mesh around the runners and the support
struts. Only one set of support struts is shown due to their similarity.

where

̇ 𝛼l,V = 𝐶V(1 + 𝛼Nuc − 𝛼l)
3𝜌l𝜌v
𝜌𝑅B

√

2
3𝜌l

√

1
|𝑝 − 𝑝v|

min(𝑝 − 𝑝v, 0), (8)

̇ 𝛼l,C = 𝐶C𝛼l
3𝜌l𝜌v
𝜌𝑅B

√

2
3𝜌l

√

1
|𝑝 − 𝑝v|

max(𝑝 − 𝑝v, 0). (9)

Here, 𝐶V and 𝐶C are vaporisation and condensation coefficients which
are set to one during the cavitating flow simulations. 𝑝 and 𝑝v are the
local and vapour pressures, respectively. The vapour pressure is here
assumed to be 2340 Pa, which is the vapour pressure for water at 20 ◦C.
The bubble radius is obtained through

𝑅B = 3

√

3
4𝜋 𝑛0

1 + 𝛼Nuc − 𝛼l
𝛼l

, (10)

and the initial nuclei volume fraction is defined as [36]

𝛼Nuc =
𝑉Nuc
𝑉cell

=
𝑛0

4
3𝜋 𝑅3

Nuc

1 + 𝑛0
4
3𝜋 𝑅3

Nuc

. (11)

Here, 𝑉Nuc is the volume of nuclei in a cell with the cell volume 𝑉cell,
𝑛0 is the nuclei density, which is the number of nuclei per unit volume
of liquid. In this work, the initial nuclei density and the nuclei radius
have assumed values of 𝑛0 = 1012 nuclei/m3 and 𝑅Nuc = 5 × 10−6 m,
respectively. This means that if a cell has no vapour (𝛼l = 1), there is
𝑛0 × 𝑉cell number of small bubbles with the nuclei radius 𝑅Nuc within
the cell, otherwise the bubble radius is obtained through Eq. (10).

3.3. Boundary conditions

The boundary conditions are set by prescribing a fixed volumetric
flow rate at the inlet of 0.27 m3/s and a uniform static pressure at the
outlet boundary. In turbine mode the high-pressure boundary is the
inlet whereas it is the outlet boundary in pump mode, see Fig. 2(a).
To evaluate the CRPT at different Thoma numbers, corresponding to
different cavitation conditions, the static outlet pressure is varied. In
turbine mode, the specified pressure at the low-pressure boundary
ranges between 10–115 kPa. The corresponding specified pressure in
pump mode ranges at the high-pressure boundary between 80–220 kPa.
The resulting area-weighted pressure at the low-pressure boundary is
between 49–155 kPa in pump mode.

At the walls, a no-slip condition is applied. Wall viscous effects are
taken into account using standard wall functions for all 𝑦+ treatments
since the average 𝑦+ is around 8–30 for the different surfaces. The
mentioned all 𝑦+ treatments provide blending of the velocity profile
from the viscous sublayer and the logarithmic layer in the buffer layer.
The arbitrary mesh interface technique is used [37,38] to transfer
information between the mesh regions.
4 
4. Results and discussion

This section starts with an overview of all the evaluated cases in
both pump and turbine modes. This is followed by an in-depth analysis
of cavitation effects on the operating performance of the CRPT at
different levels of cavitation.

Fig. 4 shows the normalised performance breakdown curves as a
function of the Thoma number (Eq. (4)). At 𝜎 ≳ 1.5 a similar behaviour
is noted in both modes. However, at smaller 𝜎 values a completely dif-
ferent behaviour is noted. In turbine mode, the performance parameters
(Eqs. (1)–(3)) gradually decrease between 0.5 < 𝜎 < 1.0, after which
they stabilise. It is expected that the performance would drop further
at 𝜎 less than 0.24. However, because of numerical instabilities, lower
values could not be evaluated in the present study. In pump mode,
the net head and power show a slight increase as 𝜎 falls below 1.5,
which can indicate the inception of cavitation. It has been reported in
the literature that a small increase in efficiency can be expected when
the inception of cavitation occurs for pumps [39]. However, for the
evaluated CRPT the efficiency is only decreasing, also when the head
and power are increasing. This is explained by that the power increases
more than the net head. As 𝜎 decreases below 1.2, the head and power
rapidly decrease. Furthermore in pump mode, 𝜎 is decreasing from
the largest value, reaching the smallest value of 0.94. However at this
value, 𝜎 is increasing while the performance is reducing. The reason
for this behaviour in pump mode lies in the definition of the Thoma
number in Eq. (4). In the current study, the only variables that are
changing in the Thoma number are the net head (𝐻) of the CRPT and
the static pressure on the low-pressure boundary of the computational
domain (𝑝LP). The net head produced in pump mode is reducing faster
than the static pressure on the low-pressure side as the head drops
below 12% at 𝜎 = 0.94.

To better understand the operating performance of the CRPT, the
performance breakdown curves are shown as a function of the pressure
at the low-pressure boundary in Fig. 5. The turbine mode curves are
essentially identical to those presented in Fig. 4. The pump mode
curves on the other hand demonstrate a different appearance compared
to when plotted as a function of 𝜎. As expected the performance is
decreasing with reduced inlet pressure at the lower inlet pressures. The
main reason for the behaviour in turbine mode is that the denominator
of the 𝜎 equation, representing the head, remains relatively stable
while the numerator, representing the low-pressure value, significantly
decreases. As a result, 𝜎 also decreases. However, in pump mode, the
pump head undergoes a significant reduction, causing 𝜎 to eventually
increase at a certain point as 𝑝LP < 64 k Pa.

Figs. 4 and 5 suggest that reducing the 𝜎 number results in a
significant performance drop in pump mode, contrasting with the more
stable behaviour of the machine in turbine mode. Thus, it can be
concluded that the pump mode operation is more sensitive to cavitating
conditions. The pump performance is practically constant for 𝜎 > 1.5.
However, already at a 𝜎 = 1.2 the efficiency has dropped by 2.3%
and continues to drop with decreasing inlet pressure. Fei et al. [40]
indicated that for a conventional rotor-stator axial flow pump, a 𝜎
larger than 1.9 ensures unaffected performance, and that at 𝜎 less than
1.3 the performance drops drastically. The turbine mode operation of
the CRPT is almost unchanged down to 𝜎 = 1.0. This can be compared
to a bulb turbine, where Feng et al. [41] reported that the inception of
cavitation occurs at a 𝜎 of 2.0, and that critical cavitation is developed
at a 𝜎 of 1.2. Between 0.5 < 𝜎 < 1.0 the head and efficiency drops by
roughly 7% and severe cavitation is expected to develop somewhere
between those values. The conventionally used 3% head drop [42]
occurs at a 𝜎 of 1.0 in pump mode (neglecting the lower head values
where 𝜎 is not unambiguous) and at 0.6 in turbine mode. The 3% head
drop happens close to the points marked with BP and BT, which is why
these operating conditions are later selected for a detailed investigation.
To evaluate the occurrence of cavitation, the liquid volume fraction can
be assessed.
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Fig. 4. Performance breakdown curves as a function of 𝜎. Markers (+ and ×) represent CFD simulations and circles highlight cases selected for detailed analysis.
Fig. 5. Performance breakdown curves as a function of the static pressure at the low-pressure boundary in the computational domain 𝑝LP. Markers (+ and ×) represent CFD
simulations and circles highlight cases selected for detailed analysis.
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Fig. 6 shows iso-surfaces of the liquid volume fraction (𝛼l) to visu-
alise the cavitating regions close to the runners in turbine mode. It is
seen that the cavitation primarily occurs on the downstream Runner 1

hich is placed on the low-pressure side. As expected, the cavitating
olume is larger at the smaller 𝜎 values. For the four cases on the
op row, the suction side of the Runner 1 blades is almost completely
overed by attached cavitation. Furthermore, tip leakage cavitation by
he runner tips and the shroud is apparent. The tip leakage cavitation
s caused by the pressure difference between the suction and pressure

sides of the runner blades as explained by Laborde et al. [43]. A
maller amount of cavitation is visible by the leading edges of the
pstream Runner 2. The similar appearance of the cavitating regions
n Figs. 6(a)–6(d) explain the stable behaviour demonstrated by the

performance curves at the lower 𝜎. For the cases on the bottom row,
the cavitating region is smaller and reduces by increasing the Thoma
number. At 𝜎 = 0.97 (Fig. 6(e)), a large part of the cavitation on

unner 1 has vanished. At the largest evaluated 𝜎 (Fig. 6(g)) only a
mall amount of cavitation is noted at the suction side of the leading
dge on one of the blades of the downstream Runner 1.

Similar iso-surfaces for the pump mode cases are shown in Fig. 15.
The cavitating volume is, as anticipated, largest at the smallest 𝑝LP
(shown in Fig. 7(a)). Runner 1, which is located on the low-pressure
ide, is as in turbine mode more susceptible to cavitation. At this
perating condition, the entire suction side of the upstream Runner 1
lades is covered by an attached cavitating region. On the downstream
unner 2, a smaller amount of cavitation is present by the leading
dges. On both runners, cavitating tip leakage vortices are apparent.
y evaluating the cases in Figs. 7(b)–7(d), the tip leakage cavitation is

still noticeable. However, the cavitating region on Runner 1 is reduced
t the trailing edges. From Fig. 7(d) to 7(e), the Runner 1 cavitating

region is drastically reduced. By further increasing the inlet pressure,
the cavitation diminishes and the tip leakage cavitation is no longer
present, especially on the downstream Runner 2. For the cases with
the highest inlet pressures, ( Figs. 7(g)–7(h)), not much difference is
noted and only a small amount of cavitation is noticeable at the leading
edges of Runner 1. The notable increase in the cavitating volume by
educing 𝑝LP explains the decrease in performance shown in Figs. 4 and

5. To have a nearly non-cavitating operation in pump mode, the Thoma
number should be above 1.50, where only a smaller amount of attached
cavitation is present at the leading edges of the runners.

The Thoma numbers in pump and turbine modes, which ensure
lose to unaffected performance, can be used to estimate an appropriate
5 
submersion depth of the CRPT. Since the smallest Thoma number is
arger in pump mode, the pump mode operation dictates the overall

powerplant Thoma number. In the present study, the submersion (ℎmin)
of the machine should at least be 1.6 m, as given by

ℎmin = 𝜎min𝐻 − 8𝑄2

𝑔 𝜋2𝐷4
LP

+
𝑝v − 𝑝at m

𝜌𝑔
.

Here 𝜎min is the smallest allowed Thoma number (1.5 since pump mode
is more severe than turbine mode), 𝐻 is the pump net head (7.9 m in
the present study), 𝑄 is the flow rate, 𝑔 is the gravitational acceleration,
𝐷LP is the diameter of low-pressure boundary, 𝑝v is the vapour pressure,
𝑝at m is the atmospheric pressure, and 𝜌 is the fluid density.

Three operating conditions in each mode are chosen for an in-depth
nalysis of the reasons and mechanisms of the cavitation performance.

The three cases are labelled A, B and C. Case A is experiencing the
operating condition with a high level of cavitation (lowest 𝑝LP), and
C represents a low-cavitating regime (highest 𝑝LP). To differentiate
between the turbine and pump modes, the subscripts 𝑇 and P are used
for the corresponding mode. The cases are indicated by circles in Figs. 4
and 5.

4.1. Turbine mode detailed study

Fig. 8 shows instantaneous snapshots of the blade pressure distribu-
ion at the mid-span of a blade for each runner in turbine mode. Case
T, which is experiencing the most cavitation, has the least favourable
ressure distributions. This is because the entire suction side, and part

of the pressure side, close to the trailing edge, of Runner 1 are at
he vapour pressure level. Also, close to the leading edge of Runner 2

the pressure is at the vapour pressure. The sections of the blades
experiencing the vapour pressure level align with the regions indicating
cavitating regions in Fig. 6. Case BT is indicating a similar appearance
as AT. However for BT a smaller part of the Runner 2 suction side is at
the vapour pressure, and the trailing edge of Runner 1 is slightly above
he vapour pressure. At operating condition CT, the blade pressure
istribution is completely above the vapour pressure, which explains

why CT has the higher efficiency. This is because cavitation disrupts the
ideal flow guidance by the blades, preventing them from performing as
designed.

The effects of cavitation on the flow guidance by the runner blades
are further assessed. Fig. 9 shows contours of the magnitude of the rela-
tive velocity and the corresponding surface streamlines on a cylindrical



J. Fahlbeck et al.

Fig. 6. Iso-surface of liquid volume fraction, 𝛼l = 0.9, in turbine mode. The flow is from right to left, Runner 1 is downstream and Runner 2 is upstream.

Fig. 7. Iso-surface of liquid volume fraction, 𝛼l = 0.9, in pump mode. The flow is from left to right, Runner 1 is upstream and Runner 2 is downstream.

Fig. 8. Snapshots of blade mid-span pressure distribution in turbine mode. LE is the leading edge, TE is the trailing edge, and 𝑝v is the vapour pressure.
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Fig. 9. Snapshots of contours of the magnitude of relative velocity and corresponding surface streamlines on a cylindrical cut plane at the mid-span in turbine mode. The shaded
green areas show cavitating regions with 𝛼l ≤ 0.9. The flow is from right to left, Runner 1 is downstream and Runner 2 is upstream.
cut plane at the mid-span in turbine mode. The upstream Runner 2
shows a consistent flow field for all cases, indicating effective flow
guidance by the blades. However, at the downstream Runner 1 no-
ticeable differences emerge. In both cases AT and BT, boundary layer
flow separation begins at the leading edges of the blades’ suction side.
The separation grows into an unsteady wake downstream of the trailing
edges. This is seen by the streamlines which do not follow the curvature
of the blade surfaces. The Runner 1 wakes are largest for Case AT since
a larger part of the blades experiences cavitation, as illustrated by the
shaded green areas. Hence, the separation region enlarges with the
reduction of 𝜎. The reason for this is that the cavitating region on the
suction side of the Runner 1 blades prevents an attached flow. This is
in contrast to Case CT where the flow follows the blade shape and the
Runner 1 wake is therefore almost negligible. The lack of the unsteady
Runner 1 wake and aligned flow in CT means lesser losses and thus a
more stable operation as well as a higher efficiency.

To schematically visualise what the flow undergoes through the
runners, Fig. 10 shows velocity triangles in turbine mode. They are
given by temporally and spatially averaging the CFD results at planes
located upstream, between and downstream the runners. The upstream
Runner 2 velocity triangles are practically identical for the three cases.
This means that the incoming flow for the downstream Runner 1 is the
same and that the main differences in operating performance originate
from that runner. Downstream of Runner 1, Case AT shows the largest
absolute tangential velocity whereas CT the smallest. Furthermore, it
is noticeable that BT has a marginally larger tangential velocity after
the runners than in CT. A larger negative absolute tangential velocity
downstream of Runner 1 means that the runner has not been able to de-
swirl the flow properly leaving the upstream Runner 2. Thus, with more
cavitation the flow separation increases, leading to a smaller change in
tangential flow direction over Runner 1. According to the Euler turbine
equation, a smaller change in tangential flow direction over a runner
leads to a decrease in power. Therefore, by applying the Euler turbine
equation between CT and AT,
[

1 − 𝛥𝑢𝜃 ,C,R1(𝜔R1∕𝜔R2) + 𝛥𝑢𝜃 ,C,R2
𝛥𝑢𝜃 ,A,R1(𝜔R1∕𝜔R2) + 𝛥𝑢𝜃 ,A,R2

]

100 = 11.4%, (12)

it is shown that the seemingly small differences in tangential velocity
between the cases are responsible for most of the decrease in power.
As a reference, the total decrease in power in Figs. 4 and 5 between CT
and AT is 13.2%.

Fig. 11 shows the power spectral density (PSD) obtained from a fast
Fourier transform (FFT) of the fluctuating component of the pressure
at probe P3pos in turbine mode. The probe is located at the shroud
between the runners, as shown in Fig. 2. The frequency is normalised by
7 
the blade passing frequency of the upstream Runner 2, 𝑓R2 = 73.9 Hz.
In turbine mode this corresponds to that 𝑓T = 𝑓∕𝑓R2. For all cases,
the expected blade passing frequency of each runner, as well as linear
combinations of the blade passing frequencies and various harmonics,
are indicated by peaks. For instance, the blade passing frequency of
Runner 2 is shown at multiples of 1. The blade passing frequency of
Runner 1 (𝑓R1) is indicated at multiples of 1.521. Linear combinations
of the blade passing frequencies 2.521 (𝑓R1 + 𝑓R2), as well as 3.521
(𝑓R1 + 2𝑓R2) are also indicating peaks. An additional non-trivial peak
at 0.396𝑓T = 29.4 Hz is observed for all the cases. Furthermore, Case
BT demonstrate a peak at 0.062𝑓T = 4.6 Hz, and at its second harmonic
frequency of 0.125𝑓T = 9.2 Hz, which are not seen in the other cases.
The 0.062 frequency, and its second harmonic, are connected to the
cavitation phenomenon as it is not present in the other scenarios. All
these non-trivial peaks are examined and explained in the subsequent
paragraphs.

A modal analysis can help discover the origin of the non-trivial
frequencies demonstrated in Fig. 11. The dynamic mode decomposition
(DMD) [44] method is a widely used modal analysis technique, utilised
to analyse the time snapshots of a flow field and extract physical flow
patterns. Unlike proper orthogonal decomposition, which produces
spatially orthogonal modes, DMD focuses on temporal orthogonality,
meaning that each mode oscillates with an isolated frequency that
can be connected to a distinct physical phenomenon. Therefore, the
eigenmodes of the DMD algorithm offer a detailed picture of the flow
field’s coherent structures and can be used to uncover the origin of
unknown frequency excitations.

The modal analysis is performed on Case BT using the sparsity-
promoting variation of the DMD algorithm (SPDMD) [45] to extract
a subset of the most influential DMD modes. The chosen case demon-
strates all the observed non-trivial frequencies that need to be investi-
gated.

The pressure distribution is recorded on the midplane at a DMD
sampling interval of 5 × 10−3 s, and the total considered sampling
time is 1.5 s. These two parameters are chosen based on the targeted
frequencies. The sampling interval is fine enough to effectively capture
the highest frequency of interest while the total sampling time is chosen
so that it contains several repetitions of the coherent structures with the
lowest frequency of interest.

The real part of the first 9 SPDMD eigenmodes of the midplane
is shown in Fig. 12. Mode 1 (Fig. 12(a)) is stationary and represents
the time-averaged flow field. Modes 3, 5, and likely 13, ( Figs. 12(b),
12(c), and 12(g)) represent the patterns causing the pressure pulsation
peak close to 0.062. These pulsations are connected to the wake region
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Fig. 10. Temporally and spatially averaged velocity triangles in turbine mode from planes located upstream, between and downstream of the runners.
Fig. 11. PSD of pressure at probe P3pos (see Fig. 2) as a function of frequency normalised by the Runner 2 blade passing frequency in turbine mode. The 𝑓R1 and 𝑓R2 lines show
the main and harmonic frequencies for Runner 1 and Runner 2, respectively. The 𝑓linear lines indicate linear combinations of 𝑓R1 and 𝑓R2.
Fig. 12. Real part of the first 9 SPDMD modes at the vertical cut plane with their corresponding dimensionless frequencies in Case BT. Note flow is from right to left, and mode
1 has a negative SPDMD coefficient.
formed by the set of larger support struts located on the downstream
side of the machine. Mode 7 (Fig. 12(d)) has roughly twice the fre-
quency of Mode 3, and the frequency of Mode 15 (Fig. 12(h)) is
about double the frequency of Mode 5. It is therefore assumed that
modes 7 and 15 represent the second harmonic of modes 3 and 5,
respectively. Modes 9, 11, and 17 ( Figs. 12(e), 12(f), and 12(i)) have
frequencies close to the 0.395 peak. That peak is apparent in all the
cases and the pulsations are predominately caused by the combined
vortex shedding from the support struts and volume expansion at
the spherical part of the mounting arrangement. This phenomenon is
visually represented by the observed repairing pattern downstream of
the mounting arrangement in Fig. 12(e).

Arabnejad et al. [20] explained that vapour volume fluctuations can
excite pressure fluctuations because of the changing size of the vapour
cloud. Fig. 13 shows the PSD of the vapour volume fluctuations for the
turbine mode cases. In cases AT and CT no clear peaks are observed.
However, in Case BT a strong peak arises at 0.068 and a smaller peak
at double that normalised frequency at 0.136. The normalised vapour
volume frequency of 0.068 appears at a frequency which is around 10%
higher than the observed 0.062 pressure frequency at P3 . Later on in
pos
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Section 4.2 it is found that also in pump mode the vapour volume fluc-
tuations have associated frequencies which are at a frequency that is
about 10% higher than the corresponding excited pressure fluctuations
frequency. An explanation of why the vapour volume fluctuation has a
frequency slightly higher than the corresponding pressure oscillation is
because the vapour volume region must be smaller than the equivalent
wake region causing the pressure pulsation. The smaller region conse-
quently explains the higher frequency detected for the vapour volume
fluctuations compared to the pressure fluctuations.

The excitation of the normalised pressure pulsation frequency at
0.062 is shown to originate from the presence of the larger downstream
support struts and is related to the cavitating flow. Fig. 14 shows iso-
surfaces of the liquid volume fraction close to the larger downstream
support struts. In this figure, Case CT is neglected since there is no cavi-
tation present by the downstream support struts. In Case AT, almost the
entire region downstream of the support struts is consistently occupied
by a cavitating flow with relatively stable characteristics. In contrast,
Case BT indicates an oscillatory cavitating pattern characterised by
the formation and detachment of vortices from the struts in the form
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Fig. 13. PSD of fluctuating component of vapour volume as a function of normalised frequency in turbine mode.
Fig. 14. Iso-surface of liquid volume fraction, 𝛼l = 0.9, close to the large downstream
support struts in turbine mode. The flow is from right to left.

of vortex shedding phenomena. Hence the 0.062 pressure oscillation
frequency is arguably connected to the change in vapour volume.

4.2. Pump mode detailed study

Fig. 15 shows the blade pressure distribution at the mid-span on a
blade for both runners in pump mode. Similar to most of the turbine
mode cases, a desired pressure distribution on Runner 1 cannot be
maintained in pump mode due to the presence of cavitation. Note that
the CRPT operates at a larger net head in pump mode, which explains
the larger difference in pressure between the suction and pressure sides
of the blades in pump mode compared to in turbine mode. Additionally,
the flow direction is changed, which is why the leading edge is placed
to the left in Fig. 15. In Case AP, the pressure distribution at the entire
suction side of the Runner 1 blade is close to the vapour pressure.
This allows for the development of cavitation on the entire suction
side of the Runner 1 blades, which is seen in Fig. 7(a). Furthermore
in Case AP, the Runner 1 pressure side has a region, at around 17%
from the leading edge, where cavitation can develop since the pressure
is at the vapour pressure level. Increasing the inlet pressure, and thus
reducing the amount of cavitation, in cases BP and CP, results in a
more reasonable pressure distribution which is closer to the design
conditions. However also in Case BP, the Runner 1 suction side is
close to the vapour pressure level, which may interfere with the ideal
flow guidance. Even at CP, the leading edge pressure is close to the
vapour pressure which indicates cavitation. This is confirmed by the
limited amount of cavitation observed at the Runner 1 leading edges
in Fig. 7(h).

To visualise the effects caused by cavitation on the flow guidance
by the blades, Fig. 16 shows contours of the magnitude of the relative
velocity and the corresponding surface streamlines on a cylindrical cut
plane at the mid-span in pump mode. For Case AP, large separated
regions are developed on the suction side of the Runner 1 blades and
detach downstream of the runner. The detached Runner 1 wake causes
reverse flow between the runners, which deteriorates the performance.
Additionally, separated regions are detected close to the Runner 1
leading edges on the pressure side. The separation regions on the
blades’ pressure side occur at the location where the pressure is close
to the vapour pressure, see Fig. 15. In Case BP the flow detachment
is smaller than in A . However, an unsteady wake is also developed
P
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downstream of Runner 1 in BP. For Case CP the flow follows the Run-
ner 1 blade shape more closely compared to the other cases. The flow
at Runner 2 demonstrates a more aligned flow for all cases compared
to the Runner 1 flow indicating that the flow is adequately guided by
the blades regardless of the Thoma number. This is explained by the
fact that cavitation is predominantly present at Runner 1 as illustrated
by the shaded green areas.

By evaluating the velocity triangles shown in Fig. 17 a graphical
representation of how the flow changes over the runners with respect
to cavitation is given. In Case AP the relative velocity leaving Runner 1
is larger than for the other cases. This means that in AP less angular
momentum is added to the flow over Runner 1. The result of this is a
lower power and more importantly that the relative flow angle entering
Runner 2 is smaller. As an effect of this, the absolute flow angle leaving
Runner 2 is larger for Case AP than for the other cases. Ideally, the
flow leaving Runner 2 should be purely axial, any remaining swirling
flow is simply an energy loss which in turn reduces the efficiency of
the machine. Comparing cases BP and CP, it is found that the relative
flow leaving Runner 1 is larger in BP. Furthermore, the absolute flow
leaving Runner 2 has a marginally larger flow angle in Case BP than
in CP. The smaller relative flow angle leaving Runner 1 together with
the larger absolute flow angle leaving Runner 2 partly explains the
higher power and lower efficiency noted for BP than for CP in Figs. 4
and 5. Applying Eq. (12) to compare cases CP and AP, the reduction
in power is about 10% by only evaluating the velocity triangles. The
main performance loss is thus explained by the cavitating region, which
causes flow separation on the Runner 1 blades suction side, as shown
in Fig. 16.

The effect of cavitation on the pressure oscillations is investigated
through the PSDs of fluctuating pressure at different cavitating condi-
tions in Fig. 18. The PSD is derived from the fluctuating component of
the pressure at probe P3pos (see Fig. 2) and is presented as a function
of the normalised frequency 𝑓P. The frequency 𝑓P is normalised with
the blade passing frequency of the upstream Runner 1, 𝑓R1 = 150.6 Hz.

Similar to the turbine mode, the expected blade passing frequency of
each runner is indicated for all the cases, as well as linear combinations
and harmonics. Traces of the blade passing frequency of Runner 1
is indicated as multiples of 1, whereas the Runner 2 blade passing
frequency (𝑓R2) is shown at multiples of 0.658. Consequently the first
linear combination (𝑓R1 + 𝑓R2) is indicated at 1.658.

The non-trivial peak at 0.195 is distinguishable in all cases, however
most noticeable in Case CP. The frequency of this peak is 0.195𝑓P =
29.4 Hz. This is the same frequency as the turbine mode pressure
oscillation peak at 0.396𝑓T, shown in Fig. 11. Therefore, it is arguably
assumed that this peak in pump mode originates from the same physical
phenomena as the turbine mode peak, which is caused by the combined
vortex shedding of the support struts. This is furthermore confirmed
later in the text when discussing the results from an SPDMD analysis,
see Fig. 21. Additional non-trivial pressure oscillation peaks in Fig. 18
are present for cases AP and BP. In Case AP there is a peak at 0.049𝑓P =
7.4 Hz, whereas in BP a peak is at 0.155𝑓P = 23.3 Hz. These non-trivial
frequencies are investigated in the subsequent paragraphs.
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Fig. 15. Snapshots of blade mid-span pressure distribution in pump mode. LE is the leading edge, TE is the trailing edge, and 𝑝v is the vapour pressure.
Fig. 16. Snapshots of contours of the magnitude of relative velocity and corresponding surface streamlines on a cylindrical cut plane at the mid-span in pump mode. The shaded
green areas show cavitating regions with 𝛼l ≤ 0.9. The flow is from left to right, Runner 1 is upstream and Runner 2 is downstream.
Fig. 17. Temporally and spatially averaged velocity triangles in pump mode from planes located upstream, between and downstream of the runners.
Fig. 18. PSD of pressure at probe P3pos (see Fig. 2) as a function of frequency normalised by the Runner 1 blade passing frequency in pump mode. The 𝑓R1 and 𝑓R2 lines show
the main and harmonic frequencies for Runner 1 and Runner 2, respectively. The 𝑓linear lines indicate linear combinations of 𝑓R1 and 𝑓R2.
To further discuss the non-trivial frequencies, the PSD of the fluc-
tuating component of the vapour volume is shown in Fig. 19. The
AP case has a peak at 0.053, whereas a peak is at 0.177 in Case
B . An additional peak at 0.221 is distinguishable in B and C . All
P P P
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these vapour volume peaks are at a frequency that is between 8%–
14% higher than a corresponding pressure oscillation peak noted at
the pressure probe P3pos. The 0.053 vapour volume peak has the
corresponding pressure peak at 0.049 in A . Similarly, the 0.177 vapour
P
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Fig. 19. PSD of fluctuating component of vapour volume as a function of normalised frequency in pump mode.
Fig. 20. Iso-surface of liquid volume fraction, 𝛼l = 0.9, close to the larger upstream
support struts in pump mode. The flow is from left to right.

volume peak is linked to the 0.155 pressure peak in BP and the 0.221
vapour peak is correlated to the 0.195 peak. As mentioned previously,
in turbine mode Case BT, the pressure oscillation peak at 0.062𝑓T has
a corresponding vapour volume peak at a frequency which is around
10% higher, at 0.068𝑓T.

The 0.053 volume fraction, or 0.049 pressure, peak for Case AP is
assumed to be because of the set of larger support struts. Fig. 20 shows
iso-surfaces of the liquid volume fraction close to the upstream larger
support struts for cases AP and BP. In Case AP an unsteady cavitating
region is apparent downstream of the struts, whereas in BP no sign of
cavitation by the larger support struts is visible. Therefore, it is likely
that the vapour volume fraction peak is because of the larger support
struts. The 0.053 peak in Case AP is in that case caused by a similar
phenomenon as the vapour volume peak at 0.068𝑓T found in turbine
mode Case BT. Note that Case CP is excluded in Fig. 20 since no sign
of cavitation by the larger support struts is observable.

To find a plausible explanation for the non-trivial pressure oscil-
lation peak at the normalised frequency 0.155 in Case BP an SPDMD
analysis is carried out. Fig. 21 shows the real part of the first 9 SPDMD
eigenmodes of the vertical cut plane in Case BP. The time-average flow
field is represented by Mode 1 (Fig. 21(a)). The pressure oscillation
peak at 0.155 is predominately explained by modes 3 (Fig. 21(b)) and
7 (Fig. 21(d)), and potentially also by modes 9 (Fig. 21(e)) and 17
(Fig. 21(i)). These modes are mostly active between the two sets of
support struts on the low-pressure side (left) of the CRPT. However,
also some large-scale motions are noted downstream of the CRPT
which seems to be connected to the volume expansion as the mount-
ing arrangement ends. Modes 5 (Fig. 21(c)), 13 (Fig. 21(g)), and 15
(Fig. 21(h)) represent the physical phenomena which are causing the
pressure peak at 0.195 seen in all the pump mode cases. Also, these
modes are active around the low-pressure support struts. On the other
hand, these modes show a stronger spatially reappearing pattern down-
stream of the CRPT, after the mounting arrangement. This is especially
clear in Mode 15 and indicates that this mode is because of the vortex
from the support struts as the volume expands by the spherical part of
the mounting arrangement.
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5. Conclusions

Cavitating flow simulations were carried out on a model scale
contra-rotating pump-turbine to determine how the presence of cavitat-
ing flow affects the machine’s operating capability in turbine and pump
modes. The operating conditions were based on specifying an inlet flow
rate of 0.27 m3/s and varying the outlet pressure. The largest evaluated
outlet pressure was set to match the Thoma number (𝜎) in both modes
to roughly 2.0. In total 16 cavitating flow simulations were carried out,
eight in turbine mode and eight in pump mode. Three cases in each
mode were selected for a more detailed analysis to uncover how and
why the CRPT’s operating performance was affected by cavitation.

A comparison between the turbine and pump modes revealed that
the pump mode was more sensitive to cavitation and experienced a
larger performance drop. In turbine mode, the 3% head drop occurred
at a Thoma number of 0.6, whereas in pump mode it happened at 1.0. It
was in both modes shown that already at the 3% head drop, the suction
side of the Runner 1 (the runner facing the lower reservoir) blades were
mostly covered by cavitating flow. To have a close to cavitating-free
operating condition and unaffected performance, the Thoma number
should be above 1.0 in turbine mode and at least above 1.5 in pump
mode. Additionally in pump mode, the conventional Thoma number
was not reliable at inlet pressures less than 64 kPa (𝜎min = 0.94) because
of that the net head that the machine was able to produce, was reducing
faster than the pressure on the low-pressure side of the computational
domain. This resulted in 𝜎 starting to increase with reducing machine
performance at the lower inlet pressures, below 64 kPa.

In both modes, Runner 1 was exposed to the largest effects caused
by cavitation. This is explained by that Runner 1 is facing the lower
reservoir and thus operates at a lower pressure than Runner 2. It was
found that when cavitation was present by the runner blades, the flow
could not be properly guided by the blades. This resulted in flow
separation on the Runner 1 blades suction side, which in turn grew into
a wake region downstream of the runner. The Runner 1 flow separation
and wakes are some of the main reasons why there is a loss in operating
performance when the CRPT experiences cavitation.

The findings of this study are important for understanding how cav-
itation affects the CRPT in various operations. The results can thus be
vital when planning potential future low-head pumped hydro storage
facilities since the contra-rotating runner configuration is a promising
design for low-head sites. For future studies, the Runner 1 blade shape
could potentially benefit from an optimisation study to limit the risk of
flow separation at the leading edges. Another design suggestion is to
change the load distribution in pump mode, allowing a higher load on
Runner 2 (facing the upper reservoir). Such a design could potentially
reduce the risk of cavitation since the head and power produced by
the low-pressure Runner 1 would in that case be decreased. However,
a strong argument for using a CRPT is to avoid having guide vanes to
generate/remove swirl before/after the runners. This makes it complex
to change the load distribution too much in favour for one of the
runners since the swirl velocity is a function of the runner loads.
Additionally, optimising the design of the mounting arrangement and
support struts could mitigate the issues of large vortex shedding. This
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Fig. 21. Real part of the first 9 SPDMD modes of the vertical cut plane with their corresponding dimensionless frequencies in Case BP. Note flow is from left to right, and mode
1 has a negative SPDMD coefficient.
is because this study has through a modal analysis using dynamic mode
decomposition shown that the support struts are connected to some of
the strongest pressure pulsations which also interact with the change
in vapour volume.
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