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Abstract

The increasing share of electrical energy production by intermittent sources
pushes the demand for energy storage. Pumped hydro storage (PHS) has a
long history of providing a cost-efficient energy storage solution. However, for
PHS to be a viable option, a large head is typically required. This makes
energy storage via PHS difficult in countries that lack high mountain regions.
To address this problem, and thus allow for PHS in flat countries, the EU
project ALPHEUS was formed. In ALPHEUS, new pump-turbine technologies
intended for low head PHS are evaluated. One of the investigated designs is a
shaft-driven contra-rotating pump-turbine (CRPT). In this thesis, CRPTs are
numerically simulated with computational fluid dynamics at stationary and
transient operating conditions. The stationary operation is studied through
both steady-state and unsteady simulations. The steady-state computations
are made to get an understanding of the operating range of the CRPT. The
unsteady simulations are carried out on selected operating points with the
aim to identify the complex flow behaviour. The transient operations cover
startup and shutdown procedures in both pump and turbine modes. The pump
mode startup procedure is the major focus since it was found when evaluating
preliminary startup and shutdown sequences that the pump mode startup was
exposed to the largest loads. Hence, three parallel studies are presented in
this thesis to determine how to startup the CRPT in pump mode and limit
high-amplitude load variations. This contributes to the machine’s lifetime
and flexible operation. The outcome of this research shows the potential of
using CRPTs in a low head PHS situation and may also help with solving the
inherent problems correlated to energy production from intermittent sources.
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Nomenclature

Acronyms
ALPHEUS Augmenting grid stability through low head pumped hydro energy

utilization and storage
AMI Arbitrary mesh interface
CD Central difference
CFD Computational fluid dynamics
CRPT Contra-rotating pump-turbine
GGI General grid interface
LU Linear-upwind
LUST Linear-upwind stabilised transport
PHS Pumped hydro storage
RANS Reynolds-averaged Navier-Stokes
SAS Scale adaptive simulation
SST Shear stress transport
VL Velocity line

English symbols
n Normal vector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .−
Sf Face area normal vector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2

A Area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2

d Diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .m
F Force . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .N
g Gravitational acceleration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m/s2

H Head . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .m
k Turbulent kinetic energy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .m2/s2

kV Valve minor loss coefficient . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .−
L Length or Length scale . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m
NRi Runner rotational speed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . rpm
P Power. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .W
p Pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg/(m · s2)
Q Volumetric flow rate. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .m3/s
T Torque. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .N ·m
t Time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . s
u Velocity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m/s
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Greek symbols
αV Valve opening . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . °
η Efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . %
ν Fluid kinematic viscosity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . m2/s
Ω Runner rotational speed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . rad/s
ω Specific rate of dissipation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1/s
ϕ Arbitrary quantity. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .−
ρ Fluid density . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . kg/m3

x Spatial direction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .m

Subscripts
θ Tangential direction
r Radial direction
z Axial direction
a Absolute
BC Boundary condition
d Downstream
f Face or Friction loss
Far Location far from boundary
m Minor loss
r Relative
R1 Runner 1
R2 Runner 2
t Turbulent
u Upstream
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Chapter 1

Introduction

Our current lifestyle results in global warming caused by greenhouse gas
emissions [1]. One of the solutions to reduce those emissions is to increase the
usage of renewable sources of energy, e.g. wind and solar, for the production of
electrical energy [2]. However, the generated electrical energy from these types
of renewable sources varies over time due to changes in weather conditions and
sunlight. An alternative to compensate for the inherent variation in energy
production from intermittent energy sources is the usage of energy storage
through hydropower. This technology is commonly referred to as pumped
hydro storage (PHS). PHS was in the year 2020 responsible for 90.3% of the
power capacity of the world’s energy storage [3], which was equivalent to a total
power of 160 GW [4]. IRENA [2] stated in 2020 that the installed capacity of
PHS needs to be doubled by the year 2050 to 325 GW. This is to cope with the
rising intermittent energy source, needed to keep global warming well below
2°C. Between the years 2020 and 2021, the globally installed PHS capacity
increased by 3.3% [5]. This shows that PHS is on the right track to align with
the rising demands of energy storage.

A typical PHS facility consists of at least two large water reservoirs located
at different height elevations (head). The reservoirs are connected via pipelines
to move water between them. Potential energy is stored via pumping water from
the lower to the upper reservoir [6]. Kinetic energy is utilised by releasing water
from the upper to the lower reservoir through a turbine which is connected to
a generator. The total energy efficiency of PHS usually varies around 70–80%
for various sites [7]. A single unit reversible pump-turbine has been the most
popular configuration for pumps and turbines within PHS since the 1950s [8].
The historical development of PHS has primarily focused on site locations
where there is a large difference in height elevations between the reservoirs.
The main reason for this is due to that the available power and storage capacity
is a function of head and flow rate [9]. Thus, with a higher head, a lower
flow rate is required, which also leads to a smaller size of the reservoirs. On
the other hand, high head PHS is not possible to construct in areas with flat
topography [10].

The EU Horizon 2020 project ALPHEUS (Augmenting grid stability through
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low head pumped hydro energy utilization and storage) [11], [12] is a research
project with the aim to develop energy storage solutions with PHS for low head
to ultra-low head (2–20 m) scenarios. Within the ALPHEUS project, three
different runner configurations are investigated during the course of the project.
Two of the concepts are axial flow pump-turbines with two contra-rotating
runners. The difference between the contra-rotating concepts is that one is
shaft-driven, and the other is rim-driven. The third concept investigated in
ALPHEUS is a positive displacement pump-turbine. All three concepts strive
towards round-trip efficiencies of 70–80%. The two contra-rotating alternatives
should aim at a design power output of about 10 MW. Furthermore, the final
designs should be scalable to cope with local requirements of potential future
PHS stations. Besides the round-trip efficiency of the pump-turbines, fatigue
and fish friendliness are also considered by the ALPHEUS project.

The ALPHEUS project additionally assesses environmental, economic, and
civil engineering aspects of low head PHS. For instance, dam construction
and novel powerhouse designs are examined. Also, the potential to exploit
offshore energy islands with pump-turbine units [13] in the North Sea are
investigated. In addition, new motor/generator designs are investigated for the
different runner concepts, as well as power take-off and grid integration. To
evaluate the runner designs and power take-off system, experimental tests will
be made as part of the ALPHEUS project on a model scale shaft-driven contra-
rotating pump-turbine (CRPT) and the positive displacement pump-turbine.
Experimental tests of the positive displacement pump-turbine have already
been carried out. However, because of the Covid-19 pandemic, the CRPT tests
were delayed and not made at the time of writing.

The bulk work of this thesis focuses on analysing the fluid flow of different
model scale alternatives of the shaft-driven CRPT with numerical computa-
tional fluid dynamics (CFD) simulations. The CRPT is analysed both at
stationary operating conditions as well as transient operations. All the nu-
merical simulations are carried out using various versions of the OpenFOAM
open-source CFD code [14].

The CRPT configuration is deemed as a promising runner design for low
head scenarios due to a number of reasons. To start, an axial flow machine is
preferable for a high-power, low head scenario. This is because an axial flow
machine works better at higher flow rates and specific speeds compared to
centrifugal, or mixed flow, machines [15]. The low head configuration drives the
flow rate up since the theoretical power for a hydropower plant is proportional
to the volumetric flow rate and the head [16]. Thus, a lower head means a
higher flow rate in order to achieve higher power. However, the axial flow
requirement can readily be achieved with a single runner configuration. The
main advantage of using a CRPT instead of a single runner is that it can be of
smaller size and have a wider range of high efficiency with independent speed
control of the runners [17]. However, the disadvantages of a CRPT are that it
requires a more complex shaft and motor/generator alignment and presents a
more complex flow field due to rotor-rotor interaction.
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Chapter 2

Theory and methodology

The CRPT is numerically analysed using CFD at stationary and transient
conditions. Therefore, the basic workflow of the CRPT is first discussed
in Section 2.1. This is followed by a description of the various model scale
numerical geometries used with the CRPT in Section 2.2. Finally, the governing
equations and numerical framework is presented in Section 2.3.

2.1 Working principles of the contra-rotating
pump-turbine

The general mechanism of the contra-rotating pump-turbine is depicted by the
velocity triangles in Fig. 2.1. Starting with the turbine mode (dashed arrows),
water from an upper reservoir flow over the runner blade surfaces, which creates
a pressure and a suction side on the runner blades. The pressure difference
between the runner blade surfaces makes the runner rotate. According to
Newton’s third law, when the runner rotates in a clockwise direction due to
the flow, the flow must exhibit an equally strong angular momentum in the

𝑢𝑢a
𝑢𝑢r
𝑢𝑢𝑧𝑧

𝑢𝑢R1
𝑢𝑢R2

Pump

Turbine

Runner 1 Runner 2

Figure 2.1: Velocity triangles for the CRPT in pump mode (solid lines) and
turbine mode (dashed lines). The subscripts a is for absolute, r is for relative,
z is the axial direction (positive in pump mode, and negative in turbine mode),
R1 is for Runner 1, and R2 is for Runner 2.
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anti-clockwise direction. The angular momentum transferred from the flow
to the runner is used as the torque to drive a generator to produce electrical
energy.

The change of angular momentum over Runner 2 (upstream in turbine
mode) introduces a swirl component to the flow in an anti-clockwise direction
between the runners. The basic mechanism that makes Runner 2 rotate is
the same as the one that makes Runner 1 rotate. The main difference is that
Runner 1 is designed to de-swirl the flow, making the flow close to axial after
the runner.

In pump mode (solid lines in Fig. 2.1), the flow is from left to right and the
rotational directions of the runners are shifted. In contrast to turbine mode, a
pump needs to create a sufficient pressure increase, usually referred to as the
net head, to drive the flow from a lower to an upper reservoir. This is achieved
by angular momentum being added to the flow via electric motors that transfer
torque, which makes the runners rotate. The added angular momentum to
the flow over Runner 1 (upstream in pump mode) results in a clockwise swirl
component to the flow, as shown in Fig. 2.1. Just as in turbine mode, the
CRPT is designed to de-swirl the rotating flow component over the downstream
Runner 2, making the flow close to axial after Runner 2.

The terms contra-rotating and counter-rotating are within the hydropower
research community used rather frequently while referring to the same con-
figuration. The same is also true for the author of this thesis. In my earlier
publications, I used the term counter-rotating, while in the later works the
term contra-rotating is used. The reason for this is that, within aeronautical
propulsion systems, contra-rotating means two propellers fitted on a coaxial
shaft, rotating in opposite directions. However, the term counter-rotating is
used for twin-, or multi-engine, aircrafts where the propeller(s) on each side of
the aircraft rotate in opposite directions. Hence, the term contra-rotating is
more in line with what is used in other industries for the type of pump-turbine
configuration investigated within this thesis.

2.2 Geometries and numerical domains

A number of different numerical domains have been used for the transient CFD
computations, and they are illustrated in Fig. 2.2. In common for the displayed
domains, Runner 1 is in red, Runner 2 is in blue, and a mounting arrangement
with support structures is included. The concept with the mounting arrange-
ment is that the runners are connected to motors/generators via individual
shafts that go inside the hub and a support-strut (see Fig. 3.2). The various
domains were derived and changed based on the layout of a future experimental
test facility, where a model scale CRPT is planned to be tested. The top geo-
metry is an early draft and was used in the studies presented in Papers A and
B. In that geometry, a runner diameter of 270 mm was assumed. The middle
domain is a refined version of the top domain and includes an extended straight
section by the runners, and uses a runner diameter of 276 mm. The middle
domain was used in Papers D and E, and Section 3.3. The bottom domain
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Figure 2.2: Numerical domains used for the unsteady and transient studies

is the geometry that is currently planned to be used in the test facility and
some results using this geometry are presented in Section 3.4. The differences
between the bottom domain and the middle domain are that the hub shape
is changed, the runner diameter is slightly increased to 277 mm, and two sets
of additional support struts are present. Furthermore, the cone angle of the
contraction/expansion parts is marginally reduced.

For the steady-state computations presented in Section 3.5, a single blade-
passage (stage) approached was used. In the single blade-passage, only one
runner blade per runner was included in the simulation. To model the presence
of the full runners, cyclic boundaries were used.

2.3 Computational fluid dynamics modelling

The numerical CFD simulations carried out within this work are made with
the OpenFOAM open-source CFD code [14]. Different versions of OpenFOAM
have been used through the project, but OpenFOAM-v1912 [18] and v2012 [19]
have extensively been used for the unsteady and transient computations. Foam-
extend 4.1 nextRelease branch has been used for the steady-state computations
since it contains a mixing-plane interface. Other versions of OpenFOAM
currently lack a mixing-plane implementation.

2.3.1 Governing equations

The incompressible Reynolds-averaged Navier-Stokes (RANS) equations are
used for the numerical CFD computations. The RANS equations read

∂ūi

∂xi
= 0, (2.1)

and
∂ūi

∂t︸︷︷︸
temporal

+
∂ūiūj

∂xj︸ ︷︷ ︸
convection

= −1

ρ

∂p̄

∂xi︸ ︷︷ ︸
source

+
∂ūi

∂xj

(
ν
∂ūi

∂xj
− u′

iu
′
j

)
︸ ︷︷ ︸

diffusion

, (2.2)

for continuity and momentum in tensorial notation, respectively. In the equa-
tions, u is the velocity, x is the spatial direction, p is the pressure, ρ is the
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fluid density, and ν is the fluid kinematic viscosity. The overline symbol ‘¯ ’
denotes that the quantity is time-average. The unknown Reynolds stress tensor
(divided by the density) u′

iu
′
j is modelled through Boussinesq’s assumption,

which states

u′
iu

′
j = −νt

(
∂ūi

∂xj
+

∂ūj

∂xi

)
+

2

3
δijk. (2.3)

Here νt is the turbulent kinematic viscosity, k is the turbulent kinetic energy
and δij is the Kronecker delta.

For closure of the RANS equations (Eq. (2.1) and Eq. (2.2)) the k-ω SST-
SAS (shear stress transport - scale adaptive simulation) turbulence model is
used for the unsteady simulations. The regular k-ω SST model is used for the
steady-state simulations. The turbulent kinetic energy is defined as k = 0.5u′

iu
′
i,

and the turbulent kinematic viscosity as νt =
β∗1/2k

max(β∗1/2ω,SF2)
in the turbulence

models. The k-equation reads

∂k

∂t
+ ūj

∂k

∂xj
= Pk − β∗kω +

∂

∂xj

[
(ν + σkνt)

∂k

∂xj

]
, (2.4)

and the specific rate of dissipation (ω) SST equation is

∂ω

∂t
+ ūj

∂ω

∂xj
= Pω − βω2 +

∂

∂xj

[
(ν + σωνt)

∂ω

∂xj

]
+ 2(1− F1)σω2

1

ω

∂k

∂xj

∂ω

∂xj
.

(2.5)
The model coefficients and functions are according to Menter [20].

The SAS modifications to the SST model are made by introducing an
additional source term, QSAS, into the ω-equation [21]–[23]. In OpenFOAM-
v2012 the QSAS term reads [22]

QSAS = max

[
ζ2κS

2

(
L

LvK

)2

− C
2k

σΦ
max

(
|∇ω|2

ω2
,
|∇k|2

k2

)
, 0

]
. (2.6)

Here LvK is the von Karman length scale which is defined as κ|U ′/U ′′|. The first
velocity derivative (U ′) is expressed as S =

√
2s̄ij s̄ij , where s̄ij = 0.5(∂ūi/∂xj+

∂ūj/∂xi). The second velocity derivative (U ′′) is described as |∇2u|. This
results in that LvK = κS/|∇2u|. The OpenFOAM-v2012 implementation of the
von Karman length scale includes dampening of the smallest resolved turbulent
fluctuations and reads [22]

LvK = max

(
κS

|∇2u|
, Cs

√
κζ2

β/β∗ − α
∆

)
. (2.7)

Here ∆ is the filter width (cubic root of the cell volume). All model coefficients
and functions are found in the works by Menter and Egorov [21]–[23].
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2.3.2 Discretisation schemes

The RANS equations and turbulent quantities are discretised and solved for on
a computational mesh. The choice of selecting numerical discretisation schemes
is often a trade-off between stability and accuracy of the simulation. In this
work, no formal studies have been carried out to find the most appropriate sets
of schemes. Instead, the selection is based on experience by the author and
within the research group.

For a control volume, the general transport equation of an arbitrary scalar
ϕ, and applying Gauss divergence theorem (

∫
V
∇ϕ dV =

∫
A
ϕ ·n dA ) is defined

as [24]

∂

∂t

∫
V

ϕ dV︸ ︷︷ ︸
temporal

+

∫
A

(ϕu) · n dA︸ ︷︷ ︸
convection

=

∫
A

(Γ∇ϕ) · n dA︸ ︷︷ ︸
diffusion

+

∫
V

Sϕ dV︸ ︷︷ ︸
source

. (2.8)

In the equation, V is the volume of the control volume, A is the area/surface of
the control volume, n is the area/surface normal, Γ is the diffusion coefficient,
and Sϕ represent source term(s).

Temporal

The discretisation of time is for the unsteady simulations handled with the
backward scheme [25]. The backward scheme is second-order accurate, and the
temporal derivative is approximated as

∂ϕ

∂t
=

3
2ϕ

n − 2ϕo + 1
2ϕ

oo

∆t
. (2.9)

The scheme uses three time instances, which are ϕ(t+∆t) = ϕn, ϕ(t) = ϕo,
and ϕ(t −∆t) = ϕoo. A number of publications have been made where the
backward scheme is used for Francis and Kaplan turbines and the results have
been validated against experimental data [26]–[28].

In all simulations carried out, a fixed time step is employed. The length of
the time step varies with case and fidelity of the CFD model used for the various
studies. The maximum runner rotation per time-step is between 0.25–2.25° in
the simulations.

Convection

The convection term in Eq. (2.8) can be reformulated on a computational mesh
to sum all fluxes on the surfaces of a computational cell as∫

A

(ϕu) · n dA =
∑
f

(ϕu)f · Sf , (2.10)

where Sf is the face area normal vector. In OpenFOAM, the volumetric
face flux (u · S)f is calculated and stored as a variable, here denoted Φ =
(u·S)f [26]. However, the face value of the transported variable ϕf is determined
by interpolation.
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Convection terms of the turbulent kinetic energy and the specific rate of
dissipation are managed with the first order upwind scheme for stability reasons.
With the first order upwind scheme, the face value ϕf is assumed to equal the
cell centre value ϕc from the upwind cell [25].

The convection terms of the three velocity components are discretised with
the LUST (linear-upwind stabilised transport) scheme [29]. The LUST scheme
is a blend scheme that combines a central difference (CD) scheme for accuracy
and a linear upwind (LU) scheme for stability. The LUST scheme is defined as

ϕf,LUST = γϕf,LU + (1− γ)ϕf,CD, (2.11)

where γ is a linear weight equal to 0.25 in OpenFOAM. Thus, LUST uses 25%
of the linear upwind scheme

ϕf,LU = ϕu + (xf − xu)∇uϕ, (2.12)

and 75% of the central difference scheme

ϕf,CD = λϕu + (1− λ)ϕd, where λ =
|xd − xf |
|xd − xu|

. (2.13)

The subscripts u and d are for upwind and downwind cell centres, respectively.
The term ∇uϕ is the cell centre gradient at the upwind cell, and x is the spatial
position of a cell or face centre.

Convection terms of all other variables in the numerical simulations are
handled with the central difference scheme, Eq. (2.13).

Diffusion, gradient and interpolation

Numerical schemes for the diffusion terms, or laplacian schemes as they are
called in OpenFOAM, are formulated similarly as the convection terms as∫

A

(Γ∇ϕ) · n dA =
∑
f

(Γ∇ϕ)f · Sf . (2.14)

In the computations, the central difference scheme is used without any additional
corrections.

The pressure gradient in Eq. (2.2) is a typical example of a source term. For
all gradient terms, the central difference scheme is used without any corrections.
Likewise, interpolation terms are managed with the central difference scheme.

2.3.3 Mesh interfaces

The used numerical domains in Section 2.2 are decomposed into different
mesh regions. To connect the mesh regions, sliding mesh interfaces with the
arbitrary mesh interface (AMI) [30], [31] technique is used in the unsteady
computations in OpenFOAM-v1912 and v2012. The AMI uses a conservative
interpolation approach to transfer fluxes between neighbouring mesh regions
with non-conformal mesh connectivity.
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For the steady-state computations made in foam-extend 4.1 nextRelease
branch, mixing-plane and cyclic-GGI (general grid interface) interfaces are used
to mimic the full rotating runners. The mixing-plane interface uses tangential
averaging at various radial positions [32] and it is within this thesis used for
single blade rotor-rotor coupling. The cyclic-GGI provides a cyclic boundary
condition, which allows that only a single blade for each runner is needed in
the steady-state simulations.

2.3.4 Pressure and velocity coupling in OpenFOAM

For the steady-state computations, the SIMPLE algorithm [33] is used to couple
pressure and velocity with the incompressible MRFSimpleFoam solver in foam-
extend 4.1 nextRelease branch. For the unsteady and transient computations in
OpenFOAM-v1912 and v2012, the pimpleFoam solver is used. The pimpleFoam
solver is an incompressible solver that uses the PIMPLE algorithm [34], [35]
to establish a pressure–velocity coupling. The PIMPLE algorithm combines
the SIMPLE and the PISO [36] algorithms. Fig. 2.3 demonstrates the iterative
solution procedure of the PIMPLE algorithm. PISO is used as an inner loop
corrector step, and SIMPLE as an outer loop.

Startt = t+∆t

Move mesh

Momentum predictor:
solve momentum equation based
on previous pressure and fluxes.

Pressure correction:
solve pressure equation

based on new velocity field.

Velocity correction:
update fluxes and velocity field
based on new pressure field.

Correction
end?

PIMPLE
converge?

Yes

No

P
IS
O

lo
o
p

No

S
IM

P
L
E

lo
o
p

Yes

N
ew

ti
m
e
st
ep

Figure 2.3: Flow chart of the PIMPLE algorithm [34], [35]
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Chapter 3

Numerical simulations

The scope of the CFD simulations gradually changes. For this reason, some
general comments and results from preliminary studies of transients about the
mode scale CRPT are first given in Section 3.1, Papers A and B. The outcome
of the preliminary studies led to the realisation that the numerical framework
needs to take into account a larger hydraulic system. This is to be able to
predict a reasonable flow rate at any given operational point. The approach
used to consider the effects of the hydraulic system in the CFD simulations
is given Section 3.2 and Paper C. Once the hydraulic system is modelled, the
alarming pump mode startup sequence is thoroughly analysed in Section 3.3,
Papers D and E. Following the transient simulations in pump mode, velocity
probing lines for the future experimental test facility are analysed in turbine
mode in Section 3.4. Lastly, the performance of the prototype scale CRPT at
several stationary operational points are presented in Section 3.5.

3.1 General behaviour and preliminary transi-
ents in pump and turbine modes

The CRPT machine produces complex flow patterns already at the design
point, which is indicated by the vorticity magnitude in Fig. 3.1 and discussed
in Paper A. This is primarily due to that the downstream runner interacts with
the wakes of the upstream runner. The wake interactions of the runners lead to
pressure oscillations correlated to the blade passing frequency of each runner,

fb,R =
Ω

2π
N, (3.1)

and various linear combinations of the two runners’ blade passing frequencies.
In the equation, Ω is the rotational speed of a runner in rad/s, and N is the
number of runner blades.

During transient operations of the CRPT, such as change of operational
point or shutdown and startup procedures, the flow by the runners may undergo
drastic changes. These changes can typically include flow separation by the
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Figure 3.1: Vorticity magnitude displayed on a plane and a cylinder at the
design point in pump mode, from Paper B. The flow is from left to right, and
it is the top geometry in Fig. 2.2

runner blades, unbalanced torque distribution between the runners or (in pump
mode) even flow in the reverse direction. All these phenomena may cause
substantial force and torque variations and peaks on the runner blades, which
in turn can lead to fatigue or premature breakdown of the CRPT.

A large part of this thesis consists of the startup sequence in pump mode.
In Paper B it was shown that the runners exhibit fast and large load (force
and torque) variations and reverse flow during a preliminary startup sequence
in pump mode. The shutdown procedure also showed high amplitude load
values and rapid variations. However, not as severe as the pump mode startup.
Fortunately, the turbine mode loads were less substantial than in pump mode.

In Paper B it was argued that a valve needs to be part of the startup and
shutdown sequences to prevent reverse flow in pump mode. The flow rate
through a hydraulic machine is a balance between the available pressure of the
system and the ‘used/added’ pressure by the machine. Hence, the flow rate and
potential risk of reverse flow through the hydraulic system are dependent on the
various system components (valves, instruments, etc.) and pipelines. Ideally,
the full hydraulic system should be part of the numerical CFD simulations to
get the correct flow rate given a specific pressure difference over the system.
However, by including the entire hydraulic system in resolved CFD simulations,
the computational cost is in a general case today not feasible.

3.2 System modelling and pressure boundary
condition

Instead of resolving the full hydraulic system in CFD simulations, the various
system components can be modelled as a series of pressure losses. The pressure
losses of the system are balanced by the change of pressure over the CRPT
at a given flow rate. This led to the development of the headLossPressure

boundary condition for OpenFOAM, which is presented in Paper C. The basic
principle of the headLossPressure boundary condition is that Bernoulli’s
energy equation [37] is applied to the boundaries of the computational domain
to update and set the static pressure. For a boundary of the numerical domain,
the pressure is calculated as

pBC = pFar +
ρ

2

(
u2
Far − u2

BC

)
+ ρg(zFar − zBC)± (∆pm,Far +∆pf,Far) (3.2)
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Here u is the velocity, ρ is the fluid density, g is the gravitational acceleration, z
is the location in the direction of the gravitational acceleration, ∆pm is pressure
losses due to one-time occurrences in the flow path (minor losses), and ∆pf
is pressure losses caused by friction from the wall (friction losses). Subscripts
BC is for boundary condition and ‘Far’ is a location up or downstream in the
hydraulic system. The losses are subtracted if ‘Far’ is located downstream
(inflow boundary) and added if it is upstream (outflow boundary).

The pressure losses due to one-time occurrences in the flow path, ∆pm, are
usually referred to as minor losses. The minor losses are caused by different
sources, such as valves, bends, instruments, etc, and can be characterised by
a minor loss coefficient for each of the system components. The minor loss
coefficients are typically found as tabulated values, provided by the manufac-
turer, or estimated with numerical or experimental models. With the developed
boundary condition in Paper C, it is further possible to specify a time-varying
minor loss coefficient which can be used to model a transient valve sequence.

The sum of pressure losses caused by wall friction, ∆pf , is calculated as
a function of surface roughness, pipe length and hydraulic diameter, and a
friction loss coefficient. The friction loss coefficient is solved iteratively via the
Colebrook equation [37].

3.2.1 Hydraulic system

The boundary condition developed in Paper C provides a cost-efficient tool to
model a larger hydraulic system of which the CRPT is part. The modelled
system is in accordance with the future test facility where the machine is
planned to be experimentally evaluated in a mode scale. A schematic view
of the future test facility is shown in Fig. 3.2. The test facility consists of
upper and lower reservoirs which are connected through pipelines. The head
of the lower reservoir can be varied to change the gross head of the facility.
Additionally, there is one bend and two valves present in the hydraulic system.
One of the valves will be used to regulate the flow rate.

Lower

Upper

CFD

𝐻𝐻U

𝐻𝐻L

3D CFDBoundary condition Boundary condition

Shafts

Runner 1 Runner 2
Bevel gear Bevel gear

Valves

Figure 3.2: Schematic view of the experimental test facility, CFD domain, and
conceptual mounting arraignment
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Based on experimental data provided by the test facility, a minor loss
coefficient of the valve, kV, as a function of valve opening is derived as

kV(αV) = exp(−4.2351 ln(αV) + 18.1149). (3.3)

Here αV is the valve opening in degrees. The exponential function in Eq. (3.3)
is compared to the provided experimental test data of the valve in Fig. 3.3.
Test data for the valve is only available between valve openings of 10–90°, hence
the smaller opening angles are extrapolated based on Eq. (3.3). It is reasonable
to assume that the true minor loss coefficient would follow the extrapolated
values. This is because the loss coefficient must approach infinity as the valve is
closing, and the curve fit shows an excellent agreement with the experimental
data for the available opening angles.

0 10 20 30 40 50 60 70 80 90

,V (o)

100

102

104

106

108

k
V

Experimental data Curve -t

Figure 3.3: Minor loss coefficient of the valve (kV) as a function of valve opening
(αV), where 0° is fully closed and 90° is fully open.

3.3 Transient startup sequences in pump mode

In Paper B it was shown that just using the runners to control the startup
sequence may result in large force and torque variations. A traditional startup
scheme for PHS in pump mode typically includes the speedup of the runner
to its nominal rotational speed with a closed valve, or guide vanes [38]. Once
the runner has reached its nominal speed and built up sufficient pressure,
the valve or guide vanes are slowly opened up. A numerical simulation of
such a procedure has been carried out, but not published previously. In that
simulation, the schematic hydraulic system shown in Fig. 3.2 is included and
a valve sequence is modelled with Eq. (3.3) through the headLossPressure

boundary condition.
In Fig. 3.4, the computed flow rate, axial forces, and torques are shown

for a traditional pump mode startup sequence. In the sequence, the rotational
speed of the runners (NRi) is increased from standstill to the nominal rotational
speed of 1502 rpm with a fully closed valve between 0.1 and 0.8 s. Subsequently,
during the sequence, the valve (αV) is opened between 1 and 4 s. As the valve
starts to open, the flow rate (left graph) rapidly increases. The flow rate is at
90% of its final flow rate already at 2.3 s, which is less than half the time of
the transient valve opening sequence. By analysing the axial forces (middle
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Figure 3.4: Flow rate (left), absolute axial force (middle), and absolute torque
(right) as a function of time for the traditional pump mode startup sequence.
Normalised sequence on the right axis, a value of 0 is a closed valve (αV), or
no rotational speed (NRi), a value of 1 is an open valve and a rotational speed
of 1502 rpm.

graph) and torques (right graph) of the two runners, it is shown that the
general appearance is similar. At roughly 2.1 s, large peak values are noted
for Runner 2 (downstream), while Runner 1 (upstream) indicates a drastic
decrease in loads. After the peak at 2.1 s, the loads convert to their final values.
The load fluctuations are furthermore substantially larger prior to the peak at
2.1 s than after, for both runners. After the load peak, the load fluctuations
on Runner 2 show smaller amplitude values compared to Runner 1.

A reason why Runner 2 experience the worst load conditions for the tradi-
tional startup sequence is that this runner encounter flow structures leaving
the upstream Runner 1. This is seen by the vorticity magnitude in Fig. 3.5 at
2.1 s and 3.5 s. At the earlier time step, the flow field is heavily separated by
both the runners, whereas it is more attached at the later time step. With the

(a) t = 2.1 s

(b) t = 3.5 s

Figure 3.5: Vorticity magnitude on a cylinder by the runners, at two time steps,
for the traditional pump mode startup sequence. Flow from left to right, and
it is the middle geometry in Fig. 2.2
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traditional sequence (Fig. 3.4) it is clear that there is a tipping point, before
and after around 2.1 s. A physical explanation of what is happening is that,
as the flow rate increases while opening the valve, the flow is swirled in the
direction of Runner 1’s rotation between the runners. However, the swirl is
in the opposite direction downstream of Runner 2 because of that runner’s
rotational direction. The drastic change of swirl direction over Runner 2, in
combination with the fast acceleration in flow rate, and heavily separated flow
field from Runner 1 (c.f. 2.1 s and 3.5 s in Fig. 3.5) causes the high Runner 2
loads at around 2.1 s. As the flow rate continues to reach its final value, the
swirl between the runners decreases as a consequence of the increasing flow
rate. Furthermore, once the machine reaches its operating point, the upstream
flow field of Runner 2 is less severe since the flow is comparably attached to
the blade surfaces, as demonstrated in Fig. 3.5.

Because the traditional sequence does not show any more promising results
than what is presented in Paper B, the studies in Paper D and Paper E were
carried out. The main goal of both studies was to find reasonable alternatives
on how to start up the CRPT in pump mode and avoid such high-amplitude
loads as demonstrated in Fig. 3.4 and Paper B.

3.4 Stationary operating point in turbine mode

For future lab tests, it is necessary to investigate the velocity profiles at probing
lines. This is to get a rough estimate of what type of total pressure probes to
be used at the lab and the flow angles. A number of velocity lines (VL) and a
contour of velocity magnitude are displayed in Fig. 3.6 at the design point in
turbine mode. At velocity line 5 (VL5), which is located upstream in turbine
mode, there is a fully developed turbulent flow profile in the negative axial
direction (yellow). In the radial (blue) and tangential (red) directions, there
is a negligible flow. Downstream of the CRPT at velocity line 1 (VL1), the
axial profile shows a fairly symmetric behaviour about the centre line. Effects
from the hub are noted at the centre line of the axial profile since the axial
velocity is smaller in the centre. A small (negative) tangential velocity is noted
by the shroud at VL1. This indicates that there is a small remaining swirl after

𝑧𝑧

𝑥𝑥

VL1 VL5

VL4VL3VL2

Figure 3.6: Contour of velocity magnitude on a cut plane, and time-averaged
velocity profiles at probing lines, at the design point in turbine mode. Flow
from right to left, and it is the bottom geometry in Fig. 2.2. Note, negative
velocities are in the negative z direction.
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the machine. In turbine mode, Runner 2 (upstream) rotates in the positive
tangential direction and Runner 1 (downstream) in the negative direction. The
negative value of the remaining swirl at VL1 suggests that Runner 1 has not
been able to fully de-swirl the flow from Runner 2.

The three velocity lines (VL2–VL4) close to the runners in Fig. 3.6 show the
transition that the flow undergoes through the CRPT. The axial velocity at all
three lines is considerably larger than at VL1 and VL5. This is because of the
decreased cross-sectional area, caused by the hub, which generates an increased
axial velocity due to continuity. In fact, the axial profile is fairly constant at
VL2–VL4. The same is also true for the radial velocity, which is close to zero.
On the other hand, the tangential velocity is transformed from being almost
zero at VL4 to having comparably large values at VL3. The increase in negative
tangential velocity at VL3 is caused by the change in angular momentum over
Runner 2. This is because Runner 2 rotates in the positive tangential direction
and the resulting tangential flow velocity between the runners is in the negative
tangential direction. Furthermore, the magnitude tangential velocity at VL3 is
the largest close to the hub and gradually decreases towards the shroud. After
Runner 1 at VL2, the magnitude of the tangential velocity is reduced. However,
a small negative tangential velocity component remains at VL2, which is also
noted downstream at VL1.

In Fig. 3.7 flow angles between the hub and shroud are shown for VL2–VL4
(see Fig. 3.6). The flow angle is here defined as arctan(ūθ/ūz). Note that
the axial velocity is always in the negative z direction in turbine mode. It
is important to have a rough estimate of the flow angles for future lab tests
since this is a decisive factor when selecting the type of probe. As indicated
previously, the tangential velocity is the largest between the runners at VL3.
The flow angle at VL3 varies between magnitudes of 30–44°. Before the runners
at VL4, there is almost no tangential velocity, which is seen by the close to
zero flow angle. However, after the runners at VL2, there is some tangential
velocity. The value of the flow angle supports the statement made earlier, that
Runner 1 has not been able to de-swirl the flow caused by Runner 2 entirely.

Figure 3.7: Flow angles at the fraction distance between hub and shroud
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3.5 Steady-state simulations in prototype scale

Besides all the unsteady and transient computations, a large number of steady-
state simulations have been carried out. The aim of the steady-state simulations
was to map the performance of the CRPT at various stationary operating points.
A few samples of operating points are demonstrated in Paper A. Furthermore,
the steady-state data will be used to determine the operating points that are
to be evaluated in future lab tests.

Until this point, all demonstrated results have focused on the model scale
CRPT. However, from a practical point of view, steady-state simulations of
the prototype CPRT have also been carried out. This was first and foremost to
be able to design a rigorous control system by other parties of the ALPHEUS
project. The initial control system was based on regression models of steady-
state CFD data points. Furthermore, one assumed advantage of the CRPT
is that the individual runner speeds can be set independently. Hence, it is of
interest to investigate the machine at different runner speed ratios. In Fig. 3.8
various runner speed ratios and machine characteristics are demonstrated for
the initial prototype scale CRPT.

The machine characteristics in Fig. 3.8 are defined according to Dixon and
Hall [16]. The head coefficient,

CH =
gH

Ω2
R1d

2
, (3.4)

the power coefficient,

CP =
P

ρΩ3
R1d

5
, (3.5)

and the pump and turbine mode efficiencies,

ηpump =
QρgH

P
, ηturbine =

P

QρgH
, (3.6)

are displayed as a function of the flow coefficient

CF =
Q

ΩR1d3
. (3.7)

0.05 0.1 0.15 0.2

CF

0

0.1

0.2

0.3

0.4

C
H

0.05 0.1 0.15 0.2

CF

0

0.01

0.02

0.03

0.04

0.05

C
P

0.80 0.85 0.90 0.95 1.00

0.05 0.1 0.15 0.2

CF

20

40

60

80

100

2

+R2=+R1

Figure 3.8: Pump and turbine mode characteristics of the initial prototype
CRPT at various runner speed rations. Pump mode is indicated with solid
lines and turbine mode with dashed lines.
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In the equations, g is the gravitational acceleration, H is the net head of the
CRPT, ΩR1 is the rotational speed of Runner 1, d is the shroud diameter,
P is the combined power of the runners, ρ is the fluid density, and Q is the
volumetric flow rate. The runner rotational speed ratio is defined as the ratio
between the rotational speed of Runner 2 and Runner 1 (ΩR2/ΩR1).

By investigating the curves in Fig. 3.8, it is noted that the characteristics of
the CRPT are similar at different speed ratios. Some general trends in the pump
mode are that with a higher speed ratio, larger head (left graph) and power
(middle graph) coefficients are expected. This is presumably explained by the
increase in Runner 2’s rotational speed adds more angular momentum to the
flow, resulting in a higher power and larger pressure drop (head). In contrast to
pump mode, in turbine mode a higher speed ratio results in smaller head and
power coefficients. Another observation is that all curves are shifted towards
the right with a higher speed ratio, especially by looking at the efficiency (right
graph). This suggests that a higher speed ratio is preferable at larger flow rates
in relation to the Runner 1 rotational speed.
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Chapter 4

Summary of papers

4.1 Paper A

J. Fahlbeck, H. Nilsson, S. Salehi, M. Zangeneh, M. Joseph, Numerical ana-
lysis of an initial design of a counter-rotating pump-turbine, IOP Confer-
ence Series: Earth and Environmental Science 774 (1) (2021) p. 012066.
doi: 10.1088/1755-1315/774/1/012066

Division of work

Original draft written by Fahlbeck. Joseph created the blade geometries and
performed the steady-state CFD simulations in CFX. Fahlbeck carried out all
simulations in OpenFOAM, both steady-state and unsteady-state computations.
All graphs and illustrations were created by Fahlbeck. All authors were
responsible for reviewing the manuscript.

Summary and discussion

An initial design of a CRPT, made by Joseph, was analysed using CFD
simulations at a number of stationary operating conditions in both pump and
turbine modes. The simulations concerned both a prototype scale and a model
scale CRPT. In prototype scale, results were compared between the proprietary
ANSYS CFX solver and the open-source foam-extend 4.1 nextRelease solver,
indicating acceptable agreement between solvers. In model scale, steady-state
computations made with foam-extend were compared to unsteady simulations
using OpenFOAM-v1912. The results showed that the initial design of the
CPRT could achieve hydraulic efficiencies of about 90% in pump and turbine
modes. The unsteady simulations were in line with the steady-state at the
design point. However, it was made clear that the flow field is rather complex
already at the design point due to rotor-rotor interaction.

23

https://doi.org/10.1088/1755-1315/774/1/012066


4.2 Paper B

J. Fahlbeck, H. Nilsson, S. Salehi, Flow Characteristics of Preliminary Shutdown
and Startup Sequences for a Model Counter-Rotating Pump-Turbine, Energies
14 (12) (2021) p. 3593. doi: 10.3390/en14123593

Division of work

Original draft written by Fahlbeck. The numerical simulations, post-processing
data and creation of graphs were made Fahlbeck. All authors were responsible
for reviewing the manuscript.

Summary and discussion

Preliminary shutdown and startup sequences were evaluated using CFD. The
sequences were based on the assumption that the flow could be controlled
and regulated solely through the rotational speed of the runners. The results
showed that the pump mode sequences were more severe than the turbine mode.
This was because of that the startup sequence in pump mode demonstrated the
largest force and torque variations. Based on the results, it was suggested that
a valve should preferably be part of the transient sequences to prevent reverse
flow and limit high-amplitude loads during pump mode startup and shutdown.

4.3 Paper C

J. Fahlbeck, H. Nilsson, S. Salehi, A Head Loss Pressure Boundary Condition
for Hydraulic Systems, OpenFOAM Journal 2 (2022) pp. 1–12.
doi: 10.51560/ofj.v2.69

Division of work

Original draft written by Fahlbeck. Development of the initial boundary
condition, creation of a numerical model, and illustrations were made by
Fahlbeck. Nilsson provided a test case and experimental validation data. All
authors were responsible for reviewing the manuscript and the code.

Summary and discussion

A new pressure boundary condition for the OpenFOAM open-source CFD
code was developed in C++ and validated against available experimental
test data. The boundary condition is named headLossPressure and has the
capabilities to include the main effects from a larger hydraulic system in terms
of head/pressure losses for various components (e.g. valve, bends, wall friction,
etc.) within the system. The head losses from the system are specified in
terms of minor or friction losses. The boundary condition utilises Bernoulli’s
equation to adjust the pressure at the boundaries of the computational domain.
It is possible to specify the head of the system, and time-varying effects e.g. a
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transient valve sequence. The results showed that the main pressure variation
and computed flow rate were in great agreement with the validation case.

4.4 Paper D

J. Fahlbeck, H. Nilsson, S. Salehi, Evaluation of startup time for a model
contra-rotating pump-turbine in pump-mode, IOP Conference Series: Earth
and Environmental Science, accepted awaiting publication

Division of work

Original draft written by Fahlbeck. The simulations and illustration of results
were made by Fahlbeck. All authors were responsible for reviewing the paper.

Summary and discussion

The time of an un-optimised startup sequence in pump mode was evaluated
using a low-fidelity CFD model. The startup sequence includes a valve opening
and individual speedup of the two runners. In the sequence, it is assumed
that the runners were speedup to 61% of their nominal rotational speed with a
fully closed valve, this ensured that reverse flow was avoided. In the sequence,
the valve first opens, followed by the speedup of the downstream Runner 1
and finally the upstream Runner 2’s rotational speed was increased. The
headLossPressure boundary condition was used to get the main effects from
the future experimental test site, and to control the valve opening through
a time-varying minor loss coefficient. The results indicated that the low-
fidelity CFD model managed to capture the startup sequence adequately when
compared to results from a high-fidelity CFD model. When evaluating the
time of the startup sequence, it was found that a relatively fast startup time
of 10 s would be sufficient if the maximum allowed torque of 250 N·m were
to be avoided. A slower startup scheme than 10 s was feasible from a load
perspective, however it was showed that not much was gained by increasing
the startup time from 20 to 30 s.

4.5 Paper E

J. Fahlbeck, H. Nilsson, S. Salehi, Surrogate based optimisation of a pump
mode startup sequence for a contra-rotating pump-turbine using a genetic
algorithm and computational fluid dynamics, Submitted for journal publication,
under review

Division of work

Original draft written by Fahlbeck. The simulations and illustrations were
made by Fahlbeck. The optimisation work was made by Fahlbeck. Salehi
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made countless suggestions on how to improve the optimisation procedure. All
authors were responsible for reviewing the paper.

Summary and discussion

A transient startup sequence in pump mode was optimised using surrogate based
optimisation and CFD sample points. The startup sequence was characterised
by five design variables, one for the valve and two for each runner. An objective
function was derived based on the time integration of the magnitude of the
gradient in time of the axial force of both runners. The objective function
was mapped onto a Gaussian-process surrogate model as a function of the
five design variables. The Gaussian-process surrogate model demonstrated
sufficient accuracy with leave-one-out cross validated R2 and normalised root
mean square error values. A genetic elitist algorithm was employed to find an
optimal combination of the five design variables to limit low-frequency, high-
amplitude loads on the runners. The optimal solution presented drastically
reduced load peaks when compared to a baseline case. It was found, that for
an optimal startup in pump mode of the CRPT, the valve should open during
73% of the sequence. The downstream Runner 1 should start speeding up prior
to that of the upstream Runner 2. The speedup of Runner 1 should occur
during most of the sequence, while Runner 2 should speedup in the final third
of the sequence.

26



Chapter 5

Concluding remarks

Low head contra-rotating pump-turbines have been numerically analysed with
computational fluid dynamics simulations within this thesis. The current work
has primarily focused on numerical simulations of the fluid flow of shaft-driven
contra-rotating pump-turbines within the EU Horizon 2020 project ALPHEUS.
One of the initial ideas with the ALPHEUS project was that the individual
rotational speed of each runner should be used to regulate and control the flow.
With this in mind, the preliminary startup and shutdown sequences for both
pump and turbine modes were investigated in Paper B. It was found that by
only using the runners as a regulator, large force and torque variations were
encountered in pump mode. It was hence suggested that a valve needed to be
part of the startup and shutdown sequences.

In order to introduce a valve to the simulations, the valve must either
be physically part of the numerical domain or modelled. In this work, the
valve has been modelled using a time-varying minor loss coefficient of the
valve at various opening angles. The valve minor loss coefficient was added to
the numerical simulations through the head loss pressure boundary condition,
which is described in Paper C. The pressure boundary condition further allowed
the various system components of the future experimental test facility to be
modelled in the simulations so that a reasonable flow rate could be calculated
during the transient simulations.

The results from the traditional startup sequence, evaluated in Section 3.3,
suggest that such an operating procedure is not preferable for the contra-
rotating pump-turbine for a short valve opening sequence of 3 s. An option to
limit the loads is presumably to increase the time of the valve opening, which
would be a similar study as the one presented in Paper D. An alternative is
to optimise the transient operation, as done in Paper E. By optimising the
startup sequence, high-amplitude and low-frequency load oscillations can be
limited. If large load oscillations are minimised, the flexibility and lifetime of
potential future low head pumped hydro storage stations using contra-rotating
pump-turbines may be enhanced.
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5.1 Further work

This thesis has merely touched a fraction of what can and needs to be analysed
before the contra-rotating pump-turbine is deployed and put into full-scale
action. For instance, the current work has not covered any geometrical op-
timisation or design changes of the runner blade designs. This is because
another partner in the ALPHEUS project is focusing on running geometrical
optimisation studies of both the shaft-driven and the rim-driven contra-rotating
pump-turbines. In future studies, the rim-driven configuration also needs to be
analysed under transient operating conditions. Such procedures could be mode
switching, startup and shutdown, or change of operating point.

The transient numerical simulations have mainly focused on the pump
mode startup sequence of model scale shaft-driven contra-rotating pump-
turbines. Further studies on how to optimally operate the machine in both
pump and turbine modes under different transient conditions should be carried
out. Additionally, unsteady investigations of both stationary and transient
operations of the prototype scale machine could be made. Such analysis can
also include a thorough frequency analysis of different physical phenomena, for
instance, vortex shedding and pressure pulsations to ensure that those do not
coincide with the system’s natural frequencies.

In the ALPHEUS project, experimental tests are planned to be carried out
to generate validation data for the numerical computational fluid dynamics
models. Because of the Covid-19 pandemic, the experimental tests were delayed
and no validation data was available at the time of writing this thesis. The
current plan for the experiments is that they are to take place in the final
months of 2022 and the beginning of 2023. Once experimental data is available,
the accuracy of the numerical models is to be validated.

Another aspect that has not been thoroughly analysed yet in the ALPHEUS
project is the risk of cavitation for the contra-rotating pump-turbine. We have
already seen (not presented here or published) in preliminary studies that not
all the desired operating points will be reachable for the experimental tests due
to the critical risk of cavitation. Thus, cavitation analysis should be carried
out in both pump and turbine modes to understand the risk and to get a
sense of how much cavitation affects the machine’s performance. Such studies
could initially be made on the model scale contra-rotating pump-turbine, both
numerically and experimentally. The latter should be feasible since the current
plan is to install a shroud made of acrylic glass for the runners in the lab
tests. This means that it should be possible to visually see cavitating flow
during the experimental tests (if there is any). On the other hand, from a
practical point of view cavitation also needs to be analysed for the prototype
scale to determine the risk and how much the machine must be submerged.
No prototype experiments are planned within the bounds of the ALPHEUS
project, which means that numerical models need to be used.
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