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Abstract

Pumped hydropower storage is an excellent tool for balancing the energy grid and help utilize renewable
energy resources more effectively. As electrical energy needs to be used as it is created, pumped hydro
technology supplies the opportunity of storing energy which is otherwise going to waste. Norway has 50%
of the European hydro storage capacity [1], and much of this capacity could be used to help balance the
European energy grid. To do so, retrofitting of pumping abilities to existing hydropower plants is a viable
option. According to a study performed by NVE, many of the hydropower plants in Norway are suitable for
retrofitting of pump-storage capabilities [2].

To be able to reuse existing power plants by retrofitting Francis turbines with Reversible Pump Turbines
(RPTs), the obstacle of cavitation in pumping mode needs to be solved. The cavitation problem has been
proposed solved by the use of a booster-pump in front of the RPT. This booster-pump could produce a
rotational component in the flow approaching the RPT. How this rotational component evolves as the flow
approaches the RPT is uncertain, and how the rotation is at the inlet of the RPT is important for the
operation and characteristics of the RPT.

To investigate the matter of pre-rotation in an RPT; steady-state computational fluid dynamics simula-
tions on the full geometry of an RPT have been conducted using the commercial ANSYS CFX software.
Pump performance curves with and without pre-rotation have been obtained and investigated. The results
suggest that counter pre-rotation gives additional head, following the Euler turbomachinery equation. How-
ever, efficiency does not increase. It is also observed that the secondary flows generated by the bend in the
draft tube, rotate in the same direction as the induced pre-rotation.

Further, a possible solution with a mixed-flow booster-pump in series with the RPT has been studied.
This machine has swirl at the outlet, acting as pre-rotation for the flow towards the RPT. The combined
system is simulated with the booster-pump rotating in the same direction as the RPT, and the opposite.
The results are similar to what was found when using a uniform pre-rotation. Counter pre-rotation provides
additional head while pre-rotation in the same direction subtracts head from the system.
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Sammendrag

Pumpekraftverk er et utmerket verktøy for å balansere energinettet og å utnytte fornybare energikilder mer
effektivt. Ettersom elektrisk energi må bli brukt samstundes som det blir produsert, gir pumpekraft-teknologi
muligheten til å lagre energi som ellers ville ha gått til spille. Norge har 50% av Europas vannlagerkapasitet
og mye av denne kapasiteten kan bli brukt til å balansere Europas energinett [1]. Dette kan bli gjort ved
å bygge om eksisterende vannkraftverk til pumpekraftverk. I følge NVE, er mange av vannkraftverkene i
Norge passende for å bli bygd om til pumpekraftverk [2].

For å kunne gjenbruke et eksisterende vannkraftverk med Francis-turbiner ved å ettermontere reversible
pumpeturbiner (RPTer), må problemet med kavitasjon i pumpemodus løses. Dette problemet har blitt
foreslått løst ved å bruke en boosterpumpe foran RPTen. Denne boosterpumpen kan muligens produsere
en roterende komponent i strømningen oppstrøms RPTen. Hvordan denne komponenten utvikles gjennom
sugerøret mot RPTen er usikkert, og hvordan rotasjonen er på innløpet av RPTen er viktig for operasjonen
og pumpekarakteristikken til maskinen.

Tidsuavhengige CFD-simuleringer (Computational Fluid Dynamics) på en komplett RPT-geometri har
blitt gjennomført ved hjelp av den kommersielle programvaren ANSYS CFX. Pumpekurver, med og uten
prerotasjon, har blitt generert og undersøkt. Resultatene antyder at prerotasjon i motsatt retning av rotas-
jonsretningen til RPTen, genererer en økning i løftehøyde. Dette samsvarer med Eulers turbomaskin ligning.
Samtidig ser det ut til at virkningsgraden ikke øker. Det er også observert at den sekundære strømningen
som genereres nedstrøms av bendet i sugerøret, roterer i samme retning som den induserte prerotasjonen.

Videre har en mulig løsning med en mixed-flow boosterpumpe blitt undersøkt. Denne maskinen har
en virvel ved utløpet som fungerer som prerotasjon for RPTen. Det kombinerte systemet er simulert med
boosterpumpen roterende i både samme og motsatt retning som RPTen. Det samme mønsteret gjentas her.
Prerotasjon i motsatt retning av rotasjonsretningen til RPTen gir økt løftehøyde, mens prerotasjon i samme
rotasjonsretning gir redusert løftehøyde.
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Chapter 1

Introduction

1.1 Motivation

On the 8th of December 2018, wind power generated one-third of Europe’s energy need. The next few days,
the output from wind power dropped from 98GW to below 30GW [3]. This vast discrepancy emphasizes the
fact that wind power is inherently weather dependent. Today, the European electricity grid is receiving more
and more energy from unsteady wind energy as the prices for building wind capacity are rapidly decreasing
[3],[4]. As a consequence, the need for balancing power capabilities is growing proportionately.

Hydropower is the world’s largest source of renewable energy production, and it has been for a long
time [5]. In 2018, Europe installed 11.7GW of new wind capacity, which accounts for 48% of the total
installed power capacity that year [3]. As the magnitude of wind power is rapidly increasing, enabling
efficient collaboration between hydropower and wind power is increasingly crucial. REN21 (Renewables
Global Status Report) emphasizes the need for balancing energy production from different renewable energy
resources [4]. That is, to utilize the excess energy when production is higher than demand, and to store
energy for times when energy production is too low.

The most promising tool for meeting this emerging power and capacity demand is pumped hydropower
storage [6]. By 2050, an estimated hourly power balancing need of about 200 − 300GW is needed only
in West-Central Europe [7]. By mid-2017, globally installed power storage capacity was only 176GW [8].
Therefore, to cope with the increase in unsteady renewable energy resources, more pumped hydro power
plants are needed.

Norway has a staggering 50% of Europe’s hydropower reservoir capacity [1]. According to studies per-
formed by NVE, much of this capacity is suitable for retrofitting of pumping capabilities [2]. With all this
storage potential, Norway could act as a battery for the European power system, effectively balancing the
grid [7]. To become Europe’s new, green battery, retrofitting of pumping capabilities is a task that needs to
be accomplished. Many of the hydropower plants suitable for this retrofitting use Francis turbines and, con-
sequently, replacing Francis turbines with Reversible Pump Turbines (RPTs) is a task that is being reviewed
by HydroCen [9].

When replacing Francis turbines with RPTs, the problem of cavitation in pump mode needs to be solved.
In pump mode, pressure zones below vapor pressure generate cavitation when the impeller is submerged to
a turbine level of submergence. To avoid cavitation in pump mode, the RPT would typically have had to
be submerged further down. The extra submersion would lead to new waterways and, according to another
study performed by NVE, this implies that the project of replacing Francis turbines with RPTs would not

3
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be profitable [2].

A proposed solution, which sidesteps the expensive procedure of digging new waterways, is to install a
booster-pump in front of the RPT. In particular, a booster-pump near the draft tube gate. A booster-pump
would increase the static pressure at the inlet of the RPT, solve the cavitation problem, and thereby avoiding
the need for extra submergence. This solution will hopefully provide cost savings notable enough to make
the project profitable.

Installing a booster-pump in front of an RPT is a mammoth task that involves several different aspects.
One of these aspects is the interaction between the booster-pump and the RPT. In particular, how the flow
following the booster-pump affects the pumping characteristics of the RPT. The flow following the booster-
pump could involve a rotational component, and how this rotational component affects the RPT will be
studied in detail in this thesis.

1.2 Previous Work and Hypothesis

If there is a rotational component following the booster-pump, this rotational component will act as pre-
rotation for the RPT. Previously, a study regarding pre-rotation in an RPT in pump mode was conducted by
Martin [10]. Martin investigated whether an induced pre-whirl could benefit the off-design pump operation
of an RPT. The pre-rotation was here induced by blowing water through slits in the draft tube cone. The
results of this work remain inconclusive as the blowing intensity of the jets proved too weak. However,
research regarding pre-rotation in both centrifugal and mixed-flow pump has shown that pre-rotation can
alter the characteristics of the machine significantly and even increase the efficiency [11], [12], [13, p. 675].
The studies mentioned above impose the pre-rotation with the help of inlet guide vanes in a straight suction
pipe.

In this thesis, the working hypothesis is that pre-rotation will alter the pumping characteristics of an
RPT. Here, pre-rotation will be imposed from the outlet of a booster-pump, at the inlet of the draft tube
- near the draft tube gate. This location of the booster-pump indicates that the pre-rotation will evolve
through the draft tube and the draft tube bend, before reaching the impeller.

1.3 Objective and Outline

The objective of this work is to study how the rotational component in the outlet flow of a booster-pump
is distributed and evolves towards the RPT. How the rotational component affects the pump performance
curves of the RPT are to be investigated in detail. These matters are examined in the following order:

• First, the theory behind pumped hydropower storage is examined. Cavitation and the reasoning for
why a pump turbine normally would have to be further submerged than a Francis turbine is explained.
Further, pumping theory is considered, and aspects related to running a booster-pump and an RPT
in series is discussed. Before diving into the method used in this thesis, some of the theory regarding
the numerical tools simulations is presented.

• A numerical model of an existing RPT is created and examined with and without an induced, uniform
pre-rotation at the inlet of the draft tube. Here, pump curves are extracted and examined.

• To induce a more realistic pre-rotation for the RPT, a design of a booster-pump is created and simulated
together with the RPT. The outlet velocity field of this booster-pump is examined along with the
combined pump performance curves for the entire system.
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• Finally, conclusions are drawn, and suggestions for further work are established.

1.4 Limiting the Scope

The task of replacing Francis turbines with RPTs is an enormous task, and limitations in the research need
to be taken to progress. For this work, the economic aspects of the project have been disregarded. Although
this is an essential driving force for the project, it is not accounted for in this work. Meaning that, even
though the technology of a booster-pump might be more expensive than new waterways, this has not been
considered. Moreover, turbine mode has not been investigated, even though the turbine operation is of
utmost importance in a project like this. For the idea of installing a booster-pump in series with an RPT, it
has not yet been decided whether to utilize the booster-pump in turbine mode or not. To clarify, this work
focuses strictly on pumping mode.
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Chapter 2

Pumped Hydropower Storage

Pumped hydropower storage is a valuable tool to balance the energy grid and to thoroughly utilize renewable
energy resources. This chapter gives a brief overview of the technology and aspects concerning the objective
of this thesis.

2.1 Energy Storage

The nature of renewable energy resources like solar and wind are fluctuating. When utilizing energy resources
like these, there can suddenly become differences in supply and demand in the energy grid. Unlike the case
of hydropower, the energy from wind and solar is not something that can be controlled by humans. The
energy is available when the weather is windy, or the sun is shining. In Norway, it is possible to stabilize the
grid by simply shutting down a hydropower plant, but in other places where the energy production comes
from less flexible power sources, energy storage is of more importance.

Figure 2.1: Globally estimated energy storage capacity from 2010. Collected from [10]

There are several ways of storing energy, but pumped hydropower storage is by far the most common.
As seen in Fig. 2.1, pumped hydro storage have the vast majority of energy storage worldwide. Batteries,
compressed air, thermal energy storage, and molten salt has a small percentage, but as of today pumped
hydro storage remains as the most used source of energy storage. A reason for this is the sheer amount of
energy that can be stored in elevated water.

9
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Whereas the technology regarding batteries is today rapidly improving, pumped storage has been around
for decades and is considered by many as a mature technology [10]. The technology is equipped for meeting
the growing demand for electrical power consumption, by absorbing vast quantities of excess energy. However,
pumped hydropower storage is not perfect. For a single round trip for the water in a pumped hydropower
plant, meaning from the lower reservoir to the upper and back down again, a typical efficiency lies between
76% to 85% [10]. The losses of energy come from different sources, as can be seen in Fig. 2.2.

Figure 2.2: Energy losses for a single round-trip pumped storage cycle. Total efficiency typically around 80%.
Collected from [10]

2.2 Francis Reversible Pump Turbine

Figure 2.3: Comparison of a Francis runner (left) and an RPT (right) from the Waterpower laboratory at NTNU.
Collected from [14]

A Francis type RPT is basically a centrifugal pump with guide vanes, that works as a turbine in one
rotational direction and as a pump in the opposite direction [15]. The RPT separates itself from the typical
Francis turbine by having fewer blades, among other design factors that are important for pumping mode.
Because of losses in the waterways, the operating head is different for turbine mode than it is for pumping
mode. In Fig. 2.3, we can see two runners that are used at NTNU’s water power laboratory. Here the inlet
and outlet diameters are roughly the same, but the RPT has fever blades than the Francis runner. The
peak efficiency of the Francis runner in turbine mode is ηh = 92.6% while for the RPT the peak efficiency is
ηh = 89.6% in turbine mode [14].
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2.3 Multistage Reversible Pump Turbine

A limit for operating head on a single-stage RPT in pump mode is around 900m. This number is found
when considering the strength of a runner and the forces working on the impeller during such large pressure
gradients [16]. In the case of higher elation gain than 900m, or situations where less submergence than
for what is optimal for a single stage RPT is needed, multistage RPTs is often a viable option. When the
unit’s capacity is small, multistage units may be applied simply for the reduction in operating speed [16].
By utilizing several stages, one can run the pump at a lower rotational speed than a single stage pump but
yet receive the same head. The reduced rotational speed is advantageous with regards to cavitation, as is
discussed later.

The number of stages on a multistage RPT ranges between two to six and the complexity of the design
and flow increases with each stage. The RPTs can typically be divided into two groups; RPTs with movable
guide vanes for each stage and those with movable guide vanes for only the last stage. For RPTs with three
or more stages, movable guide vanes are typically not used for any of the stages [16]. An advantage of
multistage RPT is a more compact machine compared to a single stage RPT, as well as lower velocities at
the outlet of the pump. The lower velocities give less wear, causes less vibration and less noise in pumping
mode [17]. A typical multistage RPT can be seen in Fig. 2.4. The use of a booster-pump is essentially the
same as a multistage pump turbine, only that the stages are placed further apart from each other.

Figure 2.4: Multistage reversible pump turbine. Collected from [18]

2.4 Difference between Turbine Mode and Pump Mode

The head of an RPT needs to be higher in pumping mode than in turbine mode because of the hydraulic
losses in the waterway. When the RPT is running in turbine mode, frictional forces work against the water
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from the upper reservoir to the runner, giving less actual energy on the impeller. For the opposite direction;
when the RPT is running in pump mode, the frictional forces work against the water from the runner to the
upper reservoir. The difference in head is illustrated in Fig. 2.5. Here, Hst represents the height between
the upper and the lower reservoir. Hsp and Hst represents the same height but accounts for frictional losses
in respectively pumping mode and turbine mode. If the hydraulic losses in the waterways from the upper
reservoir to the turbine are Hl = 5m, then the pump turbine would have to operate at the same head as the
turbine plus two times the losses in the waterways. For the example mentioned above, this gives a difference
in the operational head of 10m. As the flow field in turbines and pumps are heavily influenced by what head
the runner is operating with, the differences in head need to be accounted for when retrofitting a Francis
turbine with an RPT.

To further understand this difference in the operating head, it is interesting to investigate some analytic
equations regarding the performance of the impeller. To do so, one must first investigate the velocity diagram
of the impeller. It is useful to get a grasp of the one-dimensional flow theory of impellers and diffusers to
understand the flow in any hydraulic machine. With the help of velocity triangles, one can decide the main
dimensions and angles of the impeller and diffuser. To do so, one needs to know the head, flow, and rotational
speed of the runner. The velocity diagram of a pump turbine can be seen in Fig. 2.6. With the help of the
velocity diagram, Euler’s turbomachinery equation defines the theoretical head Hp in a pump as:

gHp = ηp(U2Cu2p − U1Cu1p) (2.4.1)

where U is the peripheral velocity of the runner, C is the absolute velocity, g is the gravitational constant,
and the subscript 1 and 2 refers to respectively suction side and pressure side of the impeller. Subscript p
refers to pump mode and t refers to turbine mode. If we look at the Euler equation for turbine mode, we
get the theoretical head Ht in turbine mode:

gHtηt = U2tCu2t − U1Cu1t (2.4.2)

Figure 2.5: Difference between the head for turbine and
pump mode. Collected from [17]

Figure 2.6: Velocity triangles for an RPT. Collected
from [19]

2.5 Cavitation

Cavitation is a potential destroyer of hydraulic machinery and an essential obstacle when replacing Francis
turbines with RPTs. It is, therefore, necessary to have an understanding of what cavitation is and why we
want to avoid it. Cavitation occurs in hydraulic machines if the local velocities become large enough so that
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the pressure of the fluid becomes lower than the vapor pressure, pv [15]. Thus, cavitation is evaporation of
water, or in other words, boiling water. If the pressure drops below vapor pressure in a fluid flow, vapor
bubbles forms. These bubbles are called voids, or cavities [15]. Water in vapor form is considerably larger
than water in liquid form. The vapor bubbles change the area the water flows through and thus reduce the
efficiency of a runner when cavitation is developed.

Another important aspect of cavitation is what happens when the vapor bubbles enter a zone with higher
pressure. When entering these zones, the cavitation bubbles collapse [20, p. 772]. The collapsing happens
fast, creating a powerful local shock. If there is cavitation in an impeller during operation, this can be heard
like a crackling noise. The noise is the sound of cavitation bubbles collapsing. If the collapsing of the bubbles
happens near a solid surface, this erodes on the material of the runner. This eroding is called cavitation
eroding and is preferable to avoid as it can eventually destroy the runner [15]. The process of a cavitation
bubble collapsing on a solid surface and the local shock it creates is demonstrated in Fig. 2.7.

Figure 2.7: Cavitation bubble imploding near a wall. Collected from [13, p. 263]

2.6 Net Positive Suction Head and Submergence

The risk of cavitation is highest at the suction side of the impeller. The suction side is the inlet in pump
mode and outlet in turbine mode. Pressure and velocities need to be controlled to avoid getting pressure
zones below vapor pressure (pv). One way to control this is to submerge the runner below the lower reservoir.
Additional submergence increases the static pressure at the suction side of the runner and hence reduces the
risk of cavitation. The minimum local static pressure at the pump inlet determines the extent and occurrence
of cavitation in a pump [13]. When installing a pump, the submergence of the machine is decided by a few
basic principles. The Net Positive Suction Head, NPSH, is defined as the absolute pressure at the suction
side of the impeller minus the vapor pressure:

NPSH = HS +
pamb − pv

ρg
(2.6.1)

Here, HS is the head at the suction side of the pump, pamb is the ambient pressure and pv is the vapor
pressure of the fluid. There are two different NPSH and one demand that needs to be fulfilled to avoid
cavitation:

NPSHA > NPSHR (2.6.2)

NPSHA (A = available) is dependent on the plant and where the impeller is installed. NPSHR (R =
required) is impeller data and indicates what is required to avoid cavitation on the impeller. The lowest



14 Pumped Hydropower Storage

pressure at the impeller inlet results from the acceleration of the main flow and the hydraulic loss at the inlet
together with the local excess velocities created by the flow near the leading edge of the blade [13]. Thus an
expression NPSHR can be calculated from:

NPSHR = a
C2
m1

2g
+ b

U2
1

2g
(2.6.3)

Where a and b are extracted from empirical data from Table 2.1. NPSHR is normally given by the pump
manufacturer and is found by running experiments on the pump. The testing is done by gradually decreasing
the static pressure at the inlet of the pump and report the static pressure where cavitation occurs. When
NPSHR is known, the customer knows how much submergence the pump needs by using Bernoulli’s equation
on the system. When studying Table 2.1 and Eq. (2.6.3), it is apparent that the submergence needed to
avoid cavitation is more significant when the RPT is running in pump mode than in turbine mode. Thus,
when replacing Francis turbines with RPTs, there is a need for additional submergence.

Table 2.1: Empirical values used for the submergence of pumps and turbines [17]

Parameter Turbines Pumps
a 1.05 < a < 1.15 1.60 < a < 2.00
b 0.05 < b < 0.15 0.20 < b < 0.25

2.7 Booster Pump in Series with RPT

An invention for overcoming the differences in the operating head for pumping and turbine mode for RPTs was
patented in 1982. The idea is to use a booster pump for running in pump mode and a separate waterway,
avoiding the booster-pump, when running in turbine mode. The invention does not only overcome the
differences in the operating head but also accounts for the further submergence needed in pumping mode.
The extra submergence needed is accounted for by increasing the pressure in front of the RPT with a booster-
pump. The main components of the invention can be seen in Fig. 2.8. The invention claims to increase
the pressure at the inlet of the RPT in pump mode and thereby avoid cavitational problems. By using a
separate waterway for turbine/pump mode, it is possible to operate the RPT at different operational heads
than what would be the case if the booster-pump had affected the flow in both directions.

Installing a booster-pump near the draft tube gate has been suggested. For such a device, one would
have to have a rather big booster-pump as the draft tube is expanding towards the gate. An advantage of
putting the booster-pump here is that one would get some extra submergence compared to the RPT and
hence reduce the risk of cavitation at the booster-pump. If one were to install a booster-pump which itself
experience cavitation the problem is only shifted, not solved. With this in mind, one can set out to design
the booster-pump. A proposed procedure of replacing a Francis turbine with an RPT with the use of a
booster-pump is given below:

• The RPT runner should have the same dimensions as the existing Francis runner. This is to be able to
reuse as much as possible of the structure from the old Francis turbine. The old structure includes the
guide vane bearings, spiral casing, stay vanes, shaft, generator and otherwise as much as possible. The
guide vanes should be replaced with guide vanes suitable for running in pump mode, but the diameter
of the guide vane ring should be as on the old Francis turbine, if possible. Guide vanes suitable for
pump mode has a rounder trailing edge than guide vanes used in Francis turbines [16, p. 161]. The
purpose of the round trailing edge is for generating a smoother flow in pump mode. The guide vanes
should also be made stronger, to account for the severe vibrations that can occur in pumping mode
[16, p. 161].
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Figure 2.8: Illustration of the patent which utilizes a booster pump in a separate waterway. Collected from [21]

• The RPT should be designed with the dimensions given and tested numerically with the generator
that is in place. If it is possible to reuse the old generator, considerable savings could be likely. On
this basis, it is possible to see what kind of head the runner can produce. Based on the results of the
simulations, an estimation of the needed head from the booster-pump can be acquired.

• When the required head is found, one can design the booster-pump based on the needed head and
mass flow. The rotational velocity can be chosen based on the generator choice, but cavitation and the
submergence of the booster-pump sets a limit for the rotational speed.

• A choice should be taken between utilizing an axial pump, a multistage axial pump or a mixed-flow
pump. This choice can be taken based on the specific speed. If the required head is small enough -
an axial pump can be utilized. If the head required is larger, a mixed flow pump might be a better
option. If the required additional head is large, maybe a multi-stage RPT is the way to go.
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2.7.1 Booster-Pump at Roskrepp Hydropower Station

Sira Kvina has disposed Roskrepp hydropower station as a project for retrofitting the existing Francis turbine
with an RPT in series with a booster pump. Roskrepp hydropower station was finished in 1979 and consist
of a single 50MW Francis turbine which has a maximum capacity of 70m3/s [22]. The power plant operates
with a head of 83m in turbine mode as of today. Rainpower has conducted a preliminary analysis of how
to retrofit this power plant with pumping capabilities. Based on their calculations, an RPT with the same
dimensions as the existing Francis turbine would need an additional 20m head for the water to reach the
upper reservoir. That is when running at a capacity of Q = 50m3/s and a rotational speed of 250rpm. The
assumption of running the RPT at this rotational speed comes from the basis of using the old generator.
Using the old generator at the new RPT means that the booster-pump at Roskrepp would have to supply
around 25% of the total head of the combined system.



Chapter 3

Pump Theory

When reviewing the task of using a booster-pump in front of an RPT, the theory behind pumps needs to be
appreciated. This chapter goes through some fundamental aspects of pumps and their operation.

3.1 Pump Performance Curves

A pump is a machine that moves fluid by mechanical action. Pumps are well known and used in many
aspects of modern life, in one way or another. Pump performance curves, typically labeled H − Q curves,
are a useful way of understanding the pump’s performance during different points of operation. During
operation, a pump operates at different volume flows and heads depending on the fluid level in the different
reservoirs, the rotational speed, and the power supply. The maximum flow rate through a pump occurs
when the net head is equal to zero and is called the pump’s free delivery. At the other end of the scale, the
pump’s maximum head is achieved when there is no flow running through the pump. The head at no flow
is called the shutoff head. All operating points between these extremes are called the performance curve of
the pump and can vary greatly depending on the pump’s size, rotational velocity, and geometry.

Along the performance curve, every pump also has a curve for its efficiency. The Best Efficiency Point
(BEP) is where one would want to operate the pump as it is most economical and produces less wear on the
runner. Knowing the performance and efficiency curves for a pump is therefore important knowledge before
installation. Examples of pump curves for a pump in series with a booster-pump is given in Fig. 3.1.

When arranging pumps in either parallel or series, there are certain aspects to keep in mind. While
parallel or series arrangements are often a good choice for an application, it could lead to problems when
one pump is much larger than the other [23]. Arranging pumps in series may cause problems because the
volume flow through each pump is the same, but the pressure rise for the overall system is the pressure rise
from one pump plus the other. In terms of arithmetic; the net head for n pumps in series is given as:

Hcombined =

n∑
i=1

Hi (3.1.1)
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H/HBEP

Q/QBEP

Figure 3.1: Pump curves for a booster-pump in series with another pump, along with the combined pump curve.
Collected and adapted from [13, p. 670]

If the pumps have widely different pump performance curves, this may lead to one pump operating at a
point above its free delivery rate. Instead of working as a pump, the pump then instead acts as a head loss.
In light of this, it is vital to know each pumps energy-discharge characteristic before operating them either
in parallel or series. For the task of arranging a booster-pump together with an RPT in series, one would
achieve an application where one pump is larger than the other. For this application, it is necessary to make
sure that both the booster-pump and the RPT has BEP at around the same mass flow, and that the range
of the two pump characteristics have a similar extent.

3.2 Specific Speed and the Cordier Diagram

All pumps are characterized by the flow rate Q, the lifting head H and the rotational speed n. By defining
certain ratios, we can derive the specific speed Ωs and specific diameter Ds for any given hydraulic machine.
Based on experience from previous, well-designed pumps, we can then decide what kind of hydraulic machine
that is most applicable to any situation. The ratios are defined as:

Ωs =
Ω
√
Q

(gH)3/4
(3.2.1) Ds =

D(gH)1/4√
Q

(3.2.2)

The value of the specific speed indicates what kind of machine that is most suitable for an application
based on previous successful designs. By using this resemblance, it is possible to estimate the characteristics
of machines with different sizes and speeds [24]. In 1953, a rough, but helpful diagram named the Cordier
diagram was proposed. The line in the diagram is based upon results from a large number of machines and
indicates both the specific size and specific speed of a machine for any given application. The diagram is
shown in Fig. 3.2. It should be noted that the line in the Cordier diagram has a fairly broad specter of
results around either side of the line, so one could have a well performing hydraulic machine and not strictly
follow the Cordier diagram, but for the initial selection process, the diagram can be a helpful indicator.
Below is a brief description of the different machines mentioned in the Cordier diagram.
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Figure 3.2: The Cordier diagram. This diagram gives an indication of suitable hydraulic machine based on specific
speed and specific diameter. Collected from [25]

3.3 Pump Types

Centrifugal pumps are machines that convert mechanical power into hydraulic power by utilizing centri-
fugal forces [26]. When running a Francis type RPT in pump mode, the RPT can be viewed as a centrifugal
pump. The working principle of a centrifugal pump is to transfer angular momentum from the rotating im-
peller to the flow through the pump. Centrifugal pumps are machines that are a key component of numerous
technical processes, and the working principles of this incredible machine have been studied in detail for
decades. The flow can vary from a few liters per minute for the smallest pumps to several hundred cubic
meters per second for the most massive water storage pumps [13]. The head of a centrifugal pump can vary
from 1 − 5000m and rotational speeds can range from a few hundred revolutions per minute to over 30000
revolutions per minute [13]. The design of the centrifugal pump varies from one application to another, but
a standard feature for this type of pump is the volute. The volute is the most common type of diffusing
element in centrifugal pumps [13, p. 36], and this element separates the centrifugal pump from the axial
pump.

Axial pumps are generally pumps that are used for generating large flows at relatively low heads. The
blades can be either fixed or variable-pitched. Variable-pitched blades give the machine a wider operating
range [27]. Axial pumps do not utilize centrifugal forces. Instead, the impeller blades act like wings on
an airplane and generate lift as they rotate. The lift force is generated from pressure differences from the
bottom side and top side of the blade. Depending on the blade profile and angle of attack, the lift can be
highly varying from one pump to another. Typical usage of axial pumps is cooling water pumps, irrigation,
sewage treatments plants and drainage systems [13]. Axial pumps are employed for applications where high
specific speeds are involved. Although axial pumps can be designed for lower specific speeds than what is
suggested in the Cordier diagram, mixed-flow pumps are used unless the plant requires purely axial design
because of geometrical constraints [13]. An axial flow machine, together with a mixed-flow machine, can be
seen in Fig. 3.3.

Mixed-flow pumps are pumps that are a combination of axial flow and radial flow machines. They
are compact as they do not use a volute. Mixed-flow pumps can operate under a wide variety of head but
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typically gives more head than the axial pump and less head than the radial pump. Mixed-flow pumps are
used for transporting drinking and cooling water and for irrigation and drainage purposes. Other usages
can be inboard thrust motors for boats and ships. Mixed flow pumps have been studied in turbine mode
as a PAT (Pump as Turbine), with fair results. The results of one paper concluded with around the same
efficiency for turbine mode as for pump mode, but with another specific speed [28].

Figure 3.3: Illustration of a mixed-flow pump (left) and an axial flow pump (right). Collected and adapted from
[13, p. 61]

3.4 Impeller Approach and Pre-Rotation

When designing a pump, a general approach is to assume zero pre-rotation at the inlet (Cu1 = 0). As the
flow varies along the pump curve, correct inflow angle cannot be achieved for all operating points as the angle
of the impeller blades does not vary. Because of this, regulation of the inlet flow angle could be a suitable
measure for optimizing the flow conditions. According to the Euler equation Eq. (2.4.1), pre-rotation reduces
the head while counter pre-rotation increases the head. The effect of pre-rotation control increases for pumps
along with the ratio of the diameter of the inlet over the diameter at the outlet, D1/D2 [13, p. 675]. In
effect, this means that pre-rotation is more effective for pumps with a high specific speed, such as axial
flow impellers and mixed-flow impellers. However, pre-rotation regulation with inlet guide vanes (IGVs) has
been investigated on a centrifugal impeller by Liu et al. [11] and Ahmed et al. [12]. The reports show that
pre-whirl with IGVs can increase the efficiency curve of a centrifugal pump in a wide region.

Pre-rotation regulation has also been investigated on a mixed-flow pump, and the results can be seen
in Fig. 3.4. Here, it can be observed that the total head produced by the pump increases with counter
pre-rotation, while the head decreases rapidly for pre-rotation in the same direction as the impeller rotation.
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The same goes for efficiency. For pre-rotation, the efficiency decreases, but for counter pre-rotation, the
efficiency increase slightly at BEP.

For NPSH, the behavior is different. In and around BEP, NPSH do not change much with pre-
rotation. But for lower flow-rates, NPSH increases dramatically. Fig. 3.4 reveals that the range available
for controlling the flow rate is large if the system characteristic is flat (HA,1) compared to if the system
characteristic is steep (HA,2) [13, p. 675]. In effect, this means that pre-rotation control is more advantageous
for applications where a large range of flow rates is required at a constant head.

Figure 3.4: Pump characteristics of a mixed-flow pump with pre-rotation control. Collected from [13, p. 675]

3.5 Diffusers and Guide Vanes

The diffusers in a pump are used for decelerating the flow and consequently, convert kinetic energy into
potential energy [13, p. 27]. While potential energy can be converted into kinetic energy without major
losses, the process of doing the opposite involves far greater losses. The reason for this is that the distortion
in the flow upon deceleration is greater than what it is for accelerating flows. At the outlet of a rotating
impeller the circumferential velocity is Cu2 = C2cos(α2) as described in Fig. 2.6. The specific energy of the
rotation component is Ekin = 1/2C2

2 . This kinetic energy has to be effectively decelerated by the diffusing
elements in the pump to achieve acceptable efficiency [13, p. 102]. To effectively decelerate the flow, the
angle of the diffusers needs to given the correct angle. Axial diffusers need to reduce the circumferential
velocity component, of the outlet of an axial pump, to a value as close as possible to zero, as any swirl of
the outlet of the pump would imply additional losses [13, p. 400]. This means that to have a well-designed
booster-pump, there should not be a swirl at the outlet of the pump, as this indicates that the diffusers have
not been able to convert the kinetic energy into pressure.

As different mass flows and pressure gradients in pumps create various outlet velocity fields; it is useful
to make the diffusers adjustable. In RPTs, adjustable diffusers are the equivalent of guide vanes. Selecting
optimal angles for the guide vanes have a significant effect on the pump curves and the hydraulic losses in
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the machine. In 2017, a study regarding the impact of guide vane opening for an RPT in pumping mode was
conducted by Zhu et al. [29]. The hydraulic losses for the different domains in the pump turbine at different
guide vane openings are plotted in Fig. 3.5. Here, the flow rate and head loss are normalized according to:

Cϕ =
Q

πrωρR3
2

(3.5.1) Cψ =
2gH

r2ωR
2
2

(3.5.2) Cψloss =
2gHloss

r2ωR
2
2

(3.5.3)

Fig. 3.5 shows that the hydraulic losses rely heavily on the guide vane opening. The study concludes
that when the flow direction is not consistent with the guide vane opening angle, the flow separates and
creates complex vortices. The vortices then block the stay vane passages, and the hydraulic losses increase.
In addition, Fig. 3.5 shows that for the low flow rate regime, the head loss in the draft tube increases.

Figure 3.5: Hydraulic losses for a RPT in pump mode at different guide vane openings. (a) 12°guide vane opening,
(b) 16°guide vane opening, (c) 20°guide vane opening. Collected from [29]



Chapter 4

Numerical Theory

Computational Fluid Dynamics (CFD) is the analysis of fluid flow using computer-aided simulations. This
chapter will give a brief overview of some of the theory used for the simulations in this thesis. Braun’s Ph.D.
regarding CFD simulations for part load in centrifugal pumps has been used for reference throughout this
chapter [26].

4.1 The Incompressible Navier-Stokes Equations

Fluid motion is governed by the conservation laws of momentum and mass [26]. In hydraulic machinery,
one can assume that the fluid is incompressible, at least for the present study. Considering time-dependent,
three-dimensional fluid flow in an inertial frame of reference, one can deduce the incompressible Navier-Stokes
equations. The equations form four nonlinear partial differential equations which can be used to predict fluid
flow [30]. The momentum equations using Einstein notation follows as:

∂Ci
∂t

+ Cj
∂Ci
∂xj

=
1

ρ

(
∂τij
∂xj
− ∂p

∂xi

)
+ fi (4.1.1)

The conservation of mass is given by:

∂Ci
∂xi

= 0 (4.1.2)

These equations poses as the basis for CFD and can, with a few tweaks, be used to model complex fluid
flow. Further tweaking of the momentum equations and the mass conservation equations follows. Water is
considered a Newtonian fluid and the shear stress τ is determined by the dynamic viscosity µ and the strain
tensor Dij :

23
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τij = 2µDij , Dij =
1

2

(
∂Ci
∂xj

+
∂Cj
∂xi

)
(4.1.3)

Summing these equations together we end up with the incompressible Navier-Stokes equations:

∂Ci
∂t

+ Cj
∂Ci
∂xj

=
1

ρ

(
µ
∂2Ci
∂xi∂xj

− ∂p

∂xi

)
+ fi (4.1.4)

Albeit, the Navier-Stokes equations were first deduced in the 19th century, our physical understanding
of these powerful equations remains incomplete. Proof of the existence of a smooth solution in the three-
dimensional space is still left to be shown. Clay Mathematics Institute has stated this as one of the seven
Millenium Problems and offers a price of one million dollars to any man or woman who can prove the
existence of a smooth solution to the Navier-Stokes equations in space [31]. Even though this has not been
established yet, the power of the Navier-Stokes equations remains, and the usage of the equations expands
several different fields of interest and poses as vital in our understanding of the fluid flows of the world.

4.2 Rotating Frame of Reference

When considering rotating machinery in CFD, a straight forward approach is to use a reference frame moving
together with the solid wall boundary geometry [26]. The momentum and flow velocities are considered with
respect to the moving frame of reference, adding a contribution to the Navier-Stokes equations. By using
this, the Navier-Stokes equation in a rotating frame of reference with constant rotation ω can be written as:

∂Wi

∂t
+Wj

∂Wi

∂xj
=

1

ρ

(
µ
∂2Wi

∂xi∂xj
− ∂p

∂xi

)
+ fi + fr,i (4.2.1)

4.3 Turbulent and Laminar Flow

The Navier-Stokes equations can be presented in a dimensionless form by introducing a characteristic length
scale L0, a characteristic velocity v0 and a characteristic timescale t0 and normalizing the rest of the para-
meters in Eq. (4.1.4). The dimensionless form of the Navier-Stokes equations is given by:

St
∂C∗i
∂t∗

+ C∗j
∂C∗i
∂x∗j

=
1

Re

∂2C∗i
∂x∗i ∂x

∗
j

− ∂p∗

∂x∗i
+

1

Fr2
γi (4.3.1)

Where the Strouhal number St, Reynolds number Re and Froudes number Fr are given by:

St =
L0

C0t0
L0 Re =

ρC0L0

µ
Fr =

C0√
gL0

The remaining variables in Eq. (4.3.1) are made dimensionless by:
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g

Fluid flow can be separated into two different flow regimes with regards to physics — laminar and turbulent
flow. Laminar flow occurs at low Reynolds numbers, while turbulent flow occurs in regions of flow with high
Reynolds number. The Reynolds number is a dimensionless number defined as the ratio between inertial
forces and viscous forces. In hydropower, the Reynolds number is usually large enough for turbulent flow
regimes to take place, and there is a need for applying equations which takes turbulent effects into account.
Turbulence is inherently chaotic, and the physics involved is yet to be fully understood.

It is, however, still possible to use the Navier-Stokes equations to capture the physics of the flow. Even
though the equations have not been proven to have a smooth solution in all three dimensions, there are
strong indications that the equations yield physical and accurate results for many applications. To fully
capture the smallest turbulent structures in a flow, Direct Numerical Simulation (DNS) needs to be used.
This is a numerical method which captures the minor Kolmogorov micro-scale turbulent structures. DNS
is a highly demanding computational method which requires enormous amounts of computing power and
is therefore near impossible to use by today’s standards. Large Eddy Simulation (LES) is the next step
down the ladder of accuracy. This method can capture the large eddy structures but averages the smaller
structures. The Reynolds-Averaged Navies-Stokes (RANS) equations average the Navier-Stokes equations
and are, therefore, a relatively cheap numerical method for calculating complex fluid flows.

4.4 Reynolds-Averaged Navier-Stokes Equations

Turbulence is inherently chaotic, and there is a need for a way to deal with this chaotic behavior. Reynolds-
averaging and modeling of the resulting averages of fluctuating terms make it possible to predict incompress-
ible turbulent flow fields [32]. The Reynolds decomposition of a general flow variable is given as:

φ = φ+ φ′ (4.4.1)

By following a set of rules given by Reynolds in how to handle the different terms, we end up with the
incompressible Reynolds-Averaged Navier-Stokes (RANS) equation:
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µ
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∂xi
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′
j

∂xj
+ fi (4.4.2)

The terms ρC ′iC ′j are called the Reynolds stresses and poses as six unknowns in which Eq. (4.1.4) differs
from Eq. (4.4.2). The turbulence modeling discussed in the next chapter is in reality about defining laws to
predict the Reynolds stresses.

4.5 Turbulence Modelling

Since the full Navier-Stokes equations can only be solved by the use of DNS, a turbulence model has to
be used. With the turbulence model, we can model the RANS equations, which averages the turbulent
structures instead of resolving them.
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The k − ε turbulence model is a widely used model which can be used for many applications, often
with reliable and with accurate results. The model tends to perform poorly on complex flows involving large
pressure gradients, strong streamline curvature, and separation. All of which is believed to be found in the
pump mode of an RPT. Despite its severe shortcomings, the k − ε model is widely used because it is easier
to achieve convergence with this model than with other turbulence models [33].

The RNG k− ε turbulence model is a turbulence model that is more suited for complex flow than the
standard k − ε model. It has been shown that this model performs well with flows involving rapid strain,
moderate swirl, vortices, and boundary layer separation as well as stall in wide-angle diffusers [34]. In the
RNG model, the transport equations are the same as in the standard k − ε model, only that the model
constants differ.

The SST turbulence model is often more accurate than the k− ε models, but it requires a significantly
larger mesh to capture the viscous sub-layer. The SST model combines different turbulence models depending
on location in the flow. In the core flow, the SST model utilizes the k − ε model, while on adjacent walls
and solid surfaces the model employs the k − ω model. The k − ω model is a model designed for flows with
substantial pressure gradients [33]. As the model is slightly more complicated than the k− ε model, it is also
more computational demanding. Exactly which equations that ANSYS CFX uses to model the different
turbulence models can be found in [34].

There is no definitive, correct answer to which turbulent model to employ for different applications. Some
turbulence models perform better on some problems, while others perform poorly. Using a wrong turbulence
model to try to capture a specific physical phenomenon in the flow can even lead to severely wrong answers.
An important aspect to remember is always to be critical to the results of the simulation and remember
that the choice of turbulence model can be a source of errors. A particularly important aspect of turbulence
modeling is accurate modeling of boundary layers.

4.6 Boundary Layer Modelling

Modeling boundary layers is an essential part of CFD, and it has a significant influence on the density of
the mesh needed to capture the physics of the flow. The no-slip condition, C = 0, at solid walls leads to a
zone of high gradient velocities near walls. The accuracy of a simulation relies on the correct prediction of
velocity profiles near solid walls. In Fig. 4.1, the shear velocity Cτ , the non-dimensional velocity C+ and
the non-dimensional wall distance y+ are given by the following definitions:

Cτ =
√
τw/ρ C+ = Ct/Cτ y+ =

ρCτy

µ

The velocity field close to the wall, where the no-slip condition is applied, is divided into three different
zones. The zone closest to the wall is called the viscous sub-layer. The zone furthest away from the wall is
called the defect layer and is dominated by a velocity defect due to the wall shear [10]. The central zone is
called the logarithmic layer and is characterized by:

C+ =
1

κ
lny+ +B (4.6.1)

Where κ is the von Karmán constant and B is an empirical constant.

The k − ε models make use of the logarithmic layer when wall functions are applied, while the SST
turbulence model, models the viscous flow close to the wall. To get accurate results, care should be taken
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Figure 4.1: A logarithmic representation of a turbulent boundary layer profile. Collected from [26]

to have the y+ value within the ranges that are applicable for the specific turbulence model. If the elements
close to the wall are too large when using the SST model, the turbulence model is not able to capture the
viscous sublayer. If one uses too large elements in the k−ε model, the elements closest to the wall is not able
to capture the logarithmic layer. For turbulence models where logarithmic wall functions are applicable, like
the k − ε model, the cell sizes near the wall should be selected such that 30 < y+ < 100. When using the
SST model, the cells near the wall should be small enough for y+ < 1 to hold. For the SST model, at least
ten cells should be located between the wall and y+ = 20 [33]. These criteria are the reason why a much
denser mesh is needed when using the SST model, compared to the k − ε models.

4.7 Periodic Boundary Conditions

CFD can be computationally demanding, and every chance for a reduction in computing time for simulation
is a possibility worth pursuing. This is especially the case if one is in the early stages of a process and need
results quickly to find the right path. Periodic boundary conditions are a good way of saving computation
time. If one assumes that the flow is similar across a domain and follows a specific pattern, a periodic
boundary condition can be applied. For impellers and diffusers, this is often the case. The periodic boundary
condition allows for the computation of only one passage instead of every passage and gives a substantial
reduction in the number of elements needed to capture the flow of an entire geometry. The way the boundary
condition is used, is by applying a symmetry condition on a symmetric plane, meaning that, for example,
the velocity gradients at a symmetry plane are set to zero. Using this, one can repeat one passage flow for
all passages instead of calculating all passages. The symmetry condition is a useful tool, but should only be
applied where the flow is genuinely symmetric. For example, the flow in a fully developed flow in a straight,
vertical pipe can be considered symmetrical, but the flow through a bend would not be symmetrical because
of the secondary flows which occur in the bend. Using the same logic, the flow through a rotating impeller
can be considered symmetric, but the flow in a volute would not be symmetric, and the symmetric boundary
condition should not be utilized.
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Chapter 5

Reversible Pump Turbine with Uniform
Pre-Rotation at Draft Tube Inlet

This chapter investigates the effect of pre-rotation on an RPT in pump mode using a uniform circumferential
inlet velocity boundary condition and steady-state CFD simulations.

5.1 Geometry

For investigating the flow field in an RPT, a numerical model was created of an existing geometry of a fully
functioning RPT. Rainpower provided the model which consists of a geometry of a spiral casing with 28 stay
vanes, a set of 28 guide vanes, the runner with 9 blades and a draft tube. The RPT has a specific speed of
Ωs = 0.575 in pump mode, which categorizes it as a high head machine. At Roskrepp the geometry is a low
head machine, and thus an entirely different geometry. Experimental performance data for pump mode was
also provided for validation purposes. These experimental data consisted of pump curves for all guide vane
openings, from shutoff head to the pump’s free delivery. The geometry of the RPT can be seen in Fig. 5.1.

5.2 Mesh Generation

The software used for the CFD analysis was ANSYS 19.1. For the guide vanes and the impeller blades,
TurboGrid was used for creating a fully structured hexahedral mesh. The input to TurboGrid are so-called
curve files, which consists of a set of points along curves in the spanwise direction of the blade. In addition
to the points for the blades, points for the hub and shroud must also be provided. The hub and shroud files
set the limits of the inlet and outlet boundaries of the domains, but can be changed within TurboGrid if the
accuracy needs improvement. In TurboGrid, you need to select a topology for the blade you want to mesh.
The topology of the blade tells TurboGrid how the blocking of the blade should be performed. TurboGrid
has several different topologies available. When the topology is selected, there are numerous different options
to tweak and adjust the mesh to get the desired output. The quality of the mesh has a direct impact on the
accuracy of a CFD simulation. ANSYS gives certain guidelines to follow when meshing, to obtain a mesh
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Figure 5.1: The RPT geometry investigated in this thesis

with satisfactory performance. For this work, efforts were made to have the absolute best performance on
the following three mesh quality criteria:

• Orthogonal angle > 20°

• Aspect ratio < 100

• Expansion factor < 20

By following the guidelines for mesh quality criteria given above, a smooth mesh was produced for the
runner and guide vanes. Fig. 5.2 shows the structured surface mesh of the blades of the runner, and how
the meshing is inflated in the spanwise direction. The y+ values can easily be managed in TurboGrid,
and dependent on the turbulence model you choose, you must also select the corresponding y+ values. By
choosing a k− ε turbulence model, you can have fewer cells and keep the quality criterion for the expansion
factor intact. The RNG k − ε model was employed in this work, as it has previously performed better on
swirling flows than the k − ε model, and requires a less dense mesh than the SST model, as discussed in
Chapter 4.

Figure 5.2: Structured surface mesh on impeller blades
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Figure 5.3: Structured surface mesh on a few guide vanes

TurboGrid creates periodic boundary surfaces for the blades so that the software only needs to mesh one
blade passage. The periodic boundaries save computing time and limit the behavior of asymmetry in the
flow through the impeller caused by differences in the mesh from one passage to another. The meshing of the
guide vanes also utilized this symmetric approach and was meshed with a focus on the same mesh quality
criteria as the runner. The angle of the guide vane opening can be changed easily in TurboGrid by rotating
the guide vane around it’s rotating axis. For doing this, the rotating axis needs to be known, and in this
case, the coordinates for that point was provided along with the curve files from Rainpower. When the guide
vane angle is changed, the entire mesh needs to be re-meshed, and users should be aware that the mesh
parameters set for one guide vane opening, does not necessarily produce a smooth mesh for another guide
vane opening. Still, the guide vane opening can be made parametric for performing several simulations on
different guide vane openings. A few guide vanes and the structured surface mesh can be viewed in Fig. 5.3.

Figure 5.4: Unstructured surface mesh of spiral casing

For the meshing of the spiral casing, ANSYS Meshing was used to create an unstructured tetrahedral mesh
with the help of a patch conforming method. Efforts were made to mesh the stay vanes using TurboGrid, but
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as the stay vanes are not symmetric around the z-axis, this was deemed inappropriate. It can be observed
in Fig. 5.4, that the elements in and around the stay vanes are much smaller than what they are in the
rest of the domain. As the stay vanes act as a strong diffusor and the velocities are more significant than
in the spiral casing, it was decided to have a finer mesh in stay vane region. In ANSYS Meshing one can
control the y+ values by adjusting the size of the elements closest to the wall, but since the geometry is quite
complicated in the spiral casing, it proved challenging to obtain a smooth mesh along with the wanted y+
values in this region. In Fig. 5.5, the strongly imposed sizing function that was utilized at the spiral casing
tongue can be seen.

Figure 5.5: Surface mesh of the spiral casing tongue

The tongue of the volute is particularly challenging to mesh, as the angle of the tongue is sharp. When
trying to impose inflation layers in this region, the orthogonal angle becomes even sharper, and the quality
of the mesh declines. By utilizing the stair-stepping function in ANSYS Meshing, along with reducing the
number of inflation layers and imposing a surface sizing function, the mesh quality was held at a reasonable
level. The quality criteria recommended by ANSYS for aspect ratio, expansion factor, and orthogonal quality
has been upheld for all domains, except for a small percentage of elements containing expansion factor of
above 50 at the leading and trailing edge of the stay vanes. Since the portion of these elements is well below
1%, the quality of the mesh was deemed sufficient.

The draft tube consists of a simpler geometry than the spiral casing, and it was therefore decided to use
a hexahedral mesh in this region. By the use of a MultiZone method in ANSYS Meshing, a hexahedral mesh
was produced. An illustration of the surface mesh can be viewed in Fig. 5.6. The height of the elements
near the wall is set such that the y+ values fulfill the criteria given in Section 4.6, all the way from the
draft tube inlet to outlet. This is done by gradually decreasing the height of the elements closest to the
wall, as the velocity increases towards the impeller. Following the same logic, the total size of the elements
decreases towards the runner to account for the assumption that the flow is more complex near the bend
and impeller. The surface of the bottom of the impeller cone is included in the draft tube cone, and the y+
values are accounted for in this region by setting a line-size-function at the draft tube cone with decreasing
size in elements towards the runner.
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Figure 5.6: Surface mesh of draft tube

5.3 Mesh Independence Study

A mesh independence study has been performed to validate the independence of the mesh. The study was
performed following the guidelines set by the Fluids Engineering Division of ASME [35]. For validation of
the independence of mesh density, three sets of meshes with element count from 8 million elements to 30
million elements were examined. Further details can be seen in Table 5.1. For the study, BEP with no pre-
rotation was set as a baseline for mesh verification. From the mesh independence study, it was decided that
the medium mesh would be sufficient for further calculations. The decision was based on the computational
resources available and also the level of accuracy needed for this research.

Table 5.1: Mesh independence study at best efficiency point

Item Mesh 1 Mesh 2 Mesh 3
Draft Tube 3,738,726 1.926.043 952,666
Runner 9,487,350 4,408,560 2,150,010
Guide Vanes 8,370,648 4,244,604 2,122,302
Spiral Casing and Stay Vanes 9,460,379 4,883,139 2,819,084
Total number of elements 30,712,124 15,462,303 8,044,062
H/H3 0.9935 0.9946 1
T/T3 0.9943 0.9972 1
H −GCI 0.57% 2.77%
T −GCI 1.42% 1.43%

5.4 Numerical Setup

In the present work, the computational fluid dynamics software ANSYS CFX 19.1, and the RNG k − ε
turbulence model has been applied for steady-state simulations. For the simulations, all 9 blade channels are
used as well as all 28 guide and stay vanes. The boundary conditions have been set as a mass flow inlet with
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tangential velocity components to induce pre-rotation, and static pressure outlet condition was established
at the outlet of the spiral casing. No-slip wall conditions have been employed on all the walls, stationary and
rotating. For modeling the interface between the stationary and rotating domains, the frozen rotor interface
model has been applied to serve as initial conditions, while the mixing plane interface model has later been
applied for precision. The simulations have been conducted in such a way that all operating points have had
enough iterations to reach oscillatory convergence with mean root square residuals below 10−4. It should be
noted that some oscillatory behavior in the head and efficiency was present at the end of the simulations.

5.4.1 Inlet Boundary Conditions

Specification of the correct boundary conditions in a CFD calculation remains as one of the most critical
tasks to get tangible results [36]. Therefore, great care was exerted when considering the inlet condition.
For inducing pre-rotation, a mass flow inlet boundary condition was employed. The tangential component
was set such that the inlet flow would have four different angles; -24°, -12°, 12°and 24°, in addition to no
pre-rotation. This angle refers to the angle between the circumferential velocity component and the axial
component at the plane of the draft tube inlet. How the pre-rotation was imposed can be observed in Fig.
5.7. In Fig. 5.7, the circumferential velocity component of the inlet boundary condition is plotted as a vector
field. This inlet condition will not accurately model an axial booster pump, nor will it accurately model an
inlet flow from IGVs. Still, the inlet condition serves as an approximation of what could be possible for an
RPT that experience pre-rotation.

When imposing pre-rotation to the flow, one also adds energy to the flow, compared to what the flow
would have without pre-rotation. This should be taken into account when considering the results of the
simulation. Positive counter pre-rotation is defined as an angle that adds circumferential velocity in the
reverse direction of the runner rotation, while negative pre-rotation would be the opposite. That is if one
assumes that the swirl continues in the same direction through the bend in the draft tube. Hence, positive
counter pre-rotation adds net-head to the RPT.
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Figure 5.7: Velocity vector plot showing the circumferential velocity components at the inlet; top-left: 12°, bottom-
left: 24°, top-right: -12°, bottom-right: -24°
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5.5 Results

Fifteen different result files were generated. The inlet conditions for these result files separate from one
another by having different mass flows and different induced pre-rotation. From these files, it is possible to
generate pump performance curves and comparing the effect of pre-rotation with one another. Streamlines
are plotted for 1.2 BEP in Fig. 5.8. Fig. 5.8 visualize the path of some of the fluid particles in the draft tube.
Here, the streamlines of the case of no pre-rotation can be compared with positive counter pre-rotation and
negative pre-rotation. Keep in mind that streamlines show the path of fluid particles with zero mass [34].
No pre-rotation is as mentioned earlier, the assumed case of normal operating. The streamlines visualize
that the fluid particles, in some cases, take a longer path through the draft tube, and in other cases, they
obtain a shorter path. This increase or decrease in path length could affect the losses in the draft tube.

Figure 5.8: Streamlines in the draft tube showing the path of a fluid particle with zero mass for the different inlet
boundary conditions. Results from 1.2BEP with no pre-rotation, 24°PCPR and 24°NPR

5.5.1 Pump Performance Curves

In Fig. 5.9, the head-capacity curves are plotted for both the simulated instances and the experimental data.
From Fig. 5.9, we can see that the overall trend seems reasonable compared to experimental data. The
simulated curves have a bit lower gradient than the experimental data, meaning that the simulations over-
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Figure 5.9: Q−H plot with normalized values for
different pre-rotation values
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Figure 5.10: Q− η plot with normalized values for dif-
ferent pre-rotation values

predict the simulations at 1.2 BEP and BEP. At 0.8 BEP, the results seem to correlate well. Combined, this
results in a lower overall head gradient versus capacity for the simulations than for the experiments. A basic
spline function in MATLAB has been utilized to smooth the results and visualize the trends. Further, one
can see that counter pre-rotation in the opposite direction of the impeller rotation gives an additional head
over the whole operating range. This correlation is in accordance with Eq. (2.4.1). However, as mentioned
earlier, it is difficult to estimate how much net head that is added to the system by adding pre-rotation, and
hence, how this alters the characteristic curve in itself. The head is calculated in ANSYS CFX by:

H =
ps2 − ps1

ρg
+
C2

2 − C2
1

2g
(5.5.1)

Where ps represents the static pressure and C, represents the absolute velocity. For the measurements of
the total head, the inlet has been set as the inlet of the draft tube, and the outlet is the outlet of the spiral
casing. This is to account for the losses in the separate domains and to be able to compare the results with
the experimental data. Efficiency, η, is given by:

η =
Pout
Pin

=
ρgHQ

ΩTshaft
(5.5.2)

Where P represents power, Ω represents the impeller rotational speed, ρ represents density, and T represents
torque on the impeller [10]. For confidentiality reasons, the head, mass flow, and efficiency are normalized
according to:

H =
HCFD

Hexp,BEP
(5.5.3) Q =

QCFD
Qexp,BEP

(5.5.4) η =
ηCFD

ηexp,BEP
(5.5.5)

Here, the subscript exp,BEP refers to the experimental data at BEP.

By investigating Fig. 5.10, we can see that the added head does not correlate with increased efficiency.
The simulations capture the trend of the pump curve, but overprediction of the efficiency is evident for all
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operating points. The higher efficiency is expected because the steady-state CFD simulation is not able to
predict several of the losses that may occur in the various domains. Therefore, overall efficiency is larger than
the experiments for all operating points. However, it is believed that the simulation with no pre-rotation is
most similar to the actual experimental data, merely because the pre-rotation is not induced intentionally
in the experimental results. Pre-rotation can be present at the inlet of the draft tube. Although, occurring
because of bends or other obstacles in the water path before the draft tube. Pre-rotation can also arise from
upstream pumps in the laboratory. If one assumes that zero pre-rotation is the most physical, one can see
from Fig. 5.10 that efficiency is highest for zero pre-rotation for both 0.8 BEP and BEP. For 1.2 BEP, we can
see a slight advantage for 12° counter pre-rotation, but this is only marginal. By this reasoning, one can say
that pre-rotation is not advantageous for the efficiency of the pump, at least for the situation investigated
here.

5.5.2 Velocity Distribution

To further examine why the pump performance curves vary with induced pre-rotation, it is interesting to
plot the velocity distribution at the impeller inlet. Euler’s equation, Eq. (2.4.1), tells us that the head of a
pump is dependent on the circumferential velocity distribution at the impeller inlet, as well as the impeller
outlet. When using Euler’s equation and referring to the velocity triangles, one looks at one streamline at
a time. In ANSYS CFX, it is possible to average this value over the entire impeller inlet by taking a mass
flow average. By averaging the circumferential velocity distribution on the impeller inlet, we get the results
given in Fig. 5.11.
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Figure 5.11: Difference in the UCu distribution at the impeller inlet with different pre-rotation

Fig. 5.11 suggests where the added head in the pump curves originates. The positive counter pre-rotation
provides a negative contribution to the Euler equation, thereby increasing the head. For the negative pre-
rotation, the opposite happens. The negative pre-rotation provides a positive contribution to the Euler
equation, thereby reducing the total head.

When normalizing the value of the UCu distribution with the total head, it is understandable why pre-
rotation is more effective for pumps with higher specific speed. For a machine with a higher specific speed,
the value of U at the inlet would be relatively much more significant, as the ratio between the inlet and
outlet diameter is increased. As the geometry in this thesis is a high head machine, the UCu component at
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the outlet of the impeller is much higher compared to the UCu component at the inlet. For machines with
higher specific speeds and smaller outlet diameter, this relation would be smaller, and the UCu component
at the inlet of the machine would be larger relative to the outlet.

5.5.3 Secondary Flows in Draft Tube

In pump mode, secondary flows are expected in the draft tube cone. Bends in pipes produce a more significant
head loss than what would occur in a straight pipe. The losses are due to the separated region of the flow
near the inside of the bend. Because of an imbalance of the centripetal forces, a separated flow occurs at the
inside of the bend. This imbalance is a result of the curvature of the bend and is the origin of the secondary
swirling flow [23]. The secondary flow is of significance to the flow in the draft tube and especially at high
flow rates when the Reynolds number is higher. When the Reynolds number is big, the separation is believed
to happen further upstream. When adding pre-rotation to the flow, this affects the placement and strength
of the swirls. The swirls generate a non-uniform inlet velocity field at the inlet of the runner, which could
lead to unsteady behavior such as vibrations and pressure fluctuations [37]. How the secondary flows rotate
with the induced pre-rotation can be seen in Fig. 5.12.

No pre-rotation PCPR

NPR

Position 
of plane 

Figure 5.12: Secondary flows in draft tube cone at 1.2BEP. The view is from beneath the draft tube, looking up at
the runner inlet. The bottom right figure shows the location of the plane in the draft tube cone. The top left figure
shows the secondary flows occurring around the x-axis as expected for zero pre-rotation, whereas the secondary flows
twist with the pre-rotation for positive pre-rotation (upper right) and negative pre-rotation (lower right)
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In Fig. 5.12, the absolute circumferential velocity has been plotted as a contour plot at a plane in the
draft tube cone. The vector field is a tangential projection of the velocity and shows the direction of the
pre-rotation. The velocity field, along with the contour plot, shows that the bulk swirl does not match the
center of the runner inlet. In both cases of pre-rotation, the bulk swirl is pushed towards the outside of
the bend. Along with a move of the center swirl in the same direction as the pre-rotation, this calls for a
non-symmetric inlet velocity field at the runner inlet compared to the case of no pre-rotation.

5.5.4 Hydraulic Losses

As seen in Section 3.5, the losses in the different domains of an RPT machine relies heavily on the guide
vane opening and mass flow. For this work, only one guide vane opening has been studied. However, it is
interesting to see how pre-rotation affects the losses in the separate domains. To start, the losses in the draft
tube increase with the rise in mass flow, as seen in Fig. 5.13. This is expected because we assume stronger
secondary flows caused by the bend for larger volume flows. However, the losses in this region are small
compared to the total head of the system. The losses in this section are plotted as a negative percentage of
the head of the RPT at BEP according to:

H̃ =
Hloss

Hexp,BEP
∗ 100% (5.5.6)

The difference in percentage from the case of no pre-rotation has been plotted according to:

∆H̃ =
Hloss −Hloss0°

Hloss0°
∗ 100% (5.5.7)

Where Hloss is the hydraulic loss in the domain of interest, and Hloss0° is the hydraulic loss in the domain
of interest with no induced pre-rotation.

Further, we can see in Fig. 5.14 that the hydraulic losses in the draft tube increase both for positive
counter pre-rotation and negative pre-rotation. In fact, they increase by five percent in both directions and
a close to an equal amount for all operating points. This implies that introducing swirl to the draft tube
flow increases the hydraulic losses in this region independent of the rotational direction of the swirl. As
mentioned earlier, the losses in this region are so small that they do not affect the pump performance curves
of the RPT much. However, dependent on the distance from the placement of the booster-pump, this could
affect the losses in the draft tube. If the distance from the booster-pump to the RPT is long, and the swirl
can induce losses over a considerable distance, this could potentially become an issue.

For the guide vanes, we can see that the losses are more substantial in Fig. 5.15. At 0.8 BEP, the losses
account for nearly six percent of the total head, while for the losses reduces for BEP and 1.2 BEP. The losses
in the guide vanes show the same trend as the efficiency curve. This trend is expected since the losses are
significant in this region and heavily dependent on the right inflow conditions. One would perhaps, expect
that the losses do not vary much with induced pre-rotation. In other words, one could assume that the
runner would absorb the effect of the pre-rotation. However, there are substantial differences in the losses
in the draft tube with different pre-rotations. Especially, for the case of negative pre-rotation of 24°, the
difference in losses in the guide vanes are over ten percent as observed in Fig. 5.16.

For the losses in the stay vanes and the spiral casing, the losses diverge even more. Also here, the pattern
of the losses show the same trend as for the efficiency curve seen in Fig. 5.17. We can see that the losses are
largest for 0.8 BEP but varies depending on the pre-rotation. Fig. 5.18 shows that the losses differ with as
much as 20% for the case of the most negative pre-rotation at BEP.
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Figure 5.13: Hydraulic losses in draft tube
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Figure 5.14: Difference in hydraulic losses in draft tube
from no pre-rotation
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Figure 5.15: Hydraulic losses in guide vanes
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Figure 5.16: Difference in hydraulic losses in guide vanes
from no pre-rotation
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Figure 5.17: Hydraulic losses in stay vanes and spiral
casing
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Figure 5.18: Difference in hydraulic losses in stay vanes
and spiral casing from no pre-rotation
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Chapter 6

Booster-Pump in Series with Reversible
Pump Turbine

Using a uniform circumferential velocity field as an imposed pre-rotation can give valuable results when
studying the effect it has on the pump performance curves. This simplification can, however, leave out vital
features of the flow when the pre-rotation is thought to be coming from the outlet of a booster-pump. These
features could have an impact on the research topic of this thesis. Therefore, an attempt to connect an RPT
with a booster-pump is examined in this chapter.

6.1 Booster-Pump Geometry and Placement

When installing a booster-pump in series with an RPT, one must first decide where to place it. The question
of where to put the booster-pump is a large one and depends on several different factors. For this thesis, a
booster-pump in the same waterway is studied, and the booster-pump is placed at the outlet of the draft
tube, i.e., near the draft tube gate, near the outlet surge shaft. It is assumed that the draft tube gate is
positioned at the end of the draft tube geometry studied in Chapter 5. Whether or not the pump will be
removed in turbine mode is not decided. It is, of course, debatable if this location is a suitable position for
a booster-pump, but it is nevertheless the position investigated in this work.

Independent of the placement of the booster-pump, the pump will have an outlet. If this pump has a
hub, the outlet of the pump could potentially become a severe diffuser which in turn can create a poor and
unsteady flow regime. Moreover, the pump needs to gain its power from a source. There are several options
for how to achieve this. Below are some aspects to consider, regarding these matters.

• The pump could be driven by a shaft running through the draft tube. The generator would then be
located next to the draft tube bend. The shaft would run through the draft tube, and the diffusing
problem mentioned, would be avoided. A shaft through the draft tube bend would pose as an obstacle
if one wanted to remove the booster-pump during turbine operation. A possible solution to having a
shaft through the draft tube can be viewed in Fig. 6.2. In Fig. 6.2, a mixed-flow pump which can be
seen in the appendices, has been used for visualization. For this configuration, the shaft would be quite
long. At Roskrepp the shaft would have been 25m long, which may seem excessive. Next, the motor

45
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for the booster-pump would be mounted into the concrete. However, this design poses as one possible
solution for early phase installing of a booster-pump and points to some of the challenges regarding
the matter.

• The pump could be rim-driven like the Straflo turbine. Being rim-driven is especially applicable for an
axial booster pump. The outlet of the pump would then have a sort of bulb, and the diffusing effect
would be present. For a mixed-flow pump, there could be an engine inside the diffuser, as the generator
inside a bulb turbine. For this arrangement, the outlet of the machine would become diffusive, and
there is a need for an outlet bulb. A proposed design is presented in Fig. 6.1. Here, the proposed bulb
is a sphere cut in half. This arrangement is chosen for further investigation.

Figure 6.1: RPT and booster-pump connected in series
with bulb configuration.

Figure 6.2: RPT and mixed-flow booster-pump in
series with shaft going through the draft tube

To investigate the effect of pre-rotation, a booster-pump is created and simulated in series with the RPT.
Moreover, the choice of not using a shaft through the draft tube is accepted. Henceforth, the draft tube
had to be re-meshed to account for the bulb at the outlet of the booster-pump. How the meshing was done
around the outlet bulb can be seen in Fig. 6.3.

For simulating the two pumps in series, some simplifications were done to reduce computing time. These
simplifications involve using only one passage for the RPT runner, one passage for the booster-pump runner
and one passage for the diffusing vanes in the booster-pump. Further, the guide vanes, stay vanes, and spiral
casing of the RPT was left out of the simulation. The losses from the guide vanes, stay vanes, and the spiral
casing was added after the simulations, as a function of the losses found in Chapter 5. It was shown in
Chapter 5, that these losses vary with pre-rotation, but that the mass flow has the largest influence on the
losses. Therefore, the losses for the case of no pre-rotation is used for the calculation of the losses in this
chapter. The losses can be viewed in Fig. 6.4. As we have seen from Section 3.5, the guide vane opening,
and the mass flow have a major impact on the hydraulic losses in an RPT running in pump mode. The losses
are large in this region and are a particularly difficult region to simulate because of the diffusing effects the
guide and stay vanes have on the water flow. By leaving these regions out of the computational domains,
large savings in computational time is achieved.

6.2 Selection of Booster-Pump and Rapid Prototyping

The selection of the type of booster-pump should be based on the required head to avoid cavitation at
the inlet of the RPT, together with supplying enough head for the given application. For this work, it
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Figure 6.3: Mesh of draft tube showing the bulb im-
plementation. Mesh is shown at a plane going through
the center of the draft tube
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Figure 6.4: Losses in the guide vanes, stay vanes and
spiral casing for the RPT for the case of no pre-rotation

is assumed that the booster-pump will have to generate at least 25% of the RPT head. Depending on
the required head of the booster-pump, the geometry and outline of the machine will look different. The
geometry for the booster-pump used in this work is a pump generated from a program called BladeGen.
BladeGen is a turbomachinery design program which follows with the ANSYS package. The program is
easy to use an allows for rapid prototyping of axial pumps, mixed-flow pumps, centrifugal pumps, inducers,
and other turbomachinery components. BladeGen allows for giving the blades the correct angles according
to the velocity triangles. One also has the option to choose the solidity and thickness profiles of the blades
among many other options. BladeGen generates geometries that can be used for CFD calculations and to
visualize and explore problems related to the matter at hand.

In this work, the rotational speed of the runner was set such that the flow would have correct inflow
angle at the midsection of the leading edge of the runner for the same flow rate as for BEP at the RPT.
For meshing, TurboGrid was used, and the setup in ANSYS CFX consisted of one blade for the runner and
diffuser with periodic boundary conditions, mixing-plane interface, k−ε turbulence model, an inlet mass-flow
boundary-condition as well as a static pressure outlet condition. The simulations were considered converged
when the mean square residuals reached 10−4.

6.3 Results

Three fundamentally different designs were investigated, but only one of the models generated enough head
to be suitable for a booster-pump connected with the geometry studied in Chapter 5. The other two designs,
along with their pump curves, can be seen in the appendices. Because the author was unable to generate a
strictly axial pump with sufficient head, it was decided to move forward with a mixed-flow machine.

For fitting the pump near the draft tube gate, one must decide on a couple of crucial factors. Since
mixed-flow pumps rely on centrifugal forces to generate pressure, there must be a difference in the diameter
of the impeller to achieve that. The width of the impeller outlet needs to be bigger than the impeller inlet,
(D2 > D1). Since the draft tube is designed as a diffuser for the RPT in turbine mode, the diameter of
the draft tube near the draft tube gate will be quite large. To utilize centrifugal forces, one must choose to
either make the pump larger or smaller than the diameter near the draft tube gate.
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6.3.1 Converging Nozzle Mixed-Flow Booster-Pump

For this design, the inlet diameter was chosen to be smaller than the diameter of the draft tube near the draft
tube gate. By doing this, a relatively small machine is acquired. The centrifugal forces make it possible
to achieve greater heads than an axial machine, but by having the impeller inlet smaller than the draft
tube diameter, one has to create a converging nozzle in front of the impeller. This nozzle guides all of the
flow towards the impeller and increases the axial velocity of the water as more water needs to flow through
a smaller area, according to the mass conservation law Eq. (4.1.2). These higher velocities do affect the
cavitational properties of the unit, according to Eq. (2.6.2). The proposed design of the booster-pump can
be seen in Fig. 6.5.

Figure 6.5: Design of mixed-flow booster pump with
converging nozzle at the inlet. The outlet of the pump
has the same diameter as the draft tube gate, but the
inlet of the booster-pump is smaller.
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Figure 6.6: Pump curves for the converging mixed-flow
booster-pump

The design in Fig. 6.5 is a version of the mixed-flow pump example given with the BladeGen package.
An adjustment that has been done to this geometry is scaling. The scaling was done so that the diffuser
outlet would be the same size as the draft tube near the draft tube gate. Further, the trailing edge of the
impeller has been modified from a cut-off edge to a rounded trailing edge. The diffuser has been extended
so that the shroud at the outlet has the same diameter as the draft tube near the draft tube gate. The hub
size at the outlet was set so that Dhub/Dshroud = 0.25. Bezier curves were used to generate the shape of
the diffuser shroud and hub profiles. Efforts were made to have a gradual increase in area to account for a
smooth diffusive gradient. To do so, the diffusing elements were also made longer.

The pump curves of the mixed-flow booster-pump with a converging nozzle is given in Fig. 6.6. As can
be seen, the optimal mass flow for this pump is larger than what it is for the RPT. That is when running the
pump at a rotational velocity that fits with the inlet velocity diagram at the mid-span of the impeller. The
mixed-flow machine has been designed with an inlet angle β1 = 22.5° at the mid-span of the impeller inlet.
For a rotational speed of n = 900rpm, BEP is at the same point as the RPT. However, the head produced is
reduced by roughly 10%. Because it is assumed that the booster-pump needs to produce around 25% of the
RPT head, it was decided to move forward with the pump curve that is calculated for n = 1069rpm. For
this rotational speed, the machine has a specific speed Ωs ranging from 0.88 to 1.43, and a specific diameter
Ds ranging from 1.57 to 2.23. These parameters place the machine just to the left of the Cordier line within
the mixed flow range in the Cordier diagram shown in Fig. 3.2. Thus we can assume that the machine is
similar to what has been used in other, similar, and successful applications.

The suction head criterion was calculated from the equations given in Section 2.6. For this work, we can
assume that the RPT is submerged according to what it would have been if it was a Francis turbine working
strictly in turbine mode. Here, Eq. (2.6.3) has been used. NPSHR for the RPT would then have been as
seen in Fig 6.8 for turbine mode. We can assume that the RPT would have been submerged to this level
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according to NPSHR = NPSHA when Q = 1.25BEP for turbine mode. NPSHA : RPT states that the
RPT is submerged to such a level that it can operate at a capacity of 1.25BEP in turbine mode, without
experiencing cavitation. If we are to run the RPT in pump mode at this submergence, we can see from Fig.
6.8 that the machine would experience cavitation as NPSHR > NPSHA for most of the desired operating
range. Henceforth, we decide to install a booster-pump.

When installing the booster pump, the pressure at the RPT suction side is increased, effectively reducing
the need for submergence. However, we must also ensure that the booster-pump do not experience cavitation.
Since the booster-pump is placed below the RPT, we get some further submergence. Therefore, NPSHA−BP
is a bit higher than NPSHA−RPT . Now, to avoid cavitation for the booster-pump, NPSHR < NPSHA−BP
needs to be fulfilled for the booster-pump in pump mode. As seen in Fig. 6.8, this criterion holds up until
around 1.25BEP , and we can assume that the booster-pump can run without cavitation in pump mode.
In these calculations, the most conservative values, meaning the largest values, from Table 2.1 have been
used for the calculations of the suction head. The experimental head at BEP for the RPT has been used for
normalization.

Figure 6.7: Contour plot of turbulent kinetic energy in
diffuser channels which shows separation at 0.5 span-wise
direction
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Figure 6.8: Normalized NPSH for the RPT and
booster-pump. NPSHA : RPT is set such that the RPT
can run in turbine mode at 1.25BEP without experiencing
cavitation

The design of the diffusing channels of the booster-pump proved troublesome. In Fig. 6.7 the separation
in the diffuser vanes are shown by a contour plot of the turbulent kinetic energy at BEP load. In the diffusing
channels, separation occurs and creates turbulent eddies, which disrupts the flow field. To improve efficiency,
the generation of these turbulent structures should be minimized. Fig. 6.7 shows a vector field on the same
span-wise plane. Here the diffusers do not manage to convert the kinetic energy in the swirling component
into pressure. However, this swirling component can benefit the RPT if the rotation is induced as a counter
pre-rotation, as shown in Chapter 5.

As mentioned, using a uniform velocity field as an approximation of an outlet velocity field could leave out
essential aspects of the flow regime. In Fig. 6.9, the axial, radial, and circumferential velocity components at
the outlet of the booster-pump are plotted. The profiles show the spanwise distribution of the velocity from
hub to shroud at the outlet of the booster-pump and visualize that the velocity field from this booster-pump
is far from uniform. To start with, the axial velocity profiles show that for capacities at BEP and above, the
axial velocity near the hub is negative. In other words, the flow is reversed near the hub.

Further, we can see that the circumferential velocity distribution is negative for all operating points.
In this regard, it means that the flow leaving the booster-pump has a swirl in the same direction as the
impeller rotation, emphasizing that the diffusers have not managed to convert the rotational kinetic energy
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into pressure. We can see that the circumferential velocity component is in the same direction, meaning
negative, for all operating points. Moreover, it can be seen that the radial velocity is mainly positive for
the two profiles with the least mass flow. Positive radial velocity means that the water is flowing outwards,
corresponding well with the axial velocity. For the three largest mass flows, the radial velocity is positive,
meaning that the liquid is flowing towards the hub. All in all, it is clear that the outlet velocity field is far
from uniform.
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Figure 6.9: Velocity profiles for the outlet of the booster-pump

6.3.2 Booster-Pump Running in Opposite Direction as RPT

We know from Chapter 5, that pre-rotation affects the pump curves of the RPT. The goal of this chapter is to
create a more realistic pre-rotation than that of a uniform velocity field. Even though that the booster-pump
implemented here creates pre-rotation that could be more realistic, it should be noted that if the final design
of the booster-pump has any alterations from this design, the flow field might look entirely different. Care
should, therefore, be taken when extrapolating conclusions from this design to other models. However, it is
believed that this design can point to some interesting flow phenomenons that might occur when utilizing
a booster-pump, as well as showing how a rotational component can influence the RPT. From Section 3.1,
we know that the head from two separate pumps can be added together to find the combined head-capacity
curve. This assumption does not take into account the effect of pre-rotation. If the two pumps have head-
capacity curves that have been obtained separately, then the impact that the booster-pump has on the RPT
is neglected.

To investigate how the booster-pump affects the RPT, they are simulated in series. The entire compu-
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tational domain can be viewed in Fig. 6.10. Here, the booster-pump has been angled to fit with the top of
the draft tube. The angling is done this way because it is assumed that the draft tube will move upwards,
towards the lower reservoir. The shift in direction creates a blunt angle at the bottom of the draft tube of
7.25°, which could affect the flow regime. The pump curves for the two pumps in series can be seen in Fig.
6.11. For the combined system, the head is computed from Eq. (3.1.1). The combined efficiency has been
calculated according to:

ηcombined =
ρgQ(HRPT +HBP )

PRPT + PBP
(6.3.1)

Figure 6.10: RPT impeller and converging-nozzle
mixed-flow booster-pump running in the opposite dir-
ection in series
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Figure 6.11: Pump curves for the booster-pump and
the RPT connected in series with opposite rotational dir-
ection. ηrefRPT refers to the case of no pre-rotation for the
RPT

The efficiency in Fig. 6.11, can be compared to the reference value of the efficiency, ηrefRPT , for the RPT
which was calculated in Chapter 5. ηrefRPT refers to the calculated efficiency for the case of no pre-rotation
calculated in Chapter 5. As we can see, the efficiency of the RPT is lower in this case. However, the
simplification with utilizing the losses from the reference case seems to work rather fine, as the trend of
the efficiency matches rather well. The efficiency curve of the booster-pump is similar to what was seen
when calculating by the booster-pump by itself, but there is a slight increase in the efficiency for the highest
capacity. Overall we can see that the combined efficiency is lower than what it was for the RPT alone.
However, because the RPT uses much more power than the booster pump, the combined efficiency is still
at an acceptable range. As the booster-pump generates more than 25% of the RPT head, we can be fairly
confident that the RPT will not experience cavitation if it is submerged according to a turbine level. This
statement is at least true for the increased level of the required suction head for pumping mode observed in
Fig. 6.8.

Following a mixed-flow pump, there will be a wake. This wake could cause problems during operation.
The wake is a source of losses and could be reduced by having a shaft running through the draft tube, as
suggested in Fig. 6.2 and which is often used for mixed flow pumps similar to Fig. 3.3. In Fig. 6.12 the
wake of the booster-pump is shown as a contour plot on a plane running through the draft tube. As can be
seen from the contour plot, the velocities following the outlet bulb of the booster-pump are small compared
to the velocities near the wall of the draft tube. A vector plot of the tangential projection of the velocity is
plotted on top of the plane. The velocity vectors show some of the turbulent behaviors in the wake, as well
as the direction in the flow going towards the RPT.
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Figure 6.12: Illustration of the trailing wake following the booster-pump at BEP.

6.3.3 Booster-Pump Running in the Same Direction as RPT

Figure 6.13: RPT impeller and converging-nozzle
mixed-flow booster-pump running in the same direction
in series.
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Figure 6.14: Pump curves for the booster-pump and
the RPT connected in series with the same rotational
direction. ηrefRPT refers to the case of no pre-rotation for
the RPT

From Section 3.4, we know that pre-rotation can make a difference in the pump curves. The question then
becomes; how does the rotational direction of the booster-pump affect the combined system characteristics?
To answer that question, the booster pump has been mirrored around its axis. The reversed pump gives
the same pump curve and outlet velocity field, only in the opposite direction. The combined system can be
viewed in Fig. 6.13 along with the pump curves in Fig. 6.14. From Chapter 5, we would assume a reduction
in the head pump curve for the RPT when applying the booster-pump in the same rotational direction as
the RPT. We can see that the same pattern is repeated for the setup when having the pumps in series.

When investigating the pump curves of the combined system, where the rotational direction is the same
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for both pumps, we see that the behavior of the system is somewhat similar to before. However, there is a
more significant discrepancy between the reference efficiency and the efficiency of the RPT, meaning that
the efficiency of this system is lower than the previous. However, both pump’s does the job of giving around
30% more head to the system, thereby avoiding cavitation at the RPT suction side.

6.3.4 Comparison of Options

A comparison of the alternatives can be examined in Fig. 6.15. The resulting pump curves are consistent
with what was found in Chapter 5. Pre-rotation in the opposite direction of the rotation of the RPT is
beneficial with regards to increased head. The combined system generates almost 10% more head when
the booster pump is rotating in the opposite direction. With regards to efficiency, the same can be said
when comparing the two alternatives. However, the combined efficiency would most likely be larger if there
were no swirl at the outlet of the diffuser, thereby increasing the efficiency of the booster-pump. Even so,
one matter is evident, and that is that positive counter pre-rotation can increase the head-capacity curve,
compared to having negative pre-rotation.
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Figure 6.15: Comparison of the combined pump performance curves when having the booster-pump rotating in the
same direction or the opposite direction of the RPT
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Part IV

Concluding Remarks
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Chapter 7

General Discussion

This thesis has investigated pre-rotation for an RPT in pump mode. The project that this research is related
to is the project of replacing Francis turbines with RPTs by utilizing a booster-pump. The hydropower
plant connected to this research is the Roskrepp hydropower station. Roskrepp uses a high specific-speed
runner, while this work investigates a low specific-speed runner. The geometry studied here is, therefore,
inherently different from the Roskrepp case. Care should be practiced when extrapolating results from this
geometry, onto the case mentioned above. As stated in the section regarding impeller inflow, pre-rotation
is more effective as the ratio between the diameter of the inlet and outlet of the pump, D1/D2, increases.
Following this argument, pre-rotation could have a stronger influence on high specific-speed machines, as is
the case of Roskrepp.

The simulation performed in Chapter 5 are validated against a mesh independence study, but only at
BEP and with no pre-rotation. As the inlet boundary condition imposed in Chapter 5 is a uniform tangential
velocity profile, it was deemed more useful to further investigate the inlet boundary condition of an actual
booster-pump, rather than further dwelling on the accuracy of the mesh. For further investigation and more
thorough validation of the model, experimental studies with an induced pre-rotation could prove useful.

As shown in Chapter 6, the outlet flow of the booster-pump is not uniform. The outlet velocity field
varies greatly, and the circumferential component leaving this booster-pump is presumably more extensive
than what it would have been if the diffuser vanes were designed in another manner. However, it is believed
that the results show a physical and actual effect regarding pre-rotation. A strong indicator of the validity
of the results is that the Euler turbomachinery equation supports them. Moreover, the results are similar
to what has been found in previous work regarding pre-rotation in pumps [11], [12], [13, p. 675]. It should
be mentioned that the research referred to here applies to pre-rotation that is induced by inlet guide vanes
and not by a booster pump. Also, the literature has not imposed pre-rotation before a bend, and thus, the
effect of secondary flows are not present in these results.
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Chapter 8

Conclusion

The present work act as a contribution to the understanding of pre-rotation for RPTs running in pump
mode. It also sheds light on some of the issues regarding retrofitting Francis turbines with RPTs. An RPT
with a specific speed of Ωs = 0.58, has been investigated numerically in pump mode. The work included
steady-state CFD simulations using a uniform inlet circumferential velocity field at the draft tube inlet.
Next, to induce a more realistic pre-rotation, the same RPT has been simulated in series with a booster
pump. These simulations have been performed with the booster-pump running in the same direction as the
RPT and the opposite.

The simulations with a uniform induced pre-rotation imply that for a positive counter pre-rotation,
the head of the machine is increased. On the contrary, the head of the pump decreases for negative pre-
rotation. This behavior follows the Euler turbomachinery equation, Eq. (2.4.1), as the circumferential
velocity component at the inlet of the machine, is either negative or positive. Further, it is revealed that the
efficiency curve is highest when there is no pre-rotation. Still, positive counter pre-rotation is more beneficial
than the opposite - which is negative pre-rotation.

The results additionally indicate that the secondary swirls occurring downstream of the bend, twist
together with the pre-rotation. This twisting affects the inflow characteristics of the runner. Also, it is found
that the losses in the separate domains vary with pre-rotation even downstream of the runner. The losses
in the draft tube increase together with absolute pre-rotation intensity, while the losses in the guide vanes
show a more complex pattern. For all domains, the hydraulic losses increase with pre-rotation.

The booster-pump created and used in this work is a mixed flow machine that produces more than
25% of the RPT head. The efficiency of the pump is decent, but BEP of the booster-pump is at a higher
capacity than BEP of the RPT. However, it is shown analytically that the booster-pump can run without
cavitation, as well as giving the RPT enough head to run without cavitation in pump mode, at a turbine
level submergence.

The diffuser vanes in this booster-pump are not capable of converting all the kinetic energy from the
impeller into pressure. Because of this, there is a swirling component at the outlet of the booster pump.
Or in other words, pre-rotation for the RPT as intended. When the system is simulated in series, it is
evident that there is a powerful wake following the booster-pump. The wake could have an impact on the
performance of the system.

Last, the combined pump curves of the system are extracted for when the booster-pump is running in the
same direction as the RPT and the opposite. The results show that there is around 10% difference in the
head, depending on whether the booster-pump is running in the same direction or the opposite — the latter
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giving the highest head. The efficiency of the combined system is higher when running the booster pump in
the opposite direction. Nonetheless, the efficiency of the combined system is lower than it is for the RPT
alone for both configurations.

Summing-up, pre-rotation affects the performance curves of the RPT. If one were to retrofit a Francis
turbine with an RPT with the use of a booster-pump, one should consider how the booster-pump and pre-
rotation affect the RPT. Based on the results of this work; counter pre-rotation seems to be more beneficial
than pre-rotation in the same direction with regards to head. The efficiency does not increase with pre-
rotation, but it appears that counter pre-rotation is more useful than the opposite in this regard as well.



Chapter 9

Future Work

An interesting aspect that was not investigated in this research is what happens when the RPT is working
in part load. That is below the capacity that has been studied here. In this region of the pump curve,
the transient phenomenons are stronger, and the physics involved become more challenging to simulate
accurately. Even so, these features should be studied as it necessary for the pump to go through this region
during startup. Pre-rotation could affect this region of the pump curve significantly.

Further, more research on how the suction head is affected by pre-rotation would be intriguing. As seen
in Section 3.4, this measure varies when imposing pre-rotation on a mixed-flow pump. How the suction head
varies with pre-rotation for this geometry has been left for future work. Keep in mind that when doing CFD
analysis, NPSH is heavily dependent on the meshing.

The design of the diffusers of the booster-pump used here should be improved. As the main interest
involved pre-rotation, it was not crucial that the diffusers converted all of the kinetic energy into pressure.
For the final design of the booster-pump, the booster-pump should preferably give less swirl than the booster-
pump did in this research. That is to achieve an adequate efficiency for the booster-pump and thereby the
entire system.

Additionally, it would be interesting to see how the system operates in turbine mode. It could be that the
booster-pump has an influencing effect on turbine operation. It could also be that the booster-pump should
be removed in turbine mode to achieve higher efficiency for the RPT. The author believes that it would be
preferable to have the booster-pump working in both directions. An argument for is that; the mechanism
needed for removing the machine would be complicated. Another argument is that; if the booster-pump
were to be placed in another channel, like in the patent visualized in Fig. 2.8, the need for an extra and
expensive waterway is present. Mixed-flow pumps have been investigated as PATs before, with promising
results [28], and it could be that the booster-pump is useful in turbine operation as well.
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Appendix A

Theory

A.1 Inducers

Figure A.1: Inducer used on the RPT invest-
igated in the paper by Schilling et al. Collected
from [38]

Cavitation can be a significant problem for pumps. When hav-
ing cavitation in a pump because of too little submergence, a
smart way to reduce cavitation is to install an inducer. The
inducer decreases the required NPSHR for a pump, and hence,
the problem of cavitation is avoided. An inducer typically al-
lows for a reduction in the required NPSHR for a pump to
up to half of the value without an inducer [33]. This reduction
reduces the necessary submergence of the pump significantly.

As a consequence of using an inducer, the pump can run at
a higher rotational speed than it can do without and therefore
achieve more head. What the inducer does is essentially the
same thing as the proposed axial booster pump is supposed to
do, but there are several differences between the two solutions.
For once, the inducer is fitted to the inlet of a centrifugal pump.

Inducers have been proposed used in RPTs earlier. A study
performed in 2015 regarding the hydrodynamics of an axial rotor for a large storage pump was investigated
[37]. The study showed that an inducer could help on more than just cavitation. The axial inducer can
improve the incidence angle at the impeller inlet [37]. When the flow moves through the draft tube, towards
the pump turbine, the secondary flows created in the suction elbow can create a complex flow pattern at the
impeller inlet. These complex flow patterns can generate strong, unsteady flow conditions, such as wakes,
pressure fluctuations, stall, and other behaviors that reduce the efficiency of the machine. When mounting
the inducer, the deviation angle at the inlet of the pump turbine was reduced by 40%. The RPT inducer
can be seen in Fig. A.1.

A.2 Submergence

An expression for the necessary submergence of a pump is given in Eq. (A.2.1). Here, all variables are
collected from Fig. A.2 and HV,s refers to the losses in the suction pipe.
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ze = NPSHR +HV,S −
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Figure A.2: Illustrative example for calculation of the necessary submergence to avoid cavitation in a pump.
Collected from [13, p. 44]



Appendix B

Rapid Prototyping

B.1 Axial Booster-Pump

One design of an axial booster-pump is presented in Fig. B.1. When designing the axial booster pump,
it became clear, that to design an axial pump with any significant head together with acceptable efficiency
would be difficult when using BladeGen. Therefore, the goal was to obtain a decent efficiency at the required
volume flow. From the literature, ([13], [39]), and according to Section 3.5, it became clear that diffusers
need to be added to the pump to generate any head. The diffusers have the task of reducing the rotational
component generated by the impeller, converting kinetic energy into potential energy. In Fig. B.2, the pump
curves for the axial booster-pump is plotted.

As witnessed in Fig. B.2, BEP of the booster pump does not match the BEP of the RPT. Further, one
can observe that the overall efficiency is rather low. It would appear that the efficiency increases for greater
mass flows than what has been accounted for here, but then again the head would be even smaller. The
head of this design turned out to be less than one percent of the head of the RPT. After many attempts of
designing an axial booster-pump, this was the final design, and it was decided that the head produced by
this pump was too low to be interesting for further investigation.

Figure B.1: Design of an axial flow pump. Here, the
inlet and outlet of the booster-pump has the same dia-
meter as the outlet of the draft tube. Rotational speed:
n = 200rpm
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Figure B.2: Pump curves for the axial booster-pump
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For the design of the booster-pump, efforts were made to follow the guidelines for creating axial pumps
given by Gulich in [13]. Due to issues with choosing an applicable non-symmetric NACA profile this turned
out to be challenging. However, by using only velocity diagrams, BladeGen was able to produce a pump that
can represent some of the issues present in an axial pump. A particular problem for the pump visualized
in Fig. B.1 was separation near the hub of the impeller. This separation created a disturbance in the flow,
which led to back-flow vortices at the outlet domain of the pump.

B.2 Large Diameter Mixed-Flow Booster-Pump

If more lift than what an axial pump can produce is required, one has the option to go for a mixed-flow pump
instead of an axial pump. As mentioned earlier, mixed-flow pumps do not utilize a volute, and therefore, in
terms of space, the pump can be relatively small. That is, compared to a centrifugal pump with a volute.
However, if one decides to fit the pump at the outlet of the draft tube, one must decide on a couple of crucial
factors. Since mixed-flow pumps rely on centrifugal forces to generate pressure, there must be a difference
in the diameter of the pump to achieve that. The width of the impeller outlet needs to be bigger than the
impeller inlet, (D2 > D1). Since the draft tube is designed as a diffuser for the RPT in turbine mode, the
diameter of the outlet will be quite large. To utilize centrifugal forces, one must choose to either make the
pump larger or smaller than the draft tube outlet.

In Fig. B.3, a proposed design has been given, where the inlet of the booster-pump is the same diameter
as the draft tube. To utilize centrifugal forces, the diffusers need to be larger than the impeller outlet. Given
that the width of the draft tube is already quite large, this gives a rather bulky machine.

Figure B.3: Design of mixed-flow booster-pump. Here,
the inlet and the outlet of the booster-pump has the same
diameter as the outlet of the draft tube. Rotational speed:
n = 150rpm
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Figure B.4: Pump curves for the large mixed-flow
booster-pump

The rotational speed was set such that the velocity diagrams at the inlet of the impeller would fit with
the inlet angle of β1 = 22.5° at the midspan of the impeller. This angle gave a rotational speed of 150rpm,
which lead to the pump curves given in Fig. B.4. Because of the low rotational speed, the net head of the
booster pump is quite low compared to the RPT. The head of the booster-pump could increase by giving
the pump longer impeller blades or increasing the rotational speed of the runner. Another way of increasing
the head of the booster pump was to make the inlet area of the impeller smaller, thereby increasing the
rotational speed needed to fit the velocity triangles at the inlet of the impeller.
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Abstract. Norway has 50% of the European hydro reservoir energy storage, and

many of these sites are highly suitable for retrofitting of pump-storage capabilities. To

be able to reuse existing power plants by retrofitting with Reversible Pump Turbines

(RPTs), the problem of cavitation in pumping mode must be solved. This has been

proposed solved by the use of an axial booster pump in front of the RPT. A booster

pump will create a rotational component in the flow leaving the booster pump. How

this component will evolve as the flow approaches the RPT is uncertain, and how

the rotation actually is at the inlet of the RPT is important for the operation and

characteristics of the RPT, especially since it affects the cavitational properties of the

unit, and might counteract the initial suggested solution by using the booster pump

in the first place.

Steady-state CFD simulations on the full geometry of an RPT, including a spiral

casing, draft tube, and guide vanes, have been performed using the commercial ANSYS

CFX software and pump performance curves with and without pre-rotation have been

obtained and investigated. The results suggest that pre-rotation in the opposite

direction of the impeller rotation creates additional lifting height, according to the

Euler machinery equation. However, efficiency does not increase.

Keywords

Reversible pump turbine, pump mode, pre-rotation, booster-pump, CFD, hydropower

1. Introduction

1.1. Motivation

In an ever-evolving, technological world it is key to keep on improving existing

technology. Hydropower is the world’s largest source of renewable energy production [1].

Moreover, hydropower is clean, efficient and has a long lifetime compared to other forms

of energy production. Another form of energy production comes from wind energy. In

2017, the average wind generating capacity in the US had increased by 224% since 1998



and is continuing to grow rapidly [2]. Decreased prices for installing wind power has

made it the least-cost option for new power capacity in a large number of countries [3].

Enabling efficient collaboration between hydropower and wind power is the driving force

behind this paper. Renewables Global Status Report (REN21) emphasizes the need for

balancing energy production from intermittent renewable energy resources. That is, to

utilize the surplus energy when production is higher than demand, and to store energy

for times when energy production is to low [3]. RPTs (Reversible Pump Turbines)

in pumped hydropower plants are an excellent tool for doing just so. According to

the Norwegian Water Resources and Energy Directorate (NVE), only nine out of 1676

hydropower plants in Norway are pumped hydro power plants. In order to help balance

the European energy production, more pumped hydro power plants are needed. Norway

has 50% of Europe’s hydropower reservoir capacity and much of this capacity is suitable

for retrofitting RPTs in existing Francis power plants [4]. Consequently, replacing

Francis turbines with RPTs is a task that is being reviewed by the Norwegian Research

Centre for Hydropower Technology (HydroCen).

When replacing Francis turbines with RPTs, the problem of cavitation in pump

mode needs to be solved. In pumping mode, there is a need for added lifting height

due to the opposing friction in the waterways. This, along with other factors, leads

to pressure zones below vapor pressure at the suction side of the impeller, and hence,

cavitation occurs. In order to avoid cavitation in pump mode, the RPT would normally

have had to be submerged further down, leading to the creation of new waterways.

According to NVE, this implies that the project of replacing Francis turbines with

RPTs would not be economically beneficial [5]. A proposed solution, which sidesteps

the costly procedure of building new waterways, is to add an axial booster pump in

front of the draft tube (when seen in pump mode). The hope is that the solution gives

cost savings large enough to make the project profitable. Regardless of the economics

involved in the project, an axial booster pump may produce a rotational component in

the flow. How this rotational component at the inlet of the draft tube will affect the

pump curve is of interest because it may alter the pump’s characteristics. This paper

will investigate how the rotational component will affect the performance of an RPT in

pump mode.

1.2. Theory and previous work

An RPT is essentially a radial pump in one rotational direction and a turbine in the

opposite rotational direction [6]. For this paper, only pump mode will be of interest. A

rotational component in the inlet of a pump is often referred to as pre-rotation, pre-whirl

or pre-swirl when studying turbomachinery, and the phenomenon occurs in other cases

than with just a booster pump. It can, for example, occur at flow rates considerably

below BEP (Best Efficiency Point) in normal single stage pumps. The pre-rotation

occurs because of an important type of secondary flow which can be present in pumps,

namely backflow. This is caused by a leakage flow between the tip of the blades of an



impeller and the pump casing. Below a certain mass flow, the pressure difference driving

the leakage flow becomes sufficiently large so that the tip leakage jet penetrates upstream

of the inlet plane of the impeller, and forms a region of backflow on the impeller inlet

duct [7]. Pre-rotation can also occur from secondary flows induced by bends, or from

geometry which alters the flow towards the impeller and adds a rotational component

to the flow. According to the Euler turbo machinery equation, the head, H, is given by:

H =
1

g
(U2Cθ2 − U1Cθ1) (1)

where U represents the circumferential velocity of the impeller, Cθ, represents the

absolute peripheral velocity of the fluid, g represents the gravitational constant and

the subscripts 1 and 2 represents inlet and outlet of the pump, respectively [6]. If there

is not anything obstructing the flow in front of the impeller, one normally assumes that

the inlet of the pump is rotation free [8], meaning Cθ1 = 0. In this paper, this will not

be the case.

Controlling the inlet angle of the flow is desirable, meaning that regulation of

the inlet angle of the flow could be a suitable measure for regulating the flow and

increase efficiency over the entire operating range. Pre-whirl regulation on centrifugal

pumps with IGVs (Inlet Guide Vanes) has been investigated by Liu and Amjad [9],

[10]. These reports show that pre-whirl with IGVs can greatly increase or decrease the

performance curves of a centrifugal pump in a wide operational region. For the pump

investigated in these papers, the improvement was up to 2.0% increase in efficiency at

certain operational points. This is a substantial increase and suggests that the idea is

worth pursuing. Another research paper that investigates the possibility of pre-whirl

regulation on a full-scale pump-turbine is given by Keith [11]. In his paper, the pre-

rotation is induced by water jets in the draft-tube cone. However, though the paper

is thorough, the results of the paper are inconclusive due to the fact that the blowing

intensity was not enough to alter the angular momentum in the flow for this particular

pump turbine.

1.3. Hypothesis and objective

It is hypothesized that pre-rotation will change the characteristics of an RPT in pumping

mode. In this paper, pre-rotation will be induced in front of the draft tube. How

the rotational component evolves throughout the draft tube and how this affects the

performance curves of the RPT will be investigated.

2. Numerical Setup

The RPT used in this paper is a model including a draft tube, a runner with 9 blades,

26 guide vanes, 26 stay vanes, and a spiral casing. The RPT has a specific speed, Ωs,

of 0.575 according to the dimensionless number given by:

Ωs =
Ω
√
Q

(gH)3/4
(2)



where Ω is the rotational speed of the impeller, Q is the volume flow and H is the head

over the entire domain [12]. The specific speed is calculated at BEP in pumping mode.

In the present work, the computational fluid dynamics software ANSYS CFX 19.1 and

the RNG k-epsilon turbulence model has been applied for steady state calculations.

The boundary conditions have been set as a mass flow inlet with tangential velocity

components in order to induce pre-rotation, and static pressure outlet condition was

set at the outlet of the spiral casing. No-slip wall conditions have been utilized on all

the walls, stationary and rotating, and the y+ values have been kept under 300 in all

domains with an average of below 130 following the criteria given by Gulich [13]. For

modeling the interface between the stationary and rotating domains, the frozen rotor

interface model has been applied to serve as initial conditions, while the mixing plane

model has later been applied for precision. The simulations have been performed in

such a way that all operating points have had enough iterations to reach oscillatory

convergence with mean root square residuals below 10−4. It should be noted that some

oscillatory behavior in the head and efficiency was present at the end of the simulations.

Figure 1. The RPT used, including spiral casing, stay vanes, guide vanes, runner and

draft tube.



2.1. Computational mesh

The meshing of the guide vanes and the impeller is done using Turbogrid, creating a

fully structured hexahedral mesh. The draft tube is meshed using ANSYS Meshing

and with use of the Multizone method, creating an unstructured hexahedral mesh. The

mesh in the draft tube includes an inflation layer with 15 layers with the first element

height being controlled for holding the y+ values down. The spiral casing, including

the stay vanes, is meshed using ANSYS Meshing using the patch conforming method.

Here, eight inflation layers have been applied, also controlling the first element height for

y+ considerations. The quality criteria recommended by ANSYS CFX for aspect ratio,

expansion factor, and orthogonal quality has been upheld for all domains, except for a

small percentage of elements containing expansion factor of above 50 at the leading and

trailing edge of the stay vanes. Since the percentage of these elements are well below 1%

the quality of the mesh is deemed sufficient. The geometry, along with the structured

surface mesh in the draft tube and the unstructured mesh in the spiral casing, can be

seen in figure 1.

2.2. Mesh independence study

To validate the independence of the mesh, a mesh independence study has been

performed in accordance with the guidelines set by the Fluids Engineering Division

of ASME [14]. For validation of the independence of mesh density, three sets of meshes

with element count from 8 million elements to 30 million elements were investigated.

Further details can be seen in table 1. For the study, BEP with no pre-rotation was

investigated and set as a baseline for mesh verification. How the values for the torque

and head varied with the mesh size can be seen in figure 2. From the mesh independence

study, it was decided that the medium mesh would be sufficient for further calculations.

The decision was based on the computational resources available and also the level of

accuracy needed for this research.

Table 1. Mesh independence study at Best Efficiency Point

Item Mesh 1 Mesh 2 Mesh 3

Draft Tube 3,738,726 1.926.000 952,666

Runner 9,487,350 4,408,560 2,150,010

Guide Vanes 8,370,648 4,244,604 2,122,302

Spiral Casing and Stay Vanes 9,460,379 4,883,139 2,819,084

Total number of elements 30,712,124 15,462,303 8,044,062

H/H3 0.9935 0.9946 1

T/T3 0.9943 0.9972 1

H −GCI 0.57% 2.77%

T −GCI 1.42% 1.43%



Figure 2. Mesh independence study at BEP. The values are normalized with respect

to the finest grid.

2.3. Inlet boundary condition

Specification of the correct boundary conditions in a CFD calculation remains as one

of the most critical tasks in order to get physical results [15]. Therefore, great care was

taken when considering the inlet condition. For inducing the pre-rotation, a mass flow

inlet boundary condition was used. The tangential component was set such that the

inlet would have four different inlet angles; -24◦, -12◦, 12◦and 24◦, in addition to no

pre-rotation. How the pre-rotation was imposed can be seen in figure 3. In figure 3,

the circumferential velocity component of the inlet boundary condition is plotted as a

vector field. This inlet angle will not accurately model an axial booster pump, nor will it

accurately model an inlet flow from IGVs. When imposing pre-rotation to the flow, one

will also add energy to the flow, compared to what it would be without any pre-rotation.

This must be taken into account when considering the results. Positive pre-rotation is

defined as an angle that add circumferential velocity component in the reverse direction

of the runner rotation, while negative pre-rotation would be the opposite. That is if one

assumes that the swirl will continue in the same direction through the bend in the draft

tube. Hence, positive pre-rotation would add energy to the flow according to the Euler

turbo machinery equation (1).

3. Results and discussion

From figure 4, one can see that the overall trend seems reasonable compared to

experimental data. The simulated data has a bit lower gradient than the experimental

data, meaning that the simulations, in general, overpredict the simulations at 1.2 BEP

and at BEP. At 0.8 BEP, the results seem to hit spot on. This results in a lower overall

gradient for the simulations than for the experiment. Here, a simple spline function in



Figure 3. Inlet angle for the different simulations; top-left: 12◦, bottom-left: 24◦,

top-right: -12◦, bottom-right: -24◦

MATLAB has been utilized in order to compare and visualize the trends compared to a

linear line between the different operational points. Further, one can see that in general,

pre-rotation in the opposite direction of the impeller rotation creates additional lift over

the whole operating range. This is in accordance with equation (1), and it can be argued

that with added pre-rotation, the impeller has the possibility to generate more torque

because of the altered inlet angle. However, as mentioned earlier, it is tricky to estimate

how much energy is added to the system by adding pre-rotation and hence how this will

alter the characteristic curve in itself. This must be taken into account when comparing

the different curves. The head is calculated in ANSYS CFX by:

H =
ps2 − ps1

ρg
+
C2

2 − C2
1

2g
(3)

where ps represents the static pressure and C, represents the absolute velocity.

By investigating figure 5, one can see that the added lifting height does not correlate

with increased efficiency. Firstly, one can see that the general trend is also captured by

the simulations. However, overprediction of the efficiency is evident for all operating

points. This is as expected since the steady-state simulation is not able to predict several

losses that may occur in different domains. Therefore, overall efficiency is larger than

the experiments for all operating points. However, all is not lost, it is assumed that the



Figure 4. Q−H plot with normalized values for different pre-rotation values

simulation with no pre-rotation is most similar to the actual experimental data since

the pre-rotation is not induced intentionally in the experimental data. Pre-rotation can

be present at the inlet of the draft tube. Although, occurring because of bends or other

obstacles in the water path prior to the draft tube. Pre-rotation can also occur from the

pumps in the lab. However, if one assumed that zero pre-rotation is the most natural,

one can see from figure 5 that efficiency actually is highest for zero pre-rotation for both

0.8 BEP and BEP. For 1.2 BEP one can see a slight advantage for 12◦pre-rotation in the

opposite direction of the impeller rotation, but this is only marginal. By this reasoning,

one can say that pre-rotation is not beneficial for the pumps efficiency, at least for the

situation investigated in this paper. Efficiency, η, is given by:

η =
Pout
Pin

=
ρgHQ

ΩTshaft
(4)

where P represents power, Ω represents the impeller rotational speed, ρ represents

density and T represents torque on the impeller [11].

4. Conclusion

A numerical analysis was carried out to investigate the effects of pre-rotation prior to

the draft tube on a pump turbine in pump mode. The results strengthen the hypothesis

that pre-rotation will change the pump’s characteristics. The simulations suggest that

pre-rotation in the opposite direction of the impeller rotation creates additional lift for

the entire pump range, while pre-rotation in the same direction as the pump impeller

creates lower lift. This is in accordance with the Euler equation (1). Pre-rotation



Figure 5. Q− η plot with normalized values for different pre-rotation values

does not, however, give higher efficiency. On the contrary, the simulations suggest that

pre-rotation will decrease efficiency compared to the simulations with no pre-rotation.

Compared to the experimental data, the simulated efficiency is higher. This is believed

to be due to numerical inaccuracy and not the added pre-rotation.

5. Further work

More operating points should be simulated in order to validate that the trend is

according to the splined function showed in this paper. Instead of imposing a uniform

circumferential velocity field as an inlet condition it would be interesting to impose an

actual velocity field from an axial booster pump. Further, simulating the actual booster

pump in series with the RPT would be interesting, though the design of the booster

pump still remains unfinished.
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