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Abstract

The future demands of energy production to balance more intermittent energy
sources creates two main technical challenges for the hydro power production.
Increased off-design operation, including both operation outside Best Efficiency
Point and more starts and stops, are needed to facilitate use of more intermittent
energy resources. In addition to this there is a demand for rapid change between
storing and generating energy in pump storage power plants.
There is therefore a need to improve the fundamental understanding of transient
operation of the reversible pump turbine during different modes of operation. The
present work investigates the four quadrant characteristics of a reversible pumpturbine. With focus on the fast transition between pump and turbine mode of
operation. The research has consisted of both experimental work and transient
simulation.
A fast transition is described in this thesis as a method to change from pump to
turbine mode of operation, using the head to change the direction of the pumpturbines rotational speed from pump to turbine direction. The procedure start in
normal pump mode of operation and end at idle speed in turbine mode of operation,
and the guide vanes are open during the whole transition.
The most important contributions in this thesis is connected to the fast transition,
where the field experiments is a proof of concept for the fast transition method.
The pressure pulsations during the fast transition are also compared to a normal
procedure of change from pump to turbine mode of operation. The fast transition
is also simulated using a 1D numerical model capable of simulating both pump
and turbine mode of operation. The laboratory characteristics have been important
in comparison to the improved 1D simulation model. The numerical and measured
results show a good correlation.
iii
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Chapter 1

Introduction

The chapter introduces the work presented in this thesis. Focusing on motivation,
objectives and research contributions of the work.

1.1

Research overview

The research in this thesis consists of three methods of investigation: laboratory
measurements, field measurements and numerical simulations. All methods are
concentrated on the transient behavior of a reversible pump-turbine, in a manner described in the objectives presented below. The results of the research are
presented in four papers found in full format in Part II of this thesis, the research
contribution in each paper is presented in Section 1.4. The three methods of investigation are further described in Chapter 3 and a summary of the papers can be
found in Chapter 4.

1.2

Motivation

With the human made climate change, the world need to change the way we produce energy [1]. Norway’s hydro power production is not only affected by, but can
be a positive contribution in those changes. To highlight the mechanisms behind
the change in hydro power production we need to first remember Norwegian hydro
powers modern beginning. In Norway’s history, hydro power was the foundation
for the industrialization of the country. The aluminum, and other, energy intensive
industries needed a high amount of cheap power, and with its high mountains and
3
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abundant rain Norway could supply the needed energy through hydro power. The
result was that the first large scale hydro power plants was built with the industry
in mind [2]. What followed, somewhat simplified, was a situation where almost
all the energy needs of Norway’s industry and inhabitants was delivered by hydro
power.
A common claim is that the liberalization of the energy market resulted in more
off-design operation and an increase in start and stop cycles. For the Norwegian
energy market, this claim is a simplification. 48 % of the units had an increase in
the start and stop cycles, while the average for all units is approximately constant
[3]. The same trend is seen with off-design operation, where some power plants
have more operation outside best efficiency point (BEP), while in other units the
off-design operation is reduced.
Both the final results from climate change and the worlds willingness to change
towards a low-carbon society are uncertain. Even among those who agree that a
shift in energy production is necessary, there is a number of possible routs and
hurdles along the way.
With many uncertainties, some areas are clear. Renewables Global Status Report
(REN21) points at the need to balance the energy production from intermittent renewable energy resources. Both to utilize the surplus energy when energy production is higher than the demand, and to store energy for times when the production
is to low [4]. Hydro power, in addition to being a renewable resource itself, can and
are being used to enable energy production from other renewable energy sources.
Regarding energy storage, pumped storage power plants (PSPP) are already the
most common way to store energy with a global installed capacity of 153 GW [4].
The ramifications of climate change already upon us, and the future of the energy
production, creates two main technical challenges for the hydro power production
of tomorrow:
First: Increased off-design operation, including both operation outside BEP and
more starts and stops, are needed to facilitate use of more intermittent energy
resources.
Second: Increased demand for rapid change between storing and generating energy in PSPP.

1.3. Objective

1.3
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Objective

The fast transition (FT) is in this work defined as the method to change between
storing and generating mode of operation using the head to change the direction of
the machines rotational speed from pump to turbine direction, and without the need
to close the guide vanes during the transition. Both technical challenges stipulated
above need to be accounted for in a study of the fast transition. The objective of
the research presented in this thesis aim to contribute to the understanding and the
solution of the two main challenges facing the hydro power production. The goal
and objectives of this thesis are as follows:
The main goal of the thesis has been to improve the fundamental understanding,
and the numerical modeling, of transient operation of the RPT during different modes of operation. To accomplish this, the main goal are divided into
three objectives:
O1: Investigate the difference between transient and steady state characteristic of a reversible pump-turbine model in four quadrants.
O2: Accomplish, and evaluate measurements of, a fast transition from pump
to turbine mode of operation in a full scale power plant.
O3: Improve a numerical one-dimensional (1D) reversible pump-turbine
model for transient simulation when the performance goes through all
four quadrants in the characteristics.

1.4

Contributions

The research contributions published in the papers presented in Part II of the thesis
can be summarized in the following points:
• The difference in steady state and transient characteristics in both pump and
turbine mode of operation is explained by regarding the hydraulic inertia of
the water masses in the system. This contribution is in accordance with O1.
• A modified Gibson method is proved to give a reliable flow measurements
in a transient process in both pump and turbine mode of operation.
• A fast transition from pump to turbine mode of operation has successfully
been proved in both model and prototype tests. This contribution is in accordance with O2.

6
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• The pressure pulsations during the fast transition are compared to a normal
procedure of change from pump to turbine mode of operation. This contribution is in accordance with O2.
• The fast transition is simulated using a 1D numerical model capable of simulating both pump and turbine mode of operation. The laboratory characteristics have been important in comparison to the improved 1D simulation
model. The numerical and measured results show a good correlation, but requires further validation for RPTs with other geometries. This contribution
is in accordance with O3.

Chapter 2

Theoretical background

This chapter give an introduction to reversible pump-turbines and their characteristics. The pressure pulsations of most concern during a transient operation and
the connection between runner and system dynamics together with the use of one
dimensional models to simulate this connection.

2.1

Introduction to reversible pump-turbines

The Francis type reversible pump-turbine, or more commonly; the reversible pumpturbine (RPT), is a hydraulic machine that can be used both to generate and store
energy, by working either as a turbine or a pump depending on the rotational direction. The centrifugal pump and the Francis turbine have a similar runner design.
The centrifugal pump in its modern form was introduced by John Appold in the
mid 19th century. Around the same time the Francis turbine was developed by
James B. Francis. The RPT builds on both the Francis turbine and the centrifugal
pump.
Figure 2.1 show an illustration of a PSPP. The RPT is located between an upper
and lower reservoir. The RPT illustration shows that the machine consists of (1) a
spiral casing, (2) stay vanes, (3) guide vanes (GV), (4) runner blades, (5) impeller,
(6) shaft, and (7) draft tube. It can generate electricity in turbine mode of operation,
and pump water from the lower to the upper reservoir in pump mode of operation.
The RPT come in a wide range of designs adopted for different heads and flow
7
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6
upper reservoir
1 2 3 4

5
7

lower reservoir

Figure 2.1: Detail of pump-turbine with system, consisting of: (1) the spiral casing, (2)
stay vanes, (3) guide vanes, (4) runner blades, (5) runner, (6) the shaft and (7) the draft
tube.

rates. Figure 2.2 show how the design changes depending on the specific speed,
and is remade based on Hasmatuchi [5]. The specific speed is defined in Equation
2.3 [6].
H [m]
1000
800
600
400
300
200
100
80
60
40
0,06 0,08 0,1

0,2

0,3 0,4 0,5 0,6 0,8 NQE [-]

Figure 2.2: RPT runner shape by specific speed (NQE ) and head (H)

2.2. Characteristics of reversible pump-turbine
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Characteristics of reversible pump-turbine

The RPT might both intentionally, i.e. start up or load rejection, or by accident,
i.e. electrical or mechanical failure, end up outside the normal areas of operation,
marked in grey in Figure 2.3. As stated in IEC 60193: "..it is also important to
know its complete characteristics covering possible operating conditions outside
the normal operating range" [6]. An increase in start and stop operations, together
with more off load operation will increase fatigue on the machine, as Seidel shows
for Francis turbines [7]. Both a start up sequence or a load rejection in turbine
mode an RPT may enter into reverse pump mode. Knowledge of the characteristics of the machine will help in the production planning to reduce the risk of
entering into unstable areas, as such instability is damaging to both the machine
and penstock as shown from prototype measurements by Walseth [8].

α7

α9

α11

α13

0.2

QED

0.1
η=0

II I

0

III IV
-0.1

-0.2
-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4

nED
Figure 2.3: The four quadrant characteristics of a reversible pump-turbine for different
GV opening degrees, area of normal operation marked in grey.

The wide area of operation for an RPT is often depicted in a four quadrant characteristic as seen in Figure 2.3. QED and nED is the discharge and the speed factor.
In accordance with IEC standard [6] they are described in Equation 2.2 and 2.1,
respectively. The direction of discharge and speed is positive in turbine mode of
operation.
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nD2
nED = √
gH

(2.1)

Q
√
D22 gH

(2.2)

NQE = nED Q0.5
ED

(2.3)

QED =

Quadrant I - turbine and turbine brake mode: Turbine mode of operation is
the area in Figure 2.3 where both the speed and discharge factor are positive and
the RPT generates power. The normal operation in turbine mode is a small area
around BEP, marked in grey in the figure. In turbine operation the flow goes from
the high pressure side to the low pressure side through the RPT.
Below the zero efficiency line (η = 0) in quadrant I, the RPT need a power input
to operate. The area, known as turbine brake mode is often an unstable area, and
well outside of normal operating procedures. The discharge and speed have the
same direction as in turbine mode, but the reduced speed is higher than what the
RPT will reach from available hydraulic pressure alone. The generator will need
to deliver energy to the machine to surpass the zero efficiency line in a steady state
situation. The deliberate operation below the zero efficiency line mostly occurs in
the laboratory. With a prototype, turbine brake mode is entered into in a transient
situation caused by the rotating inertia.
Quadrant II - pump brake mode: Pump brake mode is also an area well outside
of normal operation. Here, the RPT will have a negative speed as shown in Figure
2.3. Even though the rotational speed is negative, it is not high enough to actually
pump. So the discharge is still positive, going from the high to low pressure side
through the RPT.
Quadrant III - pump mode: With both discharge and speed in negative direction,
the RPT is in pump mode of operation. The discharge goes from the lower reservoir to the upper as it is pumped by the machine. There is need for energy input to
operate in this area. As with the turbine mode of operation, it is only a small part
of this quadrant that is considered as normal operation.
Quadrant IV - reverse pump mode: The negative discharge with high positive
speed will give a mode of operation where the machine pumps water from lower to
higher reservoir even though the machine rotates in turbine direction. This area is
never intentionally entered into in normal operation of an RPT due to the damage
it can cause both the machine and penstock.
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2.2.1

Off-design conditions

Generating mode

Pumping mode
C1
Cm1 W1

Guide vanes
U1

1
Runner

U1

1

Cm1 C1

W1

Cm2
2

U2
W2

W2

U2

2

Cm2
Q = Qr

Q > Qr

Q < Qr
Pumping mode

Generating mode
U1
Cu1
Cm1
C1
W1
Cu2
Cm2 C2

W1
Cm1
U1

C1
Cu1

U2
W2
W2

U2

C2

Cm2

Cu2

Figure 2.4: Blade-to-blade view of the runner with velocity triangles

Most areas in the full characteristics are seen as off-design conditions, where the
inflow angle to the runner deviate from the ideal flow angle and the corresponding
flow pattern at the outlet is decidedly nonuniform with occurrences of swirl, flow
separation and backflow [7].
Turbine part load operation is the operation in turbine mode with a reduced
guide vane opening. The theoretical velocity diagram for this operation is shown
in Figure 2.4 where Q < Qr . Seidel [7] describes the fluids tendency to flow
towards the outer edges of the machine, resulting in backflow in the center of the
draft tube and the development of swirl and periodic pressure pulsations. During
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deep part load operation more stochastic pressure pulsations occur, and cavitation
can also appear. Zhang [9] document the increasing amplitude of the pressure
pulsations in a prototype RPT, with deeper part load operation. Turbine full load
operation is achieved by opening the guide vanes beyond the ideal opening degree,
resulting in the velocity diagram in Figure 2.4 where Q > Qr . The fluid in full load
operation flows more towards the axis of the machine [7]. Cavitation and pressure
pulsations can be present, but are not as pronounced as in part load operation. The
torque on the guide vanes is higher than at BEP, but still less than for the deep part
load, as shown by Dörfler [10]. At pump part load the machine also experiences
nonuniform flow streams, causing increased pressure pulsations [10].
The RPT also have two unstable areas in the characteristics. In quadrant I and IV,
with positive speed, the S-shaped characteristics or S-curve as it is also called,
is located in the transitional zone between turbine mode of operation and reverse
pump mode. Due to the RPTs instability in the area, and the challenges it can
cause during synchronization or load rejection of the machine, it is extensively
researched [11]. Focusing on the flow characteristics during the S-curve; Hasmatuchi [5] showed the increased backflow and development of a stall cell as the
RPT move from turbine brake to reverse pumping mode. In quadrant III, with negative speed, the hump instability region or saddle instability is characterized by
the sudden drop in head, along with development of unsteady pressure pulsations
due to back flow [9].
The last off-design part of the characteristics is the pump brake mode, quadrant
II. With the objective to research a fast transition from pump to turbine (O2), this
area is also entered into. In a laboratory experiment [12] and CFD simulations
[13, 14] the pressure pulsations are shown to be higher than in other off-design
conditions, not comparing the results to the s-shaped instability. However, the
experimental data show that a faster passing time through quadrant II, results in
lower pressure amplitudes in the area [12]. A reduction in the GV opening also
seem to reduce the pressure amplitudes in pump brake mode [14].

2.2.2

System influence on characteristics

The first description of the full four quadrant characteristics were done on centrifugal pumps. Because of the similarities between the centrifugal pump and the
RPT they are applicable to the understanding of reversible pump-turbine characteristics. Knapp investigated the connection between the steady state and dynamic
characteristics as early as 1937 [15]. Through laboratory measurements, the full
characteristics of a centrifugal pump were mapped out. Knapp assumed that "..the
instantaneous performance of the machine for any given set of momentary conditions occurring during a transient is identical with the steady-state perform-

2.3. One dimensional transient simulation
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ance for the same operating conditions." Following this assumption it is implied
that "..the accelerating forces exerted on the fluid within the machine during the
transient are small in comparison to the forces required for normal steady state
operation." Even though the assumptions made by Knapp later are shown to be
inaccurate, as will be discussed in Section 2.2.2, the characteristics give a good
understanding of the conditions during different operational modes and the relationship between flow rate, rotational speed and torque. The experimental data
provided by Knapp was also used by Stepanoff [16] to further explain the different
modes of operation for centrifugal pumps.
The S-shaped characteristic is often described as unstable, but in fact a characteristic can not be unstable by itself. It is the interaction between the hydraulic system
and the machine that can result in instabilities [17]. This is also shown by the different approaches to mitigate the instability at runaway speed for RPTs, where the
method of misaligned guide vanes [18] and throttling the main inlet valve during
start up [19] are both methods to influence the system, resulting in an increased
stable operating zone.
In numerical simulation, the accuracy of the modeled waterway plays an important role in the correct representation of the characteristics. By including the inertia of the rotating masses within the machine in Nielsen’s simulations, correctly
represent the dampened oscillations around runaway speed for a scenario of load
rejection in a Francis turbine [20].

2.3

One dimensional transient simulation

It is beneficial to be able to predict the hydraulic transients, in both machine and
system, in an effective manner. A 1D model is both efficient and easy to implement. The difficulty lies in the representation of the hydraulic machine. With
available experimental data, Suter curves can be used [21]. If experimental data
isn’t available however, a suitable model must be used. For hydraulic machines,
the two most important properties to model correctly is the hydraulic torque and
head acting on or being delivered by the machine [22].
Nielsen developed a set of Francis turbine equations based on the Euler equations,
where the characteristics were based on the inlet and outlet dimensions [20]. In
short form, they can be seen as Equation 2.4 and 2.5. The momentum equation
2.4, describe the change of flow rate through the RPT. The system head h is the
head over the RPT and the hRP T describe the dissipation or generation of head
in the machine. The torque equation, Equation 2.5, describe the change in rotational speed dependent on the torque, where T̃RP T hydraulic torque and T˜g is the
generator torque.

14
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dq
= h − hRP T
dt

(2.4)

dω̃
= T̃RP T − T˜g
dt

(2.5)

Tw

Ta

The model was later modified to include a pumping effect in the momentum equation, see Equation 2.6, and the result was a set of equations applicable for an RPT
in turbine mode of operation, including the s-curve and reverse pumping [23]. The
RPT model was further improved by Walseth, who introduced the pumping effect
in the torque equation as well, see Equation 2.7 [8]. The study presented herein
contains the first investigation of the model in a full, four quadrant characteristic.
dq
q|q|
= h − 2 − σ ω˜2 − 1 − σ ω̃ 2 + rq ω̃|q|
dt
κ

(2.6)

dω̃
= q(qms − ψ ω̃ + σ ω̃ − rq q) − rm ω̃|ω̃| − T˜g
dt

(2.7)

Tw

Ta

All parameters are listed in Table 2.1 and are further defined as:

ω̃ =

ω
ωr

ψ=

Qr ωr
rq =
gHr
ms =



ωr2 r22
gHr

r1
r2
−
A1 tan β1 A2 tan β2

σ=


ωr Qr
r1
(cos α + sin αr tan αr )
gHr A1 sin αr κ

ηr − ψ
ηr + ψ

2.3. One dimensional transient simulation

Table 2.1: Simulation model parameters

Parameter
β1
β2
η
κ
ω
ω̃
ψ
ρ
σ
A1
A2
H
h
ms
Q
q
r1
r2
rm
Rq
rq
T̃m
Ta
Tw

Description
Inlet angle runner
Outlet angle runner
Efficiency
Opening degree
Rotational speed
Reduced ω
Reduced geometric parameter
Density
Parameter with η and ψ
Inlet area
Outlet area
System head
Reduced H
Reduced starting torque
Flow rate
Reduced Q
Inlet radius
Outlet radius
Disk friction constant
Geometrical parameter
Reduced Rq
Reduced generator torque
Time constant, rotating inertia
Time constant, hydraulic inertia

Unit
[◦ ]
[◦ ]
[-]
[-]
−1
[s ]
[-]
[-]
[kg m−3 ]
[-]
[m]
[m]
[m]
[-]
[-]
[m3 s−1 ]
[-]
[m]
[m]
[-]
[m−1 ]
[-]
[-]
[-]
[-]
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Chapter 3

Research methods

This chapter presents the method and setup for both the laboratory and prototype
measurements. It explains the basis for the Rainflow counting method, used in
analyzing the pressure data from the experiments. Last, the equations used for the
1D simulation of the fast transition are presented.

The fast transition is a method to change from pump to turbine mode of operation,
using the head to change the direction of the RPTs rotational speed from pump to
turbine direction. The procedure start in normal pump mode of operation and end
at idle speed in turbine mode of operation. To start the fast transition the generator
torque is removed by disconnecting the machine from the grid, with guide vanes
and main valve open. The disconnected generator result in the head being the only
force affecting the speed of the RPT. Therefore the operational mode will naturally
change from pump to turbine, through the forces acting on the RPT from the water.
The fast transition is researched through laboratory and prototype measurements,
and modeled using 1D simulation.

3.1

Laboratory measurements

Transient experiments like the fast transition are sensitive to the system, i.e the
piping and other elements in the waterway between the upper and lower reservoir.
To limit the disturbances during the experiment from the feeding pumps, the tests
were run in an open loop configuration. The open loop ensures that the only forces
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1

2
4

3
6

5

Figure 3.1: Hydraulic loop of the model pump-turbine
Table 3.1: Geometrical and operating parameters of the laboratory model pump-turbine

D1
0.631 m

D2
0.349 m

B1
0.059 m

n∗ED
0.133

Q∗ED
0.223

H∗
29.3 m

β1
12◦

β2
12.8◦

α∗
10◦

present in the test loop come from the head, friction, hydraulic inertia and the RPT.
As seen in Figure 3.1 the upper reservoir has a constant head regulated by an
overflow valve (1) and fed by a centrifugal pump (6). Upstream the RPT (3) there
is a pressurized tank (2) like an air cushion. The draft tube ends up in an outlet tank
(4), and the tank’s water level is held constant by another centrifugal pump (5). In
order to disconnect the hydraulic inertia of the outlet system a weir is installed in
the outlet tank. The head is defined as the total energy difference between inlet of
the turbine and outlet of the draft tube according to the convention. Geometrical
and operating parameters of the investigated pump-turbine are presented in Table
3.1 [24].

3.1.1

Transient flow rate measurement

To measure the discharge fast and with high accuracy, a modified pressure-time
method was used. The modified pressure time method was used by Nielsen and
later Walseth in turbine mode of operation [20, 8]. By measuring the pressure difference over a certain pipe length, the pressure difference can be used to calculate

3.2. Prototype measurements
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the transient flow during the mode change, using the electromagnetic flow meter
(EMF) as a verification of the flow at steady state, before the start time (ts ) and
end time (te ) of each transient sequence. The change in flow rate for each time
step, ∆Qi is described in Equation 3.1 and Equation 3.2 shows the friction loss.
A
∆Qi =
ρL

Z

ti

(∆p + ζ) dt

(3.1)

ti−1

ζ = kQ2i

(3.2)

Where ζ is the friction loss in the pipe section as described in Equation 3.2, k is the
friction factor, ∆Q is the change in flow in one time step. A is the cross sectional
area and L is the length of the pipe section. ρ the water density and ∆p is the
differential pressure of the two pressure sensors.
The flow rate during the fast transition was obtained as follows:
• The flow rate, Qemf at ts and te was measured by the flow meter.
• The average friction factor for both the steady state before and after the FT
time period, respectively ks and ke where k = ∆p
Q2
• ks was used until the rotational speed changed direction, then ke was used
for the rest of the measurement.
• ∆Q was calculated by the pressure difference for each time step and Qi =
Qi−1 + ∆Qi .

3.1.2

Experimental procedure

The procedure consisted of first setting the required head in the upper and lower
reservoir. Then the rotational speed in pump mode was adjusted and the system
was given time to stabilize. The generator torque was disconnected, causing the
hydraulic pressure to force the RPT from pump mode to turbine mode. The transient measurement end with turbine runaway speed. Measurements were preformed
for constant GV angle 7◦ , 10◦ and 13◦ , for each GV the measurement was repeated
seven times.

3.2

Prototype measurements

The prototype measurements where conducted at Tevla power plant. Tevla consists of two identical reversible pump turbines and has an installed capacity of
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p1
p5

p2

p3

p6

p4

Figure 3.2: Illustration of instrument positions at Tevla
Table 3.2: Key parameters Tevla

P
25 MW

α∗
53.9 %

αidle
14.7 %

Hnet
148.4 m

2 · 25 MW. The power plant is located in the northern part of Trøndelag, a county
in Norway, and is owned by Nord-Trøndelag Energi (NTE). The areas of investigation for the prototype measurements were the normal procedure (NP) and fast
transition (FT) from pump to turbine mode of operation. One of the turbines was
used in the experiment. During the experiment the other turbine was at standstill
with the main inlet valve closed. Before measuring both the normal procedure and
fast transition, reference values at BEP was measured. The sensor placement at
Tevla was defined by existing pressure taps, which are shown in Figure 3.2.

3.2.1

Normal procedure

The normal transition procedure from pump to turbine is reached by first shutting
down the machine in pump mode of operation and then carry out a normal start up
in turbine mode of operation.
The procedure starts in normal pump mode of operation, after which the guide
vanes and main valve are closed and the RPT is shut down. The shut down in
pump mode is followed by an opening of the main valve and partially opening
of the guide vanes. This allows the RPT to reach nominal speed at runaway. The
generator is then synchronized and connected to the grid, and the guide vanes open
further to desired operating point in turbine mode of operation.

3.2. Prototype measurements

3.2.2
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Fast transition

The fast transition from pump to turbine also start in normal pump mode of operation. The guide vane angle is reduced from optimal pump opening to αidle , where
αidle is the guide vane position that give idle speed at normal start up. After the
adjustment of the guide vanes, the electric power to the generator is disconnected,
in the same manner as in a load rejection scenario. Because of the pressure from
the water masses the RPT will go from pump mode to runaway speed in turbine
mode, and in the process pass through pump break mode. The RPT ends up at the
ideal position to reconnect the generator to the grid.
The execution of the fast transition required operation of the power plant outside
of normal procedures. Hence, a number of protection systems were shut off so as
not to trigger the normal shutdown procedure if the power plant experience a load
rejection. After which, the control system was switched to manual and the guide
vanes were manually adjusted to αidle . Finally the main circuit breaker was turned,
disconnecting the generator from the grid and leading to the fast transition. Due
to the complexity of a modern power plant, a number of attempts were needed to
find the correct method to bypass the fail-safes in the system. The end result was
therefore one successful completion of the fast transition.

3.2.3

Rainflow counting method

The Rainflow counting method is a method to organize data with amplitudes. It
most commonly used for stress data in preparation for the Miner’s rule in a life
cycle assessment [25]. The Rainflow method works just as well when analyzing pressure, and gives easy access to amplitude size and number of cycles. The
method can also be used to sort the information by time, identifying when the
amplitudes of interest occur.
The Rainflow method was introduced by Matsuishi and Endo [26], and gets its
name from the association to the method of sorting the data with the flow of rain
from a pagoda roof. The Rainflow method have been used to analyze pressure
data as illustrated in Figure 3.3a. First the peaks and valleys are found as shown
in Figure 3.3b. A section of the linearized peaks and valleys, where the time and
pressure axis have been shifted, is shown in Figure 3.3c.
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(a)

Pressure

Pressure

(b)

Time

Time

(c)

(d)
1
Time

Time

0
3
2
Pressure

4
5
Pressure

Figure 3.3: Illustration of steps in the Rainflow counting method

To count the amplitude cycles both by size and time of occurrence, the half cycles
are categorized as in Figure 3.3d, following these rules:
• A half cycle ends when the peak on the other side have a greater magnitude
(0 and 1).
• A half cycle ends when it reaches the end of the time line (2, 3 and 5).
• A half cycle ends when it meets another half cycle (4)

3.3

Transient simulation

The fast transition was simulated using MATLAB solver ode23s, and compared
to the experiment presented in Section 3.1. The 1D simulation was implemented using a series of differential equations representing the RPT and the system.
The RPT is described by the momentum equation in Equation 3.3, and the torque
equation in Equation 3.4. The parameters are the same as shown in Section 2.3.

3.3. Transient simulation

23

The simulation using the original equations (2.6 and 2.7) showed the need to improve the model in pump and pump brake mode of operation. The modified term
is marked in Equation 3.3
changed term

dq
q|q| z }| {
Tw
= h − 2 − σ|ω̃|ω̃| − 1| −σ ω̃ 2 + rq ω̃|q|
dt
κ
Ta

dω̃
= |q|(|q|ms − ψ ω̃ + σ ω̃ − rq |q|) − rm ω̃|ω̃| − T˜g
dt

(3.3)

(3.4)

The system equations represent the laboratory setup presented in Figure 3.1. Equation 3.5 describes the change of reduced flow between the upper reservoir (1) and
the pressure tank (2), Equation 3.6 describes the change of pressure in the pressure tank, hpt (2), and Equation 3.7 describes the change in the flow through the
hydraulic machine (3).
dq1
1
= (h1 − hpt )
dt
Tw1

(3.5)

dhpt
Qr
= (q1 − q)
)
dt
Hr Aeq

(3.6)

1
dq
= (hpt − h2 − hRP T )
dt
Tw

(3.7)

where the reduced properties q and h are defined as

q=

Q
Qr

h=

H
= hpt − h2
Hr
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Chapter 4

Summary of papers

In this chapter a summary of the papers are presented. The full papers can be
found in Part II of the thesis and a shorter explanation binding the papers together
with the objectives of this research can be found in Chapter 1

Paper 1 - Fast transition from pump to turbine mode of operation
M. F. Svarstad, T.K Nielsen Published in International Journal of Fluid Machinery
and Systems (IJFMS) 2018
The paper presents laboratory measurements of a fast transition from pump to turbine mode of operation on a reversible pump turbine. It gives a detailed description
of the laboratory method used for conducting the experiment, with emphasis on the
method to measure the flow rate in the transient operation. The difference in steady
state and transient characteristics in both pump and turbine mode of operation is
explained by regarding the hydraulic inertia of the water masses in the system. The
paper is in accordance with the objective O1 of the thesis.

Paper 2 - Pressure pulsations during a fast transition from pump to turbine
mode of operation in laboratory and field experiment
M. F. Svarstad, T.K Nielsen Published in (IOP) 2018
The paper presents a comparison of the fast transition conducted in laboratory and
field experiments respectively. To evaluate the fast transition as stated in objective
25
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O2, the focus in on the pressure pulsations measured during the fast transition.
Even with differences both the RPTs geometry and system, clear similarities are
found between the laboratory and field experiments.

Paper 3 - A comparison of pressure pulsations during normal and fast transition from pump to turbine mode of operation
M. F. Svarstad, T.K Nielsen Submitted
To further evaluate the fast transition as stated in objective two, the pressure pulsations during the change from pump to turbine in both normal and fast transition
are compared. The results show some high pressure pulsations in both transitional
methods, where the fast transition exhibit the highest number of pressure pulsations. It is the normal procedure, however, who show the highest pressure amplitudes.

Paper 4 - Four Quadrant Characteristics Simulated with 1D RPT model
M. F. Svarstad, T.K Nielsen, P. T. Storli Submitted
The paper presents simulated results of the fast transition, using a one-dimensional
numerical pump turbine model. The simulated characteristics in both pump and
turbine is compared to the laboratory measurements from Paper 1. The modification done to the model show a clear improvement to the original model. Where
the modification give a better correlation to measurements.

Chapter 5

General discussion

This chapter first discuss the need for a fast transition in general term. Afterwards the prototype measurements and the simulation are discussed.

The idea to use the fast transition to change from pump to turbine mode of operation is old; in a Norwegian pump power plant there already exists the control
system to carry out the fast transition, even though it has never been tested. It is not
surprising if similar systems exists in other power plants in Europe. Together with
[12, 27, 13] the presented work is, however, the first scientific investigation into
the fast transition. The value of the fast transition is closely connected to the other
energy sources in the power market, the price fluctuations and how fast the power
production response need to be to have a stable transmission grid. In Norway,
with its high percentage of hydro power as the energy source, the need for the fast
transition to balance the production to the demand is currently low. Since shifting
demand for electricity can be met by changing the load in turbine mode of operation, we need to see a higher amount of export or a greater range in prices before
it is viable for the Norwegian market. An energy system with a high amount of
intermittent energy will benefit from the possibilities the fast transition of pumpturbines can deliver. In a future European energy market, the pump-turbine with
fast transition can supply a needed balancing force.
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5.1

Prototype measurements
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Figure 5.1: The number of cycles for all amplitudes (AR ) during both the fast transition
and normal procedure. ∆R is 1.36, 0.57, 1.67 and 1.62 respectively for p3 , p4 , p5 and p6 .
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Figure 5.1 show results from the measurements done at Tevla Power Plant presented in Paper 3. The position of the pressure sensors can also be found in Section
3.2. The difference in the amplitudes of the pressure pulsations for the fast transition compared to a normal procedure are small, as can be seen in Figure 5.1. The
normal procedure has higher or equivalent maximum amplitudes for all sensors
compared to the fast transition. The investigation indicated that the fast transition
may indeed be a viable method. However, some factors need to be addressed.
First, there was no possibility to measure the pressure pulsations in the vaneless
space. Since the normal procedure to stop the pump includes the closing of the
guide vanes, some of the pressure pulsations measured in the normal procedure
likely come from the closing of the guide vanes. The highest amplitudes in the
normal procedure can thus be upstream the guide vanes, and not affecting the
runner. While with the fast transition, the guide vanes are not closed and the runner
will be affected by all the measured pressure pulsations. It is even likely that the
amplitudes are higher than recorded, due to the rapid dampening of the amplitudes.
The first limitation indicates that the runner experience higher amplitudes in the
runner for the fast transition than the normal procedure.
Secondly, due to restrictions at the power plant, the fast transition had to be executed manually. The result is a slower fast transition than what could be achieved
if the process was automatic. It also resulted in the need to reduce the guide vane
opening while still connected to the grid in pump mode, before being able to turn
of the main circuit breaker, disconnecting the generator. There is reason to believe
that a fast transition where the guide vane opening is continually reduced while in
the transient phase, as opposed to reducing the angle before the transition, would
reduce the pressure amplitudes. The number of cycles would also decrease with
an automated procedure. The second limitation indicates therefor that changes in
the procedure in the fast transition can reduce the pressure pulsations.

30

5.2

General discussion

Simulation model
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Figure 5.2: Simulation of the fast transition using both the original and modified momentum equation, compared to measured characteristic

The change done to the existing numerical RPT model gave a good correlation to
the measured characteristic, as can be seen in the comparison between the original
and modified simulation in Figure 5.2. The change in the momentum equation
resulted in a corresponding change in the torque equation, increasing the torque in
pump mode of operation.
The four quadrant characteristics in a nED QED diagram can be transposed to a
QH diagram, normally used to describe the pump characteristics. By setting an
arbitrary constant rotational speed (n) and rearranging the Equations for nED and
QED , as in Equation 5.1 and 5.2, the head (H) and flow rate (Q) is found.



1 nD2 2
H=
g nED

Q = QED D22

p
gH

(5.1)

(5.2)

5.2. Simulation model
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Figure 5.3: Transposed QH characteristics of a section of the four quadrant characteristics

The QH characteristics in Figure 5.3 show clearly the head difference between the
reverse pump and pump mode of operation. This difference in head is represented
by the changes in the momentum equation in the simulation model. In reality, the
pumping in reverse pump mode can be seen as the pumping occurring with backwards bent blades, and it is natural that this will give a smaller lifting power than
in pump mode, with the the correct blade curvature. The operation at off-design
conditions, and especially in quadrant II and IV, result in a deviation between the
design angles and the angles of the velocity vectors. Even though it is not possible
to recreate the 3D, nonumiform flow pattern in a 1D model, the simulated velocity
vectors needs to correspond to an averaged flow pattern resulting in the same flow
rate and rotational speed as the measured characteristic. The averaged streamline
pattern and its β angles should be studied further in the continuation to enhance
the model.
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Chapter 6

Conclusion
The main goal of the thesis has been to improve the fundamental understanding,
and the numerical modeling, of transient operation of the RPT during different
modes of operation.
From the laboratory measurements it is shown that the steady state and transient
characteristics in both pump and turbine mode of operation is explained by regarding the hydraulic inertia of the water masses in the system. The laboratory
measurements also prove that a modified Gibson method is a reliable method to
measure the flow rate in a transient process, also when the flow change direction
during the period.
This work presents the first documentation of a fast transition done at a full scale
power plant. The fast transition from pump to turbine mode of operation has successfully been proved in both model and prototype tests. The comparison between
pressure pulsations during the fast transition and the normal start and stop procedure show similar maximum amplitudes, with the maximum amplitudes for the
normal procedure being marginally higher.
The fast transition is simulated using a 1D numerical model capable of simulating
both pump and turbine mode of operation. The laboratory characteristics have been
important in comparison to the improved 1D simulation model. The numerical and
measured results show a good correlation, but requires further validation for RPTs
with other geometries.
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Chapter 7

Further work
Based on the discussion in Chapter 5 the following suggestions for further work
are presented:
• Expand the investigation of the normal procedure to include vibration in the
guide vanes to better be able to compare the two methods of transition from
pump to turbine.
• Improve the method of fast transition with the adjustment of the guide vanes
during the transient phase.
• Test the RPT equations by comparing the simulation results to other RPT
models and GV openings.
• Study the possible impact the fast transition has on the stability at runaway
speed.
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Abstract
The reversible pump turbine (RPT) is a suitable machine to control fluctuations in the energy market. The usage of
RPTs for this purpose will increase the number of operational mode changes of the machine. In order to reduce the response
time of the machine, fast transitions between the modes of operation are necessary. Therefore, increased knowledge of
how the machine operates during these fast transitions is needed. This includes the investigation of the transient
characteristics for the whole operating range of the machine. This paper presents experimental results from a fast transition
from pump to turbine mode. The flow rate is measured by the use of a modified pressure time method. The resulting
transient characteristics are compared with steady state characteristics. Experiments have been preformed on a model
scale reversible pump turbine in the Waterpower Laboratory at the Norwegian University of Science and Technology
(NTNU). The results show that the pressure pulsations are highest at low discharge in both pump and turbine mode of
operation and at runaway speed in turbine. Oscillations at runaway speed is reduced with lower opening degree on the
guide vanes. The results also show a difference between the steady state and transient characteristics in the pump mode
due to the inertia of the water masses.
Keywords: Reversible pump turbine, Tranient operation, Mode change

1. Introduction
When discussing the future of the energy market, the reversible pump turbine (RPT) are often given the role of balancing the
intermittent energy production. The introduction of intermittent renewable energy sources calls for a faster regulating force in the
energy market. Balancing the energy production can be done by RPTs and require the machines to change the mode of operation
more frequently. In such a scenario, the need is not only for an increase in operational mode changes, but also for a decrease in the
transition time between the pump and turbine mode of operation.
In reversible pump turbines, as in Francis turbines, it is well documented that the machines experience high fatigue loads in offdesign and start and stop operations [1]–[3].
For reversible pump turbines the instabilities that can occur during start up, both in pump mode [4] and turbine mode [5] are also
areas where a lot of research is available.
There is, however, less information about the transition between the different operational modes. Early, and most well-known
research on this topic is the four quadrant characteristics of a pump presented in [6] by Stepanoff. The experimental data describing
the four quadrant characteristics in [6] was done by Knapp [7].
Ruchonnet and Braun [8] have presented transient characteristics from experimental research done from pump to turbine mode
and from turbine to pump mode.
They refer to high-pressure pulsations during the transient period, and especially high amplitudes in energy dissipation mode.
Stens and Riedelbauch [9] have investigated the same transient operation using Computational Fluid Dynamics (CFD). They
conclude that the fast transitions lead to stall conditions between the guide vanes and vortices in the runner and draft tube, and that
this is the cause of the off-design conditions in the runner. Liu et al. [10] have done CFD on a transient process caused by power
failure from pump mode to turbine mode. The authors show that the minimum value for the transient head occurs when the flow
rate is approximately zero, which means between energy dissipation mode and turbine mode of operation.
When connecting a hydraulic machine to the grid, the rotational speed of the machine have to be equal the synchronous speed.
The most common way to achieve the correct rotational speed before connecting the machine to the grid is to let the machine rotate
at runaway speed with a given opening of the guide vanes. It is therefore of interest to look closer at the systems behaviour at
runaway speed after a fast transition from pump to turbine mode of operation.
This article investigates the transient characteristics of a reversible pump turbine, from pump to turbine mode of operation. An
important part of the work has been the development of a reliable method to measure the flow rate in this scenario. The method of
measuring the flow rate, together with the resulting transient characteristics, are presented in the article. The transient characteristics
are also compared to the steady state characteristics for the same machine.
Received November 12 2017; accepted for publication May 8 2018: Review conducted by Shogo Nakamura. (Paper number O17073J)
Corresponding author: Magni F. Svarstad, PhD candidate, magni.f.svarstad@ntnu.no
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2. Experimental setup
When doing transient experiments it is important to remove disturbances on the system caused by the pump, if run in closed loop.
The Francis test rig was therefore arranged to operate in an open loop configuration when testing the reversible pump turbine. As
seen in Fig. 1 the upper reservoir have a constant head regulated by an overflow valve (1) and fed by a centrifugal pump (6).
Upstream the turbine (3) there is a pressurized tank (2) with an air cushion. The draft tube ends up in an outlet tank (4), and the
tanks water level is held constant by another centrifugal pump (5). In order to disconnect the hydraulic inertia of the outlet system
a weir is installed in the outlet tank. The head is defined as the total energy difference between inlet of the turbine and outlet of the
draft tube according to the convention as seen in eq. (1).

D1
0.631 m

D2
0.349 m

B1
0.059 m

Table 1 RPT runner parameters
ned
Qed
H*
0.133
0.223
29.3

Βhp
12°

Βlp
12.8°

α*
10°

The model runner is designed by Grunde Olimstad [11] during his PhD work. The laboratory set-up is, with some modifications,
the same as used by Eve Walseth as part of her PhD thesis [12]. The runner parameters are listed in Table 1.

Fig. 1 The open loop configuration of the Francis test rig with; upper reservoir (1), pressure tank (2), RPT (3), draft tube
tank (4), downstream feeding pump (5), upstream feeding pump (6), main water reservoir (7) and weir in draft tube tank (8)
2.1 Instrumentation
Flow rate, torque, rotational speed and pressure were measured during the experiment. Table 1 lists the different sensors, and
details for each instrument used indicate the placement of each instrument. The head calculated as shown in eq. (1). The sample rate
of 5000 Hz was used.

Abbreviation
pi1
pi2
Pvl
Pdt
Po
M
Qm
n

Table 2 Instrument details
Description
Sensor Type
Inlet pressure
Druck UNIK 5000
Upstream inlet pressure
Druck UNIK 5000
Vaneless space pressure
Kulite
Draft tube pressure
Kisler
Outlet pressure
PTX
Torquexxxxxxxxxxxxxxxxx Hottinger
Electromagnetic flowmeter
Krohnexxxxxxxxx
Rotational speed
Encoder

𝐻=

𝑄𝑔2
𝑝𝑖1 − 𝑝𝑜
1
1
+
∙(
− 2)
𝜌𝑔
2𝑔 𝐴2𝑖1
𝐴𝑜

305

Location
Turbine.inletxxx
Inlet pipe
Vaneless space
Draft tube upper
Draft tube lower
Main shaft
Inlet pipe
Generator draft

(1)

Fig. 2 Instrument locations in the test section
2.2 Transient flow rate measurement
To measure the discharge fast and with high accuracy, a modified pressure-time method was used. The pressure-time (Gibson)
method referred to in IEC 60193 [13] is used for measuring the initial flow using the transient pressure difference as the guide vanes
closes to zero opening. In this experiment however, a modified pressure-time method was used. By measuring the pressure
difference over a certain pipe length, the pressure difference can be used to calculate the transient flow during the mode change,
using the electromagnetic flow meter (EMF) as a verification of the flow at steady state, both at the start and the end of each transient
sequence. Nielsen [14] was the first to use the pressure-time method to find the flow at each increment of time in a transient sequence,
while doing tests in the turbine mode of operation.

(a)
(b)
Fig. 3 The differential pressure ΔP (a) used to calculate the flow Q (b) where the steady state area at start and end are
given by the EMF
Figure 3(a) shows the measured differential pressure between two pressure sensors (pi1 and pi2) with a distance of 5.345 m, and
with a constant cross sectional area between them. The transient flow rate as seen in Fig. 3(b) is found by integrating the pressure
difference in accordance with the pressure-time method as stated in eq. (3) and eq. (4),
𝛥𝑄𝑖 =

𝐴 𝑡𝑖
∫ (𝛥𝑝 + 𝜁) ⅆ𝑡
𝜌𝐿 𝑡𝑖−1
𝜁 = 𝑘𝑄2

(2)
(3)

where 𝜁 is the friction loss in the pipe section, k is the friction factor, 𝛥Q is the change in flow in one time step. A is the cross
sectional area and L is the length of the pipe section. 𝜌 is the water density and 𝛥𝑝 is the differential pressure of the two pressure
sensors. Each measurement is divided into three parts. t0 ≤ Ts-s < t1 is the time period from the start of the steady state measurement
up to the start of the transient period. t1 ≤ TD < t2 is the transient period where the RPT changes from pump to turbine mode of
operation. t2 ≤ TS-E < t3 is the steady state period from the end of the transient measurement to the end of the measurement.
The flow rate in the transient section Qg was obtained as follows:
 The flow rate, Qm at TS-S and TS-E were measured by the flow meter.
Δp
 The average friction factor for the time period TS-S, k = 2Ts−s




QTs−s

The friction loss was found at TS-S and TS-E using the relationship given in eq. (3).
𝜁𝑇𝑆−𝑆 was used until the rotational speed changed direction, then 𝜁𝑇𝑆−𝐸 was used for the rest of the measurement.
𝛥𝑄 was calculated by the pressure difference for each time step and 𝑄𝑖 = 𝑄𝑖−1 + Δ𝑄𝑔𝑖
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2.2 Experiment procedure
The procedure consisted of first setting the required head in the upper and lower reservoir. Then the rotational speed in pump
mode was adjusted and the system was given time to stabilize. The generator torque was disconnected, causing the hydraulic pressure
to force the RPT from pump mode to turbine mode. The transient measurement ended at turbine runaway speed. Measurements
were preformed for constant guide vane angle (GV) 7º, 10º and 13º, for each GV the measurement was repeated seven times.

3. Results
3.1 Transient characteristics

(a)
(b)
Fig. 4 Transient measurements for three different guide vane openings in non-dimensional (a) and physical (b) units. I is
turbine mode, II is dissipation mode, III is pump mode and IV are reverse pump mode.
The four quadrant, transient characteristics for three different guide vane openings are presented in Fig. 4, shown as machine
characteristics Fig. 4(a) and system characteristics Fig. 4(b). Machine characteristics have non-dimensional units QED and nED as
defined in eq. (4) and eq. (5). The non-dimensional units are independent of both the system around the machine and the
dimensions of the machine parameters.
Q ED =

Q
𝐷2

𝑛ED =

√𝑔𝐻

nD
√𝑔𝐻

(4)
(5)

In Fig. 4(b) the different guide vane openings give a similar flow rate per rotational speed in pump mode (III). When the flow
changes direction in quadrant II the effect of the guide vane positions becomes apparent. Finally, in turbine mode of operation the
result of an increased guide vane opening can be seen giving an increased spiral around the runaway position.

Fig. 5 The change in head (H) during the transient experiment. The numbering show start of T D (1), flow rate zero (2),
rotational speed zero (3), flow rate maximum (4), rotational speed maximum (5).
The pressure oscillations in the system can be seen in Fig. 5 and show the changes in head over time. Since the transient
measurements shown in Fig. 4(a) include H, the same oscillations can be seen in this figure. The highest oscillations are found in
the dissipation mode in quadrant II and at turbine runaway in quadrant I. All of the guide vane openings show similar magnitude
in the oscillations in dissipation mode. At runaway speed the oscillations increase with increasing opening.
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(a)
(b)
Fig. 6 Transient and steady state characteristic in non-dimensional (a) and physical (b) units
Figure 6 compare the transient measurement with steady state measurements. Figure 6(b) has two areas where the transient and
steady state measurements differ significantly, when the rotational speed is negative and around runaway speed. In Fig. 6(a) the
difference are concentrated in quadrant II and III.
The difference between the steady state and transient measurements in turbine mode of operation has been addressed by Nielsen
[14]. By removing the inertia of the water masses as in eq. (6) when calculating the head, he showed that the transient and steady
state characteristics becomes equal around runaway speed.
ⅆQ
ⅆt
A
I=∑
gL

Ht = H − I

(6)

In eq. (6) H is the measured head, I is the hydraulic inertia, dQ/dt is the change in flow rate over time and Ht is the transient
head. A and L is the cross-sectional area and the length of the pipe segment respectively.

Fig. 7 The difference between the measured transient characteristics with H, the adjusted transient characteristics with Ht and
the steady state characteristics.
Figure 7 shows that the difference between the transient and steady state characteristics in quadrant II and III are also removed
by Nielsens method. Calculating QED and nED from eq. (4) and eq. (5) for the transient characteristics use the measured H, the
adjusted QED-nED characteristics use Ht. The transient characteristics with Ht and its correspondence to the steady state
measurements and can thus be explained by the inertia of the water masses.
3.2 Uncertainty
Figure 8 show the repeatability for QED vs nED for four repetitions at 10º guide vane opening.
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Fig. 8 The repeatability at 10º guide vane opening for measurement series 2 to 5
The absolute uncertainty for N and Q in the transient period TD for one measurement series can be seen in Fig. 9. Where the
uncertainty in the flow rate is shown in Fig. 9(b) and the uncertainty in the rotational speed is shown in Fig. 9(c). It is prudent to
note that the uncertainty in flow measured during a transient phase makes it difficult to decide the standard deviation. In this
experiment it was decided to use the standard deviation from TSS when calculating the uncertainty in TD. Due to the chosen standard
deviation the uncertainty is probably marginally higher than calculated. For the rotational speed, it is noticeable that the uncertainty
increases rapidly around zero. This is due to the encoders dependence on the pulses to determine the rpm. There are 1024 pulses for
one rotation, but with close to zero rotation the result is a high increase in the uncertainty around that point. Excluding the uncertainty
at zero, the mean absolute uncertainty, eN for N is 0.0034 rpm. The mean absolute uncertainty, e Q for the flow rate is 0.000156.

(a)

(b)

(c)

Fig. 9 (a) is the time dependent change in Q and N, (b) and (c) show the absolute uncertainty and the real value in the
transient period TD for respectively Q and N. The uncertainty band is multiplied with 100 to enhance visibility
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4. Discussion
The use of a modified pressure-time method for measuring the flow rate in a transient phenomena with big changes in the flow
is previously unpublished. Nielsen [14] and Walseth [12] have used this method in the turbine mode of operation, but to the authors
knowledge this is the first time the method is used to measure the transient flow from pump to turbine mode of operation. The
uncertainty shown in Fig. 9(b) shows this method to be a reliable way to measure the flow.
There is a significant difference between the steady state and transient measurements in pump and pump break mode. Where, for
the same flow, the rotational speed is smaller for the transient measurements than the steady state measurements. This phenomenon
was also observed by Liu et al. [10] and Stens [9], but dismissed as an inaccuracy of the CFD in pump mode. The inertia of the
water masses explains the difference. Nielsen [14] showed that by taking into account the inertia of the water masses removes the
difference between the transient and steady state characteristics. The transient measurements are influenced by the system dynamics.
By accounting for this and subtracting the hydraulic inertia in the system from the head, we get the same results as in a steady
state situation without system dynamics.
The pressure fluctuations that can be seen in Fig. 4(a) and Fig. 5 are highest where the discharge is low and at runaway speed in
turbine mode of operation. This is in accordance with previous research by Zuo [1] and Tanaka [3], where it was found that these
areas give the highest vibrations due to the off-design conditions.
In Fig. 4(b) the flow and rotational speed oscillations at runaway speed is reduced with lower opening degree on the guide vanes.
These flow and speed oscillations are caused by the slower head oscillations seen in Fig. 5. The decrease in these oscillations
dependent on the decrease in guide vane opening degree is because of the reduced flow through the turbine, and a smaller amplitude
of the head oscillations after reaching the turbine quadrant (I). When doing a fast mode change ending at runaway speed it can
therefore be recommended to do this in a manner that ends up at a low guide vane angle when the RPT reaches runaway speed. This
can be done with a constant low GV angle from pump to turbine mode of operation, or with a gradual reduction in the GV angle
during the transition.

5. Conclusion
This article presents an investigation of the transient characteristics of a reversible pump turbine, from pump to turbine mode of
operation measured experimentally. It has been shown that the modified pressure time method is a reliable method to measure the
discharge in this transient phase. Pressure fluctuations are highest where they can be expected to be, i.e at low discharge in both
pump and turbine mode of operation and at runaway speed in turbine. The comparison of the steady state and transient characteristics
show a difference in the pump mode due to the inertia of the water masses.

Nomenclature
A
B1
D
g
GV
H
I
k
L
M
N,n
nED
QED

Area
Inlet runner height
Diameter
Gravitational acceleration
Guide vane angle
Head
Hydraulic inertia
Friction factor
Length
Torque
Rotational speed
Non-dimensional speed
Non-dimensional flow

[m]
[m]
[m]
[m/s2]
[º]
[m]
[1/s2]
[-]
[m]
[Nm]
[rad/s]
[-]
[-]

Q
p
α
β
ρ
ϛ
dt
i1
o
vl
1
2
*

Flow rate
Pressure
Guide vane angle
Mean velocity component
Density
Friction loss
Position indication
Position indication
Position indication
Position indication
Inlet position turbine direction
Outlet position turbine direction
Best operation point

[m3/s]
[kPa]
[º]
[º]
[kg/m3]
[-]
[-]
[-]
[-]
[-]
[-]
[-]
[-]
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Abstract. The reversible pump turbine (RPT) is a suitable machine to meet fluctuations in
the energy market. The usage of RPTs for this purpose will increase the number of operational
mode changes of the machine. In order to reduce the response time of the machine, fast
transitions in the mode of operation are desired. Therefore, increased knowledge of how the
machine operates during these fast transitions is needed. This paper presents measurements
done both at the NTNU Waterpower Laboratory and Tevla Pump Power Plant. The two
machines are not geometrically similar, and part of the result focus on the similarities in the
measurements despite the differences in the two RPTs. Tevla is owned by the Norwegian
company Nord-Trøndelag Energi (NTE) and consists of two reversible pump turbines. The
installed capacity is 50 MW. The focus is on the pressure pulsations during the fast transition
from pump to turbine mode of operation. Results from both the laboratory and field
measurements show few but high pressure amplitudes during the fast transition.

1. Introduction
Balancing the fluctuations in the energy market, especially after the introduction of intermittent
energy sources, are an important challenge. The reversible pump turbine (RPT) can be used to
meet these fluctuations. To effectively use the RPT in this manner, the machine will experience
an increase in the number of operational mode changes. In order to reduce the response time
of the machine, fast transitions between the modes of operation are desired. How these fast
transitions change the pressure pulsations experienced by the machine and penstock is important
to know when evaluating a possible procedure change for the transition between pump and
turbine mode of operation.
This article presents pressure measurements from the transient change from pump to turbine
mode of operation. Results from both laboratory and full scale power plant test are shown and
compared, even though the two cases are different not only in size, but also have different runner
geometry, guide vane design and penstock. The focus is on the pressure pulsations during the
fast transition from pump to turbine mode of operation.
The pressure pulsations in RPTs in off-design operation is a well researched area exemplified
by Zuo et. al [1] in their review of pressure pulsations in vaneless space of a high head
pump turbine. The most prominent pressure pulsations causing fatigue come from rotor stator
interaction (RSI) and pressure pulsations that corresponds to the natural frequency (NF) of the

machine. In a transient operation the stochastic pressure pulsations (SPP) tend to be dominant
[2]. With a highly transient phenomena like a fast mode change, there will be no time for the
pressure pulsations that correspond to the natural frequency to develop any resonance. It is
therefore most relevant to focus on the amplitudes themselves, rather than finding the natural
frequency.
Braun and Ruchonnet [3] are among the few who have extended the research of pressure
pulsations on to the area of operational mode transitions. In the laboratory experiments they
did a number of transitions from pump to turbine mode of operation with different speeds. Their
results indicate that the intensity of the pressure fluctuations in fact decreases with increased
speed.
2. Method
The experiments presented in this article where conducted at the Waterpower Laboratory at
NTNU and at Tevla pump power plant (Tevla). Tevla is a power plant with two reversible pump
turbines (RPT) and an installed capacity of 2 · 25 MW. Tevla is located in Nord-Trøndelag in
Norway, and is owned by Nord-Trøndelag Energi (NTE).
The two turbines are not geometrically similar, as can be seen from their respective specific
speeds (NQE ) in Table 1 and Table 3. The results presented are thus not a comparison of a
model with its prototype.
The area of investigation is the fast transition (FT) from pump to turbine mode of operation
and the following pressure pulsations of this transition. The fast transition from pump to turbine
start in normal pump mode of operation, where the wicket gate opening is reduced from optimal
pump opening to a reduced opening. After the adjustment of the guide vanes, the connection
between the generator/motor and the RPT is disconnected, in the same manner as in a load
rejection scenario. Because of the pressure from the water masses the RPT will go from pump
mode to runaway speed in turbine mode, and in the process traveling through pump break mode.
At the same time, the wicket gate is kept open and constant in the reduced opening to avoid
high runaway speed.
In the laboratory, it was not possible to reduce the wicket gate opening to the degree where
the rotational speed corresponds to 50 Hz. The method was therefore carried out for a number
of different guide vanes openings; 4◦ , 7◦ and 10◦ . At Tevla, the reduced wicket gate opening
corresponds to αidle , the opening that gives nominal speed at runaway in turbine mode of
operation, i.e the opening degree for turbine start up. The RPT therefore ends up at the ideal
position to reconnect the generator and connect the machine to the grid. The method was first
tested in the laboratory, and later carried out at Tevla. The only difference was the reduced
wicket gate opening.
2.1. Laboratory tests
When doing transient experiments it is important to remove disturbances on the system caused
by the pump supplying the head. The Francis test rig was therefore arranged to operate in an
open loop configuration. In order to disconnect the hydraulic inertia of the outlet system a weir
was installed in the outlet tank. The laboratory set-up was the same as used by Eve Walseth [4].
Figure 1 show the sensor placements in the test rig and Table 2 show the instrument parameters,
and have a sampling rate of 5000 Hz.
The model runner is designed by Grunde Olimstad [5] during his PhD work. The runner
parameters from a turbine perspective are listed in Table 1, and in accordance with IEC 60193
[6, p. 26] 1 is the high pressure side, and 2 is the low pressure side.

p3l
p4l
Ql

p1l

p2l
p5l

Figure 1. Sensor placement laboratory measurements.
Table 1. RPT - turbine properties.
D1
0.631 m

D2
0.349 m

B1
0.059 m

n∗ED
0.133

Q∗ED
0.223

H∗
29.3 m

β1
12◦

β2
12.8◦

α∗
10◦

NQE
0.0628

Table 2. Laboratory sensor parameters.
Sensor
p2l
p3l
p4l
p5l

Type
UNIK 5000
Kulite XTE190
Kulite XTE190
UNIK 5000

Range
10 bar
7 bar
7 bar
5 bar

Precision
0.1 %
0.5 %
0.5 %
0.1 %

2.2. Tevla tests
One of the turbines was used in the test presented. During the experiment the other turbine was
at standstill with the main inlet valve closed. The execution of the fast transition required an
operation of the power plant outside of normal procedures. A number of protection systems were
shut of so as not to trigger the normal shutdown procedure if the power plant experience a load
rejection. Then the control system was turned to manual and the wicket gates were manually
adjusted to to αidle . Finally the main circuit breaker was turned, disconnecting the generator
from the grid and leading to the fast transition. Due to the complexity of a modern power
plant, a number of attempts were needed to find the correct method to bypass the fail-safes in
the system. The end result was therefor one successful completion of the fast transition.
Table 3. Tevla parameters.
P
25 MW

α∗
53.9 %

αidle
14.7 %

Hnet
148.4 m

NQE
0.126

The sensor placement at Tevla was decided by existing pressure taps. The difference from
the laboratory setup were the lack of pressure measurements in the vaneless space. Instead two

p1f

p5f

p2f

p3f

p6f

p4f

Figure 2. Sensor placement field measurements.
Table 4. Tevla instrument parameters.
Sensor
p3f
p4f
p5f
p6f

Type
UNIK
UNIK
UNIK
UNIK

5000
5000
5000
5000

Range
50 bar
10 bar
50 bar
100 bar

Precision
0.1 %
0.1 %
0.1 %
0.1 %

pressure taps at the spiral casing was accessible. The position of the pressure sensors are shown
in Figure 2 and the instrument parameters can be seen in Table 4.
2.3. Data processing
The Rainflow counting method is commonly used for cycle counting in fatigue analysis [2].
The principle can be used just as well to analyze pressure amplitudes. When doing transient
measurements where the pressure pulsations are stochastic, the use of Fast Fourier Transform
(FFT) is inconvenient, since the pulsations doesn’t occur at certain frequencies. Using the
pressure measurements together with the sample rate of 5000 Hz with the Rainflow method
gives the amplitude of the pressure pulsations together with the number of cycles each amplitude
occurs. The Rainflow method is described in the standard ISO 12110 [7].
When analyzing the pressure pulsations from both the laboratory and the field measurements,
the lowest amplitudes have been disregarded. The area of interest are on the pressure amplitudes
outside the ranges found during normal operation. In both cases, pressure pulsations measured
at Best Efficiency Point (BEP) in turbine mode of operation have been used as the basis for this
low amplitude threshold.
3. Results and Discussion
The fast transition start at steady state pump operation, marked in Figure 3 by A0 . When the
generator is disconnected the RPT gradually decreases in flow rate and rotational speed through
quadrant A. The flow rate changes direction first, and the RPT enters quadrant B, the pump
break mode. In quadrant B the rotational speed is still in the pump direction, but the flow is
now going downstream, as in turbine mode of operation. When the rotational speed reaches zero
and starts to accelerate the RPT is in quadrant C, turbine mode of operation. The next steady
state condition is the runaway speed in turbine mode of operation. The measured pressure
pulsations are shown in the subsections for the laboratory and field measurements respectively.
Figure 4 and Figure 6 show the rated amplitude of each pressure pulsation with respect to time
for laboratory and field measurements respectively. The figures also have numbering explaining
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Figure 3. Illustration of N − Q characteristic of the fast transition.
where in the characteristics plot the different amplitudes occur. The rated amplitude AR [%],
is defined in Equation 1.
AR =

Amp
· 100
Hnet

(1)

Where Amp is the amplitude of the pressure pulsations and Hnet is the head at optimal turbine
operation. From the Rainflow method the minimum and maximum amplitudes for each pressure
sensor have been found. All the amplitudes have been divided into ten sections presented by its
average as the x-axis in Figure 5 and Figure 7 for laboratory and field tests respectively. The
ten amplitude sections have a range ∆R from displayed average value by ±5 % of the maximum
amplitude.
3.1. Laboratory measurements
In the laboratory experiment the transition took approximately 8 s and is similar for the different
wicket gate openings. As can be seen in Figure 4, the trend in the pressure amplitudes are also the
same. The highest amplitudes are found in pump break mode (Section 3) and in the beginning
of turbine mode of operation. In Figure 4, section 1 is the period before the fast transition, i.e
the steady state pump operation. In section 2, ranging from the start of transient period to
the beginning of pump break mode, the increase in amplitudes are first seen at the end of the
section. Section 4 is in turbine mode of operation from nED = 0 to when QED reaches maximum
value. Section 5 is from QED maximum to nED maximum. Section 6 is runaway speed. The
amplitude magnitude have the same trend with respect to time for all the pressure sensors, even
though the ranges differ. The highest amplitudes can be seen in the vaneless space by sensor
p3l and p4l . The lowest amplitude is found by the outlet sensor p5l .
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Figure 4. The rated amplitude (AR ) for pressure sensors during the fast transition in laboratory.
The position of p2l , p5l , p3l and p4l can be seen in Figure 1.
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Figure 5. The number of cycles for all amplitudes (AR ) during the fast transition in laboratory.
∆R is 0.93, 0.53, 1.38 and 1.47 respectively for p2l , p5l , p3l and p4l .
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Figure 6. The rated amplitude (AR ) for pressure sensors during the fast transition at Tevla.
The position of p3f , p4f , p5f and p6f can be seen in Figure 2.
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Figure 7. The number of cycles for all amplitudes (AR ) during the fast transition at Tevla.
∆R is 0.92, 0.52, 1.38 and 1.46 respectively for p3f , p4f , p5f and p6f .

Figure 5 show the summation of all the pressure amplitude cycles for the three different
wicket gate openings. All of the results show a high number of small amplitudes. The number
of cycles decreases with increasing mean amplitude. The highest wicket gate opening of 10 ◦
have the smallest number of high amplitudes for all pressure sensors. In the mid range area the
increase in wicket gate opening results in a higher number cycles in the vaneless space.
3.2. Field measurements
The field measurements start at optimal wicket gate opening in pump mode of operation and
are first reduced to αidle , marked by the start of section 2 in Figure 6. The beginning of section
3 marks the start of the fast transition. Section 3 includes both pump and pump break mode of
operation and the maximum amplitudes are in this area. The start of section 4 also have high
amplitudes. Section 4 is the turbine mode of operation from nED = 0 to when nED reaches
maximum value. Section 5 is runaway speed. The fast transition at Tevla took 43 s. The sensors
closest to the runner show the highest amplitudes. The maximum amplitudes in Figure 7 are
few, including the top two columns none exceeds ten cycles.
3.3. Comparison
For both the laboratory and field experiment the results show similar trends. In both cases
the hydraulic pressure is the driving force for the fast transition, the subsequent rotational
speed and velocity components of the flow causes the pressure pulsations. For all RPTs, even
with different specific speed, the operating points with unfavorable flow conditions will cause
the higher pressure pulsations. The pressure amplitudes are highest in pump break mode
but consists of few number of cycles. Most pressure sensors have one cycle at the highest
pressure amplitude and none of the pressure sensor have more than four cycles for the highest
amplitudes. The highest relative amplitudes in the laboratory experiment are as high as 71.8 %.
For the measurements at Tevla the highest relative amplitudes are 29.3 %. Since the pressure
is measured at two different places with respect to the turbine runner this does not mean that
the fast transition at Tevla necessarily experience lower relative pressure amplitudes.
4. Conclusion
The fast transition from pump to turbine mode of operation was successfully conducted both
in the laboratory and at Tevla. The laboratory test rig and power plant are different not
only in size, but also have different runner geometry, guide vane design and penstock. With
all of these differences, the comparison between the two experiments nevertheless show clear
similarities. The highest pressure amplitudes occur in the pump break mode. The high
amplitudes experienced in this area is the most relevant objection against this method of
changing from pump to turbine mode of operation. The pump break mode is an area not
entered during a normal start and stop, neither in pump or turbine mode of operation.
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