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Oppgavetekst
Bakgrunn:
Under prosjektoppgaven ble det gjennomført målinger av tapsforhold i en ringledning for en
Peltonturbin. Ringledningen er langt fra optimal.

I Masteroppgaven skal det designes en mer optimal ringledning. Videre skal det måles et komplett
Hill-diagram for turbinen med det skovlsette som er montert. Hydro Energi vil levere et visst antall
skovlesett hvor bestpunktvirkningsgraden måles og sammenlignes med opprinnelige skovlesett.

Mål:
Optimalisere ringledningen for Peltonturbin og måle komplett Hill-diagram for turbinen med
eksisterende skovlesett og bestpunktvirkningsgrad for et antall skovlesett.

Oppgaven bearbeides ut fra følgende punkter:
1. Utrede kriterier for optimal design av ringledninger, analysere eksisterende ringledning og
foreslå endringer.
2. Måle et komplett Hill-diagram for eksisterende løpehjul.
3. Måle bestpunktvirkningsgrad for andre skovlesett
4. Hvis tiden tillater, måle Hill-diagram for det beste skovlesettet.
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Sammendrag

Hydroenergi er en norsk produsent av vannturbiner med godt etablert
kunnskap innen Kaplan og Francis turbiner. Selskapet har designet flere
Pelton skovler med det mål å redusere kavitasjon. Selskapet ønsket å finne
et fullstendig Hill-diagram for en av skovlene på en 5 jets Pelton turbin.
Andre design skulle bli testet i beste punktet og sammenlignet med nevnte
design. I tillegg ønsket de å undersøke optimal design av ringledningen for
turbinen.
Tester ble utført ved Vannkraftlaboratoriet ved NTNU. Grunnet flere havari
i løpet av testperioden ble antall forsøk redusert til kun å finne Hill-diagram
som et av designene. Det designet som skulle testes fullt ut ble ødelagt i et av
havariene etter at tester med 1 dyse åpen var fullført. De ble erstattet med
skovler med samme geometri men med en 2◦ høyere pitch vinkel. Effekten av
den økte pitch vinkelen kunne ikke tallfestes. Sammenligning av tester gjort
med 1 og 2 dyser indikerer derimot en mulig innvirkning på plasseringen av
beste punkter med hensyn til rotasjonshastighet.
Et sett av kriterier for optimal design av ringledningen ble funnet og den
opprinnelige ringledningen ble redesignet for å møte disse. De redesignede
ringledningene gjennomgikk simuleringer i Computational Fluid Dynamics
(CFD) basert på tidligere simulering av den opprinnelige ringledningen som
er verifisert med eksperimenter. Simuleringene viste en forbedring av falltap
ringledningen. I utløpet til dysene ble det observert ugunstig strømning,
men dette er antatt å være grunnet feil i modellen.
Den hydrauliske virkningsgraden til de testede skovlene ble funnet å være
lavere enn på de beste Peltonturbinene på markedet.
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Abstract

The hydro power turbine producer Hydroenergi is well established knowledge
base within Kaplan and Francis turbines. The company aims to improve
the knowledge within Pelton turbines but have struggled with cavitation
problems. They have therefor produced multiple designs of Pelton buckets
with the aim to reduce cavitation. The company wanted to establish
complete Hill diagram of a bucket design on a 5 jet Pelton turbine. Other
designs were to be tested at the best point of efficiency against the said
design. In addition they wished to investigate optimal distributor design.
Tests were done at Vannkraftlaboratoriet at NTNU. Because of multiple
failures during the experiments they were reduced to only include a crude
Hill diagram for one of the designs. The buckets that were to be tested fully
were destroyed in a breakdown after the test with 1 nozzle was completed.
They were replaced with buckets with the same geometry but with a 2◦

higher pitch angle. The effect of this pitch angle increase was not quantified
but the results indicate that it may have an effect on the location of the
best point of efficiency with regard to rotational speed.
A set of conditions for distributor design were found and the original
distributor was redesign to meet these. The redesigned distributor underwent
Computational Fluid Dynamics (CFD) simulations based on a previously
simulation of the original distributor verified with experiments. The
simulations showed an improvement in the losses in the distributor but
also included unreliabilities due to modeling errors.
The hydraulic efficiency of the buckets tested was found to be lower than
state of the art Pelton turbines.
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Chapter 1

Introduction

Norway is blessed with a topology suited for production of electricity by
hydro power. While hydro power is considered a clean energy source, it
is always of the highest interest to achieve the best possible efficiency. As
the focus on climate change has increased and its effects on the planet has
become more visible, a high efficiency has become even more sought after.

The Pelton turbine is an impulse turbine and is one of the turbines used in
Norwegian hydro power. It is used for high heads and relatively low volume
flows which and operates in atmospheric pressure. The turbine type is
different from reaction turbines, e.g. Francis and Kaplan turbines, because
all the energy extracted from the water is in the form of velocity energy.
The water is introduced on the turbine by a jet emitted from one or more
nozzles where the pressure energy in the flow is transformed to velocity.
The turbines optimal rotational speed is dependent on the velocity out of
the jet which is dependent on efficient head. If multiple nozzles are used
and the losses through the distributor are significant the different nozzles
will operate at a different effective head and hence the rotational speed will
only be optimal for some.

Hydroenergi is one of the producers of hydro power turbines in Norway.

1



2 CHAPTER 1. INTRODUCTION

They have a great amount of knowledge within Kaplan and Francis turbines
and are currently looking to expand their knowledge within Pelton turbines.
In their previous bucket designs they have struggled with cavitation
problems and they have therefor produced multiple design with the aim
to reduce these problems. The existence of cavitation may cause fatigue
on the bucket and thereby lower the efficiency of the turbine over time.
They are interested in testing the efficiency of the new designs has not been
decreased compared to the original. The head loss through their distributor
design has previously been investigated and found to be significant. They
therefor aim to improve the design by either optimizing the existing design
or by redesigning the distributor completely.



Chapter 2

Theory

A Pelton turbine is an impulse turbine which is characterized by the fact
that all the energy the runner extracts from the water is associated with
velocity.

2.1 Optimization of Pelton Turbine Parameters

In order to maximize the power generated the optimal hydraulic operational
point is investigated.

2.1.1 Optimal Rotational Speed

Equation (2.1), Euler’s turbine equation [1] shows the ratio between the
energy available in the flow and the energy transferred to the turbine. The
subscrips denote the inlet, 1, outlet, 2, of the turbine and the peripheral
velocity component, u.

ηh =
cu1u1 − cu2u2

gHe
(2.1)

From Equation (2.1) it is possible to find the optimal rotational speed of
a Pelton turbine. With the assumption that the absolute velocity of the
water exiting the turbine is zero at the best point of operation, cu2 = 0
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all the energy in the water is transferred to the turbine. How ever, in real
life this would leave the water still when exiting the bucket and leave it to
hit the backside of the next bucket, back wash. This simplification is still
assumed to be a good approximation to use when determining the optimal
peripheral speed u. By this Equation (2.1) is reduced to:

ηh =
cu1u1

gHe
(2.2)

Figure 2.1 shows the velocity diagrams for the flow entering, index 1, and
exiting, index 2, the runner of a Pelton turbine. c denotes the absolute
velocity, w the velocity relative to the runner and u the peripheral velocity
of the runner.

Figure 2.1: Velocity diagram for a Pelton turbine [1]

The figure shows that the flow exiting the nozzle only has a velocity
component in the peripheral direction, cu1 = c1. If the losses through
the nozzle are denoted by the loss coefficient φ[9], the velocity out of the
nozzle may be expressed as:

c1 = φ
√

2gHe (2.3)

By solving Equation (2.2) for u1 with c1 from Equation (2.3) one can obtain
an expression for the optimal peripheral speed is obtained.
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u1 =
ηhgHe

c1
=
ηhgHec1

φ22gHe
=
ηhc1

2φ2
(2.4)

By assuming hydraulic efficiency, ηh = 0.90, and a loss coefficient through
the nozzle φ = 0.97 [9], the expression for the optimal peripheral velocity is
reduced to:

u1 = 0.4783 · c1 (2.5)

With the rotational speed of the turbine defined as ω = 2u/D, the
expression for the optimal rotational speed is as shown in Equation (2.6)

ω = 1.312

√
gHe

D
(2.6)

2.1.2 Optimal Bucket Dimensions

Pelton theory claims that the hydraulic efficiency will increase with a
decreasing diameter to bucket width ratio, D/B. However, this value
can not be reduce below a certain limit since significantly large buckets
compared to the diameter will produce large areas where the water does
not interact with any buckets. Brekke [2] finds, based on empirics, the
optimal dimensions for the Pelton bucket by setting a minimum number of
buckets and a minimum bucket width with regards to the jet diameter and
the number of jets.

2.1.3 Optimal Pelton Distributor Design

The distributor for a Pelton turbine leads the water to nozzles where the
pressure energy is transformed to velocity energy before it hits the runner. A
traditional Pelton distributor with nozzles is shown in Figure 2.2. The shape
and uniformity of the individual jets from the nozzles is strongly connected
with the efficiency of the turbine. In addition, the jets from the nozzles
should be identical so that the rotational speed is optimal with regard to
the jet velocity as described in Chapter 2.1.1. The optimal distributor for
a Pelton turbine should fulfill the following points:



6 CHAPTER 2. THEORY

• Minimal head loss through the distributor so that variations in the
discharge velocity between the nozzles are minimized.

• The mean velocity over the pipe cross sections along the distributor
should be near constant. This is important to minimize the variation
in the losses that are dependent on the velocity. This will reduce the
variation in effective head due to a difference in losses through the
distributor.

• All sharp bends produce a swirling secondary flow after the bend [15]
and therefor the bends in the distributor should be smooth. This is
especially important for the bends directly upstream of the outlets to
the nozzles. This is due to the fact that the presence of a swirl at the
inlet to the nozzle may worsen the condition of the jet [16].

In the project work leading up to this thesis the head loss throught the
distributor was measured and the results are presented in Chapter 3.2.

Figure 2.2: Traditional Pelton distributor made up of short pipe sections
fabricated from steel plates [4]
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2.2 Model Testing

During the design process of a new turbine model tests are often conducted
before a prototype is produced. This is because the production costs for a
model are lower due to the smaller size. A model test is therefore a good
tool in predicting the operation of the actual turbine. According to IEC
60193 [4] the following conditions must be fulfilled for a model test to be
viable.

The geometric similarity is related to the actual shape of the turbine,
this is done by making the model as an exact replica of the prototype but
smaller in all dimensions [4].

The hydraulic similarity reflects the ratio of forces affecting the model
compared to the prototype [4]. On Pelton turbines the hydraulic similarity
is defined as when the reduced quantities; discharge factor, QED, and speed
factor, nED, are the same for both prototype and model. In Norway it
is common practice to use Q11 and n11 instead of QED and nED and
therefore these reduced quantities have been used throughout this report.
The reduced quantities are defined in Equation (2.7) and (2.8).

(n11)Prototype = (n11)Model =

(
nD√
He

)
Model

(2.7)

(Q11)Prototype = (Q11)Model =

(
Q

D2
√
He

)
Model

(2.8)

While QED and nED are dimensionless quantities, n11 and Q11 are not.
In this report n11 has been calculated with n in rpm, so the dimensions
of n11 results in rpm

√
m. Q11 has been calculated with Q in l/s with the

dimension resulting in l/sm5/2. Hydroenergi uses a different definition of
Q11 where the volume flow is measured in m3/s and divided by the number
of nozzles, Z, as shown below.
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(Q11Z )Prototype = (Q11Z )Model =

(
Q/Z

D2
√
He

)
Model

(2.9)

By using nozzle discharge factor, Q11Z , rather than Q11 or QED, it is easier
to compare the efficiency of a specific bucket geometry. It eliminates the
effect of the number of nozzles on the distributor the turbine has been tested
with.

2.3 Hydraulic Efficiency

The hydraulic efficiencym η, is defined by the IEC Standard [4] as:

ηh =
Pm
Ph

=
P + PLm
E ·Qρ

=
P + PLm
ρgQHe

(2.10)

P is defined as the power delivered by the turbine shaft, which is equal to
product of the torque and rotational speed, P = T ·ω. PLm is the power
dissipated in the bearings and shaft seals, Q is the volumetric flow. ρ̄ is
the mean density of the water between the high and low pressure side of
the machine. E, the specific hydraulic energy, and He, the effective head,
is defined in Equation (2.11) and Equation (2.12). The specific hydraulic
energy is the energy available in the water between the high and low pressure
sides of the machine shown in Figure 2.3.

E =
pM1 − pamb

ρ̄
+ g∆h+

c2
1

2
=

∆p

ρ̄
+ g∆h+

c2
1

2
(2.11)

pM1 is the absolute pressure at the turbine inlet and pamb is the atmospheric
pressure. ∆h is the height difference between the pressure transducer and
the center of the turbine inlet. During the experiments conducted in this
thesis the pressure was measured as differential pressure at the turbine inlet,
∆p = pM1 − pamb.
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pM1 Reference level of the pressure measuring instrument

 M1 ∆h

Reference datum0 0

High pressure
reference and
measuring
section 1   1'_ ~

∆h    (= ∆h  )1 2

∆h1

∆h = ∆hM1 – ∆h2

∆h

Figure 2.3: Schematic figure of a Pelton machine [4]

The effective head is the total pressure measured in meter water column
and is defined as shown below. It consists of the static head, Hstat, and the
dynamic head, Hdyn, which is the static and dynamic pressure measured in
meter water column.

He =
∆p

ρg
+ Z︸ ︷︷ ︸

Static head (Hstat)

+
v2

2g︸︷︷︸
Dynamic head (Hdyn)

(2.12)

2.4 Distributor Optimization

The water flowing through the distributor interacts with the pipe wall in
addition to bends, changes in area and inlets to the nozzles. All these
interactions lead to loss of hydraulic energy. If the head-loss through the
distributor of a Pelton turbine is significant, it will lead to a change in
velocity out of the nozzles, c, due to the variation of He in Equation (2.3).

Equation (2.6) shows that the optimal rotational speed, ω, is dependent
on the velocity out of the nozzles. When the nozzle outlet velocity vary
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between nozzles the rotational speed of the turbine will only be optimal for
some of the nozzles. This will reduce the local efficiency for the nozzles with
a lower velocity. In addition, the distribution of He over the cross section
at the inlet of each individual nozzle should be uniform. This is due to the
fact that a non uniformity will result in the jet being non uniform in both
velocity and geometry. This will affect the turbine efficiency by varying the
velocity out of the nozzle.

Friction also contributes to the head loss as the water loses energy due
to the friction on the wall. The friction head is a function of the friction
factor, f , which is found in the Moody char. The input of the Moody chart
is the Reynolds number, Re, and the wall roughness diameter ratio, εd . The
Reynolds number and the equation for the friction head loss is shown below.

Re =
cD

ν
(2.13)

∆Hf = f
L

D

c2

2g
(2.14)

In the literature standardized coefficients for losses in pipe flow through
different geometries are defined. These loss coefficients, K, are used to
calculate a corresponding head loss, ∆HK . Equation (2.15) shows head loss
expressed with the standardized loss coefficient [15]. The loss coefficients for
the bends and throats in the distributor vary around 0, 185 ≤ K ≤ 0.195.

∆HK =
V 2

2g
K (2.15)

The nozzle exit velocity is controlled by the pressure differential, area
reduction in the distributor and friction losses. If the discharge through
a nozzle is smaller than that due to the area reduction, throat, at the inlet
to the nozzle in the main pipe the water in the distributor will accelerate.
This is to compensate for the increase in volume flow as shown in Equation
(2.16) where dQ is the discharge through the nozzle and dA is the throat
over the nozzle inlet.
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c+ dc =
Q+ dQ

A+ dA
(2.16)
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Chapter 3

Background

3.1 Summary of Previous Efficiency Experiments

The turbine investigated in this thesis has been tested on two previous
occasions, in 2005 and 2008. The design best point of operation is located
at n11 = 41.5.

3.1.1 Efficiency Test with 5 Nozzles

In 2005 the turbine underwent an efficiency test with 5 nozzles at different
openings and with different nozzle combinations. The test was conducted at
a static head of Hstat = 50 m. The modified speed factor, n11, was constant
at the calculated point of best efficiency and the modified discharge factor,
Q11, was varied. At the highest nozzle openings with 4 nozzles and all
openings with 5 nozzles the static head was reduced to Hstat = 40 m. This
was done because the torque was to large for the generator. With all
nozzles fully opened the static head was reduced to Hstat = 30 m for the
same reason. The efficiency was found to be the same at both 80% and
100% opening of 5 nozzles. In addition to the efficiency test the effect of
the following points on the hydraulic efficiency were investigated,

• Number of stay bars connected to the needle in the nozzle.

13
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• The effect on water flow within the turbine housing caused by
deflectors in their disengaged position.

• Air inlet through valves mounted underneath each nozzle.

The results from the efficiency test, without deflectors and air intake, at
n11 constant at the point of best operation are shown in Figure 3.1. The
effect of the deflector and the air inlet was found to be negligible. The
investigation of the effect of the number of stay bars was inconclusive. This
was due to the fact that the nozzles that differed in the number of stay bars
were at different positions in the distributor and hence the effect could not
be compared.

Figure 3.1: Hydraulic Efficiency at near constant n11 = 41.5

3.1.2 Efficiency Test of Different Bucket Sizes with 1 Nozzle

The second test was conducted after Hydroenergi had some changes done
to the design of their Pelton turbine with the aim to reduce cavitation. The
objective of the test was to investigate if the new design had any effect on
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the hydraulic efficiency of the turbine. In addition the test also investigated
the difference in hydraulic efficiency between buckets of the same design but
with different diameter to bucket width ratio, D/B. Pelton turbine theory
claims that the hydraulic efficiency will increase with decreasing diameter
to bucket width ratio, and the test found this to be true for the turbine.
The Hill diagram for the different bucket sizes is shown in Figure 3.3. More
information on the procedure and results of these experiments may be found
in [11]. This test concluded that the hydraulic efficiency of the turbine with
the modified buckets were lower than state of the art Pelton turbines. The
tests were conducted at a Hstat = 30and50 m and the relation between the
hydraulic efficiency and the effective head was conducted and the results
are shown in Figure 3.2.

Figure 5.3: Hydraulic efficiency as a function of the specific head.

on effective heads other than 50m without too big changes in the best efficiency, if not
tested at too low heads.
As the amount of water leaving the turbine in an undesirable direction is much larger for
the smallest set of turbines than for the largest set of buckets they are not comparable
directly. What the first test series can tell us is that it is extremely important that the
nozzle is sat to the right height for these buckets.
It was different fractions of the jet getting lost for the different buckets. As these
differences is hard to quantify the buckets was not possible to compare with the results
from the first test series. That is why we changed the nozzle height for the second test
series. Changing the nozzle height helped significantly for the two largest sets of buckets.
For the smallest bucket set it was still a problem for large nozzle openings, however a
much smaller fraction of the jet got lost.

5.2 Second Test Series

5.2.1 Location of The Best Operating Point

Largest Set of Buckets

It is hard to say for what operating conditions the best hydraulic efficiency is exactly.
From figure 5.4 we can tell that the best point for the largest set of buckets will have a
n11 is somewhere between 40 and 41 (units are dropped for ease of reading). As it was
not possible to measure higher Q11 with the nozzle in place it is hard to say if the best
point is for Q11 somewhere between 32 and a higher Q11 than 38.

24

Figure 3.2: Relation between hydraulic efficiency and efficient head [11]
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Figure 3.3: Hydraulic Efficiency for the large (a), medium (b) and small (c)
bucket [11]

3.2 Summary of Previous Head Loss Experiments

Experiments investigating the head loss in the distributor were conducted
in the project[12]. The loss in efficient head, He, is listed in the table below
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with the corresponding absolute uncertainty in brackets. The reference for
the loss is a position approximately 3 m upstream of the turbine. This is
also upstream of the volume flow meter and the throat and nozzle connected
to it. More information on the procedure used and the results may be found
in [12].

Position Nozzle opening
40% 60% 80% 100%

Pre Nozzle 1 −0, 048 −0, 080 −0, 143 −0, 195
(±0, 060) (±0, 059) (±0, 060) (±0, 060)

Pre Nozzle 2 −0, 062 −0, 097 −0, 152 −0, 201
(±0, 061) (±0, 060) (±0, 061) (±0, 061)

Pre Nozzle 3 −0, 068 −0, 116 −0, 192 −0, 203
(±0, 064) (±0, 063) (±0, 064) (±0, 064)

Pre Nozzle 4 −0, 085 −0, 153 −0, 225 −0, 290
(±0, 072) (±0, 071) (±0, 072) (±0, 072)

Pre Nozzle 5 −0, 074 −0, 133 −0, 209 −0, 281
(±0, 083) (±0, 082) (±0, 083) (±0, 083)

Table 3.1: Loss in efficient head, He, through the turbine with reference
pressure upstream of the volume flow meter as seen in Figure 4.3

The distributor is made up of standard pipe sections and contractions to
keep the total cost of production down. This has resulted in the throat
over the outlets to the nozzles not corresponding with the volume flow
out of the nozzle. This gives non optimal flow conditions by acceleration
and deceleration of the flow through the distributor or by a difference in
discharge between the nozzles. The distributor also includes sharp bends
in the main pipe that also leads to losses. Figure 3.4 shows the distributor
with the main pipe and outlets indicated.



18 CHAPTER 3. BACKGROUND

Figure 3.4: The distributor with the main pipe and the outlet to nozzle 1
indicated

3.3 Summary of Previous Simulations

In the project[12] a number of simulations were conducted on the distributor
using Computational Fluid Dynamics (CFD) that were verified with the
experiments conducted. Figure 3.5 shows the head loss through the
distributor found during the experiments and from the simulations. In the
figure it is shown that the head loss from the simulations are well within the
uncertainty of that measured, and they have approximately the same shape.
The deviation in shape is greatest at the position in Pre Nozzle 4 which may
be explained by the assumptions used to calculate the effective head from
the measured data. In the project the mass flow through each nozzle was
assumed to be equal but due to a variation on throat over each nozzle outlet
this assumption must is not valid. Even with this faulty assumption the
result may assumed valid due to fact that the velocity contributes little to
the to the effective head compared with the static pressure. The inequality
between equal discharge and the discharge due to the throat at the nozzle
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outlets is shown in Figure 3.6. Figure 3.7 shows the absolute velocity
through the distributor at 80% nozzle opening.
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Figure 3.5: Head loss from previous experiments with uncertainty and head
loss from simulations at 60% nozzle opening. Corrected version of [12] where
the uncertainty shown is relative but should be absolute.
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Chapter 4

Experimental Setup and
Methode

The hydro power laboratory at NTNU has a large system of pipes installed
for use during different experiments that require different flow conditions
and properties. Figure 4.1 shows the experimental setup in the laboratory.
The laboratory is equipped with a water reservoir that holds 450 m3 of
water. Two pumps, where the one used in these experiments have a
maximum head of Hmax = 100 mWc, and a pressure tank that has a
maximum internal pressure Pmax = 10 bar.
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Pump

Reservoir Volume flow meter

Turbine with
instrumentation

Pressure tank

Figure 4.1: Experimental Setup

4.1 Instrumentation

The turbine that has been tested in this thesis was connected to a 55 kW
asynchronous generator. The test rig included a differential pressure
transmitter, a volume flow meter, a torque flange, a thermometer and a
rotational speed indicator. All the instruments were connected through a
National Instruments logging card to a computer with a specialized LabView
logging program. This LabView program is found on the CD included with
this thesis and is named Loggingprogram.vi. The outputs of the instruments
included both current, voltage and frequency signals. The frequency and
current signals were converted to voltage signals to ease the data logging.
Figure 4.2 shows a schematic overview of how the instruments signals were
converted and connected to the computer. Figure 4.3 shows the placement
of the instruments on the test rig.
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Torque and rotational
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Figure 4.2: Schematic overview of the instrument setup

Volum Flow
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Pressure at inlet to turbine, p

Generator with torque and rotational 
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M1

Thermometer
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Figure 4.3: Instrument location on test rig
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4.1.1 Volume Flow Measurement

The volume flow measurements were conducted with an electromagnetic
flow meter, Aquaflux F manufactured by Krohne. The flow meter was
connected to the logging rack via a Krohne IFW 300 W Signal converter
that converted the signals from 4− 20 mA to 2− 10 V. The signal converter
also functioned as a controller and indicator for the flow meter. During the
experiments the range was set to 0− 150 l/s. This type of volume flow meter
is very sensitive to gas in the flow and extra effort was put into venting the
pipe system thoroughly before tests were conducted.

4.1.2 Torque and Rotational Speed Measurement

The torque from the turbine was measured with a rotating torque flange
mounted on the shaft between the turbine and the generator. The torque
flange used was a T10F manufactures by HBM. Included in the torque flange
was an optical rotational speed measuring system. More information about
the torque flange and its rotational speed measuring system may be found
in Appendix A.1 and A.2.

4.1.3 Pressure Measurement

Differential Pressure Measurement

The static pressure pM1 of the water flowing in to the distributor was
measured using Fuji Electric FKKW37V1 differential pressure transmitter.
The transmitter had a range from 0− 10 bar and is shown in Figure
4.4(a). The range was changed to 0− 7 bar with a Fuji Electric Hand
Held Communicator before the calibration. The transmitter was connected
to a ring manifold consisting of four inter connected pressure outtakes
around the pipe as shown in Figure 4.4(b). The pressure outtakes and
the pressure transmitter were all connected via 8 mm plastic pipe. During
the experiments the plastic pipes were filled with water by venting out the
air in the tubes. This was done by opening the valve on the other side of the
pressure transmitter so that the air was vented out. The height difference
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between the pressure transmitter and the pipe center, ∆htest = 0.241 m,
was taken into account by adding the pressure difference ∆p = ρg∆htest
to the measured differential pressure. The height difference, ∆htest, was
measured with a ruler and Leica Rugby 200 rotating laser Level.

DIFFERENTIAL PRESSURE (FLOW) TRANSMITTER

The FCX–AIII differential pressure (flow) transmitter ac-
curately measures differential pressure, liquid level, gauge 
pressure or flow rate and transmits a proportional 4 to 20mA 
signal.  The transmitter utilizes a unique micromachined 
capacitance silicon sensor with state-of-the-art micropro-
cessor technology to provide exceptional performance and 
functionality.

FEATURES
1. High accuracy up to ±0.04%
 0.065% accuracy as standard, 0.04% accuracy as op-

tion. 
 Fuji’s micro-capacitance silicon sensor assures this ac-

curacy for all elevated or suppressed calibration ranges 
without additional adjustment.

2. Minimum environmental influence
 The “Advanced Floating Cell” design which protects the 

pressure sensor against changes in temperature, static 
pressure, and overpressure substantially reduces total 
measurement error in actual field applications.

3. Fuji/HART® bilingual communications protocol
 FCX–AIII series transmitter offers bilingual communica-

tions to speak both Fuji proprietary protocol and HART®.  
Any HART® compatible devices can communicate with 
FCX–AIII.

4. Application flexibility
 Various options that render the FCX–AIII suitable for 

almost any process applications include.
– Full range of hazardous area approvals
– Built-in RFI filter and lightning arrester
– 5-digit LCD meter with engineering unit
– Stainless steel electronics housing
– Wide selection of materials

5. Programmable output Linearization Function
 In addition to Linear and Square Root, output signal can 

be freely programmable.
 (Up to 14 compensated points at approximation.)
6. Burnout current flexibility (Under Scale: 3.2 to 4.0mA, 

Over Scale: 20.0 to 22.5mA) 
 Burnout signal level is adjustable using Model FXW 

Hand Held Communicator (HHC) to comply with NAMUR 
NE43.

7. Dry calibration without reference pressure
 Thanks to the best combination of unique construction 

of mechanical parts (Sensor unit) and high performance 
electronics circuit (Electronics unit), reliability of dry 
calibration without reference pressure is at equal level 
as wet calibration.
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Remark : To minimize environmental influence, span should be greater 
than 1/40 of the max. span in most applications.

Max.

SPECIFICATIONS
Functional specifications

Service: Liquid, gas, or vapour
Static pressure, span, and range limit:

– Lower limit of static pressure (vacuum limit) ;
Silicone fill sensor: See Fig. 1
Fluorinated fill sensor: 66kPa abs (500mmHg abs) at 

temperature below 60°C
– The maximum span of each sensor can be converted 

to different units using factors as below.
1MPa =103KPa=10bar=10.19716kgf/cm2

 =145.0377psi
1kpa=10mbar=101.9716mmH2O=4.01463inH2O

DATA SHEET FKC...5

EDSX6-134f
Jan. 15, 2010 Date
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Figure 4.4: Fuji FKKW37V differential pressure transducer (a) and the ring
manifold pressure outtake (b)

Atmospheric Pressure Measurement

The atmospheric pressure was measured with a digital pressure transducer
located in the lab. The atmospheric pressure was displayed on a monitor
visible from the logging rack and it was manually fed into the logging
program.

4.1.4 Temperature Measurement

The thermometer that was used to measure the water temperature was
located in the reservoir underneath the turbine and therefore measures the
temperature of the water downstream of the turbine. The thermometer was
a SBE 38 Digital Oceanographic Thermometer manufactured by Sea-Bird.
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4.2 Calibration

4.2.1 Volume Flow Meter

The volume flow meters digital display was assumed to be correct in the
previous experiments. As the volume flow is a critical property in the
calculation of the efficiency of the turbine it was fully calibrated by the
weighing method. This is recommended as a primary calibration method in
IEC [4]. ISO 4185 [5] states all the requirements concerning the measuring
apparatus, procedure, calculation methods and the associated uncertainties.

The weights in the weighing tank system at the Water Power Laboratory
had to be calibrated before the calibration of the volume flow meter. More
information on the calibration setup, the procedure for calibrating the
weight cells and the resulting correction equation is shown in Appendix B.2.

The calibration curve with data points is shown in Figure 4.5.
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Figure 4.5: Calibration curve for volume flow meter



4.2. CALIBRATION 27

4.2.2 Torque Transducer

The torque transducer was calibrated by applying torque to the turbine
side of the transducer. This was done by connecting a horizontal metal bar
to the shaft connecting the turbine to the transducer. A metal bar with a
pulley on the end was therefor welded to the turbine casing so that hanging
weight could be utilized to apply a torque to the shaft. The weight rested in
a bed and were connected to the shaft via a wire over the pulley as shown
in Figure 4.6. A metal plate was connected to the generator shaft and
held it in place by interacted with the shaft casing. The weights used were
calibrated by Justervesenet and their deviation from their claimed weight
is shown in B.1 and their calibration certificate is shown in Appendix H.3.
The weight of the weight bed and vertical section of the wire was measured
with a Kern FTB 15K0.5 scale in the lab.

Pulley
Wire

Turbine
shaft

Shaft stopper

Torque
transducer

Generator
shaft

Metal bar

Weight bed

Turbine housing

Figure 4.6: Setup for torque transducer calibration

Equation (4.1) was used to calculate the torque induced on the shaft by the
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weights. The arm is the length from the shaft center to the wire connected
to the metal bar. The force, F = mg, is the gravitational force on the
weights, weight bed and the vertical section of the wire.

τ = F · arm = m · g · arm (4.1)

The length of the arm was measured with a ruler from the center of the wire
to the edge of the shaft. The radius of the shaft was added to this length
and was found by use of a slide gauge. Figure 4.7 shows the calibration
curve found for the torque transducer.
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Figure 4.7: Calibration curve for torque transducer

The torque transducer was calibrated during both on- and off-load due
to the fact that hysteresis is a common error found in torque and strain
transducers. The error due to hystereses is therefor assumed negligible.

4.2.3 Differential Pressure Transmitter

The differential pressure transmitter was calibrated with a GE Druck P3223-
1 dead weight manometer. IEC 60913 [4] defines the dead weight manometer
method as a primary calibration method for pressure measurements. The
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transmitter was mounted on the wall near the test rig and the manometer
was placed on a level table beside the transmitter. A plastic pipe connected
the manometer to the pressure transmitter and this was filled with water,
as this is the working fluid of the manometer. The pressure transmitter was
located ∆hcal = 0.02724 m below the zero point of the manometer. The
height difference was found with a ruler and a Leica Rugby 200 rotating
laser level. Equation (4.2) was used to calculate the total pressure on the
transmitter.

Ptotal = Pmanometer + ρg∆hcal (4.2)

The calibration curve for the transmitter is shown in Figure 4.2.3
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Figure 4.8: Calibration curve for the differential pressure transmitter

4.3 Problems Encountered dring the Experiments

As with most experiments the ones conducted in this thesis included
problems of different extent. During the instrumentation of the test rig all
the instruments failed to give a signal on the first test, but these problems
were caused by faulty wiring and/or human error. During the experiments
two failures led to long down times. First a failure in the frequency converter
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for the generator occured. After some time two of the nozzle houses failed
and sent two bronze discs flying through the buckets. This resulted in 14
broken buckets and also required a full improvement of all five nozzle houses.

Replacements for the damaged buckets were ordered by Hydroenergi, but
at delivery it was made clear that they were produced for a smaller model.
This rendered them useless with the distributor and boss used in the tests.
After a discussion with Hydroenergi it was decided that the experiments
would continue with buckets of the same geometry but with a 2◦ greater
pitch angle. The effect of this increase in pitch angle is discussed in Chapter
9.1.

The two failures and their solutions are described in Appendix E.

4.4 Designing the Test Matrix

One of the main results of this thesis was a complete Hill diagram for one
of the bucket designs. This includes a variation in volume flow (Q11/Q11Z )
and rotational speed (n11) within the operational area of the turbine. The
variation in volume flow was achieved by changing the nozzle opening from
20% to 100% with steps of 20%. This was first done for 1 nozzle, then 2
nozzles in parallel and so on until all the nozzles were 100% open. The
variation in rotational speed was achieved by changing the rotational speed
of the turbine while it ran at a constant volume flow. Table 4.1 shows the
test matrix used during the experiments.

As seen in the test matrix the span of the n11 variation was changed after
the first three runs with only nozzle 1 open. This was done after a meeting
with Hydroenergi where they expressed a wish for a wider span. The results
from the tests done with a narrower span were used since the wide span in
rotational speed is more important at higher volume flows.
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Nozzle opening n11

Nozzle 1

20% 38.5, 39, ... ,43.5, 44
40% 38.5, 39, ... ,43.5, 44
60% 38.5, 39, ... ,43.5, 44
80% 37, 37.5, ... ,44.5, 45
100% 37, 37.5, ... ,44.5, 45

Nozzle 1 & 2

20% 37, 37.5, ... ,44.5, 45
40% 37, 37.5, ... ,44.5, 45
60% 37, 37.5, ... ,44.5, 45
80% 37, 37.5, ... ,44.5, 45
100% 37, 37.5, ... ,44.5, 45

...
...

...

Nozzle 1,2,3,4 & 5

20% 37, 37.5, ... ,44.5, 45
40% 37, 37.5, ... ,44.5, 45
60% 37, 37.5, ... ,44.5, 45
80% 37, 37.5, ... ,44.5, 45
100% 37, 37.5, ... ,44.5, 45

Table 4.1: Test Matrix

4.5 Adjustment of Static Head during the
Experiments

The experiments conducted in the project[12] were all done at a static head
of 45 m. The first part of the experiments done in this thesis were conducted
with the same static head. Due to vibration caused by the pump that caused
the nozzle housing to fail it was lowered to 35 m. During the test at all
nozzles 100% open the static head was further reduced to 30 m. This was
done after the generator failed to hold the torque at this nozzle configuration
during the test conducted in 2005. A discussion about the effect of the
lowering of static head on the hydraulic efficiency may be found in Chapter
9.3.
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4.6 Post Processing of Data from the Experiments

The data from the experiments were imported into MatLab and rearranged
the following post processing steps were conducted.

Step 1: For each number of nozzles, a surface was spline fitted to the efficiency
data.

Step 2: The best efficiency for each point in the n11 and Q11 span was
extracted. A new surface was spline fitted to the extracted data.

Step 3: Step 1 and 2 was repeated for the efficiency data with Q11Z .

The MatLab scripts for importation and surface fittings is shown in
Appendix G. These are also found in the folder MatLab on the CD following
this thesis. In addition the data file with normalized data from MatLab,
DATA.mat, is also included along with the following executable scripts:

RUNME.m - General script including all plotting functions
dyse_norm_cont_plotter.m - Plot Hill diagrams for individual nozzles
norm_cont_plotter.m - Plot complete Hill diagram
q11_plotter.m - Plot the efficiency lines for constant n11

They all require the input of what definition of reduced volume flow they
should be plotted agains in addition to choices to include uncertainty
intervals, best point of efficiency indication, transition lines and fitted lines.



Chapter 5

Optimization of the
Distributor

During the project[12] the head loss in the distributor was measured and
simulations of the distributor were conducted. The measurements were used
to verify the simulations. The results of the measurements and simulations
are found in Chapter 3.2 and 3.3 respectively. The measurements showed a
significant head loss through the distributor. One of the goals of this thesis
was to minimize the head loss through the distributor.
Figure 5.1 shows the original distributor with the throat, dA, throat length,
x, upstream velocities and volume flow indicated. As seen in the figure the
original distributor contains many sharp bends, especially those directly
upstream of the outlet to the nozzles. These will lead to large losses in
the main pipe of the distributor as well as well as a swirling secondary
flow at the outlet to the nozzles. In Figure 3.6 it is also evident that the
throat over each nozzles does not correspond with an equal volume flow
out of each nozzle. After a discussion with Hydroenergi it was decided
that the optimization would be based on the original distributor and would
not include a complete redesign. This decision was also based on the time
and resources available during this thesis. Based on this, three different
strategies were tested and the changes done are presented in this chapter.

33
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The results of the optimization strategies is shown in Chapter 8 and are
discussed in Chapter 9.
The original distributor is constructed from standard ISO-pipes while the
pipes in the laboratory are Metric-pipes. This produced a sudden increase in
pipe area at the inlet to the distributor which was included in the previous
simulations. During the optimization the diameter of the inlet increased
which led to a larger increase in area at the inlet. To ensure equal inlet
conditions in all simulations the diameter of the inlet pipe was adjusted so
that the diameter ratio remained the same. The remodeling of the throat
optimized distributor was conducted by Hydroenergi. The implementation
of the remaining optimization strategies in the model were conducted as a
part of this thesis.

Qin

Q1

Q2

Q3

Q4

Q5

dA1

dA4

v4

dA3

v3

dA2

v2

v1

x1

x2

x3

x4

Figure 5.1: Schematic drawing of the distributor
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5.1 Optimization of the Throat

As seen in Figure 3.6 the throat over the nozzle outlets does not correspond
to the optimal discharge through the nozzle. This problem has been solved
by calculating the optimal throat backwards from the last nozzle with
Equation (5.1). The diameter of the last pipe section was kept the same
as in the original while the diameter in the other parts were calculated
by setting the discharge through each nozzle equal to a fifth of the total
volume flow, Qi = Qin

5 . The distributor after this optimization strategy
was implemented is shown in Figure C.1.

dAi =
Qi
v∗i

(5.1)

The results of the simulations may be seen in Chapter 8 and . The table
beneath shows the variation in area in the locations of vi in Figure 5.1.

i Change in area
1 7.37%
2 0%
3 1.29%
4 13.64%
5 0%

Table 5.1: Change in area after throat optimization

The remaining optimization strategies were implemented on the throat
optimized distributor to ease the modeling work.

5.2 Additional Primitive Guide Vanes

On the original distributor the only thing leading the flow into the nozzle
outlets is the throat. The throat optimized distributor was remodeled so
that it included primitive guide vanes at the downstream corner of the nozzle
outlets. Figure 5.2 shows the outlet to the first nozzle with and without the
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primitive guide vane. It was modeled by cutting an equal part out at all
the outlets that extended an absolute distance of 30 mm into the main pipe
and the outlet pipe. The curvature of the lower surface of the cut was set
equal to half the curvature of the outlet pipe bend. The throat optimized
distributor after the primitive guide vanes were implemented is shown in
Figure C.2.

30mm

30mm

(a)

Figure 5.2: The nozzle outlet with the cut producing the primitive guide
vane indicated.

5.3 Change of the Throat Length and Position

The position and length of the throat over the nozzle outlets differ
significantly between the nozzles. This was believed to have an effect on
the head loss through the distributor. The belief was based on the pressure
contours from the CFD simulations done on the original distributor. The
contour for nozzle 3 is shown in Figure 5.5. From the pressure contours it
is evident that a stagnation point exists on the pipe wall in the outlet to
nozzle 2 & 3. At the outlet to nozzle 1 & 4 it is located at the intersection
between the nozzle outlet and the main pipe. The cause of the difference
in the location of stagnation point was believed to be secondary swirl flow
in the pipe. These swirls are caused by the bends in the pipe [15] and
were thought to be affected by length and position of the throat at the
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nozzle outlets. The hypotheses was tested by changing the throat length
and position to mimic that of the throat over nozzle 1 and 4.

(a) (b)

Figure 5.3: Nozzle 1 (a) and nozzle 4 (b)

(a) (b) (c)

Figure 5.4: Outlet to nozzle 3 as on the throat optimized distributor (a),
when it was changed to mimic that at nozzle 1 (b) and nozzle 4 (c)
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The outlet to nozzle 3 as it was on the original distributor and as it was
after the mimicking may be seen in Figure 5.4. Figure C.3(a) and C.3(b)
shows the distributor after the throat was made to mimic that at nozzle 1
and 4 respectivly.

Figure 5.5: Pressure contour at nozzle 3



Chapter 6

Simulation

In addition to the experiments a number of simulation of the distributor was
conducted using Computational Fluid Dynamics (CFD). The simulation
were done with ANSYS Workbench and CFX and the settings used for
the simulation are presented in this chapter. The Computer Aided Design
(CAD) software AutoDesk Inventor and SolidWorks were used to modify a
model of the distributor acquired from Hydroenergi. The CAD-models were
meshed with ANSYS Workbench CFX-Mesh and pre-processed in ANSYS
CFX-Pre. After the simulations were solved with CFX-Solver they were
post-processed in CFX-Post.

6.1 CAD-Modeling

Figure 6.1(a) show the CAD-models of the original distributor made in
SolidWorks. It is generally a good tactic to model the volume occupied by
fluid rather than that occupied by the pipe wall when the aim is CFD-
simulations. The CAD-model acquired from Hydroenergi was therefore
inverted so the models solid represented the volume occupied by water
instead of the metal of the pipe. Figure 6.1(b) shows the resulting model of
the water filled volume.
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The water filled volume of the pipe system leading up to the location of the
inlet pressure measurement was also added to the CAD-model. The final
model that underwent CFD-simulation is shown in Figure 6.2.

Due to a faulty feature in the CFD post processing application the pressure
outtakes on the distributor used in the head loss measurements had to be
modeled on the new models. These were used as a reference to the location
were both the measurements and the results from the previous simulations
were located. The pressure measurement outlets upstream of nozzle 1 is
shown in Figure 6.4.

(a) (b)

Figure 6.1: CAD-model of distributor (a) and CAD-model of water filled
volume (b)

6.2 Meshing

The mesh was refined multiple times to achieve satisfactory mesh fineness
in the areas where complex flow was expected to occur. This refinement
was done on the outlets of the nozzles as the flow here is turbulent and a
fine mesh is needed to simulate the complexity. Figure 6.3 shows the final
mesh used in the CFD-simulations. As seen at the inlet and outlets of the
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Figure 6.2: Final CAD-model

Figure 6.3: Final mesh of CAD-model
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Pressure
outtakes

Main pipe

Figure 6.4: Pressure outtakes on the main pipe.

distributor the mesh close to the wall is finer than the mesh in the center
of the pipe. This was done to better simulate the boundary layer close to
the wall and the turbulence that occurs there.

6.3 Simulation and Boundary Conditions

Table 6.1 shows the boundary conditions used for the CFD-simulation.
The choice of boundary conditions and simulation parameters are discussed
further in this section.

Domain Boundary condition
Inlet Static pressure and high turbulence intensity (10%)

Outlets Mass Flow Rate
Wall No slip, rough wall with roughness height ε = 0.045 mm
Fluid Water at 16 ◦C

Table 6.1: Boundary conditions used during the simulation

Inlet boundary conditions are set on the basis of the pressure measured
at the inlet during the experiments conducted in the project[12]. The
turbulence is assumed to be of high intensity as the piping upstream of
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this location in the rig is complex with outlets, area reductions and sharp,
narrow bends.

Outlet mass flow rate is calculated from the volume flow, the outlet
area and the density of water found in the experiments. The mass flow rate
for all outlets was set to a fifth of the total mass flow rate calculated from
the density and volume flow obtained from the experiments. This was done
to simulate optimal operation.

Wall roughness height is set based on standard wall roughness height
for commercial steel pipes as stated in [15].

Fluid temperature is set as the temperature measured during one of
the experiments. The dependency of the fluid temperature was investigated
and it was found to have no significant influence on the results.

The conditions during the simulation were steady state since all the
measurements during the experiments were taken at near constant operation.

The turbulence models used were the k− ε and Share Stress Transport
(SST) model. The k − ε model is by it self only valid for infinitely high
Reynolds numbers since it does not include the molecular viscosity which
is dominant in the near wall region [7]. It is therefor combined with a wall
function which is scalable. This is a model developed by ANSYS to avoid the
usage of the k− ε model in the very near wall region. The SST model does
not need the scalable wall function as it uses one turbulence model, k−ω, in
the near wall region. In the free stream it switches to the k−ε model due to
the fact that the k−ω model is over sensitive to turbulence properties of the
inlet free stream. The SST model was only used after multiple simulations of
the models with the different optimizations implemented showed unnatural
flow in some areas.
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Figure 6.5: Mesh, outlets and inlets in CFX-Pre



Chapter 7

Uncertainty Analysis

7.1 Uncertainty in Experiments

All measurements done during an experiment include some level of uncertainties
which have their origin in causes such as inaccuracy within the instrument
used to measure the physical quantity and random variations of the
measured value. More information on the different types of uncertainties is
wound in Appendix D.

7.2 Propagation of Uncertainties

7.3 Uncertainties in the Calibration

During calibration of an instrument, different sources of error contribute to
the uncertainty. The different errors are shown in Table 7.1 and are defined
by IEC [4, Chapter 3.9 and Annex J]. X indicates the property measured by
the instrument. The uncertainties are combined to find the total uncertainty
with the Root-sum-square (RSS) method described in Appendix D.4.
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Error Discription
±fXa Systematic error of the primary calibration method
±fXb Random error of the primary calibration method
±fXc Systematic error (repeatability) of the secondary instrument
±fXd Random error of the secondary instrument
±fXe Physical phenomena and external influences
±fXf Error in physical properties

Table 7.1: Component errors in the calibration of an instrument

Uncertainty in the Calibration of Differential Pressure Transmitter

fpa and fpb consist of the total error in the calibration method. The dead
weight manometer comes with documentation that states that the total
error in the instrument fpab does not exceed ±0.008%. This is found by
combining fa and fb with the RSS methode. The documentation can be
found in Appendix H.1.

fpc is the systematic error in the instrument, here being the differential
pressure transmitter. During the calibration one looks to minimize this
uncertainty by calibrating the signal given by the instrument against a
physical quantity stated by the dead weight manometer. During the
calibration one does not calibrate for all possible pressures. This produces a
systematic uncertainty linked to the instruments response to the pressures
not included in the calibration. This relative uncertainty has been denoted
fpregression and is found by methods described in Appendix D.3.

fpd , the random error in the instrument is due to the scatter of the signal.
While calibrating the instrument one logs the signal over time and use the
mean of the logged values as the instruments response to a given pressure.
The uncertainty due to the scatter in the signal at a constant pressure is
also included in fpregression .
fpe , the error due to physical phenomena and external influences for the
calibration of the differential pressure transmitter. This may originate from
changes in the temperature within the instrument. Before calibration the
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pressure transducers had been installed in the rig for several weeks. The
assumption that it had reached thermal equilibrium with the surroundings
was assumed to be valid and fpe was therefor neglected.

fpf , the errors in the physical properties obtained by either calculation or
the usage of international standard data. This uncertainty includes the
uncertainty in the measurement of the height difference, Zcal, between the
dead weight manometer and the measuring point of the differential pressure
transmitter. The uncertainty of the laser level is assumed to be negligible
while the assumed uncertainty of the ruler measurement is ±0.1 mm. With
the height difference found to be Zcal = 0.02724 m the uncertainty fpf =
±0.367%

Combining the uncertainties given above with the RSS-method the maximum
total relative uncertainty of the calibration of the differential pressure
transmitter at 4.5 bar becomes

max(fpcal) = ±
√

(fpab)
2 + (max(fpregression))2 + (fpf )2 = ±0.368% (7.1)
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Figure 7.1: Calibration curve and 95% confidence interval scaled by 100 for
the differential pressure transmitter
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Uncertainty in the Calibration of the Volume Flow Meter

The errors contributing to the uncertainty in the calibration of the volume
flow meter are listed in Table 7.2. A more detailed description of the errors
is shown in Appendix D.5.1. The calibration curve with the 95% confidence
interval is shown in Figure 7.2.

Uncertainty Description Magnitude

fQa
Systematic error in ±0.0889%[8]weighing tank system

fQb
Random error in ±0.0503%[8]weighing tank system

fQregression
Systematic and random

max(±0.3026%)error in the instrument

Table 7.2: Errors in the uncertainty in the calibration of the volume flow
meter

Combining these errors with the RSS-method the maximum total relative
uncertainty for the calibration of the volume flow meter within its range is
found to be

max(fQcal) = ±
√
f2
Qa

+ f2
Qb

+max(fQregression)2 = ±0.102% (7.2)

Uncertainty in the Calibration of the Torque Transducer

The errors contributing to the calibration uncertainty of the torque transducer,
fτcal , are listed in Table 7.3. A more detailed description of the errors is
shown in Appendix D.5.2. The calibration curve with the 95% confidence
interval is shown in Figure 7.3.
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Figure 7.2: Calibration curve and 95% confidence interval scaled by 1000
for the volume flow meter

Uncertainty Description Magnitude

fτW
Systematic error in ±0.01%weighs and weight bed

fτarm
Systematic error in ±0.013%the length of the arm

fτregression
Systematic and random

max(±0.830566%)error in the instrument

Table 7.3: Errors in the uncertainty in the calibration of the torque
transducer

Combining these errors with the RSS-method the maximum total relative
uncertainty for the calibration of the torque transducer is found to be

max(fτcal) = ±
√
max(fτregression)2 + f2

τarm + f2
τW

= ±0.8307% (7.3)
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Figure 7.3: Calibration curve and 95% confidence interval scaled by 100 for
the torque transducer

Errors in the Calibration of the Thermometer

The thermometer came pre-calibrated from the manufacturer and came
with a calibration certificate that is found in Appendix H.2. The absolute
uncertainty of±0.001 ◦C, this results in a maximum uncertaintymax(fTcal) =
±0.01% for the range of operation which was T = 10− 17 ◦C.

7.4 Uncertainty of the Tests

After the tests were completed the total uncertainty was found. This is a
combination of the calibration uncertainty and other errors from the test
itself.

7.4.1 Total Uncertainty of each Component

The uncertainties of the test itself may be separated into the errors given
in Table 7.4 [4]. X indicates the property measured by the instrument.
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Error Discription
±fXcal Systematic error in calibration
±fXh Additional systematic error in the instrument
±fXj Error in physical properties
±fXks Systematic errors due to physical phenomena and external influences
±fXkr Random errors due to physical phenomena and external influences
±fXl Random error in repeatability of secondary instrument

Table 7.4: Component errors in the test

7.4.2 Uncertainty in the Differential Pressure Measurements

fpcal is a combination of random and systematic uncertainties from the
calibration. It is not a constant but varies with the operational point of the
turbine. During the tests the tube from the pipe to the differential pressure
transmitter was filled with water, hence the water column in the pipe must
be added to the pressure measured. Equation (7.4) shows the equation for
the pressure in the pipe. This error will be discussed under fph .

p = pM + ρgZtest (7.4)

fph is caused by the drift of the output signal over time. This phenomenon
may be reduced by calibrating often or checking the calibration after the test
is completed. The calibration was checked after the tests were completed
and showed little signs of drift, and the error is therefor ignored.

fpj will have a component from the uncertainty of the measurement of
Ztest. The measurement was done with a rotating laser level and the a
ruler with a level on top to ensure that the ruler is vertical. The rotating
laser level was set to the pipe center and the distance from the laser line
produced by the level to the measuring point of the differential pressure
transmitter was measured. The uncertainty in the rotating laser level is
assumed to be negligible while the uncertainty in the rules as assumed to
be ±0.1 mm. Combining the errors in length measurement listed above
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and the error in calculation of ρ from Chapter 7.4.6 makes the additional
systematic uncertainty in the secondary instrument fpj = ±0.218%.

fpks and fpkr are the same as fpe discussed in Chapter 7.3. These errors
may be ignored as long as the procedure and conditions are the same during
the test as they were during the calibration.

fpl is found by using the student-t confidence interval for the logged data
from the tests. The method is described in Appendix D and in more detail
in Appendix D.2The maximum random uncertainty during the test were
fpl = ±4.48 · 10−4%.

The total uncertainty for the pressure measurements during the tests are
found with Equation 7.5.

max(fp) = ±
√

(max(fpcal))
2 + (max((fpl))

2 = ±0.4277% (7.5)

It is evident that the uncertainty in the pressure measurements is dominated
by the uncertainty in the vertical distance Z in both the calibration and in
the test setup.

7.4.3 Uncertainty in the Volume Flow Measurements

The uncertainty in the volume flow measurements are calculated with the
same component uncertainties as for fp. Significant errors in the volume
flow measurements are shown in Table 7.5. A more detailed description of
the significant and negligible errors is shown in Appendix D.6.1.

Uncertainty Description Magnitude

fQcal
Systematic error in

max(±0.102%)the calibration

fQl
Random error in

max(±0.1345%)the measurements

Table 7.5: Errors in the uncertainty in the volume flow measurements
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These uncertainties combined leads to the maximum total uncertainty in
the volume flow measurements

max(fQ) = ±
√

(max(fQcal))
2 + (max(fQl))

2 = ±0.169%

7.4.4 Uncertainty in the Torque Measurements

The uncertainty in the torque measurements are calculated with the
same component uncertainties as for fp. Significant errors in the torque
measurements are shown in Table 7.6. A more detailed description of the
significant and negligible errors is shown in Appendix D.6.2.

Uncertainty Description Magnitude

fτcal
Systematic error in

max(±0.8307%the calibration

fτl
Random error in

max(±2.97 · 10−5%the measurements

Table 7.6: Errors in the uncertainty in the torque measurements

The uncertainties combined leads to a maximum total uncertainty in the
torque measurements

max(fτ ) = ±
√

(max(fτcal))
2 + (max(fτcal))

2 = ±0.8307%

7.4.5 Uncertainty in the Temperature Measurements

The uncertainty in the temperature measurements are calculated with the
same component uncertainties as for fp. Significant errors in the torque
measurements are shown in Table 7.7. A more detailed description of the
significant and negligible errors is shown in Appendix D.6.3.
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Uncertainty Description Magnitude

fTcal
Systematic error in

max(±0.01%the calibration

fTl
Random error in

max(±6.8 · 10−5%the measurements

Table 7.7: Errors in the uncertainty in the temperature measurements

These uncertainties combined to the maximum total uncertainty in the
volume flow measurements

max(fT ) = ±
√

(max(fTcal))
2 + (max(fTl))

2 = ±0.01%

7.4.6 Uncertainty in Calculating Density of Water

The density of water is calculated as a function of pressure and temperature
and the uncertainty in calculating the density of water is fρ = ±0.01%
[8]. This uncertainty will not be significant in the total uncertainty of the
hydraulic efficiency and is therefor neglected.

7.4.7 Uncertainty in the Rotational Speed Measurement

The rotational speed measurement system was checked as recommended
by IEC [4] with an optical rotation counter and a piece of reflective tape
that was taped to the shaft. This gave confirmation that the rotational
speed measurement system was approximately correct. The systematic
uncertainty is used fn = fn,s = ±0.025% as stated in [4]. The maximum
random uncertainty for the rotational speed measurements during the tests
was found to be fnl = 1.27 · 10−5. This gave a total uncertainty

fn = ±
√

(fns)
2 + (fnl)

2 = ±0.025%

7.4.8 Total Uncertainty for the Hydraulic Efficiency

The uncertainty of η can be found from Equation (7.6) which is derived
from Equation (2.10) with methods described in [14] and [4].
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fηh = ±(eηh)

ηh
= ±

√
(fQ)2 + (fE)2 + (fP )2 (7.6)

fE = ±(eE)

E
= ±


√(

e∆p/ρ̄

)2
+ (geZtest)

2 +
( e

v2
1

2

)2

∆p
ρ̄ + gZtest +

v2
1
2

+ f∆E

 (7.7)

fP = ±
√

(fτ )2 + (fω)2 (7.8)

In Equation (7.7) the uncertainties are expressed as absolute (e) while the
uncertainties found in this section are relative (f). The following equations
are used to express the absolute uncertainty by the calculated relative
uncertainty.

e∆p

ρ̄
=

(
∆p

ρ̄

)
f∆p (7.9)

ev2
1

2
= v2

1fv1 (7.10)

fω = fn (7.11)

v1 in the expression for total uncertainty is calculated with v1 = Q/(πr2).
Therefor the uncertainty fv1 is a combination of the uncertainties in the
volume flow measurement and the radius of the pipe. The expression for
the uncertainty in the velocity measurement is shown in Equation (7.12).

fvi =

√
f2
Q + 2

(er
r

)2
(7.12)

The uncertainty for the velocity is calculated with Equation (7.12) with fQ
as found in Chapter 7.4.3. The diameter is given by the producer and
its uncertainty is assumed to be er = ±0.1 mm. The maximum total
uncertainties in the velocity at the inlet to the distributor max(fv1) =
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0.1345%.

The maximum total uncertainty in the efficiency measurements max(fη) =
1.548%. This uncertainty is dominated by the uncertainty in the torque
measurements at low torque.

All the uncertainties stated in this chapter are the maximum uncertainties.
These maximum uncertainties rarely coincide at points in the complete Hill
diagram with exception for very low volume flow where the torque is low.
The total uncertainty in the best point of efficiency was found to be 0.3837%.



Chapter 8

Results

In this chapter, results from both experiments and simulations are presented.
They are discussed in Chapter 9. All the efficiencies have been normalized
so that the maximum efficiency is 1, due to confidentiality.

8.1 Results from the Experiments

In this section, the Hill diagrams found by the post processing procedure
described in Chapter 4.6 are presented. The diagrams created from the
experiments with 1 and 2 nozzles open are shown in Figure 8.1 and 8.2
respectively. The Hill diagrams for 3, 4 and 5 nozzles are found in Appendix
F.1. The complete Hill diagram for the turbine plotted against Q11 and
Q11Z are shown in figure 8.3 and 8.4 respectively.

In this thesis the test series were conducted with a constant and fairly large
variation in volume flow. This resulted in a Hill diagram that only gives an
indication on the location of the best point of operation. In the complete
Hill diagrams the iso-curves for the highest efficiency indicate that there
exists two candidates for the best point of operation. These are indicated
in the complete Hill diagrams and are located at n11 = 40.5 and n11 = 41.5

57
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at the same Q11 and Q11Z individualy.
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Figure 8.1: Hill diagram for 1 nozzle plotted against Q11
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Figure 8.2: Hill diagram for 2 nozzles plotted against Q11

With an increasing number of nozzles open, the Hill diagram stretches
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further up the Q11 range and has a local peak in efficiency at the end
of the Q11 range. The height of this peak increases with the number of
nozzles open. A difference in where the “ridge” in the two Hill diagram with
regard to n11 is noticeable. This difference is discussed in Chapter 9.2.
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Figure 8.3: Complete Hill diagram plotted against Q11 with n11 = 40.5 and
n11 = 41.5 indicated and the efficiency lines for different number of nozzles
and the fitted line with n11 = 40.5 plotted against Q11.
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The upper part of figure 8.3 shows the complete Hill diagram of the turbine
plotted against Q11 with n11 = 40.5 and n11 = 41.5 indicated. One should
notice the indents in the constant efficiency curves for the higher efficiencies
in the complete Hill diagram. This is discussed in Chapter 9.1.

The lines shown in the lower part of the figure indicate the turbine efficiency
at different Q11 values with constant n11 = 40.5. These are the same lines
as shown in Figure 3.1. These lines are extracted from the surfaces fitted
to the results with the procedure described in Chapter 4.6. In addition, the
fitted line is plotted which is extracted from the surface fitted to the best
efficiency for points in the n11 −Q11 domain.
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The upper part of Figure 8.4 shows the complete Hill diagram of the turbine
plotted against Q11Z with n11 = 40.5 and n11 = 41.5 indicated. The figure
shows that 1, 2 and 3 nozzles open are not used in the complete Hill diagram.
This is due to the fact that the results from these runs are always exceed
by 4, 5 nozzles or both with regard to efficiency as seen in the lower part
of the figure. In addition, a change between 4 and 5 nozzles open in the
middle of the complete Hill diagram is seen. This is discussed in Chapter 9.1.

The lines in the lower part of the figure indicate the efficiency of the turbine
for different Q11Z values and constant n11 = 40.5. These are extracted from
the surfaces fitted to the test with different number of nozzles open.
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8.2 Results from the Simulations

In this chapter the results from the optimization of the distributor are
presented. Figure 8.5 shows the head loss through the distributor for the
original and after the different optimization strategies were implemented.
As seen in the figure, the head loss through the distributor is lowest for
the throat optimized distributor. The reduction in total head loss after the
throat was optimized was found to be 66.67%. The flow within the throat
optimized distributor is not optimal, but the other optimization strategies
led to equal or worse flow. This can be seen in the velocity contours found in
Appendix F.2, which also include the total pressure contours. Based on this
the throat optimized distributor was chosen as the simulation to compare
with the original. The total pressure contour plots of the distributors with
the other optimizations implemented are found in the same appendix. The
two distributors are compared by comparing the velocity and total pressure
contours as well as the velocity vectors through the outlet to nozzle 1. These
figures are presented in this chapter and discussed in Chapter 9.
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Figure 8.5: The head loss through the distributor for the original and
different optimization strategies.
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(a) Original distributor

(b) Throat optimized distributor

Figure 8.6: Velocity contours on the original (a) and throat optimized (b)
distributor.
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From Figure 8.6 it is evident that the velocity distribution in the nozzle
outlets in the throat optimized distributor are not optimal. In addition,
one should notice that the velocity along a stream line in the pipe center
vary significantly in the original compared with the throat optimized. The
reasons for this are discussed in Chapter 9.4. The edges of the inlet pipe
and main pipe in the distributor appear to differ in the simulations done
this semester compared to those done previously. This is due to the mesh
but will have a negligible effect on the solution.
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(a) Original distributor

(b) Throat optimized distributor

Figure 8.7: Vector plot of the velocity in the outlet to nozzle 1 in the original
(a) and throat optimized (b) distributor.
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In Figure 8.7 the effect of the change in transition to the outlet is visible.
The bend is smoother and longer in the original distributor compared to
the throat optimized. This gives the flow a a more uniform outflow, but it
is not optimal in the original distributor. The total pressure distribution
and tangential velocity at the outlet to nozzle 1 is shown in Figure 8.8, a
difference in total pressure and swirl strength is evident.

(a) Original distributor

(b) Throat optimized distributor

Figure 8.8: Total pressure contours and velocity vectors at to outlet to
nozzle 1 on the original (a) and throat optimized (b) distributor.
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(a) Original distributor

(b) Throat optimized distributor

Figure 8.9: Total pressure contours on the original (a) and throat optimized
(b) distributor.
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From Figure 8.9 it is evident that the total pressure through the distributor
is greater in the throat optimized distributor than the original. This is also
evident in Figure 8.5 and is discussed in Chapter 9.4.
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Chapter 9

Discussion

9.1 Hill Diagram

In the complete Hill diagram in the upper part of Figure 8.3 one notices
that the constant efficiency lines for the high efficiencies contain indents.
These are not present in the Hill diagrams presented in the literature [2]
and [6]. Figure 9.1 shows the transitions between the number of nozzles
used to achieve the highest efficiency. From the figure it is evident that
the indents coincide with these transitions and are believed to be caused
by location of the measurement points. A complete Hill diagram with the
measurement points indicated may be seen in Figure F.1.
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Figure 9.1: Hill diagram with the transition between the number of nozzles
open indicated

The figure also shows that the change from 3 to 4 nozzles for high values of
n11 tends to happen at a lower Q11. This is believed to be caused by the
amount of water hitting the next bucket, the back wash, increasing at higher
rotational speed. This is caused by a decrease in the time it takes for the
next bucket to enter the water domain. By distributing the same volume
flow water out of more nozzles the amount of water in each bucket, hence
the amount of back wash also decreases. The water hitting the next bucket
may give a negative torque on the shaft and hence lower the power output
and efficiency. It may also cause cavitation on the back of the bucket. A
similar phenomena is seen for the transition between 1 and 2 nozzles. The
Q11 value for the transition changes rapidly at n11 ≈ 39 and n11 ≈ 44.5.
This is caused by the shape of the Hill diagram for 1 nozzle seen in Figure
8.1. The “ridge” of high efficiency for 1 nozzle moves the transition to 2
nozzles to a higher Q11. This is believed to be caused by the fact that the
test with 1 nozzle was done with the buckets with a lower pitch angle. This
is discussed further in Chapter 9.2.
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The complete Hill diagram plotted against Q11Z in Figure 8.4 only consist
of values acquired from the tests with 4 and 5 nozzles open. This is due
to the fact that the tests with 1, 2 and 3 nozzles open is always exceeded
in efficiency by at least one of the tests with 4 and 5 nozzles. This is also
evident in the lower part of the figure. The fact that 4 nozzles are used in
the middle of the Q11Z range is believed to be due to the large losses in the
distributor between nozzle 3 and 4. The pressure distribution through the
original distributor shown in Figure 8.9(a) also show these losses. When
investigating the lower part of the figure it is evident that the general shape
of the efficiency line when using 4 nozzles differ slightly from the shape of
the lines for 1, 2 and 3 nozzles. The efficiency line for 5 nozzles appear
to differ significantly in shape compared to the rest. These differences are
thought to be caused by the losses in the distributor. When all the nozzles
are open these losses increase due to the increase in the local velocity(2.15).
The discharge through nozzles 4 and 5 will decrease, decreasing the local
efficiency of these nozzles and the turbine. When only 4 nozzles are used
the effect is smaller due to lower velocity, but still thought to be significant.
The increase in loss can also be identified in Figure 8.5 as a an increase in
the tilt of the head loss in the original distributor.

As stated in 3.1 the complete Hill diagram indicate two candidates for the
best point of efficiency. The difference between the two is 0.0431% which is
well inside the uncertainty of the measurements. To locate the best point
of efficiency more accurately tests should be conducted with a finer test
matrix around the indicated location.

The maximum efficiency measured in this thesis is 0.7557% lower than that
measured during the tests done on the buckets with the small pitch angle in
2005. The uncertainty of the measurement is ±0.3837% and if it is assumed
positive the efficiency measured in this thesis is 0.3720% lower than that
measured in 2005. The uncertainty of the tests conducted in 2005 is not
known but it is assumed to be higher than in these experiments. This results
in the confidence interval of the measured efficiencies overlapping.
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9.2 Effect of Increased Pitch Angle

The increase of the pitch angle will have multiple effects on the flow within
the turbine housing and thereby the turbine efficiency. As the bucket enters
the jet the water will have a relative velocity towards the tip of the bucket.
The impact of the water may cause cavitation on the tip of the bucket [10].
In addition, the water may hitt the back of the bucket thereby produce a
negative torque. This will lower the toque delivered to the generator and
hence the turbine efficiency. The angle between the back of the bucket and
the relative velocity should be less than 10◦ to prevent both problems [3].
The figure below shows the effect of a higher pitch angle on the relative
velocity of the water when the bucket enters the jet.

u

c

ww

u
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ww

Figure 9.2: The relative velocity of the water as the bucket first enters the
jet at a two pitch angles where the lower is the largest. The nozzle in this
figure is copied from Figur 1.8 in [1].
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A change in pitch angle will also change the angle off attack, β, between the
bucket and the jet when it hits the bucket fully as seen in Figure 9.3. This
will change both the flow entering, within and exiting the bucket which will
also change the transfer of energy from the water to the bucket.

Pitch
angle

β β

Figure 9.3: Effect of change in pitch angle on the angle of attack for the jet
on the bucket, β. This figure is made from parts of Figure 4.5, 7.1 and 14.6
in [10]

The roof of the turbine housing is made with an angle near the shaft as seen
in the Figure 9.4. This is done so that the water exiting the bucket will be
reflected away from the turbine. With an increase in pitch angle the radial
component of the absolute velocity exiting the bucket will increase. As seen
in the figure, an increase in the radial velocity component may result in
parts of the flow hitting the horizontal part of roof in the turbine housing.
Water hitting the horizontal area may be reflected directly down onto the
turbine. This may produce a counter force to the rotation of the turbine
as well as cavitation. An increase in water droplets in the vicinity of the
rotating turbine may also increase ventilation losses from the turbine acting
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as a fan in the water saturated air inside the turbine housing.

Turbine Housing

Figure 9.4: A bucket located in the jet seen from behind with the outflow
at two different pitch angles

In Figure 8.1 and 8.2 a difference of the location the “ridge” in the Hill
diagrams for 1 and 2 nozzles is evident. This may be caused by the difference
in pitch angle of the buckets used during the test with 1 nozzle and 2 nozzles.
The increase in pitch angle seems to move the location of the “ridge” to a
lower n11 value. This may indicate that the buckets with a higher pitch
angle changes the out flow of the bucket so that back wash occur at a lower
rotational speed.
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9.3 Effect of Lowered Effective Head

Seim[11] found that the effect of a lower specific head on the hydraulic
efficiency was not significant at heads higher than 30 m. This study was
done on distributor with only 1 nozzle and is therefor not valid for the
setup used in these experiments but it indicates that the effect may be
small. From Figure 8.5 it is found that the total head loss through the
distributor amount to 0.2889% of the static head. As the static head is
reduced the velocity of the water exiting through the nozzle is reduced as
Equation (2.3) shows. This reduction will reduce the velocity in the pipes
and the distributor and hence the dynamic head, the Reynolds number and
hence the friction factor. The reduction in velocity will lead to a lowered
geometry head loss as shown in Equation (2.15). The reduction of Reynolds
number will lead to an increase in the friction factor but the total friction
head loss will be reduced due to the dominance of the velocity in (2.14).
This will lead to a small reduction in the losses thought the distributor and
thereby reduce a difference in the discharge velocity of the nozzles. The
magnitude is difficult to quantify and is assumed to be small. But it may
still have a significant effect on the hydraulic efficiency.

9.4 Optimal Distributor Design

The optimization strategy that gave the best results with regard to pure
head loss was found to be the throat optimization. The reduction in total
head loss through the throat optimized distributor was found to be 66.67%
compared to the original. This result is not verified by experiments and is
therefor only an indication of the effect of the optimization may give.
The flow through the bends making out the outlets to the nozzles was found
to be non optimal as seen in Figure 8.7. The flow in the same area in the
original distributor is not optimal either, but the area of low velocities in
the inner area of the bends are smaller. This is thought to be caused by
the sharp bends in the outlets and the subsequent secondary swirl flow.
When the distributor was throat optimized the pipe area of the sections
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in the main pipe were changed as seen in Table 5.1. The location of the
pipes making out the outlets to the nozzles were kept constant while the
diameter of the main pipe was increased. Hence, the transition between
the main pipe and the outlet pipes changed as is evident by comparing the
two figures below. The difference in the transition is believed to be one of
the possible causes of the non optimal flow in the outlets. The effect of the
change in transition is also evident in the increase in strength of the swirl at
the outlet to nozzle 1 seen in Figure 8.8(b) and 8.8(a) respectivly. A visual
check of the condition of the jet from nozzle 1 was performed during the
tests with only this nozzle open. There was no indication of a disturbance
in the jet

(a) (b)

Figure 9.5: Entrance to nozzle 1 outlet on the original (a) and throat
optimized (b) distributor

This change in transition is only present where the change in pipe area is
large, i.e. the inlet to nozzle 1 and 4. The time did not permit an elimination
of this phenomena and the subsequent simulations of the new models.

As noted in Chapter 6.1 the models made during this thesis included the
outtakes for the pressure measurement which were not included in the
original distributor. These may have a effect on the flow but this is not
likely due to their small size compared to the diameter.



Chapter 10

Conclusion and Further Work

The effects of the different changes done with regard to bucket pitch
angle and effective head are difficult to quantify. The losses through the
distributor is thought to affect the efficiency of turbine when using 4 and 5
nozzles. This is believed to be caused by the high losses between nozzle 3
and 4 in the distributor. The Hill diagrams for 1 and 2 nozzles indicate a
difference in the location of the best efficiency with regard to the rotational
speed. This may be an effect of the higher pitch angle and the change in
flow in the bucket and turbine housing it produces.

The results from the simulations done one the redesigned distributors during
this thesis include some unreliabilities due to differences in the models.
The results from the simulations gave a 66.67% reduction in head loss
for the throat optimized distributor. This result should only be used as
an indication but it shows that small changes in the original distributor
may give a large reduction in head loss. The remaining problem with
the original distributor is the sharp bends in the main pipe and at the
outlets to the nozzles. Which lead to a secondary swirl flow at the outlet
to the nozzles that will reduce the jet condition if they are significant.
The simulations showed an increase of the strength of these swirls in the
optimized distributor. This is believed to be partly due to the differences
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in the models.

The maximum efficiency of the turbine found in this thesis and in previous
tests correspond well within their uncertainty. The efficiency found is lower
than that of state of the art Pelton turbines. One of the reasons for this
is believed to be the losses in the distributor in addition to the unknown
effect of the higher pitch angle.

Future work:

• Conduct more test to achieve better resolution around the indicated
best point of operation in the complete Hill diagram.

• Establish a complete Hill diagram for the original design to quantify
the effect of the increased pitch angle.

• Test with only one nozzle opened for all the nozzles to investigate the
conditioning of the jets and effect of head loss.

• Optimize distributor further with the use of state of the art design with
short pipe sections and test the effect of the modeling differences.
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Appendix A

Instrumentation

A.1 Torque measurement

The torque teasurement were conducted with torque flange which consist
of a rotor and a stator that are not in contact with each other. The
rotor is placed between the turbine shaft and the generator shaft. The
rotor measures and delivers the torque from on shaft to the other while
it transmits the data wirelessly to the stator that surrounds it. The
transducer also has an integrated optical rotational speed measuring system,
see Appendix A.2 for more information. The torque cell is shown in Figure
A.1(a) and it was mounted as shown in Figure A.1(b)

A.2 Rotational Speed measurement

The HBM T10F Torque Flange’s optical rotational speed measuring system
consists of three main parts; a metallic slotted plate that rotates with the
shaft, an infrared light source and a photo detector. As the plate spins
the light from the light source shines through the slits in the plate so
that the photo detector receives the infrared light in pulses which again
produces a frequency signal. The principal of this method for rotational
speed measurement is illustrated in Figure A.2.
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(a) (b)

Figure A.1: The HBM T10F Torque Flange (a) and a picture of how it was
mounted on the test rig (b)
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Metallic slotted disk

Infrared light source 
and photo detector

Photo detector

Infrared light source

Figure A.2: Principal of optical rotational speed measuring
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A.3 Volumetric Flow measurement

The Krohne Aqualux F is shown in Figure A.3. The instrument gave out
a signal from 4− 10 mA which was converted to a 2 to 10 V signal by a
Krohne IFW 300 W signal converter. The signal converter which is shown
in Figure A.4 also functioned as a display and controller for the flow meter.
With the signal converter the range of the flow meter was set to 0 l/s to
150 l/s.
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Figure A.3: Krohne Aquaflux F Electromagnetic Flow Meter

Figure A.4: Krohne IFW 300 W Signal Converter
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Appendix B

Calibration

B.1 Torque Calibration

Weight-Weight number Claimed Weight Difference Actual Weight
2kg - 21 2 −0.836 g 1.999164 kg

2kg - 22 2 −0.222 g 1.999778 kg

2kg - 23 2 −0.221 g 1.999779 kg

2kg - 24 2 −2.488 g 1.997512 kg

5kg - 28 5 −1.78 g 4.99822 kg

5kg - 29 5 −0.91 g 4.99909 kg

5kg - 30 5 −0.71 g 4.99929 kg

5kg - 31 5 −0.02 g 4.99998 kg

5kg - 32 5 −1.4 g 4.9986 kg

2kg - 51 2 −0.825 g 1.999175 kg

2kg - 52 2 −1.008 g 1.998992 kg

2kg - 53 2 −0.561 g 1.999439 kg

2kg - 54 2 −0.222 g 1.999778 kg

2kg - 55 2 −0.103 g 1.999897 kg

2kg - 56 2 −0.745 g 1.999255 kg

2kg - 57 2 −0.416 g 1.999584 kg

2kg - 58 2 −0.202 g 1.999798 kg

2kg - 59 2 −1.055 g 1.998945 kg

Table B.1: Calibration of weight used in Torque cell calibration
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Pully

Torque Arm

Weight bed and weights

Figure B.1: Torque Calibration Setup

B.2 Calibration of the Volume Flow Meter

During the calibration of the volume flow meter the water was guided
into the weighing tank for a set time while the voltage signal from the
instrument were recorded. This was done for a number of flow rates to
obtain the calibration curve for the range of the volume flow meter. During
the calibration the water was flowing from the attic to obtain a constant
pressure from the free water surface and therefor a constant volume flow.
Volume flow was changed with the electronic valve in front of the weighing
tank.
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B.2.1 Substitution Calibration Procedure
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1 General  
 
This procedure describes how the weighing tank system is calibrated in the Waterpower Laboratory.  
 
 
1.1 Definitions and abbreviations 
 

W  Mass of weights     [kg] 
c  Amplifier reading     [kg] 
Δc  Difference in amplifier reading before  
  and after upload of calibrated weights  [kg] 
a0, a1, a2, a3, a4 Parameters in correction equation 

 
2 The system 
 
2.1 Description 
The Waterpower Laboratory makes use of a weighing tank system for calibration of flow meters. The 
weighing tank is resting on three load cells (type Hottinger RTNC) connected to an amplifier with 
display (type Hottinger MGC Plus AB22A) The water is guided into or outside the tank through a 
pneumatically driven guiding system. The weight displayed on the amlifier has to be corrected, and to 
find the correction equation, a substitution calibration is performed. A number of calibrated weights 
are used to find the slope in the range of the tank capacity, from which a calibration equation is found. 
The weights have been calibrated by Justervesenet (Norwegian Metrology Service). 
 
2.2 Equipment used in calibration 

• The laboratory piping- and pump system 
• Weighing tank system 

- Hottinger RTNC load cells (Reg.nr. 4331-5/6/7) 
- Hottinger MGC Plus AB22A amplifier (Reg.nr. 2755-9) 
- Capacity appr. 86 metric ton -> 73 m3 water plus weight of tank and calibrated 

weights. 
• Calibrated weights 

- 5126.075 kg (Calibration document: LS-Sertifikat for lodder og vekter ved VKL) 
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3 Calibration 
 
3.1 Preparations 
 

1. Set up the laboratory piping and pump system so that water is directed to the weighing tank 
system. It is preferred to use the free water surface reservoir. 

 
2. Make sure nothing disturbs the weighing tank or induces unwanted movements. Remove all 

shafts connected to the tank, and remove all objects not related to the tank. Inspect the tank pit 
with a flash light, to make sure it is free of water, and that no object is jammed between the 
tank and the pit wall.  

 
3. Prepare the laboratory crane for operation. 

 
 

3.2 Calibration 
 

1. Adjust the pump and valves so that the wanted flow is obtained.  
 

2. Record the time and the weight of the tank. 
 

3. Use the laboratory crane to put the calibrated weights on top of the tank, record the amplifier 
reading [c] and lift off the calibrated weights again.  
 

4. Set the time on the tilting screen controller computer to a time that gives approximately 5 ton 
per filling. Tilt the screen to start filling the tank. 
 

5. When the filling has stopped, let the tank stabilize and record the weight of the tank.  
 

6. Repeat steps 3, 4 and 5 until full tank capacity is reached.  
 

 
4 Computations 
 
The amplifier reading is not correct, and an equation has to be found in order to make sure the correct 
mass is used in flow calibrations. 
A function W = f(c) represents the connection between the amplifier reading [c] and the applied 
weight on the force transducers. This function is assumed to be a fifth order polynom. 

 
5 4 3 2

0 1 2 3 4( )
5 4 3 2
c c c cW f c a a a a a c= = ⋅ + ⋅ + ⋅ + ⋅ + ⋅     (1) 

 
The derivate of this function is found by subtracting the amplifier reading after upload from the 
amplifier reading before, and divide the weight of the calibrated weights by the product of the 
subtraction.  
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This relationship is found for every 5 tons in the whole range of the weighing tank and the data is put into a 
graph with f’(c) along the y axis and c along the x axis. A fourth order polynomial is found by interpolation 
through the recorded points, giving the parameters a0, a1, a2, a3 and a4. The final correction equation is found by 
integrating the fourth order polynomial.  
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5 Figures 
 

Sump

Weighing tank

Calibrated 
weights

Pneumatic guiding 
system 

The pipe setup used in calibration is marked in red.
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Figure 1: Lab-setup 
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6 References 

− Calibration document for weights at the Waterpower Laboratory issued by Justervesenet (LS-
Sertifikat for lodder og vekter ved VKL) 

− ISO 4185:1980 Measuring of liquid flow in closed conduits 
− Documentation for load cells (Doc IA 4331-5/6/7) 
− Documentation for measuring amplifier (Doc IA 2755-9) 

 



Calibrator: 10x500kg weights+hanging fixture/frame. Weight 5126.05 kg. Unit: Weighing tank load cells, reg. nr. 4331-5/6/7
Weight WL 5126.075 [kg]

Manual 
Observation

Manual 
Observation

Displayed load 
increase

Weight 
midpoint

Estimated 
correction 

factor
Time Weights off Weights on ΔW k Weight k Δk Δk

[kg] [kg] [kg] [ - ] [kg] [ - ] [ - ] [%]
12017.7 17148.4 5130.7 0.9991 14583.1 0.99935 0.00025 0.025
17406.2 22536.3 5130.1 0.9992 19971.3 0.99901 -0.00021 0.021
22758.3 27890.2 5131.9 0.9989 25324.3 0.99887 0.00000 0.000
28075.7 33207.5 5131.8 0.9989 30641.6 0.99886 -0.00002 0.002
33362.6 38493.7 5131.1 0.9990 35928.2 0.99894 -0.00008 0.008
38565.8 43697.6 5131.8 0.9989 41131.7 0.99905 0.00017 0.017
43732.3 48863.7 5131.4 0.9990 46298.0 0.99916 0.00020 0.020
48867.8 53998.8 5131 0.9990 51433.3 0.99926 0.00021 0.022
53943 59073.5 5130.5 0.9991 56508.3 0.99931 0.00017 0.017

58974.2 64103.5 5129.3 0.9994 61538.9 0.99932 -0.00005 0.005
63942.2 69072.5 5130.3 0.9992 66507.4 0.99930 0.00012 0.012
68867.6 73996.5 5128.9 0.9994 71432.1 0.99924 -0.00021 0.021
73764.8 78892.6 5127.8 0.9997 76328.7 0.99917 -0.00049 0.049
78595.8 83725.1 5129.3 0.9994 81160.5 0.99912 -0.00026 0.026

a1 5.02E-22 5 1.00E-22
a2 -1.16E-16 4 -2.91E-17
a3 9.28E-12 3 3.09E-12
a4 -2.90E-07 2 -1.45E-07
a5 1.00E+00 1 1.00E+00

Calibration constants

Difference in real k and estimated k

y = 5.0190340E-22x4 - 1.1632504E-16x3 + 9.2835674E-12x2 - 2.9048814E-07x + 1.0019522E+00 
R2 = 8.4531752E-01 

0.9984 

0.9986 

0.9988 

0.9990 

0.9992 

0.9994 

0.9996 

0.9998 

0 10,000 20,000 30,000 40,000 50,000 60,000 70,000 80,000 90,000 

k 
[ -

 ] 

Weight  [kg] 

Bjørn Solemslie/Lars Klemetsen 

04.02.10 
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Figure C.1: The throat optimized distributor
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Figure C.2: The throat optimized distributor with primitive guide vanes
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(a)

(b)

Figure C.3: The throat optimized distributor with the throat mimicking
that at nozzle 1 (a) and nozzle 4 (b)



Appendix D

Uncertainty Analysis

The error in a measurement is defined by the difference between the
measured value and the actual value of the physical property in question.
This error is generally not known, but it can be estimated by the use of
statistical methods discussed in Appendix D. From the statistical methods it
is possible to find a confidence interval where the actual value of the physical
property will lie within a certain probability. This probability is chosen, but
the industry uses 95% as the standard probability of the confidence interval.

In this report three types of errors will be considered

• Spurious errors

• Systematic errors

• Random errors

Spurious Errors may be caused by human error or failure in the
measuring instrument. These errors should usually be recognized when
measurements are analyzed and the whole series of measurements may
have to be disregarded. Sometimes these errors only occur in some of
the measurements and is observed as out of line with the rest of the
measurement series. These points are so called outliers and one can for
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example reject the ones that are out of line with the rest by more than two
or three standard deviations. A number of statistical methods for rejecting
such outlying measurements are available, but the one normally used is a
modified Thompson τ technique [14, Chapter 6.5]

Systematic Errors may have their origin in poorly calibrated instruments,
hysteresis or lack of linearity in the instrument. These phenomenas and
others are described in Appendix D.1. To find the systematic errors one
must analyze the processes leading to the measured value, including the
calibration method and the random errors during the calibration, among
others. If the error limits of the instrument is known from the producer
one may use the interval between them as the systematic uncertainty with
a confidence level of 95% [4, Chapter 3.9]. However, this uncertainty will
usually be much larger than the systematic error one would find through a
thorough calibration.

Random Errors are caused by small independent influences which
prevent the instrument from delivering the same output when measuring
the same value of the physical property. This is directly connected
to the repeatability of the instrument as discussed in Appendix D.2.
In addition, the random errors are dependent on the variations in the
system that the physical quantity is measured in. The deviation of the
measurement from the mean follows stochastic variability and therefore one
may assume that they approach a normal (gaussian) distribution when the
number of measurements increase [4, Chapter 3.9]. This indicates that the
random error will decrease with the number of measurements for a specific
measurement point when using their mean value during the experiment.
If the number of measurements were infinite the distribution could be
described by a Normal Distribution, but when the number of samples are
lower one may describe the distribution by a Student-t distribution [14,
Chapter 7.3]. This method of describing the distribution around the mean
takes into account the increase of the standard deviation when the number
of measurements decrease.
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The confidence interval around the mean of the measurements, X̄ is shown
in Equation (D.1)

X̄ ±
tα/2 ·SX√

N
(D.1)

where N is the number of samples and tα/2 for a t-value for the Student-t
distribution with the confidence level 1−α. The Student-t distribution will
approach a normal distribution when using the mean value of an increasing
number of measurements.

D.1 Systematic errors

As stated above systematic errors include the uncertainties from the
calibration and some specific uncertainties of the instrument. During a
calibration it is important to get enough measurement points along the
calibration curve to ensure that the different uncertainties of the instrument
are accounted for. The main sources of uncertainty for an instrument are

• Hysteresis

• Linearity

• Accuracy

• Zero offset

• Drift

Hysteresis is the phenomenon where the instrument give different output
for the same input value, load, when it prior to the measurement have been
exposed to a higher or lower load. Hysteresis can be taken into account when
calibrating by increasing the load to the maximum value and then decreasing
the load back to zero through the same input values. This phenomenon is
shown in Figure D.1.
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Figure D.1: Effect of hysteresis on instrument reading [14, Figure 2.5]

Linearity is an indicator of if the instruments ability to linearly change
the output with the input. Linearity can be taken into account while
calibrating by having enough measuring points so that a lack of linearity is
evident when when a linear approximation is produced. Figure D.2 shows
how this phenomenon may occur.

Zero offset is the phenomenon where the output of the instrument when
it is exposed no load is not equal to zero. The manufacturer‘s specifications
usually assume that the zero point has been adjusted properly, but may
also specify a maximum expected error called zero balance. The zero
offset of an instrument should be checked prior to the calibration or use
of the instrument as this can be used as an indication of instrument
malfunction. Figure D.2 shows how the zero offset affects the output curve
of an instrument.

D.2 Random errors

The random errors of a measurement mainly originate from the repeatability
of the instrument. This is the phenomenon where the instrument gives
different output for a constant input, the fluctuation of the output is cased
by small, independent variations within the instrument. However, a part of
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Calibration 
curve

Figure D.2: Example of nonlinearity and zero offset[14, Figure 2.6]

the random error is also caused by small, independent variations in external
properties such as temperature and atmospheric pressure.

Random errors may be described with a statistical distribution when the
number of measurements is large. When investigating the error in the
measurement of a single, constant physical property one may describe
the distribution of the measurements around the mean as a Student-t
distribution. This distribution becomes a normal distribution when the
number of measurement points increases towards infinity. The student-t
distribution is similar to the normal distribution in shape, but the ends are
spread more when the number of samples are low. Figure D.3(a) shows
how the distribution changes with the number of degrees of freedom, v,
increases. The number of degrees of freedom is N − 2, where N is the
number of measurements in the measurement point.

Graphs such as the ones shown in Figure D.3 are called Probability density
graphs and the area under an interval is the same as the probability of a
random variable being located in the interval. The confidence interval is
shown in Figure D.3(b) and the area, and therefor the probability, under
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(a)

z=0

Area α/2 Area α/2

Confidence Interval

(b)

Figure D.3: A Student-t distribution with different number of measurement
points (a) and a Normal distribution with confidence interval (b)

the graph outside the confidence interval is the same as α. The expression
for the confidence interval of the mean of a measurement with a 1 − α
confidence is shown in Equation (D.2).

P (X̄ − tα/2 ·
SX√
N
≤ µ ≤ X̄ + tα/2 ·

SX√
N

) = 1− α (D.2)

SX =

√√√√ 1

N − 1

N∑
i=1

(xi − X̄)2

D.3 Method for Finding Regression Errors

When a linear approximation is produced as a calibration curve it includes
an error due to the assumption that all the measurements should be on
the curve. The error originates from the variation of the measurements in
each measurement point as well as the spread of the measurement points
in vertical and horizontal direction. Some important indicators for the
variation around the regression line are listed below.
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SXX =
N∑
i=1

(xi − X̄)2

SY Y =

N∑
i=1

(yi − Ȳ )2

SXY =
N∑
i=1

(xi − X̄)(yi − Ȳ )

Sxx and Syy reflect the variation of x and y individually around the regrssion
line. Sxy reflect the combined variation of x and y around the regression
line. Equation (D.3) show the expression for the sum of squares of the
errors about the regression line and is denoted SSE. Equation (D.4) shows
an unbiased estimate of the variance of the regression line produced with
the SSE [13, Chapter 11.3 and 11.4].

SSE = Syy − bSxy (D.3)

s2 =
SSE

N − 2
(D.4)

The regression curve can be viewed as an estimate of the mean response,
Y0, of an input x0. The expression for the confidence interval of the mean
response of a given input around the regression line is shown in Equation
(D.5) [13, Chapter 1.6].

Ŷo − tα/2 · s

√
1

n
+

(x0 − X̄)2

Sxx
≤ µY |x0

≤ Ŷo + tα/2 · s

√
1

n
+

(x0 − X̄)2

Sxx
(D.5)

From Equation (D.5) it is evident that the statistical bounds around the
linear approximation is as shown below.
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fY |x0
= ±tα/2 · s

√
1

n
+

(x0 − X̄)2

Sxx
(D.6)

To produce the confidence interval along the whole linear approximation
one must calculate this uncertainty for each y-value with the corresponding
x-value.

D.4 Propagation of uncertainties

If a function, Y , is defined as a function of x1, x2, ..., xn independent
measured variables and each measured variable has a absolute deviation
from the actual physical properties ∆x1,∆x2, ...,∆xn. All the deviations
in the physical properties will result in a absolute deviation in the function
Y = Y ± ∆F so that the expression for the total value of Y as shown in
(D.7).

Y = Y ±∆Y = y(x1 ±∆x1, x2 ±∆x2, ..., xn ±∆xn) (D.7)

The expression for the total value of Y can be expanded as a Taylor
expansion as shown in Equation (D.8) where the contribution from the
terms of a higher order than one is neglected.

y(x1±∆x1, x2±∆x2, ..., xn±∆xn) = y(x1, x2, ..., xn)± δy

δx1
∆x1±

δy

δx2
∆x2±...±

δy

δxn
∆xn

(D.8)
The assumption that the contribution from the terms of a higher order than
one can be neglected can be checked by Equation (D.9)

(
δy

δxi

)
∆xi �

1

2

(
∂2y

∂x2
i

)
(∆xi)

2 ⇒
2
(
δy
δxi

)
(
δ2y
δx2
i

) � ∆xi (D.9)

Equation (D.10) is derived by combining Equations (D.7) and (D.8).



D.5. ERRORS IN THE CALIBRATION 113

Y ±∆Y = y(x1, x2, ..., xn)± δy

δx1
∆x1 ±

δy

δx2
∆x2 ± ...±

δy

δxn
∆xn (D.10)

Equation (D.11) is derived by subtracting Y = Y ± ∆Y from Equation
(D.10) and express the maximum absolute error in Y from the individual
errors in the measured variables.

|∆Y | =
∣∣∣∣ δyδx1

∆x1

∣∣∣∣+

∣∣∣∣ δyδx2
∆x2

∣∣∣∣+ ...+

∣∣∣∣ δyδxn∆xn

∣∣∣∣ (D.11)

Until now all the individual errors are assumed to change Y in the
same direction with maximum force. By treating the individual errors as
statistical bounds for the individual variables the probable total change in
Y caused by the individual errors can be expressed by the Root-sum-square
method as shown in Equation (D.12).

∆Y = ±

√(
δy

δx1
∆x1

)2

+

(
δy

δx2
∆x2

)2

+ ...+

(
δy

δxn
∆xn

)2

(D.12)

D.5 Errors in the Calibration

Here the errors in the calibration of the different instruments are described
in more detail.

D.5.1 Errors in the Calibration of the Volume Flow Meter

• fQ∆W
, the systematic uncertainty of the weight cells and their

calibration has been found to be ±0.05043% by Pål-Tore Storli in
[8].

• fQt , the systematic uncertainty of time measurements may be ignored
as the relative error is at most ±0.0005% for a period of 200 seconds.
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• fQdivider , the systematic uncertainty of the divider was found to be
±0.072611% at 50 l/s by Pål-Tore Storli in [8] and is assumed to be
a good estimate for other flow rates.

• fQρ , the systematic uncertainty in finding the density of water may
be assumed to be in the order of 0.01% by IEC [4].

The combination of the above listed uncertainties with the RSS-method
result in

fQa = ±
√

(fQ∆W
)2 + (fQt)

2 + (fQdivider)
2 + (fQρ)

2 = ±0.0889%

fQb , the random error in the weighing tank system may be divided into the
following:

• (fQ∆W
)r, the random uncertainty of the weight cells and their

calibration was found to be ±0.00072% by Pål-Tore Storli in [8].

• (fQdivider)r, the random error of the divider may be found using
the procedure in [4, 6.2.2.2 p.13]. Pål-Tore Storli found it to be
±0.050339% for 50 l/s in [8] and this was assumed to be valid for
the calibration done for these experiments.

• (fQρ)r, the random error in finding the density of water may be
neglected compared to the other uncertainties.

Combining the above listed uncertainties the total relative random uncertainty
in the weighing tank system is found to be

fQb = ±
√

(fQ∆Q
)2 + (fQdivider)

2 + (fQρ)
2 = ±0.0503%

fQc and fQd , the random and systematic uncertainties in the instrument
are included in the regression error fQregression .

fQe , physical phenomena and external influences for the calibration are
assumed to be negligible since the calibration and the tests are done under



D.6. ERRORS IN THE MEASUREMENTS 115

the same conditions. This is also due to the fact that the data sheet of the
volume flow meter states that the instrument is unaffected by the density,
viscosity, temperature and pressure of the fluid being measured.

fQf consist of uncertainties in calculating properties or using international
standard data, i.e such as the error in calculating ρwater from standard
formulas or finding g in tables. These errors are assumed to be negligible.

D.5.2 Errors in the Calibration of the Torque Transducer

• fτW , the systematic uncertainty in the weights used for the calibration
are taken into account by using the calibrated weight instead of the
claimed weight of the weights. The weight bed has an uncertainty of
±0.5 g which gives a relative uncertainty of fτW = 0.01%. Information
on weight and a picture of the calibration setup is found in Appendix
B.1.

• fτarm , the systematic uncertainty in the length of the arm. The length
was measured to 1.10515 m and the uncertainty of both the ruler
and the sliding gauge assumed to be 0.0001 m. By combining the
uncertainties one obtains fτarm = ±0.013%

• fτc and fτd , the systematic and random uncertainty in the instrument
are included in fτregression as for the volume flow meter and the
differential pressure transmitter. The maximum uncertainty in the
regression line was max(fτregression) = ±0.830566% for a torque of
51.9 Nm.

D.6 Errors in the measurements

In this chapter the errors in the measurements of the different physical
quantities are presented.
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D.6.1 Errors in the Volume Flow Measurements

• max(fQcal) = ±0.102%

• fQh is caused by drifting of the output signal over time. This can be
reduced by calibrating often, or check the calibration after tests. Due
to little time and the work required to check the calibration this was
not done. It is still assumed to be negligible based on historical data
for calibration of similar volume flow meters These indicate that this
type of volume flow meter is not prudent to have significant drifting.

• fQj is the same type of uncertainty as fpf described in Chapter 7.3
and can be ignored.

• fQks and fQr are the same as fpe described in Chapter 7.3. These
uncertainties may be ignored if the conditions during the test were
the same as during the calibration.

• max(fQl) = ±0.1345%

D.6.2 Errors in the Temperature Measurements

• max(fτcal) = ±0.8307%

• fτh is caused by drifting of the output signal over time. This can be
reduced by calibrating often, or check the calibration after tests. Due
to lack of time and the test rig being dismantled shortly after the tests
were completed this was not done. The uncertainty is still assumed to
be negligible based on the lack of drift between the calibration done
in this thesis and that done in [12].

• fτj is the same type of uncertainty as fpf described in Chapter 7.3
and can be ignored.

• fτks and fτr are the same as fpe described in Chapter 7.3. These
uncertainties may be ignored if the conditions during the test were
the same as during the calibration.
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• max(fτl) = ±2.97 · 10−5%

D.6.3 Errors in the Torque Measurements

• max(fTcal) = ±0.01%

• fTh is caused by drifting of the output signal over time. This can be
reduced by calibrating often, or check the calibration after tests. Due
to the fact that the calibration from the manufacturer was assumed
to be correct this uncertainty is ignored.

• fTj is the same type of uncertainty as fpf described in Chapter 7.3
and can be ignored.

• fTks and fTr are the same as fpe described in Chapter 7.3. These
uncertainties may be ignored if the conditions during the test were
the same as during the calibration.

• max(fTl) = ±6.8 · 10−5%
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Appendix E

Frequency and Nozzle House
Failure

E.1 Frequency Converter Failure

After some test series were conducted one experienced a failure in the
frequency converter with unknown cause. After a technician changed some
of the power electronic circuits the frequency converter was assumed to be
functioning again. This assumption was disproved during the first start
up when the fuse for the control voltage in the frequency converter blew
and lead to a shut down. This caused the generator to drop and resulted
in the turbines going towards runaway speed. The emergency shutdown
button was activated quickly after the generator dropped and no damage
was made to the generator. The technician returned and replaced the blown
fuses and the frequency converter functioned without errors for the rest of
the experiments. This failure led to a total total of 5 days of down time.

E.2 Nozzle Housing Failure and Repair

Several weeks after the frequency converter failed, one of the nozzles failed
from what is believed to be fatigue. This affected the threads for the screws

119
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holding a metal ring on the front of the nozzle that may be seen in Figure
E.1. The fatigue failure was believed to have been caused by vibrations
in the piping system originating from the pump as a reaction to the low
flow rate at low nozzle openings. It is believed that nozzle 3 was the first
nozzle to fail and that the ring was blown through the buckets of the turbine,
hitting nozzle 5 and causing the same failure to happen there. The ring from
nozzle 5 followed a similar path through the buckets, hitting nozzle 1 but not
causing the same failure. As the ring is the cover for the nozzle opening and
both the failed nozzles were closed, the volume flow increased severely. This
again lead to the torque on the generator increasing significantly over a very
short period of time. After the system was shut down it was found that the
generator had not suffered any damages from the increased torque. Since the
rings destroyed some of the buckets on the turbine it became unbalanced,
this did not cause any damages on the generator, shaft or bearings. This
concluded after measuring the shaft on the turbine side for eccentricity.

As shown in Figure E.1 the holes for the screws holding the ring in place
were destroyed during this failure and repairs were needed on all the nozzles
since it was assumed that the same failure could happen to the remaining
3 nozzles. All the nozzles and the turbine were taken off the distributor
to be repaired. The number off screws holding the rings in place on the
nozzles were doubled to better secure the ring as shown on Figure E.2. The
thread in the screw holes on the nozzles that failed were nearly completely
removed so all the holes were rethreaded. The rethreading was done with
a thread profile with bigger diameter and deeper threads to increase the
contact area of the screw. Adhesives were used on both the thread and on
the contact surface between nozzle housing and ring, Figure E.2(b) shows
a nozzle housing before and after the repair. The failure led to a total of 3
weeks of down time.
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(a)

(b)

Figure E.1: Nozzle 3 (a) and nozzle 5 (b) after the failure
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(a) (b)

Figure E.2: The front of the nozzle housing before (a) and after (b) the
improvements

Figure E.3: The ring before and after the improvements



E.2. NOZZLE HOUSING FAILURE AND REPAIR 123

Figure E.4: The 4 buckets that were broken off the turbine by the rings

Figure E.5: The turbine in place in the turbine housing after the failure



124 APPENDIX E. FREQUENCY AND NOZZLE HOUSE FAILURE

Figure E.6: The turbine after it was taken out
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Results

F.1 Experimental results
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Figure F.1: Full Hill diagram with measurement points indicated
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Figure F.2: Hill diagram for 3 nozzle
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Figure F.3: Hill diagram for 4 nozzles
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Figure F.4: Hill diagram for 5 nozzles
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F.2 Simulation results

(a) Total pressure contour

(b) Velocity contour

Figure F.5: Total pressure (a) and velocity (b) contours on the throat
optimized distributor with primitive guide vanes
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(a) Total pressure contour

(b) Velocity contour

Figure F.6: Total pressure (a) and velocity (b) contours on the throat
optimized distributor with the throat mimicking that at nozzle 1.
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(a) Total pressure contour

(b) Velocity contour

Figure F.7: Total pressure (a) and velocity (b) contours on the throat
optimized distributor with the throat mimicking that at nozzle 4.
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G.1 Matlab Code for Importing Data

%%−−−−−−−−−−−−−−−−−−−− Importing data from a output file −−−−−−−−−−−−−−−−−−−−−−−−−−−−%
%

[pathname] = uigetdir('Choose folder with data'); % Input of Folder %
dyse=input('How many nozzles? \n'); % Input numer of nozzles %
aapning=input('Opening? \n'); % Input nozzle opening %
f=3000; % Logging frequency %
s=3000; % Number of samples %

%
%%−−−−− Discriminates between the first 3 series due to short n_11 span −−−−−−−−−−−−−%
if dyse==1 && aapning≤60 %

L1=5; %
L2=15; %
k=4; %

else %
L1=1; %
L2=17; %
k=0; %

end %
%%−−−− Discriminates for series where Q is measured in l/s and m^3/s −−−−−−−−−−−−−−−−%
if dyse==1 && aapning≤80 %

QL=1000; %
elseif dyse==1 && aapning==80 %

QL=1; %
else %

QL=1000 %
end %
%% −−−−−−−−−−−−−−−−−−−Loop through all measurement points −−−−−−−−−−−−−−−−−−−−−−−−−−−%
for v=L1:L2 %
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a1=strcat(pathname,'/',num2str(v−k),'_raa.txt'); %
a2=strcat(pathname,'/',num2str(v−k),'_gjn.txt'); %

temp2=txt2mat(char(a1)); % Reads raw data file %
temp3=txt2mat(char(a2)); % Reads mean data file %
o=1; % Defines position %
[l,b]=size(temp2); % Finds size of file %
L=ceil(l/8); % Finds number of values %
r=dyse; %
q=aapning/20; %
data.L(r,q,v)=L; % Saves number of values %

%% −−−−−−−−−−−−− Loop through all values in measuremnt point −−−−−−−−−−−−−−−−−−−−−−−−%
for w=1:L %

raa.dp(r,q,v,(1+(w−1)*s):... %
(s+(w−1)*s))=temp2(o,1:s); % Saves raw dp data %

%
raa.Q(r,q,v,(1+(w−1)*s):... %
(s+(w−1)*s))=temp2(1+o,1:s)*QL; % Saves raw Q data %

%
raa.n(r,q,v,(1+(w−1)*s):... %
(s+(w−1)*s))=temp2(2+o,1:s); % Saves raw n data %

%
raa.M(r,q,v,(1+(w−1)*s):... %
(s+(w−1)*s))=temp2(3+o,1:s); % Saves raw Torque data %

%
raa.T(r,q,v,(1+(w−1)*s):... %
(s+(w−1)*s))=temp2(4+o,1:s); % Saves raw T data %

%
raa.p_a(r,q,v,(1+(w−1)*s):... %
(s+(w−1)*s))=temp2(5+o,1:s); % Saves raw p_a data %

%
o=o+8; % Moves raw position %

end %
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%% −−−−−−−−−−−−−−−−−−−−−− Calculates mean of raw data −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
data.dp.gjn(r,q,v)=mean(temp3(:,1)); % Finds and saves mean dp %
data.Q.gjn(r,q,v)=mean(temp3(:,2)); % Finds and saves mean Q %
data.n.gjn(r,q,v)=mean(temp3(:,3)); % Finds and saves mean n %
data.M.gjn(r,q,v)=mean(temp3(:,4)); % Finds and saves mean Torque %
data.T.gjn(r,q,v)=mean(temp3(:,5)); % Finds and saves mean T %
data.p_a.gjn(r,q,v)=mean(temp3(:,6)); % Finds and saves mean p_a %
data.H.gjn(r,q,v)=mean(temp3(:,7)); % Finds and saves mean H %
data.He.gjn(r,q,v)=mean(temp3(:,8)); % Finds and saves mean He %
data.etta.gjn(r,q,v)=mean(temp3(:,9)); % Finds and saves mean etta %
data.rho.gjn(r,q,v)=mean(temp3(:,10)); % Finds and saves mean rho %
data.q11.gjn(r,q,v)=mean(temp3(:,11))*QL; % Finds and saves mean q_11 %
data.n11.gjn(r,q,v)=mean(temp3(:,12)); % Finds and saves mean n_11 %
data.N.gjn(r,q,v)=mean(temp3(:,13)); % Finds and saves mean N %
data.P.gjn(r,q,v)=mean(temp3(:,14)); % Finds and saves mean P %
%%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
%% −−−−−−−−−− Adds NaN to points without measurements from small n_11 span −−−−−−−−−−%
if L1==5 %

data.dp.gjn(r,q,1:4)=NaN; data.dp.gjn(r,q,16:17)=NaN; %
data.Q.gjn(r,q,1:4)=NaN;data.Q.gjn(r,q,16:17)=NaN; %
data.n.gjn(r,q,1:4)=NaN;data.n.gjn(r,q,16:17)=NaN; %
data.M.gjn(r,q,1:4)=NaN;data.M.gjn(r,q,16:17)=NaN; %
data.T.gjn(r,q,1:4)=NaN;data.T.gjn(r,q,16:17)=NaN; %
data.p_a.gjn(r,q,1:4)=NaN;data.p_a.gjn(r,q,16:17)=NaN; %
data.H.gjn(r,q,1:4)=NaN;data.H.gjn(r,q,16:17)=NaN; %
data.He.gjn(r,q,1:4)=NaN;data.He.gjn(r,q,16:17)=NaN; %
data.etta.gjn(r,q,1:4)=NaN;data.etta.gjn(r,q,16:17)=NaN; %
data.rho.gjn(r,q,1:4)=NaN;data.rho.gjn(r,q,16:17)=NaN; %
data.q11.gjn(r,q,1:4)=NaN;data.q11.gjn(r,q,16:17)=NaN; %
data.n11.gjn(r,q,1:4)=NaN;data.n11.gjn(r,q,16:17)=NaN; %
data.N.gjn(r,q,1:4)=NaN;data.N.gjn(r,q,16:17)=NaN; %
data.P.gjn(r,q,1:4)=NaN;data.P.gjn(r,q,16:17)=NaN; %
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end %
%%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
[X,S,e]=tilf_err(r,q,v,data,raa); % Finds random uncertainty %
a1=[{'dp'},{'Q'},{'n'},{'M'},{'T'},{'p_a'}]; % Name vector for uncertainty %
%%−−−−−−−−−−−−−−−− Loop to save calculated random uncertainty −−−−−−−−−−−−−−−−−−−−−−−%
for i=1:6 %

eval(char(strcat('data.',a1(i),... %
'.err.X(r,q,v)=X(i);'))) % Stores dp uncertainty %

%
eval(char(strcat('data.',a1(i),... %
'.err.S(r,q,v)=S(i);'))) % Stores dp uncertainty %

%
eval(char(strcat('data.',a1(i),... %
'.err.e_t(r,q,v)=e(i);'))) % Stores dp uncertainty %

%
eval(char(strcat('data.',a1(i),... %
'.err.f_t(r,q,v)=e(i)/data.',... %
a1(i),'.gjn(r,q,v);'))) % Stores dp uncertainty %

end %
%%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

%
end %
%%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
clear o temp serie fil filename... %

pathname l v w a1 a2 temp2... %
temp3 s serie L l2 f b2 b... %
p_atm LE aapning dyse q r... %
raa X S e i L1 L2 QL % Clears temporary data %

% −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
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G.2 Matlab Code for Creating Hill-Diagram

%%−−−−−−−−−−−−−−−−−− SCRIPT FOR MAKEING HILL−DIAGRAM −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
L={1:5 6:10 11:14}; % POSITIONS FOR DIFFERENT OPENINGS %
%% −−−−−−−−−−− SURFACE FITTING HILL FOR DIFFERENT NOZZLE OPENINGS −−−−−−−−−−−−−−−−−−−%
for i=1:ceil(length(data.q11_1(:,1))/5) % VARYING OPENING FOR 1 TO 5 NOZZLES %

Q=[max(ceil(data.q11_1(L{i}(1),:)*10)\10)...%| %
mean(data.q11_1(L{i}(2:... %|ROUNDS VOLUME FLOW %
length(L{i})−1),:)')min... %|FOR SPECIFIC NOZZLE CONF. %
(floor(data.q11_1(L{i}... %| %
(length(L{i})),:)*10)/10)]; %| %

q_min=min(Q); % FINDS MINIMUM Q_11 %
q_max=max(Q); % FINDS MAXIMUM Q_11 %
q11=min(Q):0.1:max(Q); % Q_11 SPAN WITH HIGHER RESOLUTION %
n11=37.1:0.1:45; % N_11 SPAN WITH NORMAL RESOLUTION %

%
temp1=interp2(mean(data.q11_1(L{i},... %

:)')',mean(data.n11_1(L{i},... %|SURFACE FITS THE HILL DIAGRAM %
:))data.etta_1(L{i},:)',... %|FOR THE %
q11,n11','cubic',0); %|NOZZLE CONFIGURATION %

%
data.surf{i}.n11=n11'; % STORES THE N_11 SPAN %
data.surf{i}.q11=q11; % STORES THE Q_11 SPAN %
data.surf{i}.etta=temp1; % STORES THE FITTED EFFICIENCY %
data.surf{i}.q_min=q_min; % STORES MINIMUM Q_11 %
data.surf{i}.q_max=q_max; % STORES MAXIMUM Q_11 %

end %
%
%

clear n11 q11 q_min q_max temp1 Q L % CLEAR TEMPORARY VARIABLES %
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%% −−−−−−−−−−−−−−− FILTERS FOR BEST EFFICIENCY AT ALL Q_11 −−−−−−−−−−−−−−−−−−−−−−−−−−%
pos(1:3)=1; % SETS THE POSITION IN ALL FITS = 1 %
v=1; % SETS COUNTER = 1 %
L=data.surf{1}.q_min:0.1:data.surf{3}.q_max; % HIGH RESOLUTION Q_11 VECTOR %
S1=data.surf{1}; % IMPORTS SURFACE FIT FOR 1 NOZZLE %
S2=data.surf{2}; % IMPORTS SURFACE FIT FOR 2 NOZZLE %
S3=data.surf{3}; % IMPORTS SURFACE FIT FOR 3 NOZZLE %
data.hill.n11=S1.n11(:,1); % SETS N_11 SPAN FOR COMPLETE HILL %
n11=data.hill.n11; % STORES TEMPORARY N_11 VECTOR %
for i=1:count(L,'>0') % LOOP THROUGH ALL Q_11 POINTS %

data.hill.q11(1,i)=L(i); %
for j=1:length(n11) % LOOP THROUGH ALL N_11 POINTS %

%%−−−−−−−−−−−−−−−−−−−−− IF Q_11 IS ONLY FOR 1 NOZZLE −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
if v<count(L,strcat('<',num2str... %

(data.surf{2}.q_min)))... %
data.hill.etta(j,v)=... %
S1.etta(j,pos(1)); % SETS EFFICIENCY IN COMPLETE HILL %

if j==length(n11) % IF THE Q_11 POINT IS FINISHED %
pos(1)=pos(1)+1; % MOVES POSITION IN NOZZLE 1 SURFACE %

end %
%%−−−−−−−−−−−−−−−−−−−−− IF Q_11 IS FOR 1 OR 2 NOZZLE −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

elseif v≥count(L,strcat('<',num2str(S2.q_min))) &&... %
v<count(L,strcat('<',num2str(S3.q_min))) %

if S2.etta(j,pos(2))>... %| %
S1.etta(j,pos(1)) %|IF 2 NOZZLES ARE BETTER THEN 1 %

%
data.hill.etta(j,v)=... %| %
S2.etta(j,pos(2)); %|SETS EFFICIENCY IN COMPLETER HILL %

%
else % IF 1 NOZZLE IS BETTER THEN 2 %

%
data.hill.etta(j,v)=... %| %



140
A

P
P

E
N

D
IX

G
.

M
A

T
LA

B
C

O
D

E
S1.etta(j,pos(1)); %|SETS EFFICIENCY IN COMPLETER HILL %

end %
if j==length(n11) % IF THE Q_11 POINT IS FINISHED %

pos(1)=pos(1)+1; % MOVES POSITION IN NOZZLE SURFACE 1 %
pos(2)=pos(2)+1; % MOVES POSITION IN NOZZLE SURFACE 2 %

end %
%%−−−−−−−−−−−−−−−−−−−−− IF Q_11 IS FOR 1, 2 OR 3 NOZZLE −−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

elseif v≥count(L,strcat('<',num2str(S3.q_min))) &&... %
v≤count(L,strcat('≤',num2str(S1.q_max))) &&... %
v≤count(L,strcat('≤',num2str(S2.q_max))) %

etta_m=S1.etta(j,pos(1)); % SETS NOZZLE 1 AS REFERENCE %
%

if S2.etta(j,pos(2))>etta_m % IF 2 NOZZLES ARE BETTER %
%

data.hill.etta(j,v)=... %| %
S2.etta(j,pos(2)); %|SETS EFFICIENCY OF COMPLETE HILL %

%
elseif S3.etta(j,pos(3))>etta_m % IF 3 NOZZLES ARE BETTER %

%
data.hill.etta(j,v)=... %| %
S3.etta(j,pos(3)); %|SETS EFFICIENCY OF COMPLETE HILL %

else % IF 1 NOZZLES ARE BETTER %
%

data.hill.etta(j,v)=... %| %
S1.etta(j,pos(1)); %|SETS EFFICIENCY IN COMPLETER HILL %

end %
if j==length(n11) % IF THE Q_11 POINT IS FINISHED %

pos(1)=pos(1)+1; % MOVES POSITION IN NOZZLE SURFACE 1 %
pos(2)=pos(2)+1; % MOVES POSITION IN NOZZLE SURFACE 2 %
pos(3)=pos(3)+1; % MOVES POSITION IN NOZZLE SURFACE 3 %

end %
%%−−−−−−−−−−−−−−−−−−−−− IF Q_11 IS FOR 2 OR 3 NOZZLE −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
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elseif v>count(L,strcat('<',num2str(S1.q_max))) &&... %
v<count(L,strcat('≤',num2str(S2.q_max))) %

etta_m=S2.etta(j,pos(2)); % SETS NOZZLE 2 AS REFERENCE %
if S3.etta(j,pos(3))>etta_m % IF 3 NOZZLES ARE BETTER %

%
data.hill.etta(j,v)=... %| %
S3.etta(j,pos(3)); %|SETS EFFICIENCY OF COMPLETE HILL %

%
else % IF 1 NOZZLES ARE BETTER %

%
data.hill.etta(j,v)=... %| %
S2.etta(j,pos(2)); %|SETS EFFICIENCY IN COMPLETER HILL %

end %
if j==length(n11) % IF THE Q_11 POINT IS FINISHED %

pos(2)=pos(2)+1; % MOVES POSITION IN NOZZLE SURFACE 2 %
pos(3)=pos(3)+1; % MOVES POSITION IN NOZZLE SURFACE 3 %

end %
%

%%−−−−−−−−−−−−−−−−−−−−− IF Q_11 IS FOR 3 OR 4 NOZZLE −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%
elseif v>count(L,strcat('<',num2str(S2.q_max))) &&... %

v<count(L,strcat('<',num2str(S3.q_max))) %
data.hill.etta(j,v)=S3.etta(j,pos(3)); % SETS EFFICIENCY IN COMPLETE HILL %
if j==length(n11) % IF THE Q_11 POINT IS FINISHED %

pos(3)=pos(3)+1; % MOVES POSITION IN NOZZLE SURFACE 3 %
end %

end %
%%−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%

end %
v=v+1; % MOVES COUNTER %

end %
clear v pos i etta_m S1 S2 S3 N11 Q11 Q_t L % CLEARS TEMPORARY VARIABLES %
%% −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−%



142 APPENDIX G. MATLAB CODE



Appendix H

Calibration Certificates

H.1 GE Druck P3223-1
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H.2 SeaBird SBE 38
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H.3 Weight used during the calibration of the
torque transducer
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