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Abstract

Concentrating Solar Power (CSP) enables renewable energy with thermal storage and
high grid stability. Parabolic Trough Collectors (PTCs) are an established technol-
ogy in commercial solar power plants. A critical component of these systems are the
�exible pipe connectors, which connect the solar �eld with the absorber tubes of the
collectors and are exposed to high mechanical loads due to daily tracking movements
and thermal expansion. Due to their function, these components are referred to as
Rotation and Expansion Performing Assemblies (REPAs). REPAs are dynamic seal
systems subject to wear, making their long-term durability a key reliability concern.
A failure of these components can lead to leaks, potentially causing �res and un-
planned power plant shutdowns.

This study investigates the long-term behavior of REPAs through accelerated lifespan
testing and force analyses to understand how stresses evolve and enable predictive
maintenance. The two main types of REPAs, Rotary Flex Hose Assemblies (RFHA)
and Ball Joint Assemblies (BJA), are tested on a specially developed test rig. A
full daily tracking cycle is simulated in 2.5 minutes, resulting in 10,000 cycles over
one month, equivalent to a 30-year operational lifetime. The tests are conducted un-
der realistic conditions, with a heat transfer �uid (HTF) at 393 °C and 34 bar pressure.

In the RFHA test campaign, 24,240 cycles were carried out until the test was termi-
nated due to a leak. The analysis reveals that the forces on RFHAs remain stable
throughout the lifecycle, but 1,000 cycles before a critical leak show early increases in
forces and torques, with 150 cycles before the failure, signi�cant force spikes can be
observed. These �ndings enable the development of a condition monitoring system
where force measurements and vibration analyses for both REPA types and optical
angle monitoring, especially for BJAs, could serve as cost-e�ective monitoring meth-
ods. Only the �rst test series has been completed in the BJA test campaign, with
2,700 cycles performed. As no leaks or failures have occurred, no de�nitive conclusions
regarding predictive maintenance can be drawn; however, load behavior similarities
suggest that early failure indicators may emerge. In ongoing testing, these sensor
approaches will be further investigated to develop a reliable and practical early fault
detection strategy.

Kurzdarstellung

Konzentrierende Solarenergie ermöglicht die Nutzung erneuerbarer Energie mit ther-
mischer Speicherung und hoher Netzstabilität. Besonders Parabolrinnen Kollektoren
sind eine etablierte Technologie, die in kommerziellen Solarkraftwerken eingesetzt
wird. Ein kritisches Bauteil dieser Anlagen sind �exible Rohrverbindungen, die das
Verbindungsstück zwischen Solarfeld und den Absorberrohren darstellen und auf-
grund der täglichen Nachführbewegungen sowie thermischer Ausdehnung hohen mech-
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anischen Belastungen ausgesetzt sind. Aufgrund ihrer Funktion werden diese Kom-
ponenten als Rotation and Expansion Performing Assemblies (REPAs) bezeichnet.
REPAs sind Gleitdichtungssysteme, die einem Verschleiÿ unterliegen, wodurch ihre
langfristige Haltbarkeit von groÿer Bedeutung ist. Ein Versagen dieser Komponenten
kann zu Leckagen führen, die Brände verursachen und ungeplante Kraftwerksstill-
stände zur Folge haben können.

Diese Arbeit untersucht das Langzeitverhalten von REPAs durch beschleunigte Lebens-
dauertests und Kraftanalysen, um Belastungsveränderungen zu erfassen und eine Pre-
dictive Maintenance zu ermöglichen. Auf einem eigens entwickelten Teststand werden
die beiden Hauptbauarten der REPAs, Rotary Flex Hose Assemblies (RFHA) und
Ball Joint Assemblies (BJA) untersucht. Ein vollständiger Tageszyklus der Nach-
führung wird in 2,5 Minuten simuliert, sodass innerhalb eines Monats 10.000 Zyklen,
entsprechend einer Betriebsdauer von 30 Jahren, durchgeführt werden. Die Tests er-
folgen unter realistischen Bedingungen mit einem Wärmeträger�uid bei 393 °C und
34 bar.

In der RFHA-Testkampagne wurden 24.240 Zyklen durchgeführt, bis der Test auf-
grund einer Leckage abgebrochen wurde. Die Analyse zeigt, dass die Kräfte auf die
RFHAs über den Lebenszyklus hinweg stabil bleiben. Bereits 1.000 Zyklen vor einer
kritischen Leckage steigen Kräfte und Momente leicht an. In den letzten 150 Zyklen
vor dem Versagen treten deutliche Kraftspitzen auf. Diese Erkenntnisse ermöglichen
die Entwicklung eines Condition-Monitoring-Systems, bei dem Kraftmessungen und
Schwingungsanalysen für beide REPA-Typen sowie eine optischeWinkelüberwachung,
insbesondere bei BJAs, als kostengünstige Überwachungsmethoden dienen könnten.
In der BJA-Testkampagne wurde bisher nur die erste Testreihe mit 2.700 Zyklen
abgeschlossen. Es sind noch keine Leckagen oder Ausfälle aufgetreten. Daher sind
derzeit keine klaren Aussagen zum Predictive Maintenance möglich. Ähnliche Muster
im Lastverhalten deuten darauf hin, dass frühe Ausfallindikatoren erkannt werden
könnten. In laufenden Tests werden diese Sensoransätze weiter untersucht, um eine
zuverlässige und praxisnahe Strategie zur frühzeitigen Fehlererkennung zu entwickeln.
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Nomenclature

Acronyms and Abbreviations

BJA Ball Joint Assembly Flexible pipe connection
allowing rotation and thermal
expansion

CIEMAT Centro de Investigaciones
Energéticas, Medioambientales
y Tecnológicas

Spanish research institution for
energy and environment

CSP Concentrating Solar Power Technology using mirrors or
lenses to concentrate solar
energy for thermal power
generation

DLR Deutsches Zentrum für Luft-
und Raumfahrt e. V.

German Aerospace Center

DNI Direct Normal Irradiation Solar radiation received per
unit area by a surface
perpendicular to the sun's rays

DP-DPO Diphenyl-Diphenyl Oxides Heat transfer �uid used in CSP
plants

GUI Graphical User Interface

HCE Heat Collecting Element Absorber tube in the focal line
of a parabolic trough

HTF Heat Transfer Fluid Fluid used to transport thermal
energy within a solar thermal
system

LCOE Levelized Cost of Energy Average total cost of building
and operating a power plant
per unit of electricity generated

LEF Lower East Force Force measured at the east side
lower support

LEM Lower East Torque Torque measured at the east
side lower support
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LR Linear Regression

LWF Lower West Force Force measured at the west side
lower support

LWM Lower West Torque Torque measured at the west
side lower support

OPC Open Platform
Communications

PLC Programmable Logic Controller

PSA Plataforma Solar de Almería Solar research center in
southern Spain

PTC Parabolic Trough Collector Solar concentrator using
parabolic mirrors

REPA Rotation and Expansion
Performing Assembly

Flexible connection between
absorber tube and solar �eld
piping

RFHA Rotary Flex Hose Assembly Flexible pipe connection
allowing rotation and thermal
expansion

SCA Solar Collector Assembly Trough collector of typically
150m length

SCADA Supervisory Control and Data
Acquisition

SCE Solar Collector Element Collector module, smallest
repeating unit of a parabolic
trough collector

Greek Symbols

αr Sunrise angle rotational position °

αs Sunset angle rotational position °

αcold Cold angle translational position °

αend End angle rotational position °

αhot Hot angle translational position °

αstow Stow angle rotational position °

η Viscosity mPa · s
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µ Hysteresis

ρ Density kg/m3

σ Stefan�Boltzmann constant 5.67 · 10−8W/m2K4

Roman Symbols

q̇′′S Radiated power per area W/m2

AC Collector area m2

AR Receiver area m2

brg Relative repeatability error % FS

cp Speci�c heat capacity J/kg ·K

dcr Relative creep % FS

dlin Relative linearity error % FS

F Force N

Fdyn Dynamometer/load cell force N

FNom Nominal laod cell force N

I0 Solar constant 1361W/m2

S Characteristic load cell value mV/V

SN Characteristic nominal load cell value mV/V

S0 Zero signal (unmounted) mV/V

SF0 Zero signal when mounted mV/V

TK0 Temperature e�ect on zero signal % FS/K

TKC Temperature e�ect on calibration constant % RD/K

U Voltage V

UA Measuring range end value V

UD Wheaton bridge voltage V

ue Load cell input sensitivity mV/V

US Load cell ampli�er supply voltage V
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us Load cell output signal mV/V

C Concentration factor

g Local acceleration of free fall 9.81m/s2

K Decoupling matrix

k Load cell scaling factor V/N

LCOE Levelized Cost of Energy $/kWh

M Torque Nm

m Mass kg

T Temperature °C or K
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1. Introduction

Climate change is one of the greatest challenges of our time. A key approach to limit-

ing the rise in global temperatures is to switch to renewable energies. The Paris Agree-

ment of the COP21 climate conference sets the goal of signi�cantly reducing global

greenhouse gas emissions to keep global warming below 2 °C above pre-industrial lev-

els and, if possible, to limit it to 1.5 °C [1]. Concentrated solar power (CSP) is a

promising technology in this area. CSP power plants use concentrated solar radia-

tion to generate heat, which can be stored in thermal storage facilities and used to

generate electricity when required. Parabolic trough collectors (PTCs), in particular,

are widely used, as they are a proven technology and o�er dispatchability through

thermal storage and, thus, high grid stability. [2]

The German Aerospace Center (DLR) is conducting research in various aspects of

CSP technology in collaboration with the Spanish research center Centro de Investi-

gaciones Energéticas, Medioambientales y Tecnológicas (CIEMAT) at the Plataforma

Solar de Almería (PSA) in Spain. The PSA is one of the world's leading research facil-

ities for concentrated solar power and o�ers extensive testing facilities for components

and systems in the �eld of solar thermal energy. Key research areas at the PSA in-

clude optimizing heat storage systems, developing new collector technologies, and

investigating material resistance under extreme operating conditions. [3]

This thesis investigates the durability and failure mechanisms of �exible pipe con-

nections in parabolic trough power plants. These components, known as Rotation

and Expansion Performing Assemblies (REPAs), connect the �xed piping system of

the solar �eld with the absorber tubes of the parabolic trough collectors. REPAs are

exposed to high temperatures, high pressures, repeated movements, mechanical loads,

and concentrated solar radiation. Failures and ruptures in these �exible pipe connec-

tors can have severe consequences, such as leakage and �re of hot heat transfer �uid,

making their reliability a critical factor in CSP power plant operation. To address

these challenges, continuous condition monitoring of REPAs is essential for transi-
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tioning from reactive maintenance strategies to predictive maintenance approaches,

which can signi�cantly reduce operation and maintenance costs.

To study the loads and long-term behavior of the REPAs, accelerated lifespan tests

are conducted using the REPA test rig at the PSA. These tests simulate real operat-

ing conditions, including nominal �eld parameters of 393 °C, 34 bar, thermal oil �ow,

thermal expansion, and tracking movements, to evaluate the durability and perfor-

mance of the components over time. Load cells are installed under the REPAs to

measure forces and torques in three directions during normal operation and failure

events. As part of this work, di�erent types of REPA are examined by carrying out

a detailed force analysis of the tests performed. The knowledge gained can serve as

a basis for future condition monitoring systems and support the development of pre-

dictive maintenance strategies. This would extend the service life of REPAs, increase

their reliability, and reduce the operating costs of CSP power plants.

This work is part of the REPA project, co-funded by the German Federal Ministry for

Economic A�airs and Energy (funding reference 03EE5141A). The author gratefully

acknowledges this support. Additional support was provided through an Erasmus+

scholarship, which enabled international collaboration during the project.

The work is structured as follows: First, an overview of the basics of CSP technology

and the current state of the art regarding REPAs is given. The experimental setup,

including the sensors used, is then described in detail. The methodology of the force

analysis, the test results, and their evaluation are then presented. Finally, the most

important results are summarized, and an outlook on possible future research work

is given.
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2. Fundamentals and State of the Art

This chapter elucidates the fundamental principles and state of the art in concen-

trating solar power (CSP), a technology that uses sun energy to generate heat or

electricity. It provides a comprehensive overview of the various CSP technologies,

with a particular focus on parabolic trough collectors (PTCs). Additionally, it delves

into the intricate functioning of the Rotation and Expansion Performing Assemblies

(REPAs), which are integral components of PTCs. Furthermore, the chapter outlines

the essentials of force measurement with load cells, a crucial aspect of the instrumen-

tation utilized in this study.

2.1. Fundamentals of Concentrating Solar Power

The following subchapter presents an overview of the fundamental properties of solar

radiation and the underlying physical principles. A central focus is on how solar ra-

diation can be converted into usable forms of energy to support a sustainable energy

supply. The subchapter gives an overview of the most important concepts of concen-

trating solar radiation and the various technologies for generating energy. Parabolic

trough power plants, one of the most established technologies in CSP, are particularly

examined.

Concentrating Solar Power

Turbine and
Generator

Sun

Reflector

Thermal
Storage

Figure 2.1.: Conventional concentrating solar power plants
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As a primary energy source, the sun provides the basis for the utilization of solar

energy in CSP power plants. These plants collect and concentrate the incident solar

radiation in order to facilitate the e�ective conversion of solar energy into heat. Figure

2.1 shows the basic principle of a CSP Power Plant. The thermal energy generated

by concentrated solar radiation can be stored in thermal storage units for later use

or used immediately to generate electricity. The latter is achieved by converting heat

into mechanical and electrical energy using turbines. In order to achieve elevated tem-

peratures, the solar radiation is concentrated in a targeted manner. This is achieved

using mirrors or lenses that focus the sunlight on a smaller area. [4]

C =
AC

AR
(2.1)

The concentration factor shown in equation 2.1 describes the ratio between the col-

lection area AC and the irradiated target surface AR. Higher concentration factors

enable higher temperatures required for e�cient electricity generation in thermal

power plants. [5]

2.1.1. Solar Radiation

The Stefan Boltzmann law regards the sun as a black body that radiates energy.

Equation 2.2 describes the radiated power of such a body. In this context, q̇′′S is the

radiated power per area, which is calculated from the Stefan Boltzmann constant σ

and the temperature of the body under consideration T in K. [6]

q̇′′S = σ · T 4 (2.2)

With the solar surface temperature of 5777K, the solar constant I0 shown in the

equation 2.3 follows. The solar constant describes the energy emitted by the sun that

reaches the Earth as solar radiation. [7]

I0 ≈ 1361W/m2 ≈ 12MWh/m2a (2.3)

When solar radiation enters the Earth's atmosphere, some of this radiation is reduced

by re�ection, absorption, and scattering. In particular, Rayleigh and Mie scattering

on microparticles contribute to this attenuation. These e�ects result in less radiation

reaching the Earth's surface than the solar constant. [8]
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For CSP, not the total global radiation is relevant, but only the direct normal irra-

diance (DNI). The DNI is the proportion of solar radiation that reaches a surface

perpendicular to the sun's direction without being scattered. Figure 2.2 shows the

average worldwide DNI. CSP systems can only work e�ciently if the DNI is su�-

ciently high. An annual DNI value from 1900 kWh/m2 to 2100 kWh/m2 is necessary to

make the operation of such systems economically viable.[4]

Figure 2.2.: Average worldwide annual and daily direct normal irradiation [9]

2.1.2. CSP Technologies

To get an overview of the most common CSP technologies, it is important to distin-

guish between point-focusing and line-focusing systems. The light is concentrated on

a single point in point-focusing systems, such as solar towers or parabolic dishes. The

light is concentrated along a line in line-focusing systems, such as parabolic troughs

or linear Fresnel collectors. [4]

Figure 2.3 shows the two common point-focusing technologies. The left-hand side

shows the schematic structure of a solar tower power plant. The most important

components of a solar tower power plant are the heliostats, the tower, and the re-

ceiver integrated into the tower. The incident sunlight is re�ected by the heliostats,

large, slightly curved mirrors, and concentrated on the receiver. Due to the high
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Heliostats

Parabolic DishSolar Tower

Receiver

Receiver

Reflector

Figure 2.3.: Point-focussing CSP technologies

concentration factor, temperatures of up to 1200 °C are reached. The connected con-

ventional power plant process can achieve high e�ciencies with this high temperature.

Depending on the latitude at which the power plant is built, a north or a surrounding

�eld is selected. In a north �eld con�guration, heliostats are arranged on only one

side of the tower to reduce shading and re�ections. They are placed around the tower

in a surrounding �eld to enable more uniform solar energy collection throughout the

day. [5]

Figure 2.4 shows the north �eld of the CESA-1 Solar Tower owned by CIEMAT at

the PSA in Spain. The maximum �eld size of a heliostat �eld is limited due to various

loss mechanisms that increase with the distance of the heliostats to the tower and

receiver. For this reason, multi-tower arrays are also conceivable, that use several

small towers with receivers. [5]

In addition to the solar tower, parabolic dishes are the second common CSP point-

focusing technology. Figure 2.3 shows the general structure of a parabolic dish on the

right-hand side. Parabolic point-focus concentrators are a type of CSP technology

that utilizes a rotationally symmetric shape to harness solar energy. These dishes

are designed to re�ect incoming sunlight onto a receiver at the focal point [11]. The

typical diameter of a solar dish ranges from 5 to 10m, covering an area between 40

and 120m2. A Stirling or Brayton engine coupled with an electric generator is po-

6



Figure 2.4.: Solar tower CESA-1 at the PSA owned by CIEMAT [10]

sitioned at the focal point to convert the concentrated solar energy into electricity.

Parabolic dishes have concentration ratios of up to 2000. As a result, temperatures

around 750 °C and pressures of up to 200 bar are achieved during operation [11]. Each

dish can produce between 5 and 50 kW of electricity. This scalability makes parabolic

dishes versatile for various energy needs and particularly suitable for small, stand-

alone power-generating applications.[12]

Point-focusing systems, such as solar towers and parabolic dishes, require two-axis

tracking to focus direct solar radiation e�ectively. This precise tracking ensures that

the concentrated sunlight remains focused on the receiver throughout the day as the

sun moves across the sky. [11]

Figure 2.5 shows the line-focusing technologies. The left-hand side shows the schematic

structure of a linear Fresnel system. The name of this type of system is derived from

the Fresnel lens. An array of long linear mirrors is employed in a linear Fresnel re-

�ector, representing a continuous curve analogous to the Fresnel lens. Mirrors of a

near-�at, slightly curved con�guration are employed. The mirrors are mounted on a

tracking system that enables them to follow the sun from east to west. The sunlight

is re�ected onto a �xed receiver in the center above the mirrors. [13]

Figure 2.6 shows the con�guration of the receiver. The absorber tube is located at the

center of the receiver. Most commercial applications use water as the heat transfer

�uid (HTF). The water passes through the absorber tube, undergoes vaporization and
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superheating, and can �nally be utilized to generate energy in a turbine coupled with

a generator [11]. A secondary concentrator is installed in the receiver to concentrate

the re�ected sunlight further. The insulation attached to it reduces the heat loss of

the receiver. [14]

Linear Fresnel Parabolic Trough

Absorber Tube

Reflector

Absorber Tube

Reflector

Figure 2.5.: Line-focussing CSP technologies

ReceiverMirror Array Secondary Concentrator IsolationAbsorber Tube

Figure 2.6.: Linear fresnel system and receiver with secondary concentrator [14]

On the right-hand side, �gure 2.5 shows the schematic structure of a PTC. In solar

PTCs, parabolic-shaped mirrors re�ect and focus the sunlight onto an absorber tube

[15]. The trough is designed so that the sun rays enter parallel to the axis of symmetry

and are thus concentrated on a focal line. In this focal line, the absorber tube gets

mounted. The supporting structure connects the parabolic trough and the absorber

tube and follows the sun throughout the day using the tracking device [2]. In general,

line-focusing systems, such as parabolic troughs and linear Fresnel collectors, only

require single-axis tracking. [11]
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As this work mainly deals with PTC power plants and the critical structural compo-

nents, this type of CSP technology is explained in more detail in subsection 2.1.3

2.1.3. Parabolic Trough Collector in Detail

As described in subsection 2.1.2 on the basics of the CSP, a PTC consists of 4 main

components, which this subsection describes in more detail. This includes the sup-

porting structure, the mirrors, the absorber tube with an HTF, and the tracking

system. First, the general structure of a PTC power plant is explained, and then the

individual main components of the PTC are described.

Figure 2.7 shows the schematic structure of a typical PTC power plant, in this case,

the Andasol I power plant. This power plant near Granada, Spain, was constructed

in 2009 as Europe's �rst PTC power plant. Today, there are three units at this site

(Andasol I-III), each with an installed capacity of 50MW [16]. The PTC is the most

advanced and widely adopted technology for large-scale CSP generation. [4]

Solar Field
Superheater

Steam Turbine

Condenser

Low Pressure 
Heater

Steam 
Generator

Preheater

Reheater

Expansion 
Vessel

Pump

Hot 
Salt 
Tank

Cold 
Salt 
Tank

Figure 2.7.: Circuit diagram of a PTC power plant - Example based on Andasol I [5]

The operational concept of a PTC power plant closely resembles that of traditional

power plants using steam in a Rankine cycle, even though it relies on solar energy

as the heat source. A network of PTCs in the solar �eld absorbs sunlight, which is
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then used to heat the HTF. This energy stored in the HTF powers the Rankine cycle

to generate electricity. To achieve maximum e�ciency, the system incorporates four

stages of heat exchange. Water is preheated in a solar heat exchanger and converted

into steam in a vaporizer. The steam is superheated before entering the high-pressure

turbine. After this stage, the steam is reheated and directed through a low-pressure

turbine. Both turbines are connected to a generator via an axle, which drives the gen-

erator. In addition to its ability to harness solar energy, the power plant is equipped

with a thermal storage system that enables continuous electricity production, even

when sunlight is unavailable. This system uses molten salt stored in two separate

tanks to manage excess heat. During periods of strong solar radiation, surplus energy

is stored, which can be utilized later when solar input decreases, such as at night.

This ensures a consistent energy supply and makes the plant highly �exible in meet-

ing �uctuations in grid demand. [5] This �exibility, referred to as dispatchability, is

a signi�cant advantage of PTC power plants with integrated storage, enhancing their

competitiveness in the energy market. [17]

The solar �eld in commercial PTC power plants is constructed according to the prin-

ciple shown in Figure 2.8. Several solar collector elements (SCEs) are assembled to

form a solar collector assembly (SCA). Then, several SCAs are connected in series to

form a collector loop. A cold header pipe extends from the power block, transporting

the cold HTF to the individual collector loops. After passing through the loop, the

heated HTF �ows into the hot header pipe and back to the power block, where the

thermal energy is used. [17]

Solar Collector Element (SCE) Drive Pylon Pylon

Hot Header Pipe

REPA

Crossover 
Pipe

Cold 
Header 

Pipe

Other Loops

Power Block

Solar Collector Assembly (SCA)

Collector Loop

Figure 2.8.: Parabolic trough solar collector assembly and collector loop
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The individual SCEs and SCAs are assembled on-site during the power plant con-

struction. Each SCA consists of a drive pylon for sun tracking, several normal pylons,

the SCEs, and two REPAs connecting the heat collecting elements (HCEs) to the

next SCA or the header pipes. For an SCE, several mirrors are mounted on a support

structure with a jig. This jig ensures the alignment between the mirrors and the frame

of the support structure. The pylons and the support structure are usually made of

steel or aluminum, whereby aluminum has the advantage of lower weight with good

mechanical properties [2]. Figure 2.9 shows multiple SCEs in an SCA. Depending

on the manufacturer, SCEs have a length of 8 to 25m. As between 6 and 12, SCEs

are combined to form an SCA, the total length of an SCA is between 50 and 250m.

[18, 19, 20]

Header pipe

Supporting structureHCE (Absorber tube)

REPA

Mirrors

Figure 2.9.: Heliotrough Skal-ET collector elements in an SCA [21]

The mirrors are attached to the support structure. The production of the mirrors is a

complex multi-step process. First, green glass is converted into solar glass, which re-

duces the absorption coe�cient of the glass. The glass is then bent into the required

parabolic shape and tempered. The most common bending processes are quench

bending and sag bending. The glass treated this way is then coated in a �nal step

to create a re�ective layer. The state-of-the-art combines a sprayed-on silver layer, a

copper layer, and lacquer. The silver layer ensures high re�ectivity, and the copper

and lacquer layers are applied as protective layers. Other possible materials for the

mirrors or re�ectors are aluminum, which achieves a re�ectivity of up to 88%, and

polymers. However, the use of polymers is not yet economically viable. [2]
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The mirrors re�ect and concentrate the sunlight onto the HCE. The HCE, shown

in Figure 2.10, consists of a metal absorber tube enclosed in a vacuum-sealed cover

glass. This minimizes heat loss through convection and reduces the degradation of

the metal absorber [2]. The absorber tube has a selective surface usually made of

Ni-NiO, which achieves an absorption coe�cient of 0.96 [22]. A high absorption

coe�cient combined with a low emission coe�cient is a prerequisite for a high energy

yield. This means that as much solar radiation as possible can be absorbed, and

the energy can be transferred to the HTF. The bellows allow di�erent expansions

between the cover glass and the absorber tube while the seals maintain the vacuum.

To protect the bellows and seals from solar radiation, the glass-to-metal areas are

surrounded by radiation shields. As hydrogen accumulates in the vacuum due to

thermal degradation of the HTF, hydrogen getters are installed in the tube. These

absorb residual hydrogen and maintain the vacuum. [23]

Radiation shields

Evacuation nozzle Cover glass Seals

Bellows

GettersIndicator Absorber tube

Figure 2.10.: Heat collecting element of a PTC [23]

The absorber tubes are �lled with an HTF to ensure e�cient operation of the PTC

power plant. The selection of a suitable HTF in�uences the e�ciency and pro�tability

of the power plant. The required thermophysical properties of such an HTF are sta-

bility at temperatures above 400 °C, a low melting point, high thermal conductivity

and high speci�c heat capacity for e�cient heat storage, low corrosion rate, and low

dynamic viscosity. As leaks and accidents can occur during operation, low �amma-

bility, low explosivity, and low toxicity are advantageous to protect the environment.

Low costs and industrial availability also play a role. [24]

Table 2.1 shows common HTFs and their properties. A distinction can be made

between 4 di�erent types of HTFs. Diphenyl-diphenyl oxides (DP-DPO), silicone

oils, molten salts, and water or steam are used in PTCs. The most widely used

12



are DP-DPOs such as Therminol® VP-1, an organic eutectic mixture consisting of

73.5% diphenyl oxide (C12H10O) and 26.5% diphenyl (C12H10). DP-DPOs have a

maximum operating temperature of 400 °C and a melting point of 12 °C, requiring

a freeze protection system. In contrast, silicone oils such as Syltherm® 800 have a

melting point below 0 °C, eliminating the need for a freeze protection system. These

silicone oils are not organic like DP-DPO but contain siloxane-based chain molecules.

[25]

Table 2.1.: Characteristics of HTFs in PTC applications [17]

Property Unit
Therminol®

VP-1

Syltherm®

800

HELISOL®

5A

Solar

Salt
HITEC®

HITEC®

XL

Freezing Point [°C] 12 -40 -65 220 142 120
Max. Temp. [°C] 400 400 430 600 535 500
ρ (300 °C) [kg/m3] 815 671 656 1899 1640 1992
η (300 °C) [mPa · s] 0,2 0,47 0,2 3,26 3,16 6,37
cp (300 °C) [J/kg K] 2319 2086 2235 1495 1560 1447
Costs [-] high very high high low medium medium

Molten salts such as the HITEC are an interesting alternative to other HTFs, pri-

marily due to their high-temperature stability and possible use in heat storage. The

high possible temperatures increase the e�ciency of the Rankine Cycle. In addition,

molten salts serve as heat transfer and storage medium, meaning no heat exchangers

are required for heat storage. The major disadvantages are the high corrosiveness

and the high melting point of over 200 °C, which makes trace heating necessary. This

is why molten salts are not yet widely used commercially [26]. As with molten salts,

high temperatures of over 400 °C can also be achieved with water as the HTF. The

primary advantages of the so-called direct steam generation are high e�ciency due

to the high temperatures and the fact that no heat exchanger is required. Both the

water and maintenance costs are lower than those of a synthetic oil-based CSP power

plant. The biggest challenge for direct steam generation is the control of the plant,

which is more complex due to the layered two-phase �ow inside the absorber tubes

and the di�erent �ow patterns. [27]

According to the current state of research, supercritical carbon dioxide could also

replace conventional HTFs. Solar-to-electric e�ciency can be increased due to higher

process temperatures and supercritical cycles. [28]

A tracking system is necessary as the sun's position changes throughout the day. Fig-

ure 2.11 shows the two standard tracking methods for PTCs. A distinction is made
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between north-south and east-west tracking. The names of the methods are based

on the direction in which the aperture surface of the PTC is rotated. In north-south

tracking, the tracking axis is therefore aligned in the east-west direction, and the

aperture surface rotates between north and south. In contrast, with east-west track-

ing, the tracking axis is aligned in the north-south direction, and the aperture surface

rotates from east to west. [29]

North-South Tracking East-West TrackingSun Sun

Tracking axis

N

S

W

E

N

S

W

E

Figure 2.11.: Di�erent tracking methods for PTCs

As shown in Figure 2.8, each SCA contains a drive pylon, which allows several SCEs

to be rotated simultaneously. For this purpose, an electric motor with a gearbox is

integrated into the drive pylon, which enables either hydraulic or pneumatic tracking.

To keep the forces and energy required for tacking to a minimum, the axis of rotation

and the center of gravity should be at the swivel points. [2]

Figure 2.12 shows the collector angle during the day for east-west sun tracking. In the

morning at sunrise, the collector is moved from the stow position αstow to the start

position αr in a fast, continuous motion. The sun is then tracked until sunset αs. This

happens in a slow, incremental motion. This means that the angular position is not

changed continuously but is adjusted to the sun's current position every 20 to 40 s. To

determine the sun's position, algorithms that approximate the sun's current position

or direct measurement technologies with inclinometers or magnetic strip monitoring

are used. After sunset, the collector is brought back into the stow position quickly

and continuously until the next power plant starts up. [17]
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Figure 2.12.: Collector angle of a PTC tracking the sun

2.1.4. Current Status and Perspective of CSP

There are more than 143 CSP projects worldwide, of which 114 are in operation,

20 are decommissioned, and nine are still under construction as of 2023. Spain, the

USA, and China are the leading countries regarding installed capacity (see �gure

2.13). In Spain, 51 active CSP projects have a total capacity of 2300MW, accounting

for almost a third of global installed capacity. In the USA, there are 26 projects

with a total capacity of 1500MW, and in China, the total capacity is 906MW, while

several projects are currently still under construction. A total of 7889MW of CSP

capacity has been installed worldwide. 72% of the installed capacity are PTC power

plants, 23% are solar tower power plants, and 5% are linear Fresnel power plants. [4]

2300

1500

906
800

600 533

242,5 237
110 93

Worldwide Installed CSP Capacity (MW)

Parabolic 
Trough

Linear Fresnel

 Solar 
Tower

72 %

23 %

5 %

1802 MW 5714 MW

373 MW
Total:  7889 MW

Figure 2.13.: Global installed CSP capacity distribution

Forecasts indicate strong growth in the installed capacity of CSP. According to the

European Solar Thermal Energy Association, the International Energy Agency, and
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Greenpeace, the forecast indicates that Concentrated Solar Power (CSP) could cover 8

to 11,8% of global energy demand by 2050. However, this assumes an extreme growth

in capacity [30]. The Levelized Cost of Energy (LCOE) could fall to 0,05 $/kWh [31].

In particular, the combination of CSP, thermal energy storage, and other renewable

energies such as photovoltaics and wind in hybrid systems already has a low LCOE

of around 0,1 $/kWh. [4]

2.2. Rotation and Expansion Performing Assemblies

This section explains the basics and common variants of the REPAs in PTCs. In

addition, it presents various test rigs and the results obtained in these on aging pro-

cesses and the service life of REPAs.

As described in subsection 2.1.3, the parabolic trough tracks the sun on one axis on

a sunny day. The absorber pipe must, therefore, be connected to the header pipes

with a �exible pipe connector that can compensate for this rotation. At the same

time, the translational movement due to the thermal expansion of the absorber pipe

must be compensated. When the power plant starts up in the morning, the absorber

pipe expands as the HTF temperature rises and contracts again when the tempera-

ture falls. Flexible pipe connectors, known as Rotation and Expansion Performing

Assemblies, compensate for these two movements. REPAs are dynamic seal systems

that are subject to wear over time, making their mechanical durability a key factor

in the system's long-term reliability. Despite their critical role, reliable maintenance

strategies for REPAs are often lacking, which highlights the need for systematic con-

dition monitoring and predictive maintenance approaches.

Two of these REPAs are required per SCA. With a service lifetime of 25-30 years, this

results in a lifetime of 10,000 daily cycles, as shown in Figure 2.12. REPAs must be

able to endure temperatures of up to 400 °C and pressures of up to 35 bar, as well as

the forces and torques of the rotation and expansion. Due to these high requirements,

REPAs are among the most mechanically stressed components in a PTC power plant

and are prone to failure. E�ective maintenance strategies are important to minimize

possible leaks, �res, and associated downtime. [17]

The two types of commercially used REPAs are presented below. These include the

Rotary Flex Hose Assemblies and the Ball Joint Assemblies.
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2.2.1. Rotary Flex Hose Assemblies

Rotary Flex Hose Assemblies (RFHAs) consist of three main components, as shown

schematically on the left side in Figure 2.14. The three components are a �exible

metal hose, a swivel joint, and a torque-transmitting interface, commonly known as

a torque sword.

The metal hose has a corrugated structure along its length, allowing �exibility. To

minimize heat losses, it is thermally insulated. The swivel joint connects the �xed

pipe and the rotating corrugated hose, which is driven by the torque sword. This

joint has a single rotational degree of freedom and is anchored to a rigid support,

ensuring stability. The torque sword, typically a �at steel beam, maintains the con-

nection between the SCA and the swivel joint, transmitting rotational movement. As

shown in Figure 2.14, the swivel joint compensates for rotational movement, while

the corrugated hose absorbs translational displacement. [17]

Absorber tube

Absorber tube

Translational movement

Rotational 
movement

Solar radiation

Parabolic trough

Torque sword

Swivel joint

Flexible hose

Swivel joint

Fixed header 
pipe

Figure 2.14.: Schematic structure and movement of an RFHA

2.2.2. Ball Joint Assemblies

Ball joint assemblies (BJAs) usually consist of three individual ball joints connected.

Figure 2.15 shows this typical structure. One ball joint is attached to the HCE, an-

other to the �xed header pipe, and a third ball joint is placed centrally between the

other two using two pipe sections. Each ball joint has three rotational degrees of free-
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dom so that this arrangement can compensate for both rotational and translational

movement.

The right side of Figure 2.15 shows a cutaway of a typical ball joint. The ball joint

consists of two main components. A pipe with a spherical end and a housing into

which this pipe is inserted. The pipe is held in place by two compression seals. An

injectable sealant, for example, graphite, can be injected through a �ll coupling in the

housing. A �ll connection plug closes this injection point. This allows the injectable

sealant to be re�lled, making the ball joint serviceable. This maintainability is one of

the reasons why BJAs are used more often commercially than RFHAs. [17]

Injectable seal

Outer compression seal Inner compression seal

Butt weld end

Fill coupling
Fill connection plug

Butt weld end

Ball Joints
Fixed 

header pipe

Figure 2.15.: BJA [32] and cutaway of a ball joint

According to the manufacturer Advanced Thermal Systems, routine maintenance for

ball joints is minimal. Regular maintenance mainly includes inspections for leaks,

lubrication of the �ll connection plugs, and cleaning during system shutdowns to

prevent the buildup of packing material or debris. If leaks occur, additional sealing

packing material can be added. The graphite packings are inserted via the �lling

openings. These graphite packings expand when heated and seal any leaks that

occur. Excessive addition of packing should be avoided so as not to a�ect the torque

of the joint adversely. [33]

2.2.3. REPA Test Rigs and Measurement Methods

As already described, REPAs are among the most mechanically stressed components

in a PTC Power Plant. Therefore, tests under operating conditions are required before

�eld usage. Many di�erent test rigs have already been constructed for this purpose,

some of which are presented in this subsection.
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Senior Felxonics GmbH, a manufacturer of �exible connectors for PTCs, tests RFHAs

on a kinematic test rig. Figure 2.16 shows the setup of this test rig. The swivel joints

are wetted with stagnant HTF that can be heated up to 550 °C. The maximum pres-

sure is 40 bar. The �exible hose is �lled with water at ambient temperature and can

also be pressurized up to 40 bar. The kinematic unit allows the RFHA to be rotated

between -120 ° in the stow position and up to 120 ° in the end position. At the same

time, a thermal expansion movement is simulated. To do this, the kinematic arm is

moved translationally from -14.5 ° in the cold position to the maximum warm position

at 5.5 °. Two load cells are installed to collect data on forces and moments. One is

under the swivel joint, and the other is between the �exible hose's upper end and the

HCE. [17]

As no mass �ow circulates through the RFHA, the reliability of the test method for

predicting the aging e�ects of the tested components is reduced. For this reason, the

�ex hoses are tested separately in another test rig. The �ex hoses are subjected to a

circulating HTF with a temperature of up to 450 °C and a pressure of up to 40 bar. At

the same time, the translational movement by thermal expansion can be simulated.

However, the �ex hoses are not rotated in this test rig. [17]

Force/Torque 
sensor

Force/Torque 
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Figure 2.16.: Senior Felxonics GmbH test rig for RFHAs [17]
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To test a new �exible interconnect system developed by Senior Felxonics GmbH for

PTCs, another test rig was set up at the University of Wisconsin, Madison. The

RotationFlex Triple System (RF-Triple®) installed in the test rig can be seen in Fig-

ure 2.17. It consists of three separate �exible hoses. One hose compensates for the

translational movement caused by thermal expansion, while the other two hoses com-

pensate for the necessary rotation of 180 ° in two 90 ° steps each. Molten salt (60%

NaNO3, 40% KNO3) is used as the HTF. During the lifetime tests, the system is

moved between 0 ° and 180 °. Temperatures of up to 550 °C and pressures of up to

31.5 bar are reached. The test rig has torque, force, temperature, pressure, and salt

level measurement sensors to record data. The RotationFlex Triple system achieved

more than 10,000 cycles without failure in the tests. The results show that the �ex-

ible interconnect system is a promising alternative to conventional BJAs, which are

technically unsuitable for molten salt applications. [34]

Figure 2.17.: Senior Felxonics GmbH Test Rig for RotationFlex triple system [34]

Abengoa Solar has also developed a test rig, shown in Figure 2.18, for testing var-

ious REPAs for PTCs with molten salt as the HTF. The test rig is equipped with

sensors for torque, force, temperature, pressure, and salt level and also exposes the

test objects to stagnant molten solar salt (60% NaNO3, 40% KNO3). Pressures of

up to 40 bar and temperatures of up to 500 °C are achieved. The test device allows

a rotation of 215 ° and a thermal length change of 600mm, whereby the actual test

range was set between 200mm to 600mm. The movements take place simultaneously,
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with a cycle time of two minutes. [35]

Both RFHAs and BJAs can be tested in the test rig. More than 13 di�erent variants

have already been tested. The success was limited as most assemblies showed leaks

after about 2000 to 3000 cycles. No pliable seal material could be found that was com-

patible with 500 °C molten salt. Therefore, in addition to the conventional REPAs,

an alternative technology without ball or swivel joints, consisting of two �exible hoses

and a torque transfer arm, was investigated. [35]

Flex hose

Leak measurement system

Expansion vessel

Swivel joint

Torque transfer flange

Bearings

Hydraulic actuator 
(drive)

Linear potentiometer

Hydraulic cylinder

Force transducer

Force transducer

Figure 2.18.: Abengoa Solar test rig for RFHAs and BJAs [35]

Another test rig was developed by Dong et al. as part of the National Key Research

and Development Program of China [36]. In the test rig shown in Figure 2.19, BJAs

are tested with a common heat transfer oil as HTF. The ball joints are installed on

the mechanical platform, which is equipped with the necessary motors and control

devices for rotational and translational movement. The ball joints can rotate from 0 °

to 215 ° as well as swivel from -7 ° to 7 °. In addition, various measurement devices

are installed to continuously measure torque, leakage rate, temperature, and pressure.

Accelerated life tests are carried out under realistic conditions with oil temperatures

up to 393 °C and pressures up to 41 bar generated by the thermal oil control device.

[36]

The tests simulated around 5,000 operating cycles, corresponding to a service life of

12 years. In pure rotation mode, the torque was higher than in pure swivel mode. The
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Ball Joint

Mechanical platform with measurement and control devices

Thermal oil control device

Figure 2.19.: CGN Solar Energy Development test rig for ball joints [36]

greatest load occurred in combined motion, whereby only eight cycles were performed

this way. The maximum measured leakage rate was 50.2 µmol/mol, which is signi�cantly

below the permissible limit values. It was, therefore, possible to con�rm the reliability

of the ball joint under the tested conditions. [36]

2.3. Fundamentals of Load Cells

Sensors determine an unknown measured variable, such as force or torque. This sec-

tion describes the fundamentals of load cells used to measure these variables. First,

the general mode of operation and the di�erent decoupling methods are explained.

Furthermore, the di�erent measurement inaccuracies are explained using the charac-

teristic load cell curve.

2.3.1. Mode of Operation

Load cells are used to measure forces and torques. The classic measurement chain

consists of a sensor that converts the physical forces and torques into a measurement

signal, a signal ampli�er, and an indication device with which this ampli�ed signal

can be read out. [37]

Figure 2.20 shows this measuring chain. The input signal of the force or torque is

converted into a voltage using a strain gauge. The strain gauge is deformed by ex-
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ternal forces and torques, causing the ohmic resistance to change. This change is

measured using a Wheatstone bridge circuit [38]. A measuring ampli�er is used as

the di�erential voltage measured in this way is usually very small. This provides

auxiliary energy as a supply voltage US , whereby the sensor outputs the signal us.

Sensor (Load Cell)

Characteristic curve

Measurement amplifier

Supply voltage

Force to be 
measured Output voltage

Figure 2.20.: Measuring chain for force measurement with a load cell

The output signal us is calculated using the equation 2.4. The force is multiplied

by the slope of the characteristic load cell curve. This slope is given by the nominal

characteristic value SN divided by the nominal force Fnom. The output signal is,

therefore, equal to the di�erential voltage of the Wheaton bridge UD divided by the

supply voltage of the ampli�er US and is speci�ed in mV/V . [37]

us =
SN

Fnom
· F =

UD

US
(2.4)

The output signal us of the load cell is the input signal for the measuring ampli�er.

This ampli�es the signal and outputs a voltage depending on the input force. The

measuring range end value UA speci�es the maximum measurable force. Analogous

to the load cell, a characteristic curve also describes the measuring ampli�er. The

gradient of this characteristic curve is calculated from the measuring range end value

UA and the input sensitivity ue, resulting in equation 2.5 for the characteristic curve of

the entire measuring chain. The characteristic values of the load cell and the ampli�er

are combined to form the scaling factor k, resulting in a direct linear correlation

between the measured force and output voltage. [37]

U =
SN

Fnom
· UA

ue
· F = k · F (2.5)
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2.3.2. Decoupling Methods

In multi-axis load cells, several strain gauges are connected to measure forces and

torques in several dimensions. External mechanical loads do not only act on individ-

ual strain gauges. The loads are distributed across the sensor system, meaning several

channels react to a single load. For a measurement to remain precise, it is necessary to

negate these so-called coupling e�ects through mathematical or structural measures.

For this purpose, decoupling methods such as matrix or structural decoupling can be

used.

In matrix decoupling, the raw signals of all channels are processed with an individual

decoupling matrix for each sensor. The coupling e�ects are mathematically �ltered

out. The measured values Fdyn of the load cell follow from equation 2.6. K is the

fully equipped decoupling matrix, and U is the signals of the individual channels of

the load cell. [39]

Fdyn = K · U (2.6)

With structural decoupling, the sensor channels are mechanically designed to be in-

dependent. Each force or torque component is assigned directly to a speci�c channel.

For example, a force in the x-direction only leads to a signal in the corresponding

channel without in�uencing other channels. However, even with a structurally de-

coupled load cell, a small amount of crosstalk often remains between the individual

channels. Analogous to matrix decoupling, this can be eliminated using a crosstalk

matrix to ensure high sensor accuracy. [40]

2.3.3. Measurement Uncertainties

The linear relationships between the input force and output voltage presented in the

previous subsections, such as in equation 2.5 and 2.6, are never fully valid in reality.

Various physical e�ects and external in�uences on the sensor lead to measurement

uncertainties. Figure 2.21 shows the characteristic curve of a load cell with various

uncertainties.

A central variable is the zero signal, which represents the output signal of an unloaded

sensor. A distinction is made between the zero signal without mounting materials S0

and the mounted zero signal SF0. Changes in the zero signal can be caused by mount-
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Figure 2.21.: Schematic representation of load cell uncertainties

ing on uneven surfaces or deformations caused by tightening the mounting screws.

To compensate for this e�ect, either the zero signal speci�ed in the calibration is sub-

tracted from the measurement signal or an o�set is set at the start of a measurement.

Regular o�set adjustments allow changes to the zero signal during operation to be

considered. [39]

Non-linearity refers to the sensor signal's maximum deviation dlin from an ideal lin-

ear characteristic curve. It occurs when the actual characteristic of the sensor is not

exactly linear. A similar e�ect is described by hysteresis µ. It describes the maxi-

mum di�erence in the sensor signal between an increasing and a decreasing load up

to the nominal force Fnom. This is caused by small, irreversible deformations of the

material inside the sensor. After a load cycle, the zero signal can shift, which must

be considered in measurement applications with cyclical loads. [39]

Creep describes the time-dependent change in the sensor signal under constant load.

This e�ect typically occurs after a long period of loading. Time-dependent material

properties, in particular, cause the viscoelastic behavior of the strain gauges and the

surrounding material [38]. Creep is usually not detected during calibration, as the

loads are often only applied brie�y. However, this e�ect must be considered for ap-

plications with permanent loads.
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Temperature in�uences also a�ect measurement accuracy. Deviations from the cali-

bration temperature lead to uncertainties that can be divided into two main aspects,

as shown in Figure 2.22. The temperature e�ect on the zero signal TK0 leads to a

parallel shift of the characteristic curve. In contrast, the temperature e�ect on the

calibration constant TKC causes a change in the slope of the curve. Depending on the

temperature change, both e�ects can positively and negatively in�uence the output

signal. TK0 can be compensated for using an o�set correction, whereas TKC requires

temperature measurement and mathematical adjustment. [39]

Output signal

Characteristic load cell curve

Characteristic load cell curve (both effects)

Force

Figure 2.22.: Temperature e�ects on the characteristic curve of a load cell
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3. Experimental Setup

This chapter introduces the REPA test rig located on the PSA in Spain. First, the

general structure and possible process parameters are explained. The SCADA system

for controlling the test rig and the possibilities for data acquisition are discussed.

Furthermore, the sensors used, particularly the load cells and the REPA types tested,

are presented.

3.1. REPA Test Rig

The REPA test rig is used to perform accelerated yet realistic lifespan tests on dif-

ferent types of REPAs. Two REPAs are simultaneously rotated and translationally

moved while hot pressurized HTF �ows through them. Both RFHA and BJA can be

tested. Around 400 to 570-day cycles can be simulated per day. This means that the

e�ects of a lifespan of 25 years resulting in 10,000 cycles can be investigated in less

than a month.

An overview of the test rig is shown in 3.1. The test rig can be divided into three

main parts. The Main Assembly with the Kinematic Unit provides the rotational

and translational movement. The HTF Cycle ensures the correct HTF temperature,

pressure, and mass �ow, and the Supervisory Control and Data Acquisition System

(SCADA) for data collection, monitoring, and control of the test rig.

3.1.1. Main Assembly

The main assembly consists of the kinematic unit, the traverse, and two REPAs

mounted on the two tables of the main frame. Figure 3.2 shows the main assembly

with two RFHAs installed.

The kinematic unit consists of the drive pylon, the hydraulic unit, and four hydraulic

cylinders. Two hydraulic cylinders are installed in the center of the drive pylon and

are used to generate the rotational movement. The other two hydraulic cylinders are
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Figure 3.1.: REPA test rig overview [39]

positioned at the top of the drive pylon and enable translational movement. The two

drive pylon arms connect the kinematic unit to the traverse.

The traverse connects the two upper ends of the REPAs. The distance between the

axis of rotation and the traverse is the same as that between the axis of rotation and

the receiver of a PTC. In order to simulate di�erent collector types, the height of the

traverse can be set between 1.5m and 2.3m. It is attached to the frame of the main

assembly with the two outer swivel arms. With the help of the attached drive pylon

arms, the entire traverse and, thus, the connected REPAs can be set in motion. The

traverse can be rotated around the rotational axis in the north and south directions

and moved translationally in the east and west directions. Maximum angles for rota-

tion are from -23 ° in the stow position to 186 ° in the end position. The design allows
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Figure 3.2.: REPA test rig main assembly with kinematic unit and traverse

a translational movement of 50 ° whereby only a fraction of this is used in operation.

The maximum possible translation angle in the west direction is -5 °. With a traverse

height of 1.72m and a translation angle of 12 ° in the east direction, a translational

movement of 500mm is achieved. [39]

The hydraulic system is responsible for all these movements and has been designed to

simulate regular cycles and swift rotation steps to approximate dumping and break-

away torques. To minimize hydraulic damping, the hydraulic unit is placed as close

as possible to the cylinders, and where possible, rigid tubes are used for connection.[39]

During installation, the REPAs to be tested are welded to the traverse pipe and the

feed-in or feed-out pipes. In the case of the RFHA, the Swivel joint is �rmly attached

to the table of the main assembly. A load cell is placed between the swivel joint and
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the table to measure the force. For a BJA, the straight pipe section of the lowest ball

joint is attached to the load cell. The exact structure of this assembly is explained

in the sensor mounting plate subsection 3.2.3. Flex hoses are used for the two feed

connections to minimize possible in�uences on the force measurement. Movements of

the pipe connections due to high pressures and thermal expansion at elevated tem-

peratures would otherwise result in forces that could falsify the force measurement

results. [41]

3.1.2. HTF Cycle

The HTF cycle consists of three main components. The pipe system has a pump, an

expansion vessel, and electric heaters. The pump ensures the �ow of the HTF in the

circuit. It is designed for a mass �ow of 6m3/h to 60m3/h at pressures of up to 40 bar.

For safety reasons, a bypass that shortcuts the main assembly is installed in the pipe

system. This allows a quick separation between the pump and the main assembly in

case of a failure.

An expansion vessel is connected to the pipe system to regulate the pressure. The

expansion vessel is used to compensate for the thermal expansion of the HTF. For

this purpose, nitrogen is used as an inert gas. It is admitted from a pressurized gas

cylinder or vented as needed. The nitrogen system can also be used to adjust the

process pressure. The adjustable pressure range is between 1 and 40 bar.

To heat the HTF, 10 high-performance electric band heaters with an output of 3500W

each are installed in the test rig. These heaters are attached to the pipe leading to the

main assembly before the feed-in. In order to achieve the lowest possible heat loss, all

pipes are covered in 120mm insulation. This way, a maximum temperature of 450 °C

can be achieved. Therminol® VP-1 oil with a maximum permissible temperature

of 400 °C was used for the test campaigns carried out in this work. However, using

silicone oils with higher maximum temperatures is also conceivable in this test rig.

[39]

3.1.3. Scada System & Data Aquisition

The SCADA system monitors and controls the entire test rig, including the kine-

matic unit and the HTF cycle. Figure 3.3 shows an overview of the components
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of this system. The central element is the Programmable Logic Controller (PLC)

SIMATIC S7-300 from Siemens. All sensors and actuators are connected to this PLC

via various interfaces, either analog or digital. This PLC controls the speed of the

HTF pump, records measurement data, and sends control commands to the servo

controller. The servo controller manages the speed of the motors in the hydraulic

system and controls the movement of the cycles. [42]

GUI

Ethernet
port

PLC

AO / AI / DO / 
DI / Field bus ...

Computer

OPC-
server

LabVIEW

Ethernet
Sensors & actuators

M VFD Load cell
Monitoring
cameras

Figure 3.3.: SCADA system components overview [42]

An Open Platform Communications (OPC) server allows the reading and writing of

PLC variables and is connected to a Graphical User Interface (GUI) programmed in

LabVIEW. This GUI enables remote control of the test rig. Visual monitoring can also

be carried out with cameras connected via an ethernet connection. A servo drive ac-

tuates the system's rotation, while an inverter drive system controls the translational

movement. The direction of movement of the traverse system is determined by 4/3

directional control valves, which control whether the cylinder pistons are retracted

or extended. During the changeover points at around 35 ° and 133 °, the movement

of the traverse slows down when a piston changes from pushing to pulling or vice

versa.[42]

Figure 3.4 shows the PLC extension installed in December 2024. The existing PLC

system had to be extended to integrate the new load cells. This extension also provides

enough space to install further sensors, such as additional load cells or cameras, to

monitor the REPA test campaigns. The second cabinet is connected to the PLC
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system via a PLC module connector in the middle of the cabinet. A SITOP PSU100S

is used as the power supply unit and installed in the cabinet's upper part. The two

newly integrated load cells are connected in the lower area. The individual analog

inputs can thus be integrated into the existing PLC system.

Load cell cables

Power supply

PLC module 
connector

Figure 3.4.: PLC extension cabinet and load cell connections

3.2. Sensors for Force Analysis

The REPA test rig contains a wide range of sensors for measuring temperatures, pres-

sures, positions, forces, and torques. The load cells that collect data for forces and

torques are particularly important for this work. In this section, the sensors used and

their properties are presented
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To analyze the causes and mechanisms behind REPA wear and eventual failure, two

load cells are used to measure the forces and moments exerted by each REPA on its

bearings. The REPAs, labeled west and east, are each mounted on a load cell. These

load cells are called lower east and lower west load cells.

As part of this work, the load cells previously used in the test rig were replaced with

new ones. These new load cells provide more accurate measured values due to higher

temperature stability and the measuring ranges adapted to the forces expected in the

test campaigns. Since the force analysis also includes test campaigns carried out with

the old load cells, both models are presented here.

3.2.1. Six Axis Circular Load Cell - K6D175

The six-axis circular load cell K6D175 from ME-Messysteme measures forces and

torques. Figure 3.5 shows the load cell on the left and the ampli�er used for data

acquisition on the right. As no integrated ampli�er is installed, the GSV-1A16USB

K6D ampli�er is used.

Figure 3.5.: Six axis load cell K6D175 [43] and signal ampli�er GSV-1A16USB K6D [44]

Table 3.1 shows the load cell speci�cations. As the largest forces are expected in the

z-direction, the largest capacity of 20 kN was selected here. The nominal temperature

range of the load cell is between -10 °C and 70 °C, and the maximum service tempera-

ture range is between -10 °C and 85 °C. The maximum supply voltage is 5V, and the

overload capacity is 300% of the full capacity.
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Table 3.1.: Force speci�cations for six axis circular load cell K6D175 [43]

Fx Fy Fz Mx My Mz

Capacity 10 kN 10 kN 20 kN 1000Nm 1000Nm 2000Nm
Nominal value @ FS 0.5mV/V 0.5mV/V 0.5mV/V 0.5mV/V 0.5mV/V 0.5mV/V

3.2.2. Six Axis Circular Load Cell - M4347K5

To carry out precise force measurements, the six-axis circular load cell M4347K5

from Sunrise Instruments is integrated in place of the old load cells. The sensor was

selected based on the results of previous force measurements on the REPA test rig.

This means that the load cell is optimally matched to the requirements of future test

campaigns. Figure 3.6 shows the load cell. It has a �xed and a loading side. The

forces are measured in relation to the coordinate system positioned in the center of

the loading side. The force in the direction of the axis and the moment around this

axis are measured for each of the three axes. The analog output is provided via a

LEMO connector.

Loading side

Fixed side

Coordinate system

Lemo connector

Figure 3.6.: Six axis circular load cell M4347K5 [45]

Table 3.2 shows the force speci�cations of the load cell. Adjusting the force capacity

ensures that measurement accuracy and reliability are maintained even under spe-

ci�c load conditions. The most signi�cant forces occur in the z-direction, which is

why the force capacity for Fz is 6 kN. A capacity of 3 kN is su�cient for the other

two directions. The highest torques are expected around the x- and y-axis, so the

capacity is 1500Nm. At Full Scale (FS), the output is 5V. The output is di�erential

and centered at 0V. This means that positive forces at the full capacity result in an

output of +5V, and negative forces at the full capacity result in an output of -5V.

The overload capacity is 1000% of the full capacity. The overload capacity is the

maximum possible load a sensor can take before breaking. If, for example, forces
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above the standard capacity are applied during installation, the sensor is not directly

destroyed.

Table 3.2.: FForce speci�cations for six axis circular load cell M4347K5 [45]

Fx Fy Fz Mx My Mz

Capacity 3 kN 3 kN 6 kN 1500Nm 1500Nm 1000Nm
Resolution 1N 1N 1.5N 0.16Nm 0.16Nm 0.22Nm

Output @ FS 5V 5V 5V 5V 5V 5V

The load cell has an integrated ampli�er, meaning no external signal ampli�er is re-

quired. This allows the load cell to be connected directly to the PLC and the SCADA

system. A LEMO connector with 16 pins is plugged into the load cell to connect the

individual cables to the PLC. As the sensor is structurally decoupled, two cables are

used for each force or torque's positive and negative channels. The sensor, therefore,

has a total of 16 cables. The LEMO connector cable is shielded to prevent possible

interference. Figure 3.4 in the subsection on the Data Acquisition and Scada system

shows the integration of the two load cells to the PLC extension.

As the HTF is heated up to 393 °C during the test campaign, the pipes and connectors

between the load cell and pipe also heat up. In previous tests, load cell temperatures

between 60 °C and 80 °C were reached. With a maximum operating temperature

range of -40 °C to 100 °C, these temperatures are no problem for the load cell. The

compensated temperature range is between 20 °C and 70 °C. The temperature drift in

this temperature range is less than 3%. Larger measurement uncertainties are there-

fore expected at temperatures above 70 °C. A measurement uncertainty estimation,

including these temperature drift uncertainties, is shown in subsection 4.1.1.

Other important sensor speci�cations for subsequent calibration are crosstalk, non-

linearity, and hysteresis. The load cell M4347K5 has a crosstalk between the various

measured variables of up to 5%. The non-linearity and hysteresis are each 1%. [45]

3.2.3. Load Cell Mounting

In order to obtain measurement results that are as replicable as possible, the load

cells must be installed on a robust, �at surface. Figure 3.7 shows one of the M4347K5

six-axis load cells installed in the test rig.
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The load cell is attached to the base frame of the main assembly using a specially

manufactured bottom plate. The bottom plate is �rmly screwed to the loading side

of the load cell. The �xed side is then screwed to the load cell top plate. In the case

of a BJA, a specially manufactured load cell connector is attached to this top plate.

This connects the top plate with the bottom feed-in or bottom feed-out, leading to

the lower ball joint. In the case of an RFHA, the swivel joint housing is attached

directly to the load cell top plate. This positioning allows the forces and torques to

be measured as close as possible to the swivel or ball joint.

LEMO
Connector

Bottom
flex hose

Load cell
bottom plate

Bottom 
feed in/out Lower 

ball joint

Load Cell
M4347K5

Load cell
top plate

Load cell
connector

(Swivel joint
 housing)

Figure 3.7.: Integration of M4347K5 load cell into BJA without insulation

The integration of the new load cells results in a change to the coordinate system.

Figure 3.8 shows the coordinate systems for both load cells, with the arrows repre-

senting the direction of positive values. The test campaign with RFHAs analyzed in

this work was carried out with the K6D175 load cells shown on the left. The BJA test

campaign was carried out with the M4347K5 load cells shown on the right. When

analyzing and comparing the results, note the change in the coordinate systems. The

x-axis is aligned to the north, and the z-axis is to the top on both sides. For the
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K6D175 load cell, the y-axis is oriented to the west, and for the M4347K5 load cell

to the east.

X

N

W

X
Y

Y

Z
Z

S
E

N W

SE

M4347K5K6D175

Figure 3.8.: Coordinate systems of the K6D175 and the M4347K5 Load Cell

3.3. REPA Installation

This section presents the two REPA assemblies used. First, the RFHA that was

already installed at the beginning of this work is described. This is followed by a more

detailed description of the integration of the BJA, for which the pipe installation was

designed as part of this work.

3.3.1. Rotary Flex Hose Assembly

In the �rst test campaign, an RFHA is examined as a REPA. Identical RFHAs are

installed on both the east and west sides, as seen in the main assembly �gure 3.2. The

swivel joint is �rmly connected to the top plate of the load cell. The torque sword

is welded directly to the piece of pipe that leaves the swivel joint. Both components

are aligned coaxially to the test rig's rotation axis. The corrugated �ex hose and the

swivel joint are insulated to minimize heat loss. As the RFHAs were already installed

in 2022, the installation process is not described in detail here.
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3.3.2. Ball Joint Assembly

In the second test campaign, a BJA is examined as the REPA. The ball joint 2"-S2-

SWW-400H-70-20 from Advanced Thermal Systems is installed for this purpose. First,

the RFHAs are dismantled so that two BJAs can replace them. After removal, the

dimensions of the feed-in and feed-out connections and the load cell's new attachment

are determined to design a pipeline for the ball joints. Based on these dimensions, an

isometric piping drawing is created manually. Figure 3.9 shows the piping drawing,

with the east BJA on the left and the west BJA on the right. The corresponding bill

of material can be found in the appendix A.1

Figure 3.9.: BJA piping dimensions for east side (left) and west side (right)

The length of the pipe sections between the individual ball joints determines the an-

gle between these pipe sections. The connection length between the upper ball joint
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and the traverse in�uences the translational angle. These lengths are determined

based on technical drawings of BJAs used in power plants to achieve comparable

angles. The two pipe sections between the ball joints should have an inclination of

30 ° in the X-Z plane. The maximum translational angle should be -12 °. As the tra-

verse can only be inclined by -5 °, the BJA is installed with an inclination angle of -7 °.

On the east side, the connection point to the pipe system is in the middle of the

traverse frame. Due to the required insulation, the upper ball joint does not �t

into the frame. Therefore, the upper ball joint must be positioned lower so that the

east assembly is 300 mm lower overall than the west assembly. This must also be

considered in the force analysis, as the forces can vary due to di�erent dimensions.

The methodology of the test campaigns, the force measurement, and the force analysis

carried out are explained in more detail in the following chapter.
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4. Methodology

This chapter describes the methodical procedure for the force analysis. First, the

calibration of the sensors is explained, which was carried out to ensure reproducible

and reliable measured values. This is followed by a description of the commissioning of

the test rig and the test campaigns carried out. Finally, the procedure for evaluating

the force and torque data obtained using Python is explained.

4.1. Load Cell Calibration

In order to obtain the most accurate and reproducible measurement results possible,

it is essential to calibrate the sensors used. This chapter explains the procedure for

calibrating the six-axis load cells. It explains how to integrate the calibration protocol

provided by the manufacturer. Due to how load cells work, measurement inaccura-

cies still exist even with a perfect calibration. Therefore, a measurement uncertainty

estimation is presented.

The sensors have already been calibrated by the manufacturer and are supplied with

a calibration protocol. The calibration protocols are shown in Appendix A.1 and

A.2. The load cells are integrated into the SCADA system with the help of this

protocol and the equations presented in section 2.3. The equations are programmed

into LabVIEW with the individual values for zero o�set, capacity, output at capacity,

and crosstalk for each load cell. Equation 4.1 results from equation 2.5. This equation

can be used to determine the measured force of each of the six channels of the load

cell. The scaling factor k results from the load cell capacity divided by the voltage

output at capacity. This allows the force or moment Fdyn,i to be determined for each

of the six channels based on the load cell channel voltage output Ui.

Ui = k · Fdyn,i ⇔ Fdyn,i =
Capacity

Output at Capacity
· Ui (4.1)

Equation 4.2 shows an example of the calculation for the force in the x-direction from

the eastern load cell.
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Fdyn,x =
3000N

5.1268V
· UFx = 585.16N/V · UFx (4.2)

Despite the mechanical decoupling, the crosstalk is removed in the next step because

there is still a small in�uence between the individual channels. Equation 4.3 is used for

this, which can be derived from equation 2.6. The crosstalk matrix K is multiplied by

the force vector Fdyn to obtain the actual applied forces. This matrix multiplication

is used to compensate for the mutual in�uence of the individual channels. The values

of the crosstalk matrix are given in %. The result Freal re�ects the real measured

forces.

Freal = K · Fdyn =



100 0.47 −0.42 0.04 0.22 −0.04

0.53 100 −0.06 −0.03 −0.05 −0.3

−1.81 −1.54 100 0.11 0.49 −0.44

−1.49 −1.05 0.7 100 0.3 −1.49

−0.46 2.29 0.98 −0.21 100 −1.13

0.84 −0.33 −0.39 −0.38 0.54 100


· Fdyn (4.3)

After programming the PLC, initial tests can be carried out to validate the calibration.

To do this, the load cells are loaded in the direction of the various axes. A tension

belt is fastened around the load cell connector to test the x- and y-axes. This tension

belt is tensioned in the direction of an axis using a ratchet, and the force is measured

using a cable tension sensor. The z-axis is tested by placing di�erent weights on it.

The expected forces are determined by the formula 4.4 where m is the applied mass,

and g is the local acceleration of free fall. The calculated values or the values of

the rope tension sensor and the values of the load cell are compared. In the case of

error-free integration of the load cells, these values match.

Fg = m · g (4.4)

Both methods are inaccurate and are therefore not used for actual calibration but

only to validate successful programming after installation of the calibrated sensors.

The manufacturer of the load cells used a calibrated reference load cell for the actual

calibration. The torques are no longer explicitly checked at this point. As the correct

integration of the two load cells could be con�rmed with the described methodology,

it can be assumed that the torques are also measured correctly.
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A further step implements a button for taring the load cells in the LabVIEW program.

Taring sets the current measurement to zero so that subsequent values are recorded

relative to this reference point. This eliminates preloads or self-weight e�ects before

the actual forces are measured. Taring is carried out after the REPAs to be tested

have been installed and before the start of a test campaign.

4.1.1. Measurement Uncertainty Estimation

Various sources of error were analyzed to assess the measurement accuracy of the

six-axis load cells used in this study. The relevant measurement uncertainties include

zero signal after mounting, hysteresis, creep, non-linearity, and temperature e�ects,

which have already been explained in the fundamentals section. These factors a�ect

the precision of the measured forces and moments and must, therefore, be considered

during planning, calibration, and evaluation of measurements to ensure the reliability

of the results.

Two di�erent approaches were applied to quantify these measurement uncertainties

for the load cells. The values for hysteresis, non-linearity, and temperature e�ect

were taken from the calibration protocols of each load cell. These protocols provide

detailed information on the characterization of measurement deviations. In contrast,

the values for zero signal after mounting, creep, and zero signal after a temperature

cycle were determined directly on the test rig through measurements taken after in-

stallation and during the initial test runs. The zero signal after mounting was assessed

by observing the initial output signal of the load cells under no load conditions to

identify any deviations from the ideal zero value. Creep was determined by monitor-

ing signal drift over time under constant load. The zero signal was evaluated after

a full temperature cycle to assess the stability of the sensor signal after exposure to

temperature variations.

Table 4.1 summarizes the identi�ed uncertainties, with separate values presented for

the East and West load cells. This overview shows that the measurement uncer-

tainties of the two load cells vary slightly, which must be taken into account when

interpreting the results. In particular, temperature e�ects play a crucial role, as they

can in�uence the measurements repeatability and stability. Therefore, regular moni-

toring of zero signals is essential to ensure the highest possible measurement accuracy.
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Table 4.1.: M4347K5 load cell measurement uncertainty

Uncertainty Approach Value east Value west Estimated impact
Zero signal when mounted SF0 measured 1N 0.5N neglected
Relative hysteresis error µ <0.1% FS <0.2% FS <6N <12N moderate
Relative creep 30min dcr measured <58.3N <25.8N moderate
Non-linearity error dlin <0.1% FS <0.15% FS <6N <9N moderate
Temperature E�ect TK0, TKC <3% (±)0 to 180N major

FS: of full scale, being in Z axis 6 kN

An uncertainty analysis has already been carried out for the load cell K6D175 using

a similar procedure [41]. The exact values of this analysis can be found in the table

A.2 in the appendix. The uncertainty values in this table were determined for a

temperature of 50 °C. The temperature e�ect has the most signi�cant impact on the

uncertainties of the K6D175 load cell. Accordingly, a deviation due to temperature

changes of TK0 from 580N and of TKC from 41N is possible. This corresponds to

an uncertainty approximately 3.5 times as large as the M4347K5 load cell. This is

mainly due to the large capacity and the inaccuracies dependent on this full scale,

which is why it makes sense to replace these load cells.

4.2. Setup and Execution of Test Campaigns

This subsection describes the test series carried out on the REPA test rig. First, an

overview of the typical motion sequence of the test rig's traverse is provided. Fur-

thermore, the two test campaigns performed with the RFHA and BJA are explained.

This includes details on the number of executed cycles, the motion sequences, and

the operating conditions applied for temperature and pressure.

Figure 4.1 illustrates the typical motion sequence of the REPA test rig. The rotation

angle is represented in green, while the translation angle is shown in purple. The

�gure depicts three cycles, each lasting approximately 150 s. At the beginning of a

cycle, the traverse is positioned in the stow position αstow. During each cycle, the

traverse moves to the end position αs and then returns to the stow position. Except

for brief stops at the stow and end positions, the traverse moves at an approximately

constant speed.

The motion from the stow position to the end position simulates the solar tracking

process and, consequently, the movement of the REPA during daytime operation. In
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the �rst half of the cycle, the translational angle remains constant at αhot representing

the hot state, where the REPAs experience their maximum translational de�ection.

In the second half of the cycle, the traverse returns from the end position to the

stow position, simulating nighttime conditions in an actual PTC. During the night,

the HTF cools down, leading to a reduction in the translational angle. To replicate

this e�ect, the traverse moves continuously to the cold position αcold at a controlled

speed. At the beginning of a new cycle, the traverse rapidly returns to the hot

position, mimicking the morning reheating process in a solar PTC power plant.

One Cycle 150 s

Figure 4.1.: Rotational and translational angle during the cycles

4.2.1. Rotary Flex Hose Assembly Test Campaign

A series of tests with 10,000 cycles had already been carried out in the previous year

without any signi�cant abnormalities being detected. Based on these results, further

tests were initiated to stress the RFHA components until they reached the end of

their service life. For this purpose, around 10,000 cycles were completed in June and

a further 4,000 cycles in October 2024. Table 4.2 shows an overview of these test

campaigns.

Initially, a rotational movement of -23 ° to 186 ° was set. After the �rst unplanned

standstill after 5545 cycles, the upper limit value was reduced to 183 °. The transla-

tional movement remained constant over the entire test campaign. A translation of

-5 ° was set for the hot operating state, while 9 ° was selected for the cold state, re-
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sulting in a total translational movement of 430mm. An HTF temperature of 393 °C

and an HTF pressure of 34 bar was set for the entire test campaign.

During the test campaign in June, there were several interruptions due to technical

problems on the test bench. On June 11, the south inductive sensor was triggered

because of a rotational movement problem, and on June 29, magnetic head sensor

issues led to rotational movement errors. As maintenance work on the test bench can

only be carried out when switched o�, these defects led to delays. In particular, the

necessary cooling and subsequent reheating of the HTF took about a day in each case.

On July 3, a total cycle count of 20,000 was reached, leading to a temporary inter-

ruption of the test campaign. The second testing phase commenced on October 3

to further stress the RFHA components until critical failure. From the beginning

of the October test campaign, brief occurrences of smoke formation were repeatedly

observed at the swivel joints, ultimately resulting in a shutdown after cycle 24154.

Following a total of 24240 cycles, a critical leak occurred, leading to the termination

of the test campaign.

Table 4.2.: Procedure for the 2024 RFHA test campaign

Date Cycle
Rotational
movement

Translational
movement

HTF-T HTF-p Description

2024-06-02 10000
-23 ° to 186 °

-5 ° to 9 °

430mm
393 °C 34 bar

Start-up June test campaign

2024-06-11 15545
Shutdown: Inductive Sensor triggered
because of rot. movement problem

2024-06-23 15769

-23 ° to 183 °

Restart

2024-06-29 19244
Shutdown: Magnetic head sensor
issue leads to rot. movement error

2024-06-30 19279 Restart

2024-07-03 20773
Shutdown: 20.000 cycles at
operating conditions reached

2024-10-03 20773 Start-up October test campaign

2024-10-08 24154
Shutdown because of smoke

development and �rst minor leaks
2024-10-10 24240 Leakage during start-up

4.2.2. Ball Joint Assembly Test Campaign

The BJA test campaign also aims to subject the BJAs to operational loads over a

complete service life to analyze aging processes and associated mechanical stresses.

This study examines the test series that commenced in April 2025. By the time of the

�rst interruption, 2,700 cycles had been completed, corresponding to an equivalent
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operating duration of approximately seven years.

Similar to the RFHA test campaign, a temperature of 393 °C and a pressure of 34 bar

were de�ned as test parameters. However, due to the modi�ed dimensions of the

REPAs, the motion angles were adjusted. The rotational movement ranges from 0 °

to 180 °, while the translational movement spans from -5 ° to 8 °, corresponding to a

linear displacement of approximately 400mm. As the angular velocity remains the

same as in the previous campaign, the cycle time is reduced from 150 s to 130 s.

After approximately 2,700 cycles, the test rig was shut down due to a nationwide

power outage. Further restarts and tests to cover the full-service life of the BJAs are

planned or ongoing but are not analyzed within the scope of this work.

4.3. Data Analysis with Python

This section provides an overview of the procedure for data analysis with Python.

First, it explains why Python was chosen as the tool for data analysis in this work

and what advantages this programming language o�ers. In addition, it explains the

libraries used and the procedure for the force analysis.

The constantly growing volumes of data in science and technology require powerful

tools for e�cient processing and analysis. Python has established itself as a program-

ming language for data analysis. The platform-independent open-source software

o�ers a simple syntax and a wide selection of specialized libraries. This software is

further developed by the users themselves, resulting in extensive documentation and

support resources being available. This has contributed to Python being established

as the standard for data-driven applications in many companies and research institu-

tions. [46]

A major advantage of Python is its comprehensive collection of specialized libraries.

These enable e�cient numerical calculations, data processing, and visualization. For

this reason, Python was chosen as the tool for analyzing the force data in this thesis.

The following subsection provides a detailed overview of the libraries used in this

thesis and their applications.
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4.3.1. Utilized Python Libraries

Four Python libraries are mainly used to process, visualize, and analyze the data

collected in the REPA test rig. These are pandas, SciPy, matplotlib, and scikit-learn.

This subsection introduces each library and describes how they are used for force

analysis.

Figure 4.2 shows an overview of the data collection and force analysis steps. In

the REPA test rig, the SCADA system and various sensors are used to collect data

for forces, torques, temperature, pressure, and rotational and translational angular

position. A data point is measured for all values every 5 s and saved in a CSV �le.

By recording every 5 s, 30 data points are available per cycle. In this way, one CSV

�le is generated per day. These �les are imported into Python for processing at the

end of a test campaign.

REPA test rig

SCADA system

CSV files

Python

SciPy
pandas

matplotlib

Experimental setup

scikit-learn

(Data points every 5 s)

Force Analysis with Python

Cleaned data

VisualizationCorrelation analysis Force prediction model

Training data Testing data

F
F

T

T

p

p

F T p

t

, , F

p
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Figure 4.2.: Overview of the steps for the force analysis with Python

The �rst step is to clean the imported data and prepare it for all subsequent steps. To

do this, the data is loaded into a DataFrame of the pandas program library. Pandas is

a Python library for analyzing and processing tabular data. It combines the e�cient

data processing of NumPy with the �exible functions of spreadsheets and databases.
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The central object is the DataFrame, a table with labeled rows and columns for struc-

tured data storage and processing. Among other things, pandas enables the �ltering,

transformation, and aggregation of data as well as the processing of time series and

missing values [47]. This allows the REPA test data to be cleaned, missing measured

values to be replaced by interpolation, and some features to be added. A column for

the cycle mode and a cycle counter are added as features. The cycle mode variable

can distinguish between three di�erent operating modes of the test rig. Firstly, the

standstill mode, when both the rotation angle and the translation angle remain un-

changed, and therefore, no cycles are performed. This is the case, for example, during

the heat-up or cool-down of the test rig. Secondly, the cycle mode in which cycles are

run with pressures and temperatures below the real operating conditions, and thirdly,

the cycle mode for cycles with real operating conditions of around 393 °C and 34 bar.

The completed cycles are counted with the cycle counter feature. This means that

only certain cycles can be considered in the further force analysis. The DataFrame

generated in this way for each test series is then used for the actual force analysis. A

correlation analysis is carried out, various cycles are visualized, and a force prediction

model is created.

SciPy is a scienti�c Python library that enables numerical computations in various

�elds such as optimization, integration, linear algebra, and statistics [47]. In this

work, the module scipy.stats is used, which provides tools for statistical analysis,

including probability distributions, statistical tests, and descriptive statistics. The

Person method is used to perform the correlation analysis of the di�erent variables

measured in the test campaigns.

Matplotlib is the most commonly used Python library for creating two-dimensional di-

agrams and data visualizations [47]. The library enables the creation of customizable

diagrams. In this work, Matplotlib was used to visualize the experimental measure-

ment data.

Scikit-learn is a Python library for machine learning that provides a variety of algo-

rithms for classi�cation, regression, clustering, and model evaluation [47]. This work

used scikit-learn to train a random forest regressor model and a linear regression

model. For this purpose, the data was split into training and test data to optimize

the models and evaluate their accuracy. The trained models can be used to predict

expected force amplitudes for di�erent combinations of temperature and pressure in
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order to compare test cycles performed.

4.3.2. Procedure for Force Analysis

As described in the previous subsection, the procedure for force analysis with Python

can be divided into three methods. To gain a deeper understanding of the loads act-

ing on the REPAs throughout their operational period and to analyze speci�c events

within a movement cycle, a correlation analysis is carried out, the data is visualized

at de�ned points in time, and a model for force prediction is trained.

In the �rst step, a correlation analysis is carried out. This provides an overview of

the relationships between the individual variables and enables an analysis of the in-

�uences of temperature, pressure, and rotational and translational movements on the

forces and torques.

In the second step, the forces and moments are visualized over various cycles. The

graphical representation of the cycles makes it possible to analyze the development of

the forces and moments over the entire test duration and, thus, over the life cycle of

the REPAs. Figure 4.3 provides an overview of the RFHA test campaign. It shows

the forces in the z-direction of both RFHAs, as well as the HTF temperature and

the HTF pressure. In addition to the development of the forces and moments over

the entire test duration, certain critical points in time are considered, as shown in

the Figure. Of particular interest here are times at which shutdowns occurred due

to smoke development or leaks. These points in time are recorded during the test

campaigns and documented in the REPA logbook. By visualizing the data at these

points, the forces during a failure can be analyzed and compared with data from

fault-free cycles. In particular, the development of the forces and moments in the

cycles before the failure is examined in detail. If there are recognizable changes in

the data at these points, these could be used as indications for possible condition

monitoring and the implementation of predictive maintenance.

In order to ensure better comparability of the analyzed cycles, a machine learning

model for force prediction is developed as part of the force analysis. Temperature

and pressure are input variables, while the expected force amplitude is calculated as

the output. For this purpose, the data is segmented into individual cycles and di-

vided into training and test data sets. The model is then trained, creating a separate

49



LeakageShutdown

Figure 4.3.: Overview of the force, temperature and pressure values of the 2024 RFHA test campaign

model for each REPA. With the help of these models, special cycles that take place

at temperatures and pressures below the real operating parameters and for which no

comparison values exist can be compared with the values generated by the model.

This allows statements about the measured forces and torques at speci�c points in

time, such as leakage.

Figure 4.4 shows an overview of the �rst test series of the BJA test campaign, anal-

ogous to the representation of the RFHA test campaign. Since only the �rst 2,700

cycles of the BJA test campaign are available for analysis and no irregularities, such as

smoke development or leakages, occurred during this period, the REPA force analysis

primarily focuses on the RFHA test campaign. However, the �rst two steps of the

force analysis are also conducted for the BJA test campaign. In addition, selected re-

lationships and di�erences in the occurring forces and torques between the two REPA

types are presented. The following chapter presents the results of the force analysis,

including the correlation analysis and the trained force prediction models.
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Shutdown (Power outage)

Figure 4.4.: Overview of the force, temperature and pressure values of the 2025 BJA test campaign
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5. Results and Discussion

Mechanical loads on the REPAs are a key factor in their long-term functionality.

In order to gain a deeper understanding of the forces and moments that occur dur-

ing operation, a RFHA and a BJA test campaign were carried out. The results of

these measurements are presented and analyzed in this chapter. For this purpose, the

recorded forces and torques are examined using the methods described in the previous

chapter.

As the RFHA test campaign has been completed, these results will be considered

primarily. The initial results of the BJA test campaign will be presented in parallel.

This allows the results of both test campaigns to be compared in order to identify

di�erences and similarities in the mechanical stress of the REPAs examined. A special

focus is placed on the measured values at the time of leakage to analyze the mechanical

loads in this phase. The force analysis aims to identify characteristic load patterns

and systematically evaluate the mechanical stress on the REPAs.

5.1. Results of the REPA test campaigns

This section presents the results of both REPA test campaigns with a focus on the

RFHAs. First, a comparison is made with measured values from a real PTC with an

RFHA system to assess the validity of the data recorded in the test rig. The corre-

lation analysis is then presented to analyze the relationships between the parameters

investigated and their mutual in�uence. The cyclic forces and moments of the two

REPAs are then presented. A special focus is placed on the load cycles before and af-

ter the leakage of the west swivel in the RFHA test campaign. A comparison is made

between the west and east sides, and the results are compared with the predictions

of the force prediction model.

Figure 5.1 compares the torque values measured on the REPA test rig with those

of a real PTC system. The comparison is based on the measured values obtained
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by López-Martín et al. [48] on a URSSATrough Semi-SCA with RFHA. The torque

values around the rotation axis were compared with those around the y-axis, which

is the rotation axis of the test rig. For this purpose, the values of LWMy at the West

REPA from the RFHA test campaign are used.

The left-hand side of the �gure shows the torque curve over time. Due to di�ering

cycle times in the conducted tests, the curves were scaled to display two complete

tracking cycles. Apparent similarities between the values from the test rig (shown in

green) and the PTC system (shown in orange) can be observed. In the �rst half of

the cycle, only positive values are present, showing a decreasing trend. In the second

half of the cycle, negative values appear, initially increasing and dropping shortly

before the start of the next cycle. While some �uctuations are visible in the REPA

test rig values, the general trend closely resembles that of the PTC system, with the

REPA test rig showing slightly higher torque amplitudes and, thus, higher loads. On

the right side of the �gure, the torque curve is shown as a function of the rotational

angle. The same patterns as described earlier are observed. It can be concluded that

the REPA test rig, despite shorter cycle times and higher rotation speeds, creates

realistic conditions for the loading of the REPAs.

Figure 5.1.: Comparison of the torque measurement data of the REPA test rig and a PTC, mea-
surement data on the PTC from López-Martín et al. [48]
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5.1.1. Correlation Analysis

In the �rst step of the force analysis, a correlation analysis is conducted to determine

the in�uence of the operating parameters of the test rig on the measured force values.

Using the Pearson method, a correlation matrix is generated. The selected variables

include the forces of the two REPAs on the west and east sides, the rotational po-

sition, the translational position, the process temperature, the process pressure, and

the load cell temperature.

Figure 5.2 shows the resulting heatmap of the correlation matrix for the RFHA test

campaign. The Pearson correlation quanti�es the linear relationship between two

variables. A value of 1, depicted in orange, indicates a complete positive correlation,

whereas a value of -1, shown in green, signi�es a complete negative correlation. A

value of 0 suggests no correlation, with intermediate values representing weaker but

still present correlations. Since all p-values are below 6.16·10−12, which is signi�cantly

lower than 0.05, it can be assumed that all observed correlations are statistically sig-

ni�cant.

A pronounced in�uence of the process variables process temperature, process pres-

sure, and load cell temperature on the forces of both REPAs, on both the west and

east sides, is evident. The process temperature exhibits the highest positive in�u-

ence, with a correlation of 0.92 on the west and 0.97 on the east side. The load cell

temperature follows with correlation values of 0.89 on the west and 0.95 on the east

side. Process pressure shows a correlation of 0.74 on the west side and 0.77 on the

east side with the force values. Overall, this indicates that higher temperatures and

pressures correlate with higher forces. Additionally, these three variables strongly

in�uence each other. The correlation between process temperature and load cell tem-

perature is 0.97, which can be attributed to the fact that the process temperature

and ambient temperature signi�cantly in�uence the load cell temperature. Similarly,

a high positive correlation of 0.78 exists between process temperature and pressure.

To account for these interdependencies, partial correlations between the �ve process

variables and the forces of the two REPAs are calculated. Figure 5.3 shows these

partial correlations for both test campaigns.

The rotational and translational positions moderately in�uence the forces in the

RFHA test campaign, which is expected since movements lead to force variations.
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Figure 5.2.: Heatmap of the correlation matrix from the RFHA test campaign

Notably, an opposing e�ect is observed between the east and west sides. The corre-

lation between rotational position and the forces is -0.15 on the west side and 0.22

on the east side. An inverse trend is observed for the translational position, with a

correlation of 0.48 on the west side and -0.12 on the east side. These discrepancies

between the two sides are also evident in the force cycle diagrams in the following

subsection 5.1.2. Possible reasons for this could include minor structural di�erences

between the two sides of the test rig, varying aging states of the RFHAs, di�ering

load cell calibrations, or deviations in the installation of the load cells, such as varying

bolt tightening forces during mounting. Furthermore, process temperature is shown

to have the most signi�cant in�uence on the forces in the RFHA test, with a partial

correlation of 0.55 on the west side and 0.7 on the east side. Compared to the Pearson
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RFHA Test campaign BJA Test campaign

Figure 5.3.: Partial correlation between force values and operating parameters for RFHA (left) and
BJA (right) test campaign

correlation matrix results, the in�uence of process pressure and load cell temperature

is considerably lower. Process pressure exhibits a weak positive correlation with the

forces, with values of 0.09 on the west and 0.13 on the east side. The load cell tem-

perature has nearly no impact, with correlation values of -0.02 on the west and 0.05

on the east side.

In summary, temperature has a particularly signi�cant e�ect on the forces that occur

in the RFHA test. As temperature increases, the material's thermal expansion leads

to internal stresses and structural sti�ening. This results in increased forces, leading

to higher loads on the RFHAs.

In contrast, the BJA test campaign shows similarities to the RFHA results and clear

di�erences. As observed in the RFHA test, there is a strong positive correlation be-

tween process temperature and the forces. The correlation is 0.57 on the east and

0.84 on the west sides. A key di�erence is found in the in�uence of process pressure.

While pressure had a weak e�ect in the RFHA test, the BJA test shows a strong

negative correlation between pressure and forces. This does not necessarily mean

that higher pressure always leads to smaller forces. Instead, it suggests that forces

may shift further into the negative range under higher pressure. As a result, the total
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force amplitude can increase.

Looking at the absolute values, it is clear that pressure plays an important role in

the BJA test. This strong in�uence is reasonable because pressure, like temperature,

can lead to internal stresses in the structure. These stresses increase the measured

forces. The BJA con�guration is more sensitive to such pressure e�ects than the

RFHA setup.

5.1.2. Forces during cycling

This subsection presents various diagrams of the forces that occurred in the test cam-

paigns. An o�set value is calculated for each cycle to minimize inaccuracies in the

force measurement caused by the long measurement period and to ensure compara-

bility of the individual cycles performed. Using interpolation, the value in the 90 °

position is determined in the movement from the stow to the end position and used

as the o�set for the entire cycle. The values of the o�set and a more detailed analysis

are presented in Figure 5.10. Due to the o�set, the value at 90 ° is always 0N. All

other values are to be seen in relation to this value and do not correspond to the

absolute values measured.

Figure 5.4 provides an overview of the forces measured at both REPAs during the

two test campaigns. The results of the RFHA are shown on the left-hand side, and

those of the BJA test campaign on the right-hand side. For the RFHA test campaign,

the arrows represent the average forces in the respective directions from cycle 10,000

to cycle 24,154. Only cycles conducted under real operating conditions, at an HTF

temperature of 393 °C and an HTF pressure of 34 bar, are considered. The lines above

and below the arrows indicate the measurement uncertainties, calculated based on the

values from Table 4.1 and A.2.

In the left diagram, the arrows on the left depict the forces of the East RFHA, while

the arrows on the right represent the forces of the West RFHA. For the East RFHA,

the values in the x-direction range from -761N to 345N, corresponding to an am-

plitude of approximately 1106N. In the y-direction, the forces range from -1294N to

10N, resulting in an amplitude of about 1304N. The forces recorded in the z-direction

vary between -939N and 746N, with an amplitude of approximately 1685N. At the

West RFHA, the forces in the x-direction range from -14N to 2663N, leading to
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RFHA Test campaign BJA Test campaign

Figure 5.4.: Comparison of the average force values of the RFHA (left) and the BJA (right) test
campaign

an amplitude of about 2677N. In the y-direction, the measured forces range from

-2624N to 10N, corresponding to an amplitude of approximately 2634N. The values

in the z-direction vary between -379N and 4039N, resulting in the largest amplitude

of around 4418N.

The distribution of forces shows a comparable structure in terms of arrow positioning

and amplitudes. The forces at the West RFHA represent a scaled version of those

at the East RFHA. In the x- and y-directions, the forces at the West RFHA are

approximately twice as high as those at the East RFHA, while in the z-direction,

they are about two and a half times as high. Negative values predominate in the

y-direction, while the greatest forces are measured in the z-direction. Due to this

pronounced force distribution in the z-direction, a more precise analysis of the forces

in this direction follows for the RFHA test campaign.

Figure 5.4 also shows an overview of the forces measured during the �rst 2700 cycles

of the BJA test campaign. In contrast to the RFHA test campaign, the forces on both

sides show a comparable distribution. On the east side, the force values are higher

overall, with the highest values in the x-direction. Here, the amplitude is 2171N on

the east side and 1763N on the west side. The slightly di�erent BJA dimensions can

explain the minimal di�erences, with the higher forces occurring on the BJA with

shorter connecting pipes. The measured forces are, therefore, of a similar order of

magnitude to the values recorded on the east side during the RFHA test campaign.
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This observation supports the assumption formulated in the correlation analysis of

the RFHA test campaign that an error in the force measurement could have caused

the observed di�erences between the two sides.

Figure 5.5 shows the forces in the z-direction on both RFHAs as a function of the

rotation angle. Only the most pronounced forces in the z-direction are shown here.

The diagrams of the other two directions have similar characteristics and are shown

in the appendix A.3 and A.4. The forces of the cycles on the east side are shown on

the left, and those of the west side are on the right. Each curve represents one cycle,

starting from the stow position at -23 ° to the end position at 183 ° or 186 ° and back

to the stow position. For a better overview, one cycle is shown for every 2,500 cycles.

The arrows mark the start of the movement from the stow position at the time tstow

and the start of the return movement from the end position at the time tend. Due to

the o�set applied, the force at 90 ° is always 0N.

Figure 5.5.: Force values in z-direction as a function of the rotation angle for the RFHA test
campaign

For both the East and West RFHA, the shape of the curve remains largely constant

in the range from cycle 10,000 to cycle 22,500. Minor deviations are recognizable,

but there is no continuous trend of increasing or decreasing loads as a function of

the number of cycles, and thus, increasing service lifetime can be determined. This

means that both the force amplitude and the type of loading remain constant over

the observed period. In contrast, the behavior of the BJA di�ers. Figure 5.6 shows a

corresponding diagram. Here, the most pronounced forces in the BJA test campaign
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are shown in the x-direction every 500 cycles. The time intervals between the indi-

vidual curves are signi�cantly smaller than in Figure 5.5, yet noticeable di�erences

in the force pro�les are still evident. An analysis of the forces in the other directions

reveals no clear correlation between the number of cycles and the force characteristics.

The corresponding diagrams of the y- and z-directions are included in Appendix A.5

and A.6. It is noticeable that the forces at the time of cycle 0 show a minimum in

the x-direction, while a maximum occurs in the other directions. This behavior is

due to the design and installation method of the BJAs. In the �rst cycles after the

initial assembly, the system is still very dynamic due to the many degrees of freedom,

which means that the forces in this phase still exhibit large �uctuations. In the further

course of the BJA test campaign, an increased variation in the force amplitude can be

observed. In some cases, the forces change by more than 200N between consecutive

cycles.

Figure 5.6.: Force values in x-direction as a function of the rotation angle for the BJA test campaign

In accordance with the correlation analysis regarding the relationship between angu-

lar position and force, signi�cant di�erences between the two sides of the RFHA test

campaign can be seen in Figure 5.5. On the east side, the force remains nearly con-

stant during the movement from the stow to the end position. The maximum occurs

at approximately 180 °, just before the return movement to the stow position starts.

The force then decreases, reaching a minimum at around 30 ° before returning to the

initial position. However, the maxima and minima are arranged oppositely on the

west side. During the movement from the stow to the end position, the force decreases

until reaching 90° and then increases again until the end position is reached. At the
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beginning of the return movement to the stow position, the force drops abruptly,

reaching a minimum at around 130 °. It then rises, with the maximum occurring at

approximately 0 °, just before the stow position. Consequently, the force distributions

on the east and west sides are inversely related.

These di�erences occur despite the identical orientation and arrangement of all REPA

components. Potential causes, previously mentioned in the correlation analysis, in-

clude minor structural variations between the two sides of the test rig, di�ering aging

states of the RFHAs, variations in load cell calibration, or deviations in the instal-

lation of the load cells. To analyze these di�erences more accurately, it is helpful to

visualize the dependencies of the forces on both sides. Figures 5.7 and 5.8 show the

forces on all three axes about one another for one cycle under standard operating

conditions. The resulting curve is color-coded according to the rotation angle based

on the colormap displayed on the right. Each �gure shows an isometric, side, and

top-down view, with an RFHA model also inserted in the 90 ° position for clarity.

Figure 5.7 illustrates how the forces on the East side change throughout a cycle. A

clear di�erence depending on the displacement from the 90 ° position is evident, par-

ticularly in the top-down view. For angles greater than 90 ° (represented by the orange

part of the curve), predominantly positive forces in the x-direction are observed. The

opposite occurs for angles less than 90 °, with predominantly negative forces in the

x-direction. This is expected, as the traverse is de�ected either to the right or left of

the 90 ° position for angles greater or smaller than 90 °, leading to forces in opposite

x-directions from the 90 ° position. The distribution of forces in the y-direction also

aligns with expectations. As described earlier, the traverse remains in the -5 ° position

during the �rst part of the cycle. Then, it moves only in the negative y-direction up

to 9 °, resulting in many values near 0N, with the remaining values primarily in the

negative range.

In comparison, the forces on the west side, as shown in Figure 5.8, di�er signi�-

cantly in some aspects from those on the east side. The distribution of forces in

the y-direction is comparable. However, an opposite behavior is observed in the z-

direction, as previously noted in the speci�c analysis of forces in the z-direction. The

maximum occurs around 0 °, in the green region of the curve, whereas on the East

side, the minimum occurs shortly after 0 °. The most signi�cant di�erence is seen in

the distribution of forces in the x-direction. Here, instead of forces in both positive
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and negative directions as expected, only positive values are observed from the 90 °

position onward.

Figure 5.7.: Standard cycle forces on the East RFHA in isometric view, side view, and top-down
view, all axes represent force in (N)

Figure 5.8.: Standard cycle forces on the West RFHA in ismoetric view, side view, and top-down
view, all axes represent force in (N)

Given the fundamental di�erences between the two sides, structural di�erences in the
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test rig setup or varying aging states of the RFHAs are unlikely causes. The incorrect

calibration of the load cells, of one or more channels of these sensors, and deviations

in the installation of the load cells could be the cause. However, this cannot be

de�nitively veri�ed due to the integration of new sensors and the reprogramming of

the PLC that took place before the RFHA test campaign force analysis. Therefore,

the exact reason for the di�erences between the two sides cannot be determined with

certainty based on the available data.

Figure 5.9 shows the forces measured by the newly integrated load cells for a typical

cycle of both BJAs. In contrast to the data obtained during the RFHA test cam-

paign, apparent similarities between the two BJAs are evident here. The only notable

deviation occurs around 45 ° during the return motion from the end position at 180 °

toward the stow or start position at 0 °. On the East side, an additional loop is ob-

served in which the forces in both the x- and y-directions brie�y decrease and then

increase again, while the forces on the West side remain essentially constant in this

range. These deviations are likely attributable to minor design di�erences between

the two BJAs. Aside from these minor discrepancies, the force curves exhibit the

expected characteristics. Starting from the 90 ° position, the forces in the x-direction

predominantly assume negative values toward the end position at 180 ° and positive

values toward the stow or start position at 0 °. Moreover, it is observed that forces in

the z-direction are generally positive around 180 ° and predominantly negative around

0 °. As shown in the summary of the BJA test campaign, the forces in the y-direction

are relatively small, indicating that the BJA e�ectively compensates translational

motions without generating signi�cant forces along the translation axis.

Figure 5.9.: Standard cycle forces for the BJA test campaign in ismoetric view for east (left) and
west (right) side, all axes represent force in (N)
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Figure 5.10 shows the previously described o�set used in the force analysis for the

RFHA test campaign. These curves represent the force value at 90 ° in the tracking

movement from the stow position to the end position for each cycle. The left side of

the �gure displays the o�set of the three axes of the East load cell, while the right

side shows the o�set of the three axes of the West load cell. O�set values for the BJA

test campaign can be found in the Appendix A.7.

Figure 5.10.: Force o�set values for the cycles performed in the RFHA test campaign

The o�set values on the East side remain nearly constant for all three axes during

the �rst 10,000 cycles of the test series. A slight downward trend is observable, which

is more pronounced on the West side. In particular, the o�set values of the z-axis

decrease by approximately 700N. This value exceeds the expected measurement in-

accuracies. While the force amplitude remains constant, as observed in the analysis

of individual cycles, the absolute force values decrease overall. The jumps in o�set

values at cycles 19,244, and 20,733 can be attributed to shutdowns of the test rig at

those times. During these shutdowns, the load cells were tared, which led to signif-

icant di�erences in force values, especially after the shutdown at 20,733 cycles and

the subsequent three-month pause before restarting. These di�erences are the reason

for using the o�set approach in force analysis, as it ensures comparability between

di�erent test phases. The peaks at cycles 22,300, 22,800, and 23,450 can be traced

back to a malfunction of the encoder measuring the translational angle. Erroneous

measurement values transmitted to the SCADA system a�ected the translational

movement, leading to variations in the occurring forces. Cycles from these phases

were not considered in the analysis, as they are not comparable to cycles conducted
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under standard operating conditions.

In summary, under standard operating conditions of 393 °C and 34 bar, a constant

force amplitude can be observed. Apart from a slight downward trend in the maxi-

mum force values, the load on the RFHAs remains stable over most of their lifetime.

Furthermore, signi�cant di�erences in force values between the two sides are evident,

but the exact cause cannot be identi�ed. However, incorrect calibration or di�erences

in the installation of the load cells cannot be ruled out. Therefore, in the next step,

the torques will also be analyzed to examine additional comparative parameters be-

tween the sides before �nally considering the forces and moments at the time of the

detected leakage.

5.1.3. Torques during cycling

Analogous to Subsection 5.1.2, which discusses the forces during cycling, this sub-

section presents the torques. The same o�set method with an o�set at 90 ° is also

used to analyze the torque values. Figure 5.11 provides an overview of the measured

torques during the RFHA and the BJA test campaign. The left diagram represents

the average torques along the respective axes from cycle 10,000 to cycle 24,154 for

the RFHA test campaign. The diagram on the right shows the average torques from

cycle 0 to 2700 of the BJA test campaign. As in the previous force analysis, only

cycles conducted under actual operating conditions are considered. The lines above

and below the arrows indicate the measurement uncertainties, which were determined

based on the values from Table 4.1 and A.2.

RFHA Test campaign BJA Test campaign

Figure 5.11.: Comparison of the average torque values of the RFHA (left) and the BJA (right) test
campaign
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For the East RFHA, the torques at the x-axis range from -49Nm to 690Nm, resulting

in an amplitude of approximately 739Nm. Around the y-axis, the torques vary from

-168Nm to 774Nm, corresponding to an amplitude of approximately 912Nm. The

torques recorded at the z-axis range from -939Nm to 44Nm, with an amplitude of

983Nm. For the West RFHA, the torques at the x-axis range from -127Nm to 516Nm,

leading to an amplitude of about 643Nm. At the y-axis, the measured torques range

from -114Nm to 695Nm, corresponding to an amplitude of approximately 809Nm.

The torques at the z-axis vary between -681Nm and 84Nm, resulting in an amplitude

of around 765Nm.

In contrast to the measured force values of the RFHA test campaign, the torque val-

ues on the east and west sides are very similar. This corresponds to the expectation

for the correct calibration of the load cells. The average torque values recorded during

the BJA test campaign are also similar for both sides, as seen in Figure 5.11 on the

right side. For the BJAs, the highest torques are observed around the y-axis, which

corresponds to the rotational axis of the test rig. The amplitude reaches 986Nm on

the East side and 704Nm on the West side. These values are comparable to the

results obtained from the RFHA tests. The torque amplitudes around the x- and

z-axes range between 300Nm and 400Nm and are, therefore, approximately half the

magnitude of those observed in the RFHA campaign.

In the RFHA test campaign, the values on the x and y axes are predominantly in

the positive range. This is because the translational movement of the traverse mainly

causes the moments around the x-axis. This movement occurs once per cycle, from

the hot starting position at -5 °, which also corresponds to the 90 ° o�set position, to

the cold end position at 9 °, so that the load predominantly acts in one direction. As a

result, mainly positive torques occur along the x-axis. The torques around the y-axis

exhibit two characteristic values depending on the direction of rotational movement.

Since the o�set in the tracking motion was set from the stow to the end position, val-

ues close to 0Nm are primarily expected in the forward movement. Nearly constant

positive torques occur in the return movement from the end to the stow position.

This behavior is also observed in Figure 5.12, which shows the torques around the

y-axis of both RFHAs as a function of the rotational angle.

On the left side of the �gure, the torques of the cycles on the east side are shown,

while those on the west side are displayed on the right. For better clarity, only the
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Figure 5.12.: Torque values at the y-axis as a function of the rotation angle for the RFHA test
campaign

torques around the z-axis are presented, as the analysis of the diagrams of the other

two axes exhibits similar characteristics. These diagrams are in Appendix A.8 and

A.9. Analogous to Figure 5.5, each curve represents a cycle from the stow position at

-23 ° to the end position at 183 ° or 186 °, and back to the stow position. Every 2,500th

cycle is displayed for representation. The arrows indicate the start of the movement

from the stow position at time tstow and the start of the return movement from the

end position at time tend. Due to the applied o�set, the torque values at 90 ° are

always 0Nm. The torque values remain approximately constant in both movement

directions, from the stow to the end position and back. At the transition points in the

stow and end positions, abrupt changes occur. For both the east and west RFHAs,

the shape of the curves and the amplitude of the torques remain essentially constant

from cycle 10,000 to cycle 22,500. However, a slight increase in torque values can be

observed on the west side in cycle 22,500. This could indicate the �rst signs of aging,

as a leakage was observed on the west side shortly afterward.

Figure 5.13 shows the torque about the y-axis measured during the BJA test cam-

paign, with every 500th cycle shown. The magnitude of the measured torque is

comparable to that observed in the RFHA test campaign. The shape of the curve

also resembles that shown in Figure 5.12. Due to a reassignment of coordinate axes

resulting from the newly integrated load cells used in the BJA test campaign, pre-

dominantly negative values were recorded, in contrast to the predominantly positive

67



values observed in the RFHA test campaign. Torques occurring around the axis of

rotation are, therefore, approximately the same for both REPA types. Throughout

the 2700 cycles conducted in the BJA test campaign, no irregularities such as leakage

or smoke development were observed. Since the measured torque characteristics are

similar to those of the forces analyzed in the x-direction, a more detailed examination

of the torque data from the BJA campaign is not provided. Additional diagrams for

the torques about the x- and z-axes are presented in Figures A.10 and A.11 in the

appendix. The o�set values applied for generating these diagrams are documented in

Appendix A.12.

Figure 5.13.: Torque values at the y-axis as a function of the rotation angle for the BJA test
campaign

Figure 5.14 shows the 90 ° o�set values used in the previous diagrams of the RFHA

test campaign. The left side of the �gure represents the o�sets of the three axes of the

eastern load cell, while the right side shows the o�sets of the three axes of the western

load cell. Similar to the force o�sets, discontinuities in the data can be observed at

cycles 19,244 and 20,733, which are attributed to various shutdown events and the

subsequent recalibration of the sensors. Additionally, peaks are visible around cycle

22,500, likely caused by faulty translational movements. Apart from these variations,

the o�set remains constant throughout the investigated period. Only the x-axis val-

ues exhibit a slight decrease between cycle 10,000 and cycle 18,500, while the y-axis

o�set on the eastern side increases. Since this value is negative, this implies a slight

reduction in the absolute o�set value.
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Figure 5.14.: Torque o�set values for the cycles performed in the RFHA test campaign

Under standard operating conditions of 393 °C and 34 bar, a slight downward trend in

the o�set values, and consequently in the maximum torque values, can be observed.

The torque amplitude remains constant over most of the operating period, indicating

a stable load on the RFHAs. In contrast to the results of the force analysis, both

sides exhibit similar torque amplitudes and load patterns. A noticeable increase in

values around cycle 22,500 is observed on the western side, which may be an early

indicator of the leakage that later occurred on this side. Therefore, the forces and

moments at the time of leakage will be analyzed in more detail in the next step.

5.1.4. Forces and Torques during the Failure

After cycle 24,240 during the RFHA test campaign, a leakage occurred at the West

RFHA, causing VP-1 oil to leak from the swivel joint. Figure 5.15 shows the oil

residue that has formed on the west swivel and the insulation of the swivel.

This section analyzes the forces and torques of the cycles immediately before and at

the time of the leakage. As there have been no failures in the BJA test campaign so far,

only the RFHA test campaign is analyzed in this subsection. Prior to the occurrence

of the leakage at the West RFHA, repeated smoke development and short shutdowns

were observed. The actual leakage occurred at a temperature of 120 °C and a pressure

of 21.7 bar, thus not under real operating conditions. Since no direct comparison

cycles are available for these cycles, linear regression models are additionally used to

compare the amplitudes.
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Figure 5.15.: East facing side of west swivel joint and inside of insulation after leakage

Figure 5.16 shows the forces acting in the z-direction for the cycles in the leakage

phase as a function of the rotation angle. Cycle 23,790 is one of the last cycles con-

ducted under actual operating conditions. It exhibits similarities on both the east

and west sides with the �rst 22,500 cycles, which are presented in section 5.1.2. On

the east side, shown in the left half of the �gure, only minor changes in amplitude and

curve shape are observed. The maxima and minima of the forces remain mainly at

the same angular positions. The observable changes are primarily due to variations in

operating parameters, which are indicated in the �gure legend. The most signi�cant

changes occur in cycle 24,150, particularly on the west side, depicted in the �gure's

right half. There, the amplitude of the forces in the z-direction increases, especially

in the negative direction. This results in an amplitude of approximately 7000N, cor-

responding to a force increase of over 60%. In cycle 24,160, and during the leakage

in cycle 24,240, the curve shape changes signi�cantly again, leading to a shift in the

positions of the maxima and minima. The maximum is now no longer at a rotation

angle of 0 ° but at 120 °, and the minimum shifts from 130 ° to 75 °.

Since the previously identi�ed general di�erence between the forces on the East and

West sides complicates a direct comparison, the next step is to examine the torques.

Figure 5.17 presents the torques around the y-axis for the same cycles as a function

of the rotation position. An increase in amplitude is observed at cycle 24,150. This

increase occurs on both sides, with the West side, shown in the right diagram, exhibit-
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Figure 5.16.: Force values in z-direction during leakage of the RFHA

ing a greater increase. At cycles 23,790 and 24,160, both sides show similar values.

However, at the time of leakage in cycle 24,240, a signi�cant di�erence between the

two sides is evident. With the renewed increase in temperature and pressure, higher

torques are expected due to the positive correlation. This can be observed on the

East side in the left diagram, whereas on the West side, the torques reach their lowest

values at this time.

Figure 5.17.: Torque values at the y-axis during leakage of the RFHA

Signi�cant changes in amplitude were observed during the leakage phase for both

forces and torques. To analyze the development of the amplitudes in the last 250
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cycles before the leakage in more detail, these are depicted in Figure 5.19 and Figure

5.20.

A Random Forest regression model and a linear regression (LR) model were trained

to predict force and torque amplitudes. Since some of the cycles for the leakage

phase took place at low temperatures and pressures, there are no direct comparative

cycles, as already written. The LR models can, therefore, be used as a reference point

for the expected force amplitudes. Due to the limited number of cycles with lower

temperatures and pressures than the standard operating conditions and the strong

linear dependencies of the variables identi�ed in the correlation analysis, the linear

regression model yields better results and is used in the following analysis. Figure 5.18

visually represents the models. Temperature and pressure can be speci�ed as input

variables as these are the main operating variables that are changed. The output is

a predicted force or torque amplitude for a cycle under these operating conditions.

Figure 5.18.: Linear regression models with temperature and pressure as input and force or torque
amplitudes as output

Figure 5.19 shows the force amplitudes in the z-direction for the last 250 cycles of

the RFHA test campaign. The results of the LR model are shown as dotted lines,

while solid lines represent the measured amplitudes. The left side of the �gure shows

the absolute amplitude values, while the right side shows the normalized amplitudes.

Normalization is performed by dividing the absolute values by the average force am-

plitude identi�ed in the force analysis, which is shown in Figure 5.4. Since it was

determined that the west force values correspond to a 2 to 2.5-fold scaling of the east

force values, a direct comparison is possible.

The force amplitude in the range of cycle 24,000 is around 5 to 10% above the average
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Figure 5.19.: Force amplitudes and normalized force amplitudes during leakage compared with
linear regression models

of the test series. This increase begins at cycle 23,300, around 1000 cycles before the

leakage, and reaches its maximum at cycle 24,000. The LR models deliver values that

correspond approximately to the standard amplitude, which is to be expected as the

standard operating conditions of 34 bar and 395 °C are present up to cycle 24,160.

At cycle 24,030, a sudden increase in the force amplitude in the z-direction can be

observed on the west side. The amplitude reaches over 7000N at times, correspond-

ing to an increase of more than 60% compared to the average amplitude. The force

amplitude on the east side remains constant mainly in this area up to cycle 24,160,

with only a slight in�uence being recognizable.

A shutdown occurs at cycle 24,160 due to smoke development. Short-term smoke

development had already occurred sporadically in the previous days. Since the start

of the second half of the test after a three-month break at cycle 20,773, these phe-

nomena have been observed several times, which indicates the occurrence of small

leaks and can be interpreted as an indication of the aging of the swivel joints. After

the shutdown, the force amplitude is greatly reduced, particularly on the west side,

and is well below the values predicted by the LR model. In contrast, the reduction

on the east side remains moderate and largely corresponds to the model predictions.

Following the renewed heat-up, the force amplitude increases again, accompanied by

further smoke development, whereupon the temperature and pressure are temporar-

ily reduced. At cycle 24,240, a signi�cant leakage occurs, which leads to the RFHA
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being declared no longer operational and the test campaign having to be aborted.

This is initially characterized by a sharp increase in force amplitudes, followed by an

excessive decrease at reduced temperature and pressure. At the time of leakage, the

east side shows a renewed increase in force amplitude from cycle 24,235, while the

lowest values are recorded on the west side. This indicates that despite increasing

operating parameters, the force amplitude on the west side remains low or decreases

further. While the force amplitudes on the east side are largely within the range of

the LR model, the values on the west side only reach around 50% of the standard

amplitude and thus remain well below the expected values. This could indicate that

mechanical or structural changes occurred in the swivel joint during the phases with

high forces observed about 150 to 200 cycles before the leakage.

One notable aspect is that the force amplitudes decrease more than expected at low

operating parameters. In addition, the main leakage also occurs at reduced operating

parameters. This could indicate that a structural change in the swivel has occurred

such that high stresses due to high pressures and the thermal expansion of the mate-

rial at elevated temperatures lead to high forces but do not cause signi�cant leakage.

At low operating parameters, on the other hand, the reduced stresses and loads lead

to a lower force amplitude, whereby the seals fail, and, ultimately, leakage occurs. To

support this hypothesis, the amplitudes of the torques are considered in the last step

of the analysis.

Figure 5.20 shows the torque amplitudes in the leakage phase. The amplitudes pre-

dicted by the LR model are shown as dotted lines, while solid lines represent the

measured values. Analogous to the force analysis, the absolute values are shown on

the left-hand side and the normalized values on the right-hand side, whereby the nor-

malization is carried out using the average torque amplitudes identi�ed in subsection

5.1.3. When analyzing the torques in cycle 22,500, it was already determined that

the torque amplitudes on the west side are increased. In the phase in which the forces

increase by 60%, the torque amplitudes on the west side increase by more than 20%

compared to the average values and the model predictions. On the east side, the

values remain primarily constant and increase by a maximum of 10% above the aver-

age. Analogous to the force amplitudes, the torque amplitudes on the west side also

fall sharply at the time of leakage at cycle 24,240 and only reach around 50% of the

average values. This observation is consistent with the results of the force analysis,

which showed a sharp drop after a phase with high amplitudes, which is below the
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predictions of the LR model. This supports the hypothesis that structural changes

in the swivel joint cause these changes in force and torque amplitudes, ultimately

leading to signi�cant leakage.

Figure 5.20.: Torque amplitudes and normalized torque amplitudes during leakage compared with
linear regression models

The force and torque amplitudes analysis shows that signi�cant changes occur several

hundred cycles before the �nal leakage. An increase in amplitudes can be observed,

especially on the west side, where the leakage occurs, followed by a sharp drop shortly

before the leakage. On the other hand, the values on the east side remain largely

stable or within the expected range. This phenomenon is particularly noticeable on

the z-axis for the force amplitudes and the y-axis for the torque amplitudes, which

is why these were analyzed in detail here. However, similar behavior can also be

seen for the other axes. Figures on this can be seen in Appendix A.13 to A.16.

The observation that a signi�cant increase in amplitudes is �rst observed and then

signi�cant leakage occurs with reduced operating parameters indicates that structural

changes in the swivel joint play a role. The �nding that the force amplitudes already

increase by up to 10% around 1000 cycles before leakage and that an increase of

more than 60% can occur around 150 to 200 cycles before leakage is relevant for

condition monitoring and predictive maintenance. As approximately one cycle per

day is carried out in practice, these periods correspond to a lead time of almost three

years and six months, respectively. This shows structural changes can be detected

early, leaving su�cient time to initiate suitable maintenance measures.
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5.2. Conclusion

The data analysis that was conducted shows that monitoring force and torque ampli-

tudes can provide meaningful insights into the mechanical behavior and degradation

of REPA components. For RFHAs, the forces remained largely stable throughout

most of the lifetime, with a clear increase in amplitudes several hundred cycles before

leakage. This indicates that structural changes begin well in advance and can be

detected early, making predictive maintenance based on force data both feasible and

e�ective.

In contrast, the BJA campaign revealed higher �uctuations even at an early stage,

though no damage has occurred yet. While long-term conclusions cannot be drawn

at this point, the similarities in load behavior suggest that early indicators of failure

may also emerge in the future.

The torque analysis further supported these �ndings and helped compensate for uncer-

tainties in the force measurements, highlighting the value of combining both metrics.

Overall, the results con�rm that load-based condition monitoring is a promising ap-

proach, particularly in the case of the RFHA, and provide a solid basis for extending

these methods to other REPA types.
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6. Summary & Outlook

As part of this study, an RFHA test series was conducted on the REPA test rig. A

total of 24,240 cycles were completed until leakage occurred. Subsequently, the test

rig was modi�ed by integrating new load cells speci�cally calibrated to the expected

force values to enhance measurement accuracy. Additionally, two BJAs were con�g-

ured and installed according to the test rig's requirements. A detailed analysis of the

BJA results could not be conducted. Only the �rst BJA test series with 2,700 cycles

performed was analyzed. All necessary data processing, visualization, and force anal-

ysis tools are available to analyze the upcoming tests further.

The force analysis of the RFHA test campaign revealed that both force and torque

amplitudes remained largely constant throughout the component's lifetime. Signif-

icant changes occurred several hundred cycles before the �nal leakage, particularly

on the west side, where the leakage ultimately developed. In this area, amplitudes

initially increased gradually, rising sharply shortly before leakage and dropping below

expected values. In contrast, values on the east side remained largely stable. This

behavior was particularly pronounced in force amplitudes along the z-axis and torque

amplitudes along the y-axis. It was observed that amplitudes increased by up to 10%

approximately 1,000 cycles before leakage and by more than 60% between 150 and

200 cycles before leakage. This trend could serve as a basis for condition monitoring.

In practice, approximately one cycle is performed per day, providing a warning period

of nearly three years or six months, enabling predictive maintenance.

Several limitations regarding the methodology of accelerated lifetime testing can be

identi�ed. While a complete cycle takes one day under real operating conditions, it

is performed within only 2.5 minutes of the test. Consequently, numerous factors

occurring under actual operating conditions are not captured. For example, in �eld

operation, movement occurs incrementally in 0.25° steps throughout the day, whereas

in the test, movement is continuous. Additionally, long-term corrosive e�ects and

�uctuations in temperature and pressure, which occur in real operation, depending
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on the time of day, are not adequately represented.

Analysis of the test results revealed a signi�cant di�erence between the east and

west sides of the tested components. The exact cause of this discrepancy could not

be conclusively identi�ed. Possible explanations include sensor calibration errors or

variations in installation. This introduces a degree of uncertainty in the interpreta-

tion of results. Furthermore, only two RFHAs and two BJAs were tested, meaning

the conditions leading to leakage could vary under di�erent circumstances. Since the

critical leakage did not occur under real operating conditions, further investigations

are necessary to precisely determine the failure mechanisms and identify appropri-

ate parameters for condition monitoring and predictive maintenance. In parallel, the

manufacturer of the RFHA is analyzing the a�ected system to determine the cause

of the leakage and understand the failure in detail.

The �ndings indicate that condition monitoring and predictive maintenance for REPAs

based on force measurements are generally feasible. However, additional sensor-based

approaches could also be considered. Before the occurrence of critical leakage, smaller

leaks in RFHAs were observed, accompanied by smoke formation. In real-world appli-

cations, a sni�er measuring HTF concentration in the air, a visual monitoring system

for detecting smoke formation, or a vibration analysis of the swivel could be viable

alternatives. Since force measurement is complex and costly, reducing measurements

to a single direction, such as only the z-axis, could help decrease sensor complexity

and costs.

Although only a limited number of cycles could be analyzed in the BJA test cam-

paign, the data already reveal characteristic force and torque patterns that resemble

those observed in the RFHA tests. While long-term conclusions are not yet possible,

these similarities suggest that early failure indicators may also develop in BJAs over

time. Consequently, force-based condition monitoring could also be a viable approach

for these components. In addition, complementary methods such as visual inspection,

gas detection, or vibration analysis remain promising options. Visual monitoring is

particularly relevant for detecting smoke formation and observing angular changes

between individual ball joints.

In the present experiment, cameras were installed to monitor the angles between the

pipe segments and individual ball joints. Upon completion of the test campaign, force
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analyses can be conducted using the Python tools developed in this study and com-

pared with image recordings and planned sni�er and vibration analyses. The focus

will be on phases in which issues or leakages occur.

The results provide promising initial insights into condition monitoring based on force

analysis. However, further investigations are required to develop a robust method in

combination with other measurement techniques. The objective is to establish a con-

dition monitoring and predictive maintenance concept that simpli�es maintenance

and enhances PTC power plant safety and operational reliability.
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A. Appendix

Table A.1.: Bill of material for ball joint assemblies east and west

Reg. No. Description Diameter Length Quantity Info

1
Pipe - SA-106
SCH 40, Gr B

2" 845mm 2 BJ Connection West

2
Pipe - SA-106
SCH 40, Gr B

2" 670mm 2 BJ Connection East

3
Pipe - SA-106
SCH 40, Gr B

2" 564mm 1 Top-Tube West

4
Pipe - SA-106
SCH 40, Gr B

2" 477mm 2
Fixture/Termopozo
Tube East+West

5
Pipe - SA-106
SCH 40, Gr B

2" 214mm 2 Bottom Connection Tube 2

6
Pipe - SA-106
SCH 40, Gr B

2" 176mm 1 Top-Tube East

7
Pipe - SA-106
SCH 40, Gr B

2.5" 347mm 2 Bottom Connection Tube 1

8
Pipe - SA-106
SCH 40, Gr B

2.5" 336mm 1 Top Connection 45 ° East

9
LR Elbow 90 °

ASME B16.9, ASTM A-234
2" R76mm 10

10
LR Elbow 45 °

ASME B16.9, ASTM A-234
2.5" B44mm 2

11
LR Elbow 90 °

ASME B16.9, ASTM A-234
2.5" R95mm 4

12
Concentric Reducer 2"-2.5"

ASME B16.9, ASTM A-234
2" - 2.5" 89mm 4

13 Termopozo - - 2

14
Ball Joint

2"-S2-SWW-400H-70-20
2� 168.3mm 6

15 Flex Hose 2.5" 1050mm 2
16 Pipe Fixture - - 2
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Figure A.1.: Calibration protocol M4347K5 load cell east
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Figure A.2.: Calibration protocol M4347K5 load cell west
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Table A.2.: K6D175 load cell measurement uncertainty [41]

Uncertainty Approach
Value

east

Value

west

Estimated

impact

Zero signal when mounted, SF0 measured 1N 41N moderate

Relative hysteresis error, µ
meas. under stationary

conditions
neglected

Relative creep 30min, dcr <0.1% FS <10N minor
Relative linearity error, dlin <0.1% FS <10N minor

Relative repeatability error, brg <0.1% FS <10N minor
Temperature e�ect on zero signal

at 20 °C, TK0,20 °C
0.1% FS / K

(+/-) 0 to
580N

major

Temperature e�ect on characteristic
value, TKC

0.05% RD / K (+/-) 0 to 41N moderate

Di�erence in zero signal due to
temperature hysteresis, U0,V 0

meas. under stationary
conditions

neglected

Di�erence in zero signal after complete
heating cycle, ∆U0,nc

measured 9N 18N minor

FS: of full scale, being in Z axis 20 kN, RD: of reading
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Figure A.3.: Force values in x-direction as a function of the rotation angle for the RFHA test
campaign

Figure A.4.: Force values in y-direction as a function of the rotation angle for the RFHA test
campaign
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Figure A.5.: Force values in y-direction as a function of the rotation angle for the BJA test campaign

Figure A.6.: Force values in z-direction as a function of the rotation angle for the BJA test campaign
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Figure A.7.: Force o�set values for the cycles performed in the BJA test campaign

Figure A.8.: Torque values at the x-axis as a function of the rotation angle for the RFHA test
campaign
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Figure A.9.: Torque values at the z-axis as a function of the rotation angle for the RFHA test
campaign

Figure A.10.: Torque values at the x-axis as a function of the rotation angle for the BJA test
campaign
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Figure A.11.: Torque values at the z-axis as a function of the rotation angle for the BJA test
campaign

Figure A.12.: Torque o�set values for the cycles performed in the BJA test campaign
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Figure A.13.: Force values in x-direction during leakage of the RFHA

Figure A.14.: Force values in y-direction during leakage of the RFHA
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Figure A.15.: Torque values at the x-axis during leakage of the RFHA

Figure A.16.: Torque values at the z-axis during leakage of the RFHA
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