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Abstract
The global trend for the machine design is energy efﬁ ciency and it can be achieved by using novel
technologies with the improved design. In practice, this means lightweight structures, integrated
functions of components and smaller size overall. In many cases the power-to-weight ratio is
increased which engender new challenges for the design engineers. The thermal expansion of
materials is well known phenomena, but when the operational temperature is high, up to 800 °C,
the thermo-mechanical design of systems becomes indispensable and thermal effects sets many
requirements for the design. Not only thermal expansion sets challenges, but also creep, heat loss
and corrosion should be addressed.
This thesis presents six cases where these challenges are studied. The ﬁ rst four investigates the
Solid Oxide Fuel Cell (SOFC) systems. System design, theoretical conceptual studies and concept
selection methods for thermal insulation are investigated ﬁ rst. Then research proceeds to
interdisciplinary ﬁelds such as corrosion experiments at high temperature and component design.
The ﬁ fth and sixth cases present medium and low temperature technologies, where the thermal
design has a major effect to the system performance. The friction stir channeling is a novel
manufacturing technology that enables the manufacturing of thermal management channels into
structural components. The empirical calorimeter experiments were used to measure heat transfer
properties and results were compared to results from the numerical analysis. During the entire
design and research work, the computer aided design tools and numerical calculation methods
were used. Especially the sixth case analyses the dimensional errors caused by gravity and thermal
expansion during the manufacturing and inspection process.
As a result, the system design for the high temperature applications has progressed, and lower
cost and incre ase d syste m life time can be achie ve d. Nove l the rmal insulation me thod, compone nt
supports and components were designed and tested offering new possibilities for new energy
systems. The results from the friction stir channel experiments prove that this new technology is
suitable for built-in thermal management of the structural components. Furthermore, with the
detailed numerical analysis of the end plate of the wind power gearbox, the manufacturing and
inspection procedures achieve higher accuracy, thus leading to products with higher quality.
As a conclusion, thermo-mechanical design of new energy systems has been studied and
improved. However, further investigations will beneﬁ t from the swiftly developing calculation
power of computers and enhanced software making the system design more straightforward.
Nonetheless, there are still many challenges remaining, especially in the ﬁ eld of materials for the
high operational temperatures.
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Tiivistelmä
Koneiden ja laitteiden energiatehokkuus on ollut tämän vuosikymmenen tärkein suunnittelua
ohjaava tekijä. Kevyet rakenteet, laitteen toimintojen integrointi, pienempi koko ja kasvanut tehon
ja painon suhde vaatii aiempaa tehokkaampia ratkaisuja lämmönhallinnalle. Uusissa
energiantuottoprosesseissa lämpötilat voivat nousta korkeiksi, jopa 800 °C asteeseen, jolloin
lämpötekninen suunnittelu on erityisen tärkeää. Lämpölaajeneminen voidaan ottaa suunnittelussa
yhä paremmin huomioon nykyisillä tehokkailla numeerisilla laskentamenetelmillä, mutta tämän
lisäksi myös viruminen, lämpöhäviöt ja kuumissa olosuhteissa tapahtuva korroosio tulee
huomioida uusien laitteistojen suunnittelussa.
Tämä väitöskirja esittelee kuusi tapausta, jotka liittyvät uusiin energiatekniikoihin ja joissa
kehitetään koneiden suunnittelua ja rakennetta tieteellisiä menetelmiä käyttäen. Neljä ensimmäistä
tapausta liittyvät kiinte äoksidip olttoke nnojärje ste lmie n (SOFC) suunnitte luun. Väitöstyön alussa
laitteistoa kehitettiin systeemi- ja konseptisuunnittelun menetelmin sekä numeerisen laskennan
avulla, joilla pyrittiin löytämään paras mahdollinen ratkaisu. Laitteiston rakentamisen jälkeen
empiiristen mittauksien tuloksia verrattiin teoreettisiin laskentatuloksiin. Painopiste neljässä
ensimmäisessä tapauksessa oli laitteiston, lämmöneristyksen ja komponenttien suunnittelussa sekä
korroosiotutkimuksessa. Viidennessä tapauksessa tutkittiin kitkatyöstetyn kanavan (FSC)
lämmönsiirtokykyä. FSC on ainutlaatuinen menetelmä, jolla voidaan valmistaa kappaleeseen
sisäisiä kanavia. Näiden kanavien lämmönsiirtokykyä tutkittiin sekä numeerisen laskennan, että
empiiristen kokeiden avulla. Kuudes tapaus käsittelee suurten koneenosien valmistustarkkuuden
ja tarkastusmenetelmien kehittämistä, erityisesti lämpölaajenemisen osalta.
Väitöskirjan aikana saavutettujen tulosten johdosta SOFC-järjestelmien rakennetta ja erityisesti
lämmöneristystä on pystytty edistämään. Laitteistojen rakennetta on kehitetty
yksinkertaisemmaksi, edullisemmaksi ja luotettavammaksi. Työn tuloksia on otettu käyttöön sekä
tutkimuslaitoksissa että teollisuudessa. Viidennessä tapauksessa suoritettujen empiiristen
kalorimetrikokeiden ja numeerisen laskennan avulla saatujen tulosten mukaan kitkatyöstettyä
kanavaa voidaan käyttää lämmönsiirron hallintaan monissa eri sovelluskohteissa, ja kanavan
lämmönsiirtokyky pystytään laskemaan entistä tarkemmin jo suunnitteluvaiheessa. Kuudennen
tapauksen tutkimustulosten avulla osien valmistustarkkuutta ja laadunvalvontaa on kehitetty
selvittämällä valmistuksen ja mittauksen virhelähteet numeerisen laskennan avulla.
Yhte envetona voidaan todeta, e ttä väitöskirjan lämpöme kaniikkaan liittyvän tutkimukse n avulla
uusien energiantuotantomenetelmien suunnittelua, valmistusta ja laadunhallintaa on edistetty.
Lait t e is t o is t a vo id aan ny t s u u nnit e l l a t e ho kkaamp ia, e d u ll is e mp ia, lu ot e t t avamp ia ja p it käikäis iä.
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Abbreviations and Definitions

AISI
BoP
CAE
CFD
CMM
CP
CPOx
CPU
DPCME
EDM
EDS
EMRP
FS
FSC
FSW
FEM
HT
ICE
MPS
NiO
NIPFL
NTEC
PEM
SEM
SOFC
SR
TEC
XRD

American Iron and Steel Institute
Balance of Plant, part of the systems that processes fuel
and air and feed these to fuel cell stack.
Computer Aided Engineering
Computational Fluid Dynamics
Coordinate Measurement Machine
Cooling Power
Catalytic Partial Oxidation
Central Processing Unit
Doctoral Program of Concurrent Mechanical
Engineering
Electrical Discharge Machining
Energy-dispersive X-ray Spectroscopy
European Metrology Research Program
Friction Stir
Friction Stir Channeling
Friction Stir Welding
Finite Element Method
Heat Transfer
Internal Combustion Engine
Molded Pipe Sections, thermal insulation product
Nickel Oxide
Non-Isothermal Pipe Flow
Negative Thermal Expansion Coefficient
Proton Exchange Membrane
Scanning Electron Microscopy
Solid Oxide Fuel Cell
Steam Reforming
Thermal Expansion Coefficient
X-Ray Diffraction
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Thermal expansion [1/K]
Area [m2]
Specific heat capacity [J/(kg·K)]
Boundary layer thickness
Emissivity
Thermal energy [J]
Young´s (elastic) modulus [Pa]
Convection heat transfer coefficient
Radiation heat transfer coefficient
Thermal conductivity [W/(m·K)]
Kelvin
Mass flow [kg/sec]
Pressure [Pa]
Heat transfer rate [W]
Heat flux [W/m2]
Thermal resistance [(m2·K)/W]
Stefan-Boltzmann constant [5.67 × 10-8 W·m-2 ·K-4]
Shear stress
Temperature [K]
Surface temperature [K]
Surrounding temperature [K]
Overall heat transfer coefficient [W/(m2·K)]
Poisson´s ratio

Author’s contribution

Since 2008 the author has been contributing to this research work and in
2008–2014 the author was the head of a research group at the Aalto
University. Our research group participated in SofcPower project during
2008–2012. For this project the author was the responsible for developing the
mechanical structure and thermal insulation for the 10 kW research unit
(Salminen, Ahlgren, & Kuosmanen, 2013). Considerable amount of work in
this project was done using CAE methods to design the system. When the
experimental system was finished and started, it achieved a world record in
the electrical power generation for a fully integrated system with only one
stack. In this project Esa Ahlgren contributed to the design process of the
thermal insulation, and Petri Seppänen engineered subsystems such as the
system enclosure. This project was conducted in close cooperation with our
research partners aiming to build a integrated research unit, (Halinen M. , et
al., 2012) (Halinen M. , et al., 2013). During 2010 the author was also a part of
a team studying new innovations related to energy and its use. In this process
the author co-wrote two chapters in the book Energising innovation,
innovating energy (Faisal, et al., 2010) (Amogpai, et al., 2010).
RealDemo was a continuation for this project during 2012–2014, when our
group developed the thermal integration of the research system. Thermal
integration was divided in to two sub-topics, which were thermal insulation
(Salminen, Najafi Haeri, Ahlgren, & Kuosmanen, 2016) and component
support solutions. In this project we developed concepts further with
independent experimental systems. Thus, novel concepts with higher risk of
fail were tested, which was not possible in the earlier project with a single and
unique test system (Halinen, Pohjoranta, Kujanpää, Väisänen, & Salminen,
2014). The corrosion study started at the end of SofcPower project and was
finished during the RealDemo. Esa Ahlgren and Shahab Haeri contributed to
the research by assisting with some of the experiments. Discussions with
engineering materials expert professor Hannu Hänninen were helpful with the
analysis of specimens and Tapio Saukkonen took magnificent SEM and EDS
micrographs of surface oxide layers.
While the previous studies were done within the small research group, solely
the author managed the following research: In 2015–2016 the author
developed the components further, and a new pipe connection for high
temperature applications was one of the results with our industrial research
partner (Salminen & Kuosmanen, Spherical surface pipe connection for high
temperature fuel cell systems, 2016). In other project, which was related to the
thermal integration of components, author conducted experiments to study
the thermal properties of a FSC channel in an ECV eStorage project. In this
project it was noted that thermal integration could be increased with FSC with
good heat exchange properties. In these two projects the author conducted
multiple experimental studies related to the pressure testing in high
temperatures and to calorimeter experiments in order to analyze heat transfer
of FSC channels. Along with these two projects, there was a third study,
Traceable measurement of drivetrain components for renewable energy,
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Author’s contribution

funded by European Metrology Research Program. In this program, the
author’s responsibility was to develop quality control and inspection
procedures of the large wind power gearbox components. In this case the large
dimensions and tight tolerances magnify the thermal effects and thus the
author contributed to this research by doing numerical thermo-mechanical
analyses of powertrain components.
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1 Introduction

Background
Total energy consumption of the world is steadily growing despite the growing
concerns and awareness of the climate change. The solution to elude global
warming could be found from new energy technologies that offer carbon free
energy or higher efficiencies than current technology. Among these new
technologies are the fuel cells, which convert chemical energy directly to
electricity and heat, which enables the high efficiency for these power sources.
There are many types of fuel cells available, which can be distinguished by cell
chemistries, materials and operational temperatures. Solid Oxide Fuel Cell
(SOFC) systems are typically used for stationary electricity generation and can
be used in Combined Heat and Power (CHP) applications that are typical in
domestic and commercial buildings in cities. SOFC systems operate at high
temperatures, typically 500–1000 °C, and can utilize many types of
hydrocarbon fuels such as methane from natural- or biogas. Among the fuel
cells, SOFC is capable to utilize the widest range of fuels. With suitable fuel
processing there are applications using also diesel, ethanol, ammonia or
directly hydrogen. Unlike with traditional power sources based on a thermal
cycle, the efficiency of SOFC systems is high even on small-scale production.
Reports demonstrate 32 % to 60 % electrical efficiencies for complete
domestic systems (Blum, et al., 2014) (Payne, Love, & Kah, 2011) and
theoretical maximum is around 80 % (Singhal & Kendall, 2006).
Fuel cells are suitable power sources to be used together with other
renewable energy systems such as wind and solar power. Characteristic for
these technologies is distributed energy generation with varying power output
of the systems. Countries such as Scotland and Denmark aim to be low carbon
economies and today they produce >30 % consumed electricity by wind with
targets of >50 % by 2020 (Coote, 2016) (The Scottish Government, 2015).
While both of these countries have relatively stable wind conditions, they
would benefit from reliable energy storage or conversion systems (Coote,
2016). At times electricity price drops when there is surplus wind power
available. With the electrolyzers this energy can be used to convert water to
oxygen and hydrogen, which can be stored. When needed, hydrogen can be
converted back to electricity and heat with fuel cells or used for cars utilizing
fuel cells. And while the demand comes from the customers, also several
companies are developing systems to provide new power sources to markets.
Multinational companies such as GE estimate that growth rate for stationary
FC systems could be 400 % in a decade (Owens & McGuinnes, 2015).
Superior efficiency of the SOFC systems and extremely small emissions has
resulted to 6000 sold units in 2015 with 67 MW total power (Fuel Cell Today,
2015) despite the fact that technology is still relatively expensive. In year 2012
Ceramic Fuel Cells Limited (CFCL) was selling domestic micro-CHP SOFC
units with a price of more than 13 000 €/kW in the United Kingdom (Fuel Cell
Today, 2012) while the cost of the larger 100+ kW units is estimated to be
11
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around 6 000–7 000 €/kW. Early technology adopters have been ready to
invest in these units even with a high initial price, but generally adopted
estimate is that SOFC systems would be widely adapted with a price level of
1 000-1 500 €/kW. SOFC system cost is based on fuel cell stack and Balance of
Plant (BOP) components, such as fuel processing and power electronics. From
these, 80 % of cost is based on stack and BOP (James, Spisak, & Colella, 2012),
which both have high operational temperatures. Thus, proper engineering
with high temperature solutions could reduce the total costs significantly. A
good sign for lowering production costs is that Nissan revealed its new
prototype during 2016. This car uses SOFC to load main battery and using
ethanol as a fuel.
A long system lifetime is a necessary feature for the power source. For power
generation with stationary products a generally accepted minimum system
lifetime requirement is 40 000 hours (Åström, Fontell, & Virtanen, 2006)
(Gasik, 2008) with performance degradation less than 0,25 % per 1 000 hours.
SOFC system lifetime limitation is based on two major phenomena,
degradation and component failures. Degradation is unwanted reduction of
electric power generation that typically has various reasons. Such reasons are
carbon formation (Kan & Lee, 2010), overheating, leakage or contamination of
fuel cell by vapors (Matsuzaki & Yasuda, 2001) or by particles (Schuler, et al.,
2011) to name only a few. While SOFC system has not many moving parts, it
endures thermal cycling during its lifetime. Structural materials are mainly
alloys, steels and ceramics with various Thermal Expansion Coefficients
(TEC). Large units have typical dimensions between 2–10 meters and have
low, medium and high temperature zones within the system. Maximum
temperature difference within the system could be 1000 °C, which may cause
thermal displacements that could be measured in centimeters, not in milli- or
micrometers. Thermal cycling converts an initially static structure into a
dynamic system that is in a constant motion when temperature varies. If there
are restrictions for this thermal movement, it will cause increased material
stress, which can lead to structural failures or accelerated creep in the long
term. With proper engineering solutions the unwanted effects can be
mitigated. This will lead to an increased system lifetime, reliability, compact
size and lower total cost of the system.
The research in this thesis focuses on the development of thermo-mechanical
design of the systems to bring cost down and system lifetime longer. Especially
for SOFC the manufacturing costs are now a critical factor, and for example
wind power could benefit from enhanced production quality and increased
system lifetime. For all technologies these features do reduce the cost of
ownership during long working life of the systems. For emerging technologies
the analysis of thermal properties of Friction Stir Channeling (FSC) aids in
launching this relatively new technology to the products of the future.
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Research questions
The research in this thesis addresses to solve temperature dependent
challenges in machine construction. The main focus is on the SOFC systems
with operating temperatures above 600 °C, but temperature poses challenges
on other systems as well, especially on energy generation systems where heat
is present. These challenges set the fundamental research question for this
thesis:
How temperature, temperature difference and thermal cycling affect
mechanical systems and especially SOFC systems that may operate
at temperatures up to 1000 °C?
In general view, if we start from part manufacturing, the thermal expansion
is one of the major reasons causing dimensional errors for machined parts
made of various alloys. Non-homogenous temperature distribution during
machining or welding process will produce dimensional errors when
temperature stabilizes after machining. Alternatively, parts with extremely
good quality may fail in quality inspection if temperature related phenomena’s
are not addressed during the inspection. While global temperature is typically
known, non-homogenous temperature of the measured part will cause
deformations especially for large parts.
Thermal expansion of materials is always present with common engineering
materials. Mechanical structures will endure changes in dimensions or shape
and material stress varies when temperature alters during use. In short term
these changes could reduce system performance. In low temperature
applications thermal expansion is a reversible process and permanent
dimensional errors are not detected. However, in the high temperature
applications long term exposure to heat and material stress will cause
relaxation and creep, which will cause permanent change to system
dimensions and shape. These changes are irreversible and may have severe
impact to mechanical structures and their performance. Due to this, while
temperature related issues are always present in mechanical engineering,
special consideration is needed with SOFC systems operating long term at
temperatures over 600 °C. In these high temperatures special materials and
solutions are needed for mechanical construction and thermal insulation.
The contribution of this thesis work is presented by answering to specific
research questions, which are as follows:
1.2.1 SOFC system design for experimental device

Many types of machines with high operating temperatures exist, but not many
of these have high demands for low cost, high system efficiency and long
system lifetime. Thus the first research question in this thesis is:
1. What kind of requirements SOFC systems set for mechanical
engineering and are new mechanical solutions needed to
advance current technology?
Answers to this question are addressed by presenting research case 1 in section
3.1, which introduces the design process for the mechanical structure and
thermal insulation for the 10 kW single stack SOFC system operating at
800 °C.
13
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1.2.2 High temperature corrosion

High operational temperature accelerates many chemical processes such as
corrosion. Corrosion can be internal initiating from oxidizing atmosphere at
process air side, or reducing atmosphere at fuel side of the system. External
corrosion can be induced by impurities on material surface or by atmosphere
present at space where system operates. As high temperature corrosion
mechanisms can be rapid and lead to disastrous system failure, this thesis
investigates the following research question:
2. Which impurities could cause high temperature corrosion for
structural materials of SOFC systems?
This question is investigated by performing a set of experiments at 800 °C
with many types of impurities which may be present at operating conditions.
These experiments are presented in research case 2 in section 3.2.

1.2.3 Selection
and
insulation concepts

experimental

validation

of

thermal

Thermal insulation and heat management is an integral part of the structural
design of SOFC systems. The selection of a thermal insulation concept must be
done at the beginning, as it has a direct effect on the system and component
layout. At the beginning of design process following research question should
be addressed:
3. What kind of requirements SOFC systems set for thermal
insulation and what kind of thermal insulation concept is
most suitable for SOFC systems?
This research question is studied by analyzing a design case with a group of
expert designers. Subjective and numerical evaluation is used to define the
most suitable thermal insulation concept. An experimental device is
constructed and used to validate the results from theoretical analysis.
Experimental setup is illustrated in section 3.3. The same experimental device
is used to test various components and design principles, which are presented
by the next research question.
1.2.4 Component development and experimental validation

There are ready-made solutions for high temperature systems, but an ideal
solution should be simple, compact and economically priced while the
performance must be good. During the mechanical design of these systems it
was noted that markets could not always provide optimal components for
special operational conditions or requirements of SOFC systems. This was an
initiator for the next research question:
4. What kind of new components or improvements are needed
and how these perform at temperatures between 600 °C to
800 °C?
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Market studies and state of the art research proved that new component
development would benefit the progress of SOFC system technologies. Thus,
necessary components are developed and tested especially for high
temperature fuel cell applications. These components include component
supports, pipe lead-throughs and pipe connection and are presented in
Chapter 3.4.
1.2.5 New manufacturing technologies – FSC

New manufacturing technologies may enhance performance and system
packing as well as reduce cost of systems. There is one especially interesting
technology, Friction Stir Channeling (FSC), which enables function
integration. With FSC thermal management channels could be incorporated
within system structures. However, in-depth analysis of the heat transfer
properties of this new technology has not been made or published earlier. This
resulted in the research question:
5. What is the heat transfer capability of Friction Stir Channels
and how it compares with channels made with traditional
techniques?
This question was studied by manufacturing test specimens and by performing
heat transfer experiments in a calorimeter. In addition, numerical calculations
were performed in order to find out how well common numerical models can
estimate the heat transfer properties of channels made with FSC. An
experimental setup is presented in section 3.5.
1.2.6 Improving product quality with numerical analysis

Thermal design is essential for high temperature systems. However, as
temperature has significant effect during operation, how temperature related
phenomena’s effect when components are manufactured or inspected?
6. Can we improve product manufacturing and inspection
quality with the same methods that are used for system
design?
An especially demanding energy production case was selected to study this
research question. Large wind power gears are manufactured to tight
tolerances to guarantee a reliable service in distant operational locations.
Numerical calculation methods are used to evaluate the thermal effects for
large machine parts during manufacturing and inspection. The study is
presented in detail in section 3.6.

Aim of the research
The research in this thesis addresses the problems that are caused by
temperature variations and high operational temperatures above 600 °C.
Special focus is on peculiar requirements of the SOFC systems. When system
is designed to fulfill all the expectations, it will have compact size, low weight,
good thermal properties and good overall performance together with
reasonable price, long system lifetime and easy maintenance. It is simple to
design a system to fulfill some of these requirements, but the aim of this thesis
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is to give readers solutions to design systems with a good total outcome of the
design process.
The initiator for this thesis came from a Finnish research project SofcPower
that started in 2007. The project had various research partners from research
institutions and from the industry. As mechanical engineers, we noticed that
systematic engineering approach and methods could lead to advances in the
system design at general level and at various subsystems and components.
This thesis introduces a participation to a general level design of a 10 kW
single stack system design at the initial stage of the thesis and specific subsystem research and test setups to a development and validation process for a
new technology. Numerous research results of this thesis led to an
implementation of new technologies to various systems, which have been used
for prototype- or research units during the past years by our research partners.
The final aim of the thesis was to support the efforts to commercialize the new
SOFC technology.
An additional aim of this thesis was to deepen the understanding of heatrelated design. Temperature effects are always present in mechanical
engineering and this thesis attempts to give solutions how this knowledge can
be applied to systems operating at lower temperatures, in which temperature
effects are causing problems during component or system manufacturing and
inspection.

Scope of research
Scope of this research was to develop combined structural-thermal design
solutions for systems with dominating temperature effects. While advanced
design methods, FEM and tools were used during the study, in-depth
development of these methods was out of scope for this thesis. Instead, these
methods were used to develop novel and original solutions for high
temperature systems. While some design methods or solutions were not novel,
the application of these was new in the field of SOFC systems. In this case, the
novelty lies in the verification and testing of these methods and solutions for
SOFC applications.
SOFC systems are a good platform to develop and test these design strategies
and solutions as the temperature effects and problems are clearly present.
However, in this thesis these same methods are applied to raise product
quality in manufacturing and inspection. FSC is another manufacturing case
that is directly related to combined structural and thermal engineering. With
this technology thermal management can be incorporated into the structural
parts of the system. Heat transfer properties of this new technology were
studied in this thesis, but systematic development of manufacturing
technology was out of scope of this thesis and is reported well in another
recent thesis (Vidal C. I., 2014).

Research methods
Literature, standards and patents have been studied for a state of the art
literature survey to obtain understanding of the current knowledge and
technologies. Discussions with partners in industrial and research
organizations have been fruitful and visits to international conferences have
given valuable insight into the global state of development. Most of the
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engineering issues during the development have been solved with calculations,
but some design-related issues cannot be solved with numerical analysis.
Thus, a questionnaire and a subjective analysis have been used to evaluate or
grade system requirements, features or concepts.
Analytical and systematic product development methods are used before
engrossing into hands-on work for developing constructing experimental
units. During the development, Computer Aided Design (CAD) tools such as
Catia and Creo have been used with numerical solvers using Finite Element
Modeling (FEM). Abaqus, Comsol Multiphysics and Creo to name a few each
having some good properties from quick checks to in depth analysis. These
programs are used to perform combined structural-thermal analyzes, Heat
Transfer (HT) and Computational Fluid Dynamics (CFD) calculations. Most
analyses are performed in 3D domains, while some analyzes such as combined
CFD and HT analyzes include 1D assumptions or 2D simplifications within the
models to reduce computing time.
During the thesis hundreds or thousands of hours have been used to perform
experiments. These experiments have been planned in advance, and the
nature of high temperature system testing is long-lasting experiments. While
the shortest experiments have been less than hour, the longest continuous
corrosion experiment was 1 500 hours. Carrying out high temperature
experiments have demanded suitable laboratory environment and equipment
to be able to perform experiments at temperatures up to 800 °C. The heat-up
and stabilization of temperatures is a slow process that is needed to obtain
precise and correct results from the measurements. For mechanical parts long
time is needed to find out the effect of stress- and material relaxation and even
creep.
Various special devices and methods were used in this research. These
included thermal imaging (FLIR SC660) to inspect experimental devices and
to measure temperature on large areas. This was used also to study how well
thermal insulation performs when there are thermal cycling of inner steel
structure of the system. The Coordinate Measurement Machine (CMM,
ZEISS C700) was used to measure the component shape before and after
welding. Optical microscopy and macrophotography were used to evaluate
corrosion products, and X-ray diffraction, scanning electron microscopy and
energy dispersive X-ray spectroscopy were used to analyse corrosion products
or possible contaminants. Friction Stir Channeling (FSC) was used to produce
heat management channels. The heat transfer properties of channel specimens
were measured with a calorimeter. When necessary, the detailed information
of applied methods are given in Chapter 3.

Original features
The original feature of this thesis is to closely combine structural and thermal
engineering to create solutions for energy systems. The philosophy for this
design strategy is to simplify systems and to remove unnecessary restrictions
by a good system design. A simplified system is easier to design and
inexpensive to construct and maintain. A simple and robust system is durable
and has a long lifetime.
With this design philosophy the system design for SOFC systems is
enhanced, especially by improving the system layout design, thermal
insulation and components. This thesis assisted to construct the SOFC system
that had a world record in power generation for an integrated single stack
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SOFC system. Since this achievement, advancing the modular thermal design
of the system and simplifying the system structure by using the principle of
free thermal expansion have developed SOFC design further. To allow free
thermal expansion for system structure, new component support structures
have been developed and demonstrated in operational conditions. Granular
insulation concept for a high temperature system is for the first time
demonstrated for complete systems such as SOFC and tested at temperatures
of 600–800 °C. New type of components such as a pipe connection and an
enhanced piping lead-through are developed especially for high temperature
power sources such as SOFC systems. In this thesis, this same design
philosophy is used to improve product quality of the wind power gears. When
structural and thermal knowledge are combined, product quality can be
improved. In this case making in-depth analysis of the product quality
inspection procedure leads to the improvement. With the numerical analysis it
can be shown which gravitational and thermal effects cause dimensional
errors during manufacturing and inspection of wind power gear components.
With this information quality of the manufacturing and inspection process can
be improved and simplified.
In many systems, high operational temperatures are needed to accelerate
chemical reactions in order to achieve high efficiencies, high power-to-weight
ratio and low emissions. Unfortunately a high temperature can intensify
unwanted reactions as well. Thus, high temperature corrosion of a widely used
temperature resistant adhesive and a nickel-based Inconel 625 alloy is
investigated in this thesis. This annoying phenomenon was not reported or
studied before, although Inconel 625 was developed in the 1960s and is widely
studied and used in various applications such in nuclear power plants and high
temperature systems. The investigation was complex and the results from the
experiments and discussion with the adhesive manufacturer were productive
as it resulted in some changes with this specific high temperature adhesive.
Friction stir channeling enables combining thermal management to system
structure by making channels with complex paths. While this manufacturing
technique is relatively new, the originality in this thesis comes from the
experimental study of the heat transfer properties of these channels.
Experimental results are compared with traditionally machined channels and
numerical calculations.
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Fuel Cells and SOFC technology
The first references to fuel cells appeared in 1838 (Grove, 1838) (Schönbeins,
1838). Later on, many types of fuel cells have been developed utilizing
different types of chemistries and energy sources ranging from hydrogen to
microbial fuels. Fuel cells can convert the chemical energy of the fuel to
electricity and heat. Chemical reactions occur at the interfaces between the
anode, cathode and electrolyte, which usually define the type of fuel cell. The
most common type of fuel cell by units or shipped megawatts (Fuel Cell Today,
2015) is Polymer Exchange Membrane (PEM) fuel cell. This relatively
straightforward design is becoming the standards solution in hydrogen cars.
The PEM has an typical operational temperature range between 50 °C to
90 °C, while also high temperature PEM systems operating up to c. 200 °C
have been developed (Zhang, Zhou, Ehteshami, Wang, & Chan, 2015).
However, hydrogen is not yet readily available everywhere and thus in
stationary applications other fuel cell types are used. Molten Carbonate Fuel
Cell (MCFC) and Solid Oxide Fuel Cell (SOFC), the topic of this thesis, are the
two largest types by shipped megawatts in 2015 (Fuel Cell Today, 2015). These
operate at higher temperatures between 600 °C to 900 °C, which enables the
use hydrocarbon fuels such as methane. Methane can be sourced from natural
gas that is readily available worldwide. However, as the global trend is going
towards the renewable sources, also biogas-based methane can be used. For
even more flexibility on fuel sources, the SOFC is not limited to gases and
stationary applications. The SOFC has been demonstrated to be used as an
auxiliary power unit for trucks (Mujarkee, Haltiner, Kerr, Kim, & Sprenkle,
2011) (Rechberger, Kaupert, Greisen, Johansson, & Blum, 2014), ships
(McConnell, 2010) and passenger cars from companies such as Nissan.

Figure 1 Simplified PI-diagraph of SOFC system. In this figure SOFC-system is divided into two
modules, which are Stack- and BoP-module. Instrumentation, actuators and power conversion
are omitted for clarity.
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A complete SOFC system includes several components, which may be
divided into modules (Figure 1). The stack is the heart of the system consisting
typically planar cells and interconnection plates (Zhu & Deevi, 2003) between
the cells. A cell can be constructed in several ways, but one typical construction
is an anode supported structure where the anode layer is approximately 0.1–
0.5 mm thick and thin electrolyte and cathode layers (Sun, Hui, & Roller,
2010) are built on the anode (Jiang & Chan, 2004). The cell is then placed
between the interconnection plates, which deliver the gases to electrodes and
connect cells electrically in series. Between the interconnection plates is also
the gasket, which prevents the mixing of air and fuel. A single cell produces
0.7–0.9 V and a stack (Figure 2) has typically 2–200 individual cells and a
total power of 1–10 kW (Blum, et al., 2013). Previous description applies to
planar cells, but other designs such as tubular (Huang & Singhal, 2013) or
micro-tubular (Panthi, Bokkyu, & Tsutsumi, 2017) (Jamil, et al., 2015) cells do
exist. The operating principle of a fuel cell and basic reactions are illustrated in
Figure 3. The fuel cell stack produces Direct Current (DC), but typical
applications for stationary energy uses Alternative Current (AC). Thus, DC-AC
conversion is used before the electricity is feed into the grid.

Figure 2 Example of SOFC fuel cell stack. Elcogen E1000 stack has 39 cells and 1000W of
rated power (Figure: Elcogen).

Oxygen is provided to stack from ambient air. Air is filtered and feed through
a blower, which among the AC/DC conversion is another major source of
parasitic energy losses of the system. While viscosity of many fluids decreases
with increased temperature, the viscosity of air is increased when it is preheated after the blower. Air must be pre-heated close to the operational
temperature of the stack in order to avoid excessive thermal gradients within
the stack. Air pre-heating is also partly used to control stack temperatures.
When methane is used as a fuel for a SOFC it is pre-processed within the
system before it is fed to the stack. Fuel processing can be divided into two
steps. First fuel is cleaned from impurities, which can be done with sorbents
for example. Of impurities,especially sulfur can block fuel reformation and
hydrogen oxidation reaction sites and is thus avoided (Harris, et al., 2014).
The second step is reforming. While this can be done with pre-reformer and
within the stack. Especially endothermal reforming reactions provide
possibility to control stack temperature if reforming is at least partially
incorporated into the stack. However, right steam and oxygen-carbon ratio is
needed to avoid carbon deposition. Carbon deposition is a phenomena caused
20

State of the art and theoretical foundation

by cracking heavier hydrocarbons and it could lead to reduced performance or
failure of the complete system due to the growth of carbon deposits.
Fortunately, carbon formation can be avoided by an advanced system control.
The reforming of fuel can be done in several ways, but in the SOFC two
techniques are dominating: Catalytic partial oxidation (CPOx) and Steam
Reforming (SR) (Figure 3). In stationary units especially interesting is the
steam reforming since with this technique high efficiency can be achieved.

Figure 3 General operating principle of SOFC system with steam reforming.

In the scope of this thesis the presented components and composites are the
significant ones. In addition to this, complete systems include or may include a
control system, a start-up system or heat recovery systems for Combined Heat
and Power (CHP) applications. In-depth explanation and additional
information about the fuel cell systems and components can be found from
textbooks (Singhal & Kendall, 2006) (Larminie & Dicks, 2006) (Vielstich,
Lamm, & Gasteiger, 2003).

Thermal management
Thermal management includes all design aspects that have an aim to keep the
temperatures in control and to reduce unwanted thermal losses. The most
common thermal management action is to try to reduce heat transfer. For
example, humans living in cold climates have always needed to wear insulating
clothes to be able to survive in cold weather, and later houses in cold climates
are thermally insulated to keep heat in and cold out. Keeping heat around the
warm person has been vitally important for cold regions, but cooling systems
such as perspiration and its cooling effect is also needed to avoid overheating.
Together with insulating and cooling the heat needs to be transferred. For
example, blood is circulated in veins dissipating the heat from the warm core
to extremities, which may be exposed to cold. All this is needed as humans
tend to operate best in certain temperatures. Similarly, in machines there are
components that operate most effectively at certain temperature. For example,
engines, gearboxes, generators, electric motors and actually all engineering
materials have a certain temperature range for their intended use. These
machines need insulation, heat exchangers and similar techniques to keep
temperature at the right level, and in the right location or to transfer heat
where it is needed.
Technically, when there is a thermal gradient within the medium or between
media, heat transfer will occur. It can be generalized that the only way to stop
heat transfer is to bring all media to the same temperature. It is relatively
straightforward to reduce heat transfer by adding thermal insulation. Thermal
insulations can greatly reduce thermal loss, but in practice thermal loss cannot
be completely stopped as heat can be transferred by three modes: Conduction,
convection or radiation. Conduction can be explained briefly by the random
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motion of molecules. If there is thermal gradient within the media, the heat is
dissipated when the more active molecules with higher temperature interact
with less active molecules of the lower temperature. The activity of molecules
is random translational movement, including rotational and vibrational
motions. All materials have a certain characteristic property called thermal
conductivity, k (W/m·K), which can be used to calculate heat transfer by
conduction through the material in uniform steady-state conditions. One
should note that thermal conductivity is not a constant property in real life
situations as described later. However, for most normal applications, good
approximation can be accomplished by using constant values. But, especially
for the high temperature applications it should be noted that insulation
properties vary with the temperature. To generalize, the heat flux of
conduction (W/m2), rate of heat transfer per unit area, can be calculated with
equation (1):
̶ݍௗ ൌ െ݇

݀ܶ
݀ݔ

(1)

It should be noted, that the reported thermal conductivity of the materials is
typically measured at the normal conditions according to Guarded Hot Plate
Method (ISO 8302 and ASTM C177) when pores of the insulation are filled
with air in normal pressure. To be exact, within material sample there are solid
conduction through material molecules, and gaseous conduction through
pores within the material. The variations of pressure affect the latter thus
affecting the total thermal conductivity of material during use. In higher
pressure there are more air particles in the pores of the material that increase
thermal conduction through the material´s pores as there are more contacts
between the gaseous particles. Similar effect is achieved also with lighter gases
such as hydrogen and helium. These particles are faster and thus collide more
often, which increase the total heat transfer of material.
Convection is explained briefly as a motion of the fluid, which transports
thermally active molecules. Convection is a more complex phenomenon than
conduction. For example, if the surrounding air cools a hot solid, the heat is
first dissipated from the solid to the boundary layer of the air, which is a part
of the fluid. As there is friction between the moving fluid and the surface, at
the interface the fluid has zero velocity. Depending of the fluid viscosity and
surface properties, the fluid velocity increases when the distance to the surface
increases. This is the specialty of convection and its in-depth analysis involves
fluid dynamics as well, making it a multidisciplinary problem when analyzed
in detail. Convection itself could be divided into a few sublevels. The easily
understandanbe mode is random motion, which may take place for example in
a small cavity. In practice, it is rare that fluids remain motionless, as even
small differences in temperature initiates movement in most fluids. But if fluid
does not move, then conditions are similar to conduction. However, the more
common mode of heat transfer usually described as convection, is the bulk
motion of fluid, which occurs for example when the wind cools down the
human skin. Compared with still air, the moving air has higher capacity for
heat transfer. Especially if moisture is evaporated from skin or clothing, the
mass transfer of fluid is included which enhances total heat transfer.
The bulk motion of fluid can be divided to two modes, free or natural
convection and forced convection. Natural convection is stimulated by the
buoyancy effect when the density of fluid is varied due to the nonhomogeneous temperature of the fluid. For example, close to the warm surface
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the air is heated and like ideal gas, it expands. Lighter density of heated gas
causes it to rise causing fluid velocity and natural convection. In open spaces
with large surfaces, the buoyancy driven fluid velocities could be high.
The forced convection is another common mode, which is caused by an
external force moving the air or other fluid. This external force can be a fan,
pump with fluid or wind. The special circumstances, which are typically
included under the convection, are phase changes of the fluids. For example,
boiling and condensation cause latent heat change that can be utilized in many
applications such as in refrigerators or heat pipes. It should be noted that the
heating or cooling effect can have a major effect for heat transfer. To simplify
these phenomena to be useful for general engineering, a simplified equation
(2) is usually presented to calculate the heat transfer rate for convection:
̶ݍ௩ ൌ ݄  ሺܶ௦ െ ܶஶ ሻ

(2)

Where q” is the convective heat flux (W/m2) and h (W/m2·K) is average
convective heat transfer coefficient, Ts is the surface temperature and T is
fluid temperature. The challenge with h is to find the right value for it
depending on multiple variables such as fluid properties, system dimensions,
surface alignment and so on. With manual calculations this can be an iterative
and slow process, but modern multiphysics FEM softwares make it a slightly
less tedious task.
However, to give deeper understanding to convection, some basic concepts
should be introduced. At first, when fluid flows over the surface, three main
types of boundary layers may be present: First is the velocity boundary layer.
When fluid flows over the surface, the closest particles have zero velocity, and
enough far away from this point, the surface has no effect to flow and fluid has
a free flow. Between these two points, there is area called velocity boundary
layer, where shear stresses (Ĳ) affect the fluid flow. The boundary layer velocity
profile illustrates how boundary layer thickness (į) varies along the x axis
(Figure 4). When fluid and a plane have different temperatures, a thermal
boundary layer develops. The particles closest to the plane heat up first, and
transport heat to the adjoining particles. The thickness of this boundary layer
(įt) varies along the x axis (Figure 4). Third boundary layer is the
concentration boundary layer, which is developed if two or more fluids are
mixed or their molar concentration is affected when stream flows over the
surface. Most often this layer is developed when stream evaporates or
sublimates particles from the surface.

Figure 4 On the left, Velocity boundary layer development on a flat plate. On the right, thermal
boundary layer development on an isothermal flat plate.

Stream velocity has an effect on phenomena as well. At low velocities, flow
remains laminar and fluid flows in ordered form. If fluid particles are traced,
the streamlines are practically straight. But especially in cases with forced
convection or large surfaces, fluid velocity is increased and ordered form of
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laminar flow decays. The flow becomes turbulent and particles have random
motion and large clusters of fluid spin and roll in flow changing their relative
velocities. Between the laminar and random flow, there is a transition zone,
where fluid is partly moving with laminar behavior and partly by chaotic
turbulent flow. However, close to the surface the flow is slower, as the viscous
sublayer close the surface resist fast movement.
These surface layers with varying flow velocity, temperature and
concentration in three dimensions reveal the main problem of convection,
which is the determination of convection coefficient, h, which can be expressed
as local value, or average value over the surface. Mathematically the definition
of this value in most real life cases is complex, as there are many variables
affecting final value.
The third mode of heat transport is radiation, which is electromagnetic
radiation at infrared wavelengths. All surfaces or matters at temperatures
above 0 K emit thermal radiation if and when then surface of the matter has
emissivity which is above zero. And inversely, all surfaces with emissivity
above zero receive radiation. From conduction and convection radiation
differs because it does not need any media to transfer heat. In fact, radiation is
most effective if there are no media between the matters. Thus, while vacuum
insulations are effective in stopping other modes of heat transfer, the radiation
has an even more significant effect in vacuum. There are a few major variables
that define the radiation heat transfer effects. The first is the emissivity, İ,
which affects how surface emits or receives thermal radiation. An ideal
blackbody has an emissivity of 1 and it emits the maximum possible amount of
thermal radiation. Conversely, an ideal reflector would have surface emissivity
of 0. It is easy to make high emissivity coatings, but more difficult to make low
emissivity coatings especially for high temperatures. Low emissivity coatings
typically utilize polished metal surfaces, but a challenge here is that most of
these surfaces oxidize and turn towards a blackbody in high temperatures. For
high temperature applications engineers have developed ceramic coatings,
which are typically thermal sprayed to form a surface with lower emissivity
than that of the base material.
Second most important aspect is the view factor which is a value from 0 to 1.
It can be defined as the fraction of radiation that is emitted between surfaces.
If a surface i is completely enclosed by a surface j, the view factor from i to j
has the maximum value of 1. This means that all radiation emitted by surface i
is received by surface j. Conversely; the view factor is 0 if surfaces cannot
receive radiation from each other. In most applications the view factor value is
between 0 and 1. Again, this view factor can be calculated or estimated, and
tables and charts are available in literature (Incopera, DeWitt, Bergmann, &
Lavine, 2007) for basic geometries. Today we are fortuitous to have FEM tools
available that do these complex calculations automatically. Unlucky part is
that in complex systems these tools still need a large amount of computing
power to be effective.
Opacity and absorption are issues that are relevant for thermal radiation,
especially radiance from high temperature surfaces or solar radiation.
Thermally transparent materials do not absorb heat while radiation permeates
the media. But in most cases, materials are either semitransparent or opaque
meaning that thermal radiation is partially or completely blocked by media. It
must be noted that also gases absorb thermal radiation and fluids are usually
not even close to transparent. But as simplifications are needed, the typical
simplified equation to calculated thermal radiation is:
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Where
İ
is
emissivity,
ı
is
Stefan-Boltzmann
constant
(5.67 × 10-8 W·m-2 ·K-4) to define the maximum possible radiation power, Ts is
the surface temperature and Tsur is temperature of the surroundings enclosing
the surface.
In many cases, the thermal insulation is constructed from several layers of
insulation. Different layers may be in direct contact, or there may be gap
between them. To calculate the thermal loss through these layers, the concept
of thermal resistance should be introduced. All the layers in thermal
insulation create resistance for heat transfer, which could be consisted of
conductance, convection or radiance. Thermal resistance for conduction in one
dimension can be expressed with:
ܴ௧ǡௗ ൌ

ܶ௦ǡଵ െ ܶ௦ǡଶ
ܮ
ൌ
݇ήܣ
ݍ௫

(4)

And a thermal resistance for convection is in similar form:
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Respectively, a thermal resistance for radiation is defined as:
ܴ௧ǡௗ ൌ
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Where hr is radiation heat transfer coefficient, and can be calculated with:
ଶ
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(7)

With the equation described above, the total thermal resistance of the
composite structure can be calculated with following equation:
ܴ௧௧ ൌ  ܴ௧ ൌ

οܶ
ͳ
ൌ
ݍ
ܷήܣ

(8)

Where U is the overall heat transfer coefficient [W/(m2·K)] of the composite
structure (Incopera, DeWitt, Bergmann, & Lavine, 2007).
2.2.1 Thermal insulation

Thermal insulation materials have an important task of decreasing thermal
losses of the systems by increasing the thermal resistance of heat
transmission. For temperatures below 100 °C, a large amount of possibilities
exists with varying properties. In this chapter, the focus is on more exotic
materials, which can be used at elevated temperatures.
Ceramic insulation textiles and wools are made of ceramic fibers such as
SiO2, which can be called silica glass or ceramic fibers. In addition, other
similar temperature resistant materials, which can be processed to form fibers,
are used. These fibers can be woven to textile cloths and bands. Alternatively,
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fibers can be spun and mixed to form wool-like thermal insulation materials.
Some of these products can tolerate temperatures in excess of 1000 °C, but in
practice some of these materials become somewhat fragile if exposed to
extremely high temperatures close to their maximum temperature. In our
experiment we observed that reaching 80 % of the maximum temperature was
sufficient to make some of the products fragile. These products are used for
multiple purposes, such as fire protection, wrappings and thermal insulation.
However, it should be noted that in high temperatures these fibrous products
have typically one disadvantage as they are relatively transparent for radiation
and are lacking opacifiers. When the temperature of the component is
increased, the radiation becomes a more and more effective mode for heat
transfer (Figure 5). It should be noted that the radiation rate is proportional to
the fourth power of temperature as seen in equation (3). Example of such
material is Frenzelit isoTherm S that has 0.119 W/(m·K) thermal conductivity
at 600 °C.

Figure 5 Rosseland distribution of heat transfer in lightweight ceramic fibre insulation matt
(Spinnler M. , Winter, Viskanta, & Sattelmayer, 2004).

The effective thermal insulation for high temperatures up to an in excess of
1000 °C can be achieved with microporous insulation materials. These
can be made from the same material as fibrous insulators, SiO2. Instead of
making fibers, the material is processed to form pores in the material with a
size less than 60 nm. A microporous insulation material is described in (ASTM
International, 2015) as “material in the form of compacted powder or fibres
with an average interconnecting pore size comparable to or below the mean
free path of air molecules at standard atmospheric pressure”. The good
thermal insulation is achieved as the conduction path through the material is
complex due to porosity, but what is more important, is that the pores in the
material are small enough to restrain movement of air and gas molecules. As
explained before, the heat is dissipated in gas or material by the active
movement of molecules. In free space in normal temperature and pressure
conditions the mean free path of an air molecule is around 90 nm. As pores
are smaller than this, the movement of molecules is partially restricted. Unlike
textiles made of the same base material, SiO2, the opacifiers are added to
microporous insulation materials to block the thermal radiation. Opacifier
particles scatter thermal infrared radiation and resist heat transfer by blocking
thermal radiation. Opacifier must be thermally stable in high temperatures in
the long term. Otherwise, thermal performance of the material would degrade
in use. During this study, microporous insulation materials were used in many
forms, such as molded products, panels, flexible boards and granules. There
are also various manufacturers of microporous insulation, as described later.
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Thermal conductivity of these materials is c. 0.029 W/(m·K) at 600 °C for
MPS products made of microporous insulation.
2.2.2

Thermal management strategies

Systems that have major temperature related effects do need a thermal
management strategy to keep the system or component temperature at the
right level. To introduce main strategies, elements and few main components,
the list of technologies follows:
Heat exchangers
Heat exchangers have multiple variations. The heat exchanger is typically
described as a device to transfer heat between fluids. But to widen the scope of
this chapter, also solid-to-fluid devices are included in this chapter as well as
heat tubes and other similar cooling elements. The most common use for heat
exchangers presently may be heat sinks (Figure 6) used in computers to cool
down CPUs, which transfer heat from the CPU to air (Figure 6). To simplify,
this is a solid-to-air type heat exchanger. In Figure 6 the heat is conducted
from the CPU to heat tubes or pipes, where the refrigerant is evaporated by
heat. According to the first law of thermodynamics (Clausius & Rankine,
1850), the evaporation cools down the CPU. Then, evaporated gas rises to the
other end of the tubes where it is cooled down by air surrounding the outer
side of the tubes. To increase heat transfer, cooling fins and fan are added to
the assembly. Cooling the gas makes it condensate, thus releasing energy as
heat. This combination of technologies makes an effective solution to remove
heat from the CPU. Recently, Heat pipes have been studied for thermal
management of the solid oxide cells above operating above 650 °C. In use, heat
pipes can reduce internal temperature of the stack considerably and reduce
thermal gradients (Dillig, Leimert, & Karl, 2014).

Figure 6 Heat sink combined with fan and heat tubes to cool down a CPU
(Figure: Hustvedt (CC BY-SA)).

Another common example of heat exchangers is found in the liquid-cooled
combustion engines of vehicles. Cooling liquid is used to cool down the engine
by transferring heat to surrounding air. This liquid-to-air heat exhanger is in
this context a fluid-to-fluid heat exchanger, which leads to typical products
that are used in industrial and civil engineering. In these applications the
fluid-to-fluid heat exchangers are common and are used from food industry to
chemical plants. Fluid-to-fluid heat exchangers have many arrangements:
Shell-and-tube, shell-and-plate, plate (Figure 7), fin and so on. Special heat
exhangers include radiant heat collectors, which use thermal radiation as a
mode of transferring heat from one source to an other. Another special type of
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heat exchangers uses solid material to transfer heat. This can be achieved by
using rotating wheels or steel balls which transfer heat from one media to
another. Plate heat exhanger, or recuperators, are commonly used in SOFC
systems. The idea is to recuperate heat from, for example, exhaust gas from
burner or heat from stack outlet air. In recuperator the hot gas flows in the
every other flow channel, and cooler gas such as incoming air is flowing in
every other flow channel and is preheated before entering temperature critical
process parts. The recuperation rate can be adjusted using by-pass lines, and
overall performance of recuperator is dependent of the number of flow paths
and their dimensioning. One important design criteria together with heat
exchanger conductance is its pressure loss in operation. High pressure loss
increases parasitic losses in blowers that move the process air. However, there
is one principle in heat exchangers and recuperators that should be mentioned
in briefly. The countercurrent flow arrangement results in a higher heat
transfer rate compared with concurrent flow, because with this setup the
average temperature difference of interacting flows is maximized.
In basic fluid-to-fluid –type heat exchangers the flows remain relatively
steady, meaning there are no major changes in the pressure and no phase
changes. Briefly, in these heat exchangers one flow cools down, and another
heats up. A slightly more complex heat exchangers may involve phase changes.
For example, a hot flow cools down so much that gas may partially condensate
into a liquid. Or cooler fluid may heat up so much that it boils and evaporates.
Boiling and condensation cause phase changes, which may be extremely
effective in heat transfer.

Figure 7 Fully welded plate-type heat exchanger for demanding applications such as high
temperature applications (Figure: Raucell®).

Reformer
Selection of reforming method is pivotal design aspect for thermal
management. Two common methods are CPOx, which is highly exothermic
and SR which is endotermic reaction. SR is of special type, as it needs an
uninterrupted supply of steam or water that can be mostly fulfilled by
recirculating steam from cell reactions of the stack.
Stack
Fuel cell stack is a critical component for system performance. As stack is
made of various materials with many potential paths for leakages, the large
thermal gradients within stack are avoided to avoid excessive material stress.
Stack and its layout design is first step to minimize thermal gradient that are
caused by process heat and fluid flow to and from stack. Especially important
control criteria is air stoichiometry, which is critical for the process. Air is
preheated close to the process temperature to avoid excessive thermal
28

State of the art and theoretical foundation

gradients, and amount of preheating can be used to control stack temperature.
Control strategies for internal stack temperature and the use of heat pipes are
profoundly discussed in (Dillig M. , 2016).
Burner
Depending of stoichiometry and process control, the fuel is never completely
reacted within the stack during normal operation. This means that the anode
off-gas contains unoxidized H2 and CO that can be burnt, commonly using
catalyst burners. The generated heat is commonly used to heat up inflow air of
the stack.

Flow arrangement to reduce the thermal loss or to cool down the exterior
surface
One useful solution that is easy to implement in many devices is so called
active cooling. In many devices such as electric motors the cooling air or water
is blown to flush the hot components. But if the system needs process air like
the fuel cell does, the air could be used to flush the enclosure, electric cabinet
or similar cavity of the system (Figure 8). In the same procedure, air can be
preheated if needed. The risk of closed cavities is underestimated in many
applications. Especially high temperature fuels cells can generate a large
amount of heat, which can heat up closed cavities of the system. It is practical
to keep air moving through these locations if elevated temperatures can pose
problems. It should be noted that active cooling can be used to flush a room
where the system is situated, a system enclosure or some component of the
system. In a case of accidental leakage in the system, the flushing may prevent
the possibly dangerous accumulation of combustible gases within enclosures
or a room. The advantages of this system are obvious, but designers should
pay attention also to the possible emergency shut down operation. Does the
system temperature rise dramatically if flow is cut off by system failure or
blackout? Fortunately, adding self-opening vents for this type of situations can
solve this problem.

Figure 8 Active cooling and heat recovery by using incoming process air.

Layout design
System layout design should support thermal engineering in a way that heat
is transferred to right places and unwanted thermal loss is minimized. The
hottest parts should be located in certain location and cool components in
another. An example of a division of this kind is given in Figure 9 and in
Chapter 3.1.1. Layout design should also enable making use of the natural heat
transfer. For example, when air is heated, it expands. This buoyancy of warmer
air initiates the movement of air that can be used to naturally extract heat
from locations that may otherwise heat up. Electrical cabinets and similar
critical enclosures should be located in a way that natural air flows can be used
to bring fresh and cool air where needed. When designed properly, natural
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drafts may reduce the need for cabinet cooling by fans or a similar device that
cause parasitic energy losses.

Figure 9 Thermal zoning within SOFC system.

System control
In complex systems the control strategies are important. When chemical
reactions are parts of the process, a good process control keeps temperature
levels in control. Endothermic and exothermic reactions should be kept steady
when the system is operated. For SOFC systems, Apfel et al. (Apfel, Rzepka,
Tu, & Stimming, 2006) have studied thermal management strategies. They
investigated the thermal start-up behaviour and the thermal management for
SOFC units. According to them, large thermal gradients must be avoided.
Selecting a right system design and control strategies can result in this. In
addition, cooling down of the system should be avoided if instant power
generation at start-up is desired. To achieve this, one must choose suitable
insulation materials or to run system idle to keep it warm during the time
when power demand fluctuates. For the stack, fuel flow and utilization rate
and Oxygen-Carbon ratio are important control modifiers.

Structural materials for high operational temperatures
Low cost, low weight, and low heat capacity and small thermal expansion
coefficient (TEC) and creep together with high strength would be ideal
properties for structural materials for a high temperature system. Low heat
capacity facilitates faster start-up of the system and enables faster system
control when temperature is affecting the process. In power sources, both
electrically conducting and non-conducting materials are needed. In most
cases low thermal conductivity would enable easier thermal insulation with
less conducted heat. However, in some cases good thermal conductivity could
homogenize thermal gradients and related thermal stresses. One should also
consider the chemical issues such as corrosion. In SOFC systems there are
oxidising conditions in the airside of the system and on the external parts of
the structure, while at the fuel side the reducing atmosphere is present.
Various materials have been used for experimental systems. Ceramics are
commonly used in SOFC technology in planar and tubular cells and in seals.
However, ceramics may be used in components as well, including the use in
structural parts of the system. Despite some good properties of the ceramics,
their price is high for larger components. Thus, various types of steels and
alloys are typically the principal material for the structure and components of
the systems. Examples of common engineering structural steels are S235–
S355 series steels. European Standard EN10025 refers to the minimum yield
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strength of the steel grade giving 235 N/mm2 minimum yield strength for
S235. These or similar carbon steels with >90 % of Fe are suitable for
operational temperatures less than 400 °C in the long term. Above 400 °C
these steels suffer from oxidation (Plaut, Herrera, Escriba, Rios, & Padilha,
2007) and rapidly declining yield strength. Common engineering material for
temperatures above 400 °C and below 1000 °C are stainless steels (Fe c. 50%,
Cr 16–26%, Ni 10–20%) such as AISI 306(L), 310(L) and 316(L), which have a
better oxidation resistance than carbon steels and do not suffer from rapid
decline in yield strength in elevated temperatures (Outinen, 2006). In
addition, during long exposure stainless steels do not suffer from
graphitization like carbon steels, which have a significantly higher carbon
content. Overall, austenitic stainless steels have a better microstructural
stability than carbon steels in high temperatures.
According to the manufacturers, stainless steels can be used at the
temperatures up to 1000 °C or even higher. In the power generation industry
these steels are expected to remain in service for more than 100 000 h in
applications with low stress and mild conditions (Sourmail, Bhadeshia , &
MacKay, 2002). However, in these temperatures standard grade stainless
steels do not have sufficient strength for high material stress applications and
may be prone to high temperature corrosion if contaminants are present.
Thus, special high temperature stainless steels have been developed for
operational temperatures up to 1 100 °C (Outokumpu, 2013) and for higher
stress levels. The benefits in these materials include high creep and oxidation
resistance and this is achieved by an addition of minor alloying elements, such
as molybdenum. Austenitic stainless steels are widely used, but another group
is ferritic stainless steels that have no nickel like austenitic stainless steels have
(c. 10 %). Another alloying element is aluminium (c. 1%), which affects the
formation of a protective oxide layer. Ferritic stainless steels are not
dependent on highly priced nickel and are less vulnerable to thermal shocks
due to the higher thermal conductivity and lower TEC. The disadvantage of
ferritic stainless steel is lower strength at temperatures exceeding 600 °C
compared with austenitic stainless steels.
Aluminium is also an alloying element for the last major group in this thesis,
the nickel based alloys, which typically have 60 to 70% nickel together with
various alloying elements depending on the product. These “super alloys” tend
to have a high creep resistance and are resistant to corrosion in a wide range of
conditions. Despite all the good properties of these alloys, the disadvantage for
nickel alloys is the price. Nickel price per weight is twenty times higher
compared with steel in 2015 (U.S. Geological Survey, 2016) and thus the use of
these alloys is limited.
2.3.1 Creep

Material creep is a phenomenon in which material under stress endures
permanent deformation (Figure 10). With steels this deformation is typically
plastic. When engineers work with structural steels in normal operational
temperatures between -20 °C to +50 °C they normally design machines by
limiting the material stress below the yield strength of steel and operating
within the elastic region of material. Within these limits the structure may
deform under stress, but the original shape of structure is recovered when the
stress is relieved. However, when the material is subject to high stress levels
for long periods of time, it may not recover to original dimensions. The
possibility of material creep must be assessed especially when operational
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temperatures are high and the material stress is not low. For stainless steels
creep occurs in most applications when the temperature exceeds 480 °C and
for the most of the materials, the assessment should be done at the latest when
the operational temperature is 40 % of the melting point or more. With high
stress levels even a lower limit should be considered, or at temperatures in
excess of 550 °C tensile and yield strength cannot be used as a basis for the
design, and high temperature tensile and yield values can be used only for
short term or momentary loads (The European Stainless Steel Development
Association). The most common and simplest way to design structures from
the creep point of view is to estimate the maximum allowed material
elongation for the whole lifetime of the product. In the past, the rule of thumb
for engineers working with stainless steels was that 50 % of yield stress
produces 1 % creep in 10 000 hours in elevated temperatures with uniformly
heated and loaded parts (The European Stainless Steel Development
Association). Unfortunately, this is only a rough advice. To improve accuracy,
material manufacturers and scientist have published experimental results such
as creep curves for various materials which help to assess the maximum
allowed material stress to keep deformation within allowed limits. The
problem is that these experiments are time consuming as it is extremely rare
that researchers conduct 100 000 hour experiments with varying materials,
stress levels and temperatures. Thus, a large amount of material data for creep
is based on extrapolated estimations based on short term experiments. The
problem is that experimental creep data, using constant stress and
temperature often displays three different types of behaviour for the creep
strain rate as a function with time. In the beginning of the experiment there is
a primary creep regime when the creep strain rate decreases with time. The
secondary creep regime follows when the creep strain rate is almost constant
and during the final tertiary creep regime the creep strain increases with time
until the failure happens. Because of this non-linear behaviour the
extrapolation may lead to incorrect results. Another solution to create this data
is to use material models (Sourmail, Bhadeshia , & MacKay, 2002) (Sklenicka,
Kucharove, Svoboda, Kloc, & Kroupa, 2003) to estimate the long-term creep
levels. However, this is a demanding task as various alloying elements have a
complex influence on creep resistance.

Figure 10 Example of creep and low strength at high temperature for four materials. Low alloyed
310S collapses under its own weight in 35 h. at 1000 °C while alloyed 235MA keeps its shape
better (Outokumpu, 2017).

Another issue when designing for creep is the change in stress levels while
the structure deforms. During the deformations, various locations of the
structure may become subjected to higher or lower stresses during the lifetime
of the system. Due to the complex behavior at the system level, creep analysis
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is best performed by numerical calculation software. However, correct
material data for the creep behavior for various alloys may be difficult to
obtain.
Other creep related phenomena are creep-ruptures and creep cracking,
which are caused by residual stresses. In some engineering applications
residual stresses are reduced by various heat treatments, but if the
accumulated creep strains are sufficient to exhaust the creep ductility of the
material, extensive grain boundary creep cavitation will develop and cracking
initiate (Turski, Bouchard, Steuwer, & Withers, 2008). Manufacturers
typically report a maximum material stress for a certain operational time and
temperature that should not be exceed.
Creep is encountered not only in steel materials, but in gaskets as well.
Gaskets are used in various places in power generating units. In fuel cells, the
scientific emphasis is on the development of stack gaskets (Rautanen M. ,
2015). The creep of the gaskets could cause leakages that could reduce
performance and lead to a degradation or failures of the system. As the stack is
a critical component with gasket between every cell of the stack and the
probability of leakages due to creep is minimized in many applications by
maintaining a constant pressure in the stack by an external compression
system. Another location where gasket creep is present is in pipe connections
and devices of the system. In these parts there are typically no constant force
on the gasket due to thermal cycling and gasket creep could be a critical factor
for the tightness of the gasket.
In global view and in the scope of this thesis, a higher performance of power
generation units could be achieved with development of materials. Current
materials creep in high temperatures, and if creep could be reduced, lower
mass of system and higher operational temperatures could be used which will
lead to a higher efficiency and power to weight -ratio.
2.3.2

TEC matching, thermal shock and thermal fatigue

Thermal expansion coefficient (TEC) or coefficient of thermal expansion
(CTE) of materials is a especially notable material property when the
operational temperature is high, thermal cycling is present, dimensions are
large or there are demands for a high accuracy of the system as in scientific
measurement devices. This material property could cause notable problems in
systems with various materials. Simple examples are the structures with steel
and glass combined as in architectural structures. When glass is joined to a
steel façade, a flexible adhesive is typically used between the glass and steel to
compensate different thermal expansion coefficients of the two materials. If
this difference is not compensated, it is typical that the glass cracks. A special
scientific focus in SOFC is on matching TEC of the stack materials. Planar cells
are typically made of ceramics, but interconnect plates are made for
conducting electricity and are made of steels or alloys while stack seals are
made of glass or other materials such as mica or Thermiculite (Rautanen M. ,
2015). In the stacks ferritic stainless steels are popular as among other
properties they do have closely matching TEC (Yang, Weil, Paxton, &
Stevenson, 2003). While special focus is on the stack, the TEC matching is
important for structures and parts as well, and some standards instruct to do
so. For example, the metallic industrial piping standard (European Standard,
2012) instructs that if the design temperature is  120 °C, the thermal
expansion coefficient of the flange material shall not exceed the thermal
expansion coefficient of the bolt material by more than 10 % to comply with
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the standards of the flanges. However, as this could not be always obeyed,
another standard (European standards, 2014) allows that special testing or
calculations are approved as well, instead of using standard components.
For high temperature structures the thermal matching is important because
dissimilar materials may cause extremely high stresses between materials or
parts. For example, welds between various alloys and steels are possible, but
operation in elevated temperatures or thermal cycling will stress the welds or
system components, which may lead to a failure during use. Another example
is the previously mentioned flange connections. If flanges are bolted together,
differences between flange, bolt and gasket materials may lead to increasing or
decreasing stress on the gasket and connection parts.
The thermal shock is a phenomenon related to TEC. Again, the everyday
example of this phenomenon is the shattering of glass while hot liquid is
poured in. Hot liquid causes a thermal gradient, and the hotter part of the
glass expands more than the cold part. This difference in expansion causes
stress and strain, and if this stress exceeds the strength of material, a crack is
formed and the glass will shatter. The previous example is a rapid process, but
a similar phenomenon increases the startup time of power generators such as
fuel cells. A rapid startup increases the thermal gradients within the system
that could be harmful if the difference in the expansion of materials between
the system parts is not compensated. For example, the fuel cell stack has
maximum allowed thermal gradient that should not be exceed in order not to
produce cracks to cells and seals (Nakajo, Wuillemin, Van Herle, & Favrat,
2009) (Blum, et al., 2011). For a component or system, there are various
possibilities to reduce the detrimental effects and possibility for a thermal
shock: i) matching TEC and thermal conductivity of various materials used
within the system ii) reducing thermal gradients within the component or
system. This can be done by using materials with good thermal conductivity or
controlling the system to heat up slower to allow a thermal stabilization.
iii) Using materials with a higher strength and toughness or lower Young´s
modulus.
The thermal fatigue is a phenomenon in which material or part is subject to
cyclic heating and cooling. It is similar to the thermal shock, but more
repetitive by nature. The non-homogeneous temperature variation causes
strain between the outer surface and inner core of the material and after a
number of these strain cycles the metal cracks. Cracks may start both
externally and internally, which makes the phenomenon especially difficult to
observe during inspection. When designing a system encountering fast
thermal cycling, engineers should design the system so that it has an equal
thermal distribution within parts by using equal mass distributions, equal
material thicknesses and smooth transitions between part sections, such as
roundings and bevels instead of sharp corners.
In Table 1 various structural materials for power sources are listed. Carbon
steels and cast iron can be used in parts with a low temperature and noncorrosive atmosphere. Stainless steels and nickel alloys can be used in higher
operational temperatures. Notable here is the ratio between the TEC and
thermal conductivity. High temperature materials, especially austenitic
stainless steels, have inherently high TEC values and low thermal conductivity,
which predispose these materials for thermal shock and thermal fatigue. Due
to a smaller TEC, the nickel alloys have an advantage over austenitic stainless
steels when exposed to thermal fatigue.
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Table 1 Linear coefficient of thermal expansion for various materials and their thermal
conductivity. Note that properties change according to temperature, and change may not be
linear. Variations can occur due to minor changes in alloying, heat treatments and
manufacturing or between datasheets of manufacturers. Values may be given for guidance only
(Incopera, DeWitt, Bergmann, & Lavine, 2007) (MatWeb, 2016) (The European Stainless Steel
Development Association).
Material

TEC Į[10-6·K-1]

Carbon
steel

11.0–13.0
20 °C

GJS-700
(Cast
Iron)

@

Thermal
conductivity,
k [W/m·K]

Specific heat
capacity, Cp
[J/kg·kg]

Poisson´s
ratio

Source

[MPa]

Modulus of
elasticity
(Youngs
modulus)
[GPa]

Tensile
strength,
Yield0.2

60 @ 20 °C

434 @ 100
°C

235 @ 20 °C

200 @ 20 °C

0.29 @ 20
°C

Matweb

12.5 @ 20 °C

31.1 @ 300
°C

460 @ 20 °C

400 @ 20 °C

176 @ 20 °C

0.275 @ 20
°C

Matweb
/United
Cast Bar

AISI 310

18.4 @ 500 °C

500 @ 100
°C

200 @ 20 °C

20.0 @ 1000
°C

14.2
°C

275 @ 20 °C

(Aust. SS)

0.28 @ 20
°C

Manufac
turer /
Matweb

AISI
316(L)

16.0 @ 100 °C

14.0–15.9

500 @ 100
°C

290 @ 20 °C

193 @ 20 °C

0.25 @ 20
°C

Matweb

515 @ 100
°C

600 @ 20 °C

200 @ 20 °C
155 @ 600
°C

0.31 @ 20
°C

Sandvik

400 @ 500
°C
405 @ 20 °C

200 @ 20 °C

0.27-0.30

Outoku
mpu

@100

17.5 @ 500 °C

(Aust. SS)
253MA

16.5 @ 100 °C

13 @ 20 °C

(Aust. SS)

18.0 @ 500 °C

21 @ 500 °C

EN 1.4762

12.0 @ 600 °C

14.2 @ 20 °C

(Ferritic
SS.)

14.0 @ 1000
°C

20.9 @ 500
°C

YSZ
FC
ceramic

10.5 @ 1000
°C

2.7 @ 20 °C

Alloy 625

12.8 @ 100 °C

(Nickel
alloy)

14.2 @ 500 °C

9.80 @
°C

2.1
°C

600 @ 500
°C
457 @ 20 °C

@ 20 °C
60 @ 20 °C

236 @ 20 °C

180 @ 20 °C

0.24 @ 20
°C

(Tojo,
Atake,
Mori, &
Yamamu
ra, 1999)

410 @ 20 °C

460 @ 20 °C

208 @ 20 °C

536 @ 500
°C

290 @ 650
°C

179@ 500 °C

0.278 @ 20
°C

Special
Metals

@1000

20

17.5 @ 500
°C

0.305 @500
°C

Compensation for thermal expansion
As explained in Chapter 2.2, thermal expansion and related phenomena are
among the main challenges for a system designer working with power sources,
especially high temperature systems. As an uncontrolled thermal expansion
can degrade the system or cause it to completely fail, certain preventive
mechanical solutions have been invented. The following solutions are
presented in the order to increase the operational temperature. Control related
solutions such as slow warm-up are excluded from this list.
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2.4.1 Flexible materials

In architectural and vehicular bodywork engineering flexible materials are
used to compensate for different TECs of dissimilar materials or different
operational temperatures between the components of the system. Elastomers
can be used between the parts, and as elastic adhesives. Elastic adhesives are
used for example in the aforementioned glass to steel connections. These types
of joints between the dissimilar materials with varying TEC are challenging,
and correct adhesives and their thicknesses should be chosen. The fact that an
adhesive also has a TEC, add to the complexity of these joints. Indeed, while
joining similar materials, the TEC of the adhesive should be close to that of the
joined material to avoid the weakening of the bond between the joined
components in thermal cycling (Chen & Nelson, 1979).
There are various elastomers available for temperatures from -60 °C to
300 °C, while one of the oldest engineering elastomers, natural rubber, has a
maximum temperature of use of 100 °C. It must be noted that the mechanical
properties of elastomers depend strongly on the temperature. In the scope of
this thesis, one famous example of failed thermal-structural design and the use
of elastomers is the disastrous failure of the space shuttle Challenger in 1986.
A post-accident study (Office, Retrieved 2015) lists many possible reasons for
the in-flight explosion of the shuttle, but the most probable reasons are related
to the thermal-structural design and elastomer seals. Prior to launch, the large
external tank of the shuttle was filled with liquid hydrogen and oxygen, which
cooled the tank down to circa -200 °C, which caused the tank to contract. It is
estimated that this contraction of the tank could have caused a force of about
845 kN for the rocket booster struts that hold the rocket upright before the
launch. Simultaneously with the ignition of the rockets, these struts are
released by blowing hold-down bolts loose. A sudden release of the high force
shock loaded the rocket booster and caused vibrations. The leak path of the
fuel that caused the explosion shortly afterwards was sealed with elastomer Orings, which are not suitable for cyclic loading in low temperatures that were
present. Thus, the accident may have been avoided with correct thermalstructural design of the launch pad and with seals that had remained flexible
at low temperatures.
Material elasticity can be utilized with steels. While bars and tubes are
usually rigid in the longitudal direction, in the lateral direction they may bend
within an allowed stress and strain. This elasticity can be used to compensate
thermal expansion in certain directions.
Fibrous products such as fabrics are flexible by nature and can be used as
flexible system components. For example, a company called Frenzelit has a
chute type component that is used to connect a tilting furnace to the launder of
the foundry mold for aluminum industry (Figure 11). It is resistant to
temperatures up to 900 °C which is sufficient for aluminum with a melting
point of 660 °C. The flexible component compensates furnace tilting and
thermal movements when melt aluminum moves through the system.
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Figure 11 Frenzelit isoTHERM AL-FLEX is a flexible chute to connect tilting furnace to launder
of the foundry mold. Melt aluminium flows through the flexible component (Frenzelit Werke
GmbH, 2015).

2.4.2

Materials TEC

In the scope of this thesis, the thermal expansion of materials is an unwanted
material property in most cases. However, thermal expansion of materials has
been used in engineering from the beginning of the industrial era. Devices that
were based on thermal expansion of materials were among the first control
devices for systems and machines. A mercury thermostat, a governor, for
temperature control was invented as early as in the 1600s, which was before
the invention of centrifugal governors in the 1700s. This was also a time when
various bimetallic thermostats and actuators were invented. In a bimetallic
device two materials with differing TEC are joined to form a strip, dish, cup
(Patenttinro US 1883249 A, 1932) or other form. For example, bimetallic
strips curve when heat is applied, because the material with higher TEC
expands more than the other. A strip bends, and a spiral rotates and cups pop
rapidly to another position at a certain temperature. This mechanical
movement can be used to indicate temperature, adjust flow or trigger some
mechanical or electrical functions.
Most materials expand when heated due to interatomic bond length, which
increases when heated. For engineers, the rough rule of thumb is that stronger
bonds tend to lengthen less than weak bonds, and this can be demonstrated
with diamond (carbon), steel and ABS thermoplastics, which have TECs of
circa 1, 12 and 70 (·10-6·K-1) respectively. However, few materials have negative
TEC (NTEC) and these materials contract in one, two or three dimensions
when heated. These materials include for example crystalline solids and metal
oxides, and in fact, water has a NTEC in temperatures between 0 and 4 °C.
While these materials are not yet practical to be used as a sole material for
structures, the scientists are developing methods to use these NTEC materials
in composite materials (Miller, Smith, Mackenzie, & Evans, 2009). This would
enable tailoring of material TECs to be suitable for the application, or to make
zero-TEC materials possible. Possibly the breakthrough for these materials can
come from dental fillings (Versluis, Douglas, & Sakaguchi, 1996), fillers for
adhesives and microchip packing. While material with NTEC are developed,
also other materials are modified to achieve a certain TEC. Perfect example of
material tailoring would be to tailor fuel cell stack materials to have similar
TECs and suitable thermal conduction of materials to enable faster start-up
times for complete systems.
Combination of materials with different TECs can enable various ways to
compensate unwanted thermal expansion of the systems. While there are not
yet economical zero-TEC structural materials for power sources, in some
applications positive TEC materials can be used to compensate thermal
expansion (Figure 12). John Harrison used thermal compensation of this type
for the first time in mechanical apparatus in 1725. At that time, one of the
great scientific challenges was to develop an accurate timepiece, which can be
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used on sea, because this would solve the greater problem that was to
determine the longitude on sea. To determine the position on the sea, it is
necessary to know the latitude and longitude. The latitude could be
determined by measuring the sun´s or the north stars angle, which was
possible also when the ship was in motion on the sea. However, celestial
methods such as the Galileo´s method were inaccurate on the sea due to the
motion of the ship. It was known that earth rotates at a steady rate of 15° per
hour and the longitude can be determined exactly by celestial movements like
the sunset, if the exact time is known. This can be done reliably only if time
could be measured accurately during long journeys on the sea. John Harrison
started to work on this problem by first developing a thermal compensation
for pendulum clocks used at land. His solution was the gridiron pendulum,
which used brass (TEC c. 19·10-6·K-1) and iron (TEC c. 12·10-6·K-1) rods in
opposition (Giesen & Folgering, 2003). With this setup, the pendulum length
remained constant, and the clock became much more accurate. However,
gravity based pendulum clocks were not usable at sea due to the ships motion
and the slight variation in the gravitational acceleration around the world.
Thus Mr. Harrison continued his work to develop several chronometers of
which operation based on oscillation. Finally 1761 he succeeded with an
oscillating wheel that was controlled by a temperature compensated spiral
spring (Harrison, 1767).

Figure 12 Gridiron pendulum uses two materials in opposing but parallel configuration. Material
1 has smaller TEC than material 2 and the length of the rods is adjusted to compensate
different TECs. Thus, the length of the pendulum does not change when the temperature
changes. A) General view of pendulum, B) Pendulum at low temperature, C) Pendulum at high
temperature (Figure: Leonard G., CC).

2.4.3

Bends in structure and piping

Incorporating bends in tubing is one of the oldest ways to compensate thermal
expansion in pipelines or within the system. A straight tube would cause
enormous forces on anchors if no compensation is available. However, bends
in piping transfer the longitudinal force into a bending force, which spreads
the stress on a longer stretch of tubing. Piping bends are typically laid out as a
L, Z or U configurations, and dimensioning of these basic configurations can
be found from (45. Pipes, Tubes, and Fittings, 2008). However, at elevated
operational temperatures, the numerical analysis is recommended to calculate
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the involved stresses. A problem with bends is the large space needed, added
tubing and increased packing complexity and possible problems with thermal
insulation. However, if the system layout allows incorporating bends in the
system tubing or structure, the use of these should be considered. One specific
style of pipe loops is the flexible loops (Patent No. US 5195784 A, 1993), that
incorporate a pair of 90° elbow connectors, a 180° bend return member and a
pair of flexible tube members connecting parts. A flexible loop of this type
causes minimal force on tubing and uses less space than loops without flexible
parts.
2.4.4

Bellows

Flexible bellows are a widely used solution to compensate thermal expansion,
vibrations, misalignments or other movements. These can be used in line with
piping, but are combined with aforementioned L, Z and U configurations to
compensate large movements and to reduce stresses for piping. Countless
different types of bellows are manufactured, including different sizes and
materials, which are suitable for high temperatures as well. Unfortunately,
bellows are not a perfect solution. To make a bellows sufficiently flexible, it
must be manufactured from a material considerably thinner than that is used
for the rest of the tubing. And for a thinner material to be as durable as other
parts of the system, it usually means that bellows materials should be of a
higher grade than the piping. This may mean the use of more exotic materials
with a higher price and adding complexity to system by possibly adding new
materials to the system. Despite using high-grade materials, bellows may be
the most fragile part of the mechanical structure of the system. Because of
added complexity, special solutions may be needed to anchor piping, as
bellows act like a stiff spring, which causes forces on other parts as well. The
spring constants may not be available from manufacturers for all operational
temperatures. In addition, the thermal insulation needs some engineering for
individually insulated sections of the tubing that is affected by thermal
movements. Various manufacturers fabricate bellows and provide instructions
to incorporate bellows effectively into the system (Witzenmann GmbH, 2012).

Figure 13 Metal bellows welded to a piping structure. Piping supports are not shown in this
figure, but it should be noted that piping needs proper supports as standard bellows are not
intended to carry mechanical loads.

Wide selections of specialized bellows are available from manufacturers. In
these units the pressure is kept low in order to avoid parasitic losses due to
compression, and to alleviate the demands for the system structure that are
needed for high-pressure systems. While there are many special bellows, one
example is given due to its possible use in SOFC systems in places where flows
are mixed (Figure 14). In this special bellows the cooler air (or other flow) is
used to flush the bellows. This cools down the thinnest part of the tubing and
can increase the lifetime of the system. In addition, if the main flow is
corrosive for the bellows material, the fresh flow prevents the corrosive flow
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from damaging for the thin bellows as long as the flow is steady (Expansion
Joint Systems, 2010).

Figure 14 The special bellows structure where inner collar is used to form a channel around the
thin-walled bellows section. Fresh and cool flow can extend the lifetime of the bellows in harsh
conditions, such as crackers in chemical industry.

2.4.5

Design principles: Free thermal expansion, thermal center and
support of components

Intriguingly simple but rarely mastered solutions for the compensation of
thermal expansion are principles of free thermal expansion and thermal
center. These principles are based on the philosophy that the natural thermal
expansion and contraction of the system should move as freely as possible.
Thus, anchoring of components is limited to a minimum, allowing as much
free movement for the system components as possible. This reduces the
material stress and in many cases results in a simplified system that has less
components, is lighter and is as inexpensive as possible. However, for the
operation the system should be bound to avoid uncontrolled movements.
Thus, the system should be constrained, but with a minimum amount of
constrains. This is called exact constraining, when there are a sufficient
number of constraints to keep the system in control, but no unnecessary
constraints.
When a system is constrained, it may naturally have locations, which are
called Thermal Centers (TC) (Figure 15). These locations remain stationary
when system temperature is varied. This principle is typically used when
precision mechanisms and especially high accuracy optics are designed
(Giesen & Folgering, 2003) (Soemers, 2011). The focus point of optics should
remain in line, and thus the TC of various lenses should remain within the
line. The support mechanism of such lenses should be designed in a way that
the focus point of the lens remains in line if the temperature varies. Location
of TC in power source engineering can be constructed by various ways. The
simplest way to position a TC is to make a structural anchor point to a system,
which remains in place, while the system expands freely to all directions from
this point. It could be beneficial to use this point as a connection point to
external systems. For example, piping or conductors can be easily connected at
this location, as there are no large displacements in this point. It is also a
location where there is no relative motion between the components with
dissimilar TECs such as the thermal insulation and the system structure.
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Figure 15 Thermal Center (TC) is a stationary location of a component or system. A
components usually has only one TC, but a system may have several TC´s if thermal expansion
is compensated between TC´s (Figure: LaurensvanLieshout CC-BY).

Structural supports near a TC can be rigid or act as a stiff spring, but further
away from a TC the supports must allow the thermal expansion in all or
certain dimensions. Flexible or spring-like supports can be used, or sliding
supports. In some situations, supports can be suspended from above, either
with elastic or non-elastic components such as draw-springs or wires.
Figure 16 illustrates the principle of a TC for a layout design of a single
component. The component has two (pipe) connections. In the best case
(Figure 16A), the connections are situated near the component support located
at the lower left corner. Near the rigid support the thermal expansion causes a
minimum amount of movement for these connections. Figure 16B is a
satisfactory solution. Connections are located at the same line, but the thermal
expansion of the component causes movement of one or both connection
points and compensation elements are needed. Figure 16C illustrates the most
complicated location of connections. In this case the thermal expansion does
cause torque for the whole component.

Figure 16 Component support and piping connection location examples. Y direction omitted for
clarity. A) Free expansion to x and z directions is made possible by designing components with
piping connections in one corner. B) Pipe connections at the bottom of component. Pipe bellows
are needed in x direction and component has free expansion to z direction. C) Problematic
component and piping connection design. No free expansion to x and z directions. Flexible
piping components are needed and pipe connections at the top and bottom may cause torque
(Salminen, Ahlgren, & Kuosmanen, 2013).

It would be ideal if a hot system structure could expand freely during thermal
cycles in all directions. This could be achieved in experimental units working
in the laboratory. However, units delivered to customers all around the world
must endure transport and usage in demanding conditions. Because of this,
hot structures and components typically have support structures of some kind.
However, support structures should be designed in a way that does not cause
unnecessary stresses and restrictions to the structure and components. In
addition, supports should be positioned correctly, for example close to the pipe
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connection points to minimize the lateral movements and torque (Figure 17).
This figure illustrates the case where thermal imbalance causes system parts to
bend due to thermal expansion. The location of supports is where the
displacement takes the place. For example, if bellows are used and if these do
not tolerate lateral movements, the supports must be in the close proximity of
the bellows. It should be noted that especially angular displacement may cause
large displacements for beam-type parts.

Figure 17 Angular displacements due to the thermal expansion can cause significant movement
that must be compensated for or eliminated by selecting correct positions for support structures.
A) Pipe bellows have lateral stresses due to angular movement caused by uneven thermal
expansion. Supports are too far away. B) Supports are in the correct position to minimize the
lateral movement on pipe bellows in this assembly (Salminen, Ahlgren, & Kuosmanen, 2013).

High temperature corrosion and material degradation
High temperature accelerates chemical reactions such as oxidation, which
limits the maximum continuous operational temperature of carbon steels to
400 °C. Improved oxidation resistance in stainless steels has been achieved by
adding chromium, typically 15 to 25 % in stainless steels. In an oxidizing
atmosphere, the chromium forms a chromium oxide (Cr2O3) layer that
protects the underneath metal. If the layer is damaged, a new oxide layer
rebuilds due to Cr content of the alloy. However, this layer could be damaged
permanently in severe environments having low a oxygen content, unsuitable
pH, or contamination. Thus, minor amounts of various elements have been
added to alloys. In austenitic stainless steels molybdenum and nickel are the
most common additives to increase the performance in high temperature
operation. In ferritic stainless steels aluminum and silica are used to enhance
scaling resistance at elevated temperatures (Elliott, 2001).
When even higher resistance is needed at high temperatures, nickel alloys
are typically used for structural materials. Among increased strength at high
temperatures, a high nickel content (>50 %) gives a good resistance against
oxidation. Nickel readily forms nickel oxide at high temperature, which
prevents further passivation. Together with common alloying elements,
several other elements such as Nb, Ti, Mn, Co, C, Cu, P. S, Ta, W and V are
used in high temperature alloys. While most are added to cause desired
properties such as precipitation hardening, some elements such as C and S are
impurities in some alloys and they are difficult to remove completely from the
alloy, and they decrease the strength. However, some elements have mixed
properties. Molybdenum enhances resistance to certain types of corrosion, but
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may lead to catastrophic corrosion in specific atmospheres where MoO3 is
formed and again melted at 795 °C. Molten metals enhance electrochemical
reactions at metal surface and can cause extremely rapid corrosion. The
challenge with highly alloyed materials is their complex behavior. If
unexpected corrosion occurs, the investigation could be complex as described
in Chapter 3.2. Another issue is the effect of material structure, phase, cold
forming and stresses that may affect the corrosion resistance of material.
Combining high strength, high corrosion resistance and low price for high
temperature applications is challenging for structural materials. While chrome
has a positive effect, it has one major disadvantage related to corrosion. At
high temperatures the chromium can evaporate from structural materials and
is transported in the gas phase to the electrochemically active cell, where it can
solidify to chromium oxide and cause performance degradation. In addition to
Cr, other elements such as Si can evaporate as well, and contaminate active
cells (Schuler, et al., 2011). Not only volatile elements can cause problems.
Anyone working with high temperature alloys has most probably witnessed
metal dusting. Typically, this dusting is seen on the top of metals that have
been exposed to high temperatures. Dark dust is comprised of various oxides
depending of the alloy that has scaled off from thickening oxide layers. In
classical corrosion tests the corrosion rate is measured as a weight loss versus
time, and in extreme cases this dust represents the weight loss of the material.
Unfortunately, this dust can be transported together with process gases, and
may cause problem. Thus, engineers should keep in mind this possibility and
design process piping in a way that prevents the harmful gathering of these
particles to wrong places.
To keep the base material cost low and enhance corrosion resistance and
avoid the above-mentioned problems, several coatings have been used and
demonstrated for various applications. For example, fuel cell interconnecting
plates have been coated by wet powder spraying, thermal spraying, chemical
and physical vapor deposition with several coating materials such as
perovskites, spinels and metals (Rautanen M. , 2015). The fuel cell
interconnecting plates may be the most critical components since these are
close to active cells and have dual atmosphere between air and fuel sides, but
also upstream components of BoP could benefit from these techniques.
Corrosion typically attacks material from the surface and it can be observed
visually in most cases. However, while materials such as stainless steels do not
corrode in suitable conditions, the material properties may degrade when
subjected to high temperatures (such as 600 °C) over a period of time. A good
example of such phenomena is the well studied sigma phase embrittlement. It
can be observed in stainless steels such as AISI 316, causing decreased
toughness at elevated temperatures. At the initial stage after manufacturing
the AISI 316 has an austenitic structure with face-centered cubic (FCC) crystal
structure and fine grains typical for gamma phase iron. However, when steel is
subjected to high temperatures, the microstructure begins to change. Grain
shape changes from angular to larger round-shaped grains and delta-ferrite
phase begins to form within the material. As delta-ferrite is an unstable phase
at 600 °C, it transforms into a coarse structured sigma-phase. Unfortunately,
sigma-phase is detrimental as its metal matrix is brittle and it allows the
chromium to escape from the metal matrix (Kim, 2017). Finally chromium can
reach the surface and it could evaporate as explained earlier in this chapter.
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SOFC Components investigated in following chapters
SOFC system components must endure demanding operational conditions at
high temperatures as briefly described in Chapter 2.1. In following chapters a
brief state of the art is presented for the SOFC components that have been
studied by the author.
2.6.1 Component supports

In complicated systems that consist of various system components the
component supports are a critical part of the design. In the past the simplest
devices for generating heat were stoves and cookers in houses. The simplest
stoves were made of a few pieces of cast iron stacked on top of each other. The
stove was supported on the foundation and the only connection was to the
chimney of the house. When the stove heated, it could expand freely and only
the gravitational force of the stove needed support. However, circumstances
became to become more complicated when the central heating was invented.
Long pipelines had to be installed to house structures and these pipes were
under constant movement due to thermal expansion. Thus, pipelines were not
attached rigidly in all directions when passing through walls and floors.
Instead, pipes could move longitudinally in the direction of thermal expansion,
which is the simple example of sliding piping support. In addition, engineers
designed pipelines to have a certain amount of bends in piping structure to
add more flexibility to the structure to avoid large forces that thermal
expansion can create if the support system is too rigid. The complexity of
support design increased when steam engines were invented and higher
temperature gradients within the system demanded higher level of
engineering and understanding of material properties. The first steam engines
were stationary units and the largest part of a steam engine was the boiler,
which expanded when heated. It was typically attached to the foundation and
the support was thus sliding or flexing and sometimes made of wood.
However, compared to simple wood burning stoves, steam engines had many
more parts such as valves, pistons, axles etc. Again, within the piping system
bends were used to compensate forces between rigid support points, and many
moving parts were sliding on loose fittings. However, soon steam engines were
put to use in ships and locomotives as well and their era lasted roughly one
hundred years, after which Internal Combustion Engines (ICE) replaced them.
The new technology made it possible to manufacture much smaller and more
effective engines. In mobile applications the engine is typically one block, with
only a few rigid inlets and outlets. The connection to surrounding structures is
either rigid or flexible using flexible elements such as rubber between the
engine and vehicle chassis to compensate for vibrations and thermal
expansion.
Rigid, flexible and sliding components supports are the most used types.
However, for demanding applications there is a wider range of supports
available. Constant force pipe supports for example transfer a constant load to
the piping structure or other component within a certain range of movements.
Simplest designs are counterweight supports, but constant force spring
supports also exist. Various types of pneumatic, hydraulic or electrically
controlled supports are available which can be of different types such as the
constant location type. For example, if the force varies, the supports
counterforce is adjusted to keep the component in a certain place. A special
application of these is the active vibration elimination in bearing support.
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2.6.2

Lead-throughs for piping

Lead-throughs are system components that enable passing piping or wiring
through system enclosures. What makes this challenging is that piping may
contain process gases at high temperatures, up to 800 °C. There could be also
some pressure difference, which adds a requirement of pressure resistance to a
certain degree. In the case of (granular) thermal insulation, the lead-through
should also keep the thermal insulation in place, and the lead-throught itself
should not create a significant thermal bridge between the piping and system
enclosure. In addition, a stack creates an electrical current at a relatively high
voltage, which should be led through the enclosure by a non-conducting leadthrough. There are many types of lead-throughs, instrumentation, electrical
current conductors and for piping. Unfortunately, there are not many
commercial products for elevated temperature applications, at least not at a
reasonable cost. Some manufacturers such as Conax technologies and
Swagelok produce tube fittings and lead-throughs, but these typically are only
for wiring, and they lack thermal barriers thus causing major thermal paths
from piping to system enclosure.
2.6.3

Pipe connections and gasket materials

The author has designed, constructed and tested a novel pipe connection(s),
which can be used in SOFC systems. A SOFC system may have tens of pipe
connections for process and exhaust gases and the cost is one limiting factor
for the design. Due to the high temperature, the connections external
dimensions should be small to reduce thermal losses and to enable efficient
thermal insulation and system packing. During the first stage of the study
related to pipe connections the author studied existing pipe connection
designs, but could not find an optimal design for these operational conditions.
Thus, it was necessary to design a novel pipe connection that caters for special
demands of the SOFC system. The new connection should have a low
manufacturing cost, small leak-rate and be made of suitable and proven
materials. In addition, it was thought to be highly useful to achieve
compensation for angular errors for the pipes that are connected.
The first thing with pipe connections is to check relevant standards for flange
joints such as the standard for circular flanges (EN 1092-1+A1, 2013) and
calculation for gasket flanges (EN 1591-1, 2013) and gasket parameters (EN
1591-2, 2008), and classification of bolt materials (EN 1515-3:2005, 2005).
Unfortunately, standard solutions could not provide suitable solutions, being
massive or unsuitable for high operational temperatures.
Flanges with bolts
The DIN-flange (Figure 18) or a similar design is a most widely used pipe
connection in industrial applications. It is a robust design, but the large size is
a disadvantage for system packing and thermal insulation. Standard designs
are available for different pressure applications, but overall these tend to be
thick and heavy, which increases system weight, material cost and prolongs
the heating or cooling time. Another disadvantage is that these do not
compensate angular displacements during installation.
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Figure 18 Various DIN-flanges with bolt connection.

V-clamp flanges
A flange with a V-clamp (Figure 19) is a common connector for low-pressure
applications. It is relatively simple, and a low cost planar sealant material can
be used between the flanges. A disadvantage of this design is inability to
generate a high compression force for the gasket. In addition, with this setup it
is difficult to compensate angular displacement when pipes are connected.

Figure 19 V-clamp pipe connections.

Vacuum flanges
While previous flanges have typically flat mating surfaces, the vacuum flanges
are different in a sense that the vacuum flanges usually have a knife-edge ring
that cuts in the softer (copper) gasket material. The standard setup is so called
ConFlat-design. The author inquired some manufacturers such as MDC
Vacuum (MDC Vacuum products, 2015) about the maximum temperature of
their flanges. Rated maximum service temperature is typically 450 °C.
However, they told that some customers have used a nickel gasket instead of
copper at 600 to 700 °C temperature range with 12 bolts. However. they did
not tell whether this was successful. But as a note, a sturdy construction of
these flanges hints that the necessary bolt tension could be too high for high
temperature applications up to 800 °C.
Slip joint
Slip joint (Figure 20) is a joint where one pipe is slid inside another pipe or
connector. The advantage of this is that minor changes in pipe lengths can be
compensated for during the assembly. For low demand applications this joint
can be manufactured at low cost, such as in automotive exhaust systems.
However, sealing this connection to be leak-proof is difficult. One option that
for example Teconnex is using is to use a thick and soft graphite ring as a
sealing element (Figure 21). Unfortunately graphite is unsuitable material for
SOFC applications due to its chemistry with process gases. Another
disadvantage of this connection type is its disability to carry any reasonable
loads in axial direction.
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Figure 20 Double slip joint from automotive industry.

Figure 21 Teconnex slip joint (Teconnex, 2016).

Spherical joints
Spherical joints (Figure 22, Figure 23, Figure 24) are predominantly used in
exhaust systems. It can be used as an aid to compensate manufacturing
tolerances in the pipe work. These joints may also work as a pivot point
between the automotive engine and the exhaust system. In a moving vehicle,
the engine may exhibit a large amplitude rolling motion, and a pivot is needed
between the engine and the static exhaust piping. In automotive industry these
could be classified as zero-leak joints, but manufacturers such as Metex report
the leakage rate being less than 1.0 standard liters per minute when new, and
less than 2.0 standards liters per minute at the end of testing with 0.34 bar
pressure difference. In the exhaust systems of the well-ventilated moving
machine this is admissible, but not in a stationary SOFC system in which
combustible gases are present. However, these joints are readily available for
automotive and aviation industry even in more exotic materials such as
Inconel alloy. Unfortunately, these are typically not leak proof. Teconnex
claims to have 200 bar pressure rating and gas temperature rating up to 1 100
°C. Unfortunately, the manufacturer did not provide any samples for testing.
Spherical joints typically have a convex and a concave surface in the joint. In
the simplest designs these may be made of piping, and more advanced designs
have typically an enlarged pipe end on the other side, and a specially designed
and machined mating connector part. A V-clamp style connector is used in the
Teconnex joint and in patent (US Patent No. US20110037258 A1, 2011).

Figure 22 Spherical joint for automotive use. Manufacturer claims 700 °C maximum operational
temperature for flange surface with less than 1–2 standard litres per minute leakage up to
34 kPa (Metex corp, 2016).
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Figure 23 Basic Ball&Cone style connection for automobile exhaust system.

Figure 24 Teconnex spherical joint (Teconnex, 2016).

Graphite gaskets
Graphite gaskets are traditionally used with many media in high temperature
applications. The material is relatively soft and manufacturers claim an elastic
recovery up to 10 %. However, in high temperatures of 450 to 550 °C it is
vulnerable to oxidation. In addition, graphite may be harmful for FC stacks if
particles get mixed with process gases. For these reasons graphite is not an
option for this application.
Mica gaskets
Mica gaskets are made from various silicate minerals, the most common being
phlogopite (KMg3(AlSi3O10)(OH)2)). Mica papers for gaskets are manufactured
by various companies such as EagleBurgmann International. Their Statotherm
HT –line of products made out of mica can withstand temperatures up to
950 °C in an oxidizing atmosphere, and the general pressure resistance for
flange connections is typically up to five bars (EagleBurgmann International,
2016). According to the manufacturer the advantage of mica is that the
thickness of phlogopite platelets increases with increasing temperature, thus
keeping the joint leak-proof at high temperatures. Mica papers have been used
to seal SOFC components and have been proposed to be used in the stacks, but
the disadvantage of these seals is that the necessary compression stress to seal
out the leak paths between phlogopite platelets can be several megapascals.
This could cause high stress to the components that keep the compression at a
necessary level during the operational life of the system.

Vermiculite and Thermiculite gaskets
Vermiculite is slightly similar to mica as it can be formed by weathering or
hydrothermal alteration of phlogopite. Vermiculite has been used in many
high temperature applications and thermal insulations up to 1150 °C, because
it has good thermal resistance and it can be formed to various commodities
such as boards and molded products. Vermiculite has been used also as a
gasket material, but manufacturers such as Flexitallic have developed special
gasket materials for high temperature applications and their claim is that good
sealing can be achieved with a lower compression force compared with mica
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gaskets. Flexitallic Thermiculite products are made of chemically exfoliated
vermiculite and steatite, known as talk or soapstone, as the filler material. In
this product the steatite fills cavities between vermiculite platelets, which
bring some structural strength to the compound. Manufacturer claims
maximum service temperature of 1000 °C and a maximum service pressure of
150 bar (Flexitallic, 2016). The disadvantage is that vermiculite has a poor
water resistance before it has been heated to 570 °C for the first time. Thus,
care should be taken to ensure that the non-compressed parts of the seal do
not get into contact with condensed water.

Metal gaskets
Metal gaskets (Figure 25 and Figure 26) are used in conditions involving very
high temperatures or high pressures, or both. As mica and vermiculite gaskets
are typically planar, metal gaskets are often of ring types. They have many
shapes and are made of various materials. Wills rings (Figure 26) are hollow
and may be gas filled. One special application is a copper gasket that is used in
vacuum technologies, as explained earlier. Disadvantage of metal gaskets is
typically a high compression force needed to create the sealing by slightly
deforming seal material or its coating.

Figure 25 Ring joint gasket made by Vestpak.

Figure 26 Wills rings manufactured by Trelleborg.

Hybrid gaskets
Hybrid gaskets two different materials that fulfill specific requirements. For
example, metal reinforcements can be used with a softer sealing material
(Figure 27). Advantages include additional radial strength and to act as a
compression stop to prevent exessive compression of the sealing material.
Manufacturers such as Flexitallic and Technitics (Origraph) produce several
versions of these gaskets that are typically used for round flanges.
Another type of hybrid seal is described in the works of Mr. Rautanen
(Rautanen M. , 2015), (International Patent No. WO2014111735 (A1) ȸ 201407-24, 2014). It is a gasket made of Thermiculite, but a minor amount of glass
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powder is added to each surface during the manufacturing process. At
operational temperatures above 700 °C glass melts and seals interfacial
leakage paths between the gasket and its mating surface.

Figure 27 Flexitallic gasket using supportive internal and external rings together with metal plies
in-between sealing material.

Friction Stir Channeling
When mechanical and thermal engineering design are combined in the same
apparatus, a great advantage can be achieved if these two disciplines can be
combined seamlessly together. In countless machines the heat exchanger is a
separate part in a system and it is not fluently integrated to a system.
However, during the last decade, a new manufacturing method was introduced
which is able to create internal closed channels, with desired path in one
manufacturing step. The Friction Stir Channeling (FSC) is a solid state
processing technique that was firstly proposed by Mishra as a method of
manufacturing heat exchangers (USA Patent No. US 6923362 B2., 2005)
(Balasubramanian, Friction stir channeling: an innovative technique, 2008);
(Balasubramanian, Mishra, & Krishnamurthy, 2009). In the original concept
the extracted material is accumulated on the processed zone below the tool
shoulder and the size of the channel is rather limited. A new developed
concept was introduced in (Patent No. PT 105628, 2013) in which the size of
the channel is not limited, can be varied along the path and the processed
surface remains planar. The fundaments and parameters of the FSC technique
and main features of the channels in aluminium alloy AA5083 are extensively
addressed in (Vidal C. , 2015) and the fatigue properties characterized in
(Vidal, Infante, & Vilaça, 2014a) (Vidal, Infante, & Vilaça, 2014b) (Vidal C. I.,
2014). The new developed concept of the FSC depicted in Figure 28, was
applied in this study.
The FSC can be used to manufacture conformal cooling/heating systems as it
is easy to produce curved channels with complex paths (Ferraz, 2012), which is
important for the even distribution of heat. Therefore, this technology allows
application opportunities related to manufacturing of parts with built-in
thermal management systems. Technology allows the manufacturing of
customized thermal management plates (Figure 29) that can be used for
example in battery packs for various high power applications. Or, when
developed further, this technology may provide thermal management channels
for three-dimensional structures such as electric motor stators.
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Figure 28 The rotating FSC tool probe is plunged into a solid material. The probe creates the
channel and a shoulder closes the channel ceiling and extracts withdrawn material from the
base material surface. Thermo-Mechanically Affected Zone (TMAZ) occurs on the stir zone and
Heat-Affected Zone (HAZ) is subjected to thermal cycle but is not deformed like TMAZ.

In this study, a novel manufacturing technique, FSC, is studied with a focus
on experimental and numerical evaluation of heat transfer performance of
channels. This study concentrates on the comparison of milled and FSC
manufactured test specimens. The main difference between these two
manufacturing techniques is in different surface finishing characteristics and
manufacturing costs. The surface finish plays an important role in the
efficiency of the heat transfer (Andrade, Henrique, Almeida, & Costa, 2004),
and this is the first study to characterize heat transfer properties of FS
channels.
There are various existing methods to create cooling channels or plates. For
example, with the use of extruding the plates with straight internal plates can
be manufactured economically in large quantities. FSC has an advantage over
this technology if curved channels are needed in large existing parts. Sheet
metal forming is another technology suitable for mass production, but it is
suitable only for thin walled materials. Thick materials can be formed
traditionally be drilling, but manufacturing of curved channels are limited with
these technologies. EDM (Electrical Discharge Machining) provides
possibilities to manufacture slightly curved channels of limited length, but it is
not suitable for mass manufacturing because of slow process. Additive
manufacturing methods such as direct metal laser sintering has been
fashionable manufacturing process lately, but for manufacturing large metal
parts, it is still slow and costly. The downsides of FSC are as follows: i)
material selection is limited to materials that have lower melting temperatures
that rotating FSC tool. Today, aluminums and such are suitable materials, but
most steels are currently under study to be used with FSC. Channel size has
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some limitations, this far the largest manufactured channels are a few
centimeters wide or steep.

Figure 29 Thermal management plate manufactured by FSC. Closed internal channel is made
in one production step (Hassini, 2014).
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3 Research methods and experimental
setups

Case 1: Mechanical design and thermal insulation for 10 kW
Solid Oxide Fuel Cell system operating at 800 °C
The SofcPower project was one of the initiators for this thesis. It was active in
2007–2013 and was a cooperation with VTT, LUT and industrial partners
(Wärtsilä). The main task for our research group was to design the mechanical
structure of the system and the thermal insulation. At the beginning of the
project various concepts and component set-ups were studied before the final
system was designed in detail and then built by VTT together with other
research partners. Esa Ahlgren finished his master’s thesis during the
conceptual study (Ahlgren, 2009). The project was fast paced and successful.
The demonstrational unit started at the beginning of 2010 and it was used
successfully for several years. This demonstrational unit markedly contributed
to several publications and doctoral theses, such as Dr. Halinen’s (Halinen M. ,
Improving the performance of solid oxide fuel cell systems, 2015) and
Dr. Rautanen’s (Rautanen M. , 2015) works improving the system and
component performance and Dr. Väisänen’s (Väisänen, 2012) and Dr.
Riipinen’s (Riipinen, 2012) works improving the electrical conversion units of
the system. In the following chapter the contribution of the author and our
research group is explained in detail. In addition, some of the following work
is based on the work done with the demonstrational unit.
3.1.1 Conceptual design

The making of the requirement list of the system and its components started
the conceptual design. Our team started the work with minimum amount of
information available. Thus, the requirement list was updated multiple times.
The full list is not shown in this thesis, but the most relevant information to
start with was weights and temperatures of components and process flows.
The aim was to design a system that can operate 4 to 10 years mechanically, so
designing for creep was essential. At the start we had estimates temperatures,
for example pre-reformer Steam in -temperature was <700 °C, Fuel in
<300 °C and Flow out <450 °C. According to this information, the initial
starting point for thermal insulation was that most parts would need at least
50 mm of thermal insulation. The support of components was designed to be
able to carry component and thermal insulation weights, and to compensate
thermal expansion. For example, heat exchanger weights were between 20 to
40 kg. Component, piping and structural materials were mainly Inconel,
235MA, stainless steels and structural steels, according mostly by operational
temperature. A major challenge for design work was that most of the
components, including the stack, changed during the initial design step of the
system. Some components were changed several times during the design work.
However, CAD was used extensively during this stage to check how the
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components can be joined to form a complete system. CAD models were also
used partly for a process simulation made at VTT by various persons such as
Jaakko Saarinen and Jari Pennanen. The development of various system
layout concepts is illustrated in Figure 30. During the design process, there
were occasionally competing variants of differing designs. In these stages, a
simple chart was created to rank the solutions. Depending of design stage,
these charts could include requirements such as component supports, piping
lengths, thermal losses, location of valves, instrumentation and so on.

Figure 30 System layout development was coupled with component selection and process
simulation.

During the system layout design the BoP module was divided into operational
modules, which also have temperatures as similar as possible. The division is
seen in Figure 31, and the temperatures of the zones are roughly as follows.
Electric cabinet <50 °C, fuel recycling 300 to 500 °C, reforming and fuel
in/out <700 °C, air in/out 20 to 800 °C, stack module 800 °C. The packing of
the system is loose in order to test different components in the same system,
which was done during the test runs. The commercial units could be packed
more compactly.
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Figure 31 Layout division to operational modules.

3.1.2 Detail design for component support systems

Support of components
Together with the layout and piping design, the support and thermal
insulation of the components are the most important factors leading the
design. In fact, in a fuel cell system a holistic approach is needed since there
are many strong interactions between system functions and its components.
For example, the selection of the thermal insulation concept has an influence
on the temperature and possible heat exchange between the components,
which could affect the chemical reactions inside the components. Of these, the
thermal insulation concept should be selected first, as it has the greatest
influence already at the beginning of the layout design, but requirements
regarding the component support must be addressed as well.
For this experimental demonstration and research unit, the individual
thermal insulation was selected for thermal insulation, as there was no better
knowledge available at the time of decision making. The stack module utilizes
a box-type thermal insulation, but it is out of the scope of this thesis, as the
stack module was delivered from a third party and only the mechanical piping
interface was known during the mechanical design stage.
The component support design in this unit is based on three different
methods: i) flexible pipe bellows (Figure 13), ii) sliding supports (Figure 33)
and iii) flexible support structures. In this unit, pipe bellows were extensively
used and various high temperature materials such as ANSI 1.4828 and 2.4856
(Inconel) were used. While these bellows may seem a simple solution to
compensate for thermal expansions, the extensive use of bellows pose certain
problems as stated in Chapter 2.4.4. During this project, the corrosion
problem was also encountered, as described later in Chapter 3.2. The simple
sliding supports were used only for one of the largest components in the unit,
the combined double-stage heat exchangers on the air-side of the system. The
length of the heat exchanger package is c. 1.2 meters, and the weight is
c. 80 kg. The burner and necessary piping are also attached directly on the
stack-end of these exchangers, making the total length close to two meters.
Due to the high operational temperature of these components, the thermal
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expansion may be up to 15 mm for this component package. The preliminary
idea was to hang the whole package from above, from between the heavy heat
exchangers (Figure 32). Hanging would allow quite free thermal movements
for the component package, which in turn would cause less material stress and
creep. Hanging would allow also a thinner support rod, because buckling is not
a threat unlike with a support rod from below. The thin support beam is
important here, as it acts as a thermal bridge through the thermal insulation.
However, the FEM calculations revealed that this support system was not
adequate, as the uneven temperature of the rigid heat exchangers cause the
package to bend. The bend would cause lateral movements of the bellows,
which may cause the failure of the bellows with this support structure.

Figure 32 Preliminary idea of the hanging support structure for the hottest part of the system
was discarded because uneven thermal distribution could have distorted the main structure and
the mechanical failures were expected.

The next investigated support structure was the sliding supports for this
package, as illustrated in Figure 33. When supported like this, the problem of
lateral movements of rigid heat exchanger package was eliminated and the
thermal insulation of components remained relatively simple. As there are not
many thermal cycles in this stationary unit, there is a simple metal-to-metal
contact on the cooler side of the thermal insulation. Numerical calculations
were used to verify the design before the system was built (Figure 34).

Figure 33 Rendered image of the simple sliding support, which was designed and constructed
to support large pack of heat exchangers. Right side of figure shows the stationary side of the
support. Note how bellows are not used close to the thermal center of this component. The left
side of the figure shows the sliding support where thinner bar/tube slides in the hole of the
square vertical support bar. Note how bellows are used on this side where thermal movement is
largest.
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Figure 34 FEM calculations were used to prove the design before manufacturing. Note how the
rigid support bar on the right is thin in one direction. If excessive stress is applied in lateral
direction, the beam will flex and reduce the stress of critical components at higher operational
temperature.

The flexible and hanging component support structure was originally planned
for all the heavy heat exchangers in this unit, but finally it was applied to the
fuel-side heat exchanger. Here the relatively thin beam suspends from above
the weight of the component. When the system goes through thermal cycles,
the movements and twisting are partly compensated for by the flexible beam
(Figure 35). Actually, there are variations of this support style available also as
commercial products for the demanding applications. The most advanced
support have springs instead of a beam to enable the compensation in the
vertical direction as well. These off-the-shelf solutions are not typically meant
for use in high temperature applications, but the design may be adjusted to
work at elevated temperatures.

Figure 35 Fuel-side heat exchanger is suspended from above by a beam that can flex under
stress.

After the layout was locked after several iteration rounds, a check was made
regarding the locations that are affected by thermal expansion. Not only
component supports should bear the stresses, but also the thermal insulation
must work under thermal cycling and expansion and shrinking.
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Figure 36 Simplified render image with overlaid structure movements. The movements affect
not only the support structure of components, but also the thermal insulation.

3.1.3 Detail design for thermal insulation

An individual insulation was used as an insulation concept for this
demonstrational unit. The decision was based on the facts that that the project
team had previous experience of this solution. More importantly in
experimental unit the individual insulation isolates the different components
well, which is necessary for the component testing and reliable results. At the
layout design step of the project the necessary space was reserved around the
components for the thermal insulation. The minimum insulation thickness
was in most places 50 mm for the insulation, and some space for the assembly
depending on the accessibility of the location and necessary tolerances. In the
detail design step of the process, the insulation was designed in detail to
include all the parts. The thermal insulation was designed and constructed
from following materials: Microtherm Moulded Pipe Sections (MPS), which is
a 25 mm thick half-tube section and available in various diameters. The
section is solid, but fragile, and reinforced at the surface by fiberglass cloth.
Two layers of this material readily forms a 50 mm thick insulation layer. The
material is solid microporous insulation. The second material is also made of
microporous insulation material, and is called Quilted Panel. Loose insulation
material is wrapped between two fiberglass cloths and the whole panel is
stitched through to keep its dimensions. The panel is flexible and could be
used to wrap complicated and non-circular shapes. These microporous
insulation materials have low thermal conductivity in high temperatures. For
example, MPS has a thermal conductivity of 0,029 W/(m·K) at 600 °C mean
temperature. For cavity filling and in less demanding locations where
temperature was below 300 °C, the Frenzelit Isotherm S insulation wool
(c. 0,119 W(m·K)) was used as it is soft and can be easily wrapped around
complex shapes. And for the wrappings, ceramic silica cloth was used to finish
the thermal insulation and to support fragile materials.
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Figure 37 Detailed render image of the thermal insulation around pipe bellows.

All the parts of the insulation were designed with CAD to check the space
allowance and to find out if the pipe and component insulation can be done
with rigid MPS insulation. Typically the insulation was constructed with two
layers of MPS, and the seams should not be aligned, but to overlap in order to
avoid thermal leakages. Pipe joints and instrumentation tubes to main piping
required some attention, especially because solid microporous insulation is
still fragile, and thicknesses or parts below 20 mm break easily. The most
challenging parts for fragile insulation were pipe bellows, which could not be
touched with any other component, but which still expand, contract and move
during thermal cycling. One solution is seen in Figure 37, in which thin sheet
metals are used to protect the bellows and enable the sliding during the
movements. Another challenge was to insulate non-circular components.
Example of this is the large heat exchanger package shown in Figure 81.

Figure 38 Examples of detail design of thermal insulation.

3.1.4 Component development

Several components such as the burner, mixing units, heat exchanger and
reformers were completely or partially designed during the project. However,
this development is not reported here, but the relevant information can be
found from (Halinen M. , 2015) (Rautanen M. , 2015) (Riipinen, 2012).
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Many industrial components or their attachment was modified in order to
comply with high operational temperature. One example of these
modifications is presented next: A custom part was made to connect the valve
and its actuator. The valves have a shaft that is turned by the actuator when
the valve is operated. The shaft needs a hole through the insulation, and this
same hole was used to support the actuator. To minimize the thermal loss
through this opening, the attachment part was made from a thin-walled tube
(Figure 39)

Figure 39 Custom made attachment part between the valve and its actuator.

While the construction of the unit had already started, the last step was the
enclosure design. For a research unit it was necessary to have all the
components easily reached. Thus, a relatively simple enclosure was designed
in a way that all the side and top panels could be removed easily, without tools
(Figure 40). The bottom is open, and all the top panels have large mesh
panels, which allow the good circulation of air when the interior inevitably
heats up due to the thermal losses of the system. To visualize the system before
the construction, multiple rendering images were produced by the CAD
software (Figure 41).
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Figure 40 System enclosure was designed to enable easy inspection and maintenance.

Figure 41 Render image after the design stage before the construction was finished. Mannequin
is added to give an impression of the scale of the system.

Case 2: Investigation of high temperature corrosion of 10 kW
system components
This part of dissertation investigates the failure of a pipe bellows that was used
in the SOFC BoP to compensate for thermal expansion. The bellows were
made of alloy 625, and it had failed during the 1 500 h commissioning test run
at approximately 750 °C, transporting 1-3 vol% humidified air. However, the
severe corrosion damage was found on the outer surface of the bellows, which
was enclosed by thermal insulation and still air.
Alloy 625 bellows material and seven additional alloys (253MA, 4762,
201LC, 316L, Inconel 600, X-750, C 276) were tested at 800 °C with seventeen
different types of probable corrodents, the majority of which were present in
the thermal insulation. The total amount of individual samples was 161. All
samples were inspected by means of macrophotography. In addition, X-ray
diffraction, scanning electron microscopy and energy-dispersive X-ray
spectroscopy were used for certain samples.
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3.2.1 Introduction

Alloy 625 (2.4856) is commonly used in machine parts which are exposed to
high temperatures (<980 °C). This material was used for pipe bellows between
the Balance-of-Plant and stack module in a 10 kW SOFC demonstration unit at
the VTT Technical Research Centre of Finland (Halinen, et al., 2011). The pipe
bellows made of this or similar material should last several thousands of hours
at 800 °C in the air without significant degradation (Jian, Jian, Guangyuan,
Shunxu, & Jianzhong, 2006). Alloy 625 is one of the most corrosion resistant
materials used in the SOFC systems and components (Toh, Munroe, Young, &
Foger, 2003) (Pint, 2006). However, after a 1 500 h commissioning test run at
c. 750 °C one of the bellows was damaged. The bellows was corroded on the
outer surface which was surrounded by a small airspace and thermal
insulation. Yellow-green corrosion product can be seen in Figure 42A. At the
outer corrugation of the bellows, corrosion has caused small holes through a
material of c. 0.2 mm thickness (Figure 42B).

Figure 42 A yellow-green corrosion product on the outer surface of alloy 625 pipe bellows in the
10 kW SOFC demonstration unit. B: Flaking off of the oxide layer and a hole in the corrugation
of the pipe bellows.

The bellows were not in contact with anything directly, but had small
airspace around them. During the assembly, bellows may have been in contact
with the thermal insulation materials or adhesives. Because of this, these
materials were investigated as possible contaminants to induce hightemperature corrosion for the alloys studied.
Several damage mechanisms of alloy 625 and other similar alloys have been
studied. While bellows have multiple narrow gaps, crevice corrosion
(Allahkaram, Zakersafaee, & Haghgoo, 2011) is ruled out as in this application
there was neither a crevice on damaged location nor enough dirt build-up to
form localised crevices (During, 1988). Another recently studied failure
(Singh, Verma, Paul, & Chakravartty, 2013) was due to the formation of
carbides at the grain boundaries at the temperatures of 550 °C during the
operation. However, this resulted in a failure of different type from that was
observed in this study.
Material thickness and cold working of the bellows can influence the
formation of the protective Cr-rich oxide layer. A thin material such as the one
used for metal bellows has only a small amount of Cr available to form the
protective oxide layer. At a low Cr evaporation rate, Cr diffuses to a material
surface to form the protective layer. During a long exposure time at a high
temperature, or if the evaporation rate is increased, the alloy substrate can be
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depleted. Consequently, the alloy is not able to maintain a sufficiently high Cr
concentration in the oxide, thus leading to the formation of a non-protective
oxide layer (Asteman, Svensson, & Johansson, 2002). Bellows in the
demonstration unit were manufactured by hydroforming, which causes cold
working and microstructural changes in the material. Khalid and Benjamin
(Khalid & Benjamin, The effect of deformation substructure on the hightemperature oxidation of Inconel 625, 2000) concluded that deformed
microstructure shows poor oxidation resistance compared with the annealed
microstructure of Inconel 625 at 1000 °C. However, there are several similar
bellows in use that have performed flawlessly in similar operating
temperatures. Due to these reasons, prior studies on corrodents and special
circumstances causing high-temperature corrosion on superalloys are
interesting for this study.
Ni-Cr-Mo alloys such as alloy 625 show a good resistance to corrosion by
sodium hydroxide (NaOH) solutions up to concentrations of 50 % and
temperatures of 150 °C (Heubner, 1998). In the experimental system there are
no acids present, but EMPE™ and Idenden™ adhesives are highly caustic.
EMPE™ adhesive contains sodium oxide (Na2O), and with water or humidity
it can form NaOH in an exothermic reaction. It has been shown that molten
NaOH (melting point 318 °C) at high temperatures can cause heavy corrosion
even of pure nickel. At temperatures above 700 °C corrosion rates are notably
higher than those reported at lower temperatures of 250 to 475 °C (Komath,
1996). On the other hand, it has to be noted that pure nickel is widely used in
NaOH production and is able to resist the corrosion in caustic environments
better than most of the other alloys (Heubner, 1998).
Mehan and McKee (Mehan & McKee, Interaction of metals and alloys with
silicon-based ceramics, 1979) observed that Si and SiC can produce pitting on
Ni-Cr alloys when there is a surface contact at a high temperature. Later
Mehan and Bolon (Mehan & Bolon, 1979) investigated reactions between
ceramics and a nickel-based superalloy. They found that hot-pressed SiC
reacts with a nickel-based superalloy at temperatures between
700 and 1150 °C. In addition, they found some evidence of a reaction with SiO2
under similar experimental conditions, which is of interest for this study as
SiO2 is readily available in thermal insulation and adhesive materials.
Asteman et al. (Asteman, Svensson, & Johansson, 2002) (Asteman H. ,
Svensson, Norell, & Johansson, 2000) concluded that water vapor can
accelerate the oxidation of chromia forming alloys at high temperatures. The
oxidation of AISI 304L steel (Fe, Cr-18%, Ni-10%) in water/oxygen mixtures at
500 to 800 °C is influenced by Cr oxide evaporation. In the temperature range
600 to 800 °C the loss of Cr oxide converts the protective Cr-rich oxide layer
to a poorly protective, Fe-rich oxide layer, leading to breakaway corrosion.
It has also been observed that a static atmosphere can accelerate hightemperature corrosion in certain conditions. Peters et al. (Peters, Whittle, &
Stringer, 1976) studied the oxidation of Ni-15%, Cr, Mo alloy at 900 °C in
flowing and static oxygen atmospheres. At the static atmosphere oxidation rate
accelerated with alloys containing >3% Mo. Eventually, this leads to a
catastrophically high corrosion rate of the alloy and a Mo-rich oxide layer was
detected. In the flowing conditions, Mo alloying showed no effect on the
oxidation rate.
Khalid et al. (Khalid, Hussain, & Shahid, 1999) investigated the hightemperature oxidation of the alloys Incoloy 800H and Incoloy 825 at 1000 °C
and 1200 °C. In their experiments Incoloy 825 corroded fully into an oxide
scale. The reason for the corrosion was the Mo alloying causing the
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evaporation of the volatile oxides and flaking of the oxide layer continually
exposing a fresh metal surface. In contrast, Incoloy 800H without Mo formed
a stable and compact oxide layer, thus exhibiting a better resistance to
oxidation in high temperatures.
Jian et al. (Jian, Yuh, & Farooque, 2000) investigated superalloys in
oxidizing and reducing environments. For alloy 625, they observed the
formation of a multi-layer scale in the reducing fuel-out gas of the Molten
Carbonate Fuel Cell (MCFC). In the fuel atmosphere Fe and Cr oxidized
forming a spinel oxide and Ni forms a continuous metallic layer on the surface.
As the Cr-rich spinel oxide grows and thickens, stresses between the oxide
layers cause cracking and flaking off periodically exposing a fresh metal
surface.
Inconel 625 samples experienced the largest corrosion with molten salts at
high temperatures in the experiments done by Indacochea et all (Indacochea,
Smith, Litko, Karell, & Raraz, 2001). They stated that it was due to the
presence of the ionic electrolyte that facilitated the ionic transfer during the
oxidation and corrosion reactions. They also stated that poor performance of
Inconel 625 was likely to be the consequence of the presence of Mo and Cr.
However, they had difficulties in assessing the role of the Mo during the
corrosion.
Schuler et al. (Schuler, et al., 2011) studied the effects of air-side
contamination of the SOFC fuel cell stack. The performance degradation of the
unit was caused mainly by the contamination of the cathode by Cr, Si and S.
They focused mainly on Cr oxide evaporation from BoP alloys in direct contact
with the upstream airflow. In their experiments the oxide scales of all three
tested alloys (1.4828, 1.4849, Incoloy 800) showed a tendency to
delamination.
In conclusion, there can be several causes for the high-temperature
corrosion of the bellows made of alloy 625. The influence of the material and
its manufacturing process, material thickness, surface contamination, high
temperature and environment surrounding the bellows were assessed in this
study. These different aspects can prevent the formation of the protective
oxide layer and turn it to non-protective, thus, leading to the breakaway
corrosion and failure of the bellows.
To study the failure, six experimental tests were planned to investigate the
damage mechanism and to investigate similar materials and possible
contamination by corrodents. These experiments were made at 800 °C, and
included one hundred sixty-one individual samples. Eight alloys were tested,
and material samples were exposed to different environments, which totaled
seventeen different types of contaminating corrodents and clean control
samples. The tested contaminating corrodents were mostly from the products
that are used to construct the thermal insulations.
3.2.2

Experimental procedure

Experimental testing was planned to study the corrosion reactions between
materials and surface contamination at high temperatures. The main
contribution of the experiments was to study and demonstrate how surface
contamination can cause the corrosion of the materials used in SOFC systems.
Six experiments were carried out during the study. The first experiment was
done to simulate the conditions in the test apparatus. The duration of this test
was 1 500 h. The second experiment was done with alloys similar to those of
the first experiment, but contaminations and their application was different.
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The test duration of this and following experiments were shorter, between 75
and 115 h. For the first two experiments, the chosen materials were used in the
SOFC demonstration unit, or were considered suitable materials for the
components or structures of the unit. The next three experiments included
new materials with varying alloy composition. Specifically, these three
experiments were done to isolate corrosion problems to certain alloys or
alloying elements, and to find out which alloying elements may enhance the
high-temperature corrosion in the test conditions. In addition, these materials
were tested as alternative or new construction materials for SOFC systems.
The last experiment tested alloy 625 with specific impurities to study the
corrosion mechanism in detail and to reveal the exact failure mechanism.
Tested alloys and their compositions are shown in Table 2 and Table 3. Tested
contaminants are shown later in Table 4 and experiments are presented in
Table 5.
Table 2 Alloy types, trade names, code designations, product forms and manufacturers.

Table 3 Alloy types, trade names, code designations, product forms and manufacturers.

One-millimetre thick samples were preferred, but not all alloys were
available in this thickness. Six alloys were available as a cold-rolled and
annealed sheet and one material was available only as a thicker hot rolled
plate. A guillotine type sheet-metal cutter was used for thin samples and a
cutting disc was used for the thicker material. The size of the final rectangular
samples was 35 × 17 mm. One material was available only as a round bar. The
round bar was cut with a water-cooled wire electric discharge machine. The
final shape of the samples was a half-circle, and the thickness was one
millimetre. The surface area of the samples was practically equal to that of the
rectangular samples. One side of the samples was ground and the other side
was as supplied. The grinding was done using a spinning ANSI 80 roughness
sandpaper and water. After grinding the alloy samples were cleaned by
soaking in acetone for 10 min. Then they were placed in an ultrasound
washing in ethanol for another 20 min.
The majority of surface contaminations for the high temperature tests were
chosen from the thermal insulation products used in the test system. All
insulation materials are typical and widely used in the industry. Therefore,
manufacturers rarely report on the corrosion these products may cause.
Therefore, insulation materials were chosen for this test as surface
contamination because it was suspected that some of these materials may be
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the reason for the corrosion attack
compositions of the materials
manufacturers may not show full
typical chemical compositions of
shown in Table 4.

in the test apparatus. The exact chemical
are challenging to analyse and the
details of their products. However, the
the studied surface contaminations are

Table 4 Typical compositions of the contaminations from the manufacturer data sheets.

The microporous insulation material used in the testing was moulded pipe
sections manufactured by Microtherm. Solid material was crushed to powder
form for the experiments. An all-silica fabric was provided by a retailer. It was
typically white or beige and could withstand temperatures up to 1000 °C. For
the experiments, the fabric was cut to form fibrous powder. A sodium silicate
liquid is typically used as a hardener or adhesive for the fabrics during thermal
insulation. This specific hardener was manufactured by Thermal Ceramics UK
Ltd. While sodium silicate liquid is very fluidic, thicker adhesives are available
as products for high-temperature insulation. The EMPE™ adhesive with a
maximum operating temperature of 1000 °C was manufactured by Pull
Rhenen and the Idenden™ 10 450 adhesive with maximum operating
temperature of 950 °C was made by Bostik. Both of these adhesives are highly
caustic (pH 11 to 12). NaOH is not used in thermal insulations, but was tested
when the cause for high-temperature corrosion was studied as it can be
formed from the available elements. In the last experiment Na2O and
aluminium oxide (Al2O3) were tested as these are the ingredients for insulation
and adhesive materials.
Water-soluble contaminations, such as adhesives, were tested in a moist and
dry state. The drying time for the dry samples was longer than the shortest
time indicated in the instructions of the manufacturer. Water evaporation was
verified by weighing the samples.
In most cases, sample surfaces were covered partially with contamination,
but some corrodents were tested also with the full coverage of the samples.
These are marked in Table 4. Adhesives and powdery contaminations were
applied on both sides of the sample while liquids and loose chemical
compounds were applied only on the top surface.
The test samples were put in ceramic incinerating dishes (48 × 25 × 10 mm)
with the ground surface up. The dishes were put in a cradle made of alloy 625.
One layer of the sample dishes was then covered with a lid made of alloy 625
metal sheet in the first experiment. However, as the lid corroded, it was
replaced by a ceramic glass plate (Schott Robax®) in the other experiments.
The maximum number of samples in one layer was twenty-one. Additional
layers were stacked on top of the lower layers.
All experiments were made in a Lenton laboratory chamber furnace at
800 °C and the temperature was logged with a Graphtec Midi GL800 logger
with two thermoelements. One thermoelement was installed inside the sample
tray on the lowest level and in the middle of the samples. The other was
suspended freely in the furnace air space about 60 mm above the floor.
The samples were analysed by the following methods: visual inspection was
carried out with a stereo microscope with or without a camera system; SLR
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camera with a macro lens; X-Ray Diffraction (XRD) for the analysis of the
corrosion products and Scanning Electron Microscope (SEM) together with
Energy-Dispersive X-ray Spectroscopy (EDS) for the analysis of the corrosion
damage; weighing of the samples (Mettler Toledo AG204 Delta Range).
Samples were photographed before and after the high-temperature
exposure, and again after the samples were cleaned from the contamination
and possible corrosion products. Cleaning was done mainly with a brush and a
stainless steel spatula was used to remove the adhesive layers.
Table 5 Combinations of the alloys and contaminations during experimental testing.

Case 3: Selection and experimental validation of thermal
insulation concept for fuel cell systems operating at 600 °C
Throughout the SofcPower project it was noted that there is a need to develop
the thermal insulation of high temperature systems further. Extensive cooperation with industrial thermal insulation manufacturers was helpful, but
did not lead to a successful way to thermally insulate systems in a way that
would satisfy the needs for SOFC systems. Existing solutions did set many
restrictions for system design leading to systems with a large size, high cost or
complex structure. The ReadDemo project in 2012–2014 (Halinen,
Pohjoranta, Kujanpää, Väisänen, & Salminen, 2014) gave a good possibility to
improve thermal insulation systems. In this project, our team in Aaltouniversity had two tasks: to improve thermal insulation and to improve
component supports and related components. In this chapter we present the
concept selection for high temperature thermal insulations. Two research
papers of our group are related to this topic (Salminen P. , et al., 2013)
(Salminen, Najafi Haeri, Ahlgren, & Kuosmanen, 2016).
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3.3.1 Introduction

The thermal insulation of the fuel cell unit comprises the thermal insulation
material and its form and shape around the hot components. The thermal
conductivity and thickness of the material are obviously the most important
factors affecting the efficiency of the thermal insulation. Thus, it is natural that
many first generation devices relied on ostensibly simple thermal insulation
methods such as Individual insulation of components or a Box-type insulation
around the system modules containing the hottest parts (Figure 43).

Figure 43 Insulation concepts A) Individual, B) Box-type, C) Granular insulation.

Unfortunately, both methods have disadvantage in practice. Individual
insulation may not conform to changing structural dimensions caused by
thermal expansion. In addition, the implementation of individual insulation is
extremely time consuming which makes it unsuitable for mass production. It
makes system maintenance more complicated and increases the system
dimensions. The Box-type insulation is another common solution that is
relatively simple to design and assemble but it has also weaknesses. The most
important weaknesses are the need to make numerous lead-troughs for piping,
instrumentation, and conductors. These usually form thermal bridges through
the insulation and thus thermal insulation is compromised. In addition, the
structural design becomes more complicated if there are parts within the box
with an operating temperature lower than the temperature inside the
enclosure.
An efficient thermal insulation has several benefits. For example, a
minimum temperature must be maintained when the system is idling or
running with partial loads. As a result, low thermal losses save fuel, thereby
providing a better overall efficiency. An efficient thermal insulation can also
provide fast start-ups from standby to full power output. In Combined Heat
and Power (CHP) systems a good thermal insulation increases the thermal
efficiency.
A suitable insulation concept can provide further freedom for piping and
component design, and helps to reduce the space needed for insulation.
Experimental units typically have an individual thermal insulation around the
components and piping. The insulation panels, blocks and blankets need space
allowance for the assemblage, which can increase the system size and piping
lengths. In small units this may lead to significant thermal losses, due to the
relatively large surface area of the thermal insulation and system size.
Additionally, increased piping length or reduced piping size may increase
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pressure losses. While these losses are relatively small, they may have an effect
on the required power of the air blower.
The fuel cell unit also has an effect on its surroundings. A well-designed
thermal insulation reduces the surface temperatures, which is essential for the
safety of the system and its users. Smaller temperature variations in the
system may increase lifetime of the system structure by reducing the
magnitude of thermal cycles and shocks (Lin, Chen, Chyou, & Chiang, 2007).
Lower thermal losses reduce the heat stress to the space where the system is
operating, thus reducing the need for energy consuming ventilation or excess
cooling.
Several researchers have investigated the thermal insulation for SOFC units.
Spinnler et al. (Spinnler M., Winter, Viskanta, & Sattelmayer, 2004) examined
multilayer thermal insulations for high-temperature fuel cell applications.
Damm and Fedorov (Damm & Fedorov, 2005) investigated radiation heat
transfer in SOFC materials and components. They concluded that radiation
phenomena are of great interest and importance for the SOFC systems, not
only from a fundamental perspective but also from a systems design point of
view. Suitable insulation materials have also been studied for uses other than
fuel cells. The use of granular silica based insulation has been studied for low
temperature applications. It can be used as a substitute for polyurethane in
refrigerators and house walls (Fricke, et al., 1990) (Reim, et al., 2005). One
study concluded that the thermal performance of aerogel granules was similar
to aerogel monoliths under certain temperature and pressure conditions
(Smith, Maskara, & Boes, 1998).
When designing SOFC systems, one must be aware of different possibilities
and choose accordingly. The thermal insulation interacts with other
subsystems. The sub-systems such as component supports are dependent on
the thermal insulation concept chosen. The component layout and system
dimensions depend on the design of thermal insulation. The number of
dependencies is so high that one cannot make decisions by intuition only.
Therefore, the chosen concept will have a crucial effect on the whole system
design. This chapter treats new solutions and applications for the thermal
insulation on SOFC systems. Traditionally, there have been a few different
solutions for the thermal insulation. The comparison of concepts is complex,
and there is a tendency to use thermal insulation concepts that have been used
previously. Systematic pairwise comparison methods and the concept
development support tool were used in this research to reveal the differences
between the concepts. Therefore, we were able to combine numerical data and
subjective analysis to define the optimal concept.
3.3.2

Theoretical part of study

As a baseline for this study the BoP module of the existing and working 10 kW
research unit was chosen (Halinen, et al., 2011). In this study its components,
properties and design layout are used as a starting point and as a point of
reference. The dimensions and component sizes were verified to work in the
integrated SOFC system with sufficient room for the instrumentation needed
in the experimental unit. This chapter concentrates mainly on the thermal
insulation, not on the mechanical design of the system. To make different case
examples comparable, the mechanical design was not changes too much, even
if it may not have been optimal for different cases.
The SOFC-system can be divided into three zones (Figure 9) with different
temperatures. Cool components (<60 °C) include fresh air blowers,
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electronics, measurement devices and actuators. Medium hot components
(60 to 550 °C) include the heat exchangers, reformers, valves and the fuel
recycle unit. Hot components (>550 °C) include the burner and the stack
module. The high temperature components must be isolated thermally from
the surroundings to minimize the thermal loss and heat stress to the
surroundings. This will secure safe, reliable and efficient operation for the
power-generating unit. Allowing cool components such as electronics to
operate in too warm an environment could result in degradation (Lall, Pecht,
& Hakim, 1995).
In this chapter, we concentrate on the Balance of Plant (BoP) -module
components and leave the stack module out of the study in this case. Although
the stack can be discussed as one component among others, it could be
separated to form an independent module. The stack modules may also have a
thermal insulation system that is integrated in the module itself. This is also
the case if the same modules are used in different product families, or the
modules are manufactured and assembled at different locations. In addition,
this study was one of the first, if not the first, to focus specifically on the
challenges of the SOFC BoP.
The BoP studied is presented including the following components: The air
heat exchanger, burner, mixing unit for fuel and air, re-former, piping, fuel
heat exchanger and fuel recycling unit. The process diagram is shown in Figure
1 and process temperatures in Figure 44. The instrumentation, valves and
actuators are excluded for clarity, but component sizes are comparable to
components, which were used in the 10 kW research unit during the
SofcPower project.

Figure 44 BoP-module components and their operating temperatures. Instrumentation, valves
and actuators excluded for clarity.

Thermal Insulation Concepts
Three different concepts (Figure 43) were designed with a 3D-engineering
program (Catia®). All concepts used a microporous insulation material, but in
different forms. Concept A, Individual insulation, is the reference point, since
this insulation concept was used for the 10 kW research unit. The insulating
method in this concept prevents a direct thermal interaction between the
system components. The insulation material in the system is Microtherm™
moulded pipe sections. A single pipe section has a thickness of 25 mm. With
two layers the total insulation thickness in Concept A is 50 mm. With 400 °C
mean temperature the insulation material has a thermal conductivity of
0.0244 W/m·K. The temperatures of the 10 kW research unit were used in the
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numerical calculations (Figure 44). Based on the modelling of Individual
insulation, a thermal loss of about 600 W was acquired, exluding support
structures. This result will later be used as a reference point for calculating
insulation thicknesses for the Box-type and Granular insulation concepts.
The Box-type insulation surrounds the hot components in one enclosure that
is made from a Microtherm™ microporous rigid panel product. This concept
allows thermal interaction between components inside the insulation box
because there is no thermal insulation separating the components. This leads
to significant space savings but it also means that the working allowances
between the BoP components were minimal. The piping and component
layout of the concept were altered in comparison to the Individual insulation
concept in order to achieve a more efficient use of space and smaller outer
dimensions.
The granular insulation concept is a box made of sheet metal with its interior
filled with a granular insulation material. The BoP construction is identical to
the Box-type insulation concept. The insulation thicknesses for the Box-type
and Granular insulation were calculated by assuming the same thermal loss as
with the Individual insulation. The thermal conductivities for the insulation
materials at 400 °C mean temperature were for the solid insulation
0.0244 W/m·K and for the granular insulation 0.048 W/m·K. For the
calculation of the insulation thickness the piping and components were
assigned correct operating temperatures in the FEM according to the real
world system (Figure 44). With the granular insulation concept, the insulation
thickness was defined as a minimum value between the sheet metal walls of
the box and the hot components inside it. The calculated insulation
thicknesses as well as total insulation material volumes are show in Table 6.
Two overlapping layers of insulation panel were used in the Box-type
concept in order to prevent the thermal loss from the seams. The thickness of a
single panel in this concept study was 30 mm. This is also a standard thickness
obtained from the panel manufacturer. The maximum dimensions for a single
panel were selected to be 1000 mm x 500 mm because it suited the
dimensions of the system and larger panels would have been more fragile. The
dimensions of the insulation parts also have an effect on the total insulation
parts count in each concept (Table 6). Sheet metal was used as a support
structure and as an outer surface for the Box-type and Granular insulations,
although this is not visible in Figure 43b.
Table 6 Calculated characteristics for the concepts at 600 W thermal loss.

Concept Development Support Tool
A Concept Development Support Tool (Salonen, 2004) has been used for the
selection of the best thermal insulation method. A systematical tool is based on
the Paired Comparison method. Figure 45 presents the process flow of the
concept selection tool. It is a self-documenting method that provides basic
analysis tools to compare concepts.
The main steps for this systematic approach are as follows: At the start of the
design process a list of requirements is made (Figure 45.1). This must be made
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at the very beginning to minimize the risk of recognizing important
requirements too late (Günther & Ehrlenspiel, 1999). After this the
requirements are weighted using paired comparisons (Figure 45.2). The
requirements are presented in Table 7. In this study, two expert designers
made the pairwise comparison, so the weighting values were based on their
experience on the designing of the thermal insulation for the BoP of the 10 kW
research unit. Paired Comparisons is a basic method that is used for example
in the Quality Function Deployment (QFD) (Cohen, 1995) and in the
Analytical Hierarchy Process (AHP) (Saaty, 1980), (Saaty, 1990) (Vaidya &
Kumar, 2006). Paired comparison means that every requirement is compared
with to all the other requirements. The requirement that is the considered
more important more often than the other requirements, receives the highest
importance on weightings.
The third step is the concept generation (Figure 45.3). There is no direct
method for the creation of the concepts in this research. Basically three
different style designs were chosen for the evaluation. These designs were
chosen to represent typical thermal insulation methods, which are used in
large stationary SOFC systems. The fourth step (Figure 45.4) is the concept
screening which utilizes the Pugh method (Pugh, 1996) (King &
Sivaloganathan, 1999). The screening is a fast method to abandon the worst
concepts and to narrow down the number of better concepts for a closer
evaluation. The fifth step (Figure 45.5) is the concept scoring which was made
by a group of expert designers. The last step (Figure 45.6) provides results and
analysis data for the comparison of the concepts. The last step also includes an
option to test different values for the weighting or scoring that is a practical
way to conduct a rough sensitivity analysis.

Figure 45 Process flow of the concept development support tool that was used mainly for the
evaluation of the thermal insulation concepts.

Requirements and Scoring
Twenty-one requirements were chosen for the evaluation of the models. The
selection of these requirements was based on the experiences from the design
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and construction phase of the 10 kW research unit. Five of these requirements
could be scored with numerical values that were measured from the 3D
models. The remaining sixteen requirements were scored by a subjective
evaluation by six expert fuel cell system designers from Aalto University, VTT
Technical Research Centre of Finland and Wärtsilä Finland.
The requirements and scoring for the subjective evaluation is presented in
the following table (Table 7). In this research, the averages of these scorings
were used for the calculation of the results. However, the design team
members may have widely differing opinions on the requirement importance
and scoring. Discussions and fine tuning of the scoring between team
members is possible in this step if opinions vary greatly.
Table 7 Requirements and scoring table for subjective evaluation.
Requirement
Easy to support components
Ease of instrumentation installation
Ease of actuator installation
Robustness for thermal expansion
Serviceability of instrumentation
Serviceability of components
Component layout freedom
Assemblability
Prevention of heat exchange between component
Low risk for thermal loss thru seams*
Low amount of parts in insulation assembly*
Manufacturing simplicity
Flexibility for different power capacities
Low cost of Insulation material*
Robustness for general handling
Low insulation surface area*
Low insulation material volume*
Possibility to re-use insulation material
Usefull heat exchange between components
Low design time for insulation
Appearance
* = Calculated value (vs. subjective evaluation)

Scoring
1 = Poor (concept is expected to have poor
characteristics related to the requirement)
2 = Weak (concept is expected to have weak
characteristics related to the requirement)
3 = Average (or adequate) (concept is expected to
have average characteristics related to the
4 = Good (concept is expected to have good
characteristics related to the requirement)
5 = Excellent (concept is expected to have excellent
characteristics related to the requirement)

Requirements based on numerical values
Requirements are listed in Table 7, but first the selected requirements are
explained in detail as follows: “Low risk for thermal loss through seams” is
favorable for a concept. The thermal loss through the seams can be significant
if parts of the thermal insulation move apart due to the thermal expansion,
vibration, careless assembly or other reasons. In the Individual insulation
concept the total length of the seam in the insulation assembly is proportional
to the total piping length in the system. In the Box-type concept the length of
the seam corresponds to the volume of the insulation box and sizing of the
panel used. The granular insulation does not contain seams, because the
insulation is in a granular form and it could deform when the piping and
components thermally expand. The seams of the outer surface of the thermal
insulation were used to define the scoring for the concepts. The seam lengths
are shown in Table 6. However, the thermal insulation design has an effect on
the fact how harmful the seams are. One had to try to design the thermal
insulation in a such way, that gaps could not form during thermal cycling.
“Low insulation surface area” is a very favourable quality for an insulation
concept. It has a direct effect on thermal losses. In our case, the insulation
surface areas are mostly affected by the different layouts. The length of the
piping will increase the amount of insulation area more when moulded pipe
sections are used, compared with the Box-type insulation. In addition to
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thermal losses, the surface area also affects the amount of possible surface
finishing of the materials such as painting, as well as its reactions with the
surrounding atmosphere. The total insulation surface areas are shown in
Table 6.
“Low insulation material volume” is also an advantage for the system design.
A small insulation volume allows more space for other components inside the
system enclosure. The insulation material volumes are shown in Table 6. The
insulation material costs were calculated by using market prices of year 2013.
The requirement is called “Low cost of insulation material.” Moulded pipe
sections used in the Individual insulation concept are the most expensive
material regarding its unit price (€/m³) and granular insulation has roughly
half of this price. The rigid panel product in the Box-type insulation has one
third of the price of the moulded pipe sections. The relative insulation material
costs for each concept are shown in Table 6. “Low amount of parts in
insulation assembly” helps to cut assembling time and labour costs. The
number of parts in the insulation assemblies in the concepts are shown in
Table 6. Low amount of parts is a favourable quality.
Layout requirements
“Component layout freedom” is important for the system design. This means
few insulation based restrictions for the chosen concept. For example, the
Individual insulation concept includes restrictions as the designer must leave
sufficient installation allowance for the insulation around the components.
This means that there needs to be at least 120 mm installation allowance
between the piping components if moulded pipe sections are used to insulate
both piping components individually. The Box-type and Granular concepts
have a better freedom for the component layout in this respect.
“Ease of actuator and instrumentation installation” describes how easily a
particular insulation concept allows the typical components to be installed.
For example, the need to do handwork like cutting and glueing of the
insulation material makes the installation more difficult. “Manufacturing
simplicity” and “Low design time for thermal insulation” also define how
advantageous the design is. “Ease to support components” is important in
respect of avoiding thermal losses. Components can weight more than several
hundred kilos in the case of larger units and these components need to be
mechanically supported. Supports tend to produce thermal bridges through
the insulation. In addition, this requirement could have an effect on the
system design and costs. “Flexibility for different power capacities” indicates
that the concept can be scaled up for larger system dimensions. Some concepts
can more easily be designed to have a good “Assemblability” than others. This
could have an effect on different costs ranging from the design and
manufacturing to assembly labour.
Physical requirements
“Robustness for thermal expansion” evaluates how well the insulation can
adapt to the thermal expansion of the structure during the thermal cycles. In
an optimal design this movement should not cause any mechanical stress,
thermal leakages or other problems for insulation. “Useful heat exchange
between components” and “Prevention of heat exchange between
components” were also evaluated and weighted. The meaning of these is to
connect or isolate components thermally. Excess heat can be utilized for preheating or reforming purposes (Laosiripojana & Assabumrungrat, 2007).
Therefor, it is better for some components to be isolated thermally, especially
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if the components performance is being studied and the effect of other
components should be eliminated.
End-customer perspective
“Serviceability of components and instrumentation” is a requirement that is
significant for the end user of the product. When servicing is performed there
is a need to remove some parts of the insulation assembly and then rebuild
them. In this situation the “Possibility to reuse insulation material” is also
beneficial. “Robustness for general handling” can make the installation work
faster and easier. The “Appearance” of the system has been weighted as the
least important requirement but may still be significant to some users.
3.3.3

Experimental setup and numerical model verification

The theoretical study results indicated that the granular thermal insulation
could be the most suitable solution for the thermal insulation of the BoP or
similar high temperature structures. After the theoretical study it was
suggested that this new concept would be tested directly on an experimental
apparatus. However, the project team decided that it would be too risky to test
it with a real device and with a tight schedule. Because of this, the insulation
concepts were tested in a test bench with a dummy system.
The main hypothesis in this empirical part of this study was that the loose
granular thermal insulation material may outperform solid thermal insulation
materials in real life situations, when the system shape is complex and the
operating temperature is high. Solid thermal insulation materials typically
have lower thermal conductivities than loose insulation materials, but the
granular insulation has capability to fill all the cavities and thus the effective
thickness of the insulation is higher. However, even with the thermal
insulation total thermal loss of the system is not the sole factor that must be
considered when selecting the thermal insulation concept. In the theoretical
part twenty-one requirements that a good solution should fulfill were
presented (Table 7).
The experimental apparatus is presented next with the focus on the thermal
insulation only. The following Chapter 3.4 explains its mechanical design
principles and component support system. It should be noted, that for an
empirical study the individual insulation was replaced by a hybrid insulation,
because the team had a large amount of experience from the individual
insulation used in the SofcPower project. The hybrid insulation was not tested
yet, so it was included in the test series of this study. Compared to the
theoretical study, another change is that in the experiments the same casing
was used for all thermal insulations causing the differences in the thermal loss,
while in the theoretical part the thermal loss was fixed, but insulation
thickness was varied.
Theory for experimental unit
The experiment was designed to simulate a complete thermal insulation in
conditions that are as close to a real working unit as possible. Thus, the
experimental system was similar to the working units and hot air was flowing
through the system instead of using stationary heating resistors. As the system
made no external work, the thermal loss of a system is equal to a chance in the
enthalpy of the air flow. The first law of thermodynamics (Clausius & Rankine,
1850) was used to determine the thermal loss of the enclosed system. The air
volume flow, the temperature and the pressure were measured from the air
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intake and the outlet of the BoP module and the system temperature loss was
calculated from this data. Starting from the change in the total energy in the
system, the necessary equations were following:
(9)
ο ܧൌ ܧ െ ܧ௨௧
When the system has reached a steady state and there is no more change in
the temperatures of the system, ¨E = 0. As the experimental apparatus can be
seen as a closed system, the energy is fed in the system in the form of hot air,
and the energy loss is the energy content in the exhaust air and the thermal
loss through the insulation of the system. Thus, the following equation is
formed:
(10)
ݍ െ ݍ௨௧ െ ݍ௧௦௦ ൌ Ͳ
The pressure change in this system is negligible as well as the kinetic force of
air flow, thus leading to following equation:
(11)
ݍ௧௦௦ ൌ ݉ሶ ή ܿ ή ሺܶ௨௧ െ ܶ ሻ
where qthermal loss [W] is BoP-module´s thermal loss due to conduction,
convection and radiation, ݉ሶ is mass flow [kg/sec] and cp is specific heat
capacity [J/(kg·Ԩ)] of dry air at the atmospheric pressure. The specific heat
capacity of the air is affected by the temperature, pressure and water vapor
content of the air.
The measurement setup has an error due to the inaccuracy of the
measurement devices. The calculation based error estimation for this
measurement setup was calculated with the following equation:
߂ܿ
߂
߂ܶ௨௧
߂ܶ
(12)
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The measurement instruments, their description and accuracy are listed in
Table 8. In addition, the laboratory conditions may have an effect on the
measurement accuracy. However, this error is insignificant compared with the
instrumental errors due to the controlled laboratory conditions.
Table 8 Measurement instruments and accuracy.
Instrument

Part Number

Description

Accuracy

High-Accuracy
Thermocouple
Module

NI 9214

16-Channel Isothermal
Thermocouple Input Module

0.5°C

Operating temperature:
Thermocouple

Thermocouple Wire

JUMO

-200 to +1200 °C

91250/32-1043-1.5

Tube diameter and length: 1.5 and
200 mm

WATLOW
K20-2-350 SPECIAL

±2.5°C or ±0. 75%

K-type

0.5°C or ±0.4%

Pressure Sensor

Jumo 402005/000-441409-294 and MR-100
flowmeter

Differential Pressure Sensor and
measurement ring

4%

Humidity Meter

Fluke 971

Electronic capacitance polymer
film sensor.

±2.5%RH

Numerical model
The numerical models for the Box-type panel insulation and Granular
insulation concepts were structured as a nonlinear uncoupled steady state heat
transfer analysis in order to make a swift estimate of the heat loss of the
thermal insulation concept to be able to calculate the thermal loss of the lead76
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throughs versus the system enclosure. The calculations were performed by
Abaqus/CAE 6.12 in 3D. The thermal properties of the materials are shown in
Table 9 as well as the mesh element types. The fine mesh was used to increase
the accuracy of the calculations.
Table 9 Thermal properties of the thermal insulation materials and steels used in the structure
and enclosure and element type used in numerical calculations.
Material

Thermal conductivity, ୁ [W/m·K]

Emissivity, İ

Promalight 1000X

0.023 @200°C–0.036 @800°C

0.9

Mesh element type
DC3D8, tetra

Promat FreeFlow 220 kg/m3

0.026 @200°C–0.064 @800°C

0.9

DC3D8, tetra

Sheet metal surface

60

1

DC3D8, tetra/brick

ANSI 316L stainless steel

15

0.24a

DC3D8, tetra

a (Incopera, DeWitt,

Bergmann, & Lavine, 2007)

The thermal model of the panel insulation has a radiation heat transfer on
the inner surface of the cavity. The average steel structure temperature is set at
550 °C. The thermal radiation is calculated with the gap radiation that reduces
the calculation time. The gap radiation properties are shown in Table 10 and
the surface emissivities are listed in Table 9. The model for the Granular
insulation has only conduction through the insulation material. Again, the
average steel structure temperature is set at 550 °C.
Table 10 Gap radiation properties and contact properties for thermal calculations.
View factor

Clearance [m]

Conductance [W/ m2·K]

Clearance [m]

1

0.9

0

5000

0

2

0.5

0.3

0

5000

3

0

1

The contact properties are set for all contacting material pairs for the
thermal conductance and these are shown in Table 10. As a heat sink, the
model outer surface has a convective heat transfer with a film coefficient of
8 W/(m2ÂK) and the sink temperature was adjusted between 27 and 31 °C
according to the measurements done during the experiments.
The limitations of this model are as follows: i) The surface heat transfer rate
is set to a constant value for all the surfaces despite of the inclination and
panel size. ii) The gap radiation is used instead of the calculation of the view
factors iii) The steel structure temperature is set to a constant temperature
value, whereas the more accurate way would be to use the flowing media in
piping and letting the structure to stabilize to a steady-state temperature.
However, for this application this was sufficient and was within the calculation
capacity of the personal computer of that time.
Experimental apparatus
The system overview, measurement locations and dimensions of the
experimental apparatus are shown in Figure 46. First, the air is heated to
600 °C with a Leister-5000 heater using a control feedback from a
thermocouple installed in piping after a thermal radiance barrier and air
mixer. The K-type thermocouples are used together with the high accuracy
thermocouple module and measurement system. Additional thermocouples
are used to measure the hot BoP structure surface temperature and lead77
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through flange surfaces. In addition, the inlet air and exhaust air temperatures
were measured with secondary thermocouples for verification purposes.

Figure 46 Experimental system and measurement locations. A: BoP, B: Thermal radiance
barrier, C: Air heater, D: Blower, 0: Relative humidity, 1: Mass flow, 2–9: Temperature. Top
view, dimensions in mm. Thermal insulation of the pipes is omitted for clarity.

The core of the experimental device is the mechanical BoP of the SOFC
(Figure 47) that was thermally insulated with three different thermal
insulation concepts (Figure 48). The thermal loss of the insulated and
hermetically sealed enclosure was calculated as explained in the previous
chapters. The temperatures of the air flow were measured from the pipes
approximately 30 cm from the thermally insulated wall at the outside of the
module (4 and 5 in Figure 46). Thus, the total thermal loss is the sum of the
convection, conduction and irradiation of heat. This amount includes the
conducted heat from the hot piping to the system enclosure through the piping
and component support structures. Additional details about the support
structure of the components and their support are described in Chapter 3.4
(Salminen, Ahlgren, & Kuosmanen, 2013). When testing various thermal
insulations, the steel structure of the system remained the same.

Figure 47 Simplified mechanical BoP that is used in the test rig consisting of reformer, heat
exchanger bypass valve and piping. The largest dimension in picture is 610 mm.
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Figure 48 Test setup for: a) Box-type insulation, b) Granular insulation, c) Hybrid insulation.
Granular material is Promat Freeflow® 220 and panel is Promalight 1000X.

The Box-type panel insulation (Figure 48a) is made completely from two
layers (2×25 mm) of the Promalight 1000X panel. The edges and inner surface
are consolidated with a strip of temperature resistant glass cloth and quartzfiber cloth, which are glued to panels with the C-1000 adhesive. The granular
insulation (Figure 48b) is made of Promat Freeflow 220 kg/m3. The insulation
thickness minimum was 50 mm. However, as the granular insulation fills all
the cavities, the effective insulation thickness varies around the steel structure.
The granular material is slightly compressed during the installation. The
hybrid insulation (Figure 48c) is similar to the Box-type panel insulation, but
the cavity is filled with the granular insulation material. In all three concepts
the bottom plate is thermally insulated with two layers (2×25 mm) of
Promalight 1000X panel. This bottom plate is a part of the component support
system as the BoP weight is supported with the cradle-type support that is
attached on top of the thermal insulating plates. Promalight is a fragile
material when a tensile stress is applied but it has a small amount of flexibility
under a compressive load. This lowers the risk of fracturing when the
compressive load is applied on the top of the plate.
The thermal insulation materials (Table 9) are stored and installed in
laboratory conditions. During the experiments the room temperature was 21 to
23 °C and RH 30 to 40 %. Prior to the main experiments the system was
heated up. This was done partly to remove excess moisture that was absorbed
to the thermal insulation material and could reduce the thermal resistance of
the microporous insulation (Bouquerel, Duforestel, Bailis, & Rusaouen, 2012).
However, as the enclosure was hermetically sealed, the moisture could not
diffuse and evaporate freely to the surrounding atmosphere. In addition, a
ventilation pipe was installed to box during the preliminary heating period in
order to investigate whether evaporated moisture could be collected by
condensing it in a cooled pipe.
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Case 4: Component development for SOFC systems and
principles for better system design for high temperature
systems
Several components have been improved or developed during this thesis.
However, components are not the only way to improve systems. The
fundamental part of the design for high temperatures is to understand the
basic principles regarding how systems should be designed to avoid the
problems related to the thermal expansion. This chapter describes the
development of some of these components and principles.
3.4.1 Sliding component supports

In the 10 kW experimental device (Chapter 3.1) the simple sliding support bar
(Figure 49) was used to carry the weight of the heat exchanger package. In
practice this worked well. While there was friction between contacting
surfaces, this simple structure was working well during the operation. This
unit was running several years with experiments lasting weeks or months, so
the time between the thermal cycles was relatively long. In Figure 49 the bar
runs directly through the thermal insulation from the cooler end of the heat
exchanger where it was located to reduce the heat loss. A small contact area
was beneficial for this purpose.

Figure 49 A) Sliding support bar with small contact area to external support structure to reduce
thermal conduction. B) Thermal image of the same support during test runs. This type of
support creates thermal bridge through the thermal insulation (Salminen, Ahlgren, &
Kuosmanen, 2013).

The 10 kW experimental device used pipe bellows extensively. However,
when the RealDemo project was active, we were very aware of the costs and
possible problems related to the use of pipe bellows. Thus, the experimental
device in RealDemo was designed in a way that no bellows were needed. The
mechanical structure relied on the principle of free expansion and the
components were fully supported with sliding supports. Figure 50 illustrates
the side-view of this experimental device. The TC was located at the pipe leadthroughs and arrows indicate the direction of the thermal expansion away
from this point. Two types of sliding supports were designed for this purpose.
One of these supports was located inside the thermal insulation (Figure 50),
meaning that support would be operating at a 600 °C temperature. Thus, the
support had the following design requirements: i) Support the weight of the
heat exchanger and spread it to a larger area over the thermal insulation
panels. ii) Allow the sliding movement of the heat exchanger to the longitudal
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direction. iii) Should not pose any unnecessary restrictions. iv) Reduce
thermal conduction by using the least possible amount of material. v) Open
structure to enable a free flow of the granular insulation material. vi) Resistant
to >600 °C temperature.

Figure 50 Example of using Thermal Center at the border between hot piping and components
and cool outer enclosure of the insulated box. Here single thermal bridge acts as a structural
non-moving support and as a hermetical seal between inner and outer space of thermally
insulated enclosure. Instrumentation shown to present experimental setup. Thermal insulation
of piping excluded for clarity (Salminen, Najafi Haeri, Ahlgren, & Kuosmanen, 2016).

For this application the cradle-type support was designed and constructed
from the 316 (EN 1.4404, s=2mm) stainless steel alloy. Advanced CAD design
was used together with laser-cutting, and resulting the sheet was bend to form
the cradle-support (Figure 51).

Figure 51 Cradle type support is used for hot heat exchanger and piping structure. The heat
exchanger can slide freely in the lateral direction during thermal cycling (Salminen, Ahlgren, &
Kuosmanen, 2013).

Another two component supports were used for the air blower and heater.
These two components were situated at the cool side of the thermal insulation,
making the design easier. Linear bearings guides are common engineering
parts and their price is low compared with the temperature resistant bellows.
Linear bearings (Figure 52) were used in the device, and the cost of these
components was 20 to 30 €, which is roughly one-tenth or less of the price of
the bellows. A linear bearing has minimal friction in the direction of thermal
expansion and can be used in applications with frequent thermal cycling.
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Figure 52 BoP components at the cool end of the system are supported on linear bearings. This
allows the free expansion of the piping structure in the lateral direction (Salminen, Ahlgren, &
Kuosmanen, 2013).

3.4.2

Lead-throughts for piping

In many applications the thermal insulation or system module is enclosed in a
hermetically sealed enclosure, which is made of steel. Lead-throughs are used
to pass pipes, wiring or cables through the enclosure. This may sound as a
simple task, but in practice detailed design is needed to avoid thermal loss or
electrical shortcuts. In the 10 kW experimental unit the direct thermal bridge
between the hot piping and the stack-module enclosure caused a significant
thermal loss. This was quickly noticed and improved to a single step type leadthrough, which reduced thermal loss (Figure 89). The improvement was great,
but in the RealDemo project the aim was to improve this design even further.
The single step lead-through has a potential problem of fitting a MPSinsulation around the piping. With a single step the second layer of insulation
was set flush with the enclosure wall. The possible problem, which could occur
with this setup, is the gap between the insulation and the wall when the system
is heated up. When metal expands and the insulation does not, an interface
without overlapping insulation may form a direct path for thermal radiation
and convection.
It should be noted that steel, stainless steel and high temperature alloys have
much greater thermal conductivity than thermal insulation materials. For
example, stainless steel has roughly 500 to 600 times higher thermal
conductivity than microporous thermal insulation materials and thus the
minimizing of the thermal bridges is crucial.
The new lead-through was designed to fulfill the following requirements:
i) Low thermal conductivity ii) Prevents thermal radiation and convection, iii)
Hermetic sealing, iv) Overlaps rigid insulation materials, v) Low cost, vi) Can
be used as a component support in a system (Figure 50).
During the concept study three concepts were selected for a closer
evaluation. The lead-through made out of a temperature resistant fabric would
be the cheapest to make, but could not create a hermetic seal in this project.
However, if the only requirement would be to keep (granular) insulation
material in place, this could be a flexible low-cost solution. Our team also
considered the use of a spider-web type steel support to carry possible loads
and strengthen the fabric. A minimal material use with complex thermal
conduction paths proved to decrease the thermal loss by conduction
significantly in the numerical calculations.
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Another idea was to use diaphragm-bellows (Figure 53). This could bear the
radial load but the system would be flexible in the axial direction, which could
be useful for some applications that need flexibility and a hermetic seal. The
problem with this design is that the overlapping of the thermal insulation is
not straightforward. A few manufacturers fabricate these bellows and inquiries
of large size diaphragm bellows were sent to manufacturers such as Kuze.
Unfortunately, only smaller sizes were available at the time of the study. Large
sizes can be manufactured, but additional tooling costs would have been
unbearable.

Figure 53 Diaphragm bellow can be used as a partially flexible lead-through for piping.

The third concept was to add a second step to the formerly used one-step
lead-through. A lead-through with two steps (Figure 54) has an even longer
thermal bridge than the one-step version, but most importantly, an effective
overlapping of the insulation can be achieved. Metal spinning and deep
drawing were seen as the most prominent manufacturing technologies for
large series. However, when the operational temperature is above 600 °C, the
selection possibilities of suitable materials are greatly reduced. In discussions
with industrial partners, the most suitable material was AISI 441 (EN 1.4509)
which can be readily cold-formed by all standard processes like deep drawing
and it has a good resistance to oxidation up to 950 °C temperature.
Aforementioned manufacturing processes with this material still pose
challenges to the height-width proportion, and manufacturers could not
guarantee whether the proposed part can be manufactured with the tooling
costs that are needed used to manufacture the suitable tools. Another
manufacturing method would be superplastic forming, where steel with a
small grain size is heated to a higher temperature to enable the forming.
However, the material should not be superplastic in the operational
temperature, which reduces the material selection possibilities for high
temperature applications.

Figure 54 Two-step lead-through seen here with approximately 25 mm steps and 50 mm piping
size. Slightly slanting walls and roundings are designed here for metal spinning or deep
drawing.

During the design stage the numerical model was made to estimate the
temperatures, thermal loss, displacements (Figure 55) and material stress
(Figure 56). This information can be used, for example, when making
improvements to the supporting structure. The estimates are calculated
numerally using the FEM. The numerical analysis is made with a linked model
with thermal and structural models using material data for stainless steel. The
component and piping temperatures are between 400 and 600 °C. The
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thermal model has adiabatic conditions for the main structure and the front
wall has a convective coefficient between 10 and 15 W/m2·K on the cool side of
the front wall. To this wall, heat is conducted from the hot piping structure
and heat is convected to the surrounding cooler air (+21 °C). To front wall,
heat is conducted from the piping. In the structural model the front plate
edges have stiff connection to the system outer enclosure. Calculations are
done using the automated triangular meshing and Creo® software. This
specific analysis is used in the preliminary steps when the piping and support
system are designed.

Figure 55 Combined thermal and structural analysis can be used to observe component
displacements when the system is heated to working temperature (20 to 600 °C). The overlaid
picture represents the deformed structure and is scaled to show deformation better. Figure
illustrates a lead-through with one step only (Salminen, Ahlgren, & Kuosmanen, 2013).

Figure 56 Material stress and locations can be seen from the linked thermal model. Material
creep or possible failure location can be estimated from this information. Figure illustrates a
lead-through with one step only (Salminen, Ahlgren, & Kuosmanen, 2013).
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3.4.3

Pipe connections

The initial literature review, market search and discussion with industry
partners led to the conclusion that the optimal pipe connection cannot be
found off-the-shelf. For a new connection, a low manufacturing cost and easy
assembly were the main drivers, but several other requirements should be
addressed as well. After the discussions, the design criteria for the new
connection was established:
—
Low manufacturing cost.
—
Compensation for maximum 2° angular displacement.
—
Possibility to install at any rotational angle.
—
May help to compensate thermal expansion in piping.
—
Small size to enable efficient system packing and thermal
insulation, with an aim to design a connection that extrudes from
pipe ØOD less than 25 mm (1”) (MPS insulation can be used
effectively).
—
Easy to dismantle for maintenance, small amount of bolts. Smaller
bolts are easier to cut if needed.
—
Creep resistant (1%/10 000h).
—
Connection material is 253MA to be compatible for fuel and air
tubing and resist creep and corrosion.
—
Bolt material 316(L)/A4 if possible to reduce cost.
—
Easy installation on pipe ends. If welding is needed, then direct
welding to piping should not cause unnecessary warping of sealant
surface.
—
Low sealant cost.
—
Groove for pipe end to position flange and pipe. Two expert welders
confirmed that better quality weld can be achieved with this setup.
With deep groove the sealing surface can be maximized.
—
Weld positioned on the neutral axis of the flange to reduce warping.
DN80 pipe size was selected as a demonstration size. Then the connection was
divided into subfunctions, and solutions were selected for the subfunctions. As
a result of this design process, the traditional round flange with a bolt
connection was selected, but with many tweaks. First, the main idea for the
Prototype 1 (Figure 57) was to have a spherical sealing surface on one flange,
and a metal ring seal on the other flange. This enables a slight angular
compensation during the assembly (Figure 58). A spherical radius of 217 mm
was selected after the testing in CAD software with various spherical radii.
Second, instead of round holes as in the standard flanges, elongated holes
were used to enable the positioning of the flange at any rotational angle
around the longitudinal axis (Figure 59). These two features freed two degrees
of freedom out of six, which are all bound in the traditional DIN-flange setup.
Thirdly, the Wills rings (Inconel 600 with Nickel plating, gas filled, standard
wall thickness) were selected to be used as a gasket material for the first
prototype, and they were placed in slightly loose groove to enable a small
(1 mm) compensation in the radial direction also. This works together with
slightly enlarged boltholes, which is necessary in order to give some angular
play for the bolts. The metal ring gaskets were selected for the first prototype
as these are commonly used in high temperature applications and these could
offer a off-the-shelf gasket solution. The disadvantage of the Wills rings is the
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price, which is manyfold compared with planar gaskets. An other disadvantage
is the high compression force that is needed according to the manufacturer.
The selected gasket was standard thickness ring, as it was readily available.
Manufacturer has also a thin wall version of this same ring that is
recommended for applications where lower material stress or compression is
needed, which would have been an advantage in this application.
Aforementioned three features aid when compensating errors in a flange
position that is caused by the manufacturing tolerances and displacements,
which may occur during the thermal cycling of the system. The fourth design
feature was to position the flange and the pipe weld at the neutral axis of the
flange (Figure 65) to avoid warping of the flanges during the welding.

Figure 57 Exploded view of prototype 1. 1) DN80 s=4,3 mm piping, 2) flange with groove for
ring gasket, 253MA, 3) Wills ring, 4) convex flange, SR 217 mm, 5-7) Fixings, A4 (ANSI 316).

Figure 58 A, B) 0,5° degree error shown in pipe alignment for prototype 1.
C, D) 0.75° degree error shown in pipe alignment for prototype 2.
Smaller spherical radius will increase connection´s capability to compensate axial alignment
errors, but it will cause more radial stress for the gasket and machining of the flange becomes
more expensive if more material needs to be removed.
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Figure 59 Elongated holes enable positioning flange at any angle of rotation about longitudinal
axis with six bolts. At six positions it is possible to install twelve bolts, if necessary.

The new connection in DN80 size is smaller than the DIN-flange or V-clamp
connection (Figure 60). Another objective is to reduce the length of the
connection. This can be achieved if the flange can be welded directly to the
process piping without any significant deformations during the welding. Some
existing products feature a collar for welding that increases the length of the
joint.

Figure 60 Size comparison with DIN flange, new spherical flange and V-clamp in DN80 piping.
New connection is the smallest in size. Advantage of V-clamp is that clamp has only one bolt to
tighten, and clamp can be rotated freely.

The second prototype has three versions: 2a is made by additive
manufacturing to test out the proof of concept (Figure 61), 2b is the first stage
prototype for experiments at room temperature (Figure 62 and Figure 63), and
2c is a prototype to be tested at high temperatures up to 800 °C (Figure 64).
Prototype 2 is modified from prototype 1. There are two major changes:
1.
In Prototype 2 both flanges have convex/concave surface (Figure
58c,d). This increases milling cost c. 1 to 2 € when a flat surface is
changed to a concave surface. This change makes it possible to use
flat mica gasket that is c. 30 € cheaper than a Wills Rings gasket.
Hence Prototype 2 is cheaper to manufacture than Prototype 1. The
second prototype was tested with three different gaskets:
Statotherm HT mica gasket of two thicknesses, which are 0.4 and
0.7 mm, and Thermiculite 866 0.3 mm.
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2.

A full height shoulder has been added to better match the pipe and
the flange (Figure 65b). This shoulder aligns the flange
perpendicular against the pipe end. In addition, a weld of this kind
is easier to make and the best results are achieved. In addition, the
pipe end is easier to cut straight than to make sure that the pipe is
perfectly round, which can be achieved only by turning or with
special tools. But in both cases, the best welds are achieved when
the fitting between the pipe and the flange is as tight as possible.

Figure 61 Prototype 2a is 3D printed version to test bolt and gasket fittings before milling.

Figure 62 Prototype 2b in blind-flange configuration. This was the fastest solution for quick
prototyping as welding was not needed. In addition, there is no risk of warping due to welding
and thus this is the best configuration to test leaks caused by gasket, quality of matching
surfaces and compression force of the gasket. A) on left, small internal airspace and micagasket, and B) on right, setup for pressure testing.

Figure 63 The dimensions of the Prototype 2b internal airspace. If larger airspace is needed, the
external container can be used.
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Figure 64 Prototype 2c is the same as 2b but pipe end has been welded to flanges. Elongated
holes are not used in machined prototypes with drilled holes.

Figure 65 A) Prototype 1 drawings had no shoulder, but actually 1 mm shoulder was used. B)
Prototype 2 has full height shoulder. With this setup good results were achieved during welding.
It provides bigger area for gasket with smaller inner circumference which both are good
features. In addition, it provides smoother flow path for gas flow compared with Prototype 1.

Bolt material and torque
The thermal expansion coefficient (TEC) is the first factor that should be
assessed when structures for high temperatures are designed. If we generalize,
it is the easiest way if all structural parts are made from the same material. In
this case there will not be major differences in the thermal expansion and
there will not be major stresses caused by unequal TECs. However, due to cost
economics there may be reasons to use several materials. If we think of a
traditional flange setup, the TEC of the bolts should preferably be smaller than
larger compared with the TEC of the flanges, but not much smaller to avoid
increased stress levels. If the TEC of the bolts is larger, the joint becomes loose
when it is heated up. Generally, it is difficult to find reliable TEC data for alloys
at temperatures above 600 °C. However, nickel based steels tend to have a
smaller TEC than iron based steels (Table 1). Thus, special alloys such as
Inconel may be a good but expensive choice.

89

Research methods and experimental setups
Table 11 Material hardness and TEC. Information compiled from manufacturer datasheets and
from www.matweb.com.

Calculations were made to find out the maximum stress and tightening
torque for the bolts used in the flange-type connection and existing V-clamp
connection at elevated temperatures. As a result (Table 12), it can be seen that
the allowed bolt tightening torques are small at temperatures above 600 °C if
the creep is maintained at 1% / 10 000h. However, with such low torques it is
extremely difficult to design a joint that is leak-proof at room temperature, as
the gaskets typically demand higher compression forces. After discussion with
industrial specialists it was decided to set the bolt torque to 5 Nm for both the
V-clamp and the TaTi-flanges for the experiments to be made at elevated
temperatures. While this will lead to excessive creep during the initial period,
the material relaxation will quickly reduce the stress levels of the material, and
the creep rate will slow down after the initial period. Unfortunately, the cost
for bolts made of rare materials is high, and thus some rod bolts were
manufactured for the experiments (Figure 66).
Table 12 The maximum tightening torques and bolt tension for M6 (V-clamp) and 6 x M10 bolts
with flange connections calculated with 1% / 10 000h creep rate. Creep strength obtained from
manufacturer data sheet. Calculations performed according to (Airila, 1997) and (Valtanen,
2008).

Tmax [°C]
649 °C
704 °C
760 °C
816 °C
871 °C

M6, Inconel 625
2,4 Nm / 3819 N
1,4 Nm / 2291 N
0,7 Nm / 1186 N
0,4 Nm / 623 N
0,2 Nm / 342 N

M10, 316L
3,0 Nm / 4797 N
0,7 Nm / 1053 N
0,4 Nm / 611 N
0,2 Nm / 334 N
# N/A

Figure 66 Custom made rod bolt made of 253MA.
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M10, Inconel 625
6,9 Nm / 11020 N
4,1 Nm / 6612 N
2,1 Nm / 3422 N
1,1 Nm / 1798 N
0,6 Nm / 986 N
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Surface quality
In the first prototype the Wills rings were used as gaskets. The producer of
the gaskets demand a high quality for the surfaces of the sealing surfaces
(Table 13). For economical reasons surface quality finer than of 0.8 ǋm Ra was
out of the reach, as otherwise connection would cost too much.
Table 13 Surface finish requirements by ring gasket manufacturer.

Media
Helium, hydrogen
Nitrogen, steam
Air, water

Required surface finish, Ra [μm]
0.1 to 0.2
0.2 to 0.4
0.4 to 0.8

Cost calculations
Briefly, pre-production cost calculations indicated that by using a
12x1000x2000mm 1.4835 (253MA) metal sheet, water jet cutting, machining
and direct weld to process piping would reduce cost at least 15 % to 44 %
depending on the gasket material. However, in certain sizes the saving could
be manifold.
Experimental setup
After the machining, flange dimensions, surface quality and shape were
inspected. The surface roughness of the gasket surfaces was investigated using
comparison specimens manufactured by Rubert (Rubert & Co Ltd, 2016). In
the final prototypes the joint between the flange and the pipe was welded with
TIG. Flanges were measured before and after the welding in order to find out
amount of warping caused by the welding heat. Measurements were taken by a
CNC-controlled ZEISS C700 coordinate measurement machine (CMM) with a
Renishawn PH1 probe (Figure 67a). The resolution of the machine is 0.1 μm
and accuracy is ±2+L/200 μm (=±2.5 μm). The flange measurement was
based on a CAD-3D drawing and one to three measurement tracks (Figure
67b) with 40 to 109 measurement points.

Figure 67 A) Planar error of the sealing surface was measured using ZEISS C700 CMM.
B) Measurement tracks on flange surface.

After the dimensional measurements the tightness measurements were
performed. First, the measurements were made at room temperature, and the
final measurements at elevated temperatures up to 800 °C. The simplified
measurement setup is shown in Figure 68. The main idea is to compress air
into the internal chamber of the flange, close the valve and monitor the
pressure drop in the chamber. If needed, the leakage rate can be calculated
from the pressure drop over time with a known volume of the chamber.
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During the initial testing at room temperature the water mixed with soap was
used to detect the location of the possible leakage. The pressure gauge scale
was 0 to 1.0 MPa, and a stopwatch was used to take readings. After the initial
testing the best versions proceeded to testing at an elevated temperature using
a high temperature furnace (Figure 69). In the furnace the new connection was
tested against a commercial product and the results were compared. First, the
connections were closed, and the tightness was monitored for over one to
three days. Then, the temperature was increased at 100…200 °C steps until
800 °C was reached. In the cool-down, the same steps were used. As the
heating and stabilization of the temperature took time, and materials relax,
creep and set, the whole cycle took nine days.

Figure 68 Measurement setup to test the leakage rate of the flange and gasket setup. 1) flange
setup with gasket and internal pressure chamber. 2) pressure gauge 3) valve 4) compressor.

Figure 69 Prototype and existing product installed in high temperature oven prior to starting the
experiments. Internal and external air chamber size in these specimens was equal for both
connections tested. Internal airspace dimensions are L=156 mm and Ø82,9 mm (c. 0.8 dm3).
Instrument pipe and tube dimensions are L=2300 mm and Ø4 mm (c. 0.03 dm3).
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Case 5: Producing heat transfer channels into system
components with Friction Stir Channeling and investigation of
heat transfer properties of FSC
3.5.1 Introduction

In this study, thermal management channels were manufactured with a novel
method, Friction Stir Channeling (FSC). FSC produces internal closed
channels along any desired path with a constant or continuously modified
shape in a single manufacturing step. This study evaluates the potential of
these channels to be used as flow paths for a cooling or heating fluid in order
to develop an efficient thermal management for the machine parts. The
performance of channels produced by the FSC and milling were compared.
The main difference of the FSC and traditional manufacturing methods is the
surface roughness of the channels. The drilling and milling produce a
smoother surface than the FSC, that produces a rougher and undulated
surface. The surface quality of the FSC can be controlled with the
manufacturing parameters.
3.5.2Experimental setup

Material characterization, manufacturing parameters and
specimens
All the samples were made from AA5083-H111, which is a structural
aluminium alloy with a good corrosion resistance, and it is a common material
for many applications. The specimens were manufactured with an ESAB
LEGIO 5UT friction welding system. The parameters for the manufacturing
are presented in Table 14.
Table 14 Parameters of the FSC process implemented in the production of the specimens.
Sample
FSC-specimen*

Speed
[RPM]

Velocity
[mm/min]

Force [kN]

500

70

3.1

* The non-consumable FSC tool: H13 tool steel; 20 mm
diameter shoulder; 8 mm diameter probe; 7 mm plunge
depth.

Two samples were prepared to investigate the FSC heat transfer properties in
detail. The FSC specimen was manufactured by FSC with a single production
step and the other specimen was manufactured by milling. Later, open
channel was made by milling and then the top halve was bonded with
thermally conducting epoxy (Figure 70) to create a closed channel. The
dimensions of the specimens can be found from Table 15.
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Figure 70 A) Milled specimen with channel visible. The lid was adhesively bonded afterwards
with epoxy that has good thermal conduction. The glue seam thickness is <0.1 mm. B) The
finished specimens are identical from the outer surface which is polished.

Table 15 Dimensions of AA5083-H111 specimens.
External dimensions
Sample

thickness W
L
[mm]
[mm] [mm]

Channel length and cross section

size

area

[mm]

[mm2] [mm]

L

FSCchannel

10

20

110

§2.5×6.0*

§15*

100

Milled
channel

10

20

110

2.5×6.0

15

100

* See additional figures

The method of evaluating the cross-sectional area of the internal channels
produced by the FSC and its level of uniformity was based on the average of
eight cross sections; four of them are represented in Figure 71. The channel
dimensions and height-width aspect ratio for the manufacturing of the milled
specimen was defined based on this analysis of the FSC-channel. The milled
channel specimen (Figure 70) was manufactured using these dimensions.
Thus, the FSC and the milled channel specimens had similar size, weight and
equivalent hydraulic diameters of the channel. The outer dimensions of the
finished FSC and milled specimens were identical and the outer surface of
both specimens was polished. Due to this, the specimens were comparable and
the difference in the heat transfer was dictated mainly by the surface
properties of the internal channel.
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Figure 71 A) Four out of eight crosscuts which are used to define the size and width-height
aspect ratio for the milled channel. The milled 6 × 2.5 mm channel is projected on top. B) FSCchannel crosscut with surface names. EDM cut lines shown for the Figure 72.

The surface properties were analysed from the sample that was cut open by
EDM. As illustrated in Figure 4, the surface topography of the channel
produced by FSC was rough, especially if compared with the channel size. In
fact, it was intended to produce these specific channels with a higher
roughness than the ones presented in earlier FSC studies (Vidal, Infante, &
Vilaça, Fatigue behaviour at elevated temperature of friction stir channelling
solid plates of AA5083-H111 aluminium alloy, 2014b) in order to enhance the
heat transfer. The bottom or root side (Figure 72A) and the advancing or the
shear side (Figure 72B) were closest in roughness compared with the milled
channels (Figure 70B), but the retreating or flow side (Figure 72C) and the top
or ceiling side (Figure 72D) are higher in roughness than the milled channels.
This does not only increase the surface area of the channel significantly, but
should also create a turbulent flow with multiple micro size flow paths.
A contacting profilometer was used for milled and smooth FSC surfaces to
quantify the roughness. For extremely rough or complex surfaces an optical
non-contact 3D-profilometer (GFM MikroCAD) with a height resolution of 3
ǋm and a lateral resolution of 61 ǋm was used to create 3D-profiles of the
surface. The roughness indicators for the channels produced by FSC and
milling were distinct, even considering that the profilometer does not give an
exact surface shape as it cannot detect the deep cavities and undercuts that are
not accessible by direct light and the sensor of the profilometer. Table 16
illustrates roughness indicators for the channel surfaces. Measurements were
taken from the sample presented in Figure 72. The surface roughness has been
shown to enhance the convective heat transfer (Ventola, et al., 2014a)
(Ventola, et al., 2014b). However, the surface topography also alters the
vortices near the surface and it has a great effect on the heat transfer.
According to (Ma, Chen, Wang, Zang, & Ji, 2014) surface topography should
be considered, not only the surface roughness.
Table 16 Roughness indicators for the channel surfaces.
FSC

Value,
[μm]

top

retreating

advancing

Ra

466

98

54

12

<2

Rq

575

129

69

16

<2

Rsk

0.2

0.4

0.6

0.7

–

*measured

bottom

Milled*

with contact profilometer
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Figure 72 Part of the FSC sample cut open with EDM. Bottom (A) is the smoothest surface of
FSC-channel followed by advancing side (B), retreating side (C) and top surface (D) which is
the roughest. Surface roughness and channel size depend on FSC manufacturing parameters
and these can be changed simultaneously during the manufacturing process. EDM cut lines
illustrated in Figure 71B crosscut.

Experimental thermal analysis
The thermal exchange of the specimens was measured with an adiabatic
calorimeter setup illustrated in Figure 73. The specimen was located in warm
water (40 to 60 °C) inside the calorimeter having minimal thermal conduction
through the walls. Air as a cooling fluid (20 °C) flowed through the channel of
the specimen and the flow was kept constant. The experimental procedure
implemented is in the following presented. The temperature logging and water
mixing unit was started when the water was placed in the calorimeter. The
system was then left to stabilize for 20 minutes before coolant flow was
started. Then the coolant flowed for 150 minutes. After this, the flow was cut
off but the data was collected for 20 more minutes.
The calorimeter with the water mass of 3.5 kg was used in the experiments.
The calorimeter mass was 234 g without the lid. The milled sample mass was
53.9 g and the FSC sample mass was 52.8 g. The mass was measured with
laboratory scale with a measurement error of 0.1 g. The temperatures were
measured using a K-type JUMO 1.5 mm thermocouple probes that were
installed in the flow pipes or were in a direct contact with calorimeter water.
The water bath was kept moving using a mixing unit to avoid thermal
gradients. The thermocouples were connected to a National Instrument NI
9214 high-accuracy thermocouple module. The combined maximum error
including RMS noise for this setup was 0.36 °C with a sensitivity of 0.01 °C.
The sampling rate of the thermocouple module in the high accuracy mode was
1 Hz.
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Figure 73 Calorimeter and functions in the flow direction: A) Mist separator, B) Pressure
regulator, C) Tin measurement, D) Sample, E) Tout measurement, F) Flow meter, G) Twater
measurement, H) Thermocouple module, I) Mixing unit, J) Calorimeter.

A compressed air supply was used as a cooling fluid and its temperature
varied slightly between the measurements. The air was filtered with a 0.3 μm
filter unit to avoid any oil or impurities entering the system and the flow was
measured with a Festo SFE3-F500-Q4 flow sensor and the measurement
accuracy was 5 %. This sensor had a compensation for the measurement
temperature and pressure so fluctuations did not have an effect on the
outcome. All measurements were made with a flow of 50 l/min (20 °C,
100 kPa). With this flow Re was greater than 14000, based on the used
equivalent hydraulic diameter and the flow was clearly turbulent with both
specimens.
The pressure difference over the specimens was measured using the SMC
PSE 530 0-M5 pressure sensors. Both samples were measured three times and
the flow was varied between 0 to 50 l/min. The repeatability of the sensors was
less than ±1 % of the full scale and the repeated experiments showed higher
accuracy than stated by the manufacturer.
As thermal energy is carried out from the calorimeter by the cooling fluid,
the calorimeter inner temperature was reduced during the experiment. The
temperature was measured directly from the water. The sample thermal
capacity was negligible and the calorimeter thermal capacity had only a minor
effect on the thermal capacity of the whole system when compared with the
thermal capacity of the water mass. The heat transfer caused by the sample
and cooling fluid can be calculated from the rate of change in the water
temperature over a period of time (Eq. 1). The thermal measurement had a
slow response time and the water movement caused minor fluctuation in the
measurement. Thus, the cooling power of the sample was calculated over a
time period of 360 seconds for each time step of the experiment.
݉ ή ܿ ή οܶ௪
(13)
ܳሶ௦ ൌ
െ ܳሶ
οݐ
where Qsample [W] is the cooling power, cp [J/(Kg·K)] is the specific heat
capacity of water, ¨T [K] is the water temperature change, ¨t [s] is the time
period and ܳሶ [W] is the calorimeter thermal loss including the conduction,
convection and radiation.
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As the calorimeter was not fully adiabatic, the measurement procedure
described earlier was used without the coolant flow to define the calorimeter
thermal loss ܳሶ through the whole calorimeter unit. As the measurement
through the whole temperature range was slow, a mathematical model was
established to calculate the compensation across the whole measurement
range. This model was verified with long measurements starting at certain
temperatures. For the small calorimeter the thermal loss was 1.3 to 2.7 W with
a temperature range of 30 to 40 °C. The calorimeter thermal loss was
calculated for each time step and it was deducted from the total thermal power
extracted, as seen in equation (13). Thus, the results show only the thermal
loss caused by the coolant flow through the sample.
The total heat transfer error for the present setup was ±1 % which was
calculated from the measurement errors. The differences in the heat transfer
rate of the samples could be defined and compared with this setup as the
measurement setup and conditions were the same.
Numerical thermal analysis
A numerical simulation was made to investigate the performance of the
established numerical solvers to estimate the heat transfer properties of the FS
channel. For this case the Comsol 5.2 Multiphysics software was used with a
Non-Isothermal Pipe Flow (NIPFL) and Heat Transfer in Solids (HT) modules
with the time-dependent solver. The model was composed of a 157×157×245
mm block of AA5083-H111 (16.26 kg) that had identical heat capacity (14.6
kJ/K) as the sample and water (3.50 kg) used in the experiments. This
simplification was made to save computing time by avoiding 3D CFD
calculations. This causes only a minor inaccuracy to the results because the
calculation time is long (3 h) and aluminium conducts heat well. As in the
experiments with the calorimeter, the block had a rectangular specimen
channel and a smooth circular channel to transfer cooling media for the
specimen (Figure 3). The model was non-adiabatic, as the calorimeter heat
loss was included in the model by adding a constant 2.5 W heat loss in total,
which was distributed evenly to all sides of the calculation domain.
Two cases were investigated and the specimen channel surface roughness
was varied in these cases to represent the milled and FS channels. For the
milled specimen, the surface roughness of the channel was 1.5 μm Ra and for
the FSC-channel 500 μm Ra. The roughness in the NIPFL was a global value
and could not be set for the separate sides of the channel. Thus, the highest
value was selected for the analysis as it was the dominating side of the channel
and caused vorticity for the whole channel. The coolant transfer pipe was
smooth in both cases. In the solver of the NIPFL module, the Churchill friction
model was used for the smooth transfer pipe. For the specimen channel, the
milled case was calculated with the Churchill friction model, but the rough FS
channel was calculated with multiple friction models such as the Churchill,
Wood, Haaland, von Karman and Colebrook to reveal possible differences
between the solvers for this case. In addition, results were calculated also with
the Stokes friction model although it is not intended to be used for high
velocity flows that are present in this case.
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Figure 74 Calculation domain: a) flow inlet; flow temperature 293.15 K, b) smooth tube (Ø 4,
L=145 mm) to feed cooling media to specimen, c) rectangular specimen channel (2.5×6×100
mm), d) flow outlet, e) aluminium block with three walls and two slices shown, initial temperature
is 313.15 K. Q) Calorimeter heat loss, 2.5 W from all sides in total. NIPFL calculates
temperature, flow and velocity for line segments and tube and channel are illustrated for
clarification only. Temperature distribution is shown here is for time step 60 s.
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Case 6: Improving product quality with numerical analysis –
Wind power gears
During 2015, a total of 12 800 MW of wind power was installed in the EU
making it the fastest growing supply for the electrical energy. Eight years in
row renewable power installations have contributed over 55 % of additional
power capacity in the EU, and the most of the added capacity comes from the
wind power. In 2015, the installed wind power capacity overtook
hydroelectricity, becoming the third largest after gas and coal (Pineda, 2016).
The beginning of 21th century has been a time for a rapid progression of the
wind power technology and the maximum power of single turbine is currently
8 MW.
The most common type of a wind turbine has a horizontal axis, and there is a
gearbox between the turbine blades and the generator that matches the
rotational speeds of the blades and the generator. The 3 MW turbine
gearboxes may weight 20 to 30 tons and are lifted to the top of the tower that
may be up to 160 meters tall. The reliability of the gearbox is critical, as the
location of unit is difficult to reach and the installation may be at a remote
place or offshore. The reliability and quality of the unit is based on the good
design, materials, manufacturing and maintenance.
This study focuses on the improvement of the quality inspection procedures
during the manufacturing and assembly by making a numerical analysis of the
gravitational and temperature influences on a large end plate of a gearbox
(Figure 75). Quality inspection is needed to guarantee correct dimensions and
fitting between various parts of the assembly.

Figure 75 Windpower gearbox, Moventas Exceed. End plate is the large part that is bolted on.
(Figure: Moventas).

3.6.1 Introduction

The end plate is made of cast iron and machined with strict tolerances. Both
sides of this large machine part have machined surfaces (Figure 76) that must
be accessible by a CMM probe (Figure 67A). The part weight is c. 700 kg and it
is measured in a general CMM station which is used for other parts as well.
Thus the support system of the component must be kept as simple as possible
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to maintain the flexibility of the CMM station. Due to these limitations, the
end plate is measured on the horizontal position, which differs from the
vertical position used at the final operational assembly. The investigation was
made to see if a simple three-point support system is sufficient for the
measurement, and how gravity affects the shape of the plate when measured
by the CMM. The second part of the study investigated the thermal effects on
the end plate and how these effects could be mitigated.

Figure 76 The end plate has machined surfaces on both sides, which must be accessible by
probe when the part is measured by CMM.

Temperature effects are a common source for dimensional errors. Modern
workshop machines perform well and can machine parts with tolerances of
<μm. However, machining such as milling and turning remove material
mainly by cutting and many parameters affect how much heat is generated
during the machining.
The heating power of machining to the work piece can be divided into a few
sources. In the primary zone where the tool contacts the workpiece the heat
generation has two main sources, i) plastic deformation and viscous
dissipation of material at the shear zone, and ii) frictional heat between tool
and material (Laakso, 2015). The temperature at this primary zone where the
tool contacts the work piece may be several hundred °C. A part of this heat is
removed from the workpiece by metal chips, and another effective way is to
use a cutting fluid. Cutting fluid is normally used for most materials, but cast
iron can be machined without fluid as well. The end plate is made of cast iron,
and thus it may be machined with or without cutting fluid.
However, the workpiece has also a secondary heat generation zone, where
material is not removed, but where heat is generated due to the forces acting
on it. Here the material deformation is mainly on an elastic region, and heat
generation is related to the material strain caused by forces acting between the
tooling and clamping of the work piece.
Despite the cooling effect of removed chips, fluid, and heat transfer to the
surroundings, it is customary that machining creates an inhomogeneous
temperature field to the work piece. The work piece is the end plate in this
study. In the investigation, this effect was studied by setting an
inhomogeneous initial temperature to the workpiece with the ideal shape,
which was the case just after machining. Then, at the next step the piece was
cooled down to the surrounding temperature and its shape and possible
deformations are calculated.
3.6.2

Parameters for numerical analysis and boundary conditions

The gravitational investigation was done with Abaqus 6.12 and thermal
investigation was done with Comsol Multiphysics 5.2 with the following
physical interfaces: Solid Mechanics, Thermal stress, Heat transfer in Solids.
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Both models were done in 3D using a fine mesh. The material properties are
shown in Table 17.
Table 17 Material properties for gravitational and thermal analysis of the end plate. Values
gathered and crosschecked from following sources: United cast bar, Componenta, Matweb.
Properties

Values

Density

7300 [kg/m3]

Young ´s modulus

17.6E10 [N/m2]

Poisson ´s ratio

0.275

Thermal conductivity

31.1 [W/(m·K]

Thermal expansion

12.5E-6 [1/K]

Specific heat capacity

460 [J/(kg·K)]

Boundary conditions for gravitational model:
For the gravitational model five different cases were analysed (Figure 77). One
case was the end plate inner ring against a flat surface. The other four had
three supports. Three of these had an even 120° distribution of support points,
but the location was altered. The fifth case presented a case with a careless
setting of supports, where three supports were set with a 150°-90°-120°
distribution. The support points were set to be rigid in the vertical direction,
but allowed rotation and horizontal translation.

Figure 77 Support points are indicated by three orange points on the inner ring surface, or
orange full surface on the left most figure.

Boundary conditions for thermal analysis:
In the thermal analysis several cases were analysed. The common boundary
conditions for these cases were are as follows: Support points in thermal
analysis used a spring foundation, using three symmetrically located support
points with an 120 degrees angle between the supports, and one support was
located between the lift rings (Figure 52). In the vertical direction the spring
constant was stiff, 1×1015 N/m, and in the horizontal directions 10 kN/m. The
rotation about all axes was free. An automated meshing proved to work well
with this part, and in Comsol, the mesh settings were typically from finer to
normal, and fine and coarse meshes were tested to check the effect on the
results. Generally, the results have been consistent with varied meshes, but a
finer result rendering and plots can be created with a finer mesh. For example,
Physics-controlled “finer” mesh had 815 859 tetrahedral elements and 159 408
triangular elements on the surface. A “fine” mesh with 281 277 elements did
not change the results when tested. A typical calculation time in these thermal
models was 10 h, and the results were saved and plotted using 1 h sampling
rate. Real time calculation times varied from ten minutes to 74 hours. The
thermal radiation calculations took more computational power, and for these
calculations the mesh was reduced to contain c. 170 000 elements.
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The different cases are presented as follows:

1. Cool-down of the end plate from a homogeneous 323.15 K (50 °C) with
293.15 K (20 °C) external temperature. The heat transfer coefficient of
all surfaces was varied between 2 and 8 W/(m2·K). This represented
situations when the end plate was brought in from a storage room that
had different temperature compared with the measurement room.
2. Inhomogeneous temperature at the initial condition after the
machining. Case A1: 323.15 K–293.15 K (50–20 °C) and Case A2:
303.15 K–293.15 K (30–20 °C). Higher temperature is at the top
surface, and lower temperature at the bottom surface. Heat transfer
coefficient of all surfaces is 8 W/(m2·K).
3. Thermal radiation on top and bottom surfaces. On top, thermal
radiation from ambient surfaces at 303.15 K (30 °C) and on bottom
thermal radiation from ambient surfaces at 283.15 K (+10 °C) or 263.15
K (-10 °C). Emissivity of end plate and surroundings is set at 0.9. Heat
transfer coefficient of all surfaces is 8 W/(m2·K). Third thermal
radiation case was calculated using 393.15 K (120 °C) thermal radiation
for measurement surface only. Emissivity, İ=0,9 is used for all the
surfaces in calculations.

Limitations of the models
The analyzation of the cast iron parts was challenging because the material is
not totally homogeneous. During the casting process the material solidifies
and cools down in the mold at the different rate depending of the wall
thickness and location in the mold. This creates a heterogeneous structure and
residual stresses for the material within the part. After casting, heat treatment
was done to remove residual stresses and to unify material properties.
However, even after the heat treatment some residual stresses and
heterogeneous structure may remain at some locations of the structure.
With the cast iron the material properties may be given according to wall
thickness. In this study, the material properties were selected according to
average wall thickness. With molded products, the test specimens are
sometimes added within casted parts in the same mold. After casting, these
specimens are tested to check the material properties. In this study no
specimens are prepared and tested, but values are representing general values
for this material.
The constant heat transfer coefficient is used for all surfaces and thermal
models of this study. It would have been more precise, but more time
consuming, if all sub-surfaces had been defined one-by-one by considering
external natural convection and surface inclination for each location.
However, for complex surfaces as the one in this study, this may have not led
to more accurate results. With complex surfaces, the most accurate solution
could have been achieved by using multiphysics model combining CFD
analysis with the heat transfer interface. But, for this model the accuracy of
constant heat transfer coefficient was sufficient, as there was not highly
detailed information available from the measurement space, such as surface
temperatures of the surroundings. Additional benefit of using the constant
heat transfer coefficient is that the comparison of different cases is consistent.
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Results of Case 1: Mechanical design and thermal insulation
for 10 kW Solid Oxide Fuel Cell system operating at 800 °C.
Overall, the demonstrational 10 kW unit was a success as several publications
prove (Halinen M. , et al., 2013) (Halinen, et al., 2011) (Halinen M. , 2015)
(Rautanen M. , 2015) (Riipinen, 2012) (Väisänen, 2012) (Salminen, Ahlgren, &
Kuosmanen, 2013). Mechanically the system operated well and it was modified
extensively during the years it was operated.
The component support worked well during the operation. It was noted, for
example, that the sliding bar of the air-side heat exchangers behaved like it
was calculated numerically. The FEM models expected the movement of 6.1
mm in this location between standstill and when used at the nominal load. The
measured distance was 5.7 mm, which is good result as the numerical model
uses partly the estimates for structural temperatures of heat exchangers, as the
actual temperature is measured only from process gases in few locations.
Thus, if indirect temperature measurements of some components are needed,
the thermal expansion of the component could be used in some cases. For
example, the temperature probes would give the temperature only at a certain
spot, but the average structure temperature can be achieved by uncomplicated
distance measurement, and often this would be possible from the cool side of
the system.

Figure 78 Uncomplicated and robust sliding support for the heat exchangers. Left side shows
support when the system is cool, and on the right side when the system has reached its
operational temperature. The amount of thermal expansion in this location is c. 6 mm at nominal
load, and the thermal expansion follows closely the average temperature of components.

The pipe bellows were part of the compensation system for the thermal
expansion. In the experiments these bellows worked otherwise well, but there
was a corrosion problem during the initial test run (Chapters 3.2 and 4.2). The
thermal insulation work itself was not a great success. There was a third party
company with the experienced workers doing the actual thermal insulation. A
large amount of handcraft was needed to cut, fit and set insulation in place.
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For example, the straight part of piping was first wrapped with temperature
resistant cloth (Figure 79). Then, the first 25 mm insulation layer was cut to
suitable length (Figure 80) and fitted around the tube. If there were branches
in piping or instrumentation tubes, the holes were cut or drilled.
The system components of complex shape needed custom thermal insulation
parts that were machined to shape (Figure 81). Still, the second thermal
insulation layer was usually needed to make the insulation layer sufficiently
thick. The stainless steel tie wraps were used to secure the insulation segments
(Figure 82). The other solution for complex components was to wrap them
with several layers of Quilted panel (Figure 83, Figure 84). Cutting off the
insulation materials such as the MPS, quilted panel or rigid panels exposed
dusty inner insulation material. Thus, all the raw edges were reinforced with a
strip of temperature resistant cloth, which was glued on place. The last step of
insulation work was to wrap everything with final layer of cloth, which made
everything look neat and tidy, and this fixes everything in place (Figure 85).
This method of thermal insulation had following problems: i) Insulation was
slow to assemble, and thus expensive. ii) Insulation work was extremely dusty.
Cutting was done on over the hoover table, but still the whole room was
covered in dust and workers had to use protective equipment such as
respiration masks. Industrial cleaning was needed for whole lab two times
during the work. And problem was the same after every modification or repair
of the system if thermal insulation was cut open. iii) Several types of insulation
material added cost, as a large amount of different types of insulation needs to
be ordered and stocked. Multiple materials also add the risk of unsuitable
material combinations (see Chapter 3.2).

Figure 79 The first layer of MPS is fitted on top of pipe, which was wrapped first with
temperature resistant cloth.
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Figure 80 Cutting of the MPS insulation segments created a large amounts of dust.

Figure 81 Non-circular temperature critical parts had custom parts for the first layer. The second
layer was made with the standard MPS segments of the larger size.

Figure 82 The tie wraps made of stainless steel were used to secure the insulation segments.
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Figure 83 Quilted panel was cut with sharp knife, which exposes the dusty insulation material.

Figure 84 Quilted panel wrapped around components.

Figure 85 Thermal insulation is finished with a layer of cloth, which was usually glued in place.

During the initial test runs the whole system was inspected with thermal
imaging by using FLIR SC660. Thermal imaging was a useful tool in this case,
as it could measure large surfaces at once. The image processing software can
be used to pinpoint highest temperatures and their location, and to measure
average temperatures of the large surfaces. This information was used to
analyze thermal loss over large areas or components. The temperature
measurement probes with touch point had only limited use for this purpose,
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because that technique measures only single location at once. With the
thermal imaging it could be seen that measurement probe actually cooled
down the point where the measurement probe touched. Thus, special attention
must be used when this type of materials with low thermal conduction and
heat capacity are measured with probes.
Measurements were indicating that average surface temperature of BoP
surface was c. 37 °C. This was slightly higher than expected, but still adequate.
With thermal imaging it was easy to locate thermal leakages. In this unit, a few
high temperature spots were located on the thermal insulation seams between
components or their instrumentation. The seam was even more challenging to
insulate well if there was some piping branches or instrumentation tubing in
the same location (Figure 86). As this was a research unit, it had excessive
instrumentation, more than in the commercial units, which made insulation
more demanding. The insulation seams may also open slightly when the inner
steel structure expands, depending how thermal insulation is supported on the
piping structure. While small hot spots may pose hazardous temperatures, the
largest and most severe heat losses in this unit were found from the interface
between the Stack and BoP module (Figure 87). This problem was caused by
the fact that the interface design was not done by anyone properly. The stackmodule was shipped directly from third-party manufacturer at the very late
stage when the BoP-module had been already constructed. With the tight
schedule the stack-module was attached to BoP and thermally insulated. The
problem of high external temperatures around the interface was noted during
the initial runs of the system. Interconnection was re-designed (Figure 88) and
on the next run it was inspected (Figure 89). Inspection revealed that interface
was greatly improved and the thermal loss was significantly reduced.

Figure 86 Thermal leakage on the seam with instrumentation tube. Maximum temperature
above 130 °C.
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Figure 87 The interconnection between the Stack- and BoP-module had a severe thermal
bridge with maximum temperatures over 210 °C.

Figure 88 The original interface between Stack- and BoP-modules pictured on left. The direct
thermal bridge caused high thermal loss. The improved version is pictured on right.

Figure 89 Thermal imaging illustrate surface temperatures. A) The first prototype version of hot
pipe lead-through cause thermal bridge from pipe to stack-module enclosure leading to
excessive high temperatures. B) Improved lead-through reduces temperatures significantly.

As a conclusion, the intensive design work, construction and operation was
successful the for 10 kW experimental unit (Figure 90). However, it was
learned that the thermal insulation placed restrictions for the system design.
There were also some aspects, which were not addressed during the design
stage. For example, the thermal insulation is not exact engineering work when
assembly is constructed with manual labor. As a result, the thermal insulation
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thickness alters over the system, which affects the performance of the thermal
insulation. In addition, due to uneven insulation work done, there could be
some additional weight, which the components and piping structure must be
able to carry. After finishing the project new ideas came up of better solutions
to support components and compensate the thermal expansion (Chapters 4.3
and 4.4). In addition, after the commissioning run of the unit some severe
corrosion was found on the bellows, which is investigated on the following
Chapter 4.2. The following studies present the investigations and results how
the design of similar machines can be advanced.

Figure 90 The 10 kW demonstration unit. Stack module on front, and BOP module at the far
end.

Results of Case 2: Corrosion experiments
In the experiments, alloy 625 corroded severely after a few days at 800 °C in
close proximity with EMPE™ adhesive that was used to construct thermal
insulation around the bellows. The affected area had been damaged by
particles or droplets that had detached from the adhesive. The findings prove
that a small amounts of aluminium hydroxide have been formed and it had
been molten above 300 °C. This had initiated the accelerated corrosion
process. Especially with alloy 625, a multi-layer oxide scale forms that readily
detaches from the surface enabling corrosion process to continue. The
experimental results led to the conclusion that the use of EMPE™ adhesive
caused the bellows failure.
4.2.1 Experiments

Both wet and dry EMPE™ cause damage to the alloy 625 when exposed to 800
°C. The samples corroded substantially in just 75 hours and in 1500 hours the
damage was even more severe. Out of the six tests and a total of fifteen
samples where EMPE™ and alloy 625 were combined thirteen (87 %) were
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damaged. The EMPE™ adhesive causes the most severe damage near the
border between the adhesive and the clean surface. Most of the flaking off the
oxide layer was observed near this border on the initially clean surface and
flaking was gradually reduced further away from the adhesive. Damage to the
samples fully covered by the adhesive was not as severe as with the partially
covered samples. This indicates that the reason for the corrosion was particles
or molten droplets detached from the adhesive during the process and
springing to the initially clean surface. In addition, a sheet metal lid made of
alloy 625 that was placed on top of the samples was damaged in the sample
trays containing EMPE™ adhesive (Figure 91). There was no direct contact
with the adhesive contamination and the lid. On the following experiments the
damaged lid was replaced with a new one that was made out of heat resistant
ceramic glass. Open or closed space does not make a difference in the
corrosion reaction, which was confirmed by performing tests without any lid
on the samples.

Figure 91 Corrosion damage of the lid of the sample tray above the samples containing
EMPE™ adhesive. Contamination was not contacting the lid. Samples containing sodium
silicate liquid generated similar but less severe surface damage.

Figure 92 Alloy 625 sample covered with a mixture of EMPE™ adhesive and microporous
insulation powder at the left end after the first experiment. Flaking off the corrosion product layer
has reduced the sample thickness catastrophically and caused small pinholes through the
material. Top part of the picture shows the underside of the sample, and below is the side view
showing the reduced thickness.
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In certain alloy 625 samples the material had became so thin that there were
small holes through the material (Figure 92). The small round craters or spots
with the yellow-green color were also typical in these samples. This was similar
to the damage of the bellows in the experimental SOFC unit (Figure 42). In
addition, flaking off the black oxide layer (analysed to be mostly NiO by XRD)
was visually very similar to the previous damage of the experimental SOFC
unit. The oxide layer may flake off as small particles, or as thick flakes (Figure
93). The yellow-green powdery corrosion product was found between the flake
and the base material.

Figure 93 Alloy 625 sample with EMPE™ adhesive after the first 1500 h experiment. Large
detached flake can be seen on top of the sample at the border of adhesive contamination.
Under this flake, the yellow-green corrosion product can be found in large amounts.

Figure 94 Sodium silicate liquid has caused changes and a small amount of flaking off the oxide
layer on the top surface of the sample made of alloy 625.

113

Results

Figure 95 Alloy 625 sample after 75 h at 800 °C with NaOH and Al2O3 has developed similar
damage as alloy 625 with EMPE™ after same exposure time. Again, the worst damage occurs
at the initially clean side of the borderline of the contaminated area.

The both wet and dry sodium silicate had caused similar but minor changes
on the surfaces of the samples made of alloy 625 when compared with alloy
625 samples with EMPE™ adhesive. This can be seen in Figure 94. The last
experiment gave deeper understanding of the exact corrosion mechanism of
alloy 625 with EMPE™ adhesive. Sample with NaOH and Al2O3 produced
similar corrosion as EMPE™ adhesive for the alloy 625 (Figure 95). These
chemical compounds can produce many different types of reaction products
depending on process variables like the temperature, moisture and
concentration of other reacting compounds. However, it is very likely that
aluminium hydroxide, Al(OH)3, had formed in the process. This product may
cause accelerated corrosion at the high temperatures as it is molten at
temperatures above 300 °C. In addition, as it is an ionic compound it
enhances ionic transfer at oxidation processes. The equations for forming
Al(OH)3 in the last experiment are as follows:
First, EMPE™ adhesive contains Na2O (6.65 m%) and water (49,82 m%)
that are needed to form NaOH:
Na2O+H2Oї2NaOH

(14)

Then, Al2O3 is readily available in EMPE™ adhesive (8,41 m%):
6NaOH+Al2O3ї2Al(OH)3 +3Na2O

(15)

The previous research on alloy 625 and Al(OH)3 as corrodent is limited to a
low temperatures (Schweitzer, 2004) (Anaconda corrugated metal hose
catalog). Available data proves that at the low temperatures solid Al(OH)3
increases the corrosion rate of alloy 625. However, the corrosion data of alloy
625 with molten Al(OH)3 is not available while it is known that nickel-rich
alloys have generally poor resistance to molten metals, especially aluminium
(Shreir, Jarman, & Burstein, 1994) (Lai, 2007).
The combination of EMPE™ adhesive with 253MA produced damage but
only in 1500 h at 800 °C heat treatment where 100 % of six samples were
damaged (Figure 96). However, with 253MA the flaking off the oxide layer was
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less severe in comparison with catastrophical damage with the alloy 625. The
samples also developed fine black dust between the sample and the dish,
indicating the delamination of the oxide scale. Schuler et al. (Schuler, et al.,
2011) had made similar observation in their study. In contrast, shorter tests
did not produce visible damage to alloy 253MA. No damage was observed for
253MA with other impurities than EMPE adhesive.

Figure 96 Alloy 253MA sample with (vi) EMPE™ adhesive. Flaking off the oxide layer has
caused wide corrosion pits on the surface. The worst damage is typically at the border between
the adhesive and the clean surface of the sample. 253MA samples with (vii) EMPE™ and
microporous insulation powder showed similar surface damage.

After 1 500 hours at 800 °C EMPE™ adhesive had damaged also ferritic
stainless steel in all six samples. Same as with alloy 253MA, the ferritic
stainless steel did not corrode in the shorter tests. However, after the 1 500 h
heat treatment the oxide layer was flaking off and corrosion nodules had
formed on the surface (Figure 97). The manufacturer of the adhesive states
that reaction between Al and the adhesive is possible. Al is known to react with
alkaline solutions while it is corrosion resistant in neutral solutions (Zhang &
Klasky, 2009). The EMPE™ adhesive was measured to be caustic (pH 11)
before it was applied for the alloy samples. Hammer et al. (Hammer, et al.,
2007) have studied the oxidation of ferritic stainless steels in SOFC
atmospheres without foreign contaminants. In their experiments, the most
detrimental environment at 800 °C was found to be air with 10 % water vapor.
In addition, Al and Si alloying has a significant effect on the oxidation
behavior.
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Figure 97 Ferritic stainless steel sample with EMPE™ adhesive and microporous insulation
powder after 1500 h at 800 °C. Top is a side view and bottom presents the top surface of the
sample.

AISI 316L steel with EMPE™ adhesive showed a small amount of flaking off
the oxide layer and alteration on the surface after 75 h exposure at 800 °C
(Figure 98). NaOH caused flaking off the oxide layer on AISI 316L steel
surface (Figure 99). The melting point of NaOH is 318 °C. During the test, it
seemed to have formed a liquid layer on the sample surface. In the
experiments, NaOH did not cause visible damage to any other samples except
316L steel.

Figure 98 AISI 316L stainless steel sample with EMPE™ adhesive shows typical yellow-green
colours, small yellow spots below the contamination and affected zone between the border of
the adhesive covered area and the clean surface.
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Figure 99 Sodium hydroxide on AISI 316L stainless steel caused flaking off the surface layer of
the sample. The yellow-green colour is revealed under the detached oxide layer.

Figure 100 Bottom side of the uncleaned C-276 alloy sample with wet EMPE™ adhesive
showed flaking off the surface oxide layer and yellow colour below it. Contact with the sample
and the incinerating dish may be the reason for the asymmetrical shape of the less damaged
area.

According to alloying, the closest material to the most severely damaged
alloy 625 in our experiments was alloy C-276. After 75 hours EMPE™ adhesive
caused flaking off the oxide layer on the surface of the C-276 sample (Figure
100), and a large amount of yellow powder had accumulated on the clean end
surface. However, flaking off the oxide layer and the corrosion damages are
not as severe as with alloy 625. Only one C-276 sample out of four (Figure 100)
was marked as severely damaged in the summary chart (Table 18).
Clean control samples and commercially pure low-alloy nickel 201 LC
survived experiments without any visible damage.
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Table 18 Alloy and contamination combinations and the summary of the test results.

Table 19 The corrosion severity of materials with EMPE™ adhesive. Corroded samples have
typically molybdenum alloying.

4.2.2

XRD, SEM and EDS analyses

X-Ray Diffraction (XRD) was used to determine the structure and the
composition of the dark flaking off corrosion product layer and the yellowgreen powder on the surface of alloy 625 corroded by the EMPE™ adhesive.
Alloy 625 with its numerous alloying elements can form several corrosion
product compounds in the oxidizing atmospheres (Kumar, Venkatamarani,
Sundararaman, Mukhopadhyay, & Garg, 1996) and EMPE™ adhesive or any
other contamination add the complexity of the corrosion products. However,
the dark flaking off surface layer consists mainly of nickel oxide (NiO) while
the yellow-green powdery corrosion product has formed of several
compounds. Most probably, it is formed from nickel molybdenum oxide
(NiMoO4) and trevorite (Fe2NiO4). The powdery corrosion product also has
small traces of niobium nickel oxide (Nb2NiO2). NiO is present in large
amounts, since the yellow-green powder or layer is typically found beneath the
flaking off surface layer consisting mainly of NiO. Thus, parts of the flaking off
surface layer are easily mixed in the yellow-green powder. In conclusion, the
yellow-green color on damaged samples is mainly due to Mo-rich oxide and its
compounds.
Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray
Spectroscopy (EDS) were used to analyse corrosion products in detail. Results
of SEM-EDS study support the XRD findings. The dark surface layer consisted
mainly of NiO, while lower surfaces beneath the flaking off surface layer were
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mixed with several compounds, such as oxides and spinels. Figure 101 shows
some examples of the oxide layer surface structure on the corroded surface of
alloy 625 exposed to high-temperature with EMPE adhesive. The cross-section
images of this layer are shown in Figure 102. Figure 102A and the line scan of
Figure 102C show that the topmost oxide was Ni-rich, mainly NiO. Below the
NiO layer a thick Mo-rich oxide layer was present and also Nb-rich regions
were present originating from Ni3Nb intermetallic phase of the alloy 625. And,
finally a Cr-rich corrosion product was next to the base metal. Ahead of the
oxidation front selective oxidation occurs in alloy 625 matrix. The
intermetallic Ni3Nb phase oxidizes selectively from the metal matrix up to a
depth of more than 20 μm. Formation of a similar multi-layer scale on the
surface of alloy 625 was observed in (Peters, Whittle, & Stringer, 1976) (Jian,
Yuh, & Farooque, 2000). This study reveals that small spots on the alloy
surface are formed when the surface oxide layer (NiO) has detached locally,
exposing the yellow-green surface below. EDS analyses of the colored surface
at the bottom of the spot indicated high amounts of Mo and smaller amounts
of Ni. In other studies similar findings especially related to Mo alloying have
been observed (Peters, Whittle, & Stringer, 1976) (Khalid, Hussain, & Shahid,
1999). Peters et al. (Peters, Whittle, & Stringer, 1976) observed that when
catastrophical corrosion occurs, its initiation is due to the formation of Morich oxide layer. This finding was evident in this study also and it supports the
theory that Mo is one of the elements that accelerate the corrosion of alloy 625
compared with alloy 600 without Mo. In contrast, all studies do not report the
formation of the Mo-rich oxide layer (Indacochea, Smith, Litko, Karell, &
Raraz, 2001) causing some confusion on the role of Mo in different corrosive
environments. However, these layers readily detached from the alloy surface
and thus the observations of cleaned samples may show varying results.

Figure 101 Alloy 625 with EMPETM adhesive after 75 h test at 800 °C. A) Flaking off the surface
oxide layer at the border of the adhesive and the clean surface. Note the darker areas of
springing adhesive residues. B, C) The thickening oxide layer develops cracks and partly lifts off
from the material and springs away. D) Springing away of the NiO layer exposes the Mo-rich
oxide underneath.
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Figure 102 Cross-section of alloy 625 oxide layer formed with EMPETM adhesive after 75 h test
at 800 °C. A) Cross-section of the oxide layer. B) Oxidation front shows Cr-rich corrosion
product next to the metal and selective dissolution of the Ni3Nb intermetallic phase up to 20 μm
depth and subsequent pores in the metal matrix. C) Line scan EDS analysis across the whole
surface oxide layer.

4.2.3

Conclusions

The corrosion damage of alloy 625 pipe bellows was found during the
commissioning tests of the SOFC demonstration unit. The primary purpose of
this investigation was to study the reason for the failure of these bellows. To
investigate the failure mechanisms, six experimental test series were
conducted at 800 °C. Eight alloys and seventeen different types of
contaminations were tested with 161 samples. Macrophotography, as well as
XRD, SEM and EDS were used to analyse the test samples.
As a summary of these six experiments, we can conclude that bellows made
of alloy 625 failed because of contamination from EMPE™ adhesive. It caused
the corrosion reaction that damages alloy 625 within a few days at 800 °C. In
the experimental unit, the bellows became contaminated either from direct
contact with the adhesive during the assembly, or by the particles or molten
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droplets detaching and springing from the adhesive. In this specific
construction, adhesive was used together with the fabric to support the ends of
the molded pipe sections of the thermal insulation near the bellows.
The last experiment revealed that the reason for the rapid corrosion of alloy
625 was aluminium hydroxide. It is one of the products that are formed from
the elements of the adhesive during the heating cycle. It is ionic and molten
above 300 °C. Thus, it accelerates the formation of the multi-layer oxide scale
that causes catastrophic corrosion especially for the alloy 625. The alloy 625
can be especially vulnerable to this corrosion mechanism due to molybdenum
alloying. Because of this, the molybdenum-rich layer is formed that readily
detaches from the alloy surface thus revealing inner layers. After this, the
oxidation front can move rapidly and the corrosion cycle was not stopped due
to loose and detaching layers. While molybdenum alloying can explain the
difference between the alloy 600 and alloy 625, molybdenum alone does not
make alloy vulnerable to corrosion with EMPE™ adhesive as the experiment
with alloy C-276 proves. Table 20 summarizes the corrosion severity of the
alloys according to the test results with EMPE™ adhesive. Summary of the
experiments of all samples with all tested contaminations is shown in Table 21.
Table 20 The corrosion severity of materials with EMPE™ adhesive. Corroded samples have
typically molybdenum alloying.

In addition, experimental results revealed that the corrosion with EMPE™
adhesive occurs mainly on the initially clean surface near the border of the
adhesive contamination. Thus, the corrosion process may not be able to occur
if alloy 625 surface is totally covered with the EMPE™ adhesive. In addition,
flowing atmosphere may possibly suppress the damage by carrying out the
contaminating particles.
While the corrosion of alloy 625 was severe, also other alloys such as C-276
and AISI 316L stainless steel showed less severe, but similar type of corrosion
on the surface of the sample with the EMPE™ adhesive. In these three cases it
only took 75 hours to produce damage.
In addition, sodium silicate liquid can be harmful for alloy 625, but
experiments demonstrate that it had not caused as severe damage as EMPE™
adhesive. Experiments showed no corrosion with Idenden™ adhesive, but in
the experiments this product did not have sufficient adhesion to alloy surfaces
at high temperatures. EMPE™ adhesive had generally satisfactory adhesion to
alloys, but it had poor adhesion to the stainless steels AISI 316L and 253MA.
The results of this investigation can be used to avoid component failures
within the high-temperature applications. High purity in production may
reduce the risk of high-temperature corrosion, thus, increasing the lifetime of
the system. In addition, the results can be used for the failure analysis of the
high-temperature components. Furthermore, the findings prove that corrosion
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under insulation, as caused by the products that are typically used to
manufacture thermal insulations, does indeed exist.
For further research, we recommend that new material combinations be
tested extensively before committing to production. For example, the first
experiment was the longest one with 1 500 h test duration. In this experiment,
some corrosion damage was observed which could not be replicated in the
following shorter experiments. The corroded alloys were ferritic stainless steel
1.4762 and austenitic stainless steel 253MA. If these materials are used with
the EMPE™ or similar adhesives, additional long-term experiments are
recommended.
Table 21 Alloy and contamination combinations and the summary of the test results.

Results of Case 3: Selection and experimental validation of
thermal insulation concept for fuel cell systems operating at
600 °C
This chapter explains the results from theoretical and empirical part of the
study in which the multiple thermal insulation concepts were evaluated and
tested.
4.3.1 Theoretical study results of the concept selection

The detailed evaluation data, which was produced with the Product
Development Tool, was used to make selection between the three concepts. At
first the weighting values were defined and the requirements were graded. The
results of these steps are shown in Table 22.
Two fuel cell design experts made the pair-wise comparison of the
requirements by using the product development tool. Requirement weightings
were based on this evaluation and the results are shown in Table 22. After this,
six expert designers did the evaluation of the three concepts. This scoring is
shown in the Table 22 for all the requirements and concepts.
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Table 22 Detailed requirements weighting and grading was based on subjective evaluation and
calculated values.
Requirement
Weight %
Easy to support components
8,7
8,2
Ease of instrumentation installation
8,2
Ease of actuator installation
7,8
Robustness for thermal expansion
7,4
Serviceability of instrumentation
6,9
Serviceability of components
6,1
Component layout freedom
5,6
Assemblability
5,2
Prevention of heat exchange between component
4,8
Low risk for thermal loss thru seams*
3,9
Low amount of parts in insulation assembly*
3,9
Manufacturing simplicity
3,9
Flexibility for different power capacities
3,9
Low cost of Insulation material*
3,5
Robustness for general handling
3,5
Low insulation surface area*
3,5
Low insulation material volume*
2,2
Possibility to re-use insulation material
1,3
Usefull heat exchange between components
1,3
Low design time for insulation
0,4
Appearance

INDIVIDUAL BOX-TYPE GRANULAR
2,8
2,6
4,2
4,0
2,4
3,4
4,0
2,6
3,2
2,0
3,8
4,2
4,2
2,8
2,8
2,0
3,4
3,4
3,2
3,6
4,2
1,6
2,8
4,0
5,0
1,2
3,6
1,9
3,1
5,0
1,4
3,7
5,0
1,6
3,4
4,6
3,2
3,0
3,0
2,9
4,2
3,0
2,4
2,6
4,0
3,3
3,4
3,4
3,8
3,6
2,6
1,8
4,2
4,4
1,4
4,4
2,0
2,0
3,0
4,4
2,6
3,4
4,2

* = Calculated value (vs. subjective evaluation)
1 = poor (concept is expected to have poor characteristics related to the requirement)
2 = weak (concept is expected to have weak characteristics related to the requirement)
3 = average (or adequate) (concept is expected to have average characteristics related to the requirement)
4 = good (concept is expected to have good characteristics related to the requirement)
5 = excellent (concept is expected to have excellent characteristics related to the requirement)

From these results the Product Development The tool calculated the final
results by aggregation and averaging. In addition, the weighting values were
used to calculate the weighted scoring. In this final step the Granular
insulation got the highest rank in the evaluation (Table 4). Overall, its
performance was good and concept did not have any clear disadvantages. The
Box-type concept got the second place in ranking and the Individual insulation
was third. However, when weighting and requirement importance was added
to scoring, The Individual insulation came close to the Box-type insulation
concept. Thus, if important decisions are made between the Box-type and the
Individual insulation based on this exact evaluation, it is recommended to
make another evaluation round based on some other multiple-criteria decision
support (MCDS) method. One example of these methods is aforementioned
AHP which gives bigger differences between concepts (Honkala;Hämäläinen
ja Salonen 2007). AHP has received criticism, but it could be used as
supportive method.
Table 23 Averaged scoring, weighted scores and ranking for thermal insulation models. Grades
were given from 0 to 5. These values were calculated with the Concept Selection Tool.
Model

Scoring
Ranking

Model C granular
Weighted
Rating
score

3,74
1,00

3,73
1,00

Model B box-type
Weighted
Rating
score

3,20
2,00

3,05
2,00

Model A individual
Weighted
Rating
score

2,72
3,00

2,92
3,00

In general, subjective evaluation results were consistent. All independent
evaluators gave similar grading and average number represents general
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opinion well. However, the concept specification and selection tool includes a
function to test how results change according to modifications on requirement
weighting and concept scoring. This function enables to test for possible errors
in problem formulation or to test effect of possibly unfair requirements
selection. It was found that the evaluation methods used were quite robust,
and similar results could be achieved even if input data was altered to some
extent. Relatively low weighting on values does not raise any single criteria to
too high importance. This test function can also be used to fine-tune the
results if new important findings are made during the process.
4.3.2

Assembly of insulation

The assembly of the thermal insulation materials was evaluated during the
installation. Installation was done manually and the fastest installation time
(30 min) was achieved with the Granular insulation. The panel and hybrid
insulations were time consuming. Cutting of panels, edge reinforcement with
cloth together with fitting panels in the sheet metal box took 40 hours for the
prototype for a single person. This time would be reduced greatly if using precut panels in mass production, but it is still significantly slower than assembly
with granular insulation material. The insulation material cost in this
prototype was 30% higher with the Box-type insulation than with the Granular
insulation material. The Hybrid insulation was the most time consuming and
the most expensive solution.
4.3.3

Thermal imaging

The system was inspected with thermal imaging system using FLIR SC660.
Unexpected thermal leakages were not found for any of the insulation
concepts. As expected, one major reason for the thermal loss is the thermal
bridge between the hot pipe and cold outer enclosure of the system. In this
case, the thermal bridges were two flanges that were manufactured from 316L
stainless steel (s=1 mm). The temperature of the flange and wall connection on
the outer surface was around 68 to 94 °C measured at the radius of the bolt
connections. Using thinner material for flanges or using other designs could
reduce this temperature. However, this thermal bridge could not be totally
eliminated, as one requirement for this system was to achieve a hermetic seal
around the BoP. In addition, the flanges were important part of the support
structure of the BoP in this unit.
4.3.4

Measured thermal loss

The thermal loss of the thermal insulation concepts was calculated based on
the measured parameters at the steady state at 600 Ԩ. The system was
considered to be in the steady state when thermal loss change was below 1
W/h for one hour. This took 14 to 18 h for the concepts and the measurements
were repeated three times in order to check repeatability of experiments and
two times after this. The results are shown in Table 24 and Figure 103.
According to the presented results, the lowest heat loss is achieved with the
concept utilizing granular insulation material. Hybrid insulation is close
second, its result being within measurement uncertainty limits with the
granular insulation.
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Table 24 Measured thermal loss of the concepts.
Concept

Panel insulation

Granular insulation

Hybrid insulation

Thermal loss

149W ±10 W

110 W ±10 W

112 W ±10 W

Figure 103 Thermal losses of three concepts in steady state at 600 Ԩ.

4.3.5

Numerical results from analysis

Numerical analysis was used to calculate the thermal loss for the Panel and
Granular insulations. The results are shown in Table 25.
Table 25 Thermal loss [W] of the Panel and Granular insulation. Comparison of calculated and
measured results. Note, that this is a rough estimate using constant heat transfer rate of
8 W/(m2·K) for all of the surfaces and slightly varied sink temperatures for convection and
irradiation.
Numerical modela

Measured

Surf. avg. temp.b

Panel

149 ±10 %

149 ± 10 W

44 °C

Granular

105 ±10 %

110 ± 10 W

34 °C

Calculated with h=8 W/(m2·K) and surface film sink temperature 31 °C for panel and 27 °C for Granular
insulation
b Surface average temperature for enclosure excluding front wall and lead-throughs
a

The thermal loss of the lead-throughs and enclosure is calculated from the
numerical model. With the Panel insulation, one third of the thermal loss is
due to conduction through two lead-throughs that connect hot piping to cool
exterior made of sheet metal (Figure 104). With the Granular and the Hybrid
insulation the effect of the thermal bridges is even more significant. With these
concepts the thermal loss of the lead-throughs is roughly half of the total heat
loss (Figure 104).

Figure 104 Thermal loss share between enclosure and lead-troughs for Panel insulation (A) and
Granular insulation (B).
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The numerical model was verified using the thermal images from the
experimental device (Figure 105 and Figure 106). As a result, surface
temperatures of the numerical model were comparable with the surface
temperatures of the working device.

Figure 105 Numerical model results (A) were compared with thermal camera images (B). The
numerical model represents the reality quite well. Both images show thermal loss caused by
thermal bridge due to lead-throughs. Emissivity in B) is set to 0.95 as enclosure was painted
matt black.

Figure 106 Numerical 3D model showing surface temperatures as a result for the Granular
insulation concept. Colour range is <26 to 45< °C.

4.3.6

Moisture removal

A ventilation pipe was installed in the hermetically sealed enclosure made of
sheet metal. This was to prevent the increase of the pressure due to the heating
of the air inside the enclosure. In theory, the inside air will expand and the
moisture will evaporate from the thermal insulation material. Then, the moist
air was led through the ventilation pipe that was cooled in order to condensate
the moisture. In the experiments, no moisture was collected with this setup.
The reasons were as follows: i) The moisture condensated in the cooler parts of
the thermal insulation prior entering the ventilation pipe. ii) The granular
insulation material replaced the air inside the enclosure thus minimizing the
amount of expanding air that was led through the pipe. However, the moisture
may cause several problems when present in the hot enclosure: a) Moisture
increases the corrosion rate of the materials that are used in the BoP module.
b) Moisture may condensate on the surface of the cooler components. This
may affect the electrical or mechanical components of the module. c) The
thermal resistance of the nanoporous insulation material is reduced when the
moisture is present (Bouquerel, Duforestel, Bailis, & Rusaouen, 2012). Due to
these reasons it is recommended that if hermetic seal is mandatory for BoPmodule, the hermetic seal should be installed at the inside of the thermal
insulation material. This makes it possible for moisture to evaporate from the
126

Results

thermal insulation material. In addition, this prevents the formation of the
thermal bridge between the hot piping and cool exterior of the enclosure. If
outer enclosure is needed for the thermal insulation material it should be
made of materials that permeate moisture. For the following research, the
problem with the absorbed moisture in insulation material should be further
investigated.
4.3.7 De-assembly of the insulation and possible reuse of material

Thermal insulation may be removed several times during the system lifetime
due to the system maintenance. Thus, while thermal insulation was removed
the subjective evaluation and inspection was made. The panel insulation was
the most vulnerable if it was handled careless. Any heavy shocks like the
accidental drop of the enclosure could damage the panels and seams between
the panels. In larger units the handling of the enclosure becomes difficult due
to the size and weight of the enclosure.
The removal of the granular insulation was fast and non-dusting when
insulation material was vacuumed out of the box using the industrial dust
extractor system with a cyclone pre-separator. During the removal it was
noted that the granular insulation material solidifies slightly in use. This was
beneficial, as it formed a block around the components (Figure 107) that
seemed to resist compaction during the operation. Inspection did not reveal
any cracks in this block due to thermal cycling or thermal expansion. During
installation and removal the granules are grinded and thus the density of the
material increases slightly, according to manufacturer. In their investigations,
finely grained and grinded granules have lower thermal conductivity. In our
experiments we noticed that more coarse granules are easier to handle during
assembly, as they pour easily. However, re-using of the insulation material
was not investigated in detail during this research, but clearly, it can be reused even if the properties may change during repeated assembly and removal.
In fact, the manufacturer of Freeflow® have sold granular insulation in
different densities between 200 to 400 kg/m3. indicating varying granule size
if the bulk material is the same.
The bottom plate of the insulation was done with two layers of Promalight
1000X insulating material. The same plates were used in all the experiments.
No cracks had formed in these plates during the thermal cycles.

Figure 107 Removal of the granular insulation by vacuuming after the experiments. Note how
the granules have bonded together forming uniform insulation block.

4.3.8 Discussion: Effect of unit size, scaling and safety

Application of this research and its results on other unit sizes could be done,
but one has to take into account the scaling rules. In addition, every decision
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support method and its results have strong correlation on how problem is
described and how boundary conditions and requirements are defined.
The 10 kW research unit was used as a baseline for this research. To some
degree this evaluation can be used for larger or smaller units. This specific
research unit had relatively low power to size ratio and a large amount of space
was reserved for instrumentation. This means that it may be possible to build
a commercial unit of 50 kW or more with similar outer dimensions and same
amount of thermal insulation.
Rules of scaling must be applied when designing larger units. For example,
some components generate or require heat in proportion to volume, while the
ability to dissipate heat into the environment scales relative to surface area.
Larger components generate more heat, but thermal loss from surface is
smaller in relative sense when compared to small components. This is an
important aspect with the Box-type insulation. Larger volume components are
not as strongly affected by dissipation or absorption of heat from surface. This
could enable the use of shared interior space of the thermal insulation. Smaller
components with relatively larger surface area could be disturbed by
absorption or dissipation of heat in the similar settings. Despite the chosen
insulation concept, small power generating units are more dependent on good
thermal insulation than larger units in terms of thermal efficiency. Basic
scaling equations are shown below in following equation:
ሺݏݐ݄݈݂݃݊݁݅ݐܽݎሻଵ ൌ ሺܽ݁ݎ݂ܽ݅ݐܽݎሻଵȀଶ ൌ ሺݏ݁݉ݑ݈ݒ݂݊݅ݐܽݎሻଵȀଷ

(16)

Free space inside the BoP-module can be a critical factor for granular
insulation. Empty space between components must be minimized to reduce
need for insulation material. System design has to be compact to reduce
volume, surface area and heat dissipation. Compact and light unit is quick to
start and responds to control faster. In contrast large thermal mass will cause
slow response.
Power class also has an effect on integration or separation of the BoP and
stack modules. Smaller units (<20 kW) need more thermal integration
because the heat loss in these units can potentially be relatively large
compared to electrical output. In these cases, stack and its compression system
could be incorporated to the BoP-module. In the larger systems (>20 kW)
stack may well be independent module, because power and size ratio makes
thermal losses relatively less important.
Safety of differing concepts should be assessed for each concept for final
point of use. For example, if there are minor leak in fuel line, how different
concepts compare? Closed Box-type insulation could be possibly unsafe, if
combustible gas mixtures could accumulate inside the hot enclosure. To
prevent this, flushing of internal airspace can be used to reduce risks as
explained in Chapter 2.2.2. Secondly, granular filling displaces free airspace
and moderates the mixing of gases. Furthermore, if combustible mixture of
gases still accumulate within thermal insulation, the initiation and burning of
combustible gases is impeded and shall not pose major threat. With individual
insulation the situation is most indefinable, as it depends about system and
outer enclosure if possible leaking gas can accumulate or not. Hydrogen is
light gas, and rises rapidly upwards in free air.
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4.3.9

Conclusions

The results from the theoretical study prove that Granular insulation can be
considered a new alternative for the thermal insulation of a SOFC system.
Quick insulation work and flexible component layout are benefits, as well as
the possibility to use one bulk material for the thermal insulation. These
features could provide cost-effective mass production and relatively easy
maintenance work. The insulation material could be vacuumed out of the box
and blown back after maintenance is done. Experiments proved that the
theoretical study was correct, in practice concepts performed well and the
thermal loss was even smaller than expected before the numerical calculations
and experimental testing.
Individual insulation and Box-type insulation were regarded as the second
most effective alternative. The Box-type insulation obtained a higher score in
the evaluation, but the weighted points were not much higher than with the
Individual insulation. The difference between these two is small in this kind of
general concept comparison. If using different weighting criteria, the
Individual insulation may work better for research units, because it blocks the
thermal exchange and interaction between components. This is beneficial
when the component is tested and it is validated for modeling purposes.
Furthermore, Individual insulation provides also straightforward
instrumentation assembly and maintenance. This concept has its weaknesses
as the assembly involved is time consuming and costly and thus not suited for
mass production. Box-type insulation offers relatively simple and in some
simple cases effective thermal insulation method, which could be suitable for
mass production if the system components effectively fill the thermal
insulation enclosure, which would be the case with rectangular components.
However, box-type insulation creates a hot thermal zone inside the insulation
with complex structures with piping. This could be a disadvantage, because
some actuators, instrumentation devices and components such as blowers
cannot operate within the high temperatures of this thermal zone. Thus, these
components must be located outside of the insulation. In addition, designing
and manufacturing hot lead-through connections through thermal insulation
is challenging. Furthermore, box seams and openings must be designed with
precision and attention to details to avoid unnecessary thermal leaks. One
difference between the Individual and the Box-type insulation may be found in
the flexibility to scale up to different power levels. Small units have smaller
components, which are more easily effected by thermal variations in common
space inside the insulation box. The larger-volume components tolerate larger
thermal variations in the surrounding environment and can be fitted in to
common Box-type insulation. Thus, larger and mass-produced appliances
could benefit from Box-type insulation and the larger amount of work needed
in detail design can be reasoned. During the experiments it was noted that
rigid panels are fragile to operate with, and can be fractured if great care is not
used during the maintenance. In the experiments the thermal loss of the
Hybrid insulation was equivalent to the Granular insulation, but it added
unnecessary complexity and cost when it was manufactured and assembled.
As a final note, the thermal insulation has a pivotal effect on the system
design as a whole. Selection of the thermal insulation concept influences
system dimensions, support of components, heat exchange between
components and other subsystems. All in all, selection of the thermal
insulation concept cannot be done by calculated thermal loss of the system
only. While solid thermal insulation materials typically have lower thermal
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conductivity than loose insulation materials per insulation thickness, the
granular insulation material has capability to fill all the cavities and thus the
effective thickness of insulation is higher for complex systems or component
shapes, resulting to lower heat loss in practice. However, when right concept is
selected, attention must be given to details such as lead-throughs for pipes,
instrumentation and electricity. Smaller experimental device used in this study
had only two lead-throughs for piping. With the efficient thermal insulation of
the enclosure, the thermal loss of the lead-throughs presented roughly half of
the total heat loss of the unit. Thus, future research and development should
focus on reducing the thermal loss of the lead-throughs.

Results of Case 4: Component development for SOFC systems
and principles for better system design for high temperature
systems
4.4.1 Sliding component supports

There were two types of sliding supports that were used in the experimental
unit. The off-the-shelf linear bearings were assembled at the cool side of the
system (Figure 52) and these compensated linear expansion as expected. The
measured linear movement here was c. 15 mm. The new structure, which was
under testing in the experiment, was the sliding support cradle inside the
thermal insulation. It was buried in the granular insulation during some of the
experiments. As a result, sliding support performed well during the
experiments. Contacts kept sliding, without adhering to each other at high
temperature. When the system was disassembled, no deformation and no
significant corrosion was found (Figure 108). The support had distributed the
weight over a large area of insulation board, and no significant damage had
been caused to boards. The spikes, which had been pushed into the board, had
kept support in place without moving. The thermal movements of heat
exchanger on top of the support were not measured during the experiments.
However, in the experiments with the granular insulation material, the
thermal movements had created an empty space at the front and rear ends of
the heat exchanger. This was observed during the removal of the insulation
material.
In the previous study another simple sliding support consisting a bar in the
hole, was tested (Figure 78). It also performed well in practice in use during
thousands of hours. Sliding support kept sliding without stickiness or visible
deformations or mechanical failures. The movements followed average
temperature of the system as expected. Thus, as a conclusion, the design
principle of free thermal expansion can be achieved by the use of these simple
sliding support mechanisms that work well in conditions where thermal
cycling happens every now and then. However, if temperature changes is
cycling and system is expanding and contracting continuously, the possible
wear of sliding contacts should be assessed. However, in stable conditions
where SOFCs are typically used, wear should not be a problem in the long run.
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Figure 108 The sliding support that was designed to carry the weight of heat exchanger and
piping worked well and did not deform during experiments at 600 °C.

4.4.2

Lead-throughts for piping

The prototype of stepped lead-through was made by welding using ANSI 316L
steel with 1 mm thickness (Figure 107). In practice, the thermal insulation of
piping was fluent by using MPS insulation around piping. No direct gaps
formed through the insulation around the lead-throughs during thermal
cycling. After the experiments, the lead-throughs were intact, with some
colour changes caused by high temperature. The experimental system was
inspected by thermal imaging (Figure 110) during experiments. Because of
thermal conduction, the flanges heated up as expected. Using thinner material,
0.5 to 0.75 mm instead of 1 mm, could have reduced the thermal loss further.
The thermal loss of lead-throughs was calculated by FEM and is presented in
Figure 104.

Figure 109 The stepped lead-through (316L, s=1 mm) for piping allows the overlapping of the
thermal insulation at the connection of the pipe and system enclosure. In this figure the pipe
sections are used on the outside that is visible in the picture. The panel or granular insulation is
used on the inside for the thermal insulation (Halinen, Pohjoranta, Kujanpää, Väisänen, &
Salminen, 2014).
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Figure 110 Thermal image of system enclosure with panel insulation when operational
temperature inside the box is 600 °C.

4.4.3

Pipe connection for SOFC systems

In this chapter the results of the experiments with pipe connections and
gaskets are presented. These are divided to the following themes: The surface
roughness, warping caused by welding, leakage rate in room temperature and
leakage in elevated temperatures. Conclusions and discussion are presented
last. A few prototypes and gaskets are illustrated in Figure 111.

Figure 111 Prototype 1 with the largest internal air chamber was tested with the ring gasket (i)
only, and Prototype 2c with smaller internal air chamber was tested with mica (s=0.4; 0.7 mm)
and Thermiculite (s=0.3 mm) gaskets. Note especially how well both planar gaskets (ii, iii) have
formed against spherical surface under pressure. On leftmost picture there is also commercial
V-clamp connection that has exactly the same size of air chamber as Prototype 2c. The open
black flange is Prototype 2a, which was manufactured by 3D-printing for assemblability testing.

Surface quality of machined prototypes
The machining of Prototype 1 was performed in third party machine shop.
After the machining the dimensions of flanges were correct, but surface quality
of the gasket surfaces were unsatisfactory (Table 26 and Figure 21).
Unfortunately, there was no time to produce another similar prototype of the
first model. However, following Prototype 2 was machined in the house.
Following strictly manufacturers guidelines such as correct cutting speed and
feed for 253MA, it was possible to produce better surface finish for Prototype 2
(Table 27).
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Table 26 Surface finish of prototype 1 after machining.

Prototype 1 (ring gasket) Results
Flat surface flange
Convex flange

Compared surface roughness, Ra [μm]
0.8 (…1.6)
1.6

Table 27 Surface finish of prototype 1 after machining.

Prototype 2 TaTi Results
Concave flange
Convex flange

Compared surface roughness, Ra [μm]
0.4 (…0.8)
0.4 (…0.8)

Figure 112 Surface was too rough for the metal ring gasket in the first prototype. a) Wills Ring
gasket seen on the top of the sealing surface. B) The machining marks can be seen easily in
Prototype 1. This material tends to work harden, thus right cutting parameters are crucial to
achieve good surface finish.

Warping
The flanges were inspected before and after welding (Figure 113) with CMM.
As expected, the heat input during welding causes some warping, which is
illustrated in 3D (Figure 114) and the following figures in 2D presentation.
The Prototype 1 was manufactured and measured first, and the flat surface
flange was measured using single measurement path (Figure 114 and Figure
115). The convex flange was measured using three measurement paths along
the gasket surface (Figure 116). In all figures in this chapter the maximum
planar errors are reported as the maximum error between smallest and largest
values, as compared to ideal plane. All the measurements are presented in
Table 28 for comparison. The results of these first measurements with
Prototype 1 are not surprising, as the warping is increased when the weld is
done. However, the planar error after welding is over 0.1 mm, which would
demand conformable gasket material. It should be noted that especially
situation is especially imperfect, if the peaks of the flange errors are aligned
when the assembly is done.
The measurements from the Prototype 2 (Figure 117, Figure 118) indicate
that the shift to a higher collar and changing the corner-weld to butt-weld have
been successful. Among other good features, the error caused by welding is
smaller in second prototype. However, only few measurements were done, and
small amount of samples could not provide reliable results for trustworthy
generalizations. And indeed, interesting coincidence can be seen in the
measurement results of the convex flange of the Prototype 2 (Figure 118). The
machining of this flange has resulted relatively large planar error, but
fortunate coincidence is that the phase of error caused by heat and warping
has been opposite with the error caused by manufacturing. In fact, the large
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initial error has been compensated by thermal deformation and the final
results for this flange are the best in this comparison (Table 28). If this could
be done on purpose, the manufacturing quality could be improved
dramatically.

Figure 113 Corner-type weld between flange and pipe on Prototype 1 with small 1 mm shoulder.
On Prototype 2 the shoulder is same thickness as the pipe thickness, so the weld type is butttype. On both prototypes the weld is on the neutral axis of the flange to minimize warping.
Furthermore, the full height shoulder on Prototype 2 brings weld closer to longitudal axis of
flange. According to welder’s practical experience, the best results are achieved with tight
tolerances and butt-weld, which was used in second prototype. Also the measured results
support the use of full height flange.

Figure 114 Results from the coordinate measurements of the Prototype 1 flat flange shown in
3D format. Pre-weld ǻz=21 ȝm; post-weld ǻz=137 ȝm; Error increase caused by welding:
116 ȝm.
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Figure 115 Results from coordinate measurements of prototype 1 flat flange shown in 2D
format. Same results as in Figure 114. Pre-weld ǻz max=20.6 μm;
Post-weld ǻz max=136.6 μm; Error increase caused by welding: 116.6 μm.

Figure 116 Results from coordinate measurements of Prototype 1-convex flange shown in 2D
format. Convex surface has been measured along three measurement paths. Pre-weld ǻz
max=35.2 μm (Outer path); Post-weld ǻz max=88.6 μm (Inner path); Error increase caused by
welding: 56,5 μm (Inner path).
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Figure 117 Welding of Prototype 2 has increased planar error of the concave flange as
expected. Pre-weld ǻz max=37,3 μm (Middle path); Post-weld ǻz max=89,1 μm (Middle path);
Error increase caused by welding: ǻz max=51,7 μm. Three measurement paths have been
adjusted according to convex flange and thus the outermost path did not fit reliably within the
concave flange gasket surface. Thus the outermost path is not illustrated in figure.

Figure 118 The phase of planar error before welding is opposite with the error caused by
welding. Thus the planar error of the flange is smaller after the welding than it was before
welding, which is interesting result as if this could be taken into account, the welding could be
used to compensate manufacturing errors, resulting higher quality of the final product. Preweld ǻz max=53,5 μm (Outer path); Post-weld ǻz max=39,6 μm (Outer path); Error increased
by welding: ǻz max=-14,0 μm (outer path).
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Table 28 Planar error of machined flanges and warping during welding. Prototype 2 warped less
during the welding. This may indicate that higher collar gives better results with less warping
during the welding.

Flange
Proto 1 Flat surface
Proto 1 Convex
Proto 2 Concave
Proto 2 Convex

Pre-weld Ʃz
max [μm]
21
35
37
54

Post-weld Ʃz
max [μm]
137
89
89
40

Error increased by
welding Ʃz max [μm]
116
57
52
-14

Tightness testing in room temperature
Prototype 1 was tested first and the tightness testing was performed in room
temperature. The first problems were caused by the reason that the Wills rings
were not round. They were actually a little bit oval in shape. While it would
have been satisfactory against a flat surface, the oval shape is unsatisfactory
against a spherical sealing surface as some parts are less compressed than
others (Figure 119). Tightly machined fitting groove or shoulder would force
ring to be round when assembled. However, in the first prototype the shoulder
was designed to have a loose fitting enable better positioning if two pipes are
parallel but not axially perfectly aligned. In theory the gasket could then move
in optimal place, but still fit perfectly against sealant surfaces. Unfortunately,
in practice this did not work well due to errors in roundness of the ring.
However, the roundness error was easily fixed by installing suitable gauge
strips between the ring and the flange shoulder (Figure 119).

Figure 119 Wills rings were not perfectly round, but oval in shape. Against spherical surface this
does cause uneven compression for the gasket. Ring was forced to right shape by adding
suitable gauge strip (0,3mm) between the ring and flange shoulder.

After the roundness-problem was solved the experiments continued with
minor success. According to CMM measurements, flanges had some planar
error. However, this would be the case with production flanges as well, if
higher quality manufacturing cannot be made with a reasonable cost. During
experiments, flanges were rotated in steps in order to rule out the phase
problems with waveform error of planarity between flanges. In addition, the
surface quality was not sufficient, but achieving of better surface quality would
add manufacturing cost. Many solutions were tried, bolt tension was increased
and six more bolts were added to have a total of 12 bolts in one joint. With the
high torques of 15 Nm the leakage rate was sufficiently low, but leakage started
abruptly if bolt tensions were altered even a little. In fact, in elevated
temperatures and during thermal cycling these changes would be unavoidable.
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More than seventy tries were done in order to try to get the joint work well
and be tight without significant leakages. After these experiments it was
decided that this gasket is not suitable for this application with this setup. To
make it work it would have needed much better surface quality and even
higher compression force, which would have made connection too expensive
and high stress would create extensive creep in high temperature. The
connection also felt unreliable during experiments and its behavior was
unforgiving. If joint was leak proof at one moment, then in the next moment it
could fail easily (Figure 120).

Figure 120 All too common sight during leakage testing with Prototype 1. Air bubbles reveal the
location of the leakage. When leakage got smaller it was also measured, but these results are
not presented here as tightness of this joint was unsatisfactory.

Next, the Prototype 2 was tested in room temperature with mica gaskets; 0.4
and 0.7 mm. Initial experiments indicated that leakage rate was lower with
thinner 0.4 mm gasket. Probable reason for this is that the most leakage
appears to penetrate through the gasket material as mica is comprised of
layered platelets. Thus, when the thinner gasket material is used, there is less
flow paths for the gas to escape. In addition, the experiments revealed
interesting behavior of gasket material as several conditions affect the
performance of mica gaskets:
Time sets gasket better 䲑Leak rate reduces over time (Figure 121). The
major improvement in joint tightness was achieved during the first two days.
After this period, the rate of change was decreasing. In the course of time, the
gasket sets in and the size of internal leak paths was reduced. Note about
following figures: The bar height illustrates of how long it takes in seconds for
a pressure drop from 1 bar to 0.1 bar. Thus, the higher bar corresponds to
lower leak rate, and thus higher bar is better result in the following charts.
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Figure 121 Joint leakage rate was reduced during the first days after the joint had been
assembled. The leakage of the joints with 0.4 mm mica gasket halved during the first three days
in compression. After this period (96 h), the bolts were re-tightened before the following
measurements. Tightness in Prototype 2 increased as gasket compression is directly affected
when bolts are tightened. Also the elasticity of bolts and other fittings had a good interaction
with compression force of the gasket. However, with the V-clamp bolt tension had not so direct
influence to gasket compression. The V-band and angled flanges have friction in between. This
was especially noticeable after the joint surfaces were oxidized in high temperature. Black
oxidation surface had high friction coefficient that must be overcome.

Moisture has a major effect for the gasket. 䲑The sealing properties of
the gasket were altered by the effect of moisture. This was initially noticed
when the soap water spray was used to indicate the location of the leakages.
Just after using water spray, the test results were improved when the gasket
was exposed to moisture. The gasket material is hydrophilic so it absorbed
moisture easily. After 24 hours in laboratory conditions the gasket returned to
original condition when moisture evaporated. In addition, the effect of
moisture should be evaluated if the relative humidity is unexceptionally high
during assembly or operational use.

Figure 122 Moist mica gasket (0.4 mm) leaks significantly less than dry gasket as water fills in
the leakage paths and swollen the structure of the gasket. The gasket absorbs water instantly
and dries adequately well within 24 hours in laboratory conditions. The difference in leakage
rate between dry and moist gasket is four to seven fold. Unfortunately, the tightness increase is
not permanent and increased tightness is lost when joint dries. The moisture effect caused a
large amount of problems for measurements before this significant effect was notified. Tested
with Prototype 2b, 6x8 Nm bolts, moistening done by water-spraying the closed and tightened
joint and stabilized for 20 minutes.

Temperature expands the gasket. 䲑When the joint was heated up the
leakage was initially reduced (Figure 123). This is mainly due to fact that the
mica expands and slightly exfoliates when it is heated. However, also the
thermal expansion of alloys has an impact on these results, as well as possible
relaxation and creep of materials over time. Yet, all the experiments display
this same phenomena, even if all the structural materials are the same alloy. In
this case, increasing temperature should widen the gap where the gasket is
located and leakage rate should increase. In addition, air density decreases
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from 1.188 kg/m3 at 20 °C to 0.3966 kg/m3 at 600 °C, but its kinematic
viscosity increases from 18.14×10-6·kg/(m·s) at 20 °C to 38.26×10-6·kg/(m·s) at
600 °C (Kotiaho & Lampinen, 2002). First assumption would be that
decreasing air density should increase leakage rate, but in fact, higher viscosity
indicates greater resistance to flow and thus with warmer air, the leakage rate
should be smaller if leak path remains the same.
Considering all variables, the most logical reason for reduced leakage during
initial heat up, is that temperature initially expands the gasket as it starts to
exfoliate. In the process, it also sets better and leakage is reduced at the
beginning of heating cycle. However, one reason for the reduced performance
after a few days could be that some organic binder burns off from mica gasket
material. This would explain partly the increased leakage and the brittle
nature of gasket after it has been exposed to heat. This would also explain why
at the following thermal cycles its performance during heat up is reduced, but
also relaxation of materials and creep has effect on later experiments. But still,
the gasket seems to perform well in elevated temperatures. With optimal joint
materials and design, the leakage rate could be less in elevated temperatures
when compared with low temperatures. However, the results are difficult to
explicate as with this test setup, there are many causes and effects that cannot
be isolated from each other.

Figure 123 Tightness is increased when gasket material is heated. This can be seen well in
measurements done at 200 °C. At higher temperatures the thermal expansion, relaxation and
creep of steel materials has an effect.

As a conclusion, mica gasket sealing properties are time, moisture and
temperature dependent, but predictable (Figure 124). However, these
properties should be always remembered when making experiments or when
systems are assembled or maintained. Unfortunately, thermiculite samples
were obtained at the very late stage of this study, so similar systematic tests
were not performed for thermiculite in large scale. However, thermiculite
should not contact water before thermal cycling as it has soapstone as filler
material. However, similar methods, such as identical compression times,
were used with thermiculite and mica in comparison tests.

Figure 124 As a conclusion, Mica gasket sealing properties are time, moisture and temperature
dependent, but predictable.
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Thermiculite 866 0.3 mm vs. mica 0.4 mm in room temperature
At the late stage of this project Thermiculite 866; s = 0.3 mm were obtained.
In first room temperature experiments this gasket material gave huge gain in
performance when compared with mica. According to manufacturer the
reason for good performance is that the filler material blocks the gas paths
between mineral platelets of the material. Especially TaTi-flange
(Prototype 2c) has the best results with this gasket material in all experiments
done. Two first measurements indicate that thermiculite doubles the
performance on V-clamp connection, and gain with Prototype 2c the
difference is twenty-two-fold (Figure 125). Both mica and thermiculite form
well against the spherical surfaces of Prototype 2c (Figure 111). In preliminary
testing it was noted that thermiculite forms good seal faster than mica, which
gets more advantage from longer compression time before measurements.

Figure 125 Two bars on left are joints with mica 0.4 mm after three days in compression. Two
bars on right are joints with Thermiculite 866 0.3 mm gaskets after one day in compression.
Mica has time benefit of longer setting time in these measurements, but still with the V-clamp
performance is two times better with Thermiculite 866 and astonishing twenty-two times better
with thermiculite for Prototype 2c.

Experiments in elevated temperatures
The experiments done at elevated temperatures started with the initial
experiment with Prototype 2b. In this experiment temperature was swiftly
ramped up to 800 °C with one intermediate step at c. 200 °C. Results taken at
200 °C are promising, as tightness is increased significantly (Figure 126). At
this step the gasket expands and TEC works in favor to increase gasket
compression, as the flange material (253MA) has slightly larger TEC than the
bolt material (AISI 316). Within this short time the creep has not yet affected
materials and their stress levels. However, after few days when next
measurements are taken at 800 °C massive drop in tightness is observed. Here
the creep has already affected and gasket material has gone through some
changes, such as vaporization of possible moisture or other volatile
components. After cooling down, the joint is subjected to another thermal
cycle to up to 400 °C. The massive increase in tightness is not anymore
observed here on this second thermal cycle. These findings prove that the
connection has undergone through permanent changes during the first
thermal cycle. Additional reminder of high operational temperature is some
corrosion deposits on the surface of flange materials after one week at high
temperature (Figure 127).
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Figure 126 Results of the two experiments of Prototype 2b in high temperature oven. First peak
measured on Friday shows dramatic increase in tightness of the joint when temperature was
increased to 200 °C. Then oven was set to 800 °C and next measurement was taken on
Monday. The leakage rate was still smaller than in room temperature. The following
measurements were taken on Wednesday and Friday. These show that the leakage rate had
increased and was greater than at the beginning. On Friday the oven was shut down and on
Monday measurements showed a slight recovery. Then oven was turned on to 300 °C and next
measurements were taken between Monday and Wednesday and these also showed some
recovery and lower leakage rate compared with earlier experiment at 800 °C.

Figure 127 Corrosion deposits can be seen within the internal air chamber of the flange after
first experiments at high temperature. While some of these are burnt impurities and possible
gasket material dust, some of it is oxidation of material that has peeled off during the thermal
cycling. Typically, the oxidation products have different TEC than the base material, and it is
common that part of surface oxidation peels off during thermal cycling.

After the initial test the more systematic comparison test was performed
with Prototype 2c and V-clamp connection (Figure 69, Figure 111). Both
connections were tested with mica (0.4 mm) and Thermiculite 866 (0.3 mm)
gasket materials. Again, the working model for the experiments at elevated
temperature was to pressurize the air chamber to 100 kPa [c. 1 bar] and to
measure the pressure loss as a function of time. First step was the stabilization
in constant 20 °C temperature. After one day the change of rate begins to level
out as gasket sets. After compression in room temperature, the temperature
was increased in steps of 100 °C or 200 °C. In addition, the connection was
stabilized for half or full day before the measurement at specific step. As a
note, in the following figures the bars show the total time for pressure loss
from 100 kPa to 10 kPa. Thus, higher bar means lower leak rate.
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The first chart (Figure 128) compares the results with mica and thermiculite
gaskets using commercial V-clamp connection. At room temperature and
during the heat-up ramp the Thermiculite was superior to mica, but at the end
of the cool-down ramp the results with mica were better. These results are
somewhat contrary to results reported in (Rautanen M. , 2015). On the
contrary, in their experiments the gasket had a constant loading as gaskets
were tested to be used for SOFC stacks, where constant loading systems are
common. However, in this experiment the approach was more practical for
testing gaskets for flange connections, where gasket stress is altered by
changing stress levels of fittings during thermal cycling and under creep and
relaxation of the structure. During discussions with industrial experts at
conference (Salminen & Kuosmanen, 2016), it was noted that Thermiculite
866 undergo through crystallization changes in high temperature, which are
irreversible and make material brittle after exposure to high temperature.
Contrastively the structure of mica changes less, and it is capable to some
springback if gasket stress is reduced.
Similar comparison is presented in Figure 129 for the same gasket materials,
but with using Prototype 2c with bolt connections. The main difference here
was that the V-clamp had Inconel fittings and Prototype 2c ANSI 316 fittings.
Thermal mismatch with Inconel is larger, which can be seen in results. Smaller
TEC of Inconel does cause more gasket stress during heat-up, which is seen in
growing tightness when temperature is increased. However, additional stress
will compress and mold Thermiculite gasket more in V-flange connection
(Figure 128) than in Prorotype 2 connection (Figure 129), which has more
gentle change in compression of gasket during thermal cycling. This is most
probably the reason for bigger difference between mica and thermiculite in Vflange experiments during 8th and 9th day results when compared with
Prototype 2. Thermiculite performs well in constant stress applications, but
the mica is more forgiving if compression is altered after exposure to high
temperatures.

Figure 128 V-clamp connection with mica 0.4 mm and Thermiculite 866 0.3 mm gaskets. During
the heat-up ramp thermiculite is superior, but after the thermal cycle mica has lower leak rate
indicating better springback.
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Figure 129 Figure 12: Thermiculite gasket with V-clamp and Prototype 2c. Prototype 2c has
material matching and thus even thermal expansion between the components.

Next two figures compare results with mica between V-clamp and Prototype
2c (Figure 130) and thermiculite between V-clamp and Prototype 2c (Figure
131). In these results Prototype 2c was better in all case but one: the V-clamp
had lower leakage when connection was heated up to 800 °C and kept there a
few days. The smaller TEC of Inconel and its relatively high strength is an
advantage in this case. Unfortunately, this advantage was lost when cool-down
was performed and the Prototype 2c takes reclaims its leading position with
the smaller leakage. This could be the crucial result when considering the
start-up of the device next time. Prototype 2c is better for post-heating startup, and mica gasket performs better at the end of the test when compared with
thermiculite.

Figure 130 Mica gasket with V-clamp and Prototype 2c. V-clamp connection had material
mismatch that caused higher compression for gasket at high temperature. Unfortunately, higher
material stress generated more relaxation, creep and deformation that leads to higher leakage
during cooling.
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Figure 131 Thermiculite gasket with V-clamp and Prototype 2c. Prototype 2c had material
matching and thus more even thermal expansion between components.

As a conclusion, all results are gathered in Figure 132. Thermiculite had
superior performance at initial stage, but after one thermal cycle mica had
smaller leakage when system was re-started. When Prorotype 2c connection
and V-clamp are compared, Prorotype 2c excels in all but at the steady state
800 °C, where during the first few days V-clamp had smaller leakage. The
most consistent overall results were achieved with the Prototype 2c connection
with mica gasket.

Figure 132 Compilation of all variations illustrate how good performance in low temperatures or
during heat-up ramp do not correlate at high temperature and during the cooling period.

Conclusions of results related to pipe connection
Prorotype 2c fulfills the design targets, which were set for the study. It is
affordable in various sizes and can be weld directly to process piping without
post-weld machining. Spherical surface in tested size (DN80) worked well with
the planar gasket materials. The alignment error can be compensated up to
0.75 % with spherical mating surfaces. After thermal cycling the joint
maintains its mechanical performance better when compared with V-clamp
connection. The size of the connection is smaller, which is beneficial for
thermal insulation. The weight is greatly reduced if compared with DINflanges.
145

Results

Future research would benefit from experiments done with sequential
thermal cycles and with specific gaskets made for flange connections. The
gasket material development should be targeted to maintain the good
properties of Thermiculite 866 at initial stage, but to maintain conformability
and spring back during and after exposing gasket to high temperatures of
600 °C and above. Thermiculite 866 LS version could mitigate some of the
problems during cool-down as it adheres to surfaces, but melted glass layer
could be problematic for system maintenance, if connection needs to be
opened. Unfortunately, the LS version was not tested within this project.

Results of Case 5: Producing heat transfer channels into
system components with Friction Stir Channeling and
investigation of heat transfer properties of FSC
Results for the fifth case are divided to following chapters: Experimental
thermal analysis, numerical thermal analysis and conclusions.
4.5.1 Experimental thermal analysis

The two specimens shown in Figure 70 were tested. The measurement results
of the samples are repeatable. During the experiment, the calorimeter water
temperature decreased as shown in Figure 133 as the coolant flowing in the
channel of the sample transfers heat. With a higher heat transfer rate, the
calorimeter water temperature gradient is steeper. Average coolant
temperatures are given in the chart.

Figure 133 Calorimeter water temperature for six experiments. Coolant average temperature
varies slightly with the ambient temperature. Offset is used for the lines to set 40 °C as an initial
temperature of the calorimeter water for the moment when the coolant flow is started. Coolant
flow is 50 l/min (20 °C, 101 kPa). Calorimeter heat loss can be seen in flat curves before and
after the coolant flow had been started. These values can be used to determine calorimeter
loss. Simulation results are shown in dashed lines. Calculated results for FSC are convergent
for Churchill, Woods and von Karman friction models in this case.

The cooling power of the sample for each time step can be calculated directly
with the information from Figure 70. However, the cooling rate of water inside
the calorimeter differs with FSC and milled samples. Thus, cooling power
comparison cannot be done time wise as the temperature conditions differ.
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Comparison of the cooling power of the samples must be done when the
temperature difference between the coolant and calorimeter water is the same
for both FSC and milled samples (Figure 134A). Cooling power comparison
chart (Figure 134B) can be drawn when all the comparison data is collected as
explained. Figure 134B shows a 45 % (±1 %) higher cooling power of FSCchannel when compared with the milled specimen.
The results suggest that the rough surface of the FSC creates vortices on the
channel surface, which increases heat transfer. In contrasting effect, vorticity
and turbulence increases the friction in the flow, thus increasing the pressure
loss over the channel length. Pressure difference measurement (Figure 135) for
the case 2 samples indicate 36 % (±1 %) increase in the pressure loss for the
FSC sample compared with the milled sample.

Figure 134 A) Cooling Power (CP) of case 2 samples compared in similar thermal conditions.
Left scale shows temperature difference (¨T) between calorimeter water and coolant fluid.
When following horizontal line from this scale the similar thermal conditions can be found for the
FSC and the milled samples. Proceeding vertically from these points to respective CP graph the
CP of samples can be defined from the CP scale on the right. B) Cooling power for the FSC and
the milled samples in case 2 with similar temperature difference of calorimeter water and
coolant flow. The FSC enhances heat transfer +45 % (±1 %) when the FSC and the milled
channel were compared at similar conditions. Dashed line is harmonic mean of the
measurement sets with 2SD (95 %) error bar.

Figure 135 Pressure difference over the FSC and milled samples with 0 to 50 l/min flow.

4.5.2

Numerical thermal analysis

Numerical results were calculated with Comsol using NIPFL and HT physics
modules using 10 800 s calculation time and results were saved with 60 s
steps. Numerical results are consistent with experimental results (Figure 133)
and minor difference between experimental and simulated results was caused
by using solid block of aluminium in the simulation instead of moving water.
The comparison of the experimental results and numerical calculations proved
that the selection of right friction model was essential part of the numerical
study. In this case, the FSC-channel had significant surface roughness when
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compared with the channel size. The calculated results prove that Churchill,
Wood, Haaland and Von Karman friction models lead to reasonable and
similar results with the experimental measurements in this case with small
rough channels. Results calculated with Colebrook model are close to
previously mentioned models. However, Stokes friction model was unsuitable
for this application as it should be used only with slow or viscous flows, with
extremely small Reynolds number (<1).
4.5.3

Conclusions

This study discusses a novel FSC technique as a solution to improve the
efficiency and quality of battery pack manufacturing process. The FSC can be
used to manufacture thermal management solutions for EV batteries, power
electronics, electric motors and such by creating internal channels for coolant
flow in solid structures. This study compares structural and functional
differences of milled and FSC channels for thermal management. The FSC
surface is rough when compared with the milled channel. These experiments
show that a FSC sample had 45 % higher heat transfer rate and 36 % higher
pressure loss when compared with a milled sample. Numerical study indicates
that the heat transfer rate of FSC can be estimated with methods used for
flows in rough channels. In conclusion, these results show that FSC as a
manufacturing process produces economical and very efficient thermal
management solutions for many applications.

Results of Case 6: Improving product quality with numerical
analysis – Wind power gears
In the following two chapters the numerical analysis of the end plate of wind
power gearbox is divided to gravitational and thermal error sources. These
results can be used to improve manufacturing and inspection quality.
4.6.1 Gravitational effects

Gravitational study results are presented with deformation in Figure 136 and
with measurement path plotting in Figure 137. As seen, the ideally shaped end
plate deformed slightly under gravitational forces even when set against flat
surface (Figure 137a). This slight deformation with planar error less than 3 μm
would have been within the acceptable tolerances, but unfortunately this
support setup was not possible as there were measuring points under the part
as well. Thus, the end plate was lifted up and following cases present cases
with supporting structure using three support points with differing locations.
Three supports spaced with even 120° rotation (Figure 137 a, b, c), created a
planar error of 10 to 20 μm on the measurement path. With three point-like
supports this form error cannot be eliminated. However, this error can be
predicted and it is a long wave flatness error by its type. With strict
requirements for the short wave flatness error and a permissive long wave
flatness error, the quality control of the end plate can be performed with three
support points only. The fifth case (Figure 136e) with uneven support locations
illustrates the worst-case scenarios. The gravity effects may induce planar
error of more than 90 μm along measurement path if supports are placed in
random positions.
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Figure 136 Analysis results with different support cases. The deformations are magnified by
3000x in the figure. a) is the most ideal support of the cases, while e) is the worst with largest
deformations. The deformation is illustrated by lines in the following figure.

Figure 137 When displacement is measured along the path illustrated in the inset picture, the
planar error was 3 μm even if the end plate is supported against ideal flat plane from the inner
ring, the outer surface deflects because of gravity. With even 120 degrees between the
supports, the planar error was limited to <30 μm. With uneven position of three supports the
planar error may be up to 100 μm.

It should be noted that the CMM measurement may be performed in many
ways. There could be only few locations that are inspected, or paths are
measured along significant surfaces. The most time consuming way is to
inspect whole surfaces with numerous measurement locations. However, these
different ways may provide different results as illustrated in Figure 138.
Measurement along the path (Figure 138a) may give differing results for
planarity that the measurement over a whole surface (Figure 138b). In the
following results, the path was used instead of surface, as a measurement path
plots were easier to illustrate than surfaces. And thus similar presentation and
comparable results can be used for all study cases. As a final note, the results
from gravitational study delivered deeper understanding of error sources and
magnitude of error, which helps to improve the quality control after
manufacturing.
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Figure 138 a) When the planar error was measured along the path, the error was 13 μm.
b) When the planar error was measured over the whole surface, planar error was 20 μm.

4.6.2

Thermal effects for the planar error of the end plate

Thermal effects for the end plate are presented next, and the results are
divided to separate chapters, which are presented as follows.
Cool down from homogeneous initial temperature
In the first thermal model the thermal stabilization time for the end plate was
calculated using 323.15 K (50 °C) initial temperature and heat transfer
coefficient was varied from 2 to 8 W/(m2·K). As a result, the average
temperature of all nodes is plotted to Figure 139. The usability of this chart is
not limited to exact temperatures shown in chart, but it can be used for other
temperatures as well, or temperature range can be inverted. However, using
293.15 K (20 °C) as a reference temperature, the diameter change is marked
with data labels along h=2 and h=8 lines. To give a scale for magnitude of the
change in diameter, the diameter of the end plate changed c. 700 μm during
thermal stabilization within this temperature range. At this point it should be
noted, that there were two important and temperature related factors that
have an effect on the component size and the shape, and thus for the
measurement error:
1. Uniform temperature change of the component changes only the
size of the component, but shape of component remains unaffected.
Therefore, when component temperature was finally stabilized to
homogeneous 293.15 K (20 °C), the shape was the same as with the
initial situation, but end plate is smaller.
2. Non-uniform temperature distribution and temperature change
alters both the size and the shape of the component.
Following figures (Figure 140, Figure 141) show that after four hours the end
plate still had inhomogeneous temperature and with different locations
temperature varied 1 to 2 K. This slight variation was sufficient to cause strain
and distortion to the end plate. In Figure 142 the planar error of the
measurement path is plotted showing that the magnitude of error was c. 12 μm
during the thermal stabilization at time 3600 s. As a general conclusion, the
machining or measurement of the end plate should be done not before than six
to ten hours after the end plate is brought in from differing temperature
conditions.
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Figure 139 Necessary thermal stabilization time depends on the ambient conditions of the
measurement room or location. In this chart the average nodal temperature [K] of the end plate
is plotted on the vertical axis and time [h] is on the horizontal axis. Four cases were calculated
with heat transfer coefficient of 2, 4, 6 and 8 W/(m2ޞK). Data labels for cases 2 and 8 show error
estimate for the end plate diameter showing that temperature variation of 30 K causes c. 700
ȝm variation in the diameter of the end plate.

Figure 140 On left, surface temperature is shown, and on right, same moment shown in slices.
As expected, the surface cooled faster and thus thin sections of the part cool or heat faster than
thick sections with more material. As this is a shell-like part, non-uniform cooling/heating alters
the form of the component. t=14 400s, h=2 W/(m2·K).
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Figure 141 After four hours with heat transfer rate of h=8 W(m2ޞK), component still has nonuniform temperature distribution. Variation in temperature within the part is still circa 1 K. This
may sound minor, but for large parts it causes significant shape deformations.

Figure 142 Planar error on the measurement track during thermal stabilization and uneven
temperature distribution. Blue line (on top) is the calculation start situation with uniform 323.15 K
(50 °C) initial temperature. As the end plate started to cool down, it had uneven temperature
distribution. Uneven temperature distribution deformed the end plate, which caused 12 ȝm
planar error along the measurement track. At the end of the cooling (10 h) the temperature of
the end plate was uniform at the c. 293.15 K (20 °C) and the original shape has returned but the
end plate is smaller than at the initial temperature. Heat transfer rate h=8 W(m2ޞK).

Case A1: Inhomogeneous initial temperature after machining, 50–20 °C
In this chapter the results of the inhomogeneous initial temperature are
presented. Initial temperature distribution of the end plate is illustrated in
Figure 143. This represents stratified temperature distribution that could be
caused by machining of the top surface. In this initial stage the top surface was
ideally flat, as machining had been just finished. However, when the warm top
surface cools down more than initially cooler bottom surface, it caused the top
surface to distort inwards while it shrinks (Figure 144). The measured planar
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error along the path was at largest, c. 20 μm, at t=3600 s, when thermal
gradients distort the shape of the end plate. When temperature was stabilized,
the planar error remained at <7 μm.

Figure 143 Initial temperature distribution of the end plate with 50 to 20 °C stratified
inhomogeneous temperature distribution.

Figure 144 When end plate cools down after machining, its top surface distorts inwards forming
a slight cup. Deformation is highly exaggerated in the figure (×250). A special note should be
put to cupping: While planarity error measured along circular path was small (Figure 145), the
inner and outer edges of measured surface have clear difference in height, causing c. 100 μm
error if measured radially, not circularly.
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Figure 145 End plate shrinks in size when it cools down, but planar error measured along the
circular path maxes at c. 20 μm, but stabilized temperature error remains relatively small,
<7 μm. The initial shape is rather symmetrical and has no protrusions, so no large angular
errors are present.

Case A2: Inhomogeneous initial temperature after machining, 30 to 20 °C
Case A2 is similar to case A1, but temperature stratification was smaller, from
30 °C to 20 °C. Results are shown in Figure 146 and in Figure 147.

Figure 146 When compared with case A1, the results are similar but of smaller magnitude, as
expected. Again cupping was visible. Deformation factor in figure is ×250.
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Figure 147 With smaller initial temperature difference of the top and bottom surface, and lower
average temperature of the end plate, the thermal deformation was smaller than in case A1.
The end plate shrinked in size when it cooled down, and planar error measured along the
circular path maxed at c. 5 μm, and stabilized temperature error was small, c. 2 μm.

Case B1: Thermal radiation on top surface 303.15 K (30 °C) and on bottom
surface 283.15 K (10 °C)
In earlier cases, the end plate started to cool down from the initial conditions,
but in this case the thermal radiation heats up the top surface, and cools down
the bottom surface. This model was tested also with various heat transfer
coefficients, 2 to 8 W/(m²·K ) on all surfaces, but this made no difference as
heat dissipates relatively well within the end plate despite the coefficient
factor. Surface temperature of the end plate is illustrated in Figure 148,
deformation in Figure 149 and the planar error, typically below 1.5 μm, is
plotted in Figure 150.

Figure 148 Initial temperature of end plate in this study was 20 °C at time t=0 s, but just after
one hour under thermal radiation, which may be present in location where the part is measured,
the temperature of the end plate has become inhomogeneous. Fortunately, with relatively
symmetrical shape and relatively thin part with good thermal conduction the thermal differences
are not too significant, remaining around <0.6 K for the whole 10 h real time calculation.

155

Results

Figure 149 In many components even a small thermal differences could cause large
deformations which could be problematic, but here the round and symmetrical shape of the end
plate does not cause major distortions. Deformation scale factor is ×10 000 in this figure. It
should be noted, that contrary to Case A, here the top surface bended down, not up. This was
due to thermal expansion of top surface.

Figure 150 In normal radiation conditions the planar error measured along the circular path was
<1.5 μm.

Case B2: Thermal radiation on top surface 303.15 K (30 °C) and on
bottom surface 263.15 K (-10 °C)
Planar error with moderate thermal radiation was small in Case B1. To test
more radical effects, the boundary conditions were altered. In case B2, the
bottom surface (floor) temperature was dropped to -10 °C. While it is really
rare that this could be the case even in Finland, it was done to check the initial
effects of cooler temperatures, which can be easily present during the
156

Results

operation of wind power gears. However, the results of this case are
proportional with Case B2, and planar error is <6 μm (Figure 151).

Figure 151 As expected, the results were similar but of different magnitude than in Case B1. In
B2 the planar error measured along the circular path was <6 μm.

Case B3: Thermal radiation on measured surface 393.15 K (120 °C)
As results from earlier cases (B1 and B2) were similar, but of different
magnitude, the model was tested once more to find out if there would be some
unexpected results that could be triggered by some non-conventional
boundary conditions. Thus, some extreme thermal radiation conditions were
tested by setting 120 °C thermal radiation on the measured surface only, all
the other surfaces using 8 W/(m²·K) heat transfer coefficients at 20 °C. And
indeed, this reveals interesting phenomena where thermal gradients grow for
the first four hours, and after that thermal gradients start to flatten out. Thus,
the planar error and shape distortion differs along the calculation period, not
being largest in the first or last sampled data points, but in between. Here the
samples around 4 h show the largest distortion of the shape along the
measurement path (Figure 153).
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Figure 152 Significantly larger thermal gradients can be seen in this case when compared with
earlier cases. While the end plate is quite symmetrical, it can be seen that lifting rings act as a
cooling fins.

Figure 153 The distortion of the measurement path was of largest magnitude at 14 400s (4h), c.
40 μm. After this the temperature gradients start to level out and at t=10 h, planar error is
c. 22 μm.

Conclusions of the thermal analysis of the end plate
Table 29 summarises numerical calculation cases and error magnitudes for the
end plate caused by various sources. Gravitational effects and support
arrangement most likely cause planar errors during CMM inspection during
inspection. In addition, bringing warm or cold end plate to measurement room
without sufficient thermal stabilization time can cause the second largest
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error. Five to ten hours should be sufficient for most situations for thermal
stabilization. Third largest reasons for error are inhomogeneous machining
temperatures. If thermal balance during machining is not maintained, the end
results are not satisfactory. In the last studied cases, and smallest errors in
study, were caused by thermal radiation in normal conditions. Warmer
temperatures may be present higher in the room for various reasons, such as
lightning and buoyancy of warmer air, while floor may be much cooler.
According to these results, thermal radiation was not a significant source for
error for this relatively thin and symmetrical end plate. However, one
exception would be extremely heavy thermal radiation, which could distort the
end plate especially if thermal radiation is uneven along the surface.
These results can be used to improve manufacturing precision. For example,
if CMM measurements reveal that measurement surface has cupped (outer
periphery has risen above inner periphery), it is indication that the thermal
input during machining has been too high. This error can be corrected by
maintaining even temperature distribution during machining by using
adequate thermal management of the cutting fluid. It should be noted that cast
iron can be machined without cutting fluid, unlike many other materials, and
thus uneven temperature distribution during machining is possible.
At general level, the temperature related deformation is not too significant in
this particular machine part that is relatively symmetrical in shape and its
thickness and mass distribution is fairly uniform. Symmetrical round shape
reduces the angular effects, which could be significant source for error in
structures with beams for example. And uniform thickness reduces
temperature gradients within the part. Contrary results would arise with parts
that have asymmetrical mass distribution, and thus larger thermal gradients
within the part.
Table 29 Summary of numerical analysis cases and magnitude of errors caused by differing
boundary conditions.
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5 Discussion and conclusions

The main contribution of this thesis is improvements for the new energy
system technologies and their thermo-mechanical design. This thesis
investigated and studied six different cases and four of these were related to
high temperature systems, especially SOFC systems. Specific feature of these
systems is the operational temperature, which could be from 600 to 1000 °C.
At the beginning of this thesis at the Chapter 1.2 six research questions were
presented along with one fundamental research question for this thesis:
How temperature, temperature difference and thermal cycling affect
mechanical systems and especially SOFC systems that may operate
at temperatures up to 1000 °C?
As this is an extensive question to answer briefly, the question was divided to
six questions, which are discussed as follows:
1. What kind of requirements SOFC systems set for mechanical
engineering and are new mechanical solutions needed to advance
current technology?
The development and design of proof-of-concept system was described in Case
1, in which the specific requirements were analysed. The high temperature
system design sets following requirements for the design task: Minimization of
thermal loss, creep, corrosion and cost, and compensation for thermal
expansion at general level. Detailed requirements include topics such as
minimization of system size to reduce weight, which has an affect how fast
system heats and cools during start-ups and when power demand and
generation is altered. The minimisation of surface area reduces the heat loss.
The minimisation of process piping length improves the system control and
reduces the pressure loss. In general, the design process for the high
temperature systems demands a holistic approach, as there are strong
interactions between system functions and components. None of the
components can be designed totally independently, as in these systems the
heat exchange between the components is always present. At the start of the
design process the layout design is one of the primary tasks. If the system has
many components operating at different temperature zones, advisable practise
is to divide these components to corresponding zones. Next step is to identify
components that need either cooling or heating and system layout can be
adjusted according to these requirements. The layout design process is
iterative, as the component dimensions and designs may alter during the
holistic process. Furthermore, layout design should be integrated with thermal
insulation design at the very beginning, which is studied in detail in Case 3 and
Chapter 3.3.
The main result of this first case was successful development of the proof-ofconcept research system. Research unit was successfully operated for several
following years including many long-term experiments. In these experiments
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multiple components and technologies were investigated. System control,
anode off gas recycling and stack technology progressed during the years when
system was used for research purposes. Scientific contribution of the
mechanical design and manufacturing of this research unit is based on a fact
that it created a foundation for further work, which was published in various
publications such as (Ahlgren, 2009) (Halinen M. , et al., 2013) (Halinen, et
al., 2011) (Halinen M. , 2015) (Halinen M. , et al., 2012) (Halinen, Pohjoranta,
Kujanpää, Väisänen, & Salminen, 2014) (Rautanen M. , 2015) (Riipinen, 2012)
(Salminen, Ahlgren, & Kuosmanen, 2013) (Väisänen, 2012). However, in the
inspection after the initial 1500 hour-long commissioning run it was noted
that some of the bellows in the pipelines were severely corroded, which leads
to a next research question:
2. Which impurities could cause high temperature corrosion for
structural materials of SOFC systems?
The damaged bellows were made of alloy 625 and the earlier material and
corrosion research could not explain satisfactory reasons for such a failure.
Thus, an excessive set of experiments was planned and carried out. In total,
eight alloys (Nicrofer 6020, 253 MA, 4762, 201LC, 316L, Inconel 625; C-276;
X-750) and seventeen probable corrodents were tested with six experiments
performed at 800 °C. Total amount of samples was 161 and
macrophotography, XRD, SEM and EDS were used to analyze the samples. As
a result, these experiments proved that a widely used temperature resistant
adhesive could cause severe corrosion for alloy 625 at high temperatures
around 800 °C. In the six experiments, there were fifteen samples where
EMPE adhesive and alloy 625 were combined. Thirteen out of these fifteen (87
%) were damaged significantly. Interesting fact is that most severe damage
was observed near the border of the initially clean surface and corrosion
damage was gradually reduced further away from the adhesive. The damage to
the samples fully covered by the adhesive was not as severe as with the
partially covered samples indicating that particles springing off the adhesive
were the main reason for the damage. The challenge for this study was that the
alloy and adhesive have various elements involved, which react in a multiple
ways. However, the adhesive residues causes the protective NiO layer detach
from alloy 625 due to Mo-rich oxide layer beneath, and a catastrophic cycle of
corrosion then proceeds. Nonetheless, the concluding result of this study is
that this specific adhesive and alloy 625 are unsuitable combination in high
temperatures. The adhesive was part of thermal insulation in this research
unit, which was partial reason to initiate the following study and research
question about thermal insulation methods:
3. What kind of requirements SOFC system set for thermal
insulation and what kind of thermal insulation concept is
most suitable for SOFC systems?
In the SofcPower project it was noted that existing thermal insulation
methods for high temperature systems have large size, high cost and complex
structure which define many restrictions for system design. Thus, the Case 3 in
Chapter 3.3 studied the initial steps of high temperature system design and
especially thermal insulation. Systematic product development methods were
used to create three different thermal insulation concepts. Consequently, total
of twenty-one requirements for the thermal insulation were identified. Only
five of these could be expressed directly with numbers, and expert team that
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had previous experience of high temperature system design evaluated the
remaining sixteen requirements. As a result, the novel granular type insulation
was identified to be suitable for complete high temperature systems. At the
time of study (Salminen P. , et al., Evaluation of thermal insulation concepts
for the balance of plant of a solid oxide fuel cell system, 2013), granular
insulation products for high temperature were novel and had been used only
for small components to fill out cavities. As there was no earlier studies done
for complete systems, the set of experiments were planned and conducted. The
experiments proved that the results of the theoretical study were right and
granular insulation performed well in practice. The granular insulation is
simple to design and it sets fewer restrictions for system design when
compared with other concepts such as individual or box-type insulation.
During the assembly and maintenance, granular insulation is faster to install
and relatively fast to dismantle. In addition, experiments proved that granular
insulation adapts to moving system structure by creating a cavity around
moving parts (Salminen, Najafi Haeri, Ahlgren, & Kuosmanen, 2016). This
study was an example of how even fundamental and relatively simple parts of
the high temperature systems can be improved through scientific work, which
leads to the next research question:
4.

What kind of new components or improvements are needed
and how these perform at temperatures between 600 °C to
800 °C?

Engineers and scientists see potential improvements in all components, but
interestingly enough, this thesis focuses to improve the basic components,
which are often irreplaceable. The component supports, pipe lead-throughs
and -connections are basic components that are not yet perfected for the use in
high temperature systems. There may be suitable existing products, but these
tend to be expensive or too big and heavy for energy productions systems,
which should have high efficiency, minimal heat loss and low cost.
Component supports are vital because the thermal expansion alters the
system dimensions and component locations. Mechanically, either the
component supports must adapt to this movement, or system should have
flexibility to adapt to the movements. In mechanical engineering, the flexibility
comes either from materials elasticity or from part design such as shape and
thickness. Unfortunately, in this case the high temperature reduces the
amount of suitable materials. Creep and corrosion properties determine
materials and minimum thicknesses for design. The pipe bellows are widely
used to compensate thermal expansion. In order to be flexible, these are made
of thin material. Moreover, to be as durable as the rest of the system, bellows
material needs to be of higher-grade than the rest of the piping structure to
compensate for corrosion. Higher-grade materials add cost significantly and
thus it was realized that the component supports should compensate the
system movement, not unnecessary and expensive additional parts such as
bellows. While this style of support structures that compensate thermal
movements have been used in other applications for a long time, the scientific
contribution in this thesis comes from the application, construction and
experimental testing of these technologies in high temperature conditions and
for high temperature systems with strict requirements for low cost and
minimal heat lost. (Salminen, Ahlgren, & Kuosmanen, 2013).
Another often underestimated challenge is a simple pipe lead-through. It is
located at a point where process piping goes through a system enclosure. In
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some cases pipe could be welded directly to steel enclosure of the system and
both pipe and enclosure are thermally insulated individually. This may lead to
a massive thermal loss through a thermal bridge. In addition, this simple lead
through is also a rigid support point that effects to the whole system as it
forms a rigid piping support structure. In the Case 4 and Chapter 3.4.2 an
advanced stepped lead through is designed, constructed and tested. Overall,
the Case 4 highlights how even the simple system components needs to be
redesigned and studied if operation temperature is above 600 °C. Above this
temperature a simple, low cost and of-the-shelf solutions rarely exist. The last
redesigned part under this topic is a pipe connection. It is a critical part of the
system when there are many connections in process piping. Welding of all
seams leads to a expensive system architecture and complicates the system
maintenance. In this study the novel type of connection was designed and
tested at temperatures up to 800 °C. The new connection is smaller and less
expensive than current technologies, and it can compensate angular errors
during assembly and maintenance. (Salminen & Kuosmanen, 2016).
Unfortunately, while connections performance exceeds many of the current
models that are in use, the connection was not yet perfected during the study.
The weakness for pipe connections is the gasket and its material for high
temperatures. Novel gasket materials have been studied and developed for
SOFC stacks in the recent years (International Patent No. WO2014111735 (A1)
ȸ 2014-07-24, 2014), (Rautanen M. , 2015). While these work well in stacks
where compression is more or less constant, these unfortunately do not work
well in connections where compression is altering because of thermal
movements and creep. In addition, in stacks special melting glass coatings are
used to prevent the surface leakage between the gasket and surface of the joint.
However, in pipe connections this may cause problems for the maintenance
work when dismantling is needed. Conclusively, the SOFC technology would
benefit from the invention of advanced gasket material which remains pliable
at high temperatures up to 800 °C or more. While temperatures above 600 °C
are challenging to master, the next two chapters study the technologies
operating at lower temperatures.
5. What is the heat transfer capability of Friction Stir Channels
and how it compares with channels made with traditional
techniques?
The FSC is a novel manufacturing technology that produces internal closed
channels along any desired path with constant or continuously modified shape
in a single manufacturing step. What makes this technology especially
interesting in the scope of this thesis is the possibility to create heat transfer
channels within the structural components. The idea of using the FSC for
thermal management has been known before (Balasubramanian, 2008)
(Patent No. PT 105628, 2013), (Vidal C. I., 2014), but there has been no earlier
studies conducting experiments for heat transfer and comparing these with
established numerical models. In Case 5 and Chapter 3.5 the heat transfer
properties were measured using calorimeter setup. As a result of this study
with these specific samples, the FSC sample with rough surface has 45 %
higher heat transfer rate and 36 % higher pressure loss when compared with
the milled sample. Comparison of measurements and numerical study
suggests that the heat transfer rate of the FSC can be estimated using
established numerical calculation methods for channels with rough surface. In
this study a relatively rough FSC was used, but by altering manufacturing
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process parameters surface quality can be adjusted as needed. While the
earlier research of the FSC focuses on developing FSC as a manufacturing
technique and targeting it through a material research, this study contributes
by offering new knowledge and results of heat transfer properties of this novel
technology for practical applications. All the previous cases have been related
to topics that are not yet considered to be readily used in commercialized
products.
The last case is still thought to be part of new energy technologies, but is not
a niche market anymore. Wind power is well know energy technology today,
but can it be improved further using the similar numerical calculation
methods as used in the earlier cases?
6. Can we improve product manufacturing and inspection
quality with the same methods that are used for system
design?
The last sixth case studies the manufacturing and quality control errors of
the large end plate of the wind power gearbox. While these gearboxes are large
and can be measured in meters, the high manufacturing quality is needed to
obtain reliable operation, high power density and long lifetime, which all are
indispensable requirements for a system that may be operating in a remote
location and installed at a height of roughly one hundred meters. In this study
the focus is on the measurement path flatness of the outer circle of the end
plate. Flatness of this path offers a good assessment of manufacturing quality.
In an optimal manufacturing setup there are no error on flatness after
manufacturing, and during quality control the measurements would prove the
flatness being within accepted limits. However, in reality the errors are always
present and this study aims to reveal error sources, which enables the
improvement to design, manufacturing, and quality control of gearboxes. The
numerical study is applied as a main method, and it is divided to two parts in
this last case. At first, numerical analysis studies gravitational errors during
the inspection process. Results show that the gravity would always distort the
end plate. In the best case this would be only a few micrometers, but in
practical measurement setups with three support points the error on the
measurement path may be 10 to 20 μm. In addition, in the worst case
gravitational error can be up to 90 μm, but not significantly more.
Fortunately, results show that over the measurement path gravitational error
is of long wave type error. With strict requirements for short wave flatness
error and permissive long wave flatness error, the quality control of the end
plate can be performed with three support points only.
At the second stage of the study thermal distortion errors are studied.
Results show that plates should be thermalized within the same conditions as
where the inspection is done. If plate is brought to measurement from other
temperature zone, the plate will distort due to non-homogenous temperature
within the plate. This can cause planar error up to 12 μm. Several other cases
were also studied, but special attention should be given to proper cooling of
the surfaces during machining. Analyses reveal that if circular surface heats up
during machining, the shape of the plate starts to distort after machining when
the plate cools down to the uniform temperature. If the circular measurement
path is used during inspection, the planar error could be less than 7 μm.
However, if planarity of the surface was measured radially, the error is c. 100
μm because surface had turned into a cup. The difference between the use of
measurement path or the measurement over the whole surface must be
164
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understood in order to achieve correct results from inspection and when
planning the measurement setup.
All things considered, this thesis provides insight to mechanical engineering
in systems where heat and thermal effects have a major significance to the end
results. All too often thermal effects are underestimated and thus best results
could not be achieved. With proper knowledge and interdisciplinary approach,
better energy systems and mechanical devices can be constructed. The topics
studied in this thesis provide solutions to create systems with lower
manufacturing, assembly and maintenance cost, higher efficiency and better
quality leading altogether to a long system lifetime and reliable operation of
new energy production systems.
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6 Summary

The global trend for the machine design is energy efficiency and it can be
achieved by using novel technologies with the improved design. In practice
this means lightweight structures, integrated functions of components and
smaller size overall. In many cases the power-to-weight ratio is increased
which engender new challenges for the design engineers. The thermal
expansion of materials is well known phenomena, but when the operational
temperature is high, up to 800 °C, the thermo-mechanical design of systems
becomes indispensable and thermal effects sets many requirements for the
design. Not only thermal expansion sets challenges, but also creep, heat loss
and corrosion should be addressed.
This thesis presents six cases where these challenges are studied. The first
four investigates the Solid Oxide Fuel Cell (SOFC) -systems. System design,
theoretical conceptual studies and concept selection methods for thermal
insulation are studied first. Then research proceeds to interdisciplinary fields
such as corrosion experiments at high temperature and component design.
The fifth and sixth cases study medium and low temperature technologies,
where the thermal design has a major effect to the system performance. The
friction stir channeling is a novel manufacturing technology that enables the
manufacturing of thermal management channels into structural components.
The empirical calorimeter experiments were used to measure heat transfer
properties and results were compared to results from the numerical analysis.
During the entire design and research work the computer aided design tools
and numerical calculation methods were used, especially on the sixth case that
analyses dimensional errors caused by gravity and thermal expansion during
the manufacturing and inspection process.
As a result, the system design for the high temperature applications has
advanced and lower cost and increased system lifetime can be achieved. Novel
thermal insulation method, component supports and components were
designed and tested offering new possibilities for new energy systems. The
results from the friction stir channel experiments prove that this new
technology is suitable for built-in thermal management of the structural
components. Furthermore, with the detailed numerical analysis of the end
plate of the wind power gearbox, the manufacturing and inspection procedures
achieve higher accuracy, thus leading to products with higher quality.
As a conclusion, during this thesis thermo-mechanical design of new energy
systems has been studied and improved. However, further investigations will
benefit from the swiftly developing calculation power of computers and
enhanced software making the system design more straightforward.
Nonetheless, there are still many challenges remaining, especially in the field
of materials for the high operational temperatures.
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This dissertation investigates the mechanical
systems where temperature is a critical factor
for the system design. Solid Oxide Fuel Cell
systems operate at high temperatures
reaching 600–800 °C or above. Thermal
e xp ansion, cre e p, the rmal insu lation and high
temperature corrosion are critical factors that
system engineers should master, thus brief
theory and state-of-the art are introduced at
ﬁ rs t . Pro d u c t d e ve l o p m e nt m e t h o d s , C A E a nd
empirical testing have been used to develop
the system design further in order to achieve
higher system efﬁ ciency, lower cost and
increased system lifetime.
In addition, Friction Stir Channeling (FSC)
is a novel manufacturing technology that
enables the manufacturing of thermal
management channels into structural
components. The empirical calorimeter
experiments were used to measure heat
transfer properties and results were
compared with results from the numerical
analysis. As a result, the knowledge of
thermal properties of FSC has been evolved
and this new technology is now closer to
practical applications and commercialization.
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