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Abstract

A roadmap for thermophysical properties metrologsweveloped in spring 2011 by
the Thermophysical Properties Working Group in tB&JRAMET Technical
Committee in charge of Thermometry, Humidity andistiare and Thermophysical
Properties metrology. This roadmapping exercispait of the EURAMET activity
towards increasing impact from national investmienEuropean metrology R&D.
The roadmap represents a shared vision of how th@mgsical properties
measurements and standards should develop overettiel5 years to meet future
social and economic needs.

Since thermophysical properties metrology is a W@gad and diverse field, in this
roadmap the authors have limited themselves téolteving families of properties:

o Thermal transport properties (conductivity, diffusy...)
Radiative properties (emissivity, absorbance, ctdiece, transmittance)
Caloric quantities (specific heat, enthalpy...)
Thermodynamic properties (PVT and phase equilibrigoerties)
Temperature-dependent quantities (thermal expansampressibility...)

000D

This roadmap identifies the main societal and eooootriggers that drive
developments in thermophysical properties measursmand standards. Energy,
environment, advanced manufacturing and processitigen safety, security and
health were considered as key topics. Key targéiat trequire improved
thermophysical properties measurements are alsuifiee in order to address these
triggers. Behind these triggers and selected tsrgetys are proposed for defining the
necessary skills and the main useful means to Ipeemented. These proposals will
have to be revised as needs and technologies ewoilre future

Keywords: Thermophysical properties, Radiative propertiebermal Transport
properties, Caloric quantities, Thermodynamic proge, Roadmap, Euramet TC-T

Foreword

This roadmap is a 'live’ document, which can aralkhbe updated as developments
progress to incorporate short-term developments thed long-term implications.
Comments on the present version of the roadmappesyubsals for input to future
revisions are welcome at any time. The updatediorersf the thermophysical
properties metrology roadmap is available at httpviv.euramet.org.
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1. Introduction

A roadmap for thermophysical properties metrologswdrafted during a workshop
by the authors on behalf of the Thermophysical ergs Working Group in the

EURAMET Technical Committee - Thermometry, Humidiagnd Moisture, and

Thermophysical Properties. This roadmapping exergspart of the EURAMET

activity towards increasing impact from nationaleéstment in European metrology
R&D.

The objectives of the roadmapping process wergldatify future developments in
thermophysical properties fields and to initiatenpling and collaborations in the
wider community of thermophysical properties meigyl experts within Europe and
also cooperation with the international communitfyhis exercise follows a previous
one performed during the period 2006-2007 and phbt in 2009 [1].

During the workshop, experts considered the folt@rsequence:

1) The societal and economic needs (Triggers)

2) The resulting objectives for addressing the sokatallenges (Targets)
3) The corresponding experimental realisations to riieetargets

4) The metrological application of basic science auhihologies

5) Enabling science and technologies for achievinggtbbal objectives

Since thermophysical properties metrology is a \@gad and diverse topic, in this
roadmap the Thermophysical Properties Working Groagp limited themself to the
following properties - thermal conductivity and fddivity, viscosity, thermal
expansion and compressibility, specific heat andhapy, radiative (optical)
properties, thermodynamic properties (PVT and PEagslibria properties),.

The roadmap for thermophysical properties metrolsgghown in Appendix 1 (see
Roadmap of Euramet TCT_Thermophysical Propertiek.pdf). The horizontal axis
shows an approximate time scale and the vertical shows the sequence that has
been considered. All the element blocks that ajecadt to each other are treated as a
cluster, which means that the elements within astelu have some degree of
connections with other elements. The heavy weigtiweas reflect the development
chains from one cluster to another. The normal nteggrows represent the parallel
routes of progress on a couple of other topiché@mnhophysical properties field. The
following sections provide the accompanying texth® thermophysical properties
roadmap.

This roadmap is in full compliance with the objees of “Horizon 2020 - The
Framework Programme for Research and InnovatiorthefEuropean Commission
[2,3] by “refocusing R&D and innovation policy onajor societal challenges, and
strengthening the links from frontier research tigjnough to commercialisation” [4].

2. Societal Challenges (Triggers)

In line with the challenges that are outlined inridon 2020 [2], the working group
has identified that the main social and economggérs driving the development of
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thermophysical measurements are Energy, Environmeivanced Manufacturing &
Processing, Safety/Security and Health. Therebyralogty for thermophysical
properties will contribute substantially to the prtority “Societal Challenges” which
are in the focus of Horizon 2020 [5].

Energy - Secure, clean and efficient (Trigger 1.1)

The EU has decided to increase the renewable erngyumption up to 20% by
2020 [2]. The development of the new alternativergy sources to the fossils energy
or nuclear energy has to be strengthened and spe@deExperts of the field propose
to implement new developments in the area of Thphysical Properties Metrology
(TPM). New measuring techniques, an extended rahgeeasurements and a wider
data base should be considered for improving thieciexicy of production,
conversion, storage, transportation, and use ofggnend also for supporting ways
for saving energy (e.g. energy harvesting).

Environment — Climate action: efficient use of resurces for protection of our
planet (Trigger 1.2)

This topic is strongly connected to Energy and stduareas. Reducing emissions of
greenhouse gases are at the heart of public pali€iee goal is mainly to contribute
to limit global warming through the reduction ofeegy consumption. Improving
industrial processes and the building energy efficy also answers the main key
requirements. Furthermore, sustainable technologidsn the field of renewable,
nuclear and fossils energies are more and moresasiorgly applied and used.
Therefore one of the objectives is to optimize tise of the resources and to select
and use eco-efficient materials for reducing theirenmental impact. In this last
case, it is highly recommended to contribute orucaty energy consumption through
improving the thermal performance of building empss. Heating and cooling
buildings equates to 40-50% of total energy congionpn many European countries
and “constitute” the widest potential energy savihlgis way of investigation should
strengthen the development and the impact of neswable energy sources. In the
field of TPM, the increase of the basic knowledgephysics and chemistry of
materials and expertise on their intrinsic progartire development priorities.

Advanced manufacturing and processing - Competitiveindustries: building
industrial leadership in Europe (Trigger 1.3)

Growth in global production needs to challenge effeciency of current processes.
Materials with temperature dependent propertiesuaeel everywhere in the industry.
Needs for Thermal performance measurements in olewve new and innovative
high-technology, high-value products are requir€d. [Furthermore appropriate
methodologies with the objective to assess andfguysrformances or safety of new
materials, new systems, new use of materials ifeitpe field of electronics, building,
automotive,...) have to be available. With regardh&se challenges and considering
the materials aspects, each metrological methogtadbguld be studied, developed,
applied and furthermore regularly adapted, optichizenproved or upgraded to
ensure that it always meets the needs of the emd-tend the industry practice.
Research and transfer in the field of TPM haveeekso be in agreement with the
final goals. Innovating Thermophysical Properti€R)Y measuring solutions should be
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developed for ensuring the traceability and to iowpr the efficiency of every
manufacturing process.

Safety/Security - Safe and secure society (Triggér4)

The enhancing of the homeland security and alsadlifety and security of buildings
are both listed as a strong priority. Scientificda®chnical supports of TPM to
vulnerability and risk analysis should be considefeor instance;

Homeland security:

Response to prevent the society from any disa@tataral or human-caused) consists
in studying or modelling structural effects and aofs on any infrastructures.
Defence applications are also another field of laguavestigations for TPM.

Fire protection technologies:

Various materials as well as complex systems caermployed. Implementing the
technologies implies studying, modelling and sitintathe reaction or the resistance
to fire of the materials used.

Health - Longer and healthier lives and safe and sere food supply (Trigger 1.5)

Supporting innovation in health research shouldhieelast but not the least trigger to
consider.

Implants:

Some grand challenges for improving the testinghowt and the metrological
characterization of biomaterials or new materidleutd appear during the current
decade. Future engineered materials used as repat® or complements for
instance of tissues, dental materials or boneslghequire the development of new
characterization techniques. It is easy to undedsthat it should be necessary better
managing the interface between tissues and biomsteMultiphysics approaches,
modelling and development of experimental detertiona of thermophysical
properties of living complex systems should be stigated. This topic is clearly a
case where simultaneous gathering of knowledge exjkrtise from different
scientific areas could improve research signifigant

Food and Chemical industry:

As stated in Horizon 2020 [2] “90 million tons ajdd waste in the EU each year”,
the TPM need to support the investment for a saté secure food supply. During
processing, manufacturing, storage or transportafmod products can be heated or
cooled. Therefore, the capacities of one produbetbeated or cooled rapidly need to
be studied. Managing the thermophysical propertes the “system” and
understanding the process of heat and mass transfde the product are challenges
and one of the aspects of the engineering propesfiéoods. Thus, modelling of the
process requires the knowledge of both heat and tnaissfer properties on changes
in volume. This approach is similar for chemicadgucts.
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3. Addressing the societal challenges (Targets)

To address these triggers, targets of thermal ptiepanetrology were discussed and
the short list was limited tfive groups of targets

The targets and triggers are connected hereafoerhighlighting the connections, a
non-exhaustive list of examples was identifiedad®ws:

Energy: (Block 2.1)
New energy sources and improved efficiency of prodtion, conversion
transportation, use and storage:

Thermal management of buildings. Better thermo-physics knowledge should lead to
less energy losses and to waste heat upgrading asiw working fluids for low
temperature power cycles. It will also lead to wpsation of design, control and
process for achieving better efficiencies.

Conventional power plants (either fossil or nuclear fuel): Increasing steam
temperature increases efficiency of generatorsh lpgrformance steel and high
temperature super alloys, welding, soldering, &edmal shielding (including thermal

barrier coating) materials for turbines, water walhd fire walls.

Nuclear fusion: Containment of the plasma, transfer of the heaegged in the walls
to the turbine, knowledge of thermophysical propsrtinder extreme conditions.

Solar: Heat generated from solar radiation, thermal iefficy of absorber materials,
storage media for seasonal changes and night geriodulation and shell of
buildings associated to the radiative aspects asdiype solar gain.

Energy storage: Storage of thermal energy in latent heat storggeems based on the
use of phase change materials (e.g. paraffin waxgdated salts...)Storage of

electricity; Thermal management of batteries in confined envmemt, especially

lithium based in cars, conversion into hydrogenthaee, synthetic gas [7].

Environment: (Blocks 2.2.1, 2.2.2)
Improved understanding of climate change and Wastand CO, management

To underline the ways to investigate, several ®iave been discussed. The main
following topics are presented as example:

Reduction of carbon dioxide emissions:

The reduction of carbon dioxide emissions needgptthrough the design and testing
of new innovative generation of fuels or energydoion, a better control of
industrial waste but also by improving the enerdficiency of processes and
buildings. This is an immediate need, which imples excellence in TPM for
developing reference skills, diagnosis tools appble new advanced technological
materials.
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Low carbon vehicles and Infrastructures;

The “TPM” community should be able to help the aubtive industry for breaking
potential barriers and also for accelerating thesemination of these emerging low
carbon vehicle technologies:
- Improving conversion of chemical energy into mectanvork
- Reducing fuel consumption in cars by using theryngitimised engines
- Investigate higher combustion temperature, less lbsaes, recovering waste
heat using thermal-electric devices...

As a result of this support, the air quality wike bmproved and the dependency
towards fossil fuels will be reduced.

Nuclear:

Next generation of reactors, especially future Higghperature designs, could become
an important low-carbon alternative to fossil fuels a source of process heat.
Furthermore, the waste management issues in tthissinal sector will be around for
a long period, and will continue to require R&D atathnical expertises. Reliable
thermophysical properties data and managementeothttrmal aspects are therefore
crucial for nuclear waste storage and disposal.

Manufacturing/Processing: (Blocks 2.3.1, 2.3.2)
Improved control and efficiency of process and prodction and New materials
and technologies:

Developments are to provide industries with rekatiiermal properties design data
and knowledge of heat transfer in various materigh® objective is to enable them to
optimise their design, control and process, theeefo achieve improved control and
efficiency of process and production, to have imprb efficiency of energy
production, use and storage, and to confidentlyosbdhe newly developed materials
and technologies.

For instance, the implementation of advanced, pigtiermance refractories and
insulation products for high temperatures are dgddar European process industries
to reduce losses of high-quality energy and to kbgvéhermal management systems
in heat-intensive engineering, such as thermal Idhien nuclear and space
applications. It is particularly important for ndvensulations to drive energy

efficiency improvements in the industrial instatet and building sectors to meet
energy directive challenges.

Other examples of awaited developments:
Added value, High performance manufacturing:
- Compatibility between mechanical and thermal properof base materials
and hard layers, e.g. for milling

- Prediction of heat treatment: diffusion, buildinigcoystallites, anisotropy
- Nano technologies, interfaces, surface morpholog@s films.
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Safety/Security: (Block 2.4)
Improved public screening, fire protection and safty monitoring:

Public screening systems:

New screening technologies for screening passengerairport checkpoints are
regularly tested and upgraded. Advanced Imaginghii@ogies (AIT) systems are
now current and more and more widely deployed. Téetinique is considered as a
full-body scanner or a body imaging system.

Nevertheless, this method does not detect eagiipsives. As a consequence a hew
request arising is how to implement technologiesl @nocedures for screening
passengers for explosives. It has been envisagedt tthould be possible to perform
testing and technical assessments on screeningdiegnes or to make modelling
based on thermophysics knowledge.

Fire protection:

With regard to the trigger described 1.4., to immpdat fire protection needs, it is
required to better manage the data on thermo-phlypioperties of materials and
implement or improve reference measurements, mferemethods as well as
standards applied.

Safety monitoring:

Controlling supervision of nuclear power plant sitan be considered as a part of this
field. For instance, the construction of the futtusion reactors or even the different
generation (I to 1V) of fission reactors requirbe development or the improvement
of new structural materials. These materials astesys should be able to bring under
control any damage at elevated temperatures nmeguftom the possible fusion
reaction.

Nuclear decommissioning, Waste management:

In this case, the objective is to support Hazadicgdon. The planned transport and
storage of nuclear waste during current and fudgeommissioning, will require a
very much higher level of traceability and intefoatl infrastructure.
Thermophysical property measurements providing theut data for thermal
modelling (e.g. radiative properties and thermahsport properties of materials for
containers) have to be improved or strengthened.

Health: (Blocks 2.5.1, 2.5.2)
Improved medical treatment and diagnosis + Improvedproduction and quality
control for food;

It has been identified that the contribution to ettér healthcare could consist in

supporting technical realisations or modelling dations of integrated medical
systems or (bio)-systems dedicated to medicinal twachemical industry.
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Medical Area:

- Contributing to strengthen the quality and perfanoea of implants. Successful
industrial competition in this sector requires ghhdegree of quality and high
technical performances. Control of products andgsees through manufacturing
are on the critical path of this need. Knowledgéhef thermophysical parameters
(thermal expansion, thermal behaviour of the malerused...) is therefore
critical.

- Studying physico-chemical properties (temperat@meddency) of living tissues

Better production processesin food or chemical industry:

- Thermophysical data for modelling of chemical swsib, including
thermodynamic data, especially enthalpy of fornratio

- Metrological analysis of ab-initio methods for adkting thermodynamic data
and reactivities - Same approach for semi-empiridhniques or purely
empirical techniques (group contribution theories)

4. Experimental Realization
(Blocks 3.1.1 to 3.4)

Priorities for the experimental realizations torbade are distributed in four families
and listed as follows:

Blocks 3.1.1 and 3.1.2Reference materials completed by reference fsliand
reference procedures / Extension of capabilit@sge and spatial resolution

Blocks 3.2.1 to 3.2.3:Facilities related to PVT properties / Implementaadd
validated computational tools (including database®)ortable sensors for In-situ
measurements

Block 3.3: New measurement facilities for studying heat andssntransfer in
interfacial systems (at micro and nano meter scale)

Block 3.4: Realization for implementing R&D in the field ofrtual human

The development of new steady-state and transietihods at higher temperatures
and also at micro and nano meter scales, the tgbrauncertainty analysis for

transient techniques and the validated heat tramefedels in complex advanced
materials will lead to the extended thermophyspraberties measurement capability
at higher temperatures and also at extended d¢edes macro to nano meter). These
developments will also lead to the developmentestifted reference materials and
new European measurement standards and best prgmtacedures. Certified

reference materials will be needed to provide bty for industries and be used to
calibrate and check the instruments and measureteenhiques used in industries
and academic laboratories. Reference materialsa®@ required to aid in the

investigation of anomalies between reference labdes and different measurement
techniques. They are essential tools to improve@aan equivalence.
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To achieve these goals, it should be necessargvela@p, implement or investigate

[8]:

- Reference materials normally be able to cover mlost of the main quantities
(thermal diffusivity, thermal conductivity, emisgiy, thermal expansion, specific
heat, heat of fusion/transition/reaction, wettinghéaviour, surface tension,
viscosity) under all main critical conditions (teempture, pressure, atmosphere,
size (multi-scales))

- Methods to qualify new measuring techniques (noigentified) and to establish
their traceability

- Methods for modelling thermophysical quantities

5. Metrological Application of Basic Science and Tehnology
(Blocks 4.1.1 to 4.4)

Priorities for the metrological application of basscience and technology are
distributed in four families and listed as follows:

Blocks 4.1.1 and 4.1.2:Steady-state and Transient methods, Uncertainties
Modelling and experimental validations

Blocks 4.2.1 and 4.2.2:Multiple properties at small scales / 3D mapping
thermophysical properties of materials

Block 4.3: Caloric properties of materials

Block 4.4: New techniques for measuring interfacial thernrahsport properties
including contact resistance and effusivity

At high temperatures there is a need to develop maasurement techniques for
thermal transport properties, using both steadiestad transient methods. For
instance, there is currently large scattering ghhiemperature thermal conductivity
measurement data, especially for highly heterogenetaterials [9,10].

Steady-statemethods use a simple principle but require ext#engngineering to

make accurate thermal conductivity measurementseir Tladvantage is that

measurement uncertainty analysis is straight fadwaherefore, steady-state methods
are often used in developing thermal conductivijerence materials to provide
traceability for industries. However, at higher tematures steady-state thermal
conductivity measurements face challenges in natand sensor degradation, and
will require advances in new materials, temperasaresors and also new techniques.

In contrast, thd@ransient methods use relatively simple measurement techriigae
rely on complicated mathematic models. This has ninehat the measurement
uncertainty analysis according to tla&iide for the expression of uncertainty in
measurement (GUM) [12] needs further investigations.

The modelling of heat transfer in various compleatenals in steady-state and
transient conditions also needs to be validate@mxgntally. This would require the
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improvement of both measurement techniques anfuttdamental understanding of
heat transfer in complex materials.

The underpinning metrologies for thermal transpooperties at micro to nano metre
scales are needed to support the R&D and manuilagtaf new high-tech innovative
materials and devices. This includes areas suchthesmoelectric thin films,
photoelectric thin films and thermal and environtaérbarrier coatings. These
technologies are used in waste heat recovery ionaative and space industry, solar
power generation and organic light emitting diodms] turbines in next generation
power plants and clean aviation.

6. Enabling Science and Technology
(Blocks 5.1.1t0 5.2.3)

It should be necessary to strengthen basic knowleddifferent fields of science.

Priorities for enabling Science and Technology distributed in two main families
and listed as follows:

Blocks 5.1.1 to 5.1.3:Thermophysical Properties Metrology including: fgport
properties, Radiative properties, Calorimetry, Tingranalysis and Thermodynamics
/ Material states: solid, liquid, gas; Multiphasejuilibrium & transition; type: bulk,
advanced, multifunctional/smart and interfacial/tayer systems.

Blocks 5.2.1 to 5.2.3Advanced metrology for thermophysical propertigdeiwly
developed advanced materials / Fundamental unddistpof heat and mass transfer
at multiple scales. Advances in technology areeasingly dependent on micro and
nanoscale engineering from simple thin-film coating highly complex, nano-
structured systems. For many such applicationsrthleperformance is an essential
component. However, thermal transport on thesetleagales is poorly understood
due to the substantial challenge of measuring th@asfer with sufficient resolution.
Furthermore, it is noticed that the advance of rnitaér measurements at higher
temperatures requires newly developed advancednaacomposites, alloys and
specific temperature sensors or instrumentatiore flimdamental understanding of
heat transfer in highly complex or porous matefiallk material) and at their
boundaries (interfaces) is vital when comparingritiaphysical properties data
measured using different measurement techniques.

7. Conclusions

The outcomes of the roadmapping exercise wereetttifg the current state of art and
the future developments in thermophysical propentetrology field. To achieve all
the identified objectives would require the colledton and also cooperation in the
wider international community. It is anticipatedaththis roadmap will become a
useful tool for demonstrating need and rationalef@iother research in the field of
thermophysical properties metrology development anetrology infrastructure,
wherever justifications are needed at national amgrnational levels. These
proposals on the direction of future thermophysipedperties metrology will, if
implemented, address the issues.
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Appendix 1

(see Roadmap of Euramet TCT_Thermophysical Preseni1.pdf)
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