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Abstract
Thermal metrology primarily responds to three needs [1]. The first is mastery
of manufacturing process in which a monitoring or an automated control solution
is needed. The second is to highlight thermal effects in a system for which there is
no obvious numerical solution (local heat transfers in huge system). The third
responds to the evaluation of thermo-physical properties of materials and interfaces
needs in order to know and to improve materials. This evaluation can add new
fields of knowledge to numerical modeling of complex systems. The quantitative
thermal analysis falls into this last category.

Introduction to thermal metrology
Thermal metrology is based on the exploitation of measurable physical quantities,
i.e. temperature and heat flux, respectively expressed as kelvin (K) and watt (W)
in the international system of units. In addition to temperature and heat flux, two
others groups of physical quantities are defined: physical quantities linked to the
material itself and physical quantities linked to its interface with environment or
surrounding objects. Only temperature and heat flux can be directly measured via
thermal sensors. Evaluation of others physical quantities needs to master the
resolution of inverse problems.
Thermal analysis methods of thermo-physical properties of materials have the
same basic protocol. First, temperatures and/or heat flux are measured with
thermal sensors. Then, one or several thermophysical properties (e.g. thermal
conductivity) associated with studied material are evaluated via the use of
mathematical formalisms [2]. Finally, several thermophysical properties may be
seen from previous ones (e.g. water content given by thermal effusivity [3]).
Solid, granular, liquid, gaseous or whether phase change materials (PCM) [4] can
be studied.
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Table 1. Example of several physical parameters that can be determined from thermal analysis

Physical parameters

Determined by...
Direct measure- The resolution of an inment
verse problem

Temperature

x

Heat flux

x

Thermal conductivity

x

Thermal diffusivity

x

Thermal effusivity

x

Evaluation through others physical parameters

Specific heat

x

density

x

Water content

x

Convection coefficient

x

Contact thermal resistance

x

Surface radiative characteristics

x

Enthalpy

x

Viscosity

x

Porosity

x

Table 1 is given for a single material, but thermal methods can be extended to
composite materials. It may be possible to have global information of a system
while generally the purpose is to highlight the presence of thermal resistance inside the medium (e.g. poor adherence [5] or cracks). There are a lot of thermal
methods because these cover a wide field of analysis :
destructive (probes [6]) or non-destructive methods (infrared thermography, IRT [7]),
local (studies on micro and nano-components [8]) or huge areas can be
investigated (thermal Doppler for atmosphere analysis [9]),
monitoring over time [10],
methods can be used on laboratory or on site [11].
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With regards to positive points, it should be pointed out that thermal methods
are very widely used, adapted to many materials and have applications on site.
The significant presence of these methods also involves the existence of a wide
variety of sensors to meet the most varied individual needs and budgets.
However, although thermal methods are widely used, these have some limits.
Disadvantages are related to the used of specific thermal method but it exists a
common denominators:
Thermal methods are usually slow as compared to others mechanical
methods (Thermal diffusion effects),
Absolute accurate temperatures (accuracy of about 50mK) are difficult to
obtain,
Global analysis. It is difficult to link information with a space discretization (anisotropy),
Quantitative analysis usually needs thermal solicitations that can modified thermophysical properties of the medium.
In spite of thermal sensors are steadily improving, heat flux measurement
is still difficult.
To solve these problems, the use of coupled mechanical or optical methods
with thermal method is the usually prescribed solution in order to determine in
particular a thermophysical properties.

Thermal methods and wooden structures
As previously shown, there are a lot of thermal methods and it is not possible to
provide an exhaustive list of them. Therefore, it was focused on thermal methods
suitable for wooden structures. Wood is a porous material with a very complex
microscopic architecture. Thermal methods usually employed consider wood as a
homogeneous medium for a specific direction [12]. If on site applications should
be considered, non-destructive thermal methods (NDTM) have to be retained and
can be active or passive ones. If wooden structures can receive solar radiations
(random solicitations), passive methods should be considered [13]. Out of this
specific context, NDTM have to use artificial thermal solicitations in which a deterministic signal is used. Two kinds of method could be employed on laboratory
or on site : thermal methods with contact and thermal methods without contact.
Thermal methods with contact: Guarded hot plate test (laboratory) [14], hot
wire or hot plane (laboratory) [15] and the combined used of thermocouples and
fluxmeters (laboratory and on site) [16] are widely used.
The principle of the procedure is based on the installation of sensors on the
medium boundaries. Then, thermal solicitation (deterministic signal) creates a disturbance. Thermal sensors measure thermal response of the medium (temperature
variation and/or heat flux). Global thermo-physical properties access (thermal
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conductivity, diffusivity and effusivity) is given by mathematical formalism (resolution of inverse problem) and depends on injected signal (step, sinus, ...).
These methods can be accurate and suitable for small sample with low rugosity
at the sample surface in order to limit thermal contact resistance between sensors
and sample [17].
It is recommended to work with thermal sensors to be able to measure temperature and heat flux with a minimal accuracy of respectively 100 mK and 1 W/m2.
Wood samples have to be adapted to the sensors size. Measurement area of thermocouple is about one square millimeter but fluxmeters (plane sensors) have a
measurement area ranging from 25 cm2 to 400 cm2. Wood samples will usually
have a volume greater than 100 cm3.
On site monitoring is often more difficult than carried out laboratory tests. So,
another interesting recommendation is to create a database of thermo-physical
properties of their own wood samples in order to easily specify limits of thermal
methods carried out on site.
Methods without contact: It is without question that IRT is the predominant
NDTM without contact [18]. It is a well-known method and applications are numerous [19-22], even though wood is often less studied than other building materials because of its complex thermal behavior.
IRT protocol is the same as active thermal methods with contact but instead of
the determination of thermo-physical properties, the first objective is mainly to detect thermal contrast (directly or after image post-processing [23]). In wooden
structures, defects usually detected are void, cracks or moisture [24].
Wood is a material with a low thermal conductivity, so, it is recommended that
thermal solicitations last long enough to have a good thermal diffusion in the medium. For a study on first millimeters of a wooden structure, tests should last
about ten minutes. For a deeper investigation (5 to 6 cm), tests can last more than
two hours. Thermal solicitations have to be low in order to not disturb thermohydro behavior of porous medium [25].

Data analysis
Inverse methods are used to data processing. Numerical method is chosen according to the nature of injected signal and thermo-physical properties or thermal
effect it needs to be determined. There exist temporal methods based on simplified
description of thermal problem to solve (function series decomposition) or spatial
and temporal interpolation (Finite Differences [26] and Finite Elements Methods
[27]). Others methods are based on a frequency description of thermal problem as
thermal quadrupoles methods [28].
Signal-like steps are usually used with temporal description to determined conductivity. To better characterize thermal behavior of wooden structures, more
complex signals (sinus, sweep [29], pseudo-random binary sequence PRBS
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[30],...) are mainly used. Thermal diffusivity and thermal effusivity can be so determined.
There is a good correlation between thermo-physical properties that can be directly identified (conductivity, diffusivity and effusivity) as well as some physical
quantities such as water content [3] or porosity [31,32]. Correlation functions can
be established to link on site measurements and laboratory data.
In summary, thermal methods can be used to determine thermo-physical parameters of wooden structures, other physical quantities (such as water content,
porosity) and defect inside the medium (cracks, voids). Global on site thermal
analysis (IRT) work fine but makes anisotropic properties of wood difficult to
evaluate i.e. thermo-physical properties are known for a specific volume and not
necessarily for a specific direction. Thermal methods are still attractive even in
terms of preliminary structural analysis. However, a precise diagnosis needs association with other NDT methods (e.g. ultrasound [33]). Data fusion is in constant
development and NDT methods collaborations have to be followed with attention.

References
[1]

Degiovanni A., Rémy B., Métrologie thermique : une histoire, un appareil, une application, JITH 2005, Tanger, Maroc (2005)
[2] Brown M.E., Gallagher P.K., Handbook of Thermal Analysis and Calorimetry, Chap1.
Recent advances, techniques and applications of thermal analysis and calorimetry, Elsevier
Science B.V., Vol. 5 (2008)
[3] Antczak E., Chauchois A., Defer D., Duthoit B., Characterisation of the thermal effusivity
of partial saturated soil by the inverse method in frequency domain, Applied Thermal Engineering, Vol. 23, Issue 12 (2003)
[4] Zalewski L., Joulin A., Lassue S., Duthil Y., Rousse D., Experimental study of small-scale
solar wall integrating phase change material, Solar Energy, Vol. 86, Issue 1 (2012)
[5] Berglind H., Dillenz A., Detecting glue deficiency in laminated wood – a thermography
method comparison, NDT & E International, Vol. 36, Issue 6 (2003)
[6] Carpentier O., Defer D., Antczak E., Chartier T., Frequency methods applied to the characterization of the thermophysical properties of a granular material with a cylindrical
probe, International Journal of Thermophysics, Vol. 33, Issue 1 (2012)
[7] Carpentier O., Defer D., Antczak E., Duthoit B., The use of infrared thermography and
GPS topographic surveys to monitor spontaneous combustion of coal tips, Applied Thermal Engineering, Vol. 25, Issue 17-18 (2005)
[8] Hosokawa M., Nogi K., Naito M., and Yokoyama T., Nanoparticle Technology Handbook,
Chapter 6 – Evaluation methods for properties of nanostructured body, Elsevier Science
B.V., (2008)
[9] Clemesha B.R., Martins Jorge M.P.P., Simonich D.M., Batista, A new method for mesuring the Doppler temperature of the atmospheric sodium layer, Advances in Space Research, Vol. 19, Issue 4 (1997)
[10] Keo S.A., Brachelet F., Breaban F., Defer D., Steel detection in reinforced concrete wall
by microwave infrared thermography, NDT & E International, Vol. 62 (2014)
[11] Carpentier O., Brachelet F., Defer D., Aubagnac C., Cannard H., Characterization of defect under waterproofing layer by IR thermography and thermal impedance, NDTCE'09,
Nantes, France (2009)

5

6
[12] Maldague X., Wyckhuyse A., A study of wood inspection by infrared thermography, Part I
and II, Res. Nondestr. Eval, Vol. 13 (2001)
[13] Carpentier O., Defer D., Antczak E., Chauchois A., Duthoit B., In situ thermal properties
characterization using frequential methods, Energy and Buildings, Vol. 40, Issue 3 (2008)
[14] ISO 8302:1991 Thermal insulation -- Determination of steady-state thermal resistance and
related properties -- Guarded hot plate apparatus
[15] ISO 8894-1:2010 Refractory materials -- Determination of thermal conductivity -- Part 1:
Hot-wire methods (cross-array and resistance thermometer)
[16] THERY, P., Fluxmètre calorifique, Brevet ANVAR 1979.
[17] Guo W., Lim J., Bi X., Sokhansanj S., Melin S., Determination of effective thermal conductivity and specific heat capacity of wood pellets, Fuel, Vol. 103 (2013)
[18] Maldague X.P.V., Theory and practise of infrared technology for nondestructive testing,
Jhon Wiley & Sons (2001)
[19] Büyüköztürk O., Taşdemir M.A., Oğuz G., Akkaya Y., Non-destructive Testing Materials
and Structures, Springer, Proceedings of NDTMS, Istanbul, Turkey (2011)
[20] Arndt R.W., Square pulse thermography in frequency domain as adaptation of pulsed
phase thermography for qualitative and quantitative applications in cultural heritage and
civil engineering, Infrared Physics and Technology, Vol. 53 (2010)
[21] Ludwig N., Redaelli V., Rosina E., Augelli F., Moisture detection in wood and plaster by
IR thermography, Infrared Physics and Technology, Vol. 46 (2004)
[22] Kortados, E.Z., Exarchos D.A., Stavrakos C., Moropoulou A., Matika T.E., Infrared thermographic inspection of murals and characterization of degradation in historic monuments, Construction and Building Materials, Vol. 48 (2013)
[23] Du T., Brachelet F., Defer D., Antczak E., Quantitative evaluation of thermal diffusivity
and thickness of mortar cover using induction thermography, Nondestructive Testing of
Materials and Structures RILEM Bookseries, Volume 6 (2013)
[24] Taoukil D., El bouardi A., Sick F., Mimet A., Ezbakhe H., Ajzoul T., Moisture content influence on the thermal conductivity and diffusivity of wood–concrete composite, Construction and Building Materials, Vol. 48 (2013)
[25] Krishnaiah S., Singh D.N. , Determination of influence of various parameters on thermal
properties of soil, International Communication of Heat Mass and Transfer 30 (6) (2003)
[26] Ozisik N., Finite Difference Methods in Heat Transfer, CRC Press (1994)
[27] Lewis R.W., Morgan K., Thomas H.R., Seetharamu K., The Finite Element Method in
Heat Transfer Analysis, Jhon Wiley & Sons (1996)
[28] Maillet D., André S., Batsale J.C., Degiovanni A., Moyne C., Thermal Quadrupoles : Solving the Heat Equation through Integral Transforms, John Wiley & Sons (2000)
[29] Von Seggern D., CRC Standard Curves and Surfaces, Boca Raton, FL: CRC Press (1993)
[30] Mahmoudi Y., Effect of thermal radiation on temperature differential in a porous medium
under local thermal non-equilibrium condition, International Journal of Heat and Mass
Transfer, Vol. 76 (2014)
[31] Lopez G., Basterra L.A., Acuna L., Estimation of wood density using infrared thermography, Construction and building materials, Vol. 42 (2013)
[32] Carpentier O., Antczak E., Brachelet F., Defer D., Descamps T., Van Parys L, Characteristization of density variations of historic timber structure by thermal methods, The 12th
International Conference on Quantitative Infrared Thermography, Bordeaux, France, 2014.
[33] Kandemir-Yucel A., Tavukcuoglu A., E.N. Caner-Saltik, In situ assessment of structural
timber elements of a historic building by infrared thermography and ultrasonic velocity,
Infrared Physics & Technology, Vol, 49, Issue 3 (2007).

6

