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ABSTRACT

Abstract

Troppova E. (2015) Heat transfer in wood and wood-based material®issertation
thesis, Mendel University in Brno.

The main goals of the dissertation thesis werivestigate thermal properties of wood
and wood-based materials using different measuremethods and to study the influence
of specific parameters on the measuring processgsfarthermore, on the thermophysical
parameters in particular cases. This thesis dedls the description of all heat transfer
modes occurring in wooden constructions, as wellwéh laboratory measurements,
theoretical analyses and analysis of the possaslibf in-situ measurement of thermal
behavior of wooden structures. The work is striedunto three themes: a) on the thermal
measurement methods including assessment of tingtations; b) on investigation of
influence of materials” parameters on their thempmaperties and c) on contribution of all
three heat transfer modes - conduction, conveetmhradiation, in studied phenomena.

The experimental part of this study consistewdluation of thermophysical parameters
of materials based on three different methods: hbat-flow meter method, the pulse-
transient method and the quasi-stationary methoithitVthe work the medium density
fiberboards, Lignamon (ammonia-treated compress=tib wood) and insulation wood-
based fiberboards have been studied. For theseiatstehermal conductivity, thermal
diffusivity and specific heat were evaluated depegcn density, moisture content and
temperature.

Furthermore, parametric numerical models wereleyed to study the impact and
limitations of chosen measurement methods on teemal response of each material.
Numerical modeling carried out in computing envirent ANSYS enabled sensitivity
studies of influence of selected parameters on ttitermal response of materials.
Probabilistic numerical analyses served for bothkedfication of the experiments and
assessment of parameters” impact on results. Gbthpdemal-fluid analysis was solved in
ANSYS Flotran software. The contribution of radvatiheat transfer on the final heat flow

through a construction with an air cavity was coteguand compared with experimentally
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measured data. Finally, the temperature distribuitioa wooden construction was studied
with help of infrared thermography.

The results from experiments as well as fromnilnaerical studies showed differences in
thermal properties of modified wood and wood-baseaterials depending on chosen
measurement method and different parameters dumegsuring processes. Nowadays,
there is an increasing demand for low conductiveéeneds having often heterogeneous,
anisotropic and porous structure with hygroscopiaracter and that is why there is a call
for accurate evaluation of their thermal propertighis thesis addresses the call by
providing fundamental knowledge of complex heaindfar in materials and wooden

structures.

Key words: thermal conductivity, thermal diffusivity, specifibeat capacity, pulse-
transient method, quasi-stationary method, heat-fiteter method, numerical simulation,

finite element method (FEM), probabilistic analysis
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Abstrakt

Troppova E. (2015)Sdileni tepla ve gew a materialech na bazirdva“, Disert&ni prace,

Mendelova univerzita v Bin

Hlavnim cilem pedkladané disertai prace bylo stanoveni tepelnych viastnogtive a
materiah na bazi geva pomoci tznych metod r¥eni a posouzeni vlivu vybranych
parametii na procesy ®teni a na samotné stanoveni termofyzikalnich viasindato
prace se dale zabyva popisem sdileni tepla,ésigho moznostmi in-situ giteni tepelnych
ztrat v dewenych konstrukcich. Teze je ragdna do iti témat: a) metody #&iieni tepelnych
vlastnosti materiél a jejich mozna omezeni; b) studium vlivu paraifneta tepelné
vlastnosti materi@t c) pongr jednotlivych slozek sdileni tepla (kondukce, kekee a
radiace) na celkovy tepelny tok.

Experimentalnéast této prace je sloZzena Zieni tepelnych viastnosti matetiggomoci
pulsni transientni metody, quasi-stacionarni metadynetody ndridla tepelného toku.
Hlavnimi metenymi materialy byla stdré hustd devovlaknita deska (MDF), Lignamon
(lisované bukové igvo tepeld upravené pomoci amoniaku) a izola drevovlaknité
desky. Pro tyto materialy byla zj$ta tepelné vodivost, teplotni vodivost &rma tepelna
kapacita v zavislosti na hustpbbsahu vihkosti a tepkat

Pomoci parametrickych numerickych mdddbyl zjiSttn vliv a mozna omezeni
vybranych metod #&feni. Numerické modelovani ve vyminim programu Ansys
Mechanical APDL umoznilo sledovat pomoci citlivdsamalyzy vliv vybranych paramétr
na teplotni odezvu matenal Vysledky pravdpodobnostni analyzy zhodnotily vliv
jednotlivych vstupnich paramétrna n&fené experimentalni hodnoty. Sdruzena uloha
vedeni tepla a proedi tekutiny bylareSena v programu ANSYS Flotran. Podil sdileni
tepla radiaci na celkovy tepelny tok konstrukcivgeluchovou mezerou byl vypen
numericky a porovnan s experimentalnimi hodnotami.

Vysledky ziskané experiment&ni pomoci numerickych analyz, prokazaly rozdily
v tepelnych vlastnostech modifikovanéhiewvh a materiél na bazi deva v zavislosti na
zvolené metodl meteni. V sodasné dob se upednosiiuji materialy s lepSimi izotaimi

vlastnostmi, které s#asto vyznauji vysokou heterogenitou a poérovitostfeBné stanoveni
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jejich tepelnych vlastnosti neni jednoduchou z&efi, jelikoZ jecasto ovlivieno mnoha
faktory. Cilem této prace bylo objasnit sdileni laey €chto materialech aastech
konstrukci obsahujicich studované materialy.

Kli¢ova slova: tepelnd vodivost, teplotni vodivost, éma tepelna kapacita, pulsni-
transientni metoda, quasi-stacionarni metoda, raetadidla tepelného toku, numericka

simulace, metoda koneych prvki (MKP), pravé&podobnostni analyza



TABLE OF CONTENTS

Table of Contents

1. INTRODUCTION ...ttt e et e e e et e e e s et e e s et e e e et e s e aaaseeaan e sstasesstnssarnaessrnaesenan 1
1.1. AAIMS OF THE STUDY ...tttuiiitiieiitieeettieeestteestteeettnseessstesstteestaeestiaeastaeesstseessteesennaeesstnaeesrnnnes 1
1.2. ISy O = =Y = = = 3N 2

2. LITERATURE REVIEW .. .ottt ettt ettt ettt et et e e e e s e s e e e s e b e s e b e s e b e eaaas 4
2.1 THERMAL PROPERTIES MEASUREMENTS OF WOOD AND WOGBASED MATERIALS .....cccvvnieivineennnnn. 4
2.2. HEAT AND MASS TRANSFER IN WOOBBASED ENVELOPES......cuuiiittiiietiereieeeerneersrneesssnneeennnns 11
2.3. HEAT TRANSFER MODELLING AND OPTIMIZATION TASKS INFEM APPLICATIONS.......ccuvevevieeennnnnes 15

3. MATERIAL AND METHODS ...ttt et e e s s s e e s e e e e b e e saa e eaas 17
3.1 HEAT FLOW METER METHOD....uuitttuttttneeittneeetieesstseestssesssseesstsesstiessttsessttieesstieessnseersnnes 17
3.2. QUASI-STATIONARY MEASURING METHOD.....ccuutuuieeeeeettiieeeeeennaeeeeesstnnaaaaasesesnnnnseeesssnnneeesessnnns 19
3.3. PULSE TRANSIENT METHOD. ... ittuuiiitteetttestttessttneesttneestiaesssssessraesstessteesstnsestresstseeeranns 20
3.4. INFRARED THERMOGRAPHY. .. citttetitteettteeettteeeetteesttneesstaeesssanesstaesstaesstaeesstaneestareestnseeernnns 23
3.5. NUMERICAL MODELING IN ANSY S SOFTWARE. ......ccittiieitiieeitiieeetieeeisieeesteeersnsesssniesssneessnneees 24

N N =1 = S PO 21.
4.1. TN (0] 18 o T TP 28
4.2. MATERIAL AND IMETHODS .1 iiitttiiitieiiie ettt e st e e et e e st eesea e s sba e s sba e s s bbeessbaeasabaeesstnsesennnns 29
4.3. RESULTS ANDDISCUSSION. .. .cttutiiitieeiite ettt es et e e st e e et eeres e s st e s st e s sbaeessbeesatneesstnseeesnnns 32
4.4, CONCLUSIONS. .ttt ettt ettt e e eet e eet s e e et s e e et teeeaattes st eee st taestneestnesssnsaresnerennnsresstnresstnsersnnrens 35
4.5, = = = N = TSNP 35

LT = Y ol o B | 38.
5.1. TN (0] 18 o T TP 39
5.2. MATERIAL AND IMETHODS .11t iiittiiitieiite ettt e sttt e et e e et eesea e s st e s sba e e s bbeessbneesatneesstnsesennnns 40

5.2.1. Experimental measurement of thermal propertiesguia quasi-stationary method.............. 41

5.2.2.  Numerical simulation and parametriC StUAY .. oo .eeeieiiiiciiiiiiiiireee e e eerrreee e eneees 44
5.3. RESULTS ANDDISCUSSION. . .cuuittiietieeieeitteeieeaeet e eet e ssesesaa e et sanresasasssasetnsransesnerensesrsennnss 46
5.4. (000 ] N (1 IS 0] £ N 51
5.5. L = = T = N =N 53

(ST = AN o = o B 1 1 PP 51.
6.1. INTRODUGCTION. ¢ttt tettteeetteeetteeeeteeeeteeset e s eaaaaeesstasesatnesasnerstnesasaesssaesssansensnnersnnsersnnaerenn 58

6.2. MATERIAL AND IMETHODS ... iittiiiiiieieteeetie e sttt eesttee s beeesesa et ssaesstaessbaeessteesstneesstnresennnns 59



TABLE OF CONTENTS

6.2.1. The pulse-transient MENOU ............coi it 60
6.2.2. Numerical simulation and probabiliStic StUAY eeeae..cooooiiiiii e, 63
6.3. (ST S TR 64
6.4. (000 N[0 I U= [ N P 69
6.5. = = = N =TSP 71
7. [ ot Y 37
7.1. INTRODUGCTION. 111t etttteettee et eetet e e eet e e s et e s eaaeee s st ee s st e s et e s aaaesasaesasaessbaassenssnessnnsersnnaeseen 74
7.2. MATERIAL AND IV ETHODS ... ittitiiiitietee it et e et e et e sat e e aaeseaae e et e saaeesa s st s saeetassansesnsessessnsennnns 76
7.3. RESULTS ANDDISCUSSION. .. .cttutiiiiieiitie ettt es et e et e e et seresa e s s b e s st e s sbbeessbneesatneesstnsesennnns 78
7.4. (000 N[0 U= 0] L= TR 82
7.5. = = = N = TR SRUPP 83
8. g o ot LY 2 TR 86
8.1. MATERIAL AND IV ETHODS ... ituitiiiitietee it ettt e e sat e s eaesesae e st e satsesa s st ssbaetassansesnesessesrnsennnss 86
8.2. RESULTS ANDDISCUSSION. ... ctuiittiittietieeitieeteeteetaeretesssisesaeeetaesantesnessteessestaesansesneressesrnresnnns 88
8.3. (000 N[0 I U S 0] L= TSRO 89
8.4. [ = = N =T 89
9. L ot Y 90.
9.1. TN 10 ] 016 o T ] 91
9.2. MATERIAL AND METHODS 11uittiiitniitteit ettt eestiestessaestessssesanssssestsssnsetaessntessiesteersseetaersaernnsees 92
9.2.1. EXperimental MEASUIEIMENT........uuuuiei i icceeeeerrttettiaes s e e s e e eeeeeeaaeteeeeeessrereeeeaeessesrennennnaanas 92
9.2.2.  NUMEICAI @NAIYSIS.....cceeieiiiiiiiie e eeeeee et e e e e e e e e e e e e e e s s sanner e e e aeeaessesannenrerreeeees 94
9.3. (=] S T 97
9.4. (670 N[0 I U= o] N N 101
9.5. L= = = N =TS 102
O TR = A o Y T 105
0 5 A 1 N = Lo 1T 1[0 ] PP 106
10.2.  MATERIAL AND IVIETHODS ..uuuiitttieittieittieeettsesetseset e s saatesessta e sata e saan e ssatessansesernesssnnanans 107
O TR T =51 U [ = PP RPN 111
0 2 @ro | N[l I U 1] [ ] N PP POTPPRT 116
IR T === = N L d = TN 118
I T X @ 1\ V[ LU 1] (@] N TR 121
12, REFERENCES ... oottt e e ettt et e et e e e e e e et e e se b e e e aaa s s saas s e sabnsasbbneestbnsesaannes 124

13, ANNEXES ... 136



TABLE OF CONTENTS

13.1.
13.2.
13.3.
13.4.

AINNEX L. ittt ettt e ea e s e e e e e e e e e et e et e et ee e e e ae bbb bbb e e e e e e e e e aeeaeneenee 137
AANINEX 2. ettt e e e et e e e teeaaaa e s e e e e e e e ee et e et eeeee e e e e e e b b h b b e e e e e e e e e e e aeeaaneenee 141
AININEX 3.ttt e e e e et e e e eeeeaea e s s e e e e e e e e e et e et ee et e e e e e e e bbb b b e e e e e e e e e e e aeeaaneeree 142
ANNEX . .ttt ettt ettt e et esen e st e e ah bt e e es bt e e eh bt e e aR bt e e e bt e e e bt e e aee e R be e e anbeeeanteeeanreeeanees 144



LIST OF FIGURES

List of Figures

Material and methods
Fig 1. Scheme of the RT-Lab device based on pulse tmansiethod (Boh&et al., 2012)

.................................................................................................................................... 21
Fig 2. Criteria of the ideal modeld(— thickness [m];W — width [m]; t,us — pulse
duration[s];tmaxtime of the measurement [S]).........oooii e 1.2
Paper I.

Paper I. Fig 1 Scheme of the apparatus ..........cccccoiieeememmeeieunnmiimiiiiiiiiienienn. 31
Paper I. Fig 2 The temperature increase between central sampgesrded by a
10T pTeTolo TU] ] [ 31

Paper I. Fig 3 Average density profiles of all samples (mean ficiehts of variation in %:
Lignamon 6k- 1.8; Lignamon 7n- 3.4; Lignamon 243;2.ignamon 25- 2.8; UB- 1.6).....32
Paper |. Fig 4 Microstructure pictures of untreated beech wood tfoe left side) and
Lignamon (on the right side); magnification of amgmately 100X..............cceeeeeeeenen. 32.
Paper I. Fig 5 Dependence of thermal properties on material dessitop: thermal
conductivity dependence (W.m™.K™); middle: thermal diffusivity dependenca [m?.s

); bottom: specific heat capacity dependence (@EIK™ ] .....coovoeeoeecieeeeee e, 34
Paper II.

Paper Il. Fig 1 Microstructure pictures of MDF surfaces in the diren parallel to the
plane (left image) and perpendicular to the plaigh{image)...........ccceeeeeiiiiiiiiiiiiiceeee 41
Paper II. Fig 2 Scheme of the experimental device with flow di@tt(adopted from
Hréka 2010; TroppoVa et al., 2013) ...........ommmmeeeeeeeeeeessesnneeeeereeeeessssnnsneeneeesssnnnenees 42
Paper Il. Fig 3 The temperature response recorded between middigples by a
thermocouple in the center with a detailed lineat pf the curve.........ccccoovvvviviiiiiiiceen. 42

Paper Il. Fig 4 Results of numerical solution for the case of 00200 x 18 mm
specimens; a) comparison of numerical and expetahégmperature increase in time for
both thermocouples, b) first and second derivatioime temperature curve...................... 49
Paper Il. Fig 5 Results of numerical solution for the case of 30xx 18 mm specimens;
a) comparison of numerical and experimental tentipezaincrease in time for both

thermocouples, b) first and second derivation eftémperature curve.......................49...
Paper Il. Fig 6 Numerical results of the temperature field at ¢inel of the measurement
for MDF samples with dimensions 50 x 50 mm (leftiyd.00 x 100 mm (right) ............... 50
Paper Il

Paper lll. Figure 1 Scheme of the measured set-up composed of threleé $pecimens
With different thiCKNESSES ........uvviiii e e e e eeaaees 61
Paper lll. Figure 2 Opened chamber of RT-Lab device based on pulssiratrmethod 62
Paper lll. Figure 3 Description of the typical temperature responsthefmaterial on the
REAL PUISE ...t a e e e e e e e e e e e e e e 64



LIST OF FIGURES

Paper Ill. Figure 4 Average density profiles of all MDF samples with)y 12 mm

thickness; b) 18 MM thiCKNESS ......uuuiiiiiccceeee 65
Paper Ill. Figure 5 Experimental and numerical data showing the agee¢ of both
methods in description of the temperature respohB&MA on the heat pulse................ 66
Paper Ill. Figure 6 Temperature response of MDF samples with dimessk@nx 50 mm

= g o I 010 Q0 010 N o 1o PSRRI 68
Paper IV.

Paper IV. Fig 1 Heatflow measurement setup for the tested insuldibreboards........... 77

Paper IV. Fig 2 Insulation fibreboard thermal conductivity as tethto temperature, at
different moisture contents of the boards: a) a¥sn b) 2.58%, c) 7.41%, d) 14.29% .....79
Paper IV. Fig 3 Sorption isotherms [(a) adsorption and (b) desmmptaccording to the H-

L I L0 =T = | 2 0 R PP 82
Paper IV.a

Paper IV.a Figure 1 Sorption isotherms of material 6 ((a) adsorpti@), desorption)
according to the single-hydrate H-H model and Deatlel ... 88
Paper IV.a Figure 2 Adsorption (a) and desorption (b) isotherms of tbial sorption
(material 1-5) according to the H-H and Dent model..............ccccvvvvvviviiiiiviiininienenn. 89
Paper V.

Paper V. Figure 1 The composition of measured samples; left: withaluminium foils
(¢=0.9), right: with aluminium foils on inner surfac@=0.3).............cuvvrrrrrrrrrererenenennnns 93.
Paper V. Figure 2 Setup of the heat flow meter measurement (addpbed Troppova et
Ale, 2004 oo —— et e e e e e et — e te e e e e e e annnn——eeeeeaa e nranrreaeeeaeananns 94
Paper V. Figure 3Boundary conditions applied to the model...ce.covveviieieiiiiiinnnnnnne, 96
Paper V. Figure 4 Experimentally obtained thermal transmittance @aléor a structure
with different air gap thicknesses at downward Hgat................cccoevvviiiiiiiiiiniees s 98
Paper V. Figure 5 Comparison of experimentally and numerically ckdted total heat
flux values fOr CASES 1 ANd 2. .........oeiiceeimiriiiee e 99
Paper V. Figure 6 The average air velocity [m‘bwithin the enclosure at 20 mm thickness
fOr All COMPULET CASES....uuuimmmmmmm e e e e e e e e e eseerse e aannnnannnes 100
Paper V. Figure 7 Comparison of heat flux values of cases 2 and #hiokness range of
the ENCIOSUIE 1-3 MM ...uuiiiiiiieiiiiiie e e e e e e e e e e e e e e e eeaae e e e e e e e eenennnnnns 101
Paper VI.

Paper VI. Figure 1 Calculated constructional part with connection akding beam and a
WOOdEN NOMZONTAI DEAIM ......uuiiiiiiiiiiit s e 107



LIST OF FIGURES

Paper VI. Figure 2 Description of the wall structure (a- “ideal” segmheof the
construction, b- a segment with the thermal bridgeyl the calculation of equivalent
thermal conductivity COEffICIENT ........oviiieeeeie 108
Paper VI. Figure 3 Calculation method of linearyf and point ¢) thermal transmittance
(S0 20 0 12t It 2 00 SRR 109
Paper VI. Figure 4 a) linear thermal bridges on the enclosure walpdint thermal bridge
(o] 1 gL o =T 10T F PP PP PPPPPPPPP 111
Paper VI. Figure 5 A picture of the temperature field of a) a conimtbetween a ceiling
panel and the enclosure wall (LI01- point thernadidpe, L102- linear thermal bridge) b) a

corner connection (LIO1- point thermal bridge, LiGiRear thermal bridges) ................. 112
Paper VI. Figure 6 Temperature behaviour in a part of the thermaldai(LI01) and in
the “ideal” part of the construction (L102) — (redd to Figure 6a)...........cccccccvvvnnnnnnn. 112
Paper VI. Figure 7 The histogram of the line LIO1 - (related to Fig@b)..................... 113
Paper VI. Figure 8 Constructions with the regularly repeating eleragn) the enclosure
wall, b) the ceiling panel ... 114

Paper VI. Figure 9 Numerical model of the whole construction for cétion of L°°...115



LIST OF TABLES

List of Tables

Material and methods

Table 1 Experimental set-up for some measured materid dtab device .................... 21
Paper I.

Paper I. Table 1Mean Properties of Samples Measured in the Radiaggential Direction
.................................................................................................................................... 33
Paper II.

Paper II. Table 1 Description of the computed output parameterS...............vevevevenennnns 46
Paper Il. Table 2 Mean thermal properties of MDF samples measurethendirection
perpendicular (across) the PlANE ... 47
Paper II. Table 3 Mean values of MDF thermal properties... cvernnnnnnnnnnn 47
Paper Il. Table 4 Matrix of correlation coefficients based on ANS\tﬁSobablllstlc
ANAIYSES .. 51
Paper Il

Paper Ill. Table 1 Mean thermal properties of MDF samples measur@)dt (values in
brackets mean variation COeffiCient [90]) ....ccceeeiiiiiiiiiiiiiiii 65
Paper Ill. Table 2 Correlation coefficients between parameters.. . ...evvveveverieenen.... 68
Paper IV.

Paper IV. Table 1 Mean values for experimentally derived EMC at wasi levels of RH
for insulation fibreboards (coefficient of variatiin parentheses).............ceevvvveeeviinnne 81
Paper IV. Table 2 Constants calculated for the H-H adsorption iswtise....................... 81
Paper IV.a

Paper IV.a Table 1Description of measured insulation fiberboards............ccccceeeeeen. 87
Paper V.

Paper V. Table 1Physical properties of non-fluid and fluid matésiased in the model .95
Paper V. Table 2Differences between computed cases . .97
Paper V. Table 3Experimental effective thermal conductlwty valu‘es system Wlth air
(6= 10U PPPTRUPPPTN 98
Paper VI.

Paper VI. Table 1lsotropic material properties of the constructiqreats ..................... 108



LIST OF TABLES

Paper VI. Table 2 The load conditions used in a calculation andraerical model (based
ONCSN 730540-3) ...t ete st eeeee et eete et e eteetesteeteete et ete e essessesennasessearesreses 110
Paper VI. Table 3Results of calculations evaluated by the two difé methods ......... 113
Paper VI. Table 4Results of lineanf) and point ) thermal transmittances.................. 115



LIST OF ABBREVIATIONS

List of Abbreviations

APDL ANSYS parametric design language
BET Brunauer-Emmett-Teller theory
CFD computational fluid dynamics
EMC equilibrium moisture content
FE finite element

FEM finite element method

FVM finite volume method

GPH guarded hot plate method
HAM heat, air and moisture transfer
HFM heat flow meter method

H-H Hailwood Horrobin model

IR infrared camera

LFA laser flash method

MC moisture content

MDF medium density fiberboard
MTI multilayer thermal insulation
RH relative humidity

PDS probabilistic design system
PMMA polymethyl methacrylate

TPS transient plane source method
VDP vertical density profile

Specific symbols and Greek symbols are listed mewclatures of papers.



INTRODUCTION

1. Introduction

Thermal properties of wood and wood based nasgpiay an important role in variety of
heat transfer phenomena. A general need existsottelnheat transfer processes in such
materials. The nowadays preferred materials indingl industry are mostly composite
materials with homogenized structure and improveztimnical and thermal properties.
Many modification processes have been employed théhpurpose to improve the natural
properties of wood. Despite wide research in th@d, thermal properties of wood and
other composite materials with fibrous structure atill affected by temperature and
changes in moisture content. The heterogeneitypsitgr and anisotropy together with
hygroscopic character play also an important nolledat transfer through the materials.

The development of measuring methods enabled @rerate assessment of thermal
parameters and verification of theoretical heahsfer models of new materials. The
fundamental stationary methods compete with quiaksient measurements which enable
determination of a full set of thermophysical paesens within one measuring process.
Those methods are validated for most isotropic |stabaterials. The measurement of
materials with heterogeneous structure or anisargpoperties highly dependent on
moisture content and density is challenging as iinfluenced by variety of parameters.
This dissertation thesis deal with this topic adl &e with the general description of heat

transferred through wood and selected wood baséeriala.

1.1. Aims of the study
The main aims of the thesis were as follows:
- to investigate thermal properties of wood (beecldvand Lignamon) and selected
wood based materials (medium density fiberboard lamd density fiberboards)
based on different measuring methods (quasi-statyorpulse transient and heat

flow meter method)

- to study influence of specific parameters (e.g.sdgnof samples, heat transfer
coefficient, ambient temperature) on the measupraresses as well as on the

thermal properties by using numerical methods
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- to describe all heat transfer modes (conductionyection and radiation) in a wood-
based part of a construction (e.g. a structure csey of insulation fibreboards and

a horizontal air cavity)

1.2. List of papers

This doctoral thesis is a summary of the followpapers:

Paper I.
Troppova E, Tippner J, Kka R, Halachan P (2013Quasi-stationary
measurements of Lignamon thermal propertiasResources 8(4): 6288-6296.
Paper II.
Troppova E, Tippner J, Bka R (2015)Thermophysical properties of medium
density fiberboards measured by quasi-statiomaeghod: experimental and
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2. Literature review

2.1. Thermal properties measurements of wood and wood-lsed

materials

The knowledge of temperature field in a measurachpde is a fundamental of all
measuring methods dealing with thermal propertiegluation. The temperature
distribution in a specimen is a solution of a difetial equation in a shape depending on
the heat source (Krempasky, 1969). Based on thet skape of the equation, the solution
may stay unchanged within time or may change iretiifhe measuring methods can be
divided into two basic groups based on the timeivdave of temperature. Stable
distribution of materials” temperature is requiredsteady-state techniques. The accurate
measurement of the temperature difference is plesafter reaching thermal equilibrium.
There are some effects affecting the accuracyeadst-state measurements: the influence
of heat losses from a sample to the surrounding®; &ccuracy in temperature
measurement, and the influence of thermal contesittance. The heat flux entering a
sample must be uniaxial, thus the heat losses dhmiminimized in the radial direction.
The heat losses to the surroundings are desirat#Bnbinate when specimens with higher
sizes at high temperature gradients are measuhedu3age of insulation around a sample
or a "guard” with a controlled identical tempera&ugradient minimizes the radial heat
flow. Such an arrangement is utilized in guardedl piate (GHP) and heat flow meter
(HFM) measuring techniques. The GHP is an absohg@surement method which requires
no calibration standards. Its principle is to refuee the uniform, unidirectional and
constant heat flux coming through a homogenouse pgecimen (Dubois and Lebeau,
2013). The two samples are placed between an iekbtrtempered hot and a cold plate,
both maintained at different temperatures. The tesipated by the Joule effect in the hot
plate enters the sample, but it is distributed aBsckwards and laterally to the edges of the
specimen. Therefore, rear and lateral insulatiors @ecessary. This technique for
measuring the thermal conductivities of insulatioaterials has been known in various
forms since 1898 (Salmon, 2001). Nowadays, the Ghdthod is documented in the
standard 1SO 8302:1991. The HFM method is basetheranalogous principals as the
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GHP method. A specimen is placed between a hotaandld plate and the heat flow
created by the defined temperature difference @soned with a heat flux sensor. Thermal
conductivity is calculated once the equilibriunteria are met. Contrary to GHP, the HFM
device has to be calibrated with a certified rafeeestandard material of known thermal
conductivity. The use of HFM method to measurestieady-state heat transfer through flat
slab specimens is introduced in the standard 1S01:8%891. The conductivity range of the
HFM and the GHP methods is between 0.001-1 YWil. Both mentioned methods are
absolute processes, as the heat flux is measurettldi Indirect heat flux measurement is
termed comparative method. The comparative cutdxdmique is a widely used steady-
state method for the measurement of (axial) thewnaductivity of solids (Xing et al.,
2014). In this technique, the sample is placed betwtwo reference materials of known
thermal conductivity. One-dimensional Fourier’'s l@wvapplied to calculate the thermal
conductivity of an unknown specimen by comparing tlespective thermal gradients
inversely proportional to conductivities of a refece and a measured material. Naturally,
many other measuring methods exist (as e.g. thevinetmethod or probe methods), but
are rather limited in use for anisotropic and hegeneous materials. Generally, many
authors dealt with the thermal conductivity evalatof wood and wood-based materials
using one of the stationary techniques, as theyctassical and precise methods for
measuring thermal properties. Zarr et al. (199%duthe guarded hot plate method to
measure thermal conductivity of fiberboards (dgn$$B0 kg.nt) at a temperature
difference of 10°C. The effect of density, moistamntent (MC) and temperature on the
thermal conductivity of Scots pine, birch and largbod measured by heat flow meter
technique was determined by Yu et al. (2011). Tla¢nomoperties of wood-based panels
composed of plywood and low density fiberboard wereasured at heat flow meter
apparatus by mean temperature of 20°C (Kawasakikawlai, 2006). Manohar et al.
(2005) measured thermal conductivity across thedmp@in on 11 wood species with
different densities using the guarded hot platehoukt The thermal conductivity of wood
floorings strongly related to their densities wasasured by Seo et al. (2011) following the
guarded hot plate method. The hot wire method wsed uo determine the thermal

conductivity of different types of wood (beech, pdik, Scots pine and chestnut) with
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respect to the direction of grain angle (Yapicakf 2011). The measurement precision is
about 5% when using the hot wire method to estalthermal conductivity of beech, fir
and pine wood (Dindar et al., 2012).

The transient (non-stationary) methods are basectcording the temperature changes
occurring during the measurement. The time of eaehsurement is shorter compared to
stationary methods, which is one of the advantagitgshree thermal parameters (thermal
conductivity, thermal diffusivity and specific hezpacity) are possible to calculate within
one measurement when density of a sample is kndvamsient techniques are obviously
used to examine the sensitivity of thermal pararsetan specific variables as e.g.
temperature, moisture content, pressure, density, & well as stationary methods,
transient techniques are also affected by variaowfs. The ideal thermal contact between
samples and the capacity of heat source shouldenoeglected. Temperature as a function
of time is acquired and then mathematically analytrereach thermal parameters. During
the measurement, a heat pulse passes through tasured sample and the thermal
response is recorded by a sensor. Some of theigmingmieasuring techniques enable
measurement of all three thermal properties fropo@enic to high temperatures and at
different ambient environments (air, vacuum or otpases). The transient plane source
method (TPS) covers a thermal conductivity rangeatoleast 0.01-500 W.iK™ to test
both isotropic and anisotropic materials, in comupte with ISO 22007-2 (Gustavsson,
1991). The TPS method is based on recording th@deature increase caused by the
constant heat coming through a heat source (ethginadouble nickel spiral sandwiched
between two layers of Kapton). Two samples of thmes material are located in contact
with the two faces of the sensor (Almanza et @04). The size of the probe has to be
chosen as large as possible to obtain relevantwdgtaminimum disturbance induced by
structural heterogeneities of wood (e.g. annualgrorings, differences of densities
between earlywood and latewood). Dupleix et al1@0studied the transverse (radial and
tangential) thermal parameters of the green wootbaf wood species (beech, birch, fir
and spruce) at moisture content around the fibera@on point using the TPS method.

Another transient method is the laser flash netitad-A). LFA, developed by Parker et

al. (1961); it is composed of a laser which helaésdpecimen from the bottom side and a
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sensor placed on the upper side of the specimedeteicting the temperature rise in time.
Harada et al. (1998) used the LFA method to meathar@nal constants of different wood
species at high temperatures and under vacuumtmorglio investigate thermal behavior
of wood during the heating process. The thermdusiiity of commercially available
MDF with different moisture contents was investeghtt a temperature range of 25-150°C
using the light flash system (Zhou et al., 2013).

A special case of a transient measurement, cdiledjwasi-stationary method, is hamed
after a linear part of a temperature increase rnmetiThe quasi-stationary method was
developed at the Technical University in Zvolen Afpa et al., 1997) and utilizes
knowledge from previously published methods devedbpy Clarke and Kingston (1950)
and Kirsher and Esdorn (1954). Thermal parametedensified ammonia-treated wood
(called Lignamon) related to density values wenreegtigated by Troppova et al. (2013),
see Paper |. Hka and Babiak (2012) compared thermal propertiemsbfwood measured
using a device based on the hot-wire method withtgrobe and using a device based on
the quasi-stationary method.

There are still other contact transient methodsiéasure thermal parameters of wood-
based materials. A device based on the pulse émansiethod was developed by the Slovak
Academy of Sciences. The principle of the pulsensient method is based on the
monitoring of temperature inside the specimen whglheated by heat pulse generated
using the planar heat source (Kidii et al., 2005). The thermocouple measures the
temperature response. All three thermal propediespossible to investigate according to
parameters of the temperature recording (a valueeomaximal temperature response and
time when it reaches its maximal value). Kidlsiand Boh& (2002) compared the pulse
transient and the stepwise transient method. Thimtien was up to 10% when measuring
isotropic materials.

The correct evaluation of thermal conductivityofsen an object of discussion as each
measuring method is limited in a principle (Asdruled al., 2010). Almanza et al. (2004)
stated that the values of thermal conductivity mid by the transient method are
approximately 20% higher than those given by héstionary method. The temperature
gap between the HFM surfaces and those of the sapmpbably lead to the reduction of
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the heat transferred by the conduction. When anthegradient is applied to a moist
sample, the redistribution of moisture comes onctvhmakes the stationary method
inappropriate for the thermal measurement (TenWeldal., 1988). Yu et al. (2011) used
heat flow meter method technique to measure ovewiyd specimens and the transient
plane source technique for moist samples. The tnaasfer quantified by a steady-state
technique includes not only equivalent conductionwection-radiation transfer but also
heat transferred via moisture movement in the ratevhich is significant especially
during the initial stages of the moisture redisttibn process (Bomberg and Shirtliffe,
1978).Sonderegger et al. (2011) measured thermal comityadf spruce and beech wood
at different temperatures (10-40°C) and moistureters (9-19% of MC) by using the
HFM method. The heat transfer due to the moistustildution is not discussed in the
work. Methods based on transient heat transfer havedtemfmal of direct determining not
only thermal conductivity but also thermal diffusyvof moist material, but the accuracy is
not as high as by steady-state methods applied/tmdterial (Mohesnin, 1980).
Thermophysical properties (thermal conductivity aliffusivity, heat capacity, thermal
expansion and thermal radiative properties) areen@tproperties affecting the transfer
and storage of heat. The important factors inflimnt¢hese thermophysical properties of
wood and wood based materials are: wood specigssitde moisture content (MC),
anisotropy, grain inclination and the relation @gple thickness to moisture content
(Suleiman et al.,, 1999). Due to the anisotropicureatof wood, there is a direction
dependency of thermal conductivity in both hard aadt woods (Steinhagen 1977).
Thermal conductivity in the longitudinal directigparallel to the grain) is greater than
conductivity in the transverse direction (Suleimainal., 1999). The ratio of thermal
conductivity values of longitudinal to radial ditexm is 2.4, longitudinal to tangential 2.6
and radial to tangential 1.1 for elm wood ¢kix and Kurjatko, 2006). Hankalin et al.
(2009) concluded that thermal conductivity of wandhe grain direction is 1.5-2.7 times
the conductivity perpendicular to the grain diresti The thermal conductivity of
softwoods is 2.16 times greater along the graim tinathe tangential direction and 1.36
times greater than in the radial direction (Leoralet 2000). Suleiman (2011) mentioned

that measurements of wood thermal conductivity sation of phase morphology (grain
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size and orientation) indicate preferential heatdemtion along the conduction chain of
grains. Grgnli (1996) reported that thermal conighitgtis higher along the wood grain
orientation and resistance to gas transport indhisction is several orders of magnitude
lower. Thermal conductivity at moisture contentdvelfiber saturation point is in the radial
direction about 1.5 to 2.5 times lower than in téwegential direction for softwood species
and 1.5 times lower for hardwood species (Gu, 20¥Hpici et al. (2011) stated that
differences between thermal conductivities measyadhllel to the grain and in the
perpendicular direction are negligible in companisdath other influencing factors such as
density or the chemical composition which is intcary to the general expectations.
Specific heat capacity is as a scalar quantity peddent on the anatomical direction
(Hr¢ka and Kurjatko, 2006). Simpson and TenWolde (198pdrted that the specific heat
capacity of wood depends on the temperature andtamei content, but it is practically
independent on density and species. A linear ozlahip between wood thermal
conductivity and density based on guarded hot pla¢@asurements was found by Van
Dusen (1920). The change of wood density causesaage of content of the separate
anatomical and chemical components of the woodwluch the thermal conductivity is
different (Deltiski, 2013). The linear relation eten the conductivity and density and also
between the conductivity and moisture content wasgd based on an investigation of
over 100 species explored by Rowley (1933). MacL@®41) found the direct proportion
between thermal conductivity and specific gravithen testing 32 wood species with
different densities and moisture contents. Wang4a8d0), Siau (1984) and Rice and
Shephard (2004) reported a consistent relationsiegpveen thermal conductivity and
specific gravity. The effect of specific gravity ynae related to the porosity of wood, as
wood transfers heat by convection and conductioal,(R009). Venkateswaran (1974)
mentioned that the variation in the chemical congmis of wood results in the variation of
thermal conductivities. Generally, the thermal agettvity of wood increases with
increasing density, moisture content and tempezaftowley 1933; Wangaard 1940;
McLeaan 1941; Kuhlmann 1962; Siau 1984, Suleimaaletl999; Fotsing and Takam
2004; Gu and Zink-Sharp 2005). A nearly linear aelemce of thermal conductivity of

wood at temperatures between 30°C and 90°C for seomd species in China was
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observed by Yu et al. (2011). Linear relations ohductivity data for temperatures
between -40°C and +100°C were presented by Steémh&b977). The conductivity of
some wood species in Japan for a temperature gmge 270°C was measured by Harada
et al. (1998). In the results of Ward and Skaa6(}3he thermal conductivity and specific
heat of wood and wood-based materials are relatedrly to temperature. Most of the
linear thermal regressions were compared with theidcal relationship of temperature
effect on the thermal conductivity derived by Kadlmm (1951). Suleiman et al. (1999)
stated that thermal conductivities of wood sampleshigher at 100°C than those at 20°C
which is consistent with the general expectatidime density of air decreases with a rising
temperature which leads to lowering of heat condaocthrough voids. A possible
explanation is that another mode of heat transéeuis over the temperature of 100°C
involving the microstructure of cell-wall substanf®uleiman, 2011). The relationship
between thermal conductivity, temperature and dgmdiwood was introduced by Harada
et al. (1998). MacLean (1941) studied the effectmafisture content on wood thermal
conductivity and established general equationsttier moisture effect. Joy (1957) stated
that free water increases the conductivity muchertban water vapor in cell lumens. Gu
and Hunt (2007) observed and also used the retdtiprbetween thermal conductivity and
moisture content when modeling a heat transferoitweod. Kol (2009) measured the
thermal conductivity of pine wood at 20°C and 8%%iland 22% of MC. The expected
linear relationship was observed in the transvelisections. Gu (2011) stated that the
increased moisture content raises the amount cérwablecules in the wood matrix and
the greater molecular mobility enables more enévdye transported.

Various composite products are manufactured frowody as e.g. particleboard,
fiberboard or plywood. Physical properties of wooaimposites are different than the
properties of solid wood because of the additived the manufacture processes, esp.
densification, orientation of material axes (Kamk689). Xie et al. (2011) measured the
thermal conductivity of ultra-low density fiberboa¢56.3 kg.r¥) and found out that the
conductivity is primarily determined by the sizewafids. The heat conduction through the
fibers in lightweight materials seems to be neglgi (Gibson and Lee, 2006) in

comparison with the conduction through the air pep within the material (Kawasaki et
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al., 1998). The investigation of thermal condu¢yivand moisture behavior of fiberboards
was carried out by Brombacher et al. (2012). Theetation between density and thermal
conductivity was obvious (light material leads davithermal conductivity). The influence
of moisture content and temperature on the theooatluctivity of corkboards measured
by HFM was shown by Matias et al. (199The relationship between thermal conductivity
and density of soft fiberboards was presented @& wlork of Sonderegger and Niemz
(2012). Another work refers to the influence offelient particle sizes on thermal behavior
of wood-based materials (Sonderegger and Niemz9)2Q&kwis (1967) stated that the
thermal conductivity of fiberboards is on averagep@rcent below that of solid wood of
the same density. Zhou et al. (2013) establishexl réationship between thermal
conductivity and temperature of thin medium dendiberboards at different moisture
contents. The thermal conductivity varied in a eatthouble-hump shape, which is different

to the linear temperature-moisture regression afdvo

2.2. Heat and mass transfer in wood-based envelopes

Low-energy and passive houses occur more wideth wie increasing demand for
energy consumption minimization. The optimal chaen energy-efficient construction
with the minimum influence on environment is regdir Wooden or wood-based houses
are a favorable alternative for building industmer in countries with no long-standing
tradition of using the wood as a construction matgDesta et al., 2010). Low-energy
houses are known to outperform conventional buislim terms of energy efficiency due
to the heat recovery and thermal insulation ofitbese (Mlakar and Strancar, 2013). Some
studies also point out that buildings with woodnfes would reduce green-house gas
emissions and could also be a part of the costtfeestrategy (Nassén et al., 2012).
Energetic attributes of wooden buildings are maimfluenced by thermal bridges in
constructional parts. Thermal bridges are parss lofiilding construction where the thermal
resistance changes locally and causes a changeaftemperature and an increase in the
heat flow. The concern about thermal bridges isewswbred by the EU legislation esp. by
the European standard EN ISO 10211:2007. In addiiiothe heat loss that occurs at
thermal bridges, condensation problems may alsarro¢totten and Pazera, 2009).

11



LITERATURE REVIEW

Thermal bridges generally occur at the connectibrwalls or wall and roof systems,
nearby windows and doors or between heated andesediuilding parts (Subrt, 2005).
Simplified calculation methods exist for determg heat flows through linear thermal
bridges which occur at junctions of building eletsefEN 1SO 14683:2007). There is also
an experimental method for determining thermalde&l The infrared detection, based on
the measurement of infrared radiation density fribra surface, enables researchers to
record the temperature scale distribution. Infratetmography of building envelopes can
be used to detect heat losses, missing or dama&gechdl insulation in walls and roofs,
thermal bridges, air leakage and moisture souBakas and Argiriou, 2002). A thermal
bridge occurs where changing the heat flux resnlta change of the inner (or outer)
surface temperature. Bjarlgv and Vladykova (201dlyudated the thermal resistance of
detached and semi-detached wooden houses by médasrapean standard EN ISO
6946:2005. The thermo camera was used to locatieakages during a blower-door test
and to investigate thermal bridges in the buildemyelope. Wood and Weber (2003)
discussed the ability of infrared (IR) camera téede moisture by imaging the different
temperatures of wet versus dry building materiale detection of thermal defects caused
by fasteners in contact with metal water pipes raurihe construction process using
infrared thermography was introduced by Wood andBrae (2006). Rosina and Robison
(2002) used thermography to locate structural mesylwefects and moisture diffusion in
wood-framed historical buildings (nineteenth- amderttieth- century balloon frames
houses). Kato et al. (2007) calculated the avehage flux through a model wall by using
the infrared camera for measuring the inner tenipera. Barreira and Freitas (2007)
documented the applicability of thermography tadgtthe behavior of building materials.
The IR camera experiments included the visualisatib wetting and drying process of
specimens, as water evaporation is an endotheeawtion inducing local surface cooling
(Chown and Burn 1983; Chew 1998). Meinlschmidt &0&xplained the method of active
thermography for detection of defects in wood amavbased materials. The material (or
constructional part) is heated with radiators wHedd to a rise of the surface temperature.
The speed of heat dissipation into the materialeddp on density, heat capacity and

thermal conductivity of the material. A defect (cmange in the structure composition)
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creates a barrier for the heat transfer which aasghange of local temperature. Ludwig et
al. (2004) stated that the active thermography setenbe the most effective investigative

procedure on the moisture detection in wood ashilgh rates of water content highly

modify the thermal parameters. Lépez (2013) clairied despite the potential of the IR

technique, only a few authors evaluated timbercstnes. The current studies are limited to
the detection of concealed wood or significantlyederated areas in buildings (see e.g.
Wyckhuyse and Maldague 2011; Kandemir-Yucel et28l07; Plescanu et al. 2008;

Spencer et al. 2008). Emissivity of the surfaceetayepends on temperature, wavelength
and direction between thermo camera and the mahsorestruction. Over the temperature
range experienced by buildings, from -10° C to 60the temperature dependence of the
emissivity can be ignored (Bareira et al., 2012artH(1991) described the usage of
emissivity of some building materials which candssumed as a constant, for a certain
temperature, being quantified considering the nbmmahe surface and all wavelengths.

The atmospheric conditions, such as ambient terhperawind effects and the relative

humidity influence the temperature of the equipmentl its performance (Balaras and
Argiriou, 2002).

Thermal behavior of building envelopes can be agaluated by numerical methods,
besides the experimental ones. Kosny (1995) coedutitree-dimensional simulations for
several wood frame walls and included the effecthermal bridges caused by envelope
structural coupling details to the calculation @eSistivity values. Desta et al. (2010)
reported experimental data (temperature, humiditgl air pressure) for numerical
validation of heat, air and moisture (HAM) transfdrrough a light weight building
envelope under real atmospheric conditions. Steskeéral. (2009) claimed that many of
simulation models to predict HAM conditions in laiigs assume homogenous and
constant surface transfer coefficient for convexctieat and moisture transfer. Bednar and
Dreyer (2003) proved that the surface transferfomet is strongly dependent on the local
air velocity. Using homogenous and constant coowlitito the HAM transfer models, the
calculation of building energy demands and consionptould be underestimated (Janssen
et al., 2007). Labat et al. (2013) dedicated aystodvalidate specific coupled transfers

(coupled heat and vapor transfer in the insulapart, a bi-dimensional effect induced by
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ventilated cavity and air change rate under nattwalitions) by measurements of HAM
transfer in an experimental house. Deru et al. 20fresented the results of three-
dimensional finite element method (FEM) heat-cotidc modelling of the whole
building. Mackerle (2005) stated that the finiteerabnt method has become the most
prevalent method used for analysing a variety ofspgtal phenomena in wood and wood-
based materials. Numerical simulation techniquesigde relatively fast estimation of the
heat and moisture performance of building parts witceptable accuracy comparing to
costly and time consuming experimental studies (ghand Braun, 2008). Gerlich (2011)
developed a three-dimensional finite element maafela building wall in numerical
software Comsol Multiphysics to simulate thermahstouction responses in dependence
on changing boundary conditions. The main purpoas the optimization of a heating
system according to the heat energy accumulatiorbunding walls. The thermal
performance of a building depends mainly on a largmber of factors summarised as
design variables (dimensions of walls, roof, etmpterial properties (density, thermal
conductivity, transmissivity, etc.) and weatheradéambient temperature, humidity, solar
radiation, etc.). The inclusion of all affectingcfars is hardly possible, therefore, HAM
transfer models are usually simplified in some way.

The knowledge of the fundamentals of heat transied solar radiation helps to
understand the underlying processes that take placéuilding and its interaction with the
external environment (Markus and Morris, 1980). Mfiree heat transfer processes
(conduction, convection and radiation) are possiié¢ween a building and the outer
environment. Kosny et al. (2014) claimed that thermnal resistivity of a building part can
be increased by applying thicker insulation in veaVity, by improving thermal resistance
of insulation materials, eliminating thermal bridger applying airtight construction. On
the other hand, some authors dealt with increadiegthermal resistance of a wall by
applying air cavities as insulators. Multilayer rimal insulation (MTI) products which
consist of thin insulating layers (an airspace) tmid reflective layers (e.g. aluminium foil
or other materials with a low emissivity value) arewadays subjected to a scientific
debate (Mavromatidis et al., 2012). The thermafgoerance of such materials depends

notably on the infrared radiative balance betweedftective layers and other surfaces.
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Radiation plays an important role in heat trangtfeough an air cavity as well as
convection transfer. The dimensions of an air gafritainly its thickness) are decisive for
the domination of the radiative part of the heatnsfer. Mavromatidis et al. (2012)
developed a numerical approach to determine theein€e of an air gap thickness on the
overall thermal performance of a composite wallcérding to the results, the thickness of
an air gap higher than 3 cm caused a reductiomeintaterial resistance because of the
convective heat transfer. The critical thicknesshef air layer should be determined, as it
identifies the beginning of natural convection, ebhirepresents a reduction in the
insulating effect of the wall (Armando et al., 2Q1Mahlia and Igbal (2010) investigated
the effect of air gaps included into the wall. Imat study, the energy savings were
calculated for air gaps of 2 cm, 4 cm and 6 cm betwinsulation materials. Heat transfer
by convection was ignored, which makes the suraeglyer limited. Xie et al. (2014) dealt
with the general numerical solution of heat trangfenduction and convection) through an
insulating wall with air gaps. For the specifiedmwher of air gaps, the maximal thermal
resistance per unit volume decreases with an iseréa the Rayleigh number. The
Rayleigh number characterized the intensity of retconvection in air gaps. The maximal
thermal resistance of the wall increases with areiase in air gaps, for the specified
Rayleigh number. An increase in thermal resistaaag®ot obvious when adding more air
gaps at low intensity of convection. Such statesemre approved by the work of Lorente
and Bejan (2002) who studied the question of howelect the size of air cavities in wall
for the purpose of maximizing the global resistattcéeat transfer through the wall. Also
other authors proved that the air gaps placed mitiné wall reduce the heat flux markedly,
see e.g. Al-Sanea and Zedan (2011), Al-Sanea @Q13) and Tsilingiris (2006).

2.3. Heat transfer modelling and optimization tasks inFEM applications
Optimization methods used in building energy minaiglare useful tools for energy loss
reduction (Heibati et al., 2013). Numerical modgdsling with optimization of the whole
building are complex and challenging tasks integgatheating, ventilation and air
conditioning modeling. The computational fluid dymas (CFD) programs are needed to
provide complementary information essential for tiealuation of building thermal
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performance (Zhai and Chen, 2006). Saber et all1(P0sed the finite element method
(FEM) to conduct three-dimensional numerical sirtiala of a wall system with an
airspace and low emissivity foil material. Condueticonvective and also radiative heat
transfer equations (surface-to-surface radiatioa)ewsolved in the model. Results of this
study showed that a wall with low emissivity fodrcincrease the thermal resistance of the
wall remarkably. The factual value of thermal resise improvement depends on materials
used to create the wall system. In 1992, Arastel. ettated that the finite-element method
had begun to be used within the window and buildingelope industries to evaluate two-
dimensional heat transfer effects. To do so, thetmeaavior of building materials in a
wide range of temperatures and moisture contenssn@aded. Labans et al. (2012) created
the finite element (FE) model of a sandwich pamghposed of MDF surface layers and
Dendrolight core to verify its thermal propertieghwthe experiments at hot box testing
equipment. Commercially available FE software ANS¥& used for the simulation task.
Authors used isotropic wood and also air properasghe Dendrolight core is composed of
glued spruce wood profiles in perpendicular angiegh create air gaps. Many numerical
models have been reported to help in predictingrifieence of the process parameters on
the final product. Heat and mass transfer modelsniedium density fiberboard during hot
pressing process were developed by e.g. Humphméyalion (1989), Carvalho and Costa
(1998), Dai and Yu (2004), Kavazéwt al. (2012) and others. A model for heat andsmas
transfer during continuous pressing of orientedrstrboard (OSB) was introduced by e.g.
Fenton et al. (2003), Lee et al. (2006). The prdistic and sensitivity analyses can also be
applied to validate the numerical models (DomingMemos et al., 2009). As the data
involved in the model are usually not known petfectthe uncertainty of the
thermophysical properties of materials should bkerainto account. Due to the
uncertainties in the model it is also uncertain hbe numerical simulation matches reality
(Cermék and Trcala, 2012). The probabilistic analysia give an overview of e.g. the
thermal response of a material within a variablegeaof input thermal parameters. The
measuring or production process can be then opuhiz respect to the probable results of

the analysis.
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3. Material and methods

3.1. Heat flow meter method

The heat flow meter (HFM) measuring method is base the principles described by
the following international standards: ASTM C51&0 8301, DIN EN 12667. A
specimen (material or composed structure) is plhetdeen two heated plates and pressed
with a certain pressure to ensure the minimum amitbum contact resistance. The heat
flow is created by a user-defined temperature iffee between the hot and the cold plate.
The plate temperatures are controlled by bidireetidPeltier systems which are coupled
with a closed loop fluid flow driven by a forced &ieat exchanger (see Paper IV. Fig 1).
The heat flow transducers record a signal (in Yolikich is proportional to the heat flux
through the sample. Thermal conductivity is caltedaonce the user-defined equilibrium
criteria are met. By measuring the temperatureedifice across the thickness of the
sample, thermal conductivity can be determinedheyfollowing equations:

AT

=1 AT— 1
q A~ (1)

AX _ AX -(qupper + qlower)
AT 2AT (2)

where " is the heat flow [W] for upper and lower plate;” “the thermal conductivity
[W.m™.K™]; “A” the area [rf]; “AT” the temperature difference [K]#X" the thickness of
the sample [m]; N” the calibration factor [W.M.

The HFM device has to be calibrated before measemeé with a certified reference
standard of known thermal conductivity (e.g. fidesg board NIST 1450b). The
calibration establishes the correlation betweenstgral output of the transducers and the
actual heat flow. Equilibrium parameters are metrduthe measurement (maximum error
of equilibrium in the averaging period is recordetlpe tolerance set-up of temperature

offset allows to reach an accurate mean temperalherange of temperatures from -20°C
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to +60°C can be reached at the HFM 436 Lambda kysde company. The higher the
mean temperatures and temperature differencesndine time is needed for reaching the
equilibrium. Use of the HFM method required consiug of several factors. The initial
conditions has to be taken into account, theredtmble conditions in the lab environment
were provided (about 35°C and 30% RH). The air lewts temperature below zero during
the measurement and reaches its saturation pdaet.cbndensation of water occurs and
after some time ice covers the lateral sizes ofdince. Freezing of water consequently
prolongs the measurement time and negatively inflas thermal conductivity evaluation.
Also, the size of a sample is usually not perfe609 x 600 mm which allows for small air
distribution across the sample.

Measurements of samples conditioned at a highivelaumidity are also possible. The
only problem is keeping stable moisture conterd sample until the thermal equilibrium is
reached. Samples were wrapped in the foil and medswith it. The changes in moisture
content were gravimetrically determined after eawmsurement. It was proved that the
moisture losses are insignificant as well as tlildrfgpact on the final thermal conductivity
value. Redistribution of moisture inside the santhleng measurement is possible in terms
of Fick’s or Darcy’s law and it depends mainly be structure of the material and the
temperature difference between plates. The higleeteanperature changes, the more non-
uniform is MC distribution. The foil cover also pides protection against air movement
within the material, e.g. when measuring some siras with air cavities.

The higher possible measured sample size (60Mx60) is one of the advantages of
this device as it enables measurement of compdesertiges. The measuring surface is the
area of 300 x 300 mm at the middle of the samplee femaining parts serve for the
temperature stabilization and creation of a unifeemperature field in the samples center.
It is also possible to measure a sample with just300 x 300 mm size, but the rest space
of HFM chamber must be created by a frame fromlagun material with lowest possible
thermal conductivity (e.g. certified fiberglass bibja Higher thickness of the sample (up to
200 mm) allows for the measurement of various lngidmaterial compositions, e.g.

sandwiches.
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3.2. Quasi-stationary measuring method

The quasi-stationary method evolved out of priesmlescribed by Clarke and Kingston
(1950) and Krisher and Esdorn (1954). PoZgaj et1897) developed a measuring device
based on this method. Three thermal parametersr{#the&onductivity, thermal diffusivity
and specific heat capacity) can be calculated basetthe temperature recording in time.
The apparatus is composed of eight samples intesespavith a NiCr foil which produces
heat. The temperature rise in the center of twodteidsamples is recorded with a
thermocouple. The scheme of the apparatus, theretiesi background and also an
analytical solution are described more widely ip&dl. Fig 2.

As other measuring processes, the quasi-statiodavice is limited in a way. The
temperature around samples is dependent on amimemierature changes. The heat
transfer coefficient causes the heat losses throlughateral surfaces. With an increasing
thickness of the sample the influence of heat fearterough lateral parts increases (at the
constant width and length). An appropriate ratidween width and thickness of a
measured sample reduces those lateral heat Iddsesample size is additionally limited
by the possible size of heated foil. Further, treaguring time should last ideally as long as
the third (nonlinear part) occurs to allow gooceipblation of temperature curve in time.
The heat flow, the slope of the line and the alisdierm of the line equation are needed to

calculate the three parameters using the followimgations:

% A=tga ///
2 B L d?.4
o 7 @ = [m® 7] (3)
5 6.5
=22 Wt kY 4)
6.8
g -1 -1
c=—9  [TrelEY
o A (5)
5 : |
A 2 o e
o
e
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where ‘@” is the thermal diffusivity [fis’]; “A” the thermal conductivity [W.ihK™]; “c”
the specific heat capacity [J:ké¢Y]; “d” the thickness of the sample [m}j*the heat flux
[W.m; “p” the density [kg.rif] and parameters of the curv&™in [K.s™] and ‘B” in [K].

3.3. Pulse transient method

The pulse transient method is based on measurentetmperature response of a sample
heated by a certain heat flow caused by an elegtiige. The thermophysical parameters
(the specific heat, thermal diffusivity and thernzainductivity) are calculated from the
characteristic features of the curve measured bythlermocouple (the timg,.x at the
maximal thermal response and the magnitude of #mepérature respons€n., Ssee
equation 11 and 13). The analytical solution iscdbed in Paper Ill. The heat pulse is
generated by a plane heat source (thin metalliggtaced on the lower side of a sample. A
thermocouple is inserted on the upper side of #mpse. The measured specimen is then
sandwiched between two other samples of the santerialasee Figure 1. The thermal
paste can be used at all connected surfaces toedosuthermal resistance between them.

The specimen temperature and the specimenusdings are controlled through heat
exchangers by a thermostat. A specimen charadienzgthickness and density),
description of experimental parameters (size amgelof the heat source) and measuring
parameters (value of the electric current, headgduration, stabilization time and the total
time of measurement) are needed for the experiméetvalues of electric voltage and the
temperature in time are recorded. The measurememegs runs in sequences. Each
sequence is composed of the stabilization time wihentemperature of the measured
sample is being set up. Heat pulse is generatdtieiccsample after the stabilization is
finished. The total time of the measurement thestubtes the stabilization time and the
time of the actual temperature response recordinfew consecutive sequences can be
arranged. The right choice of these parametersndispgoon the measured material and its
thermal properties. Good conductors would needdridteat flux generated by the heat

pulse. An example of the experimental set-up isgmeed in Table 1.
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Table 1 Experimental set-up for some measured materididtab device

densit A t [ i
MATERIAL y pulse g siz€
[kg.m? | W.m™K?Y | [s] | [A] | [W.m?] [mm]
cork 119 0.05 5 0.8 1399 40x40
beech wood 741 0.24 12| 1.2 3270 40x40
MDF 761 0.13 30| 2.% 2187 | 100x10d
parar soute temocouple
CLTEr pLise ™, /

\
g

|
5 M
Fig 1. Scheme of the RT-Lab device based orfE;JuIse transiethod (Boh&et al., 2012)

The experiment should be performed as near tdeal model (see Figure 2) as possible
to reach reliable data. Any deviation from ideald®binfluences the measuring process
and causes data shift. Further, correction fadtare to be used to obtain reliable data
(Boh& et al., 2012). The ideal model assumes limiteduénfce of heat losses from
specimen surfaces and negligible heat capacithieoheat source compared to the sample.
The demands for reliable data measurement ardlaw$o

heat source themocouple

i d1 d2 d3 d2 < 0’ M (6)
z dl,S >1,4d, (7)
tpulse < O’ ]Imax (8)

Fig 2. Criteria of the ideal modeHd(- thickness [m]W — width [m]; t,us — pulse duration[S}tmax
time of the measurement [s])
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The ideal model accounts for infinite sample sasewell as perfect thermal contacts
between samples. The analytical solution for thepterature response on the heat pulse

generated by the planar heat source is as follStefkova, 2011):

Ult 2
AT (% 1) =——2_ exp2_) 9)
2co/ rrat 4at

The real set-up of the experiment is influencedrany factors. The deviations from the

ideal model are caused by:

- the heat transfer through lateral surfaces (th¢ tneasfer coefficient describing the
heat exchange between the sample and surroundimgsphere lowers the

temperature response)

- the thermal resistance of the heat source (deneas the pulse total energy is
caused by the real thickness of the heating foilwadl as its thermophysical

parameters)

- additional thermal resistances between contacasesf (samples contacts with the

platens of the heat exchanger)

The influencing factors are possible to implicat¢he boundary and initial conditions of
the experimental set-up. The analytical solutiotheftemperature field and furthermore of

the thermophysical parameters including disturlfangors are as follows (Stefkova, 2011):

TxYz9=T(Qxyz) (Qxyzt. (10)
Ult,
= (11)
: V2mepdaT,
A=acp (12)
a= d’ f
2! (13)
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The correction function fi" for temperature T;” describes the deformation of
temperature field caused by the sum of all influeg@arameters:
ft - tm X |n( tmax )
t,-1 t..—to (14)

where ‘@” is the thermal diffusivity [fis’]; “A” the thermal conductivity [W.mhK™]; “c”
the specific heat capacity [JkéK"]; “d” the thickness of the sample [m]U" the
voltage[V]; “I” the electric current [A]; 5" the density [kg.r]; “to” the time of thermal

impulse [s], Tmax' the maximum of temperature [K] and the correetionction " [-].

3.4. Infrared thermography

Infrared detection is based on the measuremenifi@red radiation density from the
surface. The distance from the measured construgiart, atmospheric temperature,
relative humidity and emissivity of materials ahe tmost influencing factors during the
measurement. The larger is the distance from thexaneera to the construction, the more
the emitted heat is absorbed by the surroundinigs.tiiermogram (recording equipment)
displays the temperature scale distribution ofttieemal scan documented as a picture. The
purpose of measuring is then the determinatiomefdbject temperature from the detected
infrared radiation, which can be established ushmey following equation, (Barreira and
Freitas, 2004):

Rt = | pa()l)—dR(;A’ LYy [ & ()l)—dR;/]’ D g (13)

A AA

where Ry is the detected radiant exitance [Wn* 1" the wavelength [um]; d RE;L .

the spectral radiant exitance [W?mm]; “p” the reflection factor [-] and&” the surface
emissivity [-].

Infrared thermography (via thermocamera FLB%)Svas used to detect thermal bridges
in Paper VI. The results of infrared measuremengsamalyzed by the Therma CAN

Researcher software. A histogram and a diagranribesy the temperature distribution of
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a few lines situated on the thermal scan are reddor the evaluation. The histogram is a
graphical representation showing the distributibnieonperatures of the thermal scan in a
specific location which enable us to figure out temperature distribution. The possibility
of temperature measurement by thermo camera FLERr&tges from -40° C to +120° C.
Each image obtained by an IR detector gives thegeeature of each pixel hit by the
radiation emitted from the examined object, sordefj the entire thermal field of the area
is covered by the detector optic.

The thermal scan of an object depends on the resfér between the surface and the
surroundings. If there are no external heat souttessurface temperature of a building
element is a function of temperature differenceween the inside and the outside
environments and the heat resistance of the vatayess. Emissivity of the surface layer
depends on temperature, wavelength and directidwele® thermo camera and the
measured construction. The atmospheric conditisnsh as ambient temperature, wind
effects and the relative humidity influence the pemature of the equipment and its
performance. To avoid all influencing factors dgrimeasurement, the night scanning in
the inner side of building is recommended. Thea®urding temperature and emissivity of

scanned surfaces is needed.

3.5. Numerical modeling in ANSYS software

Numerical modeling widely uses engineering simaiatsoftware based on some
variational methods which allow solutions of a e#yi of multiphysics phenomena in
complicated domains. Those programs use discrgtizatethods to find an approximate
solution of the calculated problem. The finite eéginmethod (FEM) is used in ANSYS
Mechanical APDL and ANSYS Workbench platform. FEMai generalized Ritz-Galerkin
method which consists in sequential discretizatbrthe solved task (Kotdand Nemec,
1997). The finite volume method (FVM) enables veaffective solving of partial
differential equations in ANSYS CFX program dealmgstly with fluid flow problems.

FEM relies on the decomposition of the domain iatéinite number of subdomains -
elements for which the approximate solution is twtsed by applying the variational or
weighted residual method (Madenci and Guven, 2006 general procedure of the
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thermal analysis in ANSYS software consists of 1g-processing (creating geometry,
material description and assignment, meshing angyag boundary conditions), 2)
solution (solving selection of equations at defimemtles) and 3) post processing phase
(evaluation of the heat flux and temperature figl@gloaveni 2008). On the contrary, FVD
uses the decomposition of the domain into thedinimber of control volumes in which
the differential equations are assigned. As the XSIEFX preprocessor does not enable
creation of geometry or the FE model, the solvarirenment uses a previously created
node database which is then transferred onto & fwmblume mesh. The accuracy of
calculated results is generally influenced by thesimsize. On the other hand, mesh
refining requires higher hardware capacity of tleenputer and prolongs computational
time significantly. With increasing mesh refinemémicreasing number of nodes) in the
fluid part of the model, the numerical solutionsieerge more probably. Convergence of
the solved task is a significant factor in numdrimadeling, as it points out the ability to
find a solution at given parameters. Modeling usuainplies approximating of the
geometry, material properties and heat transfeatsaps (Martinez, 1988). Simplification
of material properties (e.g. isotropic, independenttemperature or moisture content)
introduces uncertainties in the model. An optinfadice of the solution method, mesh size
and simplification of the solved task is always dest The ANSYS CFX software was
used for comparative study of heat transfer inZwortal air cavity, see Paper V.

The ANSYS FLOTRAN finite element package eeabto compute conjugate heat
transfer problems dealing mainly with two-dimensibor three-dimensional fluid flow
fields. This part of the ANSYS Mechanical APDL swdire was used to calculate heat flow
in an air enclosure subjected to all three heaisfea modes. In the fluid, the conservation
equations for viscous fluid flow and energy arevedl The interaction between solid and
fluid part is also possible. The same element (FLWHAL for 2-D analysis or FLUID 142
for 3-D analysis) is assigned to the fluid and atséhe non-fluid parts, which differ only
by the material number. The connected mesh thenlesmenutual interaction between parts.
In the non-fluid region, only the energy equatisersolved. A segregated sequential solver
algorithm is used meaning that each of the govgrenuation for each degree of freedom

is solved separately and then coupled togethezdnences.
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Parametric models were introduced where iteratpfg@ach was necessary. The Ansys
Parametric Design Language (APDL) was used to erda parameterized macro files,
which contain the APDL commands for whole the modeprocess from preprocessing to
postprocessing. Stationary and transient conductionvection and radiation tasks were
solved using the FEM. Macro files are listed in #teachment of the thesis (Annex 1 to
Annex 4). The Probabilistic Design System (PDS) wasd for the sensitivity analyses.
The relations between input and output variables pssible to calculate based on the
probabilistic analysis. The input parameters (nalt@roperties, geometry or parameters of
the analysis as the time step or mesh cize) aoraly sampled according to the Monte
Carlo method. The range of these input paramesedescribed by Gaussian distribution.
The range of distribution is defined by averageugabf the parameter and the standard
deviation. The whole analysis (creating models wathdomly sampled parameters, solving
the problem in high count of cycles, evaluationre$ults) is repeating in the PDS file
according to the repetition rate. The correlaticatn® with the relations between input and
output parameters is one of the main results of ghababilistic analysis. Values of
Spearman’s correlation coefficient close to nunitiérshow high correlation between
parameters in a positive or a negative way. Theetation between randomly sampled
input variables is convenient in some cases (eg.déscription of the dependence of
thermal conductivity on density or the relationvibe¢n thermal conductivity parallel and
perpendicular to the grain).

26



PAPER I.

4. Paper I.
Quasi-Stationary Measurements of Lignamon Thermal

Properties

Eva Troppov&Jan Tippnef Richard Hitka,” and Pavol Halach&n
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a: Department of Wood Science, Mendel Universigrimo, Czech Republic

b: Department of Wood Science, Technical Univeisivolen, Slovakia

Abstract

Thermal properties of wood and modified woeddd materials are important
parameters that influence the manufacturing proaeddinal industrial utilization. The aim
of this work was to investigate three main therpraberties (thermal conductivity, thermal
diffusivity, and specific heat capacity) of ammotieated compressed beech wood
(Lignamon material) and natural beech wodthdus sylvaticg.These properties were
measured based on the quasi-stationary method apeeklat the Department of Wood
Science at the Technical University in Zvolen. Timguence of increased density (caused
by ammonium treatment and compression) of fouediffit types of Lignamon material on
the thermal properties was discovered, and theltsestere compared with those from
untreated beech wood. The results confirmed a degpey on the density of the material.
With increasing Lignamon compression rate (incregasdensity value), the thermal
conductivity increases and the thermal diffusivitgcreases. The maximum value of
thermal conductivity reached Lignamon 6k (0.26 W.Ki" by 1070 kg.n7) and 7n (0.26
W.m.K™* by 950 kg.n¥).

Keywords: Lignamon; Thermal conductivity; Specific heat capgacThermal diffusivity;

Quasi-stationary method
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4.1. Introduction

The substitution of improved domestic spedes unavailable high-grade tropical
wooden species has led to progress in modificgiroesses. The current state of applied
wood modifications is described in the work of H{2006) and Rowell (2006).
Modifications of wood from local sources are stélry topical (Hill 2011, Esteves and
Pereira 2009), and the use of modern technologiables outdated ideas to become more
prevalent, efficient, and environment-friendly. Vddomodification has been viewed as the
right approach to achieve the desired propertiesvadd with a minimum of expended
energy and materials.

Interestingly, ammonia-treated wood was dgwedbin Czech lands in the early 1960s
(Czerny and Valasek 1974, Berzins 1972, Davidsah Baumgardt 1970, Kalnins et al.
1967, Pandey et al. 1991). This material is callgghamon, a compressed beech wood
modified by ammonium. The technological processoisiposed of four basic steps. First,
untreated beech wood with a high moisture conte®t+ 3%) is heated to a maximum of
103 °C. Second, the sample is plasticized using @mansteam. The process of
modification is discontinuous. Then, the sampledampressed within the range of 0.8 to
1.3 MPa. The higher the pressure is, the denseffitla¢é Lignamon sample is. After
disposing of the spare nitrogen from the modifiedngle, the drying and stabilization
procedures are performed. Lignamon exhibited higheability and density and darker
colour, as recently reported by Weigl et al. (20@012). Lignamon has been used in
mechanical engineering, furniture, and musicalruméent production. Lignamon can also
be used for many other purposes: it can be usadsabstitute for imported tropical wood,
alloys, and plastics, and as material for handgmgbsifts, flooring, and bearing surfaces
(Sedligik 1998).

The properties of Lignamon are primarily basedhe properties of raw wood material
(Fagus sylvatical.) and its technological processing. The procelssransforming the
native material into Lignamon influences the densitmechanical properties, and
appearance (Stgv 1979). The least mentioned and examined pr@seofi Lignamon are

thermal conductivity, thermal diffusivity, and sffecheat capacity.
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There are two different methods (stationaryl aon-stationary) for measuring the
thermal properties of materials; these methods he&en described by many authors. The
thermal conductivity measurements of beech wool thié stationary method (guarded hot
plate) were carried out by Niemz et al. (2010), M=zan (1941), Skaar (1988), and others.
The wood species itself has no important effecth@mmal conductivity, which means that
data from other sources for almost any species witknown specific gravity can be
compared (Steinhagen 1977). The unsteady stateothetlas used to obtain all three
thermal properties of different wooden speciesckAr(2010) employed a method that
contacted air at the beech wood surface to edtaltie thermal properties. Transient
measurements of thermal conductivity and therm#usivity using the plane source
technique on hardwood samples were introduced bgirBan et al. (1999). Kuhlmann
(1962) investigated the thermal properties of sproak, and beech with the Krischer and
Esdorn apparatus. A nonsteady-state heating devase used to determine the thermal
properties of larch (Chudinov and Stepanov 1971).

The quasi-stationary method employed in thoskvwwas developed at the Department of
Wood Science at the Technical University in Zvo{@wozgaj et al. 1997). The method is
based on two principles described by Clarke andy$tion (1950) and Krisher and Esdorn
(1954). Quasi-stationary is defined as resembliatjamary conditions resulting from the
linear part of temperature measurement needethéoevaluation of thermal properties.

The main goal of this article was to establigte thermal properties (thermal
conductivity, thermal diffusivity, and specific leeapacity) of Lignamon material and
untreated beech wood (UB) using the quasi-statjomathod. The specific objectives were
as follows: a) to investigate the influence of gmsed density (measured by X-ray
densitometer) of Lignamon on the thermal properiesl b) to establish the accuracy of
the measuring method and compare the results forenbeech wood with the available

literature sources.

4.2. Material and Methods

There are two main parts to our research: a) natereparation, evaluation of density

profiles, air conditioning of samples, and expentaémeasurements of thermal properties;
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and b) the processing of data according to the s&psres method using a macro written in
Excel (Hcka and Babiak 2012).

Four different types of Lignamon samples were ooitnf massive blocks (Lignamon 6k
and 7n) or thin planks (Lignamon 24 and 25) witpragimate dimensions of 50 x 50 x 8
mm (width x length x thickness). The wood fibereditions are longitudinal in width, radial
in length, and radial-tangential in thickness. Thalr properties were measured in the
direction of heat flow, which is the radial-tangahtirection for all samples. Samples of
Lignamon 6k and 7n were highly pressed (compressaie of 38 %) during the
modification process and therefore reached higkeesities and darker colors. Lignamon
24 and 25 were made of varnished floor parquetshanwe brighter colors. Eight samples
were made from each type of Lignamon. Next, eigiih@es of untreated beech (UB)
wood were prepared to compare the thermal progasfitignamon with unmodified wood
samples. An X-ray densitometer (X-RAY Dense-Lab,@ny) was used to scan all
samples with a scanning step length of 0.01 mmavarage density profile from each type
of sample was established. All 40 samples were ittondd under 20 °C and a relative
humidity of 65% in a Sanyo MTH 2400 air chamberréach the equilibrium moisture
content.

The non-stationary method (quasi-stationary) istam the evaluation of temperature
changes in measured samples. The theory’s backgribes in solving the heat transfer
equation with specific boundary conditions (constagat flux on the upper surface of the
measured sample, zero heat flow in the middle @fibparatus reached due to the sample’s
symmetry, and a constant temperature in the whatepke) (Fig. 1). The apparatus is
composed of eight samples that are alternatelysipgesed with NiCr thin foil (0.01 mm)
to produce heat. The block of samples is insulétggolystyrene and pertinax on both
sides of the apparatus. A rise in temperature wessored in the middle of the samples and
was recorded with a thermocouple and a computergdceet al. 1997; Hka and Babiak
2012). The average heat flux generated by thedweate and entering the samples through
the thin foil was in the range of 957 to 1052 \Wandifferent measurements. Together, 13
different sample arrangements of each material typee measured. Thermal properties

were established as approximate values of two sasmplaced in the center of the
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apparatus, between which the temperature sensoplaead. After each measurement, the
two middle samples were changed and their averagsities and thermal properties
evaluated.

The data from the measurements are illustratedcasve and describe the temperature
increase in time in the center of the middle sanfipig. 2). There are two nonlinear parts of
the curve. One is at the beginning (caused by uhe &f infinite series), and the other is at
the end of the measurement (caused by heat lossgtnidateral surfaces). The middle part
is linear, as is the temperature increase with.tinie thermal properties were calculated
by interpolation of the curve using the theoretiia¢ (programmed in Visual Basic for
Applications).

Polystyrene

Electric
curent

Thermocouple

N e ‘) :

Paper |. Fig 1Scheme of the apparatus

—

Untreated beech wood
........................ ngnamon 25
———— Lignamon 24
—————— Lignamon 7n
——— - Lignamon 6k

4

Temperature increase [°C]

Time [s]

Paper |. Fig 2 The temperature increase between central samggdesded by a thermocouple
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4.3. Results and Discussion

Density profiles of all samples reached almeosiform distribution, with no large
fluctuations. Only Lignamon 25 exhibited a sligletcdease in density in the middle of the
samples. X-ray densitometry results are shown ¢n Bi The lower density values from
surface layers with depth of 0.1 mm are causedhigyrbughness and non-flatness of
surfaces. This so called edge effect originatesxdysreparation of samples and influences
the scanning process. The differences between stiature of untreated beech wood and
compressed Lignamon are shown in Fig. 4. The deasdn process causes deformation

of the wood structure, especially buckling fromefie and change in growth rings
orientation.

1400 =
Lignamon 6k
1300 = . Lignamon 7n
Lignamon 24
1200 = Lignamon 25
Untreated beech wood (UB)
E 4100 e o0 s sy O
s
o 100 s
; 7 ~ Y.
- B i,
2} :
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Q800
i
— %
*
600 = %
500

U ] ] 1 1 ) J ] | ] ] v I | L) 1
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Thickness [mm)]

Paper I. Fig 3 Average density profiles of all samples (mean figehts of variation in %:
Lignamon 6k- 1.8; Lignamon 7n- 3.4; Lignamon 243;2.ignamon 25- 2.8; UB- 1.6)

Paper I. Fig 4 Microstructure pictures of untreated beech woatdtfe left side) and Lignamon (on
the right side); magnification of approximately X00
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The thermal conductivity, thermal diffusivitygnd specific heat capacity were derived
from the measurements based on the quasi-stationeityod. The results are presented in
Table 1. The measured data confirm the dependencdeasity (compression rate of
ammonium-treated samples), see Fig. 5. In gendgralmal conductivity increases as the
density, moisture content, or temperature of thedvocreases (see Kihimann 1962). The
more the Lignamon samples were pressed (Lignamoan@k7n), the higher the density
and thermal conductivity value were. However, tlepahdence of thermal diffusivity on
the density value follows an inverted trend. Thecdic heat capacity of wood is
practically independent of density, which is comi&d by our measurement. The average
equilibrium moisture content (7.8 % with standasVidtion 0.5) of all measured samples

was established according to the gravimetric method

Paper |. Table 1Mean Properties of Samples Measured in the Radiag@ntial Direction

UB
Lignamon Lignamon Lignamon Lignamon
Property (untreated
25 24 n 6k
beech wood)

p [kg.m?| 675 (4.5) 753 (11.7) 857 (8.0) 950 (18.9 109@Y
A W.mt K 0.21 (0.05) 0.21 (0.07) 0.25 (0.04) 0.26 (0.06) .260(0.05)
a[10 nt.st] 1.2 (0.2) 1.2 (0.2) 1.2 (0.2) 1.1 (0.2) 1.1 (0.1)
c [J.kg".K7] 2632 (272) 2350 (395) 2397 (212) 2519 (314) 2pB1)
Mean: density (), thermal conductivityX), thermal diffusivity (a), and specific heat caipagc) for
7.8% of EMC; the values in parentheses describstdndard deviation of measurement

The results for untreated beech wood exhiigt lbwest value of thermal conductivity
(0.21 W.m".K™) and the highest value of specific heat capad68® J.kg'K™). Lexa et
al. (1952) published a thermal conductivity value ocf@W.m"K™ of Fagus sylvatica
within the density range of 700 to 1000 kg.nThe thermal conductivity (0.18 W-hiK™)
of American beech at 12% moisture content with @sig of 680 kg.ri7 is published also
in Simpson and TenWolde (1999). The value of 0\WZ81*.K™* in the radial direction and
0.170 W.m~.K* in the tangential direction fdfaguswith a density of 684 kg.thwas
reported by PoZgaj et al. (1997). The differencesvben thermal conductivity values

available in the literature and our measured data lme caused by the relatively high
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variation coefficient (21%) (Fig. 5), primarily ndsing from the variability of the density
between samples, as well as by the measuremenbdnigsielf (the influence of heat loss
through the lateral surfaces and of a leak betwesnral samples where the sensor was

placed), sample preparation methods, or techn@bgirocess deviations.
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Lignamon 7n
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(1 | 3 04
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Paper |. Fig 5 Dependence of thermal properties on material tleasitop: thermal conductivity
dependencel(]W.m™.K™]); middle: thermal diffusivity dependenca [m°.s"]); bottom: specific
heat capacity dependence (c [J-hg']
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4.4. Conclusions

The test analysis proved that there are statily significant differences between the
results of all the measured properties of modiéiad native beech wood. For instance, the
thermal conductivity of Lignamon 6k (density 1076.ik®) and 7n (density 950 kg
was 23.8% higher on average than that of UB (der&16 kg.nT), which should have a
practical impact on the use of modified matewad;, in the case of flooring and heating.

The results indicate that the well-known asieg character of thermal conductivity and
a descending one for diffusivity are dependenthendensity in a moist environment, see
Pozgaj et al. (1997).

The maximum value of thermal conductivity viasnd in Lignamon 6k (0.26 W.ThK"

! by 1070 kg.ri¥) and 7n (0.26 W.thK™ by 950 kg.rt). The thermal conductivity of the
samples increased with increasing density (incngasbmpression rate of Lignamon).

The minimum value of specific heat capacit942 J.kg".K™) was found in Lignamon
6k with the highest thermal conductivity value @®.®%V.m*.K* by 1070 kg.ri). Our
measurement proved the independency of specificdagacity on density.

A higher value of a measured data variatioeffec@ment (ranging from 8.7 to 31%) was
caused by the natural variability of the wood mateincreased by the modification

processes as well as by the measuring method itself
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5. Paper Il.

Thermophysical properties of medium density fiberbards
measured by quasi-stationary method: experimentalrad

numerical evaluation
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Abstract

This paper presents an experimental measuteofethermal properties of medium
density fibreboards with different thicknesses (12,and 25 mm) and sample sizes (50 x
50 mm and 100 x 100 mm) by quasi-stationary metfbe. experimentally gained values
were used to verify a numerical model and furtheergerved as input parameters in the
numerical probabilistic analysis. The sensitivity measured outputs (time course of
temperature) to influential factors (density, heaansfer coefficient and thermal
conductivities) was established and described by 8pearman's rank correlation
coefficients. The dependence of thermal propedreslensity was confirmed by measured
data. Density was also proved to be an importastofdor sensitivity analyses as it highly
correlated with all output parameters. The releyasfadhe experiment is mainly influenced
by the choice of proper ratio between thickness aith of samples and elimination of

heat losses through lateral surfaces caused byectwe heat transfer.

Keywords: Medium density fiberboard; Quasi-stationary measwant; Thermal

conductivity; Thermal diffusivity; Specific heatgacity; Finite Element Method
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5.1. Introduction

Medium density fiberboard (MDF) is a widelyedscomposite material made of wood
fibers. Its” favorable physical and mechanical prtips enable usage mainly in furniture
and construction production. Many authors describgechanical properties of MDF
(Bodig and Jayne, 1993; Cai and Ross, 2010; Ganesl.e 2005; Wilczyiski and
Kociszewski, 2007; Schulte and Frihwald, 1996),thate are only limited studies on the
thermal properties of wood-based materials. Thewkeage of thermal properties is
important especially in the process of drying, thalr modification, hot pressing or general
in processes where heat transfer occurs. Thernoglepties of wood-based materials as
well as wood itself are mainly affected by densitgmperature and moisture content
(MacLean 1941; Steinhagen 1977; Suleiman et a@9)J8nd vary within each type due to
heterogeneity of the material. Measurements ofnthéproperties of MDF with different
moisture contents were held by (Zhou et al.,, 20I3)ermal conductivity, thermal
diffusivity and volume heat capacity of untreatétermally modified and densified MDF
were compared in the work of (G&keewicz et al., 2012).

Different methods can be used to establishrtakproperties of MDF. The stationary
method performs a measurement when the temperatuhe measured material does not
change with time, as for example guarded hot ga&dmon 2001; Xaman et al., 2009) or
heat flow meter methods (Yu et al., 2011). Theromadductivity is then determined by the
heat flow, the mean temperature difference betwden sample surfaces and the
dimensions of samples. Transient methods, as fample hot strip method (Gobbé et al.,
2004; Ladovie et al., 2000; Jannot 2011), transpahe source technique (Gustafsson
1991) or pulse transient method (Bohat al., 2003; Boha et al., 2004) enable
measurement of a full set of thermo physical patarsewithin a single measurement.
Temperature development is a function of time mttiansient dynamic techniques. A non-
stationary method based on principles describedClarke and Kingston (1950) and
Krischer and Esdorn (1955) was developed at théfieal University in Zvolen (Pozgaj et
al., 1997). Quasi-stationary apparatus is basetit@monitoring of temperature changes in
the middle of samples and enables simultaneousndieition of thermal conductivity,
thermal diffusivity and specific heat capacity. Meeements of thermal properties are
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generally influenced by variety of parameters. Tiin factors that significantly affect
accuracy of results include material propertiesnédisions of samples, heterogeneities),
conditions during measurement (temperature, haaster coefficient) and parameters of
the measuring device (sensor placement, heat ufpig comparison of the hot-wire and
the quasi-stationary method for measurement of vibernal properties was introduced by
Hrcka and Babiak (2012). The results illustrated ttiience of thickness or dimensions of
the sample in the direction of heat flow on thalfithermal properties.

Numerical simulations of heat transfer werefgrened to find the influence of various
physical parameters on thermal response of woodebiamterials in this article. Parametric
studies predict the significance of each paramétsimulation of heat and mass transfer in
wood was carried out by Younsi et al. (2006), GoO@® and Hunt and Gu (2004). One of
the challenging issues remains the description eat ltransfer in wood-based materials
during the measuring process and the evaluatiopachmeters that influence the final
temperature rise in time. Data such as geometsaofples, material properties, or loads
are usually not known perfectlgérmak and Trcala, 2012). Therefore, the verificatba
numerical solution with experimental data and atiedy calculations is needed.

The main goal of this article was to establigie thermal properties (thermal
conductivity, thermal diffusivity and specific heaapacity) of MDFs using the quasi-
stationary method. To extend knowledge about thathod, a numerical simulation of heat
transfer in MDF samples was done and compared with analytical solution. A
probabilistic numerical study was conducted to difyanthe influence of specific

parameters on the accuracy of measurement.

5.2. Material and Methods

Commercially available MDFs with three diffatehicknesses (12, 18 and 25 mm) were
cut to approximate dimensions (width x length) 66650 mm and 100 x 100 mm. All 60
samples (10 samples of each thickness and sanzelevgere conditioned at 20 °C and a
relative humidity of 65% in a Sanyo MTH 2400 clincathamber to reach the equilibrium
moisture content. Mean density from each type ofda was evaluated by the gravimetric

method. Small blocks of dry MDF sample were cuthwstedge microtome in order to
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obtain a smooth surface. Reflected light microscopgges were prepared with laboratory
microscope Leica DM2000. All images show homogesesitucture of the middle layer in

25 mm thick MDF board, see Figure 1. Wood fibers @atiented mainly in samples” plane
direction.

Paper Il. Fig 1 Microstructure pictures of MDF surfaces in theedtion parallel to the plane (left
image) and perpendicular to the plane (right image)

5.2.1Experimental measurement of thermal properties usig the quasi-stationary

method

The apparatus consists of a block of eightpdasnalternately interspersed with NiCr
thin foil (0.01 mm) to produce heat, see Figuréa@th sides of the block of samples are
insulated by polystyrene (20 mm) and thin pertibarrds (several layers of paper coated
with phenol resin) to avoid heat losses to the caunding. The heat source generates
constant heat flux which enters samples through\ig foil and warms them up (PoZgaj
et al., 1997). The average heat flux ranged frond @ 640 W.nf at different
measurements. The rise in temperature was recawvitbda thermocouple placed in the
center of the two middle samples (in x,y,z=[0,0,0hose two samples were changed after
each measurement and their averaged thermal pepestaluated. Second thermocouple
was placed closer to the edge of samples (in 4§.,2%83,0,0.0123] for a sample with
100x100 mm and x,y,z=[0.0125,0,0.0124] for a sampiin 50x50 mm) to gain other

thermal response for more accurate verificatiothefnumerical model.
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Paper Il. Fig 3 The temperature response recorded between middiples by a thermocouple in
the center with a detailed linear part of the curve

The data from the measurements are illustratédgure 3 as a curve and describe the

temperature increase in time in the center of tiddlm samples. There are three different

parts of the curve. The first nonlinear part at ®ginning of the experiment is mainly

influenced by thermal diffusivity perpendicularttee sample’s plane direction. The second

part influenced by heat capacity is linear as & tdmperature increased with time. The

method is called quasi-stationary as it is defirmed resembling stationary conditions

resulting from the linear part of the temperatuasurement needed for the evaluation of

thermal properties (Troppova et al., 2013). Thehaslinear part of the temperature curve
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is influenced by thermal diffusivity in-plane ditean and by heat loss through lateral

surfaces. All three parts of the temperature respame necessary for evaluation of thermal
parameters. The accuracy of the quasi-stationarthadedepends on the precision of
measurement and on fulfilling the boundary condgiased in the solution of heat the
conduction equation (Yapici et al., 2011). Withabe middle linear part, the exact

calculation of thermal conductivities in both ditieas (perpendicular to plane and along
with plane directions) is impossible. The linediatien between temperature and time is
described as follows (Pozgaj et al., 1997):

qd at _

A d® 6 (2.1)

The non-stationary method (quasi-stationagyhased on the evaluation of temperature

T(0,1)-T, =

changes in measured samples [30]. The analytidati@o is based on solving the heat

transfer equation with specific boundary conditiacenstant heat flux on the upper surface
of the measured sample (eq. 2.2), zero heat flolvermiddle of the apparatus reached due
to the sample’s symmetry (eq. 2.3), and a congtamperature in the whole sample at the

beginning of experiment (eq. 2.4):

(G(T —To)j _q

x )., A (2.2)
oT-T) | _,
Tx ) (2.3)
(T=To) 0 =0 (2.4)

The interpolation of the measured curve adogrthe least square method is needed for
evaluation of the thermal properties. The threeesisional model with accounted heat

losses is used for interpolation of the whole noedir curve (Htka and Babiak, 2012):

T(xy.zt)-T, = 8q ZZZ( cho{( il ;77]( ¥ O%( il )%%/jw{(m J)nRXj

R Ca (2097 R
et
(m-1)= )‘F: [(2p ik ) ((zr 1)J‘[2 (2.5)
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Thermal diffusivitieso, andar are equal as MDF is assumed to be a plane isotropi
material. Let us consider the slope of the lineart pf the curve as parameter A and
intercept as parameter B. The thermal diffusivigggendicular to plane is than calculated
according:

_d*A
6B (2.6)
The thickness of boards must be known. The fiea value is needed to calculate

thermal conductivity:

j=gd @7)
6B

Moreover, if MDF density is known, specific heahdze determined:

c=—1

PdA (2.8)
The determination of parameters in parallel the plane direction utilizes the
relationship (2.5) and the non-linear technique leygd in the least square method. The
thickness d is equal to dimension R. The nonline@hnique provides both thermal
diffusivities in perpendicular and parallel directs and heat capacity. Then thermal

conductivities in both directions are calculatedaading to:
A=acp (2.9)
5.2.2 Numerical simulation and parametric study
Two finite element numerical models have bdemeloped for the simulation of the
quasi-stationary apparatus using Ansys Mechani@aIA14.5 software. Parametric scripts
were created in Ansys Parametric Design Langualge.riimerical model consists of two
MDF samples (blocks with dimensions 49.87 x 49.608x10 mm for the first case and
101.4 x 98.2 x 18.3 mm for the second case) pédyfeonded with no interaction between
them. Quadratic hexahedral thermal solid eleme3® (D279) created regular mesh in the
model. Experimentally obtained values of densifyecific heat capacity and thermal
conductivity in both directions (longitudinal andrnsverse) were specified and assigned to
the geometry. Heat transfer is caused by the heat(®.73 W) applied to the upper and
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lower surface of samples. Heat transfer coeffici@gt W.m?.K™) was assigned to lateral
surfaces. A thermal transient analysis with the #me& (max 5500 s) was performed. A
number of substeps (also 5500 s, then time st&és)senabled to calculate the temperature
in both thermocouple points every second which @sngarable with experimental
recordings. Four different parameters describirgy ribnlinear curve were computed, see
Table. 2.1. Parametetsder_linlandt_der_lin2describe the beginning and the end of the
linear part of the curve essential for evaluatioh tkermal properties. Parameters

t 1der_maxandt_2der_maxdescribe time at maximal first and second demvatiealing
with the speed of change in the temperature regpditese parameters were than used as
output parameters in the probabilistic analysis.

After verification of numerical results, theopabilistic analysis was performed to find
which parameters influence the temperature respandefurthermore the evaluation of
thermal properties in both cases (for 50 x 50 mih HXD x 100 mm samples). The Ansys
Probabilistic Design System enabled descriptionthaf relationship between the input
parameters (longitudinal and transverse thermabuectivity, density and heat transfer
coefficient) and output parameters (described inl§4) based on many calculated cycles.
The main results of the probabilistic analysis &pearman's rank correlation coefficients
showing relation and sensitivity between all meméid parameters. The input parameters
were sampled based on the Direct Monte Carlo methb technique randomly samples
the variables according to input range defined v@tussian distribution. The range for
sampling the parameters was set up using the avealge of the parameter (gained from
experiments) and the standard deviation (estallisheaccordance to 10% variance).

Output parameters were calculated in 100 cyclesnodilations.
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Paper Il. Table 1 Description of the computed output parameters

OUTPUT
DESCRIPTION CONDITION
PARAMETERS
t der linl . beainni fthe i der(i+2)—der(i+1)<
_der_lin time at beginning of the linear pant der(i-+1) der(])
. . . der(i+2)—-der(i+1)
t der_lin2 time at the end of the linear part ~der(i+1)-der(i) <0.99
t lder_max time at maximal first derivation derl=max_der:
t_2der_max time at maximal second derivation ~ der2=max_der:

5.3. Results and Discussion

The thermal conductivity, thermal diffusivignd specific heat capacity were derived
from the measured temperature response while ummadytical solution of the quasi-
stationary method (see equations 2.5-2.9). The ummedsdata differ notably, as shown in
Table 2. The results proved that the thermal measurementdDF samples with
dimensions 100 x 100 mm and thicknesses 12 andrm&ure reliable only. The standard
deviation of measurements is higher for sampleb diitnensions 100 x 100 mm. This can
be caused by the higher variability of samples, dnés not predicate on accuracy of the
measuring method. The irrelevancy of measured alakégher thicknesses (cases with 25
mm thickness) and smaller dimensions (all sampl#éis 80 x 50 mm) is caused by the
missing linear part of the output curve, which sgly influences the data evaluation. The
higher the thickness of MDF sample, the higher Iesges to the surrounding from lateral
surfaces. The proper ratio between thickness adthvaf the sample lowers the influence
of the heat transfer coefficient on the heat logeesugh lateral surfaces (Pozgaj et al.,
1997). Even the ratio 0.24 (samples with widthsn&®h and thickness 12 mm) was not
sufficient for relevant measurement. Thermal cotigitg increases with increasing density
of samples, as stated by e.g. Kihimann (1962). pldsitive correlation between thermal

conductivity and density was confirmed by measutata (valid only for reliable results).
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Paper Il. Table 2 Mean thermal properties of MDF samples measuredthim direction
perpendicular (across) the plane

DIMENSIONS | THICKNESS | DENSITY Ax Ox HEAT CAPACITY
[mm] [mm] [kg.m?] W.mLK?Y | [10" mAs? [3.kgt.KY
12 767(10.7) 0.21(0.01) 1.14(0.04) 2426(56)
50 x 50 18 778(12.4) 0.22(0.02) 1.16(0.06) 2476(161)
25 753(4.5) 0.24(0.02) 1.27(0.04) 2500(105)
12 721(1.8) 0.12(0.02) 1.08(0.06) 1514(81)
100 x 100 18 741(3.3) 0.12(0.02) 1.10(0.08) 1538(119)
25 715(30.7) 0.17(0.01) 1.14(0.05) 2132(79)

* values in parentheses describe the standard dewmiaf measurements

Yapici et al. (2011) published a thermal cartiMity value of 0.192 W.mM.K™ at 7.2%
moisture content and 20 Celsius degrees for MDR witlensity of 640 kg.fimeasured by
the hot-wire method. The thermal conductivity (GM.m*.K™) at 25 Celsius degrees for
oven-dried MDF with a density of 765 kghestablished according to the light flash
system was published by Zhou et al. (2013). A wardd factors strongly influence the
thermal conductivity values (density, moisture emt temperature, measuring method,
technological process, sample preparation), as &een the difference between data
available in literature and our measured value® Vdriability in data obtained according
to the quasi-stationary method primarily resultenfrthe variability between samples and
from the influence of heat losses from lateral acek. Thermal parameters were obtained

at 20 Celsius degrees and at average equilibriuistane content 7.6% of all samples.

Paper Il. Table 3 Mean values of MDF thermal properties

HEAT
DIMENSIONS | THICKNESS Ay Ax ax ay

o g S ., . | CAPACITY

[mm] [mm] W.mik?Y [ W.mik?Y [10" mP.sY [10" mP.sY L4

[3.kgt.KY

100 x 100 12 0.12 0.29 1.1 2.6 1514

100 x 100 18 0.24 0.24 1.1 2.2 1538
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The thermal conductivity and thermal diffuspvin both directions (perpendicular and
parallel to the plane) may be calculated followitng quasi-stationary method. Those
averaged values are presented in Table 3 for twestpf MDF samples. The duration of
the measurement was prolonged to reach all thmee pithe thermal curve. There are only
limited experiments on wood-based materials deaiintp thermal parameters in the
direction parallel to the plane, as for practicailding applications, the heat flow is
primarily across the plane. On the other hand,ink@ane thermal conductivity is one of
the important parameters during edge banding. h@ane thermal conductivity and also
thermal diffusivity is 2 to 2.4 times greater tharthe perpendicular direction, see Table 4.
The microstructure picture shows the orientatiowobd fibers mainly parallel to the plane
of the MDF board (Figure 1.). TenWolde et al. (1)988blished wood thermal conductivity
values along the wood grain 1.5 to 2.8 times highan the conductivity across the grain,
which also described our data.

The comparison between the experimental réngsdin both thermocouple locations
and numerical calculations is obvious in Figuréoéthe case of 100 x 100 x 18 mm and in
Figure 5. for the case of 50 x 50 x 18 mm. The micakand experimental data were in
close agreement with each other (differences betwemperatures were lower than 0.3 °C
in all parts). Testing of mesh density at a largege as well as using different ANSYS
element types did not influence the results peiogptOn the contrary, a time step of
transient analysis influences the shape of theecaonsiderably, especially in the first and
the second part of the curve. The comparisons saogood agreement between the
calculated numerical and the measured data; edlgesiaolution with time step 1 second
(temperature is calculated every second). Such Iafitted model can consequently be

used for sensitivity analyses.
a)

e EXperimental data - thermocouple 1
Numerical solution - thermocouple 1
———— Experimental data - thermocouple 2

- — — Numerical solution - thermocouple 2~
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Paper Il. Fig 4 Results of numerical solution for the case of ¥0000 x 18 mm specimens; a)
comparison of numerical and experimental tempeeatuarease in time for both thermocouples, b)
first and second derivation of the temperature eurv
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The same amount of heat was applied on MDRpkemin both computed cases (50 x 50
mm and 100 x 100 mm). The faster change of temperatescribed by the first derivation
(see Figure 4b. and Figure 5b.) is obvious in samplith smaller dimensions. Even the
last nonlinear part of the curve occurs earliethia case of 50 x 50 mm samples. The
deformation of the temperature field caused by tesdes through lateral surfaces (see
Figure 6.) is much more evident at smaller dimaemsio

Verified numerical models were used for prolstic analysis based on variable
solutions with randomized input variables (densibgat capacity, longitudinal and
transverse thermal conductivity, heat transferfogeht). The output parameters (see Table
2.1) are instrumental towards describing the matleerve from the quasi-stationary
measurements (kka and Babiak, 2012). The evaluation of the prdisdioi sensitivities is
based on the correlation coefficients between ailldom input variables and particular
random output variables. Spearman’s rank ordereledion coefficients are shown for
cases with 50 x 50 mm and 100 x 100 mm samplesalleT5. (the two variables are

weakly correlated with each other for values cldaserero; the two variables are highly

correlated either in a positive or negative sens&dlues closer to 1 or -1, respectively).

B
1.307 14 305.961 310.615

96.653 301.30 27 295.339 298.49 301,641 304.792 307.943
298.98 303.63 e T 5060367 T T 3000519

315,
308.288 312.942 317.597 T 296,914 77777 300.065 303.216

Paper Il. Fig 6 Numerical results of the temperature field ate¢hd of the measurement for MDF
samples with dimensions 50 x 50 mm (left) and 14@& mm (right)

Density proved to be an important factor inssgvity analyses as it highly correlated
with all output parameters in a positive way, sebl& 4. The analysis showed also the

significant correlation between transverse congiigtiand all output parameters. The
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higher transverse conductivity is, the quicker wi# the temperature response on the
applied heat. The thermal conductivity perpendictdahe plane influences also the end of
the first nonlinear part (described by parametder_linl)as well as the linear part of the
curve € der_lind. The value of the heat transfer coefficient ahd in-plane thermal
conductivity influences mainly the last part of thenlinear curve. The higher heat losses
are from lateral surfaces, the faster will appeardecond nonlinear part of the curve. The
in-plane thermal conductivity of 50 x 50 mm samgkean insignificant parameter for the
linear part of the curve as it is short compareth&other nonlinear parts. The short linear

part then causes shifts in data evaluation.

Paper Il. Table 4 Matrix of correlation coefficients based on ANSY®Ipabilistic analyses

HEAT TRANSFER
DIMENSIONS | PARAMETER Ay Ay DENSITY
COEFFICIENT
t_lder_max -0.491 (-0.141) 0.821 (-0.070)
t_2der_max -0.599 (-0.077) 0.777 (0.044)
50 x 50 mm _
t_der_linl -0.461 | (-0.144) 0.831 (-0.093)
t_der_lin2 -0.461 | (-0.144) 0.832 (-0.093)
t_lder_max -0.480 -0.225 0.820 (0.033)
t_2der_max -0.651 | (-0.015) 0.743 (0.086)
100 x 100 mm _
t_der_linl -0.434 -0.290 0.819 (0.030)
t_der_lin2 -0.423 -0.294 0.822 (0.022)

* values in brackets indicate not significant cdaton coefficient (a significance level of 2.5%shleen
used).

5.4. Conclusions
The experimental measurement of MDF thermaperties by quasi-stationary method
and subsequently the numerical probabilistic amslgealing with impact of selected
parameters on the reliability of measurement wasented in this work. The thermal
conductivity and thermal diffusivity in both diréats (perpendicular and parallel to the
plane) was assessed. The in-plane thermal condydiiy=0.24 W.m".K™* by 721 kg.r?)
is 2 to 2.4 times greater than in the perpendicdiaection {x=0.12 W.nm"K™). The
positive correlation between thermal conductivitydadensity was confirmed by our
measured data. Thermal measurements of MDF witardiit thicknesses (12, 18 and 25
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mm) and sample sizes (50 x 50 mm and 100 x 100 werg held. The results proved that
the thermal measurements of MDF samples with dirmbees100 x 100 mm and
thicknesses 12 and 18 mm are reliable only. Tieewancy of measured data is caused by
the missing linear part of the output curve as vasllby the increased heat losses from
lateral surfaces.

The valid experimental results were used for veaifon of the numerical model and
furthermore as the input variables in the probstidi analysis. Numerical results give
information about correlation between selected ingod output parameters describing
mainly the measured temperature response. The siéa@iiowed a high impact of the
sample’s density. The future incorporation of r&adi density profiles into the numerical
model will improve the results of the sensitivitpadysis. The extensive experimental
evaluation of the relationship between density #ratmal properties will be needed. The
heat transfer coefficient decelerates the temperanecrease in time, mainly in the second
and the third part of the measurement process.rélegancy of the measurement is also
influenced by the choice of the proper ratio betwickness and width of the sample. The
accuracy of the quasi-stationary method dependshenprecision of measurement and
fulfillment of conditions during measurement, esplg the test duration resulting in all
three needed parts of the temperature curve. Tiability of experiments can be increased
by avoiding heat losses (insulating all lateraltpaf samples) so that the size of samples
would not affect the determination of thermal pagtars.

Nomenclature

X, Y, Z coordinates [m]
d thickness [m]
R, LT dimensions [m]
c specific heat cdpac [ J.kg K™Y
orandor (Zay), o (Zay), thermal diffusivities [sY]
T temperature K]
To constant initiairteerature K]
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Ax thermal conductivity pendicular to the plane WK™
Ay in-plane thermahductivity [W.M.K7]

density [kg.nmi]
q heat flux [W.nm?]
t time [s]
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6. Paper IlI.

The influence of specific parameters on thermal prperties of

medium density fiberboards by pulse transient methd

Eva Troppov Jan Tippner
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a: Department of Wood Science, Mendel Universigrimo, Czech Republic

Abstract

The usage of low conductive heterogeneous matel@lsto demands for accurate
measurements of their thermal properties. The dirthis work was to investigate the
various effects influencing the accuracy of thesputransient method when measuring
wood-based materials. Thermal properties (therroabuactivity, thermal diffusivity, and
specific heat capacity) of medium density fibrehisawrith different thicknesses (12 and 18
mm) measured at the thermal pulse transient desteepresented in this paper. The
polymethyl methacrylate was used as a standarcerefe material for further investigation
of the influence of specific parameters on the rtfedrresponse to a heat pulse. The
numerical probabilistic analysis showed significgattors influencing the measured
thermophysical parameters. Density, thermal comdtictof the outer samples as well as
the ambient temperature proved to be importanhénmeasuring process. Suggestions for

further improvements in the method are made basedsults from sensitivity analyses.

Keywords: Medium density fiberboard (MDF); Pulse transientthod; Polymethyl
methacrylate (PMMA); Thermophysical properties; iteénelement method (FEM);
Probabilistic analysis
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6.1. Introduction

A contemporary preference of using low conductiwaterials especially in building
industry leads to need for more accurate measunmeghods of its thermophysical
parameters. Modern materials of this kind posse&gsfisant heterogeneity and porosity
that is the reason for their good thermal insutapooperties (Boh#aet al., 2003). Classical
stationary measuring methods, such as guardeddtetpethod or heat flow meters have a
limitation regarding number of evaluated parametérs the contrary, transient measuring
methods can give a full set of thermophysical patans within one measurement, namely
thermal conductivity, thermal diffusivity and spiciheat.

Despite the chosen method, the effects thatenfle the process of heat transfer through
the measured material have to be known. The meistantent proved to be an important
influencing factor as the changing moisture contientpores changes the equilibrium
thermodynamic state in the material (Boh&t al., 2003). Many authors dealt with the
influence of moisture content on the thermal comgitg of building materials, as e.g.
Matias et al. (1997), Brombacher et al. (2012) boZ et al. (2013). The heterogeneity of
wood-based composite materials is created by tiemtation of fibers and distribution of
pore sizes. The knowledge of porosity in the matesiructure permits the evaluation of
thermal conductivity (Thunman and Leckner, 2002)bkar et al. (2005) examined the
thermal conductivity values for heterogeneous psnmaterials at the surrounding air and
vacuum atmosphere. They stated that the gas ins @gaificantly influences the heat
transport through porous materials. As many autegperienced, also density is another
highly influencing factor, because it is relatedthie porosity of the material. Sonderegger
and Niemz (2009 and 2012) described relationshigtsvden thermal conductivity and
density for wood-based composites. Further workreefo Xie et al. (2011) for ultra-low
density fibreboards and Chen et al. (2010) for mmedidensity fibreboards properties
related to density profiles. Both proved the pusiticorrelation between thermal
conductivity and density.

Kubicar et al. (2005) described the main advantagesan$ient measuring methods. The
pulse-transient method is based on generation ridmastationary temperature field by a

pulse of heat inside the specimen. The stabilizetperature of samples is interrupted by
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the small heat disturbance. The thermophysicalrpeters are possible to calculate based
on the temperature response. The temperaturebdistm is a solution of the partial
differential equation considering appropriate baanydand initial conditions (Stofanik et
al., 2007). The heat losses from lateral surfagetteer with the thermal contacts and
source heat capacity influence the measurement.spleeimen thickness influences the
penetration of the deformed temperature field whiesults in data shifts (Bobtigt al.,
2002). The sensitivity of those factors on the itrresponse (mainly on the maximum of
temperature and time at this maximum temperatuligeyas possible to calculate based on
numerical probabilistic analysis. The correlatiavefficients describe the close or week
correlations between input and output parametessgasitive or a negative way. The ideal
analytical model neglecting all the influence pag#ans is not feasible at real measuring
conditions (Stefkova, 2011). Therefore the numéricelysis can establish the potential

most important factors influencing the thermal mesge.

6.2. Material and Methods

The purpose of this study was to investigate itfilience of specific parameters on
measured thermophysical properties of medium defibiteboards (MDF). The numerical
model based on Finite element method (FEM) desugibiie heat transfer and temperature
field in the measured sample was analyzed and caupaith experimentally obtained
values for samples with thickness 12 mm. The eneggation (Fourier’s law) is solved in
the numerical analysis. The probabilistic numera@lysis was used to reach parameters
influencing the thermal response to a short helepudhose calculated parameters were
compared with parameters of polymethyl methacry[@®MA) which was used as a
standard reference material. Such comparison ehate discover specific factors
influencing the measurement process of wood-basse@rrals. The thermal properties of
MDFs with thicknesses 12 and 18 mm were calculatesin experimental data.
Furthermore, the X-Ray densitometer was used tasureahe density distribution of both

types/thicknesses of MDF specimens.
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6.2.1.The pulse-transient method

Commercially available MDFs with thicknesses of &Ad 18 mm were cut to
approximate dimensions 100 x 100 mm. All 20 samglé€s samples of each thickness -
type) were conditioned under 20 °C and a relativenidity of 65% in a Sanyo MTH 2400
climatic chamber to reach the average equilibriuaistare content (7.6 %). Mean density
of all samples was evaluated by gravimetric methbdose samples were used for
measurements of thermal parameters. Additionatlyerol0 + 10 samples from the same
MDF plate were cut to dimensions 50 x 50 mm for ¥uRay densitometry (X-RAY
DENSE LAB working with resolution 0.01 mm).

The experimental set-up consists of three MDF sasplith approximate dimensions
100x100 mm (width x length) to ensure symmetricaiditions, see Figure 1. The planar
heat source (heating foil) is placed between thhgt fand the second sample. Heat is
generated by electric current pulse at certain toura The thermocouple is inserted
between the second and the third sample. All tecaeeples have to be made from the same
material, a three parts of one specimen ideallg. &periment should be performed as near
to the ideal model as possible to avoid deviationsieasurement accuracy (Bahet al.,
2005). Criteria of the ideal model and parametérspecimen set up should be fulfilled to
reach high measurement precision (Boleé al., 2005). Therefore, first and third MDF
samples could be at least 1.4 thicker than the umedssecond one to ensure the thermal
balance. The thickness of the first and third s@myds 18 mm when measuring the second
sample with 12 mm thickness and 25 mm for casek thi¢ 18 mm measured second
samples. The ratio between thickness and widtthh@fmieasured sample should be lower
than 0.2 (Bohé&et al.,, 2002 and 2005). Also this criterion walilfed in all cases All
MDF samples are connected to each other with thyerlof heat sink paste ensuring ideal
thermal contacts. An electrical current coming tigio the metallic foil generates the heat
pulse and furthermore the non-stationary tempegdtatd within the specimen (Kutar et
al., 2005). The temperature response is measuredhoyrmocouple placed in the center of
the upper surface of the middle sample, see Figufidhe specific heat, thermal diffusivity
and thermal conductivity are calculated from theap®eters of the temperature response -

the time and the magnitude of the maximal tempegatocrease. Typical temperature
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increases are between 0.5-2 °C (Bok&al., 2002). The samples arrangement is pressed
between platens kept at stable temperature by ®ai Bxchangers, see Figure 2. The
temperature of the heat exchangers is controlled liyuid medium from a thermostat. An
isothermal cover of chamber is used to suppresstamperature gradients along the
specimen set.

Measuring process is controlled by electroni@t &®iT-Lab (developed at Institute of
Physics Slovak Academy of Science). RT-Lab is a@oraamous control unit that realizes
all operations needed for realization of the experit. Each measurement is organized in
sequences and consists of stabilization time amgegprtime of the measurement. The
temperature of specimen set and also of the sulmgratmosphere is stabilized at certain
temperature (20 °C at our measurements). Afterlzation time (from 3 to 6 hours at
average in our case), the heat pulse is generatadavshort delay which is instrumental
towards better control of temperature stabilizatidaration of the heat pulse was set to 20s

(see section 2.2).

thermocouple
temperature controled block ,-/

measured sample

temperature controled block

planar source

Paper lll. Figure 1 Scheme of the measured set-up composed of three BfieEimens with
different thicknesses
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Paper Ill. Figure 2 Opened chamber ®T-Lab device based on pulse-transient method

The analytical solution for the temperature respoos the heat pulse generated by the

planar heat source is as follows (Stefkovéa, 2011):

ult,

_ i
AT(d, t) = mexp( Zat ) (1)

The approximate solution valid for the maximum emperature response gives simple

formulas for the calculation of thermal parame{@sh& et al., 2002; Stefkova, 2011):

2 0
a=d"/2t
ult,
=0 3
T mepdT ©
A =apc
P @)

Additional measurements were held on a block of M&#mples with dimensions
50x50x12 mm and cylindrical PMMA samples with rasl20 mm and thickness 6 mm for
validation of the numerical results and furtherméoe the reference parameters of the

sensitivity analysis.
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6.2.2 Numerical simulation and probabilistic study

Parametric three-dimension finite-element model wasated in ANSYS Mechanical
APDL 14 software. The model consists of three MDécks with assigned orthotropic
thermal properties given by experiments. The cem@asured MDF block has 12 mm
thickness. The outer blocks have 18 mm thicknesseasure the requirements of the ideal
model. Quadratic thermal solid elements (SOLID9@yevused for mapped meshing. A
heat pulse with certain power and duration wagjassi as the planar source on area placed
between the first and the second block. The hdaepuas applied as average heat (9.03 W
at 100 x 100 mm and 8.77 W at 50 x 50 mm) at aettee pulse duration (20 s) preceded
by 15 seconds delay. The convection boundary donditwith heat transfer coefficient of
10 W.ni2.K™* was assigned to the lateral surfaces. The temperatf 293.15 K was
assigned as the uniform surrounding (bulk) tempeeats well as the stable boundary
temperature on top and bottom sides of the outwkisl The temperature response at the
center point (node) on the upper surface of thediailock was calculated and compared
with the experimental curve. The end time of tlasient thermal analysis as well as the
total time of the experimental measurement was 180Rleal thermal contacts at each
contacting surface enabled perfect heat transfeutjin samples. The sensitivity analysis
proved that the thermal resistance between surfdoes not influence heat transport
significantly. Therefore all the volumes were bamgerfectly with no interaction between
them.

The second numerical model consists of threenadgts of PMMA material. The
thicknesses of samples were as followed: 6 mm thasored middle sample and 15 mm
the outer cylinders. Isotropic thermal conductivapd other physical properties were
assigned to the geometry. All boundary conditioesenassigned to the model in the same
way as in the previous simulation, including: treahtransfer coefficient (10 W:AK™);
average heat (4.85 W) at time interval (10 s) aftérseconds delay and the stable
temperature (294.42 K). The temperature respontgeatenter point on the upper surface
of the middle cylinder was computed.

After verification of the numerical model by cparing the temperature response given

by experiments and by the numerical solution, thababilistic analysis (performed by
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ANSYS Probabilistic Design System) was used to fimel most influencing factors on the
temperature response. The results of the prob@bifisalysis are correlation coefficients.
The Spearman’s rank ordesrrelation coefficients describe the relation bestw the input
and output parameters. Thermal conductivity, headacity, density and heat transfer
coefficient were chosen as the input parameters.iéximum temperature valug (may
and the time at the maximum temperature valueng§® were assigned as the output
parameters since these two parameters describertiperature response of the material,
see Figure 3. The input parameters were randomtpkea based on the Direct Monte
Carlo method. This method samples the input pammwmein range according to the
Gaussian distribution defined by average value statidard deviation. The correlation

coefficients were calculated from input and oufpartameters of 100 cycles of simulations.
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Paper Ill. Figure 3 Description of the typical temperature responsehef material on the heat
pulse

6.3. Results

The thermal properties of MDF samples with disiens 100 x 100 mm and thicknesses
12 and 18 mm were measured at 20°C. The resultshenen in Table 1. Mean thermal
conductivity data measured by pulse-transient ntetaie relatively lower compared to
values reached by other methods. The thermal coimityc(0.192 W.m*'.K™) at 7.2%
moisture content and 20°C for MDF with a density6d0 kg.n measured by the hot-wire
method was published by Yapici et al. (2011). Zkbal. (2013) used light flash method to
establish thermal conductivity (0.195 WK™ at 25 Celsius degrees for oven-dried MDF
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with a density 765 kg.m All published works varied in used measuring rodths well as
in properties of samples (density, moisture congert temperature) which could explain
the differences between our measured data and gfaised by other authors.

Paper lll. Table 1 Mean thermal properties of MDF samples measur@D¥E (values in brackets mean
variation coefficient [%])

Size of samples d P 3 g 7a2 1 Cl 1
T (mm] | (kg.m®] | pw.mtkcy | 1O M ST [0.kghKY

12 74511 | 0.1231.2) 0.976a.2) | 1625.41.3)

100 x 100 mm e ae T 0.171me | 1.2612s) | 1772.15s)

Only a week positive correlation between denaitg thermal conductivity was found on
measured data. This could be caused by small imrsabetween density values which are
proved by the low coefficients of variation in deypglata (lower than 1.7%). The overall
density of specimens was calculated gravimetricdllyt the real material densities vary
within the thickness of the sample. The variatidndensity in the thickness direction
referred to the vertical density profile (VDP) pwahdly affects the mechanical and
physical properties of MDF. Therefore an X-ray deemseter was used to scan all samples.
Results of the densitometry are presented in FigAl4density profiles are symmetrical
with high-density faces and slight decrease in itieas depth of 2 mm from surface layers.
A parabolic density profile describes density disttion in MDF with thickness of 12 mm.
There are high differences between the high-deffisitgs with mean density of 890 kg®m
and the core values @65 kg.m®. On the contrary, a flat and almost homogeneous

densification of fibers in the core of samplesrisgent in MDF with thickness of 18 mm.
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Paper Ill. Figure 4 Average density profiles of all MDF samples withd2 mm thickness; b) 18
mm thickness
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The measurement of the reference isotropic and genmenous material PMMA was
held and the temperature response recorded. Theetatnre increase in time was
compared with the numerical results. The data wwerea close agreement between each
other, see Figure 5. The thermal properties of PMKttdermal conductivity, density,
thermal diffusivity, specific heat capacity) anda thoundary conditions (temperature and
heat transfer coefficient) were used as input patara for the probabilistic analysis. The
maximum of the temperature response as well adirtiee at the temperature maximum
were used as output parameters. The correlatiomelet all input and output parameters is
described by Spearman’s rank orderrelation coefficients, see Table 2. The inpud an
output parameter is weakly correlated with eaclerothhen the correlation coefficient is
close to zero. Two parameters are highly correlatter in a positive or negative sense for
coefficients closer to 1 or -1, respectively. Treefficients in brackets mean negligible

influence of the parameter.
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Paper lll. Figure 5 Experimental and numerical data showing the ages¢ of both methods in
description of the temperature response of PMMAherheat pulse

The same procedure was held experimentally amserically on orthotropic and
heterogeneous MDF samples at each sample sizex(l@® mm and 50 x 50 mm). A
reasonable agreement between experimental and mwan@ata was found for both cases.
The maximum deviation from the experimentally gdin@lues does not exceed 0.3 °C.

These relatively small differences can be causetheysimplified boundary conditions in
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the numerical model, e.g. the heat at certain duradpplied in the model is the time-
dependent heat flux function in real conditionse Thesh refinement defining the number
of solved equations as well as the time step (sacbnd in the model, but 0.1 second in
experiment) can influence the temperature respaaseell. All these factors significantly
prolong the calculation time and increase demaodbkdrdware capacity especially in case
of probabilistic analyzes. That is why the compreeniesolution was used.

As seen from the Figure 6, there are differermween thermal response of MDF with
the same thickness 12 mm and different sizes 3Dmr\ and 100 x 100 mm. The maximal
thermal response and therefore the calculated #iediffusivities for both samples vary
notably (1.37x10 m”.s® at 50 x 50 mm specimen and 1.05%Xh.s at 100 x 100 mm).

The heat flow through the test sample is thriesedsional because of the convection heat
transfer from lateral surfaces. The surroundingperature is stable, but the heat pulse
causes temperature gradient in the sample andféherenables the heat losses to the
surroundings. The heat transfer coefficient influesy mainly the decreasing part of the
curve as it causes cooling of the sample. The ta@tsianalysis showed the negligible
influence of the heat transfer coefficient on theximum temperature response.

The differences in results of thermal parameterswat different sample sizes are
explained by the increased heat transfer in doagterpendicular to the heat pulse. This
problem could result from different temperaturesigitzed to heated platens between which
the samples are pressed and the real surroundimgetature. Although the samples are
covered by the isothermal cover, the room tempegahiluences the inner conditions. The
bigger are the differences between the assignegeiature of platens and the room
temperature, the more is deformed the temperatietd {due the fibrous anisotropic
character) within the measured specimen, espe@tbynall dimensions. Such a problem is
possible to solve by insulating the lateral surfagethe sample so that the dimensions of

samples would not affect the determination of ttedrparameters.
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Paper Ill. Table 2 Correlation coefficients between parameters

Material Parameter | A 1 C p 1 Ao o
T_max | (0.132)| -0.705| -0.614| (-0.160)| (-0.096)

PMMA tmax | -0.547| 0.599] 0.516 -0.491 (0.161)
MDF T_max | 0.359 | -0.401 -0.443| -0.442 | (-0.110
50x50 mm | tmax | -0.448| 0.637] 0.613 (-0.029)(0.089)
MDF T_max | (0.126)] -0.710] -0.619] (-0.147)] (-0.088)

100x100 mm  t_max -0.578| 0.600, 0.508 -0.427 (0.190)

Density of the sample was proved to be the mosbitapt parameter that influences the
temperature response, see Table 2. The MDF sanmales high-density faces which
possibly add a higher resistance to the heat gamasfthe surface in comparison to the heat
transfer through the material. As the density dates with moisture content positively, it
is appreciated to measure dried samples so thath#weging moisture content could not
cause density fluctuations. The differences betweerrelation coefficients of the
homogeneous material PMMA and the heterogeneous 84iDiples showed the significant
influence of the thermal conductivity of first ankird samples. The increased thermal
conductivity of surrounding samples causes decréasmaximum of the temperature
response and furthermore negatively influences Hbat capacity evaluation of the
measured sample. This problem occurs mainly whergusaterials with high variability
in structure and properties.

Temperature increase [°C]
o
o
1

Experimental data: dimensions 50x50 mm
—————— Numerical result: dimensions 50x50 mm
Experimental data: dimensions 100x100 mm
-=-=-=-=-- Numerical result: dimensions 100x100 mm

0 100 200 300 400 500 600 700 8do 900 1000 1100 1200
Time of the measurement [s]

Paper lll. Figure 6 Temperature response of MDF samples with dimen$0ns 50 mm and 100
x 100 mm
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6.4. Conclusion

A major motivation for this research was to invgate various effects influencing the
accuracy of the pulse transient method when mesasineterogeneous fibrous orthotropic
wood-based composites. The method was successfuifed in case of medium density
fiberboards with different thicknesses (12 and 1&)mthermal properties (thermal
conductivity, thermal diffusivity, and specific hezapacity) were measured and compared
with other published data. The numerical analyss Weld to further investigate significant
factors influencing the measured thermal paramefEne® experimental and numerical

results let to following conclusions:

- A week positive correlation between experimegtaletermined density and thermal
conductivity was found. This is probably caused dogall variations between samples
densities (coefficient of variation is lower thary%). The thermal conductivity of MDF
samples is 0.123 WK™ at mean density 745 kginand 0.171 W.M.K™* at mean
density 765 kg.m. Mean thermal conductivity data measured by ptrsesient method

are relatively lower compared to values reachedthgr methods.

The numerical analysis was held to further invedégsignificant factors influencing the
measured thermal parameters. The experimental antenical results let to following

conclusions:

- Density of the sample was proved to be the mosbritapt parameter that influences the
temperature response. The variation in verticakitgrprofile profoundly affects thermal
properties of MDF. The high-density faces of MDFsgibly add higher resistance to the
heat transfer at the surface of samples. A moreurate numerical model with
heterogeneous properties including relation betwdssity and thermal properties should
help to quantify this phenomenon.

- Changes in samples moisture content during measumtecan influence evaluation of

thermal diffusivity value.
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- The dimension of the measured sample affects tteerdmation of thermal parameters.
The differences in results of thermal parametets/atdifferent sample sizes are explained
by the increased heat transfer in direction perjpaihal to the thickness of the sample. The
surrounding temperature is a decisive factor orhtba response of the material, especially
at small dimensions.

- The differences between correlation coefficientshef homogeneous material PMMA
and the heterogeneous MDF samples showed the isantifinfluence of the thermal
conductivity of first and third samples on the thaf response.

The numerical analysis proved the overvaluatiospecific heat capacity data (not higher
than 5%) caused by the increased thermal condtctofi surrounding samples. This
problem occurs when materials with very variablepgrties are used so that all three

samples in set-up differ notably.

To further improve measurements at heat pulse rdettie following suggestions are

made:

- to insulate the lateral surfaces of samples, sbthieadimensions would not noticeably
affect the determination of thermal parameters. Pphaper ratio between thickness and
width of samples has to be established for eaclsuned material.

- to use first and third samples with the same theamaductivity as the measured second
sample, so that the variation in properties woutt mfluence the accuracy of the

measurement.

- to protect samples from changes in moisture coentby wrapping them into thin foil

or measure dry samples

Nomenclature

a thermal diffusivity [M.sY
c specific heat capacity kg K
! thermal conductivity WK™
d thickness of the measured sample [m]
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t max time at the maximum temperature [s]

T max maximum temperature K] [
U voltage [V]

I electric current [A]

p) density [kg’in

to duration of the heat pulse [s]
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7. Paper V.

Influence of temperature and moisture content on tk thermal

conductivity of wood-based fibreboards

Eva Troppovg Matj Svehlik', Jan Tippnet Rupert Wimme'r?
Materials and Structures, DOI: 10.1617/s11527-04€704

a: Department of Wood Science, Mendel Universi@rimo, Czech Republic

b: Institute for Natural Materials Technology, IFRAIlln, University of Natural Resources and LifeeBcies

Abstract

Temperature and moisture content are importantnpetexs affecting thermal properties
of wood and wood-based materials. Quantitative degaequired to better characterize the
thermal performance of fibreboards. The aim of thierk was to assess thermal
conductivity of insulation fibreboards at differet@mperatures (ranging from -10°C to
+60°C at 10°C increments) and moisture contentav(gretrically determined after
conditioning at 15%, 50%, 85% RH). Thermal meas@m@swere done conducted with at
stationary boundary conditions. The relationshiptween thermal conductivity,
temperature and MC of samples was found by fittlaga to a second order polynomial
function. Moisture behavior was characterized bglypg the Hailwood-Horrobin (H-H)
sorption model. The single-hydrate model was usik tlie equilibrium moisture data at
each conditioned climate step, starting at 10% &®Hto 90% RH, at 10% RH increments.
Total sorption as a composite of hydrated and tisgowater sorption was quantified for
adsorption as well as desorption. Modelled dataewer close agreement with the
experimental data. Accurate datasets on the thdoetaviour of insulation materials are
crucial in numerical modelling approaches, whichl wnprove the proper design of

building envelopes.

Keywords: Thermal conductivity; Heatflow meter (HFM); Adsaipt isotherm;
Hailwood-Horrobin model
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7.1. Introduction

According to DIN EN 316 standard low-densityréboards are porous panels having a
density between 230 kgfrand 400 kg/mh They are usually wet-laid, with very low
additions of adhesives and sizing agents (Malor®®8Jand Youngquist 1999). Nowadays,
different new dry-processes are used to manufagemelow density fibreboards (about 50
kg/m?) with better thermal insulation parameters (Ba26d2 and Xie 2011). Low-density
fibreboards usually refer to insulation boardshes/tare mainly used as thermal insulation
materials in civil engineering. They are often sabjof strong temperature and humidity
changes especially when installed as facade insnlatThe expressed changes of
environmental conditions cause alterations of ptalsproperties. One of the negative
consequences due to varying moisture contents amanted dimensional changes.
Because of shrinking and swelling of the materisual and structural problems occur,
including splitting, development of decay and staingi, and loss of mechanical strength.
Along with the moisture changes, the thermal cohdilg may also alter (Steinhagen
1977).

To combat unwanted changes of moisture in wasskd panels, hydrophobic additives
might get added (dtkova et al. 2006). These additives, however, msy ad to changed
thermal characteristics (Sonderegger and Niemz 201 transportation of heat through
the panel is driven by the proportion of voids (8mi997 and Bekhta and Dobrowolska
2006). Herein, the positive dependency of thernamaldactivity on temperature plays an
important role, and becomes decisive in the casagfsun exposed facades (Gur'ev and
Khainer 1999). Thermal conductivity of fibreboalidsreases with increasing temperature
linearly about 0.45% per Kelvin in the range of €O 30°C (Sonderegger and Niemz
2010). Thermal conductivity depends also on the ufanturing method of the boards,
mainly on the orientation of fibres, the porositystdbution and the glue fraction
(Sonderegger 2011).

There is a number of ways to measure theroradwctivity. The steady-state technique
measures conductivity when the material is in cetgpkquilibrium (Salmon 2001). The
heatflow meter technique uses two calibrated heatfansducers with the specimen placed
in between. A steady-state heatflux is maintaingdapplying a given thermal gradient
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across the specimen. Thermal conductivity is themuated according to Fourier’'s law
(Siau 1984). Yu et al. (2011) used a guarded heatfhethod to establish thermal
conductivity of commercially produced wood-basedthgla. The influence of moisture
content and temperature on the thermal conductofitynsulation fibreboards by heatflow
measurements was shown by Matias et al. (1997). ifwestigation of thermal
conductivity and moisture behavior of fibreboandgliiding sorption and desorption curves
was carried out by Brombacher et al. (20&2)temperatures between 10°C and 30°C.
Further work refers to relationships between thérmanductivity of wood-based
composites and density, as well as different parszes (Sonderegger and Niemz 2012)
and (Sonderegger and Niemz 2009).

The vapor sorption behavior of wood fibrescmparable to solid wood, as shown
before (Scheiding 1998 he Hailwood-Horrobin (H-H) model or Dent model hasen
frequently applied to fit the experimental dataatetl to vapor sorption of wood. With the
H-H model, sorption isotherms of wood and otheuratfibres can be assessed (Hill et al.
20009).

The purpose of this work was to assess andtiydhe influence of temperature and
moisture on the thermal conductivity of insulatiioreboards. To comply with European
standards, insulation board manufacturers usuattyigle thermal conductivity data
measured at 23°C and 0% moisture content. As tHecoraductivity is changing with
temperature and moisture content, data and retipas addressing these dependencies are
required, to better quantify insulation performan€ae specific research objectives are
therefore as followed: a) characterize the inflgeattemperature and moisture content on
thermal conductivity of fibreboards, and b) evadutite moisture behavior of the material
using the sorption and desorption isotherms ugiegHailwood-Horrobin model. The aim
of the present study was also to obtain accuratenpeters suitable for a wider range of
temperatures and moisture contents, to numericalbdel coupled moisture and heat

transfer processes in wooden buildings.
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7.2. Material and Methods

Commercially available, wet-processed insatatiibreboards with a thickness of 35
mm were provided by the Hofatex® company. Spruag fanchips were used as a raw
material for the fibreboard production. No adhesivere added to the mixture of water
and fibres. Hydrophobicity of the boards was imga\by the addition of 1.5% paraffin.
Aluminium sulphate (7-8%) was added to accelerateing and hardening. Final
fiboreboards were glued by using the starch adhesiVee insulation fibreboards are
commonly used as thermal roof insulation, outefdng sheathing or ceiling facing. The
thermal conductivity was 0.049 WhK™, based on 1SO 8301:1991, determined at oven-
dry conditions. Ten samples sized 600 mm x 600 narewut, and dried in a Sanyo MTH
2400 chamber at 60°C until weight constancy (< (.1@onstancy of the density was
checked after the heatflow measurements. For thig, small samples (50x50x35 mm)
were cut from the middle part of each board. Mervigetric density was 243 kg
with the coefficient of variation being as low aS&%.

Thermal conductivity was measured acrosshioirness of the board using the heatflow
meter HFM 436 Lambda by Netz§chThe fibreboard samples were placed between the
two heated platens with the heatflux sensors ilestdFigure 1). Thermal conductivity was
determined as soon thermal heatflow equilibrium Heen reached at the defined
temperature difference. The heatflow meter wasbratled with the standard fiberglass
board NIST 1450b, having a thickness of 25 mm. tHeatwas detected in the midpoint of
the sample, representing an area of 300 mm by 300The full size of 600 mm x 600 mm
was needed to ensure steady-state thermal corxlition the measured area. The
temperature difference between the hot and a dake pvas set to 10°C. We have used a
set of eight temperature points, ranging from -1@C+60°C, at 10°C increments. All
samples were conditioned at 20°C, and 15%, 50%, &3ative humidity (RH) in a Sanyo
MTH 2400 air chamber, respectively. Samples werapped in thin and transparent foils
(thickness 0.01 mm) to keep moisture losses atrénmim. Samples were weighed before
and after the heatflow measurement to ensure stablsture contents. Moisture losses

were recorded, and the foil-effect on thermal caniglity was also assessed.
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Paper IV. Fig 1 Heatflow measurement setup for the tested insuldiftveboards

Adsorption and desorption isotherms were olethiby testing 50 samples with the
approximate dimensions of 50 mm x 50 mm x 35 mnuilEgium moisture contents
(EMC) were measured (after reaching weight congtan6.1%) at 20°C, starting at 10%
up to 90% RH, with 10% RH increments (conditionésban the air chamber). Prior to the
sorption tests the samples were dried at 60°C. ipgsn measurements started from 90%
RH reached by adsorption. Therefore, desorptiothé&m represents rather a scanning
curve than actual desorption boundary curve.

The Hailwood-Horrobin (H-H) model (Simpson 09&s the most used model for the
prediction of EMC in wood was applied. Here, thagge-hydrate model was used with the
equilibrium moisture data at each conditioned cterstep. The constants A, B, C (1) and
coefficients of the H-H model (2) were obtainedtigh fitting a second order polynomial
function to the experimental data, following (Sk&888). Goodness of fit was indicated by
the coefficient of determination {R The total sorption isotherm (3) was determineaf

the sum of hydrated (4), and the dissolved (5) wate

- ® 1
# A+ Bop-C.g @)
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with p being the moisture content [} the relative humidity [-]; A,B,C the regression
fitting constants, i K the coefficients calculated for the Hailwood-Holromodel, Myq
the moisture content of hydrated water [%]siMhe moisture content of dissolved water

[%0], and finally Moty as the total moisture content [%0].

7.3. Results and Discussion

Thermal conductivity data of the measured latson fibreboards at different moisture
contents, for the temperature range of -10°C tdC6@te shown in Figure 2. The average
equilibrium moisture contents after conditioning #5%, 50%, 85% of RH were
gravimetrically determined. Thermal conductivitycieased as temperature and moisture
content of the wood went up, as previously repoft€idhimann 1962). Yu et a(2011)
reported that the thermal conductivity is lineapisoportional to the temperature, which
confirms the own data.
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Paper IV. Fig 2 Insulation fibreboard thermal conductivity as rethto temperature, at different
moisture contents of the boards: a) oven dry, 3%, c) 7.41%, d) 14.29%

Accuracy of the heatflow measurement was +3%e influence of the thin protective
foils on thermal properties proofed to be negligipt1%). A greater variability can be seen
at higher temperatures and moisture contents, wiialj be caused by inner moisture
transfer. Even though the overall change of MGssIthan 0.3% during measurement, an
inner translocation of moisture seems to be passiBvramidis and Siau 1987). This
assumption is supported by the increased timegaiehitemperatures and moisture contents
required to complete a single heatflow measurem&he heat transfer quantified by
steady-state technique includes not only equivaleohduction-convection-radiation
transfer but also latent heat transferred via raggsinovement in the material. Application
of the thermal gradient to a previously homogengoomist fiberboard leads to a vapor
pressure gradient in the material and hence toniffosion and furthermore the transfer

of vapor enthalpy during measurement. The heat fibwe to moisture gradient is
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significant especially during the initial stages thfe moisture redistribution process
(Bomberg and Shirtliffe 1978). Condensation ocalirie@ the colder surfaces when
conditioned at 85 % of RH leading to higher vailigbin measured thermal conductivity
data. Increasing the MC increases the time requicedeach steady-state conditions
(Bomberg and Shirtliffe 1978), which confirms oussamption. The final heat flow
depends on the distribution of moisture in the maltén a closed system (Rudtsch 2000).
The water content distribution is dependent on tbrmperature gradient. With lower
temperature differences becomes the MC distributaimer uniform (lkeda et al. 1980).
The conductivity values varied with moisturentent, which is caused by water
conduction. The higher the moisture content, tlyidx the thermal conductivity (Zhou et
al. 2013). Thermal conductivity increased almost lihearth moisture content at a given
temperature. Further, the higher the temperatheebitgger the differences were between
conductivity values at oven-dry condition (increa$d2%) and at 14.2% of MC (increase
of 61%). The relationship between thermal conditgtitemperature and MC of samples
was established. The regression equation was fbyriitting the data with a second order

polynomial function (B= 0.958, formula 6).

A=00474+5895%  w+1. 117 T +6.743 7 w* —1.226e7 T + 292267 wT (6)

Mean moisture contents calculated for eachdrkHng adsorption and desorption are
shown in Table 1. Sorption hysteresis was obseagdxpected (Siau 1984, Skaar 1988
and PoZzgaj et al. 1997); the hysteresis coeffialestribing the ratio of measured EMCs in
adsorption and desorption for every RH (mean vabied determinations) was as high as
0.77.

The experimental data allowed representing histeresis for the total RH range.
Parameters describing the polynomial fitting cuave listed in Table 2. The goodness of fit
(R% was 0.94 for adsorption, and 0.97 for desorptitren using the H-H model. ;kand
K, are equilibrium constants representing fittinggoaeters of measured EMC valugébe
K, value was 0.75 for adsorption, and 0.59 for desmmptwhich indicates that the

dissolved water shows lower activity than the lehuiater. Total sorption as a composite of
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hydrated and dissolved water sorption is showraétsorption as well as desorption (Figure

3). The H-H model separates the total moistureesbihto its monomolecular (expressed

in hydrated water) and polymolecular component s@isged water) (Mantanis and

Papadopoulos, 2010). Moisture content correspondinghe complete hydration was

5.56% for adsorption and 8.11% for desorption

Paper IV. Table 1 Mean values for experimentally derived EMC at @asi levels of RH for
insulation fibreboards (coefficient of variationparentheses)

Relative air
humidity 10 20 30 40 50 60 70 80
[%]
Equilibrium moisture content [%]
adsorption 3.0 4.1 5.2 6.7 7.8 9.2 10.4 14.1
(8.97) (6.24) (3.74) (3.52) (3.19) (2.48) (2.67) (2.88)
desorption | 5.3 6.2 7.6 8.9 10.2 11.6 13.2 15.2
(3.88) (4.58) (3.28) (2.57) (2.20) (5.26) (5.07) (14.12)
Paper IV. Table 2Constants calculated for the H-H adsorption isattser
parameters A B C Ky K, R’
adsorption 2.28 14.56 12.23 9.49 0.75 0.94
desorption 1.10 11.03 6.89 17.93 0.59 0.97

Except of the H-H model, the Brunauer-Emmetlidr (BET) theory or Dent model are

often applied theories for sorption. These modsks a1 multi-layered sorption concept, but

they do not taking account partial cycles in teohRH variations (Merakeb et al. 2009).
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Paper IV. Fig 3 Sorption isotherms [(a) adsorption and (b) desmmpaccording to the H-H model
at 20°C

7.4. Conclusions

A major motivation for this research was taam accurate parameters needed for
numerical modeling of coupled moisture and heatstier processes of insulation materials
used in wooden buildings. A relationship betweesrrttal conductivity, temperature and
MC of samples was established, based on second padgnomial function fitting of
experimental data. Increasing conductivity alonghwiaising temperature and moisture
content was again notified. The differences betweenductivity values at oven-dry
conditions and at 85% RH increased remarkablyrapéeature went up.

Mean values for experimentally derived EMCvatious levels of RH for wood-based
fibreboards were evaluated. Using the Haiwood-HmmrdH-H) equation it was possible to

separate total sorption into the hydrated and bisdowater sorption components.
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Increasing humidity leads to increased moisturetasdn. The thermal behavior of
fibreboards when installed as building facade iasoih is remarkably affected by changes
in temperature and moisture content. This findmgsufficiently known to manufacturers
and builders. Accurate data on the thermal behawdunsulation materials are needed,

also to improve numerical modelling approachesstiteld optimize building envelopes.
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8. Paper IV.a
Thermal conductivity and water vapour transmissionproperties

of wood-based fiberboards

Eva Troppovg Jan Tippner
Proceedings of the 57th International ConventioBadiety of Wood Science and
Technology, June 23-27, 2014 - Zvolen, Slovakia

a: Department of Wood Science, Mendel Universigrimo, Czech Republic

Additional measurements of water vapor transmisgimperties of different fiberboards
was held and afterwards presented at the intemadt®WST conference. Selected parts of

the article are presented below:

8.1. Material and Methods

The sorption of six commercially availableutsion fiberboards varying in thickness
and density from three different companies werestigated. An overview of differences
between the investigated boards is in Table 1. Ad&m and desorption isotherms were
obtained by testing 20 samples with dimensionsQuha x 50mm x board thickness per
type. Equilibrium moisture contents (EMC) were mead at 20 °C, starting at 10 % up to
90% RH, with 10% RH increments. The specimens wiied at 60 °C before the
adsorption tests. The single-hydrate Hailwood-Haimo(H-H) model (Simpson 1980)
comparable with Dent model was used with the dguuim moisture data at each
conditioned climate step. The parameters A, B, Xa(ld coefficients of the H-H and Dent
model (2) were obtained through fitting a secondeorpolynomial function to the
experimental data, following Skaar (1988). Theltetaption isotherm (3) was determined
from the sum of hydrated (4), and the dissolvedw8jer which is equal to the sum of

primary (6) and the secondary (7) sorbed wateh@fent model.
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2 = A+ B(RH) — C(RH)* (1)
Klza:=@ K:=1+;1 by =2+ 2, )
Migrar = Mayg + My = My + M; 3)
Myya = M, (%) My, =M, {l;j:;:_n] (4, 5)
M, = Mn{ﬁj M, = M, {#:Hmj 6, 7)
My = = ®)

with MC being the moisture content [-], RH the tala humidity [-], A,B,C the regression

fitting constants, K K;the coefficients calculated for the Hailwood-Horiromodel, k, b,

the coefficients calculated for the Dent modej,Mhe moisture content of hydrated water

[%], Myis the moisture content of dissolved water [%], e moisture content of primary

sorbed water [%], Mthe moisture content of secondary sorbed wateaftd]finally Mota

as the total moisture content [%0].

Paper IV.a Table 1Description of measured insulation fiberboards

) Thermal
Material | Producer Manufacturing Thickness Additives Density conductivity*
method [mm] [kg.m?] [W.mLK?Y
1 A dry process 40 aluminium sulfate 265 0.048
2 A dry process 40 aluminium sulfate 160 0.039
3 B wet process 40 paraffin 210 0.044
4 C dry process 32 PUR + paraffin 270 0.063
5 C dry process 60 PUR adhesive 230 0.047
6 B wet process 35 paraffin 260 0.049

*Values given by producers, determined accordingNolSO 10456
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8.2. Results and Discussion

The sorption models (H-H model and Dent model)vedid representing the hysteresis
for the total RH range. The total sorption of mate6 is shown for adsorption and
desorption (Figure 1). The H-H model separates tthtal moisture sorbed into its
monomolecular (expressed in hydrated water) angnpalecular components (dissolved
water) (Mantanis and Papadopoulos 2010), whiclomsparable to primary and secondary
sorbed water of the Dent model. The primary wakéy) (of the Dent model is slightly
higher than the hydrated water ¢}) of the H-H model, see Figure 1. The secondargewat
of the Dent model () is slightly lower than the dissolved water {§1of the H-H model,
which is also confirmed by Sonderegger and Nienf12?. However, the total sorption
isotherm (Mota) IS equal in both models. Complete monolayer cagerof all available
sorption sites is represented by MC 5.56 % cormedipg to complete hydration for
adsorption and MC 8.11% for desorption. As seemffagure 1, the values at 100 % RH
were lower for desorption than for adsorption. Thias caused by the fact that the

measurements start and end at 90 % of RH inste2d0%o of RH.

a) Adsorption b) Desorption

. Experimental data

22 ¢ Experimental data

Moisture content [%]

0 0 20 30 40 50 60 0 80 9 100 0 B 10 20 30 40 50 60 70 80 90 100
Relative humidity [%] Relative humidity (%]

'Paper IV.a Figure 1 Sorption isotherms of material 6 ((a) adsorptidx),desorption) according to
the single-hydrate H-H model and Dent model

Figure 2 shows the total adsorption and desorpcurves of materials 1-5. Sorption
isotherm of selected fiberboards (material 1, 2 &pdapidly increases above about 80%
RH. This effect can be caused due to the abseneeldifives which are in some cases
added during the manufacturing process to imprdwe Water resistance properties.
Additives probably change the saturation of watapor in the air, as discussed by
Sonderegger and Niemz (2012), Lesar et al. (2009gdert (1972).
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Paper IV.a Figure 2 Adsorption (a) and desorption (b) isotherms ofttital sorption (material 1-
5) according to the H-H and Dent model

8.3. Conclusions

Mean values for experimentally derived EMGratious levels of RH were evaluated.
The H-H model and Dent model were used to invetigiae water vapor sorption. The
expected sorption hysteresis was observed. The fatoting process and the lack of

additives probably lead to increase in sorptiorselected fiberboards above 80 % RH.
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Abstract

The demand for general reduction of the enemnsumption in civil engineering leads
to more frequent use of insulating materials withgaps or cavities. Heat transfer through
a constructional part can be decreased by addirngragap and low emissivity reflective
foils to the structure. In the first part of thigger, the impacts of cavity thickness and inner
surface emissivity on combined conduction, coneectand radiation heat transfer was
experimentally explored in the case of construatiqrart with a horizontal cavity subjected
to constant downward heat flux. The heat flow métetzsch HFM 436 Lambda was used
for steady-state measurements. Results suggeghthatudied parameters seriously affect
the combined heat transfer in the composed streictarthe second part the paper reports
the numerical study of two-dimensional conjugatatheansfer in closed horizontal cavity
having air as the intervening medium. Numerical eiedalidated by related experimental
results were performed to further investigate tffece of radiation heat transfer. It was
found that in general, the total heat flux througb composed structure decreases with
increasing air cavity thickness, which is signific@specially when low emissivity inner
surfaces are taking into account. The directiorhedt flow (downward or upward heat
flow) has a significant impact on the convectiorathegansfer. An important contribution
from the present work is the analysis of the optithickness of the cavity at different
boundary conditions. The optimal thickness of thel@sure with low emissivity surfaces is
16 mm when subjected to upward heat flux.
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Keywords: horizontal air cavity, conjugate heat transfegyRigh-Bénard convection,

numerical models, insulation fibreboard, reflectioi

9.1. Introduction

The demand for reduction of the energy consumptidsuilding industry leads to more
frequent use of environmentally friendly buildingatarials such as wood or wood-based
composites. There are various kinds of exteriol sgdtems which can be well optimised
by varying the insulation material (Kosnya et @&014). However, there are also other
possibilities to optimize the thermal performanéduwilding. Probably the best insulating
materials nowadays derive benefit from low thero@iductivity of air or low-conductive
gasses. A vacuum insulation panel is an exampseicti a material (Baetensa et al., 2010).
However, there is still the hazard of losing inmacuum or gas (Xie at al., 2010). Simple
adding of non-ventilated air gap into a structummposition is more frequently used
solution.
The experimental and numerical methods exist talystthe thermal performance of
constructional parts including an air layer. Themeudcal model for determining an
influence of the air gap thickness on the therneglistance of a whole construction is
included in the work of Mavromatidis et al. (201Zhe thicker the air layer, the more the
inner gas flux affects the overall thermal condutti Many authors dealt with the optimal
air gap thickness as with increasing dimensionctmection heat transfer occurs (Xie et
al., 2014; Armando et al, 2010; Mahlia and Igb&1@). The dimension of an air cavity
(mainly its thickness) is also decisive for domioatof radiative part of the heat transfer.
Another way how to improve thermal properties aoastruction without using additional
insulation and therefore escalate the thicknesw® isisert a reflective foil to the wall
composition. Numerical heat transfer analysis ahlimed conduction and radiation in
transparent insulation material is performed by d¢asinia et al. (2014). The thermal
resistivity of an enclosed air cavity with refle&i surfaces was investigated by Saber
(2012) at different inclinations and directionseoheat flow. Pelzers and Schijndel (2013)
studied also an influence of reflective insulatimaterial enclosed by air cavities on the
overall thermal performance. They stated that tighdst thermal resistance values are
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obtained when reflective materials are applied uilding components in which upward
heat flow occurs.

Multi-layer insulation material consisting of plyad, aluminium reflective foil and air
gaps was investigated by Pasztory et al. (2013g Mbat transfer was theoretically
determined by finite element method and then coetpavith results of steady state heat
flow measurement. A guarded hot box was used byrdfaatidis et al. (2012) to determine
the heat transfer through different layers of filmanaterials and aluminium foils, placed
between one or two air gaps. The impact of caviigkness on a block of exterior wall's
thermal conductivity researched Aviram et al. (200¢ the means of a guarded hot box.
All experimental studies respect the fact that tadiant thermal insulation is the most
effective when installed as a boundary surfacerohi@m chamber. The effective thermal
resistance depends then on the emissivity of themtaibarrier and the thickness of the air
cavity (Escudero et al., 2013).

The presented investigation deals with the coeibieffect of natural convection and
surface radiation in air filled cavities surroundgduniformly heated plates of wood-based
fibreboards. Both experimental and numerical véiwais performed. The average heat
flux passing through the construction with differair gap thicknesses was measured using
the heat-flow meter. The possibility of increasitig thermal resistance by using low
emissivity aluminium foils was investigated. Nuneati models describing the heat
propagation and air movement in the cavity werdégpered at different directions of a heat

flow.

9.2. Material and methods
9.2.1 Experimental measurement

Dry-processed insulation fibreboards provided lgepan® company were cut to a size
600 mm x 600 mm. Hydrophobic, diffusion-open fitwakds with a thickness of 32 mm
were conditioned in a Sanyo MTH 2400 chamber aC28id 65% relative humidity until
weight constancy (weight changes < 0.1%). The stracwith horizontal air gap was
created from fibreboards. A frame from the sameenmwlt was placed between two
fibreboards to create an air cavity, see Figuréhk thickness of the frame determined the
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thickness of the horizontal air gap which variezhir5 mm to 20 mm at 5 mm increments.
Additionally, inner surfaces of fibreboards cregtithe air cavity were covered by

aluminium foils.

fibreboard (32 mm} fibreboard (32 mm)

air cavity (5-20 mm) aluminium foil (0.01 mm)

fibreboard (32 mm} air cavity (5-20 mm)
aluminium foil (0.01 mm)
fibreboard (32 mm)

Paper V. Figure 1 The composition of measured samples; left: witheduminium foils ¢€=0.9),
right: with aluminium foils on inner surfaces=0.3)

The effective thermal conductivity of the constrom was measured across the
thickness using the heat flow meter NetZsetFM 436 Lambda. Measured samples were
placed between two platens with thermal sensors pedsed with certain pressure to
ensure minimum thermal resistance. Stationary meamnts were held at mean
temperature of 20°C. The temperature differencevéeh the hot and a cold plate was set
to 10°C. The hot plate is at the top during all sugaments, see Figure 2. Samples were
wrapped in thin transparent foils (thickness 0.0f)nto avoid moisture changes during the
measuring process. Five different measurementsa@t air gap thickness were held to
study variation in data. Afterwards, the low-emigdyi reflective foils were placed at each
inner side of fibreboards to enclose the air cavtgat flow was detected as soon thermal
equilibrium has been reached. Effective thermaldcetivity of the whole composed

sample is then calculated based on the followingggn:

— ax ix':qupper+qiu1rer:'
Aepr = NT= 2aT )

with Ae the effective thermal conductivity [W:hK™; q is the heat flow [W]:A the
thermal conductivity [W.m.K™]; AT the temperature difference [Kix the thickness of
the sample [m]; N the calibration factor [W4n
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Firstly, solely fiberboards were measured to jgara thermal conductivity values with
the normative ones. Afterwards, measurements vifitbrent air gap thicknesses were held.
Finally, reflective foils with aluminium cover werplaced on both inner sides of
fibreboards to enclose the air cavity. Thermal raemsents were then repeated for all

selected cavity dimensions (5, 10 15 and 20 mm).

LOAD

i

—— UPPER HEAT SINK
- — — PELTIER CODLING SYSTEM

HOT PLATE
I

SAMPLE

— — HEAT FLUX TRANCUCER

heat flow
heat flow

|
COLD PLATE

= LOWER HEAT SINK

——== COOLING SYSTEM

Paper V. Figure 2Setup of the heat flow meter measurement (addpted Troppova et al., 2014)

The heat transfer through the composed samplesists of all heat transfer modes: heat
conduction in the solid materials, convection aadiation in the air cavity. The ratio of
change in transferred heat via radiation dependshentemperature difference between
surrounding plates and the emissivity of surfaGég presumption is therefore that the low
emissivity surfaces decrease the total heat flowudph the structure based on decreased
radiation heat transfer. The optimal thicknessethefair gap together with the direction of

the heat flow are the most influencing factors.

9.2.2.Numerical analysis

Ansys Parametric Design Language (APDL) was usedddvelop finite element
numerical models describing the heat transfer tjnothe structure. Two-dimensional
analyses were performed using the Ansys FLOTRAMhetd Fluid 141 in quadrilateral
form. Geometry consists of a solid/non-fluid andlad part. The two non-fluid parts

represent fibreboards layers. The fluid part isirdef as incompressible air layer with
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enabled buoyancy driven flow. Physical propertiedath materials (see Table 1.) were
assigned to the geometry. The fluid-structure adgon was created by the connection of
adjacent finite element meshes with different matguroperties. Dirichlet’s (first type)

boundary conditions were used. Different tempeestwere assigned to the top and the
bottom line of the model which creates temperatliiference 10 K. The fluid flow in the

air cavity is caused only by the temperature graichs the pressure value is uniform at the
beginning of the analysis. The boundary conditiapplied to the model are described in

Figure 3.

Paper V. Table 1Physical properties of non-fluid and fluid matesiaked in the model

Material property | Solid (fibreboards) | Fluid (air)
Ao [W.m™.K™] 0.0530 0.0242
p [kg.m?| 195 1.125
c [J.kg*.K7 2100 1006.43
W [kg.m.s7 - 1.7894¢"

* Thermal conductivity and dynamic viscosity varywiemperature based on Sutherland’s formulas (Ansys
1998): see eq. 2 and eq. 3

A=A, (E)LE [ﬂ) (2)

€y T+ec,

with 2, the initial thermal conductivity [W.thK™]; c; the temperature wheE A,: 293.15
[K]; c2 the Sutherland coefficient: 194.44 [K].

15 g, H
T c, e,
o= () - (5) ®)

with %, the initial dynamic viscosity [W.thK™]; c; the temperature whar L: 293.15
[K]; cf the Sutherland coefficient: 110.56 [K].

The governing equations solved by Ansys FLOTRANuid environment of the model
are the Navier-Stokes equations. Following asswnptin the solved simulation of closed

air domain are valid: the flow is laminar, the flus nonparticipating in radiation transfer,
95



PAPER V.

and the Boussinesq approximation is performed i s$keady-state calculation. This
approach is valid as the temperature differencésardomain are small. The conservation
equations for viscous fluid flow and energy arevedlin the fluid region, while only the

energy equation (Fourier's law) is solved in thdidéwon-fluid region. For the fluid

element, the velocities (in X and Y direction) avbtained from the conservation of
momentum principle, the pressure is obtained froendonservation of mass principle and
the temperature is obtained from the law of coretéwm of energy (Anderson, 1995). The
Boussinesq model treats density as a constant valak solved equations, except for the

buoyancy term in the momentum equation:

(o — F“ujg R~ _F‘EHB(T - Tnjg (4)

with p is the density [kg.f; g the gravitational acceleration [M]s po the constant
density of the flow [kg.ii]; p the thermal expansion coefficient fkand T the operating
temperature [K].

The solution of air velocity and also the heanhsfer in the air layer is strongly dependent
on the mesh distribution. A fine mesh (a quadnidtelement) with 20 divisions along the
cavity thickness was created. The stationary amalygth high number of iterations (1000
iterations) were performed. The number of globa@rations required to achieve a
converged solution vary depending on the size efpitoblem. The smaller the cavity and

therefore the element size, the higher iteratiomlver is needed.

7
£
! T

¥ a=Wy= Tirstiad E=03
¥
L
T
I

Paper V. Figure 3Boundary conditions applied to the model
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There were four different cases calculated dor fsarious thicknesses of the air cavity (5,
10, 15 and 20 mm). The cases differ in the emigsixalue assigned to inner surfaces (0.3
or 0.9) and the direction of the heat flow (upwasatsl downwards). The differences
between boundary conditions of all cases are de=strin detail in the Table 2. The
experimental data were used for validation of chgeithout reflective foils) and case 2

(with reflective foils).

Paper V. Table 2Differences between computed cases

Air cavity Emissivity Temperature | Temperature ) ]
] o i Direction of
Cases thickness coefficient of inner Tup Tdown
heat flow
[mm] surfaces [-] [°C] [°C]
Case 1l 5, 10, 15, 20 0.9 25 15 downwards
Case 2 5, 10, 15, 20 0.3 25 15 downwards
Case 3 5,10, 15, 20 0.9 15 25 upwards
Case 4 5,10, 15, 20 0.3 15 25 upwards
9.3. Results

The average thermal conductivity of conditionebtrdboards determined at mean
moisture content 4.6% and 20°C by heat flow mese®.053 W.rit.K™, based on 1SO
8301:199. The measured thermal conductivity valugs viurther used in numerical
simulations. Effective thermal conductivity datatbé measured composed samples with
and without reflective foils, at the mean tempem0°C, are shown in Table 3. Accuracy
of the heatflow measurement was +3%. Effective rtarconductivity increases with
increasing thickness of the air cavity, for botses The emissivity coefficient was proved
to be the most influential factor contributing tbetdecrease of total heat flow. The
significance of radiation transfer increases witicréase in the air gap thickness. The
effective thermal conductivity of the sample witeflective foils decreased to 13.7%
compared to the sample without reflective foil@tmm thick air gap. There is almost no
difference between both cases at 5 mm air gap.i$tuaused by low temperature gradient
within the small cavity, therefore low impact ofiration transfer. Therefore, the thicker is
the air enclosure, the more efficient is the uszfdew effective reflective foils.
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Paper V. Table 3Experimental effective thermal conductivity valdessystem with air gaps

Effective thermal conductivity | Thickness of the air gap [mm]
A W.m™*.K?Y 5 10 15 20

without reflective foils 0.0537 | 0.0557 | 0.0588 | 0.0617
(0.24) (1.62) (1.92) (2.13)

with reflective foils 0.0531 | 0.0508 | 0.0517 | 0.0532
©0.22) | (1.08) | (1.19) | (0.35)

Thermal transmittance, described as the rate aif thr@nsfer through one square meter of
a structure divided by the temperature differerineVf.m?.K™), is common concept in
building design. It is a benchmark for the compaeatfficiency of materials or whole
building elements. Therefore, thermal transmittanog structures with and without low
emissivity foils for different air gap thicknessasre calculated based on the experimental
data. As seen from Figure 4, the thermal transnudtadecreases with increasing air gap
thickness. The low thermal conductivity of air deases the total heat transferred through
the whole structure. The high impact of emissiatynner surfaces is apparent. The thicker
is air gap, the bigger are differences betweenstréttance values for cases with and
without reflective foils.

0,8

B without reflective foils
with reflective foils

T I 1
0,02

Paper V. Figure 4 Experimentally obtained thermal transmittance valfier a structure with
different air gap thicknesses at downward heat flux

0,78
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0,74
0,72
0,7 4
0,68 -
0.66
0,64
0,62
0,6 T T

0,005 0,01 0,015
Air gap thickness [m]

Thermal transmittance values [W.m-2.K-1]
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Cases 1 and 2 (see Table 2) were computed usisgsA-LOTRAN to reach the heat
flux values caused by all heat transfer modes. Wital heat flux values computed
numerically were compared with the experimentalsoared they were in a close agreement
between each other, see Figure 5. The numeriaatseatiffer from the experimental values
by less than <4% over the range 6 W.to 8 W.n%. It was found that the radiative heat
transfer is dominant at high emissivity coefficierfitinner cavity surfaces (Figure 5, Case
1). Pelzers and Schijndel (2013) stated that twexctive heat transfer is dominant when
low emission coefficient materials are applied taucture, which confirm the own data
(Figure 5, Case 2).

Case 1: high emissivity coefficient (0.9) Case 2: low emissivity coefficient {0.3)

1 m numerical results- radiation 7 ™ numerical results- radiation
numerical results- cenduction+convection numerical results- canduction-+convection
9 M experimental data- all heat transfer modes 9 M experimental data- all heat transfer modes

74 74
h

6 = 6
4 5
4 4
3 3
24 24
14 14

T T T b

0,005 0.01 0.015 0.02 ' 0,005 0.01 0.015 0.02
Air gap thickness [m] Air gap thickness [m]

Heat flux [W.m-2]
Heat flux [W.m-2]

o
1

=)

Paper V. Figure 5Comparison of experimentally and numerically cadted total heat flux values
for cases 1 and 2.

As predicted, the direction of the heat flow écidive in laminar flow development. The
characteristics of heat transfer through a horaoahclosure depend whether the hotter
plate is at the top (downward flow) or at the bott@upward flow). If the downward flow is
applied, no convection will develop in the encl@ssince the lighter fluid is still on the top
of the heavier fluid (see Figure 6, Cases 1 and’B¢. heat flow in the enclosure is then
caused purely by conduction and radiation heasfeanl|f the upward flow is induced, the
buoyancy driven flow will occur in the enclosurehel heat transfer is still by pure
conduction, until the lighter hotter fluid rise the colder top plate and cools down. At

certain Rayleigh number (R&708), the buoyant force overcomes the fluid resist and
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initiates natural convection currents (Cengel amaj&, 2011). The convection current in
the form of hexagonal Bénard cells is evident iguiré 6, Case 4.

Case 1 & Case 3

0 .248E-04 .695E-04 .104E-03 L139E-03
L174E-04 .521E-04 .869E-04 .122E-03 . 156E-03

Case 2
0 233E-04 .467E-04 .700E-04 .933E-04
L117E-04 .350E-04 D83E-04 .816E-04 .105E-03
T_ R i B e e e e e =
B geSaSeSaZo=es -2 eSS S-S ST eSaSes )|
Case 4
—

0 ., .001614 . 003227 o .004841 _, .006455
.807E-03 .002421 .004034 .005648 .007262

Paper V. Figure 6 The average air velocity [mBswithin the enclosure at 20 mm thickness for all
computed cases

The uneven temperature distribution within thecavity arises from the low emissivity
coefficient of inner surfaces which leads to RagteBénard convection at thinner
enclosures. The velocity field distribution (0.06%s") originates in case 3%0.9) at 28
mm thick enclosure, while the same velocity fielijimates in case 4€0.3) at thickness
20 mm. Air velocities of cases 1 and 3 are equ@h@t20 mm thickness, as the Rayleigh
number does not exceed critical value to enablegdmidlow.

The laminar flow results solely from density gextts brought about by temperature
variations. Those natural convection currents oatithe 18 mm thick air enclosure (case
4) bringing the increase in total heat flux valsee Figure 7. This statement was proved by
the calculated air velocity distribution in the Esure (Figure 6, Case 4). The differences
between heat flux values in cases with low emigsisurfaces §=0.3) at upward (case 4)

and downward (case 2) heat flow are shown in Figuieotal heat flux values are equal up
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to the thickness 18 mm. The total heat flux de@ea®nstantly with increasing enclosure

thickness in case 2, as the convection heat tnadefs not affect it.

Heat flux [W.m-2]
~ w s o o o~
| 1 ! L L

L

T T T T
1,2 1,4 1.6 1.8 2 2,2 2,4 2,6 2,8 3

Thickness of the air cavity [mm]

Paper V. Figure 7 Comparison of heat flux values of cases 2 and thickness range of the
enclosure 1-3 mm

9.4. Conclusion

The experimental and numerical study of conjudjat&t transfer in horizontal enclosure
(560x560 mm and thickness 5-20 mm) at differentt Hieav directions was presented.
Numerical models dealing with heat transfer in cosgal samples subjected to downward
heat flow were verified by experimental data. Theathflow meter method was used to
measure effective thermal conductivity of sampBassed on the close agreement between
data, the numerical analyses of samples at upweatl ffow direction were held and the
total heat flux calculated. The obtained experirakerind numerical results led to the
following conclusions:

* The effective thermal conductivity increases withicreasing thickness of the
enclosure. Radiation heat transfer contributesht decrease of total heat flow
significantly. The thicker is the air gap, the mal@ninant is the decrease of heat
flow caused by radiation

* The thermal transmittance value decreases witle@sing air gap thickness because
of the low thermal conductivity of air. This statem is valid for samples subjected
to downward heat flow where no convection occurs.

» Direction of the heat flow is decisive in develogmh of a buoyant driven flow.

Rayleigh-Bénard convection occurs at enclosureskénithan 18 mm at upward
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heat flow direction. Low emissivity of surfaces sas laminar convection at thinner
cavities than at cases with higher emissivity domdits which limits the cavity
usage.

* Overall, the reflective materials with low emisspvcoefficient decrease total heat
transferred through the structure based on lowatixti heat transfer. The total heat
flux was decreased by 13.8% when using low emigsiuils (¢=0.3) inside 20 mm
thick air enclosure at downward heat flow directidime best application of air
enclosure is in building components subjected twrdeard heat flow, as e.g.
ground floor of a building. The advantage of aiclesures in structures where
upward heat flow occurs is limited to small dimems of the enclosure, as at
thicker cavities convection heat transfer occurse Ppossible solution is the division

of thick enclosure into several thinner cavities.

The results demonstrated the possible applicatioairoenclosures in certain building
component. The numerical analysis can furthermereesfor prediction of heat flows in

enclosures with higher dimensions or other boundangditions.
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10. Paper VI.
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and numerical characterization
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Abstract

The major aim of this study was to create a nurakmeodel of thermal bridges in a
wooden structure and to discover differences batwiaetual values of linear thermal
transmittance utilized in the FE modelling and ealgiven by the European normative
method (EN ISO 14683). Thermal bridges of woodeamicstires were detected using
thermocamera FLIR S65 for infrared detection. Thaeasurements allow displaying the
temperature distribution of the thermal scan aralipg the positive correlation between
heat flux and change in the evaluated temperatofes thermal bridge. A three-
dimensional FE model of the structure was prepdmedthermal analysis using the
engineering software ANSYS Workbench 13. The trassion heat loss coefficients of a
prefabricated wooden house were established basedzech normative method $N
73 0540-4). Linear thermal transmittance valuesutated from thermal analysis and the
normative method given by EN ISO 10211 were conthafée results show that even if
the transmission heat loss coefficients meet thairements designated by standards, the
real heat losses are increased by thermal bridgeslved in the construction. Their
influence is determined by the linear transmittanedie which is usually not exactly

established.

Keywords: Thermal bridges; Infrared thermography; Linedrermal transmittance;

Numerical simulation
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10.1Introduction

Globally, minimization of energy consumption is drapized to reduce environmental
impacts. This trend is expressed in the buildirdustry with common energy efficiency,
but also during their construction and life cydecreasing demand for low-energy and
passive houses accompanies assumption of stristep&an norms. Energy saving requires
both optimal choice of heating and energy-efficienhstruction of wooden structures.
Every local raise of heat flux therefore signifidgrincreases the energy consumption of
building.

The relative influence of thermal bridges in thee@ll heat losses is integrated in the
linear thermal transmittance-{value in W.n".K™), in the context of standard calculations
(EN ISO 14683, 2009 and EN ISO 10211, 2007). Déxus. (2001) stated that the method
underestimated the global heat losses through #iks wim most cases. Svoboda and Kubr
(2010) studied significant errors in calculation dfe linear and point thermal
transmittances for specific two-dimensional aneéé¢hdimensional thermal bridges. Kosny
and Kossecka (2001) indicated that for some coctsbnal and material solution of
building envelope with three-dimensional thermaldipes can two-dimensional analysis
cause remarkable faults. One suitable solution oisutilize numerical methods for
evaluating heat transfer in construction. Zalewskial. (2010) evaluated heat losses by
thermal bridges using the three-dimensional ungteamhlysis to perform more realistic
results.

The infrared (IR) thermography is a valuable taml ihspecting and performing non-
destructive detecting of heat losses from buildirgfivelopes (Balaras and Argiriou 2002).
As all objects radiate energy, the IR inspectionabée detection of IR electromagnetic
radiation emitted by the object. The emitted enaggthen converted by a sensor to the
digital temperature. The possibility of indicatigariations in thermal resistance, air leaks
or abnormally moist spots in buildings is discusgethe work of Grinzato et al. (1998)
and Barreira and Freitas (2007). Asdrubali et201@) performed quantitative analysis of
some types of thermal bridges through thermograptigeys and subsequent numerical

analyses.
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In this paper, we discuss the possibility of detecthermal bridges in a prefabricated
wooden house by infrared thermography. The infleesicthermal bridges is indicated by
thermal transmittance values which were calculaiezbrding to the standard method and
compared with the data from numerical calculatiomBe article presents also three-

dimensional numerical models that could be usddriher parametric studies.

10.2Material and Methods

The investigated construction is a prefabricatemaen house considered as diffusion
closed system (isolated by diffusion foil at theen part of the wall). The outer wall and
the ceiling panel were chosen for the calculatibrthermal transmittances. For all the
calculations, the material properties and constnat dimensions were necessary. One
significant constructional detail with the appeaeaof a thermal bridge was analyzed. The
thermal bridge was indicated by the results of ardd detection. The calculated
constructional detail includes the connection afeding beam and a wooden horizontal
beam (Figure 1). The material properties are ptesein Table 1. All results were
compared to the norm values so the material priggerare isotropic, without any

dependence on temperature and moisture content.

Paper VI. Figure 1 Calculated constructional part with connection efding beam and a wooden
horizontal beam

The thermal transmittance (known as U-value) is thee of heat transfer through a
structure subjected to temperature gradient. Foettaluation of the thermal transmittance

it is necessary to calculate the thermal resistatdbe thermal bridge and at the “ideal”
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segment of the construction (EN ISO 14683), seaurEig?. The equivalent thermal
conductivity coefficient describes the heat trangfeough a variety of materials ranked
parallel to the heat flow(SN 730540-1). The constructional detail is dividetb two

structural parts (enclosure wall and ceiling) whaech calculated separately.

Paper VI. Table 1llsotropic material properties of the constructionaits

Thermal conductivity
Material coeff|C|lentl Source of the material property
A W.m". K]
Gypsum board 0.23 Rigips, DIN EN 520, type A, A2-s1
Particle board V20 (interior) 0.18 EN 13 986, P4
Spruce timbe(Picea abies spp.) 0.11 Bodig (1982)
Mineral wool 0.04 Rockwool, DIN EN 13501-1
Particle board V100 (exterior) 0.12 EN 13 986, P5
Polystyrene 0.04 Rigips, EPS 100 F
Air gap in the lower ceiling 0.02 ISO 6946 (2007)
1 1
b a U=e—->r-—--=— -
ZR 1 +z d + 1 (1)
T T T aiﬂl /](ekv) aEXl
RO OO ] R @
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Paper VI. Figure 2 Description of the wall structure (a- “ideal” segmef the construction, b- a
segment with the thermal bridge) and the calcutadibequivalent thermal conductivity coefficient

The linear thermal transmittance value defittesmal properties of two-dimensional
thermal bridges. It describes the amount of heaticg through unit length of thermal
bridge by unit temperature difference. A positiwdue means an increase in the total heat
loss coefficient. The heat flow of a thermal bridgé be already included in the heat loss
of the construction, if the value is negative. Tdaéculation methods based on European
standards (ISO 10211, ISO 1468%N 73 0540) establish the linear thermal transmitta
values as the difference between the thermal cuyploefficient (?°) and heat thermal
transmittance values of typical constructional segts, see Figure 3. Such value evaluates

the thermal flux in the connection of two structinelated to one length meter. The
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calculation method in FEM based software is founole@valuation of average heat flux in
the connection of structures. It is possible tachethe linear thermal transmittance value
directly based on this evaluation. The basic d#ffee between both methods is the
approach to the heat flux evaluation. The heat fakie is calculated according the eq. 3
given by standards in the analytical evaluationilevthe heat flux is calculated based on

FEM in the numerical approach. The calculation md¢hare described as follows:
Y, = szDy_U xed Uyl
wx = LZyI,DZ_U XYI y_U XJ :

wy:Li,Dz_nyl v Uyl

XY=L -1, -L2) -LY) U A U A fU A

X,y" z Y,z X X

Paper VI. Figure 3 Calculation method of lineany] and point ¢) thermal transmittance (ISO
10211,2007)

The numerical model was created in the engingesoftware Ansys Workbench 13 and
displays the 3D connection of enclosure walls dreddeiling panel. The load conditions
were simplified for the numerical task (see TableThe convection (heat transfer from
ambient air to the construction) was added as & therasfer coefficient which differs on
each side of the building envelope. Inner and oteenperatures were established in
compliance with the normative methadd3N 730540-3). The airspace above the ceiling is
not heated which decreases the temperature by 2C3(850 13789). The numerical task
consists of creating a numerical model (using a&ppibn Design Modeler), assigning
material properties (isotropic, without any deperads), analysis selection (steady-state
thermal analysis), meshing (mapped face meshing leital refinement), solving and

evaluating results.
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Paper VI. Table 2 The load conditions used in a calculation andmerical model (based diSN

730540-3)
Inner Outer Internal External
Construction temperature temperature ressta_gcgl Resstgnci
Ti[°C] Te[°C] Oint WM K™] | dexe[W.m™=.K™]
Wall +21 -15.0 7.7 23
Ceiling +21 -8.8 10.0 25

The model was created in compliance with END 130211, which specifies the
decomposition of the construction into severalgpaste Figure 3. The material properties
and the connection between the geometry parts assigned. The temperature gradient is
consistent in the numerical model. The steady-dteemal analysis was used to calculate
the effects of steady thermal loads on the parthef construction. The mapped face
meshing with local sizing method on the smallertgpaf construction was used. The
application determines a suitable number of divisifor the edges on the boundary faces
(Ansys 2009). The results of the analysis are ¢ingperature field in the construction part
and the heat flux value. A script based on theualion of an average heat flux in a
defined nodal set is used for the evaluation ofdihectional heat flux.

In order to detect thermal bridges, a numbérneasurements were taken by
thermocamera FLIR S65. A thermal bridge occurs wiobianging the heat flux results in a
change of the inner surface temperature. Therepgs#ive correlation between the heat
flux and the change in evaluated temperatures.chhage of temperature is caused by the
lowered thermal resistance in specific parts of tdwnstructional detail. The wall
temperature should not be lower than 13.53 °C (base CSN 730540-3). Lower
temperatures can cause condensation of water vapotire wall surfaces and enable the
mould to develop. The results of infrared measurgmare analysed by Therma CAR
Researcher software. A histogram and a diagranridesg the temperature distribution of
a few lines situated on the thermal scan are reduor the evaluation. The histogram is a
graphical representation showing the distributibrieonperatures of the thermal scan in a
specific location which enables us to figure oug tminimal and the most frequently
occurring temperature observation on the thermah.sdhe thermal scan of an object

depends on the heat transfer between the surfateh@&nsurroundings. If there are no
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external heat sources, the surface temperature lofilding element is a function of
temperature difference between the inside and thtside environments and the heat
resistance of the various layers. The distance ftbe measured construction part,
atmospheric temperature, relative humidity and swity of materials are the most
influencing factors during the measurement whiah @escribed by many authors as e.g.
Bareira (2012), Hart (1991), Balaras and Argiri@0(2). To avoid these effects, all the

measurements were taken in the inner environmdaté#he sunrise.

10.3Results

The recordings (Figure 4 and Figure 5) show resaflthe infrared detection. The colour
scope of the thermogram defines the temperatule die the structure. The linear thermal
bridges on the wall are caused by the connectiotwof conductive materials, which
increase the heat flow in the area (Figure 4a). pbiat thermal bridge (Figure 4b) is

caused by an insufficient thermal insulation in &nea of the ceiling panel.

22,6°C 23,2°C
=22
= 22 [ 20
# :

— 18

~ 16

20,5°C 14,0°C

b

Paper VI. Figure 4 a) linear thermal bridges on the enclosure wallpdipt thermal bridge on the
ceiling

Two lines depicting the temperature behavibthe “ideal” part of the construction
(LI02) and the part of the construction with theerthal bridge (LI01) were analyzed
(Figure 5a). The average temperaturghtanwall (through line LI01) is 21.2 °C. As shown
in Figure 6, the temperatures following line LI0&cdease to the minimum value of 16.9
°C, which demonstrates the occurrence of the thdondge. Two drops in the temperature
are visible on line LIO1. The first drop is caudmsdthe lower thermal resistance at the place
of connection to the ceiling beam. The second dsopaused by the insufficient thermal
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insulation in the false ceiling. These analyzechptiermal bridges repeat regularly in the
direction of two subsequent ceiling beams.

The corner connection between enclosure vaaltsthe ceiling panel is shown in Figure
5b. Line LIO1 describes a three-dimensional heatdier and a point thermal bridge in the
corner. The increased heat flow in the cornertigpacal example of a geometrical thermal
bridge. The geometrical thermal bridges are induidethe heat loss coefficient value only
when the outer dimensions are used in the caloulatiine LI02 describes a linear thermal
bridge in the connection of the false ceiling angypsum board. The histogram (Figure 7)
demonstrates the average temperature (17.9 °Cntse frequent temperature (18.5 °C)

and the minimal measured temperature (13.8 °G)arcorner connection.

LI01 L102 22,5°C 23,4°C

- 22
= 22
- 20
- 19

- 18

=17
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Paper VI. Figure 5 A picture of the temperature field of a) a coniatibetween a ceiling panel
and the enclosure wall (LI0O1- point thermal bridge02- linear thermal bridge) b) a corner
connection (LI01- point thermal bridge, L102- lime¢hermal bridges)

Paper VI. Figure 6 Temperature behaviour in a part of the thermald®i(LI01) and in the “ideal”
part of the construction (LI02) — (related to Fig@a)
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2 H H g i 12 14 16 13

Paper VI. Figure 7 The histogram of the line LIO1 - (related to Figb)

Within the framework of the project, the hédagrmal transmittances of the enclosure
wall and the ceiling were calculated (Table 3). thi calculated constructional parts meet
the requirements given bySN 73 0540-2. The heat thermal transmittances icaéa
following the numerical results are based on that Hkix evaluation established using
Ansys 13. The analytical calculation method is dase CSN 730540-1. The same load
conditions and material properties were used tdleneomparison of both methods. The
insignificant difference between these values (r9a307 W.nt.K™) confirms the accuracy

of the numerical solution.

Paper VI. Table 3Results of calculations evaluated by the two défifé methods

Enclosure wall Ceiling
Heat thermal numerical analytical numerical analytical
transmittance
[W.m2K? 0.171 0.168 0.206 0.213
Heat flux [W.m?]
{ ideal par 5.61¢ 5.622 5.93¢ 6.333
g thermal bridg 9.819 8.621 12.008 12.026

The results of the numerical models provedbeurrence of linear thermal bridges in
the thermograph. Figure 8a shows the numerical hnafdée enclosure wall with the heat
flux field. The increased heat flux through theusture causes a decrease in temperature on
the inner part of the construction. The approximatieie of the heat flux at the enclosure

wall is 6.166 W.rf (when calculated by norms the value is 6.065 W.riThe difference
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between numerical and analytical solution count8.1®1 W.n¥. The maximum heat flux
value of the ceiling panel occurs in the connectibithe ceiling beam and wooden laths
(Figure 8b). The average heat flux value makes3Wani? (when calculated by norms the
value is 6.333 W.f). Provided that the finite element method is nmaeurate (Subrt and
Volf, 2003), the maximum difference between numarand analytical solution amounts to
3.43 %.

The results of the linear thermal transmiteag of all structural part connections are
presented in Table 4. The comparison of linearntiaértransmittancegained by two
different methods confirms the underestimation o &analytical approach. The values
gained from ISO 10211 calculations are consider&dyer in comparison with the values
from the numerical solution. The results confirne thegative influence of simplified
thermal transmittance calculation based on thedstahon the heat flux in the structural
connections. The values of linear thermal trangmdé are twice higher in the FEM
calculation for the ceiling-enclosure wall connens than the ones calculated by standards.
The calculations testify to the accuracy of the atioal methods given by standard. The
accuracy of the standard values in the catalodaitat 20%, while the accuracy of the
numerical computation is about + 5% (EN ISO 14683).

37,401
33,012
28,623
24,734
19,845
15,456
11,067
{ 6,6775
3,445 Min | 2,2884 Min

L3
0,000 1,000 () L‘f( 0,000 0,500 {m) YAT
[ —] ——

0500 0,400

a b

Paper VI. Figure 8 Constructions with the regularly repeating eleragn) the enclosure wall, b)
the ceiling panel
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Paper VI. Table 4 Results of lineany) and point¢) thermal transmittances

Linear thermal tramsittance y [W.m'.K?]
ISO 10211 ISO 14683 FEM
vy (enclosure wall+ceiling) 0.0657 0.800 0.1274
yy (enclosure walls) 0.0682 0.100 0.0970
v, (enclosure wall+ceiling), 0.0644 0.800 0.1393
Point thermal transmittancey [W.K7]
x_(enclosure walls+cei|ingj 0.0220 | - | 0.1103

* for all calculations inner dimensions were used

The connection of the ceiling beam to the enale horizontal beam is the most
problematic part of the construction (see Figurd®}he connection, the heat flux reaches
9.185 W.n¥. The point thermal transmittancg of the point thermal bridge rises to 0.1103
W.K™? and occurs regularly at the ceiling beam locationsthe enclosure wall. The
presence of regular thermal bridges in the ceilimgconfirmed also by the infrared

detection.

ol 7815
0,022147 Min

Paper VI. Figure 9 Numerical model of the whole construction for cédtion of L°°

Directory information about thermal bridge atag values can be found in EN ISO
14683. If the constructional detail is not listed the catalog, the linear thermal
transmittance values can be taken from the moslasione. The catalog of thermal bridges
is markedly overvalued which reflects on the resdr thermal transmittance values. Point
thermal bridges are not specified in the thermadd® catalog and the standard
methodology (ISO 10211) does not include pointrfarbridges under the value of 0.1

W.K™? at all. As shown, in some cases it is not possibl@eglect these values. This
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corresponds with most of the literature, as eviddnin Svoboda and Kubr (2010). The
thermal bridges influence the heat consumptiorhefliuilding and the amount of energy
required for heating. The influence of thermal fad on the transmission heat loss
coefficient and energy intensity of the wooden Hoiss non-negligible (Subrt and Volf,

2003). Numerical calculations are recommended Her rhost accurate expression of the
linear and point thermal transmittance values. Qemgnsion of the influence of the
dimension and the thermal conductivity coefficieatsthe linear transmittance values is

recommended for the catalog of thermal bridges.

10.4Conclusion

The infrared detection was used to monitorrta bridges in a prefabricated wooden
house. The infrared thermography illustrates thmioence of thermal bridges, but it does
not impinge on the finite element analysis validatiThe measured temperatures where
compared with the calculated ones (in compliancth WiSN 730540-3) to exclude the
possibility of water vapor condensation. The lowastasured temperature reaches 13.8 °C,
which is over the required condensation point valiéhough the thermal measurements
are influenced by many factors, the maximum demmatverage is 1.5 %, which makes
max. £2 °C in the internal environment. Numericahdations of the constructional parts
were created using the FE computational system ABISYe load conditions of numerical
simulations created for comparison with the stathalaethods were simplified.

The transmission heat loss coefficients (WWepbnd the heat fluxes in ideal parts of the
construction and in the locations of thermal brglgeere established. All the calculated
constructional parts meet the requirements fortridresmission heat loss coefficients given
by CSN 73 0540-2 (max. value of 0.3 WAK™) and the comparison of the values
calculated by both methods prove the accuracy ofanical models (max. deviation 3.43
%). The results prove the hypothesis that the st@hdalculation method includes
inaccuracies arisen from the simplified calculatiminheat thermal transmittances with
equivalent thermal conductivity coefficient whickaleases the impact of thermal bridges

on the total heat flux.
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The results of this study indicated the sigalifit influence of thermal bridges in wooden
constructions. The calculatgdvalues of the structural connections differ frdra standard
value in EN ISO 14683 notably and prove the overedton of the values mentioned in
the catalog. The two methods, based on the stand&f ISO 10211) and the software
based on FEM differ from each other. The differanbetween them are caused by the
exclusion of the thermal relations between stradtuelements in the analytical
methodology. The comparison of linear thermal tnaittencesgained by those methods
confirms the underestimation of analytical approddife accuracy of the standard values is
about + 20% which is caused by undifferentiated emat properties of lightweight
constructions. It can be stated that the neglgotéat thermal bridges influence the thermal
losses of the building as well. The connection ¢ tteiling beam to the enclosure
horizontal beam is the most problematic part of tlastruction. The calculated point
thermal transmittancey) value (0.1103 W.R) of the connection proves the influence and
can also predict the quality of the building sysfaeture.

Generally, thermal bridges occur in any types ahstructions. Wood based
constructions are usually well insulated and thaiv total heat assumption declares their
status of passive and low-energy houses. Nevesthetlleermal bridges can appear in such
constructions too, which signifies improperly desid constructional details or poor
quality construction work. By using FEM softwareist possible to reach more accurate
values for linear and point thermal bridges. Ariasting task for the future may be the use
of optimization functions to reach the optimal d¢mo of problematic constructional
details. Such parametric models can be transfoimetier to meet the requirements given

by European norms or the building industry.

Nomenclature

A Area[m?]

d Thickness of a material [m]

Hs Heat loss coefficient [W.K

lxy,zy Length of the structural part [m]

L; Length of the construction part with a thermatigg [m]
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L, Length of the “ideal” segment of the constructjon
L?®  Thermal coupling coefficient- 2D [W K™
L3®  Thermal coupling coefficient- 3D [W:K
9  Heat flow [W]
Heat flux [W.n¥]
R Thermal resistance [(M2.K)/W]
AT Temperature difference [K]
Te  Outer temperature [K]
Ti  Inner temperature [K]
U  Transmission heat loss coefficients [W.K"]
oexx External surface resistance [WPh{™]
ot Internal surface resistance [W2r™]
A Thermal conductivity coefficient [W.TK™]|
Aekv Equivalent thermal conductivity coefficient [WhiK™]
X Point thermal transmittance [W'K
v Linear thermal transmittance [WK™]
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11. Conclusion

A primary motivation for this dissertation thesigsvto research thermal properties of
wood (beech wood and Lignamon) and wood-based rat€low density fibreboards and
MDF) using advanced experimental and numerical rtiegles. Three different
experimental methods were used to measure thernoglegties of selected materials.
Natural beech wood~agussylvatical.) and the ammonia-treated compressed beech wood
(Lignamon) were measured by using the quasi-statjomethod. The analysis proved that
there are statistically significant differences vibmtn the results of all the measured
properties of modified and native beech wood. Tésults indicated that the well-known
ascending character of thermal conductivity andescdnding one for diffusivity is
dependent on the density in a moist environmeng. thiermal conductivity of the samples
increased with increasing density (increasing casgon rate of Lignamon). Our
measurement proved also the independence of sphedit capacity on density. The device
based on the quasi-stationary method was also tosatkasure the thermal conductivity
and the thermal diffusivity in both directions (pendicular and parallel to the plane). It
was found out that the in-plane thermal condugtigitd thermal diffusivity along fiber is 2
to 2.4 times greater than in the perpendicularctiva. The higher in-plane thermal
conductivity corresponds with the main in-planeentation of wood fibers. Thermal
properties (thermal conductivity, thermal diffuswiand specific heat capacity) of medium
density fiberboards with different thicknesses &h2l 18 mm) was also measured using the
pulse-transient method. A week positive correlatibatween density and thermal
conductivity was found. The X-ray densitometry mgaments were carried out to further
investigate the vertical density profiles. The adan of density in the thickness direction
profoundly affects the physical properties of MOWe heat flow meter method was used
to assess thermal conductivity of insulation filmentdls at different temperatures (ranging
from -10 °C to +60 °C at 10 °C increments) and muoes contents (gravimetrically
determined after conditioning at 15%, 50%, 85% RAM)relationship between thermal
conductivity, temperature and MC of low densityefiboards was established. It was also

proved that the conductivity increases as tempe¥aimd moisture content raises. The
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differences between conductivity values at ovenabgditions and at 85% RH increased
remarkably as temperature went up.

The results from the numerical studies showed wdiffees in thermal properties of all
materials depending on chosen measurement methibdifferent parameters' setup during
measuring processes. Density proved to be oneeaintbst influencing factors for all three
measurement techniques. The high-density faces DF Nhfluence the pulse-transient
measurements by adding higher resistance to thiettzeesfer at the surface of samples.
The extensive experimental evaluation of the retehip between density and thermal
properties as well as the incorporation of realidgnsity profiles into the numerical model
could improve the results of the sensitivity aneysThe relevancy of non-stationary
measurements is also influenced by the choice efptioper ratio between thickness and
width of the sample. The accuracy of the quasiestaty method and pulse-transient
method depends on the precision of measurementfudfitment of conditions during
measurement, especially the test duration. Theliéty of experiments may be increased
by avoiding heat losses (ie. by insulating all Haktgarts of samples) so that the size of
samples would not affect the determination of therparameters. Temperature and
moisture content are also important parameterstaife thermal evaluation of wood and
wood-based materials. Therefore, stable environnemtditions are needed for all
experiments as well as the stable moisture coofesamples.

Quantitative data are required to better charasethe thermal performance of wood
and wood-based materials. Accurate data on thentidoehavior of insulation materials
are also needed to improve numerical modelling @ggres that enable high efficient
optimization of building envelopes. The contributiof radiation and convection heat
transfer modes to the total heat flow through astroiction composed of fiberboards and
horizontal enclosure was investigated experimgntdlumerical models dealing with heat
transfer in such composed samples subjected to wlamwinheat flow were verified by
experiments based on the heat flow meter methoel entissivity coefficient was proved to
be the most influential factor contributing to tlikeecrease of total heat flow. The
significance of radiation transfer increases wittréase in the air gap thickness. Direction

of the heat flow is decisive in development of ayant driven flow. It was proved that the
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best application of the air enclosure is in buigdeomponents subjected to downward heat
flow. The advantage of air enclosures in structumbere upward heat flow occurs is
limited to small dimensions of the enclosure, asthatker cavities Rayleigh-Bénard
convection occurs.

Finally, the temperature distribution in a woodmnstruction was studied with help of
infrared thermography. The results of this studglidated the significant influence of
thermal bridges in wooden constructions on heae®svhich are generally not sufficiently

evaluated.
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13. Annexes

1. Annex: APDL script for heat transfer in MDF byasi-stationary measuring method
2. Annex: Probabilistic analysis of the quasi-stadiry measuring method
3. Annex: ADPL script for heat transfer in MDF bylge-transient measuring method

4. Annex: Conjugate heat transfer- the air enclsur
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13.1Annex 1.

MDF MODEL- quasi-stationary method

Iprep7

sir=0.04985
del=0.04966
tI=0.01820

n_div=4
krit_der=-0.0000001
kritl=1

krit2=0.9998

|

kx_1=0.235
ky_1=0.251
h1=772.66

c_1=2741

conv_1=14

!

temp_1=294.15
hf_1=925

n_sub=2e4
t_ime=2e4

1

' INPUT PARAMETERS
parl=(conv_1*tl)/ky_1
par2=ky_1/(c_1*h1*tl)
par3=kx_1/(c_1*h1*sir)
pard=c_1*h1
par5=par2/par3

|

I OUTPUT PARAMETERS
Inod_num, 208.0000000000
Insub_deriv_0,
It_deriv_0,
Imax_deriv_t,
Insub_deriv_max,
It_deriv_max,
Imin_deriv_t,
Insub_deriv_min,
It_deriv_min,
Insub_deriv_lin1,
It_deriv_lin1,
Insub_deriv_lin2,
It_deriv_lin2,
Imax_deriv2_t,
Insub_deriv2_max,
It_deriv2_max,
Imin_deriv2_t,
Insub_deriv2_min,
It_deriv2_min,
lavg_der_at_lin,
Istdev_der_at_lin,
lvar_der_at_lin,

| GEOMETRY (x=sir, y=tl, z=del)

block,0,sir,0,tl,0,del
wpoffs,0,tl,0
block,0,sir,0,tl,0,del
vsel,all

vglue,all

|

mptemp,
mp,kxx,1,kx_1
mp,kyy,1,ky_1
mp,kzz,1,kx_1
mp,dens,1,hl

I X axis
1 Z axis
1Y axis
I mesh division
| criterium for 1. derO
I criterium for the beginnind the linear part (100%)
I criterium of the end bEtlinear part (99,98%)

! thmal conductivity according exp.data

! digy of the measured sample
| sifie heat
! hgansfer coefficient

liritamperature on the lateral surfaces (21°)
! héaw applied on the upper and down surface
I number of step
! time of the transient analys time of the measurement)

! Biot number
! Fourier number (¢tkiness)
! Fourier number (face)

! node numbéhé middle of the sample
I number of steps whére fisrt derivation=0 at krit_der
! time when the deriv_t=0
I maximal first derivatiafi temperature deriv_t=max
I number of substeps
! time at deriv_t=max
I minimal first derivatioof temperature deriv_t=min
! number of substeps
I time at deriv_t=min
I number of substepthatbeginning of the linear part
I time at the beginningtbk linear part
I number of substepthatend of the linear part
I time at the end of thiedar part
I maximal second derigatdf temperature
! number of substeps
I time at deriv2_t=max
I minimal second derivatiof temperature
! number of substeps
I time at deriv2_t=min
! average value & finst derivations at the linear part
! standard deviatdmavg_der_at_lin
I coefficient of vaiiia

llower mdf

lupper mdf

! thermal conductivitywidth

! thermal conductivityvindth= in length
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mp,c,1,c_1
|

et,1,s0lid279
vsel,all

vatt,1,,1,

allsel,all

|

esize,,n_div
mshape,0,3d
mshkey,1

vsel,all

vmesh,all

|

csys,0
nsel,s,loc,x,0,sir
nsel,r,loc,y,0,0
nsel,r,loc,z,0,del
cm,plochal,node
sf,plochal,hflux,hf_1
allsel,all
nsel,s,loc,x,0,sir
nsel,r,loc,y,2*tl,2*tl
nsel,r,loc,z,0,del
cm,plocha2,node
sf,plocha2,hflux,hf_1
allsel,all

Ireplot

|

asel,s,,,1

asel,a,,,13

asel,a,,,5

asel,a,,,16

asel,a,,,2

asel,a,,, 14

asel,a,,,6

asel,a,,,15

cm,konvl,area
con_v=conv_1
sfa,konvl,1,conv,con_v,temp_1
finish

|

/solu

antype,4

allsel,all

ic,all,temp,temp_1
solcontrol,0

kbc,1

time,t_ime

autots,off
nsubst,n_sub,n_sub,n_sub
outres,erase $ outres,all,all
solve

finish

|

/postl

file,file,rth

csys,0
nod_num=node(sir/2,tl,del/2)
|

*dim,temp_stred,array,n_sub

*dim,ti_me,array,n_sub

|

*do,i,1,n_sub
set,,,1,,,,%i%,
temp_stred(i)=temp(nod_num)
*get,ti_me(i),active,0,set,time

*enddo

|

! size of elements

I mapped mesh

! heat flux on tlaMer surface

! heat flux on theper surface

! convectiarthe lateral surfaces

I transient analysis
linitial temperature
Isteoundary conditions
! gnat end of transient
| antatic time stepping

| saving dpats

I node in tleater of the middle sample

| tempaegiarray
I time array

! finding temperature imé for nod_num
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*voper,deriv_t,temp_stred,derl,ti_me
*voper,deriv2_t,temp_stred,der2,ti_me
*vscfun,max_deriv_t,max,deriv_t
*vscfun,min_deriv_t,min,deriv_t
*vscfun,max_deriv2_t,max,deriv2_t
*vscfun,min_deriv2_t,min,deriv2_t
finish

|

/post26

numvar,200
nsol,2,nod_num,temp,, temp_2,
vput,deriv_t(1,1,1),200
realvar,3,200,,,derl
vput,deriv2_t(1,1,1),200
realvar,4,200,,,der2

xvar,1

plvar,2,

!/show,png,,0

Ipngr,comp,1,-1
Ipngr,orient,horiz

Ipngr,color,2

Ipngr,tmod,1

I/gfile,1000,
l/cmap,_tempcmap_,cmp,,save
!/rgh,index,100,100,100,0
!/rgb,index,0,0,0,15

I/replot

l/wait,3
!/cmap,_tempcmap_,cmp
!/delete,_tempcmap_,cmp
I/show,close

!/device,vector,0
!/rename,file000,png,,temp_vs_time,png,
xvar,1

plvar,3,

!/show,png,,0

Ipngr,comp,1,-1
Ipngr,orient,horiz

Ipngr,color,2

Ipngr,tmod,1

!/gfile,1000,
l/cmap,_tempcmap_,cmp,,save
!/rgh,index,100,100,100,0
!/rgb,index,0,0,0,15

I/replot

lwait,3

!/cmap,_tempcmap_,cmp
!/delete,_tempcmap_,cmp
I/show,close

!/device,vector,0
!/rename,file000,png,,derltemp_vs_time,png,
xvar,1

plvar,4,

!/show,png,,0

Ipngr,comp,1,-1
Ipngr,orient,horiz

Ipngr,color,2

Ipngr,tmod,1

!/gfile,1000,
l/cmap,_tempcmap_,cmp,,save
!/rgh,index,100,100,100,0
!/rgb,index,0,0,0,15

!/replot

l/wait,3

!/cmap,_tempcmap_,cmp
!/delete,_tempcmap_,cmp
I/show,close

!/device,vector,0

! fisstriperature derivation in time for nod_num
| sectamdperature derivation in time for nod_num
! maximalsfiderivation in time for nod_num
I minimalkét derivation in time for nod_num
I maximatsed derivation in time for nod_num
! minimaésond derivation in time for nod_num

! number of variables
| assigrprature temp_2 in nod_num

! plot temp_2 to a graph

! plot first derivation to aagph

! plot second derivation tgraph
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!/rename,file000,png,,der2temp_vs_time,png,
|
*do,i,1,n_sub
*if,deriv_t(i),eq,max_deriv_t,then ! findinthe maximum of the first derivation
t_deriv_max=ti_me(i)
nsub_deriv_max=(i)
*endif
*if,deriv_t(i),eq,min_deriv_t,then ! fimup the minimum of the first derivation
t_deriv_min=ti_me(i)
nsub_deriv_min=(i)
*endif
*if,deriv2_t(i),eq,max_deriv2_t,then hiiing the maximum of the second derivation
t_deriv2_max=ti_me(i)
nsub_deriv2_max=(i)
*endif
*if,deriv2_t(i),eq,min_deriv2_t,then ihtling the minimum of the second derivation
t_deriv2_min=ti_me(i)
nsub_deriv2_min=(i)
*endif
*enddo
[
*do,i,1,n_sub-1 ! finding the part of tberve approximating to zero value
*if,deriv_t(i+1)-deriv_t(i),gt,krit_der,and,i,gt0000,then
t_deriv_0=ti_me(i)
nsub_deriv_0=(i)

*exit

*endif

*enddo

|

*do,i,1,n_sub-2
*if,(deriv_t(i+2)-deriv_t(i+1))/(deriv_t(i+1)-dev_t(i)),It,kritl,and,i,gt,nsub_deriv_max,then
t_deriv_lin1=ti_me(i) ! finding the bieming of the linear part of the curve
nsub_deriv_lin1=(i)
*exit
*endif

*enddo

|

*do,i,1,n_sub-2
*if,(deriv_t(i+2)-deriv_t(i+1))/(deriv_t(i+1)-dev_t(i)),It,krit2,and,i,gt,nsub_deriv_lin1,then
t_deriv_lin2=ti_me(i) ! finding the erd the linear part of the curve
nsub_deriv_lin2=(i)
*exit
*endif

*enddo

|
*dim,der_range,array,nsub_deriv_lin2-nsub_deri\L lin
*if,nsub_deriv_lin2,gt,nsub_deriv_lin1,then
*do,i,nsub_deriv_lin1,nsub_deriv_lin2-1
der_range(i-(nsub_deriv_lin1)+1)=deriv_t(i)

*enddo
*else

*msg,warn

Range for AVG > NSUB

Iwait,2
*endif
|
*vscfun,avg_der_at_lin,mean,der_range | sentrerage value of the first derivation in the linpart
*vscfun,stdev_der_at_lin,stdv,der_range ! ketdtandard deviation
var_der_at_lin=stdev_der_at_lin/avg_der_at_lin setlthe coefficient of variation
t_deriv_delta=t_deriv_lin2-t_deriv_lin1 ! thiene difference between times of the linear part
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13.2Annex 2.

1
! Sensitivity probabilistic analyses (PDS)- qustsitionary method
|

!
/inp,mdf_m,mac
Ipds

!

pdanl,mdf_m,mac
|

!input of the macro file
! switching to probabilistic aysgs

pdvar,kx_1,gaus,0.235,0.1*0.235 ! thermal conigitgt with Gaussian distribution (average and thandard deviation)
pdvar,ky_1,gaus,0.251,0.1*0.251 I thermal coniditgtwith Gaussian distribution (average and ttendard deviation)
pdvar,hl,gaus,772.66,0.1*772.66 ! density witlhu§sdan distribution (average and the standard temja
pdvar,c_1,gaus,2741,0.1*2741 ! specific healh v@aussian distribution (average and the standarition)
pdvar,conv_1,gaus,14,0.1*14 | heat transferfcogth Gaussian distribution (average and theddat deviation)
pdvar,hf_1,gaus,925,0.1*925 ! heat flux with Ggian distribution (average and the standard dewat

!

Ipdcor,kx_1,ky_1,0.5 ! correlation coefficidmtween parameters

!

pdvar,avg_der_at_lin,resp | parameters response

pdvar,var_der_at_lin,resp
pdvar,min_deriv_t,resp
pdvar,max_deriv_t,resp
pdvar,min_deriv2_t,resp
pdvar,max_deriv2_t,resp
pdvar,t_deriv_min,resp
pdvar,t_deriv_max,resp
pdvar,t_deriv2_min,resp
pdvar,t_deriv2_max,resp
pdvar,t_deriv_0,resp
pdvar,t_deriv_lin2,resp
pdvar,t_deriv_delta,resp
pdvar,parl,resp
pdvar,par2,resp
pdvar,par3,resp
pdvar,pard,resp
pdvar,par5,resp

|

pdmeth,mcs,dir
pddmcs,4000,none,all,,,,123457

|

pdexe,mdf_m
pdsesns,mdf_m,avg_der_at_lin,both,rank,0.025
|

/show,png,,0

pngr,comp,1,-1

pngr,orient,horiz

pngr,color,2

pngr,tmod,1

/gfile,1000,
/cmap,_tempcmap_,cmp,,save
/rgb,index,100,100,100,0
/rgb,index,0,0,0,15

Ireplot

Iwait,3

/cmap,_tempcmap_,cmp
/delete,_tempcmap_,cmp

/show,close

/device,vector,0
/rename,file000,png,,avg_der_at_lin,png,
Iwait,5

1]

pdcmat,mdf_miio,' ',rank,0.025,1
save

eof

! direct Monte Carlo sintida
1 4000 sampié&l seed of 123457

Istart of thalgses
nslgeity graph (this step is done for all of therameters consequently)

| saving thepdra

| prints the correlation coefficients matrix
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13.3Annex 3.
!
! ADPL script for heat transfer in MDF by pulsesiséent measuring method
|
Iprep?

sir=0.05056 IX axis

del=0.05079 1Z axis

tI=0.01205 1Y axis

t12=0.0182

n_div=12

ky_1=0.187 Iphysical properties of MDFsrgal by experiments
kx_1=ky 1

ky_2=0.187

h1=781.87

c_1=1751.645

conv_1=10 lheat transfer coefficient

temp_1=298.05

temp_2=298.05 Ibulk temperat

t_ime=1800 Itime of the measurement

n_sub=7200 Icalculate in ¥, of a second

t 1=25 Ibeginning of the pulse in second

t 2=48 lend of the heat pulse

t_delta=t_2-t 1 Iduration of the heat pulse
block,0,sir,0,tI2,0,del Icreation of bkse outer sample 1
wpoffs,0,t12,0

block,0,sir,0,t1,0,del Icreation of blaeskmiddle sample
wpoffs,0,tl,0

block,0,sir,0,tI2,0,del Icreation of blocksister sample 2

vsel,all

vglue,all

mptemp,

mp,kxx,1,ky_1 lassigning material propstio middle sample
mp,kyy,1,ky_1

mp,kzz,1,ky_1

mp,dens,1,h1

mp,c,lc_1

mp,kxx,2,ky_2 lassigning material propetesuter samples
mp,kyy,2,ky_2

mp,kzz,2,ky_2

mp,dens,2,h1

mp,c,2,c_1

et,1,s0lid279

vsel,all

vsel,u,loc,y,ti2,ti2+tl

vatt,2,,1,

vsel,inve

vatt,1,,1,

allsel,all

esize,,n_div

mshape,0,3d Imeshing the geometry

vmesh,all

|

/solu

antype,4 ltransient analysis

trnopt,full

kbc,1

solcontrol,on,on

ic,all,temp,temp_1

time,t_ime

nsubst,n_sub,n_sub,n_sub

outres,erase $ outres,all,all

asel,s,loc,y,0,0

asel,a,loc,y,2*tl2+tl,2*tI2+tl

nsla,s,1

d,all,temp,temp_1 Iboundary condition: tenapere to the outer surfaces
allsel,all

asel,u,loc,y,0
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asel,u,loc,y,tl2
asel,u,loc,y,tl2+tl
asel,u,loc,y,2*tl2+tl
sfa,all,,conv,conv_1,temp_2
allsel,all

asel,s,loc,y,tI2

nsla,s,1
*get,po_cet,node,0,count
*DIM,pulse,table,t_ime,1
*do,i,1,t_ime
pulse(0,1)=0

pulse(i,0)=i

pulse(i,1)=0
*if,i,gt,t_1,and,ilt,t_2,then
pulse(i,0)=i
pulse(i,1)=8.77/po_cet
*endif

*enddo
f,all,heat,%pulse%
allsel,all

solve

finish

|

/postl

file,,rth

csys,0

nod_num=node(sir/2,tI+tI2,del/2)

*dim,temp_stred,array,n_sub
*dim,ti_me,array,n_sub
*do,i,1,n_sub

set,,,1,,,,%i%,

temp_stred(i)=temp(nod_num)

*get,ti_me(i),active,0,set,time
*enddo

finish

!

/post26

numvar,200

nsol,2,nod_num,temp,, temp_2,

Xxvar,l

plvar,2,
/show,png,,0
pngr,comp,1,-1
pngr,orient,horiz
pngr,color,2
pngr,tmod,1
Igfile,800,

/cmpa,_tempcmap_,cmp,,save

/rgb,index,100,100,100,0
Irgb,index,0,0,0,15
Ireplot
/cmap,_tempcmap_,cmp
/delete,_tempcmap_,cmp
/show,close
/device,vector,0
*create,ansuitmp
*cfopen, 'out_temp','txt',"

Iboundary conditioeat transfer coefficient at bulk temperature

lgive nuber of all roitethe selected area
Icreate table with gg&d heat values

Icalculation of heatetain nodes

lassign heat value for eamie in the selected area

llist the tenapare field in the selected node
llist the time iéh the selected node
Ifind the temperature and timeélected node for all subsets

Itime history postprocessor

Ishow the temperature vs. tima picture

Isave picture

*vwrite,ti_me(1),temp_stred(1), ,,,,,,, rlte atext file with temperature values

%g %g

*cfclos

*end
/input,ansuitmp
/eof
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13.4Annex 4.

lgeom.mac
I

Iprep7

tl_sp=0.56 Iparameters describing the geégme
vys_sp=0.02

tl_fibre=0.032

rectng,0,tl_sp,0,vys_sp Icreate rectangleg (2D
rectng,-0.02,tl_sp+0.02,-0.032,vys_sp+0.032

aovlap,all

aplot

[

et,1,fluid141 Ifluid element
et,2,fluid141 Isolid part of the element
asel,s,,,1

aatt,1,,1

asel,inve,

aatt,2,,2,

allsel,all

|

Isel,s,loc,x,0

Isel,a,loc,x,tl_sp

lesize,all,vys_sp/20

allsel

|

Isel,s,loc,x,-0.02 lassigning different melemands (finer mesh in fluid part)
Isel,a,loc,x,tl_sp+0.02

lesize,all,vys_sp/10

allsel

!

Isel,s,loc,y,-tl_fibre lassigning differenesh demands (rough mesh in solid part)
Isel,a,loc,y tl_fibre+vys_sp

Isel,a,loc,y,0

Isel,a,loc,y,vys_sp

lesize,all,vys_sp/10

allsel

!

amesh,all Imesh all areas
allsel,all

!

!
! Conjugate heat transfer- the air enclosure
|

geom.mac lopen geom.mac with created gegmet
|

)prep?
!

ic,all,temp,293, Iboundaty condition: inittamperature of all areas
tref,293

toff,0

kx_2=0.053 Ithermal pecties of the solid part
h2=195

€2=2100

|

mptemp, lassign the thermal propertiethéosolid
mp,kxx,2,kx_2

mp,kyy,2,kx_2

mp,dens,2,h2

mp,c,2,c2

|

iemp_down:287.288
temp_up=297.312 ltemperature at the uppdaceir
!

csys,0

Isel,s,loc,y,-tl_fibre

nsll,s,1

d,all,temp,temp_down lassigning the tempeeatemp_down
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allsel,all

|

Isel,s,loc,y,vys_sp+tl_fibre lassigning the parature temp_up
nsll,s,1

d,all,temp,temp_up

allsel,all

|

asel,s,,,3

asll,s

nsll,s,1

d,all,,,,, vx,vy Iboundary condition: zerelocity in the cavity
allsel,all

|

asel,s,,,1

Isla,s

nsll,s,1

sfl,all,rdsf,0.3,,-1 Iboundary conditionrface to surface radiation within the cavity
|

nsel,all

esel,all

tref,293 Ireference temperature
stef,5.67e-8

radopt,0.5,0.0001

toff,0

[

fldatal,solu,temp,1 Imaterial propertiesiof a
fldata2,iter,exec,1000
fldata2,iter,over,50
fldata5,outp,sumf,50
fldatal3,vary,dens,1
fldata7,prot,dens,air-si
fldata7,prot,visc,air-si
fldata7,prot,cond,air-si
fldata8,nomi,cond,-1
fldata7,prot,spht,air-si
|

acel,0,9.81,0 Igravity acceleration
fldatal8,meth,pres,1 Isolvers in Flotran
fldatal9,tdma,pres,100

fldatal8,meth,temp,6

|

/solu

solve

finish

/postl

set,last

pinsol,temp Ishow temperature field
|

Isel,s,loc,y,vys_sp

nsll,s,1

*get,n_count,node,0,count
*get,n_min,node,0,num,min
*get,temp_up%1%,node,%n_min%,temp,sum
|

*do,i,2,n_count

*get,n_next,node,%n_min%,nxth
*get,temp_up_sum%i%,node,%n_next%,temp,sum
n_min=n_next

*enddo

|

temp_up_sum%0%=0

*do,i,1,n_count
temp_up_sumsum=temp_up_sum%i-1%-+temp_up_sum%i%
temp_up_sum%i%=temp_up_sumsum lget aveeagperature for selected nodes
*enddo

|

temp_up_avg=temp_up_sumsum/n_count

Isel,s,loc,y,vys_sp
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nsll,s,1

*get,n_count,node,0,count
*get,n_min,node,0,num,min
*get,temp_down%1%,node,%n_min%,temp,sum
|

*do,i,2,n_count
*get,n_next,node,%n_min%,nxth
*get,temp_down_sum%i%,node,%n_next%,temp,sum
n_min=n_next

*enddo

|

temp_down_sum%0%=0

*do,i,1,n_count
temp_down_sumsum=temp_down_sum%i-1%-+temp_down_$4m%
temp_down_sum%i%=temp_down_sumsum

*enddo

|

temp_down_avg=temp_down_sumsum/n_count \grbge temperature for selected nodes
|

Isel,s,loc,y,0

nsll,s,1

*get,n_count,node,0,count

*get,n_min,node,0,num,min

*get,flx_down%1%,nhode,%n_min%,hflu,sum

|

*do,i,2,n_count
*get,n_next,node,%n_min%,nxth

*get,flx_down_sum%i%,node,%n_next%,hflu,sum
n_min=n_next

*enddo

|

flx_down_sum%0%=0

*do,i,1,n_count
fix_down_sumsum=flx_down_sum%i-1%-+flx_down_sum%i%
flx_down_sum%i%=flx_down_sumsum

*enddo

|

fix_down_avg=flx_down_sumsum/n_count lgetrage heat flux for selected nodes at down line
[

Isel,s,loc,y,vys_sp

nsll,s,1

*get,n_count,node,0,count

*get,n_min,node,0,num,min

*get,flx_up%1%,node,%n_min%,hflu,sum

|

*do,i,2,n_count
*get,n_next,node,%n_min%,nxth

*get,flx_up_sum%i%,node,%n_next%,hflu,sum
n_min=n_next

*enddo

|

fIx_up_sum%0%=0

*do,i,1,n_count
fix_up_sumsum=flx_up_sum%i-1%-+flx_up_sum%i%
fIx_up_sum%i%=flx_up_sumsum

*enddo

|

flx_up_avg=flx_up_sumsum/n_count lget agerheat flux for selected nodes at upper line
1

flx_down_ang:abs(ﬂx_down_avg)
fix_avg=(flx_down_avg2+flx_up_avg)/2
|

Isel,s,loc,y,0

nsll,s,1

*get,n_count,node,0,count
*get,n_min,node,0,num,min
*get,radi%21%,node,%n_min%,rdfl,sum
*do,i,2,n_count
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*get,n_next,node,%n_min%,nxth Iget valuamexkt higher node number
*get,radi_sum%i%,node,%n_next%,rdfl,sum Igeatflux sum for node with next number in the seldset
n_min=n_next

*enddo

!

radi_sum%0%=0 lloop for sumation of hiéat sums

*do,i,1,n_count
radi_sumsum=radi_sum%i-1%-+radi_sum%i%
radi_sum%i%=radi_sumsum

*enddo

|

radi_avg=radi_sumsum/n_count lget averadigeviaf radiation heat flux
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