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Abstract

The present study focuses on thermal metrology yafrdphilic and hydrophobic materials by an
experimental approach based on the asymmetriclat® method and a theoretical approach of coupéed &nd
humidity transfers. The experimental approach shthas the thermal conductivity of bio-based hydibph
material increases with humidity (+ 20% when rekatiumidity RH increases from 30% to 90%, i.e. fra/H28
+10°1t0 0.033 +16¢ W.nT LKt at 20 °C). On the other hand, in the case of adpftbbic material, such as a phase-
change polymer, at the same condition, the meaghesthal conductivity is almost constant (0.218%10. M.
K-1). The COMSOL Multiphysics® software is used fonguuting coupled heat and moisture transfer equsdtion
A good agreement is observed between the numarckthe experimental approaches for the two typssidied
materials.
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1. INTRODUCTION

To meet environmental compliance requirements, faatwrers of materials are developing increasingly
high-efficient insulators for thermal insulationeuts of buildings. Among these, bio-sourced materdder a
double interest in terms of thermal insulatingaéincy and low carbon footprint. However, bio-sadrinsulators
have a major disadvantage related to their behavialation to moisture due to their hydrophilcit

There are different methods for measuring the théoonductivity of a material. These include thamgied
hot plate [1], flash [2], "Hot disc” [3], hot wifd], hot ribbon [5], tri-layer [6], hot plate metts [7, 8], etc. Among
these, the tri-layer and hot plate methods are mwitable for characterizing low thermal condudgivnaterials
such as bio-sourced materials [9,7] or super itisiganaterials [9].

In the case of hydrophilic materials, such as lnorsed materials, the measurement of thermal cdivityc
cannot be carried out with precision without a ssegy consideration of the simultaneous transfdreat and
humidity [10].

The objective of this study is to develop a cemtehnet plate device taking into account the humidity
influence so to allow a measurement of the thermsighl properties of a hydrophilic material in antid
environment. This device is validated by numeriesllts obtained from coupled heat-humidity transfe



2. EXPERIMENTAL APPROACH
2.1. Hydrophilic and hydrophobic media

Bio-sourced insulating materials are hydrophilid gmesent a significant porosity. They absorb antbie

air moisture over 10% of their dry mass. Thushis type of material, the coupling between heat modsture
transfer becomes a necessity.

The hydrophilic/hydrophobic distinction is partiadly justified if one is interested in the coupleeat-
humidity transfer. Thus, the experimental measurgnsecarried out on one hand on a hydrophilic matenade
of flax fibers (LFB) and having high porosity, aod the other hand, on a hydrophobic material, &plchange
polymer (PCM) Rubithern® paraffin) with solidification temperature about 27 °C.

The hydrophilicity or hydrophobicity of these madds is first characterized by the contact arfjlef a
water droplet (constant volume) deposited on tmepda using a fluid dosing unit and analyzed by nseafna
CCD camera ifnagine sourcés Second, the hydrophilicity of the wettable mitefwhen 6<90°) is then
confirmed by the moisture absorption test. This omesists of recording the moisture absorbed bynthterial
when it lies in a hygrometric atmosphere. For thigpose, a sample is previously dried in an ove0&C during
24 h and its dry massoris accurately weighed. It is then arranged inimatfic chamber@ycometd?, CCK 480,
Spain, the atmosphere of which is previously set tavamgtemperature and humidity and the wet rmagt of

the sample is recorded every 10 min, 30 min oruhtil the mass does not vary. The humidity absorptate
HAR of the sample is then calculated as [11, 12]:

ar = {ma(®) = mo)
m

0

.100 (in %) (1)

Figures 1 and 2 give the results of the contacleasgd the water absorption tests, respectively.

Figure 1: Contact angle (water droplet) on (a)RI&M and (b) the LFB samples

The contact anglé8scm = 112° £2° and, rs = 78° £2°, respectively measured on PCM and LHABsBates
are averages of five measured values (Fig. 1).réfdts show that the PCM has a non-wettable sei@Opcm
> 90°), as the result, this material is hydrophobiowever, LFB has a wettable surface §as < 90°) [13] and
could be hydrophilic. To confirm this, moisture alion test is carried out on LFB samples. Thstfiest is

performed on 5 samples in an atmosphere at 20°@®@#tdof relative humidity (RH) and the second aamples
at 40°C and 90% RH. Figure 2 plots curves of thaidity take up.
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Figure 2:Evolution of humidity absorption of the LFB matdria



The results show that in theses atmospheres, tBenhd&terial can take up until 9 %t and 21 %wt of
humidity, respectively. LFB material presents dogh hydrophilicity. Thus, coupling heat and hurjdiransfer
are required for thermal metrology on LFB material.

2.2. Experimental device

The experimental device used for the measuremettteofhermal conductivity of the studied samples is
the "asymmetrical centered hot plate” [14, 15] (B It consists of a flat heating element of 486<mm?2 and
0.15 pum thicknessQmeg#&, KHLV-202/10-p, United Kingdonand an electrical heating element of abou£21
The heating element is inserted between the satoptbaracterize and a reference sample with a kmghvn
thermal conductivity {, = 0.069 W.m".K™3).

The whole system is also inserted between two iicraluminum blocks. K-type thermocouples record
the evolution of interfaces temperaturegt)T To(t) and Ti(t) (Fig. 2). To reduce the contact resistance betw
substrates, the whole system is compressed witinstant controlled pressure 6 x 10-2 MPa). The heating
element is connected to a power generadM(TTI®, PLH250-P, UK and thermocouples are connected to an
acquisition unit Omeg&, TC-08, UK.

Measurements are carried out on low-thickness sesmpl4 mm) so to allow a unidirectional heat flux
across the sample, from one side to the othertamdnimize the lateral heat losses.
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Figure 3: Schematic plan of the asymmetrical aedtdot plate.
2.3.  Measuring protocol

A heat flow ¢p = U?/R.S) is generated by the heating element by applyrig & voltage (U=2.33 + 0.01
V) and a current (I=0.11 = 0.01 A). The interfaemperatures ct), To(t) and Ti(t) are then recorded all along the
test duration which is sufficiently long to allohermal exchanges to reach stationary regia8hy. By neglecting
the lateral heat losses as already explained otiaéftux emitted by the heating elemdigt) is the sum of both
heat fluxesp, and¢, , passing through each sample:

=¢1+ ¢, ()
In a stationary regime, the Fourier’'s law of heatduction allows us to write:

!qbl =1~ To)

Y ©)
k¢2 = e_z (T.—Ty)

The thermal conductivity, of the sample is deduced from equations (3) dsviol

e

e; [Uz A,

- E_e_z(T“_Tl)] (4)



Since we study thermal exchanges in hydrophilicimédhygrometric environments, the LFB and PCM
samples stayed previously about 3 hours in theatilmchamber with controlled humidity and temperatto
achieve the hygrothermal equilibrium. The hot pldé&vice provided with samples is then disposednaihe
climate Chamber by setting the atmosphere at angigmperature and humidity for all the durationtiod
measurement.

On the LFB sample, measurements are undertaketasive humidity conditions of 30%, 50%, 70% and
90% RH, the temperature being maintained for eadhcBRse at 20, 30, 40 and 50 ° C. For the PCM sample
measurements are performed at extreme RH of 30%9@8f6 and at temperatures below its phase change
temperature (27 °C) at 10 and 15 °C.

2.4. Measurement of thermal capacity and absolute densit

The thermal capacity and the density are experiaigndetermined on the LFB and PCM samples. The
thermal capacity is measured by the continuous ¢eatpre programming method using the DSC calorin{@i&
Instrumen®, Q20, USA The measurements are carried out on samplesoot 4.3 mg over a temperature range
of 5 to 50 °C and with a heating rate of 0.5 °ChirThe method is based on the measurement of theemal
fluxes under identical experimental conditionsyieal out respectively on the sample to be charaetgrg,), on
the reference sampleé,( for distilled water) and at last on empty sampiédbrs(¢, ). The thermal capacity of
the sampletpe is then calculated from the correlation:

¢e _¢b my

@M=D G =, m

®)
Figure 4, shows the thermal capacity evolution BBLand PCM samples measured experimentally. The
thermal capacity of LFB decreases slightly (betw2245 + 201 Kg' K at 5 °C to 1365 + 20Kg"' K at 50

°C) while the thermal capacity of PCM is growingrsficantly in the vicinity of phase change tempera (27
°C).
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Figure 4: Variation of the heat capacity of PCM & materials according to temperature

The density of samples is determined by a simpléhatebased on the hydrostatic weighing in the athan
by means of a balance in the ten-thousandth oftéie Ohau€, PA-64, Switzerland

3. Modeling of coupled heat and moisture transfer

Within a porous medium in a humid atmosphere, tleethree phases: the solid that constitutes the
material, the water vapor, and the dry 8ince the solid phase is undeformable and immodilly, the liquid and
gaseous phases are considered in the mass baletoresver, due to the small dimensions of the pdtesn be
considered that the dry air in the gas phase isobile. When this medium is subjected to a heataxureat and
moisture transfer phenomena occur simultaneousliffer®nt mathematical models that describe the wate
migration in porous media are proposed in the ditme. This phenomenon is induced by the moisture
concentration and the temperature gradient duiegvapor condensation [16] and a drying procesp Qi a



macroscopic scale, the porous medium can be copsids a homogeneous and continuous medium [1€]. Th
existing water in the pores evaporates on the idessthen it moves through the mechanism of diffusf the
gases (we neglect the effect of capillarity in ploges) and condenses on the cold sides. Theraferejust take
into account the latent heat of evaporation inttieemal balance.

The present study proposes a coupled heat anduretsansfer model for the permanent hot plate ageth
where the porous sample is within a humid atmosphdainly the drying process carries out the moéstransfer
in the sample. By assuming that the heat cap&ityf aluminum blocks is so high, so the temperatae be
considered constant according to the blocks' tlasknThe heat transfer can be assumed to be wtioival at
the center of the sample, accordingodirection (confirmed by results of Fig. 7), as ffanple presents a small
thickness compared to its lateral dimensions, agdnding the high thermal capacity of the alumirhlatks.

In one-dimensional Cartesian coordinates, the m@sind heat balance equations are:

* Mass balance (quuid and vapor phases):

| 9X oTN]
p° at = [pO( ¥ +Droe )] m ©
ox, NS N @)
Po 5t 6x[p0< X ox T Tax)]*'"l

with:

D}, : isothermal mass diffusivity on liquid phase%s~1).

DL : non-isothermal mass diffusivity on liquid phase?§ 1K ~1).
DY : isothermal mass diffusivity on vapor phase §™1).

DY : non-isothermal mass diffusivity on vapor phaséq{ 1K ™1).

By summing equations (6) and (7), the total masanoea of the two phases is:

aX_ a [(D X D aT)] (8)
ot~ ox\¥ax T VT ox
where:
Dy = D} + D¥ 9)

Dy = D%+ D¥

In the vapor phase, by neglecting the accumuladom over the transport term, the quantity of evafeul
water per unit of volume of porous medium and per of time ¢n) is:

2X, oT
M= [po (DX Ox +Dr ax)] (10)

Moreover, by neglecting the thermal diffusion tefb¥) over the mass diffusion tern®¥) in equation

(10), we obtain:
0 X
=—_ p pv—¥ 11
0x PoDx ox (11)

Figure 5 illustrates the water sorption isothertd][ It shows the existence of 3 zones: on the érsl
second, the water is immobile in the pores. Socaveneglect the mass diffusivity in the liquid phasd consider
only the diffusivity in the vapor phase.
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Figure 5: water sorption isotherms
Therefore, by neglecting accumulation term on vaploase and the thermal diffusion over the mass
diffusion, the global mass balance equation is:
X, 0 [ 1]c’iX,,] _ m (12)

ot axl7* ox

Po
 Heat balance

On a macroscopic scale, by neglecting the kinetargy and the assumption that water adsorbed in the
pores is not a separate phase and by introducengetat capacity at constant pressure, the equatiemergy is:

aT 0 aT aX,
== vy — 13
PCr ot x [A ox + poDxLy ax] (13)
Where:
C; is the apparent heat capacity of the porous mediataulated by:
C; = CPS + XlCPl + X‘UCPV + XG.CPG.' (14)
L, is the latent heat of vaporization calculated by:
L, =2495 —-2346T (15)
A" is the apparent thermal conductivity, which igegi by:
A* = A + Adif (16)
The associated initial and boundary conditions are:
- att=0:
X = Xi
127 (17)

The initial mass fractioiX; represents the humidity of a sample when it reatte hygroscopic equilibrium
with the climatic chamber atmospheXgis measured by means of the Desicca@hvau€, MB-45, Switzerland

- att>0andx =0:

X,
- = 0

Ox
) oT B (18)
ax ¢



- att>0,x=¢e

From the aluminum block, the mass transfer fluxud at the interfacec = e; with the sample and assumed
isothermal over time, Therefore:

daX, _ 0
{% - (19)
T = Ti
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Figure 6: Simplified scheme of hygrothermal transfer media

4. Preliminary results and discussion
4.1. Unidirectional heat flow

To validate the assumption of a unidirectional heansfer in the center of the sample, the systém o
equations (8) and (13) with the associated iniial boundary conditions is solved, in tri-dimension
configuration, by COMSOL Multiphysiéssoftware using the experimental parameters ligteBiables 1. The

apparent density is measured by dividing the wegfhthe humid sample by its volume*(= mh/V). The

e
isothermal mass diffusivity on vapor phase is a imefdifferent values of bio sourced materials és$om
literature. The obtained result of heat fluges ¢, and ¢, according tdx, Oy and Oglirections are compared,
at the center of the sample, on figure 6. As wetlsedeat fluxeg,, and ¢, are very small compared to the heat

flux ¢,, which increases up to 27 W2wvhen the hygro-thermal equilibrium is establish€dis validates the
unidirectional heat transfer hypothesis.

Table 1: Measured and estimated values of thernspdlyproperties

T (C)/HR (%) po(Kgm™) | G (J.Kg"" K™ | AW.m™. K| X, | D} (m?’s™")
ey | T=106C) 7 90%HR 867 1038 0.201 - -

Ti=150C) / 90%HR 867 2676 0.217 - -
kg | T=30CC)/30%HR 988 1660 0.030 0.08 2.78¥10

Ti=40CC) / 90%HR 988 1524 0.039 017  4.65%40

0 2000 4000 6000 8000 10000
t(s)

Figure 7: Heat flux variation computed by COMSOL INphysics.



4.2. Thermophysical characteristics

At different temperatures and for different relatirumidity, experimental measurements of the therma

conductivity are presented in figure 8 for the L& on table 2 for the PCM materials, these reanttgsompared

to the measurements performed with a commerciahrapps TA Instrumerft, DTC 300, USA The obtained
results show a low difference (<2%) with those mead with the hot plate device. Thus, the hot pieice is
validated. For the PCM material, the thermal cotigitg is measured in two extremes conditions. thimatic
chamber is not able to decrease humidity lower 8@ at 10°C, so for low humidity, the inlet wakers been
cut so that the climatic chamber reaches a balaitbethe relative humidity of the surrounding ardeese results
are the average of three measurements in almagtddeconditions.
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Figure 8:Variation of thermal conductivity of the LFB matalras a function of temperature

for different relative humidity.

Table 2:Thermal conductivity of the PCM material at diffatéemperature$; and relative humidity HR %.

RH%
Ti (°C) 30% | 90%
A (W.mLKY) (Uncertainty:# 103)
10 0.198 0.201
15 | 0.219 0.217

Figure 8 shows that the thermal conductivity of tyelrophilic material LFB increases as temperature
increases (+ 22% when the temperature increasesX@0’C to 50 °C, i.e.). Also as moisture incregfesn 30%
to 90% RH), the thermal conductivity is increasfedri 0.028 +1¢ W.nT11.K1to 0.033+1¢ W.n.K?) at 20 °C.

Regarding the PCM material, the thermal condugtivitcreases with the temperature, as might be
expected. In an atmosphere at 30% RH, it increfasesxample from 0.198 +10W.nmt.K1at 10 °C to 0.219+
103 W.ntt.K1at 15 °C (+ 10% increase). On the other hand,riflizancreases between two extreme values of
humidity (30% RH and 90% RH) corroborating thus ithection of moisture on hydrophobic materials. J&e
results confirm the necessity to take into accabet coupled heat and moisture transfer when measuri
thermophysical characteristics of hydrophilic mitist

4.3. Numerical results

Figures %a) and gb) show a comparison between the experimental arulileééd temperaturesT (t)=
To(t)-Ti on the rear face of the PCM and LFB samples, réisgebe In the case of hydrophobic material, thetda
heat of vaporizatiorl, is considered zero, thus the coupling term in thepted system of equation (13) is
canceled. The equation becomes a simple heat érgmsfblem.

In both cases, a good correlation was observeddagtvthe experimental and the numerically simulated
curves (variance not exceeding 2%). One can sadmmthat the proposed coupled heat-moisture teamabdel
is validated.
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Figure 9:Experimental and calculated temperatures on thefaea of the sample (a) PCM, (b) LFB.

5. Conclusion

In this study, a bio-sourced and a phase changerialadre considered as a hydrophilic and hydrophob
medium. Humidity adsorption and contact angel itigasion confirm the choice of these samples. Thba,
coupled heat and moisture transfer are modelizetDirCartesian coordinate by neglecting the mass tansf
through the liquid phase. COMSOL Multiphysidselps us to validate the unidirectional heat tiemisypothesis.
In addition, this mathematical model has been sblwéh this software. The results show a good agerd
between the numerical and experimental approachtbhsavdeviation of less than 2%.

The asymmetric hot plate method is then used tcsureahe thermal conductivity of these materiala in
humid atmosphere. At least three measurement®aliead in stationary regime. The results show thaisture
affects the thermal conductivity of the bio-sourceeaterial while it has no effect on the thermal dwativity of
the PCM material.



Nomenclature

U Voltage,V
vV  Volumeni®

?:m?l'c:;mal capacity Kg K. X  Water vapor mass fraction
DL Isothermal mass diffusivity on liquid phase, Special characters:
l m’s _1 o o 6  Contact angle
D; Non—lsotzhe_rlmail1 mass diffusivity on liquid A Thermal conductivityW.m?.K
Y phasesn’s K e po  Dry medium densityKg.n®
Dy ;rslg;rl?rmal mass diffusivity on vapor phase, &  Heat flux,W
3
D7 Non-isothermal mass diffusivity on vapor @ Internal heat sourcsy.m
phasem?s~tK™t Subscripts:
e  Thicknessm 0 Dry
HAR Humidity adsorption raté a  Air
I CurrentA R b Blanc
L, Evapo.rat|on latent heatJ.Kg . ¢ Heating element
m  Quantity of evaporated water per unit e Sample
volume of the porous medium and per unit of h  Humid
time,Kg.m®.s* i Initial
m  MassKg I Liquid
R Thermal resistance r Reference
S Surfacen? v Water vapor
T  TemperaturesC *  Apparent
t Time,s
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