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Abstract  

Unlike hydrophobic materials, heat transfer in a hydrophilic 

material in a wet atmosphere is accompanied by mass transfer. 

This study deals with the thermal metrology of hydrophilic 

versus hydrophobic materials. An experimental approach based 

on the asymmetric hot plate method and a theoretical approach 

of coupled heat and humidity transfers are performed. The 

experimental results show that, at 20 °C, the thermal 

conductivity λ of flax fibers insulators increases up to 20% 

when the relative humidity RH increases from 30% to 90%, i.e. 

from 0.028 ±10
-3

 to 0.033 ±10
-3

 W.m
-1

.K
-1

 while λ remains 

constant for the hydrophobic material. This agrees with the 

theoretical model results. 

Keywords: bio-sourced materials, thermal conductivity, 

coupled transfer, hot plate method, hydrophilic insulators.  

 

I. INTRODUCTION 

Thermal insulators made of bio-sourced materials are being 

increasingly developed to cut greenhouse gas emission in 

building insulation. However, despite their interest, bio-

sourced insulators have a major disadvantage related to their 

behavior in relation to moisture as they are high hydrophilic 

materials. The classical models of thermal metrology do not 

match with these materials.  

Indeed, firstly there are different methods for measuring the 

thermal conductivity of a material. These include the guarded 

hot plate [1], flash [2], "Hot disc" [3], hot wire, hot ribbon, tri-

layer [4], hot plate methods [5, 6], etc. Among these, the tri-

layer and hot plate methods are more suitable for 

characterizing low thermal conductivity materials such as bio-

sourced materials [5, 6] or super insulating materials [6]. 

Secondly, in the case of hydrophilic materials, such as bio-

sourced materials, the measurement of thermal conductivity 

cannot be carried out with precision without a necessary 

consideration of the simultaneous transfer of heat and humidity 

[7]. 

The objective of this study is to develop a centered hot 

plate device considering the humidity influence so to allow a 

measurement of the thermophysical properties of a hydrophilic 

material in a humid environment.  

 

II. EXPERIMENTAL APPROACH  

A.   Water sensitive and non-sensitive media 

 

The hydrophilic vs hydrophobic distinction is justified 

when coupled heat-humidity transfer is characterized. The 

experimental approach is thus performed on a hydrophilic 

insulator based flax fibers (LFB) (Fig. 1a) made of random 

distributed and compressed 20 µm fibers (Fig.2) and on a 

hydrophobic material made of a phase change polymer (PCM) 

(Rubitherm
®

 paraffin) (Fig; 1b) with solidification temperature 

about 27 °C.  

The contact angles of LFB and PCM measured by the 

droplet analysis are respectively PCM = 112° ±2° and LFB = 

78° ±2° (Fig. 1c and 1d), showing that the surface of LFB 

media is wettable (as LFB  90°) while the PCM surface is 

non-wettable (as PCM  90°). The latter is hydrophobic and the 

FLB media is hydrophilic and could uptake the ambient 

humidity [8, 9, 10]. This is confirmed by the water uptake test. 

The Fig. 3 plots the evolution of the water content of the LFB 

sample for different relative humidity HR of the ambient air.  

 

 
Figure 1. Contact angle (water droplet) on the PCM and the LFB samples 

a) LFB                                b) PCM 

c) LFB                                   d) PCM 
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Figure 2. MEB analysis of LFB samples 

 
Figure 3. Variation of the water content of the LFB sample in atmospheres at 

variable relative humidity 

 

Clearly, the material LFB can absorbed until 17 % wt of the 

humidity when lying in an ambient air at 97% HR. Biosourced 

materials are high hydrophilic, as the result, coupling heat and 

humidity transfer is required when applying thermal metrology 

to biobased insulators.  

 

B. Device for thermal conductivity measurement 

 

An "asymmetrical centered hot plate" device [11, 12] was 

used to measure the thermal conductivity of the studied 

samples. It consists of (Fig. 4) a 21 Ω flat heating element of 

46 × 46 mm² and 0.15 µm thickness (Omega
®

, KHLV-202/10-

p) which is inserted between the sample to characterize and a 

reference sample with a well-known thermal conductivity 

(         W.m
-1

.K
-1

). Samples are compressed (pressure ≈ 

6×10
-2

 MPa) between two identical aluminum blocks. K-type 

thermocouples record the evolution of interfaces temperatures 

Tc(t), To(t) and T1(t) (Fig. 4). The heating element is connected 

to a power supply (AIM-TTI
®

, PLH250-P, UK) and 

thermocouples are connected to an acquisition unit (Omega
®

, 

TC-08, UK). 

The test is carried out on low-thickness samples (≈ 4 mm) 

so to allow a unidirectional heat flux across the sample, from 

one side to the other, and to minimize the lateral heat losses.  

The hot plate device provided with samples is arranged in the 

climate Chamber (Fig. 5) so to set the ambient atmosphere at a 

given temperature and humidity.  

 

 
Figure 4. Schematic layout of the “asymmetrical centered hot plate”  

 

                    

Figure 5. Experimental device of “asymmetrical centered hot plate” 
arranged in a climatic chamber. 

 

C. Measuring protocol 

 

When a voltage (U=2.33 ± 0.01 V) and a current (I=0.11 ± 

0.01 A) is applied, a heat flow (        ) is generated 

b) 
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through samples. The interface temperatures Tc(t), T1(t) and 

T2(t) are then recorded until stationary regime (after about 3h). 

By neglecting the lateral heat loss, the generated flux     is the 

sum of both heat fluxes    and   , passing through each 

sample: 

              (1) 
 

In a stationary regime, the Fourier’s law of heat conduction 

allows us to write : 

 
   

  

  
       

   
  

  
       

               (2) 

 

The thermal conductivity    of the sample is deduced from 

the above equations as follow : 

   
  

     
 
  

  
 

  

  
                 (3) 

 

For the LFB sample, measurements are undertaken at 

relative humidity conditions of 30%, 50%, 70% and 90% RH, 

the temperature being maintained for each RH case at 20 °C, 

30°C, 40 °C and 50 ° C. For the PCM sample, measurements 

are performed at extreme RH of 30% and 90% and at 10°C and 

15 °C, i.e, below the phase change temperature of PCM 

(27°C). 

 

D. Experimental determination of thermal capacity and 

absolute density 

 

As the thermal capacity and the absolute density are 

involved in the coupled heat-humidity transfers, these 

parameters are previously measured on the LFB and PCM 

samples. The density is determined by the hydrostatic 

weighing method using a balance and the thermal capacity is 

measured by the continuous temperature programming method 

using the DSC calorimeter (TA Instrument
®

, Q20, USA), as 

well detailed in our previous paper [13]. The thermal capacity 

of the sample     is then calculated from the correlation : 

   
       

    
     

     
  
  

  
         (4) 

 

Where    , mr and    are respectively the thermal 

capacity, the mass and the thermal flux of the reference 

sample, me and   , the mass and the thermal flux of the sample 

to be characterized and    the thermal flux of the empty 

sample holder.  

Experimental results of     are plotted on Fig. 6. 

 

III. THEORETICAL APPROACH OF COUPLED HEAT AND 

HUMIDITY TRANSFERS  

A. Analytical model of coupled heat-humidity transfers 

 

When a heat source is applied to a hydrophilic media lying 

in a humid atmosphere, heat and moisture transfer phenomena 

occur simultaneously through this medium. The present study 

proposes a coupled heat and humidity transfer model that will 

be compared to the permanent hot plate measurement method 

applied to a porous sample within a humid atmosphere.  

As the heat transfer can be assumed to be unidirectional at 

the center of the sample, according to Ox direction (Fig. 4), the 

coupled heat-humidity transfer can be considered as a one-

dimensional problem. 

The moisture and heat balance equations are then: 

- Mass balance (liquid and vapor phases): 

  
   

  
 

 

  
      

    

  
   

   

  
              (5) 

  
   

  
 

 

  
      

    

  
   

   

  
              (6) 

 

where   
  and   

  are isothermal mass diffusivity of liquid 

phase and of vapor phase respectively (       and   
  and   

  

are non-isothermal mass diffusivity of liquid phase and vapor 

phase respectively (          and T, the temperature, X, the 

water content and   , the quantity of evaporated water per unit 

of sample volume and per unit of time. 

By summing both equations, the total mass balance of the two 

phases is : 

  

  
 

 

  
    

  

  
   

  

  
             (7) 

 

where         
    

    and        
    

       (8) 

 

In the vapor phase, by neglecting the accumulation term 

over the transport term,    becomes : 

    
 

  
      

    

  
   

   

  
          (9) 

 

As the thermal diffusion can be neglect over the mass diffusion 

(  
    

 ),    becomes : 

    
 

  
     

    

  
         (10) 

- Heat balance 

On a macroscopic scale, by neglecting the kinetic energy 

and the assumption that water adsorbed in the pores is not a 

separate phase and by introducing the heat capacity at constant 

pressure, the equation of energy is : 
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         (11) 

 

Where    and   
  are respectively the apparent thermal 

conductivity and heat capacity of the sample and   , the latent 

heat of vaporization estimated as: 

                        (12) 

- The initial and boundary conditions, referring Fig. 4, 

are defined as : 

                                At  t = 0,   
    
    

              (13) 

At  t   0  and x =0,   

   

  
  

  
  

  
  

             (14) 

              At  t   0  and x =    
   

  
  

    

            (15) 

Xi and Ti in eq. 13 are respectively the equilibrium water 

content and the temperature of the sample with the climatic 

chamber atmosphere.  

The eq. 15 implies that the mass transfer flux is null at the 

sample and the aluminum block interface and is assumed to be 

isothermal over time. 

 

B. FE modeling of coupled heat-humidity transfers 

 

A finite elements (FE) simulation using COMSOL 

Multiphysics
®
 software is implemented to solve equations 7 

and 11 with the associated boundary conditions 13, 14 and 15. 

Tables 1 gives the experimental and literature values of 

parameters involved in the mathematical and in the FE 

simulations. 

TABLE I.  THERMOPHYSICAL PROPERTIES (    
 
  AND   ARE EXPERIMENTALLY MEASURED WHILE THE ISOTHERMAL MASS DIFFUSIVITY ON VAPOR 

PHASE IS AVERAGE VALUES OF BIOSOURCED MATERIALS FROM LITERATURE 

 Density 

   
Thermal capacity 

  
 
 

Thermal conduct. 

  

Mass diffusion 

   
  

Water content 

   

                                           ---- 

LFB 

sample 

Ti =30°C / HR=30% 988 1660 0.030 2.78×10-9 0.08 

Ti =40°C / HR=90% 988 1524 0.039 4.65×10-10 0.17 

PCM 

sample 

Ti =10°C / HR=90% 867 1038 0.201 --- --- 

Ti =15°C / HR=90% 867 2676 0.217 --- --- 

IV. RESULTS AND DISCUSSION 

A. Thermophysical characteristics 

 

Figure 6 plots the thermal capacity     values of LFB and 

PCM samples measured experimentally. The thermal capacity 

of LFB decreases slightly (from 2245 ± 20    g-1  -1 at 5 °C 

to 1365 ± 20    g-1  -1 at 50 °C) while the thermal capacity of 

PCM is growing significantly around the phase change 

temperature, i.e. 27 °C, followed by a decreasing.    

The experimental values of the thermal conductivity   of 

the LFB sample measured with the hot plate device at different 

temperatures and for different relative humidity are plotted on 

Fig. 7. Table 2 shows the thermal conductivity measured on the 

PCM materials.  

Results of Figure 7 show that the thermal conductivity of 

the hydrophilic material LFB increases as the temperature 

increases (+ 22% when the temperature increases from 20 °C 

to 50 °C). In addition, as moisture increases (from 30% to 90% 

RH), the thermal conductivity is increased (from 0.028 ±10
-3

 

W.m
-1

.K
-1 

to 0.033±10
-3

 W.m
-1

.K
-1

 at 20 °C). Clearly, the 

humidity transfer contributes to the heat transfer. 

Regarding the PCM material, the thermal conductivity 

increases with the temperature, as might be expected. In an 

atmosphere at 30% RH, it increases for example from 0.198 

±10
-3

 W.m
-1

.K
-1 

at 10 °C to 0.219± 10
-3

 W.m
-1

.K
-1 

at 15 °C (i.e. 

+ 10% increasing). On the other hand, it hardly increases 

between two extreme values of humidity (  increases less than 

2% when the relative humidity increases from 30% RH to 90% 

RH) corroborating thus the inaction of moisture on 

hydrophobic materials.  

These results confirm the necessity to consider the coupled 

heat and moisture transfer when measuring thermophysical 

characteristics of hydrophilic materials. 

The experimental values of the thermal conductivity of 

PCM samples measured using the hot plate have been 

compared to the measurements performed with a commercial 

apparatus (TA Instrument
®

, DTC 300, USA). The results given 

by the commercial apparatus showed a low difference ( 2%) 

with those measured with the hot plate device. The latter is 

then validated. 
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Figure 6: Variation of the heat capacity of PCM and LFB materials 

according to temperature 

 

 
Figure 7 : Thermal conductivity variation of the LFB material as a 

function of temperature for different relative humidity. 

 

TABLE II.  THERMAL CONDUCTIVITY OF THE PCM MATERIAL AT 

DIFFERENT TEMPERATURES TI AND RELATIVE HUMIDITY 

 Relative humidity RH 

Initial temperature HR= 30% HR= 90% 

at Ti =10°C 0.198 0.201 

at Ti =15°C 0.219 0.217 

 

 

B. Numerical results 

 

First, to verify the assumption of a unidirectional heat 

transfer in the center of the sample when arranged in the hot 

plate, the heat fluxes               according to Ox, Oy and 

Oz directions given by the FE modeling at the center of the 

sample are compared on Fig. 8. As one can see, the heat fluxes 

   and      are almost null while the heat flux    increases 

up to 27 W.m
-2

 when the hygro-thermal equilibrium is 

established. This validates the unidirectional heat transfer 

hypothesis 

 
Figure 8 : Heat flux variation computed by COMSOL Multiphysics. 

 

Figures 9 and 10 show a comparison between the 

experimental and calculated temperatures ΔT(t)= T0(t)-Ti on 

the rear face of the PCM and LFB samples, respectively. In the 

case of hydrophobic material, the latent heat of vaporization 

   is considered nil, thus the coupling term in the coupled 

system of equation 11 is canceled. The equation becomes a 

simple heat transfer problem.  

In both cases, a good correlation was observed between the 

experimental and the numerically simulated curves (variance 

not exceeding 2%). One can so consider that the proposed 

coupled heat-moisture transfer model is validated. 

 

 
Figure 9: Comparing of the experimental and the calculated temperatures 

on the rear face of the PCM sample 

 

a) PCM sample 
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Figure 10: Comparing of the experimental and the calculated temperatures 

on the rear face of the LFB sample 

 

V. CONCLUSION AND PERSPECTIVES 

    The increase of thermal insulators based on hydrophilic 

biosourced materials for building insulation needs implies to 

develop required models of coupled heat and humidity 

transfers for these materials’ characterization.  In this study, a 

bio-sourced and a phase change material are respectively 

considered as a hydrophilic and hydrophobic medium. 

Humidity adsorption and contact angel investigation confirm 

the choice of these samples. Then, the coupled heat and 

moisture transfer are modelized in 1D Cartesian coordinate by 

neglecting the mass transfer through the liquid phase. 

COMSOL Multiphysics
®
 helps us to validate the unidirectional 

heat transfer hypothesis. In addition, this mathematical model 

has been solved with this software. The results show a good 

agreement between the numerical and experimental approaches 

with a deviation of less than 2%. 

The asymmetric hot plate method is then used to measure 

the thermal conductivity of these materials in humid 

atmospheres. At least three measurements are realized in 

stationary regime. The results show that moisture affects the 

thermal conductivity of the bio-sourced material while it has 

no effect on the thermal conductivity of the PCM material. 
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