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Evaluating moisture transfer properties of wood by inverse analysis of 

moisture content profiles determined during drying by X-ray attenuation 

Abstract 

An X-ray density analyzer was used to determine the evolution of the moisture content 

(MC) profiles of a wood board during drying. Tests were performed on quartersawn 

boards of five wood species (oak, beech, Scotch pine, birch, alder) of two thicknesses 

(20 and 40 mm) dried at low temperature. The water vapor diffusion coefficient and 

liquid permeability of each wood species were determined by inverse analysis of the 

profiles using a computational model of coupled heat and mass transfer. These 

parameters were also measured by classical methods for validation purposes. The 

inverse method gives values close to the measured ones when using the evolution of the 

moisture profile, but also quite remarkably when using only the evolution of moisture at 

the core of the board. On the contrary, the method is less accurate when using only the 

average kinetics as experimental information. 

Keywords: Heat and mass transfer, diffusivity, permeability, computational model, 

porous media. 

Introduction  

When a plank of wood dries, the moisture content first changes near the exchange 

surfaces, triggering an internal moisture migration. This results in the establishment of a non-

uniform moisture content (MC) field decreasing over time, which ultimately tends towards the 

equilibrium moisture content. These fields are at the origin of a non-uniform shrinkage field, 

that generates the drying stresses.[1]  Cracks can occur when the stress level exceeds the 

breaking strength of the wood, which causes significant losses in value for manufacturers. The 

evolution of the MC profiles is therefore a key feature to work on to reduce drying stress.  

The shape of the moisture profiles depends on the convective drying conditions  

experienced on the exchange surfaces and the internal resistance to moisture migration within 

the porous medium. The latter varies during the drying process, mainly as a function of the 
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local MC. During low temperature drying, the two main mechanisms involved in water 

migration are capillary migration and the combined diffusion of bound water and water vapor. 

At the beginning of drying, as liquid water is removed at the surface, a liquid pressure 

gradient develops that drives the liquid from the inner part of the material towards the 

exchange surface in accordance with the generalized Darcy’s law, with the capillary pressure 

as the driving force.[2–4] The efficiency of the capillary pressure gradient depends on the 

intrinsic permeability (K) and the relative liquid permeability, which can be expressed as a 

function of the saturation of the wetting phase.[2] In the hygroscopic range, both water vapor 

and bound water fluxes occur, driven by the moisture concentration gradient (diffusion). Both 

phenomena, which act together at the pore level, establish a global parameter at the 

macroscopic scale, the diffusion coefficient that can be defined using the gradient of MC as 

the driving force. Again, this lumped diffusion coefficient is a function of the moisture 

content and temperature.  

The intrinsic permeability and the water diffusion coefficient therefore appear to be two key 

transfer properties that determine the shape of the moisture profiles. Conventional techniques 

for measuring these properties in wood have been presented, for example, in Siau[3] or in 

Perré[2]. In steady-state methods, the experimental principle is quite simple and usually 

involves controlling the pressure gap (liquid, gas or water vapor) through the sample and 

determining the resulting flow rate. In transient methods, the experimental principle consists 

in imposing a change in relative humidity for diffusivity or in total pressure for permeability 

to create a transient mass flux through the sample. The transfer properties are then determined 

either by an analytical solution, which assumes simpler physics and perfect climatic 

conditions, or by an inverse method by minimizing the difference between observed and 

computed moisture content. Noted that several studies[5,6] have shown that measuring the 

water diffusion coefficient under steady state or transient conditions gives similar values in 
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the T or R direction of wood. Besides, it was shown that the models used to simulate the 

evolution of moisture content must account for coupled heat and mass transfers for the 

transfer properties to be accurately determined.[5,7,8] One of the advantages of inverse analysis 

the possibility to account for the actual climatic conditions, integrating all experimental 

perturbations to be considered in the identification process.  

The inverse analysis has been used successfully in several studies, mainly to determine the 

water diffusion coefficient and sometimes its dependence on moisture content.[6–14] . However, 

few studies have matched calculated and experimental moisture content in wood above fiber 

saturation to determine the liquid transfer properties of wood.[15,16] These previous works may 

differ by the experimental device used to follow the evolution of moisture content. The 

experimental data used can be the mass change of the sample during a wetting or drying 

stage.[7,10,12,14]  Perre et al.[11] proposed a variant of this family of methods by measuring the 

relative humidity on the sealed face of the sample after a sudden variation in the relative 

humidity on the opposite side. The experiment used by Kouchade[6] is based on measuring the 

electrical resistance of a wood sample in a transient state which is then compared with those 

computed by a heat and mass transfer model from the moisture content field in the specimen.  

The inverse analysis of Liu et al.[9] is based on the moisture profiles measured by Simpson[17] 

using a destructive method in which a section of northern red oak was removed periodically 

during drying. This section was then sliced in small pieces along the profile, each of which 

was weighed twice (flat slicing and after oven-drying) to determine its MC. Eriksson et al.[13] 

used X-ray CT-scanning to determine the moisture content distribution within a Norway 

spruce board during drying. CT-scanning has the advantage of being non-destructive and non-

invasive method that do not interfere with local moisture transfers.  

The aim of this work is to extract the water diffusion coefficient and the intrinsic 

permeability from the evolution of the moisture profile measured in the board thickness 
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during drying. The first part of this paper describes the drying tests and the sample 

preparation. Several species and two thicknesses were selected to obtain contrasted MC 

profiles and kinetics. The X-ray density analyzer is then introduced, along with the method of 

determining the moisture profile from the density profile. A last part describes the 

determination of the moisture transfer properties, which were both measured experimentally 

by dedicated methods or identified by inverse analysis.  

Material and methods 

Samples preparation 

Five wood species were studied in this paper: oak (Quercus robur), beech (Fagus sylvatica), 

Scotch pine (Pinus sylvestris), birch (Betula pendula), and alder (Alnus incana). The samples 

were taken from freshly cut logs harvested in the Vosges region of France. All trees were 30- 

to 35-years old. The oak samples came from the heartwood part of the log, whereas the 

Scotch pine samples were taken from the sapwood part. For the other species—birch, alder, 

and beech—it was more difficult to give this information since they are species with white 

heartwood where it is difficult to detect the sapwood by color. Each bar was cut into two 

pieces, one of which was planned down to a thickness of 40 mm and the other to 20 mm. 

These sets of samples can be considered as twin samples because they came from the same 

annual rings. The final sample dimensions were 40 or 20 mm in the tangential direction (T) 

and 50 mm in both the radial (R) and longitudinal (L) directions (Figure 1). Sample sizes were 

chosen to accommodate the sample carriage dimensions of the X-ray density analyzer.  

Four out of the six faces of the wood samples were covered with a self-adhesive aluminum 

foil that forced 1-D moisture transfer along the sample thickness, i.e., in the tangential 

direction. For better adhesion, the aluminum sheets were coated with epoxy resin on the 

cross-sections. No resin was used on the lateral faces so that the aluminum sheet could be 
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removed for each X-ray scan. 

(Figure 1) 

 Drying experiments 

To perform the drying tests, the samples were placed on a perforated tray in a climatic 

chamber (Memmert HPP260, Germany) (Figure 2). Three axial fans, positioned vertically at 

the rear of the climate chamber, stirred the air to homogenize temperature and relative 

humidity throughout the chamber volume. The samples have their exchange surfaces parallel 

to the fan flow. This climate chamber was set to 40°C and 65% RH.  

The external heat transfer coefficient, which plays a crucial role in defining the external 

resistance to transfer, must be supplied as input parameter to focus the inverse analysis on 

internal transfers. The value of this parameter in our experiments was assessed in the same 

chamber using the sponge method.[18] A value of about 18 W m−2 K−1 was determined for this 

parameter. 

(Figure 2) 

During drying, the samples were periodically removed from the climate chamber and 

scanned with the X-ray system. The frequency was 1 or 2 scans per day at the beginning and 

decreased during drying down to ca. 3 scans per week. At each scan, the dimensions and mass 

were measured using a digital caliper (±0.02 mm) and a digital balance (±0.001 g). To limit 

the moisture exchange with the environment during manipulation, the sample was wrapped in 

an aluminum sheet. The total time outside the climatic chamber for one scan did not exceed 

10 minutes. The disturbance of the climatic conditions in the chamber at each measurement 

was limited to only a few minutes by a very fast return to the set conditions.  
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Determination of the moisture content profile from the density profile 

X-ray density analyzer 

The laboratory X-ray density analyzer system DAX-5000 (Fagus-GreCon, Germany) was 

used to determine the density profiles along the thickness. This system was designed for the 

density analysis of wood composite panels using small samples (50 x 50 mm²) based on a fast 

and a non-destructive method. The attenuation of X-rays transmitted through the sample 

width is related to the raw sample density. During the scanning period, the sample moves 

perpendicularly to the X-ray beam (Figure 1). The manufacturer’s specifications indicate a 

density accuracy of ±0.5% over a measurement range up to 1500 kg/m3. The sample was 

moved in front of the source by steps of 0.02 mm. The scanning rate measurement was 

automatically adjusted according to the material density and ranged from 0.05 to 1 mm/sec. 

For each scan, the actual sample dimensions and mass were measured as described above. 

These data were entered into the user interface of the X-ray system to give the average density 

of the scanned sample. The density profile was therefore determined relative to the average 

value obtained from the data entered by the user, ensuring that the mean density of the density 

profile is consistent with the measured density of the sample. Prior to each scan, the 

aluminum foil was removed from the LT sides of the sample to avoid spurious attenuation of 

X-rays (Figure 1). At the end of the drying experiments, the oven-dried sample mass was 

determined after 24 hours in an oven at 103±2°C.  

Calculation of MC profiles from density profiles 

Many works successfully applied X-ray techniques to determine moisture content fields in 

wood.[19–21]. The method consists of measuring the change of X-ray attenuation through the 

material at two different MC, the first at the unknown MC and the second at a known one 

(here, the oven-dried state). The change of X-ray intensity (CT number) depends on the 
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density change of the material, that is used to determine the change in MC. The difficulty to 

convert the change in attenuation into a change in MC lies in the shrinkage of wood: indeed, 

the change in attenuation depends on two parameters, the change in MC and the change in 

local wood density. Different methods have been proposed in the literature to overcome this 

limitation.[20] In our case, simplifications of the above-mentioned methods stand thanks to 1-D 

profiles and X-ray beam along the radial direction of wood.  

The scanned thickness (T-direction of the sample) is considered along the x-axis, and the 

origin is one exchange surface of the sample. The measured local density at position x and 

time t (𝜌(𝑥, 𝑡)) can be expressed as a function of the local anhydrous density (𝜌0(𝑥)): 

𝜌(𝑥, 𝑡) = 𝜌0(𝑥) ∙ (1 + 𝑋(𝑥, 𝑡)) ∙
𝑉0(𝑥)

𝑉(𝑥, 𝑡)
                (1)  

with 𝑉0(𝑥) the local anhydrous volume, 𝑉(𝑥, 𝑡) the local wet volume at time t, and 𝑋(𝑥, 𝑡) the 

local moisture at time t. 

In our case, this equation can be simplified by assuming that the local anhydrous density is 

constant and equal to the global anhydrous density of the sample measured at the end of the 

test (i.e., 𝜌0(𝑥) = 𝜌0). This is a realistic assumption since we have a quartersawn sample, the 

X-ray beam thus passes through similar annual rings, whatever the x-coordinate. As we did 

not have markers to follow the local displacement along the T-direction, we could not know 

the change in local volume at each x-coordinate during drying. However, in the absence of a 

moisture gradient in the R- and L-directions (one-dimensional moisture transfer), the 

dimensional change in the T-direction is considered as free shrinkage. This is not strictly true 

due to the Poisson effect induced by the radial shrinkage. However, radial shrinkage is 

roughly half that of tangential shrinkage and, in addition, the small width of our samples 
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limits the intensity of the Poisson strain. The local swelling at the x-coordinate could then be 

estimated as follows: 

𝜀𝑇(𝑥, 𝑡) = 𝐺𝑇 ∙
𝑋𝑏(𝑥, 𝑡)

𝑋𝐹𝑆𝑃
                                             (2)  

with 𝑋𝐹𝑆𝑃 the fiber saturation point (about 30%), 𝑋𝑏(𝑥, 𝑡) the bound water content which is 

the minimum value between 𝑋𝐹𝑆𝑃  and the local moisture content 𝑋(𝑥, 𝑡) and 𝐺𝑇 the swelling 

coefficient in the tangential direction around the x-coordinate. This coefficient was assumed 

to be equal to the global shrinkage coefficient measured on the sample between the saturated 

and oven-dried states.  

Moreover, the dimensional change in the R-direction is restrained shrinkage. Thus, the width 

crossed by the X-ray beam was assumed to be independent of the x-coordinate and equal to 

the global width of the sample measured at each scan (i.e., 𝑙𝑅(𝑥, 𝑡) = 𝑙𝑅(𝑡)).  

Finally, in the L-direction, the shrinkage is negligible and the dimension 𝑙𝐿 is independent of 

MC (i.e., 𝑙𝐿(𝑥, 𝑡) =  𝑙𝐿(𝑥) = 𝑙𝐿
0(𝑥)).  

Under these assumptions, the following relationship was obtained:  

𝜌𝑋(𝑥, 𝑡) = 𝜌0 ∙
(1 + 𝑋(𝑥, 𝑡))

(1 + 𝜀𝑇(𝑥, 𝑡))
∙

𝑙𝑅
0

𝑙𝑅(𝑡)
                      (3)  

where 𝑙𝑅
0  is the global width of the sample in the R-direction measured at the oven-dried state. 

The measured density profiles were converted to MC profiles using Equation (3). 

Noted that the measurement of a one-dimensional MC profile, as proposed here, provides 

much poorer information than the previously mentioned works using X-ray computed 
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tomography. However, its measurement speed (a few tens of seconds per sample), moderate 

cost and simplicity offer an interesting alternative to complex, costly equipment 

 

Direct measurements of intrinsic permeability and water diffusion coefficient 

Experimental measurements 

The air permeability and water vapor diffusivity were measured on the same samples. They 

were cut with a hole-saw from the 40 mm thick dried boards used in the previous part to 

obtain between three and five 19 mm diameter samples per species. The axis of the cylinder 

was along the tangential direction of the wood, and the sample thickness (𝑙𝑇) along this 

direction was 9 mm. 

The air permeability was measured using the specific device ALU-CHA developed by 

Agoua[22] and used in numerous previous works.[23–25] The method consists of applying a 

constant air pressure gap on both sides of the sample and measuring the resulting air flow. 

The air permeability was then calculated for each sample using Darcy’s law (Eq.4). 

𝐾 =  
𝑄 ∙ 𝜇 ∙ ℓ ∙ 𝑃

𝑆 ∙ ∆𝑃 ∙ 𝑃̅
                                                   (4)  

where K is the intrinsic permeability (m²), Q the volumetric flux (m3/s), µ the dynamic 

viscosity of the air (1.97.10-5 Pa. s), ℓ the sample thickness (m), P the pressure at which the 

flux Q is measured (Pa), S the transverse section of the sample (m²), ΔP = P2-P1 the pressure 

gap between faces 1 and 2 of the sample, and P  = (P1+P2)/2 the average pressure inside the 

sample (Pa). 

The water vapor diffusivity was determined at steady state using the cup method at 

35°C. The method consists of applying a constant relative humidity gap on both sides of the 

sample (75% internal cup–40% external cup) and measuring the resulting mass flow. The RH 
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at the bottom of the sample was maintained with a saturated saline solution of NaCl, and RH 

at the top was controlled by a climatic chamber. Each wood sample was assembled with the 

airtight PVC-CHA device attached to the glass of the test tube.[23,24,26] The assembly was 

weighed periodically, about once every two days. The mass flow through the sample was 

estimated from the linear zone of the curves of the mass loss. The dimensionless diffusivity f 

is simply estimated using Fick’s law with water vapor density as the driving force (Eq. 5): 

𝑓 =
𝑄 ∙ 𝑙𝑇 ∙ 𝑅 ∙ 𝑇

𝐷𝑉 ∙ 𝑆 ∙ ∆𝑅𝐻 ∙ 𝑃𝑉𝑆(𝑇) ∙ 𝑀𝑉
                      (5)  

where Q is the measured mass flow (kg.s-1), S the transverse section of the sample (m²), Mv 

the molar mass of vapor (0.018 kg.mol-1), ∆𝑅𝐻 the variation of RH at the top and bottom 

surfaces of the sample (-), T the sample temperature (308 K), R the ideal gas constant (8.314 

J.mol- 1.K- 1), 𝑙𝑇 the thickness of the sample (m), Dv the water vapor diffusivity in air (here 

2.81E-5 m². s- 1), and 𝑃𝑣𝑠 the saturated vapor pressure (Pa).  

Correction factors were applied to the measured water vapor diffusivity to account for 

the resistance vapor diffusion of the air layer between the sample and the salt solution and the 

“masked edge”. They have been extensively described in several works.[23,26,27]  

In many works, the water flux is expressed with regard to the gradient of moisture 

content as the driving force and the bound water diffusivity Db (m²/s). For isothermal 

configurations, the value of Db can be related to that of f (the gradient of water vapor density 

as the driving force) by using the slope of the water sorption isotherm curve: 

𝐷𝑏 =
𝑓 ∙ 𝐷𝑉 ∙ 𝑀𝑉

𝜌0 ∙ 𝑅 ∙ 𝑇
∙

∆𝑃𝑉

∆𝑋
                                      (6)  

where ∆𝑋 and ∆𝑃𝑉 are, respectively, the gaps of the moisture content (expressed as a 

decimal (kg/kg)) and of the partial vapor pressure (Pa) consistent with the sorption isotherm 
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in the range of the test. In the conditions of this work, ∆𝑋, estimated from the sorption 

isotherm of Almeida et al.[28], equals 6.6% and ∆𝑃𝑉  equals 1930 Pa. 

However, this coefficient is known to increase with the MC and the effect should be 

taken into account with regards to the large range of MC values undergone during drying. The 

thermo-hygro activation of diffusion was studied by Stamm[29] and is expressed by an 

exponential function:[3,30]  

𝐷𝑏 = 𝐶 ∙ exp (9.8 ∙ 𝑋𝑏 −
4300

𝑇
 )                     (7)  

where C is a constant specific to the wood species;  𝑋𝑏 is the bound water fraction 

(kg/kg) and T the temperature (K). 

The diffusion coefficient was determined in this work at 35°C and with an equilibrium 

moisture content (EMC) estimated from the sorption isotherm of Almeida et al.[28] at 13.2% 

and 6.6% for the bottom and top faces, i.e., an average MC of 9.9%. The C value of Eq.(7) 

was estimated under these conditions for each species in this work from the measured 

dimensionless diffusivity f (Eq.5), which was converted to Db (Eq.6). A ratio 𝐷0 was 

introduced to compare the value of C specific to the studied species with that used by Perré 

and Turner[30] to model softwood drying. 

𝐷0 = 𝐶 exp(−9.9)⁄                                            (8)  

Determination by an inverse analysis 

The shape of the theoretical MC profiles strongly depends on the permeability and diffusion 

coefficient. This dependence was used to determine these parameters by minimizing the gap 

between the experimental and predicted MC profiles. The fast one-dimensional version of 

TransPore[30], a comprehensive computational model for heat and mass transfer in porous 
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media, was used. It has been successfully used in previous works to identify the diffusion 

coefficient of wood and wood-based panels during unsteady regimes.[11] The actual conditions 

seen in the samples are implemented as boundary conditions to simulate the drying of the 

samples. The code uses as input parameters the measured density, the initial moisture content, 

sample thickness and other parameters and functions given in Perré and Turner[30]. Noted that 

the same expressions were used for all species for the relative permeability and capillary 

functions. The TransPore code uses here the capillary pressure function proposed by Spolek 

and Plumb[31] for softwoods and the relative permeability functions proposed for wood by 

Perré and Turner[30]. This is a strong assumption, but very few expressions have been 

proposed in the literature and their experimental determination remains a very challenging 

task.[2,6] This means that the identified intrinsic permeability is likely to depend on the choice 

of these functions. Consequently, only the resulting liquid migration coefficient (permeability 

times relative liquid permeability times derivative of the capillary function) is relevant to 

express liquid migration. 

As the version of TransPore used here does not account for shrinkage, the input 

thickness is that of the sample at the end of drying. For the comparison measurement-

simulation, the experimental profiles were all reduced to the thickness used in the TransPore 

code by assuming a constant homotheticity ratio for each scan. The measured MC values 

(here, more than 1500 points per scan along the thickness) were linearly interpolated on the 

mesh nodes (here typically 51 control volumes). 

The objective function  quantifies the MSE (Mean Squared Error) between the 

experimental and simulated values. A weighted average of the error on the kinetics and the 

error on MC profile was used: 

𝛿 = 𝐴 ∙ 𝜁1 + 𝐵 ∙ 𝜁2                                              (9)   
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with  

𝜁1 = ∑(𝑀𝐶̅̅̅̅
𝑖̅
𝑐𝑎𝑙𝑐 − 𝑀𝐶̅̅̅̅

𝑖̅
𝑚𝑒𝑎𝑠)

2
𝑛

𝑖=1

                            (10)  

𝜁2 = ∑ (∑ (𝐺𝑎𝑝𝑗
𝑐𝑎𝑙𝑐 − 𝐺𝑎𝑝𝑗

𝑚𝑒𝑎𝑠)
𝑚

𝑗=1
)

2𝑛

𝑖=1

       (11)  

𝜁1 is the error on the mean kinetics while 𝜁2 is the error in the shape of the MC 

profiles. A and B quantify the proportion of 𝜁1 and 𝜁2 in the objective function by respecting 

the equality A+B=1. 𝑀𝐶̅̅̅̅
𝑖̅
𝑐𝑎𝑙𝑐and 𝑀𝐶̅̅̅̅

𝑖̅
𝑚𝑒𝑎𝑠 are respectively the predicted and measured average 

MC. 𝐺𝑎𝑝𝑗
𝑐𝑎𝑙𝑐and 𝐺𝑎𝑝𝑗

𝑚𝑒𝑎𝑠 are respectively the measured and predicted gaps between the 

average MC value 𝑀𝐶̅̅̅̅
𝑖̅ and the MC at each scanning position 𝑀𝐶𝑗  (Figure 3).  Indices i and j 

are the discrete time and the discrete position in the board thickness, respectively, which 

correspond to the available experimental values. n is the total number of measurements, and m 

is the total number of positions scanned by the experimental X-ray device. 

(Figure 3) 

In this work, another objective function has been studied, a variant of the previous 

one, which is simply defined from the difference of the local MC at a given position j between 

the measurement and the simulation:  

𝛿 = ∑(𝑀𝐶𝑖,𝑗
𝑐𝑎𝑙𝑐 − 𝑀𝐶𝑖,𝑗

𝑚𝑒𝑎𝑠)
2

𝑛

𝑖=1

                            (12)  

The unknown parameters, such as the liquid permeability and the diffusion coefficient 

in this work, are modified by the downhill-Simplex method[32]  that iterates to minimize the 

objective function. 
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Results and discussion 

An example of MC profiles calculated from X-ray density profiles  

As an example, Figure 4 depicts the conversion of X-ray density profiles to MC profiles using 

Eq. (3) for the 20 mm thick oak sample. Noted that preliminary tests were carried out to 

qualify the efficiency of the X-ray device to detect the density variation within the samples 

due to the change in MC. One of these tests is shown in Appendix 1. 

At the beginning of drying, the density profile is flat at about 1,150 kgm-3, which 

corresponds to an initial MC of about 80%. Then, as drying progresses, the peripheral samples 

zone dries first, which turns into parabolic profiles of density (Figure 4a). The sample 

thickness decreases during drying (Figure 4) due to shrinkage that begins when the 

peripherical zone of the section enters the hygroscopic range (about 30% MC). The shrinkage 

progresses by reaching deeper layers from the exchange surfaces and stabilizes as the MC 

tends toward the equilibrium MC. Consistently, the density tends towards a flat profile at 

about 795 kgm-3 at the end of drying, which corresponds to an equilibrium MC of about 12%. 

The shape of these profiles obviously depends on the transfer properties of the material, the 

permeability for liquid water migration, and the diffusivity for bound water migration. 

(Figure 4) 

 Direct measurements of permeability and diffusivity 

To better understand the drying behavior of the investigated wood species and to validate the 

inverse procedure, these two parameters, permeability and diffusivity, were measured on the 

three to five samples prepared for each section. The air permeability was plotted as a function 

of the dimensionless diffusivity factor f for all samples (Figure 5). This figure confirms the 

well-known variability of wood, both among and within species. However, clear trends can be 

observed between species. Oak samples, in the heartwood part, present the lowest values of 
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both vapor diffusivity and permeability, confirming the difficulty of water migration both 

above and below the FSP. At the opposite end, Scotch pine has large values for both 

parameters, which anticipates a very easy drying. The three other species (alder, birch, and 

beech) are along the line between these two extreme behaviors. For beech, the values of f and 

K are quite scattered, but one can observe that, compared to the two other species, the 

permeability is significantly lower at similar diffusivity. This would indicate a less efficient 

liquid migration. This scattering could also be partly explained by the sample cross-section 

(Appendix 2), in which the annual rings are not perfectly orthogonal to the left exchange 

surface.  

The results clearly show that the diffusion coefficient decreases with the increasing 

wood density. Scotch pine wood with a density of 407 kgm-3 presents the highest 

dimensionless diffusivity factor f of about 0.005, while oak with a density of 727 kgm-3 

presents the lowest f-value of about 0.002. The measured values are given in Appendix 3. 

(Figure 5) 

 Drying kinetics and moisture field within the board  

Impact of wood species 

Figure 6 shows very contrasting drying kinetics for 20 mm thick samples. The initial MC 

values of Scotch pine sapwood samples are very high at about 200%. This value is close to 

the maximum MC that can be estimated from the sample porosity by assuming it was fully 

saturated in water.[19] Its anhydrous density is quite low, about 420 kgm-3, with a very large 

annual ring (Appendix 2). Despite its very high MC, Scotch pine sapwood dries very quickly 

due to its high permeability and dimensionless diffusivity f (Figure 6). It is the first to reach 

the equilibrium moisture content (EMC) around 12% (Figure 6). The moisture profiles of 

Figure 7a support these analyses. Scotch pine presents almost flat moisture profiles 
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throughout drying, i.e., very little moisture gradient between the core and the periphery of the 

sample, reflecting a very low resistance to internal transfer for both free and bound water. 

Among the hardwoods, the alder sample enters the second drying phase after 7 hours 

of drying and the beech sample after 1 day. This corresponds to a MC at the periphery below 

the FSP (around 30%), together with the beginning of shrinkage, which reduces the sample 

thickness (Figures 7b, c). The longer first drying phase for beech seems to indicate a lower 

resistance to liquid migration than alder, which was not confirmed by the permeability 

measurement (Figure 5). Note that, in the present study, the intrinsic permeability was 

measured on a dry sample using gas as the fluid phase, but lower values can be obtained with 

liquid, as observed for beech by Perré and Karimi[33]. This difference depends on the 

species.[2] This could also be explained by the assumption of the same relative permeability 

and capillary functions for all species.  

Birch, on the other hand, has slightly slower kinetics as it starts at a lower initial MC. 

Indeed, its properties (Figure 5 and Appendix 3) revealed a lower air permeability and 

diffusivity than alder, Scotch pine, and some beech samples. Its initial MC is lower, and it 

seems to enter the second drying phase early (before 10 hours), with a decreasing drying rate. 

The core of the sample remains at a high MC for a longer time, and the periphery quickly 

enters the hygroscopic domain, below the FSP (Figure 7d). The intensity of moisture transfer 

at the exchange surfaces seems too high compared to the resistance to internal moisture 

transfers. The sample thickness starts to reduce after 7 hours of drying, and continues to 

decrease at each acquisition. 

As expected, oak wood has the slowest drying kinetics (Figure 6). It also enters the 

second drying phase very early (before 10 hours) (Figures 8a,c). For oak, we find the trends 

observed in birch but with an even greater contrast, with flat moisture profiles in the central 

part and steeper at the periphery. This is the characteristic shape of a drying front that 
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propagates from the exchange surface towards the center. After 6 days of drying, the central 

part is still above the FSP. 

(Figure 6)  

(Figure 7) 

Impact of sample thickness 

Figures 8a,b depict the evolution of MC at 1 mm from the exchange surface and at different 

depths defined for fixed proportions of the thickness (i.e., one-fifth, one-third and one-half of 

the thickness). The figure shows that the drying kinetics is strongly impacted by the thickness 

of the sample. For example, the drying time of the 40 mm thick oak sample to reach 20% of 

the average MC is 2.5 times longer than that of the 20 mm thick sample, and the thick board 

has a much higher MC gradient. Figures 8c,d show that, after 22 hours of drying, only the first 

5 mm at the periphery of the board has started to dry and it shows a high moisture gradient, 

while for the central part of the board, the moisture profile is flat and remains close to the 

initial MC. The water contained in the central part of the thick board still maintains a high 

MC at 10 mm from the exchange surface after 70–77 hours of drying, while it decreases for 

the thin board. 

This increased internal resistance to water migration of thick boards causes the MC profiles to 

be steeper, which should result in higher stress levels via the shrinkage. In industrial drying, it 

is well known that thick boards are more prone to mechanical degradation.[1] 

(Figure 8) 

Determination of permeability and diffusivity by an inverse method 

By minimizing the objective function, the liquid permeability and the diffusion coefficient 

were determined by the computational model. The results of the drying of 40mm thick 
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samples were used for this identification. Different configurations have been studied in this 

work.  

• Case 1: The optimization is done both on the average kinetics and on the shape of the 

moisture profiles with the same weighting factor in the objective function Eq. (9) (i.e., 

A = B = 0.5), 

• Case 2: The optimization is done only on the average kinetics, i.e., A = 1 and B = 0, 

• Case 3: The optimization is done only on the kinetics of the MC at the core of the 

board (Eq. (12), with j = index value at mid-thickness). 

 

Figure 9 depicts the comparison of the measured and calculated moisture profiles after 

optimization of the objective function (case 1). Note that, for clarity, just a subset of MC 

profiles has been plotted. The code captures well the contrasting moisture profile shapes and 

kinetics during the drying of these different species. Once the surface attains the hygroscopic 

range, a bell-shaped profile develops with two zones developing inside the board, marked by 

an inflexion point on the MC profiles. In the inner zone, the liquid migration prevails and in 

the surface zone, the diffusion of water vapor and bound water takes place. For some species, 

the inflection point appears to be at a higher MC on the measured profiles than on the 

simulated ones. It is always around the saturation point of the fibers (FSP) for the model, with 

a value around 30%, which corresponds to the MC where the product of the relative liquid 

permeability times the derivative of capillary function tends towards zero, while this 

inflection point appears a little higher for alder, oak, and beech.  

(Figure 9) 

Figure 10 compares the measured values with those identified by the inverse method 

for the different species and for the configurations 1 to 3 specified above. The large dispersion 
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of the measured gaseous permeability values leads the standard deviation (error bar in Figure 

10) to exceed the mean value for all species except for alder. Figure 10a shows that the 

identification of the permeability gives values very close to the measured values for these five 

species for cases 1 and 3. Regarding the optimization, according to cases 1 and 3, it allows 

one to correctly capture the D0 values of these different species, except for Scotch Pine. For 

this last species, the flat profiles of the MC and the insufficient number of measurements at 

the end of drying (Figure 10) give too little weight to D0 in the minimization of the objective 

function. The identification of the diffusion coefficient D0 seems to be less accurate in case 2 

(Figure 10b). The use of the mean MC kinetics alone does not seem restrictive enough to find 

the pair of values D0 and K. 

The quality of the measurements of these two values obtained by the inverse method 

with only one measurement of MC at the core of the board (case 3) is remarkable. This 

method had already been used successfully in the past to measure the diffusion coefficient 

based on the RH measured at the back face of the sample.[11] Based on the kinetics of the core 

MC during drying, this method also seems to be relevant for estimating both the diffusion 

coefficient and the permeability.  

(Figure 10) 

Conclusion 

In this work, a protocol was proposed to use an X-ray density analyzer to assess the evolution 

of the moisture content profiles of boards during drying. These profiles were used to identify 

by inverse analysis the permeability and the moisture diffusivity. These identified values were 

compared with the values obtained from direct measurements. The following conclusions 

were drawn:  
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• the X-ray density analyzer is a convenient tool to determine MC profiles during 

drying, and is an interesting alternative to more sophisticated tools such as X-ray 

computed tomography,  

• the five species studied cover a large range of behavior and physical parameter values, 

• thanks to a comprehensive heat and mass transfer code, two moisture transfer 

parameters can be identified from the experimental MC profiles, and the values 

obtained agree with those obtained by direct measurement, except for the diffusion 

coefficient of Scotch Pine due to insufficient measurements at the end of drying, 

• more remarkably, using the time evolution of the core MC value only is enough to 

identify these two parameters. 
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Appendix 1. Qualification of the MC determination 

Figure 11 presents the scanned density profile of two twin triangular beech samples whose 

respective MC varies. One is in the anhydrous state, and the other is close to full saturation 

(110% of MC). The dashed lines represent the density estimated from the global density of 

each sample, the mass-to-volume ratio, and their dry-to-wet proportion according to the x-

coordinate.  

The comparison between the scanned density and the theoretical density is excellent which 

demonstrates the ability of the X-ray device to measure density variations of wood due to a 

change of MC. 

   

 

 

Figure 11. Comparison of the theoretical and X-ray scanned density profile of twin triangular 

beech samples placed side by side each with different moisture content.  

  

X-ray beam
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Appendix 2. Example of the cross-section image of investigated samples 

Scotch pine Birch Beech Alder Oak 
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Appendix 3.  

Values of permeability and dimensionless diffusivity factor f (Eq.5), bound water diffusion 

coefficient Db (Eq.6), and factor D0 (Eq.8) for the different species in this work. The 

identified value of D0 indentified by the inverse method (case 1) is also given in the last 

column of each property.  

 N° 
𝜌0 

(kg/m3) 

Gaseous permeability (m²) Diffusivity 

Value 
per 

sample 

Average 

value 

per 

species 

SD 

Inverse method 

Case n° f (-) 

Eq.5 

Db 
(m2.s-1) 

Eq.6 

D0 

(-) 

Eq.

8 

D0 (-) 

Inverse method 

Case n° 

1 2 3 1 2 3 

Scotch 

pine 

1 407 3.4E-16 

3.2E-15 5 E-15 6.6E-15 1.4E-14 6.3E-15 

0.00479 6.9E-11 0.97 

3.95 2.1 2.31 2 407 9.0E-15 0.00628 9.0E-11 1.28 

3 407 3.4E-16 0.00454 6.5E-11 0.92 

Birch 

1 634 3.5E-16 

1.4E-16 1.4E-16 1.0E-16 1.5E-16 2.0E-16 

0.00455 4.2E-11 0.59 

0.79 1.12 0.85 
2 628 4.2E-17 0.00310 2.9E-11 0.41 

3 628 1.2E-16 0.00270 2.5E-11 0.36 

4 628 3.8E-17 0.00300 2.8E-11 0.39 

Alder 

1 469 5.3E-16 

5.2E-16 2 E-16 6.4E-16 4.2E-16 5.1E-16 

0.00386 4.8E-11 0.68 

0.95 1.25 0.85 
2 470 7.5E-16 0.00377 4.7E-11 0.66 

3 470 2.6E-16 0.00353 4.4E-11 0.62 

4 470 5.4E-16 0.00408 5.1E-11 0.72 

Beech 

1 665.9 8.6E-17 

1.0E-16 1.5E-16 1.4E-16 1.2E-16 9.4E-17 

0.00534 4.7E-11 0.66 

0.37 0.47 0.37 

2 663.6 8.9E-18 0.00425 3.7E-11 0.53 

3 663.6 3.6E-16 0.00504 4.4E-11 0.63 

4 663.6 3.3E-18 0.00328 2.9E-11 0.41 

5 671.8 3.6E-17 0.00342 3.0E-11 0.42 

Oak 

1 744.9 2.9E-18 

6.4E-18 9.7E-18 3.0E-17 1.5E-16 2.6E-17 

0.00222 1.7E-11 0.25 

0.34 1.12 0.35 
2 693.9 2.1E-17 0.00166 1.4E-11 0.20 

3 768.0 1.1E-18 0.00226 1.7E-11 0.24 

4 734.3 6.0E-19 - - - 
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Figure 10. Comparison of permeability and diffusion coefficient D0 (Eq. 8) along the 

tangential direction measured experimentally or identified by the inverse method with 

different objective functions (cases 1‒3). The error bar represents the standard deviation of 

the measurements. For Scotch pine, the identified D0 values are between 2.1 and 3.9. 
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Figure 1. Schematic view of the sample scanning in the X-ray density analyzer (a), wood 

sample with only two moisture exchange surfaces, the lateral face being coated with an 

epoxy resin and aluminum foil tape (faces in the LT and RT planes) (b). 
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Figure 2. The climate chamber used for the drying tests in with the exchange surfaces of 

the samples exposed along the fan flow. 
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Figure 3. Gaps and average MC for a given MC profile in the board thickness at time i. Gap j 

is the difference between the local MC at the scan position j and the average 𝑀𝐶̅̅̅̅̅.    
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Figure 4. Example of the transformation of a) density profiles measured by X ray scanning to 

b) MC profiles of oak wood during drying. 
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Figure 5.  Relationship between gas permeability and dimensionless diffusivity factor in the 

tangential direction of the studied woods. 
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Figure 6. Drying kinetics of the five wood species studied, 20 mm thick samples. 
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a) b) 

  

c) d) 

Figure 7. Evolution of the moisture content profile along the sample thickness of 20 mm, for 

a) Scotch pine, b) beech, c) alder, d) birch. 
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a) b) 

  

c) d) 

Figure 8. Comparison of drying kinetics and MC profiles of thin (a, c) and thick oak boards 

(b, d). 
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Figure 9. Simulated (dashed lines) and measured (markers) moisture profiles (left) for 40mm 

thick samples.  The corresponding kinetics of MC at the core and average MC are shown on 

the right. 
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a) 

 

b) 

Figure 10. Comparison of permeability and diffusion coefficient D0 (Eq. 8) along the 

tangential direction measured experimentally or identified by the inverse method with 

different objective functions (cases 1‒3). The error bar represents the standard deviation of 

the measurements.  
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