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This article presents a methodology based on genetic algorithms (GA) 
optimization with a three-dimensional numerical solution to the diffusion 
model obtained by using the finite volume method (FVM) for determining 
the effective moisture diffusivity in lumber. The objective or error function 
between measured and simulated drying curves was obtained, and the 
effective moisture diffusivity parameters with greatest correspondence 
between measured and estimated values were obtained. As a result, a 
new equation for effective moisture diffusivity was proposed, which 
depends on lumber moisture content and drying temperature. Effective 
moisture diffusivities ranged from 1.120 × 10-9 to 1.277 × 10-8 m2/s. 
Finally, the proposed coefficients were validated by experiments. The 
drying kinetics were successfully simulated with the optimized effective 
moisture diffusivity model. 

 
Keywords:  Effective moisture diffusivity; Genetic algorithms; Inverse problem; Optimization 

 
Contact information:  a: Material Science and Engineering College, Northeast Forestry University, Harbin 

150040, China; b: Material Engineering College, Southwest Forestry University, Kunming 650224, China; 

* Corresponding author: skuiyan@126.com 

 

 
INTRODUCTION 
 

Conventional drying is the most energy-intensive and time-consuming component 

of the lumber manufacturing process. Currently, the majority of the solid wood products 

available in the market are dried in batch driers in which the solid wood is exposed to hot 

air at controlled temperature and relative humidity. To optimize the process technology 

and reduce energy use, some physical experiments and theoretical models should be 

implemented. Compared with time-consuming experiments, mathematical models are 

useful in describing and understanding the process (Jia et al. 2015). Understanding 

moisture distributions is important because it enables the calculation of stresses that can 

damage the product during the drying process (Fu et al. 2013). It is therefore crucial to 

simulate the mass transfer of water within wood during the drying process. 

Several mathematical models have been developed to simulate the mass transfer 

of water during green lumber drying. Although the empirical models (Zhan et al. 2007) 

and permeation models (Salin 2008) provide an approach in modeling, diffusion models 

(Dincer and Dost 1996; Silva et al. 2011, 2013; Zhao et al. 2016a) have been used 

frequently to describe the drying process. To consider liquid diffusion as the only 

mechanism of water mass transfer inside the lumber is a simplification of the model. 

However, drying kinetics are simulated with success through the accurate determination 

for effective moisture diffusivity. Using new mathematical approaches and modern 

computational facilities, the inverse method has become increasingly important for 

estimating coefficient values of moisture mass transfer in wood. For example, Liu et al. 

(2001) and Zhou et al. (2011) used a finite difference method to inversely determine the 
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moisture diffusion coefficient. However, this numeral inverse problem is often described 

as ill-posed, and for this reason, it is sensitive to experimental measurement errors. 

Alternatively, Olek et al. (2005) optimized the inverse procedure to identify the diffusion 

coefficient. Eriksson et al. (2006) and Silva et al. (2011, 2013) successfully used this 

technique to determine effective moisture diffusivity in wood. Thus, the optimization of 

algorithms applied in the solving process may be crucial. The rationality, including 

computational accuracy and time of optimization algorithm, has never been verified, and 

the computer programming code is relatively complex. More importantly, the 

optimization algorithm is not easily extended. 

Genetic algorithms (GA) inspired by Darwin’s theory of evolution have been used 

frequently for inverse and optimization problems in heat transfer (Louis et al. 2009; Zhao 

et al. 2016b). Because this algorithm has good generality, it may be a good method to 

determine the effective moisture diffusivity in lumber. 

The main objectives of this study were to propose a three-dimensional numerical 

solution to the moisture diffusion equation using the finite volume method (FVM) in 

Cartesian coordinates and to use this solution together with genetic algorithms based on 

the inverse method to determine the effective moisture diffusivity. As a result, a new 

equation for the effective moisture diffusivity was proposed, which depends on moisture 

content and temperature. The proposed coefficient was validated experimentally. 

 
 
EXPERIMENTAL 
 

Materials and Methods 
The experimental material was harvested from a larch plantation (Larix gmelinii 

Rupr.) in the Heilongjiang Province of China. Timbers were obtained from sapwood 

tangential cutting with the dimensions of 30 × 80 × 300 mm3, a basic density of 405 ± 9 

kg/m3, and an initial moisture content of 112.4%, where moisture content was calculated 

as (green wt. – oven-dry wt.)/(oven-dry wt.). Prior to experimentation, the materials were 

carefully and slowly dried to moisture contents near 85%. To ensure an even profile of 

moisture content, conditioning and equalization treatments were performed during the 

drying process. All dried lumbers were sealed with two layers of plastic film to prevent 

water loss during the deposition. 

Drying experiments were conducted in a DS-408 conditioning chamber 

constructed in Nanjing, China. The air velocity through the timber was approximately 2.0 

m/s. The drying experiments were executed at different temperatures (T = 40, 50, 60 and 

70 °C) and at the same equilibrium moisture content (about 9.6%). To ensure 

repeatability, the drying curve for each temperature was determined three times, and 

twelve curves were obtained. Every about 12 h during drying, specimens were removed 

quickly, and the moisture content was measured gravimetrically. When the average 

moisture content reached the equilibrium moisture content, the experimental drying runs 

were terminated. 

 

Mathematical Model 
 A three-dimensional diffusion model was used to describe lumber drying. 

Through Fick's second law, the diffusion equation in Cartesian coordinates (i.e., (x,y,z) in 

Fig. 1) was written as, 
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where M is the moisture content in %,  is the time in s, and D is the effective moisture 

diffusivity in m2/s. 

 

 

Fig. 1. Types of control volumes in a three-dimensional domain 

 
The following rational assumptions were established to solve Eq. 1, with the 

objective to apply the solution to lumber drying studies:  

1. The convective mass transfer coefficient is constant over all surfaces of the timber 

during drying process. 

2. Liquid diffusion is the only mechanism of mass transfer of water inside the lumber. 

3. The effective moisture diffusivity can vary with moisture content and temperature 

during the drying process; the proportions in the three directions (radial, tangential 

and longitudinal) are DR: DT: DL = 1:1:ε. According to Olek et al. (2005), ε is equal to 

6 to 7, and it is established by random number generation. 

4. The external environment conditions, i.e., ambient temperature, humidity and velocity, 

do not change with the timber moisture content and temperature. 

5. The timber structure is symmetric about the center. 
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The numerical solution was obtained by using the finite volume method expressed 

in explicit terms. Compared to implicit terms, an important feature of the explicit 

expression is it ease of writing and its use. One drawback of using this approach is the 

algorithm stability (Smith 1985). Through a preliminary study of the grid and time 

refinement, the space (x, y, z) and  dimensions were set to 2 mm and 0.1 s, 

respectively, to ensure the stability of the algorithm. The control volume of the object 

was constructed using discrete I(ix) J(jy)K(kz) units with the nodes located 

at the core of each unit (Fig. 1). The time domain was divided into n equal parts with a 

time step of. Various difference equations are defined below. 

 

Internal control volume 

Integrating Eq. 1 with respect to space (x, y, z) and time () yields the 

following expression, 
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where i = 2,3,…I - 1; j = 2,3,…J – 1; and k = 2,3,…K – 1.  

 

Surface control volume 

The control volume has a surface in contact with the external medium at its 

boundaries. Based on assumption (5) above, the structure is symmetric about its center. 

Thus, the surface control volume surrounded by the blue line in Fig. 1 is given. Other 

control volumes can be easily obtained using the same concept with reference to the 

following equation, 
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where i = 2,3,…I - 1; j = 2,3,…J – 1; k = 2,3,…K – 1; hm is the convective mass transfer 

coefficient in kg/(m2∙s); and Me is environmental equilibrium moisture content in %. 

 

Edge control volume 

Compared with the surface control volume, the edge control volume includes a 

convective term instead of a diffusion term. The edge control volume surrounded by the 

pink line in Fig. 1 is given as, 
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where i = 2,3,…I - 1; j = 2,3,…J – 1; and k = 2,3,…K – 1.  
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Corner control volume 

Based on the above difference equations, the corner control volume can be easily 

determined as, 
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where i = I; j = J; and k = K. 

  

Average moisture content  

Because the moisture content is determined for each control volume and time, the 

average value at time of can be calculated by, 


  


I

i

J

j

K

k

ijkM
N

M
1 1 1

1
                 (6) 

where M̅ is average moisture content in %; Mijk is moisture content of each control 

volume in %; and N is the total number of control volumes. 

 

Effective moisture diffusivity 

In solving all the difference equations, the diffusivity at the interfaces of the 

control volumes is calculated with the harmonic average criterion (Patankar 1980). 

Equation 7 defines the diffusivity at the interface between unit (i-1,j,k) and unit (i,j,k). 
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According to Olek et al. (2005), the effective moisture diffusivity can be calculated using 

an exponential function with high accuracy. Thus, the function for effective moisture 

diffusivity can be expressed as follows, which is used to relate diffusivity and moisture 

content, 

bMD ae                  (8) 

where a and b are parameters to be determined by GA optimization (to be described in 

the next section). To relate the effective moisture diffusivity with temperature and 

moisture content, the expression proposed by Pan et al. (2007) is used (Eq. 9), 

/( 273.15)( , ) bM c TD M T ae e                 (9) 

where the equation coefficients a, b and c are determined by curve fitting. 

 

The convective mass transfer coefficient 

In general, the convective mass transfer coefficient expresses moisture exchange 

capacity between the surface and environment, and is defined by Tremblay et al. (2000) 

as follows, 

)(   sm hq               (10) 
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where qm is moisture flux in kg/(m2∙s) and s-∞ represents the driving force behind 

moisture migration between the surface and the environment. The difference between 

surface moisture content and environmental equilibrium moisture content is considered as 

the driving force for this investigation; hence, the unit of the convective mass transfer 

coefficient is kg/(m2∙s). 

 

Optimization Procedure 
Unlike solving direct problems, the unknown parameter can be solved by an 

inverse approach based upon known experimental data. In this case, the effective 

moisture diffusivity and the convective mass transfer coefficient are regarded as 

unknown quantities. For estimation of such parameters, the average moisture content 

measurements of the lumber are known. Thus, the minimization of the difference 

between experimental and predicted moisture content values is desired. To quantify the 

similarity of the simulation results obtained from each value with the experimental 

moisture content, the Euclidean distance (Euclidea) was calculated in Eq. 11, 

 



max

0

2

exp )()(




 MMEuclidea cal             (11) 

where max is maximum time for analysis in s, Mcal is predicted moisture content in %, 

Mexp is experimental moisture content in %. 

Thus, an optimization function based on the GA method finds the parameter that 

minimizes the Euclidean distance (i.e., least squares). The GA used in this investigation 

was previously published (Zhao et al. 2015b), where the algorithm method was used to 

determinate thermal conductivity. Details of the GA will be briefly reviewed as follows. 

 

Genetic algorithm (GA) 

This optimization algorithm is based on biological evolution (Michalewicz 1992). 

The GA consists of six basic steps: encoding, population initialization, fitness evaluation, 

selection, cross-over, and mutation. First, the unknown parameters are encoded as 

chromosomes of an individual. Values of these chromosomes are randomly assigned 

within specified ranges. By repeating the above random process, a certain number of 

individuals are generated. These individuals constitute the initial population. Second, by 

evaluating the fitness of the individuals in the initial population, the individuals of lower 

fitness are eliminated. Chromosomes of individuals with higher fitness are selected 

through the operations of cross-over and mutation; these selections generate a second-

generation population. The population regeneration is repeated until a desired termination 

criterion is reached. 

Fortunately, all of these basic algorithm steps can be run using GA toolboxes built 

into commercial software programs. For example, the GA Matlab® Toolbox (MathWorks 

2014) was applied in the current study. Figure 2 shows a flowchart for estimating the 

effective moisture diffusivity parameters. However, finding the best GA parameter 

settings is not an easy task. GA parameters were set empirically with the aid of a training 

data set. The best settings were chosen and shown in Table 1. Each optimization 

approach was implemented in Matlab-2014b. 
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Table 1. Best Parameter Settings Used in Experiments 

Parameters Setup value 

Initial Population size 20 

Number of Generations 300 

Selection rate 0.8 

Mutation rate 0.3 

Crossover rate 0.4 

 

 

 
Fig. 2. Process flow diagram to determine effective moisture diffusivity parameters 

 
 
RESULTS AND DISCUSSION 
 
 According to Silva et al. (2013), the drying process, in many occasions, is 

considered isothermal because the thermal diffusivity is greater than the effective 

moisture diffusivity. This assumption was used in the present work. 
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Effective Moisture Diffusivity Estimation 
To economize computing time, only a piece equivalent to 1/8 of the timber was 

modeled due to the inherent symmetry of the board (Fig. 3a). The numerical solution of 

Eq. 1 was performed through the finite volume method to obtain simulated results. Figure 

3b shows moisture distribution in timber after 18 h of drying at 40 °C. The results from 

simulations were stable without volatility. The grid and time refinements used for the 

model simulation were enough to ensure stability of the algorithm. For each drying 

temperature, the effective moisture diffusivity was treated as a variable, which is a 

function of the local moisture content as given by Eq. 8. Thus, the process parameters 

determined from the optimization are summarized in Table 2. It was possible to conclude 

from this tabulated data that the proposed regression equation had a good statistical fit for 

the various drying temperatures. The multiple coefficient of correlations (R2) value of 0.9 

to 1.0 is considered a good regression fit to the experimental data for estimating the 

diffusivity values obtained in this work. This observation is in agreement with the results 

of Silva et al. (2013), and indicated that Eq. 8 represented the relationship between 

moisture diffusivity and moisture content as rational. 

 

 
Fig. 3. Symmetry sketches of timber and moisture distribution. (a) Highlighting a symmetrical 
piece; (b) moisture distribution after 18 h at 40 °C 

 

Table 2. Results of the Optimization Processes 

T 
(°C) 

D 
(m2/s) 

hm×10-6 
(kg/(m2∙s)) 

R2 Euclidea 
CT 
(s) 

40 0.97×10-9exp(1.44M) 3.882 0.9894 23.138 2194.5 

50 1.41×10-9exp(1.89M) 4.652 0.9934 20.153 2011.3 

60 2.03×10-9exp(1.97M) 4.941 0.9987 14.882 1933.4 

70 2.77×10-9exp(1.9M) 6.243 0.9946 18.173 1895.3 

CT, computing time 

 

Figure 4 shows the results of the model simulations and experimental data of the 

drying kinetics at 40 °C. The difference between the experimental drying curves and 

those simulated using FVM with the GA optimization gradually converged with one 

another, i.e., good agreement was obtained after 300 optimization iterations. 

Table 3 lists the effective moisture diffusivity for various drying temperature for 

moisture content (M) values ranging from 10 to 80%.  The listed values are calculated 

using Eq. 8 with the coefficient values given in Table 2 for each T and M value. 

(a) (b) 
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Fig. 4. Model simulations and experimental data of the lumber drying kinetics at 40 °C 

 
Table 3. Values of Effective Moisture Diffusivity (×10-9 m2/s) for Given 
Temperature and Moisture Content Values 

T 
(°C) 

M (%) 

10 20 30 40 50 60 70 80 

40 1.120 1.294 1.494 1.726 1.993 2.302 2.658 3.070 

50 1.703 2.058 2.486 3.003 3.628 4.382 5.294 6.396 

60 2.472 3.010 3.666 4.464 5.436 6.620 8.061 9.816 

70 3.353 4.059 4.913 5.947 7.198 8.713 10.547 12.767 

 
The dependence of the effective moisture diffusivity (D) on both temperature (T) 

and moisture content (M) is obtained by curve fitting of Eq. 9 to the dataset of Table 3. 

The result is given by Eq. 12, which has an R2 value of 0.933: 

  5 (2.074 ) ( 2853/( 273.15)), 0.9353 10 M TD M T e e              (12) 

The curve fitting of Table 3 data resulting in Eq. 12 is presented in Fig. 5. This figure 

reveals an expected result, i.e., effective moisture diffusivity increased with increasing 

temperature and with increasing moisture content. This trend of diffusivity was also 

noticed by Zhou et al. (2011) and Silva et al. (2013). 
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Effective Moisture Diffusivity Validation  
To validate experimentally the proposed effective moisture diffusivity (Eq. 12), 

experimental drying curves were obtained for different temperatures (T = 40 and 70 °C). 

The experimental values obtained during these tests were compared with those estimated 

by the FVM drying model using the proposed effective moisture diffusivity. Figure 6 

shows that the estimated average moisture content from the model agreed well with the 

experimental data. The deviation between experimental and model calculated data may 

be attributed to wood properties and to a constant convective mass transfer coefficient. 

However, the drying curve calculated using the proposed effective moisture diffusivity 

was adequate to simulate the drying process with high accuracy, as shown in Fig. 6. 

Therefore, no further optimization was done when considering the high computing time 

(CT) with GA optimization and the satisfactory simulation results.  

 

 
Fig. 5. The effective moisture diffusivity as a function of the temperature and the moisture content 
within the lumber 

 

 
Fig. 6. The comparison of model simulations and experiments of the lumber drying kinetics 

 
Discussion of Moisture Transfer in Wood 

Water migrates in the form of liquid and vapor from the interior to exterior of 

wood during drying. Liquid migration occurs through permeation above the fiber 

saturation point (FSP) and diffusion below it. If all of the above conditions are considered 

when describing the complete drying process, the model becomes quite complex and is 

difficult to solve numerically. Furthermore, it is difficult to obtain accurate values of 
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relevant parameters, i.e., liquid permeability and mass diffusivity. Obviously, the 

consideration of liquid diffusion as the only mechanism of water transport inside the 

lumber is a simplification inherent in the model. However, the model simulation of the 

drying kinetics had high degree of accuracy when compared with actual data. This high 

accuracy was archived through the FVM drying model and optimization method based on 

GA. Inspection of the obtained results suggested that the liquid diffusion model with 

these proposed parameters adequately describes the lumber-drying process. In this study, 

three principal reasons were considered for using the diffusion model to describe the 

drying process.  

1. The fiber saturation point (FSP) is considered the boundary between free water and 

bound water within the wood, where free-water transfer is mainly via permeation or 

pore diffusion and bound-water transfer is via diffusion or surface diffusion (Bedane 

et al. 2016). However, this characterization is an idealized condition. In practice, 

diffusion occurs throughout the entire drying process, especially for tree species with 

low permeability.  

2. During isothermal drying, the pressure gradient according to Darcy’s law reduces to a 

moisture-content gradient, and the mathematical expression becomes equivalent to 

Fick’s second law (Zhao et al. 2016a). Furthermore, the traditional permeability 

coefficients take the form of pseudo-diffusion coefficients (Katekawa and Silva 

2006). 

3. Through optimization with a numerical solution, effective moisture diffusivity can be 

adjusted to reduce the differences between simulation and experimental values. Thus, 

the simulation of lumber drying kinetics was considered a success; the diffusion 

model can be used to describe the complete drying process. 

 
 
CONCLUSIONS 
 

1. In this study, a three-dimensional numerical solution to the diffusion equation with 

variable effective moisture diffusivity and constant convective mass transfer 

coefficient, obtained via the finite volume method, is proposed to describe the drying 

of wood. 

2. The proposed coefficient was validated using experimental drying curves obtained for 

various drying temperatures. The drying curves calculated using the proposed 

effective moisture diffusivity showed good agreement with the experimental data, 

which was dependent on moisture content and temperature.  

3. In contrast to traditional techniques, the proposed methodology was used to 

effectively and economically determine effective moisture diffusivity. The proposed 

effective moisture diffusivity can be used for simulating drying kinetics. 
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