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ABSTRACT: The wood preservation by the dehydration process is one important preparation step in wood 

manufacturing industry. The drying process can help to strengthen the durability and resistance of wood 

from being destroyed by the fungus, to enhance the dimensional stability. In this work, a CFD model of hot 

air drying process of wood material in which the heat and mass transfer inside the wood sample are coupled 

with the external convective gas flow is presented. By using the continuum approach, the spatially resolved 

energy and mass conservation equations of internal transport process are derived. The thermophysical 

properties of wood particles required as input data for the continuum model are determined experimentally. 

This continuum-scale model is coupled with the external laminar gas flow by the heat and water vapor 

balance equations at the wood sample surface in CFD software named Comsol Multiphysics. The result of 

conjugate heat and mass transfer model is validated against the experimental observations made by using a 

magnetic suspension balance. Afterward, the CFD model is expanded to simulate the drying process of 

wood kiln dryer. The results indicate a noticeable moisture content maldistribution of wood plates. 
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INTRODUCTION 

Wood is an important material for both daily life and industrial processes, which can be encountered in the form 

of feedstock, construction material, furniture, paper, etc. To enhance dimensional stability and to reduce 

transportation cost, the wood should be preserved by the dehydration process before processing. The wood drying 

process has been performed traditionally by a conventional kiln dryer with controlled heating, humidity, and 

airflow under atmospheric pressure conditions [1][2][3][4]. However, a series of experiments which is time and 

financial consuming often need to be performed to determine the suitable drying conditions for each woody 

material. Nowadays, advances in CFD simulation in ever-increasing computational power, and thus numerical 

simulation has fast become a very powerful tool to study and optimizes drying operation [5][6][7][8][9].  

To study the drying process, several theoretical studies of the heat and mass transfer inside wood medium have 

been carried out to describe the hot air drying process of hygroscopic porous materials. Most models were 

developed based on the phenomenological concept of effective water diffusivity. In the frame of diffusion 

approach, several works were published to determine the moisture diffusivity for different wood subjected to 

drying such as oak wood [10], pinewood [11] ,cedarwood [12], beechwood [13] , radiata pine wood [14], etc. The 

second approach using in modeling wood drying process is the continuum-scale model. In this approach, the drying 

process involved in hygroscopic materials should be described by two-variable (moisture content, temperature) or 

by three-variable (moisture content, temperature, air volume fraction) continuum models which can be derived 

using the volume averaging technique [15][16][17]. 

The objective of this work was to solve a comprehensive mathematical model by using Comsol multiphysics for 

the analysis of hot air drying of beech wood (Quercus pedonculata). Firstly, the energy and mass conservation 
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equations describing the intra-sample heat and mass transfer is derived based on continuum-scale approach. The 

intra-sample heat and mass transfer model are coupled with the laminar flow of dried air – vapor mixture. The 

validity of the three-dimensional model of single wood particle drying process is accessed by comparing with the 

experimental data. Finally, conclusions of this work are drawn based on a two-dimensional sensitivity analysis 

made in the dryer scale. 

MODEL DESCRIPTION 

Intra-sample mass and energy conservation equations 

Morphologically, a porous wood medium is composed of a solid skeleton and an interconnected void space which 

is accumulated by humid air and liquid water, c.f. Fig. 1. The volume fractions of solid, liquid water and gas phases 

are defined as 
/ /

/ /
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  . The mass conservation equation of liquid water is written as 
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Figure 1. Pictorial representation of porous structure of wood  material. 

Similarly, the mass conservation equation of water vapor is expressed as 
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In Eqs. 1 and 2, 
/ /l g v  stands for the liquid, humid air, and vapor density. Deff is the effective diffusivity of vapor 

in the air. 
gv  and 

lv  stand for the gas and liquid velocity, respectively, which is calculated based on the Darcy’s 

law 
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where K (m2) is the absolute permeability of the porous medium. 
r ,lK  and 

r ,vK  are the relative permeabilities of 

the liquid and gas phases, which are respectively calculated [13][18] as  
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Energy conservation equation 

   

  0

s s s l l l v g v a g a l l l v v a a g

a v

a g eff v g eff eff

g g

h h h h h v h h v
t

h D h D T

          

 
  

 


       

      
                           

    (5) 



 Conjugate Heat and Mass Transfer in Wood Drying 

 

247 

 

The quantities 
sh , 

lh , 
vh , and 

ah  are enthalpies of solid, liquid, vapor, and air, respectively. 
eff is the effective 

thermal conductivity of the mixture of solid, liquid, gas. The detailed description of the continuum-scale model 

can be found in our own previous work [19]. 

 

Mass and energy conservation equations in laminar humid airflow 

The continuity equation of humid air is expressed as 

 g
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The mass conservation of dried air and vapor in the humid air is 
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In the spirit of the conjugate formulation, at the medium surface, the boundary conditions of continuity for T, 
a  

and 
v , are enforced. This corresponds to solve for one variable for temperature, and two variables for vapor and 

air concentration. 

Experimental setup 

The hot air drying experiments of the single wood samples are performed in an apparatus shown in Fig. 2. The 

mass flow rate and moisture content of the drying agent are adjusted before flow into the drying system. The humid 

air is heated to the desired temperature by using an electrical heater and a temperature controller. The hot air flows 

into a drying chamber, interacts with the drying sample and flows out. The sample mass is continuously weighed 

online by means of a magnetic suspension balance (Rubotherm GmbH, Germany). The drying chamber with an 

internal diameter of 26 mm is fabricated from copper. For the entire drying experiments in the present work, the 

air velocity of 0.015 m/s and air moisture content of 0.0065 kg vapor/kg dry air are kept constant, whereas the 

drying temperature is varied from 120 oC to 140 oC. Before starting a drying experiment, the wood particles are 

moistened by soaking them in liquid water at a temperature of 20 °C for 16 hours. This has led to an average initial 

moisture content of about 0.71 ± 0.07 (kg water/kg dried solid). The geometrical and thermo-physical properties 

of wood is presented in Table 2. 

 

Figure 2. Schematic of the experimental system used for the hot air drying of single wood particles. 
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Table 2. The geometrical and thermo-physical properties of beech wood. 

Property Value 

Particle diameter dp, mm [13]  6.2 ± 0.3 

Apparent solid density b, kg/m3  [13] 743 

Actual solid density s, kg/m3 [13] 1326 

Porosity 1 b

s





  , - 0.44 

Sorption isotherm pv/pv,sat, - [13]  

1 with

2 with

irr

v

irrv ,sat

irr irr

X X
p

X X
X Xp T

X X




  
  

 

 

Xirr = 0.256 kg water/kg dry solid 

Thermal conductivity of dry solid λdry, 

W/mK [13] 
0.138 ± 0.001 

Specific heat capacity of dry solid cp,s, 

J/kgK [13] 
770 ± 3.6 

Capillary pressure curve pc, Pa [13]    6 1 0112 147 10 5 461 10 . S. T exp .    

Thermal emissivity ε, - 0.90 

Absolute permeability K, m2 55.5×10-15  

 

SIMULATION RESULTS 

The conjugate heat and mass transfer model is set up in Comsol Multiphysics 5.4 and it takes around 6 hours to 

complete one simulation. The simulation results are presented in Figs. 3 – 5. The model validity is checked by 

comparing with the experimental data adapted from Kharaghani et al [19] in Fig. 5. A good agreement between 

numerical and experimental observations implies that the conjugate heat and mass transfer can be used reliably. 

 

Figure 3. Temporal moisture content (kg water/kg dried solid) evolution over time obtained from the simulation  

with drying temperature Tg of 120 oC and 140 oC. 

 

Figure 4. Temporal temperature (oC) evolution over time obtained from the simulation  

with drying temperature Tg of 120 oC and 140 oC. 
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Figure 5. Averaged moisture content of wood samples obtained from numerical solutions and from experiments 

[14]. 

In the rest of this work, the validated CFD model is used to investigate the drying behavior of a pilot dryer. The 

sketch of dryer (L = 1000 mm, D = 3000 mm, and H = 500 mm) where 30 plates of wood (L = 900 mm, D = 200 

mm, and H = 25 mm) is presented in Fig. 6a. The air with a temperature of 140 oC and moisture content of 7 gram 

vapor/kg dry air flows into the dryer with a velocity of 0.1 m/s. The initial moisture and temperature of wood are 

0.61 kg water/kg dried solid and 20 oC. The 2D velocity profile of drying agent is presented in Fig. 6b and the 

evolution of moisture content of plate number (1), (2), (3), and (4) are plotted together with the mean moisture 

content of all plates in Fig. 7. The results indicate a noticeable  moisture content maldistribution of wood plates 

which should be remedied by wood plate disturbing during the drying process. 

 

Figure 6. Pilot dryer model and velocity profile 

 inside the dryer. 

 

Figure 7. Moisture content evolution  

over time of wood. 

CONCLUSIONS 

In this paper, the heat and mass transfer inside the wood sample are coupled with the external convective gas flow 

using Comsol Multiphysics software. The CFD results were validated successfully against the experimental 

observations. The validated CFD model is performed to investigate the drying process of the wood kiln dryer. It 

indicates that the drying behavior of wood plate is controlled by its position. An operating strategy where the wood 

plates are disturbed should be done to improve the overall uniformity of wood moisture content of kiln. In the 

future, the developed CFD can be applied to pave the way for o optimizing the dryer design and operation. 
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