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ABSTRACT 
The initial approach to mathematical and numerical modeling of air and moisture transfer 
in material with bio-component is presented in the paper. Composite material, i.e., hemp 
concrete, with improved hygroscopic properties, was considered. The mathematical model 
was formulated for the transfer of moisture and dry air. Moisture in the material 
can be in two phases, i.e., liquid water (bounded) and vapor (gaseous state). Furthermore, 
the interaction between phases (sorption-desorption) was considered with the transitions 
at a finite rate, causing locale non-equilibrium. Heat transfer was not taken into account 
to simplify the preliminary model. The mathematical model was implemented with the aid 
of commercial software ANSYS Fluent. Development of the numerical model required 
the application of advanced customization functionalities like the User-Defined Function, 
User-Defined Scalar, and User-Defined Memory. Moreover, a simple 2D geometry (rectangle) 
was used to test the model and investigate the influence of the mass transfer coefficient 
between bounded water and vapor. The mass transfer coefficient had a significant impact 
on simulation results. 

Keywords: hemp concrete, numerical modeling, air and moisture transfer, non-equilibrium 
sorption/desorption.  

1. INTRODUCTION
Novel building materials reduce energy demand not only during building operation but also during 
their manufacturing. Hemp concretes are such emerging materials with good hygrothermal 
properties. Moreover, hempcrete production requires less energy and water than conventional 
building materials (Sáez-Pérez et al., 2020). In such materials, hemp shives, chops, or fibers 
replaced mineral aggregates creating with binder a bio-aggregate concrete. The role of the binder 
is essential due to its influence on mechanical, thermal, hygric, or acoustic properties. Hydrated 
lime is the most common binder (Sáez-Pérez et al., 2020) but also Portland cement, natural 
hydraulic lime, natural cement (Sáez-Pérez et al., 2020), gypsum, lime with metakaolinite (Brzyski 
et al., 2020) or magnesia (Kubiś et al., 2022; Sáez-Pérez et al., 2020) are applied. 
One of the most critical properties of hemp concretes is thermal insulation and moisture buffering 
potential. The thermal conductivity of hemp concrete depends on a binder and hemp shives ratio 
and manufacturing process parameters and could reach values from 0.05 up to 0.25 W/(mK) 
for magnesia-based binder (Kubiś et al., 2022), 0.12 W/(mK) for lime-based binder with metakaolin 
(Brzyski et al., 2020), or from 0.1 to 0.16 W/(mK) for commercial lime-based binder (Collet and 
Pretot, 2014). Although traditional insulation materials (e.g., glass wool, expanded polystyrene) 
have lower thermal conductivity (about 0,04 W/(mK) (Sáez-Pérez et al., 2020)), hemp concretes 
have better hygrothermal properties. Hemp shives and fibers have great potential for water 
adsorption and desorption, which allows indoor microclimate stabilization and could reduce 
ventilation energy losses. In the literature, the moisture buffering potential of walls built from hemp 
concretes varies between 1.84 and 2.3 g/(m/% RH) (Sáez-Pérez et al., 2020). 
Mathematical models and computer simulations are part of developing modern materials 
and construction processes. Bio-based materials require individual approaches to modeling 
due to their high complexity (porous material) and sorption effects. Coupled moisture and heat 
transport model in building materials based on REV (relevant elementary volume) method 
was formulated by Künzel (Künzel, 1995). The Künzel model consists of two transport 
equations, i.e., moisture and energy transport. Moisture transport was modelled by vapor
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diffusion and capillary suction. Equilibrium between bounded (liquid) water and the vapor 
was assumed, allowing the sorption curve to be used to determine water and vapor content. 
The Künzel model is used by WUFI software. Belleghem (Van Belleghem et al., 2014) used 
a different approach than Künzel in modeling heat and moisture transport in porous building 
materials. They applied the relation between moisture content and capillary pressure instead 
of the sorption curve. However, the Belleghem model in assumptions and formulation was similar 
to the model formulated by Künzel, i.e., it consisted of two transport equations and assumed 
equilibrium between water and vapor as well as vapor diffusion and capillary water transport. 
Seredyński et al. (Seredyński et al., 2020) developed a heat and moisture transport model based 
on the Belleghem approach. In turn, the non-equilibrium three equation heat and moisture model 
for traditional building materials was formulated by Wasik and Łapka (Wasik and Łapka, 2022). 
The non-equilibrium approach requires a separate transport equation for vapor and liquid water. 
Moreover, the phase transition submodel must be formulated to calculate evaporating 
and condensing inside pores. Building materials with bio-components were hygro-thermally 
modeled, e.g., by the Colinart team (Berger et al., 2020; Colinart et al., 2016; Lelievre 
et al., 2014). The Colinart team approach is similar to the Künzel model, i.e., based 
on the sorption curve and two transport equations, but Colinart team used a different curve 
for adsorption and desorption (Colinart et al., 2016; Lelievre et al., 2014). A different approach, 
i.e., the non-equilibrium model of hemp concrete, was introduced by Reuge et al. (Reuge 
et al., 2020). They extended the Künzel model by introducing separated moisture transport 
equations, i.e., one equation for liquid moisture and another for vapor. The phase change 
between liquid water and vapor was modeled by parabolic kinetic (Reuge et al., 2020).
Above mentioned models are mainly equilibrium models (except Wasik (Wasik and Łapka, 2022) 
and Reuge (Reuge et al., 2020) models), where moisture in liquid and gas phases are calculated 
together. Moreover, these models do not consider dry air transport in the material. This paper 
presents a non-equilibrium three equations model of air and moisture transport in the bio-based 
composite. The proposed model is based on the Wasik model (Wasik and Łapka, 2022) 
for traditional building materials, which was adapted for bio-based building materials. An additional 
dry air equation extended the previous model. Moreover, the bounded (adsorbed) water continuity 
equation replaced the liquid water continuity equation allowing to model the essential phenomena 
for bio-based materials. Due to the preliminary approach, heat transfer was neglected, 
i.e., the energy transport equation was not solved. The work's novelty lies in applying the non-
equilibrium moisture transport approach with linear phase change kinetics and consideration 
of air transport in the material. The paper is organized as follows. Firstly, the mathematical 
model is described, including assumptions, governing equations, and additional submodels and 
relationships. The next section describes the numerical model, i.e., implementation in ANSYS 
Fluent, geometry, mesh, and simulation setups. Then, the preliminary results of the simulation, 
consisting of sensitivity analyses for spatial and time discretization and for the impact 
of the internal mass transfer coefficient, are presented and discussed. Finally, in the last section, 
the study is summarized.

2. MATHEMATICALCAL MODEL
The hemp concrete is considered as an isotropic porous medium consisting of three phases, 
i.e., solid structure, bounded liquid water, and wet air (a mixture of dry air and water vapor). 
Material pores are open and connected, allowing fluids to flow through them. The volume fraction 
of the ich phase satisfied the following condition: 

𝜀𝜀𝑠𝑠 + 𝜀𝜀𝑝𝑝 = 𝜀𝜀𝑠𝑠 + 𝜀𝜀𝑏𝑏𝑏𝑏 + 𝜀𝜀𝑔𝑔 = 𝜀𝜀𝑠𝑠 + 𝜀𝜀𝑏𝑏𝑏𝑏 + 𝜀𝜀𝑎𝑎 + 𝜀𝜀𝑣𝑣   Eq. (1) 

where: 𝜀𝜀 is volume fraction (-), and subscript 𝑎𝑎, 𝑏𝑏𝑏𝑏, 𝑔𝑔, 𝑝𝑝, 𝑠𝑠, and 𝑣𝑣 means dry air, bounded water, 
wet air, pores, solid, and vapor, respectively. The volume share of the solid and pores is assumed 
to be constant. Bounded water is considered stationary, but a vapor and dry air are transported 
by diffusion. Adsorption and desorption are assumed to occur at a finite rate, which allows local 
non-equilibrium between bonded water and vapor, i.e., the mass of bounded water could 
be higher or lower than the value corresponding to vapor relative humidity resulting from 
the sorption curve. The sorption curve determines equilibrium water content. Wet air is considered 
an ideal gas. 
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The model transport equations are as follows: 

𝜕𝜕𝑊𝑊𝑏𝑏𝑏𝑏
𝜕𝜕𝜕𝜕

=  𝑚̇𝑚𝑏𝑏𝑏𝑏    Eq. (2) 

𝜕𝜕(𝜀𝜀𝑔𝑔𝜌𝜌𝑎𝑎)
𝜕𝜕𝜕𝜕

=  𝛻𝛻(𝐷𝐷𝑒𝑒𝑒𝑒𝛻𝛻𝜌𝜌𝑎𝑎)  Eq. (3) 

𝜕𝜕(𝜀𝜀𝑔𝑔𝜌𝜌𝑣𝑣)
𝜕𝜕𝜕𝜕

=  𝛻𝛻�𝐷𝐷𝑒𝑒𝑒𝑒𝛻𝛻𝜌𝜌𝑣𝑣� − 𝑚̇𝑚𝑏𝑏𝑏𝑏    Eq. (4) 

where: 𝐷𝐷𝑒𝑒𝑒𝑒 stands for mass diffusion coefficient (m2/s), 𝑚̇𝑚𝑏𝑏𝑏𝑏 is sorption mass flow rate (kg/(s m3)), 
𝑊𝑊𝑏𝑏𝑏𝑏 means bounded water content (kg/m3), 𝑡𝑡 stands for time (s), and 𝜌𝜌𝑎𝑎 and 𝜌𝜌𝑣𝑣 mean dry air and 
vapor density (kg/m3), respectively.  
The bounded water content is defined as: 

𝑊𝑊𝑏𝑏𝑏𝑏 = 𝜀𝜀𝑏𝑏𝑏𝑏𝜌𝜌𝑙𝑙   Eq. (5) 

where 𝜌𝜌𝑙𝑙 stands for liquid water density (kg/m3). 
The sorption mass flow rate is calculated as follows: 

𝑚̇𝑚𝑏𝑏𝑏𝑏 = ℎ𝑏𝑏𝑏𝑏𝑎𝑎𝑠𝑠
1−𝜀𝜀𝑏𝑏𝑏𝑏
𝜀𝜀𝑝𝑝

�𝑊𝑊𝑏𝑏𝑏𝑏,𝑒𝑒𝑒𝑒(𝜑𝜑) −𝑊𝑊𝑏𝑏𝑏𝑏�  Eq. (6) 

where: 𝑎𝑎𝑠𝑠 is pore area per unit volume (1/m), ℎ𝑏𝑏𝑏𝑏 means internal mass transfer coefficient between 
bounded water and vapor (m/s), 𝑊𝑊𝑏𝑏𝑏𝑏,𝑒𝑒𝑒𝑒 stands for equilibrium bounded water content (kg/m3), and 
𝜑𝜑 is relative humidity (-). 
Equilibrium bounded water content was calculated from the following sorption curve (Berger et al., 
2020; Colinart et al., 2016; Lelievre et al., 2014; Lelièvre et al., 2015): 

𝑤𝑤𝑏𝑏𝑏𝑏,𝑒𝑒𝑒𝑒 = 𝑤𝑤𝑚𝑚 𝐶𝐶 𝐾𝐾 𝜑𝜑
(1−𝐾𝐾 𝜑𝜑)[1+𝐾𝐾(𝐶𝐶−1)𝜑𝜑]  Eq. (7) 

where: 𝐶𝐶, 𝐾𝐾 and 𝑤𝑤𝑚𝑚 are fitting parameters, and 𝑤𝑤𝑏𝑏𝑏𝑏,𝑒𝑒𝑒𝑒 is weight moisture content (kg/kg). 
Volumetric moisture content is calculated from the following equation: 

𝑊𝑊𝑏𝑏𝑏𝑏,𝑒𝑒𝑒𝑒 = 𝑤𝑤𝑏𝑏𝑏𝑏,𝑒𝑒𝑒𝑒 𝜌𝜌𝑠𝑠  Eq. (8) 

where  𝜌𝜌𝑠𝑠 stands for bulk density (kg/m3). 
Following additional relationships for material properties were used in the model: 

- Vapour diffusivity coefficient (Lelievre et al., 2014) was calculated from the following
equation:

𝐷𝐷𝑒𝑒𝑒𝑒 = 𝜋𝜋
𝜇𝜇
𝑅𝑅𝑣𝑣𝑇𝑇 Eq. (9) 

where: 𝐷𝐷𝑒𝑒𝑒𝑒 is vapor diffusion coefficient (m2/s), 𝑅𝑅𝑣𝑣   means vapor individual gas constant (J/(kg K)), 
𝑇𝑇 stands for temperature (K), 𝜇𝜇 is vapor resistance coefficient (-), 𝜋𝜋 means vapor permeability of air 
(kg/(m s Pa)). 

- Saturation pressure was calculated from the following formula (Van Belleghem et al., 2014):

𝑝𝑝𝑣𝑣,𝑠𝑠𝑠𝑠𝑠𝑠 = 614.3 𝑒𝑒
17.06 (𝑇𝑇−273.15)

𝑇𝑇−40.25 Eq. (10) 

where: 𝑝𝑝𝑣𝑣,𝑠𝑠𝑠𝑠𝑠𝑠 is saturation pressure (Pa). 

3. NUMERICAL MODEL
The mathematical model was implemented in the commercial software ANSYS Fluent by using 
advanced user customization interfaces, i.e., User-Defined Function (UDF), User-Defined Scalar 
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(UDS), and User-Defined Memory (UDM). To verify the implementation of the model simulations 
based on the case described by Lelievre (Lelievre et al., 2014) were conducted. 

3.1. Geometry and mesh 
The analyzed domain was a cuboid hemp concrete sample of a size of 148×148×100 mm (Lelievre 
et al., 2014) – see Fig 1a. The geometry was simplified to 2D, and due to symmetry, only half was 
modeled – see Fig 1b. The geometry was created in DesignModeler, which is part of ANSYS 
Workbench software. 

a) b) 

Figure 1: a) Hemp concrete geometry, b) simulations 2D geometry 

Three rectangular structural meshes (i.e., 160, 300, and 600 elements) were generated in ANSYS 
Meshing. Meshes had excellent quality parameters, i.e., minimum orthogonal quality of 1/1/1, 
maximum skewness of 0/0/0, and maximum aspect ratio of 1.85/2.22/1.97 for mesh 160/300/600, 
respectively. 

3.2. Simulation conditions 
The hemp concrete was considered as vapor insulted on the side surfaces and bottom, i.e., 
the mass transfer occurred only from the top surface – see Fig. 2. 15 days period was simulated. 
The external conditions changed as follows (Lelievre et al., 2014): 

• First day: 𝜑𝜑 = 50%,𝑇𝑇 = 23°𝐶𝐶,
• From the second day to eight day: 𝜑𝜑 = 75%,𝑇𝑇 = 23°𝐶𝐶,
• From eight day: 𝜑𝜑 = 33%,𝑇𝑇 = 23°𝐶𝐶.

Boundary condition on the top surface was defined as: 

𝑗𝑗𝑣𝑣 = ℎ𝑚𝑚�𝜌𝜌𝑣𝑣,𝑎𝑎𝑎𝑎𝑎𝑎 − 𝜌𝜌𝑣𝑣,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠� Eq. (11) 

𝜌𝜌𝑎𝑎,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎−𝑝𝑝𝑣𝑣,𝑎𝑎𝑎𝑎𝑎𝑎
𝑅𝑅𝑎𝑎𝑇𝑇

Eq. (12) 

where: ℎ𝑚𝑚 means convective mass transfer coefficient (m/s), 𝑗𝑗𝑣𝑣 stands for vapour flux density 
(kg/(s m2)), 𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎 and 𝑝𝑝𝑣𝑣,𝑎𝑎𝑎𝑎𝑎𝑎 mean atmospheric pressure (101325 Pa) and vapour partial pressure 
in external air (Pa), respectively, 𝑅𝑅𝑎𝑎 is dry air individual gas constant (J/(kg K)), 𝑇𝑇 stands for 
temperature (K), 𝜌𝜌𝑎𝑎,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 means dry air density on hemp concrete surface (kg/m3), and 𝜌𝜌𝑣𝑣,𝑎𝑎𝑎𝑎𝑎𝑎 and 
𝜌𝜌𝑣𝑣,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 are vapor density in external air and on material surface (kg/m3), respectively. 

The mass transfer coefficient at the top surface is calculated as follows (Lelievre et al., 2014): 

ℎ𝑚𝑚 = ℎ𝑇𝑇𝑎𝑎𝑎𝑎
𝜆𝜆𝑎𝑎

Eq. (13) 
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where: 𝑎𝑎𝑎𝑎 is air thermal diffusivity (m2/s), ℎ𝑇𝑇 stands for convective heat transfer coefficient 
(W/(m2 K)), and 𝜆𝜆𝑎𝑎 means air thermal conductivity (W/(m K)). 
Convective heat transfer was assumed to equal 3 W/(m2 K) (Lelievre et al., 2014). 

Figure 2: Boundary and initial conditions 

Other material properties used in the simulations are presented in Table 1. 

Table 1. Material properties (Lelievre et al., 2014) 
Properties Symbol Value 
Bulk density 450 kg/m3

Vapor permeability 2x10-10 kg/(m s Pa)
Vapor resistance coefficient 5 
Porosity 0.66 (Collet et al., 2013) 
Fitting parameters for sorption 
curve 

10 
0.62 
0.028 

Initial conditions were set as follows: the relative humidity inside the material was equal to 43%, 
and initial bounded water was calculated from the sorption curve for initial relative humidity. 
Set humidity was lower than presented by Lelievre et al. (Lelievre et al., 2014) because 
for a value of 43% the initial moisture content had the same value as reported in their paper. 
The pressure inside pores was set equal to atmospheric pressure. Firstly, calculations 
were conducted for three meshes (i.e., 160, 300, and 600 elements) and three values of time 
step (i.e., 10, 15, and 30 s), resulting in 9 simulated cases. In the simulations, the internal mass 
transfer coefficient between bounded water and vapor was equal to 7.5e-7 m/s. The numerical 
model was independent of spatial and time discretization, so the subsequent analysis of the 
internal mass transfer coefficient was carried out for four values of this coefficient: 7.5e-7, 1.0e-6, 
1.0e-5, and 1.0e-4 m/s. 

4. RESULTS
Firstly, results independency on spatial and temporal discretization was analyzed. Moisture weight 
content in the whole material was monitored, and relative humidity at a distance of 15 mm from 
the top surface – see Fig 3. 
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a) 

b) 

Figure 3. Spatial and temporal discretization level sensitivity analyses. Temporal variation 
of a) weight moisture content, b) relative humidity on 15mm depth from the top surface 
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The differences between meshes were almost imperceptible, so coarse mesh (160 elements) 
was used in the following simulations. The difference between time step 15 and 30 s was 
significant, but between 10 and 15 s was small. The 15 s time step was subsequently chosen 
for parametric analysis to reduce simulation time. 
The results have acceptable compliance with the experiment. The sorption curve did not fit the 
material's properties, which affected initial conditions. The assumed initial relative humidity (43%) 
allowed to set initial weight moisture content according to literature (i.e., 0.0308 kg/kg (Lelievre 
et al., 2014)). Relative humidity equal to 50% (value measured in the experiment) results 
in 0.0332 kg/kg initial weight moisture content. The difference in initial conditions could affect 
the accuracy of the results. 
The other factor that influenced the results was temperature change during the experiment. 
The measured temperature varied up to ±0.8°C inside the hemp concrete (Lelievre et al., 2014). 
The temperature variation was insignificant, but it changed saturation pressure, affecting 
moisture content. 
The internal mass transfer coefficient affected the results significantly – see Fig 4. For low value 
of the coefficient, i.e., 7.5e-7 and 1.0e-6 m/s, the differences were small, because water 
content reaches almost equilibrium saturation for given relative humidity (weq(75%) = 0.0469 kg/
kg). The differences became more significant for higher values of the coefficient (i.e., 1.0e-5 
and 1.0e-4 m/s). An increase in the internal mass transfer coefficient resulted in a faster phase 
change in the zone near the external surface, and less vapor was transported inside the hemp 
concrete. Fast sorption resulted in a slower relative humidity change in deeper parts 
of material (Fig 4b) and lowered active area for sorption, leading to lower overall weight moisture 
content – see Fig 4a. From a moisture content point of view, the best agreement with the 
experiment was achieved for the coefficient equal to 1.0e-5 m/s (Fig 4a). However, from 
a relative humidity point of view, better results gave the coefficient equal to 7.5e-7 or 1.0e-6 m/s. 
This difference could suggest that some transport mechanism in the sample was not taken 
under consideration. It could be capillary transport of bounded water. 
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a) 

b) 

Figure 4. Influence of internal mass transfer coefficient between vapor and bounded water. 
Temporal variation of a) weight moisture content, b) relative humidity on 15 mm depth from 

the top surface 
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5. CONCLUSION
The preliminary model of moisture and air transport in materials with bio-components has been 
presented and tested based on the literature case (Lelievre et al., 2014). However, the description 
of the considered experiment was insufficient, resulting in inaccurate initial conditions. The internal 
mass transfer coefficient had a significant influence on simulation results. Good agreement 
with the experiment both for temporal weight moisture content and relative humidity distribution 
was not achieved. The simulations with the internal mass transfer coefficient equal to 7.5e-7 
or 1.0e-6 m/s best matched the experimental variation of relative humidity. On the other hand, 
better matching of weight moisture content temporal variation was achieved for the coefficient 
equal to 1.0e-5 m/s. The discordance between the matching of predicted and measured weight 
moisture content and relative humidity temporal variation could be caused by the neglection 
of capillary transport of bounded water. Due to the preliminary study, the model 
did not consider heat transport. The energy transport equation should be added to the further 
development of the model. Validation of the model should be conducted, and the internal 
mass transfer coefficient should be further investigated. The impact of different materials 
on the coefficient should be considered to generalize the model. 
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NOMENCLATURE 
Latin letters 
aa air thermal diffusivity (m2/s) as pore area per unit volume (1/m) 
C fitting parameter in sorption curve (-) Def diffusion coefficient (m2/s)
hbv internal mass transfer coefficient (m/s) hm convective mass transfer coefficient (m/s) 
hT 

convective heat transfer coefficient 
(W/(m2 K)) j mass flux density (kg/(s m2)) 

K fitting parameter in sorption curve (-) 𝑚̇𝑚𝑏𝑏𝑏𝑏 sorption mass flow rate (kg/(s m3))
p pressure (Pa)  R individual gas constant (J/(kg K)) 
T temperature (K) t time (s) 
W volumetric moisture content (kg/m3) w weight moisture content (kg/kg)  
wm fitting parameter in sorption curve (-) 

Greek letters 
ε volume fraction (-) λ thermal conductivity (W/(m K)) 
μ vapor resistance coefficient (-) π vapor permeability (kg/(m s Pa)) 
ρ density (kg/m3) φ relative humidity (-) 

subscripts 
a dry air amb ambient 
atm atmospheric bw bounded water 
g wet air init Initial conditions 
p pore s solid 
sat saturation surf external surface 
v vapor 
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