


Experimental validation of a numerical model of heat and moisture transfer implemented with Comsol software : Heat and moisture transfer in a bioclimatic building with a domed roof
 

Abstract
[bookmark: _GoBack]The construction sector is one of the most energy-intensive sectors and has one of the greatest environmental impacts, due to chemical materials such as cement used to manufacture concrete blocks and concrete. Earth-based materials, thanks to their high thermal inertia, combined with a well-chosen roof shape—such as domed roofs—offer an alternative for reducing energy consumption and improving thermal comfort. To highlight the thermal and moisture performance of earth-based buildings with domed roofs, we use modeling and numerical simulation. Modeling is a tool that allows for the prediction of physical phenomena within a building, and the modeler must ensure the model’s ability to predict these phenomena accurately prior to any simulation. The objective of this study is to experimentally validate a numerical model describing the coupled heat and moisture transfers in a rammed earth building equipped with a hemispherical dome roof. The numerical model is implemented in the COMSOL Multiphysics software. Site meteorological data, air temperature, relative humidity of the indoor environment, and the temperatures of the internal and external surfaces of the building’s walls for three climatic seasons in Burkina Faso are measured. The data acquisition system consists of thermocouples, a solarimeter, and humidity sensors, and the data are processed using Excel and Origin Pro software. A comparison of the simulated and measured data shows good agreement between the two. Evaluation of the validation metrics shows that the NMBE values range from -5.63% to 0.3%, the CVRMSE from 0.75% to 7.42%, and R² from 76% to 96%. These values comply with the limits proposed in ASHRAE Guideline 14 and demonstrate that the model can be used to reliably simulate internal and external temperature variations in the building while highlighting the effects of the thermal inertia of the building’s walls.
Keywords : Thermal inertia ; thermal comfort ; thermal performance ; modeling ; numerical simulation ; COMSOL Multiphysics. 
Introduction  
Burkina Faso is a Sahelian country characterized by high temperatures (reaching up to 45°C), where building designs—modeled after Western standards—require cooling systems that consume large amounts of energy. Electricity consumption for air conditioning alone accounts for 30 to 70% of the population’s total energy consumption [1]. The main reason for this increase in energy consumption is the pursuit of comfort, primarily thermal comfort within the home. 
Taking thermal comfort into account in building design is important not only for the quality of indoor environments but also for the amount of energy required to power climate control systems [2]. One of the conditions for achieving thermal comfort in housing is the use of bio-based materials combined with sound bioclimatic design.  It is therefore imperative to develop construction techniques suited to the Sahelian context by making the best use of available local resources. A good combination of bio-based materials, the shape of the building envelope, and the roof design could help improve indoor thermal comfort. According to a study conducted by [3], thermal comfort can be achieved through a judicious choice of building materials. Earthen materials offer an alternative to modern materials, as several studies in the Sahelian region have shown. [4], [5], [6], [7], and [8] have demonstrated in their work that buildings constructed with local materials (adobe, compressed earth blocks, cut laterite blocks) exhibit better thermal performance than those built with materials such as cement blocks. Roofs account for 50% of cooling needs in countries with hot climates. Efforts must be made to reduce the cooling demands generated by roofs and improve indoor comfort in countries with hot climates. Bioclimatic buildings with domed roofs are commonly constructed in the Middle East and certain North African countries due to their ability to limit heat gain. Buildings with domed roofs are rarely found, if at all, in the Sahel region. These types of buildings have been the subject of several studies aimed at highlighting their thermal and solar performance. In their study, Victor Gomez-Munoz et al. [9] evaluated the thermal performance and the immediate effect of self-shading of a hemispherical dome roof. The results were compared to the solar flux received by the flat roof of a modern low-cost dwelling in Mexico. They found that the hemispherical dome receives approximately 35% less energy than flat roofs, in addition to offering other advantages, such as higher ceiling heights and ventilation possibilities. The Sahel region is located in a very sunny area, and domed roofs could help, due to their self-shading properties, to reduce the amount of heat absorbed by them. The maximum indoor air temperature can then be reduced, as shown by Ahmadreza K. Faghib et al. [10]. They studied the thermal performance of domed roofs to determine how they can help reduce maximum indoor air temperatures during hot seasons. The study’s results show that buildings with domed roofs perform better than those with flat roofs. In addition to architectural solutions, a building’s thermal performance can be improved through effective management of heat, moisture, and air exchange within the building.  
A building’s thermal and hygrometric performance depends largely on heat and moisture exchange between its walls and the environment. Modeling these transfers is an essential tool for predicting a building’s thermal behavior and guiding design choices. However, to ensure the reliability of these predictions, it is essential to validate the numerical models. Numerical models can be validated by comparing model results with experimental data. Experimental validation is the only validation method that allows for the closest approximation to reality.  
This study is part of that effort. It aims to validate a numerical model describing the coupled heat and moisture transfers in a rammed-earth building with a hemispherical dome roof. The model is compared with experimental measurements taken on-site to assess its ability to reproduce variations in temperature and relative humidity inside the building. The results, presented in the following sections, show good agreement between experimental and numerical data. This validation is a key step before the model can be used in parametric studies or predictive simulations.
Materials and Methods
             II.1. Experimental setup and measurement protocol
The experimental setup used in this study is identical to the one described in detail in [8] (Kaboré et al.) (Figure 1 and Figure 2). It is a bioclimatic building constructed using the Nubian vault construction technique combined with modern construction methods, incorporating modern materials such as cement, plastic sheeting, paint, etc. Local materials account for 90% of the construction, with modern materials making up the remaining 10%. The objective is to ensure the structural durability of the building. The walls are octagonal in shape, and the roof is domed (semi-hemispherical vault). The walls and domed roof are constructed with adobe bricks (made of clay and kenaf fibers). The interior volume of the dwelling is 20.66 m³, comprising 6.66 m³ for the interior space of the dome and 14 m³ for the interior space of the walls. Type K and J thermocouples were installed on the external and internal surfaces of the eight (08) walls, as well as at several points on the domed roof, to measure surface temperatures. To measure the external and internal ambient temperatures of the bioclimatic building, three Type J thermocouples are placed at a minimum height of 1.5 m above the floor. The various thermocouples are connected to a data acquisition module consisting of two data loggers: a “GRAPHEC Corporation” Midi-Logger GL220 with 10 channels and a “GRAPHEC Corporation” Midi-Logger GL840 with 20 channels.  The humidity of the external and internal environments is measured using two humidity sensors, which are self-contained and independent of one another, and placed at a minimum height of 1.5 m above the floor. The data loggers are configured according to the different types of thermocouples, Type K or Type J. The data loggers and humidity meters, set to 5-minute intervals, are started simultaneously to ensure that the various data points are recorded at the same time. At the end of the measurement period (from April 23, 2024, to May 5, 2024), the data is retrieved in CSV format using USB drives, then preprocessed in Excel, and finally processed using Origin Pro software.
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	Figure 1: View from the south side of the building 
	Figure 2: Views of the building from the north, northwest, and northeast



The thermophysical properties of the adobe bricks (clay + kenaf fibers) used to construct the walls and the domed roof were measured using a KD2-Pro device. The thermophysical properties obtained from the thermophysical characterization of the two types of clay bricks reinforced with kenaf fibers are listed in Table 1.
Table 1: Thermophysical Properties of Adobe Bricks
	
	
Thermal conductivity
	
Heat capacity
	Density



	Large-sized Adobe
	0,447
	791
	1923,08

	Small-sized Adobe
	0,416
	1169
	2073,58



The thermophysical properties of the adobe bricks (clay + kenaf fibers) used to construct the walls and the domed roof were measured using a KD2-Pro device. The thermophysical properties obtained from the thermophysical characterization of the two types of clay bricks reinforced with kenaf fibers are listed in Table 1. 

Table 2: Thermophysical properties of the materials used in the construction of the building
	
	
Thermal conductivity 
	Heat capacity


	Density



	Sand-cement plaster [6]
	0,87
	105
	2200

	Clay plaster [6]
	0,8
	2062,81
	1669,73

	Cement mortar [11]
	1,75
	663
	2100

	Bitumen for waterproofing [12]
	0,5 
	1000
	1700

	Single-pane glass [11]
	1,15
	1000
	840

	Tile [13]
	1,15
	700
	1800



             II.2. Numerical methodology: Modeling using COMSOL
          II.2.1. Geometric characteristics of the building
The housing model presented is a traditional-style 3D model inspired by Nubian domed dwellings and oriented north-south. The walls of the dwelling are rectangular in shape, and the roof is hemispherical (Figure 3). The interior air space is divided into two thermal zones to observe their mutual influence. The living space (the area bounded by the walls) is octagonal in shape with an area of 34.88 m², and the air space bounded by the roof is hemispherical in shape with an area of 22.93 m². There is no ceiling between the living space air zone and the roof air zone. The doors and windows are rectangular in shape, with respective areas of 1.47 m² and 0.33 m². The two windows are located on the northeast and northwest walls, respectively. The walls are 43 cm thick, and the domed roof is 19 cm thick. At the top of the roof (dome) is a cylindrical chimney that allows the heat stored in the dome to escape.
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	Figure 3 : 3D physical model of the building




          II.2.2. Module selection and coupling method used
The Solid Heat Transfer module is used to model heat transfer in walls, roofs, glazed walls, and floors. To model heat and moisture transfer in air, we used the Moist Air Heat Transfer module coupled with the Moist Air Moisture Transport module. The Laminar Air Flow module enables the modeling of airflow within the indoor environment. 
          II.2.3. Assumptions and simplifications
                               II.2.3.1. Simplifying assumptions in the heat transfer model for walls, roofs, doors, and windows
The mathematical equations used to model heat transfer in buildings are based on the following assumptions : 
· Air is homogeneous and transparent to radiation;
· The thermophysical properties of materials are assumed to be constant ;
· Convection is natural and unobstructed, and the flow is laminar;
· Materials are treated as gray bodies;
· The sky is considered a black body.  

                               II.2.3.2. Simplifying assumptions in the moisture transfer model for the indoor air zone of a building
The mathematical model to be used for modeling water transfer within the indoor air volume takes the following assumptions into account :
· The diffusion of water vapor into the air,
· The diffusion of water vapor through the building’s walls and roof, 
· Water vapor exchange between outdoor and indoor air is considered,
· Water vapor exchange between internal walls and the building’s interior environment is considered,
· [bookmark: _Hlk196549083]Condensation of water vapor on the surfaces of the building’s walls and roof is considered.

                               II.2.3.3. Simplifying assumptions regarding airflow in the building’s internal air zone
The following simplifying assumptions are used to model airflow within the building :
· The resulting flow is three-dimensional and laminar;
· Air is incompressible and Newtonian;
· 
The properties of air are constant; however, the Boussinesq approximation is applied. It states that the density (mass per unit volume of air) varies linearly with temperature : 
· 

where:  the constant value of air density and  the reference temperature. 
· Viscous forces are neglected due to their negligible effect on the volume of air
· 
The dynamic viscosity is constant and therefore independent of time t and spatial coordinates () 
[bookmark: _Toc194001257]          II.5.4. Detailed equations describing the various phenomena in the building
The simplifying assumptions applied to the basic equations governing the various phenomena in the test building yield the following detailed equations : 
          II.2.5. Detailed equations for heat transfer through the building envelope
The building envelope consists of walls (solid, non-transparent materials), windows (solid, transparent materials), a domed roof (solid, non-transparent material), and the lower floor (transparent material).
The heat transfer equation for building walls is given by equation (II.7) :

                  (II.7)
At the dome (roof), the heat transfer equation is given by equation (II.8) :

    (II.8)
For windows and doors, the heat transfer equation is given by equation (II.9) : 

       (II.9)
At the floor level, the heat transfer equation is given by equation (II.10) :

    (II.10)

          II.2.6. Detailed equations for heat transfer in the living space
The heat transfer equation in the air zone is given by the following equation :

                    (II.11)
          II.2.7. Detailed equation for airflow in the living area
Taking into account the simplifying assumptions, the motion of air is modeled by the following two equations (the equation of conservation of momentum and the equation of conservation of mass) : 
· Equation of mass conservation : 

                 (II.12)
· Equation of conservation of momentum : 
· 
According () : 

                (II.13)
· 
According () :

(II.14)
· 
According () :

(II.15)

With the intensity of gravity and  the expression of gravitational forces. 
          II.2.8. Detailed equation for moisture transfer in the building's air zone
The detailed equation describing moisture transfer within the indoor air volume is given by the following relationship : 

                           (II.16)
[bookmark: _Toc194001258]          II.2.9. Initial and boundary conditions
                                 II.2.9.1. Initial conditions
The initial conditions are shown in Table 3 : 
Table 3: Initial values entered
	Components
	Initial values

	Wall temperature
	310,5 K

	Indoor air temperature
	310,5 K

	Roof temperature
	310,5 K

	Terrace temperature
	310,5 K

	Relative humidity of indoor air
	38%

	Air velocity
	0 m/s

	Air pressure
	0 Pa



                                 II.2.9.2. Boundary conditions related to heat transfer
The exterior surfaces of the building are exposed to total solar radiation (diffuse, direct, and reflected), convection with the outside air, and external long-wavelength radiation :  Consequently, we will have : 
· [bookmark: _Hlk130329523]Exterior walls

(II.12)
· Exterior surface of the roof (dome)

                     (II.13)
· Exterior surface of the door and windows

                      (II.14)
The interior surfaces of the building envelope are exposed to long-wavelength radiation and convection with the indoor air :
· Interior wall surfaces

(II.15)
· Inner surface of the roof (dome)

                     (II.16)
· Interior surfaces of doors and windows

                      (II.17)
· Inner side of the floor 

                    (II.18)
The air space within the dwelling is subject to convective heat transfer with the interior surfaces of the building’s walls and to convective heat transfer between the outdoor and indoor environments :

   (II.19)
                                 II.2.9.3. Boundary conditions related to airflow
The air volume inside the bioclimatic building is in contact with the outside air through small openings created in the windows and door. These openings allow fresh air to enter the home. Another opening is created at the top of the dome that serves as the roof to allow stale air to escape. Thus, we have : 
· Around window and door openings (where indoor air comes into contact with outdoor air) : 


· At the opening located at the top of the dome (where the internal air comes into contact with the outside air) : 


                                 II.2.9.4. Boundary conditions related to moisture transfer
The indoor air in the home exchanges moisture with the inner surfaces of the walls and the domed roof. The bioclimatic building currently undergoing testing is modeled as an empty space; that is, the tests are conducted without accounting for occupants, furniture, laundry, etc. Additionally, the indoor air volume is subjected to moisture flow infiltrating through openings created at the windows and door. 
This yields the following limit condition : 

          (II.20)
where :
· 

· 

· 
        
· 
                      




Similarly, assuming that air diffusion within the dwelling is identical to that of still air, the surface water exchange coefficients () and ()  are calculated using the following equations :    

                                                                          (II.21)

                                                                           (II.22)


Where  the vapor permeability or water conductivity of air and  is the thermal conductivity of air. After calculation, we obtain: 

                                                                (II.23)

                                                                  (II.24)




where () et  () are the respective convective heat transfer coefficients between the indoor air and the inner surfaces of the walls, and between the indoor air and the inner surface of the domed roof. 

           II.10. Mesh and resolution 
The 3D physical model is meshed using free tetrahedrons, as shown in Figure 4. The overall geometry consists of 110,246 volume elements. 
	[image: ]
Figure 4 : Mesh of the 3D physical model




In this section, we define the simulation duration, the time step, and the relative tolerance. The selected solver is the time-step solver with a time step of 5 minutes and a simulation duration ranging from 24 to 48 hours. The relative tolerance obtained after several tests on the mesh is .
Results and Discussion 
The experimental data used for validation cover the period from April 30 to May 1, 2024, i.e., 48 hours. The validation will cover data on indoor temperatures within the dwelling and the dome, temperatures on the inner and outer surfaces of the northwest and west walls, and temperatures at two points located on the inner and outer west sides of the dome, respectively.
             III.1. Comparison of experimental and numerical results
Figure 5 shows the variations in experimental and theoretical temperatures of the building’s interior environments from April 30, 2024, to May 1, 2024. The experimental and theoretical temperatures of the living space and those of the dome follow the same profiles ; however, we observe slight discrepancies. These discrepancies can be explained by the thermophysical properties of certain building materials, which are considered constant ; by the correlations used to calculate convective coefficients and solar flux reaching the vertical walls; and by the assumption of a constant average velocity for calculating the heat flux exchanged between the indoor and outdoor environments. Furthermore, the unstable weather conditions encountered during the experiment may also explain these discrepancies. The differences between the measured and simulated temperature values for the interior of the dwelling and that of the dome fall within the range of ±1°C. 
	

(a)
	

(b)

	Figure 5: Variation in experimental and theoretical temperatures of the interior environments of the dwelling



The theoretical and experimental temperatures of the outer and inner surfaces of the northwest wall are shown in Figure 6. We observe that the simulated and experimental temperatures follow the same trend; however, there is a discrepancy throughout the day between the simulated and measured temperatures of the outer surface of the northwest wall. This discrepancy is observed between 6 a.m. and 4 p.m. (April 30) for the simulated and measured temperatures of the exterior surface of the northwest wall. This discrepancy could be explained by the difficulty of accurately modeling the solar fluxes intercepted by the building’s exterior surfaces. The slight discrepancies observed between measured and calculated temperatures on the interior surface of the northwest wall could be explained by uncertainties associated with temperature measurement. The maximum residuals are 6°C for the temperature of the exterior surface of the northwest wall, compared to 0.6°C for that of the interior surface of the northwest wall. 

	

(a)
	

(b)

	Figure 6 : Hourly variation in experimental and theoretical temperatures of the interior and exterior surfaces of the building’s northwest wall



Figure 7 shows the experimental and simulated temperature profiles for the exterior and interior surfaces of the west wall of the bioclimatic building. We observe that the theoretical and measured temperature curves follow the same trend. The calculated temperatures are slightly overestimated compared to the measured temperatures. The deviations range from -5°C to 2°C for the exterior surface and from -0.6°C to 0.2°C for the interior surface. The discrepancies observed between the calculated and measured temperatures could be explained by the thermophysical properties of the materials, which are assumed to be constant, as well as by uncertainties associated with the measurement of the various temperatures. It should also be noted that the difficulty of modeling solar fluxes intercepted by the external surfaces can lead to discrepancies between measured and simulated temperatures. 
	

(a)
	

(b)

	Figure 7: Variation in experimental and theoretical temperatures on the outer and inner surfaces of the west wall



Figure 8 shows the theoretical and experimental temperatures, respectively, of two points (one internal and one external) located on the west side of the dome (roof). We observe that the curves for the theoretical and measured temperatures evolve in a similar manner. The calculation of the residuals shows that the residuals for the external and internal points are between -6°C and 2°C, and between -2.1°C and 0.1°C, respectively. The simulated temperatures at the western points on the internal and external faces of the dome are slightly higher than the measured temperatures. The observed discrepancies could be explained by the same reasons given for the discrepancies observed between the simulated and measured temperatures of the outer and inner surfaces of the west and northwest walls..  

	

(a)
	

(b)

	[bookmark: _Toc194060609]Figure 8 : Hourly variation in experimental and theoretical temperatures at the western outer points (r=1,8m ; theta=45° ; phi=90°) and the western interior (r=1,55m ; theta=45° ; phi=90°) of the dome



             III.2. Validation indicators 
To verify this ability to simulate various physical phenomena in a bioclimatic building, we analyze three statistical indicators recommended by the ASHRAE 2002, ASHRAE 2009, and ASHRAE 2014 guidelines [14]. These are the Normalized Mean Bias Error (NMBE), the Coefficient of Variation of Root Mean Square Error (CVRMSE), and the coefficient of determination R².  The corresponding English terms for the NMBE and CVRMSE indicators are, respectively, NMBE (Normal Mean Bias Error) and CVRMSE (Coefficient of Variation of Root Mean Square Error). The NMBE allows for the normalization of the mean error between simulated values. A low NMBE value indicates that the errors are acceptable. The NMBE does not provide an indication of the model’s variability; therefore, ASHRAE Guideline 14 suggests not using it alone but combining it with the CVRMSE. The CVRMSE is an indicator used to measure the variability of errors between measured and simulated data. It provides an indication of the model’s ability to predict physical phenomena within the building. To validate a model, ASHRAE Standard 14 [15] specifies the maximum allowable limits for NMBE and CVRMSE (Table 4).
Table 4: Validation criteria [15]
	
	Time criteria
	Monthly criteria

	NMBE (%)
	±10
	±5

	CVRMSE (%)
	30
	15





The coefficient of determination  is a measure that indicates the degree to which simulated data align with the regression line of the experimental data. Its value ranges from 0 to 1. It is a commonly used indicator for model validation, and a model’s uncertainties are considered acceptable if its value exceeds 0.75 [15]. The expressions for calculating the NMBE, CVRMSE, and  are given by equations (VI.1), (VI.2), and (VI.3), respectively. 

                              (V.1)

          (V.2)

                                        (V.3)




  represents the temperature measured at rank i,   is the temperature calculated by our model at rank i ;  represents the mean value of the experimental data, is the number of values considered, and   is a natural number between 1 and n.
Analysis of the statistical indicators (Table 5) shows that the simulated data are slightly overestimated, as evidenced by the negative values of the NMBE indicator. Despite these slight overestimations, all three statistical indicators comply with the limits set forth in ASHRAE Standard 14 (ASHRAE 2002). The R² values are greater than 75%, the NMBE values are less than 10%, and the CVRMSE values are less than 30%. We can therefore validate our numerical model and conclude that it can be used to better represent the physical phenomena interacting within the building.  
Table 5: Statistical Indicators 
	
	NMBE (%)
	CVRMSE (%)
	R2 (%)

	Tain_habitat
	-1,05
	1,48
	84

	Tain_dôme
	-1,25
	1,51
	96

	TmNOex
	-1,85
	5
	86

	TmNOin
	0,3
	0,75
	93

	TmOex
	-2,18
	3,68
	96

	TmOin
	-0,43
	0,78
	92

	TdOex
	-5 ,63
	7,42
	95

	TdOin
	-2,67
	3,27
	76


 
Conclusion 
This study aimed to experimentally validate a numerical model developed using COMSOL Multiphysics software. A comparison of simulated and measured temperatures for several external and internal surfaces of the building, as well as for the air within the interior spaces of the dwelling and the dome, shows good agreement between the simulated and measured temperatures, despite slight overestimations of the temperatures calculated by the model. Analysis of the validation metrics proposed in ASHRAE Standard 14 shows that the NMBE values range from -5.63% to 0.3%, the CVRMSE from 0.75% to 7.42%, and R² from 76% to 96%. These values comply with the limits proposed in ASHRAE Guideline 14 and demonstrate that the model can be used to reliably simulate internal and external thermal variations in the building while highlighting the effects of the thermal inertia of the building’s walls. The proposed model could be improved if the following considerations are taken into account for future work : 
· Measuring the solar radiation intercepted by the building’s exterior walls, which must be used as boundary conditions, 
· Improving the roof geometry by creating openings that will allow for proper air circulation within the home’s interior air volume,
· Accounting for the coupling of moisture and heat transfer in the building’s earthen walls, 
· Improvement of the airflow model by incorporating more precise boundary conditions regarding outdoor airflow, as well as the effects of turbulence, in order to refine predictions of natural ventilation. 
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