


Numerical study of effect of kenaf fiber content and size on the thermal inertia of adobe walls


Abstract 
This study aims to impact of adding kenaf fibers on the thermal performance of adobes. In a context of increasing research into sustainable, energy-efficient construction alternatives, adobes, raw earth bricks, are often considered. However, their thermal properties can be improved, hence our interest in exploring the use of plant fibers, such as kenaf, as reinforcement in the composition of adobes. Using a numerical model, we simulated the thermal behavior of these innovative materials. The simulation results were compared with those of the literature, and a maximum relative deviation of 2.3 % was obtained in the temperature at the outer surface. This highlights the accuracy and reliability of the numerical code used.  The results indicate that the addition of the fibers results in a reduction and time shift of the peak flux densities at the outlet face of the adobe walls. A reduction of over 90 % in peak flux densities at the inner surface of the walls was achieved with 0.8 % kenaf fibers. This contributes significantly to reducing the temperature at the inner face of the walls, resulting in a reduction in the damping factor and an increase in the time lag with fiber size and content. This study thus demonstrates the potential of kenaf fiber-reinforced adobes as sustainable, energy-efficient building materials.
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Nomenclature 
	
	:
	Thermal diffusivity
	m2/s

	
	:
	Specific thermal capacity
	J/(kg.K)

	
	:
	Thermal effusivity
	J/s1/2.m-2.K-1

	
	
	Time step
	s

	
	:
	Wall thickness
	

	
	:
	Decrement factor
	-

	
	:
	Stored heat flux
	W/m2

	
	:
	Outside surface heat flux
	W/m2

	
	:
	Inside surface heat flux
	W/m2

	
	:
	Outside surface convective heat transfer coefficient
	W/(m2.K)

	
	
	Inside surface convective heat transfer coefficient
	W/(m2.K)

	
	:
	Outside surface heat transfer coefficient
	W/(m2.K)

	
	:
	Inside surface heat transfer coefficient
	W/(m2.K)

	
	:
	Outside surface radiative heat transfer coefficient
	W/(m2.K)

	
	:
	Inside surface radiative heat transfer coefficient
	W/(m2.K)

	N
	:
	Number of spatial steps
	-

	RD
	
	Relative deviation
	%

	
	:
	Time
	

	
	:
	Outside air temperature
	°C

	
	:
	Inside air temperature
	°C

	
	:
	Sol-air temperature 
	°C

	
	:
	Outside surface temperature
	°C

	
	:
	Inside surface temperature
	°C

	
	:
	Temperature at time  t wall position
	°C

	
	:
	Daily average wind speed
	

	
	:
	Position
	

	Greek letters

	
	:
	Solar absorptivity
	-

	
	:
	Time lag
	

	
	:
	Thermal conductivity
	W/(m.K)

	
	:
	Density
	kg/m3

	
	:
	Solar heat flux density
	W/m2



1. Introduction
A building's envelope is its external structure. It is a combination of opaque and transparent walls, roof, floor and foundation, acting together to provide a healthy and pleasant living environment for human beings [1]. It acts as a thermal filter, creating and maintaining an interior microclimate independent of external weather fluctuations [2]. As such, its design requires the best possible knowledge of the thermal behavior of materials and structures, as well as of the physical phenomena that act on them. The study of the thermal behavior of a building material is carried out either in a stationary thermal regime or in a dynamic thermal regime, which is the situation encountered in tropical climates such as Burkina Faso, where very high outside temperatures impact the energy efficiency of building envelope walls.
Moreover, in the current environmental context, where global warming is a major concern, energy needs are becoming increasingly exacerbated, especially for Sahelian countries like Burkina Faso. Indeed, according to a study by Ouedraogo et al, (2012)[3], climate change is having a profound effect on building cooling load requirements. The authors estimate that if nothing is done between now and 2080, air conditioning load requirements will increase by 99 % compared to the current situation in Burkina Faso. With this in mind, building experts are promoting the use of ecologically sound, highly energy-efficient materials in the construction sector in place of modern materials such as cementitious materials, which are responsible for up to 10 % of greenhouse gas emissions and also have high thermal conductivity [4, 5]. Alternative materials include earthen materials. Earthen materials are known to have good thermal inertia and do not emit greenhouse gases. However, because of their high sensitivity to water, earth materials such as adobes have very poor mechanical properties and durability, especially in the presence of moisture. These materials are therefore blended with other raw materials such as fibers to improve their mechanical performance. In addition to improving mechanical properties, the addition of fibers also reduces the thermal conductivity of bricks.
Many studies have focused on the effect of natural fibers on the mechanical and thermophysical properties of adobes. Among these fibers, we find kenaf fibers[6, 7], rice husks, fonio husks, sugarcane bagasse, cow mud [8-12]. The results obtained with kenaf fibers are generally the best, which motivates us to choose them as reinforcement. Most studies on the effect of kenaf fibers on the thermal performance of adobes have been limited to the experimental determination of thermophysical properties. However, if this material is to be used in construction, we need to know how it performs under dynamic conditions. Such knowledge will enable us to carry out a reliable analysis of its dynamic behavior.  This is our main objective.

2. Thermal performance analysis methodology
2.1. Description physical wall model
In this section, we consider a homogeneous vertical wall with a thickness of 15 cm (figure 1). The external and internal surfaces of the wall are subject to radiative and convective heat exchange. The inside air temperature is assumed to be constant, while the outside air temperature and solar flux are assumed to be variable. Figure 1 shows the physical wall.
[image: ]
[bookmark: _Ref174003645][bookmark: _Toc177064302]Figure 1: Physical wall model
The thermophysical properties of the wall materials are shown in table 1. These properties were determined experimentally by Serebe et al.,(2024)[13].
[bookmark: _Ref174004582][bookmark: _Toc177064344]Table 1 : Thermophysical properties of adobes[13]
	Size of kenaf fibers [cm]
	Kenaf  fibers content [%]
	Nomenclature of adobes
	Density σ [kg/m3]
	Thermal conductivity λ [W/m/°C]
	Specific thermal capacity Cp [J/kg/°C]

	0
	0
	AK0
	1700
	0.93
	898

	2
	0.2
	AK0.2L2
	1623
	0.81
	1052

	
	0.4
	AK0.4L2
	1597
	0.76
	1143

	
	0.6
	AK0.6L2
	1587
	0.71
	1085

	
	0.8
	AK0.8L2
	1583
	0.47
	1155

	3
	0.2
	AK0.2L3
	1643
	0.80
	1029

	
	0.4
	AK0.4L3
	1623
	0.75
	1100

	
	0.6
	AK0.6L3
	1593
	0.62
	1122

	
	0.8
	AK0.8L3
	1547
	0.44
	1204



[bookmark: _Toc177134418]2.2. Assumptions

For the formulation of our mathematical model, the following assumptions were considered:
· The thermophysical properties of the materials used are assumed to be constant;
· Heat transfer is assumed to be unidirectional and perpendicular to the wall;
· Internal heat sources are neglected;
· Contact resistances between the brick layers are considered negligible compared to those of the materials.

2.3. Mathematical model

· For 
The expression of the heat transfer equation in the wall is given by the following relationship (relation (1)):  
	
	(1)



  correspond respectively to the density and specific thermal capacity of wall’s materials.  is its thermal conductivity.  [°C] is the temperature of wall at positionat the time. 
At , the temperature at the position x of wall is considered constant.
	
	(2)



· For 
	
	(3)



 [W/m2/°K], corresponds to outside surface heat transfer coefficient.    is the outside equivalent temperature. It’s defined according Mazzeo et al., (2016)[14] :
	
	(4)



[W/m2] is the solar heat flux.  and  [°C] correspond respectively to the outside air temperature and the temperature of sky. According standart ISO 13790,  based on Tae [15] . The relation (5) gives its expression for tropic areas:
	
	(5)



 correspond au coefficient d’absorption solaire de la paroi [16].
 and  [W/m2/°K] are outside thermal convective and radiative coefficients. The formula of Mc Adams enables us to evaluate  [17] :
	
	(6)



 is the wind speed in [m/s].  are McAdams correlation coefficients. A constant value of  equal to 4,84 W/m2/°K was used according to the European Passive Solar Handbook [18]. 
The heat flux solar and the outside air temperature  correspond to the 2017 meteorological data for the city of Ouagadougou. The hourly data of the hottest and sunniest day (March 17) were considered for the simulation needs. On this day, the average wind speed was 3.78 m/s. Thus, in our study, a value of 20.75 W/m2/°K was used for . 
· For
At the inner surface, we have:
	
	(8)



 [°C], corresponds to the indoor air temperature. We supposed that an air conditioner has been used with a control temperature equal to 26 ° C. So  is assumed to be constant and equal to 26 °C. According to a study conducted by Malbila et al. (2022) [19], this temperature is perceived as comfortable, particularly in hot climate regions such as Ouagadougou, where outdoor temperatures can exceed 40 °C.  +  corresponds to the overall internal heat transfer coefficient of the wall. 
The system of equations formed by equations (1)-(8) was solved using the implicit finite difference method. This method involves transforming the system of equations into a discrete matrix relation obtained by applying the Taylor series approximation to the spatial and temporal derivatives. The numerical matrix system, resulting from this transformation, is solved using a numerical code based on matrix functions. MATLAB was used for our simulations, and the numerical data obtained were processed in OriginPro. In our numerical code, a number of 100 spatial steps was considered regardless of the wall thickness. For each time interval [​, ], a time step of  was used to discretize it into a time vector. For a given time  within the interval [​, ] , the linear matrix system is then solved at each time step to obtain the temperature distribution within the wall, while considering the temperature distribution  as the new initial condition. The convergence criterion defined in equation (9) was adopted to verify the convergence of the numerical code:
	
	(9)



Where  corresponds to the temperature at position of the wall at time  and  is the temperature at time .
When the convergence criterion is satisfied, the value of is assigned to , otherwise, the time step is divided by 10, and the calculation of is restarted.

2.4. Validation study
A validation study of our numerical model was conducted. This study consists of comparing the results of our model with those obtained by Jin et al. (2012)[20] in their study.
For this purpose, a homogeneous wall with thermophysical properties defined in the study by Jin et al. (2012)[20] was considered. The boundary conditions used in their work were also adopted. To assess the reliability of our numerical code, the absolute relative deviation (RD), defined in equation (10), gives the difference between the results of our simulations and those reported by Jin et al. was calculated. This parameter served as a validation indicator.
This indicator was evaluated for two simulation data points: the temperatures at the exterior surface (Twe) and the interior surface (Twi):

	
	(10)



Where  and  correspond to the simulated temperatures ;  and  correspond to those obtained in [20]. and  represent the absolute relative deviations associated with the different temperatures, expressed in [%].
The obtained results are presented in figures 2 and 3.
[image: ]
Figure 2: Comparison of Simulation Results with Those O btained by Jin et al. (2012) [20]
Figure 2 compares the simulation results of the temperatures at the external and internal surfaces of the wall with those from the literature. The comparison shows a small discrepancy between the simulation results and the literature values, especially at the external surface. In percentage terms, maximum deviations of 0.5 % and 2.3 % were obtained for Twi and Twe, respectively (Figure 3). These both values are below the acceptability threshold suggested by Kleijnen et al. (1987) [21]. These acceptable maximum deviations can be explained by the fact that the spatial discretization methods and the solution algorithm used in the two numerical codes differ. Indeed, in the study conducted by Jin et al.,  (2012)[20], the central difference method was used for spatial discretization, and the Thomas algorithm was applied for solving the system. These acceptable deviation values highlight the reliability of the numerical code developed in our study.

[image: ]
Figure 3: Absolute relative deviations (RD)

[bookmark: _Toc177134425]2.5. Evaluation of dynamic thermal performances of walls
Based on the study by Vincenzo et al. (2016) [22]  the knowledge of  and  allows for the determination of the thermal parameters characterizing the dynamic thermal performance of our opaque walls, particularly the time lag and the dumping factor . These two parameters are defined with respect to external conditions and also with respect to temperatures through the following relations (11) and (12) :
	
	(11)



	
	(12)




3. Results and discussion
3.1. Profiles of incoming, outgoing, and stored heat flux densities by the wall
The profiles of incoming (Fwe), outgoing (Fwi), and stored (Fst) heat flux densities for non-insulated walls are presented in this section. A thickness of 15 cm was used for the simulation, and the results are shown in figures 4, 5, and 6.
Figures 4a and 4b compare the profiles of incoming heat flux densities for stabilized adobes with 2 cm and 3 cm long kenaf fibers, respectively. 
[image: ]
[bookmark: _Ref175562960][bookmark: _Toc177064307]Figure 4: Profiles of incoming heat flux densities: (a) Stabilized adobes with 2 cm fibers and (b) Stabilized adobes with 3 cm fibers

From this comparison, it appears that the heat flux densities at the outer surface of the different walls show both positive and negative values. Indeed, during the time interval between 7 AM and 6 PM, the incoming flux is positive. During this period, heat transfer occurs from the outside to the inside, due to the presence of solar radiation. During the rest of the time, when solar fluctuations are null or nearly null, the flux density shows negative values, highlighting the dissipation of heat from the inner surface of the wall to the outside. Compared to non-stabilized adobes, stabilized adobes exhibit slightly lower peaks in incoming flux density due to their lower thermal conductivities. Similarly, the higher the kenaf fiber content, the lower the peak of incoming flux density in the wall.
Figures 5a and 5b compare the profiles of outgoing flux densities for stabilized adobes with 2 cm and 3 cm kenaf fibers, respectively.
[image: ]
[bookmark: _Ref175562963][bookmark: _Toc177064308]Figure 5: Profiles of outgoing heat flux densities: (a) Stabilized adobes with 2 cm fibers and (b) Stabilized adobes with 3 cm fibers
From these curves, we observe that the heat flux densities at the inner surface of the different walls show positive values, highlighting a one-way heat transfer from the inner surface of the walls to the interior environment. The profiles of 𝐹𝑤𝑖 indicate an increase in the flux between 8 AM and 7 PM. Compared to the incoming flux densities, the outgoing flux densities have lower peaks and reduced fluctuation amplitudes. This reflects a damping of the variation amplitude of the flux densities as it transitions through the wall. The higher the fiber content in the material, the greater the damping. In the case of non-stabilized adobes, the fluctuation amplitude of the flux density, from the outer surface to the inner surface, decreases from 146 W/m² to 35 W/m², representing a 76 % reduction. When 0.8 % of kenaf fibers are added, the variation amplitude of the flux density changes from 123 W/m² to 12 W/m² and from 120 W/m² to 10.4 W/m² for fiber sizes of 2 cm and 3 cm, respectively. This represents a 90.24 % reduction for the 2 cm fibers and a 91.33 % reduction for the 3 cm fibers. This also highlights the impact of fiber size on the ability of adobes to dampen fluctuations in flux density. Furthermore, the profiles of the outgoing flux densities show a thermal phase shift, with the peaks occurring at later times compared to the peaks of the incoming flux density. The results from the analysis of Figures 4 and 5 indicate an improvement in the thermal inertial behavior of the adobes with the addition of kenaf fibers to the clay matrix. Such improvements are due to the reduction in thermal conductivity of the adobes with fiber addition, as reported by Serebe et al., (2024)[13].  
Figures 6a and 6b show the stored flux densities within the different walls.
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[bookmark: _Ref175562966][bookmark: _Toc177064309]Figure 6: Profiles of store heat flux densities: (a) Stabilized adobes with 2 cm fibers and (b) Stabilized adobes with 3 cm fibers
The profiles of stored flux densities within the wall are almost identical to those of the incoming flux, except during the period when heat is dissipated to the outside through the wall, where the stored flux density is zero. Indeed, the observation of the stored flux density profiles reveals that heat storage within the wall occurs during the period between 6 AM and 4 PM. During this storage period, the stored flux densities increase from 6 AM to 12 PM, then decrease and eventually cancel out for a given adobe formulation. The period when the flux is zero corresponds to the time when heat is dissipated within the wall to the outer and inner surfaces.
Moreover, the profiles of the stored flux density indicate a slight increase in the peaks of Fst with the increase in fiber content up to 0.4  %, followed by a decrease beyond this content. The variations in the peaks of Fst​ as a function of fiber content are linked to those of Fwe​ and Fwi​. Indeed, as we can observe from figures 4 and 5, the profiles of Fwe​ obtained for adobes with fiber contents less than 0.4 % are similar, while beyond this content, a significant decrease is observed. This is not the case for the evolution of the Fwi profiles, where a significant decrease is observed when the content increases from 0 % to 0.8 %. 
Thus, the variation of Fwe​ and the sharp decrease of Fwi​ at fiber contents below 0.4 % lead to an increase in Fst with fiber content up to 0.4 %, while the decrease in Fst​ beyond 0.4 % is explained by the significant simultaneous decreases in both Fwe and Fwi.

3.2. Profiles of temperatures at the external and internal surfaces of the wall.
The evolution of the temperature at the external and internal surfaces of 15 cm thick, non-insulated walls is analyzed in this section. The simulation results are presented in Figures 7 and 8.
Figures 7a and 7b show the temperature at the external surface of the wall.
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[bookmark: _Ref175571588][bookmark: _Toc177064310]Figure 7: Profiles of temperature at the external surface of the walls: (a) Stabilized adobes with 2 cm fibers and (b) Stabilized adobes with 3 cm fibers
The observation of these curves indicates an increase in temperature at the external surface from 6 AM to 2 PM, followed by a decrease. This increase in temperature at the external surface is linked to the rise in outdoor air temperature and the absorbed solar radiation. Values of Twe​ higher than those of Tae​ (outdoor air temperature) are related to the effect of solar absorption at the external surface of the wall. Indeed, a study by Vijayan et al. (2022) [23]; showed that solar absorption directly increases the temperature of the external surface. This can reach very high levels, especially in summer and in hot climates. For a given fiber length, we observe that the peaks of Twe​ are higher with formulations containing higher fiber content. Indeed, the more resistant materials tend to oppose the penetration of the thermal wave. This results in a decrease in the heat flux density Fwe. However, a greater opposition to the penetration of the thermal wave would lead to heat concentration at the external interface of the wall, hence the increase in temperature [23]. 
Figures 8a and 8b show the evolution of the temperature at the internal surface Twi of walls.
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[bookmark: _Ref175571591][bookmark: _Toc177064311]Figure 8: Profiles of temperature at the internal surface of the walls: (a) Stabilized adobes with 2 cm fibers and (b) Stabilized adobes with 3 cm fibers.
The profiles of Twi​ show a similar evolution to that of Twe​. Indeed, we observe an increase in Twi​ from 8 AM to around 6 PM. Similarly to the observations made at the level of Fwi​, there is a damping of the amplitudes and a time shift of the peak of Twi​ relative to that of Twe​.
Furthermore, we observe a decrease in the fluctuation amplitude of Twi​ and an increase in the time shift of Twi​ with the addition of fibers. The decrease in Twi​ with the addition of fibers highlights the effectiveness of kenaf fiber addition in the passive cooling of buildings. Such results were obtained by Charai et al. (2020)[24] who evaluated the thermal impact of wood shavings content on earthen building envelopes.

3.3. Effect of kenaf fibers on the thermal inertial performance
The previous results indicate an influence of the addition of kenaf fibers on the dynamic thermal performance of adobe. This motivates us to study, in this section, the effect of kenaf fibers on the damping factor (f) and the thermal phase shift (∆t).
Figures 9a and 9b compare, respectively, the dynamic thermal resistance, the damping factor, and the thermal phase shift of the different walls.
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[bookmark: _Ref175665375][bookmark: _Toc177064312][bookmark: _GoBack]Figure 9: Effect of kenaf fibers on : (a) ldumpinf factor and (b) time lags of adobes
The addition of kenaf fibers leads to a decrease in the damping factor and an increase in the thermal phase shift of the adobes. Indeed, the damping factor decreases with the fiber content and size. When the content increases from 0 % to 0.8 %, the damping factor decreases from 0.35 to 0.17 and from 0.35 to 0.14 for fibers of 2 cm and 3 cm, respectively, corresponding to a decrease of 51.4 % and 60 % for the two fiber sizes. These observations highlight the effect of the fiber content and size on the damping factors of adobe. However, for higher contents, the difference between the damping factors becomes quite significant for both fiber sizes.
As for the thermal phase shift, an increase is observed with both the fiber content and size. When the fiber content increases from 0 % to 0.8 %, the thermal phase shift increases from 2.19 to 4.24 hours and from 2.19 to 4.5 hours for fibers of 2 cm and 3 cm, respectively, which corresponds to an increase of 48.34 % and 51.33 % for the two fiber sizes. However, a slight decrease is observed for the adobes stabilized with 0.6 % kenaf fibers of 2 cm. This decrease at 0.6% is attributed to a reduction in the specific heat of the adobes caused by the heterogeneity induced by the fiber addition. Indeed, the evolution of the thermal phase shift with fiber content for different fiber sizes is similar to that of the specific heat observed in the results presented by Serebe et al. (2024) [13].
In general, the addition of kenaf fibers in the clay matrix improves the dynamic thermal performance of the adobe. This improvement is due to the decrease in thermal conductivity and the increase in thermal capacity induced by the fibers. These results are similar to those found by Saidi et al. (2016) regarding the effect of stabilizing compressed earth bricks (CEB) on the internal surface temperature of the wall [25]. The authors found that adding paper to the CEB reduced its maximum temperature by 0.2°C and increased the thermal phase shift by one hour. The work of Mellaikhafi et al. (2021)[26] indicates a maximum reduction of about 46% in thermal flux through walls containing pennate leaf fibers. Moreover, the thermal phase shift and the flux reduction factor improve, ensuring better energy efficiency. According to some authors, such good thermal performance is related to their low thermal conductivity [20, 27, 28]. 

4. Conclusion
This study presents the effect of kenaf fiber content and size on the dynamic thermal performance of adobe. A physical model of a homogeneous wall made of adobe and a numerical simulation model based on the implicit finite difference method were considered. After analyzing the simulation data, the following results were obtained:
· The validation results show a maximum relative deviation of 2.3 % for the temperature at the external surface of the wall, highlighting the accuracy and reliability of the obtained numerical code;
· The addition of fibers leads to a reduction and temporal shift of the peak flux densities at the outer face of the adobe walls;
· This greatly contributes to reducing the temperature at the inner face of the walls, leading to a reduction in the damping factor and an increase in the thermal phase shift with fiber size and content.
Thus, based on the results obtained, the vegetative stabilization of adobes with kenaf fibers could passively contribute to energy savings. However, considering the sensitivity of earth-based materials to water, it would be desirable to examine the effect of moisture on the dynamic thermal performance of these adobes. This could contribute to investigating the hygrothermal comfort of a building made from these adobes. 
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