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Abstract

:

Building envelopes are constantly subjected to temperature and moisture gradients. This loading induces a complex response, particularly for highly hygroscopic insulating materials. Latent effects can no longer be neglected for these materials in which heat and moisture transfers are strongly coupled. The purpose of this article is to analyze the behavior of a wood fiber insulation subjected to non-isothermal loading under a vapor concentration gradient. An experimental setup and a mathematical model of hygrothermal transfer were developed to analyze the behavior of the wall. The mathematical model describes the main physical phenomena involved, notably water vapor adsorption and the dependence of thermophysical properties in state variables. The experimental setup developed allows studying a wall under controlled conditions. The temperature and relative humidity profiles within the wall were measured. The evolution of the profiles with time suggests that the adsorption of the water vapor occurs together with the redistribution of liquid water within the envelope. The comparison of the experimental results with the numerical model shows good agreement although the prediction can be improved during the transient phase. The comparisons of these results with a purely diffusive thermal transfer model show the limits of the latter and permit quantifying the latent effects on the total heat transfer.
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1. Introduction


The construction sector represents a considerable source of energy saving and greenhouse gas reduction [1]. Thermal regulation is constantly evolving and increasingly reduces energy consumption [2]. Therefore, a type of building is emerging characterized by strong thermal insulation intended to limit losses through the envelope. Under these conditions, large heat fluxes by conduction are considerably reduced but it is no longer possible, to neglect latent effects, especially for strongly hygroscopic materials. Furthermore, we are witnessing renewed interest in low-energy impact materials and especially for plant-based materials such as wood and its derivatives whose strongly hygroscopic nature is known. This interest can also be explained by the moisture buffer effect of this type of material on the hygrothermal behavior of buildings [3,4,5].



The literature includes several analyses of the behavior of plant-based materials, assemblies, and structures which propose experimental data to validate numerical models of Heat, Air and Moisture (HAM) transfer. Roels et al. [6] studied the response of several assemblies composed of wood wool cement board. Experimental results focused on water content discussion. They showed that the theory of Philip and de Vries [7] gave satisfactory results for simulating wetting–drying. Talukdar et al. [8,9] presented a very complete study on a dataset for benchmarking 1D transient heat and moisture transfer models of spruce plywood and cellulose insulation in two parts. The first presented their experimental setup and its calibration, while the second presented experimental, numerical, and analytical results that could be used for benchmarking. Teasdale-St-Hilaire et al. [10] focused on wood-frame wall assemblies wetted by simulated wind-driven rain infiltration. The analysis mainly dealt with the distribution of water content in the wood during drying. Li et al. [11] presented extensive data from a laboratory experimental program in which full-scale wall panels were used for model validation. The latter focused only on water content in a 2D configuration. Piot et al. [12] developed an experimental wooden frame house to provide data for the validation of numerical models for whole building heat, air, and moisture transport. They highlighted the importance of temperature-driven moisture diffusion in the case of exterior hygroscopic paneling. Desta et al. [13] presented experimental data on heat, air, and moisture transfer through a full-scale lightweight building envelope wall under real atmospheric boundary conditions. It was found that if the walls were sufficiently airtight the amount of accumulated moisture in the winter season was limited and dried out in the summer for the given configuration. For the same wall type, Langmans et al. [14] performed exeprimental and numerical study to analyse the hygrothermal consequences of using an exterior air barrier. They highlighted buoyancy effects for high walls (above 2 m). Rafidiarison et al. [15] presented a dataset for validating 1D heat and mass transfer models within building walls with hygroscopic materials. They showed that moisture accumulation was observed in the layer close to the plaster for the wall without Oriented Strand Board (OSB). Latif et al. [16] carried out an in situ experiment on a full-scale timber frame test building to study the hygrothermal performance of wood-hemp composite insulation in timber frame wall panels with and without a vapor barrier. They observed a very low impact on the U-value for the stresses studied.



In the present article, in addition to study the evolution of the water content in a strongly hygroscopic material and proposing data to validate transfer models, we propose a detailed analysis of latent effects in a wood fiber insulation material subjected to non-isothermal conditions under a vapor concentration gradient through experiments and numerical modeling. For the experiment, we opted for a test under laboratory conditions on a wall at intermediate scale between the material-scale and full-scale experiments. The objective is to integrate heterogeneities exceeding the size of samples for the experiments at the material-scale, limiting edge effects and overcoming difficulties of implementation and interpretation linked to full-scale experiments under real conditions. Numerically, we opted for a fine-scale model with heat and moisture (HM) coupling and a purely diffusive thermal transfer model in order to compare them with the experimental observations and to calculate the latent effects and their importance. This work was performed in the framework of the ANR HYGRO-BAT project [17] which aims to propose a methodology to improve hygrothermal design for buildings and was completed in the framework of the COOPER-CEMIRA project intended to estimate the latent effects in very hygroscopic materials.




2. Materials and Methods


2.1. Material


The biosourced material studied in this article is a wood fiber insulation. It can be used for the thermal insulation of different parts of a building (floor/wall, internal/external insulation, etc.). It takes the form of rigid panels to facilitate its assembly on the building site. It also has good phonic insulation properties regarding impact and airborne noises. Its hygrothermal characteristics result from the synthesis of contributions from different laboratories achieved in the framework of the HYGRO-BAT project [17,18]. Several experimental approaches were compared and concluded on reliable values for properties for which the variances observed were quite admissible in view of the uncertainties found for the measures performed. For example, the water vapor adsorption isotherm presented in Figure 1 and Table 1 is the synthesis of results obtained from three different methods: gravimetric (standard EN ISO 12571 [19]), volumetric, and dynamic. Table 2 summarizes the main hygrothermal properties of the material studied.



This material has a high moisture storage capacity with thermal conductivity strongly dependent on water content and temperature. This can lead to variations of 12% in the hygroscopic domain, contrary to only slightly hygroscopic materials such as concrete [20]. In addition, this material has a mean vapor resistance coefficient of 2.73 which indicates that water vapor crosses this material easily.



These hygrothermal properties are the inputs of our heat and moisture transfer model for which any attempt at identification is ruled out when comparing the experimental measures.




2.2. Experimental Setup


The experimental setup proposed permits studying the behavior of a multilayer wall of 1 m2 under different hygrothermal loadings [21,22]. It is designed to provide experimental observations in order to:




	
Better understand the hygrothermal phenomena involved during the transfer.



	
Obtain sufficient data to validate or build predictive Heat, Air and Moisture transfer models.



	
Characterize transport properties at the wall scale.








To achieve this, the wall studied was placed between two compartments with a volume of 0.5×1×1 m3 whose role was to maintain the desired thermal and moisture loadings (see Figure 2). The humidity of compartment 1 was regulated using a Saturated Salt Solution (SSS), while its temperature was regulated by fluid–air exchangers linked to a circulation cryostat. Compartment 2 had two operating modes with natural and forced convection. The first mode was obtained with humidity regulation using the SSS and temperature regulation with a climatic chamber in remote mode. The second mode was obtained directly with the climatic chamber that pulsed treated air parallel to the wall studied at a controlled flowrate. Using the SSS for regulation permits measuring the vapor flowrate exchanged between the air in the compartments and the wall, by monitoring the evolution of the mass of SSS as a function of time. Fans were installed to homogenize the temperature and humidity in each compartment. Heating and cooling powers of regulation systems were sufficiently large to quickly reach the desired temperature. The vapour stream obtained by the SSS were limited. The mass of the used SSS (both compartments were equipped with an adapted balance) for relative humidity control was about 2.5 kg and its exchange surface area was about 0.46 × 0.3 m².



The compartments were composed of two elements, an internal box and an external box that served as a thermal guard. They were made of stainless steel with airtight welds controlled by penetrant testing. Since the two compartments were regulated differently, their designs and compositions were different. Compartment 1 simulating the internal atmosphere was composed from the exterior to the interior of the outer box, of a rigid layer of insulation 60-mm thick; two countercurrent heat exchangers (for more homogenous temperature in the thermal guard) linked to a cryostat and an internal box with a volume of 0.5 m3 providing an exchange surface of 1 m2 with the wall studied. Compartment 2 simulating the exterior atmosphere was composed, from the exterior to the interior, of a thin multilayer thermo-reflective insulation; a rigid insulation 80 mm thick; an external box linked to a climatic chamber by insulated ventilation ducts and the internal box.



Temperature, relative humidity and differential pressure sensors were installed in the two compartments to continuously measure the loading applied to the wall studied. Thermo-hygrometers were also installed on the surface and at the core of the wall, at different positions, to obtain the response of the wall to the loading. The data were acquired every minute. Technical details for the whole data acquisition system installed, calibration of the sensors, installation, and qualification of the experimental set-up (airtightness, regulation, test protocol) are presented in [21,22]. Table 3 gives a summary of the hygrothermal operating domain of the experimental setup and the uncertainties on both temperature and relative humidity as a function of the type of sensor.




2.3. Numerical Model


The heat and moisture model developed was based on two conservation equations: energy and moisture (water in liquid and vapor form). The transfer potentials chosen are temperature T and vapor concentration ρv. The model presented is based on the works of Luikov [23] and on works developed more recently available in [24,25,26,27,28,29].



The general equation describing the transfer of humidity in a porous medium is given by Equation (1), that results from the sum of conservation equations of liquid water and water vapor with diffusion and capillarity as transfer phenomena expressed by the laws of Fick and Darcy, respectively:


∂ρm∂t=−∇→·(J→vdif+J→lcap)



(1)




where ρm is the moisture content, J→vdif is water vapor diffusion flux according to Fick’s law, and J→lcap is liquid flow according to Darcy’s law.



For building applications, global air movements are neglected in the case of very low air velocities and low variations of temperature and pressure found in practice [28].



The energy conservation equation (Equation (2)) was obtained from an enthalpy balance by explaining the enthalpies of different phases and elements composing the system. The hypothesis of local equilibrium was chosen with the consequence of equality of temperatures between the different phases and components:


ρscp*∂T∂t+[(cplJ→lcap+cpvJ→vdif)·∇→]T=−∇→·J→qdif−Lvl∇→·J→vdif



(2)




where T is the temperature, ρs is the dry density, J→qdif is diffusion heat flux according to Fourier’s law, Lvl is the specific latent heat for water and cp is the specific heat capacity. Exponents v, l, and * denote, respectively, vapor, liquid and effective state.



Considering the moisture loading in the current study, mainly adsorption not exceeding 88% relative humidity (see Table 4), capillary mouvment in the over hygroscopic range and hysterisis were not taken into account.



The coupled heat and moisture transfer model obtained takes the form of a series of partial differential equations (PDE) that govern all the transfers. These non-linear and coupled PDE are resolved simultaneously using the COMSOL Multiphysics software based on the Finite Elements methods. We chose this environment since it can be used for modeling and resolving a wide range of engineering and research problems, mainly problems in PDE form. It is particularly well-adapted to solving Multiphysics problems in which several phenomena are studied simultaneously as in the case of coupled HAM transfers. The use of such tools is justified because they are capable of solving this type of problem and allow the implementation of reliable and well-defined input data and the choice of meshing. It comprises several solvers adapted to a series of given problems.




2.4. Studied Loading


The hygrothermal stresses chosen in the framework of this study are presented in Table 4. These stresses are applied using the setup presented previously on a single-layer wood fiber insulating wall 8 cm thick. A vapor concentration gradient and a temperature gradient are applied on either side of the wall.



This choice of stresses followed an initial study on the same wall under a vapor concentration gradient [22]. The previous test consisted in placing a wood fiber wall between two atmospheres regulated at 20 °C and a relative humidity of 50% on one side and 70% on the other. This case study highlighted the effects of moisture transfers on the thermal behavior of the wall when the latent effects of heat transfer are dominant. Thus, it was possible to show an increase at the core of the wall in the region of a degree. However, this study under isothermal conditions did not lead to fully defining the behavior of the material and validating the model developed. Following the same line, the choice of stresses in this study provides better understanding of the hygrothermal transfer mechanisms involved and the graduated validation of the model developed. Indeed, the non-isothermal case represents winter type stresses, critical from the standpoint of moisture transfer in the wall. It makes it possible to take into account the impact of the water content of the wall on its thermophysical properties, and thus of the impact on sensible heat transfer. It also allowed evaluating the contribution of latent transfer in relation to sensible transfer when the latter is non-negligible.





3. Results and Discussion


The analysis of the hygrothermal behavior of the wood fiber insulation for the different stresses presented was first done on the basis of the experimental results. The analysis mainly focuses on the contribution of moisture transfer on thermal transfer in the context of a strongly hygroscopic material. We then compared these experimental results with the numerical results obtained from the model developed. This comparison allowed us to perform a critical analysis on the capacity of the model to mirror the behavior of the wall studied. To do this, the wall was subjected to moisture and thermal stress on both sides with a variance in relative humidity of 33% and in temperature of 14 °C. The system starts from an initial undisturbed hygrothermal state at 65% relative humidity and a temperature of 23 °C. The results are presented for different positions as shown in Figure 3.



3.1. Experimental Analysis


The regulation system setup provides very stable boundary conditions with a standard deviation over the last 150 h not exceeding 0.75% in relative humidity and 0.14 °C in temperature (cf. Figure 4). The peaks noticed correspond to disturbance linked to the regeneration of the saturated salt solution.



These stresses induce a thermal and moisture response from the envelope, as shown in Figure 5. Regarding the thermal behavior, we observe the development of a thermal gradient leading to an average heat flux of 5.8 W calculated over the last 50 h of the test. This flux was obtained from measures performed with a flux meter installed on the surface of the wall.



The concentration of water vapor in the air occluding the pores (Figure 6), calculated from temperature and relative humidity measures, evolves from an undisturbed state at 13.4 g/m3 to the development of a vapor concentration gradient in steady state. This gradient induces a flux of vapor through the inner side of the wall (55%, 19 °C) to the outer one (88%, 5 °C).



Under the assumption of local equilibrium, the analysis of the relative humidity profile and the water vapor sorption isotherm permits tracking back to the water content profile illustrated in Figure 7. It shows the redistribution of water in the wall in which water shifts from the inner side of the wall to the outer side. Air looping from hot to cold box under the presented thermal boundary conditions cannot occur due to the low hight of the wall (1 m). Given the amount of water involved and the direction of the vapor flux (from the internal side to the external side), it can be deduced that this shift is due to the migration of water in liquid and vapor form from layers located in the internal side towards those located in the external side.




3.2. Comparison of Experimental Results with Numerical Codes


We proceed in this part with the comparison of the results obtained using the experimental test bench under non-isothermal conditions and the results obtained from the numerical simulation of the model developed. The boundary conditions chosen for the simulation were of Dirichlet type and were measured on the surface.



Figure 8 represents the comparison of numerical and experimental results of the evolution of temperature, relative humidity, and vapor concentration as a function of time for different positions. As we observed in the isothermal case [22], the model shows it can reproduce the experimental observation well. The largest variances were observed during the start-up phase.



The temperature absolute deviation does not exceed 0.5 °C which is quite acceptable. The deviations observed for relative humidity and for vapor concentration are more marked during the first hours and then fall until reaching a value lower than 2% after 25 h.



Regarding the heat flux (Figure 9), we observed good correlation between the numerical and experimental results with a correlation coefficient equal to 0.9. The dispersion observed is partially attributed to the tightness of the flux meter to water vapor. This can disturb hygrothermal behavior locally which is not taken into account by the numerical model. The straight line of the linear regression does not go through the origin. This would be due to a systematic measurement error on the thermal flux.



If we analyze temperature evolution in time at different positions (Figure 5), then it is difficult to assess the contribution of heat diffusion and latent effects since these two physical phenomena are concomitant. In order to quantify them and to highlight the latent effects on the total heat transfer, we compared the experimental temperature measures with values obtained by different numerical transfer models (see Figure 10). The first is a “non-linear Heat transfer model, purely Diffusive” named HD where the thermal conductivity of the wall is a function of the water content and the second is the “fully coupled Heat and Moisture transfer model” presented in this article called HM. The deviations represent the difference in temperature between the measurement and the model.



During the first hours, it can be seen that in reality, in comparison to the purely diffusive model, the wall cooled throughout its thickness, then warmed with maximum amplitudes varying from 1.5 °C in the cooling phase to 0.5 °C in the warming phase. This dynamic is attributed to release of water from the wall (evaporation) then water storage (condensation) (see Figure 11). The fall in temperature was more marked at 4 cm from the inner edge where the withdrawal is highest. These results corroborate those obtained in the case of the isotherm where an increase of temperature in the region of degrees was observed, attributed to the adsorption of water vapor [22]. We also observed that, contrary to the purely diffusive model, the hygrothermal one succeeded in capturing the transfer dynamics.





4. Conclusions


Heat and mass transfers in highly hygroscopic materials are coupled with an impact on global heat fluxes. This study performed showed these couplings experimentally and numerically for an insulating wood fiber material under non-isotherm conditions. We were able to highlight the following points:




	
The redistribution of water which took place as the heat gradient developed. The water migrated from the warmest side to the coolest side.



	
The model developed proved efficient at reproducing hygrothermal behavior under non-isothermal stresses.



	
The variances between the measures—model were greater during the start-up phase.



	
The latent effects could be detected and highlighted experimentally and numerically by comparison with the purely diffusive heat model.








The next step to obtaining better understanding of the behavior of wood fiber insulating material will consider the response of walls subject to dynamic stresses that include the effects of thermal and moisture inertia, in order to determine whether the variances between the measures and the model observed in the non-isotherm case propagate and increase.
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Figure 1. Mean adsorption isotherm for wood fiber insulation. 
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Figure 2. Experimental test bench: (a) image; (b) sketch. 
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Figure 3. Positioning of sensors within the wall. 
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Figure 4. Evolution of temperature and relative humidity at the edges of the wall. 
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Figure 5. Evolution of temperature and relative humidity at different depths of the wall. 
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Figure 6. Evolution of the water vapor concentration at different depths of the wall. 
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Figure 7. Profile of water content in the wall after 1 h, 1 day, and 1 week. 
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Figure 8. Comparison of measures: the model for temperature, relative humidity, and water vapor concentration at different positions in the wall. 
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Figure 9. Comparison of heat flux from the fully coupled Heat and Moisture transfer model (HM) with the experimental heat flux. 
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Figure 10. Comparison of measures: models for different positions. 
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Figure 11. Evolution of water content calculated from the experimental data and the water vapor adsorption isotherm of the wood fiber insulating material. 






Figure 11. Evolution of water content calculated from the experimental data and the water vapor adsorption isotherm of the wood fiber insulating material.



[image: Applsci 09 02359 g011]







[image: Table]





Table 1. Mass water content as a function of relative humidity expressing sorption–desorption curves of wood fiber insulation at 20 °C.
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	RH (%)
	0
	15
	22.5
	30
	43
	45
	60
	66
	75
	90
	93
	97



	USorption
	0.00
	3.10
	4.10
	4.88
	6.06
	6.25
	8.08
	9.14
	11.27
	16.70
	18.14
	20.26



	UDesorption
	0.00
	3.60
	4.74
	5.61
	6.81
	6.99
	8.73
	9.74
	11.79
	17.15
	18.58
	20.70



	UMean
	0.00
	3.35
	4.42
	5.25
	6.43
	6.62
	8.40
	9.44
	11.53
	16.92
	18.36
	20.48



	SD
	-
	0.86
	0.86
	0.87
	0.89
	0.89
	0.93
	0.94
	0.96
	0.97
	0.98
	0.98







RH: relative humidity (%) and U: mass water content (%). SD: Standard Deviation.
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