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Abstract

The present work is focused on mass transfer characterization of hygroscopic
materials used for insulation, such as Low Density Fibreboards. Due to their
particular morphology, these panels present a very high mass diffusivity in
the connected gaseous phase and a very low thermal conductivity. This
combination of properties exacerbates the coupling between heat and mass
transfer in transient state.

Based on experimental data obtained with an original set-up and relevant

simulations performed using a comprehensive physical formulation, a

throughout vision of this question is proposed in the present study. In

particular, we emphasize on:

- The impressive change in core temperature in terms of magnitude and
duration,

- The great impact of the internal temperature gradient, which slows down

mass diffusion,

- The dramatic error on mass diffusivity value if the coupling is ignored.

Keywords: experiment; identification; modelling; RH at back-face; transient
state.
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1. Introduction

The thermal performances of constructions are getting more and more challenging and
designers need to model physical phenomena with great accuracy 1. Among them, the
strong influence of coupled heat and mass transfer on energy consumption is well
established. This is especially true for renewable materials, which generally have a high
moisture buffering effect. Consequently, Building Energy Simulations (BES) models must
account for coupled heat and mass transfer, which gave rise to a strong demand for mass
transfer characterization: mass diffusivity and sorption isotherms. In addition, due to side
effects such as molecular relaxation and dual-scale effects, these materials must be
characterized in transient state as these materials are always in transient-state in buildings.

However, the characterisation of hygroscopic materials is not simple as, due to the latent
heat of vaporization, no mass transfer can occur without heat transfer. Consequently, the
temperature field is not uniform in the sample, which induces gradients of saturated water
vapour, well known to affect mass diffusion. The present work is focused on a particular
family of building materials: LDF or other hygroscopic insulation materials. Due to their
particular morphology, these materials present a very high mass diffusivity in the connected
gaseous phase and a very low thermal conductivity. Together with the hygroscopicity, this
combination of properties exacerbates the coupling between heat and mass transfer in
transient state. This fact is carefully analysed in the present work, using a unique
combination of experiments and simulations.

2. Materials and Methods

2.1. Experimental set-up

Convective flux
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Fig. 1 - Schematic cross-sectional view of the double plate (left) and photograph of the
sample placed inside the climatic chamber (right).

The material used in the present work is LDF (160 kg.m™ low-density fiberboard produced
by Steico, Therm). The experiment consists in submitting a sample face to a sudden
variation of RH and to record the evolution of RH on the other face [“. To rigorously assess
the coupling between heat and mass transfer in this case of insulation material, a specific
design was imagined to avoid any thermal perturbation and obtain 1-D transfer without any
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heat and mass flux at the back face of the sample (Fig. 1). For that purpose, a
temperature/RH sensor (Sensirion SHT25, HDI Electronics, Perois, France) was placed
between two 20-mm thick plates of LDF. Side effects were avoided by choosing large
dimensions (30 cm x 30 cm), which is more than 7 times the diffusion thickness. Finally, to
avoid lateral water vapor leakages, the two superimposed LDF plates were coated with an
aluminium foil glued to the lateral faces by epoxy resin. This double sample is placed
inside a climatic chamber (HPP110, Memmert, Schwabach, Germany) to control external
conditions. Three RH/T sensors are placed inside the chamber to record the actual
conditions applied to the sample.

2.2. Results

Fig. 2 presents a typical example of experimental data. This test was performed for a double
layer of LDF panel ( p = 160 kg.m3, thickness = 2 x 20 mm) for a stepwise change of RH

from 20% to 40% at 35°C. Low RH values were intentionally chosen to reduce the effect of
molecular relaxation on the dynamic of sorption equilibrium Bl. The RH collected at the
back-face of the sample needs about 10 hours to reach the new external RH. This
information is the basic information used to identify the dimensionless mass diffusivity of
the panel in the method proposed in 1,

What is new in figure 2 is the temperature collected at the back-face of the sample. This
value is relevant thanks to the symmetrical configuration: as the back-face of the sample is
the value in the centre of two large plates, the assumption of 1-D transfer is valid and not
artefact of heat transfer is likely to perturb the temperature value. As a result, we can
observe an impressive temperature peak due to condensation: this peak is large in
magnitude (more than 4°C above the ambiance) and in duration (more than 10 hours, the
same duration as for mass transfer). Simulation performed using a comprehensive
formulation of coupled heat and mass transfer will be used to analyse this impressive
coupling and its effect on material characterisation.

3. The physical formulation

A comprehensive physical formulation was used in the present work. More detailed
information regarding this set of equations can be found in published works [l For the sake
of simplification, all liquid water contributions have been discarded, as the sample stays
inside the hygroscopic domain. The simplified transport equations read as follows:

Water conservation
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Energy conservation
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Fig.2 - Experimental results for a double plate (2 x 20 mm) of LDF (160 kg.m): time evolution of
RH (top) and temperature (bottom) at the back-face of the sample.
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Boundary conditions

At the external faces of the sample, the boundary conditions were assumed to be of the
following form:

1—x
n=h cM In| —

T)
e x=0
AINRLE M|, —T)
[:;Z =0t - F:ztm (4)

where Jvand Jq represent the fluxes of water vapour and the heat at the boundary,

respectively, while x denotes the distance from the boundary along the external unit normal.

In the previous equations, the barycentric gaseous velocity comes from the generalized
Darcy's law:
Kk

F =——2F8 Vpg

) e ()
In the hygroscopic domain, the total flux of mass should be expressed as the sum of two
parallel fluxes (bound water and water vapour). However, as this work is solely devoted to
Low Density Fibreboards, the contribution of bound water diffusion to the macroscopic

flux can be neglected. In equations (1-3), D, is the water vapour diffusivity, f the

dimensionless diffusivity, pg the bulk density of gas, ps the bulk density of the lingo-
cellulosic part, X the moisture content (dry basis) and wvthe mass fraction of water vapour.

The reduced diffusivity f characterizes the porous medium: f ranges from 0 (sample
impervious to any moisture transfer) to 1 (open sample having the same behaviour of an air
layer at rest). This set of equations was solved by the very fast 1-D version of TransPore
with actual boundary conditions used as input data. A full simulation requires about one
second of CPU time on a personal computer, even when using thousands of experimental
times t; to unroll the boundary conditions. The time step of TransPore was adjusted
throughout the simulation, not only to secure convergence, but also to obtain the simulated
results at the exact experimental times.

4, Results and discussion

Fig. 3 depicts simulation results for our reference test (f = 0.5 and ) = 0.05 W.m1.K1).
The f value allows the experimental RH value at the back-face to match the experimental
data. The value of thermal conductivity is determined by a classical mixture law using the
gaseous and solid volume fractions and their conductivities. After the sudden increase in
RH, water vapour condensates on the front face of the sample. By releasing the latent heat
of vaporization, this moisture flux heats up the surface. Because of this temperature
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increase, the vapour pressure at the surface increases as well, as it is the product of water
activity by the saturated vapour pressure, which increases rapidly with temperature. The
primary effect of this change in surface vapour pressure is to reduce the external driving
force, which slows down the process ). This temperature increase eventually affects the
whole sample, by a tricky coupling of heat and mass transfer: the temperature increase at
one point increases the mass fraction of vapour, which gives rise to a vapour flux that
condensates in neighbouring parts. In turn, condensation increases the temperature further
inside the medium, which allows the process to continue inwards. This produces a "heat
wave" propagating towards the back-face, clearly visible on the temperature profiles. Once
this wave reaches the back-face of the sample, a temperature gradient establishes towards
the external face, to drive outwards the heat supplied in the medium via the latent heat of
vaporization. In figure 3, the effect of this temperature gradient on the mass fraction of
vapour is obvious, namely for the profiles at 10 and 30 minutes: although the internal value
of moisture content (MC) is still close to the initial value, the mass fraction of vapour
already increased significantly due to the temperature rise.
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Fig. 3 — Profiles computed at selected times for the reference test (f = 0.5 and )\ = 0.05 W.m1.K1).

The model is also able to compute the time evolution of the two variables measured during
the experiment: temperature and RH at the back face of the sample. The reference test is in
perfect agreement with the experiment, which confirms the relevance of the chosen thermal
conductivity value. In addition several virtual configurations were computed:

Modified thermal conductivity (x 2 and x 0.5): these simulations exhibit the crucial effect
of thermal conductivity, not only on the temperature overshoot (peak at respectively
38.6°C and 41.2°C instead of 39.8°C) but also on the dynamic of RH evolution,
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No heat and mass coupling: the coupling is easily cancelled by setting the latent heat of
vaporization, Lv, to zero. Consistently, the temperature remains at the external
temperature. As a consequence of the absence of coupling, the dynamic of RH evolution is
much faster (2.5 hours instead of 4.3 hours for the reference test to attain 35% of RH).
This confirms the importance of the heat and mass coupling on the global behaviour.

No internal heat transfer: setting the conductivity X to zero cancels the heat flux inside
the sample. Consequently, the latent heat of vaporization released by condensation cannot
be driven towards the exchange face. A balance between water intake and temperature rise
takes place: the amount of water condensed in the solid phase raises the temperature until
the mass fraction of vapour equals the external value. The steady-state is obtained with an
MC increase of 0.5% (against ca. 2% for the reference test) and an temperature of 43.4°C.
In this extreme, virtual, configuration, the coupling completely stops mass transfer !
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Fig. 4 - Simulation results for LDF (160 kg.m): RH (top) and temperature (bottom) at the back-
face versus time. The various virtual configurations tested are defined in the legend.
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5. Conclusions and prospects

Based on experimental data obtained using an original set-up and relevant simulations
performed using a comprehensive physical formulation, a throughout vision of the heat
mass transfer in Low Density Fiberboards is proposed in the present study. In particular, we
emphasize on:

- The impressive change in core temperature in terms of magnitude and duration,

- The great impact of the internal temperature gradient, which slows down mass

diffusion,

- The dramatic error on mass diffusivity value if the coupling is ignored.
Further works are in progress in our team to go even further in the analysis of coupled
transfers in hygroscopic materials used for building insulation. Besides the heat and mass
transfer coupling, sorption hysteresis, dual-scale effects and molecular relaxation have also
to be taken into account. However, the strong coupling between these phenomena forces us
to be very careful when determining the unknown parameters by inverse analysis. To gain
in robustness, several physical parameters will have to be measured during experiments in
transient state. By this way, additional parameter values, such as thermal conductivity,
could be determined by inverse method.
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