Computational Methods and Experimental Measurements XIV 3

Heat and moisture transport in porous
materials involving cyclic wetting and drying

R. Cerny, J. Madéra, J. Ko¢i & E. Vejmelkova
Czech Technical University in Prague, Faculty of Civil Engineering,
Department of Materials Engineering and Chemistry, Czech Republic

Abstract

Computational modeling of coupled heat and moisture transport in porous
building materials with hysteretic moisture transport and storage parameters in
the conditions of difference climate is presented in the paper. A diffusion-type
model is used for the description of coupled heat and moisture transport. An
empirical procedure is chosen to describe the path between the transport and
storage parameters corresponding to wetting and drying. In a practical example
of computer simulation, a concrete wall provided with exterior thermal insulation
is analyzed. Computational results reveal very significant differences in moisture
and relative humidity profiles calculated using the model with hysteretic
parameters and without hysteresis. As the differences are on dangerous side from
the hygrothermal point of view, the application of hysteretic moisture transport
and storage parameters in computational models can be considered as quite
important for service life analyses of multi-layered systems of building materials.
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1 Introduction

Heat and moisture transport calculations are quite common in service life
analyses of multi-layered systems of building materials. They make it possible to
identify potential weak points in building envelopes from the hygro-thermal
point of view, thus allow to react to possible danger in time and prevent
excessive damage caused for instance by accumulation of liquid water in specific
parts of a structure. Although it is known for years that moisture transport and
storage parameters of many porous materials may exhibit considerable
hysteresis, most of the calculations are still performed with parameters measured
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during the adsorption phase which is an apparent consequence of difficulties the
experimentalists face in the measurements of some parameters in desorption
phase.

In this paper, the effect of hysteresis of moisture transport and storage
parameters on calculated moisture and relative humidity fields is investigated for
a characteristic case of concrete wall with exterior thermal insulation, and the
possible consequences of neglecting hysteresis of these parameters for service
life calculations are analyzed.

2 Mathematical model

The diffusion model proposed by Kiinzel [1] was used for description of coupled
heat and moisture transport. The heat and moisture balance equations were
formulated in the form

A7 OT _ div (4 gradT)+ L, div [6,erad(pp,)]. )
dr ot
68/; ‘Z’ div[D, grad o + 5, grad (p p, ). @

where H is the enthalpy density, L, heat of evaporation, A thermal conductivity,
T temperature, p, partial density of moisture, ¢ relative humidity, &,
permeability of water vapor, p, partial pressure of saturated water vapor,

dp,
de

is the liquid water transport coefficient, Dy capillary transport coefficient
(moisture diffusivity).

The inclusion of cyclic wetting and drying processes into the model was done
using different moisture transport and storage parameters functions in wetting
and drying phase and calculating the path between the parameter functions
corresponding to wetting and drying in every time step.

For describing the path between the adsorption and desorption isotherms an
empirical procedure was chosen which follows Pedersen’s hysteretic model [2].
The actual value of moisture content, w, is determined using equation

w=w, + f((oa - gop), “)
where ¢, is the actual value of relative humidity and ¢, the value of relative

humidity from previous calculation step, £is the slope of the hysteretic
parameter which is calculated as

;= ad(wp —wa)zfd +aa(wp —wd)zga

> ; ®)
(Wd - wa)

w, is the value of moisture content from previous calculation step, w, and w, are

values of moisture content for adsorption and desorption cycles, &, and &, the

values for tangent adsorption and desorption in the points w, and w,, a, and ay

D, =D, 3)
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the correction coefficients. An example of the calculation of the path between the
adsorption and desorption isotherms is given in Figure 1.
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Figure 1: Example of application of hysteresis to sorption isotherms during

drying and wetting cycles.

In the case of moisture diffusivity, a modification of (5) was necessary in
order to express the hysteretic effect in more accurate way. The modified

equation can be expressed as
£ ad(ln/(p —ana)Z Iné, + aa(lnlcp —ln/(d)2 Iné,
(Inx, —Inx, )

where x;, is the value of moisture diffusivity from previous calculation step.

, (6)

3 Materials and building envelope

A simplified building envelope system was chosen for the investigation of the
effect of hysteresis on the calculated moisture and relative humidity fields. The
load-bearing structure was made of high performance concrete containing
metakaolin (600 mm). Mineral wool (140 mm) was used as exterior thermal
insulation. Lime-cement plaster (10 mm) was on both exterior and interior side.
The building envelope was exposed from inside to constant conditions
(temperature equal to 21°C and relative humidity equal to 55%) and from outside
to climatic conditions corresponding to the reference year for Prague (Fig. 2).
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Figure 2: Scheme of the studied envelope including boundary conditions.
Table 1: Basic parameters of materials of the studied building envelope.
Parameter Unit HPCM MW LCP LPMH
p [kg/m3] 2366 170 1550 1745
Whye [m3/m3] 0.107 0.0073 0.03 0.024
Waat [m3/m3] 0.13 0.89 0.40 0.33
Aary [W/mK] 1.56 0.055 0.70 0.84
Asat [W/mK] 2.09 1.20 2.40 2.40
K [m%s]  see Fig. 4 5.1E-10 73E-7  3.9E-8
e3A12w e3A2W
c [J/kgK] 730 1000 1200 610
p [-] 21 45 7 13

The initial conditions were chosen as follows: relative humidity 89 % and
constant temperature profile equal to 21°C.

The basic material parameters of concrete (HPCM), mineral wool (MW),
lime-cement plaster (LCP) and hydrophobized lime plaster modified by
metakaolin (LPMH) are shown in Table 1 where the following symbols were
used: p — bulk density, ¢ — specific heat capacity, u — water vapor diffusion
resistance factor, A4, — thermal conductivity in dry conditions, Ay, — thermal
conductivity in water saturated conditions, x - moisture diffusivity, wy, —
hygroscopic moisture content by volume, wy, — saturated moisture content by
volume. Fig. 3 presents the sorption isotherms of concrete used in the
simulations. The data were obtained by experiments performed at the
Department of Materials Engineering and Chemistry, Faculty of Civil
Engineering, Czech Technical University in Prague [3, 4].

Fig. 4 presents the moisture diffusivity of concrete. Moisture diffusivity vs.
moisture function for adsorption was derived according to (7)-(9), where two
input parameters were used, the normalized pore distribution curve f{r), Ry <1
< Riax, and the average value of moisture diffusivity «,, determined in a common
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Figure 3: Sorption isotherm of concrete.
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Figure 4: Moisture diffusivity of concrete.

sorptivity experiment [5], and the tortuosity effect was linearized for the sake of
simplicity, i.e., an assumption of n=1 was adopted,

—_ W ’ Riaxf(Rmax) J.ﬁmin rzf(r)dr
<= TR e

min
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K[zw j =K ®)
3 sat av

R

w(R)=w,, [ f(r)dr ©)
Rinin

Contrary to the sorption isotherms, where desorption curves can be obtained by

common experimental techniques, the desorption curve of moisture diffusivity

had to be set empirically as for its experimental determination no quite reliable

techniques are available at present. Based on the results of experiments and

computational analyses described in [6], it was estimated to be one order of

magnitude lower than the adsorption curve.

The moisture transport and storage parameters of mineral wool insulation and
exterior and interior plasters were assumed to be the same in both adsorption and
desorption phase. The water vapor adsorption and moisture diffusivity of mineral
wool are so low that hysteretic effects are within the error range of experimental
methods in any case. The thickness of renders is much lower as compared to
both concrete and mineral wool so that the effect of hysteresis in their hygric
parameters on moisture transport in the wall as a whole is supposed to be
neglected.

0.07 u 1
***** Without hysteresis Without hysteresis
& 0.06 — With hysteresis SI 0.9 — With hysteresis SI
S 0
“g 005 0.
= 3
; 0.04 g A
=]
S 0.03 S 0.
2 z
5 s
2002 =
8 &
= 001
O(] 260 460 660 800 0 160 260 360 460 560 660 760 800
Distance [mm] Distance [mm]
Figure 5: Moisture content (a) and relative humidity (b) profiles for
January 1.

4 Results of computer simulations and discussion

Three different simulations were performed, combining the effects of hysteresis
of moisture transport and storage parameters, namely the simulation with
hysteresis of sorption isotherm only, hysteresis of moisture diffusivity only and
hysteresis of both sorption isotherm and moisture diffusivity. The calculations
without hysteresis were done as well for the sake of comparison, using the data
for adsorption phase which is usual in computational simulations where
hysteresis is neglected.
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4.1 Hysteresis of sorption isotherm

Figs. 5(a), (b) show moisture content and relative humidity profiles calculated
for January 1, which can be considered as characteristic for the winter period.
The calculation with hysteretic effects led to increase of moisture content in the
envelope, whereas relative humidity was significantly lower.

Figs. 6(a), (b) summarize the moisture and relative humidity fields during the
whole simulated time period of 5 years calculated with hysteresis.

1

=3
w
<)

=3

S
<)
o

=3

Relative humidity [-]
o o
SIS

Moisture content [m /m

Time [days] Distance [mm)] Time [days] Distance [mm)]

Figure 6: Moisture content (a) and relative humidity (b) fields during a
S-year period.

4.2 Hysteresis of moisture diffusivity
The moisture and relative humidity profiles for January 1 (Figs. 7(a), (b)) show

that both moisture content and relative humidity calculated with hysteresis were
higher, which was a consequence of lower moisture diffusivity in drying phase.
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Figure 7: Moisture content (a) and relative humidity (b) profiles for

January 1.

Figs. 8(a), (b) show the moisture and relative humidity fields during the
whole simulated time period of 5 years calculated with hysteresis.
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4.3 Hysteresis of both sorption isotherm and moisture diffusivity

The moisture and relative humidity profiles (Figs. 9(a), (b)) were very similar to
the simulations presented in 4.1, which meant that the hysteretic effect of
sorption isotherm had remarkably higher influence on simulation results.
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Figs. 10(a), (b) present the moisture and relative humidity fields during the
whole simulated time period of 5 years calculated with hysteresis.
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Figure 11:  Calculation of hysteresis of moisture diffusivity (a) and sorption
isotherm (b).

Figs. 11(a), (b) show how the hysteretic effects were manifested in the values
of moisture diffusivity and sorption isotherm of concrete used by the model
during the whole time period of 5-years simulation. While the water vapour
sorption parameters were mostly near to the centerline of the area demarcated by

the adsorption and desorption curves, the moisture diffusivities oscillated
between the maximum and minimum values.
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Figure 12:  Moisture content (a) and relative humidity (b) in a characteristic

locality in concrete, 1 cm from the interface between concrete and
thermal insulation.

4.4 Comparison of the effects of hysteresis of moisture transport and
storage parameters

Figs. 12(a), (b) present a comparison of the effects of hysteresis of moisture
transport and storage parameters on moisture content and relative humidity for a
characteristic locality in concrete, 1 cm from the interface between concrete and
thermal insulation. As for the relative humidity profiles, it is obvious that all
values came close each other in the 5™ year of simulation. Moisture content
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profiles were quite different. Results of simulation without hysteretic effect and
with hysteresis of moisture diffusivity only were very similar, but they differed
from the other simulations in a significant way. Besides, the yearly oscillations
of water content were not steady yet after 5 years. Involving hysteretic effects of
both moisture diffusivity and sorption isotherm caused the highest increase of
moisture content in the chosen point. Similar results were also obtained for other
points within the concrete part of the wall.

5 Conclusions

The computer simulations of coupled heat and moisture transport in this paper
have shown that the application of hysteretic moisture transport and storage
parameters can be considered as quite important in service life analyses of multi-
layered systems of porous building materials. The results indicated very
significant differences in moisture and relative humidity profiles calculated using
the model with hysteretic parameters and without hysteresis. As the differences
were always on the dangerous side, it can be concluded that neglecting the
hysteretic effects while desorption is in progress can lead to underestimation of
damage risk due to water presence in a structure which is rather undesirable in
any service life analysis.
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