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ABSTRACT



The experimental determination of dynamic mass transfer properties of porous materials
such as eco-efficient clay plasters is greatly influenced by the convective conditions at the
surface of the material during the test. The measurement of the intrinsic vapour
permeability of highly porous materials has shown to present wide discrepancies when the
surface film resistance is not known. Therefore, a proper assessment of the hygric properties
of clay plasters requires the determination of such resistance to vapour flow. An adapted
experimental procedure was used to determine intrinsic water vapour permeability taking
into account the influence of the surface film resistance. The moisture buffering test (MBV)
was used to measure dynamic exchange behaviour. The results gave evidence on the
thickness of the active layer in the material and the impact of surface resistance on the
exchange behaviour. A 1D mass transfer model was used to verify the validity of corrected
vapour permeability by the surface film resistance and discuss its nature and influence on

dynamic results.

Keywords: Surface film resistance, Vapour Permeability, Moisture Buffering, Clay, Biobased,

Plasters
Symbol Description Units
Pd Dry density kg/m3
¢ Porosity )




& Moisture capacity kg/m3

8y Apparent water vapour permeability kg/(m.s.Pa)
[ Real water vapour permeability kg/(m.s.Pa)
8550 “ISO Correction” water vapour permeability kg/(m.s.Pa)
Sq Water vapour permeability of air kg/(m.s.Pa)
U Water vapour resistance factor ¢)

Dy, Liquid permeability
psat Saturation water vapour pressure Pa

G Total moisture flow rate kg/s

A Area of the specimen m?

B Water vapour surface transfer coefficient kg/(m?.s.Pa)

d Thickness of the material m

d, Thickness of the air layer in the cup m

u Water content kg/kg

w Water content kg/m3

1) Relative humidity )

A External surface film resistance (m?.s.Pa)/kg
ZInt Interior air layer resistance (m2.s.Pa)/kg

1 Introduction

One of the main advantages of raw earth building materials is its hygroscopic behaviour[1-8].
Recent studies have described the hygrothermal models for unconventional building materials and
presented some difficulties to model their complex behaviour [9-11]. One of the reasons can be

due to imprecise hygric material properties. Further improvement can be brought to the

3




experimental characterisation of material hygric properties, and, therefore, improving the accuracy
of the modelling of the hygrothermal behaviour of hygroscopic building materials [12,13]. A study
conducted by Roels et al. [11] realised a round robin test on the measurement of hygric properties of
porous building materials. The study concluded on a large variation in results for the water vapour
permeability test (dry cup and wet cup). A further recent study investigates the error occurring in the
measurement of hygric properties throughout different labs and within the same labs [14] nd the

importance of the preconditioning [15].

One reason of these discrepancies on the water vapour permeability test may be caused by the
effect of sample thickness, since it changes the ratio of resistance due to the material and the
resistance of the surface [16]. The impact of the surface film resistance is usually neglected, because
it is assumed to be negligible when compared to the vapour resistance of the material. This
assumption may be correct for thick samples with high vapour resistance like concrete. However,
recent studies have given estimations of the thickness of the active layer (layer that adsorbs
moisture) within the materials and show that a rather thin thickness of the material is active during
daily humidity cycles. Padfield [2] had previously estimated the penetration depth through
experimental results to be less than 16 mm during a 24h cycle using humidity sensors placed inside
of the material. McGregor et al. [8], tested several thicknesses in a Nordtest moisture buffering test
on two commercial plasters and compressed earth blocks. The experimentally observed penetration

depth for compressed earth blocks was less than 30 mm and less than 12 mm for earth plasters.

It follows that the surface resistance effect may have a significant influence of the hygrothermal
behaviour of earthen material and that its effect on both moisture buffering values and permeability

tests must be assessed in detail.



To reach this goal, in the present study, samples of three different plaster formulations were
prepared at variable thicknesses. The impact of the thickness on the dynamic moisture buffering
value test (MBV) test gives experimental indications on the active layer in the material. A method is
implemented to measure the surface film resistance during the water vapour permeability test for
low vapour resistant unconventional building materials. This method was recently used for low
vapour resistant insulation materials like rock wool [16]. The resistance of the surface can then be

included in the calculation to determine the true vapour resistance of the material.

Finally, a non-coupled numerical model based on 1D mass conservation under isothermal
conditions was solved using Comsol Multiphysics. The model could be compared to the experimental
results obtained from the dynamic moisture buffering results, first to validate the corrected values of
water vapour permeability and secondly, to investigate the impact of the surface film resistance on

the dynamic moisture sorption behaviour.

2 Materials and methods

2.1 Earth plasters formulation

Three earth plaster formulations were studied. These formulations were first selected through a
validation of their mechanical performance [17]. The fine fractions of these formulations were:
e Kaolinite (F0), a clay with a low specific surface compared to other clays; yet with a high
sorption capacity compared to most minerals (particle size: 43% < 2um and 95% < 80 um).
e Ascal 10 (F3) is a fine calcareous-clay material (particle size: 14% < 2 um and 97% < 80 um).

e Cmix (F5) is a commercial formulation based on the ASCAL10 fine calcareous-clay material.

The formulations presented in Table 1 were used to prepare the samples; the mass corresponds

to measured values whereas volumes are estimated based on the loose bulk density of the materials.



Each formulation was applied as plasters in a specific framework (50 x 50 cm) [18] at three different

thicknesses (1 cm, 2 cm and 4 cm).

Table 1 Plaster composition

Sand (<2mm) Kaolinite Water Straw (30-50 mm)
Volume (L) 15.54 7.77 9.7 15.54
FO
Mass (kg) 23.59 8 9.7 0.81
% dry mass 73 25 - 2.5
Sand (<2mm) Ascal Water Straw (10-30 mm)
F3 Volume (L) 16 4 8.5 15.54
Masse (kg) 24 11.06 8.5 0.78
% dry mass 67 31 - 2
C Mix Water
F5
Volume (L) 4 2

Samples were dried in a controlled environment in a conditioning room at 20+£2°C and 60+5% of

relative humidity (RH). Periodical measurements were realised to follow the drying stage of the earth

plaster samples. Plasters were considered dry when a stable mass was reached.

2.2 Porosity, density and sorption isotherms

After this drying period, each plaster plate was dry cut in four identical parts, the cuts were clean

and no visual damage could be observed on the cut samples. Three of them are used for the

realisation of the wet cup, dry cup and dynamic tests, while the last one was used to measure the

plaster porosity, its dry density, and its sorption-desorption curves.

The samples were first oven-dried at 50°C. The mass of the sample after this stage were

considered as dry mass. This temperature was chosen by precaution to avoid any heat degradation of



the organic fibres. The relative humidity within the oven was checked with a portable sensor

(Rotronic HygroLog HL-NT), and it was found to be consistently lower than 5% RH.

The apparent dry density is calculated based on the dry mass volume ratio. The porosity is
calculated based on standard density values and composition of the plaster. The formulation FO, F3
and F5 had an apparent density of 1596 kg/m® 1660 kg/m® and 1720 kg/m® respectively. The
porosities are 33% for the formulation FO and F3 respectively. The composition of formulation F5 is

not known and therefore no porosity could be estimated.

The sorption-desorption isotherms are realized on three representative samples of each

formulation (more than 10 g of mass each), following the standard ISO 12571 [19].

The samples were placed in six different RH levels (23, 43, 59, 75, 85 and 97%) and each level was
maintained in an isolated box by a corresponding salt solution, the boxes are kept in a controlled
conditioning room at 23°C. Two desorption curves were realised. The first one on samples previously
equilibrated at 97% and the second one on samples equilibrated at 85% RH. A portable sensor
(Rotronic HygroLog HL-NT) was used for a regular control of the RH and the temperature in the

boxes.

The samples were weighed periodically (= 5 measurements in 5 days) using a scale with an
accuracy of 0.01 g. The equilibrium moisture content for each RH level was reached if the change of
mass between three consecutive measurements was less than 0.1% of the total mass. Sorption
isotherms of these materials were relatively fast to obtain, the mass at each RH level stabilised in a

few days.

2.3 Material water vapour resistance

The water vapour permeability was measured according to the standard ISO 12572 [20] using the
“wet cup” and the “dry cup” methods. The vapour pressure gradient is created for the wet cup by
setting the RH at 60% in the chamber and 85% in the cup, for the dry cup the RH in the cup is set to
23% and in the chamber it remains at 60%. Those levels were chosen for a greater stability of the test

conditions. Previous RH measurements in the cup have shown that using silica gel to establish a



hypothetic 0% RH actually yields values drifting from 11 to values close to 17% RH. The RH levels
within the cup are maintained using saturated salt solutions as recommended by the ISO 12572
standard. The cup design was done according to the procedure followed by McGregor et al.[7]. A
thin bed of silicon was applied in order to seal the samples to the plastic cup. A vapour-tight
aluminium tape was used to seal the sides of the sample with the side of the cup. The use of
aluminium tape is justified by its properties: it is impermeable and does not adsorb moisture itself

[21].

The environmental conditions (60% RH and 232C) were constantly controlled by the climatic
chamber. Measurements were done periodically, on a scale outside of the chamber, after an initial
stabilization period a stable mass flow is reached. For the wet cup test a decrease will be measured
while an increase is measured for the dry cup test. A stable mass flow is reached when a linear

function between mass variation and time can be established.

2.4 Dynamic moisture exchange behaviour (Moisture Buffering Value)

This test is used to characterize the material’s ability to moderate variation of the RH in the
indoor environment and it will allow evaluating experimentally the active depth within the material.

The moisture buffering test has been performed following the Nordtest protocol [22].

All earth mortar plaster samples were cut to 15 cm x 15 cm squares. Three samples of each
thickness (1, 2 and 4 cm) were prepared. The specimens were sealed with aluminium tape in all
surfaces except one, in order to have just one exposed surface in contact with the controlled
environment. The boundary conditions applied in this test were the use of cycles of 33% RH to 75%

RH with time steps of 8 h at high relative humidity and 16 h at low relative humidity.

The mass was measured at set intervalsat0 h, 2 h,4 h, 6 h, 8 h, 9 h and 24 h for the 24 h cycles,

additional measurements were realised at 46 h, 48 h, 50 h, 52 h, 54 h, 70 h, 71 h and 72 h. A scale
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with an accuracy of 0.01 g placed outside of the chamber was used to weight the samples. The
recording was done outside in order to avoid the vibration created by the ventilation in the climatic
chamber and to be able to measure series of samples rather than one sample placed on a scale and
recorded continuously. The measurements were realised after a dynamic equilibrium was reach
where the variation between the initial and final mass during a cycle do not exceed 5%. This dynamic

equilibrium is typically reached after 5 cycles for earthen materials.

2.5 Isothermal 1D mass transfer model

The model used is better described in [23], the mass conservation was formulated to use the
relative humidity as the main dependent variable (1D, neglecting the effect of gravity, and

considering isothermal evolution):

(pa 2—:)2—(5 = :—x<(5p Pt — DP)Z—D (1)

At any time, t, in the sample at 1D position, x, the water content, u, depends on the relative
humidity, ¢, in the material, which itself depends on the initial boundary conditions, the saturation
water vapour pressure, p32t, and the vapour, Sp, and liquid, D,,, permeability.

The following boundary conditions were used (eq. 2a and 2b), when x = 0, only the surface film
resistance or here expressed by the transfer coefficient, 8, determines the value of the relative
humidity condition at the surface of the sample linked to the condition of the surrounding

environment, RH. Whereas, in the depth of the material, x = L, the relative humidity depends on the

vapour, 8,, and liquid, D,,, permeability:

d
(6, p3** — Dp)% =B ps*(p —RH) atx =0 (2a)



(6, P32t — sz,)g—(;J =0 atx=1 (2b)
An important difficulty of the use of eq. (1) is to properly estimated both water vapour
permeability, &, , and liquid permeability, D), , as well as their variations with saturation ratio (water
volume over total pore volume), which is quite difficult to be experimentally realised at the low

saturation degree considered in this study (at 75% of relative humidity, the saturation ratio is lower

than 5% ) [24]. This is further discussed in section 3.2.3.

The model was numerically solved using the PDE module of COMSOL Multiphysics and where use to

simulate the results of the dynamic test (the MBV test).

3 Results

3.1 Sorption isotherms

Figure 1A shows the results of the sorption and desorption from 97%RH. Among all formulations,
FO exhibits a greater moisture adsorption, while the F5 formulation has the lowest. All three
materials are poorly hygroscopic when compared to other earth building materials such as

compressed earth blocks [8].

The difference between the adsorption and the desorption curves from 97% RH, which is
commonly called the hysteresis of moisture content, remains quite limited but is not null (about 10%

at 80% RH). This type of curve is referred as type Ilb according to Rouquerol et al. [25].

However, to assess the hygroscopic property, realistic hygrometry cycles in buildings commonly
do not exceed 85% RH and do not go below 23% RH. The sorption-desorption curves within this
range of relative humidity is shown in the Figure 1B. It leads to quite linear relations and almost no
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differences between the sorption and the desorption curves. This fact tends to justify the use of a
single and constant average moisture capacity &, which is defined as the variation of water mass with
relative humidity per unit of material volume (¢ = p; (Ou/0HR)), as a first estimation of the

hygroscopic behaviour of the material.

As a consequence of these results, the hysteresis between sorption and desorption curves is

neglected in the following of this paper and only the adsorption curve will be used for modelling

purposes.
60
|a. —=—F0Ads | b. —=—F0Ads
--O--F0 Des --11-- FO Des
50 4 —e— F3 Ads - —e— F3 Ads
| --O--F3 Des ] --O---F3 Des
—&— F5 Ads — & F5 Ads
40 --4--F5 Des --Zv--F5 Des
“e 304
2
X
= 20+
10 4
0 -

100

Relative humidity (%) Relative humidity (%)

Figure 1 Sorption isotherms and desorption from 97% RH (a.) and 85% RH (b.)

3.2 Water vapour permeability

3.2.1 Water vapour permeability Standard analysis
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At first, the water vapour permeability is obtained using the standard EN ISO 12572 [20] for each
thickness of every material. From the experimental mass variation of the cup assembly (wet or dry) a
regression line G = Am/At (kg/s) is determined when the permanent state is reached. The water

vapour permeability is then expressed using Fick’s law of diffusion by (eq.3):

5 — G-d
P A Ap,

(3)

where A (m?) is the exposed surface of specimen, d is the thickness of the sample and Ap, (Pa) is

the water vapour pressure difference across the sample.

The vapour resistance factor is often used rather than the water vapour permeability. The vapour
resistance factor, |, is the ratio between the water vapour permeability of air (6,) and of the

material (6, ) (eq. 4):

H=5 (4)

The value of §, can be estimated from the relation given In Kiinzel [26] (eq. 5):

0.81
8q = 2 X 10‘77 [kg/(m s Pa)] (5)

Where T is the ambient air temperature (K) and pq is its pressure (Pa). Thus, at 23°C and at

average atmospheric pressure (101325 Pa), §,=1.97 10"'°kg/(m s Pa).

The water vapour resistance factor obtained when no correction is made on the experimental

results to include the effect of the surface resistance, “No correction”, is given in Figure 2.
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Figure 2 Calculated values of p factor with and without corrections

FO (1 cm)
FO (2 cm

FO (4 cm

F3 (1 cm)
F3 (2 cm)
F3 (4 cm)
F5 (1 cm)
F5 (2 cm)
F5 (4 cm)

The correction that is given in the EN ISO 12572 [20] is to include the resistance to water vapour
diffusion presented by the air layer between the sample and the salt solution. This correction is
normally recommended when the water vapour diffusion-equivalent air layer thickness (s; = u - d)
is lower than 0.2 m. It assumes that the transport of vapour within the cup is only made by diffusion
(no convection) and it leads to the equation 6, where d, is the thickness of the air layer between the

salt solution and the sample. It will be referred to as the “ISO correction”:

G-d o)
511150 = ;w0 = 1.?0 6
dq ) (6)

A-AP, -G p

a

The calculated water vapour permeability of the air at §; = 1.97 1071% kg/(m s Pa) and the
thickness of the air layer is d,=30 mm at 23°C are reported in Figure 2 as “ISO correction”. From the

values in Figure 2 it can be noticed that there is a significant difference of measured p factor for a
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same material at different thicknesses for the values with no correction and the ISO correction. The
preparation method of all thickness plasters was scrupulously the same. Therefore, no apparent
heterogeneities can explain such differences and the effect of the surface film resistance are
considered as the cause. A further correction can be applied to take into account the effect of an

immobile air layer at the very close external surface of the material.

3.2.2 Correction with surface film resistance

To obtain the real vapour permeability of the material whatever the thickness using the method
of the cup test, the effect of the surface film resistance at the external surface of the sample must
also be taken into account, in the cup and outside the cup. Experimentally, the value of the surface
film resistance depends among others on the texture of the material surface and air velocity in the

chamber.

However, only a global surface film resistance, Z, can be estimated from the experimental
results. A method was recently used by Vololonirina et al. [16,27] to experimentally determine the
surface film resistance. At least three different thicknesses of the material need to be measured to
plot a relation between thickness of material and the apparent resistance of the material, the
following limit (eq.7) when the thickness of the material tends to zero gives the global surface
resistance

) 1 1
b‘ino(da__d_J“Z)_Z (7)

T
p 617

where & is the real water vapour permeability, while &, is the apparent water vapour permeability

which is calculated through the relation (3).
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The intercept of the linear relation gives the values of the global surface resistance,Z. The values
obtained for the FO and F3 samples are 6.10® (m2.s.Pa)/kg and 7.10% (mZ2.s.Pa)/kg for the F5 sample.
The calculate water vapour resistance including the external surface film resistance will be referred
to as the “Z correction”, the values are given in Figure 2. It can be noticed that the values are more

consistent whatever the thickness of the material.

3.2.3 Impact of the water saturation level on the cup test

It is well known in unsaturated soil mechanics that both liquid and gaseous phases fill the open
porosity. Greater saturation level reduces the amount of porosity available for water vapour

diffusion but in turn increases the liquid permeability.

Therefore, the impact of the liquid mass transfer due to a higher saturation level on the

experimental test which aim at quantifying diffusion should be properly evaluated.

The sorption isotherms of the material presented in section 3.1 show that the saturation level
relative variation remains lower than 5% for all the tested plasters when the relative humidity varies
from 33% to 75%. It can be assumed that for such a low saturation level both vapour and liquid
permeability remain constant during the hygric test conducted in this study and that the liquid

transport is negligible. and that the measured apparent value of §,, is sufficient to estimate properly

(6p pgat - Dp)-

An experimental validation of this assumption can be made by comparing dry cup and the wet
cup test results. In Figure 3, the water resistance factor of plasters obtained by the wet cup test is
compared to the values obtained by the dry cup test. The results for FO and F3 formulations do not
show significant difference, suggesting that the variation of the saturation from dry cup to wet cup is
negligible and does not affect considerably the mass transfer. The F5 formulation shows on the

opposite a significant difference between the dry cup and wet cup results. The diffusion of water
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vapour for the F5 formulation is more impacted by the saturation level of the pore network than the

FO and F3 formulations. Therefore, this assumption is only valid for formulations FO and F3. In

consequence, only the FO formulations is chosen for numerical validation of the impact of the surface

film resistance and diffusion is considered as the only mass transfer process, the liquid permeability,

Dy, in the mass transfer model (eq. 1) will be neglected.

Dry cup resistance factor

Figure 3 Comparison between wet cup and dry cup results

12 - o FO

. o F3
10 4 A FS

| |— Identity line

A

o o

] )

L

6 4
4 4
24
0 T T T T T | 1 1 ' 1

0 2 4 6 8 10 12

Wet cup resistance factor

3.3 Results of dynamic tests for cycles of 24 hours and 72 hours
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The dynamic moisture exchange capability of the samples is estimated using the MBV test
described previously and considering two cycles. In Figure 4, the results of the moisture uptake and
release during the 24 h-cycles are shown for samples FO, F3 and F5. Each plaster formulation was
tested at different thicknesses. It can be noticed that, for FO and F3 formulations, no significant
difference between the thicknesses can be observed. This leads to conclude that the penetration
depth of moisture into the bulk of the sample during an 8 h phase of high humidity load remains
below 1 cm for FO and F3 plaster formulations. The results obtained for the F5 formulation show
greater adsorbed moisture content for the 2 cm and 4 cm thick samples. In consequence this

suggests that the 1 cm thick samples are approaching equilibrium during this phase.

It is worth to mention here that the moisture adsorption of all three formulations gives
satisfactory results regarding buffering potential. The Nordtest classifies materials with adsorption
capacity over 42 g/m? as good buffering materials [22]. Therefore FO and F3 formulations are good
buffering materials just above this limit whereas the F5 formulation would have to be at least 2 or 4
cm thick to reach this level. This performance is however relatively low when compared to values

from previous publications [7,8,23].
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Figure 4 Results of the MBYV test for 24 h cycles

The results of the moisture buffering test with time cycles of 24 h at 75% RH and 48 h at 33% RH
are shown in Figures 5. Due to the impossibility to weight the samples during night time, a
considerable gap is left in the 24 h adsorption phase between the measure at 6 h and 21 h. It is

however possible to see the difference in adsorption between the different thicknesses.
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Figure 5 Results of the MBYV test for 72 h cycles

For all formulations, the 1 cm thick samples are reaching lower maximal adsorbed moisture
content. For the formulations FO and F3 the adsorbed moisture for the 2 cm thick samples remains
the same than for the 4 cm thick samples. The penetration depth is therefore between 1 and 2 cm.
Only for the formulation F5 it can be observed that the 2 cm thick samples also reach lower values

than the 4 cm thick samples which indicate that the penetration depth for the formulation F5 is

between 2 and 4 cm.

4 Discussion

4.1 Validation of the corrected water vapour resistance factor
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To validate the corrected value of the water vapour permeability a simulation of the dynamic results
was done by solving the differential equation described in section 2.5. The numerical simulation was
done for the FO sample at 4cm and with a vapour resistance factor of 12.3 and 7.55. The usually
recommended value of 2.10°® kg/(mZ2.s.Pa) is used as the external surface transfer coefficient in the
MBV test which corresponds to a surface film resistance of 5.10” (m2.s.Pa) / kg [28]. The results of the
simulation using the ISO correction water vapour resistance (uISO) are shown in Figure 6. The
simulation shows an under estimation of the moisture buffering results indicating an overestimated

water vapour resistance of the material.

110
100_- ,v(f‘l\ o  Experimental 24h

1 o Experimental 72h
—— Simulation p(Z) 24h
— Simulation py(ISO) 24h
- = - Simulation p(ISO) 72h
- = = Simulation p(Z) 72h

Moisture adsorption (g/m?)

- -
-0
eSS

I I
0 5 10 156 20 25 30 35 40 45 50 55 60 65 70 75
Time (h)

Figure 6 Simulation with the ISO and Z corrected water vapour permeability

The simulation using the corrected vapour resistance factor by the external surface

resistance is also shown in Figure 6. The simulation gives consistent results with the experimental
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data for both 24h and 72h. Based on this numerical simulation it can be concluded at first that a

correction of the water vapour permeability using the Z correction is valid.

4.2 Analysis of the surface film resistance

In thermal analysis, a heat convection coefficient is used to express the convective exchange of
heat over a defined surface. The inverse gives the thermal surface resistance. This resistance of a
surface over which convective exchanges occur can be explained by the fact that air velocity reaches
zero at the contact of the material. Analogy can be made with the mass transfer coefficient and the
surface film resistance. Any transfer can be expressed by the equivalent transfer coefficient, in this
study named, (8, or by the resistance, Z. This coefficient depends on many different parameters and

can only be experimentally determined.

The method described used in this study relies on the experimental determination of global
surface resistance during the cup test. This global coefficient can however be further described,
because it is essentially composed of the resistance of the air layer in the cup, the resistance of the
surface in the cup and the resistance of the external material surface. In Figure 7, the setup of the
wet cup design is schematically represented, the §; and 3, coefficients represent the surface film
resistance at the interior surface and the external surface respectively. The first approximation made
is that the internal surface film resistance is negligible as there is no forced convection in the cup, so
the total internal resistance can be expressed by the resistance due to the thickness of the air layer

within the cup.

Therefore, the total internal resistance in the cup to the diffusion of water vapour, Z;,, can be

expressed by (eq. 8) :
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dg

5. (8)

Zint =

This needs to be clarified, the known vapour pressure is at the surface of the saturated salt
solution expressed by P4 in Figure 7 and the measured vapour pressure in the chamber is expressed
by P,,. The real vapour pressure at the surface of the material, P;; and P,,, is affected by the

resistance of the air layer and the resistance of the surface film resistance.

The corrected vapour pressure at the surface of the material (4P,;) is obtained in equation 9a

and 9b where 4P,; = (P,; — Py,;) and AP,, = (P,, — Py,) :

AP; = AP, — AP,; — AP, (9a)
AP; = AP, G G
Ly Ay 2 (9b)
a

Pv1

Salt solution

Figure 7 Layout of the process during the test

22



The value of the transfer coefficient due to the external film resistance can be calculated as the

interal resitance Z;,; is given by the thickness of the air and the vapour permeability of the air, both

known parameters.

The surface film resistance is therefore expressed by equation 10:

(10)

This leads to discuss on the values of the external surface film resistance obtained from this

relation. The values are presented in table 2, where Z° is surface film resistance of the external

surface during the wet cup test. For samples FO and F3, the results are consistent a part for the dry

cup test of the FO sample, and present a value of about 4.10® (m2.s.Pa)/kg. This value is about a factor

10 higher than the usually recommended value for building materials surface film resistance of 5.10’

(m2.s.Pa)/kg. It is comparable with some values found in the literature for polyurethane foams.

Table 2 External surface film resistance and associated transfer coefficient from this study and from literature

Reference Z° (m2.s.Pa/kg) B, (kg/m2.s.Pa)
Results plaster FO wet cup 3.96.10° 2.42.10°

dry cup 1.89.10° 5.29.10°
Results plaster F3 wet cup 4.12.10° 2.42.10°

dry cup 3.66.10° 2.73.10°
Results plaster F5 wet cup 5.05.10° 1.98.10°

dry cup 5.57.10° 1.80.10°
Plaster FO MBV test 6.53.10’ 1.53.10°
[29] Water surface 210’ 40.10%-5.10°
[30] Paper surface 4.3-54.10 2.3.10%-1.8.10°
[16] Rock wool surface 4.3.10-2.10° 5.10°-2.3.10°
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[16] Polyurethane foam 1.9.10%-6.9.10° 5.4.10°-1.46.10°

[31] Earth masonry 1.25.10-9.6.10° 7.95.10°-10.43.10°
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In this study, two different climatic chambers are used, one for the water vapour permeability test
(chamber A: the cup test), and another one for the moisture buffering test (chamber B : MBV test).
The ventilation in chamber A is lower then in the chamber B mainly due to the type of test running,
during the water vapour permeability test the chamber is set to a constant RH whereas during the
MBYV test the chamber is running daily cycles therefore necessating more ventilation to adjust the

values. However, in both chambers the average air velocity is over the recommended 0.1 m/s.

As it is showed in the previous section, the simulation of the dynamic moisture exchange using
the recommended value for the external surface film resistance of 5.10” (m2.s.Pa)/kg (B = 2. 10_8)
gives satisfactory results for the conditions in the climatic chamber B, see Figure 8 for 24h cycles and
Figure 9 for 72h cycles. On the opposite, when the calculations are made with the value of the
surface film resistance experimentally determined from the wet cup tests (namely Z°), the dynamic
behaviour is largely underestimated. What’s more, this value of surface film resistance has been
compared to the one experimentally determined by measuring the mass variation over time of a
water cup in the two climatic chambers. Such method of the water cup was previously described in
the literature by [31]. This method allows determining the transfer coefficients in other conditions
for earth plasters by using the water cup as a neutral indicator of the conditions in each chamber. It
leads to respective values of Z,, =2.3 10’ (mZ2.s.Pa)/kg for the climatic chamber A and Z,z =2.2 10’
(m2.s.Pa)/kg for the climatic chamber B, which are both significantly lower than the measured values

of ZS.
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Actually, to find some consistencies between the surface film resistances of the water cups and
the samples in the both conditions (condition A for the wet cup test, and condition B for the MBV
test), it is proposed to use the transfer coefficients (inverse of resistance) with a corrective non-
dimensional factor, see Figure 10, which will be named at first the surface correlation factor and

denoted by « so that:

1 dp\t
ﬁA =0(<E+6—a) (11)
Bs = aPos (12)
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Where 4 and Bp are the global moisture exchange coefficient at the surfaces of the porous
material for respectively the cup test (both surfaces and air layer) and the MBV test (only the non-
wrapped surface), while Sy, =1/Zy4 and Bog =1/Zy5 are the moisture exchange coefficient for a
pure water surface at the same external conditions. Therefore, a is the coefficient between the
exchange over a surface of pure water and the material surfaces in the same conditions. It is

assumed that a remains constant in both chambers as it should only be influenced by the

Chamber A Chamber B

a

7 )
Boe

Be J

]

Figure 10 Relative mass transfer coefficient for different experimental conditions

difference of surface of the material (water or earth plaster). Also the cups should be positioned
close to each other to have the same convective conditions. The global transfer coefficient for the
material in chamber A (represented by 8; + S, in the Figure 10) is 84 =1.7x10” kg/(m’.s.Pa) whereas
the measured mass transfer coefficient of the water cup is ﬁOA:4.E’>x10"8 kg/(m?.s.Pa), therefore the
equation 11 gives a = 0.34. The measured value of S5 is 4.5x10°® kg/(m?.s.Pa) in chamber B and
therefore Bg is estimated by af5=1.5x10° kg/(m”.s.Pa). When comparing directly the external
exchange coeffcients rather than taking a global coefficient in chamber, then a becomes extremely
low and the values of S5 in chamber becomes too low. This suggest that the estimation of 5; only by
the resistance due to the thickness of the air layer may not be correct and that it leads to an
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overestimation of the external surface film resistance. The values found for 8, are too low. This
observation is consistent when comparing the values of the external surface film resistance with
literature values in table 2. Furthermore, such values would correspond to unrealistic values of the
equivalent resistance of air layer around 8 cm thick. At this stage only the global resistance measured

during the cup test can be used as a reliable value.

In Figures 8 and 9, the simulation obatined using the different external transfer coefficients are
compared. The external transfer coefficient obtained directly from the cup test by the determination
of the global surface resitance is too low and can be discarded to use as such for the dynamic test.
The calculated value from the water cup results is close to the recommended value and both show
very similar results. When further increasing the external transfer coefficient to 2x10” the adsorption
of moisture is increased. This indicates that the surface film resistance is still a limiting factor for
moisture adsorption even with strong air velocities (forced convection in the chamber) used during
the test. A similar conclusion on the impact of the surface film resistance can be found in the

literature [33] on other building materials.

5 Conclusion

Three formulations of earth mortar plasters were tested regarding their hygric properties. The
water vapour permeability, the sorption isotherms and their dynamic response to a cycle
representing a typical daily humidity load were tested. The plaster samples were prepared and
tested with three different thicknesses, 1 cm, 2 cm and 4 cm, the penetration depth could be
determined, in other words, the thickness of the layer that is active within the material during daily

humidity variations.
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The experimental results indicate a penetration depth below 2 cm for all formulations and below
1 cm for two formulations during 24 h cycles. Further measurements were realized with 72h cycles.
The 72h cycle results show a lower moisture adsorption for the samples with a thickness of 1 cm

indicating that the penetration depth lies between 1 and 2 cm.

The results of the cup test showed an influence of the thickness of the samples on the results. It
could be concluded that the thinner the samples the more they were affected by the surface film
resistance. Therefore, a global surface resistance was determined based on the measure of several
plaster thicknesses by the cup test. A numerical simulation of the dynamic results from the MBV test
validated the use of the corrected water vapour resistance which included the global surface

resistance.

The simulation could then be used to investigate the impact and the nature of the surface film
resistance. At first the, the simulation results have shown that the external surface film resistance
deduced from the global surface resistance obtained during the cup test is not valid. This leads to
qguestion the validity of the hypothesis which assumes the resistance in the cup to be correctly
estimated by the resistance to diffusion of the air thickness between the salt solution and the
material. A method using the evaporation rate of pure water placed in equivalent conditions gave
consistency between the global surface resistance during the cup test and the external surface film

resistance during the dynamic test.

For both hygric tests, there is evidence that they are strongly impacted by the surface film
resistance, unfortunately those are frequently considered as negligible in the literature. An analysis
of the surface film resistance should always be included when measuring hygric parameters of
biobased and raw earth buildings materials. At this stage the use of a global surface film resistance to

estimate the water vapour resistance is validated. The determination of the external resistance
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based on the global resistance could not be validated and needs further inquiries into the relative

origin of the global resistance (internal, external).

The physical nature of this surface film resistance should be further investigated also through a

precise characterisation of surface roughness and its impact on an immobile boundary layer.
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