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Abstract 

Cup experiments are the most widely used method to measure the water vapor permeability of 

porous building materials. For this test, cup assembly is designed to create a vapor pressure 

gradient across a sample and, thus, to allow vapor diffusion through it. Water vapor 

permeability is assessed by weighing cup assembly over time. While the external conditions 

are generally well controlled, appropriate solid desiccants or saturated salt solutions are used 

to control the conditions inside the cup. However, precise knowledge of these conditions is 

crucial, as they are used to calculate permeance and hence water vapor permeability. In this 

study, dry and wet cup experiments were performed with different solid desiccants or 

saturated salt solutions on nine materials with Sd-values ranging from 0.08 m to more than 1 

m. In all the experiments, the relative humidity within the air layer in the cup was measured 

with wireless sensors. The results showed that relative humidity was rarely the same as the 

expected value and that the relative humidity of solid desiccant also varied over time, 

resulting in from 5 % to 450 % relative errors in the predicted Sd-value. A correction method 

is proposed to assess the “real” Sd-value from the theoretical Sd-value and differences 

between dry and wet cup experiments are discussed. 

Keywords 

Cup method; Sd-value; relative humidity; surface film resistance; porous building materials. 

Highlights 

• Dry and wet cup experiments on nine materials with different permeability. 

• Tests performed with solid desiccants or saturated salt solutions. 

• Relative humidity measured within the air layer in the cup with a wireless sensor. 

• Measured RH differed from the expected value and may also vary over time. 

• Relative errors in the predicted Sd-value ranged between 5 % and 450 %. 
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1 Introduction 

Water vapor permeability (and related properties: water vapor diffusion resistance factor 

or Sd-value) of a building material is a property describing the ability of water vapor to pass 

through a material by diffusion. This property needs to be known to design an airtight and 

moisture proof building envelope. For instance, the French standard on timber frame building 

envelope [1] requires a minimum exterior to interior Sd-value ratio of 1:5 to ensure that 

moisture can diffuse to the outside. The risk of interstitial condensation due to water vapor 

diffusion in other building envelopes can be evaluated according to ISO 13788 [2]. For 

instance, this method has been applied when retrofitting walls with internal thermal insulation 

[3]. The Sd-value of a vapor barrier should normally be set to prevent moisture ingress into 

the insulation layer during wintertime. However, since this vapor barrier may limit the drying 

out of the masonry wall towards the inside of the building during summertime [4], diffusion-

open capillary active systems whose drying potential depends -among others- on the Sd-

value, have been the subject of increasing interest [5]. Besides, stochastics studies have 

reported that the hygrothermal behavior of the building envelope may depend on the accuracy 

of input parameters, including the water vapor diffusion resistance factor [6], meaning this 

property has to be measured precisely. 

Among the most common measurement methods (sweat guarded hot plates [7], 

permeation cells [8], or inverse methods applied to diffusion experiments [9,10]), the cup 

method [11-13] remains the most widely used thanks to its simplicity. Broadly, this test 

consists in measuring the moisture flow due to relative humidity gradient across a sample 

sealed on a cup containing desiccant or saturated salt solution under steady state and 

isothermal condition. Despite the good repeatability and reproducibility of this test performed 

in one lab [14], several round robin tests showed inter-laboratory discrepancies ranging from 
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8 % to 450 % whatever the vapor-tightness of the materials [15-19]. There are three main 

reasons for these differences [20]. 

The first concerns the experimental design, e.g. how the sample is assembled with the 

cup. Examples of test assembly are proposed in the standards [11-13], but some may create a 

“masked edge” that needs to be corrected (even if its influence on the results is limited 

[18,21]). Attention also needs to be paid to sealing [22-24] as leakage through the sealed edge 

leads to overestimation of permeability [18], particularly for vapor-tight materials, while 

penetration of molten sealants into porous materials may reduce the effective area [11]. 

The second reason concerns the importance of surface air resistances compared to the 

material water vapor resistance. One surface resistance is due to vapor diffusion across still 

air layer in the cup. Even if the air layer thickness should be 15 ± 5 mm thick to limit its 

influence [11], it should nevertheless be taken into account in the analysis, particularly in the 

case of vapor permeable materials [21]. Two methods are proposed in ISO 12572 [11] to 

evaluate this resistance: using Schirmer formula (Appendix G) or testing two samples of 

different thicknesses (Appendix H). However, the results of the two methods can differ by a 

factor of 4 [25,26]. Another type of surface resistance is due to convection above the cup. 

Even if the air velocity above the samples should be at least 2 m⋅s-1 to limit its influence [11], 

this recommendation is in fact solely respected and convective surface air resistance should 

be evaluated as a function of air velocity (as in [27]) to be included in the analysis. However, 

even when this resistance is taken into consideration, previous studies have shown that the 

water vapor resistance of material can decrease significantly with increasing velocity 

[16,25,28]. 

The third reason concerns adequate control of ambient conditions. Barometric pressure, 

temperature, and relative humidity outside the cup do not vary much during experiments, so 

that their influence on water vapor permeability is expected to be limited [29,30], whereas 
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relative humidity inside the cup remains unknown. For dry cup experiments, desiccants like 

Silica Gel [18,30,31], Calcium Chloride CaCl2 [15,17,18,32-34], or Magnesium Perchlorate 

Mg(ClO4)2 [18] are recommended to ensure 0 %RH within the cup. However, this theoretical 

value does not seem to be reached as highlighted by measured relative humidity values 

ranging between 3 %RH and 17 %RH inside the cup at the onset of the test [35-37]. A 

previous study performed on wood fiber insulation showed that using measured relative 

humidity in the analysis may result in up to 300 % difference in the water vapor diffusion 

resistance factor compared to theoretical calculations [37]. Moreover, as moisture flows into 

the cup, the desiccant is progressively saturated (i.e. its absorptive power decreases), relative 

humidity within the cup increases over time (i.e. the difference in vapor pressure decreases) 

and the density of the water vapor flow rate decreases [34,35,37]. For instance, the increase in 

relative humidity in permeable materials was shown to range between 7 %RH and 10 %RH 

over 24h [35,37], which prevented the steady state from being reached. To take measurements 

under different relative humidity values (like in wet cup experiments), saturated salt solutions 

are used. Nevertheless, the theoretical relative humidity inside the cup is evaluated at 

equilibrium, whereas non-equilibrium prevails during the experiments. 

Exact knowledge of the relative humidity within the air layer is thus crucial for cup 

experiments. Previous works [33,38] measured it without showing the variations. In the 

present study, we measured the relative humidity within the air layer, and then evaluated the 

true permeability of nine building materials, using desiccants, and saturated salt solutions. 

 

  



6 

2 Materials and Methods 

2.1 Materials 

Nine building materials used in previous works [37,39-42] were tested: wood fiber 

insulation (WFI), gypsum board (Gyp.), two samples of Aerated Autoclaved Concrete (AACa 

& AACb), two samples of OSB/3 (OSBa & OSBb), hollow concrete blocks (HCB), 

rainscreen membrane (Memb.) and hemp concrete (HC). All the samples have surface of 100 

x 100 mm. Their thickness d and dry density ρ are listed in Table 1. All the materials cover a 

wide range of permeability. 

 

Material d [mm] ρ [kg⋅m-3] 
Sd [m] (declared/literature) 

dry wet  

Insulation 

WFI 40 50 0.08 (decl.) 

Highly 

permeable 

materials 

AACa 20.4 604 0.2 [43] 0.06 [43] 

AACb 18.9 524 0.2 [43] 0.06 [43] 

HC 50.4 330 0.3 [42] 0.26 [42] 

Finishing 

layer 

Gyp. 12.5 660 0.11 [44] 0.09 [44] 

Memb. 0.6 - 0.15 (decl.) 

OSBa 14.9 552 1.83 (decl.) 1.13 (decl.) Less 

permeable 

materials 

OSBb 11.8 675 0.59 (decl.) 0.19 (decl.) 

 HCB 18.9 1880 0.34 [45] 0.31 [45] 

Table 1: Thickness, dry density, and order of magnitude of Sd-value of tested materials. 
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2.2 Methods 

Water vapor permeability was measured using the dry and wet cup method following as 

closely as possible the recommendation of ISO 12572 [11]. Prior to testing, the samples were 

dried at the temperatures defined in ISO 12570 and then conditioned at 23 °C and 50 %RH. 

They were then sealed with vapor-tight aluminum tape in PE cups (with dimensions  

100 x 100 x 60 mm) containing a desiccant or a saturated salt solution. The sealing efficiency 

was checked by testing impermeable PVC samples. Three desiccants were tested for the dry 

cup tests (Silica Gel, Calcium Chloride CaCl2 powder and saturated solution of Potassium 

Hydroxide KOH), while a saturated solution of Potassium Nitrate KNO3 was used for wet cup 

test. Whatever the desiccant, the thickness of air layer between specimen and desiccant was 

approximately 17 ± 3 mm thick. Temperature and relative humidity in this air layer were 

monitored at 15 min intervals with small and wireless HygroPuce sensors (Waranet, Auch, 

France) with an accuracy of 2 %RH and 0.5 °C. The sensors (with dimension 6 mm thick and 

16 mm in diameter) were placed either on the surface of the desiccant (Silica Gel) or on a 

holder above the surface of the desiccant (CaCl2 and KOH). In both cases, the distance da 

between sensor and the undersurface of the sample was evaluated to assess the resistance of 

the air layer between the sample and the sensor. Figure 1 is schematic view of the 

experimental set-up. 
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Figure 1: Schematic view of the experimental set-up. 

The assemblies were placed in a climatic chamber (Memmert HPP 108, Schwabach, 

Germany) at 23 °C and 50 %RH. Air velocity measured at 2 cm above the cup with a hot-wire 

anemometer was 0.15 ± 0.05 m⋅s−1, which is lower than the value recommended for the 

measurement of highly permeable materials. During experiment, the cups were removed once 

a day during the working week from the chamber to be weighed using a balance with a 

precision of 0.01 g (Adventurer Pro AV4102C, Ohaus Corporation, Pine Brook, NJ, USA). 

This weighing frequency and balance precision are sufficient to obtain results with an 

accuracy of  

5 % according to the Appendix I of ISO 12572 [11] for highly permeable materials. For less 

permeable materials, one out of two mass points is used in the analysis to reach the required 

accuracy. The measurements continue until the density of the water vapor flow rate g reaches 

steady state (as specified in section 8.1 of ISO 12572 [11]) or until the assembly has gained 

more than 1.5 g per 25 ml of desiccant in the cup. With this set-up, this corresponds to a mass 

gain of about 2.5 kg⋅m-2. In the present study, experiments were run for at least 15 days. 

 

3 Results and discussion 

For dry cup experiments, at least five specimens of WFI were tested according to the 

recommendation of ISO 12572 [11]. The number of specimens of other materials tested 

ranged between one and three, depending on sensor availability. However, the main objective 

of this paper is to highlight the influence of boundary conditions inside the cup on the 

determination of Sd-values, and, whenever possible, this influence is discussed with respect to 

measurement repeatability, see Appendix A for the repeatability of some measurements. In 

contrast, instrumented wet cup experiments were performed on only one sample of each 

material. 
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3.1 Results obtained with Silica Gel as desiccant 

3.1.1 Observation 

A first set of experiments was performed using Silica Gel as desiccant. Figures 2a and 2b 

show variations in relative humidity in the air layer with highly permeable materials  

(e.g. Sd < 0.3 m) and with less permeable materials (e.g. Sd > 0.3 m), respectively. 

Temperature variations are plotted in Figures 2c and 2d. Figures 2e and 2f show the density of 

the water vapor flow rate g calculated after each weighing of the samples. For the sake of 

clarity, only one curve is plotted for each type of material. 

Before the start of the experiment, it was verified that relative humidity was 0 %RH and 

temperature was 23 °C inside the air layer of a cup sealed with impermeable material. At the 

beginning of the experiment (i.e., just after sealing the sample in the cup), relative humidity in 

the air layer was 4.5 %RH for low hygroscopic materials (Memb. and HCB) and ranged 

between 10 %RH and 19 %RH for more hygroscopic materials. These measured relative 

humidity values differ from the theoretical value of 0 %RH, meaning that moisture supplied 

by exterior air during cup assembly and by the sample is not instantaneously and totally 

adsorbed by the desiccant in the early stages. At the same time, the temperature can increase 

by 3 °C due to moisture adsorption by the desiccant, which is an exothermal reaction. 

As the experiment proceeds, moisture flows through the sample due to water vapor 

pressure gradient. Moisture is adsorbed by the desiccant and the mass of the cup increases. 

However, the desiccant adsorption capacity decreases gradually over time and relative 

humidity in the air layer tends to increase. The more permeable material, the bigger the 

increase in relative humidity. Similar observations were reported by Pazera and Salonvaara 

[35] in a 24h experiment. After 15 days, the increase in relative humidity ranged from 12 

%RH to 22 %RH for highly permeable materials (e.g. Sd < 0.3 m), whereas it did not exceed 

6 %RH for less permeable materials (e.g. Sd > 0.3 m). Finally, it could lead to up to 40 %RH 
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relative humidity measured in the air layer at the end of the experiment. Simultaneously, 

temperature decreased over a period of 10 days for WFI and Gyp. (because of high moisture 

adsorption by the desiccant), while equilibrium temperature was reached in less than one day 

for other materials. 

 

  

  

  

Figure 2: Measured variations in relative humidity and temperature in the air layer and in the 

density of the water vapor flow rate g for highly permeable materials (a,c,e) and less 

permeable materials (b,d,f) during dry cup experiments performed with Silica Gel. 
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Because the water vapor pressure gradient decreases across the sample, the density of the 

water vapor flow rate g decreases over time (see Figure 2e and 2f). The decrease is almost 

negligible with less permeable materials (e.g. Sd > 0.3 m), whereas a reduction up to 50 % is 

observed with highly permeable materials (e.g. Sd < 0.3 m). Consequently, in the present 

experiment, steady state (as defined in ISO 12572 [11]) was hard to reach with all highly 

permeable materials. Particularly with Gyp., Memb. and HC., the last five successive 

determinations of g were within ± 6 % of the mean value of g (instead of ± 5% as defined in 

ISO 12572 [11]). Note that during the experiments none of the samples reached the maximum 

mass gain of 2.5 kg⋅m-2. 

 

3.1.2 Data analysis 

Once the density of the water vapor flow rate g reached steady state, the data were 

analyzed to evaluate Sd-value by considering the additional resistance of air layers inside and 

above the cup (as specified in the Appendix G of ISO 12572 [11]): 

 �� = �� = �� �∆	

� − 
�

��
− �

��
� (1) 

where µ is the water vapor diffusion resistance factor (defined as � = �� �⁄ ), �� the water 

vapor permeability of air (equal to 1.95⋅10-10 kg⋅m-1⋅s-1⋅Pa-1 at 23 °C and patm), � the material 

water vapor permeability, d the material thickness, ∆�� water vapor pressure difference across 

the sample, g the density of the water vapor flow rate, da the thickness of the air layer, and hm 

the convective mass transfer coefficient above the cup. The Sd-value was calculated using 

three approaches: 
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• In the first approach (noted th.), the relative humidity in the air layer is set to a 

theoretical value of 0 %RH (leading to ∆�� = 1404 �� ) and da is the distance 

between undersurface of the sample and the desiccant. 

• In the second approach (noted meas.), the mean relative humidity measured during the 

period of analysis is used to calculate ∆�� and da corresponds to the distance between 

undersurface of the sample and the sensor. 

• In the third approach (noted pv), permeance W (defined as � = � ∆��⁄ ) is evaluated 

directly from the measurement. Indeed, Figure 3 shows a linear relationship between 

the density of the water vapor flow rate g and the difference in the water vapor 

pressure measured across the sample ∆�� (the correlation coefficient R2 being higher 

than 0.97). Therefore, the slope of the curve corresponds to the permeance W. Note, 

however, that this approach is mainly for highly permeable materials, with which 

relative humidity in the air layer varies significantly during the experiment. 

 

 

Figure 3: Density of the water vapor flow rate g plotted as function of the difference in the 

water vapor pressure measured across the sample ∆�� for highly permeable materials. 

 

For the approaches meas. and pv, a further calculation (noted RH in parentheses) is done 

by modifying the measured relative humidity by 2 %RH (e.g. sensor accuracy). This makes it 
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possible to evaluate the uncertainty due to sensor precision. Finally, hm is set to  

2.85⋅10-8 kg⋅m-2⋅s-1⋅Pa-1 by default (corresponding to an external resistance of  

3.5⋅107 m2⋅s⋅Pa⋅kg-1). This value was measured during water evaporation experiments [46] 

and is similar to data reported in the literature [36,46-47]. Nevertheless, with a view to 

evaluating the sensitivity of Sd-value to moisture transfer resistance, an alternative value of  

1⋅10-8 kg⋅m-2⋅s-1⋅Pa-1 was used for hm (noted hm in parentheses). In addition, internal and 

external resistance is discussed in Appendix B. 

 

The Sd-values calculated using these approaches are plotted in Figures 4a and 4b for 

highly and less permeable materials, respectively. When calculated in the same way as in ISO 

12572 (approach th.), ����.  differed significantly from the declared or literature data (see 

Table 1). The differences ranged between -44 % (for OSBa) and 100 % (for Memb.). They 

are higher than measurement uncertainty (which ranged from 7 % (for HCB) to 27 % (for 

WFI)) and than sensitivity to hm (which was less than 10 %). In our opinion, the period of 

analyis and the adsorption capacity of the dessicant are extremely important when calculating 

Sd-value using the th. approach. When using measured relative humidity in the analysis 

(approach meas.), the measurement uncertainty is reduced to maximum 14 % and ��!"�#. is 

obviously lower because of lower ∆�� . The relative difference (defined as 

$����. − ��!"�#.% ��!"�#.⁄ ) ranged between 20 % and 450 % and decreased with an increase 

in the Sd-value. In comparison, sensitivity to hm was limited: relative differences were of 

about 60 % for WFI and Gyp., but less than 13 % for materials with ��!"�#. > 0.1 ' . 

Similarly, sensitivity to RH was also limited: relative differences were highest for highly 

permeable materials (because of low ∆��) but did not exceed 30 %. For all the materials 

tested, the sensitivity to hm and to RH was at least 3 times lower than the influence of the 

relative humidity of the air layer (meas. vs th.). Nevertheless, using measured relative 
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humidity can lead to lower ��!"�#. than sample thickness (e.g. µ < 1) for highly permeable 

materials like WFI. It should mean that water vapor diffusion is faster inside the material than 

in the air, which is unrealistic. This is not the case when permeance W is evaluated directly 

from the measurement (approach pv) in which case ��	�  is higher than ��!"�#.  (with a 

relative difference ranging between 11 % and 63 %). With approach pv, measurement 

uncertainty and sensitivity to RH are still limited, unlike sensitivity to hm. The pv approach 

thus seems to be an appropriate method to evaluate a realistic Sd-value for very highly 

permeable materials (e.g. �� < 0.1 ' ). Lastly, absolute differences between the three 

approaches ranged between 0.1 m and 0.25 m, i.e. the difference are significant. 

 

  

Figure 4: Sd-values calculated from dry cup experiments with Silica Gel using theoretical 

(th.), measured (meas.) relative humidity or measured permeance (pv) for two levels of 

convective mass transfer coefficient hm for highly permeable (a) and less permeable (b) 

materials. 

 

3.2 Influence of desiccant in the dry cup experiment 

Further experiments were performed using CaCl2 and KOH as desiccant. In particular, 

special attention has to be paid when experiments are conducted using KOH saturated 

solution. The cups have to be handled very carefully to avoid wetting the sensor and the 
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sample. Therefore, initial air layer thickness was closed to 20 mm for these experiments. 

During the experiment, vapor uptake by the cup increase the level of the solution (by reducing 

the thickness of the air layer): the maximal increase was up to 3 mm in the case of the most 

permeable materials. It was checked that this air layer thickness decrease (or increase of 

volume or mass of the solution) is consistent with the mass change of the cups between the 

beginning and the end of the experiment. Lastly, it was checked that the solution was still 

saturated at the end of the experiment. Concerning CaCl2, only a 2-mm thick rigid layer was 

observed at the upper surface of the desiccant at the end of experiment. 

Figures 5a and 5b compare variations in measured relative humidity in the air layer with 

the three desiccants for gypsum board (highly permeable material) and hollow concrete 

blocks (less permeable material). Figures 5c and 5d compare variations in temperature. Using 

CaCl2, relative humidity again differed from 0 %RH in the early stage and then increased over 

time, similar to Silica Gel. Since the sorption capacity of CaCl2 is higher than that of one of 

Silica Gel [48], the increase was smaller for highly permeable materials. However, 

temperature decreased more slowly due to higher sorption heat and had not reached thermal 

equilibrium after 20 days. 

In case of less permeable materials, with Silica Gel, differences in relative humidity and 

temperature were negligible. The density of the water vapor flow rate g decreased only 

slightly compared to that of Silica Gel, and steady state was reached even for the most 

permeable materials.  

With KOH, temperature and relative humidity were constant after one day. However, 

measured relative humidity values ranged between 20 %RH and 30 %RH for highly 

permeable materials and around 14 %RH for less permeable materials. These values differed 

from the theoretical value (8.5 %RH) predicted under thermodynamic equilibrium. There are 

two possible explanations for these differences. First, the measurement was not taken exactly 
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at the interface between the air and the saturated solution. Second, a saturated salt solution is 

in fact not under thermodynamic equilibrium. However, to the best of our knowledge, 

saturated salt solutions have been rarely investigated under non-equilibrium conditions. 

Whatever the material, steady state could be easily reached when using KOH solutions. 

  

  

Figure 5: Measured variations in relative humidity and in temperature in the air layer with 

different desiccants for gypsum board (highly permeable material) (a) and for hollow concrete 

blocks (less permeable material) (b). 

 

Figures 6a and 6b show the calculated Sd-value of both materials with the three 
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difference being due to sensitivity to hm. As was the case for measurements performed with 

Silica Gel, ��!"�#. was lower than ����. whatever the desiccant. Differences between ����. 

and ��!"�#. ranged between 15 % and 150 % with CaCl2 and between 3 % and 110 % with 

KOH for all the materials tested. By comparison, sensitivity to hm and to RH was at least 2 

times lower than the influence of the relative humidity of the air layer (meas. vs th.). Finally, 

fewer differences in ��!"�#. were observed between desiccants. 

 

  

Figure 6: Sd-values calculated using different desiccant for gypsum board (highly permeable 

material) (a) and for hollow concrete blocks (less permeable material) (b). 

 

Figures 7a and 7b show the relative differences between ��!"�#. and ���� measured for 

all the materials with the three desiccants as function of ��!"�#. and of )*�+, -�.", − )*�� 

respectively. With Silica Gel, the relative differences were greater than 35 % for  

��!"�#. < 0.35 '. This is due to the high relative humidity in the air layer caused by the low 

adsorption capacity of Silica Gel. With CaCl2 and KOH (that both have a higher adsorption 

capacity than Silica Gel), the relative differences were less than 30 % for ��!"�#. > 0.1 '. 

With the three desiccants, the relative difference decreased according to a power law (the 

correlation coefficient R2 being higher than 0.85): 
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where A and B are fitting parameters. 

Figure 7b shows that the relative differences were clearly related to the difference between 

measured relative humidity in the air layer )*�+, -�.",  and the theoretical value )*��  as 

shown by the exponential relationship (the correlation coefficient R2 being higher than 0.99): 

 
1
23.41
�5�6.

1
�5�6.
= 9 :;� �<=)*�+, -�.", − )*��>� (3) 

where C and D are fitting parameters. 

 

  

Figure 7: Relative differences between ��!"�#. and ���� as function of ��!"�#. (a) and of 

)*�+, -�.", − )*�� (b) with the three desiccants and for all materials. 

 

For Silica Gel and KOH, we particularly note that exponent B is closed to one. In this 
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 )*�+, -�.",
8≈�@AB )*�� + �

D ln � G
H$1
23.IG%� (5) 

The fitting factors used in Equations (4) and (5) prevail for the current experiments (cup 

design, outer boundary conditions) and could thus be used to estimate real ��!"�#.  and 

)*�+, -�.", in experimental set-up similar to ours. 

 

3.3 Wet cup experiment 

Wet cup experiments were performed once on the same materials, paying particular 

attention to avoid wetting the sensor and the sample. For these experiments, air layer is 

initially set to 15 mm and it increases over time. Figures 8a and 8b show variations in the 

relative humidity of the air layer for highly permeable materials and for less permeable 

materials (except for HCB), respectively. After a few days, the )*�+, -�.", of all the materials 

was almost constant. A theoretical value of 93 %RH was reached for the less permeable 

materials. the measured relative humidity of highly permeable materials was less than 93 

%RH, the biggest difference being observed for the most permeable materials. These 

observations are in line with the ones made with KOH, confirming that assessing the behavior 

of saturated salt under non-equilibrium conditions is a key point. 
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Figure 8: Measured variations in relative humidity in the air layer for highly permeable 

materials (a) and less permeable materials (b) during wet cup experiments. 

 

Figures 9a and 9b presents the calculated Sd-values using approaches th. and meas. for 

highly and less permeable materials, respectively. ����. and ��!"�#. calculated for dry cup 

experiments with Silica Gel are also plotted for the sake of comparison. Similarly to the 

results presented in Figure 4, using measured relative humidity in the analysis led to lower 

Sd-values since there was less difference in water vapor pressure across the sample ∆�� . 

Nevertheless, the relative differences between the two approaches were lower (they did not 

exceed 80 %) and also decreased with increasing measured Sd-value, as shown in Figure 6a. 

In this case, the coefficients of equation (2) are A = 0.0168 and B = 1.106 (the correlation 

coefficient R2 being higher than 0.91). These relative differences are also related to the 

difference )*�+, -�.", − )*��  between relative humidity measured in the air layer and the 

theoretical value. The results obtained in the wet cup experiment perfectly match with the 

trend in Figure 7b. Since B is close to 1, the approximation proposed in equations (4) and (5) 

also prevails for wet cup experiments. 

 

When we compared dry and wet cup experiments, we observed that ��
,. > ��J"� 

when the theoretical relative humidity value was used for the air layer. This observation is in 

line with observations reported in the literature (see Table 1). When we used measured 

relative humidity in the analysis, ��
,. > ��J"� only for Memb.. For all the other materials 

(except HCB), ��
,. ≈ ��J"� considering measurement uncertainties. Such a results is not 

necessarily surprising. Indeed, mean relative humidity of the materials varied between 31 

%RH and  

43 %RH in the dry cup experiments and between 64 %RH and 75 %RH in the wet cup 
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experiments. Between these relative humidity values, the moisture content of the material 

increases but only to a small extent in the hygroscopic domain. Therefore, the reduction in the 

diffusion area and the increase in the tortuous diffusion path should be very limited. 

Consequently, only small differences between dry and wet cup experiments are expected. 

 

  

Figure 9: Sd-values calculated from wet cup experiments using theoretical (th.) and measured 

(meas.) relative humidity for highly permeable materials (a) and less permeable materials (b). 
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4 Conclusions 

Dry and wet cup experiments were performed using different solid desiccants or 

saturated salt solutions on nine materials with Sd-values ranging between 0.08 m and more 

than 1 m. In all the experiments, a wireless sensor was placed inside the air layer to monitor 

temperature and relative humidity. At the beginning of the experiment, it was observed that 

the measurements differed from the expected theoretical values whatever the permeability of 

the materials. During the experiments, solid desiccants saturated progressively, the relative 

humidity within the air layer and hence the density of the water vapor flow rate varied over 

time. In particular, with Silica Gel, steady state could even not be reached for the most 

permeable materials tested. On the other hand, saturated salt solutions provided more stable 

conditions in the air layer. Sd-values were calculated using two methods with measured 

relative humidity and compared to theoretical values. Differences were observed between 

����. and ��!"�#.. These differences were larger than the measurement uncertainty and also 

than the sensitivity to external air resistance and to sensor precision Whatever the desiccant, 

the relative difference increased with decreasing measured Sd-values according to a power 

law and were clearly linked to differences between the measured and the theoretical relative 

humidity in the air layer. When the power exponent is close to one, a methodology is 

proposed to evaluate the “real” Sd-value from the theoretical Sd-value. We suggested that this 

methodology can be used in experiments like ours to correct the measured water vapor 

permeability. Finally, we observed almost no differences between the dry and wet cup 

experiments when we used measured relative humidity for the analysis whereas we noted the 

usual differences when we used the theoretical relative humidity for the analysis. 

 

  



23 

5 Nomenclature 

Latin characters 

d m Material thickness 

da m Air layer thickness 

g kg⋅m-2⋅s-1 Density of the water vapor flow rate 

hm kg⋅m-2⋅s-1⋅Pa-1 Convective mass transfer coefficient 

RH % Relative humidity 

Sd m Sd-value 

T °C Temperature 

W kg⋅m-2⋅s-1⋅Pa-1 Material permeance 

Z m2⋅s⋅Pa⋅kg-1 Material resistance 

 

Greek characters 

� kg⋅m-1⋅s-1⋅Pa-1 Material water vapor permeability 

�� kg⋅m-1⋅s-1⋅Pa-1 Water vapor permeability of air 

∆�� Pa Water vapor pressure difference across the sample. 

µ - Water vapor diffusion resistance factor 

ρ kg⋅m-3 Material density 

 

Indices 

meas. measured 

th. theoretical 
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6 Appendix A: discussion about repeatability 

Dry cup experiments with Silica Gel as desiccant were performed on six specimens of 

WFI. Figures A1a and A1b show variations in the relative humidity in the air layer and in the 

density of the water vapor flow rate g recorded in all experiments. Two groups of experiments 

can be distinguished. Specimens 1 and 6 had higher relative humidity and lower g than the 

other specimens. The Silica Gel used for these two specimens was less dry and its adsorption 

capacity was consequently lower. Nevertheless, the kinetic were very similar whatever the 

specimens. 

 

  

Figure A1: Variations in measured relative humidity in the air layer (a) and in the density of 

the water vapor flow rate g (b) during dry cup experiments performed on specimens of WFI 

using Silica Gel. 

 

Figure A2 shows the calculated Sd-value for each specimens following the methodology 
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values in the air layer are used in the analysis (meas. or pv), there is less difference between 

specimens and uncertainty is reduced. Similar observations were made for other materials 

tested with Silica Gel. 

 

 

Figure A2: Sd-values calculated from dry cup experiments on WFI specimens with Silica Gel 

using theoretical (th.), measured (meas.) relative humidity or measured permeance (pv). 

 

Further dry cup experiments were performed with CaCl2 and KOH. The results obtained 

on a few Gyp. specimens are plotted in Figures A3 and A4. Good repeatability of the 

experimental data was observed whatever the desiccant. Consequently, the differences in Sd-

value were very limited with both calculation approaches. Finally, good reliability of the 

results can be expected with both desiccants. 
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Figure A3: Measured variations in relative humidity in the air layer (a) and in the density of 

the water vapor flow rate g (b) during dry cup experiments performed on Gyp specimens with 

CaCl2 and KOH. 

 

 

Figure A4: Sd-values calculated from dry cup experiments on Gyp. specimens with CaCl2 and 

KOH using theoretical (th.) and measured (meas.) relative humidity. 
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7 Appendix B: discussion about air resistances 

Dry cup experiments with Silica Gel as desiccant were performed for different 

thicknesses of WFI (d = 40 mm or 2d = 80 mm) and different air layer thicknesses (da = 10 

mm or  

2 da = 20 mm), inspired by the Appendix H of ISO 12572 [11]. Figure B1 shows variations in 

relative humidity in the air layer observed in all the experiments. These variations are 

obviously sensitive to the thickness of the material, while the thickness of the air layer has 

only a minor influence. Indeed, increasing the thickness of the material decreases the density 

of the water vapor flow rate g and the desiccant consequently saturates more slowly. 

 

 

Figure B1: Influence of the thickness d of the material and of the thickness da of the air layer 

on measured variations in relative humidity in the air layer during dry cup experiments 

performed on WFI using Silica Gel. 
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 K+M� = K�N − K�� (A1) 

 K"L� = 2K�� − KNN (A2) 

Note that Appendix H of ISO 12572 [11] recommends evaluating 2K�� − KN�, which is in fact 

the sum of K+M�  and K"L� . The resistance can be evaluated from experimental data in two 

ways: either at the same time (green aera in Figure B1) or for the same relative humidity in 

the air layer (blue area in Figure B1). Further, resistance can be calculated from the mean 

value of the density of the water vapor flow rate g or from the permeance W evaluated as in 

Figure 2. Table B1 summarized all the above-mentioned results and also gives the theoretical 

values for the purpose of comparison. Regarding K+M� , agreement is good despite the 

difficulty of accurately measuring the thickness of the air layer in the presence of Silica Gel 

packed beads. However, the method proposed in Appendix H generally leads to higher 

resistance, which depends on the evaluation procedure. Therefore, we suggest not following 

the Appendix H, but instead estimating K+M�  theoretically. Regarding K"L� , the values are 

slightly higher than the value measured during water evaporation experiments since surface 

rugosity can limit the vapor transfer. Nevertheless, the observed differences have a limited 

influence on measured Sd-value compared to the level of relative humidity in the air layer. 

 

  Same time Same RH 

 Theoretical Mean g W Mean g W 

K+M� 

Eq. (A1) 
5.1⋅107 4.14⋅107 6.45⋅107 4.21⋅107 5.69⋅107 

K"L� 

Eq. (A2) 
3.5⋅107 3.63⋅107 4.19⋅107 6.24⋅107 1.10⋅108 

K+M� + K"L� 

(Annex H) 
 3.87⋅107 7.56⋅107 6.33⋅107 1.18⋅108 
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Table B1: Measured surface resistance according to the different approaches. 
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