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Abstract

Water vapour transmission through 'weather resistive barriers
Tania Mungo

The necessity to understand and test water vapour transfer through wall Systems
has been recognized for over 70 years. Yet, while many aspects have been investigated
and many different test methods have been used to determine permeability of materials
there are many unanswered questions. This thesis work examines the applicability of
steady state test methods in determining water vapour transmission through weather-
resistive barriers (WRB). Presently there are different standards for North America,
Europe, and Scandinavia, which are implemented for water vapour transmission testing.
The test methods require many complex systems in order to be performed. The focus of
this work is on determining a simplified and easy to perform test, enabling tests to be
performed outside of a laboratory environment.

The scope of this work evaluates two proposed test methods in this field of study.
Both are used for measuring water vapour transmission through weather resistive
membranes, and both are recently developed test methods. Four types of WRB are
evaluated, namely two asphalt impregnated cellulose fibres and two polymeric fibres
membranes.

This thesis takes an in depth look at the significance of factors affecting precision
of the test e.g., surface and the still air layer resistance.

It is found that temperature control is a factor of great significance. This research
also concludes that contrary to recent documentation, surface resistance is material

dependent when evaluating these types of test methods.

il
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Chapter 1: Introduction

1.1 Background

Wall design is an important factor in the design of buildings today, most wall
design depends on climate and in some cases availability of the desired materials.
Climate has proven to have a substantial effect on wall design, as well as the cost of
construction. Historically shelters were needed for human survival simply for protection
from weather; originally this often was accomplished by living in caves. As time
progressed humans began to find alternative measures for shelter such as huts, later
developing to log homes then wood framed shelters, and eventually to stone shelters. By
creating shelter that could be constructed where desired cities were born, and as the world
evolved so did construction methods. Once house construction improved and basic wood
frame houses were being built, the standard of life increased. In North America in the
late 1940’s living standards were higher than they had ever been, most homes consisted
of wood frame construction and mechanical heating was present in many homes in the
cold regions. The first documentation of the sheathing membrane or weather-resistive
barrier (WRB) which at the time was referred to as building paper was based on research
conducted at the University of Minnesota, it focused on air leakage through walls. In
1940 water vapour diffusion through building materials was being researched by J.D.
Babbitt and also by Rowely and aided in properly understanding the properties of wall
systems. Vapour barriers had been recently introduced as well as weather resistive
barriers, originally WRB’s were created by using Kraft paper and not long after evolved
to cellulose fibre, which was asphalt impregnated paper, similar to that of roofing paper.

Over time the need for more insulation within walls became apparent, the increased



amounts of insulation decreased heat loss. However, condensation began to occur within
the insulation resulting in ice problems thus increasing heat loss, structural issues and in
some cases causing mould growth. Condensation also proved to affect the water vapour
transmission rate of the material and decreasing their performance significantly. To
rectify the situation WRBs as well as vapour barriers were implemented in order to limit
the amount of moisture entering the system while allowing trapped moisture to exit the
wall. Further research was conducted by multiple scientists, all were in agreement that
the placement of the vapour barrier was a key factor in controlling condensation within a
wall, and concluded that the vapour barrier must be placed on the warm side of the wall,
with a WRB located on the exterior portion of the wall.

By the 1950’s the need for WRBs in wall systems was addressed by the National
Building Code of Canada, WRBs with a permeance of less than 1 perm was required in
all new homes.

In the 1960’s electric baseboard heating became the new heating trend due to it
reducing the need for combustion fuel and solving the problem of heat distribution
through the home. This resulted in an increased demand for wall efficiency became
higher due the significantly higher cost of electrical heating.

The oil crisis of the late 1970’s and fear of its re-occurrence induced greater
attention to heat loss through wall systems. Eventually a program called R-2000 homes
was developed, it focused on highly efficient wall systems that significantly reduced heat
loss while considering indoor air quality of the home. This program did raise awareness

of the environmental (heat, air and moisture) control of wall systems and aided in



informing the general public of its importance relative to health, energy efficiency, and
cost.

The necessity to control water and vapour flows through wall systems has become
well established as of late. Yet, the focus was always on vapour barriers (VB) and little
attention was paid to the other side of the wall, i.e., control of water vapour flow through
the WRB. Therefore, this thesis will review the existing test methods and if needed,
develop new testing methods for determination of water vapour transmission through
WRB products.

Recently the External Moisture Consortium has begun developing a new
classification in order to accommodate the large range of existing WRB products. This
system aids in organizing the materials and consists of five types of materials, asphalt
impregnated cellulose fibre, polymeric fibre, perforated polymeric film, liquid applied,
and micro porous films. All current types of WRBs fall under into one of these
categories.

Two WRB types will be considered in this research class C & P. Class C is
asphalt impregnated cellulose, (Figure 1.1), which consists of Asphalt saturated Kraft
paper. Class P is polymeric fibre (Figure 1.2), which consists of spun bounded olefin
sheets of high density polyethylene fibres, the sheets are formed by spinning continuous
strands of fine interconnected fibres, and are bonded together through a heat and pressure

process. In turn, these two categories consist of materials, which can be considered either

as barriers or breathers.
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Figure 1.1: Magnified image of a type C, Asphalt-impregnated cellulose fibre based WRB rated 6
minutes. Provided by the External Moisture Consortium.

Figuré 1.2: Magniﬁéd imagé of a Type P, Polymeric fibrous WRB. Provided by the External Moisture
Consortium.

Climate plays a pivotal role in wall design, a vapour barrier or an air barrier may

be required to be in different locations within a wall depending on climatic conditions.



Yet, there is an inherent contradiction in the requirements for WRBs in cold climates,
namely a WRB should allow interior water vapour to exit the structure while resisting
water and water vapour from the exterior to enter the wall system. To address this
contradiction we must be able to formulate requirements as they vary depending on the
climate as well as to perform precise measurements of water vapour transmission.

1.2 Objective and scope of this research

This research is aimed at determining which test methods are most appropriate for
determining water vapour transmission through the breather type materials. Most of the
research had been focused on water vapour retarders, there is a need to determine which
test methods are most appropriate for breather type materials. It is important to
determine which tests are most accurate as well as which tests are more reproducible
without affecting the integrity of the test results. Often complicated testing cannot be
reproduced easily by different manufacturers, thus researching multiple tests can result in
determining a manner to compare results from different test methods and determine the
accuracy of a simpler test relative to a more complicated test method. This allows users
to conduct simple reproducible tests while addressing their error factors.

Ultimately of all the possible test methods two need to be selected, one as precise
as possible, and the other easily reproducible. While the first test method may be used in
the national standards for characterization of materials, the latter one is aiming at quality
control of WRB products. Yet, the results from the quality control must be compared
with results obtained from the national standards for characterization of materials

method.



The water vapour test methods most commonly used today are the wet-cup and
dry-cup methods. These methods consist of attaching a specimen over an open mouthed
cup containing either water (wet-cup) or desiccant (dry-cup). The cups are then placed in
a controlled atmosphere and weighed periodically. For the dry cup testing the used
desiccant must be replaced with dry desiccant when weighing occurs, which is normally
every 48 hours. Once a steady state of weight loss or gain is achieved, permeance, and
resistance can be determined. This test method is adequately described in ASTM-E-96
(2003), it is an efficient test method but it requires complicated equipment in order to
assure proper climate control.

On the other hand, as the literature review will show, there are not many, easy to
perform but precise enough for quality control test methods. This thesis will therefore
examine what methods can be used to determine permeability of weather-resistive
barriers (WRB) for the quality control. A double cup method in which the specimen is
placed between two cups is the method analyzed in this thesis. The main factors
evaluated are:

= Precision and reproducibility of test methods.

= Determination of the still air layer and surface resistances.

= Temperature and relative humidity control within the testing environment.

= Determination of accurate testing methods for breather type materials.

= Determination of test method precision within a low temperature controlled

environment.



1.3. Contributions

This research determined that the surface resistance is material dependent, thus
questioning the validity of using the ASTM E-96-03 approach of applying a constant
value regardless of the material being tested.

Tests proved that the stringent temperature control requirements are necessary
when dealing with tests performed where one side of the tested materials RH is above
52% RH. While plus minus 1.5 degree of temperature oscillation was acceptable for
testing type P with the double cup method, this limit was not stringent enough for type C

products.



Chapter 2: Literature review

2.1. Introduction to water vapour transmission (WVT)

Many different test methods have been created to determine permeability of
materials. Development of these test methods has evolved since 1930’s, and many
scientists have aided in the understanding of the factors affecting test methods and have
further developed the methods.

2.1.1 Diffusion Coefficient

According to Babbitt (1939), to fully understand moisture movement through building
materials three factors must be investigated:
= The temperature distribution through the wall, which is dependent on inside and

outside temperatures as well as the thermal resistance of the various parts of the wall.
= The moisture content of the air on both the interior and the exterior of the structure.
» Resistance of the various parts of the wall to vapour movement.

In cold climates, the exterior portion of the wall plays a secondary role to the interior
portion, this can be observed by the importance placed on the presence of vapour barriers
on the inside portion of the wall. Since any moisture within the wall should have the
capability of exiting the exterior portion more rapidly than it enters the interior portion of
the wall. This system reduces the possibility of moisture accumulation and allows
condensation factors to be eliminated. One method of accomplishing this type of wall
system is to have many holes or cracks in the exterior thus allowing moisture to quickly
exit the system. This however in not the most desirable solution since it allows for air

and rainwater to enter the system. A possible solution to this problem is to create an



interior system impervious to moisture penetration and allowing the exterior portion to be
closed without risk of condensation.

The distribution of moisture through a wall under equilibrium can be accurately
calculated once the three factors listed above are known. The temperature distribution
can be determined though the knowledge of interior and exterior temperatures. Thermal
conductivity of each material can be known and through the use of a table of dew-points
the probability of condensation can be determined. These calculations can be easily
applied and the moisture movement can be determined.

Water vapour transmission can be very complex when examining porous
materials. Most building materials used are hygroscopic, thus they are capable of
absorption of moisture from the ambient air. The absorption of a material depends on
many factors and in most cases a non-linear relation can be obtained.

In most cases, however, water vapour transmission through a porous material is
assumed to be simplified so that it is acceptable to refer to the laws of diffusion, which
includes Fick’s law:

dAt
W=7(P1—Pz) Q)

W = weight of water diffusing (kg)

T = time (hr)

X = material thickness (m)

A = area (m2)

P; = vapour pressure on one side (Pa)

P, = vapour pressure in the opposite side (Pa)

d = coefficient of diffusion or diffusivity (mz/hr)

The above equation states that the rate of water vapour flow passing through a material
slab area is directly proportional to the vapour pressure difference and inversely

proportional to the thickness.



2.1.2 Water vapour transmission

Relation between the moisture and the solid, moisture within the solid is often
dependent on the pore size, thus if the pore size is large enough moisture may take the
form of vapour, liquid, or ice. The moisture may be present as a chemical compound, it
may be absorbed on the surface, or it may be dissolved within the crystal structure of the
solid. We therefore talk about four states consisting of (added) vapour, liquid water, ice,
adsorbed water.

The generalized equation of flow can be determined using the Navier-Stokes equation’

which, allows for each of the four states to be quantified, the equation is as follows:

Du op
—=—4F +4 2
P = g T A @
Where:
D/Dt = differentiation following the motion of fluid
p = density
p = pressure

u = the component of the velocity in the x — direction
F.= the external force
A, = the force opposing the motion of the fluid
p Du/Dt = the accelerative or inertial force
External forces may be overlooked in these cases since the pressure gradient is

balanced by the resistive or frictional forces, thus at the steady state the equation

becomes:

op —Ax=0 3)

1. Babbitt 1.D., “The movement of moisture through solids”. ASTM Bulletin, February 1956.
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The migration of moisture as a gas, the laws of gas flow through a porous solid have
been significantly researched in the past, however these laws do not adequately consider
the relation between the various flow mechanisms. By applying the above equation,
these factors can be determined through A,

Gas flow under an absolute pressure gradient is present when vapour moves through a
material due to absolute pressure, there are many possible causes of movement, which are
dependent on A, which is a summation of the forces that effect the movement of the
individual molecules through the pores. According to Babbitt (1956), these forces
depend on the mean gas pressure, the pore sizes, and the relation between the mean free
path of the gas molecules and the dimensions of the pores and capillaries.

Gas flow under a partial pressure gradient is most commonly known as diffusion,
this occurs when inter-diffusion of gases in free space takes place. The rate of flow
depends on the gradient of partial pressure.

The water flow is driven by the gradient of hydraulic pressure, as defined by Darcy’s

law:

@+ﬁu:0

4
x k @

Where:
p = hydraulic pressure (Pa)
u = viscosity (N s/m?)
k = permeability (m?)

u = velocity of flow (m?/s)

This equation is similar to the Navier-Stokes equation since A, is equal to (wk)u.

11



In order for movement to take place sufficient space must exist in the pores, thus
allowing for the moisture to move as a liquid. This type of liquid movement is greatly
affected by capillary forces, and must be considered when calculating the hydraulic head.

"The migration of moisture can also take place in the adsorbed state. When the water
molecules are bound to the surface of the solid in such a way that they are in equilibrium
with water vapour at a pressure lower than that which exists over liquid water at the same
temperature, it is considered adsorption. “The adsorbed molecules are distributed
throughout the body of the adsorbing solid, presumably on internal surfaces, and it is
evident from elementary considerations that these adsorbed molecules are capable of

movement with the solid”’

. When thickness of the adsorbed layer exceeds a few
molecular layers we talk about the absorption process. Often absorption is considered as
a major cause of moisture movement in porous materials. This highlights one of the main
limitations of the simplified approach based on the “diffusion” of vapour, because Fick’s
law does not take into account the surface flow (flow in the absorbed water). In effect,
one must consider separately the movement of the molecules that are bound to the surface
as well as those that are free in the form of a vapour contained in the pore space.

When looking at adsorbed and absorbed vapour, molecules which are free to move
back and fourth in the space will cause pressure fluctuations due to the motion of the
molecules. This pressure field will be two-dimensional since the space is confined by the
surface. This pressure will cause the gas to remain on the surface causing it to spread,
and can be referred to as “spreading pressure”. This pressure (Pgp) can be calculated by

using the equation:

1. Babbitt J.D., “The movement of moisture through solids”. ASTM Bulletin, February 1956.

12



oF,
04

Py ®)

Where:
Faq = free energy of water molecules adsorbed on an area 4. (It can be obtained
from adsorption isotherms).

A, can now be determined from the nature of the resistive force. The resistive force
must be represented by the function of the activation energy; this is because the migration
occurs due to absorbed moisture moving from one absorption site to another through the
internal surfaces of the solid. The activation energy is the force required to move the
moisture over the resistive barriers from site to site. By using a macroscopic picture of
the resistive force an acceptable determination of the force can be found. Based on the
phenomenon of the moisture moving with a velocity u over the surface of the solid as a
film then the resistive force will be similar to that of a frictional force and will then be
proportional to the velocity of flow. It can then be assumed that the force is equal to Cu

where C is a coefficient of resistance. The equation will then take the form of:

0
ps”+Cu=O (6)
ox

2.1.3 Test methods

When investigating water vapour transfer through a material the objective is to
determine the amount of moisture, which passes through the material relative to time at
various relative humidities. The earliest evidence of water vapour transmission testing
occurred in 1939 and was documented by J.D. Babbitt at the National Research-Council

Canada (NRCC). He achieved this by using the cell method, which consists of placing

13



the material being tested over a dish or cell containing the desired relative humidity
solution, or desiccant. The apparatus was then placed inside a controlled environment,
where temperature and relative humidity could be controlled. Once equilibrium was
obtained, the weight gain of the cell was determined as well as the weight of water
diffusing through the specimen.

In Babbitt’s research (1989), two types of cells were used as shown in Figures 2.1
& 2.2. The apparatus shown in Figure 2.1 was applied when testing thick samples,
similar to a crystallising dish it consisted of a straight-walled glass vessel. The specimen
was then placed flush with the upper edge of the vessel, the edges of the specimen were
then waxed in order to avoid edge loss and placed in the cell. The edges of the specimen
and the wall of the vessel were also sealed with wax.

The apparatus shown in Figure 2.2. was used when testing samples up to 1 inch in
thickness. This assembly was constructed with duralumin. The specimen rested on a
horizontal rim and was firmly pressed together by a screw cap. The surface was coated
with wax and heated in order to insert the specimen.

The cells were filled with a solid desiccant (calcium chloride) and were filled to
capacity in order to eliminate the air space between the desiccant and the specimen which
reduced error due to vapour pressure assumptions. The cells were then placed inside a

constant humidity chamber.
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Figure 2.1. Cell used for thick samples. Figure 2.2. Cell used for samples up to 1 inch thick.

The tests were operated at a temperature of 90°F and at a relative humidity of
75%. The cells were weighed every 24 hrs, the increase in weight was plotted against
time. The vapour transmission per hour was obtained once a straight line occurred in the
measurements the slope was then measured.

Babbitt (1939) tested a variety of different building materials such as Presdwood,
fibreboards, many different wood species, Kraft paper, rubber, asphalt papers, and
corkboards. Diffusance (diffusivity) values were determined and published. Through a
series of calculations the vapour gradient through a wall could be calculated, and the
saturated vapour pressure could be plotted resulting in whether or not condensation had
the potential of occurring in the wall.

In 1940, Babbitt published a second document regarding permeability of building
papers to water vapour. The document provided diffusance (diffusivity) values of more
materials than the original document from 1939, the tables included materials such as:
sheathing papers, asphalt saturated rag felts, saturated asbestos felts, asphalt saturated and

coated sheathing felts, asphalt saturated sheathing papers, asphalt saturated and coated
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Kraft papers, asphalt coated Kraft papers, tar-saturated rag felts, tar-saturated sheathing
papers, duplex papers, waxed papers, heavy roofing papers, and infused papers.

The first time water vapour transmission was documented by the American standards
for test methods (ASTM) was in 1953 and was named E96-53T, “Standard Test Methods
for Water Vapour Transmission of Materials”. The objective of this standard was to
determine water/vapour transmission through various materials, for thickness as large as
32 mm. The standard defined two test methods called desiccant method and water
method, both tests allowed for variations in humidity levels.

The desiccant method consisted of sealing the specimen through the use of wax to the
open mouth of a glass dish, the dish contains dry desiccant (calcium chloride). The
complete apparatus was then placed in a controlled atmosphere. The water/vapour
transmission data was collected by periodically weighing the assembly. The water
method was the same as the desiccant method except the desiccant was replaced by
distilled water. With both test methods it was important to keep the atmbsphere as close
to the specimens intended conditions when in use since the results from different test
conditions are not applicable to others.
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Figure 2.3. Testing apparatus for several dish types, ASTM E-96-00.
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ASTM E-96-00 defines that water vapour transmission can be calculated by using the

following formula:

Q)

Where:

G = weight change (g)

t = time during which G occurred (h)

A = test area (cup mouth area), (m%)

WVT = rate of water vapour transmission, (g/h'm?)

In 1965 F.A. Joy and A.G. Wilson published a paper, which investigated the
possible errors and their impact on test results based on the dish test methods as per the
1953 ASTM. In addition different possibilities in result calculations and analysis were
indicated. This publication seriously considered the validity of the test and through the
use of introduced calculations offered much insight to the true value of the test method.

Joy and Wilson first introduced a new manner of analysing of the results of the
dry and wet cup test methods, by addressing the fact that vapour permeability is directly
affected by the relative humidity surrounding the specimen as well as the absorbed
moisture within the specimen. By implementing certain formulas a spot permeability
curve could be determined based on research conducted by C. Chang and N.B. Hutcheon
in 1956. The spot permeability curve represents the effects of the R.H. of the
transmission through the test specimen, and each material had different effects. In order
to increase accuracy of the testing of the materials through the use of the two test

methods, the temperature conditions need to be identical, since as seen in Figure 2.4. the

curve is slightly lower at —12 °C (10° F) compared to 21°C (70° F). Also the curve is
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flattened by the decrease in temperature and it was determined that better results are

acquired when using 21°C (70° F).

Ji
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Figure 2.4. Spot permeability curve by Joy and Wilson in 1965.

Joy and Wilson’s research covered the errors related to the test cup design and the
sealing system. The requirements of both factors were similar to those of the ASTM E-
96-53 which was the most recent version of the test method at that time and is similar to
ASTM E-96-00 which is in current use today. The masked edge effect was also
addressed, introducing a new element to consider when testing. Joy and Wilson’s
research was the first documentation of the effects of the cup conditions relative to the
dry and wet cup test methods. They discussed the effect of the air space and its added
resistance to the water vapour transfer. In Babbitt’s research the surface resistance of the
material was addressed but the air space had not been taken into consideration. The
steady state and weight errors like the aforementioned factors will be discussed in full in

section 2.2.
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The first ASTM relevant to water vapour transmission was ASTM E-96-53, and
was the first of its kind, eventually this lead to the International Organisation for
Standardisation (ISO) to implement the test method in 1970 and was called R 1195
“Determination of the water vapour transmission rate of plastics films and thin sheets,
dish method”. In both standards the test methods consisted of Babbitt’s original method
and in addition included factors from Joy and Wilson’s research.

German standard (1971) used for testing thermal insulation, through the use of the
dry and wet cup tests was the first to introduce a method to calculate for the still air layer
resistance. Using the diffusion coefficient, the water vapour diffusion resistance could be

determined by:
Z="4 (¥)

Where:

Z = the water vapour diffusion resistance (h/m)

S4 = the equivalent diffusional air layer thickness (m)

D = the diffusion coefficient (m”/hr)

The standard clearly lists the requirements for sample measurements, number of
samples, as well as execution. The test lists the chamber environment to consist of an air
temperature of = 0.5 ° C, and a mean relative humidity of + 2%. In the case of large
porous materials the air motion over the samples shall not exceed 0.5 m/sec. A distance
of no more than 10 mm between the sample and the surface of the absorbant material
must be present in the dry cup test.

Once the test is conducted the equivalent diffusional air layer thickness S4 can be

calculated according to:

- P
Sd:é'LQAQP1 2

-5 ®
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For homogeneous materials the following equation shall be used in its place:

Pl'“Pz

1
#:§(5L'A' -S,) (10)

Where:
8. = the diffusion conduction coefficient of water vapour in air (kg/(mhr(N/m?)))
A = the test area of the sample in (m?)
P, & P, = the water vapour partial pressure at the sample (N/m?)
I = the steady state condition or the amount of water diffusing through the sample

(kg/hr)

S = the mean thickness of the sample (m)

Si. = the mean thickness of the air layer in the test vessel below the sample (m)

When testing materials with a diffusional equivalent air layer thickness (Sq) of
less than 1.0 m then the mean thickness of the air layer in the test vessel below the

sample (Si) can be disregarded.

This standard was the first to recognise Schirmer’s equation which is:

1.81
D=0.0830—P—00(2€3) (11
)

Where:

D = the diffusion coefficient in (m*/hr)

T = temperature of the test chamber in (* K)

P, = the atmospheric pressure at standard state (102325 N/m?)

P = the mean air pressure in the test chamber in (N/m?)

The diffusion coefficient represents the driving water vapour partial pressure and
the water vapour mass moved by the diffusion of the water vapour in the air.

The standard expanded the equation and introduced a new method of calculating

the air layer:

1.81
5 - 0.083 .gg.( T } a2

LT R,eT p \273
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Where:
0, = the moisture permeability in the air in (kg/(m-h-Pa))
Rp = the gas constant of water vapour (462 Nm/(kg K))
T = the temperature of the controlled atmosphere chamber in (K)
Po = the standard atmospheric pressure (1013.25 hPa)
p = the mean pressure in the controlled atmosphere chamber (hPa)

The Nordtest methods are standards used in Scandinavia (Norway, Sweden and
Finland). The standard “Materials, thin: Water vapour permeability”’(1984), consisted of
a basic wet and dry cup test methods similar to that of Babbitt’s original method with

some evolution.

Figure 2.5: Test apperatus, Nordtest method, (1984).

Where 1 is the cup, 2 are rubber gaskets, 3 is the top flange, 4 is a screw, and 5 is
the barrier sample.
The standard did however take into consideration many factors in regards to additional

resistances in the measuring system.
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Figure 2.6: Water vapour flow, Nordtest method, (1984).

The above graphic indicates the resistances where R is the water evaporation, R,
is the air gap diffusion, Rj is the film surface resistances, Ry is equal to d/d, which is the
sample resistance, and p;-pz is equal to Ap which is the driving force.

By applying the above information the flux of q, which is the equilibrium flux of

water vapour through a unit area of the sample (kg/s-mz) and can be determined as:

Ap Ap Driving force
dlé dl/é, +R +R,+R, Zreszstances
The resistances could then be expressed as:
d d 1 1 1
—=—+R +R,+R, and —=—+—e ) R 14
s o6, 7 5 6, d 2R 1

Where:
0 represents the apparent permeability coefficient calculated from the first equation, and

0w is the corrected permeability coefficient. The document gives little information apart

from the test procedure and the above listed equations.
By 1987 an additional method for water vapour transmission was introduced and
first published in the proceedings of the symposium on building physics in the Nordic

countries, it was called the inverted cup method and was documented by Thorsen. The

22



method had been first recommended by Bertelsen (1982) and was further developed by
the DIAB (Engineering academy of Denmark). This method basically consisted of
inverting the ASTM E96 wet cup test method, and three systems were studied, ordinary,
inverted and inverted-aired cup. The document focuses mainly on the two inverted test

methods.
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Figure 2.7: Inverted cup method, Thorsen, (1987).

In the de-aired inverted cup test method the Darcy coefficient could be
determined since the water is in direct contact with the specimen and the material is
vacuum saturated. The test must be conducted in a climate chamber under specific
conditions in order to produce reliable values for the Darcy coefficient and the
permeability. The document lists the difficulty in determining the coefficient when
performing tests on hydrophobic membranes but the permeability can be determined
despite this factor. The tests were conducted under identical conditions and weighed
periodically as a unit the steady state condition was achieved.

Thorsen calculated the water flow through the use of Darcy’s law, and assumed
that the Vapour diffusion could be calculated using the mass of moisture under stationary

conditions:

23



Where:
K = water permeability coefficient (kg/Paemes)
L = the thickness of the specimen (m)
Py & P; = Vapour pressure (Pa)

To date these tests have been carried out on membranes in contact with porous
materials, and was placed either on the “wet” or “dry” side of the porous materials.
Thorsen’s research concludes that it seems that it is possible to estimate the coefficients
of vapour diffusion.

In 1986 G.H. Galbraith and R.C. McLean published a document named “Realistic
vapour permeability values”, the document dealt with ongoing debatable issues regarding
permeability testing at the time. The paper discussed the problems related to testing
under certain conditions and how often those conditions were not representative of the
climates where the materials being tested would be used, thus determining that the
differential permeability is simply a prediction. The standards of that time for Britain,
America, and France were considered to be of concern since the standards, which were
suggested for determination of permeability of many different building materials,
included porous materials. The problem with the tests was that the permeability values
for the porous materials were applicable for the test conditions but were not considered
precise enough to predict permeability for different service conditions. Also, the British
standard of that time did not use an accurate temperature for the performance of the
material during cold months and thus the values from the test could be deemed
inaccurate.

When studying the three standards Galbriath and MclLean noted that the standards
from one country to another varied significantly. They also examined published values

of plywood permeability from 5 different sources and determined that in many cases the
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test conditions were not stated, and the values from the different sources were
contradictory to one another, also none of the specimens were properly described.

The experimental procedures all indicated the need for a dry cup test and only the
American standard suggested the use of a wet cup test as well. The testing using the dry
cup method under different climatic conditions was deemed too lengthy énd Galbriath
and McLean decided to investigate the use of different salt solutions in order to generate
a proper differential permeability curve that reduced the length of testing. They chose to
test plywood since many variations were present with existing values from multiple
sources. Once the tests were completed and the curve generated results that were deemed
credible with an error range never more than 10%. They concluded that two humidity
regimes existed and the range between the two regimes was within the RH levels of 60%
to 70%. When the material was subjected to humidities below the range the decrease in
permeability was small, however, above the range the permeability increased
significantly with the increase of RH levels. Thus proving that using published values for
permeability where test conditions were not properly referenced was not safe practice
when designing. Also, even when the test conditions were referenced the material in
question often bared little resemblance to the material used in practice, especially when
dealing with porous materials. They concluded that there was a necessity for a standard
test method with realistic results to be determined.

Bomberg (1989) in a paper “Testing Water Vapour transmission: Unresolved
issues” lists the most significant factors affecting the WVT, such as mean temperature of
the specimen, mean relative humidity, temperature and humidity gradients associated

with different thickness of the test specimen. This paper stressed that the test selection
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should be based on the objectives to be achieved. For tests aimed at comparing materials,
the used test method should be an isothermal test such as the dry cup procedure of ASTM
E-96. For examining the effects of boundary conditions on the WV'T, the desired service
conditions may be implemented however, this system does not necessarily produce
accurate WV'T.

The most significant portion of this paper was the stress on that the ASTM E96
was deemed most accurate only in the dry cup version. This test method produced more
reliable results when testing all types of material including hygroscopic materials. The
uncertainties of the dry cup test method are fully discussed and consist of sealing edges,
RH oscillations, air flow, insufficient surface area, barometric pressure, stabilisation of
vapour flux, and calculation technique.

Another paper by N. Schwartz, M. Bomberg and M. Kumaran (1989) introduced a
new method which consisted of combining the dry and wet cup test methods and was

named the modified cup method.
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Figure 2.8: Modified cup test method, Schwartz et al. (1989).

This method requires temperature control but not control of relative humidity
since it is a closed system, unlike the systems specified in ASTM E96. This test system

allows for water loss as well as moisture gain to be monitored, and results in the users
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awareness of a system failure should one be present. Also, this test method determines if
any water accumulation occurs within the material being tested. Furthermore the test
method was adapted for thermal gradient testing, and it was concluded that moisture
accumulation occurs under these circumstances and not under isothermal conditions for
the types of foams tested.

The tests were conducted using two types of foam consisting of polyurethane and
polyisocyanurate foams. Previous research suggested that these foams were fairly
resistant to moisture movement when under isothermal conditions and that resistance
decreased under thermal gradient conditions. It had also been proven that the foams had
a smaller resistance after 100 days of testing than after 200 days of testing when the
resistance was so high that moisture movement could be overlooked.

The testing process considered three test methods, first was the ASTM E96 dry
cup test method, second was the newly developed modified cup test method, and third
was the temperature gradient method where the modified cup apparatus was used with a
hot plate located below the water cup and a cold plate located above the desiccant cup.
The results proved that the dry cup and the modified cup test methods were identical in
their determination of the materials permeability. They also concluded that the modified
cup test method was more reliable since only temperature control is necessary, and that
the test method provides moisture accumulation values within the specimen if it is
present, as opposed to the dry cup method where this factor cannot be accounted for.

The temperature gradient test method was deemed less precise than the other two
test methods since the water vapour pressure gradient across the specimen could be

determined, this was not the case with the temperature gradient test method and thus
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induced a higher level of uncertainty. When analysing the results an increase in moisture
transfer was observed when the testing temperature was above 21.5 °C, this is the case
with all three test methods, thus determining that the water vapour pressure gradient may
not have been available for proper calculations of the temperature gradient method but
the test method may in fact be credible since the materials moisture increase pattern was
identical for all test methods used.

The results also proved that the material did not suffer from moisture
accumulation under isothermal methods, and did have moisture accumulation under the
temperature gradient method. It was concluded that most likely moisture was trapped
within the material in the warmer regions at the beginning of testing, and it also proved
that the phenomenon of moisture movement can occur whether there is through transport
or not, since the moisture movement patterns of the three test methods were identical.
With certain materials tested, with the temperature gradient method, steady state could be
observed after 37 days and with others the steady state was achieved only after 64 days.
The conclusion was that with the materials, which took longer to achieve steady state,
there was no increase in moisture content thus suggesting that the moisture was trapped
and that these conditions would significantly reduce the thermal performance of the
material. The moisture content and the rate at which the material absorbs the moisture is
primarily dependent on the boundary conditions. One factor, which needs to be further
investigated, is that of the rate of moisture transmission being unaffected by the amount
of moisture accumulated within the specimen, it was concluded that this could be caused
by unique physicochemical processes associated with the moisture transmission through

the foams.
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The following year, 1990, K.K. Hansen and H.B. Lund published a paper in the
proceedings of the 2" symposium, Building physics in the Nordic countries. The paper
was named “Cup method for determination of water vapour transmission properties of
building materials, sources of uncertainty in the method”. The paper looked at the
various sources of uncertainty in the test method and how they relate to the objectives of
the test.

The errors which are discussed in depth consist of barometric pressure, surface
diffusion resistance and air layer thickness, boundary effect by specimen connection to
cup, relative humidity oscillations, errors in measuring instruments, final calculation of
permeability, and reporting of test results. These factors will be further discussed in
section 2.2.

The report determined that when testing building materials consisting of low
WVT coefficients the barometric pressure is a significant factor, thus buoyancy effects
should be included in the calculations or the test should be conducted for a long period of
time in order to result in values which are representative of the material. When
conducting tests on materials of high permeability a significant factor of uncertainty is
the air layer thicknesé within the cup, tests proved that the RH levels of the solutions
were not apparent in the air layer.

The document also found that the diffusion resistance of the material is often
lower than the overall measured diffusion, which were corrected values taking into
account the effects of surface diffusion resistances and air layer thickness.

Hansen and Lund also discussed the need for more stringent reporting of results

and referred to a round robin test performed in multiple laboratories within America,
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where results were erratic at best among the laboratories. They concluded that the values

tested among different laboratories should be compared in order to assure proper results.

In 1990 a new Nordtest method was published titled, “Building materials: Water

vapour transfer rate, permeance and diffusion resistance”. The document was an

extension of the 1984 standard as previously discussed and the new standard included a

new requirement for the cup assemblies (Figure 2.9).
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Figure 2.9: Nordtest method, (1990).

In ASHRAE transaction 1991 a paper named “Measurement of moisture diffusion

in building materials” was published by Fanney, Thomas, Burch, and Mathena. The

document focused on techniques they had developed related to moisture coefficients and

consisted of a modified version of ASTM E96-80 of that time. The materials tests were

white pine, gypsum board, and a latex paint coating at 24° C (75° F) and 7° C (44° F).

Although moisture diffusivity and permeability had been well established the correlations

between diffusivity, moisture content and temperature had not been adequately

developed.
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Tests were performed using the ASTM dry and wet cup methods, due to a
particularly higher air velocity within the chamber dummy tests were conducted to study
their effects. A third test was introduced called the modified cup method which consisted
of placing the wet and dry cups within a dessicator with salt solutions in order to maintain
certain RH levels within the dessicator. The modified cup method consisted of a larger
space between the specimen and the solutions, and a wood dowel was placed within this
space in order to monitor the moisture content at the specimen surface, however the
values from the dowels proved to be erratic and thus determined that this space needed to
be further investigated.

The results from the dry and wet cup tests showed that the tests were sensitive to
temperature fluctuations, as well as changes in RH levels within the chamber. The tests
proved that significant variations in diffusivity were apparent in white pine, and further
tests were conducted in order to determine what was causing an error of 17.9%, multiple
specimens from the same wood species varied depending on the different lots they were
obtained from. When testing gypsum an error of up to 27.5% was recorded. The error
factors were deemed to be caused by neglecting the external resistance on both sides of
the specimen. Thus, discrediting any previous values published since this factor had not
been accounted for, and any previous results would be significantly lower than what was
reported.

When evaluating paint coatings on gypsum the addition of the paint coating
proved to represent only 20% of the overall resistance, and increased the external

resistance by 30%. The results obtained at a temperature of 44° F were erratic and could
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not be considered accurate, thus explaining why previous values for paint coatings were
not similar from one source to another.

When comparing results from tests with a small or a large distance between the
specimens and the solutions the results varied, thus proving that air movement is still
present within a closed compartment, most likely due to convection. In conclusion the
external resistance was proven to have a significant effect on moisture transfer and must
be taken into consideration when determining diffusivity or permeability of building
materials. This resistance was determined to be affected by the temperature and relative
humidity adjacent to the test specimens.

A similar document was published in ASHRAE, by Burch, Thomas and Fanney
(1992), this document was an extension of their previous work reported in the 1991
paper, it included testing of additional materials. The tested materials were
predominantly within the wood family and consisted of sugar pine, sturdy brace
fibreboard, fibreboard sheathing, particle board, exterior grade plywood, plain gypsum
board, Kraft paper, wafer board siding, vinyl covered gypsum board, and foam core
sheathing. The document focused on combined heat and moisture transfer, multi layer
construction under non-steady-state conditions and their relation to the introduced
developed mathematical models of the time. The necessity for water vapour permeability
data of varying materials was significant since these models were dependent on the

values for the computer generated predictions, aimed at reducing moisture accumulation

in construction.
They found that as the permeance of the material increases the resistance caused

by the air layer also increases, therefore this factor was further investigated. The study
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concluded that materials with a permeance of less than 1 perm (5.7 x 107" kg/Pa-s'm?) the
error factor was 3%, and materials with a permeance of more than 10 perms (5.7 x 10"
kg/Pa-s'm?) an error factor of more than 20% was present. Therefore with materials
which have a permeance of more than 10 perms the calculations should take the air layer
resistance into account, otherwise a significant error could be present in the results.

In addition the paper introduced a formula for calculating the resistance of the two
air layers:

_Apg(pu_pl)

R
f

(16)

Where:

pu — p1 = the equilibrium relative humidity of the saturated salt solutions at the

upper and lower surface of the specimen, respectively.

A = the surface area of the specimen

P, = the saturation pressure of water vapour

WVT is the water vapour transfer rate

R¢ is the water vapour resistance from the two air layers.

However the formula does present a source of uncertainty due to the fact that the
water vapour transfer rate is based on the difference in two measurements. Since the
large difference in the salt solutions RH levels, their saturation is diminished over time.
The formula for the resistance of the two air layers was based on researched preformed in
1991 where one, two, and three layers of corkboard were tested. Once the resistance for
all three layers was plotted a relatively linear relationship was identified and the
resistance observed at layer zero was determined to be representative of the resistances

present at the upper and lower locations of the cup. This value also agreed with the

values obtained from the “dummy” tests, where no specimens were present in the test



apparatus. They concluded that further research was needed in order to fully understand
the properties of the air layers.

Burch, Thomas and Fanney (1992), studied the many different materials
previously listed, however only the Kraft paper values are relevant for this thesis and
therefore the other materials mentioned will not be discussed here. The Kraft paper
tested had a thickness of 0.15 mm and a density of 839 kg/m®. All permeance values
were plotted over relative humidity and the Kraft paper fell into the criteria of a non-
vapour retarder material, being slightly higher than 1 perm. Also, the material showed a
relatively constant behaviour from 0% to 50% RH, and from 50 % to 100% showed a
significant increase relative to the RH increase. The results were not conclusive with
values from previous publications of Kraft paper permeance, this was deemed to be due
to the fact that previous test methods did not consider the air layer resistance. The paper
concluded that the temperature control had a significant effect on the permeability.

The ASTM E96-53 “Standard test methods for water vapour transmission of
materials” has been revised and updated over the years and the latest published version of
the test method is ASTM E96-00, thus published in 2000. This ASTM standard is often
referenced and implemented in order to obtain permeability values for various materials.

This test method can be used to determine water/vapour transmission through
various materials. These materials must not exceed 32 mm in thickness. Two methods
are discussed in this document, the dry-cup and wet-cup methods, also included are
variations of humidity levels. Though two types of methods are discussed it is important
to realise that results from the different methods are not necessarily applicable to the

materials being tested. The conditions of one test will not necessarily resemble those
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under different conditions this is why the test method chosen should be one that
resembles the actual conditions of use. The standards intent is for the results obtained to
be expressed in suitable units in order to be of use in design, manufacturing, and
marketing if desired.

The desiccant method can be seen in Figure 2.3, it consists of attaching a
specimen to an open mouth dish, containing desiccant and sealing all connections
between to two compartments. The assembly should then be placed in a controlled
atmosphere and weighed periodically. The water method is similar to the desiccant
method except the dish is filled with distilled water.

The apparatus used consists of the test dish, the test chamber, and the balance.
The test dish must be made of a non corroding material which is impermeable to water
and vapour, its size and shape is not specified, but it is important to realise that a light
weight dish is necessary when using an analytical balance. The mouth of the dish has no
maximum size but must be no less than 3000 mm? (4.65 in®), a ledge or flange around the
mouth of the dish is necessary in order to accommodate the specimen placement,
however when the specimen is larger than the mouth area the overlay becomes a source
of error especially in the case of thick specimens. The overlay area should be covered to
ensure the exact area being tested. This overlay can have effects on the test results from a
10% to 12% reduction in precision. The depth of the desiccant and water from the rim of
the dish may range, the suggested depth is 19 mm for both methods.

The standard specifies that test chamber should consist of a room or cabinet
where the temperature and relative humidity are controlled. The required temperature is

between 21 and 32°C and must be maintained within =1°C. The relative humidity should
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be maintained at 50 + 2%. The temperature and relative humidity should be measured
frequently or recorded continuously. Air circulation is necessary within the chamber and
a velocity of between 0.02 and 0.3 m/s (0.066 and 1 ft/s) is specified.

The document states that the balance should be sensitive to weight changes of 1%
at anytime during the testing, an analytical balance is recommended. The standard also
defines requirements for materials, sampling, test specimens, and attachment of the
specimen to the test dish. Both procedures are well described and an inverted cup
method 1s introduced but not well defined within the standard.

The calculations consist of determining the water vapour transmission (WVT)
(resistance) as in formula (16). Permeance values are then calculated as the inverse of
resistance.

The standard states that when water is used the RH level at the specimen is
assumed to be 100%, and when desiccant is used the RH level is assumed to be 0%, this
is not always the case and a 3% error in the RH value can be present when testing
specimens of less than 4 perms.

The standard includes a table showing results from an inter-laboratory test series
where 12 laboratories tested identical materials, the repeatability was low and other
sources concluded that the cause of the irreproducibility was due to improper sealing of
the specimens.

ASTM E96-00 is the most current version of the test methods in circulation,
however the ASTM is currently revising this standard and E96-03 is under development.
The new version includes new results from inter-laboratory testing, and new correction

factors are being introduced. They consist of buoyancy, air layer thickness, surface



resistance of the material, and the masked edge effect. These factors will be further
discussed in section 2.2.
2.2. Errors in testing
2.2.1 Introduction

The systematic errors in most cases can be quantified and accounted for, thus
improving the accuracy of a test method.

J.D. Babbitt (1939) and Joy and Wilson (1965) documented many errors and aided in
understanding of factors affecting the precision of measurements. This chapter represents
a collection of all pertinent research regarding error factors to date.

2.2.2 Apparatus design

Problems in the dry cup, wet cup as well as double cup methods (introduced in this
thesis) often occur with the assembly of the different test components. The ASTM E-96
clearly lists purpose of the materials to be used when constructing the cups, they are to be
of non corroding material, impermeable to water or water vapour, and a lightweight
materials is preferable. While cups in the past were made of glass or metals, the joint
between two components varied considerably from caulking compound to masking tape.
Some of the materials proved to be unsuitable for low transmission testing and caused
unreliable results. When aluminium cups are used for dry cup testing it is sometimes
convenient to remove the lower portion of the cup for measurement purposes, certain
sealing techniques can accommodate this type of procedure without increasing error.
Aluminium cups can also be used for wet cup test but it is important to either anodise
them or give them a protective coating to avoid corrosion, this can also be accomplished

by applying epoxy resin.
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2.2.3. Specimen sealing

Sealing of the specimens has proven to be vital when acquiring accurate results and
has often been addressed when discussing these test methods. Toas (1980) concluded
that improper sealing was the reason why a round robin test of ASTM E-96-00 failed, out
of twelve laboratories deemed skilled in sealing techniques only three obtained
acceptable results.

Sealing can be accomplished through the use of a template ensuring, identical areas
on both sides of the specimen is necessary. According to different sources the sealant
may consists of one of four mixtures:

= 50% beeswax and 50% rosin colophane heated to 275° C

= Asphalt heated to 82 to 93° C or its softening point. This can be further studied

by referring to ASTM D 449, type C.

= 60% microcrystalline wax and 40% refined crystalline paraffin wax.

= 90% microcrystalline wax and 10% plasticizer.
2.2.4. Masked edge effect

The masked edge effect is a source of error, which is caused by a difference in the
diameter of the specimen and the diameter of the cup. Research documented by P.
Greebler (1952) addresses this issue, by using the method of conformal transformations
and the following equation was applied:

Percent Excess WVT:

400¢ 2
ExcessWVT = %—lege(m) a7
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Where:
t = specimen thickness (m)
b = width of masked edge (m)
S = four times the test area divided by the perimeter (m)

In Joy and Wilson’s paper (1965), certain restrictions are stated relative to the
masked edge when testing. The requirements are that when the specimen is less than
3mm and not larger than 30mm the tested area will be no less than 130mm with a masked
edge no larger than 15mm. Should the test area increase then the masked edge may

increase 3mm for every inch of increase to the test area. By applying these restrictions to

the masked edge the error factor is decreased to 12% for homogeneous specimens.
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Figure 2.10: Masked edge effects for 5 inch diameter test area, Joy and Wilson (1965).
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Figure 2.10 shows that based on Greebler’s research of the masked edge effect it can
be seen in case 1, with no edge the effect is 0% error, case 2 with 3mm edge 10% error is
present, and case 3 with 6mm (half the thickness of the specimen) edge 20% error is
present in the resulting transmission rate. It is important to note that these masked edge
restrictions are only applicable to homogeneous materials, also if the material is

laminated then the error may increase due to the higher resistance of the mid-plane and
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its increase of permeable surfaces. In ASTM E-96-00 the masked edge effect restrictions
have been implemented relative to the test area. In the recently proposed revisions of the
standard (ASTM E-96-00) Joy and Wilson’s equation is included, thus the masked edge
effect can be accounted for more precisely.
2.2.5. Test chamber conditions

Test chamber conditions can often vary in temperature setting as well as temperature
control, these effects can significantly alter test results. In some cases, where a closed
chamber is used certain salt solutions are used to acquire different relative humidities,
this system is a good method for achieving the desired relative humidity but in retrospect
can create more uncertainty in results than a properly constructed test chamber. This is
due to the fact that often these systems require the specimens to be removed from the
chamber in order for measurements to be recorded, once the specimens are removed from
the constant conditions then the relative humidity is altered and equilibrium becomes
difficult to establish. If measurements are acquired often, such as once every 24 hours,
once the chamber is opened the relative humidity will not be re-established within a
significant amount of time. When salt solutions are used in testing the relative humidities
are often documented and assumed to be accurate, in most cases this has been deemed
accurate but some studies have shown that the stated relative humidity only occurs within
the thin air layer directly above the salt solution and is not necessarily the case within the
whole testing chamber.

One method used that may diminish the effects of salt solution uncertainty is to
constantly record the relative humidity and to calculate the average. The saturated salt

solutions are used and their respective pressure conditions are often applied in water
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vapour transmission calculations, however their equilibrium is obtained from published
sources and often the dynamic performance is not accounted for, thus their equilibrium is
inaccurate since the relative humidity is a function of the rate of moisture gain or loss by
the solution. The actual value at the surface of the specimen is not attainable since a
measuring device is not usually continuously within the closed compartment. Hansen
and Lund (1990) discussed the effects of assumed relative humidity levels in closed
chambers through the use of solutions, they determined that temperature and air velocity
directly affect the RH levels, and the only method for RH level control is to maintain an
accurate temperature. They determined that a temperature control of 0.2° C will result in
an error of 3%, and a 1° C temperature control will result in a 15% error, concluding that
temperature control should be as precise as possible for testing.

According to ASTM E-96, when performing tests it is important that the temperature
inside the chamber is within 2.5 © C of the temperature of the location where weighing
will occur, a temperature difference greater than 2.5° C has the potential to cause
unwanted condensation on the surface of the specimen. ASTM E-96 states the need for
performing a test on a “dummy specimen”. When specimens being tested are assumed to
result in transmission of less than 7.5E-10 g/Pa-s'm, (0.5 perms), the dummy specimen is
a test set-up without a specimen in place. By performing a dummy test any temperature
and buoyancy oscillations within the testing chamber can be accounted for in the
calculations. This dummy test is applicable to the dry cup, wet cup and double cup
methods, but not possible when performing the modified inverted cup method. This is
due to the fact that the inverted cup method requires desiccant in the lower portion of the

cup with the specimen placed above it, and water is placed above the specimen. Without
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a specimen in place the water would flow directly into the lower cup and no resuits would
be achieved.

ASTM E-96 states that all methods listed in the standard have been successfully
performed at 23° C and at 32.2° C as well as 37.8° C, however the standard requires that
testing be performed within 21° C and 32° C, the latter being strongly recommended, the
temperature should be maintained within + 1°C.

The relative humidity in the chamber defined is 50% + 2%, if the purpose of the test

is to determine performance at a set relative humidity the range should be + 2% of the set
R.H.

In the past control of air velocity over the specimen was defined in the test method
and required to be above 2.54 m/s, information on air velocity can be acquired in many
documents, however most documents are not consistent with each other. It is believed
that air velocity does not need to be defined since different heat, air, and moisture (HAM)
control systems may require low air velocities in order to be efficient. However, ASTM
E-96 defines an air velocity between 0.02 and 0.3 m/s. Joy and Wilson’s documentation

(1965) provides a formula for laminar flow:

V 1/2
h, = 8.64(2J (18)

Where:
hq = average surface mass transfer coefficient, (kg/m*-h)
V =air velocity, (m/h)
L = length of plate, (m)
When performing dry cup testing on highly permeable materials air velocity is a

significant factor since the air pressure gradient can result in variation of air flow in and

out of the cup. The tests results can be seriously altered due to variations in the air flow.
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Another method to counter act the effect of air flow is to test 2 layers of materials as
opposed to one.

In the double cup test method air flow is not present since the upper portion of the
apparatus consists of a closed cup containing desiccant.

2.2.6. Cup conditions

When performing dry and wet cup testing the R.H. levels are assumed to be 0% for
dry cup, and 100% for the wet cup, which is the R.H. value at the surface of the water or
desiccant at the chamber temperature. This factor has been proven by Joy and Wilson to
be minimal for low permeable materials and insignificant for high permeable materials.
2.2.7. Air space (surface resistance and the still air layer)

According to Joy and Wilson in 1965 the air gap between the wet cup and the
specimen as well as the dry cup and specimen provides a resistance that should be
considered. The air gap becomes an issue due to a pressure drop within the space. This
1s referred to as the still air layer and the typical value for still air at standard atmospheric

pressure for 23°C is 181E-07 g/Pa-s'm, at 32°C is 209E-07 g/Pa-s'm.
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Figure 2.11: R.H. distribution across a painted gypsum board specimen. Burch and Thomas (1992).
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ASTM E-96 limits this air gap by specifying the desiccant layer to be at a distance of
6mm from the specimen for dry cup testing. For the wet cup tests the water layer
specified is to be at a distance of 12mm to 6mm from the specimen, this however can
result in the water splashing and thus cause the testing to suffer from a greater source of
error. One suggested manner to limit splashing is to place a grate within the cup. If the
air gap is 16 mm or less then the error factor is less than 1% for a 1.45E-09 g/Pa-s'm (1
perm) specimen according to Joy and Wilson. For a 8.7E-09 g/Pa-s'm (6 perm) specimen
the error increases to 5%.

Research conduced by Burch, Thomas & Fanney in 1992 used a slightly modified
version of the ASTM E-96 it consisted of both dry and wet cup test methods where low
permeability plastic films were placed above the air spaces in order to limit air
movement. The specimens were placed inside dessicators, once the layer above the
specimens reached equilibrium they were weighed then replaced and left for a one week
time span, once weighed a second time the results for one, two, and three layers of
corkboard proved that the factors could be accounted for. The air layers for both sides of
the specimen could be determined through the use of formula (16).

When D.M. Burch and W. Thomas further studied this factor in 1992 they
determined that the still air layer has a 5% error for a material of 1.45E-09 kg/Pa-s'm or
less, and more than 20% error for materials larger than 14.5E-09 kg/Pa-s-m, which is
similar to Joy and Wilson’s (1965) aforementioned conclusions.

Another factor to consider when studying the air space is the surface resistance of the
material, which is the thin layer of air directly above the surface of the specimen, the

roughness of the surface determines the effect that the air velocity will have on the
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overall movement of air over the material. Research conducted by Babbitt in 1939
addressed the surface resistance, materials were tested at different thickness’ test results
were then plotted and a line was drawn through the resistance points, the line was then
extended to zero layers, if the line intercepted at zero on the origin (zero) then no surface
resistance was present and Fick’s law could be deemed as accurate. If the line
intercepted at a different point on the y-axis then that value could be used as both the
surface resistance and the still air layer correction together of the material and could be
accounted for in the calculations. When testing materials such as wood the thickness of
the specimens could be easily altered, however when testing thin sheet type materials this
was not an option, thus multiple layer testing was created. Babbitt performed tests on
Kraft paper and set-ups of 1 through 8 layers were tested.

In 1990 Hansen and Lund fully addressed both the surface resistance and the air
layer thickness, they concluded that the following equation could be implemented in

order to determined a way to find the water vapour pressure:

L, +Z

= —_ [ J —
Pis = Py 2,472,412, +7, (pi—P,) )

Where:
7y = the water vapour resistance (Pa-s-m/kg)
Z, = the resistance of the material itself (Pa-s‘m/kg)
Z; and 7, = the resistance at the specimen surfaces, found by separate
measurements or by Lewis’ law (Pa-s-m/kg)
7., = the resistance of the air layer within the cup (Pa-s-m/kg)
p1s = water vapour pressure (Pa)

The latest revisions of ASTM E-96-03 (under development) also address this
factor, however in the past these factors had not been addressed in the standard. The

corrections for resistance due to the still air layer and the specimen surface are deemed to
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have a larger importance when testing materials of high permeability. They can be
calculated using an equation based on the materials permeability and the thickness of the

air space. The equation is as follows:

5 _2.306-10“5P0( T )“8‘

u (20)
RTP 273.15

Where:

8. is the permeability of still air (kg'm™- s™-Pa™)

T is temperature (K)

P is the ambient pressure (Pa) ,

P, is the standard atmospheric pressure in (101325 Pa)

R, = the ideal gas constant for water (461.5 I'-K "kg™)
2.2.8. Determination of steady state

The determination of steady state is vital for proper water vapour transmission

ratings. Steady state is accomplished once the measurements are plotted against time and
a straight line parallel to the time axis is present. Steady state is dependent on the
material being tests, and can be acquired after several days or several weeks. It has been
observed that materials of low vapour permeability make take a longer period of time
than those of high vapour permeability. When the specimens are frequently removed
from the testing chamber the test conditions are affected, and may result in evaporation or
moisture gain during weighing. Especially in the case of highly permeable materials a
correction should be applied to the WVT of the material. In 1994, Hinchley and Himus
conducted tests in temperatures ranging from 20° C to 70° C, they used a temperature
controlled pan and placed it on a balance and counter posed it, eventually the balance
stood level and by studying the original weight and comparing it to the time elapsed the

following formula was produced, which was a modification of Dalton’s law on

evaporation from 1834:
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J =0.103(p, ~ p,)"* @1

Where J is the evaporation rate, p is the vapour pressure of the water surface, and p,
is the partial pressure of the water at ambient air temperature.

Joy and Wilson determined that a significant factor in determining steady state was
that of the moisture content of the material before testing relative to the testing R.H. In
order to minimise this factor the materials can be pre-dried or conditioned before hand in
order to limit the time to reach steady state. Once weight change is minimal, barometric
pressure can become a factor in achieving steady state and can be incorporated in the
calculations to aid in acquiring the straight line when results are plotted, this can often
prove to be useful when testing materials with low permeance. When testing highly
permeable materials such as breathers which have a small moisture capacity steady state
is established in a short amount of time and thus this error factor is of no significance to
the results.

2.2.9. Barometric pressure effects

Barometric pressure can prove to be difficult to determine and to control, ASTM E-
96-00 did not address the need to focus on barometric pressure when testing, unless the
materials are of low permeability, then a dummy specimen should be used to determine
whether or not there is an effect on the results. In 1989 Wilkins and Pullan addressed the
effects of barometric pressure on WVT testing, when testing the WV'T increased when
the barometric pressure decreased and vice versa, thus proving that the effects could

result is some error is testing.
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Figure 2.12: W.L. Wilkins and M.R. Pullan (1988).
Their research concluded that barometric pressure must be accounted for in the WVT
coefficient calculations when testing low permeable materials of less than 0.05 perms
(2.9 Ng/ Pa-sm®). The ASTM E-96-03 (Under development) indicates that when testing
materials which are highly permeable the gravimetric changes often override the changes
in mass due to vapour transport. It is also stated that the calculation is needed when the
mass change ranges from 0 to 100mg. These factors can be calculated using the
equation:

My _y 4 PP = P)

(22)
m, pp,—p,)

Where:
m; = mass recorded by balance (kg)
m; = mass after buoyancy correction (kg)
pa = density of air (kg m™)
p1 = density of material of balance weights (kg m™)
p2 = bulk density of test assembly (kg m™)

The calculation for the density of air can be determined by applying the ideal gas law

for the measured atmospheric pressure and ambient temperature.
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2.2.10. Frequency of data collection

Data collection often varies depending on type of specimen to be tested, as well as the
condition of the specimen before testing. Specimens of high permeability often reach
steady state in a lesser time than those of low permeability, thus measurements can be
taken more often to ensure the accuracy of the data. However, if the test method requires
the test specimen and cups to be removed from the testing chamber where a temperature
gradient is present then the measurements should be conducted as little as possible
without jeopardising the accuracy of the test results.

The condition of the specimen before testing can have an affect on the length of time
of testing. Should the relative humidity difference of the specimen and the cup
conditions be too great then this difference factor will extend the length of time until

steady state 1s accomplished.
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Chapter 3: Test methods

3.1 Double cup test method

The test method used consists of a double cup system developed by Schwartz,
Bomberg, and Kumaran in 1989 (referred as the modified cup method). The method
encompasses a moistures source, a membrane (or layers of membranes), and a moisture
sink. The experiment is set up in a manner that moisture transmission can occur through
the membrane and be absorbed by the moisture sink while transmission is monitored.
This test method is similar to methods known as dry cup as well as wet cup but is not

comparable to either.
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Figure 3.1: Double cup test apparatus.

The specimen after being cut, weighed and its thickness measured, is placed
within two rings and waxed on the perimeter in order to form an air tight seal. The rings
made of PVC and are 130 mm in diameter on the inside, 150 mm in diameter on the

outside and are 2 mm in thickness. Wax is also placed on the inside edge of the rings, on
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the solution side as well as the desiccant side. The wax mixture consists of 50% beeswax
and 50% rosin. A circle is drawn on the specimen in order to wax the specific area being

tested.
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Figure 3.2: Double cup test ring set-up.

Both the upper cup and lower cup are constructed in the same manner, a 130 mm
diameter PVC pipe is cut at a height of 50 mm it is then welded to a 190 mm flat round
bottom 5 mm in height. A small opening is then cut into the top edge of the pipe to allow
for the placement of a rubber gasket. Three holes are evenly drilled into the overhang of
the flat bottom to allow for the compression rods.

The desiccant is placed in the upper cup, a thin wire mesh that is sewn to a thin
filter fabric and is placed over the desiccant and it is held in place by a slightly oversized
ring which is forced into position. The upper cup, containing desiccant, is then placed
upside down, over the membrane rings. The connection between the desiccant cup, the
solution cup and the membrane rings is air tight through the use of gaskets. The
desiccant used is calcium chloride which must be dried in an oven at 200° C for a

minimum of 1 hour, and must be allowed to lose its heat before use, this results in a
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relative humidity of 0%. Past ruggedness studies show that for the area being tested 200g
of desiccant is the most efficient quantity for these tests.

Tests can vary depending on the desired relative humidity on the solution side.
Many different solutions can allow for many different relative humidities. To date three

solutions have been used:

= 100%
= 75%
= 52%

When testing 100% distilled water was placed in the solution cup and an air space of
25 mm was left between the specimen and the solution, this was due to the fact that when
moved the specimen could have been splashed by the water causing errors in the testing.
In addition to increasing the air space cotton was added to limit the water movement in
the cup. When using 75% relative humidity table salt was used along with distilled
water, in order to assure proper saturation of the water table salt was added until a
significant quantity of salt grains could be seen at the bottom of the solution. In this case
cotton was also added to reduce splashing and a 25 mm air space was also used. For
testing at 52% relative humidity magnesium nitrate was used, in order to acquire the
desired relative humidity the magnesium nitrate was added to water until a slurry was
achieved, the air space was kept at 25 mm to create proper consistency throughout the
testing.

Once the specimen has been prepared, the solution mixed and the desiccant dried,

the testing commenced. All three components were weighed and noted separately before

the test begins. The specimen was placed on top of the solution cup facing the desired
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relative humidity. The desiccant cup was then placed on top of the specimen and the
compression rods are placed and tightened to ensure air tightness. The test was left
untouched for 48 hours, then the three components were separated and weighed
individually. The used desiccant was removed and replaced by new desiccant, which had
been properly dried. The test continued and the desiccant was changed every 48 hours
until steady state was achieved. Steady state varied depending on the type of specimen
being tested. Each time the desiccant was changed measurements were taken as well as
recording the date, time, and room conditions.

The difference in weight was calculated in grams and divided by the elapsed time
in seconds and area of the specimen resulting in the weight change quantity relative to
time and area. The results were then calculated into kg/Pa-ssm”. When using different
solutions the air pressure was based on temperature and divided by the relative humidity
being used, thus for 75% the number was multiplied by 0.75. The resistance was
acquired by calculating 1/permeance, which is Pa-s'm’/kg. These calculations can be
done in order to acquire resistance and permeance for both the water side as well as the
desiccant side.

3.1.1. Ruggedness study for double cup method

The purpose of conducting a ruggedness study is to determine possible factors
affecting or influencing test results. Questionable factors can be determined and tested in
order to confirm which factors should be used or to what degree they should be
controlled for the test method. A ruggedness study is a necessity for most newly
developed test methods since it can help in determining the test methods accuracy. A

ruggedness study does not however determine the optimum test conditions. The
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ruggedness study used in this series of tests is based on ASTM E 1169-87, “Standard
guide for conducting ruggedness tests” which, follow the “Plackett-Burman” designs.
While being limited to two levels per variables, they are easy to apply and efficient when
evaluating most test methods.

The ruggedness study set-up consists of determining high and low ranges for each
factor in question. The high ranges are illustrated as + and the low ranges are illustrated
by -. The factors vary from test to test and are typically determined by the test developer.
Since it has been proven that cellulose membranes are most affected by variations in R.H.

levels, the tests were all performed on those materials. The table set-up for this study is

as follows:
Table 3.1: General ruggedness study set-up.
Ruggedness sudy
Set-up 1 2 3 4 5
77717 I - + - +
2 o+ o o+ +
- T B + + -
4V I R . -
Table 3.2: Ruggedness study set-up for double cup test method.
Ruggedness study for Double Cup Test Method
Desiccant Stili air {Specimen Area Wet Cup
Change (D) layer condition condition
Set-up 1 2 3 4 5
1 - 1 Day - 5mm + Wet -100 mm (4")}] + 100%
2 - 1 Day +25mm - Dry +130mm (5")] +100%
3 + 2 Days - 5mm + Wet + 130mm (5") -52%
4 + 2 Days + 25mm - Dry - 100mm (4") -52%

= Desiccant change: The desiccant used in this test method is calcium chloride and is
considered solid absorptive desiccant, this factor is significant since the moisture
transmission will decrease as the saturation of the desiccant increases. The high

range is set at 2 days elapsed before the desiccant is changed and the low range is set

at 1 day.
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Still air layer: The still air layer is the air space between the desiccant and the
specimen, it has been proven that in some cases the still air layer can have an effect
on water vapour transmission, by having a low and high range of the still air layer its
significance on this test method can be determined. The high range is set at 25 mm
still air layer and the low range is set at 5 mm.

Specimen condition: In tests similar to this test method the specimen is dry
throughout the testing process. However, in some on site cases materials are
subjected to rain during construction, it is important to determine if the test is affected
by the specimen being wet or dry before testing. The high range is set at a wet
specimen before testing and the low range is set at a dry specimen.

Area: The area of the specimen can be an important factor in testing since an increase
in area may be relative to the increase in transmission. The high range is set at 130
mm specimen diameter and the low range is set at 100 mm in diameter.

Wet cup condition: This test method is intended to be used with varying relative
humidity if deemed necessary, it is important to determine the effects of a difference
in relative humidity. The high range is set at 100% relative humidity and the low

range is set at 52%.

3.1.2. Results and analysis

For each factor the average is calculated as the sum of the positive values (+) over

2 (number of values), then the sum of the negative values (-) over 2 (number of values).

Then the positive values (+) are subtracted from the negative values (-) to give what is

called the “Effect”. The equation is as follows:
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Effect = (%)[Z *®-> )]

The tests are performed on two (or more) identical set-ups and the second data set
is calculated the same as the first. The Effects from both sets of data are subtracted from
one another and the difference between the two effects can be determined as well as the
average of the two effects. The variance of d must then be determined where the sum of
all the values of d” are divided by the number of factors in the test. Once this is executed

then the t-value can be calculated using:

average effect
2\/ Variance of (d)

Ji6

In this case the ruggedness study can be evaluated in three different ways due to

t —value =

the fact that two sets of values are produced when performing this test, first the values
from the wet and dry cups respectively and can be analysed, also the values from the
averages of the two factors can be evaluated. The first to analyse is that of the desiccant
side values.

Table 3.3 : Ruggedness study for DC method desiccant side.

Ruggedness study for double cup desiccant side

Level Set-up 1 Set-up 2 Difference | Average t-value
Factor High Average Effect Average Effect of of (d)2
Low Resistance Resistance effects (d) effects (Absolute)
(+)or(-) lkg/Pasm) (kg/Pa s m)
1 2 days 2.32E+07 2.20E+07
1 1 day 1.35E+07] 9.72E+06] 1.54E+07| 6.63E+06| -3.09E+06] 8.18E+06] 9.53E+12| 676
2 | 25mm-SAL]| 2.24E+07 2.42E+07 o
2 s5mm-SAL | 1.44E+07] 7.98E+06] 1.33E+07| 1.09E+07] 2.91E+06] 9.43E+06] 8.49E+12}  6.64
3 Wet 1.44E+07 1.33E+07
3 Dry 2.24E+07| -7.98E+06] 2.42E+07| -1.09E+07] -2.91E+06] -9.43E+06] 8.49E+12
4 130mm 1.87E+07 1.80E+07
4 100mm 1.80E+07] 7.03E+05] 1.94E+07| -1.37E+06f -2.07E+06] -3.31E+05] 4.28E+12 0.23
5 100% 1.35E+07 1.54E+07
5 52% 2.32E+07] -9.72E+06] 2.20E+07} -6.63E+06] 3.09E+06] -8.18E+06] 9.53E+12

Variance (d) 8.06E+12
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The standard statistical factor to be used when analysing ruggedness values

relative to the t-values with 95% confidence and 5 degrees of freedom is 2.015, therefore

any value above 2.015 is deemed as a factor affecting the test results. In this case four

factors were proven to be significant.

Since there are two sources of measurement the wet cup results can be evaluated

as well as the averages of the wet cup and dry cup values, in all cases the results agree

with one another.

Table 3.4: Ruggedness study for DC method solution side.

Ruggedness study for double cup solution side
Level Set-up 1 B Set-up 2 Difference | Average t-value
Factor High Average Effect Average Effect of of (d)2
Low Resistance Resistance effects (d) effects (Absolute)
(+)or (-} J(kg/Pasm) (kg/Pa s m)
1 2 days 1.90E+07 1.80E+07
1 1 day 1.27E+07] 6.26E+06] 1.17E+07| 6.36E+08| 967E+04] 6.31E+06] 9.35E+09) @ 992
2 | 25mm-SAL 1.89E+07 1.84E+07
2 5mm-SAL 1.286+07] 6.11E+08] 1.12E+07] 7.18E+06f 1.07E+06| 6.65E+06] 1.15E+12}: 1044 |
3 Wet 1.28E+07 1.12E+07
3 Dry 1.80E+07| -6.11E+06| 1.84E+07| -7.18E+08] -1.07E+06] -6.65E+06] 1.15E+12] 1044
4 130mm 1.58E+07 1.60E+07
4 100mm 1.59E+07] -9.58E+04] 1.37E+07] 231E+06] 241E+06] 1.11E+06] 579E+12] 1.74
5 100% 1.27E+07 1.17E+07
5 52% 1.90E+07| -6.26E+06] 1.80E+07| -5.36E+06] -9.67E+04] -6.31E+06] 9.35E+09] =992
Variance (d) 1.62E+12
Table 3.5: Ruggedness study for DC method comparison of solution and desiccant sides.
Ruggedness study for double cup both sides
Level Set-up 1 Set-up 2 Difference | Average t-value
Factor High Average Effect Average Effect of of (d)2
Low Resistance Resistance effects (d) | effects (Absolute)
{(Hor(-) JkgPasm) (kg/Pasm)
1 2days 1.86E+07 2.26EH)7
1 1 day 1.50E+07{ 360E+06] 1.45E+07| 8.18E+06] 4.58E+06] 5.89E+06] 2 10E+13}
2 | 25mmSAL | 2.13EH)7 2.33e+07 )
2 5mm-SAL 1.24E+07] 8.92E+06] 1.38E+07| 9.43E+06] 5.09E+05] 9.18E+06] 2.59E+11}
3 Wet 1.24E+07 1.38EH)7
3 Dry 2 13E+07] -892E+06] 2.336+07} -9.43E+06] -5.006+05] -9.186+06] 2.50E+11}
4 130mm 1.58E407 1.84E+07 »
4 100mm 1.79E+07] -2 ME+06] 1.87E+07| -3.31E+05] 1.78E+06] -1.22E+06] 3.15E+12] 0.81
5 100% 1.50E+07 1.45E+07 ‘
5 52% 1.86E+07] -3.60E+06] 2.26E+07| -8.18E+06] -4.58E+06] -5.89E+06} 2.10E+13}
| Vanrance (d) 9.11E+12
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The t-values are all in agreement with one another and the factors of significance

can now be evaluated.

Desiccant change factor: This factor is referenced in the ASTM E-96 where the
desiccant should not be allowed to increase more than 10% water content. Also the
standard indicates that this factor cannot be exactly determined and is an area where
the operators judgment is deemed necessary. It can be determined that in order to be
cautious the desiccant can be changed every day, however since this is a closed
system (unlike the ASTM E-96-00) the frequent opening and closing of the system
may be influenced by possible temperature and relative humidity oscillations, since
the weighing is not performed within the chamber. Also, the affects of the barometric
pressure changes may be the cause of the influence of the effect. Due to the fact that
the weighing is not performed within the temperature chamber the tests should be
changed every two days.

Still air layer: this factor had proven to be complex in determining and will be further
discussed in the next chapter

Specimen condition before testing: Since the test method is based on water vapour
transfer its intent is to focus on dry materials.

Wet cup contents: This test is useful at determining the transmission rates at different
relative humidity levels, thus it was important for this factor to have a significant
effect on the test method.

The only factor of no significance is that of the area, thus, enabling the operator to

perform the testing based on availability of materials, since apparatus size may vary.
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3.2 Modified inverted cup test method

This test method consists of a modified inverted cup system, which includes a
moistures source, a membrane and a moisture sink developed by Pazera (2003). The
experiment is set up in a manner that water vapour transmission can occur through the
membrane and be absorbed by the moisture sink. This test method is similar to the test
method known as dry cup. The purpose of using a water head is to eliminate the presence
of a still air layer on one side of the specimen. The test allows for determination of the

maximum possible water vapour transmission.

J

| 25mm WATERHEAD

W= L WAX SEAL

¢%%~ e e b '“é’ﬁ,,,,,, SPECIMEN
 |—----ELECTRICAL TAPE

-~~~ —DESICCANT
s WAX SEAL
T

INVERTED CUP APPARATUS

Figure 3.3: Modified inverted cup test apparatus.

The test specimen is cut to the size of the test ring its weight and its thickness
recorded it is then waxed to the perimeter of the inside of the ring. The wax mixture is
50% paraffin wax and 50% rosin. The lower ring is placed on the underside of the
specimen and wax is also placed around the perimeter. The two rings are then waxed on
the outside joint to resist room conditions. The test rings consist of ABS pipe 100 mm in
diameter and 2 are 190 mm in height and one is 25 mm in height. One ring is connected

to a flat surfaced bottom with the wax mixture on the inside and outside perimeter.
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The desiccant used is calcium chloride which is dried in an oven at 200° C for 1

hour and is left to cool before use. The two assemblies weight must be recorded before

testing. 200g of dried desiccant is placed inside the lower cup and the assembly weighed,

the upper portion of the apparatus is placed above the lower portion and is held in place

with a high quality electrical tape, which is placed twice around the set-up.

The test is left untouched for 48 hours, then the water is removed and the

specimen is gently wiped to remove any excess water. The electrical tape is removed and

the two components are separated and weighed individually. The used desiccant is
removed and replaced by new desiccant. The electrical tape is replaced and the test
continued the desiccant being changed every 48 hours until steady state is achieved.
Steady state may vary depending on the type of specimen being tested.

Each time the desiccant is changed measurements must be taken as well as the

date, time, and room conditions. The weight change is calculated in the same manner as

the double cup method.

3.2.1. Ruggedness study for modified inverted cup method

For the modified inverted cup test method the ruggedness study set-up was as

follows:

Table 3.6: Ruggedness study set-up for modified inverted cup test method.

Ruggedness study for Modified Inverted Cup Test Method

Desiccant Water Still air Area Specimen
Change (D) Head layer condition
Set-up 1 2 3 4 5
1 - 1 Day - 5mm +256mm |+ 100 mm (4" + Wet
2 - 1 Day + 25mm -5mm |- 90mm (3.5") + Wet
3 + 2 Days - 5mm +25mm |- 90mm (3.5") - Dry
4 + 2 Days +25mm -5mm [+ 100mm (4") - Dry

» Desiccant change: The desiccant used in this test method is calcium chloride and is

considered solid absorptive desiccant, this factor is significant since the moisture
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transmission will decrease as the saturation of the desiccant increases. The high
range is set at 2 days elapsed before the desiccant is changed and the low range is set
at 1 day.

Water head: Although is some cases the water head level causing hydrostatic
pressure has proven to be insignificant, unless a large water head is present, it may
prove to be an important factor in testing. The high range is set at 25 mm and low
range is set at 5 mm.

Still air layer: The still air layer is the air space between the desiccant and the
specimen, it has been proven that in some cases the still air layer can have an effect
on water vapour transmission, by having a low and high range of the still air layer its
significance on this test method can be determined. The high range is set at 25 mm
still air layer and the low range is set at 5 mm.

Area: The area of the specimen can be an important factor in testing since an increase
in area may be relative to the increase in transmission. The high range is set at 100
mm specimen diameter and the low range is set at 90 mm in diameter.

Specimen condition before testing: In tests similar to this test method the specimen is
dry throughout the testing process. However, in some on site cases materials are
subjected to rain during construction, it is important to determine if the test is affected
by the specimen being wet or dry before testing. The high range is set at a wet

specimen before testing and the low range is set at a dry specimen.
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3.2.2. Results and analysis

of the double cup test method, therefore the ruggedness study can have only one table of

The modified inverted cup test method produces only one set of results unlike that

evaluations.
Table 3.7: Ruggedness study set-up for modified inverted cup test method.
Ruggedness study for modofied inverted cup
Level Set-up 1 Set-up 2 Difference | Average t-value
Factor High Average Effect Average Effect of of (d)2
Low Resistance Resistance effects (d) | effects {(Absolute)
(Hor() JkgPasm) (kg/Pasm)
1 2 days 4.42E+08 4.80E+08
1 1 day 3.53E+08] 8.92E+07] 4.31E+08| 4.92E+07] -3.99F+07] 6.92E+07] 398E+14] 274
2 25mm-WH 3.74E+08 4256408 |
2 | 5mmWH | 4.20E+08| -478E+07] 4.86E+08| -6.14E+07] -1.35E+07| -546E+07| 1.83E+14] 246
3 | 25mm-SAL | 4.22E+08 4.86E+08 -
3 5Smm-SAL 374408 478EH)7] 4.25E+08] 6.14E+07] 1.35E+07] 546E+07] 1.83E+14} 2.16 .
4 96mm 3.83E+08 4.92E+08
4 46mm 412E+08| -285E+07] 4.19E+08| 7.36E+07] 1.02E+08| 225E+07) 1.04E+16] 0.89
5 Vet 3.53E+08 4.31E+08 7
5 Dry 442E+08| -892E+07] 4.80E+08| 4.92F+07] 3.99E+07] 6.92E+07] 159E+15) 274
Vanance (d) 2.56E+15

of:

Desiccant change factor: This factor is referenced in the ASTM E-96 where the

desiccant should not be allowed to increase more than 10% water content. This

These results show that four factors are significant in this test method they consist

requirement is related to the dry cup test method and due to the lack of documentation

in regard to this test method the requirements can be applied in this case. Also the

standard indicates that this factor cannot be exactly determined and is an area where

the operator’s judgment is deemed necessary.

Water head: The level of the water head has proven significant due to hydrostatic

pressure, the main purpose of this test method is to eliminate the still air layer on one

side of the material, any unnecessary additional pressure may be harmful when
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analysing results, thus a 5 mm water head is efficient, anything lower could have the
potential to evaporate and cause increased uncertainty in the results.

Still air layer: this factor had proven to be complex in determining and will be further
discussed in the next chapter.

Specimen condition before testing: Since the ruggedness study is based on all
recorded measurements the specimen’s condition has proven to be a factor. When the
test is conducted for usable results only values from steady state are analysed, thus

the time period from when the dry material is dry to when it is saturated is not a factor
when steady state results are evaluated.

The factor of insignificance is that of the area of the specimen.
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Chapter 4

Corrections for surface resistance and still air layer

Double cup tests were performed on multiple layers. In many cases the
conditions of the tests varied to examine the effect of relative humidity or the temperature
oscillation during the test. The main focus of this research was to determine a joint effect
of the still air layer and the surface resistance (SAL+SR) since separating them is quite
difficult. The linear fit to the multiple specimen layers was extended to zero layers to
determine the value of the intercept. Type P (polymeric fiber-membranes) were selected
for the primary study since this type of material has been proven to have water vapour
permeance constant over the RH range.

4.1 Calculations

One must first calculate the water vapour transmission (WVT) as per equation
(16). Yet, to examine different components of water vapour permeance one must use the
inverse of WVP namely the resistance to water vapour flow (WVR), which can be
determined as 1/permeance.

4.2 Double cup (DC) test method applied to type P products

Tests were performed using the double cup methods as discussed in chapter 3.
Four types of materials were evaluated falling into the two categories of polymeric
membranes (P), and cellulose membranes (C). Table 4.1 shows all measurements

performed on type P (polymeric) product P8.
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Table 4.1: Intercept values obtained with different DC tests performed on products P6 and P8

Wet Temp Intercept Intercept Standard
Specimen cup contro! + - Solution Desiccant Mean Deviation
Solution °C Side Side

8 52% 2.5 8.00E+08 8.84E+08 8.42E+08 5.94E+07

8 75% 1.5 4.75E+08 5.67E+08 521E+08 6.51E+07

8 75% 2.5 7.00E+08 7.01E+08 7.01E+08 7.07E+05

8 100% 2.5 5.79E+08 5.74E+08 5.77E+08 3.54E+06

6 52% 2.5 8.47E+08 7.72E+08 8.10E+08 5.30E+07

Table 4.1 shows that the precision of the test is acceptable because for membrane P8 the

values measured on both water and desiccant side are close to one another (see Figure

4.1, sides 1 & 2 represent the two different values for 75%). For P6 membrane the

agreement between water and desiccant sides is also acceptable.

1.20E+09
1.00E+09 + ——
“E 8.00E+08
© 6.00E+08
Q
D 400E+08 -
2.00E+08 |-
0.00E+00

Resistance intercepts for material 8 relative to RH levels

0%

25%

T

50%

T

75%

RH level

100%

125%

Figure 4.1: Intercept values for P8 product obtained with the DC method.

:0—— SEIEtmnsndia 1 —I;Deschant side 1 —&— Solution side 2 ~¢ - Desiccant side 21

The mean value of intercept for type P products was 6.9E+08 and the standard deviation

of 1.4E08. Since there were 5 measurements, for 95% confidence interval from the

statistical table and 4 degree of freedom a multiplier of 2.78E08 was determined and the
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uncertainly range became 3.9E08. The intercept was determined as 6.9E08 plus or minus

3.9E08.

4.3. Modified inverted cup (MIC) test method applied to type P products

The modified inverted cup tests with a 25-mm thick air layer were also performed

on the aforementioned materials and intercepts were obtained in the same manner.

The values are all close in range and the average intercept from 4 MIC

Table 4.2: Intercepts for the tested materials using the MIC test method.

Temp Intercept

Specimen] control + - | Desiccant
°C Side

P6 2 9.12E+08

P6 1 9.01E+08

P8 2 1.17E+09

P8 1 9.71E+08

measurements is 9.89FE08 and the standard deviation of 1.25E08. Since there were 4

measurements for 95% confidence interval from the statistical table and 5 degree of

freedom a multiplier of 3.18E08 was determined and the uncertainly range became

3.97E08. The intercept was determined as 9.89E08 plus or minus an uncertainty of

3.97E08.

4.4 Double cup (DC) test method applied to type C products

Three tests series were performed on product C5 and one on product C4 (Table 4.3).

Table 4.3: Intercepts determined for products C4 and C5.

Wet Temp Intercept Intercept Standard

Specimen cup control + - Solution Desiccant Mean Deviation
Solution °C Side Side

C5 52% 2.5 7.12E+08 7.69E+08 7 41E+08 4.03E+07

C5 75% 2.5 9.74E+08 1.08E+09 1.03E+09 7.50E+07

C5 100% 2.5 8.84E+08 7.21E+08 8.03E+08 1.15E+08

C4 52% 2.5 5.13E+09 4 61E+09 2.85E+09 2.62E+08

Table 4.3 shows that intercept measured for product C4 is much different than

those measured for product C5. For 3 measurements on product C5 one obtains an
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average intercept of 8.6E08 and the standard deviation of 1.5E08. For 95% confidence
interval from the statistical table and 3 degree of freedom a multiplier of 4.3E08 was
implemented and the uncertainly range became 6.5E08. Thus, the maximum probable
intercept is 8.6E08 plus 6.5 E08, much less than one measured for product C4. We must
treat this measurement as a statistical outlier, thus not within an acceptable range of the
other values.
4.5. Modified inverted cup (MIC) test method applied to type C products

Two measurements performed on product C5 yield intercepts of 7.25E08 and
6.35E08 i.e., in the range of probable results.

4.6. Discussion on intercepts obtained from different WVT tests on various products
Table 4.4 lists all measured values of intercept from both double cup and
modified inverted cup measurements and Figure 4.2 shows them graphically to highlight

that no systematic trend can be observed.

Table 4.4: The mean values (from both desiccant and solution sides) measured with the DC method and the
desiccant side values for the MIC method.

Temperature Cup Material
Method | Control -+ | Solution C P

°C RH 5 6 8
25 52% 7.41E+08 | 8.10E+08 | 8.42E+08
DC 1.5 75% - - 5.21E+08
25 75% 1.03E+09 - 7.01E+08
2.5 100% | 8.03E+08 - 5.77E+08
MIC 1.5 100% | 6.53E+08 | 9.01E+08 ] 9.71E+08
2 100% 7.25E+08 | 9.12E+08 { 1.17E+09

67



Mean resistance values for all materials for DC 8& MIC methods
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Figure 4.2: Intercept mean of materials C5, P6, and P8 measured with both DC and MIC methods.

Figure 4.2 highlights the relative errors in measurements performed at 52% RH which
appear to be much smaller than those obtained at 75 %RH or 100 %RH. Surprisingly
enough, the scatter of MIC test method where only one surface resistance is included
appears even larger than that of double cup measurements.

The mean value of intercepts measured at 52 %RH is 7.98E08 and the mean value of all
DC measurements is 7.53E08, MIC measurements is 8.89E08, the total mean value for
both test methods is 8.11E08 with a standard deviation of 1.78E08. There are 14
measurements and 95% confidence with 14 degrees of freedom, the multiplier becomes
2.145, which gives the uncertainty of plus or minus 3.8E08. One may compare the

measured values with those measured by Burch, Thomas & Fanney (1992).
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Table 4.5 Intercept data obtained by Burch and Thomas (1992).

Air layer
R.H. Resistance
(Pa s m¥/kg)
Cup No. Cup Vessel 24°C 7°C
1 11.27 23.2 4 87E+08 | 5.76E+08

2 33.56 43.13 | 5.23E+08 | 4.69E+08
3 63.06 72.89 | 7.58E+08 | 5.55E+08
4 75.65 87.36 | 4.27E+08 | 5.23E+08
5 91.76 98.38 | 4.39E+08 | 4.40E+08

The same conclusion may be reached about the random character of intercept over the
full range of relative humidity measurements. The mean value of all measurements
performed at 24 °C is 5.27E08.

Finally the results of this work can be compared with the resistance of the still air layer
alone. Typically, the resistance of SAL is determined from Schirmer’s equation (1938)
which describes diffusion of water vapour in still air as per equation (12). The German
standard DIN 52615 (1987), applies Schirmer’s equation as per equation (13). By

applying the ASTM E-96-03 calculation method equation (29) to the test method

b4

conditions used here, one obtains the WV permeability of 1m of still air layer 1.99E-10,

for a still air layer of 25mm the resistance is 1.25E08.

The ASTM E96-03 also takes into consideration the surface resistance of the
material based on research reported by Hansen and Lund (1990). It is assumed as
constant 0.4E08 and is added to give a total resistance of 1.57E08 for a 25mm air layer.

Table 4.6 summarizes all intercept data obtained here and in other known work.
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Table 4.6 Intercept data obtained from different sources for 25-mm thick air layer, Babbitt thickness

unknown.
Source Description Resistance
14 measurements, 52%, 75%,
Own work and 100% RH, mean value 8.11E+08
0,
Own work 3 measurements at 52% RH, 7 98E+08
mean value
Literature Burch and Thomas (1992), 5 27E+08
mean value
Literature Babbitt (1939) 3.76E+08
ASTM SAL-Schirmer 1.17E+08
ASTM Total of SAL and SR values, 1 57E+08
calculated

Table 4.6 permits drawing a few conclusions on the effect of still air layer and the
surface resistance. First of all one may assume that diffusion of water vapour through the
still air layer does not change in the range of 10 — 25 mm typically used in the cup
methods. Secondly, one may assume that this process is approximated with the Schirmer
equation to a satisfactory degree of precision. One may therefore separate the effect of
still air layer and surface resistance by subtracting the SAL resistance from the total

intercept measured. The results are shown in Table 4.7.

Table 4.7 Surface resistance calculated from the total intercept values.

. .. Surface
Source Description .
Resistance
0, 0,
Own work 14 measurements, 52%, 75%, 6.94E+08

and 100% RH, mean value

Literature Burch and Thomas (1992) 5.10E+08

Literature Babbitt (1939) 3.76E+08

ASTM Hansen & Lund (1990) 4.00E+07
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Table 4.7 indicates that surface resistance is material dependent and that values
used by ASTM may be one magnitude lower than those determined for WRB products.
Thus, the fact that the ASTM E-96-03 uses a constant value for the surface resistance
based on research performed by Hansen and Lund (1990) is not an ideal application.
First, because as shown here, each material has the potential to cause a variation in the
surface resistance. Second, equation (26) developed by Hansen and Lund (1990) utilizes
either measurements for the surface diffusion resistances, which are not described, or if
unavailable can be determined through the use of Lewis’ law. This law has caused much
controversy in the area of quantum physics to date and many sources have deemed it to
be unapropriate for scientific use. Thus if ASTM-E-96-03 has determined the constant
used through the use of Lewis’ law then the method of calculation is strongly
questionable.

There are a few reasons for it. First, equation (19) developed by Hansen and
Lund (1990) utilizes either measurements for the surface diffusion resistances, which are
not described, or those that can be determined from Lewis’law. While this law assumes a
full correspondence between heat and mass film transfer coefficients, one typically
assumes a difference between mass transfer coefficient when moisture content of the
material is above the critical moisture content for drying (division between the first and
the second stage of the drying rate) and when moisture content is below this characteristic
point of drying rate.

Second, experimental results of Burch and Thomas (1992) show that the surface

resistance in their measurements is much higher that that determined by Lund and

Hansen (1990).
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Third, experimental results of Burch and Thomas (1992) indicated a dependence
of the surface resistance on the RH level. This work (Table 4.7) shows that while so far
all measured surface resistance data does not have sufficient precision to support or reject
this statement, the surface resistance is, however, affected by the nature of tested

material.
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Chapter 5: Results of the WVP measurements and discussion

The mean value of the intercept determined in chapter 4was subtracted from the
measured resistance of the single layer, and compared with the results calculated for the
measured difference between one and two layers calculated from the linear regression on
multiple layers.

5.1. Type P products.
The water vapour permeance of P type products is not expected to vary with the

relative humidity, thus we will analyze these results first.

Table 5.1 Resistance to water vapour flow measured on single layer of type P products with corrections
from individual measured intercepts as well as corrections from mean intercept value, all values in

Pa-s'm/kg.
Material | RH wet Apparent Measured Corrected Corrected %
side WVR Intercept | w/intercept | w/ mean | difference
P6 52 9.64E08 8.10E08 1.55E08 1.53E08 1.3
P6 75 1.10E09 N/A N/A 2.99E08 N/A
P6 100 1.33E09 N/A N/A S.19E08 N/A
MIC P6 100 1.25E09 9.12E08 3.38E08 4.39E08 29.9
MIC P6 100 1.23E09 9.01E08 3.29E08 4.19E08 274
P8 52 1.16E09 8.42E08 3.18E08 3.49E08 9.7
P8 75 1.05E09 7.01E08 08 2.39E08 31.5
P8 75 141E09 | 5.21E08 38008 | 5.99E08 32.6
P8 100 1.03E09 S.77E08 4.53E08 2.19E08 51.7
MIC P8 100 1.58E09 1.17E09 4.10E08 7.69E08 87.6
MIC P8 100 1.44E09 9.71E08 4.69E08 6.29E08 34.1

One measurement performed at 75 %RH (corrected with the measured intercept,
of 8.89E08) is a statistical outlier. The mean of the corrected intercept values remaining
(5 measurements) performed on product P8 is 4.0E08, and the standard deviation is

6.52E07. For 4 degrees of freedom one has an uncertainty range of 1.81E08 implying
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that for product P8, with the probability of 95%, thus the maximum water vapour

resistance is 5.81E08 (Pa-ss-m%/kg).

Table 5.1 shows that the corrected values of water vapour resistance are two or
three times lower than those measured without any correction (apparent WV permeance).
Even if an ASTM correction is applied this difference would still be more than two times

the measured values.

Table 5.2 Water vapour permeance as measured (apparent) and that based on intercept correction in metric
and British systems (perms).

RH Apparent WV Water vapour Water vapour
Material on wet side Permeance
Permeance permeance
kg/(Pa s m?) kg/(Pa s m?) perms

P6 52 1.03E-09 6.45E-09 113

P6 75 9.81E-10 N/A N/A

P6 100 7.50E-10 N/A N/A
MIC P6 100 8.00E-10 2.95E-09 51
MIC P6 100 8.13E-10 3.04E-09 53

P8 52 8.62E-10 3.14E-Q9 55

P8 75 9.52E-10 2 87E-09 50

P8 75 7.09E-10 N/A N/A

P8 100 9.70E-10 2 21E-09 39
MIC P8 100 6.33E-10 2 .44FE-09 13
MIC P8 100 6.94E-10 2.13E-09 37

This work shows that the significance of the surface resistance cannot be

neglected even for this type of membranes. While results obtained with 52% RH show

much smaller differences between two examined approaches (Tables 5.1 and 5.2), yet

repeated test on product P6 (compare Table 51. with 52) do not indicate suffient precision

of the method.
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5.2. Type C products.

The water vapour permeance of these products is expected to increase with the relative

humidity.

Table 5.3 Resistance to water vapour flow measured on single layer of type C product with
corrections from individual measured intercepts as well as corrections from mean intercept value,
all values in Pa-s‘m”/kg.

Material RH Apparent | Measured | Corrected | Corrected %
wet WVR Intercept | w/intercept | w/ mean | difference
CS 52 1.76E09 7.41E08 1.02E09 9.49E08 7
C5 75 1.45E09 1.03E09 4.15E08 6.31E08 52
C5 100 1.61E09 8.03E08 8.05E08 7.96E08 1
MIC C5 100 1.23E09 7.25E08 5.05E08 4.19E08 17
MIC C5 100 1.29E09 6.35E08 6.55E08 4.79E08 27

The results shown in Table 5.3 may now be recalculated into water vapour

permeance, which is more commonly used when evaluating these types of materials.

Table 5.4 Water vapour permeance as measured (apparent) and that based on intercept correction

in metric and British systems (perms).

RH Apparent WV Water vapour Water vapour
Material on wet side Permeance Permeance permeance
kg/(Pa s m?) kg/(Pa s m%) perms

C5 52 5.68E-10 0.980E-09 17

C5 75 6.89E-10 2 41E-Q09 42

Cs 100 8.61E-10 1.24E-09 22
MIC C5 100 0.81E-10 1.98E-09 34
MIC C5 100 7.75E-10 1.53E-09 27

Table 5.3 shows that the corrected values of water vapour resistance are about two

times lower than those measured without any correction (apparent water vapour

permeance). Even if an ASTM correction is applied this difference would still be close to

a double of the measured values. In other words, the significance of surface resistance

cannot be neglected for this type of membranes.
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Table 5.4 shows an apparent water vapour permeance measurements for type C
products, increasing from 5.68E-10 kg/(m”sPa), through 6.89E-10 kg/(m’sPa) to 8.61E-
10 kg/(mzsPa) for 52, 75, and 100%RH respectively. Yet, after introducing the intercept
correction the permeance at 75 % RH [2.41E-09 kg/(m’sPa)], exceeds the measurements
at 52% RH and 100 %RH. It appears that unless the temperature oscillation in the room is
significantly reduced the intercept correction may not be the preferred manner of
correcting for surface resistance.

This also explains the differences in the DC method results compared to those of
the MIC method, in some cases the values from the MIC method are higher than the DC
method and in other cases it is the inverse. This research shows that the temperature

oscillations have proven to be a significant factor for type C WRB products.
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Chapter 6: Conclusions

The measurements reported in this work were performed in conditions expected
in a typical manufacturing situation (large conditioned space in which the laboratory
space is poorly controlled). The objective was to examine limitations of the double cup
method, realizing that standard WVT testing requires much better temperature and
humidity control.

Because of the assumed conditions of large and poorly controlled space, some of
these measurements were found beyond the probable range of statistically determined
uncertainty. For instance, the intercept of multi-layered tests was found to be a statistical
outlier, yet the measured values of this product fall within a probable range of results.
Similarly, even though the intercept measured on product P§ was within a probable
range, the corrected value of water vapour resistance for product P8 clearly fall outside
the probable range.

The focus in this research was on the determination of the effect of still air layer
and the surface resistance. As it is not possible to separate these two sources of resistance
to water vapor flow, one may assume that diffusion of water vapour through still air layer
does not change in the range of 10 — 25 mm typically used in the cup methods. This
process may be approximated as diffusion of water vapour through still air, by using
Schirmer’s equation, to a satisfactory degree of precision. When subtracting the
resistance of the still air layer from the total resistance measured by the intercept in a
multi-layered configuration, the remaining part of the resistance is therefore ascribed to

the surface resistance,
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The results shown in Table 4.7 indicate that surface resistance depends on the
tested material. The values used by ASTM [0.4E08 (mzs Pa)/kg] is one magnitude lower
than those determined for WRB products in this work [6.94E08 (m’s Pa)/kg. Thus, the
fact that the ASTM E-96-03 uses a constant value for the surface resistance based on
research performed by Hansen and Lund (1990) is questionable.

There are a few reasons for it, first equation (26) developed by Hansen and Lund (1990)
utilizes either measurements for the surface diffusion resistances, which are not
described, or those that can be determined from Lewis’law. While this law assumes a full
correspondence between heat and mass film transfer coefficients, one typically assumes a
difference between mass transfer coefficient when moisture content of the material is
above the critical moisture content for drying (division between the first and the second
stage of the drying rate) and when moisture content is below this characteristic point of
drying rate.

Second, experimental results of Burch and Thomas (1992) show that the surface
resistance in their measurements is much higher that that determined by Lund and
Hansen (1990).

Third, experimental results of Burch and Thomas (1992) indicated a dependence
of the surface resistance on the RH level. This work (Table 4.7) shows that while all so
far measured surface resistance data do not have sufficient precision to support or reject
this statement, the surface resistance is, however, affected by the nature of tested
material.

Since the water vapour permeance of P type products is not expected to vary with

the relative humidity, multiple tests performed on these materials may be used to assess
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precision of the test method. This work shows that the significance of the surface
resistance cannot be neglected even for this type of membranes. While results obtained
with 52% RH show much smaller differences between two examined approaches (Tables
5.1 and 5.2), yet repeated test on product P6 (compare Table 51. with Table 5.2) do not
indicate a sufficient precision of the method.

6.1. Future research

While this thesis showed that with a proper surface resistance correction the
double cup method can be applied to certain materials under certain conditions in quality
control situations, there is a number of outstanding issues. First, to determine surface
resistance corrections one needs to repeat the same experiments with a temperature
stability required by the modern European standards i.e., 0.2 °C.

Second, there is a popular belief that the uncertainty at 100 % RH is much higher
than that at 75%. If a high precision temperature control is available one should continue
this work to examine if this is the case.

Third, in the continuation of the work one should also examine thicker and thinner
homogenous materials to see if the surface resistance correction is dependent on the rate
of moisture flow or is entirely material related.

Fourth the MIC test method should be conducted parallel to DC testing in order to
determine the relation between the two, should the MIC test method prove to be effective
it would be of great value to research since it is a much easier test apparatus to create.

Having resolved these questions one could move to performing transient
measurements of WVT e.g. such when desiccant that is not changed and total weight

increase is recorded by an automatic balance.
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Appendix 1.1: Double cup test data
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Material P6
Double cup test method (DC)
Liquid cup: Water, 100% relative humidity
Temperature control: + 2.0°C
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Material P6
Double cup test method (DC)
Ligquid cup: Salt concentration of 75% relative humidity
Temperature control: = 2.0°C
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Material P6
Double cup test method (DC)
Liquid cup: Magnesium nitrate hexahydrate, 52% relative humidity

Temperature control: + 1.5°C
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Steady state resistance solution side material P6
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Steady state intercept values material P6
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Material P8
Double cup test method (DC)
Liquid cup: Water, 100% relative humidity
Temperature control: + 1.0°C

Resistance solution side material P8
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Steady state resistance solution side material P8
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Pa s m%kg
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Steady state intercept values material P8
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Material P8
Double cup test method (DC)

Liquid cup: Salt concentration of 75% relative humidity

Temperature control: + 2.0°C
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Steady state resistance solution side material P8
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4.00E+09

Steady state intercept values material P8
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Material P8
Double cup test method (DC)

Liguid cup: Salt concentration of 75% relative humidity

Temperature control: + 1.5°C
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Steady state resistance solution side material 8
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Pa s m2/kg
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Steady state intercept values material 8
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Ligquid cup: Salt concentration of 75% relative humidity

Material P8
Double cup test method (DC)

Temperature control: + 2.0°C
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Steady state resistance solution side material P8
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Pas m?kg

Steady state intercept values material P8
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Material PS
Double cup test method (DC)

Liquid cup: Magnesium nitrate hexahydrate, 52% relative humidity

Temperature control: + 1.5°C

Resistance solution side material P8
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Steady state resistance solution side material P8
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Steady state intercept values material P8
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Material C4
Double cup test method (DC)
Liquid cup: Water, 100% relative humidity
Temperature control: + 2.0°C
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Liquid cup: Salt concentration of 75% relative humidity

Material C4
Double cup test method (DC)

Temperature control: + 2.9°C
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Material C4
Double cup test method (DC)

Liquid cup: Magnesium nitrate hexahydrate, 52% relative humidity

Temperature control: + 1.5°C

Resistance solution side material C4
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Pas m?kg

Steady state resistance solution side material C4
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Steady state intercept values material C4
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Material C5

Double cup test method (DC)

Liquid cup: Water, 100% relative humidity

Temperature control: + 1.0°C
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Steady state resistance solution side material C5
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Steady state intercept values material C5
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Material C5
Double cup test method (DC)
Liquid cup: Salt concentration of 75% relative humidity
Temperature control: + 2.0°C

Resistance solution side material C5
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Steady state resistance solution side material C5
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Steady state resistance desiccant side material C5
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Steady state resistance solution side material C5
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Material C5
Double cup test method (DC)
Liquid cup: Salt concentration of 75% relative humidity
Temperature control: + 1.5°C

Resistance solution side material C5
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Steady stae resistance solution side material C5
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Steady state intercept values material C5
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Material C5
Liquid cup: Magnesium nitrate hexahydrate, 52% relative humidity
Temperature control: + 1.5°C

Resistance solution side material C5
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Steady state resistance solution side material C5
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Steady state intercept values material C5
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Appendix 1.2: Modified inverted cup test data

161



Material P6
Modified inverted cup (MIC)
Temperature control: + 1.5°C

Resistance desiccant side for material P6
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(Pa s m2)/kg

2.E+09 -

2.E+09

1.E+09

5.E+08
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Average steady state resistance of desiccant side for
material P6

y=2E+08x + 9E+08

Number of layers
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Material P6
Modified inverted cup (MIC)
Temperature control: + 1.5°C

Resistance desiccant side for material P6
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(Pa s m2)/kg

Steady state resistance intercept values for material P6
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Number of layers
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Material P8
Modified inverted cup (MIC)
Temperature control: + 1.5°C

Resistance desiccant side for material P8
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(Pa s m2)/kg

Average steady state resitsance of desiccant side for
material P8
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Material P8
Modified inverted cup (MIC)
Temperature control: + 1.5°C

Resistance desiccant side for material P8
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(Pa s m2)/kg

Steady state resistance intercept values for material P8
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Material C4
Modified inverted cup (MIC)
Temperature control: £ 1.0°C

Resistance desiccant side material C4
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Steady state resistance desiccant side material C4 ‘
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Pas m2kg

Steady state resistance desiccant side material C4
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Material C4
Modified inverted cup (MIC)
Temperature control: + 1.5°C

Resistance desiccant Side for sample 4
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Steady state resistance desiccant Side for sample 4
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(Pa s m2)/kg

Steady state resistance intercept values for sample 4
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Material C5
Modified inverted cup (MIC)
Temperature control: + 1.0°C

Resistance desiccant side material C5
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Pas m¥kg

Steady sate resistance desiccant side material C5

5.00E+09
4.50E+09
4.00E+09
3.50E+09
3.00E+09
2.50E+09
2.00E+09
1.50E+09
1.00E+09
5.00E+08
0.00E+00

=
e
T |
/ y = 109X+ (E+08
| o
o
/ i
0 1 2 3 4

Number of layers

199



0L-3viLL 81000000 2000000°0 | €¥1L0000°0 00¥v9L1 00°6% Z LE0°0 ¥252 8
01-342.'6 €200000°0 8000000'0 | 62100000 008PLL 08’8y 4 LE€L0 lEL'E i L]
01-3£98'9 9100000°0 $000000°0 | 0£10000°0 009v.Ll 05'8¥ [4 9900 244 9
01-3£8.'8 1200000°0 6000000°0 | 29100000 0082LI 00'8¥ 14 ¥9l'0 ¥88'C S
80+ 0 01-36€9'9 61000000 1100000'0 | 87100000 005991 ST'ov 4 L61°0 [4°144 o]
80+355'8 60-3L1°} 1£00000°0 60000000 | ¥¥20000°0 00v.91 0s'9v 4 ¥GL0 | 980F €
60+32€'L 4] 01-3/6G°2 ¥ 81000000 9900000'C | O¥L0000°0 00/281 G608 Z 86l'} 1962 4
By/(,w s ed) By/(,w s ed) B34/ ui §) { s/6) 0 00'0 0 0000 0000 !
8pis opis opis apIs apis apis wdgp p/seap IPIMP Spuodag SINOH sheq dng dng dng
juesaisag | uojinjog |uesdisaq | uonnjog | jueoissag | uonnjog uawioadg Mg J91BpA 'ON
aoue)sISay aguBauLIag v/b 9w Hun Jod sbueys Jybiapm aulL sdno uj sbueyd Jyblopm g
Lz aqel
6EET 0ze (X7 oz1'8il ¥16'€9C VN 9L:lL  1Z00e/Li/L0 8
434 66l ¥'Ze 680811 966'v9Z 05¥°192 991 12002/01/0¢ L
96¢€2 444 [X44 886241 £88'€9C 628°192 9v:Gl 12002/01/82 9
96€T L'0€ 62C 268211 958792 909°192 91:94 2002/01/92 S
1182 4 0'ee 8zl L) 0v°992 7.6°'192 o191 2002/0L/v2 |4
2e92 Ve N%4 18G°21) ZL8'¥9C y6'e92 00:84 2002/04/22 €
6EET S've R 44 €8ELLL iy 2492 92.'092 0 1€:61 200Z/04/02 [4
0882 £'6Z S'€T 581911 £88'792 VIN B 000 V.91 2002/01/8) |
dVv % Do uawioedg dng dng g dno
souateyip | AupluniH + BUI 30 I | A0 10 I ] 3O Im maN_ [pinbii JOIM]  Sinol UL ojeqg ‘ON
anssalgd aAneRY ‘dwa) (1) syybiopn EI ‘a8
V-5 10} SIUBIoMm jo SBUIpIoosY T 9IqeL
6009 V-9
sowweJb u) Jaded jo ublepn
80L°0 L0 890 690 9.0 e V-5
ssawdIyabelsany ¥ uiod € WIog Z oy 1 Juiod Jake sidwes
WW Ul G [BlSIBW JO SSBUNIIY L
‘wbs €6200°0 ‘Uslwoads Jo ealy

00 0°} -+ 1JORUED BiMesadwa)]

189} jo Bujuuibeg - 200z pi¢ Isnbny
%001 193epp :dnd pinby

{(D1IN) poysw dnd paleAul PaYIPOW
g0 leueley

200



201

60326
60+3216'Z |obeieay
} o] 0}-3€89°C 60000000 1000000°0~ | 04000000 00v9LL i 00’6y € €100 92’1 8
0,-3828°¢ 11000000 8000000°0 | 98000000 | 009vZ} 058 z €L %YL L
01-3868'¢ 60000000 ¥000000°0- | €4000000 | ~ 00sviL 09'8¥ 14 9200~ 08Z'L 9
01-3.08'€ 60000000 L000000°0 | 2400000°0 0082.} 00’8y : Z L0 0se’l s
i 0k 0i-3Z1€°€ a 60000000 01000000 | #2000000 | 005991 SZ9v Z 1210 €21 14 i
60+3206°C 01-39%p'C 0 60000000 8000000°0 | 2400000'0 00vL9) 05’9 Z ogL'0 0z’ €
60+3¥15'2 _ {5 01-38.6°'C {} 60000000 8¥000000 whooobo.o 004284 S2'08 | Z 9880 | 8ve'l 4
By/(,w s ed) Byj/(,w s ed) By, w s) (s/6) 0 000 0 0000 | 0000 |
opis 8pis apis apis apig apIs prdgp p/seap P/IMP spuodeg sinoy sheq dnp dny
jueasisag | uonnjog | ueooiseq | uonniog | juesisseq | uonnjos uawioedsg g ‘ON
sauEISISaYy aguealiiad v/b SWR 31un Jod ebueys WBISM auil) sdno uj eBUBYD 3 I8
99¢e [*¥44 X4 £EY'0TL LSYviy YIN 0Z:41 |2o0z/L L0 8
PALA 66l [ 444 a3 €48'9lv lEZELY 0z:9} |zooz/oL/08 A
96¢€2 |44 6'¢C eleozh 35:3424 LLEGLY 056} 12002/01/82 9
96€¢C L0€ X449 68¢°0C) GGe'Sly LESELY 0zZ'9l 1200Z/0L/92 S
1182 102 0ce 2LT02h P viv oLy 028l 200Z/0L/v2 14
2e92 L'ie 9'iZ 101°024 1GE'SLY gegely $0'8) 200Z/0L/22 €
6E€T ST ER44 Go96'6LL 6ES VIV VA4 454 Gge6l 200z/01/02 Z
0882 £'62 S'€2 60611 18¥'SLy /N 06:91 2002/01/81 |
dv % Do uawioadg dnp dng Aig dng
avuaseyip | Aupjuny + Buny JO IM | A 30 IM | JO WA meN | pinbil IO IM SINoH awi) aleg ON
8INssadd anlje|ay ‘s g B (1) syybom awil g
-G 10y S)YBIom Jo €buipiodsy |} 9ldeL
2€8'L1L 8-
sswwelb uj Jaded jo Bispn
Glot') 8e’tL 8e’l g€’} ¥e'l e g-g
Joke] Jad sseuroly; abrlany ¥ Wiod € Wiod Z uiod | wiog Jake] sidweg

WL U] G JRUSIBU JO SSSUNOIY L
‘wbs £6£00°0 Uswinads jo ealy

Do 0L =+ :|O3UOD Binjesadwia ]

189 Jo Butuubeg - 00z pI¢ 1snbny
%001 J93eAn :dno pinbiT

{o1W) poyrew dnod pajieaul payiPow
§0 [elioley




01-3888°C £000000°0 20000000 | #5000000 00¥9L1 00'6% € LEO'D Sv6'0 8
01-3€€6°C G £000000°0 i 01000000 | ¥S00000°0 ooovLL 06'8¥ Z LLL0 ! P60 L
01-3.68C £000000°0 i 8000000°0- | 55000000 009¥%LL ossy | Z 6EL0- 1960 5 9
01-3647C £000000°0 o 9000000°0 | £5000000 008241 00'8¥ Z 6010 9160 i S
0L-3682v'C 20000000 o 01000000 | #5000000 . 006991 52’9 ; 4 29l0 0060 : o]
0L-36%T £000000°0 03 0000000 | 25000000 00vL9L 0g'9¥% W Z G900 0.8°0 £
60+389'C | 4] 0L-3814°C {: 90000000 i} } £00000°0- | 05000000 004281 §L'0S Z £45°0- 1260 Z
B/, w s ed) By/(,w s ed) by{, W 8) ( 8/6) 0 00°0 0 000°0 0000 L
apIs opIs 8pis 8pis apIg apis widsp p/seqp PIMP $puodsg sinoy sheg dnp dng dnp
weooise@ juonnjog | ueoadiseq | uonnjog | juesisseg | uonnjog ualjoadg fg 193 'ON
aoue}sisey 8ouesUllag v/ swi yun Jod abueys Jyblam ETVI sdno ul abueyo Jybiap g
TZeIqeL
6ELT 02T 344 989'vElL 9¥8'6¢C VIN G 2l 2002/L1/10 8
1444 66l v'ZT 629'vCL 106'82¢2 ¥Z:91 200z/0L/0¢ L
96£C | 444 622 Zsy vel 686'822 ] o 561 ¢00z/olL/8c 9 |
96€£2 10e 6'7C 165 veEl ¥18'822 ¥2:91 200Z/01/92 S
1182 102 0'ee Z8¥'vel 69¢C'62¢ ¥Z:91 2002/0L/%2 ¥
2e9T L'ie 9'iz QZe'veEl . 899'622 80:81 200z/0L/2e €
6EEC S've )44 SGe el | 09’822 G 6€:6L Z002/01/0Z 4
088¢ [58°14 G'€C 8Z8'vel | 1£2'822 V/N $5:91 Z002/01/84 |
dv % % uawioadg dnp dng g dng
souasayip | Auptuiny + Bupy 30 M | A1g 3o I | 30 W meN | pinbiijoIm | sdanoH ouwilL 8jeq "ON
ainssaid | oanejey ‘duwid |, (1) syybraps awl) IS
5-G 103 SHYBTOM Jo SBUIPI0ISY T | olqeL
96L°LL 3
sawwelb vy Jeded jo yBlapp
SL.0CT 6’1 1 x4 cie %4 ie o]
L0>m_ Jad SSAUOIL} Omm._w>< ¥ iod € Wiod 2 Wlod 1 Wod _w>m|_ m_aEmw

WUl U] G [BHSIBW JO SSBUNOIY |
‘wbs £6£00°0 ‘uswipads jo ealy

To 01 -+ :|OJ3U00 aumeasdwa

1893 Jo Buiuuibeg - 7007 PIg ISNBny
%001 J038A :dnd pinby

(0IN) poyrew dno pajieaul payIpow
80 lepajely

202



01-320¥€2°2 | 50000000 { 90000000 | 1¥00000°0 ; : 00¥9L) 00'6% g 9010 1el0 8
0L-3¥65i7'C A 9000000°0 60000000 | 9000000 | 009¥.L 058y 14 €§L0 . /8l0 L
4] 0L-3L¥bii'C i 9000000°0 9000000°0- | 9¥00000°0 ooovil 0s'8y Z 8010~ ! Ligo 9
B 0L-38£695°C | 90000000 ! 10000000 | S¥000000 1 ¢} 0082l | 00'8¥ F2 sZL0 . 8.0 ¢ s
B0+ 01-360242°2 | 9000000°0 €100000°0 | 05000000 | 00g9gL GZ'9r Z ¥2Z20 | 2E80 4 LA
60+3908'¥ 01-316080°C | | 5000000°0 | 50000000 | £4000000 | B o0vi9L 1  0S'9¥ z 1800 | 12.0 ] €
60+3865 % | ¢ 0L-3697.1'C | 50000000 | ¥9000000 | 0¥00000°0 | 00/281L §2'05 z VALV 2840 A
Bx/(,w 8 ed) 63/(,w s ed) by/(,w s) {s/6) 0 000 0 0000 ! 0000 2 !
apIs apIg apis apIg apis 8plg w/dsp /seqp P/IMP $pu0d3g sinoH sheq dang ano dand
juedaisag juonnjog | juedoiseq |uounjog | jueosissag | uonnjog uawnoedg g pEA1TYY 'ON
20UL)SIS9Y souBBWIog y/b auwig Jiun Jad ebueyo JybIep aull] sdno u1 abueyo Jybiop ug
TZolgeL
8EET 0'ce 844 £86'9¢1 LEQTLY VIN _ 00'6¥ 0eill 2002/LL/10 8
52T 661 | 444 LIV 9EL 1240354 906'LLy U ' 0e'9l 200z/0L/0€ L]
96¢£Z &1 622 pzeocl Leceiv P20 LI 00:9} 2002/01/82 9
96€2 L 0€ 622 2e¥'9¢t SL0ZLY 0SS'Liv 0e:91 2002/01/82 S
1182 1'02 0'eZ L0e'9¢l gzelse LBZ LY 0€:9} 2002/0L/¥2 14
[45°4 V'e 9'le £80°9¢! c6l’lge £6¥'06¢€ Zl8l cooz/oL/ee €
BEET FRZ4 s Z009El | €286VE 59v°0G€E €V6L | 2002/0L/0Z z ]
0882 £'6¢ G'€Z 8¢8 Vel 980'6vE Y/IN (i 000 8591 2002/01/8} 2
dVv % Do uawioadg dng dno Mg dng
soudsayp | Anpiuny + Burg JO WM | 1@ 30 WM | JO m maN | pinbiJOIM | sanoy awnL ajeq "ON
2IN8SAd sAne|oY ‘dwej (1) syblom I '8
G-§ 7o) s3yBom jo sbUIpJodsy Y O[GeL
8¥8'eT a-s
sawwelb u jaded jo ubispn
€0'e e 8g'e LT (744 e a-
‘_®>m_ Jad ssauwoIy} mmm‘_m>< P julod £ iIod ¢ Wlod | ulod Jefe QQEmm
Wil Ul g |euaiell JO sSauddIy
‘wbs £6200°0 “cmE_owam JO BalY

Do 0L =+ ;OO dJnjeIadiua

188} Jo Bujuuibeg - Z00Z PJ¢ 3snbny
%004 Jarem 1dna pinbiy

(OIW) poyzsus dnd pauaaul payIpow
82 Jeuajen

203



Material C5
Modified inverted cup (MIC)
Temperature control: + 1.5°C

Resistance desiccant Side for sample 5
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A2. Photographs

Double cup test method

Figure A2.1. DC Test set-up.

bled.
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Test apparatus di
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igure A2.

F
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Figure A2.3. Dry cup assembly.

Modified inverted cup

Figure A2.4. MIC Test set-up, without water on surface.
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Figure A2.5. MIC test set-up disassembled without water on surface.
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