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1 Introduction

The primary energy use for house heating has iseckatrongly in the second half of the
previous century, especially between 1965 and 19f8&.environmental and economical
impact of this high energy consumption has augnuketite use of affordable insulation
materials which have moderate environmental impa&th the introduction of different
kinds of insulation materials onto the constructioarket, the energy use has begun to
decrease from the beginning of the 80’s.

From the viewpoint of sustainability, renewable unat insulation materials are good
alternatives for common (inorganic) insulation nniads. All natural insulation materials

are made from plant or animal sources; their mantufeng processes use very little
energy; they are safe for installers and pleasarttandle; and they are re-usable or
biodegradable at the end of a building’s life.

A variety of plant fibers and animal hair have beeed in the past as a material in
constructions; but these traditional materials h#aken into disuse. But with the
increasing demand on sustainable construction makerthe natural materials have
called attention again. Sheep wool is one of threstaral products which are becoming
more popular in the construction industry. The sabpf this thesis concerns the use of
sheep wool in building construction with the foawsits moisture transfer properties.

Central Asian nomads have built felt
homesin order to move with the
herding season since approximately the
fifth century B.C. A wood frame

: composed of long pieces and
collapsible trellis provide the skeleton,
! which is covered in felt and then roped
' down with a functional, attractive

interweaving; Figurel-1 [1].

Figure 1-1: Old type of wool felted house

1.1 Moisture in Insulated Constructions

It is well known that the presence of an insulati@yer in the building envelope affects
the moisture transfer and storage in the constmdéyers. When positioned between an
inner and outer leaf, the temperature of the ol of the wall will be quite close the
outside temperature. In wintertime, condensationy tharefore occur in this cold layer
due to vapor transfer through the wall which orages from inside. Interstitial
condensation due to vapor diffusion may cause detthe structure itself. Sometimes, it
may visually appear as mold growth on the intefiorsh, or as ceiling discoloring,
ceiling leaks or paint peeling. In many cases, tise of a vapor barrier between
insulation and inner leaf offers sufficient redoatiof the moisture transfer rate such that
interstitial condensation is prevented.
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On the other hand, besides using a vapor barner,can also make use of hygroscopic
properties of (insulation) materials. It is knowmat nearly all (construction) materials
absorb moisture from the surroundings in their emment, but the amount of absorbed
moisture depends on the hygroscopic moisture cgpaks results of the hygroscopic
moisture capacity of materials, the adverse effett®ndensation can be reduced. As the
(insulation) material acts as a moisture resertbe;relative humidity inside the material
is reduced.

Besides absorption, all (insulation) materials ptewesistance to water vapor diffusion.
The p-factor is a measure of this characteristidicating the resistance relative to that of
still air. If the materials, which the building eslepe consists of, have high resistance
(high p-factor) the flow of vapor will be retardethe term pd (ud =p*thickness of the
material layer) refers to its vapor resistance endsually used in calculations. If the
insulation layer has a higher resistance, lesstoreiss transferred to the cold outer leaf.
In many cases the use of vapor barriers (retaragti)a moderate diffusion resistance
(ud approx. 5m.) offers sufficient control of irggtial condensation during the heating
period. In that case, the resistance of the insmatoesn’t play a significant role. But in
absence of a vapor barrier, the resistance ofthdation (in combination with that of the
inner leaf) does determine the rate of diffusiowdnds the cold out leaf. A vapor barrier
may then be omitted only if the inner leaf has safugal resistance and if the outer leaf
in combination with the insulation layer providesfficient capacity to absorb water
without adverse effects. For analyzing the perforoeaof a building construction with
respect to moisture diffusion, it is thus importéamtknow the moisture absorption and
vapor resistance properties of the respective nadger

1.2 This Study

Because sheep wool insulation, as a product, iy wew on the market and also

produced at this moment on relatively small sctide,general properties of sheep wool
and especially the properties regarding moistunestier have not been examined in great
detail yet. Therefore, in first instance this stuaiyned at accurately measuring the
moisture transfer properties of wool (sampleshihygroscopic range.

1.2.1 Moisture transfer properties of wool

Traditionally, the vapor transfer inside a maters&agoverned by sorption on one hand,
and on the other hand by the resistance to vapur. fror sheep wool, the (steady-state)
sorption behavior of wool has been studied ext@hgisorption-isotherms of wool under
different circumstances can be found in the liteat Also the vapor resistance has been
studied in some detail. But, the p-factor of twoolvmsulation products with identical
mass density can lie far from each other, bothgeieasured according to the German
norm (DIN 52615). “Doschawol” in the Netherlandsirge out that the p-factor lies
between 4 and 5; while “Sheep Wool Insulation Ltd’ Ireland points out that the p-
factor lies between 1 and 2. Because of theserdiftes, it was decided to measure the
p-factor of sheep wool insulation in this studyngsihe well-known cup method. In
addition, since wool samples may exhibit varyinggarties, the sorption isotherm of the
wool was measured as well. And finally, besidess¢héwo experiments, a third
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experiment was carried out which focused on theetiamd space-dependent vapor
transfer in a column of wool. The data from thistgunique experiment may indicate
whether the vapor transfer inside the wool can éscdbed using a Fickian diffusion

model (i.e. one effective differential equation fbe vapor transfer) or that non-Fickian
effects do occur.

1.2.2 Application of Sheep Wool Insulation in Building Castructions

Secondly, the effect of sheep wool insulation inlddig constructions on its moisture
behavior has been analyzed. The results of theriexpets are applied in a simulation
program, as material property inputs, to analyzeehihavior of sheep wool insulation in
different climates and constructions.

Practical cases of thatched roofs are modeled aalyzed with the simulation program

“WUFI”. The interstitial condensation problem imrestructions, which occurs when

water vapor moves under temperature gradient 4rahd humid weather circumstances-
to the colder side of the construction and fornierstitial condensation, was thought to
be solved by using absorption property of sheepl\{iosulation). Therefore, the sheep
wool insulation (with and without a vapor barriagér) was applied under both types of
the thatched roofs (open-, and closed structurehensimulations, and the results were
analyzed.

1.2.3 The Thesis

The first chapter includes the information whichn®re interesting for the Material
Science departments of the institutions. The ptogenf wool are discussed in second
chapter which is relevant regarding general progeend regarding the use of wool in
the indoor environment. After gathering informatiabout wool, the theory of vapor
transport in porous materials is discussed in d@raft with the focus on relevant
properties of sheep wool in chapter 4. The expenalesetups are presented in chapter 5
and their results are discussed in chapter 6, wticttluded the first part of the study.
The second part, on the application of sheep woasleveral construction types, will be
analyzed within chapter 7. In the last chapter (&nclusions are drawn and
recommendations for further research are given.
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2 Properties of Wool

2.1 Wool

Sheep are the most adaptable of all domesticatedatmnand they are a provider of a
natural fiber, wool. One of the first animals to d@mesticated was sheep, some ten to
twelve thousand years ago. This very early domesbic was due to mainly two
important factors. Sheep provided humans with taxarces of food - meat and milk as
well as producing a very useful fiber, plus a skin.

The adaptability has necessitated a variety ofgypeng utilized in these environments.
Today sheep are farmed in most countries aroundvtiréd, from the hot regions of
Australia, Asia and the Middle East through to ¢dli@ak conditions in Northern Europe,
Russia, Iceland and Southern America with about @Bf@rent breeds and crosses
producing a great variety of grades and types aflwo

Wool is a valuable by-product of animal meat prdauc Wool had been a principal

force in the economy of Western civilization, byoyiding basic essentials but also
providing capital and luxury goods. Nowadays thastonption of wool is more limited

in the end use due to the introduction of artifidibers. In spite of many countries
producing wool, the market is on the hands of tkargin countries (France, Germany,
Italy, Japan, UK and USA). There are, however, mlmer of other products made from
wool and a few of the interesting ones include: tkégs and furniture stuffing, Tennis
ball covers, Piano hammeltssulation, Felt hats and toys.

Table 2-1: Source: http://www.britishwool.org.uk/ )
Table 2-2: Industrial Usage of Wool,

Source Lit: 2
World Production of Raw Wool (greasy wool equivalenf) i __
2002/2003 Milion kg | |[WVool used ir Million kg
Australia 544 Menswear 1011
China 302 Womenswear 1501
New Zealand 235 Knitwear 89.]
(Formgr) Soviet Union 133 Other Apperal 73l
Argentina 72 C 165k
Turkey 70 arpets : :
UK ) Other Interior Textiles 70|6
South Africa 45 Total 651.1
Uruguay 43
Pakistan 40
World Total (including other countries) 2194

The reason of the difference in thetals” of Table 2-2 and Table 2-1 is that the
majority of the wool produced by the world's sheégpsed locally and less than half
becomes a on the international market [5].

Except for the countries Australia and New Zealarmlyadays sheep is usually farmed
for meat production. This makes wool a by-producsteeep. Sheep provide wool at an
acceptable price (production of one kg greasy weelds the feeding equivalent of 70 kg
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grain or a feeding cost of US$10/kg wool, if fediwgrain; while the price of raw wool
is not more than US$4/kg) [3].

2.1.1 Quality of Wool

Wool types are classified according to fiber diagnetnd length. Fineness is considered
as the most important quality attribute because Wwool has more crimp. Crimp means
the waving ability of the wool fibers and crimp pelindividual fibers stick together
during spinning and results in a stronger prodtie finer the wool, the more waves and
scales are per centimeter present, which can bledcas the unit of the crimp
(waves/centimeter). The crimp property of the filsealso influenced by the humidity of
the environment [7]. Fine wool often has 38-40 @snper centimeter; coarser wool has
less. Length of fiber is another quality factore tlonger the fiber, the better quality the
wool has. The type of wool in greatest demand emtlarket today is merino because of
the uniformity and the fineness of the fibers.

2.1.2 Harvesting and Processing Wool

Sheep are usually shorn in the spring/ summer msotiiis may be twice a year or three
times in two years. The time and frequency of shgdras a great affect on the quality of
harvested wool as it can have a major influencemgortant fiber characteristics.

The basic techniques of wool processing, regardiégdbe end product, are the same.
Essentially the wool is washed in hot, soapy wéter scoured) to remove dirt, grease
and other impurities. It is then carded to sepataeibers from each other, take out any
tangles and clumps, break up staples, and aligfilibes so they are ready for the next
process. The carded fiber is pin-drafted on maschioebe able to get parallel fibers,
which then goes into products.

Scouring: washing the wool before further processing. Theusong water is normally
about 65°C, which is hot enough to dissolve the (kaxlanolin), and detergent is added
to help remove the dirt from the fibers and to esifylthe wax so it doesn’t stick back
onto them. This stage is also the stage whereltamical agents (according to the end
usage) are applied to the wool.

Picture 2-1: Scouring process of Sheep Wool

Delft University of Technology 8/110

]
TUDelft



Sheep Wool and Hygrothermal Properties of Sheep imsalation

Carding: is a process that passes the wool through a s#friedlers covered with fine
bristles or fine wire teeth. This separates the lvaad from tangles, clumps and staples
and lays the fibers parallel and formed into a fired.

Picture 2-2: Carding Process after Scouring

Pin-Drafting:

—~

Picture 2-3: Wool is combed into nearly parallel fbers [4]

2.1.3 Mechanical Properties of Wool

Clean wool contains 82% of the keratinous protewtsch contain high concentration of
sulphur (3%). The amount of sulphur in the keratatermines the strength of wool
because of strong disulfide bohdsKeratin does not dissolve in cold or hot waterd
does not breakdown into soluble substances (I AHAKNWOOL, 1.3). The outer
surface of the wool fiber is responsible for wetligh physical properties and feltiig
behavior.

Dry fiber breaks at about 30% elongation whereastfiber (100% humidity) doesn’t
break until it extends 70%, whereas the fiber affmetching returns rapidly and
completely to the original length. Elongations mtivan 70% cause cracks in wool [6,7].

The water (vapor) works as a plasticizer on therf{8]. The larger the moisture content
of the fiber, the further it can be stretched. Rernore; the temperature has the same
effect as the moisture content. As the temperatses, the fiber becomes weaker and

1 A disulfide bond (SS-bond), also called a diswfioridge, is a very strong chemical bond between tw
sulphydryl group; and is very important to the folgl structure and function of proteins. The disidie
bonds are responsible for the relatively good sfttenf wool fibre.

2 Felting occurs when individual fibers move in atieection. Such movement occurs when the fiber
assembly is agitated in water.
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becomes easy to elongate. Both the effects of @t alkali cause a decrease in the
strength of the wool fiber.

2.1.4 Chemical Reactivity of Wool

Wool proteins have mainly a spiral structure withigo acid ends with the general
formula of COOH-CHNH-R. Different amino acids distinguish themselves freath
other by the activdR-rest group (See also Appendix 1.5). The reactigture of wool
enables wool to react with many gases and metats environment. Gases and metals
bond chemically to wool by making cross-links betwewo rest groups of amino acids.
The chemical and physical structure of wool gives ability to absorb many other types
of molecules including S NO,, Os, Aldehydes, and VOC. The sorption of some of
these gases are reversible (General VOC, Phenok. Appendix 1.6) and some not
(NOy, SQ, Formaldehyde...see Appendix 1.6). The studies din8dt (et. al. 2003)
about the sorption behavior of gases for wool hehavn that wool has a high capability
to absorb tobacco smoke components and VOC'’s. ©ndhtrary, the desoprtion is very
slow.

Because wool is heavily cross linked by disulphidads (See also Appendix 1.3), it is
insoluble in almost all solvents, except for alkaklkalis, damage the wool fiber even in
diluted solutions. Generally it's accepted thagdifie which is higher than pH=11 causes
damage. The increasing temperature of the envirahalso accelerates the reaction. The
wool fiber shows a strong absorptive behavior fikales. In alkaline fluids with pH
higher than 11, the wool swells and finally disgslvin alkalis [7]. Soda work less
aggressive and ammonia is almost harmless.

The effects of acids on the wool fiber are mucls lesrious than that of alkalis. Diluted
mineral acids cause almost no damage, or onlyl@, Idn wool. In very high dilution, the

acids even work as protector for the fiber. Alsebwg with acids is low in comparison

with wool in an alkaline solution. The effects afuted acids on the wool fiber are

specific distinguished of those of alkalis. Swelioccurs less frequently than in alkaline
solution [7] because the isoelectritpbint (pH value) of wool is pH = 4,8. A solutiofi 0

pH 4-5 has less influence than pure water, en exeks protective.

Soap doesn’t cause any damage on wool. Soap caplibep a little, and therefore the
soap particles are too large to penetrate intovita fiber [7].

2.1.5 Moisture-Sorption Ability of Wool Fiber

Wool fibers exhibit hygroscopic behavior, whichoa¥ls them to absorb up to 33-34%
(kg/kg) of its dry weight. The experiments [35] whiwere done with different types of
wool show that the general sorption properties iffei@nt wool types are almost the
same. The adsorbed amount is inversely proportioni@ber diameter, which is probably
because of the available surface area for theisarfi¥lorooka et al., 1991).

3 Isoelectrical Point of a protein is the pH at whtbe protein has an equal number of positive autive
charges. The isoelectric point is of significamt@rotein purification because it is the pH at gvhi
solubility is often minimal.
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E.V. Truter [8] has found out that wool contains¥@3vater by weight at 100% RH.
Truter mentions that the density of dry wool isQF3yr/cni [8], while the density of
wool at 100% RH is 1,266 gr/émHe reports that the swelling of the wool fibeses up
to 40% at cross- sectional direction. Scholl and Resmalen [7] have also found out
that the wool fiber swells in width where the crossction increases up to 40; while, on
the other hand, the increase of the fiber length ardy 1%.

A Keratin fibre . Swelling of the fibers occurs when water
Riclsin Basione 0=9 ¢ molecules enter between the hydrogen-
@R *‘ bonded wool molecules by breaking a large
@ w=°<ws,£i'h”;ns J w number of hydrogen bonds between and
— }Q /WWW{ within the protein chains (Figure 2-1) [34].
e 9 @ The relation between wool and water is
e ¥ =9 \‘Ef e | iNterdependent. The swelling of the fiber
& il o " | increases with the adsorption, and the more
- - w=@< 9 the fiber swells the more water it absorbs
d)& w/ﬁ"“.’w a9 [7].
3

Figure 2-1: Schematic bonding structure of
Wool-water system, source: Doschawol

The kinetic behavior of sorption depends on thaahwater concentration in the fibers,
and also on the length of time that the fibers hHa@en at that concentration. Entry and
exit of water from keratin is partially governed $yuctural changes which occur during
sorption. Watt mentions [49, 50, and 51] that theleoular organization of keratin
changes with water if water is present within tleeakin; and the extent of such changes
depend on the water concentration.

2.1.6 Wool against Fungi and Insects

Bacteria and fungi can always be found on wool asdalways under favorable
conditions (temperature, relative humidity and @fd; they grow and may attack the
fibers.

Keratinaceous materials (feather, hawpol, horn) are insoluble and resistant to
degradation by common enzymes because of high eexgreross linking by disulfide
bonds, hydrogen bonding and hydrophobic interastiph0]. One of the possible
mechanisms of breakdown of keratin is reductiordistilfide bonds. From the many
micro organisms that can be found on the wool, daly of them are well-known as
causing degradation of wool, nameBroteus vulgaris, Pseudomonas aeruginosa,
Aspergillus and Penicilliuni22].

Wool can be attacked by the larvae of certain matbspidoptera) and beetles
(Coloeoptera) (APPENDIX I.7). The most important olkdigesting insect pests are:
Tineola bissiella (common cloth moths), Tinea (dasaring cloth moth), Hofmannophila
pseudosprettella (brown house moth), and Anthroaipét beetle).
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2.2 Wool as an Insulation Material

The aim of insulating buildings is to slow down thé&ansfer. Insulation materials are
required to keep buildings cooler in hot climateswarmer in cold climates. As more
insulation is installed, more comfort (thermal asdundproofing) is created; and
operating costs are lowered.

Insulation materials are divided into three maiassks; namelga-biotic insulation
materials(foam glass, glass wool, and rock wodliptic insulation materialgCellulose,
hemp, coconut fiber, cork, sheep wool and flax Waoldchemical insulation materials
(polystyrene and polyurethane). The thermal proggend the durability of all insulation
materials are more or less the same (Table 2-8pailse of these nearly equal properties,
the attention is paid nowadays to the fire restaof the materials; and the problems
due to occurrence of moisture in the structurerfimlecondensation and Indoor Air
Quality), and how to avoid these problems usingeniat available.

Table 2-3: Properties of Insulation materials (Thechosen materials are compared with the most
important properties regarding Building Physics)

Material Hygroscopic | Density p Thermal u-Factor | Life time Fire Combusti| Specific Heat
Capacity conduct., Resistance | on point capacity
[weight%] 3 AMW/mK] Classification|  [°C] c[J/kgK]
[kg/m] vearl |~ pina102]
Sheep wool 33 25 0.033 1-2*% >100 B2 600 1720
4-5**
Flax wool 20 32 0.040 1-2 100 B2 570 1550
Glass wool <0.1 22 0.034 1-2 100 Al 600 799
EPS 11 15 0.040 20-90 70 B1 360 1500
(by volume)

*Sheep wool insulation Ltd., Ireland (DIN52615), *Doschawol, the Netherlands (DIN52615),

2.2.1 Environmental Impacts of Wool Insulation

Hasselaar (2004) reports that the environmentahatgpof natural insulation products are
less than common insulation products. Because alatosulation materials are made
from renewable plant or animal sources; their mactuiing processes use very little
energy; and they are re-usable or biodegradalifeeand of a building’s life.

Sheep wool is used as well for fagade insulatiofoas
roof insulation. There are two important health aois
regarding wool. At first; the farmers can get hea
problems as a result of plunging the sheep twigeaa
with pesticides. The second impact is in the stage
processing wool, while using insecticides (0.3%
weight Mitin FF is applied), or flame retardai
treatments. (APPENDIX 1.8)

Picture 2-4: Sheep wool insulation;
Source: Doschawol
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2.2.2 Fire Resistance Properties of Wool

Resistance against fire is one of the most impopewperties of insulation materials. The
resistances are classified and standardized bynizaggons (DIN4102, 1ISO13501-1,
etc...). The materials are tested against comblitstth heat of combustidn single
burning itenf, ignitability’ and smoke hazard.

The test results are classified in six classes;ethaly, B, C, D, E, F. Class A products
does not contribute in any stage of the fire intigdully developed fire; therefore they
are assumed to be fire resistant. One other newingpclass has less strict requirements
than previous class; and Class F for products simwesistance to fire. Two sheep wool
insulation products (Doschawol, the Netherlands @ineep Wool Insulation Ltd, Ireland)
have been classified in B2 in accordance with D12

The wool fiber may be regarded under most condstemreasonably resistant to fire. The
natural flame-resistant properties of wool are emted with its relatively high nitrogen
content (16%), high moisture content (10-14%), haggtition temperature (570-600 0C),
low heat of combustion (20.5 kJ/g), low flame tenapere (680°C) and relatively high
limiting oxygen index (LO¥-value = 25-28%). This LOl-value implies that for a
complete combustion of wool an oxygen amount ofanibian 25% is necessary. Our
surrounding air contains however 21% oxygen.

The fire retardant treatments for wool were basedtlte impregnation of borates,
phosphates and to a limited degree the organic pploogs compounds. With the
introduction of stricter flammability requirementfie new fire retardant treatments are
based on zirconium or titanium salts. A suite eAtments, based on these two activities,
was developed under the generic title of ZIRPRO.

Fire statistics reveal that toxic gases are resjplolesfor more fire deaths than are burn
injuries. Despite the recognition of CO as the migntoxicant produces during fires,
HCN® must not be overlooked especially since it is lye4® times more potent than CO
and much faster acting than CO at levels abovertimemum lethal levels [52].

To be able to understand the effects of smoke duifire, the acute lethality of thermal
decomposition products of various materials wevestigated in a research [52] by using
mice and rats. The amount of gases needed for 0%l Icausalities (LC50) and the time
needed for 50% causalities (LT50) were introducedanparison parameters. The most
important gases of the smoke (CO, HCN,,@&0d low Q) were exposed first as single

* This test identifies products that will not, ortisignificantly, contribute to a fire regardlesstioé end use.
® Determines the potential maximum total heat relexghe product.

® Evaluates the potential contribution of a prododhe development of a fire.

" Evaluates the ignitibility of a product under espee to a small fire

8 LOl-value is the minimum amount of oxygen in oxgggitrogen mixture required to support complete
combustion of a vertically held sample that buragmward from the top. The higher the LOI-value, the
more resistant is the material against combustion.

® HCN (Hydrogen Cyanide) is a chemical compound. fbixeity is caused by the cyanide ion, which
prevents cellular respiration.
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gases in to the test environment, and than as catdn of two gases, to be able to
understand the effects. Of the two gas mixtureede&CO, HCN, and low £), the most
toxic environment was that of “HCN +low,0 The mean lethal blood concentrations of
cyanide and COHb were lower during the combinagaposures as compared to the
single gases.

The LT50 value for wool was 23 minutes (for; Dowgkr Wood 16min, Nylon 7min.
Nylon Carpet 14min, Urea formaldehyde 23min). Deposition of wool began at 100
0C with a steady mass loss throughout the durabimeating. HCN began to be
generated at 28% (8 minutes), increasing steadily and reached mamxi at 567C (21
minutes). The animals died shortly after the peBKGN. Oxygen depletion and GO
production were minimal. Blood cyanide concentragiovere 1.03 mg/L (Acute toxicity
is associated with blood cyanide concentration3.%fmg/L or more with a lethal level in
a man beginning about 1 mg/L).

All the nitrogen containing polymers studied inttihasearch released HCN. For some,
such as Wool and Urea Formaldehyde, it was clestrdhanide was the main toxicant
while others CO as well as low,@layed an important role.

A modified treatment leading to reduced smoke eonsgicludes zirconium acetate. A
variant of Zirpro treatment (low smoke Zirpro tn@ant) lets that treated wool products
have very short or zero “after flaming” times bygreasing LOI-value up to 27.

2.2.3 Problems in Buildings due to Moisture

It has been estimated that 75% of buildigs
failures are due to water [55]. Biologicd
organisms such as fungi, bacteria a
viruses can cause main problems in ft
indoor environments. It is well-known th
the relative humidity is an importa
influencing factor for the development a
the increase of these organisms. Fungi ¢
cause as well visual embarrassment
damage to the area of the material or in
long run internally damage th
constructions. But the biggest problem 8
biological organisms is the temporary (Picture 2-5: Mold due to inwardly driven moisture

permanent effect on the health of peopletrapped by the vapor impermeability of the viny!
wall covering; Lit; 46

The most common indoor fungi are (Fenner, 2001,nAdaal, 2000): Cladasporium,
Penicillium, Aspergillus, Alternaria, Eurotium, Weinia and Mucor. Among these fungi,
Cladasporium, Penicillium, Aspergillus, Alternaad Mucor have been revealed by
skin prick tests to be allergenic. It has been shélat building related moisture and
microbial growth increases the risk of respirat@ymptoms, respiratory infections
allergy and asthma. The underlying mechanisms raitation of mucous membranes,
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allergic sensitization and non-specific inflammati@2]. Symptoms like headache, eye,
nose and throat irritation or fatigue have beero@ated with volatile compounds
produced by fungi (Samson, 1985).

Table 2-4: Growth Environments of Various organismgConcerning health)

Bacteria

| Viruses

| Furai

| Mites
Altprgic rhimites

| and asthma
Respiralory

| snfEcions
Chomical

| Enteracisons

Qzene
| production |
1] 50 &a 70 g0
1. Insufficicnt data above Percent relative humidily

O percent R.H.

In fact, getting relative humidity levels to arouB@%, for most of the tome deals with
most indoor air quality issues, providing that toxnaterials are avoided as much as
possible (able 2-4). Interestingly, certain bacteria can also growowe40%, which may
cause health problems and building decay. Furthemdllergic irritations and
respiratory infections increase also below 40 %tnet humidity.

There are numbers of factors which influence theetigpment of fungi spores on a
construction surface. The most influencing factiwesreby are the surface temperature,
the humidity of the air on the surface, pollutiointiee surface and the pH value of the
surface. (For more information about influencingtéas for development fungi, see
Appendix 1.10).lt is commonly stated that there is a direct linkwthe relative humidity
of the air and the increase of surface fungi. Timeiofactors influence more to the speed
of the fungal growth. Since renewable insulationtamnials are food sources, they are
treated with fungus and moth repelling chemicalsptevent the growth of fungi.
Dependent of the technical lifespan of these chalsiiacenewable insulation materials
form a greater risk to biological contaminationrthglass wool, which has no nutrition
for fungi.

Fungal growth begins after only a short period aforable conditions (Pasanen et al.,
1991). On the other hand, spores may survive fdorg time after contaminated
materials dry. The required relative humidity rangfebuilding materials for fungal
growth has been determined to be 76-96% dependlinigroperature, time, substrate and
fungal species (Coppock& Cookson, 1951; Block, 195&nt et al. 1989).

The availability of water to fungi in a building teaial depends on the material’s
equilibrium relative humidity (RH) or water actiyit(a,). Water activity (g@) is the
relative availability of water in a substance asddefined as the ratio of the vapor
pressure of water in a material (p) to the vap@asgure of pure water fjpat the same
temperature. The term water availability refersibdound water in the material which is
not bound to the material molecules. So, the watérity of a material is not the same
thing as its moisture content.
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When vapor and temperature equilibrium are obtaitrewater activity of the sample is
equal to the relative humidity of air surroundirige tsample in a sealed measurement
chamber. Multiplication of water activity by 100vgs the equilibrium relative humidity

(RH) in percent. aw = p/po Or,
RH = g, [(1.00% (2.1)
Table 2-5: Source: http://www.foodscience.afisc.asi.au/water_fs.htm
WATER ACTIVITY CHART
& I 10 20 30 40 50 &0 70 g0 80 100
Viades 1 2 3 ¥ 5 A& T 3 9 1.0
[ R W AN A M A SR (R M S
B HE H {4
¥ : %
b = ,;,*:" m 2 4 :E

In practice, it is generally not possible for thewth of fungi to the limit of 65% up to
70%; and this level is reached in all constructionall insulation materials most of the
year. As RH increases more species of fungi are @bgrow and growth becomes more
rapid. At given moisture content, the availabildl/the water to fungi may be different
for different materials and constructions. Becaok¢hese differences it is difficult to
design a standard solution, which will overcometlad problems of moisture and fungal
growth.

Because all the influencing factors are not alwaysdeal circumstances, Building
Decree (Bouwbesluit), in the Netherlands, has dedla maximum monthly marginal
value of 80% based on ISO 13788 [58]. For shortgatibn of the relative humidity,
than a higher value has been permitted. This valw®nfirmed by an experiment [30]
with the two common indoor fungi. See also Figw2 Zhe curves connect the points of
equal growth rate per day (mm/day).

(@)

1.00 1.00 ®
\\ 3J)

= 0.90 2 = 0.90 (2-)
e B 1 -
S = 1i5
g \ o g 0.5
8oso | : 8 0.80 %215
< < .
3 3

0.70 |- 0.70 |

. ) A A . L N .
0 10 20 30 40 0 10 20 30 40

temperature [°C] temperature [°C]

Figure 2-2: Growth of Penicillium (a) and Aspergilus (b), Source: Lit: 30
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The Effects of Thermal Bridges on Fungi Growth

In building practice, fungal growth is associateithwwthermal bridges. The requirements
of a minimum thermal quality of the building areopted to reduce the risks of fungal
growth (Anon., 1991a). The thermal quality of a ss@ection of the building is

expressed by the temperature ratio or temperadgtorf:

T T,

f: isur  leair 22
T - T (2:2)

i,air e,air

Tisur= interior surface temperature
Tiir = indoor reference temperature
Te.air= outdoor reference temperature

Just like for condensation, fungi growth is not sidered or hardly possible on a
construction with a temperature factor of abové @8 houses.

Weather conditions affect indoor temperatures amchitlity. Although it is suggested

that the indoor fungal problems occur in autumn spidng, the simulations of Van den
Bosch and Smolders (1994) have shown that in getierdighest risks for the growth of
fungi is the winter season, especially the montiudey. The simulations about the daily
temperature fluctuations were also done by Van Blesch and Smolders (1994). The
growth of fungi deviated by 10% from the seasoffigcts.

30

\ //
S Z
L /5

5 3 8

Jzel. growth)dx [em]
T—
J(eel. growth)dx [cm]

Figure 2-3: integrated growth as a function of thenonth of the year for
the hydrophilic (a) and xerophilic fungi; Source: Lit: 30. In both
figures, a thermal bridge is used (k) with f=0.45 ad f=0.55 connected to
a cavity wall (f=0.84).
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2.2.4 Discussions

Because of the nearly equal properties of insulatimaterials, the attention is paid
nowadays to the fire resistance of the materiaid; the problems due to occurrence of
moisture in the structure (interstitial condensatamd Indoor Air Quality), and how to

avoid these problems using materials available.

The absorption of detrimental gases does not ftrenmtain purpose of the thesis, and
therefore not analyzed detailed in this study. Heevethe effect of wool insulation on

the quality of the indoor environment depends nyaomnt the position of the insulation

material in the construction. This property carelfective when the insulation material is
directly in contact with the indoor environment;tlwhen positioned between the inner
and outer leaf of the construction, the signifiGaraf the transmission of the gases
through wall is only relative to ventilatich

As nitrogen containing material, wool releases aldGN when exposed to fire;
furthermore HCN is the major toxicant for wool. Bdiugh HCN is more toxicant than
CO, when toxicant gases are released during heeLT50 value for wool is found to be
lone of the largest (23 minutes); which indicateattwool has less danger than, for
example, nylon (LT50 is 7 minutes).

19 One should not forget that the indoor air gasedarger than water molecules, and therefore more
difficult to diffuse in the wall.
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3 Moisture Transport

This chapter is about the theory and the mechanamsoisture flux
in porous materials.

3.1 Moist Air

Air consists of many gases including water vapor] @ach gas has its own partial
pressure in total air pressure. The relation betvike water vapor content in the air and
the total air pressure can be approximatéti the Ideal Gas Law. The partial pressure of
water vapor is denoted ag(Pa) and the relation is given as:

pV:@c. p, = VIR T (3.1)

V is the volume of the space {nthem (kg) is the vapor content in the volundeandv
(kg/m°) is the called as vapor conteR, is the gas constant for water vapor (462 J/kgK)
and T is the temperature in Kelvin.

Air can contain a maximum Maximum Water Vapor Content
amount of water vapor (humidity ®
by volume) due to liquid-gas
equilibrium for water. This
amount of water vapor i
temperature  dependent  ar
increases exponentially as th
temperature increases. Figure 3
shows the relation between th
maximum possible water vapo
contentVs (in the vertical axis as — S B
g/m® and the temperature T (il 20 45 40 5 0 5 10 15 2 25 30
the horizontal axis) between -2 Temperature (C)

°C and 30°C.

—Vsat
[g/m3]

Vsat (9/m3)

Figure 3-1: Max. Moisture content of air at saturaion

The ratio between the amount of water vapor indineat a certain temperature and the
maximum amount of water vapor that air can congithe same temperature is defined
as the Relative Humidityg, RH, Rel. Hum.). The Relative Humidity is giverua#ly in

percentages and shown as:

¢:Vlmoo% (32)

S
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3.2 Moisture sorption in Porous Materials

Solid surfaces have the tendency to capture analizecthe moisture on them. This
phenomenon is calleddsorption The amount of localized water molecules depend on
the relative humidity, the temperature and the am@farea. The dependence on the
temperature is usually neglected because the imfkies relatively smaller than the other
two. The moisture content of the material in equilibrium with the environme(atir-
filled pore) at given relative humidity is usualyitten asw (@) in (kg/nt) or (g/n?).

The moisture ratio of a material can be written
as:

el

Wi
u= W) [100% (3.3)
pdry
Porous P T
Material — ] _ _ _
Figure 3-2: example of a porous materialin Pay: Dry density of the material (dried in an
humid area environment with the temperature of 1%

If the environment is absolutely dry, the amounad$orbed water is zero. As the relative
humidity, or moisture content, increases, the waterecules are adsorbed to the
material, first in the form of a monomolecular lagad than in multi-molecular layers. In
this stage, there will be equilibrium between thasture content of the porous material
and the relative humidity (in the range of 0-98%)RFhis equilibrium curve is called the
sorption isotherm of the material. The state frdyaadute dry to certain moisture content
at 98% RH is called the hygroscopic range of theen.

If the material is in contact with liquid waterarge amount of water molecules can be
fixed to the pore structure. Maximum amount of rwis content of a material that is in
contact with water is called capillary moisture wom Wcap [kg/m?])). The maximum
possible water content of a material called saéaratoisture contenta[kg/m-]).

Porous Material

Solid Pore volume

material Hygroscopic Range
'—Lﬁ 0<p< 98%

%

w(p) sorption cuweJ Capillary Weap
saturated

|

Wsat

Figure 3-3: Principle figure of the Storage mdtanism in a porous material
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3.2.1 Types of Adsorption

Adsorption is a surface phenomenon where the mi@sai a gas (water vapor) or liquid
is taken up and spread on the surface of the mahiadluding pores. Adsorption is an
exothermic process; and because of its exotheraiigre, the amount of adsorbed gas
decreases as the temperature of the system insre@s® high vacuum reduces the
pressure of the gas and reduces the adsorptiorarpgtasn is usually divided in to two
classes; namely physical adsorption and chemisorpti

Physical adsorption is very rapid ar
reversible. It can occur on almost all sol
surfaces except under high temperature ¢
high  vacuum  conditions. Physice
adsorption occurs usually as a multi lay
process. The available surface area does ) Second Ailsuched layer
limit the amount of vapor that can b _
adsorbed on a surface but molecules can
on each other on several layers. The fi
layer can be either physically or chemical
adsorbed, but t_he SUbsequent_ 'a)/ers Figure 3-4: Multilayer adsorption on a solid
adsorbed physically. The kinetics ¢ surface

physical adsorption is assumed basically .-

be dominated by vapor diffusion (occurs as rapithasmolecules arrives at the surface).
The process is reversible and the equilibrium tigiréd quickly, as the molecule arrives
to the surface.

Multiple Adsorbed
layers

Solid Surface

On the contrary, chemisorption is slower than ptalsi adsorption. Because
chemisorption needs high activation energy, ixigeeted to be only as a monolayer. Due
to the high activation energy, chemisorption may lve reversible; or is only reversible
at high temperatures.

The moisture sorption properties of wool are furttigalyzed in Chapter 4.

3.2.2 Adsorption Isotherms Classification

Adsorption is usually described as a function afhperature and partial pressure
(n= f(P,T),where n is the amount of absorbate). The genelaiorship between the

amounts of gas adsorbed by a solid at a constapiei@ture as a function of gas pressure
is called adsorption isotherm. This relationshipeisperature depended, but because it is
written as a function of the relative humidity ametasured at constant temperatures, the
temperature dependence is neglected. Gas pressuaralso be related to the relative
humidity as done in this study.

Brauner, Emmet and Teller have defined five typkesasption isotherms to be able to
explain the relation between the amount of adsorbel@cules and the vapor pressure of
the environment, which is also called as “BET-igoth” (See Figure 3-5). These five
types of BET-isotherms are valid for the molecwldsch form multilayer on a solid.
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Type [

Type I

Type II1
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Figure 3-5: Shapes of the five principal types otie BET-isotherms, Literature 29
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The sorption isotherms can be divided into thregores; namely monolayer, multilayer
and capillary condensation, see Figure 3-6.. Thenbtaries of these regions can differ

from one material to another.

Maximum water g

A content, U ax

__ molecules,; _ molecules |

tion
-
g

One layer More layers Capillary
of of condensa-

-t P

Desorption

Water to dry mass ratio, u

Adsorption

Relative humidity, ¢ - %

Figure 3-6: Typical Adsorption- Desorption

100

isotherms showing Hysteresis, Lit: 31

v
A

=

Capillary domain:

Water uptake by
suction, water
pressure or
condensation

Yn

Hygroscopic
moisture.
Water uptake
from

ambient air

Because it is experimentally difficult to maintarery low relative humidity and also
relative humidity conditions above 98% RH, the siorpcurve stops at 98% RH.
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By any change in the relative humidity, the matexi@hanges water with the ambient air
until equilibrium is reached. The water exchangerptative humidity step is called the
specific moisture capacity of the material.

If a saturated porous material is allowed to dtydoes not follow the adsorption
isotherm. Usually it contains more moisture at @men relative humidity than the
adsorption isotherm. This reverse process of atisorps called desorption and the
difference between adsorption and desorption imeédfas hysteresis.

3.3 Transport Mechanisms

The transport of mass (water vapor) within matercan occur either by diffusion or
convection.

3.3.1 Diffusion

Gas molecules move in a closed system to reacaghiibrium. Water (vapor) moves in

porous materials under influence of water (vapogspure difference or concentration
difference. The direction of the movement is alweyhe side of lower concentration or
pressure. A general expression for the moistune flan be written as the product of a
transport property and the gradient of the drivimige (potential).

Flux = Transportpopertyx gradientdrivingforce)

This potential can be chosen in different formps\, ¢, u, w. Moisture content of the
material (v) and the partial pressurp) (of the fluid are the most common potentials in
the literature.

3.3.2 Moisture Transport in Air i

The diffusive flux g (kg/rfs) in air in steady-state
conditions is as follows according to Fick’s law:

/ V2
| |
\ \
N n
g = —Dﬂl } T 4‘
dx (3.4) }g}
D: diffusion coefficient of water vapor in air } . }
V: vapor concentration in air [kgfin } e *‘
\ .. I
The diffusion coefficienD is temperature dependent: P . |
\ d |
* I

D =(22.2+ 0.14T J1C[m?s], T [°C] (3.5)

Figure 3-7: Diffusion of water
vapor in air
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3.3.3 Convection

Convection involves the collective movements ofti@ecules. It, therefore, is relevant
for fluids. During convective flow the fluid movegth an average velocity.

Flux]molecules m]ss velodity/n] > concentrdtionenales n

The velocity is a physical quantity of fluid’s moti.Velocity of a fluid simply means the

total speed of the fluid molecule in a particulaedtion. Analyzing the mass transport by
convection requires analyzing the flow charactessof the fluids. The convective flow

of water vapor, although sometimes important indimg construction, is however not

considered in this study.

3.4 Moisture Transport in Porous Materials

The moisture flows are caused, in general termsdifiysion and convection of water
vapor; and by capillary action. At low relative hugity, if air convection is not
considered, water vapor diffusion dominates thaspart. At higher relative humidity
conditions, the moisture transport becomes a coatibim of diffusion and capillary
action. Capillary action dominates when the relatiwmidity increases close to 100%.
This research focuses only on the diffusive waggror transport.

3.4.1 Description of Diffusive Transport

Fick (1855) has stated that there is a linear iceiadbetween the rate of the diffusion and
the local concentration of the gases (which isrlateo called as Fick’s First Law). Fick’s
first law for the diffusion of water vapor throughporous material is written as:

0V

Y ox
S, diffusion coefficient of the material [ifs]
V: vapor concentration in air [kgfin

(3.6)

The driving potential for the diffusion can be dhaerized with any of the variablep,*
Vv, ¢, U, W’ because of the relations with the moisture, astimeed in chapter 3.3.1.

Diffusion Coefficient Forms
The diffusion coefficient differs also accordingtt® chosen driving potential.

When the partial pressure is chosen as the driarag; the equation becomes as:
9=ﬂ%§§ [kg/snf] (3.7)

5p : the water vapor permeability [kg/s.m.Pa]
p :the partial vapor pressure [Pa]

And if the driving force is chosen as the moistcwatent (V) of the material, the
equation becomes as:
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9,=-D Galv (3.8)

ox
D water vapor diffusion coefficient with regardrtmisture conteritv
W: moisture content of the material [kgfm

All the types of diffusion coefficients are relatadd can be converted to each other. For
example; the relation betweén, and 9, for constant temperature can be derivated as:

==9J i:—D iW
J P ox " ax (3-9)
op @
D=5 P -5 mp 22
w P 6W pEpsat aW (310)

As explained in Chapter 3.2.2, any change in thative humidity of the environment

(Ap) causes a change in the moisture contéw).(The termgl; is called the differential

moisture capacity of the material, correspondinghe slope of the isotherm, and is
denoted here by the symbal With the introduction of the moisture capacitye way
write:

_ o, _
D, =5 _thpsajg (3.11)
o9

Similarly, the relation betweed, andJ, is given by

p_ \'

-0, =-0 i

p aX v aX (312)
o)

5 =5 -_2

P op R O (3.13)

Where;R, is the gas constant of water.

Vapor Resistance Factor
To compare the rate of the diffusion through a malt&,), with the diffusion coefficient

of water vapor in air), Kirscher has introduced “vapor resistance fdatprfactor) for
materials:

D
= 3.14
p=g (314
M: Vapor Resistance Factor [-]

The p-factor of a material indicates “how many tiess” a material transports water
vapor by diffusion than a still air layer. The Lcffar of stagnant air equals 1.
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Fick’s first law can now be written as:
D ov
-_Do (3.15)
M OX
Because|-factor regards the transport of moisture throupk tnaterial, the pore
structure in the material and the dimensions ofrtfagerial influence the value of tipe

factor. A highly porous material with a closed psteucture can have a larggffactor
than a less porous material with an open structure.

The p-factor depends also on the moisture content ofrthterial. De Wit [44] states that
higher moisture content leads to lowgrfactor; because of the shortening of the
diffusion path by water islands in the materiahigther moisture contents.

3.4.2 Capillary Suction

The transport of water becomes a combination ofstbes diffusion process and rapid
capillary suction at larger relative humidity cotiains (between 95% RH and 100% RH).
At these points, there cannot be made any strigaration between the diffusion and
capillary suction. Therefore, another terthe( critical moisture contepis defined. The
diffusion governs the transport phenomena below dtigcal moisture content; and
capillary suction above the critical moisture conte

Capillary suction is the attraction between theawvabolecules and the pore walls. If the
radius of the pore is very small (capillary), thater in the pore is sucked upwards and
the water rises up until the balance is reachel thié gravitational forces.

Capillary suction is not taken into account in teigdy, because this study focuses only
the transport within the hygroscopic region.
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3.5 Moisture Balance of a Material

Fick's second law is used in non-steady state siiffu The one-dimensional moisture
balance equation for (Fickian) diffusive transpenivritten as:

_9g _ow
ox ot (3.16)
The right hand side of the equation can be writteing the chain rule as:
w_owdpav_
ot OJdg@ov ot (3.17)
ow _ &(¢) ov
ot v,(T) ot (3.18)
The left hand side of the equation can be written a
_a_g = —i(—é a_vj
ox  oax{ 'ox (3.19)
The moisture balance equation, for constant tenperacan be written as:
Ofgov)_<c@ov 9 0v)_ov
x| Y ax) v (mat " ax™ax ot (Diffusion equation) (3.20)
_8,0(T)
& (@ [m?/s], a,: moisture diffusivity parameter (3.21)

3.5.1 Moisture Balance Using other Potentials

The moisture balance of the materials can alsoriigew by using the potentiaf ¢, W.

In this case, the right hand side of the equatirpme forp according to the chain rule
as:

ow_wapap_ dw_ &(@) dp

ot opdp ot ot P(T) ot (3.22)

And the left-hand side of the equation;

_5_9:_1(_5 @j (3.23)
ox  ax{ P"ox

Combination of the left- and the right hand sidéha&f equation is as follows;
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i(g 69}@&%& dpS(T)@J_@©3£ ﬂj op

ax\ "ax) p(Mot OX RE@IXN ot X 0 o (3.24)
90,P.(T)

Wh =| &b ) 3.25

erea, [ F%Tf(@j ( )

When the equations (3.21)and (3.25) are comparad, aan see that the diffusion
coefficienta, is independent of the choice of potential.
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4 Hygroscopic Properties of Wool

Wool is an organic complex material that is compbsé cells,
surrounded by a cell membrane complex. Wool fibexgibit
hygroscopic behavior, which allows them to absand adsorb high
amount of moisture (up to 33-34% (kg/kg)).

4.1 Diffusion through Wool Bulk

As in all porous materials the diffusion is mairdypendent::*?& ﬂu

on the porosity of the material. Padfield [42] eipb the A,
movement of water vapor through fibrous, porousemials NYAE,
in three forms (Figure 4-1):

A Diffusion through the air channels
B: Absorption in to the fibers
C: Movement in the material

He states that the dominar
mechanism for the transport c
water is the movement through th
wool air channels (process A
Diffusion in to the wool fiber
(Process B) is actually the
absorption into the wool fiber, an
occurs only in the beginning stage
until the material reaches th
equilibrium with the RH. Diffusion
within the fiber (Process C) has t
least effect on the movement cFigure 4-1: Water transport
water vapor through the materidh Wool Lit: 42
itself.

Figure 4-2: Picture of a
Wool fiber, Lit: 36

There could no information be found about the gbatron of process B on process C.
Padfield [42] states again that the movement in fiber (Process C) can become
dominant in paper fiber insulation, wood shavingsgcellular cement; but he has given
no information about this process in wool fiberrtRermore, he states the impossibility
of separating processes A and C.

There could also not much information be fowatmbut the transport of water (vapor) in
the wool fiber. Because it can absorb much walerprocess C can also be significant in
sheep wool. Because of the lack of this informatrothe literature, the processes A and
C in Figure 4-1 are assumed as one diffusion fanthcalled asorption
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4.2 Sorption

The sorption and desorption of moisture under ifleeénce of relative humidity is one of
the fundamental properties of wool fiber (d’Arcyat/ 1979). Downes and Mackay [43]
describe adsorptidhinto the wool fiber in two stages; the first staggppens in a few
minutes and the second stage many hours at roopetatare. The uptake of moisture
during the first stage of absorption occurs by &ieéh mechanism with a concentration-
dependent diffusion coefficient; but the secondy@tadoes not occur by a diffusion-
controlled mechanism. Therefore, no generalizethfof Fick's diffusion equation is
sufficient to describe the whole course of the sorpin the wool fiber [50]. It is known
that absorbed water causes swelling of the fibex.svelling causes more available
surface area for the adsorption, the swelling amel tbtal sorption of the fiber is
interdependent.

There is no information available in the literatur@out chemisorption in wool. But

because of multilayer which occur on wool fiberge tspeed of sorption and, fast
reversible sorption (adsorption and desorption)clwlaccurs one after another; it can be
assumed that chemisorption doesn’t occur in shesp. Wherefore, chemisorption is not

studied and not taken in to account in this researc

Speakman et. al. [7] is one of the first scientistso have studied water absorption
properties of wool. They distinguish the moistenprgcess of wool into three stages.
The results of their studies based on at A8ried wool are;

1. Water absorption up to 5% of the weight of dry fieer: This water has been
strongly bound.

2. Water absorption of 5-26%: The adsorption goes @pprately proportionally
with the humidity percentage.

3. Water absorption of 26-34%. The adsorption appreacth a constant value. The
fiber saturates at 33-34%. [7]

The absorption uptake curves are also studied byt \Wa al. (1960) [49]. They
distinguish moisture uptake into three categormading to the concentration of water
in the wool fibers, which also corresponds to thelies of Speakman.

Water vapor adsorption on wool fits the BET isothgdB5, 36, and 38]. The adsorbed
water forms a continuous and very ordered bulkidiqohase as multilayer which is
explained by Miyagawa (1987) and by Sen’i Gakkaishial. (1989) as the reason of
high adsorption percentage.

1 Ysually it takes more than two weeks until moistsorption equilibrium is reached [33].
2 The slow increase in concentration during the seatage is thought to result from the swellinghef
wool fiber.
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Figure 4-3 Water ad-and de-sorption curve, SourceDoschawol

4.2.1 Temperature Dependency of Sorption Isotherm

The water adsorption process is an exothermic peoawver the whole range of
adsorption process [37]. The heat of adsorptiorwafter vapor is dependent on the
moisture content of the wool.

It has also been shown that the sorption procesbedp wool is temperature dependent.
Gakkaishi (et. al 1989) has measured that the hitjieetemperature, the less amount of
adsorbed water in equilibrium at any given relatiuenidity [35].

0.4 - s
Wortmann (et al. 2000) ha .
measured the sorption properties i
wool at different temperatures. Th
sorption decreases slightly as tf_
temperature increases (from 34% g 02 ; 7
29%). By analyzing Figure 4-4, ig
can be concluded that th gl
temperature in the range applicab
in buildings has not much effect o ? -
the sorption properties of shee O'Oo,o 0,2 0.4 05 08 1,0
wool. Relative Humidity

03 -
: 100°C

i

Figure 4-4: Sorption isotherms (kg/kg) at
different temperatures as line plots, Lit. 37
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5 Experiments

Three separate experiments were done to betterstadd how wool behaves in humid
environment; namely, the measurement of the p-fathhe measurement of the sorption
isotherm and the measurement of the diffusion m®ca water vapor in wool. The

sorption and permeability tests are well known, the diffusion experiment is quite

unique. The test material (100% wool) which is ok#d from Doschawol, in the

Netherlands, is used in the experiments.

5.1 The Climate Chamber

All the three experiments were carried out simudtarsly in a climate chambevdtsch
Industrietechnik VC4100) he experiment space in the climate-chamber ftabia form

with a volume of about 1fn The relative humidity in the chamber can be stvben
10% and 98% within +18C and +95'C temperature range. In order to get a constant and
homogeneous humidity level, the air in the chaméevell mixed by four wall-mounted
ventilators. The standard working temperature atative humidity range is given in the
Picture 5-1.

> 2
I ;

:
g
3
Ny
g
3

0 © 20 2 4 B 0 T 80 0% WO
H —

Figure 5-1: Chamber works properly within

thick lines

Picture 5-1: Climate Chamber

According to the manufacturer, the relative hunyiditctuation is < 3%. The chamber
was tested for 18 h before starting the experimantsit has been seen during the test
period that the chamber can adapt the temperahdeeative humidity changes easily
during increasing the relative humidity of the eowiment (Figure 5-2).
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Climate Chamber RH and Temp.
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5.1.1 Measurement Environment

Relative Humidity Range

The RH in the chamber during the experiments waseased stepwise to be able to
measure the diffusion process of water vapor in Iwoetween two constant RH
conditions.

Before starting the experiments, the samples wanditioned for one day in the chamber
at 20°C and 20% RH. The next day the relative humidityhef chamber was raised to
45% (the start point of the experiments) and theptes were conditioned for one more
day before placing them in the set ups in the dinchamber.

The experiments in the chamber started at 45% Rlewied by consecutive increment
steps of 15% until 90% RH. Decisive for the dunatiof each step was the diffusion
experiment a next step change of the relative hitynidas imposed only when the
relative humidity at the bottom of the cylinder h@dched at least half of its final value.

Ventilation

There is strong ventilation flow in the test chamber this reason, the open side of the
glass tube (see Picture 5-2) was covered with enpdapen- nylon cover to minimize
convective flow in the wool at the open side of dodumn. Furthermore, the wet up for
the measurement of the sorption isotherm (see rei&w) was protected by plates from
five sides in order to minimize the influence oktturbulent air flow on the weight
measurements.

o

Picture 5-2: nylon cover at : : : o

the open side of the glass Picture 5-3: Ventilator in the Picture 5-4: plates for
tube chamber the balance
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Temperature

Because only the behavior in humid environmenhalyzed, the experiments are done at
a fixed temperature, which is 2G. The temperature has fluctuated betweefiCc@nd
20,50 °C during the experiment; It is also assumed that $mall fluctuations in
temperature did not influence the experiments.

Data acquisition

The relative humidity sensors in the glass tubetlfiar diffusion process and the two
balances (one for measuring the sorption isotherchane for measuring the p-factor)
are connected via cables to a device and tharetodimputer. With a software program -
called LabVIEW"®- the date, time, RH and temperature values ofitlia can be read and
saved every minute by the computer.

5.2 Experimental Set-ups

5.2.1 The Sorption Isotherm

There is much information in the literature abowtasuring the sorption isotherms of
hygroscopic materials. Determination of hygroscogacption of building materials is

standardized by ISO (International Organization $t&andardization) under the code of
ISO 12571:2000(E),I80 12571* Hygrothermal performance of building materialsian
products-Determination of hygroscopic sorption @mies).

This standard specifies two alternative methodsdietermining hygroscopic sorption
properties of porous building materials and prosiuct

» Using desiccators and weighing cups (desiccatohout

» Using a climatic chamber (climatic chamber method)

The moisture content at a constant temperaturetexmhined when equilibrium with each
environment is reached. Equilibrium with the tastisonment is established by weighing
the specimen until constant mass is reached. Qunsiass is reached if the change of the
mass between three weighing, each made at leasdpth is less than 0.1% of the total
mass. After establishing the moisture content ahealative humidity, the adsorption
curve can be drawn.

For the adsorption curve, the mean of the calcdlateisture contents for the various
specimens at each relative humidity are taken ectmunt. After calculation of the mean
moisture content of the specimen at each relativeidiity, the adsorption and curve can
be drawn by connecting the data points with stitdigles.

13 LabVIEW is a graphical software program for cregtflexible and scalable design, control, and test
applications.
14 International Standard ISO 12571 is prepared byEhropean Committee for Standardization (CEN) in

collaboration with ISO Technical committee TC168atcordance with the agreement on technical catiper
between ISO and CEN.
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The standard doesn't specify the method for sargplFor that reason, a cylindrical
prepared wool specimen (D= 18cm, h= 5cm) has begnfrom the middle of the
specimen, and than sliced -for the experiment-oirthtee pieces to reduce the time to
reach the equilibrium (more available surface avdach is in contact with the
environment).

The sliced wool specimens were placed on a massdmlwith a metal mesh in between.
The moisture content of the specimen could be V@b from the balance that is
connected to the computer. (See Picture 5-5)

Picture 5-5: Wool specimen and the roster in betwaeand the balance

5.2.2 Water Permeability

Traditional cup method is commonly used to deteemin
the water permeability of the building materialsofa, RELATIVE HUMIDITY |
flooring and board materials). In this test methed,
specimen of known area and thickness separates W
spaces differing in the relative humidity. Then tage of
vapor transport across the specimen at a steaty istai RELATIVE HUMIDITY Il
determined gravimetrically. From these data an ayer
value for the water permeability of the specimen ba Figure 5-3: Traditional cup method
calculated.

An aluminum cup (D=30cm, height = 17cm) and Calcilitrate Tetrahydrate
(Ca(NG)2-4H,0) saturated salt solution were used for measuhagpermeability of the
wool specimen. Saturated Calcium nitrate tetrahgdsolution creates 56% relative
humidity at 18°C in its environment according to the literaturebéfore hand calibrated
escort sensor (denoted as TU1) is used to measenelative humidity in the aluminum
cup during the experiment. The escort sensor stheeslata every 15 minutes and the
data can be read only after the experiments end.

100

4 170

\
/\ / A uminum Cuj | —
[ /\\\ /\ ,//\\ A ‘Wi:al =

> Sensor
Salt
120 Solution
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The prepared salt solution was placed in a plastc (to prevent chemical reaction with
aluminum), and this plastic cup was placed in theédbe of the aluminum cup, with the
escort sensor in another cup in the salt solufiankeep the wool specimen stable in the
aluminum cup, a raster was placed above thesd@tagis. (See Picture 5-7)

Picture 5-7: The set up of the water permeability xperiment is shown step wise

The conditioned wool specimen (thickness= 10cm) plased in the aluminum cup and
the aluminum cup was put on a balance to measerehthnges of the weight during the
experiment.

5.2.3 Diffusion Experiment

A glass tube (diameter = 18cm and length = 61 cag designed with 7 holes on certain

points on it for insertion of relative humidity anemperature sensors. The holes were
exactly on the points of 0, 30, 40, 50, 55 and 66&wm the closed side of the glass tube

and the seventh hole is on the same point witlotfeeon 50cm but with a @ngle.

Figure 5-4: Schematic Drawing, Dimensions and the I&ss Tube

Eight sensors were used during the diffusion expent (seven (so called RV1, RV2,,...
RV7) in the glass tube and one (RV8) out of thesglube (in the chamber)). This last
sensor (RV8) was placed in the chamber to get meliable data about the relative
humidity of the chamber during the whole experimeagriod.

Picture 5-8: The Sensors which are connected to tloemputer
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The relative humidity of the room (where the climahamber is placed) was also set to
45% RH in order to minimize the influence of theside environment. The glass tube
was filled with 12 wool specimens (thickness 5 dmameter 18 cm, conditioned at 45%
relative humidity) and its open side was covereth\aivery open nylon cover during the
experiment in order to minimize the effect of thentilation airflow in the chamber on
the transport in the wool.

Picture 5-9: Preparation of the diffusion experimens in three steps

Delft University of Technology 38/110

2
TUDelft



Sheep Wool and Hygrothermal Properties of Sheep imsalation

6 Results

The experimental data is analyzed in this chapter.

6.1 Experimental conditions

The first eight days of the experiment were used festing, controlling and
reconditioning of the materials and specimens. gdtaering of data from the first part of
the experiment has started on tfieday of the total experimental period. Therefohe, t
first 8 days of the experiments are not taken iatxount while analyzing the
experiments.

Between day 22-25 and 77-78 there was an elegtirierruption on the computer. The

chamber continued working during this interruptidt the computer had stopped the
data acquisition. It may be assumed that theserumtgons didn’t affect the course of the

experiment. In addition, on day 42 the experimeris wdisturbed for a short time.

Because of this short period, this distortion has eifect on the outcome of the

experiment. Furthermore, it has also been seemgltine experiment (Figure 6-1) that it
is very difficult to keep the chamber at constaht & high RH conditions.

6 . 2 Sorptlon ISOtherm RH steps and Adsorption (45-90%)

The relative humidity and sorption
data of the experiment is shown in
Figure 6-1. The sorption of water
vapor can be analyzed in two
stages; there is a fast sorption ir
less than one day (first stage) and
second stage until it reaches the
equilibrium.

100
A T 95
i
T 90
T 85
r 80

T 75

Relative Humidity (%)

Regain (gr)

170

I 65

I 60

r 55

T T T T T ™~ 50
8 18 28 38 48 58 68 78 88

meldays)
Figure 6-1: Adsorption of wool in the range of 45-0%

6.2.1 Measurement

The data for each RH step concern the equilibricetewcontent. Because wool reaches
equilibrium in more than two weeks (the fast fisthge and the slow second stage; see
Figure 6-1); the average of the sorption betweefl a6d 18' days were chosen as
reference data to measure the sorption isothermsé heference data are given in Table
6-1:
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Table 6-1 Regain data for wool at
different RH steps

Regain (gr)
RH (%) (16-19)days
43,77 0,00
60,46 0,79
76,63 1,98
95,21 4,22

6.2.2 Parameterization

The equation for the sorption isotherm of hygroscapaterials as defined by Hansen
(1986) was used for parameterization:

-3
_ In(g) | . .
W= W, _T A, n, Wy : material regression parameters (6.1)

wherew is the amount of water sorption (kgmand ¢ is the relative humidity. The
parameters A, n and wsy) are regression parameters which are specific efach
hygroscopic material.

A program was written in MATLAB’® to determine the regression parameters. The
program and the results are shown in APPENDIX T8e coefficients according to the
formula of Hansen as results of the calculatiorn\MATLAB are as follows:

Sorption Parameters
According to the formula of Hansen:

Wsat = 6.3072 (kg/m)
A= 0.2655
n= 1.3634

So, the formula of the adsorption isotherm forgheep wool reads:

(—iﬁl)
w=6,3072 @ |+ 6.2)
0,2655

which is depicted in Figure 6-2.

15 MATLAB is data-manipulation software package talidws analyzing and visualizing data using
existing functions and user-designed programs.
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Sorption Isotherm for Sheep Wool o Sorption Isotherm for Sheep Wool
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Figure 6-2: Total Sorption diagram in the range 0f0-100% (a); and in the range of 40-100%b)

Figure 6-2 (a) and (b) can be found on a biggené&trin APPENDIX II.3.
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6.2.3 The Hygroscopic Moisture Capacity €)

It is noted in previous chapters that the hygrosceopoisture capacity is one of the
essential properties of a hygroscopic material Wwidetermines the diffusion of water
vapor in a porous material. The hygroscopic moestapacity is defined as the slope of

the sorption isotherm Therefore, the derivatigbw(dp) of equation (6.2) gives the
hygroscopic moisture capacity) (for the adsorption phase.

The equation of hygroscopic moisture capacityadsorption curve can be written as in
equation(6.3):

-1,73346
<‘=g—z:17,424043q1;tﬁ }O';gssj [0, 4@ p< (6.3)

The graph of the hygroscopic moisture capacity lmamnrawn between the ranges of 40-
100% RH.

Hygroscopic Moisture Capacity

04 05 06 0,7 08 09 1
Reative Humidity

Figure 6-3: Hygroscopic Moisture Capacity

The moisture capacitfg) is analyzed for each RH step and the graph ismliawhe
same range to be able to calculatepiHfactor at the diffusion experiment.

€ (60-75%) § (75-90%)
65—~ - — -

55
/
- r'/./’
,,,,,, 4 _

34 + RH 4

T
0,6 0,65 07

Figure 6-4: & for each RH step
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6.2.4 Discussion

Because the total amount of sorption is importarthe experiment, the terms adsorption
and absorption are combined together in this rebedrhe averages of “three days of
regain on selected certain days (16-19days)” ah ddld step are used to draw the
sorption graph. The sorption occurs in two stagekinvthe experiment range. The first
stage is fast, and occurs in couple of hours; hadsécond stage is very slow and it takes
days to reach the equilibrium. The second stagth@fsorption is not visible (or not
visible) at 45-60% RH range, but it can be seenenatearly in the range of 75-90% RH
(See Figure 6-1 and Appendix 11.2). Analyzing tloepsion behavior of sheep wool in
lower relative humidity’s will help to understanddainterpret the sorption behavior. It is
very early at this point to comment about the reasaf the second stage, but this slow
second stage of the adsorption can be due to sgedli wool with increasing relative
humidity. In fact, Watt [51] points out the strucl changes within the wool-water
complex during sorption.
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6.3 Water Vapor Permeability

The results of the experiment had to be comparéld avi2D-cylindrical finite-element
calculation because the salt solution did not caber whole bottom surface of the
aluminium cup.

As mentioned before, we used one sensor in theialumcup just under wool specimen
(TU1), and one just on the wool specimen (TU2) &masure the relative humidity in- and
outside of the aluminum cup during the experimdiitere is also one sensor in the
chamber (RV8). A balance is used to measure thghw@icrease of the set up.

6.3.1 Measurement

The RH of the environment wag
increased stepwise and th
resistance of the wool specime

RH Steps and Diffusivity [Range 45-90% RH]

against the diffusion of the wate 7"~ T e 9
vapor was analyzed as explained | 50 f---r----""""""""-~ - 90
the theory. The relative humidity 1254 ---F---------------4---—- /- 85§
during the RH steps in the chambgBioo { -~~~} -—--—{- A~ - 80 E
and the corresponding Weigh'§ T SRS ) e 75 =
increase are given in Figure 6-5. | o} .. | .~ | L0

The analysis of the permeability
experiment at RH steps has startt
about two to five days after eac
relative humidity step because
two sorption stages of wool (fast arfFigure 6-5: Weight increase per RH step
slow) and each RH step on th

experiment was analyzed apart fro...

each other.

time (days)

18 28 38 48 58 68 78 s ¢

‘ ——weight increase ——RV8

The rate of the vapor diffusion from one side & gluminum cup to the other was used
in the analysis of the permeability. The rate & thffusion (“amount of diffused water
vapor @r/day) per RH step per day” from one side of the alumirzup to the other) was
found by the determining the slopes of the diffasiate at each RH step.

The slope of each RH step was found by applyingntrlines” in a linear function form
of “y=alX+ b” on the diffusion data. The coefficien&’ gives us the rate of the
diffusion by time.

Delft University of Technology 44 /110

]
TUDelft



Sheep Wool and Hygrothermal Properties of Sheep imsalation

6.3.2 Diffusion Graph

The diffusion rate of water vapor through wool pet step is shown in Table 6-2 and the
graph was drawn (Figure 6-6). The graph shows thatRH in the aluminum cup
because of the salt solution is about 57%, whish abrresponds with the literature.

Diffusion rate per RH
Table 6-2: Measured rates per
RH step 1T e s o sz~
RH (%) | diff. rate (gr/day) N
44 15 1,5053 10
EU' 1 3 U'ATUB ; 04 45 50 5 60 65 7Io 75 80 85 90 95 1 oRH ©
76,79 21218 1
m diff.rate data
95_ 1 E 3_598 2 ‘ - Poly. (diff.rate data)
Figure 6-6: Diffusion Graph for the measured rates
Table 6-3: Diffusion rate per 1% RH
The M-factor for wool was calculated from th difference
diffusion rate per RH difference. The rate per 19 RH@) |dif. rate(gr/day) |rate per RH difference
RH difference is calculated and given in Tablg¢ 441° -1,5053
6-3 0,123660826
. 60,13 0,4708
0,09909964
76,79 2,1218
0,08580294
95,16 3,698
|1% RH difference at 20 'C=>23,4 Pa

The outcome of the experiment needs to be corrdmeduse the salt solution doesn’t
cover the whole bottom surface area. Comsol Musijs® was used for modelling the

experiment; because the cross-section of the sefuopeasily be drawn on cylindrical

coordinates and the calculation can be done manar aiely.

16 Comsol Multiphysics is a scientific software pramgr for the modeling and simulation of any physics-
based system. For more information:www.comsol.com
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6.3.3 Model “Comsol Multiphysics 3.1”

Because of cylindrical coordinates, the cross seatf the set up was drawn on scale and
the calculations were done as a half on the Commsmlel (Figure 6-7). This model is
based upon 1 Pa pressure difference between theardpthe bottom of the wool
specimen. The relative humidity changes in the alumm cup can be seen as isotherms
within ‘1 Pa’ difference.

Aluminum Cup

Wool

Sensor

Salt
Solution

(b)

(c)

6.3.4 Results

The results of the experiment are converted
to same units as in the Comsol model (also
Appendix I1.5) in order to be able to make a
comparison. The three diffusive fluxes for 1
Pa difference at each RH step of the

experiment are given in Table 6-4.

Figure 6-7: Schematic drawing (a), Set up (b), anodel (c)

Table 6-4: Diffusive flux per RH step

Relative Humidity flux at 1 Pa
0,4415 difference
0,6013 6,11649E-11
0,7679 4,90165E-11
0,9516 4,24397E-11

The model presents the diffusive flux accordingtiosend-factor. The diffusive flux in
the model for thegu-factor Kw value for the model), in the range of 1,2 and 2ig,
analyzed by choosing th@-factor on certain points (See Table 6-5) and cosgavith
the data from the experiment.
Table 6-5: Diffusive Flux for the model
according to choserfl-factor

6,50E-11

Kw Flux (kg/s) by diff. of 1 Pa
1,2 6,11E-11
1,25 5,97E-11
1,3 5,84E-11
1,5 5,35E-11
1,7 4,94E-11
1,9 4,59E-11
2,1 4,29E-11

(kg

4,00E-11

Flux at 1 Pa Difference

6,00E-11 o
_5,50E-11
Q
3
i 5,00E-11 4

4,50E-11

(according to model)
T

—e— Flux
(kg/s)

Figure 6-8: Graph of diffusive flux according
to chosen|l-factor
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When the diffusive flux of the experiment (Tabledpand the diffusive flux for the
model (Table 6-5) were compared, tlpefactor of the setup could be found by
interpolation. The interpolated-factor’s on different RH steps for sheep wool dhel
graph ofjd-factor is shown at Table 6-6 and Figure 6-9.

Mu-factor (Model)

Table 6-6: [A-factor for the RH steps

interpolation to find the Mu-factor(Kw)

step:45%-60% 1,20 . [So—Mutactol]
step:60%-75% 1,72 g

step:75%-90% 2,12 =

Rel. Hum.

Figure 6-9: Graph for the [A-factor

6.3.5 Discussions

Because the escort sensor in the aluminum cuptbppesi earlier than expected, it was
not possible to measure the relative humidity iaside aluminum cup. Therefore the
diffusion formula can not be accurately appliedtba water permeability experiment.
But thel-factor of the specimen can be calculated by the ofithe diffusion. Because
the salt solution does not cover the whole bottarfase, the outcome of the experiment
was compared with a 2D-cylindrical finite-elememiatilation. The analyzed outcome
show thatpl-factor lies between 1,2 (at 60% RH) and 2,12 G%SRH). The-factor
was expected to decrease with the increasing RH.itbbhas been seen that it has
increased. The increase of thefactor is probably due to dilution of the (top éayof
the) salt solution which yields a higher RH insite aluminum cup than anticipated
from the water activity of the saturated. Becaus$ethis, the measurement of the
permeability at lower RH at the start of the exmemt is the most reliable. Therefore,
from this experiment th@l-factor is most probably about 1,2. The uncertairglue for

this result has to be calculated. Becagudactor can not be lower than “1”, magnitude of
10,2 for the uncertainty can be assumed as a bedjire.
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6.4 Diffusion of Water Vapor

The diffusion of water vapor in the wool-filled glatube was
analyzed and compared separately for each RH stdp av
numerical model which was made in MS Excel. Wita help
of this comparison, the diffusion coefficient ofethwool §

specimen was estimated according to chqiséactor.

Picture 6-1: RV sensors
in the glass tube

Diffusion Process [Range 45-90% RH]

100

90 A —RV1

—RV2
80 -

——RV3

RH (%)

70 1 ——RV4

—RV5
60

—RV6

50 A —RV8

40 -

time(days)
8 18 28 38 48 58 68 78 88

Figure 6-10: RV sensors during the Diffusion Expernent

6.4.1 Numerical Model in Excel

The use of numerical methods for the solution &fidion problems has increased in the
past years, especially by use of computers. Numenwdels use a numerical time-
stepping procedure to find the system’s behavier ¢time.

The numerical model used a grid point at everycbin space (over the length of the
wool column) and a time step of 1 hour. The difbuscoefficient is assumed to change
linearly with relative humidity. More informationnothe diffusion model is given at

Appendix 11.6.

6.4.2 Comparison of the Experiment and the Model

The diffusion equation (3.21) was converted to falan(6.4) in order to use in the
analysis.
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o 1
av =2 |jpsat L——
U $(p) (6.4)

82 =1,8. 10" [s]: water permeability coefficient of stagnant ai

Given the (measured) dependeid@e) and-factor, the diffusion coefficiera, follows
from the sorption and permeability measurements. {fg9 increases with relative
humidity, the diffusion coefficient decreases withreasing RH, as can be seen in Figure
6-10.

The experimental results and the model calculatasesdrawn in one graph for each RH
step. Each sensor on the graph has a different.cihe corresponding RH predicted by
the numerical model is shown by thick lines. Sitioe permeability experiment didn’t

give very reliable data, thg-factor is varied somewhat in these calculations

Since every next RH step of the experiment stavefdre the last sensor had reached its
final RH, the initial values for each RH sensorath RH step in the numerical model
were obtained from a second order polynomial fingisa data analysis program called
DATAFITY (See also Appendix I1.6).

" DATAFIT is a science and engineering tool thatglifies the tasks of data plotting, regression psial
(Curve Fitting) and statistical analysis. (www. daleengr.com)
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« Range 45-60% RH

picoet (o) The p-factor which fits the model best to the
experiment was found to be smaller than 1
1,30E-07
(1=0,88).
’5 1,10E-07
3
E
9,00E-08
7,00E-08 RH
0,45 0,5 0,55 0,6
* D(mu=12) * D(mu=0,88) = D(mu=1)
—— Linear (D(mu=1,2)) Linear (D(mu=0,88)) —— Linear (D(mu=1))
Figure 6-11: Diffusion coefficients for
the range 45-60%
Diffusion Model(45-60% RH) Diffusion Model(45-60% RH)
0,62 0,62 7 T T T T —Rvim
0,60 0,60 —Rvam
0,58 0,58 —RV3_m
0,56 0,56 —Rv4_m
3 - 0,54 —RV5_m
50'54 E™ ——RV6_m
T 052 T 052 —RV1
2 050 & 050 —RV2
0,48 0,48 —RV3
0,46 : 0,46 —Rv4
0,44 | 0,44 —RV5
042 4 ; 0,42 4 ; ; ; —RVe
0 5 10 15 20 25 0 5 10 15 20 25
time(days) time(days)

Figure 6-12: Diffusion according told =1

Diffusion Model(45-60% RH)

—RVIm

Rel.Hum.

—RV2_m
— RV3_m
— RV4_m
—RV5_m
—RV6_m
—RV1
—RV2
—RV3
— RV4
— RV5
— RV6

time(days)

Figure 6-14: Diffusion according to}l = 0,88

Figure 6-13: Diffusion according tol = 1,2

While the other sensors of the model fit prettylw@lthe experiment, RV6 of the
experiment increases faster than the model RV6_m.
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Range 60-75% RH

Dif, Coeff.(60-75%) The best fit is found fou=1,10. The fast
increase of RV6 of the experiment with respect
iooeor to the model (RV6_m) continues also at this
8 step.
4,00E-08 + RH
0,6 0,65 07 0,75
* D(mu=0,80) D(mu=1,1) * D(mu=13)
—— Linear (D(mu=0,80)) Linear (D(mu=1,1)) = Linear (D(mu=1,3))
Figure 6-15: Diffusion coefficients for
the range 60-75%
Diffusion Model (60-75% RH) Diffusion Model (60-75% RH)
- ‘ ‘ ‘ —_RVLm —RVLm
R e e ] —RvV2_m —RV2_m
—RV3_m —RV3_m
0,70 gz | | — RV4_m —RV4_m
. | —RV5_m g —RV5_m
£ ! —RV6.m 3 —RV6_m
g 065 4~ F — o F -7 — - e et 3 —RV1
4 | —RV2 @ —RV2
| —RV3 —RV3
ULt 1y e e —RV4 —Rv4
/ —RV5 —RVS
055 . . —RVE ; ; ; ; —RV6
0 5 10 15 20 25 30 0 5 10 15 20 25 » 30
time (days) time (days)
Figure 6-17: Diffusion for |l =0,80 Figure 6-16: Diffusion for 1 =1,30
075 —RV1_m
' ——RV2_m
——RV3_m
0,70 ~ RV4_m
. ——RV5_m
S — RV6_m
I
< 065 —RV1
o —RV2
—RV3
0,60 —RV4
—RV5
055 —RV6
25 30
time (days)

Figure 6-18: Diffusion for |1 =1,10

Another interesting point is that the RV5 and RYiersect at the end of this range. The
reason of this phenomenon is not known exactly. pwssibilities could be thought;
either the sensors are not working accuratelyealy the RV5 and RV6 are equal. (It
should not be forgotten that the distance betweéés &d RV6 is 30cm.)
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* Range 75-90% RH

Diff. Coef.

6,40E-08

5,40E-08

4,40E-08

3,40E-08

2,40E-08

Diff. Coeff. (75-90%)

0,75 08 0,85 09

+ D(mu=155) * D(mu=13) * D(mu=1)
—— Linear (D(mu=1,55)) —— Linear (D(mu=1,3)) —— Linear (D(mu=1))

The best fit could be found by increasing tlre

factor to L=1,30. It is very difficult to fit the
model to the experiment at this step; probably
due to sorption behavior of sheep wool and
partly the climate chamber. The deviation of
RV3_m can be seen more clearly at his step.

Figure 6-19: Diffusion Coefficients for the

range

75-90% RH

Diffusion Model (75-90%)

Rel. Hum.

30
time (days)

Figure 6-21: Diffusion according tol = 1

Diffusion Model (75-90%)

0,95 T T

—RV1_m
—RV2_m
—RV3_m
—RV4_m
—RV5_m
—RV6_m
—RV1
—RV2
—RV3
—RV4
—RV5
—RV6

30
time (days)

Figure 6-20: Diffusion according to |l = 1,55

Diffusion Model (75-90%)
0,95 T T T
[ . —~ || —RVi_m
! ‘ ' ||—Rvz2_m
0,90 1 N T —RV3_m
l ‘ : ——RV4_m
E— 08541~ -—-L v s : ,,,,,, L — : ,,,,,, — RVS_m
5 | ~ RV6.m
- | —RV1
o 0.80 ™ —RV2
‘ i l —RV3
0.75 ~ : ,,,,,, i ,,,,,, :L 777777 —RV4
! ! ! —RV5
| | |
/ l l l —RV6
0,70 + T T T
15 20 25 30
time (days)
Figure 6-22: Diffusion according toll = 1,3
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6.4.3 Discussions

Two of the RV sensors at the diffusion graphs devieom the model at all the RH steps;
namely the sensors RV3 and RV_6. The RV3 deviatm® fRV3_m while the other
sensors of the model and the corresponding sermdotise experiment fit each other
(except for RV6_m). The deviation of these sensars be seen more clearly at higher
RH steps. The deviation of RV3 is thought to baezitdue to the local density difference
of the wool specimen or due to the restrictions asslimptions of the model.

RV6 increases more rapid than the correspondingei®V6_m) but moves parallel to
the model at all the RH steps. Therefore, the reaed the deviation of RV6; is thought
to be either due to the model restrictions, orde sorption property of wool.

The predictedd-factors at each RH step which fits best to théudibn experiment is

given in Table 6-7 and Figure 6-23. The predidtethctor’'s which fit the best to the
diffusion experiment is found to be lower than 1the 45-60% RH step of the

experiment. But we know from the definition thatfactor can not be lower than 1.

Another interesting result is the increasing valoéshe U-factor with increasing RH
steps, instead of decreasing.

Mu-Factor-Rel. Hum.

Table 6-7|l-factor at RH steps e
1,3 1
RH| MU_FACTOR 12
0,6 0,88 g 111
0,75 1,1 2
0,9 1,3 09 - !
| | —e—MU_FACTOR
0,8 t T T v Rel. Hum.

0,5 0,6 0,7 0,8 0,9 1

Figure 6-23: |A-factor per RH step

The predictedu-factors of the diffusion experiment were calcutasecording to thé-
value which is found from the reference data ofl®6days of the sorption isotherm. The
effects of changing the reference data for thetgmrpsotherm (in the beginning or at the

very end of the isotherm) has to be analyzed irmtd see the effects of the chosen
value on thgl-factor.
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7 Case Study

Simulation program is a computer program that madesabstract model
of a particular system. The modeling of a real casethe simulation
programs helps us to understand the influencegffarent circumstances
on the behavior of the materials and to find prea&ti solutions to
problems. A practical case of a thatched roof isdeled and analyzed
with the simulation program WUFI in this chapter.

7.1 The Case

Thatching is the craft of covering -~
roof with vegetation such as stray
water reed, sedge, rushes and heat
It is probably one of the oldest roofin
materials and has been used in b
tropical and temperate climates. It
still used in many countries in th
world and in the European countrie
like England, Denmark and the
Netherlands. The most commonly usec
thatching material is water reed and it
is used for any type of buildings. There are twanown types of thatching; the Open
Structure (Traditional) (see also Figure 7-2 angéix 111.3) and the Closed Structure
(the Screw Roof) (see also Figure 7-1 and Appehd®). The closed structure is used
more and more in order to meet the building reguat

Picture 7-2 Thatched  Picture 7-1 Close up of a
Roof Thatched Roof

s
v %
&5 . _gaarde spoor

=%

”
19 mm plaat

Z

knelplank

S0 mm_knellin -

Figure 7-1 Closed Structure Picture 7-3 Closed Structure
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pgere

A

Figure 7-2 Open Structure Picture 7-4 Open structure

The fact that water vapor moves under temperattaidignt to the colder side of the
construction and forms condensation at the insiofase leads man to find solutions to
this problem. This problem comes across especiallyhot and humid weather
circumstances.

That hygroscopic materials including sheep wool ahsorb water is thought to be an
alternative solution for this problem. It is thotighat insulating the construction with
hygroscopic insulation material from the inside #imeh to place a vapor barrier can help
to avoid condensation by the absorption propertywobl. Therefore a traditional
construction type, thatched roofs, was analyzet wisimulation program, WUFI.
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7.2 WUFI

The simulations were done by WUFI 3.3-Pro. WUF&i8Vindows-based, menu-driven
program for the hygrothermal analysis of buildingvelope constructions which is
developed by Fraunhofer Institut Bauphysik (IBP)3armany. It can calculate the heat
and moisture transport in one-dimensional multetag building components.

7.2.1 Case Assembly
The number of the layers in a generategEzmsmmmmmmrnmmm:

ropctInputs Run Outpts O

construction type and the thicknesses ft?n‘“ CETITCR

Project/Case: SIMULATION of THATCH/closed_Wool_foil

them can be applied; and the types of th%‘“ "_jj e o i s
materials (Material Database button) cahv | e !— i

nnnnnnn

be chosen with the user interface as:mrﬂmm
either graph or table (Figure 7-3). TheEE
most common materials on the market

can be found in the Material Database of
WUFI with their basit® and optiondf

hygrothermal properties. The materials I || P
in the database can be modified by T
inserting new parameters under another

name. A material, which can not be e °

found in the database, can be descrlt,:lgure7 3 UserInterface of WUEI
and saved with its hygrothermal
properties (Figure 7-4).

The basic parameters of the n

material can be found from thg=tesm: seepwe

Material Data ‘ Info-Text I

literatures and applied on the tabje

eVl OpnonalData
(BaSIC Values table on Flgure 7-4 Bulk density [kg/m'] 25 \quwdTransmeneﬁ\clenlSum\nn
PUIUSW méfm] 0.8 I:r\’?u\d T(EHET;CDSWEIEH'E Reg\smhuc:mr;
ermal Conductivity, moisture-ciependen
These parameters Of a neW mater an‘ecm’:HealCapacwy,Dr‘y[JfkgK] 1800 "Watarvapour diffusion resistance factar, moisturs-deparn
are required as a minimum in ordgpems oy, by ik 005 | Graph |EcitTabis |
‘Water vapour diffusion resistance factar [-] 11 10

to make a calculation.

"Opnonalr‘. meter ]

8

5

The optional data parameters are
free of choice to fill. If there is
need to use one of thege TypicalBuit Moswe gl [E5 :
parameters, the optional data G | wememPT
entered in tables (Edit Table buttgn Relative Huriy ||

in Figure 7-4) and seen as a grapese i vesicpasbase 7 oK X ston 7 el
in the user interface.

4

Water Content [kg/m?3]

Figure 7-4 Describing a new material

18 Basic Parameters: Bulk Density [kglgrPorosity [n/m’], Specific Heat Capacity Dry [J/kgK], Thermal
Conductivity Dry [W/mK], p-factor [-]

19 Optional Parameters: Moisture Storage Functiogyid Transport Coefficients, moisture-dependent
thermal conductivity, moisture-dependguifactor
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7.2.2 Positioning the Structure
The orientation, inclination anti mmerme s

positioning of the constructior o e :
component can also be defined | 0 9
WUFI. The orientation (1 on Figure
7-5) is the compass direction towar

which the construction is facing. Th

inclination (2 on Figure 7-5) is the R i
angle at which the analyzed surfag s tosa e
is tilted with respect to the P 2 el F—
horizontal. The angle differs from 0 repymi T

(flat roof) to 90° (vertical wall). (1)

and (2) are needed for calculating tt e

rain and radiation loads on th e weepermemn o] )
surface.
Figure 7-5 Orientation and Positioning
The height (3 on Figure 7-5) and the rain coeffitseare used to calculate the driving
rain load on the building component.

7.2.3 Surface Transfer Coefficients

The surface transfer coefficientS POilksecicas smuations on thatehed Roots icissed+Shespwoisretardsr
Out to WhiCh extent the Conditions iAssemb\y/MDmtmPos\(ions Orientation/Inclination/Height | | Surface Transfer Coefficients | Initial Conditions

Exterior Surface

the surroundings affect the buildin sesessoree i | 3
component, especially the heat ai e

moisture flows through the surface =™ = o cosing el
WUFI uses the following Surface swewmesaeon sty f it 3

Long*¥ave Radiation Emissivity [-] ]

Pain Water Absorption Factar[ -] [— [Acearding to inclination endl canstuction type ¥

transfer coefficients for the cases; ti

Heat Resistané® , Sd-valué' (ud),
Short-Wave Radiation Absorptivity e T o

Long-Wave Radiation EMIiSSIVAY e = i saming |
and Rain Water Absorption Factor

for exterior surfaces and; the He:

Resistance and Sd-valugld) for the

interior surfaces. It is also possible 1

use user-defined values for eawigyre 7-6 Surface Transfer Coefficients
parameter above.

% Governs the convective and (long-wave) radiatizat lexchange between the component and its
surroundings [M2K/W]

2 1d value of the component [m]

%2 The proportion of total (short-wave) solar radiatthat is absorbed by the component [-]

% The efficiency of long-wave emission [-]

% The influence of rain is given with the rain wasdrsorption factor [-]. This factor depends on the
roughness, orientation and inclination of the dtrte It is equal to “1” for horizontal surfacesddid” for
vertical surfaces. WUFI uses a value of 0,7 foiiread walls.
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7.2.4 The Climate

The climate of the cases can be generated by Wi@ather generator. WUFI has its own
temperature and relative humidity of some count{fl@SA and Canada (54 cities),
Germany (Kassel and Holzkirchen), Switzerland (Bavbocarno and Zurich) and
Finland (Espoo)) (See Figure 7-7). The climate afedain place can also be derived
from a measured available data (Figure 7-8). Is tidse; the parameters temperature,
relative humidity, driving rain and radiation hat® be saved in one of TRY, WET
formats in *.KLI files® .

| © WUFIClimate Generator

© WUFI-Climale Generator
Generate file  Edithle

Generata file  Editfile

[Eoimrior Clineta | inGior Ghmate: | Ofertatanfrdinshon | Avsrags | Extenor Climate | Interior Climate | Orienationinclination | |BF-Parameter | Averags
Saurce file

Sourcs file
© Selectirom Map & Select manually

= Helect from Map! € Selectmanually
[Germany e B type ot file

= WET
< TRY-IBF
€ TRY - DWD

v

Source file

[HiKasseiz wet (=3 1

}’
__cheekiie |
/ Geographic Latiude [ [78
\.‘J\—(" Gengrophic Longitude [1[11.7
\r\/-"‘{ Height AMSL ] [680.0
Targstils | k. Targetfile B =

_Roowwe | hige |
Figure 7-7 Selecting the Exterior Climate Figure 7-8 Generating Own Climate file

L Zoerere |

Interior Climate

S G | [WR G The interior temperatures and relative
e icmmmtces -] :;;"‘4&& humidity is generated by WUFI as a sine
" " [ampmsers 2 wave with a period of one year ((1) and
d — = (3)), where the mean values, the
g‘ SRS = & amplitudes and the time of the maximum
S, Argmide -] o values can be specified by the user. The
3 e — specified climate is seen as a graphical
24 i e v diagram (2). The predefined mean values
\ s~ ~__ . and amplitudes can be selected by clicking
o é'ﬁ“j on the appropriate section of the “moisture

£ “f  load™® diagram (4). If the option "Air

Exterior Air Tamperature [C|

Conditioning” (below in the dialog box) is
selected, both the temperature and the
_ _ _ relative humidity will be set to fixed value
Figure 7-9 Interior Climate during the whole year

=]

8
®
o

Y
™ Aie Cosdilaning Trs

% These are special formats and files for meteoicébglata.
% Moisture load is the difference of the water vaponcentrations in the interior and the exterior ai
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7.2.5 View Calculations

WUFI views the calculation results of the modethe form of a film; so that the thermal

and hygric processes in the structure componemseashown as an animation during
the simulation period. The film can be started, geal) stopped or reset by the control
buttons ((1) on the Figure 7-10).

Sandwich Construction WUFI 3.0
Temperature [°C] View Film
| I I |
40 40 |
'/
20 20 Y. 9
-.. | T —_
4] 4] - .
e | A9
-20 20 9
Water Content [kg/m?] Rel. Humidity [%] e
I S s I | el
6= 100 _ 1Aug
N
~ 1991
‘ 400 \ 80
—
O 200 ——60 -
200 \\ 40 o | n
N [E]a|=]
100 20 Lot |
% 5 90 15 20 25 30 35 ° S Fast
Lime Silica Brick - extenar layer Gypsum Plaster
Mineral Waol
Lime Siica Brick - interioe layer
Cross section [cm] _?uee | g |

Figure 7-10: Example film display of WUFI; Source WUFI

Because the climate data is available and couptedhe model, WUFI applies the
selected climate data while running the calculatidme box (2) on the display shows the
current date the film has reached.

In the left part of the screen, the current progjaesof the hourly profiles of temperature,
relative humidity and water content through thedure is displayed as a film (3) on the
two main graphs. The water content (blue) andixedtumidity (green) are displayed in

the same diagram and, the temperature (red) isagiesph in a separate diagram. The X-
axis corresponds to the thickness of the modeledtsire. The “left Y-axis” corresponds

to the water content, and the “right Y-axis” to tieéative humidity through the structure.
The current RH of inside, outside and through thecture is shown with a green triangle
on the right side, on the left side and as a degkmgline respectively on the graph.

The current temperature of the inside, the outaitkthrough the structure is shown with
a red triangle on the right side, on the left sadd as a red line respectively on the graph.
The yellow area shows the history of the tempeeathrough the structure until that
moment of the film. The vertical lines on (3) (eptdor the grid lines) show the
component boundaries of the structure.
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7.3 The Simulations

Both types of thatched roof (open- and closed sire§ were simulated. The simulations
were done for 30 cm thick thatch as mentioned enLikerature 54 Both construction
types were analyzed first without insulation, settgrwith insulation and at the last
analysis with insulation plus vapor barrier. Theested materials for the insulation were
the Sheep wool, Flax and glass wool insulationde the effect of different kind of
insulation materials on the moisture transport dgfothe structure. The parameters for
the sheep wool were applied to the material dawls@sording to the results of the
experiments as found in the previous chapter. Topesties of the materials used for the
simulations are as follows:

Table 7-1: Properties of the Materials which are usd in the Simulations

Name Thatch 0SB Plywood | Sheep Woql Flax| Glass Wgol PVC RbMembrane
Thickness [m] 0,30 0,02 0,02 0,10 0,1 0,10 0,001
Density [kg/nf] 130 555 500 25 38 30 1000
Porosity [ni/m’] 0,70 0,60 0,5 0,9 0,95 0,99 0,0002
Hygroscopic Yes Yes Yes Yes Yes| No No

“WC (98% RH) [kg/n] 35 82 150 5,8 13 0 0

Wsat [kg/ni] 42 593 350 6,1 348 0 0

Ther. Cond. [W/mK] 0,15 0,101 0,1 0,035 0,038 0,03 0,16

W -factor [-] 3 287 700 1,2 15 1,3 15000

* WC: Water Content

The p-factors for the materials are taken from daeabase of WUFI and give the p-
factors for each material at 0% RH. The simulaiarere done in periods of two years
(from January 1% 2004until January 1%' 2006. Because the most critical orientation for
the rain in the Netherlands is the South-West ($¥gntation, the simulations of the

thatched roof, which has a slope of Avere done in this orientation. The rain water
absorption factor is chosen as 0,9 because alsahiditeh is a highly porous and

hygroscopic material.

It has been mentioned that the climate data ofsa can be generated with the climate
generator. Because there was not enough time t&rgena climate data for a city in the
Netherlands, and selecting a climate data of a mégrby the Netherlands makes not
much difference on the outcome of the simulatiotine exterior climate of Kassel
(Germany) has been chosen for the simulations.ifiteeior climate for the simulations
was designed as 2%C with amplitude of 1°C for the temperature, and 60% with
amplitude of 10% for the relative humidity.

The relative humidity between the layers is mowitor r\\ [.f
since they are the critical points on the structdiee — L ‘
relative humidity of the critical points in the sihated /<Q / M /
structure is mentioned in the relative humidity gira

with both names of the two layers. For example; the |=ss

relative hum|d|ty between the insulation and OSB|is * 90 10 0 30 40 40 530 720

Time [days]

emphasized by OSB-wool (between the insulation ‘FTéLre 7-11 relative humidity
OSB) (Figure 7-11). between the layers of the structure

50

+ 3 Relative Humidity [%]

Delft University of Technology 61/110

]
TUDelft



Sheep Wool and Hygrothermal Properties of Sheep imsalation

7.3.1 Open Structure

Without insulation
The traditional open structure was analyzed finsheut insulation as it is in old
buildings, where thatch lays with 30 cm of thicksiegtween outside and inside.

E sterior nkerior

| Thatch 0.3 |

Figure 7-12: Application of open structure thatchedroof

The traditional structure is very damp open (FiginB4). This is also an expected result
from a very open structure.

25 — Open Structure

—thatche Temperature [°C]
N G
/.., 40 40
= A
:52 20 / \\1 /J 20 20 -t
S / / > 0
=
o
0 / -20 20
g 15 Water Content [kg/m?] Rel. Humidity [%]
= 500 100
0 p- 400 80
0 60 120 180 240 300 360 420 480 540 600 660 720 -
Time [d] 300 60
Figure 7-13 Water content of the thatch during 200 40
two years of simulation period
100 20

The water content of the thatch (Figu AR
7-13) is below the maximum (Table 7-] Outside Gross sestion [er] Inside
during the two years simulation period.

There is not much difference between tFigure 7-14 Result of the simulation for
relative humidity of inside and the outsidfenr'r?psgggtf?etrv‘vaittﬁirr‘]e?hgoc;';rfﬁggg] rzg'r?;d'zrt]z
Except for the surface (<3cm), the relati\yreen region is the relative humidity througt
humidity can be assumed constant and ecthe thatched roof.)

to outside through the structure.

The temporal sudden relative humidity changes affeted by thatch. The water content
during the simulation period is also equally spre;smdugh the thatch.
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7.3.2 Open Structure + Sheep Wool insulation

It is well known that to lay an insulation layer Hied an open structure causes
condensation problems in the construction becatiseitvards movement of the inside
moisture due to the temperature gradient. But, stileep wool insulation is laid behind
the open structure to see how the structure reaatsif sheep wool insulation has any
positive effect against the condensation whichxiseeted to occur between the thatch
and insulation.

Figure 7-15 Insulation layer behind the thatch

open structure+sheep wool
1007 Temperature ['C]
_ % C|4o
% 20 20 -
£
E " o 0
% 20 20
x [ ( [ o) Water Content [kg/m?] Rel. Humidity [%]
= Monitorpos. 1 (Exterior Surface o S B G
—-MunuxTrpos 2 | | 500 100
00 120 240 360 480 600 720 / \
Time [days] p 400 \so -
Figure 7-16 the outside RH (red) and the RH e 2l
between the thatch and insulation material 0 "
(blue) during simulation period of two years ;
100 20
% 8 16 2 2 20
80 T thatch2
= thatch2 sheep wool2
=== sheep wool2
Cross section [cm]
o
EE’ 60 Figure 7-17 Simulation result of the
oy insulated (sheep wool) open structure
£ 4 - =
5 /"H\ Ve /' As expect_ed, the winter months were very
s 20 N b ot problematic (Figure 7-16). The moisture
| el _.4 | condenses in the insulation and the
o w30 70 an a0 cCONdensed water moves outwards through
Time [d] the thatch except for the summer months

(Figure 7-17).

Figure 7-18 Water Content of the materials
through the simulation period

Wool has reached the maximum water content (6,81%gand condensed with water
content of 9,17 kg/fh Because further information could not be founds inot possible
to interpret about the condensation in the thaBeh.thatch can absorb 32 kgfmvater at
95 % RH. So, it can be possible that the moistutbe thatch has not condensed.
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7.3.3 Open Structure + Insulation + Retarder

Because of condensation in the insulation and enthlatch, the structure was covered in

this case with a vapor barrier from the inside.

E =terior
| 0.2

Interior

| 0.1 0.001

Figure 7-19 Open structure + insulation + vapor barier

The relative humidity of the exterior air i
mainly buffered by the thatch. The amplitude
the humidity is hindered until the vapor reach
the insulation (Figure 7-20).

r\\#/ﬂr\\#/ﬁﬁ\

Relative Humidity [%4]

jULLAu i h'&wu

= Exterior Surface
== = Thatch-wool
= wool-retarder
Interior Surface
0 !
0 90

!
180 270 360 450 540 630 720 810
Time [days]

Figure 7-20 relative humidity in the construction

The relative humidity between insulation ar

open+insulation+retarder
Temperature [°C]

-20

retarder increases only in the summer mon

40

20

40

20 -

0

20

Water

Content [kg/m’] Rel. Humidity [%)]
a

>

[

50

100

80

40

30

g

\40

N

20

thatch?

J

10 15 20 25 30 35 4(?

sheep wool2
P\VC Roaf Membrane

Cross section [cm]

(180-240 days). The relative.humid'ity i_ncreafFigure 7-21 simulation results of open
between the thatch and the insulation is duestructure + insulation + vapor retarder

the difference of p-factor between two surfaces.

=g o, The materials have not reached the
A i ¥ | maximum water content during
% simulation period of two years.
g Table 7-2 Water Content [kg/m3]
§ 5 Literature [Simulation
e R | material 98% RH Max.
OO 90 180 270 360 450 540 630 720 810 thatCh 35 18,39
Time [d] sheep wool 5,8 3,55
Figure 7-22 water content of the materials during
simulation period
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Another type of retarder with lower p-factor (P

membrane; p-factor

4380 at 0%RH) has

more vapor from one side to the other; a
therefore there is less relative humidity gradieg

through the thatch (Figure 7-24). Because
retarder is more open, the relative humid

between the thatch and wool fluctuates in {

structure more than the one where the retarder
higher p-factor.

100

~
al

Relative Humidity [%]
o
=]

= Exterior Surface

== thatch-wool

== wool-retarder
Interior Surface

90

0
0

180 270 360 450 540 630 720 810
Time [days]

Figure 7-23 relative humidity through the

open+wool+ retarder
Temperature ["C]

40

20

™

-20

20

Water Content [kg/m?] Rel. Humidity [%]

50

100

40 80

-
60

>

30

20

40

20

5 10 15 20 25 30 35

o
sheep wool2
PA-Membrane

thatch2

Cross section [cm]

Figure 7-24 Simulation of open structure
which has lowerp-factor

structure
] p—— Table 7-3 water content of the
_ 20?::’1&;”;;‘;?5”6 p P materials [kg/m3]
£ Literature [Simulation
T 15 1 material 98% RH  [Max.
% thatch 35 21,38
g 10 sheep wool 5,8 3,91
g
> s The water content of the materials in both
o P e P et | cases dose not differ much from each other
% 90 180 270 360 450 ss0 630 720 s10| (Table 7-3) and (Table 7-4).
Time [days]
Figure 7-25 water content of the materials
through the simulation period
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7.3.4 Closed Structure

The thatched roofs are built according to buildiagulations; and therefore they have to
be built up as closed structure. The roof can hema with different kinds of wooden
boards under the thatch. The Organization of Tk in the Netherlands has not
defined the sort of wooden boards; therefore OSEhasen for plating under thatch. The
only defined parameter about the wood plate is tiatthickness of the plate has to be
thicker than 19 mm.

E =terior [nterior
| n3 (002

Figure 7-27 Closed Structure Thatched Roof

Closed Strructure
Temperature [*C]
. . 1 <11
The roof is covered with OSB (Table 7-1 % 40
with thickness of 20 mm. The wooden boa 20 -
under the thatch functions as a vapor barr
because of high p-factor (Figure 7-26). 0 0
-20 20
Water Content [kg/m°] Rel. Humidity [%]
100 | (can
500 100
80 400 80
| —— exterior > /
| surface [ — -
- o0 1 —tahteh- 300 T —— 60
o 0OsB
40 interior
surface 200 40
20
) 100 20
o time y
1-J 31- 29- 27- 26- 26- 24- 22- 21- 0 0
- Mar Jun Sep Dec Mar Jun Sep Dec [ghatw ° i e el & &
Criented Strand Board (density: 858 kg/m?)
Figure 7-28 RH of the structure during the Cross section [cm]
simulation period Figure 7-26 Simulation of Closed Structure
(OSB)
O e The relative humidity inside the thatch does

— = Oriented Strand Board (density: 555 kg/m?)

sof ~— not fluctuate much during the simulation
S P g S period. The sudden relative humidity
20 changes on both sides of the construction
. o™ w1 | (exterior and interior) are hindered by thatch
Py ) / .
A e and by OSB respectively (Figure 7-28).

~.

Water Content [kg/m?]

10

(o]
(0] 20 180 270 360 450 540 630 720

Time [d]

Figure 7-29 water content of the materials
during simulation period
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7.3.5 Closed Structure + Sheep Wool insulation

Sheep wool insulation is laid behind the structailtbough it is known that insulating
structures from inside can cause condensationtas@dvised to use vapor barriers from
the inside. This case shows how serious the probtembe.

Figure 7-30 Insulated closed Structure

Closed+sheepwool

Temperature ["C]
The relative humidity in the insulation increas{ & T
rapidly due to wooden plate (OSB) layer. Th 0«
moisture begins to condense in the insulation and» | )

the wooden plate. The calculated water content| .
sheep wool reaches up to 40kd/mwhich is not R o ] B S )

realistic. Because the thatch has high water dgpa| 1o
the fluctuation of the relative humidity in the tblais |, o \\80
relatively small (Figure 7-31). - o
The relative humidity between sheep wool insulati 200 ’
and OSB (red, Figure 7-32) explains the high wg ™ J .
content in Figure 7-31. The moisture moves outwa FF % 5 5 = 3 ="
due to temperature gradient; which caus ored s g S50

Cross section [cm]

condensation on the colder surface of OSB. Howe T 731 Simulation of meulated

relative humidity of inside and the relative hurpydi_2u 731 Simuation otinsulate
. osed Structure

between the OSB and thatch move with phase

difference during summer months while the

100

relative humidity is decreasing (Figure 7-32). ( \‘ I'f
§ 75 .
5 e~ —<: , P
80 — thatch2 » % /< / ) /
=== Oriented Strand Board (density: 555 kg/m3) o
= sheep wool2 % 50
E 60 E
s A AT o
= , P 7 —— osb-wool
g 40 I ‘l /’ / 25 ‘ .
g h 1 ’,./ "ll [0] 90 180 270 360 450 540 630 720
9 \ M; | M,J Time [days]
£ J_{L\ [ =~ I Figure 7-32 Relative Humidity between
7 a ~f el the layers of the structure (between the
o insulation and OSB, OSB and thatch; ant
0 90 180 270 360 450 540 630 720 interior RH)
Time [days]

Figure 7-33 Water content of Materials
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7.3.6 Closed Structure + Insulation + Vapor Barrier

The insulated closed structure was analyzed withkiwds of insulation materials; first
with sheep wool insulation and than Glass wool.

Figure 7-34 Insulated Closed Structure with Vapor Burier

Sheep Wool Insulation

The relatlve humldlty between the OSB and Sht Closed+She§pwqo|+retarder
wool has increased only in the beginning of { Temperaire [}
simulation; probably because of the begin values * *
the simulation (Figure 7-35). The vapor between Z 0 -
OSB and wool, which may contain condensation r|> 0
at extreme temperatures, is absorbed especially "
OSB. The outside relative humidity is buffered itatedegnisn' Ko/ NN G HY Lty
the thatch until the moisture reaches to the QO ™ 100
(Figure 7-36). - 80
\\ -
- "'—-—f\ e
100
40 \\40
g 20 = 20
)
% %= 70 15 20 2 0 35 40"
g et Oriented Strand Ew; v(;:e;gg\g hgv%ggéﬁ;)
% Cross section [cm] -

== Monitorpos. 1 (Exterior Surface)

= =thatch-OSB

= OSB-Wool
Wool-Retarder

(o] 90

180

270 360
Time [days]

450

540 630

720

Figure 7-36 Relative humidity through the structure

The water (vapor) content of the materials ne

Figure 7-35: simulation of insulated
closed structure +vapor barrier

ver

40

= thatch2
35—~ Oriented Strand Board (density: 555 kg/m3)
'— sheep wool2

reaches the maximum (Table 7-4). The moisture Bf s}, oot
. . . > MW Moy,
the construction is absorbed especially by thecthat: 2
and OSB. £ ]
(&}
Table 7-4 Water Content [kg/m3] s ® )
= 10
Literature ]|Simulation 5
Material 98% RH Max. 0
thatCh 35 18.27 0 90 180 270 360 450 540 630 720
0SB 82 32,30 Time [gars]
Sheep Wool 5,8 3,18 Figure 7-37 Water content of the
materials during simulation period
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Glass Wool Insulation

The structure was insulated this time with anott
fibrous insulation material (glass wool), whic
cannot practically absorb any moisture; and f{
transport of the moisture is analyzed during t
simulation period.

40 T
= thatch2
=== Oriented Strand Board (density: 555 kg/m?3)
= Fibre Glass

™,

30 s’ W
Mlm.v,.r’.‘ \'IM

Bhina il Y

\

20

b

10

Water Content [kg/m?]

0
0 90 180 270 360 450 540 630 720

Time [days]

Figure 7-39 Water content during simulation

Closed+Fiber Glass+retarder
Temperature ["C]
40 40
20 20 -
™1
> 0 0

-20 20

Water Content [kg/m?] Rel. Humidity [%]
50 100
40 80

> T —
— \ -
N
30 \\ 60
20— S
10 20
O0 5 10 15 20 25 30 35 40 Y
thatch2 PVC Roof Membrane
Oriented Strand Board (density: 995 kg/n)
Fibre Glass
Cross section [cm]

period

Figure 7-38 Simulation of the structure

The simulation with glass wool has shown that bejranf total structure is similar to the
one with the sheep wool in same circumstances (€ige35) and (Figure 7-38). The
water content of the thatch and the OSB is almgstakeduring the simulation period

(Figure 7-39) and (Table 7-5).

Table 7-5 Water Contents of the materials

[kg/m3]

Literature |Simulation
Material 98% RH Max.
thatch 35 18,21
OSB 82 31,29
Glass Wool 0 0,94

The only difference is the water content of the
glass wool insulation. It is known that glass
wool absorb no water; therefore it is assumed
that the water is in vapor form in glass wool.
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7.3.7 Discussions

Thatch has, as an individual material, an openctira; and because of the high
absorption capacity (35 kgfmat 98% RH) and thickness, it can buffer the moéstu

Because there is not much difference between tihevi@s of two vapor-tight and

insulated closed structures (closed structure withep wool and the one with glass
wool), there has been another simulation done aribther type of wooden plate. In this
case; the OSB is replaced with Spruce (longituddir@ction, which has lower p-factor)

and the PVC roof membrane (u= 15000) is replaceth WE-membrane (u= 2000)
(Figure 7-40).

Spruce+ PVC roof PE membr. OSB OSB (PE memb.)
Closed+Sheepwool+retarder Closed+Sheepwool+retarder Closed+Sheepwool+retarder Closed+Sheepwool+retarder
Temperature [°C] Temperature [°C) Temperature ['C] Temperature [C]
— = T ] o O S— [ ]
> 2 =0 < |» 2 T 0 — 20 -« > =20 <
»>
o 2 ;
Water Content [kg/m’] Rel. Humidity [%] Water Content [kg/m’] Rel. Humidity [%] Water Content [kg/m*] Rel. Humidity [%] Water Content [kg/m?] Rel. Humidity [%]
500, 100 100, 100 100, 100 100, 100
5 80| 5 0 0 N
>
1 I 4‘/ 4 \|\ % - | ]
. - = . | " i I N " . .
- - \ /r -
ol N
20 20 20 20
- N ]
8 1 2 [l 1 10
thact? e k2 w2 CecRwmwe [ g ’
Cross section [cm]
Spruce+ PVC roof PE membr. 0SB OSB (PE memb.)
Closed+Fiber Glass+retarder Closed+Fiber Glass+retarder Closed+Fiber Glass+retarder Closed+Fiber Glass+retarder
Temperature [°C] Temperature [°C] Temperature [C] Temperature [*C]
20
2 = 0 < 20 - 0 <
> »> > »>
g 20 20 -
Water Content [kg/m’] Rel. Humidity [%] Water Content [kg/m* Rel. Humidity [% Water Content [kg/m’ Rel. Humidity [% Water Content [ka/m’] Rel. Humidity [%
e— — ] e @A lkgim) 4
100 100 100 100 100 100 100 100
. , ] o . A,
—— - T~ ( T~ / \
— . - — - — -
— 0 "~4|~.¢\‘ \lhﬂ\l
N ol . | .
- -
e 2 20 2
0 15 20 2
thatch? 1 1

thach? Fat2 Fatch2

Cross section [cm]

Figure 7-40 Comparison of the Insulation materialand the Wooden Plates

The hygroscopic behavior of the insulation matemakes not much difference. But the
p-factors of the wooden plates influence diredilg transport of moisture. The wooden
plate with high p-factor can cause condensatiomlpros on the side to the insulation
material. The hygroscopic behavior of the insulatioaterial does not affect much the
behavior of the total construction, but the p-facto
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Colder Climates
The last simulation is done in Espoo (Finland)de the effects of the materials in colder
climates, but it is not given in detail here.

Spruce+ PVC roof OSB+PVC Spruce+PE memb. OSB+PE memb.
Closec+Sheepwool+retarder Closed+Sheepwool+etarder Closed+Sheepwool+retarder Closed-+Sheepwool+retarder
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| 1 1
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y o n,‘- 0 0 20 r\,’- L 20
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Spruce ot Oeted Strand Boar Orerte Strans Board (der
o]
Cross section [cm] Cross section [cm] Cross section [cm] Cross section [cm]
Spruce+ PVC roof OSB+PVC Spruce+PE memb. OSB+PE memb.
Closed+Fiber Glass+retarder Closed+Fiber Glass+retarder Closed+Fiber Glass+retarder Closed+Fiber Glass+retarder
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[ I 1 T m
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Figure 7-41 Comparison of the construction materia in Colder Climates

For both sheep wool and glass wool insulation oib&t materials are the combination of
vapor retarders with high p-factor and wooden bearith low p-factor. The worst case
is the combination of vapor retarders with low gtfet and wooden boards with high p-
factor. Again here, the p-factor of the wooden daardecisive.
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8 Conclusions and Recommendations

As sheep wool insulation is quite new in the cardton market, its material properties
pertaining to civil engineering applications aré well-known yet.

Moisture behavior of wool formed the main topic this research. The hygroscopic
behavior of sheep wool insulation and the effecsloéep wool insulation in building
constructions on the moisture balance were analyldeee controlled experiments were
carried out on sheep wool. First, the vapor rescaf the wool was measured using the
principle of the cup-method. Second, the sorptemthierm was determined using mass
measurements. In the third experiment, the timé- space-dependent moisture transfer
in a column of wool was measured.

Vapor Permeability

In the vapor permeability experiment, tpefactor of the specimen was calculated from
the measured rate of the diffusion. Due to thencylcal geometry of the experimental

set, the results had to be compared with a 2Dndgilal finite-element calculation. This

analysis indicated that the vapor resistantéactor) lies between 1,2 (at 60% RH) and
2,12 (at 95% RH). As thg-factor is expected to be constant or decreaseinctieasing

RH, it is speculated that the increasequleflactor was probably due to dilution of the (top
layer of the) salt solution. Consequently, the meament of the permeability at lowest
measured RH at the start of the experiment is folglthe most reliable one. Therefore,

it is concluded from this experiment that fltéactor is 1,2 +0,2.

Sorption isotherm

In these measurements it was seen that the somtmnred in two stages after a step in
RH. This agrees with findings of Watt [49, 50 ant].5The first stage was fast, and
occurred within a couple of hours, while the seceta&p was very slow and took days to
reach thermodynamic equilibrium. The second sompsitage was hardly present in the
45-60% RH range, but it was clearly observed inrdmege of 75-90% RH. This slow
second stage of the adsorption is thought to betalwsvelling of wool with increasing
relative humidity. Watt [51] refers to structudianges within the wool-water complex
during sorption.

A third experiment was carried out which focusedlmtime and space-dependent vapor
transfer in a column of wool. The data from thigpesment was used to determine
whether the vapor transfer inside the wool specimenld be described using a one
effective differential equation for the vapor tréers(Fickian diffusion model) or that
non-Fickian effects do occur. The model showedabdi results for the first 30 cm
except for the last sensor in the bottom of thegkabe (60 cm). The last sensor at the
bottom of the glass tube increased more rapid thancorresponding model at all RH
steps. This deviation was more visible at higherdgps.
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The p-factor for the model in the diffusion experimenhish fitted the best to the
experiment was found to b¢l-factor = 0.88” at the first step of the experimét-60%

RH), -with increasing valueg4-factor = 1.1 for 60-75% RH step apdfactor = 1.3 for
75-90% RH step. These findings contradict expemtatiof a constant of decreasing
vapor resistance with relative humidity. A likedguse of this unexpected result, and the
deviation between experiment and model mentionexgbis thought to relate to the
slow second stage of absorption. This (time- andoarcentration dependent) sorption
behavior leads to non-Fickian diffusion and is maken into account in the tested
diffusion model.

The measured properties of sheep wool were appliadsimulation program to evaluate
practical consequences of using sheep wool in imgildonstructions. The condensation
at the colder side of the construction which ocaumgler a temperature gradient was
analyzed for European climates (Kassel, Germany)ofmen- and closed- structure
thatched roofs. The thatched roof was analyzetiiithout an insulation layer and vapor
retarder; to see how thatch reacts in differenttharacircumstances. It was seen that as
thatch is very open to vapor flow and; becausésofelatively high sorption capacity and
thickness (usually 30cm thick), the daily outsid&ative humidity changes was buffered
within first 5 cm of the material.

When an insulation layer was applied to the (ogemcture) thatched roof, it was seen
during simulations that -as expected- the wintentn® were very problematiéigure
7-16), regardless of the type of the insulation matefiae moisture condensed in the
insulation and the condensed water moved outwdndsigh the thatch except for the
summer months. When a vapor retarder was appli¢getinsulated thatched roof (open
structure), the condensation which occurs due ® itimer vapor concentration was
prevented; again regardless of the type of thdatism material.

Because wooden plates have higher resistance tisutaiion materials, applying an
insulation layer to the closed structure thatcheof without a vapor retarder was the
worst case of all; regardless of the type of thsulation material. The interstitial

condensation was prevented when a vapor retarderapplied to the insulated closed
structure. The best construction type for the aostucture thatched roofs was the
combination of vapor retarders with high resistarmecel wooden boards with low

resistance against water vapor transport.

Simulations showed that the hygroscopic behaviothefinsulation materials have not
much effect on closed structure thatched roofsEimopean countries, on avoiding
interstitial condensation which occurs due to #ragerature gradient. But the resistance
of the wooden plates against water vapor can datesestitial condensation which occurs
due to inside relative humidity. Therefore; insteddhygroscopic insulation materials,
vapor retarders seems to be the essential conetrungterials for the thatched roofs.

Recommendations
Much study still has to be done on sheep wool talide to fully understand the behavior
and the properties of the material. It is importanknow the fractions of adrbed water
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and_alsorbed water as a function of relative humiditg thte at which water molecules
penetrate a wool fiber and the accompanying swgbis that increased the surface area
for adsorption. If the kinetics of sorption is kmo, there would be a better basis for a
mathematical description of water vapor diffusionthhe bulk wool material. As wool
bulk shows non-Fickian behavior, more specific gtad the diffusion of water vapor in
wool column for both sorption and desorption willih to understand and formulate the
behavior better.

All the experiments in the literatures were donéhvihe wool dried at 108C; but it is
known that wool consists of proteins; and protdéiagin to change their structure at about
70 °C (was also seen at fire resistance tests ad@p0Therefore; the effects of drying
wool at 105°C on the hygric behavior also have to be analyEedthermore, the outer
side of the insulation materials reaches, espgdialthe summer moths, up to70-&D.
Therefore the durability of the sheep wool insalathas to be analyzed also for practical
cases.

The diffusion processes (consequently the p-faatbrihe wool materials at different
densities have to be analyzed for next studiea.dbrrelation can be found between the
diffusion properties and the density; the resistaot each wool product against vapor
diffusion can be determined.

Mixing wool with artificial fibers (nylon, polyestgwhile producing insulation materials
would be, from the viewpoint of vapor diffusion laefor, also another interesting topic
to be studied.
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| APPENDIX WOOL

.1 Fiber Characteristics of Wool

Wool is produced in the fiber follicle in the skif the sheep. Wool consists of a group of
proteins which is called keratins. Keratins aressified as hard of soft according to their
tactical properties. The difference of hard kema{such as wool, hair, horn, and feathers)
from soft keratins (such as in skin) are the higb@ncentration of sulphur (3%). The

sulphur is present in the form of residues of thiena acid cystine. Keratins are classified
as alpha or beta-types according to their X-rafyatition patterns. [6]

Each wool fiber has an outer layer of flat, scéte-cells which overlap like shingles and
which are covered with a thin membrane. This isvkmas the epidermis. This membrane
keeps away rain, but water vapor can penetraidé.protein cells in the center of the fiber
absorb the moisture, which may penetrate the mambikhis is known as the cortex.

low-S  high-S
proteins proteins

high-tyr Y PP

© right- handed matrix
handed coiled-coil
«-helix rope microfibril
1 I | !
1- 2 7 g 20000 nm

Figure 1: Morphological Components of a Wool fiber source: Literature6

Clean wool contains only 82% of the keratinous girat, which are characterized by a high
concentration of cystine. Approximately 17% of wael composed of nonkeratinous
proteins (nonkeratinous because of their low cgstiontent). The wool contains 1% by
mass of waxy lipids; this is believed to be concaed in the intercellular regions of the
fiber. These nonproteinaceous proteins are coratextin specific regions of the structure.
Nonkeratinous proteins more labile and less rasista chemical attack than keratinous
proteins because of lower concentration of disualeltross links.

[.2 Morphological Structure of Wool

Fine wool contains two types of cetluticle andcortex held together by a cell membrane
complex. These two together form the major pathefclean wool. Both the cortex and the
cuticle influence the fiber properties of the wool.
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Cell
membrane
complex

Cuticle

celfls \

\

\

e  —— e

Cortical
cells

Figure 2: simplified diagram of wool, source Literdure 6
Figure 3: photo of a wool fiber,
Source Literature6

Cortex

The cortex (constitutes almost 90% of keratin fihrédas a bilaterastructure and is
responsible for the mechanical behaviarCortex is the carrier of the characteristics of
wool properties such as elasticity, ductility arvdeBing force. Wool fibers contain two
main types of cortical cell, orthocortical and pamdical. The cells of cortex contain
around 13% of nonkeratinous proteins. The orthazarand paracortical cells are defined
by the distribution of nonkeratinous proteins ie ttell. Another difference is the amount
of crosslinked matrix between the microfibrils iacé cell. These differences make the
orthocortex more accessible to reagents and mamichlly reactive than the paracortex.
Chemicals reach the cortical cells by diffusion nglothe network of the cell
membrane complex that extends through the whoée.fib

Orthocortex

NN

Paracortex

Figure 4: structure of cortex, Source: literature 6

The Cuticle

The cuticle cells constitute the outer surfaceh# wool fiber andesponsible for wet
ability, tactile properties and felting behavior.(Felting occurs when individual fibers
move preferentially in one direction. Such movemeeturs readily when the fiber
assembly is agitated in water.)
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Approximately 10% of the wool fiber consists oficlé cells. The cell overlaps on each
other like tiles on a roof. The function of cutidells in keratin fibers is to anchor the fiber
in the follicle on the skin of the animal. The ambof each cuticle cell visible on the wool
surface varies with the fiber diameter.

The cuticle has higher cystine content than whaelwCuticle cells are also rich in cysteic
acid, serine, praline, gylicine and valine. Theg poorer than whole wool in aspartic acid,
threonine, glutamic acid, methionine, isoleucineucine, tyrosine, phenylalanine and
arginine. The cuticle is less extensible than tiitex, maybe because of the higher level of
cystine. Cystine plays an important role in théb#iteation of the fiber structure of wool
through the cross linking action their disulphidentls. The disulphide bonds are
responsible for the relatively good strength of Wwamd particularly for its low material
swelling.

The cuticle cells have two distinct major layeramely exocuticle and endocuticle. The
third layer, the epicuticle, is defined as the partuticle cell resistant membrane that is
located on the fiber surface covering the surfdtas known that it is the resistant
membrane system that surrounds all cuticle andcabrtells and is strongly hydrophobic
in character.

Transcellular o
M diffusion Epicuticle
‘ I

|

U

Intercellular
diffusion

H y Exo‘cunﬁte
|

1
4

| Endocuticle

|
Interceliular cement
Figure 5: Structure of Cuticle, Source Literature6

Exocuticle

This is a layer just below the epicuticle and inrime wool it represents the 60% of the
total cuticle cell. The major part of the cystinentent is believed to be in the exocuticle
cell.

Endocuticle

The endocuticle is a layer lying under the exodaitidt is bounded by cell membrane

complex which separates it from the other cutiékscor from the cells of the cortex. The
endocuticle is about the 40% of the whole cuticle.
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[.3 Chemical Bonding

Covalent bond

Covalent bonding is a form of chemical bonding eltarized by the sharing of one or
more pairs of electrons, by two atoms, in ordeprimduce a mutual attraction; atoms tend
to share electrons, so as to fill their outer etactshells. Such bonds are always stronger
than the intermolecular hydrogen bond and simitastrength or stronger than the ionic
bond. Commonly, covalent bond implies the sharihgist a single pair of electrons.

Peptide Bonds (reaction of two amino acids)

A peptide bond is a chemical bond formed between tmolecules when the carboxyl

group of one molecule reacts with the amino grotighe other molecule, releasing a
molecule of water (H20). This is a dehydration bgsis reaction, and occurs between
amino acids.

Polypeptides are chains of amino acids. Proteiesreade up of one or more polypeptide
molecules. Individual peptide chains in wool arédhegether by various types of covalent
crosslinks and noncovalent interactions.

Disulfide Bonds

A disulfide bond (SS-bond), also called a disulfidledge, is a strong covalent bond
between two sulfhydryl groups. . This bond is venportant to the folding, structure, and
function of proteins. Disulfide bonds are formeddxdation of the sulphydryl groups on
cysteine. The disulfide bonds of cystine form cliogs, either between different protein
chains or between different parts of the same pratkain. Different protein chains or
loops within a single chain are held together by $krong covalent disulfide bonds. The
amino acid cysteine undergoes oxidation and regcteactions involving the -SH

(sulfhydryl group). The oxidation of two sulfhydrgroups results in the formation of a
disulfide bond by the removal of two hydrogens. Teduction of a disulfide bond is the
opposite reaction which again leads to two sepanateine molecules.

Noncovalent Bonds (between side chains)

These are secondary bonds and can occur withimgéesprotein chain or between different

chains. The noncovalent bonds in keratin fall irttieee main groups. These are hydrogen
bonds, ionic bonds and hydrophobic bonds. Theseesasfer to the way the side groups
interact with the environment

Hydrogen Bonds

A hydrogen bond is a type of attractive intermolactorce that exists between two partial
electric charges of opposite polarity (between eayb groups and hydroxyl or amino
groups). Although stronger than most other integoolar forces, the hydrogen bond is
much weaker than both the ionic bond and the cavdiend. Within proteins, it can exist
between two parts of the same molecule and figasean important constraint on such
molecules' overall shape. The —CO and —NH groupthénpeptide chains can interact
through hydrogen bonds.
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lonic Bond

lonic bonding occurs between charged particlesw@en acidic and basic side chains).

These may be atoms or groups of atoms. In eithee,dhe particles must have lost or

gained electrons. Electrons have a negative chaoge,particle that gains electrons gains a
negative charge. Equally, a particle that losestelas must be left with a positive charge

(assuming it started with no charge). Since oppadiarges attract, the particles in an ionic
compound are held together by this attraction. ddreentration of ionic bonds depends on

pH of the environment.

Hydrophobic Bonds

Hydrophobic interactions occur between non-polatetdes in the presence of a polar
solvent such as water. In the context of proteincstires, several amino acid side chains
are, to varying degrees, hydrophobic. This typéariding is believed to contribute to the
mechanical strength of keratin, particularly at hhigvater contents. The strength of
hydrophobic interactions is not affected by chariggsH or in salt concentration.
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I.4 Influencing Factors on the 60

Strength of the Fiber 00 ¢
The greater the moisture content of ti
fiber, the further it can be stretched. Tt &
water works as a plasticizer on the fiber [€ B a

(23
o

0%

In the Figure 3-3, we see the load-extensi
diagram of a single wool fiber at 2&, at
relative humidity’s 0%, 50% and 100%. Th
dry fiber resists elongation because
hydrogen bonds. In the presence of wat ; : :
some hydrogen bonded groups exchan 2 4
their partners for movable water molecules. FeOHHaEmE:

Extensio

Figure 6: Load-Extension Curves of Wool
Fiber under different RH conditions,
Source Lit. 8 (1Mg/cnf =100 N/mnf)

Temperature has the same effect as
moisture content. As the temperature rist
the fiber becomes weaker and becomes e
to elongate. The result is expected for tl
action of water on a hydrogen-bonde

80°

40
~

structure.

Extension (%)
)
)

1

30 e )

Load (Mg.cm™2)
Figure 7: Load-extension Curves for wool &
various temperatures, Source: Lit. 8
(1Mg/cm? =100 N/mnf)

Both the effects of acid and alkali cause a deer@as
the strength of the wool fiber [8].

The strength of wet wool depends to a large extent,
on the covalent cross-links on the disulphide bonds

[8]

Y | ol-s

Load (Mg.cm?)
Figure 8: Load-extension curveshowing the effec
of pH, Source: Lit. 8; (LMg/cnf =100 N/mnf)
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I.5 Chemical Properties of Wool

To explain the chemical properties of woo
first we have to have a knowledge about th
proteins which constitutes the wool.

General Considerations  concerning
Protein: It has been estimated that wo
contains about 170 types of prote
molecule. Protein is a chemical comple
that has been built from amino acids. Tl
basic structural units of proteins are alph
amino acids. These basics of prote-:
molecules are organic connections whi
are chemically characterized b
simultaneous presence of basic and a
group in the molecule. Protein has therefg
both basic and acid properties. Complete
pure Protein reacts little acid, in othg
words, the isoelectric point lies on the ac
side. (pH=4.8)

Amino acids are called biochemical buildin
blocks. They form short polymer chain
called polypeptides or peptides which
turn form structures called proteins.
polymer is a long, repeating chain of atoms,
formed through the linkage of _man‘F'igure 9: Chemical Structure of wool,

molecules. We can say that proteins & jterature: Doschawol

polymers of amino acids. 18 different aminu

acids are used to synthesize keratin. The shapeoted properties of each protein are
dictated by the precise sequence of amino acids in

aminoacid-
side-chains

Keratin molecules are helical and fibrous, twistargund each other to form strands called
intermediate filaments. These proteins contairgh piercentage of sulfur-containing amino
acids, largely cysteine, which form disulfide bredgbetween the individual molecules
resulting in a fairly rigid structure.

The general formula of an amino acid is given bef@®OH-CHNH2-R):

Each amino acid consists of an alpha H
carbon atom (in the middle) to which is
attached

« ahydrogen atom
« an amino group (hence "amino"
acid)
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« A carboxyl group (-COOH). This gives up a protordae thus an acid (hence

amino "acid")

+ One of 20 different "R" groups. The "R" represeatside chainspecific to each
amino acid. It is the structure of the R group tiietermines which one of the 18

amino acid it is and its special properties.

Amino acids are usually classified by propertiesha side chain into four groups: acidic,
basic, hydrophilic (polar), and hydrophobic (norgspl Complete hydrolysis of wool yields
a mixture containing eighteen amino acids. Thera t®nsiderable variation in the values
for amino acid content. Although some of the ddgfezes may be due to experimental error,
there are several factors. These differences feenced by genetic origin, physiological
state and nutrition. The method of cleaning the@arbefore testing may also affect the
result. In the table below we can see the strua@andeamount of the eighteen amino acids

which form the wool.

Structure

Methionine

Tryptophan

Proiine

Figure 10: Structure and amount of Amino acids in wol, Source: Literature6

HsN(EHZ); CHCOOH
N,
HEGSICHEECHCOOH
N,

HOOCC Hcﬁzsscaac!:ﬁcoo:—f
HoN NH,

H 'NH?

O\COOH

"
H

e _CHé%HCOOH

Mol %

[33,93] [198]

Nature of
side-chain

3.1 2.8
0.5 0.4
10.5() 10.0(®

See text
5.9 7.2

Basic

Sulphur-
containing

Sulphur-
containing

Heterocyclic

Heterocyclic
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Nature of
Amino acid Structure(@ [33,93] [198] side-chain
Glycine §|3HCOOH 8.6 8.2 Hydrocarbon
NH,
Alanine m")HCOOH 5.3 5.4 Hydrocarbon
Phenylalanine 2.9 2.8 Hydrocarbon
Valine 5.5 a7 Hydrocarbon
Leucine 7.7 FT Hydrocarbon
Isoleucine I HCOOH 3.1 3.1 Hydrocarbon
Ho

Serine -T‘HCOOH 10.3 1815 Polar

NH,
Threonine .(’)HCOOH 6.5 6.3 Polar

NH,
Tyrosine 3.7 Polar
Aspartic acid®) 6.6 Acidic
Glutamic acid!® 11.9 Acidic
Histidine 0.8 Basic
Arginine 6.9 Basic

Figure 12: Figure 12 continued
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The complete decrease of formaldehyde goes overdaaiion phases:

An example for the reaction of formaldehyde wite #mino acid side chains of the keratin

is given below.

1. The bonding of reactive a hydrogen atom on the @obbnding of formaldehyde.
With this reaction, an amino-methyl derivative asrhed.

£
' N
R-NHz +  ©=0 —— R-NH-CH0OH
H”
Amino group formaldehyde Aminomethylolderivate
For example lysine

2. Stable cross-bonding arise by methyl bridgeschvive stability to double helix.

h; P

Aminomethylol  derivate Acid amide, ex: asparagines
glutamine ‘

b Condensation

Stable cross bonding

R-NH :'éHzfé»NHm(:; O-R°~ + H,o MethylBridge)

.6 Chemical Reactivity of Wool

Wool contains both dibasic and diacidic amino acwdsich appear within the structure as
basic and acidic side-chains. It's therefore amg@totin character. There is always a
balance between the acidic and basic groups in.\Wd@ electrostatic interactions between
the charged groups in the fiber play a role inrttezhanical properties of wool.

The chemical nature of wool allows it to filter aard inactivate a wide range of chemicals,
acid, neutral and alkaline materials. Furthermadings chemical reactivity permits easy
chemical modification to enable it to absorb anneesery range of contaminants. For
example, wool has been used to remove poisonousisrgich as mercury and lead from
air and water. Studies by the USA Environmentakéttion Agency (USA-EPA) showed

that wool can absorb up to 30% of its weight of cney from polluted water under a wide
range of environmental conditions.
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Research in USA[12] has shown the chemical moditioaof wool on increasing
absorption capacity; and treated wool can now leel ts remove cadmium, iron, zinc, lead,
mercury, cobalt, nickel, copper, uranium and mattmeiometals from contaminated waters.
This chemical reactivity of wool makes it useful iemoving toxic chemicals such as
heavy metals from the environment.

The first bonding and reaction mechanism was ayresscribed in the 40’s by Fraenkel-
Conrat and this has been confirmed by Mason aniitGri1964.

One gram wool bonds approximately 500-600 pumol.adndeal circumstances this is even
880umol. That means that from 3.2 until 3.8% (bygh of SQ can be bonded by one
gram of wool. At 880 pumol is that 5.6%.

S0,
S0, pmol / g
umol/ g
600

600
SO, conc. 450

400t 300

200 150
0 00 [: 8 y N y .
0 2 4 6 8 Time(min.) . % 2 - E:::i)
Figure 14: Absorption of SO, by wool fiber Figure 13: desorption of SQ from the wool fiber

(Temp. 21°C, RH: 45%) Source: Doschawol (Temp: 50°C)

For
NO,, it is the same principle such as for,;SO

@
a
=]

g 300 NO
£ 20 209}  Fmel/g
a 200
£ 1501
E 150 NO, conc.
=§ 100 10071
g 50 50
0o
[¢] 2 4 8 12 16 20 24 0
time [h] 0 2 L 6 8 10
Time
Figure 16: Decrease of N@ with a momentaneou _ s,
concentration of 300ppm NQ, Source: Doschawol ~ Figure 15: Absorption of NO, by wool fiber; Source:
Doschawol
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Irreversible Binding with wool fiber (transformatio n and neutralization)

v" Formaldehyde (the best known and the most reported)

v NOy, SO

v Acetaldehyde, propionaldehyd, butyraldehyd, pentgfram building and timber
materials)

Hexanal, heptanal, octanal, nonanal, decanal(regperfor smell),

Benzaldehyd( Lacquers and surface treatments),

Furfural (from cork),

Acrolein, crotonaldehyd(beside formaldehyde, sufigihcomponents of the cigarette
smoke),

Glyoxal, glutardialdehyd, isocyanates (from diffsre CH building products),
nitrosamine(from motor-car tire), styrene.

AN NN

<

Reversible binding (decrease possibility)

toluol, xylene, cresol are very strongly adsorbed,

Phenol,

Pentachlorophenol (PCP)

terpene, ester and amines in each case adsorkes partly conversion,
General VOC,

AN NN

.7 Insects

Wool can be attacked by the larvae of certain m@tbpidoptera) and beetles
(Coloeoptera). The most important wool-digestinggict pests are:

v Tineola bissiella (common cloth moths): this is ldaide distributed and therefore
widely used for laboratory tests.

v Tinea (case bearing cloth moth): this exists iresg\forms in subtropical and
temperate regions.

v" Hofmannophila pseudosprettella (brown house mdtthg:common in the moist
temperate climates of New Zealand and western Earopoastal areas.

v Anthrnus (carpet beetle): this species is prevateatibtropical and temperate regions.

i F 1 mm

all
Figure 17: Tineola bisselliella, Larvae, 20-24 days old olymys
SZH10 stereomicroscope)Source: Literature 16
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1.8 Wool treatments and Health Aspects

Treatments

As all the biotical insulation materials, sheep Wawsulation also contains insect
resisting agents in order to prevent attacks. \darichemicals have been applied to wool
larval attack. The most used chemical in the slveeq insulation industry is Mitin FF
(sulcofuron). Mitin FF bonds chemically to the wditder so that there is not a problem
of solvability.

IR Agents
Commercially available insect resist agents

Table 6: Source: Literature 6

Product Trivial name of active  JActive ingredient|Year of
ingredient in product (%) |introduction
1. Mitin FF high conc] Sulcofenuron 80 1939
2. Eulan U33 chlorphenylid 33 1958
3. Eulan WA new chlorphenylid 20 1961
4. Mitin LP Chlorphenylid/flucofenurg3 1972
5.Molantin P chlorphenylid 32
6. Eulan BLS Tricholorobenzene- 15
N-chloromethyl-
sulphoamide
7. Mitin4108 Chlorophenylid/ 16.5 146
sulcofenuron
8.Perigen Permethrin 10 1980
9. SMA-V Permethrin 20 1980
10. Antitarma NTC | Permethrin 7 1982
11. Mitin BC Permethrin 10 1982
12. Mitin AL Permethrin/ 5 1983
hexahydropyrimidine 5
derivative
13. Eulan SP Cyfluthrin 3 1982
14. Cirrasol MPW Cyhalotrin 5.6 1985
15. Eulan SPN Permethrin 10 1987

The first pesticide emulsion to be applied comnadhcicontained dieldrin. Because of its
high mammalian and fish toxicity, dieldrin is ndlbsved anymore against insects.
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Sulcofuron = Mitin FF
Status: 1ISO 1750
O,\L ok IUPAC: 5-chloro-2-{4-chloro-2-[3-(3,4-
| dichlorophenyl) ureido]phenoxy}benzenesulfonic
j 0 acid
CAS: 5-chloro-2-[4-chloro-2-[[[(3,4-dichlorophenyl)

| Nx JNUC‘ amino] carbonyllamino]phenoxy]benzenesulfonic
| acid

Reg. No.: 24019-05-4
Formula: C19H12CI4N205S

=2

H

<

=

Cl
cl
Figure 18: Chemical Structure of Mitin FF

Non-toxic Insect Resist Agents (THM Model)

Regarding sheep wool insulation, an efficient mpthvention system is required but
clearly non-toxic alternatives are favored. A grooifpscientists are working now in
Austria [16] about an alternative insecticide udioxjc compounds of the plants which is
called THM Model. The THM model is very safe, wheommpared with the pesticide
model.

THM practices based on multiple-compound plant ores$ are effective and discourage
development of insect resistance. Neem leaves (fadda indica A. Juss) are used for
this model, because they have a long history offaisenany pest management purposes.
The Neem products are quite promising, becausdaf tow price, easy preparation
techniques, and proven action over more than 4686isp of insects. Reports indicate that
Neem products are harmless to both, men and belefsect predators (Vogt et al.
1996, Erbach and Holst 1997). Neem products areoapgd worldwide to be used in
organic farming. But because of its temperaturesisigity Neem alone is inappropriate
to protect sheep wool insulation permanently agdiresattacks of insects. [16]

Health aspects during and after application

Because the agents are biologically active, théwyatthe attention of authorities and
organizations that are responsible for the worker @nsumer health and environmental
protection. These biologically active additives elnemically bonded with the keratin and
have a long life time.

During wool processing stage insecticides are heshin during or after spraying and
can also be absorbed through the skin as a rekudlirect contact. While using these
insecticides special attention must be paid in ghecessing stage and therefore the
prevention methods should be applied carefully.

It will not cause any problems during usage stageabse these additives are then
chemically bonded to wool, as sheep wool can chatgibond with many chemicals.
And eventual fibers, which are breathed during igppbn or processing, are solved in
four days by human body. (Doscha, 2003)

Delft University of Technology 94/110

]
TUDelft



Sheep Wool and Hygrothermal Properties of Sheep imsalation

1.9 Health Aspects regarding Wool

Allergies

Allergy has increased spectacularly since the aggnof this century, from 1% to 15-
20%. The reasons for the increase of allergic tisiand asthma are found both in genetic
and surroundings factors. On the question, if peaain be allergic for wool, has been
insured that it is not the case. People are netgad for the wool fiber himself but for the
additives to that, like wool dyes. The red colorofghe skin, generally on the thin skin
parts, is explained as a mechanical irritatiorhefwool fiber on the skin.

In an experiment[19] which is done by two sciestisty means of several human sweat
proofs, they have inhibited protein and lipid framool, which was introduced after, in
advance in an aqueous solution on the marked gkangvoup test persons (skin prick
test). Neither at hypersensitive, nor at test peseithout predisposition, skin responses
could be found as a result of wool extract. Botiersitsts have reached to this result in
association with doctors of the Clinic for Dermatyy of the University of Erlangen,
which skin tests was carried out on 300 test pe&rson

Indoor Air Quality (IAQ) and Pollutants

There is no standardized definition for Indoor Rinality, but in general it can be defined
as the physical, chemical and biological propertied indoor air must have in order to
secure high level of comfort and health. Low levaisndoor pollutants (VOC'’s, Radon,

CO, NQ, particulate matters etc.) are important for 1AGQ ahe health of occupants. The
complaints due to the poor indoor IAQ are: lowespieatory, mucous membrane and
central nervous system, eye irritation, headadiagégue, difficult sleeping, chest pain.

It has been shown in an experiment [27] that meaasster between indoor air and
permeable and hygroscopic building envelope caactfthe indoor concentration of
gases and water vapor. But to achieve this, thesathdpth of the building envelope must
be permeable and the permeability of building maleto these gases must be known.
Only recently measurements have been done on ttusidn of gases through building
materials (Kirchner et al., 1999). He mentions ttiet diffusion of gases through the
building envelope significantly increases the diffex ventilation rate for poorly
ventilated rooms but moderately increases the w@ffeeentilation rate of well-ventilated
rooms [27]. The diffusion depends also to the sizéhe gases. The larger (bigger) the
gas is the less is the diffusion.

Indoor air has been shown (by NIOSH (The Natiomatitute for Occupational Safety
and Health)) to be more polluted in most cases thatdoor air, especially in tight
buildings. Sheep wool has ability to react with jmahemicals and gases. The tests of
NIOSH have shown that wool can continue absorbamgnrfany years but at reduced rates
in the later years. Accelerated simulated long tesposures (equivalent to 27 years)
showed that wool continues to absorb with a rate&6@¥%. Wool is found to have
irreversible sorption with these gases and is agb degraded by these gases. As
insulation material sheep wool can also have atigeseffect on IAQ on permeable and
hygroscopic buildings. But ‘to what extend is thasitive effect’ is not studied yet.
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.10 Factors affecting fungal growth

Water

Fungal growth requires the availability of wateheTRH or @ influence each of the main
phases in growth cycle. The ultimate lowgrlianit for fungal germination is studies by
many workers and is accepted as 0.64.

Temperature

The other important factor for fungal growth is teenperature. The majority of fungi in
indoor environments grow at temperatures betweeantD35°C, however some of the
fungi grow between 2 and ¥ and others between 55 and 8D. The optimum
temperature for the growth of fungi is between @& a5°C. Indoor environments offer a
wide variety of substrates for growth. Condensaisatiie principal source of moisture on
internal surfaces of dwellings. Porous building enals such as concrete, brick and
plaster can provide a moisture reservoir allowinggal growth. Interior dampness
problems are related to construction faults, suelta@d bridging in combination with
inadequate ventilation.

Nutrients

Due to the absence of chlorophyll in fungi, thep cat photosynthesize, so they have to
live as parasites. Fungi show an ability to utilezevide range of carbon atoms. Fungi
secure carbon from carbohydrates, especially giyjcasd some of them can utilize
alcohols and organic acids. Carbon can also hieedifrom proteins and some fats.
Nitrogen is the second element that is requiredstMaongi are able to utilize amino
acids, inorganic nitrogen in the form of nitratesacnmonium. All elements which are in
the cell as minor proportions (phosphorus, sulplkan be utilized in forms of inorganic
salts.

Alkalinity

The pH limits for common fungi differ greatly in thin the range of pH2.2 to 9.6
(Carpenter, 1972). Generally most fungi prefer growst rapidly between pH5 and pH8
(Carpenter, 1972; Silliker and Elliot, 1980).

Other Factors

Radiation, air movements and oxygen may also beitapt. In general growth of fungi
is slightly affected by these factors. A fuller &qation can be found in the work of
Scott (1957), Gottlieb (1978) and Weersink (1987).

Radiation

Radiation may as well a stimulating effect as irntimg effect on growth of fungi. In
particular the ultraviolet part of the spectrum nb@yharmful (Panasenko, 1967; Gottlieb,
1978). Many fungi are able to reproduce in the damkd daylight may stimulate
reproduction.

Air Movements
Moving air, even when it has no drying effect, nségw down the growth of fungi.
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Il APPENDIX for the EXPERIMENTS

[I.L1 Temperature during the Experiments

The temperature of the chamber is tried to be kepstant at 26C to avoid the effect of
the temperature. The temperature fluctuation aeperiment (45-90% RH) is about 0.5
°C (between 20-20.5%C). Because the fluctuation of the temperatureotsetreme and
this temperature (+/- 4C) change has no great effect on the sorption ptiepeof wool
specimen, the temperature during the experimeagsamed to be constant at’gd

T(C) and RH [45-90%]

21,75

21,50 -+

21,25 -

21,00 A

Temperature('C)
N
(=]
\‘
(&)
1
RH (%)

20,25

20,00 A

19,75

time (days) —T8 ——RV8

Figure 19: Temperature inside the chamber during tle experiments
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[I.2 Appendix for Sorption Isotherm

total sorption(60%) [9-27days]

65

regain (gr)

il

——————————————————————————————————————— I 40
time (days)
0,0 T T T T T T T T 35
10 12 14 16 18 20 22 24 26 28 30
B T ’——RegamatGOAM-l 30
—RH
0,4 25

(@)

total sorption(75%)[28-56days]

85
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2
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<
o
<
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Figure 20 (a, b and c): Temperature inside the chaber during the experiments
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[1.3 Program for Sorption in MATLAB

function w = wc_adsorption(x,phi)

w = X(1).*(1-log(phi)./x(2)).M-1./x(3));

clear

w_offset_at 44 = 2.25;

phi =[0.4377 0.605 0.766 0.952];

PSI =w_offset_at 44 + [0 0.785 1.976 4.219]./209&0.0972*0.05);

xdata = phi;
ydata = PSI,;

wsat_ini=9;
A_ini =0.1;
n_ini =3;

X0 = [wsat_ini A_ini n_ini];0

b =1];

ub = J;

wi = wc_adsorption(x0,phi);

options = optimset('MaxFunEval',10000, LargeScafé;, LevenbergMarquardt’,'on’);
% x_opt = fminsearch(@obj,x0,options,phi,Wdata);

x_opt = Isqgcurvefit(@wc_adsorption,x0,xdata,ydatalb,options);

plot(phi,ydata,'+');

hold on

phi =0.01:0.01:0.99;
plot(phi,wc_adsorption(x_opt,phi));
hold on

x_opt

Optimization terminated: directional derivative mpsearch direction less than TolFun
and infinity-norm of gradient less than 10*(TolFdrotX).

X_opt =

6.3072 0.2655 1.3634

By applying the coefficients on the formula, thadtion becomes as:

In(¢) o= In(¢) ol
(1—Tj w= 6,3072( }—j

W= W 0.2655

sat
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Sorption Isotherm for Sheep Wool

+ data adsorption
adsorption line

: 1 : : i
0 0.1 0.2 0.3 04 0a 06 0.7 IR 04 1
Rel. Hum.

(@)

Sorption Isotherm for Sheep Wool
B2 ! ! ! ! :

g e T ................. ................. ................. ................ .............. _

Regain (kg/ma)

+ data adsorption
adsorption line

3 1 i 1 i
04 0s (5] 0.7 0.8 () 1
Rel. Hum.

(b)

Figure 21 (a, b): Sorption isotherm of sheep wooln the range 0100%RH (a), anc
40-100% RH (b)
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II.4 Hygroscopic Moisture Capacity

For both of the functions; the hygroscopic moistcapacity is found by applying the
chain rule in differential equations.

y=alf"(x) = %: atnm "1 ( X
X

dy ' (Chain Rule)
:|n(f(x))::>-a;:f(x)Df(X)‘1

For the adsorption curve;
Ly

(_
w=6,3074 = _N@) | e
0.2655

1

d_W_ _ Ing i3z -1 1
= a7 6,30720¢ 3634)D(l ) D%%—I’%—)

0,2655 0,265

fr?_u4mmd% m¢jﬂ

0,2655
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1.5 The p-factor for the Wool

;i

Motal

10
P_1810 15
d U

1 AP ratepef RH( gr/ day RB

0.10m 8640011000

0 =1.8110" kg /msPq of }:. vapor permeability of stagnant air

100

Aluminum Cup
= Wool
1/0
]
‘ > Sensor
Salt
Solution
el
300
i

Figure 22 : Schematic drawing of the aluminum cup
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Figure 23 : Half Cross-Section of the Set up in COOL
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1.6 Numerical Model in MS Excel

9=-0(0)| ¢ |

X
| |
Node : Node : Node
@ i
| | I | | l | |
! !
W : P : €
! i
| |
| |
Ct _C’(
t :_Dt C p W
O ( p){—xp_xw}
c-c
t:_Dt C e p
Je ( p)[xe_xj

The volume of node ap” is:

1 1
E(Xp B XW)+_2( Xe~ Xp)

The conservation of mass equation can be written as

1 1 N
E(xp a XW)+§( Xe~ xp)[q Cpm B Cp) :( gy~ Q)m .
S (9, - o)t
p N ] 1
E(xp B XW)+§( Xe~ xp)
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Data Fitting by DATAFIT at the Beginning of each RH Step
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Range 60-75 %RH

Sensors| Distance Rel. Hum.
RV1 0.00 0.740
RVv2 0.05 0.635
RV3 0.10 0.591
RV4 0.20 0.572
RV5 0.30 0.559
RV6 0.60 0.553

Model a+b** S+c*exp(-x) (Unlicensed copy)

076

Input Data B
atbten Sectenplx) ——
074§

072

070

0B8

il

064

0g2 -

056 -

www.curvefitting.com

DataFit Evaluation

054 L L L
oo o1 02 03

06

Equation:

3 b Becenpl+)

Fit Information | Data Table | Model Plot | Resiual Scalter | Residual Puobabilly | Evaluste |

DataFit vergon 5.1.69

Results from project "e’modele~1'datafit\a0-7 501 dft"
Equation ID: a+h*s 5+c*expl-x)

Made! Definition:

Y = ath™et S4ctexpl-n)

MNumber of observations = 6

Mumber of missing observations =0

Solver type: Nonlinear

Monlinear iteration limit = 250

Diverging nonlinear iteration limit =10

Mumber of nonlinear iterations perdormed = 11

Residual tolerance = 0,0000000001

Sum of Residuals = -3 21964677 141295E-15

Average Residual = -5 36607795235492E-16

Residual Sum of Sguares (Absolute) = 1,41868844430487E-04
Residual Sum of Sguares (Relative) = 1,418685444304587E-04
Standard Error of the Estimate = & 8767 4443213888E-03
Coefficient of Multiple Determination (R"2) = 0,9943620806
Proportion of Variance Explained = 99,43620806%

Adjusted coefficient of multiple determination (Ra"2) = 0,9906034677
Durbin-WWatson statistic = 3 06056393043161

Regression Variable Results

Variable Value Standard Error tratio

a 1,49093606317019  0,079475931974413 18 76259207
b -0/82937744519435 0046116539718425 | -14 80895463
[ -0,749021364661081 7 50651421097423E-02 -9 875284775

Prob{t)
0,00033
0,00067
0,00214

Figure 24 : Fitting the data for each RH sensor inthe beginning 6075% RH step, anc
the regression analysis

Delft University of Technology

105/110

]
TUDelft



Sheep

Wool and Hygrothermal Properties of Sheey insolation

* Range 75-90 %RH
Sensors| Distance Rel. Hum.
RV1 0.00 0.892
RVv2 0.05 0.796
RV3 0.10 0.741
RV4 0.20 0.723
RV5 0.30 0.707
RV6 0.60 0.705
. Model a+h™e 5+cTexpl-x) (unlicensed copy)

Input Data +

0

086

04

0g2

078

076

074

072

™t Bceply) ——

DataFit Evaluation

www.curvefitting.com

070 P L
oo 01 02 03 04 05 0g
Equation:
|3: athw” BrenplH) j 2| al~
Fit Infarmation I Data Table [ hodel Plot I Flesidual Scatter ] Residual Probability 1 Evaluate ]

Results fto

MNumber of
MNumber of

Diverging n
MNumber of

Residual 5
Residual 5

Coefficient
Propartion
Adjusted c

DataFit verinn 8.169

m project "ervmodele~1'\datafity? 5-90df dft”

Equation ID: a+h™s* S+c™expi-x)
Model Definition:
¥ = a+b™et S+ctexpi-u)

ohservations =B
missing observations =0

Solver type: Nonlinear
MNonlinear iteration limit = 250

onlinear iteration limit =10
nonlinear iterations performed = 1

Residual tolerance = 0 0000000001
Surn of Residuals = 5 55111512312578E-16
Average Residual = 9,25185853854297E-17

um of Sguares (Absolute) = 1,80080400315951E-04
um of Squares (Relative) = 1,80080400215251E-04

Standard Error of the Estimate = 7 747695451547 19E-03

of Multiple Determination (R*2) = 09929315106
of Wariance Explained = 93 29815106%
oefficient of multiple determination (Ra*2) = 09883025177

Durbin-\Watson statistic = 3,12043480308804

Regression Variable Results

Variable Value Standard Error t-ratio Prob{t}

a 16B352829764138  |8,954170055598308E-02 18 57825222 0,00034

b -0,596189045205451 0,051957281754836  -13,39925842 0,0009

[ -0,7B935629475451 |8 457227620907 38E-02 -3 097027 164 0,00231
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Il APPENDIX for Case Study

1.1 Water Reed (www.riet.nl)

Water reed (In Latin: Phramites australis) is aapfeom the family of grass. It is a plant
growing in wet places throughout the temperatespaftthe world. Water reed is also
growing everywhere in Holland as a result of beanyvet" country. It has been used for
many centuries to cover the roofs of the housesnandmills.

Reed field

Apart from thatching reed is used to keep in pldak sand along the coast, covering
sewerage and to produce garden material like fgrfoinexample.

[11.2 Durability of a Thatched Roof

The durability of a thatched roof depends on mduiygs. In general: the dryer the roof,
the longer the lifespan will be. The following fart are important for the durability: the
slope of the roof and the thatcher’s craftsmanship.

The lifespan of the thatched roof depends so mucthe slope that the expected lifespan
can be given as function of the slope:

25 degrees up to 15 years

30 degrees 10-20 years

45 degrees 25-45 years

50 degrees 45 years and longer

In general every thatched roof should have a stdfz least 45
degrees.
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[11.3 The Construction

There are two basic construction methods in usélatland: The “traditional open
construction”, and the closed construction (“the2gcroof”),

Both constructions can be made with extra insutasind any finish as wished from the
inside. The closed construction is more and morertd because of better insulating (no
draft) and fire-retardant properties.

The traditional open construction

The traditional open construction is the thatchaaf &s it has been used for ages. Here
the reed is fastened onto rafters. This construclaays leaves air layer underneath the
thatch. The thatch contributes partly to the insoltebecause of drafts and there is no
definite barrier between outside and inside. To tnizatch regulations on insulation,
extra insulation has to be applied.

When a fire starts in the thatch it only takes nesubefore the fire will have found its
way to the inside of the house. Oxygen will be satcthrough the thatch by the fire from
underneath. Once started it is very hard for treedepartment to extinguish, because it is
very hard for them to reach the fire under thedhat

rlellank'
Figure 25 : Crosssection
(open structure)
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The open character of this roof can be seen franngide as well. Because the
traditional open construction is less fire retatdamd has more draft and dust, builders
tend to make more closed constructions.

If better insulation is needed, the traditionalfrocan have extra insulation as part of the
construction of the roof by means o$@andwich panelmounted underneath the thatch or
by additional insulation applied from the insidé&€avards). If insulation is fitted
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afterwards, a vapor barrier has to be mounted emiide of the insulation to prevent
condensation of vapor inside the thatch.

The closed construction “the screw roof"
The roof is covered first with wooden plating asttype of construction and the reed is
fastened by screws on “closed’, wooden plating ahtoo the roof.

The wooden sheet material (19 mm thick becaus@etength of the screws) can be a
triplex or plywood. There exists no air layer unueath the thatch. The whole thatch
helps to make a 30 cm thick layer of insulatingenat. The roof doesn’t allow any draft

and there is a definite division between outsid# iaside at this type of construction.

Fire in the thatch cannot draw oxygen from undaimeaerefore it is relatively difficult
to burn. Even when it burns, it burns not as figread it will burn on the outside.

Figure 26 : Cross-segbn of a thatched roo
(closed structure)

The thatch is not visible from the inside. Sandwpemels can be used inside for better
insulation.
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Properties of Thatch

The properties of the reed are taken from the metesite of the Dutch Federation of

Thatchers (www.riet.nl).

(the under construction not included)

The p—factor of reed: 3.

EMC . % (db)

50 a0 70 80 90
Relative humidity, %

Figure 27 : sorption isotherm for water reed

Thatch weighs 130-150 kg per cubic meter.
Average density of a 30 cm thick thatched roofhisréfore about 40-45 kgfm

The thermal conductivity of reed: 0,11 — 0,20 (W/mK

Water reed is a hygroscopic material.
Nilsson et. al. (2005) has studied the
adsorption  equilibrium  moisture
contents of four natural fibers
including water reed. The experiments
were done for %, 15C, and 28C
[56].
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