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Abstract

It has been shown that buildings will leak andwltbe ingress of moisture. Building
walls rot in the prolonged presence of excess m@siThis has become a severe problem
in New Zealand, labelled the Leaky Building Crigispotential solution to this problem is
to have viable exit paths for the egress of mogsturt of walls. The aim of this study was
to determine the moisture loss rate from a builduadj system clad in polystyrene-based
HITEX Diamond cavity system cladding from HITEX Btaring Ltd and investigates
possible mechanisms affecting the rate of this tamsegress. Three groups of
experiments were conducted: one central experisigrptorted by two auxiliary
experiments. The central experiment simulated tiimg of a wetted wall section to
analyse the total system response. The two aux#igperiments were conducted to
determine the effect some variables had on thégsgsdem: namely the effect of cladding
cavity dimensions on timber drying rate and thatrehship between moisture and various
building materials.

It was found that a heated wall simulation could timber from 30% moisture content to
14% in 14 days. A large vapour pressure was obdéveveen the chamber and
laboratory environment. The major mass transfen pntified in the drying process
from the chamber was condensation on the buildirapwwicking through it, evaporation
and egress by natural or forced convection oubdt®m of the cladding cavity. Diffusion
did not play a significant role in the egress ofishae. A similar experiment that was not
heated had much slower rates of drying, and didauit to dry to 14% moisture content
within 30 days. High sections of timber dried fastean others caused by gravity
redistribution to the base plate. The egress oSt from wet building walls clad with
HITEX Diamond cladding is controlled by the degod@ir movement around the bottom
section of the cladding.

It was shown that a deeper cavity and a shortatycdsop gave increased drying, as well
as increasing the level of air agitation around #rea. Considerable amounts of water
could be stored by building materials when immerssgecially batts (1622% of dry
weight). Four building wraps were investigated @mas found that Cover-Up from
Tyvek slowed the drying rate of wrapped wetted g#mihe by the greatest amount.

It is hypothesised that n order for building watisdry out within 30 days, a temperature
gradient must be present to allow condensationnacking through building paper that

supports this mechanism.
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1.0 Introduction
The leaking and rotting building crisis facing Né&ealand at the moment is

threatening the largest purchase that many Newaddals ever make in their

lifetime, their own home. Research shows that 75%ample dwellings have defects, that
50% of dwellings let moisture in [1] and the numbédefects per dwelling are at the
highest they have ever been since 1992. The rdémak$ has increased of recent years and
brought on the current crisis. Reasons for thisbieg cited as the increasing demand for
houses, deteriorating standards of constructiortlaadhilure of the performance-based
New Zealand Building Act (as identified in the Huraport [2] ), The BIA and the

building industry are attempting to reverse thithwihe New Zealand Building Code
(NZBC) currently under review. However it is reaable to conclude that the end result
will be that many homes will still leak in theifdtime [3]. Thus if moisture finds its way
into a building, there needs to be suitable medmasiavailable for it to escape. There are
structural, health-related and legal reasons fier thwater is retained in the enclosed
cavity of a timber wall frame of a building, leagihomes can become rotting homes. A
leak can lead to a high humidity environment teatleal for toxic and non-toxic moulds

and fungi to grow (see Fig. 1).

Fig. 1 Examples of rot experienced in building wall
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With this mould growth, timber and other buildingments will be subject to decay and
structural deterioration [4]. Toxic moulds thabgrcan cause health problems to humans
inhabiting the building. The NZBC (1992) stipulatbat buildings are required by law to
perform in such a way, which (among others) safetgipeople from these potentially
hazardous events.
Buildings that leak are not a new phenomena, bildibgs that rot are. There are thought
to be two main reasons for this [5]:

- The introduction of untreated timber in buildingsce September 1995.

- The increased emphasis in the thermal efficiendyudiflings (NZBC requirement

Clause H1).

The consequences of this are two-fold. Firstlyreated timber will tend to rot much
earlier than treated timber when exposed to canditconducive to mould growth. This
has significantly reduced the time frame requiradrét to develop in walls. Research
conducted at the University of Auckland has shomat thould develops on building
elements in very high moisture content conditionander 30 days [6].
Secondly, the increased emphasis on thermal effigi@as led buildings to become
airtight enclosures, with walls filled with Pink 8& This has eliminated of almost all
plausible egress paths previously available ta@antsing moisture.
Clearly, to avoid mould growth and subsequent strat decay in buildings, there needs
to be viable exit paths available to moisture fecfvely reduce and eliminate conditions
conducive to mould growth in a building wall withénspecified time frame. It is a legal
requirement of the Building Act to provide a vialbi®isture egress path in walls, but this
has not been addressed by the building industdgate.
Specific Aims
This study looks to determine the moisture loss fizdm a building wall system clad in
polystyrene-based HITEX Diamond cavity system ciagd@nd investigates possible
mechanisms affecting the rate of moisture egressfau building wall. This study is not
definitive. The transport and retention of moistingde a timber-framed house involve a

wide range of mechanisms over the vapour and lighakes of water.

Reference:
1. UNITEC (2000). Auckland House Cladding Survey. Alacki, UNITEC for BIA. The research was reportedhes
Auckland Cladding Survey, December 200, p1
Hunn, D., Ibond, I., Kernohan, Ihe Overview Group on the Weathertightness of BigikjSection 3, 2002
This is also the opinion of the Dr John Butchethaf New Zealand Forest Research Institute
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4. Opinion of NZ Forest Research Institute/ifeathertightness of Buildings in New Zeal@wml/ernment Administration
Committee, March 2003
Weathertightness of Buildings in New Zeal@mvernment Administration Committedylarch 2003
HITEX Research Bulletins 307, Auckland (2003).

2.0 Background

2.1 A dry wall
All building walls contain water. The elements thake up a building wall naturally

retain residual moisture within them. For the psgmof this study, a ‘dry’ wall is defined
as one that does not support the growth of moutdtecausing elements. This is a wall

cavity with a low relative humidity in the enclosed and no free water.

2.2 Paths of drying
Fig. 2 represents the bottom section of a timbeméd wall clad in HITEX Diamonds and

the possible paths of moisture movement.

Evapouration and redistribution frc

Cladding Void
Building Paper
SCC_> eNaItI ~clagding 2. Movement through air
- avity )
T 2 3A 695 3. Movement from air through

materials

Gibboard . mﬁ(
lg;} Wood

. Movement through cladding void

\Vlid\—/\\V/
N

4
5. Movement through cladding air
6. Movement out holes

7

. Unaccounted-for leaks

Fig. 2 Identified paths of possible moisture egress

It is hypothesised that most moisture loss willdeia 1A 2 3A 4 6 pathas
shown in Fig. 2. The focus of this research wiltbénvestigate this drying path and
determine whether it is a viable way for moisturegiress from a wall cavity in less than
30 days.

There are several mass transfer mechanisms awaflatinoisture to escape building
walls. These mechanisms are (in general order ghitee from lowest to highest):
diffusion (through solids and air), wicking, natusad forced ventilation and

condensation. Each mechanism has different drifonges and influences. Other
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mechanisms present in a wall structure that caatafhe drying rate of a wall include heat

transfer (insulation) and moisture storage capaiditye building materials.

2.3 Conditions on a building wall not examined
In real application, a building wall will be expakt a diurnal temperature cycle with

relative humidity fluctuations. These will have miicant effects on the building wall and
the moisture within it. Of interest in this studyllvee the steady-state conditions of the
system. The full effect of temperature and pres8uptuations is outside the scope of this

research.

3.0 Literature Review and Theory
3.1 Timber Building Frame Drying Research at the Univaty of Auckland

A series of experiments were recently conductetieaPhysics Department at Auckland
University by Professor Geoff Austin to investigéte problem of slow drying in timber-
framed building walls [1]. Their specific aim wasdetermine whether the diagonal
grooved HITEX Diamond cladding design dried fromt wignificantly faster than a
standard fiber-cement system when exposed to datimeudiurnal cycle. Conclusions
drawn from the experiment were that the HITEX Diami@ladding appeared to dry out
wetted wall interiors within a month. The standébeér-cement system built according to
the NZ Building Code did not dry as fast, stayiagusated much longer. Sample
microbiological examinations of the two systemghatconclusion of the experiment
revealed early colonisation of microbial growthtbe fibre-cement test panel materials,
and no microbial growth anywhere in the HITEX tesils. The experiments also
indicated some mechanisms of moisture movemenalhoavities, most notably diffusion
in the form of:
- Wood-Air equilibrium — Wood releases water into suerounding air if the air is
below the equilibrium vapour content.
- Moisture redistribution — As deliberately wettechlier dries, moisture is partly
reabsorbed by surrounding dry timber.
- Air Molecular Diffusion — Air inside both the wadlavity as well as the cladding
cavity gain uniform humidity in the absence of alvse temperature gradients.
- Building Paper Diffusion — Moisture moves througlhilting paper, caused by a

negative vapour pressure differential.
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3.2 MEWS Project
After the discovery of a number of leaking andingtthomes in North America, research

was undertaken to investigate water entry ratesthe stud cavity and the drying
potential of the wall assemblies under differeithake loads. Three of the major
outcomes were MEWS Task 6, 7 and 8 Project repbhis.work was a combination of
laboratory work and computer modeling. Four typesall structures were used: stucco
walls, EIFS walls, Masonry walls and Siding wallskey result of the projects was that a

cladding cavity was an effective mechanism to laejpout a wall [2].

3.3 HITEX Research Publications
HITEX Plastering Ltd has published a number of pagéce March 2003 on the research

and experiments it has performed on the sciendeyaig a wall, including the research
performed by Prof. Austin [3]. Significant finding®m Prof. Austin’s work have been
reported and offer a number of insights into thieirgaand implications of drying walls.
Key results reported were that:

- A wetted wall clad with HITEX Diamond cladding wable to dry out a wall with
no microbial growth. The base plate of the walédrirom wet in 20 to 25 days
[4].

- A comparative test on a fibre-cement cladding sysgeew mould [5].

- A building clad in HITEX retains its insulation cagpility (R-Value) whilst drying
[6].

- The presence of batts insulation in a wall cawhplfied the ability of a wall to
retain water when wetted, and hindered the dryagability of a wall. Since many
times more water is present in a wetted wall filgth batts, the amount of water
needed to egress is increased significantly [7].

A number of other conclusions were made on the meves of moisture in a wall
structure, the potential for building elementsdband the conditions surrounding this. All
HITEX publications are available online [8].

3.4 Building Research Association of New Zealand (BRANZ
There is a multitude of papers published by BRAMZlte topic of moisture in buildings.

Most relate to specific performance requirementsuwiliding elements and detail design in
order to satisfy the NZ Building Code. They alsaldeith total system design. Their

research in the past has tended to focus on thess@f moisture through leaks and
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failures. They are currently heavily involved irsearch of leaky buildings and potential

solutions.

3.5 Properties and Use of Radiata Pine
Kininmonth and Whitehouse published a number ofinas on the properties and uses of

New Zealand Radiata Pine. Most information hemoisrced from Volume 1. The
microstructure of Radiata Pine is characterisebbby cellulose tube structures. Fig. 3
shows a scanning electron micrograph of Radiate. phen first formed these tubes are
saturated in water. Moisture is held in water i mhstinct ways: as free water in cell
lumina, and as bound or hygroscopic moisture withencell walls [9]

During drying, the first water lost is free wat&his does not affect timber properties
except weight. When hygroscopic bound water is rexdpit is accompanied with
shrinkage and changes in many other important ptieseWood processing usually
removes most of the free water present in timharplbcause many properties are

hygroscopic, dried wood products always retain sorgsture [10].

Fig. 3 Microstructure of pinus radiata

3.5.1 Determination of moisture content

The moisture content (MC) in timber is commonlyadpd on a dry weight basis. The
standard method of determining the dry weight M@vobd is by oven drying [11]. From
this method, the timber MC can be accurately cateal within 1% MC of the true MC.
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MC is calculated from the loss in weight from owkying at 102-10%C to an

approximate constant weight [12]. The equationM@ is given as

WEighEriginal - WEighEven dried
Welg hEven dried

MC (%) = x100

Equation 1

3.5.2 Fibre saturation point
After processing, almost all moisture present ighancell walls as hygroscopic bound

water. “Fibre saturation point” is defined as tleénp at which cell walls have reached full
saturation, but there is no free water in the lo@flina. This moisture content is usually
taken as 30% MC [13] at standard temperature agsspre (STP).

3.5.3 Equilibrium moisture content
A sample of wood exposed to an atmosphere of contmperature and relative

humidity (RH) will eventually reach a stable MCfeeed to as the “equilibrium moisture
content” (EMC) [14]. The EMC will vary between andthin species, on whether the
timber is adsorbing or desorbing, preservativesgmeand the drying temperature of the

wood. Fig. 4 gives the EMC curves for desorptiod adsorption.

Fig. 4 Adsorption (lower curve) and Desorption EM@ves of water by Radiata Pine
Sapwood at 150C (Source: Cunningham and Sprot#)198
Figure 4.2

3.5.4 Moisture movement within the cell structure
The rate of moisture movement through the celicstme of wood affects many process

operations and has been studied in detail. Thet@éio mechanisms involved are
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diffusion and capillary flow. As a broad descriptighe term “permeability” is given as
the ease at which fluids pass through the matdfdl Kininmonth and Booker give mean
permeability rates with respect to the directioffl@iv [16]. Axial permeability is many
times greater than tangential and radial permewgbilivo driving forces of moisture

movement in wood are gravity and a moisture corgeadient.

3.6 Relationship of Wood EMC and conditions for mouldayth

t o
A (a)

Fig. 5 Areas of potential (a) mould growth (b) k@using mould growth

An important relationship must be drawn between &ignd the conditions for mould
growth. When timber is at an EMC of approximatebd MC or above, the surrounding
environment is conducive to mould growth. Fig. bqlaows this region. Further, rot-
causing mould will grow at a 20% EMC and above emunent (see Fig. 5 (b)). Thus if
rot-causing mould is to be avoided, the timber tooéscontent and relative humidity must
be below 21% and 80% respectively. Further if alufd growth is to be avoided, the
timber moisture content and relative humidity masth be below 15% and 65%

respectively.

3.7 Mass Transfer

3.7.1 Diffusion
Diffusion is described by Crank [17] as the prod@gsvhich matter is transported from

one part of a system to another as a result oorandolecular motion. The rate of

molecular diffusion can typically be described as:
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F:_DE
9z

Equation 2
Where F = rate of transfer per unit area of section

C = concentration of diffusing substance

Z = the space co-ordinate measured normal toettteos

D = the Diffusion coefficient
Diffusion occurs in the opposite direction to tbaincreasing concentration, hence the
negative sign. Heat Transfer by conduction is dls®to random molecular movement
and analogies can be drawn between them. Thisivgasiéscribed by Fick [18]. The rate
of molecular movemerit due to diffusion at steady state is given as:
h=F.A

Equation 3

Where A = cross sectional area of diffusion
There are many equations derived for the practiggli@ation of the diffusion equation
(Equation 3) in real situations. One such equasdori the diffusion in a fluid with

respect to molar average velocity:

F=-cDX

9z
Equation 4

Where G = molecular concentration of medium

X = concentration of diffusing component
In air, the diffusion coefficient (D) is dependemt the medium, the diffusing element and
temperature. The rate of diffusion transfer pet area (F) in a plane sheet where only
vapour pressures are known is given as:
F=P(p,- p,)

Equation 5
Where P = Permeability Constant (per unit area)

p1, P2 = gas or vapour pressures
The permeability constant is a much less fundameotastant than diffusion, but is useful

and is widely used in the building industry.

3.7.2 Wicking
Wicking refers to the transport of free water al@ngnaterials surface caused by the

surface tension of water. Fibrous materials suchasd and paper are especially good at
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wicking water. The rate of wicking through a matkcan be much larger than that of

diffusion.

3.8 Heat Transfer
There are three fundamental types of heat transdaduction, convection and radiation

[19]. All three types may occur at once. Conducimthe transfer of heat from one part of
a body to another part of the same body or anditbey, without appreciable
displacement on the particles of a fluid. Convetimthe transfer of heat from one point
to another within a fluid, gas or liquid by the nmig of one portion of the fluid with
another. Radiation is the transfer of heat from loody to another, not in contact with it,

by means of wave motion through space [20].

3.9 Properties of moisture in air
The atmosphere is a mixture of mainly air (oxyged aitrogen) and water vapour.

Psychrometry is the study of moist air and of tharges in its conditions. Several terms
must be explained:

Absolute Humidity (AH) is the vapour content of air, most commonly giregrams per
kilogram of dry air (g/kgy ai). It is also known as the moisture content or Hdityiratio.
Vapour Pressure (VP)is the pressure equivalent of absolute humiditgefers to the
partial pressure exerted by moisture on the sudimgnair. It is given in pressure units
(kPa).

Saturation Humidity refers to the maximum amount of moisture air agopsrt at a
given temperature and pressure. The maximum amdunoigture air can carry increases
as temperature increases.

Relative Humidity (RH) is the moisture content of a given atmospherergasa
percentage of the saturation humidity at the samgérature.

Sensible Heatis the heat content causing an increase in drg-tawhperature.

Latent heatis the heat that was required to evaporate thengamount of moisture in the
air.

Dew Pointrefers to the temperature that of a body of aihwicertain absolute humidity
begins to condensate out when cooled.

The psychrometric chart (see Fig. 6) graphicallyesents the interrelation of air
temperature and moisture content and is a basigrdesol for building engineers and

designers.
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Fig. 6 Psychrometric Chart showing the relatioqshetween dry bulb temperature,
relative, absolute and saturation (100%) humidity.

3.10Simultaneous Diffusion of Heat and Moisture
Crank [21] uses the uptake of water by a textheefito illustrate the coupling between the

transfer of heat and moisture. A parallel from tas be drawn between timber
absorption/desorption and the uptake of moisturféone. As moisture is absorbed by
wool, a large amount of latent heat is evolved Wwhgooduces a considerable increase in
temperature (sensible heat). The temperature ireteagrs the RH in the surrounding
air, lowering the driving force of moisture intcetivool. Due to this phenomenon, King
and Cassie [22] experimentally found that the uptalte was much slower than classic
diffusion processes would predict. It was showrt thpdake rate of moisture was
dependent on temperature and VP. The uptake isegratahigher VP, but decreases with
rising temperature. The same effect would be touelésorption. As moisture is evolved
from the wool fibre, there would be a considerat#derease in temperature. This would
raise the RH and slow the desorption rate. The csma can be drawn that the
absorption and desorption rate of materials is déget on the overall heat conductivity

of the system, and the heat transfer mechanisnseprén the system.
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This has important implications on the drying ofltien in a wall. Latent heat would be
required for timber to evaporate moisture. This vatiuce the sensible heat in the system,
lowering the surrounding temperature, loweringgaturation humidity and therefore
raising the RH and lowering the drying rate.
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4.0 Experimental Procedure
There were three types of experiment types conduatéid one central experiment

supported by two auxiliary experiments. The cerdgrglerimentation performed focussed
on a total system response of a building wall secdib drying of wetted timber. The two
auxiliary experiments were conducted to analyseviddal variables affecting the central
experiment total system. The two types of auxilexperiments conducted were:

- Effect of cladding cavity dimensions on drying rate.

- Evaluate the relationship between moisture and varbmilding materials.
Throughout the tests, industry-standard 90x45mmeim@as used. The processing nature

is unknown, but most likely kiln-dried or H1 Plu=or details on all equipment used see



B.D. Holyoake (2003) 13

appendix 9.4. Wood surface and core MC was dirgodpsured by a Timber Moisture
Meter from Carrel and Carrel Ltd with a long, twmpged probe attachment for
measuring the core MC. Average moisture contentcaésilated from Equation 1. The
dry weight of wood was found by drying the woodggig in a Clayson oven at%or

90°C until constant weight was attained. All experitsewere conducted in the Large Lab
of the Chemical and Materials Engineering Departimecated at the School of
Engineering, University of Auckland.

4.1 Total System Response - Building wall simulation

4.1.1 Wall simulation set up
The set up used to perform this experimentatiohasve in Fig. 8. The chamber was

designed so that no moisture escaped the chambepteaxclusively through the side
covered with cladding. The internal face of therbar was all-glass except the cladding
face. Cladding materials used were the HITEX Diamcanty system from HITEX
Plastering as the cladding and FrameGuard Il mgldnembrane from James Hardie as
the building paper. The chamber was insulated edgnx to the cladding to minimise

unwanted thermal profiles parallel to the cladding

Fig. 7 Building wall simulation chamber (from ledtright) showing electric blanket and
insulation in place; without insulation, electri¢alnket and timber showing position of
door; reverse side showing cladding.
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Three key areas were changed over the course ekffeimentation to test for significant
difference:

- The cladding material used

- The heating applied to the wall section from thetele blanket

- The presence of agitated air around the bottomaeofithe cladding.
Table 1 gives the experimental regime followed.

Table 1 Summary of experiments performed on $ytem simulation chamber

Expt. #| Period | Cladding Material Heating Regime Agitation
5 14 days| HITEX + FrameGuard Constantly heated No
6 7 days | FrameGuard Constantly heated No
7 15 days| HITEX Constantly heated No
9 8 HITEX + FrameGuard| days 0-0.4 unheatetlo

0.4-7.4 heated
7.4-8.5 unheated

11 14 HITEX + FrameGuard| Days 0-0.1 unheatddays 0-11.1: No
0.1-2.1 heated 11.1- 14:
2.1-14 unheated occasionally.

12 7 HITEX + FrameGuard| unheated

Experiment 5, 6 and 7 were conducted to measurditfieeent drying rates due to
cladding material. Experiment 9 and 11 were desligneshow the differences caused by
no heating. Experiment 11 also investigated thecetieair agitation around the cladding
bottom.

Experiment 12 was a control experiment, designexstionate losses from the system by
blocking off the cladding cavity near the base @la@eerig. 23).

Temperature and RH were measured and data-loggegeratare was measured using
K-Type thermocouples from MeterMaster, hygrometessn TempTec and two
Pt1000/HC101 probes from Elektronik (see Appendindietails). Their locations were
changed throughout the experiments. Typically teas one Pt1000/HC101 probe inside
the chamber, the other measuring the lab envirohniée thermocouples and TempTec
hygrometers were typically in the cladding cavitychamber. The vapour pressure was
calculated from these recorded values.

Wood mass was measured throughout the experini2utsg these experiments, the

chamber was kept sealed airtight, and was only egp@eriodically to measure the mass
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of the timber inside. Disturbance to the chambeirenment was kept to a minimum. See

Fig. 33 to Fig. 42 for more pictures of set up.

4.1.2 Procedure for wall simulation
A typical experimental run had the following proceet

1. Set up chamber as desired (without timber) anid &&tme to steady state

2. Immerse timber in water for 1 day

3. Remove timber from water, wipe off surface wategejgh and place in chamber as

desired.

4. Seal up chamber

5. Continuously measure temperature and humidity (fdatalogger or readings)

6. Weigh timber periodically
7 output signals were logged on the TC-08 Data Lofrgen Pico Technology. 3 K-type
thermocouples and the conditioned signals fron2tR&¢1000 and 2 HC101 probes were
fed into the TC-08 and logged with Picolog Softwarke K-type signal was
automatically converted to a temperature readimgguhie available software. The Pt1000
and HC101 voltage signal was calibrated manuallgtaperature and humidity readings.
A sample rate ranged between runs from 60Hz to Bdizyas typically 2-3Hz.
The experiments were stopped when the average timiBGereached 14% or if it was

deemed no more useful information could be gathired the run.

4.2 Effect of cladding cavity dimensions on drying rate

Front I_Elevauon (with Side Elevation Sides and
cladding removed) ends sealed
Container Cladqing
cavity
Timber Timber
A
bro Impermeable
P | L ——  plastic
length
A
_»j <_

0 100mm Cavity
e — Depth

Fig. 9 Equipment set up investigating cavity disiens effect on drying rate

Two experiments were carried out to determine hacthdding cavity dimensions affect

moisture loss rate of timber inside the wall siniola Fig. 9 shows the equipment set up
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used. The first run varied was the ‘drop’ distartbe cladding was installed below the

bottom of the bottom of the chamber). The secamdattered the cavity depth. Table 2

shows the dimensions used during the two runs.

Table 2 Dimensions set for cladding dimension Brpnts

Run #1 Run #2
Equipment Piece 1 2 3 1 2 3
Cavity Depth mm 13 13 13 13 7 PO
Cavity "drop" length mm 40 90 140 40 40 10
Cavity cross-sectional arga  m? 0.000169 0.000169 0.000169 0.000169 0.000028 0.040476

The procedure followed was reasonably simple. Wett@k90x45mm timber pieces and
the equipment were weighed, inserted into the feeso containers, the containers sealed
and weighed again. They were then positioned asslama weighed periodically (for
photos see Fig. 43 to Fig. 46).

4.3 Relationship between moisture and various buildintaterials
Two experiments were conducted to examine the wlofivarious building materials to

absorb liquid water and moisture. A further expenmninvestigated the effect various

building wraps had on the drying rate of wetteddgmin laboratory conditions.

4.3.1 Saturation Tests
Square 300x300mm pieces of various building md&eware cut. Pieces were weighed,

then totally immersed in water and weighed perialijc Building Materials tested by this
method were standard and Fyreline gibboard, yeRavk Batts, HITEX Diamond
cladding and four building papers: FrameGuard dy€-Up from Tyvek, Thermofoil and
Black building paper.

4.3.2 Vapour absorption tests
Square 300x300mm pieces of the same building nahteere cut. Pieces were weighed,

then totally placed in a high-humidity environmengated in an airtight box to measure
the absorption rates. Samples were removed andeeigeriodically and returned. The
high-humidity environment was created by placingtea:batts on the base of the box,
with the electric blanket underneath the box tooeimage evaporation. A hygrometer was
used to measure the humidity levels inside therenmient. There was no direct contact

allowed between the samples and the wetted batts.
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4.3.3 Desorption of moisture from timber and timber wrag@pn various
building papers.

600mm lengths of timber were wrapped in 4 typelswiding paper that was stapled in

place. A set of bare timber was used as a cortha.building paper covered the ends of
the timber, and was overlapped on one of the tilmEmm sides and taped up (see Fig.
10). The weights of the timber and building paperd eombined total weight was
recorded. Each piece was then immersed in watex élay. The pieces were rid of excess
water and weighed. They were then left to dry,rgiton a 45mm side which had the
building paper overlapped and their drying ratesaweaonitored. Mass was measured

periodically using Bonso and Sartorius scales.

Fig. 10 Timber drying experiments. (left) wood claith FrameGuard and (right)

inverted.

5.0 Results and Discussion
For clarity, results and discussion below is giiethe same order as that given in

procedure. The building wall simulation is presenfetlowed by the auxiliary
experiments. Overall drying rates between thees®ations are then compared and some
insights into the drying mechanism of building wsa# offered. In all situations, the MC

reported is the average value of the timber intdise

5.1 Building Wall Simulation
The experimental program yielded the rate of mogstumtent changes of wetted timber

within a building wall simulation and observed amher of phenomenon present within
the wall simulation during drying. Timber MC oveme is given to determine the rate of
drying of wetted wood inside a building wall ansl @ontributing factors. Steady state
profiles present during this drying are given, #meleffects of air agitation around the

cladding bottom are discussed.
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5.1.1 Timber MC over time
It has been shown that a high MC in wood promoteslchgrowth and subsequent rot. Of

interest was to determine the rate of drying oftegetvood inside a building wall and the

factors affecting it. Fig. 11 shows the timber MiGegperiments 5, 9 and 11. In
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Fig. 11 Timber moisture content in a simulated veaVironment clad with FrameGuard
and HITEX Diamonds.

Experiment 5 the average moisture content of thbdimaropped from 30% to 14% in 13
days. Experiment 9 experienced similar rates ofngryvhen heated. Heating significantly

increases the rate of drying. During times of natimg, experiment 11 showed much

3

N
N &)
|
i
>>

Vapour Pressure (kPa)
-
= ol

0.5

O § T T T T T T T
0 2 4 6 8 10 12 14 16
Time (days)
——Expt5 Expt 9 =¥ Expt 11 ‘

Fig. 12 Vapour Pressure Differentials between chamand lab during drying
experiments
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slower rates of MC loss than the other two expenitsiecExperiment 11 showed that
heating (0.1-2.1 days) greatly increased the MG tate experienced by the timber.
Experiment 11 did not look likely to reach a 14% MAzhin 30 days. The small
acceleration in drying between days 8 to 11 wasealby some cooling experiments
performed on the chamber. With this informatiohyaothesis can be put forward that in
order for the chamber to dry to 14% MC within 2%slaa negative temperature gradient
is required between the chamber and outside enwitemt.

Fig. 12 shows the differential vapour pressures) Rween the chamber and laboratory
environment experienced over the course of theeterperiments due to moisture from
timber evaporating. It shows the VP was signifigahtgher during heated periods
compared to no heating. Comparison between Fighbfvs that a high VP was
experienced at the same time as the high MC logglly as the wetted timber released
moisture, the VP differential rose sharply. Overdithere was a gradual reduction as the
timber MC inside the chambers reduced. Removingrgeesulted in a sharp drop in
vapour pressure differential.

Although it would be reasonable to conclude from that an increased vapour pressure
gives a faster drying rate, this is not necess#ingycase, as many more processes that do
not rely on VP differential could be in play.

Fig. 13 displays all measured elements over theseoof the three experiments, and the
source of the vapour pressure differential. It shevat the relative humidity inside the
chamber was consistently between 85-100% when wi©dvas above 20%, and
dropped significantly after the wood MC droppedomethis value. This indicates that the
relative humidity is above 85% for saturated timlaerd generally followed the timber
EMC (as shown in Fig. 4) once the timber MC is beRf#o. The temperature inside the
laboratory was noticeably lower than the chambmad,\mas in fact below the chamber dew
point temperature, which indicates that condensatigpossible if parts of the chamber

was cooled by the outside air.
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5.1.2 Vapour pressure, temperature and relative humpditfile under
heating and no heating conditions.

During the drying process two different profilesvajpour pressure, temperature and

relative humidity were observed: one during heatind one during no heating. Under
normal conditions these profile remained constamne another. Fig. 14, Fig. 15 and Fig.
16 show the vapour pressure, temperature andvelatimidity profiles respectively
during Experiment 11 under (a) no heating and (l}ihg.

Key observations are:

- Heating affects all three profiles.

- There was a negative VP differential from the chambé¢he cladding cavity
(across the building membrane) of typically 0.3kleang both heating and no
heating conditions.

- Inside the cladding cavity, the vapour pressur@pled to laboratory conditions
from position 290mm to —95mm. Under heating thesdiggnt was magnified.

- Under no heating, the majority of the chamber ha8@2 RH (saturation). This
indicates condensation may be occurring. Underitngathe relative humidity
dropped to 80%.

- Parts of the cladding cavity had a 100% relativenidglity under heating. Under no
heating the relative humidity was approximately 80%

Vapour Pressure Profile
A fairly constant vapour pressure profile was foapgroximately 100-800mm from the

bottom of the chamber for both conditions. Inside ¢ladding cavity, the vapour pressure
was between the lab environment and chamber emagaty with a vapour pressure
gradient at the bottom of the cladding. Under megtihe vapour pressure gradient was
much larger.

Temperature Profile
Under heating, a temperature gradient was obsdm®deen approximately 100-800mm

from the bottom of the chamber and was approxima@IC higher than the outside
temperature. With no heating, the chamber temperatas consistently below the outside
temperature by approximatel§C.

Inside the cladding cavity, the temperature profdeied under heating or no heating.
Under no heating, there was a constant temperptofge up the cavity. The temperature
was consistently above that of the chamber. Undatiihg, a temperature gradient
developed
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200mm up the cladding from the chamber base tbot®m of the cladding. The large

spike observed at 110mm up the cladding from thendas most likely due to drift in the

K-type thermocouple measurement.
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Relative Humidity Profile
Under heating, the relative humidity inside theddiag cavity was higher than the

chamber RH, and both were higher than the laboravironment. A sharp reducing
gradient was observed in the cladding cavity towdhe bottom of the cavity from 100%
RH to approximately 65% RH. A positive gradient Rtdfile was observed up the
chamber from 75% RH to 85% RH. In the unheated itiomg the chamber relative
humidity was higher than the cladding cavity RHjathwas higher than the laboratory.

5.1.3 Timber moisture content distribution
Over the course of the drying process, two majeuaences took place:

- The moisture content of the wood redistributed ddwenframe onto the bottom

plate.

- The nog experienced much higher moisture loss theustuds or bottom plate.
The moisture inside the wood redistributed from amf wetting. After a number of days
drying, the general MC distribution observed wagsdical gradient from low MC in the
nog to high MC in the bottom plate. The core massttontent of the timber was
considerably higher; indicating drying was takirgge faster than the rate of radial
diffusion.

Fig. 17 shows the average moisture content of tim(lag¢ shows the studs had two MC
gradients present: (1) a positive axial gradieorifithe top to the bottom of the 600mm
piece (2) a positive radial gradient from the scefto the core. The nog had a uniform
distribution running axially, with a higher core MEan the surface. The Bottom Plate had
MC gradients in the axial and radial direction. Btare accumulated around the
extremities of the bottom plate, where the bottdatepcontacted the studs.

Fig. 18 shows the bottom plate used in experimeafté 7 days. It initially started dry
with uniform 8% moisture content. After the 7 day$iad picked up significant amounts
of moisture and had an increased MC towards its &rftkre the two studs rested on it,
indicating moisture transfer from the wet studse Dlottom plate had two locations where
moisture content reached 40%, indicating condemsatiok place in those regions.

Most wetted pieces lost MC at a uniform rate coragdo each other at similar % MC.
The nog was found to dry considerably faster thanother timber pieces in the initial 2
days, then dried at a rate similar to the othéiis.widely confirmed that this

redistribution is caused by gravity, draining thater to the base plate.
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Fig. 18 Moisture content distribution of 300mm battplate in three horizontal planes (a)
top surface (b) middle of wood (c) bottom surfaftera/ days of experiment 9.

5.1.4 Condensation in the Chamber
Experiments with heating (5, 7, 9) formed condewsabin the chamber’s bottom and

internal side walls near the cladding. This condgasas shown in Fig. 36. The
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condensation was not uniform around the chamberfdeussed around the bottom. It is
thought this condensation is formed from a cooéingdraft coming up the cladding
cavity. Since the glass did not get uniform cond#s, it appears unlikely the
condensation was caused by the glass cooling bibledew point due to conductive heat
loss to the laboratory. Assuming a constant vapoessure or even a mild drop towards
the bottom of the chamber, the condensation shbgsdldest part of the chamber is at
the bottom of the chamber.

5.1.5 Chamber atmosphere under changing conditions
At the beginning of each experiment using wettetbér, the chamber temperature

experienced a rise in vapour pressure, coupledaw#duction of chamber temperature as
moisture evapourated from the timber. Fig. 19 shihigshappening during experiment 5
and 11. If the chamber were heated, the temperdtopewould then be followed by a rise
in temperature and vapour pressure. The systeuteitise chamber initially acted like an
adiabatic system when timber was first introduced the chamber. Appendix 8.6.5 gives

supporting calculations for this, showing that ldtent heat required for the observed
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Fig. 19 (a) Temperature and vapour pressure (b) Jenature and relative humidity of
chamber during initial evaporation stage. (i) Exjpeent 5 (ii) Experiment 11. Distances
indicate height above datum.
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moisture evaporation could be more than suppliethbysurrounding materials sensible
heat. Because of this phenomena and the chaml@ndeat transfer, when the electric

blanket was not on, the chamber was always sligitlgler than the laboratory conditions.

5.1.6 Effect of Air movement around cladding on temperatmnd vapour
pressure.
The rate of moisture loss out of the bottom of tlaelding determines the rate of loss of

the whole system. Therefore the factors that aftesre of high significance. The
introduction of fan-blown air (0.4-0.8m/s) arour tbottom of cladding during drying
had an immediate reducing effect on the vapourspresinside the cladding and chamber
by up to 0.4kPa (see Fig. 20).
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Fig. 20 Chamber and cladding cavity vapour presgajewith the introduction of fan and
(b) removal of fan.

While the fan was turned on, the temperature insaté the cladding and chamber also

increased, as given in Fig. 21.
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Fig. 21 Cladding and chamber temperature in ExgaBwith the introduction of fan-
blown air and (b) removal of fan.
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There was a noticeable increase in the drying riatieectimber after a number of
experiments were conducted that agitated the aural the bottom of the cladding. This
is wholly reasonable as the chamber experienceghaur pressure drop and temperature
rise, dropping the relative humidity, and encoungdaster drying of wetted timber in

accordance with Fig. 4.

5.1.7 Effect of cladding construction on drying rate
Fig. 22 shows the moisture content loss rate of wood wsfEantly increased when the

polystyrene cladding was removed. The removal obthigling wrap had negligible
difference. In the chamber clad with building paged polystyrene cladding, and with

each individually.
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Fig. 22 Timber MC and differential vapour pressfwe Experiment 6: Wall simulation

with FrameGuard Il. Experiment 5 timber MC givencasnparison.

HITEX only as cladding

There was negligible difference in timber dryingeradr any measured value with the
removal of FrameGuard Il building membrane undeting conditions. There was little
observable difference in the overall vapour presglifferential between the chamber and
laboratory. This shows that the building membranesdnot significantly change the
thermal properties and moisture behaviour in a wakn inside the system.

FrameGuard Il Building Membrane only as cladding

When a wall simulation was performed with just thalding paper as the cladding, the
moisture loss rate was over two times the rateaafraparative experiment (see Fig. 22).

With only building paper as the cladding material:
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When compared to equivalent experiments, the chedaberatory vapour pressure
differential was much lower (~0.5 kPa).
Condensation formed on the top 50mm of buildinggpaphis gave the opportunity for

moisture to wick through the building paper (asaggd to mass transfer by diffusion).

5.1.8 Losses and Errors
The most important errors to possibly affect thisegmentation are the unaccounted-for

moisture losses from leaks in the chamber, or oyethie chamber to weigh the timber.
The leak rate was calculated as 0.06 g/hr in untlemdrditions. Moisture loss due to
opening the chamber to weigh the wood was caladitatée between 0.3-4% of total
moisture lost. Temperature readings were typicall.8°C with one K-Type probe
continuously 2C higher than the rest. Humidity readings wereasably accurate,

estimated to be within 2% RH at all times.

Fig. 23 Cladding removed from chamber to show trecavity was sealed for
Experiment 12 using inserted plastic and silicoealsr. Note yellow K-type

thermocouples measuring temperature within cavity.

5.2 Effect of changing cladding bottom cavity length drdepth on moisture loss
rate

An important design feature of the HITEX Diamonditagystem is the bottom portion
of the cladding, providing the link from the claddicavity to the outside environment. It
therefore can have significant impact on the réwdrging experienced by the wall. Table
3 shows the mass loss from wetted wood in airiigvicream containers clad in HITEX
Diamonds with differing cavity drop lengths andddang cavity size. Results are

summarised in Fig. 24. It was found that moistossirate in the wood increased as the
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drop length reduced, and the cladding cavity siae increased. It was noted that the rate

of moisture egress varied widely between two rurth® same setup.
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Fig. 24 Moisture mass loss compared to (a) distasfazavity ‘drop’ (b) cross-sectional
area of cavity

Table 3 Mass loss from airtight container holdingtted wood clad in HITEX Diamond

Run #1 Run #2
Equipment Piece 1 2 3 1 2 3
Cavity Depth mm 13 13 13 13 7 PO
Cavity "drop" length mm 40 90 140 40 40 410

Cavity cross-sectional arga m? 0.000169 0.000169 0.0001)69 0.000169 0.000028 0.090476

Estimated Dry Weight g 160.3 160.3 16p.3 160.3 160.3 160.3
Initial wood MC % 43% 38% 39% 40% 37% 38%
Final wood MC % 38% 34% 366 37% 35% 35%
MC % loss rate (x10000)|] MC%/hr 2.61 1.66 153 1.68 152 071.
Initial equipment weight g 446  479.16 520|136  441.77 448.3 461.64
mass loss g 7.85 4.99 4.6 4.06 2.85 4.48
time hr 187.75 187.75 187.y5 166.75 166.75 16p.75
mass loss rate g/hr 0.042 0.027 0.p25 0.024 0.017 D.027

5.3 Properties of other building materials under absdign conditions.

The ability of building elements to absorb and heltter affects the amount of water
retained in a saturated wall. Increase the amadiwvater present in the wall, and the rate
required to dry the wall within the same time fragoes up. Fig. 25 shows the initial and
final weight a 0.09r(0.3x0.3m) piece of various building elements whemersed in
water for 14.7 hours. Of the 8 materials testeel Rimk Batts recorded the highest
absolute and percent mass increase by far, wig2a% increase in weight. 10 and 12mm

Gib absorbed water. HITEX absorbed a small amourgeba as surface water. The rest of
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the materials absorbed negligible amounts in albsoirms. The moisture absorption rate

is shown in Fig. 26.
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Identical 0.09rA square pieces placed in a very high humidity emritent experienced
some moisture absorption, but nowhere near the Velven immersed. Weight gain is
measured in excess moisture gained from initiagtveias shown in Fig. 28. Results are
summarised in Table 4. The absorption rate in baferiments slowed as the water inside
the materials increased. Once the pieces werethest released the water at a very slow
rate when left on the lab to dry.

Table 4 Absorption rates of various building eletsen

Immersion in water High humidity environment

all values in per m Initial Wt Absorbed* Wt incr. Initial Wt Absorbed** Wicr.

9 9 % g 9 %
Black Building Paper 164 131.9 8(0% 163 21.4 13%
FrameGuard Il 134 110.0 8% 123 0.1 D%
Cover-Up 96 20.2 21% 94 0.2 J%
Thermofoil 156 111.4 71% 159 10.3 1%
Yellow Pink Batts 586 9506.3 1624% 681 32.2 5%
Gib (10mm) 6395 3787.9 590 6369 116.8 D%
Gib (12mm) 9859 5137.0 52Po 9924 103.8 1%
HITEX 1385 1343.0 97% 1458 28.7 4%

* after 14.7 hours ** after 21 hours

5.4 Effect of various building papers on timber dryingte
Building paper is present in all building walls. JHerm the barrier between the wall

cavity and the cladding cavity, and can drasticaffect the rate of drying in a wall.
Building paper slows the drying rate of wet timkdren compared to bare wetted timber.
Fig. 28 gives the moisture content of drying woadpyed in a single layer of building

wrap, and exposed to laboratory atmosphere. Figi#s the rate of drying as a function
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Fig. 28 Drying of wood and wood wrapped in buildpaper
of wood MC. Each building paper had at least 3ed@ht pieces of wood drying. Most

wraps showed signs of wetting from the wet timbé&hin. Cover-Up building wrap
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slowed the rate of drying considerably and didsi@w signs of wetting since it was a
plastic. All other building papers had similar merhance. Calculations for diffusion
movement across the building papers are givenpeagix 9.6.2. From Fig. 29 it can be
seen that bare wood had a much faster moisturegdéssvhen compared to other pieces of
similar moisture content, and most building wraffered similar drying rates. The rate of

moisture loss looked to increase exponentiallybfme timber as timber MC rose.
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Fig. 29 Rate of moisture loss of wood and wood weahin building paper

5.5 Overall rates of wood drying
While there are a multitude of variables in theeskpents conducted, it is of interest to

directly compare each rate of drying on a reasanstédle. Fig. 30 shows the rate of
drying of timber in the wall simulation chamber @amare wood in lab conditions as
comparison) as a function of wood MC. All heatingperiments showed a gradual near-
linear increase in moisture loss rate as wood MiZeimsed. It can be seen that bare timber
dried much faster than the wood during the heatperments above 24% MC, but

slower than heated tests below 22%. Unheated erpats had a much lower drying rate
with equivalent wood MC. See Table 5 for the moistoss rates as a function of wood
MC.
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Fig. 30 Rate of moisture loss in chamber experisiantl bare timber in laboratory
environment.

5.6 Mechanisms of Moisture Movement out of a buildingai
From the rate of moisture loss in the experiments\apour pressure observed in the

chamber, calculations were performed to determinetiaer diffusion was the main driver
behind the movement of moisture. There were two mmemements considered: from the
chamber to the cladding cavity through the builddager and from the cladding cavity to
the atmosphere through air inside the cladding.mbeement within the chamber was
considered as a mixture of diffusion and naturaveation, but did not play a controlling

factor in the course of the experimentation.

5.6.1 Diffusion through building paper
It is believed that diffusion takes place initiallythe creation of a steady-state

environment between the chamber, cavity and lalvéder once this steady state has
been reached, diffusion no longer plays a signiticale in moisture movement.

Under normal set up, calculations performed orbilnling paper showed that the rate of
diffusion was almost fast enough to explain théahbbserved movement of moisture
(see appendix 9.6.1). However, the air in the dlegldavity was at saturation, so the air
can accept no more moisture. Therefore uniform siiffin is not possible. It was found

that when the chamber was not heated, the ratosftune loss was slower than the rate of
diffusion possible given the conditions. Therefdrns reasonable to assume that all
moisture lost from the chamber could diffuse thitotige building paper, but once it was

inside the cavity it had nowhere to go.
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5.6.2 Diffusion through HITEX Cladding
From calculations given in appendix 9.6.4, it iswh that negligible amounts of moisture

diffuse horizontally through the HITEX Polystyrene.

5.6.3 Diffusion through cladding cavity
The rate of moisture movement through the air Viusiion out the bottom of the cavity

was calculated to be much smaller than the obseatedsee appendix 9.6.3). It is
therefore reasonable to conclude that the modeagkrransfer present at the bottom of
the cladding cavity is due to either condensatiobuk movement in the air. If the
surrounding air were not disturbed, this bulk moeamwould be caused by natural

convection. This rate was amplified when fan-blownaas introduced.

5.6.4 Alternate: bottom plate wicking
All previous mechanisms assumed the bulk of magstnovement out of the chamber was

from the air. A second way to look at it is thag thajority of moisture loss is due to air
and timber moisture condensing at the bottom obthiling paper, wicking through the
paper, evaporating and transporting into the lalboyadby way of natural convection. This
rate would be amplified if the chamber were hed#sdwas observed) since the building
paper would be further below the dew point of tharaber, thus creating more
condensation.

This argument is strengthened by the inability ofsture to transfer down from the top of
the cavity via diffusion. There is no significantpeaur pressure gradient observed
therefore no driving force. There also seems todog little bulk movement since the
vapour pressure profile is constant. It is suggkstat this moisture does not move and
remains stagnant. Therefore there will be a largatity of building paper at the top of
the wall that will not support moisture diffusicemd that the 0.3kPa vapour pressure
differential is a ‘steady-state’ value. Therefdne tnoisture movement must rely more
heavily on wicking through the bottom portion oéthuilding paper, where the air inside

the cladding cavity has a vapour pressure diffemband is not stagnant.
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6.0 Conclusions

Specific conclusions drawn from the experimentati@ne:

Wetted timber could be dried inside a heated wadb&tion chamber clad with
HITEX and building paper from 30% MC to 14% MC in amgmately 14 days.
The rate-controlling factor in drying the wall siratibn was the bottom portion of
the HITEX cladding cavity.

The predominant mass-transfer mechanism throughrdmeeGuard building
membrane was condensation and wicking. Diffusi@tesses were not the prime
drivers.

The movement of moisture through the HITEX Diamondtyacladding can be
explained only by condensation or natural or forcedvection. Diffusion
processes were not the prime drivers.

The rate of drying experienced by the wood insigedilamber was greatly
increased with heating the chamber. The increaseddrture increased the
differential vapour pressure in the chamber byvathg more moisture to evolve
from the wood.

The presence of FrameGuard Il Building membranendicslow the rate of drying
of the simulated wall.

Cover-Up building wrap significantly slowed theegatf drying in a timber
specimen.

When the chamber is heated the cladding cavitis@aturated so there will be no
diffusion through the building paper.

The mechanism for moisture movement through timiznés is by gravity-fed
permeation down the wood.

There is a vapour pressure gradient towards therhatf the HITEX cladding
cavity. The air at the top of the cavity seemsdatagnant.

Moisture loss is at present best explained by atgdrair in the chamber
condensing moisture onto the bottom of the builgiager (cooled by the outside
air), wicking through to the cladding cavity, argtaping into the lab environment
through natural or forced convection.

The introduction of forced-convection around theddiag increased the rate of

drying, and reduced the vapour pressure in thesyst
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- Pink Batts can hold 1622% of its dry weight in waténen immersed.

7.0 Recommendations
Experimental research pointed towards the rateyongibeing controlled by the bottom

portion of the cladding cavity and the ability afildling paper to wick water. It is the
meeting point of wall cavity atmosphere and thesiol¢t environment. Specific
recommendations for the design of a building wedt a

- Do not use Cover-Up building wrap for when wickisgequired as a transport
mechanism for drying, as this will slow the ratedofing considerably.

- With regards to the ability to dry a wall, the inmamt design consideration for the
HITEX Diamond cladding is the behaviour of air arouhd cladding bottom
portion with respect to wind loading and naturatwection.

- For a fast rate of drying like the one observedrémeeds to be a temperature
gradient between the wall cavity and outside emvitent so condensation and

wicking mechanisms can be present.
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9.0 Appendices

9.1 Typical wall set up

Fig. 31 gives the typical framing dimensions oinalter wall. Building wall is then placed
over it, followed by cladding. A typical wall sepelad with HITEX Diamond cladding
(the same used in the experiments) is shown inF2drom the inside of a typical house
with the gibboard removed. The building paper hesncut away to show the back of the
HITEX cladding.

Fig. 31 (right) Typical dimensions of timber-fragheall in buildings.
Fig. 32 (left) Cut-away of wall to show internaalvcavity and cladding cavity.
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9.2 Physical Dimensions of Wall Simulation Chamber

Note: All internal surfaces of chamber were glas=et the cladding.

Internal Measurements

Height 0.890 m
Width across cladding 0.364 m
Depth from cladding to electric blanket 0.375m
Internal volume 0.1215%
Area of chamber surface enclosed by cladding am3d
Horizontal length of cavity opening 0.364 m
Extension of HITEX cladding below internal floor ciamber 0.12m
Glass thickness 0.006m
9.3 Cladding size and length experiments
Physical Dimensions
Internal Volume 0.02 ni
Area of chamber surface enclosed by cladding G od5
Horizontal length of cavity opening 0.17m

9.4 Equipment Used

HYGROMETERS

TempTec Ltd.

Hygrometer. In/Out Thermo. Clock
Supplier: Dick Smith Electrical

No make type given

Serial No. N19Y-5189

Made in P.R.C.

TEMPERATURE/HUMIDITY PROBES
Elektronik Ges.m.b.H.

Small Size Transmitter for Humidity and
Temperature

Model No: EE06 A

Range: -20...+6C

Relative Humidity:

Sensor: HC101

Output Appropriate 0...100%RH: 0...1V -
0.2mA< | <0.2 mA

Range: 10...100%RH

Accuracy at 28C, VDC: +/-3%RH (at 54%RH)
+/- 5%RH (working range)

Temperature Dependence at 60%RH: typ. —
0.1%RH/degC

Temperature:

Sensor: Pt1000 (class A, DIN EN 60751)
Output appropriate —40...8D

Accuracy at 28C, 12 VDC: +/-0.8C

DATA LOGGER

Pico Technology Ltd

8 Channel Thermocouple Data Logger
Model:TC-08

Serial No: DSR55/346

RS232 Port

DATA LOGGER SOFTWARE
Pico Technology Ltd
Software and Reference CD
Serial No: R5.08.6

COMPUTER
Ref No: CAM15-University of Auckland
CAM95100015

MOISTURE CONTENT READER
Carrel and Carrel Ltd

Timber Moisture Meter — Douglas Fir
Model No: C901

Serial No: 70840/8
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K-TYPE THERMOCOUPLES
MeterMaster
09 296 7601

SCALES

Bonso

Model: 323

Range: 50009 x 1g
Serial No: 40501250031

SCALES

Sartorius AG Gottingen
Model: CP4202S

Range: Max: 4200g d: 0.01g
Serial No: 14807581
Supplier: Biolab Scientific Ltd.

OVEN

Clayson

Type: Incubator
CAT No: IM24
App No: 71938
Rating: 0.7kW

SCALES
Mettler Toledo

9.5 Photos of Experiments

Fig. 33 Wall simulation chamber with

side cladding removed for photo. Timber
was orientated like this for experiments

5-7

Model: PB302
Max: 310g
Min: 0.2g

e =10mg
d=10mg

FAN

Goldair

Model: SF40P
App No: N13902
Rating: 50W

ANEMOMETER
Lutron

Model: AM-4201
Serial No: L334174
Range: 0.4...30.0 m/s

ELECTRIC BLANKET
Sunbeam New Zealand
Electric Blanket — Single
Model No: E422E

Type: 412

Rating: 60-68W

Fig. 34 Chamber with insulation
removed. Cladding on left-hand side,
Electric blanket on right hand side.
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Fig. 35 Experiment 7 Day 2: Opposite
side of chamber (insulation removed for
photo) 29 July. Condensation present.
Note location of thermocouple.

Fig. 36 Side of chamber (insulation
removed for photo) 29 July. Note
condensation on glass, and wetting of
timber at base.

Fig. 37 Location of Humidity Probe to
measure chamber temperature and
humidity

Fig. 38 Probe 4 Setup for measuring
temperature and humidity gradients
inside chamber. String on pulley system
linked to outside to adjust height without

disrupting chamber environment.

Fig. 39 Experiment 9 Day 1 (back
insulation removed for photo). Note
location and orientation of timber. Wood
was orientated like this for Experiments
9-12.
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Fig. 40 TC-08 PICO Data-Logger and
signal conditioner used for chamber

- t - i
experiments Fig. 41 Setup for Fan-blown air

experiments. Note Perspex wall below
cladding to disperse air

Fig. 42 Wall simulation chamber with Researcher
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Photos of experiments on size of cladding cavity lemgth of cladding ‘drop’

Fig. 44 Setup for experiment for cavity
drop length (Run 1)

Fig. 43Run 1 of varying cladding cavity
'drop'. Drop length is indicated as shown

Fig. 45 Cavity size for Run 2 of (left) large cgitentre) normal sized cavity (right)
smaller cavity

Fig. 46 Setup for experiment of cavity size (Run 2)
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9.6 Calculations for Drying Mechanisms and Phenomena

9.6.1 Moisture movement rate through FrameGuard |l Baidi
membrane by diffusion only during Experiment 5 &nd

From Equation 5
F= P(pl - pz)
Where P = Permeability Constant
p1, P2 = gas or vapour pressures
F = rate of transfer per unit area of section
For Gib FrameGuard Il Building Membrane, vapoumflesistivity is 0.13 MNs/g [1],
then:
P =1/0.13
P =7.69 g/MN.s
In the Chamber Experiment 6 where building papes tha only cladding and was
exposed to the laboratory a vapour pressure differleof 0.5kPa was commonly
experienced.
p1—p = 0.5 kPa
= 0.0005 MN/rA
Assume that diffusion is acting uniformly on theadable area of building paper
Area =0.888*0.364

=0.323 M
So therefore the mass flow flux from diffusion dacalculated:
F =7.69 * 0.0005 * 0.323
= 0.0012 g/s moisture flow due to diffusion.
=4.32 g/hr

Compared with the observed initial moisture logegaf 8.78 and 6.02 g/hr, this shows
that diffusion processes are not sufficient to axpthe observed drying rate of the wall. A
faster mechanism that the moisture could have isse&ttking. There was observed
condensation at the top of the building papert soreasonable to conclude that the
difference of moisture loss (~1.6 — 4.4 g/hr) wase tb wicking.

Reference:
[1] FrameGuard Il Technical Specifications

An equivalent equation for Experiment 5 where

p1—p = 0.3 kPa

F =7.69 * 0.0003 * 0.323
= 0.00075 g/s moisture flow due to diffusion.
= 2.7g/hr

Compared with the observed moisture loss rate5$ 8nd 2.46g/hr, this shows that the
rate of diffusion could be sufficient to explairetrate of moisture loss through the
building paper after a small time frame. Condensatvas noted inside the chamber close
to the cladding bottom, and the building paper ve@sonably damp if touched. Therefore
it is reasonable to assume that moisture is corigiosthe inside of the building paper,
and wicking through at the bottom of the buildirappr similar to that assumed during
Experiment 6.
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9.6.2 Moisture movement rate through FrameGuard |l Baidi
membrane by diffusion only for timber pieces wrappe
FrameGuard and drying in lab conditions.

Using Equation 5:
F= P(pl - pz)
Where P = Permeability Constant
p1, P2 = gas or vapour pressures
F = rate of transfer per unit area of section
For Gib FrameGuard Il Building Membrane, vapoumflesistivity is 0.13 MNs/g [1],
then:
P =1/0.13
P =7.69 g/MN.s
For this calculation, we will assume8)) 100% RH (2.33kPa) environment on the timber
side and 2fC, 50% RH (1.77kPa) environment in the lab. Therethe differential
pressure is:
p. — P = 0.56 kPa
= 0.00056 MN/rh
Assume that diffusion is acting uniformly on theadable area of building paper
Area =0.6*.09*2+0.6*0.045

=0.135 M
So therefore the mass flow flux from diffusion dancalculated:
P =7.69 * 0.00056 *0.135

= 0.000519 g/s moisture flow due to diffusion.
Compared with the observed moisture loss rate tfden (starting) 0.0021 — (close to
end of drying) 0.0001g/s, this shows that diffugiwacesses can play a significant role in
the later stages of drying, but is not sufficiemekplain the initial observed drying rate of
the timber (0.0021 g/s). The stage at which the meskedrying rate matches the diffusion
drying is when the observed timber moisture conteathes 28% MC.

Reference:
[1] FrameGuard Il Technical Specifications
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9.6.3 Moisture movement rate through cladding cavity bfudion only
during Experiment 11 between 30 Aug 21:16 - 31 AOB0

From Equation 4 the molar flux (moisture movemeset) ynit due to diffusion from the
observed vapour pressure gradient can be calculated

F=-CD Tx
9z

Where F = rate of transfer per unit area of section
C; = molar concentration of medium

X = molar concentration of diffusing component

z = the space coordinate measured normal to timse

D = the Diffusion coefficient
A vapour pressure gradient from 2.85kPa to 1.29kRa a distance of 0.315m was
observed. Assume no bulk molecular movement eitlagrinside the cavity. The molar
concentration of moisture converted from vapouspuee is:

X = pd/Py
Where p = vapour pressure on component a

P, = total pressure in the system (assume 101.32p kPa

So X = 2.85/101.325
= 0.0281 mol/mol
X2 =1.29/101.325

=0.0127 mol/mol
o] dx/dz = (0.0281- 0.0127)/0.315
= 0.0489 mol. fraction/m
Now calculate the molar concentration of air &tpby dry air):
Density = 1.166 kg/fh
Mol. Wt = 28.964 g/mol
C = 1.166*1000/28.964
= 40.24 mol/m
From Treybal (1955), the diffusion coefficient of istoire through air at 252G is:
D = 0.258 crfis
D = 0.0000258 fiis
Otherwise from observed values noted in Treybald8]interpolation can be taken at
22°C:
D = 0.0000252 fiis
The rate of transfer per unit area is
F =-40.24*0.0000252*0.0489
= -0.000050 mol/fhs
Converting to mass flow (molar mass of water 18¢ditol)
=-0.000050*18.015
=-0.00089 g/ths
Cross-sectional area in cavity
A =0.00073h
Rate of diffusion through cavity
=-0.00089*0.00073
=-3.618 *10° g/s
This rate is smaller than the observed averageofatapour movement (0.001 g/s) by 2
orders of magnitude. This shows that diffusion isthe dominant mechanism in moisture
transfer from the cavity. ReferenceTreybal, R. E. (1955). Mass Transfer Operations. New York, McGraw-Hil.
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9.6.4 Moisture movement rate through HITEX polystyrenadiffusion
only.
Sample calculation for Experiment 5
Using Equation 5:
F= P(pl - pz)
Where P = Permeability Constant
p1, P2 = gas or vapour pressures
F = rate of transfer per unit area of section
For HITEX Diamonds, we will assume vapour flow résisy is 20 MNs/g [1], then:
P =1/20
P =0.05 g/MN.s
For this calculation, we will assume®23 100% RH (2.87kPa) environment on the timber
side and 2fC, 50% RH (1.77kPa) environment in the lab. Therethe differential
pressure is:
p.—p =1.1kPa
= 0.0011 MN/rA
Assume that diffusion is acting uniformly on thexdable area of building paper
Area =0.89*0.364

=0.323 M
So therefore the mass flow flux from diffusion dacalculated:
P =0.05*0.0011 *0.135

=0.0000178 g/s

= 0.064 g/hr moisture flow due to diffusion.
Compared with the observed moisture loss rate tw¥den 1.1 — 3.59 g/hr, this shows that
diffusion process does not play a significant imléhe movement of moisture from the
cladding cavity to the laboratory. For diffusionglay a significant role, the cladding
would need to have a similar resistance as builgajer.

Reference:
[1] As specified as maximum by NZ Building Code
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9.6.5 Temperature change and heat calculations for thessaf water
from timber

Example calculation for Experiment 11

For water:
Hevap = 2454.3 k/kg (Perry’s)
Cp =1.863J/§C for vapour at AT (Perry’s 2-182)
r = 1000 kg/m
For air at atmospheric pressure:
Cp =1.001J/§C at 26C (Perry’s 2-181)
r = 1.225 kg/m
For timber:
Cp =0.653cal/§C forvapour at 2T (Perry’s 2-182)
=2.712 J/§C
r = 1000 kg/n
Moisture evaporated into air in chamber:
Mass =2.95¢g
Latent heat required for absorption
E = Mass * Hap
=0.39 * 2454.3
= 956.56 J
Energy released/absorbed as sensible heat:
E =DT * Cp. * mass
Experiment 5 11
Time mins 60.0 255
Change in moisture in g 0.785 0.390
Recorded temp change inside chamber near °C -6.0 -1.3
Energy
Moisture J 1926.305 956.5636

Assumed (uniform) Temperature Drop in

Air °C -6.000 -1.300
Timber °C -0.084 -0.057
Water inside °C -0.084 -0.057
Energy
Airx J -780.8 -173.2
Timber J -195.5 -133.7
Water inside J -950.0 -649.7
TOTAL -1926.3 -956.6
Net Energy J 0 0
Net Energy Rate of w 0 0

* Assuming uniform vapour pressure inside chamber
** Assuming perfectly adiabatic system
*** Assuming air drops in temp uniformly
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9.7 Dry weight of Timber during experiments and tablé drying rates

Experiment 5 4177 g FrameGuard Il (avg.) 946.52 g
Experiment 6 4177 g Black Building Paper (avg.) 484
Experiment 7 4177 g Cover-Up (avg.) 956.24 ¢
Experiment 9 3015¢g Thermofoil (avg.) 955.41 g
Experiment 11 3558.2 ¢ Bare Timber (avg.) 1017.32 g
Container 1-3 (estimated) 160.3 g

Table 5 Mass drying rates of selected experiments fanction of wood MC
Mass Loss Rate (g/hr)

(MC% 14-16 16-18 18-20 | 20-22 | 22-24 | 24-26| 26-28  28-3( 30-3p -382 |34-36 | 36-38 | 38-40 | 40-42
Timber

FrameGuard Il 0.54 0.98 0.8 1.83 3.44 3.96 7.2]
Black Building Paper 0.44 0.3] 0.7p 0.73 1.20 1.90 3.p8 6]62

Cover-Up 0.15 0.26

Thermofoil 0.17 0.4] 0.7p 0.19 1.47 2.60 4.6]] 6.14

Bare Timber L21, L42 0.25 0.35 0.B4 1|69 3.63 $.27

Chamber

Experiment 5 1.1D 2.22 2.46 3.59

Experiment 6 2.48 4.29 6.02 8.78

Experiment 7 1.28 1.6 1.68 3p6 2.13 | 3.88 |

Experiment 9 0.10 0.66 1.02

Experiment 11 0.34 2.5% 4.63 |
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Table 6 MC drying rates has selected experimentsfasction of wood MC

MC% Loss Rate (%MC/hr) (x1000)

MC% 14-16 16-18 18-20 20-22 22-24 24-26 26-48

28-

30432 -382

34-36

36-38

38-40

40-42

Timber

S10-S14 Air-Dried 0.27 0.30

FrameGuard Il 0.57 1.04 0.88

1.94

4.19

7.63

Black Building Paper 0.46 0.33 0.78 0.75

.25

1.97

3.8]

6.8(

Cover-Up

0.16

0.27

Thermofoil 0.18 0.42 0.79 0.83 1.54

4.83

6.39

Bare Timber L21, L42 0.24 0.34 0.83 1.61 3.5

~

6.1

Chamber

Experiment 5 0.26 0.53 0.59 0.86

Experiment 6 0.59 1.03 1.44

2.10

Experiment 7 0.31 0.37 0.40 0.78 0.51 |

.93

Experiment 9 0.10 0.66

1.02

Experiment 10

Experiment 11 0.10

0.72

1.30

Experiment 12 0.06

Container with cladding

Run #1-1

.26

Run #1-2

Run #1-3

.15

Run #2-1

17

Run #2-2

0.15

Run #2-3

0.11
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9.8 Errors

Determination of Timber Moisture Content
There are two main sources of error in the ovenndrynethod.
- Volatiles are lost from the wood in the heatinggass. In highly resinous timbers,
the apparent moisture content will be slightly l@gthan the actual.
- Oven Drying does not totally remove bound watenfithe timber. The final
moisture content depends on the oven’s atmospbenditions. This inaccuracy

can be reduced with the application of a vacuum.

Temperature/Humidity Readings from ELEKTRONIK Probe s
There are three main sources of error associatédtmatElektronik probes:

- In-built voltage output variability from the senséor the Pt1000 temperature
sensor (class A), the documented variability irtag output at 12 VDC is +/-
0.5°C [Ref B]. The HC101 humidity sensor has an accucdey/- 3%RH at
54%RH and +/-5%RH within its working range [Ref B].

- Variability in humidity readings due to temperatufée humidity sensor has a
temperature dependency of —0.1%P3Hat 60%RH.

- Calibration of the voltage output with the appartemperature. Estimated
temperature error from calibration is +/-0C5 Estimated humidity error from
calibration is approximately +/-2%RH at 70%RH.dt@issumed any inaccuracy
generated during signal conditioning is accountedrf the calibration error

estimation.

Temperature & Humidity Readings from TempTec Hygrometers

These hygrometers were very inexpensive and wereatfyp highly variable. Natural
variation in the two temperature probes i’C.at 22°C. The variation in the humidity
probes is 7% at 2.

Acquired Data from Data Logger, Software and Compuér
It is assumed no errors are generated from thelogger, software and computer used

during the experiments.
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Temperature Readings from K-Type Thermocouples

K-Type thermocouples from MeterMaster had a diift40.4 °C with an error of +/-

0.2C.

Mass Readings from Scales

The Bonso 323 scales have a documented accuraeylgf ¥he Sartorius CP4202S has
a documented accuracy of 0.01g. When the Bonseseare attached to the data logger
signal conditioner, the displayed mass readinginascurate. To convert from the
displayed mass reading to the apparent mass (feotoriis scales) multiply by 1.1675.
These errors affect the moisture content calculati@sed on dry weights and calculated

moisture loss rates.

Temperature inside Clayson Oven
It is unknown of the accuracy of the temperatustda the oven. It is estimated to be
within +/-2°C. For the purposes of the experiments conducisdés little effect on the

outcome.

Moisture Content Readings from Handheld MC Reader

The main source of error associated with taking M&dmgs was knots in the timber near
the sample area. This had the effect of loweringMRereading. Depending on the size of
the knot, the MC reading can be lowered by up td/&%6When generic readings were
taken, knots were avoided. Where sectional readiggs taken, knots could not be

avoided.

Wind Speed Readings
Readings taken were consistent through the testeMer due to the nature of the set-up

wind direction varied marginally. These errors havaarginal effect on the experiments.



