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ABSTRACT

It is well known that wind driven rain (WDR) is ormé impact of the position of the source and the qianti
the most important parameters that affects thmne should allocate, is still a point of discussion

hygrothermal behaviour of a construction. Rese#ch | this paper, two different HAM-software models
still on-going to define the amount of rain thaackes (WUFI & Delphin) are used to simulate a water léak
the wall surface, considering it depends on th@ttei 5 \wood-frame wall with an OSB sheathing. The
and geometry of the building, the position on theatle influence of the position of the moisture source is
and local effects as e.g. overhangs. This knowlasigeanalysed for the wetting and drying behaviour @& th
important to assess the effect of rain on thgneathing and the bottom plate. By means of 2D-
hygrothermal behaviour of a construction.  Thgjmuylations, point sources are compared to thesotirr
information is used in Heat-Air-Moisture (HAM) —yniform wetting approach. The results are validated
simulations, to assess the behaviour of constmgtEs ith experimental measurements of the same wood

accurate as possible for realistic climates. Howe® frame assembly subjected to intermitted wetting and
WDR intensity is typically calculated in a simpiist grying in lab conditions.

way, and constructions are assumed to be 10 08
watertight. Only in rare cases plausible defectshef
facade are taken into account, as e.g. missingpiet
sealant, unfilled joints, etc. The reason for netjhg
deficiencies is the fact that very little is knowbout
the amount of water that can be expected to iafdtiat
a spe_c_lflc de_f|C|ency, and how that relates to WDsources, in this case e.g. at the joints of thettom
intensities, wind loads and other boundary condgio plate

Only recently HAM-software allows the user to '
incorporate leaks in the simulation by means of so
called ‘moisture sources’ at specified locationsie T

r this wall type, it can be concluded thatiréform
load at the interface of OSB and insulation mayegiv
realistic results for the moisture content of the
sheathing when occasional leakage is considered.
Nevertheless, at places where water is likely to
&ccumulate, it is necessary to include additiquaht
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1INTRODUCTION

Water penetration is one of the most problematid aidespread sources for damage of building
envelopes. According to ‘good building practicebh@lding assembly is designed in such a way that
the exterior cladding deflects the largest parthef impinging raindrops, whereas the drainage layer
is designed to drain the water that penetratedth@aavity. However, small deficiencies might accu
during construction or after deterioration of thatemial, which could lead to the presence of water
the construction. Normally, the design does nduithe any precautions for this type of events.

In order to create more robust constructions, ¢hatdeal with occasional water infiltration, Heat-A
Moisture (HAM) simulations can be used to predictl analyse the behaviour for leakage. In the
current HAM models, users can assign a ‘water surncaddition to the ‘exterior climate file’, to
incorporate a plausible defect and its infiltrativater. However, the quantity that has to be assign
to this source, or the position at which one shaqulite it in the model, are subject to discussion.
Little information is available on the amount oftemathat has to be expected inside the construction
and the only present guideline on this topic is &RME 160-p [2009] , which suggests an amount of
1% of the wind driven rain (WDR) that reaches thiding facade. Previous research on this topic
pointed out that this amount can vary significamlyeality [Van Den Bosschet al. 2011].

In order to investigate this problem, the followistgps must be made:
1. Weather data with a sufficiently small time staptfie order of 5-10min)
2. Correct assessment of the amount of rain reachimgurface: WDR calculation
3. Rating the quantity of water penetrating into thildding: classifying defects and rating their
infiltration load
4. Correct modelling of the wetting and drying behawiof the wall assembly by accounting for
leakage
In this paper it is focused on the fourth step, aelatborated on the current possibilities to inta
moisture source in a construction in HAM-simulasoimwo commercial software packages, WUFI
[Kinzel 1994] and DELPHIN [Grunewald and Nicolai9l9, are considered and compared for 2D-
simulations. The results are validated with experital data. The main goals are to
- investigate the effect of the use of point souraedglifferent position, and compare this
method to the common approach of uniform loading
- compare the results of two commercial programs eoricg moisture sources.

2SIMULATING MOISTURE SOURCES

State-of-the-art HAM-simulation programs are able produce similar results concerning
hygrothermal behaviour of constructions, as wadigoad by a round robin exercise in 2001 in the
framework of the Hamstad project [Hagenteftal. 2004]. The exercise comprised 5 cases, each
focusing on a particular aspect of heat, air orstowe transport. The study revealed that the adaila
1D-models were able to generate similar resultffefginces were most likely to occur during rapid
climate changes, such as the presence of rain. CaaelD- exercise that dealt with an equally
distributed moisture flux at the outside boundasim(lating rain) [Hagentoft et al. 2004], also
showed good agreement among the different modats,the largest discrepancies emerged during
the wetting and drying of the materials, or whercdame to redistribution of moisture at material
interfaces. Although this round robin exercise gioeonsistency between the programs for general
1D-problems, as e.g. large, widespread and unifeaks, it does cover the questions that arise in
case of point-loads, as e.g. small occasional |égkscally a 2D-problem). Carmeliet al. [2007]
illustrated the different wetting patterns that @acur in a wood frame wall assembly. The wetting
patterns are complex and depend on the type oftihgamaterial. However, it was shown that water
is likely to follow certain pathways in a wall (e.glong the studs) and that certain locations are
exposed to the accumulation of water, e.g. theobofilate of the construction.



For the above mentioned reasons, the current nioglethethods for infiltration water can be
criticized:

- the positioning of the infiltration load on the exterior surface of the water resistiveribar
(WRB), as proposed by ASHRAE 160-p [2009], can bestjoned. Straube and Finch [2009]
indicated that modelling the infiltration at tiegterior or interior surface of the WBR can
lead to different conclusions for stucco clad raieen walls. Nevertheless, many studies on
the topic of local water penetration tend to sirteilghe impact of a source as a 1D
phenomenon uniformly distributed over the comptatter surface, e.g. [Kiinzed al. 2008].

- thedistribution of water in a construction becomes of intereghim case of leakage through
deficiencies. A uniform load at every point in tt@nstruction does not take into account the
possible accumulation of water at lower parts ef ¢bnstruction due to gravity. Therefore it
is necessary to use 2D-models: they give more lddtaiformation on the vulnerability and
moisture tolerance of building envelope interfadésxt to that, the resemblance with reality
is more pronounced, as leaks tend to occur in amaniy distributed way, as isolated spots in
the construction [Straube and Finch 2009].

- Next to these ‘geometric’ modelling issues, dmount of water that has to be defined as
leakage is still unclear. The lack of measuremeatt drom experimental set-ups in lab
conditions or on site renders it difficult to demelreliable guidelines. Furthermore, the
approach is also complicated by the large variétgakage problems, depending on the type
of construction and the materials used.

Most quantitative water penetration experimentsehagen performed on masonry walls [Van Den
Bosscheet al. 2011], or window-wall interfaces [Van Den Bossckel3]. Efforts have been
undertaken by members of the MEWS project [Lacasak 2003] to quantify the infiltration rate for
defects at wall-window interfaces, duct penetraticand junction leaks. In this paper, the
experimental data has been adopted from a prewtudy on the wetting pattern in a wood frame
wall, after rainwater penetration took place thiouay wall-window-interface defect [Teasdale-St-
Hilaire 2006]. The results of this study are repdrin literature, and are used heregaalitative
validation for the simulations results of the praseesearch. Since no material properties of
experimental setup are measured, it is difficultctampare the exact values of moisture content.
Nevertheless, the general trends of the waterildigion are available and used to compare with the
wetting pattern generated by hygrothermal models.

3 EXPERIMENTAL DATA FROM LITERATURE

The investigated construction consists of a woané& wall (100x16.7x100cm) for which the
schematic drawing can be found in ‘Fig.1(a)’. Dgrthe experiment, water was inserted at the top of
the construction, 5 cm below the top plate. Thigree represents the water penetration through a
defect of 10x5mm in a window sill, which could loeated above the presented wall part. The rain
infiltration amount was determined in 2 steps. Tgih with, a watertightness test was performed
according to ASTM E331-00 [2000] (3.4l/m2min @13Y.Pehe average percentage of infiltration
water was calculated for a test of 1minute and hbieais, i.e. 5.3% of the spray rate. This rate was
then applied to the most rainy month for Montréaldust, 1.93l/m2), and a catch ratio of 0.12
(center of a building, 1/3 of building height anihd/ speed for Montréal), resulting in an infiltikti
rate of 12ml/m2h (5.3% x 1.93I/m2h x 0.12 = 0.0tk ). The general wetting pattern on the
sheathing board can be found in ‘Fig.1(b)'.

In summary, the water is applied at the top, arehsts downwards. Point A receives more water than
point B, because some of the water adheres atalrserbed by the OSB along its way down. At the
bottom plate of the construction, the water accaesl and causes the highest moisture contents
(MC) in the bottom plate. At points A, B, C (in tiskeathing), and D and E (in the bottom plate @
6mm below surface) the MC was measured by meanmmoidture pins (‘Fig.1(a)’). The wetting
period lasted for 28 days, repeating 4 times theklyepattern (‘Fig.1(c)"), followed by a drying
period of 56 days (2x28). The indoor temperaturs Wept constant at 21°C. On the other hand, the



outdoor temperature was set to 21°C during theingetreriod, but changed to a daily sinusoidal

variation, with an average of 6.3°C and 13.7°Ctfwr first and second drying period respectively.

The relative humidity (RH) on the exterior sidetiof construction was set to 60%, 64% and 63% for
each respective phase, while the interior RH redamdy 50% during the wetting phase, followed by

40 and 43% during the drying periods (see alsodaasSt-Hilaire [2006] for more information).
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Figure 1. (@) Concept of the investigated wood-frame wall asdgmith moisture measurement

points A-E.(b) Experimental wetting pattern of the sheathingrait8.4h wetting event of 12ml/h

(reproduced from [Teasdale-St-Hilaire 200@&]) The weekly wetting pattern which is repeated 4
times during the wetting period.

4 SIMULATION APPROACH

The assembly shown in Fig. 1 was modelled in botdAW2D (v. 3.3) and Delphin 5 (2D-
construction — planar transport). In a first stdmg problem was approached from an engineering
point of view, with materials available in the méék databases of the respective software. In a
second step, the materials were set to be equadtin programs, in order to filter out discrepancies
due to material properties, or due to modellinguéss The material properties as found in the
databases, are presented in Table 1. The intanibreaterior climates were set identical to those in
the experiment (see §3).

In order to evaluate the effect of the locationttoa distribution throughout the wall, a number Bf 2
simulations were performed with the source at diffié positions: at the original position (called
‘top’), at point A or at point C (in the sheathing}t point D (in the bottom plate). In both proggam
the sources were modelled as 15x15mm squares,|pasted in the oriented strand board (OSB) and
partly in the insulation layer. These dimensions a trade-off between ‘as small as possible’ and
numerical stability. It was noticed that the sintida results are sensitive to dimensions of the
moisture source. When taken too small, the sinuatiiverges due to numerical instability in non-
linear effects for high MC. The accompanying waterduction was defined by the wetting pattern as
shown in ‘Fig.1(b)’, i.e. 12ml/h (or 489.6ml forghotal wetting period of 28days).

The results of the simulations using point souraes,compared to 2D-simulations with the common
uniform wetting approach for:



- an exterior load of 1% of the amount of WDR for Agg(1% x1.931/m2 x 0.12 = 2.3 ml/m?),
- aload of 12ml/mz2 uniformly distributed at the inte side of the OSB
- for a load of 12ml/m2 uniformly distributed at thgterior side of the OSB

Table 1. Material properties in WUFI and Delphin.

Property Oriented Srand Board Insulation Soruce
WUFI Delphin WUFI Delphin WUFI Delphin
p [kg/m?3] 630 630 30 30 455 425
Weap[kg/m3] 378 270 361 900 600 570
Wmax[KQ/m3] 470 350 361 900 600 590
Wgo [kg/m?] 95 36.8 0.4 0.16 80 72.7
Porosity 0.6 0.4 0.95 0.92 0.73 0.7516
u[-] 650 280 1 1 130 73

with ‘p’ the density, ‘w,, the water content at capillary saturation (sherin), ‘wy.¢ the water content at complete
saturation (long term), ‘u’ the vapour diffusiorsistance.

The results are validated with the experimentalsaeaments, where the source is located at the top
of the construction only. It is investigated whistmulation approach is able to reproduce similar
wetting patterns.

4.1 Resultsusing materials from database

Two locations, A (Fig. 3(a)) and D (Fig. 3(b)), areosen to present the results of the simulations.
The MC over time can be found for the cases wighgbint sources at top and at the respective point,
and for a uniform loading at the interior surfadetlte OSB for 2 different infiltration amounts:
12ml/m?h or 1% of WDR. The experimental data (fonailtration rate of 12ml/h at top) collected at
the respective points, are added in the graphertgare the general tendencies.

4.1.1 Point A

The experimental measurements show periodical imenés of the MC in point A, when the water —
coming from the top- runs over this point. As OSBiot a very absorptive material, the water witl ru
down due to gravity, resulting in rather small ®iins in moisture content (peaks of 2-3 %).

It was found that a point source at the top (redioduces some small periodic peaks for WUFI
(0.5%), whereas in Delphin a more general incréasdC (without peaks) can be found. In case a
uniform load of 12ml/mzh is used (yellow), Delplshows a wetting pattern that is more similar to
that of the experiment (peaks of similar size).

When the source is applied directly at point A ége extremely high peaks occur, as was expected.
In Delphin, the material reaches saturation atttiied moisture load, but due to its low vapour
resistance, the material is allowed to dry outisigifitly before the next loading period takes place
On the other hand, in WUFI a significant differerioethe peak load is noticed, although the same
amount of water was added to the construction. ¢bidd be related to the fact that the insulation i
Delphin is more capillary active, and thereforessmuhigher MC in the OSB-panel. In both programs
however, the MC exceeds 20% at the point of imfiitm during the wetting events, but the material
dries out immediately when the water supply ende tiniform 1%-load at the exterior side barely
influences the MC of the sheathing, partly becatseapplied at the exterior side of the OSB, and
partly because the amount is much smaller.

4.1.2 Point D

In the experiment, it was noticed that the insentester collected at the bottom plate of the
construction, a conditions that can be expectedctur in practice as well. This leads to very high
moisture contents , as can be read from the maasats in point D (‘Fig. 3b’ -blue). This graph also

shows that none of the proposed strategies forrieddage in simulations is able to represent the



moisture accumulation in an appropriate way. Onl\Delphin, for the source at point D, a similar
behaviour is found. Again this is attributed to thiiferent insulation properties: in Delphin thetem
is absorbed in the insulation near source, makiagrood to stay wet for a longer period of time.
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Figure 3. Moisture content at point fa) and D(b) for the experiment and 2D-simulations with the shaie
source at different positions

In order to identify the reasons of discrepancymeen the distinct models on one side, and the
models and the experiments on the other side,it@ations are repeated for Delphin, but how with
the same material properties as for WUFI. Becabhee driving potential for liquid transport is
capillary pressure in Delphin (Eq.1) and water eahin WUFI (Eq. 2), different material properties
are requested (the main conversion being liquitlisiifity to liquid conductivity). The properties as

given in WUFI, are translated to the propertiesdeeein Delphin using the formulas reported in
[Hagentoft 2001].

Liquid transport in Delphin Liquid transport in WUFI

(1)

) ap; . dw (2)
= K [szg] Ji = —Dy(w) I

with ‘j;" the liquid moisture flux, ‘K the liquid conductivity, ‘gliquid water pressurep;’ density of liquid phase,
‘g’ the gravity constant, ‘Pthe liquid diffusivity and ‘w’ the moisture conté

In general, it can be noticed that in Delphin @dilnes) the moisture content at the end of thdimgpt
period (28 days) is mostly higher than the restdtsWUFI. A possible explanation can be traced
back to the gravitational component that is acoediribr by Delphin. For example, when the source
is introduced at the top (red), Point A (see ‘Fi¢g¥) will receive more water in Delphin than in
WUFI. This makes it more convenient to use pointrses in Delphin, compared to WUFI (e.g. when
the source is located at the top (red line in F&):4n Delphin more water reached point A at thd e
of the wetting period (an increase in MC of 3.5%inpared to WUFI(1.2%). In the experiment, the
MC increased with 2% in point A, but with peaks48f6. The results in Delphin are consequently
closer to the real situation, and more conservative

4.2 Results using equal materialsin both softwar e packages

Next to the gravitational difference, also the rais redistribution is different in both progranms.
WUFI, this property is typically approximated as?d @f the liquid transport coefficient for suction.
For the OSB material, the value for redistributatw,, is 1e-9m?/s. In Delphin, the reverse water
retention curve contains the same values as therwetiention curve (leading to 1e-12m?/s fopw



This difference can clarify the difference of theegn curves in Fig. 4.a: in WUFI no saturation
occurs because the moisture is spread more rapidBelphin, the MC in point A reaches saturation,
and because the vapour resistance is more thaa tixécvapour resistance of the original material, i
cannot dry out very fast. Fig. 4.a clearly illustsathe impact of the position of the moisture seur
In Delphin, the uniform load of 12ml/m2, as wellthg point source, cause a moisture content above
20% at certain locations in the construction. Thight cause moulding and decay of the material. In
WUFI however, this critical level is exceeded offiy shorter periods only at the location of the
source, but immediately dries out at the end ottting event.
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Figure 4. Moisture content at point fa) , D (b) and C(c) for the experiment and 2D-simulations with the
moisture source at different positions, and equatenmal properties for WUFI and Delphin.

In ‘Fig. 4(b)’, it is illustrated that the resultsr WUFI and Delphin are similar when the source is
located at point D (green), but the high moistuegel as in the experiment is not reached.
Nonetheless, only this approach leads to a MC aB6%, which could warn the designer.

These results assume that the combination of @umifoading at the interior side of sheathing, and
an additional point source at the bottom platedcoant for water accumulation, might be the best
approximation for each point in the constructiohisTis also confirmed by the data for point C (‘Fig
4(c)). The results for a uniform load (yellow) dvetproximity of a point source (green) come most
closely to the experimental observations.Howeuss, different results between WUFI and Delphin
point out that the results of 2D-simulations higdpend on the model used and the way moisture is

applied to the construction. The results shouldb®taking for granted and must be analysed very
carefully before drawing conclusions.



5 CONCLUSION

In this study, the use of a point moisture souccginulate water leakage in a wood frame wall is
compared to the approach of a uniform moisturd,lé@ both WUFI and Delphin. The results are
validated with experimental measurements obtaina fiterature.

Because gravity is taken into account in the Delguftware, this program shows a more realistic
distribution in case of point sources. However,aofhthe models is able to reproduce the moisture
accumulation at the bottom of the wall, when thadittons are modelled as in the experimental
setup. From these preliminary results, it can beclkemled that for this wall type, the approach of a
uniform moisture load at the interior side showhd best results for the sheathing material. An
additional moisture source at the bottom platedsessary to simulate the moisture accumulation
there. For the exact amount and position of theceguurther research is needed. Evidently, the
material properties have a big influence on thelteBor this case, the vapour diffusion resistaoice
the OSB and the water content of the insulatiorenmtturned out to be significant parameters.
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