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ABSTRACT

High performance window frames that are widely use&urope rely on pressure moderation to
achieve a good weathertightness. By separatingaittightness plane from the water shedding
surface a drained cavity can be pressure moderageaind pressure is the main driving force for
water to infiltrate into the frame, a pressure digad system is able to achieve higher performance
levels. In this paper the performance of windowrfea is analyzed in two separate ways: first of all
experimental research was conducted on a singheefta analyze the way it functions and fails,
secondly a database of the university window tgstatility was used to perform a parametric
analysis.

High frequency measurements on window frames peofad the information to model the pressure
in the cavity and render information on prevaleatameters. The influence of different elements
(section, joggles, gaskets, fittings) is examinetaoth dry as well as rainy conditions during stati
and dynamic pressure differences. The airtightoésise outer plane divided by the airtightness of
the inner plane is the main parameter that wiledeine the watertightness potential of window
frames.

Based on the research carried out within the frapnkewf that program and the analysis of the test
reports in the database design principles have le¢ermined requisite to achieve adequate
pressure moderation in window frames.

RESUME

Les cadres de fenétres a haute performance utd@gsamment en Europe comptent sur la
modération des pressions pour atteindre une bdaneléité. En séparant le plan étanche a
l'air de la surface drainant I'eau, la pressionird@ans une cavité peut étre modérée.
Comme la pression due au vent est la cause prlacgane force sur I'eau menant a
linfiltration dans le cadre, un systéme permettB@tuilibre des pressions est capable
d’atteindre de hauts niveaux de rendement. Dansuteete, le rendement des cadres de
fenétres est analysé de deux facons : un cadrersdré a été étudié expérimentalement
pour analyser son fonctionnement et son mode delldéte, puis la banque de données du
centre universitaire d’essai sur les fenétres\d gderbase a une analyse paramétrique.

Des mesures a haute fréquence effectués sur dess adml fenétre fournissent les données
requises pour modéliser la pression d’'air dansalat€ et documenter des parametres-clé.
L'influence des différentes composantes (profilégations, garnitures d'étanchéité,
guincaillerie) est examinée sous conditions sedtemouillées et des différences de
pression d’air en régimes stationnaire et trangitdi'étanchéité de I'air du plan extérieur
divisée par celle du plan intérieur est identiftdenme le paramétre principal déterminant
le potentiel d’étanchéité a I'eau de cadres detfené
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Se basant sur la recherche effectuée et I'analgserapports d’essai de la banque de
donnée, des lignes directrices de conception smpiogées pour atteindre une modération
des pressions d’air dans les cadres de fenétres.

1) INTRODUCTION

In order to shield the indoor environment from tbgterior most building components are
assembled out of several layers of materials to tnubifferent performance requirements
(watertightness, airtightness, thermal resistasicactural stability etc). In that regard windowsla
doors are usually the weak spot of the buildings d transition from the building component to the
insulated glass unit where all the different malerand functions are literally forced together. On
top we want them to open and close, so that irdertiecomes even more crucial and difficult to
design and construct.

Pressure equalization is the basic principle wiveredows and doors derive their performance
from, but how can this be realized, and what agentlain parameters that influence it? As in walls
and roofs we can distinguish different elementh@window casement that will fulfill those needs
and influence the performance: the section, jogglaskets and fittings (handle, gearbox, locking
bar, corner pivot, stay, hinges...). Using high freocy measuring equipment the influence of the
different elements is examined in both dry as wsllrainy conditions during static and dynamic
pressure differences.

The most common design strategy for watertight winsl is pressure equalization, although
pressure moderation might be a more appropriateen@traube J.F. 1998). The performance of
different types of cladding that use pressure eézmiadn has well been studied over the last 40
years: an extensive literature review can be foimdSuresh Kumar K. 2000). The Pressure
Equalized Percentage (PEP) is a specific value d@mivd and 100% which measures the rapidity
and degree to which the internal air pressure withe cavity can equalize with the external air
pressure (Burgess J.C., 2000). A PEP value of 1i0Q8tes a perfect pressure equalization of the
cavity with the same amplitude and in phase withakternal air pressure. As window frames only
have a small cavity volume, we expect the phade ahihe pressure to be relatively small because
the major determinant of response speed is the @ssipility of the air (Straube J.C., 2001). The
PEP can be calculated with following formula (1):

PEleo{l—ZFl)T }Pe(t) - Pc(t)j
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PEP: Pressure Equalization Percentage [%]

P: Amplitude of external air gauge pressure [Pa]

T: Period [s]

Pe(t): Gauge air pressure outside at time t [Pa]

Pc(t): Gauge air pressure in cavity [Pa]

However, the figure 2 in the denominator suggdsisa PEP of 0% would occur at the moment the
pressure in the cavity is in antiphase with thesiolat pressure throughout the whole period. The
measured phase shift caused by the pressure modenatthe cavity is about 0.05 up to 0.25
seconds, so the period of the outside pressurdiichvthe pressure should rise from a negative to a
positive pressure should lie somewhere between &@20.15 seconds. Looking at climatic data
measured with high frequency equipment this istinetcase, certainly not for amplitudes above 10



Pa. Hence we suggest deleting the figure 2 in ftanfl). This way the pressure equalization
percentage gives a more intuitive approach togetathe pressure in the cavity. In static condgio
where the pressure in the cavity is half the oetgicessure, the PEP equals 50%. According to
formula (1) the PEP would be 75%. Further in thapgr formula (2) will be used to calculate the
PEP.
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Due to the complex geometry of windows (causedheyrhal and mechanical characteristics) and
the fact that they have to open and close, it ectally impossible to create a face-sealed
watertight window that is impervious to water andthrough time under all circumstances. As a
result we take for granted that failure will occtine window should be designed as a drained
construction with a water barrier, an air barrignd drainage paths as separated functions. The
water barrier is in fact just a shedding deviceptevent water from entering in the cavity of the
window frame, like the exterior facing of a masobrick wall. The air barrier is utterly important
for the performance of the window because it mu#istand high pressure loads to enable pressure
equalization at all times. Any penetration of tiéight barrier by hinges, joggles or fittings miag
crucial to the overall performance. Any water thahetrates into the cavity should be drained to
the exterior by weep holes at the bottom, and @eoto prevent negative pressure effects in the
cavity by static watercolums in the weep holestvane located at the top of the window.

The pressure equalization is just one principlevafer management. If we also take the buffering
effect into account and realistic weather datdeitomes clear that some windows may perform
quite well under high pressure loads, without atitey real good pressure equalization (See also:
Rousseau J., 1999). The effect of external preggadients is strongest along the vertical edges of
buildings for wind angles between 30 and 60 degreesusually this does not coincide with the
greatest wetting intensities (those occur during@edicular winds). In this paper only windows of
relatively small dimensions are discussed, so patgressure gradients are not taken into account.
The biggest mean pressure difference as well apitgest peak pressure differences do in fact
coincide with the greatest wetting intensities €tr Kumar K., 2003) The outer 5 to 10% of the
building width and the top 5 to 10% of the buildihgight experience the largest gradients and
normal compartmentalization should be adjustetiabd @inculet D., 1997).

There are reservations concerning all of the ctumextertightness tests available, and research is
needed on the principles and requirements of dynesting (Kerr D., 1997). In order to design a
new standard test, there should be a good agreebremteen the performance under real
conditions, and the performance according to the tlest. The different damage initiation
phenomena need to be closely examined to devedofesth conditions for dynamic testing. On one
hand there is a difficult balance between the dom@$ and performance of a window during its
total service time, and the conditions and perforcean the test facility (Cornick S.M., 2004) On
the other hand there is also a balance betweetirgreatest method that comes close to reality and
a test method that is economically realistic aradbha.

2) PRESSURE EQUALIZATION OF THE WINDOW CAVITY
2.1) Theoretical background

The mass balance of the cavity can be visualizefthbye 1:

Ap, +Ap, =APga (3)
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Figure 1: mass balance of the window frame gavit
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Q: Air flow rate [me/h]
C: Flow coefficient [m3.H.Pa"
n: Flow exponent [-]

Ap: Pressure difference [Pa]

If only static conditions are taken into accountniula (1) can be simplified:

P,-P
PEP:100(1——| dalr j :100(1——AIOl j (8)
Aptotal Aptotal

We can assume that the flow exponents of both oagsnare the same and equal to 2/3.
Furthermore, the air flows through the opening¢hattop and bottom of the drawing (vents and
weep holes) are comprised within the air flow iatéront. Therefore:

Q=Q = ClApl% = CzAp? )
After substituting equation (3) in (9) we get:

-1
c 1%
PEP=100| 1- 1{1} (10)
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If the pressure equalization is plotted againstrdim of the flow coefficients (of the outer water
shedding surface and the inner airtightness plahtje window frame it is possible to estimate the
minimum ratio of the flow coefficients if a certdievel of pressure equalization is required (figure
2).
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Figure 2: PEP - ratio flow coefficients Figeequalization in a wooden window frame



The flow exponent has a significant influence om pihessure equalisation, but measurements point
out the variability of the flow exponent is quiteaall. On the other hand, the power-law equation
(4,5) is only valid for a rigid opening, whereasndows do not fulfil that requirement: at high
pressure differences the sash tends to move alittlhway from the sash allowing higher air flow
rates passing through cracks and joints. Howewis, is only a theoretical approach to explain
some phenomena in the following sections.

2.2) Experiments

In order to analyze the effect of different paraengton pressure equalization in windows
experiments are conducted at our certified testittaon a vinyl window (1.44m high by 1.22m
wide, see figure 4). The window has 3 drainage imgsn(a slot of 5mm wide and 30mm long) at
the bottom and 2 vents of the same size at thettega turn and tilt window and it uses an inner-
and outer gasket for respective water- and airtiggg. Including the hinges there is a total of 11
closing points for a contour of 5.04m. The sashedl dimensioned in accordance to the frame, the
hardware is adjusted correctly, and the glasssis glaced as it should be.

| 1.22m |
| \
T — L] —
. L]
Pl T /A .
ven™ ' closing
i~ N 3
/ ~\ point
/ \\ ~
/ v
1.44m / \ e
f (e
/ P L
] / -~ Y
/ - - )
! - \
ST weep ho
0 o
—— [ Y —_—

Figure 4: schematic drawing of window  Figurevindow mounted at test facility

Three pressure taps are used: one to measureessgupe on the exterior of the frame, and two to
measure the pressure in the cavity of the winddvesg are placed in the left and right jamb of the
frame to see if there is a difference caused bylhee of the tilting hardware that is situatedhe
upper left corner. The pressure taps are calibrateg low range differential pressure transmitters
with a full scale error of less than 1.0 % (GEM36&Zransmitter). The output of the taps is
transmitted to a data acquisition module with & $ehle error of 0.1% (Dataq DI-158) into the
computer for direct processing with the softwarelDAg.
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Figure 6: Air flow rate and PEP plotted againsttital pressure difference over the window

Figure 6 shows the air flow rate of the window asiraction of the pressure difference across it,
both in dry as well as in rainy conditions. On #gerond Y-axis the PEP is plotted for the two
situations. The measurement for the rainy condstidoes not go beyond 730 Pa because water
infiltration occurred at that stage (raising thegsure difference beyond that point would distost t
measurements). During a shower of rain the filmvafer will partially close the vents and weep
holes, thus reducing the airflow but also redudhg pressure equalization of the cavity. The
amount of water that is entering the cavity depemdgnly on the pressure difference and the
geometry and deformation of the window frame arshhsa

When the pressure rises above a certain levelf @lsudden the water cannot be drained quickly
enough by the weep holes any more and static watemns in the weep holes partially block the
pressure equalization (for this particular winddwattphenomenon started at 620 Pa). This causes
the pressure in the cavity to fluctuate with an ktongie of 20 up to 50 Pa and a period of 0.1 to 0.2
seconds. From that moment on the average pressuhe icavity drops while the total pressure
difference across the window is raised. The amgditaf the fluctuation on the other hand rises up
to 100 Pa at the point of failure (730 Pa). If tlwtal pressure difference is decreased, the
fluctuating of the pressure in the cavity will reatase until all the water has drained. The amgitud
of the fluctuation seems to be a measure to pretiet failure of the window in different
circumstances, however more research is neededntfirm these preliminary conclusions. One
could think that the deformation of the window le tmost critical factor for the balance between
the airtightness of the outer and inner plane,apgarently for this window the water film and
imbalance of the water drainage system causesr#ssyre equalization to fail preliminary and
water will infiltrate into the interior.
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The normal test procedure according to EN1027:26@tains a wetting period of 15 minutes
followed by a number of pressure steps of 5 minateh (0 — 50 — 100 — 150 — 200 — 250 — 300 —
450 — 600 — 750 — 900 — 1050 — 1200 Pa). Duringdke? liters of water are sprayed per minute
per square meter on the window. Every window indparis tested that way to measure its
performance regarding watertightness. It is up temier states to define which level of
performance is required and obliged in a certdumation, based on a correlation between the test
conditions and the conditions of the window in skigure 7 shows the results of different tests on
the same window, while only the number of vents am@p holes are changed. First of all, it is
clear that there should be at least one weep hdlling more vents will only lower the amount of
water entering the cavity, thus postponing the munoé failure. Secondly, if there is at least one
weep hole, high pressure differences can be olgtaivithout failure if there are enough vents.
Adding an extra weep hole does not seem to maiaemuch, which could be an indication that the
amount of water that needs to be drained is n@&rahing the failure mode (also see 3.3). Once
there are three weep holes the number of ventditiasnfluence on the performance: it is most
likely that at certain moments in time one of theew holes functions as a vent while the other
weep holes drain water.

3) PARAMETRIC ANALYSIS
3.1) Introduction

The test centre for facade elements of Ghent Usityewas founded in 1952 in order to conduct
research on watertightness of windows. Between H96R2008 the test facility has tested a lot of
windows including their performance regarding widgitness, airtightness and resistance to wind
loads, but unfortunately the results of the testsoaly stored in archives during a limited peraid
time. We were able to retrieve 207 test reportsafaining tests of 136 aluminum windows (66%),



52 vinyl windows (25%) and 19 wooden windows (9%hese experiments where all done
according to current European standards. For nmdoennation on watertightness testing see (Van
Den Bossche et al. 2008). The large number of tastdifferent samples gives the opportunity to

analyze the influence of the type of materialskgtsand hardware on the overall performance of
the window.

3.2) Frame materials, gaskets
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While the aluminum windows achieve high levels a@itartightness more frequently than the other
materials, many wooden windows seem to fail at Mexy pressure differences. However, the
difference in performance between the three typesimdows may have little to do with material
properties. Every material has it own specific ¢targion methods and technology to achieve
watertight windows, in that way every material gees other advantages and potential problems.
The type of material is also correlated with thels®f the production process. The investment in
order to produce wooden window frames is relatively and the necessary training is available at
most schools where courses of carpentry are giMeerefore most of the manufacturers of wooden
windows are rather small workshops with only a fawployees in Belgium. Vinyl and aluminum
window frames require more advanced technologyranch higher investments. Those enterprises
are bigger and the technology transfer is primaldlgated in the company itself. While big
companies rely on subdividing the construction pssdnto little and easy steps in an assembly line
and use quality control systems, small workshofysae craftsmanship and may have a larger risk
for errors to occur.

Looking at the results of experiments on aluminmwmdows during the last 15 years there is no
clear evolution in the average performance. Theamee performance fluctuates very strongly
throughout that period, and this is not caused thtistical flaws (e.g. too small sample group).
Vinyl windows have improved significantly especyalsince 2001, going from an average
watertightness of 300 Pa between 1997 and 200dnewhere between 500 and 650 Pa in the last
5 years. Aluminium on the other hands slightly skoav downwards trend regarding average
watertightness (from 800 Pa in 1994 to 600 Pa Bv20Before 2001 there was a clear difference in
performance between the two types of material, dinte 2001 this difference has declined
significantly and has practically vanished. Thaksample group of wooden windows is too small
to carry out a reliable analysis.

3.3) Airtightness



Airtightness does not give the same result as wgldness: aluminium windows achieve
the highest airtightness levels, followed by woode vinyl windows respectively. The
airtightness of the windows is specified by a leaetording to EN 12207 ranging from 1
to 4, level 4 being the most airtight windows.
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Figure 9 shows the correlation between airtightaegbwatertightness of windows: it may be clear
that the level of airtightness is a stipulation fgsod watertightness because only 6% of the
windows of level 3 achieve a watertightness levmva 600 Pa (for windows with airtightness
level 4 that percentage is 38). A close examinatibthose results shows that at least airtightness
level 3 is required for watertightness levels ab@%@ Pa, level 4 is required for watertightness
above 450 Pa, and all the windows with a watentigb$é of 1200 Pa have an air leakage per meter
joint length that is about half of the permissitdakage to reach level 4. Figure 10 shows the air
leakage per meter of joint length in function o @ir pressure across the window for 29 windows.
14 windows remained watertight up to 150 Pa (ligigty lines), the other 15 windows reached a
watertightness level of 1200 Pa (black lines). Taksarly indicates that airtightness is a condition
to reach a certain level of watertightness. Theritecal analysis already pointed out the influence
of the ratio between the inner and outer planehefwindow frame. As already mentioned, the
airtightness of those planes is not constant, hadlow coefficient and flow exponent vary with
the pressure difference. The airtightness of therqulane is small (there are vents and weep holes)
and will be primarily changed by raindrops blockihg weep holes, and to a lesser extent the vents
and joints. The airtightness of the inner planehanged by the deformation of the sash and failure
of the gaskets. That way the airtightness of theroplane is higher, whereas the inner plane
becomes less airtight, thus changing the ratio wag that has a negative effect on the pressure
equalisation. The pressure across the outer plédheetermine the amount of water entering the
cavity, whereas the pressure difference acrossirther plane will primarily determine the
airtightness ratio. The pressure difference acttesuter plane also determines the water level in
the window cavity. When the outside pressure iP&a0higher than the pressure in the cavity, a
water column of 5mm is built up in the cavity totaib a balanced situation. The moment the
window fails and water infiltrates, the pressureoas the outer plane has raised up to 300 Pa.
Hence there is an imbalance that is compensatédawitater column of 30mm. It may be clear that
these water heights can cause infiltration.

As the pressure difference rises, the airflow eatiess the window rises accordingly (figure 6). As
the air speed inside the cavity also rises, moremdrops are carried along onto the airtightness



gasket. Measurements show the pressure in theycmvivery unstable (fluctuations with an
amplitude up to 50 Pa) which is caused by air gesitsing into the cavity through the weep holes
and water columns draining out of the cavity sinéously.
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The correlation between mechanical resistance nol Vaads (the deformation when submitted to a
certain pressure difference) and watertightnesigbtly less explicit, but more rigid frames do
tend to achieve a better watertightness performambereas slack windows (relative sag under a
1000 Pa load is bigger than 1/350) apparently doreach a watertightness level above 600 Pa.
Good pressure equalisation and watertightness depenthe collaboration between the frame,
hardware and gaskets. Apparently the gaskets iteterigid frames are not able to follow the
bigger deformation: either this is a physical laibn, or none of those windows had gaskets
adjusted to the type of frame. The mechanical ta@si® is a combination of the stiffness of the
frame and sash, the fine tuning of operating harevead the number of hinges, stays and other
elements that connect the sash to the frame. Mdoemation on relaxation of the gasket and its
influence on pressure equalisation, particularlyirdu gust effects, can be found in (Van Den
Bossche et al., 2008).

In order to analyse the influence of the positignof the gaskets in the profile (inside, central or
outside) the results of the aluminium windows wamalyzed. Some results were excluded from the
statistical analysis to avoid distortion due toilirdtion problems which are not related to the
gaskets. Most aluminium windows have at least taskgts, and the most common systems are:
inside-central, inside-outside, inside-central-mlets central-outside. The window frames with an
inside-outside gasket configuration clearly perfdess then the other systems, as only 25% of all
windows achieve a watertightness level higher 8@hPa. On the other hand 43% of the windows
with gaskets central-outside reach that level, 4t of the inside-central types. Windows with
three gaskets apparently perform slightly less welh the types above. This is probably caused by
tolerance problems to position the sash correctlly vegards to the frame. The overall conclusion
for aluminium windows is clear: two gaskets will,dd which one is located centrally in the cavity
between the sash and frame.

3.5) Operating hardware

During 2006 Ghent University did a series of tests the interchangeability of hardware in
collaboration with the BCCA. For the tests 7 ideativinyl windows were manufactured, with



identical size, section, reinforcements, gaskdéging type, etc. Only the hardware was altered: 7
different types of hardware (4 brands) were insthlh the turn-tilt windows. This also meant that
not every window had the same amount of closingtgothis varied from 9 to 12. However, every

single window was constructed by a different maotfieer. Each window was handled with kid

gloves and brought to the testing facility. Out ofwindows no less than 5 did not reach the
watertightness level that was achieved duringahttipe testing (1200 Pa). Two windows initially

did not even reach the required level for windowdow-rise buildings (<10m height) in coastal

area’s (450 Pa).

Most failures were traced back to constructionrerad the manufacturers. With some guidance and
a number of follow-up experiments eventually alhdows (one sash had to be replaced) were able
to reach a satisfactory level (600 Pa), but evdigtuanly 3 windows achieved the same
watertightness level as during initial type testiRgrther analysis points out that the resistance t
water infiltration is slightly correlated with treartightness of the window, but no correlation with
the type of hardware, number of closing points @md could be made. Why does one window
perform better than another? Although only one mpatar was changed that was probably not the
dominant influence on the system. This clearly ulimkes that initial type testing is only an
indication of the potential performance of a certaindow type.

Another example of the influence of craftsmanshigswobtained during other tests on
interchangeability of hardware: two different branslere installed in identical double side-hung
casement windows. Initially the results were naittgood (both windows failed at 600Pa), but
when just one closing tap was adjusted 1mm, thelaviis achieved watertightness levels of 750Pa
and 1200Pa. These kinds of differences can hamllyrdred, because even the required force to
bolt the gearbox did not change after the adjustroktine closing tap.

4) CONCLUSIONS

A survey on 207 tests according to current EN stedglshows there is a clear connection between
airtightness and watertightness: apparently a icelgael of airtightness is required to realize a
corresponding level of watertightness. On top tledaw needs to be rigid enough to enable the
gaskets to follow any movement of the sash to apo@mature failure. The operating hardware
needs to be well adjusted in order to obtain thktrpressure on the gaskets. Practical experiments
on pressure equalisation confirm these findings.

At least 13.7% of all windows (incomplete datasptpbably higher) does not pass the
watertightness test for the pressure level stagetidomanufacturer of the window. Without passing
a judgement on that number, it should be cleartthiatis only true for those windows, especially
prepared with kid gloves to be put to the testotder to get any idea on the performance of
windows in real buildings, one should test thensitu, or arbitrarily choose windows that are
produced in the factory.

Theoretical analysis and experiments in the labtpdiout that the proportion of the airtightness of
the outer plane to the airtightness of the innanglis crucial to the pressure equalisation in the
cavity of the window. Once the Pressure Equalisaflercentage drops below 90% the window will
fail shortly after. During rain events a water mg@&aent imbalance originates at a certain pressure
difference causing pressure fluctuations in theitgavihe pressure across the outer plane
determines the amount of water that enters thetycaand the level of the static water column
inside the cavity compensates the pressure imbalanc
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