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ABSTRACT

The hygrothermal performance of various lightweighiped roof designs was monitored in the KULeuven
VLIET testbuilding for 2 years (Janssens et al. 8)9®ne of the aims of the investigation was toleste
whether the design U-value of 0.18 W/m2K was effety met in practice. For this reason 3 heatflux
transducers were installed at the inside surfaceaoh component together with a number of thermulesuat
the surfaces of the composing material layers. Uhalue was derived from the measurements by aeargg
the collected data on a daily basis. The obsenadations between the measured and design U-valtees
analysed and explained by quantifying the incoasaises between the assumptions for the calculatfoihe
design thermal performance and the conditions efitksitu measurement. The following causes of ateis
are analysed in detail, and related to the posifdhe heat flux transducer on the test components

» heat transport affected by wind-washing in the soof

e 2-dimensional heat flow through framing elementthmroofs

Test Roofs

In order to evaluate the effective performanceiffécent well-insulated roof designs, a long-terngid testing
programme was carried out on four types of tileeevrame roofs. It was the objective to investigatether a
good thermal quality (U = 0.2 W/(m2K)) is achievallith current residential construction systems and
practices. The measured thermal performances abtifecomponents are compared to the design vadunek,
related to the wind speeds and directions regidteear the test building.

The field measurements were performed in a teddibgiat K.U.Leuven (near Brussels), specially deped to
evaluate energy-efficient and durable building dope designs (Roels 2011). The facility allows the
simultaneous testing of twenty wall systems, fdat foofs and six duo-pitched roof systems expdsdtie cool
and humid West-European climate. The building etaregular in shape, with the measuring bays locatdke
longitudinal facades, directed to the northeast thedsouthwest. In Western Europe, southwest iglifeetion

of prevailing winds, wind-driven rains and solaadtiation, while north-east hardly receives any aod rain. In
the test building different indoor climates may ibgosed by means of an air-conditioning system \ttal
steam humidifiers and a temperature and humiditytrob Air pressure differences between the insithel
outside are managed through ventilation grids énethtrance doors and fans in the HVAC system.

The building has its own weather station locatedvabthe ridge of the sloped roofs module at 10 mmvab
ground level. It registers the outside climate pweters on a one minute basis (temperature, humidityd

speed and direction, global solar irradiation, ramtal rainfall). The inside temperature and re&atiumidity

are stored as ten minute means.
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Figure 1: Lay-out of the vented roof type (lefjetcompact roof type (middle) and the retrofit r@raght). Of the vented and
compact roof type a variant with and without a ptiyylene (PE) air barrier in between the cavity suterior insulation

layer was tested.

Table 2: Test roofs classification

TEST ROOF VENTILATION PE-AIR BARRIER UNDERLAY

VENTED cavity 50 mm NO bituminous felt
VENTED with PE cavity 50 mm YES overlaps every 0.9m
COMPACT NO NO spunbonded PP
COMPACT with PE NO YES overlaps every 1.4m
RETROFIT NO NO XPS 60 mm + spunbonded PP

The study related to five tiled wood frame roof igas, typical of residential roof construction inegtern
Europe. The test roofs were 1.8m wide and 5.1m [megpitch. Roof slope was 45°. Figure 1 showsrtiud

designs tested. The first four test roofs contaithedfollowing layers (from the outside): (1) coeter tiles on
laths and battens, (2) underlay film, (3) 14 cmdilglass insulation in between rafters, (4) 5 donefiglass
interior insulation in between horizontal furringda(5) painted gypsum board. As in practice, therlaps in the
underlays were left unsealed. These four test rdiffisred in the material of the underlay, in thegence of a
vented cavity below the underlay and in the preseria polyethylene air barrier. Table 1 givesassification
of the different roof systems.

Two of these roofs were so-called vented roofsfaiaimg a vented air cavity in between the thermailation
and the underlay. The ridge and eaves of the vemiefs were detailed with ventilation openings imder to
enhance the flow of outside air into the cavityovelthe underlay. The underlay material in this tgfeoof
consisted of a bituminous felt, with horizontal daps every 90 cm. The two other test roofs wer¢hefso-
called compact type, meaning that the thermal aisn filled the structural cavity completely. Thaderlay
material was spunbonded polypropylene, which coam sufficient air and water tightness with a highour
permeance. The underlay of the compact roofs haddmtal overlaps every 1.40 m. Both the ventedhas
compact roof types had a test roof equipped witlolgethylene (PE) air barrier in between the cawityl the
interior insulation layer, and another test roofhwut this air barrier. The PE air barrier was Edpat the
rafters. In the gypsum board and the PE air baaflgoints and intersections were sealed. This alayest roofs
were intended to achieve a sufficiently low airrpeance to minimize air leakage through the systems.

The fifth roof represented a retrofit solution fexisting woodframe roofs that need thermal upgmadirhis

section contained the following layers (from theésie): (1) corrugated fibre cement plates on lathd battens,
(2) PP underlay film, (3) 6 cm extruded polystyrdrzard mounted on top of the rafters, (4) 12 cmefiglass
insulation in between rafters and (5) painted ggpsward (Figure 1).

The measuring equipment consisted of heat fluxsttacers applied at the inside of the internal gsimnd
thermocouples at all material interfaces and a¢ights. The heat flux sensors were located ceb&teen the
vertical and horizontal structural elements, actaydo the instructions of ASTM C1155 and ISO 98B9the
roofs with PE air barrier and in the retrofit sadumt, the heat flux was measured in the middle ahgztch only.
In the pitches without PE air barrier, the heak fluas measured additionally at 1 m from the eavesralge.
Measuring results were stored as 10’-means. Alt fea transducers were recalibrated at the entheftest
period.



Table 2: Measured material properties

LAYER d (mm) p (kg/n?) A (W/m/K) Ka (m/s/Pa)
spunbonded PE 0.5 16010°
bituminous felt 1.7 1[10°

Extruded polystyrene 60 37 0.0246+0.910"10
Cavity insulation 140 18 0.0320+2.210"10 +100010°
PE air barrier 0.2 <1110°
interior insulation 50 13 0.0375+2.810"10 +500010°
Painted gypsum board 12,5 660 0.13 <1[10°®

The measured heat and air transfer propertied ofakrials are listed in Table 2. The design ttenpnoperties
of the test roofs are calculated on the basisehikasured thermal conductivities. The design ctezrU-value
of the vented and compact roof types is equal 18 8v/m2/K. With thermal bridging through the woodef
structure (rafters and furring) taken into accoding mean U-value amounts to 0.21 W/m2/K. For #teofit
solution, the design clear U-value is 0.17 W/m2ljlevthe mean U-value including heat transfer tgltotafters
is 0.18 W/mzK.

Measured thermal performance

The in-situ mean thermal resistance R of the reafs determined from the measured mean heat flindglee
measured mean temperatures at the interior suéfpaaad the underlag,, according to ASTM C1155 and ISO
9869. In order to separate the effect of winddrivemvection from other factors influencing the efiee
thermal performance, the measuring results wereesgpd in the form of daily-averaged Nusselt nusber
defined by the ratio between a reference thernsiktance measured during windless days and thengher
resistance measured during 24h-periods. A day aedcwindless when the mean wind velocity was Wwedos
m/s. The Nusselt numbers thus defined the reldticeease of heat losses through the roofs as dt resu
winddriven convection:
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Finally the reference clear roof thermal transmit&awas calculated as:
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Here his the standardized surface film coefficient a thside surface, and he is the equivalent surfiéroe

coefficient at the outer underlay surface, takingp iaccount the thermal shielding of the tiles. Buatere set
equal to 8 W/(m2K) according to standard EN 1SO&9Phe maximum measuring error in the derived Uieal
is estimated at 0.01 W/(mzK).
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Figure 2: Measured Nusselt numbers as a functidheoperpendicular wind speed component in theagerdof type
without PE air barrier (daily mean data).

This analysis was applied to measuring data duttregwinter months (December 19-March 8). Durings thi
period the average outside temperature was 7.6fCjnside temperature was 22.7°C, and the avexag |
wind speed was 2.4 m/s. For comparison the clesdrthermal transmittance ), was also derived as an average
over the entire measurement period, without sejparahe effect of winddriven convection. Therefdtes
transmittance is called the 'apparent’ U-value,rdifiging the mean relation between temperaturesdiffice and
heat flux (beit by conduction or convection).

Figure 2 shows a typical relationship between tleasared daily mean Nusselt numbers and the meadailgd
mean wind speed components perpendicular to tHestwtaces of the test roofs. The perpendiculadvépeed
component is defined by:

v =vicosa,, —ap,) (6)

where v is the wind speed (m/s), is the wind direction (degrees from north) amdis the direction of the
normal to the roof surface (45° for the northeamt 225° for the southwest oriented pitch). The pedicular
wind speed component is positive when the roohpgowindward and negative when it is leeward. e wind
was blowing from the southwest most of the time fibependicular wind speed component was almostyalwa
positive along the southwest pitch and negativagtbe northeast pitch.

Table 3 and Figure 3 show the results of the theemalysis of the measuring data: the apparent|Uevel,q
averaged over the entire measurement period, fheenee U-value 4 derived from the heat flux data in the
test roofs during windless days, and the Nusseftbar at a southwest wind of 4 m/s, correspondinghéo
normal meteorological wind speed in Belgium. Thess&lt number is defined from a cubic function fitte the
daily mean measuring data using the linear leasireg method.

In general the apparent measured U-valugg tdeet the design targets in the retrofit roof amthie northeast-
oriented vented and compact roofs. In the southasshted vented and compact roofs however measured
values are systematically higher than the desiduega locally up to 0.10 W/m2K or 55%. The diffeces
between measured and design values are reduced effeets of winddriven convection are separatethi
compact and vented roofs. The measured clear heofmal transmittances,dJagree reasonably well with the
design value of 0.18 W/(m2K), up to difference®di2 W/m2K or 10%.

As the table and figure show, the established t&ffetwind driven convection on the apparent hess Idepend
on the roof design, the orientation of the pitcld #ime distance from the ridge. The thermal perforceaof the
roofs with additional PE air barrier is not strongffected by the wind, with Nusselt numbers atimdvspeed of
4 m/s in between 0.92 and 1.06. On the other hiédmedthermal performance of the test roofs withokt d#



barrier is strongly related to the wind. In the eivard pitch the relative heat loss considerablydases with
wind speed and from the eaves to the ridge. THexefs the most important in the vented roof, wibkal
Nusselt numbers above 2.5 at wind speeds higherdim/s. The Nusselt numbers measured in the campaic
are generally smaller than in the vented roof, &ftilt show an important increase of the heat lossha
windward pitch. At the leeward side on the othendathe compact roof without PE-air barrier shows a
significant heat loss reduction (Nusselt numberal&mnthan 1).

Globally the measuring results suggest that wigthttiess of the underlay should be a prime perfoceman
requirement in sloped insulated roofs, and conggtyuthat the continuity of the underlay is a paifitattention.
Janssens and Hens (2007) give a more detailedretfla of the thermal effects of wind driven coni@t
using tracer gas tests to show the pattern of @inan air flow in the roofs.

Table 4: Measured thermal performance in the tasfsr

NORTHEAST PITCH SOUTHWEST PITCH
TEST ROOF g Uref* Nu Uavg Uref* Nu
W/m2K W/m2K  vgw=4.0 [ W/m2K W/m2K  vgyw=4.0
19/12-08/03 m/s 19/12-08/03 m/s
VENTED (Ugesigr = 0.18 W/m2K)
without PE-film bottom 0.17 0.18 0.95 0.19 0.18 1.22
middle 0.19 0.20 0.92 0.22 0.19 1.55
top 0.18 0.18 1.06 0.28 0.19 2.52
with PE-film middle 0.18 0.18 0.9 0.21 0.21 1.06
COMPACT (Usesiqr = 0.18 W/mz2K)
without PE-film bottom 0.21 0.19 8.2
middle 0.17 0.18 0.73 0.22 0.20 1.37
top 0.16 0.17 0.75 0.18 0.16 1.59
with PE-film middle 0.17 0.17 20 0.19 0.19 0.92
RETROFIT (UWesigr = 0.17 W/m2K)
middle 0.16 0.15
* from data on three days with daily mean wind sped.5 m/s
0,24
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Figure 3: comparison between the test roofs dédigalues, the apparent U-valueg,{hveraged over the entire
measurement period, and the reference U-valygsléfived during windless days (results of heat #arsors in middle
position with+5% measuring uncertainty).
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Figure 4: Interior surface thermography (left, caiproof) and vertical section (right, vented rosf)owing the position of
the heat flux transducers relative to the positibframing elements (left: position near ridge htigniddle position)

Influence of 2-dimensional heat flow through framing elements

Although the differences between measured and wegajues are reduced when effects of winddriven
convection are separated in the compact and veatdd (Figure 3), there are still deviations u@t03 W/mz2K
(15%) between both values. Furthermore it is realalkthat if the measured values in the ventedcanapact
roofs deviate from the design values, the measUredlues are typically higher than the design valuehile
for the retrofit roofs the measured values areygysatically lower (up to 0.02 W/mz2K).

These differences may be explained by the incansigts between the assumptions for the calculatidhe
design thermal performance (1D-heat conductionutiinothe material layers) and the conditions ofithsitu
measurement. Although the heat flux sensors wexatdd central between the vertical and horizorntattiral
elements as much as possible (Fig. 4), the infleesfc2-dimensional heat flow on the heat flux tdanser
readings may not be eliminated. Also minor exceitiels between the position of heat flux transdsaard the
symmetry planes between framing elements are dessilthe test set-up. The influence of framingmdats is
analysed in this section by means of 2D heat tearssfnulations.

The influence of three framing elements have bewyaed, both in the compact and vented roofs,iarbde
retrofit roof:

* 38 mm wide vertical rafters, center to center diséa4d40 mm

« 38 mm wide horizontal element (present in the nadifleach pitch, see figure 4b)

e 70 mm wide horizontal furrings, center to centetatice 600 mm (not present in retrofit roof).

As an input for the calculations, we use the meabuemperature-dependent thermal conductivitiesttfer
insulating materials and a thermal conductivity0odf4 W/(mK) for the wooden framing elements. The &t
transfer programme calculates the heat fluxes atinher surface and the temperatures at all therraht
interfaces as a function of the distance x fromdRis of the framing element. This way it is simathwhich
thermal resistance would follow from the measureniiethe heat flux transducer and the thermocowpbeild
be attached at the position x on the inner surfAssuming the side of the heat flux transducer.isr, the
apparent thermal resistance at a distance x frenfréiming element follows from:

Re (X) = 05 (x) —min(Bpp )

x+Q.05
Tq(x)dx/ 01
x—0.05 (7



Figures 5-7 show the relative deviation betweeraggqt thermal resistances following from the 2Dwudations,
and the one-dimensional design thermal resistasae fanction of the distance from the framing eletm&he
geometrical input for the simulations is also shownpositive value for the relative deviation medhat the
measured thermal resistance is higher than thegmlesilue. The influence of the vertical raftersufesin
systematic deviations between measured and desilges: In the retrofit roofs, the presence of rafat a
distance of 22 cm on both sides of the heat flotemeesults in a systematic increase of the medstiermal
resistance of 3% compared to the design value (€igu In the vented and compact roofs, the presefnthe
rafters results in a reduction of the measuredhéresistance of 3% compared to the design vaddigrife 6).
An excentric position of the heat flux transducesuits in larger deviations. These findings aresistent with
the results of the measurements (Figure 3). THaente of the horizontal furrings in the vented andpact
roofs appears to be small with respect to the émfbe of the rafters (Figure 7).
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Figure 5: Simulated influence of rafters in retrofiof
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The heat flux transducers positioned in the middla pitch were also influenced by the presenca ledrizontal
element (Figure 4b). When constructing the rooésth elements had been installed by the carpentess a
traditional crossbar. However, since these elemieatisnot been drawn on the design plans, theitippsivas
not exactly known, and was not taken into accounémwthe heat flux transducers had been installégkr A
inspection it appeared that the distance betweshdhizontal elements and the middle heat fluxsdacers was
in between 12 and 24 cm. The observed variatiodistance in the vented and compact roofs resulta in
reduction of the measured thermal resistances leetd8o and 8% compared to the 1D design value, profto
the 4% reduction caused by the prsence of thecaeértafters (Figure 6). These calculations onlyetake
influence of the crossbar into account, and notpibesible defects in the thermal insulation neardbnnection
with the crossbar. It goes without saying thah# insulation in the vicinity of the crossbar isTgressed, the
deviation of the measured thermal resistance a&sualtrof the presence of the crossbar is more ivegttan
what was calculated.

Conclusions

This paper presented measuring results of the #leparformance of duo-pitched tiled wood frame roof
designs, with a design thermal transmittance U .&B0N/m2K. The measurements showed that the thermal
performance may be affected considerably by wingedr convection. The magnitude of the wind effect
depended on the orientation of the pitch relatoséhie wind direction, the location of the air barrielative to

the insulation layer and the presence of a veitilatavity above the insulation layer. The compactf type
was less vulnerable to the effects of wind wasttivag the vented roof type.

In order to separate the effect of winddriven catie& from other factors influencing the effectitleermal
performance, the measuring results were expresstteiform of daily-averaged Nusselt numbers, d@efiby
the ratio between a reference thermal resistancasuned during windless days and the thermal resista
measured during 24h-periods. The remaining deviatfound between the measured reference and tihgndes
thermal performance could be explained by considettie 2D heat transfer in the various wood frataments

in the roofs. Even though the heat flux sensoreverated central between the vertical and hora@draming
elements as much as possible, the influence ofrwisional heat flow on the heat flux transducediress
could not be neglected. Depending on the excetytradi sensor positions and the presence of spewifiod
frame elements deviations could be inbetween 3oaed 10% compared to the 1D design values.
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