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Abstract. In recent years, several intensive studies have been carried out in order to reduce the energy consumption of
buildings. One solution lies on whole building energy simulation that permits to analyze the heat (and moisture)
transfer through the building envelope and, consequently, is a way to understand how to improve the building
performance. This papers aims to analyze the modeling level needed to successfully evaluate the heat transfer through
glazing parts of windows in such whole building simulations as it is well-known that windows are the thermally
weakest elements of the building envel ope.

In this way, predictions of glazing surface and zone air temperatures and energy demand obtained using both
resistive and finite-volume based models are compared. Results show that for common window glazing structure and
outdoor/indoor perturbations, differences between the two models are small. However, in the case of glazing
presenting higher solar absorption and thermal inertia, the use of the finite-volume based model is required to
accurately predict the glazing internal surface temperature and correctly analyze the building behavior such as energy
consumption and condensation on the window glazing surface.

Keywords: Glazing, Heat Transfer, Solar Radiation, Absorption, Modeling.
1. INTRODUCTION

Glazing systems are usually thermally weak systenasare responsible for an important amount of lesses or
gains that can greatly affect the whole energy aomion of modern buildings. Works that have bemppsed in the
last few years, e.g. Askaret al. (2001), Bahajet al. (2008), Loutzenhiseet al. (2008), Poirazist al. (2008),
Papaefthimiowet al. (2009), Tanakat al. (2009) and Urbikain and Sala (2009) justify thereasing interests in the
glazing systems research area, mainly when thegaangled to building structures.

The level of complexity required to numerically kiate the effect of heat transfer through multitegeglazing
systems on the building energy consumption cledgiyends on the glazing properties and the extg@eralirbations.
Various simplifications regarding the treatmentheat transfer through glass panels are used ieruouilding energy
simulation programs such as EnergyPlus (Crawtegl., 2004) and TRNSYS (Kleigt al., 2004). A two-node (four-
node) approach for single (double) glazing systéme Go-called “Resistive Model”) has been used asodel to
calculate the heat transfer through the glazingktiess. These simplifications are perfectly acd#gptavhen dealing
with glazing of small thickness for which thermaileitia is actually negligible but when applied tocker or
multilayered glazing, such as the one that are mmncemore commonly used in modern buildings, it matyrepresent
the complex non-uniform distribution of conductedi absorbed solar radiation.

Some studies (Powles al., 2002, Ismail and Henriquez, 2003, and Strebal., 2007) showed that neglecting the
glazing thermal inertia and/or considering the salasorption in a simplified way could lead to rméaerrors on the
evaluation of the glazing surface temperature ArdSplar Heat Gain Coefficient. Evidently, thosees are amplified
for thicker and more absorbing glazing materials.

It should be noted that, in those analyses, thdiesfuglazing systems were considered disconneoted the rest of
the building. By integrating the model proposed ®tyobel et al. (2007) into the PowerDomus Building Energy
Simulation program (Mendes al., 2003), the present study aims to analyze theefimagllevel needed to successfully
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evaluate the heat transfer through window glazirgtemal in whole building simulation. In a first ppathe two
mathematical models employed here along with timain differences are presented. Then the desarmipfithe studied
cases is given in a second section. The consega@fidbe simplest model’s simplifications on thelenation of the
glazing surface temperature, the zone air temperatand the energy demands are reported in aghitd

2.MATHEMATICAL MODELING
2.1. Preliminary Notes

The present mathematical models concern the detetioin of the so-called “center of glass” tempemtiue., the
temperature of the glazing itself. The window fragaféect is then disregarded in the calculation othbthe glazing
temperature and zone heat gain. Moreover, the rgpettpendency of the glazing optical coefficiefitansmittance,
reflectance and absorptance) is ignored here. Twmlow heat balance models are presented in thisosedhe
simplified resistive model and the finite-volumesbd model. Both have been integrated into the BaazBuilding
Energy Simulation program called PowerDomus (Meratles, 2003).

2.2. Simplified Resistive M odéel

The simplified resistive model (Fig. 1) is similar those integrated in most building energy simotaprograms
and consists of evaluating the glazing surface &ratpres using a two-node (four-node) approactsifagle (double)
glazing systems. As described in the EnergyPlusrteeging Reference book (EnergyPlus, 2007), thedaun heat
balance in this model is based on several assungptio

» the glass layers are thin enough that heat stoiraghe glass can be neglected; therefore, theren@ heat
capacity terms in the equations;

» the heat flux is normal to the glass faces ar@h&sdimensional;

« the glass layers are opaque to infrared radiation

« the glass faces are isothermal. This is genesafjgod assumption since glass conductivity is Wgi;

» the short-wave radiation absorbed in a glass lege be apportioned equally to the two faces efdlyer.

The heat balance for a double-glazing window cawtigen as:
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Figure 1. Simplified resistive model description.

WhereE is the long-wave radiation incident on window (W) is the convective heat transfer coefficient (W.m
2 K™, kis the thermal conductivity (W.fK™), g is the heat flux (W.ff), Sis a source term (W.A), tis the time ()T
is the temperature (K)y is the thermal diffusivity (fs?), £is the surface emissivity (-) anglis the Stefan-Boltzmann
constant (W.i1.K™). The subscripts, 2, 3 and4 are related to the glazing surfacess for outdoor andlis for indoor.

In Equation (1)-(4)5 is the radiation (short -wave and long-wave framelights and equipment) absorbed by the
i-th layer. Short-wave radiation (solar and shoatwes from lights) is assumed to be absorbed unifp@itng a glass
layer, so that for the purposes of the heat balaatmilation it is split equally between the twada of each layer, i.e.,
S= S andS;= S, for the double-glazing system.

The “simplified” term has been added to emphasime dalculation of the absorption and transmissibisatar
radiation through the glazing system. The preseodehdirectly uses tabulated solar absorption aadstnission
coefficients obtained from the Window 5 programn{&ysonet al., 1995). Each coefficient is given for radiation
incident angle ranging from 0° to 90° with a 10¢riement. Values at intermediate angle are lingatgrpolated.

2.3. Finite-Volume Based M odel

The finite-volume based model (Fig. 2) has beesgmed in Strobedt al. (2007). The main differences with the
simplified resistive model are:

* the heat storage in the glass is taking into actdy the resolution of the one-dimensional transiheat
conduction within the glazing material,

» the solar radiation absorption is a functiontf tocation inside the glazing material;

» the solar radiation absorption and transmissioegfficients are evaluated according to the radiatiwident
angle (and not tabulated) using the calculatioesgmted in Siegel and Howell (2001);

« the value of the convective heat transfer coigfitbetween the two glass layers of a double-gtazystem
can be imposed constant or calculated accordinbet@as temperature and properties, the spacingebatthe glass
layers and the window height using the correlatioiid/right (1996);

« the properties of the gas between the two glagers of a double-glazing can be imposed constant o
calculated according to the expressions descritb&thiaysonet al. (1993).
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Figure 2. Finite-volume model description.
The general equation for the heat transfer acrggazing is given by Eq. (5):
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The boundary conditions are similar to the onesrilesd for the simplified resistive model, i.e.ethadiative and
convective heat fluxes are taking into accounhatdlass layers’ surfaces. The governing parti&mintial Eq. (5) is
discretized using a fully-implicit scheme and thgua&tions system is solved by means of the Tri-DiagjdMatrix
Algorithm (TDMA). The radiation absorption that &kinto account the solar ray multiple reflectibeswveen the two
surfaces of a single glazing and between the tassglayers of double-glazing system is introducetthé source term
of Eq. (5). Two options are available for calculgtthe absorbed radiation (Fig. 2):

« the absorption can be considered uniformly disted within the glazing material and is, as a egngnce,
very close to the previous model; or

* the absorption can be precisely evaluated usiagatgorithm presented by Stroletlal. (2007) that accounts
for the exponential attenuation of the radiatiorrgy intensity in the glazing material accordingtie electromagnetic
theory of radiation energy propagation.

3. SIMULATION PROCEDURES

3.1. Building Structure

In order to verify and report the differences bawehe two glass-systems mathematical models, E®TEST
geometry presented by the International Energy AgdélEA, 1995) has been chosen. Data provided byynhauilding
simulation programs — developed for the BuildingEyy Simulation Test (BESTEST) and Diagnostic Metheport —
have been used to define which are the most releiaiations to use a more complex model.

One BESTEST building structures have been chosdnaam based on the single-zone model of the BESTEST
methodology for the low-thermal mass (600FF) caBé&gure 3 shows the building model geometry, wiiikble 1
presents the building envelope material propediesTable 2 shows the window properties for the BEST case.

The 600FF geometry is made upoofe room with 8.0 m X 6.0 m X 2.7 m of length, widtnd height, respectively.
There are also two south-oriented 6.0 m? windowse hput signals applied on the building simulattonl are the
Denver's weather variables, that is: outdoor tempee, outdoor relative humidity and diffuse andedi solar
radiations. Also one forced ventilation rate of @ibchanges per hour and a 200 W internal hot (0% sensible :
60% radiative, 40% convective) have been appliethéozone. In the heating and cooling loadsyperatures of: i)
heating if air temperature is less than 20°C apdpioling if air temperature is higher than 27°&/& been adopted.

Table 1. Materials for lightweight case (BESTESDEB).

Materials k (W/m?2) £ (kg/m3) C, (J/kg.K) d (m)
Exterior Wall (inside to outside)
Plasterboard 0.16 950 840 0.012
Fiberglass quilt 0.04 12 840 0.066
Wood siding 0.14 530 900 0.009
Floor (inside to outside)
Timber flooring 0.14 650 1200 0.025
Insulation 0.04 10 1400 1.003
Roof (inside to outside)
Plasterboard 0.16 950 840 0.0100
Fiberglass quilt 0.04 12 840 0.1118
Wood siding 0.14 530 900 0.0190

Table 2: Window properties.

Property Value
Pane thickness (standard 1/8” glass under thepoeind ([IP] 3.048 mm
system)
Air-gap thickness 12.7 mm
Index of refraction 1.526
Normal direct-beam transmittance through one paragri 0.86156
Conductivity of glass 1.06 W/m.K
Conductance of each glass pane 333 W/m2.K (R: m¥OR/W)
Combined radiative and convective coefficient ofggp 6.297 W/m2.K (R: 0.1588 m2.K/W)
External convective heat transfer coefficient 2/n2.K (R: 0.0416 m2.K/W)
Internal convective heat transfer coefficient 3.0MAK (R: 0.333 m2.K/W)
Overall heat transfer coefficient (U) (Double glag) 3.0 W/m2.K (R: 0.333 m2.K/W)
Overall heat transfer coefficient (U) (Single glteg) 2.6 W/m2.K (R: 0.378 m2.K/W)

Hemispherical infrared emittance of ordinary unedaglass 0.84
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Density of glass 2200 kg/m?
Specific heat of glass 750 J/kg.K
Double-pane solar heat gain coefficient (at norimzidence -
0.787
SHGC)
6m
8m 2.7m
| 0.5m
0.5m 1m 2m
<] l<—=30.5m
3m 3m
0.2m- 7" South

Figure 3: BESTEST dimensions (600FF).

3.2. Simulation Parameters

A two-year simulation period with objective of aslsig the effects caused by the initial conditiorss lbeen
adopted. The results presented in this work haes lodtained on the second year of simulation. Aviptes study to
define the time step for the simulations has bemnfopmed and, according to the results, a 900 e 8tep has been
chosen. The number of nodes needed in the finitegav® based model has also been selected by pre@stssand, in
Fig. 4, comparisons for the BESTEST 600FF simufetjowhere just the number of nodes has been chaaged
presented. According to the results presenteddn &iit is noticed that 10 nodes are enough téopmra simulation
with a maximum error of 0.1 °C on the glass surface

1.0000

0.1000 \\

0.0100

Absolute Error (°C)

0.0010 <

0.0001 T

1 10 100 1000
Number of nodes

Figure 4: Absolute error as a fraction of the numifenodes.

4. RESULTS

This section presents comparisons between the iidptesistive and the finite-volume based modiisaddition,
comparisons to the results (temperature variationkheating and cooling loads) obtained by diffeserftwares during
the development of the International Energy Agesitdy (IEA, 1995) for the BESTEST 600FF and &@8es have
also been reported in this work.

First, a single glazing system applied to the BESTEBOOFF building structure (originally composeddoiuble-
glazed windows) has been simulated in order tofywehie correct physical behaviors of the proposextiens. After
those validation proceduresn original case study based on BESTEST 600FF avilbuble glazing system of higher
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thermal inertia and solar absorption has been ateduin order to emphasize the differences betweetwo building
simulation models. All the results presented is titticle regarding the zone air and glass intesngface temperatures
are reported for the 4th of January (winter) anth 27 July (summer).

4.1. Single Glazing System

Figure 5 presents the variation of the glass irtlesnrface temperature for the single glazing sgs®oth models
give identical responses because of the high cdivitycand small thickness of the glass. As a cousmce, the
variations of the zone air temperature obtainedgusiie simplified resistive and the finite-volumasbd models are
also identical (Fig. 6).
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Figure 5: Glass internal surface temperature fersingle glazing system configuration.
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Figure 6: Zone air temperature for the single glgzystem configuration.

4.2. Double glazing system of high inertia

The present case concerns the low inertia build6@FF case) with a double glazing system of higgrrhal
inertia. The objective of this configuration is ¢évaluate the difference between the two modelsniexreme case
where most of the solar radiation is actually absdrwithin the glass panels of the window and dodiectly enter
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into the building. For the present case, the twtioogs have been tested for the finite-volume basedlel: the
absorption has been considered uniformly distridutéthin the glazing material (identified as “unifo”) or the
absorption has been precisely evaluated usinglgfoegihm accounting for the exponential attenuatidrihe radiation
energy intensity in the glazing material (“non-wnifi”).

Figure 7 presents the indoor glass surface temperaariations obtained with the three models.tKirshere is
almost no difference between the two ways of casig the solar absorption within the glazing mateNote that no
effect of those two approaches has been observethdoprevious configurations of conventional ghagisystems.
Secondly, the simplified resistive model predictscim lower temperature during the sunny hours withaximum of
about 4°C for the winter day. Figure 8 shows ttfeatfon the indoor temperature that is much attestband almost
inexistent for the summer day. Statistically, thifedence between the two models is higher for tlasible glazing
system of high inertia where mean indoor air teapee is 0.25°C higher for the finite-volume baseadel (Tab. 3).
As a consequence, heating and cooling loads apectgely much lower and higher for this model (Td). In
particular, compared to the results obtained whid simplified resistive model, the cooling energy power peak
increase of about 50% and 25%, respectively. Theaghon the condensation risk is also notable: 3@Grs of
condensation has been calculated for the resistogel and only 19 hours for the second model.

Indoor Glass Surface Temperature

Janual Jul
20 4 50 Y
15 £ y y
g“““’”)& 45
o
10 E f
o

—_ $ 40 ;
g 5 i“ g
@
5 0 35
: /
g s 30
: 0 H
[ =l j 25 N

-15 j

-20 < 20

'25 T T T T T T T T T 15 T T T T T T T T

0 2 4 6 8 10 12 14 16 18 20 22 24 0 2 4 6 8 10 12 14 16 18 20 22 24
Time (h) Finite volume-based model (uniform) Time (h)

---z--- Finite volume-based model (non-uniform)
o Simplified resistive model

Figure 7: Glass internal surface temperature ferdibuble glazing system configuration.
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Figure 8: Zone air temperature for the double gigaystem configuration.

Table 3: Zone air temperature comparisons for théoté glazing system of high inertia.

MODEL
ZONE AIR Simolified resistive Finite-volume based Finite-volume
TEMPERATURE P (non-uniform) based (uniform)
MINIMUM (°C) -19.60 -19.52 -19.52
MAXIMUM (°C) 40.99 41.44 41.26
MEAN (°C) 16.30 16.57 16.54

Table 4: Heating and cooling loads comparisons.

HEATING COOLING
MODEL ENERGY PEAK PEAK DATE — ENERGY PEAK PEAK DATE —
(MWh) (kW) TIME (MWh) (kW) TIME

Simplified resistive 5.803 3.680 04/01 - 2:00 0.701 1.580 26/07 - 15:00
Finite-volume based 5.541 3.787 04/01 - 2:00 1.040 2.005 11/08 - 13:00

5. CONCLUSIONS

Due to the effects caused by glazing elementsaritirmodynamical behavior of buildings, as integadns/losses,
the heat transfer calculation through glass susféasen important issue which has to be takenactmunt when the
building hygrothermal and energy simulation is ¢desed.

Comparisons between two glazing heat transfer nsodelipled to a standard building geometry have been
presented in this work. No difference between thedigtions obtained by the resistive model andfihite-volume
based model has been observed in the case of gifaglang windows. However, when a double glazingtam is
present, notable differences appear regarding tieggg demand and condensation occurrence. In g, cthe
simplified resistive model is no more legitimateldahe absorption of solar radiation within the gigzsystem has to be
better described.

Although the present study has been focused amigeti number of building configurations, it has eetieless put
into relief some important limitations of the modet is commonly integrated in building energy sliation programs
to calculate the heat flow through glazing systemsparticular, caution has to be exercised whewlyshg energy
demand and problems related to the glazing systeface temperature (e.g. condensation and theromafast) of
buildings with a large percentage of their envelo@sle up of double-glazing systems.
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