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neglected. For example, in TRNSYS (Klein et al.
ABSTRACT 2004) and EnergyPlus (Crawley et al. 2004), thd hea

Given the major role played by windows with regard transfer through glazings is performed using a @eno
to energy losses and gains from buildings in Model i.e. 1 node per glazing surfaces and half the
respectively cold and hot climates, accurate absorbed solar radiation is imposed at each glazing
prediction of the heat transfer through its glazing nNode.

materials is of great importance in building energy These simplifications are perfectly acceptable when
simulation. In most of the building energy simuati  gealing with glazings with thin thicknesses for i
programs, solar radiation absor.puoln inside glazing thermal inertia is negligible but when applied to
layers is usually treated considering that all the inicker or multilayered glazings, such as the dhes
radiation is uniformly absorbed in the glazing. The 56 more and more commonly used in modern
present assumption is opviously valid in the. ca[se. O puildings; it may not represent the complex non-
thin homogeneous glazing but, when dealing with yniform distribution of absorbed solar radiation.
thick glazing (commonly used in buildings), it pjor  Therefore, the temperature field within these thick
represents the complex non-uniform distribution of materials may differ from that obtained by current
absorbed solar radiation. The present study aims tomodels. In particular, an approximated evaluatién o
numerically investigate the error induced by such the glazing indoor surface temperature can lead to
approximation in the case of thick and multilayered orrors on the prediction of the Solar Heat Gain

glazing. Results show that if the error remains cgefficient (SHGC) and condensation-related
negligible for glazings under steady-state soliiwitss, problems.

it becomes more important in particular for double
glazings under transient conditions. Alvarez et al. (1998) and more recently Powleslet a

] o (2002) proposed a method for calculating the

Keywords: Glazing; Heat transfer; Solar radiation; gistribution of absorbed solar radiation insideckhi
Absorption; Modeling; Building energy. and multilayered glazings in steady-state with or
without a solar control film. The model is based on

INTRODUCTION the one dimensional discretization of the heatstiem

Glass systems are usually thermally weak systemsn the glazing material. Non-uniform solar absavpti
and are responsible for an important amount of heatand multiple reflections are taken into account.
losses or gains that can greatly affect the whole Results obtained by Powles et al. (2002) showet] tha
energy consumption of modern buildings. A well for the case of thick single glazings, this simeptif
executed project concerning the glazing areasfamd t @pproach can induce an overestimation of both the
accomplishment of a complete study about how theinterior surface temperature (+1°C) and SHGC
energy flows through these surfaces are of great(+0.01), that may be considered significant.

importance to ensure low-energy consumption while |gmail and Henriquez (2003) used the same approach
maintaining comfortable indoor environment. and developed a two-dimensional transient-based

The level of complexity required to numerically model to study the heat transfer across a single
evaluate the effect of heat transfer through 9lazing window. Results showed that SHGC slightly
multilayered glazing systems on the building energy var.ie.s yvhen the glazing is submitted to transient
consumption clearly depends on the glazing solicitations.

properties and the external solicitations. Various tne present study aims to compare the glazing
simplifications regarding the treatment of heat temperatures and SHGC obtained with current
transfer through glass panels are used in currenigimpjiied models to those calculated with a one-
building energy simulation programs. A resistance gimensional transient-based model in the case of

network of a small number of nodes is usually gingle and double glazings. In a first part, thededo
adopted and the heat capacity of the glazing i&y8wW 4 is equivalent to those previously referendsd,
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presented. A particular care has been broughteo th
treatment of the solar absorption in the glazing
material. Then, the simulation parameters and tools

are described. Finally, results are presented and

discussed in a last section.

MATHEMATICAL MODEL

Preliminary notes

The present mathematical model concerns the
determination of the so-called “center of glass”
temperature i.e. the temperature of the glazingalo
The window frame effect is then disregarded in the
calculation of both the temperature and the SHGC.
Two simplifications are made concerning the solar
radiation. First, the spectral dependency of the
glazing optical coefficients (transmittance,
reflectance and absorptance) is ignored here. $lecon
the solar incidence angle is set to 0° (normalhi t
glazing surface).

General equation

The general equation for the heat transfer across
glazing is given by equation (1) where S includes t
solar absorption described in the last sub-sections

2
19T _0°T o

1
a ot 9x? @)

Boundary conditions

The boundary condition for the outdoor glazing
surface is:

oT
Oyx=0 = _ka_ = hout'(Tout _Tx:O)
X x=0
. 2)
+> Fon .s.o.(T,fgh’m —T;‘:O)
m=1
Similarly, for the indoor glazing surface:
oT
Oy=L = ‘ka— = NipgTing ~ Tel )
X X=L
o 3
+> Fn .s.c.(T,?ghym - TX‘LL)
m=1

For the first glazing internal surface of a doupée
system:

oT
Ox=n = —k— = hintl'(Tx:L _Tn+1)
X |yen @)
+ 8'0'(Tlfl1'+l - T)?:L )

where “n+1” stands for the point in the middle bét
air layer.

Finally, the second glazing internal surface of a
double pane system:

Simulation 2007

oT

_k& N = hint 2'(Tn+1 - Tx=0)

4 4
+E0. Tn+2 - TX=O

qx=n+2 =

(®)

Interglazing convective heat transfer coefficients
have been calculated according to correlations
developed by Wright (1996) for vertical windows and
from Hollands et al. (1976) and ElISherbiny et al.
(1982) for tilted windows.

Multiple reflections

According to Siegel and Howell (1992), it is possib
to use the ray tracing method to calculate the
reflection, transmission and absorption of heatiin
glass system. If a unitary ray acts on a systegu(Ei
1), a fraction will be reflected, with intensitp™and
an amount of “(1p)” enters inside the medium. Of
this fraction that enters the material, fl¥" is
transmitted for the other surface, and {jil-t)” is
absorbed by the material. In the other surfacenfro
the fraction “(1p).t" that arrives, a part is reflected
again for the first surface, and a fraction #{(fa1" is

%ransmitted for the inner ambient. This process

repeats itself until the infinite, by the multiple
reflections inside the glazing material, with skeort
intensities at each reflection, until extinctiororFa
double system, the fraction transmitted by thet firs
glass can be used as an initial parameter for the
calculation of the second glass.

1 p p(1-py 7 P’ (L-p°t
ol / Front
(1-p) p (1-p) 12
/'\ \
(1-p) (1-1) p* (1-p) ¥ (1-7) \
p(1-p)t(lm)

plpr
\ Back
@-p’t P’ (1-p)° T

Figure 1 Multiple reflectionsinside a glazing
material

Absorption of solar radiation considering multiple
reflections

According to Siegel and Howell (1992), the inteypsit
of the radiation energy is attenuated exponentially

the glazing material according to the electromagnet
theory of radiation energy propagation.

For a single glazing material, in the case of arsol
ray going from the material front surface to thelba
one (positive x), the absorption along the distaxce
is given by:

X

Ag o (X)=1-1,C (6)
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For a ray going in the opposite direction, the

absorption from the back surface to the x locaison

(7)

Considering the multiple reflections that occurain
single glazing, the total absorption from the front
surface to the x location is:

][(1_ pl) + plZTlZ (1‘ pl)

AL x(x) :1_T11_%

X

Afront (X) = (1_ Tlf

(8)
+ pl4T14(1_ pl) +
or
X
A front (X) = (1_ T ]61 9)
with
1-p

6 n

" lp (10)

Numerical solution

The governing partial differential equation (1) is
discretized using a fully-implicit scheme and the
equations system is solved by means of the Tri-
Diagonal Matrix Algorithm (TDMA). The radiation
absorption is calculated at each node considehiag t
the absorption at x equals the absorption thatrsccu
in the region [fEx-Ax/2; X'=x+Ax/2]:

qabs(x) = qradl_A front (X+)_ Afront (X_)
+ Aback X |- Aback X+)]

The radiation absorption is then introduced in the
source term of equation (1).

(18)

SIMULATIONS

Glazing properties

Six glazings have been chosen from the Internationa
Glazing DataBase (IGDB, Anon A) in order to cover

The total absorption from the back surface to the x a wide range of glazing thicknesses and short-wave

location is:
X
Aback(x): 1_T1 L r]l (11)
with:
PnTll-p
Np =5~ ”(2 2”) (12)
1_pn Th

For a double glazing material, taking into accaiet
multiple reflections inside and between the two
glazing layers, the total absorption the total
absorption from the front and back surfaces arergiv
by equations (13) and (14) for the first panel and
equations (15) and (16) for the second one.

X

A ron () = (1‘ TiL J(él +R,0n,) (13)
=X

Abackl [1 T1 LJ N+ R2¢51 (14)
x

Afrontz (1 TiL Jq)az (15)

A bacie (X (1 1’y L]q’ﬂz (16)

where

_ 0
L R,R, 7

absorptions. Table 1 presents the single glazing
properties.

Table 1 Sngle glazing properties

id NFRCid [L (mm) [T R

#01 102 3.0480 | 0.83385 0.0694f
#02 103 5.7150 | 0.77068 0.06909
#03 100 3.1242 | 0.64591 0.07004
#04 101 5.7404 | 0.48560 0.22148
#05 402 7.9880 | 0.36652 0.07729
#06 420 5.6750 | 0.07459 0.06945

NFRC: US National Fenestration Rating Council; lazgng thickness; T:
transmittance; R: reflectance.

Thermal properties have been considered constant:
Pgz=2200 Kg. n?, cpy, =750 J.kFK™, ky, =1.0 W.m

' K™ Front and back surface emissivity is 0.84. Due
to the current developpement state of the present
program, the front and back surface reflectancee ha
been set equal to the front surface value. As altres
glazings #05 and #06 reflectances are slightly
different from the IGDB values but these small
modifications have negligible effect on the current
analysis results.

Double glazings are made of two identical single
glazings separated by a 12.7cm air layg;<1.205
kg.m?®, cpyr =1005 J.kgK™, ks =0.0257 W.rit.K™).
The suffix “d” will be added to the single glazing
identification number to distinguish the double
glazings (#01d, #02d,...).

Steady-state simulations

Steady-state simulation environmental conditiores ar
based on the NFRC 100 Summer conditions (2001).
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The only difference is that the convective heat have been set to zero to allow the comparison with
transfer coefficients have been set to constantegal the present calculations. Simulation time step has
instead of using wind and/or temperature dependentbeen set to 0.1 hour.

values. Table 2 presents the environmental comditio

considered in the present work, The model presented in the previous section has bee

implemented in the C++ based program called
VITREOUS-LST (Mazuroski, 2006 and Strobel,

Table 2 Seady-state simulation environmental 2007) developed at the LST Ilaboratory. Spatial

conditions discretization (1 volume/0.03mm inside the glazing
Outdoor indoor material and 1 volume/0.015mm at the glazing
conditions conditions surfaces) and time step (0.1 hour) have been set
Temperature 32°C 24°C constants for the whole set of simulations.
o 24°c RESULTS AND DISCUSSION
Convective heat | 15 W.m%k* 3W.mk* The present analysis aims to compare the temperatur
transfer coefficient and SHGC predictions obtained by conventional
Solar irradiance 783 W.fn - calculations (WINDOW and TRNSYS) with those
given by the proposed approach. In addition to the
Transient simulations previously described treatment of the short-wave

_ ) _ _ N radiation absorption (referenced as “complete™hia t
Transient simulation environmental conditions are pext sections), the absorption will be also congide

based on the steady-state ones. The only differences uniformly distributed within the glazing matéria

lies in the 24hour periodic evolution of both owdo  («ynif, dist.”) in order to evaluate the error inzhd

air temperature and solar irradiance. Outdoor air py sych approximation.

temperature evolves harmonically versus time and

presents a mean Value Of 32°C and a maleum ValuéHGC |S deﬂned as the fraCt|0n Of the heat frOEﬂ th

of 40°C at 5PM. Solar irradiance presents a Sun that enters through a window and is the sum of

maximum value of 783 W.ihat noon (Figure 2). the glazing system transmittance and the fraction o
solar radiation that enters the indoor environnisnt

45 800 convection and long-wave exchanges.

Tin As a consequence, two simulations have been

40 640 performed with the present model to calculate the
A . heat fluxes at the glazing indoor surface with and
without solar radiation:

35

480

SHGC=T. _+ Qind (qrad 7 O) ~ qind(Qrad = O)
sys

19
Qrad ( )

Outdoor temperature (T)
Solar irradiance (W.m )

30 320
/ \ Steady-state simulations
25 " ) 160
Figure 3 presents the single glazing temperature
/ \ profiles obtained by WINDOW and the present
S model (glazing #06). As the solar absorption desgea
Time (h) according to the distance from the solar ray emgeri
surface (x=0), a shift of the maximal temperature
obtained with the complete model is observed in
comparison to that calculated with the uniform
distribution of the solar absorption. Consequently,
Simulation programs there are an underestimate of about 0.25°C and an
WINDOW version 5.2a (Anon B) has been used to overgstimate of about 0.5°C of the glazing outdopr
calculate the glazing surface temperatures and the?"d indoor surface temperatures, respectively, with

SHGC values under steady-state conditions. the Iat_ter S|_mpl|f|cat|on and the conventional
calculation. Figure 3 shows that the WINDOW

Transient calculations have been performed with calculation gives the same surface temperature than

TRNSYS version 15 (Anon C). Glazing properties the present model using the uniformly distributed
have been imported from Window 5.2a and used in solar absorption.

Type56. Due to the STAR network model . h files forctze
implemented in this component and to the Figure 4 presents the temperature profiles forc

impossibility of changing the surface emissivitis ~ ©' @ doublg glazingbmadedurp]) of two glazings #06 Th
the room internal surface walls, long-wave radiagio same trends are observed here.

Figure 2 Outdoor air temperature and solar
irradiance evolutions
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Table 3 gives the Solar Heat Gain Coefficient value Transient simulations
using the three approaches and the relative
differences between the present model and
WINDOW. The three calculations give very close
estimates as the maximal difference is 1.37%.

As the same differences between the two calculgition
of the present model have been observed in the case
of transient simulation, only the results obtaimégth

the complete model are presented here.

54 Figure 5 presents the evolution of the outdoor and
6375 indoor surface temperatures in the case of thdesing
' glazings #01 and #06. TRNSYS and the present

model give the same temperature variations for this
case. Glazing outdoor and indoor temperatures

. remain almost equal and vary according to the solar
absorptance (higher temperatures for the glazirg #0
when solar radiation takes place) and the transient
solicitations.
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525 For double glazings (Figure 6), larger differenaes
52.25 = #06 - WINDOW —H observed especially for the indoor surface
------ #06 - Present model (unif. dist.) . I
—— #06 - Present model (complete) temperatures. Those differences seem to originate
2 ‘ ‘ ‘ ‘ ‘ from the inertia of the glazing system as testsvglib
0 1 2 3 4 5 6 . f .
X (mm) that, using very small values of inertia (produictie
Fi 3 Sndle dlazi il material density by the material heat capacitygults
Igure 3 Sngle glazing temperature profiles tend to approach those obtained with TRNSYS.
65 § Figures 7 and 8 present the SHGC results. As
#06 Air #06 obtained by Ismail and Henriquez (2003) for single
60 s glazings, SHGC slightly varies when the glazing is

submitted to transient solicitations. The SHGC
variation is found higher for double glazing forialtn
using the conventional calculation gives largeoesr
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Figure 4 Double glazing temperature profiles

N
o

Table 3 Solar Heat Gain Coefficient (SHGC)

WINDOW | Present model — | Present model —
unif. dist. complete 20 ‘ ‘ ‘ ‘ ‘

SHGC | SHGC | Diff. | SHGC] Diff. R
#01 | 0.860 0.8606| 0.07%| 0.860p 0.07% . ) . .
%02 10818 08185 007% 08185 0.07% Figure 5 Single glazing outdoor and indoor surface
#03 | 0.731 0.7328] 0.24% 07325 0.22% temperatures
#04 | 0.623 0.6252| 0.35%| 0.624B 0.21%
#05 | 0.542 0.5441| 0.40%| 0.5420 0.01%
#06 | 0.341 0.3448| 1.11% 0.3385 -0.74%
#01d| 0.763 0.7628 | -0.02%4 0.7628 -0.03%
#02d| 0.703 0.7023| -0.1094 0.7022 -0.12%
#03d| 0.586 0.5866| 0.11%| 0.5864 0.07%
#04d| 0.455 0.4551| 0.02%| 0.4544 -0.13%
#05d| 0.365 0.3669| 0.53%| 0.3653 -0.09%
#06d| 0.192 0.1932| 0.62%| 0.1894 -1.37%
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Figure 6 Double glazing outdoor and indoor surface
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Figure 7 Single glazing SHGC
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Figure 8 Double glazing SHGC
CONCLUSIONS

The present study aimed to understand the level of
complexity required to numerically evaluate the
effect of heat transfer through multilayered glazin

24

systems on the building energy consumption.

From the present analysis results, it can be cdedu
that conventional calculation gives accurate
predictions of the temperature field and SHGC in
steady-state. In the case of transient solicitation
higher differences have been observed, particularly
concerning the SHGC values, and thus the part of
solar radiation that enters the room by convectioc
long-wave radiation exchanges.

The main perspective of this work concerns the
integration of the presented model into the whole-
building simulation tool PowerDomus (Mendes et al.
2003) in order to evaluate the relative importaate
taking into account the solar radiation absorptigo
glazings in building energy simulation.
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Nomenclature

A absorptance -

cp heat capacity J.Kt
F view factor -

h convective heat transfer coefficient WP
k thermal conductivity w.mtlk?
L glazing thickness m

q thermal flux W.n?
R, reflectance of glazing n -

S source term K.m?

t time s

T temperature K

2244 -




