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Calculating Center-Glass
Performance Indices of Windows

John L. Wright, Ph.D., P.Eng.
Member ASHRAE

ABSTRACT that the center-glass is generally the single component area
where the majority of energy gain or loss takes place.

Building envelope performance is strongly influenced by ; S
solar gain and heat transfer through windows. The majority of The most important energy-related indices are solar heat
9 9 ' 1ML Oh ain coefficient (SHGC) and U-factor. Other indices of impor-

this energy gain or loss passes through the center-glass ar‘:?‘?lnce include the solar, visible, and ultraviolet (UV) transmit-

of the glazing system. Various methods have been devised ?o
‘tance values.

calculate the corresponding center-glass performance indi- . .
P g 9 P Various methods have been devised to calculate center-

ces. Solar heat gain coefficient (SHGC) and U-factor are the i . .
lass performance indices. Computer simulation offers the

guantities most frequently sought. Hand calculations havgb_l. i ontl ve th i blem involvi
given way to computer-based techniques. Computer simul§>' Ity to conveniently so Ve the nonlinear problem Invoving
oupled modes of convective and radiative heat transfer. This,

tion offers the opportunity to employ more detailed models plu& L .
PP y pioy Py turn, allows for complete examination of the many possible

the ability to model the large number of glazing systems ma S N :
ombinations of low-emissivity or solar-control coatings,

possible by design options, such as low-emissivity or solaf . . ; . :
gass tints, pane spacings, tilts, and substitute fill gases.

control coatings, selective glass tints, substitute fill gases, an ter simulati | ides th bility |
glazing layers, that partially transmit longwave radiation. A omputer simulation also provides the capability to properly

new, more accurate method is presented in this paper fQ[ uantnI‘ylng thellmpf;]ctbof glal\z/llng Ia);etrhs that are selﬁctlve md
manipulating spectral optical data while calculating the € solar wavelengin band. Viany ot the newer coatings an

energy related optical properties of glazing layers and glazingil;ts are strongly selective, and spectral data are now available

systems. The use of the same technique to track visible al dalmost all commercially availlable glazing layers.
ultraviolet radiation is also demonstrated. In addition, more /WO center-glass analysis programs, VISION and

refined methods are documented for calculating SHGC and UYINDOW, are used widely in North America. VISION is
factor while accounting for the thermal resistance of individ-SPecified for energy rating in Canada (CSA 1993), and the
ual glazings. WINDOW program is used in the U.S. (NFRC 1991). Early

versions of these programs were based on work by Wright
(Wright 1980; Hollands and Wright 1980, 1983) and Rubin
INTRODUCTION (1982), respectively. These heat transfer models surpassed
Building envelope performance is strongly influenced byprevious methods because they introduced the capability of
solar gain and heat transfer through windows. A one-dimer&nalyzing glazing layers that partially transmit longwave radi-
sional simulation can accurately quantify the mechanisms dition (i.e., diathermanous glazing layers). This is an important
energy transfer in the center-glass area. The effect of the thégature and its value as a design tool has been demonstrated
mal short circuit caused by edge-seal and frame componer{}/right 1980, 1985; Wright and Sullivan 1987).
must be dealt with using a two- or three-dimensional model. The capabilities of the programs mentioned above have
Considerable attention has been devoted to the implementaeen extended in more recent versions of the software (Wright
tion of edge-glass and frame calculations because of the highemd Sullivan 1995a; Arasteh et al. 1989; Finlayson et al. 1993).
level of complexity involved, but it should be rememberedNew features include an accounting for the thermal resistance
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of glazing layers and a spectral analysis of the glazing syster-
in the solar wavelengths, allowing for the calculation of visi-
ble and UV transmittance plus a more accurate calculation ¢
solar transmittance and SHGC. However, the model exter

sions incorporated in the two programs are not identical. # Outd

. . utdoor Indoor
wealth of useful information about newer models can be foun: Side ceell P, .
! : i bii Side
in consensus standards currently being developed (ASHRA (i=n) (i=1)
1996; 1ISO 1996), but little detail has been recorded in the tect (%)

nical literature.

This paper provides a record of the most up-to-date
models used for center-glass analysis. Information is provide | | | |
on the way in which these models, or others, are used in tt -l i+l i -1 2
current software, and a discussion regarding the comparisc Glazing Layer
of these_ models is included. Ir_l the particular case qf spectra&igure 1 Numbering arrangement and solar optic
calculations, a new approach is developed offering increased properties of glazing layers.
accuracy.

(outdoor side) reflectancey;(A), (2) the back (indoor side)
APPROACH reflectancepy, j(A), and (3) the transmittance(x).

Glazing system energy analysis takes advantage of the | js customary to use solar optical properties that pertain
fact that there is no appreciable overlap between the band @f yormal incidence, but properties for any given angle of inci-
solar wavelengths below ~3 mm and the band of longer waverance can be used in this analysis to obtain the corresponding
lengths by which radiant heat transfer takes place. This natday of results. Increased accuracy can be obtained by account-
rally leads to a two-step process. First, an optical analy_smg for the effect of polarization. It is convenient to assume

determines how much of the incident solar radiation 'Shat the incident solar radiation consists of two components

absorbed at each of the glazing layers and how much is tran(?)?arallel and perpendicular) of equal strength. Measured opti-

mitted to the indoor space. Second, a heat transfer analysis'i . o
. . al properties pertaining to each of these components are not
used to impose an energy balance on each glazing layer. The

. r%adily available but can be found on the basis of theory for
net heat transfer from any glazing layer must equal the amoun ted alazing | Sieqel and H Il 1972 d
of absorbed solar radiation. uncoated glazing layers (e.g., Siegel and Howe ) an

The solar optical calculation can be completed Withoufaveraged. More approximate methods can be used for coated

any information regarding glazing temperatures or heat tran@—IaZIng layers (Ferguson and Wright 1983; Finlayson et al,

fer. The only information from the solar optical step needed ir}993), The _mo_d(_':'ls presented in this paper could be .ext(_anded
the heat transfer step is the amount of solar radiation absorpfgg@ccount individually for the components of polarization,
at each glazing layer. These two steps yield the temperattf?é‘t’ in order to concentrate on the spectral calculations, that
profile and the rate of heat transfer at each glazing layer d¢Sue is not pursued.
interpane gap, which can then be used to determine the center- Note that the spectral optical properties are measured and
glass U-factor and SHGC. reported at discrete values)of))). All three properties for a
Within the two-band framework, it is possible to use agjven glazing layer are reported at the same valuesot the
multi-band (i.e., spectral) solar optical model wherebyset ofA; used to describe one glazing layer may not exactly
reflected, absorbed, and transmitted amounts of solar radigyaich the sets used for all of the other glazing layers. This is
tion are summed by wavelength. Similarly, a spectral calculasa ticylarly true knowing that spectral data are available from

tion can be used to determine other optical properties such g$,arjety of sources such as measured research data, manufac-
the visible transmittance and ultraviolet transmittance of th‘furers data, and more comprehensive data libraries (e.g

glazing system. NFRC 1997). Similarly, the solar spectral irradiartg@), the

SPECTRAL CALCULATIONS photopic response of the ey®(), and other functions of
interest are tabulated for specific valueshofvhere, again,

Spectral Data each set ok; is unique in order to capture the desired level of

. . _detail. For example, ASTM Standard E891-87 (air mass 1.5)
The glazing system is treated as an n-node array consisgl, E(\)) at 121 values of Xrom 0.305um to 4.045um, with

ing of n-2 glazing layers together with the indoor (i=1) and, ¢ y1,ce data falling in the visible band for which ASTM
outdoor {=n) nodes. This arrangement is shown in Figure lStandard E308-90 lisR(\) at 81 values ok,
It is assumed that each glazing layer is flat and specular. ! r

Three solar optical properties are needed to describe the It is assumed that all of the solar spectral curpgg\{,
it glazing layer, and each should be specified as a function ob.i[Al, Ti[A], E[A], etc.) are constructed such that intermediate
the wavelength of the incident radiatiok, (1) the front values can be reliably evaluated by linear interpolation.
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alculating Total Optical Properties
of a Glazing Layer /\
PO+ PO4) P(.)

Equation 1 shows the way in which any total solar optical
property, i.e.Pg, can be determined by averaging the corre-
sponding spectral datB(A), over the solar wavelength band
usingE(A) as a weighting function.

[POEM)cA
p.=As0 (1)

[EMA
(=0 x xj A
P, is called the total (or grey) optical property and is useful / JH
because a glazing layer having this property, independent ¢figure 2a Discontinuity of optical propertyP@), within
wavelength, will transmit, reflect, or absorb the same amount solar radiation band.

of incident solar energy. This can be seen in Equation 1 by . ] ]
recognizing that the integral in the denominator of the righ§hapes of the various spectral data curves and the way in which

hand side is the total incident flux of radiant enetgy, the wavelengths chosen to characterize those curves interact
Equation 1 can be evaluated numerically by replacing th®ith €ach other.

integrals with summations applied overl wavelength Fortunately, it is possible to formulate a computer algo-

bands. rithm that can be used to evaluate Equation 2 without the

uncertainties described above. The critical component of this
more accurate approach is the choice of wavelengths used to
execute the summation. Instead of using a Setoirrespond-

m-1

2 PO )BR 4 )0,
=1

Ps= M1 AN =NL1-N (D) ing toE(M), a larger set of; is assembled that includes all of
S EQ\ 40BN the wavelengths used in tabulatie@\) and the optical prop-
j=1 erties of the glazing layer. The larger seAptan readily be

where PXj;.1) and E}y;.,) are values oP andE, respec- gssembled using asjmple sorting routine. This system_ofspec-
tively, and are representative of the wavelength band fiom ifying @ more detailed set of spectral bands by using the
tOAjyq- complete set of; will be called the “complete wavelength_set"
Several schemes have been formulated for evaluatid§WS) method. The CWS wavelengths corresponding to
Equation 2. Each uses the set\pfor which E(\) data are igure 2a are s_hown in Figure 2b. The benefit .of using the
tabulated. VISION4 subdivides each band frbmand),, ~ CWS approachis thatnotori#f)), butall of the optical prop-
into four equal subpanels and evaluates representative val/@éies can be taken as linear in order to evaluate each term in
of E(A) andP()) individually by averaging the corresponding theé summation. Therefore, within each CWS band:
values at the endpoints of each subpanel. WINDOW 4.0 eval-

uates each d(A) and theP(A) E(A) product at AandA;,;, and E(A) =2 + beA ()
uses the average. The ASHRAE draft standard SPC 14: ~LP(L)
(ASHRAE 1996) SpeCiﬁeS thﬁ()\]/ﬁl) andP()\j/j+1) be eval- ‘

uated by calculating each of the corresponding quantitles at
andA;,,, averaging them and then multiplying the two aver-
ages to obtain a representatR(@;;.1) E(A;.1) product.

Each of these schemes entails some approximation. By
using the set of;Jat which the solar irradiance valuég),),
are tabulateds;(A;41) is correctly determined. However, by
averaging endpoint values, uncertainty arises in evaluating
P(Aj+1) because Q) may contain discontinuities betwekn
andA;,,. Figure 2a shows a hypothetical situation that illus-
trates this point. Furthermore, tRE\;;,1) Ei(A;.1) product
will not be linear betweek; andA;,, and may also include . : 7»‘ : . :
discontinuities. Uncertainty in estimating valuesPgkj;, 1) J T Jj+2 J+3 J’ﬂ T
and theP(A;;.1) Ei(Aj;+1) product will be small in most cases, JH J*s

but the size of this error is a function of the particular glazing,:igure 2b CWS wavelengths based Bf\) andP(\).
layers being used and cannot be predicted. It depends on the
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and P(A) =a, + A (4) Multi-Layer Analysis by the Net Radiation Method
where The rate at which radiation of a given wavelength is
P(\ . 1) —P(\) absorbed in the conditioped space and at gach glazing layer
a, = P(A;) —bp bp = —)J\TJ— can be found by considering the fluxes of radiant energy flow-
j+177 ing between thé" andi+1" glazings, 17(\) andl; (A). The +
ac =E(\) - bk b = EA2) ZE(Y) and — superscripts denote radiation flowing toward the
E 1R E Ajr1—A outdoor and indoor sides, respectively. With reference to

Now the integrals in Equation 1 can be evaluated exactI)E'gure 3, it can be seen that the following relations apply.

across each sub-band, and the results from each integration |i+(;\) = Ti()\)|i+_1()\) +p (M) i=1ton-1 (7)
can be summed. '

hel . ) = 21 ) +pp 1T 1=2t0n-2(8)

0 g
> E | (@ +bph)(ag + beh)dA E This formulation can be found in a variety of references
I=1G 5 0 (e.g., Edwards 1977; van Dijk 1996; Siegel 1973; Shurcliff

Ps = o . (®)  1974: Wijeysundera 1975).
O O With the transmittance of the indoor surfaces set to zero
S O (ag+bgh)dAD - _ _
0 0 (t4[A] = 0), this system of equations can be solved. If the

1=l u window is considered to be a small surface in a large enclo-
Note thatm now Corresponds to the |arger set of CWS waveSsure, the reflectance of the indoor SU-rfaceS can be (and
lengths. Evaluating the integrals analytically: usually is) set to zero {g[A] = 0). Knowing all values of
m—1 IT(\) andI"(A), the portion of incident radiation of wave-

1 ) . _ o
S {apag(h .y -\ + Q(anE" bPaE)()\jzﬂ_)\jz) lengthA, absorbed at thid glazing layerA(A), is simply
i=1 - -
j ) =17 ) #1730 =14 ()

1 -
+Zopbe0%. 12D} AM = ) ©
P, = (6) n-1
m-1 1 2 2 The portion transmitted to the indoor space is
> {aE()\j +1_)\j) + ébE()\j +1_)‘j )}
j=1 17(\)
Tged) = = (10)
lh_1(A)

and the portion reflected from the glazing system is

I, | I I

n-1 I

=) = le| |2
=

: AN A I

i=n Pri(M)ppi (M) i=1

A
A

n-1 1+l 1 -1 2

Figure 3 Solar flux within the glazing system.
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PyA) = M (11) or I =ps; +Ti2ri_1 § (ri_1Pp i)j (13)
9 IV ’ S0 ’

This can be recognized as a geometric series.
Note thatl| _,(A) , the incident flux, can be set equal to any

nonzero value for the purpose of solving Equations 7 5 d = 1 for x| <1 geometric series (14)
through 11. i %o 1-x
2
Tili-a
Solution of the Multi-Layer Model SO NPt T T, (15)
, 11—

A variety of methods are available for solving Equationsyigtice that without any further development, this recur-
7 and 8. The most direct approach is matrix reduction, bWion can be used to calculate all values;aby working
recursive (e.g., Edwards 1977; Finlayson et al. 1993) solvefgomr, = p, tor,, ;.

can also be used. All solvers must, by necessity, produce the a|gq consider;(A\) and_,(A) , the fluxes of radiation
same result. One method is presented in this paper becauseygfeither side of thé" glazing layer, flowing in the indoor
its simplicity, ease of implementation, and because it can hirection. Again, ray tracing can be used to find the ratio
easily developed and understood. between these two quantitigs,

“Ray tracing” is used to develop two recursion relattons (16)

on the basis of the arrangement shown in Figure 4. Consider 1, _; _ 2 3

the effect of adding one more glazing layer, theglazing U ~ oo TP, —0) TPy, ifi—2) *Ti(Pp i —g)
layer, to the outdoor side of an existing glazing system.

Assuming that the reflectance of the original glazing system T

(including multiple internal reflectionsy;.y, is known, we ~ ©" 4 =775 17)
seek to determine the reflectance of the glazing system with '

thei" glazing layer in place (i.er;). Noting that the incident Now Equation 17 can be used to obtgiftomi=2 to =n-1.

flux on theit" glazing layer id*(A), the reflected flux can be The rest of the solution follows by first calculating the flux
found by summing the reflected rays. Omitting the spectralieflected from the glazing system to the outdoor side

" . : .
notation for convenience, the resulting relation is In_1 = ry_1ly_p@nd then marching toward the indoor side
i+ from i=n-2 to i=1 calculating the remaining fluxes
_hi 2 22 23 2.4 o : ol
= I_ =Pt G Py  F T 1Py i P T Py it (1 = gl @1 = ).
[ (12)

CWS Calculation of Solar and Visible Transmittance
The CWS method can be used to calculate the solar trans-

\ mittance of the glazing systemy, In this case, the CWS wave-
. . m nTTTTTTT length set consists of all the used to tabulatB(A) and the
Py.i ! g optical properties of all glazing layers. Assuming tiyg) is
! linear over each CWS bardcan be calculated with Equation
| 6 by settingP(A) equal targ(M).
2 The visible transmittance of the glazing systeptan be

M Ti”i—lpbii calculated using a weighting function that represents the
’ E photopic response of the ey&)). ASTM Standard E308-90
£ 7i-1Pp,i IR I (ASTM 1990) lists a suitable setBf)), tabulated ag()\) , at
2.2 ‘ % : 81 values ol from 0.38um to 0.78um for the CIE 1931 stan-
/ w} | dard observer. The visible transmittance is
YW [T MRMEN A
wriiin 1/ T, = A= (18)
/ i\ i1 . J’R()\)E()\)d)\

A=0
Using the CWS approach, itis possible to eliminate errors
associated with evaluating representative valu&Xf(i.e.,
errors caused by any mismatch between the wavelengths at

L The development of the same recursion relations using the néthichR(A), E(A), and the optical properties of glazing layers
radiation method can be found in Edwards (1977). are reported). ReplacirigA) with

Figure 4 Ray tracing to develop solar flux analysis.
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R(\) = ag + bRA (19)
) |]a‘[aE% j +1 J|:|+
and assuming TgqA) =a; + bA (20) e 1
i b b, _—BA;
Equation 18 becomes a; E+:E . % B J+1(B7\j T —BA J(BA e E
@y . __® A
duv ™
Da[aE% A+ 0,
m_l%eaTaR(Aj L1 = 1 (24)

[h 2 2
> Di(aEarbR+aEbraR+bEaraR)§\j+1 JE+ J+1 —BA j
! 2% (BAj g +D)—e (BN +1)Dm

0

oOoo—o0oad

i=1m 3 4
%(aEbrbR+bEarbR+bEbraR)§\j+l .0 4bEb bRg\J+l A

v Note thato does not appear in the final expression

Oa 0
A L —-A)+ . .
D RE 17 E because it can be cancelled from numerator and denominator.
Z agb +b aE@fH 125+ O Only B remains, which, for the Krochman damage function, is
- gl % . B =25.56um™.
03 RbE%‘] +17N18 0

CWS Calculation of Absorbed Solar Flux

The absorbed solar flux at tHglazing layer appears in
the heat transfer analysis and is denoted’l$e amount of
solar radiation of waveleng#hwithin an infinitesimal wave-
length bandg, and absorbed at tfi€ glazing layerds, is

In this casem corresponds to a set ®fconsisting of all the
A; used to tabulatB(A), EQ\), and the optical properties of all
glazing layers. Note that the magnituderofan be reduced
substantially by accepting only the wavelengths wRéxgis
nonzero (i.e., 0.3¢m < A < 0.78um) and by stripping out d§ = AA)EN)dA (25)

duplicate values of; Summing over all wavelengths,

00

CWS Calculation of Ultraviolet Transmittance

S = [ AMEN)N (26)
The UV transmittance of the glazing systeary, can be . A=0 _
calculated according to Equation 18 simply by replaBidg ~ Equation 26 must be evaluated numerically.
with a weighting functionl (A), that restricts the calculation m-1
to the UV wavelfengths. For example., the U_V_ band used ing = 5 AN/ . 1)EMj 4 1)AN DA =N 41— (27)
WINDOW 4.0 (Finlayson et at. 1993) is specified by i=1
roy) =1 0.pm< A < 0.3%um 22) v_vhereA,-()\J-,m) andEi()\j,]-+J)_ are values of\ andE;, respec-
F(A\)=0 otherwise tively, that are representative of the wavelength band om

tOA 41
. . . . j+1
Thus, the calculation af,, can be carried out using Equation Several schemes have been formulated for evaluating

21 wit_h R(A) re_placed by (A). This is equivalent to applying Equation 27, and each uses the set ébr whichE(\)) data
Equation 6 (wittP[A] = TdA]) to the range ok, where [TA)  re tabulated. Each of these schemes entails some amount of

is nonzero. The set af wavelengths used to evalua_ggwill error for the same reasons previously discussed.
be relatively small because valuesipffalling outside the Using CWS yields a result similar to the numerator of Equa-
range wheré (}) is nonzero can be excluded. tion 6. Specifically, assuming()) is linear in each CWS band,

It is common to choosk(A) such that greater weight is A) =ay + by (28)

given to the more damaging radiation at shorter wavelengths.
The Krochman “UV relative damage factor” can be used fofhen
this calculation (Krochman 1978).

m-1
O 1 2 2
_ _ S= Y Eaae(Aj+1—A) +5(apbg + brag) (A1 —A))
r(A) = 2% 2598 = 2153 4672°°% 0.3um< ) < 0.5um ;.0 brhn2 br (29)
rA)=0 otherwise (23)
+1p,0:003,, -2 5
3PP 1 74, E

If F(A) is of the form (\) = ae ™ andt (M) is assumed
to be linear in each CWS band, the damage weighted UVhe portion of the total incident solar flux, absorbed at the
transmittance can be calculated as it glazing layer is simply A S/l
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Comments Regarding the CWS Method

S, S, S,

The CWS approach of undertaking spectral integration: - \4_ 1 \,_4__ H\V_
is an important step forward. It may be argued that existing q I di
methods leave little room for improvement, but the magnitude E l ! E
of the error resulting from discontinuities in spectral data : :
curves cannot be known in general. This error will be greate i | Jo
in some cases than in others. The CWS approach eliminat ! i
the error caused by discontinuities. e i L

The calculation of total optical properties for individual ! l
glazing layers is free of error when CWS integration is used /’{ 1‘\
The calculation of glazing system transmittance and SHG( Ty
values retains a very small amount of error becayfe and S
A(A) are assumed to be linear over each CWS panel. This X,

N,

a particularly safe assumption because of the finer resolutio < >
of the CWS panels and because discontinuities no longe }’\ -

present any difficulty. Integration of strongly nonlinear func- i+1 1 i-1
tions could easily be handled by subdivision of the CWS
panels. Note that the one strongly nonlinear function used i Control Volume
center-glass analysis, the Krochman UV relative damageF. .

! . ) : 2 Figure 5 Glazing layer arrangement for heat transfer
factor, can be incorporated analytically (i.e., without error) in analvsis
the CWS analysis. ysis.

sought at each glazing layer. These are the temperatures of the

HEAT TRANSFER CALCULATION outdoor and indoor facing surfac@s; and T, ;, plus the radi-
ant fluxes leaving the outdoor and indoor facing surfaces (i.e.,
Overview the radiosities)J;; and ¢ ;. If these quantities are known, the

[1_eat flux across thid gap,q;, can be calculated by summing

Center-glass heat flux can be quantified using a straigh b s
forward analysis of coupled conductive, convective, and radit-he convective and radiative components of heat transfer. The
pnvective component is quantified in terms of the convective

ative heat transfer. It is assumed that each glazing Iayg o L o
possesses grey longwave (ix>3 um) optical properties. heat transfer coefficiert,, and the radiative flux is simply the

Radiative heat exchange between glazing layers and Conddjd'fference between the radiosities of the two surfaces facing
tive heat transfer within each glazing layer can be describdd® 9ap- Thus,

using fundamental relations. Calculations of convective heat G = R[Tti = Toiudd + & = bien (30)
transfer require the use of correlations based on experimental
data. The solution can be generated by applying the following four

The governing equations are sufficiently general tgequations at each glazing:
ermit each glazing layer to have asymmetric radiative prop- _
P giazing &y y PO T = Toiwal + 3 = Jojsr =S + NalTrig = Tl

erties and to account for the absorption of solar energy in each o
of the individual glazing layers. However, the most significant
difference between this and previous hand-calculation meth- Ji=&i0Tr+ Tt i1+ Ps idp 1 (32)

ods is that any or all of the glazing layers can be diatherman-
ous. This feature is unimportant for glazing layers made of
glass, but a plastic film may partially transmit longwave radi- T
ation if it is sufficiently thin. This phenomenon can adversely b

affect the thermal performance of a glazing system but C"’Wheretg” is the thickness arig, ; the conductivity of theh
also be used to its advantage (Wright 1985; Wright and SU"bIazing I’ayer. ’

van 1987). Equation 31 describes an energy balance imposed at the

_The analysis pres_ented here also accounts for the thermg| faces of théh glazing layer. Recall tha is the flux of
resistance of the glazings themselves. solar radiation absorbed at tifeglazing layer.

Equations 32 and 33 define the radiant fluxes leaving the
surfaces of thé" glazing layer in terms of the glazing layer

Figure 5 shows thi& glazing in an array of glazing layers. surface temperatures and other radiosities. Each radiosity
Three longwave optical properties are needed to describe eaadnsists of three components: emitted, transmitted, and
glazing layer: the front and back surface emissivitigand  reflected radiant flux. The reflectance values used in these
&,,» and the transmittancg, The values of four variables are equationsg; = 1 —T1; — &; andpy, ; = 1 —T; — &, ;) should not

J,i= €0 0T+ Tidpje1 *+ Ppidt i1 (33)

t, .
~Tyi = i’i@qi_ﬁa) (34)

Governing Equations
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ds; = S g
tgl,i \\v
dx [, X
q; T.(x)
T / kgl,i
fi
< t

al,i

Figure 6 Energy balance within glazing layer.

profile through the film are of importance. This more detailed
model can also be used to distinguish between solar radiation
absorbed through the body of the glazing layer and at the glaz-
ing layer surfaces (i.e., where a coating has been applied), but
optical data regarding the split between these two contribu-
tions are not available.

Itis possible to neglect the thermal resistance of the glaz-
ings by setting the right-hand side of Equation 34 to zero as if
kg1i = . Inthis case, the glazing is a uniform temperature, and
Equations 34 and 35 reducelg= Ty, ;= Ti(x). Earlier formu-
lations were of this type (i.e., based on Equations 31, 32, and
33 only) and are described in Wright (1980), Hollands and
Wright (1980, 1983), and Rubin (1982). The more detailed
model described in the previous paragraph has been incorpo-
rated in VISION3 (Wright and Sullivan 1992) and VISION4
(Wright and Sullivan 1995a). An example is shown in Figure
7, where the temperature profile through the outdoor glazing
is curved because it is tinted but the profile through the indoor
glazing is very nearly linear because it is clear glass and
absorbs relatively little solar radiation. More recent versions

be confused with similar variables used in the solar opticadf WINDOW account for the thermal resistance of glazing

analysis.

The temperatureiffierence across th& glazing is given

layers by including a temperature node at the center plane of
each glazing layer where it is assumed that all of the solar radi-

by Equation 34. This expression results from an energgtion is absorbed (Arasteh et al. 1989; Finlayson et al. 1993).
balance accounting for absorbed solar energy and conduction

within the glazing. Consider a layer of thickneds, at a
distancey, from the back (indoor facing) surface of the glaz-

VISIGNA Summer S

No Title No. O

ing layer (Figure 6). If it is assumed that the solar energy ir—~._ Pes:"pg - 18/12/85  (Spectral 00
absorbed uniformly through the thickness of the glazing, ai SOLAR RADIATION (W/md

energy balance can be applied to this control volume.

oT
dx=—ky1,i55

oT| , S
‘kg|,i&X+t_

gl i

T -§
or —2 =
o’ Kgiitgli

Integrating twice and applying the boundary conditions

oT

_kgl,i&

=q_, and
x=0

yields Equation 34.

An interesting by-product of the derivation is an expres-

—k

(35)

(36)

:ql

sion for the temperature profile through the glazing:

2k, it

al,ilgl,i t

T. . —-T. .

09 = { S }Xz+[ £~ Thi
gl,i

It should be noted that this analysis is based on th
assumption that the glazing layer is opaque to longwave rad
ation. It is possible to develop a more detailed model that i

+

}x+ T, (7

783.0 132.1

587.6 <

Wind 3.3 m/s
Cloud 100%

TG

I 26.2 <

/

l 108. | Argon

Qt

1134.3

W/m

=
5
3
o
=
T or
w

T

1351 ZT i26.4 T 479.5
123 3 184 7
152.9 lBI.S

Qc

U=3.12 WmC (RSI 0.32 SHGC = 0. 31

applicable to diathermanous glazing layers by considerine  visis1e/Solar Transmittance = 16.5% / 16.9%

both solar and longwave radiation absorbed within the glazing
layer. However, the only diathermanous layers are thin plastic
films where neither the temperature drop nor the temperature

Figure 7 Example of temperature profile through glazi
layer.
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This approach does not lead to a continuous expression for theTable 1, anK is a column vector whose transpose is

temperature profile through the glazing layer.

The remaining pieces needed to complete the heat trans-
fer model can be found in the literature. The best source is the
ASHRAE Standard 142P (ASHRAE 1996). Information can

Xt = (3 1:90.2E0,02Eb.1 23 2 - bjsEp b, Eb.finis

<+ Jp.n-1Eb,b.n-2Eb .0 19 n-1:9p,0) (40)

The solution algorithm is comprised of the following

be found regarding the effect of radiant exchange with theteps.

outdoor environment under partly cloudy conditions, correla;
tions needed to quantify indoor, outdoor, and glazing cavity

convective heat transfer coefficients, and the properties of filé

gases and fill gas mixtures.
3.
Solution of the Heat Transfer Model 4

In all, 4n-6 independent simultaneous equations can bg
written on the system, comprisedre® energy balances on
glazing layersn-2 energy balances within glazing layers,
and -2 radiosity equations. The equations contain term%
in temperature T¢; and T,;) and black emissive power
(Epsi = 0T%; andEpp; = 0T% ) and, hence, are nonlinear
even before account is taken of the fact that éadepends
on the relevant temperature level and temperature differ-
ence.

If the temperature difference across each glazing layer,
T, i~ Tt and the convective heat transfer coefficientsare
held constant, the governing equations become linear but only
if solved in terms of black emissive power instead of temper-
ature. Thus, two new quantities are defined. The convective
heat transfer coefficient based on emissive power, ,is

F]i(Eb, i~ Eppi+d) = M(Tri=Tpi41) (38)

and the drop in black emissive power through a glazing layer.
AE;, is
AEp i =Eppi~ Epti (39)

Now Equations 31 to 34 can be cast in matrix folX= B.

An initial guess for glazing layer temperatures (ilg;,
=T;;= (Tpn+ T;)/2) is made.

All AE, ; are set to zero.
The corresponding setstgfandh; are calculated.
TheA matrix andB vector terms are calculated.

The solution vectoK is found by some suitable solver
yielding sets of black emissive powers from which new sets
of T;i's andTy, j's can be found.

The new sets Gk 's and T, j's are compared to the old sets.

If each member is not equal to the corresponding member
of the old set, to within some acceptable bound (e.&, 10
K), the new sets are used to replace the old sets and the solu-
tion procedes to the third step.

When returning to the third step, it is necessary to update

each value oAE, ;. VISION4 completes this step using:

(41)

AE, :OEﬁTb, it T +Tb, i _Tf,i[|4_ ot T _Tb,i_Tf,i[|4E

2 2 00O 2 2 [I[|

where the mean glazing layer temperatufg, ¢ T¢;)/2, is
calculated using the current glazing layer temperatures and
the temperature drop through the glazing laygk,— T, is
calculated using Equation 34. The temperatures shown in
Equation 41 can be cancelled to give

The elements of matrikand column vectdB are those given AE, ; = o(Tﬁy i —T: )] (42)
TABLE 1
Elements of Matrix A and Vector B
Coumn | 48 | 47 | 46 | 45 | 44 | 43 | 42 | 4
i Row | Restriction A Matrix B Vector
1 1 1 =
4i-6 —Po; 1 €y, T, 0
2 | 4i-5 1 -1 AEy;
n=3 1 -1 | -h, | -h, | -1 1 ~h, | SN iEpp—hoEpps
to | 4i-4 i=2 1 -1 | -h, | -h, | 1 1 ~S ~h1Eppa
i=n—1 hi-y 1 -1 | -h, | -h, | -2 1 ~S ~hEppn
n-1 other hi-1 1 -1 | -h; | -h, | -1 1 ~h, -5
4i-3 T = 1 —pri 0
n | 4n-6 1 €b,nEb,b,n

All entries for the A matrix and B vector can be generated from this table by lettingrom 1 ton. Entries not listed in this table should be set to zero. Entries falling outside

the range of the A matrix may be disregarded.
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n—

showing that the approximate nature of Equation 41 disap- SHGC = 5 N;A (49)

pears as corargence is reached. i=1

ENERGY RELATED INDICES OF MERIT The inward flowing fractionl\;, is known to be equal to
the ratio of the thermal resistance from the location of the

Center-Glass U-Factor absorbed solar radiation to the outdoor side and the total

indoor/outdoor thermal resistance. For example, if most of the

The center-glass U-factdd,, can be determined forany o o' e cictance comprisifg, exists between tH&' glaz-
environmental condition involving indoor/outdoor tempera—ing and the outdoor side. then tmos ill make its way to
ture difference and any level of incident solar radiation. It cart'uh ind ' Boh
be expressed as the reciprocal of the total center-glass thermay 'c00r space.

resistanceRy;, If the thermal resistance of the glazing layers is neglected,
1 N; can be calculated by considering only the glazing cavity
Uc = Reot (43)  resistances: h1
whereR is found by summing the individual thermal resis- Y Ryap |
tance values of the glazing cavities and glazing layers from the o
: . : N = =—0 (50)
indoor side to the outdoor side. ! Riot
n-1 n-1
Rot = ¥ Ryapi* ¥ Ryii (44)  However, if the thermal res_istance _of the glazing_layers is
-1 =2 included, the calculation d&{, is more involved. Consider an

infinitesimal layer within thet glazing layer of thicknesdy,

The thermal resistance of tiéglazing cavity is and at distance, from the indoor side of the glazing layer.

R = TiThi+ (45)  This arangement is shown in Figure 8. If the thermal resis-
gapt q; tance between the outdoor environment and the outdoor side
and the thermal resistance of theglazing layer is of the glazing layer iR}, and the flux of solar radiation
s absorbed withinlxisdS, the inward flowing fluxdg,,, will be
Ryi.i ko, (46) ROUtthEI:i -X
The exception to Equation 45 is the resistance on the dg,, = _ngS' (51)
outdoor side of the glazing systeRyq, 11, Where, for condi- Riot

tions other than fully cloudy conditions, the extra cooling o

caused by radiant exchange with the clear portions of the sigubstituting

must be considered. In this case, the effective ambient temper- S

ature,T,,, Mmust be used instead of the outdoor air temperature, d§ = dx (52)

. . . gl,i
To.n (ASHRAE 1996; Wright and Sullivan 1992, 1995a). and summing through the thickness of the glazing layer,

Center-Glass Solar Heat Gain Coefficient s
1 .
The center-glass solar heat gain coefficient, SHGC, ca f Zid)‘
be found by summing the directly transmitted solar gain ant £ \

the absorbed/redirected solar gain (Wright and Sullivar

1995D). dx | X
n-1
SHGC=T+& 5 N (47) R,
Si=2 T o—\/\—o Kk
) o ) ) n / gli
wherelgis the incident solar flux ard is the portion of that T,

is redirected by heat transfer to the indoor space (i.e., th
inward flowing fraction).

Equation 47 suggests that SHGC cannot be calculated f gli
a condition with no solar radiatioh, € 0), but this is not true.
Recognizing tha§ = Al Equation 47 becomes R
n-1 Tn b \/\ A T]
SHGC = 1,+ 5 N;A (48)
i=2 Figure 8 Calculating the inward flowing fraction o
Also, recognizing thal; = 1 andA, = 1, Equation 48 can be absorbed solar radiation from a glazing laye
written as with thermal resistance.
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