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Abstract

The computational methods for calculating the properties of glazing systems
containing shading from the properties of their components have been
developed, but the measurement standards and property data bases necessary
to apply them have not. It is shown that with a drastic smplifying
assumption these methods can be used to caculate system solar-optical
propertiesand solar heat gain coefficients for arbitrary glazing systems,
while requiring limited data about the shading. Detailled formulas are
presented, and performance multipliers are defined for the approximate
treatment of ssimple glazings with shading. As higher accuracy is demanded,
the formulas become very complicated.

INTRODUCTION

Severa years ago ASHRAE sponsored aresearch project, 548-RP, to develop a method of
determining the solar heat gain coefficient for complex fenestration systems, i.e, those
containing non-specular (and presumably geometrically complex) sun-control or visibility
elements, such as shades, venetian blinds, or translucent glazings. These systems had been
characterized using the shading coefficient, a concept developed when only clear single
glazing was common. The basic idea behind the shading coefficient was that for most
systems the chief dependence of the solar transmission on wavelength and incident angle
came from the glass layer, and the reflectance and absorptance of this layer were not large.
It was therefore possible to treat shading systems as providing a modifying factor to the
single glass transmittance, and this factor being assumed independent of incident angle, it
could be determined by a single measurement in acalorimeter.

As multiple glazings and coated glasses were introduced, the basic assumption of the
shading coefficient ceased to be valid, and it was gradually replaced with the solar heat gain
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coefficient (SHGC), which is aquantity with an explicit dependence on incident angle. For
“simple’ glazing systems (those consisting only of layers of unshaded glass), the SHGC
can be calculated from asimple formula,

SHGC(g) = T(q) + kZ N, - A (0, (1)

where T represents the overall solar-optical transmittance of the system (at the incident angle
g) and A, represents the solar-optical absorptance for each of the glazing layers (assumed

to be L in number). The layer inward-flowing fractions, N, , represent the fraction of the

energy absorbed in each layer that reaches the interior space. The system transmittance and
layer absorptances can be cal culated from optical measurements made on the individual
glasslayers. These are generally made with a spectrophotometer. Systematic collections of
such properties have been compiled. (Windows and Daylighting Group, 2001) The layer
inward-flowing fractions can be calculated from heat transfer theory, utilizing measured
thermal transmittance coefficients for the gas spaces between the glazings. Standardized
computer codes exist to derive the solar heat gain coefficient from the spectrophotometric
data. (Windows and Daylighting Group 1994; Wright 1995; Wright 1998)

Equation 1 and the associated calculation methodologies represent a very significant
simplification of the problem of characterizing glazing systems. This can be seen from the
following argument. If the number of glazing products from which glazing systems may be
composed is G, then the number of possible double glazed systemsis G?, the number of
possible 3-layer systemsis G*, etc. If one needs to characterize each glazing system by
measurement, there is a much larger number of characterizations to be made than if one
needs only to characterize the individua glazing layers. This is known as the
“combinatoria problem”. And the number G isnot small. At present there are more than
900 products listed in the WINDOW-4.1 Spectral Data Library. While the differences
between many of these products are small, even the type of generic characterization that
ASHRAE favors could scarcely be expected to use a number for G smaller than 20. So
even though wavel ength-by-wavel ength measurements are needed to calculatethe T and A in
equation 1, thereis still agreat savings in labor from not needing to measure all possible
combinations.

If one now considers the problem of characterizing glazing systems with shading layers,
and if the number of possible shading productsis S, then just the fact that double glazing
systems are common means that one must consider three-layer systems, and the number of
possible systems becomes 3G*S (assuming only one shading layer, which can bein any of
three locations). But any type of shading product is likely to comein avery large number
of colors and patterns. The author is aware of a venetian blind manufacturer that offers
nearly one hundred color options for asingle line of venetian blinds. Even assuming the
(unrealistically) modest values of G=20, S=10 yields over 12,000 possible combinations.
One sees how far we have departed from the era when the shading coefficient was
developed, in which G was one, the number of possible shaded systems was 2S (interior
and exterior shading), and Sitself wasfairly small.

Equation 1 cannot be used for glazing systems that contain a shading element because the
reflectance and transmittance of such an element is not specular: incoming radiation from a
particular direction produces transmitted or reflected radiation in many directions. This
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means that the only method of determining the solar heat gain coefficient for aglazing with
shading was the procedure originally used to determine shading coefficient, measurement of
the entire system in a calorimeter. But now measurements would need to be made for a
number of different incident directions on each system. The difficulty and expense of doing
these measurements, coupled with the combinatoria problem described above made it
highly desirable to find a method of characterizing glazings with shading elements that was
more consonant with Equation 1. (These systems were termed “complex glazing systems”,
because the shading elements add optical and geometric complexity.) Thiswasthe task of
548-RP.

The research project began by defining an analog of Equation 1 applicable to complex
glazing systems:

SHGC(q, f) = T(q,f) + kZ N, - A, T) @)

where now f, the azimuthal angle of the incident direction enters the expressions for the

solar-optical quantities, since complex glazing systems are not necessarily symmetric about
the normal to the glazing plane (e.g., glazings with venetian blinds). Here L is now the total
number of layers, including shading layers. That such an expression exists follows from
basic physical principles, energy conservation and superposition; the problem lay in finding
away to determine T, A, and N,. The research project was able to do this, and in its severa
publications (Klems 1994A; Klems 1994B; Klems and Warner 1995; Klems, Warner et al.
1995; Klems and Kelley 1996; Klems, Warner et al. 1996) it set forth these methods and
also verified the resulting expression for Equation 2 by calorimetric measurements on a
double-glazed system with a venetian blind.

Many shading layers have an inhomogeneous construction that repeats in one or two
directions; for example, drapes, woven shades, sun screens, and venetian blinds. The scale
of thisinhomogeneity varies. In awoven shade the weave provides a repeating rectangular
lattice with ascale of afraction of amillimeter. A venetian blind is arepeating assembly of
dlats along one direction, with arepeat dimension on the order of afew centimeters. A sun
screen sometimes consists of either (or both) horizontal or vertical dats with a dimension of
afew millimeters, while a drape has the rectangular weave of the shade with a superimposed
and much larger linear inhomogeneity caused by folds, which are not strictly regular. All of
the systems have irregul arities stemming from broad manufacturing tol erances; they are not
precision optical components.

Thisled the researchers in 548-RP to characterize shading elements by their spatialy
averaged optical properties. The averaging is done over a spatial region that is large
compared with the features of the shading element, e.g., the dat width for a venetian blind.
This allowed them to replace the shading systems with spatially uniform layer averages, and
to do calculations using only the bidirectional solar-optical properties of the average layers
(and the specular glazing layers). While they measured only the spectrally averaged layer
properties, using a large-sample gonioradiometer, it was clear that the method could be
extended to gonio-spectrometric measurements, and could also be extended to include
polarization. (A consistent treatment of polarization has not yet even been included in the
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treatment of multilayer specular glazings.) They also developed a calorimetric method for
measuring the layer-specific inward-flowing fractions, N,. Thiswas necessary because the
heat transfer coefficients necessary to do a heat transfer analysis, asis done for Equation 1,
have not been determined for the thermal and geometrical situations that occur for most
combinations of shading and glazing layers.

In principle, then, the stage was set for treating the solar heat gain through complex glazings
in the same way as unshaded glazings. Detailed compilations of shading layer properties
(like the WINDOW 4.1 Spectral Data Library for specular glazings) could be used,
together with specular glazing properties and tabulated measurements of layer inward-
flowing fractions, as inputs to standard calculation programs that would produce the T and
A, functions needed in Equation 2. Unfortunately, since the conclusion of 548-RP the
necessary standardized instrumentation for measuring the shading layer properties has not
been devel oped, the library of bidirectiona optical properties has not been compiled, and the
small table of inward-flowing fractions produced by the project (which is currently in the
ASHRAE Handbook) has not been much extended, although some work in the latter
direction has occurred. (Collinsand Harrison 1999) As aresult, there has been no way to
incorporate the outcome of this research project into the ASHRAE Handbook of
Fundamentalsin away that would enable designersto predict the solar heat gain of shaded
fenestrations.

This paper isintended to bridge the gap temporarily, by subsituting simple assumptions for
the missing data on shading layer bidirectional solar-optical properties. It isnot argued that
these assumptions provide accurate representations of shading layer properties, although for
some shading elements thiswill be the case. Rather, the assumptions allow the use of an
accurate characterization of the unshaded glazing layers occuring in the system. Often the
angular dependence of the specular glazings is a much more important determinant of the
SHGC of aglazing with shading than the specific properties of the shading layer. Inthese
cases even avery poor characterization of the latter can yield a useful resullt.

CHARACTERIZING MULTILAYER GLAZING SYSTEMSWITH SHADING

Problem Description

In any multilayer optical system, one can visualize any collection of sequential layersasa
sub-system and replace the collection by a*“black-box” single layer with the same overall
properties as the subsystem. This means that with complete generality one may consider
any system as atwo layer system. In asystem consisting of L layers, the sub-system of the
first (L-1) layers can be considered to be the first "layer", while the other "layer" isthe Lth
layer. The properties (i.e., overall transmittance, front and back reflectance) of this system
of two “layers’ can then be derived as if one were dealing with atwo-layer system, and the
result will be the properties of the L-layer system expressed in terms of those for the layer L
and those for the subsystem consisting of layers 1 through (L-1).



5

We therefore consider the combination of a specular layer (an unshaded glazing system, G)
and ashading layer, S. For definiteness we will consider a shading layer that isinterior to
G, although later we will expand this to include any position for the shading.

Let usfirst exclude atrivial case that would otherwise complicate the discussion. Most
shading layers, being inhomogeneous, have regions for which radiation reaching the layer
pass through without encountering the material of the shading at al, asillustrated in Figure
1. Weshall term these regions “gaps’ in the shading layer. Figure 1(a) depicts a venetian
blind, for which some radiation may pass between the slats; Figure 1(b) depicts a woven
material for which some of the radiation passes between the threads. (It is assumed that the
distance between the threads is very large compared with the wavelength of the radiation.)
In both cases, the radiation has essentially passed through an unshaded system. We divide
the glazing areainto afraction, u(q, f ), for which the radiation may pass through the entire
system without encountering any shading materia, and the remainder, 1 — u(q, f), for
which thisis not the case. Then for atotal glazed area A, the area Au(q, f ) can be treated
as an unshaded glazing and Equation 1 applied, and we can restrict our attention to the
reduced shading areaA, = A,(1 - u(qg, f)), for which the shading is involved in an
essential way. (We note that interreflections between the shading layer and the glazing
break down this neat separation, a point we will discuss below.)

Consider the system shown in Figure 2(a). Radiation isincident on this system from a
direction %, = (q,,f,), (a vector) and we consider radiation that passes through the

glazing system G and strikes the shading layer at X, (aposition vector, X, = (Xo, Yo),
assuming that the z-axis of athree-dimensional coordinate system is chosen perpendicular
to the glazing plane). If theincident irradianceis E,, then theirradiance at x, will be
E,T.(d,). Thetotal amount of radiation passing through the shading layer S and emerging
inthedirection ¥, = (q,, f .) will be given by

1969 619 &) = OFoTo(0o) Te(Xor J o3 3 )d X, (3)

where the superscript indicates that no interreflections between the layers have yet been
included in the calculation. The quantity Ty(X, J,;J.) IS the bidirectiona front

transmittance of the shading layer S at the point x,. [We have omitted any qualifying
notation to distinguish between front and back transmittance here because in this section we
will only use the front transmittance of the shading layer. Note, however, that unlike
specular glazings, bidirectional transmittances are not symmetric; rather
Td (x,9,;0,) = Te (X, 9,;9,), where the superscripts f and b denote front and back
incidence.] This quantity can be converted to an expression for the system transmittance
(neglecting interreflections) by dividing by the incident energy:

1
ToJoi Je) = ~ [ T (@) Te%5, 353 3, )d%, (3a)

In addition, radiation at point x, may be reflected by the shading layer, re-reflected by the
glazing, and re-incident on the shading layer at point x,, asindicated in the figure. The



6

radiation that is then transmitted by the shading layer and emergesin the direction 9, will
be

Tord 1) = i F o 00)] O (Xo 960, RA(G) To(x,, B4 B )cos(a )M, (4

where Rsf(xo, ¥, ,) isthefront bidirectional reflectance of the shading layer at the point
X,. Front and back reflectances may be different, since incidence from the back sidein a
given direction may present a completely different physical situation. Now the shading
layer transmittance appearing in the expression, Ty(x,, ¥,; ¥,), isfor adifferent position
and incident angle, and could be completely different from that in Equation 3, as Figure 2(b)
illustrates. Notethat x, isnot an independent quantity; for a given system geometry, it can
be calculated from x, and 9,. The expression introduces yet another integral when one
considers two interreflections,

TS(?S(J 0; J e) =

A_]‘;; C‘)TG(qO){ C\:[d?sf(xo Dy ;ﬁl)Rg(ql) Rsf (X1’ ﬁl;ﬂz)COS(ql)dWl (5)

" RE(G) Ts(X,, 0 9,)] cos(, )AL} dx

Continuing this process develops the familiar multiple reflectance series for the system
transmittance. In the case of uniform specular glazings, the new terms introduced with each
reflection are the same, and the series can be summed analytically. Here, in contrast, each
new reflectance introduces a complicated new integral that is buried in the integral produced
by the previous reflection. Not only do the once- and twice-reflected rays arrive at different
points on the shading layer, the angles at which they reflect from the glazing system are also
different.

Research project 548-RP dealt with this situation through its spatial averaging methodology
and obtained a matrix series using the average bidirectional properties of the layers. An
alternative approach might be to carry through the expansion explicitly, using measured
bidirectional properties at each point of the shading system. In practice, since the materials
making up the shading layer could be considered to have macroscopically uniform
properties, this would require a detailed model of the system geometry together with point
measurements with a gonio-radiometer. Of course, al of the above calculations should be
done for each wavelength, with spectral averaging applied to the result, so more precisely
measurements with a spectro-gonio-radiometer are necessary. Research into this method is
also being pursued, but has not yet provided any data.

Simplifying Assumptions

Given the absence of data, one would like to derive whatever consequences are possible
from the information normally obtainable for ashading system, and one would like to
simplify the solar-optical calculations into something tractable. The data normally
obtainable for a shading layer are the hemispherical transmittance and reflectance, either of
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the layer itself, or, in the case of venetian blinds, of the slats. In the absence of any other
information, the most natural ssimplifying assumption is that the shading layer isauniform
diffuser. It turns out that this assumption also provides the necessary simplification of the
calculation.

If the shading layer is auniform diffuser, then R. and T, are constants independent of

incident or outgoing angle. These constants can be related immediately to the hemispherical
transmittances, since

RS = QR cos(a)dW= pRg

(6)
T = ()lscos(q)dW= pT,
When these quantities are put into Equation 4 we obtain
@y . mél L p aTe"
Tovs(J 01 e) = To(do)Rs é?) (028 () COS(ql)dVVléT (7)

The quantity in brackets is the average back reflectance of the (specular) glazing system for
uniform diffuse incident irradiation:

(RE), == R (6)cos(a) W,
P )
= 2Q) Ra(a)cos(q)sin(q)dg

Integrating over the outgoing hemisphere in Equation 7 is equivalent to multiplying by p,
and we can use this fact and Equation 8 to express the tota system directiona-
hemispherical transmittance, combining Equations 3a, 4 and 5, in which we now recognize
the standard multiple reflection series,

7 2 )
TIHO) = T @@+ RE(RY, + (RMRS), )+ 1"
__T@Td | ¥
1- RSfH<Rg>D

(Since we are now dealing with asingle angle, the subscript on the incident angle has been
dropped.)

The key insight to be gained from this discussion is the observation that, if the shading layer
is considered as a uniform diffuser, then the net effect of areflection from the shading layer
to the glazing system and back to the shading layer (i.e., one round-trip) isto produce a
hemispherical average of the glazing system (back) reflectance, multiplied by the shading
hemispherical (front) reflectance. Each subsequent interreflection will produce another
factor of thisproduct. Similarly, a (diffuse) transmission through a shading layer will cause
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all further interactions (whether tranmission or reflection) with the downstream portion of
the glazing system to involve the diffuse average properties of the glazing.

Conversely, if the shading layer is not a uniform diffuser, the radiation reflected from or
transmitted through it will effectively average over the angular properties of the glazing
system in adifferent way. This meansthat if the uniform diffuser assumption for the
shading layer fails, the effect could be large or small, depending on the glazing system
characterigtics.

APPROXIMATE ANALY SIS OF SHADED GLAZING SYSTEMS

The conclusions of the previous section allow us to calcul ate the approximate properties for
any type of shaded glazing, but before doing so it will be necessary to introduce some
notation. We shall consider glazings consisting of one shading layer, which we denote by
S and some number L of transparent layers. So in general we shall be discussing a system
of L+1 layers. Wewill number these layers sequentially from outside to inside, so that we
can refer to a specific layer by its position, n, in the assembly. If we removed a particular
layer, n, from the assembly and measured its solar-optical properties in isolation, the
resulting transmission, reflectance and absorption would be denoted T, , R, , andA,,.

These quantities depend on a number of physical variables. All depend on the incident
direction, the wavelength of the radiation, and the polarization state of the radiation entering
them. The wavelength and polarization dependence will not be noted explicitly here. In
principle, all of the equations to follow should be caculated for each wavelength and
polarization, and the final result averaged over the polarization and wavelength spectrum of
the incident radiation. In practice, however, because of the limited availability of
characterization data, polarizations are typically averaged for each layer (assuming
unpolarized incident radiation). For shading layers, asimilar lack of dataleads to use of
waveength-averaged layer properties. Neither practice is strictly correct.

In the discussion below, in order to avoid rewriting equations for special cases, it will
sometimes happen that impossible combinations of indices appear in the equations, i.e,
indicesthat refer to anonexistent layer. For example, if thefirst layer of the system islayer
1 (and we have not defined alayer 0, as will occasionally happen below), then referenceto a
layer k-1 becomes nonsensical for k=1. This possibility will particularly arise in the
discussion of layer absorptances. We deal with these cases by defining all nonexistent
layersto have T=1, R=0, and A=0.

As noted above, for specular glazings the solar-optical properties will depend on the incident
angle eg., T.(q), whilefor ashading layer it isa bidirectional quantity, e.g., T,(0;; ¥,) for
the incident (i) and emerging (e) directions, each of which is specified by a pair of angles.
In addition, the properties of the layer depend on the side of the layer on which the radiation
isincident. We shall denote this by the superscripts f (“front”, for radiation coming from
the outside) and b (“back”, for radiation coming from theinside), e.g., T' (9,;9,). (To
avoid confusion with exponentiation, all quantities raised to a power will be enclosed in
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parentheses.) As noted above, for specular layers (or systems) it is aways true that

Tnf (@ = Tnb(q) = T,(9), so that we can drop the superscript, but this is not the case for

F{ @ andAnf (@). For nonspecular layers the analogous reation is

T, 0,) = Tnb(ﬁe; ¥,). We shall also use the superscript H to denote a directional -

hemispherical quantity, i.e., abidirectional one summed over the outgoing direction, e.g.,

TMW,) = ” T'(9,;9,)d’d,. Notethat for a purely specular layer this operation
hemisphere

does nothing, since outgoing radiation only occursin asingle direction: T"(q) = T.(q).

As also noted above, adjacent layers can be collected together and considered as systems.
The notation for thisis summarized in Figure 3, and consists of using as subscripts the
layer numbers of the first and last layers in the system to identify the overal system
properties. It isimportant to distinguish that these are different from the isolated layer
properties. For example, erm givesthe fraction of the radiation incident on layer mthat is
reflected, and includes multiple interreflections among layers m through n, but none from
layers lying to the inside of (i.e, with a number larger than) layer n. (Of course,
F{n = R'.) Thisfact necessitates additional notation for specifying layer absorptions.
Consider a (sub)system consisting of the layers m through n. This system has an
absorptance, A, = 1 - T, — R},. However, the absorptance actually takes placein the
individual layers of the system and we denote this layer absorptance within a system by
Akf;(m’n) for the K" layer. We note that the quantity A, appearing in Equations 1 and 2

should be denoted more correctly Akf;(l, L - They are not isolated-layer absorptances, but

rather layer absorptances within the system of layers 1 through L. Absorptance in the layer
k comes from radiation incident both on its front surface and on its back surface (due to
multiple reflectance from downstream layers). The superscript f denotes that this absorption
isall dueto radiation incident on the front side of layer m.

Complete formulas for assemblies of arbitrary layers are given in (Klems 1994A; Klems
1994B). Here we reproduce the key composition formulas, specialized to the case of
specular glazings, for combining two adjacent layers or subsystems, M and N:

Tu(@Ty(9)
T, = 10
R aod
(o R Tu(@RY(DT,(9) 106
Run(@ = R@ + 375 o eio) (10)
R (@ = R(@) + 2RI (100

1- Ry (@)Ri(a)

Since M and N may be either adjacent layers or subsystems, these equations can be used to
generate all possible cases. For example, if M were a subsystem consisting of layers 1
through L-1 (M=(1,L-1)) and N were the single layer L, then Equations 10 would give the
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“recursion relations’ that yield the properties of the system (1,L) from the properties of the
subsystem (1,L-1) and those of the layer L. The situation is somewhat more complex for the
layer absorptances. We consider the layer k, lying somewhere between layer m and layer n
in the subsystem (m,n), and the layer absorptances are given by

f Tk (@A) (@) mk(q)Rf+1n(q)AE(q)

Avmn = b D 11
@ =TT " QRL@ T 1- R (R .. (113
b Teoin(DAL(Q) T (@R (DA (Q)

Atmn = ’ f ' b f . 11b
@@ = T ORL.@ T 1- R @R (11b)

As can be seen from these equations, absorption in alayer can be due to both front- and
back-incident radiation on the layer, due to multiple reflections within the subsystem (m,n).
Thetotal subsystem absorptances are of course given by

An (@) = k_Z Ag(mn (@) (123)
AlL(Q) = k_Z AL imn (@) - (12b)

With these preliminaries taken care of, we are now in a position to treat shading systems
consisting of asingle diffusing shading layer combined with an arbitrary specular glazing
system of L layers.

Interior Shading

Transmission through a system with an interior shading layer has already been given in
Equation 9, but we restate it here in the more detailled notation described above. The
unshaded glazing system has L layers, so the interior shading layer istaken to be S=L+1in
what is now an L+1 layer system. Equation 9 for the total system transmittance now
becomes

1 L(q)Tf“

fH
(@) = (13a)
fH / R) Sy
For diffuse incident solar radiation one uses the hemispherical average of this quantity,
/
T T
(Tl \ \ 1, L/D (13b)

L+1/p — 9 _ Rsf RiL/D

Absorptance in the shading layer is given by
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T, (DAS
1- RRY,

ASf;(l,L+ y(Q) = Al_f+1;(1,L () = (149)

while for other layers (1 < k < L) the absorptance can be expressed in terms of the
absorptance for the unshaded L -layer system, which may be computed from Equation 11a:

T, QR
k(1L+1)(q) = Ak(lL (CI) +\ k(lL\ ET (14b)
The hemispherical averaging of these quantities is straightforward:
T\ Af
N \ \ 'LL/p
Asar/y = 77 RSfH/R1 (140)
TN RSfH
Iaf \ _ /At \ /Aab \ \ 'L/
\Ak;(l,L+1)/D - \Ak(lL)/D + \Ak(lL)/D 1— RSfHDIRlb > (14d)
L/D

These equations apply to the reduced shading area of the glazing, A;. The corresponding
unshaded glazing system properties should be applied to the unshaded area, u(q, f )A,.

Putting Equation 2 into the present notation, the solar heat gain coefficient for the shaded
areaof the overall systemis

L+1

SHGGTH @ = Tra(@ + X N - Al (@) (158)
k=1
which becomes, after combining the expression with Equtions 13 and 14,

TlL(q) ) |:TsfH + N A + Rssz Ny \Ab1L> :|

S_IG shaded
C1L+1 (q) _ RsfH/RiL/D ’ (15b)

+2 Ny - A (1L)(Q)

where Equations 12 have been used to express the overall absorption in the unshaded
glazing. It can be seen that this expression mixes the optical properties of the glazing and
shading systems in a complicated manner.

While the optical propertiesfor the subsystem (1,L) will be the same as those of the
unshaded glazing, the values of N, in Equations 15a and 15b for layers in the glazing

system (1 £ k £ L) are not the same as the values N for the glazing system without
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shading. The presence of the shading layer will dter the thermal transfer through the
system to some degree, with the result that there will be a change in the inward-flowing
fractions of the glazing layers, N, = N + DN,. Consequently, when the unshaded
equivalents of Equations 14 are put into Equation 2, the result is not exactly the solar heat
gain coefficient of the unshaded glazing. Instead we obtain

L
SHGC ™! (@) = SHGC,, () + Y, DN, AL, (0) (15c)
k=1

The SHGC and layer absorptions appearing on the right-hand side of this equation are
those of the glazing system without shading.

Exterior and Between-Glass Shading

For exterior and between-glass shading the cal cul ations become much more complex. They
are given in Appendix B, and in the following sections we list the resulting formulas for the
solar-optical quantities entering Equation 1, front transmittance and layer absorptances. The
resulting equations for SHGC are quite complicated and not very illuminating; they are
contained in Appendix B.

A new geometric complication enters the problem when there is glazing to the inward side
of the shading (i.e., the side away from the incident radiation source). Radiation passing
through the gaps in the shading may now be specularly reflected by the glazing. Some of
this reflected radiation may go back through the gaps; the remainder will strike the shading
layer material from the back side, where it will be diffusely reflected. This stuation is
illustrated in Figure 4. The fraction that strikes the shading is denoted as s°(q, f ). Thisis
ageometric quantity, and it is discussed further in Appendix B.

The scheme for renumbering the layers and referring back to the optical properties of the
glazing without the shading layer aso becomes more complicated, particularly in the case of
between-glass shading. For this case the numbering schemes areillustrated in Figure 5.
Layer numbering is explained in more detail in Appendix B.

Exterior Shading

For exterior shading Equation B.2a gives the system transmittance (the shading layer
number is S=0):

fH/ \

T,
TH(@Q) = u(g )T, 1- u(q, f >\ Mg
s,L(Q) u(q, ) 1,L(Q) + ( u(q, )) 1-— RgH(Rf,JD

(16a)
. U DR @@ DRMT,.),

1- R§H<R1TL>D
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For incident diffuse solar radiation one uses the hemispherical average of this quantity,
which isgivenin Appendix B. The layer absorptance in the shading layer (S=0) is given by
Equation B.3a

Adau@ = (- u(q,f))[Asf o }
VAo (16b)
U(q,f)RI (@s°(a, f)A2

b
- RSHIRifL/D

and for the other layers (1 < k < L) the layer absorptances are expressed in terms of the
layer absorptances of the unshaded system in Equation B.3b:

fH/ A f

A )
Akf:(S,L)(q) u(a, f)A, e u(@) + (1 - u(g, f)) s \ b:l(l Lf)/D
- R Ri L/p

(160)
| U@ f R, (q)sb(q, DRMALLL)

1- RY(Ry,

Averaging these quantities to produce the corresponding ones applicable for diffuse incident
solar is straightforward, as explained in Appendix B.

Between-Glass Shading

For between-glass shading the system transmittance consists of three parts

SL+1(q) - nshaded + [ S L+1(q)]shaded [ SfT +l(q)]rereﬂ (17a)

which are given in Equations B.5a, B.5c and B.5d:

Tosraged = UG DT (@1~ (G F )R’ (DR, .2(0)] (17b)

(1 - u(q f))Tls 1(q)TsfH<T5+1L+1)D

[ ... - a4
1L+l shaded 1-— \Rls 1/D . [RS + \Rls 1/D(R5fHR§H ™ bH)]\RSf+1L+1>D
[T = u@ D@ HR., @XT, 0, (R + (17T - RIROKR, ) (17d)

el T RR ) - (RO (T - RRODRL DR

The shading layer absorptance is given in Equation B.7a
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C - u@ T, @A
S(LL+1) 71— (Rfi_)[,(Rsf,Hul)D
[u@ T, @R, @ @) + (1 - u@ TLEXRY )AL
1- (Rf:>D<RSf+1,L+l>D

(17¢)

+

For glazing layers outside the shading (1 £ k £ S1) the layer absorptances are given in
Equation B.7b:

Akf;(l,LJr 1)(Q) = u(g f )Alj;kr,rlis)haded Q)
Tos (DR ALus 1), (17f)
1 - <R3f,L +1>D<RE)S—1> D

+(1_ U(q’ f)) Akf:(LS—l) (Q) +
and for glazing layersininside the shading (S+ 1 £ k£ L+ 1), Equation B.7b gives

A|<f;(1,L+1)(q) = U(q’ f)Aéiﬂs)hadEd (Q)
T,e (N Ad(siae ), (179)
1- <Rg+1,|_ +1>D<R1t,)S>D

+(1- u(g 1))

SHADING MULTIPLIERS

It is clear from the above equations and those in Appendix B that the solar heat gain
coefficient of a glazing with shading depends on the incident angle and the glazing layer
propertiesin acomplex way. In earlier ASHRAE treatments of shading, assuming simple
unshaded glazing systems, a simple multiplier, the shading coefficient, was used to
determine SHGC' s for design purposes. Shading coefficients were determined largely by
measurements. As an interim measure, until more accurate datais available, it is useful to
cast the above discussion into aform that would allow these measurements to be used for
the systems for which they are appropriate. In the following section we cast the solar heat
gain coefficient for each shading type into an approximate multiplier form. From the above
eguations we can then determine an expression (in generad very complicated) for the
multiplier. Thisexpression can then be evaluated for arange of glazing classesto determine
when the multiplier is reasonably constant, and therefore useful for design purposes.

Interior Shading

On physical grounds, interior shading should behave (in simple cases) like an attenuation of
the energy flux admitted by the unshaded glazing SHGC. The latter determines the amount
of energy arriving at the shading layer. If the glazing system has a high reflectance (e.g., at
high incident angle), then little energy should reach the shading layer, but approximately the
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same fraction of this energy would be admitted. This picture would give a quantity we
could call the Interior (solar) Acceptance Coefficient, IAC:

SHGC¥Y (@) = IAC- SHGC,, (9) (18a)

(with asimilar relation holding between the SHGC' sfor diffuse incidence). If one recasts
Equation 15b into thisform, an expression for the quantity IAC is obtained:

1 fH f fH(/ \ / \
s )

(SHGC, (@) - T, @) |. T + NeAL + RI({sHGe,, ), - (T, ),)

IAC =

1- (18b)

SHGC,, (9) 1- RM{R),

L L T (R
DNGA, (@ + Y DNJAL ) s
ZI kM@, ; KN kan)/p 1-— RSt;H(Ril?L>D
SHGC, (a)

+

A diffuse analog of IAC could obtained by substituting the hemispherical average for al
incident-angle dependent quantities in Equation 18b; however, to the extent that this
calculation gives adifferent value, it indicates that the basic approximation of Equation 18a
isfailing. Inthe picture that the shading layer simply attenuates the energy admitted by the
glazing, this attenuation should be insensitive to incident angle, since the shading layer isa
uniform diffuser. The physical processes that create a difference between specular and
diffuse radiation, namely multiple reflections and modifications of the inward-flowing
fractions of the glazing layers, have been left out of the simple attenuation picture of
Equation 18a. Accordingly, in using Equation 18ato estimate solar heat gains, the same
value of IAC will be used for both direct and diffuse radiation.

Equation 18b has the correct behavior in extreme cases. Once energy has reached the
shading layer (either as solar-optical radiation or as heat flow), there are only two
mechanisms by which the shading layer can reject it: solar optical radiation can be reflected
back out through the glazing, or it can be absorbed and conducted back outward, which
requiresthat Ng be small. In addition, the shading layer can reduce the inward flow of
energy absorbed in the glazing layers if its presence produces negative values of DN, for
the glazing layers. Both of the thermal effects are maximal for shading applied to the
interior of single glazing. Asthe number of glazing layersincreases, Ng also increases, and
the shading layer has progressively less effect on the values of N,.

For the limiting case of a glazing with high thermal resistance, we can set Ng = 1 and

DN, = 0. Then TJ" + NGA! = 1- RI" and Equation 18b becomes

1_ R"
O
1- RA\RLp

+ (Increases in absorption)

exhibiting the fact that energy can be rejected only by reflection from the shading layer.
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At thelevel of accuracy implicit in the use of the IAC (i.e., not very high) one should neglect
the second term in Equation 15c. The equation for the heat flux through the fenestration
area A, then becomes

q = Epy Cos(@SHGC,, ()[u(a,f) + (1 - u(g ) - IAC]

19
+(E, + EXsHGC, ) [{u@ )}, + {1~ u@n)), - IAC] 4o

where E,,, isthe beam solar irradiance, E, incident irradiance from the sky excluding the
sun, and E, istheincident irradiance from ground-reflected radiation. Both of the |atter are
assumed to be uniformly diffuse.

Exterior Shading

With the exception of radiation passing through gaps in the shading, an exterior shading
layer reduces the amount of radiation incident on the glazing system and convertsit all to
diffuse. It istherefore reasonable to define an “Exterior (solar) Acceptance Coefficient”,
EAC:

S_|GC(S,L)(q1 f) = u(Qy f)S'|GC(1,L)(q) + (1 - U(q1 f)) - EAC - <S_|GC(1,|_)>D (203-)

where, usng Equation B.4,

EAC T/ - u(q,f)RJL(q)s*’(qb:/)R;’“
- R RlL/D (1— U(Q1f))(1 R.LL/D)

1 o u(q, f)

+— DN,A/1.,(0)
{sH6G,, ) | @-u@h) £ 2 Ko

(20b)

" u(g f)R! (@s’(g fR" - DN A )
+{ R’gH/RiL/D + (1_ u(q,f))(l— RgH/le )]Z k(LL)/p

k=1

H/pf f
| A [T bSL/fD . u(qf)Rl,L(q)sbb(g,/f)f e
1- RRD, (- ugh)L- RYRL),)

The part of the expression within the curly brackets must be relatively small in order for
Equation 20ato be of much value. Thiswill occur when adding the exterior shading layer
has little effect on the inward-flowing fractions of the glazing system layers (DN, of small

magniture) and little of the energy absorbed in the shading is transferred into the interior
space (NAL small). These assumptions are reasonable if there is good ventilation of the
space between the exterior shading and the glazing, and if the heat flux due to thermal
radiation from the shading is not too large.
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Between-Glass Shading

The case of between glass shading is handled by conceptually dividing the fenestration
system into the outer glazing, which is unshaded, and the combination of the shading layer
and the inner glazing. From this point of view, the system is a glazing with interior
shading, and accordingly the heat flux should have aform similar to Equation 19:

q = Epy cos(@u(g F)SHGCT™ ™ (0) + (E4 + E,{u(g,f)},{SHGC ™)

D

+[ Eon c08(@)(L - u(g, F))SHGC, 5 ,(q) (21)
HE, + BN - e fses. ), | Bac
This means that the SHGC for the complete system must have the form

SHGC, ,4(a) = [u(g F))SHGC, ™ (q) + (1- u@,f))SHGCs ,(d) - BAC| (22)

with asimilar equation holding for the hemispherical average quantities. Requiring the solar
heat gain coefficient to have this form leads to an expression for the “ Between-pane (solar)
Acceptance Coefficient”, BAC. The complete expression is given in Appendix C. It
contains a number of termsinvolving rereflection of radiation that passes through gaps in
the shading and modifications of the inward-fraction of absorbed energy due to the
presence of the shading layer. Theseterms are of interest only in that, to the extent they are
significant, it implies that equation 21 should not be used.

In the cases where these terms can be neglected, the expression for BAC is

S-1
fH N \
v SN,
BACz:|__/b’\ fH +1_/_f \ /pb \
\Rls_1/, R +1(0) \Rs L 1/p\Rls-1/
L+1
TSfH 2 Nk<Akf:(S+l,L+1)>D
+ k=S+1 (23)
/pf \ /pb\ /pb \pfH
(1— \RS+1,L+1/D\R1,S/D)(1_ \Ris/Rs )
Al ( RSﬂ:rll,L+l>D Tg" Ag:(l,s)

+ N
S /pbH \ /pfiH S b f b f
1- \R1,8—1/D\RS,L+1/D (1 - Ri,g<Rs+1,L+1)D)(1_ <Rl,S—1>RSH)

This expression can be considered as expressing the fraction of the energy incident on the
“interior shading” system that reaches the building interior space. The first term in the
expression gives the amount of radiation transmitted. The second and third terms represent
energy absorbed in the glazing layers after either reflection or transmission by the shading
layer, and the last two terms represent energy absorbed in the shading layer.
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THE 2001 VERSION OF THE HANDBOOK OF FUNDAMENTALS

The calculations and approximations described in this paper formed the basis for updating
the equations for solar heat gain in shaded fenestrations in the forthcoming version of the
Handbook of Fundamentals. The equations given above were presented there in a
somewhat simplified form. In that treatment it was assumed that s°(q,f) = 0, and
{uq,f ))D = 0 in order to reduce the complexity of the material presented. These are

likely to be good approximations in any case. They have been relaxed here in order to
present a complete treatment that can be applied to unusual cases.

The existing tables of shading coefficients for simple systems were used to construct tables
of IAC, EAC, and BAC. Thereasoningisasfollows. The shading coefficient tables were
originally constructed from measurements, usually made at a single incident angle, and the
measured SHGC for the system was converted to shading coefficient by dividing by the
SHGC for single glazing at that angle. The shading coefficient was assumed to be angle-
independent, and in the shading coefficient/solar heat gain factor treatment the SHGC for
standard single glazing was contained in the solar heat gain factor, which depended on
incident angle. Because the IAC, EAC and BAC characterize subsystems for which the
outer layer isauniform diffuser, they can be expected to be independent of incident angle
under the assumption w(q,f) = 0. Thisassumption was made for al of the tables except
that of EAC for louvered sun screens. The table value of shading coefficient was assumed
to apply at normal incidence, and it was multiplied by the SHGC for standard 3mm (1/8
inch) clear single glazing at normal incidence to give back the system SHGC. Equation 18a,
20a or 22 was then applied with the appropriate glazing system SHGC at normal incidence
to calculate the multiplier listed in the table.

For louvered sun screens, the shading coefficient table, the profile angle, and the louver
construction were used to calculate u(g,f) = u(y ) (whichistermed F, in the Handbook).
At the largest profileangle u(g,f) = 0, and the shading coefficient for this profile angle
was used to calculate EAC.

The detailed formulas presented above for the multipliers will enable one to calculate when
the assumption of a constant IAC, EAC or BAC isviolated in particular systems.

CONCLUSIONS

The computational methods for calculating the properties of glazing systems containing
shading from the properties of their components have been devel oped, but the measurement
standards and property data bases necessary to apply them have not.

In order to apply the calculations when there is very limited data, and to simplify themto a
level appropriate to a handbook treatment, a drastic simplifying assumption was necessary.
Thisassumption isthat all shading layers behave as uniform diffusersin both transmission
and reflection for radiation that in any way encounters the materia of the layer.
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Many shading layers also contain gaps, through which radiation can penetrate without
encountering the shading material, leading to the physical picture of a shaded fenestration as
amixture of acompletely shaded and a completely unshaded one. Thispictureisvalid only
when certain multiple reflections are negligibly small.

Complete formulas for the solar-optical properties of such shaded fenestrations have been
presented.

Performance multipliers are defined for ssmple systems and may be used with appropriate
caution.

When both penetration through shading gaps and multiple reflections are significant,

performance multipliers cannot be used, and the solar-optical property formulas become
very complicated.

ACKNOWLEGMENT

Thiswork was supported by the Assistant Secretary for Energy Efficiency and Renewable
Energy, Office of Building Technology, State and Community Programs, Office of
Building Research and Standards of the U.S. Department of Energy under Contract No.
DE-AC03-76SF00098.

REFERENCES

Collins, M. R. and S. J. Harrison (1999). “Calorimetric Measurement of the Inward-
Flowing Fraction of Absorbed Solar Radiation in Venetian Blinds.” ASHRAE
Trans. 105(2): Paper SE-99-15-2.

Klems, J. H. (1994A). “A New Method for Predicting the Solar Heat Gain of Complex
Fenestration Systems: 1.  Oveview and Derivation of the Matrix Layer
Calculation.” ASHRAE Trans. 100(pt. 1): 1065-1072.

Klems, J. H. (1994B). “A New Method for Predicting the Solar Heat Gain of Complex
Fenestration Systems:. 1. Detailed Description of the Matrix Layer Calculation.”
ASHRAE Trans, 100(pt.1): 1073-1086.

Klems, J. H. and G. O. Kelley (1996). “ Calorimetric Measurements of Inward-Flowing
Fraction for Complex Glazing and Shading Systems.” ASHRAE Trans. 102(Pt. 1;
Symposium Paper AT-96-16-3): 947-954.

Klems, J. H. and J. L. Warner (1995). “Measurement of Bidirectional Optical Properties of
Complex Shading Devices.” ASHRAE Trans. 101(pt 1; Symposium Paper CH-95-
8-1(RP-548)): 791-801.




20

Klems, J. H., J. L. Warner, et al. (1995). ASHRAE Solar Heat Gain Project 548-RP Final
Report: A New Method for Predicting the Solar Heat Gain of Complex
Fenestration Systems. E. O. Lawrence Berkeley Nationa Laboratory, Technica
Report LBL-36995.

Klems, J. H., J. L. Warner, et a. (1996). “A Comparison between Calculated and Measured
SHGC for Complex Glazing Systems.” ASHRAE Trans. 102(Pt. 1; Symposium
Paper AT-96-16-1): 931-939.

NFRC (2000). NFRC Spectral Data Library. National Fenestration Ratings Council. Avail:
www.nfrc.org/software.html.

Windows and Daylighting Group (1994). WINDOW 4.1: A PC PRogram for Analyzing
Window Thermal Performance in Accordance with Standard NFRC Procedures.
Lawrence Berkeley Laboratory, Berkeley, CA 94720, Technical Report LBL-35298.

Windows and Daylighting Group (2001), WINDOW-4.1 Spectal Data Library, Lawrence
Berkeley National Laboratory. Avall:
http://windows.Ibl.gov/material soptical_data/default.ntm.

Wright, J. L. (1995). “Summary and Comparison of Methods to Caculate Solar Heat
Gain.” ASHRAE Trans. 101(1): 802-818.

Wright, J. L. (1998). “ Calculating the Centre-glass Performance Indices of Windows.”
ASHRAE Trans. 104(Pt. 1): 1230-1241.




21

(@)

(-4) { Sy

u(a. 1)
—

ﬁ

Figure 1. Definition of Unshaded and Shaded Parts of a Shading Layer. For either
alouvred or datted construction (a) or a woven shading layer (b) thereisa
trivial or geometric transmittance resulting from the fact that some incident
rays encounter no material in the shading layer. Rays encountering
material may contribute to the transmittance, but the angular distribution
of the transmitted radiation will be modified. Note that since the
constructions are not azimuthally symmetric, the unshaded fraction u will
in general depend on both angles characterizing the incident direction.
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Figure 2. Contribution of Multiple Interreflections to the Transmittance of a
Glazing G with an Interior Shading Layer S. (a) Mathematical Structure of
the Transmittance. The symbol below each ray indicates the direction
(specified by two angles). At the shading layer, one direction is selected
from the outgoing distribution. (Light arrows indicate the existence of
other rays.) Above each ray istheterm resulting from the last encounter
with a solid material. The transmittance contribution indicated at the end
of thearrow isthe product of all termsalong the preceeding path, integrated
over intermediate directions. (b) A venetian blind example illustrates how
a ray may encounter different shading layer transmittances on initial
incidence and after interreflection.
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e

Ry m

I n m ... L

Figure 3. Multilayer glazings considered as systems and subsystems. A total of L
layersisassumed. Glazing layersare numbered sequentially, beginning
with the side toward the incident radiation (upper dark arrow). Dueto
reflections among the layers, radiation may be incident on a given layer
from either direction (light arrows) and interreflected radiation may
contribute to the absorption in a given layer. The large dashed box
indicates the notation for the entire system (transmittance and front
reflectance are shown). The smaller dashed box indicates the notation for a
subsystem consisting of layersn through m (unit incidence on the back side
of the subsystem, transmittance and back reflection are shown).
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u(a, 1)

(1 B U(q, f )) (1)

S 1 ... L

Figure 4. Exterior Shading. Layer numbering and definition of shaded and
unshaded portionsareindicated. The numbered rays are cases discussed in
the text. Ray (1) entersthrough the unshaded portion and istransmitted
through the glazing system. Ray (2) isincident on the shaded portion and
istransmitted (diffusely) through the shading layer. Ray (3) isincident on
the unshaded portion, reflected by the glazing system, and (diffusely, as
indicated by the light arrows) re-reflected from the back of the shading
layer.
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1 .. m m+l...L
Mma@d
L

f
I \A k;(1,L+1)

1...51 S S+H1...L+1

Figure 5. Layer numbering for between-pane shading. A shading layer S is
assumed to be inserted within an L-layer glazing system, dividing the
system into an outer glazing (layers 1 thru m) and an inner glazing (layers
m+1through L). Thelayersof the new system are renumbered to include
the shading layer (S-1=m), producing an L +1-layer system with numbering
shown at the bottom. For radiation passing through gapsin the shading,
the optical properties are effectively those of the unshaded glazing, for
example, transmission asindicated in the figure. These propertiesare given
the superscript “unshaded”, and use the layer numbering of the unshaded
glazing system, shown at the top of thefigure. For radiation that interacts
with the shading layer, the relevant properties (e.g., layer absorptivity, as
indicated) are those of the glazing with the shading layer, and the indices
refer to the numbering at the bottom of thefigure.
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Appendix A. Nomenclature

Symbols
A
A
BAC

<

Subscripts
0

d
DN
e
G

Area

Absorptance

Between-pane (solar) Acceptance Coefficient
Solar Irradiance

Exterior (solar) Acceptance Coefficient

An integer; glazing system number, number of glazing systems, or the
number specifying a particular glazing or glazing systemin alist

Total radiant energy per unit time

Interior (solar) Acceptance Coefficient

Number of layersin a system or subsystem
Inward-flowing fraction of absorbed solar energy
Reflectance

An integer; shading system number, number of shading systems, or the
number specifying a particular shading layer inalist

Solar Heat Gain Coefficient

Transmittance

A position vector

Coordinates in aright-handed Cartesian coordinate system

Incident angle or polar angle in aright-handed 3-D Cartesian coordinate
system

Azimutha anglein aright-handed 3-D Cartesian coordinate system
Profile angle

A direction vector, specified by a pair of angles

Denotesinitial value, or before the application of some process or
guaification; overall (asin area)

Diffuse
Direct normal; beam
Emerging, or exit

Pertaining to aglazing or glazing system; for area, denotes reduced
shading area

Integer denoting aparticular layer inalist
Integer denoting aparticular layer inalist
Integer denoting aparticular layer inalist
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Superscripts

()
D

()
f
b

H
shaded
unshaded

Operations
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Integer denoting aparticular layer inalist
Integer denoting aparticular layer inalist
A layer designation that may refer to either asingle layer or a set of
layers, eg., (i, j)
A layer designation that may refer to either asingle layer or a set of
layers, eq., (i, )
Pertaining to the set of layersfrom i through |
Pertaining to the set of layersfromi through

Pertaining to the layer k, considered to be part of a (sub)system
consisting of the layers| through m

Ground-reflected

Pertaining to a shading layer or system; also, an integer label identifying
ashading layer inalist of layers

Denotes a quantity pertaining to an entire system

Initial, before the application of some change or action, or the zero-order
approximation

First; after one application of some change or action; firstin a
succession of approximations

Second in a series of successive actions or approximations
Front incidence; i.e., on the side toward the ultimate source of radiation

Back incidence; i.e., on the side away from the ultimate source of
radiation

Hemispherical total, i.e., summed over the outgoing hemisphere
A system containing a shading layer
Denotes a glazing system without shading layers

Average of the quantity X over incident directions uniformly distributed
over ahemisphere

Denotes asmall change in the quantity X resulting from some action or
change
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Appendix B. Detailed Derivation of Solar-Optical
Property Formulas For Exterior and Between-Glass
Shading

Exterior Shading

For exterior shading layers the separation into shaded and unshaded areasis not quite so

clean as for interior shading. Asillustrated in Figure 4, there are three cases that need
consideration: (1) radiation incident on the openings in (unshaded portion of) the shading
layer, that is transmitted by the remainder of the glazing system; (2) radiation incident on the
material (reduced shading area) of the shading layer that is transmitted by the layer; and (3)
radiation incident on the unshaded portion of the shading layer that is reflected by the
remainder of the glazing system, re-reflected by the back of the shading layer, and re-
incident on the remainder of the glazing system. Cases (1) and (2) both occur for interior
shading and are treated in much the same way for exterior shading. Case (3), however, is
new and requires further discussion.

Asindicated in Figure 3 we consider the glazing with shading to form an L+1 layer system,
but now we denote the shading layer by the index S=0, in order to continue to use the
expressionsinvolving (1,L) above for the unshaded glazing. The usual ASHRAE treatment
of exterior shading, utilizing the full arsenal of profile angles, etc., is essentially a calculation
of u(g, f). Once this has been determined cases (1) and (2) then result in, for example, a
system transmittance of

fH/ \

! T\ T
(@] = u@ HT.(@ + @ - u@ ) (R/IDL) (B.13)

where the bracket and prime symbol on the left hand side indicate that case (3) has been
excluded.

To treat case (3) we shall need to introduce a new quantity, denoted s°(q, f ). Itisan analog
of the quantity 1 — u(q, f). A specular quantity, s°(q, f ) is defined as the effective shaded
fraction of the shading layer as seen by the rays labeled as (3) in Figure 4; that is, the
shaded fraction of the shading layer as seen from the back for rays that have already
passed through an unshaded area of the layer. The value of s°(q, f ) introduced above
may be determined by the same kind of geometric analysis used to determine u(q, f ).

Evaluation of case (3) then proceeds as follows: The fraction of incident radiation that
passes through the unshaded portion of the shading layer and is reflected from the glazing
systemis u(g, f )R’ (q), and afraction s°(qg, f) of this strikes the material of the shading
layer from the back side. (The remainder passes through and islost.) Of this, afraction
RQH isreflected by the shading layer and is re-incident on the glazing system (as diffuse
radiation). A fraction (T, }_ of thisistransmitted and {R', } _ isreflected. The reflected

radiation now strikes the shading layer material and of this RQH isreflected and re-incident
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onthe glazing system. This is the first term of an infinite interreflection series, and
collecting terms we can write the case (3) part of the transmittance as

. u(q,f)Rf (@s°(@, FRYT ).

Tor VY
[T51 ()] “R(RLY,

(B.1b)

Combining Equations B.la and B.1lb then gives the expression for the system
transmittance:

HT

TS 1,L
TS = u(g T, (@) + (- u(@ ) 7= Rst\’”/RiD
L/D

(B.2a)
,uaf R (@s°(a, FRMT, )

1_ Rg RfL/D

For incident diffuse solar radiation the system transmittance is

HT N

.
\ 1L/

(Tal)o = (@ OTL@) + (L@ Do) Ty

L/p

U@ HR @2 @ ) R,
1- Rg F\)1fL/D

(B.2b)

Following a similar argument, absorptance in the shading layer is given by

(R, }
H<R1

b
S

ASf'SL = (1- f Asf S
sn(@ = (1- u(g ))[ =

(B.339)
LC! f)RLL(Q)S“(q f)AS
- RYRL),

and for the other layers (1 < k < L) the layer absorptances are expressed in terms of the
layer absorptances of the unshaded system:

fH/ A f
S\ /p

1 _ RgH/RifL/D
| U@ f R, (q)sb(q, DR ALwL) |
(R,

Akf(S L@ = u(a, f)A e (@) + (L- u(a,f))
(B.3b)
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Averaging these quantities to produce the corresponding ones applicable for diffuse incident
solar is straightforward, and is done in the same manner as the transition between Equations
B.2aand B.2b.

Using Equation 2 to combine these quantities into a solar heat gain coefficient yields

SHGC(S,L)(q’f) = U(CLf )S'IGC(LL)(CI)

" u(g f)R', (a)s(a, f )RS
+[(1_ u(gf)) 1- RgH/Rl + _RleH/Rl i ](S"'Gq1,L)>D
+u(q, f )g, DN, Ay (@) (B4

_ TsfH u(qlf)RifL(q)Sb(q f)RgH - IAf
+[(1 U(q,f))l_ R§H<Rif,L)D " 1- Rg RifL/D ]kzi DN Ak(lL)/

c (A= u@ TR, ugHRL(@L@f))
+Ng - [(1_ u(qf))As + ( 11— RgH( fL)D + 1— R2H<R1f’L>D As

The presence of the shading layer may modify the inward-flowing fractions for the glazing
by amounts DN, from their values without the shading layer, leading to the corresponding

termsin the equation.

While this expression is dependent on both g and f , the f dependence comes from the
geometric transmittance through the shading. This dependence is most significant for a

venetian blind or louver system, where it is essentially a dependence on the profile angle.
[The profileangle, y , isdefined by the equation

tany =tanqgsinf

where q (incident angle) isthe polar and f the azimuthal angle of aray pointing to the
radiation source in aright-handed coordinate system for which the z-axisis perpendicular to
the fenestration (pointing outward), the x- and y-axeslie in the plane of the fenestration, and
the x-axis points along the one of the venetian blind or louver dats.]

Between-Glass Shading

We next consider a shading layer, S, placed somewhere within an L-layer glazing system.
This case will require arenumbering of the glazing system layers. If weinclude the shading
layer, S, in the system, then we have an L+1 layer system with the layers 1,...,S-1 outside
the shading layer and the layers S+1,...,L+1 to the inside of the layer.

In determining the properties of this system we shall consider it to be composed of three
subsystems, an outer glazing subsystem consisting of the layers 1,..,S-1, the shading layer,
S, and an inner glazing subsystem consisting of the layers S+1,...,L+1. In addition, we
shall need to consider two aternative groupings. First, we shall consider the combination of
an outer subsystem of the layers 1,...,S and an inner subsystem containing the layers
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S+1,...,L+1. Second, we shall consider the combination of an outer subsystem of layers
1,...,S1and aninner subsystem of layersS,...,L+1. Inthefirst case the outer subsystem
isaglazing with interior shading, while in the second case the inner subsystem isaglazing
with exterior shading.

Asinthe case of exterior shading, we must first consider the geometric fraction u(q, f) of
the incident radiation that passes through the shading layer S without encountering any of
the shading material. This situation is similar to the cases discussed above, except that
(primarily near normal incidence) special provisions must be taken to account for specular
reflections through the gaps in the shading:

Toerosea = UG DT (@1 - (4 TR, ()] (B.58)

where, asin the trestment of exterior shading, the quantity s°(q, f ) represents the fraction of
the incident radiation which, having passed through gaps in the shading layer and been
reflected by the inner glazing system, strikes the shading material from the back side. This
quantity will be zero at normal incidence. The above expression does not attempt to account
for off-normal-incidence cases where radiation passing through a particular gap in the
shading passes through different gaps on reflection. Treatment of this stuation is
extremely complicated and lies beyond the scope of this paper.

Transmission through the shaded glazing system can be calculated from Equation 10a,
taking the subsystem M to be the outer glazing layers (1,S-1), and N to be the layers
(SL+1):

(1 - u(gf)Ts (AT, ()
1- (th,)s— 1>D Rsfi+1(q)

[T, = (B.5b)

In this expression, following the discussion of Equation 9, the fact that (S,L+1) isaglazing
with an exterior shading layer leads to the replacement of the specular quantities by either
the hemispherical total or diffuse average quantities. We can obtain the transmittance for
this subsystem from Equation B.1a:

fH/ \
[T D] =
Y shaded 1- Rs (RS+1,L+1>D

The front reflectance for this subsystem (excluding the radiation passing through gaps in
the shading) is

fHbH/ f \

Ts Ts \R5+1,|_+1/D
bi f

1- RSH<RS+1,L+1>D

[Rsf!_:—*'l(q)]shaded = RSfH +

When these are substituted into Equation B.5b we obtain
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(1 - U(q, f ))Tl,s-l(q)TsfH <T5+1,L+1)D (B 5C)
/b \ H bH I\ fH —~bH He=bH\]/ ~f \ )
1- \R.I.,S—l/DRS - [Rs + \R,S—I/D(RS Rs - Ts Ts )]\RS+1‘L+1/D

[Tl,ft+ 1 (q) ]shaded =

In addition, there is the transmittance due to radiation that is transmitted through the outer
glazing, passes through the gaps in the shading layer, is (specularly) reflected by the inner
glazing and is (diffusely) re-reflected from the back of the shading layer. Since the portion
of the specularly reflected radiation that does not strike the shading layer materia has
already been included in Equation B.5a, we can calculate this case by considering that a
fraction u(g,f)s’(q f)Rsfﬂ'L .1(q) of the incident radiation passes through the gaps in the
shading, is specularly reflected by the inner glazing system and is incident on the back side
of the shading layer. One can consider this to be the back side of the system (1,5
consisting of the shading layer and the outer glazing system. All radiation reflected by this
system will be diffuse, because it will be either diffusely reflected by the shading layer or
diffusely transmitted by the shading layer, reflected (any number of times) by the outer
glazing layer, and again (diffusely) transmitted by the shading layer. We can therefore write

[T H ( )] . L(q! f )Sb (q’ f ) Rsf+l,L +1(q) Ribg (TS+ 1L +1) D
e q reref - 1 - R?g< I:esfﬁ-l,L+1>D

where it isunnecessary to indicate a hemispherica average over the incidence angle for
ng , Since this quantity is by assumption independent of incident angle. In fact,

bH /b fH
Ts <Rl,5— 1> DTs

H/pb  \ !
1- RMRs. i/,

bH bH
RLS =Ry +
we have

u(@, )8 (@ ORL,, @XT..,.» (R + (T5T" - RIRI(R, L))

T = B.5d
e S R N R o e s I

The resulting transmittance is the sum of Equations B.5a, B.5c¢, and B.5d,
TSﬂ-I|_+1(q) = Tunshaded + [Tsfl-l|_+1(q)]shaded + [TST +1(q)]rereﬂ (86)

Absorption in the shading system may be due to specular radiation that strikes the shading
layer on either the front or back surface, since radiation may pass through the gapsin the
shading and be specularly reflected by the inside glazing system back onto the shading
layer. We consider first radiation incident on the front side the shading layer. Prior to any
multiple reflections, thisincident radiation will be afraction (1 — u(g, f))les_l(q) of the

radiation incident on the whole system, taking into account that some of the radiation has
passed through the gapsin the shading layer. This radiation incident on the shading layer
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may be absorbed, reflected or transmitted. The reflected radiation, which is diffuse, may be
rereflected by the outer glazing system, and will give rise to the usual multiple-reflection
series enhancement of the radiation incident on the shading layer. However, the radiation
transmitted by the shading layer (which is also diffuse after transmission) may be reflected
by the inner glazing system, retransmitted by the shading layer, reflected by the outer
glazing system, and again incident on the shading layer. This effect may be included by
considering the shading layer and the inner glazing system as a unit and using its
subsystem reflectance in the multiple reflectance series, so that the front side absorption of
the shading layer is

_ (-u@f NTsa (@A
Front 1— <RbH \ /RSfH

S-1/p\"' S L+1/p

A

In writing this expression we have multiple-pass reflection of specular radiation through the
shading gaps, which eventually strikes the front side of the shading material, assuming that
the amount of this radiation is small. Prior to any consideration of multiple diffuse
reflections between the shading layer and the inner glazing system, radiation can be incident
on the back side of the shading layer by two mechanisms after first being transmitted by the
outer glazing: (1) passing through the gaps in the shading and being (specularly) reflected
by the inner glazing system, and (2) being (diffusely) transmitted by the shading layer and
subsequently reflected by the inner glazing. We can write this back-incident radiation as the
following fraction of the radiation originally incident on the system:

u(g, F )T (@RS, 1@ (@, F) + (L - u@, F)TS (@RS ),

In this expression use of the subsystem transmittance Tlfg (9) includes cases where there

are multiple reflections between the shading layer and the outer glazing system prior to
transmittance by the shading system. This radiation may be absorbed by the shading
system, but it may also be reflected by the shading system and again by the inner glazing
system prior to absorption. This may happen any number of times. Moreover, it might also
be transmitted by the shading layer, reflected by the outer glazing system, transmitted by the
shading layer, and again reflected by the inner glazing system prior to absorption. Any
number of such double transmissions may occur in combination with multiple reflections.
All of these effects are included by considering the outer glazing and the shading layer asa
unit (1,S) in the multple reflection series, yielding

B ua, f)T,s,(a) Rsf+1,L+1(Q)5b(q1f) + (1 - u(q, f))Tlsz (Q)< ﬂil,LJrl)D A
Pk 1 - <Rt,)g >D<R5f+1,L +1>D 09

where

stH (Rl?sf 1> D Asf
fH/pb  \
1- RsH\Rl,S—llD

Ag;(l,s) = Ag + (B.63)
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The sum of the front and back absorptions gives the shading layer absorption:

c W u@ T, @A,
L {RLDARLD,
JLMa T @R @961 « 0 - u@ ITIERRY )AL
1- (Rlb,:>D<Rsf+1,L+1>D

(B.79)

which can be further expanded by substituting in Equation B.6a.

In the following we will denote the layer absorption of layer k in the unshaded glazing
system, with the shading layer €ft out of the numbering, by Ag,y5**'(6) . The shaded and

unshaded system layer numbering systems are shown in Figure 5. For layersin the outer
glazingsystem (i.e, 1£ K£ S1)

Al<f;(1,L+1)(q) = u(q, f)AlI;'(f,Es)hadEd Q)
Ts (RN AL v}, | (B.7D)
1- <Rst +1>D<R1?S—1>D

+(1_ U(q’ f)) Akf:(LS—l) (q) +
and for layersintheinner glazing system (St 1 £ k£ L+1)

Adain(@ = u(g AT (@)
H o/ A f \
TJ,S (q)\Ak:(S+1,L +1)/p (B-7C)
f b
1- <RS+1,L +1>D<R1,S>D

+(1- u(g f))

When these equations are substituted into Equation 2 we obtain
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$HGC,,., (@) = u(a f){SHGCf"f” @) + X DNAT™ (q)}
k=1
T1, s-1 (q)Tsﬂ: +1 (q)
l N <R55-1>DR§|L+1(q)

+(1 - u(g, f)) x

s-1
fH [ aAb \
s-1 Tl,S—l(q)RS Z Nk\Ak:(l,S—l)/D
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+Z NkAk:(l,Sfl) @ + 1 /Rf \ /pv \
k=1 ~\Rs 4/ \Rl,S—l/D
fH \ b
T1,S,1(q)NgAsf N T (q) S+1L+1/DNSAS(1 s)
/ot \ /pH o\ bH\ /
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L+1

TfH (q) Z Nk\Ak(S+1 L+1)/

k=S+1

1- \RS+1,L+1/D\RLS/D

(B.8)

+

f bH/
Rs+1 L+l(q)R15\ S+1, L+1/D
Rle/R \

S+1L+1ID

1.5-1<q>RS+1H1<q>A2u }
1- (Rb2>D(RS+1 L+1/D

+u(qg,f)s’(g,f) x {

T @R, @R.,,,.,@

The second term in the first set of curly brackets in this equation occurs because the
presence of the shading layer modifies the inward-flowing fraction of layer k by an amount
DN, .
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Appendix C. Complete Expression for BAC

The equation for BAC is obtained by manipulating Equation B.8 to put it into the form of
Equation 22, after which the terms corresponding to the quantity BAC in Equation 22 can
beidentified. When thisis done one obtains the expression

H \
Tf (q) Af RS Z N \Ak(1s H/p
BAC = s Ng e b el
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TH Y NJAS
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