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ABSTRACT

Ray-tracing technique was utilized to derive the equations for the calculation of
the transmissivity, absorptivity and reflectivity of single, double and multiple layer
(s) of glazing. The transmissivity equation for the single layer glazing that derived in
this study was the same with the one derived by Robbins and Spillman. In double-
layer glazing, the studies involved both the air separated double-layer and the closely
connected double-layer. The later topic was never studied by other researchers for
there is no similar research presented in the literature. The former topic was studied
by other researchers yet they derived equations with very strict constraints which
limit the usefulness of the equations. The equations derived in this study are consid-
ered more applicable and theoretically more accurate. Due to the lack of the informa-
tion of the extinction coefficient of glazings from both literature and manufactures,
an equation for the calculation of this important property of glazings was also

developed.
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INTRODUCTION

The ray-tracing technique has been widely
used by researchers to derive solar radiation
properties of covers for greenhouse glazing
(cladding ) and for solar collectors. Using this
technique Whillier (1967) derived a general equa-
tion to calculate the transmissivity of n layer(s)
of glazings with same refractive index, where n
can be equal to 1 or more. Assuming glazings are
identical in thickness and has same extinction co-
efficient values, Whillier’s equation can be fur-
ther simplified. Based on same technique, Rob-
bins and Spillman (1980) proposed an equation
for n layers of identical glazing {same refractive
index, same extinction coefficient and same
thickness), yet it is different from the simplified
form of Whillier’ s. Besides the inconsistence,
both equations are subject to materials with same
refractive index.

The inconsistence not only exists in multi-
layer equations but also can be found for single
layer equations. Assuming number of layer is 1,
both equations can be used to predict transmis-
sivity of single layer glazing, yet two simplified
equations are different. Both equations were
widely used by other researchers. Duffie and
Beckman (1974, 1980), Whillier (1977), and
Garzoli (1984) utilized Whillier’ s equations in
their research while Siegel and Howell (1981),
Critten (1983, 1984), Takakura (1989), Kurata
(1990) and He et al. (1990) utilized Robbins and

Spillman’s equations in their models.
OBJECTIVE

The objectives of this study were to

1. evaluate the equations for single and multiple
layer(s) of identical glazing materials derived
by former researchers,

2. develop equations for the calculation of optical
properties of multi-layer glazing materials al-

lowing any combinations of glazing materials.

3. derive equations for the calculation of optical
properties of closely connected layers,

4. derive equation for the calculation of extinc-
tion coefficient assuming the direct normal

transmissivity is given.
LITERATURE REVIEW

The studies of properties of transparent cov-
erings were popular during the energy crisis.
The applications of sclar energy were booming
then, it is still an important research topic due to
the ongoing solar energy applications, booming
of greenhouse industries and the advancement of
the new technologies which make new glazing
materials possible.

Transparent covers for greenhouse glazing
and for solar collectors should be able to with-
stand severe environmental hazards, such as the
impact of hailstones and high winds and of course
should be constructed of materials which possess
a high transmissivity and low reflectivity for so-
lar radiation. The solar radiation properties of
the glazing materials such as absorptivity, reflec-
tivity and transmissivity can be determined by
the surface reflectance, single pass absorptance,
and the thickness of glazing. The surface re-
flectance can be categorized into two types: spec-

ular reflectance and nonspecular reflectance.

. When an incoming beam hit a smooth surface

(glass, PE), the angle of the reflected beam can
be determined by the incident angle, then the
surface reflectance is dominated by specular
reflectance. When the surface is rough (fiber
glass), the fraction of incident light that is re-
flected such that the angle of the reflected beam
is not defined by the incident angle, the surface
reflectance of the material is then dominated by
the nonspecular reflectance. Specular reflectance
(ps) is determined from the indexes of refraction,
incident angle, and the polarization of the inci-
dent radiation. For unpolarized light, based on

Fresnel’s equation:
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_ _I_[sinz(é’l — ) N tan®(8; — 02)]
P = ol onE(e, + 8.)  tan®(8;+ 8.)

(1)

where,

H: incident angle
8:: refractive angle, can be determined

from Snell’s Law as shown in equation

2.
n; - sin (8:) = ny* s5in(6:) (2)

At normal incidence, equation 1 can be simplified

as shown below:

_ (ny = ny)?
P (i + ne)? (3)

where,

n;: refractive index of medium 1

nz: refractive index of medium 2

Nonspecular reflectance (pns) can be approxi-
mated by equation 1 assuming 6 is always equal
to 60 degree as suggested by Duffie and Beckman
(1974), i.e., the value of the nonspecular re-

flectance is a constant.

MULTIPLE LAYERS SEPARATED
WITH AIR

Although the so called double laver and n
layers were never defined, they meant two (or
n) air separated layers. Some of the glazing ma-
terials involved multiple layers with no air sepa-
rated in between such as fiberglass coated with
Tedlar and PE or glass with water film. There
are no equations available to calculate the optical
properties of previously mentioned closely con-
nected layers.

Whillier (1967) derived an equation to calcu-

late the transmissivity for solar radiation of n

plate covers (layers) having same refractive

index. The equation is as follows:

1 = s kL sKd e .
> g Lyt Rl KLY

T1,2,..., n:1+ (Qn-l)p,
(4)

where,

K.: extinction coefficient of layer n.
L.: path length of light beam passing
through layer n

For n layers of identical glazing materials
(same refractive index, extinction coefficient,
and thickness), equation 4 can be simplified as

shown in equation 4.1.

, - 1=p (k)
Tio,..., n 1+ (271 — I)IP; e (4.1)

Based on equation 4, the transmissivity for
single and double layer glazing (same refractive
index ) can be derived.

The single-layer equation:
r=[(1-p)/(1+p)] ekt (5)

The double-layer equation { same refractive

index):
.= [(1 - p;) /(1 + 3p,)] PRALYITRE S Y (8)

Robbins and Spillman (1980) used the same
ray-tracing technigque , however , a different
equation to calculate the transmissivity of the
glazings was derived. As shown in Figure 1, a
direct beam with the intensity of unity passing
through one layer of glazing is reflected by two
surfaces and absorbed by the material in
between. Summing all the rays transmitted
through the material, the transmissivity can be

derived as shown in equation 7.
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Intensity _ = p)1 - (on - 1)p,] e (12)
= 1 fhiz oo 1-[(2n — 1)p.]%e Kt
surface _ ° ANALYSIS

1
One drawback of Whillier’s n layers equa-
3 tion is that it subject to the materials with same
surface —
2 refractive index. The 2nd drawback is that he as-

AIR

Figure 1 A schematic diagram of ray tracing

technique on single layer glazing

U - p )1 - a)
-0 - a) (7)

where, a, defined as absorptance (or absorp-
tivity) by Robbins and Spillman (1980 ) and
many other researchers, can be derived from

Bouger's Law:
a =1 — e bt (8}

Following the similar analysis, Robbins and
Spillman (1980) derived the compound transmis-
sivity of double layer for identical glazings (same
material, same thickness), the equation is as

follows:

(1 - p (1 — 30 )e - (9)

T1,2 T
1 -9 ple ™

For two dissimilar glazings, an empirical

equation was used:
1.2 = Cotito (10)
‘where,
Ce= 0.0675 6,* ~0.0295 6, + 1.010 (11)
61 : incident angle

For n layers of identical glazing:

sumed the actual transmissivity is the product of
the transmissivity due to reflection and the trans-
missivity due to absorption, i.e. the effect of re-
flection and absorption within layer were consid-
ered independent. In his approach the effect of
multiple reflection within layer (between upper
and lower surfaces) was considered but the effect
of absorption within layer was considered oc-
curred only once, the multiple absorption was
not considered.

Same drawback occurred in Robbins and
Spillman’s n layers equation, the equation was
subject to more constraints (same refractive
index, same extinction ccefficient, and same
thickness). In their approaches, they considered
both the multiple reflection and absorption with-
in layer but only derived equation (equation 7)
for single layer glazing and assumed absorptivity
equals a (derived from equation 8) which is con-
ceptually wrong.

The symbol a as shown in equation 7 should
not be considered as the absorptivity of the
glazing. The «, calculated using equation 8, if
treated as the absorptivity, one might jump to
the conclusion that the reflectivity (p) equals 1 -
T — a without knowing that this a was only the
single pass absorptance and is not the actual ab-
sorptivity of the galzing. The « used in equations
7 and 8 should be changed to . and termed "sin-
gle pass absorptance”. The reflectivity (p) previ-
ously derived was merely 1 -t —a,. This value is
not the reflectivity of the glazing.

In deriving equations for double layer, two

approaches were used by Robbins and Spillman,



% REISEM R KRS R M S B IRAT 1. B ADERE AL 35

one for two identical glazing {equation 9) and an-
other for two dissimilar glazing (equation 10).
The effect of multiple reflections between layers
was approximated using a parabolic equation as
shown in equation 11 whi¢h is a function of inci-
dent angle. The drawback of this approach is
that it assumed the effect of multiple reflection
between layers are always the same even for dif-
ferent glazings which is not correct.

It is clear that two groups of researchers uti-
lized same technique but came out with different
equations (equation 4.1 vs. 125 5 vs. 7 and 6 vs.
9). Whillier’s equation {eq. 5) equals eq.7 when
the term (1 — o} in eq. 7 equals 1, i.e., no ab-
sorption {a =0) occurred and the product of ex-
tinction coefficient and thickness equals 0 (e **

=1), which does not exist in any glazings.

DEVELOPMENT OF NEW EQUATIONS

Based on the ray-tracing technique, sum-
ming all the rays that is transmitted through the
élazing, the equation to calculate the transmis-
sivity of the glazing can be derived. The equation
is the same with the one derived by Robbins and
Spillman as shown in equation 7. This verified
that the method we use is correct. Summing all
the rays that is reflected by the material (dark
arrows in Figure 1), the reflectivity can be de-

rived as shown in equation 13 (see Appendix for

details).

s — s £ 52 _
i T = O S I CE)
where,

p ‘reflectivity of the glazing

ps * specular (surface) reflectance

v ¢ transmissivity of the glazing (derived
from eq. 7)

7. + single pass transmittance,

Ts=e Bl= 1-q,

a, ° single pass absorptance,

a.=1— e Kt=1 ~7

With the concept of grouping plus the same
ray-tracing technique, equations for calculating
the compound transmissivity and reflectivity of
any two glazing were developed as shown in e-
quations 14 and 15., and of course the absorptivi-
ty (a1,2) equals 1 —71.o —p1.2.

The idea of grouping is to treat one layer
(medium ) instead of one surface at a time as
shown in Figure 2. The effect of multiple reflec-
tion and absorption within layer has been consid-
ered in the approach shown in Figure 1. The ap-

proach shown in Figure 2 deals with multiple re-

Intensity H AR

MEDIUM
2

= F J

Tt AR

Figure 2 A schematic diagram of ray tracing
technique on air separated double-

layer glazing

flection between layers with the assumption that
there are no absorption occurred between layers.
For the medium between layers is air, this as-

sumption is acceptable.

Ti2 — 1 fI L (14)
L1 P2
o — p + T12 2 (15)
prs 1= pips

where,

T1.2- transmissivity of the double layer
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glazing

p12- reflectivity of the double layer glazing

T, © transmissivity of the lst. layer given by
equation 7

Tz ° transmissivity of the 2nd layer given by
equation 7

p1 - reflectivity of the 1st layer given by e-
quation 13

p2 ° reflectivity of the 2nd layer given by e-

quation 13

Equations 14 and 15 can be used for any
combination of two layers no matter they are i-
dentical or dissimilar. This approach is more ac-
curate than the parabolic equation used by Rob-
bins and Spillman. Also note that the value of
p1.zis different from the value of pz. for dissimilar
glazing materials (see Appendix for details, Fig-
ure 3). Equations 14 and 15 can be extended

Intensity AIR

C= F J
70T, AR

Figure 3 A schematic diagram of ray tracing
technique on air separated triple-layer

glazing

to any number of covers by adding one cover at a
time and by giving proper attention to subscript
order. For triple layer glazing, the transmissivi-

ty and reflectivity are given by:

Tr2.3 — 1 f:,z‘l‘:«r (16)
01203
- _Tieps
. = 5 +
pras = prat o (17)

where,

T123° transmissivity of triple layer glazing

p1.z,3+ reflectivity of triple layer glazing

T3 transmissivity of the 3rd layer given
by eq.7

ps - reflectivity of the 3rd layer given by
eq.13

For n layers separated with air, the trans-

missivity and reflectivity can be formulated as

follows:
Ti2....n = I{LL-_"—_LL (18)
PL.2....n-10n
. b Theo . m1Pn (19)
£1.2,...n P12, 1 - Pr.z....n1Pn

CLOSELY CONNECTED DOUBLE LAYER
(WITH NO AIR IN BETWEEN)

With a little modification on ray-tracing
technique (see Appendix for details), equations
for calculating the transmissivity and reflectivity
of two closely connected layers were derived
(Figure 4).

— — 2
Ti2 = (1 p:j)(l .052) Ts2 (20)
1 Psaps?rsQ
— Bs' (1 — gsa)gr;z
P1,2 = Pa T ; = o o 1',222 (21)
where,

psa- intermediate variable

251(1 - Qso)yrsgl (22)

sa = 5 +
e p<0 1 - D50 Ps1 1’521

p«0+ Specular reflectance of surface 0
ps1+ specular reflectance of surface 1
ps2: specular reflectance of surface 2

1.1° single pass transmittance of layer 1,
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ta= e M= (1-aq)

7.2 single pass transmittance of layer 2,
2= e M= (1-aq)

as1- single pass absorptance of layer 1

as2 single pass absorptance of layer 2

Intensity

surface
1

MEDIUM
2

Figure 4 A schematic diagram of ray tracing
technique on closely connected double-

layer glazing

The intermediate variable p. can be consid-
ered as the apparent specular reflectance of com-
pound surfaces 0 and 1. The two closely connect-
ed layers can be treated as a single layer with the
transformation of the specular reflectance (equa-
tion 1) into apparent specular reflectance (equa-
tion 22). After the transformation, equations 20
and 21 are exactly the same with equations 7 and
13, respectively.

There exists some glazing materials casted
with other material, such as fiberglass casted
with polyvinyl fluoride (PVF, Tedlar) and glass
casted with tinoxide, etc, to either reduce the
reflectance or improve weathering. No matter
what the purposes are, the specular reflectance
of the original layer is altered due to the different
refractive index of the casted material. Since this
casted layer is very thin (within few pm), the
single pass absorptance of layer 1 (outside layer)
in equation 22 can be neglected (a1 =0, i.e., ta
= 1), equation 22 can be simplified as shown in

equation 23.

— 951(1 — psoi + ,050(1 - pu) (23)
1 Ps()psl

sa

At normal incidence, py in equation 23 can be
substitute using equation 26 for one of the media
is air and pq can be substitute using equation 3,
thus, equation 23 is transformed into equation 24

as shown below.

— _ dnmy
P = 1 (n+ nu)(1 + nz) (24)

where,

ni- refractive index of the lirst (outside)
layer
nz: refractive index of the second (inside)

layer

When ny equals the square root of n», the
specular reflectance of the compound layer can be
minimized. For example, the specular re-
flectance of glass {(n = 1.526) at normal inci-
dence is 0. 0434, if coated with material {(n =
1.23), the specular reflectance of compound lay-

er at normal incidence is reduced to 0.022.
EXTINCTION COEFFICIENT

Refractive index determines the reflection
losses from the cover while the extinction coeffi-
cient determines the absorption loss in the cover.
In order to calculate the transmissivity of a cov-
ering materials, the knowledge of refractive in-
dex and the extinction coefficient of that particu-
lar material is necessary. The information of the
extinction coefficient is less available than the re-
fractive index from both the literature and {rom
the manufacturers. It is fortunately that for
most common glazings, there are little change of
extinction coefficient over the solar spectrum in
the range of 0.3 to 3 microns (300 to 3000 nm)
(Albright, 1990).

An equation to calculate extinction coeffi-
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cient was developed by Garzoli (1984}, however,
his approach was based on Whillier’ s equation
(equation 6), it is considered accurate only when
dealing with very thin film, materials with very
low extinction coefficient, or both.

If the information of specular reflectance,
thickness of glazing and direct transmissivity (in-
cident angle = () are available, the extinction
coefficient of a single layer glazing can be derived

as shown in equation 25.
K =- LN [(X" - B)/(20°)])/t (25)
where,

K : extinction coefficient of glazing, in
mm !

t I thickness of glazing, in mm

v ! direct transmissivity (incident angle =
0), decimal

LLN: natural log

X = (B?+4c%p.2)

B = (p.-1)°
132
P %ﬁ;—l assuming the 2nd medium is
air (26)

if the single layer glazing is coated (casted
or cladded) with a material with different refrac-
tive index, the specular reflectance (ps) used in
equation 25 should be replaced by using apparent
specular reflectance (ps..), i.e. instead of using e-
quation 26 to calculate p., one should use equa-

tion 24 to calculate ps,.

CONCLUSION

The equations presented in this study can
provide accurate prediction of transmissivity, re-
flectivity and absorptivity for smooth and homo-
geneous transparent glazings such as the materi-

als that made of glass, polyethylene (PE ),

polyester, polyvinyl chloride (PVC), Lexan®
{polycarbonate), Mylar (polyethylene terephtha-
late), or Tedlar (polyvinyl fluoride, PVF). The
validation of these equations will be presented in
the part 1l of this paper.

Equations for double and multiple layers of
glazing were modified based on same ray-tracing
technique with the help of the grouping concept.
New equations are more applicable and theoreti-
cally more accurate than the equations developed
by former researchers. New equations were de-
rived to find the extinction coefficient of glazings
and to calculate the solar radiation properties of
closely connected double-layer glazings. These e-
gquations can be very useful in the study of

plasticulture.
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APPENDIX

Detail descriptions of ray-tracing technique

Single Layer

As shown in Figure 1, there are 3 media
(air, glazing material and air) and 2 surfaces
(surfaces 1 and 2) involved in this analysis. The
amount of each light intensity that either reflect-
ed by or transmitted through the surfaces can be
determined based on the specular reflectance (p)
of the surfaces and the single pass absorptance
(a.) of the glazings. The single pass transmit-
tance (t;) is defined as equals 1 minus a;. Assum-
ing the incoming light has an intensity of unity,

the amount of each ray are as follows:

A=1-p

Bi= A(l1-a) = (1-pJ)z
Bz = Bip.=p(1-p.)z.

C = Bi(l1-p) =(1-p)z,
Dy = B2(1-a,) =p.(1-ps)tsd
Dz = Dipe=p#(1 - po)zs

E = Di(1-p) =p.(1-ps)es®
Fi = D1 -a,) =p2(1-ps)t?
Fz = Fips=p(1 - ps )1’

G = Fi(1-p:) =pi(1-p. )%t
H, = Fol-a.) :pss(l*ps)'fs"'
H: = Hip=p(1 - p)7

[ = Hi(1-p)=p (1-p)%"
I = Ho(1-0) :ps4(1‘ps)t'ss
I: = hps=pS(1—polts®

K = L(1-p) =p*1-p )2

Transmissivity (r) = (C+ G+ K +... }/1
= (1 - p) % +p(1 - p)r?+ pt(1 — p.)r°

o
= (1 - p)rl1+p&f+pi+ ]

1 - s 2 ) i- s 2 -KL
- ( e e = ( £.) -ezKL [eq.7]

1-p%s 1-ple

Reflectivity (p) = (p, + E+ 1 +....)/1
=ptpll —p)rl+ p2(1 —p)et 4 L.

= p,(1 + 7,1) eq.13]
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Absorptivity (a) = 1~-1t-p

Double Layer separated with air
As shown in Figure 2, using same tracing
technique but treating one layer at a time which

is different from Figure 1 treating one surface at

a time.
A =T
B = Apz = T1p2
C =Ar =it
D =Bn, =r12p2

E =Bp1 =tip:;m

F =Ez;: =rippite
G ZEpz :flpzzpl
H =G :T]2p2zpl
[ =Gp1 = tpps’

I =tz =nplpi’r:

Note that, 7)and 7z are the transmissivity of
glazings 1 and 2, respectively. p and pz are the

reflectivity of glazings 1 and 2, respectively.

Transmissivity {(r;,2) =(C+F+]+...)/1
= 1172t T P2p1T2 + T1P'22p121'2 + ...

=1 + prpo ¥+ pfpl + ..0)

T172
=7 - .14
1 - o1 p2 [eq 1 ]
Reflectivity(p:1.2) = (ps+ D+ H +...)/1
=t triplfon v
=petoilpl + popr + L)

+ f12{_)2

1 - pPrpe [quS]

= P
Absorptivity (a12) =1- 112~ p12

Triple and More Layers separated with air
For 3 layers separated with air :

As shown in Figure 3, treating the 1st and
2nd layers (media 1 and 2) as a group, the 3rd
layer (medium 3) as the 2nd group, triple layer

becomes double layer, the equation for double

layer can be used for triple layer with small
adjustments: replace 71 with 71,5, replace p; with
pr.z, and change subscript 2 to subscript 3. The

results are equations 16 and 17.

— T1,2T3
Ty,2,3 — 1- 01,203 [eq.lﬁ]
7
. 4 Ti.203 ]
Pi.2.3 O1,2 1 - D125 [eq 17]
For n layers separated with air :
— Ti1,2,..n-1Tn
Ti,2,. .n — 1 - 1.2, n-1 P [eqlSJ
— + r?,E,...n—lQn
Pi.2, ..n = P2, ad [eq.19]

1 = pi2,. .,n-1Pn

Double Layer closely connected

Sun ray passing through two closely con-
nected layers as shown in Figure 4 involved with
3 surfaces. Let’s look at two surfaces at a time.
Figure 4 is similar to Figure 1 with difference in
the 3rd medium (air in Figure 1 and medium 2 in
Figure 4). We need to assign different p, on dif-
ferent surfaces. The specular reflectance should
be p. for surface 0, pq for surface 1, and single
pass absorptance should be a. for glazing 1 (in
between surfaces 0 and 1). After these modifica-

tions equations 7 and 13 can be rewritten as equa-
tions A.1 and A.2:

(1 - po)(L — pi)1 -~ au)

“ = 1 - popa(l = aqy)? (A
_ (1 — po)* (1 — au)?
sa T 5 + 9 .
P P 1= popa(l — au)? [A.2]
where,
T. - intermediate variable
psa - intermediate variable
a1 - single pass absorptance of glazing 1.

1 - a1 equals 14 equals e it
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T - single pass transmittance of glazing 1.

The next step is to treat surfaces 0 and 1 as a
group, then add surface 2. Figure 4 can be used
again but replace medium 1 with media 1 and 2
and replace medium 2 with air. The new equa-
tions can be derived by replacing pw, ps1, and aq
in equation A.l with pa, p2, and ax,
respectively. Note that when calculating psa and
psz, the incident angle is 8; and 8;, respectively
(Figure 4). Equations A.1 and A. 2 can be re-

written as follows:

- (1 ‘psa)(l ;p:?)(l _ (152)

v 1 = pupe(l — a)? leq.20]
- 052(1 - psa)2(1 - asi’)z
Pt piep2(1 — as)? lea.21]

where,
t ! transmissivity of two closely connected
layers
p + reflectivity of two closely connected
layers

asz ° single pass absorptance of glazing 2.
1 — o, equals ts2 equals e®2"2

752 : single pass transmittance of glazing 2.

WisEER 1992 11 B 4 B
B HHER 1992128 3 B
ESHER1993FE 1 A 1 8



