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1. EXECUTIVE SUMMARY

This document presents mathematical models for calculating thermal performance of
glazing systems in WINDOW 6 (TARCOG module). Those algorithms include
calculation of glazing system thermal transmittance (U-factor), and solar heat gain
coefficient (SHGC), as well as temperature distribution across the glazing system,
according to ISO 15099, and ISO/EN 10077-1 standards. . Those mathematical
algorithms consider glazing system as array of layers and gaps, where some layers
may be in direct contact with each other (i.e., laminates). In addition, these algorithms
consider shading devices and treat them as planar layers. Gas gaps, which represent
space between layers, may consist of a single gas or gas mixtures.

2. INTRODUCTION
2.1. Layer

Layers, being constitutive part of glazing systems are defined with a list of geometrical
and thermo-physical properties. Geometrical properties are width, height and thickness.

Width

Height

Thickness
Figure 2-1: Geometry of a Layer
Geometry, shown in Figure 2-1, completely describes specular planar layer (e.g., glass,

suspended film, etc.). On the other hand, layer can represent a shading device, which
has several additional geometrical parameters (see Figure 2-2).
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Figure 2-2: Geometry of a Generalized Shading Layer

Thermo-physical properties of a layer, which are important for the calculation of thermal
and solar-optical properties of a glazing system are:

Emissivity of both glazing surfaces,
Transmittance as a function of wavelength
Reflectance, back and front, as a function of wavelength

Thermal conductivity,

Energy balance of a glazing layer or the entire glazing system is determined by the
transmitted, reflected and absorbed energy, which can be calculated by the application
of the conservation of energy principle. Figure 2-3 shows this energy balance:
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Absorbed Heat Flux

Incoming Heat Flux

Transmitted Heat Flux Feflected Heat Flux

Figure 2-3: Energy Balance of a Single Glazing Layer.

Figure 2-4: Laminate Layer

Laminate layers can be used to model through laminates, consisting of PVB
interlayer(s) sandwiched between glass panes, or for the modeling of low-e coatings, or
other very thin layers.
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2.2. Gap

Gap consists of a single gas or gas mixture filling between two or more layers in a
glazing system. Figure xxx shows gap between a double glazing.

Figure 2-5: Gap (Gas Fill) Between Two Layers

Gas thermo-physical properties are:
e Thermal conductivity [W/(m-K)]
e Dynamic viscosity [g/(m-s)]
o Density [kg/m°]
e Specific heat [J/(g-K)]

2.3. Glazing System

Glazing system, as shown in Figure 2-6, represents construction that consists of
layer(s), separated by glazing gaps. Most of mathematical models described in this
document are related to Glazing System.
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Gaps

Layers

Figure 2-6: Glazing System Consisting of Specular Layers

Glazing Layers
Shading Layer

Figure 2-7: Glazing System Consisting of Specular and a Shading Layer Inside the Gap

Carli, Inc. is Your Building Energy Systems and Technology Choice



Inner Side

Figure 2-8: Shading Layer on Inner Side

Current implementation of the thermal model provides for large number of specular
layers (1000), but only one shading layer can be present in a glazing system.

Normally, there is no physical contact between gap gasses or gap gas and indoor or
outdoor environment. However, when there is a shading layer present gaps can be
interconnected and indoor and outdoor environment can be connected to one of gaps
(see Figure 2-9). This is referred to as ventilated gaps. In addition, the shading device
layer can be porous itself.

Figure 2-9: Two Gaps Connected
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There can be two different types of flow in the case of ventilated gaps, a) natural
convection, which is temperature driven due to the differences in density of the gas (i.e.,
buoyancy); and b) forced convection, caused by some external force, like a fan or wind.

3. 1SO 15099 ALGORITHMS

ISO 15099 algorithms incorporate calculations for glazing systems consisting of
monolithic panes, laminated panes and shading devices. The shading devices are
treated in a similar way as monolithic panes (i.e. they form single layer in a glazing
system), except that some of the heat transfer correlations and modeling assumptions
may be somewhat different. Laminated layers are treated as monolithic layers
consisting of an arbitrary number of “slices”.

3.1. GLAZING SYSTEMS CONSISTING OF MONOLITHIC LAYERS

Calculation of glazing system thermal properties is based on a comprehensive heat
transfer model, with analysis of coupled conductive, convective and radiative heat
transfer. Radiative heat exchange between glazing layers, as well as conductive heat
transfer within each layer, can be described using first principles calculation.
Convection heat transfer is modeled using heat transfer correlations, which are based
on experimental measurements and numerical modeling of selected heat transfer cases
(e.g., natural convection over flat plate, natural convection in rectangular enclosure,
forced convection over flat plate, etc.).

3.1.1. Definitions

Before the presentation of the algorithms and mathematical models, some definitions
are necessary.

e Orientation of the glazing system: Outdoor (exterior) environment is always
located on the left, while indoor (interior) side is always located on the right side
of the glazing system (see Figure 3-1)

e Layer and gap numbering is done from left to right (see Figure 6.2).
e Each layer has front and back surface, labeled “f” and “b” (see Figure 3-3)

e Glazing system properties also have front and back side (see Figure 3-4)
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EXTERIOR e 0 o INTERIOR
ENVIRONMENT ENVIRONMENT

Glazing System

Figure 3-1: Orientation of the Glazing System with Respect to Outdoor (Exterior) and
Indoor (Interior) Environment

INTERIOR
LI ENVIRONMENT

Figure 3-2: Layer and Gap Numbering

Ti Ti

Layer
number i

Figure 3-3: Layer Number i
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Figure 3-4: Temperatures and Energy Balance Notation

3.1.2. Heat Transfer Calculations

Figure 3-5 shows the glazing system, consisting of n layers, that is subjected to the set
of standard boundary conditions. Each glazing layer is described with three longwave
infra-red (IR) optical properties — the front and back surface emissivities, ¢ ; andg,;,

and the transmittancer; .

vAg
gl
=gy / S Si4 Si Sis1
BN | L0l
/ — — hd
// Q1 Qi-1 Qi Qi+1
[ Trm,out
| Ji 1 N Ji N
I > é ) > é > < >
\\ Gout Jb,1 Jb,i-1 Jb,i
\
\\ Tout L | L L |
\ Peout /4 i- 1 i i+ 1

Figure 3-5: Numbering System, Boundary Conditions and Energy Balance for N-Layer
Glazing System
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3.1.2.1. ENERGY BALANCE

For each layer in the glazing system, shown in Figure 3-5, energy balance is set up,
and the values of four variables are sought. These are the temperatures of the outdoor
and indoor facing surfaces, T¢jand Tp j, plus the radiant heat fluxes leaving the front

and back facing surfaces (i.e. the radiosities), Jfjand Jp, j. In terms of these variables
the heat flux across the i gap (i.e. g)) is:

q; =he [T =Ty gl +dp =y [3.1-1]
Similarly, the heat flux across (i+1)" gap is determined as:
Qi = NoialTriq = Tyl + Jpig — Jo, [3.1-2]

The solution (i.e. temperatures at each glazing surface and corresponding radiant
fluxes) is generated by applying the following four equations at each layer:

q; =S; + G [3.1-3]

Jy =€,0T + Ty + Pridyig [3.1-4]

Jy: =€,,0T, +Tdy iy + Pyidpis [3.1-5]

Toi =Ty = tg—’i[qu'n + Si] [3.1-6]
T

Equation [3.1-3] describes an energy balance imposed at the surfaces of the in glazing
layer. Equations [3.1-4] and [3.1-5] define the radiosities at the i glazing,
wherep,, =1-¢,, —1,andp,; =1-¢,, —1,, while the temperature difference across the

i" glazing layer is given by equation [3.1-6].

In all, 4n (n — number of glazing layers) equations can be written on the glazing system.
The equations contain terms in temperature (T, ;,T,;) and black emissive power

(Ey, =0T}, E,,; = oT,:) and, hence, are nonlinear. They would become linear only if

solved in terms of black emissive power instead of temperature (Note: The system of
equations is still non-linear due to fourth power of temperature in radiation terms and
1/3 and 1/4™ power of temperature in natural convection terms and therefore needs to
be solved iteratively, but the appearance of equations for single iteration is linear and for
given temperature filed allows solution of linear system of equations). Therefore is
necessary to define two new quantities:

convection heat transfer coefficient based on emissive power

Lo Tf,i _Tb,i—1
h; =h,, - [3.1-7]
Ebf,i - Ebb,i—1

conduction heat transfer coefficient based on emissive power

Carli, Inc. is Your Building Energy Systems and Technology Choice 13



h"ig/ _ kgl,i . Tb,i _Tf,i [3.1—8]
tgl,i Ebb,i _Ebf,i

Application of black emissive power terms (i.e. Eyr; and Epp) and heat transfer
coefficients based on emissive power (i.e. h, and h? ) gives the following relations for
heat fluxes across gas spaces:

q;, = F’i [Epi —Eppial +Jpi —Jpis [3.1-9]
Qi = ’:;,i+1 [Epin = Eppil + I — b, [3.1-10]

The basic energy balance equations [3.1-3] — [3.1-6] are transformed into the following
system:

9; =S; + G [3.1-11]
i =&E s +Tidpiq + Pridpi [3.1-12]
Jpi = E€piEppi T Tidpiq + Ppidsin [3.1-13]

hAigI [Ebb,i - Ebf,i] = 0-581' + ﬁm [Ebf,i+1 - Ebb,i] + Jf,i+1 - Jb [3-1_1 4]

i

This system of 4n non-linear equations can be solved using iterative solution algorithm
that is comprised of following steps:

1. Calculation of initial glazing layer temperatures

2. Calculation of heat transfer coefficients based on temperatures defined in
previous step

3. Solution of the system of linear equations and definition of new sets of
temperatures at each glazing layer

4. Convergence checking (comparison of new sets of temperatures to old sets)
If each temperature in the new set is not equal to the corresponding temperature
in the old set within defined tolerance, the new sets are used to replace the old
sets and the calculation proceeds to the second step.

This calculation procedure is described in more detail in Section 3.1.2.4.

3.1.2.2. INITIAL TEMPERATURE DISTRIBUTION

Initial glazing layer temperatures are calculated assuming a constant temperature
gradient across the window. Thus, temperature at each glazing layer surface can be
determined by the following equation:

T, =T +x, Lo Tou [3.1-15]
gs
where,
x; — distance between i glazing layer and outdoor environment
14
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tgs — thickness of whole glazing system

3.1.2.3. BOUNDARY CONDITIONS

3.1.2.3.1.0utdoor Heat Transfer Coefficients

Outdoor radiation heat transfer coefficient (h, o) is calculated using following two
relations:

T +T..\
B, o = 40%,, (%“J [3.1-16]
G . -R
Prou = =22 [3.1-17]
7-rm,out - Tf,1
where,

¢, — emissivity of the front surface of the first glazing layer

T:; — temperature of the front surface of the first glazing layer
R:; — radiative flux leaving the front surface of the first glazing layer

In the first iteration, h,o.tis calculated using equation [3.1-16], but in the second and all
later iterations (if necessary), equation [3.1-17] is used.

Outdoor convection heat transfer coefficient (h¢ou) depends on method for defining
outdoor combined heat transfer coefficient (hout).

If the value of hoy, which incorporates effects of both convective and radiative heat
transfer, is prescribed, outdoor convection heat transfer coefficient is calculated as:

Peout = o =Py ou [3.1-18]
Otherwise, calculation of h; .. is based on the known value for outdoor wind speed:

hgou =4 +4wW, [3.1-19]
where,

ws — outdoor wind speed near glass surface,
Combined outdoor surface heat transfer coefficient (hoy) is:

Aot =Pyont +H [3.1-20]

out r,out

When the outdoor convection heat transfer coefficient (hcou) is determined,
corresponding outdoor heat transfer coefficient based on emissive power can defined
as:

Carli, Inc. is Your Building Energy Systems and Technology Choice 15



T.-T
cout [3.1-21]
Ebf,1 - Gout

hAout —h
where,
Eyr 1 — emissive power of the front surface of the first glazing layer
Tamp — outdoor environment temperature, given as:

B out Tout + Dy ot T,
T — c,out " out + rout © rm,out [31—22]

amb h . +h

c,out r,out

3.1.2.3.2.Indoor Heat Transfer Coefficients

Indoor radiation heat transfer coefficient (h;) is calculated using different relations
for the first and for all other iterations. In the first iteration, calculation is performed
according to equation [3.1-23], while equation [3.1-24] gives relation used in all other
iterations.

T +T.
h,, =4os,, ["’Thj [3.1-23]
G -R
By = ——— [3.1-24]
’ Trm,in - Tb,n
where,

&,, — emissivity of the back surface of the n" glazing layer

Th.n — temperature of the back surface of the n'™ glazing layer

Ry, » — radiative flux leaving the back surface of the n'" glazing layer

Indoor convection heat transfer coefficient (h.i,) can be determined in two ways,
depending on method for calculation of indoor combined heat transfer coefficient (hj,).

When the value of h;, is prescribed, indoor convection heat transfer coefficient is
calculated as:

hc,in = hin - hr,in [31_25]

Otherwise, natural convection is assumed to be on the indoor side of fenestration

system, and h.;, can be determined as:

h.;, =N, s [3.1-26]
' H

where,

N, — Nusselt number

k — thermal conductivity of air

Carli, Inc. is Your Building Energy Systems and Technology Choice 16



H — height of the fenestration system

Nusselt number is a function of Rayleigh number, based on the height of the
fenestration system, and tilt angle. Dependence on the window tilt angle is given
through the following set of equations, and each of them corresponds to one particular
range of tilt angle:

Windows inclined from 0° to 15° (0° <9 <15°)

N, =0.13Ra,,""” [3.1-27]

Windows inclined from 15° to 90° (15° < 4 <90°)

g0720 175
Ra. =2.5-10° = ; @ indegrees [3.1-28]
¢ sin@
N, =0.56 - (Ra, sind)"* ; Ra,, <Ra, [3.1-29]
N, =0.13-(Ra,"’ -Ra."*)+0.56 - (Ra, sin9)"* ; Ra,, > Ra, [3.1-30]

Windows inclined from 90° to 179° (90° <9 <179°)
N, =0.56 - (Ra, sind)"* ; 10° < Ra,, sind < 10" [3.1-31]

Windows inclined from 179° to 180° (179° <6 <180°)
N, =0.58Ra,"® ; Ra,, <10" [3.1-32]

where,
Ray — Rayleigh number based on the height of the fenestration system, defined as:

. pZHBQCp(Tin B Tb,n)

Ra, = 3.1-33
" Tmf:uk [ ]

Air properties (i.e. density, specific heat, viscosity and thermal conductivity) are

evaluated at the mean film temperature:

T =To (0, -T,) 3.1-34

Indoor combined surface heat transfer coefficient is determined as:

hin = hc,in + hr,in [31—35]

After determination of the indoor convection heat transfer coefficient (h in),
corresponding indoor heat transfer coefficient based on emissive power can be found
as:

Carli, Inc. is Your Building Energy Systems and Technology Choice 17



Troom = Ton

hh =h, —om b0 3.1-36
hat c,in Gom _Ebb,n [ ]
where,
Eps,n — emissive power of the back surface of the n™ glazing layer
Troom — indoor environment temperature, given as:
hc inTin + hr inTrmin
Troom =— —— [3.1-37]
hc,in + hr,in

3.1.2.3.3.Glazing Cavity Heat Transfer

Glazing cavity convective heat transfer coefficient is determined using following relation:

Koy
h,; =N, di [3.1-38]

g,
where,
N, — Nusselt number
ky,i — thermal conductivity of the fill gas in the cavity
dg,i — thickness of the glazing cavity

Nusselt number, calculated using correlations based on experimental measurements of
heat transfer across inclined air layers, is a function of the Rayleigh number, the cavity
aspect ratio and the glazing system tilt angle.

[t [{Ppsl)

The Rayleigh number can be expressed as (omitting the “i” and “g
convenience):

_ p2d3gcp (T = Thia)
? T uk

m

subscripts for

R

[3.1-39]

All gas fill properties (i.e. density, specific heat, viscosity and thermal conductivity) are
evaluated at mean gas fill temperature, defined as:

T..+T,.
T =t ® oin [3.1-40]
2
The aspect ratio of the glazing cavity is:
A, _H [3.1-41]
B dg’I
where,

H — distance between the top and bottom of glazing cavity, usually the same as the
height of the window view area

Carli, Inc. is Your Building Energy Systems and Technology Choice 18



Correlation between the Nusselt number and glazing system tilt angle is given in
following equations for different tilt angle ranges:

Windows inclined from 0° to 60° (0° < < 60°)

. . 16 113 ¢
Nu,/=1+1.44(1— 1708 M1—17083'” (1'8"9)}{(’?&"050) —1] R, <10°and A, > 20[3.1-42]

R, cosd R, cos® 5830
. X+|X|
(X) =—~ [3.1-43]
2
Windows inclined at 60° (6 = 60°)
Nu,i = (Nu1’Nu2 )max [31_44]
0.0936R. ' |
N, = 1{'—6} [3.1-45]
1+G
N,, = [0.104 + 0'175]/?80-283 [3.1-46]
A,
G- 0.5 _ [3.1-47]

o)

Windows inclined from 60° to 90° (60° <@ <90°)

In this case, Nusselt number is calculated using straight-line interpolation between the
results of equations [3.1-44] and [3.1-48]. These equations are valid in the ranges of
10* <R, <2-10"and 5<A,; <100.

Windows inclined at 90° (€ = 90°)

Nu,i = (Nu1’Nu2 )max [31_48]

where,

N, =0.0673838R."° ; 5.10* <R, [3.1-49]

N, =0.028154R.**"** : 10* <R, <5-10* [3.1-50]

N, =1+1.7596678 - 10 "R ****™ - R <10* [3.1-51]
R 0.272

N,, = 0.242-( a ] [3.1-52]
A,

Carli, Inc. is Your Building Energy Systems and Technology Choice 19



Windows inclined from 90° to 180° (90° <@ <180°)
N, =1+(N,, —1)siné [3.1-53]

where,
N, — Nusselt number for a vertical cavity, given by equation [3.1-48]

When the convective heat transfer coefficient is found, corresponding coefficient based
on emissive power can be calculated, as described in equation [3.1-54]:

Tf,i B Tb,i—1

hhat,i = hc,i E E
bfi — Ebb,i-1

[3.1-54]

where,

Ewb i-1, Epri — emissive powers of glazing surfaces surrounding the glazing cavity

3.1.2.3.4.Thermo-physical Properties of Gases

The density of individual gasses is calculated using the perfect gas law, while the other
properties are determined as a linear function of mean temperature — T,,. The properties
of gas mixtures are determined as per following procedure:

Density

PM .
— —_mix 3.1-55
P RT [ ]

where,

P — normal pressure (101325 Pa)

Mpix — molecular mass of the gas mixture, given in equation [3.1-56]
R — universal gas constant (8314.41 J/kmol)

Tm» — mean gas mixture temperature, defined as per [3.1—40]

Molecular Mass

M = X, M, [3.1-56]
i=1

where,

. th . .
Xj — mole fraction of the i gas component in a mixture of v gases
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Specific Heat

= Cf’mfx [3.1-57]
mix Mml-x
where,
¢, =yxC, [3.1-58]
i=1

and, the molar specific heat of the ith gas is:

~ ~

C, =C,M, [3.1-59]

Dynamic Viscosity

H;

Hmix = 2 [3.1-60]
= U X
{1 + > Q¥ j}
J=1 X;
J#i
where,
A
1+ ul' M/ ~
M M,
@i = - 7 [3.1-61]
M.
22|11 i/
(")
Thermal Conductivity
Amix = Ar’nix + Ar';ix [31—62]

where,
A" — monatomic thermal conductivity

A" — accounts for additional energy moved by the diffusional transport of indoor energy
in polyatomic gases.

Amix = Z : [3.1-63]
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()]
o)

14
Ai

v Xj

1+ X% —
J=1 X;
J#i

where the expression for ¢,; is given as:

Y/ o~ WA 2
1+(Af' ]A M.
Al M,
Q" = [3.1-66]

A4

To find Amix, it is necessary to:

[3.1-64]

W, = . [1 2.4, 14, 01420,

(M, +M/)2

AVI —

'mix

Me

Il
N

[3.1-65]

1

1. calculate A/

A RS j [3.1-67]
4 M.
2. calculate 4/
A=A -4 [3.1-68]

Ai — conductivity of the i fill gas component

i
mix

3. use A/ to calculate A

14
mix

4. use A to calculate 4

5. determine 4, as per equation [3.1-62]

3.1.2.3.5.Interaction with the environment

The effect of boundary conditions imposed by the environment on the glazing system is
given by:

Temperatures
Outdoor and indoor temperatures are defined as:

Carli, Inc. is Your Building Energy Systems and Technology Choice 22



Tho = Tou [3.1-69]
T . =T [3.1-70]

f,n+1 in

where,

Tout — outdoor air temperature
Tin — indoor air temperature

Long Wave Irradiance
Outdoor irradiance is set as:

Jb,O = Gout = O-T4

rm,out

[3.1-71]

where,
Trm.out — outdoor mean radiant temperature, calculated as:

out clr’ sky“ sky

T

rmout —

[3.1-72]

o

_{[ng+(1—fc,,)Fsky]aT4 +f F,J }”4

for — fraction of the sky that is clear
Jsky — radiosity of the clear sky, defined as:

Jyy =5.31-107°T¢

out

[3.1-73]
Fsky — view factor from the outdoor surfaces of the fenestration system to the sky,
defined as:

Fsky _ 1+cosé [3.1-74]
2
¢ — glazing system tilt angle measured from horizontal

Fq4q — view factor from the outdoor surfaces of the fenestration system to the ground,
defined as:

Foo =1-Fg, [3.1-75]
Indoor irradiance is:

Jin1 =Gip =0T [3.1-76]
where,

Tm .in — indoor mean radiant temperature

Indoor mean radiant temperature is usually assumed to be equal to the indoor air
temperature, thus indoor irradiance becomes:

Carli, Inc. is Your Building Energy Systems and Technology Choice 23



G,

_ 4
in — O-Tin

Convection
Convection at the outdoor and indoor glazing surfaces is defined as:
h.,=h

c1 = "cout
hc,n+1 = hc,in
where,

h¢out — outdoor convective heat transfer coefficient
h¢,in — indoor convective heat transfer coefficient

3.1.2.4.SOLUTION OF THE SYSTEM OF NON-LINEAR EQUATIONS

[3.1-77]

[3.1-78]
[3.1-79]

The system of basic energy balance equations for each glazing layer, expressed in
terms of black emissive power in equations [3.1-11] — [3.1-14], is solved as follows.

Using equations [3.1-9] — [3.1-14], which describe heat fluxes across gas spaces and
glass layers, as well as boundary conditions in section 3.1.2.3.5, the following system of

non-linear equations is obtained:

Jf,1 + ﬁOUtEbm + ﬁ,ZEbbJ + Jb,1 - Jf,2 - hA,zEbf,z = 81 + Gout + hAOUtGout [3.1-80]
— o+ €Eprr +T1in = —PGou [3.1-81]
Ep1Epps —Jp1 + Ppidsa = ~T.G,u [3.1-82]
I:’{(]/Ebm + (ﬁ{q/ + ﬁz )Ebb,1 + Jb,1 - Jf,z - ﬁzEbf,Z = 0-531 [3.1-83]
- ﬁ,iEbb,i—1 - Jb,i—1 + Jf,i + ﬁ,iEbf,i + ﬁi+1Ebb,i + Jb,i - Jf,i+1 - hAi+1Ebf,i+1 = Si [3-1_84]
pf,in,i—1 - Jf,i + gf,iEbf,i + TiJf,i+1 =0 [3.1-85]
Tidpia + €5 Eppi = Jbi + Ppidsi =0 [3.1-86]
F’ig/Ebf,i + (Bigl + ﬁm )Ebb,i + Jb,i - Jf,i+1 - ﬁi+1Ebf,i+1 = O'SSI [3.1-87]
- ﬁnEbb,n—1 - Jb,n—1 + Jf,n + ﬁnEbf,n + hAinEbb,n + Jb,n = Sn + Gin + I:’inGin [3.1-88]
Prndpng =i + €nEpr = -1,G,, [3.1-89]
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Tan,n—1 + gb,nEbb,n - Jb,n =Py G, [3.1-90]
h9E,., +(h? +A™)E,,  +J,, =058, +G, +h"G, [3.1-91]
The equations [3.1-80] — [3.1-91] can be set in a matrix form [A] [X] = [B] for the whole
glazing system.

Elements of matrix A are long wave optical properties of each layer (i.e. front and back
surface emissivities), as well as heat transfer coefficients, based on emissive power,
calculated in a previous step.

1R A, 0 0 0 0 0 0 0 0]
-1 &, 0 0 0 0 0 0 0 0 0 0
0 0 £y —1 0 0 0 0 0 0 0 0
0 -hY hY+h, 1 0 0 0 0 0 0 0 0
0 0 0 0 1 h h,., 1 0 0 0 0

4] 0 0 0 0 -1 &, 0 0 0 0 0 0
0 0 0 0 0 0 &, -1 0 0 0 0
0 0 0 0 0 -hY hY+h,, 1 0 0 0 0
0 0 0 0 0 0 0 0 .. 1 h h" 1
0 0 0 0 0 0 0 0 .. -1 &, 0 0
0 0 0 0 0 0 0 0 0 0 &n  —1
0 0 0 0 0 0 0 0 0 -hY AY+A" 1

The column vector X consists of variables that are sought for each glazing layer (i.e.
radiosities and black emissive powers).

Finally, the column vector B contains terms of absorbed solar fluxes in each glazing
layer; terms of radiative energy from outdoor and indoor environment that irradiates
glazing system surfaces, as well as portions of outdoor and indoor radiative energy that
are reflected from 1% and n™ layer and transmitted through them.
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Jf A I S1 + Gout + ﬁ out Gout |
Ebf,1 - pf,1Gout
E bb,1 ZICH
Iy 0.5S,
Jf,i S/
E... 0
X|= bf i Bl=
[X] E. [B] 0
Jb,i 058,
s, S, +G, +h"G,
Ebf,n - z-n(;in
bb,n - pb,nGin
| Jon | 0.5S,+G, + "G,

The solution method consists of decomposition of the matrix A, and solving matrix
equation [A] [X] = [B], where [A] is decomposed matrix.

That way, sets of black emissive power (i.e. Epsj and Epp ;) are found and new sets of
temperatures can be determined as:

E ' 1/4 E ‘ 114
T, = (—bf"j and T, = (—bb"] [3.1-92]
(o2 (o2
where,
o =5.6697-107° le/<4 — Stefan — Boltzmann’s constant
m

3.1.2.5.CONVERGENCE CHECKING

When the new sets of front and back layer surface temperatures are determined, they
are compared to the old sets. If each member of the new set is not equal to
corresponding member of the old set within the prescribed tolerance (default is 10 K),
the new set is used to replace the old set and solution algorithm proceeds to the second
step (i.e. calculation of heat transfer coefficients).

3.1.3. Calculation of U — factor

Calculation of U — factor is based on heat flux through the glazing system for the
specified environmental conditions, which is determined as per section 3.1.2, but
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without incident solar radiation (i.e. Is = 0). It means that the fluxes of absorbed solar
radiation in each glazing layer, are set to zero in corresponding energy balance
equations (i.e. S;=0).

U-factor is determined as the reciprocal of the total glazing system thermal resistance —
Rtot-
1

U=-_—_ [3.1-93]
Rtot

The total thermal resistance of a glazing system can be calculated by summing the

thermal resistance on the outdoor side of the glazing system, the individual thermal

resistance values of the glazing layers and glazing cavities and the thermal resistance

on the indoor side of the glazing system:

R, =R, +>R, +>R,. . +R, [3.1-94]
i=1 i=1

al,i gap,i

The thermal resistance on the outdoor side of the glazing system — R,.:, can be
described by the following equation:

_ Tf,1 B 7-amb
R, - [3.1-95]
Poon(Tor = To) + Jp1 — G

out

c,out ( out

The thermal resistance of the glazing layer — Ry, is:

t .
=9 [3.1-96]

gl,i

R

gl,i

The thermal resistance of the glazing cavity — Ryap,, i given as:
Tf,i - Tb,i—1

R_ .= 3.1-97
o hei(Tey =Tyi)+Jpi =y [ !
Finally, the thermal resistance on the indoor side of the glazing system — Rj,, is:
Toom—T,
R, = oom o [3.1-98]

hc,in (Troom - Tb,n ) + Gin - Jb,n

3.1.4. Calculation of Solar Heat Gain Coefficient

Opposite to the calculation of thermal transmittance (U — factor), calculation of solar
heat gain coefficient (SHGC) incorporates all effects of the incident solar radiation.

The solar heat gain coefficient (SHGC) is determined by the difference between the
heat fluxes into the indoor environment with and without incident solar radiation, where
the both fluxes are found as per procedure given in section 3.1.2.
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SHGC =T +q"”<’8‘;’—)_q"” [3.1-99]

sol
s

where,

Tso — total solar transmittance of the glazing system (-)

Qin 1s=0) — heat flux into the indoor environment without incident solar radiation (W/m?)
gin— heat flux into the indoor environment with incident solar radiation (W/m2)

Is — incident solar radiation (W/m?)

3.2. GLAZING SYSTEMS WITH LAMINATED LAYERS

For a glazing system incorporating laminated layers, the algorithm for calculation of
thermal properties is very similar to the glazing systems consisting of monolithic layers,
given in section 3.1. Laminated layers are modeled as monolithic layers subdivided into
the arbitrary number of slices that have no gap in-between them. System of linear
equations, from which layer surface temperatures and radiant fluxes (i.e. radiosities) are
determined, is given here.

3.2.1. Energy Balance Equations for Laminated Layers

Si-1 Sij Si+1
@ i=1,2, . k1k @
Qi-1 Qi Qi+1
Jt -1 Js; J st
Jpi-1 a4 ik Jbi Jpi+1
+ &
qil2 Qifk-1
o« 4

. i=1,2,...,k-1k .
i-1 lJ ) i+1

[
Figure 3-6: Numbering System and Energy Balance for Laminated Glazing Layers in
the Glazing System

In case of laminated layer, shown in Figure 3-6, the basic energy balance equations
[3.1-3] — [3.1-6] are modified by applying the following relations to the unexposed

surfaces of the layer slices:
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Toy = Trjus [3.2-1]
i =Jrj [3.2-2]
where,
Jj=1,....,k—number of slices in the laminated layer.
In that way, the following energy balance equations are set for the slices of the
laminated glazing layer:
SLICE 1
q;, =S;1+q;, [3.2-3]
Jy =€,0T 0 + Ty + Pridyig [3.2-4]
T =T = 2tkl, 1-1 (29,,+S,,) [3.2-5]
SLICE 2
Qir =S, +Q;, [3.2-6]
Tiiz = Toin [3.2-7]
Toio = Tj2 = %(267,,2 +S;,) [3.2-8]
SLICE k-1
Az = Siket + Yk [3.2-9]
Tt = Thinz [3.2—10]
Toir = Tri = Lo (29,1 + Si1) [3.2-11]
: : 2K, : :

SLICE K

29
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Qiset = Sik + Qi [3.2-12]

T = Tor [3.2-13]
Jb,i = £b,iO-Tb‘,1i + Tin,i—1 + pb,iJf,i+‘I [3.2-14]
t..
Toi = Tri = i(2q,'+1 +Si,) [3.2-15]
’ ’ 2Ky i ’

From the equations [3.2-3], [3.2-6], [3.2-9] and [3.2-12], which describe energy
balances imposed at the surfaces of the laminated layer slices, the energy balance
relation for the whole laminated layer can be derived as:

k
q; = ,218,-,,- +q 4 [3.2-16]
J=

At the same time, the equations [3.2-5], [3.2-8], [3.2—11] and [3.2-15], which define
temperature difference across the laminated layer slices (this is a variation of equation
[3.1-6] for monolithic layers), in conjunction with the equations [3.2-7], [3.2—10] and
[3.2—-13], which define temperature at the unexposed surfaces of the layer slices, give
the modified relation for the temperature difference across the whole laminated layer. If
we use 1% and 2" slice of laminated layer as an example, temperature difference
equation becomes:

ts i
Tb,i1 - Tf,i = 2kls’/Ti1 (2qi,1 + Si,1) [3.2-17]
ts i
Tyiz = Trjz = 2kl' s (29, +S;,) [3.2-18]
s1,i2

Since the temperature of adjacent surfaces of the 1%' and 2" slice is equal (i.e. Tp,s =
Tti2), as per assumption given in equation [3.2—1], the following relation can be derived
from equations [3.2-17] and [3.2-18]:

tS i ts i
Tb,i2 - Tf,i = 2kI'1 (qu + Si,1)+ 2kl' 2 (2qi,2 + Si,z) [3.2-19]

sl,i1 sl,i2

Application of the same methodology to all other slices gives the relation for
temperature difference across the whole laminated layer:

T,

W

t,, t,, t,. t..
—T o sl,i1 2 ) S sl,i2 2 . S sl,ik—1 2 . S sl,ik 2 ) S 32_20
f.i 2k8,’,-1 ( q/,1 + /,1)+ 2kS”2 ( q1,2 + l,2)+ + ksuk4 ( q:,k—1 + I,k—1)+ 2ksuk ( ql+1 + I,k)[ ]
From equations [3.2-3], [3.2—6], [3.2-9] and [3.2—12] it is obvious that heat fluxes

entering the back surface of each slice (i.e. gi1, Gi2, ..., Qik-2, Qik-1) can be expressed in

terms of fluxes of solar energy absorbed in the previous slices — S;», ..., Sik-1, Sik(going
toward outdoor environment), and heat flux entering the back surface of laminated layer

(i.e. qi+1):
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=¥ S, +0. [3.2-21]

p=j+1

After using relation [3.2—21] for fluxes q; 1, qi2, ..., Qik-2, Qik-1 and some rearrangements,
the equation [3.2-20] becomes:

t t. .
T, T,=f g Sl g G2, [3.2-22]
' ' j=1 ks,U j=1 s,Upj+1 j= kS/Ij
or,
Ty, =Ty =A+Bq;, [3.2-23]
where the terms A and B are given as:
At tan s, |+% LTI P [3.2-24]
j=1 2k8/lj j=1 2kS/Ij p=j+1 P -
ko Ly
By i [3.2-25]
=12k

sl,ij

Using the equations [3.2—16] and [3.2-23], the system of basic energy balance
equations [3.1-3] — [3.1-6] can be transformed into the following system for laminated
layers:

K

q, = 2181‘,/ + 4 [3.2-26]
/:

Jy = gﬁio-Tfj + T+ Py [3.2-27]

Jpi = eb,io-Tb‘,‘i + T+ Poidiina [3.2-28]

T, - Ty =A+Bq,,; [3.2-29]

Using the same notation (e.g., A and B), the temperature difference terms for monolithic
layers can be expressed as:

t i
A=_9_g [3.2-30]
2k,
t i
B2t [3.2-31]

al,i

As in case of glazing systems consisting of monolithic layers, this system of energy
balance equations for laminated layers would become linear only if solved in terms of
black emissive power instead of temperature. Note that the system of equations is still
non-linear due to fourth power of temperature in radiation terms and 1/3" and 1/4"
power of temperature in natural convection terms and therefore needs to be solved
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iteratively, but the appearance of equations for single iteration is linear and for given

temperature field allows solution of linear system of equations.

Considering that differences between glazing systems with laminated layers and glazing

systems consisted of monolithic layers are reflected only in equations related to
conductive heat transfer through the glazing layers, the new relationship for the

conduction heat transfer coefficient based on emissive power, is introduced and shown

equation [3.2-32].
hA!gl _ l Tb,i _Tf,i .
I B Ebb,i - Ebf,i

[3.2-32]

The expression for the convection heat transfer coefficient based on emissive power,

given in equation [3.1-7], remains the same here

3.2.2. System of Equations for Glazing Systems Incorporating Laminated

Layers

Using the method, described at the beginning of section Error! Reference source not
found., along with relations [3.2—26] — [3.2—-29] and [3.2-32] for laminated layers, the
following system of equations is obtained for the glazing system, which incorporates

laminated layers:

Jig + D™ Epyy + ﬁ,ZEbbﬂ +Jp1 =Jrs —h,Ey, =S, + Gy + ™G, [3.2-33]
—J +€LE i + T = —p1Goy [3.2-34]
EpiEpps —Jp1 + Py = TGy [3.2-35]
hA1glEbf,1 + (5191 + Hz )Ebb,1 + Jb,1 - Jf,z - ﬁ,zEbf,z = 0-581 [3.2-36]
R - - N K
~hE, ;i —dpiatdp T MEy +h (B +dy —diiq DBy = ,2181,] [3.2-37]
j=
Psidpia —Jgi + & iEpe; 154 =0 [3.2-38]
Tidpia +&5iEp; —Jp; + Ppidsin =0 [3.2-39]
hAl!glEbf,i + (ﬁ:!g/ + ﬁm )Ebb,i + Jb,i - Jf,i+1 - ﬁi+1Ebf,i+1 = g [3-2_401
32
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~

- hnEbb,n—1 - Jb,n—1 + Jf,n + I:;nEbf,n + hAinEbb,n + Jb,n = Sn + Gin + I:;inGin [32_41]

pf,an,n—1 - Jf,n + ef,nEbf,n =-1,G,, [3.2-42]
Todbna tE€unEppn —Jbn = _pb,nGin [3.2—43]
h9E,. +(h? + A")E,,  +J,, =058, +G, +h"G, [3.2-44]

Similarly to the standard glazing systems, equations [3.2—33] — [3.2—44] are setin a
matrix form [A] [X] = [B] for the whole glazing system, consisting of laminated layers.

1 h™ A, 1 .. 0 0 0 0 0 0 0 0
-1 &, 0 0 0 0 0 0 0 0 0 0
0 0 £y —1 0 0 0 0 0 0 0 0
0 -hY hY+h, 1 0 O 0 0 0 0 0 0
0 0 0 0 1 A h,., 1 0 0 0 0
(4] 0 0 0 0 -1 &, 0 0 0 0 0 0
lo o 0o 0 0 0 &,  —1 0 0 0 0
0 0 0 0 0 —-h° h+h,, 1 0 0 0 0
0 0 0 0 0 0 0 0 .. 1 h h" 1
0 0 0 0 0 0 0 0 .. -1 &, 0 0
0 O 0 0 0 0 0 0 0 0 gop 1
0 0 0 0 0 0 0 0 0 —hY hY+h" 1
I Jf,1 ] [ S1 + Gout + ,:;OUtGout |
Ebfy1 - pf,1Gout
Ebb,1 - z-1Gout
Iy 0.5S,
Js; S,
Ebf i O
[X]=| B]- 0
bb,i
J A
b,i B
Jrn S, +G, +h"G,
Ebf,n - z'n(;in
Ebb'” ~ Pbon Gin
| Jon 0.5S, +G, +h"G,
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3.2.3. Determination of Glazing Surface Temperatures

The matrix equation [A] [X] = [B] is solved in the same manner as in previous case (i.e.
glazing systems consisted of monolithic layers), and sets of black emissive power (i.e.
Ewri and Epp,) and radiant fluxes (i.e. Jrj and J, ;) for exposed glazing surfaces are
determined. Then, new sets of temperatures of exposed glazing surfaces (i.e. Tr; and
Ty,i) are found, as described by the equation [3.1-92], and convergence checking (i.e.
comparison between the new and old sets of glazing surface temperatures) is
performed. After that, the old set is replaced by the new set, and iterative algorithm is
repeated until the prescribed tolerance is satisfied.

When the final temperatures of the exposed glazing surfaces are found, the rest of the
solution (i.e. temperatures of unexposed surfaces of layer slices) calculated using the
following procedure:

1. Calculate the heat flux leaving the front facing surface of laminated layer (i.e. q))
using the equation [3.1-1].

2. Calculate temperature of the back surface of the first slice (i.e. T, 1) using the
following relation, derived from the equations [3.2-3] and [3.2-5]:

t..
Tojn =T + 2:'11 (29, - S;1) [3.2—-45]

sl,i1

3. Calculate, in sequential manner, remaining temperatures of the unexposed surfaces
of layer slices using similar relations, obtained from the equations that describe
energy balances imposed at the surfaces of the laminated layer slices (i.e. 3.2—6,
3.2-9 and 3.2-12), equations that define temperature difference across the
laminated layer slices (i.e. 3.2-8, 3.2-11 and 3.2—15) and equations that define
temperature at the adjacent unexposed surfaces of the layer slices (i.e. 3.2-7, 3.2—
10 and 3.2-13).

3.2.4. Calculation of U — factor and SHGC for Laminated Layers

U — factor of glazing systems with laminated layers is calculated using basically the
same procedure as in previous case (i.e. glazing systems with monolithic layers).

It is determined as the reciprocal of the total glazing system thermal resistance — Ry,
and the Ryis found by summing the thermal resistance on the outdoor side of the
glazing system, thermal resistances of the glazing layers and glazing cavities and the
thermal resistance on the indoor side of the glazing system.

The values of thermal resistance on the glazing system outdoor side, thermal resistance
of glazing cavities and thermal resistance on the glazing system indoor side are
determined as per equations [3.1-95], [3.1-97] and [3.1-98], respectively. Only
difference from the previous case is reflected in thermal resistance of laminated layer,
which can be found by summing individual thermal resistances of layer slices:
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t., .
Rgi; = i = [3.2—-46]
j=1 k

gl

Regarding solar heat gain coefficient (SHGC), calculation is performed in the same
manner as for glazing systems with monolithic layers using the equation [3.1-99].

3.3. GLAZING SYSTEMS WITH SHADING DEVICES

The 1ISO 15099 standard considers only layer types of shading devices, such as
screens, curtains and blinds, which are located close and parallel to the glazing panes.
The algorithm for calculation of thermal properties of glazing systems with shading
devices differs from the algorithms for the other glazing system types, given in sections
3.1 and 3.2, due to modifications that the introduction of shading devices in the glazing
system model requires. Differences, mainly related to the convective heat transfer
through the glazing cavities surrounding shading device, lead to adjustments that
should be made in the main thermal equations and, consequently, in the calculation
procedure.

3.3.1. Modifications of Basic Energy Balance Equations

Since the shading device, shown as the i layer in the Figure 3-7, allows ventilation
through the adjacent glazing cavities, the convective heat transfer in ventilated cavities
can not be described as a simple heat transfer from one surface to another, as it was
done in sections 3.1 and 3.2.
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Figure 3-7: Numbering System and Energy Balance for Shading Layers in the Glazing
System

In this case, convective heat flux through the ventilated cavity must be divided into two
parts — convective heat flux from one layer to the gap space and convective heat flux
from the gap space to another layer, where the mean gap temperature (Tyqp,) is a
variable. Therefore, the convective heat flux through the i glazing cavity can be
described by the following equations:

qcf,i = hcv,i(Tf,i - Tgap,i) [33_1]
Qepi1 = hey, (Tgap,i —Tyi4) [3.3-2]
where,

qcri — convective heat flux from one layer to the gap space
geb,i-1 — convective heat flux from the gap space to another layer

Tqap,i — €quivalent mean temperature of the gap space (see equation 3.3-28 in the
section 3.3.1.1)

T;i — temperature of the surface of the i layer, facing the i" glazing cavity
Th.1 — temperature of the surface of the layer i-1, facing the i glazing cavity

hey,i — convection heat transfer coefficient for ventilated cavities, given as:
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h,,.=2h

cv,i cdv,i

+4v;, [3.3-3]

where,

hcav,i — convection heat transfer coefficient for non-ventilated cavities (see section
3.1.2.3.3)

v;— mean air velocity in the glazing cavity (see section 3.3.1.2)

Si | Si+1 |

H, = H|4.1

N

Figure 3-8: Main Dimensions of Glazing System Model with Shading Device

At the same time, the heat flux (i.e. q,,;) supplied to or extracted from the ventilated
cavity, determined as per following relation, must be included in main energy balance
equations.

_ Pi- Cp,i * Dy (Tgap,i,in - Tgap,i,out )

[3.3-4]

where,

p; — density of the gas space in the i™ cavity at temperature Tgap,i

¢, — specific heat capacity of the gas space in the i cavity at temperature Ty,

Tqap,iin — temperature at the inlet of the glazing cavity that depends on where the air
comes from

Tqap,i0ut — temperature at the outlet of the glazing cavity (see equation 3.3-15)
H; — height of the i glazing cavity (see Figure 3-8)
L; — depth of the i glazing cavity (see Figure 3-8)

¢, — air flow rate in the i" cavity, given as:
?,; =V;-S;-L; [3.3-5]

where,

Carli, Inc. is Your Building Energy Systems and Technology Choice 37



s;— width of the i glazing cavity (see Figure 3-8)

Using the equation [3.3—1], the total flux (including radiative part) leaving the front facing
surface of the i" layer can be determined as:

Qi =Qe; +Jri =y =he i (T7; — Tg +Jp = Jpig [3.3-6]

ap,i )
Similarly, the heat flux leaving the layer i+1 is:
iv1 =Qerjin t+ Jf,i+1 - Jb,i = hcv,i+1(Tf,i+1 - Tgap,i+1 ) + Jf,i+1 - Jb,i [3.3—7]

Finally, as a result of the mentioned modifications, made due to effects of ventilation on
heat exchange in the glazing cavity, the basic energy balance equations for shading
devices can be defined as the following system:

9 =S+ +q,4 [3.3-8]
Jy = gf,io'Tfj +T i+ Pridpia [3.3-9]
Jpi = gb,io'Tb‘,ti +TJpi 4+ Py [3.3—10]
tsdi
Ty, — T = —’[2q,-+1 +2q,,.4+ Si] [3.3-11]
, , 2ksd,i ‘

3.3.1.1. CALCULATION OF GLAZING CAVITY TEMPERATURE

The temperature in the glazing cavity can be determined by applying assumption about
known value of mean velocity in the cavity to a model, which considers dependence of
the temperature on the glazing cavity height (see Figure 3-9).

I . (_/f__\ Tgap. (X)

Tgau.l.m

Ho,i

Hi Tawi 1

Tﬁapjum

X

Figure 3-9: Temperature Profile in Ventilated Glazing Cavity
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Temperature profile in the ventilated glazing cavity can be described as:

X) a\/l _(Tav,i ~T i )e_X/HOJ [33—12]

gap i ( gap,i,in

where,

x — distance from the inlet

Tqap,i(x) — temperature in the glazing cavity at distance x

Tavi — average temperature of the layer surfaces bounding glazing cavity, given as:

_ Tb,i—1 + Tf,i

T = [3.3-13]
: 2

Tqap,iin — air flow temperature at the inlet of the ventilated gap

Ho i — characteristic height (temperature penetration length) defined by:

.C.-S. -V.

H, =20 2 [3.3-14]
J 2hcv,i

where,

p; — density of the air at temperature Tyap i

Cp,i — Specific heat capacity of the air at temperature Ty,
— width of the i glazing cavity (see Figure 3-8)
— mean air velocity in the glazing cavity (see section 3.3.1.2)

hev i — convection heat transfer coefficient for ventilated cavities, presented in equation
[3.3-3]

The following relation, which determines temperature of air flow leaving the ventilated
glazing cavity, is obtained from the equation [3.3—12] by setting the glazing cavity
height, H,, for the distance from the inlet:

Tgap,i,out = Tav,i - (Tav,i _Tgap,i,in)e_Hi/Ho’i [33—1 5]

The previous equation clearly shows that temperature of air flow leaving the ventilated
cavity (i.e. Tgap,iout) depends on temperature at the inlet of the glazing cavity (i.e.
Tgap,iin)- In case of connected glazmg cavities (as given in Figure 3-11), it means that
the temperature at the inlet of i cavity (i.e. Tgap,iout) is @ function of the temperature at
the outlet of i+1™ cavity, and vice versa. For the solution of this problem, the following
model, shown in Figure 3-10, should be introduced.

Carli, Inc. is Your Building Energy Systems and Technology Choice 39



Tgap,iin = Tgap,iﬂ,nur = Tup

Tgap.l.uul = Tgap.|+1.|n = Tdu:ul.-.-n

Figure 3-10: Model For Solving Inlet and Outlet Temperatures in Ventilated Cavities

Applying the notation from the Figure 3-10 in equation [3.3—15] that is set for both
ventilated cavities, gives the following relations:

Tgap,i,out = Tdown = Tav,i - (Tav,i - Tup )e s [33—1 6]
TQaP:iH,out = Tup = Tav,i+1 - (Tav,i+1 - Tdown )e_HM/H(M1 [33—1 7]

After some re-arrangements, the following relations could be derived from the equations
[3.3—16] and [3.3-17]:

Taown = BTy =T, [3.3-18]
Tup =BT aomn = XiaTay i [3.3-19]
where the terms ai, 0i+1, Bi and Bi+1 are:
H;
a =1-e M [3.3-20]
Hi.q
a., =1-e " [3.3-21]
Hi
B = e Mo [3.3-22]
Hi
Ba=e o [3.3-23]

By solving the equations [3.3—-18] and [3.3—19], temperatures at the inlet and outlet of
ventilated glazing gaps can be found as:
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+

_ _ _ I av1 i I+1 av1+1
Tdown - Tgap,i,out - Tgap,i+1,in - 1 [33_24]
_ﬂiﬂiﬂ
T =T =T a,; av1+ i av1+1 33 25
up — Tgap,iin T gap,i+1,out l+1 av1+1 +ﬂl+1 1 [ s ]
_ﬂiﬂiﬂ

The above procedure is done in case of higher temperature in the cavity i+1 (i.e. Tgap,i+1)
than in the connected space i (i.e. Tgap,i).

Otherwise (i.e. if Tgap, > Tgap,i+1), inlet and outlet temperatures for ventilated glazing
cavities are:

+
_ _ _ a,; aVI i%i av1+1
Tup - Tgap,i,out - Tgap,i+1,in - 1 [33_26]
_ﬂiﬂiﬂ
T _T _T _ a; av1+ i av1+1 33 27
down — "gap,in — ' gap,i+lout — av,i+1ai+1 +ﬂi+1 1 [ I ]
_ﬂ ﬂ1+1

Finally, the equivalent average temperatures of the ventilated glazing cavities — Tgqp,i
and Tyqp,i+1 Can be determined from the equation [3.3—12] by integration over the glazing
cavity heights — H; and H;.4, respectively.

14 H

0,i
Tgap,i = ﬁ ngap,i (X)dX = Tav,i - T(Tgap,i,out - Tgap,i,in ) [33_28]
1 H H i+
Tgap,i+1 = H ITgapl+1( )dX Tav1+1 I_;) 1 (Tgap,i+1,out - Tgap,i+1,in) [33_29]
i+1 0 i+1

3.3.1.2. CALCULATION OF AIR VELOCITY IN GLAZING CAVITY

Procedure for calculation of air flow velocity depends on nature of ventilation in the
glazing cavity. Thus, different calculation methods are used in cases of thermally driven
ventilation and forced ventilation.

3.3.1.2.1. Thermally Driven Ventilation

In this case air flow is caused by the stack or buoyancy effect, and the velocity can be
found as a function of the driving pressure difference between connected spaces and
the resistance to the air flow of the openings and the gas spaces itself.

Carli, Inc. is Your Building Energy Systems and Technology Choice 41



Tgap iin Tgﬂp,i+1,oul

Tgﬁp,i Tgﬂp,i+1
S. SI"‘1
Vi Visq

Tgap.i out = Tgap.i+l.in

Figure 3-11: Schematic Presentation of the Thermally Driven Ventilation

The temperature difference between the glazing cavity, i, and the connected space,
which can be either the outdoor or indoor environment, or another glazing cavity (as
displayed in Figure 3-11), produces the driving pressure difference, Ap;, ., that can be

expressed as:

-T .
Tga""” [3.3-30]

gap,i+1

‘Tgap,i

APzi_i1 = Po Ty -g-H;cosy, -

gap,i
where,

P, — density of the air at reference temperature Ty

To — reference temperature (283 K)

g — acceleration due to gravity

H; — glazing cavity height

7, — glazing system inclination (i.e. tilt angle) from vertical

Tqap,i — mean temperature of the glazing cavity, given by equation [3.3—28]

Tqap,i+1 — mean temperature of the connected space (outdoor or indoor environment, or
another glazing cavity)
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The driving pressure difference Ap;,_;,, shall be equal to the total pressure loss, which
includes:

where,

Pis Pina

Bernoulli pressure losses in spaces i and i+1, defined as:
2
Apg; =0.5p,V;
s 2
o S
Apg.1 =0.9p;,4V; [_I]
Si+1
Hagen — Poiseuille pressure losses in spaces i and i+1, defined as:

H,
APup; =124 S_zvi

i

APpjv =124, 3 -V

i+1

pressure losses at the inlet and outlet of spaces i and i+1, defined as:

Apy; = O'5pivi2(zin,i + Zout,i)

2
APz = 0'5pi+1vi2(zin,i+1 + Lo {_I]
i+1

— density of the air at temperatures Tyqp; and Tgap i+1, respectively

v; — mean air velocity in the i glazing cavity that is being sought

H;, Hi+1 — height of i and i+1" glazing cavity, respectively

s, Sir — width of i™ and i+1™ glazing cavity, respectively (see Figure 3-8)

[3.3-31]

[3.3-32]

[3.3-33]

[3.3-34]

[3.3-35]

[3.3-36]

4, 1;,, —dynamic viscosity of the air at temperatures Tyap; and Tgap i+1, respectively

Z, Z+s — pressure loss factors of the i and i+1™ glazing cavity, found as per equations
[3.3-37] — [3.3—40].

Note that all pressure losses for the space i+1 are given in terms of air velocity in the
space i (i.e. v;) by setting velocity in the space i+l as: v, ,=v,-s;/s,,,.

The pressure loss factors, Z; and Z;.4, can be found using the ratio of the equivalent
opening areas (Aeqq,; and Aeq,i+1) to the cross sections of corresponding gas spaces (As,i

and As,

i+1)-
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Top opening

(Acp) T ~
Right opening
(A)
Left opening Center openings i i+1
(A) (As) ~1

Bottom opening
(As) H

Figure 3-12: Openings in the Ventilated Glazing Cavity

A 2
Z = 1 [3.3-37]
0.6A,,,,,
As i+1 i
Ziin =|mmn——— 1 [3.3-38]
0‘6Aeq,in,i+1
A 2
Lowi = (— - 1} [3.3-39]
0'6Aeq,out,i
As i+1 ’
A L [3.3-40]
0'6Aeq,out,i+1
where,

As, As i1 — cross section of the i™ and i+1™ glazing cavity, respectively (As; = Si*Li ; Asj+1
= Si+1"Li+1)

s, Sir — width of i™ and i+1™ glazing cavity, respectively (see Figure 3-8)
L, Li — depth of the i" and i+1™ glazing cavity, respectively (see Figure 3-8)

Since the spaces i and i+1 are connected, equivalent inlet opening area of the i
glazing cavity is, in fact, equivalent outlet opening area of the i+1" glazing cavity.
Consequently, equivalent outlet opening area of the i glazing cavity is equal to the
equivalent inlet opening area of i+1" glazing cavity.

Calculation of equivalent inlet and outlet opening areas depends on temperature
difference between adjacent glazing cavities (i.e. spaces i and i+1). If the temperature
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of the cavity i (i.e. Tyap,) is higher than the temperature of the connected space i+1 (i.e.
Tqap,i+1), €Quivalent opening areas are:

A o)
Aeq,in,i = Aeq,out,i+1 = Abot +0.5- %(A/ + Ar + Ah ) [33—41]
bot top
A 0
Aeq,out,i = Aeq,in,i+1 = Atop +0.5- %(A/ + Ar + Ah ) [33—42]
bot top
Otherwise,
A 0
Aeq,in,i = Aeq,out,i+1 = Atop +0.5- %(A/ + Ar + Ah ) [33—43]
bot top
A 0
Aeq,out,i = Aeq,in,i+1 = Abot +0.5- +(Al + Ar + Ah ) [33—44]
bot top

Finally, air velocity in the space i (i.e. v;) can be found from the following equation, which
defines driving pressure difference (i.e. Ap;,_,,) in terms of pressure losses.

APri_iv1 = APg; + APpp; + APz + ADg iy + APpp g + APz [3.3-49]
After applying relation [3.3—30] for the driving pressure difference, as well as relations

[3.3—31] — [3.3-36] for pressure losses, and some re-arrangements, the equation [3.3—
45] becomes:

A -vi+A,-v,-A=0 [3.3—46]
where the terms A, A; and A, are:
T . —-T_ .
A=p,-T,-g-H, cosy, - Tomns = oo [3.3-47]
Tgap,i ’ Tgap,i+1
2
A1 = 05[p/ (1 + Zini + Zouti)+ pi+1 (iJ (1 + Zin i+1 + Zout i+1 )] [33_48]
’ ’ Si+1 ’ ’
A, - 12(;1,- L H—S] [3.3-49]
Si i+1
The air velocity vj, as solution of the quadratic equation [3.3—46], is given by the
following relation:
JAS +l4-A-A| - A,
Vv, = [3.3-50]
2A,
45
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If the space i+1 is exterior or interior environment, velocity v;.; is set to zero, and the
pressure losses Apg;,,, Ap.p;,, @nd Ap,;,, become zero, as well. In that case, the

quadratic equation terms A; and A, will be:

A =05p,(1+2,, + 2o [3.3-51]
A, =12y, iz [3.3-52]
S

i

3.3.1.2.2. Forced Ventilation

In the case of forced ventilation, air flow velocity (i.e. v;) can be determined from the
known value of air flow rate, using the following relation:

v, =Dei [3.3-53]
S; - Li
where,

s; — width of the glazing cavity (see Figure 3-8)
L; — length of the glazing cavity (see Figure 3-8)

ovi — air flow rate in the glazing cavity (for the whole area), not normalized per m?

3.3.2. System of Equations for Glazing Systems Incorporating Shading
Devices

The non-linear system of energy balance equations for shading devices, given in
equations [3.3-8] — [3.3—11], can become linear if solved in terms of black emissive
power instead of temperature. In this case, differences from glazing systems with
monolithic layers are related to convective heat transfer through ventilated cavities, so
the heat transfer coefficient based on emissive power for ventilated cavities must be
introduced, instead of the previous one (i.e. for non-ventilated cavities), given in
equation [3.1-7]:

~ T, —T,

v,i = hcv,i E Egapyj [33—54]
bfi

bgap,i

Applying the methodology, described at the beginning of section Error! Reference
source not found., to monolithic layers, in conjunction with relations [3.3-8] — [3.3—11]
and [3.3-54] for shading layers, gives the following system of linear equations for
glazing systems incorporating shading devices:
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Jf,1 + hAowEbm + ﬁzEbbA + Jb,1 - Jf,2 - ﬁzEbf,z = S1 +G,y + ﬁomGout

out

- Jf,1 + 5f,1Ebf,1 + T1Jf,2 = _pf,1G

out

Ep1Epp1 = It + Pp1dia = -1,G

out

ﬁiqlEbm + (F’fl + F’z JEpps + s —dpo - F’ZEbf,Z =0.5S,

—Jpiat i h B +dp =i =Ny aEpig =S+ 0y E s — Ny iaEpgapin + Qi
Pridpia—Jr t & Epes + 7514 =0
Tin,i—1 + gb,iEbb,i - Jb,i + pb,i"'/f,i+1 =0

- hig/Ebf,i + higlEbb,i + Jb,i - Jf,i+1 —h Ebf,i+1 = 0-58/ + qv,i+1 —h

Vv,i+1 v,i+1Ebgap,i+1

~

n L in L in
_hnEbb,n—1 _Jb,n—1 +Jf,n + hnEbf,n +h Ebb,n +Jb,n = Sn +Gin +h Gin
pf,an,n—1 - Jf,n + gf,nEbf,n = _TnGin
in

Todona tE€nnEron = Ibn =—PpG

hoE,,  +(h¢ +h™)E,,  +J,, =058, +G, +h"G,

[3.3-55]
[3.3-56]
[3.3-57]
[3.3-58]

[3.3-59]
[3.3-60]
[3.3-61]
[3.3-62]

[3.3-63]
[3.3-64]
[3.3-65]
[3.3-66]

The system of equations [3.3-55] — [3.3—66] can also be transformed into a matrix form

[A] [X] = [B] for the whole glazing system.

o O O O

0

-1

1 ho* h, 1 .0 0 0 O 0 O 0
-1 &, 0 0 .. 0 0 0 O 0 0 0
0 0 €y -1 .. 0 0 0 O 0 0 0
0 —hY hY+h, 1 0O 0 0 0 0 O 0
0 0 0 0 1 h, 0 1 0 O 0
(4] 0 0 0 0 -1 ¢, O 0 0 0
0 O 0 0 0 0 &, -1 0 0 0
0 0 0 0 0 —-h? hY 1 0 0 0
0 0 0 0 0O 0 0 O0 1 h, h"
0 0 0 0 0 0 0 0 -1 &, 0
0 O 0 0 0O 0 0 0 0 0 Eop
0 0 0 0 0 0 0 0 0 —hY AY+H" 1
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Jia Si+Gyy + ho Gout
Ep — Pr4Gou
Ebb,1 —7,Goy
Iy 0.5S,
Jf,i Si + /:;v,iEbgap,i - Bv,i+1Ebgap,i+1 + qv,i+1
E., 0
x]-| & - :
bbi
Iy, 0.5S, +q, .1 — hv,i+1Ebgap,i+1
I S +G, +h"G,
Ebf,n -7, Gin
Ebb,n - pb,n Gin
| Jon | 0.5S,+G, +h"G,,

The matrix equation [A] [X] = [B] is solved and the glazing layer temperatures
determined, using the same iterative procedure as for glazing systems with monolithic
layers (see sections 3.1.2.4 and 3.1.2.5).

3.3.3. Actual Cavity Width Convection Model:

In this model, convection around the SD is treated as if shading device is just another
impermeable layer, and the width of this layer and the corresponding gap space width
between this layer and the glass is assumed to be equal to the actual width. This
means that if the SD is venetian blind and if the venetian blind is open, the width of the
venetian blind layer is assumed to be the width from the tip to tip of venetian blind slats.
For example, if 16 mm wide venetian blinds are installed in 20 mm glazing cavity, and if
venetian blind is at 0 degrees angle, which means that slats are horizontal (fully
opened), the venetian blind layer width will be 16 mm, while each gap around the
venetian blind will be 2 mm wide. If on the other hand that same blind is at the 45
degree, the width of the venetian blind layer will be 16-cos(45) = 11.31 mm, while each
gap around the blind will be 4.34 mm. Fort the fully closed blind, the thickness of the
venetian blind layer will be the thickness of the blind material.

Treatment of SD on indoor and outdoor side is similar, where actual cavity width is
calculated by subtracting half the width of the shading device (tip to tip) from the
distance of the center of SD to the surface of the glass.

Conductivity of such layer is ignored, meaning that thermal resistance of the layer itself
is negligible. This model has been compared with the limited set of measurements from
published technical papers and it gave reasonable agreement.
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3.3.4. Scalar Convection

Scalar convection is an alternative methodology for calculating convective heat transfer
in the presence of shading devices. In this model, the convection in gaps around the
SD is treated as a intermediate case between two extreme cases, set with the use of
convection scalar, with range from 0 to 1. The two extreme cases are:

1. Existence of SD is ignored for the convection heat transfer and convection
equations for unobstructed glazing cavity are solved in each iteration.

2. SD is assumed to be fully closed and is treated as impermeable layer with the
negligible thickness. Two gaps are formed as a result and convection heat
transfer is solved as if solid layer is placed between two glass layers (making
effectively triple glazing out of double glazing with SD in between.

When convective scalar is set to 0, case 1 is solved. When convective scalar is set to
1, the case 2 is solved. When convective scalar is set to the value in-between 0 and 1
(e.g., 0.5), then linear interpolation between the two cases is performed at each
iteration.

Similar procedure is employed for indoor and outdoor venetian blind, except that blind in
those cases form one additional cavity on indoor or outdoor, respectively.

3.3.4.1. “No SD” Case

Case "No SD” treats glazing system without SD layer in terms of convection. As a first
step, SD layer is removed from the glazing system and calculation is performed for two
glass layers (Error! Reference source not found.) where gap thickness Syq equals a
distance between first and third layer (sum of first and second gap thickness and SD
thickness).

#losh
gy fcfs
<+
bl
| F G >
7 .99 s le

Figure 3-13: Glazing system with two glass glazing pane

Convective heat transfer coefficient for this case depends on glazing layer temperatures
and gap thickness:

k
jNOSD _ F(T,, T4, Sy ) = N, 9 [3.3-67]

c,gap i S
99

where:
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o Sy, is thickness of glazing cavity which is equal to the sum of thickness of first,
second gap and SD thickness.

e kg is thermal conductivity of the fill gas in the cavity. Convective heat flux through
the glazing cavity is determined as:
qéVgSD = h'oSC (T, -T,) [3.3-68]

c,gap

In the original configuration, with SD present, convective parts of heat fluxes in two gaps
can be expressed as (Figure 3-14):
Qoo = hogapr - (T = T3) [3.3-69]

c.gapl ’

ng = hzgapz (T5-T,) [3.3-70]

In order to form a glazing system in which existence of SD layer does not affect
convective heat transfer (Figure 3-14), the resulting convective parts of heat fluxes in
two gaps, expressed as in eq. (Error! Reference source not found.) and (Error!
Reference source not found.), must be equal to heat flux from the “no SD”
configuration:

93 =08 [3.3-71]
993 =qis>" [3.3-72]

haTig  hogerl
o 4 -
h T & Ty % Te

Figure 3-14: Glazing system without SD influence on convection
Therefore, convective heat transfer coefficients for a “No SD” case become:

he. =h° = hNOSD [3.3-73]

c,gap1 c,gap2 c.gap

3.3.4.2. “Closed SD" Case

“Closed SD” case (Figure 3-15) treats SD layer as closed, which means it will be
treated as glass layer with SD thickness and conductivity of SD material. Glazing cavity

convective heat transfer coefficients h]_,, and h],,, will be calculated in a “standard "
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way, as in a case of two glass layers with a gap between them — as explained in Section
3.34.1 - equation (-

1 & ) "2

d
L

.

L
l'\{. 3-’4 ! hﬁ'ijb‘r‘-

b
g T

el -
Z 5 {5 Tc

Figure 3-15: Glazing system with closed SD which is treated as glass layer

Combination of the extreme cases "NO SD” and “Closed SD” which were presented
above will be obtained by introducing new scalar parameter — Alpha:

he =a-(hl.  —h° )+ h?

c,gap1 cgap1) c,gap1

gap2 ) + hc ,gap2 [33—75]

[3.3-74]

c,gap1

a
hc ,gap2

=a-(h

c.gap2

These convective heat transfer coefficients will be used in “standard” energy balance
equations instead of convection heat transfer coefficients for ventilated cavities h.,, 1 and
hev 2, SO equation [3.3-54] will become:

T3 - Tz

A gapt = - ———2 [3.3-76]
s P1 Ebf,2 - Ebb,1
h®gap2 = h” Ts =T, [3.3-77]

= cgap2 *
Ebf,3 - Ebb,Z

(e .
.—-d- —
|1 ’2_ ET{, % rﬁ

Figure 16. Glazing system with new convection coefficients

When factor Alpha is set to zero new model will calculate convection as if there was no
SD layer. If Alpha is set to one, convective coefficient will correspond to second extreme
case — “Closed SD”.
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3.3.5. Calculation of U —factor and SHGC

The U — factor of glazing systems with shading devices is calculated using essentially
the same method as for other glazing system types (i.e. with monolithic or laminated
layers), since it is, again, defined as the reciprocal of the total glazing system thermal
resistance — Ry As for other glazing system types, the Ryis, also, determined as a
sum of the thermal resistance on the outdoor side of the glazing system, thermal
resistances of the glazing layers and glazing cavities and the thermal resistance on the
indoor side of the glazing system.

The thermal resistance on the glazing system outdoor side — R,,;, thermal resistances
of glazing layers — Rq,; and thermal resistance on the glazing system indoor side — Ry,
are calculated using the same relations as for glazing system with monolithic layers (i.e.
3.1-95, 3.1-96 and 3.1-98, respectively). At the same time, thermal resistance — Rgap,,
of ventilated glazing cavities is calculated differently from the thermal resistance of non-
ventilated cavities, given in equation [3.1-97]. In case of ventilated cavities, heat
transfer in the cavities is divided into two parts due to ventilation and, therefore, thermal
resistance of ventilated cavities should be expressed in the same way.

Rgap,i = Rgap,f,i + Rgap,b,i—1 [33—78]

where,

Rgap,ri — resistance to heat transfer between the glazing layer and ventilated cavity,
given as:

T..—-T. .
I [3.3-79]

Ropei =
gapt hcv,i (Tf,i - Tgap,i ) + Jf:" N Jb’i_1

Rgap,b,i-1 — resistance to heat flow between the ventilated cavity and another glazing
layer, given as:

T

gapi Tb,i—1

— Ty )+ Jri —Jpia

R [3.3-80]

gapbit ) hcv,i(Tgap,i
The calculation of solar heat gain coefficient (SHGC) is performed in the same manner
as for glazing systems with monolithic layers using the equation [3.1-99].

4. ISO/EN 10077-1 Algorithms

ISO/EN 10077-1 algorithms are substantially simplified over the ISO 15099 algorithms.
These algorithms are used in new product standards in EU and associated countries.
This standard relies on additional standards ISO 10292/EN673 (specular glazing layers)
and EN 13663 (shading devices).
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4.1. Specular Glazing Layers (EN673/1ISO10292)

4.1.1. Definition of Outdoor and Indoor Heat Transfer Coefficients

The value of outdoor heat transfer coefficient (i.e. he) depends on the wind speed
near the glazing system and other climate factors, as well as on the outdoor glazing
surface emissivity. The EN 673 standard does not consider coated outdoor glazing
surfaces, which emissivities are lower than 0.840, and the value of heis standardized to:
h, =23

e mz

[4.1-1]
At the same time, the indoor heat transfer coefficient (i.e. h;) is defined by following
equation:

hy=h; +h [4.1-2]

where,
h,; — radiation conductance
h¢,; — convection conductance

The radiation conductance of uncoated indoor glazing surfaces is set to 4.4 W/m?K,
while for the coated ones it is given as:

44 [4.1-3]
" 0.840
where,

g, — emissivity of coated indoor glazing surface

Finally, free convection is assumed to be on the indoor side of the glazing system, so
the value of convection conductance (i.e. h;)) is:
=36 W

o m?K

h

[4.1-4]

4.2. Calculation of Glazing Cavity Thermal Conductance

The thermal conductance of glazing cavity can be determined by summing the
convective and radiative components. The convection component is defined in terms of
the gas conductance (i.e. hys,), While the radiation conductance of glazing cavity (i.e.
hs,;) determines the radiative component.

hs,i = hrs,i + hgs,i [42—1]

4.2.1. Gas Conductance

The gas conductance of the glazing cavity can be determined according to the following
relation:
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where,
N, — Nusselt number

A, — thermal conductivity of the fill gas in the glazing cavity

si— width of the glazing cavity

[4.2-2]

Nusselt number, which is a function of Grashof number, Prandtl number and glazing

system inclination (i.e. tilt angle), is calculated as:
N, =A(G, P)"

where,

A — constant

G, — Grashof number

P, — Prandtl number

n — exponent

[4.2-3]

If the calculated value of the Nusselt number is less than 1, it is set to the bounding

value of 1.

The Nusselt number dependence on the glazing system tilt angle is given through the

following relations for the constant A and exponent n:

Glazing system inclined at 0° (6 =0°)

A=0.16 ; n=0.28 [4.2-4]
Glazing system inclined at 45° (8 = 45°)
A=0.10 ; n=0.31 [4.2-5]
Glazing system inclined at 90° (@ =90°)
A=0.035; n=0.38 [4.2-6]
The Grashof and Prandtl numbers can be expressed as:
3 2
G, = 9.81-s; M;i yoi [4.2-7]
T 4
p =t [4.2-8]
ﬂ”i
where,
p; — density of the gas space
54
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4; —dynamic viscosity of the gas space

¢i — specific heat capacity of the gas space
Tmi— mean temperature of the gas space, set to 283 K for all glazing cavities
AT, —temperature difference between glass surfaces bounding the gas space

Gas fill properties (i.e. density, thermal conductivity, viscosity and specific heat capacity)
are evaluated at the mean temperature of the gas space (T,,). The density is
determined using the perfect gas law, while the other properties of individual gasses,
used in sealed glazing units, are determined as a linear function of temperature. The
properties of gas mixtures can be calculated as a function of corresponding properties
of the individual constituents.

=

k
P=) PF [4.2-9]
=1

where,

P — relevant property (density, thermal conductivity, viscosity or specific heat capacity)
P; — corresponding property of the individual gas in the gas mixture

Fi — volume fraction of the individual gas in the gas mixture

For double glazing systems the temperature difference AT, has fixed value of 15 K. For

the glazing systems with more than one gas space, which require iterative solution
algorithm, the temperature difference AT, is determined using following relations for the

first and for all other iterations.

AT = 15 [4.2-10]
N
where,
N — number of glazing cavities (i.e. gas spaces)
1/h, .
AT, =15 = [4.2-11]

N

> 1/h,,
i=1
where,
1/hs i — glazing cavity thermal resistance from the previous iteration
N
Zl/h&i — overall thermal resistance of glazing cavities
i=1

In the first iteration, AT, is calculated using equation [4.2—10], while in the second and
all later iterations (if necessary), the equation [4.2-11] is used.
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4.2.2. Radiation Conductance

The radiation conductance of the glazing cavity is defined as a function of mean
temperature of the glazing cavity, as well as emissivities of the surfaces bounding the
glazing cavity.

-1
h,. =46(i+i_1] T [4.2-12]
, e & ,
where,
5 W ,
o =5.6697-10 T — Stefan — Boltzmann’s constant

Tmi— mean temperature of the glazing cavity (gas space)

g and &, — emissivities of the surfaces bounding the glazing cavity

4.3. Calculation of U — factor

N

When the final value of overall thermal resistance of glazing cavities (Zl/h&i ) is found,
i=1

the total thermal conductance (h;) of the glazing system is calculated as:

h= T [4.3-1]

M
ZL“L djr;
h j=1

i=1 Tlsi

where,

M
Zdjrj — overall thermal resistance of glazing layers
j=1

d; — glazing layer thickness

r; — glazing layer thermal resistance, which represents the reciprocal of thermal
conductance — k;

Then, the glazing system thermal transmittance (U — factor) is determined using the
following relation:

-1
U= i+i+i [4.3-2]
h, h

where,

he — outdoor heat transfer coefficient, defined as per section 4.1
h; — indoor heat transfer coefficient, defined as per section 4.1
h: — total glazing system thermal conductance
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