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1. INTRODUCTION

This document presents the mathematical models for calculating the thermal and solar-optical performance
of glazing systems and whole fenestration products in the Berkeley Lab WINDOW computer program,
referred to as “WINDOW” in this document.

The glazing system thermal and solar-optical performance algorithms are incorporated into the TARCOG
module (incorporated into WINDOW 7 as well as EnergyPlus 8.3 and later) and the WinCalc module
(incorporated into EnergyPlus 8.8 and later and future versions of WINDOW 8). Both the TARCOG and
WinCalc modules are also incorporated and used in EnergyPlus whole building energy simulation tool, with
the WinCalc module being more recent and representing the future, fully portable window thermal and solar-
optical calculation module, which will be interchangeably used in future WINDOW and EnergyPlus software
tools. Algorithms include the calculation of glazing system thermal transmittance (L), solar transmittance
(Tsoly), visible transmittance (VTy), solar heat gain coefficient (SHGC,), condensation resistance (CR) and
temperature distribution across the central portion of glazing system, according to the ISO 15099 and ISO/EN
10077 standards. Calculations and outputs include many more indices of performance, such as solar
reflectances, visible reflectances, layer absorptances, UV transmittance, etc. All of these functions and outputs
are accessible through either an API (see the public open source Github repository:

https:/ / github.com/LBNL-ETA /Windows-CalcEngine ), or the WINDOW Graphic User Interface.

Algorithms for the thermal and solar-optical performance of glazing systems consider the glazing system as
an 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 with additional
characteristics, such as air flow around or through them. Glazing gaps may be filled with pure gasses, gas
mixtures or be evacuated (i.e., various levels of vacuum). Deflection of glazing gaps is also calculated as well
as the effects of deflection on thermal performance.

Optical properties are calculated for both specular glazing layers and for scattering glazing and shading
layers. Broad band optical properties, such as Tsol, Tvis, etc. are calculated from basic material spectral-
optical data and the application of source spectra. Source spectra is supplied through standard file. Multi-
layer optical calculations are performed spectrally and broad band results are calculated by the post-spectral
integration.

Algorithms for calculating whole fenestration product thermal and solar-optical performance (U, VT, SHGC)
are also included. Because a whole fenestration product is three dimensional, its indices of performance are
calculated as area-weighted averages of one dimensional center of glazing performance numbers and two
dimensional frame and edge of glazing performance numbers. These two dimensional calculations are done
in the LBNL THERM software tool.
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2. WHOLE FENESTRATION PRODUCT PERFORMANCE

2.1. Window U-value

The total U-value for the window is the area-weighted average of the component U-values:

Z(UFi Ay +ZUEi,j 'AEi,j)"'Z(ch “Aci+tUpi Ay U A )
Uror = i j j [2-1]

Aror

For single or planar combination windows, Aror is the total window area. Aror is the product of the user
input dimensions of the height and width of the window. For nonplanar combination windows, Aror is the
projected area input by the user.

Figure 2.1 shows the different areas (also known as components) of the fenestration product.

F
FlE c E|F
E
[ | - [ |
E E
E v peE[ |DE C E
DE DE
F D F
DE DE
E C DE| |pE C E
E E
F
LEGEND

C Center-of-glazing

E Edge-of-glazing

F Frame

D Divider

DE  Edge-of-dwider
Center-of-glazing, edge-of-glazing. divider, edge-of-divider and frame areas for a typical
fenestration product. Edge-of-glazing and edge-of-divider areas are 63.5 mm (2.5 in.) wide.
The sum of these component areas equals the total projected fenestration product area.

Figure 2-1. Schematic for whole product area-weighting

WINDOW Technical Documentation April 2018 2-1



2.2. Window Solar Heat Gain Coefficient 2. WHOLE FENESTRATION PRODUCT PERFORMANCE

2.2. Window Solar Heat Gain Coefficient

The total Solar Heat Gain Coefficient is determined by an area weighted average of contributions from the
transparent and the opaque elements in the window. The entire vision area is multiplied by the center-of-
glass Solar Heat Gain Coefficient. Determination of the SHGC of opaque window components and the total
SHGC is also discussed in this section.

2.2.1. Solar Heat Gain Coefficient of Opaque Window Components

In its most general form, the Solar Heat Gain Coefficient, SHGC, is a function of the solar transmittance, the
solar absorptance(s) and the inward flowing fraction of thermal energy. The SHGC is calculated for each
component of the window separately (components are shown in Figure 2-1 and takes the general form:

SHGC =T + A**.N [2-2]

Where TSOL is the solar transmittance, ASOL is the solar absorptance and N is the inward flowing fraction. For
the opaque components of the window, such as frame elements and dividers, Tsor = 0 and Equation [2-2]
reduces to the product of the solar absorptance and the inward flowing fraction. The inward flowing fraction
for the opaque components, Nopg, is the U-Value of the component, Uopq, divided by the external convective
film coefficient, heout:

soL

SOL 0
SHGCyp, = Ay Ny =—"—2 [2-3]

c,out

where Ugpq is the area weighted average of the U-values of the opaque elements of the window:

“ Z siOL'UFi'AFi+Z SOjL'UDj'ADj
L_UO — i ]
pq pq ZAFi+ZADj
i j

Where Fi stands for components of the frame (i.e., sill, head, jamb, meeting rail) and Dj stands for divider
components.

[2-4]

The solar absorptances AEOL and AgOL , are found in the FRAME LIBRARY and the DIVIDER LIBRARY.

2.2.2. Total Solar Heat Gain Coefficient

All the transparent regions, center-of-glass, edge-of-glass, and divider edge, have the same SHGC. Once the
SHGC of the opaque elements is determined the total Solar Heat Gain Coefficient is calculated as the area
weighted average of the SHGC through the transparent and the opaque portions of the window:

Z(SHGCC,. - As; +SHGC,, ~ADJ.)+ZSHGCH A
SHGC,,; =- : [2-5]
AI'OT

Where, Visj stands for visible area of window glazing panes. This includes COG and EOG regions of glazing.

2.2.3. Window Visible Transmittance

The visible transmittance of the window is obtained by multiplying the center-of-glass transmittance by the
ratio of the vision area to the total area:
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2. WHOLE FENESTRATION PRODUCT PERFORMANCE 2.3. Combination Windows

ZTVISj ’ A\/ISj
i

Tys=——F" [2-6]

ATOT

2.3. Combination Windows

WINDOW program does not model combination windows, but they can be calculated in other tools, such as
Excel spreadsheet. The total properties of combination windows are calculated by multiplying the total
window properties of each window making up the combination by their respective areas. These weighted
properties are then summed and divided by the projected area of the combination window. The combination
window calculation allows the user to design nonplanar windows, such as greenhouse windows. In the case
of nonplanar windows the user inputs a value for the projected area of the total combination window. The
projected area is defined as the rough opening less the installation clearances. This area may be different than
the sum of the areas of the windows that make up the combination.
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3. CALCULATION OF WINDOW COMPONENT AREAS

WINDOW calculates five possible component areas: frame, divider, center-of-glass, edge-of-glass and
divider edge, as shown in the figure below. The calculation procedure for each of these components is
considered separately. The vision area is defined in this document, to include all other components of the
window except the frame.

Frame Center-of-glass Edge-of-glass

Dividers Divider edge

Figure 3-1. Window component areas

WINDOW allows the user to specify the properties of the individual components that make up a total frame.
The user selected operator type (such as fixed, vertical slider, horizontal slider) determines which
components (head, jamb, sill and meeting rail) are required to define a window. The following sections
describe calculations for windows with one and two glazing systems. WINDOW calculates the frame areas
based on mitered corners, as they are shown in the figures below.
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3.1. Calculation of Vision Area 3. CALCULATION OF WINDOW COMPONENT AREAS

3.1. Calculation of Vision Area

The vision area includes all the components of the window except for the frame elements. The dimensions of
the vision area are determined by subtracting the Projected Frame Dimensions, W;, from the total window
dimensions. The vision area, Ayisj, is defined for the jth glazing systems in the window:

A/IS,j :Vj 'Hj [3-1]

Where V; is the vertical dimension and H; is the horizontal dimension of the vision area of the jth glazing
system. For a window with one glazing system (Figure 3-2), j = 1. The vertical and horizontal dimensions of
the vision area, Vi1 and Hj, are defined:

V, =V, —W, —W, [3-2]
H, =H. o —W, W, [3-3]

For a horizontal slider type window (Figure 3-3), j =1 and 2. The horizontal dimensions of the vision area, H:
and Hp, are specified by the user on the main screen and the vertical dimensions are defined:

V, =V, —W, —W, [3-4]
V, =V, ~W, —W, [3-5]

The dimensions of the vision areas of a vertical slider type window are analogous to those of a horizontal
slider type window with the horizontal and vertical orientations exchanged.
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3. CALCULATION OF WINDOW COMPONENT AREAS 3.2. Windows with One Glazing System

3.2. Windows with One Glazing System

The frame elements of windows with one glazing system are trapezoidal. Equations [3-6] - [3-9] are used to
calculate the areas of frame elements in a window with only one glazing system.

AF, =W, - (H, +0.5- (W, +W,)) [3-6]
AF, =W, - (V, + 0.5- (W, +W,)) [3-7]
AF, =W, - (H, +0.5- (W, +W,)) [3.8]
AF, =W, - (V, +0.5- (W, +W,)) [3-9]

Wi
—
Vi Vot
W
Y
W, |« W ~—
4 . e
Hror

Figure 3-2. Schematic of a window with one glazing system
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3.3. Windows with Two Glazing Systems 3. CALCULATION OF WINDOW COMPONENT AREAS

3.3. Windows with Two Glazing Systems

Windows with two glazing systems have the added complication of a mullion or meeting rail. The meeting
rail is artificially divided in half for calculation purposes. The left half is associated with Glazing System 1
and the right half is associated with Glazing System 2. The meeting rail in a Vertical Slider is treated in an
analogous manner. Equations [3-10] - [3-16] are used to calculate the areas of the various frame elements
found in windows with two glazing systems.

AR =W, -(V,+0.5- (W, +W,)) [3-10]
AF, =W, - (H, +0.5- (W, +W,)) [3-11]
AF, =05-W,-(V, +V,) [3-12]
AF, =W, - (H, +0.5- (W, +W,)) [3-13]
AR, =W, - (H, +0.5- (W, +W,)) [3-14]
AF, =W, - (V, +0.5- (W, +W,)) [3-15]
AF, =W, - (H, +0.5- (W, +W,)) [3-16]

Vror

Figure 3-3. Schematic of window types with two glazing systems
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3. CALCULATION OF WINDOW COMPONENT AREAS 3.4. Calculation of Divider Area

3.4. Calculation of Divider Area

A typical window with a system of dividers is shown below. The Projected Divider Dimension, Wypj, is the
same for all dividers in a glazing system. The total divider area is the sum of the horizontal divider area plus
the vertical divider area, minus the area of overlap. The divider area for the jth glazing system is the product

of the divider width, Wp; the dimension of the vision area; and the number of dividers, N.

2
Ay =Wy, - H Ny +Wy, -V, - Ny W2 N, N, [3-17]
Vi
Yy
! H. !
]
Figure 3-4. In this example, N, the number of horizontal dividers, equals 1,
and Ny, the number of vertical dividers, equals 2
WINDOW Technical Documentation April 2018 3-5



3.5. Calculation of Edge-of-Glass Area 3. CALCULATION OF WINDOW COMPONENT AREAS

3.5. Calculation of Edge-of-Glass Area

The edge-of-glass is the region of two-dimensional heat transfer, as opposed to the one-dimensional heat
transfer in the center-of-glass region. The edge-of-glass extends from the frame sightline and has a width, WEg,
of 63.55 mm. The thermal behavior of the edge region is strongly affected by the spacer and frame
construction. A separate edge area and edge-of-glass U-value is calculated for each frame element. Equations
[3-18] and [3-19] are used to calculate the edge areas, Ag;ij, adjacent to ith frame element for the jth glazing
system.

For horizontal frame elements:

A j =W -(H; =W =N, -W,) [3-18]

For vertical frame elements:

A =We - (V; —We =N,y -Wy) [3-19]

Edge-of-glass

< >
H,

Figure 3-5. The edge-of-glass area
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3. CALCULATION OF WINDOW COMPONENT AREAS 3.6. Calculation of Divider Edge Area

3.6. Calculation of Divider Edge Area

The presence of dividers within an insulated glass unit can create a region of two-dimensional heat transfer in
the glass near the dividers. This region is referred to as the divider edge area. The width of the divider edge
(WpE) is the same as the width of the edge-of-glass, 63.55 mm. The divider edge area is shown in the figure
below. It extends a width of Wpg on either side of the divider, but does not extend into the area defined as the
edge-of-glass area. The divider edge area for the jth glazing system is calculated as follows:

ADEj =2-We '[NHj '(Hj —2:-We)+ NVj '(Vj —2-We)l

2 [3-20]
_NHj ’ NVj '(4'WDE +4'WE 'WDj)

Figure 3-6. The divider edge area

3.7. Calculation of the Center-of-Glass Area

The center-of-glass area of the jth glazing system, is calculated by subtracting the total edge-of-glass area, the
divider area and the divider edge area for each glazing system from the vision area (see Equation [3-1]):

Abj:A\/ISj_ADj_ADEj_;AEi,j [3-21]

Where M is the number of different frame elements that make up the total frame.
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4. GLAZING LAYER DESCRIPTION

4.1. Layer

Layers, being constitutive part of glazing systems, are defined with a list of geometrical and thermo-physical
properties. The geometric properties are width (W), height (H) and thickness (t).

Figure 4-1. Geometry of a Layer

The geometry (shown in Figure 4-1), completely describes the specular planar layer (e.g., glass, suspended
film, etc.). On the other hand, a layer can represent a shading device, which has several additional
geometrical parameters (see Figure 4-2).
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4.1. Layer 4. GLAZING LAYER DESCRIPTION

Top opening
(Acop)

Right opening
(A)

Left opening

Center openings
(A)

(An)

Bottom opening
(As)

Figure 4-2. Geometry of a Generalized Shading Layer

The thermo-physical properties of a layer, which are important for the calculation of the 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

The 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 4-3, shows this energy balance:

4-2

April 2018 WINDOW Technical Documentation



4. GLAZING LAYER DESCRIPTION 4.2. Glazing Gaps

Absorbed Heat Flux

|

<«— Incoming Heat Flux

Transmitted Heat Flux<> <> Reflected Heat Flux

Figure 4-3. Energy Balance of a Single Monolithic Glazing Layer

Laminate type layers are represented by several solid layers in contact with each other (i.e., no gas in
between), as shown in Figure 4-4. Models for laminate type layers can be used to model typical laminated
glass, consisting of PVB interlayer(s) sandwiched between glass panes, or for the modeling of low-e coatings,
or other very thin layers deposited on glass. This model can also be used to simulate spandrel panels, where

several solid layers may be in direct contact.

Figure 4-4. Laminate Layer

4.2. Glazing Gaps

A glazing gap can contain pure gas or a gas mixture. A glazing gap may also be evacuated (i.e., vacuum). A
glazing system may have one or more glazing gaps. Figure 4-5, shows a single gap in a double-glazed system.
Figure 4-6, shows four glass layers separated by three glazing gaps.
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4.3. Shading Devices 4. GLAZING LAYER DESCRIPTION

Figure 4-5. Glazing Gap (Gas Fill) Between Two Layers
o  Gasses that are filled in glazing gaps have the following thermo-physical properties:
o Thermal conductivity [W/(m K)]
o Dynamic viscosity [g/(m )]
o Density [kg/m3]
o Specific heat [J /(g K)]

Figure 4-6. Glazing System Consisting of Specular Layers

4.3. Shading Devices

Shading devices are modeled similarly to solid glazing layers, with the exception that the model accounts for
potential airflow pathways, such as side gaps, top and bottom gaps, and air flow through the shading device
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4. GLAZING LAYER DESCRIPTION 4.3. Shading Devices

(porosity). Figure 4-7, shows a triple glazed system (three glass layers) and one shading layer, and Figure 4-8,
shows a room side shading layer.

Shading layer

Glazing layer ~=—

Figure 4-7. Glazing System Consisting of three Glazing Layers and one Shading Layer

)

Y

Figure 4-8. Shading Layer on Indoor (Room) Side

The current implementation of the thermal model for glazing systems allows for a large number of specular
layers (1000), but only one shading layer.

In glazing systems without shading layers, there is no cross-flow from one glazing gap to another or from a
glazing gap to the outdoor or indoor environment. However, when there is a shading layer present, gas can
flow between gaps or between the glazing gap and indoor and outdoor environment (see Figure 4-9). This is
referred to as a ventilated gap.
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4.3. Shading Devices

4. GLAZING LAYER DESCRIPTION

‘

7

N

Figure 4-9. Two Gaps Connected

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, such as a fan or wind.
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5. GLAZING SYSTEM THERMAL PERFORMANCE: ISO
15099

ISO 15099 is a detailed calculational standard, which is used in North America to predict the thermal and
optical performance of windows. In this document, the procedures for calculating center of glazing
performance are presented (i.e., areas of glazing where heat transfer can be assumed to be one-dimensional).
Separate documents are dedicated to 2-D and 3-D heat transfer for the edge of glazing and frame, and for
combining these various componnets into the overall window heat transfer and optical performance.

5.1. Glazing Systems Consisting of Monolithic Layers

The 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 a flat plate, natural convection in a rectangular enclosure, forced convection over a flat plate, etc.).

5.1.1. Definitions

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

Orientation of the glazing system: the outdoor (exterior) environment is always located on
the left, while the indoor (interior) side is always located on the right side of the glazing
system (see Figure 5-1)

Layer and gap numbering is done from left to right (see Figure 5-2)
Each layer has a front and back surface, labeled “f” and “b” (see Figure 5-3)
Glazing system properties also have a front and back side (see Figure 5-4)

EXTERIOR @ 0 0 INTERIOR
ENVIRONMENT ENVIRONMENT

Glazing System

Figure 5-1. Orientation of the Glazing System with Respect to Outdoor (Exterior) and Indoor (Interior) Environment
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5.1. Glazing Systems Consisting of Monolithic Layers 5. GLAZING SYSTEM THERMAL PERFORMANCE: ISO 15099

INTERIOR
ENVIRONMENT

2 3 N-1 N

Figure 5-2. Layer and Gap Numbering

Ti Ti+1

Layer
number i

Figure 5-3. Layer Number i

\]f'i |::> J i
<:| b

Taia Toi

Layer
number i

Figure 5-4. Temperatures and Energy Balance Notation
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5. GLAZING SYSTEM THERMAL PERFORMANCE: ISO 15099 5.1. Glazing Systems Consisting of Monolithic Layers

5.1.2. Heat transfer calculations

Figure 5-5 shows the glazing system, consisting of # 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, £¢ ; and &, ;, and the transmittance 7; .

vl

/ o]} Qi1 Qi Qis1 On
/
[ Trm,out
| i1 Jjia NTY Jjva Jin
|
R U | S |
\\ Gout b1 Jpi-1 Jbi Jpjit1

\

YT /L i i |

\ Neout /g i-1 i i+1

Figure 5-5. Numbering System, Boundary Conditions and Energy Balance for N-Layer Glazing System

5.1.2.1. Energy Balance

For each layer in the glazing system, shown in Figure 5-5, the energy balance is set up, and the values of four
variables are sought. These are the temperatures of the outdoor and indoor facing surfaces, Tgi and Tp ;, plus

the radiant heat fluxes leaving the front and back facing surfaces (i.e. the radiosities), It and Jp, ;. In terms of

these variables the heat flux across the ith gap (i.e. g:) is:

g = hc,i I.Tf,i _Tb,i—l] +Jd4 = Jdpia [5-1]
Similarly, the heat flux across (i+1) th gap is determined as:

Ot = Nl Teia = Toil+ I s — I [5-2]

Heat transfer through a solid layer:

Ky
g :t_"(Tb,i -T))
0 [5-3]

where,

kg'i = layer conductivity

t,; = layer thickness

The solution (i.e. temperatures at each glazing surface and corresponding radiant fluxes) is generated by
applying the following four equations at each layer:
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5.1. Glazing Systems Consisting of Monolithic Layers 5. GLAZING SYSTEM THERMAL PERFORMANCE: ISO 15099

qi = Si + qi+l [5_4]
Ju= gf,iO—sz,li + 7S50+ Pridbia [5-5]
Jpi = gb,io'ﬂ;,‘i +Tpia t Poid tin [5-6]
ty;
Tb,i _Tf,i = 2k’ [qu + Si]
9i [5-7]

Equation [5-4] describes an energy balance imposed at the surfaces of the ith glazing layer. Equations [5-5]
=1-c.. —1 =1l-c. -1

and [5-6] define the radiosities at the ith glazing, where Pii € G and Phi 1 i~ T , while the

temperature difference across the ith glazing layer is given by equation [5-7].

In all, 4n (n - number of glazing layers) equations can be written for the glazing system.

These equations needs to be solved for front and back radiosities (Jf,i and Jb,i) and front and back
temperatures (Tf,i and Tb,i). Unknown variables for ith layer within the glazing system can be presented in
vector form:

T,
To,
i
N
b,i [5-8]

While equations [5-4] to [5-7] are valid for a layer in between, they need slight modifications for layers next to
exterior and interior environments.

Outdoor layer
ql = hc,out . (Tf 1 _Tout) +J fa + Gout

[5-9]
Ji1=61,0 T +7,,- 3¢, + P11 Gy [5-10]
Jo1 =810 To1 T 71 Gy + Po1 1 [5-11]
Indoor layer
Onis = Nein (T = To.n) + Gl =y [5-12]
Jin=6n 0T +70 Gt pr 0 Jons [5-13]

_ 4
‘]b,n - gb,n . G'Tb,n + Tf n’ Jb,n—l + pb,n ’ G

in

The equations contain terms in temperature (T, ;, T, ;) and black emissive power ( E,; ; = UTf4‘i By = GTb‘}i

) 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 the fourth power of temperature in
radiation terms and 1/3 and 1/4t% power of temperature in natural convection terms and therefore needs to

be solved iteratively), These equations are linearized by splitting the above terms into two parts O'Tf3,i and
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5. GLAZING SYSTEM THERMAL PERFORMANCE: ISO 15099 5.1. Glazing Systems Consisting of Monolithic Layers

T ;. The first term is carried from the previous iteration, while the second term is the current iteration

unknown, thus linearizing equations. This process produces accurate results only if the unknown variable
does not change significantly between the two final iterations. Therefore, it is necessary to define two new
quantities:

convection heat transfer coefficient based on emissive power

ﬁ -h Tf,i _Tb,i—l
i~ ki
Ebf,i - Ebb,i—l [5-14]
conduction heat transfer coefficient based on emissive power
ﬁgl _ kgl,i Tb,i _Tf,i
=52
tgl,i Ebb,i - Ebf,i [5-15]

The application of black emissive power terms (i.e. Ey;; and Ep,i) and heat transfer coefficients based on the

emissive power (i.e. h. and higl ) gives the following relations for heat fluxes across gas spaces:

4 = ﬁi [Eui —Eopiad + 34 = Jbis [>-16]
Qi = ﬁ,i+l[Ebf,i+l - Ebb,i I+ fi+l ‘]b,i [5-17]
The basic energy balance equations [5-4] - [5-7] are transformed into the following system:

0 =S +0, [5-18]
Ji=¢nby; + 0+ pudbia [5-19]
Joi = &L + Tidpis + Poid i [5-20]
I:‘igl [Ebb,i - Ebf,i] = 0-5Si + Fli+1[Ebf,i+1 - Ebb,i] +J fiel ‘]b,i [5-21]

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

Calculation of initial glazing layer temperatures

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

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

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 5.1.2.4.
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5.1. Glazing Systems Consisting of Monolithic Layers 5. GLAZING SYSTEM THERMAL PERFORMANCE: ISO 15099

5.1.2.2. Initial Temperature Distribution

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

T —
+ Xi in out [ 5 _22]
gs

T=T

out

Where:

X; = distance between ith glazing layer and outdoor environment

t . = thickness of whole glazing system

5.1.2.3. Boundary Conditions

5.1.2.3.1. Outdoor Heat Transfer Coefficients

Outdoor radiation heat transfer coefficient ( hr’Out ) is calculated using following two relations:

Trm out +Tf 1 ’
hr,out = 4O'<S‘f‘l T [5-23]
G .—-R
hy g = ———— [5-24]
Trm,out _Tf 1
where,

&y 1 = 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 is calculated using equation [5-23], but in the second and all later iterations (if

rout

necessary), equation [5-24] is used.
Outdoor convection heat transfer coefficient ( hc’out ) depends on the method for defining the outdoor

combined heat transfer coefficient (N, ).

If the value of hout , which incorporates the effects of both convective and radiative heat transfer, is

prescribed, the outdoor convection heat transfer coefficient is calculated as:

hc,out = hout - hr,out [5-25]
Otherwise, the calculation of hc,out is based on the known value for outdoor wind speed:
h; o =4+ 4W, [5-26]

Where:
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5. GLAZING SYSTEM THERMAL PERFORMANCE: ISO 15099 5.1. Glazing Systems Consisting of Monolithic Layers

W, = outdoor wind speed near glass surface,

Combined outdoor surface heat transfer coefficient (N, ) is:

h,. =h

out c,out

+h [5-27]

r,out

When the outdoor convection heat transfer coefficient ( h is determined, the corresponding outdoor heat

c,out )

transfer coefficient based on emissive power can defined as:

- Tu-T
ot =h, g = [5-28]
T Eyn -G
bf .1 out
Where:
Ey;1 = emissive power of the front surface of the first glazing layer
Ty = outdoor environment temperature, given as:
b — hC,OUtTOUt + hr,outTrm,out [5_29]
h, o +h

c,out r,out

5.1.2.3.2. Indoor Heat Transfer Coefficients

Indoor radiation heat transfer coefficient ( hr’in ) is calculated using different relations for the first and for all

other iterations. In the first iteration, the calculation is performed according to equation [5-30], while equation
[5-31] gives the relation used in all other iterations.

3

Toin tT
hr,in = 40—‘9b,n rmymz - [5-30]
G,—-R
hr,out = = 2L [5'31]
Trm,in _Tb,n
Where:
&, n = emissivity of the back surface of the nth glazing layer

T,, = temperature of the back surface of the nt glazing layer
R, = radiative flux leaving the back surface of the nt glazing layer

Indoor convection heat transfer coefficient (_ . ) can be determined in two ways, depending on the method

c,in
for the calculation of indoor combined heat transfer coefficient (h,, ).
When the value of h;, is prescribed, the indoor convection heat transfer coefficient is calculated as:

hc,in = hin - hr,in [5-32]

Otherwise, natural convection is assumed to be on the indoor side of fenestration system, and k., can be
determined as:
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h(:in:NuL
' H

[5-33]
Where:

N, = Nusselt number

Kk = thermal conductivity of air

H = height of the fenestration system

The Nusselt number is a function of the Rayleigh number, based on the height of the fenestration system, and
the 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:

Window inclined from 00 to 150 (0° < <15°)
N, =0.13Ra,,"’* [5-34]

Window inclined from 15° to 900 (15° <6 <90°)

(0720 U5
Ra. =2.5-10 ; @ indegrees 5-35
% (siné?] . (391
N, =0.56-(Ra, sin0)”* ; Ra,, <Ra, [5-36]
N, =0.13-(Ra,"* —Ra."®) +0.56 - (Ra. sin )"* ; Ra,, > Ra [5-37]

Window inclined from 90 to 179 (90° < 8 <179°)
N, =0.56-(Ra,, sind)"* ; 10° <Ra,, sin & <10" [5-38]
Window inclined from 179° to 180° (179° <6 <180°)

N, =0.58Ra,"”* ; Ra,, <10" [5-39]
Where:

Ra,, =Rayleigh number based on the height of the fenestration system, defined as:

_ szgng (Tin _Tb,n)
T K

mi

Ra,, [5-40]

Air properties (i.e. density, specific heat, viscosity and thermal conductivity) are evaluated at the mean film
temperature:

1
Tmf = Tin + Z(Tb,n _Tin ) [5-41]

Indoor combined surface heat transfer coefficient is determined as:

hin = hc,in + hr,in [5'42]
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5. GLAZING SYSTEM THERMAL PERFORMANCE: ISO 15099 5.1. Glazing Systems Consisting of Monolithic Layers

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

hfilr;t =h., Tuon ~ T [5-43]
"G — Ebb,n
Where:
Euw,» = emissive power of the back surface of the nt glazing layer
Troom = indoor environment temperature, given as:
T, = heinTin + e in Tomiin [5-44]
e+
5.1.2.3.3. Glazing Cavity Heat Transfer
The glazing cavity convective heat transfer coefficient is determined using following relation:
k .
hei =Ny, f [5-45]

N, ; = Nusselt number
kg,i = thermal conductivity of the fill gas in the cavity

d o.i = thickness of the glazing cavity

The 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.

“

and “g” subscripts for convenience):

“ucy
1

The Rayleigh number can be expressed as (omitting the

_ pid Sgcp (T i —Toia)

Ra
T, 1k

[5-46]

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

T+ Thia
ot T e [5-47]
2
The aspect ratio of the glazing cavity is:
H
Ai=— [5-48]
) d )
g,
Where:
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H = distance between the top and bottom of glazing cavity, usually the same as the height of the
window view area

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

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

N,, =1+ 1.44(1— 1708 J[l— 1708sin""(1.8- 9)} + [( Ra Cos‘gjm —1],!?a <10°andA,, 20 [

R, cosé R, cosé 5830
. X+[X]

(X) = [5-50]

Windows inclined at 60 (6 = 60°)

Nu,i =(Nu1’ NUZ)max [5-51]

0.0936R Y |

Nul = 1+(1—C;a] [5-52]

+
N,, = (o.104+ %J R, %% [5-53]
G= 2 [5-54]

2067701
1+ R,
{ (316 j :|

Windows inclined from 60° to 90° (60° <8 <90°)

In this case, the Nusselt number is calculated using straight-line interpolation between the results of
equations [5-51] and [5-55]. These equations are valid in the ranges of 10° <R, <2:10"and 5< A,; <100.

Windows inclined at 90 (6 =90°)

Nu,i =(Nul’ Nu2)max [5-55]
where,
N,, =0.0673838R,"* ; 5-10° <R, [5-56]
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N,, =0.028154R *** : 10* <R, <5-10° [5-57]
N,, =1+1.7596678-10 R > - R <10 [5-58]
0.272
R
N,, = 0.242-( a ] [5-59]

Windows inclined from 90° to 1800 (90° < 6 <180°)

N,; =1+(N,, —1)sino [5-60]

Where:

N, =Nusselt number for a vertical cavity, given by equation [5-55]

When the convective heat transfer coefficient is found, the corresponding coefficient based on emissive power
can be calculated, as described in equation [5-61]:

T - T
Ny = Ny =———— [5-61]

hat,i (o]
Ebf i Ebb,i—l
Where:

Ep.i1r By i = emissive powers of glazing surfaces surrounding the glazing cavity

5.1.2.3.4. 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 the following procedure:
Density

_ PM mix
RT

m

[5-62]

p

where,

P = normal pressure (101325 Pa)

M, = molecular mass of the gas mixture, given in equation [5-63]

R = universal gas constant (8314.41 J/kmol)

T,, = mean gas mixture temperature, defined as per [5-47]
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Molecular Mass

M i = Z X M, [5-63]

i=1

where,

X; =mole fraction of the i" gas component in a mixture of v gases
Specific Heat

o
mix
Cpmix == [5-64]
Mmix
Where
Cmix = XiCp,i [5-65]

N

i=
and, the molar specific heat of the i" gas is:
Cpi =CoiM, [5-66]

Dynamic Viscosity

0

Hix = Z & [5-67]

i=1 v X
u i

14+ 9",
X

J#i
Where:

Al
1+ "y M,/
H; M,

9" = - 7 [5-68]
22 1+('\V J
Mi

Thermal Conductivity

}“mix = ,ix +irlr,1ix [5-69]

Where:
A" = monatomic thermal conductivity

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

5-12 April 2018 WINDOW Technical Documentation



5. GLAZING SYSTEM THERMAL PERFORMANCE: ISO 15099

5.1. Glazing Systems Consisting of Monolithic Layers

v i_'
A= Z i [5-70]
i=1 » X
14>y, =
=K
j#i
2 ” % ?
1 (li, Jy M,
+ L ~ n n n n
j M (M, =M, )(M,-0,142M, )
v, = (142,41 N [5-71]
A 2 M M -
22 [1+£Mi - j ! J)
j
=3 % [5-72]
i=1 v X
1+ 04—
=1 i
J#i
where the expression for ¢i’ j is given as:
2 ~ % ?
(Y
+ , N
y M,
= —— [5-73]
e
M i
To find A, iy, it is necessary to:
calculate A/
, 16 R
N===pu [5-74]
4 M,
calculate A"
A=K [5-75]
i - conductivity of the it fill gas component
use A/ tocalculate A
use A tocalculate A7
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determine A, as per equation [5-69]

5.1.2.3.5. 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:

Tb,o = Tout [5-76]
Tf,n+1 = Tin [5-77]
Where:

Tout = outdoor air temperature
n

T

in = indoor air temperature

Long Wave Irradiance
Outdoor irradiance is set as:

‘]b,O = Gout = O_Trﬁw,out [5'78]
where,

Trm’ out = outdoor mean radiant temperature, calculated as:

4 U4
T _ [ng + (1_ fclr) I:sky]o:rout + fclr Fsky‘]sky [5-79]
rm,out o

f,, = fraction of the sky that is clear

J & = radiosity of the clear sky, defined as:

Jgy =5.31-10°T ), [5-80]

Fy, = view factor from the outdoor surfaces of the fenestration system to the sky, defined as:

1+coso
Foy = 5 [5-81]

0 = glazing system tilt angle measured from horizontal

ng = view factor from the outdoor surfaces of the fenestration system to the ground, defined as:

ng =1- I:sky [5-82]

Indoor irradiance is:
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4

‘] fn+1 = Gin =0 rm,in [5'83]

where,

T

rmin = indoor mean radiant temperature

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

G, =0T, [5-84]

Convection
Convection at the outdoor and indoor glazing surfaces is defined as:

hc,l = hc,out [5-85]
hc,n+1 = hc,in [5-86]
where,

h = outdoor convective heat transfer coefficient

c,out

h. ;, = indoor convective heat transfer coefficient

5.1.2.4. Solution of the System of Non-Linear Equations

The system of basic energy balance equations for each glazing layer, expressed in terms of black emissive
power in equations [5-18] - [5-21], is solved as follows.

Using equations [5-16] - [5-21], which describe heat fluxes across gas spaces and glass layers, as well as
boundary conditions in Section 5.1.2.3., the following system of non-linear equations is obtained:

N h*E,, L ﬁyz Eppr+Jos—J2— ﬁyz Ey,=5+G, + h'G,, [5-87]
—Jutenky +1J =—puGoy [5-88]
ey 1 —Jp1 + Poid 10 = TGy [5-89]
h'E, . +(h¢ +h,)Ep, + 3y, — 3, , —N,E, , =0.55, [5-90]

_ﬁ,i Ebb,i—l - ‘Jb,i—l +J fit ﬁ,i Ebf it ﬁ Ebb,i + ‘]b,i -J flivl ﬁi+1Ebf i Si [5-91]

i+1

Pridpia—J i teby i T4 =0 [5-92]
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Tidpiaa t&ibn; —Joi + Poid 10 =0 [5-93]
ﬁigl Ey it (ﬁigI + ﬁi+1)Ebb,i + ‘Jb,i —J; A ﬁi+1Ebf i+l = 0.55; [5-94]
N Ep s —Jdons+ I+ NEy, +N"Ey  +3, =S, +G, +h"G, [5-95]
Pindona —Ltn T €inbs n = —1.Gi [5-96]
Todbna T €nEobn = Jon = —PonCin [5-97]
hoE, , +(h¢ +h™E,, +J,,=05S, +G, +h"G, [5-98]

The equations [5-87] - [5-98] 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.

1 ™ h 1 0 0 0 0 0 0 0 0
1 g, O 0 0 0 0 0 0 0 0
0 0 g, -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
(A= 0 0 0 0 -1 g, 0 0 0 0 0 0
0 O 0 0 0 0 &, -1 0 0 0 0
0 0 0 0 0 -h* R'+h, 1 0 0 0 0
0 0 0 O 0 O 0 0 1 h hm 1
0 0 0 0 0 0 0 0 -1 &, 0
0 0 0 0 0 0 0 0 0 0 g, -1
0 0 0 o0 0 0 0 0 0 -h¥ h¥4+h" 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 the outdoor and indoor environment that irradiates the glazing system surfaces, as well as
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portions of the outdoor and indoor radiative energy that are reflected from 15t and n* layer and transmitted
through them.

i ‘] fl ] [ S1 + Gout + I:iOUtGout |
Ebf 1 —Ps ,1Gout
Ebb,l —7,Gy
bel 0.5S,
‘]f i i
S 0

[(X]=| = [B]=

Ebb,i 0
Jo. 0.5S,
Jin S,+G,, +h"G,,
Epr -7,G;,
Ebb,n _pb,nGin

| Jon | 105S,+G,, +h"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. Ey;i and Ey,) are found and new sets of temperatures can be
determined as:

E . 1/4 E . 1/4
Tf,i :[ﬂ] and Tb,i :(ﬂ) [5_99]

(o} o)

o =5.6697-10° ZLK“ — Stefan - Boltzmann’s constant

5.1.2.5. 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 the corresponding member of the old set within the
prescribed tolerance (default is 10-8 K), the new set is used to replace the old set and the solution algorithm
proceeds to the second step (i.e. calculation of heat transfer coefficients).
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5.1.3. Calculation of U-factor

The calculation of U - factor is based on heat flux through the glazing system for the specified environmental
conditions, which is determined as per section 5.1.2, but without incident solar radiation (i.e. I; = 0). It means
that the fluxes of absorbed solar radiation in each glazing layer, are set to zero in the corresponding energy
balance equations (i.e. S; = 0).

U-factor is determined as the reciprocal of the total glazing system thermal resistance - Rior.
1

U=—
Rt

[5-100]

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:

Rtot = Rout + z Rgl,i + Z Rgap,i + Rin [5_101]
i=1 i=1

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

Rout = i [5-102]
hc,out (Tf 1 _Tout) +J f1 G

out

The thermal resistance of the glazing layer - Ry ; is:

R, =2 [5-103]

The thermal resistance of the glazing cavity - Reqp,i, is given as:

R _ Tf,i _Tb,i—l
gapi = [5-104]
h, (e =Toi) + i —Jdpia

Finally, the thermal resistance on the indoor side of the glazing system - Ry, is:

T Ty

R room

" hc,in (Troom _Tb,n) + Gin - ‘Jb,n

[5-105]

5.1.4. Calculation of solar heat gain coefficient

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

5-18 April 2018 WINDOW Technical Documentation



5. GLAZING SYSTEM THERMAL PERFORMANCE: ISO 15099 5.2. Glazing Systems with Laminated Layers

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 the procedure
given in section 5.1.2

SHGC =T, + —q‘”"s‘f) S [5-106]

S
where,

T, = total solar transmittance of the glazing system (-)
Cin(1s0) = heat flux into the indoor environment without incident solar radiation (W/m?)
0;, = heat flux into the indoor environment with incident solar radiation (W/m?)

|, = incident solar radiation (W/m?)

5.2. 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 5.1. Laminated layers are
modeled as monolithic layers subdivided into the arbitrary number of slices that have no gap in-between
them. A system of linear equations, from which layer surface temperatures and radiant fluxes (i.e. radiosities)
are determined, is given here.

5.2.1. Energy balance equations for laminated layers

Sia Sij Sit1
@ ji=1,2, ..., k1k @
Q-1 Qi Qi+1
Jtj1 Jii Jt i1
Jb,i-l Qifa Qi k-2 Jb,i Jb,i+1
«|
dil2 B qikl_

i-1 ) i+1

Figure 5-6. Numbering System and Energy Balance for Laminated Glazing Layers in the Glazing System

In the case of a laminated layer, shown in Figure 5-6, the basic energy balance equations [5-4] - [5-7] are
modified by applying the following relations to the unexposed surfaces of the layer slices:

WINDOW Technical Documentation April 2018 5-19



5.2. Glazing Systems with Laminated Layers 5. GLAZING SYSTEM THERMAL PERFORMANCE: ISO 15099

Tb,ij :Tf,ij+1 [5-107]
‘Jb,ij = ‘Jf,ij+1 [5-108]
Where:

j=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
0 =Si;+0, [5-109]
Jy = gf,iO—sz,li + 7 i T Pridbia [5-110]
ts i
Tb,il _Tf,i e (2qi,1 + Si,l) [5-111]
2|(sl,il
SLICE 2
0y =Si,+0, [5-112]
Tiio =Ton [5-113]
ts i
Toio—Tiin= — (29,, +S;,) [5-114]
2K i
SLICE k-1
Qo= Si,k—l + i1 [5-115]
Tf,ik—l :Tb,ik—z [5-116]
~Lgaa
Ty —Trwa= (20, 5+ S 4) [5-117]
2K i1
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SLICE k

Qxa= Si,k +0, [5-118]

Tf,ik :Tb,ik—l [5-119]

Jpi = gb,io-z—;‘i +Tpia t Poid tin [5-120]
ts i

Tb,i -T; ik = ZKL (qu + Si,k) [5-121]

sl ik

From equations [5-109], [5-112], [5-115] and [5-118], 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
g = Zsi,j +0i [5>-122]
=1

At the same time, equations [5-111], [5-114], [5-117] and [5-121], which define the temperature difference
across the laminated layer slices (this is a variation of equation [5-7] for monolithic layers), in conjunction
with equations [5-113], [5-116] and [5-119], which define the 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 the 1st and 2nd slice of a laminated layer as an example, the temperature difference equation becomes:

ty
Toa—Tii= ZIS(I' - (20;, +S;,) [5-123]
sl,il
ts i
Toio—Trin= 2kL ’ (29,, +S;,) [5-124]
ol,i2

Since the temperature of adjacent surfaces of the 15t and 2nd slice is equal (i.e. Tyi1 = Tfi2), as per the
assumption given in equation [5-107], the following relation can be derived from equations [5-123] and
[5-124]:

t i ts i
Tb,iz _Tf i 2; - (zqi,l + Si,l) + # (Zqi,Z + Si,z) [5-125]
sl,il sl,i2

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

t, . t, . t, . t, .
Toi—Tii= 2:(“1 (29, +S;,)+ 2:(“2 (20, +S;,) +.. 2;&(2%,1«1 +Si0)+ 2;"( (20;,, +S;) [5-126]
shil ol,i2 ol k-1 shik

From equations [5-109], [5-112], [5-115] and [5-118] it is obvious that heat fluxes entering the back surface of
each slice (i.e. gi1, §i2, ..., Gik2, gik-1) can be expressed in terms of fluxes of solar energy absorbed in the
previous slices - S; 2, ..., Six1, Six (going toward outdoor environment), and heat flux entering the back surface
of laminated layer (i.e. gi+1):
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k
G,;= Z Si,p + i [5-127]

p=j+

After using relation [5-127] for fluxes g;1, gi2, ..., Gik2, gik-1 and some rearrangements, the equation [5-126]
becomes:

kKot k1t k Kt
Toi =T :Zism +Z P Z Si,p +qi+1z - [5-128]
=1 2ks|,ij =1 ksl,ij p=j+1 =1 ksl,ij
or,
T, —T;i =A+Ba, [5-129]

where the terms A and B are given as:

X tsl,ij 3 tsl,ij :
A=Z TS“ +> e > S, [5-130]

j= sl jij j=1 slij p=j+1

Kot
B= ZZQL [5-131]

j=1 “Rqpj

Using equations [5-122] and [5-129], the system of basic energy balance equations [5-4] - [5-7] can be
transformed into the following system for laminated layers:

0 = Zkllsi,j 0, [5-132]
=

Jii = gf’ian‘; + 7S i+ Pridbia [5-133]

Joi =&0i0T0 +Tidpia + poid i [5-134]

T, — Ty =A+Bqg., [5-135]

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

A= o S. [5-136]
2k !

gl,i
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B _ Joi [5-137]

As in the 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 the fourth power of temperature in the radiation
terms and 1/3 and 1/4% power of temperature in the natural convection terms and therefore needs to be
solved 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 the 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 in equation [5-138].

N

T.-T,.
h! L w7 [5-138]
B Ebb,i - Ebf,i

The expression for the convection heat transfer coefficient based on emissive power, given in equation [5-14]
remains the same here.

5.2.2. System of equations for glazing systems incorporating laminated layers

Using the method described at the beginning of section 5.1.2.1. along with relations [5-132] - [5-135] and
[5-138] for laminated layers, the following system of equations is obtained for the glazing system, which
incorporates laminated layers:

J, +hME, , +Nh,E,, +J,,—J,,—-h,E;, =S +G,, +h™G,, [5-139]

—Jgtenby +td, =—puGoy [5-140]

ey 1 —Jp1 + Poid 1o = TGy [5-141]

h'E, , +(h¢ +h,)Ep, + 3y, — 3, —h,E, , =0.55, [5-142]
n ~ n n k

hEyii—Jpiat i thE +h By +30i— 3 u—huByin= ,Z_l:S" J. [5-143]

Piidpia—J i Teby  + 1, =0 [5-144]
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Tin,i—l + gb,iEbb,i - Jb,i + pb,iJf,i+1 =0

ﬁ'lgl Ebf i + (ﬁilgI + ﬁi+1) Ebb,i + ‘]b,i -J flitl ﬁ A

B

i+1Ebf,i+1 =

A

_hn Ebb,n—l - ‘Jb,n—l +J f.n + hn Ebf n +h" Ebb,n + ‘]b,n = Sn +Gin + hInGin
pf,n']b,n—l - Jf,n + gf,nEbf n =T Gin

Tan,n—l + gb,nEbb,n _Jb,n = _pb,nGin

hoE, , +(h¢ +h™E,, +J,,=05S, +G, +h"G,

[5-145]

[5-146]

[5-147]

[5-148]

[5-149]

[5-150]

Similarly to the standard glazing systems, equations [5-139] - [5-150] are set in a matrix form [A] [X] = [B] for

the whole glazing system, consisting of laminated layers.

1 ™ h 1 0 0 0 0
1 ¢, O 0 0 0 0
0 0 g, -1 0 0 0 0
0 -h" h¥+h 1 0 O 0 0
0 0 0 0 1 h h, 1
(A= 0 0 0 0 -1 g, 0 0
0 0 0 0 0 0 &, -1
0 0 0 0 0 -h° h9+h. 1
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0

0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
0 0 0 0
1 h hi

-1 ¢, 0

0 0 &, -1
0 -h¥ h¥+h" 1|
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[3,,] | S, 4Gy, +h'G,,, |
Epr s —Pt G
Ebb,l _z-lGOUt
s 0.5S,
Ji Z Si

X]=| o 8] X

Ebb,i 0
J,. A/B
Jin S +G, +h"G,
Ebf,n -7,G,
Ebb,n _pb,nGin

L Jon | 1055, +G,, +h"G,, |

5.2.3. Determination of glazing surface temperatures

The matrix equation [A] [X] = [B] is solved in the same manner as in the previous case (i.e. glazing systems
consisting of monolithic layers), and sets of black emissive power (i.e. Ey;; and Ew,;) and radiant fluxes (i.e. [
and Jj,i) for exposed glazing surfaces are determined. Then, new sets of temperatures of exposed glazing
surfaces (i.e. Tr; and Ty;) are found, as described by equation [5-99], 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 the 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) is calculated using the following procedure:

Calculate the heat flux leaving the front facing surface of the laminated layer (i.e. g;) using equation [5-1].

Calculate the temperature of the back surface of the first slice (i.e. Ty;1) using the following relation, derived
from equations [5-109] and [5-111]:

t..
Tb,il:Tf,i+ L0 (29, -S;,) [5-151]

il
sl,il

Calculate, in sequential manner, the 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. [5-112], [5-115] and [5-118]), equations that define temperature difference across the
laminated layer slices (i.e. [5-114], [5-117] and [5-121]) and equations that define temperature at the adjacent
unexposed surfaces of the layer slices (i.e. [5-113], [5-116] and [5-119]).

5.2.4. Calculation of U-factor and SHGC for laminated layers

The 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).
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5.2. Glazing Systems with Laminated Layers 5. GLAZING SYSTEM THERMAL PERFORMANCE: ISO 15099

It is determined as the reciprocal of the total glazing system thermal resistance - R, and the Ry, is found by
summing the thermal resistance on the outdoor side of the glazing system, the 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, the thermal resistance of glazing cavities
and the thermal resistance on the glazing system indoor side are determined as per equations [5-102], [5-104]
and [5-105], respectively. The only difference from the previous case is reflected in the thermal resistance of
the laminated layer, which can be found by summing the individual thermal resistances of layer slices:

k .
ngl,i = z kSIYU [5-152]

Regarding the solar heat gain coefficient (SHGC), the calculation is performed in the same manner as for
glazing systems with monolithic layers using the equation [5-106].
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6. GLAZING SYSTEM THERMAL PERFORMANCE:
ISO/EN 10077

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).

6.1. Specular Glazing Layers (EN673/1S010292)

6.1.1. Definition of Outdoor and Indoor Heat Transfer Coefficients

The value of outdoor heat transfer coefficient (i.e. ;) 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 h.is
standardized to:

W
h, =23 [6-1]
‘ m*K
At the same time, the indoor heat transfer coefficient (i.e. ;) is defined by following equation:
h=h;+h; [6-2]

where,
h,; = radiation conductance
h.i = convection conductance

The radiation conductance of uncoated indoor glazing surfaces is set to 4.4 W/m?2K, while for the coated ones
it is given as:
_ 4A4g

hri
" 0.840

[6-3]

where,
&; = 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:
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6.2. Glazing Cavity Thermal Conductance 6. GLAZING SYSTEM THERMAL PERFORMANCE: ISO/EN 10077

[6-4]

6.2. 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. hgs,), while the
radiation conductance of glazing cavity (i.e. /i) determines the radiative component.

hs,i = hrs,i + hgs,i [6'5]

6.2.1. Gas Conductance

The gas conductance of the glazing cavity can be determined according to the following relation:

hgsi = Nu i £ [6'6]
) 1

where,
N,; = Nusselt number

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

1
si = width of the glazing cavity

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,-R)" [6-7]

where,
A = constant
G, = Grashof number
P, = Prandtl number
n = exponent
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:

e Glazing system inclined at 0o (8 =0°)
A=0.16 ; n=0.28 [6-8]

e Glazing system inclined at 45¢ (0 =45°)
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6. GLAZING SYSTEM THERMAL PERFORMANCE: ISO/EN 10077 6.2. Glazing Cavity Thermal Conductance

A=0.10 ; n=0.31 [6-9]

e Glazing system inclined at 90° (6 =90°)
A=0.035 ; n=0.38 [6-10]

The Grashof and Prandtl numbers can be expressed as:

3 2

G, = 9.81-s; A'I;i o (6-11]
Tm,i “H;

p =G [6-12]

where,

P, = density of the gas space

M; = dynamic viscosity of the gas space

ci = specific heat capacity of the gas space

T, = 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 [6-13]

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

F; = 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.
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6.3. Calculation of U—factor 6. GLAZING SYSTEM THERMAL PERFORMANCE: ISO/EN 10077

AT, == [6-14]

where,
N = number of glazing cavities (i.e. gas spaces)

1/h,,

21/ h,,
i=1

where,

1/hs; = glazing cavity thermal resistance from the previous iteration

N
Zl/ hs‘i = overall thermal resistance of glazing cavities
i=1

In the first iteration, AT, is calculated using equation [6-14], while in the second and all later iterations (if
necessary), the equation [6-15] is used.
6.2.2. 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
hrsi :4G(i+i_1] Tmi3 [6-16]
, e ¢, ,
where,
o =5.6697-10° - Stefan - Boltzmann's constant

m?K*
T, = mean temperature of the glazing cavity (gas space)

& and &, = emissivities of the surfaces bounding the glazing cavity

6.3. Calculation of U-factor

N

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

conductance (h;) of the glazing system is calculated as:
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6. GLAZING SYSTEM THERMAL PERFORMANCE: ISO/EN 10077 6.3. Calculation of U—factor

h = [6-17]

Z d jT; = 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:

U=| —+—+— [6-18]

where,
h. = outdoor heat transfer coefficient, defined as per section 6.1
h; = indoor heat transfer coefficient, defined as per section 6.1

h; = total glazing system thermal conductance
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7. GLAZING SYSTEM OPTICAL PERFORMANCE

Calculations of optical properties covers overall normal, angular, and hemispherical properties for a multiple
layer glazing system based on visible, solar, infrared and ultraviolet averaging. The calculation of the layer by
layer solar absorptance is also discussed as is the angular variation of the Solar Heat Gain Coefficient (SHGC).
The above mentioned properties are calculated for all glazing systems. These optical properties are the UV
Transmittance, the Damage Weighted UV Transmittance, and the Color Calculations. The color results are
based on calculations using both the transmittance and the front reflectance of the glazing system. These
calculations include the determination of the Purity, the Dominant Wavelength and the CIE L*, a*, b* values.

WINDOW uses a multi-band spectral model. In order to utilize the multi-band model, spectral data for the
glazing layer must be available. This spectral data includes values for the transmittance, and reflectance of the
front and back surfaces. The properties are recorded as direct normal values. The values for the infrared
transmittance and hemispherical emittance are either provided in the spectral data file or calculated by the
program. The solar, visible, and infrared optical properties are normalized weighted averages. Each of these
averages is based on a different weighting function and wavelength range. The averages are calculated using
a numerical integration. The method used to calculate the optical properties of single glazing layers is the
same as is used with glazing systems made up of multiple layers. The method for determining the overall
spectral transmittance and reflectances of multiple layer glazing systems is discussed in “Chapter 7.6.
Determination of overall glazing system properties”. For glazing systems with multiple layers, the optical
properties for the total glazing system are calculated at each wavelength, and these values are integrated to
obtain the various averages.

7.1. Calculation of average optical properties

The spectral average of property P of type ‘X’ is calculated according to:

Tq)x(/l)- P(1)-T,(2)-d2
p—a

X

§ [7-1]
[o,(2)T,(4)-d4

where P is the property to be averaged, @, is a weighting function representing the relative intensity of
source radiation for average type ‘x’ and I, is a weighting function representing the detector response for
average type ‘x’. The integration is carried out between the wavelengths a and b.

In practice, P, @, and I', are often measured or tabulated at discrete wavelengths, so that the expression

above must be evaluated numerically over a set of N discrete wavelengths 4, 4,...4 ;, 4y .

However, P, @, and I', may be measured or tabulated at different wavelengths, so there are two steps in
calculating the spectral average:

. Interpolate P, @, and I', onto a common wavelength set

. Evaluate the integrals numerically, calculate the average

There are several methods for performing each step, and the combination of methods chosen will influence
the final calculation.
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7.2. Summation/Integration methods 7. GLAZING SYSTEM OPTICAL PERFORMANCE

7.1.1. Integration onto common wavelength set

P, @, and I', may be measured or tabulated at different wavelengths, and must be reduced to a single

wavelength set in order to perform the summation. A common wavelength set is chosen, then P, @, and I',

are interpolated onto that wavelength set. There are three usual choices for the wavelength set:

. the set of wavelengths that the data (P) has been measured or tabulated at
. the set of wavelengths that the source (®, ) has been measured or tabulated at
. the “Complete Wavelength Set’ consisting of a sorted set of the wavelengths that has been

measured at combined with all the wavelengths that and have been measured or tabulated at
with duplicates removed.

Other choices for the wavelength set are possible.

The interpolation of each data set onto the common wavelength set is generally performed using linear
interpolation, but other methods may be chosen. In addition to the method of interpolation, the treatment of
the end-points of data sets can affect the calculation.

For the numerical integration to be accurate, it is important to preserve the spectral features of the source,
detector and measured data when they are interpolated onto the common wavelength set with the chosen
interpolation method. Using the data or source wavelength sets generally leads to small errors in the average
that depend on the spectral features of the spectra being interpolated. Using the CWS method ensures that
error due to interpolation does not depend on the spectral features of the interpolated spectra.

7.2. Summation/Integration methods

7.2.1. Limits of integration

The limits of the integration/summation are generally dictated by the lowest and highest wavelength in the
common wavelength set chosen, but can have other values. If they have other values, and particularly if they
do not coincide with wavelengths for which tabulated weighting function values are available, special
methods may be needed to incorporate the endpoints into the calculation.

7-2 April 2018 WINDOW Technical Documentation



7. GLAZING SYSTEM OPTICAL PERFORMANCE 7.2. Summation/Integration methods

7.2.2. Rectangular

Figure 7-1. Rectangular integration of a function f(A)

Approximates the integral (area under f )by a sum of the area of N -1 rectangles of width A4, , height
F(4).

Assumption: that the function is well represented in the interval A/, by its value at the start of the interval.

A=A =4 [7-2]

in this case the function is integrated between the first and last wavelengths in the common wavelength set,

a= ﬂl and b= ﬂ,N .
N-1
jb F(A).dA~ Y f(4)A4 [7-3]
i=1
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7.2. Summation/Integration methods 7. GLAZING SYSTEM OPTICAL PERFORMANCE

7.2.3. Rectangular centroid

Figqure 7-2. Rectangular centroid integration of a function f(})

Approximates the integral (area under f )by a sum of the area of N rectangles of width A4, height f(A,)

Assumption: that the function is well represented in the interval A4 by its value at the center of the interval

AL = /lH—l — /ll—l
' 2

in thiscase AL =4, -4, A4y =4y — Ay

The function is not integrated between the first and last points in the common wavelength set, but between

a=A4—-%AAand b=4, — % AL,
[ bf(}t).dﬂ,zZN:f(/ll)Aﬂ,, [7-5]

a i1

[7-4]
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7. GLAZING SYSTEM OPTICAL PERFORMANCE 7.2. Summation/Integration methods

7.2.4. Trapezoidal

\\

Figure 7-3. Trapezoidal integration of a function f(A)
Also Trapezium. Approximates the integral (area under f )by a sum of the area of N-1 trapezoids.

Assumption: that the function is accurately represented by a linear variation between tabulated points.

N-1
j" f(A)da=Y f(ﬂ");f (A1) AL [7-6]

i=1

where AL =4, — 4.

The function is integrated between the first and last points in the common wavelength set, @ = 4, b= A,

7.2.5. ‘Extended’ trapezoidal methods

There are two alternative methods described in the literature for dealing with cases where the specified limits
of integration lie outside the range of tabulated wavelengths -- they add “end pieces’ to the main sum in
order to approximate the contribution of the function beyond the tabulated data. Generally these forms
should only be used where the limits of integration extend significantly beyond the range of data available:

FA).dA~ [ FA).dA+[ FA).da+[T(2).d2 [7-7]
k J J I

The tabulated data extends from a to b, where @ = 4, b = 4, and the integral between a and b is evaluated
according to the trapezoidal rule above.

The contribution to the integral of the function above and below the ends of the tabulated wavelengths is
approximated by adding two small ‘end pieces’.
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7.2. Summation/Integration methods 7. GLAZING SYSTEM OPTICAL PERFORMANCE

7.2.5.1. Trapezoidal ‘A’

Figure 7-4. Trapezoidal ‘A’ integration of a function f(}) that extends outside the limits a - b
The end pieces are:

a 1 0 1
[[t(das 5 T4~ 4] and [T(n.da~ > T = Al
Making the complete integral:

J; fd2=2 FlA- 2]+
N-1 [7.8]
%Z[f (21)4_ f (/1'*1)][1”1 _ﬂ"]—f_% f (ﬂ’N )[/1N—1 _/1N]

7.2.5.2. Trapezoidal ‘B’

A
HUCAERTEN WA Vs i

Figure 7-5. Trapezoidal ‘B’ integration of a function f(}) that extends outside the limitsa - b

7-6 April 2018 WINDOW Technical Documentation



7. GLAZING SYSTEM OPTICAL PERFORMANCE 7.3. Tabulated source and detector weighting functions

The end pieces are:

a 1 0 1
[ (002 = 301 )+ () = 2] and [} £ (D2 = 21 () + F I ~ ]
Making the complete integral:

w 1
f(A)di=—[f f -
Jy {2~ [F(2) + F (2~ A+ 791

ST+ s = AT 5T () TR~ 4]

7.3. Tabulated source and detector weighting functions

7.3.1. Un-normalized tables

Un-normalized tables contain the value of the spectral weighting function at a number of wavelengths. The
wavelength set for the table is often chosen to preserve features of the spectral weighting function.

7.3.2. Pre-weighted tables

Pre-weighted tables contain the pre-calculated product of one or both of the spectral weighting functions and
the wavelength interval for a set of wavelength:s:

S,(4) =@, (4)A4 [7-10]

S, (4) =@, (AT (4)A4 [7-11]

These tables are designed to be used by first interpolating the measured data onto the table wavelengths, then
taking the sum of the product of the measured data and the weighting function for each wavelength in the
table. The sum is then divided by a normalization constant, which is generally taken to be equivalent to the
sum of the weighting function values in the table, but may have another value, K:

35, (4)P()

P =i [7-12]
DS, (4)
i=1
or
1 N
P = RZSX (4)P(4) [7-13]
i=1

If the normalized table is presented for the first time, a detailed account of its derivation from a standard un-
normalized table should be provided. This should include at least the convention for determining the
wavelength interval, the method of interpolation used if the wavelength set is different from the un-
normalized table on which it is based, and the value of any normalization constant. It should be sufficient to
re-derive the table values from their original source.
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7.4. Analytic source and detector weighting functions 7. GLAZING SYSTEM OPTICAL PERFORMANCE

7.3.3. Select ordinates tables

Selected ordinates tables are derived by selecting M wavelength intervals such that exactly 1/M of the total
area under the spectral weighting function is found in each wavelength interval. This allows the weighting
function to be factored out of the sum, so that the summation is only performed on the measured values.

These tables, which consist only of wavelengths, are designed to be used by first interpolating the measured
data onto the table wavelengths, then taking the sum of the measured data values at the selected ordinates
wavelengths. Finally the sum is divided by the number of wavelengths in the table, M.

M
P, ziz P(4) [7-14]
M =

7.4. Analytic source and detector weighting functions

There are some special source and detector spectral weighting functions which have analytic forms. Two
common examples of these are the Planck blackbody spectral radiant intensity and the Krochmann UV
relative damage function. Assuming they do not have singularities in the region of interest, analytic
functions can be evaluated on any wavelength set, but care must be taken to ensure that the function can be
treated accurately by the selected interpolation and numerical integration method using the wavelength set
chosen.

7.5. Specifying a spectral averaging method

Incomplete or ambiguous specifications of spectral averaging methods leave room for the subjective
interpretation of a given method when it is implemented by different people. This leads to different
‘interpretations’ yielding different calculated averages which may claim to be based on the same original
specification. To ensure that a written description of a spectral averaging method contains all the information
needed to exactly duplicate the method described, it should include:

1. the source of the common wavelength set
2. the limits of integration

3. how the endpoints of data sets that do not coincide with the limits of the common wavelength set are
treated during interpolation

4. the method of interpolation

5. the method of numerical integration, including any special treatment of regions outside the range of
tabulated wavelengths.

6. the source and detector spectra, including the derivation of any tabulated data and the meaning of
the wavelength interval used in any tabulated data.

7.6. Determination of overall glazing system properties

The basic overall properties, transmittance, reflectance and absorptance, calculated for a glazing system are
shown in following figure:
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7. GLAZING SYSTEM OPTICAL PERFORMANCE 7.6. Determination of overall glazing system properties

1 2 N

Figure 7-6: Schematic of transmission, reflection, and absorption of solar radiation within a multiple layer glazing system.

WINDOW calculates optical properties of total glazing systems in one of three ways depending on the
availability of spectral data. A single band model is used if none of the glazing layers included in the glazing
system have attached spectral data files. A multi-band model is used if all of the glazing layers included in
the glazing system have attached spectral files. If some of the glazing layers have spectral data files and some
do not then the program uses a combination of the multi-band and the single band models. In the
combination model the program creates a pseudo-spectral data file for layers without spectral data files by
assigning the average value of a property to every wavelength in the spectrum; a multi-band model on the
entire assembly is then used.

7.6.1. Overall transmittance and reflectance

The overall transmittance and reflectances of the glazing system are determined using iterative equations
which take into account the multiple internal reflections within the glazing system. The equations are written
with a spectral dependency but are equally valid for single band models.

Ti,j—l(ﬁ’)'Tj,j(ﬂ’)

T (1) = -1
11(4) R.()R (D) [7-15]
T2 . (2)-R': ()
R .(1)=R" . (1 L] L.J .16
|,]( ) I,]—l( )+1—ijyj(ﬂ)'R?_lyi(/I) [7 ]
T2 (A)-R ()
RY(2) = RY 4 (A) + [7-17]

1- ij,j (/1) : Rjt')—l,i (/1)

When the subscripts are equal the property referred to is the property of the single glazing layer. The iterative
procedure is carried out until the transmittance and reflectances of the entire glazing system has been
determined. This is equivalent to the case where i =1 and j = N, where N is the number of glazing layers in
the glazing system. Once the overall transmittance and reflectances have been calculated the angular
dependence and hemispherical values of the properties can be determined. Finally the solar and visible
averages can be performed as for a single glazing layer.

7.6.2. Calculation of absorption of each layer

The absorption of each layer is calculated using iterative equations, Equations [7-18] - [7-20] similar to those
used to calculate the transmittance and the reflectances.
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Tl,j—l (ﬂ) ' Ajf (/1) " Tl,j (ﬂ,) ' ij+1,N (/1) ’ A? (/1)

AA)= [7-18]
: 1- ij,N (ﬂv) ’ R?—l,l (/1) 1- R?,l (/1) ’ ij+l,N (2,)

Al (A)=1-T,;(A)-R/,(A) [7-19]

A (2)=1-T,;(1)-R> (1) [7-20]

The subscript j refers to the glazing layer. Layer 1 is the outermost layer and layer N is the inner most layer.
The solar averaged value of the absorptance is determined using the methods outlined in “7.6.2. Calculation of
absorption of each layer”. Once the value for the layer is calculated the angular dependence is determined using
the methods presented in “7.7. Calculation of angular properties” and the hemispherical values are determined
using the method presented in “7.8. Calculation of hemispherical properties”. The angular dependence of the
Solar Heat Gain Coefficient is determined by using the angular values for the solar transmittance and
absorbtance.

7.7. Calculation of angular properties

Many window applications require knowledge of the optical properties of glazings with incident radiation at
off-normal incidence. Currently it is standard practice to measure optical properties at normal incidence.
Most commercial spectroradiometers are constructed so that the light beam shines directly on the detector.
This is a convenient configuration for transmittance measurements at normal incidence. Simply rotating the
sample to obtain transmittance at off-normal incidence may offset the beam sufficiently to affect the
measurement accuracy. In reflection, the beam will be directed away from the detector entirely. Furthermore,
at oblique incidence, multiple reflections in the sample are separated into separate beams which must be
properly collected. Accessories are available to measure both transmittance and reflectance at oblique angles,
but they are not well integrated with the design of the base instrument. Instruments designed so that the
detector and sample can move, in order to better measure angle-dependent optical properties, are call
gonioradiometers. Existing gonioradiometers have deficiencies that make them unsuitable for routine
measurements on glazing materials. Thus WINDOW includes a calculation scheme for determining the
angular dependence of the glazing system optical properties. This calculation scheme is based on first
principles for uncoated glass. For coated glass products the calculation procedure is less exact. The
calculation of angular dependence of optical properties of coated glass in one of the areas slated for future
improvement.

7.7.1. Angular properties of uncoated glass

WINDOW uses a method based on first principles for determining the angular dependence of the optical
properties for uncoated glass. The algorithm used is described in a paper by Furler [1991]. A summary of the
method is included here for completeness. The following discussion indicates a spectral dependence with a
subscript \. WINDOW uses the same method for uncoated glass whether or not spectral data is available. If
there is no spectral data the angular dependence is calculated based on the single values for the transmittance
and reflectance in the visible and solar range. In the visible range an average wavelength of 0.575 pm is used
in the calculations. In the solar range an average wavelength of 0.898 pm is used.

The spectral data included in WINDOW contains the spectral transmittance, T, and the spectral reflectance,

R, . For uncoated glass the front and back surfaces have the same reflectance. These values are obtained from

spectroradiometer measurements. The transmittance and the reflectance are related to the transmissivity and
the reflectivity through the following relations:
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d
2 es@)
T, (4) = —= @) e - [7-21]

20—
1-p,(@) e

and
t

R,(#) = p,(4)-L+T,(g) - =®) [7-22]

Where d is the sample thickness, © is the incident angle at which the property is being evaluated, and A, is
the wavelength at which the property is being evaluated. Also appearing in [7-21] and [7-22] are the spectral

values of the reflectivity, p,, the transmissivity, 7,, and the absorption coefficient, &, ; these properties are

defined below.
The spectral reflectivity is calculated from Fresnels equations assuming unpolarized incident radiation:
()= L (OS@) ~Cos(@), . |, -cos(g) —cos(g) .

* 2°'n, -cos(¢)+cos(¢)’ N, -cos(¢)+cos(¢)

[7-23]

Where N, is the ratio of the spectral index of refraction of the glass to the index of refraction of air. The index

of refraction of air is unity. The angle of incidence measured in air is denoted by ® and the angle of incidence
as it would be measured in the glass is denoted by @'.

The spectral transmissivity is calculated from the reflectivity:

7,(9)=1-p,(¢) [7-24]
And the spectral absorption coefficient is defined as:
4k
a=— 2 [7-25]

Where K, is the dimensionless spectrally dependent extinction coefficient and ), is the wavelength expressed
in the same units as the sample thickness to allow for a nondimensional exponential in Equations [7-21] and
[7-22].

In order to determine the angular dependency of the transmittance and the reflectance the program first
solves for the index of refraction and the extinction coefficient defined in Equations [7-26] and [7-27]. The
spectral index of refraction can be found by inverting a special form of Equation [7-23] evaluated at normal
incidence.

n, = l+— w%@) [7_26]

1 p,(0)

Using Equation [7-22] evaluated at normal incidence an expression for the spectral extinction coefficient is
obtained.

kz:_ A |n(Rﬁ(0)_pA(0))
4nt p,(0)-T,(0)

In order to solve Equations [7-26] and [7-27] the value for reflectivity at normal incidence must be known.
This value is determined by combining Equations [7-21] and [7-22] to eliminate the exponential factor,
resulting in the following expression:

[7-27]
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7.7. Calculation of angular properties 7. GLAZING SYSTEM OPTICAL PERFORMANCE

B+ —4(2-R,(0)-R,(0)

22-R,(0) (7:28]

p,(0)=

where

£=T,(0*-R,(0)* +2R,(0) +1 [7-29]

All the values necessary for evaluating Equations [7-28] and [7-29] are given in the spectral data file. The
value for the reflectivity is back substituted into Equations [7-26] and [7-27]. The result from Equation [7-27] is
used to calculate the absorption coefficient in Equation [7-25]. The index of refraction is used to calculate the
reflectivity in Equation [7-23] which is then used to calculate the transmissivity in Equation [7-24]. The
reflectivity, transmissivity and absorption coefficient are then back substituted into Equations [7-21] and
[7-22] to obtain the angular values of the reflectance and the transmittance. The spectral data is measured on
commercially available thicknesses of glass. For some wavelengths the measured transmittance is zero . These
values will cause Equation [7-27] to be undefined. There is a safeguard in WINDOW that sets the extinction
coefficient to zero if the transmittance is zero.

7.7.2. Angular properties for coated glass

Starting with properties measured at normal incidence, WINDOW uses a regression fit to calculate the
angular dependence of optical properties of coated glass. If the transmittance is greater than 0.645 the coated
glass is modeled assuming the angular dependence of clear glass, if the transmittance is less than or equal to
0.645 the coated glass is modeled assuming the angular dependence of bronze glass. The values for the

angular functions for the transmittance and reflectance of both clear glass (7, , P, ) and bronze glass ( Zbnz,

Do, ) are determined from a fourth order polynomial regression.
7(§) =7, +7,-COS($) + 7, - C0S” (¢) + 7, - COS° () + 7, - COS* () [7-30]
and
P(#) = py+ P, COS(B) + p, - COS* ($) + p; - COS*(#) + p, - COS* (#) — 7(¢) [7-31]

Where © is the angle of incidence with normal incidence defined as ® = 0.0. The coefficients for the
polynomial can be found in the following table:
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Table 7-1. Coefficients for Clear and Bronze angular dependence regression
formulas used for calculating the angular properties of coated glass

0 1 2 3 4
- -0.0015 3.355 -3.840 1.460 0.028
Tclr
8

- 0.999 -0.563 2.043 -2.532 1.054
,0 clr

— -0.002 2.813 -2.341 -0.05725 0.599
Tonz

- 0.997 -1.868 6.513 -7.862 3.225
10 bnz

Once these factors are calculated they are applied to the normal transmittance and reflectances of the glass.
This is done at each wavelength if spectral data is available or for a single value if no spectral data is attached.

The angular transmittances and reflectances are calculated using the following formulas:

For 7, > 0.645.

7,(#) =7, ar (9) [7-32]

P:(#) = P, - L= pu (D) + o (4) [7-33]
pop 71 <0645,

7, (#) =7, - 7one () [7-34]

P:(®) = ;- (L= P (B) + Do () [7-35]

7.8. Calculation of hemispherical properties

Once the angular values of the properties are known the hemispherical values are determined by a numerical
integration using the following integral:

90°

Pen =2 | P(¢)-cos(g)-sin(¢)-dg [7-36]

00

7.9. Ultraviolet transmitance

If each glazing layer in the glazing system has a spectral data file with a minimum values less than or equal to
0.30 microns then the Ultraviolet Transmittance averages are calculated. The UV Transmittance values are
calculated using the same procedure as for the other optical properties.

7.10. Calculation of the color properties

WINDOW calculates the Dominant Wavelength, Purity and CIE L¥, a* b* values for glazing systems if each
glazing layer has an attached spectral data file. The color calculations are based on the recommendations
presented in ASTM E308 - 90. A more complete discussion of color properties can be found in ASTM E308 or
in the IES Lighting Handbook [Kaufman, 1984]. The calculation requires spectral data files and three
additional files: CIE64T.DAT, CIE64C.DAT and ILLD65.DAT.

WINDOW Technical Documentation April 2018 7-13



7.10. Calculation of the color properties 7. GLAZING SYSTEM OPTICAL PERFORMANCE

CIE64T.DAT contains the spectral tristimulus values (Color Matching Functions x10, y10, z10) for the CIE
1964 Supplementary Standard (10°) Observer. CIE64C.DAT contains the coordinates of the spectrum locus.
ILLD65.DAT contains the spectral weighting function recommended for use when calculating color
recognition for objects exposed to daylight, Illuminant 065.

The color properties are functions of the chromaticity coordinates of the glazing system. These coordinates
are determined from the spectral values for transmittance and front reflectance for the glazing system,
calculated using Equations [7-21] and [7-22]; and from the spectral distribution of the light source. The color
values based on transmittance are of interest for color perception of an observer located inside a building. The
color values based on reflectance are of interest for color perception of an observer located outside the
building.

7.10.1. Calculation of the chromaticity coordinates
The chromaticity coordinates x, y and z are calculated using the following method.

Calculate the total tristimulus values X, Y and Z
078

j P(1)-S(A)-Xw(4)-dA
X — 038 [7-37]

0.78

[ $(2)-y,5(2)-dA

0.38

078 _
[ P(A)-S(4)-y,s(2)-dA
Yy =238 [7-38]

0.78

[ $(2)-y,(2)-d2

0.38

OF P(1)-S(A)-z10(1)-dA

_ 038
Z=%__ [7-39]

[ 5(1)-y1(2)-d2

0.38

Where P(M) is the spectral value of the property under consideration either transmittance or reflectance and
S(A) is the value of the spectral distribution of the illuminant. The spectral weighting functions of the
illuminant are given every 0.05 pm. If the spectral data for the glazing system is at different wavelengths, a
linear interpolation is performed to estimate the value of the properties at the required wavelengths.

In WINDOW the exact integration has been replaced with a numerical integration based on the trapezoid
rule. This provides a more accurate approximation to an exact integral than does the simple summation
suggested in ASTM E308.

The chromacity coordinates are obtained by normalizing the tristimulus values

X
X=—— 7-40
X+Y+Z ! ]
y= _ Y [7-41]
X+Y+Z

Once the chromacity coordinates of the sample are known the color property values can be calculated.
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7. GLAZING SYSTEM OPTICAL PERFORMANCE 7.10. Calculation of the color properties

7.10.2. Calculation of the dominant wavelength and purity

The Dominant Wavelength and the Excitation Purity relate to the color appearance of the glazing system.
These values are indications of where the chromaticity coordinates of the sample lie with respect to the
chromaticity coordinates of the light source and to the spectrum locus. The Dominant Wavelength is defined
as the point where a line passing through the chromaticity coordinates of the light source and the sample
intersect the spectrum locus.

In order to determine the Dominant Wavelength of the sample, the chromaticity coordinates of the source (x,
yn) are needed. These values are calculated using Equations [7-37] - [7-41] with P(\) set equal to 1.0 for each
wavelength. Once the chromaticity coordinates of the source and the glazing system are known, the
dominant wavelength is calculated using the following method.

The angle of the line connecting the source and the glazing system is determined by taking the inverse
tangent of the slope:

w =tan (2 Y) [7-42]
X —X

n

The angle between the coordinates of the spectrum locus and the chromaticity coordinates for the source is
then calculated. If the angle between the sample and the source is greater than the angle associated with 0.38
pm and less than the angle associated with 0.78 pm, the line intersects the purple line. In this case the
complimentary wavelength is reported. For example a red sample would have a reported dominant
wavelength of 0.5 pm which is in the green range.

WINDOW does a simple search until the angle between sample and source is bracketed by adjacent angles
between the source and the pure color chromaticity curve. WINDOW calculates the point of intersection
between the line connecting the source, sample and chromaticity curve and a straight line connecting the
adjacent points of the curve. The dominant wavelength is determined using linear interpolation based on the
distance between the point of intersection and the endpoints that intersect the chromaticity diagram at the
bracketing points.

The Excitation Purity is the ratio of the distance between the source and the sample and the distance between
the source and the point of intersection with the chromaticity curve.

7.10.3. Calculation of the CIE L*, a*, b* values

Window also calculates the CIE L*, a*, b* values. These values represent where the sample lies in the CIE
uniform color space. The uniform color space is formed by the mutually perpendicular L* a* and b* axes. The
a* axis has values from -150 which is pure green to 150 which is pure red. The b* axis has values from -150
which is pure blue to 150 which is pure yellow. The L* axis also passes through the zero intersection point
and has values of zero which is black to 100 which is white. The L*, a*, b* coordinates are functions of the
ratios X/Xn, Y/Yn, and Z/ Z..

a*=500-[f(X/X,)-f(Y/Y,)] [7-43]

b*=200-[f(Y/Y)-f(Z2/Z))] [7-44]
For Y /Y. >0.008856:

|_*=116-(Yi)“3 -16 [7-45]
For Y /Y, <0.008856 :
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7. GLAZING SYSTEM OPTICAL PERFORMANCE

L*=903.3- (Yi) [7-46]
where:
1
f(R)=R® R >0.008856 [7-47]
and
16
f(R)=7.787-R+— R <0.008856 [7-48]
116
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8. GLAZING DEFLECTION

Deflection of an insulated glazing unit (IGU) can result in thermal performance degradation or improvement
due to the reduction or increase of gap space width. Convection of the gas fill is affected by the changed gap
space and due to modified convection pattern and shorter or longer thermal path at the center of the glazing
unit can result in increased or decreased thermal performance. For the most part, the U-factor is affected as a
direct result of changed thermal performance; however, solar heat gain through the window (SHGC) can also
be affected because of the effect of the inward flowing fraction of absorbed solar radiation, which is affected
by the thermal performance of the IGU.

Deflection in a sealed IGU is caused by the difference in gas pressure in the IGU gap vs. outdoor/indoor
pressure. Indoor and outdoor pressure can be considered equal, since the indoor building environment is
generally in good contact with the outdoor environment. We will call this pressure an atmospheric pressure,
P,. The difference between the atmospheric pressure and the gap pressure is due to several factors, listed
here:

1. Difference in atmospheric pressure between the IGU fabrication location and the end use location

2. Difference in temperature during fabrication and the actual operating conditions for the glazing. It
should be noted that the initial temperature can be higher than the ambient temperature during the
fabrication process, due to elevated sealant temperatures, which can raise local temperatures within
the IGU.

3. Unbalanced gas fill leakage through the sealants, resulting in lower gap pressure and inward
deflection.

4. Wind or static load pressure

Effects 1 and 2 will be modeled using equations presented below, while effect 3 does not have a credible
mathematical model. However, cumulative deflection, resulting from all three effects, can be measured in the
field and its effect on thermal performance can be modeled by specifying center glazing deflection.

Wind or static load pressure effects on deflection is not included in this model at this time, but will be
considered for future versions.

Recognizing that indoor and outdoor air pressure could be different, such as in a hot box test environment,
future plans for the extension of the model will include an option to specify different values for indoor and
outdoor pressure. Another future improvement to the model will include linking certain air gaps with the
indoor or outdoor environment, meaning that the respective pressures in linked spaces will be equal.

The mathematical model described in detail here is based on the research work by Bernier and Bourret (1997)
and Timoshenko and Woinowsky-Krieger (1959). Bernier and Bourret (1997) of the Ecole Polytechnique
Montréal adopted the Timoshenko and Woinowsky-Krieger (1959) model for calculating flat plate deflection
subjected to the differential pressure field (static), while their original contribution was to develop
correlations for changes in thermal performance, based on IGU deflection at the center of glazing location. In
addition to adopting the Bernier and Bourret (1997) model here, we have also developed a model for
calculating the change in thermal performance of deflected units when this deflection is measured in the field.
Therefore, the mathematical formulation presented here is divided into two sections; 1) calculation of the
deflection and resulting thermal performance caused by pressure and temperature effects and 2) calculation
of the thermal performance of the IGU when the deflection is measured.
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8.1. Calculation of the Deflection and Resulting Thermal Performance 8. GLAZING DEFLECTION

8.1. Calculation of the Deflection and Resulting Thermal Performance

If coordinate system is set as shown in Figure 8-1 and Figure 8-2,

y W

Figure 8-1. Deflection Coordinate System - 2D

t
Figure 8-2. Deflection Coordinate System - 3D

it is possible to calculate the deflection distribution at each point of pane by using the following equation:
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8. GLAZING DEFLECTION 8.1. Calculation of the Deflection and Resulting Thermal Performance

Where,

Where,

Where,

Where,

Where,

s} oo . mnx . nmy

Ly (xy) = 16 - AP SIn—p7—sin—p=
p@)\%Y) =gy NZ a2\ 2 [8-1]

O n<T35..n=135..mn ((W) + (ﬁ) )

E-t},
. O 8-2
Po =T a -y (8-2]
E =Young’s modulus (7.2 x 10'9) [Force per unit Area; SI: Pa, IP: psi]
t = thickness of glazing pane [Length; SI: m, IP: in.]
v = poison’s ratio (0.22 for glass) [Non-Dimensional]
AP; = Pgap() - Pgap(-1) (for i-th pane) [Force per unit Area; SI: Pa, IP: psi] [8-3]
AP; = Pgapqy - Pa (first pane) [Force per unit Area; SI: Pa, IP: psi] [8—4]
AP; = P, - Poapin1) (last pane) [Force per unit Area; SI: Pa, IP: psi] [8-5]
P, = atmospheric pressure. [Force per unit Area; SI: Pa, IP: psi]
Air pressure above sea level can be calculated using the following formula:
5, \5:25588
p = 101325.(1-2.25577-10°°-h)
p _ PiniViniyTgap (i)
gap() — oy [8-6]
ini¥Vgap(i)

Pini = Initial pressure. Applies to all gaps as a single value (input data - measured or otherwise)
[Force per unit Area; SI: Pa, IP: psi]

Tini = Initial temperature. Applies to all gaps as a single value (input data - measured or otherwise)
[Degree Temperature; SI: K, IP: R]

Vini) = Initial volume for i-th gap. [Lentgh*Length*Length; SI: m3, IP: in]

Voo =L W -H [8-7]

L; = non-deflected glazing gap width (for i-th gap) [Length; SI: m, IP: in.]
W =1GU width [Length; SI: m, IP: in.]
H =IGU height [Length; SI: m, IP: in.]

T = temperature of the gap between two glass panes (calculated using center of glazing thermal
calculation algorithm, as described in ISO 15099 (ISO 2003). This value is first calculated using the
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non-deflected state and is recalculated after the resulting deflection is calculated. This process is
repeated until the temperature at the next iteration does not differ by more than 0.1 °C

Vieap) = volume of the IGU gap in deflected state [Lentgh*Length*Length; SI: m3, IP: in3]

Vgap(i) = Vini(i) +W-H- (m - LD,I.+1) [8-8]

Where,
L D1 is mean deflection value for i-th pane. [Length; SI: m, IP: in.]

The deflection of each pane can be positive or negative and is done solely to establish a reference. The current
frame of reference is that positive deflection means that the pane is deflecting towards the left side, while
negative deflection means that the pane is deflecting towards the right side (Figure 8-3). Whether the
deflection is in the direction of reducing the gap width or increasing it, it will be the result of the pressure
difference, as described in [8—1]. When the pressure in the glazing unit is higher than the surrounding
environmental pressure, the deflection will be towards increasing the gap width (i.e., ballooning), while the
opposite situation will result in decreasing the gap width (i.e., vacuuming)

-+ -

A
Y

Figure 8-3. Deflection Direction Convention

An important part of calculating the deflection of the IGU is to determine the mean deflection value for each
glazing pane. The mean deflection value is used to calculate the gap volume in the deflected state [8—8]. The
mean deflection of the glazing pane can be calculated by integrating [8—1]:

o - . MmXx . Ny
L j f16 AP Z Z SIn—7— SIn—f
D) = 6. 2 -
n®-D i 2
A ® 2135 n=135.. mn ((%) + (%) )

Which is identical with the following expression:
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H . Mmmx . Nmy

oo oo w
_ 16 - AP(l) Z z fx=0 y=0 SlTl—W Sln—H

bW T 6. 2 [8-10]
m° - D 2 2
O m2135..n=135.. mn ((%) + (%) )
and because integral of sin(x) is equal with -cos(x), above equation will become:
16 - AP — — (1 — cos(mm))(1 — cos(nm))
LD(l) = %.n Z [8-11]

m® - Dy m=135..1=1,3,5... mn ((%)2 + (%)2>2

Finally, because cos(mm) and cos(nm) values are always equal to -1 for the given range of m and n, the above
equation will become:

D7 6. Dy 2 [8-12]
Dy 2 13,5..n=1,3,5.. ;m2n272 ((%)2 + (%)2)

After calculating the mean pane deflection, the following equation is used to calculate the mean gap width:

Lygy =L+ (Lp,wy — Lp,a+1)) [8-13]

Where,

" /r

L:s = Mean gap “i” width after incorporating glazing deflection. This mean gap width is used to
recalculate the thermal performance of the deflected IGU.

75v4

Lp,, = mean glazing deflection for each pane “i”.

Calculation of the deflection at the center of glazing and mean glazing deflection for each pane is an iterative
process, where the initial temperature distribution is calculated for the non-deflected state, then deflection is
calculated based on this temperature distribution, a new temperature distribution is calculated for this
deflected state, then temperatures from the previous iteration are compared to the current iteration and the
process is repeated until the difference is no larger than 0.1 °C.

At the end of the calculations, the program will calculate and return the maximum deflection value for each
pane (i.e., center of glazing deflection). If we label the maximum deflection of each pane as Lp,max, We can
calculate this value by substituting x=IW/2 and y=H/2 in equation [8—1] to determine the deflection at the
center point. Therefore,

, 16 AP i
D(i),max 7T6 D(l) -

m=

o mrm nm
sin —2 sin —2
Z [8-14]
1

o @) B))

For glazing systems with more than two glazing layers, meaning multiple gas filled gaps, the deflection will
be calculated for each glazing pane assuming that the pressure in a gap is independent from each other and
calculated separately, unless spaces are “linked” together (e.g., stretched film middle glazing that has hole for
equalizing pressure).
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8.1.1. Non-Linked Gaps in 3 or more glazing layer system:

The procedure shown above generally applies to glazing systems with 3 or more layers, with the exception
that neighboring pressures are no longer P,, but rather could be P, on one side and Pg,, on the other, or have
Pgapy on both sides, as shown in Figure 8-4 for gap “i”. The center of glazing thermal calculation will
determine the new temperature distribution, after deflection is calculated for each glazing and will be used to

determine the new Py, as per the procedure above.

8.1.2. Linked Gaps in 3 or more glazing layer system:

When one or more gaps are linked together, their pressure is assumed to be identical (e.g., in a triple glazed
IGU Pgap,1 = Pgap2.) This pressure is calculated from the temperatures of the bounding glazing for linked gaps
(e.g., for triple glazing IGU, glazing 1 and 3) and using neighboring pressures outside of those bounding
glazing (e.g., for triple glazed IGU, P, on both sides).

Note: This feature is not implemented in the current version of WINDOW. It is considered for future enhancements to
the program.

Outside
Inside

g9api1  gap; 9aPi+1
Figure 8-4. Sketch of deflection with non-linked gaps in 3 or more glazing layer system

8.1.3. Gap(s) Linked to Indoor or Outdoor Environment:

If one or more glazing gaps are linked to either the indoor or outdoor environment its pressure is fixed to P,.
In combination situations, such as two or more gaps linked together with one of them being linked to the
indoor or outdoor environment, they will all have fixed pressure of P,.

Note: This feature is not implemented in the current version of WINDOW. It is considered for future enhancements to
the program.

8.2. Calculation of the Thermal Performance of the Deflected IGU

When deflection is measured, it is normally measured at the point of maximum deflection. Maximum
deflection occurs at center of the IGU (at W/2 and H/?2).

This measured value is typically the gap width at the point of maximum deflection, which we can label Lg).
For i-th measured gap the width is equal to:

LG(i) = L(i) + (LD(i),max - LD(i+1),max) [8-15]
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LD(),_:Z._ B I—D(|1 ),max

L)

<>
Figure 8-5. Sketch of the non-symetrically Deflected Glazing Panes

If we label the ratio of mean deflection and maximum deflection as Rg), then:

) o0 4
Zm=1,3,5...2n=1,3,5... m 2 n 2 2
21242 _ —
o et (1) + )
(i)—L } - . mm . Nnm [8-16]
D(i),max sin W Sin 5

o o]
m=1,3,5...2n=1,3,5... 2 2 2
mn((7) + ()

2 2
It is important to note that the ratios (R(;) for all gaps in the glazing system are equal.

Ry =Rg =--=Ry=..=Rny =R [8-171

Replacing [8-16] and [8-17] into [8—13] the following equation is obtained:
Lf(i) = L(i) + R(I‘D(i),max - LD(i+1),ma><) [8—18]

Combining [8—18] with [8-15] we get the following expression for the mean gap width:

Lo =Ly Rt —Lp) [8-19]

The number of equations given in expression [8—15] is equal to n-1, where n is number of panes. Therefore,
we need one more equation to complete the system of equations that would allow us to solve for all
independent variables. To get the last equation we can rewrite [8—14] in slightly different manner:

LD(i),max = D(-) ‘K [8-20]
i

Where coefficient K combines all constant terms, while Dy;) is given by [8-2] and AP(;, is calculated by [8-3],
[8—4] and [8-5]. Summing over all deflections, Lp ;) max the following equation is obtained:
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n
D
E ® E
7 LD(L) max AP(l) =0 [8—21]

i=1 i=1

Note that sum of all AP;) is equal to zero since the outside pressure is equal to the inside. Therefore, the
remaining equation that completes the set of equations is:

Z D¢y * Lp(iymax = 0 [8-22]

8.2.1. Solving System of Equations

In order to the solve system of equations we will present [8—15] in slightly different manner:

0= L(i) + LG(i) + LD(i),max - LD(i+1),max [8-23]
Which in developed form will look like this:

0=Ly +Lew +Logmax ~Lo@max

0= L(z) + Le(z) + LD(2),max - LD(3),max

[8-24]

0= L(i) + LG(i) + LD(i),max - LD(i+1),max

0= I‘(n—l) + I‘G(n—l) + LD(n—l),max - I‘D(n),max

In order to express each Ly ;) max as dependence from Lp ) max (deflection of inside/last pane) we will need to
make sum from first to last, then from second to last, third to last and so on. This procedure will create the
following set of equations:

Lpymax = (Leaoy — Ly) + Lpnymax

8-25
Lp2ymax = (L) — Laoy) + Loy max (8-25]
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k=n-1
Lpiymax = z (Leky — Lky) + Lpenymax
k=i
k=n-1
LD(n—l),max = Z (LG(k) - L(k)) + LD(n),max
k=n-1

Now replacing this set of equations back to [8-22]:
n-1 k=n-1

D(i) “( (LG(k) - L(k)) + LD(n),max) + D(n) 'LD(n),max =0 [8-26]
i=1 k=i

Which solving by Lp ) max leads to the following equation:

XD ZiET  (Lao — Lew)) o 27
LD(n),max - Zn D.. [8-27]
i=1"(0)

Calculating Lp(n) max Value from this equation and substituting it in /[8-25] will enable calculation of the
deflection of the remaining panes.
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9. VACUUM INSULATING GLAZING - VIG

Vacuum insulating glazing, also referred to as evacuated glazing units (EGU) are an emerging technology,
developed as a concept some 20-30 years ago, but only now approaching wide-spread commercialization and
acceptance.

9.1. Thermal Conductance

The thermal Conductance of the space in an evacuated glazing unit (EGU) is the sum of the conductance of
the low-pressure gas (air) and the radiation conductance.

Cgas =Ccono T Crap [9-1]

9.1.1. Conductance of the Low-Pressure Gas

The conductance of low pressure gasses is calculated using the formula by Corruccini (1959)

1
y+1 R 2
C =a- . P 9-2
COND |:7_1j| [8'7['M'T:| [9-2]
1
B=c- r+i, R ’ [9-3]
y=1]18-7-M-T
Ceonp =B-P [9-4]
Where:
o o0, 951

B o, + al(l— az)

o, o, = Accommodation coefficients of the gas molecules with the two surfaces. These values
depend on the temperature, surface conditions, etc. For the present configuration and conditions, it is
expected that o is approximately 0.5. If conservative value is needed than value of 1.0 could be used.
With a,, o, = 0.79, a= 0.652893

Y = Specific heat ratio, yair = 1.40. Table 2 lists specific heat ratios for other gasses.
R = Universal gas constant, R = 8,314.462175 ] /mol K

M = Molecular Weight, M. = 28.97 [mol/g]

T =(Th +T2)/2 [K]

P = Pressure of the gas [N/m?]

From the paper Collins and Robinson (1991), B is set at approximately 50 for Air, if pressure is given in torr.
Therefore, according to Collins and Robinson (1991), for air and approximate conditions of EGU:

CCOND ~50 P [9‘6]
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9.2. Radiation Conductance 9. VACUUM INSULATING GLAZING - VIG

Where P is in torr (i.e., mm Hg).
Note: Conversion from Pa to torr is accomplished by multiplying value in torr by 133.28.

Using Equation [8-2] and assuming T to be 20 °C and T to be -18 °C (expected temperatures of glass surfaces
in the EGU, if one glass surface is low-e and the unit is exposed to NFRC standard environmental conditions),
and using the SI system of units, B is calculated as 54.4, which is very close to the value of 50, proposed by
Collins and Robinson (1991).

Cconp = 54.4 P [9-7]

We will use the exact value, calculated by the formula, so values will be input into the calculations, which
enables a more flexible model that can account for special treatment of glass surfaces.

9.2. Radiation Conductance

Radiation conductance for the two parallel plates is given by:

1 (T14 B T24

Crno = 51_1 + 52_1 - 10- T, -T, -4l
Where:

€1 = emissivity of the first facing glass surface, [ - |

€2 = emissivity of the second facing glass surface, [ - ]

c = Stefan-Boltzmann Constant, 5.67 x 10, [W/(m2 K*4)]

Ty = Temperature of the first facing glass surface, [K]

T = Temperature of the second facing glass surface. [K]

Assuming glass surface temperatures of 20 °C and -18 °C, respectively, the following radiation conducatnces
are obtained for the three different glass emissivities:

Clear Glass (g1 = &2 = 0.84): Crap =34 W/m2K
Hard Coat Low-e (g1 or &2 = 0.15): Crap = 0.68 W/m2K
Soft Coat Low-e (g1 or &2 = 0.04): Crap =0.19 W/m2K

Note: Crap of 0.09 is theoretically possible using best low-e technology today (i.e., & or & = 0.02).

Note: Low-e values above are typical values, which will vary by manufacturer. Some more recent hard coat low-e values
are at or below 0.1.

It should also be noted that the values above are based on the fixed set of temperatures, while in reality
temperatures will depend on the environmental conditions and surface emissivities (e.g., it cannot be
expected that clear glass will have same T; and T as low-e glass).

Equation [8-8] is precise formulation for two parallel plates at the constant temperature. The simplified
equation under these conditions is given in the form of:

1 3
Crap =40 —3 T In [9-9]
g +e& -1
Where:
Tn=  mean temperature, [K]
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T, =2 [9-10]

9.3. Calculation of the U-factor:
1 1

U= = 9-11
Rtot Ro +2- Rglass + Rgap + Ri ! ]
1 1
R = = [9-12]
P Cgap CCOND +CRAD
t
R lass gass [9—13]
° kglass
Where:

folass = glass thickness; [m]

kglass = glass conductivity; kglass =1 W/ (m 'K)
Rglass = 0.003 m?K/W (for 3 mm glass pane)
R, ~0.033 m?K/W

Ri~0.14 m?K/W

The U-factor of an EGU without any pillars (pretending that this is possible) would be calculated using Crap
only. From the above radiation conductance calculations:

Clear Glass: U =2.64 W/(m? K) [0.464 Btu/ (hr ft2 °F)]
Hard Coat Low-e: U =0.62 W/(m2K) [0.109 Btu/ (hr {t2 °F)]
Soft Coat Low-e: U =0.19 W/ (m?2 K) [0.034 Btu/ (hr ft? °F)]

Adding conductance of the air at 0.001 torr (Cconp = 0.08 W/ (m? K), using the analysis from “Section 9.1.1.
Conductance of the Low-Pressure Gas”, these values become:

Clear Glass: U =2.66 W/(m? K) [0.468 Btu/ (hr ft? °F)]
Hard Coat Low-e: U =0.68 W/ (m?2 K) [0.120 Btu/ (hr ft? °F)]
Soft Coat Low-e: U = 0.27 W/ (m2 K) [0.048 Btu/ (hr ft2 °F)]

In contrast, the U-factor of the same configuration with the air at atmospheric pressure will be (for the space
width of 50 pm, Cconp = 450 W/ mzK):

Clear Glass: U =5.52 W/(m?2 K) [0.468 Btu/ (hr ft2 °F)]
Hard Coat Low-e: U =5.52 W/(m?2 K) [0.120 Btu/ (hr ft2 °F)]
Soft Coat Low-e: U =5.52 W/(m?2 K) [0.048 Btu/ (hr ft2 °F)]

It is clear that the emissivity of the glass surface makes no difference, because of the dominant conductance of
the air space. Also, it is worth noting that the U-factor of such configuration is very close to the U-factor of
single glazing.
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9.4. Thermal Conductance of Glass Support Elements:

Glass panes in an EGU are separated by an array of small support elements. Typically, these support
elements have the cylindrical shape and are often referred to as “pillars”. A typical geometry of the pillar is
0.5-1.0 mm diameter and 0.05 mm (50 um) height. They are typically spaced 25 mm apart in the form of a
square or staggered matrix.

9.4.1. Approximate Method for Determining Conductance of Support Pillars:

The conductance of these elements can be measured or numerically modeled to determine accurate thermal
performance. An approximate method also exists and is based on the combination of modeling and
analytical work for the conduction through small cylinders in contact with infinite parallel plates with
thickness much larger than cylinder height.

The following formula can be used to determine the conductance of the single pillar, C, (Collins and Fisher-
Cripps 1991):
2ka
C =—— 9-14
b on [9-14]
1+ —
a

k = conductivity of glass, W/ (m K)
a = radius of the pillar (m)

h = pillar height, m

For the square array of support pillars (Collins and Fischer-Cripps 1991) proposes the following formula for
their conductance, Cpa:

C= Lazh [9-15]
A? (1 + J
za
Where:
A = pillar spacing, m

This formula is approximate and does not include the effect of the conductivity of the pillar. An alternative
method for determining the conductance for the square array of support pillars, which includes the
conductivity of the pillars, was also proposed by Collins and Fischer-Cripps (1991).

* 2ka . 2ka
Cpa = 2Kh ) Cpa = [9-16]
A2 (1+k—) ] ( 2kh J
pma A 1+
k,pra
Where:
ky = conductivity of pillar [W/m K]

Equation [8-15] gives a good approximation for common materials used in this technology, since the
conductivity of the pillar does not play a substantial role for non-insulating pillars (where “non-insulating”
would mean that the conductivity of the pillar is equal to or higher than the conductivity of the glass pane).
Equation [8—15] is used to represent the pillar array for the remainder of this document.
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9.4. Thermal Conductance of Glass Support Elements:

The U-factor of the EGU with support pillars is then:

1 1
Rtot Ro +2- Rglass + Rgap + Ri
Where:
1 1
Rgap = = [9-18]
Cgap CCOND + CRAD + Cpa
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10. SHADING DEVICES

The ISO 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 the calculation of the thermal
properties of glazing systems with shading devices differs from the algorithms for the other glazing system
types, given in Chapter 5 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 the shading device, lead to adjustments that are made in the main thermal equations and,
consequently, in the calculation procedure.

10.1. Modifications of basic energy balance equations

Since the shading device, shown as the ith layer in Figure 10-1, allows ventilation through the adjacent glazing
cavities, the convective heat transfer in ventilated cavities cannot be described as simple heat transfer from
one surface to another, as it was done in Chapter 5.

Si.1 Si4-1
] Tgap.i.in [ ngp.iﬂ,om ]
‘Qi-1 “ qi & Qi <C]i+1 Gis1
‘qm.ﬂ < q:tl ‘QCb,x ‘Qd,xﬂ
Tgap.i Tgap.iH
Jl.i-1 Jb.i-l Jf,i Jb,i Jf.=+1 Jb,i¢1
£od TQBDJ.OUI L] Tgap.l“l,[n ||
i-1 | i+1
qv,l*1

Figure 10-1. Numbering System and Energy Balance for Shading Layers in the Glazing System

In this case, the convective heat flux through the ventilated cavity must be divided into two parts, the
convective heat flux from one layer to the gap space, and the convective heat flux from the gap space to

another layer, where the mean gap temperature (T is a variable. Therefore, the convective heat flux

gap,i )
through the ith glazing cavity can be described by the following equations:
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Aeri = Ny (Tr; = Tgap) [10-1]
Uepja = hcv,i (Tgap,i _Tb,i—l) [10-2]
where,

0, = convective heat flux from one layer to the gap space

Ocp i1 = convective heat flux from the gap space to another layer

T

gapi = equivalent mean temperature of the gap space (see Equation [10-28))

T ;i = temperature of the surface of the ith layer, facing the it glazing cavity
Tb‘i_1= temperature of the surface of the layer i-1, facing the it glazing cavity

hcv i = convection heat transfer coefficient for ventilated cavities, given as:

hCV,i = 2thV,i + 4V| [10_3]
where,

hcdv’i = convection heat transfer coefficient for non-ventilated cavities (see Chapter 5.1.2.3.3 Glazing

Cavity Heat Transfer)

v; = mean air velocity in the glazing cavity (see Chapter 10.1.2. Calculation of Air Velocity in Glazing)

S; | Si+1 |

|
N

Hi - Hi+1

Figure 10-2. Main Dimensions of Glazing System Model with Shading Device
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10. SHADING DEVICES 10.1. Modifications of basic energy balance equations

At the same time, the heat flux (i.e. (, ;) supplied to or extracted from the ventilated cavity, determined as

per following relation, must be included in main energy balance equations.

Pi - Cp,i ) q)v,i (Tgap,i,in _Tgap,i,out)

qv,i =
Hi-L [10-4]
where,
P = density of the gas space in the ith cavity at temperature T __
i y & p y p gap,i
Cpi = specific heat capacity of the gas space in the ith cavity at temperature Tgap’i
Tgap,i,in = temperature at the inlet of the glazing cavity that depends on where the air comes from
-|_gzmi'0ut = temperature at the outlet of the glazing cavity (see equation [10-15])
H. = height of the ith glazing cavity (see Figure 10-2)
L, = depth of the it glazing cavity (see Figure 10-2)
@,; = air flow rate in the i*h cavity, given as:
@, =V; S L [10-5]
where,

S; = width of the ith glazing cavity (see Figure 10-2).

Using the equation [10-1], the total flux (including radiative part) leaving the front facing surface of the ith
layer can be determined as:

O =0 +Jr; —Jpia = hey; (T _Tgap,i)+‘]f1i ~Jbia [10-6]

Similarly, the heat flux leaving the layer i+1 is:

Qi = eria +9ria = Jbi = Nevia(Tria _Tgap,i+1) + 3t = Jb; [10-7]

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:

Q=S +0i,; + 0y

[10-8]
Ji =€,0T +7.3000+ Pdpia [10-9]
Joi = €:0Tg: T30+ Poidiin [10-10]
T, ~T, =~ [2q., +2q,,,+S,] [10-11]

2ksd,i
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10.1. Modifications of basic energy balance equations 10. SHADING DEVICES

10.1.1. 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 10-3).

. ._._._.__,___, Tgap, (X)

1
Tgap.l.m i
!
Ho, ;
_Tgap.i
I
I""i Tav i . A '..
:
:
;
:
|
I S _H Topion B |
v X
Figure 10-3. Temperature Profile in Ventilated Glazing Cavity
Temperature profile in the ventilated glazing cavity can be described as:
—Xx/Hg;
Tgap,i (X) = Tav,i - (Tav,i _Tgap,i,in )e > [10-12]
where,
X = distance from the inlet
Tgap,i (X) = temperature in the glazing cavity at distance x
-|-a\,’i = average temperature of the layer surfaces bounding glazing cavity, given as:
T = Tpia + Ty
av,i
2 [10-13]
-|-gap’i in = air flow temperature at the inlet of the ventilated gap
HO,i = characteristic height (temperature penetration length) defined by:
Pi"Cp SV,
Ho,i — S [10-14]
2ht::v,i
where,
P = density of the air at temperature Ty,
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10. SHADING DEVICES 10.1. Modifications of basic energy balance equations

Cpi = specific heat capacity of the air at temperature Tgq,:

S = width of the ith glazing cavity (see Figure 10-2)

Vv, = mean air velocity in the glazing cavity (see Chapter 10.1.2. Calculation of Air Velocity in
Glazing)

hcv,i = convection heat transfer coefficient for ventilated cavities, presented in equation [10-3]

The following relation, which determines temperature of air flow leaving the ventilated glazing cavity, is
obtained from the equation [10-12] by setting the glazing cavity height, H;, for the distance from the inlet:

—H;/Ho;
Tgap,iout :Tav.i - (Tav,i _Tgap,i,in)e ’ [10-15]

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. T, ). In case of connected glazing cavities

gap,i,in
(as given in Figure 10-5), it means that the temperature at the inlet of ith cavity (i.e. -I_WW’OUt ) is a function of

the temperature at the outlet of i+1th cavity, and vice versa. For the solution of this problem, the following
model, shown in Figure 10-4, should be introduced.

Tgap,i.in = Tgﬂp,i+1.out = Tup

Tgap,n,oul = Tgap.|+1.1n = Tdown
Figure 10-4. Model For Solving Inlet and Outlet Temperatures in Ventilated Cavities

Applying the notation from the Figure 10-4 in Equation [10-15] that is set for both ventilated cavities, gives
the following relations:

—H, IHg;
Tgap,i.out :Tdown :Tav,i _(Tav,i _Tup )e ’ [10-16]

7Hi+ IH AES
Tgap,i+lout :Tup :Tav,i+1 - (Tav,i+1 _Tdown)e e [10_1 7]
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After some re-arrangements, the following relations could be derived from the equations [10-16] and [10-
17]

Taown ﬂlTup =q; aV| [10-18]
Tup ~ Bialdown = ai+1Tav,i+l [10-19]

where the terms ai, ai+1, Bi and Pi+1 are:

Hi
_1_@ Hoi
o =1-e [10-20]
Hi+l
— _ HO,i+1
Qg = l-e [10-21]
_H
— HO‘I
ﬂi =e [10-22]
_Hia
— HO,i+1
Ba=e [10-23]

By solving the equations [10-18] and [10-19], temperatures at the inlet and outlet of ventilated glazing gaps
can be found as:

=T _ i aV| +ﬂa|+1 av,i+1
— Ugap,i+Lin —
1- :Biﬂi+1 [10-24]

| aV| +ﬁa|+l av,i+1

av,i+1 +ﬂi+l
1- :Bi /Bi+1 [10-25]

Toown =T

down gap,i,out

i +1T

Tow =Toapiin =T

up gap,i,in gap,i+Lout

=

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 (ie. if T : > T,

gapi gap,i+1), inlet and outlet temperatures for ventilated glazing cavities are:

T =T =T _ | aV| +ﬂa|+l av,i+1
up ~ "gapiout — gap,i+lin — 1— ﬁ ﬂ
i+l [10—26]

+ f.a, ,
| aV| |+1 av,i+l
Tdown =Tgap,i,in :Tgap,i+lout :Tav,i+1ai+1 +ﬂi+1 1
_ﬂ'ﬂiﬂ

[10-27]

Finally, the equivalent average temperatures of the ventilated glazing cavities - Tgap,i and Tgap i+ can be

determined from the equation [10-12] by integration over the glazing cavity heights - H,and H,,,

respectively.

gap,i

H i
gap,i (X)dX = Tav,i - H_O (Tgap,i,out - Tgap,i ,in)

H
T == ifT
H; o i [10-28]
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1 H HO,i+l
Tgap,i+1 = H_ JTgap,i+1(X)dX = Tav,i+l - H (Tgap,nlout _Tgap,i+Lin)
i+1 0 i+1 [10—29]

10.1.2. Calculation of Air Velocity in Glazing

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

10.1.2.1. 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.

Tgap.i.m = T(_]ﬂp,!'1 Jout

Tgﬂw Tgﬂpv1
S Si+q
V v|¢1

i+

Tgap,i,oul = Tgap.i+1.in
Figure 10-5. 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 10-5), produces the driving

pressure difference, ApTYH .1, that can be expressed as:

’Tgap,i - Tgap,i+l

APri i =po Ty -9-H; cosy, - T

gap,i ' gapi+l [10-30]
where,

Py = density of the air at reference temperature Ty
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To = reference temperature (283 K)

g =  acceleration due to gravity
H. =  glazing cavity height
Vi = glazing system inclination (i.e. tilt angle) from vertical

T

gap; = mean temperature of the glazing cavity, given by equation [10-28]

Tgap i,1= mean temperature of the connected space (outdoor or indoor environment, or another

glazing cavity)
The driving pressure difference ApT’i_i .1 shall be equal to the total pressure loss, which includes:

e Bernoulli pressure losses in spaces i and i+1, defined as:

_ 2
Apg; =0.5pV; [10-31]
2
APg;a =0.5p,v2|
Pgia =U.00:.4V; [10-32]
Si+1
e Hagen - Poiseuille pressure losses in spaces i and i+1, defined as:
H;
APyp,; =124 — Vv, [10-33]
S
H .-s
APupi =120 —25V, [10-34]
i+1
e pressure losses at the inlet and outlet of spaces i and i+1, defined as:
2
ApZ,i = 0'5pivi (Zin,i + Zout,i) [10_35]
2
AD,iy = 0.5p, 2 (Zy +Z >
Pziva = V901Vi \Ginjat T Louin s [10-36]
i+1

where,
Piy Piy = density of the air at temperatures Ty, and Tggp,i+1, Tespectively
v; = mean air velocity in the ith glazing cavity that is being sought
H,,H, , = height of i and i+1t glazing cavity, respectively
S,,S;,; = width of ith and i+1 glazing cavity, respectively (see Figure 10-2)

My l;,1 = dynamic viscosity of the air at temperatures Tga,; and Tgap,i+1, respectively
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10. SHADING DEVICES 10.1. Modifications of basic energy balance equations

Z.,Z. | = pressure loss factors of the it and i+1t glazing cavity, found as per equations [10-37] —
[10-40]
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+1 as: V, ; =V, S, /S,,;.

The pressure loss factors, Zi and Z.;, can be found using the ratio of the equivalent opening areas ( Aeq’i

i+17

and Aeq’i 1) to the cross sections of corresponding gas spaces ( As,i and AS’i 1)

Top opening
(Acop)

Right opening
(A)

Left opening

Center openings
(A)

(An)

Bottom opening
(As)

Figure 10-6. Openings in the Ventilated Glazing Cavity

2
Zini = (OGL - 1\]
BAin, [10-37]
2
Z _ ( As,i+l _ 1}
ini+1 —
0'6Aeq,in,i+1 [10—38]

2
Zout,i = [%L - 1}
BAqout, [10-39]

2
As,i+
Zout,i+1 = (OGA—l -1

eq,out,i+1

[10-40]

where,
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Ag'i , A&,i +1= cross section area of the it"and i+1t glazing cavity, respectively ( As,i and &'i =si*L;
A%,H—l sivl *Li+l) [Length]
S,,S;,; = width of ith and i+1th glazing cavity, respectively (see Figure 10-2) [Length]

L,L., = depth of the ith and i+1t glazing cavity, respectively (see Figure 10-2) [Length]

i’
Since the spaces i and i+1 are connected, equivalent inlet opening area of the ith glazing cavity is, in fact,
equivalent outlet opening area of the i+1th glazing cavity. Consequently, equivalent outlet opening area of the
ith glazing cavity is equal to the equivalent inlet opening area of i+1th 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 of the cavity i (i.e. Tgsp,) is higher than the
temperature of the connected space i+1 (i.e. Tgsp,i+1), equivalent opening areas are:

A

Aeq,in,i = Aeq,out,i+1 = Abot +0.5- $(AI + Ar + Ah)
ot Fop [10-41]
A =A =A, +05-L(A +A +A)
eq,out,i — ' eq,ini+l T op . | r h
bot op [10-42]
Otherwise,

A
Aeq,in.i = Aeq,out,i+1 = Atop +0.5 $(AI + Ar + Ah)

Abot + Atop

[10-43]
= =A 0.5 —Amp A +A +A
Aeq,out,i - Aeq,in,i+1 — Mot +U.0- + ( | + r + h)
bot * 7 top [10-44]
Where,
As = is the cross section of the space, [Area];

Abot  =is the area of the bottom opening, [Area];
Atop =is the area of the top opening, [Area];

Ah = is the total area of the holes in the surface, [Area];
Al = is the area of the left side opening, [Area];
Ar = is the area of the right side opening, [Area];

Aeq,in,i = is the equivalent inlet opening area of cavity I, [Area];
Aeg,out,i = Equivalent outlet opening area of the cavity I, [Area]

Finally, air velocity in the space i (i.e. v;) can be found from the following equation, which defines driving

pressure difference (i.e. ApTH +1) in terms of pressure losses.

ApT,i—i+1 = ApB,i + ApHP,i + Apz,i + ApB,i+1 + ApHP,i+1 + Apz,i+1 [10-45]

After applying relation [10-30] for the driving pressure difference, as well as relations [10-31] — [10-36] for
pressure losses, and some re-arrangements, the equation [10-45] becomes:
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10. SHADING DEVICES 10.1. Modifications of basic energy balance equations

A -vi+A, v, —A=0

[10-46]
where the terms A, A; and A; are:
=T
A=p,-T,-g-H;cosy; - ’Tgap,l F
gapi T gapis1 [10-47]
S 2
Al =0.5 Pi (1+ Zin,i + Zout,i )+ pi+1(s_lj (l+ Zin,i+1 + Zout,i+l)
i [10-48]
H. Hi. S
A, =12y — + g — 5
Si Si+1 [10_49]
The air velocity v;, as solution of the quadratic equation [10-46], is given by the following relation:
2
- JAZ +[4-A-A - A,
=
2A, [10-50]

If the space i+1 is exterior or interior environment, velocity vi+1 is set to zero, and the pressure losses APg;,;,

ApHP‘i 4 and Apzyi .1 become zero, as well. In that case, the quadratic equation terms A; and A; will be:

A1 = 05,0| (1+ Zin,i + Zout,i ) [10-51]
H,

A, =124 %
S; [10-52]

10.1.2.2. 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, = Sfof'li_i [10-53]
where,

S; = width of the glazing cavity (see Figure 10-2)

L, = length of the glazing cavity (see Figure 10-2)

¢V’i = air flow rate in the glazing cavity (for the whole area), not normalized per m?
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10.2. Airflow due to the Permeability of Shading Device

Validation has been performed for the ISO 15099 center-of-glass (COG) heat transfer correlations optimized
for naturally ventilated cavities. Thermal transmittance was measured experimentally and simulated utilizing
existing correlations from ISO 15099. Correlation coefficients to the ISO algorithm were proposed to better
correlate simulation with experimental results. The focus is on impacts to system thermal transmittance due
to variations in surface openness from room-side mounted screens and louvered horizontal (venetian) blinds.

10.2.1. Room-side mounted screens

Models and experimental analysis of pressure drop for flow through perforated surfaces has been extensively
studied. The Darcy-Forchheimer Law, equation [10-54], is the relation used to describe velocity of a steady
moving flow (Re > 1) under a pressure gradient, where Reynolds number (Re) is the ratio of inertial forces to
viscous forces in a moving fluid. The linear term accounts for the momentum transfer from fluid to surface
while the non-linear term accounts for the inertia effects,

Y

AV =5 [10-54]

1!
K vte T oox

where p is the fluid density, u is the dynamic viscosity, v is the velocity, p is the pressure, x is the direction
vector of the pressure gradient, K is the permeability, and Y is the inertial factor (dependent on pore
characteristics). K and Y can be correlated to a logarithmic model of the form shown in Equation [10-55]
based on experimental analysis.

P=a-d° [10-55]

surface

P represents the correlation constant K or Y and a & b are constants determined by regression analysis from
measurements of perforated screen materials. Yarn shape and mesh geometry have negligible impact on
airflow characteristics through screens, which allows the model to be dependent solely on dsurface and
thickness of the layer.

To improve the simulation correlation, correlation coefficients are proposed to the five ventilated layer
opening parameters defined in ISO 15099; A, Atop, Abot, Aleti, and Avighe. The proposed correlation coefficient
for Anis presented in Equation [10-56]. This model includes two correlation constants, C1 and C2 that are
determined based on regression analysis of the measured dataset. An additional two constants, C3 and C4,
are also optimized and used to correlate the left/right and top/bottom gaps respectively as shown in
Equations [10-57] and [10-58].

Ap = C1-dS ace - Aw [10-56]
A, =C3-Ap, [10-57]
Ay, =C4- Ay [10-58]
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10. SHADING DEVICES 10.2. Airflow due to the Permeability of Shading Device

Table 10-1. Calculated correlation coefficients for proposed WINDOW
simulation model of porous surfaces with perimeter gaps

Coefficient Value
C1 0.078
C2 1.20
C3 1
C4 1

10.2.2. Room-side mounted horizontal louvered blinds

Seven parameters relative to horizontal blinds are considered in the model; slat width, pitch, rise,
conductivity, tilt angle, slat-window gap width, and left and right gap dimensions.

Table 10-2. Measurement parameters for horizontal blind investigation

Variable Parameter
w slat width
p pitch
r rise
ks conductivity
diest, dright side gap width
) tilt angle

Figure 10-7. Horizontal blind slat geometry
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The proposed model for Ay, in Equation [10-59] is of the logarithmic form. The openness in Equation [10-60]
is the ratio of slat to open area of the blind layer. This model includes four correlation constants D1, D2, D3,
and D4 that are calculated based on the measured dataset according to optimization procedure based on
experimental analysis.

Proposed:
Ay, =D1- [dsurface * (cos (P)DZ]D3 A [10-59]
t
dsun‘ace =1- [10-60]
(cosg)-(p-t)

t*= D4-w-cos @ [10-61]
d,, =0 [10-62]
d]eﬁy right =d aap for outside mount [10-63]
dleft,right =0 for inside mount [10-64]
d bot — dgap for outside mount [10-65]
dbot =0 for inside mount [10-66]

where t* and k* are the revised layer thickness and equivalent conductivity and k. is the conductivity of the
gas between slats at the average blind layer temperature. The calculated openness by Equation [10-60] for
horizontal blind systems typically results in openness greater than 90%. With the tested inside mount blinds
the top, bottom, and side gaps are zero.

Utilizing the revised algorithm as described by Equations [10-59] - [10-66], and optimizing the correlation
coefficients based on measured data, the accuracy of the simulation increases greatly. The resulting
correlation coefficients are listed in Table 10-3. Calculated correlation coefficients for proposed WINDOW
simulation model for horizontal louvered blinds. The proposed revisions to WINDOW show much less
sensitivity to openness. This is achieved by significantly reducing openness weighting in the algorithm
through D1.

Table 10-3. Calculated correlation coefficients for proposed WINDOW
simulation model for horizontal louvered blinds

Coefficient Value
D1 0.016
D2 -0.63
D3 0.53
D4 0.043
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10.3. System of Equations for Glazing Systems Incorporating Shading Devices

The non-linear system of energy balance equations for shading devices, given in equations [10-8] - [10-11],
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 [10-67]:

,\ T =T

f, )
h,, =h, ———>— [10-67]
E bfi E bgap,i

Applying the methodology, described for monolithic layers, in conjunction with relations [10-8/-[10-11] and
[10-67] for shading layers, gives the following system of linear equations for glazing systems incorporating
shading devices:

Ji +hME  +NEy, +3,, -3, ~h,Ey, =S, +Gy +h*G,, 110-68]
—Ji & By +T 1, = —0Gyy [10-69]
EpiEpps =1 + P = —T1G oy [10-70]
hYEy, +(he +h,)Ep, +Jps — I, —,E, , =055, [10-71]
~Jpia+ 3y + 0 By + 30 = s — DB = Si + 0y Eogan =y iiEgapios + Gvina (10-72]
pf,i‘Jb,i—l - ‘Jf,i + & Ebf,i + Ti‘]f,i+1 =0 [10-73]
Tidpia + €5iEmni = Jpi + 053110 =0 [10-74]
~RIE +hPEp; + 35 =1~ iaBiri = 0.5, +0y;0 — Ny i Egania 110-75]
N, Eppns —Jona +Jin +NEyn #h"Eppr + 3,0 =S, +G,, +h"G, [16-76]
Pindbna = Jin T EnEpin = ThGin [10-77]
T Jon1+E€onEron =Jon = —PnGin [10-78]
ﬁ,?'Ebf,n +(h? + ﬁ"‘)Ebb’n +J,, =0.5S, +G,, + h"G,, 110-79]

The system of equations [10-68] - [10-79] can also be transformed into a matrix form [A] [X] = [B] for the
whole glazing system.
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1 e h, 1 0O 0 0 O 0 O 0 0
-1 &, 0 0 0 0 0 O 0 0 0 0
0 0 g -1 0O 0 0 O 0 O 0 0
0 -hY h¥+h, 1 0O 0 0 O 0 o0 0 0
0 o0 0 0 1 h, 0 1 0 0 0 0
(] 0 0 0 0 -1 &, 0 O 0 O 0 0

0 0 0 0 0 g, -1 0 0 0 0
0 o0 0 0 0 -hY hY 1 0 O 0 0
0 o0 0 0 0O 0 0 O 1 h, h'" 1
0 0 0 0 0 0 0 O -1 &, 0

0 0 0 0 0O 0 0 O 0 0 gon  —1
0 o0 0 0 0O 0 0 O 0 -hY hY+h" 1
i ‘Jf,l | I Sl +Gout + I:’iom('?"out ]

Epra = P1.Gout

Ebb,l _Tleout

Jos 0.5S,

Jii S, + hv,i Ebgap,i - hv,i+1Ebgap,i+1 +0,1

Ebf,i 0

[X]= B]=

Ebb,i O

'Jb,i 058| +qv,i+l - hv,i+lEbgap,i+l

Jis S, +G,, +h"G,,

Ebf,n _TnGin

Ebb,n _pb,nGin
| 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 Chapter 5).

10.4. 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
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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.

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

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

10.5.1. “No SD” Case

Case “No SD” treats a 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 (equation [10-80]) where

gap thickness Sgg equals a distance between first and third layer (sum of first and second gap thickness and
SD thickness).
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NOSD
dc3

NOSD
he.gap

A

88

T T, Ts Ty
Figure 10-8. Glazing system with two glass glazing pane

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

k
higm =f(T2.T5.Se) =N, S—g [10-80]

c,gap
99

where:

Sgg is thickness of glazing cavity which is equal to the sum of thickness of first, second gap and SD

thickness.
kg is thermal conductivity of the fill gas in the cavity. Convective heat flux through the glazing

cavity is determined as:

NOSD NOSD
Aoz =Negap *(Ts —T2) [10-81]

In the original configuration, with SD present, convective parts of heat fluxes in two gaps can be expressed as
(Figure 10-9. Glazing system without SD influence on convection):

Qoo =g gaps - (T3 =T,) [10-82]

q((:),3 = h(?,gapZ '(1_5 _T4) [10—83]

In order to form a glazing system in which existence of SD layer does not affect convective heat transfer
(Figure 10-9. Glazing system without SD influence on convection), the resulting convective parts of heat
fluxes in two gaps, expressed as in equation [10-84] and [10-85], must be equal to heat flux from the “no
SD” configuration:

o NOSD

Oc2 =0c3 [10-84]
0 NOSD

Oc3 =0c3 [10-85]
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Figure 10-9. Glazing system without SD influence on convection

Therefore, convective heat transfer coefficients for a “No SD” case become:

NOSD
ht(:),gapl = hg,gapz = hc,gap [10-86]

10.5.2. “Closed SD” Case

“Closed SD” case (Figure 10-10. Glazing system with closed SD which is treated as glass layer) treats SD
layer as closed, which means it will be treated as glass layer with SD thickness and conductivity of SD

1 1
c,gapl and hc,gap

“standard “’ way, as in a case of two glass layers with a gap between them - as explained in chapter 10.5.1.
“No SD” Case.

material. Glazing cavity convective heat transfer coefficients h , will be calculated in a

<« | <«
1 1
qdc2 1 Ac3
h%,gapl 1 hé,gapz

Figure 10-10. 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:

a 1 0 0

hc,gapl =a- (hc,gapl - hc,gapl) + hc,gapl [10-87]
a 1 0 0

hc,gapz =a- (hc,gapz - hc,gapz) + hc,gapz [10-88]

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 he,2, so equation [10-67] will become:
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~y . T,-T
h gapl hc,gapl E el _ E2
bf,2 bb,1 [10-89]
- T. -T
h%gap2 = h? 5 4 [10-90]
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Figure 10-11. 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”.

10.5.3. 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 - R, . As for other glazing system types, the R, is,

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 -

out ”

Rgli and thermal resistance on the glazing system indoor side - R, , are calculated using the same relations

as for glazing system with monolithic layers (see chapter 5). At the same time, thermal resistance - Rgap,i , of
ventilated glazing cavities is calculated differently from the thermal resistance of non-ventilated cavities. 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.

R..i =R +R

gap,i gap i gap,b,i-1 [10-91]

where,

R

gapt,i — Tesistance to heat transfer between the glazing layer and ventilated cavity, given as:
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R _ Tf i _Tgap,i
9eLl T -T J. =3
evi (Tti = Taapi) +Jri = Jpia [10-92]
Rgap,b,ifl - resistance to heat flow between the ventilated cavity and another glazing layer, given as:
T T,
R oL [10-93]

aepbit .y (Tgap,i —Tpia) + i = Jpia

The calculation of solar heat gain coefficient (SHGC) is performed in the same manner as for glazing systems
with monolithic layers.
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11. OPTICAL PROPERTIES: LOUVERED BLIND

Venetian is a set of procedures for the calculation of the optical properties for the Venetian blind type of
shading devices. These calculations are performed for ultraviolet (UV), visible (VIS) and near infra-red (NIR)
wavelengths (UV/VIS/NIR), jointly referred to as the solar or SOL range in this document, and also
separately for the far infra-red range, referred to as FIR in this document.

The calculations of SOL properties (transmittance, reflectance at the front and at the back side of the blind)
are done for the set of incident radiation and outgoing radiation angles, and the results are recorded in two
BTDF (forward and back transmittance) and two BRDF matrices (forward and back reflectance). BTDF/BRDF
stands for Bi-directional Transmittance/Reflectance Distribution Functions. The calculations in the SOL range
are done for the discrete wavelengths, whose spacing depends on the quality of the spectral data available.

These matrices are later used in the calculation of the overall glazing system solar-optical properties using the
procedure detailed in Klems, J.H. 1994a and Klems, J.H. 1994b. The Venetian blind is treated as just one layer
in the glazing system, albeit having both specular and diffuse transmission/reflection properties, as opposed

to a “simple” transparent layer, which is assumed to have purely specular properties.

Venetian also calculates the FIR properties of the Venetian blind: FIR transmittance, emissivity at the front and
at the back side of the blind. These properties are diffuse values and are calculated for the single band
comprising the entire FIR range from 2.5 um to 50 pm.

11.1. Input data for Venetian BLINDS procedure

Input data for the Venetian blind procedure can be divided into four categories: slat geometry data, slat
optical properties, angle coordinates and calculation parameters (see Table 11-1). Slat geometry data and slat
optical properties describe the blind, while angular coordinates define all incident and outgoing directions,
which must be the same for each layer in the glazing system. The calculation parameters define which
calculation method will be used and whether the View Factor (VF) values should be calculated and stored in
memory, or previously stored VF values would be used.
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11. OPTICAL PROPERTIES: LOUVERED BLIND

OUTSIDE INSIDE
% | 35 - A\\"
ok Back side
/_‘ 4 | of the blind
),//ﬂ :
d
Ts,IR ¥
T :
: LA 0
Front side N~
of the blind

11.1.1. Slat Geometry Data

Front side _
of the slat

™~ Back side
of the slat

Figure 11-1. Slat geometry and optical properties

Figure 11-1 describes the slat geometry data which defines the geometry of the Venetian blind. It shows a 2-D
cross-section of the slats, perpendicular to the plane of the window. It also shows definitions for the "front"
and "back" side of the Venetian blind, as well as for the "front" and "back" surface of each slat, which will be

used throughout this document.

Table 11-1 shows definitions and ranges for all input parameters needed for Venetian's calculations.

Table 11-1. Definition of Terms for Venetian Blinds

Type of data Designator Description Unit  Limitations
W Width of the slat (without W> 0
curvature)
Distance between adjacent
d>0
Slat geometry slats
data a Slat tilt angle © -90° < a<90°
r Radius of slat curvature m r>Wwy/2
Naeg Number of slat segments Ns>0
p; Front reflectance 0< ,Osf <1
p_? Back reflectance 0< p: <1
Slat
material T Transmittance 0<7, <1
properties
&' Front emissivity FIR 0<e&' <1
e’ Back emissivity FIR 0< &’ <1
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TR Transmittance FIR 0< 7R <1
Np Number of angles 0 Ny >0
o; P}rray of 0 values o 0° < 6, < 90°
(1 = 1, cer s Ne)
Angle
coordinates N Number of ¢ angles for
o each 0;

o grray of ¢ values foreach 0° < @ < 360°

The slat tilt angle « has positive values for the slat configuration shown in Figure 11-1 (the dashed line "above
horizon"), and negative values for configurations in which the cross-section of the slat lies below the defined
horizontal line. The value a = 0 corresponds to horizontal slats (an open blind). For describing flat slats, the
curvature radius r = 0 is used. The curvature radius r can have both positive and negative values. A positive r
corresponds to a curved slat, such as the one in Figure 11-1 , i.e. configuration in which the slats are curved
towards the outside, and a negative r means that the slats are curved towards the inside. For the purpose of
the calculations, slats are divided into Neeg smaller segments, where more segments provide better accuracy.
For curved slats, the cross-section is treated as piece-wise linear, with Nieg linear segments (see Figure 11-1).
The optimal number of slats was determined to be Nsg = 5, which gives a good compromise between
accuracy and the number of calculations.

11.1.2. Properties of Slat Material

Slat material properties are divided into two groups: SOL properties (used for calculations in the SOL range,
covering wavelengths from 0.3 pm to 2.5 pm) and FIR properties, used for calculations in the far infra-red
range, covering wavelengths from 2.5 um to 50 pm).

SOL properties of the slat are the transmittance of the slat - 7 , and the reflectance of the slat at the front and

back surface of the slat (Figure 11-1) - ,03f and psb , respectively. SOL properties are normally given for

discrete values of wavelengths, providing spectral distribution.
FIR properties are the FIR transmittance of the slat material in the FIR range - 7, emissivity at the front

surface and at the back surface of the slat in FIR range - &' and g°, respectively. FIR properties are normally

prescribed for a single band covering the entire FIR range.

11.1.3. Definition of Angle Coordinates

Figure 11-2 shows two coordinate systems: xyz (we will refer to it as a "forward" system) and x"y"z" (a
"reversed" or "reflected" system).
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11. OPTICAL PROPERTIES: LOUVERED BLIND
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reflected

Z

T~

Er
incoming

"z" hemisphere

b

Figure 11-2. Two hemispheres, with corresponding coordinate systems

Axis z points towards the indoor side, while axis z" points towards the outdoor side. These two axes define
two hemispheres. All directions that correspond to radiation that travels forward ("left-to-right" with regards
to the Venetian blind, where 'left' is outdoor side and 'right' is indoor side) are defined in the xyz coordinate
system, using "z" hemisphere (incident and transmitted radiation - E and I in Figure 11-2a, or reflected
radiation I in Figure 11-2b), and directions that correspond to backward-going radiation ("right-to-left" or
toward the outdoor side) are defined in the reflected x"y"z" coordinate system, using "z"" hemisphere (reflected

radiation I" in Figure 11-2a, or incident and transmitted radiation E* and I" in Figure 11-2b).

N

Y, ¥y

Plane of Glazing

Plane of
Incidence

Horizontal
Plane

Figure 11-3. Angles definitions - forward-going light
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Figure 11-4. Angles definitions - backward-going light

Directions of interest are defined using angular coordinates 0 (latitude angle) and ¢ (azimuth angle) for
forward-going radiation (Figure 11-3), and 6r and ¢* for backward going radiation (Figure 11-4). Latitude
angle 6 is the angle between the z axis and the direction of interest, ¢ is the angle between the x axis and the
x0y projection of the direction of interest. Angle 0~ is the angle between the z axis and the direction of
interest, and angle ¢ is in fact equal to ¢, because the x and y axes are the same in both coordinate systems.
To illustrate this: 8 = 0° lies on the z axis; all directions defined as (6 > 0°, ¢ = 0°) lie in the horizontal (x0z)
plane; all directions defined as (6 > 0°, ¢ = 90°) lie in the vertical (y0z) plane, etc. Values of 6 and ¢ are defined
within following limits:

0°< 60 <90°

0°< < 360° [11-1)

The same restrictions apply to 6r and ¢r.

Figure 11-5 shows an example with directions of interest in the planar projection of the "z" hemisphere in the
x0y plane, with the z axis pointing towards the viewer. The diameters of the circles representing 6 angles are
growing with the 6 value. The value of angle ¢ grows in a positive (counter-clockwise) direction. Numbers 1
- 49, shown in Figure 11-5, correspond to a set of pre-defined bins, defined by 7 6 angles and 8 ¢ angles. This
set of 49 bins has been given only as an example to illustrate the concept, since full angular set consists of 145
bins. In this example, direction 15 (or D1s) is defined as (815 = 45°, @15 = 225°). For backward directions, Figure
11-5 can also be used: axes x" and y” are oriented the same as axes x and y, and axis z’" points away from the
viewer. In this frame of reference, the numbers in Figure 11-5 correspond to backward-going directions.
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Figqure 11-5. Projection of "z" hemisphere in x0y plane, viewed from the indoor side

Each direction i, in the forward or reversed coordinates, is determined by its angular coordinates, as (8 ,¢;) or
(6 ,97), wherei=1, ..., Ngir (number of directions).

The calculations for Venetian blinds are essentially done in 2-D space, ignoring edge effects in the x and y
directions. The transition from 3D to 2D space is carried out through the introduction of profile angles y (for
forward-going radiation) and y* (for backward-going radiation). The profile angle is the angle between the
plane of incidence and the horizontal plane, when projected on a vertical plane. Profile angles for forward-
and backward-going directions are shown in Figure 11-3 and Figure 11-4, respectively. The connection
between angular coordinates and profile angle in general is given by:

tany =sing - tand [11-2]

One of the consequences of using angular coordinates defined in two coordinate systems, as shown in Figure

u_n

11-3 and Figure 11-4, is that incident directions are being defined in the “z” hemisphere. For example, the
incident direction coming from the outdoor side from above the horizontal plane will actually be defined in
the “z” hemisphere. Therefore, the associated profile angle for this direction, calculated using equation [11-2]
will have a negative value. For incident radiation, the profile angles will be defined as:

w, = —arctan(sing, - tané,)

w! :—arc;tan(singoir -tant9i') [11-3]

Where v, is the profile angle of the i-th incident direction for forward-going radiation, and /| is the profile
angle of the i-th incident direction, for backward-going radiation.

For outgoing angles, the profile angles will be defined as:
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v, = arctan(singpj -tanaj)

v = arctan(sin(pjr -tang; ) [11-4]
where /; is the profile angle of the j-th outgoing direction for forward-going radiation, and ¥ ]r is the
profile angle of the j-th outgoing direction, for backward-going radiation.

All 2D calculations are performed using these profile angles, and the results are stored in the resulting bi-

directional matrices (BTDF/BRDF matrices) in places that correspond to the particular (6, ¢) bin and its
associated profile angle.

Figure 11-6 shows examples of incident and outgoing profile angles, for forward- and backward-going
radiation.

24-th inc. direction

] L~
24-th inc. direption
p 12-th outgoing direction ] (backward-going)
= 12-th outgoing direction (backward-going) e
r r
Yorel k2P Yo N 24
z' s 2" kS z
N outgoing z outgoing !
L~ radiation radiation | A
i L~
twd E e Thek

Figure 11-6. Profile angles for incident and outgoing light [Note that particular incident and outgoing directions (i.e., 24"
incident and 12t outgoing directions) are given for illustrative purposes as an example]

11.1.4. Irradiance and Outgoing Radiance in 2-D Space

All incident and outgoing directions are defined in 3-D space using angular coordinates (8, ¢). However,
incident irradiance and outgoing radiance can be calculated for actual 3-D directions based on corresponding
profile angles, y, thus allowing all calculations to be essentially performed in 2-D space, using vertical cross-
section of the Venetian blind, as indicated in Section 11.1.3.

Bi-directional scattered properties are defined with assumed unit irradiance at the plane of glazing (Figure
11-7, Entry point). For a given incident direction i, irradiance at a flat segment p of the slat is given by:

1 A
E i = (SI ‘N P
" cosh | p) A [11-5]

where:
Si= unit vector of incident direction i
N,= normal vector for segment p
A, = area (length in 2D) of segment p
A'; = irradiated area (length in 2D) of segment p
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- flux of incident radiation, coming from direction i, which results in unit irradiance at the front side

cosd,
of the blind

Vector S is a 3D vector, defined by 6 and ¢ angles of the incident direction j. However, the two dot products

in equation [11-5] can be rearranged:

1 . . :
s, -n )= Cos S, sind sing. —sinf3, cosé. )=
sosg (6 Me] = gogg (085, sing sing, —sing, cosq))
= cos S, tang sing, —sing, = cos g, tany, —sing, [11-6]

where [ pis the angle between segment normal N, and y axis (which is equal to tilt angle of segment p with
respect to z axis), and y/; is the profile angle of incident direction with respect to the z" axis (Figure 11-8).

Therefore, equation [11-5] has an equivalent 2D form:

E,; =(cos g, tany, —sinﬁp)-% [11-7]
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3D incident beam

Entry point z
Unit area, P e
plane of glazing ‘

D

3D beam / Ssgmentp
7
Scattered
radiation z Collision point
W\
4
= o0
) Ty

3D beam

Figure 11-7. 3D representation and top view of incident radiation beam

plane of incidence

for j-th inc. direction y
\
x’\ np e
. \B
% T
o
3\ b | ;
r z
€ segment p

Figure 11-8. Angles in vertical plane used in calculation of irradiance

An irradiated segment is assumed to emit energy equally in each direction (which is the basic assumption in a
purely diffuse model). For segment p, the total emitted radiosity is [, (Figure 11-9). Outgoing radiance, which
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is a result of the incident radiation coming from the incident direction i is given as —- . Radiant intensity lo.j
T

(radiant energy transmitted per unit time and per unit solid angle), coming from segment p at outgoing
direction j, is given as:

J
= A '(Sj 'np)

4 [11-8]

The total contribution of this segment to outgoing radiance for the outgoing direction k with respect to the
plane of the glazing is given by:

J . 1
| =P s..n ) —— 11-9
=2 6 oo [11-9]

where:

S = unit vector of outgoing direction j

N, =normal vector for segment p

Joi

incident direction i

= outgoing radiosity emerging from slat segment p, as a result of incident radiation from

Ap = area (length in 2D) of segment p

9]- = latitude angle of outgoing direction j

As shown in the case of irradiance (Eq. [11-6]), this formula can be rearranged into a 2D form:
I —i-(cosﬂ tany —sing ) [11-10]
Pl p Vi p

where 3, is the angle between segment normal N, and y axis (or tilt angle of segment p), and Y is the profile
angle of the outgoing direction j with respect to the z axis (Figure 11-9).

ségment p

Figure 11-9. Angles in vertical plane used in calculation of outgoing radiance

2D formulas for the calculation of incident irradiances and outgoing radiances are significant because they
allow a reduction of calculation iterations, as it is sufficient to carry out a single calculation for all the
incident/ outgoing directions that have the same combination of profile angles.
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11.2. Solar-Optical Mathematical Models for Venetian Blinds

This chapter provides information about the mathematical models used in calculating the solar-optical
properties of Venetian blinds. Two different models are presented in this section; a) ISO 15099, Section 7 (ISO
15099) method and b) Bi-Directional method.

The ISO 15099 method calculates integrated properties for transmittance, front reflectance and back
reflectance. The Bi-Directional method calculates transmittance and front and back reflectance for each
incident and outgoing angle (when integrated over all angles, the Bi-Directional method should produce
same integrated values as ISO 15099 method). In the FIR range, which will be presented in Section 11.4, both
methods calculate the integrated IR transmittance and front and back emissivity for a single band comprising
the entire FIR range.

11.2.1. Basic Naming Conventions

Quantities, symbols, directions and their notation are presented in Table 11-2. Directions of interest are shown
in Figure 11-10.

FWD direction of
a incident radiation

—_—

E(0,¢)

\
I (0',,@V .

p’(orjx‘Prj; 0,,9)

T'(Op(Pi; 0,9,
2y

\ (0,0)

Outdoor Indoor

NNNRRARRRW

BCK' direction of
b incident radiation

<-——

r r
E (0%0")

\ (00

pb (0,95 0%,9")

(07,97 67,9"%)
Outdoor <3

I (0’,,(;1)/

Figure 11-10. Incident irradiance, reflected and transmitted radiance, for 2 directions of incident radiation:
a) forward-going (FWD) and b) backward-going (BCK)

Indoor

AN
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Table 11-2. Symbols and indexes used

?i}rllrcriff)l Meaning

, "in reversed coordinates", used for vector quantities defined in x"y"z" system (in z*
hemisphere)

f index indicating front side of the slat segment and/or Venetian blind

b index indicating back side of the slat segment and/or Venetian blind
incident irradiance - for FWD going light only;

§ in ISO model, E denotes total irradiance arriving at a slat segment

Er incident irradiance in reversed coordinates - for BCK going light only
radiance - always in FWD (L2R) direction:

I transmitted part of E
reflected part of E*
radiance - always in BCK (R2L) direction:

I transmitted part of E*
reflected part of E ;

] radiosity

11.2.2. ISO 15099 Method

ISO 15099, Section 7 outlines methods for calculating the optical properties of Venetian blinds (ISO 2003).
These methods are based on the following assumptions:

1. Diffuse radiation transmitted or reflected by the solar shading device is assumed to remain diffuse
("dif-dif" transmission/reflection).

2. Beam radiation transmitted or reflected by the solar shading device is considered in two parts:
e undisturbed part (specular transmission - "dir-dir" transmission)

e disturbed part, approximated as anisotropic diffuse (Lambertian - "dir-dif"
transmission/reflection)

This section describes in detail how all three types of optical properties ("dir-dir", "dir-dif" and "dif-dif") for
the blind are calculated. These methods can be used both for flat and curved Venetian blind slats.

11.2.2.1. Dir-Dir Portion

Dir-Dir transmittance is defined as the portion of the incident beam light that goes undisturbed through the
shading device. It can be defined as (Figure 11-11 - FWD going incident beam):

— Jdir—dir
Tair—dir = 3
inc [11-11]
where i is the incident external radiosity, and Jairair is the part of the incident radiation that reaches the back
side (an imaginary surface) of the blind without interaction with the slat material (i.e., the undisturbed part).
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Jdir—dir,i\l

‘I------------ -

A

Figure 11-11. Direct-direct transmission

The Dir-Dir portion depends on the profile angle of the incident light beam. Following the notation from
Figure 11-11, the Dir-Dir portion of the transmittance for the incident direction i can be expressed
geometrically as:

a
Tdir—diri = q CoSy; [11-12]

where d is the distance between two adjacent slats.

11.2.2.2. Dif-Dif Portion

Dif-Dif transmittance and reflectance are used in cases where the incident and outgoing radiation is diffuse. It
can be defined as the ratio of the outgoing and incident radiant energy. Figure 11-12 explains Dif-Dif
transmittance and reflectance in general, for forward-going incident radiation:

J ‘J(;ut
Tait—dit = 3 Pt —dit = N
inc [11-13]

where Jix is the incident external radiosity, Jou: and J'ou: are portions of the incident radiation that leave from
the back and the front side of the blind, respectively, after a series of diffuse Lambertian reflections off the slat
surfaces.

WINDOW Technical Documentation April 2018 11-13



11.2. Solar-Optical Mathematical Models for Venetian Blinds 11. OPTICAL PROPERTIES: LOUVERED BLIND

T git-dif

Jine )

Jau (((((C

p dif-dif

AV VAW WMWY
&=
=

Figqure 11-12. Dif-Dif Propagation

If a single slat enclosure, defined by the two adjacent slats, is considered, the diffuse transmittance at the front
side can be defined as the ratio of the outgoing radiance Jout, leaving the back opening of the enclosure, and
the incident irradiance E reaching the front opening of the enclosure (Figure 11-13). If unit irradiance at the
front side of the blind is assumed, the transmittance becomes equal to the outgoing radiance, leaving the back
opening.

radiation enclosure
slat segments

/

: Jout
incident , f
radiation front 09?”'“9 : ))
\‘\‘
> »  outgoing
E=1 1\ radiation

out

back opening

e e e a b b e el s e W

Figure 11-13. Radiation enclosure formed by two adjacent slats

Similarly, diffuse reflectance at the front side can be expressed as Jrout, outgoing radiance, leaving the front
opening.

The radiation enclosure shown in Figure 11-13 (also referred to as “slat enclosure”) is formed by the flat
segments of the slats, and virtual segments that represent the front and back opening. Slat surfaces are
assumed to scatter incident radiation diffusely, and have uniform temperatures. For such an enclosure, a set
of energy balance equations is formed in order to calculate the outgoing radiance at front and back openings.
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The procedure is based on a model, shown in Figure 11-14, which considers two adjacent slats divided into
Nseg equal parts (default Nseg = 5) and forming "slat enclosure", together with the front opening (“segment”
0) and the back opening (“segment” Nseg+1, i.e. segment 6). Every segment may have different surface
optical properties, which is given through different values of surface reflectance and transmittance: pf,i and
pb,i (the diffuse reflectance of the material at the front and back side of the slat segment i) and i (the diffuse
transmittance of the material of slat segment i). “Special” segments - front and back opening - are defined
with zero reflectances and unit transmittance: 10 = 16 =1, pf,0 = pb,0 = pf,6 = pb,6 = 0.

Figure 11-14. Segments of the enclosure and their indexing

The following naming convention will be used in the energy balance equations (Figure 11-14):

f = indicates front surface of enclosure segment

b = indicates back surface of enclosure segment

Jf,i = radiosity leaving the front surface of enclosure segment i
Jb,i = radiosity leaving the back surface of enclosure segment i
Ef,i = irradiance at the front surface of enclosure segment i

Eb,i = irradiance at the back surface of enclosure segment i

Using this notation, the radiant outgoing fluxes (i.e. radiosities) - Jf,i and Jb,i for each enclosure segment, is
given by the following set of equations:

Jio = ProEio + TooBbo =Epo (010 =0;57,0 =1)

[11-14]
Ji1=pPiEg +79Eus [11-15]
Ji2 =P s + 702, [11-16]
Jis = prsEis+TosEns [11-17]
Jta =PraEia + 75404 [11-18]
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Jis = 0isErs +75E0s

[11-19]
Jis = PioEis T ToeEns =Eps (06 =076 =1 [11-20]
Jbo = PooEbo + 71 o0Ero =Ero (Po=0i770 =1 [11-21]
Jb1 = PosEos + 7 .E¢ s [11-22]
Jos = PosEis +715E [11-23]
Jbs = PosEos +713E¢ [11-24]
‘]b,4 = pb,4Eb,4 + Tf’4Ef’4 [11-25]
J 5 = pb,SEb,S +Tf’5Ef’5 [11-26]
Joe = PooEve + T 6Ers =Eis (0o =0;76=1) [11-27]

It should be noted that, for front transmittance and reflectance, irradiance on the back surface of the boundary
of a shading device from the indoor environment - Eb,6 is set to zero (Eb,6 = 0) due to the lack of radiosity
from the internal environment. At the same time, irradiance on the front surface of boundary between the
shading device and the external environment - Ef,0 is set to 1.

After introducing these assumptions, equations [11-20] and [11-21] become:

Jig=0 [11-28]

Joo =1 [11-29]

On the other hand, the relation between radiosities from each segment and irradiances at any other segment
can be defined by means of view factors. The view factor represents a fraction of energy leaving one surface,
that arrives at a second surface.
For surfaces with finite area, view factors are generally defined by:
cosd, cosd. i
== j [———"dAdA [11-30]
A A TS

0 7
where S is a distance from a point on surface Aj to a point on surface Ai. The angles ! and ¥ are measured

between the line S and the normal to the surface. F, | ; represents “view factor between segments i and j”.

Figure 11-15 illustrates terms from equation [11-30], for two surfaces in a radiation enclosure:

surface i

surface j

Figure 11-15. Cross section of two segments in radiation enclosure
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View factors between two flat segments in a 2-D radiation enclosure can be calculated based on lengths in a

vertical cross-section of the enclosure, according to the cross-string rule:
F = Fip + 15 — (rn + rzz)

e 2L,

' [11-31]

where L; is the length of segment i, and r are distances between endpoints of segments i and j.

r11 e \r
I _- \\\ \i22
| M - S \
] P \\ \
L = S~
' ”
L 2
i

Figure 11-16. Illustration of the Cross String Rule for Calculating View Factors
_,j - and view factor from j to

Two view factors exist for two given segments i and j: view factor fromitoj- F

i- Fj _i - These two values are related as:

L - I:i—>j = Lj ) I:j—>i [11-32]

In case there is a shadowing, caused by a third, blocking surface (as in Figure 11-17), the view factor between
two segments can be calculated by dividing each segment into a finite number n of sub-segments. If a pair of
sub-segments p and q (where one sub-segment belongs to segment i, and the other belongs to segment j) are
mutually visible, which means that line rpq (which is a line between midpoints of these sib-segments) does

not intersect the blocking segment (Figure 11-17a), the view factor between p and q is calculated using
is set to zero (Figure 11-17b). This is repeated for each pair of sub-

equation [11-30]. Otherwise, Fp g
segments belonging to segments i and j. Finally, the view factor between segments i and j is obtained as:
[11-33]

Foi= Z Z Foog

p=1 gq=1
2 L‘ Ll
segment J p segment / p
blocking ‘ blocking ||
segment ' segment g
&2 |
|
—_— -‘L |‘
—— \\\
— —
segment j - S SRRt T e,
] )
b

a
Figure 11-17. Third surface shadowing: a) “un-shadowed” sub-segments, b) “shadowed” sub-segments
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In the case of a slat enclosure, as shown in Figure 11-14, the view factors between segment surfaces are given
as:

F

a,b—c,d

[11-34]

where a and c indicate the front (f) or back (b) side of each segment, and b and d are the indices of the two
segments. For example, the view factor between the back side of segment 1 of the upper slat, and the front

side of segment 3 of the lower slat is given as Fs1_,3 . Non-zero view factors exist only between segment
surfaces that are facing the interior of the enclosure. View factors from the front side of segment 0 (front
opening segment) to any other segment of the enclosure are zero: Fio_,tj= Fo_pi= 0. The same applies to
the back side of segment 6 (the back opening segment): Fp6_i= Fpepi=0.

After introducing view factors, irradiances - Ef,i and Eb,i can be defined as:

E,o=1 [11-35]
Eiy=JdioFonra+IraFasiato + i 6Fensra T InoFbomra T IbaFoasra +o +doeFoenia [11-36]
Eiz2 =JioFroor2 +diaFrasie +o Fdi6Fi 6o T InoFbosre T IbaFoisie o+ dneFieor2 [11-37]
Eis =JioFroors s o+ i 6Fi 6o F IooFooss T IbaFoasrs o+ JpsFoeia [11-38]
Eis =JdioFroora ¥ 9raFiasna +o + i 6F60r.a T InoFbora T IoaFoasna o+ doeFoesia [11-39]
Eis =JioFroors +IraFrasns o+ 16605 FInoFoors T IbaFoasrs o+ JpsFoeis [11-40]
Eie =JioFroore e o + i 6Fi6or6 T InoFbosre T IbaFoisns o +dneFosots [11-41]

Evo = JboFb0500 +IbiFoisno + -+ +IbeFoe 00 T I10Fr 000 +95aFrasm0 + + 1 6F 6500 [11-42]

Eps = JooFoos1 +IoaFoasns T+ dueFoe 01 +IroFromn1 +IraFrasns ¥ + 5 6 6na [11-43]

Ep2 = JboFoosn2 ¥ IoaFoisne o+ dosFoesn2 T Ir0Fr0n2 +JraFrisp2 T+ J5 6Fr 62 [11-44]

Eps =JboFoosns + IoaFoisns T +JueFoens +IroFromns +IraFrans + + i 6Fi6 s [11-45]

Eps =JboFb004 +IoaFoisna T+ Ip6Fsn4 TI50Fr 004 T IraFrispa + 1 6Fi 60 [11-46]

Eus = JboFoosns T IbaFb2sns To +dbeFoens T Ir0Fromns T IraFraes + 1 6Fi 6 s [11-47]

By =0 [11-48]

The system of equations [11-35]- [11-48]defines irradiances (Ef,i and Eb,i), in term of radiosities and
associated view factors.

General expressions for the irradiances Ef,i and Eb,i can be derived from the energy balance, shown in
equations [11-36] - [11-47].

Ngegtl Ngegtl

Ef,i = Z‘]f,ka,k—#,i + sz,ka,k—ﬁ,i [11_49]
k=0 k=0
ki
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Ngegt+l Ngegtl

Epi = Z‘]b,ka,k—m,i + Z‘]f,ka,k—m,i [11-50]
k=0 k=0
ki

where Nseg is the number of slat segments. Note the exclusion of terms for k=i in the left-hand sums in
equations [11-49] and [11-50]. This is done because there is no transfer of radiation if the source surface is
the same as the target surface.

Applying expressions for the radiosities Jf,i and Jb,i, given in equations [11-14] - [11-27], and substituting
them into equations [11-36] and [11-37], the irradiances Ef,i and Eb,i become:

Nseg+l Nseg+l
E, = Z (O kErx + T B )Rk + Z(pb,kEb,k + 7 B ) Foko, [11-51]
oy k=0
Nseg+l Nseg+l
Epi = kzc; (PoxEox 7 kB Foxni + kZ(; (0 kEsx + TokEpi )Fr ki [11-52]
ki

Where the first term in the equation [11-51] is the amount of radiant energy, transmitted through the back
surface of the lower slat’s segment k and reflected from the front surface of that same segment, while the
second term in that equation is the amount of radiant energy, transmitted through the front surface of the
upper slat’s segment k and reflected from the back surface of the same segment, which combined reaches the
front surface of the lower slat’s segment i. Correspondingly, the first term in equation [11-52] is the amount
of radiant energy, transmitted through the front surface of the upper slat’s segment k and reflected from the
back surface of that same segment, while the second term in that equation is the amount of radiant energy,
transmitted through the back surface of the lower slat’s segment k and reflected from the front surface of the

same segment, which combined reaches the back surface of upper slat’s segment i. In the example in Figure
11-18,i=2 and k = 4.
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Figure 11-18. Example of Radiation Exchange Between Segments 2 and 4 (equations [11-51] and [11-52])

After solving 2 x (N + 1) system of equations, expanded from equations [11-51] and [11-52], the resulting
front transmittance is calculated as:

Ef,G Ef,G

f
dif —dif Ef'o l f,6
The resulting front reflectance becomes:
E E
f b.0 b.0
Pt —dit = = =Epo [11-54]
E o 1

Note that the results in equations [11-53] and [11-54] represent Dif-Dif optical properties for FWD case. For
BCK case, certain adjustments have to be made. Equations [11-28] and [11-29] become:

Jg=Jdy =1=E, =1 [11-55]
Joo =0 [11-56]

After solving the system for BCK case, resulting back transmittance becomes:

E E
Oroair = —2 = 20 = F, [11-57]
=H 1 ’

Resulting BCK reflectance becomes:
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E E
b f,6 f,6
i = — = 8 = F 11-58
P dif—dif o6 £.6 [ ]

11.2.2.3. Dir-Dif Portion

In contrast to the diffuse radiation coming from all directions uniformly in the Dif-Dif portion of radiation,
presented in Section 11.2.2.2, Dir-Dif means that there is a "beam" incident radiation source that produces
diffuse transmitted and reflected radiance (Figure 11-19). Note that Dir-Dif properties depend on the profile
angle of the incident radiation.

Basically, Dir-Dif properties can be obtained using the system of equations defined for the Dif-Dif case.
However, since now there is a "beam" input instead of diffuse input, certain modifications have to be made;
modifications of view factors between the front side of the front opening segment ("Oth" segment) and all
other segments within the slat enclosure, in the case of forward-going incident radiation (incident radiation
coming from the outdoor environment), and the back opening segment (“Nseg+1st" segment, in the default
case, 6th" segment) and all other segments in the slat enclosure, in the case of backward-going incident
radiation (the incident radiation coming from the indoor environment).

s B g

Jinc \\ \/ dir-dif,i
\g

VVVVV gy% )) Jout

-~
Jorut <(( =
=
Pir-dit, sl

Figure 11-19. Dir-Dif propagation

As in the case of dif-dif propagation, unit irradiance at the front side of the blind is assumed. View factors,
used in Equations [11-51] and [11-52], which are used for the calculations of Dif-Dif properties will mostly
be used here as well since from the moment after direct beam hits any surface, it is reflected fully diffusely.
The exception to this are imaginary surfaces 0 and Nseg+1 (the front and back opening of the blind), since
they represent the beam radiation source at the outer side and the diffuse view factors between the front
surface of segment 0 and other slat segments in the case of forward-going incident radiation (or the back
surface of segment 6 and other slat segments in the case of backward-going incident radiation) cannot be
used. Instead, it is necessary to determine which part of the incident beam radiation hits each slat segment,
and use those values instead of the corresponding view factors. We will call these quantities “Beam view
factors", or BF.

Figure 11-20 shows an example of 5 segment slats (the default). Incident radiation hits the front sides of slat
segments 1, 2 and partially 3 (dotted line). The BF for those surfaces are defined as fractions of the incident
radiation that hit the segment of interest. In our example, the BF of the aforementioned slat segment surfaces
are equal to the ratio of lengths of b1, b2 and b3, respectively (dashed lines) to the slat distance d.
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6
Figure 11-20. Calculation of Beam view factors
BF for the front surface of segment 3 is given as:
h
BF;=——— [11-59]
d-cosy,
Where:
h=A;-sinys
y3= P+, [11-60]
A = length of segment 3 which is directly irradiated
[s = tilt angle of segment 3 (with respect to horizontal plane)
v, = profile angle of incident direction i
d = slat spacing
f = indicates front surface of the segment
Finally:
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BF, = : i [11-61]

BFs for the front surfaces of segments 1 and 2 (BF;1 and BF;») can be calculated the same way. The rest of the
slat segments shown in Figure 11-20 are not directly irradiated, so the remaining BFs (including BFs for the
back sides of segments 1-5) are equal to zero:

BF , =BF =BF,, =BF,, =BF,; =BF,, =BF,; =0 [11-62]

éhadow
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Figure 11-21. Beam view factors and Dir-Dir transmittance

For extreme negative profile angles of incident light, some of the upper slat segments are irradiated. As a
result, some of the BFs for the back surfaces of segments (BFy, ;) will have non-zero values. This is the case
shown in Figure 11-21: non-zero BF are BF;;1, BF;2> and BFys5. Note that according Figure 11-21, a part of the
incident beam passes through the blind without hitting the slats. The ratio of b6 to the slat distance d4
corresponds to the dir-dir portion of transmitted light - t4ir.qir, as defined in Section 11.2.1.1:

b6
Tdir—dir — F [11-63]

The sum of all BF and tqir,¢ir must equal 1:
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Nseg

Nseg
ZBFf,i + ZBFb,i + Tgir_gir =1 [11-64]
i-1 i-1

After BF are calculated for all slat segments using formulas similar to equation [11-61], in the case of the
forward-going incident light, these BF are used to substitute certain view factors F in equations [11-51]-[11—
52].

Foooti =BF; s Ry =BF,; , 1=1..,N [11-65]

seg
As in the case of the dif-dif portion, unit irradiance at the front side of the blind is assumed: Ef,0 = 1, with no
incidence at the back side: Eb,6 = 0. After making these changes, the system of equations is solved for Ef,i and
Eb,i. The resulting Dir-Dif transmittance for the front side of the blind is then calculated for i-th incident
direction as:

E E
hirairi = —2 = —2 —F [11-66]
Ei o 1 '

The resulting front-side reflectance becomes:

E E
f b,0 b,0
P dir-diti = ——=—==F,,. [11-67]
Eo 1

In the case of backward-going incident light, BF are calculated using the same geometry approach at the back
side of the blind. View factors are then replaced as:

Fossri =BF; » Fogop; =BF,; , 1=1..,N [11-68]

seg

The unit irradiance at the back side of the blind is assumed: E¢o = 0, Ep = 1. After solving the modified system
of equations, dir-dif transmittance for i-th incident direction at the back-side is given as:

E E
Pir-dir = —2 = 20 = E__ [11-69]
Eb,e 1 ’
Back-side reflectance becomes:
E E
Pldir-ditir = —2 =L —E_. [11-70]
Eb,e 1 ’

11.3. Bi-Directional Method

11.3.1. Introduction

This section presents an overview of the bi-directional properties (transmittances and reflectances) calculation
for the optical layer which can be specular and diffuse at the same time (i.e., the directly transmitted portion
in the Venetian blind is considered specular, while dif-dif and dir-dif are diffuse). These properties are
defined for each combination of incident and outgoing directions, and they form BTDF and BDRF matrices:
square matrices, with equal number of columns and rows defined by the total number of different angular
coordinates (6,¢), described in Section 11.1.3. These matrices describe a single specular and diffusing layer
and they are used for calculation of the SOL properties of the glazing system that contains one or more of
these layers, and which is described in detail in Klems, J.H. 1994a and Klems, J.H. 1994b. It should be noted
that for purely specular optical layers, all non-diagonal terms are zero (diffuse terms), producing diagonal
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matrices. For partially or fully diffuse layers, the non-diagonal terms in the bi-directional matrices can be
non-zero.

In the case of forward-going incident radiation, E, coming from the i-th direction, the following equations

apply for the forward-going transmitted radiation in direction j, I, and the backward-going reflected
radiation, I' in direction j* (see Figure 11-10a):

'(‘91'*(”1):Tf(0j1¢’J36’ia§0i)E(6'i1¢i)
'(6:.07)=0' (60360 )E@.0)

After introducing matrix notations, we can define TAU_F: a BTDF matrix that contains bi-directional
transmittances for FWD going incident radiation:

[11-71]

I=TAU F xE
R f f £ T 7
I Ty Ty Ty e Tin E,
f f f f
I, To1 Too Toz - ToN E,
f f f f
ls | | 721 7oz Taz e Tan | E, [11-72]
f f f f
v | Tn: TNz Tng e TNN | =

where ij,i is short notation used for the front bidirectional transmittance 7' (t9j 0,0, 9, ) (radiation coming

from direction i, and transmitted in direction j), and N is the number of incident/outgoing directions defined
as (0, ¢) pairs (in our case, shown in Figure 11-5, N = 49).

For reflected radiation, we have RHO_F: a BRDF matrix that contains bi-directional reflectances for FWD
going incident radiation:

I' =RHO_F xE
| | pn P Pra - Piv | [E:]
15| | Pos Pra Phs - Pin | | Ea
G _|Pan Pa2 Paa o i |Es [11-73]
] [Pn: Pve Pus - Pun| LEn

where p;i is short notation used for the front bidirectional reflectance /Of (er ) (pjr ;60,0 ) (radiation coming

from direction i, and reflected in direction j/, which is in reversed coordinates, in z’ hemisphere), and N is the
number of incident/outgoing directions.

As for the backward-going incident radiation, £, the following equations apply for backward-going
transmitted radiation, /"and forward-going reflected radiation, /, (see Figure 11-10b):

0,01)- (0 0 JE 00

[11-74]
I(ei#’j):Pb(ej,cﬂj;é’ir,goi')Er(ei’,gpi’) 11-74
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After introducing matrix notations, we can define TAU_B: a BTDF matrix that contains bi-directional
transmittances for BCK going incident radiation:

I" =TAU B xE'
Tyr ]l [ b b b b | [er]
N Ty Ty Ty - Tin E;
r b b b b r
I Ton Top Tpz e ToN E,
r b b b b r _
I3 | | Za1 722 T3z - Tan | (= [11-75]
r b b b b r
I | Tn1 TNz Tns e INN | 1=

where T?i represents bidirectional transmittance at the back side ° (er , gojr Wz ) (radiation coming from
direction |’ , and transmitted in direction j " both of which are defined in reversed coordinates, in Z'
hemisphere), and N is the number of incident/outgoing directions defined as (8,¢) pairs (in our case, N = 49).

For reflected radiation, we have RHO_B: a BRDF matrix that contains bi-directional reflectances for BCK
going incident radiation:

|=RHO B xE'
i l, ] pfl pfz pfa pr E,
I, pg,l ,022 p;s p;,N E;
L |_|Pss Poo Pos - Pan| | Es [11-76]
_IN_ _pg,l prg,z pﬁ,s IOII\JI,N_ _El:l_

where p?i represents the bidirectional reflectance at the back side ,OIO (01' ' @, ;(9ir ) (Dir ) (radiation coming from
direction 1", which is given in reversed coordinates, in z' hemisphere, and reflected in direction ] , which is

defined by "regular" coordinates, in z hemisphere), and N is the number of incident/outgoing directions.

It is important to note that BTDF (Tau) matrices should be represented as sums of two matrices which
correspond to two transfer mechanisms (undisturbed, or directly transmitted, dubbed "dir" and Lambertian
diffuse reflections from slats, dubbed "dif"), as shown in equations [11-77] and [11-78], which describe
TAU_F and TAU_B matrices, defined in equations [11-72] and [11-75], respectively:

TAU_F =TAU_F dir + TAU_F _dif [11-77]
TAU_B =TAU_B_dir + TAU_B_dif [11-78]
On the other hand, reflected radiation contains only "dif" part.
11.3.2. Directly Transmitted Radiation

The specular portion (Tf 4ir for FWD going incident radiation, or TP 4ir for BCK going incident radiation) is a
portion of incident radiation that travels through the blind without interaction with the slat material. It is
calculated for each incident profile angle, using the Dir-Dir methodology, explained in Section 11.2.2.1. These
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values are affected only by the geometry of the blind and incident profile angle; slat material properties have
no influence. After calculating the portion of light that goes undisturbed through the venetian blind for a

certain incident profile angle i, , which corresponds to i-th incident direction of forward-going radiation, this

value is divided by Lambda, and placed in the appropriate place in a diagonal TAU_F_dir matrix:

f
£ _ Tdirdiri ; _
Tiridir —T, I = :L, N [11—79]

Lambda in equation [11-79] represents propagation operators, elements of a matrix which transforms
radiance vectors emerging from one layer into irradiance vectors incident on the next layer. Lambda values
are geometrical quantities associated with the partitioning of a solid angle, as described in Klems, J.H. 1994a

and Klems, J.H. 1994b. Each AC) bin has a corresponding Lambda value. They can be expressed as:
1,. P .
A, :E(sz " —sin’ Q'O)A(pi, i=1..N, [11-80]

If directions are equally spaced along each strip defined by 6 angle, we have:

A, =%(sin2 o —sin? 6’i'°)§—”, i=1..,N, [11-81]

Di

where N; is the number of directions in one 6 strip.

Lambda values are stored in a matrix. Indexes lo and hi in equation [11-80] stand for "lower" and "higher"

bounding angles of ACY bins. Figure 11-22 shows one AC) bin with corresponding bounding angles (using
planar projection of the hemisphere).

The "z" hemisphere is divided into Ny spherical strips (the first of which is actually a spherical cap). Each strip
is defined by the two boundary angles: 0"° and 0". The relation between these boundary angles and
corresponding 0 angle is:

6,° =0°% 6y =90
‘ 0 | [11-82]
9i|0 :9|le20| —Hih', | :Ng,...,z;

Note that bounding angles should be calculated from the highest 6 angle towards the lowest 6.

Figure 11-23 shows one spherical strip, an area bordered with "low" and "high" boundary angles.
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" =67.5° \‘p

_.p°=225°
i-th direction

<

X
Figure 11-23. Theta limits which form a spherical strip ("z" hemisphere)

In our example, shown in Figure 11-22, i=3, and A3 would be:
A, :l(sin2 o —sir? 493"’)2—7[ s Z _sip Z )27 _E g E _sig X | = 0.17
2 N 4 12

s &8 8 [11-83]
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11.3.3. Diffusely Transmitted and Reflected Radiation

The diffuse (or "dif") transmitted or reflected portion of the incident radiation is a portion of the incident
radiation that arrives at the slat surface(s), and leaves the blind at the other, or at the same side, after a series
of Lambertian reflections off slat surfaces.

In all calculations of SOL range diffuse properties of the Venetian blind, SOL properties of the slat material
f b
areused (7, p, and p,).

Two different methods for calculations of diffuse portion of solar-optical properties in SOL range are
presented; a) Uniform Diffuse method and b) Directional Diffuse method.

Uniform-Diffuse Method

This method utilizes the Dir-Dif methodology, presented in Section Error! Reference source not found.

For each incident direction 7, or to be more precise, for each incident direction's profile angle v, 7y, 4¢; and
Pdir_dir,i are calculated twice, for FWD and BCK going incident radiation. 7y, _4;; and Oy, 4y, are obtained
after solving systems of equations, defined by equations [11-51]-[11-52].

These results are hemispherical values, averaged across the hemisphere. Therefore, they need to be divided
by n before placing in BTDF/BRDF matrices.

Note that this calculation method gives uniform distribution of diffuse values for one incident profile angle
;. This results in RHO matrices, TAU_F_dif and TAU_B_dif matrices having equal values within any

column.

When "dir" and "dif" results are summed, TAU_F from equation [11-72] becomes:

f f f f
Tdir—dir 1 " Tdir—dif 1 Tdir—dif 2 T dir—dif N
A, b2 T n
f f f f
T dir—dif 1 Tdir—dir,2 n Tdir—dif,2 Tdir—dif N
T A V4 T
2 [11-84]
TAU _F = 0
f f f f
T dir—dif 1 T dir—dif 2 Tdir—dir N 4 T dir—dif N
/4 /4 Ay /4

Figure 11-24 shows how the TAU_F matrix is formed.
Elements of RHO_F matrix from equation [11-73] are:

f
o, :pde” i,j=1..,N [11-85]

The RHO_F is:
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f f f
p dir—dif,1 p dir—dif,2 p dir—dif,N
x T —f ”
p dir—dif,1 p dir—dif,2 p dir—dif,N
T T T
RHO F = [11-86]
f f f
p dir—dif,1 p dir—dif,2 ’0 dir—dif,N
L T T T B
; f
& T dir-dif,i .
o BIDIR-Uniform results
(BTDF matrix)
=~ Z _
& Oy, A
DirDIf [ 1de by, ;
portion n €l T
=1 -
_ I ¥ N H
d - z
= _ | 2
L1 ev\‘ {\
\Pi 0\\‘\6 LA
y 1
-~
Bie DI 1 lair-diri
portion » '

Figure 11-24. Overview of BiDir — Uniform Diffuse calculation method
(FWD transmittance)

Matrices for backward radiation direction are formed by following the same pattern, only in reversed
coordinates. Calculations of Tair—dir.i - Tdir_dif,i and Pdir_dif,i are performed for BCK direction of incident
radiation, and stored in the appropriate result matrices in a previously described manner.

More examples with elements of BSDF matrices, based on a full angular set of 145 directions, are available in
Section 11.5.

Directional-Diffuse Method

Unlike the Uniform-Diffuse Method, which gives uniform distribution of diffusely transmitted and reflected
radiance across all outgoing directions for a given incident direction, the Directional-Diffuse method
calculates the diffuse component for each outgoing direction taking into account which segments are
“visible” and which segments are “shielded” by the other slat, when considered at the outgoing angle. In
other words, the procedure considers the cut-off angle and adjusts the diffuse radiation intensity based on
that cut-of angle. This approach provides a more realistic angular distribution of the diffuse radiation.
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However, in the average sense, the integrated, or hemispherical value of diffuse transmittance or reflectance
of an isolated layer, such as a Venetian blind, should be the same, regardless of the approach taken. The
improved accuracy comes from the fact that the matrix method for determining solar-optical properties of
multiple layer systems, consisting of specular, diffuse, or partially diffuse layers, described in Klems, J.H.
1994a and Klems, J.H. 1994b, considers individual outgoing directions in the process of calculating the system
properties, so having more accurate angular distribution of the diffuse radiation improves the accuracy of the
method.

Figure 11-25 shows how outgoing radiance (and hence transmittance) changes with the outgoing profile
angle, for a simple case of a flat-slat Venetian blind. It shows a situation in which the blind is irradiated by
light that arrives at an incident profile angle ¥in. The incident radiation is diffusely reflected off both slats.

When the radiation reaches the indoor facing imaginary plane, four different bands can be identified for the
outgoing directions which lay in a vertical plane, starting from the lowest outgoing angle of -90° (-n/2):

1. Increasing radiance: the total outgoing radiance increases with ¥/, from zero to |, ;, achieved at

outgoing angle ¥/,,.,1, as the larger part of the upper slat becomes visible

2. Decreasing radiance, as the angle between outgoing direction and upper slat normal vector decreases,

from ¥, .1 to zero at slat tilt angle ¥/,

3. Increasing radiance: when ¥/, increases past slat tilt angle ¥/ ,,, the lower slat is no longer visible,

and the lower slat becomes completely visible, the outgoing radiance increases from zero to | . »,

which is achieved at outgoing angle ¥/, ..»

4. Decreasing radiance: as the outgoing angle increases past /.., the decrease of the total visible part
of the lower slat outweighs the decrease of angle between the outgoing direction and the normal
vector of the lower slat in terms of an overall contribuiton to outgoing radiance, which results in

decreasing of the total outgoing radiance from | to zero fory/,, = —90° (-n/2).

max,2”’
Decreasing Lo
radiance N max (1,)
max,2
! P £ Ty h_|
—1 ’ crit - Increasing
Zero radiance ! radiance

-
.-
-

\ slat

Zero radiance

.Z \Pslat

..... Decreasing radiance

Increasin
' radianceg Local
max (l,)

Zero radiance

Figure 11-25. Illustration of directional-diffuse transmittance
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Figure 11-26. Outgoing radiance vs. outgoing profile angle for directional-diffuse transmittance in vertical outgoing plane

Figure 11-26 shows the plot of outgoing radiance against outgoing profile angle, for the example from Figure
11-25. The shape of the curve is highly influenced by several factors: the incident direction, the overall
geometry of the slat (width, distance, curvature, tilt) and the optical properties of slat material (at both sides).

Although individual basic energy balance equations are essentially the same as the ones used in Section
11.2.1.3, equations [11-35]-[11-48], there are certain differences in the resulting equation systems:

e Unlike the “slat enclosure” model (Figure 11-14), there are no "virtual" segments for the front and
back opening; therefore, the dimension of this system is reduced by 2.

e The system of equations is formed and solved for radiosities leaving slat segments, instead of
irradiances arriving at slat segments.

e The resulting outgoing radiation is calculated as a sum of contributions of each segment of the two
adjacent slats, using radiosities leaving each slat segment instead of irradiance reaching the “virtual”
segment “6”, used in the Uniform-Diffuse approach.

e Although the physical meaning is similar, this system uses a slightly different notation for slat
segments, which is more appropriate for the Directional-Diffuse approach described in this section.

The system of energy-balance equations in the Directional-Diffuse method has the following form (see also
Klems, J.H. 2004):

for each segment p of the lower slat (Lsl):

Z:[é‘pq _(r; Foa Tt Fog )]"Jq,i - (I’; Bt 'Ep',i) [11-87]
q
for each segment p' of the upper slat (Usl):
z[gp’q - (rpb’ Foa Tt Fyg )]"]q,i - (rpb’ Bty 'Ep,i) [11-88]
q
where:
s -1tp=d
Ao
»P#Qq

J = any slat segment (of both Lsl and Usl)

P1p’ = slat segment of the lower and upper slat, respectively
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i = indicates i-th incident direction

r;lrpb = reflectance of the front and back side of slat segment p, respectively
tp = transmittance of slat segment p
fo,q = view factor from segment p towards q

Ep,i = irradiance incident on a slat segment p, radiation coming from incident direction i

Jg,i = outgoing radiosity from slat segment q, which comes from incident radiation coming from
incident direction i

Front Transmittance:

Outgoing
radiation,
out. direction j '

Incident
radiation,
inc. direction i
//(

/

\r\\ Py
(Ui, 4

Shadow edge

Figure 11-27. Explanation of terms in calculation of front bi-directional transmittance

Figure 11-27 explains the terms in the calculation of front bi-directional transmittance, for the forward-going
incident direction i and the forward-going outgoing direction j. These directions are transformed into profile

angles i/, and, , respectively. The thick dotted line represents the irradiated parts of the lower slat, while
the thick full line marks parts of the lower slat visible in the outgoing direction.

As previously shown in Section 11.1.4, irradiances on each slat segment p (caused by radiation from incident
direction i), needed for the energy-balance equations, can be calculated in 2D space, using:

Al
E,; =(cos g, tany, —sinﬂp)-ﬁ [11-89]
where:

,Bp = tilt angle of slat segment p
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v, = profile angle of incident direction i

A[;’j = area (length in 2D) of segment p that is irradiated by radiation coming from incident direction

1

Ap = area of slat segment p (length in 2D)

With regards to equation [11-89], following values correspond to our example shown in Figure 11-27:

A;,i :Azi
Asi <A,
A,’in =0, p>3

[11-90]

In order to calculate the front transmittance for a given outgoing direction (profile angle), it is necessary to
solve the set of equations defined by equations [11-87]-[11-88]), with irradiances E calculated using
Equation [11-7]. After that, it is necessary to determine which slat segments (or parts of certain slat segments)
are visible from that particular outgoing direction, as shown in Figure 11-27.

The contribution of each slat to the total outgoing radiance in the outgoing direction k is given by equation
[11-10]. The total outgoing transmittance is calculated as an averaged sum of these contributions, with
regards to the area of back opening:

T, :#Z (cos,B -tany, —sing )A".J—”" [11-91]
I AdCOSQj o p l//J P/ Pl T

where:
A, = area of slat opening (slat distance in 2D)

19]- = latitude angle of outgoing direction j

ﬂp = tilt angle of slat segment p

; = profile angle of outgoing direction j

J

= outgoing radiosity from slat segment p (as a result of irradiance at all slat segments, coming

p.i
from incident direction i) - solution of set of equations [11-87]-[11-88]
A", ; =area (length in 2D) of segment p that is visible from outgoing direction j

With regards to equation [11-91], following values would be used in our example:
Il’j — AS,
Ay <A [11-92]
Al =0, pe{123678910]

As shown in equation [11-91], the transmitted part is calculated as a sum of the contributions (diffuse
radiosities divided by n) of each slat segment visible from the outgoing direction j, and this is calculated for
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each outgoing direction. This results in a non-uniform distribution of results, unlike the distribution of results
present in Uniform-Diffuse method.

This calculation can be summarized for front-side transmittance as:

e calculate incident and outgoing profile angles: i/; (forward-going) and /| (forward-going),

respectively

e determine visible areas A‘;‘i for each slat segment p (from incident direction i)

e calculate irradiance Ep-

i of each slat segment p

e calculate radiosities J Di for each slat segment p, by solving set of [11-87]-[11-88]

e determine parts A"p’ j of each slat segment p, visible from the outgoing direction j.

e use equation [11-91] to calculate front bi-directional transmittance.

These steps are repeated for each pair of (/;, ¥/ ), and results of these calculations are stored in the

appropriate places in TAU_F_dif bi-directional matrix.

Front Reflectance:

Incident
radiation,
inc. direction i

Outgoing
radiation, -~/
out. directionj  F—

Figure 11-28. Explanation of terms in calculation of front bi-directional reflectance

Front bi-directional reflectance is calculated for the forward-going incident direction i and the backward-
going outgoing direction j (Figure 11-28), as:

f 1 r ; " J Al
Pi =Ezp:(cosﬂp tany | —smﬂp)ApJ % [11-93]
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Calculation of the RHO_F bi-directional matrix is done using the same procedure as shown for the
TAU_F_dif bi-directional matrix.

Back-side transmittances and reflectances are calculated after applying the same procedure shown for the
front-side transmittances and reflectances to the backward-going incident directions. The resulting bi-
directional matrices are TAU_B_dif and RHO_B.

Again, directly transmitted values (TAU_F_dir and TAU_B_dir) are added to matrices TAU_F_dif and
TAU_B_dif to form the full set of bid-directional matrices TAU_F and TAU_B.

11.3.4. Direct to Hemispherical Solar-optical Properties

Direct to hemispherical solar-optical properties (transmittances and reflectances) of the blind are integrated
properties calculated from bi-directional results for each incident angle or direction. These properties
represent transmitted / reflected radiation integrated over the outgoing hemisphere, which is a result of the
incident directional radiation (a beam), coming from a certain incident direction (Figure 11-29).

FWD incident beam BCK incident beam
radiation (SOL) b radiation (SOL)
f
Them,i Them,l
Incident
direction i )) (( Incident
direction i
77

///,,( (
925&&,(&

b
phem,i

AVAVAAVAWA WY

AVAAA VAW W Y

Figure 11-29. Directional-to-hemispherical properties at front and back side of the Venetian blind

Due to the inherent asymmetry of the geometry and the slat material properties of the blind with respect to
incident angles, integrated transmittances and reflectances are calculated separately for the front and for the
back side of the blind. Thus, we define 4 different sets of direct to hemispherical properties:

¢ Hemispherical transmittances at the front side of the blind, T;em’i
¢ Hemispherical transmittances at the back side of the blind, T,?em’i
e Hemispherical reflectances at the front side of the blind, p;em’i

e Hemispherical reflectances at the back side of the blind, p:em'i

As equation [11-72] shows, an element of the bi-directional transmittance matrix for the front side of the
blind TAU_F is defined as 7 II - radiation coming from direction i, and transmitted in directionj - (ij =1, ...,
N, where N is the number of incident/outgoing directions). The same matrix format is used in other three
matrices with bi-directional properties (TAU_B, RHO_F, and RHO_B).

Direct-to-Hemispherical transmittance (front or back) for i-th incident direction T,:em’i and Z',:)em’i are defined

as the hemispherical average of the bi-directional transmittances, over an outgoing hemisphere:
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.[z'j’i cosd, dw,

outgoing
__ hemisphere

T. . =
hem,i J‘COSHj da)j [11-94]

outgoing
hemisphere

Where for 7, ,f]em’i , T fl is used and for 7, t?em,i , T b is used. The solid angle of the outgoing hemisphere €2 can

i B
be expressed in terms of # and w:

1 .
do; = Zsmejdejdgoj [11-95]
After re-arranging:
1 /2 2x
0;=0 ¢;=0

For a finite number of directions, a summation formula is used:

ir“ (sin2 o' —sirt «9]'0)-Ag0j
_j=

T, .= _
hem,i 2 [11-97]

where N is number of (incident and outgoing) directions. This again applies to both front and back directions.
This can be written as:

N
f _ fo
Them,i — ZT Jr'Aj [11-98]
j=1
b - b
Them,i :ZT i\ [11-99]
j=1

f b
where T i and 7 X correspond to 7 i elements of TAU_F or TAU_B matrix, and A ]- is a Lambda value that

corresponds to j-th outgoing direction, calculated using equation [11-80]. Essentially, the front hemispherical
transmittance for i-th incident direction is obtained by averaged summation of the i-th column of TAU_F
matrix.

Similarly, front/back hemispherical reflectances are obtained using:

ip“ (sin2 o" —sirf 9;")- Ag,

=1

Prem,i = [11-100]

2

This can be written as:
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N
f f
Prem,i = ZP j'iAj [11-101]
j=1
b N b
Phem,i :ZP i,iAj [11-102]
j=1

11.3.5. Hemispherical to Hemispherical Solar-optical Properties

Hemispherical to hemispherical (also referred to as diffuse) solar-optical properties (transmittances and
reflectances) of the venetian blind layer are full integrated quantities, giving a scalar result independent from
incident or outgoing directions. These scalar quantities are calculated from bi-directional results as well, by
performing double integration, and they represent the amount of transmitted /reflected diffuse radiation as a
result of diffuse incident radiation (Figure 11-30).

2 ) | (e
pdif//,h /j)»))/ «((j radiation (SOL)
«(«(: j))))) .
il -~

Figure 11-30. Diffuse (hemispherical-to-hemispherical) properties at front and back side of the Venetian blind

Hemispherical to hemispherical properties are easily calculated from the directional to hemispherical
properties, as their integral sum over all incident angles. Transmittance is calculated as:

Tait = J.Them,i -cosd dw, [11-103]

incident
hemisphere

Where Them,i is direct to hemispherical transmittance for i-th incident direction, and «; is the unit solid angle

of the hemisphere at the incident side of the blind.
After rearranging:

72'/2 2
1 .
27 ;=0 ¢; =0

For a finite number of directions, N, a summation formula is used:

Tait = ;Zrhem,i A [11-105]

11-38 April 2018 WINDOW Technical Documentation



11. OPTICAL PROPERTIES: LOUVERED BLIND 11.4. Far Infra-RED (FIR) Mathematical Models

where A, is a Lambda value that corresponds to i-th incident direction. This applies to both front and back

directions:
N
1 A
Taif = Zrhem,i i [11-106]
iz
N
b 1 b
Tait = _them,i A [11-107]
T i1

where T rf]em’i and 7 Eem’i represent the front and back directional to hemispherical transmittance for i-th
incident direction, calculated using equations [11-98] and [11-99], respectively. Note that T ;if must be equal

to T(t;if , s0 it is sufficient to calculate diffuse transmittance for one side of the blind only.

Similarly, front and back diffuse reflectances are calculated as:

1 N
f f
Pait = _them,i A [11-108]
T iz
b 1< o
Pdit = ;them,i A [11-109]
i1

where p;em'i and pﬁem'i are front and back directional to hemispherical reflectance for i-th incident

direction, calculated using equations [11-101] and [11-102], respectively.
11.4. Far Infra-RED (FIR) Mathematical Models

11.4.1. Introduction

Optical properties of the Venetian blind in far infra-red (FIR) range are:
e IR transmittance, 7 IR
¢ IR emissivity of the front side of the blind, ¢ f
¢ IR emissivity of the back side of the blind, &b

These are hemispherical-to-hemispherical, which means that they are not angle dependent. In addition to
material properties, which are purely diffuse, just like in SOL range, in the FIR range the incident radiation is
also always diffuse, which means that calculation of layer properties are done using only the Dif-Dif
procedure. The transmittance and reflectance are ratios of outgoing diffuse radiation with incident diffuse
radiation and they are a single scalar value for forward and backward directions. Note that 7 IR must be
equal for both directions, front and back:

TR =T =7, [11-110]
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FWD Incident Tf Tb BCK Incident
radiation (FIR) )))) ((( radiation (FIR)
Bi /. )))), («

(« ) N

AVAVAVAVAVA WA WY
N O O WA O . .

Fiqure 11-31. FIR properties (front and back) of the Venetian blind

Following the notations from Figure 11-31, the appropriate values for emissivities can be obtained using;:
TR = TR = Tt
g =1-14 - pi [11-111]
e” =1-15 — pp,

In these calculations, single band FIR range properties of the slat material are used (7, plfR , and p,t;a ).

Transmittance and front and back reflectance in FIR range of the Venetian blind layer can be calculated using
either a) ISO 15099 Dif-Dif methodology; b) BTDF/BRDF uniform diffuse method and then doing
hemispherical-to-hemispherical integration, presented in Section 11.3.3; or ¢) BTDF/BRDF directional diffuse
method and then doing hemispherical-to hemispherical integration. Each of these methods is expected to
produce identical final results.

11.4.2. 1SO15099 Method

1SO15099 FIR method is a direct implementation of Dif-Dif calculation procedure from Section 11.2.2.2. The
calculations are done for a single band using FIR properties of the slat material.

11.4.3. Bi-Directional Methods
These methods use BTDF/BRDF matrices, obtained using either Uniform Diffuse or Directional Diffuse bi-

directional calculation method. This calculation is done for a single set of FIR slat material properties.
Bidirectional results are integrated over the two hemispheres (in which all incident and outgoing directions
are defined), resulting in three hemispherical FIR values: 7, ,0f and pb . These integrations are done the

same way as in the case of hemispherical to hemispherical solar optical properties, as shown in Section 11.3.3.
Transmittance, 7, can be calculated from either front or back transmittance matrix, using equation [11-106]
or [11-107]. Reflectances, p, can be calculated from front and back reflectance matrices, using equations

[11-108] and [11-109.

11.4.4. Vertical LOUVERED blinds

Venetian blinds are common name for relatively narrow (i.e., 1-2 in.) horizontally oriented louvered blinds.
In order to model vertical louvered blinds, which are more typical for taller fenestration systems and are
typically wider (i.e., 4 in. or wider), the coordinate system of the horizontal blind needs to be rotated by 90°
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around the z axis (in xOy plane). Adopting the convention that positive venetian blind rotation is in a
counterclockwise direction, that means that the coordinate system of the BSDF hemisphere needs to be
rotated in the opposite direction, or by -90° (90° clockwise). The result is that ¢ = 0° becomes ¢ = -90° (or 270°),
and ¢ = 90° becomes ¢ = 0, etc.

11.4.5. Other Angles

The rotation of the Venetian blind around the z axis may not be restricted to the vertical direction only.
Theoretically, we can rotate it by any angle increment. In this case, the BSDF hemisphere rotation needs to be
done by an equal but opposite rotation. So if the Venetian blind is rotated by x°, the BSDF hemisphere
coordinate system needs to be rotated by -x°. It is not clear if this arbitrary angle of the louvered blind (i.e.,
angles other than horizontal or vertical) has any practical application, however this functionality is provided
so that it is fairly general.

Note that ¢ angles need to be kept in the range from 0 to 360, so when the rotation of the BSDF hemisphere
coordinate system results in negative values they will need to be recalculated “back” to 0-360 range. For
example, an angle of -450 is equal to 3159, etc..

11.5. Indexing of Incident and Outgoing Directions in BSDF Matrices

The following figures illustrate the indexing of incident and outgoing directions in BSDF matrices. The full
angular basis, which consists of 145 directions, was assumed. The full angular basis contains a normal
direction, plus 8 strips defined by a latitude angle 6, with each 6i strip divided into N¢i equal bins i=1, ...,
8), as shown in Table 11-3.

Table 11-3. Number of directions per one 6 strip

Theta index i 0; No; Agi
1 0° 1 360°
2 10° 8 45°
3 20° 16 22.5°
4 30° 20 18°
5 40° 24 15°
6 50° 24 15°
7 60° 24 15°
8 70° 16 22.5°
9 82.5° 12 30°

Directions are numbered 1-145, with direction 1 being the normal direction (6=0°), followed by directions
from each strip, beginning with ¢ = 0°, and ending with @ = (N¢i —1)-Agi.
For example:

e direction 31 is defined by (6 = 30°, ¢ = 90°);

e direction 41 is defined by (8 = 30°, ¢ = 270°);

e direction 100 is defined by (8 = 60°, ¢ = 90°);

e direction 112 is defined by (8 = 60°, ¢ = 270°);
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The dimension of four BSDF matrices for the full angular basis is 145.

Figure 11-32 describes an element of front BTDF matrix TAU_F, placed in 112th column of the 315t row. This
element represents a ratio of forward-going radiance, leaving the blind at outgoing direction 31, to incident
forward-going irradiance, coming from incident direction 112. Note that both incident and outgoing
directions are defined in z hemisphere. Figure 11-33 and Figure 11-34 show elements TAU_F(41,112) and
TAU_F(31,31), respectively.

outgoing direction incident direction
(row in TAU_F matrix) (column in TAU_F matrix)

/

. o
RN
N

TAU_F(31,112)

112
31

60° 50°)

77

O Y X {A Y\ \ \]

Figure 11-32. Front bi-directional transmittance, inc. direction 112, out. dir. 31

TAU_F(41,112)
112

60°

\WQ\’Z

41

OYX Y A Y X \]

Figure 11-33. Front bi-directional transmittance, inc. direction 112, out. dir. 41

Figure 11-35 shows a member of front reflectance matrix - RHO_F(31,112). In this case, the outgoing direction
31" is defined in z" hemisphere.
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TAU F

—~

31,31)

31

300..

31

AVAVAWAN WA WA WA Y

Figure 11-34. Front bi-directional transmittance, inc. direction 31, out. dir. 31

RHO F(31,112)
112

N
v

AN

Figure 11-35. Front bi-directional reflectance, inc. direction 112, out. dir. 317

Figure 11-36 shows a member of back transmittance matrix - TAU_B(31,112). In this case, both incident and
outgoing directions (112" and 31", respectively) are defined in z hemisphere.

Figure 11-37 shows a member of back reflectance matrix - RHO_B(100,112). Incident direction 112" is defined
in z" hemisphere, while outgoing direction 100 is defined in z hemisphere.
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TAU_B(31,112)

112"
31

30° 60°

AVAVAWVAWAWAW Y

Figure 11-36. Back bi-directional transmittance, inc. direction 1121, out. dir. 317

RHO B(100,112)

112"

60°

zf -60° z

100

Figure 11-37. Back bi-directional reflectance, inc. direction 1127, out. dir. 100

AV W WY
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12. WOVEN SHADE TYPE OF SHADING DEVICE

Woven shades are types of shading devices that are typically installed on the interior of the building facade
but this model allows the shade to be placed in any position (exterior, interior or between glass).

The purpose of this document is to present a proposal for the implementation of a calculation of bi-directional
solar optical properties of woven shade devices in LayerOptics.dll, which is based on the direct transmittance
model by Klems (2006) and the diffuse reflectance model by FSEC (McCluney 2006). This methodology will
be implemented in a function called WovenShade. The input arguments for this function are the geometry of
a woven shade device, the front and back diffuse reflectance and transmittance of the shade material, and the
definition of the directions of interest, for which the bi-directional properties of the device will be calculated.
The output arguments are four matrices: BTDF (Bi-directional Transmittance Distribution function) and
BRDF (Bi-directional Reflectance Distribution function), with bi-directional properties at the front and back
side of the device.

12.1. Direct transmittance model

The geometry of a simple woven shade of evenly-spaced threads in a cross-sectional plane perpendicular to
one of the thread directions is shown in Figure 12-1. (It is assumed that the threads of the weave run
horizontally and vertically). It can be seen from the figure that this simple geometry is characterized by the
periodicity, L, of the weave, which here is the center-to-center distance between the threads, and the radius, 1,
of the thread. The projected transmittance at normal incidence in this two-dimensional model is simply the
ratio do.

Figure 12-1. Simplified Two-Dimensional Geometry for a Simple Woven Screen.
Horizontal lines indicate normal-incidence radiation. Taken from Klems (2006)
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Figure 12-2. Typical Unit Cell of a Simple Square-weave Screen. Taken from Klems (2006)

Considering that the woven shade is made of transparent materials, the transmittance can be divided into
two parts: direct-direct and direct-diffuse.

12.1.1. Direct-direct transmittance

By assuming a regular square weave pattern as shown in Figure 12-2, the normal transmittance gives the
necessary ratio,

d 2
Toir_air (0) = (Toj [12-1]

For an incident direction with the angles (6,¢p), where the azimuthal angle is defined with the ¢= 0 axis in the
horizontal plane,

cos 6.
COS Oy o =—= 0l [12-2]
\/smzé?sol cos® ¢, +cos’ 6,
cos 6,
0S8, o = sol [12-3]

\/sinzeso, sin® ¢, +cos’ 4,

And the transmittance as a function of incidence direction is then:

[COS 9H sol (1_ \} idir—dir (0) ):| ’

b)) = MAX [12-4]

[COS a/,sol - (l_ \/ I dir—dir (0) ):| ,0

Tdir—dir (9

sol !
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12. WOVEN SHADE TYPE OF SHADING DEVICE 12.1. Direct transmittance model

And the condition Ty, 4 (6.,,%,) =0 defines a cutoff contour in (6,,,¢,,) that reflects the rectilinear

geometry of the weave. Angles 6, and ¢, are relative solar azimuth and relative solar altitude (see Figure
12-7).

Using the same procedure to calculate directly transmitted radiation, McCluney (2006), gives the comparison
between the result of such analytical model and ray tracing, as shown in Figure 12-3.

Gamma =04

Colored surface is analytical model
Data points are ray trace results

T ]

Unshaded Fraction of Crossed Cylinders

0.40

0.35 I
0.30 -
0.25 -

0.20 +

Transmittance

Solar azimuth in deg

Figure 12-3. Analytical model output for Unshaded Fraction (transmittance).
Taken from McCluney (2006)
12.1.2. Direct-diffuse transmittance

The direct to diffuse transmittance is calculated as the transmittance through the woven thread in addition to
the component of the beam reflected off the thread.
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direct beam

Figure 12-4. Direct to diffuse transmittance through woven thread

12.1.2.1. Direct-diffuse transmittance through woven thread

Considering that the unobstructed beam through the woven layer is calculated by Equation [12-1], then the
transmitted beam from beam hitting material is simply equal to:

Tdir—diff (mat) (91 ¢) = (1_Tdir—dir (97 ¢)) 'Tmaterial [12'5]

Where Ty it (mar) (€ @) is the transmittance through the material thread for given (6, #) incident angles

(see Figure 12-7), Ty, 4, (6, @) is defined by Equation [12-4] and T, i is the transmittance of the woven
thread.
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12.1.2.2. Direct-diffuse transmittance reflected off woven thread

For some angles, a certain part of the incident beam hits the back side of the woven thread and gets reflected
off the thread to the back side. That part of the reflected beam makes direct-diffuse transmittance.

Rmat,front
direct beam

Tdir-d iff, scatt »

Y.

Figure 12-5. Scattered transmittance

The FSEC window screen model calculates diffuse (scattered) transmittance using the geometry of the woven
shade material and the relative position of the sun with respect to the surface outward T, , a part of the

beam solar radiation which is reflected inward from the cylinder’s surface.

The scattering contribution to the transmittance in Figure 12-6 is equivalent to T ., -

Figure 12-6 shows the
additive component for the scattered transmittance for a screen material having an aspect ratio of 0.4 and a
material reflectance of 0.4. Although this component is shown to be highly directional, the magnitude (0.055)
is small compared to the transmittance of a totally absorbing surface. For this reason, the scattered
transmittance due to a reflective screen material surface will be added directly to the transmittance of a

totally-absorbing screen material (or could be considered as beam-to-diffuse transmittance). Figure 12-6

shows distribution of Tscatter

for Aspect ratio 0.4.
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Screen Transmittance Scattering Component

Aspect ratio,
Gamma =04

. 0.00
. 001
. 0.02
s 0.03
0.04
/1 0.0
== 0.06
. 0.07

Figure 12-6. Transmittance due to reflective property of screen material

Diffuse transmittance is calculated for each time step based on sun position and surface orientation. To
account for the variation in the front surface reflectance for varying sun angles, a simplified model is used.
The front surface reflectance model is based on the geometry of the screen material and the reflectance
property of the screen material cylinders. The following equations are used for the calculation of front and

back T,

scatter *

y=D/S

[12-6]
where D is the thread diameter and S is the thread spacing.
Tt omwnx = 0.0229-7+0.2971-R oo, —
0.03624-7? +0.04763-R%, . —0.44416-y R _ 1.0 112.7]

where R . is the thread material reflectance on the back side of the woven shade (see Figure 12-5). The

same equation is used for the back side with the difference that R, ¢, will be used instead.

1
(02 ’ Rmat,back ’ (1_ 7/))

PeakRatio,,,,, =

[12-8]
TSCFaCtorfront =0.2- Rmat,back 'Tscatt, front, MAX (1_ 7) [12-9]
5deg = eszol,deg +¢szol,deg [12-10]
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where 6 and ¢,

are relative solar azimuth and relative solar altitude given in degrees.

sol ,deg sol ,deg
Y
o.. =89.7-10-— 12-11
mex 0.16 L I
‘5deg _5max‘2
E1 =L = ' [12-12]
600
Gy~ G|
E,=—L1%0 [12-13]
600
S= M [12-14]
90— 5,

and finally the scattered part of the transmittance is calculated as:

o, <

deg — “'max
Tocatt rom = 15CFactor,, . - (1+ (PeakRatioy,,, —1)-e%) [12-15]
Odeg > Omax
Tocat o = TSCFactor, ., - (1+ (PeakRatio,,, —1)-e™ —TscFactor,,, - & [12-16]
Solar y vz
Zenith

Noﬁh

Relative Solar Altitude
{from surface outward normal)

%l
@ ‘

(:/x’Surface Tilt

NS\ Surface
Azimuth

Solar g

Azimuth

k Surface Qutward Normal

Relative Solar Azimuth
{from surface outward normal)

Figure 12-7. Schematic of window screen facing due south
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12.2. Diffuse reflectance model

The FSEC model calculates the reflectance of the screen as:

R irect, front ) _Tscatter, front [12-1 7]

where r is the reflectance of the window screen material.

=R 1-T,

scatter, front mat,front * (

It should be noted that the form of this equation in McCluney (2006) is somewhat different due to an error in
the derivation. Within the simplifying assumptions, this is the correct version of the equation.

The overall absorptance of the woven shade material is then:

Afron’[ = 1 - (Tdirect, front + Tscatter, front + Rscatter, front ) [ 12 '18]
Which reduces to:
Afront = (1_ Rmat, front ) ' (1_Tdirect, front ) [12-19]

12.3. Conversion from BSDF to solar coordinate system

To calculate BSDF values one needs to convert the BSDF coordinate system into the solar coordinate system.
This can be done by applying the equations described in this chapter.

6 and @ are angles as described in “Chapter 11. Louvered Blinds”, and 6, ,,, and ¢, are relative solar
azimuth and relative solar altitude as previously explained.
¢ €[90, 270]

Orotar = arctan(w) [12-20]

cos(6)

@ <[0,90]or ¢ €[270,360]

Oroiar = —arCtan (EnO)- cos(y), [12-21]

cos(0)

0 <[0,180]

Boer =—arc0s(y/c0S(6)° +sin(6)’ -cos(p)’) [12-22]
¢ [180,360]

Potar = 210005(,/C0S(0)° +5in(6)" -cos()") [12-23]

12.4. Wovenshade function

The WovenShade function will calculate the bi-directional properties, transmittance and reflectance, which
are defined for each combination of incident and outgoing direction, and as a result will form BTDF and
BRDF matrices.

The WovenShade function will perform calculations according to the Klems and the FSEC model. Because
the FSEC model provides properties for a single incident direction, the WovenShade method must perform a
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series of calculations in order to produce bi-directional properties for all incident and outgoing directions.
The directions of interest will be defined as in the Venetian blind function.

For a given incident direction i, defined by the pair of angle coordinates (Theta;, Phi;), transmittances Tdirect,i
and Tscatter,i are calculated. In order to get the bi-directional transmittance, Tairecti must be divided with the
Lambda factor before putting into the appropriate place in the result matrix, which is at the diagonal (as the
directly transmitted component exists only for the outgoing direction that is collinear with the incident
direction). Lambda is the propagation operator which transforms the radiance vector emerging from one
layer into irradiance vectors incident on the next layer. Tscatter,i which is a hemispherical property, must be
divided with Pi in order to obtain the bi-directional transmittance (Pi transforms diffuse outgoing radiance
into direct outgoing radiance). These values will be placed in the i-th column of a BTDF matrix, which
corresponds to the i-th incident direction.

This procedure is repeated for each incident direction. Direct and scattered components of the bi-directional
transmittances are summed to form the TAU_F matrix, (Equation [12-24]).

f f f f 7
lerect 1 Tscatter 1 Tscaner 2 Tscatter N
A V4 b4 b4
f f f f
scatter,1 lerect 2 Tscatter 2 scatter,N
T A, T T
TAU _F =
f f T f f
scater,1 scatter,2 dlrect N _direct,N scatter,N
V4 Vs A V4
L N i [12-24]

The same procedure is applied for backward incident directions. The TAU_B matrix, (Equation [12-25]),
consists of backward bi-directional transmittances.

b b b b
lerect 1 Tscatter 1 Tscatter 2 Tscatter N
A, b2 7 V1
b b b b
Tscatter 1 lerect 2 Tscatter 2 Tscatter N
T A, b4 b2
TAU B=
b b b b
scatter,1 scatter,2 lerect N Tscatter N
V4 T A V4
L N - [12-25]

Scattered reflectances Rscatteri are hemispherical values, calculated according to Equation ([12-17]). As in the
case of scattered transmittance, these values must be divided with Pi in order to get bi-directional
reflectances. The RHO_F matrix (Equation [12-26]) contains front bi-directional reflectances, while RHO_B
matrix (Equation [12-27]) contains back bi-directional reflectances.
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Tpf f f
Rscatter 1 Rscatter ,2 Rscatter N
VA VA T
f f f
Rscatter 1 Rscatter ,2 Rscatter N
T T T
RHO_F =
f f f
Rscatter A1 Rscatter 2 Rscatter N
| T T [12-26]
" pb b b
Rscatter 1 Rscatter ,2 Rscatter, N
T T VA
b b b
Rscatter 1 Rscatter ,2 Rscatter, N
T VA T
RHO B=
b b b
Rscatter 1 Rscatter 2 Rscatter, N
L7 a T [12-27]
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Perforated screens are types of shading devices that are typically installed on the exterior of a commercial
building facade. Figure 13-1 shows an example of a perforated screen product.

The solar optical performance of these shading devices depends on the geometry and the properties of the
material that these devices are made of. In the first approximation, it will be assumed that the transmittance
of these products is based on the geometry of the openings alone and on the bulk transmittance and
reflectance of the material. Any diffuse reflections from the edge of the openings will be ignored. This
assumption is believed to produce very small errors, because the thickness of these devices is normally quite
small and the openings are well defined, without much scattering back.

Figure 13-1. Typical unit cell of a circular perforated screen
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Figure 13-2. Typical unit cell of a rectangular perforated screen

13.1. Direct-direct transmittance

13.1.1. Circular holes

The circular holes are fully symmetrical, so we can express the transmittance of the perforated screen with

circular holes in terms of an incidence angle, 6

Profile angle:

Agole
Toirqir (0) = cell
(0) A

To calculate area of the hole at incidence angle 6

I =r -cosfd—t-sin@

The projected area of the opening consists of two semi-ellipses.

T v
A==-r-1-c080="=-r"-cosf
2 2

A, :%.ro.ro':%-(roz-cose—ro-t-SinH)

[13-1]

[13-2]

[13-3]

[13-4]
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13.1. Direct-direct transmittance

Agole _ A1+A2 :%.(Z,roz .Cosg_ro.t-sinQ)

ASOIG :ﬂ_rOZ,COSQ.(]_—ZLotaHH)

o
[
A =SS, -cosd
These formulas are valid between cutoff angles defined as:
2.1,
6 <[0,tan™ T"]
Therefore,

Tarar(6) = MAX ([ (2)*- (1 -tz 0).0)

0

13.1.2. Quadratic holes

[13-5]

[13-6]

[13-7]

[13-8]

[13-9]

Quadratic holes do not exhibit the symmetry of the circular holes, so we will consider projections of the
incident direction onto horizontal and vertical planes, commonly denoted as profile angle v, and azimuth

angle n (see “Chapter 15. BSDF Properties” on the coordinates transformation).

Profile angle:

d; =d,-cosy —t-siny [13-10]
d; d, t
Tairar W) = ——2—=2——tany [13-11]
S,-cosy S, S,
These formulas are valid between cutoff angles defined as:
d d
we[-tan™ TO ,tan™! T‘)] [13-12]
Azimuth angle:
d;=d, -cosp—t-sinn [13-13]
d, d, t
Tirqr () =—>—=—">——-tanp [13-14]
i S,-cosp S, S,
These formulas are valid between cutoff angles defined as:
d d
ne[-tan™ TO ,tan™ TO] [13-15]
Therefore, transmittance T can be expressed in terms of both angles:
d, t d, t
Tiir—air W, 77) = MAX ([.> = —-tany],0) - MAX ([ > — —-tan 7], 0) [13-16]
S, S, S, S,
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13.2. Direct-diffuse transmittance 13. PERFORATED SCREEN TYPE OF SHADING DEVICE

13.1.3. Rectangular holes

Rectangular holes are similar to square holes, except that the dimension in the x and y directions are not the
same. We will still consider the projections of the incident direction onto horizontal and vertical planes,
commonly denoted as profile angle y, and azimuth angle n (see “Chapter 15. BSDF Properties” on coordinates
transformation).

Profile angle:

d;, =d,, -cosy —t-siny [13-17]
d d
Td\i/r—dir W)=—2—="- L tany [13-18]
S,-cosy S, S,

These formulas are valid between cutoff angles defined as:

d d
w e[-tan™" % ,tan™ %] [13-19]
Azimuth angle:
d;, =d,, -cosn—t-sinny [13-20]
d, d t
T o) =—L"—=""_— .tany [13-21]
e S,-cosp S, S,
These formulas are valid between cutoff angles defined as:
d d
nel[-tan™ T"“,tan‘1 TOh] [13-22]
Therefore, transmittance T can be expressed in terms of both angles:
d t d t
Tar—air (17277) = MAX ([ =+ tany/], 0)- MAX ([ ——-tan 77], 0) [13-23]
S, S, S, S,

13.2. Direct-diffuse transmittance

Once the direct-direct transmittance is calculated (for circular and rectangular holes), the following equations
are applied for the direct-diffuse components of transmittance and reflectance:

Tairait = Q= Tair air) * Tonaa [13-24]
and

Rairait =@ Tairair) " Ot [13-25]
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14. FRITTED GLAZING

Fritted glazing (also known as “frits”) is a special type of glazing which consists of a glazing substrate
(usually specular glass) and diffuse patterns on the glass, commonly referred to as frits. The frit layer consists
of glass and in some cases colored pigments that are melted to bond to the substrate surface. This process can
easily be masked so that a pattern of the fritted surface is created. Because of the presence of diffuse material,
the whole glazing layer is considered to be a complex glazing, which requires a more sophisticated
calculation of the glazing system optical properties, which incorporates the fritted glazing layer. These more
complex calculations also require more detailed optical data, because the incoming direction of solar
radiation is no longer equal to the outgoing direction, which is the case in specular glazing layers. The optical
data for each complex glazing layer is provided in four matrices, one for front transmittance, one for back
transmittance, one for front reflectance and one for back reflectance. Each matrix has data for 145 incident
directions and 145 outgoing directions for each incident direction, therefore forming a 145 x 145 matrix of
data, or 21,025 data points. These matrices are provided for each wavelength.

In the case of a highly spectrally selective layer, which is characterized by 300 wavelengths, the total amount
of data is 4 x 21,025 x 300 or 215,230,000 data points. In comparison, specular glazing layer of the same
spectral selectivity will have 300 transmittances, 300 front reflectances and 300 back reflectances, for a total of
900 data points. Note that for a specular glazing layer, only one set of transmittance data is needed, as front
and back transmittances in specular transmission are identical.

The WINDOW software, developed by Lawrence Berkeley National Laboratory, implements calculations for
fritted glazing using the matrix data discussed above. In WINDOW, the spectral data for fritted glazing is
stored in the WINDOW database in a table called SpectralData. In order to generate spectral data for a fritted
glazing layer, measured optical data from the frit substrate glazing layer without the frit and from the frit
substrate with the frit covering are combined using special algorithms, called “Fritted glazing composition”,
detailed in this report. The fritted glazing composition optical calculations use a two layer optical model.
Data for each layer is stored in a database. The first layer is for the substrate data, and the second layer is for
the frit data. However, frits can have a diffuse and specular portion. Both the diffuse and specular portion of
frits are obtained by importing data from two different files (one for the front side and one for the back side
measurements), for a total of four individual optical data files.

Columns of interest stored in the SpectralData table are:

. Wavelength
. T

. Rf

. Rb

. Tb

This document describes the algorithms and procedures for the fritted glazing composition optical
calculations.
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14.1. Optical data 14. FRITTED GLAZING

14.1. Optical data

The introduction of transmittance back is necessary since unlike for specular glazings, the transmittance does
not have to be identical from the front and the back. All these matrices are three dimensional with the
following dimensions:

1. (Glazing) Layer
2. Component
3. Index

(Glazing) Layer is used to denote the fritted glazing layer position in an Insulated Glazing Unit (IGU). For
example, if the fritted glazing layer is glazing layer 2 in an IGU, then the (Glazing) Layer index will be equal
to 1 (note that numbering starts from zero).

Component part is used to store the layer data representing the Frit layer. Since there are three layers used to
represent one Frit, there will be three components stored in these arrays:

Component = 0 - Substrate data
Component = 1 - Specular data
Component = 2 - Diffuse data

Index is used to represent the data for each wavelength.

14.1.1. BSDF Data Model

Each fritted glazing layer has its optical data stored in a Bi-Directional Scattering Function (BSDF) format.
BSDFs are matrices of transmittance and reflectance, where each matrix contains columns of incident
directions and rows of outgoing directions. At the maximum, the BSDF is a 145 x 145 matrix, corresponding
to the 145 incident and 145 outgoing directions (solid angles). For a smaller angular basis, the number of
directions is reduced. Currently we have half basis (72 x 72 matrix) and quarter basis (36 x 36 matrix). Half
and quarter basis may be used in calculations for improved speed, but the optical data for a layer is still
stored in a full 145 x 145 matrix. One BSDF Matrix is created for each wavelength.

Optical calculations in WINDOW, using the Matrix calculation approach (mandatory for scattering glazing
layers or shading devices) can be done for different wavelength ranges and for different angular bases
definitions, as specified in Optical Calcs Preferences. Since frits are considered non-specular (i.e., diffuse)
glazing layers, the matrix calculations will be performed independent of the setting for “Use matrix method
for specular systems (glazing systems without shading devices)”.

14.1.2. Specular properties

Matrices for a specular layer will have zero values, except for the values on the diagonal. The diagonal values
will be calculated by using following equation:

BTDF,, = T(4.0)

i [14-1]

Where BTDF represents the BSDF value for transmittance in the i-th direction, A; A ;represents the solid

angle partition for i-th direction, and T (4,1) is the transmittance for a specific wavelength (read from the
spectral data tables) and adjusted for specific angular dependence. Note that Equation [14-1] is valid for back
and front transmittance as well as for front and back reflectance. The matrix presentation of Equation [14-1]
is:
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14. FRITTED GLAZING 14.1. Optical data

Ty .
Al
o 12 g
BTDF = A, [14-2]
0
0 0 T(A,N)
AN

14.1.3. Fritted glazing composition optical calculations
Fritted glazing composition optical calculations consist of the following steps:
1. Specular optical properties of the frit layer readout
2. Diffuse optical properties of the frit layer readout
3. Create resultant frit layer matrix from the specular and diffuse optical properties
4. Substrate optical properties readout
5. Create fritted glazing BSDF by area weighting

After performing the above steps, the transmittance and reflectance (front and back) BSDF matrices (i.e.,
BTDFr, BTDFg, BRDFr, BRDFp) are created and are ready to be incorporated into the calculation of the glazing
system, which may involve one or more specular glazing layers.

14.1.3.1. Specular optical properties of the frit layer

Specular optical properties are stored in a diagonal matrix, as described in previous section. Note that all
four matrices are stored using the same diagonal matrix form.

14.1.3.2. Diffuse optical properties of the frit layer

For the diffuse portion of the BSDF there is no angular dependence. This means that transmittance and
reflectance is uniform and identical for all angles and is only wavelength dependent. The values on the
diagonal of this matrix are not used in the creation of the resultant matrix, and can be ignored.

Note: Because specular optical data is measured by subtracting diffuse from total radiation, where diffuse
radiation is measured by the opening port in an integrating sphere, the specular component intrinsically
includes the diffuse portion in the specular direction.

. T TR
-A, T m—-A,
G L O
BTDF, =||7— A, T—Ay
T TW .
T—AN, T-A, [14-3]

Equation [14-3] is valid for front and back transmittance as well as for front and back reflectance.
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14.2. Hemispherical Transmittance 14. FRITTED GLAZING

14.1.3.3. Frit layer optical matrix

The resultant matrices of the optical properties for the frit layer are created by adding the specular and
diffuse matrices. The resultant matrix contains terms in a diagonal which are equal to the specular values,
while the rest of the matrix is filled with the diffuse part.

T4 TA T4
A, m-A, T m-A,
T4 TA T(A)
BIDF=|7-A, A, = 7-A, [14-4]
) TW) T(4)
A, 7-A, " A,

This matrix is also valid for reflectance.

14.1.3.4. Substrate optical properties

Fritted glazing substrate data have the same format as the specular portion of the frit layer. Only the diagonal
terms are non-zero.

14.1.3.5. Final fritted glazing properties

The substrate matrix is added to the frit layer optical matrix by weighting the area of the frit coverage. If the
frit layer matrix is marked as BTDF (A1) .. BTDF(A),esand the substrate matrix is marked as BTDF (A1)
then the final fritted glazing BSDF is created using following equation:

BTDF (1) 4. = FritCoverage - BTDF (1), + (1— FritCoverage) - BTDF (A1)

res sub

res sub [14-5]

Where FritCoverage is a number between 0 and 1, and denotes the area fraction of frit coverage (i.e., 0.2 is 20%
frit coverage, 0.5 is 50% frit coverage, etc.).

14.1.4. Angular dependence

Each term in the diagonal of the specular matrices correspond to an optical property at a given incidence
angle. Since specular properties are only dependent on the overall incidence angle, without the consideration
of solar azimuth, the only angular dependence is given with respect to incidence angle 6. Angular
dependence for specular glazing is not measured, rather it is calculated.

14.2. Hemispherical Transmittance

Hemispherical transmittance is an integrated property at the outgoing direction, representing the overall
optical properties for each incidence angle (i.e., each fritted glazing will have 145 hemispherical data points
for each optical property (i.e., 145 Transmittances, 145 Reflectances)). The hemispherical transmittance is
calculated for each incident direction by using the following equation:
X1 Ty * cos(6)) * dw; [14-6]
Them,i - N
Jo1J cos(8;) * dw,

uay 784

Where T; j is the transmittance between the incoming direction “i” and outgoing direction “j”, 8; is the angle

“u:y

between surface normal and direction “j”, N is the number of outgoing directions, and both integrations in
[14-6] are performed over the outgoing direction.
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14. FRITTED GLAZING 14.2. Hemispherical Transmittance

14.2.1. Solid Angle Transformation

In order to calculate the integration given by [14-6], a spherical coordinate system is used. In order to do
integration in a spherical coordinate system, the infinitesimal angle dw needs to be transferred into the
spherical coordinate system. Since all outgoing rays are covered by outgoing half-sphere, integration of the
solid angle over the half-sphere should be equal to 1. Therefore, we can calculate the solid angle by simple
division of dA and A:

dA [14-7]

Where A is area of the half-sphere while dA is area of the infinitesimal surface covered by solid angle dw.

A

(A

Figure 14-1: Spherical Coordinates

The area of surface dA is calculated by following equation:

[14-8]
dA =df xr *sin(0) xde *r

and since the half-sphere surface is equal to 2mr2, [14-7] becomes:

1
= sj [14-9]
dw o sin(@) dOd¢p

14.2.2. Hemispherical Transmittance Integration
Integration of [14-6] can be performed in two parts: the nominator and the denominator.

Integration over the denominator is fairly simple and it can be represented with the following equation:
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14.3. Spectral Data Measurements 14.

FRITTED GLAZING

N
Z f cos(Hj) * dwj
j=1

21
1 /2
= f cos(0) xdw = — J cos(6)sin(8) dode
21 Jg-g 0
(p:

"z,

Substituting back into [14-6] and integrating over direction “j”:

N
Them,i =2 % Z f Ti,i * COS(Qj) * dw]
j=1

N 9=0iH1 ©=¢jH

=2 % 2 j ] Tj,i * COS(HJ') * dw]

J=16=0j10 ©=9jL0

[14-10]

[14-11]

then replacing dw; with [14-9] and performing both integrations, the following equation is obtained:

N
1 . .
Them,i = Ez 7;,:((sin 6; y1)* — (sin 6; 1,0)?) Ag;
=

T..
— —
where 7;; = - and 4¢; = @y — @jLo-

Introducing lambda coefficient as:

1, .
A = 2 ((sm Hj,HI)Z — (sin 6’j,LO)Z)A‘Pj

then [14-12]can be written as:
N

Them,i = Z 7j,:

j=1

It is also noteworthy that following equation is valid:
N
j=1

14.3. Spectral Data Measurements

[14-12]

[14-13]

[14-14]

[14-15]

There are two types of measurements taken from the samples. The first measurement is performed over the

closed sphere as shown in Figure 14-2 which we will call total transmittance T, .

In the second

measurement, the sphere is open at the direction normal to the sample (see Figure 14-3), which is used to let

the specular portion of the incident radiation escape, thus providing the diffuse transmittance portion T .
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14. FRITTED GLAZING

14.3. Spectral Data Measurements

The difference between the measured total transmittance and the diffuse transmittance is the specular

transmittance:

Ti,specular = ljtotal — Ti,diffuse

/J/ ‘\\\
// \\
f/", \\\
\
>
.f
\\\ /"f
\\ ’//
S e
e J-/,'"
Figure 14-3. Diffuse Transmittance Measurement
[14-16]

Note that while [14-16] is true for each incoming direction, the measurement is done for normal incident

direction or i=1.

T

1total /

and T, 44 are measured in a spectrophotometer and are reported as a result of the measurement for

each wavelength. If we consider how these quantities are calculated by the internal instrument’s software,
we can prove that their difference is equal to the members of diagonal component in a specular matrix (see

Section 14.1.2. The following formulas are applicable to these two quantities:
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14.3. Spectral Data Measurements 14. FRITTED GLAZING

N
Tl,total = Z Tj,lAj [14-17]
Jj=1
while for diffuse measurement:
N
T airr = Z Tj1 4 [14-18]
j=2

which leads to the equation for specular transmittance:

T1 specutar = T1total = Traiff = T11/1 [14-19]
From which:
_ Tl,total - Tl,diff _ Tl,specular [14-20]
T = A ~ T
1 1

[14-21]

- Ti,specular
Lwi— - 1
4;

7,,and the rest of 7;; are diagonal elements in a specular matrix.

Note that value T.

1 specular in [14-20] is measured for normal incidence and therefore the equation can be

applied only to 7,,. For specular samples, the normal incidence measurement is usually the only

measurement done. For other angles of incidence, formulas are used that correlate normal to off normal
incidence angles (See Section 7.7). It is also possible to measure at different angles of incidence, in which case
values do not need to be correlated.

The following set of equations details the elements of diffuse matrix, 7,y ;. Rewriting [14-18] for any

“narr,

incidence direction “i”:

[14-22]

Tiairr + Tairrili = Taiffi Z Aj

j=1

14-23
_ Tiairr [ ]
Taiffi = 7 A,

where T, i« is angular dependent.
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15. BI-DIRECTIONAL SCATTERING DISTRIBUTION
FUNCTION

The Bidirectional Scattering Distribution Function (BSDF) is used to name the general mathematical function
which describes the way in which the light is scattered by a surface. In practice this phenomenon is usually
split into the reflected and transmitted components which are then treated separately as BRDF (Bidirectional
Reflectance Distribution Function) and BTDF (Bidirectional Transmittance Distribution Function).

The concept behind all BxDF functions could be described as a black box with the inputs being any two
angles, one for incoming (incident) ray and one for the outgoing (reflected or transmitted) ray at a given point
of the surface. The output of the black box is the value defining the ratio between the incoming and the
outgoing light energy for the given couple of angles. The content of the black box may be a mathematical
formula which more or less accurately tries to model and approximate the actual surface behavior, or an
algorithm which produces the output based on discrete samples of measured data.

In fenestration systems, modeling BxDF functions are used to describe non-specular systems such as shading
devices and systems constructed of shading devices.

15.1. Definition of BSDF matrices

To properly analyze BSDF properties, fenestration systems are set to have two hemispheres (Figure 15-1) with
a finite number of incident and outgoing patches (Figure 15-2). A patch represents a 2D surface in a 3D
hemisphere that is used to calculate the energy going through the patch surface. In this way the matrix of
incoming and outgoing energies can be defined and calculated or measured. In this way it is possible to
define the amount of energy incoming through the patch N and exiting through the patch M.
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15.1. Definition of BSDF matrices 15. BI-DIRECTIONAL SCATTERING DISTRIBUTION FUNCTION

Hemispherical coordinate system is used to set up angles and define surface of each patch.

|

So -
/ | \ E , liransmited
point of view

<

\ |/

| reflected

AN

Figure 15-1. BSDF hemispheres with corresponding coordinate systems

The mathematical model or measurements will be expected to have two angles as input parameters and to
produce a set of outputs for every outgoing patch with the given angles.

The number of incoming and outgoing patches (directions) are usually defined through these standard
definitions:

e Full basis (145 x 145)
e Half basis (77 x 77)
¢ Quarter basis (41 x 41)
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15. BI-DIRECTIONAL SCATTERING DISTRIBUTION FUNCTION 15.1. Definition of BSDF matrices

Figure 15-2. Full incoming BSDF (145 x 145) definition

Results will be kept in the form of matrices where the incoming and outgoing directions will be represented
by columns and rows respectively.

Incoming directions

2 At e o oo Ay
2 . .
©

= . y
©

|| - '
S . .
S

O v A, o o« o o Ay

Figure 15-3. BSDF Matrix Representation
Patches numbering will be set up in a way that the following is satisfied:

e Every specular system will be presented as a diagonal matrix with all non-diagonal terms equal to
zero
¢  When a BSDF matrix (layer) is used in glazing system, equivalent optical properties will be calculated

by applying the same mathematical equations as used for the non-BSDF layers. For example, the
equivalent transmittance of a two layer system will simply be multiplication of the two transmittance

matrices.
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15.2. Definition of angle coordinates 15. BI-DIRECTIONAL SCATTERING DISTRIBUTION FUNCTION

To have these two rules satisfied, bins for incoming and outgoing directions must be mirrored (Figure 15-4).

Figure 15-4. BSDF patches for a) incoming and b) outgoing directions

In this way the specular component that is entering (incoming) through a certain patch number will also
leave through the same patch number. The same will be true for the specular component reflecting off the
surface.

15.2. Definition of angle coordinates

Figure 15-1 shows two coordinate systems: xyz (we will refer to it as a "incoming" system) and x'y'zr
("reversed" or "outgoing" system). Coordinate systems are set up in a way to satisfy incoming and outgoing
patches symmetry (Figure 15-4).

Axis z points into the opposite direction of the incoming ray, while axis z* points in the same direction as the
reflected and transmitted ray. Note that z* axis orientations point to opposite directions for reflected and
transmitted rays. In this way we have defined three different coordinate systems, one for the incoming ray
and two for the outgoing (reflected and transmitted) directions.
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15. BI-DIRECTIONAL SCATTERING DISTRIBUTION FUNCTION 15.2. Definition of angle coordinates

| ’
AN
T ( )7 N X'
/ ‘ \ E \“ ‘\ s { \‘\ / | )
/ | VX transmitted
point of view : |

<3

| reflected

- . O- xw
TN

‘ E \ liransmitted / | \ E liransmitted
point of view point of view

<]

Ireﬂ ected I reflected

Figure 15-6. Outgoing directions coordinate system (transmittance and reflectance)

Directions of interest are defined using angular coordinates 6 (latitude angle) and ¢ (azimuth angle). Values
of 6 and ¢ are defined within the following limits:

0° < 6 < 90°
0°< < 360° [15.1]

Figure 15-7 shows an example with directions of interest in a planar projection of the "z" hemisphere in the
x0y plane, with z axis pointing towards the viewer. The diameters of the circles representing 6 angles are
growing with the 6 value. Value of angle ¢ grows in a positive (clockwise) direction. Numbers 1 - 49, shown
in Figure 15-7, correspond to a set of pre-defined bins, defined by seven 6 angles and eight ¢ angles. This set
of 49 bins had been given only as an example to illustrate the concept, since the full angular set consists of 145
bins. In this example, direction 15 (or D1s) is defined as (615 = 45°, @15 = 225°).
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15.2. Definition of angle coordinates 15. BI-DIRECTIONAL SCATTERING DISTRIBUTION FUNCTION

p— ,__7_7__,_,__,
®=90°

Yy

Figure 15-7. Projection of “z” hemisphere in x0y plane, viewed from incoming direction

For outgoing directions the coordinate system shown in Figure 15-8 should be used.
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15. BI-DIRECTIONAL SCATTERING DISTRIBUTION FUNCTION 15.3. BSDF patch and solid angle

9=270°

Figqure 15-8. Projection of “z” hemisphere in x0y plane, viewed from outgoing direction

It is important to note that these hemispheres are not fixed to outdoor and indoor sides. They are connected
with the direction of the light (hence the name incoming and outgoing). If for example, back transmittance is
calculated, then the incoming hemisphere is placed on the indoor side and the outgoing hemisphere is placed
at the outdoor side. Also, when calculating front reflectance the incoming hemisphere is set at the outdoor
side and the outgoing hemisphere is also placed at the outdoor side.

15.3. BSDF patch and solid angle

Every patch is defined through two angles 6 (latitude angle) and ¢ (azimuth angle) given in the hemispherical
coordinate system.
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15.3. BSDF patch and solid angle 15. BI-DIRECTIONAL SCATTERING DISTRIBUTION FUNCTION

A
(A
o/ N
T
- >
¢
r*sin(0) "
\‘
Figure 15-9. Spherical coordinates and patch
A patch defined in this way will have two sides with following dimensions:
side, =r-sin(@)-dé [15-2]
side, =r-de [15-3]
This infinitely small patch will have surface area:
dA=side, -side, =d@-r-sin(8) -de-r [15-4]
The solid angle of the patch is then equal to:
dA .
da):F=SIn(9)-d0-d(p [15-5]

Simple integration of the solid angles over the BSDF hemisphere is equal to 277 (see Equation [15-6]). Note
that the solid angle of the sphere is equal to 47 .

_x
T2 =21

j sin(0)-d0-dp =27 [15-6]

6=0 =0

15.3.1. Hemispherical properties and integration

Hemispherical values are a simplification of BSDF properties into a single value. While there is a lot if
information available from BSDF matrices, some calculations requires single number values. For example,
there is no need to calculate heat transfer through the fenestration layer for every BSDF direction. Those
calculations would be quite extensive and unnecessary since the previous integration of BSDF properties into
a single value would produce identical results.

15.3.1.1. Hemispherical to hemispherical

Any hemispherical property is calculated by applying the following integration:
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15. BI-DIRECTIONAL SCATTERING DISTRIBUTION FUNCTION 15.3. BSDF patch and solid angle

[[R-cos(@)-cos(6))-de -do,
) [15-7]

P =
e Hcos(@i)cos(@j)-dcoi -do,
i ]

754 784

where “i” represents incoming direction, “j” outgoing directions, P;; property value for given incoming-
outgoing direction, &, 0 ; are angle between direction of the energy flow and incoming and outgoing
directions and solid angle and dw, , d o, are infinitesimal value of the solid angles at given position of the
incoming and outgoing directions respectively. Integration over the hemisphere will produce a single value
called hemispherical value. Such properties are useful when performing diffuse to diffuse calculations.
15.3.1.2. Directional to hemispherical

Sometimes it is required to calculate hemispherical properties for a certain direction. Such integration is
performed for a certain incoming direction and over all outgoing directions.

I_P”' -¢0s(0,) - dw;

F)hemi =]
’ Icos(ej)~da)j
i

[15-8]

uay
1

This equation represents the directional hemispherical value for a certain incoming direction “i”. Such a value
is very useful when performing direct to diffuse calculations. For example, when calculating heat transfer
through a fenestration layer it is important to know the position of the sun and the optical properties of the
system in the direction of the sun.

In order to correctly calculate energy going through it, the patch view factor must be considered from the

“u_r

view of “z” axis (energy always travels parallel with the z axis).

15.3.1.3. Lambda values

Since the angle between the patch and the z axis is simply defined with @, the solid angle of the patch
viewed from the direction of the energy flow is equal to:

dw; =dw-cos(0) [15-9]

7874

where “j” denotes the patch number and dw ; is the solid angle as viewed in the direction parallel to the z

axis.

Using of one of the standard BSDF definitions would require each patch to have defined limit angles (
0.6:64 9.0 @y )- That would convert equation [15-9] into:

Ot j P Onrj Prj
Ao = | jcos(e)-dwzj jcos(e)-sin(e)-de-d(p
Olo,j PLo,j 00.] Pro,j [15-10]

1 . .
:E'(Slnz(eHl,j)_Slnz(eLO,j)) 'A¢j = Aj

ury

Where A; is coefficient for the patch “j”.

1,. .
A, :E(smz(HH,yj)—smz(HLo'j))-Agoj [15-11]
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15.3. BSDF patch and solid angle 15. BI-DIRECTIONAL SCATTERING DISTRIBUTION FUNCTION

It is also noteworthy that the following equation is valid:
= z A, [15-12]

where N represents the number of all patches in single BSDF definition.

15.3.1.4. Hemispherical values and BSDF

Having a finite number of BSDF values and defined lambda values it is simple to calculate hemispherical
values for any BSDF system.

Hemispherical to hemispherical
This is obtained by using discrete values when performing the calculation as displayed in Equation [15-7]:

[P, -cos(6)-cos(6,) - da, -do,

hem

”cos(a)-cos(ej)-dwi do;
i
O @i O i P j [15-13]

ZZI j _[ IP”.-cos(a)-cos(ej)-da)i-da)j

! J 00, PLoi 9Lo,j PLo,j

Oni i Prni Grij P

ZZI I J. _[cos(a)~cos(9j)~da)i~da)j

J 00 Poi OLo,j Pro.

Applying Equation [15-10] and considering that P;; is constant over the entire patch, Equation [15-13]

becomes:
SR, AN
P = —— [15-14]

hem ZZJ:AIAJ

Direct to hemispherical

Similarly to the case of hemispherical to hemispherical, this value is obtained by discretization of Equation
[15-8] and Equation [15-10]:

ZPi,J A
P

|
hem,i —
A,
- J
J

[15-15]

15.3.2. Fenestration BSDF properties

15.3.2.1. BSDF layer transmittance and reflectance

All equations described in this chapter can be simply applied to fenestration properties such as transmittance
and reflectance where for each incoming BSDF direction number of outgoing directions can be applied.
Simply replacing P;; with the corresponding value for transmittance and/ or reflectance will perform the
calculations for the given property.
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15. BI-DIRECTIONAL SCATTERING DISTRIBUTION FUNCTION 15.4. Calculating BSDF matrices

15.3.2.2. BSDF layer absorptances

Absorptance of the layer is a physical property that can only have an incoming direction and not outgoing.
For this reason it is not possible to represent BSDF layer absorptances as a matrix of incoming and outgoing
directions. The only correct way to represent absorptances is through the vector, where each value in the
vector represents the absorptance of the layer for a certain incoming direction.

15.4. Calculating BSDF matrices

When providing a mathematical model for a custom shading layer it is important to understand how to
create the BSDF properties of such a layer. For any given incoming direction, the model must be able to
calculate the direct-direct and direct-diffuse properties. Note that the diffuse-diffuse properties are calculated
by applying Equations [15-14] and [15-15].

| 0 dir-dif

dir-dir
Figure 15-10. Mathematical model of shading cell

When the model calculates the properties of the shading, that must be done for each incoming direction “i”
and the results must be provided for every outgoing direction “j”. The calculation of the direct-direct
component usually come down to calculating the openness of the hole in the shading fabric and the ratio of
the direct ray that passes through the shading device. Before supplying the results of the direct-direct

component to the matrix, it is important to divide the result with the corresponding lambda coefficient.

T [15-16]
T.. =— -
"OA

where Ti; is calculated as the ratio of the direct-direct component. The direct-direct component is usually
visible on the matrix diagonals. It is, however, possible to work with systems that would scatter rays into
different directions in which casethe number must be divided with the corresponding lambda value.

7, 0 .. O
0 = .. 0

Tdir—dir = 2 [15-17]
0 O Toh
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15.5. Measuring BSDF matrices 15. BI-DIRECTIONAL SCATTERING DISTRIBUTION FUNCTION

Direct-diffuse component is calculated by scattering through the material. In most of the cases, scattering
through the material will be considered to be perfectly diffuse. In this case the incoming ray will be equally
distributed in every direction. Since the sum of all lambdas at the outgoing direction is equal to 7 (Equation
[15-12]), the measured number must be divided with 7.

St [15-18]

Since the obtained number is valid for the outgoing direction, every column in the matrix (a column
represents outgoing directions) will be filled with the same numbers.

T, T, .. T,
T, T, . T
T n

Tdir—dif = [15-19]
T T, .. T,

Finally, the total transmittance matrix is obtained by the summation of the two previously calculated matrices
(direct-direct and direct-diffuse).

BTDF =Tg gir + Tair_air [15-20]

15.5. Measuring BSDF matrices

There are two types of measurements taken from the samples. The first measurement is performed over the
closed sphere as shown in Figure 15-11, which we will call total transmittance (Ttota). In the second
measurement, the sphere is open at direction normal to the sample (see Figure 15-12), which is used to let the
specular portion of incident radiation to escape, thus providing the diffuse transmittance portion (T isr).

Figure 15-11. Measurement of total transmittance
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15. BI-DIRECTIONAL SCATTERING DISTRIBUTION FUNCTION 15.5. Measuring BSDF matrices

Figure 15-12. Measurement of diffuse transmittance

The difference between the measured total transmittance and the diffuse transmittance is the specular
transmittance:

T T,

i,specular — Vijtotal —

T

i,diffuse

[15-21]

Note that while [15-21] is true for each incoming direction, the measurement is done for the normal incident
direction or i=1.

Titotary and Ty g4 are measured in a spectrophotometer and are reported as a result of the measurement for
each wavelength. If we consider how these quantities are calculated by the internal instrument’s software,
we can prove that their difference is equal to the members of the diagonal component in a specular matrix
(see “Section 15.4. Calculating BSDF matrices”). The following formulas are applicable to these two
quantities:

N
T o = er,l 'Aj [15-22]
j=1
while for diffuse measurement:
N
Togn = 2,70 A [15-23]
j=2
which leads to the equation for specular transmittance:
Tl,specular = Ntotal _Tl,diﬁ =T Al [15-24]
from which:
7, = Tl,total _Tl,diff _ Tl,specular [15_25]
’ Ay Ay
T
T = i,specular [15-26]
) A

711 and the rest of 7;; are diagonal elements in a specular matrix.
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15.6. Transformation of spherical to profile angles 15. BI-DIRECTIONAL SCATTERING DISTRIBUTION FUNCTION

Note that value T specular in Equation [15-25] is measured for normal incidence and therefore the equation can
be applied only to 7, ; . For specular samples, normal incidence measurement is usually the only measurement

done. For other angles of incidence, formulas are used that correlate normal to off normal incidence angles.
It is also possible to measure at different angles of incidence, in which case the values do not need to be
correlated.

The following set of equations details the elements of the diffuse matrix, 74;7;. Rewriting Equation [15-23]
for any incidence direction “i”:

N
Tt + Tairr i N = Tair i 'ZAJ' [15-27]
j=1
T, gir
Taif i = ﬂ.’_Ai [15-28]
where T qiff is angular dependent.
Finally, BSDF matrix is equal:
Tl,specular Tz,dif'f Tn,dif'f
A T—A, T—A,
Tl,dif'f TZ,specuIar Tn,dif'f
BTDF =|| 7 - A, A, T m-A, [15-29]
Tl,diff T2,diff Tn,specular
T—A  7T—=A, A,

15.6. Transformation of spherical to profile angles

Some mathematical models are symmetrical from the vertical point of view and because of that calculations
can be performed once for several incoming directions. For example, a horizontal venetian blind will

produce identical results for incoming patches number 7 and number 9 (see Figure 15-2a). In that case, the 3D
spherical coordinate system can be converted to a 2D coordinate system.
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15. BI-DIRECTIONAL SCATTERING DISTRIBUTION FUNCTION 15.6. Transformation of spherical to profile angles

Plane of Glazing

z

Figure 15-13. Conversion of spherical coordinate system to 2D and profile angle

Figure 15-13 shows the conversion of (6, ¢) coordinate system (spherical) into (), n) coordinate system.
Directional vector “S” and its projections to the Cartesian coordinate system planes and axis needs to be
calculated. First the projection of interest is the projection of “S” to the y-axis (Sy). The first step is to
calculate the projection of “S” to the xz plane:

Sxy =S.sin@ [15-30]

and then the projection to y-axis:
S, =S,,-sing [15-31]

which leads to the equation for “S,”:

S,=S:sin@-sing [15-32]
Similarly the equation of S, (projection to z-axis) is calculated as:

S,=S-cosé [15-33]
Since,

S

S =tany [15-34]

z

Sy can be expressed as:
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15.6. Transformation of spherical to profile angles 15. BI-DIRECTIONAL SCATTERING DISTRIBUTION FUNCTION

S, =S-cos@-tany [15-35]
From which the following expression can be obtained:
tany =tan@-sing [15-36]

This gives the first coordinate system conversion equation. For the second coordinate system conversion
equation, we will calculate the projection of s on the x-axis:

% =tann [15-37]

2
and since S, =S -€0S#, S, becomes:

S,=S-cosd-tanny [15-38]
Also:

S, =S,,Cosp=S-sing-cose [15-39]
which leads to the second equation of coordinates transformation:

tann =tan@-cos @ [15-40]
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16. CELLULAR SHADES

The simulation of cellular shades as they are implemented in WINDOW, THERM, and Radiance is divided
into thermal properties (Section 16.1) and optical properties (Section 16.2).

16.1. Thermal properties definition and implementation in WINDOW and THERM

Section 1 of this document outlines a review and validation of the ISO 15099 center-of-glass (COG) heat
transfer correlations for cellular shades through measurement and simulation. The impact of system thermal
transmittance due to dimensional and material variations of the shades is measured experimentally,
simulated using CFD analysis, and simulated utilizing simplified correlations from ISO 15099 with the
Berkeley Lab WINDOW and THERM software.

16.1.1. Geometry

Two aspects of cellular shade geometry are studied; the cells themselves and the layer as a whole. The four
cell geometries considered are single-cell, cell-in-cell, cell-in-cell-in-cell, and stacked double cell. These
geometries are shown in Figure 16-1a-d. The significant dimensions include the cell width (w), cell height or
pitch (p), side length (ls), and glue-line length (Ig). In all cases the comparable side lengths are considered to
be equal, as shown in Figure 16-1a. Cell wall thickness has insignificant impact on overall layer thermal
performance for the materials considered, so a typical thickness of 0.2 mm is assumed. Interior, or room-side,
mounted cellular shades are studied exclusively in this work. The typical geometry relative to the glazing
system is shown in Figure 16-1e.
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16.1. Thermal properties definition and implementation in WINDOW and THERM 16. CELLULAR SHADES
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Figure 16-1. Geometry of a) single-cell, b) cell-in-cell, c) cell-in-cell-in-cell, d) stacked double cell,
and e) side view of room-side mounted shade installed in window.

p: Height (pitch) of cell [m]
W : Width of cell [m]
H: Height of shade [m]
Hh:  Height of shade head rail [m]
Hs:  Height of shade sill rail [m]
dgap :  Shade-window gap depth [m]
lg1: Glue-line length number 1 [m]
lg2:  Glue-line length number 2 (if present)  [m]
ls1: Length 1st cavity wall [m]
ls2:  Length 2nd cavity wall (if present) [m]
ls3:  Length 3t cavity wall (if present) [m]

16.1.2. Simulation Methodology

The correlations developed in ISO 15099 to predict the heat flux through window systems have been
implemented in one and two dimensions with the Berkeley Lab WINDOW and THERM software programs.
The process for simulating a glazing system with cellular shades utilizing the software is shown in Figure 16-
2. First, the relevant thermal and optical material properties of glue-lines and cavity walls are entered into the
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16. CELLULAR SHADES 16.1. Thermal properties definition and implementation in WINDOW and THERM

WINDOW shade material database. The properties may be measured spectral data or integrated into solar,
visible, and thermal infrared groups. The cell geometry is defined in THERM with the cell wall properties
appropriated from the previously defined shade material database. The THERM geometry and material
properties are then used as an input for the ray-tracing program Radiance, where 1D equivalent layer optical
properties are calculated. The calculated shade layer properties are then combined with the remainder of the
glazing system and boundary conditions to determine the 1D center-of-glazing thermal performance. The
THERM program determines the 1D equivalent thermal properties of the shading layer based on the 2D
geometry. Since the solution is solved for iteratively, the previously defined THERM cell geometry is called
repeatedly to ensure accurate thermal boundary conditions and cavity convection within cells during the
calculation.

WINDOW (1D) THERM (2D)
Shade Material Shade Geomet
properties Y

Radiance (2D)

‘ N
Glass Layers Boundary Cavities Shade Layer "\ Shade Material
Ly Conditions properties < properties
| | | Shade Geometry
Glazing System
Geometry

‘-.

ro-—-—- - - - - _-_ - —-"-""qT1T—"—"—"—-——————-— a

< | | l |

l5 | Glazing THERM (2D) |

| €| Correlations |
o

| ® | Shade Geometry |

| % | Correlations |
[

! I

L .

C Thermal Performance Solution )

Figure 16-2. Cellular shade simulation algorithm flow used by LBNL WINDOW and THERM software.

16.1.3. Finite Element Analysis (FEA)

In the multiphysics analysis program COMSOL, the finite element method is used to solve the coupled heat
and fluid-flow equations in two dimensions. Conduction, convection and radiation are simulated
numerically. COMSOL default meshing is used to construct the computational domains. Sensitivity analysis
of the results to mesh size is performed and determined to be less than 1%. Viscous dissipation is not
addressed and all thermophysical properties are assumed to be constant except for the buoyancy term of the
y-momentum equation where the Boussinesq approximation is used. The parallel direct iterative sparse
solver (PARDISO) is used.

Fluid heat transfer for constant temperature walls of four geometries is studied as shown in Figure 16-3.
Geometry (a) represents the cavity between glass and cellular shade; Geometry (b) is a rectangular cell and is
the baseline geometry used in the ISO 15099 correlation; Geometry (c) represents a hexagonal cellular shade
cell; and Geometry (d) represents natural convection along the triangular wave surface of a cellular shade.
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16.1. Thermal properties definition and implementation in WINDOW and THERM 16. CELLULAR SHADES

A 7'} 'Y
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A 4
| w |
b) rectangular cell
H H
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p <R>
\4
w l
A _‘L
a) cavity c) hex cell d) room side

Figure 16-3. 2D geometries utilized in FEA simulations for fluid heat transfer with constant temperature walls.
Fluid areas shown in grey.

Heat flux through rectangular fluid filled cavities has been extensively studied by others. The work by El
Sherbiny et al. is the basis for the sealed cavity model in the ISO 15099 standard. All of these studies provide a
means to calculate average heat flux based on definitions of the non-dimensional Nusselt (Nu) and Rayleigh
(Ra) numbers as shown in Equations [16—1]-[16—2]; where Nu is the ratio of convective to conductive heat
transfer across the cavity and Ra designates strength of the buoyancy driven flow. An empirical correlation
between them is determined for specific geometries in the form of Equation [16-3].

Nu =2 [16-1]

Ra = —pz'g'cz_f AT L [16-2]

Nu = f(Ra) [16-3]
where:

NU: Nusselt number []

Ra: Rayleigh number [-]

q Heat flux [W m?2]

L Characteristic length [m]

k Thermal conductivity [W m1K-1]

T: Temperature K]

Yo, Density [Kg m3]

g Gravity [m s?]

Cp:  Heat capacity [J kgt K1]

p: Coefficient of thermal expansion [K-]
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16. CELLULAR SHADES 16.1. Thermal properties definition and implementation in WINDOW and THERM

MU Dynamic viscosity [Pas]

Detailed FEA is used to determine the heat flux through the geometries shown in Figure 16-3 for a wide range
of temperatures. The simulations are performed non-dimensionally per Equations [16—1]-[16—3] in order to
generalize the solutions. The resulting steady state heat flux, represented here by the non-dimensional
Nusselt number (Equation [16—1]), is determined and plotted against the Rayleigh number (Equation [16-2]).
Figure 16-4 shows the correlation between the current FEA simulations and ISO 15099 for rectangular and
hexagonal cells at height-to-width aspect ratios (AR) of 0.5 and 1. There is a large error between the two
models for AR=1 within the typical Ra range encountered in this work. This discrepancy is due to an
interpolation error in the ISO model. This divergence shows that we should anticipate a significant under-
prediction of the cellular shade Nu, and in turn, system heat flux in some cases. The error will be greatest
when Ra is smallest, principally with smaller cells and low temperature difference between cell walls. Similar
correlations are shown in Figure 16-5 and Figure 16-6 for the glass-shade cavity (wave cavity) and natural
convection from the shade (wave surface) to the room. The expected error for these configurations also
appears to be significant, but offsetting, to the expected error from the cell cavity models.
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16. CELLULAR SHADES
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Figure 16-4. Nu = f(Ra) correlation curves solved by FEA of cell geometries at aspect ratios (AR) of 0.5 and 1 compared to ISO
15099. The typical Ra range encountered during measurements is highlighted.
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16. CELLULAR SHADES 16.1. Thermal properties definition and implementation in WINDOW and THERM
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Figure 16-5. Nu = f(Ra) correlation curves solved by FEA for rectangular (flat wall to flat wall) and wave (wave wall to flat wall)
cavities at AR=40 compared to ISO 15099. The typical Ra range encountered during measurements is highlighted.
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Figure 16-6. Nu = f(Ra) correlation curves solved by FEA of natural convection on vertical flat plate and wave surfaces compared to
ISO 15099. The typical Ra range encountered during measurements is highlighted.

16.1.4. Correlations

Cellular shades do not hang uniformly as is commonly assumed. Typically, the top most cells are
significantly stretched due to the weight of cells below and correspondingly the bottom cells lie nearly flat, as
shown in Figure 16-7a. This scenario results in a variable dgap*. In the majority of test configurations dgap is
large (>25mm) resulting in low dgap sensitivity. Window heat flux is sensitive to dgap at dimensions < 25mm
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though. A revised method to calculate dgap (Equation [16—4]) is proposed as dgap* in Equation [16-5]. It is
based on the midpoint between fully extended and fully flat cells. The geometry is described in Figure 16-7b.

—1 2
dyap = dp +2272 — 1,2 — () [16-4]

= d, -ty ir”~(3)’

dgap, = dp + ———2 [16-5]

typical cell geometry

glazing

b) —

a) assumed actual

Figure 16-7. (a) End view of the assumed and actual cellular shade geometry when mounted to a window. (b) Geometry defining the
distance from glazing surface to cellular shade.

Correlation between WINDOW simulation and measured heat flux for 94 measured cellular shade
combinations is shown in Figure 16-8. Analysis is performed on the basis of heat flux in lieu of thermal
transmittance (U-factor) since this property is used in WINDOW for simulation convergence. This way it is
possible to perform a quantitative correlation between the measured and simulated values in an attempt to
validate the model. The measured to simulated heat flux difference is 0.5 percent, with a typical spread of +6
percent.
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Figure 16-8. Measured to simulated heat flux comparison for 94 cellular shade configurations based on data corrected for CTS
measurement error and cell shade mounting hardware.

16.2. Optical properties implementation in WINDOW, THERM, and Radiance

Cellular shade calculations are done in several steps. First the geometry is drawn in THERM, then it is
exported to Radiance format which is used in genBSDF to generate the layer properties in three wavelength
bands. For each band, genBSDF is run to produce data files in the Klems coordinate system. Thermal IR
properties are integrated to hemipspherical values (TIR and emissivity). Finally visible and solar BSDFs are
combined with the integrated thermal IR values to a single XML file that can be used in the multi-layer
calculations of WINDOW.

16.2.1. Using THERM for drawing geometry

A drawing of the cellular shade geometry references materials in the WINDOW shade layer library for each
surface of the cellular shade. The drawing contains straight line segments.

THERM in radiance mode require that a boundry is defined as the illuminated area (defining a single period
of a periodic material). This boundry definition is passed to the -DIM parameter of the genBSDF call.

16.2.2. Exporting THERM model to .RAD format

The spectral data from the shade layer library is divided into three wavelength bands: visible, solar, and TIR.
A Radiance .RAD file is created for each of the three bands. Each segment is represented in the file by the
following parts

1. Two material descriptions, one for front, and one for back surface, using the trans description. E.g.
void trans trans_segment 303
007
0.0 0.000000 0.000000 0.414161 0.000000 1.000000 1.000000
The trans parameters are described in the Rendering with Radiance reference book page 325.

2. Mixfunc modifiers that make the segment invisible to rays coming from the wrong direction (i.e. rays
incident on the front does not interact with the back side properties). E.g.

void mixfunc segment 303
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16. CELLULAR SHADES

4 trans_segment 303 void if (Rdot,1,0)

0
0
3. Polygons describing the space coordinates of the segment, extending it from 2D to 3D. E.g.

segment 303 polygon polygon 303

0 0 12
1 0.093316 -0.018937 1 0.093316 -0.017417

0.093316 -0.018937

16.2.3. Running genBSDF

genBSDF is a PERL script distributed with Radiance. The input parameters used by WINDOW are

+f +b

-r “-ad 400 -lw 0.001” rtcontrib/rtrace parameters, ad = ambient divisions, lw = limit
weight

-c 1000 Number of rays traced

-dim x0 x1 y0 y1 z0 z1 [lumination box

Solar.rad Input geometry

-1 0.093316 -0.017417

-1

The rcontrib parameters were based on experimentation with cellular shades to get reasonable runtime for
2015 desktop processors (hours rather than days)

16.2.4. Combining Visible, Solar, and Thermal IR parts

Hemispherical emissivity and TIR are obtained by integrating the BSDFs for the IR band. The Visilbe and
Solar bands are kept as is and all are merged into one large XML file as described below.

The header of the file contains information about the product in the following format.

<?xml version="1.0" encoding="UTF-8"7?>

<WindowElement xmlns="http://windows.lbl.gov" xmlns:xsi=

"http://www.w3.0rg/2001/XMLSchema-instance"

xsi:schemalocation="http://windows.1lbl.gov BSDF-v1.4.xsd">
<WindowElementType>Layer</WindowElementType>
<FileType>BSDF</FileType>

<Optical>

<Layer>
<Material>

<Name>World’s best fabric</Name>
<Manufacturer>World’s best company</Manufacturer>
<Thickness unit="Millimeter">1</Thickness>
<DeviceType>Woven Shade</DeviceType>
<ThermalConductivity>0.15</ThermalConductivity>
<EmissivityFront>0.7</EmissivityFront>
<EmissivityBack>0.3</EmissivityBack>
<TIR>0.15</TIR>

<PermeabilityFactor>0.145</ PermeabilityFactor >
<Color>brown</Color>

<Comments></Comments>

</Material>
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16. CELLULAR SHADES 16.2. Optical properties implementation in WINDOW, THERM, and Radiance

The angle basis is defined after the initial information, the Klems coordinate system that is used in WINDOW
would look like
<DataDefinition>
<IncidentDataStructure>Columns</IncidentDataStructure>
<AngleBasis>
<AngleBasisName>LBNL/Klems Full</AngleBasisName>
<AngleBasisBlock>
<Theta>0</Theta>
<nPhis>1</nPhis>
<ThetaBounds>
<LowerTheta>0</LowerTheta>
<UpperTheta>5</UpperTheta>
</ThetaBounds>
</AngleBasisBlock>
<AngleBasisBlock>
<Theta>10</Theta>
<nPhis>8</nPhis>
<ThetaBounds>
<LowerTheta>5</LowerTheta>
<UpperTheta>15</UpperTheta>
</ThetaBounds>
</AngleBasisBlock>
<!-- and so forth until-->
<AngleBasisBlock>
<Theta>82.5</Theta>
<nPhis>12</nPhis>
<ThetaBounds>
<LowerTheta>75</LowerTheta>
<UpperTheta>90</UpperTheta>
</ThetaBounds>
</AngleBasisBlock>
</AngleBasis>
</DatabDefinition>

After the header the same style block is repeated for each wavelength band (visible and solar) and property
(reflectance/transmittance).
<WavelengthData>
<LayerNumber>System</LayerNumber>
<Wavelength unit="Integral">Visible</Wavelength>
<SourceSpectrum>CIE D65 standard illuminant</SourceSpectrum>
<DetectorSpectrum>CIE 1931 2deg observer Y</DetectorSpectrum>
<WavelengthDataBlock>
<WavelengthDataDirection>Reflection Front
</WavelengthDataDirection>
<ColumnAngleBasis>LBNL/Klems Full</ColumnAngleBasis>
<RowAngleBasis>LBNL/Klems Full</RowAngleBasis>
<ScatteringDataType>BTDF</ScatteringDataType>
<ScatteringData>
<!-- Data block goes here 145x145 matrix of BSDF values—-->
</ScatteringData>
</WavelengthDataBlock>
</WavelengthData>

This block will come back in 8 permutation with all possible combinations of three variables
e Wavelength: This can be Visible or Solar

e  WavelengthDataDirection: This has two parts Reflection or Transmittance and Front or Back.
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16.2. Optical properties implementation in WINDOW, THERM, and Radiance 16. CELLULAR SHADES

For each permutation there will be a 145 by 145 matrix with BSDF values in the data block. Each column
corresponds to an incident direction and each row corresponds to the outgoing direction resulting in all
specular directions being located on the main diagonal. The tail of the document only closes the blocks started

in the header
</Layer>
</Optical>

</WindowElement>
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17. PLEATED SHADES

The simulation of pleated shades as they are implemented in WINDOW, THERM, and Radiance is divided
into “Section 17.1. Thermal properties definition and implementation in WINDOW and THERM” and “ Section 17.2.
Optical properties implementation in WINDOW, THERM, and Radiance”.

17.1. Thermal properties definition and implementation in WINDOW and THERM

Section 1 of this document outlines a review and validation of the ISO 15099 center-of-glass (COG) heat
transfer correlations for cellular shades through measurement and simulation. The impact of system thermal
transmittance due to dimensional and material variations of the shades is measured experimentally,
simulated using CFD analysis, and simulated utilizing simplified correlations from ISO 15099 with the
Berkeley Lab WINDOW and THERM software.

17.1.1. Geometry

Pleated shades are treated similarly to cellular shades (chapter 16). In the case of pleated shades though, only
the air layer as a whole was considered. The significant dimensions include the height or pitch (p) and side
length (I;). In all cases, the comparable side lengths are considered to be equal, as shown in Figure 17-1a. Side
wall thickness has insignificant impact on overall layer thermal performance for the materials considered, so
a typical thickness of 0.2 mm is assumed. Interior, or room-side, mounted pleated shades are studied
exclusively in this work. The typical geometry relative to the glazing system is shown in Figure 17-1b.

d center

|<—>|— Wy

A hh
—a A
p
p _v
¥ 1 715
1h,

Figure 17-1. a) Geometry of a pleated shade and b) side view of room-side mounted shade installed in window.

p: Height (pitch) of “pleat” [m]
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H: Height of shade [m]
H,: Height of shade head rail [m]
Hs: Height of shade sill rail [m]
dgap: Shade-window gap depth [m]
ls1:  Length of side wall [m]

17.1.2. Simulation Methodology

The correlations developed in ISO 15099 to predict the heat flux through window systems have been
implemented in one and two dimensions with the Berkeley Lab WINDOW and THERM software programs.
The process for simulating a glazing system with pleated shades utilizing the software is shown in Figure 17-
2. First, the relevant thermal and optical material properties of fabric walls are entered into the WINDOW
shade material database. The properties may be measured spectral data or integrated into solar, visible, and
thermal infrared groups. The pleated shade geometry is defined in THERM with the pleated shade wall
properties appropriated from the previously defined shade material database. The THERM geometry and
material properties are then used as an input for the ray-tracing program Radiance, where 1D equivalent
layer optical properties are calculated. The calculated shade layer properties are then combined with the
remainder of the glazing system and boundary conditions to determine the 1D center-of-glazing thermal
performance.

WINDOW (1D) THERM (2D)
Shade Material Shade Geomet
properties Y

Radiance (2D)

‘ N
Glass Layers Boundary Cavities Shade Layer "\ Shade Material
Y Conditions properties oroperties
| | | Shade Geometry
Glazing System
Geometry
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rA.—---—-- - - -_"_-—-" -—"—""T—"—"—"=—-———"—"——-—— a
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| < | Glazing THERM (2D) |

| | Correlations |
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| ® | Shade Geometry |
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Figure 17-2. Pleated shade simulation algorithm flow used by LBNL WINDOW and THERM software.

17.1.3. Finite Element Analysis (FEA)

In the multiphysics analysis program COMSOL, the finite element method is used to solve the coupled heat
and fluid-flow equations in two dimensions. Conduction, convection and radiation are simulated
numerically. COMSOL default meshing is used to construct the computational domains. Sensitivity analysis
of the results to mesh size is performed and determined to be less than 1%. Viscous dissipation is not
addressed and all thermophysical properties are assumed to be constant except for the buoyancy term of the
y-momentum equation where the Boussinesq approximation is used. The parallel direct iterative sparse
solver (PARDISO) is used.

17-2 April 2018 WINDOW Technical Documentation



17. PLEATED SHADES

17.1. Thermal properties definition and implementation in WINDOW and THERM

Fluid heat transfer for constant temperature walls of four geometries is studied as shown in Figure 17-3.
Geometry (a) represents the cavity between glass and pleated shade; and Geometry (d) represents natural
convection along the triangular wave surface of a pleated shade.

a) cavity

r
P
Y

N

<
<
J

d) room side

Figure 17-3. 2D geometries utilized in FEA simulations for fluid heat transfer with constant temperature walls. Fluid areas shown in

grey.

Heat flux through rectangular fluid filled cavities has been extensively studied by others. The work by El
Sherbiny et al. is the basis for the sealed cavity model in the ISO 15099 standard. All of these studies provide a
means to calculate average heat flux based on definitions of the non-dimensional Nusselt (Nu) and Rayleigh
(Ra) numbers as shown in Equations [17-1] - [17-3]; where Nu is the ratio of convective to conductive heat
transfer across the cavity and Ra designates strength of the buoyancy driven flow. An empirical correlation
between them is determined for specific geometries in the form of equation [17-3].

Nu = aL
k-AT
Ra _ pz-g'Cp'ﬁ'AT-L3
ken
Nu = f(Ra)

where:
Nu: Nusselt number
Ra: Rayleigh number
gq: Heat flux

p. Heat capacity
Coefficient of thermal expansion
Dynamic viscosity

L: Characteristic length
k:  Thermal conductivity
T: Temperature

p:  Density

g: Gravity

C

B:

7
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Detailed FEA is used to determine the heat flux through the geometries shown in Figure 17-3 for a wide range
of temperatures. The simulations are performed non-dimensionally per Equations [17-1] - [17-2] in order to
generalize the solutions. The resulting steady state heat flux, represented here by the non-dimensional
Nusselt number (Equation [17-1]), is determined and plotted against the Rayleigh number (Equation [17-2]).
Correlations are shown in Figure 16-4 and Figure 16-5 for the glass-shade cavity (wave cavity) and natural
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17.1. Thermal properties definition and implementation in WINDOW and THERM 17. PLEATED SHADES

convection from the shade (wave surface) to the room. The discrepancy between these correlations and ISO
15099 for flat surfaces appears to be significant, but offsetting.
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Figure 17-4. Nu = f(Ra) correlation curves solved by FEA for rectangular (flat wall to flat wall) and wave (wave wall to flat wall)
cavities at AR=40 compared to ISO 15099. The typical Ra range encountered during measurements is highlighted.
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Figure 17-5. Nu = f(Ra) correlation curves solved by FEA of natural convection on vertical flat plate and wave surfaces compared to
ISO 15099. The typical Ra range encountered during measurements is highlighted.

17.1.4. Correlations

Just like cellular shades, pleated shades do not hang uniformly as is commonly assumed. Typically, the top
most “pleats” are more stretched due to the weight of pleats below and correspondingly the bottom pleats lie
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17. PLEATED SHADES 17.1. Thermal properties definition and implementation in WINDOW and THERM

nearly flat, as shown in Figure 16-6a. This scenario results in a variable dgap*. In the majority of test
configurations dgap is large (>25 mm) resulting in low dgap sensitivity. Window heat flux is sensitive to
dgap at dimensions < 25 mm though. A revised method to calculate dgap (Equation [17-4]) is proposed as
dgap* in Equation [17-5]. It is based on the midpoint between fully extended and fully flat pleats. The
geometry is described in Figure 16-6b.

2
dgap = dp + 2= [1,2 = () [17-4]
_l2_(®)?
dyap. =y + 2 [17-5]
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b) 1\. ]

assumed actual

Figure 17-6. (a) End view of the assumed and actual pleated shade geometry when mounted to a window. (b) Geometry defining the
distance from glazing surface to pleated shade.

Correlation between WINDOW simulation and measured heat flux for 94 measured cellular shade
combinations is shown in Figure 17-7. Since no separate analysis has yet been done for pleated shades, results
of heat transfer in a gap between cellular shade and glazing and room facing surface of cellular hade was
used for pleated shades. Analysis is performed on the basis of heat flux in lieu of thermal transmittance (U-
factor) since this property is used in WINDOW for simulation convergence. This way it is possible to perform
a quantitative correlation between the measured and simulated values in an attempt to validate the model.
The measured to simulated heat flux difference is 0.5 percent, with a typical spread of +6 percent.
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Figure 17-7. Measured to simulated heat flux comparison for 94 cellular shade configurations based on data corrected for CTS
measurement error and cell shade mounting hardware.

17.2. Optical properties implementation in WINDOW, THERM, and Radiance

Pleated shade calculations are done in several steps. First the geometry is drawn in THERM, then it is
exported to Radiance format which is used in genBSDF to generate the layer properties in three wavelength
bands. For each band, genBSDF is run to produce data files in the Klems coordinate system. Thermal IR
properties are integrated to hemipspherical values (TIR and emissivity). Finally, visible and solar BSDFs are
combined with the integrated thermal IR values to a single XML file that can be used in the multi-layer
calculations of WINDOW.

17.2.1. Using THERM for drawing geometry

A drawing of the cellular shade geometry references materials in the WINDOW shade layer library for each
surface of the pleated shade. The drawing contains straight line segments.

THERM in radiance mode require that a boundry is defined as the illuminated area (defining a single period
of a periodic material). This boundry definition is passed to the -DIM parameter of the genBSDF call.

17.2.2. Exporting THERM model to .RAD format

The spectral data from the shade layer library is divided into three wavelength bands: visible, solar, and TIR.
A Radiance .RAD file is created for each of the three bands. Each segment is represented in the file by the
following parts

4. Two material descriptions, one for front, and one for back surface, using the trans description. E.g.
void trans trans_segment 303
007
1.0 0.000000 0.000000 0.414161 0.000000 1.000000 1.000000
The trans parameters are described in the Rendering with Radiance reference book page 325.

5. Mixfunc modifiers that make the segment invisible to rays coming from the wrong direction (i.e. rays
incident on the front does not interact with the back side properties). E.g.

void mixfunc segment 303
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4 trans_segment 303 void if (Rdot,1,0)
0
0
6. Polygons describing the space coordinates of the segment, extending it from 2D to 3D. E.g.
segment 303 polygon polygon 303
00 12

1 0.093316 -0.018937 1 0.093316 -0.017417 -1 0.093316 -0.017417 -1
0.093316 -0.018937

17.2.3. Running genBSDF
genBSDF is a PERL script distributed with Radiance. The input parameters used by WINDOW are

+f +b

-r “-ad 400 -lw 0.001” rtcontrib/rtrace parameters, ad = ambient divisions, Iw = limit
weight

-c 1000 Number of rays traced

-dim x0 x1 y0 y1 z0 z1 [lumination box

Solar.rad Input geometry

The rcontrib parameters were based on experimentation with cellular shades to get reasonable runtime for
2015 desktop processors (hours rather than days)

17.2.4. Combining Visible, Solar, and Thermal IR parts

Hemispherical emissivity and TIR are obtained by integrating the BSDFs for the IR band. The Visilbe and
Solar bands are kept as is and all are merged into one large XML file as described below.

The header of the file contains information about the product in the following format.
<?xml version="1.0" encoding="UTF-8"7?>
<WindowElement xmlns="http://windows.lbl.gov" xmlns:xsi=
"http://www.w3.0rg/2001/XMLSchema-instance"
xsi:schemalocation="http://windows.1lbl.gov BSDF-v1.4.xsd">
<WindowElementType>Layer</WindowElementType>
<FileType>BSDF</FileType>
<Optical>
<Layer>
<Material>
<Name>World’s best fabric</Name>
<Manufacturer>World’s best company</Manufacturer>
<Thickness unit="Millimeter">1</Thickness>
<DeviceType>Woven Shade</DeviceType>
<ThermalConductivity>0.15</ThermalConductivity>
<EmissivityFront>0.7</EmissivityFront>
<EmissivityBack>0.3</EmissivityBack>
<TIR>0.15</TIR>
<PermeabilityFactor>0.145</ PermeabilityFactor >
<Color>brown</Color>
<Comments></Comments>
</Material>
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The angle basis is defined after the initial information, the Klems coordinate system that is used in WINDOW
would look like
<DataDefinition>
<IncidentDataStructure>Columns</IncidentDataStructure>
<AngleBasis>
<AngleBasisName>LBNL/Klems Full</AngleBasisName>
<AngleBasisBlock>
<Theta>0</Theta>
<nPhis>1</nPhis>
<ThetaBounds>
<LowerTheta>0</LowerTheta>
<UpperTheta>5</UpperTheta>
</ThetaBounds>
</AngleBasisBlock>
<AngleBasisBlock>
<Theta>10</Theta>
<nPhis>8</nPhis>
<ThetaBounds>
<LowerTheta>5</LowerTheta>
<UpperTheta>15</UpperTheta>
</ThetaBounds>
</AngleBasisBlock>
<!-- and so forth until-->
<AngleBasisBlock>
<Theta>82.5</Theta>
<nPhis>12</nPhis>
<ThetaBounds>
<LowerTheta>75</LowerTheta>
<UpperTheta>90</UpperTheta>
</ThetaBounds>
</AngleBasisBlock>
</AngleBasis>
</DatabDefinition>

After the header the same style block is repeated for each wavelength band (visible and solar) and property
(reflectance/transmittance).
<WavelengthData>
<LayerNumber>System</LayerNumber>
<Wavelength unit="Integral">Visible</Wavelength>
<SourceSpectrum>CIE D65 standard illuminant</SourceSpectrum>
<DetectorSpectrum>CIE 1931 2deg observer Y</DetectorSpectrum>
<WavelengthDataBlock>
<WavelengthDataDirection>Reflection Front
</WavelengthDataDirection>
<ColumnAngleBasis>LBNL/Klems Full</ColumnAngleBasis>
<RowAngleBasis>LBNL/Klems Full</RowAngleBasis>
<ScatteringDataType>BTDF</ScatteringDataType>
<ScatteringData>
<!-- Data block goes here 145x145 matrix of BSDF values—-->
</ScatteringData>
</WavelengthDataBlock>
</WavelengthData>

This block will come back in 8 permutation with all possible combinations of three variables
e Wavelength: This can be Visible or Solar

e  WavelengthDataDirection: This has two parts Reflection or Transmittance and Front or Back.
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For each permutation there will be a 145 by 145 matrix with BSDF values in the data block. Each column
corresponds to an incident direction and each row corresponds to the outgoing direction resulting in all
specular directions being located on the main diagonal. The tail of the document only closes the blocks started

in the header
</Layer>
</Optical>

</WindowElement>
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