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ABSTRRCT
COMPUTER SIMULATION OF SUPER WINDOWS

The objective of this work was to develop a FORTRAN program capable of
modelling the combined optical and thermal performance of glazing systems.
The program written to meet this goal, called VISION, is capable of model-~
ling conventional, as well as innovative, multi-glazed windows.

The program provides the analyst with two methods to evaluate thermal per-
formance. The first method involves the calculation and comparison of
window U-value and shading coefficient. The second method enables the
analyst to calculate hourly heat transfer through the window for any pericd
up to one year in length, for as many as eight different window orienta-
tions. Window optical performance is characterized primarily using classi=-
cal optical theory. Convective/conductive/thermal radiation heat transfer
between glazings and between the window and the environment are analysed
using a rigorous algorithm. A specially modified version of VISION pro-
vides the capability of modelling aerogel layers as part of a glazing
system. Initial computer runs show VISION to agree well with published
values.

-* L
RESUME
SIMULATION INFORMATISEE DE SUPER-VITRAGES

L'cbjectif de ce travail &tait d'&laborer un programme en FORTRAN capable
de modéliser le rendement optique et thermique combinde de vitrages. Le
programme &crit 3 cette fin, nommé& VISION, permet la modélisation de fené-

-

tres d multi-vitrages de conception classique et nouvelle.

Le programme fournit 3 1'analyste deux méthodes d'évaluation du rendement
thermique. La premi&re méthode congiste & calculer et 3 comparer le para-
nétre U de la fendtre et le coefficient d'ombre. La seconde méthode permet
d l'analyste de calculer le transfert de chaleur horaire 3 travers la fend-
tre pendant une période pouvant aller jusqu’d un an, pour huit orientaticns
différentes des fenétres. Pour caractériser le rendement optique, on se
sert principalement de la théorie optique classigque. On se sert d'un algo-
rithme rigoureux pour analyser Lle transfert de chaleur par convection/
conduction/rayonnement thermique entre les vitrages et entre la fendtre et
1'environnement. Les premlers essais sur ordinateur ont montré un bon
accord entre les ré@sultats de VISION et les valeurs publi&es.




SUMMARY

Recent window designs have incorporated a variety of energy conserving
features which cannot be evaluated directly using existing computer
programs. Therefore, a new computer program, VISION, has been developed
specifically to evaluate and optimize the thermal performance of these
super window glazing systems. This report details the thermal models
incorporated in the program, and provides instructions regarding its use.

In addition to modelling conventional multi-glazed windows, VISION is
also capable of modelling features such as substitute gases, diathermanous
glazings, partial vacuumsg, slit-type convection suppressing films, aerogel
layerg, thin f£ilm optical coatings, and shading.

The program provides the analyst with two methods to evaluate thermal
performance. The first method involves the calculation and comparison of
window U-value and shading coefficient. The second method enables the
analyst to calculate hourly heat transfer through the window for any period
up to one year in length, for as many as eight different window
orientations.

Window optical performance is characterized primarily using classical
optical theory. The unigque functional dependence of optical properties on
radiation incidence angle is characterized using coefficients for a fifth
order polynomial. This approcach minimizes execution time requirements for
the hourly energy analysis.

Convective/conductive/long wave radiation heat transfer between
glazings is analysed using a set of rigorous algorithms.

A comparison of sample thermal performance results for a conventional

double glazed window indicates that VISION estimates are in good agreement
with published values. '

- yvii -




1.0 INTRODUCTION

Windows play an important role in the energy performance of a
building. They are responsible for significant conduction heat losses and
gaing, and virtually all direct sclar energy gaing. Because of this,
recent research efforts have been directed at the development of improved
window designs.

To evaluate and optimize the effectiveness of any proposed glazing
system, it is necessary to analyse thermal performance. Due to the large
number of variables to be congidered, and the dynamic nature of solar
energy and conduction heat flows, the problem is well suited to computer
simulation. ’

Numerous computer programs exist to calculate overall building thermal
performance. Because of thelr scope, few of these programs perform
detailed modelling of windows. Coefficients used to characterize the
conduction and solar performance of windows are usually required as input.

Several computer programs have been developed specifically for use in
anaiyzinq windows. Mitalas and Arseneault [1] developed a computer program
which calculates the solar absorptance and transmittance of single and
double panes of common window glass for radiation incidence angles ranging
from 0 to 88°. The program also calculates cgefficients for a fifth order
polynomial, to allow rapid calculation of optical properties given any
angle of incidence.

Barakat [2] developed a computer program which calculates total
monthly and annual solar heat gains and conduction losses using measured
hourly weather data. Up to eight different azimuth angles can be modelled
and any number of glazings can be specified, provided they are uncoated and
have identical dimensions and optical properties.

Recent energy congerving window designs have incorporated a variety of
innovative features, such as heat mirrors, convection suppressive films,
and substitute gases, which cannot be directly modelled using the
previously identified computer programs. As a result, a new computer
program called VISION has been developed to specifically evaluate and
optimize the thermal performance of these new 'super windows'. In addition
to modelling conventional multi-pane windows, VISION is also capable of
modelling features such as:

(i) internal films or glazings which are opaque or partially
transparent to long wave radiation :




(ii)

(iii)

(iv)

(v)

(vi)

(vii)

substitute gases and partial vacuums in the interpane spaces
convection suppression using slit—tyée honeycombs

shading by overhangs, side fins and set back

thin-film optical goatings

tilted windows

aerogel layers

This report documents the development and use of VISION. It is
divided into two main sections, a Reference Manual and a User's Manual.
The Reference Manual describes the thermal models and assumptions
incorporated into VISION, and presents the program logic. The User's
Manual provides instruction on the use of the program, including input
requirements and format, a description of the output, and computer
requirements.
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2.0 REFERENCE MANUAL
2.1 VISION Overview

VISION was developed for the specific purpose of evaluating the
thermal performance of glazing systemg. It provides the program user with
two methods to achieve this objective.

The first method involves the calculation of the window's U-value and
shading coefficient (SC). These are the two most common indices used to
characterize the thermal performance of a window.

The U-value represents the total thermal conductance. The product of
the U=value and the temperature differential across the window yields the
steady state conduction heat transfer through the window (in the abgence of
solar radiation effects).

The 8C is defined as the ratio of the solar heat gain of the window to
that of a reference window under identical solar radiation conditionsg,
i.e.,

golar heat gain through window

SC = .
solar heat gain through reference window

The reference window system is a single pane of double strength (DSA)
glass. The total solar heat gaing through DSA glass fox various latitudes,
times, and orientations have been calculated and tabulated (Tables 18 - 24,
Chapter 27, ref. 3). The product of the SC and the heat gain for DSA glass
yields the total solar heat gain through the window of interest.

These two coefficients, the U-value and SC, can be used as a guide for
selecting an optimal window design. For example, if the goal of a designer
is to maximize the net heat gains through a window, the U-value should be
minimized, and the 8¢ maximized (minimizing conduction losses and
maximizing solar gains, respectively). To assist the designer, Harrison
and Barakat [4] have recently developed a simple method which utilizes the
U~-value and SC to quantify the net heat gains or losses through a window.
The calculation of these two coefficients also facilitates the analysis of
energy consumption in buildings, since the U-value and SC are used by the.
majority of building energy computer programs to calculate the heat
transfer through windows.

The use of U~values and SC's represenis a valuable technigue for the
optimization and selection of window designs. However, both factors are
gensitive to envirommental conditions. The surface and inter-pane heat
transfer coefficients are functions of the temperature differentials. The
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SC is sensitive to the solar incidence angle. Since U-~values and SC's are
generally calculated for an average or design get of environmental
conditions, they represent only estimates of the actual weather-dependent
values.

To overcome the approximate nature of the U-value and SC approach,
VISION allows the analyst to select a more rigorous method to evaluate
thermal performance. This second method involves the calculation of the
hourly heat transfer through the window for any period up to one year in
length. BAs many as eight different window orxientations (i.e., azimuth/tilt
combinations) may be specified. Window location is limited only by the
availability of compatible hourly weather tapes. Output consists of
monthly and annual summaries of solar gains, conduction losses, and net
heat gains.

2.2 Thermal Models and Assumptions

The primary requirement of VISION is to calculate the heat transfer
through windows for different environmental conditions. These heat flows
can be divided into two components: heat flow due to direct transmission
of incident solar radiation and heat flow due to the existence of a
temperature differential across the window.

The following sections describe the models used in calculating these
heat flows, as well as the assumptions used to calculate the U-value and
shading coefficient.

2.2.1 Optical Properties of Glazings

The optical properties of uncoated glazings or films are calculated
using classical optical theory (see ref. 5, for example)}. It should be
noted that following géneral,practice [6] the analysis is based on the
assumption that the optical properties are sufficiently constant over the
solar spectrum to allow the use of band-averaged optical properties.

When a beam of radiant energy strikes an interface between air and a
trangparent material, some of the energy is reflected. The ratio of the
reflected beam to the incident beam is given by Fresnel's formula,1

tan2 {THETA THETAP)

(1.1) M = y
tan” (THETA + THETAP)

sin® (THETA - THETAP)

{1.2) RE 5
sin“ (THETA + THETAP)

T Phe reader is referred to Appendix A for a complete Glogsary of Termg.
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where RM and RE are the interface reflectivities for the magnetic and
electric polarization components of incident radiation, respectively.

The angle of refraction, THETAP, is related to the incidence angle,
THETA, through Snell's Law.

(1.3) sin (THETA) = RINDX ¥ sin (THETAP)
For a normal incidence angle,

{1.4) THETA = THETAP

and

: (RINDX = 1)2
(1.5) RM = RE =

(RINDX + 1)°

the fraction of radiation absorbed in a single pass thxough the glaéing
material is

-KL
(1.6) A' =1 - exp [ ]
cog (THETAP)

The total absorptivity ALFA, reflectivity RHO, and transmissivity TAU of
the single pane or film can be calculated using Stokes' equations, which
account for multiple reflections within the glazing.

(1 ="A) * (1= R * (1 + R * A)

i

(1.7) ALFA

1 - R%p%
. (1 - RZ2 * A
(1.8) TAU = PR 2
(1.9) RHO = 1 - TAU - ALFA
where
(1.10) A=1-A'

Since incident radiation is randomly polarized, ALFA, TAU, and RHO are

calculated using interface reflectivity R for both electrie and magnetic
polarization (i.e., RE and RM), and averaged [5].

ALFAM + ALFAE
2

{(1.11) ALFA =




: , TAUM + TAUE
(1.12) TA = ————————

2
RHOM + RHOE
{1.13} RHO = ————r———m——

2

Equations {1.1) to (1.13) yield estimates of optical performance for a
single uncoated glazing. Due to symmetry, the upward facing (i.e., outer)
and downward facing (i.e., inner) surfaces have identical absorptivity and
reflectivity. However, the equations do not apply to a glazing with a
thin-film coating. Such a glazing usually has a thin f£ilm applied to one
side, which eliminates optical symmetry. More importantly, the thin film
introduces two additional interfaces: an air-film interface and film-
substrate interface. Snell's Law can be applied to these interfaces.
However, film thickness can be {and in fact is usually designed to be) of
the same order as the wavelength of the incoming radiation. The assumption
of parallel gidedness inherent in Stokes' equations ({1.7) to (1.9)) breaks
down due to the large fluctuations in thickness with respect to wavelength
in a piece of commercial glass [7].

Estimates of the optical performance of thin film glazings are
calculated in one of two ways. If measured values of transmittance and
reflectance are available for a range of incidence angles, curve-fit
coefficients are calculated for fifth order polynomials, eguivalent to the
method suggested by Stephenson [8]. Using the incident angle as the
dependent variable, the specific optical property, say transmissivity, can
be calculated for any incidence angle using an equation of the form:

5
(1.14)  TAU (6) = ) CFIFT; * cos® (6)
i=0

The procedure used to calculate the coefficients was adapted directly from
a computer program written by Mitalas and Arseneault [1].

If measured optical properties are available for only normal incidence
angles, directional performance is estimated using the normal optical
properties and a weighting factor. The weighting factor is the ratio of
the directional performance of the substrate used for the thin-film (i.e.,
the glazing on which the thin film is deposited) and the normal performance
of the substrate. In other words, as a best estimate the directional
performance of the thin-film coating is assumed to be proportional to the
directional performance . of the substrate alone. For example, given the
normal transmissivity, TUAN, of the thin-film/substrate system, the
directional transmissivity is estimated as:



TAUS (6)

{(1.15) TAU {Q) = TAUN ¥
TAUSN

A similar relation is used for ALFA (0). RHO is calculated by subtracting
TAU and ALFA from unity.

In most cases, the space between glazings is considered to be
completely transparent to short wave radiation. , However, if a convection-
suppressing film (i.e., honeycomb) ig present, it is treated as an addi-

tional optical element, since it reduces interpane solar transmittance.

Honeycomb transmittance is calculated using the correlation developed
by Hollands et al. [9],

(1.16) TAT = 0.5 + 0.5 * [RHOHCNEXP # (NEXP + 1 - RAT)
+ RUOHCNEXP + 1 » (pan - yExp)j
where

(1 - RPHI)? * AHC

(1.17) RHCOHC = RPHI +
{1 - RPHI * AHC)

gin? (PHI - PHIP) tan® (PHI - PHIP).
(1.18) RPHI = 0.5 * [—s + 5
sin“ (PHI + PHIP) tan” (PHI + PHIP)
(1.19) PHI = 90° - PROFIL, PROFIL = projected incidence angle
sin (PHI)
(1.20) PHIP = ~———m——
RINDX
) { -RINDX * KL .
{1.21 BHC = exp
[RINDX2 - sin? (pHT)] V2’
(1.22) RAT = ASPRAT * tan (PROFIL)

NEXP = truncated value of RAT

All honeycomb film properties were based on 0.0127 mm (0.0005 in.)
thick teflon film, and a noxrmal specular reflectivity of 0.981 [10].

The absorptivity of the honeycomb film is assumed to be zero,
following Shewen and Hollands [10]. ‘Therefore the reflectivity is simply

{1.23) RHO = 1 - TAU
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2.2.2 Optical Properties of Multi-Glazed Windows

The previous

gection described the methods used to calculate the

optical properties of a single glazing. Edwards's embedding technique [11]
is used to calculate the total optical performance of a multi<glazed

system.

Referring to
the interior form

Figure 2.1, a window with M = 1 glazings together with
an M-element array, Edwards shows that the total

reflectance of the first’ i elements of the array can be related to the

total reflectance
transmissivity of

]

(2.1) REFL

where

Il

REFLi

RHOUi

RHOD,; =

TAU, =

of the first i - 1 elements and the reflectivity and
the ith element by

2 _
TAU; “ * REFLj_q

RHOUi +

total reflectance of an i-element array

reflectivity of the upward facing (i.e., outer} surface
of element i

reflectivity of the downward facing (li.e., inner) surface
element i

trangmissivity of element i

Figure 2.1. M-Element array
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The fraction of incoming radiation on an M~element array which is
abgorbed by the ith element is calculated as

M
(2.2) ABSOR (ALFAU, + ALFAD; * REFL, , * TRANS,) * ( 1  TRANS,)

iM j=i+1 3
where
ALFAU,; = abgorptivity of upward facing surface of element i
ALFADi = absorptivity of downward facing surface of element i
(2:.3) TRANS; = ratio of the radiation flux flowing downward from
element i to the radiation flux flowing downward onto
element 1 '
TAU

1 - RHOD; * REFL;_

It should be noted that ABSOR1'M represents the fraction of incoming
radiation incident on the window which is transmitted to the interior and
absorbed. It is gometimes referred to as the effective transmittance-
absorptance product, or effective To.

2.2.3 C(Cosine Polynomial Coefficients

As demonstrated by the previous relations, the optical performance of
a window is a function of the solar incidence angle. The incidence angle
varies continually over a day throughout the year, and also depends on the
window orientation. The optical properties are required to calculate the
U-value and SC, as well as the hourly heat gains for the energy analysis.
To avoid repeating the time-consuming optical calculations required to
estimate the absorptance of each array element, ABSORi,M, and total reflec-
tance, REFL,, for each sunlit hour of the year,1 fifth order polynomials
equivalent to those described previously in section 2.2.1 are utilized.
Values of absorptance for each element and total reflectance are calculated
for incidence angles ranging from 0 to B9° in 1° increments. Treating
these values as the dependent variables, and the cogine of the incidence
angle as the independent variables, six coefficients are calculated for a
fifth order polynomial for each property. These coefficients enable gquick
calculation of the transmittance, reflectance, and absorptance for any
angle of incidence. For example, the reflectance of a window for an
incidence angle 6 is calculated as

1 Assuming an average of 8 sunlit hours per day, optical calculations would
be repeated as many as:
8 hours X 365 days x 8 window orientations = 23360 times/year
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5 _
(3.1) REFL (§) = )} COEFR; * cos™ (8)
iZp

As will be explained further in Section 2.2.4, these coefficients also

greatly facilitate the calculation of optical properties for diffuse
radiation.

For a given window design which does not incorporate a honeycomb,
optical performance is strictly a function of incldence angle, and accuracy
ig limited by the fit of the polynomial. Curve-fit errors are very small.
For example, the relative differences between the actual and the
polynomial-estimated values for the effective 1a of a conventional double
glazed window are less than 0.3% for incidence angles ranging from 0 to
85°. The relative errors for incidence angles between 86 and 90°, which
range from 1 to 10%, are not congidered significant due to the small
absolute values of the optical properties for these extreme angles.
gimilar results were obtained for a triple glazed window with a single thin
film coating.

The use of a honeycomb introduces a second area of approximation. As
previously described in Section 2.2.1, the optical performance of a
honeycomb window is dependent not only on the incidence angle, but on the
projected incidence angle as well, The optical properties used to
calculate the polynomial coefficients are estimated assuming a projected
angle of incidence of 30°.1 The relative errors caused by this
approximation were considered acceptable in light of the considerable
modelling simplifications. For example, the optical properties for a
recomuended [10] double glazed honeycomb window system (65 mm inter-pane
spacing, 10 mm slit spacing, 0.0127 mm teflon film) were calculated over a
range of incidence angles and projected incidence angles. The relative
differences between the actual and polynomial-egtimated values of ta were
less than 5% for projected incidence angles ranging from 0 to 60°,

1 phe projected angle of incidence is defined as the angle between the
normal to a surface, and the projection of the sun's rays on a vertical
plane normal to the same gurface. A value of 30° was considered to be
representative of an average value over a heating season. The actual
projected incidence angle is a function of the latitude, time of day and
time of year. Assuming a heating season extending from October 15 to
April 15, a south facing vertical window located at 45° north latitude
will experience a daily range of projected incidence angle from 0° {i.e.,
sunset or sunrise) to 36° (Oct. 15), 0-22° (Pec. 15) and 0-55° (Apr. 15).
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Tt should be noted that no consideration has been given to non-
vertical windows since, ag will be explained further in Section 2.2.7.5,
the thermal heat transfer algorithm for honeycomb windows is restricted to
vertical windows only.

2.2.4 Diffuse Optical Properties

Incident solar radiation is comprised of two components: beam (or
direct) radiation and diffuse radiatlion. - Beam radiation is intercepted by
a surface with negligible direction change from the sun. Diffuse radiation
is radiation which has been scattered, either by the atmosphere, or
following reflection from other surfaces such as the ground. Diffuse
radiation does not have a unique direction, and is generally assumed to be
of equal intensity in all directions.

The optical properties described in the previous sections all relate
to the beam properties, and hence are functions of the angle of incidence.
Since diffuse radiation has equal intensity in all directions, caleculation
of the diffuse optical properties requires the integration of the beam
properties over a hemisphere. (Properties derived in this manner are
sometimes referred to as hemispherical-diffuse values.) For example, the
reflectance of a window to diffuse radiation can be calculated as:

T/ 2
(4.1) REFLgipe = J REFL (0) * sin 20 40
8=0

Fortunately, use of the cosine coefficients greatly simplifies this
calculation. As Stephenson [8] points out, diffuse reflectance can be
calculated as:

/2 > COEFR;
(4.2) J REFL (8) * sin 26 @9 = 2 * | 2
6=0 i=g 1 *+ 2

Similar equations are used for diffuse absorptance at each window
array element.

2.2.5 Ineident Solar Radiation

The data read from the weather tapes for the hourly energy analysis
contain hourly measurements of total radiation (beam plus diffuse) incident
on a horizontal surface, integrated over a period of an hour ending at time
I#. To calculate solar heat gains through a window, it is necessary to
egstimate the beam and diffuse radiation incident on the window.
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Assuming that a non-zero level of radiation has been measured for the
hour, the first step in calculating incident radiation is to calculate the
solar position angles which are independent of the window orientation.
These include:

gSolar declination {calculated once per day)

(284 + DAY) .
(5.1) DECL = 23.45 * sin f“j;;;‘“"‘* 360 |, deg

Hour angle % hour before/after sunset/sunrise (calculated once per day)

(5.2) SSRMAX = cos~ ! [-tan (DECL) * tan (LAT}] - 0.1309, rad
Hour angle
(5.3) HRANG = (12 - HCOR) * 15, deg

(5.4) HCOR = IH = 0.5 (adjusts hour to mid-point of measurement perﬂod)

Zenith angle

{5.5) THETAZ = cos‘1 [cos (LAT) * cog (DECL) ¥ cos (HRANG)
+ sin {(LAT) * gsin (DECL)]

The minimum allowable THETAZ corresponds to % hour before sunset (or after
sunrise). If the hour angle falls outgide this boundary, SSRMAX is used as
the hour angle.

If the zenith angle is less than zero, the sun is below the horizon
and all radiation is diffuse. If the sun is above the horizon, the
correlation of Orgill and Hollands [12] is used to calculate the
beam/diffuse split of radiation from the sky.

If XKT > 0,75
(5.6a)  HHD = HHT * 0.1769
If 0.35 € XKT < 0.75

{5.6b) HHD

[

"HHT * (1.55699 -~ 1.840127 * XKT)

1f XKT < 0.35




and

(5.7) HHB = HHT -~ HHD

where
HHT = horizontal total radiation
HHD = horizontal diffuse.radiation
HHB = horizontal beam radiation

{5.8) XKT = HHT/HHEX

(5.9) HHEX = SOLCON * ECC * cos (THETAZ)

SOLCON = extra terrestrial radiation (solar constant)
= 1353 wW/m?
{5.10) ECC = earth orbit eccentricity

1+ 0.033 * cos (2T * DAY/365)

To calculate the incident radiation on a window of arbitrary slope and
azimuth angle, it is first necessary to calculate the solar incidence
angle, defined as:

(5.11) THETA = cos™| [sin (DECL) * sin (IAT) * cos (SLOPE)
- gin (DECL) * cos (LAT) * sin (SLOPE) * cos (AZMTH)
+ cos (DECL) * cos (SLOPE) * cos (HRANG) * cos (LAT)
+ cos (DECL) * sin (LAT) * sin (SLOPE) * cos (AZMTH) *
cos (HRANG)
+ cos (DECL) * sin (SLOPE} * gin (AZMTH) * sin (HRANG)]

The ratio of the beam horizontal radiation and beam incident radiation is
calculated as:

cos (THETA)

(5.12) RB =
cos (THETAZ)

A negative incidence angle indicates that the sun is 'behind' the window
and hence only diffuse radiation strikes it. 1In this case, RB is equated
to zero.

The incident beam radiation {in the absence of ghading) is

(5.13) HTB = RB * HHB
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Diffuse incident radiation comes from two sources: ground-reflected
radiation and sky-reflected radiation. The ratio of incident diffuse to
total horizontal diffuse radiation, assuming a hemispherical diffuse sky
radiation model, is simply the window-sky view factor.

1 + cos (SLOPE)
2

{(5.14) RD =

The ratio of the incident reflected radiation to the total {beam plus
diffuse) horizontal radiation is simply the product of the window/ground
view factor and the ground reflectivity.

1 - cos (SLOPE)}
2

(5.15)  RR = | ] * ruog

The total incident diffuse radiation is
{(5.16) HTD = RD * HHD + RR * HHT
2.2.6 Shading

The presence of an overhang or side fins can shade the window from
direct beam radiation. To estimate the fraction of window area which is
shaded by these features, a detailed computer program developed recently by
Bekooy [13] was acquired and adapted for use in VISION.

The method allows the calculation of the fraction area shaded for
windows tilted from 0 to 180°. 1In addition to modelling overhangs and
side-fins, the model also accounts for rectangular projections suspended
from the end of an overhang.

Once the fraction area shaded, FSHADE, has been calculated, the
incident beam radiation is estimated using a modified form of equation
{5.13). '

(6.1) HTB = HHB * RB * (1 - FSHADE)

It is assumed that the shading features do not affect sky or ground-
reflected diffuse radidtion.

2.2.7 Thermal Heat Transfer

Conduction, convection, and long-wave radiation heat transfer between
each element of the window environment array (henceforth called "thermal®
heat transfer) is modelled using a detailed algorithm developed by Hollands
and Wright [14, 15, 16]. This algorithm was originally used to model
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thermal heat transfer through an air layer containing a number of parallel
films or glazings, and bounded by a pair of parallel opaque plates.

The algorithm has been extended for use in VISION to include:

- heat transfer between the environment and the outer and inner
glazings

- recently developed correlations for convective heat transfer across
vertical and inclined air layers

- the capability to model slit-type honeycomb convection suppression
materials

~- the capability to model substitute gases (argon, krypton,
argon/Freon, and argon/SF6 mixtures) as well as air in the
interstitial spaces

The resulting algorithm is capable of modelling heat transfer in a
window which contains an arbitrary number of parallel glazings or film
eclements, .each of which (including the inner and outer glazings) can be
partially transparent to long wave thermal radiation. The governing
equations are sufficiently general to permit each glazing to have
agymmetric radiative properties and to account for the absorption of solar
energy in each of the individual glazings.

2.2.7-1 Governing Equations

Heat flow.through a window system comprised of parallel glazings or
films can be quantified using a relatively straightforward analysis of
coupled heat transfer.

The physical layout of the system, the independent variables, and some
of the nomenclature incorporated in the solution are presented in
Figure 2.2. The index i is used to indicate location in the multi-layer
array. The i = 1 layer is the indoor environment, and the i = N layer is
the outdoor environment. The independent variables are as follows:

TAS; = the thickness of the various gas layers, m
N = pumber of array elements (N = number of glazings + 2)
S = window tilt from horizontal

TEMP 4 indoor temperature, K




TEMP

TEMP (outer glazing temp.)

N-1

Pressure=P

TEMP,,

inner
glazing

SOURCE, temp.)

Hy

TEMP, (indoer temp.)

Figure 2.2. Thermal heat transfer analysis geometry



- 17 =
TEMP,. = outdoor temperature, K

EU; = hemispherical long wave emissivity of the upward facing
(i.e., outer) surface of element i

ED: = hemigpherical long wave emissivity of the downward
facing {i.e., inner) surface of element i

RU. = hemispherical long wave reflectivity of the upward
facing surface of element i

RDy = hemisgpherical long wave reflectivity of the downward
- facing surface of element i

P = pressure of gas in interstitial space, kPa

SOURCE; = source term used to represent the solar radiation
absorbed by glazing i, W’/m2

The variables JU; and JD; are the radiosities, representing radiation
travelling from the ith surface upward‘(i.e., in the outdoor direction) or
dovnward (i.e., 1n the indoox directidh), respectively. The variable Qi is
the total long wave radiation plus conductive-convective heat transfer rate
downward across the ith gas layer.

Based on the assumptions that the thermal resistance of the glazings
can be neglected, and that each element included in the window array
possesges grey optical properties in the long wave {(i.e., 3 to 50 um)
radiation region, it is possible to write a set of 3N - 4 linear equations
which can be solved to yield the temperature of each glazing, as well as
the heat transfer at each layer. These equations consist of 2N - 2
radiosity equations [17} and N - 2 energy balance equations corresponding
to the N - 2 glazings.

Referring to the control volume shown in Figure 2.2, an energy balance
applied at the ith glazing yields:

(7.1) Q; + SOURCE; = Q4_4
where

(7.2) ~Qy = JU; = IDy,q + By . (EBy - EBy, )

(7.3) JU; = EU; * EB; + RU; * JDj.4 + (1 - EU; - RU4) * JU;
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= ® * - -

(7.4) JDi EDi EBi + RDi JUi_1 + (1 EDi RDi) * JDi+1
= 4

{(7.6) EBi =g * TEMPi

The parameter Hy, which appears in eguation {7.5), is the standard
conductive~convective heat transfer coefficient (henceforth referred to
simply as the 'convective' heat transfer coefficient) between the ith and
(i+1)th glazings.

To model the indoor and outdeoor sgurroundings as the 1st and NWth
elements of the multi-layer array, equations (7.3) and (7.4) were modified
slightly. The inner and outer glazings are modelled as small surfaces in
large enclosures [18]. Therefore, it is assumed that the amount of
radiation leaving the inner and outer glazings which is reflected back to
the windows from the surroundings is negligible. Treating the room as a
black cavity,

(7-7) JU1 = EB1

Similarly, the radiosity of the outdoor environment is expressed as

{7.8) JDN = EDN * EBN

where

{(7.9) EDN = Fsky * Fc * Esky + (1 = Fsky * Fc)
(7.10) Fsky = window to sky shape factor

= [1 + cos(8)1/2

Fo = fraction of sky which is clear
(7.11) Esky = clear sky emittance [6]
_ _ Rexy
- 4
*
g TEMPN
{(7.12) Rsky = long wave sky radiation falling on a horizontal surface

(191

= 5.31 x 10”13 * TEMPNB, W/m?
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2.2.7.2 Convective Heat Transfer Coefficients

Convective heat transfer coefficients for air {or gas) layers are
generally related to the dimensionless Nusselt number

B; * TAS;
k

(7.13) Mu =

where
k = thermal conductivity of the gas

VISION calculates Nusselt numbers for each inter-pane space using
correlations developed by El Sherbiny et al. [20] for windows where tilt
angles range from 60 to 90°, correlations by Hollands et al. [21] for tilt
angles ranging from 0 to 60°, and a power law from Arnold et al. [22] for
tilt angles from 90 to 180°. The correlations are based on experimental
measurements of heat transfer across inclined air layers, which were made
for typical ranges of Rayleigh number RA, and the aspect ratio A, where

: HGHT
{(7.14) A=

TAS

The Nusselt number correlations are:

Vertical layer

(7.15) Nu = [Nu1, Nu,, Nu3]max
where

it

0.0605 * ra'/3

(7.17)  Nu, = {1+ [0.104 * ra0*293/(q 4 (6310/Ra) 1+36)13}1/3
{7.18) Nu3 = 0.242 * (RA/A)O'272

Layers inclined at § = 60°

{7.19) Nu = [Nu1, Nuzlmax
where

(7.20)  Nuy = {1+ [0.0936 * RAO+314/(1 + )17 }1/7
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0.283

(7.21) Nu, (0.104 + 0.175/R) * RA

(7.22) G 20.6]0.1

0.5/{1 + (RA/3160)

Layers inclined from 60 to 20°

For layers inclined at angles between 60 and 90°, a straight line
interpolation between the results of eguations (7.15) and (7.19) is used.
These equations are valid in the ranges of

102 < rA € 2 X 107 and 5 <A< 110

Layers inclined at 0 to 60°

1708 . 1= 11708 * sin1*® (1.8 * )]

(7.23) No =1+ 1.44 * (1 - )

"RA cos (8) RA cos (8}

ul

RA cos (81 /3

5830 ) 1).
where
(7.24)  (0)* = (1/2)(x + |x])
Equation (7.23) is valid in the ranges of

RA € 10° and A > 20

Layers inclined from 90 to 180°

' Gas layers contained in downward facing windows which are bounded by a
warm inner glazing and cool outer glazing are modelled using the following
gealing law [22]:

(7.25) Nu = 1 + (Nuo, - 1) sin {S)
where

Nu, = Nusselt number for the vertical layer, given by equation
(7.15)

Gas layers contained in upward facing windows which are heated from
above are treated in a similar manner. Gas layers in downward facing
windows which are heated from below are modelled using equations (7.15)
through (7.24).
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The indoor convective film coefficient H1 is calculated as:

(7.26a) Hy = 4.0054502 W/m?K s =0°

(7.26b) Hq = 3.8353502 W/m2K S = 45°
(7.26¢) H{ = 3.0415502 W/m3K s = 90°
(7.264) Hy = 2.2477496 W/n’K 5 = 135°
(7.26e) Hy = 0.9436496 W/m’K s = 180°

These values were calculated using a correlation of ASHRAE data developed
by Konrad and Larsen [23]. The ASHRAE heat transfer coefficients account
for radiative as well as conductive and convective heat transfer
components. The previously noted radiosity relations account for radiative
heat transfer separately. To eliminate the radiative component from the
ASHRAE data, the values presented in equation (7.26) were calculated

© assuming a window emissivity of zero.

Coefficients for tilt angles other than those indicated are calculated
using linear interpolation.

The outdoor heat transfer coefficient ig calculated using a
correlation developed by Lokmanhekim {24]. If the window is facing a
windward direction,

a.07 * v0+605 /2 Vv <2 /s

(7.27) Hy q

i

(7.28)  Hy_y = 12.27 W/nm’ v > 2 m/s

If the window is facing a leeward direction

0.605

(7.29)  Hg 4 = 1B.64 * (0.3 + 0.05 * V) . W/l

2.2.7.3 Solution of the Governing Equations

The convective heat transfer coefficients H; are required to calculate
the heat transfer between each element in the window system. However, as
identified in the preévious section, these coefficients are temperature
dependent, and therefore are a function of the heat transfer. For this
reason, an iterative procedure is used to solve the governing equations
listed in Section 2.2.7.1. The equations are used to develop a matrix of
coefficients. The matrix is solved using a double precision, elimination-
type solver for each iteration, and a new set of black emissive powers and
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radiosities for each window element are calculated. Glazing temperatures
can then be determined from these wvalues. If the relative differences
between these temperatures and the temperatures calculated in the previous
iteration are less than a preset tolerance1, the current estimates are used
as the final temperature, and the heat transfer at each element, Q,, is
calculated.

2.2.7.4 TFill Gas Properties

The thermal conductivity k, viscosity VISC, and specific heat at
congtant pressure CP for all three fill gases (i.e., alr, argon, and
krypton) are calculated using linear Iinterpolation over the temperature
range from 240 to-300 K. The properties were assumed to be independent of
pressure in the preasure range of interest (P < 101 kPa (1 atm) but not
~rarefied). This is a reasonable assumption since a deviation from 101 kPa
by one order of magnitude was found to affect at most the fourth
significant digit of any particular property.

Property data for air and argon (at P = 101 kPa) were obtained
directly from NBS literature [25]. Similar data for krypton were not
readily available. Therefore, property data for kxypton were developed
using argon data and the theory of corresponding states [26]. The
resulting data were found to agree favourably with available measured
values [27, 28, 29].

The correlation equations for air, argon and krypton follow:
Air

(7.30) k = (0.0953286 + 0.0033086 TM) 2.414 X 10-2, W/m K

(7.31) vISC 0.0035165 + 0.0000498 ™™, g/m s

(7.32) cp = (3.4898964 + 0.0000511 TM) 0.287041 x 28.97, J/g mol K
Argon
(7.33) k = (0.151607 + 0.0031036 TM) 1.634 x 1072, W/m K

]

(7.34) VISsC 0.003618 + 0.0000644 TM, g/m s

(7.35) " CP = (2.525325 - 0.0000661 TM} 0.208152 x 39,948, J/g mol K

1 -
A tolerance of 1 x 10 4 usually resulits in sufficient accuracy.



- 23 -

KryEton

(7.36) X = (0.855136 + 0.0286275 TM)-1.0 x 1073, w/m K
(7.37)  VISC = 0.00234 + 0.0000783 TM, g/m s

(7.38) | CP = 0.2497 x 83.8 J/g mol K

where TM is the mean gas layer temperature in X.

The conductivity, vigcogity, and specific heat of gas mixtures which
are modelled by VISION are calculated as a function of the corresponding
properties of the individual constituents. The method by which these
calculations are made can be found in ref. 30,

In order to estimate the properties of the argon/Freon and argon/SF
mixtures the following correlation were used:

6
Freon )
(7.39) k = -0.0023603 + 3.9526 x 10”3 ™™, W/m K

(7.40) VISC = -0.007614 + 7.428 x 10™5 ™, g/m s

(7.41) CP = (0.249 + 0.001169 TM) 120.91, J/g mol k
SFg
(7.42) k=10.013 Wn K

(7.43)  visc = 7.214 x 1074 + 4,928 x 1075 ™M, g/m s

(7.44) cp

(0.4186)(146.1) J/g mol K

It should also be noted that the Rayleigh number at each gas space is
calculated assuming that the compregsiblity factor of the f£ill gas is:

(7.45) Z=1

and the thermal expansion coefficient of the fill gas is:
(7.46)  BETA = 1/TM, K~

2.2.7.5 Slit-Type Honeycomb Heat Transfer

The algorithm used to model thermal heat transfer through a slit-type
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honeycomb system is based on correlations developed by Shewen and Hollands
[101.

The convective and radiative heat transfer mechanisms are considered
to act in parallel. For this reason, two heat transfer coefficients are
calculated: a radiative heat transfer coefficient HR, and a convective
heat transfer coefficient. This latter coefficient is calculated using the

standard Nusselt number relation (equation (7.13)).

The radiative and convective/conductive equations are as follows:
b cDb 2
(7.47) HR = aD  (ASPRAT) + & - 0.025/TAS8, W/m° X
where

D = gpacing between honeycomb slits, m

Il

(7.48) ASPRAT elevation aspect ratio of the honeycomb slits

il

TAS i/D

a,b,c,d,e are correlation parameters which depend
on the emissivities of the boundary glazings
and the honeycomb material. These will
generally be determined exPerimentally.1

and

(RA)Z .
—— 1"+ Iy,

* ga0+2 » A0.4]m }1/m
ASPRAT

(7.49) Nu = 1+ {[y, *

where
m = "‘0-386
The values of y, and y, must also be determined experimentally.1

It should he noted that equations'(7.41) and (7.43) are restricted to
modelling slit-type honeycombs which are:

(i) contained between two glazings which are opaQue with fespect to
long wave radiation

(ii) placed in a vertical window

1 values for various glazing types are presented in Section 3.1.1.
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4.2.8 Thermal Heat Transfer in Aerogel Windows
2.2.8.1 Aerogel Layers

One material which is of interest in the research of super windows
(and which is currently being developed for use in glazing systems) is a
transparent insulating material called aerogel. Rerogel is made by drying
a colloidal gel of silica to produce a porous material which can be as much
as 97% void by volume [31]. As a result of this structure, aerogel is very
light and has optical, thermal, and structural properties which make it
desirable for use in super windows.

As a result of its very large void fraction, aerogel has an effective
index of refraction which is very close to unity. Its reflectivity in air
is negligeably low. The solar transmission characteristics of aerogel are
such that a layer of aerogel used in a glazing system could be no thicker
than. about 20 mm {31].

The thermal cdnductivity of aerogel is remarkably low (about 27% less
than that of air [31]). This desirable feature is a result of the typical
pore size of aerxogel, which is less than that of the mean free path of air
at atmospheric pressure. In addition, aerogel is effectively opague in the
infrared wavelength region. This property enables the aerogel layer to
operate as an effective infrared radiation shield in order to reduce
thermal heat transfer.

Typically, the use of aerogel in glazing systems is envisioned as an
insulating layer which is sandwiched and supported between two panes of
glass. The analysis which is presented here, and which is incorporated in
a special version of VISION, is set up in a general enough manner that an
aerogel layer may be analysed as part of an arbitrary multi-layer glazing
array. Conduction, convection, and long~wave radiation heat transfer
between each element of the glazing array are modelled using a detailed
algorithm. The characteristics of this algorithm include the capability to
model s

(1) heat transfer between the environment and the outer and inner
glazings

(2) heat transfer between a number of opaque window elements, each of
arbitrary thickness and thermal conductivity

{3) recently developed correlations for convective heat transfer across.
vertical and inclined gas layers
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(4) substitute gases (argon, krypton, plus argon/Freon and argon/SF6
mixtures), as well as air in the interstitial spaces

(5) absorption of solar radiation in each of the individial glazings
(6) asymmetric radiative properties of the various glazings
2.2.8.2 Governlng Equations

Heat flows through a glazing system comprised of opaque, parallel
glazings or films, while accounting for the thermal resistance of each
glazing, can be quantified using a relatively straightforward analysis of
coupled heat transfer.

The physical layout of the system, the independent variables, and some
of the nomenclature incorporated in the solution are presented in
Figure 2.3. The index i is used to indicate location in the multi-layer
array. The i = 1 layer is the indoor environment and the i = N layer is
the outdoor environment. The independent variables are as follows: ‘

TAS .

i thickness of the wvarious gas layers, m

N = number of array elements (N = number of glazings + 2)
g = window tilt from horizontal
TU4 = indoor temperature, K

TDy = outdoor temperature, K

TU; = temperature of upper (outdoor facing) surface of ith
glazing, K

TD; = temperature of downward (indoor facing) surface of ith
glazing, K

EUy = hemigpherical ionq—wave emissivity of downward {(i.e.,

inward) facing surface of element i

ED: = hemispherical long-wave emigsivity of upward (i.e.,
outward) facing surface of element i

KG. = thermal conductivity of ith glazing, W/m K

LG: = thickness of ith glazing, m
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{outdoor temp)

LGy_q+ Kby,

N-1*

Pressure=pP

sU;

1
SOURCE, /////’//’

SDi

Figure 2.3. Thermal heat transfer analysis - aerogel windows

{indoor temp.)

-
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SU., = rate at which solar energy is absorbed at upward
surface of ith glazing, W/m2

SD. = rate at which solar energy ig abszorbed at downward
surface of ith glazing, W/m

rate at which solar energy is absorbed in the material
of the ith glazing, W/m2

SOURCEi

H. = heat transfer coefficient between ith and (i+t)th
glazings including convection, conduction, radiation,
2
W/m~ K

Qi = heat transfer rate between (i+1)th and ith glazings
P = pregsure of interstitial fill gas

The variable Q; is the total long-wave radiation plus conductive- |
convective heat transfer rate downward across the ith gas layer.

Based on the assumption.that each element in the window array
possesses grey optical properties in the long-wave (i.e., 3 to 50 um)
radiation band, it is possible to write a set of 2N - 4 linear equations

which can be solved to yield the temperatures of each glarzing, as well as
the heat transfer rate at each layer. These equations describe two energy

balances each of which can be applied at each of the N - 2 glazings.

With reference to the control volume shown in Figure 2.3, an energy
balance applied to the ith glazing yields: '

(8.1) Q, + SOURCE, + SD; + SU; = Qi1
where
(8.2} Qi = Hi * (Ti+1 - Ti)
(8.3) Hi = HC,i + HR,l

: 4 4

o ) TUT - TDS

(8.4) HRi=[ ]*[ i 1+1]

! (1/EU; } + (1/EDy 4) = 1 (TU; =~ TPy4q)

The parameter HC,i which appears in equation (8.3) is the conductive-
convective heat transfer coefficient between the ith and (i+1)th glazings.
He,i is calculated in the manner shown in Section 2.2.7.2. He,i is the
corresponding radiative heat transfer coefficient.

T
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The indoor facing glazing is treated as a small surface in a large
enclosure. Hence, Q4 is given as:
(8.5) = H (TDl - TU,) = gt 4. ED,oTD> + oTU4(1 = ED,)
. Q4 c,1 TPy 1 1 201D, 1 2
- The heat transfer rate from the outdoor enviromment to the outer
glazing is given as:

- - - - 4 _ 4 _
(8.6) Oq-1 = Ha, o1 {0y = TU 1) ' OBUy_(TUy_y = OEDTL (1 - EUg_ )

4

+ OEDNTN

Ho y-qr Hg, 1 and ED, are calculated according to the methods presented
r
in Sections 2.2.7.1 and 2.2.7.2.

To account for the thermal resistance of a glazing element plus the
effects of absorbed solar radiation at that glazing element, it is
necessary to apply an energy balance at each elemental layer of that
glazing. Once this energy balance has been applied it can be shown that
the temperature drop across the ith glazing is given by:

Gy

L
(8.7) ™y - Ty = —I-(-(;i [2(SDi - Qi—1) + SQURCEi]

The variables which appear in equation 8.7 are shown in Figure 2.4.

It is of interest to note that the effect of three separate source
terms (SDy, SU;j, and SOURCE; } appear in Figure 2.4 and are accounted for in
equations 8.1 and 8.7. The quantities SDi and SUi represent the rate at
which solar energy is absorbed at the downward and upward facing surfaces
of the glazing element, respectively. The parameter SOURCE; represents the
rate at which solar energy is absorbed within the material of the glazing
element. This absorption denoted by SOURCE; is assumed to be distributed
uniformly throughout the thickness of the glazing element.

In the case in which the ith glazing element conszists of a single
homogeneous material there can be no solar energy absorption at the
glazing/gas interface. That is to say, radiation which encounters an
interface is either transmitted through or reflected from the intexface,
but not absorbed at the interface. Therefore, the source terms SUi and SDi
must be equal to zero. Solar radiation which is absorbed within the
glazing will appear in the SOURCE; term. However, it is useful to consider
a glazing element which consists of an insulating core of material such as
aerogel which is sandwiched between two relatively thin layers of glass.

In this case the sandwiched glazing element can be represented as one
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Figure 2.4. Energy balance within the ith glazing element

element in which the solar radiation absorbed in the glass casings appears
as SU; and SD; source terms while the solar enerqy absorbed in the aerogel
appears as the SOURCE; term.

2.2.8.3 Sclution of the Governing Equations
The heat transfer coefficients, Hy, which are required to calculate
the heat transfer between the various elements of the window array, are
temperature dependent and are therefore a function of the various heat
transfer rates. For this reason, an iterative procedure is used to sgolve
the governing equation. Equations (8.1) and (8.7) are applied at each
glazing element and used to set up a matrix of coefficients. This matrix
is solved using an elimination type solver and a new set of glazing element
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temperatures is calculated. TFollowing this a new set of heat transfer
coefficients is calculated and a new matrix is set up and solved. Once the
solution of glazing temperatures has converged to a preset tolerence, the

+ iteration is terminated and the heal transfer rates, Q;, are calculated.

2.2.9 Caleulation of U-Value

The U-value is used to estimate heat transfer through windows in the
absence of solar radiation. Since thermal heat transfer characteristics
are dependent on environmental conditions such as temperature and wind
speed, the U-value is a function of the assumed weather conditions.

ASHRAE [3] uses a standard set of conditions to estimate summer and
winter design U-values. However, it is pointed out that these design
conditions "are more severe than a fenestration would be exposed to on a
continual basis, and the U-values should not be used in an annual energy
analysig." :

For this reason, three U-values are calculated by VISION, corresponds=
ing to winter and summer design conditions, and an 'average' condition.
The winter and summer conditions correspond to ASHRAE design values.
Winter conditions assume an indoor temperature of 21°C, an outdoor tempera-
ture of =18°C, and a wind speed of 24 km/h. 'The corresponding summer con-
ditions are 24°C, 32°C, and 12 km/h, respectively. The average conditions
were assumed to be 21°C, 0°C, and 10 km/h, respectively. They were
selected with the intent of producing a U-value that would be guitable for
use in an annual energy analysis.

VISION also requires specification of the fraction cloud cover to
calculate the radiosity of the outdoor environment. Cloud cover was
agssumed to be 50% for all three conditions.

The U-value is calculated by equating incident radiation (beam and
diffuse) to zero and solving for the heat transfer resulting from the
temperature differential. The U-value is then simply the ratio of the heat
transfer inward through the window (which must be equal to the heat
transfer from the inmer glazing to the interior) and the outdoor-indoor
temperature difference.

4
TEMPN - TEMP1

(9.1) UVAL =

2.2.10 Calculation of Shading Coefficient

- The shading coefficlent BC is defined as the ratic of the window's
solar heat gain for a specific set of environmental conditions to the solar
heat gain for a reference window under identical conditions.
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Tike the U-value, the SC is a function of environmental conditions.
The conditions used in VISION were selected to match as closely as possible
those used by ASHRAE [3]. VISION assumptions include:

- west-facing vertical orientation

- 4 p.m. solar time

~ 43° north latitude

- Aungast 21

- direct normal radiation of 741 W/m2 [3]1 resulting in beam radiation
of 628.2 W/m2 and diffuse radiation of 84.3 W/m2 [12]2

- indoor and outdoor temperature of 21°C

Under these conditions, the total solar gain of the reference window
(single glazed double strength glass) as calculated by VISION is
612.3 W/m“. The SC for a window is therefore calculated as

QS5CLT

{10.1} sC =
612.3

where
QSOUT = total solar gain through the window

QSOLT is comprised of two components: the direct selar gains, and the
solar energy absorbed by each glazing which passes through to the interior
by thermal heat transfer. The direct solar gains are calculated as the sum
of direct beam and diffuse components.

(10.2) QSOLdir = HTB * ABSOR1 + HID * COEFTD

M

Since no temperature differential exists, all of the energy flowing
from the inner glazing to the interior by thermal heat transfer must be due
to absorbed solar radiation. Therefore,

(10.3)  QSOLT = QSOLgi, + Q4
2.2.11 FEnergy Analyeis Summary
The hourly energy analysis uses the previously described models to

perform detailed hourly energy calculations. Ooutput from this analysis
includes monthly and annual summaries of the following:

' pased on interpolation of values for 40° and 48° north latitude. Tables

23 and 29, Chapter 27, ref. 3.
Using the Orgill-Hollands correlation [12], assuming clear sky and ground
reflectivity of 0.2.
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- degree days .

- total incident (beam plus diffuse) radiation for each window
orientation

- total solar gains, conduction losses, and net heat gains for
each window orientation

Degree days are calculated using an 18°C temperature base, and account for
only those days which fall within the period the user designates as the
heating season.

The total incident radiation is caleculated simply as:
{11.1) RADTH = HTB + HTD

As mentioned in the discussion of the SC calculation, total solar
gains are comprised of direct and absorbed/redirected gains. Equation
(10.2) is used to calculate direct solar gains. The calculation of
absorbed/redirected gains differs slightly from the SC calculation due to
the existance of non-zero temperature difference. The thermal heat
transfer analysis accounts for both solar and temperature differential
effects. It therefore beccmes necessary to isolate the solar component.
This is achieved using the ratioc of thermal resistances. Having determined
the temperature of each glazing, and the heat tranferred between glaz1ngs,
the interstitial thermal resistance of space i is calculated as

. TEMP - - TEMP.
(11.2)  RES = s =

i Qi

Treating the incident radiation which is absorbed on the ith glazing
as a source term, the amount of absorbed energy which flows inward is:

RESOUT;
(11.3} QSOLLW = SOURCE * ——M—=
i i RESTOT

where

SOURCE; = amount of radiation absorbed by the ith glazing, W/m2

RESOUT; = thermal resistance from the ith glazing to the

exterior, K m3/w
RESTOT = total thermal resistance of window {interior to

exterior, X mz/W

The inward heat flow due to temperature difference is therefore the
total inward thermal heat transfer, Qi, minus the inward flowing solar
component,
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M

(11.4) QCOMD = Q - } QSOLLW
. 1
i=2

The net inward heat flow is simpiy the sum of the inward temperature and
solar-induced heat flows.

M
(11.5) ONET = QSOLg;, + ) QSOLLW; + (QCOND
' i=2

2.92.12 Weather Data

The hourly energy analysis uses hourly measured weather data read from
weather tapes. The National Research Council is currently planning to
develop comprehensive weather tapes for a variety of Canadian locations.
Pending the development of these tapes, VISION has been adapted to use
weather tapes produced for the solar simulation program WATSUN [32]. These
tapes contain hourly data for total horizontal radiation and ambient |
tomperature. As mentioned previously, VISION requires data for wind speed
and direction, and fraction cloud cover., Lacking any measured hourly data,
default values of 3 m/s, 90°, and 50% are used for wind speed, wind
direction, and fraction cloud cover, respectively.

2.3 Program Logic
2.3.1 Overview

VISION ig comprised of a total of ten subroutines and nine function
routines which are controlled by a main program. A front-end program,
which can be used to create an input file, has also been written.

Figure 2.5 presents the sub-routine and function routine names, and
illustrates their interaction.

VISION can be divided into two main sections. The first section,
controlled by the subroutine WINDOW, is responsible for calculating the
U-values and SC, as well as the coefficients for the fifth order optical
property polynomials. The second section, contrcolled by the subroutine
ENANAL, is responsible for the hourly energy analysis. The MAIN program is
used to call these two major groups. '

2.3.2 - Subroutine Logic

Figures 2.6 to 2.17 present flow charts of the logic for the front-end
TALK, the main program MAIN, and the ten subroutines WINDOW, READIN, CCOEF,
RFILM, SOLMAT, PRINT1, ENANMAYL, SOLRAD, SHADE, and PRINT2.
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Figure 2.5. Overview of program logic
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Figure 2.7. Program for logic MAIN
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Figure 2.8. Program logic for WIRDOW
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¥igure 2.8 {Continued}
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Figure 2.8 (Continued)
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Print out cosine
coefficients, U-value
and shading coefficient
Call PRINT]

'

Return to MAIN

Figure 2.8 (Concluded)
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Figure 2.9. Program logic for READIN
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Figure 2.9 (Concluded)
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|

Return to WINDOW

Figure 2.10. Program logic for CCOEF
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Figure 2.11. Program logic for RFILM
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Figure 2.12. Program logic for SOLMAT
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Figure 2.13. Program logic for PRINT1
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Figure 2.14. Program logic for ENANAL
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Figure 2.15. Program logic for SOLRAD
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Figure 2.17. Program logic for PRINT2
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2.4 Sample Results

VISION gimulations were performed for two different window designs, to
verify that the program produced reasonable performance results, and to
illustrate its capability to model non-standard designs.

The first design is a standard double glazed window, the
characteristices of which were chosen to match a window whose U-value and
shading coefficient are reported by ASHRAE {Tables 13 and 28, Chapter 27,
ref. 3). The window has 6 mm (% in.) thick clear glazings and a 13 mm
(% in.) air space.

The U-values predicted by VISION are 2.88 (winter), 2.87 (summer), and
2,92 w/m2 °C (average). These egstimates show good agreement with the
.corresponding ASHRAE values of 2.8 (winter) and 3.2 W/m” °C (summer).

The SC predicted by VISION is 0.85. This is slightly higher than the
ASHRAE value of 0.82. The dizcrepency is most likely caused by differences
in the assumed value of the extinction coefficient.

The second window modelled was triple glazed, incorporating a heat
mirror on the outward facing surface of the inner glazing, 3 mm glazings
and 6 mn air spaces. The uncoated glass surfaces were assumed to have
emissivities of 0.84, and the coated surface an emissivity of 0.15. Since
the directional optical performance of this hypothetical thin £ilm was not
known, optical pfoperties were calculated based on a normal transmissivity
of 0.75, and a normal solar reflectivity of 0.15 (upward)} and 0.08
( downward} .

The U~values estimated by VISION are 1.91 (winter), 1.91 (summer), and
1.98 W/m2 °C (average}. As an approximate comparison, the corresponding
ASHRAE values for a similar, but uncoated, triple glazed window are 2.2
(winter) and 2.5 W/m2 °¢ (sunmmer).

The SC predicted by VISION iz 0.74. A corresponding ASHRAE estimate
is not available for comparison, since values are tabulated for single and
double windows only.

1 For a direct comparison, the U-values for a window equivalent to the

ASHRAE reference design are 2.26 (winter), 2.30 (summer), and
2.36 W/m2 °C (average).



- 51 =
3.0. USER'S MRNUAL

The following sections provide instruction on the use of VISION,
including a description of the input regquirements, the output, and computer
requirements. o

3.1 Input Requirements

VISION requires two types of input: a description of all relevant
window and energy analyeis information data, and the hourly weather data.

3.1.1 Window Degsign Data File

VISION reads all of the data necessary to describe the window
characteristics and the hourly energy analysis parameters {excluding the
weather data) from one input file. This input file may be created in one
of two ways. The user may create the file using the conversational front
end program TALK. When invoked, TALK prompts the user through a series of
questions to input all of the required data. TALK automatically creates
the formatted file of input data.

Alternatively, the user may create the file by typing in all of the
required information according to format which will be specified shortly.
All data are input as real numbers. This facilitates the input procedures,
as the numerical values may be placed anywhere within the designated
columns provided a decimal point is used, and no exponent is required. The
'E12.6' read format used covers 12 columns. If the number is input without
a decimal point, six digits are placed to the right of the decimal point.
It is recommended, however, that all values be input using a decimal point
to take édvantage of the placement flexibility within the columns.
Exponents may be also used using E-format. For example, the value 0.000123
may be input as '1.23E-4'. Care should be taken to right justify any
number using the E-format since blanks following an exponent are
interpreted as zeros.

The information stored in the input file can be divided into three
main sections: window data, energy analysis information, and shading
data.

The first section, window data, containg all of the information
required to describe the window - dimensions, number of glazings, optical
properties, etc. The specific data and required format are presented in
Table 3.1, '
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Following window data is the section containing the necessary
information required for the energy analysis. Table 3.2 describes the
input format required. If the user chooses not to perform an enexrgy
analysis, the energy analysis flag (i.e., first entry) is simply set to
zero, and all remaining read statements are bypassed. The user need not -
specify any additional data.

If an energy analysis is to be performed, the user also has the cption -
to specify various types of shading devices. Table 3.3 describes the data
required. Once again, if the window does not have any shading devices, a
zero is placed in the first entry, and no additional data are required. A
shading analysis is only performed during an energy analysis, and is not
uged in the first half of the program which calculated the U-value and SC.
Therefore, if an energy analysis is not performed, no shading data are read
regardless of the value of the shading flag.

Figure 3.1 presents a sample input file created for a conventional
double glazed window with an overhang.

2.1.2 Weather Data

Weather data are read from weather tapes created for use by the solar .
gimulation program WATSUN [32]. The weather tapes have the following
characteristics:

- 180 m

- 9 track

- 800 bpi

- unlabelled
- LRECL 23

- BLEKSIZE 3105
- RECFM FB

~ EBCDIC

Tapes are currently available for 66 Canadian locations. Information
concerning access of the tapes can be obtained from the WATSUN User's
Service in Waterloo.

Output Format ) -

A file concerning output data is created following every VISION
simulation. This output can be divided into two sections. The first .
section contains a complete listing of all the data read from the input
file. This allows the user to check the accuracy of the input data and
provides a permanent record of the design details of the window.



Table 3.1. Window input data
LINE COLUMN FORMAT UNITS DESCRIPTION NOTES

1 1-12 REAL Number of linesg in output title

2a =72 1834 Line 1 of output title

2b 1-72 18A4 Line 2 of output title

2x 1-72 1824 Tdine NLINES of output title

3 1-12 REAL Number of glazings (maximum of 4)

4 1-12 REAL - m Thickness of first (i.e.; intericr) glazing
13-24 REAL m Thickness of glazing number 2 1
25-36 ' REAL m Thickness of glazing number 3 1
37-48 REATL m Thickness of glazing number 4 1

4a 1-12 REAT W/m X Thermal conductivity of glazing number 1 Aerogel
13-24 REAL W/m X Thermal conductivity of glazing number 2 simulation
25-36 REAL W/m K Thermal c¢onductivity of glazing number 3 only
37-48 REAL W/m K Thermal conductivity of glazing number 4

5 1-12 REAL m Distance between glazings 1 and 2 1
13-24 REAT m Distance between glazings 2 and 3 1
25=36 REAL m Distance between glazings 3 and 4 1

5] Long-wave emissivity of upward (i.e. outer)

1-12 REAL facing surface of glazing 1

13-24 REATL facing surface of glazing 2 1
25=36 REAL facing surface of glazing 3 1
37-48 REARL facing surface of glazing 4 1

—Eg_




Table 3.1 {(Continued)

LINE COLUMN FORMAT UNITS DESCRIPTION HCTES
7 Long wave emissivity of downward (i.e. inward)
=12 REAL facing surface of glazing 1
13-24 REAT, facing surface of glazing 2 1
25-36 REAL facing surface of glazing 3 1
37-48 RERL: facing surface of glazing 4 ' 1
8 Long-wave reflectivity of upward-facing
1=12 REAL ' gurface of glazing 1
13-24 REAT, surface of glazing 2 1
25-36 REAL . surface of glazing 3 1
37-48 REAL surface of glazing 4 1
9 Long-wave reflectivity of downward-facing
1-12 REAL surface of glazing 1 1
13~-24 REAL surface of glazing 2 1
25-36 REAL surface of glazing 3 1
37-48 REAL : surface of glazing 4 1
10 1-12 REAL Thin film flag for glazing 1

if = 0. Thin-film not used
if = 1. Thin film used

13-24 REAL Thin film flag for glazing 2 1
25-36 REAL Thin film flag for glazing 3 1
37-48 REAL Thin film flag for glazing 4
11a 1-12 REAL Index of refraction of glazing 1 2
13-24 REAT, Product of the extinction coefficient and
‘ thickness of glazing 1 2
25-36 REAL Normal solar transmittance of glazing 1 3
37-48 REAL Normal solar reflectance of upward facing

surface of glazing 1 3

- PG -



Table 3.1 (Continued}

LINE COLUMN FORMAT UNITS DESCRIPTION NOTES
11a A9-60 REAL Normal solar reflectance of downward facing
surface of glazing 1 3
61-~72 REAL Thin film optical property flag
if = 0 measured directional properties available
if = 1 only optical properties for normal
incidence angles available
11 1-72 Short-wave properties for glazing 2 2, 3; 4
11c 1-72 Short-wave properties for glazing 3 . 2, 3, 4
114 1-72 Short-wave properties for glazing 4 2, 3, 4
. 1
12 1-12 REAL Number of measured optical property data .
points used for glazing 1 5, 6 b
1
13a 1=-12 REAL degrees Incidence angle used for first data point 5
13-24 REAL Measured solar transmittance
25=36 REAL Measured solar reflectance of upward-facing
surface
37-48 REAL Measured solar reflectance of downward~facing
surface
13b 1-48 REAL Incidence angle and measured solar optical
properties for second data point 5
13x 1-48 REAL Incidence angle and measured solar optical

properties for xth data point




Table 3.1 (Continued)

LINE COLUMN FORMAT UNITS DESCRIPTION NOTES
14 =12 REAL Number of measured optical property data
points used for glazing 2 5, &
15a~x 1-48 REAL ITncidence angle and measured solar optical
properties for each data point
16 1-12 REAL Number of measured optical property data
points used for glazing 3 5, 6
17a-x 1-48 REAL Tnecidence angle and measured solar optical
properties for each data point 5
18 1-12 REAL Number of measured optical property data
points used for glazing 4 5, 6
19a-x 1-48 REAL Incidence angle and measured solar optical
properties for each data point 5
20 1-12 REAL Solar absorptivity of roam 7
13-24 REAL m Height of window
25-36 REAL m Width of window
37-48 REAL degrees Slope of window used to calculate U=-value 8
49-60 REATL Flag for interstitial gas: air = 1
argon = 2
krypton = 3
argon/Freon = 4
argon/SFg = 5
61=-72 .REAL kPa Interstitial gas pressure
20a 1-12 REAL Mole fraction of argon in gas mixture 14
13-24 REAL Mole fraction of second component (Freon
or SFG) in gas mixture 14

- 0g -




Table 3.1 (Concluded}

LINE COLUMN FORMAT DESCRIPTION NOTES
21 1-12 .REAL Maximum error tolerance for temperature
estimate in RFILM 9
REAL Maximum error tolerance for coefficient
estimates in CCOEF 10
22 1-12 REAL Number of interstitial spaces which employ
slit-type honeycomb systems '
23 1=12 REAL Pogition of first honeycomb (1 = air space
closest to interior. 2 air space next
closest to interior, etc.) 11
24 1-12 REAL Vertical spacing between slits for first
. honeycomb . _ 1, 12
13-24 REAL Radiant heat transfer coefficient 'a' (See
eqn. 7.41) 12
25~36 REAL Radiant heat transfer coefficient 'b? 12
37-48 REAL Radiant heat transfer coefficient 'c¢' 12
49-60 REAL Radiant heat transfer coefficient '4' 12
61-72 REAL Radiant heat transfer coefficient 'e! 12
25 1=-12 REAL Convection heat transfer coefficient
{See equation 7.43) 11, 13
13=24 REAL Convective heat transfer coefficient , 13
26 1-12 REAL Position of second honeycomb 11
27 1-72 Properties of second honeycomb i1, 12, 13
28 1-24 . Properties of third honeycomb
29 1-12 REATL Position of third honeycomb 11
30 1=72 Properties of third honeycomb 11, 12, 13
31 1-24

Properties of third honeycomb

—Ls_




4,
5l

G
7.
8.
9.
10.
11.
12.

13.
14.

Values need not be specified if element does not exist.

These valueg can be set to 0, if a thin film is used on the glazing, and measured solar
optical properties are to be specified for a range of incidence angles.

These values can be set to 0, if a thin film is not used on the glazing, or if measured thin
film optical properties are to be specified (see line 13).

These lines are deleted if the element does not exist.

If a thin film is not used on any glazing (i.e., if the thin film flag on line 10 is set
to 0) or if measured solar optical properties are not specified (i.e., optical flag on line
11 set to 1) these lines are deleted.

Number of measured data points may range from 7 to 18.

Usually set equal to 1.

Slope may range from 0° (horizontal, upward facing) to 180° (horizontal, downward facing).
Usually set equal to 1074,

usually set egual to 1077,

If there are no honeyeombs (i.e., line 17 eguals 0) these lines are deleted.

For a honeycomb bounded by uncoated glass [2]: & = 0.92, b = -0.4097, ¢ = -0.298,

d = -0.1526, e = 1.09.

For a honeycomb bounded by uncoated glass ocutside and coated glass (€ = 0.35) inside:

a = 0.3404, b = -0.5448, ¢ = -0.1647, 4 = -0.2458, e = 0.84.

For a honeycomb bounded by coated glass inside and outside: a = 0.1631, b = 0.6513,

c = =-0.1023, 4d = -0.3285, e = 0.32.

Suggested values of Y are [10]: Yy = 2.3 x 10-6, Yy = 0.488.

vValue must be 0.0 € MFRAC € 1.0. If the gas code is 1, 2, or 3 (i.e., not a mixture) then
the value can simply be set to 0.0.

- B8G -



Table 3.2. Energy analfsis input data
LINE COLUMN FORMAT UNITS . DESCRIPTION NOTES
32 1-12 REAL Energy analysis flag _
if = 0 no energy analysis
if = 1 energy analysis performed
33 1-12 REAL Number of windows to be analysed 1
{1 to 8) '
13-24 REAL Number of days in energy simulation
{1 to 365) ‘
25-36 REAL First day of heating season
37-48 REAL Last day of heating season
34 1-12 REAL degrees Slope of window number 1 1
13-24 REAL degrees Slope of window number 2 2
'25-3% REAL  degrees Slope of window number 3 -2
37-48 REAL degrees Slope of window number 4 2 1
49-60 REAL degrees Slecpe of window number 5 2 @
61-72 REAL degrees Slope of window number 6 2 '
35 1-12 REAL  degrees  Slope of window number 7. 1, 2
13-24 REAL degrees Slope of window number 8 2
36 1=-12 REAL degrees Azimuth angle of window 1 1
(Counter clockwise from south)
13=-24 REAL degrees Azimuth angle of window 2 2
25-36 REAL degrees Azimuth angle of window 3 2
37-48 REAL degrees Azimuth angle of window 4 2
49~60 REAL degrees Azimuth angle of window 5 2
61-72 REAL degrees  Azimuth angle of window 6 2
37 1=-12 REAL. degrees  Azimuth angle of window 7 1, 2
13-24 REAL degrees azimuth angle of window 8 2

1.

Delete lines if an energy amalysis is not required (i.e., energy analysis

flag (line 27}

!

0).

2. Values need not be specified if element does not exist. _




Table 3.3. Shading input data

LINE COLUMN FORMAT UNITS DESCRIPTION NOTES

38 1-12 REAL Shading flag 1
if = 0 no shading modelled
if = 1 shading used

32 1-12. REAL i oOverhang height above window i, 2
13-24 REAL m overhang length beyond left end of window
25-36 REAL m Overhang length beyond right end of window
37-48 REAL m Overhang projection beyond window :
49-60 REAL m Depth of vertical projection o
o
40 1-12 REAL m Left fin height above top of window 1, 2 !
13-24 REAL m Left fin height above bottom of window
25-36 REAL m Left fin distance from side of window
37-48 REAL m Ieft fin distance beyond window
45-60 REAL m Right fin height above top of window
61=-72 REAL m Right £in height above bottom of window
41 1-12 REAL m Right fin distance from side of window 1, 2
13-24 REAL m Right fin distance beyond window

1. Delete lines if an energy analysis is not required.
2. Delete lines if a shading analysis is not required (i.e., line 33 = 0).
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0. 1000005-030,19C000E-006 :
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83.000000 365.000000 =258.000C000 135.000000
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90.000000 9{3. 000000

0.9000000 45, v0C0u0 G3,000000 135.000000 1Bu.00000J 225.0u0000
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Figure 3.1. Sample input data
The gecond section contains the optical and thermal performance
results. This section can be further sub-divided into two sections. The

first section presents the polynomial coefficients for the optical

properties of any individual glazings which utilized a thin film coating
and whose measured directional properties were specified as input, as well
as the optical properties of the window system, the U-values and the 5¢.

The second section contains the monthly and annual summaries of the energy
analysis results for each of the window orientations considered and is
produced only if the user chooses to perform an energy analysis. The
window slope is measured from the horizontal (i.e., a 20° slope refers to a
vertical window), and azimuth angle is measured counterclockwige from south
(i.e., 270° refers to a west-facing window). As previously mentioned,
degree days are calculated only for those days which fall within the
heating season. .

Figure 3.2 presents the output for the double glazed window whose
input file appeared previously in Figure 3.1.




BEFERENCE

DCUBLE GLAZzD WINDOW

= 6 KM GLAZINGS

- 12.7 ¥M AIR SPACE

- 25 CHM OVERHANG

- ENERBGY ANALYSIS FOR 8 QRIENTATIONS

A P W A M TR W U Ol e e R A A S TS W 4TS DU T W w0 -

P D G O

GLAZING PROPERTIES :
NUHBEB GE GLAZINGS“I-....'.SI-.-‘IIHIII--IICQI 2

GLAZING NUMBER 1 (INTERIOR)

THICKNESS (M)eeneeevcsasssansosancocnnanenosso 0.0063
LONG HAVE EMISSIVITY (UPHARD)o-aaaoonclnnonoac 048“‘]0
LCNG WAVE EMISSIVITY (LCHNWARD) wesovwevonevases 0. €400
LONG $AVE REFLECTIVITY (UPWARD)msoecscsaacocane 0. 1600
ICHG WAVE REFLECTIVITY (DCWNWARL) aswssewnsssons 0. 1600
THIN FILH COATING?...non..Qo.oqootcnonnuoa.oco NC
REFRACTION INDEXe.cwsaseoonvonncnannmnnssoncns 1. 5200
EXTINCTION COEZFFICIENY X THICKNESSawesoumeseses 0.1000
6LAZING NUWBER Z (EXTERIOK) '

THICKNESS (M) comconssnssosssscancasncnnacssens 0.0083
LCNG WAVE EMISSIVITY (UPWARD) ascwescvcscsossass 0. BUODD
LCNG WAVE EMISSIVITY (TUWBAABL) ueveeseasusnasans 0.8400
LCHG WAVE REFLECTIVITY (UPHABD) cacvssvnsoscasnas J. 1600
LCNG WAVE REFLECTIVITY (DCANWABL) eonesncasnmss 0.1600
THIN FILM COATIYG?C..QQ”‘.J...C.llillldl!'lﬂl..l '-‘IC
FEPEACTION INDEXeoweoessoansesswocsosnsnonvsaocssns 1. 5200
EXTINCTION COZPFICIENT X ThI”KNLaS............ 0. 1090
WINDOW AIR SPACE THICKNESSES (M)

ATE SPACE 1 (CLCSEST TO INTERIOJR)uusaesvensras 0.0127
FILL GAS [Y¥PTeasevseoscascaansacaansnasnncensss irz
FILL GAS PEESSURE (K’Ph)a.aa--ouno-coano-nan'.-oo 1314 3303
WINDCH HEIGHYT (M)svwewevaooonocsasanvanessassanss 1. 0000
H:NDON ﬂ'IDIH (H)nall-‘o.uoc‘oannodl.o-o!uuo.-onn 100000
SICEE COF GSFZRENCE WINDOWseasesoonsscenssssanas 50,0000
SHOST WAVE ABSORPTIVILY OF INTZRIORecvsceaosas 1, 0000
CCNVERGENCE TOLERANCE FOR GLAZ ING TEMPERATURES J.5=02
CCNVERGENCZ TOLZRANCE FOR COSINE COEFFICIZENTS. JeL=06

ENERGY ANALYSIS DATA

s T Sl ol o ANP Y S S v ek W el A S

NUMBER OF WINTOWS CONSICEBEDw seeveesasccacusses 3

ORIENTATION (DEGREE3 CCW FROM SCUTH)

HIRDCW 1-..-.‘..10.--....'I'D.‘...l.‘.......‘. S)‘l"-)‘)O()
WINDCH 2-‘..--5.--.--...I..I..ll'ﬂlll.l....Oll 43.0000
WINDOW 3...'-..‘-‘....‘..-Q..“l"lInll..‘.l... .QJCO\.)OO
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WIBDCH Ysvuvaenavessarssosacnsancnscosnnnnarssss 135.0000
WINDOW 5!.!‘.“I.....l.....ll“!.....l;l.l.l‘l 18:)‘00:)0:}
HINDCWH Dosccenssesassssnvsssncosnnonssssscsunnsnns 202.0000
WINDOW 7..!.I....‘.l.‘.l“d..l‘ﬂ.‘lll.....‘... 27J.JJ\))
HINDCHW Beaswsvenstannssssnncsenanvasscensansss 313.0300

SLCPE OF WINDOW {DEGIEZES FR0d HCRIZONTAL)

EINDCW 1i6|n¢ns|-noa-cul:nm.-n..uclocnaoo&..on 90.0000
WINDOW Zusorosavecsanasstosasonssssnasesasanns 83.CG00
HEHDOW 3.I..—I'j““.l....i-’ﬂ‘..0:..!0".‘OCO‘.OO 90.0000
ﬁINDOW u-.a.aal-.-coo..n---la..omupo-oa...a-oc 90«0000
HIKDCW 5’.---..;.].0.u-l.l.!o...all!'!'l.l"l. 90.0000
WINDOW 6.:..0.1000!..0100oa.oo'a-ooa-uooncoaoo 9010000
WINDCW 7eoecanuemsssaserssnsonsnsnnancnssaasnsscs 90.0€00
HINDOH 8.000.0.10.la.a.n.ooan.o..tdooaancnoooo 90.0000

NUFBER OF DAYS IN ANALYSISucsssssesesscssscses 365

FIRST DAY OF HEATING SEASONwwsewcsocecssananss 238
LAST DAY OF HEATIi‘iG SEASON'..........-.l-...ll 135

SEALING DATA (LENGTH IN M)

R D P e e D - - A S A b —

CVERBHANG HEIGHT ABOVE WINDOWeaasnsessoassssnascs Je 0030

CVERAANG LENGTH BZYOND LEFT ZNT OF WINDOWaaws.w 0.0000
CVERHANG LENGTH BEYOND RIGHT ZHD OF WINDOW.aseo 2., 0009
CVERHANG P3QJECIION BEIONL WINLCAusesansavssse Je2EQ0
LEETH OF VERTICAL PROJECTICNssocscanassssssanos 0.0000
LEFT PIN HEIGHT ABOVE TOP OF WINDOWeaesunsuons 2.0009
LEFT FIN HEIGHT ABOVE BOTITCH OF WINDOWHiasssvas 0.0000
LEFT FIN DISTANCE FROM SILCE OF WINDOW.icowsnane 0.0G20
LEFT FIN PROJECTION BEYOND WINDOWN. eswssswvsass J. 0000
RIGHT FIN HZEIGHT ALEOVE TOF OF dINDOWueesanwaese 0.0600
BIGHT FIN HEIGHT ABOVE BOTTOHM GF WINDCWesassea 0.00090
RIGHT FIN DISTANCZ FR0OM SICE OF WidO00Wasewrsss 0.6000
RIGHT FId PROJECTION BEYOND WINDUW.cwsmossvana J, 0020

OFTICAL FZSRFOBMANCE SUMMARY

s S L D T ———— A o A — ot U A il S ekl W g e ik

1 -0.0170 . 0.0027 0.0531 J.3552
2 0.7407 C.84960 1.0830 =~2.31956
3 $e7298 =1.2975 ~-4,7636 T.3384
) -12.6546 1.9125 3.0103 1.7320
5 11.7416 =1.5229 «7,8822 ~2.3373
6 -3, 8475 C.488a 2.6005 07537
FUs O 5942 0.081¢ J. 1184 2.2077




G o e e ) e e e ot ot i o —————— b e e ) - —— Y ek ¥,
+QEIENTS 0. 45, 90, 135, 180, 2254 270. 315,
40N DD +SICEZ 90. 90. 30, 30. 90. 90, 90, 90.
o <o o 2 2 i e e o s et ot o e i s A 8 o e i A o e i e e e
1 1006. INC. RADN 347.6 277.2 151.2 34.3 32.3 83.7 139.3 260.2
S0L. GAIN 252.4 193.1 97.4  54.9 54.6 54.9 89.7 179.96
CONLD.LOSS 259.1 258.8 258.4 258.2 258.2 254.6 254.7 255.1
NET GAIN 6.6 =65.7 =161.0 =203.3 =-203.6 =195.7 =165,1 =75.5
yl 793. INC. BRADN 343.8 285.0 188.4 115.4 103.4 11,6 179.9 277.5
SOL. GAIN 241.8 197.2 125.8 73.2 58,5 71«8 118.9% 192.8
CCND.LOSS 209.0 208.8 208.%5 208.3 208.2  205.5 .205.6 205.6
NET GAIN 32,9 =116 =82.8 =135.0 ~139,7 =133.7 =86.7 =131
3 667. INC. RADN 409.1 377.7 291.2 196.€ 165.8 190.9 271.5 354,9
S0L. GAIN 2753 26003 196.3 126.5 1039.7 123,6 182.5 2433
CCND.LOSS 185.0 185.0 184,% 184,7 184.7 182.4 182.5 18z ¢
KET GAIN 90.3 75.3 1.4 =-58.,1 =75.0 =58.8 0.0 60.7
i} 378. INC. RALDN 319.5 332.3 296.3 215.4 166.9 206.8 279.3 318.2
SCL. GAIN 202.71 225.1 201.3 139.2 109.2 133.8 189.¢ 215,2
CONL.LOSS 116.2 116<3 116.3 116.3 116.3 114,99 110.,3  114.9
NET GAIN 85.9 108.8 85,0 22.9 -7.1 15, 9 74,7 100, 3
5 113. INC. 22DN 236.2 272,2 2383.0 238.% 134.3 227.8 z6d.5 «65.1
SOL. GAIK 146.2 1799 191.5 157.4 124.,2 149,7 180.9 17u.8
CCND. LUSS 70.5 70.5 70.5 70.5 70.5 63,9 53.8 £9.8
NET GAIN 75.7 109.4 121.0 86.8 53.6 79.8 111.0 105.¢
6 0. INCe RADN 280.1 28B.2 302.3 2581.2 225.,2 278.6 324.7 301.8
S§CL. GAIN 154.0 187.8 203.7 172.7 142.6 184,44 2192.3 195.5
CONT.LOSS3 26.8 2741 27.2 27.2 271 26,2 25.9 28,9
NET GAIN 127.2 160.7 17645 145.4 115,5 158.3 153.4 163,86
7 0. INC., RADN 240.3 276.0 286,93 248.2 211.0 280.2 28%.. 277.0
SOL. GAIN 150.0 182.3 194.4 184.,7 1358.2 164.,8 194.3 181.4
CCND.LOSS 5.0 6.0 B4l 6.0 6.3 4.7 4y 3 B4
NET GAIN 1u4u4,9 176.3 188.4 138.7 129.9 169.0 130.3 177.0
8 0. INCe RADN 279.0 310.5 498.0 234,7 187.1 226.3 273.90 2916
SCLe GAIN 173.2 20%.5 202.6 153,99 121.8 146.0 186.6 193.2
CONL.LOSS 13.6 14.8 15.1 15.2 15.4 14,4 13, 13.2
NET GAIN 159.3 193.6 187.5 138.7 106.4 131.7 173.2 180.90
g 77. INC. RADN 232.8 223.3 187.9 142.2 121.7 144,58 139,48 223.1
SCL. GAIN 151.86 150.7 123.5 31.4 79.6 93,1 127.0 150.8
CCND.LGS3 53.5 53.5 53.6 53.6 53.7 53. 3 53,2 53. 2
“NET GAIN 98.1 97.1 71.9 37.3 25.9 39.8 73.5 57.6
10 264, INCe RADN 26640 221.1 150.7 - 96.9 88.0 97,3 151.4 221.9
SCL. GAIN 184.6 151.8 39.% 51.4 57.7 61a5 3.9  152.86
CCNC.LOS3 9t.1 91.3 91.4 3.4 91.5 30.6 90.4 00,3
NET GAIN 93,5 6045 8.1 =30,1 =33.8 =29,1 3.5 A Ze 2
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11 454. INC. BADN 158.5 12u.3 75.4  50.b 493.0 50. 8 739.0 1Z3.0
SCL. GAIN 113.2 55e 1 U5.9 32.7 32.3 32.8 51.3 83,3
CCND.LOS5 136.3 136.3 136.3 136.23 136.23 .134.9 134.4 13u.8
NET GaIN =23.1 =511 =87.4 =103.6 =104.0 =102.1 =23,5 ~45,0
12 © 881. INC. RaDN 273.2° 213.% 115.5 67.7 66.G 67.6 112,32 208.3
SOL. GAIN 198.6 148,08 73.9 44.4 44,3 48,5 72,1 144,35
CCND.LOSS 231.6 231.5 231.3 231.2 237.¢ 225,71 228.. 228.0
NET GAIN =33.1 =-83.1 =157.4 -136.8 -1db.3 ~183.6 =1%0.0 =82.9

A

o ——— {8l Y i ek e S Y ol e T S Al D TR kil s e s A Y el e R o L e o ke o

TCT 4632. INC. BADN 3355.9 3202.8 z626.6 1952.2 1661.8 1933.8 2563,1 3130.0

SCL. GAIN 2243.0 2170.3 1760.7 1272.3 1080.8 12€0.6 1712.3 2113.6
COND.LOSS 1397.7 1400.0 1399,4 1398.9 1399, 4 1379,3 1377.56 1378.5
'NET GAIN 845.3 770.3 361.4 =-126.7 =318.6 -118.7 334.7 735.1

ot o e o e N 0 o T o i s e 0 e e ol e g o e At i i ol e 8 e e b e e

Figure 3.2. Sample output data

3.3 Executing VISION

The execution of VISION can be controlled by two 'exec' files. The
purpose of an exec file is to define all of the files used to run a program
and to initiate its execution.

The first exec file controls the execution of TALK, the program used
to create the input file. The usexr accesses this exec file by simply
typing TALK on the terminal. The user will then be prompted to answer all

of the questions required to create the input file.

- RAs previously mentioned, the user could alternatively elect to create
the input file manually.

The secend exec file controls the execution of VISION. By typing the
word VISION, the necessary routines_are executed. .

Figures 3.3 and 3.4 present the TALK and VISION exec files.

It should bhe noted that exec file format is system-dependent. These
files were created for a system using a VM (virtual machine) operating
system. '

Computer Requirements

3.4.1 [Language

VISION is written in Fortran 77 compatible code.
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3.4.2 Hardware

VISION was developed on an IBM 4341 series computer, a powerful, high
speed mainframe computer. It is anticipated, however, that VISION could be
successfully implemented on a powerful micro/mini computer, provided the
machine enabled the use of Common Blocks and double precision calculations.

3.4.3 FExecution Time

Within the IBM 4341 enviromment, the calculation of the U=-value,
shading coefficient and optical coefficients (i.e., execution of the Ffirst
stage) requires less than % CPU s of execution time. The execution time
requirements for the hourly energy analysis are naturally dependent on the
number of window orientations and days considered. Simulation of the
maximum eight orientations and 365 days requires approximatley 250 CPU s.

&TYPE ENIUER WINDOW NUMBEE

EREAD VAA&S &1

FI 10 TERM (LRECL 80 RECFH F

FI 3 TE&#d (LxeCL BO RECFM F

FI 11 DISK VISION INPUTS1 A (LRSCL 80 ZICFM FB SLUCK 800
TALK

T VISIOK INPUTEY A

Figure 3.3. Talk exec file

&TYPE ENTZR WINDOW LUdDBER

EREAD VARS &1 .

FI 10 DIs¥X VISION INPUI&T & (LZECL 80
FI 11 TAP1 (LA3CL 23 BLKSIZE 3105 ®EC
FI 8 DiISK ViSION OUTPUTET &

VISION

ot
=
7‘
[Fy]
i
[
=¥}
w
Lo ]
[

RECFM ¥B
Fd T8

Figure 3.4. Vigion exec file
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APPENDIX A - GLOSSARY OF TERMS

A gas space height to thickness aspect ratio

a7 parameter defined by equation (1.10) o
Al fraction of radiation absorbed in a single pass

through a glazing

ABSORi'M fraction of incoming radiation on a M—element
array which is absorbed by the ith element

AHC ' parameter defined by equation (1.21)

ALFA total solar absorptivity of single glazing
BLFAE, total golar abosrptivity of single glazing for
ALFAM ' electric and magnetic polarization

ALFAD solar absorptivity of downward (l.e., inward)
ALFAU facing and upward (i.e., outward)} facing surface

of single glazing with a thin f£ilm coating

ASPRAT elevation aspect ratio of honeycomb glits

AZMTH azimuth angle measured counter-clockwise from
south, deg

BETA thermal expansion coefficient, &1

CFTFTj : jth coefficient for polynomial used to calculate

solar transmissivity of glazing with thin film

COEFRj jth coefficient for polynomial used to calculate
reflectance of M-element array .

COEFTD diffuse transmittance
Ccp specific heat, J/g mol K
D gpacing between honeycomb slits, m

DAY day number




DECL
sky
EB

ED
EUi

ECC
Fo

sky

FSHADE

HR

HGHT
HHEB
HHP
HHT
HHEX

HTB

HTD
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declination angle, deg
clear sky emittance
black-body emissive power, W/m2

hemispherical long wave emissivity of the
downward and upward facing surfaces of element i

eccentricity of earth's orbit
fraction of sky which is clear
window to sky shape factor

fraction of window area ghaded from incident
beam radiation

parameter defined by equation (7.22)

convective-conductive heat transfer coefficient
for interstitial space i, W/m2 K

convective-conductive heat transfer coefficient
for interstitial space i based on black emissive

powers

long wave radiation heat transfer coefficient
for honeycomb, W/m2 K

window height, m

horizontal beam radiation, W/m2
horizontal diffuse radiation, W/m2
horizontal total radiation, W/m2
extra-terrestrial radiation, W/m2

beam radiation incident on a tilted surface,
W/m2

diffuse radiation incident on a tilted surface,
2
W/m



HCOR

HRANG
IH

JD;
Ju

LAT

NEXP
Nu

Nu

PHL
PHIP
PR
PROFIL
Q.

QCOND

ONET
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mid=-point in radiation measurement time
period, h

solar azimuth angle, deg
time at end of radiation measurement, h

radiosity of downward and upward facing surfaces
of element i, W/mz K

thermal conductivity, W/m2 K

product of extinction coefficient and glazing
thickness '

location latitude, deg

number of elements in interior/window array
(= number of glazings + 1)

number of elements in interior/window/exterior
array (= number of glazings + 2)

truncated value of RAT

Nusselt number

Nusselt number for vertical window
pressure,-kPa

angle defined by équation {1.19)
angle defined by equation (1.20)
Prandtl number

projected incidence angle, deg
thermal heat transfer, W/m2

inward heat transfer duvue to temperature
potential, W/m2

net (thermal plus direct solar) heat transfer,
2 ' :
W/ m




QsoL,
QSOLT

QSOLLW

REFL

RES

RESCUT

RHO

RHOD,
RHOU

RHOE,
RHOM
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diredt solar‘heat gain, W/m2

total solar heat gain, W/m2

absorbed and redirected solar heat gain, W/m2
interface reflectivity

interface reflectivity for electric and magnetic
polarization components of radiation

long wave skg radiation falling on horizontal
surface, W/m

Rayleigh number
total incident radiation
parameter defined by equation (1.22)

ratio of beam horizontal and beam incident
radiation

ratio of incident diffuse and total horizontal
diffuse radiation

ratio of the incident reflected radiation to
the total horizontal radiation

total reflectance of first i elements of an
M-element array

thermal registance, K m2/W

thermal resistance of window from element i to
the outdoor, X m%/wW '

total solar reflectivity of single glazing

total solar reflectivity of downward and upward
facing surface of single glazing

ground reflectivity

reflectivity of single glazing for electric and
magnetic radiation components



RHOHC

RU

RINDX
RPHI

5, SLOPE
sC
S0LCON

SOURCE

SSRMAX
TAS
TAU

TAUE,
TAUM

TAUN

TAUS
TAUSN
TEMP
THETAZ
THETAP
THETA

M
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parameter defined by equation {1.17)

hemispherical long wave reflectivity of the
downward and upward facing surfaces of element i

index of refraction

parameter defined by equation (1.18)

window slope, deg
shading coefficient

golar congtant

amount of incident solar radiation which is

absorbed by element i, W/m2

hour angle k h-before/after sunset/sunrise
thickness of interstitial space i, m

solar transmissivity of single glazing

golar transmissivity for electric and magnetic
components of radiation

normal solax transmissivity of thin £ilm/
substrate

golar transmissivity of substrate only

normal solar transmissivity of substrate only i
temperature, K

ihcidence angle, deg

angle of refraction, deg

zepith angle

mean interstitial space temperature, K




TRANS i

XKT
Z
a,b,c,d,e

Yir Y3

]
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ratio of radiation flux flowing downward from
element i to the radiation flux flowing
downward onto element i
thermal conductance, W/m2 K
wind speed, m/s
parameter defined by equation (5.8)
compressibility factor
correlation parameters used in equation (7.41)
correlation parameters used in equation (7.43)
incidence angle

Stefan-Boltzmann consgtant, W/m2 K4




