
ADVANCEMENTS IN THERMAL AND OPTICAL 
SIMULATIONS OF FENESTRATION SYSTEMS: 
THE DEVELOPMENT OF WINDOW 5 

Elizabeth Finlayson 

Rober! Sullivan 
Member ASHRAf 

Dariush Arasteh 
Member ASHRAf 

Charlie Huizenga 
Member ASHRAf 

Mike Rubin John Sadlier 

Dragan Curcija Mark Beall 

ABSTRACT 

WINDOW is a personal-computer-based comp"ter program 
IIsed bymallufactllrers, researchers, and consllmers to evalu
ate the thermal performance properties (U-factors, solar heat 
gain and shading coefficients, and visible transmittances) of 
complete windows and other fenestration systems. While 
WINDOW is IIsed by thousands of users in the United States 
and internationally and is at the fOllndation of the National 
Fenestration Rating COllncil's U-factor and solar heat gain 
property procedllres, improvements to tlte program are still 
necessary for it to meet IIser needs. Version 5, intended for 
release in late 1995, is being developed to meet these needs for 
increased aCCllracy, a flexible and state-of-the-art user inter
face, and the capabilities to handle more product types. 

WINDOW 5 incllldes the capabilities to define and model 
the thermal performance of frames/dividers and their associ
ated edge effects. Cllrrently, sllch an analysis must be per
formed olltside of WINDOW and requires simplifications to 
be made to frame profiles or is based on tlte lise of gelleric 
frame and edge correlations. WINDOW's two-dimensional 
thermal model is composed of fOllr sections: a graphical inpllt, 
alltomatic grid generation, an finite-element analysis (FEA) 
soilltion, and tile display of resllits. In the graphical inpllt sec
tion, IIsers are able to directly import a compllter-aided design 
(CAD) drawing or a scanned image of a window profile, repli
cate its exact geometn;, and assign material types and bOllnd
an; conditions. The alltomatic grid gelleration is transparent 

INTRODUCTION 
WINDOW is a personal-computer (PC) based soft

ware program used by fenestration manufacturers, re
searchers, and consumers to evaluate the thermal 
performance properties (U-factors, solar heat gain coeffi
cients, and visible transmittances) of complete fenestra-

to the IIser, with tile exception of the reqllirement tltat complex 
sltapes (i.e., an aillmilllllll extmsion) be broken down into sim
pler polyshapes. Inclusion of an automatic grid generation 
makes detailed "tme geometn/, frame-and-edge heat-transfer 
analysis accessible to users wit/lOut extensive knowledge of 
numerical methods of Iteat-transfer analysis. After tlte cross 
section is meshed it is sent to tlte FEA engine for solution and 
tlte results are ret limed. A postprocessor allows for the visual 
display of temperatllre and heat flux plots. Note tltat wltile tltis 
two-dimensionallteat-transfer tool is being developed specifi
cally for fenestration products, it also can be used to analyze 
other bllilding envelope components. 

WINDOW 5 also will include a built-in version of a 
nationallaboratonis program that allows the IIser to estimate 
the orientation-depelldent annllal eIIergt; impacts of a given 
window in a typical residellce in variolls U.S. climates. This 
program is based on regressions to a database of DOE2.1 nlllS. 
Fllture versions will inclllde a similar featllre for commercial 
bllildings. 

Other technical additions inclllde an improved anglliar/ 
spectral model for coated and IIncoated glazings, tile ability to 
analyze tlte optical properties of nonhomogeneous layers, and 
tlte ability to model tlte effects of laminated glazing layers. A 
door modllie permits the IIser to compllte the total U-factors of 
exterior doors based on component U-factors calculated IIsing 
the two-dimensional FEA module. 

tion systems. WINDOW started out as a simple formula 
translation (Fortran) code run on a mainframe com
puter. WINDOW4 (LBL 1994), the most recent version, 
includes the following features: 

• analysis of products made from any combination of 
coated and uncoated glazing layers, gas gaps, 
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frames, spacers, and dividers under any environ
mental conditions and at any tilt; 

• specification of the dimensions and thermal proper
ties of separate frame elements (header, sills, jamb, 
and mullion) in a window; 

• determination of U-factors for edge-of-glass, mun
tin and divided lite (divider), and frame compo
nents based on correlations obtained from a two
dimensional finite-element analysis; 

• importation of U-factors for frame components, 
dividers, and edge-of-glass obtained from a two
dimensional finite-difference analysis (EE 1992); 

• calculation of optical properties using a multiband 
(wavelength-by-wavelength) spectral model; and 

• export of energy performance properties to the 
Department of Energy (OOE) 2.1E (Birdsall et al. 
1990) building energy analysis program. 

Version S of the WINOOW program, currently under 
development, offers users a graphical interface and 
three new technical capabilities. These new technical 
capabilities, the focus of this paper, are first being 
released as stand-alone programs before being merged 
with WlNDOW4's capabilities (Finlayson et al. 1993) 
and released as WINDOWS. The new programs are: a 
two-dimensional heat-transfer tool for modeling frame 
and edge effects (THERM), an annual energy tool for 
modeling the impacts of windows in typical homes 
throughout the U.S. (RESFEN), and an optical properties 
tool for modeling glazings with glue-on films based on 
the properties of ti,e substrate and the film (LAMI
NATE). THERM, RESFEN, and LAMINATE are dis
cussed in detail in the following sections. 

THERM 
THERM was developed to allow for the seamless 

modeling of two-dimensional heat transfer within WIN
DOW. It models frame, edge-of-glass, divider, and 
divider-edge heat-transfer effects in a manner consistent 
with previous research in this area (EE 1990). THERM 
builds on previous efforts in this field by offering a 
graphical interface that supports a variety of tools to 
make model creation efficient and accurate and by using 
a finite-element solver capable of handling geometries 
made up of any number of polygons (thereby virtually 
duplicating the exact geometry of any cross section). 
While these features may not be critical to solving prob
lems when material properties are defined using the 
effective conductance approach (Carpenter and 
McGowan 1993), they will serve as the foundation for 
future improvements (direct modeling of radiation and 
convection) and they permit the modeling of products 
other than windows (skylights, greenhouse windows, 
doors, and walls). THERM's user input features and 
near-exact modeling features also reduce the possibili
ties for simulator error or improper judgment decisions 
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Figure 1 Schematic of the THERM program. 

when a cross section (physical, on paper, or on a CAD 
drawing) is converted to input for a two-dimensional 
heat-transfer tool. 

THERM is composed of three fully integrated sec
tions: geometry definition (DRAW), finite-element anal
ysis (SOLVE), and output displayer (VIEW). The SOLVE 
section is further composed of three subsections: auto
matic mesh generation (FINITE QUADTREE), finite-ele
ment solution (CONRAD), and mesh adaptation 
(REFINE). A schematic is shown in Figure 1. 

THERM's standard graphical interface format makes 
it easy to master. n,is interface has several useful 
features: 

• a combination of mouse and cursor operations sim
plifies the operation of the program and ti,e creation 
of cross-section geometries; 

• the copy, cut, paste, select all, and delete features 
make editing easy; 

• a toolbar with buttons gives easy access to fre
quently used commands; 

• a windowing feature allows multiple projects to be 
worked concurrently and keeps track of all open 
projects; and 

• a context-sensitive help feature, including a help 
menu and a status bar, provides information about 
selected features. 

The DRAW Feature 

THERM's graphical interface supports a powerful 
drawing tool, DRAW. DRAW allows a user to create a 
cross section, from multishaped polygons, for analysis 
using any combination of three methods: drawing with 
straight-line geometry, snapping to the vertices of a 
CAD file shown as an underlay, and tracing over a bit
map. When drawing a cross section using straight-line 
geometry, a user can draw either with rectangles or with 
irregularly shaped polygons. Curves can be approxi
mated by subdividing an arc into straight-line segments. 
Defining the vertices of the polygons that form a cross 
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section is the most important step. The vertices can be 
defined in two ways: 

The mouse input method uses clicks to locate the 
vertices of the polygon; the screen gives a rWilling 
record of the distance between vertices. 
The step method uses keyboard input to move the 
cursor a specified vertical or horizontal distance. 

After a polygon is created, the vertices can be moved 
to modify the shape. Points can be added to existing 
polygons to refine the drawing. Polygons can be copied 
or cut and pasted, or they can be moved. Figure 2(a) 
shows a sample wall cross section drawn using a combi
nation of the CAD file underlay and the straight-line 
geometry methods. 

DRAW has been developed to take advantage of 
CAD programs used throughout the building industry. 
Many companies have computer-generated drawings of 
their products. DXF is the common CAD file format 
supported by THERM. THERM recognizes the vertices 
in a DXF file; a selected DXF file vertex becomes a vertex 
in a THERM polygon. This feature allows a user to cre
ate complicated geometries quickly and accurately. 
THERM also contains an auto-convert feature. The auto
convert feature makes a best guess at interpreting the 
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DXF file. This feature can handle drawings that conform 
to THERM design guidelines. Other drawings need 
some refinement, but a majority of the effort otherwise 
requined to create a cross section in DRAW is eliminated. 

The third method for importing a geometry into 
THERM is by using a bitmap underlay. Bitmaps can be 
created by scanning in drawings of parts. Unlike the 
DXF file, THERM cannot distinguish a vertex from any 
other point in a Bitmap. Bitmaps form an underlay that 
the user traces over. A rescale feature in THERM allows 
the traced geometry to be corrected so that the actual 
dimensions of the cross section are represented. 

Creating a geometrical representation of a cross sec
tion in THERM is the first step before performing a 
finite-element heat-transfer analysis. After the cross sec
tion has been defined, material thermal properties must 
be specified and the external boundary conditions must 
be defined. Material properties are specified for selected 
polygons. There are two different classes of materials-
solids and cavities. Solids have a specified thermal con
ductivity and solar absorptance. The cavity model is 
used for cavities commonly found in aluminum and 
vinyl window frames. THERM determines the maxi
mum width and height of the cavity and then calculates 
a Nusselt number based on this bounding rectangle 
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Figure 2 a Window cross section created In DRAW using a DXF file underlay and straight·llne geometry drawing; 
b mesh generated by Modified Quadress method; c quadrilateral finite element: nodes are labeled counter
clockwise: n 1, n2, n3, n4; corresponding Gaussian Integration pOints are labeled g I, g2, g3, g4. 
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with characteristic length being the dimension parallel 
to the heat flow. WINDOW uses standard correlations to 
calculate the Nusselt number (Rohsenow et aJ. 1985). 

Insulated glazing units can be selected from the 
WINDOW4 glazing-system library. The gas gap in an 
insulated glazing unit is treated as a solid with an effec
tive conductivity that accounts for conduction, con
vection, and radiation. THERM displays a graphical 
representation of a glazing system with all material 
properties defined. The size and thermal properties of a 
spacer model are included in the glazing system 
representation. 

With the geometry specified and the material prop
erties selected for the glazing system, the final task is to 
define tile external boundary conditions. THERM 
begins by drawing a boundary around the outside of 
the completed cross section. The program then checks 
for voids or overlaps and will not proceed with calcula
tions if any exist. The default boundary condition 
applied is adiabatic (zero heat flux in the direction per
pendicular to the boundary). Nonadiabatic boundaries 
are defined by selecting their end points and specifying 
the appropriate boundary condition from a library or 
with a user-defined value. A convective/linearized 
radiative boundary condition for the glazing system is 
imported from WINDOW4. After the boundary condi
tion has been defined for all tile exposed surfaces in the 
cross section, the user can tag selected surfaces. Values 
are returned for the U-factor and heat-transfer per unit 
of projected area for each tagged surface. 

The SOLVE Feature 
After the geometry, material properties, and bound

ary conditions have been specified in DRAW, the SOLVE 
feature meshes the cross section, performs the heat
transfer analysis, runs an error estirnation, refines the 
mesh if necessary, and finally returns the converged 
solution. This section describes each of these functions 
in detail. 

THERM currentiy is a two-dimensional conduction 
heat-transfer analysis tool based on the finite-element 
method. Finite-element and finite-difference methods 
are Widely used to solve equations in heat-transfer anal
ysis. Finite-difference methods solve a global approxi
mation of the energy equation. Finite-element methods 
minimize the global error resulting from localized 
approximate solutions to the energy equation. In the 
finite-difference method, rectangles are formed by the 
orthogonal intersection of grid lines. In the finite-ele
ment method, each element is unique, and each face of 
the element can have a different slope. An example of a 
finite-element mesh is shown in Figure 2. Although there 
are finite-difference methods that handle complex geom· 
etries using the superposition of multiple grids, the 
finite-element method in its basic form can model the 
complicated geometries that are found in fenestration 
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products and other building elements. The potential dis
advantage in using a finite-element method is the com
plexity of the mesh required in comparison to the much 
Simpler grid used in the finite-difference method. Man
ual creation of a finite-element mesh requires an 
advanced understanding of numerical methods. How
ever, during the past 20 years, powerful algorithms have 
been developed tilat automatically generate finite
element meshes (George 1991). THERM uses one such 
algorithm, FINITE QUADTREE (Baehmann et aJ. 1987). 
FINITE QUADTREE generates a well-conditioned finite
element mesh, requiring only a definition of tile geome
try under consideration. 

FINITE QUADTREE The first step in a finite
element analysis is the definition of a mesh. This mesh is 
made up of a finite number of nonoverlapping subre
gions, known as elements, tilat cover the Whole region 
under analysis. An example of a finite-element mesh is 
shown in Figure 2. The manual creation of a well-condi
tioned finite-element mesh requires a sophisticated 
knowledge of the solution method. This labor-intensive 
component of the finite-element analysis is accomplished 
for the user in THERM by the automatic meshing algo
rithm FINITE QUADTREE. The FINITE QUADTREE 
mesh generator is based on a spatial decomposition pro
cedure tilat represents the domain of an object as a set of 
nonoverlapping squares, referred to as quadrallts, that are 
stored in a hierarchic tree. The object to be meshed is 
placed in a square universe that entirely encloses it. The 
square represents the "parent" quadrant; it is subdivided 
into four "daughter" quadrants (Baehmann et aJ. 1987). 
The remainder of the tree is then defined in a recursive 
manner by subdividing the boundary and interior quad
rants until all quadrants are at the level dictated by the 
geometry of the object and the mesh control parameter. 
After the quad tree has been defined, all terminal quad
rants are cllecked to ensure that only one tree-level differ
ence exists between them and their neighbors so that 
there is not a large size difference between adjacent finite 
elements in the final mesh. TI,e final step in the algo
rithm is to convert the quad tree into a combination of 
well-shaped quadrilaterals and triangles. For analytical 
purposes, all elements are treated as quadrilaterals. A tri
angle is defined as a quadrilateral element in which two 
of the nodes are coincident. 

Figure 2 shows an example of the elements used in 
THERM. TI,e meshing algoritlun in THERM creates an 
initial mesh based solely on the geometry of the cross 
section and a mesh parameter. The mesh parameter gov
erns the maximum element size and is the only parame
ter in the mesh generation procedure that the user can 
specify. The mesh is defined, so that every element is 
made up of a single material; tims, thermal conductivity 
is constant across tile element. This mesh is then sent to 
the finite-element solver, CONRAD. 
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CONRAD CONRAD, the finite-element module 
in THERM, is a derivative of the public-domain com
puter program TOPAZ2D (Shapiro 1986, 1993). Many 
excellent reference books describe the finite-element 
method in detail (Zienkiewicz and Taylor 1989; Pepper 
and Heinrich 1992). A brief overview of the solution 
method used in CONRAD is presented here. A com
plete discussion of the solution method is given in 
Curcija et al. (1995). CONRAD is designed to solve the 
steady-state, two-dimensional energy equation on an 
arbitrarily shaped domain: 

(iT iT) k -2+2 +qg = O. 
ilx ily 

(1) 

For this equation to be solved, the thermal conduc
tivity, k, and boundary conditions must be known. By 
the tinle the cross section has been meshed, the thermal 
conductivity of each element is a known constant. The 
boundary conditions also are defined in DRAW; ex
pressed as equations, the boundary conditions take the 
following forms: 

q = 0 adiabatic boundary condition 

q = q known heat flux, q, boundary condition 

- J (9 9) convective/linearized radiative 
q - I - _ boundary condition, 

with the magnitude of the heat flux vector normal to the 
boundary, q, given by Fourier's law: 

( ilS ilS) 
q = -k ilX"' + ay")' . (2) 

CONRAD uses the finite-element analysis based on the 
method of weighted residuals. The method of weighted 
residuals seeks to solve an equation of the form: 

Ifn W9ldxdy = O. (3) 

The residual function, 91, results when an approxima
tion for the actual temperature field is substituted into 
Equation 1. The residual function is zero for the exact 
temperature field. The weighted residual method does 
not seek to force the residual function to zero every
where in the domain; instead, the residual function is 
multiplied by a weighting factor, W, forcing the integral 
of the weighted expression to zero and minimizing the 
error of the approximate solution. This is done by first 
integrating Equation 3 by parts and substituting in the 
boundary conditions: 

ff (awas awilS ) 
k n ax ax + ay ay - Wqg dxdy (4) 

+ fr. Wh (S - S_) drh - fr, Wijd ~ = O. 

Equation 4 is the "weak" form of the energy equa
tion because it contains only first derivatives. It is as an 
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exact expression for determining the temperature field 
as Equation 1. The Galerkin form of the weighted resid
ual method, used in CONRAD, uses algebraic shape 
functions-Nj for the weighting function, W = Nj, and, 
to approximate the temperature field, T = NjSj. Equation 
4 is set up for each element generated by FINITE 
QUADTREE. The integration over each element is 
approximated by a numerical integration using second
order Gaussian quadrature, with integration points 
shown in Figure 2. The local systems of equations are 
combined into a global matrix, and a solution is 
obtained for the unknown nodal temperatures and heat 
fluxes using a direct method. U-factors are obtained 
from heat flow on the boundary, which is calculated by 
integrating the boundary heat flux. After the solution 
has been obtained on the initial mesh, it is sent to the 
error estimator, REFINE, to check for convergence. 

REFINE REFINE, the error estimator, follows the 
method presented by Zienkiewicz and Zhu (1992a, 
1992b). Although a detailed description of this method 
is beyond the scope of this paper, a conceptual overview 
is included. Recall that the finite-element method solves 
the "weak" form of the energy equation (Equation 4). 
Some points in the element have a higher order of con
vergence than others; these are called superconvergent 
points. For quadrilateral elements used in CONRAD, 
the superconvergent points coincide with the Gaussian 
integration points (Figure 2). The first step in error esti
mation is to use this knowledge of the finite-element 
solution to make a good guess at a better solution at all 
the nodal points. To accomplish this, a least-squares 
method is used to fit a smooth function to the values of 
the gradient at the superconvergent points in a patch of 
elements around the node. The patch of elements 
around a node is defined as all the elements sharing that 
node. A better solution for the vector field of heat fluxes, 
q" at the nodal points is recovered from this smooth 
function. The shape functions from the original problem 
are then used to interpolate the nodal solutions to obtain 
values for the recovered solutions throughout each ele
ment. Using the recovered fluxes, q" and the original 
fluxes, q, the contribution to the global error for each ele
ment is calculated as: 

f T 1/2 llell = ( n (q,-q) (q,-q)dn) . (5) 

The global error is determined by sununing the elemen
tal errors for all the elements in the mesh. If the global 
error is above a specified value, then the error estimator 
signals the mesh generator, and the mesh is refined in 
areas where there is high error. The refined mesh is sent 
back to CONRAD, and a new solution is obtained. This 
process continues until the global error is less than the 
predetermined convergence value. The user can then 
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view the converged results with THERM's postprocess
ing feature, VIEW. 

The VIEW Feature 

The converged results from the finite-element analy
sis can be viewed in THERM. VIEW displays a mesh 
plot of the finite-element mesh, in addition to four result 
formats. The results can be displayed as: 

• isothenns, 
• color-flooded isotherms, 
• heat-flux vector plot, and 
• color-flooded lines of constant flux. 

The color-flooded isotherms use the same color map 
as the laboratory's infrared imaging system. THERM 
also reports the U-factors of those boundaries that were 
tagged in the original definition of the problem. Figure 3 
shows results for a sample window cross section that 
has been analyzed using THERM. Figure 4 shows results 

26 35 

40 
11 

for a sample wall cross section that has been analyzed 
using THERM. 

RESFEN 
The evaluation of window thermal properties (i.e., 

U-factors and solar heat gain coefficients) that takes 
place in the current WINDOW program is an essential 
step in evaluating window thermal performance. How
ever, important questions are left unanswered: 

What is the effect of a given window in a specific 
application? 
How much energy and money could be saved by 
using one window instead of another in a specific 
application? 

Answers to such questions typically are obtained from a 
building energy simulation program. There are many 
such programs operating at differing levels of complex
ity and accuracy. Common to all these programs is the 
need to define the entire building before answers to 

B U - Factors 

Frame 0.3313 Btulh-ft2-F 
Edge 0.5563 Btulh-ft2-F 

I OK I 

Figure 3 Sample output for simple window cross section Including isotherms and frame and edge U-factors. 
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a b c d 

Figure 4 Sample analysis of a simple wall system; a geometric representation; b finite-element mesh, 
c isotherms; d heat flux vectors. 

-I RESIDENTIAL FENESTRAnON PERfORMANCE ANALYSIS TOOL H' 
Ble fdlt l:\ouse Window ~Iew Hell! 

HoUS:e Data Qrlentation ~I WlndawDah 

RwaID, Window Type Window 4 Library ... •• th Wes! T.hl 
I I DEFAULT Shading Type .. nl Casement c.,,,,,,,,,, 

UHl"" Are. (%FA) Awning 1,110 1110 4.00 

I !P I Ilel::hl (It) Double Slider 5.00 5.00 (61.6 ft2) 
Wldill (ft) 3110 3.00 

LOc:UlOl1: U-Fa.etor Double Hung 0.10 0.10 

I Au...... CA I sc fixed 030 03IJ 
CFMILll Single SlJder 0.10 0.10 

Eleebic eo.., s ItodIng T)Il e " Single Hung NQ", 

I $ .o,iI<\Vh I Oq.-t Oe.t.. . ~rc;r COmptNd. to: wiDbHu" will 

c...CosI, C .. llnc (kWNIt2 2.1 3.7 3.5 4.3 3-4 

I $ .5OJdulU I 110. u.,. (!<B tulft1 .2.1 .11.9 .22-4 .7.0 .108 
C .. llnc (kWJ.) 33.1 568 53.1 66.5 209.6 

House: 
IL.tInc (!<B1u) -33.1 ·182.9 .344.2 ·1078 ·6679 

Total (!<B1u) 79.7 11.1 .162-4 119.2 47.6 
T,weIR.a..1A:'" 
n.UI S1AL c...llnc OtWNft1) lIeo<ln.:(1dJtulll2) Cooll...:(kWh) n-tlnc(!<BM roul(ldlW) 

Will. !tune 
HVAC. A< & Cf dIb ...J - --I Calculate I --rr --art III 

1 Qull I N E S W Tol N r s W Tot N t s W To1 N ! S W Tol " t s W Tot _. .- ~.~. -.~, . 

Figure 5 Screen Image showing the input/output user Interface of RESFEN. The pull-down menu 
for the selection of window type Is presented. 
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specific window questions can be obtained. This model
ing can be time consuming. 

Research at a national laboratory showed that for 
many common residential buildings, specific building 
parameters (i.e., wall insulation levels and occupancy 
patterns) do not significantly affect energy use and cost 
differences between window glazing options in residen
tial buildings (Sullivan and Selkowitz 1985, 1987). Thus, 
a standard residential building can be defined and the 
effects of window variations studied if we simulate the 
performance of this building by varying only window
related parameters. This capability has been built into 
the RESFEN computer program (Sullivan et al. 1992), 
which makes use of a regression database determined 
from thousands of DOE2 runs. Figure 5 shows a sample 
RESFEN screen and the run parameters that a user must 
provide. 

RESFEN can currently import window products 
dinecUy from the WINDOW4 window library. However, 
the two programs are not completely coupled; a user 
cannot easily iterate back and forth between them to 
quickly estimate the energy impacts of different window 
products. WINDOWS will include RESFEN's algo
rithms and an appropriate interface that will allow users 
to quickly compare the annual energy impacts of resi
dential windows. Future versions of the program will 
address the effects of different window products in com
mercial buildings. 

LAMINATE 
Applied window films are used widely in the retrofit 

of existing windows. Consumers want to obtain the 
optical properties of specific combinations of window 
film and glass. Compiling a database of all possible 
combinations of these properties would require a pro
hibitively large number of measurements. LAMINATE 
eliminates the need for these measurements by calcu
lating the properties of a window film and glass combi
nation based solely on the measured properties of the 
individual components. This allows users to obtain 
many combinations of products from various manufac
turers with a relatively small database of glazings and 
films. 

The calculation method requires tlle user to know 
the spectral transmittance and reflectance at normal inci
dence for both the film and the glass. These properties 
are contained in a standard WINDOW spectral data file. 
The calculation is performed at each defined wave
length to simplify the notation; reference to spectral 
dependence is omitted. 

LAMINATE assumes an uncoated glass substrate 
(subscript $); therefore, only two independent measured 
quantities are required: the transmittance (T,) and the 
reflectance (Rs)' From these measured values we obtain 
as' the internal absorption of tlle glass substrate mate
rial; ~s' the transmissivity of the air-to-glass interface; 
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and Ps' the reflectivity of the air-to-glass interface (Furler 
1991): 

~= ~ 

(T; - R; + 2R, + 1) -J (T; - R; + 2R, + 1) 2 - 4 (2 - R,) R, 

2(2-R,) 

and, because no absorption occurs at the interface, 

and 

~,= 1-p, 

a = , 
R -r , , 

T . r, , 

(7) 

(8) 

For most applied films (subscript j), reflectances of 
front and back surfaces are not equal; thus, three sepa
rate measured quantities are needed: the transmittance 
(TI ), the reflectance from the outward-facing adhesive 
side (R;l' and the reflectance from the inward-facing 
side Rf' The measured film properties-Tp Rf , and 
RJ-are used to determine the transmissivity, ~, and 
reflectivities of the outward-facing side, Pc' and the 
inward-facing side, p~, of the coating (subscript c). 
Experimental analysis has shown (Furler et al. 1995) 
that the index-matching and low absorptance proper
ties of adhesives commonly used to apply the film to 
glass have a negligible effect on the optical properties 
of the combined unit. These properties essentially are 
equal for different adhesives. Therefore, the values for 
the adhesive (subscript a) are fixed in the model and 
based on averages of measurements. 

au 'ta 'tc 
Tf = 2 

1- a p' p' a a c 

0:2 't2 P' a (/ c 
Rf = P a + --"-;;2"::"":-'--

1- a P' p' a a c 

(1.2 't2 P' 
I a c a 

Rf=p+ 2 
c 1 ' P'c - au P (/ 

(9) 

(10) 

(11) 

There are only three unknowns in these equations: 
the transmittance and reflectance from each side of the 
coating, ~" Pc' and p~. Solving for the unknowns from 
Equations 9 through 11 gives 

, Rr P" (12) 
Pc = 2 2 ' 

aa (~" + RfPa ) 

Tf (l- a~ P~ p~) 
~ = 

c au'ta 
(13) 

(1.2 't 2 p' 
_ R' a c a 

Pc - f- 2 
1- a P' P a (/ c 

(14) 

The properties of the substrate with the applied film 
are then determined from known quantities: 
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(IS) 

(16) 

(17) 

The results from LAMINATE are spectral data files 
fully compatible with the WINDOW glass library. WIN
DOW calculates average optical properties for the visi
ble and solar spectra. Errors in average properties from 
data generated by LAMINATE vs. measurements the 
actual applied film and glass combination are well 
within the specified measurement tolerances of 1 per
centage point in transmittance and 2 percentage points 
for reflectance. Typical errors are 0.5 percentage point or 
less. 

CONCLUSION 

WINDOWS is a flexible platform this is being 
developed to accommodate innovations in energy sim
ulations. WINDOWS incorporates ti,e widely used 
WINDOW4 algorithms. The first portion of WIN
DOWS to be released is the stand-alone program 
THERM. THERM is a two-dimensional finite-element 
analysis tool, which includes design, meshing, analy
sis, and output. The interface used to develop THERM 
gradually will expand to incorporate all tile features 
currently found in WINDOW4, as well as RESFEN and 
LAMINATE and otiler features still in the planning 
stage. Although in the past a national laboratory has 
concentrated on developing analysis tools designed 
specifically for windows, WINDOWS is a tool flexible 
enough to be used for otiler building components such 
as walls. 
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NOMENCLATURE 

" surface heat-transfer coefficient 
k = tilermal conductivity 
IIx,lIy= vector components of the outward facing nor

mal to tile boundary 
qg = internal energy source 
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q = known heat flux on tile boundary 
q = nodal flux vector used in error estimation 
x,y = spatial coordinates 
N = shape functions 
9t = residual function 
R = reflectance (measured quantity) 
T = transmittance (measured quantity) 
W = weighting function 
r = boundary surface 
Q = element or problem domain. 
a = absorptivity 
00 = unknown temperature field 
p = reflectivity 
~ = transmissivity 

Subscripts 
a = adhesive 
c = coating 
r = recovered 
s = substrate 
~ ambient conditions 

Superscripts 
= inward-flowing surface property 

T = transpose 
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