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WINDOW 3.1: A COMPUTER TOOL FOR ANALYZING 
WINDOW THERMAL PERFORMANCE 

Susan Reilly and Dariush Arasteh 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, CA g4720 

ABSTRACT 

WINDOW 3.1 is a. public-domain computer program 
developed by the Windows and Daylighting Group at 
Lawrence Berkeley Laboratory for analyzing heat 
transfer through window systems. The program uses 
an iterative technique to calculate the one
dimensional temperature profile across a user-defined 
window system. From this data, window system per
formance indices (e.g., U-value, shading coefficient) 
are calculated. WINDOW 3.1, a major update to 
WINDOW 2.0, incorporates several technical addi
tions and many new user-friendly features, and pro
vides a consistent and versatile means for heat 
transfer analysis as did WINDOW 2;0. WINDOW 
3.1 can vary environmental conditions, window tilt, 
number of glazing layers, layer properties (thermal 
infrared, solar and visible optical properties, and 
thermal conductance), gap widths, composition of gap 
gas fill, and spacer and frame materials. This paper 
presents an overview of the computational methodol
ogy, describes the capabilities of the program, and 
discusses the applications of WINDOW 3.1 for stan
dardizing window heat transfer calculations and in 
designing new insulating window systems. 

1. INTRODUCTION 

Window heat transfer is a combination of three 
modes of heat transfer: 1) conduction through glaz
ing, frame elements, and air or other gas; 2) convec
tion through air layers on the exterior and interior 
window surfaces and between glazing layers; and 3) 
radiative heat transfer between glazing layers or 
between glazing layers and interior or exterior spaces. 
These three modes of heat transfer are shown 
schematically in Figure 1. 

Evolving window designs are reducing heat transfer 
but increasing the complexity of analysis and meas
urement. Low-emissivity coatings (which reduce radi
ative heat transfer) (1) and low-conductivity gas fills 
(which replace the air between glazing layers to 
reduce conductive/convective heat transfer) are 
desilP;ned into many state-of-the-art window products. 

A well-designed double-glazed window with low
emissivity coatings and a gas fill has a U-value of 
approximately 0.25 Btu/hr-ft2, compared with a U
value of 0.5 Btu/hr-ft2 for a standard double-glazed 
unit with an O.~inch air space. Furthermore, 
researchers and manufacturers are currently develop
ing glazings with U-values as low as 0.1 Btu/hr-ft2. 

With these advances in window designs comes a need 
Cor accurate aDd consistent information about all 
aspects of the thermal performance of all window 
products. In many cases, results from experimental 
analysis are not available, are inconclusive, or are too 
expensive to obtain for all possible design options of 
interest. Computational models to analyze heat 
transfer rates and assess the comfort and condensa
tion resistaDce of windows ue an attractive alterna
tive. Most large manufacturers have in fact 
developed proprietary window heat transfer models. 
However, these models are not available to the public, 
and the working assumptions and program capabili
ties often vary from one model to the next. 

Figure 1. Modes of heat transfer through a window 
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Figure 2. Resistance network used to model window heat transfer. 

The WJ:"DOW program addresses these issues. Pub
lic accessibility to \VJI\:DOW and documentation of 
its algorithms allow the program to serve as a stan
dard reference for designers, manufacturers, public 
officials. and consumers. Over 600 copies of WJi\:
DOW 2.0 (2) have been distributed since its release to 
the window industry in 1986. The continuous inclu
sion of recent rest'arch results into the program 
ensurps its capability of analyzing existing and 
dt'vt'loping products. Tht' program is now used to 
design and develop new products. to assess and com
pare performance characteristics of all types of win
dow products. to assist educators in teaching heat 
transfer through windows. and to ht'lp public officials 
in deH'loping building energy codes. 

\"INDOW 3.1 runs interactively on an IBM PC and 
any of the compatibles (wit.h DOS 2.1). Bostik Con
struction Products (Huntingdon Valley. PAl has dis
tributed WJ~DO\V 2.0 to the window and glass 
industry free of charge as a professional courtesy and 
is planning to distribute WINDOW 3.1 in the same 
manner. 

Heat transfer across a window is a function of both 
the temperature difference between the inside and 
outside and the incident solar radiation on the win
dow. In order to e\'aluate heat transfer through a 
specific window. its configuration and physical dimen
sions must be specified. This includes the glazing pro
perties (visible, total solar and infrared optical pro
perties and thermal conductance), the gap gas (air or 
low-conductivity gas) thermophysical properities, 
spacer and frame characteristics. and environmental 
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conditions. WJi\:DOW 3.1 accepts inputs for each of 
these components, but in order to simplify the input 
process, the user has access to libraries of values for 
glazing, gas, spacer, and frame properties and 
defaults for environmental conditions. A single 
library number represents all the data associated with 
a specific glazing type, gas fill. or frame type. 
Defaults for the environmental conditions are the 
ASHRAE summer and winter design conditions. 

To analyze window heat transfer, the window must 
be broken down into an assembly of nodes where the 
heat transfer between each node can be calculated. 
Under steady-state conditions. the temperatures of 
the nodes are such that the net energy flux entering 
each node is equal to that leaving each node. To per
form such an energy balance, WINDOW models the 
user-defined glazing system as a one-dimensional 
steady state resistance network. This is illustrated in 
Figure 2 and described in the following paragraphs (3, 
4). Resistances between nodes are simply the sum of 
the inverses of the radiative and 
conductive/convective heat transfer coefficients. 
Frame and edge effects are modeled separately. 
Three temperature nodes are assigned to each glazing 
layer (center and both surfaces). along with an out
side and inside temperature node. Initially, a linear 

temperature distribution across the window system is 
assumed based on the specified outside and inside 
temperatures. A finite difference method is then used 
to converge upon the correct temperature distribu
tion. From this temperature distribution, any 
desired performance index can be calculated. 

The temperature-dependent conduction/convection 
and effective radiation heat transfer coefficients for 
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the outward-facing and inward-facing surfaces and for 
the gas filled gaps are calculated from the tempera
ture distribution at each iteration. The heat transfer 
coefficients between the nodes within the solid materi
als simply depend on the conductivity of t.he materi
als. 

Conductive/convective heat transfer coefficients are 
calculated based on empirical relationships. The out
side film coefficient depends on the windspeed, the 
direction from which the. wind is approaching, and 
the temperature difference between the outside and 
the outward-facing window surface. The inside film 
coefficient is a function of the difference between the 
inward-facing surface temperature and the inside 
temperature. Gap heat transfer coefficients are com
puted from empirical equations for the Nussalt 
number. The Nussalt number relates the tempera
ture difference between the surfaces bounding the gap, 
the width of the gap, and the gas viscosity, density, 
conductivity and thermal diffusivity. Window tilt is 
also accounted for in all conductive/convective corre
lations. 

The radiative energy flux leaving each surface is cal
culated from the Stephan-Boltzmann law' using the 
surface infrared hemispherical emissivity and tem
perature. The net radiative flux between radiating 
nodes divided by the associated temperature 
difference gives an effective radiation heat transfer 
coefficient. 

The contribution to the energy balanre from 
absorbed solar radiation at each glazing layer depends 
on the absorptance of each layer. The optical proper
ties of the tot.al window system based on the indi,·i
dual layer properties can be determined using a ray
tracing method or a net-radiation method, both of 

which give the same results. WI!':DOW calculates the 
solar and visible transmittances (T in Figure 2) and 
front and back reflectances, as well as the solar 
absorptance (.} in Figure 2) of each glazing layer from 
these results. The solar energy absorbed by each 
layer is assumed to be absorbed at the node at the 
cen ter of the glazing layer. 

In multiple-glazed window systems, the glazing layers 
are separated by spacers (typically metallic). This 
geometry is shown in Figure 330. \Vhile the center-of
glass areas of such window systems may be good insu
lators. the edge area (glass-metal-glass con tact) often 
acts as a thermal short circuit, degrading the thermal 
performance of the gla.ss-edge area. Figure ab, 
obtained through finite element modeling, shows the 

The model assumes that the solar·optlcal properties of the glaz-
109 lavers are roughly constant over the solar spectrum. Howev
er. for wlOdow systems With multiple spectrally selective glazings 
(I e. glazlOgs With wavelength-seltctive solar-optical properties 
such as low-emissivity, blue or green glass), such an approach 
may Induce small errors In such cases, WINDOW 3.1 allows the 
user to IOput the system's overall solar optical properties deter
mlOed uSlOg a multlband model 141. The addition of a multi
band model to WINDOW IS planned. 
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direction and magnitude of heat transfer through a 
window edge. Based on experimental and analytical 
work, correlations have been defined that give edge
of-glass U-values as a function of center-of-glass U
values for metallic and nonmetallic spacers. These 
correlations have been included in \YINDOW 3. The 
edge area is defined as that within 2.5 inches of the 
spacer. Note that in a 2-foot by 4-foot window, the 
edge area encompasses approximately 30% of the 
entire glazed area; U-values for edge areas can be 
60% higher than for the center-of-glass in a low
emissivity, argon-filled, double-glazed window. 

Heat transfer through a window frame is a function 
of that frame's conductivity. While the choice of 
spacer type will influence edge-of-glass heat transfer, 
frame type does not significantly affect edge-of-glass 
or center-of-glass heat transfer. Frame V-values are 
measured or calculated separately and are included in 
WINDOW 3. 

Ii i 

~ i 

~ I 
t I 

I 
I 

3A 3B 

Figure 3a. Cross section of window. Shown are two 
glazing layers, separated by a hollow metal spacer, 
sealed inside a clad sash. 

Figure 3b. Vector plot of two-dimensional heat 
transfer through the window cross section of Figure 
3b. 



3. PROGRA..:\f CAPABILITIES A:,\D 
PERFOR\L\:,\CE Il"DICES 

The \\"I;\DOW user may design and analyze a win
dow made up of any combinations of glazing layers, 
gas gaps. and frame and spacer types, for any 
environmental conditions. Four libraries containing 
the information on each of these components are 
accessible to the user. The user may specify a com
ponent by reference number or may input data for 
user-defined components. The window tilt may be 
\'aried between 0 and 90 degrees, and the user has a 
choice of working in English or SI units. The pro
gram cannot yet model non-glass shading systems 
directly. 

The glazing library associates a reference number, 
name, thickness, solar transmittance, front and back 
side solar reflectance, visible transmittance, front and 
back side visible reflectance, long-wave infrared 
transmittance, front and back side hemispherical 
emissivity, and thermal conductivity with each glaz
ing type (Figure 5), and includes most common glaz
ing materials (6). The user may add or delete layers 
or search through the library for glazing layers with 
particular properties. 

A gas library gives options for low-conductivity gas 
fills. The user can choose bt'twt'en air, argon, krypton 
or any combination of these three gasses. L'ser
defined gases may be input into the library by 
dt'fining their conductivit.y, viscosity, densit.y and 
Prandtl number. 

The framt' and spacer library includes choices for 

most common frame types (aluminum, aluminum 

with a thermal break, wood, wood with cladding, 

vinyl) and the choice of metaliic or non-met.allic 
spacers. A frame may be defined by specifying its U
value. The frame library contains two standard win
dow frame sizes (one residential and one commercial) 
plus a user-defined frame size. 

Standard ASHRAE winter (0 F and a 15 mph wind 
outside, 70 F inside, nighttime) and summer (89 F 
and 7.5 mph outside, 75 inside, 248 Btu/ft2-hr 
incident solar radiation) environmental conditions (7) 
are stored in the last library. User-defined environ
mental conditions may also be specified. 

Based on the glazing layer and gap propert ies, \\'E\
DOW uses the iterative procedure described in the 
previous section to calculate center-of-glass steady 
state glazing layer and surface temperatures for three 
sets of environmental conditions. From each tem
perature distribution, the center-of-glass (i.e. glass 
only) V-value is calculated. Based on spacer type, a 
V-value for the insulated glass unit. U. ,can be calcu
lated. If a frame type is specifiel

g 
the complete 

window's U-"alue is calculated. For ASHRAE sum
mer conditions, the window's shading coefficient is 
also calculated. Many manufacturers use the term 
"relativE' heat gain" to describt' the net heat gain 
through the. glazing system under conditions almost 
identical to ASHR.~E summt'r conditions. This value 
is also calculated. 

'The shadmg coeffiCient (SC) IS the ratio of solar heat gain 
through the Window to the solar heat gain through a 1;8-lnch 
~lngJe pane of c1t"ar gla.sE under summer ('on.~ltl0n5 "Relatlvp 
heat gain' 15 defined"" SC • 200 Btu/hr·ft- + U • l~ F 
where li 15 the cent.er·of·gl= U·value g g 

GI.>.ZING LIBRARY 
I~: . Name ThlCk Tso1 Rsl Rs2 Tvis Rv1 Rv2 Tit'" I E1 E2 I Cond 

(in) 

1 CL~ 0.098 0.856 0.077 0.077 0.902 0.082 0.082 0.000 0.840 0,840 0.52 
2 CL£.l.R 0.118 0.837 0.075 0.075 0.898 0.081 0.081 0,000 0.840 0. 840 1 0.52 
3 CL£.l.R 0.197 0.800 0,072 0.072 0.888 0.080 0.080 0.000 0.840 0.840, 0.52 
4 CL£.l.R 0.236 0.775 0.071 0.071 0.881 0.080 0.080

1

0,000 0.840 0. 840 1 0.52 
5 CLE}'p' 0.394 0.701 0.066 0.066 0.859 0.078 0,078 0.000 0.840 0.840. 0.52 
6 CLEAP. 0.472 C.653 0.064 0.064 0.841 0.077 0.077 0.000 0.840 0.840 0.52 

24 CL~ 0.118 0,837 0.075 0.075 0.898 0.081 0,081·v.000 0.840 0,840 0.52 
25 CL£.l.R 0.098 0.856 0.077 0.077 0.902 0.082 0.082 0.000 0.840 0.840 0.52 
26 CL£.l.R 0.098 0.856 0.077 0.077 0,902 0,082 0.082 0.000 0,840 0,840 0.52 

I 
Ii II 

00 YOU YJISH TO: 3 
1) VIEYJ ENTIRE LIBRARY 2) VIEYJ BY GLASS THICKNESS 
3 ) VIEYJ BY GLASS NAME CLE 4) VIEW BY EMIS <" 
5) DEFINE ~ NEW GLASS TYPE 6) DELETE NO. .. 7) EXIT SCREEN .. 

Figure 4. WINDOW 3 glazing library screen. 
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From the temperature of the inward-facing window 
surface and the indoor ambient temperature, the per
cent relative humidit.y at which condensation will 
occur is calculat.ed (il. The interior surface tempera
ture is also out.put. as a comfort indicator. 

The total solar and visible transmittances and 
rellectances for the prescribed window are also 
displayed. Visible rellectances are important in order 
to assess glare inside and outside, and solar 
rellectances can help examine possible adnrse solar 
gains on neighboring buildings. 

A sample \\,I:"iDOW 3.1 input/output screen is given 
in Figure .5. The user builds a window system by 
specifying parameters from the library. Once a win
dow system has been defined and results calculated, 
parameters on this screen such as the glazing refer
ence number. gas type. or gap width may be changed 
and new results calculated. Results can be saved to a 
file for printing once a session is over. 

4. CONCLUSIONS 

WINDOW 3.1 is a state-of-the-art and user-friendly 
personal computer program that calculates all com
monly used thermal performance indices for a user
defined window. This window may include glazings 
with or without low-emissivity, solar rellective, or 
other coat ings, and low-conductivity gas fills. Gap 
widths, tilt, environmental conditions, and frame 
t~'pe may also be varied. Correlations for the two-

NUMBER OF G~2ING LAYERS: 2 

dimensional edge heat transfer at a window's glass 
edge are included in order to calculate window U
values representative of actual performance. The 
user-friendly improvements in WINDOW 3.1 allow 
for the Quick analysis of window configurations with 
minimal user input and learning time. 

WINDOW and associated documentation is available 
to the public. The program has been used by local 
and national standards organizations, by manufact.ur
ers for designing new products and for reporting on 
existing ones, and by architects and engineers for pro
duct evaluation. 

Typically, whole building energy simulation tools are 
limited in their ability to model window thermal per
formance. WIl\;TIO\V results or algorithms have been 
and can be incorporated into such tools in order to 
improve their capabilities and accuracy. 

Plans for the program's future include adding and 
refining algorithms for specific components (i.e .. 
infrared-absorbing gasses, edge effects, spectrally 
selective glazings) and incorporating educational 
features. Future versions of the program will com
ment on user-defined window choices and offer sugges
tions on optimizing thermal performance. 
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TILT: 90 UNITS: 1 - ENGLISH 

WINDOW CONFI~TION 
DINo.11 Name 1~~11 RS01:2" Tvisl11 Rvis :2 1811 Emi s 2 II 

~[] CLE>RII o ",/,at 075 o·"lat·oal 
GAP 1 1 AIRII 0,500 
LAY2 2 CLEAR 0.118 0.837 0,075 0.075 0.898 0.081 

O.Oal 10'00010.a" o.a"l 
0.081 0.000 0.840 0.840 

SPACER TYPE: 1 - METALLIC FRAME TYPE: 8 - WOOD. ALUM. CLAD 

RESULTS c:J ' D U-VAL(Btu/hr-ft2-F) INSIDEI/% REL] SC IREL HTIOPTIOJ. PROPERTIES' 
CTR IG W/FR T OF HUMID GAIN SOL VIS 

SUMMER 0.552 0.581 0.550 QjBOu TRANS 0.70 0.8;1, 
WINTER 0.493 0.5:26 0.504 45.3 41.1 Rout 0.13 0.15 
USER Rin 0.13 0.15 

(F1 J HELP [ARROWS 1 MOVE CURSOR [HOME1 UPDATE RESULTS [ESC1 EXIT .. LIBRARIES: [F21 GLASS; [F31 GAS; [F41 FRAME/SPACER; [F5 J CONDITIONS .. F6 OPTICAL PROPERTIES F7 TEMPE TURES F8 SAVE OUTPUT TO FILE 

Figure 5. WINDOW 3 input/output screen. A window is defined by specifying the appropriate paraml'ters. 
Once a glazing layer is chosen WINDOW fills in the associated properties on the screen. All libraries and addi
tional output screens are accessible from this screen. Any input parameter can be changed by moving the cursor 
to the appropriate parameter and changing it; new results can then be calculated. 
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