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ABSTRACT 
Vacuum glazing is a f w m  of lnu-conductance double g k i n g  
usingan internalvacuum betmen thetwoglasssheets toelim- 
inate heat transport by gas conduction and convection. An 
array of small support pilhrs separates the sheefs;fused solder 
glass forms the edge seal. Heat transfer through the glazing 
occurs by radiation a m s  the vacuumgap, conduction through 
the support pillars, and conduction through the bonded edge 
seal. Edge conduction is problematic because it aficts stresses 
in the edge region, leading to possiblejiailure ofthe glazing; in 
addition, excessive heat tramfer because of thermal bridging in 
the edge region can lower m a l l  window thermal performance 
and decrease resistance to condensation. 

Infrared thenmgraphy was used to analyze the thermal 
perfiwmance of proto fype mcuum glazings, and, for ca2pari- 
son, atmospheric pressure supavindows. Research faused on 
mitigating the edge e c t s  of vacuum glazings through the use 
of insulating trim, recessed edges, and framing materials. Ex- 
perimentally validatedfinite-element andfinitedi@rence mod- 
eling took were used for thermal analysis of prototype vacuum 
glazing units and complete windm. Experimental measure- 
ments ofedge conduction using infrared imaging werefiund to 
be in good agreement withfinite-element modeling results f m a  
given set of conditions. Finite-element modeling validates an 
analytic model developedfor edge conduction. 

INTRODUCTION 
Heat transfer through windows is a significant 

source of energy loss and gain in buildings, especially in 
very cold or very warm climates. Heating and cooling 
energy lost through windows in the residential sector 
accounts for 3% of total U.S. energy use, costing more 
than $26 billion annually in energy bills (Frost et. al. 
1993). The traditional appmch to reducing heat transfer 
is to use double or multiple glazings, often with low- 
emissivity (lows) coatings on the internal glass surfaces 
and interpane gases of low thermal conductivity These 
devices can achieve a low air-to-air thermal transmit- 

ing with two coatings of emissivity of 0.1 can have a 
center-of-glass, air-to-air U-factor as low as 1.3 W/m2 K 

three or more transparent sheets, low-emittance coat- 
ings, and gases with even lower themal conductivity 
(such as krypton or xenon) can yield values below 1.0 
W/m2 K (0.18 Btu/h.f?-'F). Comparable insulation 

. tance, or U-factor. For example, argon-fded double glaz- 

(0.23 Btu/h-f?-°F). The use of multiple glazings with .I 

performance can be achieved by evacuating the space 
between two sheets of glass to less than 0.1 Pa to elimi- 
nate the heat transport multing from interpane gas con- 
duction and convedion-essentially creating a flat, 
transparent Dewar flask Vacuum glazing is based upon 
this principle. 

Vacuum glazings can be used not only for windows 
in cold climates, but aIs0 in doors for display refrigera- 
tors or frrezers such as those found in supermarkets, 
and in renovation of old buildings, for which heritage 
listings might prohibit redesign of window fraqes to 
accommodate thicker, conventional insulating glazings. 
A detailed estimation of the manufacturing cost for vac- 
uum glazing (Garrison and Collins 1995) shows that the 
cost is likely to be 15% greater than that of standard dou- 
ble glazing of similar thermal performance. The concept 
of vacuum glazing was first pmposed in a patent appli- 
cation by Zoller in 1913 (Zoller 1924), 20 years after the 
inyention of the Dewar flask Zoller identified one of the 
essential f e a w  of flat vacuum glazing- multiplicity 
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of "ribs, grooves, prisms or projections" that keep the 
glass sheets apart despite atmospheric pressure. Since 
1.913, many other proposals have been made; none 
resulted in a referenced scientific report of the successful 
manufacture of a flat vacuum glazing until Robinson 
and Collins (1989) solved some of the inherent problems 
in the design and production of vacuum glazing. 

In their design, the glass sheets are separated by an 
array of support pillars, and a band of solder glass around 
the edge makes a leak-free hermetic seal. The internal vac- 
uum has been shown to be stable over a period of several 
years ( S i 0  et al. 1995). This edge seal is a thermal bridge 
between the otherwise thermally isolated glass sheets, 
which degrades the thermal performance of the unit. 
Conduction through the glazing edge seal results in 
warm-side glass surface temperatures at and near the 
edge seal that are lower than the center-of-glass temper- 
ature. For conventional glazings, the lower temperature 
usually is confined to a region within 63.5 mm (2.5 in.) of 
the glazing sightline. This region is known as the edge-$ 
glms region, &d the effect of conduction through the edge 
seal commonly is referred to as the edge effecf. 

Using infrared thermography and computer model- 
ing, this paper analyzes the heat flows associated with 
the edge seal in vacuum glazing. A simple analytic 
model that gives insight into the physical processes 
responsible for edge conduction is presented and solved 
numerically. The glazing system also is analyzed using a 
finite-element model (FEM). 

VACUUM GLAZING TECHNOLOGY 
As shown in Figure 1, vacuum glazing consists of two 

sheets of glass separated by a narrow vacuum space, typ- 
icallyO.1 to 0.2 mm in width (CoIlins et al. 1992). The sheets 
are separated by an array of small cylindrical ceramic (alu- 
mina) or metal support pillars, each about 0.25 mm in 
diameter. The hermetic edge seal is made with solder glass 
fused in place by baking the entire structure at about 500 e 
(932 €9. The glazing is evacuated to less than 0.1 Pa via a 
small pump-out tube incorporated into one of the glass 
sheets, and the tube is fused shut when the evacuation 
process is complete. Typically, one or both inner surfaces 
have a low-emissivity coating to reduce interpane radia- 
tive heat transfer. With both surfaces coated with doped 
tin oxide, an o v + l  air-to-air, center-of-glass U-factor as 
low as0.9 W/m2 K (0.16 Btu/h-f?.OF) hasbeenmeasured. 
About W/O of the heat flow between the glass sheets is due 
to radiation and the remainder is due to pillar conduction. 
The edge seal is a thermal short dmrit around the periph- 
ery that can substantially increase the heat transport 
through the glazing, thus degrading the overall thermal 
performance of the unit and decreasing condensation 
rrsistance. 

In the presence of a temperature differential across 
the glazing, heat is conducted along the warm-side 
sheet, through the edge seal, and along the cold-side 

sheet. Edge conduction is more than just a mode of heat 
loss that detracts from the insulating quality of the glaz- 
ing. The temperature nonuniformities associated with 
edge conduction can affect stresses significantly in the 
edge region, leading to failure of the glazing (Fisher- 
Cripps et al. 1995). 

A temperatun? difference between the two glass 
sheets in vacuum glazing results in differential expansion 
of the sheets. This causes shear forces at the bonded edge 
seal, which result in bending of the structure and conse- 
quent stresses. Stresses in the edge region are affected by 
edge conduction in two ways. First, as a result of edge 
conduction, the temperature of the glass sheets close to 
the edge seal is different from the center-of-glass value; 
the glass is cooler near the edge on the warm side and 
warmer on the cold side. The spatial dependence of the 
glass temperature on each side depends upon both the 
external and internal heat transfer coefficients and upon 
the amount of insulation near the edge seal. These tem- 
perature nonuniformities decrease the amount of bend- 
ing of the glazing because they reduce the average 
temperature difference between the two sides. This effect 
reduces the magnitude of the stresses throughout the 
glazing (Fisher-Cripps et al. 1995). 

. 

Solder glass pillars 
out tube 

edge  seal I I 

i Vacuum gap 

Cavity beneath Solder glass seal 
pump out tube to pump out tube 

. Figure 1 Schematic diagram of the vacuum glazing 
specimen. 
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The second stress-related effect of edge conduction 
results from the difference between the temperature of 
the bonded edge seal and the rest of the window. If the 
midplane temperature of the edge seal is greater or less 
than the mean temperature of the two glass sheets, then 
additional temperature-difference-dependent compres- 
sive or tensile stresses, respectively exist in the edge 
seal. These stresses are directed parallel to the edge. 
Temperature differences of this kind can arise if the 
external heat transfer coeffiaents at the surfaces of the 
glass plates are unequal or because of the p-ce of 
edge insulation (Fisher-Cripps et al. 1995). A discussion 
of these stresses is not covered in this papez 

INFRARED THERMOGRAPHIC MEASUREMENTS 
Infrared thermography is a noninvasive method for 

measuring surface temperatures of fenestration products 
in a laboratory (Arasteh et al. 1992). Thermographic tests 
were performed to compare vacuum glazing to conven- 
tional glazings of high thermal performance, to explore 
methods to mitigate heat transfer through the vacuum 
glazing edge, and to validate the analytical and FEM 
computer modeling for a number of edge configurations. 
The thermographic tests were carried out on a 0.5-m by 
0.5-m specimen of vacuum glazing supplied by an Aus- 
tralian university. The glass-to-glass gap conductaqe 
(Collins et al. 1993) of this specimen was 1.1 W/m2 K 
(0.19 Btu/h-f?-"F). The vacuum glazing was mounted in 
an insulating mask wall and placed between a warm box 
and a cold box having fixed temperature setpoints, thus 
creating steady-state heat transfer through the specimen 
after thermal equilibrium has been reached. The cold 
box is set at -17.8 e (0.0 €9, with an airflow of 3.6 m/s 
(8.0 mph) directed parallel to the glazing surface. The 
warm box is set at 21.1 C' (70.0 €9, with natural con- 
vective airflow across the sample. A low wind speed 
(< 0.3 m/s [0.6 mph]) is employed in the warm box to re- 
duce vertical temperature gradients within the enclosed 
air volume. 

An infrared (IR) imaging radiometer linked to a 
computer is used to measure the wann-side surface 
temperature of the glazing. Reference emitter techniques 
and averaging of multiple images Esult in an  estimated 
accuracy of 0.5 C' (0.9 €9 for the surface temperature 
measumnents. Details of the reference emitter tech- 
niques and the issues associated with the accuracy of the 
thermographic techniques employed in these tests 
appear in Griffith et al. (1995). A calibrated transfer stan- 
dard (CTS) was used to measure the warm- and cold- 
side heat transfer coefficients for the test conditions. 
These surface heat transfer coeffiaents were determined 
using standard fenestration test procedures (ASTM 
1991) and were used in the FEM modeling for d t s  to 
be compared with the thermographic measurements. 
The measufed heat transfer coeffiaents were 8.4 and 
20.0 W/m2 K on the warm and cold sides, respectively. 
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Figure 2 Comparison of horizontal edge temperatures: 
vacuum glazing and supenuindow. 

The edge seal of this glazing was approximately 6 mm 
wide. All thermographic data presented here are hori- 
zontal temperature profiles taken at the midheight of the 
jamb, unless otherwise noted. 

Comparison to Conventional Superglazings 
The vacuum glazing and a conventional glazing with 

similar center-of-glass U-factors were tested to compare 
the edge effects in vacuum glazings with those of com- 
mercially available high-thermal-performance fenestra- 
tion products. The vacuum glazing was mounted in an 
18 mm (0.75 in.) thick polystyrene foam mask wall, flush 
to the warm side. 

The comparison glazing was a commercially avail- 
able atmospheric pressure superwindow-type glazing: a 
2.54 cm(1.Oin.) thick four-layerglazingconsistingof two 
low-emissivity thin films (one of which was coated on 
both sides) suspended between two glass sheets, all glaz- 
ing cavities filled with krypton gas mixture, and the edge 
sealed with a thermally broken spacer. A simulation &BL 
1992) predicts that this superwindow has a center-of- 
glass U-factor of 0.57 W/m2 K (0.10 Btu/h.f?-"F). Figure 
2 shows center-of-glass superwindow temperatures ' 
approximately 2 "C higher than those of the vacuum unit 

and sightline temperahues approximately 3°C above 
those of the vacuum unit. These glazings were mounted 
flush to both the warm and cold sides of the mask wall. 
While more pronounced in vacuum units, this graph 
highhghts the significance of edge effects in both units. 
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Mitigation of Edge Effects and 
Validation of Computer Models 

Successful reduction of edge effects in vacuum glaz- 
ings will lead to higher warm-side edge-of-glass temper- 
atures, resulting in increased condensation resistance, 
lower total window U-factors and, possibly, reduced me- 
chanical stress. Sigruficant edge effects are present in vac- 
uum glazings because of the high conductance of the 
solder glass edge seal (in contrast to the gap conductance) 
and the short conductive path through the edge seal as 
dictated by the minimal gap between the panes of the vac- 
uum glazing. Lengthening the conductive path between 
the warm- and coldside environmental conditions at the 
edge is one way to reduce edge-of-glass heat transfer. 
Lengthening the conductive path between the warm and 
cold sides entails covering the edge to some degree with 
an insulating material or recessing the edge within a low- 
conductance frame deeper than standard industry prac- 
tice. The mitigation of edge effects in a frame made of a 
material of high thermal conductance such as nonther- 
mally broken aluminum is most likely not worthwhile, as 
the heat transfer through such a frame will be equal to or 
greater than that through the glazing edge (Byers and 
Arasteh 1990). 

Infrared thermography was used to evaluate the 
reduction of edge effects in vacuum glazings achievable 
by (1) adding an insulating layer that extends past the 
edge-seal sightline on the warm-side surface, (2) recess- 
ing the glazing edge into the sash of a wood frame, and 
(3) adding a wood-spaced third pane to the sash, com- 
pletely covering the vacuum glazing. Analytic and FEM 
models were used to model cases in which an insulating 
layer was extended past the edge seal. Modeling results 
were compared to lR data for the corresponding config- 
urations. Modeling techniques are discussed in greater 
detail in the section on modeling. 

Insulated Edge Configurations 
To test the effect of an insulating edge, the evacuated 

glazing was mounted in an insulating foam mask wall 
and the edge seal covered with an insulating polysty- 
rene foam strip on the warm-side surface, as shown in 
Figure 3. In these tests the insulating strips were 
extended past the sightline of the glazing edge seal, 
toward the center-of-glass region. The glazing was 
tested with the insulating strips in four different config- 
urations: flush to the edgeseal sightline, and extended 
0.63 an (0.25 in.), 1.27 an (0.50 in.), and 254 an (1.0 in.) 
past the edgeseal sightline. 

Temperature profiles for these four tests are plotted in 
Figure 4 along with modeling data for the same configu- 
rations. The plots show excellent agreement between the 
F%M and IR experimental data, which constitutes exper- 
imental validation of the ability of the model to predict 
the effects of edge conduction accurately. As shown in 
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Warm Side C I  : r  ..... 

edge seal sightline .........._._..._. 
edge seal 

additional edge 
insulation 

insulation flush 
to sightline 

mask wall 

Figure 3 Cross sectional schematic of the vacuum glaz- 
ing edge-of-glass region as mounted for infrared 
thermographic testing 

Figure 4, the warm-side glazing sightline temperature 
increases by 2.5 C! for the first increment of insulation of 
0.63 cm, and by an additional 2.0 e for the second incre- 
ment of 0.63 cm; the final increase of 2.3 requires an 
additional 1.27 an of insulation. Although these figures 
do not indicate the optimum amount of insulation, they 
show that a diminishing point of return is reached as the 
edge temperature gets closer to the center-of-glass tem- 
perature; one must add significantly more insulation to 
obtain a fixed increment of edge temperature increase. 

Recessed Edge Configurations 
Similar sightline temperature increases can be ob- 

tained for a vacuum glazing mounted in a frame if the 
edge seal is recessed into the surrounding sash. The 
vacuum glazing was mounted in a commercially avail- 
able fixed wood-casement frame, and the edge effect 
was measured for both conventional flush-mounted 
and recessed-edge configurations. The window tested 
was configured with flush mounting on the left jamb 
and recessed mounting on the right jamb. The test was 
carried out only for a recess depth of 1.27 cm (0.50 in.), 
the probable maximum depth that a commercial manu- 
facturer would use. Beyond this depth, the increase in 
edge surface temperatures would be significantly offset 
by loss in the vision area of the window resulting from 
the high-profile sash necessary to achieve greater mess 
depth, or by reduced structural integrity of the sash if 
the vision profile remained unchanged. The recessed 
sash was simulated by adding 1.27 an (0.50 in.) thick 
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Figure 4 Vacuum glazing edge temperature profiles from infrored OR) measurements and FEM modeling are corn 
pared for different depths of imuiation extending past the edge sed sightline. The insu/don depth ranges from (a) 
flush to (d) 25.4 mm (1.0 in.) past fhe edge seal sightline. 

wood strips to both the warm and cold sides of the glaz- 
ing. The measured sightline temperature of the messed 
side was 5.1 C! (9.2 €9 warmer than that of the nonre- 
eessed side. However, recessing the glazing edge into 
the sash resulted in a minimum sash surface tempera- 
ture 0.7 e (1.3 Ip) lower than that of the sash surface on 
the nonrecessed side. For comparison, the conventiomd 
atmospheric pressure superwindow (not shown) was 
also mounted and tested in the wood casement frame. 
Temperature profiles from these tests are plotted in Fig- 
w 5. 

Addition of a Low-e Third Pane 
The extreme of insulating or recessing an edge seal to 

mitigate edge effects would be to cover the edge region 
entirely. As shown in Figure 4, the edge region is shifted 
along the glass as more insulation is added. Completely 
eliminating the edge effect would necessitate covering 
the entire vacuum glazing with a highly insulating third 
layer. To simulate this condition, a third pane of low- 
emissivity (low-e) glass was added to the sash, com- 
pletely covering the warm-side surface of the vacuum 

Thermal Envelopes VIIHeat Transfer in Fenestrution //-Principles 605 



glazing. The emissivity of the low-e coating is 0.2. The 
lowe pane was separated from the vacuum glazing by 
1.27 cm (0.50 in.) thick wood glazing stops, creating a 
1.27- air cavity between the vacuum glazing and the 
third pane. The low-e surface faced the air cavity As in 
the previous test, each side of the window had a differ- 
ent configuration; the left jamb glazing stops were flush 
with the edge-seal sightline, and the right jamb edge 
seal was recessed by 1.27 an (0.50 in.) into the sash as 
before 

Temperature profile results from the IR tests are 
shown in Figure 5, and the IR data are summarized in 
Table 1. The edge effect was still present because of ther- 
mal bridging through the frame and the wood spacer; 
however, it was reduced significantly by the addition of 
the woodspaced, low-e third pane. With the addition of 
the third pane, the sightline temperature for the flush. 

- Vacuum glazing 

+ Wfi tow-E pane 

7 1 ,  
0 10 20 30 40 50 60 

H W  dishlnce (an.) 

Rgure 5 Thermographic measurements of warrn-sid€ 
surface temperatures for a vacuum glazing with ana 
without the addifion of a third low-e pane. The glaz- 
i n g ~  were mounted in a fixed wood casement frams 
with the glaing spacer flush to the sightline on ths 
left side, and recessed by 12.7 mm (0.50 in.) on the 
right side. 

Table 1 

Vacuum 
Gkningwith 

Vacuum Additional 
Glazing Low-ePane 
("a loa 

sighnii (flush edge) 3.6 11.6 
s$htline (recessed edge) 8.7 12.7 

Centerafgias (flush edge) 16.5 17.5 

Center-ofgkxs (recessed edge) 16.5 17.5 

Sash, minimum (flush edge) 10.4 11.0 

Sash, minimum (recessed edge) 9.7 10.5 

edge configuration inmased by 8.0 C! (14.4 €9, the sight- 
line temperature for the messed edge configuration 
increased by 4.0 C2 (7.2 Q, and the average center-of- 
glass temperature increased by 1.0 (1.8 Q. Minimum 
sash temperatures are lower than sightline temperatures 
for the third pane because of the effect of the cold glazing 
edge behind the wood spacers. This effect could be 
reduced with the use of a more insulating spacer material 
between the vacuum glazing and the third pane. The 
need for a recessed glazing edge is virtually eliminated 
by the use of the third pane; the data show that with the 
third pane the flush and recessed sightline temperatures 
are much closer to the center-of-glass temperature than 
without the third pane, and are within 1.1 C! (2.0 €9 of 
each other 

MODELING 
Heat transfer through the glazing edge was modeled 

for a given set of environmental conditions using two 
different methods: (1) a one-dimensional analytical 
model was solved numerically using finitedifference 
techniques and (2) a commercial three-dimensional FEM 
(G+D 1993) was used to model the glazing edge. To 
compare modeling results with experimental results, the 
same environmental conditions and physical properties 
of the vacuum glazing were used in each model as those 
used in the infrared thermography. The modeled and 
tested glazing consists of two sheets of 4-mm glass with 
lowemittance coatings, a gap width of 0.2 nun, and a 
sheet .and solder glass thermal conductivity of 1.0 
W/m K. The gap conductance is specified to be 1.2 
W/m2 K, as measured experimentally using a guarded 
hot-plate apparafus (Collins et al. 1993). Of this conduc- 
tance, 0.8 W/m2 K is due to radiative heat transfer and 
0.4 W/m2 K is due to pillar conduction. 

Analytic Model 
The complete analysis of heat flow near the edges of 

vacuum glazing requires the solution of a set of coupled 
three-dimensional equations. A simplified, one-dimen- 
sional model has been developed with only one spatial 
variablethe distance, x, along the glass sheets. The 
analysis involves a calculation of the rates of heat flow 
to the intemal and external surfaces of the glass sheets 
by convection and radiation, and along the glass sheets 
by conduction. The basic assumption in the model is 
that the temperature of the glass is uniform throughout 
the thickness of the sheets, and that temperatwe gradi- 
ents exist only along the x-axis of the sheets. As will be 
shown, this assumption is iustified by the good agree 
ment between the mults obtained with this simple one- 
dimensional model and a full threedm ' ensional one. 
For a glazing with two sheets of low-emittance glass, the 
temperatwe gradient through the glass sheets is only 
about O.O3"C/mm. 
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Figure 6 Schernufic diagram of edge region for 

The specific geometry to be considered is shown in 
Figure 6. Two sheets of glass, each of thickness t, width 
L, and thermal conductivity A, are joined at their edges 
by a solder glass seal. Between the two sheets is a high 
vacuum (< 0.1 Pa). The dominant modes of heat transfer 
in this gap are radiative transfer between the glass 
sheets and thermal conduction through the support pil- 
lars. The bottom sheet is exposed to a higher ambient 
temperature, T,, than the top sheet, where the ambient 
temperature is T,. Convective heat transfer occurs over 
the glass surfaces; thus, the temperatures at these sur- 
faces, T,(x) and T2(x) on the warm and cold sides, 
respectively, are not uniform. The total heat transfer to 
and from the ambient is governed by the film coeffi- 
cients h, and h,; the film coefficient is defined as the s u m  
of the convective and radiative heat transfer coefficients. 
The region around the edge seal is insulated over dis- 
tances wI and w2 on each side. 

The heat flow through each mechanical support pil- 
lar in the glass sheets is highly three-dimensional close 
to the pillar and mostly one-dimensional and highly 
dependent on the distance away from the pillar. This 
heat flow is quite uniform at the external surface of the 
glass sheets, leading to typical point-to-point variations 
of less than 10% of the temperature difference between 
the air and the surface. Therefore, the array of pillars can 
be considered as a slab of material of uniform thermal 
conductivity The heat flow through the pillars can then 
be determined from an internal heat transfer Coefficient 
(Collins et al. 1991). The pillar conductance is given by 

undy-fic model. 

where h is the conductivity of the glass, a is the pillar 
radius, and d is the pillar separation distance. 

If the temperature difference between the two glass 
sheets is not too M e ,  the radiative heat transport 

through the vacuum gap also can be determined from a 
radiative heat transfer coeffiaenk 

where a is the Stefan-Boltzmann constant, E# is the 
effective emissivity of the two internal glass surfaces, 
and Tis  the average of the temperatures of the two glass 
sheets (far from the edge). It has been shown that the 
temperature nonuniformities on the inner surface of the 
glass sheets, because of the local short-circuiting effect of 
the support pillars, have a negligible effect on the overall 
radiative heat flow (Collins et al. 1991). 

With the above approximations, the internal heat 
transfer coefficient for the vacuum gap, hint, can be writ- 
ten as 

(3) 

Consider a cross-sectional element of the warm-side 
glass sheet from x to x + dx in the noninsulated region 
(see Figure 6). The modes of heat flow into this element 
are as follows: 

1. Conductive heat flow along the glass sheet into the 

2. Conductive heat flow along the glass sheet into the 

3. Heat flow by internal processes (radiation and con- 

4. Heat flow by external convection and radiation from 
to the surface of the ele- 

element at x: Qcod (x). 

element at x + dx: Qcod(x i- dx). 

duction through the support pillars: dQkP 

the ambient at temperature 
ment dQ,,. 

If heat flow into the element is defined as positive, 
these modes of heat transfer are governed by the follow- 
ing equations: 

(4) 

Applying an energy balance to the element yields the 
following differential equatioz 
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Figure 7 Finite difference and finite element modeling resulk for a vacuum glazing with (a) an uninsulated edge seal, 
and (6) an insulated edge seal. 

A similar analysis for an element in the noninsulated 
region on the cold-side sheet (see Figure 6) yields the fol- 
lowing differential equation: 

I 

f \h2+hinr " )"::') - - T2 ( x )  

These coupled differential equations for the two glass 
surface temperatures can be rewritten in f~tedifference 
form and solved numerically. The boundary conditions 
are Tl(0) = T2(0) and Ql(0) = Q2(0). Insulated surfaces can 
be modeled by setting h, and h2 to give an appropriate 
thermal conductance-zero if the surfaces are assumed 
to be adiabatic. The finite difference solution for heat 
transfer through an uninsulated vacuum glazing edge is 
shown in Figure 7a. 

In certain simple cases, Equations 8 and 9 can be 
solved exactly. Considering exact solutions provides use- 
ful insights into the physical processes that determine the 
rate of heat transfer near the edges of the glazing. In addi- 
tion, the results derived in these simple cases are useful in 
estimating external heat transfer coefficients. 

The simplest case to consider is perfectly insulating 
glazing, hjn, = 0. Then Equations 8 and 9 can be decou- 
pled, and the temperature on each side of the glazing 
given by 

(10) Ti - TI ( x )  = (Ti - 2') exp ( - x / d q )  

and 

where T' is derived from applying continuity of heat 
transfer at x = 0 and is 

In this simple case, the temperature approaches its 
center-of-glazing value exponentially with a characteris- 
tic distance of 

where h is the appropriate external heat transfer coeffi- 
cient. For this case, the additional heat flow from edge 
effects, per unit length of the edge, is 

A second case that can be solved exactly is for a per- 
fectly insulating sample with uninsulated edges extend- 
ing distances of w1 and w2 from the edge. In this case, 
the temperatwe varies exponentially along the glass in 
the &dated regions with the same characteristic dis- 
tance as given in Equation 13, and linearly in the insu- 
lated region. 

For a specimen that is not perfectly insulating, an 
approximate solution can be obtained in the symmetri- 
cal case of equal heat transfer coefficients on both warm 
and cold sides, provided that heat transfer between the 
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sheets in the externally insulated region is neglected. In 
this case, simple exponential temperature dependencies 
occur in the uninsulated region, with a characteristic dis- 
tance given by Quation 13, w h a  h = h& + 2hkP 

Three-Dimensional Finite-Element Model 
A three-dimensional hite-element model 0 of a 

vacuum glazing was constructed using a commercially 
available code (G+D1993). Because the four quadrants of 
the glazing are identical, it is necessary to model only a 
quarter section of a full window. All of the FEM results 
presented here lie along the edge of the quarter pane, i.e, 
the centerline of the full glazing. The external heat trans- 
fer to ambient on each side is modeled as conduction 
through a slab of specified thickness and conductivity to 
obtain an equivalent film coefficient. This approach 
ignores the complicating effects associated with convec- 
tion, which can lead to a vertical temperature gradient 
across the glazing. Thermographic measurements of the 
warm-side surface of the vacuum glazing show that, 
apart from the edge effect, the surface temperature of the 
entire center-of-glass region is nearly uniform. Thus, the 
fact that the FEMignores convective effects external to the 
glazing should not be a concern in comparing FEM mod- 
eling to the experimental tests. External insulation also is 
modeled as a slab with a uniform thickness and thermal 
conductivity 

Comparison of Analytic 
and Finite-Element Modeling 

As shown by Figure 7a, analytic and FEM results 
agree well, except near the edge. Results at the edge 
diverge because of different treatments of thermal 
shortcircuiting at the edge seal and its effect on nearby 
heat flow. The FEM accurately models temperature gra- 
dients through the thickness of the glass sheets. The 
finitedifference model simulates the thermal effects of 
an edge seal, but cannot simulate temperature varia- 
tions through the thickness of the glass. Such effects, 
however, only affect the surface temperatures close to 
the edge seal. 

To test the models further, an insulated edge was 
considered. F i p  7b is a plot of modeling results of the 
vacuum glazing with a 25.4mm (1.0-in.) width of insu- 
lation along the edge of the warm side of the glazing. 
The asymmetry between the warm- and cold-side tem- 
perature profiles is a result of only one side being insu- 
lated. Once again, the two sets of modeling results agree 
closely, except near the edge. 

DISCUSSION 
The effect of edge spacer conductance on total win- 

dow U-factors is discussed further by Beck and Arasteh 
(1992). Because the center-of-glass thermal performance 
of vacuum glazing is equal to, and theoretically better 
than, the performance of atmospheric-pressure glaziigs, 
mitigation or elimination of vacuum glazing edge effects 
will help increase the attractiveness of these glazings for 
the commercial market. In actual applications, vacuum 
glazings will most likely be installed with some sort of 
insulated edge configuration, and/or may be used in 
conjunction with a third low-e glass pane to reduce edge 
conduction and the resulting thermally induced edge 
stresses. The ihird pane option is attractive because it 
allows use of spectrally selective coatings that cannot 
withstand the 500 e bake-out temperature of the vac- 
uum glazing. However, the combined mass of the third 
pane with the two 4-mm-thick glass panes of the vac- 
uum glazing may require structural redesign of conven- 
tional operable frames. 

A ~ t i ~ n a l l y  accepted US. simulation methodology 
(NFRC 1991) based on two programs (LBL 1992; FE 
1992) has been used to estimate the range of U-facto= to 
be expected for the tests involving the wood-framed 
glazings for ASHRAE winter conditions and a window 
size of 91.4 cm by 122 an (36 in. by 48 in.). One pmgram 
is a publicdomain, onedimensional, finitedifference 
method (FDM) model for simulating heat transfer 
through glazings and for calculating total U-factors for 
fenestration products. The other is a commercially avail- 
able two-dimensional FDM model for simulating heat 
transfer through the frame and edge-of-glass @oris of 
fenestration products. These two programs we= used in 

Table 2 
W/m2- K sightline T ~ P .  

COG U-Fcrctor,EDGE FRAME TOTAL 'C 
Wcum glazing, flush edge 1 .oo 2.09 2.23 1.52 -2.3 

Wcuum glazing, recessed edge 

Wcwm glazing, flush edge, low-e thrd pane 

Wcum glazing, recess& edge, lowe third pane 
Superwindow, flush edge 

1 .oo 
0.75 

0.75 

0.68 

1.58 

1.52 

1.32 

1.06 

2.07 

1.69 

1.71 

1.65 

1.42 

1.14 

1.14 

1.01 

6.0 

8.8 

10.0 

10.0 

SupeMlindow, reoess8d edge 0.68 0.87 1.57 0.99 13.2 
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coITLbinati0n to model the heat transfer through the vac- 
uum glazing and the superwindow and to calculate U- 
factors for the frame, edge, and total window. The results 
aresummanzed * in Table 2. 

CONCLUSIONS 
Edge effects resulting from hemal bridging through 

the edge seal of vacuum glazings are significant and can 
cause reduced condensation resistance and higher total 
window U-factom than are found in conventional high- 
thermal-performance glazing with thermally broken 
spacers. 

The center-of-glass performance of vacuum glaz- 
ings currently is lower than that of state-of-the-art 
superwindows (which can achieve center-of-glass U- 
factors on the order of 0.45 W/m2'K 10.08 
Btu/h. f?-OF] using xenon fills). With mitigation of 
edge effects, total window performance of vacuum 
glazings should be comparable to or better than that 
of superwindows. 

Computer modeling indicates that with the addi- 
tion of a third low-e pane, the vacuum glazing has a 
total window U-factor 13% higher than that of a 
state-of-the-art superwindow. It also indicates that 
for the third pane configuration, recessing the glaz- 
ing edge does not change the total window U-factor 
appreciably. 

Coatings with lower emissivity than the one used in 
this vacuum glazing, that can withstand the high-tem- 
perature manufacturing process, would improve the 
thermal performance of the vacuum glazing. 

The results of the analytical and FEM m d e k  used in 
this paper are in good agreement with each other and 
with the IR measurements; in other words, edge effects 
in vacuum glazings can be modeled accurately using 
analytic and FEM techniques. 
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