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ABSTRACT

Windows with thermal resistance of R = 10 h·ft2·°F/Btu (U = 0.10 Btu/h·ft2·°F) or greater across the U.S. building stock could
significantly reduce energy consumption (Arasteh 2006).Vacuum insulating glazing (VIG) is a promising technology that is capa-
ble of meeting the rigorous thermal performance requirements, but there is currently no simple method of evaluating its perfor-
mance for research and development or certification.

In this work, the thermal transmittance (U-factor) of VIG is calculated with three methods: (1) analytical analysis using
published correlations for modeling vacuum and pillar array conduction heat transfer; radiation heat transfer is solved explicitly
using parallel plate theory; (2) two-dimensional finite element method computational heat transfer (2D FEM) where the pillar
and vacuum space are replaced with an effective solid since 2D FEM cannot handle point thermal bridges such as pillars; and
3) three-dimensional finite volume numerical heat transfer modeling where pillar array conduction heat transfer and radiation
heat transfer between surfaces in vacuum space are modeled to account for point thermal bridges such as pillars. The center-
of-glass and edge-of-glass models from each method are compared to demonstrate a strong correlation between the methods and
confirm applicability of representing vacuum space and pillar arrays using 2D FEM, the standard method of modeling and certi-
fying windows and glazing.

INTRODUCTION

It is estimated that the implementation of “zero energy”
windows with thermal resistance of R = 10 h·ft2·°F/Btu (U =
0.10 Btu/h·ft2·°F) performance across the U.S. building stock
could reduce energy consumption $300 billion in the 20 years
following these performance improvements (Arasteh 2006).
Vacuum insulating glazing (VIG) for residential and com-
mercial use is a promising technology that is capable of meet-
ing the rigorous R-10 thermal performance requirements.
While some VIG technology has been available in the Japa-
nese and other markets as early as 1996, it has achieved min-
imal market penetration in the U.S. Some drivers for its low
adoption include high costs, design features that restrict use in
very hot or cold environments, and insulating performance
(U = 1.2 W/m2·K center-of-glass [COG] by NSG) no greater
than traditional triple glazing. New VIG products with

claimed insulating performance down to U = 0.4 W/m2·K
center-of-glass (far better than standard triple glazing), as
well as the claimed ability to be installed in all U.S. climate
regions, are being developed (Russo 2012; ENoB 2013; Jelle
2012; Eversealed 2013).

The COG thermal performance of VIG is well under-
stood and the process for evaluation by analytical method is
outlined in this work. The diversity of designs and complexi-
ties of edge-of-glass (EOG) heat flow though does not pro-
voke an analytical model; therefore the three-dimensional
finite volume computational method (3D FVM) is typically
used for evaluation. 3D FVM models require trained and ex-
perienced users of specialized software and significant setup
and evaluation effort. Such effort precludes the widespread
use of these models in the fenestration industry and therefore
the certification of windows using this technology. A simple
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and accurate method of evaluating whole window VIG per-
formance using the U.S. fenestration industry standard two-
dimensional finite element computational method (2D FEM)
is proposed and evaluated in this work.

ANALYSIS

The analysis done in this study involves modeling pro-
cedures only. The thermal transmittance (U-factor) of VIG is
calculated with three methods: (1) analytical analysis using
published correlations for modeling vacuum and pillar array
conduction heat transfer; radiation heat transfer is solved ex-
plicitly using parallel plate theory; (2) 2D FEM where the pil-
lar and vacuum space are replaced with an effective solid
since 2D FEM cannot handle point thermal bridges such as
pillars; and (3) 3D FVM where pillar array conduction heat
transfer and radiation heat transfer between surfaces in vac-
uum space are modeled to account for point thermal bridges
such as pillars.

Analytical Method

The COG U-factor of VIG with support pillars is calcu-
lated analytically as a function of the surface resistances,
glass resistance, and the vacuum gap resistance. The funda-
mental equations are presented here for completeness; the
works of Collins (1991) and Corruccini (1959) should be re-
viewed for more detailed explanation of the methods.

U-factor = (1)

where:
Ro = exterior surface resistance, m2·K/W
Ri = interior surface resistance, m2·K/W
Rglass = glass pane resistance, m2·K/W
Rgap = vacuum gap resistance, m2·K/W

The interior and exterior surface resistances are boundary
conditions defined as a combination of convection and radia-
tion resistance and listed in Table 3. The glass pane resistance
is a function of total glass thickness and conductivity.

Rglass = (2)

where:
tgl = glass thickness, m
kgl = glass conductivity, W/m·K

The vacuum gap resistance is a function of the low-pressure
gap conductance, the radiation conductance between glass
panes, and the conductance of the support pillars between
glass. The conductance of low-pressure gas is calculated using
formula by Corruccini (1959). Equation 6 gives exact conduc-

tance of a pillar array, but pillar conductivity does not play a
substantial role in overall heat transfer when the conductivity
is equal to or higher than the conductivity of the glass pane.
Therefore, a good approximation for common materials used
in this technology can be made by ignoring the ratio of conduc-
tivities in the denominator of Equation 6.

Rgap = (3)

(4)

Crad = (5)

Cpa = (6)

where:
Ccond = conductance of low pressure gas between glass,

W/m2·K
Crad = radiation conductance between glass panes,

W/m2·K
Cpa = conductance of pillar array between glass panes,

W/m2·K
1, 2 = accommodation coefficients of the gas molecules.

Dependent on the temperature, surface conditions,
etc. For the present configuration and conditions,
 1, . If conservative, 1.0 could be used.

= specific heat ratio, air = 1.40
R = universal gas constant, R = 8,314.462175 J/mol·K
M = molecular weight, Mair = 28.97 mol/g
T1c = exterior temperature, K
T2c = interior temperature, K
P = gas pressure, N/m2

 = Stefan-Boltzmann constant 5.67  10–8 W/m2·K4

 1 = emissivity of the first facing glass surface, –
 2 = emissivity of the second facing glass surface, –
T1 = temperature of the first facing glass surface, K
T2 = temperature of the second facing glass surface, K
a = pillar radius, m
h = pillar height, m
kp = pillar conductivity, W/m·K
l = pillar spacing, m
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Two-Dimensional Finite Element Method

2D FEM is used to solve the conductive heat-transfer
equation for two-dimensional analysis. The quadrilateral
mesh is automatically generated. Refinement is performed in
accordance with section 6.3.2b of ISO 15099 (ISO 2003). The
energy error norm is less than six percent in all cases, where
it has been shown that energy error norm of 10% or less cor-
relates to an error of less than one percent in the total thermal
transmittance of the object(s) being modeled. More informa-
tion on the thermal simulation program algorithms can be
found in Finlayson (1998) and Carli (2006).

Center-of-glass. Modeled COG geometry for 2D FEM
makes use of symmetry as shown in Figure 1. 2D FEM cannot
handle point thermal bridges such as pillars, which are prop-
erly modeled only in three-dimensional space, therefore, the
pillars and vacuum space are replaced with an effective solid
whose properties are calculated for each configuration by
Equation 3.

Edge-of-glass. Modeled EOG geometry for 2D FEM
analysis makes use of symmetry as shown in Figure 2. The
vacuum space from the edge-of-glass to the first pillar is re-
placed with an effective solid whose properties are calculated
for each configuration by Equation 3 with the conductance of
the pillars set to zero. Starting at first pillar, the vacuum space
is modeled similar to the COG, with an effective solid whose
properties are calculated for each configuration by
Equation 3. The influence of edge conduction in the geome-
tries modeled becomes negligible after the third pillar, as is
shown later.

Due to the relative high conductivity of the edge com-
pared to COG in current VIG design, an exposed edge region
would exhibit very high heat transfer rates that are difficult to
measure in real systems due to condensation and frost build-
up. For these reasons the edge is modeled as covered by a

12.5 mm square wood block on the interior and exterior sides
of the VIG. This technique effectively reduces heat transfer
through the edge region to a magnitude in line with a VIG in-
stalled into a window frame. A similar approach is taken by
Simko (1996).

Three-Dimensional Finite Volume Method

3D FVM is used to solve the coupled heat and fluid-flow
equations for three-dimensional analysis. Conduction, con-
vection, and radiation are simulated numerically. Three-di-
mensional analysis is necessary to account for the non-
continuous pillar shapes between glass. Because the Navier-
Stokes fluid equations typically used by commercial solvers
are invalid at the low pressures seen in VIGs, two alternative
methods are used to approximate the gap conductance: (1) The
“solid” model, where the vacuum gap is defined as a solid
with a combined fluid and radiation conductivity solved by
the analytical methods of Equation 3; (2) The “radiation”
model, where the vacuum gap is defined as a fictitious fluid
and radiation is solved for explicitly. In both methods, pillars
are modeled with their actual geometry.

The semi-implicit method for pressure-linked equa-
tions consistent (SIMPLEC) was used to model the inter-
action between pressure and velocity. The energy and
momentum variables at cell faces were found by using the

Figure 1 COG model geometry for 2D FEM analysis (not to
scale).

Figure 2 EOG model geometry for 2D FEM analysis (not to
scale).
Thermal Performance of the Exterior Envelopes of Whole Buildings XII International Conference 3



Quadratic Upstream Interpolation for Convective Kinetics
(QUICK) scheme. The commercial software used solves
central differences to approximate diffusion terms and re-
lies on the PREssure STaggering Option scheme
(PRESTO) to find the pressure values at the cell faces.
Convergence is determined by checking the residuals for
energy and ensuring that they are lower than 1E-13. Radi-
ation heat transfer is included in the simulations through
use of Surface to Surface (S2S) radiation model, which cal-
culates the energy exchange between surfaces taking into
account their size, separation distance, and orientation us-
ing a geometric function called view factor. The S2S model
ignores absorption, emission, and scattering phenomena in
the vacuum cavity. The internal cavity walls were assumed
to be diffuse gray. The meshing program automatically
generated meshes. Mesh refinement was done at pillars and
edge seals to ensure acceptable mesh density and orthogo-
nal quality.

Center-of-glass. Modeled COG geometry used for 3D
FVM analysis makes use of symmetry as shown in Figure 3.
This geometry is referred to as a ¼ pillar model as it utilizes
symmetry around ¼ of a pillar as shown in section (B). Addi-
tional model geometries were tested, including a full pillar
and a 3  3 grid of pillars. The variation between the three
models in all cases was less than 0.50 percent.

Edge-of-glass. Modeled EOG geometry used for 3D
FVM analysis makes use of symmetry as shown in Figure 4.
This model uses the same ¼ pillar symmetry as the COG
model but extends three and one-half pillars from the edge.
Additional models geometries were generated, including sin-
gle pillar and 5 pillar models. The influence of edge conduc-
tion in the geometries modeled becomes negligible after the
third pillar. As in 2D FEM, an exposed edge region would ex-
hibit very high heat transfer rates, so the edge model is cov-
ered by a 12.5 mm square wood block on the interior and
exterior sides of the EGU.

Model Parameters

Table 1 lists the model dimension ranges used for this
study. The minimum (min) and maximum (max) are se-
lected to represent the range of expected design. Thermal
performance sensitivities are determined by varying mate-
rial properties and model dimensions. Table 2 displays the
material properties for each component used in the numer-
ical simulations. Base material data is obtained from
NFRC 101 (2010). Min and max values are selected based
on available materials and to properly demonstrate sensi-
tivities.

Boundary conditions used in the 3D FVM and 2D FEM
simulations are shown in Table 3. The outdoor and indoor
boundary conditions use a fixed combined convection and ra-
diation coefficient. Fixed boundary conditions are used, as
opposed to temperature dependent conditions such as
ASHRAE, to simplify modeling. The methods outlined are
valid for fixed and variable boundary conditions.

Figure 3 COG model geometry for 3D FVM analysis (not to
scale).

Figure 4 EOG model geometry for 3D FVM analysis (not to
scale).

Table 1. Model Dimensions

Dimension Variable
Base
(mm)

Min
(mm)

Max
(mm)

Pillar radius a 0.5 0 1

Vacuum gap h 0.13 0.05 1

Glass thickness tglass 5.7 2.7 7.2

Pillar spacing l 50.8 25 125

Pillar to edge of glass d 25 10 50

Edge seal thickness w 7.2 0 10.5
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RESULTS AND DISCUSSION

Center-of-Glass (COG)

Figure 5 shows the temperature of each glass surface at
a specified distance, x, from the center of a pillar (see
Figure 3). To account for the localized pillar effects, this

model is performed using 3D FVM. The external surfaces 1
and 4 show approximately one Kelvin temperature changes
over the length of the model. This means that using an area
weighted equivalent conductance (2D FEM) has little impact
on external surface temperatures. The internal surfaces 2 and
3 reach 95% of their total temperature change at 5.4 and
6.1 mm, respectively, from the pillar center, meaning the ther-
mal bridging effect of the pillar is a radius of approximately
6.5 mm for the configurations used in this study. A similar
plot of the 2D FEM model shows constant temperatures along
x since Equation 3 averages pillar heat transfer over the entire
vacuum volume.

Sensitivities to changes in variables. Analytical, 2D
FEM, and 3D FVM models are compared for twenty-six cases
of COG U-factor. The 3D FVM radiation method is used as
the base for comparison since the model is calculated on the
most fundamental basis and has been shown in previous stud-
ies to agree well with measurements (Simko 1996). Summa-
rized sensitivity results are presented in Table 4. These results
show the four models solve for total thermal transmittance
within ~0.01 W/m2·K, or 2 percent, of each other for all pa-
rameter variations in this study. The results for the range of
parameters chosen confirm that 2D FEM is an accurate alter-
native to 3D FVM.

Table 2. Conductivity and Emissivity

of Modeled Materials

Component

Conductivity (W/m·K) Emissivity

Base Min Max Base Min Max

Outside glass 1 – –
(1) 0.84 (1) — (1) —

(2) 0.02 (2) 0.02 (2) 0.84

Inside glass 1 – –
(3) 0.84 (3) — (3) —

(4) 0.84 (4) — (4) —

Pillar 16 – – 0.9 – –

Edge seal 1 0.01 100 0.9 – –

Wood 0.14 – – 0.9 – –

Table 3. Boundary Conditions

Used in the Simulations

Boundary Condition Value Units

Indoor temperature 293.15 K

Outdoor temperature 255.15 K

Density of heat flow rate of incident solar
radiation on surface

0 W/m2

Combined convection and radiation surface
coefficient of heat transfer for the indoor
section (surface 4)

7.6 W/m2·K

Combined convection and radiation surface
coefficient of heat transfer for the outdoor
section (surface 1)

30.0 W/m2·K

Density of heat flow rate at lines of symmetry 0 W/m2

Figure 5 COG surface temperature distribution from 3D
FVM.

Table 4. COGThermalTransmittance (U-Factor) Using Four Solution Methods

Parameter

3D FVM “Radiation”
(W/m2·K)

3D FVM “Solid”
(W/m2·K)

2D FEM
(W/m2·K)

Analytical
(W/m2·K)

Min U Max U Average ΔU Average Δ% Average ΔU Average Δ% Average ΔU Average Δ%

Vacuum Gap 0.422 0.449 –0.002 –0.6% –0.010 –2.3% –0.010 –2.3%

Pillar Radius 0.097 0.766 –0.001 –0.2% –0.005 –1.1% –0.005 –1.1%

Pillar Spacing 0.154 1.313 –0.001 –0.2% –0.001 –1.4% –0.001 –1.4%

Surface 2 Emissivity 0.446 2.215 –0.020 –1.3% –0.026 –2.1% –0.026 –2.1%

Vacuum Pressure 0.441 0.866 –0.001 –0.2% –0.009 –1.7% –0.009 –1.7%
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The 3D FVM radiation model accounts for localized ra-
diation effects within the radius of pillar thermal bridging
while the 3D FVM solid, 2D FEM, and analytical models do
not. This results in a slight divergence of the solved thermal
transmittance when surface emissivity is increased, as can be
seen in Figure 6. The best agreement between 3D FVM and
2D FEM is therefore at low surface 2 emissivity.

Edge-of-Glass (EOG)

NFRC 100 considers all glazed vision areas within
63.5 mm of any part of the frame EOG (NFRC 2010). In order
for this assumption to be accurate, and not overestimate the
whole window U-factor, the penetration length of thermal ef-
fects from frame and end of glazing must be less than
63.5 mm. To determine the penetration length of the EOG ef-
fects into the VIG unit, the EOG was modeled with 3D FVM
to six pillars in length. The results showed the temperature
change on surfaces 1 and 4 at a distance halfway between pil-
lars 3 and 4 is less than 1 percent different from the tempera-
ture between pillars 5 and 6. This shows that the edge effect
has stabilized by the third pillar and a 3.5 pillar model is used
for the remainder of the EOG calculations.

For all combinations of edge seal conductance, pillar
spacing, and distance to first pillar, the external surfaces 1 and
4 reach 95% of their total temperature change at approxi-
mately 50 mm from the edge, meaning the thermal bridging
effect of the edge is within the NFRC EOG for the configura-
tions used in this study. The localized thermal effects of pil-
lars cannot be solved for with a 2D FEM model. The surface
temperatures though do closely match those from 3D FVM
models at locations outside of pillar effects. Figure 7 com-
pares the EOG glass surface temperatures of each glass sur-
face at a specified distance, x, from the EOG (see Figures 2
and 4) of 2D FEM and 3D FVM models on a unit with
surface 2 emissivity of 0.02.

Sensitivities to changes in variables. Since the goal of
this study is to account for total heat flow, the EOG distance
in this study is longer than 63.5 mm and the reported U-factors
are based on the total interior length of the EOG model (in-
cludes heat flow though the wood block). Therefore, these

models are not directly comparable to typically reported EOG
values in standards.

2D FEM, 3D FVM radiation and 3D FVM solid model
results are compared for eleven cases of EOG U-factor. Due
to the complexity of the edge seal, an entirely analytical solu-
tion for the EOG is not attempted. As in the COG calculations,
3D FVM radiation method is used as the base for comparison
since the model is calculated on the most fundamental basis.

When pillars are located close to the EOG, they can be-
come a localized conduction path to the frame that is ignored
in the area weighted (2D FEM) calculations. The total thermal
transmittance though shows negligible divergence between
2D FEM and 3D FVM. Summarized results are presented in
Table 5. These results show the three models solve for total
thermal transmittance within 0.01 W/m2·K, or less than 1.3%,
of each other for the three parameter variations in this study.
The results for the range of parameters chosen confirm that
2D FEM is an accurate alternative to 3D FVM.

CONCLUSION

The center-of-glass (COG) thermal performance of VIG
is well understood and simple analytical evaluation has been
shown in previous work, and again in this study, to match 3D
FEM approximations within 2.3% of total thermal transmit-
tance. The diversity of designs and complexities of EOG heat
flow though does not allow for a simple analytical model;
therefore difficult and time consuming 3D FVM models are
typically used for evaluation. The 2D FEM alternative to such
models outlined in this work requires far less computational
effort and produces similar total thermal transmittance ap-
proximations, within 1.3% of 3D FVM. Concerns regarding
EOG length and localized pillar conductance are shown to
have little impact on total performance and therefore can be
neglected in 2D FEM. This alternative approach will allow
for the widespread use of these models in the fenestration in-
dustry and therefore the certification of windows using this
technology.
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Min U Max U Average ΔU Average % difference Average ΔU Average % difference
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