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Abstract One attractive possibility to essentially improve the insulation properties
of glazing is to evacuate the space between the glass panes. This eliminates heat trans-
port due to convection between the glass panes and suppresses the thermal conductivity
of the remaining low pressure filling gas atmosphere. The glass panes can be prevented
from collapsing by using a matrix of spacers. These spacers, however, increase heat
transfer between the glass panes. To quantify this effect, heat transfer through sam-
ples of evacuated glazing was experimentally determined. The samples were prepared
with different kinds of spacer materials and spacer distances. The measurements were
performed with a guarded hot-plate apparatus under steady-state conditions and at
room temperature. The measuring chamber of the guarded hot plate was evacuated
to <10−2 Pa. An external pressure load of 0.1 MPa was applied on the samples to
ensure realistic system conditions. Radiative heat transfer was significantly reduced
by preparing the samples with a low-ε coating on one of the glass panes. In a first step,
measurements without any spacers allowed quantification of the amount of radiative
heat transfer. With these data, the measurements with spacers could be corrected to
separate the effect of the spacers on thermal heat transfer. The influence of the thermal
conductivity of the spacer material, as well as the distance between the spacers and the
spacer geometry, was experimentally investigated and showed good agreement with
simulation results. For mechanically stable matrices with cylindrical spacers, experi-
mental thermal conductance values ≤ 0.44 W ·m−2 ·K−1 were found. This shows that
Ug-values of about 0.5 W · m−2 · K−1 are achievable in evacuated glazing, if highly
efficient low-emissivity coatings are used.
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1 Introduction

The thermal insulation properties of façade elements are described by the thermal
transmittance U , which is calculated from the thermal conductance � and the heat
transfer coefficients αi and αe at the interior and exterior surfaces, respectively:

U =
(

1

αi
+ 1

�
+ 1

αe

)−1

. (1)

For most insulation materials, � can be determined by adding up the heat transfer
contributions of solid and gaseous conduction, as well as radiation. Disregarding edge
effects, the thermal transmittance in the center of a glazing is called the Ug-value.

In modern buildings with well insulated walls (U < 0.3 W · m−2 · K−1), conven-
tional double-glazed windows (Ug ≈ 1.1 W ·m−2 ·K−1) represent thermal weak spots
in the façade. One possibility to improve the insulation properties of glazing is to
evacuate the space between the glass panes. This reduces heat transfer due to gaseous
conduction to a negligible level at gas pressures lower than 0.1 Pa [1,2]. To prevent
the window from collapsing, a matrix of spacers has to be set between the glass sheets
(Fig. 1). Heat conduction through the spacers, however, increases the overall heat trans-
fer through the window. Therefore, the design of the spacers needs to be optimized
regarding the thermal properties. In order to guarantee good insulating properties, a
highly efficient low-emissivity coating is also essential, to reduce the radiative heat
transfer between the two glass panes.

A research group at the University of Sydney performed measurements of local
heat flow through samples of evacuated glazing with a small area (1.7 cm2) guarded
hot plate apparatus [3]. The simple addition of the separate heat transfer mechanisms,
which are heat conduction through the spacers and the edge seal, conduction by the

Fig. 1 Diagram of a vacuum
insulation glass with two 4 mm
thick float glass panes (system
thickness <9 mm)
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residual gas and radiative heat transfer, is in good agreement with overall heat trans-
mission coefficients measured in a guarded hot box [4]. It was also shown that the
thermal resistance of spacers with very little height and a much higher thermal conduc-
tivity than glass can be neglected and the heat conduction through a spacer in vacuum
insulation glass (VIG) can be described only by the spreading heat flow in the glass
sheets:

�′
spac ≈ 2rspacλglass, (2)

where �′
spac is the thermal conductance of a single spacer, rspac is the spacer radius,

and λglass is the thermal conductivity of the glass sheets [5]. However, this approx-
imation is not valid for the spacers that were investigated within the scope of this
paper, because their height (1 mm) is generally comparable to their diameter. There-
fore, a theoretical study of the problem was carried out by finite-difference modeling
(HEAT3). In addition, the spacers investigated show substantial surface roughness at
the end faces, which could cause a contact resistance between the glass panes and
spacers. The experimental investigation of the thermal properties of different spacer
systems took place in an evacuable guarded hot-plate apparatus [6].

Besides, the mechanical stability of the window must not be neglected. Collins
and Fischer-Cripps [7] constituted several design criteria for vacuum insulation glass,
which regard both mechanical and thermal aspects. One goal of this work was to
compare the thermal conductances of different spacer arrays, which were arrays of
cylinders or spheres with distances from 2 cm to 4 cm. Some of them are mechanically
inappropriate; this will be pointed out later. The main goal was to find out if the desired
Ug-value of 0.5 W · m−2 · K−1 is achievable for VIG systems that have the potential
to be mechanically stable. All results relate to VIG with 4 mm thick glass panes.

2 Experiments

2.1 General

The parameter of interest is the contribution of the spacer array to the total thermal
heat transfer through VIG; it is quantified by the thermal conductance �spac. For this
purpose, the samples were prepared without an airtight seal. The measurements were
conducted in an evacuable guarded hot-plate apparatus, whose vacuum chamber was
evacuated to a pressure of 10−3 Pa in order to suppress heat conduction by gas in the
space between the 4 mm thick glass panes. To ensure realistic system conditions, an
external pressure load of 0.1 MPa was also applied.

2.2 Design and Measuring Principle of the Guarded Hot-Plate Apparatus

The evacuable guarded hot-plate apparatus is shown in Fig. 2. A circular metal plate
(2) located in a vacuum chamber (1) acts as the hot plate. Its temperature is controlled
by electrical heating. This plate is enclosed by two identical samples (5) on either side,
which again are in contact with “cold” plates (3, 4). All plates are kept at constant
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Fig. 2 Diagram of the evacuable guarded hot-plate apparatus: (1) vacuum chamber, (2) hot plate with
two guard rings, (3) and (4) cold plates, (5) samples, (6) heat sinks, (7) insulation, (8) ceramic supports,
(9) vacuum-tight guided stamp, and (10) three thickness sensors

temperatures with a temperature difference �T between the middle hot plate and the
two outer cold plates. Heat flows from the hot plate through the samples to the cold
plates. In order to establish a one-dimensional heat flux, the hot plate is surrounded
by two concentrical guard rings, kept at the same temperature as the central plate.
At steady-state conditions, the thermal conductance � of the sample in the vertical
direction can be calculated by the electrical power Pel fed into the central hot plate:

� = Pel

2AMA�T
. (3)

AMA is the area of the central hot plate (measuring area) and amounts to 152 cm2. Each
data point was measured for two different �T -values (10 K and 20 K). By extrapolat-
ing the result to 1/�T = 0, a remaining radial heat flow can be eliminated [6]. The
value that results from this procedure is called �corr in the following.

The vacuum chamber can be evacuated to gas pressures of 10−3 Pa. On the other
hand, external pressure loads up to 4 × 105 Pa can be applied to the sample by a press
(9).
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2.3 Sample Preparation

Since samples of vacuum insulation glass are stiff and inhomogeneous, a very careful
sample preparation is essential to reduce the uncertainties that otherwise occur when
measuring them in the guarded hot-plate apparatus. First of all, experiments with a
single glass pane showed imperfect thermal coupling to the plates of the apparatus.
This could be improved by interconnecting the sample and the plates with flexible
graphite foil with a thermal conductivity of 1 W · m−1 · K−1 to 5 W · m−1 · K−1 in the
vertical direction (Fig. 3). Two foils of different thicknesses were tested, again with
single glass panes as samples. Comparing the two foils, the 4 mm graphite foil is much
softer than the 0.4 mm one and evens out irregularities in the thickness of the plates
of the apparatus very well. Therefore, the 4 mm thick graphite foil yields the highest
amount of coupling from the three possibilities tested; it is about six times better than
without any foil (see Fig. 4).

The residual heat transfer resistance Rt between the glass panes and the plates
of the apparatus, when connected by 4 mm thick graphite, is depicted as a function
of the external pressure load pext in Fig. 5. Rt represents the series combination of
the heat transfer resistances at both sample sides. In general, Rt is on the order of
10−2 m2 · K · W−1, whereas the resistance of the VIG-samples, RVIG, is expected to
be about 1/(0.5 W · m−2 · K−1) = 2 m2 · K · W−1, which is roughly a factor of 100
higher. Therefore, coupling due to the 4 mm thick graphite foil is sufficiently high and
this foil was used for all following measurements. Although Rt is almost negligible
in comparison to RVIG, each measured thermal conductance of the VIG-samples was
corrected by the respective value of Rt in order to guarantee accurate results:

�VIG =
(

1

�corr
− Rt

)−1

. (4)

However, a drawback of the graphite foil is the increase in radial heat flux, depicted
in Fig. 4 by the error bars. In VIG parasitic heat flow becomes even more critical,
because the thermal resistance through the sample (dominated by the evacuated space)
is much higher than the lateral resistance (determined by the thermal conductivity of
the graphite). That means a large amount of heat will flow laterally within the graphite
instead of through the sample. To minimize this effect, the samples with graphite foil

guard 
rings

graphite 
foil thread

low-

aluminium 
ring 

(radiation 
shield)

ε

hot plate

cold plate

Fig. 3 Sample preparation with graphite foil for thermal coupling between glass panes and measuring
plates, as well as grid of thread for positioning the spacers; left: schematic sketch of a vertical cut through
the sample; right: view from above
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Fig. 4 Thermal conductance values of a single glass pane and panes coupled to the plates of the evacuated
hot-plate apparatus with 0.4 mm and 4 mm thick graphite foil for an external pressure load of 0.1 MPa. All
glass panes were 4 mm thick. The error bars represent the dimension of lateral heat flux

were chosen to be only as large as the central measuring area (Fig. 3), in order to force
the heat to go through the sample. That was done for the two test series in Fig. 4 taken
with graphite foil. These data in Fig. 4 show that this measure kept the relative amount
of the radial heat flux (the radial heat flux divided by the total measured heat flux) at a
constant level, when improving the thermal coupling with different types of graphite
foil. That means, considering the data belonging to the same mean temperature, the
radial heat flux changes proportionally to the heat flux through the sample. The relative
amount of lateral heat flux is not higher than 10% at room temperature. Consequently,
for VIG-samples with � ≈ 0.5 W · m−2 · K−1 an acceptably low lateral heat flux of
about 0.05 W · m−2 · K−1 is expected. Subsequent measurements with VIG showed
that it was even lower in many cases. Due to this fact, the use of the 4 mm thick graphite
foil is still justified.

For the small samples just covering the central measuring area, the only radial way
for heat to leave the central hot plate is by radiation. This radiative exchange between
the sample and the insulation material of the surrounding walls is difficult to quan-
tify, since the temperature of the insulation is not controlled during the measurements
and thus may vary. Therefore, the radial radiative heat flux is the main source of the
measurement uncertainty (see Sect. 2.4).

2.4 Radiation Effects

Beside the influence of the spacers, �VIG of the above described VIG-samples includes
radiation heat transfer, which was essentially reduced by using one low-ε coated glass
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pane. The remaining amount of thermal radiation between the glass sheets, �rad, had
to be determined separately in order to extract the effect of the spacers from the overall
thermal conductance �VIG:

�spac = (�VIG − �rad)
AMA

Aspac
, (5)

where AMA is the measuring area and Aspac is the actual area which is covered by the
spacers (number of spacers multiplied by the second power of the spacer distance).
The correction term AMA/Aspac needs to be included, because the area Aspac of the
quadratic spacer array was never equal to the area of the circular central hot plate. �rad
was approximated by the formula for radiation exchange between infinitely expanded,
parallel, and planar plates with a small temperature difference between the two plates:

�rad ≈ 4σ T 3
m(ε−1

low−e + ε−1
glass − 1)−1, (6)

where σ is the Stefan-Boltzmann constant, Tm is the mean temperature between the
two glass panes, and εlow−e and εglass are the respective emissivities belonging to the
surfaces of the sheets facing each other. For εglass the literature value of 0.84 was taken.
The error resulting from this approximation formula was estimated to be negligible
for the temperature differences (10 K and 20 K) applied to the hot-plate apparatus
within this work. Due to the symmetry of the VIG samples, the mean temperature Tm
between the two glass panes is quite the same as the mean temperature T ′

m between
the hot and cold plates. The highest shift of Tm versus T ′

m that is possible, because of
different amounts of coupling to the hot and cold plates, is estimated in the following.
According to Fig. 5, Rt < 0.04 m2 · K · W−1 is valid for all measurements. If this heat
transfer resistance belonged to one glass pane only and the other one was coupled
perfectly to the plates of the apparatus, the temperature shift would be 0.4 K. Such
an inaccuracy would cause a negligible error in �rad compared to the uncertainty of
εlow−e. That is why the temperatures of the hot and cold plates are sufficient to deter-
mine the mean radiation temperature and the temperatures of the glass panes did not
have to be determined separately.

The emissivity of the low-ε coating, εlow−e, was also measured in the guarded
hot-plate apparatus, by “hanging” the low-ε coated glass pane between the plates of
the apparatus. The experimental setup can be seen in Fig. 6. εlow−e was calculated by
solving the following set of equations:

q = σ
(
T 4

1 − T 4
2

)
ε−1

app + ε−1
low−e − 1

; q = σ
(
T 4

2 − T 4
3

)
ε−1

app + ε−1
glass − 1

(7)

q is the heat flux measured. The positions of the temperatures Ti are illustrated in
Fig. 6. The temperature was assumed to be the same everywhere in the glass pane. The
emissivity of the plates of the apparatus, εapp, was determined to be 0.9 by basically
the same experimental setup, but without the suspended glass pane between the hot
and cold plates. Finally, εlow−e amounts to 0.065 ± 0.005, which yields a radiative
thermal conductance �rad of (0.37 ± 0.03) W · m−2 · K−1at room temperature. The
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Fig. 5 Heat transfer resistance Rt between the plates of the apparatus and glass panes depending on
the external pressure load at room temperature, for thermal coupling with 4 mm thick graphite foil and
pgas = 10−3 Pa

Fig. 6 Experimental setup for determining the emissivity of the low-ε coating in the guarded hot-plate
apparatus, left: side view, right: top view. q is the heat flux through the glass pane

uncertainties include manufacturing fluctuations of the soft coatings and a degradation
of the quality with time, since εlow−e could not be re-evaluated for each measurement
of �spac for time reasons.

Additionally, εlow−e = 0.08 ± 0.03 was measured by an infrared spectrometer.
The results of both measuring principles agree within the error limits. For processing
the data belonging to the VIG-samples, the value that was detected in the guarded
hot-plate apparatus was used, because of the identical measurement techniques.

Furthermore, radial radiative heat loss has to be considered. Since samples with
spherical spacers are very unstable, it was necessary to keep them in the right
position by means of a grid of thread, which was mounted to a ring of aluminum
(Fig. 3). Comparison measurements with and without grid showed that the thermal
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conductance of the VIG-samples was generally higher when measuring without grid.
This can be explained by a not negligible radiation loss at the edge of the small glass
panes, when the grid with the highly reflecting aluminum ring is absent. So the ring
acts as a radiation shield, since it covers a large area on the side of the sample. This is
also proved by the fact that the lateral heat flux decreases for measurements with the
grid. It was estimated that the results for �spac received without aluminum ring have
to be corrected to lower values by about 0.04 W · m−2 · K−1 at room temperature.

3 Finite-Difference Model

In addition to the measurements in the guarded hot-plate apparatus, the heat transfer
through the spacers was simulated by the PC-program HEAT3, which calculates the
heat flux and temperature field in a given system by the finite-difference method.
A cylindrical spacer was approximated by a cuboid with the same footprint, and
spherical ones were built up by several cuboids. The thermal conductivities of glass
and stainless steel were assumed to be 1 W · m−1 · K−1 and 10 W · m−1 · K−1, respec-
tively. The low-ε coating can be accounted for by an effective thermal conductivity in
the space between the glass panes. A thermal contact resistance between the spacers
and the glass panes can be included in terms of a direct program input.

4 Discussion

Figure 7 shows that the experimental thermal conductance �spac increases almost line-
arly with decreasing spacer distance δ. From theory, however, a quadratic dependence
is expected [8], if the thermal regions of the spacers do not overlap:

�spac = �′
spac

1

δ2 , (8)

whereas �′
spac is the thermal conductance of one single spacer in W · K−1.

This means, the smaller is δ the larger is the deviation between measurement and
simulation; the difference reaches about 50 % for δ = 2 cm. This was the case for
both cylindrical spacers made from stainless steel and glass. The discrepancy could be
explained by the fact that the theoretical values were calculated by assuming perfect
thermal coupling of the cylinders and the glass panes, i.e., a thermal contact resis-
tance of zero. In reality, the coupling is imperfect because of the surface roughness
of the used materials (see Figs. 8, 9). However, it improves with an increasing spacer
distance, because the load F on one spacer caused by the air pressure increases, since

pext ≡ atm. = F

A
= F

δ2 . (9)

So the thermal contact resistance is only close to zero for large spacer separations,
in our case for distances of about 4 cm. In the following, the quantity Rc is defined
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Fig. 7 Measured and calculated (HEAT3) thermal conductance values �spacfor cylindrical spacers of glass
(diameter: 1 mm, height: 1 mm) at room temperature as a function of the spacer distance δ. The external
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Fig. 8 Commercially available glass cylinder (diameter: 1 mm, height: 1 mm); left: microscope picture of
top view, right: height profile of the end face. Ra denotes the average surface roughness of this surface. The
profiles of different glass cylinders are quite similar

as the thermal contact resistance associated with heat flow through the unit area of a
spacer; the units are m2 · K · W−1.

Heat transmission measurements with different external pressure loads pext were
performed for cylinders of glass and stainless steel to prove this effect (see Fig. 10).
Both depicted curves start with a steep slope, become flat, and finally reach a satura-
tion value. For the spacers made from stainless steel, this value will coincide with the

123



944 Int J Thermophys (2009) 30:934–948

-200                  -100                      0                    100                   200
-3

-2

-1

0

1

2

3

4

5

 # 1, R
a
= 631 nm

 # 2, R
a
= 1004 nm

 # 3, R
a
= 2036 nm

Stainless steel cylinders

H
ei

gh
t z

, µ
m

Horizontal distance x, µm

Fig. 9 Commercially available stainless steel cylinder (diameter: 0.5 mm, height: 1 mm); left: microscope
picture of the top view, right: height profiles of the end faces belonging to three different stainless steel
cylinders. Ra denotes the average surface roughness of these surfaces

0 500 1000 1500 2000 2500 3000 3500 4000

0.0

0.30

0.35

0.40

0.45

0.50

0.55

0.60

0.65

0.70

0.75

0.80

0.85

0.90

0.95

1.00

H
ea

t t
ra

ns
m

is
si

on
 c

oe
ffi

ci
en

t Λ
sp

ac
,W

·m
-2

·K
-1

External pressure load p
ext

, 102 Pa

 stainless steel, Ø 0.5 mm, δ = 2 cm 
 stainless steel, calculated value
 glass, Ø 1 mm, δ = 3 cm
 glass, calculated value

Fig. 10 Measured thermal conductances �spac for cylindrical spacers made of glass (without grid, i.e.,
without radiation shield) and stainless steel (with grid, i.e., with radiation shield) as a function of external
pressure load. The dotted lines show the theoretical values of �spac for a thermal contact resistance of
0 m2 · K · W−1, calculated by means of HEAT3. δ is the spacer distance

calculated value for Rc = 0 m2 · K · W−1 (HEAT3, dotted line) at external pressure
loads of more than 4 × 105 Pa. The measurements with glass cylinders reach the cal-
culated saturation value at an external pressure load of about 2 × 105 Pa. However,
since these measurements were performed without a radiation shield, the thermal
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The given values for Rc were determined from the results of Fig. 10 by means of simulations

conductances obtained should be corrected to lower values, thus approaching the cal-
culated value at higher external pressure loads.

At this point, it has to be remarked that all experimental data in Fig. 10 were cor-
rected by the pressure–load-dependent heat transfer resistance Rt of Fig. 5. Conse-
quently, the observed effect is caused by a changing contact resistance Rc between
the spacers and the glass panes only. This is confirmed by Fig. 7, where the external
pressure load and therefore, the heat transfer resistance Rt between the glass panes
and the plates of the apparatus remain unchanged; only the load per spacer varies due
to different spacer distances.

According to the system conditions of the measurements shown in Fig. 10, finite-
difference simulations were performed with varying thermal contact resistance Rc. By
comparing the theoretical thermal conductance values with the experimental ones of
Fig. 10, a particular value for Rc could be related to each pext (see Fig. 11). Since the
data for the glass cylinders were measured without grid, i.e., without radiation shield,
the calculations may yield too low values for Rc (triangles in Fig. 11). This renders a
direct quantitative comparison of the two curves more difficult. Nevertheless, it may
be assumed that the steeper decrease for the glass cylinders is caused by the different
loads for the single spacer and the different mechanical material properties of glass
and stainless steel.

In addition, the different external pressure loads relate to certain spacer distances
in VIG with a constant pext of 0.1 MPa, regarding the force F per spacer:

pextδ
2
1 = atm. · δ2

2 . (10)
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Fig. 12 Measured thermal conductances �spac for different spacer systems at room temperature and an
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pext = 0.12 MPa. The dashed line marks the maximum allowable �spac that ensures the desired total heat
transfer via VIG of Ug < 0.5 W · m−2 · K−1, assuming one low-ε coating with ε < 0.03

For example, the force F per spacer in a VIG with realistic system conditions (pext =
0.1 MPa) and δ2 = 4 cm is equivalent to F of a system with δ1 = 2 cm and an external
load of 0.4 MPa. Therefore, Fig. 11 can be interpreted as follows: the thermal contact
resistance in VIG decreases from about 5 × 10−4m2 · K · W−1 for very small spacer
distances to nearly zero for δ = 4 cm in both cases.

The thermal conductances �spac measured for spherical and cylindrical spacer sys-
tems at room temperature are shown in Fig. 12. Generally, spheres cause less heat
transfer because of their smaller contact area with the glass panes. The best result
received was 0.22 W · m−2 · K−1 for stainless steel balls with a diameter of 0.8 mm
at spacer distances of 3 cm. Load tests, however, showed a strongly reduced mechan-
ical stability of evacuated glazing containing spherical spacers [9]. The small contact
areas may lead to cracks in the glass panes, even at low mechanical loads. That is why
cylindrical spacers are preferred for the VIG design, in spite of their worse thermal
performance.

In Fig. 12, it can also be seen that the cylinders made from stainless steel with a
diameter of 0.5 mm lead to slightly smaller conductances than the thicker glass cylin-
ders of 1 mm in diameter, although the thermal conductivity of stainless steel is about
10 times higher than the thermal conductivity of glass. At spacer separations of 4 cm,
�spac < 0.33 W · m−2 · K−1 is valid for both cylinder types. This range is thermally
acceptable in the above described VIG system (see Fig. 1). However, according to
Collins et al. a spacer separation of 4 cm leads to high external tensile stress above
the spacers in a 4 mm thick glass pane [10]. On the other hand, thicker glass could
be used to reduce these stresses. It is also possible to use an already stable cylin-
der matrix with a smaller spacer distance together with two highly efficient low-ε
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Table 1 Comparison of experimental thermal conductance values due to the spacers; this work: stainless
steel cylinders, diameter = 0.5 mm, height = 1 mm; Wilson et al.: stainless steel cylinders, diameter ≈ 0.54
mm, height = 0.1 mm to 0.2 mm [11].

Spacer separation �spac (this work) �spac (Wilson et al. [11])

20 mm (0.44 ± 0.05) W · m−2 · K−1 1.38 W · m−2 · K−1

40 mm (0.30 ± 0.05) W · m−2 · K−1 0.34 W · m−2 · K−1

coatings, in order to receive an overall acceptable VIG design. According to Collins,
the suggested changes yield stable evacuated windows in general, but concerning the
particular spacers used in the framework of this paper, the stability has to be tested first.
Indeed, to ensure good mechanical properties of the glazing, stainless steel cylinders
are more appropriate than glass cylinders.

Finally, the measurement results of the stainless steel cylinders were compared
to the data of the research group at the University of Sydney [11] (see Table 1). For
a spacer separation of 40 mm, the heat transmission through the spacers measured
within the scope of this paper is a little lower (regarding the correction to a lower
value because of measuring without radiation shield) than the value of the Australian
group. This results from a slightly smaller spacer diameter and up to 10 times higher
cylinders in the case presented here. The data for a spacer separation of 20 mm show
a much higher deviation, since the thermal contact resistance Rc, which depends on
the load per pillar and therefore on the spacer separation, is much more critical for the
spacers used in this paper than for the pillars of the other research group.

5 Conclusion

Experimental investigations show that the thermal contact resistance between a spacer
and glass pane in vacuum glazing may significantly influence the heat transfer. The
experimental determination of the heat transfer via the spacers was performed with an
evacuable guarded hot-plate apparatus. In this context, a modified sample preparation
method was applied to achieve a sufficiently high thermal coupling between the glass
panes and the measuring plates of the guarded hot-plate apparatus. It could be shown
that adding a radial radiation shield at the fringe of the sample reduces systematic
errors due to radial heat losses.

Accounting for the mechanical properties of the VIG design, cylindrical spacers,
especially when made from stainless steel, are preferable. For the stainless steel cyl-
inders investigated, spacer arrays with �spac ≤ 0.44 W · m−2 · K−1 were found by
experiments. Those spacer systems may be both mechanically and thermally accept-
able, if the original VIG design is modified in an appropriate way, like using two low-ε
coatings with ε < 0.03 or thicker glass panes. Thus, the measurements proved that
a stable evacuated window with a Ug-value of about 0.5 W · m−2 · K−1 is feasible.
However, future load tests are required to guarantee the stability of VIG with certain
cylinders. Furthermore, a knowledge of the thermal contact resistance between the
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used cylinders and the glass panes is highly relevant for further simulations and the
optimization of evacuated glazing.
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