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Abstract

A method is described for measuring the thermal conductance of vacuum glazing that is well-suited for integration into the manu-
facturing process of such devices. The sample of vacuum glazing to be measured, initially at elevated temperature, is placed in contact
with a second sample of vacuum glazing with a known thermal conductance. The external surfaces of the glazings are then cooled by
forced flow of air at room temperature, and a measurement is made of the rate of decrease of the temperature of the contacting glass
sheets of the two samples. The method is simple to implement, and can be automated. The results obtained with the method are quite
reproducible. The measurement can be made as the production samples of vacuum glazing cool at the completion of the manufacturing
process, resulting in significant savings in time and labour compared with other methods.
� 2006 Elsevier Ltd. All rights reserved.

Keywords: Thermal conductance; Vacuum glazing; Guarded hot plate; Temperature; Cooling method
1. Introduction

Vacuum glazing, illustrated in Fig. 1, consists of two flat
sheets of glass, typically �3 mm thick, joined together
around the edges with a hermetic (leak-free) seal, and
separated by a narrow (�0.2 mm) evacuated space [1].
An internal array of small, high strength support pillars
maintains the spacing of the glass sheets under the influ-
ence of the large forces due to atmospheric pressure. The
pillars are typically �0.5 mm in diameter, and are spaced
apart by �20–30 mm. Heat flow between the glass sheets
of vacuum glazing remote from the edge seal can occur
due to radiation between the internal surfaces of the sheets,
thermal conduction through residual gas in the evacuated
gap and thermal conduction through the support pillars.
The application of such devices is in thermally insulating
windows.

Vacuum glazing was first described in a 1913 German
patent [2]. Since that time, many attempts have been made
to develop this technology, almost all of which were
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reported only in the patent literature. The first successful
production of a highly insulating vacuum glazing occurred
only recently, however, at the University of Sydney [3].
Since then, considerable progress has been made on the
development of these devices, and on the understanding
of the design and performance limitations of the technol-
ogy. A good understanding has been obtained of the trade-
offs between the heat flow through vacuum glazing and the
levels of mechanical stress in the structure, particularly due
to the presence of the support pillars [4]. Vacuum glazing
incorporating an internal transparent low emittance coat-
ing and annealed glass sheets can be made having levels
of air-to-air, center-of-glazing thermal conductance as
low as 1.2 W m�2 K�1 without excessive levels of tensile
stress. Vacuum glazing with air-to-air, center-of-glazing
thermal conductance as low as 0.6 W m�2 K�1 can be
made using tempered glass [5].

In the manufacture of vacuum glazing, two sheets of
glass are cut to size, and a hole is machined in the upper
sheet to accommodate a small pumpout tube. The sheets
are then washed and dried. Small pillars are then posi-
tioned on the lower glass sheet and the upper sheet is
placed onto these pillars. Solder glass is deposited as a
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Nomenclature

A area (m2)
a pillar radius (m)
C thermal conductance (W m�2 K�1)
c specific heat (J K�1 kg�1)
k thermal conductivity (W m�1 K�1)
_Q rate of heat flow (W)
T temperature (�C)
DT temperature difference (�C)
T average temperature (�C)

Greek symbols

b roughness factor
e emittance
k pillar separation (m)
h temperature (�C)
q density (kg m�3)

r Stefan Boltzmann constant (5.67 � 10�8

W m�2 K�4)
s time constant (s)

Subscripts

a ambient
g glass
h hot
o outer
i inner
s standard sample
t test sample
x, y internal surfaces of glass sheets
1, 2 first and second stages of cooling
vac vacuum

Fig. 1. Schematic diagram of vacuum glazing.
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liquid slurry along the edges of the glass sheets. The pum-
pout tube is placed in the hole in the upper sheet, and sol-
der glass is also deposited around this tube. A differentially
pumped, all metal evacuation cup is positioned on the glass
before the high temperature edge sealing process [6].

The assembly is then heated to approximately 480 �C.
At this temperature, the solder glass melts and flows by
capillary action into the small gap between the glass sheets,
forming the hermetic edge seal. The sample is then evacu-
ated, and the internal surfaces are outgassed. This process
commences as the sample cools following the formation of
the edge seal, when the solder glass has solidified suffi-
ciently that it is not forced by atmospheric pressure into
the gap between the glass sheets. At the completion of
the outgassing process, the pumpout tube is sealed as the
sample cools towards room temperature.

In the manufacturing process of vacuum glazing, it is
important to measure the thermal conductance of each
device in order to verify that it meets the product specifica-
tion. Two different methods have been described for
making such measurements. In one method, a guarded
hot plate apparatus is used to measure the heat flow
through a well-defined area of the sample of vacuum
glazing [7]. In this method, a thermal conductor, referred
to as the metering piece, is placed in good thermal contact
with one surface of the glazing. The metering piece is sur-
rounded on its external surfaces by a thermal guard at a
well-defined temperature. The thermal guard is also in
good contact with the surface of the glass sheet. The other
side of the sample is maintained at a lower temperature.
Electrical power is dissipated in the metering piece, and
the power level is adjusted until the temperature of the
metering piece is precisely the same as that of the guard.
When this condition is established, all of the power being
dissipated in the metering piece flows through the sample.
Because the area of the metering piece is known, this
method provides an absolute measurement of the thermal
conductance of the sample. In one application of this
method to vacuum glazing, the area of the metering piece
was made very small (�1 cm2) in order to provide separate
measurements of the heat flow through the evacuated gap
in the sample, and that due to thermal conduction through
the support pillars [7].

In another previously described method of measuring
the thermal conductance of vacuum glazing, a rapid
temperature increase is applied to the glass sheet on one
side of the sample [8]. A measurement is then made of
the subsequent relatively small, slow rate of increase of
the temperature of the glass sheet on the other side. In
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the application of this method to vacuum glazing, the tem-
perature sensor is located at the center of a unit cell of the
pillar array. The measurement therefore characterises the
thermal conductance associated with heat transfer through
the evacuated space. This thermal conductance is propor-
tional to the initial rate of temperature increase of the glass
sheet at this point, and inversely proportional to the ther-
mal mass of this sheet.

Both of these methods can be used with larger detection
areas to provide measurements of the total thermal con-
ductance of vacuum glazing due to the combined heat flow
through the evacuated gap and the pillars. Such large area
measurements have also been made with conventional heat
flow meters, in which the thermal conductance is deter-
mined from the temperature drop across a known thermal
resistance that is in series with the heat flow through the
sample.

Each of these measurement processes typically takes
many tens of minutes to perform. In addition, because they
involve the measurement of very small temperature
changes, the temperatures within the measuring apparatus
and the test sample must be very stable before the measure-
ment commences. During the manufacture of vacuum glaz-
ing, the samples to be tested are sealed and available for
measurement when their temperature is significantly above
ambient, and is decreasing rapidly. If these methods are
used in the production process, it can therefore typically
take many tens of minutes, and up to an hour, after sealing
of the pumpout tube before the temperatures in the sample
and measuring apparatus are sufficiently stable for a mea-
surement to commence. These methods are thus not partic-
ularly suitable for use in a high-volume vacuum glazing
production process.

This paper describes a method of measuring the thermal
conductance of vacuum glazing that is well suited for inte-
gration into the vacuum glazing production process. The
measurement is performed as the samples cool after com-
pletion of the high temperature evacuation and bakeout
process. The integration of the measurement into a neces-
sary cooling phase of the production process can signifi-
cantly reduce the overall production time for the glazing.

2. Heat flow through vacuum glazing

As noted above, heat flow between the glass sheets of
vacuum glazing remote from the edge seal can occur due
to radiative heat transfer between the internal surfaces of
the sheets, thermal conduction through the support pillars,
and thermal conduction through residual gas in the inter-
nal evacuated space [9]. Additional heat flow can occur in
the vicinity of the hermetic edge seal due to lateral thermal
conduction along the glass sheets [10], but this is not con-
sidered in the following analysis.

As for conventional insulating glazing, in the practical
application of vacuum glazing, the overall rate of air-to-
air heat flow through the glazing is significantly influenced
by heat transfer processes between the external surfaces of
the glass sheets and the surrounding environment. To a
very good approximation for both internal and external
heat transfer processes, the rate of heat flow _Q through
area A is proportional to A and to the temperature differ-
ence DT associated with the specific process. The heat flow
can therefore be written in terms of a thermal conductance
C for the specific process

_Q ¼ CADT : ð1Þ
The thermal conductance associated with radiative heat
flow between the internal surfaces of the glass sheets can
be written

Cradiation ¼ 4eeffectiverT 3; ð2Þ
where r is the Stefan Boltzmann constant (5.67 � 10�8

W m�2 K�4), T is the average temperature of the two glass
sheets, and eeffective is the effective emittance of the glass
sheets. To a good approximation, the effective emittance
can be written

1

eeffective

¼ 1

ex
þ 1

ey
� 1; ð3Þ

where ex and ey are the hemispherical emittances of the
internal surfaces of the two glass sheets.

The thermal conductance associated with heat flow
between the glass sheets due to thermal conduction
through the array of support pillars is given by [11]

Cpillars ¼ 2bka=k2; ð4Þ
where k is the thermal conductivity of the glass sheets
(1.0 W m�1 K�1 for soda lime glass), and a and k are
respectively the radius and separation of the pillars.

For a smooth pillar, the contribution of the pillar to the
overall glass-to-glass thermal conductance is determined by
the spreading resistance associated with the heat flow in the
glass sheets close to the pillar. In some designs of vacuum
glazing, however, the surfaces of the support pillars that
contact the glass sheets are rough. The heat flow through
a rough pillar is less than for a smooth pillar of the same
diameter due to the additional contact resistance associated
with non-uniformities in the heat flow in the immediate
vicinity of the rough pillar. A factor b (termed the rough-
ness factor here) is included in Eq. (4) to allow for this
effect. Most of the samples of vacuum glazing used in this
work contain smooth pillars (b = 1) in order to avoid the
uncertainties associated with the measurement of b. How-
ever, data are also presented below for samples that con-
tain rough pillars. The roughness factor for these pillars
was determined by constructing an experimental sample
containing both rough and smooth pillars. The small area
guarded hot plate apparatus was positioned directly above
individual rough and smooth pillars, and the heat flow
through the metering piece was measured. There are two
contributions to this heat flow: thermal conduction
through the pillar, and radiation between the glass sheets.
The heat flow due to radiation only was measured by
positioning the metering piece of the apparatus over a
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pillar-free region of the sample. The radiative heat flow was
subtracted from the heat flow in the vicinity of the pillars to
obtain the amount of heat flow that flows through the
metering piece of the guarded hot plate apparatus due to
the pillar only. The value of b is equal to the ratio of the
measured heat flows through rough and smooth pillars,
adjusted for the different diameters of the pillar surfaces
that contact the glass sheets. There are significant varia-
tions (±10%) in the measured values of b for nominally
identical pillars, so several pillars were measured to obtain
an average value of the roughness factor. The results of
these measurements are reported below.

At low pressures, the heat flow through residual gas in
the evacuated space is proportional to the pressure of the
gas, and this heat flow can be characterised by a glass-to-
glass thermal conductance Cgas. In well made glazing, Cgas

is negligible.
The glass-to-glass, center-of-glazing thermal conduc-

tance that characterises the total heat flow through the
glazing Ctotal is obtained simply by adding the thermal con-
ductances associated with heat flow due to radiation, gas
conduction, and through the support pillars. This thermal
conductance can be written

Ctotal ¼ Cradiation þ Cpillars þ Cgas: ð5Þ
3. Principle of the measurement method

When this method is integrated into the vacuum glazing
manufacturing process, the measurement of the sealed pro-
duction samples of vacuum glazing takes place immediately
after they leave the hot bake out oven. In order to prevent
breakage of the glass sheets due to temperature-induced
stresses, the temperature of the samples is normally no
greater than about 70 �C at this time. The hot sample of
vacuum glazing having total (unknown) glass-to-glass ther-
mal conductance Ct (referred to here as the Test sample), is
initially at a temperature Th. This sample is placed in con-
tact with a second sample of vacuum glazing of (known)
thermal conductance Cs (referred to as the Standard sam-
ple). The outer glass sheets of the two samples are then
cooled rapidly by forced air convection, and a measure-
Fig. 2. Principle of the
ment is made of the much slower rate at which the temper-
ature of the contacting glass sheets of the two samples Tg

decreases towards ambient temperature Ta. The rate at
which this temperature decreases can be related to the ther-
mal conductance of the two samples, and to the thermal
conductance associated with heat transfer between the
surfaces of the external glass sheets of the two samples
and the surrounding air.

The configuration of the samples during the measure-
ment is illustrated schematically in Fig. 2. A fine thermo-
couple is located between the two contacting glass sheets
of the Test sample and the Standard sample. In practice,
the thermocouple would normally be attached to the Stan-
dard sample. Following the positioning of the room tem-
perature Standard sample on the hot Test sample, the
temperatures of the two contacting glass surfaces equalize
to a value close to the mean of their initial temperatures,
and remain essentially equal throughout the remainder of
the measurement. This thermocouple therefore measures
the temperature of these glass sheets Tg.

The temperature of the external glass sheet of the Stan-
dard sample Ts is measured with a second thermocouple
that is attached to this sheet. In the measurements pre-
sented here, an additional thermocouple is attached to
the external glass sheet of the Test sample to measure the
temperature of this sheet Tt. This thermocouple is not nec-
essary in order to obtain the thermal conductance of the
Test sample and need not be present when the method is
used in a vacuum glazing production line.

The satisfactory operation of this method is critically
dependent on being able to establish a thermal conduc-
tance associated with heat transfer between the external
surfaces of the glass sheets and the surrounding air Cg–a

that is much greater than Cs or Ct. As will be seen, this is
readily achieved if air at ambient temperature is blown
across the external surfaces of the Test sample and the
Standard sample with a fan. The temperature Ta of this
air is also measured using a thermocouple located at some
convenient position.

In the following analysis, it is assumed that the Standard
sample is made from glass sheets that have thickness ts,i

and ts,o, and the Test sample from sheets of thickness tt,i
measuring method.
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and tt,o, where the subscripts i and o refer to the inner (con-
tacting) and outer sheets, respectively. The samples are
made from soda-lime glass which has a density
q = 2470 kg m�3, and specific heat c = (813 + 1.67h)
J K�1 kg�1 where h is the temperature of the glass in �C.

Because of the flowing air, the thermal conductance Cg–a

associated with heat transfer between the external surfaces
of the glass sheet of the hot Test sample and the surround-
ing air is very large compared with that which would occur
due to cooling by radiation and natural convection alone.
The temperature of this glass sheet therefore decreases
rapidly. If Cg–a is constant, the time dependence of this
temperature decrease towards its steady state value is
nearly exponential for the first few minutes when the
temperature Tg of the contacting glass sheets is approxi-
mately constant. The time constant s1 for this first rapid
temperature decrease is the product of the thermal resis-
tance per unit area associated with convective heat transfer
to the flowing air 1/Cg–a, and the thermal capacity per unit
area of the outer glass sheet of the Test sample qctt,o

s1 ¼ qctt;o=Cg–a: ð6Þ
With forced air circulation, it is straightforward to achieve
a thermal conductance between the external surface of the
glass sheets and the air Cg–a in excess of 30 W m�2 K�1.
For 3 mm thick glass, such a thermal conductance results
in a time constant for cooling of the external glass sheet
of the Test sample of approximately 200 s.

Approximately 5s1 after placing of the Standard sample
on the Test sample, most of the heat initially present in the
external glass sheet of the Test sample has been lost to the
circulating air. The temperature of this sheet is thus close to
the ambient temperature. Most of the remaining heat in the
assembly is in the contacting glass sheets of the Standard
and Test samples. At this time, the measurement of the
thermal conductance of the Test sample commences.

In order to obtain accurate results with this method, it is
essential that the only significant heat losses from the con-
tacting regions of the glass sheets are due to heat flow
through the evacuated space and support pillars of the
Thermal resistance 
associated with heat loss 

from Standard sample 

Thermal cap
contacting glas

Standard and Te

Tg

Ts

1/Cg-a

1/Cs

Ta

Fig. 3. Thermal equivalent circuit for heat loss from the contactin
Standard and the Test samples to the external glass sheets
of these samples, and from these sheets to the surround-
ings. There are two other possible sources of heat loss that
can lead to errors in the measurement: heat transfer to air
flowing in the small gap between the contacting glass
sheets, and lateral heat flow along the glass sheets. The size
of the gap between the glass sheets is determined by the
diameter of the wires of the thermocouple used to measure
Tg, and also by any residual departures from planarity of
the samples. In this work, experiments in which the two
glass sheets were taped together around the edges have
demonstrated that heat loss due to air flow between the
two samples is negligible.

It is also necessary for the lateral heat flow along the
contacting regions of the glass sheets to be reduced to neg-
ligible levels. This can be achieved by positioning the ther-
mocouple that measures Tg sufficiently far from the edges
of the samples. In this work, the appropriate location of
this thermocouple was determined by making measure-
ments of the time dependence of the temperature of the
contacting glass sheets at different distances from the edge
seal of the sample. For glazings made from 3 mm thick
glass, it was found that the thermocouple that measures
Tg must be at least 80 mm from the edge seal in order that
effects due to lateral heat flow along the glass sheets are
negligible.

Fig. 3 shows the thermal equivalent circuit that is used
to calculate the time dependence of the temperatures in
the system during the slow cooling of the contacting glass
sheets. The thermal capacity per unit area of the two con-
tacting glass sheets is qc(tt,i + ts,i). The thermal resistance
per unit area associated with heat flow from these glass
sheets through the Standard sample to the flowing air is
given by the series combination of the thermal resistance
per unit area 1/Cs for heat flow through the evacuated
space and pillars of this sample, and the thermal resistance
per unit area 1/Cg–a associated with heat transfer from the
external surface of the glass sheet to the surrounding air:
1/Cs + 1/Cg–a. Similarly, the thermal resistance per unit
area associated with heat transfer from the contacting glass
acity of 
s sheets of 
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sheets through the Test sample is 1/Ct + 1/Cg–a. The total
thermal resistance per unit area associated with cooling
of the contacting glass sheets is the parallel combination
of these two thermal resistances.

For times greater than �5s1, the temperature of the two
contacting glass sheets Tg decreases exponentially towards
ambient temperature Ta, since all of the thermal resistances
are independent of time. The time constant s2 for this expo-
nential temperature decrease during this second stage of
cooling is given by the product of the thermal capacity
per unit area of the two glass sheets and the total thermal
resistance per unit area associated with the heat loss from
these glass sheets to the surroundings

s2¼ ðts;iþ tt;iÞqc½ �� ð1=Csþ1=Cg–aÞ�1þð1=Ctþ1=Cg–aÞ�1
h i�1

:

ð7Þ

This equation can be rewritten to obtain the thermal con-
ductance of the Test sample

Ct ¼ ððts;iþ tt;iÞqc=s2�ð1=Csþ 1=Cg–aÞ�1Þ�1�ðCg–aÞ�1
h i�1

:

ð8Þ
All of the quantities in this equation are known except the
thermal conductance associated with heat transfer between
the external surfaces of the glass sheets and the surround-
ing air Cg–a. This quantity can be simply determined from
Eq. (6) if a thermocouple is attached to the external surface
of the Test sample. Alternatively, Cg–a can be determined
from a measurement of the temperature of the external sur-
face of the Standard sample during the second slow cooling
phase

Cg–a ¼ CsðT g � T sÞ=ðT s � T aÞ: ð9Þ

In practice, Cg–a may be calculated continuously from Eq.
(9) during the measurement to confirm that this quantity
remains constant throughout the cooling period.

The thermal equivalent circuit in Fig. 3 does not include
the effect of the thermal capacities of the outer glass sheets
that are in parallel with the thermal resistances associated
with heat transfer from these sheets to the flowing air. A
straightforward equivalent circuit analysis of this system
shows that the error introduced by ignoring these thermal
capacities is less than 1%. The thermal equivalent circuit
Table 1
Properties of Standard and Test samples

Pillar
separation
k (mm)

Mean pillar
diameter
2a (mm)

Pillar type Pillar
conducta
from Eq.
(W m�2 K

Standard sample A 25 0.57 Smooth (b = 1.0) 0.91
Standard sample B 20 0.57 Rough (b = 0.76) 1.08
Test sample A 25 0.57 Smooth (b = 1.0) 0.91
Test sample B 20 0.57 Rough (b = 0.76) 1.08
also ignores transient effects associated with the distributed
thermal capacity and thermal resistance through the thick-
ness of the glass sheets. The characteristic time for the tem-
peratures through the thickness of these sheets to equalise
is �10 s. This is at least 100 times less than the time
constant for the exponential temperature decrease of the
contacting glass sheets so, again, ignoring these effects
introduces negligible errors into the results obtained using
the method.

In the above analysis, it is assumed that the tempera-
tures of the glass sheets are uniform in the regions where
the Standard sample is in contact with the Test sample.
Strictly speaking, this is not the case because of the local-
ised heat flow through the support pillars. The magnitude
of the temperature non-uniformities that occur due to such
heat flow depends on the amount of heat that flows
through each pillar, and the external thermal conductance
[11]. These temperature non-uniformities are usually less
than about 0.5 �C, for typical experimental conditions
likely to occur in this measurement. While this is quite
small, the quantity Ts � Ta in Eq. (9) is only a few �C. Sig-
nificant errors could therefore occur in the value for Cg–a

obtained from Eq. (9). However, most of these temperature
non-uniformities occur very close to each support pillar.
The magnitude of the error in Cg–a can therefore be
reduced by locating the tip of the thermocouple that mea-
sures the temperature Ts at the center of a unit cell of the
pillar array. In any case, the external heat transfer coeffi-
cient Cg–a has only a small effect on the value obtained
for the thermal conductance of the Test sample Ct. It is
therefore possible to ignore effects associated with the tem-
perature non-uniformities on the external surfaces of the
glass sheet of the Standard sample without introducing
significant errors in the measured value of thermal con-
ductance of the Test sample.

4. Experimental measurements

Experiments have been performed in order to validate the
above analysis. In these experiments, custom-built samples
of vacuum glazing are used as Standard and Test samples.
The relevant dimensions of these samples are given in Table
1. Chromel–alumel thermocouples made from wire, 0.2 mm
in diameter (including the thickness of the insulation) are
nce
(4)
�1)

Measured
vacuum
conductance
at 13 �C
(W m�2 K�1)

Gas conductance
(W m�2 K�1)

Vacuum
conductance
at 35 �C from
Eq. (2)
(W m�2 K�1)

Total
conductance
at 35 �C from
Eq. (5)
(W m�2 K�1)

0.82 0 1.06 1.97
0.82 0 1.06 2.14
0.82 0 1.06 1.97
0.89 0.07 1.12 2.20
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attached close to the centre of both surfaces of the Standard
sample to measure Tg and Ts. The tips of the thermocouples
are located at the mid-point of a unit cell of the pillar array.
In some experiments, several thermocouples are used to
measure the temperature of the glass sheets at different dis-
tances from the edge seal. In the measurements presented
here, the temperature Tt of the outer glass sheet of the Test
sample is measured with an additional thermocouple that is
attached to this sheet.

In this experiment, air is flowing past the surfaces of the
glass sheets on which the thermocouples are fixed. In the
presence of such air flow, heat transfer between the thermo-
couple and the air may result in large errors in the mea-
sured temperatures Ts and Tt of these glass sheets,
because of temperature gradients in the vicinity of the tip
of the thermocouple. In order to obtain accurate tempera-
ture measurements, it is therefore essential that 10–20 mm
of the thermocouple wires adjacent to the tip of each ther-
mocouple is in very good thermal contact with the surface
of the sheets. In the experiments reported here, the thermo-
couples are fixed to the surfaces of the glass sheets with
adhesive tape. This problem does not exist for the thermo-
couple between the contacting glass sheets that measures
Tg because it is not exposed to the flowing air.

The thermal conductances associated with radiative heat
flow and gaseous conduction through the evacuated space
Cvac of the Standard samples and the Test samples were
independently measured using the small area guarded hot
plate apparatus referred to above [7]. The effective area
of this apparatus was determined by measuring the rate
of radiative heat flow between uncoated soda lime glass
sheets in a dynamically pumped sample. This heat flow is
known to very high accuracy by integration of the infrared
reflectance of the glass over all relevant wavelengths and
angles for radiative heat transfer between the sheets [12].
The measurements of vacuum conductance made with this
apparatus have been demonstrated to be accurate to about
±1%.

In the measurements of vacuum conductance, the meter-
ing piece of the guarded hot plate apparatus was positioned
at the centre of a pillar-free region for the custom-built
samples, or at the centre of a unit cell of the pillar array
for the some samples without a pillar-free region. In calcu-
lating the vacuum conductances for samples without a pil-
lar-free region, corrections were made for the small amount
of heat flow through the nearby pillars that passed through
the 1.72 cm2 area of the metering piece of the guarded hot
plate. The correction factor was determined by modelling
the spatial distribution of the heat flow due to a single pil-
lar at the external surface of the glass sheets. These model-
ling results were validated by measuring the heat flow in the
centre of a unit cell of the pillar array in otherwise identical
experimental samples of vacuum glazing that also had a
pillar-free region for accurate measurement of the vacuum
conductance.

The guarded hot plate measurements of the vacuum
conductance were made at a mean temperature of 13 �C.
For gas-free samples, these conductances were scaled to
the value at the average sample temperature during the
cool-down measurement by multiplying them by the ratio
of the cube of the respective absolute temperatures T 3,
according to Eq. (2). For gassy samples, only the radiative
component of Cvac was scaled. The glass-to-glass conduc-
tance of the pillar array Cpillars was calculated from Eq.
(4) using measurements of the diameter of the contact areas
of several of the pillars in each sample. For the samples
with rough pillars, the roughness factor b was determined
as described above. The total glass-to-glass thermal con-
ductance of these samples Ctotal was calculated from Eq.
(5) by adding the scaled vacuum conductance and the pillar
conductance. The estimates of thermal conductance of the
samples used in these experiments are presented in Table 1.

The glass sheets in all samples are 2.9 mm thick. All
samples contain one internal pyrolytic low emittance coat-
ing. The value of the hemispherical emittance of this coat-
ing, determined by measuring the radiative heat flow in the
pillar free region of a dynamically pumped sample, is 0.17.
The vacuum conductance of most of the samples discussed
here is close to that expected for radiative heat transfer
only, indicating that the internal vacuum in these samples
is quite high.

The Test sample is heated in an oven to approximately
70 �C. This sample is then removed from the oven and
mounted horizontally, with approximately 90 mm space
above and below to permit the free flow of air. A Standard
sample is then placed onto the upper surface of the Test
sample, and forced air flow commences. In these experi-
ments, the air flow is driven by a 150 W commercial fan,
approximately 0.5 m in diameter, located about 2.5 m from
the edge of the sample onto which the air flows. The veloc-
ity of the air flowing past the samples was measured with a
commercial meterological wind gauge, and is approxi-
mately 5 m s�1 in the experiments described here. A data
logger is used to record the temperatures of the samples,
and the temperature of the flowing air, as a function of
time after commencement of the forced flow of air.

Fig. 4 shows typical experimental measurements of the
temperatures of the samples as they cool down with air
flowing throughout the entire measurement. In order to
demonstrate the functional dependence on time of these
data, they are presented as both linear, and logarithmic
plots.

In all of these data, the temperature of the external glass
sheet in the Test sample Tt is observed to decrease rapidly
with time towards a value slightly above Ta, and then to
decrease much more slowly towards Ta. From the analysis
presented above, the first part of the rapid temperature
decrease is expected to be exponential if the temperature
of the contacting glass sheets Tg is constant. The time con-
stant for this exponential decrease can be determined to
sufficient accuracy by a logarithmic plot of Tt–Ta for the
first part of the cool down period. These data are presented
in this way in Fig. 4, and show that the initial rapid cool-
down of the external glass sheets is indeed exponential,
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with a time constant s1 of 226 s. Eq. (6) can be used to esti-
mate the thermal conductance Cg–a associated with heat
flow between the external surfaces of the glass sheets and
the flowing air. From these data, Cg–a is calculated to be
30 W m�2 K�1.

The temperature of the contacting glass sheets Tg dis-
plays a very different behaviour from that of the exposed
surface of the Test sample Tt. For the first few seconds,
Tg stabilises as the temperatures of the two contacting
sheets become equal. Tg decreases quite slowly for the next
few minutes. After about 800 s, the temperature of the con-
tacting glass sheets above ambient Tg–Ta decreases expo-
nentially, with time constant s2. The behaviour predicted
in the above analysis is therefore confirmed.

Ct is determined from Eq. (8) using the values of time
constant s2 for the slower exponential cooling and values
of the thermal conductances Cs of the Standard samples
shown in Table 1. The estimates of the thermal conduc-
tances of the Test samples obtained with the cool down
method are given in Table 2. In most cases, the results
agree reasonably well with those determined from guarded
hot plate measurements and calculations of pillar conduc-
tance.
Table 2
Comparison of values of thermal conductance measured with the cool-down m

Samples tested s1(s) Cg–a from
Eq. (6) (W m�2 K�1)

s2 (s)

Standard sample Test sample

A A 200 34 3550
B B 208 33 3090
A B 227 33 3380
5. Accuracy and reproducibility of the method

As noted above, the effective application of this method
requires that the value of thermal conductance associated
with heat transfer from the external surfaces of the glass
sheets to the flowing air Cg–a is much greater than the ther-
mal conductance of the Standard sample Cs or of the Test
sample Ct. In the experimental data presented above, Cg–a

is about 12 times greater than the typical value of Ct. When
this condition is satisfied, Eq. (8) shows that the measured
values of Ct are not strongly dependent on Cg–a. The accu-
racy of the method is limited by the accuracy of the calibra-
tion of the thermal conductance of the Standard sample,
and on the elimination of unwanted heat losses from the
contacting regions of the glass sheets.

An important factor that influences both the accuracy
and the reproducibility of the method is the constancy of
the temperature of the flowing air Ta. The experiments
described here were performed in a non-air conditioned
laboratory, and slow, but significant changes occurred in
Ta over the course of the measurement. Similar variations
would be expected in a manufacturing plant. In the data
obtained with this method, measured values of Ct from
ethod, and obtained from guarded hot plate measurements and Eq. (4)

Ct from cool-down
data and Eq. (8) (W m�2 K�1)

Ct from Table 1 (W m�2 K�1)

1.87 1.97
2.33 2.20
2.12 2.20
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successive runs were found to be reproducible to much bet-
ter than ±5%.

The heat flow through the Test sample is the difference
between the total heat flow from the contacting glass sheets
and that through the Standard sample. It may therefore
appear that the Standard sample should be made so that
its thermal conductance Cs is as small as possible. How-
ever, unless a thermocouple is used to measure Tt, or the
Standard sample is preheated, the temperature difference
between the external surface of the Standard sample and
the flowing air must be used in Eq. (9) to determine Cg–a.
If the Standard sample were perfectly insulating, this tem-
perature difference would be zero, and it would not be pos-
sible to estimate Cg–a in this way. On the balance, the
method works well if the thermal conductance of the Stan-
dard sample is approximately the same as the thermal con-
ductance of the Test sample.

When a vacuum glazing production line is operating sat-
isfactorily, almost all of the production samples have a
high internal vacuum, and exhibit virtually identical ther-
mal conductances. The main aim of measuring the thermal
conductance of the production samples of vacuum glazing
under such conditions is therefore to identify those samples
that do not have a high internal vacuum, rather than to
obtain accurate measurements of the thermal conductance
of every sample. Under these conditions, the reproducibility

of the actual thermal conductance measurements is proba-
bly more important than the accuracy, at least as far as the
application of the method in a production line is con-
cerned. The data from this method therefore rapidly
(within about 10 min) identify defective samples, because
the rate of change of the temperature of the contacting
glass sheet of those samples is greater than for most of
the production samples. In this sense, this method is most
useful as a quality control procedure for identifying faulty
samples and rejecting them, rather than as a technique for
obtaining accurate measurements of the thermal conduc-
tance of every sample.

6. Conclusion

The method discussed here gives accurate and reproduc-
ible measurements of the thermal conductance of vacuum
glazing samples while they are cooling down after removal
from the final high temperature process in a vacuum glaz-
ing production line. The method requires the cool down of
the external surfaces of the samples at the completion of
the high temperature manufacturing process to be quite
rapid. This is readily achieved by blowing air across the
surfaces of the samples with an external fan. The method
eliminates the need to measure the thermal conductance
of the samples using conventional methods that require
that the temperatures of the glass sheets be very stable
before the measurements commence. The long time delays
necessary for the temperatures of the glass sheets to stabi-
lise may therefore be eliminated from the production pro-
cess. The method discussed here thus offers the possibility
of significantly increasing the efficiency of the vacuum glaz-
ing manufacturing process.
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