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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out
through ISO technical committees. Each member body interested in a subject for which a technical
committee has been established has the right to be represented on that committee. International
organizations, governmental and non-governmental, in liaison with ISO, also take part in the work.
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of
electrotechnical standardization.

The proce@lures used to develop this document and those intended for its further maintenance
described In the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed forj
different types of ISO documents should be noted. This document was drafted in accordance 'with
editorial ryles of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).
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INTERNATIONAL STANDARD ISO 19916-3:2021(E)

Glass in building — Vacuum insulating glass —

Part 3:
Test methods for evaluation of performance under
temperature differences

1 (Scope

Thi document specifies test methods for evaluation of performance of vacuum insulating glg
with rigid edge seal when subjected to temperature differences between the glass’sheets.

Thif document is not applicable to vacuum insulating glass samples with flexible edge seal.

2 |Normative references

The following documents are referred to in the text in such-a‘way that some or all of th
conptitutes requirements of this document. For dated references, only the edition cited 3
undated references, the latest edition of the referenced dacument (including any amendmen

[S0|19916-1, Glass in building — Vacuum insulating glass — Part 1: Basic specification of pr
evafuation methods for thermal and sound insulating*performance

3 |Terms and definitions

For|the purposes of this document, the ferms and definitions given in ISO 19916-1 and th
apply.

[SO|and IEC maintain terminology databases for use in standardization at the following add}

— |ISO Online browsing platform: available at https://www.iso.org/obp

— |IEC Electropedia; available at https://www.electropedia.org/

hedt transfer coentrol board
boalrd placed-iiy a test chamber for reducing air flow around the vacuum insulating glass spe

ss samples

Pir content
pplies. For
[s) applies.

oducts and

e following

esses:

cimen

edge-seal that prevents lateral relative movement between the glass sheets at t
where the seal is formed, made from a rigid material such as glass or metal

3.3

flexible edge seal

edge seal structure allowing lateral movement between the two glass sheets

© IS0 2021 - All rights reserved
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4 Test method

4.1 Principle

The evaluation of performance of a vacuum insulating glass specimen when subjected to a temperature
difference shall be performed in the following way:

a) the test conditions should ensure that a well-defined and reproducible temperature is established
in all regions of specimen;

b)

In order to|satisfy these criteria:
— the sp¢cimen should be surrounded on each side by air at well-defined temperatures;;and

— the sp¢cimen shall be oriented vertically; this effectively eliminates stresses dieto bending urjder
gravitational forces.

NOTE eat transfer on the glass surfaces and the glass edge constraint can have’a significant influence on

the stress ifjduced in the glass sheets of vacuum insulating glass under temperatute differences. A detailed sfudy
of this is gilen in Annex B.

4.2 Testspecimens

4.2.1 Number of specimens

Three vacyum insulating glass specimens shall be submitted for testing.

4.2.2 Size of specimens

Each test §pecimen shall measure no less than’300 mm in width and 300 mm in height and no njore
than 850 mm in width and 850 mm in height. Size of specimens shall be determined so that distgnce
between edlge of the test specimen and inside wall of chamber is no less than 100 mm.

4.2.3 Design of specimens

In the follqwing, a product range shall consist of specimens having the same edge seal structure pnd
material.

The specinpen design with the lowest U-value in the product range shall be selected for the test. If there
are multiple designs with different thickness, one design shall be selected with the following process.

The specimen.design with the minimum total nominal thickness in the product range shall be sele¢ted
for the test]. [fthe selected design has different nominal thicknesses for the two glass sheets, the thi¢ker
glass shee i i i i lass

thickness in the product range with the minimum total nominal thickness, the specimen to be tested
shall be the one for which the nominal thicknesses of the glass sheets differ the least.

EXAMPLE1  Foraproduct range with thicknessinmm of 3 + 3,3 +5and 5 + 5, only 3 + 3 is tested.

EXAMPLE 2 For a product range with thickness in mm of 3 + 5and 5 + 5, only 3 + 5 is tested. The glass sheet
with 5 mm thickness faces to the hot side of the apparatus.

EXAMPLE 3  For a product range with thicknessinmm of 3 +5,4 + 4 and 5 + 5, only 4 + 4 is tested.

4.3 Apparatus

The usual laboratory apparatus and, in particular, the following.

2 © IS0 2021 - All rights reserved
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4.3.1 Temperature chamber, in which air temperature in a room can be controlled [see Figure 1, a)]
or in which air temperature in two rooms divided by the specimen and the frame can be controlled [see

Figure 1, b)].

4.3.2 Frame for specimen installation, consisting of frame and insulating board [see Figure 1, c]].
4.3.3 Heat transfer control board, consisting of flat metal plate.

4.3.4 Thermocouples.

4.315 Datarecorder.

4.3]6 Adhesive tape.

N
R

a) Temperature chamber having one room
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b) Temperature chamber having two rooms
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4
5
c) Frame for specimen installation
Key
1  vacuunj insulating glass specimen
2 frame fpr specimen installation
3  temperpture controllable room
4  frame
5 insulating board
a  Air circplation.
Figure 1 — Examples of apparatus
4.4 Progedures
4.4.1 Geperal
The U-value and the thermal resistance of edach vacuum insulating glass specimen shall be determined
with the r:rthod described in 4.4.2.
The specingen shall be prepared fof the test by attaching thermocouples for temperature measurements
to the surface, as shown in 4.4.3' The temperatures as measured by these thermocouples shal| be
continually recorded in a datafecorder during the test.
The specimen shall be jistalled in the test apparatus as shown in 4.4.4. A heat transfer control bdard
can be insdrted between the circulating air and the surface of the specimen.
NOTE Annex Ashows guidelines of the apparatus setup.

The test colndition of the temperature difference to be applied to the specimen is described in 4.4.5.

The heat transfer coefficients on glass surfaces at the hot and cold sides shall be calculated from
measured temperatures using the method described in 4.4.6.

If one or both of the calculated heat transfer coefficients is outside of the acceptable range defined in
4.4.7.1, the heat transfer control board and/or the cooling/heating system control shall be adjusted to
correct the heat transfer coefficient(s) before continuing the test.

Failure criteria with the test shall be evaluated using measured temperatures as in 4.4.7.2.

The test pr

ocedure is shown in Figure 2.

© IS0 2021 - All rights reserved
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Prepare three specimens

\A

Measure U-value with the method —U (n B 13)
defined in ISO 19916-1 P
’ | Measure temperature to get
Temperature difference induced test|---! temperature difference
! between glass surface at the :
| ' beginning (AT,) and at the |
Calculate heat transfer coefficient t end (ATe) of constant
h,,andh_, ! temperature |
Retry No A\ ... : h,,andh_ =822 W/(m*-K)
GO :
No
Fail [ /""" AT in Formula (7) <10 % '
Yes R REEREEEEEEREY L S !

Pass

Figure 2 — Flow of test procedutxe

2 Measurement of U-value

bre the specimen is installed in the apparatus, the U-value and the thermal resistar
Cimen shall be determined with the method definedin Annex A of ISO 19916-1:2018.

3 Setting of thermocouples

rmocouples of which accuracy is gudranteed shall be placed to measure temperat

face in such a way that the thermocouples do not change the temperature at the measuri
Hot and cold side glass surface close to the centre of the specimen.

Air temperature of hot and’/cold side at the point facing the centre of the specimen and at
200 mm from the glass surface. When the heat transfer control board is used, thermocou
placed on the board-at the point facing the centre of the specimen.

diameter of thermocouple wire should be no more than 0,25 mm. The thermocou
‘mally contactthe glass and the board surface for no less than 20 mm in length, using th
tic tape having emissivity close to that of the surface. Metallic tape should not be us
he thermocouple on the glass should be positioned at the mid-point between two pillg
facting-thermocouple wires should be located along a line mid-way between two adjacq
hps.. An example is shown in Figure 3.

ce of each

ure at the

wing points. The thermocouples shdll be applied on the glass and the heat transfer conptrol board

1g point.

100 mm to
ple shall be

les should
n adhesive
bd. The tip
rs and the
ent rows of
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(®) (0] (o) (®)
1\
o o L © o)
2
5
o o/, (¢ o
3
o o 4 © o
4
Key
1 pillar
2 tip of tHermocouple
3 plastic pdhesive tape
4 thermojcouple wire
5 nolessfthan 20 mm

Figure 3 — Example for setting a thermocouple on a glass surface

4.4.4 Ingtallation of specimens

Place a specimen vertically at the opening of the test apparatus, taking care that significant stress is{not
induced in|the specimen by the method of fastening-In particular, all four edges shall be free to bend
during theltest.

EXAMPLE The specimen is placed on two setting blocks at the bottom corners and fixed at four corners.|The
setting blocks and fixing materials contact the specimen for a distance of no more than 30 mm from the corng¢r of
the specimgn. A diagram of the fixing structure is shown in Figure 4.

6 © IS0 2021 - All rights reserved


https://standardsiso.com/api/?name=a0c92f42df7bf63c7db677305a6a79e8

IS0 19916-3:2021(E)

Key

Ul s W N

The

in order to stop air flow through the gap.

NO71
edg

4.4
Air
diff]
wit
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NO']
tran

51:/3 3

vacuum insulating glass specimen
frame of the apparatus

setting block

fixing material

maximum 30 mm
Figure 4 — Example for fixing structure of the specimen

gap between the specimen edge and the frame is sealed with a soft material, such as ad}

E The edge constraints affect stress in the specimen. This document specifies the test met

e constraint condition in order that'test results obtained in different laboratories are comparablg.

5 Temperature profilé

temperature at both §ides of the specimen shall be controlled at constant temperature. Te
prence of the hot sideand cold side glass surfaces A Ty shall be at no less than the valug

h Formula (1), which is derived from condition of circumstance that air-to-air temperaturg
D °C and heat transfer coefficients are 8 W/(m2-K) and 23 W/(m?-K) on both side of surfa

E 8.W/(m2-K) and 23 W/(m?-K) are the respective values of the reference internal and e
sfer coefficients in 1SO 10292.

esive tape,

hod with no

mperature
calculated

difference
Ces.

xternal heat

ATy > 40 x R/(0,168 + R)

)

where

ATy is the temperature difference of the hot side and cold side of the glass surfaces, in °C;

R is the thermal resistance of the specimen, in m2-K/W.

The temperature difference of the hot side and cold side glass surfaces ATy shall be controlled
within +5 % range around average value during the steady-state temperature condition for at least 1 h.

©IS
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4.4.6 Determination of heat transfer coefficient

The heat transfer coefficient at the centre of the specimen on the hot and cold sides shall be calculated

with Formulae (2) and (3):

hpot =(AT, /ATy ) /R 2)
heola =(AT, /AT3) /R (3)
where

hyot is the heat transfer coefficient on the hot surface of the specimen, in W/(m2-K);
heoig | is the heat transfer coefficient on the cold surface of the specimen, in W/(m2-K);

ATy is the average value, under steady-state temperature condition, of the temperature differgnce
between hot side air and hot side glass surface in °C, or the average yalue of temperature
difference between the board and the hot side glass surface in °C-when the heat trangfer
control board is used on the hot side;

AT, is the average value, under steady-state temperature condition(of the temperature differgnce
between hot side glass surface and cold side glass surface;in °C;

ATy is the average value, under steady-state temperature condition, of the temperature differgnce
between cold side air and cold side glass surface in<?C; or the average value of temperature
difference between the board and the cold side glass surface in °C when the heat trangfer
control board is used on the cold side.

NOTE The heat flow through the specimen Q, in W/m2;€dn be calculated as shown below:
Q = AT /(1/ hyor) (4)
Q=Al;/R (5)
Q= Ar'3/(1/hcold) (6)

Formulae (|2) and (3) can be derived from Formulae (4), (5) and (6).
4.4.7 Requirements

4.4.7.1 Heat transfer coefficient

The calculpted™heat transfer coefficient on the hot surface of the specimen hy,, and heat transfer
coefficient om the cotd surface of the SPeCimeT i Siattbe 8,0 W/ Ky = 2,0 W/ K

NOTE The value 8,0 W/(m?:K) is selected as a free convection condition as used in Formula (13) of
1SO 10292:1994. The range + 2,0 W/(m?2K) is to account for variations in the measurement.

4.4.7.2 Proportional change in the temperature difference

The proportional change in the temperature difference at the hot and cold sides of the specimen from
the beginning to the end of the steady-state temperature condition AT, in %, shall be calculated using

Formula (7).
AT. = 100 x |ATe - ATb|/ATb (7)

C

8 © IS0 2021 - All rights reserved
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where

ATy isthe temperature difference between the hot and cold sides of the glass surface at the begin-

ning of the steady-state temperature condition at the test, in °C;

AT,
the steady-state temperature condition at the test, in °C.

e isthe temperature difference between the hot and cold sides of the glass surface at the end of

If the calculated value of AT, during the test of one or more of the test specimens exceeds 10 %, the
relevant set of specimens shall fail the test. Breakage due to laboratory handling is not considered as

testfatlure—Specimens-breken-due-telaboratery-handtingsshall bereplaced-and-the-measurgment shall
be fepeated.
NOTE The most likely failure mode under this test is mechanical failure leading to loss of vacum. This is
detgctable as a significant decrease in the temperature difference across the test specimen.
5 [Testreport
The test report shall contain the following items:
a) |the international Standard used (including year of publication);
b) |identification of the specimens:
— specimen description (e.g. manufacturer’s name, product name or other reference),
— length (mm),
— width (mm), and
— nominal thickness (mm);
c) |description of the test apparatus, including:
— manufacturer’s name and medel, if using a commercially-available apparatus,
— inside dimensions of the‘chamber, i.e. height, width and depth (mm), and
— dimensions and material of the heat transfer control board located inside the champer, if used
(mm);
d) |measurementand calculation results of
— the U-Value [W/(m?2:K)] and thermal resistance [m2-K /W] of each specimen,
— theaverage, the minimum and the maximum temperature difference (°C) between fhe hot side
and the cold side glass surfaces during the steady-state part of the test,
— the calculated heat transier coelficient [W/(m2"K)] on the not side glass surface Ny, and the
cold side of the glass surface h4,and
— the calculated proportional change of the temperature difference of the hot and the cold side of
each specimen at the beginning and the end of the steady-state temperature condition AT, (%);
e) the evaluation result: pass or fail of the tests;
f) any deviations from this document which may have affected the result;
g) the date of the test.

© IS0 2021 - All rights reserved
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A.1 Gen,

Annex A
(informative)

Guideline for the test apparatus

ral

This annej
document.

Circulating
specimen.

between the circulating air and the specimen so that air does not directly flow,against the vacy

insulating

A.2 Guid

A.2.1 Op

The heat
specimen.

The dimen
the chamb
sealed aga
easily into
the chamb

A possible
the chamb
example of

The board
is enhance

k provides guidelines to make the test conditions suitable for the requirements. in

air within the chamber can lead to a large heat transfer coefficient at thécsurface of]
This heat transfer coefficient can be controlled by inserting a heat transfer control bg

blass specimen.

lelines

tion 1

ransfer control board allows a small amount of forced convection at the surface of

cions of the heat transfer control board dependon the nature of the forced convection wi
er. For example, in case that circulating airflows from top to bottom, the board shoul
nst the inside surfaces of the apparatus-at the top and bottom so that the air does not
the space between the board and the specimen. There should be gaps between the board
br on both sides.

dimension would be a heat transfer control board having 15 mm to 50 mm gap betw
br wall and around 100 mmidistant from the vacuum insulating glass specimen surface
the apparatus is shown+n-Figure A.1.

should be painted black on the surface facing to the specimen so that radiative heat tran
.
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1 2 2
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100 mm N
\\~
N
15 mm ~ 50 mm | 15 mm ~ 50 mm
N
3 3
S
_____ “5 i
Key y\%,
1 [|vacuum insulating glass specimen qQ)
2 |heat transfer control board N
3 |cooling or heating chamber %O
4 |air circulation s\\

A2

For
nat

2 Option 2 ‘\

Figure A.1 — Example of option 1
N

an apparatus in which there is negligible forc%\r flow at the surface of the specimen an
iral convective heat transfer is establlshed

is surface, the heat transfer board is not

1 sufficient
hecessary.
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Annex B
(informative)

Stress induced in the glass sheets of vacuum insulating glass under

temperature differences

B.1 Ge

ral

A temperafure difference across a vacuum insulating glass specimen causes the hot glass shee]
expand relative to the cold sheet. The rigid edge seal prevents relative movement aof-the sheet
the edges.[This produces mechanical stresses in the sheets and causes the structuse‘to bend. Th
stresses cdn be analysed using analytic and finite element modelling methods. This' Annex presg
results of the nature and magnitude of the stresses obtained with both these modelling approaches
discusses the different physical mechanisms that affect them. The results of the-modelling approad

were valid
thermal lo

B.2 Mod

The temp
configurat

environme
and the co

cold envir
insulating

The config

distributiolr

installatio
sides, shou
sometimesg
the cold sid
transfer cd
This reduc
discussed

affect stres
are well un

hd.

lelling conditions

brature difference across a vacuum insulatingsglass is established in the model
ons by locating the specimen between a hot environment at temperature Ty and a

nt at temperature T;. The heat transfer coeffitients between the hot and cold environmg
rresponding glass surfaces are h; and hy\respectively. Heat transfer between the hot

bnments beyond the vacuum insulating glass is prevented by a surrounding therm|
paffle.

uration used to apply the thermal difference across a VIG unit should establish a st

. Primarily, this means that the heat transfer processes at the glass, on the hot and
Id at least be a combinatijon of heat flow due to natural convection and radiation. Thei
an extra convective component in practical installations due to forced air flow (wind

efficients on beth glass sheets, to within an acceptable limit (that is, 8,0 + 2,0 W/(m?
bs the complexity in the setup and reduces possible inconsistent outcomes between testg
n the folloWwing sections, choice of the heat transfer coefficients can, by a significant map
s levels:Nevertheless, the variations in stress (including the origin of the stress compone
dersteod and can be well predicted through analytical solutions.

Figure B.1

is’a schematic diagram of a vacuum insulating glass specimen defining symbols for

t to
S at
ese
bnts
and
hes

hted through systematic measurements performed on VIG units ‘eXposed to a well-defined

ling
rold
bnts
and

ally

€SS

over the glass panes that is close to that which would be observed in a typical windlow

rold
eis
on

e. However, in the.practical test specified in this document, it is convenient to use equal heat

K)).
.As
gin,
nhts)

the

parameters used in this Annex.
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3

glass thickness (mm)
specimen size (mm)
width of edge seal (mm)
vacuum layer

glass sheets

edge seal

Figure B.1 — Schematic diagram of a vacuum insulating glass specimen

As is conventional, the surfaces of the'glass sheets are denoted Surface 1 to 4 from the cold|side to the
hotjside. Compressive stress is written as negative and tensile stress as positive.
Thg numerical results of modelling presented in this Annex are for an unconstrained vacuunj insulating
glags specimen having properties given in Table B.1, under the thermal conditions given in Thble B.2.
NOTE In both Tables’B.1 and B.2, parameters that are denoted * are varied in some of the datp presented
beldw.
Table B.1 — Details of specimen modelled

Glass thickness t (mm) 3*

Specimen size L x L (mm x mm) 350 x *m350*

Widthof edgeseatw{mmm 7

Thickness of edge seal (mm) 0,2

Pillar separation (mm) 40

Pillar diameter (mm) 0,5

Corrected emissivity of low E coating 0,03

Glass-to-glass specimen conductance h,, [W/(m?-K)] 0,46

Coefficient of thermal expansion of glass a (1/°C) 9 x10-6

Young's modulus of glass E (GPa) 70

Poisson's ratio of glass u 0,21
©1S0 2021 - All rights reserved 13
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Table B.2 — Thermal conditions for modelling

Heat transfer coefficient, hot side h; [W/(m?2-K)] 8

Heat transfer coefficient, cold side h, [W/(m2-K)] 20*
Air temperature, hot side Ty (°C) 20
Air temperature, cold side T (°C) 10*

B.3 Basic analytic model

Reasonable
in vacuum
assumes t
uniform, t}

difference

spherical
conditions
referred to

For this sin
tensile str

insulating glass can be obtained using an analytic model.[2] In its most basic form, the,m
hat both glass sheets have the same thickness t, the temperature of each glass. shee
le mean temperature of the vacuum insulating glass is T, and the average temperat
between the glass sheets is AT,. In the model, it is assumed that each sheét’bends in
hape, and that the stresses due to bending at the mid-plane of each sheet are zero. Th
are appropriate for small amounts of bending, and this bending modé’is convention
as linear bending.

psses of magnitude +EaAT, /4(1 — u), and the internal surface of this sheet (surfac

ple case, the model predicts that the external surface of the hot sheet (surface 4) experiences

e 3)

experiences compressive stresses of twice the magnitude. Stresses of\the same magnitude, but in|the
opposite spnse, exist on surfaces 1 and 2 of the cold glass sheet respectively. These stresses|are
illustrated|in Figure B.2.
]
|
T4
|
I I
E /f ——t—t3
N R
, 2
|
I I
o
/ EaAT,
5 201-1)
N I
U
X2
Key
X1 comprgssive stress
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Figure B.2 — Stresses in the glass sheets calculated from the basic analytic model
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B.4 Extensions to analytic model

B.4.1 General

The basic analytic model can be extended to include the influence of several additional phys
in a vacuum insulating glass subjected to a temperature difference.

B.4.2 Stiffness of the edge seal

The edge region is tw
redlices the magnitude of the centre-of-glazing stresses on surfaces 1 and 4 from the value
by the simple analytic model by the factor [1 — 6 w(1 — u)/L]. The stiffening effectCofith
doeps not affect the stresses on surfaces 2 and 3. The stiffening effect of the edge seal.reduc
str¢sses by the factor [1 — 2w(1 — u)/L]. For a 350 mm square vacuum insglating glas

with a 4 mm wide edge seal, this represents a reduction in the centre-of-glazing'stresses on
and| 4 by about 5 %. The corresponding reduction of the edge stresses is approximately 2 %.

B.4{3 Stresses in the edge region

In the extended analytic model, the bending stresses at the edge seal are estimated by ass
theledge region is a solid beam of glass of thickness 2t bent into\a circular shape of the sam
curyature as that of the glazing remote from the edge. In<thiS approximation, the edge s
uni@lirectional parallel to the edges, in the same sense as the external surface stresses remo
edge, and larger in magnitude by the factor 3(1 — u).For soda lime silicate float glass, th

approximately 2,4.

B.44 Non-uniformities in the temperatures of the glass sheets

The
tem
dim
exp|
uni

bet
ass

diff]

bonded edge region represents a thertnal short circuit between the two glass sheets, ¢
perature difference between the glass sheets close to the edges to be very small. A g

pnentially from the value at.the edge to the centre-of-glazing values. The temper
formities of the glass sheets.in the vicinity of the edges reduce the average temperatureg
veen the glass sheets. The)effect of these temperature non-uniformities on the bendi
pciated stresses can be\included in the analytic model by using a value of AT, calcul

brence between thezaverage temperatures of each glass sheet.

B.4.5 Hoop stresses

ical effects

he bending.

f width w
b predicted
b edge seal

bs the edge
5 specimen
surfaces 1

iming that
e radius of
[resses are
fe from the
is factor is

ausing the
imple one-

ensional analysis[3] shows thatthe temperatures of the glass sheets change approximately

hture non-
difference
hg and the
ted as the

If tl
vac

e heat transfer coefficients on each side of the vacuum insulating glass are differe

, or if the

hlum insulating glass has glass sheets of different thickness (referred to as asymmetyic vacuum

insylating glass and discussed in the next subclause), the mean temperature of the glazing|T,, can be
dif;Lrent from the temperature of the edge T,. In such a situation, additional stresses, referred to in

this document as hoop stresses, exist in the edge region of the vacuum insulating glass. The hoop
stresses are uniform through the thickness of the bonded edge seal and are parallel to the edges of the
vacuum insulating glass. Hoop stresses are tensile if T, <T};,, and have magnitude E a(T,, — T,). For

soda lime silicate float glass, the magnitude of the hoop stresses (in MPa) is ~0,6(T,, — T, ).

B.4.6 Vacuum insulating glass with glass sheets of unequal thickness (asymmetric
vacuum insulating glass)

The analytic model has been extended to determine the stresses in asymmetric vacuum insulating
glass having glass sheets of unequal thickness ty and t; on the hotand cold side respectively. Table B.3

gives expressions for the stresses on the surfaces of the vacuum insulating glass remote from the edges,
and at the edges, as calculated with the extended analytic model.
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Table B.3 — Temperature-induced stresses on the four surfaces and the edges of a vacuum

insulating glass with glass sheets of different thicknesses ¢, and ¢,

B.4.7 Co

In a practi
effects are
is determi
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insulating

B.4.8 Ed

In addition
glazing an
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(1-p) " (ty +tc )
Surface 3 poar b (483 163 36200 )
—dx— —
(1-n) (ty +tc)*
Surface 4 EoAT, e (ztﬁ - té +3t12{ tc )
+(1_“)X (t +tc)*
Surface 1 3 EaAT, y tutc
atedge (1-p) (ty +tc )2
Surface 4 3 EaAT, tytc
atedge (1-p) (ty +tc )2

mbination of different effects

Cal vacuum insulating glass subjected to a temperature difference, most or all of the al

present. In the extended analytic model, the ¢@mbined influence of these several eff
hed simply by applying all of the relevant corrections to the quantities obtained from
rtic model. For example, the effect of edge.$tiffness on the stresses in asymmetric vacy
blass is calculated by multiplying the terms in Table B.3 by the factors in B.4.2.

ge constraints

to being influenced by the heattransfer coefficients between the external surfaces of
I the surroundings, the difference between the temperature T, of the edge region and

mean temperature T, of the vacuum insulating glass can be affected by the design of the fram

which the
vacuum in

vacuum insulating glass is mounted. Mechanical constraints exerted by the frame on
bulating glass can @lso affect the bending and therefore the temperature-induced streg

There are many possible frame designs. The only realistic testing configuration that would enable v

compariso
this reasorn

B.5 Nun

n of results pbtained in different laboratories is therefore an unconstrained specimen.
, edge constraints are assumed to be zero throughout this annex.

nerical modelling of stresses

ove
pCts

the
jlum
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ses.
alid
For

Several nu
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in

vacuum insulating glass.[41[3] For relatively small amounts of bending, the results obtained with finite
element modelling agree well with estimates obtained using the extended analytic model. However, for
large bending, such as can occur if there is a high temperature difference between the glass sheets of the
vacuum insulating glass, or if the vacuum insulating glass specimen is large, the results obtained from
the two modelling methods may differ significantly. These differences arise as a result of nonlinear
bending. As noted above, the assumptions intrinsic to the analytic model limit its applicability to linear
bending situations.

B.6 Temperature-induced stresses of most significance

The tensile stresses on the internal surface 2 of an unconstrained vacuum insulating glass specimen are
approximately twice as large as the tensile stresses on the external surface 4. However, these internal
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tensile stresses do not lead to fracture the glass. This is because this surface is in a highly evacuated,
water-free environment, and glass is known to be very strong under such conditions. The temperature-
induced stresses of most importance for causing long term failure of the glass are therefore those on
Surface 4 of the glazing. These stresses are largest around the edge region. The edges are also the
part of all glass sheets with the highest density of surface flaws. In terms of assessing the likelihood of
failure of vacuum insulating glass under a temperature difference, the most important tensile stresses

are

therefore at the edges on the hot side.

B.7 Results

B.7.1 General

In H.7, temperature-induced stress data are presented for specific vacuum insulating glass d
testling configurations. In all cases, that data include the effects of the stiffening of the e

ho
all
the

The
insylating glass specimen and are presented as a function of distanée away from an outside

vac

dire

the
mo
mo

B.7
ins

m

B.7

Figlire B.3 shows finite element madelling results of the stresses on all four surfaces of a
lum insulating glass with specifications given in Table B.1 under the conditions given i} Table B.2.

vac

The

wit

stresses, and temperature non-uniformities in the glass sheets. Except where noted
f the data are for a vacuum insulating glass specimen of properties given in Table B.1
'mal conditions given in Table B.2.

finite element modelling stresses given in this document are aleng a centreline of t

lum insulating glass. The stresses are denoted Syy and represent the magnitude of the s

ction parallel to the edge. The values presented in B.7 offanalytic modelling stresses r¢
edges are the magnitude of the isotropic stresses. Neai{the edges, the values presents
ﬂelling approaches are the magnitude of the unidirectional stress in this region. The fin
elling stresses and those obtained with the analytic model are therefore equivalent.

.2 Vacuum insulating glass with glass sheets of equal thickness (symmetric
ulating glass)

2.1 Stresses on all four surfaces

magnitude of the centre-of:glazing stresses and the edge stresses agree well with thosg
h the extended analyticimodel.

esigns and
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otherwise,
under the
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edge of the
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Figure B.3 — Finite element modelling results of stresses on all four surfaces of the vacuum

B.7.2.2 D

Figure B.4
insulating

The lines o

18

insulating glass

ependence of stresses.on temperature difference
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shows finite element modelling data (points) for the stresses on surface 4 of a vacyum
glass with spécifications given in Table B.1, for different cold environment temperatufres.
In this chart are linear extrapolations of the data for small temperature differences.
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Figure B.4 — Finite element modelling estimates of centre-of-glazing (C of G) and edgg stresses
on surface 4 of a vacuum insulating glass for different cold environment temperafgures

As ¢xpected, for small air-to-air temperature differences, the stresses in the vacuum insulating glass
are|approximately proportional to the temperature difference. The stresses in this region|agree well
with results from the extended analytic model. For larger temperature differences, however, the centre-
of-glazing stresses increase mdre than this linear dependence and the edge stresses increasg less. Such
effects are due to nonlinearbending of the glass sheets.

B.7|2.3 Variation ofcentre-of-glazing and edge stresses with lateral dimension of vacyum
lating glass

re B.5 shows finite element and analytic modelling data for the centre-of-glazing and edjge stresses
on jurface 4for square vacuum insulating glass having different lateral dimensions, with ]Farameters
otherwisewas given in Tables B.1 and B.2.
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Figurq B.5 — Finite element and analytic modelling data of centre-of-glazing (C of G) and
edge stresses on surface 4 for vacuum insulating@glass of different lateral dimensions, with
parameters otherwise as given in Tables B.1 and B.2

The finite|element modelling edge stressessdo not vary monotonically with specimen size. Juch
effects are|also associated with nonlinear bending of the sheets. Despite this qualitative inconsistgncy
between the finite element and analytie modelling data, the stresses obtained with both approaghes
are reasonpbly close for vacuum insuylating glass of size <500 mm.

The data i Figure B.5 show thatithe linear analytic model provides good qualitative and quantitafive
estimates ¢f the behaviour of ¥acuum insulating glass under linear bending conditions. When nonlijear
bending odcurs, however, data obtained with the analytic model must be interpreted with caution.

B.7.2.4 riations ifrthe stresses with external heat transfer coefficient on the cold side

Figure B.6|shows data obtained with the extended analytic model for the edge stresses on surface # as
a function pf the heat transfer coefficient on the cold side, for several air-to-air temperature differenices,
with parameters otherwise as given in Tables B.1 and B.2.
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